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Gábor Corradi and László Kovács
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Abstract: The recent Special Issue on lithium niobate (LiNbO3) is dedicated to Prof. Schirmer and
his topics and contains nineteen papers, out of which seven review various aspects of intrinsic and
extrinsic defects in single crystals, thin films, and powdered phases; six present brand-new results
of basic research, including two papers on Li(Nb,Ta)O3 mixed crystals; and the remaining six are
related to various optical and/or thin film applications.

Keywords: lithium niobate; bulk crystals; thin films; nanocrystals

This Special Issue was originally planned to celebrate the forthcoming 85th anniversary
of Prof. Ortwin F. Schirmer, but his unexpected passing in 2020 made the occasion painfully
more personal. A considerable number of his colleagues, students, and observers and
followers of his fundamental lifework responded to the call, which resulted in a clarifying
new synopsis of his topics.

1. Reviews on Defects in LiNbO3

A general review on lithium niobate (LiNbO3, LN) single crystals, as well as powders,
which have been given a new emphasis, is presented in two parts by Sánchez-Dena et al. [1,2].
They discuss the crystal structure, the methods for the determination of chemical com-
position, the defect structures induced by the incorporation of hydroxyl ions, and the
so-called optical damage resistant ions (e.g., Mg2+), also discussing the origins of ferroelec-
tricity, together with its possible association with ferromagnetism in LiNbO3 doped with
paramagnetic 3d cations.

Extrinsic and intrinsic paramagnetic point defects in LN and lithium tantalate (LiTaO3,
LT) crystals have been reviewed by Grachev and Malovichko [3] based on electron param-
agnetic resonance (EPR) and electron nuclear double resonance (ENDOR) studies. They
focus on transition metal and rare-earth ions and give detailed information about the struc-
tures of impurity defects in LN crystals with various Li/Nb composition ratios (charge
state, point symmetry, hyperfine interactions with neighboring nuclei, with corollaries for
incorporation sites and charge compensation mechanisms).

A similar detailed review on defects in LN and LT crystals studied by nuclear methods
has been presented by Kling and Marques [4]. They focus on ion beam methods under
channeling conditions for the direct determination of the lattice site of dopants and intrinsic
defects. Results of perturbed angular correlation measurements probing the local environ-
ment of dopants in the host lattice are also included in the analysis, yielding independent
and complementary information.

The editors also initiated the clarification of the highly disputed issue of defects in the
anionic sublattice of LN, but this only resulted in a repetition of earlier unconfirmed or
refuted interpretations based on a superficial comparison disregarding the deep constitu-
tional differences between LN and SrTiO3 such as the extreme instability of the Li positions
compared to the rigid Sr sublattice [5]. This forced the editors to present a review of their
own on defect generation and annealing mechanisms in LN [6]. The oxygen sublattice of
the LN bulk was demonstrated to play an essentially passive role, with oxygen loss and
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Li2O segregation mostly taking place in external or internal surface layers of a thickness
of a few nanometers. Processes during thermo- and mechano-chemical treatments and
irradiations of various types in LN were instead shown to be governed by as-grown and
freshly generated NbLi antisite defects as traps for small polarons and bipolarons, while
highly mobile lithium vacancies, also acting as hole traps, were shown to provide flexible
charge compensation required for the stability of the defects just formed. The close rela-
tionship between LiNbO3 and the Li battery materials LiNb3O8 and Li3NbO4 has also been
pointed out.

A concise gap-filling review on the epitaxial growth of LiNbO3 thin films has been
published by Zivasatienraj et al. [7]. This review demonstrates that the highest crystalline
quality obtainable by halide-based molecular beam epitaxy is comparable to that of bulk
LiNbO3 crystals while admitting that the slow growing rate presently limits most practical
applications requiring substantial thicknesses. Research studies using the competing LNOI
technology (LN On Insulator) based on ion-sliced LN films bonded on insulator substrates
are addressed in the final part of this editorial.

2. Basic Research on Small Polarons and Optical, Electronic, and Acoustic Properties

Small polarons are the main topic of three recent research papers [8–10] published in
this Special Issue, while the other papers are also at least indirectly concerned with transfers
of polaronic charges or Li ions. Messerschmidt et al. [8] studied the laser-pulse-induced
transient absorption of Nb4+-type free polarons in heavily Mg-doped LN crystals. Their
decay, attributed to polaron hopping leading to recombination with O−-type hole polarons,
was found to be strongly temperature dependent between 45 K and 225 K. The Arrhenius-
type behavior of the decay rate at high temperature and the non-Arrhenius one at low
temperature could be coherently described by earlier theories of one of the co-authors (D.
Emin), yielding good agreement for reasonable values of the hopping activation energy
and the material’s characteristic phonon frequency.

Using the same theoretical framework, Vittadello et al. [9] carried out Monte Carlo
simulations of similar small-polaron-hopping processes for Fe-doped LN crystals, where,
in addition to deep FeLi

3+ traps, shallow traps, also represented by NbLi
5+ antisite defects

on Li sites, have to be taken into account. Decay regimes for fast direct trapping on Fe3+

for polarons generated in the vicinity of the dopant and slow hopping-governed trapping
for others could be discerned, with the transition between both regimes depending on the
concentrations of the traps and the temperature.

Schmidt et al. [10] further developed their first-principles calculations on intrinsic
free and trapped-electron small-polaron and bipolaron states based on density-functional
theory. Improved calculation of the electron–electron and electron–hole interactions al-
lowed reliable comparisons with optical absorption spectra and other properties of various
selected defect species. Special attention was given to symmetry-breaking distortions that
further lower the total energy.

Luminescence of LiNbO3 crystals single-doped with various rare-earth ions (Sm3+,
Dy3+ or Tb3+) and LiTaO3 doped only with Tb3+ was studied in a wide temperature range
by Lisiecki et al. [11]. Following an initial temperature-independent stage, the luminescence
lifetimes showed a steep decrease with increasing temperature with the onset at about 700,
600, and 150 K for Sm3+, Dy3+, and Tb3+ ions in LN, respectively, which was interpreted
by a phenomenological temperature-dependent charge-transfer model. It was concluded
that LN:Sm3+ is suitable as an optical sensor between 500–750 K, while LN:Dy3+ offers the
highest sensitivity between 300–400 K.

Electrical conductivity and acoustic loss of single crystalline Li(Nb,Ta)O3 solid solu-
tions (LNT) were studied as a function of temperature and compared to those in LN and
LT crystals by Suhak et al. [12]. The dominant transport mechanism in LNT in the range
of 400–700 ◦C was identified as lithium-ion migration via lithium vacancies, as found in
LN. It was also shown that the acoustic loss in LNT strongly increases at elevated tempera-
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tures, originating from a conductivity-related relaxation mechanism. LNT bulk acoustic
resonators were found to exhibit significantly lower loss as compared to LN crystals.

Nanocrystalline LiNb1−xTaxO3 samples with x between 0 and 1 were synthesized by
high-energy ball milling and subsequent high-temperature annealing by Vasylechko et al. [13].
The milling and annealing parameters were optimized to obtain single-phase LNT nanopow-
ders checked by X-ray diffraction. In the Raman spectra of non-optimal milling and anneal-
ing runs, bands typical for the Li(Nb,Ta)3O8, Nb2O5, and/or Ta2O5 parasitic phases were
observed. The Arrhenius-plots of the electrical conductivity measurements performed up
to 820 ◦C revealed activation energies between 0.86 and 1.09 eV.

3. Applications of LiNbO3

Among the contributions dealing with nonlinear optical applications of LN and LT
in this Special Issue, papers using both traditional bulk crystals [14–16] and thin films
on LNOI platform [17–19] can be found. All are concerned with internal electric fields
resulting in nonlinear response, another topic of Prof. Schirmer.

In the paper by Zhao et al. [14], a laser-damage-resistant MgO-doped LN crystal is
used as a nonlinear optical mirror to realize a high-power wavelength-tunable mode-locked
picosecond Yb:CaGdAlO4 laser. The tunable range was between 1039 and 1062 nm, the
maximum output power reached at 1049 nm was 1.46 W, and the output pulse duration
was about 8 ps, with a repetition rate and bandwidth of 115.5 MHz and 1.7 nm, respectively.

Due to its high second-order nonlinear-optical coefficients, high transparency, and
large Pockels coefficients, LN is an excellent material for whispering gallery resonators
(WGR), allowing for optical parametric oscillation and frequency comb generation.
Minet et al. [15] studied the average strength of the electric field along the z-direction
inside the region of the optical mode for different configurations and geometries of the LN
WGR using the finite element method. Their simulations may be useful for the optimal
design of similar resonators in future applications.

The generation of entangled photon pairs based on spontaneous parametric down-
conversion was investigated theoretically and numerically by Kim et al. [16] in undoped
and Mg-doped LN for non-poled and periodically poled cases. The spectral positions
of the generated photon pairs fall into the mid-infrared range and are expected to find
important applications for free-space quantum communications, spectroscopy, and high-
sensitivity metrology.

Taking into account the enormous potential of LN thin films for integrated quantum
photonics produced by the LNOI technology and comparable only to silicon-based pho-
tonics, progress in this field is of utmost interest. The contribution of Gainutdinov and
Volk [17] addresses the problem of understanding and influencing the unique properties
of nanodomains written by AFM-tip voltages in LN films formed on insulator structures
where the electrical conductivity is essentially due to polaronic charges trapped by nan-
odomain walls.

Various nanometer-to-micrometer-scale imaging techniques required for optimizing
performance parameters of periodically poled thin-film devices on LNOI platforms were
compared by Reitzig et al. [18]. Piezoresponse force microscopy (PFM), second-harmonic
generation (SHG), and Raman spectroscopy (RS) were found to monitor differently relevant
sample properties. For standard imaging, SHG was found to be best-suited, in particular
when investigating the domain poling process in x-cut thin films.

Modeling of a thin film device on lithium tantalate has been carried out by Yao et al. [19]
by using a full-vectorial finite difference method. Design, simulation, analysis, and opti-
mization of optical microring resonators on a lithium tantalate on insulator (LTOI) platform
operating near 1.5 µm has been presented.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: A review of lithium niobate single crystals and polycrystals in the form of powders has
been prepared. Both the classical and recent literature on this topic are revisited. It is composed of
two parts with sections. The current part discusses the earliest developments in this field. It treats in
detail the basic concepts, the crystal structure, some of the established indirect methods to determine
the chemical composition, and the main mechanisms that lead to the manifestation of ferroelectricity.
Emphasis has been put on the powdered version of this material: methods of synthesis, the accurate
determination of its chemical composition, and its role in new and potential applications are discussed.
Historical remarks can be found scattered throughout this contribution. Particularly, an old conception
of the crystal structure thought as a derivative structure from one of higher symmetry by generalized
distortion is here revived.

Keywords: lithium niobate; lithium tantalate; crystal structure; chemical composition; ferroelectrics;
second harmonic generation; lead-free piezoelectrics

1. Introduction

Aside from being an important ferroelectric material, lithium niobate (LiNbO3, LN) is linked to
a gamut of pronounced physical properties. Practically little less than a myriad of technologically
significant usages unfold from it in single crystal form. The keenest advocates of applications may
easily list its versatility: “acoustic wave transducers, acoustic delay lines, acoustic filters, optical
amplitude modulators, optical phase modulators, second-harmonic generation, Q-switches, beam
deflectors, phase conjugators, dielectric waveguides, memory elements, holographic data processing
devices”, among others (the cornerstone paper by Weis and Gaylord is herein quoted) [1]. Although it is
an entirely synthetic material, back in the late 1970s, LN was important for the development of surface
acoustic wave (SAW) devices; it took second place only to quartz in the market of single-crystalline
piezoelectrics [2]. Today, nearly 70% of the radio-frequency filters based on SAW, are fabricated on
LN single crystals [3,4]. As for the future, a glimpse of the role of this material to achieve practical
integrated on-chip micro-photonic devices might be grasped as it is already considered the cornerstone
in photonics, just as silicon has been for electronics [5,6]. Indeed, for little more than a decade, LN has
been dubbed as ‘the silicon of photonics’, a statement which seems to be more precise nowadays
given the breathtaking results recently reported by Zhang et al. [7]. Such implications have been
confirmed and updated by the same group [8]. It is “the workhorse material in optical communication
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applications”, it has been elsewhere stated [9]. Hence, credit is here given to Pang et al., having stated
that LN is one of the most favorite multifunctional crystals [10]: other important applications (potential
and already achieved) are to be succinctly described all over the review.

The main goal of this review is to expose in a convenient and ordered way the primary elements
necessary to explicitly state/understand the scientific paradigm shared by the community advocated
to investigate LN [11]. In short, and on a first level, it relies upon solid state physics, chemistry,
and crystallography: the crystalline state of matter is very stable, ruled simply in terms of electric
charge stabilization and bonding considerations, and the ascribed physical properties to a given
crystal are deeply related to its chemical composition and crystal structure. Secondly: on regular
circumstances of growth, LN is a congruent melt crystal whose chemical composition at room
temperature (and for a broad range of higher temperatures) is nothing more than a macrostate
of its crystal structure, the latter being characterized by the presence of intrinsic defect clusters
composed of Li vacancies and NbLi antisites. However, solid solutions can adopt a continuous range
of chemical compositions. Upon different mechanisms, a physical instance close enough to the
stoichiometric point can be reached, among which, doping with various kinds of elements (filling the
voids) is aesthetic.

Some terms and concepts are to be revisited in accomplishing this goal, such as how the crystal
structure is introduced in recent literature (Section 3). In this respect, we reintroduce the idea once
developed by famous crystallographer Helen Megaw on conceiving the structure of ferroelectrics as
variants of the family of distorted perovskites [12–14]. To our judgment (and best of our knowledge),
the best introduction to the LN crystal structure has been made by Räuber [2], who acknowledged
the work by Megaw, so that it builds it up, step by step, starting from a reparameterization trick of
the atomic positions introduced by the latter. Also, some of the indirect methods to determine the
chemical composition accurately (CC) of LN powders (LNPws) are discussed; important references
are highlighted for the case of single crystals (Section 4). On the other hand, ferroelectricity is often
associated with LN: it is both historically and practically relevant. In this review, a succinct recount is
also given on how the main ideas to explain the mechanisms behind ferroelectricity have changed over
time (Section 5). In this 2020, we celebrate that a century ago, Ph. D. student Joseph Valasek gestated
the field of ferroelectricity by presenting his results on the Rochelle salt at the American Physical
Society meeting [15,16].

Further insight could be obtained by adopting the ideas by Megaw. For example, the slight
differences between the stoichiometric (ST) composition and near-ST (nST) compositions could be
studied on mathematical grounds (theoretically or by simulation) in terms of a continuous set of
distorted structures and local symmetry variations parametrized by a kind-of-ordering parameter of
small change. It would hardly be explained in terms of the CC itself: as it is the case of the congruent
composition, which is disputed to fall in between 48.38 and 48.60 mol % of the Li content [17], the ST
point is probably yet undetermined as well (Section 4). This subject is discussed along with the
basic principle of adjusting the stoichiometry by elemental doping. Lately, the mainstream idea of
reverting the nominal off-stoichiometry of LN by an effective elimination of site and antisite point
defects through doping with metal ions has permeated increasingly. It implies nothing else than
the controlled interchange of intrinsic and extrinsic defects, and although it seems quite natural or
intuitive, such conception is revisited in Part II of this paper. The potential use of nanocrystalline LN
powders (LNPws) in a wide range of applications has been recently highlighted [18,19]. These will
be revisited and further extended within the present contribution. Remarkably, the role of LNPws
towards effectively reducing the amount of lead in commercial piezoelectrics based on complex ternary
and four-component systems is treated, among others (Section 4).

2. Basic Notions and Early Developments

In the words of Volk and Wöhlecke, authors of the most comprehensive monograph written
up to date on LN, this type of crystals are “colorless, chemically stable and insoluble in water and
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organic solvents, and have high melting points” [20]. By colorless, it is meant a high transparency
window of the order of <0.1 cm−1 for radiation between 400 and 5000 nm [21]. This, combined with the
fact LN crystals are non-centrosymmetric and have a high nonlinear coefficient, makes them suitable
materials for the second harmonic generation and optical parametric generation in this range of the
electromagnetic spectrum. High melting points along with a high Curie temperature (TC~1200 ◦C)
translates into the exhibition of a spontaneous polarization (ferroelectricity) in a broad range of
temperatures. In its classic text, Räuber states, on the other hand, that LN “is a fairly useless material
from a chemical point of view, its only application being as a starting material for crystal growth” [2].

The LiNbO3 phase was first described by Zhachariasen in 1928 [22], who is considered one of
the giants in crystal structure analysis, alongside Pauling and Belov [23]. The first-ever synthesis
of LN can be traced back to 1937 [24,25]: small crystals having the shape of small prisms were
obtained, although this information could not be corroborated in the present bibliographical survey.
Remeika is credited with having grown large-single crystals for the first time a little before 1949
and, in this year, the same and Matthias published the first report on the ferroelectric behavior of
such crystals [26,27]. In 1965, Ballman—and Fedulov et al., this is not often mentioned in recent
literature—managed to grow larger crystals using the Czochralski method [27–29]. Since then, a parallel
growth in scientific and engineering activities took place, remarkably at the Bell Laboratories, and ever
since this pioneering work (published in 1966, five papers), details on the structure of this material are
known to a high precision [30–34]. Particularly, [32–34] constitute a paramount contribution to the
whole scientific community involved in the study of LN: they form the basis of all further discussions
on the LN structure.

Solid solutions (SSs) of LN are characterized by showing a compositional change, parametrized by
the ratio R = {Li}/{Nb} (the brackets denoting concentration in mol %). Single crystals have an intrinsic
nature to deviate from the stoichiometric (ST) point R = 1. It can be readily seen in Figure 1, showing
the binary phase diagram that describes the Li2O—Nb2O5 system. Another important point—or
perhaps the most important—is the congruent (CG) one R = 0.944, for which the highest uniformity of
properties is attained. This point is so-called CG because, as shown in Figure 1, within the LN phase,
an inflection on the liquidus–solidus curve takes place at this point, implying preservation of the CC in
the process of passing from the Li2O:Nb2O5 melt to the growing crystal. Said differently, CG means
Rmelt(liq) = Rcrystal(sol) = 0.944. For off-congruent melts, the as-grown crystals are compositionally
non-uniform, particularly along the growth axis, due to slight variations in the melt and crystal
compositions in the growth process [20]. Different two-component phases delimit the LN phase,
homogeneous mixtures of LN, and a SS of a secondary phase: methaniobates Li3NbO4 and LiNb3O8.
Because of the preference of single or pure phase compounds over those with a mixture of phases, added
to the fact that sub-CG compositions of LN present poor physical properties, these have been elsewhere
referred to as ‘parasitical’ [35]. Interestingly, in the presence of Li3NbO4 (LiNb3O8), the existent SS
of single-phase LN is of fixed ST (most defective) composition: in these cases, the formation of the
parasitical phases compensates the excess (deficiency) of Li. Figure 1 is redrawn from the publications
by Volk and Wöhlecke [20], and Hatano et al. [36].

In general, under regular growth circumstances, high-quality ST crystals are not obtained even
for a Rmelt(liq) ≥ 1. In fact, nST crystals were available until 1992, year in which three independent
methods for this purpose were reported, entailing a modification to the growth method combined
with Li enrichment in the melt (double crucible Czohralski method) [37], lowering the crystallization
temperature by use of melts containing 6 wt % K2O [38], and diffusion of Li from a powder richer in
this element than the crystal (this process takes several days and requires high-temperature annealing
treatments, c.a. to 1100 ◦C) [39]. Five years later, the K2O-based flux method was revisited by
Polgár et al. [40], and from a conceptual refinement, it has been after that addressed as high temperature
top seeded solution growth (HTTSSG). In the early 2000s, this method became popular; Polgár et al.
(2002) demonstrated that the stoichiometry of the crystal could be further improved by using a solution
or flux with starting compositions [K2O]/[LiNbO3]~0.16–0.195 and R = 1 [41]. Today, the synthesis of
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LN single-large crystals with ST composition still is a state-of-the-art matter: a piece of an ST crystal
costs nearly 12 times more than an equivalent (cut and dimensions) CG one [19]. LN crystals with
a strict stoichiometry are important because a perfect lattice translates into a lower density of local
field distortions and the lessening of anharmonic crystal interactions (phonon coupling) prerequisites
for any kind of resonance with a small linewidth [20]. The unsolved problem of supply and demand
of sLN crystals has already been identified, and the development of a growth technique to fabricate
them is urgently needed, without being unpractical or expensive [17]. Recently, the HTTSSG method
has been reviewed, the earliest developments in this field and its dynamic progress leading to new
generation technologies of crystal growth are also discussed [42].Crystals 2020, 10, x FOR PEER REVIEW 4 of 32 
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On the other hand, from our paradigm (explicitly stated above, see the Introduction), it follows
that the exacerbation/detriment of a physical property attributed to LN can be tuned by proper control
of point defects. Considering only intrinsic defects, most of the measured coefficients follow a tendency
to favor nST compositions with respect to compositions with a higher population of defects, as shown in
Table 1; as it is discussed in Part II of this review, sLN crystals are particularly important for applications
involving interaction with high energy laser light. In the case of the Curie temperature TC—the
temperature at which the paraelectric-ferroelectric phase transition turns out in most perovskite-type
materials—its sensitivity to the CC can be readily seen in the phase diagram (Figure 1), not only for
two fixed points but rather continuously on the whole range of the LN single-phase. To determine
the CC (or the Li content within the crystal cLi) using an empirical linear equation having TC as the
independent variable is nowadays a standard method [43].
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Table 1. Optical and non-optical coefficients for LN single crystals with congruent (CG) and
near-stochiometric (nST) compositions—as given by Volk and Wöhlecke in Ref. [20].

Property CG nST

OPTICAL

Transparency region (nm) 320–5000 300–5000
Refractive index @ 633 nm (no, ne) (2.286, 2.203) (2.288, 2.190)

Electro-optical coefficient @ 633 nm
rT

33, rT
31, rT

22 (pm V−1) 32, 10, 6.8 38, 10.4, —
rS

33, rS
31, rS

22 (pm V−1) 31, 8.6, 3.4 —, —, 4.5
Nonlinear optical coefficient @ 1060 nm

d33, d31, d22 (pm V−1) 34, 6, 3 42, 5, 2.5

NON-OPTICAL

Crystal structure Trigonal
Space and point group (RT, hex) R3c, 3m

Lattice constant aH (pm) 515.0 514.7
Lattice constant cH (pm) 1386.4 1385.6

Melting point (◦C) 1255 <1200
Curie temperature (◦C) 1140 1206

Density (g cm−1) 4.647 4.635
Thermal expansion @ 300 K

αa 10−6 (K−1) 14.1 14.1
αc 10−6 (K−1) 4.1 6.0

Specific heat at RT (kJ kg−1 K−1) 0.628 0.651
Thermal conductivity at RT (W m−1 K−1) 3.92 5.97

Spontaneous polarization (µC cm−2) 71 62
Dielectric constant
εT

11, εT
33, εS

11ε
S
33 84, 30, 44, 29 54, 42, 42, 41

Because it is a light element, the Li concentration within SSs of LN can be directly estimated only
by chemical methods: chromatography [44], atomic absorption analysis [45], and inductively coupled
plasma atomic emission spectroscopy (ICP-AES) [46]. Apart from being destructive, these methods also
consume large amounts of material and offer low precision (no better than 0.2 mol %) [3,47]. Likewise,
the use of calorimetric methods for the determination of TC has the main drawback of reaching T
values very close to the melting point of the material (see Figure 1). In 1993, Schlarb et al. [48] and
Malovichko et al. [49] independently revived the practical importance of other indirect methods to
describe the CC of single crystals. These are shown in Table 2, among others. Notice that [48,49] were
published just one year after nST single crystals were available, their novel content can be outlined
in three main aspects: (1) introducing a new chemistry, the ternary system K2O—Li2O—Nb2O5,
“responsible for the unexpected growth nST LN single crystals” [49]; (2) characterization covered
almost over the whole compositional range; and (3) information on the crystal composition instead of
the melt composition. We consider these contributions are nowadays seminal because they reviewed
and informed our community about the number of different methods to describe the CC of LN single
crystals. Such information was back then scattered throughout several publications. The review
was extended—perhaps improved—three years later [47]. Also, it might be more precise to credit
Vartanyan (1985) for point 1 above [42,50].
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Table 2. Some indirect optical and non-optical methods for the determination of the chemical
composition of LN single crystals.

Method Measured Parameter Equation; Accuracy (mol %) References

OPTICAL

Fundamental UV
optical absorption

fundamental absorption
edge nonlinear; 0.02 [51,52]

Polarized Raman spectroscopy linewidth of Raman modes linear; 0.05 [47–49]

Unpolarized infrared
spectroscopy

intensity ratio I3480/I3465 of
peaks located at the

wavenumbers in subscripts
linear; 0.01 [53,54]

Sellmeier equation refractive index
(extraordinary) nonlinear; — [55]

Dispersion of birefringence refractive index (ordinary
and extraordinary) linear; <0.01 [47–49]

Phase matching T for second
harmonic generation (SHG) phase matching T for SHG linear; <0.01 [39,56–59]

spontaneous noncolinear
frequency doubling cone angle nonlinear; — [60]

Holographic scattering
(photorefractive effect)

reading and writing angles
with respect to the normal of

the crystal surface
—; — [61]

NON-OPTICAL

Melt composition Li2O content of the melt nonlinear; 0.3 [46,47,62]

Differential thermal analysis Curie temperature nonlinear/linear; 0.1 [39]/[43]

X-ray and neutron diffraction
+ structure refinement cell volume linear; 0.3 [45,63]

Density measurements Density —; — [45,64–66]

Nuclear magnetic resonance
(NMR) and electron

paramagnetic resonance (EPR)

linewidth of NMR and
EPR signals

linear for Fe doping
concentrations smaller than

0.01 mol %; —
[49,67,68]

Velocity of surface acoustic
waves (SAW) velocity of SAW —; 0.01 [69,70]

The inexorable tendency of LN to crystallize with the CG composition has been introduced above
from a phenomenological point of view. To understand the why and how of the formation of the type
of intrinsic defects or lattice imperfections involved, a formal discussion of a proper defect model
must be given (Part II). In this respect, the description of the crystalline structure should precede.
It will soon be treated in the next section. Not without addressing, however, additional comments of
historical relevance.

Nowadays, a broad consensus exists in our community regarding the LN crystal structure as a
‘pseudoilmenite’ [20]. Thus, a side has been taken on the once important debate on whether it could be
formally considered ilmenite or if it would better be conceived as a highly distorted perovskite [14].
As already said, in 1928, Zachariasen described it for the first time in history [22]. Reference [22]
could not be consulted to write the present manuscript. However, by reading the first report on the
ferroelectric behavior of LN (and isostructural LiTaO3) by Matthias and Remeika (1949), it can be
inferred that Zachariasen originally described the crystal structure of LN as being isostructural to that
of ilmenite [FeTiO3]. By putting the original mineral composition inside square brackets, the whole
family of ilmenite structures is meant, according to the convention introduced by Muller and Roy [71].
Matthias and Remeika had already pointed out that something did not fit entirely by assuming that LN
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crystals adopt [FeTiO3], stating that whereas the latter is a centrosymmetric structure, at the same time,
“the existence of a spontaneous polarization [ . . . ] indicates the absence of a center of symmetry” [26].
If LN manifested ferroelectric behavior, then why would it adopt a centrosymmetric structure?

By 1952, the ilmenite-type picture persisted, a year in which a second article was written by
Schweinler [72], anecdotally under the same title as that of Matthias and Remeika: “Ferroelectricity
in the Ilmenite Structure” (Schweinler cites the work of the other!). Although the title is invariant
to references [26,72], apart from the content, they differ by a trifle: whereas the most recent one
indeed labeled LN as LiNbO3, the one that precedes did it as ‘LiCbO3’. Historically, niobium
(in Greek mythology, the daughter of Tantalus) was originally named ‘columbium’ in honor of America,
the continent whence the mineral arose. In 1950 (149 years after its discovery), the International Union
of Pure and Applied Chemistry (IUPAC) adopted ‘niobium’ as the official name [73]. In 1954, Megaw
put perovskite into the scene, refuting kinship between LN and ilmenite. In her own words: “it is
misleading to classify the LiNbO3 structure as a member of the ilmenite family” [12]. Her explanation
was based on the results presented in the doctoral thesis by Bailey [74], which is acknowledged to be
the first extensive study on the LN crystal structure (at room T, RT). Bailey was the first to show that
the LN crystal structure at RT is not identical to ilmenite due to a different stacking sequence of the
cations. Nevertheless, according to Räuber, the ideas by Megaw were widely accepted in the 1970s [2].

3. Crystal Structure

3.1. Modern/Practical Viewpoint

When the crystal structure of lithium niobate (LiNbO3, LN) is nowadays addressed in a theoretical
framework, little or nothing new can be added. This subject has been extensively studied, formulated,
and re-formulated over time. All angles and edges have been covered. One thus has no other option
than to re-tell the story as close as possible to an original and recent source because, after decades of
work and a myriad of written reports, the story can hardly be better told. This being said, the present
section thus saves ink and paper by being limited in describing the crystal structure of LN succinctly.
The minimum of references needed to acquire comprehensive knowledge on this subject is provided.

We believe that the story of the LN crystal structure has been better told in the classic text by Räuber
(1978) because the concept, which is a complex one, is therein built up step by step, details on pertinent
symmetry issues are given along with a series of intermediate visual aids that contribute to a better
understanding of the actual array of atoms [2]. Conversely, most consulted references limit themselves
to treat it very succinctly by a text 1–2 pages long and a lone figure. See, for example, [1,75] which also
excel in this subject and, because they are more recent, they may provide more reliable experimental
data than [2]: atomic positions, lattice dimensions, phase transition temperatures, and compositional
variations. Weis and Gaylord (1985) provide a detailed discussion on the symmetry elements of
the point group pertaining to the ferroelectric phase (trigonal, space group R3c, point group 3m),
sense of the c-axis, and cleavage plane [1]. They also describe the two most common choices of axes
or unit cell abstractions (ferroelectric phase): hexagonal and rhombohedral. These two choices are
convenient for crystallographic purposes, the latter being the most popular to describe the LN crystal
structure. Both are merged into Figure 2; redrawn from the publication by Sanna and Schmidt [75,76].
For most physical applications, the tensor properties are neither described in terms of the hexagonal
system nor the rhombohedral. The cartesian system is rather used, denoted as ‘orthohexagonal’ in [2].
Its conventional definition in terms of the hexagonal system is given in [1]. Hence, while the structure
description given by Räuber stands out from the others, perhaps the best approximation to it relies on
properly combining and adapting the information found in [1,2,76]. Complementary information or a
different way to introduce the concept may be consulted from [17,77]. Besides, Räuber considered the
description by Megaw [12–14], namely by assuming that the LN crystal structure results from a set of
large distortions of the atomic arrangement within a reference structure of higher symmetry, the ideal
cubic perovskite. In this case, a fourth unit cell abstraction is introduced, the ‘pseudocubic’ setting [2].
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Figure 3 (redrawn from the publication by Gopalan et al. [77]) shows a scheme of the LN crystal
structure (stoichiometric composition) stable for T < TC ~1210 ◦C (ferroelectric); as before mentioned,
the Curie point moves according to the chemical composition, roughly from 1100 to 1200 ◦C. The basic
net is formed from six equidistant plane layers of oxygen per unit distance, stacked in the direction of the
polar axis c [2]. The essential feature to be noticed from the low-T structure (non-centrosymmetric, space
group R3c, point group 3m) is the partial filling of the octahedral interstitials in c-row: one-third filled
by Li ions, one-third by Nb ions, and one-third are empty. This situation can be schematically depicted
as –Li—Nb—�—Li—Nb—, where � denotes a vacant octahedral site, also referred to as the structural
vacancy. The Li octahedron is larger than the Nb one. Such a distorted octahedral environment is
addressed to a transition from the nonpolar or paraelectric phase (for T > TC, centrosymmetric, space
group R3c, point group 3m) to the paraelectric phase as T decreases. Small displacements of the Li
and Nb cations are involved with respect to the oxygen layers and along the c-axis, measured to be 45
and 25 pm, respectively [34,75]. The displacement of oxygens is neglected in first order (~6 pm), and,
thus, the oxygen framework is assumed to be fixed [34]. In the paraelectric phase, the Li cations are
localized within the oxygen planes, whereas the Nb cations are in the center of the oxygen octahedra,
that is, in between the planes.

It is important to realize, however, that such a scheme is an idealized one. Remind that, under
regular circumstances of growth, LN single crystals are off-stoichiometric. Instead, the congruent
(CG) composition prevails, characterized by an excess of Nb. It can be understood in terms of crystal
chemistry: during crystallization, Li vacancies form in the unit cell with ease, since in the crystal the
Li–O bond is significantly weaker than the Nb–O one [17]. Thus, it is natural to reason that Li deficiency
implies an Nb surplus, or better said, “a decreasing Li content is accompanied by increasing content of
the heavier Nb” [75]. However, how do these tendencies simultaneously conciliate as to have a stable
LN solid solution? The occurrence of a stacking fault envisioned as the relatively excess Nb partially
occupying Li vacancies, has been proposed and termed Nb antisite (NbLi) [64,78]. It is schematically
shown in Figure 4, redrawn from the publication by Volk and Wöhlecke [75] The existence of this type
of antisite defects has been repeatedly proven by detailed structure studies [45,63,65,79].
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3.2. Earlier Thoughts: Relation to Basic Structures of Higher Symmetry

Following the short discussion presented by the end of Section 2, Megaw referred to the structures
of ferroelectrics (that of LN per se) as pseudosymmetric structures of polar symmetry that result
as a competing effect between isotropic (ionic character) and directed (covalent character) binding.
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She assumed that the LN crystal structure for the paraelectric phase at high T was the ideal cubic
perovskite—back then, the experimental information was only available for temperatures far below
from the Curie temperature of LN. Then, she proposed the continuous transition to the ferroelectric
phase structure under the hypothesis of a monotonical increment of the covalent character as T
decreases, as far as the overall binding characteristics are still mainly ionic [12]. Indeed, 12 years later,
Abrahams et al. (1966) concluded (also supported on the results by Peterson [80], cited in Ref. [28])
that LN “is not primarily an ionic crystal, but one in which directed, largely covalent, bonds play a
determining role” [32]. Remarkably, the prediction by Megaw (the covalency role in ferroelectrics)
reverberates until today because it agrees to the current most widely accepted theoretical framework
regarding the innermost cause of ferroelectricity, that is, the stabilization of structural distortion
through second-order Jahn Teller effects (see further discussion in Section 5). Moreover, it is interesting
to notice that (apparently) back in 1954, Megaw was not aware of the work by Buerger (1947), who in
the spirit of explaining the ‘genesis of twin crystals’ and superstructures, developed a formalism to
describe some of the relations pertaining to a crystal structure called the basic structure, as contrasted
to derivative structures derived from it by (mathematical) generalization [81,82]. The derivative
structures would always present lower symmetry with respect to the basic structure. According to
Bärnighausen, who refined and further extended the ideas of Buerger into the so-called Bärnighausen
trees [83,84], Megaw (1973) herself introduced the terms arystotype and hettotype as synonyms of the
basic and derivative structures, respectively [85]. These terms are nowadays widely accepted and used.

The structural family of perovskites is perhaps the best available example of distorted hettotypes.
Most perovskite compounds are distorted and do not crystallize in the ideal cubic structure as SrTiO3,
and other few compounds do at RT [84,86–88]. It is believed that of all the structures adopting
this crystal structure, only about a 10% adopt the ideal cubic one [88,89]. Even the original mineral
composition CaTiO3 is known to be slightly distorted [86,88]. Thus, SrTiO3 is naturally regarded as
the high-symmetry reference, the aristotype prototype within this crystal structure family. It also
happens to be the stable phase at a high T (paraelectric) for most ferroelectrics based on perovskite
oxides [90]. Before introducing the main aspects of the conceptualization conceived by Megaw, first,
the documented quantitative analysis of how the perovskite crystal structure relates to some of its
derivative structures by distortion is discussed. An introduction to the details of this crystal structure
can be consulted elsewhere [84,86,87,91,92].

Three main types of distortion or framework perturbation in ABO3 compounds adopting a
perovskite crystal structure have been identified: (1) tilting or puckering of the octahedral framework,
(2) B-cation displacements within these octahedra, and (3) tilting of the BO6 octahedra relative to one
another as practically rigid corner-linked units [88,92]. An example of how the ilmenite structure
can be derived in successive steps from the ideal perovskite structure by octahedral tilting has been
described by Johnsson and Lemmens [86]. The distortions may occur separately or in combination,
just as one is hardly addressed to a single effect responsible for the distortion, these being mainly: size
effects, deviations from the ideal composition, and the Jahn–Teller effect [86]. Focusing on the size
effects, these can be quantitatively described in terms of the Goldsmith tolerance factor (GTF), which
“reflects the structural distortion, force constants of binding, rotation and tilt of the octahedrons” [87].
Naturally, one may ask: how far from the ideal packing can the framework of BO6 octahedra be
perturbed by substituting cations of different ionic radii, and still being ‘tolerated’ by the perovskite
structure? The GTF estimates the degree of distortion, or better said, “the structural frustration of the
cubic perovskite structure regarded as an ionic solid” [91]. It is defined as the ratio [84,86,89,91,92]
(in the discussion that follows, these references have been indistinctly used)

t =
rAO√
2rBO

=
rA + rO√
2(rB + rO)

, (1)

where the r terms are bond lengths calculated as sums of ionic radii and a =
√

2rAO = 2rBO is the
geometrical definition of the a-axis within the ideal cubic cell. In using this equation, the ‘effective’

14



Crystals 2020, 10, 973

ionic radii are typically used, after Shannon and Prewitt [93]. Both cations can be accommodated in the
ideal cubic perovskite SrTiO3 if t = 1, thus having the optimal cation-anion bond lengths, in which case
(rA, rB, rO) = (1.44, 0.605, 1.40)

.
A. Perovskites still could form for deviations from unity, typically in

the range t: 0.8–1.1. In such cases, the degree of distortion from cubic symmetry increases, whereas the
thermodynamic stability decreases with increments of the absolute value of (1 − t)2 [92,94]. A tolerance
factor less than unity indicates that the A cation is small compared to the site bounded by the oxygen
octahedra. Under these circumstances, the A cation cannot be effectively bond to as many as 12 oxygen
atoms, a situation that typically leads to a structural distortion by means of cooperative tilting of the
octahedra. It is the most commonly occurring type of distortion. The prototypical cases include the
mineral perovskite CaTiO3 and the compound GdFeO3; for both t = 0.81, as (rA, rB) = (1.107, 0.78)

.
A.

The arrangement of atoms is still considered to be of cubic symmetry in the range of 0.89 < t < 1.
The ilmenite structure is stable for values of t less than 0.8. According to Kubo et al., either ilmenite
or corundum are adopted by compounds for which rA ∼ rB ≈ 0.7

.
A. Ilmenite is favored in the cases

when the A and B cations are largely different in terms of electric charge and electronegativity [95].
By further lowering the value of t, a strongly distorted structure would be favored down to the extreme
of having a very low coordination number of 6 for both cations, as in the LN structure.

A review on phase transitions between these three polymorphs (LN, ilmenite, and perovskite) on
titanates and related systems reveals a trend of ilmenites transforming into perovskite [CaTiO3] at
high pressures, which then quench to the LN structure on pressure release [92]. By applying pressure,
the LN structure transforms reversibly to the perovskite one. Interestingly, at RT for both phase
transitions [FeTiO3] (ilmenite)→ [CaTiO3] and [LiNbO3]→ [CaTiO3], the same amount of pressure is
needed (around 16 GPa) [92,96–98]. Thus, the type and extent of distortion are sensitive to the (T, P)
pair, and in the account of the same discussion, the LN phase can only be obtained, in the sense of a
hettotype, as a quench product of perovskite at a high P, previously obtained by exerting pressure
on an ilmenite structure. The GTF for the initial ilmenite must be restricted to be less than 0.78 in
general, or in the case of titanates, the restriction translates into divalent cation radii less than 0.8

.
A [92].

Interestingly, the use of Equation (1) with rA (Li+, 6-fold coordination) = 0.74
.

A, rB (Nb5+, 6-fold
coordination) = 0.64

.
A, rO = 1.40

.
A (after Shannon and Prewitt [93]), gives t = 0.74 for the LN structure.

However, it should be acknowledged that the GTF is only a rough estimate given that perovskites
are not completely ionic compounds. Still, as expected, it is highly correlated to the electrophysical
parameters featured by important perovskites. It has been a useful figure in guiding the synthesis of
intelligent materials which “have been the heart and soul of several multibillion-dollar industries”,
such as polycrystalline ceramics based on BaTiO3 [87,99].

The conceptualization conceived by Megaw relied on a profound analysis of the crystallographic
data obtained for LN (Bailey, 1952 [74]) and ilmenite (Barth and Posnjak, 1934 [100]). Disregarding details,
she concluded that whereas the transition paraelectric-ferroelectric in LN is continuous and reversible,
implying however large atomic displacements of the order of 200 pm for Li and 70 pm for oxygen,
the ilmenite structure cannot be attained by any distortion of a perovskite structure given that such
a transition would involve a serious rearrangement of the structure and is irreversible [12]. Instead
of considering a kinship between the LN and ilmenite structures, it was instead proposed that the
former be closely related to the rhombohedral variant of BaTiO3, which possibly “represents the early
stages of distortion which LiNbO3 shows fully developed” [12]. Megaw herself found an “obvious
difficulty” in her explanation due to the large magnitude of the displacements involved. In 1957 they
changed to 100 pm for Li and 60 pm for O in a book she wrote, where she also acknowledges that such
displacements might not be physically possible [13]. These values conflicted with those reported by
Abrahams et al. in a series of three papers, which together are considered the most extensive and
detailed structural analysis of LN [32–34]. Reference [34] is a study of the atomic arrangement in
polycrystalline LN as a function of T (RT to 1200 ◦C). In it, and accounting also for the results in a single
crystal at RT by X-ray and neutron diffraction [32,33], it is shown that in this range of temperatures,
the atomic arrangement is essentially unchanged: whereas a fixed oxygen framework exists, given the
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non-significant displacement of 6 pm within the oxygen layers, the Nb and Li cations exhibit small
displacements along a common direction of magnitude 25 and 45 pm, respectively [34].

Besides this fact, the model proposed by Megaw was refuted, given the absence of evidence for a
change in the crystal system between the ferroelectric and paraelectric phases. The comparison of the
diffractograms obtained below and above TC did not show appreciable changes in the positions of
the lines, only did the intensities change in a non-reproducible way [34]. The large discrepancy to the
calculated displacements by Megaw relied on the original ambiguity in determining the Nb position
relative to those of Li and O, as originally done by Bailey [32,74]. Also, on the large error of about
100 pm existing in the determination by Bailey on the atomic coordinate of Li [34]. Together, these two
aspects constitute the main criticism from Abrahams et al. to the work of Megaw (1954). Because of
the ambiguity and inaccuracy present in the work of Bailey, Shiozaki, and Mitsui (1963) did neutron
diffraction on polycrystalline LN to improve the results [101]. However, these also conflict with those
obtained by Abrahams et al. (1966) [33]. Hence, it can be said that this researching group favored
kinship of the LN crystal structure to that of ilmenite instead of perovskite, and probably due to it, they
erroneously addressed the space group for the nonpolar paraelectric phase as R3 instead of R3c [14,34].
That R3c is the proper space group for the paraelectric phase was shown in 1968 by Niizeki et al. [102].
In the case of the ferroelectric phase, the space group assigned by Bailey was confirmed, R3c, with
lattice constants a = b = 5.148

.
A, c = 13.863

.
A, and atomic positions in the hexagonal reference [34]

Nb: (0, 0, 0)
Li: (0, 0, 0.2829) ± (0, 0, 0.0023)

O: (0.0492, 0.3446, 0.0647) ± (0.0003, 0.0005, 0.0004)

In R3c, the z-position of the origin can be arbitrarily chosen. Clearly, in the ferroelectric phase,
neither Nb nor Li is aligned to the oxygen lattice. Hence, Abrahams et al. chose the Nb site as the
origin since it is the principal X-ray and neutron scatterer [32]. In 1968 Megaw, based on all the
results by Abrahams et al. [32–34], found an improved argument to relate the LN crystal structure to
perovskite by a reparameterization trick [14]. The origin in z was proposed to be reassigned, so that it
lies midway between two oxygen layers, in the vicinity of an Nb site. A high-symmetry structural
reference is obtained in this way, an idealized structure with hexagonally-closed packed oxygen atoms.
Upon successive approximations in terms of small quantities expressing displacement parameters,
the actual Nb–O framework, as determined by Abrahams et al. [14], can be obtained. Another set
of successive approximations or displacement parameters would lead to the perovskite framework.
The reparameterization gives the following coordinates for the actual structure in terms of the ideal [14].

Nb : (0, 0, w)

O :
(
u, 1

3 + v, 1
12

)

Li :
(
0, 0, 1

3 + w′
)

With u = 0.0492, v = 0.0113, w = 0.0816, w′ = −0.01318. The value of the axial ratio is
c
a = 2

√
2
(
1 + 1

2β
)
, with β = −0.0936. The idealized structure is then described when all the parameters

are equal to zero. It can be regarded as the zeroth-order approximation to the actual Nb–O framework,
a centrosymmetric structure with axis ratio c

a = 2
√

2. In the first-order approximation u , 0 while the
rest of the parameters remain equal to zero. A higher symmetry structure is described where the axis
ratio tends to decrease from its ideal value. The perovskite framework is described by this first-order
approximation when u = 1

6 . Insertion of Li into the octahedral interstices causes symmetry reduction,
thus allowing parameters u, v, w to be different from zero, that is, the second-order approximation,
describing the actual LN crystal structure. Moreover, regarding the effect of temperature, unexpectedly,
as T increases, the actual structure (ferroelectric phase) would not tend towards the idealized structure
(the zeroth-order approximation), but rather towards the first-order model with increasing u, while
v and w would tend to zero. Again, by stating this, Megaw avoids saying that the ferroelectric LN
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crystal structure can be derived from the ideal cubic perovskite. In her own words: “it is not suggested
that a change of framework configuration from one extreme to the other can take place in any actual
material” [14]. That the ferroelectric phase follows from a small distortion of a high symmetry reference
phase has demonstrated to be a powerful principle [91]. As already said, the detailed discussion of the
LN crystal structure, as presented by Räuber [2], assumes the reparameterization trick herein discussed.

Although this conceptualization might not necessarily be correct, the LN crystal structure might
be grasped more naturally by understanding its pros and cons. For a deeper insight, previous
knowledge on the corundum, ilmenite, and perovskite structures would be advantageous for a
proper comparison: these can be consulted from references [92,96,103], [92,96,100], and [84,86,87,91,92],
respectively. The book by Lima-di-Faria provides useful descriptive charts in pages [23]: 99, 100,
and 103, respectively.

4. Powders

4.1. Accurate Description of the Chemical Composition

Until recently, the lack of an accurate (indirect) method to determine the CC of LN powders
(LNPws) was a reality. We demonstrated that none of four conventional indirect characterization
techniques could be used for this purpose as they are nominally used for the case of single crystals.
These are (for the case of single crystals, further details may be consulted in the given references):

• X-ray diffraction + structure refinement [45,47,63]. Abrahams and Marsh did earlier measurements
by use of a Bond diffractometer [65,104]. Some of the available program packages for Rietveld
refinement, commercial and public, and an introduction into this subject can be consulted
in [104–112].

• Polarized raman spectroscopy [47–49,113,114]. The group theory elements in this field and the
assignment of phonon modes in LN are discussed elsewhere [115–119], having a common root
in the seminal paper by Schaufele and Weber (1966) [120]. The scattering geometry in polarized
Raman experiments is described after Porto and Krishnan (1967) [121]. The high sensitiveness
of the functional form (and intensity) of the recorded Raman spectra in LN to the experimental
configuration might be observed from the educational video ‘Convenient Application of Polarized
Raman Spectroscopy’, provided by the HORIBA Raman Academy [122]. The resolution of Raman
bands or fitting techniques is critical for achieving great accuracy in determining the CC by this
method [123,124]. Regarding this method of CC characterization, the works by Scott and Burns
(1972) [125] and Balanevskaya et al. (1983) [126], are considered pioneers (both done on LNPws).

• Fundamental absorption edge [47,51,52]. One of the earliest reports on this subject was written by
Redfield and Burke (1974) [127]. For practical reasons, a direct transition can be assumed regarding
the intrinsic nature of the bandgap (no phonons involved for momentum conservation) [128],
in which case the fundamental band gap is proportional to the square of the absorption coefficient
α2 [129].

• Differential thermal analysis [43–45,47]. Measurement of the Curie temperature (TC) is one of the
earliest calibration methods for determining the CC in LN single crystals [62]. Regarding this type
of transition, as previously stated, a change in the crystal structure occurs in which the symmetry
of the system decreases. The symmetry-breaking relation between the high-symmetry paraelectric
structure and the ferroelectric one is consistent with a second-order transition, described by the
Landau order-disorder theory [130,131]. A finite discontinuity in the heat capacity of the system
having this transition has been addressed as a direct thermodynamic consequence.

Research was conducted in our group, where these characterization techniques were used
(modified when needed) to obtain a set of equations that appropriately describe the CC of LNPws.
These results have been published in [19]. Within the following lines, we shortly describe the main
aspects of such publication. The current necessity for the correct characterization of LNPws in this
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context is also further discussed. We believe such a missing point in the literature for so long is that,
historically, LNPws have been overlooked for research in favor of single crystals and thin films mainly
because of their poor performance in most applications. For example, within the context of nonlinear
optics, powders have been relegated compared to single crystals due to surface inhomogeneities and
strong scattering effects, although they are tacitly considered easier and far less expensive to synthesize.
Besides, the urgent demand for large single crystals of high quality to match the microfabrication
process requirement in modern applications has already been outlined [17].

Our recent contribution arose from noticing that at least one of the equations given in [47–49]
describing the CC of LN single crystals by using polarized Raman spectroscopy—is not accurate for
the case of powders. Also, contrary to what could be expected, the approach of using an empirical
equation formulated for single crystals to describe powders does not even work for TC measurements
(see equations in [43–45]). Since temperature is a scalar quantity (light propagates and interacts
with matter in a vector-like form), it would be permissible to expect a single description of the CC
of LN in terms of TC, regardless of the solid solution being a single crystal or a powder. However,
the differences in surface and grain size/boundary effects between single crystals on polycrystalline
powders cannot be neglected. Before our work, the systematic measurement of lower TC values (about
10 ◦C) for LNPws compared to equivalent single crystals, had been addressed [47,132]. As for the case
of optical absorption, there is no point in using an equation that describes single crystals [52], since the
terms ‘refractive index’ and ‘absorption coefficient’ lack sense when related to powders; a powdered
sample can be conceived as a material of infinite thickness from the optical point of view. Instead of
conventional optical absorption measurements, the UV–vis diffuse reflectance technique is usually
employed while relying on the Kubelka–Munk approximation to describe the measured functional form
or reemission function, a proxy the actual absorption spectrum [133–135]. The experimental details to
make this approximation valid can be consulted in [133]. Thus, recently we gave a first step towards
the accurate description of the CC of LNPws by developing a facile method based mainly on imposing
X-ray diffraction as a seed characterization technique. Raman spectroscopy (non-polarized), UV–vis
diffuse reflectance, and DTA enrich the work, representing various alternatives for the independent
determination of this fundamental quantity in LNPws. An empirical equation that describes it in terms
of a corresponding experimental parameter is given for each of these four characterization techniques
(valid for LNPws with crystallite and particle dimensions close to 160 nm and 2.6 µm, respectively) [19]

〈cNb〉 = (8.6207Vcell − 2692.5216) mol % ± 0.5 mol %, (2)

X-ray diffraction (XRD)

〈cNb〉L =
(
256.4103 ∗

( ΓL

2xc

)
+ 43.5385

)
mol % ± 0.4 mol %, (3)

〈cNb〉G =
(
588.2353 ∗

( ΓG
2xc

)
+ 42.7059

)
mol % ± 0.5 mol %, (4)

(non-polarized) Raman spectroscopy (RS)

〈cNb〉 =
(
3.9078 ∗ Eg + 34.6229

)
mol % ± 0.4 mol %, (5)

UV–vis diffuse reflectance (DR)

〈cNb〉 = (−0.0515TC + 110.8505) mol % ± 0.4 mol %, (6)

Differential thermal analysis (DTA)
where the brackets in the Nb concentration stand for an average of this quantity in the sampled

crystallites. Vcell =
√

3a2c/2 stands for the cell volume in (angstrom)3 units, calculated by a standard
structure refinement method. In Equations (3) and (4), Γi stands for the FWHM in cm−1 of the Raman
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band around 876 cm−1, resolved by linear fitting either using a Lorentzian (i:=L) or a Gaussian (i:=G)
line shape, xc denotes the center of this Raman band. Normalization of the full Raman spectra precedes
the linear fitting and, regardless of the line shape, enlargement around this band is suggested, extending
as much as possible (precise determination of the baseline). Application of a single or double-peak
fitting, rather than performing a multi-peak fitting of the full Raman spectra, is also convenient.
In Equation (5), Eg stands for the fundamental band gap in eV units, being determined by assuming
a direct interband transition, that is, the obtained reemission function is elevated to the power of 2.
In Equation (6), TC is the Curie temperature measured in Celsius degrees. Also, notice that in contrast
to pioneering works (on single crystals, [47–49]), the equations are given in terms of the averaged Nb
content in the crystallites 〈cNb〉, rather than 〈cLi〉. By putting these equations in terms of 〈cLi〉, a more
straightforward comparison could have been attained to data available in the literature. However,
it was decided to do it in terms of 〈cNb〉 because of a simpler interpretation and association with a
phase diagram describing LN, like that given in Figure 1. It has been noticed that most of the phase
diagrams existent in the literature to describe LN are presented in terms of Nb2O5 mol %. Because in
the synthesis of the studied powders in [19], Li2CO3 was used as the other precursor, and also relative
not too high temperatures were used in the calcination process (850 ◦C), a one-to-one correspondence
exists between the Nb and Li contents in Equations (2)–(6). The equivalent relations in terms of 〈cLi〉
can be consulted in Appendix B in [19]. We now wish to underline the main aspects of the method
devised to obtain such equations.

The calibration of the cited methods is based on the quantification of pure and secondary phase
percentages by XRD, followed by Rietveld structure refinement. Secondly, relying on the LN phase
diagram (Figure 1), the chemical composition of the studied samples is inferred, and thereafter labeled
in terms of the Nb content in the crystallites. Lastly, having done this, any of the four mentioned
characterization techniques could be used to relate such labeling with their corresponding experimental
parameter. In the case of a user who wants to determine the CC of LNPws only, she/he would only
need to perform the last step and use any of Equations (2)–(6). On the other hand, in wanting to
describe other powders apart from LNPws, the whole method (three main steps described above) might
be further applied inasmuch as akin materials are investigated, lithium tantalate (LiTaO3) powders
for example.

The validity of this methodology is proven self-consistently with the determination of the CC of
several samples, where the content of Nb and Li is varied in a controlled way. However, the main
shortcoming of this investigation is the large uncertainty associated with Equations (2)–(6). Rigorously,
they should not be used for a practical composition determination and, instead, it only could be
stated with more confidence that, by using these equations, the composition of LN powder would
be closer to the stoichiometric or congruent point, or rather in an intermediate one. It will soon be
solved, noticing that both the resolution and the associated uncertainties of this methodology can be
significantly improved by analyzing larger powder quantities. The major contribution to uncertainty
emerges from the determination of the boundaries of the pure ferroelectric LN phase (details given
in [19]). The associated uncertainty to Equations (2)–(6) can be significantly reduced if a larger number
of samples are synthesized in this range, which can be more easily achieved if larger quantities of
powder are prepared. For example, it is expected that by synthesizing approximately 10 g of powder,
around 40 points would be available for analysis, assuming an increasing step of 0.1% in the Nb
precursor mass. As a result, the overall uncertainties would decrease by about 50–80% (noticing that
the linear fitting uncertainty would also be reduced significantly). Conclusively, apart from providing
four distinct alternatives to describe the CC of LNPws accurately, the innovative character of our
recently published work is the self-consistency character of the whole method. No other direct method
is needed to confirm the CC of the powders since the determination of the pure ferroelectric LN phase
boundaries by XRD analysis suffices for this purpose. The four involved characterization techniques
are standard, accessible nowadays to large scientific communities in developing countries.
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4.2. Role in New Potential Applications

Nonlinear optical powders such as LNPws have served in the past as survey materials. In 1968,
Kurtz and Perry developed a method to predict the second-order nonlinear susceptibilities of materials
unavailable under large single crystals by performing second harmonic generation (SHG) experiments
on the powdered version of the material [136]. Thus, SHG experiments on powders are conceived
initially as secondary within this method, which is by far the most popular approach to powders
in relation to SHG. However, recent experiments have proposed a new paradigm to quantitatively
study SHG efficiency with notable implications for pharmaceutical materials [137]. However, another
feature that makes the SHG that arises from powders attractive nowadays is the possible tuning of the
SHG intensity from LNPws, ascribed to proper control of the CC and grain size of the powders [138].
This feature has already been outlined in our recent publication, among others [19]. Here, we further
extend details on such recent developments on LNPws (for which the necessity of a proper CC
description of the LNPws is implied). In recent years:

� (2020) Strong and weak light scattering effects can be present simultaneously in random media
(random in terms of its refractive index), such as powders. Here, accounting for optical nonlinear
powders, photons can undergo multiple scattering in the sense that they undergo one SHG
scattering event and single or multiple linear scattering events at the fundamental and harmonic
frequencies. In contrast, ballistic photons undergo a single SHG scattering event and no linear
scattering event. Depth profiling with polarization resolution of the SHG intensity from a powder
stack of sLN microparticles/nanocrystals has been done in back-scattering or retro-reflection
configuration. The results, supported by modeling, show that competition between multiple
scattered and ballistic photons contributions holds during the focus longitudinal translation,
which can be disentangled in observing polarization distortions occurring as the beam focus moves
from air into powder [139]. The contribution from the multiple scattered photons dominates at
all depths, whereas, at the maximum of the intensity depth profiles, the contribution of ballistic
photons is at its maximum and enhanced due to collection efficiency. This work paves the way for
a close and quantitative investigation of the SHG response from nonlinear optical powders and,
combined with the derived conclusions in [138], the experimental configuration might also play a
role in the discrimination of information: transmission experiments for the evaluation of averaged
properties such as SHG efficiency (micrometer size scale of the powder) and retro-reflection
experiments for overall scattering properties and local crystalline properties (nanometer size
scale). The latter is a general idea somehow (not explicitly) postulated in a revision of the Kurtz
and Perry method done by Aramburu et al. [140].

� (2018) Fe-doped LNPws show, after a post-thermal treatment in a controlled reducing atmosphere, a
rather strong ferromagnetic response at room temperature for a doping concentration of the order
of 1 mol % [141]. This may be considered a first report of the manifestation of ferromagnetism in
nanocrystalline LNPws within the regime of very low doping concentrations. Post-thermal treatment
in a controlled atmosphere is a key point for inducing this behavior, which could be explained as
the recombination of unpaired electrons from the donor sites (Fe impurities) to the acceptor sites
(oxygen vacancies) in the surfaces of the material. A statement that needs to be further scrutinized
since the opinion on the existence of this type of vacancies has changed over time; lately they
are neglected, at least with respect to single crystals and within the volume (see discussion in
Part II). Bulk diffusion of oxygen has been exluded from the explanation of the results recently
presented by Kocksor et al. [18], where LN nanocrystals were prepared by ball-milling the crucible
residues of a Czochralski grown congruent crystal. Anywise, neither the enhanced factor of
surface effects nor the depletion of oxygen at the surfaces can be overruled in LNPws prepared
by a mechanochemical-calcination route.

� (2017) The same method of synthesis has been used to prepare LN micropowders whose SHG
intensity is maximal at a certain λmax, in terms of the fundamental excitation wavelength.
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Possible tuning of λmax could be ascribed to the control of the composition and grain size of the
powder [138]. Also, there is the possibility of obtaining major technical benefits by exploiting the
SHG from disordered materials such as LNPws, given that neither a critical adjustment of the
orientation/temperature in the material (phase-matching condition) nor the accurate engineering
of a microstructure (quasi-phase matching condition), are substantially needed [142].

� (2017) A novel fabrication process based on the powder-in-tube method to realize
polarization-maintaining optical fibers has been demonstrated. It relies on the principle of
“inducing an anisotropy of the refractive index in the core region by internal stress”, in which
the use of powdered material with a thermal expansion coefficient (TEC) higher than that of
silica (fiber core) is the key point [143]. Glass complex systems based on SiO2-Al2O3-La2O3,
with a TEC around 10 times larger (5.32–6.46 × 10−6 K−1) compared to silica (0.54 × 10−6 K−1),
has been used. Single crystalline LN has a TEC along the c-axis of the same order as the complex
systems just mentioned (~5 × 10−6 K−1) and almost three times higher for either of the other axes
(14.1 × 10−6 K−1); see Table 1. In the case of LNPws, a TEC value between these two is expected,
and thus they are, in principle, good candidates for the fabrication of polarization maintaining
optical fibers.

� (2013) Cementation materials based on LN have been proposed as potential materials for
an effective formation of eco-friendly end products through artificial photosynthesis; this is
considered important for the global warming reduction problem [144]. Despite its wider band gap
(3.8–4.1 eV) compared to that of TiO2 (3.2 eV), LN is considered a better artificial photocatalyst due
to its strong remnant polarization (70 µc(cm)−2) [145]. Paraphrasing Nath et al.: “the photocatalyst
LiNbO3 can be used as a construction material to emit oxygen using atmospheric CO2 and water
reliably and inexpensively. The reduction of the global warming problem through the use of
this photocatalyst would have a remarkably positive impact on the environment in the near
future” [144]. Regarding LNPws, we emphasize that powders would not only be easier to
implement than single crystals into cement-based materials but also they would enhance surface
effects, perhaps improving this way the lifetime of the carriers (photo-generated electrons and
holes) involved in artificial photosynthesis [145]. The importance of LNPws on these crucial
matters must not be overlooked.

� (2012) LN and LT powders of several particle sizes at the microscale and with averaged crystallite
size between 30 and 300 nm, have proved to be antimicrobial agents in aqueous solutions based
on cyclical thermal excitation [146]. The powders were directly obtained from the crushing of
single crystals by high-energy ball milling and various solution percussion routes. The powders
obtained by the latter method show smaller particle and crystallite sizes, showing improved
disinfection properties due to the increased direct surface contact with the bacterium.

On the other hand, perhaps an even more fascinating feature of LNPws is their role in the field
of lead-free piezoelectric materials. This research field is nowadays vast and very active due to the
environmental laws and regulations imposed by the government in 2003, the so-called RoHS directive,
which may be considered as “the most disruptive event in the history of electronic manufacturing” [147].
It was approved in 2006 to minimize health and safety risks, dictating that new generation electrical
and electronic devices are to be manufactured without any of the following compounds: lead, mercury,
cadmium, hexavalent chromium, polybrominated biphenyls, or polybrominated diphenyl ethers [147].
The truth is that neither the RoHS directive has been fully applied nor research on lead-based materials
has been stopped so far. This because lead zirconate (Pb(ZrxTi1−x)O3), PZT), and lead titanate (PbTiO3,
PT) perovskites by far feature the best performances on these grounds (sensors, actuators, and other
electronic components) at reasonably low production costs [148]. The existence of a morphotropic
phase boundary (MPB) is acknowledged to be the driving force. It is a region of a structural phase
transition, accompanied by extremes of electrophysical parameters, particularly, high dielectric and
piezoelectric parameters: the anomalous increase in these properties shown by MPB compositions is
the result of the enhanced polarizability that arises from the coupling of two equivalent energy states,
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that is, the coexistence of two structural phases [149,150]. The MPB is nearly temperature independent,
and its existence is attributed to high polymorphism (apart from the high piezoelectric characteristics)
in which PZT outstands. Nowadays, piezoelectric PZT-based ceramics dominate a $1 billion market of
actuators, sensors, and transducers that merge into the realization of novel applications such as medical
ultrasound, high precision accelerometers, sonar systems, fish finders, thermal sensors, and precise
positioners, among others (in the future it may also earn a position in the development of the Internet
of Things) [151].

Researching interests on lead-free materials is far from dropping, and, today, most experts share
the common belief that a possible way to replace lead-based materials is the synthesis of solid solutions
of alkali metal niobates (AMN) [148,150,152]. LN belongs to this category of materials: recently, LNPws
have been mixed with alike powders in the sense of forming a novel green compact to be sintered into
a high-performance ceramic. Complex ternary and four-component systems involving LNPws have
been studied: NaNbO3–LiNbO3–PbTiO3 and (1−x)(Na, Li)NbO3–xPb(Ti, Zr)O3, respectively. The latter
has shown a considerable increase of electrophysical parameters [152]. Although AMN systems are
still inferior to systems mainly based on PZT, the four-component transition already features good
figures of merit for applications in microwave devices (for a low content of x) and low-frequency
electromechanical converters (for 0.70 < x < 0.85) [152]. The influence of the CC of LNPws on the
performance of these complex ceramics is evident and, thus, the urgent need to properly characterize
it. However, in our first aim to furnish an accurate description (discussed above), we have missed
one important point, that of the influence of the quality and macroproperties of the precursors on the
product. Reznichenko et al. have pointed out the possible influence of the quality of niobium pentoxide
(Nb2O5) on the resulted four-component system ceramics [152]. Almost 30 years ago, this question
was settled regarding the CC of LN single crystals (see Section 4.4).

4.3. Methods of Synthesis

Conventionally, LNPws are prepared by solid state-reactions between the precursors at a
temperature above 1000 ◦C. Although this method is simple, it may lead to the composition deviation
from stoichiometry because of lithium evaporation at higher temperatures [153–155]. Concerning the
work done so far in our group, the synthesis of the studied powdered materials practically summarizes
into the successive combination of the following process: grinding (high-energy ball milling) and
thermal annealing or calcination. In short, the precursors lithium carbonate (Li2CO3) and niobium
pentoxide (Nb2O5), are mixed in solid phase (room temperature) and ground, and then subjected to a
thermal annealing process (calcination). The precursors are bought with high purity, and the technique
used in the grinding process is closely related to that of mechanochemical synthesis.

Strictly speaking, mechanochemical synthesis denotes a grinding process in which chemical
reactions are necessarily involved: the simultaneous grinding of more than one precursor (chemically
distinct). With the breaking of certain chemical bonds, the formation of new ones is favored. When no
chemical reactions are involved, as in the investigations so far being held in our group, the precursors
are ground only, and it is convenient to denote this process as merely grinding. The concepts and
involved variables are, however, very similar for both processes. Detailed reviews are available after
Suryanarayana (2001) and Kong et al. (2008) [156,157]. Recently, the available knowledge regarding
this synthesis route connected with LNPws has been extended [18]. On the other hand, to state that no
chemical reactions occur in the grinding process might not be accurate to some extent. Apart from
contamination issues depending on the chemical and physical characteristics of the used vial and
grinding medium [18,158,159], in the preparation of LNPws by high-energy ball milling, the product
usually shows a greyish coloration (before calcination), also observed for LN single crystals after
chemical reduction (near the surface) [160]. Another common finding is the remaining non-reacted and
amorphous milled powder [161,162]. The preparation of pure LNPws by a mechanochemical method
assisted by subsequent calcination at relatively high temperatures has been achieved and reported
elsewhere [163,164]. The main mechanisms in the high-energy ball milling process are now discussed.
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In the process, the particles that constitute the milled powder are exposed to an iterative
combination of the following mechanisms: flattening, cold welding, fracture, and recombination.
Because there is high mobility regarding the balls, there exist mainly three types of collisions: ball-ball,
ball-powder, and ball-walls (the internal walls of the vial). However, ball-powder-ball type collisions
also exist; in some instances, a given fraction of the powder is being pressed by two or more balls.
Approximately a thousand particles with a total (aggregated) mass of 0.2 mg are confined in this type of
collision [156]. At the initial stage, the impact force deforms the particles inelastically. As a result, work
hardening and fracture take place at the surface level. New surfaces are formed, allowing the particles
to weld. Thus, an effective increment of the averaged size of the particles follows. The size distribution
widens in cases for which the new particles can be as three times larger than the original ones [156].
Then, deformation keeps its pace, and the particles harden due to mechanical fatigue or fragmentation
of their layers or fragile sheets. The formation of this type of fragments might continue as far as no
significant agglomeration forces exist. It translates into the reverse effect: an effective decrease in the
average size of the particles. At this stage, the tendency of the particles to fragment dominates their
tendency to weld [156]. Because the ball impacts continue, the structure of the particles keeps being
refined and refined, no matter the size of the particles remains constant (it repeatedly increases and
decreases due to the mechanism competition above described). Consequently, the inter-layer spacing
decreases, whereas the number of layers per particle increases.

Now, so far, only the refinement mechanism of the particles has been discussed. The chemical
reactions between the precursors have not been considered. Assuming that the precursors are oxides,
then the particle refinement (and fragmentation) results in defect formation and an effective reduction
of the diffusion distances. The interaction between the precursors is thus enhanced. Moreover, given
the formation of new surfaces and interfaces, a substantial increment in the reactivity of the precursors
is achieved [157]. This is what is understood by the ‘chemical activation’ of the precursors. If the
process keeps going on, the chemical activation will also continue, and, in some instances, the necessary
chemical reactions for the formation of a new phase start to appear. If the process still goes on further,
it is possible that other processes also occur, such as nucleation, particle growth, and crystalline phase
formation. The formation of an amorphous phase can even occur, which is not other than the extreme
case of defect formation [157]. The localized heat transfer right at the impact zones (ball-powder-ball
collisions) might contribute to this process. This hypothesis is justified by the fact that even when the
temperature inside the vial hardly reaches 100 ◦C, the in situ temperature at each impact event can be
large enough to activate the solid state reactions (~>800 ◦C) [165,166].

A Chinese group has extensively discussed other non-conventional methods to produce LNPws of
high quality at the State Key Laboratory of fine Chemicals, Dalian University of Technology. This group
has mainly focused on soft-chemistry methods such as sol-gel and hydrothermal processes [132],
combustion method with urea as fuel [154], and wet chemical synthesis [155]. Within such references,
Liu et al. have provided information on other synthesis methods for this purpose. Some are:
sol–gel [167–169], Pechini method [170], metal alkoxides [171], hydrothermal process [172], and the
peroxide route [168]. The synthesis of other ferroelectric powders by similar methods can also be
consulted in the literature: chemical coprecipitation [173–175], sol–gel process [176–178], hydrothermal
process [179–182], combustion [183], and molten salt [184,185].

Back to LN, the wet chemistry methods are based on the adoption of a kind of an α-carboxylic
acid (citric acid) to coordinate with hydrated niobium acid (Nb2O5·nH2O, often called as niobic
acid), which is more reactive than the starting precursor based on niobium oxide, as described
by Liu et al. [155]. In contrast, the mechanochemical-route is a dry environment method where,
as mentioned, the reactivity of the Nb2O5 precursor is carried out through the high-energy ball milling
process. While wet chemistry-based synthesis methods effectively tend to achieve the product at
lower calcination temperatures, by employing high-energy ball milling the use of any kind of acid
(organic or inorganic) is avoided. It is advantageous since the use of acids usually implies regulations
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to the exposure of hazardous or toxic fumes and vapors (ventilation issues), thus following strict
security protocols.

4.4. Are the Stoichiometric and Congruent Compositions Univocally Determined?

In 1993 Kuz’minov and Osiko pointed out that the ‘disturbance’ of stoichiometry in LN crystals
is primarily due to the lack of oxygen in Nb2O5, used as a raw material initial melt (Czochralski
method) [186]. Accordingly, depending on its production technology, niobium pentoxide can adopt
a wide range of compositions Nb2O5−x. Thus, once ST LN single crystals were believed to be only
obtained for x = 0 at the synthesis stage. Although this is a severe statement, and even less likely
to be correct because LN single crystals are hardly obtained without entailing a modification to the
Czochralski method or an assisting process (as described in Section 2), the systematic study of the
role of the CC of the precursor on that of the product would give interesting results. Among others,
the documented indetermination of the CG point could be solved, since it is nowadays disputed to
be in the range 48.38 mol % to 48.60 mol % of Li content [17]. Such an indetermination has been
recently exposed for isostructural LiTaO3 (LT) [187]: different defect concentrations were found on two
CG LT single crystals synthesized by the same method but by distinct manufacturers. This type of
analysis has not yet been conducted, according to the consulted literature. To answer these questions
is a fundamental science problem, research of the kind of normal science concerning our scientific
community. In principle, it can be solved without much effort or resources if treated at the level of
synthesis and characterization of polycrystalline samples in the form of powders.

Research is here proposed where a mechanochemical-calcination route synthesizes LNPws.
Before synthesizing several samples, the Nb2O5 precursor is to be processed to the extent of controlling
the number of oxygen defects and characterized. The role of high-energy ball-milling is of interest,
but no more than the role of annealing treatments under a controlled atmosphere in which at least both
extremes must be studied: (1) passivated precursor powder (optimized conditions under an oxidizing
treatment) and (2) highly-defective precursor powder (optimized conditions under a reduction
treatment). The processed precursors would then be mixed with Li2CO3 and high-energy ball-milled
for chemical activation; the milling atmosphere may or may not be controlled; an inert atmosphere
would prevent oxygen defect formation. Calcination under an inert atmosphere would follow for
the obtention of the products. Characterization by standard techniques such as XRD and Raman
spectroscopy are recommended at all stages. For the case of the products, research like that described at
the beginning of this section (and reported in [19]) could be conducted. However, in this case, the use
of a direct method for determining the CC of the resultant LNPws is also suggested. The influence of
the quality of the Nb2O5 precursor on that of the product should be traceable this way.

5. Ferroelectricity behind the Curtain

The origin of ferroelectric behavior in LN relies on the non-centrosymmetric arrangement of the
constituent ions and their corresponding electrons (at low temperature) [188,189]. So far, this accounts
only for the so-called ‘spontaneous’ polarization but not for its switching. The first concept stands for
the existence of at least “two discrete stable or metastable states of different nonzero electric polarization
in zero applied electric field”, whereas switching describes the possibility to switch between these states

with an applied electric field
→
E , which “changes the relative energy of the states through the coupling

of the field to the polarization −→E ·→P” [91]. Some non-centrosymmetric polar structures, the wurtzite
structure as an example, do not exhibit ferroelectric behavior since its intrinsic polarization cannot be
switched at known experimental conditions [188]. Ferroelectricity is sensitive to T, the same as other
related properties like piezoelectricity, pyroelectricity, and SHG. With increasing T, most ferroelectrics
exhibit a “phase transition from the ferroelectric state, with multiple symmetry-related variants, to a
nonpolar paraelectric phase, with a single variant” [91]. The measured Curie temperatures range for a
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gamut of ferroelectric materials from 1 K to 1000 K; for very high Ts, the probability of the material
melting down before the transition occurs increases.

As previously stated, the symmetry-breaking relation between the high-symmetry paraelectric
structure and the ferroelectric one is consistent with a second-order transition, described by the
Landau order–disorder theory [130,131]. Apart from a finite discontinuity in the heat capacity of
the system, this analysis also implies that the dielectric susceptibility diverges at the transition,
and this can be linked to the vanishing frequency of a polar phonon. It is the central idea of the
‘soft-mode’ theory of ferroelectrics [189]. According to Rabe et al., during the 1960s and 1970s,
the observation of the T-dependence of polar phonons was a “key ingredient in the great progress
made in understanding the physics of ferroelectricity” [91]. Phonon spectroscopy is still a benchmark
concerning the characterization of this type of transition, both via neutron scattering and optical
spectroscopy [190,191]. Despite the success of this theoretical framework, no consensus exists today
regarding the origin of ferroelectricity or ionic off-centering in known ferroelectrics [188,189].

Prototypical displacive transitions, characterized by a zone-centre vibrational mode—the
soft mode—“with vanishing frequency at the phase transition and an eigenvector similar to the
displacements observed in the ferroelectric phases”, were long considered to be behind this type
of phase transitions [189,192]. Displacive type transitions might be pictured as the multitudinous
physical shifting of either the A or B cations (or both) off-center relative to the oxygen anions and,
because of the dipole moment created by this shift, the emerging of a spontaneous polarization [188].
Nevertheless, in this respect, the so-called order-disorder type transitions have become popular lately.
The difference between these types of transitions resides on whether a collective displacement of the
cation sublattice is involved (displacive) or, instead, several local displacements of individual cations
(order-disorder) [189]. In LN and LT, the latter type of displacements are thought to be induced by the
second-order Jahn–Teller (SOJT) effect of the NbO6 and TaO6 octahedral units, respectively [189].

These ideas can be traced back to 1992 when Cohen made a paramount contribution regarding
perovskite oxides [192]: he realized that the “great sensitivity of ferroelectrics to chemistry, defects,
electrical boundary conditions, and pressure arises from a delicate balance between long-range Coulomb
forces (which favor the ferroelectric state) and short-range repulsions (which favor the nonpolar state).”
Most importantly, he concluded that “for ferroelectric perovskites in general, hybridization between the
B cation and O is essential to weaken the short-range repulsions and allow the ferroelectric transition.
Most ferroelectric oxide perovskites have B cations, whose lowest unoccupied states are d-states (Ti4+,
Nb5+, Zr4+, etcetera). It allows for d-hybridization with the O that softens the B–O repulsion and
allows the ferroelectricity instability at low pressures” [192]. Hence, generally speaking (not only
perovskites), the existence or absence of ferroelectric behavior relies on a balance between these
short-range repulsions and additional bonding considerations, which act to stabilize the distortions
that enable the transition to the polar state [188]. The ‘additional bonding considerations’ were pointed
out by Megaw in 1954 [12]. The discussion in the next paragraph has been mostly adapted/reprinted
from the content available in [188].

In terms of coordination chemistry, the stabilization of distorted structures is recognized to
have its origin on chemical binding perturbations, denoted as SOJT effects [193–195], or sometimes
pseudo-Jahn–Teller effects [196]. On the other hand, in plain physical terms, such effects can be seen by
writing down a perturbative expansion of the energy of the electronic ground state E(Q), as a function
of the coordinate of the distortion Q [197]
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where E(0) is the energy of the undistorted ground state, and the Ens the energies describing the
excited states. The term that is linear in Q is the first-order Jahn–Teller contribution, which is zero
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except for degenerate states. It is responsible for the characteristic tetragonal distortions in d1 and d4

perovskites, for example. Of the second-order terms, the first is always positive, whereas the second
is always negative (provided that it is different from zero). If the second term is larger than the first,
then distortion will cause an energy reduction. An increase in energy on distortion is described by the
first second-order term, under the assumption of the absence of redistribution of electrons. Thus, it is
dominated by the Coulomb repulsions between electron clouds and is the smallest for closed-shell ions
that lack spatially extended valence electrons. On the other hand, two criteria must be satisfied for the
second term to be large: (1) the energy denominator, En − E(0), must be small, therefore, there must be
excited states available of energy not largely separated from the ground state; and (2) the matrix element〈
0
∣∣∣∣
(
δH
δQ

)
0

∣∣∣∣n
〉

must be nonzero; this occurs if the product of the symmetry representations for the ground
and excited state and the distortion is totally symmetric. Thus, for a non-centrosymmetric distortion,
if the ground state is centrosymmetric, then the lowest excited state must be non-centrosymmetric.
Note that this term represents the mixing of the ground state with the excited states as a result of the
distortion perturbation, and as such, it is associated with the formation of new chemical bonds in the
low-symmetry configuration [198]. A non-centrosymmetric distortion then results if the lowering in
energy associated with the mixing of term two is larger than the repulsion opposing the ion shift,
described by term one [199].

In short, nowadays, ferroelectricity is often associated with materials having d0 transition metal
ions (V5+, Nb5+, Ta5+, Ti4+, Zr4+) and cations with a lone pair s2 electrons (Pb2+ and Bi3+) [89,200].
In terms of crystal chemistry, these are SOJT active cations and, by breaking the centrosymmetric
structure, have the potential of energy gain [89,189]. The d0 ions tend towards the more covalent
character in their bonding, leading to asymmetric coordination geometries that favor the development
of a spontaneous polarization [200]. In LN and LT, the Nb and Ta ions have 5+ formal charges with d0

configuration, leading to cation displacement along the trigonal c-axis [189].

6. Conclusions

The scientific paradigm concerning lithium niobate (LiNbO3, LN) research has been explicitly
stated and partially justified by presenting a conceptual framework with a convenient order.
The concepts have been introduced having in mind both kinds of audience, the experienced researcher
and the young contributors to this community. The present review is supported by the revision of
several specialized references on this topic. We apologize in advance for the non-deliberated omission
of any relevant piece of literature. The justification is to be completed with the content presented in
Part II.

In the current part, special attention was put on the subject of the crystal structure. In this
respect, we add that, rigorously, a correct statement would be that LN belongs to no other family of
crystal structures, but it forms its own. Perhaps this may be implicitly stated when referred to as a
‘pseudoilmenite’ in recent literature. In other words, LN belongs to the family of pseudoilmenites,
probably acknowledging the fact that LN is not a mineral that naturally forms on the surface of the
Earth; it might be just probable that LN, or at least a close relative, may exist deep beneath the sea level
(accounting for polymorphism and the extreme conditions in temperature and pressure) [201,202].
Then, the question arises: why not refer to it as the family of ‘pseudoperovskites’, or simply as a
member of the larger family of highly distorted perovskites? Would this be somehow of advantage for
future investigations?

Besides the exposition of various indirect methods to determine the chemical composition of LN
powders (LNPws), the role of this polycrystalline version of the material in complex piezoelectric
ceramics related modern electronic components and the innermost cause of ferroelectricity have
also been discussed. The reader may have noticed that these two functionalities—the former
concerning powders only—have had their corresponding progress out of this field based on the
perovskite framework. Perovskites are currently shaping our modern life with computers, smartphones,
and medical ultrasound, and seem to keep doing it with the advent of efficient solar cells and the
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Internet of Things [151,203,204]. Unprecedented profit might be obtained by relaxing our conceptions
about our favorite material and exhorting its kinship to perovskites. In this respect, it is interesting
that in a contribution in which its fresh ink still can be smelled, LN and isostructural LiTaO3 are
classified as perovskite ferroelectrics [16]. Finally, the possibility of the stoichiometric and congruent
compositions yet not being univocally determined, regardless of the solid solution of LN (single crystal
or polycrystal), has been signaled. A strategy that would not convey much effort nor expense has been
designed to answer this conundrum.
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Abstract: A review on lithium niobate single crystals and polycrystals has been prepared. Both the
classical and recent literature on this topic is revisited. It is composed of two parts with several
sections. The current part discusses the available defect models (intrinsic), the trends found in
ion-doped crystals and polycrystals (extrinsic defects), the fundamentals on dilute magnetic oxides,
and their connection to ferromagnetic behavior in lithium niobate.

Keywords: lithium niobate; lithium tantalate; intrinsic defects; extrinsic defects; elemental doping;
ferromagnetism; diluted-magnetic oxides

1. Introduction

The paramountcy of lithium niobate (LiNbO3, LN) to the applied sciences has already been
outlined in the first part of this review. Its versatility in what respects technology has promoted
it in science for almost 60 years. Perhaps an effective way to quantitatively assess the success of a
researching field is to analyze the number of peer-reviewed publications in scientific journals in a
period. This approach was taken by Volk and Wöhlecke (2008): the Web Of Science database was used
to track the number of publications between 1965 and 2007 devoted to LN and BaTiO3 (BT) annually [1].
Their plot shows a shoulder-to-shoulder competition of our protagonist with BT, a material that has
been the “heart and soul of several multibillion-dollar industries” and which importance in history
can be advertised with nothing less than wartime secrecy and a lack of open publications right at its
birth around 1945 [2,3]. Today, BT dominates the market of multilayered ceramic capacitors, nearly
$6 billion [4]. The bibliographical survey done in 2008 has been retaken only for the case of LN. The
actualized data are shown in Figure 1.

With the present contribution, we aim to complete a formal justification to the paradigm that
defines the researching field of LN, explicitly stated in Part I. A central idea there is that of the
inherence of this material in forming solid solutions (SSs) with a significant number of intrinsic
defects which at the macroscale define the congruent (CG) composition. The perturbation from the
stoichiometric (ST) composition under ordinary growth circumstances is substantiated by knowing the
crystal structure (described in Part I). However, on a deeper level, it essentially relies on understanding
the available defect models that provide a solution to the electrical charge neutrality in stable off-ST
SSs. No consensus can be found today in this subject. So far, it appears that both experimental and
simulation approaches provide conclusive evidence on the type of intrinsic defects being present
within Li-deficient crystals, namely Li vacancies (VLi) and Nb antisites (NbLi), in turn favoring the
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lithium vacancy defect model. However, debate still prevails on their intrinsic distribution, that is, the
available models on defect clusters. Less conclusive arguments can be given in this respect for doped
LN. Only site occupancy trends have been established depending on the dopant characteristics and
doping extent. One can often find discrepancies or irregularities on this point. However, recently, most
dopant species seem to adjust to a rule or, better stated, a generalized trend [5]. We discuss the three
most widely accepted defect models through LN research (Section 2). Then, the subject of extrinsic
defects naturally follows. The role of the ubiquitous presence of hydrogen in the crystal structure and
the recent developments on ion-doped LN single crystals are thus revisited (Section 3). Reviews on this
subject and focused on other distinct aspects have been recently published [6–8]. Lastly, a connection is
made between magnetism, ferromagnetism, and ion-doped LN powders through a formal discussion
on diluted magnetic oxides (Section 4); this is a relatively new topic regarding LN, not discussed in
detail before.
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2. Intrinsic Defects

A compromise between the increasing (decreasing) concentration of Nb (Li) atoms exists for
stable off-stoichiometric SSs of LN. Electrical charge compensation occurs through an adequate
accommodation of both cation species and their respective vacancies (VNb and VLi). Since the latter are
defects with a net electrical charge, other defects with countercharges are required to guarantee overall
charge neutrality [9]. The occurrence of a stacking fault envisioned as the relatively excess Nb partially
occupying the available VLis is proposed. It is denoted as an Nb antisite (NbLi) and is the carotid upon
which rests the framework of defect models in LN (see the fourth figure in Part I for visualization
aid) [10]. Several defect models have been constructed, and debate still prevails on which of these
indeed represents a “solution of the off-ST LN crystal structure with a stable charge equilibrium” [7].
The discrepancies observed over time might be addressed to intrinsic factors persistent on the different
crystal growth technologies or suppliers, as recently reported for isostructural lithium tantalate (LiTaO3,
LT) [9], a situation that also leads to the irreproducibility of results in at least two cases of doped
LN crystals [5,11]. The main characteristics of the three most popular models ever devised are now
described in the lines that follow.

Oxygen vacancy model: proposed by Fay et al. (1968) [12], it can be illustrated by the following
constitutional formula: [Li1−2xV2x]Nb[O3−xVx], x = 0.028. Supported by Prokhorov and Kuzminov
(1990) [13], it assumes the formation of Li vacancies due to the lack of Li2O (used as a raw material
in the initial melt, Czochralski method) at the CG point. Then, charge compensation comes from the
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formation of oxygen vacancies, which is characteristic of all oxides. Thus, at the earliest stages of
the CG crystal structure discussion, it was reasonable to assume such vacancies as the most probable
defect. However, nowadays, it is tacitly known that LN “is to some extent a unique oxide containing
no oxygen vacancies” [10]; based on theoretical calculations, Donnerberg et al. (1989) ruled out the
existence of VOs [14]. In addition, the model predicts the crystal density to decrease with greater
Li2O deficiency (that is, increasing concentration of VLi), which is inconsistent with the observations
obtained in the experimental studies by Lerner et al. (1968) [15]. The existence of NbLis copes with
this situation, whereas the inexistence of VOs in LN single crystals has been demonstrated by detailed
structure measurements and supported by electronic-structure calculations [16–20].

Niobium vacancy model: proposed by Peterson and Carnevale (1972) [21], it can be illustrated by
the following constitutional formula: [Li1−5xNb5x][Nb1−4xV4x]O3, where x ≈ 0.012 and the Nb in the
first bracket denotes the Nb antisite defect. It was once widely accepted based on detailed structural
studies by Abrahams and Marsh (1986) [16]. It successfully describes the relationship between the
density and the Li content in the crystal. Oxygen vacancies are neglected, and the Li sites are filled
with an excess of Nb. Likewise, some Nb vacancies are generated at the former 5+ sites for charge
compensation. However, according to this model in congruent LN (cLN), there are 5.9 mol% NbLi

and 4.7 mol% VNb. Such charged Nb antisite concentration is believed to be structurally unstable. In
principle, the existence of NbLi is in agreement with the Hume–Rothery rules for SSs, given that the
measured ionic radii for Li+ and Nb5+ are 74 and 64 pm (6-fold coordination), respectively [22,23]. In
the analysis of the atomic size effects and their influence within a structure, data are usually taken
from the ‘effective’ ionic radii for this coordination number, as given by Shannon and Prewitt [23].

Lithium vacancy model: proposed by Lerner et al. (1968) [15] and extended by Kim et al. (2001) [24],
it can be illustrated by the following constitutional formula: [Li1−5xV4xNbx]NbO3, x = 0.01. It
also includes NbLi and neglects VO. The Li vacancy model differs from the Nb one in that no Nb
vacancies are formed. Instead, four VLi stands for compensation of a single NbLi. The existence
of a high concentration of Li vacancies in cLN was confirmed by the structure analysis reported in
Refs. [18,19,25,26], as well as by Nuclear Magnetic Resonance (NMR) studies [27,28]. Nowadays, the Li
vacancy model is commonly accepted as valid, and the considerations of all defect reconstructions in
LN are based on this framework. Reports supporting this model based on computational simulations
can be consulted [14,29–31]. Nonetheless, a new model has recently been proposed based on the
coexistence of all three cation stacking faults NbLi, VNb,, and VLi [32,33]. According to this model,
the Nb and Li vacancy models are simply the two opposite ultimate states. In 1998, Wilkinson et
al. had already indicated this possibility [19]. In this respect, Schirmer et al. (1991) pointed out that
the existence of ilmenite-type stacking faults in the regular LN crystal structure would support these
two ultimate states [17]. On the other hand, refined studies of NMR spectra have concluded that a
combination of the oxygen vacancy and lithium vacancy models in a ratio 1.1:1.0, respectively, also
gives a satisfactory defect framework [34–36].

The formation of oxygen vacancies is the least probable event, whereas the combined formation
of four Li vacancies for each Nb antisite is the most probable one in our defect scenario, which can be
observed in Figure 2, and results from a first-principles study on the formation energies of intrinsic
defects in off-ST LN [31]. It is crucial to notice that such a framework can only be considered realistic
at moderate temperatures. For high Ts (starting from about 300 ◦C above room T), it cannot apply
mainly to a tendency of a small fraction of Li cations to occupy the vacant octahedral sites, as discussed
by Volk and Wöhlecke and references therein cited [10,37–39]. On the other hand, quoting Kong et al.
(2020): “a variety of further defect configurations and defect clusters have been investigated based on
the defect models above, especially the Li vacancy model” [6]. Here, a defect cluster means a specific
configuration or distribution of closely spaced defects. The formation of defect clusters subdues
energetic misfits and was proposed ever since the earlier defect investigations on LN [15,17,18,40].
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Figure 2. Simulations are showing the viability of the lithium vacancy model based on first-principles
calculations. Left: constructed phase diagram of the ternary system Li–Nb–O showing the points
of interest A–F (different electronic environments). Right: formation energies for intrinsic defects in
LiNbO3, as a function of the atomic chemical potential)—doi.org/10.1016/j.jpcs.2007.02.035 (Reproduced
from Li, Q.; Wang, B.; Woo, C.H.; Wang, H.; Wang, R. First-principles study on the formation energies
of intrinsic defects in LiNbO3. J. Phys. Chem. Solids 2007, 68, 1336–1340, with permission from Elsevier.)

Recently, Vyalikh et al. (2018) have performed a detailed study based on Density Functional
Theory (DFT) electronic structure calculations and measurement of the spectral characteristics under
three different techniques, and, among six proposed cluster models (often found in literature), they
found out that two are the most probable to describe cLT [9]; these are therein labeled as models
M1 and M3. The first—the least probable among the two according to this study, model M1, with
calculated energy formation of 1.94 eV—was initially proposed by Kim et al. (2001), and it assumes
that a NbLi antisite (or TaLi) is surrounded by three VLis in the nearest neighborhood and fourth VLi

located along the polar c-axis [24], as shown on the left side of Figure 3. According to the same study,
the most probable one—model M3, with calculated energy formation of 1.61 eV—locates all the Nb
excess interstitially within the structural vacancy, provoking five VLis instead of four as shown in the
right side of Figure 3. Accordingly, Zotov et al. (1994) became supporters of the Nb antisite scheme.
They proposed the empty site scheme as a viable alternative to describe stoichiometry disturbance in
LN, presenting similar goodness-of-fit factors [18].

Debate still prevails on Nb ions occupying interstitial structural sites [8,41,42]. Other alternatives
of intrinsic defect clusters have been proposed, perhaps more intricated [43–46]; most have been
proposed to describe the effect of the localized polarization caused by the defect clusters on the overall
crystal polarization of the observed features of domain stabilization and reversal [6]. Given the bilateral
acceptance in what respects the defect scenario of undoped or pure LN, it is reasonable to adopt the Li
vacancy model and its associated defect cluster (left side of Figure 3) as a feasible physical instance
describing both the type of intrinsic defects and their ordering in off-stoichiometric LN, respectively.
As will be discussed in the next section, this framework is usually adopted to describe the substitution
mechanisms in doped LN—concerning at least the type of intrinsic defects. However, the main result
presented by Vyalikh et al. must not be overlooked [9], mostly because of the overall confidence
recently put on the results obtained with ever more advanced simulations [6,8,47,48].

Indeed, computational power and numerical simulation techniques have made significant progress
in the last two decades. Even to the extent that the analysis of extrinsic defects—so far limited to
establish substitution mechanisms of dopants entering either a Li site or Nb one, by assumption a
preconceived model of intrinsic defects—could soon enable the construction of more sophisticated
models. For example, the specific configuration of extrinsic defect clusters. Apropos Kong et al. have
made a relevant statement regarding the evolution of simulation methods over time [6]: compared
to earlier works, today results can be obtained by the direct insertion of the stacking fault defects
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into a designed supercell standing for the actual crystal structure. Usually, the extended supercell
size is 2 × 2 × 2 hexagonal unit cells comprising 240 atoms. This has been enough, for example, to
obtain satisfactory results (2011) on the features shown by a more realistic LN single crystal in which
hydrogen has inevitably entered the structure in a low ratio of 10–100 ppm [49,50]. More recently, the
above-discussed results reported by Vyalikh et al. (2018) were obtained using 2 × 2 × 1 (120 atoms) and
2 × 2 × 2 supercells. In the same year, Li et al. simulated doping effects with various elements using a
basal intrinsic defect supercell of 120 and 540 atoms [51]. Earlier works used to emulate the existence
of intrinsic defects by changing the chemical potential reference state respect to that corresponding
to the non-defective system (under Li-rich conditions). The enterprise of combined calculation and
theoretical analysis is undoubtedly changing.
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Figure 3. Scheme of the LiNbO3 crystal structures according to the defect cluster models discussed
above Left: Nb antisite surrounded by three first-neighbor Li vacancies and fourth one located at the
c-polar axis, supporting the Li vacancy defect model. Right: interstitial Nb in the structural vacancies,
compensated by five Li vacancies, supporting the empty site model—redrawn from the publication by
Vyalikh et al. [9].

Lastly, regarding LT, it is also essential to notice that its properties are often discussed in terms
of an identical defect scenario, that is, the existence of Ta antisites and the inexistence of oxygen
vacancies. No evidence of the presence of such stacking faults in LT is available yet; thus, in principle,
the “considerations based on this defect model are speculative in contrast to LN” [10]. However, Li
vacancies are undoubtedly present in LT and based on its structural isomorphism. It is permissible to
describe one in terms of the defect models proposed for the other. That a NbLi (TaLi) forms instead of a
LiNb (LiTa) is related to the larger dimensions of the octahedrons occupied by Li cations compared to
those occupied by Nb (Ta) cations, as discussed in Part I. In general, the incorporation of impurity
atoms is predominant in Li sites.

3. Extrinsic Defects

Nowadays, it is common to regard this subject as a synonym of elemental doping. Historically,
the doping of the (Li-deficient) LN matrix with several ions belonging to distinct families or classes
has been highly motivated by either the suppression or enhancement of photorefraction (PR). Also
termed ‘optical damage’ or ‘optical breakdown’, PR stands for the process whereby an inhomogeneity
in the refractive index is optically induced. It is characteristic of most insulators and, regularly, the
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irreversible change is generated by applying intense laser-light [52]. The case of LN, however, is
peculiar since low irradiance of the order of 20 Wcm−2 (λ = 532 nm) is enough for its manifestation
in a congruent crystal [6]; even the use of incoherent visible/ultraviolet light suffices, as reported by
Ashkin et al. (1966, considered the discovery of the effect) [53]. Wavefront distortion often follows
PR, which is detrimental for applications involving high-intensity laser light and undisturbed beam
propagation in media such as nonlinear-optical frequency conversion, Q-switching, optical waveguides,
and electro-optical modulation [54–59]. Single-crystal LN outstands in such and, if not for its rather
ubiquitous PR, it would satisfactorily serve for such technological approaches. Hence, a demand exists
for suppressing optical breakdown in LN, or at least to lessen it.

The supply is nowadays found by elemental doping (above certain threshold concentrations)
of off-ST single crystals with a particular group of impurities termed ‘optical-damage-resistant ions’
(ODRI): divalent (Mg, Zn), trivalent (In, Sc), and tetravalent metals (Hf, Zr, Sn) [5,6,8,10,60]. Increment
of the crystal density and phase transition temperature, together with a blue shift of the fundamental
absorption edge, are the main characteristic effects that all these dopants share when they occupy
a given site in the defect structure [10]. The term family has recently been coined regarding ODRI,
given the similarity of their properties when doped into LN, which have their origin from a shared
structural factor despite their state of valence differences. These impurities are optically inactive;
“doping with any member of this family induces no changes within the whole transparency range
0.35–4 µm except for a slight shift” of the UV fundamental absorption edge [10]. It is the main reason
behind the outstanding interest for optical applications.

Photorefraction (PR) is enhanced by doping with another type of ions—mainly transition metals.
In this case, the applications favored by charge transport and trapping phenomena are exploited,
such as holography storage, beam coupling, information processing, and computation [61–65]. The
bulk photovoltaic effect has been acknowledged as the primary source of optical damage. Ion Fe has
been considered for a long time the strongest photovoltaic-active impurity due to the tendency of
Li-deficient LN to host the two charged states Fe2+ and Fe3+ [66,67]; ions Cu, Mn, Ni, Co also belong
to this group of multi-charge transition metals of valence below +5 used to enhance PR in LN. Thus,
despite specific difficulties (low response speed and volatility), Fe-doped LN (LN:Fe) has been “the
mainstay of holographic data storage” [61]. Double and triple co-doping (such as LN:Hf,Fe, and
LN:Zr,Ru,Fe) and single-doping with ions of valence 5+, 6+, namely LN:V and LN:Mo, have been
done to cope with the shortcomings present in LN:Fe and without compromising significantly one or
the other, or either the strength of the PR effect [61,68–72].

The use of dopants not only entails a modification of the intrinsic capabilities of the crystal, but
also new ones that could arise, as stated by Kovács et al. [73]. Laser emission is the best example
of such, accomplished when lanthanide trivalent rare-earth ions are the dopants: Pr, Tb, Er, Nd,
Yb, Eu, Dy, Ho, Tm [73,74]. These may also be photorefractive ions; for example, the development
of two-color holographic recording by doping with Pr3+ and Tb3+ has been highlighted [10,75,76].
This limits to some extent their usage in designing new sources of laser light, for which LN:Nd3+

is remarkable; even detection of the coupled self-doubled frequency in LN:Nd3+ based materials
have been reported [77–79]. In this respect, transition metal Cr3+ has been extensively studied since,
apart from not presenting PR properties, LN:Cr3+ also shows a “strong broad-band luminescence
spanning the 770–1170 nm range” [80–82]: both features make LN:Cr3+ a suitable material for room
temperature tunable solid-state lasing. The versatility of LN in connection to elemental doping and the
correspondent derived capabilities is synthesized in Figure 4, according to the consulted literature;
because research on elemental doping of LN is merely abundant, it may be incomplete. Still, the subject
of extrinsic defects is not entirely covered by discussing elemental doping only.
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Figure 4. The Periodic Table of Elements showing single elemental doping in LiNbO3, according to
the consulted literature and classified in terms of the sought functionality: optical damage resistance
(blue), photorefraction enhancement (yellow), laser activation (red), and ferromagnetism (gray). In
black color Ta, La (new functionality), and the elements that have not been used alone but do have
been used in double or triple co-doping (combined with the color of its corresponding functionality).
Green color for interstitial impurities, usually created by ion-implantation techniques. Cases of double
and triple co-doping are also shown below the table, using the same color code (the symbol * stands for
simulation). By convention, from higher to lowest concentration within the crystal, the elements are
written from left to right; some might be inaccurate.

Thermal treatment or annealing in air and at moderate temperatures (600–700 ◦C), combined with
applying a small electric field on the surface of the crystal, precedes ODRI-doping in what respects
the efforts to reduce the degree of index inhomogeneity. Such a strategy was implemented first by
Levinstein et al. [83], as early as 1967 (just one year after the discovery of PR), and soon afterward by
Smith et al. (1968) [84]. In contrast, the first report of a significant reduction of the optical damage in
Mg-doped LN was published until 1980 [85]. In the annealing approach of 1968, Smith et al. addressed
the partial PR suppression to the diffusion hydrogen in the crystal, a result that has been confirmed by
more recent and detailed investigations [86–88].

Thus, hydrogen, or better said the hydrogen-based defect hydroxyl ion (OH−), represents the
first-ever appointed extrinsic defect in LN. Today, it is almost 70 years ago since OH− molecular ion has
been routinely found in a large variety of oxide compounds [89,90]. It occupies a regular oxygen site,
and the promoted “positive charge with respect to the lattice compensates some other kinds of intrinsic
or extrinsic defects, allowing one to probe the defect structure by studying the spectroscopic properties
of the hydroxyl ions affected by their surroundings” [10]. The easiest way to trace it is by measuring
the infrared (IR) absorption band associated with the stretching vibration, the frequency of which is
much higher respect to the vibrational frequencies of the host, regularly falling in the 3200–3700 cm−1

range; after Smith et al. (1968), whose work is considered the first report of hydrogen incorporating in
LN [84]. Hydroxyl ion concentrations in cLN have been determined by this approach (1018 to 1019
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cm−3) [87]. The measurement of the diffraction efficiency of a photorefractive grating has also been
used for this purpose [91].

The characteristic IR absorption spectra of a regular cLN crystal consist of a strong peak at 3482
cm−1 (2.87 µm) and a weaker one at 3467 cm−1 (2.88 µm), which together account for a full-width at
half maximum of 32 cm−1 [8,10]; the IR band dramatically shifts and broadens to 3300 cm−1 (3.03 µm)
and (about) 400 cm−1, respectively, for a congruent crystal saturated with hydrogen [92]. Nowadays,
OH− Vibrational Spectroscopy is a popular term used in the context of LN to denote the use of
IR absorption measurements to probe its defect structure, either it is undoped (intrinsic defects) or
ion-doped [5,8,73,93,94]. The sensitivity of this positively charged extrinsic defect (the hydroxyl ion) to
its surroundings may be easily understood by observation of Figure 5: for a Li-enriched crystal, the
local environment tends to homogenize due to a proper cationic interchange with Nb antisites and Li
vacancies, manifested in OH− vibrational spectra as a doubled-tendency to band narrowing and blue
shifting of the peak position (also observed for isostructural LT [95]).
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Figure 5. Infrared absorption bands from OH− ions in LiNbO3 with different crystal
compositions measured at 300 K (room temperature): [Li]/[Nb] in (A, E, H) = (0.950, 0.988,
1.000)—doi.org/10.1016/S0022-0248(96)01098-6. (Reproduced from Polgár, K. Péter, Á.; Kovács, L.;
Corradi, G.; Szaller, Zs. Growth of stoichiometric LiNbO3 single crystals by top seeded solution growth
method. J. Cryst. Growth 1997, 177, 211–216, with permission from Elsevier.)

Hydrogen enters the crystal structure from the ambient atmosphere either during the growth
process or after it. The standard Czochralski method of crystal growth is effectuated in an air atmosphere.
The OH− centers form within the crystal since a certain degree of humidity is always present in the
air [87,96]. The diffusion rate can be optimized by subsequent annealing treatment in a water-vapor-rich
or hydrogen atmosphere at temperatures between 400 and 700 ◦C and pressures within the range
1–30 bar [87]. A reduction treatment is subsequent annealing under a hydrogen-enriched atmosphere:
reduced LN crystals exhibit a loss of transparency by the formation of color centers that translate into
absorption coefficients in the visible region of the order of 50–200 cm−1 (use of water vapor prevents
this, which can also be reverted by subsequent annealing in a dry oxidizing atmosphere) [10,87].
The use of temperatures above 700 ◦C in the reduction treatment is contraindicated because it could
distort the cation sublattice, and the formation of oxygen vacancies would also occur during this
process [37,38,97]. Embedding the crystal in a Li salt reduces Li loss probability during the reduction
treatment [10].

From the early 1970s to the late 1980s, reduction treatment played a decisive role in the final
acceptance of the polaron model to describe charge transport and trapping phenomena in (undoped)
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LN, in terms of photoexcitation and diffusion of small polarons and bipolarons. There is a consensus
nowadays about this model satisfactorily describing the origin of optical absorption bands observed in
reduced and non-reduced LN crystals, and which together cover an energy range of 0.2–3.5 eV, in terms
of the light-induced transfer of various polaron carriers (Nb4+

Nb, Nb4+
Li and (NbNb–NbLi)2−) out of their

potential well to one of the neighboring Nb ions. It also allows one to predict the existence/absence of
Nb antisites based on the spectral characteristics of chemically reduced crystals: after reduction, the
observation of an absorption band around 0.95 eV implies a lack, whereas a redshift in the absorption to
1.6 eV combined with a photoinduced Electron Paramagnetic Resonance (EPR) structure (observation
of a characteristic 10-line EPR spectrum) stands for the evidence of their existence [10].

Rigorously, the type of point defects induced by chemical reduction, as well as the small polarons
and bi-polarons themselves, are not extrinsic defects. They instead convey a redistribution (and
formation of new complexes) of (with) the already existent intrinsic defects. Such concepts have been
barely mentioned in this section due to their high relevance to LN subject in general, doped and
undoped. Schirmer et al. (2009) and Imlau et al. (2015) have written comprehensive reviews on this
topic [98,99]. A good introduction can be found in the comprehensive monograph written by Volk and
Wöhlecke (2008), and it is also recommended to read the section devoted to it in work by Schirmer et
al. (1991) [17]. On the other hand, we have noticed (according to the consulted bibliography) that, to
follow a train of the earlier concepts, ideas, and facts that led to the development and acceptance of the
polaron model concerning LN is not an easy task. While not being synthesized in a sole publication,
some space and ink are next dedicated to it.

To the best of our knowledge, the first-ever mention of a small polaron related to reduced LN:Fe
was made in 1973 by Clark et al. [100]. The report was written after a decade of theoretical developments
to describe the electrical conductivity and to establish an absorption mechanism based on small polaron
interactions in ionic crystals [101–105], extended for the case of small bipolarons in 1983 [106], and
revisited in the early 1990s [107,108]. The polaron concept in connection with LN:Fe was refined in
1976 to describe thermally activated electron capture, where, for the first time, the localization of the
small polaron in undoped LN was assigned to the Nb site [109]. In 1978, Schirmer and von der Linde
observed a broad and complex absorption band extending from the near-infrared up to the absorption
edge after irradiation of undoped and non-reduced crystals with X-rays or two-photon excitation at
low temperature [110,111]. This work confirmed previous results obtained at room temperature by
Karaseva et al. [112], and in conjunction with the report by Bernhardt (1976) [113], it also showed that
the effect is more significant at lower temperatures. According to Schirmer et al. (1991) and references
therein cited, by then, such broad absorptions in the given range of 1.5–3 eV were already correlated to
O− trapped holes having the character of a bound small polaron [17,114]. Schirmer and von der Linde
confirmed it, based on two different EPR spectra and assigned the localization of the trapped holes at
the Li vacancies, whereas that of the trapped electrons to the Nb sites [110,111].

In 1984, Arizmendi et al. refined the study described above and added elemental doping and
reduction treatment to it: from the comparison of the effects of low-T X-ray irradiation and reduction
treatment on the absorption spectra of undoped LN crystals, they found that the broadband resolves
into three prominent bands with peaks at 1.6, 2.5, and 3.2 eV [115]. They concluded, in terms of the
previous assignment of polaron states, that a self-trapped electron by ion Nb5+

Nb (the small polaron
Nb4+

Nb) is responsible for the band at 1.6 eV, whereas holes trapped by Li vacancies or other lattice defects
are responsible for the other two bands. According to the detailed analysis they made, by ‘other lattice
defects,’ the formation of oxygen vacancies under the reduction treatment is implied, which acts as
electron traps, in agreement with the conclusions obtained by similar studies a year earlier [116,117].
Under such an assumption, the band at 2.5 (3.2) eV is assigned to F (F+) centers. It also copes with the
fact reduced LN crystals are essentially diamagnetic, that is, no EPR signal can be correlated to the
absorption band at 2.5 eV, which is intensified after reduction: the existence of oxygen vacancies being
able to capture two electrons would fulfill these criteria, noticing that the absorption band itself cannot
be assigned to electron capture by the NbNb sites only, which would form a paramagnetic Nb4+

Nb. Back
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then, there was no consensus regarding a model for intrinsic defects. The oxygen vacancy model was
not overruled yet; recall that the Li vacancy model was proposed as early as 1968 by Lerner et al. [15],
but it was not until the early 1990s that was widely accepted, mainly due to the works by Zotov [18],
Iyi [25], and Blumel et al. [27].

Mainly based on the earlier report by Smyth (1983) [118], Jhans et al. (1986) gave solid arguments
to disregard the neutral oxygen vacancy model and concluded that no single small polaron could
be assigned to the 2.5 eV band [119]. In 1987, Schirmer and Koppitz (among others) proposed in
two separate works that this band is ascribed to the dissociation of a bipolaron localized at a newly
formed neighboring complexes NbNb–NbLi, whereas the band at 1.6 eV was ascribed to a small polaron
localized at NbLi antisite instead of the regular NbNb site [120,121]. For such assignations, the existence
of the NbLi intrinsic defect was taken into consideration, as well as the report by Chakraverty et al.
(1978), in which it was demonstrated that in transition metal oxides, bipolaron formation is more
energetically favorable if the electrons to be paired are localized on neighboring sites rather than on
the same cation [122]. The previous success of the bipolaron scheme explaining the diamagnetism
and optical properties of reduced WO3 also played a role in constructing this model [123]. It was
soon supported by computer simulations and model calculations [20,29,124]. The dissociation of the
bipolaron (NbNb–NbLi)2− can be induced by thermal or optical means (about 0.3 eV), and physically it
stands for “the transfer of one of the paired electrons from the bipolaron and further capturing by an
isolated NbLi” [10].

The other important topics mentioned in this section (hydroxyl ions, ODRI, elemental doping
for PR-enhancement, and laser-emission) have also been discussed in detail by Volk and Wöhlecke
(2008) [10]. These can be further consulted in References [86,87,94], [6,17,60], [17,61,125], and [73,74,126],
respectively. In the lines that follow, we express our belief about the top 10 facts (or sets of facts)
regarding extrinsic defects in LN. Excluding induced ferromagnetism by elemental doping (treated in
the next section) and neither chronologically nor hierarchically:

(1) Since 1973, a well-known spectral characteristic of the IR absorption of undoped LN is dichroism.
In other words, optical absorption is prominently measured for a given linear polarization state
of the incident light, which results in being perpendicular to the polar c-axis of the crystal [127].
It was concluded that the O–H dipole vibration essentially lies in the oxygen plane perpendicular
to that axis. On a recent theoretical approach, it has been shown that, in ST crystals, the stretch
mode is “tilted weakly out of the oxygen plane by about 4.3◦” [50].

• Polarized Raman Spectroscopy of CG LN shows a very low local symmetry of OH− related
defect, assigned to point group C1 [128].

• There is a tendency of increasing tilting angle (between the O–H stretch vibration and
the oxygen plane) as the valence of the ODRI in doped crystals (above their respective
threshold concentration) decreases [94]. As shown in Figure 6 (left side), for Mg2+, the effect
is pronounced with an angle of roughly 15◦.

(2) For ODRI doping, the threshold concentration is the critical value in mol% describing the amount
of incorporated ion into the crystal and “above which the optical damage drastically falls off

by more than two orders of magnitude” [10]. It fundamentally depends on the stoichiometry
of the crystal and in the valence state of the dopant: as a rule of thumb, less dopant is needed
for the obtention of an optical-damage-resistant (ODR) crystal for higher valences (n+ < 5+).
Independently of the dopant, it is less than 1 mol% for a near-ST composition. On the other hand,
in a congruent crystal, it is roughly (5, 4, 2) mol% for a (di-, tri-, tetra-) valent ODRI [8].

• The first ODR composition found is LN:Mg2+ by doping with 4.6mol% MgO [85]. Later
studies settled the threshold value at 5.0 mol% MgO for the congruent melt [129–131]. The
dependence of the content of Nb2O5, Li2O, and MgO in CG LN:Mg2+ has been plotted by
Liu et al. [132].
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• According to proposed models on the defect structure of LN:Mg, it is usually assumed that
the Mg ions compete for Li sites with antisite NbLi ions up to the threshold concentration
where all Nb antisites are eliminated [29,132,133]. Hence, regarding ODRI in general, the
concentration threshold is also defined as the physical instance in which all NbLi antisites
have been replaced by the doping ions, which above the threshold keep replacing regular Li
sites and start to replace Nb sites.

• The threshold concentration for Mg can be calculated in mol% units, by use of Equation
(1) [132]:

cth,Mg =
1000x

3(100 + 2x)
(1)

x is the same parameter used to describe the chemical composition of undoped LN, the
formula (Li2O)50−x(Nb2O5)50+x. Such extension of the x-values to define the [Li]/[Nb] ratio
in LN:Mg comes from the lack of a direct method for this purpose, and it assumes that not
only this ratio is equal in the melts but also the growing conditions of both crystals, undoped
and Mg-doped [8,134]. Precautions must be taken on the ambiguity regarding reported
concentration values and their dependence on properties due to the existence of two ways in
specifying the impurity content (distinct chemical formulas), as noted by Donnerberg [135].

• LN:Mg has been extensively studied, and similar to undoped LN, there exist various
alternatives to determine the dopant concentration (cMg mol%) using linear relationships
with a corresponding measured parameter related to a specific experimental technique:
IR absorption (OH− vibrational spectroscopy), UV absorption edge, or polarized Raman
spectroscopy. The results obtained using these three techniques are consistent for a given
crystal; the equations can be consulted in Refs. [8,134,136]. Qualitative results on the
effect of cMg on the PR effect presented by the crystals also have been studied through the
z-scan method, a standard method often used to assess (quantitatively) third-order optical
nonlinearities [137,138].

(3) Regarding other spectral characteristics of the IR absorption, the band components tend to narrow,
and the amplitudes of those of higher frequency approach zero as the Li content increases in the
crystal (see Figure 5). This tendency culminates at the stoichiometric (ST) point, characterized by
a single-mode located at 3465 cm−1 with a Full Width at Half Maximum (FWHM) about equal to
3 cm−1 at room temperature (RT) [93]:

• In doped crystals with ODRI and below the threshold concentration, the IR absorption
spectra are essentially the same as undoped crystals: the peak position appears near the
3465 cm−1, and no new OH− bands are detected. In the case of Mg, only the linewidth of the
band is affected, decreasing while the doping concentration increases [139].

• Above the threshold, the dopant ions start to occupy regular Nb sites, “opening the way for
the formation of Mn+

Nb–OH− type complexes resulting in new absorption bands in the infrared
spectral range” [94]. These bands are well separated from that of the undoped ST crystal
(3465 cm−1) and always are of higher frequency, as shown in the center and the right side of
Figure 6. Their linewidths are narrower than the OH− of undoped and congruent LN (cLN),
for all ODRI doping cases. These characteristics resemble undoped and stoichiometric LN
(sLN) so that the existence of different classes of sLN crystals might be postulated. In this regime of
concentrations, the intensity ratio between the new and the 3465 cm−1 band increases with
the dopant amount [94,140].

• According to a recent investigation (2017), the IR absorption bands of the lanthanide trivalent
rare earth Er3+, Nd3+, Yd3+ feature similar characteristics to those of the trivalent ODRI (Sc
and In), including the tilting angle out of the oxygen plane, which is around 8◦ [73]. More
recently (2019), similar conclusions have been obtained for transition metal ions Fe3+, Cr3+,
and Ti4+ [5].
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• Thus, based on these substantial and systematic studies by Kovács et al. [5,73,94], it appears
to be that all type of ions follow a generalized trend regarding the substitution mechanisms
in doped LN, where the dominant factor is the valence state of the dopant. Even a partial
solution to the configuration or distribution of the extrinsic defects (a model of extrinsic
defect clusters) is acknowledged locally in the surroundings of a hydroxyl ion. As stated
by Kovács et al., “only a small proportion of the incorporated dopants are involved in the
Mn+

Nb −OH− type defect complexes while the others are assumed to occupy either Li or Nb
sites,” due to significant less concentration of OH− ions compared to that of the dopant [5].

(4) Any given chemical composition, “the bandwidths, peak positions and intensities of different
components are almost temperature-independent within the range of liquid-helium temperature
to RT. Above RT, the maximum of some bands increase, and those of other bands decrease; the
integrated intensity (i.e., the total amount of hydrogen) remains constant up to 200–250 ◦C” [87].
Conversely, they change slowly with time on a scale of 10 h; an equilibrium state of the OH−
vibrational spectra is reached only after some years [141,142]:

• The time-varying characteristic of the spectra is accounted for by a non-equilibrium
distribution of the ocuppancy of the hydroxyl ions over four nonequivalent
positions [10,88,143]. Accordingly, the broad OH band should be resolved into at least
four overlapping components corresponding to different O–H bonds. In near-ST crystals,
up to five distinct Lorentzian components have been resolved (Figure 8): 3466, 3470, 3481,
3490, and 3499 cm−1 [143]. Significantly, with time, the intensities of those in italics increase
at the expense of those in bold (slight differences in the numerical assignments scattered
throughout the literature), the integrated intensity being essentially unchanged [10].

• The intensity ratio (R) of the two components at 3480 and 3465 cm−1 (above in bold), I3480/I3465,
slowly grows after annealing near-ST crystals, reaching a saturation point in between 16 and
18 months (Figure 9) [142].

• The chemical composition of an undoped crystal can be assessed with an absolute accuracy
of 0.01 mol%, using the estimation of the Li content cLi in terms of this ratio measured at RT
and at a time t after its growth (in units of months) [8]:

R(t) =
(
2.01− 1.27e−t/5.9

)
(50− cLi) (2)

(5) Recent advances in OH− Vibrational Spectroscopy have led to a detailed RT study on the dynamics
of strongly localized and ultrashort-living lattice distortions in the neighborhood of an O–H dipole.
A novel achievement is the reconstruction of the electrostatic potential change in the oxygen plane
of LN, based on the local polaronic distortion correlated to a pump-induced (scale of femtoseconds)
–3 cm−1 shift of the frequency of the OH− stretch vibration [144]. • This result stands for the
first visualization of the important observation made about 15 years earlier (2000–2006, mainly
by two German groups) on the Nb5+

Li antisite being a shallow electron trap, based on transient
absorption of LN:Fe crystals induced by ultrashort-pulsed green illumination [145–148]. By use
of λ = 388 nm light with 240 fs pulse duration in undoped CG crystal, Beyer et al. estimated the
formation of the small polarons or Nb4+

Li centers in less than 400 fs [148].

(6) “The basic advantage of choosing higher valence ODR dopants comes from their lower
damage threshold concentrations; lower built-in dopant content facilitates the growth of more
homogeneous crystals resulting in the high-quality sample for device applications” [8]. Recently,
research efforts on LN:Zr4+ have been intensified for various practical reasons, which make it an
optimal choice for applications at RT:

• Low doping concentration and high optical-damage resistance: a concentration threshold of
2.0 mol% ZrO2 holds for cLN:Zr [6,149], whereas 0.1 mol% in near- sLN:Zr [140], compared
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to those of 5 mol% and 0.2 mol% for MgO, respectively [46]. A crystal doped with 2 mol%
ZrO2 can withstand a light intensity (λ = 514.5 nm) about 40 times higher (around 20 MW
cm−2) than a 6.5 mol% MgO doped crystal [6]. Apropos, only a near- sLN:Mg crystal (1 mol%
Mg), competes with the former, withstanding close to 26 MW cm−2 at λ = 488 nm [150]; the
obtention of this crystal involves an expensive yet unpractical vapor-transport-equilibria
process at 1000 ◦C for about 120 h. It has recently been demonstrated that near-ST LN:Zr
crystals can be illuminated with 80 GW cm−2 of pulsed 10 ns green light without optical
breakdown [151].

• Segregation and distribution coefficient: The segregation between solvent and solute and the
distribution of dopants between Li and Nb sites influence the incorporation of ODRI into
flux-grown LN crystals, the quality (i.e., homogeneity) of the latter per se. Segregation is a
severe problem even for the growth of pure or undoped LN crystals since the CG and ST
compositions do not coincide. It remains in melt systems for the obtention of ODRI-based
compositions, causing the scattering in values of the distribution coefficient (Keff) from unity,
except perhaps for the case of Li2O–Nb2O5–ZrO2. Most ODRI are characterized by Keff
falling in the range 1.2–1.3 for the low concentration regime [10]. At higher concentrations,
they decrease close to 1 for MgO [133] and ZnO [152] in the range 5–6 mol%, and to about
0.9 for In2O3 in the range 1.5–2 mol% [153]. In contrast, Keff ≈ 1 for LN:Zr4+, independently
of the concentration range of 1–5 mol% ZrO2 [149]. In addition, “it should be noted that in
crystals prepared for device applications, ODR dopant concentrations slightly above the
critical threshold are preferred to suppress the formation of unwanted microdomains” [8].

• Working in the ultraviolet range: compared to the rest of ODRI, LN:Zr maintains its ODR feature
in an extended region from the visible to the UV [6,154]. Interestingly, PR enhancement has
been determined for LN:Mg, LN:Zn, and LN:In crystals excited by UV laser light [155,156].

• Similar characteristics of Hf4+ makes it also a promising ODRI [157–160].

(7) Recently, a Japanese group reported the novel result of overcoming segregation in the
pseudo-ternary system Li2O–Nb2O5–MgO using in melt compositions 45.30:50.00:4.70,
respectively [161,162]. As shown in Figure 7 (left side), the CG and ST compositions coincide with
the obtained single crystal. For this reason, it has been labeled as ‘cs-MgO:LN’. Because of a higher
compositional homogeneity, its optical properties are expected to be superior to those featured by
CG, ST, and LN:Mg. Indeed, optical second harmonic generation (SHG) measurements show
comparable conversion efficiencies and a more uniform in-plane distribution of the non-critical
phase-matching wavelength (right side of Figure 7) [162]. Its ODR, however, has been elsewhere
stated to be inferior to that of cLN:Mg—5 mol% [6].

(8) Upon elemental doping with different ions, several defect-related structures and possible charge
misfits are compensated by the formation of suitable intrinsic defect complexes. Given the
similarity of the octahedral surroundings at the Li and Nb sites, one of the most challenging
questions to answer since earlier studies in this field is the dopant-site occupancy, whether a
given doped-ion substitutes Li or Nb or both. No consensus exists on these grounds. Depending
on the classification of the dopants (ODRI, PR-active, or laser activation, i.e., lanthanides), among
other factors, different trends on site occupancy and doping mechanisms (the dynamics) can be
stated. As of today, and in general terms, that is in what respects for all kinds of impurity ions and
independently of their charge state, a strong statement, say undisputable, is that dopants are
“localized dominantly on the Li sites” [10]. It has been qualitatively explained according to the
larger dimension of the Li octahedra respect to Nb one [163,164]. According to a recent review by
Kang et al. (and references therein), the dopant concentration, ionic radii, and valence states are
among the most influential factors [7]. In general:
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• The valence state induces priority substitution: a +2 valence dopant substitutes Li+ ions,
whereas one with a valence state greater or equal to +5 replaces Nb+5 ions. No explicit
priority substitution can be noticed for dopants of valence +3 and +4 [165].

• Longer (smaller or equal) dopant–O bonds than the mean length of the Nb–O bond reflects
occupancy at the Li (either Li or Nb) site; a small shift from the regular Li site takes place if
the bond is also longer than the mean length of the Li–O bond [163].

• Low (high) doping concentrations occupy Li or (and) Nb sites.
• The doping process has also been shown to influence the site occupancy. Recently, it was

found that the OH− vibration spectra are significantly different for two LN:Cr3+ crystals
sharing the same dopant concentration (0.5 mol%) but obtained by two distinct growth
techniques, thus implying different substitution mechanisms; the IR absorption spectral
characteristics of one crystal shows the fingerprint of a heavily doped crystal while those of
the other do not [5]. A similar observation has been made for Cu2+ doping [11], although it
is not well supported by the bulk of the literature: copper is normally assumed to enter a Li
site, irrespective of the charge state [8,115].

(9) The central role of ODRI is to vary the amount of Nb antisites in the crystal. Extensive studies by
several experimental methods and model calculations have been motivated by explaining the
microscopic origin of the threshold concentrations in ODRI. In other words, the incorporation
mechanisms of the dopants and their influence on the threshold values. Among others, a striking
result from such is that Mg and Zn at relatively low concentration values may be regarded as controllers
of the intrinsic defects NbLi and VLi contents, so their effect is qualitatively analogous a Li enrichment [10].

• Although still being debated, the current most accepted description on the microscopic
origin threshold concentrations for ODRI is that its existence is associated with partial
incorporation of the dopants onto regular NbNb sites. In contrast, below these critical values,
the incorporation mechanism is described by applying a simultaneous substitution of NbLi

antisites and regular LiLi sites by the dopants. This framework is constructed upon results
reported for Mg2+ [17,132,135,166,167]. The same conclusions were obtained for later detailed
structure studies with X-ray and neutron diffraction on LN:Zn [168–170]. Of course, this
discussion holds for Li-deficient LN-doped crystals (congruent). As the crystal composition
is closer to the ST one, less NbLi antisites will be available, so that the incorporation will be
split mainly into regular Li and Nb sites. It explains that significantly less dopant content is
needed to reach the threshold concentration in near-ST crystals.

• Impurity Zn possesses the largest threshold concentration among ODRI, above
7 mol% [171,172], which is particularly important regarding the reliability of the results
obtained by detailed structural studies. The extension of this framework onto the rest
of the ODRI seems quite natural; it is also supported by further evidence found for In3+

and Hf4+ [173–175]. Based on the study of the structural properties of doped crystals, the
available information has been recently updated for In3+ and Zn2+ [60,176], and extended
for Zr4+ [177].

• All lanthanide trivalent rare-earth ions were long thought to occupy Li sites only,
independently of the [Li]/[Nb] ratio in the crystal [10]. However, based on detailed OH−
Vibrational Spectroscopy studies in near-ST LN-doped crystals with Er, Nd, and Yd ions,
Kovács et al. have inferred partial occupation at the Nb sites above a critical concentration
value, denoted as ‘threshold’ given the similarity of the trends observed in connection to
crystals doped with ODRI [94]. Quoting them: “for rare-earth ions, the term ‘threshold’
possibly does not mean a photorefractive damage threshold, but implies the concentration
of the dopant above which the rare-earth ions can occupy Nb sites in the lattice” [94]. Still,
most of the dopant ions are assumed to enter Li sites; the amount of those entering an Nb
site has been estimated to be very small, of the order of the OH− content in the samples
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(10–100 ppm). The same conclusions were recently obtained for transition metal ions (Fe3+,
Cr3+, Ti4+), as discussed in bulletpoint 3 within the present section.

• An intermediate stage of the substitution mechanism has also been suggested, where LiLi

substitution alone lies in between the simultaneous occupation of LiLi sites and NbLi antisites,
and the partial incorporation of the dopant into regular NbNb sites [178–180]. This has led
elsewhere to construct the first threshold concept, a lower concentration threshold than the
beforehand discussed [10]. Thus, under such a framework, the first threshold would stand
for the complete removal of NbLi antisites, whereas the second threshold for the beginning
of NbNb site occupancy.

(10) Simultaneous enhancement for both photorefraction (PR) and optical damage (OD) resistance
has been reported for MgO and Bi2O3 co-doped LN (LN:Mg, Bi) [181]. This observation conflicts
with the mainstream opinion found in literature: for a long time, these terms have been used
indistinctly to address the same process: the optically induced inhomogeneities in the refractive
indexes. Hence, it had been tacitly conceived that by making a crystal more resistant to OD, it
could also hardly be PR enhanced. They had been thought all this time to “be just opposite sides
of the same medal” [6]. Inspired from a rather old result, Zhang et al. did experiments involving
the coupling of two beams of equal intensity and came to conclude that OD is not the same as PR,
but only a form of expression of it [181]:

• Just a year ago, the same group proved this material to efficiently display real-time dynamic
holograms with a 30 Hz refresh time when concentrations of 6 mol% Mg and 1 mol% Bi are
used [182]. A video of the display of a running leopard is available in the supplementary
material of that contribution. Regarding the labeling of co-doped crystals, recall that, in
the present contribution, we use the convention of writing first the dopant with higher
concentration, after the colon, followed by a comma, and then the dopant of less concentration,
so that LN:Mg, Bi, and LN:Bi, Mg stand for two distinct crystals (see Figure 4).

• Doping with more than one ion species, i.e., co-doping, clearly provides some advantages
of technological relevance, particularly in the field of photorefraction. The substitution
mechanisms in co-doped LN is out of the scope of the present contribution. Nonetheless,
it is expected to behave similarly to single yet heavily doping [5]. Further details on this
subject can be consulted in Reference [61].
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Figure 6. Trends observed in the OH− absorption bands of ODRI doped-LiNbO3 (above the threshold)
in terms of the valence state of the dopant. Left: angle θ between the polar c-axis of the crystal and
the plane containing the stretch vibration of the O–H dipole. Center: IR absorption spectra for the
seven known ODRI dopants, in the cases where multiple bands are observed, presumably the doping
concentration is close to the threshold. Right: the vibrational frequency of the stretch vibration of the
O–H dipole—doi.org/10.1016/j.optmat.2014.04.043 (Reproduced from Kovács, L.; Szaller, Zs.; Lengyel,
K.; Corradi, G. Hydroxyl ions in stoichiometric LiNbO3 crystals doped with optical damage resistant
ions. Opt. Mater 2014. 37, 55-58, with permission from Elsevier).
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Figure 7. cs-MgO:LN crystal. Left: equilibria phase diagram of the pseudo-ternary
system Li2O–Nb2O5–MgO showing isothermal lines of the liquidus plane around the zone
where the stoichiometric and congruent points coincide. Right: in-plane distribution of the
non-critical phase-matching wavelength for cs-MgO:LN (a), cLN (b), LN:Mg—5mol% (c) and sLN
(d)—doi.org/10.1016/j.jcrysgro.2010.08.056. (Reproduced from Kimura, H.; Taniuchi, T.; Iida, S.; Uda,
S. Bulk crystal growth of congurent MgO-doped LiNbO3 crystal with stoichiometric structure and
its second-harmonic-generation properties. J. Cryst. Growth 2010, 312, 3425–3427, with permission
from Elsevier.)
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Figure 8. Lorentzian-based resolution of the IR absorption band of a LiNbO3 crystal grown from a
melt with [Li]/[Nb] = 1.2, using three (A), four (B), and five (C) components. The residue is enlarged
by a factor of 10—doi.org/10.1016/022-3697(91)90078-E. (Reproduced from Kovács, L.; Wöhlecke, M.;
Jovanovic, A.; Polgár, K.; Kapphan, S. Infrared absorption study of the OH vibrational band in LiNbO3

crystals. J. Phys. Chem. Solids 1991, 52, 797–803, with permission from Elsevier.)
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Figure 9. IR absorption spectra of near-stoichiometric LiNbO3 crystals, normalized to the band
located at 3480 cm−1. Left: Li2O content of 49.72 (a), 49.80 (b), and 49.94 mol% (c). Right:
intensity ratio of the two components at 3480 and 3465 cm−1 in terms of the crystal composition
and measured at 0, 7.5, 16, and 18 months after crystal growth (squares, up-triangles, down-triangles,
and circles, respectively)—doi.org/10.1007/s00340-007-2704-9. (Reproduced from Dravecz, G.; Kovács,
L. Determination of the crystal composition from OH− vibrational spectrum in lithium niobate. Appl.
Phys. B 2007, 88, 305–307, with permission of Springer Nature.)

4. Dilute Magnetic Oxides and Ferromagnetism in LiNbO3 Doped with Magnetic 3d Cations

Historically, the study of the magnetic properties of materials has been of great importance. Novel
technological advances can be ascribed to this physical phenomenon, such as ultra-strong permanent
magnets, information storage devices with high magnetic density, nano-biomagnetic sensors, and
spintronics [183]. Over the years, ferromagnetism has been reported in metals such as Fe, Ni, and
Co [184]; in insulators, where the EuO, YTiO3, SeCuO3, and BiMnO3 are some examples [185]; and in
diluted magnetic semiconductors (DMSs) [185]. In the classification of DMSs, there are three subgroups:
the II–VI, III–V, and the rare-earth-V groups, where the (Zn, Mn)Se, (Ga, Mn)As and ErAs are excellent
representatives, respectively [185]. In the same framework, the diluted magnetic oxides (DMOs) is
another critical group in the classification of ferromagnetic materials, with the general formula [186]:

(A1−xMx)(O�δ)n (3)

A corresponds to a nonmagnetic cation, M is the magnetic cation, � representing a donor defect,
n = 1 or 2, and δ corresponds to the donor concentration. Systems as SnO2 (conductor), ZnO
(semiconductor), and TiO2 (insulator) doped with magnetic 3d cations are some examples. In the search
for new magnetic materials, some non-magnetic ABO3-type oxides doped with 3d magnetic cations
have attracted much attention due to the possibility of inducing ferromagnetism in them, expanding
this way the range of technological applications. Nowadays, there are reports already of systems
such as LN:Mn, LN:Fe, LiTaO3(LT):Fe, BaTiO3:Fe, and SrTiO3:Co that exhibit ferromagnetism at room
temperature (RT) [187–192].

As for DMOs, Coey defines these as nonmagnetic oxides doped with small percentages of magnetic
3d cations (generally under 10 at.%), which show signs of ferromagnetism at high temperatures (the
general formula is shown in Equation (3)) [186,193,194]. These are often synthesized as thin films.
Regarding the reported magnetic curves M–H, scattered throughout the literature, these are not
temperature-dependent below RT and are practically anhysteretic [194]. The fact that the magnetic
coercivities observed in these materials are not dependent on temperature implies that the magnetization
process that favors the manifestation of ferromagnetism is not dominated by magneto-crystalline
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anisotropy, but instead by magnetic dipole interactions [194]. In DMOs, the magnetization curve is
described by Equation (4) [194]:

M = Mstanh
(

H
H0

)
(4)

where Ms is the saturation magnetization, H the applied magnetic field, and H0 is an effective magnetic
field constant that prevents saturation. The observed ferromagnetism in DMOs can be explained from
the bound magnetic polaron (BMP) model, proposed by Coey [186]. It is based on the formation of
point defects and the association of an electron to each defect. In turn, each electron is confined in
a 1s hydrogenic orbital of radius rH = ε(m/m∗)a0, ε is the high-frequency dielectric constant, m the
mass of the electron, m* the effective mass of the donor electrons, and a0 the B–r radius (~53 pm).
Hence, defects—often induced by heat treatments under certain atmospheres—play an essential role
in the origin of magnetism. As the donor concentration increases, so does the number of 1s orbitals,
which overlap and form the so-called impurity band. When the hydrogenic electrons interact with the
magnetic cations M in the impurity band, magnetic polarons tend to form, coupling the 3d orbitals of
the ions within their orbits [186]. A ferromagnetic coupling between the spin of the donors and the
spin of the 3d orbitals exists if γ > 4, where γ = ε(m/m∗). This ferromagnetic interaction is defined by
the exchange parameter Jsd in Equation (5) [186]:

− JsdS·S
∣∣∣Ψ(r)

∣∣∣2Ω (5)

S corresponds to the spin of the 3d cations with a volume Ω, and s is the spin of the donor electron.
Finally, long-range ferromagnetic order is favored in the DMOs if the amount of magnetic cations is
large enough, and δ > δp, x < xp. Parameters δp and xp are the percolation thresholds of the polaron
and the cation, respectively; x is the doping and γ3δp ' 4.3 [186]. The BMP model is summarized in
Figure 10. The ferromagnetism observed in DMOs samples is reported as intrinsic. In the cases of thin
films or nanocrystals, the formation of secondary magnetic phases must be ruled out by a convenient
characterization. Regarding the magnetic hysteresis loops (measured at RT), these present very small
coercivities on the order of 5–10 mT, and a remanence ratio (Mr/Ms, the numerator being the remanence
magnetization) of 5 to 10% [193]; there are instances where the magnetic moment exceeds the spin-only
moment of the doping cation for small concentrations of doping. Conversely, these kinds of oxides
present some disadvantages, the most important being the fact that the magnetic moment is frequently
unstable in time, and the reproducibility of the samples is poor [193]. The BMP model fits well with the
experimental results reported over the years. Nevertheless, other models cannot be discarded, namely
those based on whether the magnetic moment in the samples is localized or delocalized. The nature
of the electrons involved in the magnetic interactions also plays a role. In this context, the diluted
magnetic semiconductor, the split-spin impurity band, and the charge-transfer ferromagnetism models
may be consulted [195–197]. With DMOs as a framework, the magnetic properties of LN doped with
magnetic 3d cations will now be introduced. As mentioned above, the impurification of LN with
transition metals (Fe, Cu, Mn, Ni) has been extensively explored in the study of the photorefractive
effect; however, there is an important opportunity area in terms of magnetic properties.
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Figure 10. Schematic representation of magnetic polarons: the spin of a donor electron in its hydrogenic
orbit couples to antiparallel half-full (or more than half-full) 3d shells of the magnetic impurities. In this
case, x = 0.1 and γ = 12. The small circles represent the cations and the squares the unoccupied oxygen
sites (oxygen is not shown)—doi.org/10.1038/nmat1310. (Reproduced from Coey, J.M.D.; Venkatesan,
M.; Fitzgerald, C.B. Donor impurity band exchange in dilute ferromagnetic oxides. Nature Mater. 2005,
4, 173–179, with permission from Springer Nature.)

In 2006, Song et al. prepared Co0.05(LiNb)0.95O3-δ by Co implantation [198]. Their analysis
performed by energy dispersive spectroscopy reported that Co was uniformly distributed to a depth of
220 nm on LiNbO3 wafers. On the other hand, through ab initio calculations and X-ray absorption
near-edge structure (XANES), it was demonstrated that the Co substitutes the Li in the LN crystal lattice.
The Co0.05(LiNb)0.95O3−δ sample showed ferromagnetism at RT with an atomic magnetic moment
(AMM) of 1.3 µB/Co and a high Curie temperature (Tc) of 710 K. In terms of the BMP model, also within
the context of the discussion given by Song et al. [198], the implantation of ions is a nonequilibrium
process that makes possible the formation of defects located at aleatory distances respect to Co sites
in the Co0.05(LiNb)0.95O3−δ layer. In this sense, a donor spin of a particular defect interacts with Co
ions within its orbit, forming a BMP. The orbits overlap and interact with adjacent BMPs, creating
a magnetic order. Thus, Song et al. associated the ferromagnetism in Co-doped LiNbO3 with the
formation of BMPs. However, other mechanisms have been found to cause ferromagnetism in LiNbO3

doped with magnetic 3d cations. For example, Chen et al. (2011) developed an interesting work where
LN wafers implanted with a dose of Mn (1, 2, 3, 4, 5 at.%) were prepared, having a thickness of 200
nm [192]. The samples exhibited ferromagnetism, a maximum AMM of 5.83 µB/Mn was determined for
the sample at 3 at.%. XANES ruled out the formation of secondary phases and oxygen vacancies, and it
was concluded that the Mn ions substitute the Li ions in the crystal lattice. In addition, they found that,
above this concentration, the crystal lattice began to present damages, translating into a significant
decrease in the AMM. The origin of ferromagnetism (half-metallic ferromagnetism) was attributed
to a strong d–d interaction between the dopant and its neighboring atoms Nb, inducing a long-range
interaction through the whole crystal. The experimental results were supported by electronic structure
calculations, where a magnetic moment of 5.93 µB per cell was calculated for an Mn concentration of
3.3 at.% [192]. Finally, their theoretical analysis led them to conclude that the distances between the Mn
and two neighboring Nb atoms (Nb1 and Nb2) are in consideration of the Li–Mn cationic interchange
dMn–Nb1 = 277 pm and dMn–Nb2 = 300 pm, whereas for the undoped crystals dLi–Nb = 312 pm.
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In a similar study, Zeng et al. (2012) prepared LN:Fe by ion-beam implantation at different Fe
concentrations (1, 2, and 3 at.%); the obtained implanted layers were about 200 nm thick and showed
ferromagnetism at RT [190]. A maximum AMM of 3.33 µB/Fe was determined for the sample doped
with 1 at.% [190]. It was concluded that Fe substitutes Li for a concentration of 1 at.%, the interaction
between the Fe and its neighbor Nb enables strong spin coupling throughout the whole crystal,
resulting in an effective enhancement of the ferromagnetic behavior. Here, it is important to note that
the Fe cation environment into the LN structure has been extensively studied using X-ray absorption
fine structure (EXAFS) and XANES, where the results indicate that Fe3+ ions unambiguously occupy
Li sites [199–201]. Zeng et al. also found a significant decrease in the AMM measured values (0.87 and
0.30 µB/Fe for concentration 2 and 3 at.%, respectively), this being attributed to the possible formation
of FeOx clusters not coupled in a long-range order [190]. The theoretically calculated distances between
the dopant Fe and its two neighboring Nb atoms were dFe–Nb1 = 274 pm and dFe–Nb2 = 299 pm, in
agreement with the results reported by Chen et al. (2011) [192].

Figure 11 shows the plots of magnetic moment per transition metal-cation of LN doped with
Fe (1-LN:Fe), Mn (2-LN:Mn), V (7-LN:V), as well as four different systems of LN doped with Co
(labeled as 3-LN:Co, 4-LN:Co, 5-LN:Co, and 6-LN:Co). All samples were prepared as layers by different
methods [190,192,198,202–205]. As can be seen, for 2-LN:Mn and 7-LN:V, the AMM increases as the x
increases until reaching a maximum; after that, the AMM begins to decrease as x increases. On the
other hand, 1-LN:Fe presents a maximum AMM for small values of x. As previously explained, the
AMM decrease is mainly associated with the formation of secondary phases or lattice damage due to
excess dopant, which destroys the magnetic coupling. Finally, the LN:Co samples (4-LN:Co, 5-LN:Co
and 6-LN:Co) exhibit a low AMM, except for 3-LN:Co, around 5.5 µB/Co.
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and 5 at.%, respectively. On the other hand, the transition metal-cation substitutes Nb in 5-LN:Co,
6-LN:Co, and 7-LN:V when x = 5 at.%, 5 at.%, and 2 at.%, respectively.

There is a tendency in what respects doped-LN to study single-crystal and polycrystal thin films,
in comparison to polycrystalline powders; further results on the Fe impurity and reports on the doping
with Co, Cu, and V—based on similar studies to those above just described—can be consulted in
the literature [198,202–207]. However, recently some efforts have been put on as-obtained coarse LN
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particles that show ferromagnetism at RT. On an investigation carried out in 2018 by our group, it
was found that the generation of oxygen vacancies—by thermal treatment in reducing atmospheres:
thermal treatment in a reducing atmosphere (TTRA)—at the surfaces of LN:Fe powders is a mechanism
that favors RT ferromagnetism at low doping concentrations of 0.44%, 0.89%, 1.47%, and 2.20% by mass
of Fe2O3 (labeled as nLN:Fe-0.44-R, nLN:Fe-0.89-R, nLN:Fe-1.47-R, nLN:Fe-2.20-R, respectively) [208].
A saturation magnetization of 0.96 Am2 kg−1 was determined for the sample of higher concentration.
Structural analysis by X-ray diffraction and Raman spectra led to the conclusion that Fe enters Li
sites, in agreement with the work of Zeng et al. (2012). However, in contrast, no decrease in the
magnetization values as the concentration increases gradually was found this time. It suggests that
the crystal structure was not strongly distorted and also that the formation of secondary magnetic
phases in the form of clusters is unlikely, in the studied concentration range. Figure 12 shows the
ferromagnetic curves for the chemically reduced samples with different Fe-doped concentrations. In
this case, all the systems presented a constant coercive field (Hc) of 2 × 104 Am−1. In addition, two
samples, oxidized LN doped at 2.20% (labeled as nLN:Fe-2.20-O) and a chemically reduced sample of
undoped LN (labeled as nLN-R), are shown. It can be seen that the saturation magnetization of the
reduced samples (doped at different Fe concentrations) is about two orders of magnitude higher than
the oxidized samples.Crystals 2020, 10, x 21 of 32 
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Figure 12. Comparison between the M–H curves of the chemically reduced samples (doped at different
Fe concentrations), nLN-R, and nLN:Fe-2.20-O—doi.org/10.3390/cryst8030108. (Reproduced from
Fierro-Ruíz, C.D.; Sánchez-Dena, O.; Cabral-Larquier, E.M.; Elizalde-Galindo, J.T.; Farías, R. Structural
and Magnetic Behavior of Oxidized and Reduced Fe Doped LiNbO3 Powders. Crystals, 2018, 8, 108,
with permission from MDPI.)

The connection between ferromagnetism and the generation of oxygen vacancies through TTRA
was previously reported (2014), also by our group [209]. In that instance, the generation of the oxygen
vacancies at the surfaces of the nanocrystals was confirmed by the measuring of oxygen depletion
across the nanoparticles using transmission electron microscopy (TEM). Experimentally, a magnetic
moment of 5.24 × 10−3 µB was determined. Although this value is minimal and did not agree with ab
initio calculations, this contribution is relevant because it is one of the first reports on the magnetic
properties of undoped LN: see also the reports in 2012–2013 by Díaz et al. [210], Ishii et al. [211], and
Cao et al. [212], and in 2016 by Yan et al. [213].
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In the work by Cao et al. (2013), based on ab initio calculations, it is stated that the formation
of neutral VOs is favorable and that the formation of two intrinsic defects of this type (in specific
coordinates) induces ferromagnetism by the spin polarization of the Nb s electron [212]. The work
by Yan et al. (2016) is particularly important because it represents the first experimental study on
undoped single-crystal LN (and LiTaO3) in connection to induced ferromagnetism by TTRA [213]. They
measured a magnetization saturation, a magnetic remanence, and a coercive field in reduced CG LN of
7.0 × 10−3 emu g−1, 0.65 × 10−3 emu g−1, and 0.050 kOe, respectively. The induced ferromagnetism is
therein associated with the formation Nb4+ (Ta4+) with non-zero net spin and oxygen vacancies on
the surface due to the chemical reduction.Here, an important fact regarding the implications made in
Reference [209] is discussed. According to the paramount observation in the peer reviewing process of
this review, the depletion of oxygen does not neccesarily implies the formation of oxygen vacancies.
The existence of oxygen vacancies in LN from TTRA is still on debate. The studies just discussed
above attribute the manifestation of ferromagnetism to mechanisms where oxygen vacancies play
an essential role, while others have entirely overruled their existence. Before entering the decade of
the 1990s, Smyth (1983) and Donnerberg et al. (1989) separately proposed an acceptable model that
explains the defect structure of CG crystals after chemical reduction (see discussion of the polaron
model in the previous section) [14,118]:

3OO + V′Li + NbNb ↔ 3
2

O2 + Nb4+
Li + 6e− (6)

where a loss of oxygen on the surface of a molecule promotes a rearrangement of the constitutional
elements of LN, causing Nb5+ ions to move into empty Li sites, in turn leading to a rearrangement of
Li vacancies and Nb antisites; the released electrons are captured by traps [10]. As already discussed,
this model predicts the crystal density to decrease with greater Li2O deficiency. Thus, the TTRA could
in principle be held for long times to the extent where the secondary Li-deficient phase, LiNb3O8,
starts to form at the expense of the pure LN phase. Indeed, this is the case recently reported by
Kocsor et al. [214]: pure LN nanocrystals were prepared by ball-milling the crucible residues of a
Czochralski grown congruent crystal, however, LiNb3O8 crystallized after reduction and oxidation
thermal treatments at 800 ◦C for 180 min. There, the oxidizing treatments induce the formation of the
secondary phase more effectively as a consequence of Li2O evaporation. The formation of oxygen
vacancies was also excluded from the mechanisms picture.

After Schirmer and Koppitz (1987), it is acknowledged that the trapped electrons create small
polarons and bipolarons, localized at the NbLi antisites and newly formed neighboring complexes
NbNb–NbLi, respectively [120,121]. Thus, TTRA plays a role in the generation, or at least the
redistribution, of point defects in LN, which in turn induce changes in its physical properties. Because
it has been elsewhere stated that “the oxygen leaves the crystal surface, so no oxygen vacancies appear
at the end” [10], the implications made by our group in Reference [209] need to be revisited. A set of
studies shall soon be done in our laboratories in order to study such implications more carefully and
coherently. The permanent existence of vacancies in the surfaces of nanocrystals cannot be assured (or
denied) with the current available literature. Nonetheless, at least it can be argued that during the
TTRA, the in situ formation of Vo’s could be responsible for the construction of permanent electron
trapps that eventually lead to strong (weak) magnetism in LN:Fe (undoped LN) powders.

Other significant conclusions can be obtained from the studies analyzed in this section:

• Based on XANES, EXAFS, and Raman Spectroscopy measurements and ab initio calculations,
there is a trend of Fe, Mn, and Co cations to occupy Li sites at low doping concentrations.

• The substitution of Li with Fe and Mn cations modifies the interatomic distances between their
closest neighbors, favoring the interaction between the 3d cations and their neighbors.

• When LN is doped with a small amount of 3d magnetic cations such as Fe, Mn, and Co, it manifests
ferromagnetism at RT. However, in the high-doping concentration regime, the magnetization
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saturation tends to decrease, mostly due to the destruction of the magnetic coupling around the
magnetic 3d cation and sometimes to the formation of secondary magnetic phases.

• The formation of point defects usually addressed as oxygen vacancies after TTRA in either doped
or undoped LN serves as a mechanism for ferromagnetism enhancement.

5. Conclusions

Lithium niobate (LiNbO3, LN) is a promising material in fundamental and applied sciences. A
decreasing tendency to respect fundamental research in this topic for about the last 10 years can be
noticed in Figure 1. This fact might be interpreted as LN becoming indeed practical on a large scale,
and perhaps its normal science activities have diminished in compensation for recent efforts in the
realization of tractable technologies.

Research at the fundamental level still needs to be done to tie up loose ends. Remarkably, the
study of the intimate relationship between the chemistry and crystal structure. The flexibility of the
latter to support several chemistries has been summarized in Figure 4; potassium (K) is not highlighted,
recalling that it is not considered a dopant according to the conceptual refinement given by Polgár
et al. [93] and within the context of the high-temperature top-seeded solution (HTTSSG) growth
technique. On the other hand, recently, Kang et al. have explicitly stated the powerful idea of obtaining
stoichiometric LN crystals by the route of elemental doping, that is, by an effective elimination of
intrinsic defects by filling of the sites [7]. This simple yet appealing concept rests upon trends observed
in most doped LN systems, particularly those with divalent optical damage resistant ions (ODRI)
Mg and Zn. For a given doping concentration below the threshold values, these have shown effects
qualitatively analogous to a Li enrichment, and overall, doped LN crystals show improved physical
properties compared to pure and congruent crystals [7]. However, it is crucial to notice that, by
doping with any kind of element, the structure is distorted to some extent; for ODRI in general, the
unit cell volume increases with doping concentration [60,133,176], whereas, in the case of pure LN,
it decreases in the elimination process of Nb antisites and Li vacancies. Moreover, in pure LN, the
blue shifting of the fundamental absorption edge in going from off-stoichiometric compositions to the
stoichiometric one is a well-known fact. Congruent crystals doped with Mg have shown the same trend,
as reported for concentrations below the threshold value; it reverses by doping further [139]. Change
in the substitution mechanism in passing from Li site occupancy to Nb site occupancy influences the
tendency reversal. However, it is important to recall that, under extreme Li enrichment conditions,
the formation of the parasitical phase Li3NbO4 occurs instead of showing the characteristics of a
partial Li-Nb exchange. Still, such a dissimilarity in the structure relaxation/hardening tendencies
should be enough to state with confidence that no doping can be entirely analogous to the process of
Li enrichment. Thus, in the pursuit of obtaining high-quality large single LN crystals, the chemical
composition is to be adjusted, and the structural distortion or deformation should be minimized.

The best example of structural distortion affecting the properties is found by comparing LN and
lithium tantalate (LiTaO3, LT). Recall that, in pure LN, the Curie temperature is higher for crystals of
ever-increasing quality (less intrinsic defects). Although the unit cell volume of LT is smaller than
that of LN by a factor of about 0.5% [215–217], a dramatic difference between their corresponding
Curie points holds: in going from off-stoichiometric compositions to the stoichiometric one, these
have been reported to vary linearly in the range 1037–1207 ◦C for LN, and in the range 507–692 ◦C
for LT, respectively [217]. Nearly the double notwithstanding that both phases are isostructural and
Ta possesses identical chemical/physical properties to Nb, such as the state of valence and ionic radii.
Hence, this can be attributed to lattice deformation, shown to be pronounced in LN single crystals
doped with Ta, by polarized Raman Spectroscopy [218]. In contrast, the fundamental absorption edge
can also be tuned with chemical composition in LT, but these are blue-shifted ca. 40 nm with respect
to those of LN [219,220]; for this reason, the extension of transparency to the UV region has been
proposed by a partial Nb-Ta exchange [8].
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According to a quick survey, few experimental works on LNT (LN doped with Ta) have been
done [217,218,221–223]. The study of this system could clarify some aspects regarding the substitution
mechanisms in doped LN, as well as to pave the way for a close and quantitative investigation of the
structural distortion in equivalent stoichiometric LN materials, accounting for proper doping (choice of
element and concentration) for the adjustment of the chemical composition. In this respect, the recent
advances in state-of-the-art simulation approaches could be useful. However, some peculiarities are
still left to be solved. For example, the electronic bandgap is reported to be significantly below or above
compared to the bulk of reports based on experiments [6,224]. Another situation to be considered is
that of the role of hydrogen within the structure. Recently, LN crystals with a hydroxyl ion have been
simulated with DFT calculations and by the direct insertion of the stacking fault defect into a designed
supercell standing for the actual crystal structure [49,50]. However, the extended supercell size is
limited to computational power, where 2 × 2 × 2 hexagonal unit cells (240 atoms) are usually used
in such approaches. The question then arises regarding whether such simulated crystals represent
real LN crystals for which the concentration of hydrogen is very low, of the order of 10–100 ppm,
or if crystals saturated with hydrogen are modeled in this way. A similar argument can be stated
concerning the population of intrinsic and extrinsic defects (the chemical composition).

A final comment is given regarding the concept of substitution mechanisms. In writing this
contribution, it has been noticed that, particularly in those publications related to the elemental doping
in connection with ferromagnetism, Li substitution may have been used as a synonym of Li site occupancy.
Rigorously, Li substitution disregards the filling of Li vacancies and dopant substitution for an Nb
atom located at the Li site (antisite filling). Both processes have a higher probability of occurrence than
Li substitution in off-stoichiometric crystals and under low doping concentrations, as is the case being
described for diluted magnetic oxides.
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Abstract: Point intrinsic and extrinsic defects, especially paramagnetic ions of transition metals and
rare-earth elements, have essential influence on properties of lithium niobate, LN and tantalate,
LT, and often determine their suitability for numerous applications. Discussions about structures
of the defects in LN/LT have lasted for decades. Many experimental methods facilitate progress
in determining the structures of impurity centers. This paper gives current bird’s eye view on
contributions of Electron Paramagnetic Resonance (EPR), and Electron Nuclear Double Resonance
(ENDOR) studies to the determination of impurity defect structures in LN and LT crystals for a
broad audience of researchers and students. Symmetry and charge compensation considerations
restrict a number of possible structures. Comparison of measured angular dependences of ENDOR
frequencies with calculated ones for Li and Nb substitution using dipole–dipole approximation
allows unambiguously to determine the exact location of paramagnetic impurities. Models with
two lithium vacancies explain angular dependencies of EPR spectra for Me3+ ions substituting for
Li+ like Cr, Er, Fe, Gd, Nd, and Yb. Self-compensation of excessive charges through equalization
of concentrations of Me3+(Li+) and Me3+(Nb5+) and appearance of interstitial Li+ in the structural
vacancy near Me3+(Nb5+) take place in stoichiometric LN/LT due to lack of intrinsic defects.

Keywords: impurity; intrinsic defect; paramagnetic ion; lithium niobate; lithium tantalate; electron
paramagnetic resonance; electron nuclear double resonance; lithium vacancy

1. Introduction

Point intrinsic and extrinsic defects, especially paramagnetic ions of transition metals
and rare-earth elements, belong to the most important defects in lithium niobate (LN,
LiNbO3) and tantalate (LT, LiTaO3), because of their essential influence on properties of this
material, such as domain structure, electro-optical coefficients, light absorption, refractive
indices, birth and evolution of wave-front dislocations ([1,2] and references there), and
their consequences for present and potential applications [3–7]. A lot of effort was spent
to establish a correlation between the observable data and the crystal composition, and
to develop experimentally supported models of the defects: ion charges, identities, and
position of the ions in the lattice, their nearest surroundings, ways of charge compensation
and recharge mechanisms. Discussions about structures of intrinsic and extrinsic defects
in LN/LT have lasted for decades [1]. With time, the proposed structures were evolved
and detailed. Some early models were rejected. For instance, after a supposition that
effective net charges are about 2.0+ [8], or 1.59+ for Nb and 1.21+ for Ta [9], it was natural to
assume that divalent and trivalent impurities should preferably substitute for Nb, but not
for Li. Later, numerous investigations have shown that the real picture is more complicated
and richer.

In the course of the investigation of defect structures in LN/LT the following difficul-
ties take place:

71



Crystals 2021, 11, 339

• high quality conventional samples with crystal composition xC are usually grown from
the congruent melt with the composition xm ≈ 48.4%, for LN and xm ≈ 48.7% for LT
(x = [Li]/([Li] + [Nb/Ta]); this means that the congruent crystals with xm = xC contain
many intrinsic (non-stoichiometric) defects, causing a broadening of the observable
spectral lines and ambiguities in their interpretation;

• the crystal composition xC of the undoped samples depends on both melt composition
and growth conditions;

• the most probable positions for impurity incorporation, the Li and Nb sites as well as
the octahedral structural vacancy, have the same local symmetry C3; this means that
they are not distinguishable by many spectroscopic techniques.

Techniques for the defect study can be conditionally divided into two groups: direct
(Mössbauer spectroscopy [10], Rutherford Backscattering Spectrometry (RBS) [11], Ex-
tended X-ray Absorption Fine Structure Analysis (EXAFS), Particle Induced X-ray Emission
(PIXE) combined with channeling, X-ray standing wave (XSW) [12], Electron Paramagnetic
Resonance (EPR), and Electron Nuclear Double Resonance (ENDOR) [13]) and indirect
(optical absorption and luminescence, measurements of electro-optical coefficients, etc.).

Attempts to determine impurity positions by indirect methods often gave contradict-
ing information. Direct methods also have some shortcomings. For instance,

• Mössbauer spectroscopy demands the presence of special nuclei,
• channeling investigations are more successful in the case of heavy, many-electron ions,
• channeling methods are not sensitive to the charge state of the impurity and do not

distinguish centers with C3 and C1 symmetry,
• due to the relatively low sensitivity the EXAFS needs high levels of crystal dopants

(about 3–5 mol.%), for which clustering and occupation of both Li and Nb positions
become very probable,

• EPR/ENDOR techniques are applicable to systems with non-zero spins only.

Investigations of impurity defects were carried out by all direct and indirect techniques
in parallel and together, and made invaluable contributions to the problem solution. Let’s
mention briefly a few of them. The positions of many impurity ions were determined by
the EXAFS, PIXE, XSW, and channeling methods. Lithium substitution was found for most
elements including Sc, Ti, Mn, Ni, In, Pr, Gd, Ho, Er, Tm, Yb, Lu ([11,14–18], and references
there), Nd [19,20], Co, Fe [21–28]. A few ions substitute for Nb in LN (Hf [29], Er [30]) and
in LN heavily co-doped by Mg or Zn (Sc, In, Nd, Lu [31]). Some of the ions can occupy
both positions (Cr [32], Gd, Nd). Mössbauer spectroscopy [33,34] gave indirect evidence of
Fe2+ and Fe3+ substitution for Li+. Raman spectroscopy data [35] were interpreted on the
base of Fe substitution for Li. Magneto-optical and luminescence studies [36,37] identified
non-paramagnetic pairs CrLi-CrNb and established a correlation between optical bands and
Cr3+ positions.

Convincing arguments of Fe3+ substitution for Li+ were obtained by ENDOR [38–40]:
it was shown that spectrum angular dependencies calculated on the base of dipole-dipole
interactions of Fe3+ electrons with surrounding Li nuclei are qualitatively different for
Li and Nb substitution; quantitative agreement calculated and experimental data was
achieved for Li substitution.

The huge amount of nonstoichiometric intrinsic defects in congruent LN/LT grown
by the conventional Czochralski method [41,42] (we shall call them cLN and cLT) has
often undesirable effects on crystal properties. Several techniques were invented in order
to reduce the concentration of these defects. Some decrease of their concentration was
achieved by using melts with Li excess (with xm up to 60%) [43,44]. Thin LN/LT samples
were enriched with Li by vapor transport equilibrium treatment (VTE [45–50], we shall call
them vLN and vLT). Using double crucible growth [51–55] with excess of Li allowed one
to obtain nearly stoichiometric samples (nsLN). Crystals grown by the Czochralski method
from a melt to which potassium oxide K2O has been added ([56–67], and references there)
have composition xC ≈ 50% (LNK, stoichiometric LN, sLN). The method is scientifically
called the High Temperature Top Seeded Solution Growth (HTTSSG).
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The defect elimination in sLN crystals has led to a tremendous narrowing of the reso-
nance lines and a corresponding increase of spectral resolution, and resulted in improved
precision of obtained spectroscopic characteristics. Discovery of new centers substituting
for Nb (or Ta in LiTaO3) and a change of charge compensation mechanism in sLN was ac-
companied by a significant progress in understanding the nature and structures of intrinsic
and extrinsic defects [68–76]. Several methods of determination of real crystal composition
were developed [68,77–80]. It should be mentioned that even crystals with xC = 50% are
not completely free of intrinsic defects. There is a class of intrinsic defects which break the
regular order of the LN lattice without a change of xC: the permutations NbLi and LiNb,
and cyclical permutation of Nb in Li site, Li in structural vacancy, and vacancy of Nb. Such
defects can cause broadening of spectral lines.

EPR is resonance absorption of microwave quanta by electron spins placed in a
swept external magnetic field at definite value of magnetic field Bres. Depending on
measurement conditions it has usual sensitivity about 1012–1015 spins/cm3 or higher.
Equipment with wave lengths 3cm (X-band, microwave frequency ν ≈ 9.5 GHz) and 8 mm
(Q-band, ν ≈ 34 GHz) are usually used. EPR lines have typical widths about 1–100 MHz.
This defines the resolution ability of the EPR.

Nuclear magnetic resonance (NMR) is resonance absorption of radiofrequency quanta
by nuclear spins. It has worse sensitivity due to thousand time smaller magnetic moments
of nuclei. However, NMR has significantly higher resolution ability about 1–100 KHz
or less. Only nuclei with large natural abundance of magnetic isotopes (like 7Li—92.5%,
93Nb—100%, 181Ta—99.99%) can be studied by NMR. Due to interactions with electron
spins, nuclei in the impurity neighborhood have energy levels and resonance frequencies
different from those of bulk nuclei. As their concentrations, which are about impurity
concentration, are significantly smaller than concentrations of bulk nuclei, their NMR
signals are too weak to be registered directly.

ENDOR is the indirect way to register NMR of nuclei in impurity surrounding via
a stimulated change of intensity of the EPR signal in magnetic field Bres. ENDOR has
sensitivity that is worse than EPR (about one-two orders of magnitude), but is better than
NMR. Its resolution is comparable with NMR resolution. Characteristics of all nuclei
(natural abundance of isotopes, their nuclear spins, magnetic and quadrupole moments)
are well known and tabulated. This allows to relate observed ENDOR frequencies to
interactions of impurity electrons with own nucleus and surrounding nuclei.

For a paramagnetic impurity these techniques are capable of determining: its element,
charge, spin state, nearest surrounding (i.e., its location), and many spectroscopic char-
acteristics. Fortunately, most impurities which are useful for optoelectronic application
(including transition and rare-earth elements) enter LN and LT in a paramagnetic state.
Li, Nb and Ta nuclei have significant (93–100%) natural abundance of magnetic isotopes.
The main isotope 16O has no magnetic moment and is invisible in EPR/ENDOR/NMR
experiments.

The aim of this paper is to give current bird’s eye view on contributions of EPR/ENDOR
studies to the determination of impurity defect structures in LN and LT crystals for a broad
audience of researchers and students. The name “center” will be used for a complex
consisting of the paramagnetic impurity and its surrounding that can have zero, one or
more defects besides regular ions.

2. Materials and Methods

Most of our measurements presented below were carried out on samples grown by
E.P.Kokanyan from Li-rich melt or from the melt with the addition of K2O [56,57].

The EPR/ENDOR spectra were measured at microwave frequencies v ≈ 9.4 GHz
(X-band) and v ≈ 34.4 GHz (Q-band) on the Bruker ELEXSYS EPR/ENDOR spectrometer
at temperatures between 4.2 and 300 K at Montana State University (Bozeman, MT, USA).
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The treatment and simulation of all spectra and their angular dependencies, as well
as the preparation of corresponding figures were carried out with the help of the “Visual
EPR” and “Visual ENDOR” program packages [81].

All lattice images were generated using CrystalMaker®program [82] and crystallo-
graphic data [83–86]. Sizes of oxygen balls were artificially reduced, since nonmagnetic
O2− ions are invisible for EPR/ENDOR. As LiNbO3 and LiTaO3 are isostructural crystals,
all figures with lattice and structures of impurity centers are equally applicable to both LN
and LT. However, dipole-dipole interactions should be calculated taking into account a
difference of their lattice constants.

3. Basics of EPR and ENDOR Spectra Interpretation

3.1. Symmetry Considerations

The ideal lattice of LN and LT crystals (Figure 1, see also [87]) has two molecules in
its rhombohedral elementary unit cell and the space group symmetry is R3c (C3v

6, 3m)
at room temperature [8,88–90]. If ionic radii are taken into account, the LT/LN lattices
look like consisting mainly of planar layers of closely packed oxygen ions with small
voids between them, filled by Li and Nb/Ta. There are several electrically non-equivalent
positions in the lattice. Some of them—the sites on the z (or optical c) axis of the crystal,
including the sites of Li, Nb/Ta and the octahedral structural void (vacancy), voct—have
the symmetry of the point group C3. An isolated defect in any of these positions creates a
C3 (in the following also labeled “axial”) center. The tetrahedral structural void, oxygen
sites and all other off axis positions have the lowest possible symmetry, C1.

A complex of two defects has C3 symmetry, if both are located on the crystal z axis,
and C1 symmetry in all other cases. If the difference in positions of the nearest oxygen ions
is ignored, then each unit cell has the following site sequence along the z-axis: Li, Ta, voct,
Li, Ta, voct. However, oxygen octahedrons and next neighbors for two positions of one type
cation are not identical, therefore, the correct assignment of the sequence should be LiL,
TaL, voct,L, LiR, TaR, voct,R. The surrounding of the “Right” (R) position can be transformed
to the “Left” (L) one by a reflection x⇔−x and a shift by c/2, because zy is a glide mirror
plane in the R3c lattice (Figure 1b). The same consideration is applicable to C1 positions
also. This means that each axial (C3) or low-symmetry (C1) L center has a corresponding
R partner. The L and R partners are electrically identical and are not distinguishable
by optical or channeling methods, but they are magnetically non-equivalent and can be
resolved from each other in favorable cases (high spin value, small line width) by magnetic
resonance techniques.

Each C1 center in the R3c lattice has two additional magnetically nonequivalent
partners, which can be transformed into each other by a rotation around the z-axis of the
crystal by 120◦ and 240◦. They can be distinguished by the EPR at arbitrary orientations of
the magnetic field.

As any crystal characteristic, the EPR spectra must reflect the crystal symmetry and
symmetry of all present paramagnetic centers. The best way to determine the defect
symmetry is to study angular dependence of the spectra in external magnetic field B under
rotation of the crystal sample around z-axis (shortly speaking, in xy plane). For a C3
paramagnetic defect with electron spin S = 1/2 the EPR spectrum consists of one resonance
at the same position Bres at any orientation of B with respect to crystallographic axes. A
set of up to six lines can be observed at arbitrary orientation of B for C1 centers; however,
some of them coincide for directions of B along x, y, or z. If two or more centers present in
the sample studied, the spectrum has two or more sets of the lines. If a center has electron
spin S > 1/2 multiplets of 2S lines can be observed for every center.
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oxygen layers on the xy plane is shown. 

For centers with S = 1/2 the resonance line positions can be described using 
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Here μB is the Bohr magneton, B is the vector of static magnetic field, g is the tensor 
of spectroscopic splitting, and S is the vector of electron spin. 

As an example of the multi-center spectra let’s consider ion Nd3+ in LN [91–93] 
(Figure 2). Every spectrum consists of a single dominant line labeled with the number 1 
and many satellite lines of smaller intensities. The positions of the dominant line have the 
same value of the resonance field for B||x and B||y (φ = 90 deg), whereas positions of 
other lines do not coincide. We have to suppose that the single line #1 belongs to the axial 
C3 symmetry center, Nd1.  

To make correct labeling of all observed lines a detailed study of angular depend-
ence of EPR line positions is required. For instance, we can rotate magnetic field in xy 
crystallographic plane, changing azimuthal angle φ between x-axis and B. Circular dia-
gram of measured spectra (Figure 3) show that dominant line draw a circle, i.e., has no 
dependence of Bres(1) on φ. Angular patterns of other lines demonstrate the presence of 
all elements of the 3m group, namely, C3 symmetry and the mirror with respect to y-axis 
at φ = 90 deg. Measurement of such a diagram is redundant, since xy plane angular pat-

Figure 1. (a) Ideal lattice of lithium tantalite (LT). To simplify the representation of the lattice and defect structures in it, the
sizes of “balls” imitating ions were made intentionally different. The L (Left) and R (Right) positions are distinguished by
their different oxygen surroundings. (b) An illustration of local C3 symmetry for the nearest surroundings of cation sites
and glide mirror zy plane that transforms the L center to the R partner; a projection of one Li, Ta layer between two oxygen
layers on the xy plane is shown.

For centers with S = 1/2 the resonance line positions can be described using spin-
Hamiltonian

H = µBBgS (1)

Here µB is the Bohr magneton, B is the vector of static magnetic field, g is the tensor
of spectroscopic splitting, and S is the vector of electron spin.

As an example of the multi-center spectra let’s consider ion Nd3+ in LN [91–93]
(Figure 2). Every spectrum consists of a single dominant line labeled with the number 1
and many satellite lines of smaller intensities. The positions of the dominant line have the
same value of the resonance field for B||x and B||y (ϕ = 90 deg), whereas positions of
other lines do not coincide. We have to suppose that the single line #1 belongs to the axial
C3 symmetry center, Nd1.

To make correct labeling of all observed lines a detailed study of angular dependence
of EPR line positions is required. For instance, we can rotate magnetic field in xy crystal-
lographic plane, changing azimuthal angle ϕ between x-axis and B. Circular diagram of
measured spectra (Figure 3) show that dominant line draw a circle, i.e., has no dependence
of Bres(1) on ϕ. Angular patterns of other lines demonstrate the presence of all elements of
the 3m group, namely, C3 symmetry and the mirror with respect to y-axis at ϕ = 90 deg.
Measurement of such a diagram is redundant, since xy plane angular patterns simply
repeat themselves with a period 60 deg. Due to the glide mirror plane, the 30 degree
dependence measured from x axis contains all information.
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Usually, 90 deg of the measured dependence is plotted (Figure 4). If spectra are
measured with small angular steps (said 1 deg), it is easy to trace every line. The line
tracing allows to put labels on every resonance line on Figure 2. Without doubt, at least
four groups of angular branches are clearly distinguished on Figure 4: one straight branch
of axial Nd1 and three sets of curved branches, which correspond to low-symmetry centers
Nd2, Nd3, and Nd4. Therefore, we can conclude that Nd3+ in Nd1 center occupies one
of three possible positions on the z-axis. If Nd3+ has additional defect or defects (charge
compensators) in its neighborhood, the defect is located on the same axis. In the case of
Nd2, Nd3, and Nd4 centers with the C1 symmetry, the additional defects are located off
the z-axis. It is unlikely that Nd3+ ions occupy sites with C1 symmetry (tetrahedral void or
O2−) due to large charge misfit.
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ever, to obtain a full set of spectroscopic characteristics of the center (like six components 
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Figure 2. Fragments of electron paramagnetic resonance (EPR) spectra of Nd3+ impurity ions in nearly stoichiometric
lithium niobate (LN) for microwave frequency ν = 34.445 GHz, T = 19 K. The numbers 1–4 correspond to four different
electrically non-equivalent defects. Lines of magnetically nonequivalent partners have the same number.

Symmetry of any center reflects the symmetry of lattice sites occupied by impurity
and charge compensators (if any) and their relative locations. To distinguish the C3 and C1
symmetries the measurement of angular dependence in xy plane is sufficient. However,
to obtain a full set of spectroscopic characteristics of the center (like six components of
g-tensor) by fitting measured angular dependence a study of spectra under three rotations
in perpendicular planes (road map) is required.
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ions in Figure 3. Magnetic field was rotated in xy plane from 0 to 360 deg. ν = 34.445 GHz, T = 19 K. Symbol sizes reflect
line intensities.
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Figure 4. (a) The road map rotation corresponds to the following changes of the θ, φ angles: θ = 0–90◦ at φ = 0◦; θ = 90◦,
φ = 0−90◦; θ = 0−90◦ at φ = 90◦. (b) Angular dependence of the EPR spectra in xy plane for nearly stoichiometric
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with nuclear spin I 6= 0 are not shown.
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3.2. Isotropic and Dipole-Dipole Interactions

Calculations of the ENDOR frequencies and transition probabilities (i.e., ENDOR
line positions and relative intensities) for i-th nucleus is usually based on nuclear spin-
Hamiltonians Hi

Hi = −µng(i)n BI(i) + SA(i)I(i) + I(i)Q(i)I(i) (2)

where µn—nuclear magneton, g(i)n —nuclear g-factor; A(i), Q(i)—tensors of hyperfine and
quadrupole interactions.

In many cases there are two dominant contributions to the hyperfine tensor A(i):
isotropic (contact) hyperfine interaction, a(i)SI(i) and dipole-dipole interaction of vectors
of electron µBgS and nuclear −µng(i)n I(i) magnetic moments. The dipole–dipole interaction
can be described by

A(i)dd
jm =

µBµn(
R(i)

)3 g(i)n

[
3

(
R(i)

)2

(
∑

p = x,y,z
gjpR(i)

p

)(
∑

l = x,y,z
R(i)

l δlm

)
− gjm

]
(3)

where R(i) is the vector from paramagnetic impurity to the i-th nucleus. Most character-
istics in Equation (3) are known: µB, µn, g(i)n are tabulated, gjm components of g-tensor
are determined from EPR measurements. Therefore, comparison of measured angular
dependences of ENDOR frequencies with calculated ones on the base of Equations (2) and
(3) can be used for determination of R(i), i.e., the position of the paramagnetic impurity
relative to surrounding nuclei.

Nuclei at the same distance from impurity ions are usually called a shell. The first
shell of an impurity in a Li site has six nearest Li nuclei off the z-axis at the distance R(1)

(Figure 5a). Three of them are located above the impurity (the subshell 1a), other three—
below the impurity (the sub-shell 1b); if the impurity is shifted from regular Li site then
R(1a) 6= R(1b). The second shell consist of six Li nuclei in the xy plane of the impurity at
the distance R(2) (subshells 2a, 2b).The first shell of an impurity in a Nb site has one Li
nucleus on z-axis, the second shell has three Li nuclei (the nuclei are labelled 1 and 2
on Figure 5b). As directions from the impurity to the nuclei in a shell are different, their
hyperfine interactions are magnetically non-equivalent, i.e., produce different branches in
angular dependences of ENDOR spectra.
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Figure 5. Surroundings of impurity ions substituted for Li (a) and Nb (b) in LN crystal lattice with corresponding shell
numbers. Large blue balls represent Li+ ions, medium green balls—Nb5+ ions, small red balls—O2− ions, and the largest
magenta ball—the impurity ion.
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The simplest way to determine the impurity lattice site is:

• to calculate A(i)dd
jm for the several nearest nuclei around the impurity taking lattice

distances from X-ray data and gjm from EPR measurements,
• to calculate ENDOR frequencies, to plot patterns of their angular dependencies, and
• to compare the patterns with measured angular dependencies of ENDOR for a definite

EPR line [13,38,39].

Due to different surroundings for impurities in the Li and Nb sites, the calculated
patterns are completely different (Figure 6). ENDOR frequencies for the first shell of Li
nuclei for the Li site vary with rotation of magnetic field in xy plane(Figure 6a), whereas for
the single Li nucleus of the first shell for Nb site two straight branches should be observed
in angular dependence (Figure 6c). As Li nuclei of the all corresponding shells are closer to
the impurity ion in the Nb site than in the Li site, the range of angular variation for Nb site is
larger than for Li site. The branches of the 2nd and 3rd shells for Li site practically coincide
with measured angular dependencies for Nd1 center (Figure 6b), whereas no branch for
Nb site is close to observed one. The branches of the 1st shell for Li substitution also agree
with observed ones after small correction due to isotropic hyperfine interaction (Figure 6b).
Based on clear agreement of hundred measured values of ENDOR frequencies for the
dominant EPR line #1 with calculated frequencies for Li site and obvious disagreement
with calculated ones for Nb site, we can definitely conclude that the Nd1 line in EPR spectra
(Figure 2) belongs to Nd3+ ion substituted for Li.
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Figure 6. Angular dependence of electron nuclear double resistance (ENDOR) frequencies of Li nuclei in xy plane for
the Nd1

3+ center in LiNbO3. The green, red and blue curves—calculated frequencies for Li nuclei of the 1st, 2nd and 3rd
shells based on dipole-dipole interaction for Nd3+

Li (a,b), and Nd3+
Nb (c). ENDOR frequencies represented on the part

(b) were measured at magnetic fields corresponding to the position of dominant EPR line #1 on Figure 2 (B = 820 mT for
ν = 34.445 GHz, rhombs, and B = 228 mT for ν = 9.500 GHz, triangles). νLarmor is Larmor frequency of 7Li nuclei.

The simulation of dipole-dipole interactions for the Li and Nb sites has no fitting
parameter. Therefore, the described qualitative and quantitative approach for the deter-
mination of impurity positions gives reliable results. Note that hyperfine interactions for
Nb/Ta nuclei have additional contributions due to a polarization of inner electron shells of
oxygen and niobium ions (transferred hyperfine interaction).

The characteristic of isotropic hyperfine interaction a(i) is related to a density of
electron cloud at the location of i-nucleus R(i). For the isotropic g-factor:

a(i) =
8π

3
gµBg(i)n µn

∣∣∣ψ
(

R(i)
)∣∣∣

2
(4)

The isotropic hyperfine interaction often (but not always) exponentially decreases with
the distance from impurity. The largest value a(i)/g(i)n should correspond to nuclei nearest
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to the impurity. It allows to determine nuclei of the nearest surrounding by comparison
of a(i)/g(i)n for Li and Nb nuclei, and therefore, to find the impurity location. Impurities
substituted for Li have Nb nucleus on z-axis in the nearest surrounding, whereas ions
substituted for Nb have Li nucleus (Figure 6, shell #1).

Another way to use contact and dipole-dipole interactions is:

• to measure the road map of angular dependencies in three perpendicular planes
(Figure 4a),

• to determine all components of A(i) tensors by fitting observed angular dependencies,
• to separate isotropic and anisotropic parts,
• to find principal values of the anisotropic part, and finally,
• to compare these principal values with calculated ones on the base of Equation (3).

3.3. Charge Compensation and Intrinsic Defects

The structure of a center, in which a lattice site is occupied by an extrinsic impu-
rity ion having a charge different from that of the respective lattice ion (in the following
labeled “non-isocharged replacement”), depends on the charge of the impurity and the
mechanism of charge compensation. Because of non-stoichiometry, the real lattice of con-
ventional congruent LN contains many intrinsic defects, the relative concentrations of
which have not yet been determined reliably. The following entities have been considered
(their charges with respect to the lattice being given by Kröger-Vink notation in brack-
ets): Nb5+

Li
+ (NbLi

4•) antisite defect, vLi
+ (vLi

’) lithium vacancy, vNb
5+ (vNb

5’) niobium
vacancy, Nb5+

v (Nbv
5•) niobium on structural vacancy, Li+v (Liv•) lithium on structural

vacancy, vO oxygen vacancy. During recent years the existence of the following charge
compensated complexes has been postulated most often: NbLi + 4vLi [90,94,95] (including
three-dimensional complexes 3vLi + NbLi + vLi [96,97]), 5NbLi + 4vNb [98,99], 2NbLi + 2Nbv
+ 3vLi + 3vNb [96] and some others [100]. Some features accompanying the crystal growth
(Li2O evaporation, variation of oxygen deficiency in Nb2O5-x [101]) and specific changes
of some crystal properties after thermal oxidation and/or reduction definitely indicate
that the oxygen sub-lattice is not always perfect and stable as well; therefore the oxygen
non-stoichiometry has been also discussed for a long time [102–105]. The intrinsic defects
by themselves or complexes of them, which are not charge compensated, can furthermore
serve as local or distant charge compensators for non-isocharged extrinsic or radiation
defects. Due to the high concentration of the intrinsic defects the congruent LN and LT crys-
tals are very tolerant to substitutional or interstitial impurities, including non-controlled
ones, because the necessary charge compensators (local or distant) can be easily found
among the non-stoichiometric defects. Real crystals often contain H, Cu, Co, Mn, Fe, etc. in
concentrations about 0.00X–0.0X.

Non-isovalent cation Men+ (n > 1) substituted for Li+ requires negative charge com-
pensator like lithium vacancy or interstitial O2−. If Men+ (n < 5) substituted for Nb5+ or
Ta5+ the n − 5 negative charge can be compensated by antisite ions, oxygen vacancies, vO
or interstitial H+ and Li+.

In some cases, a self-compensation of impurity charges takes place. For instance, no
additional charge is required if two Me3+ ions substitute for both Li+ and Nb5+ in nearest
neighbor or next neighbor sites (local self-compensation) or even relatively far one from
another (distant self-compensation). There are two critical parameters, which stimulate the
self-compensation: total concentration of possible charge compensation defects, [D] and
the total concentration of Me3+ ions in the sample, [Me]. The [D] includes a dominant con-
tribution due to a deviation of the crystal composition from stoichiometry, concentrations
of H+ ions and vO, as well as contributions due to non-controlled impurities (Mg, C, Si, Cl,
. . . ), which are always present in real crystal in concentrations about 1–500 ppm. If [D] >>
[Me] the isolated centers with additional intrinsic defects are dominating. If [D] << [Me]
then the self-compensation is preferable due to lack of charge compensators.

Distant charge compensators produce small distortions of the crystal field at the
impurity site, what normally causes EPR line broadening, and an asymmetry of their
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shapes, but do not change the center symmetry revealed in the observed positions and
splitting of EPR lines. Defects in the immediate neighborhood (local charge compensation)
cause strong changes of the center characteristics (g and A tensors in the case of Nd3+) and
lowering of center symmetry.

3.4. Di-Vacancy Models for Trivalent Impurities

Many impurities in LN/LT crystals create a family of paramagnetic centers that
includes dominant axial center and several satellite low-symmetry centers with EPR lines
of smaller intensities (like presented on Figure 2). It would be reasonable to look for center
models which are able to describe the whole family.

Low-symmetry C1 centers appear in three cases:

1. Impurity ion like Nd3+ has an off-axis lattice defect (charge compensator) in the
immediate neighborhood.

2. Impurity ion substitutes for O2− (this is very improbable for cations).
3. Impurity ion incorporates into a small tetrahedral void (this is possible, but often

unlikely due to larger charge misfit than for Li substitution).

For axial centers, the directions of principal axes of the g-tensor are dictated by crystal
symmetry: the 3rd axis of the center coincides with the crystal axis and the directions
of the 1st and 2nd axes are arbitrary. For low-symmetry centers, there are no symmetry
restrictions on the orientation of principal axes. However, if the symmetry lowering is
related to an off-axis lattice defect, it is reasonable to expect that directions of the center
axes are related to the distortion created by the off-axis defect. The 3rd axis will have some
inclination from the z-axis to the defect, and projections of the 1st or 2nd axis will be close
to the projection of line from the impurity ion to the defect. The distortion should decrease
with the distance from the impurity ion to the defect.

ENDOR data for the dominant EPR line have confirmed that Nd3+ substitutes for Li+

and only Li and Nb nuclei were found in the neighborhood. Therefore, intrinsic defects
without nuclear spin should be considered for the required 2-charge compensation. The
size O2− is comparatively large to be placed into small octahedral or tetrahedral voids.
Nearly stoichiometric crystals have significantly reduced concentration of vLi. Nevertheless,
their concentration often exceeds the impurity concentration. Sufficient concentration of
vLi can be also created in the process of growth of samples with non-isocharged impurities.

A key to the identification of models which describe all varieties of Nd3+ centers with
minimal assumptions was obtained from the analysis of angular dependencies of the Nd4
center. The extrema in the xy plane and, correspondingly, projections of one principal axis
of the g-tensor, are close to φ values of 15, 45, and 75 degrees (Figure 4b). In the projection
of the LN lattice onto the xy plane (Figure 7, after [93]) there are no similar values of φ
from Nd3+ to any ion in the lattice: directions from the Nd3+ site to all cation sites have
azimuthal angles equal to n × 30◦. Therefore, the simplest model, that has a single lattice
defect, like a Li+ vacancy, vLi, cannot explain the observed angular dependencies of Nd4
centers. However, if two Li+ vacancies are located in the first and second shells of the
surroundings of an Nd3+ ion substituted for a Li+, the three defects are organized into a
triangle. The longest side of the triangle connected two vLi has a perpendicular oriented in
the required direction (Figure 7).

The hypothesis that Nd3+ substituted for Li+ has two vLi as charge compensators
allows for consistent models for the whole family of Nd3+ centers in LN crystals with
a low concentration of neodymium doping. After analysis of principal values and axes
of g-tensors it was concluded [92,93] that Nd3+ centers have lithium vacancies in sites
described in Table 1. Some of possible structures are presented on Figures 7 and 8.

The di-vacancy models can explain EPR spectra of many other (but not all) trivalent
impurities Me3+

Li.
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Table 1. Sites for lithium vacancies, vLi in the surroundings of Me3+
Li centers in LiNbO3.

Center
vLi Site Me1 Me2 Me3 Me4 Me5 Me6 Me7 Me8

First 5a/5b 1a/1b 2a/2b 1a 1b 1a/1b 2a/2b 5a
Second distant 5a/5b 5b/5b 2a 2b 3a/3b 3a/3b 5b
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4. Structures of Impurity Centers

4.1. Monovalent Cations

The most probable incorporations of Me+ is the substitution for Li+. No charge
compensation is required in this case. The MeLi

+ center should have axial C3 symmetry.
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Proton H+. This is an example of off-site position: protons occupy positions between
two oxygen ions in an oxygen plane. The non-paramagnetic OH− centers were studied by
infrared and NMR spectroscopies [80,106–108].

A hydrogen associated paramagnetic center (g = 2.0028, A = 3 mT at 77 K) was
identified as an OH2− ion, produced because of an electron capture by a diamagnetic OH−

ion, substituting the O2− ion in LN [109].
Ni+ (3d9, S = 1/2). Observed EPR spectra of the Ni+ have axial symmetry at room

temperature [110,111]. That excludes interstitial position in tetrahedral structural vacancies.
However, at low temperatures the Ni+ center has C1 symmetry, as up to six lines were
observed at arbitrary orientation of magnetic field (Figure 9a, after [111]).
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bands peaking near 760 and 1200 nm, and a broad EPR spectrum with gc = 1.82 [113]. The 
1200-nm band and ESR signal are associated with an electron trap (identical to the one 
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There is an alternative interpretation of this spectrum [114].  

4.2. Divalent Cations 
For divalent Me2+ impurities a substitution for Li+ ions and incorporation in struc-

tural vacancies has essentially less charge misfit than a substitution for Nb5+. Since the 
Li-Li distance is much larger than Li-Nb or voct-Li, voct-Nb, the Me2+Li + vLi centers should 
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Figure 9. (a) X-band EPR spectra of Ni+ in LiNbO3 at θ = 25 deg in zy plane at various temperatures T: 1–40 K, 2–90 K,
3–151 K, 4–206 K, 5–244 K, 6–300 K. The spectrum 7 was measured at θ = 0 deg, T = 300 K. (b) Distortion of oxygen
octahedron due to the Jahn-Teller effect.

The center was characterized by anisotropic g-tensor with principal values g1 = 2.246,
g2 = 2.217 and g3 = 2.061; principal axes of the g-tensor are rotated with respect to crys-
tallographic axes by Euler angles α = γ ≈ 0, β ≈ 55◦. As the 3rd principal axis is directed
approximately to one of the nearest oxygen ions, the reason for the low symmetry is a
static Jahn-Teller effect for 3d9 ions in Ni+O6

2− complexes (Figure 9b, [111,112]), and not a
presence of an intrinsic defect in the neighborhood. Dynamic averaging due to center reori-
entation leads to the axial symmetry of observed EPR spectra at room temperatures [111].

Mg+ (3s1, S = 1/2). Following vacuum reduction at 1000 ◦C, LN crystals heavily-
doped with Mg exhibit an optical absorption spectrum that can be decomposed into two
bands peaking near 760 and 1200 nm, and a broad EPR spectrum with gc = 1.82 [113]. The
1200-nm band and ESR signal are associated with an electron trap (identical to the one
produced during the irradiations). This electron trap is suggested to be a Mg+ complex.
There is an alternative interpretation of this spectrum [114].

4.2. Divalent Cations

For divalent Me2+ impurities a substitution for Li+ ions and incorporation in structural
vacancies has essentially less charge misfit than a substitution for Nb5+. Since the Li-Li
distance is much larger than Li-Nb or voct-Li, voct-Nb, the Me2+

Li + vLi centers should be
slightly distorted by the presence of a local charge compensator. For vLi located on C3
axis and for distant cation vacancies (local and distant charge compensation) axial centers
should be observed.

Co2+ (3d7, S = 1/2, I = 7/2). Dominant axial Co2+ center with g‖ = 2.6 and g⊥ =
4.96 ÷ 5.04, A‖ ≈ 0, |A⊥| = 0.0154 cm−1, as well as low-intensity low-symmetry satellite
centers were observed in cLN [115,116] and vLN [117]. Similar g- and A-values were
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reported for LiTaO3:Co2+ [116]. The picture agrees with Co2+ substitution for Li+ in the
dominant axial center (CoLi) and excess charge compensation by vLi (the Co2+ ⇔ 2Li+

substitution mechanism). A small EPR line of axially symmetric cluster of Co2+ ions
appeared in sLN [118] (Figure 10a). To explain it the substitution mechanism 4Co2+⇔ 3Li+

+ Nb5+ [119] was considered. The four Co2+ ions can occupy nearest possible cation sites
by occupying one Nb site and three neighbor Li sites, creating a trigonal pyramid with C3
symmetry (Figure 10b).
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From comparison of measured and calculated characteristics it was found that Co2+

does not occupy exactly the host Li+ site but undergoes an off-center displacement 0.006 nm
away from the oxygen octahedron center in LiNbO3 (or LiTaO3) [120,121].

Cu2+ (3d9, S = 1/2). Copper nuclei have two isotopes 63Cu (I = 3/2, gn = 1.484, natural
abundance 69.2%) and 65Cu (I = 3/2, gn = 1.588, 30.8%). Hyperfine interaction of Cu2+

electrons with their own nucleus leads to splitting of its single EPR line into a quartet
([110,111], and references there; [122–124]). As magnetic moments of 63Cu and 65Cu are
very close, the quartets from the two isotopes overlap in cLN (Figure 11a). The Cu2+ center
in LN was characterized by anisotropic g-tensor (g1 = 2.095, g2 = 2.111 and g3 = 2.428; α = γ
≈ 0, β ≈ 51◦) [111]. At low temperatures a static Jahn-Teller effect for 3d9 ions in Cu2+O6

2−

complexes reduces the center symmetry to C1(Figure 11b). At room temperature, the Cu2+

center has axial symmetry due to center reorientation and motional averaging. The EPR
parameters of the impurity Ni+, Cu2+, and Ni3+ in LiNbO3 were theoretically studied from
the perturbation formulas for 3d9 ions [112,122].

Ni2+ (3d8, S = 1). Several additional terms, which describe zero field splitting (ZFS) of
energy levels, should be added to the spin-Hamiltonian (1) for paramagnetic centers with
S > 1/2:

HZFS = ∑
k = 2,4,6

fk

[
k

∑
q = 0

bq
kOq

k(S) +
k

∑
q = 1

cq
kΩq

k(S)

]
(5)

Here f 2 = 1/3, f 4 = 1/60, f 6 = 1/1260; Oq
k , Ωq

k(S)—Stevens operators, which are non-
zero for k ≥ 2S. For C3 symmetry only q equal to 0, 3, and 6 are allowed. For S = 1 only
terms with k = 2 are present in Equation (5).

The Ni2+ centers in LN exhibit the EPR spectra of C3 symmetry. Therefore, the sum
in (5) turns into one term b0

2O0
2/3. It was found that b0

2 = −5.31 cm−1 and ∆g = g‖ − g⊥
= 0.04 [115,125]. Since EXAFS data supports Ni2+ substitution for Li+ [24], the reasonable
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choice for the charge compensator is one vLi that is located on the C3 axis or very far
of Ni2+.

A cluster substitution 4Ni2+ ⇔ Ta5+ + 3Li+ was considered for LT [126]. Note that an
agreement of measured and calculated spin-Hamiltonian parameters [127] was obtained
for Ni2+ substitution for Nb5+ in LN without a charge compensator.

The charge excess of one interstitial Me2+ or two Me2+
Li could be exactly compensated

by an additional O2− ion. However, such a compensation looks unlikely, as the ionic radius
of O2− (about 1.4 Å) is larger than the sizes of octahedral or tetrahedral vacancies.
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Mn2+ (3d5, S = 5/2, I = 5/2). For S = 5/2 the ZFS causes splitting into 2S = 5
components of fine structure, each of them additionally splits into 2I + 1 = 6 lines due to
the hyperfine interaction of Mn2+ electrons with their own nucleus (Figure 12).
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Angular dependences of Mn2+ in both LN and LT are described by spin-Hamiltonian
of axial symmetry with g ≈ 2.0, and A ≈ −0.008, b0

2 = 0.0731 (LN), b0
2 = 0.1694 (LT), all in

cm−1, [128–138]. Our spectra (Figure 12) were fitted with b0
2 = 0.074 (LN), b0

2 = 0.175 (LT).
Hyperfine interactions with four Li and two Nb shells of surrounding nuclei were

determined by ENDOR study in LN [139]. For isotropic g-tensor, the principal values of
dipole-dipole interaction (3) can be described by:

b(i)dd =
gµBg(i)n µn(

R(i)
)3 (6)

Comparison of measured values of b(i)dd with values calculated by Equation (6) for Li
and Nb substitution has definitely shown that Mn2+ ions occupy Li site [139].

4.3. Trivalent Cations

Most transition metals (including iron, titanium, and chromium) and rare-earth el-
ements enter LN in this valence. If Me3+ substitutes Li+ there are three possibilities to
compensate its 2+ excess charge: vLi, vNb and self-compensation with Me3+

Nb
5+ in the

nearest or distant neighborhood. Every Me3+
Li can be compensated by two vLi; every five

Me3+
Li

+ ions—by two niobium vacancies. The positive antisite defect NbLi can serve as a
charge compensator for Me3+ replacing Nb5+ (but not Me3+

Li
+ or Me3+

v). It is remarkable
that one Nb5+

Li
+ exactly compensates the excess charge of two Me3+

Nb
5+ ions. Since vLi

+

has only one negative charge relative to the ideal lattice, it produces a 4–5 times weaker
perturbation of the crystal field than Nb5+

Li
+ or vNb

5+. Therefore the centers with vLi
+ at

distances of about 6 Å should probably are not distinguishable from axial centers with
non-local charge compensation.

Interstitial Li+ ions should be considered as charge compensators for Me3+
Nb

5+ in
Li-rich, VTE treated, and stoichiometric crystals. The association of Me3+

Nb
5+ with one Li+

ion in the nearest vacancy (partial local charge compensation) leads to an axial center, the
second Li+ in the next vacancies can decrease symmetry to C1, if located off center axis and
near the impurity. Mg2+ or Zn2+ ions substituted for Li+ can be also suitable compensators
for Me3+

Nb.
Distances between the replaced ion and shells of possible location of compensators,

various configurations of Me and charge compensators, as well as the symmetries of the
corresponding complexes are given in References [87,140–142].

Cr3+ (3d3, S = 3/2). In congruent and Li-rich LN samples, the EPR lines of dominant
axial Cr3+ center, characterized with ZFS b0

2 ≈ 0.39 cm−1, are accompanied with small
satellite lines (Figure 13). Initial discussion with plausible but contradictory arguments
about Li+ or Nb5+ substitution [134,143–148] should be ended after PIXE [32] and detailed
ENDOR [140] studies have shown that Cr3+ substitutes for Li+ and slightly shifted from
regular Li site. ENDOR measurements confirmed that Cr3+ substitutes for Li+ also in all
satellite centers. Therefore, the whole family of these Cr3+ centers can be described as
Cr3+

Li with location of charge compensator on C3 axis for axial or off it for low-symmetry
centers.

The ENDOR measurements [140] found that hyperfine interactions with Nb nuclei
of the 2nd and 3rd shells (Figure 5a) are stronger than with Li nuclei (Figure 14, bottom).
However, lines of Nb nuclei on the center axis (1st and 4th shells) were not identified. It
can be caused by unfortunate conditions of their observation, petal distribution of electron
density for the 3d3 ion or absence of Nb ion in one of these sites, i.e., vNb. Two vNb can
serves as the charge compensator for five Cr3+

Li. Although the presence of vNb in undoped
LN looks unlikely, the charge compensation defects in doped crystals (especially, if dopant
concentrations exceed 0.X%) can differ from dominant intrinsic defects in undoped LN or
LT. During the growth process, the required compensators can organize themselves around
impurities or enter from air in order to minimize the creation energy for the impurity center.
This is why structures with vNb were proposed for satellite centers of Cr3+

Li [87].
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Figure 14. The ENDOR spectra of Cr3+

Li (high-field EPR transition) and Cr3+
Nb (central EPR transition) at B||x, T = 5 K.

To facilitate a comparison of the spectra, they were shifted to the 93Nb Larmor frequencies.

On the other hand, vLi are considered as dominant intrinsic defects in LN and LT. An-
gular dependencies of EPR spectra for the dominant (C3) and satellite (C1 symmetry) Cr3+

centers (Figure 15) are pretty similar to observed patterns for Nd3+ (Figure 4). Therefore,
two vacancy models for trivalent impurities (Table 1) and structures on Figures 7 and 8 can
be viable alternatives for Cr3+ family.
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A lack of intrinsic defects in stoichiometric samples leads unavoidably to a change of 
charge compensation mechanism for trivalent impurities, and substitution for Nb5+ be-
comes possible. An axial Cr3+ center with significantly smaller ZFS 𝑏ଶ = 0.0215 cm−1 
(Figure 16a) was found in LNK samples [142]. ENDOR study has shown that hyperfine 
interactions with Li nuclei significantly larger than with Nb nuclei for this center, i.e., the 
nearest surrounding consist of Li nuclei. This means that Cr3+ substitutes for Nb5+ in this 
center. As lines of protons, H+, were found in the ENDOR spectra (Figure14, top), they 
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A lack of intrinsic defects in stoichiometric samples leads unavoidably to a change
of charge compensation mechanism for trivalent impurities, and substitution for Nb5+

becomes possible. An axial Cr3+ center with significantly smaller ZFS b0
2 = 0.0215 cm−1

(Figure 16a) was found in LNK samples [142]. ENDOR study has shown that hyperfine
interactions with Li nuclei significantly larger than with Nb nuclei for this center, i.e., the
nearest surrounding consist of Li nuclei. This means that Cr3+ substitutes for Nb5+ in this
center. As lines of protons, H+, were found in the ENDOR spectra (Figure 14, top), they
compensate the negative charge of Cr3+

Nb
5+ (Figure 16b).

Exchange interaction SAJSB between spins of Cr3+ ions (SA = SB = 3/2) leads to
gaps between states with values of total spin S = SA + SB equal to 0, 1, 2, and 3. The
state with S = 0 is non paramagnetic. For pairs at a close distance the gaps can exceed
energies of microwave quantum (36 GHz ≈ 1.2 cm−1). It was found by magneto-optical
study that for Cr3+

Li–Cr3+
Nb substituted for nearest Li and Nb sites (at the distance about

0.3 nm) the exchange interaction is antiferromagnetic and J ≈ 480 cm−1. As 1 K × kB ≈
0.7 cm−1 the upper states of such pairs with non-zero S are not populated even at room
temperatures, and the pairs are EPR silent. However, the pairs of the next orders with the
isotropic exchange coupling parameter J ≈ 1.5 cm−1 were observed by EPR at relatively
low concentration of chromium in LN (less than 0.1 at.%) [87,134,148–150].
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symmetry: g∥ = 8.7 and g^ = 1.3. The single EPR line had width about 8–10 mT at B||z and 
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satellite centers, if Dy3+ occupies Li position and its charge is compensated by vLi. Two 
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linewidth about 20 mT were registered in LN after γ-irradiation [176]. Both centers were 
attributed to Dy3+Li. A broad line of the third center with gzz(3) ≈ 1.2 appeared only at B 
close to the z-axis. Weak hyperfine lines due to isotopes 161Dy (natural abundance 19%), 
163Dy (2.49%) was observed in single crystal of LN [177]. 
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temperature, ν = 9.445 GHz. (b) Model of Cr3+

Nb center.

PIXE/channeling study [32] revealed that chromium ions occupy both regular cation
sites (60% on Li sites and 40% on Nb sites) in congruent LN doped with 0.1 mol.% of
Cr. This means that the majority of chromium ions enter cLN as non-paramagnetic pair
centers. The EPR observes only a top of iceberg in cLN: dominant Cr3+

Li and small signals
of non-nearest paramagnetic pairs.

ENDOR study of Cr3+ centers in LN heavily doped with Mg and co-doped with
Cr has unambiguously shown that Cr3+ in the dominant center has ZFS b0

2 close to zero
(nearly isotropic case) and substitute for Nb [151–155]. Measured anisotropic hyperfine
interactions of Cr3+ with for four Li shells were close to b(i)dd for Nb site. From comparison
of data obtained by EPR, ENDOR, optical absorption, fluorescence, fluorescence line
narrowing, selective excitation and radiative lifetime measurements [156–162] it has been
concluded that the addition of Mg2+ ions to LN does not create new Cr3+ complexes, but
changes the relative concentrations of the Cr3+

Li and Cr3+
Nb centers.

The measured value of ZFS for dominant Cr3+ in cLT b0
2 ≈ 0.444 cm−1 [144] is very

close to the value for Cr3+
Li in LN. EPR spectra of this center together with signals of

weaker intensities of a second center [163,164] were explained in a supposition that they
originate from Cr3+ ions located at Li+ sites and that two vLi play the role of a divalent
charge compensator for both centers. EPR study of Cr3+ in nsLT and superposition model
analysis [165] are in good agreement with the Cr3+ substitution for Li. The temperature
dependence of b2

0 term showed a non-monotonic behavior in the region of 40 K.
Finally, a lot of studies were devoted to various properties of Cr3+ in LN and LT

crystals of different compositions in order to clarify relations of optical characteristics with
structures of chromium centers [166–175] etc.

Dy3+ (4f9). The observed Zeeman splitting [143] was described with g-tensor of axial
symmetry: g‖ = 8.7 and g⊥ = 1.3. The single EPR line had width about 8–10 mT at B||z
and became broader at B⊥z. Such a behavior can be related to unresolved splitting due to
satellite centers, if Dy3+ occupies Li position and its charge is compensated by vLi. Two
Dy3+ centers with gxx(1) = 2.56(1), gzz(1) = 4.43(1), and gxx(2) = 6.67(1), gzz(2) = 1.23(1) and
linewidth about 20 mT were registered in LN after γ-irradiation [176]. Both centers were
attributed to Dy3+

Li. A broad line of the third center with gzz(3) ≈ 1.2 appeared only at B
close to the z-axis. Weak hyperfine lines due to isotopes 161Dy (natural abundance 19%),
163Dy (2.49%) was observed in single crystal of LN [177].

Er3+ (4f11). Due to fast spin-lattice relaxation, the EPR signals of Er3+ are observable
at low-temperatures only. Earlier studies claimed that Er3+ ions in cLN create an axial
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center with g‖ ≈ 15.1–15.4 and g⊥ ≈ 2.1 [143,178] or gzz ≈ 15.5 and gxx ≈ gyy ≈ 0.8 [179].
A proposed model with lithium vacancies statistically distributed around Er3+

Li [179]
supposed that the center with no vacancies in surrounding, i.e., the center with axial C3
symmetry, should give a dominant (54%) line in the EPR spectra. Note that angular depen-
dences of EPR spectra in xy-plane were not measured in these studies. Later measurements
in all three principal planes [180–183] have shown that there is no line without angular
dependence in the xy-plane, i.e., dominant Er3+ center in cLN has C1 symmetry. This does
not agree with statistically distributed vLi around Er3+

Li [179].
Significant narrowing of EPR lines in LNK (Figure 17a) allowed us to trace two

different Er1
3+ and Er2

3+ centers with extrema at about 15, 45 and 75 degrees in xy plane
(Figure 17b) [184,185]. The divacancy model (Figure 7) gives a possible explanation if a shift
of Er3+

Li from regular Li site is taken into account: RBS, XSW and ion-beam/channeling
studies have determined that Er occupies Li sites, but is shifted from the ferroelectric Li
position by 0.03 [186], 0.046 [187], and 0.02 nm [188]. In this case, distances from ErLi to the
vLi in the 1a and 1b shells (Figures 5a and 7b) are completely different, and these centers
have one charge compensating vLi in the nearest neighborhood (the shell 1a for Er1, and 1b
for Er2), and the second vLi in the next nearest neighborhood (shells 2a, 2b, Figure 7).
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whiskers represent line position and widths.

Magnetic moments µBgS for both Er3+ centers are very large and strongly anisotropic.
At low temperatures their interactions lead to magnetic ordering for Er concentration about
0.5 at.% in sLN [189].

Various models with two vLi were also extensively discussed in papers devoted to
site-selective spectroscopy [190–196] and references there. Note that models with one of
two vLi on z-axis (Figure 8) do not agree with the EPR spectra for dominant lines and
hyperfine satellites on Figure 17a. However, such centers can probably be associated with
weaker lines or may have no EPR lines at all, if they are non-paramagnetic.

EPR spectra detected in cLN heavily doped with Mg or Zn and co-doped with Er were
described with g‖ = 4.3, g⊥ = 7.6 for the Mg-doped samples and g‖ = 4.26, g⊥ = 7.8 for the
Zn-doped ones [197]. The spectra can be attributed to Er3+ located at the Nb5+ site of LN,
as they are compared to additional centers observed for some trivalent transition metal
ions (particularly Cr3+) in LN: Mg or LN:Zn.

Fe3+ (3d5, S = 5/2). EPR studies have shown that the dominant iron center, Fe1 in cLN
has axial symmetry with the ZFS b0

2 about 0.1680 cm−1 [131,133,134,198–208]. Calculations
of optical and EPR characteristics based on the superposition models or generalized crystal
field theory gave a preference for Nb substitution [209], no definite conclusion for Li
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or Nb substitution [210–213] or some preference for Li site [214,215]. Mössbauer [33,34]
and Raman [35] spectroscopy data, Stark effect [216] were interpreted on the base of Fe
substitution for Li. Iron clusters were observed at high Fe concentration [33]. Comparison
of calculated dipole-dipole interactions of Fe3+ electrons with surrounding Li nuclei for
Li and Nb substitution (Equation (6)) with measured ENDOR spectra [38–40] has shown
that Fe3+ is undoubtedly located in Li site in both cLN and cLT (Figure 5a). Independently,
XSW [12,28], EXAFS [21–26], and ion beam/channeling [18,27] confirmed Fe3+ substitution
for Li+. It was concluded also that Fe3+ ions can be shifted from regular Li-site; however, the
obtained values for the shift were very different: 0.006 nm [21] or 0.05 nm from octahedron
center [24], less than 0.012 nm [25], about 0.01 nm [26], 0.018 ± 0.007 nm [28], less than
0.005 nm [39]. Fitting observed ENDOR data in LN crystals grown from Li-rich melt
(xm ≈ 55%) was obtained with the shift 0.009 nm from Li site [217].

Fe3+ center with small ZFS, Fe2 observed in congruent LN doped with Mg [104,218–222],
In [223], and Zn [224] was assigned to Fe3+

Nb.
Comparison of EPR spectra of congruent (Figure 18a, 1), near-stoichiometric grown

from Li enriched melts (Figure 18a, 2) and grown from congruent melt with the addition of
K2O, LNK samples (Figure 18a, 3) showsa:

• Lines of allowed transitions in LNK become symmetric—intensities of left (up) and
right (down) wings become equal.

• Lines of forbidden transitions (see yellow box on Figure 18) disappear in LNK.

In LNK the EPR lines become narrower (up to dozen times at some magnetic field
orientation). The narrowing strongly increases spectral resolution. This allows to register
even trace impurities in undoped (nominally pure) LNK samples (see lines of Fe3+ and
Mn2+ on Figure 18a, 3).
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Figure 18. Normalized spectra of Fe3+ in LN (a) and LT (b), X-band. (a) Congruent (1), grown with xm = 0.545 (2), undoped
sample grown from congruent the melt with 6 wt% of K2O (3), B||z. (b) Congruent (1), vapor transport equilibrium (VTE)
treated sample (2), B||x.

aA brief glance on history of sLN for curios researchers. Looking for better crystals, G.
I. Malovichko asked crystal growers for different samples of LN and LT. Dr. E. P. Kokanyan
(at that time, one of the engineers in the group of Dr. V. T. Gabrielyan) was interested to
grow crystals under various conditions (melt composition xm, growth under applied electric
field, variation of temperature, etc.). He has prepared for her a set of non-stoichiometric
LN samples grown from melts with xm from 43% to 60%. During her PhD research of
LN and LT of different compositions, Malovichko found that EPR lines become narrower
and more symmetric in samples grown with larger xm. Dr. V. G. Grachev has simulated
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EPR spectra with random distributions of non-axial components of ZFS, bq
2 (q 6= 0) for

Cr3+ and Fe3+ and confirmed that line width and asymmetry, as well as intensities of
forbidden transitions are related to intrinsic defects in non-stoichiometric samples [43].
In 1991, on Malovichko’s request Dr. Kokanyan has grown several congruent samples
with 2, 4, and 6% of K2O in the melt (LNK). First EPR measurement has surprisingly
shown narrow symmetrical lines in LNK with traces of Fe3+ (Figure 18a, 3). Based on
the experience of studies of Li-rich samples, it was concluded that the concentration of
intrinsic defects in LNK is smaller than in LN grown from the melt with xm = 60%, and
that K2O may serve as a catalyst in electrochemical reaction of crystal growth [56]. As
abilities of research techniques in Ukraine were limited, Dr. Malovichko asked Prof. O.
F. Schirmer (Osnabrueck University, Germany) for an international collaboration. Prof.
Schirmer was very enthusiastic and has quickly managed to involve many of his colleagues
in the investigation of LNK properties. K. Betzler, B. Faust, B. Gather, F. Jermann, S. Klauer,
U. Schlarb, M. Wesselmann, M. Woehlecke and others participated in the LNK study by
different techniques resulting in publications [57,69,77].

All these features are the result of significant reduction of intrinsic defects in LNK
samples. Estimations of crystal composition xC made by different methods [59,68,77,79]
have shown that xC can exceed 49.8–49.9%, i.e., LNK is really a stoichiometric crystal.

As for other impurities, the lack of intrinsic defects in LNK:Fe has led to the appearance
of centers where impurities substitutes for Nb. Two additional axial Fe3+ centers named
Fe3 and Fe4 were observed in LNK [69]. Their ZFS are b0

2 = 0.0495 and b0
2 = 0.0688 cm−1.

Compared with Fe2, the Fe3 and Fe4 centers were also assigned to Fe3+ in Nb sites with
different charge compensation. The Fe3+ center with b0

2 = 0.0656 cm−1 (that is very close to
b0

2 for Fe4) was observed in VTE treated stoichiometric LN [76]. Therefore, Fe4, Fe3, and Fe2
were attributed to FeNb with different charge compensator ions in nearest structural vacancy
voct: Fe4—non-regular, interstitial Li+v (Figure 19a), Fe3–K+

v, and Fe2–Mg2+
v. Two Li+v

(Figure 19b), or interstitial Mg2+
v or two Mg2+

Li
+ are required for full charge compensation

of Fe3+
Nb

5+. Our measurements of EPR in LN:Mg show angular patterns with extrema
at 15, 45 and 75 degrees in xy plane. It is why we think that models with two differently
located Mg2+

Li
+ (Figure 19c,d) are more suitable for FeNb (similar to models with two vLi

for FeLi). ENDOR measurements could confirm some of these reasonable assignments.
Dominant Fe1

3+ center in cLT has b0
2 = 0.33 cm−1 [38,225] (Figure 18b, 1), and according

to ENDOR data [38] it is definitely Fe3+
Li. Line narrowing in nsLT grown by double crucible

Czochralski method from an Li rich melt composition (about 60 mol.% Li2O) allowed to
determined b2

0 more accurately [226].
The main features of the spectra in sLT obtained by VTE treatment are strong line

narrowing, higher resolution, and a clear presence of the second axial Fe2
3+ center with

b0
2 = 0.205 cm−1 (Figure 18b, 2) [75]. Comparison of calculated angular dependences of

ENDOR frequencies for Li and Nb substitution using Equation (6) with measured ones
(Figure 20) obviously shows that in the case of Fe2 center the Fe3+ ion substitutes for
Nb. Both Fe1 and Fe2 centers in sLT have C3 symmetry. No foreign nuclei in the nearest
neighborhood were detected for Fe1. As sLT still have some residual concentration of vLi,
the charge compensators for Fe1 centers are one vLi on center axis (shells 5a, 5b on Figure 7)
and probably one other distant vLi (any vacancy cannot be directly detected by ENDOR).
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A pair of ENDOR lines for Fe2 (fuchsia line on Figure20b) were attributed to the 
additional Li+v in the nearest voct at the distance about 0.277 nm from Fe3+Nb. It is difficult 
to make a choice between two models on Figure 19a,b as lines of the second Li+i in the 
next or next-next voct are not identified yet. The ratio of concentrations of Fe2 and Fe1 
centers changed from less than 0.2 for Fe concentrations 1.1 × 1019 cm−3 to about 1 for 6.7 × 
1019 cm−3 in the crystals. Therefore, there are three different mechanisms for excessive 
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Figure 20. Angular dependence of ENDOR frequencies of Li nuclei in xy plane for the Fe2
3+ center in LiTaO3. The green,

magenta, blue and lime curves—calculated frequencies for Li nuclei of the 1st, 2nd, 3rd and 4th shells based on dipole-dipole
interaction for Fe3+

Li (a), and Fe3+
Nb (b). Fuchsia lines on (b)—calculated frequencies for the additional Li nucleus in the

nearest voct on the axis of Fe3+
Nb center. ENDOR frequencies represented by rhombs were measured on the EPR line at

B = 1162 mT (ν ≈ 34.5 GHz).

A pair of ENDOR lines for Fe2 (fuchsia line on Figure 20b) were attributed to the
additional Li+v in the nearest voct at the distance about 0.277 nm from Fe3+

Nb. It is difficult
to make a choice between two models on Figure 19a,b as lines of the second Li+i in
the next or next-next voct are not identified yet. The ratio of concentrations of Fe2 and
Fe1 centers changed from less than 0.2 for Fe concentrations 1.1 × 1019 cm−3 to about 1
for 6.7 × 1019 cm−3 in the crystals. Therefore, there are three different mechanisms for
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excessive charge compensation: distant vLi for small concentrations of Fe3+
Li

+, partial
self-compensation of charges of Fe3+

Li
+ by Fe3+

Nb
5+ and partial compensation of Fe3+

Nb
5+

by Li+ in voct for Fe3+ concentrations, which exceed the concentration of vLi.
Gd3+ (4f7, S = 7/2). The EPR spectrum for every Gd3+ center consists of 2S + 1 = 8

strong lines of fine structure and many low intensity lines of so called forbidden transitions
due to nearly equal values of Zeeman splitting and ZFS. Results of the first EPR study [227],
were interpreted as a presence of two axial Gd1 and Gd2 centers with b0

2 = 0.118 and
b0

2 = 0.126 cm−1. From the viewpoint of charge compensation, a preference was given
to Gd3+ substitution for Nb5+. A small rhombic distortion (b2

2 ≈ 0.004) determined for
Gd2 [228] was attributed to an off axis charge compensator, while for Gd1 the charge
compensator may either be absent or must lie on the same threefold axis as Gd3+. However,
no decision on whether Gd3+ substitutes for Li+ or Nb5+ or for both was made. Similar
results with slightly smaller b2

2 ≈ 0.002 were also reported [229].
At least four different Gd3+ centers were identified in our study of Li-rich LN doped

with 1 wt.% Gd2O3 in the melt. As patterns for every EPR transition in xy-plane (Figure 21)
are very similar to presented on Figures 4b and 15, the divacancy model is suitable for
Gd3+ in LN. Gd3+ substitutes for Li+ in all centers. The dominant axial Gd1 center and
low-symmetry Gd2, Gd3, and Gd4 centers have vLi in positions described in Table 1. This
assignment agrees with the Gd substitution for Li found by RBS and PIXE channeling [31].
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Nd3+ (4f3) First EPR spectra have shown that in cLN Nd3+ creates an axial center with
g‖ ≈ 1.43 and g⊥ ≈ 2.95 (Nd1) [143,144,230] and second center with g‖ ≈ 1.33 and g⊥ ≈ 2.95
(Nd2) [143]. EPR/ENDOR studies in sLN [91–93] has established that Nd3+ substitutes
for Li+, and resolved eight different Nd3+ centers. Divacancy models explain angular
dependencies of EPR spectra for the whole family of Nd3+ centers [93], and Section 3.1 of
this paper.

It is supposed that Nd3+ center found in LN:Mg and LN:Zn belong to Nd3+ substituted
for Nb [231].

Ti3+ (3d1, S = 1/2) EPR spectrum of Ti3+ consist of one line with g‖≈1.961 and
g⊥ ≈ 1.840 in LN [232–234], and g‖ = 1.948, and g⊥ = 1.827 in reduced LT [235]. An axial
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EPR signal observed in vacuum annealed LiNbO3 single crystals doped with 8 mol.% Mg
and 0.05 mol.% Ti has g‖ = 1.760 and g⊥ = 1.786 for T = 5 K and g‖ = g⊥ = 1.893 for T = 74 K.
The signal has been attributed to Ti3+ on Nb site [236–240]. The g tensor components of
these centers were explained by a model calculation involving a dynamic pseudo Jahn-
Teller effect. Spin-orbit coupling, lattice vibration, pseudo Jahn-Teller interaction, and the
Zeeman term were treated on equal footing. Electron transfer from the observed Ti3+

Nb
center to lattice niobiums, resulting in Nb4+ trapped polarons, has been stimulated by
illumination in the near UV region.

Yb3+ (4f13) The EPR lines of Yb3+ in congruent LN are very broad (Figure 22a,c) [241].
The axial center Yb1 with g‖ ≈ 4.7–4.86 and g⊥ ≈ 2.7 was observed in cLN with 0.5–1.2 wt.%
Yb2O3 in the melt [144,230,241]. The second Yb2

3+ center with g‖≈1.9 and g⊥ ≈ 2.8 was
found in LN:Mg [241]. By comparison of these observations with EPR data for Cr3+,
Er3+, Fe3+, and Ti3+ in LN and LN:Mg the Yb1 center was tentatively assigned to Yb3+

Li
and Yb2 center to Yb3+

Nb. A variation of lattice parameters found in cLN:Yb supported
Yb3+substitution for Li compensated by Li+ vacancy [242].

Complicated EPR spectra without 60 deg repetitions in xy plane were registered in
cLN doped with 1wt.% Yb, and cLN doubly doped with 0.8 wt.% of Yb and 0.1 wt.% of
Pr [243–247]. Some of the spectra were attributed to Yb3+ pairs with the parameter of
isotropic exchange interaction J = −0.0283 cm−1.

Our study of LNK crystals doped with 0.02 wt.% Yb2O3 has shown that the broad line
observed in cLN belongs in reality to a family of at least 8 different centers (Figure 22b,d)
[92,248,249]. Hyperfine structures from isotopes 171Yb (I = 1/2, natural abundance 14.4%)
and 173 (I = 5/2, 16.6%) that are barely distinguished in cLN, were well resolved in LNK
(see Figures 22 and 23). The dominant Yb1 line that represents even isotopes with I = 0
(evenYb, 69%) was described with g‖ = 4.46, g⊥ = 2.706. Intensities of the Yb3+ lines were
proportional to natural abundances of isotopes and their spins: I(even):I(171):I(173)
= 0.69:0.144/2:0.166/6 = 0.69:0.072:0.028. It was found for Yb1 that 171A‖ = 0.119 cm−1,
and 171A⊥ = 0.0715 cm−1. Branches of angular dependencies of the Yb5 center (fuchsia
lines on Figure 22) were described with spin-Hamiltonian for S = 1 and anisotropic SAJSB

interaction (Jik ≈ 0.012–0.066 cm−1). They were assigned to low-symmetry Yb3+–Yb3+ pairs.
The presence of additional lines of hyperfine structure with similar angular dependence
(indicated by red arrows in Figure 23) supports the assignment, as their intensities are
proportional to probabilities to meet two evenYb, or one evenYb and one 171Yb, or one evenYb
and one 173Yb in such pairs. A self-compensated pair consisted of Me3+

Li and Me3+
Nb

in the nearest sites (Nb shell 1 at a distance 0.3 nm on the crystal axis, Figure 5a) creates
an axial center with rather strong exchange interaction (Jiso > 300 cm−1). Therefore, the
observed low-symmetry pairs were attributed to the Yb3+–Yb3+ ions in next neighbor or
next-next neighbor positions (shells 2 and 3 on Figure 5a).

One of the satellite centers (Yb6) has axial symmetry; all others are low-symmetry
centers. ENDOR measurements has revealed that Yb3+ substitutes for Li: at the first,
comparison of measured angular dependencies with calculated ones on the base of dipole-
dipole interactions (Equation (3)) gave undisputable preference for Li site, and at the
second, the strongest axial hyperfine interaction was found for 93Nb on the z-axis (the
first shell on Figure 5a). The most reasonable explanation for the existence of the whole
family of ytterbium centers is that Yb3+

Li is compensated by one or two vLi in different
configurations.
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4.4. Tetra-, Penta- and Heptavalent Cations

The non-paramagnetic tetravalent impurities (C and Si) are always present in LN in
rather high concentrations (about 50–500 ppm). Since determined concentrations of chlorine
Cl (50–500 ppm) and manganese Mg (1–100 ppm) have the same order of magnitudes,
no other charge compensators are necessary if C or Si substitutes for Nb creating C4+

Nb –
Cl−O

2− or C4+
Nb – Mg2+

Li. The additional possibilities for the charge compensation supply
H+ and Li+v ions. It is supposed that Ti4+ substitutes for Nb5+; however, at present a
mechanism of its charge compensation is not well established.

Due to the lithium deficiency of congruent lithium niobate crystals, vLi have been
considered as possible charge compensators for Nb5+

Li
+ or Ta5+

Li
+ antisites for a long time.

Models with plane and space configurations of vLi for non-stoichiometric defects were
proposed [96,97] and used for calculations of stability of intrinsic defects and defect clusters
in LN [250–253] and LN:Mg [254]. The antisites become paramagnetic ions Nb4+

Li
+ or

Ta4+
Li

+ after irradiation (see Section 4.5 below).
The Ta5+ substitution for Nb5+ in LN causes minor lattice distortions only. The

heptavalent ions (Mo, W) probably substitute for Nb5+ having lithium vacancies as charge
compensators.

U5+ (5f1). EPR spectra of U5+ were studied in LiNbO3 powders doped with natural
U3O8 and 233U3O8. A hyperfine sextet of EPR line for 233U (I = 5/2) was described with
A‖ = 0.0145 and A⊥ = 0.0128 cm−1. g‖ = 0.71, g⊥ = 0.724 were determined for the line of
natural U5+ (even isotopes with I = 0 have total natural abundance about 99%). It was
observed that U5+ takes part in photoinduced valence change which is the basic mechanism
for photorefraction.

4.5. Radiation and Reduction Defects

A radiation usually recharges of regular lattice, interstitial and impurity ions or
produces interstitial ions. Two kinds of recharged defects were observed in LN: electron
traps like Nb4+ and hole traps like O− ions [236,255,256].

Nb4+ (4d1). Hyperfine interaction of the unpaired 4d1 electron with the 93Nb nuclear
spin I = 9/2 splits its EPR line into ten components. The ten-line EPR spectrum (g‖ = 1.90
and g⊥ = 1.72) has been described for congruent LiNbO3 after ionizing radiation [257]. Later
this spectrum has been reproduced in vacuum-reduced and UV bleached crystals [258–261]
(Figure 24, 1) and ascribed to antisite Nb [255]). It is remarkable that at least part of the
Nb4+ centers has C1 symmetry [262], although the main possible positions for Nb (regular
Nb and Li site, voct) have C3 symmetry. It means that compensating defects for Nb4+, most
probably lithium vacancies, are located in the nearest neighborhood (Figure 25a,b).

Similar spectra were observed in LiNbO3 doped with 6 mol.% Mg (Figure 24, 2) after
X-irradiation or vacuum reduction treatments and were related to Nb4+ centers on niobium
sites [104,113,114], obviously with nearby defects. The Nb4+ center in LiNbO3 doped
with 10 mol.% Mg belongs to Nb in regular position, but with Mg2+

Li in neighborhood
(Figure 24, 3) [238,263]. The neighboring Mg2+ ion redistributes a cloud of Nb4+ electrons
and changes the hyperfine splitting.
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Tb4+ (4f7). EPR study at 15 K revealed a signal of g ≈ 2.0 appearing after UV irradia-
tion with a simultaneous decrease in the Fe3+ signal intensity in near-stoichiometric 
LiNbO3:Tb and LiNbO3:Tb:Fe [265]. This implies that the Fe3+ ions act as electron traps. 
Irradiation by UV light induced an absorption band extending from λ ≈ 650 nm to the 

Figure 24. (a) EPR spectra of Nb4+ centers in cLN (1) and cLN doped with 6 mol.% Mg (2) and 10 mol.% Mg (3), X band.
(b) Model for axial Nb4+

Nb – Mg2+
Li center.

Ta4+ (5d1). The isotope 181Ta has I = 7/2 and 100% natural abundance. The eight-line
axial EPR spectrum with g‖ = 1.503 and g⊥ = 1.172, A‖ = 0.0023, and A⊥ = 0.0234 cm−1 has
been observed in LiTaO3 after reduction in argon and attributed to axial Ta4+

Li [257]. Other
ways to obtain Ta4+ are an irradiation of as-grown crystals with X-rays or optical bleaching
of crystals that had been previously reduced [264]. A possible model for axial Ta4+ center
is similar to the presented on Figure 25a.
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Figure 25. Models for Nb4+
Li (large green ball) centers with three vLi in LN. Hatched circles represent lithium vacancies.

(a) Axial center. (b) Low-symmetry center. (c) The center with O− near Mg2+ substituted for Nb5+.

Tb4+ (4f7). EPR study at 15 K revealed a signal of g≈ 2.0 appearing after UV irradiation
with a simultaneous decrease in the Fe3+ signal intensity in near-stoichiometric LiNbO3:Tb
and LiNbO3:Tb:Fe [265]. This implies that the Fe3+ ions act as electron traps. Irradiation by
UV light induced an absorption band extending from λ ≈ 650 nm to the absorption edge
caused by the charge transfer from UV-sensitive absorption centers to Fe3+ ions via the
conduction band.
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Other electron and hole traps. A trapped-hole center with S = 1/2 was produced in
LiNbO3 by ionizing radiation [266]. Its ESR spectrum contains at least 26 equally spaced
lines with 1.54 mT separation at B||z. This hyperfine pattern was explained as one “hole”
interacting equally with three 93Nb nuclei (I = 9/2 and 100% abundant). The hole is equally
shared by three equivalent oxygen ions adjacent to a cation vacancy. A center with 25 lines
of hyperfine interaction with two 7Li and two 93Nb nuclei was ascribed to O− in regular
O2− site with unclear stabilizing factor for the hole trap [236].

An OH2− ion was identified in undoped and weakly doped with Mg LN samples
after γ-irradiation and subsequent partial UV bleaching [109]. Specific hyperfine structure
with 93Nb was observed for a hole trap in LN doped with 6–8 mol.% Mg. The center was
attributed to O− near Mg2+ ion substituted for Nb5+ (Figure 25c) [263].

5. Impurity Identification

At an investigation of a sample grown from a melt with an addition of a paramagnetic
spice in concentration 0.00X–0.X at.%, which warrants that EPR signal significantly exceeds
noise, it would be reasonable to expect EPR signal from this spice. Often, studied samples
(especially, commercial ones) contain so-called non-controlled or trace impurities like Cr,
Mn, Fe, Cu etc. in a slightly smaller or comparable concentration. Fortunately, most
paramagnetic impurities are already investigated by EPR/ENDOR techniques and their
characteristics—electron and nuclear spins, zero-field splitting, hyperfine and quadrupole
interactions, kinds of charge compensators and their locations, i.e., “passports” of the
impurities—are known. Comparison of published and observed spectra (see, for instance,
figures with EPR spectra and their angular dependencies above) allows to identify the
impurities in films, epitaxial layers, and fibers, or to evaluate profile of impurity distribu-
tion in bulk samples. Spectra of LN/LT powders and ceramics can be simulated using
determined spin-Hamiltonian parameters.

6. Conclusions

Very detailed information about structures of impurity defects (charge state, point
symmetry, hyperfine interactions with neighbor nuclei, charge compensation mechanisms
etc.) was obtained with the help of EPR and ENDOR.

The necessity of a charge compensation for non-isovalent substitution usually leads to
the creation of families of electrically and magnetically non-equivalent impurity centers.
The families of satellite centers exist due to the different relative locations of the impurity
ion and its charge compensator. Two or more different centers were observed for Co2+, Cr3+,
Cu2+, Er3+, Fe3+, Gd3+, Mn2+, Nd3+, Yb3+, and other ions. Since the relative concentrations
of satellite centers are comparable with the concentration of the main center, both kinds of
centers generally are equally responsible for many of the properties of LN/LT crystals, and
they should both be taken into consideration, especially in non-stoichiometric crystals.

Several different mechanisms for a compensation of excessive charge of Me impurity
were found:

• the compensation by nonstoichiometric defects (vLi, vNb) for small concentrations of
MeLi in crystals,

• the partial self-compensation of charges of MeLi by MeNb mainly for the MeLi concen-
tration that exceeds the concentration of vLi,

• the partial compensation of MeNb by interstitial Li+ in voct,
• the compensation by other impurities (H, co-dopants like Mg, Zn, etc.).

The presence of non-stoichiometric defects is one of the reasons why LN tolerates a
strong incorporation of dopants non-isovalent to Li+ and Nb5+. As long as the impurity
concentration [Me] is smaller than δxC = |50% − xC|, the number of intrinsic defects is
large enough to compensate the corresponding charge excess. However, for stoichiometric
or nearly stoichiometric samples with high impurity concentrations (when [Me] > δxC) and
with the lack of charge compensators a decrease of the distribution coefficient of impurities
is observed in comparison with congruent material. A further increase of the [Me]/δxC
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ratio up to [Me] >> δxC can result in a change of the charge compensation mechanism. This
can reveal itself in the appearance of new impurity centers.

The charge compensation by vLi works well for most of the non-isovalent ions. Va-
cancies in the nearest neighborhood of MeLi decrease symmetry of centers from C3 to
C1, whereas distant vacancies cause spectral line broadening. For Me3+

Nb/Ta in stoichio-
metric LN/LT the charge compensation by interstitial H+ and Li+v ions was found. The
interstitial Li+v should be considered as a concurrent charge compensation mechanism
in VTE treated samples. The compensation of MeNb by MgLi, ZnLi and other impurities
occurs when the co-dopant concentration exceeds some threshold that depends on δxC.
Typically, the threshold is about 6–8% for congruent samples, but it is lower than 1% for
nearly stoichiometric samples.

The use of stoichiometric or nearly stoichiometric crystals with δxC ≈ 0 presents many
advantages for the investigation of impurity centers by spectroscopic techniques. The
decreased concentration of intrinsic defects causes a tremendous narrowing of the spectral
lines. This is accompanied with the increase of spectral resolution and sensitivity, facilitates
the analysis of the spectra, and simplifies the interpretation of the data. However, together
with the disappearance of intrinsic defects the satellite centers disappear also. For a detailed
investigation of such additional centers, the crystals with high xC ≈ 49.5–49.85% are more
suitable than others: they have more narrow spectral lines than congruent samples, but the
satellite centers are still present. Further study of nearly stoichiometric and stoichiometric
LN and LT samples should help to eliminate some disagreements in published data and to
clarify intimate details of structures of impurity defects in materials, which are important
for both physics and applications.

Derived structures and obtained by EPR/ENDOR characteristics of Zeeman and zero-
field splitting, quadrupole and hyperfine interactions of impurity electrons with own and
surrounding nuclei can be reliable corner stones for modelling of the structures.
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Abstract: X-ray and neutron diffraction studies succeeded in the 1960s to determine the principal
structural properties of congruent lithium niobate. However, the nature of the intrinsic defects related
to the non-stoichiometry of this material remained an object of controversial discussion. In addition,
the incorporation mechanism for dopants in the crystal lattice, showing a solubility range from
about 0.1 mol% for rare earths to 9 mol% for some elements (e.g., Ti and Mg), stayed unresolved.
Various different models for the formation of these defect structures were developed and required
experimental verification. In this paper, we review the outstanding role of nuclear physics based
methods in the process of unveiling the kind of intrinsic defects formed in congruent lithium niobate
and the rules governing the incorporation of dopants. Complementary results in the isostructural
compound lithium tantalate are reviewed for the case of the ferroelectric-paraelectric phase transition.
We focus especially on the use of ion beam analysis under channeling conditions for the direct
determination of dopant lattice sites and intrinsic defects and on Perturbed Angular Correlation
measurements probing the local environment of dopants in the host lattice yielding independent and
complementary information.

Keywords: lithium niobate; intrinsic defects; extrinsic defects; lattice location; radiation damage; ion
beam analysis; hyperfine interactions

1. Introduction

Present opto-electronic and future quantum-process based communication technolo-
gies rely strongly on optical materials with their inherent or artificially modified properties.
Lithium niobate (LiNbO3, henceforth abbreviated LN) is one of the materials that has
drawn most attention in this process. Its excellent linear and non-linear optical properties,
facility to form waveguide using a variety of methods, ability to incorporate optically active
dopants and the applications based on periodically poled crystals make it a favorite target
for basic and applied research [1–4].

In order to achieve the modification of its properties with a certain goal in mind, the
basic properties of LN have to be understood. Among them, the intrinsic defect structure of
the congruent lithium-deficient crystals in comparison to stoichiometric ones, phenomena
related with the phase ferroelectric-paraelectric phase transition, incorporation of dopants
and their interaction with the lattice and lattice damage production and removal are topics
for fundamental research fostering future application directed research.

Methods based on nuclear techniques played and will play an important role in
materials research. Their application can clarify or—in combination with other methods—
assist to clarify the topics mentioned in the preceding paragraph. While ion beam analysis
methods are ideal for research on composition as well as lattice defect concentration and
distribution, hyperfine interaction methods can yield complementary information on local
environments in the lattice and dopant charge states. As will be demonstrated in the course
of this review the combination of several of these techniques can unveil the nature of
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defects in LN. For illustration, Figure 1 shows a “periodic table of elements” for which
nuclear techniques have been applied in the case of LN.
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2. Short Overview on Nuclear Methods for Materials Research

The nuclear techniques addressed in this review are characterized shortly indicating
some peculiarities with regard to their application in research on LN. References to gen-
eral introductory books and reviews for further in depth study are supplied for each of
the methods.

2.1. Ion Beam Analysis

Ion beam analysis is a group of nuclear methods that are based on the interaction
of energetic ion beams (typically few keV to tens of MeV) with materials [5–8]. Its main
applications are:

• Composition determination in bulk materials, surface layers and multilayer systems.
Some of the methods attain a depth resolution down to sub-monolayer range;

• Detection and quantitation of lattice damage in monocrystalline materials with high
depth resolution up to a few µm from the surface;

• Characterization of intrinsic and extrinsic defects in terms of lattice site location and
defect type.

The basic ion beam analysis methods applied in LN are Rutherford Backscattering
Spectrometry (RBS) and Resonant Elastic Scattering (RES) [9], Nuclear Reaction Analysis
(NRA) [10], Particle Induced X-ray Emission (PIXE) [11], Channeling (C) [12,13], Secondary
Ion Mass Spectroscopy (SIMS) [14], Elastic Recoil Detection (ERD) and Heavy Ion Elastic
Recoil Detection (HIERD) [15,16].

RBS relies on elastic backscattering of the incoming ions by the target atoms. Its origins
can be traced back to the 1909 experiments performed by Geiger and Marsden [17] which
led to the first modern model of the atom. The energy spectra of backscattered light ions
(protons, He+ and He++) in the MeV range provide information on the composition of the
material and its depth dependence up to several µm into the bulk. Since the backscattering
yield is proportional to the square of the target atomic number, this method works best
for targets composed of heavy elements. Therefore, lighter elements in heavy matrices are
often difficult or only indirectly determinable while the method excels in the detection of
small quantities of heavy elements in light targets. Further, the difference in the maximum
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backscattering energy decreases rapidly with increasing target atom mass making it dif-
ficult to discern elements that are neighbors in the periodic table. In order to overcome
the restrictions for light elements, resonant elastic scattering, i.e., deviations from the
Rutherford cross section, are employed to improve the sensitivity for their detection. This
technique is known as Resonant Elastics Scattering or Elastic Backscattering Spectrometry
(EBS). Analysis of RBS and RES spectra is done with dedicated software, e.g., RUMP [18]
and NDF [19]. As an example, Figure 2 shows a backscattering spectrum for congruent LN
irradiated with 3.1 MeV He+ demonstrating Nb-RBS and O-RES while Li remains invisible.
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Figure 2. Backscattering spectrum (3.25 MeV He+) for congruent LN with Rutherford Backscattering
for niobium and Resonant Elastic Backscattering for oxygen using the 16O(α,α)16O resonance (about
30 times higher than Rutherford scattering) at 3.045 MeV.

Another possibility for the detection and quantification of light elements in heavy
matrices is to look for the light charged nuclei produced by ion beam induced reactions
in the target material, within the so called NRA technique. Long measuring times are
frequently necessary, since the reaction cross sections are typically much smaller than for
backscattering. The analysis of the spectra is analogous to that of RBS and EBS. As an exam-
ple, Figure 3 depicts a spectrum for LN irradiated with 1.75 MeV protons. Contributions of
backscattering by the target and by the alpha particles produced in the 7Li(p,α)4He reaction
are clearly distinguishable due to the high Q-value (17.35 MeV) of the reaction employed.
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Figure 3. Backscattering spectrum for 1.75 MeV protons on LN and the spectrum of the alpha
particles produced in the 7Li(p,α)4He reaction.

The PIXE technique relies on the production of characteristic X-rays (mainly K- and
L-lines) by interaction of the incoming ion (in most cases protons, for special purposes He+)
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with inner shell electrons of the target atoms. It is most useful for the detection of medium
and heavy elements in compound materials. The quantitative analysis of the elemental
concentrations is significantly more complicated than in the previous cases since the
technique integrates over the whole ion path in the material. This lack of depth resolution
can be partially overcome by measuring the sample at different angles of incidence. Figure 4
shows an example of an X-ray energy spectrum for LN irradiated with 3.1 MeV He+ ions.
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Figure 4. Characteristic X-ray spectrum induced by irradiation of LN by 3.1 MeV He+ ions.

Ions incident along major crystallographic directions (axes or planes) of monocrys-
talline materials show the channeling effect. Along a crystallographic axis or plane, the
atoms of the crystal atoms appear perfectly aligned in strings or plates, respectively. These
form, due to their repellent Coulomb potential, a “channel” in which the ions are guided
and the ion fluence is concentrated in the center of the channel. Due to this guiding effect
the probability for close encounters with lattice atoms are reduced diminishing the yield
for ion scattering, nuclear reactions and X-ray emission.

In a typical channeling experiment the yield of backscattered ions, nuclear reactions
products or characteristic X-rays is measured tilting the crystal stepwise from a major
crystallographic direction to one of random ion beam incidence (in which the atomic
arrangement appears disordered). These “scans” are essentially characterized by two
parameters, depicted in Figure 5:

• The minimum yield, χmin, i.e., the ratio of the reaction yield at perfect alignment with
a crystallographic direction to that at random incidence. The lower χmin the better is
the crystalline quality of the sample.

• The half-width of the scan, ψ1/2, that is larger the less defective the material is.
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Possible applications of the channeling effect are [20]:
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• Determination of intrinsic lattice defect concentration (typically, genuine defects of the
material or radiation induced defects) with high depth resolution. For the analysis,
spectra are taken for the undamaged and the damaged sample aligned with a major
crystallographic axis and for a random ion incidence angle. From their comparison a
depth-resolved defect profile can be derived using appropriate calculation methods or
programs, e.g., DICADA [21];

• Determination of intrinsic lattice defect type. Spectra are recorded in the same manner
as in the item above but for different ion energies yielding a dependence of the
minimum yield difference on Eκ, where E is the ion energy. Determining the constant
κ allows to distinguish e.g., between point defects, dislocations, inclusions, etc.

• Lattice location of dopants in the crystal. While an angular scan for a dopant located
on a regular lattice site of the crystal will follow that one of the host atoms, foreign
atoms on interstitial sites will show scans with distinctly different shapes, depending
on their relative position in the channel (e.g., a peak instead of a dip if located in the
center). Measurements for different crystallographic directions allow to determine the
lattice site by triangulation.

The channeling method was initially developed for the study of simple mono- or
bi-elemental cubic crystals. Therefore, an extension to materials as complex as LN was not
straightforward and it was only attempted in the 1980s. In contrast to simple materials,
in most axial directions of LN the channels are highly asymmetric or split in several
subchannels. In all cases they are dominated by the heaviest constituent (Nb). Figure 6
shows the projections of five important axial and a planar directions in LN indicating the
regular and some interstitial lattice sites together with the respective calculated continuum
potentials governing the channels.

The evaluation of the effect of a dopant on a non-Nb site—regular or interstitial—by
simple reasoning can lead to serious errors. Therefore, the use of simulation software
is mandatory for the lattice site determination of intrinsic and extrinsic defects in LN.
Results presented and discussed in this review are based on two channeling simulation
programs. FLUX [22,23] is a long-known code for RBS/C and NRA/C in cubic crystals
that has been adapted to the trigonal LN lattice. CASSIS [24–27] is a multi-purpose code,
i.e., it is applicable for all Bravais lattices and can also deal realistically with PIXE/C and
high dopant concentrations. Figure 7 shows results of CASSIS for two-dimensional RBS/C
calculations for the y-axis.

The SIMS method uses low energy heavy ions (mostly Ar+) to remove and ionize
surface atoms by sputtering and analyzes these secondary ions using a mass spectrometer.
This allows determining the composition of materials with very good depth resolution. The
sensitivity of the method—ranging from ppm to ppb depending on the material—is its main
advantage. However, this method is destructive, in contrast to those mentioned above.

ERD uses typically He-ions with MeV energies to remove hydrogen from a sample
surface. An absorber foil in front of the detection stops the backscattered He-ions and
allows pass only the protons for analysis. In contrast, HIERD uses heavy ions with specific
energy of several MeV/amu in order to sputter even heavy atoms from the surface. Various
methods exist for the detection and analysis of the secondary ions emitted.

For better readability, technical details on the ion beam analysis such as ion species,
charge state, current, detector geometry, installation used and provenience of samples are
mostly omitted in this review. However, the information can always be recovered from the
cited works.

115



Crystals 2021, 11, 501Crystals 2021, 11, x FOR PEER REVIEW 6 of 57 
 

 

 

 
Figure 6. Channel projections with regular and some interstitial sites for important crystallographic 
directions and the corresponding calculated continuum potentials. The two-dimensional potentials 
for axial directions are plotted in logarithmic scale; the channeling occurs in the blue regions. The 
projection of the (0001)-plane and the corresponding one-dimensional continuum potential can be 
seen on the right side down. 

The evaluation of the effect of a dopant on a non-Nb site—regular or interstitial—by 
simple reasoning can lead to serious errors. Therefore, the use of simulation software is 
mandatory for the lattice site determination of intrinsic and extrinsic defects in LN. Results 
presented and discussed in this review are based on two channeling simulation programs. 
FLUX [22,23] is a long-known code for RBS/C and NRA/C in cubic crystals that has been 
adapted to the trigonal LN lattice. CASSIS [24–27] is a multi-purpose code, i.e., it is 
applicable for all Bravais lattices and can also deal realistically with PIXE/C and high 

Figure 6. Channel projections with regular and some interstitial sites for important crystallographic
directions and the corresponding calculated continuum potentials. The two-dimensional potentials
for axial directions are plotted in logarithmic scale; the channeling occurs in the blue regions. The
projection of the (0001)-plane and the corresponding one-dimensional continuum potential can be
seen on the right side down.

116



Crystals 2021, 11, 501

Crystals 2021, 11, x FOR PEER REVIEW 7 of 57 
 

 

dopant concentrations. Figure 7 shows results of CASSIS for two-dimensional RBS/C 
calculations for the y-axis. 

 
Figure 7. RBS/C calculations with CASSIS. Upper row: Two-dimensional scans for the 〈011ത0〉-axis, ψ1 corresponds to a 
rotation around the c-axis and ψ2 around the a-axis of LN. The calculated yields for Li, Nb and O are shown. Li and O 
exhibit a yield enhancement for the (0001)- or the (112ത0)-plane respectively. Lower row: One-dimensional scans through 〈011ത0〉 close to (112ത0), in which Li shows the typical asymmetric yield curve, and through the (0001)-plane, in which Li 
acts similar to a host atom located in the center of the planar channel. 

The SIMS method uses low energy heavy ions (mostly Ar+) to remove and ionize 
surface atoms by sputtering and analyzes these secondary ions using a mass spectrometer. 
This allows determining the composition of materials with very good depth resolution. 
The sensitivity of the method—ranging from ppm to ppb depending on the material—is 
its main advantage. However, this method is destructive, in contrast to those mentioned 
above. 

ERD uses typically He-ions with MeV energies to remove hydrogen from a sample 
surface. An absorber foil in front of the detection stops the backscattered He-ions and 
allows pass only the protons for analysis. In contrast, HIERD uses heavy ions with specific 
energy of several MeV/amu in order to sputter even heavy atoms from the surface. 
Various methods exist for the detection and analysis of the secondary ions emitted. 

For better readability, technical details on the ion beam analysis such as ion species, 
charge state, current, detector geometry, installation used and provenience of samples are 
mostly omitted in this review. However, the information can always be recovered from 
the cited works. 

Figure 7. RBS/C calculations with CASSIS. Upper row: Two-dimensional scans for the 〈0110〉-axis, ψ1 corresponds to a
rotation around the c-axis and ψ2 around the a-axis of LN. The calculated yields for Li, Nb and O are shown. Li and O
exhibit a yield enhancement for the (0001)- or the (1120)-plane respectively. Lower row: One-dimensional scans through
〈0110〉 close to (1120), in which Li shows the typical asymmetric yield curve, and through the (0001)-plane, in which Li acts
similar to a host atom located in the center of the planar channel.

2.2. Hyperfine Interaction Methods

Hyperfine interaction methods such as Perturbed Angular Correlations (PAC), Möss-
bauer Effect (ME), Nuclear Magnetic Resonance (NMR) and Nuclear Quadrupole Reso-
nance (NQR) are based on the interaction of a nucleus with an electric (or magnetic) field
produced in a solid by the electrons and other nuclei near the nucleus. In several cases,
techniques from the ion beam analysis and hyperfine interaction groups are used to study
the same samples, obtaining complementary information and enlarging significantly the
range of sensitivity for characterization of defects [28].

The PAC probe is an unstable nucleus decaying through a γ-γ cascade that has
an intermediate state with suitable half-life and nuclear quadrupole moment (or dipole
moment, in case one is interested in magnetic interactions). Conversion electrons from
one of the transitions of the γ-γ cascade can also be used [29]. In the case of Hf-doped
LN, the PAC probe is usually produced by the neutron capture reaction 180Hf(n,γ)181Hf
on natural Hf introduced in the samples during growth as HfO2. A typical activity of
≈15 µCi is obtained after reactor irradiation. Although thermal neutrons are the most
important in the reactor irradiation, the LN crystal is also irradiated with fast neutrons,
at a fluence 1–2 orders of magnitude smaller than the thermal flux [30] and these higher
energy neutrons produce defects distinct from the ones produced by the thermal neutrons.
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Annealing in air at 700 ◦C is enough to restore the lattice completely [31]. The 111In probe
was implanted to a typical fluence of ≈1013 cm−2 from which more than 90% were due
to an unavoidable stable Cd contamination, resulting in a typical activity of 50 µCi. The
crystals were annealed at temperatures in the 700–900 ◦C range under flowing wet oxygen
to remove the defects introduced by ion implantation. PAC measurements were made
using standard spectrometers with four BaF2 detectors in a plane at 90◦ intervals for γ-γ
PAC or two BaF2 detectors with two magnetic lenses in a plane at 90◦ intervals for e--γ
PAC [29].

Equation (1) is used to calculate the time differential anisotropy R(t) from the co-
incidence spectra N(θ,t), where θ is the angle between detectors and t is the time delay
between events.

R(t) = 2
N(180o, t)− N(90o, t)
N(180o, t) + 2N(90o, t)

≈ A22G22(t). (1)

G22(t) is the perturbation function which describes the modulation of the angular
correlation and A22 is a parameter which depends on the nature of the radiations of the
cascade [32]. For a cascade having an intermediate state with spin I = 5/2, such as the
ones from the decay of 111In and 181Hf, three frequencies ωn = Cn(η)νQ are observed,
corresponding to:

G22(t) =
3

∑
n=0

S2n cos
(
Cn(η)νQt

)
e−δCn(η)νQt, (2)

The quadrupole interaction frequency (QIF), νQ = eQVzz/h, and the asymmetry param-
eter η = (Vxx − Vyy)/Vzz, which can be deduced from the frequency factors Cn(η), contain
information about the magnitude of the principal component Vzz and the asymmetry of
the EFG, respectively. The exponential factor allows for a Lorentzian distribution of EFGs
around a mean value. Such a distribution can be caused, e.g., by different lattice defects in
the vicinity of the probe atoms. The S2n coefficients, which give the amplitudes for each
frequency, can be calculated for polycrystalline as well as single crystalline samples. If
fractions fi of the total number of radioactive probes are in different but unique sites experi-
encing different EFGs the observed spectra is described by a sum over several perturbation
functions, fiGi

22(t), with the sum of the fi normalized to unity.
Figure 8 shows the PAC coincidence count rates N(θ,t) obtained with detectors at an-

gles of θ = 90◦ and θ = 180◦ and the corresponding spectrum obtained in near-stoichiometric
LN (doped with 4.6 wt % K2O) implanted with 111In. The coincidence count rates N(θ,t)
show the half-life of the intermediate state of the γ-γ cascade from the decay of 111In
(T1/2 = 80 ns) with the perturbation resulting from the interaction of the quadrupole mo-
ment of the intermediate state of the cascade and the EFG produced by the surrounding
electric charges. The anisotropy ratio R(t) (usually designated “PAC spectrum”) calculated
according to eq. 1 extracts the perturbation, exploiting the difference between minima and
maxima in the experimental count rates at 90◦ and 180◦.

Details on the other hyperfine interaction techniques can be found, e.g., in refer-
ences [8,32]. In general one can extract information on the principal component Vzz and
on the asymmetry of the EFG, although the observable frequencies are dependent on the
particular nuclear method and on the nuclear properties of the probe nucleus. One must
emphasize that the knowledge of the EFG is not yet enough for a direct assignment of the
probe to a given lattice site. Although much progress has been made in the calculation
of EFG [33] this is still time-consuming and far from generalized. Nevertheless, one can
compare EFG values obtained with different probes in LN [34].
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3. Investigation of Intrinsic Defects
3.1. Congruent Versus Stoichiometric Lithium Niobate

Already in the first growth studies it was noted that LN does not melt congruently
with the first phase diagram published by Reisman and Holtzberg [35] in 1958. This non-
stoichiometry implies and intrinsic defect structure and influences strongly many material
properties which triggered intense research activities on the nature of the defects and the
production of stoichiometric material.

Initial NMR measurements with 7Li and 93Nb in LN and lithium tantalate (LiTaO3,
henceforth abbreviated LT) were reported in the late 1960s [36–39]. Measurements were
performed with the then available magnetic fields below 1 T [40]. These measurements
were characterized by wide resonance lines, whose width could be empirically related to
the material’s departure from stoichiometry. Measurements with NQR [41,42] and ME [43]
have also shown broader than expected interaction lines in LN. Later, Peterson et al. [44]
found a second 93Nb NMR signal in congruent LN crystals, with a near zero QIF and
an intensity of approximately 6% of the total Nb signal that was assigned to Nb in Li
sites (5.9%) thus providing a strong support to the Nb vacancy model, even if the authors
assumed later that the interpretation of their NMR spectra was not so straightforward [45].
More recent measurements by Blümel et al. [40] using a higher magnetic field of ≈7 T did
not confirm a second 93Nb signal with such high intensity, thus favoring instead the Li
vacancy model. A series of experimental studies complemented with simulations assuming
O-, Li- or Nb-vacancies (but unfortunately omitting models based on ilmenite stacking
faults) was published by Yatsenko et al. [46–48], favoring the formation of Li-vacancies in
the vicinity of Nb located on regular Li sites.

Rebouta et al. [49] reported RBS/C and 181Hf PAC measurements in LN doped with
1 mol% HfO2 in the melt. The RBS/C measurements unambiguously determined that
Hf replaced Li, but the obtained PAC spectra could only be fitted considering two QIF
around 1200 MHz. Two frequencies of the same magnitude were also observed in 181Hf
PAC measurements done in polycrystalline LN samples [50]. These QIF were later de-
tailed as νQ1 = 1154(12) MHz and νQ2 = 1213(12) MHz, with asymmetry parameters in the
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0.2–0.3 range, from new measurements in single-crystals [34]. NMR studies [51,52] confirm
an asymmetry parameter of 0.2 for congruent material. The observed frequency doublet
was unexpected, as Hf was found only replacing Li and a single QIF should suffice. Signifi-
cant progress was made when higher precision PAC measurements were performed using
the 111In probe, also replacing Li in congruent LN crystals [53]. Again, the new spectra
could not be described by a single frequency even if considering an asymmetric EFG or a
broad frequency distribution, both already indicative of crystal imperfections [54]. The fre-
quency doublet now found was νQ1 = 192(2) MHz and νQ2 = 205(2) MHz, with asymmetry
parameters in the 0.1–0.2 range. Since the frequencies were again very close, the simplest
explanation is that the probes were in slightly different Li sites, one of them possibly linked
to a defect located in the Li–Octahedron. Since the fraction of PAC probe atoms located
at this additional site is significant (about one third) it should be energetically favorable
for the inclusion of atoms causing a charge excess relative to Li. It is therefore unlikely
that this defect is identical to a Li-position distorted by a nearby excess Nb atom, since the
occupation of such a site by a dopant with a higher charge state than Li would increase
further the local charge imbalance. A far more reasonable assumption is to identify this
defect with a site, shifted form the regular lithium site that actually incorporates the excess
Nb (or dopants) in congruent material. The broadening of quadrupole interaction lines
seen by other techniques is also compatible with the existence of two nearby frequencies
that cannot be resolved.

Growth procedures developed in the 1990s [55–58] made available high-quality crys-
tals with stoichiometric composition, allowing a direct comparison of the two compositions.

The possible impacts of the Li- and the Nb-vacancy models on axial and planar
channeling can be easily estimated qualitatively from the channel projections presented
above. Eventually existing vacancies on regular Nb-sites should have only small effects on
the Nb-channeling since even in the case of 5.9 mol% vacancies the steering effect is hardly
diminished. On the other hand, anti-site Nb-atoms located on regular Li-sites should lower
the minimum yields for Li-NRA measurements for congruent material in axial directions
clearly since the channeling effect on the Li-rows is enhanced by the Nb. For a 1.2% fraction
the average atomic number of the row increases from 3 (stoichiometric) to 3.5 (Nb-vacancy
model). For planar channeling in the (0001)-direction Li-NRA-scans should show clear
peaks in the aligned direction; but for the congruent case, it should be lower and narrower
than for the stoichiometric.

Measurements with congruent and near-stoichiometric LN, grown with 4.6 wt %
K2O in the melt ([Li]/[Nb] = 0.979 [59]), reported by Kling et al. [60,61] showed contrary
effects. NRA/C using the 7Li(p,α)4He nuclear reaction and RBS/C scans were performed
simultaneously in order to study differences in Li- and Nb-sublattice between the two
crystals. Several crystallographic axes and planes were investigated, as shown in Figure 9.
The Li-NRA data corresponding to the (0001) plane, perpendicular to the c-axis, were
particularly interesting. They showed a prominent flux peak that is considerably broad-
ened in the congruent crystal in comparison to the near-stoichiometric one. The NRA-Li
broadening suggests either a disordered Li sublattice or several well-defined defect sites
for the Li ions. For the 〈0221〉-axis, in which Li is located in the center of the channel, the
minimum yield for Li-NRA/C drops drastically ruling out the possibility of simple NbLi
antisites, i.e., the Li- and the Nb-vacancy model [60] Besides the stronger reduction of the
7Li(p,α)4He reaction yield at the surface the spectra for the stoichiometric extend also to
higher depth indicating a reduced stopping power due to a diminished number of lattice
defects in the channel compared to congruent material [61].

Further, a strong broadening of Nb-RBS/C in the 〈0110〉-axis of the near-stoichiometric
sample has been observed indicating an improvement of the Nb-sublattice structural
ordering with regard to the congruent case [60]. These observations indicate that the excess
Nb cannot be located in regular Li lattice sites, favoring the ilmenite stacking fault model
but not ruling out the formation of small non-crystalline or Li-deficient (e.g., ilmenite-type
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LN or monoclinic lithium LiNb3O8) regions in the material and on the other extreme, point
defects with inversed cation occupation.
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Figure 9. RBS/C dips obtained for the (0001) plane in (a) congruent and (b) near-stoichiometric
LiNbO3, as well as for the 〈0221〉 axis in (c) congruent and (d) near-stoichiometric LiNbO3. The Li
data are plotted as red circles and were obtained using NRA via the 7Li(p,α)4He reaction and the Nb
data are plotted as blue circles and were obtained using Rutherford Backscattering. The uncertainty
bars for Nb-RBS are smaller than symbols. Adapted from Kling et al. [59,61].

This point can be clarified by studying the Nb sublattice measuring the energy depen-
dence of axial dechanneling induced by defects along several crystallographic directions.
The difference in the minimum yields between near-stoichiometric and congruent, ∆Xmin,
at a fixed depth interval yields information about the type and size of defects in a non-
perfect crystal [62]. The observed values for κ range between 0.69 to 0.78 falls between the
values for true point defects (κ = 1) and extended defect clusters (κ = 0.5) which indicates
defects should have a size in the order of nanometers (as expected for local stacking fault
sequences). However, a small admixture of true point defects cannot be excluded. In addi-
tion, the possibility that microcrystals of ilmenite-type or LiNb3O8 (κ = 0) or dislocations
(κ= −0.5) exist can be rejected.

A comparison was also made with PAC. Figure 10 shows PAC spectra obtained with
the 111In probe in the same near-stoichiometric crystal grown with 4.6 wt % K2O after
implantation and annealing [63], compared with a spectrum previously obtained in a
congruent crystal [53]. It is clear that the spectrum with the highest attenuation is the one
obtained in the congruent crystal. The spectrum obtained in the near-stoichiometric crystal
is described by a single QIF, νQ = 191(2) MHz, i.e., only one of the two QIF previously
found, and with a zero asymmetry parameter. It can also be seen that the pattern from the
congruent crystal is not in phase with the one from the near-stoichiometric crystal, with
the maxima in the congruent crystal occurring progressively a few nanoseconds after the
corresponding ones for the stoichiometric crystal, due to the modulation imposed by the
frequency doublet, which is also responsible for a higher attenuation. As the QIF have
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almost identical values, the PAC measurements suggest the existence of two non-equivalent
Li sites in congruent crystals and only one Li site in stoichiometric material. No conclusions
can be drawn on the Nb sublattice from these measurements, as 111In replaces Li only [53].
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Figure 10. Perturbed Angular Correlation spectra obtained (a) in a congruent LN crystal, and
(b) a near-stoichiometric LN crystal grown with 4.6 wt % K2O in the melt. Drawn using data from
references [53,63].

The joint analysis of the NRA and PAC data thus suggest the existence of two distinct
Li sites in a congruent crystal, while only one of them remains in a stoichiometric crystal.
Natural candidates for such defects are stacking faults. Several models have been proposed
for LN in the literature. Both the Li and the Nb vacancy models include Nb on Li sites
and thus a sequence of three Nb consecutive atoms along the c-axis would be created.
Nassau et al. [64] proposed different stacking sequences in order to avoid such improbable
arrangements and Smyth [65,66] proposed short stacking sequences with the ilmenite
structure, which were later found energetically plausible [67]. The stacking sequence
along the c-axis of ilmenite-like LN would be Nb, Li, V, Li, Nb, . . . , where V denotes
the intrinsic vacancy. Since these inverse stacking sequences accommodate no Nb excess
themselves they have to accompanied by Li vacancies. The “inverted” Li site in the ilmenite
sequence is generally assumed to be one of this vacancies leading to the “complex defect”
model. This defect structure can be regarded as a Li-vacancy model in which the Nb is
shifted from the regular Li-site and the inconvenient stacking of three consecutive Nb
atoms along the c-axis is avoided. Further, it furnishes a straightforward explanation
for the occurrence of the second electric field gradient in the Li–Octahedron observed in
hyperfine interaction measurements. Figure 11 compares the regular LN stacking with
other sequences, including short ilmenite stacking sequences and the “complex defect”.

The channel projections of the lattice sites corresponding to the “inverted” Li and Nb-
sites in ilmenite stacking faults are plotted in Figure 12. The Nb on inverted locations shows
up close but shifted from the regular Li sites and therefore should induce dechanneling
near the Li-rows instead of an enhancement of the channeling effect for regular Li-site
occupation. This effect is expected to be most visible in the case of the 〈0221〉-axis and the
(0001)-plane where these sites are located close to center of the channel.

122



Crystals 2021, 11, 501

Crystals 2021, 11, x FOR PEER REVIEW 13 of 57 
 

 

defect” model. This defect structure can be regarded as a Li-vacancy model in which the 
Nb is shifted from the regular Li-site and the inconvenient stacking of three consecutive 
Nb atoms along the c-axis is avoided. Further, it furnishes a straightforward explanation 
for the occurrence of the second electric field gradient in the Li-octahedron observed in 
hyperfine interaction measurements. Figure 11 compares the regular LN stacking with 
other sequences, including short ilmenite stacking sequences and the “complex defect”. 

 
Figure 11. Stacking models for LiNbO3: (a) regular stacking, (b) Nb-antisites (extra Nb indicated by arrows), (c) ilmenite 
stacking faults (boxed area) and (d) like (c) but with Li vacancy (“complex defect”). Nb is represented by green, Li by blue 
and free octahedral positions by white symbols and the oxygen layers are depicted as red lines. 

The channel projections of the lattice sites corresponding to the “inverted” Li and 
Nb-sites in ilmenite stacking faults are plotted in Figure 12. The Nb on inverted locations 
shows up close but shifted from the regular Li sites and therefore should induce 
dechanneling near the Li-rows instead of an enhancement of the channeling effect for 
regular Li-site occupation. This effect is expected to be most visible in the case of the 〈022ത1〉 -axis and the (0001)-plane where these sites are located close to center of the 
channel. 

 

Figure 11. Stacking models for LiNbO3: (a) regular stacking, (b) Nb-antisites (extra Nb indicated by arrows), (c) ilmenite
stacking faults (boxed area) and (d) like (c) but with Li vacancy (“complex defect”). Nb is represented by green, Li by blue
and free octahedral positions by white symbols and the oxygen layers are depicted as red lines.
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Figure 12. Channel projections with regular and ilmenite type lattice site for Li and Nb for important
crystallographic direction.

These results can be related to the lattice structure looking at the interaction potential
in the (0001) plane seen by the incoming ions, shown in Figure 13, which was calculated
using Molière’s approximation to the Thomas–Fermi potential under the assumption of
a static lattice [68]. Two pronounced minima are visible, showing the existence of two
channels for the incoming ions, separated by a potential barrier associated to O ions. One
of those minima, designated as Li-I, corresponds to the regular Li position, whereas the
other one, named as Li-II, lies close to a regular Nb location. It could be considered as a Li
that substitutes for an Nb and then shifts towards the nearest oxygen plane up to a position
symmetrical to that of Li. The existence of those defective Li sites is a key result that
provides a confirmation of theoretical analyses [67] proposing the occurrence of inverted
Li-Nb sequences as they appear in the related ilmenite structure.
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NRA/channeling spectra has been simulated using the CASSIS code. The peak shape and 
particularly the broadening of the Li-NRA signal is reasonably well explained. The best 
fit is obtained assuming 2% of dispersed ilmenite stacking faults, Li—Nb—Nb—Li. On 
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Figure 13. Interaction potential in the (0001) plane of LiNbO3 seen by the incoming protons, calculated
using a Molière’s approximation to the Thomas–Fermi potential. The positions of Li and Nb in the
regular lattice as Li-I and Nb-I as well as in the ilmenite stacking fault as Li-II and Nb-II are marked.

Taking as a basis this local ilmenite structure, the broadened flux peak in the NRA/
channeling spectra has been simulated using the CASSIS code. The peak shape and
particularly the broadening of the Li-NRA signal is reasonably well explained. The best
fit is obtained assuming 2% of dispersed ilmenite stacking faults, Li—Nb—Nb—Li. On
the contrary, other models exclusively involving Nb antisites and cation vacancies cannot
account for this key experimental feature, as shown in Figure 14.
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Figure 14. Comparison of experimental results and Monte Carlo simulations for the (0001) Li-NRA
angular scan assuming different defect models for congruent lithium niobate: (a) 5.9% niobium
antisites, (b) 1.2% niobium antisites, and (c) 2% ilmenite type stacking faults. The Li data are plotted
as red circles and were obtained using NRA via the 7Li(p,α)4He reaction and the Nb data are plotted
as blue circles and were obtained using Rutherford Backscattering. The uncertainty bars for Nb-RBS
are smaller than symbols. Redrawn from Kling et al. [61].

The energy dependence of the axial dechanneling reported in [60] has also been simu-
lated using CASSIS. Figure 15 shows a comparison of the experimentally observed energy
dependence of the minimum yield Xmin in several axes for protons together with CASSIS
simulations for (a) a defect free stoichiometric crystal; (b) congruent crystal containing 5.9
and 1.2% Nb antisites and (c) congruent cristal containing 2.0% ilmenite stacking inversions
with and without 1.2% Nb antisites, from Kling at al. [26]. The best fit to the Nb data is
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obtained when the ilmenite stacking inversions with 1.2% Nb antisites, i.e., within the Li
vacancy model.
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Figure 15. Comparison of the experimentally observed energy dependence of Xmin for protons
(full symbols) with CASSIS simulations (open symbols) for (a) a defect free stoichiometric crystal;
(b) congruent crystal containing 5.9 and 1.2% Nb antisites and (c) congruent cristal containing 2.0%
ilmenite stacking inversions with and without 1.2% Nb antisites. Redrawn from Kling et al. [26].

The crystal structures of LiNbO3, perovskite and ilmenite are interrelated and some
transitions between them are possible [69,70]. The ilmenite form of LN has been synthetized
by ion-exchange from the ilmenite form of sodium niobate, NaNbO3 [71–73]. This LN form
transforms back to the regular structure above 900 K. The estimated enthalpy difference
between the two LN forms [73] is in good agreement with the calculated difference of
0.1 eV in their lattice energies [67].

The channeling studies on near-stoichiometric LN clearly indicate the absence of any
intrinsic disorder—including the occurrence of ilmenite stacking faults—suggesting that
in this case the small energy difference is sufficient to suppress their existence. However,
LN has a strong tendency to grow non-stoichiometric with the congruent melt showing an
excess of Nb. The resulting need for an intrinsic defect structure may locally outbalance
the extra energy needed for the formation of ilmenite-type stacking to accommodate
the excess Nb and the Li vacancies leaving the “stoichiometric” remainder of the crystal
virtually defect-free. This arrangement may result in a global energy minimum for the
congruent material.

The current knowledge on the properties of ilmenite-like LN is still limited. Wiegel
et al. [74] have reported the UV optical absorption edge in ilmenite-like LN moved towards
longer wavelengths when compared to a congruent crystal. For comparison purposes,
the UV absorption edge of LN moves towards shorter wavelengths when approaching
stoichiometric composition [75]. Baran et al. [76] have reported a very strong Raman
scattering peak at about 735 cm−1 for ilmenite-like LN. Kong et al. [77] have reported
a weak peak at 738 cm−1 in congruent LN that is absent in near-stoichiometric crystals,
in congruent crystals doped with MgO above 2 mol%, and in congruent crystals doped
with 2.5 mol% TiO2 and suggested that it comes from an ilmenite-like stacking defect in
nonstoichiometric LN. Lengyel et al. [78] confirmed the initial decrease of the intensity of a
band at around 740 cm−1 with MgO doping, but have seen this band reappear for heavily
doped crystals.

125



Crystals 2021, 11, 501

3.2. Ferroelectric to Paraelectric Phase Transition

The high-temperature phase of LN, above TC ≈ 1470 K for material with the congruent
composition [79], is paraelectric and belongs to space group R3c. For LT, the transition
temperature is significantly lower, TC ≈ 878 K [80]. In this phase, Nb (or Ta) a moves
along the c-axis to the center of the octahedral oxygen cages, while for Li two models were
proposed in the literature [81]. In the displacive model, Li moves into a triangularly coordi-
nated site within the oxygen layer below the former Li site [82], while in the order-disorder
model, the Li atoms are randomly distributed on both sides of the oxygen plane [83,84], as
depicted in Figure 16.
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Figure 16. Projection of the LiNbO3 structure, showing two models for the phase transition: (a) Li
and Nb locations in the ferroelectric phase below TC; (b) Li and Nb locations in the paraelectric
phase above TC for a displacive model; and (c) Li and Nb locations in the paraelectric phase for a
disordering model, where half-circles indicate a split occupancy with a probability of 50%. Nb is
represented in green, Li in blue and the oxygen layers by red lines.

There is no agreement among the theoretical calculations on the phase transition. The
calculations of Inbar et al. [85] suggest order-disorder features for the oxygen atoms, while
the Li atoms are passive players. More recent molecular dynamics calculations of Phillpot
at al. [86] and Sanna et al. [87] suggest that the phase transition presents displacive features
for Nb/Ta and order-disorder features for Li. In contrast, the theoretical calculations of
Toyoura et al. [88] suggest order-disorder features for both Li and Nb/Ta.

There are few measurements of the temperature dependence of the nuclear quadrupole
interaction at the Nb/Ta site in LN and LT. Schempp et al. [41] reported 181Ta NQR
measurements in polycrystalline near-stoichiometric LN in a reduced temperature range
from 21 to 515 K, where a continuous decrease of the EFG was observed. Moreover, the
linewidths of the signal from near-stoichiometric samples were markedly narrower than
the ones from Li-deficient material and became narrower with the increase in temperature.
Figure 17 plots 181Ta NQR and 181Ta ME results in polycrystalline LT reported by Zhukov
et al. [89] and by Löhnert et al. [90], respectively. The variation of the EFG derived from the
NQR and ME measurements shows a continuous decrease with temperature in an extended
temperature range which includes TC. This variation can be essentially reproduced using
the point-charge model of De Wette et al. [91], taking into account thermal lattice expansion
and atom displacement [90], using data from Abrahams et al. [83]. As thermal lattice
expansion alone would make the EFG increase moderately with temperature, the main
contribution to the EFG comes from the displacement of the atoms. More advanced ab
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initio cluster calculations of Shelyapina et al. [92] reproduced the essential features of the
EFG temperature dependence up to TC.
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The temperature dependence of the nuclear quadrupole interaction at the Li site was
measured using NMR, MS and PAC methods in LN and LT. 7Li NMR measurements in
single-crystalline LN were reported by Halstead [39] below TC, up to ≈950 K. A linear
increase of the QIF was observed in this temperature range. The NMR signal had broad
lines at low temperature, which became narrower with the increase in temperature, es-
pecially after ≈800 K. 7Li NMR measurements in polycrystalline LT were reported by
Slotfeldt-Ellingsen et al. [93,94], below and above TC. A linear increase of the QIF was
observed until close to TC and then a decrease. PAC measurements in polycrystalline LN
and LT doped with 181Hf were reported by Catchen et al. [50,95]. They observed extensive
line broadening at temperatures well below TC and significantly less line broadening above
TC. The anisotropy coefficient was non-zero below TC and dropped to zero above TC. This
result was not expected, because the axial symmetry at the Li site implies that η should
vanish at temperatures both below and above TC. A second QIF was reported in the
measurements above TC, with a value about an order of magnitude lower than the one
of Hf probes in Li sites, which was tentatively attributed to Hf probes in Nb/Ta sites [95].
Moreover, in the case of a previous MS study in Fe doped LN, a second QIF was found at
high temperature, but no more details were given [96]. Marques et al. [97] reported high
precision PAC measurements in single-crystalline LT implanted with 111In. While at RT two
nearby QIF were found, νQ1 = 230(2) MHz and νQ2 = 242(2) MHz, with nonzero asymmetry
parameters, above TC only one QIF and η = 0 was found. The observation of two nearby
QIF is consistent with the previous measurements of Hauer et al. [53] in congruent LN
and with the extensive line broadening reported in other studies well below TC. Ohkubo
et al. [98] reported PAC measurements in polycrystalline LT with the 111mCd and 117Cd
probes. Figure 18 shows the temperature dependence of the QIF for the measurements
in LT.

The temperature dependence of the QIF doublet reported by Marques et al. [97] is
shown in Figure 19. The temperature dependence of νQ1 is close to the observed with
7Li in LT [93], as expected since the 111In probe atoms replace Li. The same is applicable
for the 181Hf, 117Cd and 111mCd probes which also replace Li. In contrast, νQ2 that is
associated to probes in Li-II sites, shows only a very weak temperature dependence. Close
to and above TC, the derived νQ1 and νQ2 values are no longer distinguishable. This
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suggests that the differences between the Li-I and Li-II sites vanish in the high-temperature
paraelectric phase.
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Point-charge model EFG calculations reproduce the observed linear increase of νQ1
up to TC taking into account thermal lattice expansion only [97]. If the corresponding Li/O
displacements of Abrahams et al. [83] are taken into account, then the EFG would be too
large by a factor of two close to TC. The main contribution to the EFG at a Li site comes
from the six surrounding O atoms, distributed in two planes, with Li–O distances of 2.08 Å
and 2.29 Å at room temperature. At 940 K these distances are 2.05 Å and 2.51 Å [83], which
results in a significantly increased EFG. To explain the observed decrease above TC it is
necessary to decrease the difference between the two Li–O distances. Inbar and Cohen [85]
proposed that the driving mechanism for the phase transition in LT is a displacement of
the O atoms towards the Ta atoms. Since a displacement of the O only along the c-axis
would result in too short Ta–O distances, they further proposed that the O atoms move
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also in the plane perpendicular to the c-axis, toward Li and lead to a coupled Li–O motion.
EFG calculations using the above-mentioned point charge model show that such a Li–O
coupled movement explains qualitatively the decrease of the EFG above TC [97].

3.3. Ion Implantation Induced Defects

Ion implantation matured to a standard technique for defect engineering and doping
of all kinds of materials. In the case of LN the main applications that will be discussed
in their respective section are the formation of optical waveguides (Section 5.3) as well as
the introduction of optical active (Section 4.3) and insoluble dopants (Section 4.5). This
section is dedicated solely to investigation of basic effects of ion implantation leading to
the production of intrinsic defects and their removal by annealing.

The production of defects occurs in two ways: (i) by collisions of the incoming ion with
a lattice atom that cause its displacement from the lattice site, eventually initiating a collision
cascade (nuclear damage); (ii) by excitation of electrons in the material which, in the case of
swift heavy ions, can cause the formation of amorphization tracks on the nanometer scale
(electronic damage). Since the nuclear damage is mainly occurring at the end of the ion
track, it is the dominating damage producer at low energy irradiation. On the other hand,
the electronic damage dominates in swift ion irradiations on the major part of the trajectory.
In both cases, increasing fluence causes the defects to accumulate until full amorphization
of the material is achieved. Defects cause dechanneling similar to interstitials allowing to
determine their concentration and depth distribution by ion channeling.

3.3.1. Nuclear Damage Dominated Cases

For irradiation, already the first systematic studies on ion implantation in LN by
Jetschke et al. [99] and Götz and Karge [100,101] showed a clear anisotropy in the generation
of lattice defects. For irradiation with 150 keV N+ ions at room temperature amorphization
at the surface was reached with fluences of 5 × 1015 cm−2 and 2 × 1016 cm−2 for x- and
y-cut material. In contrast, z-cut material sustained a heavily damaged but not amorphized
surface layer even at a fluence of 4 × 1016 cm−2. Three different stages in the damage
evolution were distinguished:

(i) In the pre-damage stage (fluence < 1× 1015 cm−2) mainly point defects were produced
of which a significant fraction was attributed to Nb displaced from its regular lattice
site to the free octahedron. This explains the lower dechanneling along the 〈0001〉-axis
in which these displaced Nb is still aligned with the guiding atomic rows, while for
the 〈1120〉-axis this lattice site appears in the center of the channel enhancing the
dechanneling.

(ii) The heavy damage stage (1 × 1015 cm−2 < fluence < 5 × 1015 cm−2) defect clusters
form that cause 〈1120〉- and 〈0110〉-directions to be amorphous but still maintain
some alignment with the 〈0001〉-axis.

(iii) In the final stage (fluence > 5 × 1015 cm−2) saturation of defect formation is observed
along the 〈1120〉- and 〈0110〉-axis. A recent study [102] revisited the issue employing
350 keV Ar+ implantation into samples with x- and z-cut as well as a sample cut in
a direction equally distanced from 〈1120〉- and 〈0001〉-axis by 45◦ which allowed to
study both axial directions in a single sample. Plotting the mean maximum damage
concentration versus the ion fluence yielded perfect overlaps for 〈1120〉- and 〈0001〉
channeling measurements for the x-z cut sample with those of the respective standard
cuts. The same work presents an additional confirmation of displaced Nb occupying
the intrinsic vacant by angular-resolved RBS/C for a 1 MeV I+ implanted x-cut LN.

A study on ion irradiation at low temperature (15 K) was performed by Gischkat
et al. [103] for various ions (50 keV H+, 160 keV Li+, 160 keV O+, 350 keV Ar+) at fluences
ranging from 5 × 1011 cm−2 and 2 × 1017 cm−2. The analysis by RBS/C was done in
situ at the same low temperature. Nevertheless, the analyzing He+-ion beam induced
an annealing effect attributed to energy deposition by electronic processes. Taking into
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account this effect, the undisturbed damage concentrations were calculated indicating an
enhanced defect formation with regard to room temperature.

Bianconi et al. [104] deduced, based on own experimental (C+, 0.5–5.0 MeV, O+,
0.44–8.0 MeV) and literature data, a universal curve for the Nb-defect fraction in the end-
of-track region as function of the energy deposited by nuclear stopping. The relation holds
for all ions with Z ≤ 14 independent of the fluence.

While the Nb-related damage is easily detected by RBS/C the other two constituents
of LN are more difficult to access. In a work by Schmidt et al. [105] the 7Li(p,α)4He reaction
was employed to study the Li-related damage in x- and z-cut material irradiated with
1 MeV I+ (fluences between 2 × 1013 cm−2 and 1 × 1014 cm−2). The evolution of the
Li-damage concentration with the fluence rate was found to accompany closely that for Nb
in the z-cut material. Due to the low contribution of Li to the channeling effect in LN other
crystallographic directions than along the 〈0001〉-axis are difficult to investigate in terms of
defect formation.

Götz and Karge [100] also found an enhancement of the etching rate in diluted hy-
drofluoric acid for room temperature implantation fluences above 5 × 1014 N+ cm−2 that
increased with increasing fluence. Schrempel et al. [106] investigated the etching rates for
z-cut LN implanted at 15 K and room temperature with 40 keV He+ and 350 keV Ar+ with
fluences ranging from 5 × 1012 to 5 × 1016 cm−2. The larger amount of damage created
by low temperature irradiation as well as the higher nuclear damage produced by the
irradiation by heavier ions increase the etching rate strongly.

Jentschke and Hehl [107] studied the influence of annealing procedures in air on the
implantation induced by in P+ (250 keV) and N+ (150 keV) implanted LN. For the case
of a partial damaged (5 × 1014 N+ cm−2) x-cut sample, a virtually complete recovery of
the lattice was achieved after annealing at 300 ◦C for 30 min. On the other hand, x- and
z-cut samples with RBS channeling spectra indicating full amorphization show only a
moderate reduction of the dechanneling even for annealing temperatures up to 1100 ◦C.
This is related to the loss of Li by Li2O outdiffusion from the amorphous layer during
the annealing process. Random RBS spectra of these samples show a surface region with
a higher yield of Nb than for the virgin crystal due to the formation of the Li-deficient
LiNb3O8 compound. The loss of Li during annealing at high temperature can be avoided
by substituting air by flowing wet oxygen resulting in high-quality recrystallization of the
material. This is demonstrated in Figure 20 for Cr-implanted LN after annealing in the two
different atmospheres.
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3.3.2. Electronic Damage Dominated Cases

For ions with specific energies above 0.1 MeV/amu, the electronic stopping power
outweighs the nuclear along most of the path. For the formation of damage consisting
of amorphous tracks the electronic stopping power of the ions has to exceed a material
dependent threshold value.

The effect of electronic damage is seen most perfectly separated from nuclear damage
for irradiation of materials with GeV ions. Canut et al. [108–110] performed a series of
irradiation of LN using Sn-, Gd- and U-ions with energies in the GeV range and fluences
ranging between 1 × 1011 to 1 × 1012 cm−2. RBS/C investigations reveal even for the
lowest fluences a significant damage in the observable depth range. The lattice disorder
was found to increase with ion energy and fluence showing some saturation tendency
for the latter at the maximum fluence. Plotting the damage fraction against the electronic
stopping power for the different ions reveals a linear dependence.

Irradiations with lower ion energies, a few to tens of MeV, are of interest for opto-
electronic applications and have therefore experienced an immense attention in the last
two decades. In the following only a selective overview on the observed features can be
given. Bentini et al. [111] investigated the implantation of 5 MeV O3+ ions with fluences of
1× 1014 cm−2 and 6× 1014 cm−2 into x-cut LN. RBS/C spectra of the as-implanted samples
show for all fluences a damage peak at the end-of-range (2.7 µm) of the implantation, while
a second peak appears at the surface region for fluences above 4 × 1014 cm−2 that has
to be attributed to electronic damage. Samples annealed for 2 h at 235 ◦C in dry oxygen
show a significant for the low fluence irradiation but a poor effect for higher fluences. The
literature reports further similar RBS/C investigations on electronic damage for C [112],
N [113], O [112–115], F [113,115,116], Si [117] and Mg [115].

Determination of the threshold electronic stopping power induced damage was the
aim of several works. Rivera et al. [118] reported a value of about 6 keV/nm based on
measurements for very low fluences (1 × 1011 cm−2 to 1 × 1012 cm−2) investigating a set
of six different ion species. Ramos et al. [119] found a smaller value, 3.5 keV/nm, for irradi-
ation with Cl- and Br-ions in the adjacent fluence range (1 × 1012 cm−2 to 1 × 1013 cm−2).
An extensive study for the higher fluence range (1 × 1013 cm−2 to 1 × 1015 cm−2) using
O- and Si-ions was recently presented by Wesch et al. [120]. A threshold value of 2.5 keV
was extracted using the RBS/C data, in good agreement with the 2.2 keV reported in
ref. [113] for 1 × 1014 cm−2 O implantation. These data evidence the reduction of the
threshold value with increasing fluence. A plot of the threshold electronic stopping power
versus the logarithm of the ion fluence can be fitted with a straight line as demonstrated by
Agulló-Lopez et al. [121].

The theoretical modelling of the processes leading to amorphization experimentally
observed in the electronic stopping power regime is a very active field, steadily generating
new approaches. A detailed discussion is therefore out of the scope of this paper. In
brief, the most used description is based on thermal spike model that assumes that local
melting of the crystal structure occurs above the threshold value [122]. However, this
cannot explain the damage production observed even below the threshold. Other effects as
the exciton based mechanisms have been invoked as an explanation for this effect [123,124].
Finally, the cumulative character of defect generation has been invoked to explain the
damage enhancement and amorphization in sub-threshold irradiation [120,125].

The defect formation by Si+ ion irradiation of LN along crystallographic directions
has been investigated by Schrempel et al. [126,127]. For the case of low ion energies
(<1 MeV for Si+) it was observed that the nuclear damage maxima were shifted to higher
depth for aligned irradiation with respect to those of random incidence. This effect is
related to the reduced stopping power in axial direction due to the channeling effect that
keeps the ion in regions with lower electron density and consequently less energy loss.
Additionally, the aligned irradiation creates significantly less defects for the same fluence.
For higher energies the electronic stopping passes the threshold. Surface region defect
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formation is observed and the shift of the damage maxima for channeling irradiation
decreases again.

3.4. Neutron Irradiation Induced Defects

The interest in the behavior of LN-based acoustical devices close to the core of a
nuclear fission reactor started in the 1970s [128–131]. Materials close to a reactor core are
exposed to neutrons from the fission of 235U and to gamma radiation [132]. While the
neutrons directly released from fission have an average energy of ≈2 MeV (thus being
considered fast neutrons), neutron moderation in most reactors extends the spectrum
down to the meV energy range (thermal neutrons). Thus, most irradiations are done with
neutrons with a wide energy range, unless specific filters are interposed [133]. Besides
structural characterization performed with neutron scattering, LN crystals mostly with
congruent composition were irradiated with fast and/or thermal neutrons with fluences up
to 1020 cm−2 [31,49,134–141], although with scarce details on the actual neutron spectrum
in many cases. An expansion along the c-axis and a shift towards longer wavelengths of
the UV absorption edge were reported by Dowell et al. [128] for neutron fluences up to
4 × 1017 cm−2. Primak et al. [130] reported that irradiated LN becomes highly disor-
dered and shows loss of piezoelectric response and optical birefringence at a fluence of
8 × 1019 cm−2. This process of destruction of LN was found to be significantly reduced
when the LN sensors were kept at ≈800 K during the irradiation [131].

The basic physics of neutron damage production is well understood [142,143]. Fast
neutrons with energy up to a few MeV produce displacement damage mostly through
elastic collisions. In contrast, thermal neutrons produce displacement damage mostly
through (n,γ) reactions, due to the recoil induced by the emission of the γ photons. In
the case of LN one has to consider also the 6Li(n,α)3H nuclear reaction, with a high
cross-section for thermal neutrons [144] and whose products, α and 3H, also produce
displacement damage. Although in general fast neutrons are expected to create more
damage than thermal neutrons, this is not always the case [145].

Figure 21 shows the number of collisions per neutron incident on a thin slab of LN
(100 µm thick) as function of energy, covering a range from 0.1 meV to 20 MeV in 69 groups,
calculated with the MCNPX Monte Carlo code [146]. Besides the total number of collisions,
the contributions coming from collisions with Li, O and Nb are also shown. In the thermal
neutron region, until about 1 eV, the number of collisions is essentially driven by reactions
with Li (and within Li, with its less abundant isotope, 6Li). After this energy, the number
of collisions per incident neutron is essentially constant until about 1 MeV, when it starts
to decrease.

In order to evaluate the damage caused by the above collisions, it is necessary to
know the threshold energy for displacement of the atoms in LN. Seitz estimated the
threshold energy for displacement of an ion or atom in a tightly bound solid, Ed, to be
25 eV [147]. Calculations of Ed values have been done using molecular dynamics for
several technologically-relevant materials (see, e.g., references [148–151]), but are scarce
for LN. The displacement energy values calculated by Petersen [152] are Ed(Li) = 30 eV,
Ed(Nb) = 34 eV and Ed(O) = 22 eV. The value of Ed for oxygen has been estimated from
irradiations with electrons as 53 eV [153,154], which is well within the normal range
for oxides [155], but significantly higher than obtained by calculation. An estimate for
the value of Ed for Hf in Nb and Li sites can be obtained from the PAC measurements
of Marques et al. [31]. The typical neutron fluence (all energies) for the preparation of
the PAC measurements was less than 5 × 1016 cm−2, well below the fluence for which
amorphization was observed [130]. Annealing in air at 573 K was enough to remove the
coloration induced by the irradiation and annealing at 973 K was enough to remove all
defects, as seen by RBS [31].
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In a congruent LN crystal doped with 1 mol% HfO2 the spectra before and after
thermal annealing show the same characteristic QIF around 1200 MHz, associated with Hf
probes in Li sites. In contrast, in a near-stoichiometric crystal doped with 1 mol% HfO2
where Hf is distributed between Li (45%) and Nb (55%) sites, the spectrum after irradiation
shows that the fraction of Hf probes in Nb sites is strongly reduced to 18%, with a full
recovery only after annealing at 973 K. However, RBS data shows no change on the lattice
site of Hf after irradiation [31]. Thus the change of lattice location after irradiation can only
affect the radioactive 181Hf atoms produced via the (n,γ) reaction. Since these atoms are
much less than 1 ppm of the total amount of Hf in the crystal, no effect can be detected by
RBS. It thus seems reasonable to assume that the displacement is due to the recoil induced
by emission of the γ photons from the 180Hf(n,γ)181Hf reaction, characterized by Alenius
et al. [156]. As the maximum recoil that can be induced is 96 eV, corresponding to the
emission of a 5.6 MeV γ photon, only one displacement per recoil is expected.

The transfer of Hf form Nb to Li sites upon irradiation can be qualitatively explained
by the existence of Li vacancies in the congruent and near-stoichiometric crystals. In this
way, a recoiled 181Hf from a Nb position finds easily a vacant Li site, leading to the observed
change. In the case of a recoiled 181Hf from a Li site, which finds another Li site, no change
is seen. If the energy necessary to displace Hf from Li and Nb lattice sites is approximately
the same and x represents the fraction of 181Hf recoiled from Li and Nb sites, we can write:

x = 1− [H fNb]
′

[H fNb]
, (3)

where [HfNb] and [HfNb]′ are, respectively, the fraction of Hf probes in Nb sites before
and after irradiation. Using the [HfNb] and [HfNb]′ values and respective uncertainties
reported by Marques et al. [31], we obtain x = 0.37 ± 0.07. From the intensity of the discrete
values of the γ photons emitted by the 180Hf(n,γ)181Hf reaction, a recoiled fraction of 37%
would correspond to the emission of photons with energy of 3979 keV and above, imposing
a minimum recoil energy of 47 eV to Hf. Thus, our estimate for the required energy to
displace Hf in Nb and Li sites is 47 ± 8 eV, in reasonable agreement with the Ed value for
Li and Nb sites calculated by Petersen [152].
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Displacement of other dopants as a result of (n,γ) reactions is possible. Table 1
compiles data on the neutron capture cross section at 0.025 eV (1 b = 100 fm2) [157], main
activation reactions(s), respective cross section [158], maximum γ energy released [159]
and maximum recoil energy.

Table 1. Recoil resulting from neutron activation of several dopants in LN.

Dopant σC [b] Main Activation
Reaction(s) σC[b] Relative

Weight [%]
Max γ Energy

[MeV]
Max Induced
Recoil [eV] Importance

Er 159.4 167Er(n,γ)168Er 642.3 92 7.691 188 High
Fe 2.56 56Fe(n,γ)57Fe 2.59 93 7.646 551 Moderate
Hf 104.1 177Hf(n,γ)178Hf 375.5 67 6.451 126 High
In 193.8 115In(n,γ)116In 201.0 99 6.561 199 High

Mg 0.063 24Mg(n,γ)25Mg 0.05 63 7.329 1153 Low
Nd 50.5 143Nd(n,γ)144Nd 325.0 78 6.502 158 High
Sc 27.14 45Sc(n,γ)46Sc 27.14 100 8.760 896 High
Ti 6.09 48Ti(n,γ)49Ti 7.84 95 6.760 501 Moderate
Yb 34.8 174Yb(n,γ)175Yb 69.4 63 5.308 86 Moderate
Zn 1.11 64Zn(n,γ)65Zn 0.93 41 7.864 511 Moderate

67Zn(n,γ)68Zn 6.8 28 9.120 657 Moderate

For the estimation of displacement damage, Dale et al. [160] have shown that is
convenient to use a quantity named Non-Ionizing Energy-Loss (NIEL) to quantify the
portion of energy lost by a particle that is used for displacement damage, with the remainder
of the energy being dissipated as heat. It was shown that NIEL can be used to correlate
displacement damage effects in materials induced by different types of radiation [160],
even if some exceptions are known [161]. For a particle with energy E0 incident on a
material with a single type of atom with atomic weight A, it is defined as:

NIEL(E0) =
NA
A

∫ Tmax

Tmin

(
dσ

dT

)

E0

Q(T)TdT, (4)

where is NA is Avogadro’s number, dσ/dT is the total differential cross section (elastic and
inelastic) for energy transfer to an atom of the material, Tmin and Tmax are the minimal and
maximal energies that can be transferred to a lattice atom, and Q(T) is a partition function
which gives the fraction of T that is lost to NIEL. Tmin is usually taken as Tmin = 2Ed, while
Tmax = 4E0A/(A + A’)2, where A’ is the mass of the incident particle. The partition function
Q(T) has a classical formulation given by Lindhard et al. [162] and fitted by Robinson
et al. [143], as well as a more recent formulation by Akkerman et al. [163] with improved
handling of low energy ions. Total NIEL for LN results from the application of Equation (4)
to Li, Nb and O, taking stoichiometry in account, as:

NIEL(LiNbO3, E0) =
A(Li)NIEL(Li, E0) + A(Nb)NIEL(Nb, E0) + 3A(O)NIEL(O, E0)

A(Li) + A(Nb) + 3A(O)
, (5)

The product of the NIEL and the particle fluence gives the displacement damage
energy deposition per unit mass of material. NIEL plays the same role to the displacement
damage energy deposition as the stopping power to the total ionizing dose. Figure 22
shows the values of NIEL for electrons, neutrons, protons and alphas incident in LN, with
energy up to 100 MeV, calculated with the tools available at the SR-NIEL platform [164],
using the Akkerman partition function. Displacement energy values of 30 eV, 35 eV and
25 eV were used for Li, Nb and O, as the nearest to the values calculated by Petersen [152],
due to the constraints of the calculations for neutrons. NIEL for incident neutrons has a
weak dependence of the value of Ed: a change from 20 to 50 eV in the Ed of the 3 species
leads to a neutron NIEL average decrease of 3% in the range 10−4–10−2 MeV and less than
1% outside this range. Table 2 shows discrete values, for reference. The tabled values for
neutrons were obtained by a simple linear interpolation between the two nearest values. It
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is worth noting that at 1 MeV protons are about 20 times more effective than neutrons in
producing displacement damage in LN.
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Figure 22. Non-Ionizing Energy-Loss (NIEL) for electrons, neutrons, protons and alphas incident
in lithium niobate, with energy up to 100 MeV, calculated with the tools available at the SR-NIEL
website (www.sr-niel.org; acessed on 31 March 2021).

Table 2. Non-Ionizing Energy-Loss (NIEL) values for electrons, neutrons, protons and alphas incident in lithium niobate,
calculated with the tools available at the SR-NIEL website (www.sr-niel.org; acessed on 31 March 2021).

Energy NIEL e− NIEL n NIEL p NIEL α

[MeV] [MeV·cm2/g] [MeV·cm2/g] [MeV·cm2/g] [MeV·cm2/g]

0.001 1.886 × 10−5 4.255 4.285 × 10+1

0.01 5.984 × 10−5 1.914 2.450 × 10+1

0.1 2.346 × 10−7 4.229 × 10−4 3.932 × 10−1 6.528
1 1.506 × 10−5 2.568 × 10−3 5.537 × 10−2 9.452 × 10−1

10 8.037 × 10−5 1.962 × 10−3 7.368 × 10−3 1.090 × 10−1

4. Extrinsic Point Defects

This section is dedicated to the determination of lattice sites occupied by foreign atoms
in LN. The influence of dopant concentration, co-doping and stoichiometry of the material
are addressed. The subsections are mainly organized according to the functionality of
the dopant.

4.1. Dopants to Increase Photorefractive Damage Resistance

Although congruent LN exhibits excellent optical, electro-optical and non-linear
optical properties, the relatively low optical damage resistance hampers its application
in optical devices [165]. Besides the attempt to improve the optical damage resistance
by growing stoichiometric LN, the introduction of divalent (Mg2+ [166,167], Zn2+ [168]),
trivalent (Sc3+ [169], In3+ [170]) and tetravalent (Hf4+ [171], Zr4+ [172]) dopants has been
proven to be successful. The observed minimum concentration for suppression of the
optical damage (4.5 mol% for doping with MgO, 6 mol% for ZnO, 1.5 mol% for Sc2O3 and
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In2O3 and 4 mol% for HfO2 and 6 mol% for ZrO2) indicate that it is important to clarify
the lattice location and interaction of these dopants with intrinsic defects of LN.

As the doping with Mg is by far the most technically most important way innumerous
studies about the characteristics and application extensively studied and attempts were
made. From the more fundamental viewpoint, the main interest is to understand the
incorporation of this dopant in dependence on its concentration and to elucidate the
underlying mechanisms.

Most of the theoretical approaches published so far depend largely on the model
adopted to explain the non-stoichiometry of the congruent material. Zhang and Feng [173]
proposed a series of overlapping concentration dependent mechanisms, based on the Nb-
vacancy model. At low concentration (<2.7 mol%) Mg substitutes Nb on antisites until they
are consumed; for higher concentration up to the threshold Mg is incorporated at the Li site
and accompanied by a trapped electron for charge compensation; above the threshold the
incorporation occurs on both Li and Mg sites. These ideas were readopted by Liu et al. [174]
and more recently by Abdi et al. [175]. Based on the Li-vacancy model, Iyi et al. [176]
propose that Mg at first replaces Nb at Li sites up to 3 mol% MgO at which the removal
of NbLi is completed. In the range between 3 and 8 mol% MgO magnesium will only
occupy regular Li sites while at higher concentration both cation sites are incorporating Mg.
The studies by Donnerberg et al. [177,178] (further refined in [179,180]) are based on the
occurrence of ilmenite-type stacking faults with Li vacancies but are formally treated as Nb
antisites and Nb vacancies. In the following, we also adopt this procedure for simplicity.
According to this model, Mg is replacing in the two concentration ranges < 1.5 mol% and
1.5 to 5.0 mol% simultaneously Nb on antisites and Li on regular sites employing different
mechanisms. The preferential substitution of NbLi by Mg in the second range results in
their complete removal at the threshold level. For even higher Mg concentrations both Li
and Nb sites should be occupied.

Since a direct determination of the lattice site of magnesium in dependence of its
concentration has to be regarded as essential to decide which of the proposed models
is the most adequate, an extended channeling study on a set of Mg- doped crystals was
performed employing He+ in order to improve the attainable minimum yield and min-
imize bremsstrahlung background [181]. As no adequate nuclear reaction for the study
of magnesium is available, PIXE/C has been applied. Due to very low energy of the
characteristic Mg-K X-rays a Si(Li)-detector with an extremely thin Be window was used
to limit absorption. This set of crystals, containing one undoped and six doped (0.5, 1.0,
2.0, 4.0, 6.0 and 9.0 mol% MgO in melt), was grown at the Siemens Research Laboratory
in Munich and thoroughly characterized regarding crystal composition, lattice constants,
density, temperature, piezoelectricity and various optical properties [182–187].

Angular scans crossing through the 〈0001〉-axis showed for all concentration dips
with a width and minimum yield for the Mg-PIXE between those of Nb-RBS and Li-NRA.
Computer simulations with CASSIS confirmed that this is consistent with the absence of
non-axial lattice sites for Mg.

For MgO concentrations of 0.5 and 1.0 mol% the most striking observation is the
strong peak in the Mg-PIXE yield for alignment with the 〈1120〉-axis. This indicates that
Mg is not occupying a regular cation lattice site but some interstitial site. The fact that
the Mg- PIXE scans for the other axial directions show clear dips and a similar behavior
to the Li-scans one can further exclude that Mg is located in the intrinsically vacant or in
the Nb-octahedron. The computer simulation with the CASSIS code allows to identify
the occupied position as the center of the Li–Octahedron which yields for Mg an oxygen
environment similar to that of magnesium oxide. The epitaxial growth of LN on MgO
substrates it is known that the (111)-plane of MgO and (001)-plane of LN have the same
oxygen framework [188] which might explain this behavior.

It is tempting to identify the observed behavior with a substitution of Nb in the
stacking but this would require a substitution of the following type:

2 MgO + 3 Li2O + 3 VLi + 2 NbLi → 2 MgLi + 6 LiLi + Nb2O5, (6)
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incorporating so much lithium that a near-stoichiometric crystal would be obtained. How-
ever, the measurements on the lithium fraction and Curie temperature for these samples
exclude this scenario [182]. It is more likely that the Mg occupied sites associated to the
ilmenite stacking faults (Li vacancies or Li sites in the vicinity) and the movement to the
center of the Li–Octahedron can be interpreted as a relaxation mechanism.

The Mg-scans along the 〈1120〉-axis for concentrations above 2.0 mol% MgO in melt
differ clearly from those at low concentration. For all axial directions clear minima are
observed with scan curve that resemble those of Li. However, computer simulations
demonstrate that Mg solely occupying regular Li sites would result in minimum yields that
are significantly lower than the observed ones. The best fit to the experimental data was
obtained assuming 2/3 of the Mg to occupy regular Li sites and 1/3 sites in the center of the
Nb oxygen cage (occupation of regular Nb sites yielded even lower minima). Interestingly
this observation holds for the whole concentration range from 2.0 to 9.0 mol% MgO,
without any change at the threshold concentration for photorefractive damage suppression.
Indeed, there exists a substitution reaction for divalent dopants that would be compatible
with these findings:

3MgO + VLi + LiLi + NbNb → 2 MgLi + MgNb + LiNbO3, (7)

which on the other hand does not remove any antisites. A possible solution is that the
reactions described by Equations (6) and (7) occur simultaneously until the threshold of 6
mol% Mg in the crystal is reached, causing a deviation in the MgLi/MgNb ratio that is too
small to be detectable by the PIXE/C measurements.

A further study on this set of crystals focused on the influence of the Mg incorporation
on the Li-NRA channeling minimum yield [189] providing further insight on the lattice
modifications. The minimum yield for an atomic string in channeling directions depends
strongly on repelling force of its continuum potential. The replacement of Li (Z = 3) by
atoms with higher atomic number Nb (Z = 41) or Mg (Z = 12) increases the continuum
potential of the Li-string and therefore reduces the minimum yield. Figure 23 shows the
dependence of the Li-NRA minimum yield in various axial directions in dependence of
the MgO-concentration. The main observation is that the minimum yield increases steeply
for all but the 〈0001〉-axis (in which all cations are aligned with each other) strongly for
MgO melt concentrations up to 1 mol%. This indicates an increase in the disturbance
of the lattice due to the interstitial location of magnesium rather than changes of the
continuum potential due to removal of excess Nb. In the investigated axial directions
ilmenite-like and regular Li site occupying Nb are located very close and do not produce
distinguishable effects. For further increasing Mg concentrations the 〈1120〉- and 〈0441〉-
axis no systematic alteration of the minimum yield is observed since the Li atomic strings
are in close neighborhood to the—in terms of channeling—dominating Nb-rows. In
addition, for both axial directions χmin does not decrease anymore to the value of the
congruent case. On the other hand, Li is isolated in the 〈1120〉-axis within the channel and
the incorporation of the Mg reinforces the repelling force of the Li strings. This leads to a
steady decrease of the Li-NRA minimum yields for this axial direction reaching at 9 mol%
MgO a value below that of the congruent material.

In addition, one NMR study on 25Mg (nuclear spin 5/2+) has been reported by Feng
et al. [190] for LN doped with MgO with concentration ranging from 1.0 to 6.0 mol%. The
NMR spectra for 25Mg show clear differences for the various concentration but surprisingly
no new line, that would indicate change in the lattice site, appears for concentrations above
the threshold. Yatsenko et al. [191] used an indirect approach to obtain information on the
incorporation of Mg using 7Li- and 93Nb-NMR in samples doped with 2 to 7 mol%. They
conclude that the amount of vacancies is steadily increasing up to the threshold at which
on the other hand no more Nb-antisites are present. Mg is supposed to occupy Li sites
forming next-neighbor MgLi-VLi complexes.
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Although less popular as dopant for photorefractive suppression in LN, Hf is highly
interesting for studies on the basic incorporation mechanism of dopants since it can be
accessed simultaneously by RBS/C and PAC. The advantage use of the combination of
these two nuclear techniques in investigating has already been demonstrated in the case of
intrinsic defects.

Hf-doped crystals LN were grown with 1.0 mol% [49,192] and 6.0 mol% [138] of HfO2
in congruent melt. For comparison, samples of near-stoichiometric material, to which
4.6 wt % K2O was added, were doped with 0.2 and 1.0 mol% [138,193] HfO2.

RBS enabled to determine the actual concentrations of the melt grown samples and
derive the corresponding distribution coefficients (Table 3). Channeling measurements
for various axial direction proved that in the 1.0 mol% congruent crystal Hf occupies
exclusively the Li site [49,192]. For the samples doped with 6.0 mol% RBS measurements
revealed that the Hf distribution in the samples is inhomogeneous (3.5–5.1 mol%) and the
distribution coefficient lower than one [138]. Further, the higher minimum yield (10%)
at 〈0221〉-axis for Nb and Hf in comparison to the 1.0 mol% sample (2.5%) indicates an
inferior crystal quality. Both findings indicate that the maximum solubility of Hf in LN
has been exceeded in the sample. However, the quality of angular scans was still sufficient
to obtain meaningful results for the incorporated Hf-fraction: the best fit was obtained
assuming 55% of the Hf to occupy regular or slightly shifted (0.1 Å towards the octahedron
center) Nb lattice sites and 45% to occupy regular Li sites. This ratio is not compatible with
a charge compensation mechanism suggested in theoretical studies for which 25% of the
Hf has to reside on Li sites and 75% on Nb sites.

Table 3. Incorporation of Hf into crystals grown from congruent and stoichiometric melts.

Melt Type Concentration
in Melt (mol%)

Concentration
in Crystal (mol%)

Distribution
Coefficient

congruent 1.0 1.3 1.3
congruent 6.0 3.5–5.1 0.58–0.85

stoichiometric 0.2 0.6 3.0
stoichiometric 1.0 1.7 1.7

Besides the already known frequencies for Hf in Li sites, the Fourier analyses of the
PAC spectra obtained in the crystal doped with 6 mol% HfO2 and in the near-stoichiometric
crystals has shown another peak at a frequency about 3.5 times smaller. The relative
intensity agreed with the fraction for Hf in Nb sites determined by RBS and the EFG scaled
with the 93Nb NMR measurements previously reported by Peterson et al. [44]. It can thus
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be safely assigned to Hf probes occupying Nb sites at room temperature. A frequency
doublet for probes in Nb sites, νQ1 = 353 MHz and νQ2 = 494 MHz, was necessary for a
good fit of the PAC spectra [193]. However, the best fits for the 6 mol% congruent and
0.2 mol% near stoichiometric crystals, for which the fraction of probes in Nb sites was close
to 50%, were obtained without a fraction of probes in Li II sites. This suggests that the
defect associated Li II site has disappeared or is of too small importance to make an effect.

The influence of stoichiometry on the incorporation of Hf into LN was studied by
RBS/C on samples grown from stoichiometric melt [138,193]. The sample with higher Hf
concentration (1.0 mol%) shows clearly a mixture of Li- and Nb-lattice sites occupied by
Hf. Computer simulations with FLUX yield a best fit for 66% Nb sites and 34% Li sites,
i.e., roughly a 2:1 ratio. This deviates from the 3:1 ratio expected in the case of charge
compensation during the incorporation of Hf into LN. From angular scans of 0.2 mol%
HfO2 sample, which can be regarded closer to a stoichiometric case, a fraction of more than
85% of Hf is located on the Li site. It can be concluded that Hf, despite being a tetravalent
ion, shows a strong preference to incorporation on Li sites.

In order to demonstrate the influence of co-doping in LN on the incorporation mech-
anisms in LN, the case of Hf-Mg will be discussed in detail. A set of single crystals of
congruent LN doped with 1 mol% of HfO2 in melt and MgO concentrations ranging be-
tween 2.0 and 4.0 mol% in steps of 0.5 mol% as well as one with 6.0 mol% have been
studied by RBS/C and PAC [194–197]. The evaluation of the first set of co-doped samples
showed that the fraction of Hf located on Li sites decreases constantly with increasing MgO
concentration from about 90% at 2.0 mol% MgO to about 20% at 4.0 mol% and changes
to full occupation of Nb sites at 6.0 mol%. This reveals that the tendency of Mg to occupy
Li sites is stronger than that of Hf but falls short on being a charge compensation effect.
Unfortunately, only for the case of 6 mol% MgO data on the lattice site occupation by Mg
are available from an additional study [198]. In this case the mixed occupation of regular
Li and Nb-octahedron sites as in the single Mg-doped case has been confirmed indicating
that Mg may keep its incorporation mechanisms despite co-doping.

PAC measurements were performed in the same crystals after irradiation with neu-
trons and annealing. The spectrum obtained in the 6 mol% co-doped crystal could only be
fitted considering a doublet νQ1 = 327(10) MHz and νQ2 = 398(10) MHz for probes in Nb
sites. This frequency doublet is slightly different from the one observed for Hf probes in
Nb sites of near-stoichiometric crystals, although no shift was observed for probes in Li
sites, νQ1 = 1154(12) MHz and νQ2 = 1213(12) MHz. Figure 24 shows the dependence of the
fractions of Hf on the different Li and Nb sites on the MgO concentration. The fraction of
Hf occupying the Nb antisite (Li-II site) is constant up to 2.5 mol% MgO in the crystal. In
this concentration range, Mg is exclusively located at the center of the Li octahedron. It
therefore appears that Mg substitutes in LiLi or vacant Li sites, decreasing the number of
Li sites available for Hf. Further, full suppression of Hf on the Li-II occurs between 4 and
6 mol%, the region in which the suppression of the photorefractive damage is completed.

For indium only one PIXE/C study for co-doping with 6 mol% MgO in melt is
available [199]. The results indicate that In mainly substitutes Li in its regular lattice site
but a fraction occupying regular Nb sites cannot be ruled completely.
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4.2. Dopants to Enhance Photorefractive Damage

Despite the photorefractive effect being undesired for most optical applications it has
an interesting application in the field of holographic recording of data [200]. Therefore
also dopants that increase this effect have been the target of intense research. So far Fe
has been identified as the single dopant with the most promising properties but other
single dopants as Mn, Co, Cu, Ni, Cr, Mo, Ru, Rh, Ce and Tb [201–203] were investigated.
Moreover, combinations of dopants, e.g., LiNbO3:Fe,Mn [204] or LiNbO3:Zr,Cu,Ce [205]
were investigated intensively.

In contrast to the suppressing dopants the incorporation of photorefractive elements
has gotten rather little attention by nuclear methods. Studies exist on the technically most
important dopant, iron, on cobalt and on titanium. The latter enhances the photorefractive
effect only very slightly but is of importance for optical waveguide applications.

It is generally presumed that the charge state of iron (Fe2+ or Fe3+) is of importance
for the photorefractive efficiency. Various teams studied this topic applying Mössbauer
Spectroscopy with 57Co as radiation source. The first study by Vayashko et al. [206] used
lithium deficient LN heavily Fe-doped (2.4 to 5.1 mol%) crystals and detected both charge
states in the material. They also reported that the fraction of Fe2+ increases with increasing
Li-deficiency. Further studies with diffusion-doped [43] (0.5 to 1.0 mol% of Fe enriched
to 86% in 57Fe) and melt-doped [207,208] (0.22 mol% Fe2O3 enriched to 90.7% in 57Fe)
by and confirmed that a major fraction (90%) of the iron is present as Fe3+ in the virgin
material. Annealing under reducing atmosphere (in Ar at 1000 ◦C for 140 h or under
vacuum at 635 ◦C for 24 h), changes the charge state of the majority of the dopant to Fe2+.
The measurements also indicate that the Fe dopant is located on an axial site [209].

Additional Mössbauer studies addressed the electron trapping in congruent, near-
stoichiometric, Mg-doped and Fe-doped LN [210,211]. It was found that the electron
trapping effect by Nb-antisite outweighs that attributed to Fe3+ despite the larger cross sec-
tion of the latter. For crystals doped with Mg up to threshold concentration the trapping is
strongly reduced. Due to Li-loss during 57Co diffusion at high temperature no quantitative
results could be obtained for the near-stoichiometric material.

A first study on the lattice location of Fe was performed by Rebouta et al. [212] using
samples of congruent LN doped in melt with 0.5 mol% Fe2O3. Due to the growth method,
Fe was mainly incorporated as Fe2+ (as was confirmed by optical absorption spectrometry)
rather than in the form of Fe3+ preferred in applications using the photorefractive effect
However, previous studies suggest that the lattice location should not be affected by
this [213]. PIXE/C with protons was used to determine the lattice location. Although the
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use of protons produces less pronounced dips and peaks in the angular scans the results
definitely show that Fe is located in the Li site.

Zaltron et al. [214] presented a PIXE/C study on Fe-diffused samples. The material
was produced by coating the LN substrate with a metallic Fe film and performing a
diffusion treatment for 5 h at 1000 ◦C in oxygen atmosphere. Since the resulting samples
contained Fe3+, an additional treatment under reducing atmosphere (96% Ar + 4% H2) for
different times at 500 ◦C was performed in order to obtain up to 100% Fe2+. The depth
profiles of Fe before and after reduction were measured by SIMS revealing a distribution
extending up µm into the bulk with a maximum concentration of about 0.9 mol% Fe at
the surface. The distribution remained unaltered after reduction. Angular scans measured
for the as-diffused (1% Fe2+) and two reduced (20% and 100% Fe2+) samples show fully
overlapping Fe-PIXE curves. Despite the poor crystalline quality of the samples (Nb-RBS
minimum yield of ≈45% in the 〈0221〉-axis) the data indicate that Fe is located on the Li
site. This confirms also the assumption that the lattice site does not depend iron being
incorporated in the divalent or trivalent state.

The lattice site of Co in LN was studied by Szilagy et al. [215] in melt-doped (0.2 mol%
CoO) congruent material. In this case, a He+ ion beam was used to obtain PIXE/C scans for
Co- and Nb-PIXE with pronounced dips for five major axial directions. The simultaneous
recording of Nb-RBS axial scans allowed to demonstrate the high quality of the crystals
grown (χmin ≈ 2%). Comparison of the experimental results with simulations using CASSIS
demonstrated that Co is located exclusively on the regular Li site.

In contrast to its homologues Zr and Hf, Ti does not suppress the photorefractive
effect. It is therefore of interest if its behavior is linked to some different incorporation
mechanism. A first study was made by Buchal et al. [216] with a sample implanted with Ti
at a fluence of 2.5 × 1017 cm−2 and 360 keV energy and subjected to a heat treatment at
1000 ◦C. This caused an almost complete recovery of the crystal structure and a diffusion
of Ti in the bulk material. The maximum concentration of Ti in the samples was reported
to 12 mol%. The PIXE/C measurements for Ti-K characteristic X-ray showed an almost
perfect overlap with that of Nb leading to the conclusion that Ti occupies the Nb lattice
site. Kollewe et al. [217] studied two different cases: melt-doped material with 3 mol% Ti
and Ti-indiffused waveguides with a peak concentration of about 9 mol%. PIXE/C scans
were recorded for various axial directions. For measurements along the 〈0001〉-axis both
samples evidence the absence of off-axis lattice sites while for the other axial directions
clear differences are visible. While for the melt-doped crystal an almost complete overlap
of the Ti-PIXE scan with those of the Li-NRA is found, the indiffused sample shows a
behavior that resembles mainly the Nb-PIXE signal. Finally, Hauer et al. [218] reported a
combined PIXE/C and PAC study for LN doped in melt with 1 mol% of Ti. The angular
PIXE/C scans for various axial directions confirm clearly that Ti occupies only Li sites at
this concentration level and that no off-axis sites are occupied. The PAC measurements
show a single QIF, νQ = 15.4(2) MHz, which scales up very well with the results obtained
with other probes occupying Li sites [34]. These findings led to the conclusion that Ti
occupies solely Li-sites for lower concentrations while for higher concentrations a mixture
of Li- and Nb-sites has to be assumed. Ti and Hf have obviously similar tendencies in the
occupation of lattice sites although with opposite influence on the photorefractive index.

4.3. Optically Active Dopants

The excellent linear and non-linear properties turn LN into a highly desirable host
material for optically active ions. Coherent stimulated emission from the rare earths Nd,
Tm and Ho was observed in this material already in 1969 [219]. The interest on the laser
applications of rare earths and Cr has led to innumerous studies on their optical properties
in the last decades. Since these are strongly dependent on the dopant’s crystallographic
environment the determination of its lattice site is of outmost interest. Although some
pertinent information can be obtained by spectroscopic methods the direct determination
of the lattice location by ion beam methods is indispensable. The study of rare earths in LN
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by RBS/C is fostered by their larger mass in comparison to Nb as the heaviest component
of the host material while chromium has to be investigated using PIXE/C.

For optical communications applications Er3+ has attracted interest in a wide range of
laser host materials due to its IR emission at about 1.5 µm coinciding with a minimum in
the absorption in optical fibers. Erbium has been incorporated into LN by melt-doping,
indiffusion and ion-implantation. RBS/C studies have been reported only for melt-doped
LN. The first investigation used two crystals co-doped with 0.5 mol% Er2O3 and 5.8 and
8.0 mol% MgO in melt (0.79 mol% Er, 4.8 and 7.5 mol% Mg in crystal), respectively [220,221].
Angular scans for axial directions show an exclusive occupation of the regular Li lattice site.
For a second study, a series of singly-doped crystals with concentrations of 0.5, 1, 2, 3, 4
and 5 mol% in a congruent melt was grown and investigated [222]. The comparison of the
experimental angular scans with simulations using the modified FLUX program confirmed
that the main fraction Er is located in the Li–Octahedron but appears to be shifted form
the regular site by 0.2 Å towards the closest oxygen layer. The Er concentration of these
sites increases at first with increasing total Er concentration but reaches a saturation value
at about 2.5 mol%. The high minimum yields for Er in axial directions point out that an
additional fraction of Er occupies non-axial sites but cannot be identified with the known
tetrahedral site in LN. The authors claim that these sites off the c-axis cannot be seen as a
new crystalline structure but are rather amorphous precipitates or defect clusters.

Another important rare earth in optical communication application is praseodymium.
Crystals doped with 0.2 and 0.5 mol% Pr3+ in melt were studied by RBS/C [223–225]. The
comparison of experimental scans and simulations with the FLUX code shows that as in the
case of erbium Pr is located in the Li oxygen-cage but with a larger shift (0.45 Å) towards
the closest oxygen layer. On the other hand, site selective spectroscopy performed on the
same samples suggests that more than one site for Pr3+ exists. This discrepancy can be
easily understood taking into account the defect structure of the congruent material that
causes (due to vacancies and stacking faults) different local surroundings for the Pr3+ ion.

Also the lattice site of the probably most popular laser active ion, Nd, has been
investigated using RBS/C. The history of the investigation of this impurity highlights the
importance of computer simulations for the interpretation of lattice location measurements
in complex non-cubic crystal structures like LN. The first studies of the Nd3+ lattice sites
for a 1 mol% Nd3+ in melt (0.33 mol% in the crystal) where first interpreted based on
assumptions adopted from the study of simpler crystal lattice and pointed out a mixed
occupation of Li- and Nb-sites [192]. Another study even claimed the occupation of three
different axial lattice sites within the Li–Octahedron [226,227]. A new interpretation of the
experimental results using the FLUX code revealed that Nd3+ is actually located in the
Li–Octahedron displaced by 0.4 Å towards the closest oxygen layer [23].

In order to complete the overview on the lanthanides it has to be mentioned that three
other rare earths were also found to occupy positions shifted from the Li site towards the
closest oxygen plane: Eu (0.4 Å) [23,192,228], Ho (0.38 Å) [223,224] and Yb (0.3 Å) [223,224].
Plotting the five known displacement values against the ionic radius as suggested by
Lorenzo et al. [223,224], shows an apparent linear dependence, depicted in Figure 25.
The measured position of the main fraction of Er [222] (0.2 Å) has been added to the
Lorenzo’s data.

For Nd, Gd, Er, Tm, and Lu (1 mol% in melt) RBS/C studies on samples co-doped with
Mg (6 mol%) have been performed [199,221]. For Nd, Gd and Tm the angular scans show
only a partial occupation of the Li octahedron. In contrast to the singly-doped crystals,
remarkably large fractions of randomly incorporated ions (almost complete for Nd, 70% for
Gd, 20% for Tm) are observed. Rare earths with low or no random fractions are Er and Lu.
Interestingly, also the distribution coefficient of Nd in the MgO co-doped crystal, k = 0.03,
is an order of magnitude lower than in the singly-doped material [192]. This indicates
that the incorporation of lanthanides with large ionic radius into the LN lattice is strongly
hampered by Mg. The lattice location study for Mg on the LiNbO3:Lu,Mg sample by Kling
et al. [198] demonstrates that, in contrast to Hf-co-doping, the distribution of Mg in the
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lattice is identical to the singly 6 mol% MgO-doped crystal. In the competition for the
occupation of sites in the Li–Octahedron the divalent Mg may be favored with regard to the
trivalent lanthanides since it requires less charge compensation by formation of additional
Li vacancies.
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Trivalent chromium has been already used in the very first laser as optically active
ion. The potential application as a compact tunable laser initiated an intense research on
the properties of Cr-doped LN. The introduction of chromium in LN with chromium can
be achieved by melt doping [229,230], ion implantation [231] and diffusion [232]. Since
chromium as a transition metal shows the tendency to increase the photorefractive effect
the co-doping with Mg at high concentration is desired. However, the co-doping alters the
absorption (Cr-doped LN is green, Cr-Mg-co-doped pink) and luminescence properties.
Optical [233], ESR [234] and EXAFS [235] studies suggest that these effects are related to
changes in the lattice site occupied by the Cr—only Li-sites for singly-doped material, Li-
and Nb-sites for Mg-co-doped.

The lattice location of Cr was studied by PIXE/C in a congruent sample doped with
0.1 mol% Cr and one with 6 mol% Mg and 0.1 mol% Cr in melt [236]. The very low Cr
dopant concentration turned to out to be extremely challenging for the experiment and
a copper monolayer had to be deposited on the samples to suppress low energy X-ray
emission due to charging effects by the ion beam. Nevertheless, it was possible to determine
the lattice location by comparing the angular scans obtained with computer simulations
using CASSIS. Surprisingly, it was found that already the singly doped crystal contains
about 40% of the Cr on niobium sites and 60% on Li sites. This implies that chromium,
in contrast to all other trivalent dopants studied so far, shows a tendency for charge
compensation Cr3+

Li –Cr3+
Nb replacing Li1+–Nb5+). The results align well with those of the

ESR study by Jaque et al. [234] suggesting that in singly-doped material mainly Cr3+
Li –Cr3+

Nb
occur with some Cr3+ on Li-sites. For the case of the co-doped material the fraction of Cr
located on Li sites is reduced to about 20% while 80% occupy the Nb octahedron although
shifted about 0.1 Å towards the center of the octahedron.

Waveguide lasers require only a thin near-surface with the optically active ion, in-
stead of bulk-doping. Ion implantation is an advantageous tool to dope a material with
a controllable concentration and depth distribution. In order to verify the applicabil-
ity of this method y-cut LN samples were implanted with 100 keV Cr to fluences of
1 × 1016 and 5 × 1016 cm−2, respectively [115]. This resulted in a peak concentration of
2.2 mol% Cr for the latter fluence with a projected range of about 55 nm. In order to remove
the implantation induced lattice damage annealing was performed under wet oxygen
atmosphere for various temperatures and times. The success of the annealing process was
verified by RBS/C showing that for 1000 ◦C and 4 h the almost completely amorphized
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surface layer was reconstructed and the RBS/C spectra hardly distinguishable from those
for virgin material. In order to verify the incorporation of chromium in the crystal lattice
angular scans were taken with PIXE/C. An almost perfect overlap with the results for the
melt-doped case demonstrate the successful incorporation of Cr into the LN crystal.

4.4. Pentavalent and Hexavalent Dopants

Dopants in the pentavalent state are of interest since they can replace Nb without
need of charge compensation. However, none of the elements in the pnictogen group
incorporates into the LN lattice. An alternative are the homologues of Nb, V and Ta. The
latter is known to be able to form mixed crystals covering the full stoichiometry range [237].

Since Ta has about double the atomic mass of Nb it was easy to study this impurity by
RBS/C. The results of congruent crystal doped with 1 mol% of Ta showed that the angular
scans for Nb and Ta fully overlap for all investigated axial and planar direction evidencing
that Ta fully replaces Nb on its lattice site [228].

Similar to the case of pnictogens, also no doping of LN with chalcogenides could be
achieved. Nevertheless, three elements that readily form hexavalent oxides—Mo [238],
W [239–241] and U [242] have been successfully incorporated into LN. The lattice location
of latter two was subject to studies by RBS/C.

Tungsten doping was performed in three different ways: ion implantation, doping
in melt and diffusion. In the first case a fluence of 1 × 1014 cm−2 of 186W was implanted
into x-cut congruent LN resulting in maximum W concentration of 1.25 mol% peaking at
about 50 nm depth [239]. In order to remove the implantation induced damage the sample
was subjected to a two-step annealing process (600 ◦C for 1 h, 800 ◦C for 4 h) in a wet
flowing oxygen atmosphere. The angular scans of the recrystallized material showed a
complete overlap of the Nb- and W signals for all crystallographic directions proving the
complete incorporation of tungsten on the niobium site. In a second study, LN crystals
were grown from melt doped with 1 and 2.5 mol% WO3 [240]. The concentration in the
grown samples were determined by RBS to be 0.2 and 0.5 mol%, respectively, fixing the
distribution coefficient of tungsten to 0.2. The RBS/C measurements confirmed the results
of the ion implantation work on W replacing solely Nb. In the third approach a y-cut
LN crystal was placed on a bed of metallic tungsten and kept at 1000 ◦C for 2.5 h under
vacuum which yielded an extremely W-rich (about 35 mol%) layer at the surface [241].
A subsequent annealing treatment at 1000 ◦C for 2 h reduced the W concentration to
0.75 mol% and improved the crystal quality sufficiently to perform RBS/C scans. As in the
previous two cases, the exclusive occupation of Nb sites by W was observed.

For the investigation of the lattice site of uranium a crystal grown from a congruent
melt doped with uranylacetate-dihydrate (0.5 at.% U equivalent to roughly 2.5 mol%)
was used, in which uranium should be incorporated in the hexavalent state. The samples
obtained contained about 0.18 mol% U (distribution coefficient ≈ 0.07) as determined by
RBS. Optical absorption spectroscopy confirmed that uranium had been incorporated as
U6+ [242]. As in the case of W the angular scans for U-RBS and W-RBS overlapped fully
confirming also for uranium the occupation of the Nb lattice site [240]. Calvo et al. [242]
observed that a heat treatment under vacuum, i.e., reducing conditions for LN, turns the
U-doped crystals from orange to red. Optical absorption studies revealed the existence of
trivalent (and eventually tetravalent) uranium after this treatment. In order to check if this
alteration of the valence state has any influence on the lattice site of uranium RBS/C with
a sample reduced for 16 h at 1000 ◦C under high vacuum were performed. The angular
scans, shown in Figure 26 for various crystallographic directions, show that part of the
U has been pushed out of the Nb site but is still on an axial position [243]. Employing
simulations using CASSIS suggest that about 20% of the U is now on Li sites while the
remainder still occupies the Nb site. These findings corroborate the assumption that the
cation lattice site occupied by ad dopant is mainly governed by its valence state.
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4.5. Noble Metals

The introduction of noble metals into glass in order to change its color is a method
applied since Roman times [244]. The coloration is due the formation of noble metal
nanoparticles for which the existence of surface plasmon resonances causes strong optical
absorption peaks. The associated non-linear optical properties raised the interest on
formation of such nanoparticles in modern optical materials. LN can incorporate noble
metals as Cu and Au only at very low concentrations in melt-doped crystals causing the
absence of surface plasmon related effects. Since the first successful formation of Cu-
nanoparticles and the observation of their typical optical absorption behavior by Saito
et al. [245] in 1987, this method has been applied for the production of Cu [246], Ag [247],
Au [248] and mixed [249] nanoparticles. The influence of ion energy (20 keV–3 MeV),
fluence (4 × 1013–2 × 1017 cm−2), implantation temperature (room temperature—700 K),
post-implantation treatment (annealing at various temperatures and atmospheres) on the
optical properties has been studied in detail [178–181]. RBS and RBS/C was employed in
several studies to investigate the distribution of the implanted species, the implantation-
induced damage and its removal by annealing as well as some structural characteristics of
the implanted elements.

The best investigated case is that of Au. Due its high mass it can be easily detected by
RBS and the implantation-related peak in the spectrum is well separated from niobium. Shi
et al. [250] demonstrated that an implantation at 1 MeV with a fluence of 4 × 1013 Au+ cm−2

only partially damages the implanted layer while for 5 × 1014 Au+ cm−2 already full
amorphization is achieved. Taking RBS/C spectra they were able to calculate damage
depth profiles with nanometric resolution. A comparison with the popular TRIM code [251]
for damage profile computation revealed that the experimentally determined damage
reaches far deeper into the crystal than computed slowing down recovery of the crystal
lattice during annealing. The study by Takahira et al. [252] was the first one to investigate
the recrystallization of an Au-implanted (550 keV, 1 × 1016 to 1 × 1017 cm−2) LN crystals
in detail. They showed that annealing at 600 ◦C for 1 h in air efficiently removes a large
part of the damage for the sample implanted with 3.7 × 1016 Au+ cm−2—corresponding
to a peak concentration of 7 at.%. It is noteworthy that the Au implantation profile is not
affected by the heat treatment.

Dev et al. [253] performed RBS/C measurements for the 〈0001〉-axis of LN implanted
with 1 × 1015 cm−2 Au (1.43 MeV) and annealed at 450 ◦C in flowing oxygen atmosphere
for 40 min. The curves for the Nb- and Au-RBS overlap mostly but show a distinct kink
at about 0.5◦ from the axial direction, ruling out a formation of nanoclusters due to a low
Au concentration (0.5 mol%). This indicates that a major part of the Au is in axial lattice
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site but in contrast to the claims of the authors, not necessarily the Nb-site. Due to its high
atomic mass the Au-RBS scan would also overlap for Li-, free octahedron or other aligned
sites. The kink-related fraction is definitely related to a fraction on a non-axial site, possibly
the tetrahedral site (although this would have to be verified by additional studies).

For a higher fluence (1 × 1016 Au+ cm−2, 800 keV, implanted at room temperature)
Kling et al. [254] investigated the recrystallization of the sample after subsequent annealing
at 600 ◦C (2 h) and 800 ◦C (1 h) in flowing wet oxygen. RBS/C measurements showed
that even at 800 ◦C only a partial recovery of the crystal lattice was achieved. Further, it
was found that the yield for Au-RBS is reduced for the 〈0110〉-axial direction. Since optical
absorption demonstrated the formation of Au-nanoparticles in the sample an incorporation
into the LN lattice was ruled out leaving only the hypothesis that the Au-cluster are aligned
the with the LN lattice. Complementary studies by TEM of this sample revealed that gold
did not form spherical nanoparticles as deduced from various optical investigations but
thin flakes parallel to the surface with lateral dimension of up to 200 nm. An electron
diffraction measurement confirmed that these flakes are highly coherent with the LN lattice.

In another study by the same authors, the interaction between Au- and He-implants
was in the focus of the interest [255]. All samples were implanted with 20 keV He+ to a
fluence of 1 × 1016 cm−2. Au+-implantations with 50 keV (5 × 1015 cm−2) were used to ob-
tain two well-separated profiles while others using 800 keV Au+ (1 × 1016 cm−2) achieved
an overlap with the profile of He. In RBS/C spectra for the samples with separate profiles
the two damage-related peaks for He and Au appear separately even after annealing at
270 ◦C. Annealing at 600 ◦C causes the Au to migrate towards the bulk and broadens
the profile while at 800 ◦C a movement of the gold towards the surface is observed. This
mobility of Au contrast clearly with the static Au profiles observed for single implantation
at the same temperature discussed above. Most likely the diffusion of Au at 600 ◦C is
facilitated by the presence of He in the material but not showing a real gettering effect
as in Si [256]. As in the previous case, diffusion towards the surface and an alignment of
the Au-nanoparticles was found for the samples with overlapping profiles. TEM observa-
tions revealed again the existence of Au-flakes but with drastically reduced lateral sizes
(<100 nm) compared to singly-implanted LN opening a path for the control of nanoparticle
properties by co-implantation of noble gases.

For the case of Ag-implantation, Milz et al. [257] studied the influence of implantation
and annealing temperatures on the damage production and removal. X-cut LN was
implanted with 380 keV Ag+ to a high fluence (1 × 1017 cm−2) at liquid nitrogen (−196 ◦C)
temperature, room temperature and 700 K (423 ◦C). RBS/C spectra show that in the first
two cases the implanted surface layer was completely amorphized while in the high-
temperature case the layer was heavily damaged and thinner retaining some crystallinity.
Rapid thermal annealing at temperatures ranging from 300–900 ◦C was employed for
recrystallization. In the sample implanted at room temperature an increasing reduction
of the amorphized layer with increasing temperature was observed but only at 900 ◦C a
partial recovery of the crystal lattice at the surface was observed.

The interaction of Ag and O implants was the topic of a study by Williams et al. [258].
Z-cut samples were implanted with Ag and O at energies of 160 and 35 keV and fluences of
4× 1016 cm−2 and 8× 1016 cm−2, respectively at RT and 500 ◦C. Both implantation sequences
were used and additionally a singly Ag+ implanted samples (1.5 MeV, 2 × 1016 cm−2 and
1.7× 1017 cm−2, same temperatures) were produced. The implanted material was annealed
for 1 h at 500 ◦C in air. From RBS/C spectra recorded for the Ag-implanted sample it was
concluded that in case of high-temperature implantation is located closer to the surface
than in that for room temperature. On the other hand, during the annealing the Ag moves
towards the bulk in the high-temperature sample while it approaches the surface in the
RT-sample. Co-implanted material shows some difference between the two implantation
sequences when the high-temperature procedure is applied. For Ag- then O-implantation
the Ag-profile stays practically unaltered with most of the Ag remaining at the surface.
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For the opposite sequence, a significant Ag-diffusion towards the bulk was observed that
seems to stabilize the Ag-nanoparticles formed.

The incorporation of Pt into LN was achieved by 50 keV Pt+ ion implantation at
room temperature at a fluence of 5 × 1015 cm−2 [259]. A maximum concentration of
about 1.5 mol% of Pt was attained. The samples were annealed under flowing wet oxygen
atmosphere at 600 ◦C and 800 ◦C for 1–6 h in steps of one hour or at 1000 ◦C for 60, 90 and
120 min. Further, an incremental annealing was done at 300 ◦C, 400 ◦C, 450 ◦C, 500 ◦C,
600 ◦C and 700 ◦C for 30 min followed by one at 1000 ◦C for up to 5 h. Studying the
Pt-RBS yield in the surface region (0–10 nm) showed no effect for 600 ◦C, a slight diffusion
towards the bulk after 6 h at 800 ◦C and a very rapid one at 1000 ◦C leaving the surface
region virtually without Pt. RBS/C spectra showed no alignment effect for Pt except for the
sample that underwent incremental annealing. A minimum yield of 53% is observed for
alignment with 〈0110〉-axis while for all other crystallographic directions random behavior
is found. It can be concluded that Pt forms precipitates that are preferentially aligned with
the 〈0110〉-axis of LN as in the case of Au.

Iridium implanted into LN (130 keV, 5 × 1016 cm−2) with a high peak concentration
has been studied by Kling et al. [260] The samples were annealed under flowing wet oxygen
at 500 ◦C, 800 ◦C and 1000 ◦C for 30 min. In contrast to Pt, significant diffusion towards
the bulk was found by RBS already at 500 ◦C. After heat treatment at 1000 ◦C a practically
uniform concentration of 0.015 mol%, i.e., about two orders of magnitude lower than in the
as-implanted material, is reached. RBS/C scans show an alignment effect with the LN for
all investigated axial directions with a width comparable to that of Nb-RBS. However, the
high minimum yields (40–80%) do not allow attributing positively an occupation of the
Nb-site by Ir.

5. Optical Waveguides

Photonic applications using optical materials like LN receive a constantly increasing
interest. A key part in any photonic device is an optical waveguide. It consists of a thin
surface layer (in the order of the wavelength of the light guided) with a refractive index
larger than the underlying substrate. Total reflection at the interfaces with the bulk and the
air confines the light propagation to the waveguide. Many different approaches for the
fabrication of waveguides in LN and other optical materials have been developed in last
decades. For a comprehensive review see Bazzan and Sada [261].

5.1. Indiffusion

The formation of LN waveguides by in-diffusion of Ti from a thin metallic layer
deposited on the surface was reported for the first time by Kaminow and Carruthers [262]
in 1973 and became with time the most common method. It combines a good guiding
behavior with the preservation of the electro-optic properties. The downside is that Ti, in
contrast to its homologues Zr and Hf, it does not suppress the photo-refractive effect.

For applications, it is of important to determine the depth profile of the in-diffused Ti
that controls the refractive index profile of the optical waveguide. The method of choice is
in this case the SIMS. The first Ti-profile measurement was performed in 1979 by Burns
et al. [263]. The samples were prepared from x-cut LN coated with 17.5 nm of Ti and
diffusing at 900–1100 ◦C for 6h in Ar atmosphere. SIMS concentration profiles for Ti
and Li ions for a sample treated at 1000 ◦C show pronounced peaks with half-width of
200–300 nm near the sample surface. A clear correlation between decreasing Ti- and
increasing Li-concentration with depth is observed. These results suggest that the dif-
fusion treatment time was too short for a sufficient redistribution of the Ti. Arizmendi
et al. [264,265] investigated in detail this first phase of the diffusion process combining
ion beam analysis, X-ray diffraction and electron microscopy techniques for samples in-
diffused in Ar and O2 atmospheres between 500 and 950 ◦C. RBS/C measurements for
samples annealed at 500 ◦C showed the formation of an amorphous TiO2-layer on the
substrate and a lack of oxygen in the LN surface. For the technically more important case
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of 950 ◦C (30 min, dry oxygen) a TixNb1-xO2 compound with x = 0.65 in the surface region
is inferred from the RBS results in accordance with x-ray diffraction. Angular scans for
several axial directions revealed that this new compound is aligned along the c-axis of the
LN substrate but not with other axial directions. The authors argue that the compound
formed in this step constitutes the actual source for the further in-diffusion of Ti.

Based on these observations for technical applications the diffusion treatment at high
temperature and for extended time periods (up to 16 h) has been adopted. Several groups
reported SIMS studies on the Ti-diffusion process. Bremer et al. [266] reported a Gaussian
profile peaking at the surface for Ti after indiffusion for 16 h under wet Ar atmosphere.
A vast investigation of the main determining factors that govern Ti-diffusion (Ti-film
thickness, diffusion temperature) has been presented by Caccavale et al. [267,268]. With
the help of SIMS measurements on samples annealed at 900–1000 ◦C they could confirm
that only for the highest temperature a complete indiffusion of Ti takes place while for
lower temperatures an enhanced Ti-concentration near the surface is found. Further, they
were able to detect a significant anisotropy in the diffusion process leading to a diffusion
coefficient twice as high for z-cut material than for x-cut. Caccavale et al. [269] have given
an impressive example of the lateral resolution of the SIMS technique by studying the
lateral diffusion of Ti in waveguides. It was possible to determine the lateral Ti-profiles of
two waveguides separated only by a few µm. For near-stoichiometric LN produced by the
vapor transport equilibration Zhang et al. [270] observed a diffusion profile that can rather
be described by an error-function than by a Gaussian as in the congruent material.

To overcome the photorefractive effect in Ti-diffused waveguides diffusion into Mg-
doped material or Mg co-diffusion can be applied. The first SIMS study by Bremer
et al. [271] used already Ti-diffused waveguides as described above [266]. MgO was
deposited as Mg-source on the waveguide and indiffused at 950 ◦C in order to avoid
further Ti-diffusion and taking into account the more rapid diffusion of Mg. A single Mg-
diffusion treatment leads to a Gaussian distribution of the Mg peaking at the surface with
some reduction of the Li content at the waveguide surface. Repetition of the Mg-indiffusion
causes a drastic (20%) loss of Li in the surface region accompanied by high Mg-peak in
this region. The authors interpreted this as hint to the substitution of Li by Mg during
doping. Caccavale et al. [272] concluded that the Ti-profile suffers only minor additional
diffusion by Mg co-diffusion but that on the other hand Mg-diffusion is clearly enhanced
in comparison to an undoped crystal [273].

A comparative study on the Ti diffusion in undoped and Mg-melt-doped congruent
and near-stoichiometric LN was presented by Kumar et al. [274]. Samples were indiffused
at 1080 ◦C for 23 h in dry air atmosphere. The values of the Ti-diffusion constant determined
using SIMS profiles show that Ti-diffusion is slowed down in MgO-doped material for
near-stoichiometric (1 mol% MgO) and congruent material (5 mol% MgO) with respect to
their undoped counterparts.

An important alternative is the indiffusion of Zn from vapor phase into LN, reported
for the first time by Herreros and Lifante [275]. Nevado et al. [276,277] produced samples
indiffused at 550 ◦C and 700 ◦C with a diffusion times of 2 h and 8 h, respectively. The
samples were subsequently annealed for 4 h at the 700 ◦C or 800 ◦C, respectively, to form
the actual waveguide. As-diffused and annealed samples were investigated by SIMS
and RBS. In both cases the as-diffused samples showed Zn-rich surface layers followed
by a zone with decreasing Zn concentration. After the annealing Zn diffused from the
Zn-rich superficial layer several µm deep into the bulk forming the actual waveguide. A
further quantitative analysis was performed using HIERD [278]. This high depth-resolution
quantitative technique allowed to confirm that in the as-diffused case the top layer consists
of LN and ZnNb2O6 phases, i.e., a partial substitution of Li by Zn occurs. On the other
hand, in the annealed sample a homogenous mixture of ZnO and LN was found on top
and a Zn-diffusion profile for the remainder of the waveguide.

For completeness, it should be mentioned, that also other elements, Sc [279] and
Zr [280], which are candidates for waveguide formation were studied with regard to their
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diffusion properties using SIMS. Further, several studies focused on the co-diffusion of
two elements: Zn/Ni [281], Zr/Ti [282,283], Sc/Ti [283] as well as for waveguide laser
applications, the important Er/Ti [283,284].

5.2. Proton-Exchange

A simple alternative to metal-diffusion based waveguide production is the proton-
exchange (PE) technique reported in 1981 by Jackel and Rice [285], trailed by the production
of the first optical waveguide in the following year [286]. Proton exchange is achieved
by placing the LN crystal in a liquid source (most commonly melted benzoic acid) that
acts as hydrogen source at elevated temperature. For a review see Cabrera et al. [287].
Unfortunately, the as-exchanged layer suffers from lattice stress and damage, as found
in early RBS/C studies [288,289], which degrades the optical properties. Therefore, a
subsequent annealing procedure at about 300 ◦C in air is employed in order to obtain
a high-quality waveguide. Figure 27 shows the effect for LN proton-exchanged using
benzoic acid.
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Figure 27. RBS spectra for the virgin LN (random and 〈0110〉-axis) and after proton-exchange in
benzoic acid (〈0110〉 -axis, as-exchanged and annealed). The clearly visible surface damage layer has
a thickness of 270 nm.

Studies of the as-exchanged layer thickness are performed by analyzing the damage
profile in axially aligned directions by RBS. Changing process temperatures and times as
well as the cut of the substrate allowed to determine their influence on the exchange-depth
and the hydrogen diffusion coefficient. Results were reported for benzoic acid in the low
(110–220 ◦C) [290] and high temperature range (200–300 ◦C) [291,292]. In accordance with
the expectations, the exchange depth was found to be proportional to the square root of the
exchange time while the diffusion constant follows an Arrhenius law [290] Analogue find-
ings were reported for samples treated with sulfuric [293] and pyrophosphoric acid [294].
The comparison of channeling spectra taken before and after annealing shows a strong but
incomplete recovery of the LN crystal structure [291,292,294,295].

Nb-disorder profiles extracted from the RBS/C spectra show differences between
x- and z-cut LN [292]. The as-exchanged z-cut material shows a low damage (up to
25% of the Nb-atoms displaced) increasing from surface to bulk with an abrupt end. On
the other hand, for x-cut material the damage was found to be constant at a high level
(80%). After annealing the damage profiles extended for both cases deeper into the bulk
and interestingly, showed a smaller degree of recovery for the z-cut substrate. Olivares
et al. [291] measured RBS/C spectra and angular scans for Nb-RBS along several axes in
as-exchanged waveguides demonstrating high-temperature treatment leads to a superior
crystal quality. Moreover, virtually no differences between samples prepared under slightly
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different conditions (addition of lithium benzoate, annealing atmosphere) were observed.
The authors also performed ERD angular scans for the lattice location of hydrogen at
several planar directions [291,296]—due to the need of large ion beam incidence angles
(θ > 70◦) for this technique no appropriate axial directions were available. A comparison of
the experimental results with computer simulations based on a theoretical model proposed
by Kóvacs et al. [297] (shift of H in c-direction by 0.1 Å, in y-direction ≈ 1Å) revealed a
good agreement. Although somewhat ambiguous, these results support clearly support
the formation of O-H suggested by theory.

As in the case of Ti-diffusion the actual elemental profiles within the waveguide are of
outmost interest for establishing a correspondence with refractive index profile. Suitable
nuclear depth profiling techniques employed in proton-exchanged LN for hydrogen are
ERD, NRA and SIMS, for lithium NRA and SIMS and for oxygen SIMS.

Canali et al. [289] measured the H and Li depth profiles of as-exchanged layers using
nuclear reactions. In the case of hydrogen profiling was done with the 15N(p,αγ)12C
reaction that allows due to its resonant character a very high depth resolution; Li-profiles
were taking using the non-resonant 7Li(p,α)4He reaction that allows only moderate depth
resolution. The hydrogen profiles overlap with the damage depth observed in the RBS/C.
The Li-NRA spectra reveal a 70% reduction of lithium in the treated layer corroborating
that indeed an exchange reaction between Li and H takes place. Additional SIMS studies by
the authors confirmed these results. Hsu et al. [295] verified the depletion in as-exchanged
layers and demonstrated that after annealing a partial recovery of the Li concentrations
occurs although a thin surface layer stays poor in lithium. Resonant NRA depth profiling
by Ito and Kawamoto [298] revealed a reduction of the H-concentration in the surface
after annealing and further diffusion into the bulk out of the depth region accessible by
this method.

Rottschalk et al. [299] employed ERD for the H depth profiling of PE waveguides
(benzoic acid, 180 ◦C, 5 h or 250 ◦C, 1 min) in as exchanged state and after annealing at
various temperatures. Despite the extremely short treatment time, it was clearly visible
that higher temperature yielded a higher hydrogen surface concentration. As expected,
the hydrogen diffuses more rapidly with increasing annealing temperature reducing its
concentration at the surface. The work of Hagner and Bachmann [300] investigated the
H-concentration in the as-exchanged waveguide in dependence of the amount of lithium
benzoate admixture to the benzoic acid used in the process. The ERD spectra showed a
reduction of the hydrogen incorporation into the layer with otherwise identical conditions.

Hydrogen profiles in PE-LN layers (benzoic acid, 185 ◦C, 70 min) annealed at 400 ◦C
for 6–180 min were obtained by Casey et al. [301] and Zavada et al. [302] using SIMS. The
measured H concentration profiles had to be fit using two Gaussian diffusion profiles which
suggest the existence of two different types of hydrogen diffusion with distinct diffusion
coefficients. The authors suggest that the fast component is related to interstitial diffusion
while the slower represents substitution of lithium by hydrogen. De Souza et al. [303,304]
confirmed and quantified the fractions of these two different species of hydrogen with
NMR measurements for several exchange conditions. In a second study [305] the authors
succeeded to separate the signal origination from the “static” hydrogen and compared
the results with calculations for four defect models. The best agreement was found for H
occupying a position within an oxygen plane along a side of an oxygen triangle equidistant
from two oxygen atoms.

Yamamoto and Taniuchi [306] as well as Cheng et al. [307] reported SIMS-based
hydrogen profiles for the alternative pyrophosphoric acid exchange method and show that
the profiles obtained are very similar to those of samples using the common benzoic acid.

5.3. Ion Implantation

Among the waveguide fabrication techniques ion implantation is the one that can be
applied to largest variety of materials. For comprehensive reviews see Chen et al. [308]
and Peña-Rodriguez et al. [309]. As discussed in Section 3.3 defects are produced by
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electronic and nuclear interactions. In many cases, these defects cause an alteration of the
refractive index forming an optical waveguide. The first successful waveguide formation
using ion implantation was reported by Destefanis et al. [310]. For waveguides based on
nuclear damage induced defects the quality of the waveguides is improved by an annealing
procedure to remove electronic damage in the light guiding layer but leaving the buried
damage layer intact. In the meantime, waveguide formation based on electronic damage
production gained importance with many ions reported to be useful: B, C, N, O, F, Si, P, Ti,
Cu, Ni, and Ag.

Barfoot et al. [311] studied the damage built-up during implantation with 1 MeV
He+ (2.0 × 1015 and 2.4 × 1016 cm−2) and annealing induced recovery by in-situ RBS/C.
Varying the implantation temperature between 40 and 140 ◦C resulted in a decrease of the
Nb-lattice disorder with increasing temperature. In all cases a saturation of the damage
was observed at about 1 × 1016 He+ cm−2 coinciding with the value found for optimal
waveguide performance. Further, the best annealing temperature was determined to
be about 180 ◦C. Williams et al. [312] investigated similar waveguides (implanted with
1.7 MeV He+, 1.5 × 1015 and 2.0 × 1016 cm−2, RT; annealed at 175 ◦C and 400 ◦C) by
NRA using the 7Li(p,α)4He reaction. A comparison indicated among the NRA/C spectra
indicated a lithium movement towards the nuclear damage region during annealing. The
authors suggest that this effect is responsible for the increase in the extraordinary index in
the surface region.

Low-energy He+-implantation (50 keV, 2.0 × 1015 and 2.4 × 1016 cm−2) performed
at temperatures of −80 ◦C, −30 ◦C, 25 ◦C and 80 ◦C has been studied by Al-Chalabi
et al. [313] employing RBS/C and HIERD. The damage in the sample implanted at −80 ◦C
appeared strongly enhanced while no difference between those implanted at −30 ◦C and
80 ◦C was detected. Li- and H-profiles obtained from the HIERD data indicate a loss
of lithium in the implanted layer that is compensated by the incorporation of hydrogen.
The lithium concentration reduction was found to increase with increasing fluence and
implantation temperature.

Kling et al. [314] studied the annealing temperature dependence of the lattice damage
in y-cut LN using RBS/C. Samples were implanted at room temperature with 20 keV He+

to a fluence of 1 × 1016 cm−2 or with 25 keV Li+ (1 × 1016 cm−2)—that yield the same
damage profile—in order to check for the chemical influence of the implant. Annealing
was performed under wet oxygen atmosphere for 10 min at five different temperatures
(150–350 ◦C). At first, an increase of the damage during the heat treatment was observed
with increasing temperature reaching a maximum at 270 ◦C with an apparent activation
energy of 0.14 eV, as depicted in Figure 28. For Li-implanted samples an almost complete re-
covery of the lattice has been observed at this temperature indicating that He-implantation
induces fundamentally different damage structures. A further increase of temperature
induced a decrease in the number of defects with a much larger activation energy of
1.3 eV. This two-phase behavior resembles closely that observed for He-implantation in
silicon [315]. An additional TEM study on the same samples annealed at 270 ◦C revealed
the existence of platelet voids in the depth region at which the He ions were stopped. This
region forms naturally a layer of low refractive index.

The annealing behavior of LN implanted with 800 keV He+ ions at very low tem-
perature (−173 ◦C) to fluences of 5 × 1015 and 1 × 1016 cm−2 was the topic of a study of
Gischkat et al. [316]. RBS/C measurements were performed at implantation temperature,
at room temperature and after heat treatments at 250 ◦C and 300 ◦C in air. An apparently
higher defect concentration observed in x-cut samples with respect to z-cut material was
observed. As discussed in the Section 3.3 this anisotropy is due to the dislocation of Nb
to the free octahedron site during implantation leading to different defect geometries in
terms of channeling for the two directions. The dechanneling effect due to defects was
observed to decrease with heat treatment for the low-fluence case and to increase for the
high-fluence case. In the latter case, the enhancement was attributed to the formation of
dislocation loops.
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Besides helium, the implantation of nitrogen has already been explored in 1980s
with view to its applications in optical waveguides [99,100]. Damage profiles for samples
implanted with 200 keV N+ with fluences between 5 × 1014 and 2 × 1016 cm−2 were deter-
mined by RBS/C and correlated with the refractive index of the material. The formation
of optically isotropic waveguide by amorphization due to electronic damage formation
of a surface layer by implantation of high-energy (5 MeV and 7.5 MeV) Si+ ions has been
studied by Olivares et al. [117,317]. From RBS/C spectra for samples implanted with
fluences ranging from 5 × 1013 to 1 × 1015 cm−2 the authors determined threshold values
for the amorphization and the associated electronic stopping power. Similar studies have
also been performed for H [318], O [111,319–321] and F [116].

Optical waveguides can also be formed by high-fluence implantation of Ti with
subsequent annealing/diffusion treatment. Bremer et al. [322] implanted y-cut LN with
200 keV Ti to fluences of 2.5 × 1017 cm−2 and 4 × 1017 cm−2 at liquid nitrogen temperature,
room temperature and 350 ◦C. The samples underwent subsequent heat treatment at
1000 ◦C under wet oxygen atmosphere for 2 to 8 h. RBS/C studies demonstrated a
good crystal lattice recovery was achieved in all cases for long annealing times but that a
higher implantation temperature favors the recrystallization process. Optical waveguide
properties were observed for all samples.

A technique related to implantation is ion beam mixing. A LN sample plated with a
40 nm metallic Ti layer has been irradiated with 3 MeV Ti+ ions at a fluence of 1 × 1016 cm−2

by Bremer et al. [266]. After removal of excess Ti from the surface the sample was annealed
at 1000 ◦C under wet oxygen atmosphere to achieve recrystallization. The SIMS profile
measurement showed a Ti profile with a steady slope reaching deep into the bulk material
which differs strongly from the Gaussian profiles found in indiffused waveguides.

5.4. Combination of Techniques

The combination of the proton-exchange and the implantation technique produces in-
teresting results. For samples subjected first to a He+ implantation (200 keV, 3 × 1016 cm−2)
and then undergoing a proton exchange treatment the hydrogen indiffusion is strongly en-
hanced [323]. It appears that the damage introduced by ion implantation process facilitates
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the incorporation of the hydrogen. For the inverse treatment sequence, it was observed
that a proton-exchanged sample subsequently implanted with 6 MeV O+ at a fluence of
6 × 1014 cm−2 is fully amorphized while PE-only and implantation-only samples show
only minor damage [324]. Obviously, the proton-exchange process leads to a more fragile
lattice increasing the susceptibility to lattice disorder.

5.5. Interaction with Optical Active Dopants

For optical waveguide lasers the absence of interferences between the waveguide
formation process and the optically active dopants is mandatory. Therefore lattice site
location and crystal structure studies for several rare earths in bulk and processed waveg-
uide materials have been performed. Herreros et al. [325,326] compared the lattice sites
for LiNbO3:Tm,Mg and LiNbO3:Er,Mg in as-grown and ion-implanted (2.6 and 2.0 MeV
He+, respectively, 2 × 1016 cm−2; annealing: 250 ◦C, 30 min, air) samples. Angular scans
for an axial direction demonstrated that the lattice sites of Tm and Er stay unaltered after
waveguide fabrication. The same authors also studied the structural differences in waveg-
uides fabricated by proton-exchange (benzoic acid, 300 ◦C, 20 h) and by He+ implantation
(2 MeV, 2 × 1016 cm−2) in LiNbO3:Nd,Mg using RBS/C. Again, the results show that
ion-implanted waveguides essentially maintain their properties while proton-exchanged
present a larger deterioration [327]. Cajzl et al. [328] reported on the influence of the three
waveguide fabrication methods (Ti-diffusion, proton-exchange and ion implantation) on
the lattice site of erbium. Angular RBS scans confirm that none of the methods has any
measurable influence on the position of the Er. These results indicate that rare-earth ions
are successfully incorporated of into LN waveguides.

6. Conclusions

The relevance of nuclear techniques in the investigation of defect structures in modern
materials has been demonstrated for the case of LN, presently one of the most important
optoelectronic materials. It has been shown that the techniques originally developed for a
simple crystal system can be successfully transferred to complex cases.

In the case of the intrinsic defect structure of congruent LN the combination of Ion
Beam Analysis and Perturbed Angular Correlation studies delivered evidence for an
additional lattice site in the Li–Octahedron. The features of this site observed by nuclear
techniques support the interpretation that the excess Nb is incorporated through ilmenite-
type stacking faults dispersed in the crystal lattice.

Channeling measurements are found to be the method of choice for the characteriza-
tion of ion implantation induced damage and its recovery laying the basis for the theoretical
interpretation of damage formation in oxides.

The determination of lattice sites for a large number of elements, including the role of
co-doping furnishes pertinent information for future engineering of LN by introduction of
foreign atoms. It was demonstrated that the main factor determining the occupation of a Li-
or a Nb-octahedron by a dopant is the valence state. Divalent, trivalent and tetravalent ions
occupy—with the single exception of Cr, the Li–Octahedron, pentavalent and hexavalent
the Nb.

Depth profiling and defect characterization in optical waveguides by ion beam meth-
ods is essential for the development of opto-electronic devices.
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Abstract: Oxygen vacancies are known to play a central role in the optoelectronic properties of oxide
perovskites. A detailed description of the exact mechanisms by which oxygen vacancies govern such
properties, however, is still quite incomplete. The unambiguous identification of oxygen vacancies
has been a subject of intense discussion. Interest in oxygen vacancies is not purely academic. Precise
control of oxygen vacancies has potential technological benefits in optoelectronic devices. In this
review paper, we focus our attention on the generation of oxygen vacancies by irradiation with high
energy particles. Irradiation constitutes an efficient and reliable strategy to introduce, monitor, and
characterize oxygen vacancies. Unfortunately, this technique has been underexploited despite its
demonstrated advantages. This review revisits the main experimental results that have been obtained
for oxygen vacancy centers (a) under high energy electron irradiation (100 keV–1 MeV) in LiNbO3,
and (b) during irradiation with high-energy heavy (1–20 MeV) ions in SrTiO3. In both cases, the
experiments have used real-time and in situ optical detection. Moreover, the present paper discusses
the obtained results in relation to present knowledge from both the experimental and theoretical
perspectives. Our view is that a consistent picture is now emerging on the structure and relevant
optical features (absorption and emission spectra) of these centers. One key aspect of the topic
pertains to the generation of self-trapped electrons as small polarons by irradiation of the crystal
lattice and their stabilization by oxygen vacancies. What has been learned by observing the interplay
between polarons and vacancies has inspired new models for color centers in dielectric crystals,
models which represent an advancement from the early models of color centers in alkali halides
and simple oxides. The topic discussed in this review is particularly useful to better understand the
complex effects of different types of radiation on the defect structure of those materials, therefore
providing relevant clues for nuclear engineering applications.

Keywords: lithium niobate; strontium titanate; self-trapped electrons; polarons; oxygen vacancies;
defects; luminescence

1. Introduction

Oxides constitute a large family of dielectric compounds that appear in many areas of
science and technology from nanoscience to geophysics and from CMOS (Complementary
Metal-Oxide-Semiconductor) transistors to astronautics. An important class of oxides are
the perovskites, such as cubic strontium titanate (SrTiO3) and lithium niobate (LiNbO3),
having a distorted perovskite, with a trigonal (ilmenite-like) structure. This later material
is a popular example of a photonic material, mainly due to its combination of ferroelectric,
photovoltaic, and nonlinear optical properties. In particular, it is the reference material for
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second-harmonic generation and more specifically for charge transport (photorefractive)
nonlinearities [1]. This latter property has received renewed attention in view of its
function in novel applications. For example, LiNbO3-functionalized surfaces have been
used for trapping and manipulating nanoparticles (photovoltaic tweezers) [2]. SrTiO3
and other cubic perovskites offer outstanding potential for electronic, optoelectronic, and
photocatalytic devices and constitute the basis for the new growing field known as complex
oxide-based microelectronics [3–7].

This review is mostly concerned with oxygen vacancies in LiNbO3 and SrTiO3 as
representative examples of distorted and cubic perovskites, although some brief excursions
into related materials are occasionally made. The oxygen vacancy centers denoted by F+

and F represent an oxygen monovacancy with one trapped electron and an oxygen mono-
vacancy with two trapped electrons, respectively [8]. These two centers are considered to
be important point defects for many optical and transport properties and, therefore, for
optoelectronic applications of LiNbO3 and SrTiO3. We believe that a comparative analysis
of these two materials is fruitful and offers a good opportunity to examine, in depth, the
role of structure on the properties and behavior of those vacancy defects.

In the basic perovskite ABO3 structure, A is a monovalent or divalent ion, and B a
tetravalent or pentavalent ion. The structure can be described as an arrangement of oxygen
BO6 octahedra, enclosing a transition metal ion B. It is useful to regard those octahedra as
the basic structural units governing the electronic and optical behavior. Typical structures
for SrTiO3 and LiNbO3 crystals are shown in Figure 1, illustrating the different octahedral
arrangements. These basic structures allow us to understand many of the basic properties
of perovskites. For perovskites, such as SrTiO3, the oxygen octahedra are linked together at
the oxygen vertices. For LiNbO3, adjacent octahedra share a common face. The occurrence
of one or other structure is related to the radii of ions A and B. Indeed, the Goldschmidt
tolerance factor, which incorporates the ionic radii, is commonly used to predict the most
stable crystal class for a particular perovskite. Note also that several phase transitions
have been observed for some of these materials. A key difference between LiNbO3 and the
perovskites is that the ABO3 phase of LiNbO3 is stable over a wide range of Li/Nb ratios or
stoichiometries. The usual or congruent composition corresponds to [Li]/[Nb] = 0.945, but
other stable stoichiometries [9] can be also prepared. A large number of physical properties
have been found to depend on stoichiometry, such as the optical absorption edge [10,11]
and radiation-excited luminescent emission [12]. A possible reason for the wide range of
stable stoichiometries in LiNbO3 has to do with the close similarities of ionic radii of the
host ions (0.68

.
A for Li+ and 0.69

.
A for Nb5+). In line with the central importance of the

structural oxygen octahedra, the electronic band structure of LiNbO3 [13], SrTiO3 [14], and
other oxide perovskites has some general features. The valence band (VB) is essentially
associated with p-oxygen orbitals, whereas the conduction band (CB) is constituted by
s-oxygen orbitals and d-orbitals of the B site transition metals. We will see, however, that
the d-orbitals in the conduction band (CB) also play a key role in our understanding of
color centers in oxide perovskites. The band gap, separating the oxygen p and s orbitals,
lies in the range of 3 eV.

The detailed structure of defective crystals in perovskite crystals (particularly LiNbO3)
is a key piece of information to understand most fundamental and functional properties
of those materials. However, the generation, identification, and characterization of the
defect centers is a difficult subject and involves a complex set of challenges that has been
a matter of controversy. A number of works have been dealing with oxygen vacancy
models [15–28]. A large variety of experimental techniques have been used to generate and
investigate oxygen vacancy centers. Most of these techniques use thermochemical meth-
ods (e.g., oxidation reduction treatments) or irradiation with different energetic particles.
Thermochemical methods have been employed in LiNbO3 [15,16], but they rely on subtle
thermodynamic models whose parameters are not easy to analyze. Different models have
been proposed and discussed to understand the defective structure of reduced LiNbO3
samples. A very authoritative and elaborated study of those models is given in [29–31].
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The defective structure strongly depends on the details of the thermal treatments and the
surrounding (reducing) atmosphere and is not the objective of the present work. The major
goal of the present work is to focus on the experiments that have been carried out for
the production and characterization of oxygen vacancies by high energy particles, either
electrons [32,33] or ions [25,26,34].
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permission from Elsevier; (b) was generated using Vesta software [36].

These methods rely on the production of atomic displacements induced by momentum
transfer during elastic collisions between the fast projectile particles and the atoms of
the host crystal lattice. The analysis of these experiments is performed by using well-
established models and available software packages [37]. A major experimental advantage
of this approach is that the irradiation parameters (energy and range of the particles) can be
easily modified and, therefore, the deposited energy and the effects of the damage can be
tailored. Although the use of light ions, such as H and He, has been a common tool in the
past [38], a growing number of studies has employed swift-heavy ions. This parallels the
increased availability of laboratories with swift-heavy ion irradiation capabilities [25,26,34].
Energetic ions have the advantage of producing a broad electronic excitation spectrum that
permits simultaneous access to the excited levels of all defect centers. In fact, a relevant
outstanding feature of such irradiation experiments is that the production and detection of
defects can be performed in situ and in real time. Unfortunately, despite these advantages,
the scientific community is often not aware of the potential of the method.

Our review focuses on two representative oxide materials: (a) LiNbO3, which is an
example of ilmenite-like structure (distorted perovskite), a subject featured in the present
issue of Crystals, and (b) SrTiO3, a technologically important perovskite that is cubic at
room temperature (RT), which may serve as an important structure for comparison. In
both cases, significant experimental and theoretical progress has been achieved over the
past few years.
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The focus of the present review is on the production, optical identification, and
electronic structure of oxygen vacancy centers produced by high-energy particles in LiNbO3
and SrTiO3. One important theme is the role of oxygen vacancies assumed as the main traps
for electronic carriers through self-trapped electron (polaron) states and the formation of
F-type centers. Our understanding of the self-trapping of electronic charges (both electrons
and holes) and the further creation of polaron states, predicted by Landau [39], goes back
to pioneering works by Schirmer and coworkers on LiNbO3 [30,40], as well as Stoneham
and coworkers in oxides [41,42]. In the case of insulators with high dielectric constants,
it is often observed that free electronic carriers self-trap in the perfect lattice due to the
induced local polarization, and the subsequent lowering of the energy. Oxygen vacancies
and polarons turn out to be closely related and lie at the heart of this discussion. This
review examines classic works in the literature, as well as very recent reports, to provide
an up-to-date understanding. As a consequence of the extensive work performed on a
large variety of oxide perovskites, and the new high-energy irradiation experiments, a
satisfactory picture for the structure and optical behavior of oxygen vacancies in these
materials is possibly emerging. It is adequate to point out that, at variance with previous
investigations, the high-energy irradiation experiments are performed in situ (real-time),
avoiding the processes that take place after every irradiation. Therefore, we consider it an
opportune moment to present this review centered on the possible generation of oxygen
vacancies in LiNbO3 and SrTiO3. It is expected that the comparative discussion between
these two representative materials may provide a further impetus for progress in the field.

2. Oxygen Vacancy Centers in LiNbO3 Created by High-Energy Electron Irradiation:
Real Time in situ Detection of the Induced Optical Absorption

LiNbO3 is a reference inorganic material for nonlinear optical applications, particu-
larly in relation to charge transport (photorefractive) nonlinearities. The experiments to
be discussed here involve the measurement of the optical absorption spectra induced by
high-energy electron irradiation up to 2 MeV on congruent samples [32]. In these pioneer
experiments, a sample is sandwiched inside a small double oven situated in a vacuum irra-
diation chamber, which allows for enabling in situ measurement of the optical absorption
spectrum in real time. For low-electron energies, a low intensity, broad, and structureless
absorption spectrum is produced. However, for higher energies (>0.3 MeV), a more well-
defined absorption spectrum develops with a broad peak at about 2.6 eV (480 nm). The
spectrum has been now decomposed into three main Gaussian components centered at 1.7,
2.6, and 3.2 eV, as illustrated in Figure 2. The component at 1.7 eV (730 nm) was previously
associated with mobile small electron polarons such as Nb4+ [40] through electron spin
resonance (ESR) measurements after X-ray irradiation at 20 K, and has been also detected
in thermally reduced samples [15,16]. These self-trapped carriers such as Nb4+ constitute a
localized electronic defect that can migrate through the lattice by hopping between nearby
lattice sites [43]. In order to investigate the structural origin of the absorption band cen-
tered at 2.6 eV, researchers plotted its height as a function of the electron beam energy
(see reference for further details). The optical density as a function of electron irradiation
showed a threshold at an energy of 1.1 MeV (Figure 3); thus, in addition to the energy
loss in 0.9 mm, a threshold value of 0.3 MeV can be deduced (more details can be found
elsewhere [32]). Considering the energy transfer between the high-energy electrons and
the LiNbO3 lattice, the sharp threshold was associated with displacement of oxygen atoms
by elastic electron–atom collisions. The oxygen displacement energy was determined to be
53 eV, which is similar to the values found for other oxides such as MgO (60 eV), MgAl2O4
(59 eV), and Al2O3 (70 eV). It is worth noting that similar absorption spectra have also
been obtained after thermal reduction [15,16] where the generation of oxygen vacancies
has not been demonstrated and alternative models have been invoked [29,30,44]. Pending
of ESR experiments and refined theoretical calculations, a main tentative conclusion is
that electron irradiation experiments can provide clear and unequivocal evidence for the
generation and optical behavior of oxygen vacancy centers, i.e., F+ and F centers. Similar
irradiation experiments to those reported on congruent samples were also carried out on
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stoichiometric samples (Li/Nb = 1) [33]. The generated absorption spectrum is similar in
both cases, indicating that it is essentially independent of the structure associated with the
non-stoichiometry.
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Figure 2. Absorption spectra and Gaussian decomposition obtained for congruent LiNbO3 irradiated
with high-energy electrons at various temperatures (a) 15 ◦C, (b) 100 ◦C, (c) 250 ◦C. This figure has
been adapted from Hodgson et al. [32], Copyright (1987), with permission from Elsevier.

In the light of the available information presented in the section on SrTiO3 as well as
on other perovskites, one could associate the measured absorption bands to one or two
Nb4+ small polarons trapped at the vacancy site, respectively. This model is rather different
from the earlier one used to describe color centers in alkali halides, where the electrons are
deeply trapped in vacancies. This is the model described in the next section on high-energy,
ion-irradiated SrTiO3. In order to explore the validity of such interpretation for F-type
centers in LiNbO3, researchers performed complementary experiments to observe the effect
of heating on the absorption spectra (Figure 4). It was shown that heating in the range
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RT-250 ◦C caused a clear conversion of the 2.6 eV band into the 1.7 eV band. This behavior
was reversible on cooling the samples. It was, then, concluded that F+-centers (one electron
trapped at the vacancy) and F-centers (two electrons trapped at the vacancy) might be
reasonable candidates for the 3.2 eV and 2.6 eV bands, respectively. The process can be
summarized as follows. With the addition of thermal activation energy, the Nb4+ polarons
became untrapped from the vacancy sites, giving rise to its 1.7 eV band and causing the F
to F+ conversion and the generation of free oxygen vacancies. The behavior was essentially
reversible on cooling, clearly suggesting that the polarons trapped again at the vacancies. In
other words, vacancies and polarons should stay close together so that the balance between
the centers at 1.7 eV and 2.6 eV and the generated concentration of vacancies appear to
be essentially governed by thermodynamic laws. The optical absorption bands of the
F-type color centers would involve the transition between an in-gap ground state to excited
Nb4+ d-levels residing in the conduction band (CB) [17]. Although, ESR experiments and
theoretical calculations have yet to corroborate this model, the available data suggest that
these color centers involve small Nb4+ polarons that are trapped in the vicinity of oxygen
vacancies and form part of their electronic structure. Anyhow, one should point out that
alternative models for the optical absorption spectra of the irradiated (as well as reduced)
crystals have been discussed in terms of polaron and bipolaron states [30].
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(1987), with permission from Elsevier.

It is encouraging to note that similar high-energy electron irradiation experiments
have been also carried out on KNbO3 (a cubic/orthorhombic perovskite) [45]. The ab-
sorption spectra are qualitatively and quantitatively similar to those obtained for LiNbO3,
confirming the key role of the NbO6 octahedron in the optical response. Moreover, the
experimental data also show a sharp threshold in optical density as a function of the
electron energy in accordance with the impact character of the process. In our view, all
these results demonstrate the potential of high-energy electron irradiation experiments to
introduce oxygen vacancies in a reliable way and allow for their real-time characterization.
These results could not be, in principle, achieved by any alternative methods.

At this stage, one may ask about the possible luminescence emissions associated with
those color centers in LiNbO3. They might provide additional insights on the responsible
optical transitions, as well as on the electronic energy levels. Early luminescence exper-
iments under X-ray irradiation showed a main emission band at around 2.9 eV, but it
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was found to be independent of irradiation dose [46]. Therefore, this emission was not
ascribed to oxygen vacancies or any extrinsic defects, but to intrinsic electron–hole (e-h)
recombination. The reason may lie in the fact that, after generation of free electrons (e)
and holes (h) by irradiation, those pairs very rapidly couple together and form relaxed
self-trapped excitons (STEs) on the sub-nanosecond time scale. Moreover, the fraction
of these STEs appears to be very high (close to 1), and thus this recombination channel
appears dominant.
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3. Oxygen Vacancy Centers in Cubic SrTiO3 under High-Energy Ion Beam Irradiation:
Real-Time Luminescence Emissions

A large fraction of the recent reports on oxide perovskites is related to SrTiO3 [28],
where the recent experimental and theoretical information has improved our understanding
of the structure and behavior of oxygen vacancies. They are considered to be responsible
for some outstanding properties of SrTiO3 such as an insulating metal transition, supercon-
ductive behavior, and photocatalytic properties [3,47]. Therefore, in line with the objectives
of this review, we now discuss recent experimental data obtained from irradiation experi-
ments on SrTiO3 using high-energy heavy-ion beams [25,26,48]. The use of such ions has
dramatically increased in recent years. For high-energy, high-mass ions, the electronic
stopping power is large and dominates the total stopping power. This large electronic
stopping power gives rise to specific types of lattice damage and amorphization [34,49].
In contrast with the experiments in LiNbO3 discussed in a previous section, which relied
on absorbance spectra, the main detection technique with the heavy ion experiments has
been luminescence. One should note that ion beam induced luminescence or ionolumi-
nescence experiments are unique in their ability to combine high sensitivity with high
spectral resolution. In such a way, the experiments offer a complementary picture to those
ones described previously in Section 2 for LiNbO3 and offer an experimental approach for
the future.

The light emission spectra of SrTiO3 under ion beam irradiation is complex and
includes several overlapping bands, as shown in Figure 5, with peaks located at around
2.0, 2.5, and 2.8 eV [25–27,48]. Their relative importance strongly depends on the mass and
energy of the projectile ions, which determines the electronic excitation density deposited
into the material, as well as on the irradiation temperature. Moreover, heavy ions, may
also introduce structural defects within the material. While these additional variables
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can complicate the interpretation, they also act as useful knobs to turn that allow the
experimenter to gain insight into the nature of the luminescence centers. Recently, a detailed
study of the luminescence emission under irradiation with a variety of high-energy heavy
ions has provided unequivocal evidence supporting the assignment of the 2.0 eV emission
band to Ti3+ polarons trapped at isolated oxygen vacancies [25,26]. In fact, the data in
Figure 6 show a strong correlation between the initial growth rate of the 2.0 eV band and
the production rate of isolated vacancies with irradiation fluence, as calculated by SRIM
(The Stopping and Range of Ions in Matter) simulation code [37]. Density functional theory
(DFT) calculations [50] indicate that the corresponding luminescence transition connects
an in-gap level, having a d-orbital character, to Ti3+ d-levels located in the conduction
band (CB). Note the similarity of this transition to the in-gap d-orbital to CB d-orbital Nb4+

transition associated with F-centers in electron irradiated LiNbO3. One should note that
X-ray irradiation of SrTiO3, which does not cause lattice damage by impact collisions,
does not induce the red emission associated to the proposed oxygen vacancies [51]. A
schematic of the electronic structure of the oxygen vacancy center is depicted in Figure 7.
The 2.0 eV band has not been often observed with pulsed laser excitation partly due to
the difficulty of reaching the upper d-levels in the conduction band (CB) with a narrow
spectral width excitation source. Other theoretical calculations have dealt with this complex
problem [23,52,53], and aside from the technical details, they seem to lend support to the
argument that F-type centers are small Ti3+ electron polarons trapped at oxygen vacancies.

Crystals 2021, 11, x FOR PEER REVIEW 8 of 13 
 

 

also introduce structural defects within the material. While these additional variables can 
complicate the interpretation, they also act as useful knobs to turn that allow the experi-
menter to gain insight into the nature of the luminescence centers. Recently, a detailed 
study of the luminescence emission under irradiation with a variety of high-energy heavy 
ions has provided unequivocal evidence supporting the assignment of the 2.0 eV emission 
band to Ti3+ polarons trapped at isolated oxygen vacancies [25,26]. In fact, the data in Fig-
ure 6 show a strong correlation between the initial growth rate of the 2.0 eV band and the 
production rate of isolated vacancies with irradiation fluence, as calculated by SRIM (The 
Stopping and Range of Ions in Matter) simulation code [37]. Density functional theory 
(DFT) calculations [50] indicate that the corresponding luminescence transition connects 
an in-gap level, having a d-orbital character, to Ti3+ d-levels located in the conduction band 
(CB). Note the similarity of this transition to the in-gap d-orbital to CB d-orbital Nb4+ tran-
sition associated with F-centers in electron irradiated LiNbO3. One should note that X-ray 
irradiation of SrTiO3, which does not cause lattice damage by impact collisions, does not 
induce the red emission associated to the proposed oxygen vacancies [51]. A schematic of 
the electronic structure of the oxygen vacancy center is depicted in Figure 7. The 2.0 eV 
band has not been often observed with pulsed laser excitation partly due to the difficulty 
of reaching the upper d-levels in the conduction band (CB) with a narrow spectral width 
excitation source. Other theoretical calculations have dealt with this complex problem 
[23,52,53], and aside from the technical details, they seem to lend support to the argument 
that F-type centers are small Ti3+ electron polarons trapped at oxygen vacancies. 

 
Figure 5. Luminescence emission spectra and Gaussian band components (centered at 2.0, 2.5, and 
2.8 eV) of SrTiO3 obtained under irradiation with several high-energy projectile ions and energies 
at several temperatures (100 K, 170 K and RT, see labels). Irradiation with 3 MeV H (a)–(c) and 15 
MeV Si (d)–(f) ions have been selected to show the complexity of overlapping emission bands. This 
figure has been adapted from Crespillo et al. [27]. 

Figure 5. Luminescence emission spectra and Gaussian band components (centered at 2.0, 2.5, and
2.8 eV) of SrTiO3 obtained under irradiation with several high-energy projectile ions and energies at
several temperatures (100 K, 170 K and RT, see labels). Irradiation with 3 MeV H (a–c) and 15 MeV Si
(d–f) ions have been selected to show the complexity of overlapping emission bands. This figure has
been adapted from Crespillo et al. [27].
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Figure 6. Normalized initial growth rate of the 2.0 eV emission band in SrTiO3, associated with
isolated oxygen vacancies, as a function of the vacancy production rate calculated by the SRIM
code [37] under irradiation with several high-energy ions and energies (see labels). A clear linear
correlation is observed for all the ions at both temperatures. This figure has been adapted from
Crespillo et al. [25], Copyright (2018), with permission from Elsevier.
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Figure 7. Schematics of the structure and electronic levels for the oxygen vacancy centers in SrTiO3.
Possible mechanisms of the electronic processes involving the electron polaron (Ti3+) trapped adjacent
to oxygen vacancies. The transition inside the TiO6 octahedron involving the excited (t2g) and ground
(eg) levels gives rise to the 2.0 eV red luminescence band. This figure has been adapted from
Crespillo et al. [25], Copyright (2018), with permission of Elsevier.

Unfortunately, ESR measurements have not yet been able to provide a detailed map
for the electronic structure of the oxygen vacancy centers. Nevertheless, it may be useful
to comment on the detection by ESR of Ta4+-polarons in KTaO3 as a consequence of light
irradiation with energies close to, but above, the band gap [19]. Various Ta centers have
been identified and associated with oxygen vacancies. These centers break the cubic
symmetry and behave as symmetry-breaking defects that are able to induce a local polar
cluster at low enough temperatures (<50 K). They are responsible for second-harmonic
generation (SHG) and first-order Raman scattering, among other effects. Consequently,
the model derived from the ESR data indicates that the Ta4+ centers are located on ions
nearest to the oxygen vacancy. We expect a similar defect structure in SrTiO3 and LiNbO3.
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The centers behave as shallow electron donors with ground state energy levels close to the
bottom of the conduction band (CB), around 26 meV.

4. Summary and Conclusions

From the results discussed in this review, detailed optical information has been ob-
tained, which may contribute to understanding of the occurrence and behavior of oxygen
vacancy centers in distorted (LiNbO3) and cubic (SrTiO3) perovskites. Irradiations with
high-energy particles have provided real-time in situ information about their optical fea-
tures. In particular, absorption bands in LiNbO3 (1.7, 2.6, and 3.2 eV) and luminescence
emissions (2.0 eV) in SrTiO3 have been obtained under electron and ion beam irradiation,
respectively. These spectral features can be used for the identification of the responsible
centers and for monitoring their evolution and kinetics. It is important to mention that us-
ing these in situ techniques, it is possible to increase the concentration of structural defects
and simultaneously monitor the optical response, thereby allowing the experimenter to
associate optical spectra with lattice defect centers.

These techniques lend evidence that electrons are trapped as small polarons at host
cation sites close to oxygen vacancies, although additional work is still needed. The
absorption and emission bands have been ascribed to optical transitions between in-gap
levels and levels within the conduction band (CB) associated with the polaron (transition
metal) states. The joint analysis of these experiments together with available theoretical
calculations has helped form a reasonable (although incomplete) picture of the electronic
structure for oxygen vacancy centers in oxide perovskites. For LiNbO3, the experimental
data on high-energy electron irradiations have shown a link between the displacement
of oxygen atoms and the occurrence of these optical transitions, confirming that oxygen
vacancies act as efficient traps for small polarons. There are still a number of pending
problems to be solved, such as determining the precise location of the corresponding
electronic energy levels within the bandgap. This is not an easy task due to the many body
nature of the phenomena and the need to simultaneously characterize and understand
structural disorder and carrier dynamics. A specific feature to LiNbO3 is the role that
stoichiometry plays. The wide range of Li/Nb ratios would add an additional variable to
the problem. Nevertheless, the relative insensitivity of the optical behavior to that ratio
seems to reinforce the conclusion that the main electronic and optical behavior of ABO3
perovskites is dominated by the basic octahedral BO6 units.

As to future trends in the field, one should remark that the surfaces of perovskites
have a great and largely unexplored potential, particularly LiNbO3. In the area of func-
tional materials, the surface of LiNbO3 is a fertile area. Better knowledge of the surface
structure and its properties (including oxygen vacancies) [22,52] would offer the possibility
of nanoscale devices, molecular detection, and efficient catalysts [54], among other applica-
tions. This remark is of special relevance in relation to real-time operation of optoelectronic
(photovoltaic) tweezers in LiNbO3 and will advance our understanding of the trapping
and untrapping cycles during their operation [55]. Furthermore, recent publications can be
found in the literature showing potential applications in neuromorphic computing through
the production of oxygen vacancies in LiNbO3 thin films by Ar+ irradiation [56].
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Abstract: The present review is intended to interest a broader audience interested in the resolution
of the several decades-long controversy on the possible role of oxygen-vacancy defects in LiNbO3.
Confronting ideas of a selected series of papers from classical experiments to brand new large-scale
calculations, a unified interpretation of the defect generation and annealing mechanisms governing
processes during thermo- and mechanochemical treatments and irradiations of various types is
presented. The dominant role of as-grown and freshly generated Nb antisite defects as traps for
small polarons and bipolarons is demonstrated, while mobile lithium vacancies, also acting as hole
traps, are shown to provide flexible charge compensation needed for stability. The close relationship
between LiNbO3 and the Li battery materials LiNb3O8 and Li3NbO4 is pointed out. The oxygen
sublattice of the bulk plays a much more passive role, whereas oxygen loss and Li2O segregation
take place in external or internal surface layers of a few nanometers.

Keywords: LiNbO3; polarons; bipolarons; defect structure and generation; Li diffusion

1. Introduction

In most simple oxides, defect generation processes by thermal reduction or irradiation
are dominated by defects of the oxygen sublattice. Originally, the same was also assumed
for LiNbO3 (LN), and most authors did not (and many still do not) have any doubts about
simply postulating vacant oxygen sites (VO) capable of trapping one or two electrons (F+

and F-centers, respectively) in discussions of their experiments and proposed applications
(see, e.g., [1,2]). The controversy about the availability of oxygen vacancies manifests in the
reviews of Sánchez-Dena et al. [3,4], is touched upon by some topical reviews [5,6], and
is also closely related to the topics of other papers [7–11] of the present Special Issue, and
deserves a clarifying discussion.

In this short review, aiming to integrate views on this paradigmatic material, we
start by summarizing the charge compensation mechanism for Li deficiency followed by a
discussion of the various defect generation procedures in congruent LiNbO3 (cLN), such as
thermal reduction, irradiation by ionizing or ion-displacing radiation or mechanochemical
treatment. The effect of crystal stoichiometry on the defects produced is revisited before
presenting a comparison with recent calculations of basic defect configurations.

2. Structure and Charge Compensation Mechanism

In contrast to ordinary perovskites with less compact anion sublattices, LiNbO3 has a
structure corresponding to a strongly distorted perovskite where the oxygens essentially
form a hexagonally close-packed lattice offering a priori identical octahedral sites to the
cations, one-third of which remain empty. In domain walls and in some defect clusters, the
stacking order of the cations along the C3-axis (Li, Nb, empty site) changes due to these
liberties. The cations Li+ and Nb5+ have very similar ionic radii but otherwise diametrically
differing properties. Large polarizability results in ferroelectricity nearly up to the melting
point and transforms all surplus charges in the lattice to small polarons by confining

179



Crystals 2021, 11, 764

them via local lattice relaxation, as a rule, to a single lattice site. Small polarons still may
propagate by thermally activated hopping unless sufficiently stabilized by some defect. Li
readily strips an electron, whereas Nb has an intricately covalent character, as shown by
the many poliforms of its oxides ranging from pentoxide Nb2O5 to monoxide NbO [12,13].
This explains the Li-deficient character of LiNbO3 accommodated by lithium vacancies
(VLi) and NbLi antisites (Nb on Li site) requiring small formation energies. Compared
to compensation involving anion vacancies at larger costs [13,14], compensation only by
cationic disorder requires no additional volume and leads to the observed larger density
of cLN compared to sLN (stoichiometric LN) [15–19]. Another characteristic property
of LN is the high mobility of Li+ ions observable already at temperatures near 350 ◦C
(see [9,20–22] and references therein). It should be noted that LN is just an intermediary
phase between Li3NbO4 and LiNb3O8, considered as cathode and anode materials for
lithium-ion batteries, respectively [23,24]. Nb has an octahedral coordination in all these
systems, the only difference being the varying Li2O content; however, LN has a closer
relationship with LiNb3O8 due to its full epitaxial compatibility with LN [25].

On the basis of extensive experimental and theoretical work, this compensation
mechanism is by now fully accepted. The NbLi antisite was proven to be an efficient
electron trap, forming the Nb4+

Li small polaron state characterized by an asymmetric
absorption band at ~1.6 eV (~760 nm, with a protracted high energy side) attributed to
charge transfer to the conduction band, and a broad ten-line EPR spectrum reflecting
hyperfine splitting due to the NbLi nucleus. The EPR spectrum has a non-axial angular
dependence due to a quasi-Jahn–Teller effect or a perturbation by charge-compensating
defects situated in glide-mirror (zy-type) planes containing the cation neighbors [26–28].
However, no EPR spectrum corresponding to an F+-center or its hypothetical relaxed
variant [29], a non-axial Nb4+

Nb center next to an anion vacancy situated in zx-type planes,
could be identified [27,30].

3. Defect Generation in LiNbO3

3.1. Defect Generation in cLN by Thermal Reduction

Attempts to explain thermal annealing effects in LN by anionic defects [29–32] were
never conclusive. Thermal reduction at high temperatures in vacuum or other reducing
atmospheres in cLN results in a broad absorption band with a poorly defined maximum at
~2.5 eV (~500 nm) but having no counterpart in EPR [29–33] (see Figure 1). This band is
also highly asymmetric, with its protracted high energy side merging with the UV edge
and was attributed, similarly to the 1.6 eV band, to charge transfer to the conduction
band [34]: asymmetry seems to be a general property of small-polaronic charge-transfer
bands in LN mainly due to the structure of target states in the conduction band [35]. By
illumination with photon energies above 2 eV, the ~2.5 eV band can be transferred into
the ~1.6 eV band of Nb4+

Li small polarons [29–32,34]. The same transformation can also
be realized by heating the crystal; in fact, the defects responsible for these bands are in
thermal equilibrium [36]. The transformation is fully reversible at least in the 122–575 K
temperature range, whereby an isosbestic point near 600 nm is conserved, indicating the
participation of only two kinds of centers in the transformation [36]. Some authors have
also reported the participation of an additional reduction-induced absorption band near
3.2 eV (~390 nm) in these transformations [32,33]; however, due to their assumption about
symmetric Gaussian bandshapes, the amplitude of this band was grossly overestimated.
The interpretation of the 2.5 and 3.2 eV bands in terms of F and F+ centers, respectively, is
in immediate conflict with the fact that the 2.5 eV band is the stable in the reduced crystal
corresponding to its ground state [35]; moreover, no EPR spectrum corresponding to the F+

center could be identified, as pointed out in the previous section.
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Figure 1. Reduction-induced absorption in a near-sLN sample covered by Pt foil (full line), a
similar uncovered sample (dash-dotted), and a cLN sample (dashed line), measured at RT. The
vacuum-reduction temperature was 880 ◦C (Reprinted with permission from [33]. Copyright 2021
IOP Publishing).

Possible oxygen diffusion was also checked by studies of redox kinetics and de-
fect chemistry, including oxygen-18 tracer diffusion with the conclusion that the oxygen
transport is nearly negligible compared to lithium transport and may occur via oxygen
interstitials rather than via oxygen vacancies in the whole stoichiometric range [20,21].
It should be noted that the only ‘free space’ in LN, the octahedral structural vacancy, is
an unfavorable site for anions. These results showed that the role of oxygen vacancies
in the redox processes of LN is negligible, while oxygen loss/recovery is possible by
the decomposition/recovery of the surface layer. For strong reduction treatments above
~650 ◦C, segregation and evaporation of the volatile compound Li2O becomes important
and leads to a gradual stoichiometry change in the crystal proceeding from the surface
towards the bulk. This can be reversed and even overcompensated by embedding the
crystal in powder mixtures serving as buffers for Li2O. The vapor transport equilibration
(VTE) method, the first technique used for the production of stoichiometric LN, is based on
this procedure [37,38] and does not require the diffusion of anion vacancies either.

It took some time until the cationic interpretation of thermal reduction could be
clarified. The starting point was again increased density, demonstrated for reduced crystals
by Smyth [16] and his remark about the “inconsistency to propose one set of defects for
Li2O deficiency, and a different set for oxygen loss”. The NbLi antisite was demonstrated
to be a ‘negative-U’ defect capable of lowering its energy by binding a second electron,
whereby a Nb4+

Li –Nb4+
Nb molecular ion involving a regular niobium neighbor is formed

along the trigonal axis of the crystal; covalent bonding turns the interaction energy U
between the two small polarons negative, despite Coulomb repulsion [35,36]. The oxygen
loss was attributed to the depletion of elementary cells on the surface, while the cations
left over were assumed to diffuse into the bulk, filling existing Li vacancies, according to
the reaction

LiNbO3 + 2VLi → Li+Li +Nb4+
Li +

3
2

O2↑+ 5e− (1)

In this scenario, the remaining electrons, transformed into small polarons, follow the
cations and are trapped on the antisites. Above ~650 ◦C, a similar reaction with Li2O
loss (compare Equation (3)) becomes effective. The presence of NbLi point defects on the
surface of reduced LN was supported by RHEED investigations [25]. Accordingly, starting
from the surface, polarons and bipolarons gradually turn the crystal non-transparent. The
absorption band near 2.5 eV indeed corresponds to that calculated for bipolarons [39–42],
whereby further absorption of the same defect or its similar variant in the region near 3 eV
is also indicated by recent calculations [10]. The transformations upon photoexcitation in
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the 2.5 eV band or upon heating the crystal can be explained by the reversible dissociation
of the bipolaron leading to the appearance of only one defect type, the Nb4+

Li center. Due to
the absence of trapped-hole centers in reduced crystals, a thermodynamical equilibrium is
established between antisite-trapped polarons and bipolarons, as observed in the range
122–575 K [36]. For higher temperatures, both kinds are liberated step by step from their
bondage, leading to the appearance of free Nb4+

Nb polarons absorbing near 1 eV [20,43,44].
The underlying kinetics have been observed and modeled in great detail in the whole
temperature range, yielding activation energies in full agreement with photoexcitation,
DC conductivity, and thermopower experiments [35]. Attempts to interpret the same
transformation processes in the oxygen-vacancy scenario encountered difficulties due to
the need to accommodate a further unfitting partner in the model: the F+ center.

An independent, decisive argument in favor of the cationic interpretation of thermal
reduction processes in LN is the lack of ~2.5 and ~3.2 eV bands in crystals where antisites
are absent. Such a case, a 5% Mg-doped LN crystal grown from a melt with [Li]/[Nb] = 1:1
molar ratio and reduced at 1000 ◦C, was investigated by Sweeney et al. [45]. In this study,
only an asymmetric band near 1 eV due to a MgLi-assisted Nb4+

Nb polaron was found as
a result of reduction (See spectrum (b) of Figure 9 in [45]; it should be noted that the
decomposition of this band given in the bottom part of the same figure is incorrect, because
trace (d) is already an unphysical difference-band obtained earlier by the comparison
of Nb4+

Nb and Nb4+
Li bands in crystals above and below the photorefractive threshold,

respectively. Apart from this controversy and the unconfirmed assignations to vacancy
centers, the results in [45] proved to be highly reliable (see also [46])). The crystal used was
beyond the photorefractive threshold where no NbLi antisites are present; part of the Mg2+

ions already form self-compensating complexes on both Li and Nb sites, whereas other
Mg2+

Li ions may still be charge-compensated by Li vacancies [47]. There is no reason why
oxygen loss should have a different mechanism in this case, although the bands tentatively
attributed by Ref. [45] to oxygen-vacancy centers in undoped LN are missing. However,
a cationic mechanism, also offering a straightforward explanation for this crystal, can
be readily suggested: reduction involving O2 loss may occur by a reaction consuming
elementary cells on the surface together with a transfer of nearby Mg ions from Nb to
Li sites

LiNbO3 + Mg2+
Nb +2VLi → Li+Li + Nb4+

Nb +Mg2+
Li +

3
2

O2↑+ 5e− (2)

resulting only in Nb4+
Nb polarons. In fact, all electrons on the right-hand side also form

such small polarons overtaking the role of lithium vacancies as charge-compensators of
further Mg2+

Li defects not shown in Equation (2). Based on the above results and model
calculations discussed later, the model of thermal reduction based on the formation of
oxygen vacancies in cLN could be discarded.

3.2. Defect Generation in cLN by Ionizing Irradiation at Low Temperatures (T ≤ 77 K)

Irradiation at low temperatures (T ≤ 77 K) results in polaron formation in the bulk.
Various kinds of radiation, including two-photon absorption [26], X-rays [26,32], Co60 γ-
rays [48], and higher energy electrons up to 1.7 MeV [30] have been used; along with Nb4+

Li
polarons having an EPR fingerprint and an absorption band at ~1.7 eV, O− hole polarons
(also small) preferably trapped at lithium vacancies were also formed, having another EPR
fingerprint and an absorption band near 2.5 eV (see Figure 2), fortuitously coinciding with
that of bipolarons. In undoped LiNbO3, Nb4+

Li polarons become mobile at temperatures
between 100 and 150 K and recombine with the trapped holes [26,32] in a non-radiative
process [46]; therefore, the original state of the crystal is restored. Arizmendi et al. [32]
also reported on the presence of a further smaller band at ~3.2 eV, ascribed to the same
trapped-hole polarons in the X-irradiated crystals (again coinciding with similar structures
in trapped-electron spectra). Upon heating, the three bands showed a marked parallel
decrease in the 100–150 K region up to their complete disappearance below 240 K. An
important achievement of this paper was an early derivation of the temperature ~312 K
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where O−(VLi) trapped holes became mobile. At the temperature ~312 K, measured in Cu-
doped LN X-irradiated at low temperature, small polarons trapped as stable Cu+ centers
became spontaneously converted to Cu2+ centers by mobile holes.

Figure 2. Optical absorption induced by 2 h 40 keV X-irradiation in LN samples with different bulk
[Li]/[Nb] ratios derived a posteriori from measurements of the UV absorption edge (see Section 3.3).
Sample A: 0.98 nearly stoichiometric, sample B: 0.96 nearly congruent, sample D: 0.92 sub-congruent,
all irradiated and measured at 77 K. (Reprinted with the permission from Ref [49]. Copyright 2021
American Physical Society).

A peculiarity of high-energy irradiation by electrons was the small intensity of the
Nb4+

Li EPR signal compared to that of the O− EPR signal [30], in contrast to the X-ray results
where they were comparable [26]. This can be understood by assuming that the relative
number of paired polaron trappings increased compared to single trapping due to the large
polaron density created in the electron tracks. Therefore, the 2.5 eV band, in addition to
the absorption of O− centers, may have also contained an indistinguishable (and larger
than usual) contribution of paired electron centers, i.e., bipolarons. However, the stability
of the defects was found to be practically unchanged compared to experiments using
lower irradiation energies, with recovery occurring for all radiation defects near 200 K.
The question about missing fingerprints of F+ centers providing deep polaron trapping
sites expected by some authors [30,32] remained unanswered. Before proceeding to defect
generation by high-energy irradiation at higher temperatures, we discuss similar processes
caused by strong mechanic impact.

3.3. Mechanochemical Defect Generation in cLN Nanocrystals

As discussed in the review of Sánchez-Dena and coworkers [4], investigating nanocrys-
tals is another possibility for the study of the defect structure of LiNbO3. Similar defect
generation phenomena as for thermal reduction have been observed upon high-energy
ball-milling of polycrystalline cLN [50]. Milling resulted in sample darkening due to
mechanochemical reduction via polaron and bipolaron formation detected by optical reflec-
tion spectroscopy. The obtained particles of the size of a few hundred nanometers contained
monocrystalline grains sized in the range of 30–80 nm. The process was accompanied by
oxygen release and Li2O segregation:

2LiNbO3 + 2VLi → 2Nb4+
Li +8e− +

5
2

O2↑+ (Li2O)segr (3)
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while subsequent oxidizing heat-treatments recovered the white color with the evaporation
of Li2O and crystallization of a LiNb3O8 phase on the grain surface requiring minimal
adjustment, given its epitaxial compatibility with LN [25]:

LiNbO3 + 2Nb4+
Li +8e− +

5
2

O2 → 2VLi + LiNb3O8 (4)

The phase transformations occurring during both the grinding and the post-grinding
heat treatments were also studied by Raman spectroscopy and X-ray diffraction measure-
ments, whereas the Li2O content of the as-ground samples was quantitatively measured by
coulometric titration. The thickness of the surface layers with modified composition could
be estimated to be in the orders of 2 nm and 10 nm for the as-milled and oxidized samples,
respectively. The latter value is in good agreement with the results of TEM–EDS sampling
measurements on similarly prepared nanoparticles of LN:Fe reduced at 650 ◦C [51], where
the Nb and O concentrations in the grains remained unchanged during grinding with the
exception of a surface layer of ~14 nm thickness: in this layer, a gradual increase in the
Nb and a decrease in the O content towards the surface could be detected, in agreement
with Equations (1) or (3), taking into account the evaporation of any Li2O segregate upon
thermal reduction.

These findings show the basic similarity of defect generation processes in the discussed
cases: while thermal reduction promotes O2 and Li2O loss by lowering the respective
chemical potentials, high-energy ball milling squeezes these components out of the crystal,
facilitated also by the somewhat increased temperature during grinding. This indicates
that the colored cores of the obtained grains have an increased density, as expected for the
bipolaron model of reduction.

3.4. Defect Generation in cLN by High-Energy Irradiation at Higher Temperatures (220 ◦C)

Using high-energy irradiation by electrons or heavier particles at 220 ◦C in vacuum,
absorption bands persisting well above room temperature may be detected. This was
demonstrated by Hodgson et al. [52] and revisited in the present Special Issue [1]. Apart
from a superficial comparison between LN and SrTiO3 disregarding the deep constitutional
differences between these matrices, Ref. [1] only repeats the tentative interpretation of
Hodgson et al. [52] based on anion vacancies, referring to some of their figures but partly
transforming them in an unexplained manner. Therefore, we confine the discussion to the
original paper [52]. For gamma or electron irradiations below an energy threshold, only
less structured absorption with very limited amplitude could be achieved. This changed
above the threshold where the intensity of the observed spectra showed a nearly linear
increase with radiation dose. Their structure and behavior upon heating/cooling strongly
resembled those obtained by thermal reduction, showing broad features at ~1.6 eV, ~2.6 eV
and ~3.2 eV; however, the main band showed trapped-electron character in contrast to
the case of low-temperature irradiation where it was rather of trapped-hole type; upon
heating there was again a reversible transformation of the main band at ~2.6 eV to the
band at ~1.6 eV, whereby the same isosbestic point near 600 nm was observed as for
reduced crystals [36,52]. The particle energy threshold found for increased defect formation
was 0.3 MeV, corresponding to an oxygen displacement energy of 53 eV, in reasonable
agreement with oxygen displacement thresholds in other oxides (see references in [6,52]).
No saturation after five over-threshold doses of 2 × 1018 e/cm2 could be observed. The
authors proposed that the defects generated were oxygen vacancies trapping one or two
electrons (F+ and F-centers, respectively), and thermal excitation resulted in the reversible
transformation of F-centers into Nb4+

Li trapped polarons. Accordingly, they attributed the
observed dominating absorption band near 2.6 eV to F-centers, despite its coincidence with
the bipolaron band in reduced crystals, while a weak band at ~3.2 eV was again tentatively
attributed to F+-centers.

However, due to the perfect similarity with the case of thermal reduction, even in
this case an interpretation in terms of bipolaron formation seems to be more appropriate.
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The most important difference between the high-energy experiments in Refs. [30,51] is the
irradiation temperature. Irradiation at 77 K formed both trapped-electron and trapped-
hole centers, all disappearing near 200 K, whereas similar irradiation at 220 ◦C resulted
exclusively in trapped-electron defects, this time highly stable at least up to 800 ◦C. As
discussed earlier, above room temperature, O−(VLi) trapped-holes become mobile. Stable
hole-trapping on oxygen interstitials may also be discarded (see Section 4 and [13]); there-
fore, coloration for T > 220 ◦C can only be stabilized by oxygen loss similarly to the case of
thermal reduction and ball milling. This means that oxygen must have also left the crystal
lattice during high-temperature irradiations. Note that the irradiation in [52] was carried
out under vacuum. Apparently, high-energy irradiation locally stimulates processes similar
to those active during thermal treatments; therefore, they can set at 220 ◦C, whereas normal
‘unassisted’ thermal reduction only starts at higher temperatures. Oxygen interstitials
proved to be mobile at high temperatures [21]; the same may be assumed in local thermal
spikes. For this reason, recombination of the oxygen sublattice during and immediately
after irradiation is expected to be important. On the other hand, together with oxygen
atoms, a large number of lithium atoms must also have been mobilized and partly left the
crystal lattice. Thus, with increasing bombardment energy, local phase separation with
Li2O loss and the formation of LiNb3O8 inclusions may become possible. It can also be
assumed that instead of stable oxygen vacancy generation, the formation of neutral Li2O
voids takes place, especially near the surface, and for highest doses their accumulation may
turn the samples brittle. Accordingly, these internal segregation processes are expected to
be similar to those observed on the surfaces of reduced crystals and nanocrystals. In this
way, above a particle energy threshold, the number of Nb4+

Li antisites will also increase,
similarly to their almost unsaturable multiplication during thermal reduction. Even if
present, oxygen vacancies can only offer higher-energy trapping states to polarons than
antisites (see the comparison with model calculations in Section 4). Taking into account
the sample thickness of ~1 mm roughly corresponding to the penetration depth of the
radiation used [52], and a single defect generation event per particle, but neglecting anionic
recombination, the 2 × 1018 e/cm2 dose corresponds to an average center concentration of
2 × 1019/cm3 equal to that of NbLi antisites in cLN. Therefore, even without newly formed
antisites, their numbers should be sufficient to trap a great part if not all of the surviving
polarons. In summary, again there is no reason to deny the dominating role of cationic
defects in defect production in cLN.

3.5. Defect Generation in Nearly Stoichiometric LiNbO3

After the advent and spreading of techniques capable of producing stoichiometric
crystals [38] (for a review see [47]), to the best of our knowledge, no studies on the coloration
of sLN crystals have been published. Crystals grown with the Czochralski method from
melts with Li surplus but still containing NbLi antisites (although in substantially reduced
numbers) were erroneously called stoichiometric up to 1992. For such crystals, we use the
term ‘nearly stoichiometric LN’ (near-sLN). Compared to cLN, the experimental situation in
these crystals is different and can be characterized by low saturation levels, slightly shifted
absorption bands (see Figures 1 and 2, [33,49]), and the absence of interpretable EPR spectra
looked for in γ-irradiated crystals [48] (note that the sensitivity of EPR is reduced due to
hyperfine-broadened lines). High-energy electron irradiation of near-sLN at temperatures
up to 20 ◦C was reported by [53]. The crystals used in these papers were grown from a
melt with a [Li]/[Nb] ratio of 1.2:1 by colleagues in Budapest, with an absorption edge
near 311.8 nm in their records (corresponding to an absorption coefficient α = 20 cm−1) a
posteriori used to derive a [Li]/[Nb] = 0.98 ratio in the bulk [54]. In [53], the same particle
energy threshold (0.30 MeV) was found for increased defect production as for cLN. For
a one-hour irradiation with 1.6 MeV electrons at −50 ◦C, a structureless absorption with
a very broad maximum at ~540 nm (~2.3 eV) could be achieved. Apart from the slight
redshift compared to the case of cLN (~500 nm), the spectrum showed a radically reduced
stability, with two major, slightly overlapping annealing stages near −25 ◦C and 40 ◦C, and
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a third one near to 350 ◦C, where the small residual coloration consisting of a broad spectral
feature near 760 nm and an even weaker one near 400 nm also disappeared (Figure 3). If,
after a given annealing step, the annealing was stopped, the crystal re-cooled below the step
temperature and then re-irradiated, fast (minute-timescale) reconstruction of the absorption
monitored at 540 nm could be achieved. Such a fast reconstruction was not possible after
annealing above 350 ◦C, but the whole process could be repeated. During some stages
of irradiation or annealing, unspecified in [53], the spectrum showed a redistribution of
bands from the short (λ < 580 nm) to the long wavelength (λ > 580 nm) part, very similar to
that observed for congruent samples during heating or selective bleaching.

Figure 3. Irradiation and temperature annealing behavior of the 540 nm band for high-energy electron irradiation at −50 ◦C
(Reprinted with permission from [53]. Copyright 2021 IOP Publishing).

Similarly to the case of cLN, bands at 500–540 nm and 400 nm were attributed to F-
and F+-centers generated during knock-out processes, respectively [53], disregarding the
less defined position of the F band compared to cLN and the parallel behavior of both
bands in the reported transformations. Although the important contribution of O− centers
to the main absorption band near 540 nm was not mentioned, the two-step annealing of this
band was explained by the liberation of holes from two kinds of hole centers. Fast recovery
upon re-irradiation was attributed to simple electron re-trapping at the unchanged trap,
while full recovery of the lattice was assumed to occur only near 350 ◦C. The assumption
about two kinds of hole centers is indeed supported by the reported existence of two kinds
of O− trapped holes having either unresolved or resolved hyperfine structure in their EPR
spectra [48,55]. These referenced studies used cLN and photons of similarly high energy
above 1 MeV. Trapped holes without distinction were shown to be stable up to ~312 K
by [32] in Cu-doped cLN irradiated by 40 keV X-rays, where the lower photon energy or
some other difference in preparation might have been the reason for only one annealing
stage found. The decay temperature of 312 K perfectly fits the second annealing stage
observed by [53].

The authors attributed the final recombination step near 350 ◦C in near-sLN to the
release of oxygen interstitials annihilating the oxygen vacancies. However, this tempera-
ture corresponds to the well-known starting temperature of first-stage thermal reduction
governed by Li mobility, also identified in ionic conductivity studies (for references see [9]),
while the onset of oxygen mobility of any kind is expected at substantially higher tem-
peratures [20–22]. In fact, in the framework of the bipolaron scenario, there is also a
straightforward explanation for the observed difference between slow and fast coloration
processes near room-temperature: for the stability of the doubly recharged defect, a change
in its charge-compensation is required, which can be provided by the time- and energy-
consuming diffusion of cation vacancies away and back to the antisite. The observed
gradual blueshift of the main absorption band from 540 to 500 nm and further (see Figure 2)
upon decreasing the Li/Nb ratio can also be explained by the increasing flexibility of the
cation sublattices. Better charge-compensation by further neighboring defects also lowers
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the formation energy of the antisite complexes and possibly also that of trapped-hole de-
fects, meaning larger distances of the trapping level from the conduction and valence bands,
respectively. This fine-adjustment energy is comparable to the energy of the order of 0.5 eV
calculated by [40] for the association of defects. Similar possible stoichiometry-dependent
minor shifts of the ~1.6 eV small-polaron band are of the order of the experimental error.

It may be assumed that diffusion is hampered in near-sLN due to the smaller concen-
tration of both Li vacancies and NbLi antisites. Slower diffusion in near-sLN upon thermal
reduction may be the cause of the increased presence of surface coloration which could
be eliminated either by polishing or by covering the samples by Pt foil [33] (see Figure 1).
Absorption near to the UV edge is also caused by charge-transfer transitions involving
the generation of localized excitons; these can be described as Nb4+–O− excitons having
dipolar character, pinned on intrinsic and extrinsic defects of similarly strong dipolar
character mainly due to their charge compensators [46].

Accordingly, the discussed experimental results in near-sLN do not support the oxygen
vacancy model, whereas those involving high-energy irradiation near room temperature
even provide further ingredients for the development of the bipolaron scenario. Moreover,
the absence of increased defect formation at higher temperatures in near-sLN, suggested
by implication by Hodgson et al. [53], might be a general argument against the oxygen
vacancy scenario.

4. Comparison with Model Calculations

Earlier atomistic or cluster models did not consider the role of the ambient; however,
more recent calculations also include the effect of the environment via temperature- and
pressure-dependent chemical potentials, and also account for the Fermi level changing
upon reduction. The formation energies of basic defect types, also including isolated
oxygen vacancies and NbLi antisites, have been calculated and compared by Xu et al. [13]
in the framework of density-functional theory as a function of the Fermi energy εF, using
the perfect state of the chosen 240-atom supercell as a common reference. For values of εF
between the valence band maximum (VBM) and the conduction band minimum (CBM),
the data are shown in Figure 4 for the defect’s optimal net charge state in the Li-deficient
limit. In the as-grown state at low temperature, εF ≈ Egap/2, where Egap = CBM − VBM is
the gap energy and the energy zero corresponds to the VBM. A direct comparison between
the formation energies of uncompensated but relaxed NbLi and VO defects shows that the
antisite underscores the oxygen vacancy for all relevant values of εF. In the as-grown state,
the margin is large for a number of reasons:

i. The local density approximation used by [13] calculates an unphysical self-interaction
for large electron densities prevailing inside the bipolaron’s covalent bond between its
Nb4+

Li and its Nb4+
Nb constituents, unduly raising its energy. Corrections within the same

framework but including the use of hybrid exchange-correlation functionals [40,41]
or GIPAW pseudopotentials, self-consistently calculated U values, and the Bethe–
Salpeter equation [42] lower the bipolaron level (+2 net-charge state) by more than
0.5 eV, partly underscoring even the single-polaron state (+3 net charge) and thereby
verifying the negative-U property of the antisite not displayed for the +3/+2 transition
in the results of [13]. It should be noted that the +1 and 0 net-charge transfer levels of
the antisite have been shown to correspond to a bipolaron and one or two additional
free Nb4+

Nb polarons fully separated from each other inside the supercell [42]. This
means that the ‘states’ with more than two electrons trapped on the antisite are
spurious levels inside the conduction band or closely below the CBM, but their
corrected positions can be used for an independent estimate of the position of the
CBM. The corrections and estimates lead to agreement with independently calculated
values of Egap considered realistic between 3.8 eV and 5.4 eV [56,57], while the values
derived from the position of the UV absorption edge are close to 4.0 eV [54]. The
charge densities of bipolaronic states have recently been calculated to extend ~1.5 eV
below the CBM [10], also supporting the above estimates;
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ii. Assumption (i) does not concern the position of calculated oxygen-vacancy levels. In
the as-grown crystal, the preferred empty state of the oxygen vacancy is expected to
have a formation energy corresponding to the CBM with an error margin of ±0.5 eV;

iii. The NbLi antisite requires more charge compensation than the oxygen vacancy (two
more lithium vacancies, if comparing defect complexes with the same net charge),
which further increases the energy difference between their realized levels by several
tenths of an eV. Associations with charge compensators have been shown to amount
to an energy gain of up to 0.52 eV for the Nb5+

Li −4VLi defect [40].

Figure 4. Defect formation energies of various point defects as a function of Fermi energy; the
lowest-energy net charge state is given in each case. The Fermi energy ranges from εF = 0 (left) at the
VBM to εF = 3.5 eV (right) at the CBM (without self-interaction correction and charge compensation,
Reprinted with the permission from Ref [13]. Copyright 2021 American Physical Society).

Therefore, in as-grown cLN, the formation energy of the F-centers exceeds that of
bipolarons by 1.4 ± 0.8 eV, making its population highly improbable. However, upon ther-
mal reduction, the outside oxygen chemical potential µO may be substantially decreased:
raising the temperature by 1000 ◦C and decreasing the oxygen partial pressure from 0.2 to
10−8 atm imposes changes of −2 eV and −0.8 eV on µO, respectively [13], adding up to
∆µO = −2.8 eV. This lowers the formation energy of oxygen vacancies inside the crystal
which promotes their appearance, but only on the timescale of diffusion processes. Bipo-
larons do not involve oxygen loss; therefore, their levels remain unaffected. Therefore,
a great part of the ∆µO = 2.8 eV difference has to be realized before the oxygen vacancy
level inside the crystal may approximate that of the bipolaron. Equality between the levels
may be assumed to correspond qualitatively to the end of the first annealing stage: for
Tred < 650 ◦C, only oxygen loss from the surface together with in-diffusion of the cations
and electrons occurs, raising the Fermi energy as well. For Tred > 650 ◦C, a second annealing
stage can also be reached, where Li2O starts to leave the crystal, meaning that the bulk
chemical potential of Li2O begins to be underscored by its outside value. This triggers
surface decomposition processes described by Equation (3) and may promote also the
formation of Li2O Schottky defects. In this annealing stage, the crystal is driven towards
the Li2O–Nb2O5 decomposition limit corresponding to minimal possible Li2O content
in the stability quadrangle within the triangular chemical potential chart of LN (point C
in [13] or point E in [40]). In fact, the Li2O Schottky defect, the empty oxygen vacancy
compensated by two empty lithium vacancies, has a near-zero formation energy already
in the as-grown crystal, making it the defect of second choice after the antisite complex
NbLi−4VLi [13]. Accordingly, for second-stage reduction followed by cool-down, instead of
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high-energy F-type centers, neutral Li2O Schottky defects having much lower energy may
form, while antisite-trapped bipolarons will remain the dominating trapped-electron defect.
Due to their high mobilities, the movements of small polarons and charge-compensating
Li vacancies are always correlated, and upon cool-down defects with zero net charge will
dominate. This means that while the formation of oxygen vacancies and new lithium
vacancies cannot be excluded for strong reduction treatments, this is not expected to lead
to the formation of stable F− or F+-centers.

On the other hand, the cited calculations on electron polarons and bipolarons trapped
at antisite NbLi defects reproduced the observed spectroscopic features and the values of
various other properties in Li-deficient LN, including the spin-Hamiltonian parameters
of Nb4+

Li [10,42,58]. All these results give strong additional support to the established
small-polaronic models and the cationic mechanism of thermal reduction.

For a refinement of the presented interpretations but also for finding minority effects
related to oxygen defects in LN, further experimental and theoretical studies are required,
explicitly taking into account the presence of charge-compensating defects together with
diffusion and clustering as well as surface effects. In particular, modeling the structure
of the modified surface layer on the nanometer scale for various treatments remains a
major challenge. The rich potential of the active surfaces of LN has been presented in [59].
Oxygen vacancies as possible charge compensators of aliovalent extrinsic cation dopants,
e.g., in Mo4+–VO defects found stable by cluster calculations of [60] are a separate problem
requiring confirmation by experimental and comparative calculations.

5. Conclusions

After more than half a century after its first Czochralski preparation, we still have to
emphasize that LN is not a ‘normal’ oxide, such as Al2O3 or SrTiO3, but a compound with
great freedom of redistribution, although only for its cations, which can also be considered
an intermediary system between the anode and cathode materials Li3NbO4 and LiNb3O8
considered for lithium-ion batteries. Defect generation in non-stoichiometric LN by ther-
mochemical, mechanochemical or irradiation methods was shown to be subject to a single
principle, cationic rearrangement, in fulfillment of the remarks of Smyth [16]. We demon-
strated that the repeatedly proposed oxygen-vacancy-type models cannot be sustained in
Li-deficient LN. Similarly to the futile attempt to use the reversible transformation between
small-polaronic bands to prove these models, the argument about non-saturating defect
generation by high-energy irradiation cannot be used as a decisive proof for the generation
of F-centers either. On the other hand, there are four basic arguments in favor of cationic
motion and small-polaron/bipolaron formation as the main cause of coloration in cLN:

i. The practically unchanged positions of the absorption bands at ~1.6 and ~2.5 eV
were obtained in cLN (attributed to small polarons and bipolarons/hole polarons,
respectively) under all employed reduction, irradiation and grinding procedures up
to 1050 ◦C; there were only small shifts of the ~2.5 eV band for changing stoichiom-
etry which could be attributed to defect association effects both for bipolarons and
hole polarons;

ii. The lack of the bands was attributed to small polarons and bipolarons in the absence
of antisites in over-threshold LN:Mg [45] and the limited growth and instability of
coloration observed in irradiated or reduced near-sLN;

iii. Missing of verifiable fingerprints of F+ centers and the lack of a consequent interpre-
tation of their role;

iv. Calculations: bipolarons at NbLi antisites are predicted to provide deeper trapping
sites for small polarons than oxygen vacancies; the latter have larger calculated
association energies with lithium vacancies than with electrons.

Coloration in LN doped by an over-threshold amount of Mg was also suggested to
occur by cationic rearrangement, i.e., a partial change of Mg incorporation from Nb to the
Li site. A key element in stable defect formation is apparently the mobility of Li+ ions com-
plementing small-polaronic migration and trapping processes thereby providing charge
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compensation for changing defects. Characteristic temperature regions below 200 K, near
−25 ◦C/40 ◦C and near 350 ◦C, derived earlier from defect annealing experiments, have
been interpreted as ranges where electron-polarons, two types of trapped hole polarons,
and lithium vacancies become mobile, respectively. Another major aspect are surfaces
playing a prominent role as areas for evaporation and phase segregation in thermal reduc-
tion and mechanochemical processes, and also during high-energy irradiation at elevated
temperatures. Further measurements on variously treated LN crystals of bulk, thin layer,
or nanocrystal forms, using optical, (para)magnetic and dielectric spectroscopies and their
combinations as well as atomic resolution analytical and imaging methods (see [61] in the
present Special Issue), complemented by calculations, may provide additional detail to
this picture.
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Abstract: High-quality epitaxial growth of thin film lithium niobate (LiNbO3) is highly desirable for
optical and acoustic device applications. Despite decades of research, current state-of-the-art epitaxial
techniques are limited by either the material quality or growth rates needed for practical devices.
In this paper, we provide a short summary of the primary challenges of lithium niobate epitaxy
followed by a brief historical review of lithium niobate epitaxy for prevalent epitaxial techniques.
Available figures of merit for crystalline quality and optical transmission losses are given for each
growth method. The highest crystalline quality lithium niobate thin film was recently grown by
halide-based molecular beam epitaxy and is comparable to bulk lithium niobate crystals. However,
these high-quality crystals are grown at slow rates that limit many practical applications. Given the
many challenges that lithium niobate epitaxy imposes and the wide variety of methods that have
unsuccessfully attempted to surmount these barriers, new approaches to lithium niobate epitaxy are
required to meet the need for simultaneously high crystalline quality and sufficient thickness for
devices not currently practical by existing techniques.

Keywords: lithium; niobate; epitaxy; thin film; liquid phase epitaxy; molecular beam epitaxy;
sputtering; pulsed laser deposition; chemical vapor deposition

1. Introduction

Lithium niobate (LiNbO3: LN) is a mature material that has been pivotal in the ad-
vancement of optical and acoustic technology. With excellent ferro-electric, electro-optic,
and piezoelectric properties, LN is incorporated into devices such as waveguides, modu-
lators, frequency-doubled lasers, surface acoustic wave (SAW) devices, optical switches,
and acoustic resonators [1]. These applications typically require high-quality, single-crystal
LN to avoid optical and acoustic propagation losses. Presently, bulk LN material is being
grown via the Czochralski pulling method to ensure the highest quality material. How-
ever, realization of LN in the miniaturization of devices, integration into hybrid systems,
and the lowering of operational voltages for various electro-optical or electro-acoustic
devices require thin layers of high-quality material. Thus, the deposition of high-quality,
single-crystal thin films of LN has been a topic of research for at least three decades.

Traditionally, optical waveguides are formed in bulk substrates by techniques such
as titanium (Ti) in-diffusion [2–4]. Compared to theoretical epitaxial counterparts, Ti-in-
diffused LN has increased optical losses and the inability to form sharp index profiles as
well as a top only contact structure, which leads to large voltage requirements for index
modulation [5,6]. In the absence of acceptable epitaxial deposition methods, the use of ion
implantation to uniformly damage and slice thin layers of LN, known as smart-cut [7] or ion-
sliced LN, is presently favored. Smart-cut LN can be bonded to metal electrodes or various
dielectrics, enabling lower voltage and lower loss operation, but requires a significant
minimum thickness (>300 nm) [8] for wafer bonding and the transfer of the thin film, is
limited to less than a few microns due to the limitations in implant energies [9], and has
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associated straggle-related damage, which then requires treatment for the resulting rough
surface and high-temperature thermal annealing to restore optoelectrical properties [7,9].
Smart-cut LN provides a final LN wafer quality similar to bulk LN, but the thickness
range available is not ideally suitable for the coupling of light on and off the chip, for
example, to/from large core fibers or nanoscale integrated optics. Promising work on
direct etching of LN to fabricate compact optical devices with optical propagation losses
as low as 0.027 dB/cm has been shown in a 250 nm thin LN slab, achieved by a dry etch
process to pattern a 600 nm smart-cut film [10,11]. Thus, high-quality epitaxial thin film
LN is desirable for smaller devices with lower power consumption; lower optical losses;
tighter wave confinement; integrated devices; and engineered material advances, such
as doping [12,13] or strain manipulation [14], analogous to compound semiconductor
electronics technology.

In this work, we will discuss the epitaxy of LN, the challenges that researchers have
faced, and review the major accomplishments in LN epitaxy to date. Since some researchers
target optical usage, while others merely report structural figures of merit, film quality
will be detailed via metrics of optical coupling loss; deviation from single crystallinity,
such as texturing of near-crystalline material; and even polycrystalline or amorphous
material and the existence of rotational domains, whenever these are reported. These
factors prevent or limit the practical application of LN thin epitaxial films and are the
consequence of imperfections during epitaxy. Of particular interest are the elimination of
rotational domains, as this has been shown to strongly effect optical quality [15,16]. There
are various epitaxial methods that have successfully grown LN, including liquid phase
epitaxy (LPE) [17–26], sputtering [12,14,27–40], chemical vapor deposition (CVD) [41–50],
pulsed laser deposition (PLD) [13,51–65], and molecular beam epitaxy (MBE) [66–77].
Herein, we will view each of the epitaxial methods mentioned above from a historical
perspective with a brief projection of prospects. When growing crystals with hexagonal
symmetry, it is commonly found that the basal plane—the highest atomic density plane—
grows the slowest, and thus is the most stable for epitaxy. Therefore, the epitaxy of
LiNbO3 is generally preferred along either the (0001) or the

(
0001

)
orientation to avoid

rapidly growing facets that lead to rough surfaces and domain formation. We note that
MBE has achieved the highest crystalline perfection with respect to crystalline tilt, with
X-ray diffraction rocking curve figures of merit as low as 8.6 arcseconds [77] for a basal
plane, (0006) reflection, comparable to congruently grown bulk LN, as shown in Figure 1.
However, to date, no method has simultaneously achieved the required quality needed for
optical or acoustic devices along with practical deposition rates necessary for thick devices
on the scale of optical (hundreds of nm) or acoustic wavelengths (microns).

Figure 1. (a) X-ray diffraction rocking curve of epitaxial LN grown on sapphire via molecular beam
epitaxy [77], with an 8.6 arcsec FWHM indicating a high-quality crystal strained to the sapphire
substrate. The inset shows a well-resolved, narrow peak. (b) X-ray diffraction rocking curve of a
bulk-grown LN wafer, with an FWHM of 10.4 arcsec.
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2. The Technical Challenge

Lithium niobate is a remarkable crystal and, in many ways, is anomalous in the
chemical world. Lithium (Li) is among the most reactive elements known, has an enormous
vapor pressure compared with most elements, and readily forms stable oxides. On the other
hand, niobium (Nb) is very slow to form oxides [76] and has a negligible vapor pressure
except at extreme temperatures. Furthermore, Nb forms compounds of various oxidation
states leading to a strong tendency to form undesirable phases, often with overlapping
phase space windows resulting in undesirable multi-phase films [78]. This complexity is
further exemplified by the comparison of the phase diagrams of bulk LN [78] and gallium
arsenide [79] (GaAs), as shown in Figure 2. LiNbO3 is not like most other crystals, as its
congruent melting point favors a Li2O-deficient stoichiometry that is difficult to reproduce
outside of bulk crystal growth. Creating particular difficulty is the fact that unlike all
commercially successful materials that use epitaxy, exemplified by GaAs in Figure 2b,
LiNbO3 does not have a line composition. Line compositions assure that regardless of
the anion to cation ratio over a wide applicability range, nature takes care of forming the
desired crystalline phase—GaAs in this example. In MBE, for instance, GaAs is formed
whether the As to Ga flux ratio is 3:1 or 40:1. The difficulty of this lack of line composition
for LN epitaxy cannot be understated. Thus, any change in the flux ratio of the cations
to each other or cations to anions can result in a different stoichiometry or even multiple
phases. Different ratios of Li to Nb form slightly differing material and this stoichiometry
effects optical and acoustic properties as well as phase and crystal structure (LiNbO3,
LiNbO2 [80,81], LiNb3O8 [39,49,80], Li3NbO4 [39,49,80]) by single digit percentage changes
in fluxes. The lack of a line composition affects every aspect of LN epitaxial research, results
in extreme tolerance limits on required flux ratios, and if commercial epitaxy is to ever be
achieved, will dominate the challenges of scalability, uniformity, and yield.

Figure 2. (a) The phase diagram of bulk LN adapted from Volk and Wohlecke [78] shows complex
phase spaces and a narrow growth window for monophasic LN. The distinct lack of a convenient
line composition creates many challenges, culminating in the need for finer control over the many
growth parameters during LN epitaxy. (b) By comparison to LN, the phase diagram of bulk GaAs
adapted from Liu et al. [79] shows that monophasic GaAs is grown, regardless of the growth ratio of
As to Ga, ultimately making the epitaxial process less challenging.

In physical vapor deposition (PVD) methods, the disparity in vapor pressures between
Li and Nb has not only resulted in difficult flux delivery challenges and the need for novel
approaches, but the inability to keep Li on the surface without desorption typically results
in the need for huge Li overpressures and surface coverages that are exponentially related
to temperature, and thus, hard to control. Much of the success in recent years of the
PVD methods (MBE, sputtering, and PLD) revolves around hybrid methods of generating
Nb fluxes by, for example, using higher vapor pressure forms of Nb and/or using non-
stoichiometric target chemistries. Contrarily, the primary challenge for CVD epitaxial
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methods is not generating high-vapor pressure Nb fluxes but controlling the diverse
reactivity of the Nb and Li precursors that often react detrimentally with other byproducts,
such as water or hydrocarbons. Each method of epitaxy deserves a full review to illuminate
the subtleties in the techniques. Instead, this paper summarizes the key ideas and advances
in each approach, allows the reader to compare figures of merit, and draws a conclusion on
the present status of this now 48-year-old quest for high-quality LiNbO3 epitaxy, a quest
that unfortunately remains unfulfilled. The order of discussion of historical results follows
from the earliest work to the most successful recent work.

3. Liquid Phase Epitaxy (LPE)

In 1973, Miyazawa [82] tried to melt bulk LN crystals onto a LiTaO3 substrate to
obtain a thin film of LN using a method he called epitaxial growth by melting (EGM).
Although Miyazawa [82] was able to show some light propagation within the film, the
crystal quality was poor, and optical losses were >5 dB/cm [19]. Miyazawa then decided
to use LPE instead in Kondo et al. [20], looking at Li2O-V2O5 as a flux material, and was
able to grow high-crystallinity single-crystal LN on LiTaO3 substrates, although the surface
was rough and with many microcracks. Despite the film imperfections, the LPE growth in
Kondo et al. [20] performed much better than EGM, with optical losses of 5 dB/cm, but
at visible wavelengths, a 20–30 dB/cm optical loss was measured [19]. Ballman et al. [18]
then looked at four additional flux systems, two with Li+ rich environments and two
with a Nb+ rich environment. Ballman et al. [18] found that by using a Nb+ rich flux
system and growing at a higher temperature, they could adjust the Li/Nb ratio in the
melt to obtain lattice parameters that better matched the substrate. They also looked at
different crystallographic orientations of the substrate and combined those results with
an annealing process in order to grow smoother films. Ballman et al. [18] were largely
successful at demonstrating optical waveguiding in LPE LN films, reporting optical losses
of 1–5 dB/cm at 632.8 nm. The optical losses observed decreased with a higher crystallinity
film due to scattering reduction [18,19]. Baudrant et al. [21] then used the flux system in
Kondo et al. [19,82], Li2O-V2O5, and looked at different crystallographic orientations of
the substrate to improve growth quality, thereby obtaining results that suggest a layer-by-
layer growth mechanism of LN [21]. In 1991, Tamada et al. [22] used the same Li2O-V2O5
flux system to grow on lattice-matched (0.08% mismatch) MgO-doped LN substrates,
achieving high-quality thin films with an XRD rocking curve of 11 arcseconds, but still
saw large optical losses of 25 dB/cm at 514.5 nm. However, Tamada et al. [22] were able
to characterize and reduce the optical losses caused by vanadium incorporation from the
flux using a 600 ◦C ozone anneal. Later, Tamada et al. [22] produced a high-quality LN
film with a low optical loss of 1.6 dB/cm, even though they were not able to remove
all of the vanadium impurities. Consequently, Yamada et al. [23] later utilized a Li2O-
B2O3 flux system to grow comparatively high-quality films with XRD rocking curves
of 11.4 arcseconds, as shown in Figure 3, but this time without any detectable impurity
inclusions and, therefore, lower optical losses of <1 dB/cm at 458 nm. Efforts toward the
LPE epitaxy of LN continue and have looked at alternative growth parameters, such as
using K2O fluxes [24], doping [25], and even using LPE to grow LN waveguides in laser
cut channels [26] and continue as one of the lowest optical loss sources for single crystal
epitaxial LN [23].
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Figure 3. X-ray diffraction rocking curve with an FWHM of 11.4 arcseconds from a LN thin film
grown in 1992 via liquid phase epitaxy (LPE) by Yamada et al. [23], juxtaposed with the MgO-doped
LN substrate.

4. Sputtering

Following an unpublished work by Fukunishi et al. [27], Takada et al. [28] crushed LN
single crystals into a powder to sinter into a sputtering target. Using an argon and oxygen
gas mixture, Takada et al. [28] were able to sputter LN onto a heated sapphire substrate,
and then demonstrate light propagation in the epitaxially grown c-axis-oriented film with
optical losses of around 9 dB/cm. Jain and Hewig [29] later repeated the sputtering process
by Fukunishi et al. [27], but onto a Gd3Ga5O12 substrate to phase-match with the LN
for second-harmonic generation [29]. However, the films were still rough and polycrys-
talline, thereby contributing to higher (unreported) propagation losses. Hewig et al. [30]
studied the sputtering of LN onto both amorphous and single-crystal substrates while
using different deposition parameters to investigate how the various conditions affect the
LN film. Hewig et al. [30] concluded that using higher temperatures and single-crystal
substrates helped avoid amorphous LN films, but the resulting film was polycrystalline
of
[
0112

]
-preferred orientation. The amorphous LN films showed lower optical losses of

3 dB/cm, while the polycrystalline films measured very high losses of about 10 dB/cm
due to scattering at the grain boundaries. To obtain low-loss, monocrystalline material for
waveguides, Hewig et al. [30] states that the use of lattice-matched single-crystal substrates
is mandatory. In the quest to obtain monocrystalline LN, Meek et al. [31] were also unsuc-
cessful. However, during their attempts, Meek et al. [31] made two important discoveries:
all films sputtered from a stoichiometric target were lithium deficient, and a Li-rich or
secondary lithium source can be used to make up the lithium deficiency. Consequently,
Kanata et al. [32] used a Li2O target along with the LN target in order to compensate for the
Li deficiency and succeeded in growing c-axis single-crystal LN thin films, although they
do not report metrics for light propagation nor crystallinity. Similarly, Fujimura et al. [34]
used a custom powder-pressed sputter target with a Li:Nb ratio of up to 3:1 instead of a
sintered, stoichiometric LN target to compensate for lithium deficiency. Fujimura et al. [34]
showed high-quality c-axis epitaxial LN films on sapphire without measurable rotational
domains, although with twinned domains. Shimizu et al. [36] discovered that there were
issues with using a powder-pressed target, and thus were able to improve on the technique
used in Fujimura et al. [34] by creating a sputter target sintered from a mixture of Li2CO3
and Nb2O5 powders with a Li:Nb ratio ranging from 1 to 2. With the sintered target,
Shimizu et al. [36] demonstrated monocrystalline LN films on various crystallographic
orientations of Al2O3 and LiTaO3 substrates, as well as c-axis oriented LN films on amor-
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phous substrates using ZnO (001) and Pt (111) buffer layers, with a minimum optical loss of
6.47 dB/cm of single-crystal LN on LiTaO3. In 2001, Lansiaux et al. [39] were able to grow
thick c-axis monocrystalline LN films on Al2O3 substrates using a multi-step sputtering pro-
cess from a LN target with added excess lithium of 10–20%, showing optical losses as low
as 1.2 dB/cm [38]. Today, the sputtering of LN continues in research regarding doping [12],
integrating and forming heterojunctions with silicon [40], tuning band gap [14], etc.

5. Chemical Vapor Deposition (CVD)

Before Curtis et al. [42], the lack of an appropriate vapor phase source of lithium pre-
vented the epitaxial growth of LN via CVD. Following the use of 2,2,6,6-tetramethylheptane-
3,5-dione (THD) for epitaxial garnet films [41], Curtis et al. [42] used the Li(THD) as a Li
source and Niobium-pentamethylate [Nb(OMe)5] as a Nb source to attempt the growth of
LN films on various substrates. However, epitaxial growth was only seen on LN and LiTaO3
substrates, and the films were a black color and amorphous. Although improvements
were seen after an anneal procedure, an optical loss of about 40 dB/cm rendered this CVD
technique impractical [42]. Wernberg et al. [43] used an equimolar mixture off niobium
ethoxide [Nb(OEt)5] and lithium dipivaloylmethanate (Li-DPM) to create a single-source
organometallic liquid precursor for the growth of LN on sapphire (Al2O3) substrates. They
were able to grow c-axis oriented films that were visually transparent and specular, with a
rocking curve of 1728 arcseconds with twinned planes present. Wernberg et al. [43] report
that using their chemistry, higher growth temperatures result in higher quality epitaxial
LN, but this is limited by the onset of a secondary, unknown phase discovered by X-ray
diffraction analysis. Wernberg et al. [43] were not able to attain smooth, featureless films.
Later, Wernberg et al. [44] decided to switch to LiNb(OEt)6 as a single-source precursor,
thereby exchanging Li-DPM for Li(OEt) during the creation of the liquid precursor. Using
the LiNb(OEt)6 precursor, Wernberg et al. [44] were able to minimize ligand–exchange
reactions and thus lower the FWHM of the XRD rocking curve on their single-crystal
films down to 1368 arcseconds with roughly 1% twinning. In a similar fashion, Feigel-
son et al. [45–47] mixed unequal parts of Li(THD) and Nb(THD)4 for their LN growths. A
Li:Nb ratio of 65:35 was found to yield the highest quality single-phase, c-axis LN films,
with FWHM values of 156 arcseconds on Al2O3 and 36 arcseconds on LiTaO3. Optical losses
of 2 dB/cm were recorded at 632.8 nm, which were later optimized to 1.8 dB/cm following
the addition of an initial growth stage to control the nucleation conditions separately from
the bulk growth condition [47]. Feigelson et al. [45–47] also found no twinning in the LN
films grown on LiTaO3 substrates, but epitaxial LN on sapphire substrates showed twin-
ning that could be remedied by high-temperature annealing. Saulys et al. [48] performed
a detailed study on the surface decomposition of many precursors used in LN MOCVD,
providing enlightening results on the decomposition and dissociation of precursors due
to their instability in vacuum or reaction with contaminants, such as water, which forms
volatile byproducts that hinder growth. They found that water is both a reactant and a
byproduct of the surface decomposition chemistry of both the Li and Nb precursors, which
resulted in overall limited growth rates. Akiyama et al. [49] managed the Li and Nb feed
composition by carefully controlling the flow of the precursors and varied the Li to Nb
ratio with substrate temperature to find a growth window for single phase LN, as shown
in Figure 4. However, Akiyama et al. [49] found polycrystals of LN within the epitaxial
film and concluded that narrower operating conditions were required for high-quality
single-crystal LN growth. Margueron et al. [50,83] studied the effect of deposition pressure
on film quality, including a correlation with twinning. Twinning was reduced from 42%
to 3% by an increase in reactor pressure from 5 to 760 Torr. A further reduction in twins
was obtained by postgrowth anneals. Research on the epitaxial growth of high-quality LN
via MOCVD is ongoing, including recently developed approaches, such as direct liquid
injection MOCVD [84].
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Figure 4. A pseudo-phase diagram varying the Li and Nb feed composition with growth tem-
perature that shows growth windows for single and multiple phase LN epitaxy via MOCVD by
Akiyama et al. [49].

6. Pulsed Laser Deposition (PLD)

Ogale et al. [51] were the first to use an excimer laser to ablate a stoichiometric
LN sintered target for the deposition of LN onto Si. Following the sputtering work of
Hewig et al. [30], Ogale et al. [51] conducted PLD in a mixed environment of argon and
oxygen, making Ogale et al. [51] among the first to attempt PLD in a mixed gas ambient.
By optimizing the partial pressure ratios, Ogale et al. [51] were able to grow single-phase
LN, although the films were polycrystalline. Shortly after, Shibata et al. [52,56] utilized the
findings from the sputtering work of Meek et al. [31] and sintered a ceramic target from
Li2CO3 and Nb2O5 powders, allowing them to control the Li:Nb ratio. After tuning the
Li:Nb ratio, substrate temperature, and growth pressure, Shibata et al. [52,56] were able
to grow single-phase [110] LN films aligned on [110] sapphire substrates with a rocking
curve FWHM of 612 arcseconds, whereas the poor-quality sapphire substrate might have
affected the results, as it had an FWHM of 540 arcseconds. Without the use of a Li enriched
target, many subsequent attempts resulted in polycrystalline material, twinned films, or
having rotational domains [54,55,58–60]. Although Aubert et al. [55,59] were able to grow
single-phase, c-axis-oriented LN with XRD rocking curve FWHM values of 360 arcseconds,
they still found grain misorientations that contributed heavily to optical losses. However,
it was apparent from these works [54–60] that optimal growth conditions of LN via PLD
existed within a very small window amongst deposition parameters. Kakehi et al. [61] fo-
cused on the effects of laser fluence on Li incorporation into the LN films, and Son et al. [62]
performed a parametric study on the effects of deposition geometries, ambient pressures,
target to substrate distance, and excess Li in the target. Accounting for all of these parame-
ters, Kilburger et al. [63,64] were able to epitaxially grow single-phase, c-axis LN on Al2O3
with XRD rocking curve FWHM of 165.6 arcseconds from a stoichiometric LN target, with
an optical loss of about 1 ± 0.5 dB/cm, as shown in Figure 5. Recently, Paldi et al. [65]
mixed LN and Au powder to create a nanocomposite seed layer before growth using both
stoichiometric and Li-enriched LN targets to epitaxially grow single-domain films.
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Figure 5. Light injected into a LN thin film grown on sapphire via pulsed laser deposition (PLD) by
Kilburger et al. [63,64] shows low propagation losses that indicate a high-quality crystalline film.

7. Molecular Beam Epitaxy (MBE)

The first reported growth of LN via MBE was in 1985 by Betts and Pitt [66], 15 years
after the first demonstration of GaAs by MBE [85,86], signifying the importance of LN
as an opto-electronic material. Since Nb has a low vapor pressure and a high melting
point of ~2400 ◦C, electron-beam evaporators were employed to produce elemental Nb
and Li flux using heated sapphire or LN substrates. Upon optimization of flux values and
substrate temperature, Betts and Pitt [66] were able to grow single crystal, c-axis LN films
on LN substrates, but only the Li-rich phase (Li3NbO4) of LN grew epitaxially on sapphire
substrates. The films also had a high optical propagation loss of ~15.7 dB/cm. As per the
benefits of MBE, Betts and Pitt [66] characterized their growths in situ using a modified
RHEED system [67]. While Sitar et al. [69] also employed RHEED, they recognized that
finer control over the growth flux was necessary to grow high-quality LN films. Thus,
Sitar et al. [69] interfaced a quadrupole mass spectrometer and the e-beam evaporator’s
emission current with a PID controller, granting finer control of the Nb flux to >1% accuracy
averaged over 10 s. In addition, an elemental Li flux was instead provided by a low
temperature effusion cell. Sitar et al. [69] also incorporated an oxygen plasma source. With
finer control over the metal fluxes and a more reactive oxygen species, Sitar et al. [69] were
able to achieve the homo- and heteroepitaxial growth of c-axis-oriented LN and LiTaO3,
including bilayers to form their superlattices. However, Sitar et al. [69] reported in-plane
rotational domains. Matsubara et al. [70] combined the benefits of MBE with PLD to grow c-
axis LN films via laser MBE, enjoying the high-vacuum growth seen in MBE, which enables
fine control over the growth process and in situ characterization tools, such as RHEED, and
the convenient transfer of target composition seen in PLD, avoiding the less controllable
process of e-beam evaporation. Laser MBE enabled Matsubara et al. [70] to grow smooth
LN thin films with an XRD rocking curve FWHM of only ~13 arcseconds. Unfortunately,
Matsubara et al. [70] also reported rotation twins in their films. In 2011, Dabirian et al. [73]
used a high vacuum process with chemical precursors to grow single-phase, c-axis LN thin
films on sapphire. Dabirian et al. [73] evaporated Li(OBut) and Nb(OEt)4 precursors into
prechambers and used Knudsen effusion sources to deliver carrier-free, collision-free, and
Li-rich fluxes to the heated Al2O3 substrate. Dabirian et al. [73] were able to grow high-
quality LN films with rocking curve FWHM values as low as 104 arcseconds. Recognizing
the need for a more stable source of Nb, Doolittle et al. [71] investigated the use of NbCl5 in
near room temperature effusion cells, effectively replacing e-beam evaporation. By 2012, the
metal-chloride growth chemistry was established as an effective means of supplying low
vapor pressure metals for growth fluxes [72,74–76]. Finally, in 2016, Tellekamp et al. [77]
were able to grow high-quality, c-axis LN films on Al2O3 and LiTaO3 substrates using
Li and NbCl5 as solid sources. As shown in Figure 1, the heteroepitaxial growth of LN
on Al2O3 shows XRD rocking curve FWHM values of 8.6 arcseconds, approaching the
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5.6 arcsecond peaks measured from the substrate. On the lattice matched substrate of
LiTaO3, Tellekamp et al. [77] reported an FWHM of 193 arcseconds, closely matching the
FWHM value of the substrate at 194 arcseconds. In all the films, rotational domains were
not detectable [77]. This represents the best epitaxial LN grown to-date, with film quality
that is comparable to bulk crystals, but the deposition rates achieved, ~75 nm/h, were
limited by the ~1000 ◦C substrate temperature, making the thin film applications for this
process limited by the practically obtainable thicknesses.

8. Conclusions

The inception of thin film epitaxial LN, the challenges faced along the way, and the
results achieved by researchers were discussed, and are summarized in Table 1. Thin film
LN allows for tighter wave confinement, more efficient and lower power devices, the
integration of optical and acoustic systems of different scales, and even the potential for
novel devices. As epitaxial techniques developed and more experiments were conducted,
the phase purity, crystal quality, and optical propagation metrics improved and will
likely continue to do so. Although the commercial market is currently reliant on smart-
cut LN from a LN bulk crystal, the stringent thickness range of smart-cut LN obstructs
some applications, and researchers have shown that epitaxial thin films of LN remain
desirable. The crystal quality of state-of-the-art epitaxially grown LN has been able to
match Czochralski pulled crystals using chlorinated Nb precursors and MBE. However, no
present epitaxial technique has yet achieved both the film quality needed and the deposition
rates (i.e., sufficient thickness in reasonable times) that make optical and acoustic devices
via epitaxy practical. Although more work needs to be done on growing high-quality LN
films with suitable thicknesses for system applications, the recent MBE results suggest that
if specialized tooling is developed that enables higher deposition rates, the future of LN
epitaxy could be promising.

Table 1. Comparison of optical loss and X-ray diffraction rocking curve full width at half maximum (FWHM) metrics
for different epitaxial techniques as reported. Unless specified otherwise, optical losses are measured in the TE0 mode at
wavelength λ = 632.8 nm.

Epitaxial Technique Optical Loss
(dB/cm)

XRD FWHM
(Arcseconds) Notes Reference

LPE

5 - 20–30 dB/cm losses at visible
wavelengths. Kondo et al. [20]

<5 - - Ballman et al. [18]

1.6 11 Significant vanadium impurities.
λ = 514.5 nm. Tamada et al. [22]

<1 11.4 λ = 458 nm. Yamada et al. [23]

Sputter

9 - - Takada et al. [28]
3 - Amorphous film. Hewig et al. [30]

6.47 - - Shimizu et al. [36]
1.2 648 Multi-step process. Lansiaux et al. [39]

CVD
- 1368 Twinning detected. Wernberg et al. [44]

1.8 36 No twinning detected. Feigelson et al. [46]

PLD
- 612 - Shibata et al. [56]
- 360 - Aubert et al. [59]

<1.5 165.6 - Kilburger et al. [64]

MBE

15.7 - Electron-beam evaporated sources. Betts and Pitt [66]
- 13 Twinning detected. Laser assisted. Matsubara et al. [70]
- 104 Metal–organic precursors. Dabirian et al. [73]

- 8.6 No twinning detected.
Metal–halide sources. Tellekamp et al. [77]
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Abstract: A strongly temperature-dependent photo-induced transient absorption is measured
in 6.5 mol% magnesium-doped lithium niobate at temperatures ranging from 45 K to 225 K.
This phenomenon is interpreted as resulting from the generation and subsequent recombination of
oppositely charged small polarons. Initial two-photon absorptions generate separated oppositely
charged small polarons. The existence of these small polarons is monitored by the presence of
their characteristic absorption. The strongly temperature-dependent decay of this absorption occurs
as series of thermally assisted hops of small polarons that facilitate their merger and ultimate
recombination. Our measurements span the high-temperature regime, where small-polaron jump
rates are Arrhenius and strongly dependent on temperature, and the intermediate-temperature
regime, where small-polaron jump rates are non-Arrhenius and weakly dependent on temperature.
Distinctively, this model provides a good representation of our data with reasonable values of its two
parameters: Arrhenius small-polaron hopping’s activation energy and the material’s characteristic
phonon frequency.

Keywords: lithium niobate; small polaron hopping; transient absorption

1. Introduction

This paper is in memoriam of Ortwin Schirmer who throughout his long career pioneered the
study of lithium niobate. Lithium niobate (LiNbO3, LN) is widely employed in electro-, acousto- and
nonlinear optical applications. In addition, since free and trapped charge carriers of both positive and
negative signs are known to form small polarons in LN, this material serves as an elegant and robust
model system to study fundamental physical properties [1].

An electronic charge carrier becomes self-trapped when it is bound within the potential well
produced by its displacements of the equilibrium positions of the atoms that surround it. The composite
quasiparticle comprising a self-trapped electronic charge carrier taken together with the displaced
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atomic equilibrium positions is termed polaron [1]. This name polaron was adopted in recognition of
their prevalence in polar (i.e., ionic) materials.

Lithium niobate is a perovskite-like oxide ferroelectric with especially displaceable ions [2,3].
The dependence of the energy of an electronic carrier on displacements of surrounding atoms produces
both long-range and short-range electron–phonon interactions. The long-range electron–phonon
interaction results from the Coulomb energy of an electronic carrier depending on displacements of
distant ions. It is proportional to (1/ε∞ − 1/ε0), where ε0 and ε∞ respectively designate a material’s
static and high-frequency constant. Values of this parameter in LN (ε0 = 30− 80, ε∞ = 5.5 [4]) are
comparable to those of other ionic materials (e.g., alkali halides) whose charge carriers form polarons.
Short-range electron–phonon interactions result from the energies and covalency of bonds between
neighboring atoms changing with their separations. Short-range electron–lattice interactions as well
as disorder foster the collapse of self-trapped electronic carriers to single sites thereby forming small
polarons [1,5].

In addition to free small-polarons in LN [6], defects are sites for defect-related electron and hole
polarons as well as bipolarons [7,8]. Small-polarons govern many of the linear and non-linear optical
properties of LN [9–11] that include the bulk photovoltaic effect [12], green-induced infrared absorption
(GRIIRA), optical damage and photoconductivity (PC) [8,11,13,14]. The transient broad-band
small-polaron absorptions and index changes in LN [9,10] provide a clear link between small-polaron
absorption and their hopping motion. For instance, the stretched-exponential relaxation of the transient
absorption is attributed to small-polarons’ hopping [15–17].

Small polarons exhibit distinctive optical and electronic transport properties [1]. In particular,
phonon-broadened absorption bands result from photon-assisted inter-site transfers of small-polarons’
self-trapped electronic carriers. In addition, small polarons generally move with extremely low
mobilities via phonon-assisted hopping. A small-polaron absorption band disappears as its small
polarons are eliminated by their recombination with oppositely charged carriers. Recombination is
facilitated by both photon-assisted and phonon-assisted hopping. In the former case, increasing
the intensity of absorption within a small-polaron band fosters its elimination. In this manner,
small-polaron absorptions are bleached. In the latter case, increasing temperature fosters disappearance
of small-polaron absorptions.

Essential features of a small-polaron’s phonon-assisted hopping are well established [1].
Self-trapped electronic carriers usually move fast enough to adiabatically adjust to the relatively
slow vibrations of atoms. Adiabatic small-polaron hopping has been addressed at high enough
temperatures for atoms’ vibrations to be classical. The small-polaron jump rate is then Arrhenius
both for uncorrelated hops [18,19] and when the slow transfer of vibrational energy between atoms
causes hops to occur in flurries with enhanced pre-exponential factors [1,20,21]. Nonetheless, for
computational simplicity, almost all calculations of phonon-assisted hopping are performed in the
non-adiabatic limit in which an electronic carrier’s inter-site motion is assumed to be arbitrarily
slow. In particular, the elemental non-adiabatic small-polaron jump rate has been calculated for
its self-trapped carrier interacting with acoustic [22], optical [23] and both acoustic and optical
phonons [24].

All studies of small-polaron hopping report three distinct temperature regimes [1]. At the
highest temperatures, atoms’ vibrations are classical with a self-trapped carrier moving between
initial and final sites when its electronic energy at these sites become coincident with each other.
The jump rate’s primary temperature dependence is then Arrhenius and independent of phonon
energies: ∝ exp[−(4Ea + ∆)2/16EakBT], where ∆ denotes the energy difference between final
and initial sites with Ea being the activation energy for equivalent sites, ∆ = 0. At the lowest
temperatures, a self-trapped carrier hops when atoms quantum-mechanically tunnel between the
configurations they assume when the self-trapped carrier occupies initial and final sites. The jump
rate’s primary temperature dependence is then also Arrhenius and independent of phonon energies:
∝ exp[−(∆ + |∆|)/2kBT]. Then a hop upward in energy, ∆ > 0, is Arrhenius, ∝ exp(−∆/kBT), while
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a hop downward in energy, ∆ < 0, is temperature independent. Distinctively, the small-polaron
jump rate between these high-temperature and low-temperature limits is non-Arrhenius and
dependent on phonon energies. The primary temperature dependence of the small polaron jump
rate is ∝ exp[−(4Ea/h̄ω)tanh(h̄ω/4kBT)] exp(−∆/2kBT) for |∆| � 4Ea, where h̄ω represents the
characteristic phonon energy. Thus, measuring the temperature dependence in the high-temperature
and intermediate regimes provides an estimate of this characteristic phonon energy. The reasonableness
of this estimate tests the small-polaron approach.

Sufficiently separated oppositely charged small polarons will experience a mutual Coulomb
attraction [1]. Recombination between oppositely charged small polarons can occur once a series
of small-polaron hops enables them to move close enough to one another. These hops will tend to
be downward in energy, ∆ < 0, since small-polaron jump rates are proportional to exp(−∆/2kBT).
The rate-limiting hop, the slowest of this sequence, occurs at its beginning where |∆| tends to be
smallest. Since the oppositely charged small polarons generated by our experiment’s pump will have
a distribution of initial separations, their recombination will be characterized by a distribution of
recombination times. Thus, as observed [15], the time-dependent relaxation of the pump-induced
transient absorption will be a stretched exponential.

We utilize a two-photon pump to produce electron and hole small-polarons whose recombination
is then monitored by their absorption’s temporal decay. To generate free small-polarons, we study
an LN crystal that was congruently grown from a melt with 6.5 % Mg since it contains a negligible
concentration of antisite defects. Our optical excitation then primarily produces free Nb4+ n-type small
polarons and O−–VLi sites, p-type polarons bound to lithium vacancies [25,26]. We thereby avoid the
profusion of other types of polaron states that occur in materials such as Fe:LN [17,27]. The transient
near infra-red absorption in LN is primarily due to small polarons [6,28]. Other optical phenomena are
also associated with self-trapped charge carriers and excitons [29–33]

We explore the transient absorption from 10−7 to 105 s for temperatures between 45 K and
225 K. A simple model enables us to relate the observed decay rate of the absorption to the
temperature-dependent small-polaron jump rate. Analysis of the small-polaron jump rate through
the observed temperature range yields plausible estimates of the activation energy for small-polaron
hopping and distinctively, the characteristic atomic-vibration frequency.

2. Methods

The lithium niobate sample (thickness d = 2 mm, Mg-doping of 6.5 mol% in the melt, z-cut) was
grown, cut and polished by Kovács et al. at the WIGNER Research Centre for Physics, Budapest.
The crystal was mounted in a closed-cycle cryostat which operates between 40 K and room temperature.

Optical windows on the cryostat enable nanosecond-pump and continuous-wave-probe
measurements for probing small-polarons’ transient absorption (TA). Small polarons were generated
in Mg:LN via two-photon absorption from an ordinarily polarized, frequency-doubled Nd:YAG pulse
laser (λp = 532 nm, τFWHM = 8 ns, Ip ≈ 170 MW/cm2). Transmitted polarized light of a continuous
wave probe laser (λ = 785 nm) was split and detected (1) by a Si-PIN photo diode connected to a
fast digital storage oscilloscope and (2) by a photometer. Thus, the TA signal was recorded (1) in
a time range from nanoseconds up to five seconds and (2) in a time range from one second up to
several thousands of seconds, respectively. The power of the probe laser was kept below 1 mW to
minimize its effect on the transient absorption. For this purpose, a fast electronic shutter was also
introduced into the probe beam’s path so that the transient absorption at long times was only affected
intermittently. The transient absorption αli(λ, t) is determined from the ratio of the intensity of the
transmitted probe light after the pulse was applied I(λ, t) to that prior to the pulse event I(λ, t ≤ 0),
giving: αli(λ, t) = −(1/d)ln[I(λ, t)/I(λ, t ≤ 0)].

209



Crystals 2020, 10, 809

3. Decay of Photo-Induced Absorption

Figure 1 shows the normalized temperature-dependent results of transient absorption
measurements at the probe wavelength λ = 785 nm for Mg:LN. Obviously, these data are not
well described as simple temporal decays, exp[−(t/τ)]. However, our data are well fitted with
the two temperature-dependent parameters [τ(T) and β(T)] of Kohlrausch–Williams–Watts (KWW)
stretched-exponentials, exp[−(t/τ)β]. The red curve accompanying the lowest-temperature data
shows such a fit. The red curve accompanying the highest-temperature data illustrates that the fitting
result is only slightly improved upon employing six adjustable parameters of a sum of two KWW
stretched exponentials, αli,0(1− f )exp[−(t/τ1)

β1 ] + αli,0 f exp[−(t/τ2)
β2 ]. We note that we used the

fit parameter for the starting amplitude αli,0 to account for the elevation of the measured data above
the value 1, that was caused by the noise in the experimental data. We therefore illustrate our results
in terms of a single KWW stretched exponential with its two temperature dependent parameters,
τ(T) and β(T).

t (s)

α
li
/
α
m
a
x

li

10−7 10−5 10−3 10−1 101 103 105
0.00

0.25

0.50

0.75

1.00

T
(K

)

50

75

100

125

150

175

200

225

Figure 1. Normalized photo-absorptions at a wavelength of 785 nm of 6.5 mol% Mg:LN are plotted
versus decay time for representative temperatures between 50 K and 225 K. The solid red curves show
fits using a single Kohlrausch–Williams–Watts (KWW) stretched-exponential for T < 100 K and the sum
of two KWW functions for T > 100 K, respectively.

KWW stretched-exponentials are phenomenological representations of processes with
distributions of relaxation times. The mean relaxation time for a KWW stretched exponential
is 〈τ(T)〉 ≡ τ(T)Γ{[1/β(T)] + 1}, where Γ denotes the mathematical gamma function. 〈τ(T)〉
is found from the values of τ(T) and β(T) obtained from stretched-exponential fits to our
transient-absorption data.

The resulting values of 1/〈τ(T)〉 plotted against reciprocal temperature in units of 1000/T are the
experimental points shown in Figure 2. Distinctively, the photo-induced decay rate 1/〈τ(T)〉 appears
Arrhenius above 100 K and becomes non-Arrhenius below 100 K.
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Figure 2. The temperature dependence of the inverse mean decay time of photo-induced absorption in
Mg:LN is compared to the small-polaron hopping and recombination rate.

4. Small-Polaron Recombination and Phonon-Assisted Hopping

Well-separated oppositely charged small polarons attract each other through their mutual
Coulomb attraction, e2/ε0s when separated by distance s. Oppositely charged small polarons only
recombine once they are close enough to one another to overlap significantly. Small polarons move
toward recombination via a series of phonon-assisted hops. The rate for each phonon-assisted jump
increases as the energy of its final state falls increasingly below that of its initial state except when this
energy disparity is exceptionally large [1,22–24]. Thus, the recombination of well-separated oppositely
charged small polarons tends to occur via a series of jumps in which each hop is progressively
faster. The rate-limiting jump is the initial hop of this series, a jump with minimal energy disparity.
The recombination rate of oppositely charged small polarons therefore is determined by the hop
between sites of nearly equal energy.

A phonon-assisted hop occurs when an electronic carrier transfers between sites in response
to atoms assuming favorable configurations [1]. A hop is termed non-adiabatic when the inter-site
transfer energy of the electronic charge carrier is so small that it rarely avails itself of the opportunity
to move [18,19]. Alternatively, adiabatic hopping occurs when the electronic carriers are able
to adjust to changing atomic configurations. Small-polaron hopping is generally adiabatic [1].
Nonetheless, phonon-assisted jump rates are usually computed for the non-adiabatic limit, where they
are perturbative to lowest-order in the hop’s electronic transfer-energy.

The non-adiabatic small-polaron jump rate has been calculated exactly for the Holstein
Molecular-Crystal-Model (MCM), where the electronic carrier is assumed to interact with a single
vibrational mode of frequency ω, only [23]. To enable small-polaron formation in this idealized
model, its small-polaron binding energy Eb is taken to exceed both the phonon energy h̄ω and
the inter-site electronic transfer energy J. An approximate formula for the adiabatic small-polaron
jump rate is obtained at all but very low temperatures when dividing this non-adiabatic rate by
the high-temperature probability of the electronic carrier transferring in response to an appropriate
atomic configuration [1,19]. In particular, the approximate formula for the adiabatic rate for a hop
between equivalent sites is found by dividing the right-hand-side of Equation (59) of Ref. [23] by
J2/(h̄ω/2π)(2EbkBT/π)1/2:

Rad =

√
EbkBT

πh̄2 exp
[
−
(

2Eb
h̄ω

)
coth

(
h̄ω

2kBT

)]{
I0

[(
2Eb
h̄ω

)
csch

(
h̄ω

2kBT

)]
− 1
}

. (1)
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where I0(x) denotes the zeroth-order modified Bessel function. At high and intermediate temperatures
relative to h̄ω, this expression becomes

Rad
∼=
( ω

2π

)
exp

[(
2Eb
h̄ω

)
tanh

(
h̄ω

4kBT

)]
. (2)

Distinctively, the Arrhenius behavior with activation energy Eb/2 progressively disappears as kBT
is lowered relative to h̄ω/4. In other words, as shown in Figure 3, the activation energy progressively
shrinks from Eb/2 as the temperature is reduced.

Beyond the simple MCM, a small-polaron’s phonon-assisted hop is primarily associated with
movements of the atoms in the immediate vicinity of its self-trapped electronic carrier [1]. As such,
a small-polaron hop generally involves interactions with short-wavelength phonons from both acoustic
and optic vibration modes. The activation energy for an Arrhenius small-polaron jump is the sum of
contributions from these modes. The pre-exponential factor of the adiabatic jump rate of Equation (2)
is then the square-root of the sum of the squares of these zone edge phonons weighted by their relative
contributions to the jump’s activation energy [19].

1.00

0.50

0.00

E a
/(

E b
/2

)

Figure 3. Normalized small-polaron hopping activation energy Ea over Eb/2 as a function of
temperature. Note the different slopes and absolute values at different phonon frequencies, ω,
when lowering the temperature.

5. Combining the Decay of Lithium Niobate’s Induced Absorption with
Small-Polaron Recombination

We ascribe the observed photo-induced absorption mainly to photo-generated Nb4+ n-type free
small polarons. The decay of this photo-induced absorption is attributed to their recombination with
p-type small polarons that are bound to lithium vacancies, O−−VLi. This attribution is supported by
evidence of only negligible Fe and NbLi contamination in these crystals [17]. Indeed, room-temperature
transient absorption measurements on a series of Mg-doped and nominally pure LN samples by
Conradi et al. [26] also concluded that the primary signal at 785 nm stems from Nb4+ free small
polarons. Furthermore, subsequent work only found a secondary relatively weak and slow decay that
most likely results from the recombination of self-trapped excitons pinned at various defects [29,31].
As shown in Figure 1, a single KWW function provides a satisfactory fit to our low-temperature data.

Distinctively, we measure the decay of the photo-induced absorption in Mg:LN over a wide
temperature range. As a result, we observe the shift from Arrhenius behavior at highest temperatures
to a relatively weak temperature-dependence at lowest temperatures. This fundamental feature of
small-polarons’ hopping is sensitive to the phonon energies with which their self-trapped electrons
interact [1,22–24]. As shown in Figure 2, the mean decay time of the photo-induced absorption is well
fitted by our model for small-polaron recombination. Best fit’s are obtained for Eb = 0.68 eV and
ω = 4.6× 1013 s−1. Both of these values are typical of small-polaron hopping.
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6. Discussion

Polarons are generally characterized by broad asymmetric absorption bands. These absorptions
arise from exciting polarons’ self-trapped electronic carriers from the potential wells that bind
them [1,34]. As shown in Figures 5 and 6 of Ref. [34], small-polaron absorption bands tend to be
higher on the low-frequency side of their peaks. By contrast, large-polaron absorptions tend to be
higher on the high-frequency side of their peaks [34]. This distinction can be used to differentiate
between small-polaron and large-polaron absorption bands. As illustrated in Figure 7 of Ref. [23],
the peak of the small-polaron absorption in the MCM occurs at 2Eb, twice the small-polaron binding
energy. This figure shows that the absorption becomes broader and less symmetric with increasing
temperature. An early calculation of a small-polaron absorption band [35] did not adequately describe
its width and inherent asymmetry.

In the non-adiabatic limit of the MCM, the activation energy for Arrhenius small-polaron
hopping Ea is simply half the small-polaron binding energy Eb. However, the MCM only envisions
a short-range component of the electron–phonon interaction. As noted in this paper’s introduction,
LN is an ionic material with a significant long-range component of its electron–phonon interaction.
As the long-range component of the electron–phonon interaction increases, Ea decreases as a
fraction of the small-polaron binding energy [1]. Furthermore, the small-polaron hopping activation
energy decreases upon progressing from the non-adiabatic limit into the adiabatic regime [1,18].
Thus, a small-polaron’s binding energy Eb will tend to be somewhat larger than twice the activation
energy of its high-temperature Arrhenius hopping Ea.

A polaron becomes small when its self-trapped electronic carrier collapses to a single site,
e.g., a single Nb cation in LN. Its self-trapped electronic carrier then hops between adjacent sites
by primarily interacting with short-wavelength phonons. The characteristic phonon frequency for
small-polaron hopping will then be comparable to those of these short-wavelength modes. In LN
these modes have wavenumbers of about 250 cm−1 [36–39]. The inverse of the frequencies of these
modes also corresponds to the time determined for atoms to shift their equilibrium positions in
response to the addition of a severely localized electronic charge carrier [40,41]. Thus, the frequencies
of these short-wavelength phonons are comparable to what we measure to be the characteristic phonon
frequency associated with n-type small-polaron hopping in LN, ω = 4.6× 1013 s−1.

7. Summary

In summary, we measured the temporal decay of the photo-induced absorption of Mg:LN from
45 K to 225 K. The time dependencies of decays of the induced absorption at 785 nm fit well with
the phenomenological Kohlrausch–Williams–Watts (KWW) stretched-exponentials, exp[−(t/τ)β].
The effective decay rate, the inverse of the mean decay time of each KWW curve, a function of τ and
β, is a function of temperature. At the highest temperatures, the decay rate for the photo-induced
absorption manifests an Arrhenius temperature dependence. This temperature dependence weakens
and becomes non-Arrhenius as the temperature is lowered.

These decays are ascribed to the hopping of Nb4+ n-type small polarons leading to their eventual
recombination with O− p-type small polarons bound to Li vacancies. The n-type and p-type small
polarons are attracted to one another by their mutual Coulomb attraction reduced by the static dielectric
constant of LN. We model this hopping sequence as a series of jumps that are increasingly downward
in energy. The rate-limiting step in this sequence of small-polaron hops, its slowest jump, is then
its first step since its energy disparity is smallest. We take the energy disparity of well-separated
oppositely charged small polarons to be minimal. As such, we compare the adiabatic jump rate of
small polarons between sites of equal energy with the inverse of the mean decay time for KWW decays.

The rate for adiabatic small-polaron hops between equivalent sites is Arrhenius at high
temperatures. As the temperature is reduced the temperature dependence of this adiabatic
small-polaron jump rate weakens as it becomes non-Arrhenius [1,22–24]. The transition between
these two behaviors occurs at the temperature corresponding to a significant fraction of that
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characterizing the principal phonons with which a small-polaron’s self-trapped electronic carrier
interacts. This feature yields a more precise value for the characteristic phonon frequency than can be
obtained from only fitting data from the high-temperature Arrhenius region. Fitting the decay rate of
photo-induced decay in Mg:LN to the adiabatic small-polaron jump rate between equivalent states
yields reasonable values of the small-polaron binding energy and the characteristic frequency of the
phonons with which its self-trapped electron interacts: Eb = 0.68 eV and ω = 4.6× 1013 s−1.
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Abstract: Photoinduced charge transport in lithium niobate for standard illumination, composition
and temperature conditions occurs by means of small polaron hopping either on regular or defective
lattice sites. Starting from Marcus-Holstein’s theory for polaron hopping frequency we draw a quanti-
tative picture illustrating two underlying microscopic mechanisms besides experimental observations,
namely direct trapping and migration-accelerated polaron trapping transport. Our observations will
be referred to the typical outcomes of transient light induced absorption measurements, where the
kinetics of a polaron population generated by a laser pulse then decaying towards deep trap sites is
measured. Our results help to rationalize the observations beyond simple phenomenological models
and may serve as a guide to design the material according to the desired specifications.

Keywords: lithium niobate; polarons; photorefractivity; Marcus-Holstein’s theory; Monte Carlo
simulations

1. Introduction

Lithium Niobate (LN) stands out among other ferroelectric oxides for its large use
in the realisation of acousto-optical, electro-optical and non-linear optical devices. Since
its development in the ’60 s, this material has evidenced several light-induced effects that
were recognized as a complex interplay between charge excitation and migration processes,
such as photoconductivity, the bulk photovoltaic effect and ultimately photorefractivity.
The interest in those phenomena is timely because they bear a high interest for practical
applications: in the field of nonlinear and ultra-fast optics the photorefractive effect is a
drawback that limits the use of LN for high intensity multiphoton processes [1], while
in photorefractive holography this effect is used to record high quality gratings, optical
memories and demonstrate low-intensity all-optical interactions [2]. Integrated optics as
well needs to control those phenomena due to the high continuous-wave light intensities
obtained in waveguiding regions [3]. Moreover, in analogous materials, charge excitation
and transport play a key role in a number of important applications such as ferroelectric
photovoltaics [4,5] and in oxide catalysis [6–8].

Thanks to many results obtained especially by O. Schirmer and co-workers [9–14], it is
nowadays accepted that charge transport in LN and related materials must be understood
in terms of small polarons hopping among regular and/or defective sites. In the initial
stage of the process, some charge carriers are photo-generated from deep donor centers
and emitted with a preferential direction in the conduction band. Subsequently those
“hot” carriers lose energy by interaction with the lattice and finally condensate into a new
state which is self-localized by a distortion of the local ionic environment. Under certain
conditions the carrier, localized at a single lattice site, and the surrounding deformation can

217



Crystals 2021, 11, 302

be thought as a quasi-particle that moves as a whole: the small polaron. Its motion takes
place by thermally assisted hopping transitions among different sites, until a deep trap is
encountered; the polaron is then stably trapped and ready to be photo-excited again [15].

Despite this understanding, it is still challenging to relate the macroscopic obser-
vations to basic polaron hopping processes. The technique of choice to investigate the
transient decay of a polaron population is time-resolved Light Induced Absorption (LIA)
spectroscopy ([1] and refs. therein) in which a polaron population is created in the material
by a pulsed photo-excitation process and its decay towards deep trap centers is observed
by means of time resolved absorption spectroscopy. One of the main problems of this
technique is that the experimental decay curves are difficult to interpret from a micro-
scopic point of view, being the result of the parallel relaxation of the different polarons
through a variety of microscopic processes. For this reason experimental curves are gener-
ally analyzed phenomenologically with the help of suitable fitting functions such as the
widely used Kohlrausch-William-Watts (KWW) stretched exponential law, without a true
understanding of the microscopic mechanisms determining the decay.

In this paper we apply a Monte Carlo analysis to investigate the different processes
responsible for the decay in the technologically important case of Fe-doped LN, with
special focus on the role of deep (Fe) and shallow (NbLi) defect centers where the polarons
can be trapped. We will show how transient measurements can reveal different stages
of the decay kinetics corresponding to different types of hopping processes separated by
largely different time scales. Furthermore the effect of changing experimental constraints
such as sample temperature and composition on the different hopping processes will be
elucidated and some criteria will be given to establish a priori what is the regime one
should expect on the basis of a given sample composition and temperature.

2. Small Polarons in Fe:LiNbO3

Polarons are quasiparticles made up of an electrical charge that, by interaction with
the polar crystalline environment, is able to distort the neighbouring lattice creating a local
potential well. As a net result, the particle becomes self-localized. If the confinement effect
is strong, the charge is concentrated on a single lattice site (small strong-coupling polaron)
and randomly moves by thermal-assisted hopping among different sites.

Standard LN crystals of congruent composition contain a high density of point defects
either intrinsic (such as the substitutional “antisite” defect Nb5+

Li or the Li vacancy V−Li),
or extrinsic (dopants or impurities) [16]. Those defects constitute preferential sites for the
formation of polarons, so that several types of small electron polarons are recognized in
congruent LN [13]: the free polaron (F) forming on regular Nb5+

Nb sites; the bound polaron
(P) forming on antisite defects Nb4+

Li ; the bipolaron (BP) which is a combination of a free
and a bound polaron on neighbouring sites Nb4+

Nb : Nb4+
Li , with the possible existence of

some variants depending on the actual site occupied by the Nb interstitial, which in some
cases could be either a vacant Li site, either an octahedral void naturally present in the
LN structure [17]. LN may also host O− holes, created when energetic photons capable of
band-to band excitation are involved. In this case, hole polarons (H) are formed. Finally,
impurities with two or more valence states, such as the prototypical case of Fe2+/3+

Li , have
the possibility to capture an electron with a potential that is a mixture of Coulomb attraction
and polaronic lattice deformation.

In LN, polarons can be seen as localized defect states in the band gap (Figure 1), which
can absorb the light releasing the trapped charge to higher energy levels under the Franck-
Condon principle [13]. In Figure 1 the electronic energy is referred to the uncoupled NbNb
level instead of the bottom of the conduction band, being a more appropriate description
when the electron-lattice coupling is strong. Values for Nb4+/5+

Nb and Fe2+/3+
Li are calculated

according to ref. [13] while the one for the Nb4+/5+
Li according to ref. [18].
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Conduction band
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NbLi 0.95 eV

NbNb 0.54 eV
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Figure 1. Electronic energy of the different polaron centers in Fe:LiNbO3 with respect to the NbNb

level in a rigid lattice (i.e., not considering the lowering in energy due to the local lattice distortion
associated to the polaronic effect).

The typical experiment dealing with the relaxation of a suddenly-created polaron
population is Light Induced Absorption (LIA) [19,20]. The sample is illuminated with a
pulsed laser with a pulse duration of few ns and a maximum pulse energy of hundreds
of mJ while one or more continuous-wave probe lasers record simultaneously the time
evolution of the sample absorption at different wavelengths. The pump laser creates
a polaron population by photo-excitation from charged defects (in this case Fe2+) and
since polarons can absorb light, the probe beams detect an additional absorption signal
that is proportional to the polaron concentration in the sample. In this way the decay
of the polaron population as a function of time can be observed. Moreover, since the
absorption cross section of the different polaron species is quite different at the different
probe wavelengths [20], it is possible to reconstruct the decay kinetic of the different
polaron species.

3. Monte Carlo Simulation of Polaron Hopping

According to the Marcus-Holstein polaron hopping model [15,21,22], the non-adiabatic
hopping frequency for a (i→ f ) hop is:

Wi f (r, T) = wi f (T) exp

(
− r

ai f

)
(1)

with:

wi f (T) =
I2
i f

h̄

(
π

kTλi f

) 1
2

exp
(
−

Ui f

kT

)
(2)

In Equation (1), r is the distance between initial and final sites, kT is the absolute
temperature (in energy units) and ai f = a f i is an orbital parameter describing the overlap
between the electronic wavefunctions at sites i and f .

In ref. [18] we determined that it is reasonable to reduce the number of orbital
parameters to two. The first one c = aPFe = aFFe = 1.3 Å describing “trapping” transitions
between F or P and FeLi. The second one a = aPP = aFF = aPF = aFP = 1.6 Å describes
electronic transfer of polaron migration, i.e., hopping between Nb ions whatever their
positions is regular (NbNb) or defective (NbLi).

In Equation (2) λi f = λ f i = (Ei + E f ) is the reorganization energy of Marcus’ theory
corresponding to the energy paid to rearrange the lattice, here equal to the sum of the
elastic energies of the two polarons.
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The hopping barrier Ui f ( 6= U f i) can be computed using the harmonic approximation
of small polaron theory [23,24] as:

Ui f =

(
2Ei + εi − ε f

)2

4
(

Ei + E f

) (3)

with εi and ε f the binding energies of the electron at zero deformation. When the hop
occurs between sites of the same type (i = f ), Uii = Ei/2, recovering the standard result
that the hopping activation energy is one half of the polaron stabilization energy [1,13,25].
The pre-exponential factor Ii f = I f i describes the intrinsic hopping rate between the two
sites and is determined by the choice of the (i, f ) combination. By comparing the results
of our simulations to experimental decay curves we estimated that a fair value for all the
processes is I = 0.02 eV. In this situation the non-adiabatic condition is always fulfilled for
all polarons species, as discussed in ref. [24].

Those hopping frequencies are used in a dedicated Monte Carlo code based on a
classical Gillespie algorithm. The LN structure is generated at the beginning of the code in
a 80 × 80 × 80 super-cell with periodic boundary conditions. A given number of empty
NbLi and Fe defects is then placed on a certain number of lattice sites in accordance to a
specified sample composition. For sake of simplicity, we will restrict ourselves to the case
in which the number of photo-generated polarons is small compared to the amount of
antisites and Fe traps. This approximation is valid for antisites, which are present in large
amount in standard LN crystals, but may not be so for Fe traps when the concentration
of photo-excited donor centers is comparable to the one of traps e.g., in strongly reduced
samples with a high [Fe2+]/[Fe3+] ratio. In spite of the fact that this assumption may lead
to an inaccurate modelling of the decay shape, our general results remain valid.

Under the assumption of weak concentration, we can perform two important simplifi-
cations. (i) The probability that two polarons may interact and/or form bipolaronic states is
negligible. This is consistent with the fact that energy level of Fe traps is significantly lower
than the bipolaron one (1.92 eV with respect to 1.07 eV, respectively [13]), so that migrating
polarons tend to move to Fe traps instead of forming bipolarons. The absence of bipolarons
in Fe:LN samples is also corroborated by the observation that in LIA experiments there is
no evidence of an increased absorption in the blue spectral region, as it would be the case
upon bipolaron formation [26]. (ii) Trap saturation effects are negligible, so that we can
assume that the trap concentrations are constant.

Our simulation routine works as it follows: one polaron per time is placed on a
randomly chosen starting site, either a regular Nb5+

Nb or on an antisite defect according
to the user’s choice. The program then computes the hopping frequencies towards all
possible destination sites comprised in a suitably defined volume and finally chooses the
actual destination site by a statistical procedure which weights the possible outcomes
according to their respective hopping frequencies using a Gillespie algorithm. The higher
the hop frequency towards a given site, the higher the probability that this site will be
selected. Note that, according to Equation (1), this probability depends both on distance
and on temperature as well as on the type of initial and destination site. This means that
(i) long jumps beyond nearest neighbour are always allowed and, if proper conditions
are met, may even be more probable than jumps within the first coordination sphere and
(ii) the relative weight of the different processes may change according to temperature.
The hopping routine is then repeated until a deep Fe trap is reached: in this situation the
program records the final polaron position with respect to its original site, the number of
different sites encountered during its walk and the time needed to reach the final site. The
whole cycle is then repeated until a sufficient statistics is collected. Further details on the
code may be found in refs. [18,26].

In the following, we will focus our attention on the decay kinetics of P polarons
considering that in some suitably-chosen experimental conditions they are the predominant
polaron species present in the sample [18]. In fact, few ns after the pulse, a dynamic
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equilibrium is established between P and F polarons but since the hopping rate of F
polarons is much higher than the one of P polarons, the equilibrium is strongly displaced
in favor of the latter ones. In particular we will consider that, in standard congruent
samples at room temperature and below, free polarons eventually created by the pulse
thermalize quickly to deep traps and to bound polarons, from which they can depart and
migrate for short times due to thermal detrapping from charged antisite defects. This
process corresponds in our code to a (P→ F) hopping event.

Also, we assume that the excitation wavelength is chosen in such a way that the
photo-excitation of electrons from the valence to the conduction band is disfavoured, in
order to neglect the presence of hole polarons. Typically the wavelength is in the visible
range (532 nm).

Under these conditions, the photo-generation process occurs when a photon is ab-
sorbed by a Fe2+ donor center. The electronic charge is ejected and subsequently thermal-
izes to form the polaron in the neighbourhood of its empty donor center. In this situation,
all the created polarons would appear close to their respective generating Fe trap and
would have a strong chance of being quickly retrapped and disappear from the system
soon after the pulse has ended. However the experimentally studied LIA decays, which
are the focus of our study, last for long times ranging to milliseconds or even seconds,
depending on the experimental conditions. How is this possible? Since the bound polaron
formation time (<1 ps, see ref. [27]) is much shorter than the pulse duration while their
lifetime is generally much longer, we consider that already during the pulse a given bound
polaron concentration is present within the sample. If the pulse energy density D is not
too low, there is a fair chance that several polarons absorb additional photons which kicks
them far away from the original center, helping to randomize their initial position. In
fact, for typical values in the range of D ∼ 200 mJ/cm2, [1,28,29] the average number of
photons absorbed by the polaron is about sP × D/hν ≈ 3− 4, where s = 7× 10−22 m2

is the absorption cross section of bound polarons and hν = 2.33 eV is the photon energy
at 532 nm. On the basis of this reasoning, we consider that the polarons remaining after
the pulse is ended are those which have absorbed more than one photon and that find
themselves in a position completely uncorrelated with respect to their originating site.
Accordingly, in our code the initial position of the walking polaron is randomly chosen on
a Nb4+

Li site.

4. Direct Trapping versus Migration-Accelerated Trapping

In the top part of Figure 2 it is simulated the decay of a bound polaron population for
a LN sample doped with 0.02 mol.% Fe3+ corresponding to a deep trap concentration of
0.38× 1025 m−3. On the bottom figure is reported the occurrence of P→ P and F → F hops
(hereby abbreviated as PP and FF) performed by the different polarons, sorted according
to their lifetime. It can be seen that at short times the decay is due to polarons that do
not perform any hop among antisites or regular sites and are therefore directly trapped
by a Fe trap. At this stage, polarons born near the traps die in one hop, having a high
probability of jumping directly to the Fe impurity center. We shall indicate this initial decay
mode as direct trapping regime. After this stage, we encounter those polarons that live long
enough so that the chance to hop on another transport site is not negligible and thus are
able to perform a certain number of hops before meeting a Fe trap. This stage is indicated
as migration-accelerated regime. We can define a characteristic time τ0 separating the two
regimes. τ0 may be regarded as the average waiting time spent by the polaron on the
initial site before hopping on another antisite and/or a regular Nb site. When the trapping
processes require a time significantly longer than this, polaron migration has a chance to
take place.
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Figure 2. (Top) Survival probability of P polarons as measured by a typical LIA experiment. The
black dashed line shows the decay shape when polaron migration is prohibited. The green dashed
line is placed at τ0 = 8× 10−4 s, as calculated from Equation (12). (Bottom) Number of PP and FF
hopping processes performed by each polaron during its walk.

5. Estimation of the Escape Time

To perform some quantitative reasoning on τ0 we need to recall the concept of trapping
radius already introduced in [18,24,26]. According to Equation (1), for a fixed temperature,
fast trapping processes are the ones for which Fe traps are “near” to the starting site. We
may therefore define a characteristic distance from a Fe trap at which a trapping process is
as fast as the typical hopping rate.

To begin with, we consider a free polaron hopping only among regular NbNb sites that
comes close to a Fe trap. The trapping radius RFFe for the F → Fe process is defined as:

WFFe(RFFe, T) =
∞

∑
i

WFF(ri, T) = wFF(T)SD (4)

where wFF is given by Equations (1) and (2) and SD = ∑∞
i exp (−ri/aFF) is a geometric

constant factor that depends only on the lattice positions ri of the NbNb sites. For the LN
structure, summing up to the N = 8 coordination shell of the Nb sublattice and using for
the orbital parameter the value aFF = 1.6 Å we get SD = 1.48. From Equation (1) we get:

RFFe = aFFe

[
ln

wFFe(T)
wFF(T)

− ln SD

]
(5)

RFFe depends on the temperature through the term wFFe(T)
wFF(T)

. For example, RFFe = 13 Å

at room temperature, while RFFe = 20 Å at 200 K. We may now consider that any Fe trap is
surrounded by a sphere of radius RFFe dependent on temperature and that whenever a F
polaron finds itself inside this sphere it will almost surely be captured by direct transfer to
the trap. Polarons spawning outside of these spheres must make a number of jumps before
they can get close enough to any trap.

This concept can be readily extended to the case of free polarons captured by antisite
shallow traps. In this case the trapping radius is:

RFP = aFP

[
ln

wFP(T)
wFF(T)

− ln SD

]
(6)
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Let us now consider one polaron starting its walk from a NbLi antisite, as it is custom-
ary to assume in standard LN samples. Let us assume that this starting site is far away
from Fe traps. By thermally activated polaron hopping, the charge may leave this site in
two possible ways: either hopping on another antisite nearby, either transforming into a
free polaron and migrating away on the Nb sublattice. To estimate the first hopping rate
(polarons jumping on the disordered antisite lattice) we use a result of percolation the-
ory [30] to take into account the random positions of the NbLi sites, so that the expression
for the waiting time reads:

1
τPP
≈ wPP(T) exp

(
−1.44

r̄
aPP

)
(7)

where r̄ is a measure of the average distance between two antisites in a sample with antisite
concentration NP given by:

r̄ =
(

3
4πNP

) 1
3

(8)

The waiting time for the second process (conversion P→ F) is slightly more difficult
to compute. A priori, this kind of hop can occur towards a Nb site at any distance from the
original Nb antisite. Moreover, since the Nb sites form a nearly-cubic lattice around the
starting site, the probability for the polaron to escape is given by the sum of the frequency
over all the destination sites, as in Equation (4). However, the NbNb sites contained within
the antisite trapping sphere of radius RFP (see Equation (6)) correspond to inefficient
processes because if the polaron hops in one of them, it will almost surely go back to the
origin instead of leaving the initial site. Therefore the (macroscopic) effective waiting time
can be computed by summing over all the equivalent destination sites available out of the
antisite trapping sphere:

1
τPF

= ∑
ri≥RFP

WPF(ri, T) (9)

By approximating the summation with an integral and substituting Equation (1)
we get:

1
τPF

= VN0wPF(T) exp
(
−RFP

aFP

)
(10)

with:

V = 4πaPF(RFP)
2

[
1 +

aPF
RFP

+

(
aPF
RFP

)2
]

(11)

where N0 = 1.87× 1028 m−3 is the atomic density of the Nb sublattice and V is the volume
of a spherical layer of thickness aPF around a sphere of radius RFP.

The effective waiting time on the antisite τ0 can now be estimated from the parallel
between the two above-mentioned processes (Equations (7) and (10)):

1
τ0

=
1

τPP
+

1
τPF

(12)

From Equation (12) one can now specify what is the average waiting time on the NbLi
site for a polaron about to leave either by hopping on an antisite nearby or by performing
intermediate passages through the NbNb sites. In absence of deep traps, this can be
understood as the effective hopping rate along the mixed NbLi and NbNb lattices since, in
moving from one site to the other, the waiting time due the F → F processes is negligible.
Thus, Equation (12) can be used to compute a trapping radius for the capture process
P→ Fe according to the usual equation:

WPFe(RPFe, T) =
1
τ0

(13)
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which gives:
RPFe = aPFe ln (wPFeτ0) (14)

Note that expression (12) should not be confused with the emigration time, i.e., the
average time required to leave the starting site without returning to it. A rigorous estimation
of the former would require to specify correctly the probability that the moving polaron
may be captured back considering all the possible trajectories. In other words, Equation (12)
is not verifying the irreversibly of the migration process and must therefore be understood
simply as an underestimation of the emigration time. In spite of its limitations, Equation (12)
is nevertheless useful as it provides a qualitative understanding of the general behaviour
of our system. In the following we shall explore the different properties of τ0.

From Equations (6)–(8) and (10) it is clear that τ0 depends both on sample temperature
and on the concentration of antisite defects (i.e., on the LN stoichiometry). The temperature
dependence is illustrated in Figure 3a. Here it can be noticed that the first part of the decay
corresponding to the direct trapping regime is not altered too much by the temperature
changes, as the activation energy of the trapping process is very small (UPFe = 0.04 eV,
according to Equation (3) and ref. [26]) so that the effect of lowering the temperature is
essentially to move τ0 to longer times, extending the direct trapping regime to a larger part
of the decay curve. In particular, for sufficiently low temperatures, τ0 is pushed beyond
the end of the decay curve so that a pure direct trapping regime is attained.

The composition effect is shown in Figure 3b. Here it can be seen that at room
temperature, the first term in Equation (12) dominates only for high antisite concentrations,
corresponding to a strongly Li-deficient, sub-congruent LN sample. In this situation the
antisite concentration is so high that τ0 is determined essentially by the direct P → P
hopping process. By lowering the antisite concentration, the first term in Equation (12)
becomes smaller while the second one, which is independent on the sample composition,
remains constant. Interestingly, when the sample composition is close to the congruent
one i.e., [NbLi] = 19× 1025 m−3 , the two terms become comparable at room temperature
( τPP = 5.9 ms, τPF = 0.9 ms hence τ0 = 0.8 ms. From this point on, a further reduction
of the antisite concentration has a relatively small effect. In Figure 3b for example by
decreasing of one order of magnitude the concentration [NbLi] = 1.9× 1025 m−3 it can
be seen that τ0 barely changes. Note that in those examples we are always assuming the
NbLi as starting site. The situation is however different in the case (experimentally difficult
to realize, but not impossible) of null antisite concentration. In this case the starting site
of the polaron must be a regular NbNb site, which makes a large difference because now
the migration occurs solely on the regular pseudo-cubic Niobium sublattice. The new
characteristic time in this situation is shifted to much smaller values so that the migration
regime sets in very soon, leading to a high mobility and a short lifetime for the polarons
(see for comparison the simulated decay of F polarons in Figure 3b). This is the ultimate
reason for the well-known threshold dependence of the photorefractive effect upon the
sample stoichiometry (see e.g. [16]): the photoconductive properties of LN are only weakly
affected by the sample composition until virtually all antisite defects are eliminated.

Finally, in Figure 3c is shown the behaviour of the P polarons decay curve for increas-
ing Fe trap concentrations, corresponding to faster initial decays. For sufficiently high trap
concentrations the polaron lifetime eventually becomes shorter than τ0 and in this case the
kinetic is purely determined by direct trapping processes. In this respect, increasing the Fe
concentration brings to the same result as lowering the temperature, i.e., it makes the direct
trapping processes predominant with respect to diffusive ones. In this respect it should
however be stressed that expression (12) is a meaningful expression of the waiting time on
the antisites only assuming that the Fe trap concentration is not too high. In this latter case,
direct trapping dominates with its own specific kinetic mechanism and hopping on other
sublattices becomes not relevant. In the following section we will explore in more details
under which conditions this trapping regime is attained.
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Figure 3. (a) Survival probability of P polarons at 298 K, at 248 K and at 198 K in a congruent sample
with the same composition as the one in Figure 2. The dashed lines indicate the value of τ0 as
approximately determined by (12). (b) Survival probability for P polarons at room temperature in a
sub-congruent (blue), congruent (green) and near-stoichiometric sample (yellow). The blackdashed
line shows for comparison a decay of a population of F polarons in a fully stoichiometric sample.
The numbers in the legend indicate the NbLi concentration in ×1025 m−3. (c) Survival probability
for P polarons at room temperature in a congruent sample for increasing Fe concentrations. The
dashed line indicates the hopping characteristic time τ0. The numbers in the legend indicate the Fe3+

concentration in ×1025 m−3.
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6. Pure Trapping Regimes

For practical applications it is useful to provide a criterion to determine at which
temperature/composition combination one can consider that a sample is in a trapping or
migration regime. As shown in the previous section, there is a characteristic time roughly
given by τ0 separating the two situations. The direct trapping regime is defined by the
condition that the trapping frequency is much larger than the inverse of the characteristic
hopping time. In other words, for direct trapping processes, all the polarons leave their
starting site hopping directly towards a deep Fe trap.

An equivalent way to visualize this condition is that, for a given temperature, the
trapping spheres around the traps are so large that they start to overlap. Let us consider for
instance a condition of pure trapping regime for free polarons in an undoped LN sample
with varying concentration of antisite defects. Free polarons would be directly trapped if
the antisite concentration satisfies:

χFP =
4π

3
NP(RFP)

3 � 1 (15)

where the strong inequality is required since the theoretical expression on the left hand
side underestimates the concentration needed to achieve direct trapping, as a consequence
of the fact that all the processes are considered irreversible.

The other simple situation involves an iron-doped sample containing no antisites
(stoichiometric Fe:LN). In this case the free polarons will disappear by direct Fe trapping
for trap concentrations satisfying the following criterion:

χFFe =
4π

3
NFe(RFFe)

3 � 1 (16)

In the case of a mixed trap situation such as Fe:LN of varying composition (both deep
FeLi and shallow NbLi traps), a criterion for the full trapping regime of free polarons is
easily obtained by combining together Equations (5)–(15):

χFP + χFFe � 1 (17)

For reference, in the case of a congruent sample at room temperature, we have
χFP = 0.25 and χFFe = 0.05.

Using Equation (14) we can also define a criterion on the Fe concentration for which
bound polarons are directly trapped:

χPFe =
4π

3
NFe(RPFe)

3 � 1 (18)

To check the above criteria, it is possible to use Monte Carlo simulations to quantify,
for a given experimental situation, how much hops of a given type the polarons perform
on average [26].

In Figure 4a it is reported the percentage of FF hops performed during the polaron
walk as a function of the temperature and composition in an undoped LN crystal with
varying antisite concentration, where the vertical dashed line at NbLi = 19× 1025 m−3

indicates the standard congruent composition. Along this line it can be seen that, as the
temperature increases, the polaron walk is constituted by a larger fraction of FF hops.
At temperatures around 400 K about one half of the hops occurs between regular Nb sites.
Conversely, by lowering the temperature and/or increasing the antisite concentration,
the diffusion process becomes less and less dependent on free polaron transport. The
temperature - composition line corresponding to χFP = 1 is visible in the bottom right part
of the figure. Note that for the typical case of congruent LN, free polaron contribution is
not negligible if not at very low temperatures (<200 K).
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Figure 4. (a) Fraction of hops as a free polaron NFF/Ntot as a function of temperature and [NbLi]

concentration for an undoped sample ([Fe] = 0). (b) Fraction of hops as a free polaron NFF/Ntot as
a function of the temperature and [Fe] concentration for a stoichiometric sample ([NbLi] = 0). The
solid lines represent the theoretical boundary between the pure trapping regime calculated according
to Equations (15) and (16). (c) NPP/Ntot as a function of temperature and [NbLi] concentration for an
undoped sample ([Fe] = 0). (d) NPP/Ntot as a function of the temperature and [Fe] concentration for
a congruent sample ([NbLi] = 19× 1025 m−3). Note the different temperature range in the two plots.

Figure 4b shows, for the case of a stoichiometric sample (i.e., [NbLi] = 0) doped with
Fe, the average value of the fraction of FF hops over the total that a free polaron performs
before being trapped by a Fe trap. As expected, by cooling the sample and/or increasing
the Fe concentration percentage of hops on the Nb sublattice gets smaller and smaller.
Below a certain boundary the polaron enters in a direct trapping regime so that all the
created polarons are likely to be immediately captured by a Fe trap. Again, the solid line
shows the boundary χFFe = 1 below which it can be expected the disappearence of F → F
hops, according to the criterion (16). As it can be seen the simulation is in line with the
theoretical estimate and in particular confirms that the pure trapping regime is attained
for χFFe � 1.

In Figure 4c are reported the simulation results for the case of P polarons. Here the
behaviour is roughly complementary to the one of Figure 4a, so that by lowering the
temperature and/or increasing the antisite concentration the fraction of bound-bound
hops becomes predominant. In Figure 4d is shown the situation of a congruent sample
([NbLi] = 19× 1025m−3) with varying Fe concentration. Again the direct trapping regime
is attained for low temperatures and high Fe concentration, in agreement with the cri-
terion (18). As expected, the condition χPFe = 1 indicated by a solid line in the figure
provides an underestimation, i.e., at a given temperature, more Fe traps than expected are
necessary to capture all the polarons. This is due to the fact that our calculations do not ver-
ify strictly the irreversibility condition, so that the time needed to truly leave the antisite is
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longer than τ0. As a consequence the trapping radius in Equation (14) is an underestimation
and a larger amount of Fe traps is necessary to achieve the trapping regime.

7. Conclusions

The outcome of a typical light-induced absorption experiment performed on iron-
doped lithium niobate (Fe:LN) has been studied numerically with the help of a Monte
Carlo simulation code based on the Marcus-Holstein model for polaron hopping.

Our analysis shows that in general, within the decay process of a polaron population
induced by an impulsive illumination, we can distinguish at least two regimes. At short
times the decay describes the direct trapping processes of those bound polarons that, at the
beginning of the experimental time window, are located close to deep Fe traps and therefore
are likely to disappear in a single hopping event due to their high trapping probability. At
longer times, we can find those polarons that are located far away from the Fe traps, so that
the waiting time on the initial site is comparable with the typical time τ0 required for the
polarons to migrate away, hopping on other transport sites. The two regimes have a quite
different behaviour. For example the direct trapping regime is practically independent on
temperature due to the low activation energy of the trapping barrier, in agreement with the
experimental data [26]. On the other hand the migration-accelerated regime is especially
important when the photoconductive properties of the sample are considered, as this is the
regime were significant charge transport takes place.

Under appropriate experimental conditions, it may happen that the transient decay
of a polaron population (such as those produced in a time-resolved LIA experiment) is
predominantly due to one of the two processes, resulting in a direct trapping or migration-
accelerated regime. We determined a criterion on the NbLi antisite and/or on Fe concentra-
tion to consider the free polaron contribution negligible in the charge transport processes
at a given temperature. In these specific cases the criterion reads:

4π

3

[
NFe(RFFe)

3 + NP(RFP)
3
]
� 1 Negligible free polaron contribution

where RFFe and RFP are the trapping radiuses for the F → Fe and F → P trapping processes
respectively, given by Equations (5)–(15).

On the other hand, for a bound polaron population in a Fe doped sample, the criterion
to distinguish between one of the two regimes reads as follows:

NFe ≤
3

4π(RPFe)
3 Migration-accelerated trapping regime

NFe �
3

4π(RPFe)
3 Direct trapping regime

where RPFe = aPFe ln(wPFeτ0) is a characteristic radius of a sphere of strong interaction
surrounding the Fe traps. The quantities wPFe and τ0 are the hopping frequency pre-factor
and the typical waiting time for the bound polarons hopping, described by Equations (2)
and (12) respectively.

Our results are meaningful in the interpretation of experimental results obtained by
time-resolved LIA as they allow a more physical reading of the decay curves. Besides this,
they are of strong interest to crystal growers and experimenters to tailor the composition
and/or the experimental conditions of a given sample in order to obtain a desired response.
For example, a strong photorefractive effect is to be expected in a pure trapping regime,
while a strong optical damage resistance is attained in conditions of free polaron diffusion.
Further studies are now in progress to investigate, in the case of dominating diffusion
conditions, the mobility of small and bound polarons, in order to determine an explicit
expression for the sample photoconductivity according to the different regimes.
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Abstract: Lithium niobate (LiNbO3), a material frequently used in optical applications, hosts different
kinds of polarons that significantly affect many of its physical properties. In this study, a variety of
electron polarons, namely free, bound, and bipolarons, are analyzed using first-principles calculations.
We perform a full structural optimization based on density-functional theory for selected intrinsic
defects with special attention to the role of symmetry-breaking distortions that lower the total
energy. The cations hosting the various polarons relax to a different degree, with a larger relaxation
corresponding to a larger gap between the defect level and the conduction-band edge. The projected
density of states reveals that the polaron states are formerly empty Nb 4d states lowered into the
band gap. Optical absorption spectra are derived within the independent-particle approximation,
corrected by the GW approximation that yields a wider band gap and by including excitonic effects
within the Bethe–Salpeter equation. Comparing the calculated spectra with the density of states, we
find that the defect peak observed in the optical absorption stems from transitions between the defect
level and a continuum of empty Nb 4d states. Signatures of polarons are further analyzed in the
reflectivity and other experimentally measurable optical coefficients.

Keywords: lithium niobate; polarons; charge localization; lattice deformation; optical response;
density-functional theory; Bethe-Salpeter equation

1. Introduction

Lithium niobate (LiNbO3, LN) is a transparent ferroelectric solid that is extensively
used in optical technologies due to its advantageous combination of functional properties
and commercial availability. In particular, its large piezoelectric, electro-optical, acousto-
optical, and nonlinear optical coefficients make it an ideal material for a wide range
of optical devices, such as optical modulators [1], waveguides [2], optical sensors [3],
holographic storage [4], and integrated photonics [5]. By doping with other elements or
by manipulating the sample geometry or crystal structure, for example by periodic poling
of the ferroelectric domains, the properties of LN can be tailored for specific purposes [6].
To achieve optimal results, it is important to understand how structural details at the
atomic scale influence the observable electronic and optical properties of the material.

The nominal composition of LiNbO3 involves an equal number of lithium and niobium
atoms, and although it is possible to produce high-quality stoichiometric LN samples by
various methods [7], these are not viable for large-scale fabrication. Instead, the Czochralski
technique that is typically used to grow LN single crystals for commercial applications from
a congruent melt leads to a Li:Nb ratio of about 48.5:51.5 [8]. Even without external doping,
this relative surplus of Nb in congruent LN crystals implies a high concentration of intrinsic
defects, whose nature has long been a matter of debate, as different conceivable defect
models are compatible with the observed nonstoichiometric composition [9]. Nowadays, it
is widely accepted that NbLi antisite defects, where extra niobium atoms are inserted on
regular lithium sites, play a central role in explaining this imbalance. As the two atomic

231



Crystals 2021, 11, 542

species have different charge states, the resulting excess charge must be compensated by
other defect types, such as cationic vacancies, however. In the prevalent Li-vacancy model,
originally proposed by Lerner et al. [10], each NbLi antisite defect is compensated by four
Li vacancies, denoted as VLi. However, interstitial NbV atoms placed at empty cationic
sites in the crystal lattice could also contribute to the surplus of niobium [11]. As we
showed recently, these models may be partially reconciled, because a NbV–VLi defect pair
consisting of an interstitial niobium atom and a lithium vacancy can be regarded as a
metastable variant of the NbLi antisite defect, where the antisite niobium atom overcomes
a modest energy barrier and migrates to a neighboring empty cationic site [12].

An important consequence of the high defect concentration in LN is the ubiquitous
occurrence of different types of polarons [13]. These arise when mobile electrons or holes
interact with the ionic lattice to create a local distortion, leading to an attractive effective
potential. If the resulting potential well is sufficiently deep, then the charge carrier is
trapped and immobilized. The quasiparticle consisting of the self-trapped electron or hole
together with the surrounding spatially localized lattice distortion is called polaron or,
more specifically, small polaron if the coupling is so strong that the charge carriers are
essentially confined to a single lattice site. In LN, three polaron-related optical absorption
bands are experimentally observed at 0.9 eV [14], 1.6 eV [15], and 2.5 eV [16]. Based on
circumstantial evidence, these are usually attributed to the free electron polaron trapped at
a regular Nb lattice site (NbNb), the bound polaron formed by a single localized electron
at a NbLi antisite defect, and the bipolaron formed by a pair of bound electrons, one at a
NbLi antisite defect and the other at the neighboring regular NbNb atom, respectively, [13].
In particular, the temperature dependence of the relative strengths of the absorption bands
at 1.6 eV and 2.5 eV are consistent with the thermal [16] or optical [17] dissociation of
bipolarons into single bound polarons, and the band at 0.9 eV could only be observed in
reduced samples with a high dopant concentration of Mg ions, which inhibit the forma-
tion of NbLi antisite defects, leaving free polarons as a natural explanation [14]. On the
other hand, the assignment to particular defect types rests chiefly on the correlation with
electron-paramagnetic-resonance (EPR) signals believed to originate from NbLi antisite
defects [13], but as the actual spatial distribution of the polaron cannot be imaged directly
in experiments, the precise relation between the antisite defect and the localized charge
accumulation ultimately remains open. In this situation, first-principles simulations of
the defect structures and their EPR parameters [12] as well as their optical spectroscopic
properties provide valuable further insight.

In an early theoretical study, Donnerberg et al. [18] employed a semiempirical shell
model to investigate intrinsic defects in LN. Their results, as well as other subsequent atom-
istic simulations with improved interaction potentials [19], lent support to the Li-vacancy
model and indicated the stability of small electron polarons and bipolarons, but neither
the electronic energy levels nor the corresponding orbitals appear explicitly in this ap-
proach. Later, first-principles calculations based on density-functional theory yielded
accurate quantitative values for the formation energies of several possible intrinsic defects
and confirmed the Li-vacancy scenario as the dominant mechanism for the deviation
from stoichiometry [20,21]. Furthermore, the localized wavefunctions of the bound po-
laron and the bipolaron at the NbLi antisite defect are accessible in this framework [22].
As density-functional theory systematically underestimates the band gap of insulators like
LN, the position of the defect levels inside the band gap cannot be obtained reliably in this
way, however, precluding a quantitative comparison with the experimentally observed
absorption bands. In a first step, the band-gap problem can be solved by including quasi-
particle corrections within the GW approximation for the electronic self-energy [23,24],
the zero-point renormalization due to lattice vibrations [25], and spin-orbit coupling,
which altogether raise the band gap of LN by about 2 eV compared to standard density-
functional theory [26]. Second, the optical absorption spectrum is strongly influenced
by electron-hole attraction effects, which give rise to excitonic resonances. In principle,
these can be treated within time-dependent density-functional theory. Numerical results
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reported by Friedrich et al. for intrinsic [27] and extrinsic [28] defects in LN were in good
quantitative agreement with the experimental data, but the uncertainty due to empirical
corrections, which are necessary to countervail limitations of standard approximations in
time-dependent density-functional theory [29], still precluded a reliable discrimination
between competing defect configurations involving antisite or interstitial niobium atoms.
As an alternative, we adopt the Bethe–Salpeter equation (BSE), which requires no such
empirical corrections, to determine the optical response in this work. Owing to the much
higher computational expense, a full solution of the BSE was initially limited to stoichio-
metric LN [23,30], but we recently succeeded in extending this approach to congruent
LN [12], which requires a larger supercell to accommodate the defect.

The aim of this paper is twofold. First, we present a detailed description of the
geometric and electronic structure of electron polarons in LN, with special focus on the
quasi-Jahn-Teller distortion that breaks the threefold rotational symmetry in the case of free
and bound polarons. The resulting tilted configurations were only very recently revealed
as the true ground states [12] and are hence not yet widely discussed in the literature,
as previous theoretical studies [21,22] were based on simpler, axially symmetric structure
models instead. Second, we analyze the contribution of polarons to the dielectric function,
which is related to the optical absorption spectrum. Going beyond our previous work [12],
we also investigate polaron signatures in other optical coefficients like the reflectivity or
the electron-energy-loss function, which can be measured directly in experiments.

This paper is organized as follows. In Section 2, we present the different structure mod-
els for free polarons, bound polarons, and bipolarons, and we explain our computational
methods. Subsequently, we discuss our results for the polaron-induced lattice deformation
in Section 3.1, for the electronic structure in Section 3.2, and for the dielectric function and
optical coefficients in Section 3.3. Finally, Section 4 summarizes our conclusions.

2. Models and Methods

Lithium niobate belongs to the trigonal crystal system with the space group R3c [8].
Its crystal structure consists of octahedral cages formed by oxygen atoms. The cationic
sites inside the oxygen cages can either be occupied by a lithium or niobium ion, or remain
empty. For defect-free stoichiometric lithium niobate (SLN), the stacking order along
the threefold symmetry axis is a periodic repetition of the sequence Li–Nb–vacancy as
illustrated in Figure 1a. Due to the ferroelectric distortion, which breaks the inversion
symmetry, the cations do not reside in the geometric center of the oxygen cages but
are slightly displaced in the vertical direction. To highlight point defects in LN, which
can be characterized by a modified occupancy of the cationic sites, we use a schematic
representation where each square symbolizes a filled or empty oxygen octahedron.

In the absence of defects, an additional electron introduced into the material will
localize at one of the regular NbNb atoms, as indicated by the red square in Figure 1b.
Together with the resulting lattice relaxation, this gives rise to the free polaron. Congruent
LN, on the other hand, features a high concentration of NbLi antisite defects. In this
scenario, an additional electron will localize at the defect site instead, creating a bound
polaron as in Figure 1c. The NbLi antisite atom can also migrate into the next empty oxygen
octahedron, producing a NbV–VLi defect pair. This configuration can likewise host a bound
polaron, depicted in Figure 1d. If not one but two electrons are added to the system, then
a bipolaron forms either at the antisite, Figure 1e, or the defect pair, Figure 1f. All defect
structures illustrated in Figure 1 are considered in this work.

The primitive rhombohedral unit cell of stoichiometric LN contains two formula units
of LiNbO3, amounting to 10 atoms. For the investigation of point defects, we choose a
periodically repeated 2 × 2 × 2 supercell with 80 atoms, in which one defect is embedded.
The same supercell geometry was used in [21,22]. An explicit comparison of different
supercells containing between 80 and 270 atoms found that the formation energies of
the defect types considered here remain stable for all supercell sizes, with merely slight
numerical variations [20]. This is in agreement with our own test calculations for a larger
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3 × 3 × 3 supercell containing 270 atoms, reported previously in [27], which also confirmed
that the relaxed interatomic distances in the immediate vicinity of the defect are almost
identical and that the resonances in the imaginary part of the dielectric function align nicely
for both supercell sizes, except for a variation in intensity that reflects the different defect
concentrations. The present choice is hence justified and serves to limit the computational
cost associated with the solution of the BSE, but it will also be validated a posteriori in
this work. Incidentally, we note that it is possible to avoid supercells altogether by using
perturbation theory and describing the properties of polarons in leading order in terms of
the electronic structure of the pristine stoichiometric crystal [31], which is advantageous
for materials featuring large polarons, but as electron polarons in LN are known to be
small [13], the nonperturbative supercell approach seems appropriate here.

(a) (b) (c) (d) (e) (f)
Li

Nb Nb Nb Nb Nb Nb

Nb Nb Nb Nb Nb Nb

NbLi NbLi

NbV NbV

VLi VLi

SLN
free

polaron bound polaron bipolaron

NbLi NbLiNbV –VLi
NbV –VLi

Li Li Li Li Li

Li Li Li Li Li Li

Li Li

Figure 1. Stacking order of lithium niobate: Stoichiometric crystal (a), free polaron (b), bound polaron
at a NbLi antisite (c) or a NbV–VLi defect pair (d), bipolaron at a NbLi antisite (e) or a NbV–VLi defect
pair (f). Black squares represent oxygen octahedra, while red squares indicate the formation of a
(bi)polaron at this site. Gray fillings highlight deviations from the stoichiometric solid.

All external and internal degrees of freedom are relaxed within density-functional
theory (DFT) using the Quantum ESPRESSO [32] package. We use norm-conserving
pseudopotentials and the PBEsol functional [33] to describe electronic exchange-correlation
effects. Compared to other common parametrizations, the PBEsol functional yields more
reliable lattice parameters for LN [25] and closely related materials [34–36]. The oxygen
2s and 2p orbitals as well as the lithium 2s orbitals are treated explicitly as valence states.
The pseudopotential of niobium is optimized for the Nb5+ cation configuration, which
emerges on regular lattice sites in LN, in order to increase the numerical stability and to
allow for smaller cutoff radii; in this case, the 4s, 4p, 4d, and 5s orbitals are treated as valence
states. This leads to 256 valence bands for the free-polaron system in stoichiometric LN and
260 valence bands for all models of bound polarons and bipolarons, where one Li+ cation
is substituted by a Nb5+ ion. We select a kinetic-energy cutoff of 85 Ry for the plane-wave
basis set and a shifted Monkhorst-Pack mesh with 2 × 2 × 2 k points for the Brillouin-zone
integration during the self-consistency cycle, equivalent to 4 × 4 × 4 k points in the larger
Brillouin zone corresponding to the primitive unit cell. The convergence thresholds for
energies and forces during the relaxation are set to 10−4 Ry and 10−8 Ry/Bohr, respectively.
For an accurate description of the Nb 4d orbitals, we employ the DFT + U scheme [37].
The values for the Hubbard U parameter are determined self-consistently as 5.2 eV for
the NbLi antisite and NbV interstitial atoms and 4.7 eV for regular NbNb atoms, including
the one hosting the free polaron [12]. For free and bound polarons, which feature a single
unpaired electron, we perform spin-polarized calculations; for bipolarons, this is not
necessary, because they comprise two electrons with opposite spin orientations.
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From the one-particle energies εnk and the associated wavefunctions |nk〉, we obtain
the projected density of states

DOS(ω) = ∑
n

∑
k
〈nk|P|nk〉g(ω− εnk) , (1)

which provides important information about the electronic structure of the material.
The summation over n includes 800 bands, sufficient to cover an energy interval up to 10 eV
above the valence-band maximum, and the wavevector k runs over all points of a shifted
4 × 4 × 4 mesh. A Gaussian function g with a broadening of 0.05 eV is applied to compen-
sate for the discrete k-point mesh. The operator P projects the one-particle wavefunctions
onto orthogonalized atomic orbitals corresponding to the selected pseudopotentials; the
total density of states (DOS) is obtained by setting P = 1.

The frequency-dependent dielectric function, from which the absorption spectrum
and other optical coefficients may be derived, is constructed at different levels of theory in
this work. Within the independent-particle approximation (IPA), the tensor elements in the
long-wavelength limit are

εαα(ω) = 1 +
16π

Ω ∑
v,c

∑
k

1
εck − εvk

|〈vk|pα + i[Vnl, rα]|ck〉|2
(εck − εvk)2 − (ω + iγ)2 , (2)

where α denotes the spatial direction. We follow the usual convention where the threefold
symmetry axis is identified with the z direction, while the x direction is perpendicular to
the z direction and lies in the plane spanned by the threefold symmetry axis and one of the
three equivalent basis vectors of the primitive rhombohedral unit cell. For the numerical
evaluation of the dielectric function, we employ the Yambo package [38]. The first sum in
Equation (2) runs over all combinations of valence (v) and conduction (c) bands, the second
over the set of wavevectors inside the Brillouin zone. The transition dipole moments
include the commutator [Vnl, rα] with the nonlocal part of the pseudopotentials, Ω is
the volume of the supercell, and the broadening γ again compensates for the finite k-
point mesh.

For a better quantitative description, we replace the Kohn–Sham eigenvalues εnk in a
first step by the proper quasiparticle energies ε

qp
nk calculated within the GW approximation,

which not only opens the band gap by about 2 eV, in agreement with experimental mea-
surements, but also modifies the dispersion [26]. Within this independent-quasiparticle
approximation (IQA), the transition energies between valence and conduction bands are
larger than in the IPA, reflecting the widened band gap, but there is no interaction between
the created electrons and holes. For the numerical evaluation of the exchange-correlation
self-energy, we employ a plasmon-pole approximation for the dynamical screening function
as implemented in the Yambo package.

In a second step, we then incorporate the electron-hole interaction by solving the
BSE, again with the Yambo package. In this scheme, the macroscopic dielectric function is
constructed as

εαα(ω) = 1− lim
q→0

8π

Ω|q|2 ∑
v,c,k

∑
v′ ,c′ ,k′

〈vk− q|e−iq·r|ck〉〈c′k′|eiq·r|v′k′ − q〉∑
λ

Aλ
vck
(

Aλ
v′c′k′

)∗

ω− Eλ + iγ
, (3)

where q approaches zero in the direction α. The energies Eλ of the interacting electron-
hole pairs and the expansion coefficients Aλ

vck of the resulting exciton states in the ba-
sis of one-particle wavefunctions are given by the eigenvalues and eigenvectors of the
two-particle Hamiltonian

Hvck,v′c′k′ =
(
ε

qp
ck − ε

qp
vk
)
δvv′δcc′δkk′ +

(
2V̄vck,v′c′k′ −Wvck,v′c′k′

)
. (4)

The first, diagonal term, which equals the transition energies between quasiparticle
states in the valence and conduction bands, corresponds to the IQA. The second, nondi-
agonal term, the kernel of the BSE, is composed of the electron-hole exchange part V̄ and
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the electron-hole attraction W. The latter describes the formation of excitons, i.e., bound
electron-hole pairs, which strongly influence the shape of the dielectric function.

From the real and imaginary parts of the complex dielectric function, obtained by
solving the BSE, various optical coefficients with a direct relation to experimental mea-
surements may subsequently be derived. In particular, the refractive index n(ω) and the
extinction coefficient κ(ω) are given by

n(ω) =

√
|ε(ω)|+ Re ε(ω)

2
and κ(ω) =

√
|ε(ω)| − Re ε(ω)

2
. (5)

From these, we may obtain the reflectivity R(ω) and the absorption coefficient α(ω)
according to

R(ω) =
[n(ω)− 1]2 + κ(ω)2

[n(ω) + 1]2 + κ(ω)2
and α(ω) =

2ωκ(ω)

c
, (6)

where c denotes the speed of light. Finally, the electron-energy-loss function equals

L(ω) = − Im
1

ε(ω)
. (7)

3. Results and Discussion
3.1. Structure Optimization

The crystal structure of LN is characterized by a threefold axis of rotational symmetry,
which is still preserved even when the spatial inversion symmetry is broken in the ferroelec-
tric phase. As polarons form at regular NbNb atoms or point defects located on this axis, it
is natural to assume that the local lattice deformation associated with the polaron formation
also preserves the threefold rotational symmetry. Indeed, earlier theoretical studies of po-
larons in LN incorporated this explicitly as a constraint on the atomic movements in order
to simplify the structural optimization [22], and the assumed rotational symmetry was
also used to analyze experimental measurements, such as data from electron paramagnetic
resonance (EPR) [39]. Recently, it became clear that lower-energy configurations can be
reached if the rotational symmetry is broken, however. As an example, the total energy of
the optimized tilted geometry obtained from DFT for a bound polaron at the NbLi antisite
defect is 43 meV lower than for axial symmetry; the corresponding value for a bound
polaron at the NbV–VLi defect pair is 38 meV [12]. Further corroboration comes from the
fact that EPR parameters calculated within DFT for the tilted configurations are in closer
quantitative agreement with high-resolution experimental measurements reported in [40]
than those predicted for axial symmetry [12]. From this perspective, the axially symmetric
structures can be regarded as the average of three equivalent tilted configurations along
the trigonal axes. At high temperatures, the system may then be described in terms of
an effective axial symmetry resulting from rapid transitions between these equivalent
degenerate configurations. For bipolarons at both defect types, in contrast, the system
always relaxes to an axial symmetry, even without explicit constraints.

To explore the spatial extent of the polaronic lattice deformation in relation to the
supercell size, we first analyze the displacements of the niobium and the oxygen atoms
relative to their positions in stoichiometric LN as a function of the distance to the NbLi
or NbV defect atom in Figure 2. Only results for the two bipolaron models are displayed,
because these exhibit the largest distortion owing to the two localized electronic charges.
Overall, the size of the atomic displacements decreases with growing distance and falls
below a threshold of 0.05 Å within the displayed range. Earlier test calculations with a
larger 3 × 3 × 3 supercell containing 270 atoms [27] yielded very similar shifts for these
atoms. We note that some atoms near the boundary of the supercell are affected by finite-
size effects and hence excluded from the graph. Furthermore, lithium atoms, which are not
directly involved in the formation of the defects and do not contribute to the density of
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states near the band edges, as shown in the following section, are also omitted in order to
avoid cluttering.
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Figure 2. Atomic displacements in the vicinity of a bipolaron at the NbLi antisite defect (a) or the
NbV–VLi defect pair (b) with respect to the positions in stoichiometric LN, plotted as a function of
the distance from the defect niobium atom hosting the bipolaron. Green circles and red boxes refer to
niobium and oxygen atoms, respectively. The numbering corresponds to the pictured section of the
crystal structure, the label “0” marks the defect NbLi or NbV atom hosting the bipolaron. Large green
and small red balls represent niobium and oxygen atoms, respectively. Oxygen atoms outside the
central pillar of oxygen octahedra are indicated in a lighter color shade.

For bipolarons at the NbLi antisite, shown in Figure 2a, the entire shell of niobium
atoms around the defect (green labels “4”, “5”, and “8”) must be relaxed in order to treat
all displacements above 0.05 Å accurately. The oxygen sublattice appears more rigid,
in contrast, as only the cage enclosing the NbLi antisite atom (red labels “1” and “2”) plus a
few horizontal neighbors (red labels “6” and “7”) exhibit significant shifts. An even larger
number of atoms must be considered for bipolarons at the NbV–VLi defect pair in Figure 2b,
including the NbNb atom above the VLi vacancy (green label “9”). The oxygen sublattice in
particular shows shifts above 0.05 Å over a larger distance in this case, comprising several
cages as well as a large number of oxygen atoms outside the central pillar.

These results demonstrate that the lattice deformation is not confined to the oxygen
cages directly enclosing the defect niobium atoms but instead extends over several unit
cells. Nevertheless, the atomic displacements in the immediate vicinity of the point defects,
where the excess electrons are localized, are already accurately obtained with the 2 × 2 × 2
supercell, which was also used in previous studies [21,22]. Although it provides a tight fit,
especially for the defect pair, it thus allows an accurate description of the electronic and
optical properties if the polarons are sufficiently small. Furthermore, it enables us to apply
sophisticated, numerically demanding many-body techniques, such as the BSE, that would
be prohibitive for a larger supercell.

The relaxed crystal structures in the vicinity of the polaron sites for all defect models
considered in this work are illustrated in Figure 3. In each case, the atomic positions after
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relaxation, indicated in color, are contrasted with those in the defect-free stoichiometric
material, marked by black balls. The illustrations are to scale and indicate the direction and
the magnitude of the atomic displacements. For the free polaron and the bound polaron
at a NbLi antisite defect and a NbV–VLi defect pair, we show both the axially symmetric
configuration, obtained by applying an appropriate constraint, and the corresponding
lower-energy tilted configuration. For the bipolaron at both defect types, we only consider
axially symmetric configurations, which materialize even without explicit constraints.
While the oxygen atoms move by a similar amount in all models, there are noticeable
differences regarding the niobium atoms: The free polaron and the bound polaron at a NbLi
antisite defect feature only small displacements, whereas the bound polaron at a NbV–VLi
defect pair as well as both bipolaron models exhibit much larger shifts.
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Figure 3. Crystal structure in the vicinity of the free polaron (a,b), the bound polaron at a NbLi

antisite defect (c,d) or a NbV–VLi defect pair (e,f), and the bipolaron at NbLi (g) or NbV–VLi (h).
Subfigures (b,d,f) refer to tilted configurations with broken trigonal symmetry, all other structures
exhibit axial symmetry. Black balls indicate atomic positions in stoichiometric LN without polarons,
while blue, green, and red balls denote lithium, niobium, and oxygen atoms in the relaxed structures,
respectively. Note that (e,f,h) show a different segment of the crystal than the other subfigures.

For free polarons, the excess electron is trapped at the regular NbNb atom in the
top part of the crystal segment illustrated in Figure 3a for the axially symmetric and in
Figure 3b for the tilted configuration. Originally positioned near the upper face of its
oxygen cage to enlarge the distance to the neighboring Li cation, the NbNb ion increases in
size due to the electron capture and consequently moves closer to the center of the oxygen
octahedron, in turn pushing the neighboring Li atom (bottom) further in the same direction.
While both cations shift parallel to the vertical direction in the case of axial symmetry,
a small sideways movement of the NbNb atom hosting the free polaron as well as the
neighboring Li atom are clearly visible if the symmetry constraint is removed, leading to
the tilted configuration. The oxygen cage on the other side of the NbNb atom is empty and
exhibits only little distortion.

If a lithium atom is substituted by niobium, the capture of an excess electron results in
a bound polaron at the NbLi antisite defect, illustrated in Figure 3c for the axially symmetric
and in Figure 3d for the tilted configuration. Similar to free polarons, the defect atom
carrying the extra electronic charge (bottom) moves towards the center of its oxygen cage,
while the neighboring cation, a regular NbNb atom (top), is repelled and moves in the same
direction. In both configurations, the magnitude of the displacements is moderate, but the
tilting is much more pronounced than for free polarons. However, it is essentially limited
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to the defect NbLi atom and does not noticeably affect the neighboring cation, in contrast
to free polarons. This is most likely due to the larger mass of niobium compared to lithium.

With a second trapped electron at the NbLi antisite defect, the bound polaron turns
into a bipolaron, Figure 3g. The displacement of the NbLi antisite atom (bottom) is much
larger in this case, and the neighboring regular NbNb atom (top) moves towards the defect
instead of evading it. This indicates a bond similar to a hydrogen molecule, where the two
niobium atoms attract each other due to a shared electron pair.

The second defect type examined in this work is the NbV–VLi defect pair. Analogous to
the NbLi antisite defect, the capture of an excess electron leads to the formation of a bound
polaron, which can be modeled either in an axially symmetric configuration, Figure 3e, or,
without geometric constraints, in a fully optimized tilted configuration, Figure 3f. As the
interstitial NbV atom hosting the bound polaron (top) occupies a previously empty oxygen
octahedron, the neighboring regular NbNb atom (bottom), originally located near the upper
face of its oxygen cage, undergoes a large shift in the direction away from the defect
towards the center of the cage. The tilting is weaker than for the NbLi antisite defect,
in accordance with the smaller energy difference between the axially symmetric and the
tilted configuration.

For a bipolaron at the NbV–VLi defect pair, displayed in Figure 3h, the interstitial NbV
atom (top) moves further towards the center of its oxygen octahedron than in the case of
the single bound polaron, and although the neighboring regular NbNb atom (bottom) is still
pushed in the same direction, the displacement is manifestly smaller. As a consequence,
the distance between the two niobium atoms is smaller for bipolarons than for single
polarons, which can again be attributed to the bonding effect arising from the shared
electron pair.

3.2. Electronic Properties

Figure 4 shows a larger segment of the central pillars of the optimized lattice structures
together with the charge densities of the polaron states for all configurations considered
in this work. For single trapped electrons, our results confirm that most of the charge
accumulation is indeed localized at one niobium atom, a regular NbNb atom in the case of
free polarons and a NbLi or NbV defect atom in the case of bound polarons. For the systems
with axial symmetry displayed in Figure 4a,c,e, the polaron orbital has a dumbbell shape
oriented along the central axis, which reflects the rotational symmetry of the underlying
lattice structure, but if the systems are relaxed to the lower-energy tilted configurations,
then we find a less elongated clover-leaf shape as shown in Figure 4b,d,f instead. Not all
the charge of the polaron is localized at the niobium atom, however: The oxygen atoms
that form the octahedral cage around the niobium atom hosting the polaron also attract
a significant portion of the charge. For the bound polaron at the NbV–VLi defect pair
with axial symmetry, there is additionally a significant hybridization with the orbitals
of the neighboring regular NbNb atom, as seen in Figure 4e. This is facilitated by the
fact that the axial symmetry enforces a parallel orientation of the orbitals of the two
atoms. The symmetry-breaking tilt diminishes this effect and thereby effectuates a stronger
localization at the NbV atom, as illustrated in Figure 4f. Although the hybridization also
serves to lower the total energy [22], the structural deformation has a larger influence, so
that the tilted configuration is in fact more stable for single-electron bound polarons.

The charge density of the bipolaron at a NbLi antisite defect in Figure 4g appears
almost identical to the overlap of the charge densities of a free and a bound polaron, shown
separately in Figure 4a,c. This interpretation is in accordance with earlier studies that also
characterized the bipolaron as a building-block-like combination of the two single-polaron
types [13]. Furthermore, it explains why the structure relaxes to axial symmetry in the case
of bipolarons: Although the tilting slightly lowers the energy of single free and bound
polarons, the resulting reorientation and shape deformation of the orbitals noted above
prevents an effective hybridization. As the energy gain due to the hybridization outweighs
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the energy difference resulting from the atomic displacements, the system reverts back to
an axially symmetric configuration.

(a) (b) (c) (d) (e) (f) (g) (h)

free polaron bound polaron bipolaron

Nb Nb Nb Nb–V –VLi Li LiLiV VNbNb

Figure 4. Charge densities of the free polaron (a,b), the bound polaron at a NbLi antisite defect (c,d)
or a NbV–VLi defect pair (e,f), and the bipolaron at NbLi (g) or NbV–VLi (h). Subfigures (b,d,f) refer to
tilted configurations, all other structures exhibit axial symmetry. Blue, green, and red balls represent
lithium, niobium, and oxygen atoms, respectively. Reproduced from [12].

Lastly, the NbV–VLi defect pair may be regarded as a modification of the NbLi an-
tisite defect where the antisite NbLi atom migrates into the neighboring empty oxygen
octahedron [12]. Concomitantly, as evidenced in Figure 4, the uppermost displayed Li
atom also shifts into the neighboring empty octahedron for all models involving the defect
pair. The pair of the NbV and NbNb atoms in the two adjacent oxygen cages that host
the bipolaron ultimately bears a strong resemblance to the pair of neighboring NbLi and
NbNb atoms in the case of the antisite defect if turned upside down, which can clearly
be seen by comparing Figure 4g,h. Due to the very similar local environment, it is not
surprising that the charge densities of the bipolarons at the two defects are also almost
identical. In particular, the hybridization, which has a twice as large effect on the bipo-
laron than on the one-electron bound polaron, again explains the relaxation to an axially
symmetric configuration.

In Figure 5, we show the projected density of states for all defect configurations
as obtained from DFT without quasiparticle corrections. The zero of the energy axis
corresponds to the maximum of the bulk valence bands. Only the Nb 4d, O 2s, and O 2p
states are displayed, because all other states have negligible contributions in the energy
region around the band gap. In agreement with earlier studies [22], we find that the top of
the valence bands is dominated by O 2p states with minor contributions of Nb 4d, while
the lowest conduction bands between 3 eV and 5.5 eV are predominantly composed of Nb
4d states with an admixture of O 2p. The next set of conduction bands above 6.5 eV also
exhibits a contribution of O 2s states. These features are identical for all configurations,
because the valence and conduction bands are bulk properties and independent of the type
or symmetry of embedded defects.

The polaron peak is located inside the bulk band gap between 1 eV and 3 eV. As ex-
pected, it is dominated by NbNb 4d states for free polarons, by NbLi 4d states for bound
polarons or bipolarons at the antisite defect, and by NbV 4d states for bound polarons or
bipolarons at the NbV–VLi defect pair. However, in all cases, there is a also substantial
admixture of O 2p states from the oxygen atoms surrounding the defect, which accounts for
about one third of the density of states. The proportion of NbNb 4d states from neighboring
regular niobium atoms is negligible for all types of bound polarons, while for bipolarons,
which extend over two cation sites, the contribution of NbNb 4d states equals that of the
Nb 4d states associated with the antisite or interstitial niobium atom. All of these findings
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are consistent with the charge densities displayed in Figure 4. Our results thus put the
common notion of electron polarons in LN as small polarons [13] into perspective: Al-
though the polarons are clearly centered at one or, in the case of bipolarons, two niobium
atoms, a significant portion amounting to about one third of the trapped charge is in fact
distributed over the surrounding oxygen atoms. On the other hand, the fact that the charge
density of the polaron is essentially confined to one oxygen octahedron, or two in the case
of bipolarons, justifies a posteriori our use of a 2 × 2 × 2 supercell, which is large enough
to reliably isolate each polaron from its periodic images.
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Figure 5. Electron densities of states for the free polaron (a,b), the bound polaron at a NbLi antisite
defect (c,d) or a NbV–VLi defect pair (e,f), and the bipolaron at NbLi (g) or NbV–VLi (h). Subfigures
(b,d,f) refer to tilted configurations, all other structures exhibit axial symmetry. The thick black line
shows the imaginary part of εzz(ω) within the independent-particle approximation (IPA), whose
low-energy resonances correspond to transitions from the defect state into the conduction band.
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As free and bound polarons involve a single trapped excess electron, the system is
spin polarized, and the defect level splits. Therefore, the peak inside the band gap stems
entirely from the majority spin channel, while another unoccupied defect level with the
same composition appears at a higher energy in the minority spin channel, visible at
around 6 eV in the density of states. In contrast, bipolarons feature a pair of electrons with
opposite spin. As a consequence, the spectral weight of the defect level inside the band
gap is doubled, and there is no unoccupied level at higher energy.

A comparison between the axially symmetric and tilted configurations for free and
bound polarons reveals that the deformation of the lattice structure has no visible effect
on the composition of the polaron peak in the density of states, indicating that no rehy-
bridization takes place. However, the symmetry-breaking distortion lowers the energy
of the polaron state by about 0.2 eV, as can clearly be seen in the insets in Figure 5. This
energy gain is the driving mechanism for the transition from an axially symmetric to a
tilted ground-state configuration for polarons with unpaired electrons in LN.

To relate the observed absorption bands to specific polaron types in congruent LN, we
further compare the density of states with the imaginary part of the dielectric function (2)
in Figure 5. For the numerical evaluation, we use the same shifted 4 × 4 × 4 k-point mesh
as for the density of states. The summation includes all valence bands, the defect level
inside the band gap, and 267 conduction bands. The broadening is set to 0.001 eV at a
photon energy of 0 eV and increases linearly to 0.15 eV at an energy of 5 eV.

Within the IPA, the resonances in the optical spectrum correspond directly to transi-
tions between occupied and unoccupied one-particle states. For congruent LN, the lowest-
energy transitions are expected to occur between occupied defect levels inside the band
gap and the conduction-band edge. As each of our simulations features only one polaron
type and hence a single defect level that acts as an initial state, the low-energy region of
Im εzz(ω) is akin to the density of final states in the conduction band, modified by the
transition dipole moments. In order to align the curves, we shift the IPA spectrum on
the energy axis in Figure 5 so that the defect level, whose dispersion is negligible for the
2 × 2 × 2 supercell used here [27], is taken as the origin. Besides, the spectra are cut at
3 eV, so that transitions at higher photon energies from bulk valence to conduction bands
across the band gap are left out. Indeed, for all polaron types, the onset of the absorption,
where the imaginary part of the dielectric function assumes nonzero values, coincides
precisely with the energy separation between the defect level and the conduction bands in
the density of states.

3.3. Optical Properties

The congruency between the density of states and the absorption spectrum in the IPA
in Figure 5 affirms that the low-energy absorption peaks arise from transitions between
the occupied polaron state inside the band gap and the continuum of Nb 4d states at
the bottom of the conduction bands, but the IPA ignores quasiparticle corrections to the
band structure as well as electron-hole attraction effects, which are both essential for a
quantitative comparison with experimental data. In order to successively incorporate
these effects, we determine the dielectric function at the three levels of theory described in
Section 2, namely the IPA, the IQA, and the BSE. We concentrate on bipolarons in this part,
which constitute the ground state of excess electrons in congruent LN and dominate at room
temperature, where only a small number of bipolarons are thermally dissociated into free
or bound polarons [16]. For the IPA and IQA, we include all 260 valence bands, the defect
level, and 939 conduction bands. For the BSE, we reduce these numbers to 65 valence bands,
the defect level, and 89 conduction bands to counter the high computational cost associated
with the large supercell; we confirmed that these settings are sufficient to describe the
optical response accurately up to photon energies around 6 eV. In all calculations, we
employ the same shifted 2 × 2 × 2 k-point set as for the structure optimization to sample
the Brillouin zone, and a constant broadening of 0.1 eV is applied in the entire energy range
to smoothen the dielectric function.
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In Figure 6, we display the imaginary (top panels) and real (bottom panels) parts of the
dielectric function εzz(ω) for bipolarons localized either at the NbLi antisite defect (left) or
at the NbV–VLi defect pair (right) for the different approximations. The IPA results are the
same as in Figure 5g,h but are here displayed with no shift on the energy axis and calculated
with a different k-point mesh for consistency with the other schemes. Equivalent results
for Im εxx(ω) in relation to NbV–VLi can be found in [12]. The resonances at low photon
energies, where the dielectric function of stoichiometric LN has no structure [30], arise
from the defect-related optical transitions and are characteristic of the specific polaron type.
In contrast, bulk transitions dominate at energies larger than the band gap, for example
above 3 eV in the case of the IPA. The most pronounced defect-related peak, indicated by
the arrow, appears at a lower energy for bipolarons at the NbLi antisite defect than at the
NbV–VLi defect pair. If quasiparticle corrections from the GW approximation are included,
then the band gap increases significantly. Consequently, the dielectric function in the IQA
(blue lines) is blueshifted by about 2 eV with respect to the IPA, whereas the shape of the
spectrum remains essentially unchanged. In contrast, including electron-hole attraction
effects within the BSE (red lines) entails a significant redistribution of spectral weight that
enhances the oscillator strengths near the absorption thresholds due to the formation of
excitons. In addition, there is a redshift that positions the final spectrum roughly halfway
between the IPA and IQA curves. Because of the small number of bands, the BSE results
are not fully converged above 6 eV and hence depicted by dashed lines in this region.
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Figure 6. Imaginary (top) and real (bottom) parts of the εzz component of the dielectric function for
bipolarons localized at a NbLi antisite defect (left) or a NbV–VLi defect pair (right). We compare
results from IPA (black), IQA (blue), and BSE (red). The arrows indicate the positions of the dominant
defect-related peaks in the absorption spectra. The dashed horizontal line for Re εzz marks zero.

In Figure 7, we compare the εzz(ω) (red) and εxx(ω) (blue) components of the imag-
inary (solid lines) and real (dashed lines) parts of the dielectric function obtained from
the BSE. Our results show that there are clear differences in the calculated optical spectra
for the two bipolaron types, especially with respect to the lineshape of the defect peak.
In particular, the defect peak is much less pronounced for x-polarized light, which will
make an experimental detection more difficult. This strong directional dependence relates
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to the anisotropy of the bipolaron orbitals displayed in Figure 4g,h, which are oriented
along the threefold symmetry axis that corresponds to the z direction. We also note that
the positions of the maxima of the defect peaks differ for εzz(ω) and εxx(ω). Although the
underlying resonance energies Eλ of the electron-hole pairs in Equation (3) are in fact iden-
tical, direction-dependent variations in the oscillator strengths give rise to an apparent shift.
Therefore, care must be taken when the calculated spectra are compared with experimental
data or analyzed to deduce absorption bands.
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Figure 7. Imaginary (solid lines) and real (dashed lines) parts of the dielectric function ε calculated
within the BSE for z-polarized (red) and x-polarized (blue) light. The left and right panel correspond
to bipolarons at a NbLi antisite defect and a NbV–VLi defect pair, respectively.

From the complex dielectric function calculated within the BSE, we can finally derive
other optical coefficients that are typically measured in experimental spectroscopies, such
as the reflectivity R(ω), the absorption (attenuation) coefficient α(ω), and the electron-
energy-loss function L(ω). Our results for the z (red) and x (blue) components are shown
in Figure 8. The left panels again refer to bipolarons at the antisite defect, the right
panels to bipolarons at the defect pair. As for the dielectric function itself, the polaron
signatures are much more pronounced in the z components but are clearly present in
all optical coefficients. The calculated absorption coefficients are further compared to
the experimental value of 2.5 eV that is frequently cited in the literature, for example
in [13], as well as a recent measurement by our co-workers [12] that yielded 2.7 eV. Both
values were obtained from the peak position in the absorption spectrum of congruent
LN, measured in the z direction. Although the two experimental values deviate slightly,
indicating variations due to sample preparation and/or measurement technique, both lie
between the calculated defect-related absorption maxima for the NbLi antisite defect and
the NbV–VLi defect pair. This may indicate that at least some of the antisite niobium atoms
indeed migrate to neighboring oxygen octahedra, creating interstitial-vacancy pairs that
modify the lineshape and apparent position of the bipolaron absorption band.
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Figure 8. Optical properties derived from the dielectric function within the BSE: reflectivity R (top),
absorption coefficient α (middle), and electron-energy-loss function L (bottom) for z-polarized (red)
and x-polarized (blue) light. The left panels correspond to bipolarons at a NbLi antisite defect,
the right panels to bipolarons at a NbV–VLi defect pair. In the plots of the absorption coefficients,
vertical lines indicate the position of the absorption band assigned to bipolarons in different experi-
ments [12,13].

4. Conclusions

Using first-principles calculations based on density-functional theory, we performed
a detailed analysis of electron polarons in LN, taking free polarons, bound polarons,
and bipolarons into account. In contrast to earlier studies [21,22], we not only considered
electron polarons bound to NbLi antisite atoms but also to another defect compatible with
the Li-vacancy model, namely the NbV–VLi defect pair, which arises when an antisite
niobium atom migrates to a neighboring empty oxygen octahedron. Furthermore, we
did not restrict ourselves to axially symmetric structure models but performed a full
unconstrained relaxation, which leads to lower-energy tilted configurations where the
threefold rotational symmetry is broken. Our results show that the distortion lowers
the energy of the occupied defect level inside the band gap and thereby stabilizes the
tilted configurations for free and bound polarons, which feature a single unpaired electron.
On the other hand, it reduces the hybridization between the orbitals of neighboring niobium
atoms along the threefold symmetry axis, which is essential for the formation of bipolarons.
Therefore, bipolarons at both defect types relax to an axially symmetric geometry instead.
An examination of the charge densities and the projected densities of states reveals that for
all configurations, about one third of the trapped electronic charge is not actually localized
at the niobium atoms hosting the polaron but distributed over the oxygen atoms that form
the octahedral cage enclosing the defect site, well within the limits of the supercell used
in this work. The lattice distortion associated with the polaron formation extends farther,
especially for bipolarons at NbV–VLi defect pairs, but it is not necessary to include its full
spatial extent outside the localized charge distribution in calculations of the electronic and
optical properties of polarons in LN. This justifies the use of a smaller supercell, which
in turn allows us to apply sophisticated many-body techniques that would otherwise be
prohibitively expensive.

Hereupon we performed state-of-the-art first-principles calculations of the frequency-
dependent complex dielectric function and related optical coefficients. Starting from the
independent-particle approximation, we additionally included quasiparticle corrections
within the GW approximation for the electronic self-energy as well as excitonic contribu-
tions obtained from the Bethe–Salpeter equation. Our results for bipolarons at NbLi antisite
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defects and NbV–VLi defect pairs show clear signatures at low photon energies in all optical
coefficients that are characteristic of the specific defect type. A quantitative comparison of
the calculated absorption spectra with experimental measurements of the absorption band
attributed to bipolarons [12,13] suggests that at least some of the antisite niobium atoms
indeed migrate to neighboring oxygen octahedra and form interstitial-vacancy pairs.

Finally, the structure models established in this work constitute a basis for further
theoretical studies. Besides the linear optical properties already addressed here and in
previous works [12,27,28,30], the nonlinear response is of particular interest, because it is
central to the performance of LN as a key material in many optical technologies. Due to the
enormous computational cost [41], significant challenges must still be overcome in order
to facilitate accurate quantitative calculations of the polaron contribution to the nonlinear
optical coefficients of congruent LN, however.
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The following abbreviations are used in this manuscript:

B(NbLi) bipolaron at a NbLi antisite defect
B(NbV–VLi) bipolaron at a NbV–VLi defect pair
BSE Bethe–Salpeter equation
DFT density-functional theory
DOS density of states
EPR electron paramagnetic resonance
FP free polaron
IPA independent-particle approximation
IQA independent-quasiparticle approximation
LN lithium niobate
P(NbLi) bound polaron at a NbLi antisite defect
P(NbV–VLi) bound polaron at a NbV–VLi defect pair
PBEsol Perdew-Burke-Ernzerhof for solids
SLN stoichiometric lithium niobate
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Abstract: Crystals of LiNbO3 single-doped with Sm3+, Tb3+, or Dy3+ and crystal of LiTaO3

single-doped with Tb3+ were grown by the Czochralski method. Luminescence spectra and decay
curves for LiNbO3 samples containing Sm3+ or Dy3+ ions were recorded at different temperatures
between 295 and 775 K, whereas those for samples containing Tb3+ ions were recorded at different
temperatures between 10 and 300 K. Optical absorption spectra at different temperatures were recorded
within the UV-blue region relevant to optical pumping of the samples. It was found that the effect of
temperature on experimental luminescence lifetimes consists of the initial temperature-independent
stage followed by a steep decrease with the onset at about 700, 600, and 150 K for Sm3+, Dy3+,
and Tb3+ ions, respectively. Additionally, comparison of temperature impact on luminescence
properties of LiNbO3:Tb3+ and LiTaO3:Tb3+ crystals has been adequately described. Experimental
results were interpreted in terms of temperature-dependent charge transfer (CT) transitions within the
modified Temperature—Dependent Charge Transfer phenomenological model (TDCT). Disparity of
the onset temperatures and their sequence were explained based on the location of familiar zigzag
curves connecting the ground state levels of rare earth ions with respect to the band-gap of the
host. It was concluded also that LiNbO3:Sm3+ is suitable as an optical sensor within the 500–750 K
temperature region whereas LiNbO3:Dy3+ offers the highest sensitivity at lower temperatures between
300 and 400 K.

Keywords: LiNbO3; LiTaO3; oxide crystals; lanthanides; luminescence

1. Introduction

Originally proposed in 1964, LiNbO3 was soon applied in second harmonic
generation, electro-optic modulation, acousto-optic, and piezoelectric device application [1].
Subsequent investigation has revealed that it is promising for holographic recording [2,3],
optical parametric oscillation [4,5], waveguide lasers [6,7], or self-frequency doubled lasers [8].

However, despite the long-lasting technological success, some fundamental properties of LiNbO3

remain rather puzzling. One of encountered difficulties refers to the reliability of its band gap.
Numerous reported band gap values, all inferred from optical absorption spectra, range from 3.28 [9]
to 4.3 eV [10] with the most frequently cited value of 3.78 eV. This is due mainly to the fact that
the LiNbO3 crystals, suitable for optical application, are fabricated commonly by the Czochralski
method from a congruent, lithium deficient melt (Li/Nb = 0.94). Hence, they have a high density
of point defects which affect the reliability of the measurement. Even with special care near where
stoichiometric crystals have grown, recorded optical absorption spectra still suffered from remaining
structural defects. Numerous attempts have been made to determine the band gap from ab initio
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calculations. The calculated band gap values depended markedly on the method applied, ranging from
3.47 to 6.53 eV [11]. Authors of a subsequent paper [12] entitled: “Do we know the band gap of lithium
niobate?” have reported the calculated band gap value of 4.7 eV and more recently, the calculated band
gap value of 4.9 eV has been reported in [13].

Much attention has been paid in the past to the nature of defects in crystal structures of isostructural
LiNbO3 and LiTaO3 compounds. In the ideal, stoichiometric composition of the cations Nb5+, Li+,
and free sites are located sequentially in distorted octahedra of oxygen ions. The distribution of cations
among available sites in congruent LiNbO3 crystals is not easy, however. In the past it has been
interpreted in the framework of the Nb-site vacancy model [14]. Later on, it has been concluded that
the Nb split models in which the excess of Nb atoms are distributed among the Li and the vacant cation
sites cannot be excluded [15]. The same difficulty relates to the location of incorporated luminescent
rare earth ions. Investigation of Eu3+ sites in LiNbO3:Eu3+ and LiNbO3:MgO:Eu3+ crystals for different
Li/Nb molar ratios has led to the conclusion that Eu3+ ions substitute the Li+ and Nb5+ ions [16].
The RBS/channeling spectra of Pr3+, Ho3+, Yb3+ ions in LiNbO3 revealed that they substitute Li+ ions
but are slightly shifted from the regular Li+ position [17]. In a more recent paper dealing with structural
and optical properties of powders of LiTaO3 doped with Eu3+ ions the authors have observed that
the Eu3+ ions substitute preferentially the Ta5+ ions [18]. Moreover, it was found that this preference
increases with increasing Eu3+ concentration (an occupation fraction above 60% for Eu3+ concentration
of 1 at %). In the present work we deal with LiNbO3 crystal single-doped with Sm3+, Tb3+, or Dy3+ ions
characteristic in that the relaxation of their metastable levels consists essentially of radiative transitions
in virtually all inorganic hosts.

In fact, spectroscopic features of Sm3+-doped crystals and glasses stem from the energy level
scheme of Sm3+ ions that consist of low-energy multiplets from the 7F and 7H terms and a higher-energy
group of multiplets from quartet terms. The energy difference between the quartet and septet states is
large as compared to the phonon energy encountered in inorganic matrices. Therefore, the relaxation
of the 4G5/2 metastable level of Sm3+ consists essentially of radiative transitions providing an efficient
visible emission. Its spectral distribution within the blue, yellow, and red regions is weakly affected
by the change of a host [19–24]. Spectroscopic properties of Tb3+-doped hosts stem from the energy
level scheme of Tb3+ ions involving low-energy multiplets from the 7F term and higher-energy
multiplets from quintet terms. The metastable 5D4 level of Tb3+ is located higher than the next
lower energy 7F0 level by about 14,000 cm−1. Therefore, its relaxation consists essentially of radiative
transitions providing an efficient visible emission. Literature concerning spectroscopic features of
Tb3+ doped luminescent materials is rather rich. The mechanism of the 5D3–5D4 cross-relaxation in
Y3Al5O12:Tb3+ was considered in [25]. Several papers were devoted to preparation and spectroscopic
features of terbium-doped garnet crystals [26–29]. Other visible phosphors containing Tb3+ ions
that have been studied include Y2LuCaAl2SiO12:Ln (Ln = Ce3+, Eu3+, and Tb3+) [30], Tb3+ doped
lithium lead alumino borate glasses [31], Tb3+-doped KLu(WO4)2 crystal [32], Tb3+-doped LiYF4 [33],
Tb3+-doped K3YF6 [34]. Laser potential and laser performance of Tb3+-doped hosts have been
considered, too [35]. Spectroscopic properties of Dy3+-doped materials stem from the energy level
scheme of Dy3+ ions that consists of high-energy multiplets from quartet terms well separated from
low-energy multiplets belonging to the 6H and 6F terms. The visible emission of Dy3+ results from
radiative transitions that originate on the metastable 4F9/2 level and terminate on the lower-energy
levels 6HJ (J = 9/2, 11/2, 13/2, and 15/2). Numerous recent papers have been devoted to Phosphor
materials single-doped with Dy3+ [36], co-doped with Dy+Eu [37] or triple-doped with Dy+Eu+Tb [38]
have been investigated and found promising for novel lighting devices. The potential of Dy3+-doped
crystals as luminescent temperature sensors has been considered in numerous papers [39–41]. It has
been demonstrated that YAG:Dy3+ crystal pumped at 447 nm with a GaN laser diode is able to
show yellow laser operation with a slope efficiency of 12% [42]. Optical amplification in Dy3+-doped
Gd2SiO5, Lu2SiO5, and YAl3(BO3)4 single crystals has been observed [43] as well. Intention of the
present work is to get a closer insight into temperature-dependent processes which are relevant for
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excited state relaxation of incorporated rare earth ions and to assess the impact of these processes on
the potential of system studied for luminescence temperature sensing.

2. Materials and Methods

Single-doped crystals of LiNbO3 containing nominally 0.65 wt% (1.2 × 1020 ions/cm3) of Sm3+,
2.80 wt% (4.8 × 1020 ions/cm3) of Tb3+, or 1.94 wt% (3.3 × 1020 ions/cm3) of Dy 3+ were grown by
the Czochralski method from the congruent melt (Li/Nb = 0.945). By the same method a 3 wt%
Tb3-doped LiTaO3 crystal was grown creating thereby a reference material to help understand the
LiNbO3:Tb3+ luminescence. The Czochralski growth of LiNbO3 and LiTaO3 crystals has been well
known for decades and is described in detail elsewhere, e.g., in [44]. Concentrations given above stem
from the trade-off between the intention to achieve required excitation efficiency, on one hand, and to
prevent the excessive distortion of the host structure, on the other hand. A Varian 5E UV-VIS-NIR
spectrophotometer with instrumental spectral bandwidths of 0.5 nm was employed to record optical
absorption spectra in the UV-blue spectral region. To record excitation spectra and luminescence spectra
a FLS980 fluorescence spectrophotometer from Edinburg Instruments equipped with a 450 W xenon
lamp as an excitation source and a Hamamatsu 928 PMT detector was used. For these measurements,
the samples were excited with unpolarized light propagating parallel to the optical axis of the crystal
and the luminescence was observed perpendicular to the optical axis of the crystal. Recorded spectra
were corrected for the sensitivity and wavelength of the experimental set-up. To record decay curves
of luminescence an experimental set-up consisting of a tunable optical parametric oscillator (OPO)
pumped by a third harmonic of a Nd:YAG laser, a double grating monochromator with a 1000 mm
focal length, a photomultiplier, and a Tektronix MDO 4054B-3 Mixed Domain Oscilloscope was used.
For spectroscopic measurement at low temperature the samples were placed in an Oxford Model
CF 1204 continuous flow liquid helium cryostat equipped with a temperature controller. A chamber
furnace was used for measurements at higher temperature within 295–800 K. The temperature of
samples was detected by a copper-constant thermocouple with measurement error less than 1.5 K and
controlled by a proportional-integral-derivative (PID) Omron E5CK controller.

3. Results

When interpreting our experimental data, we refer to energy level schemes for Sm3+, Tb3+,
and Dy3+ ions gathered in Figure 1. The energy levels within respective 4f5, 4f8, and 4f9 configurations
are labeled by symbols 2S+1LJ of corresponding multiplets.

It can be seen that there is a correspondence between term structures for Sm3+ and Dy3+ ions in
agreement with the principle of electrons and holes in the 4fn configurations. Actually, each multiplet of
rare earth ions incorporated in the crystal host is split by the crystal field into crystal field components.
In depth analysis of the crystal field splitting of multiplets for Sm3+ and Dy3+ ions in LiNbO3 has
been performed based on low temperature absorption and emission spectra and reported in [45,46],
respectively. These results were used to construct corresponding energy level schemes shown in
Figure 1. To our knowledge the information concerning the crystal field splitting of Tb3+ in LiNbO3

is not available. Therefore, we include in Figure 1 the data for Tb3+ in GAGG garnet reported
in [29]. It should be noticed here that the agreement between theoretical and experimental crystal
field splitting inferred from low temperature spectra of rare earth ions in LiNbO3 is poor owing to
multi-site location of incorporated ions combined with a strong inhomogeneous line broadening of
their optical spectra. Other consequences result from a strongly defective congruent composition of
the hosts crystal. The LiNbO3 forms crystals that belong to trigonal/rhombohedral system, R3c space
group, hence they are optically uniaxial. Incorporated rare earth ions enter sites with the C3 local
symmetry in the stoichiometric composition but in congruent LiNbO3 they are located in several
nonequivalent sites with strongly dissimilar local symmetries. As a consequence, the anisotropy of their
transition intensities is no longer consistent with theoretical predictions preventing thereby the reliable
interpretation of polarized optical spectra, as observed in [45,46]. To avoid the difficulties mentioned

251



Crystals 2020, 10, 1034

above and remembering that effect of temperature on integrated luminescence intensity is independent
of polarization of optical spectra we infer our results from unpolarized luminescence spectra.
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In the limit of low doping level, the population of an excited multiplet decays by competing
radiative transitions and nonradiative multiphonon relaxation consisting of simultaneous emission of
several phonons. The contribution of the latter process is commonly assessed from the phenomenological
energy gap law which relates the rate of multiphonon relaxation to the order of the process defined
as the ratio of energy separation between the excited level in question and a next lower level to
the cut-off phonon energy available in the host. It follows from the Raman spectra analysis of
LiNbO3 and LiTaO3 crystals that the highest energy stretching vibrations Nb-O are around 610 cm−1

(597 cm−1 for Ta-O) [47]. Thus, Sm3+, Tb3+, and Dy3+ ions in LiNbO3 have single metastable levels
able to relax radiatively without multiphonon contribution providing thereby intense luminescence.
Downward arrows in Figure 1 indicate radiative transitions observed in the visible region.

3.1. Effect of Temperature on Luminescence of Sm3+ and Dy3+ in LiNbO3

On the right side of Figure 2 we compare survey room temperature luminescence spectra of
Sm3+ and Dy3+ ions in LiNbO3 recorded within the 450–800 nm spectral region. Sm3+ luminescence
was excited at 402 nm. Its luminescence spectrum consists of bands located at about 567, 600, 646,
and 708 nm related to transitions between the metastable 4G5/2 level and 6HJ (J = 5/2, 7/2, 9/2, 11/2)
terminal levels, respectively. Very weak contribution of the 4G5/2→ 6H13/2 transition can be discerned
around 800 nm. It should be noticed here that there are other transitions from the 4G5/2 level, namely to
the multiplets of the 6F term and the 4G5/2 → 6H15/2 transition, all of them located in the near IR.
The contribution of these transitions to luminescence spectra of samarium ions in crystals and glasses
is marginal and therefore is commonly neglected. Dy3+ luminescence shown in Figure 2 was excited at
356 nm. Its luminescence spectrum consists of bands located at about 486, 580, 665, and 754 nm related
to transition between the metastable 4F9/2 level and 6HJ (J = 15/2, 13/2, 11/2, and 9/2) terminal levels,
respectively. Remaining transitions from the metastable 4F9/2 level are located in the IR and terminate
on multiplets of the 6F term and on the 6H7/2 and 6H5/2 multiplets. Their contribution to dysprosium
luminescence is very weak, as for samarium luminescence.
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Figure 2. Survey, room temperature luminescence spectra of Sm3+ and Dy3+ ions in LiNbO3 recorded
within the 450–800 nm spectral region (right) and excitation spectra of Sm3+ and Dy3+ luminescence in
LiNbO3, monitored at 611 and 573 nm, respectively (left).

On the left side of Figure 2 we compare excitation spectra of Sm3+ luminescence and Dy3+

luminescence in LiNbO3, monitored at 611 and at 573 nm, respectively. Excitation spectra for the two
ions show very complex structure of band components corresponding to closely spaced transitions
from the ground states to high energy multiplets derived from the 4F, 4G, 4H, 4I, 4K, 4L, 4M quartet and
the 6P sextet terms. It should be noticed here that despite a rich spectrum, the intensity of absorption
in this spectral region is very low because spin forbidden sextet-quartet transitions are involved.
It can be seen that the highest energy bands contributing to excitation spectra in Figure 2 are located
around 411 and 356 nm although the energy level schemes of two ions contain levels at higher energy.
Rather curiously, the wavelength 335 nm correspond to 3.7 eV, a value of the most frequently cited
energy gap for LiNbO3. In view of theoretical calculations mentioned above in Section 1 the short
wavelength limit of the excitation spectra may not be due to the fundamental UV absorption edge
of LiNbO3. It may result also from an absorption of color centers, likely to exist in the matrix and/or
transitions between the ground states of incorporated rare earth ions and trapped exciton states,
as proposed for LiTaO3:Pr system [47,48].

Figure 3 compares luminescence spectra of Sm3+ in LiNbO3 recorded at different temperatures
between 295 K and 775 nm. Excitation was at 402 nm. It can be seen that with increasing temperature
the contribution of narrow band components to the spectrum vanishes gradually, the bands become
smoother and their intensities diminish. To assess the effect of temperature on the overall Sm3+

luminescence the spectra recorded at different temperatures were integrated numerically within the
450–750 nm region. Results of this assessment presented in the inset on the right side of Figure 3 reveal
the adverse thermally induced quenching of Sm3+emission. The inset on the left side of Figure 3 shows
spectra for the high energy part of the spectrum between 460 and 550 nm, where the luminescence
grows monotonously.
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Examination of luminescence spectra of Dy3+ in LiNbO3 excited at 356 nm and recorded at
different temperatures between 295 and 723 K reveal similar thermal effect.

Namely, the contribution of narrow band components to the spectrum vanishes gradually,
the bands become more smooth and their intensities diminish, except for the high energy part of the
spectrum between 440 and 500 nm, where the luminescence grows steadily. For the sake of brevity,
the spectra shown in Figure 4 are restricted to the short wavelength parts encompassing bands within
the 440–550 nm region. The Dy3+ luminescence intensities determined by a numerical integration
of spectra within the 440–750 nm region are plotted versus temperature in the inset on the right.
The inset on the left side shows the onset of steep rise of the sample absorption in the UV region
observed at several different temperatures. Examination of plots in insets on the right side of Figures 3
and 4 reveals a thermally enhanced quenching of both the Sm3+ and Dy3+ luminescence in LiNbO3.
This phenomenon may be due to a thermally induced decrease of absorption efficiency in the optical
pump region and/or to thermally enhanced increase of nonradiative relaxation rates of the metastable
4G5/2 and 4F9/2 levels of Sm3+ and Dy3+, respectively. The contribution of these quenching factors can
be assessed based on examination of Figure 5.
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Table 1. Spectral parameters governing the temperature dependence of 4G5/2 (Sm3+) and 4F9/2 (Dy3+)
lifetimes in LiNbO3 within the framework of the TDCTmodel.

LiNbO3:Sm LiNbO3:Dy

Wnr (1/s) 855 508
Ea (cm−1) 16,159 14,795
α (cm−1/K) 23.3 26.1
h̄ω (cm−1) 672 680

Wr (1/s) 1540 5164

Points in this figure show the temperature dependence of the 4G5/2 and 4F9/2 experimental lifetimes
determined experimentally from respective exponential luminescence decay curves. It can be seen that
initially, i.e., up to about 700 K for Sm3+ and up to about 600 K for Dy3+, the luminescence lifetimes
do not depend on temperature implying that the contribution of the latter factor can be neglected.
Therefore, we attribute the decrease of integrated luminescence intensity observed in this initial
temperature region to thermally induced increase of a broad-band absorption that affects adversely the
efficiency of optical pumping. In fact, the onset of this absorption shifts towards longer wavelengths
when the temperature increases, as shown in the inset on the left side of Figure 4. Further increase
of the temperature brings about a very steep decrease of the lifetime values. At 775 K, the highest
temperature provided by our experimental setup, the Dy3+ lifetime is close to zero whereas the Sm3+

lifetime attains about 70% of its value at room temperature.

255



Crystals 2020, 10, 1034

Crystals 2020, 10, x FOR PEER REVIEW 7 of 15 

 

 
Figure 4. Luminescence spectra between 440 and 500 nm for Dy3+ in LiNbO3 recorded at different 
temperatures between 295 and 723 K. Excitation was at 356 nm. Left inset: The onset of steep rise of 
the sample absorption in the UV region observed at several different temperatures. Right inset: 
Integrated luminescence intensity plotted versus temperature. 

 
Figure 5. Temperature dependence of 4G5/2 (Sm3+) and 4F9/2 (Dy3+) lifetimes in LiNbO3. Points indicate 
experimental data. Solid lines represent theoretical temperature dependence determined from 
Equation (2) with parameters gathered in Table 1. 

Figure 5. Temperature dependence of 4G5/2 (Sm3+) and 4F9/2 (Dy3+) lifetimes in LiNbO3. Points indicate
experimental data. Solid lines represent theoretical temperature dependence determined from
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To interpret the effect of temperature on the 4G5/2 and 4F9/2 lifetimes, shown in Figure 5 one should
remember that the measured luminescence lifetime τexp of an excited level of rare earth ion.

τexp = 1/[Wr + Wnr] (1)

where Wr is the temperature independent radiative decay rate and Wnr denotes the rate of nonradiative
decay affected by the temperature. Following the interpretation of data acquired for LiTaO3:Pr3+ [47]
and recent generalization on spectroscopy of Pr3+ in niobate-titanates [48] we interpret the steep decrease
of Sm3+ and Dy3+ lifetimes in terms of temperature-dependent charge transfer (CT) transitions within
the modified model (TDCT) proposed by Nikolic et al. [40]. According to the TDCT model the rate
Wnr(T) of nonradiative charge transfer transitions

Wnr(T) = Wnr(0) ×
(

1

T∗ 1
2

)
× exp[(−Ea + αT)/kB T∗] (2)

where T denotes the temperature, Wnr(0) denotes the rate of the process at 0 K, Ea is the energy barrier
to be crossed by phonons, kB is the Boltzmann constant. The factor αT represents the thermally induced
change of the energy Ea assumed to be linear with the slope α.

The factor
T∗ =

(
ω

2kB

)
× cot h(ω/2kBT

)
(3)
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included to the above relation accounts for the non-Arrhenius nature of the excitation energy flow
through CT states [49]. The h̄ω denotes the energy of the host phonons involved. Solid lines in
Figure 5 represent theoretical temperature dependence of Sm3+ and Dy3+ lifetimes determined from
Equation (2) with parameters gathered in Table 1. It can be seen that their agreement with experimental
data points is reasonable.

In the following we focus our attention to temperature dependent changes of luminescence
bands related to transitions that terminate on the 6H5/2 ground state of Sm3+ and the 6H15/2 ground
state of Dy3+. It follows from Figures 3 and 4 that there are contributions of luminescence that grow
monotonously with increasing temperature at the expense of the 4G5/2 → 6H5/2 and 4F9/2 → 6H15/2

bands located at slightly longer wavelengths. Examination of low temperature absorption spectra
reported in the past [45,46] reveals that these growing contributions in the Sm3+ spectrum is due
to transitions from thermally populated 4F3/2 level and that in the Dy3+ spectrum from thermally
populated 4I15/2 level. These levels are located, respectively, above the 4G5/2 and 4F9/2 metastable levels
by about 1000 cm−1 only and therefore their populations are governed by the Boltzmann statistics.
Accordingly, a thermally induced change of fluorescence intensity ratio (FIR) between the 4F3/2 →
6H5/2 and 4G5/2→ 6H5/2 emission bands for Sm3+ and between the 4I15/2→ 6H15/2 and 4F9/2→ 6H15/2

emission bands for Dy3+can be applied as the temperature sensing parameter. It is known that the
luminescence intensities are proportional to the population of involved energy levels and FIR of two
thermally coupled levels can be defined by following equation [39]:

FIR =
I4I15/2

I4F9/2

= B exp
(
−∆E

kT

)
(4)

where B is temperature independent constant, ∆E is the energy gap between the two thermally
coupled levels, and k is the Boltzmann constant. Plots of FIR versus temperature for LiNbO3:Sm3+ and
LiNbO3:Dy3+ are compared in Figure 6.
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Points indicate experimental data determined from spectra in Figures 3 and 4 and the solid lines
represent fits of Equation (4) with ∆E = 1139 cm−1 (for Sm3+) and ∆E = 1146 cm−1 (for Dy3+).

Optical thermometer may be quantitatively characterized with absolute and relative thermal
sensitivity. The former parameter reveals the absolute FIR change with temperature variation and is
expressed as:

SA =
dFIR
dT

= FIR
∆E
kT2 (5)

To reliably compare the thermometers quality, relative sensitivity is usually used because this
parameter determines normalized change of FIR with temperature variation and is defined as [39]:

SR =
1

FIR
dFIR
dT
· 100% =

∆E
kT2 · 100% (6)

Figure 6 compares also plots of SA and SR parameters versus temperature for LiNbO3:Sm3+ (left)
and LiNbO3:Dy3+ (right). Examination of the SR plots indicates that the LiNbO3:Sm3+ is mostly
suitable for the optical sensor within the 500–750 K temperature region whereas LiNbO3:Dy3+ offers
the highest sensitivity at lower temperatures between 300 and 400 K. However, the most significant
shortcoming of these optical sensors resides in that their luminescence is quenched at temperatures
markedly lower as compared to other hosts doped with Sm3+ and Dy3+.

3.2. Effect of Temperature on Luminescence of Tb3+ in LiNbO3 and LiTaO3

Points in Figure 7 show the temperature dependence of the 5D4 lifetime determined
experimentally from luminescence decay curves. Unlike LiNbO3:Sm3+ and LiNbO3:Dy3+ systems
the LiNbO3:Tb3+ shows luminescence below ambient temperature only but still the dependence of
its lifetime on the temperature consists of the initial part weakly affected by the temperature up to
about 130 K and of subsequent steep decrease. For a comparison the experimental 5D4 lifetime for
LiTaO3:Tb3+ plotted versus temperature also in Figure 7 is nearly constant at temperatures up to about
480 K and next decreases steeply. Solid lines in Figure 7 represent theoretical temperature dependence
of the 5D4 lifetime for LiNbO3:Tb3+ and LiTaO3:Tb3+ determined from Equation (2) with parameters
gathered in Table 2. It is worth noticing here that LiNbO3 and LiTaO3 compounds form isostructural
crystals characterized by very similar physicochemical properties. Incorporated luminescent rare earth
ions are located in sites with the same symmetry in these hosts. They interact with lattice phonons
having similar energy distribution with nearly the same cut-off energy corresponding to Nb-O or
Ta-O stretching vibrations [47]. Thus, rather small disparity between spectral features of Tb3+ in
the two hosts can be supposed. Indeed, the survey luminescence spectra of LiNbO3:Tb3+ and of
LiTaO3:Tb3+ compared in Figure 8 corroborate this supposition.

3.3. Discussion

Results presented above imply that the location of the metastable 5D4 level of Tb3+ with respect
to the bottom of conduction band of the host is a factor that governs the luminescence quenching.
Obviously, for a given band-gap the energy difference between the bottom of the conduction band and
the metastable 5D4 level results from the energy difference between the Tb3+ ground state and the
top of the valence band. The latter difference can be assessed based on generalizations proposed by
Dorenbos et al. and by Dorenbos in a series of published papers, e.g., [50,51]. In particular, the ground
state of Tb3+ located previously 0.7–1.0 eV higher above the valence band than that of Pr3+ has been
adjusted based on new experimental data showing that these locations are at about the same energy [51].
The band-gap of LiTaO3 has been determined in the past to be 4.59 eV, a value corresponding to the
UV absorption edge located at 271 nm [52]. The available information on band-gap of LiNbO3 is
not reliable in view of the controversy mentioned above in Section 1 but the disparity of band-gap
values for the two hosts is likely be small. In any case, we suppose that peculiarities of luminescence
quenching in LiNbO3:Tb3+ and LiTaO3:Tb3+ are not governed by the band-gaps but stem from the fact
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that in LiTaO3 the ground state of Tb3+ is located lower, i.e., closer to the valence band that in LiNbO3.
It follows from the zigzag curves connecting the ground state levels of rare earth ions [50,51] that among
rare earth ions considered here the ground state of Tb3+ is located at the highest energy, that of Dy3+

is located markedly lower and that of Sm3+ at the lowest energy. In principle, the energy difference
between the top of the valence band and the ground state level of the rare earth ion in question can
be determined provided the energy of the charge transfer (denoted also IVCT = intervalence charge
transfer) transition and the band-gap of the host are known. Unfortunately, we were not able to
obtain these data from our measurement. Figure 2 shows that the IVCT transitions do not contribute
to excitation spectra of Sm3+ and Dy3+ luminescence. Additionally, the IVCT transition does not
contribute to the excitation spectrum of Tb3+ luminescence in LiNbO3. In [53] the IVCT transition
energy of about 3.4 eV for Pr3+ in LiNbO3 has been mentioned. Assuming that the band-gap of
LiNbO3 equals to 3.8 eV we locate the ground state of Pr3+ at about 0.4 eV above the top of the valence
band. With this assumption and supposing that the ground states of Pr3+ and Tb3+ are located at the
same energy we locate the 5D4 metastable level of Tb3+ at around 0.86 eV below the conduction band.
This calculation is rather speculative and the reliability of the 5D4 location is not certain. However, it is
worth noticing that it locates the ground states of Sm3+ and Dy3+ below the top of the valence band
accounting for the absence of IVCT band in excitation spectra of their luminescence. The onset of the
steep decrease of luminescence lifetime, related with the IVCT, occurs at about 700, 600, and 150 K
for Sm3+, Dy3+, and Tb3+ ions in LiNbO3, respectively. The 4G5/2 metastable level of Sm3+is located
at about 17,600 cm−1, i.e., about 2.18 eV above the ground state level. The 4F9/2 metastable level of
Dy3+ is located at about 21,100 cm−1 i.e., about 2.61 eV above the ground state level. These values,
combined with those inferred from the zigzag curve predict that the energy barrier to be crossed by
phonons would be higher, hence the onset temperature would be also higher for Sm3+, in agreement
with experimental data. The 5D4 metastable level of Tb3+ is located at about 2.55 eV above the ground
state level, a value slightly smaller than that for Dy3+. However, this location combined with a relatively
large energy inferred from the zigzag curve results in markedly smaller energy barrier hence the lower
onset temperature.
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Table 2. Spectral parameters governing the temperature dependence of 5D4 (Tb3+) lifetimes in LiNbO3

and LiTaO3 within the framework of the TDCT model.

LiNbO3:Tb LiTaO3:Tb

Wnr (1/s) 1064 807
Ea (cm−1) 1984 8128
α (cm−1/K) 17.1 17.6
h̄ω (cm−1) 693 778

Wr (1/s) 1874 1464
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Figure 8. Comparison of the survey luminescence spectrum of LiNbO3:Tb3+ recorded at 10 K to
survey luminescence spectrum of LiTaO3:Tb3+ recorded at 300 K. Inset shows effect of temperature on
integrated emission intensity of LiTaO3:Tb3+.

4. Conclusions

The effect of temperature on experimental luminescence lifetimes consists of the initial
temperature-independent stage followed by a steep decrease with the onset at about 700, 600,
and 150 K for Sm3+, Dy3+, and Tb3+ ions, respectively. Experimental results were interpreted in terms
of temperature-dependent charge transfer (CT) transitions within the modified phenomenological
model TDCT. Disparity of the onset temperatures and their sequence were explained based on the
location of familiar zigzag curves connecting the ground state levels of rare earth ions with respect
to the band-gap of the host. It was concluded also that LiNbO3:Sm3+ is suitable as an optical sensor
within the 500–750 K temperature region whereas LiNbO3:Dy3+ offers the highest sensitivity at lower
temperatures between 300 and 400 K.
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Abstract: Electrical conductivity and acoustic loss Q−1 of single crystalline Li(Nb,Ta)O3 solid so-
lutions (LNT) are studied as a function of temperature by means of impedance spectroscopy and
resonant piezoelectric spectroscopy, respectively. For this purpose, bulk acoustic wave resonators
with two different Nb/Ta ratios are investigated. The obtained results are compared to those previ-
ously reported for congruent LiNbO3. The temperature dependent electrical conductivity of LNT
and LiNbO3 show similar behavior in air at high temperatures from 400 to 700 ◦C. Therefore, it is
concluded that the dominant transport mechanism in LNT is the same as in LN, which is the Li
transport via Li vacancies. Further, it is shown that losses in LNT strongly increase above about
500 ◦C, which is interpreted to originate from conductivity-related relaxation mechanism. Finally,
it is shown that LNT bulk acoustic resonators exhibit significantly lower loss, comparing to that
of LiNbO3.

Keywords: lithium niobate-tantalate; piezoelectric; acoustic; high-temperature; sensor; Q-factor;
BAW resonator

1. Introduction

Piezoelectric resonant sensors are attracting considerable interest since they offer
numerous advantages for multiparameter in-situ monitoring and control of industrial pro-
cesses. In particular, there is an increasing need in sensitive, robust and cost-effective sen-
sors for gas composition, temperature and pressure for the application at high-temperatures
or generally in harsh environments [1–3]. The working principles of such sensors are based
on frequency shifts that arise from external factors such as temperature or mass load.
Therefore, it is important to maximize their resonance quality factor (Q-factor), which
allows, e.g., improved accuracy and better stability in frequency-control applications [3].

Further, piezoelectric actuators, which can generate movements in the micrometer
range upon application of voltage, are demanded in automotive, aerospace and related
industrial applications. For example, automotive applications such as fuel injection nozzles
require operation at elevated temperatures [3,4].

However, the application temperature of common piezoelectric materials is lim-
ited. For example, usage of lead zirconium titanate (PZT) ceramics actuators at high-
temperatures is limited by thermal instability at around 200–250 ◦C for most PZT compo-
sitions [3–5]. On the other hand, crystals from the langasite (La3Ga5SiO14) family show
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relatively high stability at high temperatures, however their piezoelectric coefficients are
too small to use them as actuating devices [2,6,7].

Lithium niobate (LiNbO3, LN) and lithium tantalate (LiTaO3, LT) attracted substan-
tial scientific and industrial interest in the last decades because of its excellent electro-
optical, piezoelectric and acoustic properties [8–10]. Both compounds are isostructural
(point symmetry group 3m, space group R3c) with only slight differences in the lattice
parameters [8,10,11]. Both LN and LT have a congruently melting composition with an
approximate lithium content of about 48.4 mol.% Li2O. These materials possess high piezo-
electric coefficients (10 times higher comparing to langasite), which allows generating
appreciable and useful strain under an applied electric field, enabling their usage not
only as surface or bulk acoustic wave sensors, but also as actuators [12,13]. LiTaO3 shows
good thermal stability of sensing-relevant parameters (e.g., resonance frequency or quality
factor), however, its application is limited by a relatively low Curie temperature of about
630 ◦C [14]. The Curie temperature of LN is about 1200 ◦C, but its thermal stability at
elevated temperatures is relatively poor. Li2O out-diffusion and evaporation and, finally,
chemical decomposition [15] impact the performance of LN bulk acoustic resonators, such
as quality-factor or resonance frequency [15,16]. Moreover, an increasing material depen-
dent loss for different bulk vibration modes is observed above 700 ◦C [16]. In this respect,
single crystalline lithium niobate-tantalate solid solutions (Li(Nb,Ta)O3, LNT) are expected
to combine the best properties, i.e., good thermal stability and high Curie temperature, of
both end components of the system.

Several defect models have been proposed in the literature to describe Li-deficiency in
congruent LiNbO3, which is commonly formed during the crystal growth. These models
consider formation of Li-, Nb- and O-vacancies [17–19]:

LiNbO3 → 3Li2O + 4V/
Li + Nb4•

Li (1)

LiNbO3 → 3Li2O + 4V5/
Nb + 5Nb4•

Li (2)

LiNbO3 → Li2O + 2V/
Li + V2•

O (3)

However, the structural studies and the calculations performed in [17,18] show a low
probability for the formation of oxygen vacancies and higher charged VNb

5′ vacancies
during crystal growth. Thus, mechanism (1) is considered to be energetically the most
favorable. Here, compensation of Nb antisites occurs by Li-vacancies. In an analogy to
the defect model for nonstoichiometric LiNbO3, the congruent LiTaO3 single crystals also
contain a large amount of the tantalum antisites and cation vacancies [20–22]. The defect
models for LNT are still to be established. However basing on LN and LT studies it is
plausible to assume, that the Li-vacancy model could also be considered for congruent
LNT crystals.

The high-temperature properties of LN and LT crystals are in general relatively well
studied. In particular, the temperature-dependent electrical properties of LT were investi-
gated in [23–26] and of LN in [16,27–32]. For both end components of the LNT system it
is established that at elevated temperatures the conductivity is predominantly ionic and
attributed to the motion of lithium ions via Li-vacancies [23,24,26–32]. Further, the elastic,
dielectric and piezoelectric constants were determined for both end components of the
Li(Nb,Ta)O3 system as a function of temperature in [33–35]. In contrast, the electrical,
structural and optical properties of LNT are scarcely studied so far [36–39]. Beyond these
publications, to the best of our knowledge, no systematic studies on LNT were published.
The piezoelectric properties of LN resonators were studied up to 500 ◦C in [40] and up to
900 ◦C in [16,41]. Finally, the temperature stability of LN-based piezoelectric transducers
was examined in [42,43].

The synthesis of single crystalline LNT solid solutions is challenging, largely be-
cause of great difference in melting temperatures Tm of both end components of the system
(Tm(LiNbO3) = 1240 ◦C; Tm(LiTaO3) = 1650 ◦C) [44,45]. The growth of high-quality LNT sin-
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gle crystals appears to have been achieved only recently in the United Kingdom [39,46,47],
China [36] and by the groups, involved in this study. Therefore, the high-temperature
properties of LNT compounds remain practically unstudied. In particular, the material
constants of LNT-solid solutions are not available. To the best of our knowledge, only the
electrical conductivity is investigated up to 850 ◦C. The results are published in [48,49].

Based on the previous studies of acoustic loss in LiNbO3 [16,41] and in other piezo-
electric materials [50–52], the following dissipation mechanisms can potentially contribute
to the losses:

(1) Intrinsic phonon-phonon interactions,
(2) Anelastic point defect relaxations,
(3) Piezoelectric/carrier relaxation (conductivity-related losses),
(4) Non-material contribution (cables, mounting, etc.).

Phonon–phonon scattering can be the dominant loss mechanism at low temperatures
(near and below room temperature) in the case of high-quality piezoelectric crystals [53,54].
This contribution exhibits, however, only weak temperature dependence above room tem-
perature [50,53]. Therefore its contribution is minor at elevated temperatures. Consequently,
it is neglected in the current study.

Anelastic relaxations can arise from point defects, which produce local anisotropic
distortions in the crystal lattice [55]. The application of acoustic stress leads to time-delayed
thermally activated reorientation of these defects. This process depends on frequency and
temperature and can be described by a Debye function:

Q–1(ω, T) ≈ ∆
T

ωτ

1 + ω2τ2 (4)

where ∆ is a temperature-independent constant proportional to the concentration of the
defect species, T is the absolute temperature, ω is the angular acoustic frequency (equal
to 2πf), and τ is the reorientation relaxation time of the defect. As will be shown in the
subsequent sections, no evidence of dominating anelastic point defect relaxation was
observed on Q−1(T) dependencies of the samples studied here so far.

Of particular relevance for Li(Nb,Ta)O3 resonators is the dissipation that arises from
piezoelectric/carrier relaxation. These conductivity-related losses are caused by the motion
of charge carriers in an oscillating piezoelectric field. According to the theory of Hutson and
White [56], this contribution has a Debye form, is frequency and temperature dependent
and can be approximated by the following equation:

Q–1
c (ω, T) ≈ K2 ωτc

1 + ω2τ2
c

(5)

where ω is the angular frequency (equal to 2πf ); T and K2 are the absolute temperature and
the electromechanical coupling coefficient, respectively and τc is the relaxation time, with

τc =
εij

σ
(6)

Here, σ and εij denote the electrical conductivity and the dielectric permittivity, re-
spectively. For the thickness–shear mode of Y-cut crystals from point group 3m, the elec-
tromechanical coupling coefficient is equal to e2

15/(C44ε11) in the reduced-index notation,
where e15, C44 and ε11 are the piezoelectric coefficient, the elastic stiffness and the dielectric
permittivity, respectively [57]. For the thickness mode of Z-cut Li(Nb,Ta)O3 crystals the
electromechanical coupling factor is defined as e2

33/(C33ε33) [57]
In the current paper the high-temperature electrical and electromechanical properties

of single crystalline LNT with different Nb/Ta ratios, grown by the Czochralski tech-
nique [58] are studied and compared to the data, reported previously for LN [16,41]. The
work presented here is the first step towards systematic studies of high-temperature elec-
trical and acoustic properties of LNT crystals. It seeks to provide a better understanding
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of physical mechanisms that govern loss in Li(Nb,Ta)O3 by combining determination of
electrical conductivity and loss-related Q−1 with the aim to obtain high-temperature stable
material with large piezoelectric coefficients for possible actuating applications.

2. Materials and Methods
2.1. Crystals

LiNb0.88Ta0.12O3 and LiNb0.5Ta0.5O3 crystals, grown by the Czochralski technique
were used in this study. LiNb0.88Ta0.12O3 was grown at the Institute of Microelectronics
Technology and High Purity Materials, Russian Academy of Sciences, Chernogolovka,
Russia (IMT). This crystal was grown along the polar axis Z in a Pt crucible (diameter
of 60 mm and height of 60 mm). Congruent LiNbO3 and LiTaO3 crystals were used as
initial charges. The pulling rate of crystals from the melt was about 0.5 mm per hour. The
obtained crystal boules have a diameter and a length of about 20 mm each as shown in
Figure 1. The composition of the grown crystals was determined using mass spectrometry
with inductively coupled plasma (XSeries II Thermo Scientific spectrometer, Waltham, MA,
USA). The full report about the growth process and structural parameters of the obtained
crystal is given in [58]. Additionally, the composition of LiNb0.88Ta0.12O3 was studied
by energy-dispersive X-ray (EDX) spectroscopy (CamScan 44, Waterbeach, UK). These
investigations were performed on two specimens, used for electrical and electromechanical
measurements, which are described in Section 2.2. The Nb/Ta ratio was determined along
the diameter of the specimens as a line scan with 0.8 mm step. In total 10 measurements
per specimen were performed and the uncertainty of the measurements did not exceed 5%.
The results are summarized in Table 1. Most important, an insignificant inhomogeneity
and small differences in Nb/Ta distribution between two specimens are observed.

Figure 1. LiNb0.88Ta0.12O3 boules, grown by the Czochralski technique.

Table 1. Nb/Ta ratio in LiNb0.88Ta0.12O3 samples determined by an energy-dispersive X-ray (EDX).

Measurement
LNT88-01 LNT88-02

Nb at.% Ta at.% Nb/(Nb + Ta) Nb at.% Ta at.% Nb/(Nb + Ta)

1 19.73 2.12 0.90 21.26 2.49 0.90
2 19.75 2.61 0.88 21.45 2.44 0.90
3 20.53 2.52 0.89 21.51 2.54 0.90
4 20.72 2.42 0.90 21.30 2.49 0.90
5 20.91 2.87 0.88 21.85 2.11 0.91
6 21.00 2.73 0.88 21.59 2.06 0.91
7 21.56 2.89 0.88 21.89 2.11 0.91
8 21.38 2.32 0.90 22.36 2.07 0.91
9 21.40 2.8 0.88 21.88 2.00 0.92
10 21.31 2.86 0.88 22.46 1.76 0.93
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A single crystal of nominal composition LiNb0.5Ta0.5O3 was grown at the Leibniz-
Institut für Kristallzüchtung, Berlin, Germany (IKZ). Initial melt was a mixture of the
congruently melting compositions of LiNbO3 and LiTaO3. Considering the strong segrega-
tion upon crystallization [46], the melt contained a LiTaO3 mole fraction of only 0.18. The
starting materials, previously dried and thoroughly mixed Li2CO3 (99.999%, Alfa Aesar,
Karlsruhe, Germany), Nb2O5 (99.995%, H.C. Starck, Goslar, Germany) and Ta2O5 (99.99%,
Fox Chemicals, Pfinztal, Germany), were pressed isostatically and sintered at 1100 ◦C. The
obtained blank was melted in an inductively heated 40 mL iridium crucible covered by
an active afterheater [59] and thermally isolated by a set of alumina ceramics. Growth
atmosphere was high purity Ar with an admixture of approximately 1.3 vol% O2. The
crystal was grown at a rate of 0.5 mm/h on a [00.1]-oriented LiTaO3 seed, provided by
CrysTec GmbH, Berlin. To minimize the impact of segregation, only 6% of the melt was
crystallized. After growth the crystal was withdrawn from the melt and cooled down
to room temperature within 15 h. The obtained crystal was largely transparent of slight
yellowish coloration, with a cylindrical part slightly more than 10 mm in both diameter
and length. The crystal was not intentionally poled during or after the growth process,
i.e., the domain structure after the growth was not defined. However, the existence of
piezoelectrically exited resonances confirms that there are obviously sufficiently large areas
with identical orientation of the polarization in the sample (see the Results section). Chem-
ical homogeneity was tested on a lengthwise cut (nearly parallel to the [00.1] direction)
through the whole crystal using an X-ray fluorescence (XRF) spectrometer with highly
focused beam (Tornado M4, by Bruker Nano, Berlin, Germany). Distribution of niobium
and tantalum was mapped over the entire sample with a spatial sampling distance of
approximately 20 µm. The fluorescence maps were quantified using standard fundamental
parameter analysis.

Figure 2a shows the distribution of tantalum (atom fraction = [Ta]/([Ta] + [Nb])) over
the whole measured sample area. Although integral compositional variation along the
growth direction is small, there exist longitudinal structures with drastically reduced tanta-
lum contents. These structures were the result of cellular growth owing to constitutional
supercooling and occur mainly in regions of higher local growth velocity, i.e., the conical
part with increasing crystal diameter and in regions with poor solute exchange in the
melt, i.e., near the rotation axes. Figure 2b shows the distribution over a (0001) sample cut
perpendicular to the growth direction from the approximate axial position indicated by
the arrow in Figure 2a. The mean LiTaO3 fraction measured over the full diameter of this
sample was 48% with an RMS of 1.4%. Figure 3 presents the distribution of LT fraction
along the diameter of the sample, presented in Figure 2b. The measurement was performed
along the vertical right edge.

Figure 2. Element concentration mappings of a longitudinal (a) and transversal cut (b) through the
LNT-50 crystal obtained by the XRF analysis. Axial position of the sample in (b) is indicated by the
arrow in (a).
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Figure 3. LT distribution in LiNb0.5Ta0.5O3 specimen along the full crystal diameter (right edge) of
the sample in Figure 2b.

Additionally, nominally undoped LiNbO3 and LiTaO3 crystals of congruent composi-
tion, grown by the Czochralski technique at IMT were used in the current study for the
electrical measurement.

2.2. Specimens

Two LiNb0.88Ta0.12O3 specimens, denoted as LNT88-01 and LNT88-02, were used in
this study. They were prepared from a Y-cut plate with the approximate dimensions of
18 × 18 × 1 mm3 that was cut from the middle region of the related crystal boule, described
above. Subsequently, the specimens were milled from the plate using a high-precision
ultrasonic milling machine (UST-300, Dama Technologies, Häggenschwil, Switzerland) in
the form of Y-cut plano-plano discs of 1 mm thickness and 8 mm diameter. Afterwards,
they were polished (roughness 1 µm) and coated with keyhole-shaped Pt/Rh electrodes
with 300 nm thickness and 4 mm diameter by pulsed laser deposition (PLD). Further, the
LiNb0.5Ta0.5O3 sample was prepared as Z-cut half-disc with 10 mm diameter and 0.5 mm
thickness, cut from the middle part of the crystal boule, see the right part of Figure 2.
This sample was designated as LNT50. Here, the electrodes were prepared by screen
printing (print ink: Ferro Corporation, No. 6412 0410, Mayfield Heights, OH, USA) and
subsequently annealed at 800 ◦C for about 30 min. This short thermal treatment was
expected not to cause a significant change of the sample properties. Such screen-printed
Pt electrodes were excellent for the cases when robust temperature-stable electrodes were
required. When annealed in the presence of oxygen platinum demonstrates high thermal
and chemical stability, without any transition layers formed on its surface, which provides
excellent electrical contact with other materials [60,61]. According to our experience,
application of Pt screen-printed electrodes does not impact the high-temperature Q-factor
of piezoelectric crystals of the langasite family, which show low losses even at elevated
temperatures. Consequently, such electrodes are expected to have virtually no influence on
the Q-factor of LNT at elevated temperatures where materials-related losses dominate.

Additionally Y-cut LiNbO3 and LiTaO3 plates of congruent composition with the
dimensions of 10 × 18 × 2 mm3 and screen-printed electrodes were used in this work for
conductivity studies with the aim to compare the electrical properties of LN, LNT and LT.

2.3. Measurements and Analysis
2.3.1. Electrical Conductivity

The studies of electrical conductivity as a function of temperature were performed by
means of impedance spectroscopy using an impedance/gain-phase analyzer (Solartron
1260, Ametek Scientific Instruments, Hampshire, UK) in the frequency range from 1 Hz to
1 MHz and in the temperature range from 400 to 700 ◦C. The excitation voltage was 50 mV.
The duration of sweep in in the frequency range that determines the data evaluation from
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500 Hz to 1 MHz was about 60 s. The measurements were performed in air at atmospheric
pressure while heating at a rate of 1 K/min. Below 400 ◦C the impedance of the studied
specimens was too high to acquire reliable data. For both types of the applied electrodes
(PLD and screen-printed) we varied the excitation voltage up to 0.3 V for the comparison
purposes. In all the cases the obtained results were the same.

The obtained impedance spectra were visualized in the complex plane, which in-
volves plotting the imaginary part of the impedance against its real part (Nyquist plot).
Subsequently, an electrical equivalent-circuit model consisting of a constant phase element
(CPE) connected in parallel with a bulk resistance RB was fitted to the measured data.
The low frequency intercepts of RB-CPE semicircles in such a complex impedance plane
were interpreted as bulk resistance and subsequently converted in the bulk conductivity,
using the relation σ = t(A × RB)−1, where t and A are the thickness of the sample and the
electrode area, respectively.

A Nyquist plot is exemplary given in Figure 4 for the studied specimens at 600 ◦C. The
representation of the resistivity is chosen to eliminate the geometrical factors of the samples
(thickness and area). As seen from the figure, slightly depressed semicircles with almost
similar resistance were obtained for LN and LT specimens. Such depression results from
non-ideal capacitances and corresponds to exponents of the constant phase elements of
0.98 and 0.87 for LiNbO3 and LiTaO3 respectively. The corresponding exponents for LNT50
and LNT88-01 and LNT88-02 samples were equal to 0.98, 0.99 and 1.00 respectively. Further,
as seen from Figure 4, the LNT88-01 and LNT88-02 specimens, which were manufactured
from the same crystal boule are exhibiting different resistivity. This peculiarity will be
discussed in the subsequent section.

Figure 4. Complex resistivity of different Li(Nb,Ta)O3 samples at 600 ◦C, presented as the Nyquist plot.

2.3.2. Acoustic Loss

The investigations of acoustic losses were carried out by means of resonant piezoelec-
tric spectroscopy (RPS) on LNT resonators, operated in the thickness–shear mode (TSM)
and in the thickness mode (TM). Similarly to conductivity studies, these measurements
were performed in air during heating with a rate of 1 K per min from RT to 700 ◦C. The
samples were electrically contacted using platinum foils on each side of the sample. With
the objective to minimize damping from mechanical contact, only small areas near the
edges of the samples were electrically contacted and mechanically clamped (Figure 5). The
electrodes overlapped only in areas that were not mechanically clamped.
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Figure 5. Arrangement of the studied sample for the high-temperature electrical and acoustic
measurements. The pictures show the ring-type sample support without (left) and with (right) the
upper Al2O3 ring and the rod that mechanically clamps the samples and the Pt foil together.

The real and imaginary parts of the impedance spectra were measured in the vicinity
of the resonance frequency using a high-speed network analyzer (Agilent E5100A, Hewlett-
Packard, Santa Clara, CA, USA). Subsequently, the impedance was transformed into
admittance Y = Z−1 and a Lorenz function was fitted to its real part (conductance G). This
enabled determination of the resonance frequencies of the fundamental mode and of the
subsequent harmonics and of the Q-factor for a given mode. Detailed description of data
acquisition is given in [2]. Figure 6 exemplarily shows the real part of admittance, acquired
for the LNT88-01 specimen at different temperatures. The frequency corresponds to the
1st harmonic of the TSM resonator. As seen from the figure, the resonance frequency
(i.e., the conductance maximum) shifts with the temperature towards lower frequencies.
Further, a broadening of the peak is observed at elevated temperatures. This implies an
increase of the losses, which will be discussed in detail in Section 3. At 550 ◦C on the right
shoulder of the conductance peak another small peak is observed at about 1.935 MHz,
which is interpreted as a spurious mode and understood to originate from the “activity
dips” phenomenon [60] (see discussion in Section 3).

Figure 6. The real part of admittance as a function of frequency of LNT88-01 specimen, operated in
the thickness–shear mode (TSM), acquired at different temperatures.

3. Results
3.1. Electrical Conductivity

The temperature dependent electrical conductivity of all studied specimens is shown
in Figure 7 in the form of an Arrhenius plot. The measurements were performed in air in
the temperature range from about 400 to 700 ◦C. As seen from the figure, both materials
exhibited similar electrical conductivities, reaching at 700 ◦C values of 1.52 × 10−3 S/m
and 1.56 × 10−3 S/m for LN and LT, respectively. Further, the LNT88-01 and LNT88-
02 samples are showing different conductivity values in the whole measured tempera-
ture range. At 700 ◦C the σ of LNT88-01 and LNT88-02 equaled 0.9 × 10−3 S/m and
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1.9 × 10−3 S/m, respectively. Such differences could not be solely attributed to the un-
certainties in conductivity measurements (about 6% at 700 ◦C). We assumed, that these
divergences could be caused by the varying properties within a crystal boule such as an
inhomogeneous distribution of Nb and Ta in grown LNT crystals (see also Table 1). We
also note that the conductivity of both LN and LT is sensitive to even slight deviations
in lithium stoichiometry [16,23,41], which could also be the case of LNT specimens. The
conductivity of sample LNT50 equaled 1.2 × 10−3 S/m at 700 ◦C. The value was 1.3 times
lower than that of LN and about 1.3 higher than that of LNT88-01.

Figure 7. Conductivity of different Li(Nb,Ta)O3 samples as a function of inverse temperature.

The conductivity of all the studied specimens increased linearly in the Arrhenius
presentation (see Figure 7), indicating that it was governed by a single thermally activated
process. Previously, the electrical conductivity of LT was investigated up to 800 ◦C in [23]
and the authors assumed that the ionic conduction mechanism with lithium vacancies as a
main charge carrier determines the conductivity at elevated temperatures as applied here.
Similar conclusions were drawn in [24,26]. Further, the studies, performed in [16,29–32,41]
show that the lithium ion migration via lithium vacancies was also the dominating transport
mechanism in LiNbO3 at high temperatures. Therefore, it is plausible to assume that in LNT
the conduction of Li-ions via Li-vacancies played a major role in the studied temperature
range, similarly to both end components of Li(Nb,Ta)O3-system. Considering that at 700 ◦C
the conductivity is ionic, we claimed that it remains predominantly ionic down to 400 ◦C
since we did not observe here a deviating slope with respect to 700 ◦C. Consequently, the
conductivity σ is written as [23]:

σ =
σ0

T
exp(EA/kT) (7)

where σ0, T, EA and k represent a pre-exponential constant, the absolute temperature, an
activation energy and the Boltzmann constant, respectively. Following Equations (6) and (7),
the relaxation time could be written as:

τc =
εijT
σ0

exp(EA/kT) (8)

Activation energies and pre-exponential factors, obtained by fitting of Equation (7) to
the measured conductivity data are summarized in Table 2. Previously, close values of EA
were obtained in [16,30,31,41] for congruent LN and in [23,26] for congruent LT.
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Table 2. Parameters from fits of conductivity of Li(Nb,Ta)O3 specimens.

Sample Activation Energy (eV) Pre-Exponential Factor
(SK/m)

LN 1.30 ± 0.06 7.31 × 106

LNT88-01 1.32 ± 0.05 6.72 × 106

LNT88-02 1.29 ± 0.04 6.20 × 106

LNT50 1.33 ± 0.07 7.07 × 106

LT 1.35 ± 0.05 1.49 × 107

3.2. Acoustic Loss

The measured loss Q−1 of the specimen LNT88-01 is shown in Figure 8 as a function
of inverse temperature. The frequencies of the measurements correspond to the first, and
fifth harmonics of the resonator that is operated in the TSM mode.

Figure 8. Q−1 of LNT88 as a function of inverse temperature, compared to congruent LN, studied
in [41].

A substantial number of sharp peaks were observed in the raw data for the first
harmonic of LNT88-01 between 250 and 350 ◦C. These peaks are understood to originate
from the “activity dips” phenomenon, caused by the coupling of the main mode with other
spurious (parasitic) modes [62]. Such coupling does not allow for correct determination of
the Q-factor. Therefore, the Q−1 data in temperature ranges where activity dips occurred
were removed from the results presented in Figure 8 to provide a more reliable and clear
presentation of the measured data.

Further, the loss of higher harmonics was lower than that of the fundamental mode.
This peculiarity could be attributed to the non-ideal diameter-to-thickness ratio of the
studied resonator. As evaluated in [63] for resonators with a diameter-to-thickness ratio
lower than 30, the non-material losses that arise from mounting increase with the frequency
decrease must be considered. As it is widely known, the thickness–shear oscillations in any
given partially electroded TSM resonator are confined to the area under and close to the
electrodes. This phenomenon is known as energy trapping [64] and ensures high Q-factors.
Strong energy trapping could be achieved by optimization of the electrode thickness
and by choosing the optimal geometry of the resonator and of the electrodes [64,65].
Further, increasing the operational frequencies to higher harmonics could also increase the
energy trapping, provided that the confinement of vibration energy is insufficient on the
fundamental mode [64–66]. In our study, the geometry of LNT88 specimens was not ideal,
which potentially explains relatively high losses at the fundamental mode.
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Additionally, the measured loss Q−1 of the sample LNT88-02, determined for the
first harmonic of a TSM resonator, is also shown in Figure 8 for validation of the results.
As seen from the figure, the behavior of both resonators is nearly similar when operated
in the fundamental mode. For LNT88-02 the losses between 250 and 350 ◦C could also
be determined, as for this particular resonator no spurious modes were observed in this
temperature range.

Figure 8 also compares the Q−1 of LNT88 resonators to that of congruent LN specimen,
studied previously in [41]. The LN resonator in [41] was prepared as X-cut, operated in
TSM and the frequency corresponds to the fundamental mode. In the current study the
LNT-88 resonators were prepared as Y-cut discs, however due to the crystal symmetry
in both X- and Y-cuts the resonances could be excited in TSM and the material constants,
which determine the resonance frequency and electromechanical coupling factor of TSM
in X- and Y-cuts are equal (C44 = C55; e15 = e24 and ε11 = ε22) [8,34,35,67]. Remarkably, the
losses in LNT88 resonators were substantially lower. We note however, that the results
overlapped only partially, since the measurements of the LNT88 fundamental mode did
not extend to the range of LN in [41].

As also seen from Figure 8, Q−1 remained nearly constant below about 450 ◦C. Above
that temperature, a rapid increase is observed for all measured frequencies. In the case
of some other materials systems the high-temperature loss is attributed to the piezoelec-
tric/carrier relaxation mechanism [50–52]. The same conclusion follows for LNT if the loss
contribution is estimated using the materials constants for LN, which is only doable this
way due to missing data for LNT. Inserting materials constants for 600 ◦C (e15 = 4.32 C/m2;
C44 = 53.5 GPa; ε11 = 6.02 × 10−10 F/m [34]), and the conductivity values (Table 2) into
Equation (5), the calculated contribution of piezoelectric/carrier relaxation matched the
experimentally determined loss for the resonance frequencies of resonator LNT88-01, see
Figure 9. The differences in absolute values of Q−1 could be attributed to the material
constants used for these calculations. Again, it has to be emphasized that we used e15, ε11
and C44 for LN [34], while these values are different for LT and, obviously, also somewhat
different for LNT.

Figure 9. Calculated contribution of piezoelectric/carrier relaxation, compared to the measured Q−1

of the LNT88-01 resonator.

Further, in order to minimize the influence of piezoelectric/carrier relaxation at a given
anticipated application temperature, the operating frequencies of LNT resonators can be
chosen accordingly. For example, a 2 MHz resonator could be operated up to about 450 ◦C
without significant loss increase (Figure 9). Equation (5) enables one to estimate favorable
frequencies for the high-temperature applications of LNT TSM resonators. Figure 10 shows
the resulting piezoelectric/carrier relaxation losses for different operating frequencies.

275



Crystals 2021, 11, 398

As seen from Figure 10, a decrease of the operating frequency to 100 kHz prevented the
application of such resonators between about 450 and 1000 ◦C but enabled its use above that
temperature provided that the material was thermally stable. Increase of the frequency to
30 MHz allowed application temperature up to about 750 ◦C. For both cases it was assumed
that Q−1 = 2× 10−3 was the maximum Q−1, required for accurate frequency determination.

Figure 10. Estimated contribution of the piezoelectric/carrier relaxation to the overall loss of LN
TSM resonators, calculated for different operation frequencies.

Figure 11 presents the measured loss Q−1 of LNT50 specimen as a function of inverse
temperature, compared to that of congruent LN presented in [16]. Both samples are
operated in TM. Further, resonator LNT50 is operated at its third harmonic. Reliable
measurements for sample LNT50 were obtained only above 400 ◦C. Below that temperature
a substantial number of spurious modes in the vicinity of the resonant mode was observed
in the spectra and did not allow for determination of the Q-factor.

Figure 11. Measured Q−1 of LNT50 compared to that of LN, determined in [16].

Similarly to TSM LNT resonators, the piezoelectric/carrier contribution to Q−1 could
be calculated for LNT50 using Equation (5) and the data, obtained from conductivity
measurements (Table 2). For the same reasons as for samples LNT88, these calculations
are done using the material constants for LiNbO3 (e33 = 1.72 C/m2; C33 = 227.9 GPa;
ε33 = 4.32 × 10−10 F/m [35,67]). The result of the calculation is plotted in Figure 11. As

276



Crystals 2021, 11, 398

seen from figure, the piezoelectric/carrier relaxation might significantly contribute to
the overall loss of the 13 MHz TM resonator above about 700 ◦C, only. Therefore, the
exponential increase of Q−1 in the range 400–700 ◦C has presumably a different nature.
One possible explanation of this increase is the undefined domain structure of the LNT50.
As briefly mentioned in Section 2.1, the crystal was not poled intentionally. The existence
of resonances during electrical excitation shows however, that the sample has sufficiently
large areas with identical orientation of the polarization. On the other side, some regions
of the sample could have a different polarization, which would influence the overall losses.
As a consequence, the loss determined here represents the upper limit and would reach
lower values for a single-domain structure if not yet present. This issue must be studied in
more detail and will be a subject of subsequent investigations.

As seen from Figure 11, the overall loss of LNT50 was substantially lower, comparing
to congruent LN in the entire measured temperature range, which enabled improved
accuracy in frequency determination of such resonators. It is however worth noting that the
operating frequency of the LN resonator, studied in [16] is lower, therefore the maximum
of piezoelectric/carrier relaxation contribution is shifted towards lower temperatures in
this specimen. This shift could be calculated with the help of Equation (5) and equals only
about 50 K, comparing to the LNT50. In other words, the difference of overall Q−1 in LN
and LNT50 could not be attributed to the different operation frequencies and is rather
explained by the intrinsic properties of both materials.

It should be emphasized that the loss occurring at high temperatures is determined
by intrinsic materials properties and, therefore, reflected in a correct manner. At lower
temperatures, however, the shape and size of the samples impacts the resonator quality
factor. In this respect, the dimensions sample LNT50 was not optimal, which primarily
results from the relatively small crystal boules of grown LNT (see Section 3). Preparing
the specimen with favorable geometry and diameter-to-thickness ratio should result in
improved piezoelectric response and, consequently, lower Q−1 in the lower part of the
measured temperature range. This issue will be the subject of subsequent studies if
larger samples are available. Further work is intended to uncover the interplay between
microscopic and macroscopic features by regarding a larger temperature range and by
extending studies about charge carrier/defect relaxation as given, e.g., in [68] within the
framework of collaborative research.

4. Conclusions

In summary, the electrical and electromechanical properties of lithium niobate-tantalate
solid solutions with different Nb/Ta ratios were studied at elevated temperatures and
compared to those of LiNbO3 and LiTaO3. The measured temperature dependence of
electrical conductivity in air up to 700 ◦C shows similar behavior for all studied samples.
Consequently, the dominating transport mechanism in LNT in the range 400–700 ◦C was
attributed to the lithium ion migration via lithium vacancies as found in LN.

Further, the study of the acoustic loss in LNT resonators, operated in the thickness-
shear mode, revealed rapid, frequency dependent loss increase at elevated temperatures.
This loss increase was correlated with conductivity measurements and attributed to the
piezoelectric/carrier relaxation mechanism. Further, it is shown that minimization of the
influence of conductivity-related losses at a given anticipated application temperature
could be achieved by an appropriate choice of operating frequencies.

Finally, the study revealed that the temperature-dependent loss in LNT specimens
was generally lower than that of congruent LN for both thickness and thickness–shear
mode resonators. The domain structure of the LNT50 specimen, operated in the thickness
mode, was unknown. However, clear resonances were observed, which indicates largely
uniform polarization of the domains or even a single domain. Since different orientations
of polarization cannot be excluded, the loss was potentially affected. As a consequence, the
Q−1 presented here for the LNT50 specimen is the upper limit and would reach lower for a
single-domain structure if not yet present.
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Abstract: Nanocrystalline compounds LiNb1−xTaxO3 of various compositions (x = 0, 0.25, 0.5, 0.75, 1)
were synthesized by high-energy ball milling of the initial materials (Li2CO3, Nb2O5, Ta2O5) and
subsequent high-temperature annealing of the resulting powders. Data on the phase composition of
the nanopowders were obtained by X-ray diffraction methods, and the dependence of the structural
parameters of LiNb1−xTaxO3 compounds on the value of x was established. As a result of the
experiments, the optimal parameters of the milling and annealing runs were determined, which
made it possible to obtain single-phase compounds. The Raman scattering spectra of LiNb1−xTaxO3

compounds (x = 0, 0.25, 0.5, 0.75, 1) have been investigated. Preliminary experiments have been
carried out to study the temperature dependences of their electrical conductivity.

Keywords: nanoparticles; nanopowders; lithium niobate-tantalate; X-ray diffraction; Raman
spectroscopy; temperature dependence of electroconductivity

1. Introduction

Lithium niobate (LiNbO3, LN) and tantalate (LiTaO3, LT) are among the most studied
oxide compounds in modern materials science. This interest is due to the widest application
of these materials in functional electronics. Analytical studies of the global market for LN
and LT sales performed by various marketing agencies [1–4] show that as of the end of
2020, their consumption in monetary terms exceeded $40 billion per year, and by 2027, it
may reach more than $75 billion. Such impressive sales are due to the variety of electronics
industry branches and devices that use LN and LT. Accordingly, the forms in which these
materials are used in practice are also different—single crystals, thin films, micro- and
nanopowders, ceramics. Moreover, they can have a different chemical composition—
congruent, stoichiometric, and contain various dopants of metal ions. It is obvious that
such a variety of forms and applications again requires research to modify and optimize
material properties.

LiNb1−xTaxO3 (LN-LT) solid solutions have recently been studied (see, for exam-
ple, [5–8]), while they open up prospects for combining the advantages of both materials.
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In particular, the LN-LT can be expected to exhibit high piezoelectric coefficients (close to
LN) and the temperature stability of the LT properties. However, the growth of LN-LT sin-
gle crystals is challenging because of the deviation from stoichiometry inherent in LN and
LT crystals, the uneven distribution of cations caused by fluctuations in the temperature
fields in the crystal growth zone, and differences in the melting temperatures Tm of both
end components of the system (Tm(LiNbO3) = 1240 ◦C; Tm(LiTaO3) = 1650 ◦C).

Meanwhile, LN-LT nanoparticles can be attractive both for practical application and
from the point of view of fundamental research, for example, to determine the dependence
of the LiNb1−xTaxO3 structural characteristics depending on the composition.

Today, wet chemistry methods are most commonly used to obtain LN and LT nanopar-
ticles. Among them, the sol–gel method predominates, when Nb or Ta pentaetoxides and
Li ethoxide or salts—acetates, citrates, nitrates [1–5,9–14]—are chosen as starting materials
for obtaining xerogels. Since alcoxides are extremely sensitive to moisture and susceptible
to hydrolysis, the entire synthesis procedure must be carried out in a box filled with pure
dry N2 or Ar. In [7,15], LN nanoparticles were synthesized by the sol–gel method using a
solution of NbCl5 in toluol and LiNO3 as starting materials. However, even in this case,
part of the technological operations must be performed in a dry N2 or Ar environment. In
addition, in the sol–gel method, NbF5 or TaF5, obtained by the action of HF on niobium
and tantalum oxides, can be used as starting materials (see, e.g., [16,17]).

Another method to obtain LN nanoparticles is the solution combustion method.
For example, the authors of [18] have successfully synthesized LiNbO3 and LiNbO3:Fe
nanopowders. The starting materials were LiNO3, aqueous iron nitrate Fe(NO3)3·9H2O,
ammonium niobium (V) oxalate hydrate C4H4NNbO9·nH2O, and glycine C2H5NO2. After
mixing and long stirring of the starting materials, a precursor was formed, which was
calcinated at a temperature of 600 ◦C for 1 h in an O2 atmosphere.

Another wet method is solvothermal synthesis, which was used to obtain LiTaO3
nanopowders [19]. The authors used an autoclave, 80% of the volume of which was filled
with a Li2CO3 solution in a mixture of distilled water and glycol with the addition of an
appropriate amount of Ta2O5. The autoclave was kept at 240 ◦C, and the contents were
constantly stirred for 12 h under autogenous pressure. The resulting LT nanopowders were
washed, centrifuged, and calcinated.

The preparation of LN and LT nanoparticles by wet chemistry shows that there
are certain difficulties in their application. First of all, this is the multistage nature of
technological processes (dissolution, mixing, stirring, centrifugation, high-temperature
treatment, calcination, etc.): the use of a large number of organic and inorganic reagents,
including hazardous; performing synthesis in a special environment; use of relatively high
temperatures. These factors make the process of obtaining nanoparticles time-consuming
and expensive. In addition, an increase in the number of technological operations and
the number of reagents used increases the probability of errors in the synthesis. Finally,
the production of nanopowders in large quantities is complicated using the methods
described above.

In contrast to wet chemistry methods, high-energy ball milling with subsequent anneal-
ing of powders looks promising from a technological point of view with relatively simple
production organization. The synthesis process consists of only two stages—milling and
subsequent annealing, which could be performed in air. Only Li2CO3, Nb2O5, and Ta2O5
can be used as starting materials. Today, we are aware of only three works that describe
the successful synthesis of LN nanopowders by the mechanochemical method [20–22].

In addition, in [23,24], in order to obtain nanocrystals of lithium niobate, the pre-
liminary synthesized LiNbO3 phase was milled. In [23], LN obtained by the solid-phase
reaction between lithium carbonate and niobium pentoxide was subjected to milling.
In [24], the remnants of the melt solidified in the crucible after the completion of the
procedure for growing the LN single crystal by the Czochralski method were used for
milling. To the best of our knowledge, there are no works devoted to the mechanochemical
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synthesis of LT nanopowders. Furthermore, the synthesis and properties of nanopowders
of LiNb1−xTaxO3 solid solutions, with 0 < x <1, remain completely unexplored.

This work focuses on the preparation of LiNb1−xTaxO3 nanopowders of different
compositions (x = 0, 0.25, 0.5, 0.75, 1), using the mechanochemical synthesis method
(high-energy ball milling of the starting materials Li2CO3, Nb2O5, Ta2O5 and subsequent
annealing). Furthermore, the crystal structure, Raman spectra, and electrophysical proper-
ties of obtained LN-LT compounds are studied.

2. Materials and Methods

The mixed lithium niobate–tantalate nanopowders with nominal compositions
LiNb1−xTaxO3 (x = 0, 0.25, 0.5, 0.75 and 1) were obtained by high-energy ball milling
mixtures of Li2CO3, Nb2O5, and Ta2O5 powders (manufactured by Alfa Aesar, purity 4N)
taken in molar ratios corresponding to stoichiometric compositions. The masses of the
components for obtaining compounds with a certain x value are given in Table 1.

Table 1. Weights of reagents Li2CO3, Nb2O5, and Ta2O5, calculated to obtain 10 g of stoichiometric
compounds LiNb1−xTaxO3.

Sample No. Composition
Weight, g

Li2CO3 Nb2O5 Ta2O5

S01 (x = 0) LiNbO3 2499 8989 –

S02 (x = 0.25) LiNb0.75Ta0.25O3 2175 5868 3252

S03 (x = 0.5) LiNb0.5Ta0.5O3 1926 3463 5758

S04 (x = 0.75) LiNb0.25Ta0.75O3 1727 1554 7748

S05 (x = 1) LiTaO3 1566 – 9367

The synthesis was performed with the planetary ball mill machine Pulverisette-7. The
rotation speed was equal to 600 rpm, and the duration of milling was about 10–15 h. A
total of 134 balls of zirconium dioxide with a diameter of 5 mm and total weight of 91.5 g
were used as working bodies. The mass ratio ball/sample was about 10. Milling was
performed in 15 min cycles; subsequently, a reverse was carried out after each cycle. Based
on the results of previous investigations (see, e.g., [21] where LiNbO3 nanoparticles were
synthesized by a mechanochemical technique), one can assume that the surfaces of particles
are activated, but the synthesis exactly of an LN-LT compound was not fully completed
after milling. This is confirmed by X-ray analysis of the powders performed after milling.
As an example, Figure 1 shows a diffraction pattern of a powder with x = 0.5 compared to
the reference pattern of a lithium niobate powder from the PDF database. The results of
X-ray phase analysis indicate the formation of a predominantly amorphous precursor and
partially a perovskite-like phase of lithium niobate.

To obtain nanocrystalline LN-LT particles, subsequent annealing of powders was
performed. To determine the range for selecting the optimal annealing temperature,
thermal analysis curves of the powders after milling were recorded. These dependences for
all samples had a similar character. As an example, Figure 2 shows the thermogravimetric
curves for milled mixture corresponding to LiNb0.5Ta0.5O3 powder. As can be seen, sharp
mass loss is observed within 400–550 ◦C (TG and DTG curves). This event corresponds to
the decomposition of lithium carbonate according to (1):

Li2CO3 = Li2O + CO2 (1)
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At the same time, it is known that lithium carbonate decomposes above 800 ◦C [25].
Therefore, significant lowering of the temperature of this process is observed after milling
the reaction mixture. In addition, the experimental value of mass loss in the temperature
range 400–550 ◦C is about 20% of the theoretical value calculated by (1). The latter indicates
that about 80% of lithium carbonate is decomposed at the stage of milling. Above 550 ◦C,
the interaction of the formed lithium oxide with niobium (tantalum) oxides according to
Reaction (2) occurs:

Li2O + Nb2O5(Ta2O5) = 2LiNb(Ta)O3. (2)

Based on the obtained results, three annealing temperatures in air were chosen for the
experiments—550, 700, and 800 ◦C.

Phase compositions of obtained nanoparticles were studied by X-ray phase analysis
using the modernized DRON-3M diffractometer. Crystal structure parameters (unit cell di-
mensions, positional and displacement parameters of atoms) of both series of the materials
were derived by full profile Rietveld refinement by using the WinCSD program package
for structural analysis [26].

The micro-Raman spectra of LN-LT nanopowders were registered by confocal Raman
microscope spectrometer MonoVista CRS+. The laser beam (λ = 532 nm) was focused in a
1 mm spot on the surface of pressured nanopowder.

Temperature dependencies of electrical conductivity in the range from 300 to 820 ◦C
were obtained via impedance measurements in the frequency range from 1 Hz to 1 MHz
using impedance gain-phase analyzer (Solartron 1260, Ametek Scientific Instruments,
Hampshire, UK). For this experiment, pressed pellets with thickness varying from 1.25 to
1.7 mm and diameter of 10 mm were formed from LiNbxTa1−xO3 nanopowders with x = 0,
0.25, 0.5, 0.75, and 1. Throughout the preparation process, the samples were heated up
to 210 ◦C at the rate of 2 ◦C/min, while the pressure applied was 190 MPa at all times.
Additionally, a constant voltage of 1 kV has been applied to the samples with an intention
to electrically polarize them. The so-obtained pellets were subsequently annealed in air at
600 ◦C for 6 h. Platinum electrodes (5 mm in diameter) were deposited on both sides of
each sample via screen printing (print ink: Ferro Corporation, No. 6412 0410). The samples
were subsequently thermally treated for 1 h at 800 ◦C to ensure electrode adhesion.

Scanning electron microscopy (SEM) imaging of LiNb0.5Ta0.5O3 sample has been
performed after initial annealing at 600 ◦C (Figure 3) and after impedance measurements
(Figure 4). The comparison of these two images reveals an increase in average grain
size from approximately 100 to 200 nm due to temperature treatment during electrode
preparation and the impedance studies. The SEM analysis after the impedance spectroscopy
experiment, performed on a larger fragment of the sample, also demonstrates a high
homogeneity of grain size distribution along the area.

Obtained impedance spectra of LiNbxTa1−xO3 pressed samples are represented in
form of Nyquist diagrams. Subsequently, an electrical equivalent-circuit model consisting
of a constant phase element (CPE) connected in parallel with a bulk resistance RB is fitted
to the measured data. The intercepts of semicircles in the range of low frequencies are
interpreted as samples resistance and subsequently converted to conductivity using the
relation σ = t(A × RB)−1, where t and A are the thickness of the sample and the electrode
area, respectively.
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Figure 4. Scanning electron microscopy image of pressed LiNb0.5Ta0.5O3 after impedance measure-
ments performed at 820 ◦C.

3. Results and Discussion
3.1. X-ray Diffraction

X-ray diffraction (XRD) study of all the LiNb1−xTaxO3 samples annealed at 550 ◦C
revealed a rhombohedral LiNbO3-type structure as the main phase with some amount
of the parasitic phase Li(Nb,Ta)3O8, and unreacted Ta2O5 and Nb2O5 (Table 2). Only the
sample with x = 0 that corresponds to the ‘pure’ LiNbO3 shows single phase composition
as in work [21].
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Table 2. Lattice parameters (a, c), average grain size, and microstrains values (<ε>) of two
LiNb1−xTaxO3 series heat treated at 550 and 800 ◦C.

Sample x T, ◦C Parasitic
Phases a, Å c, Å Dave, nm <ε>, %

S01 0 550 – 5.1483(3) 13.8484(9) 41 0.088

800 – 5.1517(2) 13.8335(7) 206 0.108

S02 0.25 550 Li(Nb,Ta)3O8 5.1477(3) 13.822(1) 50 0.143

800 Li(Nb,Ta)3O8 5.1521(3) 13.8148(8) 171 0.105

S03 0.5 550 Ta2O5 +
LiNb3O8

5.1534(4) 13.808(1) 63 0.107

800 Li(Nb,Ta)3O8 5.153(1) 13.778(3) 97 0.128

S04 0.75 550 Ta2O5 5.149(2) 13.788(5) 31 0.093

800 Li(Nb,Ta)3O8 5.1558(7) 13.753(2) 92 0.139

S05 1 550 Ta2O5 5.1529(6) 13.767(2) 66 0.114

800 Li(Nb,Ta)3O8 5.1593(4) 13.745(2) 80 0.135

Observable broadening of the Bragg’s peaks on the nanocrystalline character for the
powders was revealed. Additional heat treatment of the materials at 800 ◦C led to the
narrowing of the diffraction peaks and to the considerable change of the phase composition
of the LiNb1−xTaxO3 samples with x from 0.5 to 1, in which the increase of monoclinic
LiNb3O8 or Li(Nb,Ta)3O8 phases and disappearing of individual Ta2O5 and Nb2O5 oxides
were detected (see, e.g., Figure 5). No significant changes of the phase composition in the
samples with x = 0 and 0.25 were observed after such annealing of the samples.
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Figure 5. XRD patterns of the “S04” sample with a nominal composition LiNb0.25Ta0.75O3 heat
treated at 550 ◦C and 800 ◦C. For the main rhombohedral LN-LT phase, the Miller’s indices are given
(1—S04 at 550 ◦C; 2—S04 at 800 ◦C).
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As an example, Figure 6 demonstrates graphical results of Rietveld refinement of
LiNb0.75Ta0.25O3 material heat treated at 800 ◦C.
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Figure 6. Results of Rietveld refinement of the LiNb0.75Ta0.25O3 material heat treated at 800 ◦C. An
experimental XRD pattern (dots) is shown in comparison with the calculated pattern. The difference
between measured and calculated profiles is shown as a curve below the diagram. Short vertical bars
indicate the positions of diffraction maxima in space group R3c.

The WinCSD programme package was also used for the evaluation of microstructural
parameters of the powders, as presented in Table 1. The average grain size and microstrains
<ε> = <∆d>/d associated with the dispersion of interplanar distances d were derived from
the analysis of angular dependence of the Bragg’s peaks profiles. For the correction of
instrumental broadening, the LaB6 external standard was used. It was revealed that the
average grain size of the LiNb1−xTaxO3 powders annealed at 550 ◦C is between 31 and
66 nm. Increase of thermal annealing temperature led to essential growth of grain size,
being especially pronounced for the nominally pure LiNbO3 and LiNb0.75Ta0.25O3 sample.
Corresponding changes for tantalum-reach materials are much less pronounced: the
average grain size of LiNb1−xTaxO3 at 800 ◦C powders with x from 0.5 to 1 lies between
80 and 97 nm (see Table 2).

Analysis of the obtained structural parameters revealed that an increase of Ta content
in both of the LiNb1−xTaxO3 specimens treated at 550 and 800 ◦C leads to the increase of
the a-parameter and simultaneous decrease of the c-parameter (Figure 7a). As a result, a
significant decrease of the c/a ratio and minor decrease of the unit cell volume in both
LiNb1−xTaxO3 series is observed. It is observed that similar to the compositional effect
on the unit cell dimensions of LiNb1−xTaxO3 materials, there is an increase of the heat
treatment temperature from 550 to 800 ◦C, which led to increase of the a-parameter and
simultaneous reduction of the c-parameter (see Figure 7).

The comparison of the obtained structural parameters of LN-LT samples with the
corresponding structural data for nominally pure LN and LT [27–33] points to the formation
of the continuous LiNb1−xTaxO3 solid solution.

As can be seen from the results presented in Table 2 and Figure 7, after annealing
at T = 550 ◦C, the phase analysis indicates that niobium and/or tantalum oxides prevail
among the traces of parasitic phases in the resulting nanopowders with the lithium niobate
structure. At the same time, after annealing at T = 800 ◦C, the predominant parasitic
phase is the compound Li(Nb,Ta)3O8, which, as compared to Li(Nb,Ta)O3, contains less
lithium. The latter is due to the sublimation of lithium in the form of oxide [34]. This
result indicates that the optimal annealing temperature of nanopowders lies in the range of
550–800 ◦C. In order to optimize the heat treatment conditions for obtaining single-phase
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nanocrystalline powders, a number of experiments were carried out on the milling and
annealing of equiatomic lithium niobate–tantalate LiNb0.5Ta0.5O3 at different milling times
and different annealing temperatures.
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LiNb1−xTaxO3 at 800 ◦C series. The dashed lines are a guide for eyes (empty symbols—samples annealed at 550 ◦C; solid
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Based on the data of X-ray phase analysis of the synthesized compounds, it was
found that the best results were achieved with a milling time of 12–15 h and a heat
treatment temperature of 650–700 ◦C for 5 h. Such modes ensure the absence of parasitic
phases (within the accuracy of the measurement method) and the absence of violation of
stoichiometric ratio Li/Nb. Diffraction patterns of powders obtained in optimal conditions
are shown in Figure 8.

3.2. Raman Spectra

The micro-Raman spectra of LN-LT nanopowders with different Nb and Ta content,
annealed at 550 ◦C, are shown in Figure 9, and the positions of the observed bands are
indicated in Table 3. As it is seen from Figure 9, the Raman spectra of LN-LT with different
x are generally similar; however, some peculiarities are observed. Particularly, in the
spectrum of pure LN, 15 Raman bands can be distinguished, 11 of which can be attributed
to A1 and E vibrational modes. The A1 modes are polarized along the Z-axis, while the
doubly degenerate E modes correspond to ionic motions along the X or Y-axis [35,36].
In the spectrum of LN-LT (x = 0.25), 25 Raman bands can be distinguished; for x = 0.5,
the number of bands is equal to 20, for x = 0.75 to 15 and for pure LT to 17 (see Table 3).
The differences in the number of distinguished bands could probably be caused by the
overlapping of some bands with those with higher intensity. The observed differences
are associated with different compositions of the nanopowders as well as with probably
non-optimal technology regimes of nanopowders synthesis. Particularly, the following
main specific features of the LN-LT nanopowders Raman spectra were revealed.
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1. Few low-frequency bands near 73–75 and 90–97 cm−1 are observed for the nanopow-
ders with x 6= 0. These bands cannot be linked with known Raman bands of LT [35–37].
In accordance with the results of [38], these bands could be induced by the presence
of Li(Nb,Ta)3O8 phase, as identified by X-ray diffraction technique (see Table 2).

2. A more intensive band near 117–125 cm−1 is observed only for the LN-LT sample
with x = 0.5. The presence of this band could be attributed to the contribution of
Li(Nb,Ta)3O8 and Ta2O5 additional phases in this sample. Note that the authors in [38]
observed the close bands at 116 and 136 cm−1 and attributed them to LiNb3O8. The
bands near 100 cm−1 were attributed to Ta2O5 by the authors of [39]. As it is followed
from the XRD data (see Table 1), the simultaneous presence of Li(Nb,Ta)3O8 and
Ta2O5 phases occurs only in the sample with x = 0.5, so the overlay of corresponding
bands can result in a peculiar form of its spectrum. Furthermore, the sample with
x = 0.5, i.e., with the composition intermediate between pure LN and pure LT, ought
to essentially reveal the bands of both crystals, so it is no wonder that the spectrum of
this sample has the most complex character. Furthermore, the sample with x = 0.5
reveals a significant increase of the bands’ intensities near 260 and 630–670 cm−1

that visually looks like a widening of intensive neighboring peaks. This result is in
good agreement with [40], where two intensive neighboring bands in the region of
600 cm−1 were also observed for the LN-LT sample with x = 0.553. Finally, it should
be noted that the bands near 600 cm−1 are considerably broad for all investigated
samples in comparison with the other observed bands. This is consistent with the
results in [41] where it is concluded that the band at 600 cm−1 is broader for non-poled
LN samples (particularly, nanopowders) than for polarized.

3. The Raman spectra of LN and LT nano- and micropowders are shown in Figure 10
for comparison purposes. The latter were obtained by the crushing of LN and LT
single crystals grown at SRC ‘Electron-Carat’. As seen from Figure 10, the band
observed at about 1008–1009 cm−1 for LT nanopowder is not pronounced for LT
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micropowder as well as for LN compounds. The similar band can be observed in
Figure 9 for nanopowders with x 6= 0. As it is seen from Figure 9, the intensity of this
band increases with increasing of x. Moreover, for x = 0.5, this band splits into two
with the frequencies of 994 and 1008 cm−1. As it is shown in [39], this band is absent
in Ta2O5 Raman spectrum. Since the data about Raman scattering in LiNb3O8 are
not available in this spectral range, we cannot exclude that this band is linked with
the LiNb3O8 (or LiTa3O8) phase. However, as it is seen from Table 2, the LiTa3O8
phase is absent in the pure LT sample annealed at 550 ◦C as well as in the sample with
x = 0.75 (within the limits of accuracy). Thus, we have to conclude that the nature
of this band cannot be clearly determined from current experiments and requires
additional studies.

4. Contrary to the results in [42], we did not observe any remarkable effect of grain size
reduction, i.e., decreasing of the intensities of all Raman bands caused by grain size
decrease (see Figure 10).

5. Increasing the spectral range up to 4000 cm−1 allows revealing the weak vibrations at
1600 and 3400 cm−1 (looking as low-intensive wide bands) that can be caused by the
traces of OH– groups, which are always present in LN and LT as well as the traces of
HCO3

− groups (near 1750 and 2900 cm−1) present in synthesized compounds, which
is probably due to the use of lithium carbonate as a component of the initial mixture.

Similarly to X-ray studies, we have measured the Raman spectra of nanopowder
samples obtained under optimal conditions. These spectra are shown in Figure 11.
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Table 3. The observed bands in Raman spectra of LiNb1−xTaxO3 nanopowders.

x = 0 x = 0.25 x = 0.5 x = 0.75 x = 1

Raman
Shift,
cm−1

Intensity,
a. u.

Raman
Shift,
cm−1

Intensity,
a. u.

Raman
Shift,
cm−1

Intensity,
a. u.

Raman
Shift,
cm−1

Intensity,
a. u.

Raman
Shift,
cm−1

Intensity,
a. u.

117.3 556 63.5 151 75.5 3779 73.8 2037 73.1 2275

153.8 5873 73.2 391 95.8 3327 90.2 2046 97 2194

180 1089 80.8 1117 117.1 8657 146.9 6845 143.2 6681

238.8 10,002 97.5 2255 124.2 8534 168.4 4115 162 4985

262.6 4068 117.7 715 131 7601 215.3 10,093 209.1 10,133

276.7 4481 138 2445 150.2 7676 240.2 5079 232.5 4917

303 1582 153.8 7500 224.3 10,117 252.7 4891 250.5 4384

321 2491 168.8 4176 258.3 8375 319 2778 280.8 2294

333 2220 208.6 1390 312.4 3266 351.1 2550 316 2327

369 1904 235.9 9978 342.3 2388 380.5 3293 356.2 2579

432.8 1550 259 5508 375.7 2129 458.3 1570 381.5 3387

584.6 3074 272.7 5113 453.1 997 600.1 6663 465.1 1618

621.3 3557 298.6 2242 608.4 8264 660.7 2598 597 7575

700.8 464 320.8 2914 629.7 7113 868.2 1535 637 2886

875 1681 336.4 2391 664.1 4978 1009.7 2344 660.2 2741

371.7 2150 849.6 1035 865.8 1122

436 1339 872.9 1571 1009.2 4684

547.3 945 906 954

597.7 5018 994.1 2675

615.5 5608 1008.1 1536

676 1572

700 1300

821.8 808

872 1841

1009.7 341

As seen from Figure 11, the spectra for the LiNb1−xTaxO3 are generally consistent
with those recorded for samples, which were obtained in non-optimal conditions (see also
Figure 9). The only difference is the band observed near 1000 cm−1 for the LiNb1−xTaxO3
specimens with x = 0.25, 0.5, 0.75, and 1, obtained in a non-optimal regime (Figure 9). This
band vanishes from the spectra of specimens, which are obtained in optimal regimes. The
nature of this band remains not clear and requires additional studies.

3.3. Electrical Conductivity

Impedance data of the pressed LiNbxTa1−xO3 samples are exemplarily shown for
400 ◦C (Figure 12) and 600 ◦C (Figure 13) in the form of Nyquist diagrams. The representa-
tion of the resistivity is chosen to eliminate the geometrical factors of the samples (thickness
and area). At 400 ◦C, the impedance data of all samples show a slightly depressed single arc
semicircle. Such depression could be attributed to the non-ideal capacitance of the samples,
which corresponds to low values of the CPE exponents obtained from fitting of an Rb-CPE
equivalent circuit model to experimental data. In particular, at 400 ◦C, exponent values vary
between 0.74 (LiTaO3) and 0.85 (LiNb0.75Ta0.25O3) and slightly decrease with the tempera-
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ture increase. Another possible interpretation implies that the obtained impedance spectra
may consist of two overlapping semicircles, with similar relaxation times, representing
grain interior and grain boundary conduction mechanisms, respectively [43]. We note that
in case of nanostructured materials, the grain boundary contributions may significantly
overlap with that of the grain interiors, making it hard to distinguish between them [43,44].

Crystals 2021, 11, x FOR PEER REVIEW 13 of 19 
 

 

 
Figure 12. Complex impedance of pressed LiNb1−xTaxO3 samples measured at 400 °C. 

Impedance spectra of all samples at temperatures above 500 °C reveal the existence 
of linear region of ρ’’(ρ’) dependence, which follows the semicircle intercept at lower fre-
quencies. This is exemplarily shown in Nyquist diagram at 600 °C (Figure 13). At this 
temperature, the impedance of the samples has been additionally measured down to 0.01 
Hz in order to examine the low-frequency region of the ρ’’(ρ’) dependence in more detail; 
however, no changes in the line slope were observed. According to [45], such peculiarity 
at low frequencies can be attributed to the electrode effect, which is typical for an ionic 
conductor: mobile charge carriers in form of ions are blocking the metal–sample interface. 
On the other hand, a similar behavior of Z″(Z′) dependence at low frequencies, which was 
observed in [46] for polycrystalline lithium niobate samples at temperatures above 550 °C, 
was associated with a grain boundaries conduction mechanism. 

 
Figure 13. Complex impedance of the pressed LiNb1−xTaxO3 samples measured at 600 °C. 

The temperature dependencies of LiNbxTa1−xO3 conductivity are shown in Figure 14 
in form of Arrhenius plots. Generally, the behavior of conductivity is similar to that of 
single crystalline LiNbxTa1−xO3 reported in [47]. Furthermore, the conductivity tends to 
correlate with Nb/Ta ratio, increasing with an increase of Ta content and reaching the 
values at 820 °C of 0.022 S/m and 0.076 S/m for x = 0 and x = 1, respectively. However, the 
conductivity of LiNbxTa1−xO3 specimen with x = 0.5 deviates from this correlation, which 

Figure 12. Complex impedance of pressed LiNb1−xTaxO3 samples measured at 400 ◦C.

Crystals 2021, 11, x FOR PEER REVIEW 13 of 19 
 

 

 
Figure 12. Complex impedance of pressed LiNb1−xTaxO3 samples measured at 400 °C. 

Impedance spectra of all samples at temperatures above 500 °C reveal the existence 
of linear region of ρ’’(ρ’) dependence, which follows the semicircle intercept at lower fre-
quencies. This is exemplarily shown in Nyquist diagram at 600 °C (Figure 13). At this 
temperature, the impedance of the samples has been additionally measured down to 0.01 
Hz in order to examine the low-frequency region of the ρ’’(ρ’) dependence in more detail; 
however, no changes in the line slope were observed. According to [45], such peculiarity 
at low frequencies can be attributed to the electrode effect, which is typical for an ionic 
conductor: mobile charge carriers in form of ions are blocking the metal–sample interface. 
On the other hand, a similar behavior of Z″(Z′) dependence at low frequencies, which was 
observed in [46] for polycrystalline lithium niobate samples at temperatures above 550 °C, 
was associated with a grain boundaries conduction mechanism. 

 
Figure 13. Complex impedance of the pressed LiNb1−xTaxO3 samples measured at 600 °C. 

The temperature dependencies of LiNbxTa1−xO3 conductivity are shown in Figure 14 
in form of Arrhenius plots. Generally, the behavior of conductivity is similar to that of 
single crystalline LiNbxTa1−xO3 reported in [47]. Furthermore, the conductivity tends to 
correlate with Nb/Ta ratio, increasing with an increase of Ta content and reaching the 
values at 820 °C of 0.022 S/m and 0.076 S/m for x = 0 and x = 1, respectively. However, the 
conductivity of LiNbxTa1−xO3 specimen with x = 0.5 deviates from this correlation, which 

Figure 13. Complex impedance of the pressed LiNb1−xTaxO3 samples measured at 600 ◦C.

Impedance spectra of all samples at temperatures above 500 ◦C reveal the existence
of linear region of ρ”(ρ’) dependence, which follows the semicircle intercept at lower
frequencies. This is exemplarily shown in Nyquist diagram at 600 ◦C (Figure 13). At
this temperature, the impedance of the samples has been additionally measured down to
0.01 Hz in order to examine the low-frequency region of the ρ”(ρ’) dependence in more
detail; however, no changes in the line slope were observed. According to [45], such
peculiarity at low frequencies can be attributed to the electrode effect, which is typical for
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an ionic conductor: mobile charge carriers in form of ions are blocking the metal–sample
interface. On the other hand, a similar behavior of Z”(Z′) dependence at low frequencies,
which was observed in [46] for polycrystalline lithium niobate samples at temperatures
above 550 ◦C, was associated with a grain boundaries conduction mechanism.

The temperature dependencies of LiNbxTa1−xO3 conductivity are shown in Figure 14
in form of Arrhenius plots. Generally, the behavior of conductivity is similar to that of
single crystalline LiNbxTa1−xO3 reported in [47]. Furthermore, the conductivity tends to
correlate with Nb/Ta ratio, increasing with an increase of Ta content and reaching the
values at 820 ◦C of 0.022 S/m and 0.076 S/m for x = 0 and x = 1, respectively. However,
the conductivity of LiNbxTa1−xO3 specimen with x = 0.5 deviates from this correlation,
which could not be solely attributed to experiment uncertainty. The latter, according to our
estimations, is approximately 6% at 800 ◦C. This issue requires additional studies and will
be a subject of subsequent investigations.
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The absolute values of conductivity (Figure 14) are generally higher, comparing to the
obtained previously for single crystalline and polycrystalline LiNbO3 and LiTaO3 [45–52].
As reported in [51], such a difference is associated with a greater number of free ions in
polycrystalline LiNbO3 and LiTaO3 due to a developed system of grain boundaries and
much more defective structure in general [51]. Consequently, the variation of conductivity,
reported for different polycrystalline samples, can be attributed to differences in the average
grain size in particular.

The conductivity of all samples increases linearly in Arrhenius presentation up to
around 620 ◦C. After a transition temperature range of 620–670 ◦C, we observed the
conductivity increase as linear again; however, the slope changes (see mark in Figure 14).
This indicates that the conductivity is governed by a different process than that at lower
temperatures. The obtained results enable the determination of activation energy, EA using
the relation:

σ =
σ0

T
e−

EA
kT (3)
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where σ0, T, EA, and k represent the pre-exponential constant, absolute temperature,
activation energy, and the Boltzmann constant, respectively. Activation energies and
pre-exponential factors, obtained by fitting the Arrhenius equation to the measured con-
ductivity data, as well as the temperature ranges for fitting are summarized in Table 4. The
corresponding fits for low and high-temperature regions are exemplarily shown for the
LiTaO3 specimen in Figure 15.

Table 4. Activation energies EA and pre-exponential coefficients σ0 for conductivity of LiNb1−xTaxO3

pressed pellets at different temperatures.

Composition
300 ÷ 620 ◦C 670 ÷ 820 ◦C

EA, eV σ0, ·106 S/m EA, eV σ0, ·106 S/m

LiNbO3 0.88 ± 0.031 0.17 1.05 ± 0.071 1.54

LiNb0.75Ta0.25O3 0.88 ± 0.011 0.32 1.01 ± 0.073 1.59

LiNb0.5Ta0.5O3 0.88 ± 0.015 0.58 1 ± 0.07 2.61

LiNb0.25Ta0.75O3 0.91 ± 0.015 0.83 0.99 ± 0.069 2.58

LiTaO3 0.86 ± 0.015 0.48 1.09 ± 0.072 8.33
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Generally, the activation energies obtained in our study (Table 4) are consistent with
the values obtained previously for polycrystalline lithium niobate and/or lithium tanta-
late [43,46,50–53], varying from 0.63 to 1.25 eV. It should be noted that the wide range of
activation energies reported [43,46,50–53] is associated with their strong dependence on
samples grain size, which is in particular shown in a comparative impedance spectroscopy
study of single-, micro-, nanocrystalline, and amorphous lithium niobate [43]. Similar to
our study, the authors in [43] observed slightly depressed semicircles on ρ”(ρ’) dependence
of nanocrystalline LiNbO3 and attributed such depression to the superposition of two
conduction mechanisms, arising from the grain interior and grain boundary, respectively.
The nanopowders studied in [43] were obtained by high-energy ball milling with the grains
size of about 20 nm.
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Qualitatively similar dependencies were observed for polycrystalline samples of non-
stoichiometric LiNbO3 in [53]. Here, the authors have obtained the LiNbO3 micropowders
by the ball milling technique with the grain sizes varying from 2 to 3 m. Obtained powders
were subsequently annealed and isostatically pressed in pellets at 2500 bars [53]. It is
assumed in [53] that the conductivity of LiNbO3 in low and high-temperature regions is
governed by the polaronic and ionic conduction mechanisms, respectively. The activation
energies obtained in [53] vary from 0.78 to 0.88 eV for the low-temperature region and
from 1.07 to 1.20 eV for the high-temperature region, which is in good correlation with the
values obtained in our study.

Furthermore, the authors in [51] studied the electrical properties of polycrystalline
LiNbO3 up to 800 K and obtained the activation energy of 0.88 eV, which is very close to
the corresponding value in our work. The sol–gel method was applied for the synthesis of
nanopowders. Subsequently, the powders were annealed at 1200 ◦C for 3 h and pressed in
pellets [51]. The average grain size was between 0.2 and 2 m. Since the measurements in [51]
did not extend to higher temperatures, no evidence of a second conducting mechanism
was observed.

4. Conclusions

In summary, it is shown in the current study that the mechanosynthesis is the most
simple and most accessible method of lithium niobate and tantalate nanoparticles pro-
duction. This method allows obtaining LiNb1−xTaxO3 nanopowders in only two stages:
high-energy ball milling of the raw powders (Li2CO3, Nb2O5, Ta2O5) and subsequent an-
nealing of the obtained precursors. Furthermore, this method allows completely excluding
usually undesirable wet chemistry procedures from the technological process.

A number of LiNb1−xTaxO3 nanopowders (x = 0, 0.25, 0.5, 0.75, 1) is obtained by
means of the mechanosynthesis technique for the first time, to the best of our knowledge.

The X-ray analysis of LiNb1−xTaxO3 nanopowders obtained at different conditions
allowed for determination of the optimal parameters for milling and annealing runs:
milling at 600 rpm for 12–15 h and subsequent annealing of powders in air at temperatures
650–700 ◦C for 5 h. This allowed obtaining single-phase LiNb1−xTaxO3 nanopowders for
all the studied values of x.

The crystal structure of the samples was determined by the X-ray diffraction technique.
The full-profile Ritveld refinement was used for determination of the crystal structure
parameters and micro-structure parameters of LiNb1−xTaxO3 nanopowders. It is shown
that the replacement of niobium by tantalum in the LiNb1−xTaxO3 structure asymmetrically
influences the parameters of the unit cell: increasing the Ta content x leads to increasing
the lattice parameter a and the simultaneous decreasing of parameter c accompanied by a
slight decreasing of the unit cell volume. It is shown that the average size of crystallites
varies from 31 nm (treatment only at 550 ◦C) to 206 nm (additional treatment at 800 ◦C) for
different samples.

Raman scattering in LiNb1−xTaxO3 nanopowders (x = 0, 0.25, 0.5, 0.75, 1) obtained by
mechanosynthesis was studied, to the best of our knowledge, for the first time. It is shown
that the obtained Raman spectra are generally similar. Some features (band shifts, changes
in their intensity, the formation of new bands) are attributed to the different values of x.
For samples obtained in non-optimal milling and annealing runs, bands typical for the
parasitic phases LiNb(Ta)3O8, Nb2O5, and/or Ta2O5 are observed in the spectra.

The measured temperature dependence of electrical conductivity in air up to 820 ◦C
shows similar behavior for all studied LiNb1−xTaxO3 samples and tends to correlate with
the Nb/Ta ratio. Two linear regions are observed in the Arrhenius presentation, which is
attributed to different conductivity mechanisms. Activation energies vary from 0.86± 0.015
eV to 0.91 ± 0.015 eV for different compositions in the low-temperature region and from
0.99 ± 0.069 eV to 1.09 ± 0.072 eV at high temperatures.
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Abstract: We present a high-power, wavelength-tunable picosecond Yb3+: CaGdAlO4 (Yb:CALGO)
laser based on MgO-doped lithium niobate (MgO:LN) nonlinear mirror mode locking. The output
wavelength in the continuous wave (CW) regime is tunable over a 45 nm broad range. Mode locking
with a MgO:LN nonlinear mirror, the picosecond laser is tunable over 23 nm from 1039 to 1062 nm.
The maximum output power of the mode-locked laser reaches 1.46 W, and the slope efficiency is
18.6%. The output pulse duration at 1049 nm is 8 ps. The laser repetition rate and bandwidth are
115.5 MHz and 1.7 nm, respectively.

Keywords: mode-locked laser; nonlinear mirror mode locking; lithium niobate

1. Introduction

Diode-pumped all-solid-state ultrafast lasers have received wide attention due to their broad
applications in nonlinear frequency conversion, micro-machining, and medicine, since they have the
advantages of simplicity, compactness, and variable wavelength [1–5]. The commonly used technology
is passive mode locking based on a semiconductor saturable absorber mirror (SESAM), graphene, and a
carbon nanotube (CNT) saturable absorber [6–8]. However, a SESAM requires complex fabrication
and works under a lower damage threshold. For graphene and CNT saturable absorber mode locking,
the power is constricted at the milliwatt level [7,8]. Nonlinear mirror mode locking (NLM) is an
alternate passive mode locking technique to obtain ultrafast lasers with higher than average power.
A nonlinear mirror consists of a frequency doubling crystal and a dichroic mirror [9]. The dichroic
mirror partially reflects the fundamental wavelength (FW) and highly reflects a second harmonic
wavelength (SH). In the intracavity, the partial FW is converted into an SH when it first passes the
nonlinear crystal, and the SH is totally reflected by the dichroic mirror (DM) while the unconverted
FW is partially reflected by the DM. For the backward passing, the SH is back-converted into the FW,
due to the different phases of the FW and SH introduced by the air between the nonlinear crystal and
the dichroic mirror. For the whole process, the different reflectivity between the FW and the SH leads
to a nonlinear positive feedback. The intensity-dependent nonlinear reflectivity results in passive
mode locking, thus it acts like a fast saturable absorber with a negative equivalent Im(χ3). NLM is
advantageous with its high damage threshold, large nonlinear loss modulation, and the capability
of being able to work at any wavelength for which phase matching is satisfied in the nonlinear
crystal’s transparent range, thus ensuring a wavelength-tunable laser with high power. The nonlinear
crystals for NLM are generally divided into two types: birefringence phase-matching (BPM) crystals
(BBO, BiBO, LBO, KTP) [10–16] and quasi-phase-matching (QPM) crystals (periodically poled LN,
LT, KTP) [17–22]. The peak power of the output laser is commonly at the kilowatt level while a bulk
laser crystal is utilized, as shown in Figure 1. Combined with a thin-disk (TD) laser crystal, NLM
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could generate ultrafast lasers within several hundreds of femtoseconds and with peak powers up to
10 MW [23,24].
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To date, most of the studies on NLM have focused on a particular wavelength, such as laser
sources around 1, 1.3, and 2 µm [10–24]. However, tunable picosecond lasers with output powers at
the watt level are also of interest. In this study, we demonstrate a picosecond-tunable Yb:CALGO
laser which is achieved by MgO:LN nonlinear mirror mode locking. The wavelength tuning range is
23 nm from 1039 to 1062 nm. The pulse duration is 8 ps at 1049 nm. The average output power reaches
1.46 W, with a slope efficiency of 18.6%. The laser repetition rate and bandwidth are 115.5 MHz and
1.7 nm, respectively.

2. Materials and Methods

The schematic experimental setup of the tunable nonlinear mirror mode-locked Yb:CALGO laser
is shown in Figure 2. The gain medium is an a-cut, 3 at.% Yb:CALGO crystal with dimensions of 4 mm
× 4 mm × 8 mm, and both end faces are antireflection coated (R < 1%) at the wavelengths of 976 nm and
1030–1080 nm. The pump light is a laser diode (LD) array operating at 976 nm. The maximum output
power of the pump light is 30 W. The LD has a fiber with a core diameter of 105 µm and a numerical
aperture of 0.22. A 1:1 optical coupling system is used to project the pump light onto Yb:CALGO. M1
is an input mirror with a transmissivity of 98% at 976 nm and a reflectivity of 99.5% at 1030–1080 nm
on the left side. Two concave mirrors, M2 and M3, are folding mirrors, with radii of 500 and 200 mm,
respectively. M4 is highly reflected at the SH and partially reflected at the FW. M4 and MgO:LN form
a nonlinear mirror. A birefringent plate (BF) is used to constrain the laser wavelength within the
phase-matching bandwidth of the second harmonic generation process. M1, M2, M3, and M4 form a
z-type cavity and the length of the resonant cavity is 1.3 m. The size of MgO:LN is 5 mm × 5 mm ×
5 mm (w × h × l), and the phase-matching angle of MgO:LN is cut to be θ = 79.2◦, ϕ = 90◦.
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Figure 2. Schematic diagram of the experimental device of Yb:CALGO tunable mode-locked laser.
M1 is plane input mirror, M2 and M3 are folding mirrors, M4 is output coupler, LN and M4 form a
nonlinear mirror. BF is the birefringent filter.

3. Results

In the experiment, we tested four output couplers (OCs) at the FW (T= 1%, 2%, 5%, 9%).
The maximum output power was achieved with the T = 9% OC, thus, subsequent experiments were
measured based on the T = 9% OC. The birefringent filter was placed at the Brewster angle and its
orientation was then tuned to select the FW. The wavelength-tunable operation of the CW laser was
firstly tested under a pump power of 5.8 W. The wavelength was tunable over 45 nm from 1022 nm
to 1067 nm, as shown in Figure 3a. The output power achieved its maximum when the wavelength
was around 1049 nm, and it decreased when the wavelength was away from 1049 nm on both sides.
The wavelength was then fixed at 1049 nm. The oscillation started at a threshold of about 1.8 W, and the
maximum output power exceeded 1.7 W under a pump power of 9.8 W, with a slope efficiency of
22.2%. The output power increased linearly as the pumping power increased, as shown in Figure 3b.
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The MgO:LN crystal was then inserted into the cavity and the position of MgO:LN was located
near to M4. When MgO:LN was adjusted to the phase-matching angle, a green light transmitted
through M3 could be observed. Besides, the relative phase shift between the FW and SH could be
adjusted by moving the MgO:LN crystal along the transverse direction to ensure that the SH had
the correct phase and efficient back conversion. The lasing threshold was 1.7 W and Q-switch mode
locking was observed by the InGaAs detector (EOT, ET-3000, Traverse City, MI, USA) and digital
oscilloscope (LeCroy, HDO4104A, New York, NY, USA). When the distance between MgO:LN and
the OC was less than 5 mm and the pump power reached 3.6 W, CW mode locking (CWML) was
realized. The pulse sequence was stable when the pump power was under 10 W. However, if the pump
power exceeded 10 W, the thermal lens effect caused an unstable CWML output. We measured the
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CWML output power as the pump power increased from 3.6 to 9.8 W, and the highest output power at
1049 nm was 1.46 W, with a slope efficiency of 18.6%, as shown in Figure 3b.

The tunable wavelength of the mode-locked laser was achieved according to the following
procedures: (i) tuning orientation of the birefringent filter (selecting the FW), (ii) adjusting the
phase-matching angle of the nonlinear crystal (satisfying the phase-matching condition of SH
generation) and transverse position of the nonlinear crystal in millimeters (relative backward phase
shift). The mode-locked laser wavelength was tunable over 23 nm from 1039 to 1062 nm (Figure 3a).
For a wavelength that was shorter than 1039 nm or longer than 1062 nm, the obvious work-off effect
made the mode locking extremely unstable. To obtain a mode-locked laser covering the entire CW
range (45 nm), using MgO:LN with another appropriate phase-matching angle is recommended.

The pulse train at the timescale of 40 ns is shown in Figure 4a. The nearby pulse interval was 8.6 ns,
which was consistent with the roundtrip time of the 1.3 m cavity length. The pulse train was also traced
over 10 ms (Figure 4b), which showed that a pulse-to-pulse amplitude fluctuation was less than 2% at
this timescale. The radio frequency (RF) waveform was detected by the spectrum analyzing function of
the oscilloscope. As shown in Figure 4c, the fundamental frequency was 115.5 MHz when a resolution
bandwidth (RBW) was set to be 5 kHz. According to the resonant cavity length, the frequency was
calculated to be 115.38 MHz. The signal-to-noise ratio was 60 dB. Figure 4d shows an RF waveform in
the range of 750 MHz with an RBW of 1MHz.
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The spectrum property of the CWML operation was measured by a spectrum analyzer
(AVASPEC-3648, Apeldoorn, The Netherlands). Figure 5a shows that the output tunable laser
wavelength was from 1039 to 1062 nm. The full width at half maximum (FWHM) spectral bandwidth
at a representative output wavelength (1049 nm) was ~1.7 nm. The autocorrelation trace was measured
using an autocorrelator (APE pulseCheck USB IR, Berlin, Germany), as shown in Figure 5b. Assuming
a Gaussian pulse shape, the pulse duration was about 8 ps. The peak power was about 1.58 kW
at the maximum output power and the pulse energy was 12.6 nJ, accordingly. As the FW and SH
have different group velocities in MgO:LN, the group velocity mismatch (GVM) is the major limiting
effect for pulse shortening. Considering the time delay from the GVM between the FW and the SH in
MgO:LN, the SH pulse after double passing through MgO:LN (length Lc ) is delayed by approximately
τc = 2δcLc, where δc= 1/υg2ω − 1/υgω = 0.6 ps/mm is the GVM parameter of MgO:LN. For the
5 mm long crystal used, the SH was relatively delayed by 6 ps to the FW. According to the Fourier
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transform limit, the pulse duration should be 0.95 ps if the spectral bandwidth is 1.7 nm. Taking GVM
into account, the final pulse duration was calculated to be 6.95 ps, which was consistent with our
experiment result.
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4. Discussion

It is worth noting that, firstly, benefiting from its high damage threshold, the output power of
NLM could reach the watt level. It is higher than mode locking using graphene and a CNT absorber,
whose output power is commonly limited to the milliwatt level. Secondly, previous works around 1 µm
on the NLM technique mostly focused on a particular wavelength (Table 1). However, the capability
of being able to work at any wavelength in the nonlinear crystal’s transparent range was not fully
utilized. Here, Yb:CALGO is utilized as a gain medium, since compared with other laser crystals in
Table 1, it has a broad emission spectrum from 990 to 1050 nm [25]. In our experiment, the wavelength
for CW operation could be extended to 1067 nm. Moreover, the BF is tuned to select the FW. MgO:LN
is used as a nonlinear crystal. The phase-matching angle of MgO:LN could be adjusted to realize
high nonlinear conversion efficiency. Therefore, Yb:CALGO combined with a MgO:LN-based NLM
technique is an efficient method to obtain a high-power, wavelength-tunable picosecond laser.

Table 1. Passively mode-locked solid-state 1 µm lasers based on NLM.

Nonlinear
Crystal

Phase
Matching
Method

Laser
Crystal

Laser Output Characteristics

Reference YearWavelength
(nm)

Pulse Width
(ps)

Repetition
Rate (MHz) Power Peak Power

(kW)

LBO BPM Nd:YAG 1064 10 100 0.7 W 0.7 kW [10] 1994

KTP BPM Nd:YVO4 1064 7.9 150 1.35
W 1.14 kW [11] 1997

LBO BPM Nd:YVO4 1064 6 200 2.5 W 2.08 kW [12] 2001
LBO BPM Yb:YAG 1031 9 82 0.9 W 1.2 kW [13] 2003

KTP BPM Nd:GdVO4 1063 57 137 11.3
W 1.4 kW [14] 2010

BiBO BPM Nd:GdVO4 1063 5.7 144 7.1 W 8.6 kW [14] 2010
BiBO BPM Nd:YVO4 1064 14 110 12 W 7.7 kW [15] 2010

BiBO BPM Nd:GdVO4 1063 12.7 100 16.8
W 13 kW [16] 2012

BBO BPM TD-Yb:YAG 1030 0.323 17.8 21 W 3.6 MW [22] 2017
BBO BPM TD-Yb:YAG 1030 0.426 9.3 66 W 16.7MW [23] 2019

PPKTP QPM Nd:YVO4 1064 2.9 117 0.5 W 1.3 kW [17] 2010
PPMgSLT QPM Nd:GdVO4 1064 3.2 107 1.4 W 4 kW [18] 2010
PPMgSLT QPM Nd:YVO4 1342 3.6 120 0.8 W 1.9 kW [19] 2011

PPLN
PPLN

MgO:LN

QPM
QPM
BPM

Nd:YVO4
Nd:YVO4
Yb:CALGO

1342
1064

1039−1062

9.5
2.8
8

101
186

115.5

1.52W
1.3 W
1.46
W

1.5 kW
2.49 kW
1.58 kW

[20]
[21]
Our

work

2011
2019

As mentioned above, GVM is the major factor that limits pulse shortening. In MgO:LN,
the nonlinear process is o + o→e, where the FW is ordinary polarization and the SH is extraordinary
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polarization. After first passing MgO:LN, the FW goes faster than the SH due to GVM. If another
birefringence crystal is inserted between MgO:LN and M4, and the polarization of the FW is parallel
to the slow axis and SH polarization is parallel to the fast axis, the FW will goes slower than the SH.
Therefore, the pulses of the FW and SH will overlap again and GVM is compensated [26].

5. Conclusions

In conclusion, we report a MgO:LN nonlinear mirror mode-locked picosecond Yb:CALGO laser.
The mode-locked laser wavelength is tunable from 1039 to 1062 nm. The maximum output power of
the mode-locked laser reaches 1.46 W at 1049 nm, and the slope efficiency is 18.6%. The output pulse
duration is ~8 ps. The repetition rate is 115.5 MHz and the bandwidth of the mode-locked laser is
1.7 nm.
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Abstract: Whispering gallery resonators made out of lithium niobate allow for optical parametric
oscillation and frequency comb generation employing the outstanding second-order nonlinear-optical
properties of this material. An important knob to tune and control these processes is, e.g., the linear
electro-optic effect, the Pockels effect via externally applied electric fields. Due to the shape of the
resonators a precise prediction of the electric field strength that affects the optical mode is non-trivial.
Here, we study the average strength of the electric field in z-direction in the region of the optical
mode for different configurations and geometries of lithium niobate whispering gallery resonators
with the help of the finite element method. We find that in some configurations almost 100% is
present in the cavity compared to the ideal case of a cylindrical resonator. Even in the case of a
few-mode resonator with a very thin rim we find a strength of 90%. Our results give useful design
considerations for future arrangements that may benefit from the strong electro-optic effect in bulk
whispering gallery resonators made out of lithium niobate.

Keywords: electro-optics; whispering gallery resonators; lithium niobate

1. Introduction

Non-centrosymmetric materials offer second-order non-linearities that allow for,
e.g., second harmonic generation, optical parametric oscillation and difference frequency
generation. Furthermore, such materials bear the linear electro-optic effect, the so-called
Pockels effect and the piezo-electric effect [1]. Due to this, non-centrosymmetric materials
are the centerpiece of many setups for optical frequency conversion, e.g., for optical para-
metric oscillators for mid-infrared spectroscopy and frequency comb conversion into the
molecular footprint region [2,3], as a single photon source for quantum imaging [4] and in-
frared spectroscopy [5], to generate terahertz radiation [6] and to generate tunable continu-
ous wave light in the visible spectrum [7]. One of the most prominent non-centrosymmetric
materials is lithium niobate. Due to high second-order nonlinear-optical coefficients, high
transparency in the visible and infrared optical wavelengths and large Pockels coefficients
lithium niobate is an excellently suited optical material.

In the last two decades whispering gallery resonators (WGRs) have developed to a
well established and powerful platform employing non-centrosymmetric materials for
frequency conversion. The WGRs are monolithic resonators with spheroidal geometry
manufactured from the bulk material or chip-integrated on wafers. They provide a high
quality factor making them particularly interesting for non-linear optical applications.
Moreover the mirror-less, monolithic devices reduce the footprint drastically compared
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with other resonator design schemes. The remarkable features of this platform are demon-
strated in many experiments such as frequency comb generation based on third-order [8,9],
and second-order optical non-linearity [10,11], electro-optically generated combs [12,13],
optical parametric oscillation, second harmonic generation [14] and as a platform for quan-
tum optics [15]. All applications can benefit from the Pockels effect. In the simplest case,
the resonance frequency of the WGR can be stabilized to the pump laser frequency. In
Figure 1a we illustrate a typical setup used in experiments recently that involve the linear
electro-optic effect in bulk WGRs, e.g., electro-optic combs [13], second-order-non-linearity-
based frequency combs [10], efficient microwave-to-optical photon conversion [16] and
adiabatic frequency conversion [17]. The main principle can be summarized as follows: By
generating an electric field in the resonator, the refractive index is changed and hence the
resonance frequency due to the Pockels effect according to [18]:

∆ν0 =
n2

2
ν0riEz (1)

there n is the refractive index, ν0 the WGR resonance frequency, Ez the electric field and ri
the electro-optic coefficient. This way, for example, the second harmonic generation light
can be maximized [19]. Furthermore, the frequency comb threshold via second harmonic
generation can be minimized [20]. For the Pockels-effect-based adiabatic frequency con-
version the resonance frequency is changed with a voltage pulse faster than the photon
life time. This allows to generate frequency shifts of several GHz within nanoseconds [17].
Also an electro-optically tunable higher-order optical filter made out of lithium niobate
WGRs has made use of the linear electro-optic effect [18]. Knowledge of the electric field
strength at the position of the light field and its homogeneity are needed to be able to
compare the experimental data and theoretical predictions [15]. In the case of a cylindrical
WGR, as illustrated in Figure 1b, estimating the electric field strength Ez would be simple.
According to the plate capacitor formula, we obtain

E0 =
U
∆z

(2)

with the thickness ∆z and the electric potential difference U. A straight sidewall would
lead to an optical mode extended in z-direction up to the electrodes of the resonators,
which would cause a damping of the light field. A WGR possesses a spheroidal geometry
as shown in Figure 1. This makes the prediction of the electric field at the location of the
optical mode non-trivial. The optical mode is not located between the electrodes of the
resonator, the light traveling around the rim experiences in general a weaker externally
generated electric field Ez < E0. Furthermore, the electric field can become inhomogeneous
through the cross section of the mode.

The aim of our work is to analyze the electric field strength Ez in the area of the
optical mode and its homogeneity. The strength of Ez addresses the two commonly used
Pockels-coefficients of LN, r31 and r33 [17,19,20]. They change the refractive index for
light polarized perpendicularly to and parallel to the symmetry axis for z-cut lithium
niobate. Furthermore, due to symmetry properties of lithium niobate this orientation
is the best suited for most applications in bulk WGRs. We analyze the electric field
distribution in two common mm-sized WGR configurations, for conventional geometries
as well as the so called few- or single mode geometry [21,22] made out of z-cut bulk
lithium niobate. By introducing a small bulge, single mode operation in bulk WGRs is
possible [21,22]. Furthermore we analyze the effect of introducing a distance between the
rim of the resonator and the beginning of the electrode to prevent electric breakdowns
in air when applying high voltages to the electrodes of the resonator. Additionally, we
consider two different dielectric constants, for the unclamped εUC and for the clamped
εC case. In the experiments mentioned before different frequencies of the external electric
fields were used. For external electric fields with a frequency well below 1 MHz we
assume the unclamped case with εUC. But for example in the Pockels-based adiabatic
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frequency conversion frequencies of the external electric field are significantly higher,
and the resonator is effectively clamped, partially or fully making εC applicable in the latter
case. Due to this we simulate with εC. Although the dielectric constant for the unclamped
and clamped case in z-direction is ε33 ≈ 30, the radial component ε11 changes from 84 to
43. This will influence the electric field strength at the optical mode.

Figure 1. (a) Artist drawing of a setup used in recent experiments of frequency conversion schemes involving bulk lithium
niobate whispering gallery resonators involving the electro-optic effect. The laser light is coupled into the WGR via a
coupling prism. The resonator is coated with a metal electrode. (b,c) The electric field distribution indicated by the green
lines for a cylindrical resonator with an idealized homogeneous field and for a commonly used resonator geometry. The red
area indicates the size and position of the optical mode, not to scale.

2. Materials and Methods

The simulations in this paper were performed using the finite element method [23]. We
used the commercially available software COMSOL Multiphysics to calculate the external
electric field and the spatial distribution of the optical mode. Since the WGRs show rotation
symmetry with respect to the z-axis we can reduce the computational effort drastically by
solving the problem in a 2D section. As illustrated in Figure 2 both geometries considered
in this work include a lithium niobate WGR coated at the +z-side and −z-side with metal
electrodes to allow the application of an external electrical field. The WGR is surrounded by
air. For the permittivity of lithium niobate we consider two different cases. The unclamped
case with εUC with a radial component εUC

11 = 84 and for the z-axis direction εUC
33 = 30.

For the clamped case εC
11 = 43 and εC

33 = 29.6 [24]. We furthermore assume that no space
charge fields are present in the crystals. One needs to be aware that all lithium niobate
crystals exhibit some photo-refractive sensitivity that stems from light induced space charge
fields. Thus for intense and blue/ultraviolet light space charges may modify the electric
fields in the regions of the optical modes, most likely reducing the fields because of the
generated photoconductivity.

We perform calculations using two different types of geometries. The first one is
shown in Figure 2a and very typical [11,16,17,20]. Here most resonators are mm-sized
and have a thickness of a few hundred micrometers. For a lithium niobate WGR which
should couple extraordinarily polarized light of a wavelength of λ = 1 µm via a rutile
prism, a ratio of the major radius R1 and the minor radius R2 of R2/R1 ≈ 0.4 is a good
choice for a sufficient coupling efficiency [25]. For the simulations shown in Section 3.1
using this ratio, we vary the thickness between a minimum of 50 µm and a maximum of
∆z = 2× R2 for major radii of R1 = 100, 500 and 1000 µm. In case of ∆z = 2× R2 we obtain
a semicircular bulge. Furthermore we investigate the effect of a gap between the resonator
rim and the beginning of the electrode. To this end we introduce a distance ∆d between the
rim of the resonator and the beginning of the electrode for a WGR with ∆z = 500 µm and
R1 = 1000 µm as is illustrated in Figure 2a. We define the rim as the spatial position where
the curvature begins. This investigation we consider to be important for two different
reasons: (1) Lithium niobate can withstand very high electric field strengths of up to
65 kV mm−1 [26]. However, air has a breakdown voltage of 3 kV mm−1 only, which limits
the maximum voltage that can be applied to the resonator [27]. The shortest path between
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the electrodes through the air can be enlarged and hence the maximum voltage until an
electric breakdown occurs. Furthermore, insulators can be applied to further increase
the breakdown voltage. However, smaller electrodes reduce the field at the rim for a
given voltage and it is open which effect will win. (2) This gap can also stem from the
fabrication process of the WGR. During the shaping and polishing of the resonator the
electrode can be partially removed. By introducing the gap ∆d we want to account for
this, by either applying a gap just to the top electrode , in the following referred to as
asymmetric case or to both electrodes, referred to as symmetric case in the following. Since
the bulk WGRs are typically mounted on a post and therefore one side is protected, we
consider the asymmetric case for a damage of the electrode during the fabrication process.
The symmetric case is considered when applying an isolation layer on both electrodes.

Figure 2. Geometries used for the simulation. We assume an axially symmetrical 2D model. The resonator has at the bottom
and top a metal electrode. In (a) the geometry with a constant ratio is illustrated. Here R1 is the major radius, R2 the minor
radius and ∆z the thickness. For this shape we also investigated a variation of the distance ∆d between the rim of the
resonator and the electrode. (b) The few-mode geometry. The small bulge at the equator of the WGR is used to guide the
light. Here rs is the radius of the small circle and the distance ∆r between the rim of the resonator and R1.

Another investigated geometry is that of few-mode WGRs. As shown in Figure 2b, this
is characterized by a small convex bulge at the equator of the resonator. The major radius R1
of the resonator is always kept at 1 mm. The shape of the small bulge is characterized by two
parameters. The first, rs, describes the radius of the circle, and ∆r, which characterizes the
distance of the bulge from the straight part of the resonator. We keep the radius rs = 5 µm
constant, while the distance ∆r is varied. We simulate for thicknesses of ∆z = 500 µm and
∆z = 50 µm. In our model we approximate the shape of the bulge with a semicircle. In
order to provide a smooth transition between semicircular bulge and the bulk material,
the shape of the bulge is approximated by a cubic Bézier curve. The formula with weights
can be found in the Appendix A.

The following simulation and analysis procedure is performed: For each geometrical
configuration we perform an eigenfrequency analysis to compute the intensity distribution
of the fundamental mode. In a second step we compute the electric field distribution for
a voltage of U = 1 V applied to the electrodes. This is done by solving the electrostatic
Maxwell equations. Finally, we determine for each geometry the average strength of the
external electric field and the distribution in the area of the optical mode where the intensity
is larger than 10% of the maximum intensity of the mode. We always use a wavelength
λ = 1 µm and the refractive index n of 2.16 [28]. In the simulation we use a free triangular
mesh with a locally dense meshing. Inside the WGR the maximum element size is set to
4 µm. This value decreases towards the position of the optical mode. Here, the maximum
size is set to λ/10, i.e., to 100 nm.
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3. Results

The results section is divided in two parts: The first part is dealing with the simulation
in the conventional resonator geometry with different ratios of the thicknesses ∆z and
the major radii R1. Additionally we discuss the influence of a gap ∆d between the rim of
the resonator and the electrode. In the second part we discuss few-mode resonators for
different ∆r and ∆z.

3.1. Conventional Resonator Geometry

In Figure 3 the electric field distribution in z-direction for two exemplary thicknesses
∆z = 500 µm and ∆z = 50 µm for R1 = 1000 µm is shown. In both cases the permittivity is
assumed to be εC. This results in a ratio of ∆z/R1 = 0.5 in the first and ∆z/R1 = 0.05 in
the second example.

Figure 3. Two examples of electric field distributions Ez for different thicknesses. The distribution
is plotted based on εC. The red area indicates where the intensity of the fundamental optical mode
is larger than 10% of its maximum. The black bar has in (a) a size of 50 µm and in (b) of 10 µm.
For better visibility the range of field values is limited such that the region of interest provides
enough contrast.

Comparing the field strengths in Figure 3a,b we obtain the expected behavior, that
with decreasing thickness and a constant voltage applied to the electrodes, the electric field
increases. Since the ratio R2/R1 is constant, the horizontal distance between the electrode
and the position of the optical mode decreases, while the size of the mode is constant for a
given R1. This gives an additional gain in the effective electric field strength. In Figure 4a
the average value of Ez is shown for the investigated thicknesses between ∆z = 800 µm
and ∆z = 50 µm of a WGR with R1 = 1000 µm in the unclamped case. Furthermore,
in Figure 4b we compare our electric field strength determined for the unclamped and
clamped cases with the field strength of a respective plate capacitor for different ratios
∆z/R1 and for radii of R1 = 100, 500 and 1000 µm.

For the resonator with ∆z/R1 = 0.5 we obtain an electric field strength of 79.5%
(72.5%) of the strength a plate capacitor of similar thickness would have. With decreasing
thickness the mismatch becomes less, ending up with a strength of 98% (97%) of the case
of a respective plate capacitor for ∆z/R1 = 0.05. The values within brackets represent the
clamped case. To quantify the homogeneity of the external applied electric field we calculate
the maximum values of the external electric field Ez,max and the minimum values Ez,min in
the considered area of the optical mode. Then we derive ∆Ez/Ez = (Ez,max − Ez,min)/Ez.
It is as small as 2% for all investigated thicknesses in case of the fundamental optical mode.
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Figure 4. (a) The average electric field strength in the area where the intensity is larger than 10 % of its maximal intensity of
the fundamental optical mode for R1 = 1000 µm and different thicknesses ∆z. The green line indicates the field strength Ez

according to Ez = E0 = U/∆z. (b) Comparison between the electric field Ez and the respective field in a plate capacitor E0

for different ∆z/R1. The error bars have point size.

In the next set of simulations we determine the average strength of Ez for the variation
of the distance ∆d as indicated in Figure 2 for a standard 500-µm-thick resonator. The results
are shown in Figure 5a. For each ∆d we calculate Ez for both dielectric tensor values for
lithium niobate.

Figure 5. (a) The electric field strength in the area of the optical mode for different distances ∆d of the electrode from the
rim of the resonator between 0 and 150 µm. The major radius of the WGR is R1 = 1000 µm and the thickness ∆z = 500 µm.
(b) Schematic of a possible configuration with an additional isolation layer with length ∆l covering the top and the
bottom electrode.

We investigate the symmetric case, where the electrodes on the top and bottom move
both the same way, as well as the asymmetric case, where only the top electrode changes
its distance from the rim. In all cases the strength of Ez decreases nearly linearly after
∆d = 30 µm. Our measure for the field inhomogeneities ∆Ez/Ez stays below 2% across the
area of the fundamental mode even for increasing values of distance ∆d. To estimate the
possible gain in the breakdown voltage we calculate the shortest distance of the electrodes
for this configuration through the air, assuming this to be the relevant distance. For an
electrode reaching the rim we obtain an arc length of 0.54 mm. A straightforward way
of increasing this distance and thus reducing the risk of a breakdown in air would be to
apply isolating layers with a very high dielectric strength in the gaps ∆d and on top of both
electrodes as shown in Figure 5b. As an example, we assume a ∆l = 300 µm long layer on
both sides. Hence the relevant distance between the electrodes doubles. Assuming that
∆d = 20 µm is needed to apply the isolation layer sufficiently, we obtain a decrease in the
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electric field strength assuming εUC of 1% only. In order to be able to contact the resonator
the isolation layer cannot cover the whole electrode.

3.2. Few-Mode Resonator

Two examples for the obtained strength distributions of the electric field Ez for the
few-mode geometry are displayed in Figure 6 for a resonator with R1 = 1000 µm and
∆z = 500 µm. For ∆r = 1 µm the optical mode is almost completely located in the part of
the resonator which is between the electrodes, while for ∆r = 5 µm the optical mode is
located in the bulge outside the electrodes. The change of the mean electric field strength
Ez in the area of the optical mode with increasing ∆r from 1 to 5 µm is shown in Figure 7.
Additionally, the number of the obtained transversal modes for each configuration is
displayed. The size of the error bar is given as ∆Ez = Ez,max − Ez,min, with the minimum
values of the external applied electric field Ez,min and the maximum value Ez,max in the
considered area of the optical mode. For ∆r = 0 and 0.5 µm no solution for the optical mode
could be found in our simulation. For each ∆r we calculated Ez for both dielectric constants.
In Figure 7b we compare both Ez to the respective field strength E0 of a plate capacitor
with the same thickness. The highest values for 91.2% (90%) are obtained for ∆r = 1 µm.
The value in the brackets represents the determined strength for εC. At ∆r = 5 µm we
determine for εUC a relative strength of Ez/E0 = 60% which is 9.5% larger than that for εC.
The relative electric field inhomogeneity ∆Ez/Ez across the area of the fundamental mode
for ∆r = 5 µm assuming εUC is determined to be 24% and for εC 41% of average value.
When the thickness of the resonator is reduced to ∆z = 50 µm , the relative strength Ez/E0
changes in the sub-percent level compared to the WGR with ∆z = 500 µm. Also the field
homogeneity does not change significantly.

Figure 6. Two examples for different ∆r in the case of a few-mode WGR with a semicircular bulge
with radius rs = 5 µm, R1 = 1000 µm and ∆z = 500 µm. The electric field strength is plotted using
the unclamped dielectric constant. We simulate in (a) ∆r = 1 µm and in (b) ∆r = 5 µm. The color
code represents the electric field strength Ez. The red area indicates the area where the intensity of
the fundamental optical mode is larger than 10% of its the maximum value. The black bar has a size
of 5 µm. For better visibility the range of Ez field values is limited such that the region of interest
provides enough contrast.
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Figure 7. (a) The average electric field strength Ez in the few-mode resonator with small radius rs = 5 µm in the area where
the normalized intensity of the fundamental optical mode is larger than 10%. The red data points represent the strength
Ez with εC and black the one with εUC. The error bars represent ∆Ez. The inset show the highest possible optical mode.
The yellow bar has a size of 5 µm. (b) Comparison between the electric field Ez and the respective field in a plate capacitor
E0. The gray bars as a measure for the field inhomogeneity are given by ∆Ez/E0.

4. Discussion

For the conventional WGR geometry the performed simulations validate that with
decreasing thickness the electric field strength is increasing. This is so far the expected
behavior considering a simple plate capacitor model. Depending on the dielectric con-
stant used, Ez develops differently. For the unclamped case, εUC is twice as large in the
radial component as εC and the E-field lines are thus more strongly drawn into the bulge
providing a larger field strength and higher homogeneity of the field. For example for a
WGR with ∆z/R1 = 0.5 the deviation from the respective electric field strength of a plate
capacitor between both WGRs is just 7%. This difference decreases to 0.7% at ∆z/R1 = 0.05.
The homogeneity of Ez considering the difference between the minimum and the maxi-
mum value is less than 2% for each ∆z/R1 constant. We investigated for three different
radii different ratios of ∆z/R1 as long as the minimal dimensions of ∆z = 50 µm and
R1 = 100 µm are not violated. Due to the characteristics of the electric field we can use this
ratio to determine the behavior of the electric field Ez for typical dimensions of bulk WGRs
made out of lithium niobate.

For a WGR with R1 = 1000 µm and ∆z = 500 µm and with a gap ∆d we determine a
reduction of the average electric field strength Ez of less than 2%, if ∆d is less than 30 µm in
the asymmetric case and 20 µm in the symmetric case. Also here for the unclamped case
the reduction is lower compared to the clamped case. The relative inhomogeneity of the
electric field ∆Ez/Ez is for all investigated cases less than 2%. These findings confirm that
small damages of the electrode during the fabrication process have only minor impact on
Ez. We find that it is possible to increase the effective distance between the electrodes and
thus increase the voltage at which the electrical breakdown in air takes place significantly
by applying an isolation layer with only a minor decrease of the effective electric field Ez at
the cross section of the optical mode.

For the few-mode resonator the difference between the electric field strength Ez for the
clamped and unclamped dielectric tensor is larger compared with that for the conventional
geometry. For this micrometer-sized bulge the effect of a twice as large radial component
of εUC compared with εC comes obviously more into play as our results show. The larger
∆r, the greater the difference between both values is. For ∆r = 5 µm the difference between
both strengths of the dielectric tensors is 9.4%. Also the relative field inhomogeneity ∆Ez/Ez
is larger compared to that of the conventional WGR geometry and varies between 17% and
23% for εUC and from 28% up to 42% for εC. The present study has only investigated the
dielectric constants for the unclamped and clamped cases. Depending on the frequency that
is used for the external electric field, one might excite resonances. For lithium niobate we
expect these resonances for frequencies of some MHz [29]. Here the values for the dielectric
constant might differ drastically. So far we discussed only the fundamental optical mode.
Higher-order modes in conventional resonators will have a reduced homogeneity since
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they are spatially more expanded compared to the fundamental optical mode. However,
the next higher order of transversal modes does not obtain significant deviation from the
respective values of the fundamental mode with respect to strength and homogeneity.
Applying an external electric field to a lithium niobate WGR due to the piezoelectric effect
the resonance frequency is changed as well. However, this contribution is more than one
order of magnitude lower than the frequency shift induced by the Pockels effect and can
be neglected in most cases [17,19,20].

5. Conclusions

To conclude: For all geometries used most of the expected electrical field is indeed
present in the region where the light circulates. However, for small rims and overlaying
rims just half of the field expected from the plate capacitor formula reaches the relevant
region. The inhomogeneity of the electric field distribution is in most cases excellent
amounting to just 2% or less, again except for small and overlaying rims where several 10%
of inhomogeneity might be present. The cases of the clamped versus the free resonators
for quickly/slowly varying external applied electric fields yield differences of the order
of 10% or more for the fields achieved. The simulations provide relevant information
how to optimally design the resonators for Pockels tuning and to compare more precisely
experimental data with theoretical expectations.
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Appendix A. Bézier Curve

We used the following cubic Bézier curve to model the small bulge symmetrically
around the center z = 0:

b(t) =
∑3

i=0 biwiB3
i (t)

∑3
i=0 wiB3

i (t)
, t ∈ [0, 1]. (A1)
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Abstract: Recent advances of high-quality lithium niobate (LN) on insulator technology have revital-
ized the progress of novel chip-integrated LN-based photonic devices and accelerated application
research. One of the promising technologies of interest is the generation of entangled photon pairs
based on spontaneous parametric down-conversion (SPDC) in LNs. In this paper, we investigated,
theoretically and numerically, Type II SPDC in two kinds of LNs—undoped and 5-mol% MgO doped
LNs. In each case, both non-poled and periodically poled crystals were considered. The technique
is based on the SPDC under Type II extended phase matching, where the phase matching and the
group velocity matching are simultaneously achieved between interacting photons. The proposed
approach has not yet been reported for LNs. We discussed all factors required to generate photon
pairs in LNs, in terms of the beam propagation direction, the spectral position of photons, and the
corresponding effective nonlinearities and walk-offs. We showed that the spectral positions of the
generated photon pairs fall into the mid-infrared region with high potential for free-space quantum
communication, spectroscopy, and high-sensitivity metrology. The joint spectral analyses showed
that photon pairs can be generated with high purities of 0.995–0.999 with proper pump filtering.

Keywords: lithium niobate; parametric down-conversion; photon-pair generation; extended phase
matching

1. Introduction

Lithium niobate (LiNbO3, LN) has been the most preferred nonlinear optic platform
for decades due to its high material quality, mature manufacturing technology, large
second-order nonlinearity and electro-optic (EO) modulation efficiency [1]. In particular,
the ion-cut technology for manufacturing wafer-size, low propagation loss, sub-micron-
thick crystalline LN thin films has made significant advances over the past decade [2,3].
This technique allows the successful integration of undoped or MgO/Fe/Er/Tm doped
LN on insulators such as SiO2/Si, Si, sapphire, and quartz [4]. This rapid development of
LN-on-insulator (LNOI) technology has revitalized the progress of novel chip-integrated
LN-based photonic devices and accelerated application research [5–17]. The monolithically
integrated LN modulator with on-chip loss of less than 0.5 dB and the high modulation rate
of 210 Gb/s has been successfully demonstrated, which was followed by many promising
applications including on-chip photonic integration, Kerr frequency comb or supercontin-
uum generation, and nonlinear-optic quasi-phase-matching (QPM) frequency conversion
on an integrated platform [5–7]. Chip-based LNOI light sources including frequency
combs, on-chip self-referencing systems, and a two-octave spanning supercontinuum have
been demonstrated [8–10]. On-chip integration of spectrometers, modulators, resonators,
frequency shifters, and periodically poled LN (PPLN) waveguides for integrated photonic
circuit construction has also been reported recently [11–17].

One of the important applications of second-order nonlinearity is the generation of
entangled photon pairs based on spontaneous parametric down-conversion (SPDC) in χ(2)-
crystals [18]. In particular, two photons generated simultaneously via Type II SPDC have
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orthogonal polarizations in the basis that are distinguished by crystallographic axes. In this
case, the entangled photon pairs are obtained from the spatial region where two beams (or
cones) with each polarization overlap, or from the Sagnac-loop interferometer configura-
tion [19,20]. In addition, the extended phase matching (EPM) is defined as when group
velocity (GV) matching is additionally achieved between photons interacting under Type
II SPDC, where high-purity photon pairs can be generated in a wide bandwidth [21–25].
Several studies on the photon-pair generation based on Type II SPDC in PPLN waveguides
have been reported so far, but in all cases the EPM scheme was not used or the frequencies
of the generated photon pairs were not identical to each other [26–30]. The experimentally
reported brightness values are 6 × 105/s/GHz and 3 × 105/s/GHz for non-diffused and
Ti-indiffused PPLN waveguides, respectively [26,27]. The rates of photon-pair generation
are 1.2 × 103 pairs/s/mW and 2.87 × 107 pairs/s/mW for a bulk PPLN and hybrid PPLN
waveguide, respectively [28,29]. Experimental results for the generation of photon pairs in
thin-film PPLN have only been reported recently, where Type 0 SPDC were used [31,32].
The brightness is 69× 106/s/mW/nm, and the photon-pair generation rates are 91 pairs/(s
GHz Mw) for Type 0 and 44,360 pairs/(s GHz mW) for Type I, respectively [31,32]. In addi-
tion, Type II EPM approach has not yet been reported for non-poled LNs. However, in order
to generate high-purity photon pairs that are indistinguishable except for the state of po-
larization, SPDC based on frequency-degenerate Type II EPM is required. Therefore, it is
timely to investigate the usefulness of LN as another suitable candidate for the generation
of frequency-degenerate, entangled photon pairs while meeting all requirements.

In this paper, we investigate, both theoretically and numerically, Type II SPDC in two
kinds of LNs (i.e., undoped and 5-mol% MgO doped LNs), which are expected to be useful
as material platforms for the generation of entangled photon pairs of high spectral purity.
In each case, both non-poled and PP crystals will be considered. The 5-mol% MgO-doping
prevents photorefractive damage to LN (optically induced refractive index change when
the crystal is exposed to blue or green CW light) [33,34]. The technique is based on the
SPDC under Type II EPM, where the phase matching (QPM or birefringent PM) and the
GV matching are simultaneously achieved between the interacting photons in both non-
poled and PP crystals. First, we investigate the Type II EPM characteristics for non-poled
and PPLN in two types of LN, respectively, in terms of the beam propagation direction,
the spectral position of photon pairs, and the corresponding effective nonlinearities and
beam walk-offs. We will show that the spectral positions of the generated photon pairs
fall into the mid-infrared (mid-IR) region with high potential for free-space quantum
communication, spectroscopy, and high-sensitivity metrology [35–38]. The joint spectral
analyses showed that photon pairs can be generated with high purities of 0.995–0.999 with
proper pump filtering.

2. Materials and Theories

LN belongs to the trigonal point group 3 m at room temperature, and exhibits negative
uniaxial birefringence [1]. In this case, the order of refractive-index (RI) magnitudes is
given by ne < no, where ne and no represent the RIs of the extraordinary and ordinary
waves in the principal axes of the index ellipsoid [39,40]. Figure 1 illustrates the frequency
and polarization relationships of pump, signal, and idler photons interacting via Type II
SPDC. In a non-poled LN shown in Figure 1a, an input pump photon with a frequency 2ω
produces a pair of photons (signal and idler) with the same frequency ω and polarization
states perpendicular to each other. In this case, the pump wave vector that satisfies Type II
EPM generally does not propagate along the crystallographic axis, resulting in a spatial
walk-off between the interacting beams as illustrated in Figure 1a. For a PPLN case,
the pump beam propagates along the y-direction perpendicular to the ferroelectric domain
wall, as shown in Figure 1b. Under the first-order QPM, an x-polarized pump photon
with a frequency 2ω produces a pair of signal-idler photons with the same frequency ω,
and the pair has x- and z-polarization states (or vice versa), respectively. The arrow in each

320



Crystals 2021, 11, 406

ferroelectric domain represents the direction of spontaneous polarization (PS), and Λ is the
poling period for the first-order QPM.
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The RIs (ne and no) of two kinds of LNs considered in this work (i.e., undoped and 5-
mol% MgO-doped LNs) are found in [39,40]. 
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Figure 1. Schematic diagrams showing the frequency and polarization relationships of pump, signal, and idler photons
interacting via Type II spontaneous parametric down-conversion (SPDC) in (a) a non-poled lithium niobate (LN) and (b) a
periodically poled LN (PPLN).

For a non-poled LN shown in Figure 1a, the Type II PM condition can be expressed as,

∆k = |ke(2ω, θ)− ko(ω)− ke(ω, θ)| = 0, (1)

where each k represents the wave number of the interacting wave, and is defined as
ko(ω) = (ω/c)no(ω) or ke(lω,θ) = (lω/c)ne(lω,θ). Here, l can be 1 or 2, and c denotes the
speed of light in vacuum. For light propagating at the angle θ to the optic axis of the LN,
the RI of extraordinary wave, ne(θ), can be derived as follows, using the definition in [18]:

ne(lω, θ) =
no(lω)ne(lω)√

n2
o(lω) sin2 θ + n2

e (lω) cos2 θ
. (2)

The RIs (ne and no) of two kinds of LNs considered in this work (i.e., undoped and
5-mol% MgO-doped LNs) are found in [39,40].

For the PPLN configuration shown in Figure 1b, each of the three interacting photons is
polarized along one of the principal axes of the index ellipsoid, respectively. The first order
QPM condition under the Type II interaction (when using the nonlinear optic coefficient
d15) is then expressed as,

∆kQ = |ko(2ω)− ko(ω)− ke(ω)| − 2π

Λ
= 0, (3)

where ko(lω) = (lω/c)no(lω) and ke(ω) = (ω/c)ne(ω). Here, l can be 1 or 2.
The temporal walk-off between the interacting photons due to the difference in GV is

expressed as the time delay (∆T) per unit crystal length as follows:

∆T
L

=
∆ng

c
, (4)

where L and ∆ng represent the crystal length and the group index difference between
interacting photons, respectively [41]. Then, when ∆ng = 0 in Equation (4), GV matching is
achieved, which can be simplified as:

2n(g)
e (2ω, θ) = n(g)

o (ω) + n(g)
e (ω, θ), (5)

2n(g)
o (2ω) = n(g)

o (ω) + n(g)
e (ω), (6)

where Equations (5) and (6) correspond to the case of non-poled LN and PPLN, respectively.
Each superscript g in Equations (5) and (6) means the group index. Now Type II EPM
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for each case shown in Figure 1 is defined as when Equations (1) and (5) (for a non-
poled LN in Figure 1a), or Equations (3) and (6) (for a PPLN in Figure 1b) are satisfied
simultaneously. For a non-poled LN, Equations (1) and (5) can both be expressed as
two-variable functions for θ and the pump wavelength (λp). Therefore, by solving the
system of Equations (1) and (5), a solution set of λp and θ that satisfies Type II EPM can
be obtained, where pure biphoton-states are produced. For a PPLN, Equations (3) and (6)
are both given as a function of λp. Therefore, once a λp that satisfies the GV matching
condition of Equation (6) is obtained, the poling period (Λ) for the first QPM is determined
by Equation (3). PP structures with specific periods (>a few µm, typically) can be easily
fabricated with current ferroelectric domain engineering techniques. Therefore, an SPDC-
based photon-pair source that satisfies Type II EPM can be implemented in a PPLN.

In negative uniaxial crystals with the point symmetry 3 m, such as LN, the effective
nonlinear-optic coefficient for Type II PM in a non-poled LN is given by [42],

de f f = d22 cos2(θ + ρ) sin 3φ, (7)

where φ and θ are the azimuthal and polar angles in the spherical coordinate, respectively.
The nonlinear optic coefficient, d22, is known to be 2.1 ± 0.21 pm/V at 1064 nm [43,44].
For a negative uniaxial crystal with the point symmetry 3 m, the spatial walk-off angle (ρ)
between the wave vector and the Poynting vector within the crystal can be simplified to:

tan ρ =
sin 2θ

2

(
1

n2
e (ω)

− 1
n2

o(ω)

)
n2

e (ω, θ), (8)

where ne(ω,θ) is given in Equation (2). To derive this expression, we used the definition
in [45]. The azimuth angle has no effect on the PM condition as shown in Equations (1) and (2),
so the maximum deff can be obtained by setting φ to π/6. As can be appreciated from
Equations (7) and (8), deff and ρ are both functions of λp and θ. Therefore, for a non-poled
LN, deff can be obtained by substituting the solution sets of λp and θ that satisfy Type II
EPM (i.e., Equations (1) and (5)). For a PPLN, since Type II PM uses d15, deff is given as
(2/π)d15 for the first-order QPM. The SPDC efficiency is proportional to the square of the
deff for a given direction of beam propagation [4]. The nonlinear optic coefficients d15 of
two kinds of LNs (i.e., undoped and 5 mol% MgO-doped LNs) are found in [43,44,46].

The spatial walk-off between the interacting beams does not occur in the QPM situ-
ation shown in Figure 1b. However, when the beams generally do not propagate along
the crystallographic axis, as shown in Figure 1a, the spatial walk-off occurs due to the
difference in direction of the wave vector and the Poynting vector within the crystal. For the
Type II interaction in a negative uniaxial crystal defined in Equation (1), the relationships
of Poynting vectors (s) of the interacting waves are given as illustrated in Figure 2b, while
the PM is collinear as shown in Figure 2a. For the ordinary wave, the wave vector and the
Poynting vector are parallel to each other (i.e., ko(ω)//so(ω)), but this is not the case for
the extraordinary waves. ρω and ρ2ω in Figure 2b are the walk-off angles of the extraor-
dinary waves with frequencies ω and 2ω (Equation (8)), respectively, and in this study
the relationship of ρ2ω > ρω is valid. Then, for an SPDC in a non-poled LN, the largest
walk-off angle (w) between the Poynting vectors of the interacting waves is equal to ρ2ω.
As expected in Equation (8), w is also the two-variable function for λp and θ, which can
be obtained by substituting the solution set of λp and θ that satisfies Type II PM. Then the
maximum deviation between the interacting beams after passing through the crystal of
length L can be expressed as:

∆ = L tan w. (9)
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The joint spectral analysis—the construction of the signal-idler joint spectral amplitude
(JSA) and the calculation of the purity of the biphoton state via Schmidt decomposition—is
commonly used to quantify the heralded-state spectral purity of the SPDC output [47–49].
Here, the spectral purity is a parameter that describes the degree of spectral uncorrelation
between the signal and the idler photons. The signal-idler biphoton state |ψ〉 generated
from SPDC can be expressed as,

|ψ〉 =
∫ ∞

0

∫ ∞

0
dωsdωi f (ωs, ωi)â†

s (ωs)â†
i (ωi)|0〉|0〉, (10)

where â†
s and â†

i are the creation operators of the signal and idler photons, respectively, and ωs
and ωi are the corresponding frequencies [49]. The normalized correlation function, f (ωs, ωi),
is expressed as the product of the pump envelope function and the PM function as follows:

f (ωs, ωi) = α(ωs, ωi)ϕ(ωs, ωi), (11)

which represents the biphoton JSA [47]. Assuming a pump with Gaussian spectral shape,
the pump envelope (PE) function can be written as,

α(ωs, ωi) ∝ exp

[
− (ωs + ωi −ωp)

2

σ2
p

]
, (12)

where ωp and σp represent the center frequency and bandwidth of the pump, respectively.
The PM function is given in the form of a sinc function as shown below,

ϕ(ωs, ωi) ∝ sinc
(

∆k′L
2

)
, (13)

where ∆k′ represents the phase-mismatch defined in Equation (1) (∆k for a non-poled
LN) or Equation (3) (∆kQ for a PPLN). For the given kp-direction (i.e., θ) that satisfies the
EPM, Equation (11) is given as a function of the signal and idler wavelengths (or λs and
λi), thus the JSA can be plotted on a two-dimensional plane as a function of λs and λi.
The purity can be calculated via the following Schmidt decomposition,

f (ωs, ωi) = ∑
j

√
cj
∣∣ζs,j

〉∣∣ζi,j
〉
, (14)

where Schmidt coefficients, cj, are a set of non-negative real numbers satisfying the normal-
ization condition, ∑

j
cj = 1.

∣∣ζs,j
〉

and
∣∣ζi,j

〉
represent the orthonormal basis states called
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Schmidt modes [48]. Then the spectral purity, P, is defined as the sum of squares of Schmidt
coefficients, as in [49]:

P = ∑
j

c2
j . (15)

Therefore, once we plot the JSA as functions of λs and λi in a two-dimensional plane,
P can be calculated via the Schmidt decomposition in Equation (15).

3. Simulations and Discussion

Figure 3 shows the numerical simulation results of Type II EPM in a PPLN (Figure 3a)
and a 5-mol% MgO-doped PPLN (MgO:PPLN) (Figure 3b) at temperature t = 50 ◦C. Λ
satisfying the first-order QPM (Equation (3)) and the temporal walk-off per unit crystal
length (∆T/L) defined in Equation (4) are plotted as a function of λp. The refractive indices
used for the simulations are found in [39,40]. As indicated by the dashed circles and arrows
in Figure 3, the λp values for GV matching (i.e., ∆T/L = 0) are 1817.03 nm (for a PPLN)
and 1757.35 nm (for a MgO:PPLN), and the corresponding Λs are 18.04 µm and 18.35 µm,
respectively. Examples of pump light sources at these wavelengths include Fabry-Pérot
lasers, distributed feedback lasers, and super-luminescent diodes [50–52]. PP crystals with
such long periods can be readily fabricated using current electric poling technology with
the sub-µm resolution. Type II EPM properties calculated for two kinds of PPLNs are
summarized in Table 1. The signal/idler wavelength in each case falls into the mid-IR range
(i.e., 3634.06 nm and 3514.70 nm). LN-based photon pair sources in this spectral range can
be utilized in absorption spectroscopy to control the combustion and leakage of methane
(CH4) and to detect formaldehyde (CH2O) exposure [53,54]. In addition, the generation
and detection of nonclassical light in the mid-IR range has good potential in an emerging
field of high-sensitivity metrology, gravitational wave detection, and free-space quantum
key distribution [35–38]. As indicated in Figure 3, Λ has an extremum at each λp for GV
matching because the derivative of Λ by λp is proportional to ∆ng [41]. As described in
Section 2, the Type II QPM uses the nonlinear optic coefficients d15, and the values are
listed in Table 1 together with references.
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Figure 3. Numerical simulation results of Type II extended phase matching (EPM) in (a) a PPLN and (b) a 5-mol% MgO:LN.
The poling period (Λ) satisfying the first-order quasi phase matching (QPM) and the temporal walk-off per unit crystal
length (∆T/L) are plotted as a function of λp.

Table 1. Type II EPM properties of two kinds of PPLNs: the poling periods (Λ), the resonant pump
wavelength (λp), and the corresponding signal/idler wavelengths.

Crystal |d15| [pm/V] 1 Λ [µm] λp [nm] λs,i [nm]

PPLN 4.35 ± 0.44
[43,44] 18.04 1817.03 3634.06

5-mol% MgO:PPLN 4.4 [46] 18.35 1757.35 3514.70
1 Assuming that Kleinman symmetry is valid, d15 = d31.
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Figure 4 shows the numerical simulation results of Type II EPM in a non-poled LN
(Figure 4a) and a non-poled MgO:LN (Figure 4b) at t = 50 ◦C. In each graph, the solid black
and dash-dot red lines represent the PM and GV matching properties calculated using
Equations (1) and (5), respectively. The intersection point of two curves represents the kp-
direction (i.e., θ) and the corresponding λp satisfying Type II EPM. The pump wavelengths
for GV matching (i.e., ∆T/L = 0) are 1007.99 nm (for a LN) and 1018.15 nm (for a MgO:LN),
where the kp-directions are θ = 70.47◦ and θ = 74.58◦, respectively. Type II EPM properties
calculated for two non-poled LNs are summarized in Table 2. The calculated wavelengths of
photon pairs are 2015.99 nm and 2036.30 nm, which are within the silica fiber transparency
(<2300 nm) [55]. It is widely known that communication C-band is the best option for
low-loss optical communication. However, it is necessary to use a wider bandwidth (e.g.,
S + C + L bands) to accommodate the increasing communication traffic [56,57]. Here, the S-
and L-bands are used as many passive optical networks (PONs) and dense wavelength
division multiplexing (DWDM) systems. Therefore, LN-based quantum light sources
have good potential for demonstrating fiber-based broadband quantum communication.
The generation and detection of nonclassical light about 2 µm also has good potential,
especially in gravitational wave detection [35].
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Figure 4. Numerical simulation results of Type II EPM in (a) a LN and (b) a 5-mol% MgO:LN. In each
graph, the intersection point of the PM and GV curves represent the kp-direction (i.e., θ) and the
corresponding λp satisfying Type II EPM.

Table 2. Type II EPM properties of two kinds of non-poled LNs: the PM direction (θ), the resonant
pump wavelength (λp) and the corresponding signal/idler wavelengths, (λs,i), the effective nonlinear
optic coefficients (deff), the angle of walk-off between the interacting photons (w), and the beam
deviation (∆).

Crystal θ [◦] λp [nm] λs,i [nm] deff [pm/V] w [◦] ∆ [µm/mm]

LN 70.47 1007.99 2015.99 0.21 1.30 22.73
5-mol%

MgO:LN 74.58 1018.15 2036.30 0.13 1.01 17.60

Since the SPDC efficiency is proportional to the square of deff, it is critical to estimate
the effective nonlinearity for the given kp-direction that satisfies Type II EPM. Figure 5
shows deff and ρ2ω plotted as a function of λp, which are calculated numerically using
Equations (7) and (8). The λp values in the horizontal axes in Figure 5 correspond to the
λp range satisfying Type II PM shown in Figure 4. Here, λp is the solution to Equation (1),
which is a solution pair with the PM direction, θ. The deff values calculated for Type II EPM
are 0.21 pm/V for a LN and 0.13 pm/V for a MgO:LN as shown in Figure 5a. Over the entire
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PM wavelength range, deff is larger for LN than for MgO:LN. In the PPLN configuration
shown in Figure 1b, deff is simply given as (2/π)d15 for the first-order QPM. Figure 5b
shows the walk-off angle ρ2ω , calculated for the given PM solution set of λp and θ. Overall,
also in the case of LN, the walk-off is larger than that of MgO:LN. The calculated value
of ρ2ω is used to calculate deff with Equation (8), and it also directly means the maximum
walk-off angle w between the interacting photons, as discussed in Section 2. The w values
are calculated as 1.30◦ for a LN and 1.01◦ for a MgO:LN, which correspond to the beam
deviation (∆) 22.73 µm/mm and 17.60 µm/mm, respectively. Here, each ∆ was calculated
using Equation (9), which can be sufficiently overcome by a large beam window in thick
crystals. The calculated values of deff, w, and ∆ are also summarized in Table 2.
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Now we investigate the temperature behaviors of the Type II EPM properties of LNs.
Figure 6 shows the change in λp for Type II EPM (corresponding to the intersection points
in Figure 4) and the PM direction θ at that point, which are plotted as a function of t in two
kinds of non-poled LNs. Here, ∆λp means the difference in λp between the temperature
t and t = 50 ◦C (i.e., ∆λp ≡ λp(t) − λp(50 ◦C)). As the temperature increases, λp shifts to
longer wavelengths (∆λp > 0) for LN (Figure 6a) and shorter wavelengths (∆λp < 0) for
5-mol% MgO:LN (Figure 6b). In the case of LN, ∆λp is only 1.87 nm (corresponding to
3.74 nm spectral change in ∆λs,i) for large temperature changes from 50 ◦C to 150 ◦C, which
is sufficiently small compared to the spectral bandwidth of the photon pair (~7.6 nm) to
be described in a later paragraph. Since the spectral change for a temperature change of
100 ◦C is within the signal/idler spectral bandwidth, the LN-based photon-pair source
operates stably against temperature change. For 5-mol% MgO:LN, the Type II EPM point
does not exist at temperatures above 80 ◦C as plotted in Figure 6b. ∆λp for temperature
changes from 50 ◦C to 80 ◦C is −0.16 nm (corresponding to a 0.32 nm spectral change in
∆λs,i), which is also much smaller than the spectral bandwidth of the photon pair (~7.8 nm)
to be described in a later paragraph. Therefore, both LN and 5-mol% MgO:LN can be
suitable platforms for quantum light sources that are insensitive to temperature changes.

Figure 7a,b shows the temperature dependence of the first-order QPM (Equation (3))
and the temporal walk-off (Equation (4)) between the interacting photons. The solid black
line in each graph represents the change in λp as a function of t of a PP crystal with the fixed
poling period designed for Type II EPM at t = 50 ◦C (≡Λ50◦C). The dash-dot red line in
each graph represents the change in λp for no temporal walk-off as a function of t. In both
cases of PPLN (Figure 7a) and 5 mol%-MgO:PPLN (Figure 7b), λp for the first-order QPM
appears even when the temperature of PP crystals change. However, the GV matching is
not achieved except for t = 50 ◦C. Figure 7c shows the PM function (Equation (13)) plotted
as a function of t, which means the spectral responses of the PP crystals to temperature.
The bandwidths (full-width-half-maximum) are calculated as >52 ◦C for PPLN and 1.90 ◦C
for 5 mol%-MgO:PPLN. Therefore, in application as a quantum light source, PPLN is not
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sensitive to temperature changes, while 5 mol%-MgO:PPLN needs to be maintained at an
appropriate temperature.
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In order to quantify the heralded-state spectral purity of SPDC output, we now discuss
the analysis of the signal-idler JSA properties including the calculation of the purity of the
biphoton state. Figure 8 shows the joint spectral properties of Type II SPDC in the cases
listed in Tables 1 and 2. The density plots of the JSAs (Equation (11)) for LN and 5 mol%
MgO:LN are shown in Figure 8a,b, respectively. JSAs of PPLN and 5 mol% MgO:PPLN are
plotted in Figure 8c,d, respectively. The crystal length used for the calculations is 10 mm for
all four cases. The bandwidths of PE functions (Equation (12)) chosen for higher purities are
2.27 nm, 2.33 nm, 5.33 nm, and 5.17 nm, respectively, in the order of Figure 8a–d. As can be
seen in Figure 8, the JSAs show typical circular shapes as in the case of PPKTP under Type II
EPM [24]. The contour lines for the joint spectral intensity (JSI) = 0.5 are plotted in Figure 9,
where Figure 9a–d, in turn, correspond to Figure 8a–d. Here, the JSI is defined as |JSA|2.
For clear comparison of the spectral bandwidths of the photon pairs, all contour plots in
Figure 9 are displayed in a 20 nm × 20 nm window. The contour lines show almost perfect
circular shapes with the diameters of 7.6 nm, 7.8 nm, 17.3 nm, and 17.8 nm, in the order of
Figure 9a–d. The purities calculated using Schmidt decomposition (Equation (15)) are as
high as 0.995, 0.995, 0.999, and 0.998, respectively, in the order of Figure 8a–d. The results
show that very high-purity photon pairs can be generated in both PP and non-poled LNs.
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4. Conclusions

We have theoretically and numerically investigated Type II SPDC properties of two
kinds of LNs—undoped LN and 5-mol% MgO:LN. In both non-poled and PP crystals,
SPDC properties under Type II EPM were theoretically investigated, in terms of PM,
GV matchings, effective nonlinearities, and spatial walk-offs between the interacting
photons. The spectral position of photon pairs can be chosen in the mid-IR region in-
cluding 2015.99 nm, 2036.30 nm, 3634.06 nm, and 3514.70 nm, which has high potential
for free-space quantum communication, spectroscopy, and high-sensitivity metrology.
The heralded-state spectral purities of SPDC output were quantified via JSA analyses,
and the results show that the purities calculated with proper pump filtering are as high as
0.995–0.999. While the acceptable temperature bandwidth of a MgO:PPLN-based SPDC
source operating with a stable spectrum is less than 1.9 ◦C, other counterparts based on
PPLN or two kinds of non-poled LNs are not sensitive to temperature changes. Neverthe-
less, practically all four cases do not require temperature precision equipment, which is a
huge advantage for practical use of LN-based quantum light sources outside the laboratory.
LN-based quantum light sources are expected to provide a variety of functions for SPDC-
based quantum communication, information processing, metrology, and spectroscopy.
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Abstract: The specified domain patterns were written by AFM-tip voltages in LiNbO3 films composing
LNOI (LiNbO3-on-insulator). The domain wall conductivity (DWC) was estimated in the written
patterns. This estimate was based on the effects of load resistors RL inserted between DWs and the
ground, on the features of occurring domains. In this case, the domain formation is controlled by the
ratio between RL and the DWs’ resistance RDW. Starting from the comparison of patterns appearing
at different RL, the value of RDW in a specified pattern was estimated. The corresponding DWC is
of σDW ≈ 10−3 (Ohm cm)−1 which exceeds the tabular bulk conductivity of LiNbO3 by no less than
twelve orders of magnitude. A small DW inclination angle of (10−4)0 responsible for this DWC is not
caused by any external action and characterizes the domain frontal growth under an AFM-tip voltage.

Keywords: lithium niobate; LNOI; ferroelectric domains; domain-wall conduction; AFM

1. Introduction

Ferroelectric materials have undergone a renaissance in the last two decades due to the discovery
of many novel applications based on micro- and nanosized ferroelectric domains. The main examples
of these applications are the nonlinear optical-frequency conversion [1] and an ultrahigh-density data
storage [2]. More recently, interest has centered on the conductivity of charged domain walls (CDWs)
which is a fundamental property of ferroelectric domains. The authors of [3] were the first to discuss the
screening effects at the boundary of “encountering” (“head-to-head”) 180◦-domains. The specificity of
ferroelastic (twin) domain walls (DWs) was discussed in the pioneering works of Salje and co-authors,
e.g., [4,5]. Particularly, the superconductivity at DWs in weakly reduced WO3 and trapping of
O-vacancies by DWs in CaTiO3 was reported in [4] and [5], respectively. Later on, an enhanced
domain-wall conductivity (DWC) up to the superconductivity was observed in a large amount of
ferroelectric films and crystals; the detailed bibliography can be found in several reviews [6–8].
Taking into account a small DW thickness and a spatial mobility of ferroelectric domains, CDWs can
be regarded as the field controlled nanosized wires. In the context of various applications, a concept of
“DW nanoelectronics” was proposed by Catalan and coauthors [7].

DWC is caused by a DW inclination with respect to the direction of spontaneous polarization Ps

and subsequent accumulation of a screening charge with the density of σ = 2Ps sinθ (where θ is the
DWs’ inclination angle). The authors of [9] for the first time proved experimentally the relation of
DWC to the DW inclination angle in LiNbO3 crystals. In the recent TEM experiments [10], an essential
meandering of 180◦ DWs has been found in PPLN, which predicts the appearance of DWC even at
non-inclined DWs; for this case, the 2D resistor network approach was proposed [11].
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The largest part of DWC studies were performed in LiNbO3 [9–15], which is the most convenient
object for these investigations not only because of its practical potentials, but due to the fact that
domain patterns fabricated in this material by any technique, are stable.

The pioneering work [9] concerning the specified DWC in LiNbO3 was mentioned above.
The authors of [12] succeeded in enhancing DWC in LiNbO3 by 3–4 orders of magnitude compared
to [9], by means of the DWs’ field shaping in combination with a photoactive illumination. In [14]
DWC was measured in the domain patterns with a specified DW inclination angle, written by AFM-tip
voltages in LiNbO3: 5% Mg plates.

The results described below were obtained in the domain patterns fabricated by AFM-tip
voltages in LiNbO3 films forming LNOI (LiNbO3-on-insulator). For the further discussion, we dwell
shortly on this device. The comprehensive bibliography can be found, e.g., in the reviews [8,16–18].
LNOI (schematically presented in Figure 1a) consists of an ion-sliced single-crystal single-domain
LiNbO3 film bonded on an insulating substrate (thin SiO2 layer in our case); this sandwich is fixed
onto a LiNbO3 plate. In the LNOI samples under investigations, a thin metal layer serving as an
electrode is inserted between LiNbO3 film and SiO2. Recently, we presented the AFM -tip domain
writing in LiNbO3 films forming LNOI [19,20] and DWC measurements in the written patterns [13].
Later on, AFM domain writing in LNOI and DWC observations in the written patterns were reported
in [15,21,22].
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Figure 1. The schematic presentation of a domain written by AFM-tip voltage in LNOI (a) and the
equivalent circuit of the domain writing (b). In (a) the red vertical lines represent DWs, the horizontal
green and yellow layers show the metal and SiO2 ones, respectively; in (b) RDW is the DWs’ total
resistance. In (a,b) RL is the load resistor.

According to the general concept, DWs represent regions of charge accumulation. As a result,
an electrostatic repulsion between the closely spaced domains can be expected. Actually, some experimental
data provide indirect evidence for this effect. When AFM domain writing in thin LiNbO3 crystals,
the neighboring domains became unstable [23] as the inter-domain distance Λ was reduced. Similarly,
when AFM domain writing in He-LiNbO3 optical waveguides, the domain sizes tended to decrease as
Λ was decreased [24]. An instability and chaotic behavior observed in the domain patterns written
by AFM-tip voltages in relatively thick LiNbO3 films [25], can be attributed to an inter-domain
electrostatic repulsion.

One can expect that an electrostatic repulsion should be suppressed by the DWs’ grounding
leading to the elimination of accumulated charge. This effect was actually observed when AFM domain
writing in LNOI [20]. If the metal layer was grounded when writing, the written patterns were regular
and stable. Oppositely, if the metal layer was disconnected from the ground, the formed patterns were
chaotic and unstable.

For clarity, the further reasoning underlying the problem setting is illustrated by Figure 1b.
A domain pattern can be regarded as a system of conducting nanowires with a resistance RDW,
embedded into an insulating matrix. Two abovementioned extreme scenarios, namely, the regular and
chaotic patterns occurring at RL = 0 and RL =∞, can be interpreted as the results of grounding DWs
and their disconnection from the ground, respectively.
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The aim of the present research was to examine an “intermediate” case, namely, the domain
formation in the conditions of RDW grounding through a load resistor RL , 0 (Figure 1b). It was
expected that the characteristics of the occurring domain patterns will be affected by RL insertion,
the effects being controlled by the ratio between RDW and RL.

Experiments were performed in LNOI samples provided by NANOLN Electronics (Jinan, China).

2. Experimental Results

2.1. The Effects of RL Insertion on the Domain Formation

The panels shown in Figure 2a–c, present the phase PFM images of the patterns written at different
conditions. One can detect three types of scenarios, depending on the writing conditions.
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Figure 2. PFM images of the domain panels observed under different conditions of AFM-tip writing.
(a) Utip = 35 V, tp = 0.1 ms, RL = 0; almost the same images are observed up to RL = 109 Ohm (see below);
(b) Utip = 21 V, tp = 500 ms, RL = 0; (c) Utip = 50 V, tp = 5 s, RL = 1010 Ohm.

Let us start from the writing at RL = 0 (Figure 2a). In accordance with our recent results [19,20],
domains appear on applying certain threshold Utip. At Utip lower than the threshold, no domains are
detected obviously because of the backswitching.

In 500 nm thick films the threshold Utip of the domain appearance is of 18 V; for thicker films it is
somewhat larger. Figure 2a presents the results of writing at tp = 0.1 ms, Utip = 35 V. Qualitatively
similar panels are visualized on writing in the ranges of Utip > 22 V and tp ≥ 0.1 ms (the shortest
experimental tp). The exposure characteristics of the domain diameter D(Utip) and D(tp) were presented
in [19]. In agreement with [19,20], the written domains are fully stable. The dependences of the
domain sizes D(Utip) and D(tp) are not affected by the inter-domain spacing. A specific feature of these
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patterns is the domain merging as the distance between the neighboring DWs is decreased (the upper
rows in Figure 2a). This merging ignores the domain sizes and occurs when the distance between the
neighboring DWs becomes lesser than 20–30 nm. The domain merging phenomenon was described in
detail in our preceding publications [19,20].

We dwell shortly on the “pre-threshold” Utip range from 18 to 22 V (Figure 2b) (RL = 0).
Figure 2b gives an example of panel written at Utip = 20 V, tp = 500 ms. The appearing domains are
unstable since on turning-off Utip, the domain diameter D is slowly shrinking during hours. At the
smallest Λ = 100 nm (the upper row in Figure 2b) the domain sizes become somewhat irregular.

The insertion of load resistors RL leads to the following results. Up to certain RL value denoted
below as Rcrit, the scenario is very similar to that observed at RL = 0, the writing conditions being the
same (Figure 2a). At RL > Rcrit the writing characteristics change abruptly (Figure 2c). Now, to create a
stable pattern with the domain sizes close to those observed at RL = 0 under the same Utip, the exposure
time should be increased up to seconds, which exceeds tp required for writing at 0 ≤ RL ≤ Rcrit more
than by order of magnitude.

Let us discuss in order the phenomena described. In further consideration an ohmic contact
between DWs and the metal layer was assumed.

A written pattern shorted to the metal layer, in its turn grounded through a resistor RL can be
represented jointly by an equivalent circuit consisting of two resistors, RDW and RL, connected in series
(Figure 1b); here RDW is the total DWs resistance. As the resistance of the surrounding crystal bulk is
by orders of magnitude larger than RDW, the voltage drop on it is neglected.

The phenomena occurring at RL = 0 can be qualitatively accounted for by the elimination of
an inter-domain repulsion due to the DW’s grounding. As a result, the times required for the
formation of an equilibrium domain structure are rather short. Due to the disappearance of an
inter-domain electrostatic repulsion, nothing prevents the domains from merging when they come
together. The physical meaning of the critical distance of 20–30 nm between the neighboring DWs at
which the domains start to merge, is unclear yet.

As follows from Figure 1b, at RL, 0 the domain formation is governed by the ratio between RL

and RDW. Provided that RDW ≥ RL, the voltage drop occurs mainly on RDW; oppositely, in the case that
RL ≥ RDW, the voltage drops dominantly on RL. Therefore, in the latter case to write a pattern with the
same characteristics as at RL = 0, the exposure times should be increased essentially. This is actually
observed in the case illustrated by Figure 2c. At Utip = 35 V, RL = 0 the exposure times of writing are of
tenth of seconds, whereas when inserting RL = 1010 Ohm, tp becomes of the order of seconds.

In the framework of our consideration, a threshold change in the domain formation takes place at
Rcrit ≈ RDW. In other words, at RL = Rcrit the voltage is divided approximately equally between RL

and RDW. It should be taken into account (see the experimental procedure) that when writing any
next panel, the value of RL was changed by an order of magnitude. Due to this, the switch from the
scenario illustrated by Figure 2a to that shown in Figure 2c occurs in a step-like manner. Therefore,
for a given domain pattern, Rcrit can be evaluated within an order of magnitude.

We dwell briefly on the domain formation in the “pre-threshold” voltage range Utip = 18–20 V
(Figure 2b). The observed instability of domain patterns can be qualitatively accounted for by the fact
that these voltages are insufficient to provide a complete grounding, so an inter-domain repulsion
still persists. This qualitative explanation is supported by the fact that the threshold Utip at which the
writing characteristics change abruptly, grows with the film thickness being of 22 and 25 V for the 500
and 700 nm thick films, respectively. Note, an instability of AFM written domains in LNOI mentioned
in [21], might be related to a non-complete grounding.

Summing up this section, a load resistor Rcrit at which the results of writing change radically
(from the panel 2a to 2c), is of the order of magnitude of DWs’ resistance RDW. This approach paths
the way to estimate RDW in a given domain pattern by investigating the dependence of the occurring
domain structures on the inserted resistors RL.
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The following remark is relevant here. Our consideration was illustrated by Figure 2a–c presenting
the static ultimate structures. These structures result from the process, involving various stages,
the slowest of which being obviously the screening of the bound charge by the free carriers. It occurs
within a time of τM =εε0/σ (where εε0 andσ are the dielectric permittivity and conductivity, respectively).
Taking the obtained below DW conductivity σ≈ 2× 10−7 (Ohm cm)−1 and ε33 ≈ 30 for LiNbO3, we come
to τM ≈ 10−7 s. Therefore, the final DWs’ equilibrium (static) state visualized by the PFM scanning is
attained within the times by three orders shorter than the shortest exposure times tp.

2.2. DWC Estimation Based on the Examination of Domain Patterns

A simplified reasoning presented above, paves the way to evaluate DWC in a given domain
pattern. It can be done by investigating the effects of specified resistors RL inserted between the
metal layer and the ground, on the domain formation. In this section we present an example of
this evaluation.

These experiments were performed by writing a row of circled domains by means of step-by-step
AFM-tip movement. Figure 3a,b present, respectively, the amplitude PFM image of a fragment of this
row and the scanline of an individual domain. The domains were written by Utip = 27 V, tp = 500 ms;
the specified distance between the writing points was of Λ = 100 nm.
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The sequence of these measurements was the same as when writing the domain panels discussed
above. First, the domain row was written at RL = 0 (the reference case). Then, the writing procedure
was repeated with the inserted load resistors RL , 0, at each subsequent writing step RL being raised
by an order of magnitude. Up to RL = 109 Ohm the shape of the PFM image (illustrated by Figure 3a)
remained almost unchanged. At RL = 1010 Ohm a drastic change of the writing conditions was
observed, namely to write a row identical to that shown in Figure 3a, tp should be increased up to
several seconds, thus more than at ten times. In the framework of our consideration this jump takes
place at RL exceeding RDW. Summing up, in the given pattern RDW ≈ RL = 109 Ohm (correct to
first order).

3. Discussion

This section consists of two parts. First, for the pattern shown in Figure 3, the DW conductivity
σDW was calculated based on the above experimental estimate RDW ≈ 109 Ohm. Second, the DW
inclination angle in the pattern shown in Figure 3 was evaluated in the framework of the approach
proposed in [14].

3.1. DWC Calculations

Two independent approaches were used to calculate DWC. The first approach is as follows.
A single domain can be represented by a cylinder with the diameter D; a DW is represented by a
thin-walled tube with the wall thickness of w. The domains written by the Utip amplitudes large
enough, penetrate through the whole film thickness, thus the tube length is taken equal to the film
thickness L. The resistance of a cylindrical domain with the DW thickness of w can be presented as:

RDW = ρDW (L/πDw) ≡ 1/σDW (L/πDw) (1)

As shown above, the conditions of the domain appearance change radically at certain load resistor
Rcrit. In the framework of our consideration it is equal to RDW (correct to first order). From this
it follows:

σDW = L/(πDwRcrit) (2)

(for the notations see above).
All terms in this equation are specified except for the value of DW thickness w, which requires to

be discussed in more detail. For different materials, e.g., BFO, BTO, and PZT, the value of w ≈ 10 nm
was reported repeatedly (for references see [8]). In our measurements, to find this value, we used a tip
with r ≤ 10 nm for the PFM scanning. This small tip radius permitted us to improve the accuracy of the
DW’s thickness estimation. The repeated measurements in varied domain patterns analogous to that
shown in Figure 3a, gave an average value of w ≈ 20 nm with the error of 10%. This value is in line
with the literature data mentioned above [8].

Substituting Rcrit = 109 Ohm, L = 500 nm, D = 100 nm, w = 20 nm to Equation (2) we obtain
σDW = 8 × 10−4 (Ohm cm)−1. This estimate of DWC is conservative, since for DW thicknesses lesser
than 20 nm, σDW would be larger.

We now turn to the alternative estimation of σDW, which is based on the approach proposed
in [14]. The tip contact is considered as a point contact width d. The lines of the current density are
curving and spreading out of the DW plane when moving away from the upper electrode. Then:

RDW = ρDW (F/w) ≡ (1/σDW)(F/w) (3)

where F is a dimensionless factor governed by the contact geometry; other notations see above.
According to [14], the dependence of F on the contact geometry is satisfactorily approximated by a
logarithmic function:

F = 0.72·lg(5L/a) ≈ 0.72·lg(5L/Rtip) (4)
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where a is the point contact width.
As was shown above, Rcrit = RDW. Taking into account Equation (4) we obtain:

σDW = F/(wRcrit) ≈ 0.72·lg(5L/Rtip)/(wRcrit) (5)

Substituting into Equation (5) the values used above for calculations by Equation (2)
(Rcrit = 109 Ohm, L = 500 nm, Rtip= 35 nm, w = 20 nm) we obtain σDW = 7 × 10−4 (Ohm cm)−1.
This is very close to the above alternative estimate σDW = 8 × 10−4 (Ohm cm)−1. The value of σDW

obtained by two methods exceeds the tabular bulk conductivity of LiNbO3 not less than by twelve
orders of magnitude.

3.2. The DW Inclination Angle

We now evaluate the DW inclination angle θ responsible for the σDW value estimated above.
In these simplified calculations we follow [14]. The conductivity is expressed as σ = neµ, where n is the
screening charge concentration, e is the elementary charge and µ is the charge mobility; so n = σ/eµ.
Taking µ≤ 10−2 cm2/Vs and substituting it together with σDW ≈ 8× 10−4 (Ohm cm)−1 into the expression
for the concentration of compensating electrons, we obtain n ≥ 0.6 × 1016 cm−3. The inclination angle θ
required to provide this compensating charge is calculated from the expression new = 2Ps sinθ [14].
Substituting n ≥ 0.6 × 1016 cm−3, w = 20 nm and Ps = 70 µC cm−2 to this expression, we obtain an
inclination angle of θ ≈ (7 × 10−3)◦. The validity of this estimate is supported by the results of [14],
underlying our consideration. In that work, the calculations were performed for the angle θ ≈ 1◦
specified experimentally. As seen, the inclination of DWs in our case is by orders of magnitude lesser
than the angles achieved with the aid of various experimental tricks (e.g., [9,12,14]). A negligible
smallness of θ finds the following obvious explanation. As opposed to the aforementioned works
aimed at rising DWC by increasing θ, in our case a domain was growing without any external action,
so to say, “on its own”. Assuming the frontal DW motion to be the dominant mechanism of the domain
growth, the DWs’ inclination angle is governed by the axial field distribution. So, the value of θ
specified by the domain frontal growth itself, should be very small. Certain analogy can be drawn
with the electron-beam EB domain writing in LiNbO3 [26]. In that case the domains were growing
axially under a local field created by EB-irradiation of the polar plane. The DWs in the formed domains
appeared to be inclined by a very small angle.

4. Materials and Methods

The samples under study were LNOI wafers composed of a +Z-cut ion-sliced single-domain
LiNbO3 film bonded onto SiO2 coated LiNbO3 plate. The film thicknesses in the samples under study
were of 300, 500 and 700 nm. The thickness of SiO2 layers was of 1.4 µm. A 100 nm thick Au/Cr layer
inserted between the bottom film surface and SiO2 layer, served as an electrode. The total size of the
samples was of X × Y × Z = (11 × 9 × 0.5) mm3.

The methods of the domain examination with the aid of scanning probe microscopy are commonly
known, so needless to describe them in detail. The only detail should be mentioned. Two types
of AFM tips were utilized for different aims. The domain writing and subsequent PFM scanning
were performed using Si tip with Pt coating HA_FM/Pt (Tipsnano, Tallinn, Estonia) with the tip
curvature radius R ≤ 35 nm. To determine the DWs’ thickness w in the written patterns, we used the
Si tips with boron doped diamond coating HA_HR_DCP (Tipsnano) having a tip curvature radius
R ≤ 10 nm. All AFM experiments were carried out with a NTEGRA PRIMA SPM system (NT–MDT,
Moscow, Russia).

To search for the effects expected, the panels (illustrated by Figure 2) consisting of domain rows
with the specified distances Λ between the writing points were written by the stepwise tip movement;
in a given row Λ = const. On writing, each next panel was PFM–scanned. Any panel consisting of
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the domain rows with Λ decreasing from 1000 to 100 nm (bottom-up) was written under constant
exposure conditions (Utip = const, tp = const).

When studying the effects of load resistors RL , 0 inserted between the metal layer and the ground
on the domain occurrence, the sequence of operations was as follows. First, a reference panel was
written under the given writing conditions (Utip = const, tp = const) at RL = 0. Then, the following
panels were written with the same Utip and tp, a load resistor RL being inserted between LNOI and the
ground. When writing each subsequent panel, the RL value was increased (or decreased) by an order
of magnitude. The domain panels written with RL , 0 were compared to the reference one.

The DWC measurements were performed in a row of circled domains written by step-by-step
AFM-tip movement (Figure 3a,b). The sequence of these measurements was the same as when writing
the domain panels (Figure 2). First, the domain row was written at RL = 0 (the reference case). Then,
the writing procedure was repeated with the inserted load resistors RL , 0. At each subsequent writing
step, RL was raised by an order of magnitude

5. Conclusions

The main results obtained here can be summarized as follows: The AFM-tip domain writing in
LiNbO3 films was investigated under various conditions of the DW’s grounding through the specified
load resistors RL inserted between DWs and the ground. The features of arising patterns are determined
by the ratio between the domain-wall resistance RDW and RL. The formed patterns depend critically on
RL. This permitted us to estimate DWC in a specified pattern. Importantly, this estimate was based on
the observations of ferroelectric phenomena. It was performed by comparing the patterns occurring at
given Utip and tp with varied RL. The calculations of DWC on the basis of two independent approaches
gave the very close values of σDW = (7–8) × 10−4 (Ohm cm)−1. In the framework of the approach
developed in [14] this DWC corresponds to a small inclination angle of θ ≈ (7 × 10−3)◦. The observed
DWC not caused by any external manipulation, is related to a DW inclination accompanying the
domain frontal growth under an AFM-tip field.

In our opinion, an important general conclusion is as follows: When creating a small-scale domain
pattern, no matter by which method, an electrostatic repulsion between the neighboring DWs and,
thus, the conditions of DWs’ grounding affect substantially the features of the occurring terminal
domain structure.
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Abstract: Nonlinear and quantum optical devices based on periodically-poled thin film lithium
niobate (PP-TFLN) have gained considerable interest lately, due to their significantly improved
performance as compared to their bulk counterparts. Nevertheless, performance parameters such
as conversion efficiency, minimum pump power, and spectral bandwidth strongly depend on the
quality of the domain structure in these PP-TFLN samples, e.g., their homogeneity and duty cycle,
as well as on the overlap and penetration depth of domains with the waveguide mode. Hence, in
order to propose improved fabrication protocols, a profound quality control of domain structures
is needed that allows quantifying and thoroughly analyzing these parameters. In this paper, we
propose to combine a set of nanometer-to-micrometer-scale imaging techniques, i.e., piezoresponse
force microscopy (PFM), second-harmonic generation (SHG), and Raman spectroscopy (RS), to access
the relevant and crucial sample properties through cross-correlating these methods. Based on our
findings, we designate SHG to be the best-suited standard imaging technique for this purpose, in
particular when investigating the domain poling process in x-cut TFLNs. While PFM is excellently
recommended for near-surface high-resolution imaging, RS provides thorough insights into stress
and/or defect distributions, as associated with these domain structures. In this context, our work
here indicates unexpectedly large signs for internal fields occurring in x-cut PP-TFLNs that are
substantially larger as compared to previous observations in bulk LN.

Keywords: thin film lithium niobate; TFLN; LNOI; x-cut LN; ferroelectric domains; domain walls;
piezoresponse force microscopy; second-harmonic generation; Raman scattering

1. Introduction

In recent years, periodically-poled thin film lithium niobate (PP-TFLN) has emerged as
a promising platform for realizing modern-type integrated nonlinear and quantum optical
devices. When compared to the standard bulk periodically-poled lithium niobate (PPLN)
platform, PP-TFLN offers higher conversion efficiencies, a significantly reduced footprint
size, as well as an excellent integrability into nanooptical systems [1–7]. Unlike bulk PPLN,
the application of the TFLN platform is not limited by the restrictions that weak optical
confinement imposes to footprint and device integration [8–10]. Subwavelength optical
confinement is provided by a large change of the refractive index between TFLN and the
substrate material. This is mandatory and fundamental in order to achieve an ultra-high
frequency conversion for next-generation applications.

Similar to other ferroelectrics, efficient nonlinear conversion may be achieved by
applying the straightforward concept of quasi phase matching (QPM) to periodically-poled
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ferroelectric (FE) domain structures. For efficient and narrow-band QPM devices, it is
thus required that the domain grid matches closely with its design parameters [11,12]. In
particular, early studies on nonlinear optical devices in TFLN reported on strong deviations
between simulated and effectively measured conversion efficiencies and spectra, a fact that
was attributed to inhomogeneities in the poling procedure. Nevertheless, these assertions
were off ground, and could not be verified to date, since they simply lack the appropriate
analysis methods [1]. Hence, adequate inspection techniques are needed to quantify the
necessary parameters, to the benefit of proposing dedicated process protocols for the
optimized and highly accurate domain fabrication in TFLN. Key indicators for high-grade
domain grids in TFLN are: (a) The appropriate poling period; (b) the duty cycle and
homogeneity; (c) the domain grid length; and (d) the depth of poled domains. Therefore,
inspection methods need to provide access to these parameters.

(a) Poling period inspection (resolution): Due to the strong confinement and the asso-
ciated large dispersion of optical modes, TFLN requires poling periods that are significantly
shorter as compared to bulk LN. For a typical application at telecom frequencies, poling
periods Λ between 2 and 5 µm must be realizable in TFLN, while for similar devices in bulk
LN 10–30 µm periods usually would be sufficient [2]. This makes the fabrication of domain
grids in TFLN much more demanding. Furthermore, recent works have demonstrated
that even sub-µm periodicities in PP-TFLN waveguides can be manufactured [13,14], an
achievement that has not yet been possible with bulk devices. Therefore, any investigation
method must provide an optical resolution in the lower µm and even sub-µm range, as
well as be able for imaging over the full length of the poled areas.

(b) Duty cycle and homogeneity control (imaging contrast): For an optimal conver-
sion efficiency, a duty cycle of the periodic domain grid close to 50% is desired. Furthermore,
irregular variations in the duty cycle will significantly broaden the conversion spectrum
and hence reduce that efficiency [11,12]. Therefore, methods with a clear imaging contrast
are required to analyze the duty cycle along its full poling length.

(c) Domain grid length (speed): The nonlinear conversion efficiency scales quadrati-
cally with the interaction length, while the spectral width decreases. Hence, for narrow
band, low pump power, and high efficiencies, device lengths in the range of mm to cm or
even longer are requested [2,9,15]. Ideally, an appropriate inspection method then must be
able to investigate these large areas in a reasonable time, i.e., within less than some hours,
solely to facilitate fabrication and structure optimization.

(d) In-depth domain growth control (depth sensitivity): To achieve optimal efficien-
cies, all inverted domains along the waveguide structure need to penetrate across the full
depth of the TFLN. In most designs, x-cut TFLN is used for fabrication, facilitating domain
poling via surface electrodes that are easily fabricated and removed by standard lithog-
raphy, deposition, and etching techniques. Hence, the PP domain structure is arranged
in-plane, requiring that domain growth fully proceeds along both the in-plane polar axis
and into the TFLN (non-polar) depth, as shown in Figure 1a. To optimize the fabrication
of PP domain grids as well as for delivering decent conversion estimates, these depths of
inverted domains need to be known and measured with high accuracy. Typical optical
applications involve TFLN feature thicknesses of 300–800 nm. Hence, imaging methods
that offer a depth-sensitivity of a few nm are highly desirable.

Furthermore, it is highly beneficial that an imaging method is not only sensitive to the
domain structure, but may be able to simultaneously detect parameters that potentially
might influence the domain growth dynamics and/or the linear and nonlinear optical
properties [16]. Examples into this context are defects, dopant concentration variations
(e.g., from waveguide diffusion [17]), built-in electric fields or inhomogeneous stress distri-
butions [18]. Here, an appropriate imaging method might allow analyzing the interaction
between the domain structures and its growth, as well as other influencing factors. It
is known from many previous works that domain walls (DWs) are accompanied by de-
fects, electric fields, and significant mechanical stress, that might reach out by as much as
some µm [19]. For TFLN, this is particularly relevant, since, on the one hand, typical film

344



Crystals 2021, 11, 288

thicknesses are on the order of 500 nm, resulting in extremely strained domain structures.
On the other hand, poling periods in TFLN are significantly shorter than in bulk LN, which
might impact the material properties or lead to DW-DW-interactions [20]. Additionally
in x- or y-cut TFLN, other sources such as strong built-in fields stemming from charged
head-to-head (h2h) and tail-to-tail (t2t) DWs need to be mentioned. Hence, a fundamental
study of this broad palette of influencing parameters especially in TFLN is highly desired,
since having been mostly neglected so far.

In total, it is critical to apply imaging techniques to the domain structures that enable
monitoring and quantifying the aforementioned key performance indicators, in order to
optimize the conversion efficiencies of PP-TFLN based devices. Several analysis methods
have been applied so far, with limited success:

In situ transmission monitoring methods [4,21] are very fast and non-destructive, for
example, as electrooptical [21] or SH-conversion-efficiency [4] monitoring of that amount
of light which is transmitted through the waveguide while poling the surrounding. The
poling procedure is then stopped when reaching a preset indicator value, e.g., a certain
peak efficiency. While these methods provide almost instant feedback, they only deliver
averaged and indirect information on the duty cycle and poling quality. In addition,
they provide no insights into the microscopic domain distribution, the shape, depth or
additional influence factors as mechanical stress.

For z-cut PPLN bulk wafers, selective etching can be considered as “the” standard
technique. Selective etching [1] relies on the fact that oppositely-poled crystalline facets
along the FE axis of LN show different etching rates in an hydrofluoric acid (HF) etch
solution, typically exhibiting a deeper etch on the negatively-poled face [22]. This allows
directly accessing the domain shape via topography on the z-surface, which is then ana-
lyzed by standard techniques such as light microscopy, AFM techniques, profilometers or
electron microscopy. While being widely applied for z-cut bulk devices due to its large-
scale imaging potential, it might be readily applicable to z-cut TFLN structures, as well [6].
Nevertheless, its destructive nature prohibits an application for standard process control in
thin films: A conservative estimate of the etch-depth resolution certainly yields values on
the order of 10–100 nm. While for a bulk crystal with a waveguide depth in the order of
several µm, a surface grid of a few tens of nanometer can be polished without impacting
the design properties of a waveguide structure. Nevertheless, this is not possible in TFLN.
Here, even a thickness change on the order of tens of nanometers will significantly impact
the propagating modes [2]. Furthermore, in TFLN structures, HF may impact the buried
oxide layer as well and, hence, endanger the bonding. In addition, x-cut LN which is often
used due to the above-mentioned advantages in domain fabrication, cannot be readily
analyzed via selective etching. As HF etching affects the FE z-axis of the LN crystal only, it
is necessary to expose the respective crystal surface by an additional step, e.g., via focused
ion beam milling (see Figure 1b), a process step that dramatically limits fast fabrication.
Finally, these adaptions lead to a low information content of the analysis: Rather than a
large-scale domain pattern, selective TFLN etching only reveals the one-dimensional duty
cycle and poling period information along the exposed z-face of the thin film. Hence, only
small areas (<40 µm) of poled domain structures can be investigated in this way in x-cut
TFLNs [1,5].

Hence, for the investigation of domain structures in TFLN, the non-destructive scan-
ning probe or optical methods are preferred, which in addition, do not require any spe-
cial sample preparation. As shown from previous investigations, SHG microscopy and
piezoresponse force microscopy (PFM) can be successfully applied to inspect and analyze
TFLN [1–3], analogously to their use for poled bulk LN [2,3,14,21,23]. Both methods directly
detect a change in a material property which is connected to the FE domain orientation,
namely the piezoelectric and nonlinear optical tensor, respectively. Hence, no special
sample preparation for imaging is required. While to date, the specifics of the SHG contrast
mechanism in TFLN have been thoroughly analyzed both by simulation and experiments,
PFM has only been used as a mere imaging technique on TFLN, but no attempts have been
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undertaken to further analyze the obtained signals, for instance, by explaining apparent
differences between bulk LN and TFLN imaging.

Raman spectroscopy (RS) constitutes another (nonlinear) optical method which is
well suited for imaging FE domain structures. While commonly applied to visualize bulk
LN domain structures [24–28], no other works, to the best of our knowledge, so far have
ever reported on the RS analysis and imaging of domain structures in TFLN. RS not only
allows giving clear pictures of the domain distribution, but is also sensitive to other effects,
such as defects, electric fields or stress distributions [29–31] which are often related to DWs.
The potential to gain further insights into the TFLN system makes RS a promising and
complementary tool for TFLN imaging and spectroscopy.

To date, most studies on PP-TFLN always rely on interpreting the results obtained from
one single technique used for visualizing and analyzing the fabricated domain structures;
comparing the different responses by complementary methods from one and the same
sample spot is not reported yet. Here, a systematic comparison would allow not only to
validate the potential and strength of every such method involved, but, furthermore, also
to reveal the true domain shape and characteristics through cross-correlating the different
contrast mechanisms of each technique. Such a comparison is more than relevant and
needed, as contrast mechanisms and imaging results might always be influenced by the
specific conditions of both the thin-film system and setup, as shown, for example, by SHG
microscopy [23].

Therefore, we will combine here PFM, SHG, and RS for the analysis of x-cut TFLN
down to the nanometer resolution. We will start by briefly reviewing the capabilities of
every method and identify their strengths and weaknesses in order to determine the key
performance factors in TFLN. Furthermore, we will identify the challenges for each method
that may be addressed in future work.

2. Materials and Imaging Methods
2.1. Sample

The sample for the study here was fabricated from commercial ion-sliced TFLN
(congruent 5% MgO-doped LN; NanoLN, Jinan Jingzheng Electronics Co., Ltd., Jinan,
Shandong, China). The sample consists of a 300-nm thin single-crystalline lamella of
a single FE domain oriented along the x-axes (x-cut TFLN), chip-bonded to a SiO2/Si
substrate (1800 nm SiO2 on 500 µm Si {100}) to yield a lithium niobate on the insulator
(LNOI) platform. In x-cut LN, the spontaneous polarization points parallel to the sample
surface (in-plane polarization; z-axis). Therefore, electric field poling is readily achieved
through electrodes manufactured solely onto the sample’s top surface, as depicted in
Figure 1a. The poling electrodes were structured with standard photolithography and lift-
off, and consist of a 10-nm Cr adhesion layer and a 100-nm thin gold layer. Poling electrodes
on the sub-µm sample in Section 3.2 were patterned via electron beam lithography. For
poling, electrodes were contacted via electrical probes and a single, high voltage poling
pulse surpassing the coercive field was applied. Details on the fabrication process and
protocol are reported elsewhere [13,21].
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Figure 1. (a) Sketch of the periodically-poled x-cut thin film lithium niobate (TFLN) sample, consisting of a 300 nm lithium
niobate (LN) thin film on a silicon substrate with silicon oxide (1800 nm). TFLN polarization is inverted by surface Au
electrodes (period: 2.8 µm, gap distance: 20 µm). The inverted domains (dark grey) might not reach across the full depth of
the LN thin film, as indicated in the foremost domain (red circle), since inversion along the z-axis proceeds faster than along
x. (b) Selective etching scheme on x-cut TFLN. After exposure of the LN z-face by focused ion beam (FIB) (purple dashed
box), subsequent etching with a higher etch rate on the negative polar face reveals the domain pattern, which is then ready
to be visualized by standard imaging techniques.

2.2. Imaging Techniques
2.2.1. Piezoresponse Force Microscopy—PFM

Piezoresponse force microscopy (PFM) is a scanning probe technique based on atomic
force microscopy (AFM). PFM is considered one of the standard techniques for imaging
and analyzing FE materials and their domain structures [32–34]. PFM makes use of the fact
that the orientation of FE domains directly determines the orientation of the piezoelectric
tensor. Hence, by mapping the piezoelectric response, i.e., its phase and amplitude, FE
domains can be visualized. Moreover, when quantifying the whole piezoelectric tensor in
crystalline ferroelectrics, PFM may deliver the crystallographic sample orientation at the
1-nm length scale [35]. A typical PFM setup is sketched in Figure 2a. Here, an AC-voltage
is applied to the conductive AFM cantilever tip, which is in contact with the grounded
sample. The high electric field at the tip apex leads to a piezoelectric response of the sample,
e.g., micromechanical expansion or contraction, of the piezoelectric material. This leads
to an accompanied motion of the AFM tip, e.g., normal (deflection), lateral (torsion) [36]
or buckling motion, which is then monitored by the AFM setup. The resolution of a
PFM setup directly scales with the AFM tip diameter [37], but may be influenced by
other parameters as well, such as the applied peak voltage or sample properties, e.g.,
depolarization charges [38]. In principle, a lateral resolution down to the 1-nm range is
possible. More in-depth reviews on PFM, its capabilities, and different operation modes
can be found in various reviews [32–34].

The PFM images in this study were recorded using a commercial Cypher AFM (Asy-
lum Research, Oxford Instruments) and its built-in Vector PFM mode that allows analyzing
lateral, as well as normal piezoelectric motions. For imaging, standard Pt-coated silicon
tips were used (tip radius < 50 nm). For high-resolution imaging down to the 10-nm length
scale, we used full-metal tips (Rocky Mountain tips; Pt-Ir; tip radius < 20 nm).
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Figure 2. Schematic drawings of the different tools and setups as applied for imaging x-cut TFLN in this work. (a) In 
piezoresponse force microscopy (PFM), the normal or lateral motion of the cantilever tip is induced by the piezoelectric 
response to an electric field applied between the conductive tip and (insulating) sample. Insets to the right: Polarization 
directions and respective main tip motions for t-cut and x-cut LN samples. (b) In second-harmonic generation (SHG), the 
fundamental laser light is focused onto the sample through an objective, while the backscattered SH signal is collected via 
the same objective. Light with the fundamental wavelength is blocked via color filters, allowing only the second-harmonic 
signal to be detected. (c) The cw laser in the Raman backscattering setup is polarized, focused, and recollected analogously 
to (b). The Rayleigh filter blocks off most incident light (Rayleigh scattering), while the scattered “Raman” light is spec-
trally analyzed using a grating and appropriate charge-coupled device (CCD) camera. 

2.2.2. Second-Harmonic Generation Microscopy—SHG 
Second-harmonic generation (SHG) microscopy is an optical microscopy technique 

that relies on the second-order nonlinear optical effect of second-harmonic generation as 
its contrast mechanism. In the SHG process, two photons at the pump wavelength are 
annihilated to create a single photon at half the wavelength (twice the energy of a single 
photon). Analogously to PFM, SHG and hence the SH tensor are dependent on the crystal 
symmetry, i.e., FE domains and their orientation. Therefore, it can be ideally used to vis-
ualize domain structures. Due to its nature as a nonlinear, optical process, it requires high 
pump intensities usually provided from ultra-fast, fs-pulsed laser light sources. 

For this work, we used two different SHG setups, one self-built SHG microscope, as 
well as a commercial microscope (SP5 MP by Leica Microsystems, Wetzlar, Hessen, Ger-
many). Figure 2b schematically depicts their optical layout. Both SHG systems use a tun-
able fs-Ti: Sapphire laser as the pump source (self-built: Griffin by KMLabs, Boulder, Col-
orado, USA, tuning range: 760–840 nm; Leica: MaiTai by Spectra-Physics, Stahnsdorf, 

Figure 2. Schematic drawings of the different tools and setups as applied for imaging x-cut TFLN in this work. (a) In
piezoresponse force microscopy (PFM), the normal or lateral motion of the cantilever tip is induced by the piezoelectric
response to an electric field applied between the conductive tip and (insulating) sample. Insets to the right: Polarization
directions and respective main tip motions for t-cut and x-cut LN samples. (b) In second-harmonic generation (SHG), the
fundamental laser light is focused onto the sample through an objective, while the backscattered SH signal is collected via
the same objective. Light with the fundamental wavelength is blocked via color filters, allowing only the second-harmonic
signal to be detected. (c) The cw laser in the Raman backscattering setup is polarized, focused, and recollected analogously
to (b). The Rayleigh filter blocks off most incident light (Rayleigh scattering), while the scattered “Raman” light is spectrally
analyzed using a grating and appropriate charge-coupled device (CCD) camera.

2.2.2. Second-Harmonic Generation Microscopy—SHG

Second-harmonic generation (SHG) microscopy is an optical microscopy technique
that relies on the second-order nonlinear optical effect of second-harmonic generation
as its contrast mechanism. In the SHG process, two photons at the pump wavelength
are annihilated to create a single photon at half the wavelength (twice the energy of a
single photon). Analogously to PFM, SHG and hence the SH tensor are dependent on the
crystal symmetry, i.e., FE domains and their orientation. Therefore, it can be ideally used
to visualize domain structures. Due to its nature as a nonlinear, optical process, it requires
high pump intensities usually provided from ultra-fast, fs-pulsed laser light sources.

For this work, we used two different SHG setups, one self-built SHG microscope,
as well as a commercial microscope (SP5 MP by Leica Microsystems, Wetzlar, Hessen,
Germany). Figure 2b schematically depicts their optical layout. Both SHG systems use a
tunable fs-Ti: Sapphire laser as the pump source (self-built: Griffin by KMLabs, Boulder,
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Colorado, USA, tuning range: 760–840 nm; Leica: MaiTai by Spectra-Physics, Stahnsdorf,
Brandenburg, Germany, tuning range 720–900 nm). The pump light is directed to the
sample via a dichroic mirror and a high numerical aperture (NA) air objective (self-built:
NA = 0.9, Leica: NA = 0.8). The locally generated SH light is collected in back-reflection
through the same objective. To block off any pump light from the detector (self-built: Silicon
single photon avalanche diode; Leica: Photo-multiplier tubes) appropriate short-pass filters
are inserted into the detection path. Since SH light is only generated point-wise at the focal
location, a scanning procedure is needed in order to generate SHG images; hereto galvo
mirror scanners steering the pump beam are installed in the Leica microscope, whereas the
sample is mounted on a 3D-scanning piezo stage with a fixed focus in the home-built setup.

2.2.3. Raman Micro-Spectroscopy—RS

The Raman effect describes the inelastic scattering of photons with low energy excita-
tions. In crystalline media, Raman scattering (RS) is primarily linked to the excitation of
phonons. Scattering properties such as the phonon frequency or the scattering cross section
are very sensitive to changes in the crystal structure, i.e., the geometry of the crystal lattice
and its atomic composition. As vibrational motions and involved atoms significantly vary
between different phonons, the specific influence of structural changes on certain phonon
properties can give valuable insights into the nanoscopic impacts of microscopic effects,
such as the position of DWs, which represent a specific change in the crystal structure.
Hence, by spatially mapping changes in the phonon spectrum, DWs and other influences
can be readily distinguished.

RS experiments are carried out here using a Horiba LabRAM HR Evolution com-
mercial Raman spectroscope (HORIBA Jobin Yvon GmbH, Bensheim, Hessen, Germany),
(λ = 633 nm, P = 17 mW cw, 1800 L/mm grating). A scheme of the used backscattering
setup is shown in Figure 2c. The high NA = 0.9 of the microscope objective provides
a good signal strength and a small focal spot (lateral Rayleigh criterion: 429 nm; axial
Rayleigh criterion: 1.56 µm) to detect signals mainly from TFLN. Spectra were recorded
in x(zz)-x (A1(TO) modes) and x(zy)-x (E(TO) modes) Porto geometries [20]. To ensure a
constant focus for the whole measurement, an automated focusing routine is applied to
every measuring spot, consisting of a depth sweep with an automated fitting procedure,
in order to allocate that focus depth at which the largest signal intensity for the A1(TO1)
peak (~250 cm−1) or the E(TO1) mode (~155 cm−1), respectively, is recorded. Images are
generated by analyzing phonon peak properties (peak intensity, frequency shifts) of hy-
perspectral Raman maps. In this work, a lateral point-to-point separation of 100 nm in
y-direction and 500 nm in z-direction was chosen with a higher sampling rate along the
y-axis, i.e., perpendicular to the created domain walls.

3. Results and Discussion

To compare the potential and restrictions of each imaging technique listed in Section 2,
the PP-TFLN sample with a domain period of Λ = 2.8 µm is analyzed with PFM, SHG, and
RS. A selection of the results is displayed in Figure 3. Here, for each method, we selected a
signal property that provides a DW contrast. All images show a similar representation of
the domain structure, demonstrating that every method in principle is able to visualize the
same structure, despite the fact that each method probes different material properties, i.e.,
the piezoelectric tensor for PFM, the nonlinear tensor in SHG, and the phonon spectrum
for RS. However, the colormaps differ in properties such as the signal-to-noise ratio,
number of pixels, and most importantly the perceived DW width. Partly, this is due to the
different spatial resolution, but also since different material properties change at different
length scales close to DWs [19,27]. The respective imaging details will be discussed in the
following sections.
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Figure 3. Periodically-poled thin film lithium niobate (PP-TFLN) in-plane ferroelectric domains imaged consecutively by
(a) piezoresponse force microscopy (PFM), (b) second-harmonic generation (SHG), and (c) Raman spectroscopy (RS) over
exactly the same sample area. Note the pronounced domain wall (DW) contrast by all techniques. The colormaps in (d–f)
show cross-sections taken along the indicated red lines of the respective method (a–c). As a guide to the eye, green (pristine)
and blue (inverted) domain areas mark the differently oriented domains. All measurements show the same domain pattern
despite their different contrast mechanisms.

3.1. Piezoresponse Force Microscopy

PFM is a widespread method for the analysis and imaging of FE thin films or bulk
crystals [32–34]. The contrast in PFM relies on directly probing the piezoelectric tensor,
which is connected to the FE domain orientation. In PFM, the tip is in contact with the
sample, and an AC-voltage is applied between the conductive tip and (insulating) sample.
Depending on the sample orientation, i.e., the piezoelectric tensor orientation, the sample
will react with a piezoelectric deformation, e.g., contraction or expansion, to the electric
field. In this simple picture, the domain contrast can be explained as follows: Lithium
niobate is a uniaxial FE crystal, where only two domain orientations are allowed along
its crystallographic z-direction. Here, the piezoelectric tensor is inverted in domains of
antiparallel order parameter orientation. Hence, the piezoelectric response will be 180◦

phase-shifted between two such adjacent domains. In a simple Ising-type picture, the
polarization on DWs in ferroelectrics shows a tanh shape with a width of a few unit
cells [19]. The piezoelectric tensor is changed accordingly, with a magnitude of 0 in the
center and maximum values within domains. Hence, a 180◦ phase shift is observed in the
PFM phase, while the PFM amplitude will show a minimum at the DW center. In principle,
the limiting factor in the resolution in PFM is the tip radius. Hence, resolutions down to
single digit nm have been reported [19]. In real experiments, the observed resolution is
often limited by additional factors, such as the applied electric field, sample geometry, the
dielectric properties, screening charges in the bulk or at the sample surface [38]. In depth
reviews on PFM can be found elsewhere [32–34,38].

Figure 4 shows a typical PFM result on our x-cut TFLN sample, with a-c displaying the
topography, the PFM phase and PFM amplitude, recorded simultaneously. As expected, the
topography image exhibits only weak features with heights <0.5 nm that are not correlated
to the domain structure. In contrast, the electrodes are visible at the lower sample edge
with heights of >50 nm. The phase signal provides a net domain polarity contrast of 180◦

between antiparallel domains, as expected. Conversely, the amplitude signal shows a
dominant DW contrast with a signal width (FWHM) of <200 nm. To create images such
as these, typical scan rates around ~1 Hz per line are recommended, leading to a total
acquisition time per frame of minutes when using scan increments of 100 nm.
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Figure 4. PFM colormaps of (a) topography, (b) phase, and (c) amplitude signal for an x-cut PP-TFLN sample, and (d–f)
respective line scan graphs taken along the red line in (a–c). While the height signal shows no topographical features in
poled regions, the phase signal provides domain inversion, while the amplitude signal allows imaging with a superb DW
contrast. The circled area in the amplitude map (c) might be indicative for an incomplete in-depth domain inversion close to
the (−) electrode (see text).

The high lateral resolution makes PFM the method of choice when it comes to imaging
and detecting sub-micrometer polar features, as shown in Figure 5 for a TFLN sample with a
periodicity of Λ = 0.8 µm. Such samples are not accessible with diffraction-limited (optical)
methods, as these periodicities lie in the range of the Abbe limit. Similar to Figure 4, the
results on the submicron structure in Figure 5 show no domain related contrast in the
topography. While the PFM phase shows a domain polarity contrast, the PFM amplitude
allows distinguishing between individual domains with DW-DW distances of less than
200 nm and individually resolved DWs (see Figure 5b,d).

Figure 5. PFM colormaps of an x-cut PP-TFLN sample with sub-micrometer periodicity. (a) Phase map providing the
domain polarity contrast. (b) Amplitude map with the domain wall contrast. (c) and (d) Zoomed-in map segments of the
phase (c) and amplitude (d) maps that demonstrate high-resolution imaging of sub-µm domains. (e) and (f) Line scan
graphs of (e) phase and (f) amplitude maps along the red lines indicated in the respective colormaps.
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In principle, PFM is also sensitive to vertically stacked domains in the depth of the
sample. If domains of different orientations are stacked upon each other, their piezoelec-
tric response will partly cancel. Hence, a decrease in PFM amplitude may be expected.
However, as the electric field rapidly decays with the increasing distance away from the
tip, i.e., typically with 1/r, where r is the tip radius, PFM provides only a limited and
nonlinear depth resolution. Experiments performed on vertically stacked domains in z-cut
bulk lithium niobate indicated that domains up to a depth of 1.7 µm could be detected
with a normal (deflection) mode (90% criterion) [39]. This suggests that in principle PFM
allows imaging the domain constitutions into the full depth of these TFLN samples, as film
thicknesses typically measure 300–700 nm. Indeed, a comparison of the SHG and PFM
images in Figure 3 suggests that some of these domains might not be fully inverted in the
full TFLN sample depth, as deduced from the reduced PFM amplitude of the encircled
domain in Figure 4c. As seen close to the top sample edge where the negative electrode
for poling is located, the color contrast is slightly shaded as compared to the fully poled
domains. This information is corroborated between both the PFM and SHG information.
Nevertheless, further experiments and theoretical analysis are necessary to calibrate the
depth resolution in PFM for this type of sample, since the amplitude does not decrease
linearly with the domain depth. Furthermore, in clear contrast to previous depth-resolved
PFM experiments on z-cut bulk LN, x-cut TFLN features a different crystal orientation.
Hence, smaller piezoelectric tensor elements and/or different cantilever motions are ad-
dressed. Moreover, the used substrate material stack will certainly influence the electric
field distribution, as well.

In conclusion, PFM unambiguously allows imaging the FE domain structures due
to the well-defined signal origin and behavior. The advantage of PFM is its capability of
high-resolution imaging since it is not limited by diffraction. This makes PFM the best-
suited method for imaging micrometer- and sub-micrometer-sized structures. However,
due to its limited scan speed, visualization by PFM is limited to smaller areas. Hence, for
analyzing mm-sized PP-TFLN structures as requested for narrow-band and highly efficient
optoelectronic applications, PFM needs to be complemented by additional techniques,
e.g., SHG imaging. In z-cut TFLN, PFM has another particular advantage, as it also
allows writing and subsequently analyzing FE domain structures. Recently, this has seen
widespread use for studies of conductive domain walls [40,41] in TFLN.

3.2. Second-Harmonic Generation Microscopy

Second-harmonic generation microscopy sees widespread use for imaging and an-
alyzing FE domain structures. It is frequently applied to bulk samples, since it allows
fast, large-scale, and non-destructive 3D imaging with a diffraction-limited optical res-
olution [25,42–45]. The high speed of this technique facilitates in situ imaging of FE
domains and domain walls in bulk samples under external stimuli, such as electric fields
or temperature [46–49]. In SHG microscopy, the contrast mechanism relies on probing the
second-order susceptibility tensor χ(2), whose properties are directly connected to the FE
domain orientation. Lithium niobate is a uniaxial ferroelectric. Here, only two domain
orientations are allowed. The tensor χ(2) is inverted, i.e., switched from +χ(2) to −χ(2)
between antiparallel domains. The SHG process is a coherent, optical process. Whenever
the sign of the nonlinear tensor χ(2) is reversed, the generated SH light will see an addi-
tional 180◦ phase shift compared to the SH light generated in a region with a non-inverted
nonlinear tensor. According to the experimental and theoretical analysis, FE DWs are only
a few unit cells wide [19], i.e., significantly smaller than the diffraction limited optical focus
spot (<500 nm diameter). Neglecting any other effects accompanying a DW (which may
further influence the SHG response, e.g., strain fields, defects or electric fields) this allows
explaining the appearance of DW in a SHG image in the simple picture. Assuming a focus
is placed symmetrically on top of a domain wall, the light generated within one side of the
DW will destructively interfere with the SHG signal on the other side of the DW, due to
the inverted tensor. Hence, a DW will appear as a dark line within an SHG image. This
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simple picture holds true, if a tensor element can be directly addressed with the pump
light polarization, and SHG imaging is performed near the surface (correct beam focusing,
normal dispersion, i.e., nSHG > nfund). It should be noted that the contrast mechanism may
be modified for large numerical apertures [50] or that other contrast mechanisms, e.g., the
so called Čerenkov contrast or modified SH tensors at DWs, can play a significant role in
bulk systems. However, as theoretical and experimental works suggest [23], these effects
can be neglected for x-cut thin films, since the largest tensor element d33 can be directly
addressed, and imaging is always near the surface (i.e., film thicknesses and focus depth
are similar). Therefore, SHG microscopy is well suited for non-destructive, large-scale
imaging of periodically-poled structures.

Due to its nature as a coherent optical process, SHG microscopy is further sensitive
to the inversion depth well below the optical depth of focus. If domains of opposing
directions are stacked vertically, the signal generated from the opposing domains will
interfere destructively resulting in a reduced signal as compared to the fully inverted or
non-inverted single domain. As SHG scales quadratically with the interaction, this allows
sensitively detecting the stacked domains with an accuracy of tens of nanometers [23]. This
is possible for TFLN, since the coherent interaction length of SHG in the forward direction
(“co-propagating” phase matching) measures about 1.28 µm for 800 nm fundamental light,
which is larger than the typical film thickness used in integrated optics (<1 µm). The light
generated in the forward direction can be measured even in the backward detection due
to the high reflectivity of the substrate. In SHG, the light is also directly generated in the
backward direction. However, due to the short coherent interaction length (~45 nm) and
the quadratic scaling with the interaction length, this counter-propagating light is two to
three orders of magnitude weaker in intensity. It should be noted that using a nonlinear
substrate, e.g., LN rather than a silicon wafer, may significantly influence the detected SH
light, since the SH light is not only generated in the film, but also in the substrate. Further
insights into the SHG imaging process can be found in our previous paper [23].

To demonstrate the sensitivity for the inversion depth of SHG microscopy, we have
performed numerical simulations of the imaging process for a typical x-cut film of 300 nm
thickness on a 1.8 µm oxide layer, similar to our structure in Figure 1a. For simulation,
we used the code that was previously developed [19,23]. Figure 6a depicts the simulation
setup. Here, we assume an inverted domain of 2 µm width with a hexagonal cross-section,
as it can be expected for x-cut films. For the simulation, the domain extends infinitely along
the z-axis. Figure 6b shows the calculated focus field for a NA of 0.8 and a wavelength
of 800 nm, which is used for all simulations reported in this paper. Figure 6b shows
that reflections play a crucial role in the fundamental field. As shown previously, similar
conclusions can be drawn for the reflected SHG signal, which is the main SHG signal that
is detected. In our simulations, the focus is moved in increments of 50 nm and the reflected
SHG intensity collected by the objective lens is calculated. This simulation was performed
for different depths of inverted domains in 50 nm increments, and the result is plotted in
Figure 6c. These simulations show that only for a fully inverted domain (h = 300 nm), the
SHG signal level within the domain recovers and reaches up to the bulk value (h = 0 nm).
For this case, only vertical DWs lead to a signal decrease, i.e., a domain wall contrast is
observed. The simulation demonstrates that due to the coherent nature of the process,
domain inversion depths of much less than the optical resolution can be detected by SHG.

To show that the contrast and imaging mechanism is independent of the setup, e.g.,
NA or wavelength, we have imaged the same area with our two setups and at two different
wavelengths. These results are displayed in Figure 7. Overall, a similar domain image
is obtained independent of the setup. In detail, the resolution decreases from (a) to (c),
which is a result of the reduced NA (self-built: NA = 0.9, Leica: NA = 0.8) and the increased
wavelength (c). To realize an image as shown in Figure 7a, the self-built system requires
an integration time typically on the order of 10 to 50 ms. Hence, assuming a step width
of 200 nm along each direction, typical measurement times in the order of 10–30 min are
required with the self-built setup. Due to the high dynamical range of the photo-multiplier
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tube and the beam scanning rather than sample scanning, the commercial system only
requires integration times of much less than 1 ms per pixel. Complete frames, as shown
in Figure 7b,c, can be visualized within a second or less, allowing for fast imaging. Via
moving the sample on a piezo stage and stitching these frames, large images (>1 cm2) can
be created in a reasonable time.

Figure 6. SHG simulations for x-cut TFLN with NA = 0.8 and λ0 = 800 nm. (a) Sample geometry and simulation layout.
(b) Focus field simulation for all sample layers. (c) Simulated SHG intensities for different poling depths of inverted domains
in increments of 50 nm domain depth. Only a completely inverted domain allows imaging with a clean DW contrast.

Figure 7. SHG micrographs obtained with (a) the self-built setup (NA = 0.9)typical measurement times in the order o, and
(b) the commercial Leica SP5 MP (NA = 0.8), both recorded at an incident wavelength of 800 nm. (c) SHG image with
920 nm incident light measured with the Leica SP5 MP. The DW contrasts of all images are comparable, indicating no
dependencies on the wavelength or setup over the analyzed wavelength range. (d–f) Line scan graphs of the maps (a–c)
along the red lines indicated in the respective colormaps.

To demonstrate the capability of SHG for large-scale imaging of complete chips,
we have visualized the domain structures along a full 5 mm electrode with the Leica
microscope. The result is displayed in Figure 8a. In Subfigure b–d, detailed zoomed-
in images taken from the large scan are shown. The zoomed-in frames exhibit similar
features as the images in Figure 7. This means that even at this large scale, no loss of
information is observed and the poling quality, e.g., poling period, homogeneity, duty
cycle or poling depth, can be analyzed for a full wafer. The large image in (a) is cut from a
stitched image of 20 frames, each with a size of approximately 260 × 260 µm2. To account
for the non-perfectly planar mounting of the TFLN sample (approximately 50 µm height
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difference along 5 mm), a depth scan over 50 µm with a step size of 5 µm was conducted
for each frame. Due to the slightly different focus in each frame, slightly different overall
intensities are observed, leading to the large-scale intensity oscillations observed along the
chip. As the previous theoretical analysis indicates, the focus position does not influence
the domain wall contrast [23]. Taking the images at all different planes into account, a total
of 200 frames were scanned for this image. Assuming an imaging time of ~1 s per frame
and accounting for (automatic) sample repositioning, a total imaging time in the range
of only a few minutes is required for the example shown here. The scan speed may be
further increased though at the cost of signal-to-noise ratio. Whenever a low magnification
objective lens is used with a larger field of view, even higher imaging speeds are possible
at the cost of lateral resolution. This example demonstrates that complete chips (~cm2) can
be imaged within an hour or even less.

Figure 8. Large-scale SHG imaging of the complete, 5-mm-long PP-TFLN sample. (a) Overview micrograph obtained
by stitching 20 individual measurements together. (b–d) Detailed high-resolution scans at different locations along the
waveguide structure.

As demonstrated, the imaging process and contrast mechanism of SHG microscopy in
TFLN can be well understood based on simple assumptions. Nevertheless, there are several
open questions that need to be addressed in future works. A key aspect of our model
is that FE DWs are assumed to constitute a Heaviside function flipping instantaneously
from +χ(2) to −χ(2). Based on this model, the contrast can be solely explained by an
interference process of SH light generated in opposing domains. As we have shown, this
model may well explain our observations made in x-cut TFLN, where also the largest
tensor element is addressed. However, various works on FE DWs demonstrated that DWs
exhibit an internal structure and are accompanied by other effects, such as strain or electric
fields [19], which have been demonstrated to span over several µm around the DW and
are likely to have an influence on the local second-harmonic response in the vicinity of the
DW [51]. In this context, techniques such as SHG polarimetry allow proving the existence
of deviations from the ideal Ising wall in ferroelectrics [42]. Therefore, SHG polarimetry is
indicated for TFLN in future work. This might help better understand the fundamental
physics of domains in TFLN, e.g., the nature of the buried h2h and t2t DWs close to the
electrodes. An additional substructure of χ(2) can be readily included in the numerical
model to provide further insight into DW properties in TFLN. In the context of electric
or strain fields, correlative imaging with multiple methods, e.g., RS or PFM, might give a
further understanding of the influence of these fields, as well as on the SHG properties,
which will more accurately allow for the interpretation of measurements.

In conclusion, SHG provides fast imaging and analysis of domain structures in TFLN
devices. In principle, high resolution images of complete TFLN chips (~cm2) containing
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hundreds of poled areas can be imaged within less than an hour when using modern
microscopes, while detailed images of smaller areas (<500 × 500 µm2) can be taken in
a matter of seconds. For z-cut TFLN or bulk samples, this imaging speed can only be
matched by selective etching and subsequent microscopy imaging, yet at the cost of
sample destruction. Even more, the key advantage of SHG imaging on TFLN is that it can
unambiguously distinguish between fully or only partly penetrated domains with sub-
diffraction-limited depth resolution, providing valuable information in the performance
analysis. Due to the non-destructive nature and high speed, SHG microscopy can provide
valuable information to design and fabrication, e.g., by selecting only suitable areas within
the electrodes for device fabrication.

3.3. Hyperspectral Raman Imaging

Raman scattering microscopy is a common technique for the investigation of crystal
structures and has been widely used for imaging LN DWs [24–28]. The RS contrast of DWs
in poled LN has been ascribed to two different mechanisms [27]:

(1) LN DWs that are described as large two-dimensional defects by Stone and Dierolf,
introduce a quasi-momentum to the RS process, which is directed perpendicularly to
the plane of the DW. If measured on the crystal z-face, the detected signal originating
from the DW does not stem from phonons propagating along the beam direction,
but from obliquely propagating phonons. Therefore, the selection rules are lifted at
DWs, and A1(TO) phonons or mixed longitudinal optical-transversal optical (LO-TO)
phonons can be detected, which are usually not accessible in that geometry [28].

(2) In the vicinity of DWs, a large strain [52] and electric fields [53] have been observed.
Based on these findings, Fontana et al. concluded that these fields change the RS
efficiencies due to elastooptic or electrooptic coupling [54]. Capek et al. conclude that
the observed phonon frequency shifts at DWs are also caused by local fields [26].

For Raman scattering on the incident x-face of bulk LN, no directional dispersion as
in case 1 has been observed in the used scattering configurations [27,55]. Instead, the DW
signature here presumably results only from phonon frequency shifts due to strain and
electric fields, and intensity changes resulting from elastooptic and electrooptic coupling,
as explained in case 2. In RS experiments on poled TFLN structures, we expect a similar
behavior as for these investigations on non-polar surfaces of LN bulk samples, although
possible large-area stress fields resulting from the bonding process of the LN thin film and
the confinement along one dimension, can additionally affect the detected scattering signal
and lead to different results.

Although a common analysis method for poled bulk LN, Raman micro-spectroscopy,
to the best of our knowledge, has not yet been applied for TFLN imaging beyond our own
earlier work [56]. This might be due to the increased challenges faced when inspecting
thin films in general: Due to the low interaction volume of the thin film with the incident
laser photons, the generated scattering signal is weak in absolute terms and also compared
to the substrate signal. This fact calls for long acquisition times (in our measurement, we
applied acquisition times per pixel of 2 × 5 s/px in x(zz)-x and 2 × 150 s/px in x(zy)-x),
precise focusing and careful peak analysis.

The Raman spectra in a virgin domain and on a domain wall are compared in Figure 9.
Only the four indicated phonon peaks are generated in the LN thin film, whereas the
SiO2/Si substrate causes a strong background with the characteristic triply degenerate Si
peak at 521 cm−1. For this reason, it is essential to keep the laser focus in the thin film and
maximize the LN scattering signal, which is achieved by the autofocusing routine detailed
in Section 2. This special treatment massively prolongs the measure time per pixel, which
makes Raman investigations the slowest of the techniques shown in this work (the total
acquisition time for the shown Raman colormaps including autofocus is ~15 days; the pure
acquisition time without autofocus amounts to 27.6 h).
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Figure 9. Comparison of Raman spectra taken inside a domain (red) and directly at the DW (blue) in x-cut TFLN on SiO2/Si
in x(zz)-x geometry. The expected LN phonon peaks are marked in the figure. As seen in the different spectrum (green),
the detected LN phonon modes A1(TO1), A1(TO2), and A1(TO4) experience spectral changes between the domain walls
and poled domains. Due to the small scattering volume of the thin film, the phonon peaks of the Si substrate form a
strong background.

For Raman imaging of the x-cut TFLN sample, we analyzed the intensities, frequencies,
and widths (FWHM) of A1(TO) and E(TO) peaks. A complete collection of A1(TO) spectral
features in TFLN is provided in the Supplementary Materials. The TFLN phonon features
partly deviate from the bulk behavior, as a comparison of the A1(TO4) features shows.
Whereas only the peak frequency analysis yields a notable DW contrast in bulk LN [20],
TFLN DWs are accessible via the frequency, scattering intensity, and FWHM of A1(TO4).
This different behavior might be attributed to the influence of the substrate bonding on the
acoustooptic coupling and a stronger inhomogeneity of the local stress distribution due to
the low film thickness.

Figure 10 shows a selection of hyperspectral colormaps generated from A1(TO)
phonon features with different contrasts. Imaging with the domain wall (Figure 10a)
as well as the domain polarity contrast (Figure 10b) can be achieved by addressing different
phonon properties from the same measurement. The different phonon responses can be
explained by the atom motions associated with the respective phonons [57,58]. Whereas
the dominant motion in A1(TO4) is a vibration of the oxygen hexagon, the A1(TO2) phonon
is dominated by a vibration of lithium atoms along the z-axis. As the polarity change
in inverted domains is caused by a dislocation of niobium atoms within their respective
oxygen cages as well as hopping of lithium atoms into adjacent oxygen cages, the change
of polarization directly affects the vibrational motion of the A1(TO2) phonon. On the other
hand, the atom movement in A1(TO4) is not affected by the specific polarization direction,
but only in the transitional region, i.e., in the vicinity of the DW. Therefore, A1(TO2) phonon
properties provide a domain polarity contrast, whereas A1(TO4) phonon properties enable
a DW contrast.

Paying closer attention to the DW contrast mapping in Figure 10a (e.g., in the area
marked by the dashed circle), the image shows similar features such as the SHG map in
Figure 7c, which is subject to poling depth investigations. However, different from SHG,
we assume that this signal does not allow accessibility to the poling depth, but results from
the presence of buried domain walls. The Raman signal is generated in full depth of the
illumination spot and hence is sensitive to structural changes in full depth of the LN thin
film. Whenever a poled domain does not extend to the full depth of the thin film, a DW
in the y-z-plane is generated. This DW is accessible via Raman imaging mechanisms that
are sensitive to DWs, such as A1(TO4) phonon properties. Therefore, the Raman scattering
investigation may be facilitated to monitor the completeness of domain in-depth poling,
however, does not yield quantitative information on the poling depth.
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Figure 10. Hyperspectral Raman colormaps of an x-cut PP-TFLN sample (a–c), and (d–f) the respective cross-sections taken
along the indicated red lines in (a–c). The step size of the measure points is 0.5 µm along the TFLN z-axis and 0.1 µm
along the y-axis. (a) The A1(TO4) intensity provides a net DW contrast with a suspected sensitivity to check for poling
completeness, for instance, as in the circled area. (b) The A1(TO2) frequency reveals a domain polarity contrast. (c) The
frequency of A1(TO1) also shows the DW contrast with a suspected sensitivity to check for poling completeness, and is
assumed to be sensitive to stress fields, as well.

A peculiar behavior can be seen for the A1(TO1) peak frequency mapping in Figure 10c.
Similar to the A1(TO4) intensity, this feature shows a domain wall contrast with the assumed
sensitivity for poling completeness, but in the unpoled region of the sample (upper right
area of the colormap), inhomogeneities of the signal, i.e., a phonon frequency change of
~1.5 cm−1, can be seen although there is no evident structuring. The cross correlation with
PFM and SHG measurements shows that no structural features are to be expected in this
area. A possible explanation for this observation is a sensitivity to mechanical stress and/or
electric fields. Previous works on the pressure dependence of LN phonon features [30]
suggest that the isotropic pressure dependence coefficient of A1(TO1) is ~0 cm−1/kbar,
which would directly contradict this assumption. However, that work gives no information
on the influence of uni- or biaxial stress fields. Stone et al. [29] ascertained the scattering
dependence on apparent electric fields, but only listed data for A1(LO) and E(TO) phonons.
Assuming that the coefficient of A1(TO4) is in a comparable order of magnitude such as
A1(LO4), the electric field is estimated to be in the order of 45 kV/mm. In both cases of
strain and electric field dependence of the phonon frequency, future work is indicated to
extend the fundamental knowledge on these dependencies and evaluate our assumptions.

An example of Raman imaging with E(TO) modes is shown in Figure 11. Here, we
have analyzed a different electrode of the same sample that provides larger domains, which
allows a more clear visualization of the phonon frequency shift between oppositely-poled
domains. The resulting larger domain sizes allow a clearer distinction of the phonon
properties. The phonon frequency of the E(TO2) mode provides a clear domain polarity
contrast. The frequency change between the oppositely-poled domains has been applied to
the pressure and electric field correlation studies. With a pressure dependency coefficient
of 0.05 cm−1/kbar [30], the E(TO2) frequency change of −0.27 cm−1 from pristine to poled
domain would correspond to −5.4 kbar, i.e., a tensile force acting on the LN thin film due
to the polarization change. With an electric field coefficient of −0.01 cm−1/(kV/mm) [29],
a change of electric field by 27 kV/mm between oppositely-poled domains can be deduced.
While this number is larger than the coercive field in undoped, bulk LN [59], several
works reported that for poling doped TFLN (which even has a lower coercive field) high
electric fields need to be applied reaching values of up to 40–60 kV/mm in order to
achieve successful poling. While some authors suspected this to be an effect of the poling
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electrode design and to facilitate nucleation, our results indicate that these high fields
maybe necessary to overcome internal limits, e.g., imposed fields and charges required to
stabilize h2h and t2t DWs. Further research is necessary.

Figure 11. Line scan of the E(TO2) phonon frequency over poled TFLN domains. A sample section with large domains
has been chosen for a clear visualization of the phonon frequency shift between pristine and inverted domains, which are
highlighted in blue and green as a guide to the eye. The analyzed DW interaction length ∆y is larger than the resolution
limit, suggesting long-range stress fields in the vicinity of the DW.

The presented analysis shows the high versatility of Raman microscopy on TFLN.
This method not only provides the domain polarity and domain wall contrast for the
inspection of poling period and duty cycle, but is capable of detecting buried DWs and
thus probing the in-depth poling completeness. Additionally, stress and electric fields are
also potentially accessible. Regarding the multitude of possible influence factors on the
detected signals, the challenge is to unequivocally assign the observed features to certain
material properties. The cross-correlation with other methods is a viable way to achieve
this goal, combined with extended fundamental investigations of the specific property
sensitivities. The resolution, similar to SHG imaging, is diffraction limited. However, this
resolution already allows experimental statements, as we observe signatures for strain
fields that spread significantly further than the optical resolution. Similar observations
have been made in bulk in the past as well, e.g., fields of shear strain reaching 10 µm from
the DW have been observed [52].

The biggest challenge for the application of RS to TFLN is the low scattering volume of
the thin film. The necessary long acquisition times limit the pixel number and applications
in the process control. Potentials to improve the signal and hence application times, can be
a higher pump power, lower spectral resolution or improved focusing. However, even in
bulk, typical acquisition times in the order of 1 s are typical and may be the limit. Raman
spectroscopy is thus mainly suited for fundamental investigations of sample properties
and the validation of other methods via cross-correlation.

Alongside fundamental investigations that facilitate the quantification of electric and
stress fields, angular dispersion experiments on TFLN can give insights on whether the
phonon properties are further affected by the boundaries of the thin film. DFT calculations
can also help theoretically understand the differences to bulk LN systems [58,60].

In summary, the application of Raman spectroscopy provides imaging with DW and
polarity contrast, a sensitivity towards the completeness of in-depth poling, and access to
apparent strain and electrical fields. Due to its long acquisition time of several seconds per
pixel, the number of data points is considerably lower compared to PFM and SHG, and
the application is limited to fundamental investigations. For a better understanding and
quantification of the obtained results, further experiments are suggested.
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4. Conclusions

In this work, we have performed imaging of PP-TFLN devices with PFM, SHG mi-
croscopy, and Raman spectroscopy. Moreover, we have discussed the underlying contrast
mechanisms and the differences to imaging in related bulk structures. While each method
addresses a different physical property to reveal the domain structure, i.e., piezoelectric ten-
sor, the SH tensor, and the phonon-properties, the resulting images are comparable. Hence,
each method is capable of visualizing and analyzing the domain structures. Furthermore,
each method gives access to additional properties of the domain structure.

Table 1 summarizes the imaging contrasts, resolution, and speed of all the discussed
methods. Similar to its use in bulk PPLN, selective etching allows fast imaging of z-cut
TFLN. However, due to the additional need to expose z-faces, its speed and information
content is limited for x-cut TFLN. If a waveguide is already fabricated, in situ transmission
investigations provide almost instant feedback during fabrication. However, since only
integral information is retrieved, little quantitative information on the domain structure
can be gained. SHG is a promising candidate for standard imaging on TFLN. It offers
access to all the determined key performance indicators, i.e., poling period, duty cycle,
poling grid length, and poling depth. In the case of submicron poled TFLN structures,
however, the high resolution of PFM scans is vital for the acquisition. PFM potentially
offers access to most key performance indicators, as well. For fundamental optimization,
the sensitivity of Raman scattering for defects, mechanical stress, and/or electric fields
gives additional insights into the material system which are not approachable by other
techniques. Due to its simultaneous sensitivity to domain structures, it allows studying the
interactions and dependencies of domain structures and defects or fields.

Table 1. Comparison of the techniques applied to the analysis of x-cut TFLN, with respect to the following parameters:
Detectable imaging contrasts, contrast mechanisms, spatial resolution, measurement speed, acquisition time, destructive
nature of the technique. PFM: Piezoresponse force microscopy; SHG: Second-harmonic-generation microscopy: RS: Raman
micro-spectroscopy.

In Situ Etching PFM SHG Raman

Contrast
mechanism

device
performance etch rate electrooptic tensor χ(2) phonon properties

DW contrast - x x - x

Polarity contrast - - x x x

In-depth poling - - (x) x (x)

Strain & el. fields - - - - x

Resolution - 50–100 nm 1–100 nm 0.5–1 µm 0.5–1 µm

Typical frame size no imaging µm2 to mm2 (z-cut)
1–20 µm2 (x-cut) 100–1000 µm2 mm2 100 µm2

Time per frame In situ - ~1–10 min 1 s–10 min 1 d–1 week

Destructivity no yes no no no

For future developments, the combination of these imaging methods paves the way
for highly efficient TFLN platforms. However, a complete understanding of the under-
lying imaging mechanisms and quantification of signals is necessary for further TFLN
optimization. For PFM, the sensitivity for in-depth poling needs to be validated. In SHG
measurements, the depth sensitivity of the signal must be further quantified. For RS, the
quantification of the stress sensitivity and further understanding of the different imaging
mechanisms will provide deeper insights into the nature of poled TFLN samples.

With these future investigations, the imaging and in-depth signal analysis of TFLN
structures provide a valuable toolkit for the development of nonlinear optical devices with
maximum conversion efficiency.
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2/11/3/288/s1. Figure S1: Colormaps of A1(TO) frequencies, intensities, and peak widths.
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Abstract: In this paper we design, simulate, and analyze single-mode microring resonators in thin
films of z-cut lithium tantalate. They operate at wavelengths that are approximately equal to 1.55 µm.
The single-mode conditions and transmission losses of lithium tantalate waveguides are simulated
for different geometric parameters and silica thicknesses. An analysis is presented on the quality
factor and free spectral range of the microring resonators in lithium tantalate at contrasting radii and
gap sizes. The electro-optical modulation performance is analyzed for microring resonators with a
radius of 20 µm. Since they have important practical applications, the filtering characteristics of the
microring resonators that contain two straight waveguides are analyzed. This work enhances the
knowledge of lithium tantalate microring structures and offers guidance on the salient parameters
for the fabrication of highly efficient multifunctional photonic integrated devices, such as tunable
filters and modulators.

Keywords: microring resonator; varFDTD; lithium tantalate thin film; electro-optical devices

1. Introduction

An essential component in the construction of high-density photonic integrated cir-
cuits is an optical microring resonator. This is due to its compact size, simple structure and
outstanding wavelength-selective properties [1–3]. Such a component consists of a bus
waveguide that couples to a micrometer-size ring resonator via an evanescent field. The
characteristic frequency spectrum of the microring, which is dependent upon its size, is a
defining factor in the transmission of a selected wavelength of light into another waveg-
uide. The microring resonators are widely employed in the design and manufacture of
optical filters [4–6], modulators [7,8], optical switches [9,10], optical delay lines [11], and
Kerr frequency combs [12–15], etc. Multiple material systems have been used to fabricate
microring resonators, such as silicon on insulator (SOI) [1,16–18], silicon nitride (SiN) [5,19],
and lithium niobate on insulator (LNOI) [20–23].

As a material in microring resonators, lithium tantalate (LiTaO3 or simply LT) crys-
tals have much promise because of their superior electro-optical (EO, γ33 = 27.4 pm/V),
nonlinear optical, ferroelectric, and piezoelectric properties [24–28]. Moreover, compared
with LiNbO3, LT crystals have a higher optical damage threshold (with a laser radiation
induced damage of 240 MW/cm2) [29]. This enables the crystal to be used in integrated
photonic chips, especially in high input power fields, such as broadband electro-optic
frequency comb generation. In fact, LT crystals are already widely employed in integrated
photonics and surface acoustic wave (SAW) devices [26–29]. In recent years, lithium tan-
talate on insulator (LTOI) is increasingly favored as the material of choice for integrated
electro-optic and SAW devices [30–32]. This is because of its high-index contrast—which
leads to a robust light guidance and a high-performance integrated device with a small
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footprint—that is particularly suitable for microring resonators. Due to formation of a
high refractive index contrast between the ring core and the surrounding materials, a small
radius microring and a large free spectral range (FSR) are possible. LTOI also offers the
opportunity of electronically controlling the transmission spectrum, via the efficient EO
effects of LT crystals that can enable extreme compactness and ultra-fast switching and
modulation. Moreover, the integration of lithium tantalate thin films onto silicon substrates
enables LTOI to be compatible with a complementary metal-oxide-semiconductor (CMOS);
this could lead to significantly decreased research costs and an extensive increase in pro-
duction [30]. However, to our knowledge, microring resonators in LTOI have not been
reported elsewhere in the literature.

In this paper, we present the design, simulation and analysis of a single-mode mi-
croring resonator that is based on LTOI. By use of a full-vectorial finite difference method,
we offer a study of the single-mode conditions and transmission losses of LT waveguides
that contains different geometric parameters and SiO2 cladding layer thicknesses. In order
to obtain improved wavelength filtering effects, both the radius of the microring (R) and
the size of the gap between the ring and linear waveguides have optimized values in
the 2.5-dimension variational finite-difference time-domain (varFDTD) using Lumerical’s
MODE solutions software. Such parameters have direct effects on the quality factor (known
as the Q factor) and FSR. The electro-optic modulated microring resonators, which are
significant in practical applications, are also described.

2. Device Description

From top to bottom, the LTOI presented in this work contains a z-cut LT thin film,
a SiO2 cladding layer, and a Si substrate. The research center of NANOLN Corporation,
for example, could easily perform such a fabrication. The schematic for this microring
resonator is shown in Figure 1. The optical device consists of a ring resonator coupled to
a straight waveguide channel, both of which are made from the z-cut LT thin film. If the
optical signal is resonant within the ring, a coupling occurs from the channel into the cavity.
To calculate the single-mode conditions, and the propagation losses of the LT waveguides,
a full-vectorial finite-difference method is employed. Computation of the Q factor and FSR
of the simulation is achieved with a varFDTD method that uses perfectly matched layers
(PML) boundary conditions [33]. The varFDTD is the direct space and the time solution for
solving Maxwell’s equations in complex geometrical shapes. It is based on collapsing a 3D
geometry into a 2D effective indices set, which allows 2D FDTD to be used to solve this
problem. By performing Fourier transforms, results such as normalized transmission, far
field projection, and Poynting vector can be obtained [23].
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3. Results and Discussion

To prevent signal distortion during the transmission, single-mode conditions within
the waveguide are required. To achieve this necessity, a suitable waveguide thickness (h)
and width (w) are needed. The refractive indexes for the LiTaO3, the SiO2 cladding layer,
and the Si substrate at the simulation wavelength of 1.55 µm are shown in Table 1. As
shown in Figure 2a, via a simulation we determine the curve of the effective refractive index
on changing the waveguide thickness (using a waveguide width of 0.7 µm and operating
at the wavelength λ = 1.55 µm). The single-mode conditions of the transverse electric (TE)
and transverse magnetic (TM) modes are 0.77 µm and 0.78 µm, respectively. The thickness
of the LT film is set to 0.5 µm to ensure the single-mode condition in the simulation.

Table 1. The refractive indexes for LiTaO3, SiO2, and Si at λ = 1.55 µm.

Material LiTaO3 SiO2 Si

Refractive index no = 2.1189
ne = 2.1228 1.46 3.47
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In addition, the waveguide width also needs to be optimized. On setting the waveg-
uide thickness to its optimal value of 0.5 µm, we calculate the effective refractive index
as a function of the LT ridge waveguide width—as shown in Figure 2b. For the LT ridge
waveguide, the first order TE and TM modes first appear for the LT thicknesses at 0.92 µm
and 0.97 µm, respectively. To guarantee the single-mode condition, a waveguide width of
0.7 µm is chosen. This is because only the TM modes can employ the coefficient γ33 in a
z-cut LT crystal, the TM modes are calculated in the following calculation.

Since the thickness of the SiO2 layer (T) affects the transmission losses of the LT
waveguides, we simulate these losses for different layer thicknesses. The results are
illustrated in Figure 3. They show that the transmission losses decrease with increasing
thickness of the SiO2 layer. The Au films in the LT-SiO2-Au structure are used as the
electrodes in the electro-optic modulator. At the same thickness of the SiO2 layer, the
losses for a LT-SiO2-Au structure (when the Au film thickness is 0.3 µm) are less than
those of LT-SiO2-Si. This is because electromagnetic fields are more likely to leak into
the Si substrate (during the light propagation) since the refractive index of silicon (nSi) is
the highest among the relevant materials. Therefore, inclusion of the gold film enables
greater isolation of the fields from the surroundings and, thus, the leakage of light is more
preventable. In addition, the waveguide light mode has contact with the Au films during
its propagation, which enables the excitation of the surface plasmons, and increases the
absorption losses. But in comparison to the leakage loss, the absorption loss is much lower.
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When the thickness of the SiO2 layer is greater than 2 µm, the losses from the LT waveguide
are negligible. Therefore, the optimal value for the SiO2 layer thickness is set at 2 µm.

Crystals 2021, 11, x FOR PEER REVIEW 4 of 9 
 

 

thickness of the SiO2 layer is greater than 2 μm, the losses from the LT waveguide are 
negligible. Therefore, the optimal value for the SiO2 layer thickness is set at 2 μm. 

 
Figure 3. Graph showing the transmission loss of the LT waveguides with different thicknesses of 
the SiO2 layer for TM light mode. 

For our purposes, the key parameters of the optical device are the radius of the mi-
croring and the gap between the ring and linear waveguides. These factors are used to 
determine the Q factor and FSR of the microring resonators. We calculate these parameters 
for differing microring radii and gap sizes, while operating at around λ = 1.55 μm. As 
shown in Figure 4a, when the microring radius is lower than 10 μm, the Q factor becomes 
rapidly enhanced with increasing radius size. However, the Q factor value is essentially 
unchanged when the radius is greater than 20 μm. The Q factor is increased with larger 
gaps. The propagation losses of the microrings are caused by the following factors: (1) the 
electromagnetic fields leak into the Si substrate when the light propagates through the 
resonators (but lower than 2.5 × 10−2 dB/cm with a SiO2 layer thickness of 2 μm), and (2) 
the radiative losses within the curved waveguide (which is roughly 8 × 10−2 dB/cm with a 
bending radius of 20 μm). Additionally, in practice, the structures will contain a residual 
roughness for the etching surface of the waveguide which causes scattering losses. When 
the radius is greater than 20 μm, the Q-factor may decrease as the radius increases due to 
the existence of scattering loss. As shown in Figure 4b, the FSR for TM mode reach a max-
imum at a radius of 5 μm and then it decreases with increasing ring radius. Figure 5 shows 
the transmission spectrum of a microring with a radius of 20 μm for the TM mode. 

 
Figure 4. Graphs for (a) the Q-factor of the microring resonators at different ring radii and gap 
sizes and (b) the FSR at different microring radii for a TM light mode at around λ = 1.55 μm. 

Figure 3. Graph showing the transmission loss of the LT waveguides with different thicknesses of
the SiO2 layer for TM light mode.

For our purposes, the key parameters of the optical device are the radius of the
microring and the gap between the ring and linear waveguides. These factors are used to
determine the Q factor and FSR of the microring resonators. We calculate these parameters
for differing microring radii and gap sizes, while operating at around λ = 1.55 µm. As
shown in Figure 4a, when the microring radius is lower than 10 µm, the Q factor becomes
rapidly enhanced with increasing radius size. However, the Q factor value is essentially
unchanged when the radius is greater than 20 µm. The Q factor is increased with larger
gaps. The propagation losses of the microrings are caused by the following factors: (1) the
electromagnetic fields leak into the Si substrate when the light propagates through the
resonators (but lower than 2.5 × 10−2 dB/cm with a SiO2 layer thickness of 2 µm), and
(2) the radiative losses within the curved waveguide (which is roughly 8 × 10−2 dB/cm
with a bending radius of 20 µm). Additionally, in practice, the structures will contain a
residual roughness for the etching surface of the waveguide which causes scattering losses.
When the radius is greater than 20 µm, the Q-factor may decrease as the radius increases
due to the existence of scattering loss. As shown in Figure 4b, the FSR for TM mode reach
a maximum at a radius of 5 µm and then it decreases with increasing ring radius. Figure 5
shows the transmission spectrum of a microring with a radius of 20 µm for the TM mode.
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The characterization of the electronic tuning of the optical resonances in the microring
resonators is determined using optical transmission simulations. As we have seen, the
schematic of the electrode structure for the microring resonator is shown in Figure 1.
This depicts an LT microring resonator that is embedded within a SiO2 layer, with the
electrodes positioned either side (above and below) the SiO2 layer. The tuning range for
the microring resonators is highly dependent upon the strength of the EO effects. The
result of a simulation for the optical field is shown in Figure 6. Here, the LT waveguide
has a thickness of 0.5 µm, a width of 0.7 µm, and a SiO2 layer thickness of 2 µm. As seen
in Figure 6, most of the optical power (TM mode) is confined within the electro-optic
active material, i.e., the LT core. Electrodes can be designed, and positioned close to the
waveguides, that circumvent substantially larger optical transmission losses.
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The variation of extraordinary refractive index of LT (∆ne) after application of an
electrostatic field is expressed as:

∆ne = −1
2

n3
e γ33Ez (1)

where ne is the extraordinary refractive index of LT. When the electrostatic field intensity,
Ez, is 1 V/µm, the variation in the refractive index at λ = 1.55 µm is ∆ne = 1.3 × 10−4.

Observation of the EO effect requires an electric field to be applied between the
electrodes. Figure 7 shows the EO modulation characteristic spectra at different DC
voltages (using a TM mode) for such a situation. A greater resonance wavelength shift
is exhibited for increasing electric field strengths. In detail, the resonance wavelength
displacement is 80 pm, 160 pm, 240 pm, and 320 pm when the electric field intensity is set
at 1 V/µm, 2 V/µm, 3 V/µm, and 4 V/µm, respectively.
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Tunable filtering is an important application for the LT microring because it is an
attractive candidate for a narrower bandwidth integrated optical filter for the wavelength
division multiplexing (WDM) systems. Figure 8 shows the transmission spectra for the
drop port of the LT microring filters, at different electric field intensities, with a double
straight waveguide structure. The structure of the microring filter is shown in the inset of
Figure 8. The resonance wavelength shift is 320 pm in an electric field intensity of 4 V/µm.
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Figure 8. Graph showing the transmission spectra for the drop port of the LT microring at different
electric field intensities.

Figure 9 shows the electrostatic field strength when a voltage of 1V is applied to the
electrodes. As we can see, the attainable electric field in the LT film is relatively weak;
this is because the adjacent cladding materials exhibit a dielectric constant, ε, that is one
order of magnitude smaller, i.e., εSiO2 = 3.9 and εLT = 42.8 [34]. Hence, the electric field
strength in the LT thin film is significantly smaller than the SiO2 layer. The electrostatic field
intensity in the z-direction (Ez) is 0.033 V/µm when close to the center of the waveguide, for
cases when a voltage of 1V is applied to the electrodes (for which h = 0.5 µm, w = 0.7 µm,
and T = 2 µm). The problem of the relatively small Ez field in the LT waveguides can be
improved by changing the geometry of the electrodes or by using a x- or y-cut configuration.
For example, using an incompletely etched waveguide structure (leaving a certain thickness
of slab across the chip) on the x- or y-cut LTOI enables a relatively strong electric field
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strength in the LT waveguide [35,36]. However, compared with the microrings on the z-cut
LTOI, the microrings on the x- or y-cut LTOI can apply an electric field to only part of
the microring, so the length of the effective electro-optic modulation is shorter [15,35,36].
Assuming that there is a uniform electric field in the waveguide, and the electric field
strength is equal to that at the center of the waveguide. The EO tunability of LTOI microring
is about 2.6 pm/V in this work. Table 2 reports the comparison of the results of different
types for LiNbO3 and LiTaO3 tunable microrings. As we can infer from this table, LTOI
photonics provides a promising approach for tunable microring resonators. The geometry
of the electrodes, and the cavity-photon lifetime of the resonator, will affect the modulation
rate of the microring [35,37,38]. Electrode design is especially crucial for modulators,
especially for high bit rate modulation formats. For example, a top electrode with a ring
structure can achieve a relatively high modulation rate [37]. A further study of the influence
of the electrode geometry on the modulation rate will be provided in future work.
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Table 2. Comparison between the different types of LiNbO3 and LiTaO3 tunable microrings.

Material Mode EO Tuning (pm/V) Ref

x-cut LNOI TE 2.4 [15]

x-cut LNOI TE 7 [35]

y-cut LNOI TE 0.32 [36]

z-cut LNOI TM 3 [39]

z-cut LNOI TM 1.05 [20]

z-cut LNOI TM 2.15 [40]

z-cut LTOI TM 2.6 This work

4. Conclusions

In this paper we design, simulate, and analyze a single-mode microring resonator
that is based on LTOI. The waveguide width and the LT film thickness are optimized to
ensure single-mode conditions. The propagation losses of the LT waveguides at different
SiO2 layer thickness are analyzed and discussed. The effects on the Q factor and the
FSR that arise due a change in the ring radius and the gap size between the ring and
linear waveguides are quantified and then discussed. It is also determined that the Q
factor increases when the ring radius increases, the Q factor stabilizes when the radius is
greater than 20 µm, and FSR decreases with increasing radius. We simulate and discuss
the electro-optic tunable microring resonator, which is a highly significant topic because
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of its practical applications. For example, an EO modulation spectrum of the microring
(with a gap = 0.4 µm and a radius = 20 µm) is produced that is displaced by 80 pm when
an electric field intensity of 1 V/µm is applied. We expect that our results and analysis will
provide useful guidance to laboratory works on microring resonator in LTOI.
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