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Preface to “Optical and Spectroscopic Properties of

Rare-Earth-Doped Crystals”

Photonics applications based on rare-earth (RE)-doped crystals are developing in many different

fields, such as photovoltaic, laser technology, optical data storage, sensing, bioimaging, diagnosis

and therapy. RE-doped inorganic bulk materials have long been known to cause luminescence

emissions that are spectrally distributed throughout the whole optical range, from the ultraviolet (UV)

to the mid-infrared region, with unique features which have made these materials very important,

especially for laser applications. Moreover, when grown in nanometric size, these materials exhibit

peculiar behaviors for their efficiency, lifetimes, energy transfer processes, interaction with the

environment, etc., which have stimulated new research devoted, on the one hand, to the physical

understanding of these phenomena, and on the other hand, to the development of many new

applications. This book is dedicated to studying RE-doped bulk and nanocrystalline materials from

a scientific point of view and to presenting their possible applications in any field.

This book is intended to serve as a unique multidisciplinary forum covering all aspects of science,

technology and applications of RE-doped crystals, starting from the growth techniques with specific

attention to the emission features of these materials and their applications.

Alessandra Toncelli and Željka Antić

Editors
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Abstract: The figures of merit of luminescence intensity ratio (LIR) thermometry for Er3+ in 40
different crystals and glasses have been calculated and compared. For calculations, the relevant data
has been collected from the literature while the missing data were derived from available absorption
and emission spectra. The calculated parameters include Judd–Ofelt parameters, refractive indexes,
Slater integrals, spin–orbit coupling parameters, reduced matrix elements (RMEs), energy differences
between emitting levels used for LIR, absolute, and relative sensitivities. We found a slight variation
of RMEs between hosts because of variations in values of Slater integrals and spin–orbit coupling
parameters, and we calculated their average values over 40 hosts. The calculations showed that
crystals perform better than glasses in Er3+-based thermometry, and we identified hosts that have
large values of both absolute and relative sensitivity.

Keywords: luminescence thermometry; phosphors; Er3+; Judd–Ofelt; Slater integrals

1. Introduction

The measurements of temperature, one of seven fundamental physical quantities,
can be classified according to the nature of contact between the measurement object and
instrument to invasive (where there is direct contact, e.g., thermocouples, thermistors), semi-
invasive (where measuring object is altered in a way to enable contactless measurements),
and non-invasive (where the temperature is estimated remotely, e.g., optical pyrometers) [1].
The first type necessarily perturbs the temperature of measurement objects which limits
its use in microscopic objects. In addition, such approaches are difficult to implement on
moving objects or in harsh environments, for example, in high-intensity electromagnetic
fields, radioactive, or chemically challenging surroundings. Thus, the current market of
thermometers, accounting for more than 80% of all sensors [2], demands methods that
allow for remote or microscopic measurements. Among many perspective optical semi-
invasive techniques, luminescence thermometry which uses thermographic phosphors has
drawn the largest attention [3,4]. The thermographic phosphor probe can be incorporated
within the measured object or on its surface, on macroscale to nanoscale sizes, or can be
mounted on the surface of the fiber-optic cables and bring to proximity of measuring objects.
Luminescent thermometry has found a range of valuable applications, from engineering
to biomedical [5], and, currently, it is a widely researched topic with an exponentially
increasing number of published research papers [6].

Presently, many types of materials are used for the construction of thermometry
probes. These include rare-earth and transition metal activated phosphors, semiconductor
quantum dots, organic dyes, and metal-organic complexes, carbon dots, and luminescent
polymers. Among the rare-earth crystals are by far the most exploited type [5], usually
exploited in the so-called luminescence intensity ratio (LIR, sometimes called fluorescence
intensity ratio (FIR) or labeled as Δ) temperature read-out scheme that is based on the

Crystals 2021, 11, 189. https://doi.org/10.3390/cryst11020189 https://www.mdpi.com/journal/crystals1
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temperature-dependent intensity ratio of emissions from the thermally coupled excited
levels of rare-earth ions.

The Er3+ is considered to be workhorse in LIR-based luminescence thermometry. LIR
read-out is obtained with both downshifting and up-conversion emissions, the latter most
frequently sensitized by Yb3+. The popularity of Er3+ in luminescence thermometry is a
consequence of its efficient emission and ~700 cm−1 energy difference between its thermally
coupled 4S3/2 and 2H11/2 levels. Such energy difference is ideal for thermometry in the
physiological range of temperatures (30–50 ◦C) since it provides the maximal sensitivity of
measurement in this range (~ 1.1%K−1 at 303 K). To increase sensitivity, in recent times, the
emission from the Er3+ 4F7/2 level is used for LIR considering the higher energy difference
between 4F7/2 and 4S3/2 levels compared to the energy difference between 2H11/2 and
4S3/2 levels [7]. This Er3+ LIR variant has perspective applications at high temperatures
and greatly widens the sensor’s operating temperature range.

Since Er3+ can activate many hosts there are many investigations of luminescence
thermometry using emissions of this ion. These studies are lengthy and cumbersome
involving material synthesis and characterizations, measurements of emission spectra at
various temperatures, complex data fitting and analysis, and evaluation of thermomet-
ric performance. Therefore, to alleviate this problem, the theoretical prediction of Er3+

thermometric performance in different hosts may be useful as a guide for the host selection.
Our previous research has demonstrated that LIR and figures of merit of luminescence

thermometry can be predicted by a theoretical model that involves the famous Judd–Ofelt
(JO) theory with the high matching to experimental data [6,8]. JO theory explains and
predicts the intensities of the trivalent rare-earth ions’ (RE3+) f-f electronic transitions, and
its parameters include all phenomenological mechanisms responsible for the line strengths
observed in both absorption and emission spectra.

Here, we aimed to perform the theoretical analysis of Er3+ emissions involved in
the LIR thermometry, linking the temperature sensing performance of materials (LIR
absolute and relative sensitivities) with their composition and structural properties. For
this extensive analysis we have selected 40 different materials in crystal and glass form, and
collected the relevant data from the literature. The refractive index values were calculated
from Sellmeier’s equation (where available). The energy level positions are given for each
host. For 16 hosts, the reduced matrix elements (RMEs) are recalculated from the Slater
integrals and spin–orbit (s–o) parameters. The relation between material properties, JO
parameters, Slater integrals, and s–o parameters is provided.

2. Methods

2.1. Luminescence Intensity Ratio Method

Out of all the luminescence temperature read-out methods the LIR has been the
most frequently investigated since it is simple, requires inexpensive equipment, and, most
importantly, is ratiometric and self-referenced [7]. The temperature read-out is not affected
by fluctuations in excitation power. The most interesting materials for LIR thermometry
are trivalent lanthanides, as they have sharp emission lines and plenty to choose from,
from ultraviolet (UV) to near-infrared (NIR) spectral regions. LIR is defined as the ratio of
two emissions that varies with temperature [9]. In the case of two energy levels separated
by < 2000 cm−1, it is said that they are thermally coupled, as the higher energy level can
be effectively populated by the thermal energy. The ratio of populations of optical centers
in the energetically higher (H) and lower (L) levels is then proportional to the Boltzmann
distribution: NH/NL~exp(−ΔE/kT), where ΔE is the energy difference between the levels
of interest, k = 0.695 cm−1 K−1 is the Boltzmann constant, and T is the temperature. As
the intensities are proportional to the population, the equation for LIR for the Boltzmann
thermometer is:

LIR(T) =
IH(T)
IL(T)

= B × exp
(
−ΔE

kT

)
(1)

where B is the temperature invariant parameter that depends only on the host.

2
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The thermometer’s performance is estimated by the absolute (Sa) and relative (Sr)
sensitivities, and temperature resolution (ΔT) given by [10]:

Sa =

∣∣∣∣∂LIR
∂T

∣∣∣∣, Sr =
Sa

LIR
·100%, ΔT =

σa

Sa
=

σr

Sr
(2)

where σa and σr are the absolute and relative uncertainties in measurement of LIR, pre-
sented as standard deviations.

For the temperature dependence of LIR given by Equation (1), sensitivities have the
following form:

Sa =
ΔE
kT2 B exp

(
−ΔE

kT

)
, Sr =

ΔE
kT2 ·100% (3)

The absolute sensitivity reaches maximum at T = ΔE/2k with the value of [8]:

Samax =
4Bk

e2ΔE
(4)

where e = 2.718 is a number (the natural logarithm base).
The ideal situation for LIR is the Boltzmann luminescence thermometer since it is

easily calibrated with the well-known and simple theory. According to Equation (3), the
relative sensitivity only depends on the value of energy difference between thermalized
energy levels. The choice of levels with the energy gap larger than 2000 cm−1 may result in
the thermalization loss at low temperatures, and even around room temperatures, while the
small energy gap gives small relative sensitivities. One should consider that for achieving
the Boltzmann’s thermal equilibrium some other conditions must be fulfilled besides the
suitable energy difference between the levels, as recently demonstrated by Geitenbeek
et al. [11] and Suta et al. [12]. Furthermore, considering the adjacent energy levels of
trivalent rare-earth used for thermometry, the largest energy gap is in the Eu3+ (between
5D1 and 5D0 levels) and is approximately 1750 cm−1.

Thus, the current research of LIR of a single emission center is aimed at increasing the
relative sensitivity without the loss of thermalization (and deviation from the Boltzmann
distribution). One recently demonstrated solution is the inclusion of the third, non-adjacent
level, with higher energy, which is thermalized with the second level. If the first and
second levels are thermalized, and second and third levels are thermalized, then the ratios
of emission intensities of the first and third levels will follow the Boltzmann distribution,
even if their separation is greater than stated above, see Figure 1 for the case of Er3+. The
conventional LIR of Er3+ is equal to the ratio of emissions from 2H11/2 (~523 nm) and 4S3/2
(~542 nm) levels, which are separated by ~700 cm−1, thus giving the relative sensitivity
of ~1.1% K−1. By observing intensities to the ground level from 4F7/2 (~485 nm) with the
4S3/2, it is evident that their relative change is much larger than with 2H11/2. This larger
energy difference, according to Equation (3), ultimately results in more than a three-fold
increase in relative sensitivity.

2.2. Judd–Ofelt Theory and Its Relevance for Luminescence Thermometry

The electronic configuration of trivalent erbium is that of Xenon plus the 11 electrons
in the 4f shell, i.e., Er3+ has [Xe]4f11 electronic configuration. With only 3 electrons missing
from the completely filled 4f shell, Er3+ shares the same LS terms and LSJ levels as the
Nd3+ who has 3 electrons in the 4f shell. The transitions from one to another level are
followed by the reception or release of energy. The probability for such phenomena for
a given set of initial and final levels is given by the wavefunctions and the appropriate
moment operator. The exchange of energy in the intra-configurational 4f transitions with
the highest intensity is of induced electric dipole and magnetic dipole types [13]. What
was puzzling only half a century ago was the origin of these “electric dipole” interactions,
as they were clearly and strictly forbidden by the Parity selection rule, also known as the
Laporte rule. The solution to this problem came in 1962 in the papers simultaneously

3
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published by Judd [14] and Ofelt [15], to what is latter known as the Judd–Ofelt theory
(JO). For the sake of brevity, it will not be explained here, and the reader is instead referred
to the excellent references [16–18]; however, we will touch on several basics that are the
most relevant for the present research.

 
Figure 1. Emission spectra of YF3:Er3+ recorded at 293 K and 473 K, the energy level diagram de-
picting the emissions 4F7/2, 2H11/2, 4S3/2→4I15/2 of Er3+, the energy difference between 2H11/2

and 4F7/2 levels from 4S3/2 level (blue and red arrows, respectively), the normalized LIRs of
2H11/2→4I15/2/4S3/2→4I15/2 and 4F7/2→4I15/2/4S3/2→4I15/2 and the corresponding relative sensi-
tivities on the given temperature range.

In RE3+ (trivalent rare-earth) ions in general, the electrostatic (He) and s–o (Hso) inter-
actions between 4f electrons are dominant and are of the approximately same magnitude,
thus the Hamiltonian can be given approximately as H = He + Hso [17].

The electrostatic Hamiltonian can be reduced to the electron-electron repulsion form [17],
which can be split into its radial (Fk) and angular (fk) parts:

He =
1

4πε0

11

∑
i<j

e2

rij
= ∑

k
Fk fk (5)

The radial parameters are the Slater integrals given by [19]:

Fk(4 f ) =
e2

4πε0

∞�
0

rk
<

rk+1
>

R2
4 f (ri)R2

4 f
(
rj
)
dridrj (6)

where r> is greater and r< is smaller than ri and rj, and R are the radial parts of the
wavefunction. The Slater integrals can be evaluated by the Hartree-Fock method; however,
it does not provide accurate results, and it is best to obtain them semi-empirically by
adjusting them to the experimentally observed energies of 4f levels [20].

Hso mixes all states that have the same J quantum number, and it is proportional to
the s–o coupling parameter, ζ, which is further proportional to the number of electrons
within the 4f shell. Er3+ has a relatively high value of ζ in comparison with other trivalent
lanthanide ions, providing a large mixing of states [21]. In this intermediate coupling

4
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approximation scheme, the wavefunctions are expressed as a linear combination of all
other states in the configuration with the same J quantum number [17,18,22,23]:∣∣∣4 f 11SLJ 〉′ = ∑

i
ci

∣∣∣4 f 11S′L′ J 〉, ∑
i

c2
i = 1 (7)

As the 4f electrons are shielded by the outer higher-energy electrons the crystal
field (CF) introduces only a perturbation to the Hamiltonian [16]. Nevertheless, that
perturbation weakens the already mentioned Laporte (parity) selection rule that forbids the
ED transitions within the configuration. The 4f–4f transitions of electric dipole (ED) type
become allowed and are known as the induced ED [24]. The radiative transition probability
for such spontaneous emission is then equal to [25]:

ASLJ→S′L′ J′ =
64π4ν̃3

SLJ→S′L′ J′

3h(2J + 1)
(χEDDED + χMDDMD) (8)

or for the purely induced ED emission (MD is an abbreviation for the magnetic dipole):

ASLJ→S′L′ J′ =
64π4ν̃3

SLJ→S′L′ J′

3h(2J + 1)
χEDDED (9)

where h = 6.626 × 10−27 erg·s is the Planck’s constant. X is the local field correction,
ν̃SLJ→S′L′ J′ is the emission barycenter energy, and D is the dipole strength given in esu2 cm2

units. The emission barycenter is [26]:

ν̃SLJ→S′L′ J′ =

∫
νSLJ→S′L′ J′ iSLJ→S′L′ J′(ν)dν∫

iSLJ→S′L′ J′(ν)dν
(10)

where i is the intensity at a given energy. The local field correction for ED emission is given
by [27]:

χED =
n
(
n2 + 2

)2

9
(11)

where n is the refractive index that should be given at the wavelength of the barycenter of
the emission. It can be calculated from the Sellmeier’s equation for a given material, which
is given in the form [28,29]:

n(λ) =

√√√√1 +
3

∑
i=1

Biλ2

λ2 − Ci
(12)

In the JO scheme, the ED strength is given by [26]:

DSLJ→S′L′ J′
ED = e2 ∑

λ=2,4,6
ΩλUλ

SLJ→S′L′ J′ (13)

where e = 4.803 × 1010 esu, Uλ
SLJ→S′L′ J′ is the abbreviation for squared RMEs∣∣〈4 f 11SLJ‖Uλ‖4 f 11S′L′ J′〉∣∣2, which in turn can be calculated from the Slater integrals and

the s–o coupling parameter. Ωλ are the JO intensity parameters, obtained semi-empirically
or by the ab initio calculations (from the crystal-field parameters).

The integrated emission intensity for the transition SLJ→S′L′J′ is given by [30,31]:

ISLJ→S′L′ J′ =
∫

iSLJ→S′L′ J′(ν̃)dν̃ = hν̃SLJ→S′L′ J′ NSLJ ASLJ→S′L′ J′ (14)

or without the hν if the spectrum is recorded in counts instead of power units [32].

5
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LIR of two emissions from the thermally coupled levels is then given by:

LIR(T) =
IH
IL

=
νH NH AH
νLNL AL

(15)

where IH/L are the integrated intensities from the higher and lower level, respectively
(without νH/νL if recorded in counts).

According to the Boltzmann distribution, the optical center population is given by:

NH
NL

=
gH
gL

exp
(
−ΔE

kT

)
(16)

where g = 2J + 1 are the degeneracies of the selected levels.
Equation (15) can be rewritten as Equation (1) where B is the temperature invariant

parameter that is given by:

B =
νH gH AH
νLgL AL

(17)

or if the intensities are recorded in counts instead of power units, without the νH/νL. As we
have demonstrated in our previous article [8], by inserting Equation (8) into Equation (17),
the LIR, the absolute sensitivity (and everything related to it) and temperature resolution
can be predicted by JO parameters, as the B parameter can be obtained from:

B =

(
ν̃H
ν̃L

)4 χH
EDDH

ED + χH
MDDH

MD
χL

EDDL
ED + χL

MDDL
MD

(18)

or in the case of the pure ED transitions:

B =

(
ν̃H
ν̃L

)4 χH
EDDH

ED
χL

EDDL
ED

(19)

For the case of spectra recorded in counts, νH/νL should be to the power of 3.
The shielding of 4f electrons by electrons from outer orbitals ensures that the RE3+

spectra are featured by sharp peaks whose energies are almost host-independent. This
is reflected in the almost host invariant reduced matrix elements. However, as the Slater
parameters deviate significantly in Er3+, using such approximation may introduce signif-
icant errors. For the analysis of this type, it is more accurate to use the reduced matrix
elements that are calculated from Slater integrals and s–o coupling parameters, which
are calculated semi-empirically from the positions of the energy levels. Analogously, the
small variations in energy level positions may provide significant variations in energy level
differences, and thus large deviations in absolute and relative sensitivities. Finally, the
small differences in refractive index become enormous when they propagate in the local
field correction coefficient and, thus, it is of utmost importance to use accurate values. In
this study, the observed levels are energetically very close, thus, it is a good approximation
to consider the refractive index as wavelength-independent; however, the exact method is
always preferred.

3. Results and Discussion

3.1. Calculations of Er3+ Radiative Properties in Different Hosts

For the study, we have selected 40 different hosts doped with Er3+ (Table 1), from the
literature that contained the most complete set of data needed for the analysis presented
in this paper. As the JO parametrization is traditionally performed semi-empirically from
the absorption spectrum, powders and non-transparent materials are not included in this
analysis.
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Table 1. A collection of 40 Er3+ doped hosts used in this study. Form: C–Crystal, G–Glass.

No. Host Abbreviation Name
Er3+

Concentration
Form Ref.

1 * β-NaGdF4 Sodium Gadolinium Fluoride 1% C [33]
2 LaF3 Lanthanum fluoride 0.05% C [34,35]
3 Y3Al5O12 YAG Yttrium Aluminium Garnet 1.2 at% C [36]
4 LaCl3 Lanthanum Chloride 1% C [17]
5 La2O2S Lanthanum oxysulfide 1 mol% C [37,38]
6 Y2O2S Yttrium oxysulfide 1 mol% C [37,38]

7 Sb2O3-35P2O5-
5MgO-AgCl SPMEA Antimony Phosphate 0.17 at% G [39]

8 YAlO3 Yttrium Orthoaluminate 1.5 at% C [40]
9 KCaF3 Kalium Calcium Fluoride 1.62 at% C [41]
10 Y2O3 Yttrium oxide 1% C [42,43]
11 YVO4 Yttrium Vanadate 2.5% C [44]

12 PbF2-GaF3-
(Zn,Mn)F2

PbZnGaLaF Lead-Based fluoride 0.6% G [45]

13 * CaYAlO4 CYAO Yttrium Calcium Aluminate 0.5 at% C [46]
14 Gd3Ga5O12 GGG Gadolinium Gallium Garnet 1.2 at% C [36]

15 Y3Sc2Ga3O12 YSGG Yttrium Scandium Gallium
Garnet 1.2 at% C [36]

16 PbO·H3BO3·TiO2·AlF3 LBTAF Lead Borate Titanate
Aluminium Fluoride 4.8 at% G [47]

17 Li2CO3·H3BO3 LiBO Lithium Borate 1 mol% G [48]
18 Li2CO3·H3BO3·MgCO3 MgLiBO Magnesium Lithium Borate 1 mol% G [48]
19 Li2CO3·H3BO3·MgCO3 CaLiBO Calcium Lithium Borate 1 mol% G [48]
20 Li2CO3·H3BO3·SrCO3 SrLiBO Strontium Lithium Borate 1 mol% G [48]
21 Li2CO3·H3BO3·BaCO3 BaLiBO Barium Lithium Borate 1 mol% G [48]
22 ZrO2·YO1.5 YSZ Yttria stabilized Zirconia 0.7 at% C [49]
23 LiNbO3 Lithium Niobate 1.5 × 1019 cm−3 C [50]
24 PbO-PbF2 Oxyfluoride 1.35 wt% G [51]
25 ZrF4·BaF2·LaF3·AlF3 ZBLA Fluorozirconate 0.5% G [52]
26 ZnO·Al2O3·Bi2O3·B2O3 ZnAlBiB Zinc Alumino Bismuth Borate 0.5 mol% G [53]
27 NaPO3·TeO2·AlF3·LiF LiTFP Lithium Fluorophosphate 0.12 at% G [54]
28 NaPO3·TeO2·AlF3·NaF NaTFP Sodium Fluorophosphate 0.12 at% G [54]
29 NaPO3·TeO2·AlF3·KF KTFP Kalium Fluorophosphate 0.12 at% G [54]
30 Kigre patented Phosphate 1.51 wt% G [55]
31 TeO2·PbF2·AlF3 Fluoro-tellurite 0.625 at% G [56]

32 SrGdGa3O7
Strontium Gadolinium Gallium

Garnet 4.2 × 1021 cm−3 C [57]

33 YPO4 Yttrium Phosphate 0.6 at% C [58]
34 Y2SiO5 YSO Yttrium Orthosilicate 2 mol%b C [59]
35 BaGd2(MoO4)4 BGM Barium Gadolinium Molybdate 1.4 at% C [60]
36 NaY(MoO4)2 NYM Sodium Yttrium Molybdate 1.25 at% C [61]
37 Gd2(MoO4)3 Gadolinium Molybdate 1% C [62]
38 LiLa(MoO4)2 Lithium Lanthanum Molybdate 0.55 at% C [63]

39 * LiLa(WO4)2
Lithium Lanthanum

Tungstanate 0.65% C [64]

40 KY(WO4)2 Kalium Yttrium Tungstanate 0.5% C [65]

* Co-doped with Yb3+.

In the 3rd column, Table 2 gives the energies of the 4S3/2, 2H11/2, and 4F7/2 levels used
for the two LIRs that will be theoretically investigated. As stated in the introduction, this
is important in the estimation of the thermometric figures of merit, and it is linked to the
Slater integrals and s–o parameters. The table also includes the Slater integrals and s–o
coupling parameters of the 16 out of the 40 hosts, and the JO intensity parameters for all
the hosts, taken from references Table 1.
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Table 2. Energies of 4S3/2, 2H11/2 and 4F7/2 levels in hosts listed in Table 1, their Slater integrals and spin-orbit (s–o)
coupling parameters, and JO intensity parameters as reported in the corresponding references.

No. Host
Energy [cm−1] Slater Integrals and s–o [cm−1] JO Parameters × 1020 [cm2]

4S3/2
2H11/2

4F7/2 F2 F-4 F6 ζ Ω2 Ω4 Ω6

1 β–NaGdF4 18459 19186 20483 429.4 68.7 7.1 2403 4.97 1.16 2.03
2 LaF3 18353 19118 20412 435.7 67.2 7.4 2351 3.9 1.0 2.3
3 YAG 18166 18967 20344 433.2 65.0 6.5 2345 0.74 0.92 0.70
4 LaCl3 18383 19068 20414 433.2 66.9 7.3 2386 5.45 2.08 0.69
5 La2O2S 18236 18930 20320 445.8 66.6 7.5 2395 4.32 2.32 1.17
6 Y2O2S 18236 18930 20320 444.0 68.1 7.4 2391 2.71 2.10 1.85
7 d SPMEA 18182 19175 20576 NA NA NA NA 7.89 3.27 1.07
8 YAlO3 18350 19150 20300 NA NA NA NA 0.95 0.58 0.55
9 d KCaF3 18450 19305 20576 NA NA NA NA 0.74 0.87 0.57
10 b Y2O3 18071 18931 20266 429.6 65.0 7.1 2383 4.59 1.21 0.48
11 b YVO4 18209 19059 20371 440.8 66.8 7.3 2381 13.45 2.23 1.67
12 PbZnGaLaF 18552 19193 20618 444.0 64.6 6.9 2395 1.54 1.13 1.19
13 CYAO 18298 19040 20454 NA NA NA NA 3.78 2.52 1.91
14 c GGG 18450 19168 20387 NA NA NA NA 0.70 0.37 0.86
15 c YSGG 18433 19127 20345 NA NA NA NA 0.92 0.48 0.87
16 a LBTAF 18382 19194 20450 433.9 67.0 6.7 2386 5.89 1.10 1.47
17 a LiBO 18413 19205 20488 437.8 65.1 6.8 2377 3.24 0.92 0.82
18 a MgLiBO 18389 19168 20462 437.8 64.5 6.8 2373 1.33 0.39 0.62
19 a CaLiBO 18413 19205 20488 438.2 64.9 6.8 2376 3.68 0.76 1.52
20 a SrLiBO 18413 19205 20488 438.6 64.7 6.8 2381 2.53 0.39 1.10
21 a BaLiBO 18403 19205 20488 438.2 64.9 6.8 2382 1.80 0.28 0.90
22 c YSZ 18416 19342 20534 NA NA NA NA 1.50 0.50 0.22
23 c LiNbO3 18248 19047 20492 NA NA NA NA 7.29 2.24 1.27
24 a PbO-PbF2 18501 19297 20601 437.8 66.6 7.3 2461 3.22 1.34 0.61
25 ZBLA 18450 19193 20534 NA NA NA NA 2.54 1.39 0.97
26 c ZnAlBiB 18484 19193 20491 NA NA NA NA 2.10 1.53 1.43
27 LiTFP 18344 19189 20486 NA NA NA NA 4.70 1.21 1.30
28 NaTFP 18377 19226 20486 NA NA NA NA 5.92 1.07 1.44
29 KTFP 18377 19226 20486 NA NA NA NA 5.09 0.69 1.45

30 Kigre
patented 18350 19150 20300 NA NA NA NA 6.28 1.03 1.39

31 c TeO2·PbF2·AlF3 18332 18957 20434 NA NA NA NA 5.52 2.07 1.00
32 SrGdGa3O7 18135 19131 20411 NA NA NA NA 2.46 1.24 0.51
33 YPO4 18348 19083 20449 435.7 67.2 7.4 2351 3.02 3.07 2.58
34 e YSO 18348 19083 20449 NA NA NA NA 1.29 0.29 2.78
35 c BGM 18348 19083 20408 NA NA NA NA 12.33 1.96 0.96
36 c NYM 18148 19157 20449 NA NA NA NA 13.34 1.69 2.29
37 Gd2(MoO4)3 18348 19157 20449 NA NA NA NA 11.74 8.16 3.98
38 LiLa(MoO4)2 18348 19157 20449 NA NA NA NA 8.07 1.06 0.83
39 LiLa(WO4)2 18348 19047 20345 NA NA NA NA 9.03 2.02 0.59
40 KY(WO4)2 18420 19190 20450 NA NA NA NA 7.08 2.30 1.01

a Slater integrals calculated from F2,4,6 parameters by Equation (15) in Ref. [17]. b Slater integrals calculated from Racah parameters by
Equation (17) in Ref. [17]. c Slater integrals and spin–orbit coupling parameter not provided, the RME values the authors used are by
Carnall in Ref. [66], or by d Weber in Ref. [35]. e Energy levels are not given in the literature, values in the table are provided approximately.

Figure 2 presents the variation of Slater integrals and s–o coupling parameters in
those 16 hosts. Although there are no large differences in parameters between the crystals
and glasses, there are certain trends that may be observed by the type of compound.
Deviations in parameters’ values from host to host can be large, so the use of Carnall or
Weber tables [22,35] for Er3+ RMEs can introduce large errors in the later calculations.

Figure 3 presents the JO parameters as given in Table 2. Glass hosts have smaller
values of JO parameters than crystals, on average. When crystals are analyzed, the largest
values of Ω2 parameter are found in tungstates and molybdates, while the smallest values
are in garnets, phosphates, silicates, and oxysulfides. Ω6 are expectedly higher in fluorides,
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phosphates, and silicates. In glasses, borate glasses have lower Ω2, while phosphate glasses
have higher Ω2. Ω6 is on average higher in phosphate glasses. No clear correlation could
be given for the Ω4 parameter in crystals or glasses.

Figure 2. Slater integrals and s–o coupling parameters as listed in Table 2.

 

Figure 3. Judd–Ofelt parameters in different hosts, as given in Table 2.

The squared RMEs for each transition investigated for LIR are given in Table 3. This
list can be used beyond the scope of this paper for accurate calculations of JO parameters.
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The deviations from the average RME values are given in Figure 4, and they are large for
the 2H11/2→4I15/2 transition. Thus, the use of Carnall’s or Weber’s values [22,35] might
introduce significant errors in the JO parameters estimation, as the RMEs were calculated
for the LaF3 and YAlO3, respectively. The average RMEs values calculated from Table 3 are
given in Table 4, together with the deviations from the values by Carnall and Weber. The
refractive index values taken from the corresponding references are also listed in Table 3. If
Sellmeier’s equation is given, the refractive index is calculated at the wavelength of the
emission. From the refractive index value, the local field correction is calculated according
to Equation (11). The induced ED strengths (the last column of Table 3) are calculated for
each transition and for each using JO parameters from Table 2 and local field corrections
and RMEs from Table 3.

Table 3. Squared RMEs for hosts in Table 1, recalculated by RELIC software [17] from Slater integrals and s–o coupling
parameters in Table 2, refractive index values, local corrections for emission, and induced electric dipole strengths. Note:
if Slater integrals were not provided in Table 2, the squared RMEs will be given from the tables by Carnall [66], unless
indicated that the authors used tables by Weber [35].

No.
Initial
Level

Squared RME
n

χED

(Emission) Ref. for n
D

[esu2 cm2] × 1040
U2 U4 U6

1 b

4S3/2 0 0 0.2216 1.499 3.00
[33]

10.38
2H11/2 0.7247 0.4159 0.0925 1.499 3.00 98.55
4F7/2 0 0.1461 0.6298 1.499 3.00 33.40

2

4S3/2 0 0 0.2275 1.516 3.11
[67]

12.07
2H11/2 0.7141 0.4112 0.0867 1.518 3.12 78.33
4F7/2 0 0.1473 0.6285 1.522 3.15 36.75

3

4S3/2 0 0 0.2134 1.836 5.88
[36]

3.45
2H11/2 0.5816 0.3350 0.0756 1.838 5.91 18.26
4F7/2 0 0.1465 0.6192 1.842 5.95 13.11

4 b

4S3/2 0 0 0.2226 1.7 4.52
[68]

3.54
2H11/2 0.7205 0.4152 0.0911 1.7 4.52 111.96
4F7/2 0 0.1467 0.6274 1.7 4.52 17.03

5 b

4S3/2 0 0 0.2240 2.2 11.44
[69]

6.05
2H11/2 0.6872 0.3971 0.0849 2.2 11.44 92.03
4F7/2 0 0.1474 0.6247 2.2 11.44 24.75

6 b

4S3/2 0 0 0.2257 2.2 11.44
[69]

9.63
2H11/2 0.6891 0.3968 0.0841 2.2 11.44 65.89
4F7/2 0 0.1472 0.6272 2.2 11.44 33.90

7 c

4S3/2 0 0 0.2211 2.35 14.70
[39]

5.64
2H11/2 0.7125 0.4123 0.0925 2.35 14.70 161.57
4F7/2 0 0.1468 0.6266 2.35 14.70 26.55

8 a

4S3/2 0 0 0.2211 1.946 7.24
[40,41]

2.81
2H11/2 0.7125 0.4123 0.0925 1.948 7.27 22.30
4F7/2 0 0.1468 0.6266 1.953 7.34 9.91

9

4S3/2 0 0 0.2285 1.402 2.45
[35]

3.00
2H11/2 0.7056 0.4109 0.0870 1.404 2.46 21.44
4F7/2 0 0.1467 0.6273 1.406 2.47 11.19

10

4S3/2 0 0 0.2171 1.938 7.13
[70]

2.40
2H11/2 0.6964 0.4022 0.0912 1.942 7.19 85.98
4F7/2 0 0.1464 0.6238 1.948 7.27 10.99

11

4S3/2 0 0 0.2231 2.017 8.25
[71]

8.59
2H11/2 0.6796 0.3919 0.0843 2.023 8.34 234.27
4F7/2 0 0.1471 0.6253 2.036 8.54 31.66

12 b

4S3/2 0 0 0.2182 1.611 3.78
[45]

5.99
2H11/2 0.6547 0.3795 0.0838 1.611 3.78 35.45
4F7/2 0 0.1471 0.6200 1.611 3.78 20.85

10
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Table 3. Cont.

No.
Initial
Level

Squared RME
n

χED

(Emission) Ref. for n
D

[esu2 cm2] × 1040
U2 U4 U6

13 bd

4S3/2 0 0 0.2285 1.85 6.04
[72]

10.07
2H11/2 0.7056 0.4109 0.0870 1.85 6.04 89.25
4F7/2 0 0.1467 0.6273 1.85 6.04 36.17

14 ac

4S3/2 0 0 0.2211 1.987 7.81
[36]

4.39
2H11/2 0.7125 0.4123 0.0925 1.982 7.74 16.86
4F7/2 0 0.1468 0.6266 1.998 7.97 13.68

15 ac

4S3/2 0 0 0.2211 1.944 7.21
[36]

4.44
2H11/2 0.7125 0.4123 0.0925 1.948 7.27 21.54
4F7/2 0 0.1468 0.6266 1.954 7.35 14.20

16 b

4S3/2 0 0 0.2157 1.564 3.44
[47]

7.31
2H11/2 0.6296 0.3618 0.0815 1.564 3.44 97.49
4F7/2 0 0.1463 0.6235 1.564 3.44 24.86

17 b

4S3/2 0 0 0.2145 1.478 2.88
[48]

4.06
2H11/2 0.6115 0.3531 0.0795 1.478 2.88 54.70
4F7/2 0 0.1466 0.6196 1.478 2.88 14.83

18 b

4S3/2 0 0 0.2138 1.476 2.86
[48]

3.06
2H11/2 0.6068 0.3507 0.0792 1.476 2.86 22.91
4F7/2 0 0.1467 0.6185 1.476 2.86 10.17

19 b

4S3/2 0 0 0.2143 1.480 2.89
[48]

7.51
2H11/2 0.6081 0.3512 0.0791 1.480 2.89 60.55
4F7/2 0 0.1467 0.6191 1.480 2.89 24.28

20 b

4S3/2 0 0 0.2135 1.479 2.88
[48]

5.42
2H11/2 0.6067 0.3507 0.0794 1.479 2.88 40.58
4F7/2 0 0.1466 0.6184 1.479 2.88 17.01

21 b

4S3/2 0 0 0.2137 1.481 2.89
[48]

4.44
2H11/2 0.6100 0.3524 0.0798 1.481 2.89 29.26
4F7/2 0 0.1466 0.6190 1.481 2.89 13.80

22 c

4S3/2 0 0 0.2211 2.167 10.80
[73]

1.12
2H11/2 0.7125 0.4123 0.0925 2.172 10.89 29.88
4F7/2 0 0.1468 0.6266 2.180 11.04 4.87

23 c

4S3/2 0 0 0.2211 2.316 13.95
[74]

6.48
2H11/2 0.7125 0.4123 0.0925 2.331 14.31 143.84
4F7/2 0 0.1468 0.6266 2.349 14.75 25.94

24 b

4S3/2 0 0 0.2156 1.779 5.27
[51]

3.03
2H11/2 0.7176 0.4147 0.0959 1.779 5.27 67.47
4F7/2 0 0.1461 0.6243 1.779 5.27 13.30

25 d

4S3/2 0 0 0.2285 1.518 3.12
[52]

5.11
2H11/2 0.7056 0.4109 0.0870 1.519 3.13 56.47
4F7/2 0 0.1467 0.6273 1.520 3.14 18.74

26 b

4S3/2 0 0 0.2211 1.819 5.70
[53]

7.29
2H11/2 0.7125 0.4123 0.0925 1.819 5.70 52.12
4F7/2 0 0.1468 0.6266 1.819 5.70 25.85

27 bd

4S3/2 0 0 0.2285 1.584 3.58
[75]

6.85
2H11/2 0.7056 0.4109 0.0870 1.584 3.58 90.58
4F7/2 0 0.1467 0.6273 1.584 3.58 22.91

28 bd

4S3/2 0 0 0.2285 1.587 3.60
[75]

7.59
2H11/2 0.7056 0.4109 0.0870 1.587 3.60 109.39
4F7/2 0 0.1467 0.6273 1.587 3.60 24.46

29 bd

4S3/2 0 0 0.2285 1.588 3.61
[75]

7.64
2H11/2 0.7056 0.4109 0.0870 1.588 3.61 92.30
4F7/2 0 0.1467 0.6273 1.588 3.61 23.32

30 a

4S3/2 0 0 0.2211 1.581 3.56
[55]

7.09
2H11/2 0.7125 0.4125 0.0925 1.587 3.60 115.99
4F7/2 0 0.1469 0.6266 1.599 3.69 23.58
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Table 3. Cont.

No.
Initial
Level

Squared RME
n

χED

(Emission) Ref. for n
D

[esu2 cm2] × 1040
U2 U4 U6

31 bc

4S3/2 0 0 0.2211 2.116 9.86
[56]

5.10
2H11/2 0.7125 0.4123 0.0925 2.116 9.86 112.55
4F7/2 0 0.1468 0.6266 2.116 9.86 21.46

32 bd

4S3/2 0 0 0.2285 1.831 5.83
[57]

2.69
2H11/2 0.7056 0.4109 0.0870 1.831 5.83 52.82
4F7/2 0 0.1467 0.6273 1.831 5.83 11.58

33 b

4S3/2 0 0 0.2275 1.77 5.18
[58]

13.54
2H11/2 0.7141 0.4112 0.0866 1.77 5.18 84.03
4F7/2 0 0.1473 0.6285 1.77 5.18 47.84

34 bd

4S3/2 0 0 0.2285 1.8 5.49
[76]

14.65
2H11/2 0.7056 0.4109 0.0870 1.8 5.49 29.33
4F7/2 0 0.1467 0.6273 1.8 5.49 41.21

35 bc

4S3/2 0 0 0.2211 2.02 8.30
[60]

4.90
2H11/2 0.7125 0.4123 0.0925 2.02 8.30 223.35
4F7/2 0 0.1468 0.6266 2.02 8.30 20.51

36 c

4S3/2 0 0 0.2211 2.01 8.15
[61]

11.68
2H11/2 0.7125 0.4123 0.0925 2.00 8.00 240.22
4F7/2 0 0.1468 0.6266 2.00 8.00 38.82

37 ad

4S3/2 0 0 0.2211 2.16 10.66
[55,77]

20.30
2H11/2 0.7125 0.4125 0.0925 2.16 10.66 279.11
4F7/2 0 0.1469 0.6266 2.16 10.66 85.18

38 d

4S3/2 0 0 0.2285 2.05 8.76
[63]

4.38
2H11/2 0.7056 0.4109 0.0870 2.05 8.76 143.07
4F7/2 0 0.1467 0.6273 2.05 8.76 15.60

39 bd

4S3/2 0 0 0.2285 2.0 8.00
[78]

3.11
2H11/2 0.7056 0.4109 0.0870 2.0 8.00 167.32
4F7/2 0 0.1467 0.6273 2.0 8.00 15.37

40 bd

4S3/2 0 0 0.2285 2.0 8.00
[79]

5.32
2H11/2 0.7056 0.4109 0.0870 2.0 8.00 139.07
4F7/2 0 0.1467 0.6273 2.0 8.00 22.40

a RME values not calculated by RELIC software, but given in the corresponding reference. b Refractive Index values approx. wavelength-
independent. c RME values from Carnall [66], d from Weber [35].

 
Figure 4. Deviation of the RMEs listed in Table 3 from their average values.
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Table 4. Average RME values estimated from squared RMEs listed in Table 3. Deviations of average
values from squared RMEs reported by Carnall (C) and Weber (W), in percentage.

Initial
Level

U2 U4 U6 U2(C) U4(C) U6(C) U2(W) U4(W) U6(W)

4S3/2 0 0 0.2224 0 0 0.6 0 0 2.7
2H11/2 0.6889 0.3989 0.0874 3.3 3.3 5.5 2.4 2.9 0.5
4F7/2 0 0.1468 0.6254 0 0 0.2 0 0.1 0.3

3.2. Calculations of LIR Parameters

For this theoretical analysis, two Er3+-based LIRs are considered, the traditional LIR
that uses the temperature-dependent ratio of emissions from 4S3/2 and 2H11 levels, and
the relatively novel concept that uses the temperature-dependent ratio emissions from
4S3/2 and 4F7/2 levels. Table 5 provides the energy differences between 4S3/2 and 2H11
and 4S3/2 and 4F7/2 that are used to calculate the room-temperature-relative sensitivities
for each host using Equation (2). The temperature invariant B parameters are calculated
from the data in Table 3 using Equation (19) (version for spectra recorded in counts). Then,
using Equations (2)–(4) and calculated B values, it was possible to derive the LIR’s absolute
sensitivity, the maximal absolute sensitivity value, and the temperature at which maximal
absolute sensitivity occurs.

The relation between relative and absolute sensitivities of traditional LIR (that uses
Er3+ emissions from 2H11/2 and 4S3/2 levels) for different hosts is presented in Figure 5a–c.
As a rule of thumb, the higher the sensitivity value the better is the performance of
thermometry. From Figure 5a, one can see that glasses tend to perform slightly weaker
than crystals, on average. Figure 5b compares the LIR performance of different crystals.
Fluorides’, garnets’, phosphates’, and silicates’ performances are worse than for other hosts.
The best results are obtained with simple oxides, vanadates, niobates, molybdates, and
tungstates. Figure 5c illustrates the performances of only glass hosts. Even the number of
hosts in this set is rather small, it is possible to observe that Er3+ activated borate glasses
perform worse than other glasses. Fluorophosphate glasses show high relative sensitivities,
but somewhat small absolute sensitivities. The best combination of sensitivities is achieved
in PbO-PbF2 glass. Similar conclusions can be drawn for the novel LIR type (that uses
Er3+ emissions from 4F7/2 and 4S3/2 levels), Figure 5d–f. Among different glasses, tellurite-
fluoride glasses show the best performance. For crystals, the situation is almost equivalent
to that of traditional LIR.

Figure 6a–c gives the relation between relative sensitivity and absolute sensitivity
at the temperature at which the absolute sensitivity has its maximum for the traditional
LIR, while Figure 6d–f show the same relationship for the novel type LIR. Analogous
conclusions can be drawn as in the previous analysis (Figure 5). Among glass hosts,
tellurite-fluoride, tungstate, and molybdate glasses show the best performances. Among
crystals, the performance trend is almost the same, but the NaY(MoO4)2 shows the worst
performance at elevated temperatures. The best overall performer is LiLa(WO4)2.

As a limit of the study, we must note that the values of the energy levels, Slater
integrals and s–o parameters, refractive index values, and JO parameters are taken from
literature, so one cannot estimate the level of their accuracy. The extreme outliers are to be
taken with caution.
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Table 5. Calculated luminescence thermometry parameters: energy gaps (ΔE) from Er3+ 4S3/2 level to 2H11/2 and 4F7/2,
relative temperature sensitivities (Sr) for LIRs between selected levels, B LIR parameters, absolute sensitivities at room
temperature (Sa), maximum sensitivity value (Samax), temperatures at which maximum absolute sensitivity occurs (T(Samax)),
and relative sensitivities at T(Samax) (Sr(T(Samax)).

No.
Higher
Level

ΔE
Sr (300 K)
[% K−1]

B
Sa (300 K)

[K−1]
max(Sa)
[K−1]

T(max(Sa))
[K] (◦C)

Sr (T(max(Sa))
[% K−1]

1
2H11/2 727 1.16 10.66 0.003792 0.0055 523 (250) 0.38
4F7/2 2024 3.24 4.40 0.000009 0.0008 1456 (1183) 0.14

2
2H11/2 765 1.22 7.37 0.002297 0.0036 550 (277) 0.36
4F7/2 2059 3.29 4.24 0.000007 0.0008 1481 (1208) 0.14

3
2H11/2 801 1.28 6.05 0.001663 0.0028 576 (303) 0.35
4F7/2 2178 3.48 5.40 0.000005 0.0009 1567 (1294) 0.13

4
2H11/2 685 1.10 35.26 0.014453 0.0194 493 (220) 0.41
4F7/2 2031 3.25 6.58 0.000013 0.0012 1461 (1188) 0.14

5
2H11/2 694 1.10 17.03 0.006772 0.0092 499 (226) 0.40
4F7/2 2084 3.30 5.66 0.000009 0.0010 1499 (1226) 0.13

6
2H11/2 694 1.10 7.65 0.003043 0.0042 499 (226) 0.40
4F7/2 2084 3.30 4.87 0.000007 0.0009 1499 (1226) 0.13

7
2H11/2 993 1.59 33.60 0.004557 0.0128 714 (441) 0.28
4F7/2 2394 3.83 6.82 0.000003 0.0011 1722 (1449) 0.12

8
2H11/2 800 1.28 9.07 0.002501 0.0043 576 (303) 0.35
4F7/2 1950 3.12 4.85 0.000013 0.0009 1403 (1130) 0.14

9
2H11/2 855 1.37 8.21 0.001858 0.0036 615 (342) 0.33
4F7/2 2126 3.40 5.21 0.000007 0.0009 1529 (1256) 0.13

10
2H11/2 860 1.37 41.42 0.009209 0.0181 619 (346) 0.32
4F7/2 2195 3.51 6.57 0.000006 0.0011 1579 (1306) 0.13

11
2H11/2 850 1.36 31.60 0.007284 0.0140 612 (339) 0.33
4F7/2 2162 3.46 5.34 0.000006 0.0009 1555 (1282) 0.13

12
2H11/2 641 1.02 6.55 0.003104 0.0038 461 (188) 0.43
4F7/2 2066 3.30 4.78 0.000008 0.0009 1486 (1213) 0.13

13
2H11/2 742 1.19 9.99 0.003373 0.0051 534 (261) 0.37
4F7/2 2156 3.45 5.02 0.000006 0.0009 1551 (1278) 0.13

14
2H11/2 718 1.15 4.27 0.001566 0.0022 517 (244) 0.39
4F7/2 1937 3.10 4.29 0.000012 0.0008 1394 (1121) 0.14

15
2H11/2 694 1.11 5.46 0.002173 0.0030 499 (226) 0.40
4F7/2 1912 3.06 4.38 0.000014 0.0009 1376 (1103) 0.15

16 2H11/2 812 1.30 15.17 0.004009 0.0070 584 (311) 0.34
4F7/2 2068 3.31 4.68 0.000008 0.0009 1488 (1215) 0.13

17 2H11/2 792 1.27 15.30 0.004339 0.0073 570 (297) 0.35
4F7/2 2075 3.32 5.04 0.000008 0.0009 1493 (1220) 0.13

18 2H11/2 779 1.25 8.48 0.002519 0.0041 560 (287) 0.36
4F7/2 2073 3.31 4.58 0.000007 0.0008 1491 (1218) 0.13

19 2H11/2 792 1.27 9.14 0.002594 0.0043 570 (297) 0.35
4F7/2 2075 3.32 4.45 0.000007 0.0008 1493 (1220) 0.13

20 2H11/2 792 1.27 8.50 0.002411 0.0040 570 (297) 0.35
4F7/2 2075 3.32 4.33 0.000007 0.0008 1493 (1220) 0.13

21 2H11/2 802 1.28 7.50 0.002052 0.0035 577 (304) 0.35
4F7/2 2085 3.33 4.29 0.000006 0.0008 1500 (1227) 0.13

22 2H11/2 926 1.48 31.12 0.005428 0.0126 666 (393) 0.30
4F7/2 2118 3.39 6.16 0.000008 0.0011 1524 (1251) 0.13

23 2H11/2 799 1.28 25.90 0.007167 0.0122 575 (302) 0.35
4F7/2 2244 3.59 6.00 0.000005 0.0010 1614 (1341) 0.12

24 2H11/2 796 1.27 25.24 0.007058 0.0119 573 (300) 0.35
4F7/2 2100 3.36 6.05 0.000009 0.0011 1511 (1238) 0.13

25 2H11/2 743 1.19 12.46 0.004194 0.0063 535 (262) 0.37
4F7/2 2084 3.33 5.07 0.000008 0.0009 1499 (1226) 0.13

26 2H11/2 709 1.13 8.00 0.003025 0.0042 510 (237) 0.39
4F7/2 2007 3.21 4.83 0.000010 0.0009 1444 (1171) 0.14
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Table 5. Cont.

No.
Higher
Level

ΔE
Sr (300 K)
[% K−1]

B
Sa (300 K)

[K−1]
max(Sa)
[K−1]

T(max(Sa))
[K] (◦C)

Sr (T(max(Sa))
[% K−1]

27 2H11/2 845 1.35 15.13 0.003551 0.0067 608 (335) 0.33
4F7/2 2142 3.42 4.66 0.000006 0.0008 1541 (1268) 0.13

28 2H11/2 849 1.36 16.50 0.003818 0.0073 611 (338) 0.33
4F7/2 2109 3.37 4.46 0.000006 0.0008 1517 (1244) 0.13

29 2H11/2 849 1.36 13.83 0.003199 0.0061 611 (338) 0.33
4F7/2 2109 3.37 4.23 0.000006 0.0008 1517 (1244) 0.13

30 2H11/2 800 1.28 18.82 0.005190 0.0089 576 (303) 0.35
4F7/2 1950 3.12 4.67 0.000013 0.0009 1403 (1130) 0.14

31 2H11/2 625 1.00 24.40 0.012168 0.0147 450 (177) 0.44
4F7/2 2102 3.36 5.83 0.000008 0.0010 1512 (1239) 0.13

32 2H11/2 996 1.59 23.07 0.003093 0.0087 717 (444) 0.28
4F7/2 2276 3.64 6.14 0.000004 0.0010 1637 (1364) 0.12

33 2H11/2 735 1.18 6.98 0.002416 0.0036 529 (256) 0.38
4F7/2 2101 3.36 4.89 0.000007 0.0009 1512 (1239) 0.13

34 2H11/2 735 1.18 2.25 0.000779 0.0012 529 (256) 0.38
4F7/2 2101 3.36 3.89 0.000005 0.0007 1512 (1239) 0.13

35 2H11/2 735 1.18 51.32 0.017757 0.0263 529 (256) 0.38
4F7/2 2060 3.29 5.77 0.000010 0.0011 1482 (1209) 0.13

36 2H11/2 1009 1.61 23.75 0.003032 0.0089 726 (453) 0.28
4F7/2 2301 3.68 4.67 0.000003 0.0008 1655 (1382) 0.12

37 2H11/2 809 1.29 15.65 0.004179 0.0073 582 (309) 0.34
4F7/2 2101 3.36 5.81 0.000008 0.0010 1512 (1239) 0.13

38 2H11/2 809 1.29 37.22 0.009940 0.0173 582 (309) 0.34
4F7/2 2101 3.36 4.94 0.000007 0.0009 1512 (1239) 0.13

39 2H11/2 699 1.12 60.18 0.023537 0.0324 503 (230) 0.40
4F7/2 1997 3.19 6.74 0.000015 0.0013 1437 (1164) 0.14

40 2H11/2 770 1.23 29.54 0.009052 0.0144 554 (281) 0.36
4F7/2 2030 3.25 5.76 0.000011 0.0011 1460 (1187) 0.14

 

Figure 5. Relative sensitivities vs. absolute sensitivities at 300 K. (a–c) for LIR by 2H11/2 higher level, (d–f) by 4F7/2. (a,d)
comparison of crystals and glasses, (b,e) between crystal types, (c,f) between different glasses.
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Figure 6. Relative sensitivities vs. absolute sensitivities at temperatures with maximum absolute sensitivities. (a–c) for LIR
by 2H11/2 higher level, (d–f) by 4F7/2. (a,d) comparison of crystals and classes, (b,e) between crystal types, (c,f) between
different glasses.

4. Conclusions

The conventional thermometric characterizations are lengthy, complicated, and expen-
sive. Given that there is an infinite number of possible hosts and doping concentrations
of luminescent activators, the guidelines in selecting the appropriate material are impor-
tant, and they can be provided by the Judd–Ofelt thermometric model which predicts
thermometric figures of merit from its 3 intensity parameters.

Er3+ deserves special attention in luminescence thermometry. It features LIR between
2H11/2 and 4S3/2 levels with energy separation of ~700 cm−1, and a recently introduced LIR
between 4F7/2 and 4S3/2 levels, whose higher energy separation allows for up to 3× larger
relative sensitivity. The performances of 40 various crystals and glasses were predicted by
the Judd–Ofelt thermometric model, and guidelines were set to aid the search for the best
phosphor for LIR thermometry.

It was demonstrated that the Slater integrals and s–o coupling parameters significantly
vary from host to host so that their values should not be adopted from other hosts. Con-
sequently, for Er3+, the squared reduced matrix elements also significantly vary between
hosts (especially for the 2H11/2→4I15/2 transition). Therefore, RMEs from frequently used
Carnall or Weber tables should be replaced by the average RMEs for the three transitions
that are used in these LIR read-out schemes, if the exact RMEs cannot be obtained. This will
allow for the improved precision in the prediction of thermometric sensor performances,
as well as for the improved Judd–Ofelt parametrization of Er3+ doped compounds.
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5. Dramićanin, M.D. Luminescence Thermometry, Methods, Materials and Applications; Woodhead Publishing: Sawston, UK, 2018; ISBN
9780081020296.
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Abstract: Synthetic procedures to obtain size and shape-controlled microparticles hold great promise
to achieve structural control on the microscale of macroscopic ceramic- or composite-materials.
Lutetium oxide is a material relevant for scintillation due to its high density and the possibility to
dope with rare earth emitter ions. However, rare earth sesquioxides are challenging to synthesise
using bottom-up methods. Therefore, calcination represents an interesting approach to transform
lutetium-based particles to corresponding sesquioxides. Here, the controlled solvothermal synthesis
of size-tuneable europium doped Lu(OH)2Cl microplatelets and their heat-induced transformation
to Eu:Lu2O3 above 800 ◦C are described. The particles obtained in microwave solvothermal condi-
tions, and their thermal evolution were studied using powder X-ray diffraction, scanning electron
microscopy (SEM), transmission electron microscopy (TEM), optical microscopy, thermogravimet-
ric analysis (TGA), luminescence spectroscopy (PL/PLE) and infrared spectroscopy (ATR-IR). The
successful transformation of Eu:Lu(OH)2Cl particles into polycrystalline Eu:Lu2O3 microparticles is
reported, together with the detailed analysis of their initial and final morphology.

Keywords: anisotropy; particle synthesis; luminescence; europium-doping; Lu(OH)2Cl; Lu2O3

1. Introduction

Luminescent micro- or nanoparticles of wide band gap semiconductors are interesting
building blocks for innovative functional materials with macroscopic dimensions, for
example for optical ceramics [1–4]. This strategy may represent a valuable and cost-
effective alternative to the growth of single crystals of the same material, especially when
the growth of single crystals is limited with respect to accessible geometries, doping
homogeneity or high temperatures [5,6]. Moreover, the intentional assembly of micro-
or nanoparticles holds promises for generating particle-based macroscopic ceramics and
composites, in which the particle structure and morphology can impart functionality to
the assembly [7–10]. Indeed, polymer composites containing aligned alumina platelets,
where the microstructure of the composite led to improved mechanical properties of the
macroscopic sample were recently reported [7]. Moreover, by matching the refractive index
of glass microplatelets and polymethyl methacrylate host, structurally similar materials
proved to additionally gain optical transparency in the obtained composites [8,9]. A similar
bottom-up approach can also be applied to other particle geometries. For example, aligned
metal nanowires in a polymer matrix could be used to modify the optical properties of the
composite, generating a dichroic material [10]. When functional micro- or nanomaterials are
assembled without dispersing hosts, optical grade polycrystalline ceramics and composites
for scintillation detection may be obtained, e.g., by using radioluminescent microparticles
as building blocks [2,3,11,12]. In this scenario, doped rare earth sesquioxides (RE2O3) are
appealing materials for phosphor or scintillation applications where light transmission
is required, due to their wide band gap. Lutetia (Lu2O3) in particular is an interesting
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candidate for ionising radiation detection, lutetium being the heaviest rare earth, ensuring
high stopping power against X-rays and gamma rays. Lu2O3 has a band gap of around 5.8 eV,
well above the visible range, and it is an ideal host for optically active rare earth dopants
as it allows for substitutional doping which leads to bright radioluminescence [1,6,13–15].
Indeed, the quantum efficiency of Eu:Lu2O3 can reach up to 90% as reported for materials
synthesised by combustion reactions [14]. However, the synthesis of rare earth sesquioxide
particles thorough low temperature methods like solvo- or hydrothermal syntheses cannot
be easily achieved. While solvothermal conditions may lead to square rare earth oxide (e.g.,
Gd2O3) nanoplatelets of around 10 nm by using acetate precursors, hydrothermal syntheses
typically yield, depending on the conditions chosen, hydroxyl chloride-, hydroxide-, and
oxocarbonate-microparticles, like already observed in the case of Tb, Y, and La based
materials [16–19]. Synthesising such particles, an additional thermal conversion step is
needed in order to form the corresponding rare earth oxides, which may impact further
processing of materials based on such particles. As a consequence, these materials may
represent a valuable alternative to single crystals when used as intermediate building
blocks toward rare earth oxide particle-based macroscopic composites and bulk materials,
provided that profitable procedures of assembly, forming, processing, and conversion into
rare earth oxides can be established in order to exploit the relatively easy and cost-effective
synthesis of these intermediate materials.

Considering all the above it seems clear that the control and precise understanding
of the reactivity and thermal transformation of rare earth-based particles is essential to
determine their suitability as constituting elements of more complex multiparticle func-
tional materials. In this work we describe the synthesis of size-tuneable, anisotropic
Eu:Lu(OH)2Cl microplatelets, with special emphasis on the characterisation of their ther-
mal evolution into highly luminescent Eu:Lu2O3, which could be an extremely versatile
platform for multiparticle composites or ceramics for several optical, photonics, or scintilla-
tion applications [20,21].

2. Materials and Methods

Lutetium chloride (anhydrous, 99.99%, Sigma Aldrich, Buchs, Switzerland), benzyl al-
cohol (99.8%, Sigma Aldrich, Buchs, Switzerland) and Europium acetate (ABCR, Karlsruhe,
Germany) were used as received without further purification.

2.1. Synthesis of Lu(OH)2Cl Microcrystals

Reactions were carried out in a microwave oven (CEM, Kamp-Lintfort, Germany)
using 10 mL reaction tubes. In a typical synthesis, LuCl3 (168.8 mg, 0.6 mmol) and Eu(Ac)3
(6.6 mg, 0.02 mmol) were mixed with benzyl alcohol (5 mL) and sealed in an argon filled
glovebox. The reaction mixtures were consequently heated in a microwave oven to either
200 ◦C for 1 min (sample A) or 150 ◦C for 5 min and 60 min (samples B and C, respectively).
The resulting white precipitates were washed twice by dispersion in ethanol (2 × 6 mL)
and diethyl ether (2 × 6 mL). Materials were calcined at either 500 or 1000 ◦C in air using a
Carbolite furnace equipped with a quartz tubular chamber with a ramp rate of 10 ◦C/min.

2.2. Characterisation

Powder X-ray diffraction (XRD) was performed using a PANalytical Xpert Pro or
Empyrean diffractometer using copper k radiation and an HTK 1200 high temperature
chamber. Elemental analysis was carried out by the Laboratory of Organic Chemistry
at ETH (Vladimir-Prelog-Weg 3, 8093 Zürich, Switzerland). For C, H, and N analysis a
LECO TruSpec Micro (USA) system was used, while ion chromatography was employed
to determine Cl. Scanning electron microscopy (SEM) was carried out using a Zeiss Leo
Gemini 1530 microscope using a 3 keV electron beam. Thermogravimetric analysis (TGA)
was performed using a Netzsch STA 449C instrument in the range from 25 to 1000 ◦C using
a ramp of 10 ◦C min−1. Transmission electron microscopy and electron diffraction was
performed on a JEOL 2200fs, operating at 200 kV, and equipped with a Gatan heating holder
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for in situ high temperature analysis. Photoluminescence spectroscopy was measured
on a Jasco FP-8500 fluorometer equipped with a solid sample holder using emission and
excitation bandwidths of 2.5 nm. Attenuated Total Reflection Infrared (ATR-IR) spectra
were recorded on a Bruker Alpha-P spectrometer on solid powder samples. Optical
micrographs were collected after dispersing the particles in various solvents (water, ethanol,
diethyl ether) in a petri-dish through a Leica DMIL LED inverted microscope. Images of
fluorescing particles were captured through a Leica DM6000B microscope equipped with a
colour camera and using a 254 nm Wood-lamp as light source. Particle sizes were obtained
by measuring at least 50 particles as they appeared in SEM images.

3. Results and Discussion

3.1. Synthesis of Size-Tuneable Eu:Lu(OH)2Cl Microparticles

Monoclinic lutetium dihydroxychloride (Lu(OH)2Cl) anisotropic micro- and nanopar-
ticles doped with 3 mol % were synthesised by microwave assisted non-aqueous solvother-
mal reactions using lutetium chloride as precursor in benzyl alcohol as a solvent. XRD
analysis revealed the monoclininc crystal structure of the products, irrespective of the
synthetic conditions chosen (Figure 1d) [17,22]. The product stoichiometry was further
confirmed by microelemental analysis on the obtained powders, which showed a ratio of
carbon (0.09), chlorine (1.0) and hydrogen (2.4) with respect to Lutetium (1.0). This result
was consistent with the formation of the hydroxyl chloride, with the carbon and part of the
hydrogen possibly related to traces of organic residuals at the particle surface, which often
occur in solvothermal methods carried in organic media. The size of the particles could
be easily controlled by tuning the synthetic parameters, namely temperature and reaction
time. Mixtures heated to 200 ◦C for 1 min (sample A) yielded particles with average length
of 8.4 ± 3.5 μm, width of 4.2 ± 1.3 μm, and a thickness of around 300 nm. At lower
temperature (150 ◦C) 5 min of reaction were sufficient to observe the formation of smaller
particles with an average length of 1.6 ± 0.5 μm, width of 0.5 ± 0.2 μm, and a thickness of
around 150 nm (sample B). Longer reaction times (sample C) at lower temperature (150 ◦C,
60 min) further reduced the particle size to 260 ± 10 nm in length, 120 ± 5 nm in width,
and thicknesses in the range 10–40 nm (Figure 1a–c). These findings revealed that higher
reaction temperatures and shorter reaction times led to larger particles. Despite the growth
mechanism not being fully understood, these results might indicate the initial formation
of larger particles, followed by their fragmentation to form smaller particles with similar
shape factors. A similar disassembly of larger particles into smaller constituent particles
with identical composition has been reported elsewhere, e.g., for tungstite particles [23].
However, the exact mechanism of this non-classical crystal growth still has to be fully
clarified and investigated in more depth.

All the Lu(OH)2Cl particles in this work exhibited an anisotropic, hexagonal-shaped
elongated platelet morphology which was retained in both polar and unpolar solvents
(Figure 1, Figures S1 and S2). This is likely due to the anisotropic unit cell of mono-
clinic Lu(OH)2Cl, which possesses three distinct crystallographic axes a, b and c along
which different crystal growth rates may be expected, possibly resulting in the observed
morphologies [22].
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Figure 1. Role of the synthetic parameters in determining the particle morphology. (a–c) SEM
micrographs of samples A, B, C respectively. (d) XRD of the samples displayed in the pictures. The
diffractograms were normalised with respect to the peak at 37.9 2θ for clarity. The diffraction pattern
for monoclinic Lu(OH)2Cl (ICSD collection code 260838) is shown for reference.

3.2. Thermal Evolution and Formation of Eu:Lu2O3 Platelets

Eu:Lu(OH)2Cl particles could be converted to Eu:Lu2O3 by calcination at 1000 ◦C [1,24].
The transformation of the particles’ crystal structures upon exposure to heat was studied.
TGA revealed three regions of weight loss upon heating up to 1000 ◦C, the different stages
of the heat induced transformation were labelled with different colours, orange (<400 ◦C),
green (400–650 ◦C) and red (>650 ◦C) (Figure 2a). XRD heated in situ (Figure 2b) showed
that the initial monoclinic Lu(OH)2Cl degraded to an intermediate product which can be
at least partially associated with LuOCl before it fully turned into cubic Lu2O3 [22,25]. The
last stage above 650 ◦C corresponded to the coalescence of the Lu2O3 crystallites. Based on
the thermogravimetric analysis and the diffraction data, the stoichiometric transformations
in the material upon annealing were tentatively proposed as follows:

2 Lu(OH)2Cl → Lu(OH)2Cl + LuOCl + H2O → Lu2O3 + 2 HCl + H2O, (1)

It should be noted that the intermediate stage consisted of a mixture of species which
is the reason why the diffractogram could not be fully assigned to a single specific crystal
structure by XRD and ATR-IR (Figure 2b, Figure S3, Table S1). The effect of the annealing
on the morphology of the particles could be further monitored during TEM experiments,
where the samples were annealed in situ (Figure 2c–e). The evolution of the crystal struc-
ture of single microplatelets could be observed. Initially, the platelets exhibited lamellar
structures along the edge, which disappeared when the Lu(OH)2Cl was transformed to
polycrystalline Lu2O3, above 800 ◦C (Figure S4). The lamellar periodicity in as synthesised
microparticles was measured to be around 1 nm (Figure S5). This distance could not be
correlated to any of the lattice parameters of Lu(OH)2Cl. Therefore, its origin might be due
to layers rich in oxygen, hydrogen and chlorine intercalated with layers rich in lutetium as
it was observed in mixed crystal lamellar structures [26]. The overall morphology of the
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microplatelet was not affected by the heat treatment (Figure 2e). This is also shown by SEM
micrographs of platelets after ex situ annealing at 1000 ◦C (Figure 2f, Figure S4). While
the surface roughness of the platelets was enhanced due to the polycrystalline nature of
the newly formed Lu2O3 and due to the change of density of the initial and final crystal
structure, the overall initial platelet morphology was retained in all directions. Therefore,
the transformation of Eu:Lu(OH)2Cl platelets into Eu:Lu2O3 platelets represents a useful
type of morphological control for cubic Lu2O3, appearing as a promising tool to design
multiparticle assemblies which can be treated at high temperature without catastrophic
shrinkage or structural rearrangement, which typically are the main source of difficulties
in ceramic powder processing.

Figure 2. Thermal evolution of Eu:Lu(OH)2Cl platelets (sample C). (a) TGA. (b) In situ high tem-
perature XRD (peaks corresponding to the corundum substrate are marked with asterisks *). The
colours orange, green and red label different temperature stages: <400, 400–650, >650 ◦C, respectively.
Lu(OH)2Cl ICSD collection code 260838, LuOCl PDF code 00-035-1344, Lu2O3 ICSD collection code
40471 are displayed for reference. (c–e) In situ heating TEM micrographs of the same platelet seen
through its edge, recorded at room temperature, at 500 and at 800 ◦C, respectively. (f) SEM of powder
calcined at 1000 ◦C.
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3.3. Luminescence

Due to its full 4f-shell, Lu3+ is an optically inactive rare earth ion. Consequently, Lu2O3
is a PL-silent material which can be activated by doping with optically active rare earth
elements [27,28]. The PL spectra of untreated, semi-calcined, and calcined powders showed
clear differences in terms of transitions ratios and intensities, as expected by considering
the strict dependence on the lattice site geometry typically expressed by the emission
profile of europium (Figure 3) [27,29]. The emission profile of Eu:Lu(OH)2Cl particles
was in good agreement with the one reported for Eu(OH)2Cl [30]. A blue luminescence
associated to organic side-products resulting from the polymerisation of benzyl alcohol
could be observed in Eu:Lu(OH)2Cl samples (Figure S6). Considering the lower crystal
grade associated with broader XRD peaks of the intermediate compound (Figure 2b), one
could expect a inhomogeneous broadening of the europium(III) emission [27]. However,
this broadening is not very evident in the recorded PL spectra. The Eu:Lu2O3 particles
obtained after calcination expressed bright red luminescence under UV excitation even
after being redispersed in water (Figure S7).

Figure 3. Effect of annealing on the Eu3+ related luminescence. (a) PLE spectra of Eu:Lu(OH)2Cl,
the intermediate and the final product Eu:Lu2O3. Emission wavelengths were 614, 637 and 614 nm,
respectively. Spectra were normalised at 394 nm. (b) PL of initial product, intermediate and fi-
nal product, λex = 252, 270 and 252 nm, respectively. All spectra were normalised for the most
intense peak.
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4. Conclusions

We report the controlled, solvothermal synthesis of Lu(OH)2Cl particles and the
thermal evolution of the material rendering Lu2O3 above 800 ◦C. The particle size could be
readily controlled by varying synthetic parameters such as temperature and time while
the crystal structure remained the same. Composition and structure of the europium
doped platelets however changed dramatically with annealing. The decomposition of
Lu(OH)2Cl to Lu2O3 was also reflected in the photoluminescence emission spectra of the
initial and final microparticles. In summary, an up to now unknown level of morphology
control of Eu:Lu(OH)2Cl micromaterials which could be transformed to Eu:Lu2O3 was
demonstrated. Since Lu2O3 is technologically important for applications such as X-ray and
γ-ray detection, these results pave the way towards microstructurally controlled ceramic-
and composite-materials [20,21].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11080992/s1, Supporting Information.pdf.
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Abstract: Effective charge compensation of europium in hafnium oxide nanoparticles was achieved
at low temperature, allowing high doping incorporation (up to 6 at.%) and enhanced luminescence.
The efficiency of the incorporation and charge compensation was confirmed by scanning electron
microscope energy dispersive X-ray spectroscopy and powder X-ray diffraction measurements.
Despite the known polymorphism of hafnium oxide, when doped to a concentration above 3 at.%,
only the pure monoclinic phase was observed up to 6 at.% of europium. Furthermore, the low-
temperature solvothermal route allowed the direct formation of stable dispersions of the synthesized
material over a wide range of concentrations in aqueous media. The dispersions were studied by
diffuse light scattering (DLS) to evaluate their quality and by photoluminescence to investigate the
incorporation of the dopants into the lattice.

Keywords: europium luminescence; charge compensation; niobium; microwave synthesis; hafnia;
dispersion

1. Introduction

The cubic polymorph of hafnia can be stabilized at room temperature when suffi-
cient doping with rare earth ions was achieved [1–6]. Indeed for doping levels exceeding
3 at.% the thermodynamically stable monoclinic phase of hafnium was not anymore the
only favourable crystal structure, often leading to the simultaneous appearance of the
cubic polymorph. A similar behaviour was also reported for zirconia with stabilization of
cubic/tetragonal polymorph from 0.5 at.% on [7–11]. The origin of these structural modifi-
cations are attributed to the charge mismatch at the doping lattice site, and the consequent
creation of defects by the substitutional doping. One proposed approach to avoid the
effect of this defective dopant implies the simultaneous doping with elements with higher
oxidation state than hafnium or zirconium, in order to compensate for the charge mis-
match induced by the substitution of Hf4+ or Zr4+ by only trivalent RE3+ ions [2,7,9,11,12].
This strategy was successfully applied to hafnia and zirconia by using Nb5+ or Ta5+ as
co-dopants and a significant improvement of the Eu3+ related emission was reported with
increase ranging from 5 to 50 times [2,7,12]. However, if the dopants incorporation is not
well controlled, a only partial charge compensation may occur, and indeed often the remain-
ing cubic/tetragonal phase was reported at Eu3+ concentrations of few at.% [2,7,9,11–13].
It would therefore be desirable to obtain higher control over the doping incorporation,
and on its effects on the crystal lattice symmetry, in order to obtain phase pure functional
nanocrystals. Charge compensation was demonstrated to be effective also to improve
the incorporation of functional dopants in titania synthesized by solvothermal methods,
increasing the tolerance of the host toward trivalent ions [14]. Moreover, the synthetic
pathways explored to produce charge compensated RE doped hafnia nanocrystals, usually
imply high temperatures (above 300 ◦C), and further treatments at around 1000 ◦C, or
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higher, are often needed to optimise the dopant incorporation [9,11,13]. These treatments
typically induce a certain degree of particle agglomeration, strongly limiting the possibility
to exploit these systems to obtain stable dispersions. In fact, in order to enable easier and
more versatile approaches for advanced additive manufacturing and further processing
of particle-based materials, colloidal syntheses requiring lower temperatures, seem to
represent a more suitable strategy.

In this work, a solvothermal synthetic approach, for the incorporation of Eu3+ ions in
hafnia nanocrystals at relatively low temperatures (namely 260 ◦C) was studied, aiming
at maximizing the light output of Eu3+ fluorescence. Moreover, the realization of stable
dispersions was investigated, in the attempt to formulate high quality functional inks
suitable for a wide variety of processes and applications.

The incorporation of the dopants (charge compensation and luminescence activator
ions) was studied by analysing the particles photoluminescence (PL) properties. At the
same time, the effects of the charge compensation on the lattice symmetry of the ob-
tained nanocrystals was monitored by means of powder X-ray diffraction (PXRD) and
scanning transmission electron microscopy (STEM) coupled with energy dispersive X-ray
spectroscopy (EDX). The attribution of characteristic excitation pathways of europium in
charge compensated colloidal nano-systems, compared to literature data on ZrO2, was also
discussed.

2. Materials and Methods

2.1. Preparation of HfO2:Eu Dispersions

The doped HfO2 nanoparticles were prepared through a slightly modified microwave
assisted solvothermal synthesis reported elsewhere [15]. Benzyl alcohol solutions of each
precursor: HfCl4 1 M and EuCl3, NbCl5, TaCl5 0.1 M were prepared to be used as stock
solutions. Each precursor was initially dissolved in five molar equivalents of methanol and
stirred until the solution turned clear, before the final addition of solvent required to reach
the desired concentration. Subsequently in a 10 mL microwave glass tube the different
stock solution were mixed in the appropriate quantity to reach the desired composition
with a total amount of precursor of 5 mmol. For the synthesis of hafnia with 3 at.% Eu3+,
the stock solutions of HfCl4 was mixed with that of EuCl3 (485 and 150 μL, respectively)
then the mixture was completed to 1.5 mL with benzyl alcohol and stirred. Finally, 2.5 mL
of a 0.5M HCl solution in benzyl alcohol were used to yield to a total volume of 4 mL
of clear reacting mixture. The vial was sealed with a Teflon lid and heated in a Discover
SP CEM microwave (Kamp-Lintfort, Germany), with the subsequent steps 100 ◦C, 1 min;
200 ◦C, 1 min; 260 ◦C, 14 min. During these steps the pressure rose up to a final maximum
value of 17 bars. After the synthesis, the formation of a white product was observed. The
reaction mixture was then washed twice with diethyl ether and the product was collected
by centrifugation (4000 rmp, 10 min). The centrifuged particles were dispersed in 5 mL
of Millipore water yielding to a transparent dispersion. Part of the dispersion was dried
for characterization. The particles were readily dispersible irrespective of the doping
concentration and no precipitation was observed upon dilution of the particles in water.

2.2. Characterisation Methods

All X-ray diffraction (XRD) measurements were performed on powders in reflection
mode (Cu Kα radiation at 45 kV and 40 mA) on Empyrean diffractometer from PANalytical
(Almelo, Netherlands). STEM and TEM was performed on a FEI Talos F200X (ThermoFisher
Scientific, Zurich, Switzerland) operated at 200 kV. STEM analyses were carried out with
a bright field detector (BF STEM) and were accompanied by the high resolution energy
dispersive spectroscopy (EDS) using the SuperX integrated EDS-system with four silicon
drift detectors (SDDs). The EDS-STEM analyses were performed with a probe size of
0.5 nm. The samples were prepared by dropping 10 μL of water dispersion of nanocrystals
(100 μg/mL) on lacey carbon Au grids. Photoluminescence (PL) and photoluminescence
excitation (PLE) measurements were performed using a 90◦-optical geometry Jasco FP-8500
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spectrofluorometer (Tokyo, Japan). All photoluminescence measurement were collected
at room temperature on water dispersions of particles in 10 × 10 mm2 quartz cuvettes
(Thorlabs, Bergkirchen, Germany). Dynamic light scattering (DLS) of diluted particle
water dispersions (100 μg*mL−1) was collected on a Zetasizer NS instrument (Malvern
Panalytical, Malvern, UK) in backscattering mode (scattering angle 173◦) at a temperature
of 25 ◦C.

3. Results

Readily dispersible doped and co-doped HfO2 nanocrystals were obtained right after
the synthesis. The initial treatments of the precursors with methanol indeed allowed
a homogeneous dissolution of the precursor in benzyl alcohol, and it also prevented
the formation of side products of the solvent polymerization during the forthcoming
microwave reaction [16,17]. In addition, the presence of HCl in the reactive mixture proved
to be essential for obtaining high quality dispersions.

3.1. Structural Analysis of the Nanocrystals

Figure 1 shows X-ray diffraction, recorded on 3 at.% Eu3+ HfO2; 6 at.% Eu3+ and 6 at.%
Nd5+ HfO2; and 6 at.% Eu3+ and 6 at.% Ta5+ HfO2 nanopowder samples. The expected
monoclinic structure is observed for the 3 at.% doped HfO2, as well as for the samples
doped with 6 at.% of Eu3+ and charge compensated with either Ta5+ or Nb5+ showing
nearly identical diffractograms, where we could not find traces of cubic phase. Besides
identical crystal geometry, the samples show similar broadening of the diffraction peaks,
indicating that the crystal size is little affected by the different kind and amount of dopants.
In fact, the Scherrer analysis held on the (111) peak at 31.5 degrees led to quite similar
values of the average crystal size for Eu doped and Eu/Nb co-doped particles, namely 8.1
and 8.5 ± 1.5 nm, respectively, while slightly smaller sizes of 7.3 ± 1.5 nm were obtained for
for the Eu/Ta co-doped sample. These results are further supported by TEM investigations
(see Figure S1 in the Supplementary Materials for representative micrographs of Eu/Nb
co-doped HfO2) where nanocrystals with diameters ranging between 5 and 10 nm could
be observed.

Figure 1. PXRD of HfO2: 3 Eu (black curve), HfO2: 6 Eu, 6 Nb (red curve), HfO2: 6 Eu, 6 Ta
(blue curve). The pattern of monoclinic (pink bars, PDF 04-007-8630) and cubic (green bars, PDF
04-002-0037) HfO2 are shown as reference.
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3.2. STEM-EDX Elemental Analysis

STEM analysis on co-doped HfO2 nanocrystals evidences the occurrence of particle
agglomerates of 10 to 40 nm. Moreover, the elemental analysis presented as EDX mappings
in Figure 2 shows dopants homogeneously distributed in the particles, irrespective of
the nature of the co-dopant. The results of the quantitative EDX analysis, reported in
Table 1, account for the high doping efficiency of the solvothermal method presented in
this work. This can be inferred based on the good agreement between measured and
nominal compositions. Indeed, the concentration of Nb and Eu are quite similar to the
nominal ones, while slightly higher values are measured for Ta. This disagreement might
derive from some overdoping, which can not be excluded, although its most probable
origin could lie in the partial overlap of the EDX signals of Ta and Hf (Figure S2), leading
to lower accuracy of the quantitative dermination of this element in hafnia by this method.

Figure 2. STEM of co-doped nanoparticles. Elemental mapping and bright field (BF) stem image of the HfO2: 6 Eu, 6 Nb (a)
and HfO2: 6 Eu, 6 Ta samples (b).

Table 1. EDX quantitative elemental analysis on charge compensated co-doped HfO2 nanopowders.

Element HfO2: 6 Eu, 6 Nb HfO2: 6 Eu, 6 Ta

Hf Nominal 88.0 measured 88.2 ± 1 at.% Nominal 88.0 measured 85.7 ± 1 at.%
Eu Nominal 6.0 measured 5.8 ± 1 at.% Nominal 6.0 measured 6.1 ± 1 at.%
Nd Nominal 6.0 measured 6.0 ± 1 at.% -
Ta - Nominal 6.0 measured 8.2 ± 1 at.%

3.3. Evaluation of the Particle Dispersion

Figure 3a shows digital images of water dispersions of the obtained nanocrystals. The
dispersions are stable without further particle functionalization right after the washing
stage. No signs of sedimentation could be observed after weeks assessing the stabil-
ity of the particles in water. This is in agreement with previous observations on TiO2
nanoparticles obtained through a similar method where positively charged particles could
be obtained, also showing high stability in water due to their strong electrostatic repul-
sion [18]. Figure 3b shows DLS hydrodynamic size distributions, which lie in the 10–50 nm
range for all samples, without formation of larger agglomerates. These values are in good
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agreement with TEM observations (Figure 2 and Figure S1), where also 10–40 nm clusters
of smaller primary particles could be recognised.

(a) (b) 

Figure 3. High quality dispersions of doped and co-doped HfO2 nanocrystals. (a) Digital images of dispersions with particle
concentration of 100 μg*mL−1 illuminated by the 254 nm line of a Wood-lamp with (top panel) and without (bottom panel)
ambient light. (b) Hydrodynamic diameter distribution of HfO2 nanoparticles dispersed in water as measured by dynamic
light scattering.

3.4. Optical Charcterization

Photoluminescence excitation (PLE) spectra obtained monitoring the Eu3+ lumines-
cence on particle dispersions are presented in Figure 4a, revealing the dominance of broad
excitation bands located at wavelengths lower than 300 nm. The sharp intra-center excita-
tion lines of Eu3+ occur between 300 and 465 nm (Figure 4a, inset). While these intra-center
excitation are negligibly affected by the presence of co-dopants, and compatible with the
expected intrinsic transitions of Eu3+ ions in hafnia, the high energy bands in the UVC
spectral region are strongly affected by the charge compensation. Indeed, the main band at
205 nm of the Eu doped sample, is coupled to an additional band centered at around 225 nm
in the Ta5+ doped sample. In the case of the nanocrystals co-doped with Nb5+, the PLE is
dominated by a broad band at around 260 nm. However, these different excitation channels
lead to the typical PL (Figure 4b) of Eu3+ ions in monoclinic HfO2, mostly unaltered by the
co-dopants. The only observable difference is the minor change in the 5D0 → 7F1 transi-
tion (see Figure S3) where the charge compensated samples shows a stronger splitting of
the energy sublevels which can be attributed to an increase in the strength of the crystal
field [19,20].
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(a) (b) 

Figure 4. Optical characterization of water dispersions of HfO2: Eu charge compensated and non-charge compensated
samples. (a) normalized PL spectra of HfO2: 3 Eu (black line), HfO2: 6 Eu, 6 Nb (red line), and HfO2: 6 Eu, 6 Ta (blue line).
All spectra were collected by monitoring the emission at 610 nm. Inset: zoom in the 300–500 nm spectral range. (b) PL
spectra of HfO2: 3 Eu, HfO2: 6 Eu, 6 Ta, and HfO2: 6 Eu, 6 Nb, excited at 205, 225, and 255 nm, respectively.

When rising the particle concentration in dispersion, a linear response of the PL
intensity is observed up to a loading of 200 μg*mL−1 (Figure S4), as expected for low
concentration regime of unperturbed systems. At higher particle concentration, detrimental
scattering and absorption phenomena should be expected. Indeed, the recorded emission
increases but deviates from the linear trend, likely due to the light diffusion and absorption
of the incident beam, before it reaches the center of the sampling cuvette concequently
reducing the detected intensity. This feature is of quite high importance, especially when
considering that the PL output of the dispersion could be also increased by rising the
doping level at constant particle loading. Indeed, when the nominal dopant concentration
is increased, a higher PL output is observed (Figure 5a), as expected for a higher activator
concentration. Additionally, the shape of the emission was not altered by variations in
doping levels, as shown in the inset. However, it should be noted that the intensity of
the HfO2: Eu, Nb emission increases linearly with the dopant content through the whole
concentration range according to the PL integrals reported in Figure 5b (calculated in the
spectral range between 515–745 nm).

34



Crystals 2021, 11, 1042

(a) (b) 

Figure 5. PL of Eu3+ doped HfO2 nanocrystals co doped by Nb5+ as a function of the doping level. (a) PL spectra recorded
by exciting at 280 nm. Inset: PL normalised at its maximum. (b) Integrated intensities as a function of Eu3+ nominal
concentration and linear fit.

4. Discussion

Eu3+ related emission is highly dependent on its local environment [19,21]. In fact, the
PL spectra of europium can be used as a direct indication of its site symmetry. In Figure 4b
the emission of all samples corresponds to that expected for Eu3+ in monoclinic HfO2 [1,19].
It is therefore possible to argue that the observed emissions originates from Eu3+ laying
inside the nanocrystals, i.e., that the europium locates inside the crystals irrespective of the
presence of charge compensating ions.

In absence of charge compensation, Eu-doped HfO2 shows an intense excitation band
near 5.85 eV, which could be related to the host free exciton [12]. When charge compensation
takes place, additional excitation bands appear, strongly depending on the nature of the
co-dopant, demonstrating the equally effective incorporation of the pentavalent Ta and
Nb ions into the lattice during the synthesis. Such excitation bands at around 260 nm and
230 nm measured for HfO2: 6 Eu, 6 Nb and HfO2: 6 Eu, 6 Ta, respectively, well agree with
similar trends reported by Yin et al. [7] in ZrO2:Eu,Nb and ZrO2:Eu,Ta. Other works on
similarly doped HfO2 by Wiatrowska et al. [12] observed similar features, which were
interpreted as the O2− → M5+ (M = Ta and Nb) charge transfer transitions. Since the Eu3+

f-f emissions in the monoclinic site are effectively excited through such charge transfer
states, we may infer that Eu3+ ions as well as Nb5+ and Ta5+ lie within the hafnia lattice
in near proximity. EDX elemental analysis (Figure 2 and Figure S1) also supports this
conclusion, showing the presence of both dopants in the same locations, i.e., within the
hafnia particles and in the proportion expected based on the nominal composition set
during the synthesis. All these results, point at the effective incorporation of the dopants
through this synthetic route and to the strong association of activator ions and co-dopants
at very close distance.

At last, the direct proportionality between the europium content and the intensity of
the emission combined with the consistency of the spectral shape shown in Figure 5 proves
both the quantitative incorporation in the monoclinic host and that the doping sites are
not quenched at higher europium concentration. This effect is often not observed in the
literature where, for similar concentration ranges, higher Eu3+ concentration induces a
minimal PL increase [1,3,7,8,22]. Altogether, the good incorporation of co-dopants seems
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to effectively reduce non radiative decay pathways which might be the reason behind such
early onset of luminescence quenching in other systems.

5. Conclusions

In this work a modified solvothermal synthesis of Eu3+ doped HfO2 was reported.
The structural effects of europium trivalent ions, usually responsible for the occurrence
of even small amounts of cubic phase already at concentrations of few at.%, could be
avoided through charge compensation by co-doping the materials with equal amounts of
pentavalent tantalum or niobium ions. The obtained materials show phase pure monoclinic
structure of HfO2, even at unprecedented Eu3+ concentration values up to 6 at.%. The
compositional analysis and luminescence studies suggest a quite effective incorporation of
both the luminescence activator ions and the co-dopant, lying in close proximity. Through
a wide range of Eu3+ doping, not only the stabilization of the monoclinic polymorph was
achieved, but also a linear dependence of the bright RE-related red emission, suggesting
the role of the co-dopants in the reduction of non radiative decay pathways.

The colloidal synthesis proposed here, not requiring high temperatures and leading to
very small agglomerates, led to particle dispersions showing high stability over several
weeks. This feature enables the design of functional inks with tunable excitation based
on the nature of the co-dopant, and with controlled luminescence intensity based either
on the RE concentration or on the particle loading. These features represent a further
improvement toward employing luminescent hafnia nanocrystals for several advanced
processes and for many practical applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11091042/s1, Figure S1: TEM micrographs of HfO2: 6 Eu, 6 Nb, Figure S2: EDX spectra
of HfO2:6 Eu, 6 Nb and HfO2: 6 Eu, 6 Ta, Figure S3: Enlarged PL spectra showing the splitting of
the 7F1 level of Eu3+, Figure S4: Optical characterization of the HfO2:6 Nb, 6 Eu water dispersion at
different particle loadings.
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Abstract: A precursor was prepared using a co-precipitation method to synthesize crystalline calcium
tungstate. The prepared precursor was dried in an oven at 80 ◦C for 18 h. The dried powders,
prepared without a heat treatment process, were observed in XRD analysis to be a crystalline CaWO4

phase, confirming that the synthesis of crystalline CaWO4 is possible even at low temperature. To use
this crystalline CaWO4 as a light emitting material, rare earth ions were added when preparing the
precursor. The CaWO4 powders doped with terbium (Tb3+) and europium (Eu3+) ions, respectively,
were also observed to be crystalline in XRD analysis. The luminescence of the undoped CaWO4

sample exhibited a wide range of 300~600 nm and blue emission with a central peak of 420 nm. The
Tb3+-doped sample showed green light emission at 488, 545, 585, and 620 nm, and the Eu3+-doped
sample showed red light emission at 592, 614, 651, and 699 nm. Blue, green, and red CaWO4 powders
with various luminescence properties were mixed with glass powder and heat-treated at 600 ◦C to
fabricate a blue luminescent PiG disk. In addition, a flexible green and red light-emitting composite
was prepared by mixing it with a silicone-based polymer. An anti-counterfeiting application was
prepared by using the phosphor in an ink, which could not be identified with the naked eye but can
be identified under UV light.

Keywords: photoluminescence; co-precipitation; anti-counterfeiting; CaWO4

1. Introduction

Rare earth ion-doped luminescent materials are attracting a lot of attention because
of their various applications as materials in lighting, leisure luminescent materials, and
luminescent diodes [1–3]. In particular, the crystalline material tungstic acid is a suitable
host material for doping rare earth ions because of its excellent thermal stability, and high
energy transfer efficiency from tungsten ions to activator ions [4,5]. In general, tungstic acid
hosts are classified into two groups according to their crystal structure: scheelite [6] and
wolframites [7]. Representative materials are BaWO4, SrWO4, CaWO4, PbWO4, MgWO4,
CdWO4, and ZnWO4 [8–10]. Among them, calcium tungstate (CaWO4) is Ca2+ and WO4
with the coordination numbers 8 and 4 [11]. There is a scheelite structure composed of
Ca2+ and WO2−

4 [12]. Because CaWO4 with these characteristics also exhibits excellent
optical properties and high chemical stability, it is widely applicable to phosphors for
X-Ray augmentation screens, fluorescent lamps, light emitting diodes, scintillators, field
emission displays, and white LEDs. In addition, phosphors made by doping rare earth
ions with CaWO4 as the host have the advantage of strong luminescence intensity with a
narrow bandgap, caused by energy transfer between the 4f-4f shells of the doped rare earth
ions, emitting light at various wavelengths [13,14]. Oh et al. reported a crystalline CaWO4
synthesis method in which calcium chloride (CaCl2) and sodium tungstate (Na2WO4·2H2O)
in a molar ratio of 1:1 was dried at 100 ◦C for 12 h and exposed to microwaves (2.45 GHz,
1250 W, 15 min) after reheating at 600 ◦C [15]. To synthesize CaWO4, Phurangr et al.
prepared 0.005 mole of calcium nitrate (Ca(NO3)2) and sodium tungstate (Na2WO4·2H2O)
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and dissolved them in 15 mL of ethylene glycol. This solution was put in an autoclave
and heated for 20 min using a microwave (600 W), and studies on CaWO4 crystallinity,
chemical bond formation, and surface shape have been reported [16]. Du et al. prepared
calcium carbonate, tungsten oxide, and dysprosium oxide in a chemically quantitative
ratio then pulverized and kneaded the compound in a mortar. The mixture was placed in
an alumina crucible and sintered at 1100 ◦C for 6 h in air to synthesize crystalline CaWO4.
In addition, a phosphor having light emission characteristics at 572 nm by adding the
dysprosium ion was presented [17].

Previous studies have mainly synthesized CaWO4 by supplying additional energy us-
ing high temperature or microwaves. Alternatively, it would be practically valuable to use
relatively little energy during synthesis and to expand the utility of the phosphor powder.

In this study, a precursor was prepared by co-precipitation with calcium nitrate and
sodium tungstate and drying at 80 ◦C to synthesize crystalline CaWO4 white powder. It
can be potentially used as a light emitting material by doping with rare earth ions such as
terbium (Tb3+) and europium (Eu3+) in order to impart various luminescent properties.

The synthesized CaWO4 phosphor was mixed with glass powder and a silicone-based
polymer to prepare a disk as a flexible composite light emitter under UV light. It has
possible application in the field of anti-counterfeiting when used in a solution, since it
cannot be observed with the naked eye and can only be confirmed using UV light.

2. Materials and Methods

2.1. Crystalline CaWO4 Synthesized at Low Temperature

The starting materials were Calcium nitrate (Ca(NO3)2), Sodium tungstate (Na2WO4),
Turbium(III) nitrate hydrate (Tb(NO3)3·xH2O, Tb3+) and Europium(III) nitrate hydrate
(Eu(NO3)3·xH2O, Eu3+).

A total of 1 mmol of Ca(NO3)2 was dissolved in beaker ‘A’ containing 50 mL (80 ◦C)
of distilled water. Na2WO4 was put in beaker ‘B’, under the same conditions as in beaker
‘A’ and dissolved (Figure 1). The solution in beaker ‘B’ after being completely dissolved
was slowly poured into beaker ‘A’ while stirring and maintained for about 30 min. After
that, a white powder was recovered using a centrifuge. The white powder was prepared
by rinsing with distilled water three times to remove the remaining sodium. The white
powder was dried in an oven at 80 ◦C for 16 h to investigate its crystallinity and luminescent
properties. In addition, Tb(NO3)3·xH2O or Eu(NO3)3·xH2O (0.05 mol%) ions were added
to beaker ‘A’ during the co-precipitation reaction to impart luminescent properties [18].
The experiment was carried out at 25 ◦C and 55% humidity.

 
Figure 1. Schematic of the CaWO4 synthesis procedure.

2.2. Characterization

Structural characterizing was performed by X-ray diffraction (XRD, Rigaku Ultima
IV) with Cu Kα radiation (λ = 1.5406 Å). The chemical composition of samples was studied
by X-ray photoelectron spectroscopy (XPS; Thermo Fisher Scientific, Gloucester, UK) using
Al-Kα lines. The C1s at 284.6 eV was used to calibrate the peak position of the insulating
samples. The surface morphology was investigated using a field emission scanning electron
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microscope (FE-SEM, SU-8220, Hitach, Tokyo, Japan). The photoluminescence spectra were
obtained using a fluorescence spectrophotometer (Scinco, FS-2, Seoul, Korea) with a 150 W
Xenon lamp as the excitation source and a photomultiplier tube operating at 350 V.

2.3. Fabrication of Photoactive Composite and Anti-Counterfeiting Application

CaWO4 powder was mixed with glass frits (BaO-ZnO-B2O3-SiO2) at a weight ratio
of 1:3 wt%. The mixed powder was placed in a metal mold and pressed with a press to
prepare a round disk. A disk which absorbs UV light and emits light was finally produced
by heat treatment in an air atmosphere at 600 ◦C for 5 h. In addition, a composite that
was flexible and emits light by absorbing UV light was prepared by mixing a silicon-based
polymer (Polydimethylsiloxane (PDMS)) and CaWO4:RE3+ (RE = Tb, Eu) powder. For
anti-counterfeiting application, a solution was prepared by adding 10 wt% polyvinylpy-
rolidone (PVP, M.W. = 14,000) and 1 wt% of the synthesized powder to 10 mL of ethanol.
The prepared solution, which cannot be confirmed with the naked eye and can only be
confirmed with UV light, was stamped and painted on a banknote [19].

3. Results and Discussion

3.1. Structural and Morphology

Figure 2a shows the XRD analysis of the crystallinity and structure of the CaWO4
white powder prepared by the co-precipitation method after dried in an oven at 80 ◦C. The
synthesized CaWO4 was consistent with the ICDD card (NO. 01-085-0433) and tetragonal
structure of scheelite [20]. In addition, phases (101), (112), (204), and (312), which are the
main peaks, were identified. It has been shown that the synthesis of crystalline CaWO4 is
possible at a low temperature and a simple process without a heat treatment process. The
crystallinity and structure of CaWO4:Tb3+ and CaWO4:Eu3+ powder doped with rare earth
ions were also confirmed in the same manner as pure CaWO4. There was no secondary
phase of CaWO4 due to rare earth doping. However, as shown in Figure 2b, when the
lattice spacing was compared with the main peak (112) phase, it showed a change due to
the addition of rare earth. For pure CaWO4, the lattice spacing was 0.277 nm. The lattice
spacing of the rare earth doped CaWO4:Tb3+ (0.298 nm) and CaWO4:Eu3+ (0.279 nm) were
increased. This is thought to be the result of doping with rare earth ions with relatively
large ionic radii (r(Tb3+) = 0.92 Å, r(Eu3+) = 0.95 Å) in the CaWO4 lattice [21].

 

Figure 2. (a) XRD patterns and (b) change in d(112) spacing; CaWO4, CaWO4:Tb3+, and CaWO4:Eu3+.

In addition, the size of each sample particle was investigated by substituting the
half width and peak position of the main peak (112) in Scherrer’s equation [22]. CaWO4
samples were calculated at 76 nm, CaWO4:Tb3+ at 85 nm, and CaWO4:Eu3+ at 90 nm.
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Titipun et al. synthesized CaMoO4, SrMoO4, CaWO4, and SrWO4 using the co-
precipitation method at room temperature. The MXO4 (M = Ca and Sr, X = Mo and W)
nanoparticles precipitated—M2+ cations as electron pair acceptors (Lewis acid) and reacted
with XO4

2− anions as electron pair donors (Lewis base). The reaction between these
two species (M2+←:XO4

2−) proceeded to produce bonding. The lowest molecular orbital
energy of the Lewis acid interacted with the highest molecular orbital energy of the Lewis
base, and MXO4 nanoparticles were finally synthesized [23]. It is thought that the CaWO4
powder synthesized at low temperature in this study can also be synthesized without
additional energy supply, as in the previous case.

In addition, Puneet et al. identified the oxide phase of rare earth ions doped in a
synthesized CaWO4 lattice through synchrotron X-ray diffraction analysis [24]. In this
study, when the doped rare earth ions were calculated using a single unit cell of CaWO4, it
was calculated that the doped amount was about 1.59 × 1019 RE atoms/cm3 (RE = Tb3+,
Eu3+).

The size and surface morphology of the synthesized crystalline CaWO4, CaWO4:Tb3+,
and CaWO4:Eu3+ particles were observed by FE-SEM. In addition, EDS mapping was
performed to confirm the components of the synthesized samples, as shown in Figure 3.
The size of the synthesized particles was observed to be about 5 μm and spherical at
low magnification regardless of doping with rare earth ions, but when observed at high
magnification, smaller particles of about 75 nm (CaWO4), 83 nm (CaWO4:Tb3+), and 86 nm
(CaWO4:Eu3+) were observed to be agglomerated.

Figure 3. SEM-EDS analysis; (a) CaWO4, (b) CaWO4:Tb3+, and (c) CaWO4:Eu3+.

In addition, in the rare-earth-doped CaWO4:Tb3+ (Figure 3b) and CaWO4:Eu3+ (Figure 3c)
samples, each rare-earth component was confirmed, and it was confirmed that the rare-
earth ions were evenly distributed without agglomeration.

3.2. Chemical States and Phtoluminescence Proeprties

Figure 4 shows the XPS measurements used to determine the chemical state of the
synthesized CaWO4, CaWO4:Tb3+, and CaWO4:Eu3+. Ca 2p, W 4f, and O 1s were confirmed
as shown in Figure 4a. A trace amount of Na 1s was detected. This is thought to be due
to sodium tungsten in the starting material, and it is thought to be a leftover that was not
removed during the washing process when preparing the precursor.
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Figure 4. XPS spectra of (a) survey, (b) Ca 2p, (c) W 4f, (d) O 1s, (e) Tb 3d, and (f) Eu 3d.

The peaks of Ca 2p had core binding energies of 346.78 eV (2P3/2) and 349.88 eV
(2P1/2), indicating that Ca is in the +2 oxidation state [25]. At the peak of W 4f, the detected
core binding energies were 34.86 eV (4f7/2) and 36.88 eV (4f5/2), which is considered
to be the +6 state of W [26]. The peak of the binding energy of O 1s was detected as
530.29 eV, which is considered to indicate the crystal lattice oxygen with increasing binding
energy [27].

In the rare earth-doped sample (CaWO4:Tb3+, CaWO4:Eu3+), the binding energy of
the Ca 2p (Figure 4b), W 4f (Figure 4c), and O 1s (Figure 4d) components was slightly
changed. This change in binding energy is considered due to rare earth doping, and is
related to the change in the lattice spacing observed in the XRD result and SEM-EDS
component analysis, which means that the rare earth is doped in CaWO4. In addition, the
respective binding energy spectra were observed in the samples doped with Tb3+ and Eu3+.
In Figure 4e, binding energies of 1277 eV (Tb 3d3/2) and 1242 eV (Tb 3d5/2) were observed,
and in Figure 4f, binding energy peaks of 1164 (Eu 3d3/2), 1154 (Eu 3d3/2), 1134 (Eu 3d5/2),
and 1124 (Eu 3d5/2) eV were obtained. This indicates the presence of rare earth ions in the
+3 oxidation state following the synthesis of the sample [27].

The excitation and emission spectra of CaWO4 are shown in Figure 5a. A signal having
an excitation wavelength of 254 nm peak was detected, and a blue signal having a broad
bandwidth of 420 nm was observed in the emission spectrum. This is thought to be due to
the transfer of ions from the 2p orbital of oxygen to the 5d orbital of the vacant W6+ [28–31].
The absorption and emission spectra of CaWO4:Tb3+ powder are shown in Figure 5b.
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Figure 5. Luminescence spectra of (a) CaWO4, (b) CaWO4:Tb3+, and (c) CaWO4:Eu3+, and (d) CIE coordination.

The photoluminescence excitation (PLE) spectrum controlled with a photolumines-
cence (PL) wavelength of 545 nm has a peak at 262 nm and is widely distributed over
a 200 ~ 300 nm region, which is an absorption spectrum by charge transfer band (CTB)
generated between O−2-W6+ and O−2-Tb3+ ions [32]. The relatively weak absorption
signals between 330 and 400 nm are the 4f-4ftransition signals of Tb3+ ions [33]. The peak
signals at 350 and 372 nm were generated by the 7F6→5G5 and 7F6→5G6 transition signals,
respectively. When excited with the strongest absorption wavelength of 262 nm, the PL
spectra of CaWO4:Tb3+ were observed at 488 (5D4→7F6), 545 (5D4→7F5), 585 (5D4→7F4),
620 (5D4→7F3), and 648 (5D4→7F2) nm. Among these emission peaks, the green emission
spectrum by the magnetic dipole transition at 545 nm was about 2.4 times stronger than
the blue emission intensity by the electric dipole transition at 488 nm. This means that the
Tb3+ ions located in the parent crystal are located at sites of inversion symmetry [34].

In CaWO4:Eu3+ the PLE spectrum controlled with a PL wavelength of 614 nm has
a peak at 275 nm and is widely distributed over a 200–340 nm region (Figure 5b), which
is the absorption spectrum by CTB generated between O−2-W6+ and O−2-Eu3+ ions [35].
The relatively weak absorption signals between 350 and 440 nm are the 4f-4f transition
signals of Eu3+ ions [34]. The peak signals at 362, 391, and 414 nm were generated by the
7F0→5D4, 7F0→5G2, and 7F0→5L6 transition signals, respectively. When excited with the
strongest absorption wavelength of 275 nm, the PL spectra of CaWO4:Eu3+ were observed
at 592 (5D0→7F1), 614 (5D0→7F2), 650 (5D0→7F3), and 700 (5D0→7F4) nm. Here, 614 nm is
a spectrum by electric dipole transition, 592 nm is a magnetic dipole transition, and 650
and 700 nm are electric dipole signals [36].
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At this time, the PL intensity of 614 nm was observed to be about 6 times stronger than
that of 592 nm, which means that Eu3+ ions in the parent lattice are located at non-inverting
symmetric sites. The ratio between the intensity of the red emission and the intensity of
the orange emission is also called an asymmetry ratio [37]. The color coordinates (CIE 1931)
according to the emission spectra of CaWO4, CaWO4:Tb3+, and CaWO4:Eu3+ are shown in
Figure 5c. They were found to be located at the blue, green, and red coordinates, respectively.

3.3. Photoactive Composite and Anti-Counterfeiting Application

Figure 6 shows the application of the synthesized phosphors as a photoreactive
composite for anti-counterfeiting. The disk composite made by mixing glass powder and
CaWO4 showed no reaction in daylight but showed a blue light emission in response to
UV light [38]. In addition, the composite made by mixing with a silicone-based polymer
(PDMS) could be flexibly bent, and each unique color was realized in UV light. These
materials are thought to be applicable to the display and laser industries.

 

Figure 6. Photograph of (a) phosphors in glass disc and flexible composite, (b) phosphors painted on bank notes for
anti-counterfeiting.

In addition, a solution made by mixing PVP polymer and CaWO4 phosphor with
ethanol was stamped and applied to banknotes. The location could not be recognized
with the naked eye, and the shape and unique color could be confirmed only by UV light,
suggesting that the synthesized phosphor can be applied to anti-counterfeiting.

4. Conclusions

Calcium nitrate and sodium tungstate were dissolved in distilled water, and crystalline
CaWO4 white powder was synthesized without a high-temperature heat treatment process
by co-precipitation. CaWO4:Tb3+ and CaWO4:Eu3+ phosphors were synthesized by doping
trace amounts of Tb3+ or Eu3+ ions, respectively, for use as various light-emitting materials.
The synthesized powders were confirmed to have a crystalline scheelite structure from
XRD results, and a secondary phase resulting from rare earth doping was not observed.
However, it was found that the lattice spacing was slightly changed by doping with rare
earth with a relatively large ionic radius. The particles synthesized by SEM-EDS analysis
were about 75–85 nm in size and were aggregated in a spherical shape. Ca, W, and O
were confirmed in the component analysis, and it was found that the doped Tb and Eu
were evenly distributed by mapping. The binding energies of Ca 2p, W 4f, and O 1s were
identified by XPS component analysis, and the signals of Tb 3d and Eu 3d energy binding
by rare earth doping were detected. In the PLE and PL spectra, when each specimen was
excited with CTB, blue emission was observed over a wide area of 420 nm for CaWO4,
green emission at 545 nm for CaWO4:Tb3+, and red emission from CaWO4:Eu3+ at 614 nm.
The synthesized phosphor was mixed with glass powder and PDMS polymer to prepare
a disk-shaped and flexible composite that can be applied to a display. In addition, it
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was suggested that the solution made by mixing with PVP polymer can be applied to
anti-counterfeiting because it is impossible to visually confirm when applied to banknotes
and can only be confirmed by UV light.
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et al. A multiferroic material to search for the permanent electric dipole moment of the electron. Nat. Mater. 2010, 9, 649–654.
[CrossRef]

37. Kolesnikov, I.E.; Povolotskiy, A.V.; Mamonova, D.V.; Kolesnikov, E.Y.; Kurochkin, A.V.; Lähderanta, E.; Mikhailov, M.D.
Asymmetry ratio as a parameter of Eu3+ local environment in phosphors. J. Rare Earths 2018, 36, 474–481. [CrossRef]

38. Jung, J.Y.; Shim, Y.; Son, C.S.; Kim, Y.; Hwang, D. Boron Nitride Nanoparticle Phosphors for Use in Transparent Films for Deep-UV
Detection and White Light-Emitting Diodes. ACS Appl. Nano Mater. 2021, 4, 3529–3536. [CrossRef]

47





crystals

Article

Thermal Stability and Radiation Tolerance of
Lanthanide-Doped Cerium Oxide Nanocubes

Kory Burns 1,2, Paris C. Reuel 3, Fernando Guerrero 3, Eric Lang 1, Ping Lu 1, Assel Aitkaliyeva 2, Khalid Hattar 1,*

and Timothy J. Boyle 3,*

Citation: Burns, K.; Reuel, P.C.;

Guerrero, F.; Lang, E.; Lu, P.;

Aitkaliyeva, A.; Hattar, K.; Boyle, T.J.

Thermal Stability and Radiation

Tolerance of Lanthanide-Doped

Cerium Oxide Nanocubes. Crystals

2021, 11, 1369. https://doi.org/

10.3390/cryst11111369

Academic Editors:

Alessandra Toncelli and Željka Antić
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Abstract: The thermal and radiation stability of free-standing ceramic nanoparticles that are under
consideration as potential fillers for the improved thermal and radiation stability of polymeric
matrices were investigated by a set of transmission electron microscopy (TEM) studies. A series of
lanthanide-doped ceria (Ln:CeOx; Ln = Nd, Er, Eu, Lu) nanocubes/nanoparticles was characterized
as synthesized prior to inclusion into the polymers. The Ln:CeOx were synthesized from different
solution precipitation (oleylamine (ON), hexamethylenetetramine (HMTA) and solvothermal (t-
butylamine (TBA)) routes. The dopants were selected to explore the impact that the cation has on
the final properties of the resultant nanoparticles. The baseline CeOx and the subsequent Ln:CeOx

particles were isolated as: (i) ON-Ce (not applicable), Nd (34.2 nm), Er (27.8 nm), Eu (42.4 nm), and Lu
(287.4 nm); (ii) HMTA-Ce (5.8 nm), Nd (6.6 nm), Er (370.0 nm), Eu (340.6 nm), and Lu (287.4 nm); and
(iii) TBA-Ce (4.1 nm), Nd (5.0 nm), Er (3.8 nm), Eu (7.3 nm), and Lu (3.8 nm). The resulting Ln:CeOx

nanomaterials were characterized using a variety of analytical tools, including: X-ray fluorescence
(XRF), powder X-ray diffraction (pXRD), TEM with selected area electron diffraction (SAED), and
energy dispersive X-ray spectroscopy (EDS) for nanoscale elemental mapping. From these samples,
the Eu:CeOx (ON, HMTA, and TBA) series were selected for stability studies due to the uniformity of
the nanocubes. Through the focus on the nanoparticle properties, the thermal and radiation stability
of these nanocubes were determined through in situ TEM heating and ex situ TEM irradiation. These
results were coupled with data analysis to calculate the changes in size and aerial density. The
particles were generally found to exhibit strong thermal stability but underwent amorphization as a
result of heavy ion irradiation at high fluences.

Keywords: nanoparticles; in situ TEM; ion irradiation; thermal annealing; ceria

1. Introduction

Lanthanum oxide (LnOx) nanomaterials are of interest as potential fillers in polymeric
coatings to protect internal electronic components and circuits from high temperature and
ionization exposure (i.e., rad-hard). This is mainly due to their high Z number, which
helps to prevent the ionization of energy and variable oxidation state, which can be
accessed when exposed to ionizing radiation-reducing Compton and Auger effects [1].
Computational studies using WinXCom software indicate that g-photons (1 keV–100 GeV)
interacting with LnOx (Ln–La, Ce, Pr, Nd, Eu, Dy, Sm, Er, Yb, Lu) are effective shielding
agents [2,3]. A number of systems have demonstrated their utility, such as LnOx (La [4], Ce,
Nd, Sm)-doped borate glasses, which were found to effect γ-ray shielding [5]. To overcome
the brittle nature of the ceramic oxide materials, the development of composite coatings
(polymers with LnOx nanofillers) allows for a flexible, stable layer that is also rad-hard.
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While proving to be an effective shielding agent against electromagnetic radiation,
ceria (CeO2) has been shown to be very sensitive to ion irradiation [6]. In ion–matter
interaction theory, an impinging ion penetrates a target material and transfers its energy by
both elastic and inelastic collisions with the target nuclei and target electrons, respectively.
In previous reports, high doses of 2 MeV Au ion irradiation produced significant disorder
on the Ce sub-lattice caused by inelastic collisions [6]. This is in direct contrast to 2.5 MeV
electron beam irradiations, where elastic collisions produced isolated defects that were
easily repaired by thermal annealing [7]. This suggests that dopant atoms within CeO2
may be warranted to enhance radiation stability and prevent significant lattice disorder
upon interaction with external stimuli. There are several candidate Ln dopants that have
shown promise when utilized in electronic components from high radiation environments,
in part due to their high threshold energies [8]. The Ln cations discussed in this report were
selected due to their availability, representation across the Ln series, diverse oxidation states
available, and diverse applications: EuOx is used as an activation ion for color television
phosphor, ErOx is used as a gate dielectric in CMOS logic circuits in space environments,
NdOx is used as a ceramic capacitor, and LuOx is used as a laser crystal for solid-state
lasers [3].

For this work, we were interested in exploiting ceria (CeOx) beyond the wide range
of applications for which it is already used [9,10], including: catalysts [11,12], biomedical
applications [1,12–14], actinide surrogates [15], pigments [16], sunscreen [12,13,17], and
many other applications, as well as less frequently investigated rad-hard coatings. As
mentioned above, studies have shown that doping Ln cations into the lattice of CeOx
nanoparticles imparts changes to their final properties, including improved radiative
recombination, reduced oxidation catalytic activity, enhanced UV-absorption capacity, and
the promotion of intermediate electronic levels in the bandgap [12,14,17,18]. Herein, a
study of lanthanide doped-CeOx (Ln:CeOx) nanomaterials was undertaken to evaluate the
thermal and radiation stability of the nanoparticles through in situ Transmission Electron
Microscopy (TEM) techniques [19].

In an effort to explore the properties of Ln:CeOx nanoparticles, a series of nanoparticles
was generated using oleylamine (ON) [20], hexamethylenetetramine (HMTA) [21], and
t-butylamine (TBA) [22] as surfactants. The lanthanide cations used for dopants included
Nd, Eu, Er, and Lu, which were selected to represent the series and are well known to
occupy alternative oxidation states. The doping was verified by Scanning Transmission
Electron Microscopy (STEM)-based EDS elemental mapping. The structural evolution from
annealing and irradiation was verified using the unique in situ ion irradiation TEM (I3TEM)
available at Sandia National Laboratories. The results of the synthesis route, ligand, dopant,
and resulting particulates were evaluated.

2. Experimental

Nanoparticle preparations were conducted on the bench-top under ambient atmo-
spheric conditions using chemicals obtained and used as received from Aldrich Chemical
Company, Inc. (Milwaukee, WI, USA). The lanthanide chloride hydrates ([LnCl3•6H2O])
and nitrates ([Ln(NO3)3•6H2O]) were synthesized in-house using the appropriate metal
and concentrated acid ((aq) HCl or (aq) HNO3. All of the Ln precursors structures were
verified by single-crystal X-ray experiments. Three routes to nanocubes or nanorods were
evaluated, with modifications noted below: (i) oleylamine (ON) [17], (ii) hexamethylenete-
tramine (HMTA) [18], or (iii) t-butylamine (TBA) [19]. All the generated nanoparticle
samples (ON, HMTA, TBA) were characterized by a variety of analytical methods: X-ray
Fluorescence (XRF), Powder X-ray Diffraction (pXRD), Fourier Transformed InfraRed Spec-
troscopy (FTIR), and Dynamic Light Scattering (DLS). Full details of the instrumentation
and product characterization are available in the Supplementary Materials. General de-
scriptions of the three different routes to CeO2 and Ln:CeOx, where Ln = Eu, Er, and Lu are
presented below. The yields were not determined due to the presence of excess surfactants.
A summary of the analytical characterization can be found in Table 1.

50



Crystals 2021, 11, 1369

Table 1. Summarized results of XRF, pXRD, ATR-FTIR, and DLS for CeO2, Nd:CeO2, Eu:CeO2,
Er:CeO2, and Lu:CeO2. The ATR-FTIR spectrum bends and stretches are further noted with medium
(m), strong (s), weak (w), broad (br). Graphical representations of the data shown can be found in the
Supplementary Materials.

CeO2 Nd:CeOx Eu:CeOx Er:CeOx Lu:CeOx

XRF
Ce (major)
Eu (minor)
Cl(minor)

Ce (major)
Nd (minor)
Cl (minor)
Zr (minor)

Ce (major)
Eu (minor)
Cl (minor)

Ce (major)
Er (minor)

Ce (major)
Lu (minor)

pXRD

(25 ◦C)
PDF

00-067-0123
CeO2

ceria|Cerium
Oxide

(600 ◦C)
PDF

00-067-0123
CeO2

ceria|Cerium
Oxide

(600 ◦C)
PDF

00-067-0122
CeO2

ceria|Cerium
Oxide

(600 ◦C)
PDF

00-067-0123
CeO2

ceria|Cerium
Oxide

(600 ◦C)
PDF

00-067-0123
CeO2

ceria|Cerium
Oxide

ATR-FTIR
(cm−1)

3317.93 (m)
2920.58 (s)
2851.09 (m)
2163.86 (w)
2037.01 (w)
1613.62 (m)
1460.77 (w)
1411.48 (m)
1064.97 (w)
965.24 (w)

3355.01 (m, br)
2923.12 (m)
2853.10 (m)
2583.18 (w)
2164.12 (w)
2079.88 (w)
1980.97 (w)
1467.17 (s)
1393.84 (s)
1260.87 (w)
1083.29 (w)
843.62 (m)
802.36 (m)
708.90 (m)

3340.37 (m)
3003.64 (w)
2920.74 (s)
2851.20 (m)
2162.81 (w)
2035.73 (w)
1494.59 (m)
1460.04 (s)
1404.08 (m)
1079.23 (w)
965.75 (w)
841.10 (w)
720.57 (m)

3323.03 (s)
3213.14 (s)
2920.59 (s)
2851.22 (m)
2214.27 (w)
1624.61 (s)
1462.78 (w)
1410.58 (m)
1049.92 (w)
966.31 (w)
719.16 (s)

3315.26 (s)
3210.01 (s)
2922.62 (m)
2852.34 (w)
2216.86 (w)
1618.16 (s)
1411.97 (m)
1117.11 (w)
966.47 (w)
699.03 (m)

DLS (nm) 257 (100%) 295 (100%) 257 (54%)
901 (46%) 343 (100%) 518 (100%)

X-ray Fluorescence (XRF). A ThermoFisher ARL (West Palm Beach, FL, USA) Quant’X
EDXRF, DLS Spectrometer utilizing UniQuant software was used for all the analyses. The
system uses a Fundamental Parameters approach based on the Sherman equation for
the direct measurement of elemental concentrations based on integrated fluorescent peak
intensities. In air, using a medium count rate, a single–repetition, multi-scan excitation (C
Thin (5 kV, 60 s); Al (12 kV, 100 s), Pd Thick (28 kV, 100 s); Cu Thick (50 kV, 100 s)) was used
to evaluate each sample.

Powder X-ray Diffraction (pXRD). The powders were collected on a Bruker D8 Avance
diffractometer employing Cu Kα radiation (1.5406 Å) and a RTMS X’Celerator detector.
The data were collected over a 2θ range of 5–70◦ at a scan rate of 0.083◦/s and a zero-
background holder was employed. The XRD patterns were analyzed using Bruker EVA
software and indexed using the Powder Diffraction File PDF-4 + 2013.

Fourier Transformed InfraRed Spectroscopy (FTIR). The FTIR spectral data were
collected on a Bruker Vector 22 MIR Spectrometer in an atmosphere of flowing nitrogen
using an ATR powder attachment.

Dynamic Light Scattering (DLS). The DLS data were collected on a Malvern Instru-
ments Zetasizer Nanoseries (NanoZS). All the samples were dispersed by sonication for
10 min at 50–60 Hz in their respective solvents (ON–methanol, Parr–tol, HMTA–water).
Following the sonication, the samples were diluted and loaded into 1 cm glass cuvettes.
A total of 10 sets of scans was performed for each sample to generate an average size
distribution by intensity.

• Oleylamine (ON) [17]. In a round-bottomed flask, (CeCl3•6H2O) and any dopant
(LnCl3•6H2O) where Ln = Nd, Eu, Er, and Lu were added to ON. After heating the
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reaction to 90 ◦C and stirring for 1 h, the reaction was then warmed to 265 ◦C. The
reaction turned from pale brown to black. After cooling to room temperature, the
solution was collected by centrifugation, washed with ethanol and hexanes and used
without further manipulations.

• Hexamethylenetetramine (HMTA) [18]. In a round-bottomed flask, (Ce(NO3)3•6H2O)
and any dopant (Ln(NO3)3•6H2O) where Ln = Nd, Eu, Er, and Lu were dissolved in
water. An equal volume of concentrated HMTA was added at room temperature and
the reaction was allowed to stir (24 h). The precipitate was collected by centrifugation,
washed with hexanes and used without further manipulations.

• t-butylamine (TBA) [19]. In an Ehrlyenmeyer flask, (Ce(NO3)3•6H2O) and any dopant
(Ln(NO3)3•6H2O) where Ln = Nd, Eu, Er, and Lu were dissolved in water and
poured into a TeflonTM-lined Parr-bombTM. To this mixture, toluene, oleic acid, and
t-butylamine were added; the sample was sealed and heated at 180 ◦C for 12 h. The
precipitate was collected by centrifugation, washed with hexanes, and used without
further manipulations.

Transmission Electron Microscopy (TEM). The TEM samples were prepared by making
a slurry of the powders isolated (vide supra) in methanol, sonicating them for 10 min at
50–60 Hz, and then dropping one drop of solution onto a lacey carbon TEM grid and allow
for the solution to volatilize.

The TEM micrographs and selected area electron diffraction (SAED) patterns were
collected using a highly modified JEOL 2100 TEM operating at an accelerating voltage of
200 keV. A FEI TitanTM G2 80–200 STEM with a Cs probe corrector and ChemiSTEMTM

technology (X-FEGTM and SuperXTM EDS with four windowless silicon drift detectors)
operated at 200 kV was used for compositional and structural analysis using EDS spectral
imaging and high-angle annular dark-field (HAADF) imaging. The EDS spectral imaging
was acquired as a series of frames, where the same region was scanned multiple times with
a total acquisition time of over 30 min. An electron probe of size of about 0.13 nm, with a
convergence angle of 18.1 mrad, and a current of ~75 pA was used for the EDS acquisition.
The Ce L lines and Eu L lines were used for constructing the EDS maps of Ce and Eu,
respectively. Since the Ce L lines overlap with the Eu L lines significantly, the EDS spectra
were deconvoluted pixel-by-pixel using pure spectra of Ce and Eu as references before
map construction. The HAADF images were recorded under similar optical conditions
using an annular detector with a collection range of 60–160 mrad. The thermal anneals
were performed utilizing the Gatan Heating stage in a JEOL 2100 up to 500 ◦C.

Heavy Ion Irradiation. The ex situ ion irradiations were performed on previously
prepared TEM samples for the powders listed from the preparation routes noted above.
The specimens were subjected to 15 MeV Au4+ ion irradiation at room temperature using
a 6 MV HVEE EN tandem accelerator. The ion fluence range included 1 × 1013 and
1 × 1015 cm−2.

3. Results and Discussion

The interest in the addition of Ln:CeOx nanomaterial into polymers as a means through
which to improve their properties (thermal and radiation tolerance) led us to prepare and
characterize the particles prior to more complex studies. The dopants (none, Nd, Eu, Er,
Lu) were selected to explore the size and electronic impact on the final behavior of the
resulting Ln:CeOx. Three selected paths focused on synthesis routes that could produce
morphologically varied particles, involving different processing parameters, amenability
processing for scale up, and different amine surfactants. Details concerning the: Section 3.1.
Synthesis and Characterization of the nanoparticles, Section 3.2. Dopant Mapping for Eu,
Section 3.3. Thermal Stability, and Section 3.4. Radiation Stability are presented sequentially
in the sections below.
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3.1. Synthesis and Characterization

The synthesis of nanoparticles following three routes (ON [17], HMTA [18], and
TBA [19]) were undertaken as described in the Section 2, with full details available in the
Supplementary Materials. The results of the syntheses are presented, followed by in situ
and ex situ TEM thermal and ion irradiation measurements, respectively.

Oleylamine (ON). For the ON preparation, the resulting precipitates were indepen-
dently collected by centrifugation. The green (unprocessed), undoped Ce particles were
found to be CeO2 by pXRD patterns. For the dopants, initial efforts focused on whether
the dopant had precipitated with, or within, the CeOx matrix. The XRF analysis confirmed
the presence of each of the different cations (Nd, Eu, Er, and Lu). However, there was also
a trace amount of Cl that was associated with the starting precursor ligands. Noted in the
Nd:CeOx(ON) sample was the presence of Zr, which was attributed to a mis-assignment
or external contamination. The pXRD patterns of the doped species were in agreement
with several different phases of CeOx along with numerous, minor unidentified peaks
which were attributed to the organic surfactants. This assignment proved valid when the
samples were thermally treated and the lower ‘organic’ peaks were lost and phase pure
CeO2 was identified. The FTIR analyses of all these samples verified that ON was present
on each sample. Further analysis of the particulates available in solution were determined
by the DLS measurements. For these samples, the particles were found to range from
257–518 nm in size. The larger size noted for the Eu dopant was attributed to the clustering
of the smaller particles in solution. In order to assess the size of the crystallites formed, a
TEM analysis was undertaken. For the undoped species, a polymeric matrix was found to
surround the particles. The source of this is not known at this time, but its presence made
high-resolution identification (bright field imaging and SAED) of the final particles difficult.
Nonetheless, fine particles in the order of ~1–2 nm in diameter were observed. By contrast,
the doped-CeOx specimens were found to have formed nanocubes that were ~30 nm in
dimension. Further, these particles were found to be highly crystalline, as determined by
the SAED analyses.

Hexamethylenetetramine (HMTA). Similarly, the XRF of HMTA showed each powder
had the proper Ln cations present. The pXRD patterns of the green undoped Ce as well as
the doped Nd matched the phase pure CeO2. For the rest of the Ln:CeOx(HMTA) samples,
again, a number of different phases of cerium oxide with minor HMTA species were present.
Similarly, heat treatment produced phase pure CeO2 and the loss of the ‘organic’ peaks.
The FTIR clearly showed HMTA present on each of the samples. The DLS analyses showed
a wide range of particles available from 33–463 nm. Again, Eu displayed two different
sizes of particulate. The TEM analysis confirmed the small (~2–6 nm) octahedral-shaped
particles for the undoped species, while the doped particles featured similarly shaped
species, with sizes ranging from 80–200 nm.

t-butylamine (TBA). The substantially smaller amount of material made available by the
Parr bomb approach using TBA made characterization much more difficult. However, for
each sample, XRF showed the proper cations were present and that most phases were CeO2
with Lu having an additional carbonate phase. For each, similar FTIR data were compiled
and were consistent with the TBA and the other species that were used in the reduction
of the nitrate precursor. The DLS data were very consistent in comparison, ranging only
from 23–68 nm in size, with both Nd and Er demonstrating some cluster formation (222
and 424 nm, respectively). TEM analysis showed crystallite samples that were in the order
of ~2–7 nm in size for the doped and undoped species.

For each of these routes, the nanoparticles were isolated, with only a few featuring
residual starting ligands. The pXRD patterns revealed that organic moieties that were
consistent with the various surfactants (ON, HMTA, TBA) for the different processes.
The heat treatment of the samples led to the formation of phase pure CeO2. The DLS
showed much larger particles were present, but this was attributed to clustering. The
crystal size was confirmed to be nanoparticles by the TEM analysis for each sample, as
shown in Figure 1: (i) ON-Ce (not applicable), Nd (34.2 nm), Er (27.8 nm), Eu (42.4 nm), Lu
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(287.4 nm); (ii) HMTA-Ce (5.8 nm), Nd (6.6 nm), Er (370.0 nm), Eu (340.6 nm), Lu (287.4 nm);
and (iii) TBA-Ce (4.1 nm), Nd (5.0 nm), Er (3.8 nm), Eu (7.3 nm), Lu (3.8 nm). The ON all
appeared to be below 50 nm in size and formed cubes, except for the Lu species, which
were an order of magnitude larger in size. In comparison, the HMTA particles were similar
for Ce and Nd (~5–6 nm) but the other doped species were again an order of magnitude
larger. Further, these particles were irregular round species. Finally, the TBA nanocubes all
proved to be <8 nm.

Figure 1. TEM images of column (i) TBA, (ii) ON, and (iii) HMTA-generated nanoparticles of column
(a) CeOx, (b) Nd:CeOx, (c) Eu:CeOx, (d) Er:CeOx, and (e) Lu:CeOx.

54



Crystals 2021, 11, 1369

The samples were analyzed by XRF, which confirmed that the various dopants and
Ce were present. In some instances, minor residual cations were observed, but in general,
the cations introduced were isolated in the precipitate. The pXRD patterns confirmed
for all the samples that CeO2 was formed, with no indication of minor dopant oxide
phases. This implies that the Ln dopants were successfully incorporated into the CeO2
lattice. TEM elemental mapping was used to verify this concept (vide infra). The FTIR
data revealed the presence of the various surfactants (HDA, ON, and TBA) on the isolated
particles. It is difficult to distinguish between bound and free ligands, but it is believed
that after extensive washing, the remaining bends and shifts are associated with the bound
surfactants. DLS data revealed that sub-micron species were present in solution, which
is consistent with the TEM data collected (vide infra). See Table 1 for a summary of the
various results obtained on each sample and Supplementary Materials for the raw data.

3.2. Dopant Mapping for Eu

Based on the TEM images of the dopants across the different preparation routes, the
variability in their oxidation states and their more centric sizes, the Eu:CeOx samples were
selected for further study by HAADF imaging and EDS mapping (ON, HMTA, and TBA in
Figures 2–4, respectively). While the above data (see Table 1) confirm the presence of the
desired Eu dopant, its size, and its initial phase assignments, it was critical to verify the
that Eu dopant was within the CeOx matrix; thus, elemental mapping was undertaken.

For the ON sample, the CeOx(ON) exhibited a much finer particle size (<2 nm;
Figure 2a) than the doped Eu:CeOx(ON) samples (20–50 nm; Figure 2b). The EDS mapping
for the Eu:CeOx(ON) species verified that the Eu-dopant was present within the CeOx
matrix (Figure 2c). Notably, several minor contaminates were identified that were not
involved in the synthesis, such as a Si-based polymeric matrix. Additionally, Cl particles
consistent with the XRF studies were found within the particles that most likely originated
from the starting precursors. As shown in Figure 3, the CeOx(HMTA) particles were found
to feature an average size of ~4 nm, whereas the Eu:CeOx(HMTA) were found to be consid-
erably larger (~300 nm). The EDS mapping showed the uniform distribution of Eu within
the large Eu:CeOx(HMTA) particles (Figure 3c). As in the Eu:CeOx(ON), Cl contamination
was observed, along with other smaller impurities (Fe and Si), the presence of which is
unaccounted for as they were not used in the part of the synthesis; however, as these
elements were not identified by the XRF studies, it is believed an external contamination
source may have accounted for their presence. The CeOx(TBA) and Eu:CeOx(TBA) samples
were determined to be cubes 2–5 nm in size (Figure 4a,b) and the distribution of Eu within
the Eu:CeOx was verified by the EDS maps (Figure 4c).
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Figure 2. STEM HAADF imaging and EDS mapping of nanoparticles generated by ON: (a) HAADF
of CeOx and (b) HAADF of Eu:CeOx; (c) Ce and Eu L map of the Eu:CeOx NPs (Eu L—red, Ce–green).
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Figure 3. STEM HAADF imaging and EDS mapping of nanoparticles generated by HMTA:
(a) HAADF of CeOx and (b) HAADF of Eu:CeOx; (c) Ce and Eu L map of the Eu:CeOx NPs (Eu
L—red, Ce L—green).
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Figure 4. STEM HAADF imaging and EDS mapping of nanoparticles generated by TBA: (a) HAADF
of CeOx and (b) HAADF of Eu:CeOx; (c) Ce L and Eu L map of the Eu:CeOx NPs (Eu L—red,
CeL—green).

3.3. Thermal Stability

In situ thermal annealing experiments were carried out on all the samples (ON,
HMTA, TBA), as shown in Figures 5–7, respectively. Each specimen was heated from
room temperature to 500 ◦C at an average heating rate of 0.5 ◦C/s. For the ON specimens
(CeOx(ON); Figure 5), the samples proved to be unstable under the electron beam, which
was attributed to a high impurity concentration and the formation of complex oxides
during the preparation route. This was emphasized further during annealing, and it was
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not possible to perform a statistical analysis. Further, the Eu:CeOx(ON) sample displayed an
initial increase in areal density, followed by a decrease from 100–200 ◦C. In this temperature
regime, sputtering dominated the response of the material, which was likely due to an
increase in momentum exchange between the atoms in the solid, which was accelerated by
an increase in temperature, and thus an increase in mobility. The CeOx(HMTA) samples
were found to be mainly glommed together over the grid; nonetheless, well separated
nanoparticles were observed in several areas, and these sections were used for thermal
investigation. Upon heating, the nanoparticles that were in the highly concentrated regions
were found to ‘de-cluster’, which was attributed to the thermal-induced mobility. It
was also noted that the overall size of the nanoparticle material increased through the
heating experiment. This was not due to sintering but, instead, to the emergence of larger
nanoparticles from the room temperature cluster areas.

Figure 5. TEM images of nanoparticles generated from ON preparation route during thermal annealing: (i) 25 ◦C and
(ii) 500 ◦C where (a) CeOx (scale bar = 100 nm) and (b) Eu: CeOx (scale bar = 200 nm).
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Figure 6. TEM images of nanoparticles generated from HMTA preparation route during thermal annealing: (i) 25 ◦C and
(ii) 500 ◦C where (a) CeOx (scale bar = 100 nm) and (b) Eu:CeOx (scale bar = 500 nm).

The sizes of the Eu:CeOx(HMTA) were unchanged over the temperature range in-
vestigated; however, the distance between the particles decreased as the organic ligands
were thermally decomposed, allowing in situ clustering. Finally, the CeOx(TBA) particles,
analyzed in the same fashion, displayed the highest areal density of any particle studied
coupled with the smallest average size. These nanoparticles showed a relatively low mo-
bility under annealing conditions but still agglomerated at higher temperatures. For the
Eu:CeOx(TBA) samples, the particles appeared to destabilize at 200–300 ◦C, as suggested by
the reduced areal density in comparison to the room temperature value. Table 2 provides a
summary of the results from the thermal annealing experiments. In order to compare the
various changes induced by the thermal study, the sizes of the samples were normalized
and a plot of these versus the temperature was generated. As can be seen in Table 2,
the Eu:CeOx nanocubes appeared to be more resistant to deformation compared to the
CeOx samples. This implies that Ln dopants may be modulating the thermal resistance
of nanocubes.
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Figure 7. TEM images of nanoparticles generated from TBA preparation route during thermal annealing: (i) 25 ◦C and
(ii) 500 ◦C where (a) CeOx (scale bar = 100 nm) and (b) Eu:CeOx (scale bar = 100 nm).
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Table 2. Aerial density (μm−2) and size (nm) versus temperature (◦C) for (a) ON, (b) HMTA, and (c) TBA preparation of
CeO2 and Eu:CeO2.

Prep
Route

Temp
(◦C)

Sample
Aerial

Density
(μm−2)

Size
(nm)

Sample
Aerial

Density
(μm−2)

Size
(nm)

ON

25

CeO2 N/A N/A Eu:CeO2

190.63 42.4
100 201.06 42.34
200 189.14 42.42
300 177.23 42.42
400 171.27 42.43
500 160.85 42.45

HMTA

25

CeO2

2919 5.77

Eu:CeO2

2.204 340.57
100 3216 5.75 2.204 340.61
200 3797 5.79 2.204 340.6
300 4932 5.84 2.204 340.59
400 4676 5.81 2.204 340.6
500 4649 5.81 2.204 340.62

TBA

25

CeO2

15,882 4.07

Eu:CeO2

4593 7.3
100 16,445 4.04 4931 7.27
200 15,519 4.09 5026 7.23
300 15,501 4.09 4342 7.31
400 14,818 4.1 3910 7.34
500 14,083 4.12 3850 7.34

3.4. Irradiation Stability

The resistance of these nanoparticles to irradiation was evaluated by exposing the
samples to different ion fluences. The TEM images of the ON, HDA, and TBA nanoparticles
are shown in Figures 8–10, respectively.

For the CeOx(ON) nanoparticles (see Figure 8i(a–c)), a decrease in crystallinity with
increasing fluence was observed. This is consistent with the high concentration of defects
that altered and/or destroyed the translational periodicity of the material. It was noted
that at higher fluences, the ion irradiation also appeared to deplete the SiOx layer beneath
the nanoparticles, while simultaneously forcing the aggregation of the particle. By contrast,
in the Eu-doped analog of Figure 8ii(a–c), remarkable radiation resistance was observed in
the nanoparticles, with diffraction patterns (DP) revealing high crystallinity through the
highest fluence studied. What appear to be ablation pits formed from sputtering events
on the nanoparticle surface are easily visible. These surface defects are highlighted with
arrows in Figure 8ii(c).

Figure 9i(a–c) shows the CeOx (HMTA) preparation route. As can be observed, the
polycrystalline green materials migrated towards a single crystalline/amorphous phase
during exposure to various levels of ion irradiation. This process was likely akin to
a recrystallization in the nanocubes with the simultaneous reduction in crystallinity at
higher fluences. In Figure 9ii(a–c), the Eu-doped analog, it appears that the particles
began to be sputtered at higher fluences, causing an overall reduction in the size of the
nanoparticles. Additionally, the DP was amorphous where this process dominated the
response of the material.
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Figure 8. TEM images and SAED patterns of (i) CeOx and (ii) Eu:CeOx nanoparticles generated from ON preparation route
during ion irradiation: (a) green, (b) 1 × 1013 cm−2, and (c) 1 × 1015 cm−2. Respective SAED patterns are displayed in the
inset of each micrograph. Scale bars are 100 nm in all micrographs.

The CeOx(TBA) nanoparticles, under the same ion exposure as that noted above, are
shown in Figure 10i(a–c). As can be observed, the samples agglomerated as a result of
destabilization from the ion interaction. This was further verified by the DP’S transition
from a polycrystalline to an amorphous state. Lastly, in Figure 10ii(a–c), the Eu-doped
particles remained separated at higher fluences and displayed a small amount of crystalline
behavior at the highest fluence studied. These doped nanoparticle retained their structural
integrity better than CeOx(TBA) through ion irradiation.
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Figure 9. TEM images and SAED patterns of (i) CeOx and (ii) Eu:CeOx nanoparticles generated from HMTA preparation
route during ion irradiation: (a) green, (b) 1 × 1013 cm−2, and (c) 1 × 1015 cm−2. Respective SAED patterns are displayed
in the inset of each micrograph. Scale bars are 100 nm in all micrographs.

The high thermal stability of the particles was expected of these systems, given the
high melting temperature (2400 ◦C) of the CeOx, which resulted in homologous tempera-
tures of 0.21. Although well above the operating temperature of many applications, this
temperature regime shows that no significant nanoscale-enhanced sintering is observed
in these systems. The poor irradiation stability observed in this work is similar to that
seen in crystalline tungstate nanoparticles irradiated with heavy ions [23,24]. This in stark
contrast to other amorphous ceramic nanoparticles and core@shell nanoparticles that have
been explored, which suggests that the amorphous phase may be extremely important for
radiation stability [25,26]. As such, future work will explore the role of both phase and
doping on the stability of ceramic nanoparticles for both free-standing nanoparticles, as
shown in this study, as well as those embedded in composite matrixes.
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Figure 10. TEM images of (i) CeOx and (ii) Eu:CeOx nanoparticles generated from TBA preparation route during ion
irradiation: (a) green, (b) 1 × 1013 cm−2, and (c) 1 × 1015 cm−2. Respective SAED patterns are displayed in the inset of each
micrograph. Scale bars are 100 nm in all micrographs.

4. Summary and Conclusions

The synthesis of nanoparticles of CeOx and Ln:CeOx (Ln = Nd, Eu, Er, and Lu) was
performed by using ON, HMTA, or TBA. The ON and TBA proved to be nanocubes
whereas the HMTA produced larger rounded particulates. Elemental mapping and XRF
studies confirmed the presence of the lanthanides, which were randomly distributed within
a CeOx matrix. Thermal analyses of the undoped and Eu-doped CeOx samples for each
preparative route revealed that the Ln-doped species appeared to be more resistant to
thermal assaults in comparison to the undoped samples. In the ion stability studies, it was
found that all of the samples displayed poor phase stability when exposed to 15 MeV Au
ion irradiation. However, the Ln-doped species appeared to be slightly more stable than
the homometallic nanoparticles. This variation suggests a potential difference in the active
microstructural mechanisms during thermal annealing and ion irradiation. These results
suggest that doping with alternative lanthanide cations in CeOx could serve as a good
shielding agent against external stimuli.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cryst11111369/s1. Figure S1: Analytical data for generated CeOx (a) XRF [(i) ON, (ii) HMTA,
(iii) TBA], (b) pXRD RT [(i) ON, (ii) HMTA, (iii) TBA], (b*) pXRD 600 ◦C [(i) ON, (ii) HMTA, (iii) TBA],
(c) FTIR [(i) ON, (ii) HMTA, (iii) TBA], (d) DLS [(i) ON, (ii) HMTA, (iii) TBA], (e) TGA/DSC [(i) ON,
(ii) HMTA, (iii) TBA]; Figure S2: Analytical data for generated Nd:CeOx (a) XRF [(i) ON, (ii) HMTA,
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(iii) TBA], (b) pXRD RT [(i) ON, (ii) HMTA, (iii) TBA], (b*) pXRD 600 ◦C [(i) ON, (ii) HMTA, (iii) TBA],
(c) FTIR [(i) ON, (ii) HMTA, (iii) TBA], (d) DLS [(i) ON, (ii) HMTA, (iii) TBA]; Figure S3: Analytical
data for generated Eu:CeOx (a) XRF [(i) ON, (ii) HMTA, (iii) TBA], (b) pXRD RT [(i) ON, (ii) HMTA,
(iii) TBA], (b*) pXRD 600 ◦C [(i) ON, (ii) HMTA, (iii) TBA], (c) FTIR [(i) ON, (ii) HMTA, (iii) TBA], (d)
DLS [(i) ON, (ii) HMTA, (iii) TBA], (e) TGA/DSC [(i) ON, (ii) HMTA, (iii) TBA]; Figure S4: Analytical
data for generated Er:CeOx (a) XRF [(i) ON, (ii) HMTA, (iii) TBA], (b) pXRD RT [(i) ON, (ii) HMTA,
(iii) TBA], (b*) pXRD 600 ◦C [(i) ON, (ii) HMTA, (iii) TBA], (c) FTIR [(i) ON, (ii) HMTA, (iii) TBA],
(d) DLS [(i) ON, (ii) HMTA, (iii) TBA]; Figure S5: Analytical data for generated Lu:CeOx (a) XRF [(i)
ON, (ii) HMTA, (iii) TBA], (b) pXRD RT [(i) ON, (ii) HMTA, (iii) TBA], (b*) pXRD 600 ◦C [(i) ON, (ii)
HMTA, (iii) TBA], (c) FTIR [(i) ON, (ii) HMTA, (iii) TBA], (d) DLS [(i) ON, (ii) HMTA, (iii) TBA].
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Abstract: Rare-earth chromites have been envisioned to replace gas-based refrigeration technology
because of their promising magnetocaloric properties at low temperatures, especially in the liquid
helium temperature range. Here, we report the low-temperature magnetic and magnetocaloric
properties of Gd0.5Er0.5Cr1−xMnxO3 (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5) rare-earth orthochromites. The
Néel transition temperature (TN) was suppressed from 144 K for Gd0.5Er0.5CrO3 to 66 K for the
Gd0.5Er0.5Cr0.5Mn0.5O3 compound. Furthermore, magnetization reversal was observed in the mag-
netization versus temperature behavior of the Gd0.5Er0.5Cr0.6Mn0.4O3 and Gd0.5Er0.5Cr0.5Mn0.5O3

compounds at 100 Oe applied magnetic field. The magnetic entropy change (−ΔS) value varied from
16.74 J/kg-K to 7.46 J/kg-K, whereas the relative cooling power (RCP) ranged from 375.94 J/kg to
220.22 J/kg with a Mn ion concentration at 5 T field and around 7.5 K temperature. The experimental
results were substantiated by a theoretical model. The present values of the magnetocaloric effect
are higher than those of many undoped chromites, manganites and molecular magnets in the liquid
helium temperature range.

Keywords: rare-earth orthochromites; magnetization reversal; magnetocaloric effect

1. Introduction

Perovskite materials have been widely recognized for their diverse and intriguing
properties, such as magnetic, electrical and photocatalytic, etc. [1–4]. As far as the magnetic
properties of various perovskite materials are concerned, rare-earth orthochromites RCrO3
(R = rare-earth ion) exhibit interesting magnetic properties viz. exchange bias [5], spin
reorientation [6], magnetization reversal [7–9] and magnetocaloric effect (MCE) [10–13]. It
is now a well-established fact that there are three types of magnetic interactions, namely
Cr3+-Cr3+, Cr3+-R3+ and R3+-R3+, in RCrO3 materials, which govern their distinct magnetic
properties in different temperature ranges [5]. The interaction Cr3+-Cr3+ is responsible for
the canted antiferromagnetic behavior below the Néel transition temperature, whereas
the Cr3+-R3+ interaction gives rise to negative magnetization or magnetization reversal
below a certain temperature, known as the compensation temperature, provided that the
R3+ ion is magnetic. The negative magnetization occurs due to the antiparallel coupling
between the Cr3+ moments and rare-earth ion moments [14]. Since the last decade, re-
searchers have also been exploring these materials for their usefulness as a low-temperature
refrigerant employing the magnetocaloric effect, which is measured in terms of magnetic
entropy change and relative cooling power [10–13,15–20]. Magnetic refrigeration involving
solid materials is a cooling technology that is more efficient, inexpensive, safer and more
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environmentally friendly than the conventional vapor-compression-based technology. It
was reported that Gadolinium and Gadolinium-based compounds are important working
materials for magnetic refrigeration. For example, Yin et al. reported 31.6 J/kg-K magnetic
entropy change in GdCrO3 single crystal at 3 K under a 4.4 T applied magnetic field [18].
Shi et al. also reported a magnetic entropy change of 27.6 J/kg-K in Er0.33Gd0.67CrO3 at
5 K and 7 T [19]. The effect of Mn substitution at the Cr site in Gd0.5Er0.5CrO3 has not been
explored yet. Therefore, it is worthwhile to investigate the magnetic and magnetocaloric
properties of Mn-substituted Gd0.5Er0.5CrO3 compounds.

In the present work, we synthesized Gd0.5Er0.5Cr1−xMnxO3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5)
compounds and investigated the effect of Mn substitution on the magnetic and magne-
tocaloric properties. We also compared the experimental results with theoretical models.

2. Experimental Details

Gd0.5Er0.5Cr1−xMnxO3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) (abbreviated as GECMO) or-
thochromites were prepared by the solid-state reaction method. Stoichiometric amounts of
high-purity Gd2O3 (99.99%, Sigma Aldrich, St. Louis, MO, USA), Er2O3 (99.99%, Sigma
Aldrich, St. Louis, MO, USA), Cr2O3 (99.99%, Sigma Aldrich, St. Louis, MO, USA) and
MnO2 (99.99%, Sigma Aldrich, St. Louis, MO, USA) were mixed and grounded. The mixed
powders were calcined for 24 h at 800 ◦C and 1100 ◦C. Finally, the calcined powders were
reground and pressed into uniform cylindrical pellets, which were sintered at 1450 ◦C for
48 h under ambient conditions. The samples were characterized for phase identification
using an X-ray diffractometer (XRD; PANalytical-Empyrean, Almelo, The Netherlands)
at room temperature using Cu-Kα radiation with wavelength 1.5404 Å at a step of 0.01◦
per second between 20◦ and 80◦. Magnetic measurements were performed using a physi-
cal properties measurement system (PPMS DynaCool). Magnetization temperature data
were collected between 2 K and 300 K in field-cooled (FC) and zero-field-cooled (ZFC)
modes. The ramp rate was 4K/minute for both the modes. The magnetization–applied
field (M − H) isotherms were measured under H = ±8 T.

3. Results and Discussion

3.1. Structural Study

Figure 1 displays the Rietveld-refined XRD patterns of the sintered GECMO or-
thochromites. It is clear from the XRD patterns that there are no impurity peaks in these
series of samples and the diffraction peaks are well matched with the pristine GdCrO3
compound (JCPDS Card No. 25-1056). The refinement was carried out by using Fullprof
software with orthorhombic structure and Pnma space group. The calculated lattice param-
eters, unit cell volume (V), reliability factors, octahedral bond length (Cr–O), octahedral tilt
angles, strain factor and Goldschmidt tolerance factor (t) of all compounds are presented
in Table 1. It can be seen that there was an increase in the lattice constants a and c, while
the b value was reduced with increasing Mn3+ ion content. Their variation is shown in
Figure 2a. Further, the lattice volume was also increased because of the larger ionic radius
of the Mn3+ ion (0.645 Å) compared to that of the Cr3+ ion (0.615 Å) (Figure 2a). When the
Mn3+ ion was substituted at the Cr3+ ion site, a strain developed in the lattice because of the
different ionic radii, and, to ensure the stability of the crystal structure, the CrO6 octahedra
rotated or tilted. The strain factor was calculated by S = 2(a − c)/(a + c), which arises as a
result of octahedral rotation/tilting [21]. The distortion in the perovskite structure is also
represented by the octahedral bond length and tilt angles θ[101] and φ[010]. In the present
study, the octahedral bond length Cr–O and tilt angles θ[101] and φ[010] were calculated by
the Zhao formalism [22] as follows:

Cr–O =

(
ab
4c

)
, θ[101] = cos−1

( c
a

)
and φ[010] = cos−1

( √
2c
b

)
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Figure 1. Rietveld-refined XRD patterns of the GECMO series.
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Table 1. Lattice parameters, unit cell volume (V), reliability factors, octahedral bond length, tilt
angles, strain factor and Goldschmidt tolerance factor (t) of GECMO series.

x = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5

a (Å) 5.5220 5.5335 5.5530 5.5835 5.6072 5.6372
b (Å) 7.5648 7.5541 7.5439 7.5376 7.5183 7.5029
c (Å) 5.2691 5.2709 5.2721 5.2767 5.2740 5.2744

V (Å3) 220.109 220.330 220.860 222.081 222.340 223.085
χ2 (%) 3.29 2.48 2.08 1.94 2.62 2.03
RP (%) 19 16.7 16.1 16.7 19.5 19.2

RWP (%) 14.9 12.6 11.4 11.7 13.6 12.8
Cr–O (Å) 1.982 1.9825 1.9864 1.9925 1.9983 2.0047

θ (o) 17.40 17.71 18.29 19.06 19.84 20.65
φ (o) 9.922 9.32 8.75 8.06 7.22 6.19

S 0.0468 0.0486 0.0518 0.0564 0.0612 0.0665
t 0.8523 0.8510 0.8497 0.8484 0.8472 0.8459

θ 

V
c

b
a

×1
0−2

φ
θ

 

Figure 2. (a) Lattice parameters, volume, (b) strain parameter and tilt angle variation as a function of
Mn concentration.

The octahedral bond length Cr–O increased in Mn-substituted compounds because
the Mn3+ ion had a larger ionic radius than the Cr3+ ion. The rotation of the CrO6 octa-
hedron occurred in both planes, i.e., in-plane (along a and c axis) and out-of-plane (along
b axis). The tilt angle θ[101] was found to increase, while the rotational angle φ[010] de-
creased with an increase in the Mn3+ ion concentration (Figure 2b). In determining the
stability of the perovskite structure, the Goldschmidt tolerance factor (t) plays a key role.
In order to calculate the tolerance factor (t) for the present compounds, we used the for-
mula t = < Gd/Er–O >/

√
2 < Cr/Mn–O >. The unity value of t corresponds to an ideal

perovskite structure, while 0.75 ≤ t ≤ 0.9 favors a distorted orthorhombic structure [23,24].
Further, it should also be noted that the classical consideration of ionic size alone cannot
explain the structural characteristics. To obtain a more accurate understanding of the struc-
tural characteristics when Mn3+ ions replace Cr3+ ions, we performed a detailed structural
analysis. Figure 3a presents the crystal structure of the GECO compound generated using
VESTA software. It can be noticed that the structure is distorted from the ideal cubic struc-
ture (distortion shown in Figure 3b). This results in variation in the bond lengths. Figure 3c
shows the Cr–O bond length variation in the Cr–O6 octahedron as a function of the Mn
concentration. The difference among the three Cr–O bond lengths in all compounds can
be correlated with the Jahn–Teller (JT) distortion of Mn3+ ions, along with a contribution
from intrinsic structural distortion. The in-plane (orthorhombic-like) and out-of-plane
(tetragonal-like) distortions evaluated by Q2 [= ly − lx], and Q3 [= (2 × lz − lx − ly)/

√
3],

respectively, are shown in Figure 3d. Here, lx, ly and lz denote the long and short Cr–O2
bond lengths mainly in the ac plane and the middle bond length Cr–O1 mainly along the b
axis (out of plane), respectively. O1 and O2 stand for the apical and equatorial oxygen atoms.
Here, the large and positive magnitude of Q2 is associated with the Jahn–Teller distortion
and the low and negative value of Q3 indicates that an out-of-plane distortion along the c
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axis is competing with the JT distortion [25,26]. This implies that the lattice deformation
is primarily confined to the ac plane. A higher value of Q2 in comparison to Q3 indicates
a decrease in the b lattice parameter value and an increase in the a and c parameters, as
shown in Figure 2a. The continuous variation in the in-plane and out-of-plane distortions
with Mn substitution should have an impact on the magnetic properties.

Figure 3. (a) Crystal structure of Gd0.5Er0.5CrO3 compound obtained from the VESTA software; lx, ly
and lz denote the long and short Cr– O2 bond lengths mainly in the ac plane and the middle length Cr–
O1 mainly along the b axis (out of plane), respectively. (b) Q2 and Q3 represent the orthogonal-like
and tetragonal-like distortions, respectively. (c) Bond lengths and (d) octahedral distortion variation
as a function of Mn concentration.

3.2. Magnetic Study

The zero-field-cooled (ZFC) and field-cooled (FC) magnetization plots of the GECMO
series as a function of temperature from 2 K to 300 K at 100 Oe applied magnetic field are
shown in Figure 4a–f. Above TN (i.e., the Néel transition temperature), both the FC and ZFC
curves possess almost identical magnetization, whereas the curves become bifurcated below
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TN. The canted antiferromagnetism of Cr3+ ions may be responsible for this bifurcation.
The transition temperature for the pristine (x = 0) sample at 100 Oe magnetic field is
~144 K, which was evaluated by the first-order derivative of the magnetization temperature
curve. The transition temperature decreased with an increase in Mn3+ ion content. The
decrease in TN was due to the weakening of the AFM interaction between Cr3+ ions and
the development of ferromagnetic double-exchange interaction Cr3+-Mn3+ via the O2- ion.
It can be seen that, below TN, magnetization in both modes (ZFC and FC) increased to
a certain value with the lowering of temperature. It attained the maximum value below
10 K, corresponding to the ordering of rare-earth Gd3+ and Er3+ ions, and after this, it
started decreasing. The magnetization increased with Mn3+ ion doping for the samples
with x = 0, 0.1, 0.2, 0.3 in FC mode, but it decreased in the case of the samples with higher
Mn content. The magnetization in both modes (FC and ZFC) passed the zero magnetization
and became negative for the two samples with x = 0.4 and 0.5. The temperature where
the magnetization crosses the temperature axis (M = 0) is known as the compensation
temperature (Tcomp). Further, in the case of the compound with x = 0.4, magnetization
again started increasing below 10 K. This may have been due to the rotation of the net
magnetic moment from one easy direction to the other. In the present study, it is likely
that a higher concentration of manganese was responsible for the creation of a negative
internal field that rotated the magnetization of Gd3+ and Er3+ ions in the opposite direction
of the magnetization of Cr3+ ions. As we shall see later, the calculated value of the internal
field was negative (i.e., opposite to magnetization of Cr3+ ions) for compounds with x = 0.4
and 0.5.

Figure 4. (a–f): ZFC and FC magnetization curves of GECMO series measured under 100 Oe magnetic field.
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Figure 5a–d demonstrate the zero-field-cooled and field-cooled magnetization as a
function of temperature from 2 K to 300 K for the compound with x = 0.5 at 500 Oe, 1 kOe,
2.5 kOe and 5 kOe applied magnetic field. Here, we observed that, for a higher magnetic
field, negative magnetization disappeared. This means that the applied field of these values
dominated the internal field, so the overall magnetization became positive because of the
flipping of the magnetization of Gd3+/Er3+ ions in the direction of the applied field.

 

Figure 5. (a–d): ZFC and FC magnetization curves of x = 0.5 compound measured under 500 Oe,
1 kOe, 2.5 kOe and 5 kOe magnetic field.

Further, the FC magnetization data of the compounds, in which negative magnetiza-
tion appeared, were fitted using the following equation [27]:

M = MCr +
C(H + HI)

(T − θ)
(1)

In Equation (1), M is the total magnetization, MCr is the magnetization of canted Cr3+

ions, C is the Curie constant, HI is the internal field due to Cr3+ ions, H is the applied field
and θ is the Weiss temperature. The fitting is shown by a solid red line in Figure 6a,b. The
obtained parameters are listed in Table 2. We found negative values of internal field (HI)
for these compounds, which support the notion that induced magnetization occurred in
the opposite direction to the applied field.

 

Figure 6. (a,b): The FC magnetization curves fitted to Equation (1) for compounds with x = 0.4 and
x = 0.5 measured under 100 Oe magnetic field.
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Table 2. List of fitting parameters for negative magnetization of M–T curves in FC mode as shown in
Figure 6a,b.

Compound External Field (Oe) HI (Oe) θ (K)

x = 0.4 100 −301.81 −24.43
x = 0.5 100 −360.70 −24.59

Figure 7a–f express the inverse of magnetic susceptibility (χ−1) versus temperature
(T) plots of GECMO compounds measured at 100 Oe applied magnetic field. In the high-
temperature region, the inverse of magnetic susceptibility obeys the Curie–Weiss law
χ = C/(T-θ), where C is the Curie constant and θ is the Weiss temperature. The solid red
line shows the fitted curve using the Curie–Weiss law in the paramagnetic region above
the transition temperature. The experimental value of the effective magnetic moment was
calculated in the unit of Bohr magneton (μB) using the fitted Curie constant (C) value by
the following equation [28]:

μ
exp.
eff =

√
3KB C

N
=

√
8c (2)

where N is the Avogadro number and kB is the Boltzmann constant. The theoretical effective
magnetic moment value was also estimated using the free ionic moments of Gd3+ (7.9 μB),
Er3+ (9.59 μB), Cr3+ (3.87 μB) and Mn3+ (4.90 μB) by the following equation:

μTh.
eff =

√
(0.5)

(
μGd

eff

)2
+ (0.5)

(
μEr

eff

)2
+ (1 − x)

(
μCr

eff

)2
+ x

(
μMn

eff

)2 (3)
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Figure 7. (a–f): Inverse magnetic susceptibility versus temperature plots of GECMO series measured
at 100 Oe applied magnetic field. Open circles represent the experimental data points whereas solid
lines of plot display the fitting to the Curie–Weiss law. Insets represent the fitting of inverse magnetic
susceptibility versus temperature using Equation (4).

The value of fitted parameters (C and θ) and effective magnetic moment (calculated
and experimental) are summarized in Table 3 for all compounds. Here, a negative value of
θ suggests that the interaction is antiferromagnetic [29]. It is quite satisfactory that both the
values of effective magnetic moment (calculated and experimental) match fairly well with
each other.

Table 3. Magnetic parameters: Curie constant C (emu-K/Oe-mole), Weiss temperature θ (K), experi-
mental and theoretical effective magnetic moment obtained from Curie–Weiss fitting, and TCr′

N (K),
θ′ (K), C′ (emu-K/Oe-mole), fitting parameter T0 (K) and symmetric and antisymmetric exchange
constant obtained from modified Curie–Weiss fitting of inverse susceptibility vs. temperature data.

Compound x = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5

θ (K) −26.59 −28.57 −26.29 −24.39 −23.73 −21.48
C(emu-K/Oe-mole) 10.99 11.80 11.56 11.59 11.76 11.70

μ
exp.
eff (μB) 9.38 9.72 9.62 9.63 9.70 9.68
μTh.

eff (μB) 9.60 9.65 9.69 9. 74 9.79 9.83
TCr′

N (K) 144.28 132.77 119.10 103.91 86.02 68.01
T0 (K) 143.03 131.33 117.13 102.68 84.23 66.71
θ′ (K) −53.42 −48.98 −51.07 −36.70 −36.8 −28.34

C′(emu-K/Oe-mole) 11.91 12.50 12.41 12.00 12.19 11.91
Je/kB 9.54 8.76 7.81 6.85 5.62 4.53
De/kB 2.53 2.60 2.88 2.13 2.33 1.80

As is apparent from Figure 7a–f, the 1/χ versus T data fit well with the Curie–Weiss
law above the transition temperature (TN) and it deviates close to TN as there is an abrupt
drop in 1/χ with temperature reduction. The reason for this is that our samples were in
a canted antiferromagnetic state instead of simple antiferromagnetic. Such a deviation
from the Curie–Weiss behavior can be accounted for by the antisymmetric exchange (DM)
interaction [30]. Thus, the susceptibility was fitted by the modified Curie–Weiss law
obtained from the DM interaction:

χ =
C′

(T − θ′)
(T − T0)(
T − TCr′

N

) , (4)

where T0 and TCr′
N are the fitted parameters, which can be calculated by the formula given

by Moriya [30]:

T0 =
2Je ZS(S + 1)

3kB
, (5)
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TCr
N = T0

[
1 +

(
De

2 Je

)2
]1/2

(6)

where Z is the coordination number of Cr3+ ions, S is the spin quantum number of Cr3+

ions, and Je and De are the strength of symmetric and antisymmetric exchange interactions
between Cr3+ and Cr3+ ions, respectively. The data fitted using Equation (4) are shown as
the insets of Figure 7. The fitted parameters C′, θ′, T0 and TCr′

N are summarized in Table 3.
The non-zero values of De imply the presence of a DM interaction in these compounds.

3.3. Magnetocaloric Study

With the aim of exploring the efficiency of the materials for magnetic refrigeration
applications, the isothermal magnetization M − H curves of the GECMO samples were
obtained in the first quadrant with an applied field of up to 8 T. Figure 8a–f show the
M − H curves obtained from 5 K to 170 K with an interval of 5 K for GECMO samples.
There are two criteria that are used to characterize the magnetocaloric effect: the first is
the magnetic entropy change (ΔS) and the other is the relative cooling power (RCP). The
magnetic entropy change was calculated by using the following Maxwell’s relation [31]:

ΔS(T)ΔH =
∫ HF

HI

(
∂M(T, H)

H

)
dH (7)

ΔΤ

   

ΔΤ

 
  

Figure 8. (a–f): Isothermal magnetization M–H curves of the GECMO series.

Figure 9a–f display the magnetic entropy change calculated from Equation (7) as a
function of temperature under various applied field strengths. It can be noticed that the
value of −ΔS increased rapidly with a decrease in temperature. The maximum value of
−ΔS is 26.78 J Kg−1K−1 at 7.5 K and at 8 T applied field for the x = 0 compound. This is
comparable to the Er0.33Gd0.67CrO3 compound [19] and higher than other compounds such
as DyCrO3, HoCrO3, ErCrO3, etc., and dysprosium acetate tetrahydrate [32]. Furthermore,
with the Mn doping in the pristine compound, the value of −ΔS decreased. RCP was
evaluated by the following equation

RCP =
∫ T2

T1

ΔS(T)ΔHdT (8)
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where T1 and T2 are the lower and higher temperature of the refrigeration cycle (T1 = 7.5 K
and T2 = 172.5 K in this study), respectively. A greater RCP value generally denotes a better
magnetocaloric compound because of its high cooling efficiency. As displayed in the inset
of Figure 9a–f, the value of RCP increased with the increase in applied field. The values of
−ΔS and RCP for the GECMO series are listed in Table 4 for different applied magnetic
field values.
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Figure 9. (a–f): The temperature dependence of magnetic entropy change (−ΔS) and relative cooling
power (inset) of GECMO series in magnetic fields up to 8 T.

Table 4. Magnetic entropy change (−ΔS) and relative cooling power (RCP) at different applied
magnetic fields for the Gd0.5Er0.5Cr1−xMnxO3 series.

Compound x = 0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5

HMax.
(T)

−ΔSMax.
(J/kg-K)

RCP
(J/kg)

−ΔSMax.
(J/kg-K)

RCP
(J/kg)

−ΔSMax.
(J/kg-K)

RCP
(J/kg)

−ΔSMax.
(J/kg-K)

RCP
(J/kg)

−ΔSMax.
(J/kg-K)

RCP
(J/kg)

−ΔSMax.
(J/kg-K)

RCP
(J/kg)

1 3.34 75.18 3.25 77.19 2.87 70.15 2.94 65.52 2.10 58.73 1.49 44.04
2 6.69 150.37 6.51 154.38 5.74 140.30 5.88 131.04 4.20 117.46 2.98 88.09
3 10.04 225.56 9.77 231.57 8.62 210.46 8.82 196.56 6.31 176.20 4.47 132.13
4 13.39 300.75 13.02 308.76 11.49 280.61 11.76 262.08 8.41 234.93 5.96 176.18
5 16.74 375.94 16.28 385.95 14.36 350.76 14.70 327.61 10.52 293.67 7.46 220.22
6 20.09 451.13 19.54 463.14 17.24 420.92 17.64 393.13 12.62 352.40 8.95 264.27
7 23.44 526.32 22.79 540.33 20.11 491.07 20.58 458.65 14.72 411.13 10.44 308.32
8 26.78 601.51 26.05 617.52 22.99 561.23 23.53 524.17 16.83 469.87 11.93 352.36
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To gain a better understanding of the magnetocaloric effect, we further explored the
magnetic entropy change (−ΔS) in view of the magneto-elastic coupling and electron
interaction according to the Landau theory of phase transition [33,34]. According to this,
the Gibbs free energy can be defined as:

G(T, M) =
1
2

AM2 +
1
4

BM4 +
1
6

CM6 − MH (9)

where A, B and C are the temperature-dependent parameters (Landau coefficients). At
equilibrium, energy should be minimized, i.e., ∂G

∂M = 0, and Equation (9) gives

H
M

= A + BM2 + CM4 (10)

The Landau coefficients were calculated from the Arrott’s plots (H/M vs. M2) by
the best fit method. Magnetic entropy change was obtained by differentiating Gibbs free
energy with respect to temperature:

ΔSM(T, H) = −1
2

∂A
∂T

M2 − 1
4

∂B
∂T

M4 − 1
6

∂C
∂T

M6 (11)

The magnetic entropy change calculated by Landau theory was compared with that
calculated by Maxwell’s thermodynamic relations under 5 T magnetic field and the com-
parison is shown in Figure 10a–f. The variation in the Landau coefficients is also shown in
the inset of each plot. It can be seen from the plots that the magnetic entropy change versus
temperature behavior is the same according to different models.
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Figure 10. (a–f): Temperature dependence of magnetic entropy change (−ΔS) of GECMO series calcu-
lated using Landau theory and Maxwell’s relation. Insets show the variation in Landau coefficients.

4. Conclusions

In this paper, we studied Gd0.5Er0.5Cr1−xMnxO3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) com-
pounds for their low-temperature magnetic and magnetocaloric properties. The M–T
measurements indicate that the transition temperature for the pristine sample was ~144 K,
which decreased with Mn substitution. We also observed negative magnetization at lower
magnetic fields in compounds with x = 0.4 and 0.5 Mn concentrations. The existence of
the magnetization reversal offers the characteristic switching of magnetization. The mag-
netocaloric parameters such as magnetic entropy change (−ΔS) varied from 16.74 J/kg-K
to 7.46 J/kg-K and relative cooling power (RCP) from 375.94 J/kg to 220.22 J/kg with Mn
concentration under a 5 T field change. These values are significant for these materials to
be useful as low-temperature magnetic refrigerants, especially below 10 K.
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Abstract: Eu3+-doped YxLu1−xNbO4 (x = 0, 0.25, 0.5, 0.75, 1) were prepared by the solid-state
reaction method. YNbO4:Eu3+ and LuNbO4:Eu3+ crystallize as beta-Fergusonite (SG no. 15) in
1–10 μm diameter particles. Photoluminescence emission spectra show a slight linear variation of
emission energies and intensities with the solid-solution composition in terms of Y/Lu content. The
energy difference between Stark sublevels of 5D0→7F1 emission increases, while the asymmetry
ratio decreases with the composition. From the dispersion relations of pure YNbO4 and LuNbO4,
the refractive index values for each concentration and emission wavelength are estimated. The
Ω2 Judd–Ofelt parameter shows a linear increase from 6.75 to 7.48 × 10−20 cm2 from x = 0 to 1,
respectively, and Ω4 from 2.69 to 2.95 × 10−20 cm2. The lowest non-radiative deexcitation rate was
observed with x = 1, and thus LuNbO4:Eu3+ is more efficient phosphor than YNbO4:Eu3+.

Keywords: phosphor; Eu3+; niobates; Judd-Ofelt; quantum efficiency; refractive index

1. Introduction

Phosphors designed with rare earth (RE)-activated compounds are a continuously
rising research topic in both basic and applied science. Materials containing the trivalent
europium ion (Eu3+) are well known for their strong luminescence in the orange/red
spectral region, making them suitable for use in artificial lights, display devices, luminescent
sensing, and biomedical research, among other applications [1–4]. In addition, the Eu3+ ion
is a truly unique spectroscopic probe from a theoretical point of view. Because the 4f shell of
Eu3+ has an even number of electrons ([Xe]4f 6), the ion exhibits a non-degenerated ground
(7F0) and excited (5D0) energy states, as well as non-overlapping 2S+1LJ multiplets, resulting
in emission spectra that are predictably dependent on the host material site symmetry. The
energy level structure, the intensities of the f -f transitions (including the Judd–Ofelt theory),
and the decay times of the excited states allow the Eu3+ ion to be used as a spectroscopic
probe [5–8].

Compounds with the ABO4 composition (A = RE; B = P, V, Nb) are suggested to be
excellent hosts for luminescent materials in the vast field of phosphors [9–11] due to the
coupling between rare-earth (RE3+) ions and the BO4

3− group. RE-Niobates (RENbO4)
have long been known, but have received far less attention than vanadates or phosphates.
They are chemically stable and have good dielectric properties, as well as ion and proton
conductivities [12–15]. They have been prepared as single crystals [16,17], thin films [18],
and in crystalline power form [19,20] for a variety of potential applications, primarily as
optical hosts. Under UV or x-ray excitation, YNbO4 is a self-activated phosphor with a
broad and strong emission band in the blue spectral region around 400 nm (associated
with NbO4

3− groups from the host crystalline lattice) [21,22]. RE-Niobates’ luminescent
properties can be altered by doping with various rare-earth ions. Emission has been
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observed from: Tm3+, Tb3+, Dy3+, Sm3+, Er3+, Nd3+ [23–28], and Eu3+ [20,29]. Recent
applications of RE-doped niobates involved luminescent temperature sensors [27,30].

The RENbO4 structure type has a more complex profile than the REVO4 materials,
which always occurs in the typical tetragonal zircon structure type. YNbO4 was originally
thought to be the parent material of the RENbO4 group, like the natural mineral fergusonite,
leading to the classification of the material as a tetragonal phase with a scheelite (I41/a)
structure [31]. However, there are two major crystalline forms of RENbO4. One is the
low-temperature M-phase isostructure with a monoclinic form of the fergusonite, and the
other is the high-temperature T-phase corresponding to the tetragonal scheelite. Between
500 and 850 ◦C, the reversible transition between two phases, monoclinic and tetragonal,
occurs [32]. Subsequent research revealed that the low-temperature phase, monoclinic
beta-Fergusonite structure can be described by the space group I-centered (I12/a1) or
C-centered (C12/c1), as the I2/a space group is a non-standard setting of C2/c (SG no.
15) [33–35]. In both settings, Y is surrounded by 8 oxygens in a large, low-symmetry YO8
octahedron [34]. When other rare earth ions, such as Eu3+, occupy the Y site, the tilting of
adjacent NbO4 and NbO6 polyhedra is expected to influence the luminescence properties
of the dopant.

In this study, we wanted to investigate the effect of different ionic radii of RE3+ ions
on the photoluminescence of the Eu3+-activated niobate host. We prepared a set of five Eu-
doped YxLu1−xNbO4:Eu samples (x = 0, 0.25, 0.5, 0.75, and 1) with a fixed Eu concentration
(5%) to investigate the influence of the Y to Lu ratio in the host niobate material on Eu3+

luminescence features. In that sense, the crystal field splitting of 7F1 manifold, R intensity
ratio and Judd–Ofelt parameters were determined. The application of Judd–Ofelt theory
was explained, and the difference in the refractive index of the materials was considered.

2. Materials and Methods

The set of five samples, Eu-doped YxLu1−xNbO4:Eu3+ (x = 0, 0.25, 0.5, 0.75, and
1), were prepared by the solid-state reaction method. In the stoichiometric amounts of
starting materials, Yttirium(III) oxide (Y2O3 Alfa Aesar, 99.9%), Lutetium(III) oxide (Lu2O3,
Alfa Aeser 99.9%), and Niobium(V) oxide (Nb2O5 Alfa Aesar, 99.5%) were mixed with
Europium oxide (Eu2O3 Alfa Aesar, 99.9%) added in order for Y or Lu to reach 95% (i.e.,
Y0.95Eu0.05NbO4). With the addition of sodium sulphate decahydrate (Na2SO4 x 10H2O,
Alfa Aesar, 99%) as flux and small amount of ethanol, the mixtures were homogenized in
a ball mill (BM500, Anton Paar) for several hours. The dried mixture was pre-sintered at
800 ◦C for 2 h, then sintered at 1450 ◦C for 8 h and allowed to cool to room temperature.
Such obtained powders or pellets prepared from the powder under a load of 5 × 108 Pa
were used for measurements.

X-ray diffraction measurements were performed with a Rigaku SmartLab diffractome-
ter (Tokyo, Japan) using Cu Kα radiation (30 mA, 40 kV) measured in the 2θ range from 10◦
to 90◦. The built-in package software was used to obtain relevant structural analysis results
(crystal coherence size, microstrain values, unit cell parameters, and data fit parameters). A
Mira3 Tescan field emission scanning electron microscope (FE-SEM) (Brno, Czech Republic)
was used for microstructural characterization, operated at 20 keV and 5.00 kx magnification.
Photoluminescence excitation spectra were measured by a Horiba Jobin Yvon Fluorolog
FL3-221 spectrofluorometer (Palaiseau, France) equipped with a 450 W Xenon lamp, TBX-
04-D PMT detector and a double-grating monochromator with 1200 g/mm. The excitations
were performed by monitoring the emission maxima at 612 nm. Lifetime measurements
were performed using the same instrument equipped with a xenon–mercury pulsed lamp.
Photoluminescence emission spectra were recorded by a high-resolution spectrograph
(FHR 1000) (Palaiseau, France) equipped with a Horiba Jobin–Yvon Intensified Charge
Coupled Device–ICCD detector and selectable diffraction gratings of 300 and 1800 g/mm.
Samples were excited by a 365 nm LED (Ocean Optics) and driven by an Ocean Insight
LDC-1C controller.
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3. Results

3.1. Crystal Structure and Morphology

X-ray diffraction measurements confirmed that YNbO4:Eu crystallizes in a monoclinic
Fergusonite-beta-(Y) structure that can be best fitted with the C2/c space group correspond-
ing to pure YNbO4 ICDD No. 01-083-1319, as can be seen in Figure 1 [36]. The isostructural
incorporation of a bigger Eu3+ (rVIII = 1.066 Å) ion instead of a Y3+ (rVIII = 1.019 Å) ion of
YO8 dodecahedra results in a small maximum shift of approximately 0.03◦ to the lower 2θ
values [37]. X-ray diffraction measurements confirmed that LuNbO4:Eu3+ crystallizes in a
monoclinic Fergusonite-beta-(Lu) structure that can be best fitted with the I2/a space group
corresponding to pure LuNbO4 ICDD No. 01-074-6538, as can be seen in Figure 1 [35]. A
slight peak position shift of around 0.1◦ to the lower 2θ values is also observed, resulting
from the isostructural incorporation of a larger Eu3+ (rVIII = 1.066 Å) ion into the Lu3+ (rVIII
= 0.977 Å) position of LuO8 dodecahedra [36].

 

Figure 1. Comparison of the powder x-ray diffraction patterns of the YxLu1xNbO4:5%Eu (x = 0, 0.25,
0.5, 0.75, 1) samples with representative SEM images of YxLu1−xNbO4:5%Eu (x = 0, 0.5, 1) with a
10-micron bar.

Table 1 shows the relevant structural characteristics for both final compositions of
YxLu1−xNbO4:Eu3+ (x = 0 and 1), determined by Rietveld refinement of the experimental
data derived from Rigaku SmartLab built-in package software. The YNbO4:Eu3+ (x = 1)
parameters are refined to the C2/c space group, with a higher value of parameter a of the
unit cell around 7.63 Å and a higher β of 138.44◦, whereas LuNbO4:Eu3+ (x = 0) parameters
are refined to the I2/a space group, with a lower value of parameter a of the unit cell of
around 5.24 Å and a lower β of 94.43◦. Both samples have crystallite sizes of roughly
50 ± 3 nm and low strain values. The SEM images of YxLu1−xNbO4:5%Eu (x = 0, 0.5, 1)
materials presented in Figure 1 show irregularly shaped particles ranging in size from 1 to
10 microns. The YNbO4:5%Eu material comprises a higher proportion of smaller, densely
packed particles, whereas the particles in the LuNbO4:5%Eu material are larger and less
densely packed.
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Table 1. Structural parameters obtained by Rietveld refinement of XRD data for YNbO4:Eu3+ accord-
ing to ICDD 01-083-1319, and for LuNbO4:Eu3+ according to ICDD 01-074-6538.

Ref. Parameters YNbO4:Eu3+ (C2/c) LuNbO4:Eu3+ (I2/a)

Crystallite size (Å) 533(6) 479(6)
Strain (%) 0.08(2) 0.11(2)

a (Å) 7.62775(17) 5.23879(13)
b (Å) 10.9636(3) 10.8447(3)
c (Å) 5.30476(15) 5.04724(12)
α (o) 90 90
β (o) 138.4389(11) 94.4267(13)
γ (o) 90 90

Rwp 1 10.28% 10.25%
Rp 2 6.30% 6.55%
Re 3 3.23% 3.32%

GOF 4 3.1833 3.0895
1 Rwp—regression sum of weighted squared errors of fit; 2 Rp—regression sum of relative squared errors of fit;
3 Re—regression sum of relative errors of fit; 4 GOF—goodness of fit parameter.

3.2. Photoluminescence

The luminescence excitation and emission spectra of the Eu3+ (4f 6) ion in YxLu1−xNbO4
(x = 0, 0.25, 0.5, 0.75, 1) hosts clearly show characteristic f -f transitions, as shown in Figure 2.
The excitation spectra of all samples, observed in Figure 2a, as recorded at λem = 612 nm,
show several dominant excitation bands centered at around 540 nm (7F1 → 5D1), 529 nm
(7F0 → 5D1), 466 nm (7F0 → 5D0), 393 nm (7F0 → 5L6), and 365 nm (7F0 → 5D4). The
emission spectra of all samples recorded with λexc = 365 nm excitation are presented in
Figure 2b. Following the 7F0 → 5D4 excitation, the electrons non-radiatively deexcite to the
long-lived 5D0 level, from where the radiative relaxation occurs to the 7FJ ground multiplet.
In the recorded region, five dominant emission bands from the 5D0 level are centered at
595 nm (5D0 → 7F1), 612 nm (5D0 → 7F2), 655 nm (5D0 → 7F3), 710 nm (5D0 → 7F4), and
745 nm (5D0 → 7F5). The possible 5D0 → 7F6 cannot be recorded by the used experimental
setup. As is obvious from Figure 2, the luminescences in all the samples show overlapping
bands characteristic for the Eu3+ ion. The Stark level energies calculated from the recorded
excitation and emission spectra are presented in Table 2.

The intensity of the Eu3+ 5D0→7F2 (ΔJ = 2) forced electric dipole transition is hyper-
sensitive since it is strongly dependent on the coordinating polyhedron local site symmetry.
Given that the environment of Eu3+ ion is a (Y,Lu)O8 dodecahedron in all samples, small
changes can be expected because of the variation of ion positions governed by the different
ionic radii of Y and Lu ions [36].

The intensity of the parity-allowed Eu3+ 5D0→7F1 (ΔJ = 1) magnetic dipole transition
is considered as independent to the local symmetry; however, maximum splitting of the 7F1
manifold of the Eu3+ ion is a function of the host [38]. To observe the influence of the host on
the 7F1 manifold, additional measurements were performed using a 1800 g/mm diffraction
grating monochromator. To precisely determine the positions of all three maxima, a
deconvolution is applied, as presented in Figure 2c.

The positions (Peak energies [cm−1]) of the characteristic emission peak maxima of
YxLu1−xNbO4:Eu (x = 0, 0.25, 0.5, 0.75, 1) are presented in Figure 3a. As can be seen,
only small differences of around 10–20 cm−1 are determined, given the similarity of the
Eu3+ ion local environment. Trends of maximum ΔE splitting, the Stark splitting of 7F1
manifold, and the asymmetry ratio R corresponding to the Y/Lu content are presented in
Figure 3b. As is evident, ΔE increases linearly with the increase of the x value (increase in Y
content). For the same site symmetry and coordination number, the positions of the Stark
levels of emissions originating from the 5D0 level of Eu3+ depend on the covalency of the
metal-ligand bond [39].
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Figure 2. Luminescence spectra of YxLu1−xNbO4:Eu3+ (x = 0, 0.25, 0.5, 0.75, 1): (a) Excitation recorded
by monitoring 612 nm normalized to 7F0 → 5L6; (b) Emission spectra of under 365 nm excitation
and recorded with 300 g/mm, (c) Deconvolution of 5D0→7F1 peaks recorded under 1800 g/mm
diffraction grating.

Table 2. Calculated energy of Stark levels Y0.5Lu0.5NbO4:5%Eu.

Level Observed Energy [cm−1]

7F0 0
7F1 369
7F2 1200
7F3 1960
7F4 2999
7F5 3799
7F6 N/A
5D0 17,204
5D1 18,921
5D2 21,402
5D3 23,810
5L6 25,253
5L7 26,008

5G2–6 26,420
5L8 27,100

5D4 + 5L9 27,473
5L10 28,531

5H3,4,7 30,722

The asymmetry ratio R, which is the ratio of the two characteristic transitions, is
frequently used to obtain information on the local site symmetry. As the ratio can be
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influenced by the refractive index (n) of the host, experimental R values can be corrected
for n using the following equation [40]:

Rcorr =

[
9n2

(n2 + 2)2

]
I
(
5D0 − 7F2

)
I
(
5D0 − 7F1

) . (1)

Figure 3. (a) Positions of the emission peak maxima of YxLu1−xNbO4:Eu3+ (x = 0, 0.25, 0.5, 0.75, 1);
(b) Energy difference (ΔE) between 5D0→7F1 (1) and (3), and corrected asymmetry ratio (Rcorr).

Starting n values for LuNbO4 and YNbO4 were obtained from Ref. [10]. The refractive
index values for the other hosts were then calculated by approximation: n(YxLu1−xNbO4)
= x·n(YNbO4) + (1−x)·n(LuNbO4); and they are given in Figure 4. Characteristic n values
at different wavelengths are clearly marked in Figure 4, and they are used for further
Judd–Ofelt calculations.

 

Figure 4. The calculated refractive index values for YxLu1−xNbO4 (x = 0, 0.25, 0.5, 0.75, 1).

3.3. Judd–Ofelt Analysis

Eu3+ is the only ion with pure magnetic dipole transitions, 5D0→7F1 and 5D1→7F0,
allowing for the self-referenced Judd–Ofelt analysis from the single emission spectrum [5,6,41].
As the magnetic dipole transition strengths are independent of the host matrix, the radiative
transition probability of the magnetic dipole transition (MD) can be used for calibration
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of the spectrum [42]. Then, the Judd–Ofelt parameters can be estimated from the single
emission spectrum (without the traditionally used fitting procedure [43,44]), directly from the
relation [45,46]:

Ωλ

[
cm2

]
=

4.135 × 10−23

Uλ

(
νMD
νλ

)3 9n3
MD

nλ

(
n2

λ + 2
)2

Iλ

IMD
, (2)

where λ = 2,4,6 abbreviates 5D0→7Fλ transitions, and Uλ are the squared reduced matrix el-
ements with values of 0.0032, 0.0023, and 0.0002 for λ = 2,4,6, respectively. ν is the emission
barycenter energy, n is the refractive index, and I are the integrated emission intensities (the
employed MD transition here is 5D0→7F1). Equation (2) is given for intensities measured
in counts. In the case where intensities are given in power units, the power to the ratio of
barycenter energies should be equal to 4 [47].

From the Judd–Ofelt parameters, many derived quantities can be estimated directly:
radiative transition probabilities, branching ratios, radiative lifetime, and emission cross-
sections [48]. The radiative transition probabilities for a given λ and MD transition are
given by Equations (3) and (4), respectively [49]:

Aλ

[
s−1

]
= 8.034 × 109ν3

λnλ

(
n2

λ + 2
)2

UλΩλ, (3)

AMD

[
s−1

]
= 3 × 10−12ν3

MDn3
MD, (4)

The radiative lifetime, branching ratios, and emission cross-sections are estimated by
Equations (5)–(7), respectively [50,51]:

τrad[ms] =
103

∑λ=2,4,6 Aλ[s−1] + AMD[s−1]
, (5)

βλ,MD = 10−3 Aλ,MD

[
s−1

]
τrad[ms], (6)

σλ,MD

[
cm2

]
=

1.33 × 10−5

ν4
λ,MDn2

λ,MD

maxiλ,MD

Iλ,MD
Aλ,MD, (7)

where max(i) is the intensity at the transition maximum.
The experimentally measured lifetime values (τobs) of the emissions from the 5D0 level

are given in Table 3, allowing for the calculation of the non-radiative lifetime (τNR) by [52]:

τNR[ms] =
τradτobs

τrad − τobs
. (8)

The Judd–Ofelt parameters and derived quantities were calculated by the JOES appli-
cation software and are given in Table 3 [51]. With the increase of Y content in the hosts
(increasing x), certain trends can be observed: the Ω2 parameter of the hypersensitive
transition 5D0→7F2 increases with x, indicating an increasing degree of covalency and
decrease of Eu3+ site symmetry, and the Ω4 parameter, which relates to the viscosity and
rigidity of the host matrix, shows no significant change [53]. The Ω6 parameter could not
be estimated, as the emission 5D0→7F6 was not observed.

According to the changes in the refractive index and Judd–Ofelt parameters, the
radiative transition probabilities and cross-sections show a monotonic increase with x,
while the radiative lifetime decreases. As the observable lifetime also increases with x, the
non-radiative lifetime is at a minimum in the pure YNbO4, indicating that LuNbO4 is a
more efficient host matrix for the Eu3+ emission.

As the Judd–Ofelt parameters depend on the environment of the ion, the parame-
ters obtained by the semi-empirical method are a statistical average of the Judd–Ofelt
parameters for each ion. Thus, if there is a mix of non-equivalent sites in the host matrix,
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the Judd–Ofelt parameters represent an average value for each site, weighted by their
contribution [49]. Thus, the Judd–Ofelt parameters of the mixture of two hosts can be
predicted from the Judd–Ofelt parameters of the two pure compounds (a,b):

Ωλ = xΩ(a)
λ + (1 − x)Ω(b)

λ . (9)

Table 3. Judd–Ofelt parameters of YxLu1−xNbO4:Eu3+, branching ratios (β), radiative lifetimes
(τrad), emission cross-sections (σ), radiative transition probabilities (A), total radiative transition
probabilities (AR), observed lifetime (τobs), non-radiative lifetime (τNR), and intrinsic quantum yield
(ηint). Transitions 5D0→7F1,2,4 are abbreviated with MD, 2, and 4 in subscripts, respectively.

x 0 0.25 0.50 0.75 1

Ω2·1020

[cm2]
6.75 6.88 7.37 7.41 7.48

Ω4·1020

[cm2]
2.69 2.91 2.97 3.01 2.95

βMD [%] 14 14 14 14 14
β2 [%] 73 73 73 73 73
β4 [%] 13 14 14 14 13

τrad [ms] 0.782 0.859 0.916 1.027 1.134
σMD·1021

[cm2]
2.12 1.81 1.64 1.43 1.49

σ2·1021 [cm2] 9.96 9.40 9.71 9.01 8.87
σ4·1021 [cm2] 3.63 3.50 3.64 3.13 3.18

AMD [s−1] 179 163 148 133 120
A2 [s−1] 928 838 795 705 628
A4 [s−1] 171 164 148 136 115
AR [s−1] 1279 1164 1092 974 882
τobs [ms] 0.619 0.643 0.650 0.650 0.652
τNR [ms] 2.970 2.557 2.238 1.771 1.534
ηint [%] 79 75 71 63 57

The estimation of the Judd–Ofelt parameters from the emission spectra inherently
brings an error of about 10%. By fitting the Judd–Ofelt parameters to the linear relations
for each x, the Judd–Ofelt parameters can be refined by the values on the fitted curve,
as the estimate reduces the error of estimation for each by

√
k, where k is the number of

measurements. Thus, in the case of the mixture of YNbO4 and LuNbO4 in five ratios, the
error of each estimated Judd–Ofelt parameter is reduced about 2.2 times, and the more
correct values are on the fitted curve for each concentration (Figure 5).

 

Figure 5. Experimentally obtained Judd–Ofelt parameters and corresponding linear fits.
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4. Conclusions

In this study, we demonstrated how the Y-to-Lu ratio in YxLu1−xNbO4:Eu3+ powder
material influenced the Eu3+ luminescence features. The materials were synthesized using
the solid state reaction method. All of the structures crystallized as beta-Fergusonite, in
which the Eu ion replaced the Y or Lu ion in a large, low-symmetry octahedron. In all
composition hosts, the luminescence excitation and emission spectra of the Eu3+ (4f 6) ion
showed characteristic f -f transitions from which the Stark energy levels were calculated.

The specific features and energy positions of the characteristic 5D0→7F1 magnetic
dipole transition were determined when measured with a higher resolution and when
spectra deconvolution was used. The maximum ΔE splitting of the Stark splitting of 7F1
manifold and the asymmetry ratio R all exhibit Y/Lu content-dependent trends. Calcula-
tions based on the Judd–Ofelt theory were used to estimate specific quantities, concluding
that LuNbO4 is a more efficient host matrix for the Eu3+ emission.
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Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yen, W.M.; Shionoya, S.; Yamamoto, H. (Eds.) Practical Applications of Phosphors; CRC Press: Boca Raton, FL, USA, 2007; ISBN
9781315219974. [CrossRef]

2. Atuchin, V.V.; Subanakov, A.K.; Aleksandrovsky, A.S.; Bazarov, B.G.; Bazarova, J.G.; Gavrilova, T.A.; Krylov, A.S.; Molokeev, M.S.;
Oreshonkov, A.S.; Stefanovich, S.Y. Structural and spectroscopic properties of new noncentrosymmetric self-activated borate
Rb3EuB6O12 with B5O10 units. Mater. Des. 2018, 140, 488–494. [CrossRef]

3. Atuchin, V.V.; Aleksandrovsky, A.S.; Chimitova, O.D.; Gavrilova, T.A.; Krylov, A.S.; Molokeev, M.S.; Oreshonkov, A.S.; Bazarov,
B.G.; Bazarova, J.G. Synthesis and spectroscopic properties of monoclinic α-Eu2(MoO4)3. J. Phys. Chem. C 2014, 118, 15404–15411.
[CrossRef]

4. Shi, P.; Xia, Z.; Molokeev, M.S.; Atuchin, V.V. Crystal chemistry and luminescence properties of red-emitting CsGd1−xEux(MoO4)2
solid-solution phosphors. Dalton Trans. 2014, 43, 9669–9676. [CrossRef] [PubMed]

5. Binnemans, K. Interpretation of europium(III) spectra. Coord. Chem. Rev. 2015, 295, 1–45. [CrossRef]
6. Tanner, P.A. Some misconceptions concerning the electronic spectra of tri-positive europium and cerium. Chem. Soc. Rev. 2013, 42,

5090. [CrossRef]
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Abstract: Micro–nano cerium oxide particles with regular morphology and good dispersity have been
widely used in polishing and other industrial fields. Microwave heating is an effective, controllable
and green heating technology. The Venturi reactor used for microwave heating developed by our
team was the core equipment utilized to study the effects of pyrolysis conditions on the purity and
microstructure of cerium oxide particles. The experiments were carried out and the products were
characterized using XRD, SEM and EDS. Microwave heating, fluid flow and chemical reaction were
coupled using numerical simulation, the effects of microwave power, reactor location and waveguide
arrangement on temperature fields were investigated. The results showed that with the microwave
power increasing, the degree of crystallinity and purity of cerium oxide improved. The morphology
gradually became sphere-like. Varied reactor locations and waveguide arrangements changed the
gradient and dispersity of temperature fields. Bulk particles and agglomeration could be avoided, and
cerium oxide particles with average size of 80 nm were produced when the reactor was located in the
center of the cavity. Vertical arrangement of waveguides had the advantages of higher temperature
value, gentle gradient and better dispersity.

Keywords: microwave heating; cerium oxide; temperature field; morphology

1. Introduction

Cerium oxide (CeO2) is a cost-effective rare earth oxide that can be utilized in multiple
applications. CeO2 has been widely used in industrial applications, including chemical
–mechanical polishing, fuel cells and catalyzers [1–4]. In recent years, the preparation
method of CeO2 has been extensively investigated. L. Xiang [5] prepared micro–nano CeO2
by the static roasting of CeCl3. The purity of CeO2 increased when the roasting temperature
increased. However, a serious agglomeration of particles appeared in this method. This
was because the conventional heating method had a significant temperature gradient,
which was not of benefit for obtaining a good morphology of particles [6]. Microwaves
are electromagnetic waves of which wavelength ranges from 1 mm to 1 m. When an ion
solution is heated, polar molecules and ions move intensely and crash into each other, which
contributes to the heat release [7]. Microwave heating has the advantages of accelerating
the chemical reaction rate [8,9], selective heating [10,11] and easy control. H. Chen [12]
used zirconyl chloride octahydrate (ZrOCl2·8H2O) and ammonia water (NH3·H2O) as
raw materials to prepare nanometer zirconium dioxide (ZrO2) via the coprecipitation–
conventional heating method and the coprecipitation–microwave pyrolysis method. It was
found that the ZrO2 prepared using the conventional heating method had the disadvantages
of uneven particle size and agglomeration, the size of the ZrO2 particles exceeded 60 nm.
The particles prepared using microwave heating had better dispersity, of which size was
less 40 nm.
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During experiments of microwave heating, chemical reaction process cannot be ob-
served because of the non-transparent equipment, therefore numerical simulation has be-
come an essential tool to predict and visualize the temperature field [13–16]. S. Yu et al. [17]
investigated the pyrolysis process of methyl ricinoleate using microwave-assisted heating.
The effects of waveguide quantity and heating power in pyrolysis process were studied.
It was found that higher energy efficiency was obtained at higher power. The waveguide
quantity had much influence on the electric field distribution; however, no obvious differ-
ence on temperature distribution was observed. J. Zhu et al. [18] coupled electromagnetism
and heat by computing the Maxwell’s equations, wave equation and heat transfer equation.
The effects of microwave power on the temperature field of oil shale were investigated
using numerical simulation. The selective characteristic of microwave heating was ben-
eficial to the porosity and permeability enhancement of the sample. Higher microwave
power contributed to higher temperature, which increased the heating efficiency. The above
studies demonstrated that both microwave powers and waveguides had significant effects
on the intensity and distribution of electromagnetic field.

In this study, different temperature fields were obtained when microwave power,
reactor location and waveguide distribution were changed. Then, both experiment and
numerical simulation were carried out to investigate the influence of different temperature
fields on purity and morphology of products.

2. Experimental

The schematic diagram of the experiment was shown in Figure 1. Oxygen bottles pro-
vided oxygen for the chemical reaction. Oxygen velocity was measured using the gas flow
meter. CeCl3 solution was prepared by the CeCl3·7H2O (99%, analytical grade, Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China). It was jetted into the Venturi reactor, which
was developed by our team, the droplets were collided into smaller droplets by high-speed
oxygen. These droplets mixed well with oxygen due to an increased contact area with
oxygen, which accelerated the chemical reaction. In the industrial production process
of pyrolysis method, HCl was used to dissolve or recycle rare earth ore in the process of
extraction separation. However, there were no conditions for HCl recovery in the laboratory.
Therefore, the gas produced by the reaction was absorbed by the Na2CO3 solution.

 

Figure 1. Schematic diagram of the experiment.

The phase composition of the products was determined using X-ray diffraction (XRD,
Empyrean S3, PANalytical, Mumbai, India) at a scanning rate of 5◦/min in the 2θ range
from 10◦ to 90◦ with Cu Kα radiation (λ = 1.540598 nm). The microstructure of particles
was observed using scanning electron microscopy (SEM, apreo2c, Thermo Fisher, Waltham,
MA, USA). The average content of residual chlorine element was measured using energy
dispersive spectroscopy (EDS, ultim max 40, Oxford, UK).
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3. Numerical Simulation

3.1. Geometry

According to the microwave oven used in the experiment (custom-made by the Shan-
Lang Experimental Material Management Department), the simplified three-dimensional
model was shown in Figure 2. Three rectangular BJ26 waveguides were equidistantly
distributed on the surface of the microwave cavity. Dimensions of the microwave oven and
Venturi tube were shown in Table 1.

Figure 2. Simplified three-dimensional model of the equipment.

Table 1. Dimensions of models.

Length/mm Width/mm Height/mm Diameter/mm

Cavity 690 400 600 -
Waveguide 86.36 43.18 60 -

L1 - - 30 -
L2 - - 110 -
L3 - - 40 -
L4 - - 419 -
L5 - - 50 -
D1 - - - 80
D3 - - - 32
D5 - - - 80
Dm - - - 7

3.2. Governing Equation

The electromagnetic field inside the Venturi reactor is determined using the Maxwell’s
equation. The time-varying form of the Maxwell’s equations can be expressed in the
form below:

∇·D = ρe (1)

∇·B = 0 (2)

∇× E = −∂B
∂t

(3)

∇× H = −∂D
∂t

+ J (4)
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where B is the magnetic flux density (Wb/m3), D is the electric displacement or electric
flux density (C/m2), E is the electric field intensity (V/m), H is the magnetic field intensity
(A/m), J is the current density (A/m2) and ρe is the electric charge density (C/m3).

The complex relative permittivity, (εr), is defined as:

εr = ε′ − jε′′ (5)

where j =
√−1, ε′ is the dielectric constant and ε′′ is the corresponding loss factor (that

is, the imaginary part of the dielectric constant). ε′ represents the ability of microwaves to
penetrate the material, while ε′′ represents the ability of the material to store electricity.

The differential wave equation deduced using Maxwell’s equations was used to
describe the electromagnetic field distribution:

∇× μ−1
r (∇× E)− k2

0

(
εr − jσ

ωε0

)
E = 0 (6)

k0 = ω/c0 (7)

where ω is the angular frequency (rad/s), ε0 is the free space permittivity (8.85 × 10−12 F/m),
μr is the relative permeability, σ represents the electrical conductivity (S/m), k0 is the wave
number in free space and c0 represents the speed of light in vacuum (m/s).

When the electromagnetic field interacts with the solution, part of the electromagnetic
energy transforms into thermal energy, which is the source item of the energy equation.
The energy absorbed by the per unit volume solution can be expressed using the follow-
ing equation:

Q =
1
2

ωε0ε′′ |E|2 (8)

where |E| is the electric field modulus.
The energy equation is given as:

∂(ρT)
∂t

+∇·(vρT) = ∇·
(

k
cp

∇T
)
+ Q (9)

where T represents the temperature (°C), k is the thermal conductivity [W/(m·K)], ρ is the
density of the fluid, cp represents the specific heat capacity, v is the velocity and Q is the
source item.

The chemical reaction occurring inside the Venturi reactor can be expressed as:

4CeCl3(s) + 6H2O(g) + O2(g) = 4CeO2(s) + 12HCl(g) (10)

In the reactor, every relative species needs to observe the species mass conserva-
tion equation:

∂(ρYi)

∂t
+∇·(ρvYi) = −∇Ji + Ri + Si (11)

where Yi is the mass fraction of the ith substance, Ri is the net produce rate of the chemical
reaction of the ith substance, Si is the discrete phase of the ith substance that is responsible
for the additional produce rate caused by the user-defined source item and Ji is the diffusive
flux of the ith substance produced by the concentration gradient.

3.3. Material and Boundary Conditions

The main physical parameters, including permittivity, conductivity, thermal conduc-
tivity, specific heat and density, were measured in this study. The measured results of the
parameters were shown in Table 2. Enthalpy, entropy and other necessary parameters were
determined from the Practical Inorganic Thermodynamics Data Manual [19].
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Table 2. Main physical parameters measured at 363 K.

Properties
Dielectric
Constant

Loss Factor
Electrical

Conductivity
Thermal

Conductivity
Specific Heat Density

Symbol ε′ ε′′ σ k Cp ρ
Value 80.49 0.785 0.1383 S/m 0.53 W/(m·K) 5.025 J/(g·K) 1.023 g/cm3

Function T T T T T -
Source This study This study This study This study This study This study

Where ε′ = 0.0003T2 − 0.006T + 46.535, ε′′ = −0.0011T2 + 0.9937T − 151.307, σ = 3.29× 10−5T2 − 0.0197T + 2.9515,
k = −1.06 × 10−5T2 + 0.0081T − 1.0261, Cp = 2.87 × 10−5T2 − 0.016T + 7.043. The density did not change much
when the temperature changed.

To decrease the difficulty associated with the simulation and the computing period,
the following assumptions were proposed before solving the mathematical models:

1. Microwave frequency is constant (2.45 GHz).
2. The initial temperature inside the reactor is uniform (25 ◦C).
3. The fluid inside the reactor is incompressible.
4. Permeability is constant at 1.

The boundary conditions of the model were shown in Table 3. Three-dimensional
transient algorithm was selected in the Fluent 19.0 software. The following models were
used for the simulation: Eulerian multiphase, standard k-ε turbulence, energy equation and
species transport models. Pressure and velocity were coupled using the SIMPLE algorithm.
The computations were considered to converge when the residuals for all the quantities
did not exceed more than 10−3, except for energy equation with the residual below 10−6.

Table 3. Boundary conditions.

Boundary Type Value

Excitation Wave port -
Wall of waveguides and cavity Perfect E boundary -

Gas velocity Velocity-inlet 7 m/s
Material velocity Velocity-inlet 0.2 m/s

Outlet Outflow -

3.4. Independence Verification of Grid

The whole model was composed of unstructured grids. A local coordinate system
and an influence sphere were built at the Venturi tube, which contributed to the local
encrypted grids. The average quality of the grids was 0.842. Independence verification of
grids is shown in Figure 3. When the quantity of the grids reached 410 K, the error of the
temperature value at outlet was less than 10 K, which indicated that the grid quantity did
not cause too much fluctuation of the simulated results. To raise the simulated efficiency,
grid quantity of 410 K was used in this study.
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Figure 3. Independence verification of the grid.

4. Results and Discussion

4.1. Effect of Microwave Power

The experiment and simulation were both carried out when microwave power was
12, 13, 14, 15 and 16 kW, respectively. The comparation of Cl− content of the product
between experiment and simulation was shown in Figure 4. The error was below 3% (the
error bar in Figure 4 was 3%). It proved that the used model, parameters and boundary
conditions were rational. Cl− content was less than 2% when the power reached 16 kW.
The inserted XRD pattern showed that a single phase CeO2 was obtained when the power
reached 14 kW. The increased power caused higher strength of the diffraction peaks. The
software, MDI Jade, and the method of multipeak separation were used to analyze the
degree of crystallinity of products at each diffraction peak. As for the products prepared at
16 kW, the degree of crystallinity at the diffraction peak at 2θ = 28.56◦, 56.383◦ and 59.097◦
was obviously higher than that prepared at 14 kW. The degree of crystallinity at the other
diffraction peaks was almost equal under the two microwave powers. It indicated that
higher microwave power was beneficial to the improvement of the degree of crystallinity.

Figure 4. Comparation of Cl− content between experiment and simulation.
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The comparation of SEM images was shown in Figure 5. CeO2 particles had a sharp
morphology when it was produced at 14 kW. The increased power led to higher tempera-
ture. Sphere-like particles were obtained when power reached 16 kW. It indicated that the
higher microwave power was beneficial to the improvement of the particles’ morphology.

 
Figure 5. SEM images. (a) 14 kW, (b) 16 kW.

4.2. Effects of Reactor Location

Different reactor locations led to variations in the electromagnetic and temperature
fields inside the reactor. The schemes were shown in Figure 6a. The simulated temperature
fields at 12 kW were shown in Figure 6b. Temperature value was higher in the center
than it was when closer to the wall, which accorded with the features of the microwave
heating model. With the reactor location changing, temperature fields varied considerably.
However, the model of center heating was not changed. The temperature value was always
300 K in the front part of the reactor because only oxygen existed there, which is a substance
that cannot absorb microwaves.

  
(a) (b) 

Figure 6. (a) Schemes of different reactor locations, (b) temperature field.

Scheme (a) shows the highest average temperature and the gentlest temperature
gradient in the radial direction. Scheme (b) shows the worst temperature dispersity in
the axial direction because the region of high temperature was concentrated at the end of
the reactor. The temperature dispersity of Scheme (d) was better than Scheme (b), which
benefited the reactant as it was heated earlier. Scheme (e) had the worst temperature field
distribution because there was a significant radial temperature gradient and the lowest
average temperature. It is obvious that the temperature field of Scheme (c) was similar
to Scheme (a). Therefore, the products of Schemes (a), (b), (d) and (e) were characterized
using SEM, as shown in Figure 7. The CeO2 particles produced via Scheme (a) had a
regular morphology and its average particle size was near 80 nm, the smallest among
the four Schemes. However, each single particle produced via Scheme (b) had a crude
morphology, which may be attributed to the shortened heating time of the solution caused
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by the concentrative temperature field. Additionally, it had a bad particle dispersity. CeO2
produced via Scheme (d) had a relative regular morphology, even particle size and good
dispersity. In Figure 7d, it is obvious that serious agglomeration and many bulk particles
appeared. According to the above results, it can be concluded that a gentler temperature
gradient was beneficial for eliminating the agglomeration and bulk particles. Comparing
the simulated temperature fields and SEM images of Scheme (b) with (d), it was found that
a better temperature dispersity contributed to a better dispersity of particles.

 
Figure 7. SEM images. (a) Scheme (a), (b) Scheme (b), (c) Scheme (d) and (d) Scheme (e).

4.3. Effects of Waveguide Distribution

The effect of various waveguide distributions on the temperature field was inves-
tigated. Numerical simulation was used to predict the morphology and purity of the
products due to the high cost of experimental equipment. Differently to the experimental
Scheme, three new Schemes of waveguide arrangements and their temperature fields were
shown in Figure 8. All the Schemes had a good axial temperature dispersity. However, in
Scheme (a), the waveguides were parallelly arranged and had an extremely large temper-
ature gradient at the end of the reactor, and the temperature at most regions was below
600 K, which may not cause the chemical reaction. The vertically arranged waveguides of
Schemes (b) and (c) led to higher than average temperature values and gentler temperature
gradients. Based on the former deductions and the SEM images of the experiment, as seen
in Scheme (a), it can be predicted that there is a high probability that the agglomeration
and bulk particles will appear and, for each particle, that sharp morphology will appear.
Comparing the temperature fields of Scheme (b) and (c) with the experimental field, it can
be deduced that the phenomenon of agglomeration is unlikely to appear because of the
gentle temperature gradient and that CeO2 particles produced via Scheme (b) will have
a more regular morphology than Scheme (c). Figure 9 showed the temperature and Cl−
content at the outlet of the three new Schemes. Cl− content reached 16.85% due to the
low overall temperature of Scheme (a). It can be predicted that the Cl− content of CeO2
produced by Scheme (b) will be close to 2.07%.
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Figure 8. Schemes of waveguide distributions and their temperature fields.

 

Figure 9. Comparation of temperature at outlet and Cl− content.

5. Conclusions

In this study, the effects of microwave power, reactor location and waveguide distribu-
tion on the CeO2 purity and microstructure were investigated. The following conclusions
were obtained:

1. Microwave power had significant effects on the purity of the products. Higher power
contributed to higher purity and an improvement of the degree of crystallinity of
CeO2. When microwave power reached 16 kW, sphere-like CeO2 particles were
obtained and the residual Cl− content was only 0.15%. Increasing microwave power
also had benefits for obtaining a more regular morphology of particles.

2. Various reactor locations caused various temperature fields to present varied temper-
ature gradients and dispersities, which had a remarkable effect on the microstructure
of CeO2 particles. The simulated nephogram of temperature fields combined with
SEM images showed that large temperature gradients caused agglomeration and bulk
particles to appear, and better temperature dispersity contributed to a better dispersity
of particles. When the reactor was located in the center of the cavity, CeO2 particles
with a regular morphology were prepared, which had an average size of 80 nm.
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3. Varied waveguide arrangements also caused various temperature fields. The vertical
arrangement of waveguides had the advantages of higher temperature value, gentle
gradient and better dispersity. It was predicted that the actual value of Cl− content
was close to 2.07% when the waveguides were distributed in Scheme (b). Moreover,
the morphology was similar to Scheme (c) and better than Scheme (a).

From the perspective of energy efficiency, at the current stage, there is a problem of high
energy consumption. Reducing energy consumption and improving the energy utilization
while ensuring the product quality will be the focus in the next stage of study. In addition,
gas velocity determined the atomization effect, which can change the microstructure of
the particles. In the next stage, the effect of gas velocity on particle microstructure will be
worth studying.
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Abstract: Crystalline SrWO4 was synthesized at room temperature using a co-precipitation method.
To use the SrWO4 as a phosphor, green and red phosphors were synthesized by doping with Tb3+

and Eu3+ rare earth ions. The synthesized samples had a tetragonal structure, and the main peak
(112) phase was clearly observed. When the sample was excited using the absorption peak observed
in the ultraviolet region, SrWO4:Tb3+ showed an emission spectrum of 544 nm, and SrWO4:Eu3+

showed an emission spectrum of 614 nm. When Tb3+ and Eu3+ ions were co-doped to realize various
colors, a yellow-emitting phosphor was realized as the doping concentration of Eu3+ ions increased.
When the synthesized phosphor was scattered on a glass substrate with fingerprints, as used in the
field of fingerprint recognition, the fingerprint was revealed by green, red, and yellow emissions in
response to a UV lamp.

Keywords: SrWO4; phosphors; luminescence; fingerprint

1. Introduction

Crystalline tungsten has excellent thermal and chemical stability and has been applied
in various fields. A material that is thermally and chemically stable has high energy transfer
efficiency from tungsten ion to rare earth ion in the rare earth doped phosphor; thus, it
is suitable for use as a host material [1–3]. Rare earth (RE) ions doped in the host lattice
can generate high intensity emissions and various emission wavelengths, with a narrow
bandgap due to energy transfer between the 4f -4f shells [4–6]. The type and site symmetry
of the rare earth ions doped in a thermally and chemically stable host lattice are important
factors in the performance of various types of lighting, laser, and display devices [7–9].

It has been reported that the emission wavelength of phosphors used in various
types of light devices can vary depending on the type and concentration of the doped
rare earth ions, the sintering temperature, crystal grain size, excitation wavelength, and
synthesis conditions [10–13]. In particular, the main emission wavelength of the rare
earth ions is determined by competition between electric dipole transitions and magnetic
dipole transitions. If the electric dipole transition is strong, it reacts sensitively to the local
environment around the rare earth ions located in the host lattice, but magnetic dipole
transitions are hardly affected by external environmental factors [14–16]. For example,
two types of emission wavelengths occur in a phosphor doped with europium (Eu3+) ions.
In one emission spectrum, an orange emission (~597 nm) spectrum is generated by the
5D0 → 7F1 magnetic dipole transition, and the other is a rare red orange (~620 nm) emission
signal from the 5D0 → 7F2 electric dipole transition. It is known that either the magnetic
dipole transition or the electric dipole transition will become the main transition depending
on whether Eu3+ rare earth ions located in the host lattice are in the inversion-doping region
or not, and this determines the emission wavelength [17–19]. Yu et al. synthesized the
BaWO4:Eu3+, Bi3+ phosphor powder using a solid-state method and chemical immersion
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method and observed that the red emission at 613 nm increased as the doping concentration
of Bi3+ ions increased [20]. Jung et al. synthesized crystalline BaWO4 by preparing a
precursor by co-precipitation and heat-treating it at 800 ◦C. By doping Dy3+, Tb3+, and
Sm3+ rare earth ions, phosphors emitting yellow, green, and red were synthesized and
applied to anti-counterfeiting [21]. Shinde et al. synthesized NaCaPO4 phosphor doped
with Ce3+, Eu3+, and Dy3+ rare earth ions using the combustion method. In the case of the
Ce3+ ion-doped phosphor, an emission wavelength of 367 nm was obtained. Blue light
emission at 482 nm (4F9/2 → 6H15/2, magnetic dipole transition) and light emission at
576 nm (4F9/2 → 6H13/2, electric dipole transition) were observed [22].

In this study, crystalline SrWO4 was synthesized at room temperature by co-precipitation.
Then, green and red phosphors were synthesized by doping with rare earth ions Tb3+ and
Eu3+, respectively, and yellow phosphors were synthesized by co-doping the two rare earth
ions. The structure of the synthesized phosphor, the size and shape of particles, and their
luminescence characteristics were investigated. The synthesized phosphor was reacted
with a UV lamp to visualize a fingerprint using the emission color, suggesting that it can be
applied to the field of anti-counterfeiting.

2. Materials and Methods

2.1. Synthesis of SrWO4:RE3+ by Co-Precipitation at Room Temperature

Starting materials: Strontium acetate ((CH3CO2)Sr, Sigma-Aldrich, reagent grade),
Sodium tungstate (Na2WO4·2H2O, Sigma-Aldrich, ≥99%), Terbium nitrate (Tb(NO3)3·xH2O,
Tb3+, Sigma-Aldrich, 99.999%), Europium nitrate (Eu(NO3)3·6H2O, Eu3+, Sigma-Aldrich, 99.9%)

The synthesis process was as follows. First 1 mmol (CH3CO2)Sr was placed in beaker
‘A’ and stirred with 50 mL distilled water. Then, 1 mmol Na2WO4·2H2O was placed in
beaker ‘B’ and stir with 50 mL distilled water (Figure 1). When the solutions in the ‘A’
and ‘B’ beakers are completely dissolved and become transparent, pour the ‘B’ solution
into the ‘A’ beaker, and stir at room temperature for about 20 min. The reacted solutions
change to a white opaque color and a powder is formed. The formed powder is recovered
by centrifugation at 4000 rpm for 10 min. The recovered powder is washed 3 times with
distilled water to remove unreacted substances and then centrifuged again to recover the
powder and dried at 80 ◦C for 16 h (Figure 1). To synthesize the phosphor, 0.25 mmol each
of Tb3+ and Eu3+ was added to the ‘A’ beaker and processed in the same manner. White
light phosphor was synthesized by co-doping by fixing the amount of Tb3+ and controlling
the amount of Eu3+.

2.2. Fabricated Fingerprint Identification Application

To use the synthesized phosphor for fingerprint recognition, a thumb fingerprint was
imprinted on a glass substrate. After spraying the synthesized phosphor on the glass
substrate and removing the remaining powder with a brush, the fingerprint on the glass
substrate could be visualized by illuminating it with a UV lamp, which revealed the unique
luminous color of the phosphor.

2.3. Characterization

The crystal structure of the synthesized phosphor powder was measured using an
X-ray diffraction apparatus (X’Pert PRO MPD, 40 kV, 30 mA) having Cu–Kα radiation
(wavelength: 1.5406 Å) at a scan rate of 4◦ per minute at a diffraction angle of 10◦ to 70◦.
The size and microscopic surface shape of the crystal grains were photographed with a
scanning electron microscope (TESCAN MIRA 3 LMH FE-SEM, TESCAN, Brno, Czech
Republic), and a fluorescence photometer (FS-2, Scinco) with a xenon lamp was used as a
light source to obtain emission and absorption characteristics.
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Figure 1. Procedure for co-precipitation.

3. Results & Discussion

3.1. Characteristics of SrWO4 and SrWO4:RE3+

Figure 2a shows the XRD measurement results of SrWO4, SrWO4:Tb3+, and SrWO4:Eu3+.
SrWO4 synthesized by co-precipitation showed a tetragonal (a = 5.400 Å, b = 5.400 Å,
c = 11.910 Å) structure consistent with ICDD # 01-089-2568. The (112) peak, which is the
main diffraction peak, was clearly observed, and the sample to which the rare earth was
added also clearly exhibited the main peak.

 

Figure 2. (a) XRD patterns, (b) d(112) spacing of SrWO4 and SrWO4:RE3+.

Based on the ‘Lewis’s acid–base’ reaction, the samples synthesized by the co-precipitation
method showed an explosive reaction when the solution dissolved in beaker ‘A’ became
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‘Homo’ and the solution dissolved in beaker ‘B’ became ‘Lumo’ [23,24], and crystalline
SrWO4 was easily synthesized at room temperature. Figure 2b shows the lattice constant
change with and without rare earth doping with the (112) plane, which is the main peak
of the sample, of the hosts SrWO4, SrWO4:Tb3+ and SrWO4:Eu3+, respectively. The lattice
constant of the (112) phase, which is the main peak of SrWO4, was slightly changed by the
rare earth doping (SrWO4: 0.291 nm, SrWO4:Tb3+: 0.2892 nm, SrWO4:Eu3+: 0.2892 nm).
It is considered that the change in the crystal lattice is due to the doping with rare earth
ions, which have a relatively large ionic radius [25]. FE-SEM images of the synthesized
samples are shown in Figure 3. The samples showed a long cylindrical shape with and
without doping.

 

Figure 3. FE-SEM images of (a) SrWO4, (b) SrWO4:Tb3+, and (c) SrWO4:Eu3+ samples.

The particle size of SrWO4 was about 5.78 μm in the longitudinal direction and about
2.36 μm in the transverse direction (Figure 3a). Rare earth doped SrWO4:Tb3+ particles were
about 3.57 μm in the longitudinal direction and about 2.29 μm in the transverse direction
(Figure 3b), and SrWO4:Eu3+ particles had a size of about 4.82 μm in the longitudinal
direction and about 2.31 μm in the transverse direction (Figure 3c). Krishna at al. reported
BaMoO4 is synthesized by reacting with MoO4

−2, which is a monomer of oxyanion and
grows in the vertical direction immediately after mixing the Ba aqueous solution and Mo
aqueous solution. It is reported that the shape of the shuttle was clearly visible due to the
larger rift in Oswald. It was synthesized using basic materials and explained by the action
of the bases [26].

The host SrWO4 showed absorption in a wide range, from 220 to 340 nm, and peaked
at 277 nm. When the sample was excited at the highest peak of 277 nm, it was broad from
350 to 650 nm, and the peak at 492 nm showed blue–white emission spectrum (Figure 4a).
Figure 4b shows the emission spectrum of SrWO4:Tb3+ phosphor synthesized by doping
Tb3+ rare earth ions into SrWO4. The absorption spectrum of the phosphor powder under
544 nm showed that the band of charge-transfer transition (CTB) generated between the
O−2 and W6+ of the WO4

2− groups was widely distributed in the 210~290 nm region with
a peak at 254 nm [27]. When the phosphor powder was excited with 254 nm, peaks at 487,
544, 586, 620, and 649 nm were observed in the emission spectrum. Among these peaks,
the intensity of the green emission spectrum produced by the magnetic dipole transition
was the strongest. This emission intensity was 2.99 times stronger than the blue emission
intensity produced by the electric dipole transition. The Tb3+ ion in the SrWO4 lattice is
located at the inversion symmetric site because the emission intensity due to the magnetic
dipole transition of green emission is strong [28].

Figure 4c shows the absorption and emission spectrum of the SrWO4:Eu3+ phosphor
synthesized by doping with the rare earth ion Eu3+. The absorption spectrum of the
phosphor powder under 614 nm shows the absorption spectrum by CTB generated between
O2− and Eu3+ ions, which appear over the 230~310 nm region and have a peak at 277 nm,
with Eu3+ observed over the 310~400 nm region. Absorption signals due to the 4f -4f
transition of ions were observed [29]. The emission spectrum of the synthesized phosphor
was measured by excitation at 277 nm. The phosphor powder showed a red–orange
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emission spectrum with a peak emission intensity at a wavelength of 614 nm and a spectrum
with peaks at 590, 650, and 700 nm. Among these peaks, the 614 nm peak due to the electric
dipole transition and the 590 nm peak due to the magnetic dipole transition signal had an
intensity difference of about 7.94 times, indicating that the Eu3+ ions in the host are located
in non-inversion symmetric sites [30].

Figure 4. Photoluminescence spectra of (a) SrWO4, (b) SrWO4:Tb3+, and (c) SrWO4:Eu3+ samples.

3.2. Characteristics of the SrWO4: [Eu3+]:[Tb3+] Phosphors

Figure 5a shows the X-ray diffraction peak of SrWO4 co-doped with rare earth ions Tb3+

and Eu3+ as a white light-emitting phosphor. In the XRD pattern of the synthesized samples,
a secondary phase caused by rare earth doping was not found, and the diffraction signal of
the main peak (112) was clearly observed. Figure 5b shows the lattice constant change of
the (112) phase, which is the main peak of the rare earth co-doped SrWO4:[Eu3+]/[Tb3+]
samples. Previously, the lattice constants of the SrWO4:Tb3+ and SrWO4:Eu3+ samples
doped with a single rare earth decreased, but the lattice constants of the samples doped
with both increased. It is believed that the crystal lattice is distorted, or the structure is
changed by the amount of added rare earth ions, which have a relatively large ionic radius.

Figure 5. (a) XRD patterns of SrWO4:[Eu3+]/[Tb3+] and (b) change of d(112) spacing.

Figure 6 shows the FE-SEM images and energy dispersive X-ray spectroscopy (EDS)
mapping component analysis results of the synthesized SrWO4:[Eu3+][Tb3+] phosphor. The
shape of the particles grew in the longitudinal direction with a cylindrical shape close to
the shape of a dumbbell. The particles were about 3.18 μm in the longitudinal direction
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and about 1.45 μm in the transverse direction. In the EDS component analysis, Sr, W, O,
Tb, and Eu components were detected, which confirmed that rare earth ions had been
successfully doped.

Figure 6. FE-SEM images and EDS mapping analysis of SrWO4:[Eu3+]/[Tb3+].

Figure 7a shows the emission spectrum of the SrWO4:[Eu3+]/[Tb3+] phosphor pow-
der co-doped with changing Eu3+ ion concentrations, while the Tb3+ ion concentration
remained fixed. The emission spectra of the two rare earth ions were shown when excited
at a wavelength of 254 nm, as the doping concentration of Eu3+ increased. Green at 544 nm
and orange–red at 614 nm were simultaneously observed. As the concentration of Eu3+ ions
increased, the intensity of the green emission by Tb3+ ions decreased, which means that the
emission energy was converted from Tb3+ ions in the host lattice to Eu3+ ions (Figure 7b).
The energy transfer efficiency from Tb3+ to Eu3+ ions can be expressed by Equation (1) [31].

η = 1 − I/I0 (1)

Here, I is the emission intensity of the Tb3+ ions in the SrWO4:[Eu3+]/[Tb3+] phosphors,
and I0 is the emission intensity of Tb3+ ions in the SrWO4:Tb3+ phosphors. As shown in
Figure 7c, as the amount of added Eu3+ ions increases, the energy transfer efficiency tends
to increase. However, the emission intensity decreased, which is a concentration-quenching
phenomenon due to excessive rare earth doping [23]. In the CIE color coordinates, as the
doping concentration of Eu3+ ions increased, the green coordinates moved to the yellow
region (Figure 7d). According to Zhu et al. [32], among the Tb3+ and Eu3+ rare earth ions
co-doped with the CaCO3 cubic structure, the green emission of Tb3+ decreases and the
intensity of the red emission of Eu3+ increases as the doping concentration of Eu3+ increases.
Regarding the energy from Tb3+ to Eu3+ ions, it was reported that a transfer occurred. In
this study, as the doping concentration of Eu3+ ions increased in the Tb3+ and Eu3+ ions
co-doped with SrWO4, the intensity of green emission decreased, and the intensity of red
emission increased as the energy transfer occurred.

Figure 8 shows the schematic energy diagram of terbium and europium ions lumi-
nescence mechanisms in SrWO4:[Eu3+]/[Tb3+] phosphors. The phosphors under 254 nm
were excited, and 5D3 states of Tb3+ can luminesce non-radiatively to the energetically
lower 3D4 excited states. Since the 5D4 states of the Tb3+ and the 5D3 states of Eu3+ are
energetically closed to each other, excitation energy availability transferred to the 5D3 states
from Eu3+ by the path of resonance transmission. Thus, Tb3+ mainly emitted green peaks
due to 5D4 → 7F5, and Eu3+ emitted red due to 5D0 → 7FJ [32].
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Figure 7. (a) Pl spectra under 254 nm, (b) change in PL intensity, (c) energy transfer efficiency, and
(d) CIE coordination SrWO4:[Eu3+]/[Tb3+].

Table 1 shows a reported phosphor synthesized by adding various rare earth ions,
with tungsten oxide as a host. Several types of phosphors have been reported, such as
up-conversion pre-conversion phosphors co-doped with Yb3+ and Er3+ and red phosphors
co-doped with Eu3+ and Sm3+. A phosphor was synthesized, and a yellow-emitting
phosphor was synthesized by co-doping with Tb3+ and Eu3+ ions to produce various
light-emitting materials as in the previously reported research [33–37].

Table 1. Comparison of previous work in tungsten oxide phosphors.

No. Host Rare Earth Type Wavalength (nm)

1 [33] SrWO4 Er3+/Yb3+ Up conversion 489, 525
2 [34] SrWO4 Tm3+/Yb3+ Up conversion 684, 814
3 [35] CaWO4 Sm3+/Eu3+ Down conversion 592, 615
4 [36] CaWO4 Eu3+/Sm3+ Down conversion 622, 630
5 [37] SrWO4 Eu3+/Sm3+ Down conversion 590, 613

This work SrWO4 Eu3+/Tb3+ Down conversion 544, 614
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Figure 8. Schematic of Tb3+ and Eu3+ energy levels indicating the energy transfer processes in the
SrWO4 phosphors.

3.3. Applied for Fingerprint Identification

To clearly observe the fingerprint of the author’s thumb on the glass substrate, the
synthesized phosphor powder was scattered, and then the shape of the fingerprint was
visualized by illuminating it with a UV lamp. The phosphor doped with rare earth ions
revealed the fingerprints in emissions of green and red, which are their own colors, and the
specimens co-doped with Eu3+ and Tb3+ revealed the fingerprints by emitting yellow light.
The results suggest that the synthesized phosphor can be used for fingerprint identification
(Figure 9).

Figure 9. Images of fingerprint coated with phosphors under a UV lamp.
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4. Conclusions

Crystalline SrWO4 was synthesized at room temperature by co-precipitation. Then,
green and red phosphors were synthesized by doping with rare earth ions, Tb3+ and Eu3+,
respectively. The synthesized samples clearly exhibited the (112) phase, which was the main
peak in the X-ray diffraction pattern, and the lattice constant was changed by doping with
rare earth ions. The synthesized specimens had a size of several microns and a cylindrical
shape. In addition, when each specimen was excited using an absorption peak in the
ultraviolet region, SrWO4:Tb3+ exhibited green, and SrWO4:Eu3+ emitted red due to the
doped rare earth. In the specimen co-doped with Tb3+ and Eu3+ to obtain various color
emissions, the color coordinates shifted to the yellow region as the doping concentration
of Eu3+ ions increased. The synthesized phosphor was scattered on the glass substrate on
which the fingerprint was printed, and when a UV lamp was lit, the green, red, and yellow
emission colors were visualized so that the fingerprint could be clearly recognized.
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Abstract: Trivalent lanthanides (Ln3+) doped bismuth-based inorganic compounds have attracted
considerable interest as promising candidates for next-generation inorganic luminescent materials.
Here, a series of K0.3Bi0.7F2.4 (KBF) nanocrystalline particles with controlled morphology have been
synthesized through a low-temperature aqueous-phase precipitation method. Using KBF as the
host matrix, Eu3+, Tb3+, Pr3+, Nd3+, Sm3+, and Dy3+ ions are introduced to obtain K0.3Bi0.7F2.4:Ln3+

(KBF:Ln) nanophosphors. The as-prepared KBF:Ln nanophosphors exhibit commendable photolumi-
nescence properties, in which multicolor emissions in a single host lattice can be obtained by doping
different Ln3+ ions when excited by ultraviolet light. Moreover, the morphology and photolumi-
nescence performance of these nanophosphors remain unchanged under different soaking times in
water, showing good stability in a humid environment. The proposed simple and rapid synthesis
route, low-cost and nontoxic bismuth-based host matrix, and tunable luminescent colors will lead
the way to access these KBF:Ln nanophosphors for appealing applications such as white LEDs and
optical thermometry.

Keywords: K0.3Bi0.7F2.4; nanophosphors; lanthanide; photoluminescence

1. Introduction

Inorganic luminescent nanoparticles have aroused tremendous attention compared
with their bulk counterparts owing to their unique features such as tunable emission peaks,
sharp emission bandwidth, large stokes shift, and excellent luminescence stability against
heat and irradiation [1–4]. As a result, trivalent lanthanides doped inorganic nanopar-
ticles show a rather wide range of applications in areas such as spectroscopic analysis,
anti-counterfeiting, biomedicine, and light-emitting diodes (LEDs) [5–9]. In the past two
decades, a large number of novel luminescent nanomaterials have been designed and
developed to take advantage of their nanoscale size and distinct luminescence properties.
Among them, rare earth fluorides are becoming a hot research topic in consideration of
their high chemical stability, very low lattice phonon energy, and good accommodation for
Ln3+ [10–15]. Nevertheless, substantial rare earth salts are usually required to synthesize
these rare earth fluoride nanomaterials, which greatly limits their further development and
application. Therefore, it is urgent and necessary to further explore new and efficient host
materials for luminescent lanthanides.

Bismuth-based inorganic materials are considered promising candidates for devel-
oping the next-generation inorganic phosphors because of the advantages of the rela-
tively inexpensive, nontoxic, and unique electronic structure of bismuth elements [16–19].
Among these bismuth-based inorganic hosts, bismuth fluorides have attracted signifi-
cant attention [20,21]. As a result of extensive research, lanthanide-doped bismuth flu-
orides have been found numerous applications in photocatalysis (e.g., BiOF:Eu3+ and
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Bi7O5F11:Eu3+) [22,23], white LEDs (e.g., NaBiF4:Eu3+ and BiF3:Eu3+) [24,25] and op-
tical thermometry (e.g., BiF3:Yb3+,Er3+) [26]. Recently, K0.3Bi0.7F2.4 is emerging as a
more attractive host matrix for lanthanide doping to realize tunable emissions in a sin-
gle phosphor. For instance, An et al. synthesized a series of Yb3+/Ln3+ (Ln = Er, Ho,
Tm) co-doped K0.3Bi0.7F2.4: upconverting nanoparticles for dual-modal in vivo imaging
through a solvothermal method at 200 ◦C for 10 h in ethylene glycol [27]. Gao et al. re-
ported a room-temperature chemical precipitation method to synthesize K0.3Bi0.7F2.4:Yb3+,
Er3+, and K0.3Bi0.7F2.4:Eu3+ nanoparticles by using ethylene glycol as the reaction sol-
vent [28,29]. Du et al. have used a similar precipitation method to prepare Tb3+/Eu3+-
codoped K0.3Bi0.7F2.4 nanoparticles for white LED application [30]. In our previous research,
we synthesized the Yb3+/Ln3+ (Ln = Er, Ho, Tm)-doped K0.3Bi0.7F2.4 nanoparticles by using
a very fast (1 min only) method in a water-based system at very low temperature (room
temperature−90 ◦C) [31]. However, rapid synthesis of other lanthanide ions (Pr3+, Nd3+,
Sm3+, Dy3+, Eu3+, and Tb3+) doped KBF nanocrystals in the water-based system and their
photoluminescence properties are rarely reported.

Here we report the controlled synthesis and multicolor luminescence properties
of KBF:Ln nanophosphors synthesized by a low-temperature water-based precipitation
method. The composition and morphologies of the obtained KBF:Ln nanophosphors are
investigated in detail by varying the synthesis conditions. The obtained KBF:Ln nanophos-
phors show tunable emission colors and good chemical stability against humidity. The
results suggest that the as-prepared KBF:Ln nanophosphors are promising candidates for
application in white LEDs and optical thermometry.

2. Experimental Process

BiCl3 (Macklin, Shanghai, China), KF (99.9%, Macklin, Shanghai, China), HCl (37 wt%,
Sinopharm, Shanghai, China), PrCl3·6H2O (99.99%, Aladdin, Shanghai, China),
NdCl3·6H2O (99.9%, Aladdin, Shanghai, China), SmCl3·6H2O (99.99%, Aladdin, Shang-
hai, China), DyCl3·6H2O (99.99%, Aladdin, Shanghai, China), EuCl3·6H2O (99.99%, Aladdin,
Shanghai, China) and TbCl3·6H2O (99.9%, Aladdin, Shanghai, China) are used as the starting
materials. The pure and doped KBF samples were synthesized by a low-temperature water-
based precipitation method in accordance with our earlier study [31]. The detailed synthesis
procedure and sample characterization are presented in the Supporting Information.

3. Results and Discussion

3.1. Phase Composition of the Pure and Doped KBF Nanocrystals

The phase composition of the prepared pure KBF nanocrystals is first checked by XRD.
XRD patterns of the as-prepared non-doped KBF hosts at room temperature are depicted in
Figure 1. When the ratios of F/Bi are 4 and 8, the XRD patterns of the obtained samples
can be well matched with the corresponding standard XRD data of the cubic K0.3Bi0.7F2.4
(JCPDS No. 84–0534), as presented in Figure 1a. The narrow and strong XRD peaks reveal
that the pure KBF nanocrystalline particles are highly crystalline. However, as the ratio of
F/Bi reaches 12 or higher, it is found that the impurity phase starts to appear at around
27◦, assigned to the hexagonal KBiF4 (JCPDS No. 37–0972). Meanwhile, when the F/Bi
ratio is set to 8, all the XRD results of the pure KBF nanocrystals obtained at different
temperatures (room temperature, 50 ◦C, and 80 ◦C) are consistent with the standard pattern
of K0.3Bi0.7F2.4 crystal, as shown in Figure 1b, indicating that pure KBF can be synthesized
in the water-based system at very low temperature. Furthermore, the full width at half-
maximum (FWHM) with the dominant XRD peak at 26◦ presents a declining trend with
the increase of reaction temperature, illuminating that the degree of crystallization becomes
better for pure KBF nanocrystalline particles at a high synthetic temperature.
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Figure 1. XRD patterns of pure KBF synthesized at different F/Bi ratios (a) and reaction
temperatures (b).

Figure 2 presents the XRD results of the KBF:Ln3+ (Ln = Pr, Nd, Sm, Dy, Eu, and
Tb) nanocrystalline particles. It can be noted that the XRD patterns of the doped KBF
nanocrystals are consistent with the cubic K0.3Bi0.7F2.4 compound, which suggests that
introducing different lanthanide ions will not lead to the formation of an impurity phase.
Meanwhile, the KBF host matrix can accommodate a high concentration of Ln3+ (e.g.,
25%Eu3+ and 30%Tb3+) without changing its crystal structure, indicating that KBF is an
attractive host for Ln3+ doping to obtain tunable luminescence properties. Furthermore,
the average size of KBF:Ln nanocrystalline particles can be estimated by using the De-
bye Scherrer equation. And the crystallite sizes of KBF:30%Tb, KBF:25%Eu, KBF:5%Dy,
KBF:5%Sm, KBF:2%Nd and KBF:5%Pr are calculated to be 20.41, 28.31, 39.75, 45.94, 50.87
and 44.98 nm, respectively.

 

Figure 2. XRD patterns of the doped KBF nanocrystals.

3.2. Morphology Characterization of Pure and Doped KBF Nanocrystalline Particles

The SEM graphs can present the particle size and typical morphology of the as-
prepared pure and doped KBF nanocrystals directly and vividly. Figure 3 depicts the
representative morphologies of the non-doped KBF nanocrystals synthesized at different
ratios of F/Bi. Note that the reaction temperature is room temperature. As presented in
Figure 3a,b, when the ratios of F/Bi are determined to be 4 and 8, the obtained pure KBF
presents a regular cube shape, and the average size of the cubes decreases as the F/Bi ratio
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increases. However, as the ratio value of F/Bi increases to 12 or 16, the morphology of
the obtained nanocrystalline particles changes from a cubic shape to an irregular polyhe-
dron. These results indicate that the F/Bi ratio significantly affects the morphology of the
final products.

 

Figure 3. SEM photographs of the pure KBF nanocrystals synthesized at different ratios of F/Bi,
(a) F/Bi = 4; (b) F/Bi = 8; (c) F/Bi = 12; (d) F/Bi = 16.

Figure 4 presents the SEM graphs of the KBF nanocrystals obtained at different syn-
thetic temperatures. The F/Bi ratio is set to 8. As the reaction temperature increases
from room temperature to 80 ◦C, the cubic morphology of the samples remains almost
unchanged, but it is found that the average particle size of the cubic particles increases
slightly with an increase in the synthetic temperature.

 

Figure 4. SEM photographs of pure KBF nanocrystals obtained at different synthetic temperatures,
(a) room temperature; (b) T = 50 ◦C; (c) T = 80 ◦C.

The SEM images of the KBF:Ln (Ln = Pr, Nd, Sm, Dy, Eu, and Tb) nanocrystalline
particles synthesized at room temperature are given in Figure 5. When the ratio of F/Bi
is determined to be 8, all the as-prepared KBF:Ln samples consist of cubic particles and
irregular nanoparticles attached to cubes after introducing different lanthanide ions into the
KBF lattice. Compared with the non-doped KBF, the as-prepared KBF:Ln nanocrystalline
particles significantly decrease in size. Moreover, the proportion of nanoparticles shows an
increasing trend, and the content of cubic particles gradually decreases with an increase in
the doping concentration of Ln3+.
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Figure 5. SEM images of the KBF:Ln (Ln = Pr, Nd, Sm, Dy, Eu, and Tb) nanocrystalline particles
synthesized at room temperature, introducing (a) 5% Pr3+; (b) 2% Nd3+; (c) 5% Sm3+; (d) 5% Dy3+;
(e) 25% Eu3+; (f) 25% Tb3+.

3.3. Photoluminescence Properties of KBF:Ln Nanophosphors

The concentration-dependent emission spectra of KBF:Eu and KBF:Tb nanocrystals
are presented in Figure S1. And the optimum doping concentration of Eu2+ and Tb3+

is determined to be 25% and 30%, respectively. The photoluminescence excitation and
emission spectra of KBF:25%Eu are given in Figure 6a. The emission spectrum of KBF:Eu
consists of a group of sharp lines at 578, 592, 612, 651, and 700 nm upon 393 nm near-
UV light excitation, which can be attributed to the characteristic 5D0→7FJ (J = 0, 1, 2, 3,
4) electron transitions of Eu3+ ions, respectively [32]. Among these emission bands, the
most intense one, peaking at 612 nm, originates from the Eu3+ 5D0→7F2 electric-dipole
transition. The excitation spectrum monitored at 612 nm emission is made up of multiple
excitation bands centered at 362, 376, 393, and 414 nm due to the electron transitions from
the 7F0 ground state to the 5D4, 5G3, 5L6, and 5D3 excited levels. Figure 6d shows the
excitation and emission spectra of KBF:30%Tb nanocrystalline particles. The emission
spectrum exhibits four distinct peaks at 487, 544, 582, and 622 nm when excited by 368 nm
of UV light, resulting from the 5D4→7FJ (J = 6, 5, 4, 3) electron transitions of Tb3+ ions,
respectively [33]. And the most prominent emission peak is located at 544 nm, assigned
to the 5D4→7F5 transition of Tb3+. The excitation spectrum monitored 544 nm emission
comprises excitation bands at 318, 350, and 368 nm due to the 7F6→5D1, 0, 7F6→5G6-2, and
7F6→5D2,3 transitions of Tb3+ ions. Furthermore, it is found that the photoluminescence
intensities of KBF:Eu and KBF:Tb nanocrystals decrease gradually with increasing the test
temperature from room temperature to 210 ◦C, which can be attributed to the increase in
the non-radiative transition probability, as shown in Figure S2.

To further reveal the chemical stability of the prepared KBF:Ln nanocrystalline par-
ticles, the emission spectra of KBF:25%Eu and KBF:30%Tb phosphor powders immersed
in deionized water for different days (0, 15, and 30 days) are shown in Figure 6b,e. It
can be noticed that the photoluminescence intensity of both KBF:25%Eu and KBF:30%Tb
nanophosphors remains almost unchanged under different soaking times in water, indicat-
ing that the as-prepared nanophosphors show excellent chemical stability against water.
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Figure 6. Photoluminescence properties of KBF:25%Eu (a–c) and KBF:30%Tb nanocrystalline
particles (d–f).

Luminescence decay curves of KBF:25%Eu and KBF:30%Tb samples are depicted in
Figure 6c,f. The decay curves can be fitted with a single exponential equation [34]:

I(t) = I0 exp(−t/τ) (1)

where I(t) and I0 represent the photoluminescence intensity at time t and the background
intensity for the dark current of the detector, and τ is the lifetime. Therefore, the average
lifetimes of KBF:25%Eu were estimated to be 5.74, 5.52, 5.23, 5.08, and 4.81 ms at different
testing temperatures, while the average lifetimes of KBF:30%Tb were determined to be 3.14,
3.09, 3.03, 2.99 and 2.84 ms at different temperatures. For both KBF:25%Eu and KBF:30%Tb
samples, the lifetimes show a decreasing trend with the increase of the test temperature,
which can be attributed to the increase in the probability of non-radiative transition at
high temperature [35]. In addition, the internal quantum efficiencies of KBF:25%Eu and
KBF:30%Tb nanocrystals are measured to be 42.39% and 13.75%, respectively (Figure S3).
The obtained quantum efficiency values of KBF:25%Eu and KBF:30%Tb samples are compa-
rable with that of the previous reported fluorides, such as K0.3Bi0.7F2.4:40%Eu3+ (14.9%) [29]
and K0.3Bi0.7F2.4:9%Tb3+,0.6%Eu3+ (50.8%) [30].

The photoluminescence emission and excitation spectra of the KBF:Ln3+ (Ln = Pr, Nd,
Sm, Dy) nanocrystals are depicted in Figure 7. As presented in Figure 7a, the excitation
spectrum of KBF:5%Pr nanocrystal monitored at 606 nm emission is composed of three
distinct excitation bands centered at 443, 467, and 481 nm, which are caused by the charac-
teristic 3H4→3PJ (J = 0, 1, 2) electron transitions of Pr3+ ions, respectively [36]. The emission
spectrum with a dominant peak at 606 nm in a wavelength range over 500–750 nm can
be assigned to the Pr3+ 1D2→3H4 transition [37]. The emission spectrum of KBF:2%Nd,
upon 808 nm excitation, shows three emission bands at 870, 1054, and 1325 nm. This can
be attributed to the characteristic 4F3/2→4I9/2, 4F3/2→4I11/2 and 4F3/2→4I13/2 transitions
of Nd3+, respectively, as shown in Figure 7b, while its excitation spectrum is made up of
a group of sharp lines in the visible and NIR regions arising from intraconfigurational f-f
transitions of Nd3+ [38]. Figure 7c gives the photoluminescence properties of the yielded
KBF:5%Sm nanocrystalline particles. The emission spectrum shows several distinct bands
centered at 559, 595, 641, and 700 nm ascribed to the 4G5/2→6HJ (J = 5/2, 7/2, 9/2, and
11/2) transitions of Sm3+ ions upon 399 nm excitation, respectively [36]. The excitation
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spectrum of KBF:5%Sm monitored at 595 nm emission spans from 300 to 500 nm with a
dominant excitation peak at 399 nm ascribed to the 6H5/2→4K11/2 electron transition of
Sm3+ [39]. Figure 7d depicts the photoluminescence properties of KBF:5%Dy nanocrystals.
The excitation spectrum monitored at 572 nm emission is composed of a group of narrow
excitation bands in the UV assigned to the electron transitions from 6H15/2 to 6P3/2, 6P7/2,
6P5/2, and 4I13/2 excited levels of Dy3+ ions, respectively [40]. Under the excitation of 364
nm, the emission spectrum exhibits four distinct bands with a maximum emission peak
of 572 nm due to the Dy3+ 4F9/2→6H13/2 transition. Overall, the emission colors of the
as-prepared nanocrystals can be finely tuned by doping different Ln3+ in a single KBF host.

 

Figure 7. Photoluminescence properties of KBF:Ln (Ln = Pr, Nd, Sm, Dy) nanocrystalline
particles (a–d).

4. Conclusions

In conclusion, we have successfully prepared pure and doped KBF nanocrystalline
particles via a rapid water-based precipitation route. With varying the ratios of F/Bi and
reaction temperatures, the morphology of samples can be tuned from cubic shape to irregu-
lar polyhedron. The as-prepared KBF:Ln (Ln = Pr, Nd, Sm, Dy, Eu, and Tb) nanophosphors
exhibit intense characteristic photoluminescence from the electron transitions of the doped
trivalent lanthanides. Meanwhile, the morphology and photoluminescence performance of
these KBF:Ln nanophosphors remain almost unchanged even when immersed in water
for 30 days, indicating the obtained KBF:Ln samples have excellent chemical stability. The
merit of multicolor luminescence in these KBF:Ln nanocrystalline particles holds great
promise when applied to a wide range of important fields, such as optoelectronic devices
and optical thermometry.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12070963/s1, Figure S1: Emission spectra of the KBF:Ln
(Ln = Eu, Tb) samples doped with different Ln3+ concentrations; Figure S2: temperature-dependent
emission spectra of the KBF:25%Eu (a) and KBF:30%Tb (b) samples; Figure S3: Excitation line of BaSO4
and emission spectrum of KBF:25%Eu (a) and KBF:30%Tb (b) samples. Inset shows the magnification
of the emission spectrum. Table S1:The crystallite size of pure KBF synthesized at different reaction
temperatures. Table S2: The crystallite size of the lanthanide doped KBF nanocrystalline particles.
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Abstract: Lanthanide ions possess various emission channels in the near-infrared region that are well
known in bulk crystals but are far less studied in samples with nanometric size. In this work, we
present the infrared spectroscopic characterization of various Nd-doped fluoride and sesquioxide
nanocrystals, namely Nd:Y2O3, Nd:Lu2O3, Nd:Sc2O3, Nd:YF3, and Nd:LuF3. Emissions from the
three main emission bands in the near-infrared region have been observed and the emission cross-
sections have been calculated. Moreover, another decay channel at around 2 μm has been observed
and ascribed to the 4F3/2→4I15/2 transition. The lifetime of the 4F3/2 level has been measured under
LED pumping. Emission cross-sections for the various compounds are calculated in the 1 μm, 900 nm,
and 1.3 μm regions and are of the order of 10−20 cm2 in agreement with the literature results. Those
in the 2 μm region are of the order of 10−21 cm2.

Keywords: nanoparticles; infrared spectroscopy; Nd-luminescence

1. Introduction

Lanthanide-doped nanocrystals are widely studied systems for their visible emission
features thanks to their unparalleled advantages over other types of materials such as
their excellent thermomechanical properties and chemical stability, the large Stokes shift
and sharp emission lines, and their long emission lifetimes. In particular, upconverting
nanocrystals have received great attention for many different applications in the biomedical
field, such as biomedical imaging, drug delivery, and photodynamic therapy [1–3], as well
as for thermometric measurements [4,5] and for security applications [6], just to name a few.

Lanthanide ions also possess many efficient near-infrared emission transitions that
have been exploited for laser emission in bulk crystals [7]. The possibility to exploit the
infrared emission of lanthanide-activated nanocrystals can determine a paradigm shift
for some applications and can also open the way to a lot of new types of applications, for
example, for deep tissue imaging [8], image-guided surgery [9], and forensic science [10].
For example, nanocrystals with infrared emission have added values for biomedical appli-
cations such as the reduction of tissue absorption, light scattering, and autofluorescence.
Among the various proposed materials, lanthanide nanocrystals with their intriguing emis-
sion properties are among the most promising materials. Moreover, Nd shows some very
intense emissions in various infrared regions at around 900 nm, 1064 nm, and 1300 nm. All
these emissions come from the decay from the 4F3/2 to the lower-lying 4I9/2, 4I11/2, and
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4I13/2 and have been widely exploited even for laser emission, but Nd ions also possess a
weaker emission band at around 2 μm that has rarely been observed even in bulk crystals.

Sesquioxides are an important class of oxide crystals that possess good thermal and
physical properties, have relatively low phonon energy compared with other oxides, and
can be grown to good quality [11]. Unfortunately, the high temperature required for the
growth of this class of materials as single crystals (around 2400 ◦C) makes this process
quite demanding [12]. For this reason, the same compositions have been produced in fiber,
ceramic, or nanopowder form. Y2O3 is probably the most widely studied sesquioxide
when doped with Nd as bulk crystal [13], single crystal fiber [14], ceramic [15–17], and
nanocrystals [18,19], but also other isomorphs such as Lu2O3 [20,21] and Sc2O3 [22,23] have
shown very interesting emission properties when doped with Nd. In general, the focus
of the spectroscopic investigations of these materials is limited to the visible absorption
bands and to the main emission channel at around 1 micron, for which there is some incon-
sistency among the published values of the stimulated emission cross-section, especially
when estimated with different techniques. Moreover, Nd also possesses other interesting
emission channels at around 900 nm and 1300 nm from which even laser emission has been
obtained [14], but very few reports of the emission cross-sections in these regions can be
found in the literature. Last but not least, the emission at around 2 μm has never been
reported to the best of the authors’ knowledge.

Fluoride crystals are considered the preferred choice for emissions in the near-infrared,
thanks to their good thermomechanical properties combined with low-phonon energy
values, but the bulk crystal growth of this class of materials is complicated due to the high
purity needed both for the starting chemicals and for the growth atmosphere.

Synthesis of these materials in nanometric form is accomplished by a polymer complex
solution technique (oxides) and a low-temperature, solid-state method (fluorides) to study
the infrared emission properties of these materials.

2. Materials and Methods

For syntheses of materials, the following chemicals were used: Y2O3 (Alfa Aeser,
99.99%), Sc2O3 (Alfa Aeser, 99.99%), Lu2O3 (Alfa Aeser, 99.99%), Nd2O3 (Alfa Aeser,
99.9%), polyethylene glycol (molecular weight 200, Alfa Aeser), nitric acid (HNO3, Macron,
65%), and ammonium hydrogen difluoride (NH4HF2, Sigma−Aldrich, 98.5%). Nd-doped
sesquioxide nanocrystals were prepared by the polymer complex solution method as
previously described [24,25]. In brief, the stoichiometric ratio of oxide precursors was
dissolved in a hot nitric acid at 130 ◦C until reaching the completely transparent solution.
Then, the polyethylene glycol was added to the solution at a mass ratio of 1:1 to the mass
of oxides. The solution was stirred at 80 ◦C until the nitrate gasses dissipated and a
clear gel was formed. The gel was pre-sintered for 2 h at 800 ◦C in a ceramic crucible to
produce a voluminous white powder, which was subsequently formed into pellets and
calcined for 24 h at 1100 ◦C. Nd-doped fluorides were prepared by a low-temperature,
solid-state synthesis accompanied by fluorination, as previously described [26]. In brief,
the appropriate amounts of oxides were mixed with NH4HF2, thoroughly ground in an
agate mortar to ensure homogeneity, and then heated in two steps, in the air at 170 ◦C for
20 h and in the reducing atmosphere (Ar−10% H2) at 500 ◦C for 3 h.

The structure of the obtained nanomaterials was checked by X-ray powder diffrac-
tion (XRD) using the Rigaku SmartLab device (measurement settings: Cu-Kα1,2 radiation,
λ = 0.1540 nm, ambient temperature, 2θ range 10–90◦, measurement step 0.02◦, and count-
ing time 1 min/◦). Scanning electron images were acquired by a field emission TESCAN
MIRA3 microscope. Diffuse spectral reflectance measurements were performed on the
FEI TECNAI G2 X-TWIN microscope. Measurements of diffuse reflection spectra were
performed on a Thermo Evolution 600 spectrometer equipped with an integrating sphere
and using the BaSO4 spectrum as a white standard.

For infrared emission measurements, the sample was pumped by an 808 nm diode
laser with about 400 mW output power. The emitted luminescence was collected by a
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parabolic mirror and was sent to an FTIR spectrometer (Magna860, Nicodom Ltd., Praha,
Czech Republic) equipped with an MCT cooled detector. The resolution of the emission
measurements was set to 1 cm−1. All the spectra were corrected for the spectral response
of the system using a blackbody source. Lifetimes of excited states were acquired after LED
pumping at around 520 nm. The emission was collected by a lens, filtered by suitable filters
to cut spurious pump light, and then sent to a fiber-coupled Si detector (OE-200-UV, Femto,
Berlin, Germany). The amplification factor of the detector was 109 in high-speed mode, so
that the response time of the system was 17 μs.

3. Results

XRD patterns shown in Figure 1a confirm that the crystal structures of prepared
sesquioxides are cubic bixbyite, space group Ia-3, and for prepared fluoride nanocrystals,
it is orthorhombic, space group Pnma. No reflections belonging to impurity phases were
observed. The average particle sizes of sesquioxides are around 350 nm (Figure 1b) and
around 500 nm in fluorides (Figure 1c).

 

Figure 1. (a) XRD patterns of 3%Nd:Y2O3, 3%Nd:Lu2O3, 3%Nd:Sc2O3, 5%Nd:YF3, and 5%Nd:LuF3

(top to bottom) with respective ICDD data; (b) SEM image of 3%Nd:Y2O3; (c) SEM image of
5%Nd:YF3.

3.1. Visible and Near-Infrared Spectroscopy

Diffuse reflection spectra of Nd-doped sesquioxides and fluorides are shown in
Figure 2a,b, respectively. Measurements reveal typical absorptions of trivalent Nd lo-
cated in low-energy phonon hosts, among which the strongest absorption around 800 nm
is due to electronic transitions to 4F5/2 and 2H9/2 from the ground state.
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Figure 2. Diffuse reflection spectra of (a) 3%Nd:Y2O3, 3%Nd:Lu2O3, and 3%Nd:Sc2O3, and (b)
5%Nd:YF3 and 5%Nd:LuF3.

3.2. Sesquioxides

All sesquioxide samples show four emission bands that are composed of a series of
well-separated peaks, as expected by the strong crystal field of these crystal matrixes [27].
The first band extends from 11,500 cm−1 to 10,000 cm−1 and corresponds to the 4F3/2
→ 4I9/2 transition, the second extends from 9600 cm−1 to 8600 cm−1 and corresponds
to the 4F3/2 → 4I11/2 transition, and the third extends from 7800 cm−1 to 6700 cm−1 and
corresponds to the 4F3/2 → 4I13/2 transition. The peak position agrees with the energy
level position reported in the literature [27]. Spectra are very similar among the various
compositions. In fact, we can notice a strong similarity in the shape of these emission
spectra, with only a small shift of the emission features and small differences in the
relative emission intensity among the three compounds. This is not unexpected since
Y2O3, Sc2O3, and Lu2O3 are isomorphs. When going from Y2O3 to Lu2O3 and to Sc2O3,
the emission features experience a tendency to redshift that is more pronounced for the
longest wavelength emission peaks within each band. This can be ascribed to the increasing
crystal field strength in the three compounds [20]. The strongest peaks of the first band are
located at 10,560 cm−1 (947 nm) in Y2O3, 10,240 cm−1 (977 nm) in Lu2O3, and 10,350 cm−1

(966 nm) in Sc2O3. As usual for Nd-doped compounds, the strongest emission band is the
one located at around 1 micron with maxima at 9265 cm−1 (1079 nm) for Y2O3, 9253 cm−1

(1081 nm) for Lu2O3, and 9237 cm−1 (1083 nm) for Sc2O3. The maxima of the 1.3 μm
band are located at 7363 cm−1 (1358 nm) for Y2O3, 7352 cm−1 (1360 nm) for Lu2O3, and
7311 cm−1 (1368 nm) for Sc2O3. Moreover, in all cases, we were able to observe a fourth
emission band in the 2 μm region that extends from about 4500 cm−1 to about 6000 cm−1.
This band is usually considered very weak, and the emission has rarely been reported in
the literature, even in bulk crystals. As for the other bands, also in this region, the shapes of
the spectra look very similar for the three compounds with a tendency to red-shifting when
passing from Y2O3 to Lu2O3 and to Sc2O3. The highest peaks are located at 4800 cm−1

(2083 nm) for Y2O3, 4760 cm−1 (2101 nm) for Lu2O3, and 4632 cm−1 (2159 nm) for Sc2O3.
From the emission spectra, we calculated the emission cross-section of the 4F3/2 → 4Ii

(i = 9/2, 11/2, 13/2, 15/2) emission bands with the following equation [28]:

σem(ν) =
c2 I(ν)

8πτn2hν3
∫ I(ν)

hν dν
(1)

where c is the speed of light in vacuum, h is Planck’s constant, I(ν) is the fluorescence
signal, and n and τ are the crystal refractive indexes at 1 μm wavelength and the radiative
lifetime, respectively, both taken from the literature as reported in Table 1 for the various
compounds. For LuF3, we could not find proper references to published values; therefore,
we used the values of the isomorph compound YF3. In Equation (1), the integral is over
the whole emission region of the 4F3/2 decay channels, including the 2 μm emission band.
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It is worth mentioning that we performed all the calculations in the frequency domain
using Equation (1), because the experimental data were acquired with an FTIR that works
at fixed wavenumber intervals, instead of using the equivalent expression in wavelength,
as reported in Equation (14) of ref [28] that must be used when working with grating
spectrometers.

Table 1. Parameters used for cross-section calculation.

Compound n Ref. τ (μs) Ref.

Nd:Y2O3 1.90 [29] 318 [18]
Nd:Lu2O3 1.91 [30] 300 [31]
Nd:Sc2O3 1.97 [32] 230 [33]
Nd:YF3 1.45 [34] 783 [35]

Figure 3a–c show the emission cross-sections of all the Nd-doped sesquioxides in the
11,500 cm−1–6500 cm−1 region measured at 1%Nd doping level for oxides and 5%Nd dop-
ing level for fluorides because these were the samples with the highest emission intensities.
In this region, we can distinguish the three main emission bands. The shape and peak
position of the various bands qualitatively agree with published results, when available,
and the cross-section peak intensities we obtained are compared with the literature results
in Tables 2–6. It is evident that large discrepancies are present among the literature re-
sults, especially for the most studied of these compounds, such as Nd:Y2O3, where many
different estimates are present. Our results compare well with the variation interval of
published values. In all cases, the highest emission cross-section is that of the 4F3/2 →
4I11/2 transition, and our calculations for this band are in good agreement with published
results. The emission cross-section of the other decay channels is not always known in the
literature, and when present, our results compare well with published values.

It may be worth noting that these results are similar or slightly lower than the emission
cross-section of well-known laser crystals. For example, the maximum emission cross-
section of YLF is about 2 × 10−20, 18 × 10−20, and 3 × 10−20 cm2 for the 4F3/2 → 4I9/2,
4F3/2 → 4I11/2, and 4F3/2 → 4I13/2 transitions, respectively [36].

Table 2. Emission cross-sections of Nd:Y2O3.

Decay Channel σem (10−20 cm2)

4F3/2 → This work [14] [18] [16] [15] [17] [13]

Nd:Y2O3

4I9/2 2.4 - - - - 4.89 1.8
4I11/2 7.3 6.9 1.73 7.24 5.13 6.35 6.8
4I13/2 1.5 5.5 - - - 0.92 -
4I15/2 0.07 - - - - - -

Table 3. Emission cross-sections of Nd:Lu2O3.

Decay Channel σem (10−20 cm2)

4F3/2 → This work [20] [21] [27] [37]

Nd:Lu2O3

4I9/2 2.4 - - 1.9 -
4I11/2 5.9 8.49 6.5 5.0 6.5
4I13/2 1.3 - - 3.1 -
4I15/2 0.04 - - - -
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Figure 3. Emission cross-section of the various samples in the 6000–12,000 cm−1 range: (a)
1%Nd:Y2O3; (b) 1%Nd:Lu2O3; (c) 1%Nd:Sc2O3; (d) 5%Nd:YF3; (e) 5%Nd:LuF3.
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Table 4. Emission cross-sections of Nd:Sc2O3.

Decay Channel σem (10−20 cm2)

4F3/2 → This work [33]

Nd:Sc2O3

4I9/2 3.2 -
4I11/2 9.7 9.5
4I13/2 3 -
4I15/2 0.09 -

Table 5. Emission cross-sections of Nd:YF3.

Decay Channel σem (10−20 cm2)

4F3/2 → This work [35] *

Nd:YF3

4I9/2 0.3 0.51
4I11/2 4.9 0.74
4I13/2 0.9 0.4
4I15/2 0.06 0.032

* calculated.

Table 6. Emission cross-sections of Nd:LuF3.

Decay Channel σem (10−20 cm2)

4F3/2 → This work

Nd:LuF3

4I9/2 0.2
4I11/2 4.7
4I13/2 1.1
4I15/2 0.1

The stimulated emission cross-section for the 4F3/2→4I15/2 decay is depicted in
Figure 4a–c for all investigated compounds. This transition appears as a series of separated
groups of peaks of increasing intensity. The highest emission cross-section is observed at
around 2.1 μm in all compounds.

We also measured the 4F3/2 decay time under LED pumping on 3% and 1% doped
samples. The decay profile is always exponential and lifetime values measured on 1%
doped samples are reported in Tables 7–9 and compared with the literature values on
low concentration samples, whenever available. On higher doped samples, concentration
quenching effects make the lifetime shorter than the radiative value; we measured 217 μs,
211 μs, and 324 μs in 3%Nd-doped Y2O3, Lu2O3, and Sc2O3, respectively. The product of
quantum efficiency and the dopant concentration can be considered as a figure of merit of
the material [17]. In the case of 3%Nd:Y2O3, for example, considering a radiative lifetime of
354 μs, this value is 1.8, about 2.7 times higher than that obtained by Kumar and co-workers
for the same doping level [17] from which laser emission has been obtained. The values
obtained for the other compounds at 3% doping level are 1.8 for Lu2O3 and 2.8 for Sc2O3.
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Figure 4. Emission cross-section of the various samples in the 4400–6000 cm−1 range: (a) 1%Nd:Y2O3;
(b) 1%Nd:Lu2O3; (c) 1%Nd:Sc2O3; (d) 5%Nd:YF3; (e) 5%Nd:LuF3.

Table 7. Decay time of 1%Nd:Y2O3.

τ (μs)

This work [13] [18] [16] [15] [14] [17]

Nd:Y2O3 320 300 321 232 340 315
Radiative 378 318 322 354
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Table 8. Decay time of 1%Nd:Lu2O3.

τ (μs)

This work [20] [31] [38]

Nd:Lu2O3 420 286 300
Radiative 344 165

Table 9. Decay time of 1%Nd:Sc2O3.

τ (μs)

This work [33] [39] [40]

Nd:Sc2O3 335 180 224 260
Radiative 344

For Sc2O3, we investigated the dependence of the emission intensity and of the lifetime
as a function of the doping level from 0.5% to 7%. The results are shown in Figure 5. As
expected, both the emission intensity and the lifetime decrease with the concentration. The
low-doping level value of the lifetime is slightly lower, but consistent with the theoretical
radiative lifetime reported in Table 1, but the high concentration values are typically much
longer than those measured in Y2O3 with similar doping levels. These results indicate
that concentration quenching in Sc2O3 is not very strong and confirm the high quality of
our samples.

τ μ

τ μ

τ μ

Figure 5. Lifetime of Nd:Sc2O3 (black, left axis) and emission intensity (right, red axis) as a function
of the doping level.

3.3. Fluorides

We also acquired the emission spectra from 5%Nd:YF3 and 5%Nd:LuF3 samples
and calculated the emission cross-section with Equation (1), as for sesquioxides. Results
are shown in Figure 3d,e for the 11,500 cm−1–6500 cm−1 region and in Figure 4d,e for
the 6000 cm−1–4000 cm−1 region. Since the decay time of LuF3 is not known in the
literature, the value for YF3 has been used, instead. The emission intensity of fluoride
samples is, in general, much weaker than that of sesquioxide samples. This can be ascribed
either to the higher Nd doping level of our fluoride samples that can cause concentration
quenching effects, or to a worse matching of the emission wavelength of our pump diode
that causes lower absorption. In all cases, the emission is dominated by the 1-micron band.
The emission cross-sections of the two compounds have similar shapes and intensity, as
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expected from the fact that the two compounds are isomorphs, and are much different from
that of sesquioxides. The Stark splitting of the energy levels is in general smaller, and single
peaks usually merge into continuous bands. The maximum emission cross-section recorded
in the 1 μm region is 5 × 10−20 cm2 and 4.7 × 10−20 cm2 for YF3 and LuF3, respectively. The
emission cross-section in the 2-micron region follows the same features already described:
the shape is very similar between FY3 and LuF3 and is composed of an almost featureless
band with a few peaks with maximum intensity of about 1 × 10−21 cm2.

Emission lifetimes of the 4F3/2 level have been recorded under LED pumping, and
results are reported in Tables 10 and 11 and compared with the literature for YF3. Measured
decay times are 170 μs and 120 μs for YF3 and LuF3, respectively. If compared to the
radiative lifetime of YF3 of 783 μs determined in [35], we can observe that concentration
quenching at this high doping level is strong.

Table 10. Decay time of Nd:YF3.

τ (μs)

This work [35]

Nd:YF3 5% 169
Low C 588
Radiative 783

Table 11. Decay time of Nd:LuF3.

τ (μs)

This work

Nd:LuF3 5% 119

These results show that fluoride materials generally show broader and weaker emis-
sion features in all wavelength regions, although fluoride crystals have lower phonon
energy. This is probably due to the longer radiative lifetime of fluoride materials, but we
cannot rule out interaction with possible quenching centers that are known to severely
affect the emission efficiency of lanthanide-doped fluoride materials. The highest emission
cross-sections are obtained from Nd:Sc2O3 in all regions.

4. Conclusions

We have synthesized and characterized a set of different Nd-doped fluoride and
oxide nanocrystals, namely Nd:Y2O3, Nd:Lu2O3, Nd:Sc2O3, Nd:YF3, and Nd:LuF3. Under
808 nm pumping, we observed the three main emission bands in the near-infrared region,
and we measured the lifetime of the 4F3/2 level under LED pumping. In all cases, we were
able to detect the weak 2-micron emission from the 4F3/2 → 4I15/2. Using the emission and
lifetime data, we calculated the emission cross-sections of the various emission bands for
all the compounds. Oxide materials generally showed narrower emissions, higher emission
cross-sections, and shorter lifetimes. The results are in good agreement with the literature
data, whenever available.
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Abstract: A series of yttria-stabilized zirconia single-crystals doped with 0.000–0.250 mol% Tb4O7

was prepared by the optical floating-zone method. As shown by XRD and Raman spectroscopy,
all of the crystals had a cubic-phase structure. These were initially orange–yellow in color, which
is indicative of the presence of Tb4+ ions, but they then became colorless after being annealed in
a H2/Ar atmosphere as a result of the reduction of Tb4+ to Tb3+. The absorption spectra of the
unannealed samples show both the 4f 8→4f 75d1 transition of Tb3+ ions and the Tb4+ charge-transfer
band. In addition, the transmittance of the crystals was increased by annealing. Under irradiation
with 300 nm of light, all of the single-crystal samples showed seven emission peaks in the visible
region, corresponding to the decay from the 5D3,4 excited state of Tb3+ to the 7FJ (J = 6–0) states. The
most intense emission was at 544 nm, which corresponds to the typical strong green emission from
the 5D4→7F5 transition in Tb3+ ions.

Keywords: yttria-stabilized zirconia; Tb4O7-doped; annealed in H2/Ar atmosphere; optical properties;
optical floating-zone method

1. Introduction

In recent years, the preparation and properties of optical materials containing rare
earth ions have attracted wide-spread attention [1,2]. As a result of their partially filled 4f
electronic configurations, rare earth ions have unique luminescence properties, including
sharp emission peaks, long lifetimes, high quantum yields, and flexible tunability [3],
and various optical materials, such as phosphors [4–6], glass ceramics [7–9], and optical
crystals [10–13], are based on their excellent optical properties [2]. Among the rare earths,
terbium (Tb) is an important element for green light-emitting devices, although its chemistry
is complicated by its redox properties, which are manifested as Tb3+ ions in the reduced
state and Tb4+ ions in the oxidized state. Tb3+ has a 4f 8 electronic configuration, whereas
Tb4+ is 4f 7. Furthermore, an electron in Tb3+ can be excited to the 5d-energy level (4f 8→4f
75d1) and this can then undergo non-radiative relaxation from to the 5D3,4 excited state and
finally transition to the 7FJ (J = 6–0) states with strong green emission near 545 nm [14].
The energy-level difference between the 5D4 state and the Tb3+ ground state is about
15,000 cm−1, which makes multi-phonon relaxation negligible. Therefore, emissions from
the 5D4 state usually have high quantum efficiency and good thermal stability [15], and the
luminescence of Tb3+ ions in phosphors and lasers has been shown to have applications in
medical imaging [8,16–18].

Terbium oxide in the form Tb4O7 contains both Tb3+ and Tb4+ ions. The standard
redox potential (relative to the hydrogen electrode) of Tb3+/Tb4+ is + 3.1 V [19,20], which
is far greater than that of the most easily reduced rare earth ions, such as Eu2+/Eu3+

(−0.35 V) [19]. Therefore, Tb4+ is relatively stable and optical materials doped with Tb4+
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appear yellow as a result of Tb4+ absorption [21]. Although Tb3+ and Tb4+ can coexist in
the oxide, Tb4+ ions do not emit visible light after excitation; thus, its presence should not
affect the green emission of Tb3+. However, investigating the optics and other physical and
chemical properties of systems containing a combination of Tb3+ and Tb4+ should increase
our understanding of their luminescence properties and help develop new applications of
such rare earth-doped luminescence materials [21].

The absorption and emission intensity, light efficiency, luminescence lifetime, and
quenching process of rare earth ion-based luminescent materials are strongly influenced
by the host material [22]. Zirconia (ZrO2) is a wide-bandgap semiconductor with a high
melting point, high dielectric constant, good corrosion resistance, and low phonon en-
ergy [23], which is conducive to the observation of the luminescence of rare earth ions [24].
Besides its low phonon energy, a high refractive index and photochemical stability make
ZrO2 an ideal optical host material [25]. However, it is difficult to produce large high-
quality zirconia crystals because of large volume changes, which accompany transitions
between its three-phase structures (monoclinic (m-ZrO2) below 1443 K, tetragonal (t-ZrO2)
between 1443 K and 2643 K, and cubic (c-ZrO2) above 2643 K). This commonly leads to the
cracking of the crystals that are cooling from melts, which is not conducive to industrial
production [26]. However, the high-temperature c-ZrO2 form, which is most suitable for
many types of technological applications, can be stabilized at room temperature by the
addition of an appropriate amount of an oxide stabilizer, such as Y2O3 [27,28], and several
studies have shown that the addition of 8.0 mol% Y2O3 to ZrO2 (abbreviated to 8YSZ) ef-
fectively stabilizes the cubic-phase structure [29–31]. As a result, crystals with good optical
transparency, a high refractive index, and stable photo-thermo-chemical properties can be
produced [29,32,33]. Previous studies of Tb-doped zirconia have concentrated mainly on
phosphors and nanomaterials [34], although Soares et al. successfully produced YSZ: Tb3+

fibers with a tetragonal crystal structure by the laser floating-zone method [35]. However,
the luminescence properties of Tb-doped YSZ single-crystals in the cubic phase have not
been reported previously.

In this paper, crystals were grown by the optical floating-zone method (OFZ) based on
ZrO2 stabilized with 8 mol% Y2O3, which was partially replaced with various amounts
of Tb4O7. Its structure was characterized by X-ray diffractometry (XRD) and Raman
spectroscopy, whilst the Tb oxidation states were determined by X-ray photoelectron
spectroscopy (XPS). Optical properties were investigated using a combination of ultraviolet-
visible (UV-Vis) absorption and transmission, photoluminescence excitation (PLE), photo-
luminescence emission (PL), and fluorescence-lifetime determination. These results could
be explained by the physical mechanisms of luminescence and it lays the foundation for
the wider application of green-laser and medical-imaging areas.

2. Experimental

2.1. Preparation of Crystals

ZrO2, Y2O3, and Tb4O7 powders (Aladdin, Shanghai, China) with 99.99% purity were
weighed with a precision balance scale in the stoichiometric ratio of (ZrO2)92(Y2O3)8−x(Tb4O7)x
(x = 0.000, 0.050, 0.075, 0.100, 0.150, 0.200, and 0.250). The molar concentrations of the
oxides used for the preparation of each sample are shown in Table 1. The weighed powders
were suspended in ethanol and stirred on a magnetic stirrer for 24 h before drying in a
constant-temperature oven at 85 ◦C for 24 h. The dried sample was added to cylindrical
rubber molds, vacuum sealed, and set in a 50 MPa isostatic press for 20 min. The molds
were then removed and the mixed powder bars were sintered at 1500 ◦C for 10 h to pro-
duce polycrystalline ceramic samples. These samples were used as the feed-and-seed rods
for the crystal production in an optical suspension-zone furnace (FZ-T-12000-X-VII-VPO-
GU-PC, Crystal Systems Co., Yamanashi, Japan). The optical floating zone could heat
materials with high melting points and produce crystal samples with a high degree of
purity. After production, some crystal samples were annealed at 1500 ◦C in a reducing
atmosphere (7% H2 + 93% Ar). After preparation, single-crystal rods were sliced and pol-
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ished to produce disks with a thickness of 1 mm for optical measurements and fractions
were ground into powders for structure determination. Figure 1 shows a photo of the
(ZrO2)92(Y2O3)8−x(Tb4O7)x (x = 0.200) crystals before and after annealing in 7% H2 + 93%
Ar. The original single-crystal sample was orange–yellow, with good uniformity and high
transparency, but after annealing, it became colorless.

Table 1. Composition of (ZrO2)92(Y2O3)8−x(Tb4O7)x.

Samples
Composition (mol%)

ZrO2 Y2O3 Tb4O7

(ZrO2)92(Y2O3)8.00 92.00 8.000 0.000
(ZrO2)92(Y2O3)7.950(Tb4O7)0.050 92.00 7.950 0.050
(ZrO2)92(Y2O3)7.925(Tb4O7)0.075 92.00 7.925 0.075
(ZrO2)92(Y2O3)7.900(Tb4O7)0.100 92.00 7.900 0.100
(ZrO2)92(Y2O3)7.850(Tb4O7)0.150 92.00 7.850 0.150
(ZrO2)92(Y2O3)7.800(Tb4O7)0.200 92.00 7.800 0.200
(ZrO2)92(Y2O3)7.750(Tb4O7)0.250 92.00 7.750 0.250

Figure 1. Photo showing the (ZrO2)92(Y2O3)7.800(Tb4O7)0.200 crystal rods and disks before and after
annealing at 1500 ◦C in a H2/Ar atmosphere.

2.2. Phase and Structure Characterization

The phase and structure characterization of the samples was performed by X-ray
diffractometry (XRD) using a DX-2700 X-ray powder diffractometer (Dandong Hao Yuan
Company, Dandong City, Liaoning Province) with Cu K alpha (λ = 0.15406 nm) as the radi-
ation source and Raman spectroscopy with a Finder One laser micro-Raman spectrometer,
in which excitation was at 532 nm. X-ray photoelectron spectroscopy (ESCALAB 250XI+,
Thermo Fisher Scientific Company, Shanghai, China) with a monochromatic Al-target X-ray
source was used to characterize the elemental composition and oxidation states of the
samples. The absorption and transmission spectra of the crystal samples were measured in
the range of 200–800 nm using a UV-Vis spectrophotometer (UV-2700, Shimadzu, Kyoto,
Japan) and both excitation and emission spectra were measured at room temperature with
a ZLF-325 photoluminescence spectrometer (Zolix Instruments Co., Ltd., Beijing, China).
The fluorescence-lifetime spectroscopy measurements were performed with an Edinburgh
FLS1000 transient fluorescence spectrometer.

3. Results and Discussion

3.1. Crystal-Phase Structure Analysis

The XRD patterns from the powders of the (ZrO2)92(Y2O3)8−x(Tb4O7)x crystal samples
before annealing all consist of six diffraction peaks at ~30.12◦, 34.94◦, 50.18◦, 59.64◦, 60.56◦,
and 73.68◦ 2θ, which correspond to the (111), (200), (220), (311), (222), and (400) planes,
respectively, of the c-ZrO2 structure (PDF 04-006-5589). There was no evidence of diffraction
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peaks from the ZrO2 monoclinic and tetragonal phases, and the phase structure was
independent of the Tb4O7-doping concentration (in the range of x = 0.000–0.250). The
annealed crystal samples show similar results (e.g., Figure 2b). As shown in Table 2, the
unit cell parameters and volume were essentially constant in the unannealed crystals,
but they increased in the annealed crystals. In 8YSZ, a considerable number of anion
vacancies were introduced into the ZrO2 structure to maintain the charge balance and
computer simulations have shown that such vacancies tend to avoid direct association
with Y3+ ions [36]. Consequently, there is a tendency for Zr4+ to adopt a seven-coordinate
configuration, whilst Y3+ is coordinated to eight oxygen atoms. Considering that the
radii of Tb4+ and Zr4+ are similar (0.76 and 0.78 Å, respectively, for the seven-coordination
configuration), as are Tb3+ and Y3+ (1.04 and 1.019 Å, respectively, for the eight-coordination
configuration) [37], we expect that Tb4+ will substitute for Zr4+ and Tb3+ for Y3+ in the
unannealed crystals. Such substitutions would have little or no effect on the cell dimensions,
as observed by XRD. A reduction of Tb4+ to Tb3+ because of the annealing results in an
increase in the fraction of trivalent ions in the crystals and this must be accompanied by
a decrease in the total anion charge. This could be achieved by a loss of oxygen from the
structure or protonation of an appropriate number of structural oxygen atoms. However,
the c-ZrO2 structure accommodates a considerable range of Y3+ ions; thus, there should
be no problem in accommodating the reduced Tb. Nevertheless, the larger size of Tb3+

compared to Tb4+ results in a lattice expansion, as shown in Table 2.

Figure 2. (a) XRD patterns of (ZrO2)92(Y2O3)8−x(Tb4O7)x (x = 0.000–0.250) crystal powders before
annealing. (b) XRD pattern of (ZrO2)92(Y2O3)7.800(Tb4O7)0.200 crystal powders before and after
annealing at 1500 ◦C in a H2/Ar atmosphere.

Table 2. The lattice parameter of (ZrO2)92(Y2O3)8−x(Tb4O7)x crystals.

Samples
Lattice Parameter

(nm)
Cell Volume

(nm3)
Before or after

Annealing

(ZrO2)92(Y2O3)8.00 0.5139 0.1357 Before annealing
(ZrO2)92(Y2O3)7.950(Tb4O7)0.050 0.5137 0.1355 Before annealing
(ZrO2)92(Y2O3)7.925(Tb4O7)0.075 0.5138 0.1357 Before annealing
(ZrO2)92(Y2O3)7.900(Tb4O7)0.100 0.5138 0.1356 Before annealing
(ZrO2)92(Y2O3)7.850(Tb4O7)0.150 0.5138 0.1357 Before annealing
(ZrO2)92(Y2O3)7.800(Tb4O7)0.200 0.5138 0.1357 Before annealing
(ZrO2)92(Y2O3)7.750(Tb4O7)0.250 0.5137 0.1356 Before annealing
(ZrO2)92(Y2O3)7.800(Tb4O7)0.200 0.5155 0.1370 After annealing

Raman spectroscopy is a sensitive method for distinguishing the phase structure of
zirconia crystals because m-ZrO2 has 18 Raman vibration modes (9Ag + 9Bg) [29,38] and
t-ZrO2 has 6 strong Raman vibration modes (A1g + 2B1g + 3Eg) [17], whereas c-ZrO2 has
only 1 (F2g) [39]. The results in Figure S1 (see Supplementary Materials) show that the
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Raman spectra of all the (ZrO2)92(Y2O3)8−x(Tb4O7)x (x = 0.050–0.250) crystal disks before
annealing have a single strong vibration at 620 cm−1 under excitation with a laser light
of 532 nm. Furthermore, the spectra recorded before and after annealing (Figure 3) were
similar and, thus, all are consistent with the c-ZrO2 structure.

Figure 3. Raman spectra of (ZrO2)92(Y2O3)7.800(Tb4O7)0.200 crystals before and after annealing at
1500 ◦C in a H2/Ar atmosphere.

3.2. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was used to investigate the oxidation states of
the elements in the (ZrO2)92(Y2O3)7.800(Tb4O7)0.200 single-crystals before and after anneal-
ing. The survey spectrum (Figure 4) showed clear signals from the matrix elements Zr, Y,
and O, and a weak signal from Tb. The expansion of the Tb 3d energy-level spectra of the
crystalline samples before and after annealing are shown in Figure 5. The Tb 3d core-level
spectrum contained peaks from the Tb 3d3/2 and Tb 3d5/2 spin-orbit states. In the unan-
nealed sample, the peaks of Tb 3d3/2 and Tb 3d5/2 were at about 1277.1 and 1241.8.4 eV,
respectively, and shifted to about 1276.8 and 1240.9 eV in the annealed sample. These
are similar to the values of about 1277 and 1241 eV reported by Zhang et al. for the Tb3+

3d3/2 and Tb3+ 3d5/2 peaks, respectively [40]. However, the low Tb content in the present
work resulted in insufficient signal-to-noise values to allow for a conclusive assignment
to the environments for Tb3+ and Tb4+. The XPS spectrum of the O 1s core-energy level
(Figure 6) showed two peaks at 531.8 and 530.2 eV, corresponding to O2− in the unannealed
sample [41]. The positions of these peaks were similar to that in the annealed sample
(531.6 and 529.9 eV) and there was also a small change in their relative intensities. We
suggest that this is the result of a decrease in O2− ions bound to two metal ions in the
4+ oxidation state (Zr4+ + some Tb4+) and an increase in those bound to one 4+ and one
3+ ion as a result of the reduction of Tb4+ to Tb3+. The XPS spectra of the matrix elements
Zr and Y for the before-and-after annealing samples showed that Zr and Y were essentially
unaffected by annealing [36,42] (see Supplementary Materials).
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Figure 4. XPS survey spectrum of (ZrO2)92(Y2O3)7.800(Tb4O7)0.200 single-crystals before and after
annealing in a H2/Ar atmosphere.

Figure 5. XPS Tb 3d core-energy-level spectrum.

Figure 6. XPS O 1s core-energy-level spectrum.

3.3. Absorption and Transmission Spectrum

The absorption spectra of the (ZrO2)92(Y2O3)8−x(Tb4O7)x (x = 0.000–0.250) crystal
disks in the range of 220–800 nm are shown in Figure 7. In the absence of Tb, there was a
single intense absorption at 243 nm, corresponding to the direct absorption in the wide-
bandgap semiconductor ZrO2 [32,43]. This transition was also present in the Tb4O7-doped
samples, which show a total of three absorption peaks at 245, 300, and 370 nm. The peak
at 300 nm corresponds to the 4f 8→4f 75d1 transition in Tb3+ ions and the broad peak at
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370 nm may originate from Tb4+ [20]. As the Tb doping concentration increased, the Tb3+

absorption peak underwent a red shift similar to that reported for Tb-doped Bi2MoO6 [44];
thus, this demonstrates that the presence of Tb affects the light absorption in the ZrO2 host.

Figure 7. The absorption spectrum of (ZrO2)92(Y2O3)8−x(Tb4O7)x (x = 0.000–0.250) crystal discs
before annealing (the inset is the result of Gaussian peak fitting of the absorption spectrum of the
(ZrO2)92(Y2O3)7.950(Tb4O7)0.050 crystal).

Transmission spectra of the (ZrO2)92(Y2O3)7.800(Tb4O7)0.200 crystal disks were also
measured before and after annealing, and were shown in Figure 8. The annealed crystals
showed only two transmission peaks at 246 nm and 302 nm, and thus supports the assign-
ment of the peak at 370 nm in the unannealed sample to Tb4+ ions. The large width of
this peak (from 330 to 550 nm), which is much larger than that of the Tb3+ 4f 8→4f 75d1

transition (280–335 nm), suggests that it may correspond to a charge-transfer transition in
the Tb4+ ions [45]. The transmittance of the annealed crystals in the range of 550–800 nm
was about 86%, whereas it was about 78% in the unannealed sample; thus, this shows that
the transmittance of the crystals increased after annealing.

Figure 8. Transmission spectra of (ZrO2)92(Y2O3)7.800(Tb4O7)0.200 crystals before and after annealing
at 1500 ◦C in a H2/Ar atmosphere.

3.4. Photoluminescence Excitation (PLE) Spectra

The PLE spectra of the (ZrO2)92(Y2O3)8−x(Tb4O7)x (x = 0.050–0.250) crystals monitored
at 544 nm are shown in Figure 9. There were three excitation peaks in the range of 200–500 nm
at 300, 377, and 484 nm. The excitation peak centered at 300 nm (230–360 nm) is broad and
corresponds to the spin-allowed 4f 8→4f 75d1 transition of Tb3+ ions [46]. In contrast, the
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weak excitation peaks at 377 nm and 484 nm are sharp, which correspond to the forbidden
electric-dipole transitions 7F6→5D3 and 7F6→5D4 in the Tb3+ 4f configuration [47,48].

Figure 9. Excitation spectra of (ZrO2)92(Y2O3)8−x(Tb4O7)x (x = 0.050–0.250) crystals before annealing
and monitored at 544 nm.

The PLE spectra of the (ZrO2)92(Y2O3)7.800(Tb4O7)0.200 crystals shown in Figure 10
remained unchanged during the annealing and demonstrated that there was no Tb4+-
excitation band. The excitation peak at 300 nm was red-shifted with the increasing Tb4O7
concentration, which probably reflects the changes in the energy of the lowest 5d-level
of Tb3+ in the YSZ host. This has been shown to differ between different host materials
and may be influenced by two independent factors: (1) the nephelauxetic effect, which
corresponds to a shortening of the metal-ligand distance as a result of a decrease in the
coordination number and results in a shift in the center of the mass of the 5d electrons
from the free-ion energy level; and (2) a crystal field effect, which causes the 5d manifold
to split into various sub-levels [49]. Considering that both the XRD and Raman results
show that the phase structure of the crystals does not change, we presume that the red-shift
phenomenon in these samples was caused by the nephelauxetic effect [50]. In Figure 9,
the intensity of the excitation spectrum of the (ZrO2)92(Y2O3)8−x(Tb4O7)x crystal sample
first increases with the concentration of Tb4O7, reaches a maximum at x = 0.200, and
then decreases, which may be the result of the cross-relaxation between two adjacent
Tb3+ ions [51].

Figure 10. Excitation spectra of (ZrO2)92(Y2O3)7.800(Tb4O7)0.200 crystals before and after annealing at
1500 ◦C in a H2/Ar atmosphere monitored at 544 nm.

3.5. Photoluminescence Emission (PL) Spectra

The PL spectra of the unannealed (ZrO2)92(Y2O3)8−x(Tb4O7)x crystal disks following
irradiation at 300 nm at room temperature are shown in Figure 11. A bright green emission
was observed and consisted of a total of seven peaks, all of which originate from 4f→4f
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transitions in Tb3+ ions. The weak peaks at 385, 422, and 441 nm, which are shown in
the expanded form in Figure 12, are blue and correspond to the Tb3+ 5D3→7FJ (J = 6,5,4)
transitions, whereas the peaks at 489, 544, 585, 621, and 677 nm are green and correspond
to the Tb3+ 5D4→7FJ (J = 6,5,4,3,1) transitions. The strongest emission peak at 544 nm arose
from the 5D4→7F5 transition and is the typical strong-green emission from Tb3+ ions. No
additional emission peaks that could originate from Tb4+ were observed in the unannealed
samples (e.g., Figure 12), indicating that Tb4+ did not emit in the visible-light region, but
the intensity of the spectrum of the annealed sample was appreciably higher because of
the higher concentration of Tb3+. With the increasing Tb4O7 concentration, the intensity of
the blue emission (5D3→7F6) first increased and then decreased, with the highest intensity
at x = 0.100 (Figure 12), whereas the green emission (5D4→7F5) first increased to reach
a maximum intensity at x = 0.200 and then decreased with higher x (Figure 11). These
different trends are the result of the cross-relaxation (CR) between neighboring Tb3+ ions.
Considering that the excited states of two Tb3+ ions resonate with the ground state, the CR
process can be expressed as:

Tb3+ (5D3) + Tb3+ (7F0) = Tb3+ (5D4) + Tb3+ (7F6). (1)

Figure 11. Emission spectra of (ZrO2)92(Y2O3)8−x(Tb4O7)x (x = 0.050–0.250) crystals before annealing.

Figure 12. Expansion of the emission spectra in the range 370–450 nm of (ZrO2)92(Y2O3)8−x(Tb4O7)x

(x = 0.050–0.250) crystals before annealing.

The energy difference between the 5D3 and 5D4 states is about 5600 cm−1, whilst
that between the 7F0 and 7F6 states is about 5800 cm−1, with the result that there is little
difference in the total energy on each side of the above equation. Therefore, when the
concentration of Tb3+ is high, energy can be transferred from the 5D3 state of one Tb3+ ion
to the 5D4 state of a neighboring Tb3+ ion, and this results in a quenching of the emission
from Tb3+ ions at the 5D3 high-energy level and an increased emission from the lower
5D4-energy level.

The emission spectra of the (ZrO2)92(Y2O3)7.800(Tb4O7)0.200 crystals before and after
annealing in H2 (Figure 13) confirm that all of the emissions in the visible region arise from
Tb3+ 4f→4f transitions and indicate that their positions are unaffected by the presence

147



Crystals 2022, 12, 1081

of Tb4+. Thus, the Tb3+ emission is independent of Tb4+ in Tb3+ and Tb4+ co-doped
systems. However, the emission intensity of the annealed crystals was stronger than that
of the unannealed crystals probably because of the higher Tb3+ concentration as a result
of the Tb4+ reduction. The various excitation and emission transitions for Tb3+ ions are
summarized in Figure 14.

Figure 13. Emission spectrum of (ZrO2)92(Y2O3)7.800(Tb4O7)0.200 crystals before and after annealing
at 1500 ◦C in a H2/Ar atmosphere.

Figure 14. Energy-level-transition diagram of Tb3+ ions in the yttria-stabilized zirconia single-crystal.

3.6. Fluorescence Decay

The fluorescence-decay lifetime is an important parameter for understanding energy-transfer
mechanisms and the curve for the fluorescence decay of the (ZrO2)92(Y2O3)7.800(Tb4O7)0.200
crystals before annealing is shown in Figure 15 for the 544 nm (5D4→7F5, green) peak
produced by the excitation at 300 nm.

The decay curve fits to a double exponential function, i.e.,

I(t) = A1 exp
(−t

τ1

)
+ A2 exp

(−t
τ2

)
(2)

where I(t) is the PL intensity, τ1 and τ2 represent the fast and slow components of the
luminescence lifetime, respectively, and A1 and A2 are fitting parameters. Additionally, the
average decay time τ of the sample is defined as:

τ =
A1τ2

1 + A2τ2
2

A1τ1 + A2τ2
(3)
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Figure 15. Fluorescence-decay curve for the Tb3+ 5D4→7F5 transition in the (ZrO2)92(Y2O3)7.800(Tb4O7)0.200

single-crystals before annealing.

The values for these parameters obtained by computer fitting are A1= 0.49369, A2= 0.50033,
τ1= 2.079 ms, and τ2=2.817 ms. From these results, τ is calculated to be 2.507 ms, which is
longer than the values reported for that of BSGdCaTb glass (2.31 ms) [52] or Tb3+-doped
germanium borosilicate (GBS) magneto-optical glass (2.317 ms) [53]. Furthermore, the
double exponential function indicates that the Tb3+ ions may be located in two different
environments in the yttria-stabilized zirconia crystal.

4. Conclusions

Yttria-stabilized zirconia crystals doped with terbium oxide (Tb4O7) were prepared
by the optical floating-zone method and shown to be in the cubic form without cracks or
inclusions. The crystals initially contained Tb in both the Tb3+ and Tb4+ forms but the Tb4+

was reduced to Tb3+ by annealing crystals at 1500 ◦C in an Ar/H2 atmosphere, although the
Tb4+ ions were reduced to Tb3+ through annealing. The XPS results showed that Zr, Y, and O
were essentially unaffected because the change in the relative intensities of the peaks in the
O spectra were small. The absorption spectra of the crystals showed three peaks at 240, 300,
and 370 nm, corresponding to the Tb3+ 4f 8→4f 75d1 transition and the Tb4+ charge-transfer
band. This spectrum also showed a red shift with increasing Tb, indicating that Tb-doping
affects the light absorption properties of the YSZ host. The transmission spectra showed
that the crystals had higher transmittance after annealing, although both the excitation
and emission spectra correspond to transitions within the 4f and 5d configurations of Tb3+

(4f 8→4f 75d1 and 4f→4f configurations). No excitation or emission peaks were observed
from Tb4+ and its presence did not influence the positions or shapes of the Tb3+ peaks.
The PL spectra also showed emissions from the Tb3+ 5D3 and 5D4 states, which exhibited
different relationships with the level of Tb-doping as a result of the cross-relaxation between
neighboring Tb3+ ions. The strongest emission peak from the crystals was located at 544 nm
and corresponds to the Tb3+ 5D4→7F5 transition, which is the typical strong green-light
emission of Tb3+ ions. The intensity of this emission increased initially with an increasing
Tb4O7 concentration, reached a maximum at x = 0.200, and then decreased at a higher
doping level. Overall, these results suggest that (ZrO2)92(Y2O3)8−x(Tb4O7)x single-crystals
may have potential applications as green lasers and for use in medical imaging.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst12081081/s1, Figure S1: Raman spectra of (ZrO2)92(Y2O3)8−x(Tb4O7)x
(x = 0.050–0.250) crystals before annealing; Figure S2: XPS Zr 3d core-energy-level spectrum of
(ZrO2)92(Y2O3)7.800(Tb4O7)0.200 single-crystals before and after annealing at 1500 ◦C in a H2/Ar
atmosphere; Figure S3: XPS Y 3d core-energy-level spectrum of (ZrO2)92(Y2O3)7.800(Tb4O7)0.200
single-crystals before and after annealing at 1500 ◦C in a H2/Ar atmosphere.
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Abstract: The results of a series of pump–probe spectral hole-burning experiments are presented on
Yb3+- or Er3+-doped Li6Y(BO3)3 (LYB) single crystals in the temperature range of 2–14 K and 9–28 K,
respectively. The spectral hole has a complex structure for Yb3+ with superposed narrow and broad
bands, while a single absorption hole has been observed for Er3+. Population relaxation times (T1) at
about 850 ± 60 μs and 1010 ± 50 μs and dipole relaxation times (T2) with values of 1100 ± 120 ns
and 14.2 ± 0.3 ns have been obtained for the two components measured for the Yb3+:2F7/2—2F5/2

transition. T1 = 402 ± 8 μs and T2 = 11.9 ± 0.2 ns values have been found for the Er3+:4I15/2—4I11/2

excitation. The spectral diffusion rate at about 1 and 5 MHz/ms has been determined for the narrow
and broad spectral line in Yb3+-doped crystal, respectively. The temperature dependence of the
spectral hole halfwidth has also been investigated.

Keywords: saturation spectroscopy; LYB; ytterbium; erbium; spectral hole

1. Introduction

Coherent quantum optical processes in rare-earth (RE) ion-doped dielectric crystals are
of great interest in the quest for physical systems in order to realize quantum information
processing devices. The successful realization of coherent quantum control procedures
raises serious demands of atomic systems, such as a sufficiently long population, T1
and dipole relaxation, T2 times of the involved quantum states. Among several choices,
e.g., magnetic- or laser-trapped ultracold single atoms or atomic clouds or coherent spin
dynamics in quantum dots, a potential way to localize atomic systems is doping a single
crystal with RE ions. The primary motivation of choosing Er3+ dopant ion is that its
4I13/2—4I15/2 transition is resonant with the frequency of the telecommunication laser field
with a wavelength of about ~1.5 μm. A number of oxide crystals have been tested as a
host of erbium to obtain a long coherence time in this wavelength range [1]. Moreover, the
coherence time depends not only on the host material but on the concentration of the dopant,
the temperature of the sample and the applied magnetic field as well [2–5]. Erbium-doped
crystals have been used in several coherent quantum optical applications, such as the control
of dispersion and group velocity [6], diode laser frequency stabilization [7], interference
detection of spontaneous emission of light from two solid state atomic ensembles [8],
electromagnetically induced transparency [9], ultraslow light propagation via coherent
population oscillation [10], and quantum memories [11–15].

For practical applications, there are other relevant wavelength intervals beside the
telecommunication domain. One of them is the near infrared range between 980–1100 nm.
The ytterbium-doped crystal and fiber lasers radiate in the wavelength range between
1030–1080 nm, which can be pumped with ~980 nm light. There are several optical devices
optimized to this wavelength domain [16,17].

Yb3+ and Er3+ dopant ions are perspective candidates for coherent quantum optical
applications because the transitions 2F5/2–2F7/2 and 4I11/2–4I15/2, respectively, lay in the
wavelength range 960–980 nm. Our goal is to investigate the use of the LYB crystal as a
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host for these ions according to the previous properties. Additionally, the solution of the
problem about the interaction between the RE ions and the borate lattice could show us
new research directions to develop borate crystals with targeted compositions.

Our aim was to study the ytterbium and erbium ions as dopants in a novel host
crystal: lithium yttrium borate Li6Y(BO3)3 (LYB). This member of the borate crystal family
can be grown by both the Bridgman and the Czochralski methods [18–20], which have
a monoclinic structure with the P21/c space group. The advantage of LYB crystal is that
rare-earth dopants can incorporate into Y site with C1 symmetry in the lattice without any
distortion because of the charge neutral substitution and the similar ion radius. LYB:Yb3+

and LYB:Er3+ have already been investigated by optical spectroscopic methods [21–25] to
determine the energy terms of the dopant ions. In addition, LYB:Yb3+ has been used for
short pulse laser applications [26] and as a diode-pumped laser with Er co-doping [27].

A detailed description of the spectral hole burning procedure carried out by using
sequential pump and probe pulses derived from a single laser beam passing through
lithium niobate crystals can be found, e.g., in our previous papers [28,29]. The RE ions can
be considered as effective two-level systems, where the laser-induced transition between
the ground and excited states can be considered as a dipole transition. Thus, we suppose a
set of effective two-state atoms interacting with a long and intensive pump and then a short
and sufficiently weaker read-out probe pulse with a much longer time delay than the dipole
relaxation time. In addition, the probe pulse needs to be much shorter than the population
relaxation time but much longer than the dipole relaxation time. If these requirements are
met, then by scanning the frequency of the probe field around the pumping frequency the
attenuation of the probe field determines a Lorentzian curve, which is called spectral hole.
The lifetime of the spectral hole was found to be single exponential with a characteristic time
constant T1. The halfwidth of the spectral hole depends on the intensity of the pumping
pulse, thus the value of T2 comes out only in the low intensity limit, which can be achieved
by the Z-scan method described in the next section.

2. Materials and Methods

Lithium yttrium borate single crystals doped with 0.1 mol% Yb3+, 0.05 mol% or
1.0 mol% Er3+ were grown by the Czochralski method [20]. LYB has a monoclinic structure
of the P21/c space group. The dielectric x-axis coincides with the crystallographic b-axis
<010>, while the dielectric z-axis is perpendicular to the optical plane (-102). Although the
crystal is biaxial, it behaves as uniaxial positive at λ = 1064 nm [21]. Yb3+-doped sample was
prepared with incident plane (010) and a thickness of 0.6 mm, while the Er3+-doped sample
was prepared with incident plane (-102) and a thickness of 2 mm. The high resolution
absorption spectra of Er3+- or Yb3+-doped LYB crystals have been measured at 9 K by a
Bruker IFS 66v/S or a Bruker IFS 120 FTIR spectrometer, respectively. In case of the Er3+

dopant, the 1 mol% concentration sample was more suitable for spectroscopy than the one
containing fewer Er3+ ions, while for saturation spectroscopy, lower dopant concentration
is required. The absorption spectra between 10,250 and 10,450 cm−1 wavenumbers are
shown in Figure 1. In the case of the Yb3+-doped crystal, a single absorption peak was
found at 10,283.5 cm−1 with a halfwidth of 0.18 cm−1, corresponding to the transition from
the lowest Stark level of 2F7/2 multiplet to the lowest crystal field level of 2F5/2 multiplet of
the Yb3+ ions in LYB at T = 9 K. The other two crystal field components of the 2F5/2 excited
state lie out of this range and are not suitable for our laser spectroscopic measurements.
However, all possible six absorption bands of the 4I15/2—4I11/2 transition of Er3+ can be
identified in this wavenumber range. The positions and halfwidths of the investigated
absorption lines are listed in Table 1.
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Figure 1. Absorption spectra of LYB:Er3+, cEr = 1 mol% (black, with numbered peaks) and LYB: Yb3+,
cYb = 0.1 mol% (red, dotted) between 10,250 and 10,450 cm−1, measured at 9 K.

Table 1. Positions and halfwidths of the absorption lines in the spectrum of LYB:Er3+ and LYB:Yb3+

crystals at T = 9 K shown in Figure 1, and Stark energies of the crystal field splittings are determined
by L. Kovács et al. [25] and J. Sablayrolles et al. [22].

Wavenumber, Stark Energy (cm−1) Halfwidth (cm−1) Reference

Er3+ 4I15/2 1 0 [25]

2 47 [25]

3 76 [25]

4 113 [25]

5 368 [25]

6 466 [25]

7 497 [25]

8 524 [25]
4I11/2 1 10,275.34 0.14 present work

2 10,295.97 0.15 present work

3 10,356.69 0.51 present work

4 10,394.97 1.17 present work

5 10,402.08 1.13 present work

6 10,410.85 0.77 present work

Yb3+ 2F7/2 1 0 [22]

2 367 [22]

3 507 [22]

4 676 [22]
2F5/2 1 10,283.58 0.18 present work

2 10,475 ≈50 present work

3 10,810 ≈80 present work

The measurement setup used for the spectral hole-burning experiments can be seen in
Figure 2. The light source was a stabilized external cavity diode laser (Sacher Lasertechnik,
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Manually Tunable Littrow Laser System–Lynx S3, tunable between 930 and 985 nm) with
current, temperature, mechanical and piezo wavelength-tuning capability. For the narrow
spectral hole measurements, a Toptica Photonics DL Pro grating stabilized tunable single-
mode diode laser was used. This laser has a typical linewidth of 25 kHz with 5 μs integration
time and less than 100 kHz in a millisecond time scale.

Figure 2. Experimental setup for spectral hole-burning measurements at 9 K. The red box labelled
as LASER involves an external cavity diode laser, a beam profiler, a Faraday isolator, a space fil-
tering beam expander, and a lambda half-wave plate to prepare vertical polarization. M = mirror,
GW = glass wedge, WLM = wavelength meter, PBS = polarizing beam splitter cube, AOM = acousto-
optical modulator, λ/4 = lambda quarter-wave plate, L = lens, CRY = cryostat with crystal sample,
and PD = avalanche photodiode with focusing lens system. For the lower temperature measurements,
polarization maintaining a single mode optical fiber was used instead of the beam profiler and space
filtering beam expander.

The wavelength of the laser beam was measured real time with a High Finesse WS-6
laser wavelength meter (WLM). The further details of the setup and the measurement
method are described in our earlier paper [28]. The measurements presented in the fol-
lowing section were carried out by using an acousto-optic modulator (AOM) for laser
frequency modulation, except for the temperature dependence of the broad spectral hole
and all experiments on Er3+-doped sample, where laser frequency was modulated by the
piezo modulation capability of the laser. The samples were mounted in a closed-cycle
helium cryostat and cooled down between 9–30 K temperatures for the laser spectroscopic
measurements. For the measurement of the narrow spectral hole of the LYB:Yb3+ sample, a
liquid helium cryostat was used with an additional helium pump in order to cool down
the sample to near 2 K.

To determine the low-intensity limit of the spectral hole halfwidth, a Z-scan mea-
surement setup was established. The pumping laser intensity was varied from 1.5 to
190 W/cm2 for Yb3+- and from 9 to 700 W/cm2 for the Er3+-doped LYB, while the confocal
lens pair in front and behind the cryostat was moved together from the starting position to
shift the focal plane passing through the sample. All intensity data given here are the peak
value calculated for a two-dimensional Gaussian beam profile. The probing pulse with
an intensity of about one tenth of the pumping pulse was delayed at about 10 and 30 μs
for Yb3+ and Er3+ ions, respectively. Assuming a Gaussian laser beam profile, a theoretical
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function can be fitted to the halfwidth (FWHM) of the spectral hole as the function of the
sample position to determine the homogeneous linewidth in the low-intensity limit:

σ2(z) =
f 2
2
2

+
k f2

2
[

1 +
(

z−z0
zR

)2
] +

√√√√√ f 4
2
4

+
k f 3

2

2
[

1 +
(

z−z0
zR

)2
] , (1)

where σ is the spectral hole halfwidth, f 2 = 4/T2, zR is the Rayleigh length, and k depends
on the material parameters, T1, optical power, and beam waist:

k =
4T1

∣∣deg
∣∣2μ0cP

�2nπw2
0

. (2)

Here, deg is the dipole momentum associated with the transition, μ0 is the permeability
of the vacuum, c is the velocity of the light, P is the power of the focused beam, h̄ is the
reduced Planck constant, n is the effective refractive index of the sample, and w0 is the
beam waist.

3. Results

For the LYB:Yb3+ sample a special double spectral hole structure consisting of a narrow
and a broad spectral hole (see Figure 3) was observed at about 10,283.58 cm−1, similarly
to our measurement on LiNbO3:Yb3+ [28]. A potential reason for such a double spectral
hole system can be the instantaneous spectral diffusion (ISD) [30]. In the LYB:Er3+ crystal,
a single absorption hole was generated at the 4I15/2–4I11/2 electronic transition at about
10,275.36 cm−1 (Figure 4). For the higher wavenumber spectral lines in LYB:Er3+ (see
absorption spectra in Figure 1), we found only weak spectral hole burning effect with a
very broad halfwidth (>1400 MHz).

Figure 3. Double peak system of the spectral hole in LYB:Yb3+. A peak of 30–50 MHz width is
superposed with a narrow peak of 2–3 MHz width. Black squares indicate the measured points, olive
and blue lines indicate the fitted broad and narrow Lorentzian curves, and the red line shows the
sum of two Lorentzians.
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Figure 4. Spectral hole burned in LYB:Er3+. The transmittance curve can be fitted by the superposition
of the inhomogeneously broadened spectral line and a pure Lorentzian spectral hole.

Using the Z-scan technique, homogeneous linewidths of about 0.29 ± 0.03 and
22.5 ± 0.5 MHz, corresponding to the T2 dipole relaxation times of about 1100 ± 120 and
14.2 ± 0.3 ns, were determined in LYB:Yb3+ crystal for the narrow and broad spectral hole
components, respectively (for the narrow one see Figure 5). In Figure 5, the Rabi frequency
Ωw of the pump pulse in the middle of the beam, calculated from the fitted parameters, is
indicated on the right scale. For Er3+-doped LYB crystal a dipole relaxation time of about
11.9 ± 0.2 ns (corresponding to a homogeneous linewidth of about 26.7 ± 0.4 MHz) was
determined by weighted averaging of the results of two measurements in different polar-
ization directions. Although there is a strong polarization dependence in the absorption
and the spectral hole depth, any significant polarization dependence was obtained neither
in spectral hole halfwidth nor in relaxation times.

Figure 5. The width of the narrow spectral hole as a function of distance between the focal plane of
the lens and the sample (Z-scan measurement) measured in LYB:Yb3+ at T = 2.2 K. The fit of Equation
(1) is shown as a solid curve (left scale). The right scale approximately shows the Rabi frequency
calculated from the fitted parameters.
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The determination of population relaxation time (T1) in LYB:Yb3+ and LYB:Er3+ crystals
is shown in Figure 6, where the points represent the depths of the spectral holes as a
function of delay time. In case of Yb3+ dopant, the linear behavior of the measured
data in logarithmic scale shows a single exponential decay process both for the narrow
(T1 = 850 ± 60 μs) and broad (T1 = 1010 ± 50 μs) spectral holes. In addition, the line
broadening as a function of delay time, i.e., the spectral diffusion rates at about 1 and
5 MHz/ms, have also been determined for the narrow and broad spectral lines during
these measurements, respectively, at a temperature of 9 K and an intensity of 40 mW/cm2

in the center of the beam at position z = −17 mm (see Figure 7). For this reason, the initial
width is larger than its minimal value. The measurement of the population relaxation in the
LYB:Er3+ crystal exhibits a single exponential decrease with a time constant of 402 ± 8 μs,
as a weighted average of results for polarizations parallel to the dielectric axes x and y,
since there is no reason to expect polarization-dependence for T1.

In Figure 8, the temperature dependence of the narrow spectral hole width measured
in the LYB:Yb3+ crystal is shown, where the solid (red) line is a fitted curve using the direct
one-phonon coupling model [31–33]:

Γ(T) = Γ0 + a
exp(

�ωph
kBT )[

exp(
�ωph
kBT )− 1

]2 (3)

where Γ(T) is the halfwidth (i.e., full width at half maximum FWHM) of the spectral hole
at a temperature T; Γ0 = Γ(T)T→0; a = 2(δω)2/γ; δω is the coupling constant; γ is the
bandwidth; and ωph is the frequency of the phonon band.

Figure 6. The depth of the spectral holes as a function of delay time between the pump and probe
pulses for the Yb3+- and Er3+-doped LYB crystals.

159



Crystals 2022, 12, 1151

Figure 7. The impact of the spectral diffusion on the width of the spectral hole components in
LYB:Yb3+ at T = 9 K.

Figure 8. The width of the narrow spectral hole as a function of temperature measured in LYB:Yb3+.
The dots with error bars are the measured values, whereas the solid curve is the fitted exponential
function, which originates from the direct one-phonon relaxation model. The measurement was
taken at z = −25 mm position of the Z-scan setup, with 500 μs pumping time. For this reason, the
halfwidth values and their zero-temperature limit are larger than its zero-intensity limit.

Because of the very different halfwidths, the broad and narrow spectral holes were
measured by using the piezo and AOM scanning methods, respectively. As a consequence,
the measurements of the broad and narrow spectral holes were carried out with a pumping
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intensity of 2.6 W/cm2 and 9 W/cm2 and with a delay time of 200 and 20 μs, respec-
tively. Similar temperature dependence was obtained for the LYB:Er3+ crystal. One can see
that lowering the temperature of the sample below 9 K does not cause further significant
decrease of the spectral hole halfwidth. The one-phonon coupling model describes the tem-
perature dependence well for both crystals. The indicated ω0 parameter, characterizing the
phonons playing a role during the relaxation, indicates similar relaxation processes through
the lattice vibrations in LYB:Er3+ and for the narrow spectral hole in LYB:Yb3+ crystals.

For comparison, the T1 and T2 parameters measured on Yb3+- and Er3+-doped
LiNbO3 [28,29] and Yb3+-doped Y2SiO5 crystals [34] are collected in Table 2.

Table 2. Results of spectral hole-burning experiments on LYB:Yb3+ and LYB:Er3+, compared with
those of Yb3+- and Er3+-doped stoichiometric (sLN) and congruent lithium niobate (cLN), and with
Y2SiO5:Yb3+. L is the length of transmitted light path through the sample, i.e., the thickness of the
sample; T1 and T2 are the population relaxation and dipole relaxation time constants of the transition,
respectively; and ω0 is the characteristic phonon energy for the direct one-phonon coupling process
in spatial frequency units.

Material
Yb/Er Conc

(mol%)
α

(cm−1)
L

(mm)
T1

(μs)
T2

(ns)
ω0

(cm−1)

LYB:Yb3+

narrow
0.1 * 9.6 0.60 850 ± 60 1100 ± 120 58 ± 6

broad 1010 ± 50 14.2 ± 0.3 145 ± 8

sLN:Yb3+ [28]
narrow

0.09 26 0.57 266 ± 17 134 ± 7 143 ± 20

broad 438 ± 29 18.2 ± 0.5 54 ± 9

cLN:Yb3+ [28]
narrow

0.18 11.7 0.48 386 ± 34 240 ± 20 65 ± 8

broad 420 ± 20 16 ± 1 89 ± 7

Y2SiO5:Yb3+ [34] 0.005 4920 ± 10 103,000 ± 10,000

LYB:Er3+ 0.05 * 3.1 2.00 402 ± 8 11.9 ± 0.2 58 ± 3

sLN:Er3+ [29] 0.1 3.4 1.85 270 ± 140 6.84 ± 0.13 44 ± 3

cLN:Er3+ [29] 0.1 0.44 1.89 160 ± 80 5.83 ± 0.11 37 ± 4
* in melt.

4. Discussion

In the case of the Yb3+ ion, the population relaxation time (T1) of both absorption holes
is at least twice larger in LYB than in LiNbO3. Additionally, though the dipole relaxation
time of the broad hole is essentially similar in all cases, that of the narrow hole is much
larger in the case of LYB. Similarly, the dipole and population relaxation times of the Er3+

electronic transition in LYB crystal are almost double those measured in LiNbO3. The
increase of the population relaxation time can be explained through the higher level of
defects in the lattice of LiNbO3 due to the incorporation of RE3+ ions as compared to
the LYB crystal, where the incorporation into Y3+ sites can be established without charge
compensation and lattice distortion. The difference between the dipole relaxation times
may originate from the different magnetic environment of the incorporated RE ions. In the
LiNbO3 crystal, the fluctuating magnetic field of the Nb5+ ions may influence the electronic
state of the RE ions in a much stronger manner than any of the ions in the LYB crystal,
resulting in significantly shorter relaxation time.

In addition, the temperature dependence of the spectral hole parameters can also give
information about the RE ion-lattice coupling, e.g., phonon coupling parameters. Although
the phonon band structure of the LiNbO3 and LYB crystals differs significantly, the similar
ω0 coupling frequencies may show that some of the low frequency vibrational modes,
probably localized ones, play an important role in the relaxation process in both crystals.
In case of Er3+, the transition between the 2nd and 3rd Stark level of the 4I11/2 excited
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state corresponds to 60.7 cm−1 [26] (see Table 1.), which is very near to the fitted phonon
frequency at 58 cm−1 and may confirm that the temperature dependence of the spectral
hole width can be explained by the direct one-phonon coupling relaxation process. On the
other hand, in case of Yb3+, a coupling phonon frequency of 58 ± 6 and 145 ± 8 cm−1 for
the narrow and the broad spectral hole components was obtained, respectively, although
both are quite far from even the smallest crystal field splitting value of 194 cm−1 of the
2F5/2 excited state [22]. It has to be mentioned, however, that low energy phonons around
130–160 cm−1 have been detected in the Raman spectra of Ce-doped LYB crystals [35], which
is in good agreement with the value of ω0 obtained for the broad spectral hole component.

Among the other phonon-coupling relaxation processes, a possible one is the Raman
relaxation. Its contribution to the spectral hole broadening is the following:

ΔΓR = α

(
T

TD

)7 ∫ x0

0

x6exp(x)

(exp(x)− 1)2 dx, (4)

where α is the electron–phonon coupling parameter for the Raman process, TD = �ωD/kB
is the effective Debye temperature, ωD is the Debye cut-off frequency, kB is the Boltzmann-
constant, and x0 = TD/T [32]. The integral has been calculated numerically, and we found
that the single phonon relaxation formula in Equation (3), with appropriate change of the
parameter ωph → ωD , is almost identical with Equation (4) in the range of T/TD = 0–0.2.
The parameter fitting of this equation describes the temperature dependence of the spectral
hole broadening both for the narrow and the broad components quite well, and results in
a value for TD equal to 111 ± 6 K and 131 ± 3 K, respectively. Since the numerical value
of the expression in Equation (4) is practically the same as that given by the formula for
the direct one-phonon model in Equation (3), the contribution of the direct one-phonon
and the Raman relaxation cannot be separated only by fitting the temperature dependence
of the spectral hole broadening. The temperature dependence of the spectral hole width
may consist of contributions of more than one effect with similar temperature dependence.
Orbach and multiphonon processes do not likely give significant contribution in relaxation
for trivalent lanthanide ions [33].

5. Conclusions

A pump–probe type saturation spectroscopic experiment has been successfully em-
ployed to measure the relaxation parameters of the Yb3+: 2F7/2—2F5/2 and Er3+: 4I15/2—4I11/2
transitions in LYB single crystals in the temperature range of 2–14 and 9–28 K, respectively.
The dipole and population relaxation times were found to be at about twice those mea-
sured in stoichiometric and congruent lithium niobate single crystals, except for the dipole
relaxation time of the narrow component in Yb3+, where the increase is much larger. The
small number of defects due to the neutral charge substitution of Y for the RE ions in LYB
crystals explains the longer population relaxation time as compared to lithium niobate. The
difference in the dipole relaxation times can be understood by the fluctuating magnetic field,
which seems to be stronger in LiNbO3 due to the high nuclear magnetic moment of the
Nb5+ ion. Although LYB as a host material seems to be better than LiNbO3, the coherence
time of excitation of the Yb3+ dopant is still much shorter than in Y2SiO5, and it is likely that
there is a similar situation with the Er3+ dopant as well as for the 4I11/2–4I15/2 transition.
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