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Abstract

This study investigates the effects of Ta doping on the elastic, dielectric, piezoelectric, and
electromechanical coupling properties of lithium niobate (LiNbOs, LN) crystals using
first-principles calculations. The results show that isovalent substitution of Nb%* by Ta>*
maintains mechanical stability in all doped systems. Ta incorporation enhances the overall
stiffness and deformation resistance, while strengthening ionic displacement polarization
and the piezoelectric stress response. The piezoelectric strain constant dss and electrome-
chanical coupling coefficient kss exhibit different optimal doping concentrations. dss
reaches 9.548 pC/N at 10% Ta doping, corresponding to a 13.6% improvement over intrin-
sic LN, whereas k33 reaches a maximum of 0.2569 at 3.33% Ta doping and remains high in
the 3.33-6.67% range. This separation originates from the competition among polarization
enhancement, elastic stiffness hardening, and nonlinear dielectric growth. Enhanced ionic
polarization promotes dss, while excessive dielectric energy storage and increased stiff-
ness suppress effective electromechanical energy conversion. These results reveal the mi-
croscopic mechanism governing composition-dependent electromechanical tuning in Ta-
doped LN crystals. Accordingly, 10% Ta is suitable for improving strain sensitivity,
whereas 3.33-6.67% Ta is preferable for optimizing energy conversion efficiency in LN-
based sensors, actuators, transducers, and resonators.

Keywords: lithium niobate crystal; first-principles theory; piezoelectric property;
electromechanical coupling coefficient; lithium niobate-tantalate crystal
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1. Introduction

Lithium niobate (LiNbOs, LN), as a typical trigonal ferroelectric crystal, with its ex-
cellent electro-optic effect, nonlinear optical properties, piezoelectric and thermoelectric
performance, is widely used in core devices such as optical modulators, surface acoustic
wave filters, second harmonic generators, non-volatile memory and piezoelectric sensing
actuators, and is known as “optical silicon”, being one of the indispensable core functional
materials in the integrated optoelectronics and microelectromechanical systems fields at
present [1,2]. Over the past few decades, research on its structural characteristics, physical
properties, and device applications has achieved fruitful results [3]. From a crystallo-
graphic perspective, LN is stable at room temperature in a trigonal ferroelectric phase
with the space group R3c (No. 161), exhibiting an inherent spontaneous polarization along
the c-axis. Upon heating above the Curie temperature (~1480 K), the crystal undergoes a
ferroelectric-to-paraelectric phase transition, transforming into a centrosymmetric
paraelectric phase, accompanied by the disappearance of its spontaneous polarization
[4,5]. This inherent polarization configuration along a specific crystal axis is not only the
physical foundation for its excellent piezoelectric and nonlinear optical effects, but also
determines the high anisotropy of its macroscopic force—electric response. However, as
the application scenarios of LN-based devices continue to expand, the structural and
physical property tuning degrees of freedom for single-component intrinsic LN crystals
are limited, making it difficult for their overall performance to fully meet the demands of
high-performance functional devices requiring coordinated optimization across multiple
parameters.

To overcome the above performance bottlenecks, further regulation and optimization
of the performance of LN crystals have become an important research hotspot at present.
As an effective means to regulate the microstructure and macroscopic physical properties
of LN crystals and enhance overall device performance, elemental doping has become an
important research direction in this field. However, among numerous doping systems,
finding a doping element that can effectively regulate the physical properties of the mate-
rial without causing severe lattice distortion or introducing excessive defects is the key to
achieving crystal performance optimization. Among them, lithium tantalate (LiTaOs, LT)
crystals and LN crystals have the same crystal structure (R3c space group), and Ta> and
Nb3* have the same oxidation state and similar ionic radii. By isovalently substituting Nb
ions in the crystal lattice with Ta ions, the material properties can be effectively regulated
without destroying the charge balance and macroscopic symmetry of the crystal [6,7]. In
recent years, the research on new dual perovskite functional materials has attracted much
attention. Lithium niobate tantalate (Li2NbTaOs, LNT) is one of the representatives. By
adjusting the precise composition ratio of Ta and Nb ions, the performance advantages of
LT crystals and LN crystals can be effectively integrated, compensating for the inherent
deficiencies of a single-component material and achieving the synergistic improvement
and optimization of multiple properties [8,9]. For LN, LT, and their solid-solution systems,
many first-principles studies have evaluated their fundamental physical properties. These
studies have confirmed the structural stability and wide-bandgap characteristics of these
systems and have revealed the influence of the Nb/Ta compositional ratio on the band
structure, phonon behavior, mechanical properties, and optical response [10-13]. How-
ever, most existing studies have mainly focused on reporting computational results for
electronic, optical, and mechanical properties, as well as comparing the macroscopic prop-
erties of different LN-, LT-, and LNT-based systems. Systematic discussion is still lacking
regarding the intrinsic correlations among elastic stiffness, dielectric response, piezoelec-
tric stress constants, piezoelectric strain constants, and electromechanical coupling coeffi-
cients in Ta-doped LN crystals. In particular, the piezoelectric strain constant and electro-

https://doi.org/10.3390/cryst16070457



Crystals 2026, 16, 457

3 of 16

mechanical coupling coefficient are governed by different combinations of elastic, dielec-
tric, and polarization responses, and therefore their optimal doping concentrations may
not be identical. Nevertheless, the coupled evolution and competing mechanisms among
these physical quantities remain insufficiently understood. Therefore, it is necessary to
clarify the regulation mechanism of Ta doping on the electromechanical coupling perfor-
mance of LN crystals from multiple perspectives, including microscopic structure, elastic
response, dielectric polarization, and piezoelectric coupling.

Based on this, this paper adopts the first-principles calculation method based on den-
sity functional theory (DFT) to systematically study the elastic properties, dielectric re-
sponse, and piezoelectric characteristics of LN crystals under different Ta doping concen-
trations. The paper focuses on exploring the synergistic regulation mechanism of Ta dop-
ing on the piezoelectric stress constant ess and elastic stiffness Cs3, revealing the competi-
tion between these two physical effects on the regulation of the piezoelectric strain con-
stant dss, and ultimately deducing the evolution characteristics of the macroscopic elec-
tromechanical coupling coefficient kss. The research conclusions of this paper not only
help to clarify the intrinsic mechanism of Ta doping on the electro-physical coupling per-
formance and energy conversion efficiency of LN crystals at the microscopic level, but
also provide a theoretical basis for the composition optimization and device design of
next-generation high-performance LN-based piezoelectric functional materials.

2. Calculation Methods and Models

The first-principles calculations in this paper are all based on Density Functional The-
ory (DFT) and are executed using the Vienna Ab initio Simulation Package (VASP 6.1.0)
[14,15]. The interaction between valence electrons and ions is described by the Projector
Augmented Wave (PAW) method [16]. The exchange-correlation functional is selected as
the (Perdew—-Burke-Ernzerhof, PBE) functional within the Generalized Gradient Approx-
imation (GGA) framework [16,17]. This paper takes the LN trigonal single crystal with the
space group R3c (No. 161) as the prototype. It constructs the initial crystal model using
the reported unit cell parameters a=b =5.1483 A, ¢ =13.8631 A, ot = = 90°, y = 120° [18].
Its structure is shown in Figure 1. Before constructing the doped models, the intrinsic LN
unit cell was first fully optimized and then used as the parent structure for constructing
the subsequent Ta-doped models. In LN, the site occupancy of dopant ions is strongly
affected by dopant concentration, ionic radius, and valence state. In particular, lower-va-
lence dopants tend to occupy Li-related sites, whereas dopants with valence states close
to or higher than Nb%, such as Ta*, are generally expected to preferentially substitute Nb
sites [19]. Therefore, in the present work, Ta doping was modeled by the isovalent substi-
tution of Nb atoms with Ta atoms, corresponding to a charge-neutral substitutional model
in LNT solid solutions. For each target Ta doping concentration, the number of Nb atoms
replaced by Ta atoms was determined according to the corresponding doping ratio. The
Ta atoms were then arranged on the Nb sublattice using the special quasirandom structure
(SQS) approach implemented in ATOMKIT, so that the local Nb/Ta configurational disor-
der within the finite supercell could better approximate the random distribution of Ta
atoms in real LNT solid solutions. LNT mixed crystal models with varying Ta doping
concentrations were constructed by isovalently substituting Ta ions for Nb ions at their
corresponding lattice sites. All initial crystal structures were generated using the VESTA
Ver. 3.90.5a, 64-bit Edition software package [20] and the ATOMKIT software (Studio Ver-
sion 2.0.0), in which the SQS-based Nb/Ta occupation configurations were constructed,
followed by three-dimensional visualization and structural verification. The valence elec-
tron configurations of each element are set as: Li: 2s!, Nb: 4d*5s!, Ta: 5d%6s?, O: 2s22p*. To
strictly avoid numerical aliasing and basis set truncation errors, the plane wave cutoff
energy is set to 500 eV, and the calculation accuracy PREC is set to Accurate. The Brillouin
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zone integration is sampled using the Monkhorst-Pack scheme for k-point grids [21]. The
energy convergence threshold for each elementes self-consistent iteration is set to 1 x 10
eV/atom, and the electron occupation adopts the Gaussian broadening scheme with a
broadening coefficient of 0.05 eV to accelerate self-consistent convergence. All systems
undergo full degree-of-freedom geometric relaxation until the force between adjacent ions
converges, thereby obtaining thermodynamically stable ground-state structures. Based on
the optimized stable structure, this paper uses the VASPKIT Standard Edition 1.5.1 pro-
gram [22,23] to calculate the single-crystal elastic stiffness constants and macroscopic me-
chanical performance parameters of the polycrystalline system. Meanwhile, based on den-
sity functional perturbation theory (DFPT) [24], the dielectric tensor and piezoelectric
stress constant of all systems were calculated. The piezoelectric strain constant dss was
then derived from the coupling relationship between piezoelectric stress constant and
elastic stiffness constant, and the modulation mechanism of Ta doping on the properties
of LN crystals was systematically investigated.

a

Figure 1. Schematic diagram of the LN crystal structure.

3. Results and Discussion
3.1. Elasticity and Mechanical Properties

Elastic constants are fundamental mechanical quantities of solid materials. Through
the generalized Hookes law, they quantitatively describe the elastic response of crystals
to external stress, determine the propagation characteristics of elastic waves in the me-
dium, and serve as an important basis for deriving macroscopic mechanical properties
[25]. For anisotropic crystals, the constitutive relationship between stress and strain can
be described by the generalized Hookes law as oij = Cijiex, where oijj is the second-order
stress tensor, ¢u is the second-order strain tensor, and Ciu is the fourth-order elastic stiff-
ness tensor. Due to the fact that both the intrinsic LN crystals and the Ta-doped LNT
mixed crystal system in this study belong to the trigonal space group R3c (No. 161), cor-
responding to the 3 m point group symmetry, the elements of the non-zero elastic constant
matrix are strictly limited by the crystal symmetry. Therefore, the independent elastic
stiffness constants of the system are reduced to 6, namely Ci1, Ci2, C13, Cis, C33, and Cu, and
also include a dependent constant Css determined by symmetry, which satisfies Ces = (Cnn
— C12)/2. The elastic constant matrix extracted through first-principles calculations in this
paper also perfectly verifies this symmetry feature. The mechanical stability of the crystal
structure can be strictly determined by the Born elastic stability criterion. For crystals in
the trigonal space group R3¢, the following mechanical stability criteria need to be satis-
fied [26]:
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C11 >|C12| (2)
C;,<05C(G,+G) ®
1
C124 < 5 Cy (Cn -C, ) =C,Cy 4)

The elastic constants of all the systems in this article are calculated based on the en-
ergy-strain method, and the elastic constants are calculated for the specified crystal space
group using VASPKIT. With the thermodynamically stable unit cell after sufficient relax-
ation as the initial structure, VASPKIT automatically identifies the symmetry of the R3c
space group of the crystal and applies multiple sets of uniform strains (with strain ampli-
tudes set at £0.5%, +1%, and +1.5%) to each set of strained structures. Static self-consistent
calculations are performed for each set of strained structures to obtain the total energy of
the system. The relationship between the total energy of the system and the strain is fitted
by a quadratic function, and combined with the analytical relationship between elastic
strain energy and elastic constants, the complete elastic stiffness constant matrix is finally
solved, obtaining the calculation results of the elastic stiffness constants for the LN crystal
and different Ta-doped concentration LNT mixed crystal systems, as shown in Table 1.
From Table 1, the calculated second-order elastic constants of intrinsic LN crystals in this
work are in good agreement with previous theoretical results [11,27]. The deviations from
the available experimental values [28] fall within the reasonable error range of the Gener-
alized Gradient Approximation (GGA) functional, which confirms the reliability of our
computational method. It can be seen that the elastic constants of all LNT mixed crystal
systems at different doping concentrations strictly satisfy the Born mechanical stability
criterion of the trigonal crystal system, confirming that the equivalent substitution of Ta
ions does not destroy the original lattice stability, and all doping systems are in a mechan-
ically stable structure. From the perspective of doping regulation rules, as the Ta doping
concentration increases, the elastic constants of the system show significant evolutionary
characteristics. The axial stiffness constant Cn1 of the basal plane shows a monotonic in-
creasing trend with the increase in doping concentration, significantly increasing from
181.9 GPa of the intrinsic LN crystal to 217.7 GPa of the 16.67% doping system. It is notable
that the principal axis stiffness Css slightly decreases (to 217.9 GPa) at a slight doping
(3.33%), then continuously increases with the increase in concentration to the final 253.9
GPa. This overall strengthening trend indicates that Ta doping can effectively enhance the
compressive resistance of the crystal along the a-b basal plane and the c-axis direction.
The shear stiffness constants Cu and Ces also show a monotonic increasing pattern, with
Cu increasing from 46.8 GPa to 80.3 GPa, and Ces increasing from 57.7 GPa to 82.3 GPa,
fully demonstrating the significant optimization effect of Ta doping on the crystale shear
deformation resistance. In addition, the elastic constants representing the coupling effect
of lateral deformation show different change behaviors. Ci2 decreases continuously from
66.6 GPa to 53.1 GPa with the increase in Ta doping concentration, and Cu gradually de-
creases from 14.5 GPa, even reaching a negative value of -4.3 GPa at 16.67% doping con-
centration. In comparison, Cis steadily increases from 57.5 GPa to 75.1 GPa. The changes
in the macroscopic mechanical responses and their microscopic physical mechanisms
stem from the lattice bonding environment reconstruction caused by the equivalent sub-
stitution of Ta’* for Nb>. Due to the higher bond energy of Ta-O bonds than Nb-O bonds,
as the Ta doping concentration increases, the average chemical bond strength within the
system increases, resulting in a simultaneous enhancement of axial and shear stiffness on
a macroscopic scale. Moreover, all doping systems always maintain the characteristic of
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Cs3 > Cu1 and Ces > Cu4, indicating that although Ta doping changes the absolute values of
each stiffness component, it does not change the intrinsic mechanical uniaxial anisotropy
of the LN crystal.

Table 1. Elastic constants (GPa) of LN crystals with different Ta doping concentrations.

System Doping% Cu Cn Cs Cu Css Cu  Ces Work

Pristine-LN - 1845 589 60.5 175 2201 39.7 627 Theor.[11]
Pristine-LN - 1989 547 673 7.8 2337 704 721 Theor. [27]
Pristine-LN - 1984 547 65.1 79 2279 597 Exp. [28]
Pristine-LN - 1819 66.6 575 145 2225 46.8 57.7 Thiswork
Ta-LN 3.33 1869 60.1 63.0 11.3 2179 502 63.4 Thiswork
Ta-LN 6.67 1940 587 656 79 2261 56.6 67.7 Thiswork
Ta-LN 10 2020 568 685 4.0 2346 644 726 Thiswork

Ta-LN 13.33 2089 552 718 0.07 2437 718 769 Thiswork
Ta-LN 16.67 2177 531 751 -43 2539 80.3 823 Thiswork

Based on the elastic stiffness constants of single crystals, the macroscopic mechanical
property parameters of polycrystalline materials can be calculated using the Voigt—Reuss—
Hill (VRH) approximation method, including bulk modulus B, shear modulus G, Younges
modulus E, and Poissones ratio v. These parameters are the core indicators for character-
izing the macroscopic mechanical properties of materials [29]. Among them, the bulk
modulus B represents the materiales ability to resist uniform hydrostatic compression,
with a higher value indicating stronger compressive resistance of the material. The shear
modulus G represents the materiales ability to resist shear deformation, and it is directly
proportional to the hardness of the material [30,31]. Based on the Voigt-Reuss-Hill ap-
proximation [29], the bulk modulus B and shear modulus G can be obtained, and their
expressions are as follows:

B=(B,+B,)/2 )
G=(G,+G,)/2 6)

Among them, the upper and lower bounds of the bulk modulus of polycrystals, Bv
and Bg, are respectively given by the Voigt model [32] and the Reuss model [33]; similarly,
the upper and lower bounds of the shear modulus, Gvand Gr, can also be calculated using
these two methods:

B, =[2(Q1+C{2+2q3)+gs]/9 @)
— Css (Cll +Cp, )_ 2C123
"G, +C,+2C,-4C,
G, =(2G,+G, -G, —2G,)/15+2C, +C,)/5 ©)
= pomen [(Cll +C )C33 _2C123]
158, C,,C + l(cn +Cp, )C33 - 2C123 KC44 + Css)

The Younge modulus E is used to measure the materiales ability to resist elastic

)

(10)

stretching or compression deformation in a single direction, and it is an important param-
eter for evaluating the stiffness of a structure. The Poisson ratio v describes the lateral
strain response characteristics during axial loading, and its value is often used to deter-
mine the ductility of the material. Generally, v < 0.26 often indicates brittle characteristics,
while higher v typically corresponds to better toughness [34,35]. The Younges modulus E
and Poisson ratio v can be expressed by the following equation [36]:
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Based on the single-crystal elastic stiffness constants obtained previously, using the
above Voigt-Reuss-Hill approximation method and theoretical formulas, this paper sys-
tematically calculated the macroscopic mechanical property parameters of the intrinsic
LN crystal and the mixed crystal system with different Ta concentrations. The results are
shown in Table 2. From the results, the mechanical parameters of intrinsic LN calculated
in this work are in excellent agreement with previously published theoretical results [11],
which verifies the reliability of our computational method. It can be seen that as the Ta
doping concentration increases, the bulk modulus, shear modulus, and Younge modulus
of the system all show a significant monotonically increasing trend. This confirms that Ta
doping has a very significant optimization effect on improving the hardness, overall stiff-
ness, and mechanical strength of the LN crystal. Based on the Pugh criterion, the brittle-
ness and toughness of the material can be quantitatively determined. When the B/G ratio
of the material is greater than 1.75, the material shows a toughness characteristic; when
the B/G ratio is less than 1.75, the material shows a brittle characteristic [35]. From Table
2, the B/G ratio of the intrinsic LN crystal is 1.94, which is greater than the critical value of
1.75, showing typical toughness characteristics. As the Ta doping concentration increases,
the B/G ratio of the system continuously decreases. In the 6.67% doping system, it has
dropped to 1.73, which is below the critical threshold. As the doping concentration further
increases, the B/G ratio continuously decreases to 1.498 in the 16.67% doping system. This
indicates that Ta doping causes the LN crystal to transform from toughness to brittleness
gradually. This change is completely consistent with the evolution law of Poissone ratio—
the Poissones ratio of the system decreases monotonically from 0.28 of the intrinsic LN
crystal to 0.227 in the 16.67% doping system, further confirming the physical essence of
the enhancement of material covalent bond characteristics and the weakening of macro-
scopic toughness. Although doping causes a slight reduction in toughness, the absolute
modulus of all systems remains at a high level, fully ensuring its structural stability in
engineering applications.

Table 2. Bulk modulus B (GPa), shear modulus G (GPa), Younge modulus E (GPa), Poissone ratio
v, and B/G ratio of LN crystals with different Ta doping concentrations.

System Doping% B G E v B/G Work
Pristine-LN - 1051 539 1381  0.281  1.950 Theor. [11]
Pristine-LN - 1053 544 1392 0280  1.940 This work

Ta-LN 3.33 106.8 582 1477 0270  1.840 This work

Ta-LN 6.67 1101  63.6 1600  0.258  1.730 This work

Ta-LN 10 113.6  69.6 1734 0246  1.630 This work

Ta-LN 13.33 1171 748 1851 0237  1.565 This work

Ta-LN 16.67 121.0 80.8 1982  0.227  1.498 This work

To explore the force—electric coupling mechanism of this system, considering the
highly anisotropic piezoelectric properties of the single crystal spindle, the elastic constant
matrix obtained by the above energy-strain method was used to extract and plot the var-
iation curve of the elastic stiffness component Css along the c-axis with the Ta doping con-
centration, as shown in Figure 2. From Figure 2, it can be seen that Cs3 shows a clear two-
stage evolution law with the Ta doping concentration. When the Ta doping concentration
is 3.33%, Css slightly decreases from the intrinsic LN& 222.5 GPa to 217.9 GPa, showing a
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slight drop. This phenomenon is due to the slight local lattice distortion introduced by Ta
ions replacing Nb ions in the lattice under low doping concentration, resulting in a slight
adjustment of the average bond length in the c-axis direction, and a slight decrease in the
average chemical bond strength of the system along the c-axis. When the Ta doping con-
centration exceeds 3.33%, Cs3 shows a perfect linear monotonic increase trend with the
doping concentration increase, from 226.1 GPa at a 6.67% doping concentration to 253.9
GPa at a 16.67% doping concentration, with an increase of 14.1% compared to the intrinsic
LN. The microscopic mechanism of this evolution law stems from the intrinsic bond en-
ergy difference between Ta-O bonds and Nb-O bonds. The bond energy of Ta-O bonds is
significantly higher than that of Nb-O bonds. As the Ta doping concentration increases,
the proportion of Ta-O bonds in the lattice continuously increases. The average chemical
bond strength along the c-axis direction of the crystal continuously improves, ultimately
manifesting as the linear monotonic enhancement of Cs3, indicating that Ta doping can
significantly enhance the axial stiffness and compressive deformation resistance of the LN
crystal along the optical axis direction, laying a structural foundation for further improv-
ing the force—electric coupling response in the z-axis direction.

x%
Figure 2. Elastic constant Css of LN crystals after doping with different concentrations of Ta.

3.2. Dielectric Properties

To deeply explore the microscopic mechanism of the dielectric response of the system,
this paper uses the aforementioned density functional perturbation theory (DFPT) to cal-
culate the static dielectric constant tensors of the intrinsic LN crystal and the LNT mixed
crystal systems with different Ta doping concentrations, and rigorously decouples the to-
tal dielectric constant into the contributions of electronic polarization and ionic displace-
ment polarization. Considering the symmetry constraint of the trigonal crystal system,
which makes specific directions within the basal plane equivalent, this paper focuses on
extracting and plotting the evolution curves of the dielectric constant along the x-axis and
z-axis with the doping concentration, as shown in Figure 3. From Figure 3, it can be seen
that all systems exhibit significant dielectric anisotropy, which is highly consistent with
the typical uniaxial ferroelectric configuration of LN crystals, and the dielectric numerical

https://doi.org/10.3390/cryst16070457



Crystals 2026, 16, 457

9 of 16

Dielectric constant (g,,)

calculation results of the intrinsic LN crystal are highly consistent with the existing litera-
ture reports [37]. From the perspective of the polarization component, the contribution
proportion of electronic polarization to the total dielectric constant is extremely low, and
it only undergoes a very slight fluctuation with the increase in Ta doping concentration.
This phenomenon confirms that Ta substitution has a limited effect on the high-frequency
electron cloud distortion. In contrast, ionic displacement polarization constitutes the main
source of the dielectric response of the system. As the Ta doping concentration continu-
ously increases, the ionic polarization rate and total dielectric constant of each system
show a significant monotonically increasing trend. It is worth noting that the dielectric
increase along the polarization optical axis z direction is much greater than that in the
basal plane x direction. From the microscopic dynamics perspective, this polarization en-
hancement effect is mainly attributed to the introduction of Ta> effectively reducing the
potential barrier for the relative displacement of c-axis cations in the local lattice, thereby
significantly releasing the ionic displacement polarization potential of the lattice. The sig-
nificant jump in dielectric properties along the c-axis will profoundly affect the macro-
scopic force—electric coupling behavior of the material. Particularly, for the most core lon-
gitudinal piezoelectric property of LN crystals, the macroscopic evolution of the piezoe-
lectric strain constant dss will be subject to the competition and synergy regulation of two
physical mechanisms. On the one hand, Ta doping leads to a significant increase in the c-
axis elastic stiffness constant Css, which reduces the axial elastic flexibility of the material,
thereby exerting a mechanical negative inhibition on dss. On the other hand, the significant
increase in the dielectric constant along the c-axis indicates that the strain-induced ionic
polarization response is greatly enhanced, which will significantly increase the piezoelec-
tric stress constant ess and thus have a positive electrical promotion on dss. Therefore, the
evolution path of the final piezoelectric response dss of the Ta-doped system will be de-
termined by the competitive results of the above stiffness hardening and polarization en-
hancement effects.
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Figure 3. Dielectric constants of LN crystals after doping with different concentrations of Ta (a) ex;
(b) &Ezz.

3.3. Piezoelectric Properties

The piezoelectric stress constant es is used to characterize the materiales ability to
generate a polarization response under strain, and it is a core parameter determining the
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piezoelectric performance. It is also a fundamental parameter for calculating the piezoe-
lectric strain constant dss. Based on the density functional perturbation theory (DFPT), the
longitudinal piezoelectric stress constant ess of the LNT mixed crystal system along the c-
axis was calculated at different Ta doping concentrations, and it was decomposed into
electronic and ionic contributions. The results are shown in Figure 4. From Figure 4, it can
be seen that the piezoelectric stress constant ess of the intrinsic LN crystal is mainly con-
tributed by the ionic contribution, accounting for 66.4%. In comparison, the electronic con-
tribution only accounts for 33.6%. The calculated e value of LN in this study is 1.82 C/m?,
which is in excellent agreement with previously reported experimental measurements
and first-principles calculations [13,38,39], thereby verifying the reliability of the present
calculation method. This indicates that the origin of the piezoelectric effect of the LN crys-
tal is the relative displacement of anions and cations caused by lattice strain, which is
completely consistent with the ferroelectric polarization characteristic of the LN crystal.
As the Ta doping concentration increases, the total piezoelectric stress constant ess of the
system shows an evolution pattern of significant increase first and then a slight decline.
When the doping concentration reaches 13.33%, the total e reaches a peak of 2.148 C/m?>.
When the doping concentration is 16.67%, ess slightly decreases to 2.123 C/m?, but it is still
higher than that of the intrinsic LN crystal. Overall, Ta doping significantly enhances the
longitudinal piezoelectric stress response ability of the LN crystal. The electronic contri-
bution only shows a slight decrease with the increase in doping concentration. In contrast,
the ionic contribution continuously increases from 1.211 C/m? of the intrinsic LN crystal
to 1.577 C/m? of the 16.67% doping system, which is the core source of the increase in ess.
The microscopic mechanism is that Ta doping changes the local bonding environment of
the oxygen octahedron, reduces the potential barrier for c-axis displacement of cations.
This local symmetry and bonding adjustment enable the lattice to generate a stronger ionic
displacement polarization when subjected to the same external strain, ultimately resulting
in a significant jump in the piezoelectric stress constant ess on a macroscopic scale.
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Figure 4. The piezoelectric stress constant ess of LN crystals after doping with different concentra-

tions of Ta.
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Since LN crystals belong to the 3 m point group, with the z-axis serving as the unique
polarization axis, the longitudinal piezoelectric response dss and its corresponding elec-
tromechanical coupling coefficient kss can directly reflect the strain—electric-field coupling
efficiency along the polarization direction. These parameters are closely related to the per-
formance of thickness-extensional modes, longitudinal vibration modes, and certain high-
frequency resonators and sensors. Therefore, dss and kss can be used as key parameters for
evaluating the effect of Ta doping on the piezoelectric performance of LN crystals [40—43].
For trigonal crystals in the 3 m point group, the piezoelectric strain coefficient matrix [d]
satisfies the tensor relationship [d] = [e][S] [44], where [S] is the inverse of the elastic stiff-
ness matrix [C]. Based on first-principles full-tensor coupling calculations, this study ex-
tracted the longitudinal piezoelectric strain coefficient dss of the LNT system at different
Ta doping concentrations, and the results are shown in Figure 5. As shown in Figure 5,
the calculated dss value of the intrinsic LN crystal is 8.408 pC/N, which is of the same order
of magnitude as the experimentally reported value of approximately 6.0 pC/N for room-
temperature LiNbO:s single crystals along the polarization axis [45]. This agreement indi-
cates that the calculated results are reasonable and can be used to analyze the relative
tuning trend of Ta doping on the piezoelectric response of LN crystals. As the Ta doping
concentration increases, dss displays a non-monotonic evolution—first rising and then
slightly decreasing. At a doping level of 10%, dss reaches its peak value of 9.548 pC/N,
representing a significant enhancement of 13.6% compared to the intrinsic crystal. Nota-
bly, even when the doping concentration further increases to 16.67%, dss decreases to 9.224
pC/N, yet still maintains a remarkable increase of 9.7% over the intrinsic value. This non-
monotonic behavior reflects the underlying physical competition between enhanced po-
larization response and increased resistance to deformation within the material. Among
the theoretical contributions to dss, the dominant term e:5s: plays a decisive role. Since
the longitudinal compliance Ss3 is negatively correlated with the longitudinal elastic stiff-
ness Cs3, the macroscopic piezoelectric response of the system is fundamentally governed
by the interplay between polarization enhancement and stiffness hardening. Overall, the
equivalent substitution of Ta atoms effectively tunes and significantly enhances the over-
all performance of LN crystals across a broad concentration range. In particular, doping
at approximately 10% achieves maximum longitudinal piezoelectric strain response and
electromechanical conversion efficiency without compromising mechanical stability.
Even at high doping levels, the system maintains excellent piezoelectric sensitivity while
substantially increasing compressive stiffness. These findings not only clarify the electro-
mechanical coupling mechanism of LN crystals from a microscopic full-tensor perspective
but also provide rigorous theoretical guidance for the compositional optimization of next-
generation high-stiffness, high-sensitivity piezoelectric sensing and actuating devices.

https://doi.org/10.3390/cryst16070457



Crystals 2026, 16, 457

12 of 16

] —_— .\.

d33(pC/N)

-2 0 2 4 6 8 10 12 14 16 18
x%

Figure 5. The piezoelectric strain constant dss of LN crystals after doping with different concentra-
tions of Ta.

3.4. Electromechanical Coupling Coefficient

The electromechanical coupling coefficient ka3 is a key performance indicator for eval-
uating the efficiency of energy conversion between mechanical and electrical energy in
piezoelectric materials in the longitudinal operating mode [46]. To quantitatively reveal
the influence of Ta doping on the actual energy conversion efficiency of the system, based
on the piezoelectric strain constant dss, the absolute dielectric constant obtained by multi-
plying the relative dielectric constant by the vacuum permittivity (eo), and the elastic com-
pliance constant Ss3 obtained by inverting the elastic stiffness tensor, this paper strictly
solved the longitudinal electromechanical coupling coefficient of each system according

k3, =d3, /4/Shel
to the relationship formula % % 373

[47]. The evolution law of ks with Ta
doping concentration is shown in Figure 6. From Figure 6, the theoretically calculated
electromechanical coupling coefficient for the intrinsic LN crystal is 0.2502. As the Ta dop-
ing concentration increases, kss does not exhibit an evolution synchronous with the piezo-
electric strain constant dss; instead, it reaches its peak at a significantly lower concentration.
At a low doping concentration of 3.33%, kas reaches its maximum value of 0.2569 and re-
mains above 0.256 within the concentration range of 3.33% to 6.67%, achieving a notable
improvement compared to the intrinsic state. As the doping concentration further in-
creases, the ks curve turns downward, showing a monotonically decreasing trend and
falling to 0.2314 at a concentration of 16.67%. At the low doping level of 3.33%, the intro-
duction of a small amount of Ta ions causes a slight distortion and softening of the local
lattice, maximizing the longitudinal elastic compliance constant Sss. Consequently, the re-
sistance of the lattice to polarization displacement under an external field is minimized,
and the mechanical-to-electrical energy conversion is highly efficient, thereby generating
the peak in kss. However, as the Ta doping concentration continues to increase, although
the stronger Ta-O bonds continuously enhance the intrinsic piezoelectric polarization re-
sponse of the material, the absolute dielectric constant of the system undergoes a more
pronounced nonlinear growth. This rapid increase in the dielectric constant significantly
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enhances the materiales capacity to store reactive electrostatic energy. A large amount of
the input electrical energy is preferentially converted into capacitive electrostatic field en-
ergy stored within the crystal, failing to effectively participate in the mechanical work
process. This ultimately masks the benefits of the enhanced polarization and leads to a
continuous decline in the macroscopic electromechanical coupling efficiency.

0.260

0.255 - \

0.250 - ®

=
(S
=
n
L

0.240 -

0.235 -

0.230 -

Electromechanical coupling coefficient (k;;)

x%

Figure 6. The electromechanical coupling coefficient kss of LN crystals after doping with different

concentrations of Ta.

In conclusion, although Ta doping can effectively enhance the absolute deformation
sensitivity of LN crystals within a wide range of compositions, in order to achieve the
optimal energy conversion efficiency of the device, it is necessary to strictly control the
negative losses caused by the dielectric energy storage effect. This study demonstrates,
from a microscopic computational perspective, that a low Ta-doping range of 3.33-6.67%
can achieve an optimal physical balance among polarization enhancement, elastic compli-
ance, and dielectric response, thereby leading to superior overall electromechanical per-
formance. These findings provide valuable compositional-window guidance for the de-
sign of next-generation high-efficiency LN-based piezoelectric transducers, resonators,
and sensors.

4. Conclusions

This study systematically investigates the effects of Ta doping on the structural sta-
bility, elastic properties, dielectric response, piezoelectric properties, and electromechan-
ical coupling behavior of LN crystals based on first-principles calculations. The results
show that upon isovalent substitution of Nb> by Ta%, all doped systems satisfy the Born
mechanical stability criteria for trigonal crystals, indicating that Ta doping does not dis-
rupt the basic structural stability of LN crystals. As the Ta doping concentration increases,
the bulk modulus, shear modulus, and Younge modulus generally increase, suggesting
that strengthened Ta—-O bonding enhances the crystal stiffness and resistance to defor-
mation. Meanwhile, the B/G ratio and Poissone ratio decrease, indicating an enhanced
brittle tendency of the doped systems. The dielectric and piezoelectric results show that
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Ta doping mainly enhances the piezoelectric stress response by strengthening ionic dis-
placement polarization, but it also causes elastic stiffness hardening and reduces axial
elastic compliance. Therefore, the variation in dss is not determined solely by polarization
enhancement, but is jointly governed by enhanced ionic displacement polarization and
elastic hardening. The longitudinal piezoelectric strain constant dss reaches its maximum
value of 9.548 pC/N at 10% Ta doping, which is 13.6% higher than that of intrinsic LN,
indicating that moderate Ta doping is more favorable for improving piezoelectric strain
sensitivity. In contrast, the electromechanical coupling coefficient kss reaches its peak
value of 0.2569 at 3.33% Ta doping and remains at a high level within the 3.33-6.67% dop-
ing range, indicating that the optimal doping concentrations for dss and kss are not identi-
cal. This difference arises because high-concentration Ta doping can continue to enhance
ionic polarization and ess, whereas elastic stiffness hardening and the nonlinear increase
in dielectric constant weaken the effective electromechanical energy conversion efficiency.
Therefore, the performance optimization of Ta-doped LN crystals should be guided by
specific device requirements. This study reveals the competing relationship among elastic
hardening, dielectric enhancement, and ionic displacement polarization; clarifies the mi-
croscopic mechanism responsible for the separation of the optimal doping concentrations
for dss and kss; and provides a theoretical basis for the compositional design and device
optimization of LN-based piezoelectric functional crystals.
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