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Abstract 
 

The temperature dependence of the elastic constants C11
𝐸 , C12

𝐸 , C14
𝐸  and C44

𝐸  as well as the 

piezoelectrically stiffened constants C13
𝐷  and C33

𝐷  of lithium niobate (LN) were determined using 

polarized Brillouin light scattering. The congruent (48.38 mol% of Li2O) and nearly stoichiometric 

(49.5 mol%) compositions of LN were studied from room temperature up to 800°C and 900°C 

respectively. Brillouin measurements were taken on X-, Y-, Z-, and (YXl)/45° LN cuts using 

temperature-resolved refractive index data and corrected for density variations. At room 

temperature, the measured elastic constants of congruent LN are generally in agreement with the 

values previously reported in the literature.  Variations of C11
𝐸 , C12

𝐸 , C13
D  and C33

D  with temperature 

are observed to be approximately linear up to 800°C. In contrast, shear elastic constants C14
𝐸  and 

C44
𝐸  exhibit a strong nonlinear behavior above 400°C. This coincides with an inversion in the thermal 

expansion of the c-axis lattice parameter. The thermal activation of a shear optical phonon mode, 

which is estimated to be at 14 THz, may explain these structural and mechanical changes while 

preserving the trigonal structure. This change is decorrelated from the second-order phase 

transition driven by spontaneous polarization near the Curie temperature. 

1. Introduction 
 

Only a few piezoelectric materials have good electromechanical coupling at high-

temperatures (> 400 °C) and commonly used piezoelectric nitrides present chemical stability issues 
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in air at high temperature. This combination is essential for developing high-temperature ultrasonic 

transducers. Lead zirconate titanate (PZT) ceramics, for example,  are limited by their relatively low 

Curie temperatures (160-365°C)1. Several alternative piezoelectric oxides have been explored, 

including LiNbO3 , LiTaO3, ZnO, GeO2, GaPO4, Bi4Ti3O12, CaBi2Nb2O9, PbNb2O6, ReCa4O(BO3)3 (Re = Er, 

Y, Gd, Sm, Nd, Pr or La)2–11. Among these, LiNbO3 (LN) exhibits the highest thickness-mode 

electromechanical coupling coefficient at room temperature (for (YXl)/36° LN, 𝑘𝑡 = 0.48)2. 

The LN structure belongs to the trigonal space group 𝑅3𝑐 (No.161) at room temperature 

and undergoes a phase transition to the centro-symmetric 𝑅3̅𝑐 group (No. 167) at a Curie 

temperature (𝑇𝑐) that is dependent on stoichiometry and thus ranges from 1120 °C to 1200 °C12,13. 

The rhombohedral lattice of two LiNbO3 units can be represented by a standard hexagonal cell of 

six LiNbO3 units but with three-fold symmetry. In this framework, the tensorial representation in 

terms of an orthogonal matrix is adopted with the x-axis (index ‘1’) oriented along the a-axis which 

is perpendicular to the mirror plane, the z-axis (index ‘3’) oriented along the c-axis of the hexagonal 

unit cell, and the y-axis (index ‘2’) oriented perpendicular to the x- and z-axes.  

Following the discovery of LN ferroelectricity by Matthias et al.14, early studies primarily 

focused on the LN phase transition mechanism at high temperature. Abraham et al.15 employed X-

ray diffraction (XRD) to examine structural changes, and Miller et al.16 and Savage et al.17 examined 

its optical and pyroelectric properties, respectively. Additionally, Megaw et al.18 interpreted the 

structural evolution of LN as a function of temperature in terms of octahedral tilting. It is now widely 

accepted that the phase transition is of the second order and is driven by the spontaneous 

polarization along the c-axis. This theoretical framework well explains the temperature dependence 

of the pyroelectric current17, the birefringence16, and the electro-optic coefficient r33
19. However, 

the exact relationship between structural and electronic properties remains unclear20. 

LN possesses six independent stiffness constants (C11
𝐸 , C33

𝐸 , C12
𝐸 , C13

𝐸 , C14
𝐸  and C44

𝐸 ) whose 

values are well known at room temperature21–30. However, only a limited number of studies have 

reported on the elastic properties of LN at elevated temperatures31–36. A first complete elastic tensor 

using ultrasonic phase velocity measurements was determined in 1971 up to 110 °C by Smith et 

al.31. Later, in 1987, elastic constants with the exception of C13
𝐸  and C14

𝐸  were reported up to 900 °C 

by Tomeno et al.32. More recently, high-temperature characterization has been performed by two 

research groups using resonant impedance spectroscopy on plate resonators, with the data 

analyzed through analytical or finite element models. The complete set of compliance constants 

(S11
𝐸 , S33

𝐸 , S12
𝐸 , S13

𝐸 , S14
𝐸 , and S44

𝐸 ) up to 500 °C has been reported by Chen et al.35, while, the 

measurements of the stiffness constants (C11
𝐸 , C33

𝐸 , C12
𝐸 , C13

𝐸 , C14
𝐸 , and C44

𝐸 ) up to 900 °C were 

performed by De Castilla et al.34 and Bouchy et al.36. However, these datasets present highly 

scattered values and discontinuities. These discrepancies likely arise from the challenges inherent 

to high-temperature measurement and modeling rather than from the LN properties themselves. 

These challenges include the influence of multiple coupled parameters, including piezoelectric and 

dielectric constants, the need for precise mechanical and electrical boundary conditions, the 

sensitivity of resonant techniques to spurious modes, the size and flatness of the crystal sample, the 

mass loading of the electrodes, and thermally induced stresses. This indicates that alternative 



 

3 
 

methods should be considered for the reliable characterization of elastic properties at high 

temperatures. 

Alternatively, Brillouin Light Scattering (BLS) is a powerful, non-contact and electrode-less 

technique for measuring the elastic properties of materials. The elastic constants of LiTaO3 at room 

temperature, which has the same trigonal symmetry as LiNbO3 were estimated by Blachowicz et 

al37. However, they used wrong expressions in calculations of the elastic constants C14 and C13 (see 

A1 in Supplementary Material for correct calculations). Both trigonal nonpiezoelectric Al2O3 and 

piezoelectric congruent LN were investigated by Ugarak et al. as a function of sample rotation, from 

which the full elastic and piezoelectric tensors at room temperature were deduced.30 However, 

characterization as a function of temperature usually limits sample rotation. Furthermore, the 

fundamental requirement for accurate elastic constant determination via BLS is the precise 

knowledge of refractive indices, density, and dielectric and piezoelectric constants as a function of 

temperature.  

The literature reports LN refractive indices as a function of wavelength38–40, 

temperature16,41,42, and composition39,43. However, there are currently no data for the 

stoichiometric composition at the wavelength of 532 nm used in our BLS setup as a function of 

temperature. As for density variation, some reports in the literature point out the influence of 

nonstoichiometry on thermal expansion44. Finally, knowledge of LN piezoelectric constants at high 

temperatures is extremely limited. 

In this work, we convert Brillouin frequency shifts associated with acoustic phonons into 

elastic constants for nearly stoichiometric (NSLN) and congruent LN (CLN) crystals using X-, Y-, Z-, 

and (YXl)/45° cuts (according to the IEEE convention), from room temperature to 800 °C. We use 

precise refractive indices (determined by means of the prism deviation method) and density 

variations (determined by means of X-ray diffraction) as a function of temperature for this 

conversion. The elastic constants C11
𝐸 , C12

𝐸 , C14
𝐸  and C44

𝐸  (elastic stiffness coefficient at constant 

electric field) are directly determined. However, the constants C13
𝐷  and C33

𝐷  (elastic stiffness 

coefficient at constant electric displacement, which are also called piezoelectrically stiffened elastic 

constants) remain coupled to the material piezoelectricity due to this piezoelectric stiffening. To 

isolate the pure elastic components C13
𝐸  and C33

𝐸  for congruent LN at room temperature, we use the 

piezoelectric and dielectric tensors reported by Kovacs et al.24. Our experimental results are 

compared with the values reported in the literature. Finally, we discuss the resulting temperature 

dependence of refractive indices, lattice parameters and elastic constants within the framework of 

the theory on ferroelectricity and thermally activation mode. 

2. Experimental Methods  
 

Congruent lithium niobate (CLN) and nearly stoichiometric lithium niobate (NSLN) crystals 

were grown at HUN-REN Wigner Research Centre for Physics using the Czochralski and the high-
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temperature top-seeded solution growth (HTTSSG)45 methods, respectively. The lithium 

stoichiometry was determined from Raman E(TO1) mode damping parameters in the 𝑍(𝑋𝑌)𝑍̅ 

configuration using a Monovista (S&I, Germany) Raman spectrometer with a 532 nm excitation 

wavelength. The CLN sample (with a known composition of Li2O = 48,38 mol% 46) exhibited an E(TO1) 

Raman mode linewidth of 11.08 cm−1, identical to that of a commercial wafer supplied by Codex 

International (France). The NSLN sample showed a narrower E(TO1) linewidth of 7.65 cm−1, and our 

most stoichiometric crystal to date presented a linewidth of 5.5 cm−147. Assuming a linear 

dependence of linewidth with stoichiometry, we estimated the Li2O concentration in the NSLN to 

be 49.5 mol%. Both crystal samples were cut into 5x5x2 mm3 pieces along the X-, Y-, Z- and (YXl)/45° 

planes. Only one face was polished to eliminate optical back reflections. Crystal orientations were 

confirmed by XRD. All measurements in this paper were performed in air from room temperature 

up to 900°C. The samples were heated and cooled at a rate of less than 10°C/min, with a 5-minutes 

dwell time-off at each step to ensure thermal equilibrium. The absence of hysteresis between 

heating and cooling cycles indicates that no significant lithium loss occurred during the 

measurements.  

For refractive index measurements, the Z-cut CLN and NSLN single crystals were cut into 

prisms with a 20° apex angle, as shown in Figure 1. The prisms were placed on an optical bench at a 

distance D = 70 cm from a flat projection screen. A first precise measurement of the laser beam 

deviation was performed by stacking the prisms vertically and illuminating them simultaneously 

with a linearly polarized 45° laser beam at 532 nm. Then, the ordinary (no) and extraordinary (ne) 

refractive indices were calculated from the lateral distances do and de of the deviated ordinary and 

extraordinary beams, respectively, using the following equation:  

no,e =
sin(θ+tan−1(

do,e
D

))

sin(θ)
. (1)   

High-temperature refractive index measurements were then conducted in a vertical 

configuration, as illustrated in Figure 1. In this setup, the projection screen was placed 40 cm above 

the sample. Using a ruler with 0.5 mm graduations, the uncertainty in the refractive index was 

estimated to be better than 0.1%. This configuration enabled the use of the bottom 1 mm entrance 

port of a LINKAM micro-furnace. To eliminate optical deviations caused by the furnace windows, 

the top window was removed and replaced with a metallic cap containing a small aperture. The 

temperature was increased to 900°C in air, with measurements taken at 50°C intervals. The heating 

rate and stabilization time are the same as the ones used during BLS experiments. 
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Figure 1: Experimental setup for high-temperature refractive index measurements. The incident laser 
beam is polarized at 45° within the ZX plane to simultaneous excite both ordinary and 

extraordinary refracted beams. The insert indicates the crystallographic orientation of the prism 
used for deviation measurement. Image not to scale. 

The 𝑎 and 𝑐 lattice parameters of the LN crystals were measured using a Bruker D8 Advance 

diffractometer with Cu K𝛼1 radiation (=1.54056 Å). The lattice parameters were calculated from 

the (0006) and (112̅6) reflections with a precision of 0.0005 Å and the XRD reflections were fitted 

using pseudo-Voigt profiles. High-temperature measurements were conducted up to 900°C in air 

using a Domed Hot Stage (DHS1100) to minimize thermal gradients near the sample48, which 

allowed to estimate the relative change of lattice parameters as a function of temperature  with 

respect to the room temperature values with precision of  0.0001 Å. We further calculated the 

crystal volume, V, as a function of lattice parameters using the standard formula in the hexagonal 

cell representation: 

V = a2c√
3

4
. (2) 

BLS measurements were performed using the setup described by Ugarak et al.30 in a 

backscattering geometry. Spectra were acquired over a frequency span of 144 GHz using 512 points, 

corresponding to a frequency step of 0.28 GHz. Assuming a signal-to-noise ratio of 10 and a Brillouin 

peak linewidth of 3 GHz, the uncertainty in the peak position after Lorentzian fitting is approximately 

0.1 GHz. Note that normal incidence was imposed by experimental constraints with the 

microfurnace. Incident light with a wavevector k⃗ i interacts with acoustic phonons of wavevector q⃗  

propagating through the material. The scattered light has a wavevector k⃗ s, and momentum 

conservation is given by q⃗ = k ⃗⃗ i − k⃗ s. In the backscattering configuration the phonon wavenumber 

q=
π(ni+ns)

λ0
 and momentum conservation leads to a Brillouin frequency shift Δνq⃗⃗ =

|q⃗⃗ |Vq⃗⃗ 

2π
 expressed 

as: 

  

       

                  

  

  

  

 =    
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Δ𝜈𝑞⃗ = ±
(𝑛𝑖 + 𝑛𝑠) ∗ 𝑉𝑞⃗ 

𝜆0
, (3) 

where Vq⃗⃗  is the phase velocity of the phonon; ni and ns are the refractive indices for the incident 

and scattered polarizations, respectively; and λ0 = 532 nm is the laser wavelength. The ± sign 

corresponds to Stokes or anti-Stokes processes. Using Eq. (3) and the estimated uncertainty in the 

Brillouin frequency shift, the uncertainty in the acoustic velocity is approximately 24 m/s, 

corresponding to about 1% for the shear-wave velocity and about 0.5% for the longitudinal-wave 

velocity. This equation highlights the critical role of the refractive index in determining elastic 

constants. In the plane wave approximation, the phonon-photon interaction obeys selection rules 

derived from the modulation of the material dielectric tensor ϵij. The scattered power, P, described 

by Vacher and Courtens 49, is given by: 

dP

dΩ
= AkBTMIin, (𝟒) 

where Ω is a solid angle, Iinis an incident light intensity, and A is a geometric factor related to the 

scattering volume. The kBT term (with kB the Boltzmann constant and T the temperature) arises 

from the fluctuation-dissipation theorem. This predicts a linear increase in scattering intensity with 

temperature. M is a wavelength-dependent coupling coefficient proportional to: 

M ∝ |e(i)m
e(s)n

ϵmiϵnjpijkl
′ ukql| . (𝟓) 

Here, pijkl
′ = pijkl

e + pij[kl] is the effective Pockels tensor, including both electro-optic pijkl
e  and 

elasto-optic pij[kl] effects. The terms e(i)m
 and e(s)n

 represent the polarization of the incident and 

scattered light, respectively. The tensors 𝜖𝑚𝑖  and 𝜖𝑛𝑗  are components of the dielectric tensor of the 

medium. The 𝑢𝑘 and 𝑞𝑙 are the phonon displacement and wavevector components, respectively. 

Furthermore, the phase velocity in Eq. (3) is obtained by solving the Christoffel equation: 

|Γ̅il  − ρVq⃗⃗ 
2δil| = 0, (𝟔) 

 where Γ̅il is the second-order Christoffel tensor modified by the piezoelectric effect, given by Γ̅il =

cijkl
E χjχk +

γiγl

ϵ
. Here, cijkl

E  are the elastic stiffness constants at constant electric field, and χj =
qj

|q⃗⃗ |
  is 

the unit vector along the phonon propagation direction. Terms γi = ekijχjχk and ϵ = ϵjk χjχk are 

the effective piezoelectric and dielectric constants, where ekij and ϵjk are the piezoelectric and 

permittivity tensors, respectively. The Christoffel equation is solved as an eigenvalue problem. 
There are three solutions, which correspond to quasi-longitudinal, shear and quasi-shear acoustic 
modes. These solutions are associated with the three eigenvalues Xql,  Xs and Xqs. The elastic 

constants are extracted using the following equation: 

X(T) = (
λ0Δν

(ni + ns)(T)
)
2

∗ ρ(T), (7) 

where Δν is the average Stokes and anti-Stokes shifts, and ρ(T) is the temperature-dependent 
density. The refractive index of crystal cuts oriented at an angle θ (θ = 0  along the z-axis) depends 
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on the propagation mode. In a backscattering geometry, the ordinary propagation mode has a 
constant refractive index of no. For oblique propagation of the extraordinary wave, the effective 

refractive index is given by: n(θ) = ni = ns = √ne
2 + no

2(1 − (ne/no)
2)sin2(θ) . 

To measure all six independent constants of the elastic tensor by means of BLS under normal 
incidence, four backscattering configurations are needed, which are attained by using X- Y-, Z-, and 
(YXl)/45° cuts of LN (summarized in Table I). Crystal orientations are reported in both the IEEE 
convention and in the hexagonal crystallographic basis. The backscattering vector defines the 
propagation direction ki in an orthogonal xyz basis. The optical configuration ki(eies)ks specifies, 
in order, the incident wavevector, the incident polarization, the scattered polarization, and the 
backscattered wavevector (ks = −ki). Phonon polarizations indicate the displacement direction of 
the acoustic mode being probed. For both C33  and C13, we provide two values: the piezoelectrically 

stiffened or uncorrected constants (Cij
D), and the corrected constants(Cij

𝐸), which are obtained from 

the Christoffel equation using the piezoelectric and dielectric constants taken from Kovacs et al.24. 

Table I: Summary of BLS configurations used to determine independent elastic constants of LN. (𝐶12
𝐸   

is determined from 𝐶12
𝐸 = 𝐶11

𝐸 − 2𝐶66
𝐸 ) 

3. Experimental Results 
 

The refractive indices no and ne of both CLN and NSLN were measured using the prism setup 

at a laser wavelength of λ₀ = 532 nm. At room temperature, we calibrated the distance D in Eq. (1) 

to reproduce the known refractive index values of CLN, as reported by Nelson et al.38. Superposing 

Crystal cut 
(plane) IEEE 
convention 

Backscattering 
wavevector 

Optical 
configuration 
𝑘𝑖(𝑒𝑖𝑒𝑠)𝑘𝑠 

Phonon  
polarization 

Christoffel  
eigenvalue 

X-Cut (21̅1̅0) 
XZ plate 

𝑥 = [100]  (zz) ̅ qx⃗⃗⃗⃗ ∥ ux⃗⃗⃗⃗  (LA) C11
E = Xl 

Y-Cut (011̅0) 
YZ plate 

𝑦 = [010]  (z ) ̅ qy⃗⃗⃗⃗ ⊥ ux⃗⃗⃗⃗  (TA) C66
E = Xs 

Z-Cut (0001) 
ZY plate 

𝑧 = [001] z(  )z̅ qz⃗⃗⃗⃗ ∥ u⃗ z (LA) C33
D = Xl 

C33
E = Xl −

e33
2

ϵ33
 

qz⃗⃗⃗⃗ ⊥ u⃗ x (TA) C44
E = Xs 

(YXl)/45° 
 𝑦 ’ = [0

√2

2
 
√2

2
] 

 ′(  ′) ′̅ qy′⃗⃗ ⃗⃗  ⃗ ⊥ ux⃗⃗⃗⃗  (TA) 
C14

E = Xs −
1

2
(C66

E + C44
E ) 

 ′( z′) ′̅ qy′⃗⃗ ⃗⃗  ⃗ ⊥ u⃗  (Q-TA) Xqs: see A1 in Supplementary 

material for calculation 
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the CLN and NSLN prisms allowed us to accurately determine the NSLN refractive indices at room 

temperature. The experimental uncertainty for indices was estimated to be  0.005. Our 

measurements confirm that NSLN exhibits higher birefringence than CLN, which is consistent with 

the findings of Schlarb et al.39, who observed similar behavior at a laser wavelength of 633 nm. 

Figure 2 presents the temperature dependence of the ordinary and extraordinary refractive indices 

of CLN and NSLN up to 900°C. These results demonstrate that ne is more sensitive to temperature 

than no. Table II summarizes the refractive index values and provides a polynomial fit of the 

temperature dependence for both indices. 

 

 

Figure 2: Temperature dependence of the ordinary (𝑛ₒ) and extraordinary (𝑛ₑ) refractive indices of 
congruent (CLN) and nearly stoichiometric (NSLN) lithium niobate, measured using the prism 

deviation technique at λ₀ = 532 nm. 

 

The temperature-dependent thermal expansion and density corrections were determined 

by means of XRD. Figure 3(a-c) shows the temperature change of the 𝑎 and 𝑐 lattice parameters, as 

well as the corresponding unit cell volume calculated using Eq. 2 for both CLN and NSLN. The room-

temperature lattice parameters a=5.1554 Å and c=13.8778 Å for CLN, and a=5.1523 Å and 

c=13.8673 Å for NSLN are consistent with those reported by Abrahams et al.13 a=5.1505 Å and 

c=13.8670 Å for CLN and a=5.1496 Å and c=13.8561 Å for SLN (Stoichiometric LN). A small systematic 

error may originate from the uncertainties in sample positioning within the XRD setup and 

uncorrected sample heights caused by thermal expansion of the heating stage, resulting in errors of 

 0.0005 Å. The thermal expansion coefficients were derived by fitting the lattice parameters with 

respect to the room-temperature values. The fitted results are summarized in Table II. 

Thermal expansion along the a-axis is nearly linear, with first-order coefficients 

~18 × 10−6 / C for CLN and ~20.5 × 10−6/ C for NSLN. These values are slightly larger than those 

reported by Gallagher et al.44 which are ~16 × 10−6/ C for both crystals. Along the c-axis, thermal 
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expansion is non-monotonic with an inversion point observed at approximately 500 °C for CLN and 

600 °C for NSLN. This is consistent with previous observations by Gallagher et al44. A third-order 

polynomial fit is required to accurately capture the nonlinear behavior of thermal expansion along 

the c-axis with temperature. The first-order linear thermal expansion component of the c-axis is 

approximately five times smaller than the corresponding value along the a-axis: 2.8 × 10−6/ C for 

CLN and 3.3 × 10−6/ C for NSLN. 
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Figure 3: Temperature dependence of the a (a) and c (b) lattice parameters, and the calculated unit 
cell volume (c) for CLN and NSLN. A comparison is provided with the reference values from Gallagher 
et al.44 

Finally, we note that the a and c lattice parameters of CLN are systematically higher than 

those of NSLN. This results in a unit cell volume of 319.2 Ȧ3 for CLN and 318.5 Ȧ3 for NSLN. These 

values show the same trend as those reported by Abrahams et al.13 of 318.5 Ȧ3 for CLN and 

318.2 Ȧ3 for SLN. The temperature dependence of the unit cell volume is nearly linear and varies 

by 1% from room temperature to 900°C. This behavior is primarily driven by the thermal expansion 

of the a-axis; in contrast the c-axis change is relatively small over the studied temperature range. 

The temperature-dependent density corrections were calculated using the volume 

expansion method. Assuming no lithium loss (a hypothesis that is consistent with the absence of 

thermal hysteresis in our measurements) and the absence of a phase transition in the studied 

temperature range, the change in density with temperature is given by: 

ρ(T) = ρ0

V0

V(T)
, (8) 

where 𝜌0 is the density at room temperature, V0 and V(T) are the unit cell volumes determined at 

room temperature and at temperature T, respectively. 

 All these parameters are composition-dependent. The value of 𝜌0 is critical for determining elastic 

constants from the Christoffel equation (See Eq. (6)), as it directly influences the calculated phonon 

velocity. For defect-free, stoichiometric lithium niobate, the expected room-temperature density is 

given by: 

ρ0 =
MZ

NAV0
, (9) 

where M is the molecular weight, Z = 6 - the number of formula weights per unit hexagonal cell, 

NA = 6.02214 × 1023 mol-1 is Avogadro's number, and V0 - the unit cell volume. The molar mass, 
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M, of LiNbO3 was calculated as the sum of the atomic weights of lithium, niobium and three oxygen 

atoms, considering the natural isotopic abundances of 7Li (92.5%), 6Li (7,5%), 16O (99.8%) and 

monoisotopic 93Nb. Based on the measured unit cell volume at room temperature, the calculated 

density of defect-free (stoichiometric) LN is ρ0 =4617.6 kg/m3. This value is consistent with the 4620 

kg/m3 reported for stoichiometric LN by Etschmann et al.50 but lower than the 4635 kg/m3 reported 

for stoichiometric samples by Abrahams et al.13 . It is worth noting that absolute density 

measurements with such precision are extremely challenging using gravimetric methods. For 

congruent LN compositions, the density values reported in the literature vary significantly: 462824,29, 

464226,51,52 , or 464813 kg/m3. These values are systematically higher than those for stoichiometric 

compositions. This difference is attributed to the presence of intrinsic defects in CLN, primarily Nb5+ 

ions occupying Li+ sites and forming NbLi antisites13. Charge compensation occurs through lithium 

vacancies, as described by the defect model: (LiLi)1-5x(NbLi)x(V’Li)4x(NbNb)O3 53. Consequently, CLN has 

a higher density than NSLN. The measurements of LN density with different Li2O compositions 

around the congruent point by Kushibiki et al.51 gave a gradient of +6.94 kg/m3 per mol% lithium 

deficiency. This corresponds to an increase of approximately 10 kg/m3 in CLN compared to SLN. 

Following these authors and keeping the frequently cited values of Kovacs et al.24, we adopt 

reference densities of 4628 kg/m3 and 4618 kg/m3 for CLN and NSLN, respectively, at room 

temperature. It should be noted that the absolute uncertainty in the density of LN is less than 0.1% 

and therefore has only a negligible influence on the determination of the elastic constants, 

according to Eq. (6). Table II summarizes our findings from Figure 2 and Figure 3. All temperature-

dependent properties were fitted using a polynomial of  =
T−T0

T0
 , where T0 = 296.15 K. The 

polynomial degree was chosen to ensure a coefficient of determination R2 = 0.99. Unnecessary 

higher-order terms were thus excluded. 

Table II: Polynomial fit of the form 𝑝(𝑥) = ∑𝑝𝑖𝑥
𝑖 with 𝑝𝑖  are the polynomial coefficients and 𝑥 =

(𝑇 − 𝑇0)/𝑇0 (𝑇0 = 296.15 𝐾); applied to experimental lattice parameters, unit cell volume, density, 
and refractive Indices of CLN and NSLN. (*) obtained by fitting results taken from Ref.44 (N.U. 
indicates that the coefficient was not used). 

 CLN NSLN 

 𝑝0 𝑝1 𝑝2 𝑝3 𝑝0 𝑝1 𝑝2 𝑝3 

Lattice parameters (Å) 

𝑎 5.1554 2.914 × 10−2  1.81 × 10−3 N.U. 5.1523 3.31 × 10−2  −1.61 × 10−4  N.U. 

𝑎∗ 5.1560 2.602 × 10−2 2.37 × 10−3 N.U.     

𝑐 13.8778 1.213 × 10−2 4.36 × 10−4 −1.79 × 10−3 13.8670 1.47 × 10−2  1.25 × 10−3  −1.95 ∗ 10−3 

𝑐∗ 13.8657 1.902 × 10−2 −6.02 × 10−4 −1.57 × 10−3 -- -- -- -- 

Thermal expansion (10−6/°C) 
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To validate the elastic constants of CLN and NSLN measured by means of BLS at room 

temperature and estimated by using the previously discussed density values, we compared the 

derived elastic constants with the literature, as summarized in Table III. A comparison with the 

results from Kushibiki et al.51 confirms that transition from CLN to NSLN results in slightly stiffened 

𝐶11
𝐸   and softened 𝐶44

𝐸 . Notably, the measured value for uncorrected 𝐶33
𝐷  remains unchanged 

between the two compositions within limits of errors. The BLS results for CLN are in good agreement 

with those of Ugarak et al.30, showing a difference of only 1-2% for all elastic constants (corrected 

from the piezoelectric effect for 𝐶13
𝐸  and 𝐶33

𝐸 ). The reference values from Kovacs et al.24 have notable 

discrepancies with our data only for 𝐶12
𝐸  which is 9% lower. The uncertainties in our BLS values 

reported in Table III reflect the combined propagation of two primary error sources: a statistical 

error attributed to the fitting of the Brillouin spectral peaks and an uncertainty derived from 

cumulative errors. 

Table III:  Mass density and elastic constants of CLN and NSLN obtained by means of BLS 

measurements at room temperature and their comparison with literature values. (𝐶33
𝐸  and 𝐶13

𝐸  for 
CLN are corrected using Kovacs’ piezoelectric coefficients). A more complete review is given in A2 of 
the Supplementary Materials. 

Elastic Constants (GPa) 

Method Density 𝐶11
𝐸  𝐶12

𝐸  𝐶13
𝐸  𝐶14

𝐸  𝐶33
𝐸  𝐶44

𝐸  𝐶66
𝐸  reference 

BLS 

(48.45%) 

4628 202.6 ± 1 55.8 ± 2 63.6 ± 1(𝐶13
𝐷

) 

67.9 (𝐶13
𝐸 ) 

8.1 ± 0.3 254.8 ± 1(𝐶13
𝐷

) 

239.6 (𝐶33
𝐸 ) 

61.1 ± 0.3 73.4

± 0.3 

Our CLN 

uncorrected 

𝛼𝑎 N.U. 17.96 0.56 N.U. N.U. 20.51 −4.99 × 10−2 N.U. 

𝛼𝑐 N.U. 2.79 −1.14 × 10−2 −1.3 N.U. 3.35 3.22 × 10−2 −1.49 

Volume cell (Å3) 

𝑉 319.39 4.09 7.02 × 10−2 N.U. 318.74 4.66 −17.48 × 10−2 N.U. 

𝑉∗ 319.18 3.85 13.27 × 10−2 N.U. -- -- -- -- 

Density (𝑘𝑔/𝑚3) 

𝜌 4628.40 −59.41 −0.19 N.U. 4619.63 −67.25 3.18 N.U. 

Refractive index 

𝑛𝑒 2.231 1.08 ∗ 10−2  6.50 ∗ 10−3 N.U. 2.227 1.82 ∗ 10−2 4.52 ∗ 10−3 N.U. 

𝑛𝑜 2.321 1.09 ∗ 10−3 1.98 ∗ 10−3 N.U. 2.335 9.43 ∗ 10−3 −1.11 ∗ 10−3 N.U. 
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BLS 

(49.5%) 

4618 205.7 ± 1 59.7 ± 2 71.6(𝐶13
𝐷

) 8.5 ± 0.3 254.26(𝐶33
𝐷

) 58.8 ± 0.3 72.9

± 0.3 

Our NSLN 

uncorrected 

BLS 4628 200.24 49.75 67.98 7.98 234.24 62.20 75.24 Ugarak 30 

2023 

BLS 

(48.41%) 

4642.8 198.83 54.63 68.11 7.79 234.31 59.86 75.24 Kushibiki 51 

2002 

SAW 

velocity 

4628 198.39 54.72 65.13 7.88 227.9 59.65 71.83 Kovacs 24 

1990 

Ultrasonic 

phase 

velocity 

(47.1%) 

𝑁. 𝐶. 198.1 55.02 𝑁. 𝐶. 𝑁. 𝐶. 242.5 59.3 71.56 Tomeno 32 

1987 

Impedance 

+ FEM 

𝑁. 𝐶. 194 42.8 52.2 8.4 223 61.5 75.6 Chen 35 

2019 

Impedance

+ analytical 

model 

4640 192 54.7 75.1 8.6 231 59.5 68.65 Bouchy 36 

2022 

 

The high-temperature Brillouin shifts were converted into elastic constants using Eq. (7), 

which incorporates temperature-dependent corrections for density and refractive index, as 

indicated in Table II. The different relative elastic constants, normalized to their value at room 

temperature (given in Table III), are presented as a function of temperature in Figure 4(a-f) and 

reported in A3 of the Supplementary Material. 𝐶66
𝐸  is given in A4 of the Supplementary Material as 

it is not independent of 𝐶11
𝐸  and 𝐶12

𝐸  .Polynomial fits of the temperature-depend elastic constants 

are provided in A5 of the Supplementary Material. The six elastic constants in Figure 4 can be 

grouped into two categories based on their temperature behavior. 

The first group Figure 4(a-d) shows mostly linear variations and includes 𝐶11
𝐸  ,𝐶33

𝐷 , 𝐶12
𝐸 and 

𝐶13
𝐷 . Both 𝐶11

𝐸  and 𝐶33
𝐷  exhibit a thermal softening of 10%, while 𝐶12

𝐸  shows a more pronounced 

decrease of about 30% from room temperature to 800°C.  However, 𝐶13
𝐷  exhibits 5% hardening for 

NSLN and 1% hardening for CLN with an increase in temperature to 800°C. This coefficient is subject 

to significant uncertainty due to its dependence on other coefficients (see A2 in Supplementary 

Material). The softening of 𝐶11
𝐸 , 𝐶33

𝐷  and 𝐶12
𝐸  with an increase in temperature was also reported in 

the literature and the hardening of 𝐶13
∗  was also observed by Bouchy et al.36 and Chen et al. to some 

degree, but the quality of their data is questionable. 

The second group Figure 4(e-f) consists of elastic constants  𝐶44
𝐸  and 𝐶14

𝐸  which vary 

nonlinearly from room temperature to 800°C. Clearly, 𝐶44
𝐸  and 𝐶14

𝐸  exhibit a nonlinear variation 
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that becomes dominant above 400 °C. Above 500-600 °C, 𝐶44
𝐸  shows a hardening consistent with 

the results of Bouchy et al.36. No consistent and reliable data on temperature dependence of 𝐶14
𝐸  is 

available in literature: reported data by all authors are highly scattered.  Our measured  𝐶14
𝐸  in 

contrast displays continuous nonlinear softening with increasing temperature (Figure 4 f).  
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Figure 4: Temperature variation (in %) of elastic constants 𝐶11
𝐸  (a), 𝐶33

𝐸  (b), 𝐶13
𝐸  (c), 𝐶12

𝐸  (d), 𝐶14
𝐸  (e) and 

 𝐶44
𝐸  (f) for NSLN and CLN,  normalized to room temperature (T0 where 𝛥𝐶𝑖𝑗(𝑇) = 𝐶𝑖𝑗(𝑇) −

𝐶𝑖𝑗(𝑇0)). For 𝐶33
𝐸  (b) and 𝐶13

𝐸  (c), our data 𝐶33
𝐷  and 𝐶13

𝐷  are reported. Results are compared with 

literature data 𝐶𝐼𝐽
𝐸  from Refs.32,34–36 
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Brillouin spectra exhibit changes in both broadening and intensity as a function of temperature, as 

described by Eq. (4) and presented in A6 in the Supplementary Material. The broadening of the 

Brillouin peaks reflects the damping of acoustic modes and shows a systematic increase of a few 

percent. However, this broadening approaches the resolution limit of our setup and our 

measurements exhibit significant fluctuations (see A7 in Supplementary Material). Therefore, we 

focused instead on the variation of the integrated area of the Brillouin modes and the central peak 

(with the baseline taken near the laser line in the X(ZZ)X configuration). Figure 5 shows the 

integrated area of the modes, normalized to the room-temperature value. Consistent with Eq. 4, we 

observe an initial linear increase in area with temperature, which is consistent with the fluctuation-

dissipation factor kBT. Another observation that occurs simultaneously above 400°C is a plateau for 

the transverse acoustic (TA) mode and a nonlinear increase for the longitudinal acoustic (LA) modes, 

as well as for the central peak. Assuming that the temperature dependence of the geometric factor 

in Eq. 4 is weak, the nonlinear variations of the LA mode and the central peak above 400 °C appear 

to originate from a quadratic effect that is not included in the model. 

 

Figure 5: Relative variation of the integrated area of Brillouin modes and of the central peak as a 
function of temperature (normalized to the room temperature value). 

Discussion 
 

To gain insight into experimental data and since the temperature range is below the Curie 

temperature, we compared optical measurements as a function of temperature with second-order 

phase transition theory. The results were then correlated with the structural variation of the c-axis 

lattice parameter before attempting to explain the nonlinear behavior of the elastic coefficients 𝐶44 

and 𝐶14. 
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The refractive indices shown in Figure 2 exhibit a well-defined sensitivity to temperature. 

Wemple et al.19 derived a relation between static birefringence and spontaneous polarization 𝑃𝑠𝑝𝑜𝑛, 

expressed as: 

∆n(T) = ∆npara −
1

2
n3 (

g44

ζ3
) Pspon

2 , (10) 

where Δ𝑛𝑝𝑎𝑟𝑎 is the birefringence in the paraelectric phase, 𝑛 is the average refractive index 

(1/3(ne + 2no), 𝑔44 is a quadratic electro-optic coefficient and, 𝜁 is the octahedral packing density. 

All these parameters are supposed to depend smoothly on temperature. According to second-order 

phase transition theory, 𝑃𝑠𝑝𝑜𝑛 ∝  √𝑇𝑐 − 𝑇 below the Curie temperature. Substituting this into Eq. 

(10) yields a predicted linear decrease in birefringence ∆𝑛(𝑇) up to 𝑇𝑐. Figure 6a show the 

experimental birefringence as a function of temperature. NSLN exhibits higher birefringence than 

CLN, likely due to its higher Curie temperature (Tc=1195°C for NSLN and Tc=1122°C for CLN)13. Near  

𝑇𝑐, the birefringence is approximately linear, and saturation occurs when approaching room 

temperature, which is consistent with observations in several other ferroelectrics54. Overall, second-

order phase transition theory well explains the observed trends in birefringence. 

Next, we consider thermal expansion. The temperature-dependent inversion of the c-axis 

occurs well before the Curie temperature. This raises the question of whether it is governed by the 

same order parameter as the refractive index. Table II shows that thermal expansion is slightly larger 

along the a- and c-axes in NSLN than in CLN. This difference may result from variations in vibrational 

anharmonicity or density because denser materials generally exhibit reduced thermal expansion55. 

The quasi-linear expansion of the a-axis over the full temperature range (Figure 3a) can be explained 

by lattice anharmonicity. This is because the measurement range is primarily above the Debye 

temperature, which indicates little involvement of the order parameter. In contrast, the linear 

dependence of thermal expansion along the c-axis is an order of magnitude smaller (See Table II), 

which is consistent with a flatter lattice potential in the z-direction dominated by electrostatic 

ferroelectric forces. Figure 6b shows the temperature deviation c(T) − p1(T − T0)  where c(T) is 

the c-axis lattice parameter and p1 is the first order thermal expansion from Table II, to isolate the 

nonlinear thermal expansion of the c-axis. The change in slope Figure 6b occurs concurrently with 

anomalies in the temperature variation of elastic constants C44 and C14 above 400°C (Figure 4(e-f)). 

Notably, the linear to nonlinear transition occurs at a higher temperature than the transition 

observed in the birefringence data (Figure 6a). 
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Figure 6: Temperature dependence of the birefringence at 532 nm (a) and the variation of the c-
axis corrected by the linear thermal expansion (b). 

 

Previously, we observed that four out of six independent elastic constants exhibit mostly 

linear temperature dependence. The nonlinear hardening of C44 and the softening of C14 were 

fitted using a second-order polynomial (as detailed in A5 of the Supplementary Material). 

Interestingly, the sum 2 × C14 + C44 + C66 is linear with temperature, as illustrated in Figure 7a. 

This indicates that the two quadratic nonlinearities of Figure 4e and 4f cancel each other out. This 

quantity could be interpreted as part of the elastic energy associated with the system's shear strain 

𝜖5 (see A8 in Supplementary Material). It is also noteworthy that shear strains 𝜀4 and 𝜀5 are the only 

strain components that generate a tilt of the polar (Z) axis compared to other strain tensor elements. 

This shear effect is clearly visible in Figure 7b, where the shear stresses 𝜀4 = 𝜀𝑦𝑧  break the 

hexagonal cell to a monoclinic one, which would tilt the spontaneous polarization 𝑃𝑠𝑝𝑜𝑛
56. The same 

effect should occur with  𝜀5 = 𝜀𝑥𝑧 but is not represented. As the symmetry breaking and tilt of 

spontaneous polarization is not observed, these results suggest that two distinct phenomena could 
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coexist. While the optical index is directly driven by the electronic polarization (Figure 5), the 

nonlinear change of elastic constants is related to another independent mechanism involving lattice 

octahedral tilting18. We hypothesize that a thermally activated lattice mode, excited above 400°C, 

could account for this mechanism. This phonon mode compensates the tendency of symmetry 

breaking under shear strain by the octahedral titling. This distortion induces the shrinking of the c-

axis lattice parameter (Figure 3b) which indicates that the mode should be most likely a shear mode 

that brings atoms closer together along c-axis, as observed in many crystals presenting a negative 

thermal expansion57. Moreover, the distortion of the lattice induced an apparent nonlinear 

dependence of shear elastic properties (Figure 4) whereas the total elastic energy remains linear 

with temperature (Figure 7a). The energy of this phonon mode is higher than the Debye 

temperature, driving the linear thermal expansion of the a-axis above room temperature. Assuming 

the shear mode becomes thermally populated around 400°C (673°K), it should correspond to an 

optical phonon greater than 460 cm-1 (14 THz), that could be either E(TO7) or E(TO8)47. However, 

this hypothesis certainly requires further theoretical investigation. 
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Figure 7: The quantity 2C₁₄+ C₄₄+C66 as a function of temperature (a) and a schematic illustration of 
shear strain  𝜀4 = 2𝜀𝑦𝑧 showing the titling of the polar axis of a hexagonal unit cell like that of 

lithium niobate (b). 

Conclusion 
 

The elastic stiffness constants 𝐶11
𝐸 , 𝐶12

𝐸 , 𝐶14
𝐸 , 𝐶44

𝐸 , 𝐶13
𝐷  and 𝐶33

𝐷  of lithium niobate crystals were 

measured as a function of temperature using Brillouin light scattering to support the design of high-

temperature transducers. The results provide reliable elastic constants for congruent lithium 

niobate and, for the first time, for the nearly stoichiometric crystal up to 800°C. This considers the 

temperature dependence of refractive indices and density. The BLS technique is a non-contact, 

electrode-free method that produces significantly less scattered data than other techniques. It 

yields room-temperature results that are in good agreement with literature data. However, 

additional measurements are required to determine C13
𝐸  and C33

𝐸  constants in order to isolate the 

effect of piezoelectricity and dielectric constant in C13
𝐷  and C33

𝐷 . A detailed analysis revealed a 

temperature inversion of the c-axis lattice parameter and the nonlinear temperature-dependence 

of elastic constants C14
𝐸  and C44

𝐸  above 400°C. Both CLN and NSLN exhibit this behavior, which differs 

from the temperature dependence of birefringence associated with spontaneous polarization (the 

order parameter). We propose a mechanism involving the thermal activation of an optical shear 

mode that is not directly linked to the phase transition. Further theoretical studies are needed to 

validate the proposed mechanism. 

 

Supplementary Material 
The supplementary material contains eight sections. A1 presents the expression of the  𝐶13

𝐷  and 

𝐶13
𝐸  elastic constants derived from the eigenvalues of Christoffel equation for the (YXl)/45 cut, 

correcting the expressions reported by Blachowicz et al. A2 provides an extensive comparison of 

elastic constants reported in the literature for congruent crystals with those listed table III. A3 

compiles the elastic coefficients obtained from room temperature to 800°C obtained in the 

present paper and presented in figure 4. A4 presents the temperature dependence of the 

normalized 𝐶66
𝐸  elastic constant measured by cross polarization of Y-cut crystals, which was used 

to determined  𝐶12
𝐸 = 𝐶11

𝐸 − 2𝐶66
𝐸  and A5 provides the polynomial fits of elastic constants as a 

function of temperature corresponding to figure 4. A6 presents representative raw Brillouin 

spectra recorded as a function of temperature, while, A7 reports the fitted temperature 

dependence of the Lorentzian linewidth. Finally, A8 provides the expression for the shear elastic 

energy expression used to justify the linear behavior of 2 × 𝐶14
𝐸 + 𝐶44

𝐸 + 𝐶66
𝐸 . 

 



 

21 
 

 

 

 

 

 

Acknowledgments 
The authors would like to thank Ludovic Gauthier-Manuel for sample preparation. This work was 

supported by the French RENATECH network. This project has received funding from the Agence 

National de la Recherche (ANR) (EUR EIPHI Graduate School ANR-17-EURE-0002 and ETHICS project 

ANR-23-CE51-0027). 

References 
 

1 R. Kazys, and V. Vaskeliene, “High Temperature Ultrasonic Transducers: A Review,” Sensors 21(9), 
3200 (2021). 
2 B.R. Tittmann, D. Parks, and S.O. Zhang, “High Temperature Piezoelectrics—A Comparison,” E-J. 
Nondestruct. Test. 19(04), (2014). 
3 D.A. Parks, S. Zhang, and B.R. Tittmann, “High-temperature (>500°C) ultrasonic transducers: an 
experimental comparison among three candidate piezoelectric materials,” IEEE Trans. Ultrason. 
Ferroelectr. Freq. Control 60(5), 1010–1015 (2013). 
4 B. Zhang, L. Quan, J. Deng, W. Li, D. Wang, Y. Bai, B. Peng, Q. Zhang, X. Chen, C. Long, and L. Liu, 
“Piezoelectricity, insulation resistance and temperature stability enhanced by structural distortion 
in CaBi2Nb2O9-based Aurivillius ceramics,” Mater. Res. Bull. 187, 113370 (2025). 
5 P. Krempl, G. Schleinzer, and W. Wallnöfer, “Gallium phosphate, GaPO4: a new piezoelectric crystal 
material for high-temperature sensorics,” Sens. Actuators Phys. 61(1–3), 361–363 (1997). 
6 D. Damjanovic, “Materials for high temperature piezoelectric transducers,” Curr. Opin. Solid State 
Mater. Sci. 3(5), 469–473 (1998). 
7 S. Zhang, and F. Yu, “Piezoelectric Materials for High Temperature Sensors,” J. Am. Ceram. Soc. 
94(10), 3153–3170 (2011). 
8 P.M. Davulis, and M.P. Da Cunha, “A full set of langatate high-temperature acoustic wave 
constants: elastic, piezoelectric, dielectric constants up to 900°C,” IEEE Trans. Ultrason. Ferroelectr. 
Freq. Control 60(4), 824–833 (2013). 
9 F. Yu, S. Hou, X. Zhao, and S. Zhang, “High-temperature piezoelectric crystals ReCa4O(BO3)3: a 
review,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control 61(8), 1344–1356 (2014). 
10 X. Chen, Z. Ma, B. Li, and Y. Dai, “Enhanced piezoelectric performance of Cr/Ta non-equivalent co-
doped Bi4 Ti3 O12 -based high-temperature piezoceramics,” J. Adv. Ceram. 13(3), 263–271 (2024). 
11 G. Wu, Q. Yao, X. Liu, F. Yu, and X. Zhao, “A piezoelectric vibration sensor with excellent 
performance based on Bi12SiO20 crystal for high-temperature applications,” Appl. Phys. Lett. 125(1), 
012901 (2024). 



 

22 
 

12 F. Bordui, R.G. Norwood, D.H. Jundt, and M.M. Fejer, “Preparation and characterization of off‐
congruent lithium niobate crystals,” J. Appl. Phys. 71(2), 875–879 (1992). 
13 S.C. Abrahams, and P. Marsh, “Defect structure dependence on composition in lithium niobate,” 
Acta Crystallogr. B 42(1), 61–68 (1986). 
14 B.T. Matthias, and J.P. Remeika, “Ferroelectricity in the Ilmenite Structure,” Phys. Rev. 76(12), 
1886–1887 (1949). 
15 S.C. Abrahams, H.J. Levinstein, and J.M. Reddy, “Ferroelectric lithium niobate. 5. Polycrystal X-ray 
diffraction study between 24° and 1200°C,” J. Phys. Chem. Solids 27(6), 1019–1026 (1966). 
16 R.C. Miller, and A. Savage, “temperature dependence of the optical properties of ferroelectric 
LiNbO3 and LiTaO3,” Appl. Phys. Lett. 9(4), 169–171 (1966). 
17 A. Savage, “Pyroelectricity and Spontaneous Polarization in LiNbO3,” J. Appl. Phys. 37(8), 3071–
3072 (1966). 
18 H.D. Megaw, “The thermal expansion of interatomic bonds, illustrated by experimental evidence 
from certain niobates,” Acta Crystallogr. A 24(6), 589–604 (1968). 
19 S.H. Wemple, M. DiDomenico Jr., and I. Camlibel, “relationship between linear and quadratic 
electro‐optic coefficients in LiNbO3, LiTaO3, and other oxygen‐octahedra ferroelectrics based on 
direct measurement of spontaneous polarization,” Appl. Phys. Lett. 12(6), 209–211 (1968). 
20 H. Boysen, and F. Altorfer, “A neutron powder investigation of the high-temperature structure 
and phase transition in LiNbO3,” Acta Crystallogr. B 50(4), 405–414 (1994). 
21 R.J. O’Brien, G.J. Rosasco, and A. Weber, “Brillouin Scattering in Lithium Niobate,” in Light Scatt. 
Spectra Solids, edited by G.B. Wright, (Springer, Berlin, Heidelberg, 1969), pp. 623–630. 
22 A.W. Warner, M. Onoe, and G.A. Coquin, “Determination of Elastic and Piezoelectric Constants 
for Crystals in Class (3m),” J. Acoust. Soc. Am. 42(6), 1223–1231 (1967). 
23 I.A. Dan’kov, E.F. Tokarev, G.S. Kudryashov, and K.G. Belobaev, “Elastic piezoelectric and dielectric 
properties of monocrystalline lithium niobate in the temperature range of 78-800 K,” Inorganic 
Materials 19, 1049-1054 (1983). 
24 G. Kovacs, M. Anhorn, H.E. Engan, G. Visintini, and C.C.W. Ruppel, “Improved material constants 
for LiNbO3 and LiTaO3,” IEEE Ultrason. Symp., 435–438 (1990). 
25 R.V. Damle, “Elastic constants of lithium niobate,” J. Phys. Appl. Phys. 25(7), 1091–1095 (1992). 
26 J. Kushibiki, I. Takanaga, M. Arakawa, and T. Sannomiya, “Accurate measurements of the 
acoustical physical constants of LiNbO3 and LiTaO3 single crystals,” IEEE Trans. Ultrason. Ferroelectr. 
Freq. Control 46(5), 1315–1323 (1999). 
27 H. Ogi, Y. Kawasaki, M. Hirao, and H. Ledbetter, “Acoustic spectroscopy of lithium niobate: Elastic 
and piezoelectric coefficients,” J. Appl. Phys. 92(5), 2451–2456 (2002). 
28 H. Ledbetter, H. Ogi, and N. Nakamura, “Elastic, anelastic, piezoelectric coefficients of monocrystal 
lithium niobate,” Mech. Mater. 36(10), 941–947 (2004). 
29 A.S. Andrushchak, B.G. Mytsyk, H.P. Laba, O.V. Yurkevych, I.M. Solskii, A.V. Kityk, and B. Sahraoui, 
“Complete sets of elastic constants and photoelastic coefficients of pure and MgO-doped lithium 
niobate crystals at room temperature,” J. Appl. Phys. 106(7), 073510 (2009). 
30 F. Ugarak, J.A. Iglesias Martínez, A. Mosset, and V. Laude, “Estimation of the elastic and 
piezoelectric tensors of sapphire and lithium niobate from Brillouin light backscattering 
measurements of a single crystal sample,” J. Appl. Phys. 134(18), 185103 (2023). 
31 R.T. Smith, and F.S. Welsh, “Temperature Dependence of the Elastic, Piezoelectric, and Dielectric 
Constants of Lithium Tantalate and Lithium Niobate,” J. Appl. Phys. 42(6), 2219–2230 (1971). 
32 I. Tomeno, and S. Matsumura, “Elastic and Dielectric Properties of LiNbO3,” J. Phys. Soc. Jpn. 56(1), 
163–177 (1987). 
33 T. Yamada, N. Niizeki, and H. Toyoda, “Piezoelectric and Elastic Properties of Lithium Niobate 
Single Crystals,” Jpn. J. Appl. Phys. 6(2), 151–155 (1967). 



 

23 
 

34 H. De Castilla, P. Bélanger, and R.J. Zednik, “High temperature characterization of piezoelectric 
lithium niobate using electrochemical impedance spectroscopy resonance method,” J. Appl. Phys. 
122(24), 244103 (2017). 
35 F. Chen, L. Kong, W. Song, C. Jiang, S. Tian, F. Yu, L. Qin, C. Wang, and X. Zhao, “The 
electromechanical features of LiNbO3 crystal for potential high temperature piezoelectric 
applications,” J. Materiomics 5(1), 73–80 (2019). 
36 S. Bouchy, R.J. Zednik, and P. Bélanger, “Characterization of the Elastic, Piezoelectric, and 
Dielectric Properties of Lithium Niobate from 25 °C to 900 °C Using Electrochemical Impedance 
Spectroscopy Resonance Method,” Materials 15, 4716 (2022). 
37 T. Błachowicz, “Study of the elastic properties of the lithium tantalate crystal by the Brillouin laser 
light scattering,” Arch. Acoust. 25(1), (2000). 
38 D.F. Nelson, and R.M. Mikulyak, “Refractive indices of congruently melting lithium niobate,” J. 
Appl. Phys. 45(8), 3688–3689 (1974). 
39 U. Schlarb, and K. Betzler, “Refractive indices of lithium niobate as a function of wavelength and 
composition,” J. Appl. Phys. 73(7), 3472–3476 (1993). 
40 D.E. Zelmon, D.L. Small, and D. Jundt, “Infrared corrected Sellmeier coefficients for congruently 
grown lithium niobate and 5 mol. % magnesium oxide–doped lithium niobate,” J. Opt. Soc. Am. B 
14(12), 3319–3322, (1997). 
41 M.V. Hobden, and J. Warner, “The temperature dependence of the refractive indices of pure 
lithium niobate,” Phys. Lett. 22(3), 243–244 (1966). 
42 I.T. Bodnar, and V.P. Yarunichev, “Temperature dependence of refractive indices of LiNbO3, 
LiTaO3 and (Ba,Na)NbO3 relative crystals: similarity and difference,” in Complex Mediu. II Linear 
Isotropic Dielectr., (SPIE, 2001), pp. 357–365. 
43 U. Schlarb, and K. Betzler, “A generalized sellmeier equation for the refractive indices of lithium 
niobate,” Ferroelectrics 156(1), 99–104 (1994). 
44 P.K. Gallagher, and H.M. O’bryan Jr., “Characterization of LiNbO3 by Dilatometry and DTA,” J. Am. 
Ceram. Soc. 68(3), 147–150 (1985). 
45 K. Polgár, Á. Péter, L. Kovács, G. Corradi, and Zs. Szaller, “Growth of stoichiometric LiNbO3 single 
crystals by top seeded solution growth method,” J. Cryst. Growth 177(3), 211–216 (1997). 
46 P.F. Bordui, R.G. Norwood, C.D. Bird, and G.D. Calvert, “Compositional uniformity in growth and 
poling of large-diameter lithium niobate crystals,” J. Cryst. Growth 113(1), 61–68 (1991). 
47 S. Margueron, A. Bartasyte, A.M. Glazer, E. Simon, J. Hlinka, I. Gregora, and J. Gleize, “Resolved E-
symmetry zone-centre phonons in LiTaO3 and LiNbO3,” J. Appl. Phys. 111(10), 104105 (2012). 
48 A. Bartasyte, V. Plausinaitiene, A. Abrutis, S. Stanionyte, S. Margueron, V. Kubilius, P. Boulet, S. 
Huband, and P.A. Thomas, “Thickness dependent stresses and thermal expansion of epitaxial LiNbO3 
thin films on C-sapphire,” Mater. Chem. Phys. 149–150, 622–631 (2015). 
49 R. Vacher, and E. Courtens, “Brillouin scattering,” in Int. Tables Crystallogr. Vol. Phys. Prop. Cryst., 
(Springer, Dordrecht, 2006), pp. 329–335. 
50 B. Etschmann, N. Ishizawa, V. Streltsov, and S. Oishi, “A synchrotron X-ray diffraction analysis of 
near-stoichiometric LiNbO3,” Z. Für Krist. - Cryst. Mater. 216(8), 455–461 (2001). 
51 J. Kushibiki, I. Takanaga, S. Komatsuzaki, and T. Ujiie, “Chemical composition dependences of the 
acoustical physical constants of LiNbO3 and LiTaO3 single crystals,” J. Appl. Phys. 91(10), 6341–6349 
(2002). 
52 L. Kovacs, and K. Polgar, “Density measurements on LiNbO3 crystals confirming Nb substitution 
for Li,” Cryst. Res. Technol.21(6), 101–101 (1986). 
53 N. Iyi, K. Kitamura, F. Izumi, J.K. Yamamoto, T. Hayashi, H. Asano, and S. Kimura, “Comparative 
study of defect structures in lithium niobate with different compositions,” J. Solid State Chem. 
101(2), 340–352 (1992). 



 

24 
 

54 S.A. Hayward, S.A.T. Redfern, and E.K.H. Salje, “Order parameter saturation in LaAlO3,” J. Phys. 
Condens. Matter 14(43), 10131–10144 (2002). 
55 V.N. Zharkov, “On the dependence of the coefficient of thermal expansion on density,” Phys. Earth 
Planet. Inter. 109(1), 79–89 (1998). 
56 D.M. Gray, “Crystals under Strain: Symmetry Considerations.,” Technical Report ADA031846 
(1976). (https://dtic.minsky.ai/index/ADA031846). 
57 M.T. Dove, and H. Fang, “Negative thermal expansion and associated anomalous physical 
properties: review of the lattice dynamics theoretical foundation,” Rep. Prog. Phys. 79(6), 066503 
(2016). 
 

 



   C 11  E


   C 12  E


   C 14  E


   C 44  E


   C 13  D


   C 33  D


   C 11  E


   C 12  E


   C 13 D


   C 33 D


   C 14  E


   C 44  E


    k  t = 0 . 48


  R 3 c


  R  3 - c


    T  c


   C 11  E


   C 33  E   ,     C 12  E


   C 13  E


   C 14  E


   C 44  E


   C 13  E


   C 14  E


   S 11  E


   S 33  E   ,     S 12  E


   S 13  E


   S 14  E


   S 44  E


   C 11  E


   C 33  E   ,     C 12  E


   C 13  E


   C 14  E


   C 44  E


   C 11  E


   C 12  E


   C 14  E


   C 44  E


   C 13  D


   C 33  D


   C 13  E


   C 33  E


  Z ( X Y )   Z -


  c  m  − 1


  c  m  − 1


  c  m  − 1


  D


   n o


   n e


   d o


   d e


      n  o , e =    sin ⁡   ( θ +    tan  − 1 ⁡   (    d  o , e D ) )   sin ⁡   ( θ ) . #  ( 1 )  


  a


  c


   K  𝛼 1  


  ( 0006 )


  ( 11  2 - 6 )


     V =  a 2 c   3 4 . #  ( 2 )


     k → i


   q →


     k → s


   q → =     k   → i −    k → s


  =   π (  n i +  n s )   λ 0


  Δ  ν   q → =    |  q → |  V   q →  2 π


     Δ   𝜈    q → = ±   (   n  i +   n  s ) ∗    


   V   q →


   n i


   n s


   λ 0 = 532


  ±


   ϵ ij


      dP  d Ω = A  k B TM  I in , #  ( 𝟒 )


  Ω


   I in


   k B T


   k B


  M


     M ∝  |    e   ( i ) m    e   ( s ) n  ϵ mi  ϵ nj  p ijkl ′  u k  q l | . #  ( 𝟓 )


   p ijkl ′ =  p ijkl e +  p  ij  [ kl ]


   p ijkl e


   p  ij  [ kl ]


     e   ( i ) m


     e   ( s ) n


    𝜖  m i


    𝜖  n j  


    u  k


    q  l


      |    Γ - il   − ρ    V   q → 2  δ il | = 0 , #  ( 𝟔 )


   


       Γ - il  


     Γ - il =  c ijkl E  χ j  χ k +    γ i  γ l ϵ


   c ijkl E


   χ j =    q j   |  q → |  


   γ i =  e kij  χ j  χ k


  ϵ =  ϵ jk    χ j  χ k


   e kij


   ϵ jk


   X ql


     X s


   X qs


     X ( T ) =    (    λ 0 Δ ν  (  n i +  n s ) (   ) 2 ∗ ρ ( T ) , #  ( 7 )


  Δ ν


  ρ ( T )


  θ


  θ = 0 °  


   n o .


  n  ( θ ) =  n i =  n s =   n e 2 +  n o 2 ( 1 −    (  n e /  n o ) 2 )  sin 2 ( θ )


   k i


   k i  (  e i  e s )  k s  


   k s = −  k i


   C 33


   C 13


   C ij D


   C ij  E


    C 12  E  


      C 12  E =   C 11  E − 2   C 66  E


    k  i  (   e  i   e  s )   k  s


  ( 2  1 -  1 - 0 )


    x → = [ 100 ]


  x  ( zz )  x -


     q x → ∥    u x →


   C 11 E =  X l


  ( 01  1 - 0 )


    y → = [ 010 ]


  y  ( zx )  y -


     q y → ⊥    u x →


   C 66 E =  X s


  ( 0001 )


    z → = [ 001 ]


  z ( xx )  z -


     q z → ∥    u → z


   C 33 D =  X l


   C 33 E =  X l −    e 33 2   ϵ 33


   C 33 E =  X l −    e 33 2   ϵ 33


     q z → ⊥    u → x


   C 44 E =  X s


    y → ’ = [ 0    2 2      2 2 ]


  


     q  y ′ → ⊥    u x →


   C 14 E =  X s −  1 2 (  C 66 E +  C 44 E )


  y ′ ( xz ′ )   y ′ -


     q  y ′ → ⊥  u →


   X qs :


   n o


   n e


  D


   n e


   n o


  n ₒ


  n ₑ


  a


  c


  a


  ~ 18 ×  10  − 6   / ° C


  ~ 20 . 5 ×  10  − 6 / ° C


  ~ 16 ×  10  − 6 / ° C


  c


  2 . 8 ×  10  − 6 / ° C


  3 . 3 ×  10  − 6 / ° C


  a


  c


  319 . 2      A . 3


  318 . 5      A . 3


  318 . 5      A . 3


  318 . 2      A . 3


     ρ  ( T ) =  ρ 0    V 0  V  ( T ) , #  ( 8 )


    𝜌 0


   V 0


  V  ( T )


  T


    𝜌 0


      ρ 0 =  MZ   N A  V 0 , # ( 9 )


  M


  Z = 6


   N A = 6 . 02214   × 10 23


   V 0


   ρ 0 =


  x =   T −  T 0   T 0  


   T 0  


   R 2 = 0 . 99


  p ( x ) =  ∑    p  i   x  i


    p  i  


  x = ( T −   T 0 ) /   T 0


    T 0 = 296 . 15   K


    p 0


    p 1 


  


  


    p 0


    p 1


    p 2


    p 3


  Å


  a


  5 . 1554


  2 . 914 ×  10  − 2


  1 . 81 ×  10  − 3


  5 . 1523


  3 . 31 ×  10  − 2


  − 1 . 61 ×  10  − 4


    a ∗


  5 . 1560


  2 . 602 ×  10  − 2


  2 . 37 ×  10  − 3


  c


  13 . 8778


  1 . 213 ×  10  − 2


  4 . 36 ×  10  − 4


  − 1 . 79 ×  10  − 3


  13 . 8670


  1 . 47 ×  10  − 2


  1 . 25 ×  10  − 3


  − 1 . 95 ∗  10  − 3


    c ∗


  13 . 8657


  1 . 902 ×  10  − 2


  − 6 . 02 ×  10  − 4


  − 1 . 57 ×  10  − 3


   10  − 6


    𝛼  a


  17 . 96


  0 . 56


  20 . 51


  − 4 . 99 ×  10  − 2


    𝛼  c


  2 . 79


  − 1 . 14 ×  10  − 2


  − 1 . 3


  3 . 35


    3 . 22 × 10  − 2


  − 1 . 49


  (  Å 3 )


  V


  319 . 39


  4 . 09


  7 . 02 ×  10  − 2


  4 . 66


  − 17 . 48 ×  10  − 2


    V ∗


  319 . 18


  3 . 85


  13 . 27 ×  10  − 2


  k g /   m 3


  𝜌


  4628 . 40


  − 59 . 41


  − 0 . 19


  4619 . 63


  − 67 . 25


  3 . 18


    n  e


  2 . 231


  1 . 08 ∗  10  − 2


  6 . 50 ∗  10  − 3


  2 . 227


  1 . 82 ∗  10  − 2


  4 . 52 ∗  10  − 3


    n  o


  2 . 321


  1 . 09 ∗  10  − 3


  1 . 98 ∗  10  − 3


  2 . 335


  9 . 43 ∗  10  − 3


  − 1 . 11 ∗  10  − 3


    C 11  E


    C 44  E


    C 33  D


    C 13  E


    C 33  E


    C 12  E


    C 33  E


    C 13  E


    C 11  E


    C 12  E


    C 13  E


    C 14  E


    C 33  E


    C 44  E


    C 66  E


  4628 


  


  55 . 8 ± 2 


  


  


    C 13  E


  


  


  254 . 8 ± 1 (   C 13  D )


  


    C 33  E ) 


  


  


  4618 


  


  


  


  


  


  


  


  4628 


  


  


  


  


  


  


  


  4642 . 8 


  


  


  


  


  


  


  


  4628 


  


  


  


  


  


  


  


  N . C . 


  


  


  


  


  


  


  


  N . C . 


  


  


  


  


  


  


  


  4640 


  


  


  


  


  


  


  


    C 66  E


    C 11  E


    C 12  E


    C 11  E


    C 33  D


    C 12  E


    C 13  D


    C 11  E


    C 33  D


    C 12  E


    C 13  D


    C 11  E


    C 33  D


    C 12  E


    C 13 ∗


   


    C 44  E


    C 14  E


    C 44  E


    C 14  E


    C 44  E


    C 14  E


    C 14  E


    C 11  E


    C 33  E


    C 13  E


    C 12  E


    C 14  E


      C 44  E


  𝛥   C  i j  ( T ) =   C  i j  ( T ) −   C  i j  (   T 0 )


    C 33  E


    C 13  E


    C 33  D


    C 13  D


    C  I J  E


   k B T


    C 44


    C 14


    P  s p o n


     ∆ n  ( T ) = ∆  n para −    1 2  n 3  (    g 44   ζ 3 ) P spon 2 , #  ( 10 )


  Δ   n  p a r a


  n


  1 / 3 (  n e + 2  n o


    g 44


  𝜁


    P  s p o n ∝      T  c − T


  ∆ n  ( T )  


    T  c


   T c


   T c


    T  c


  c  ( T ) −  p 1 ( T −  T 0 )    


  c ( T )


   p 1


   C 44


   C 14


   C 44


   C 14


  2 ×  C 14 +  C 44 +  C 66


    𝜖 5


    𝜀 4


    𝜀 5


    𝜀 4 =   𝜀  y z


    P  s p o n 


    𝜀 5 =   𝜀  x z


  c


    𝜀 4 =   2 𝜀  y z


    C 11  E ,


    C 12  E


    C 14  E


    C 44  E


    C 13  D


    C 33  D


   C 13  E


   C 33  E


   C 13  D


   C 33  D


   C 14  E


   C 44  E


    C 13  D


    C 13  E


    C 66  E


      C 12  E =   C 11  E − 2   C 66  E


  2 ×   C 14  E +   C 44  E +   C 66  E

