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This work shows an alternative approach to extract the pyroelectric coefficient directly from the response of the
crystal structure to temperature variations. The approach uses crystal structure parameters determined at different
temperatures and Born effective charges calculated by density functional theory to evaluate the spontaneous
polarization. On this basis, the pyroelectric coefficient is calculated using the first derivative of the polarization
with respect to temperature. In this work, we utilize laboratory single-crystal x-ray diffraction in a temperature
range from 80 to 400 K to demonstrate this approach on the standard pyroelectric materials lithium niobate and
lithium tantalate. The accuracy of the presented method for the spontaneous polarization is on par with reported
experimental data and relative errors are below 7 %. Our determined pyroelectric coefficients have larger errors,
but are within the range of reported literature values. The outlined semitheoretical method is recommended
when electrical characterization under temperature change is not feasible, e.g., when the preparation of large
area contacts is problematic or only small sample volumes are available (<100 µm3).
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I. INTRODUCTION

Pyroelectric materials respond to a change in tempera-
ture with a change in spontaneous polarization �PS . These
materials are important for many key applications [1] in
the technological fields of sensing and detection [2–6],
x-ray sources [7], water disinfection [8,9], hydrogen gener-
ation [10–13], as well as energy conversion and recovery
[1,14–18]. For a characterization of pyroelectric materials,
the reliable assessment of pyroelectric properties is necessary.
The pyroelectric coefficient �p = d �PS

dT , i.e., the temperature
derivative of the spontaneous polarization, is an experimen-
tally accessible quantity and various static and dynamic
measurement methods exist [19,20]. The spontaneous polar-
ization �PS can be experimentally determined with electric
measurements [21–25] as well, but a theoretical estima-
tion of both parameters is difficult. The required computing
of temperature-dependent properties is not straightforward,
computationally expensive, and limited to simple structures
[26–30]. Furthermore, the calculations have uncertainties due
to the used approximations and inaccurate interatomic poten-
tials [28–30]. An alternative procedure to access pyroelectric
properties is important, specifically where electric measure-
ments are difficult or even not feasible, e.g., if large area
contacts are not possible, the sample is conductive, or the
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pyroelectric signal is overlaid with other disturbing effects,
e.g., thermally stimulated currents [19].

Finding an adequate theory, which correctly describes the
polarization in a material is a challenge [31]. A standard
approach to quantify the polarization is the model of Clausius
[32] and Mossotti [33] (CM model), which defines �PS as the
sum of the dipoles within the unit-cell volume. Hereby, the
polarization represents an absolute value and the presence of
individual polar units in the structure is assumed. Unfortu-
nately, this is not a realistic picture [31]. A better definition
of polarization emerged in the early 1990s, referred to as
“modern theory of polarization” (MTP) by Resta [34], King-
Smith et al. [35], and Vanderbilt et al. [36], describing the
polarization as a difference polarization between two distinct
states. Following this approach, �PS can be calculated using
first-principle methods [26,37–45]. For example, Peng and
Cohen [26] used the MTP to calculate �PS with first-principle
computed structural parameters and Born effective charges
(BEC). They recommended to use experimental crystal struc-
ture data in order to improve this approach for determining �PS

as they seem more reliable. Furthermore, calculation of vari-
ous other physical properties depending on �PS was successful
and good comparability with theoretical data was reached
[26], however, with larger deviation to experimental data [46].

This work demonstrates the determination of �PS and �p
from experimental single-crystal x-ray diffraction (SC-XRD)
data and BEC computed by density functional theory (DFT)
using the MTP. For this purpose, the well-known and thor-
oughly investigated [47–55] pyroelectric standard materials
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lithium niobate (LiNbO3) and lithium tantalate (LiTaO3) were
chosen. We compare �PS and �p from SC-XRD structural data
(semitheoretical approach) with DFT-calculated values based
on structural data from SC-XRD and directly from DFT
(theoretical approach), with measured �p values obtained by
means of the Sharp-Garn method [56,57], as well as with
theoretical and experimental values from literature. Following
the semitheoretical method, the pyroelectric coefficient of a
crystal can be directly estimated from the structural character-
ization by x-ray diffraction with no additional measurements
or knowledge of other material parameters, which should be
of interest for optimization and analysis of known and novel
pyroelectrics. The presented approach can be used for all
characterization methods that provide access to temperature-
dependent structural parameters.

II. METHODOLOGY

A. Single-crystal x-ray diffraction

In this work, congruent (nonstoichiometric) LiNbO3 (C-
LN) from CrysTec GmbH, Berlin, Germany, and stoichio-
metric LiNbO3 (S-LN) from SurfaceNet GmbH, Rheine,
Germany, and congruent LiTaO3 (C-LT) crystals from Epcos
AG, Munich, Germany, are used. The stoichiometric mate-
rial is in fact near-stoichiometric with a [Li]/[Nb] atomic
ratio of 49.7/50.3 for S-LN and will be treated as stoichio-
metric for simplicity in the following. Well-defined single
crystals with a size of around (50 × 50 × 50) µm3 were
prepared with a focused ion beam technique [58], that es-
pecially allows the accurate absorption correction. Thus, a
small SC-XRD sample is cut from a bigger crystal plate,
which remains usable for additional measurements, here the
pyroelectric characterization by conventional methods. The
x-ray diffraction experiment was performed with a Bruker D8
Quest [59] single-crystal x-ray diffractometer on these sam-
ples in a temperature range from 80 to 400 K. The temperature
was adjusted with a liquid nitrogen stream generated by a
KryoFlex II low-temperature system. For the experiment, Mo-
Kα radiation (λ = 0.710 76 Å) was used. With a frame
width of 0.5◦ and an exposure time of 45 s (LiNbO3) and
55 s (LiTaO3), respectively, a reciprocal space sphere of 2θ �
117.1◦ with a resolution of sin θmax/λ = 1.2 Å−1 was mea-
sured. Data integration, reduction, and absorption correction
with a numerical approach were done with the APEX3 [60]
software. The software JANA2006 [61] was used for extinc-
tion correction (type 1, Lorentz mosaic distribution), structure
determination, and structure parameter refinement. Details of
the measurement conditions, data reduction, and refinement
can be found elsewhere [58]. All errors of crystal structure
parameters are given at the 1σ level.

B. Density functional theory

The calculations of the electron density and structure
of LiNbO3 and LiTaO3 were performed with the ab initio
simulation software VASP [62] and the projector-augmented
wave method (PAW) [63]. Generalized gradient approxima-
tion (GGA) was chosen in PBE parametrization [64] to
account for the exchange-correlation functional. The total
energies converged within 10−7 eV with a maximum kinetic

energy of 450 eV for the basis of plane waves and the �

point centered in a 12 × 12 × 4 k-point mesh according to
Monkhorst and Pack [65]. The sampling of this mesh is finer
than 0.02 × 2π Å−1. Atom positions and cell parameters were
completely relaxed in the chosen space group with residual
forces less than 10−4 eVÅ−1.

To account for the nonzero temperature, the experimentally
determined lattice parameters were used for atomic relaxation
of the internal degrees of freedom for each ion. The 0-K value
is approximated by extrapolation with the respective linear
thermal expansion parameter (see Appendix A). Additionally,
the system was also fully relaxed regarding the inner degrees
of freedom plus the lattice parameters (ground state, GS).

Subsequently, BEC were computed by means of density
functional perturbation theory on the basis of DFT-relaxed
structures, as implemented in the VASP code. The conver-
gence criterion was changed to 10−9 eV to obtain highly
precise BEC. The BEC tensors were calculated for GS and for
the relaxed structures at nonzero temperature. Additionally,
the macroscopic electric polarization was determined by the
evaluation of Berry phase expressions (to obtain the polariza-
tion directly from DFT calculations) according to the MTP
[34–36], for comparison. For the normalization of the absolute
polarizations, the paraelectric phases of LiNbO3 and LiTaO3

were computed with DFT as well.

C. Sharp-Garn method

The pyroelectric coefficients of C-LN, S-LN, and C-LT
were measured with the Sharp-Garn-method [56,57]. Hereby,
the sample is stimulated with a sinusoidal temperature signal
while measuring the generated electric current. The phase
shift between both signals allows to cleanly separate the ther-
mally induced current (from trapped charges) and the actual
pyroelectric contribution.

For the measurements, large single-crystal plates (5 × 5 ×
0.2 mm3) of LiNbO3 and LiTaO3 were contacted with silver
electrodes [66]. The same crystal plates were used for the
SC-XRD sample preparation. The pyroelectric coefficient was
measured in an evacuated chamber, where the samples were
contacted with a metallic needle as top contact [20,67]. Mea-
surements were carried out in a temperature range from 273
to 400 K, with a sinusoidal temperature stimulation having an
amplitude of ±2 K, a frequency of f = 0.0005 Hz, and an
average heat-up rate of 5 Kh−1.

D. Calculation of the spontaneous polarization and the
pyroelectric coefficient from crystal structure parameters

The materials LiNbO3 and LiTaO3 belong to the crystal
class 3m [68], so that the pyroelectric coefficient is composed
of �p = p3 · �e3 [69], with �e3 being parallel to the lattice vector
�c. Contributions in �e1 and �e2 directions compensate to zero
and the pyroelectric coefficient can be described by the scalar
p. Consequently, �PS has contributions in c direction only and
will also be given as a scalar PS .

According to the MTP, PS can be calculated using the BEC
tensor Z∗

j,kl and the atomic displacements u j,l for every atom j
of the structure with regard to a phase transition from a polar
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to a nonpolar phase:

PS,k = e

VUC

N∑
j=1

Z∗
j,kl u j,l , (1)

where k and l label Cartesian directions, e is the elementary
charge, VUC is the unit-cell volume, and N is the number of
atoms in the unit-cell. The atomic displacements u j,l are the
difference of the experimentally determined atomic positions
of the ferroelectric phase and the atomic positions of the
paraelectric phase. According to Inbar and Cohen [70,71] the
origin of pyroelectricity in LiNbO3 and LiTaO3 is a coupled
movement of lithium and oxygen atoms in opposite directions
parallel to the c axis.

The pyroelectric coefficient p results from the slope of
PS between two temperature points and is calculated from
the first derivative (under constant electric field E and elastic
strain σ ) [72]:

p =
(

dPS

dT

)
E ,σ

. (2)

This is the so-called primary pyroelectric effect. Besides, ad-
ditional effects contribute to the pyroelectric behavior of a
material [19]:

pk = ∂PS,k

∂T︸ ︷︷ ︸
pprim

+
∑
l,m

∂ (dklmσlm)

∂T︸ ︷︷ ︸
psec

+
∑
l,m,n

∂
(
μklmn

∂elm
∂rn

)
∂T︸ ︷︷ ︸

pter

+ · · · . (3)

Hereby, materials with piezoelectric properties (piezoelectric
tensor dklm) respond to thermally induced mechanical strain
according to the stress tensor σlm, which generates charges.
This is called secondary pyroelectric effect. The tertiary pyro-
electric and other effects are described in Refs. [19,20,72] and
are not considered in the following.

III. RESULTS

A. Thermal expansion

We compare the temperature dependence of the lattice
parameters a and b, the unit-cell volume VUC, and the free
coordinates of lithium zLi, transition metal zNb/Ta, and oxygen
zO for experimental SC-XRD structural parameters [73] and
DFT-relaxed atomic positions (see Fig. 1). The SC-XRD de-
termined lattice parameters show discrepancies, which within
their individual errors do not join into a smooth continuous
temperature dependence. This can be explained since mod-
ern integration programs for SC-XRD data underestimate the
errors of the lattice parameters due to the least-square refine-
ment. In a work by Guzei et al. [74], it is shown that the
standard deviation of a reference sample, measured in differ-
ent experiments, is approximately 23 times higher than for the
individual experiment. To eliminate experimental deviations
in the progression of thermal expansion, the structural data
from SC-XRD, which are also used to model the temperature-
dependent lattice for DFT, were fitted. Quadratic degrees of
freedom were chosen (solid lines in Fig. 1) according to Kim
et al. [75]. The higher-order T 3 dependence, to describe real
crystal lattices at temperatures below T = θD

50 (with θD the De-
bye temperature) [76], was neglected, as an influence would

7.5×10-6

5.0×10-6

2.5×10-6

0.0×100

-2.5×10-6

-5.0×10-6

-7.5×10-6

FIG. 1. Temperature-dependent lattice parameters a(T ) and
c(T ), unit-cell volume VUC(T ), as well as coordinates zLi(T ),
zNb/Ta(T ), and zO(T ), for experimentally determined (•) structures
of C-LN (blue), S-LN (cyan), C-LT (orange), and DFT-calculated
structures of LN (green) and LT (red). DFT-calculated structures
were relaxed with experimental temperature dependencies and the
extrapolated 0-K unit cells (�) as constraints. Additionally, fully
relaxed theoretical structures in GS ( ) are given as well. The SC-
XRD structural parameters and DFT-computed data using the same
structural parameters were smoothed with respect to the progression
of thermal expansion by a quadratic fit (solid lines). The light colored
areas indicated the 1σ confidence intervals of the fit.

be excepted only at T � 10 K [77]. The following calculations
are based on the fitted structural parameters, free of errors
from data reduction.

The comparison of the 0-K lattice parameters, estimated
from the expansion coefficient and experimental lattice pa-
rameters, with the full theoretical DFT-GS lattice parameters
also show a discrepancy. The reason is that the GGA in PBE
parametrization generally overestimates lattice parameters in
solids [78] for the GS. In this study, the GS lattice parameter
a is 0.5 % larger for both materials and c is 0.7 % larger
for LiNbO3 and 1.0 % larger for LiTaO3 compared to the
experimental values.

When comparing both experimentally and theoretically
determined atomic displacements upon temperature increase,
especially for the oxygen displacements, it is evident that the
positional changes found by DFT in general do not reach the
extent of the experimental values, even though the constrained
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FIG. 2. Structure models for the SC-XRD refinement: (a) stoichiometric, (b) defect model for congruent LiNbO3 with Li (green) deficiency
and Li as well as Nb (red) on the Li site, and (c) defect model for congruent LiTaO3 with Li deficiency and Ta (red) on the Ta site and
within the vacant (gray) octahedron. For simplification, we do not show all O ions and oxygen bonds (black). Figures were produced using
VESTA3 [82].

cell dimensions have been set to the experimental parameters.
This can be expected since the theory does not describe ther-
mal ionic motion and underestimates the displacement from
the center of charge. Since oxygen carries about two to three
times the charge of lithium, this underestimation introduces a
significant deviation in the theoretical spontaneous polariza-
tion.

B. Calculation of spontaneous polarization

Since congruent LiNbO3 and LiTaO3 samples were also
measured, the additional influence of defect polarization
needs to be taken into account. The structure models we used
for our SC-XRD refinement are based on the predominant
atomistic models as discussed in literature [79–81] consistent
with the diffraction data and visualized in Fig. 2. We refined
the defect structure of LiNbO3 according to the results of
Zotov et al. [79] and Abrahams et al. [80] [see Fig. 2(b)],
with a Li deficiency and Nb occupying the Li site. We ob-
tained an Li site occupancy of 0.944(2) and a Nb occupancy
of 0.056(10) on the Li site, which are comparable with the
results of Abrahams et al. [80]. A [Li]/[Nb] atomic ratio
of 48.9(2)/51.1(2) follows from the refined defect structure,
which is in agreement with the literature value of [Li]/[Nb]
= 48.5/51.5 [83,84]. For LiTaO3 we used the defect model
of Vyalikh et al. [81] [see Fig. 2(c)] with a Li deficiency
and Ta occupying the vacant O octahedron. We obtained an
occupancy of 0.935(10) for Li, 0.9705(8) for Ta on the Ta site,
and 0.029(10) for Ta in the nominally vacant octahedron. This
corresponds to a [Li]/[Ta] atomic ratio of 48.7(2)/51.3(2),
i.e., it is the same value as Vyalikh et al. [81] and Köhler et al.
[85] determined for crystals from the same manufacturer and
it is in perfect agreement with the literature value of [Li]/[Ta]
= 48.75/51.25 [86] as well. Because we measured the same
crystals for all temperatures, we assumed the refined occu-
pancy model of T = 300 K to be valid for all measurements.
This is reasonable because changes of the defect structure
[87] and LiO2 self-diffusion can only be observed above
425 K [88]. Low temperatures affect only the degree of defect
disorder [89]. It has to be noted that that the refinement of oc-
cupancy factors is difficult for LiNbO3 and LiTaO3 due to the

low scattering factors of Li compared to the large scattering
factors of Nb and Ta [90].

To apply Eq. (1), we determined the atomic displacements
u j,l using the structure solutions of the paraelectic phase of
Boysen et al. [91] for LiNbO3 and of Abrahams et al. [92] for
LiTaO3 to acquire the SC-XRD-based values. For the DFT-
based values we used the relaxed structure of the computed
paraelectric phase to calculate u j,l . Furthermore, we used the
fitted crystal structure parameters from Fig. 1 of the ferroelec-
tric phase for the calculations.

To evaluate the influence of BEC changes with temperature
on the spontaneous polarization PS and with the aim to keep
computational cost for the semitheoretical method minimal,
we tested the routines using BEC tensors computed at every
temperature step (Model 1) as well as exclusively the BEC
tensors of the GS for all temperatures (Model 2). The results
are shown in Fig. 3 for the SC-XRD data of C-LN and C-LT.
An explicit development of BEC components with tempera-
ture is given in Appendix B. Since BEC tensors vary less than
1 % (in average) within the considered temperature range,
both curves are equivalent for LiTaO3 (discrepancies below
0.2 %). The variations of the BEC tensors are up to 3 % for
LiNbO3, which are visible in the discrepancy (up to 0.5 %)
between Models 1 and 2 in Fig. 3(a). A second SC-XRD data
set for LiNbO3 (dashed-dotted line in Fig. 3) reproduces the
results from the first measurement with good precision, i.e., a
maximum deviation of 0.5 %. To reduce computing time in the
following, we calculated PS from crystal structure data based
on one BEC tensor for each ion in the unit cell calculated for
the GS only (given in Table I).

The results of the calculation of PS according to Eq. (1) are
shown in Fig. 4 for C-LN and S-LN (a) as well as for C-LT (b).
PS values based on DFT-relaxed structural parameters at given
experimental unit-cell dimensions are shown in comparison
(green). Additionally, we present PS directly calculated with
the Berry-phase expression in the same figure (blue). For
further comparison, we added literature values of PS for con-
gruent and stoichiometric materials from experiments, as well
as theoretical and semitheoretical values. The calculations of
PS directly from DFT or with the DFT-relaxed structure and
BEC tensors show comparable results (see Fig. 4), but have a
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FIG. 3. Different models for the calculation of PS for C-LN (a) and C-LT (b): Model 1 (gray dots) combined BEC tensors calculated for
every temperature step with fitted structural parameters from SC-XRD (according to Fig. 1). Model 2 (red solid line) combined BEC tensors
calculated exclusively for each ion in the unit cell at the GS with fitted structural parameters. For C-LN we measured a second data set (red
dashed-dotted line) to show the reproducibility of the presented method. All values are within the 1σ confidence interval (light red areas).

high discrepancy with measured PS values from literature and
our results calculated with SC-XRD data. This is due to the
underestimation of positional displacements from the center
of charge with temperature, as discussed above. Therefore, we
used only PS calculated from SC-XRD structural data for the
following determination of p.

C. Calculation of the pyroelectric coefficient

The results of p for congruent and stoichiometric materials,
calculated with Eq. (2), are shown in Fig. 5 for LiNbO3

(a) and for LiTaO3 (b). Additionally, we measured p of the
same crystals as used for preparation of the SC-XRD samples
with the Sharp-Garn method for congruent and stoichiometric
compositions. We added further values of p from literature
for comparison. The values of PS and p at T = 300 K are
summarized in Table II.

IV. DISCUSSION

The computed PS from the SC-XRD data corresponds per-
fectly with the results from Kitamura et al. [25] (see � in
Fig. 4) for LiTaO3 and for LiNbO3 with the results from
Gopalan et al. [24] (see � in Fig. 4). In comparison with other
reported values, we rate the results from Gopalan et al. and
Kitamura et al. as reliable since Gopalan et al. improved the

experimental setup with a capacitor in series with the sample
to form an analog integration circuit. The capacitor voltage
was read with a high-input impedance multimeter to avoid
charge leakage. Otherwise, current spikes or the peak of the
spikes will be missed [24], which results in lower PS in the or-
der of 0.70 C m−2. Kitamura et al. used the same experimental
setup as described by Gopalan et al. for the PS measurements
of LiTaO3. Other experimental setups [21,93,94] determine
significantly lower values for PS . Measurements of PS for
LiNbO3 and LiTaO3 are challenging due to their high coer-
cive fields and the elaborate sample preparation (thin polished
samples with liquid electrodes are necessary) [21,24].

When we compare the accuracy of the calculated PS

and values from literature, the relative and absolute errors
are in the same order of magnitude of ≈10 % and below
0.08 C m−2, respectively. Slightly smaller errors occur for PS

computed with SC-XRD structure parameters (relative er-
rors: C-LN 6 %, S-LN 3 %, C-LT 4 %). However, the spread
of the literature values (C-LN 0.3 C m−2, S-LN 0.2 C m−2,
C-LT 0.1 C m−2) is higher than the error for a single mea-
sured value and thus depends mainly on the experimental
setup and sample preparation [21,24,93,94]. The error for
the calculated PS using SC-XRD data occurs mainly from
errors of the crystal structure refinement and the resolution of
the structural characterization method. More precise structure

TABLE I. BEC tensors of the GS at T = 0 K with positions Li = (x1, y1, z1), Nb/Ta = (x1, y1, z1), O = (x1, y1, z1) for LiNbO3 and LiTaO3.

LiNbO3 LiTaO3

Li 1.128(5) −0.122(9) 0 1.118(8) −0.083(1) 0
0.122(9) 1.128(5) 0 0.083(1) 1.118(8) 0

0 0 1.023(2) 0 0 1.035(6)

Nb/Ta 7.058(9) 1.582(9) 0 6.641(2) 1.296(8) 0
−1.582(9) 7.058(9) 0 −1.296(8) 6.641(3) 0

0 0 7.603(9) 0 0 7.117(5)

O −1.690(4) 0.091(6) 0.082(4) −1.693(5) 0.059(2) 0.060(8)
0.086(3) −3.786(1) −1.813(6) 0.042(8) −3.479(9) −1.595(8)
0.126(9) −1.868(6) −2.875(7) 0.106(3) −1.651(4) −2.717(7)
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FIG. 4. Temperature-dependent spontaneous polarization of LiNbO3 (a) as well as LiTaO3 (b). The values are determined by different
methods: calculated from SC-XRD determined crystal structures and computed BEC of the DFT-GS for congruent (C-LN/LT SC-XRD) and
stoichiometric (S-LN SC-XRD) materials as well as DFT-relaxed atomic positions (DFT) and directly calculated with DFT (Berry phase).
The light colored areas indicate the 1σ error range. Additional experimental literature values for congruent (C-LN/LT Lit.) and stoichiometric
(S-LN/LT Lit.) material, as well as theoretical (theo. Lit) and semitheoretical (semitheo. Lit.) literature values are plotted with the following
markers: × [21], � [24], + [93], � [25], � [94], � [95], � [26], � [96], 	 [97], © [98], � [99], � [100], 
 [101].

parameters, e.g., determined by resonant diffraction methods
[112,113] with specialized sample chamber equipment [114]
or SC-XRD at synchroton sources, would further improve the
accuracy, but would also increase the experimental efforts.

In the literature, another approach to calculate PS directly
from the crystal structure can be found. Abrahams et al.

[98] used the displacement 	z of the p- or d-block metal
ion with respect to PS of five displacive ferroelectrics to
determine PS with a least-squares fit directly from 	z. How-
ever, this approach requires the knowledge of PS and 	z
of different materials to get a precise fit. Bergman et al.
[100] used the deformation of the NbO6 octahedron for the

FIG. 5. The pyroelectric coefficient for LiNbO3 (a) and LiTaO3 (b) derived from PS . Data calculated for experimental atomic positions
from SC-XRD and BEC tensors for congruent (C-LN/LT SC-XRD) and stoichiometric (S-LN SC-XRD) material are shown. The light colored
areas indicate the 1σ error range. Additionally, p was measured with the Sharp-Garn method for congruent (C-LN/LT SG) and stoichiometric
(S-LN SG) LiNbO3 as well as congruent LiTaO3 crystals. Values from literature based on experiment for congruent (C-LN/LT Lit.) and
stoichiometric (S-LN Lit.) as well as on theory (theo. Lit.) are shown for comparison: � [102], � [103], � [104], � [94], + [105], � [106], �
[107], 	 [108], © [109], ♦ [110], � [26], 
 [26], � [111].
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TABLE II. Summary of the calculated PS and p values for congruent (C) and stoichiometric (S) material using structural parameters
determined from SC-XRD as well as measured p values using the Sharp-Garn method. Additionally, PS for the DFT-relaxed structure calculated
with BEC tensors (BEC) and with the Berry phase expression (Berry) as well as the resulting p are shown. PS and p values from literature are
listed for comparison. All values are given at T = 300 K. The 1σ error is shown in brackets.

LiNbO3 LiTaO3

PS (C m−2) p (µC m−2 K−1) PS (C m−2) p (µC m−2 K−1)

SC-XRD
C 0.80(2) −115(82) 0.60(2) −134(49)
S 0.77(1) −81(39)
DFT
BEC 0.382(8) −79(33) 0.314(2) −45(6)
Berry 0.419(5) −150(15) 0.325(4) −30(10)
Sharp-Garn
C −99(2) −167(4)
S −85(2) −175(5)

Literature
C 0.50 . . . 0.80 −40 . . . − 194 0.50 . . . 0.60 −110 . . . − 230
References [21,24,94] [94,102–108,110] [21,25,97,109] [97,107–111]
S 0.62 . . . 0.78 −55 . . . − 93 0.55
References [24,93] [103,110] [25]
Calculated 0.43 . . . 0.75 −108 . . . − 155 0.33 . . . 0.55
References [26,96,98–101] [26] [95,96,98]

calculation of PS , but they assumed the microscopic bond
polarizability. Hsu et al. [96] used atomic displacements from
synchrotron single-crystal x-ray diffraction and calculated
Hirshfeld charges to obtain PS , but the results show large
deviations from the measured PS since the experimentally
determined charges (e.g., according to Hirshfeld or Bader)
describe the charge inadequately and severely underestimate
the dynamical redistribution of electron density in response
to structural displacements [31]. The disadvantages of these
approaches are eliminated in the presented work because we
do not need the knowledge of further materials or material
parameters and the charge distribution is correctly described
by the BEC tensor.

The calculation of PS with DFT leads to only one-half
of the experimental values. The reason is, on the one hand,
that the theory does not consider thermal ionic dynamics.
The ions therefore do not test the full positional config-
uration range within the asymmetric local potential. Even
using temperature-dependent unit-cell parameters from the
experiment to improve the boundary conditions for the DFT
calculations, the artificial external pressure can only approx-
imate the overall internal pressure, but cannot capture its
origin, which underestimates atomic displacements from the
center of charge with temperature, as shown above. On the
other hand, real structure influences like defects have not been
considered, which may present further degrees of freedom
for positional response and charge redistribution with tem-
perature. Peng et al. [26] combine different approaches of
molecular dynamic simulations to compute the temperature
influence, which leads to higher computing time, but also to
more realistic theoretical atomic displacements.

Thus, by computing BEC charges by means of DFT
and measuring atomic displacements with high-resolution
SC-XRD, our presented experimental-theoretical approach
combines the best from the two worlds. Calculations using

experimentally determined structural parameters are more
precise (see Fig. 4) than purely theoretical values and there-
fore recommended. Compared to conventional techniques,
the semiempirical method provides the means for in situ
monitoring of electric polarization changes within functional
materials with assumed superior resolution in time (<1 µs)
as well as space (<1 µm), which may pave the way towards
designing new devices, e.g., based on standing acoustic waves
[115–117].

The determined p with crystal structure data are in accor-
dance (within the error range) with the experimental p and
with reference values from the literature. Here, the calculated
p for S-LN shows the highest agreement with the coefficients
measured by the Sharp-Garn method with a maximum
deviation of 10 %. The coefficient for C-LN is found in the
central mean of reference values from literature and deviates
at most by 21 %. For C-LT the coefficients determined by
the Sharp-Garn method exceed our semitheoretical values
at most by about 18 %. The large variations of reported p
values (C-LN: −40 µC m−2 K−1 . . . − 194 µC m−2 K−1,
S-LN: −55 µC m−2 K−1 . . . − 93 µC m−2 K−1, C-LT:
−110 µC m−2 K−1 . . . − 230 µC m−2 K−1) are mainly
caused by the use of different measuring methods
[94,97,105–109,118–121], which makes the determination
of the correct value a very complex task [20]. Reported
values of p can cover several orders of magnitude for the
same material system [20]. In general, the maximum errors
	p of our calculated p values (C-LN ± 98 µC m−2 K−1,
S-LN ± 48 µC m−2 K−1, C-LT ± 59 µC m−2 K−1) are signif-
icantly larger than for the experimentally determined values
using the Sharp-Garn method (C-LN ± 20 µC m−2 K−1,
S-LN ± 5 µC m−2 K−1, C-LT ± 6 µC m−2 K−1), but are in
the range of the spread of p measured with various other
methods. Again, a strong dependence on the experimental
setup is apparent. The method presented here is a static
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method [20] for the determination of p. A further approach
to get access to the pyroelectric coefficient was presented
by Madsen et al. [122]. They showed that the pyroelectric
coefficient of molecular organic crystal structures can be
determined from experimental structure data for organic
molecules using a multipolar modeling of x-ray diffraction
data with relative errors of 18 %. However, this approach
gives only access to p and not to Ps.

The primary pyroelectric coefficient results from the move-
ment of cations relative to anions without any change in the
unit-cell dimensions. However, these dimensions change due
to thermal expansion, resulting in mechanical stress. As all
pyroelectric materials are also piezoelectric, this will con-
tribute to the pyroelectric effect [121], which is reflected
in the secondary pyroelectric coefficient. For an unclamped
sample (free expansion, constant stress), as in this work, the
determined p is the sum of the primary and secondary effects
[see Eq. (3)] and the contributions cannot be separated. The
secondary pyroelectric coefficient can be evaluated according
to

pk,sec = dT,E
klm CT,E

lmi jα
σ,E
i j (4)

with the thermal expansion coefficient ασ,E
i j (at constant elec-

tric field E and strain σ ), the elastic stiffness tensor CT,E
lmi j (at

constant T and E ), and the piezoelectric stress coefficient dT,E
klm

(at constant T and E ). ασ,E
i j can be easily determined from

temperature-dependent structural data (see Appendix A).
CT,E

lmi j and dT,E
klm can be measured experimentally or calculated

by density functional perturbation theory (DFPT), as shown,
e.g., by Peng et al. [26]. We have calculated psec (considering
only contributions parallel to �c) according to Eq. (4) with
ασ,E

i j from Table IV and with CT,E
lmi j and dT,E

klm from Smith and
Welsh [123] for C-LN and C-LT. The results are presented in
Table III and are comparable with the results of Peng [26] and
in the same order of magnitude as the literature values [121].

Since our measurements were performed under constant
stress of the material (free expansion), all coefficients of
the piezoelectric tensor are coupled and cannot be directly
determined from the experimental data. For a calculation of
dT,E

klm from crystal structure data further constraints, like fixed
in-plane lattice parameters to evaluate the out-of-plane piezo-
electric coefficient, need to be considered.

The determination of PS and p directly from crystal struc-
ture data has considerable advantages. On the one hand, the
approach is not prone to any spurious contribution in the
electric measurement of the pyroelectric current, like dis-

TABLE III. Results of psec according to Eq. (4) using the ex-
perimentally determined ασ,E

i j together with CT,E
lmi j and dT,E

klm from
Ref. [123]. The obtained values (SC-XRD) are compared with ex-
perimental (Expt.) [121] and calculated (Calc.) [26] values from
literature.

C-LN C-LT

SC-XRD psec (µC m−2 K−1) 16.6(4) −3.6(4)
Expt. psec (µC m−2 K−1) 12.8 −1
Calc. psec (µC m−2 K−1) 17.0

turbing contributions from the experimental setup or trapped
states inducing thermally stimulated currents. This becomes
particularly important for conductive samples or samples
with thermally induced conductivity. On the other hand, the
presented approach proves to be more reliable than conven-
tional ab initio calculations, where the necessary modeling
of thermal motions of the atoms is still challenging. As a
welcome benefit, by employing the temperature-dependent
structural characterization, the method gives direct access to
the structural origin of the polar properties as well as the
quantitative contributions from specific changes in the crystal
structure.

V. CONCLUSION

In this work, we demonstrate the direct calculation of the
spontaneous polarization and pyroelectric coefficient of a ma-
terial, as proposed by Peng et al. [26], from experimental
temperature-dependent crystal structure data. With smoothed
structure parameters to reduce experimental fluctuations (e.g.,
induced by environmental parameter variations [124]) and
one set of BEC tensors computed by DFT at T = 0 K, re-
liable and reproducible results were obtained. By limiting
BEC computation to the GS, which significantly reduces the
computational cost of the method, the introduced errors in
spontaneous polarization are �1 %. The calculated polariza-
tion based on temperature-dependent SC-XRD refinements
is in good agreement with reference values from literature.

FIG. 6. Fit of the thermal expansion coefficients αa along the
crystallographic axis a and αc along axis c for congruent LiNbO3

(left) and LiTaO3 (right). The temperature-dependent lattice param-
eters are normalized to the lattice parameters at T = 300 K. The
thermal expansion coefficients were determined with a linear fit,
which resembles well the dependence in the range between 100 and
400 K.
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FIG. 7. BEC data for both systems LiNbO3 (a) and LiTaO3 (b) using the experimentally (with SC-XRD) determined lattice parameters for
the temperatures above 0 K and extrapolated lattice parameters at 0 K.

The combined experimental-theoretical approach is superior
to exclusive ab initio DFT models, which predict significantly
smaller polarization values due to smaller displacements from
the center of charge.

The present results are based on experimental data acquired
with a standard laboratory diffractometer, which at present
induces the largest uncertainties in the calculations. However,
the approach is easy to apply because only temperature-
dependent structural data and a BEC tensor are needed. There
is no need for an additional experimental setup to carry out
electrical measurements. Additionally, to gain an understand-
ing of the underlying physical effects, the comprehensive
structural data show the structural origin of the polar prop-
erties and correlate directly changes in the crystal structure
characteristics (defect structure, atomic displacements) with
changes in the polarization.

Methodical accuracy from these first examples using
experimental structure determination can be assessed as re-
markable, as the results for the calculation of the pyroelectric
coefficients fit well into the spread of reported literature val-
ues, and they also overlap with experimental results using
the highly reliable Sharp-Garn method [20]. This makes the
presented method a well-recommended alternative for the
determination of polarization and pyroelectric coefficients,
where conventional electrical methods are difficult or not
feasible at all, e.g., due to sample size and preparation require-
ments, sample conductivity, or other experimental obstacles.
SC-XRD data from modern structure determination methods,
e.g., using resonant x-ray diffraction techniques, would fur-
ther improve the methodical validity.
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APPENDIX A: CALCULATION OF THE THERMAL
EXPANSION COEFFICIENTS

According to Kim et al. [75], the thermal expansion coeffi-
cients can be calculated by fitting the temperature-dependent
lattice parameters normalized to the lattice parameters at T =
300 K (see Fig. 6). For direct access to the linear expansion
coefficient of our crystals, we fitted the data linearly. The
results are given in Table IV.

APPENDIX B: TEMPERATURE DEPENDENCY
OF BEC TENSORS

The calculated BEC data for all temperatures based on
the experimentally determined lattice parameters are shown

TABLE IV. Linear thermal expansion coefficients α from the fit
(see Fig. 6) of experimentally (Expt.) determined lattice parameters
a and c for congruent material, as well as reference (Lit.) values from
Kim et al. [75].

αa (10−06 K−1) αc (10−06 K−1)

Expt. Lit. Expt. Lit.

LiNbO3 18.9(4) 15.4 6.5(2) 7.5
LiTaO3 9.0(1) 16.2 2.6(3) 2.2
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in Fig. 7. Since the BEC tensors were calculated with the
experimental lattice parameters, they show fluctuations as
well. However, the errors in the BEC tensors are only in the

order of a few percent and are negligible in comparison to
the experimental displacement errors for the calculation of the
spontaneous polarization.
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