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The primary and secondary pyroelectric coefficients of four different ordered models of lead zirconate
titanate Pb[ZrgsTips/Osz solid solution have been investigated with a hybrid density functional method.
Phonon anharmonicity and finite-temperature phonon properties necessary for the study of primary
pyroelectricity are determined with the use of self-consistent phonon theory. Secondary pyroelectricity
and lattice thermal expansion are investigated with quasi-harmonic approximation. The lattice thermal
conductivity and other physical properties are also reported at the same level of theory. The largest
absolute value of the pyroelectric coefficient is obtained for a rocksalt-type ordering. The results show
that the pyroelectric properties of B-site solid-solution perovskites can be studied with the computational
methodology previously used for simple titanate compounds BaTiOs and PbTiOs, enabling further
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1 Introduction

Heat fluctuation can be extracted as electrical energy with polar
crystalline materials that exhibit the pyroelectric effect.' The
strength of the pyroelectric effect is determined by the pyroelectric
coefficient p, defined as the ratio of change in spontaneous
polarization P; and change in temperature T, p = APJ/AT.> The
coefficient consists of fixed-volume primary p® and secondary p®
parts, the secondary effect arising from the piezoelectric response
to the thermal deformation of the unit cell. In ferroelectrics, a
subclass of pyroelectrics, the spontanous polarization can be
reversed. In ferroelectric materials, the pyroelectric coefficients
are typically larger than in non-ferroelectrics, making them
important for practical applications.> In antiferroelectrics, the
dipole polarizations are ordered antiparallel, so that they cancel
out in the unit cell, resulting in zero net polarization.* Thermal
and waste energy harvesting is a prospective novel application for
pyroelectrics, requiring further development of pyroelectric mate-
rials and enhancement of the pyroelectric coefficient for higher
output.>>”

The perovskite-type lead titanate PbTiO; was discovered to
be a ferroelectric in 1951, with a single phase transition at 763 K
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i Electronic supplementary information (ESI) available: Additional computa-
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theoretical insights into computational screening of prospective new ferroelectric pyroelectrics.

from the tetragonal ferroelectric to a cubic paraelectric phase.®®
Around the same time, the lead zirconate PbZrO; with an
orthorhombic crystal structure was found to be an antiferro-
electric with a transition from the antiferroelectric to the cubic
paraelectric phase at 503 K."°"* Further theoretical insights into
the complex phases and phase transitions of PbZrO; require
taking into account finite-temperature effects.'® The B-site solid
solution of PbTiO; and PbZrO;, Pb[Zr, ,Ti,|O; (PZT), was soon
found to exhibit ferroelectric behavior."*'® The phase diagram of
the PZT solid solution is more complex than that of the parent
phases.’®'” The morphotropic phase boundary (MPB) at the
composition Pb[Zr, 5,Tij.45]O0s, between the rhombohedral and
tetragonal phases, is the optimal composition for performance
in most technological applications due to the high piezoelectric
response of this composition.”® In addition to technological
importance, PZT is frequently used to further study ferroelectric
and pyroelectric phenomena, such as ferroelectric domain struc-
ture effects on pyroelectricity."®>° Ferroelectricity can also be
induced in PbZrOj; in the polar R3¢ phase by high electric fields>*
and in epitaxial thin films,*® and has computationally been
predicted to be achievable at the extreme thickness limit.>*
Due to the technological importance of the PZT system, its
piezoelectric properties have been investigated computationally
for decades, starting with a GGA/LAPW+LO study for ordered
structures of Pb[Zr, sTio5]O; in P4mm and I4mm space groups.”*
Further pioneering work has been done on the finite-temperature
properties of PZT,” along with further studies on the piezoelectric
properties with LDA/LAPW-LO,*® GGA/FLAPW,” and DFPT.*®
Elastic properties of tetragonal PbZr,, sTi, sO; in planar, columnar,
and rocksalt orderings has been investigated with LDA/mixed-
basis pseudopotential.>® The local atomic structure together with
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the dielectric and piezoelectric properties of tetragonal PZT have
recently been investigated using 2 x 2 x 2 supercells in various
configurations and with compositions x = 0.25, x = 0.50, and x =
0.75.%° Furthermore, intrinsic piezoelectricity in the monoclinic
PZT phase has been investigated with virtual crystal approxi-
mation.>" Soft-mode lattice dynamics and phonon dispersions of
cubic PZT models have been investigated using primitive 2 x 2 x 2
supercells combined with virtual crystal approximation.*>

Despite the considerable previous theoretical studies on
PZT, to the best of our knowledge, both the pyroelectric properties
and lattice thermal conductivity remain entirely unexplored with
first-principles methods. We have recently reported the calcula-
tion of pyroelectric properties of tetragonal ferroelectrics BaTiO;,
KNbO;, and PbTiO; from first principles.**** Here, we study the
pyroelectricity, lattice thermal conductivity, and other physical
properties of ordered models of Pb[Zr,sTiys]0; (P4mm) solid
solution with DFT-PBEsol0 hybrid density functional method.
Ordered structure models with planar, columnar, and rocksalt
ordering of the B-site cations are studied. Extending the computa-
tional methodology for predicting pyroelectric properties is
important for deepening the atomic-level understanding of pyr-
oelectricity, enabling further insights into screening of novel solid
solution compositions.

2 Computational methods
2.1 Crystal structure and physical properties

Quantum chemical calculations have been carried out using
the CRYSTAL23* program package and hybrid PBEsol0*®®
density functional method (DFT-PBEsol0, 25% exact exchange).
Gaussian-type triple-(-valence + polarization (TZVP) basis sets,
derived from Karlsruhe def2 basis,*® were used for all elements.
The basis sets for Ti, Zr, and O are described in ref. 40 and the
basis set for Pb in ref. 34. Tight tolerance factors (TOLINTEG) of
8, 8, 8, 8, and 16 were used for the evaluation of the Coulomb and
exchange integrals in the geometry optimization and property
calculations. Default CRYSTAL23 structural optimization conver-
gence criteria and DFT integration grids were used.

Spontaneous polarization was calculated with the Berry phase
approach implemented in CRYSTAL (SPOLB keyword).""*> The
piezoelectric and second-order elastic tensors at 0 K were obtained
with the ELAPIEZO keyword implemented in CRYSTAL.**** The
Monkhorst-Pack-type k-meshes** used in the calculations for
different structures and different steps are described in the ESIt
(Table S1).

2.2 Phonon properties

Self-consistent phonon (SCPH) calculations*® were carried out
with the ALAMODE code*®*” (version 1.5.0) employing a recently
developed CRYSTAL interface.>® To obtain finite-temperature
phonons and phonon properties with ALAMODE, a number of
randomly displaced or MD-based structures are first used for
fitting force constants up to the quartic or higher order. For
optimization of force constants, the elastic net linear model was
used for all PZT structures except for the planar PAmm structure,
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for which the ordinary least squares model was used. These force
constants are then used in the SCPH procedure for the calculation
of the temperature-dependent phonon frequencies and eigenvec-
tors. A tight SCF convergence criterion (TOLDEE keyword) of
107"'° au was applied in force calculations used for fitting the
force constants. Fitting errors of quartic force constants, 2.38% for
planar P4mm, 3.15% for planar Pmm2, 3.64% for rocksalt I4mm,
and 2.41% for columnar P4mm, were slightly higher than in
previous work (1.62% for PbTiO5>*). Full details of the random
displacements, force constant fitting and SCPH calculations are
given in the ESL.{ The results from the SCPH calculations employ-
ing force constants up to quartic order were used to plot the finite-
temperature phonon dispersions and to obtain the temperature
correction to second-order force constants for the calculation of
the primary pyroelectric coefficient with the Berry phase approach
(see below).

Harmonic frequencies obtained at the I' point with the
approach implemented in CRYSTAL**™° are reported in the
ESIT (Tables S2-S6). Lattice thermal conductivity was evaluated
within the relaxation-time approximation (RTA) for the Boltzmann
transport equation as implemented in ALAMODE."”! The quartic
force constants were used. Isotope effects have been included as
implemented in ALAMODE.> Quasiharmonic approximation
(QHA) implemented in CRYSTAL®™ was used to obtain the
thermal expansion coefficients, necessary for calculating the
secondary pyroelectric coefficient (see below). For the columnar
PAamm structure, the QHA calculation was carried out in the P4
space group due to symmetry-related convergence issues.

Example ALM input (for fitting cubic and quartic force
constants) and ANPHON input (for SCPH calculations) are
given in the ESI{ The reciprocal space path used in plotting
the phonon dispersion relations is also included in the
ANPHON input examples given in the ESL¥

2.3 Pyroelectric properties

Calculation of the pyroelectric properties follows the scheme
developed and described in ref. 33 for tetragonal BaTiO; and
KNbO; and in ref. 34 for PbTiO;. Because pyroelectricity is a
tensor property, it is only necessary to evaluate the phonon
modes affecting the polar c axis, as in the point group 4mm the
pyroelectric coefficients in other directions are zero.> Com-
pared to PbTiO;, the number of phonon modes is different
for ordered supercells of PZT, as the unit cell is doubled to
accomodate for the Zr substitution and ordering. For structures
that retain the point group 4mm (planar P4mm, rocksalt I4mm,
columnar P4mm), there are now six optical modes at the I' point
with the irreducible representation A,, as opposed to three in
PbTiO;.>® These A; modes correspond to atomic displacements
in the direction of the polar ¢ axis (Cartesian z direction). The
primary pyroelectric coefficient was thus calculated for these six
A; modes of tetragonal PZT modifications. For the columnar
structure in the space group Pmm?2 there are nine 4; modes.
Temperature-corrected interatomic force constants from the
SCPH yield finite-temperature phonon eigenvectors. They are
used for finite-temperature displacements, representing finite-
temperature and mode-specific behavior of ordered PZT
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structures at elevated temperatures. These displacements were
created using the normal coordinate Q basis displacements in
ALAMODE, modified so that the displacements are not drawn
randomly, but instead are carried out at the I" point only, and

their magnitude +/(Q?) is calculated from the phonon frequency
o and input temperature. Direction of displacement was kept
uniform for each A, mode. The primary pyroelectric coefficient p™
for temperature T is obtained with the central difference method
asp") = (P, — P.)I(T, — Ty), where T,= T+ 20 Kand T, = T — 20 K.
The choice of the temperature step of AT = £20 K is based on
observations in previous work on BaTiO; and PbTiO;.**”* The
temperature-dependence of the finite-temperature displacements
obtained from the phonon eigenvectors at a certain temperature
was found to be linear and a temperature step of 20 K was found
to be sufficiently large to yield numerically stable results with the
Berry phase method.

As in the previous work, the thermal expansion of the
unit cell is not taken into account when calculating the primary
pyroelectric coefficient. The secondary pyroelectric effect p®,
which is a piezoelectric effect driven by thermal expansion, is
taken into account separately. This is done by calculating the
piezoelectric coefficients d (in CN), second-order elastic constants
C (in N m™?) and thermal expansion coefficients « (in K™ '). In the
comm point group the secondary pyroelectric coefficient is given
as p(z) = 2d31(c1104 + Crotty + Ci303) + d33(2C 1304 + C3303).°" In the
mm?2 point group the secondary pyroelectric coefficient is given as
P(Z) = dai(crioq + Crap + Ciat3) + daa(Ciooy + Cop0ty + Cozig) +
d33(2C1300 + Ca30).>"

As in the previous work, the tertiary pyroelectric effect®® and
macroscopic effects caused by orientation, the structure of the
ferroelectric domain, and domain walls'®?*® affecting the total
pyroelectric coefficient are not included here.

33,34

3 Results

3.1 Structural properties and spontaneous polarization

Typical B-site orderings for A[BB']O; perovskites are planar,
columnar, and rocksalt configurations.’® Five different ordered
models for Pb[Zr, 5Ti, 5]O; solid solution were investigated: two
planar (P4Amm and Pmmz2), two columnar (P4mm and Amm2),
and rocksalt (J4mm). For the tetragonal PAmm space group of
the parent PZT structure, there are two variations of the planar
and columnar orderings, depending on whether the ordering is
along the ab plane or along the ¢ axis. Stacking the B and B’
cation layers on top of each other in the ¢ axis direction results
in the P4mm space group, while stacking them along the a (or b)
axis results in Pmm2 space group. In the columnar ordering,
having the columns run along the ¢ axis results in space group
P4amm, while having them run along the a (or ) axis results in
space group Amm?2. The ordered models are illustrated in Fig. 1,
and given in CIF format in the ESIL{ It should be noted that
these ordered models are just the simplest possible approxima-
tions, and do not fully scope the set of orderings that would
require larger supercells to accommodate more complex order-
ings. Experimental investigations of the local order reveal that
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Planar (Pmm2)

Planar (P4mm)

Fig. 1 Illustration of the optimized structures of the five different ordered
Pb[Zro 5Tig 5103 models used in this work. Ti and its octahedra in blue, Zr
and its octahedra in green, O in red, and Pb in grey. All structures are
viewed from the same direction. Visualization made with the VESTA
software.®®

monoclinic short range order can persist even in the tetragonal
or rhombohedral phases with long range order.®*

The relative electronic energies per formula unit (AE,
kJ mol™" Z™") together with the absolute values of spontaneous
polarization (P, C m™?) are given in Table 1 for all ordered
models. The higher symmetry variants for the ordered columnar
and planar models are energetically more favorable. The ener-
getics of the different ordered models were further investigated on
the basis of the QHA results, as discussed below. The columnar-
ordered P4mm structure can be identified as the lowest-energy
structure, while the highest-energy columnar structure Amm2 was
omitted from the calculation of the pyroelectric properties. The
values of P; for the ordered models range from 0.41 to 0.48 C m™ >,
For comparison, a P value of 0.51 C m > was obtained for PbTiO;

This journal is © the Owner Societies 2025
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Table 1 Relative electronic energies AE, and the absolute values of
spontaneous polarization P for the ordered PZT models. The relative
energies are given per one formula unit (Z). Experimental values of
spontaneous polarization are reported in ref. 64 calculated from saturation
polarization and in ref. 19 from room temperature ferroelectric hysteresis
response

PZT structure AE, k] mol™' z7! P,Cm >
Planar PAmm 6.9 0.45
Planar Pmm?2 5.1 0.41
Rocksalt 14mm 5.0 0.48
Columnar P4mm 0.0 0.48
columnar Amm?2 7.5 0.47
Exp. PbZr, 4Tig 60;** 0.90
EXp. PbZrq 5,Tip.4505"° 0.30

at the same level of theory.>* Composition, sample type, as well as
domain effects can explain differences in the spontaneous polar-
ization between the experimental measurements and calculated
values. To evaluate P; of a truly disordered PZT, a thermodynamic
average would be needed over a larger number of ordered models
with more complex compositions.

The Ti-O and Zr-O bond lenghts and the shortest Pb-O, Pb—
Ti, and Pb-Zr distances of the studied ordered PZT models are
listed in Table 2. In the planar P4Amm structure, the Zr-O bond
length in the polar ¢ direction is clearly elongated, while in the
Pmm?2 structure the Ti-O length is elongated. In the columnar
P4amm, the Ti-O lengths along the c axis are elongated, while in
the columnar Amm?2 structure the longer Ti-O and Zr-O bond
lengths are closest to each other for the investigated PZT
models. Notably in the planar P4mm, rocksalt I4mm, and
columnar Amm2 structures, the longer Ti-O bond length is
shorter than in PbTiO;. In the lowest-energy columnar P4mm
structure, this Ti-O bond length is longer than in PbTiO;. For
the three energetically most unfavorable structures (planar
P4amm, planar Pmm2, and columnar Ammz2), all or some Ti-O
bond lengths in the ab direction are larger compared to PbTiO;.

3.2 Elastic and piezoelectrics properties

The calculated bulk moduli of the PZT structures are 122 GPa for
columnar P4mm, 131 GPa for rocksalt I4mm, 127 GPa for planar
P4mm, 120 GPa for planar Pmm2, and 120 GPa for columnar
Amma2. Values from 128 GPa up to 186 GPa have been reported in
earlier computational work for various ordered models.”® The
full elastic constants are given in ESIt (Table S7).

The calculated piezoelectric strain coefficients d (pC N~ or
pm V') and the stress constant &;3 (C m™~?) of the PZT ordered
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models are presented in Table 3 along with available experimental
data.®®®® values for Pmm2 and Amm?2 are averaged as ds; = (ds; +
d3,)/2 and dy5 = (dg + dys5)/2. For the stress constant, calculated
values previously reported for ordered Pb[Zr, 5Ti, 5]O; models are
also included. The difference between our calculated values of d
and ¢ and the experimentally reported ones is considerable. The
values of ¢33 are in line with previous theoretical studies, but are
much lower than the value based on experimental data.?*®> The
largest value of ¢33 is obtained for the rocksalt I4mm structure.
One possible explanation for the discrepancy is the proximity
of the computational composition to the MPB, which is known to
significantly enhance the piezoelectric response. The change in
the range of structural order has been proposed as the reason for
the enhanced properties close to the MPB,** something that our
ordered models cannot replicate. The fact that elastic and piezo-
electric constants are calculated for perfect crystals at 0 K, omit-
ting defects, temperature effects, and possible anharmonicity, can
also contribute to the difference.®” Furthermore, the experimental
values also differ greatly, while many of the measured and
reported values are for commercial ceramics, such as PZT-5H,
that have compositions different from pure Pb[Zr;_,Ti,]03.%®

3.3 Phonon properties

The finite-temperature phonon dispersion of the lowest-energy
columnar P4mm ordering of PZT is illustrated in Fig. 2. While
experimental measurements on the lattice dynamics of PZT
near the MPB have been carried out with various spectroscopic
methods,* full phonon dispersion relations have not been
reported. Based on the measurements of the phonon frequen-
cies, the disordered PZT solid solution shows one-mode beha-
vior corresponding to mixed B-O modes, while our calculated
phonon dispersions show two-mode behavior, where the Ti-O
and Zr-O modes are distinguishable. The phonon dispersions
and the related reciprocal space paths for the other PZT
structures are included in the ESIf (Fig. S1-S4). Differences
between the harmonic and anharmonic dispersions are rela-
tively small for the studied models, as the parent tetragonal PZT
phase is known to be thermodynamically stable down to 0 K in
the PbTiO;-PbZrO; phase diagram.'® The planar ordered
models show a few small imaginary phonon modes outside
the I' point, around the S and M points. These imaginary
modes might arise from the fact that ordered models do not
represent true minima for PZT, which in reality is a disordered
B-site solid solution. Furthermore, in the rocksalt I4mm struc-
ture, small numerical inaccuracies persist along the I'-M path.

Table2 Ti-O and Zr-O bond lengths and the shortest Pb—O, Pb-Ti, and Pb—Zr distances in the studied ordered Pb[Zrq 5Tig 503 models (all distances in

A units)
Ti-O Ti-O Zr-O Zr-O Pb-O Pb-Ti Pb-Zr
System (c direction) (ab direction) (¢ direction) (ab direction) (shortest) (shortest) (shortest)
PbTiO;** 1.76, 2.38 1.96 — — 2.49 3.34 —
PZT planar PAmm 1.75, 2.19 2.01 1.97, 2.46 2.05 2.52 3.31 3.47
PZT planar Pmm2 1.74, 2.51 1.92, 2.04 1.97, 2.29 2.04, 2.11 2.53 3.37 3.42
PZT rocksalt I4mm 1.81, 2.17 1.96 1.94, 2.36 2.08 2.53 3.37 3.39
PZT columnar P4mm 1.74, 2.52 1.96 1.98, 2.27 2.08 2.50 3.40 3.38
PZT columnar Amm?2 1.76, 2.27 1.95, 2.03 1.97, 2.34 2.04, 2.09 2.44 3.33 3.43
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Table 3 Calculated piezoelectric strain constants d (pC N7 and stress
constants &3 (C m~2) of ordered structures of tetragonal Pb[Zrg sTig /O3
compared with available experimental and previous computational data.
Abbreviation pl. stands for planar and rs. for rocksalt ordering

dsy dss dis €33

(PCN7 (PCN")  (pCN7')  (Cm?)
Planar PAmm —5.0 28.6 70.8 3.40
Planar Pmm?2 —6.8 37.6 129.9 3.13
Rocksalt 14mm —7.8 34.5 155.1 4.40
Columnar P4mm —6.4 32.0 139.4 3.09
Columnar Amm?2 —6.4 33.9 132.9 3.50
Exp. PZT 50/50%° 43 110 166 27.0
Exp. PZT® —120 to —170  60-130
Calc. pl., Pamm>* 4.81
Calc. rs., 4mm** 3.60
Calc. pl., Pamm®’ 3.42
Calc. rs., I4amm*’ 5.10
Calc. pl., Pamm®® ca. 4

800

600 1

400_ ..........

Frequency (cm™?)

200 1 N Sy N

0 —
r x ™ r
Fig. 2 Anharmonic 300 K (red, solid) and harmonic (black, dotted) pho-

non dispersion of columnar P4mm PZT. Phonon dispersions of other
ordered models are included in the (ESIT).

The pyroelectric properties of the ordered models are calcu-
lated using the optical A; phonon modes at the I' point, and
thus the slight imaginary frequencies for the acoustic phonon
modes are not likely to affect the calculated pyroelectric
coefficients.

The quasiharmonic approximation (QHA) implemented in
CRYSTAL was used to investigate thermal expansion of ordered
PZT models and to obtain thermal expansion coefficients for
the calculation of secondary pyroelectric coefficient. Lattice
thermal expansion was evaluated from 0 to 500 K. Experimen-
tally, an average thermal expansion coefficient o = (o, + 05 + )/3
of ca. 2 x 107° K" has been reported at 300 K.”° The calculated
values of o, are presented in Fig. 3. The calculated average
values of « are included in the ESIt (Fig. S5). Negative thermal
expansion along the ¢ axis is observed for multiple PZT struc-
tures, most notably planar P4mm and rocksalt IJ4mm orderings
at the low temperature region. The thermal expansion of the
columnar P4mm stays uniformly positive throughout the inves-
tigated tempreature range. As the value of o is obtained with
QHA, anharmonicity is not fully included, possibly affecting the
results.
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< —0.251 ,z/ —== ac PZT planar PAmm
Ky S==7 —==- a_ PZT planar Pmm?2
—0.50 1 === a. PZT rocksalt 4mm
a. PZT columnar PAmm
~0.75 1 a PZT columnar Amm?2
—1.00 A
0 100 200 300 400 500

Temperature (K)

Fig. 3 Thermal expansion coefficients in the ¢ direction, a. (K™3), calcu-
lated with quasiharmonic approximation in a temperature range of 10 to
500 K. Data for PbTiO3z from ref. 34.

QHA can also be used to evaluate the relative energetics of
the structures at finite temperatures. The calculated relative
Helmbholtz free energies per formula unit AF (k] mol * Z™) of the
studied PZT models are presented in Fig. 4. Noticeably, the energy
difference between the phases become even smaller compared to
the electronic energies in Table 1, with the difference between
columnar P4mm and rocksalt I4mm reduced to 0.8 k] mol ' Z~* at
700 K. Gibbs free energies AG (k] mol~' Z~") were also investi-
gated at 300 K with the same phonon sampling as in the QHA
results. The energy order remains the same, with the columnar
Pamm structure at 0 k] mol " Z*, followed by rocksalt I4mm
(1.1 k] mol ' z "), planar P4mm (3.8 k] mol~* Z ™), planar Pmm2
(3.8 k) mol " Z™"), and columnar Amm2 (6.6 k] mol™" 2 ™").

3.4 Lattice thermal conductivity

The lattice thermal conductivity of various PZT compositions,
including Pb[Zr, sTiy5]O3, has been measured by Tachibana
et al.”* The experimental and our calculated total lattice ther-
mal conductivity k (W m ™' K™ ') values are presented in Fig. 5.

7+ ===~ AF PZT planar PAmm -7
——- AFPZTplanar Pmm2  ~ =TT TTTT T mm—ee -~ i
64 ——- AF PZT rocksalt 4Amm ,,*”
N AF PZT columnar PAmm ’,¢—/
g e AF PZT columnar Amm?2 ’,—"‘
> -
x T
> [[S=zm====""
O p Ll T T ——
S I .
< (T
s T T e e e
831
w
5 Lo
24  TTTTme——
g | TTTmeeal
o | TTme—all
z_ | T e——
e
04
T T T T T
100 200 300 400 500 600 700

Temperature (K)

Fig. 4 Relative Helmholtz free energies AF (kJ mol~* Z™%) calculated with
quasiharmonic approximation in a temperature range of 100 to 700 K.
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Quartic force constants were employed in the lattice thermal
conductivity calculations. The results obtained with DFT-PBEsol0/
TZVP are in agreement with experimental data, with PZT having a
smaller lattice thermal conductivity than the parent phase PbTiO;,
as also observed experimentally. It should also be noted that the
experimentally measured values are strongly affected by the sample
type, as observed in Fig. 5 for PbTiO; data using a single crystal”
and polycrystalline sample,”" the polycrystalline sample having a
lattice thermal conductivity ca&. 2 W m™" K™ ' smaller than the
single crystal sample around 300 K. The presented calculated values
are an average of contributions in the three Cartesian directions.

3.5 Pyroelectric properties

Fig. 6 shows the primary p'¥ and secondary p® pyroelectric
coefficient of the studied ordered PZT models from 100 K to
500 K. The largest absolute value of the total pyroelectric coeffi-
cient is found for the rocksalt ordering, —549 pC m > K ' at
200 K. At 300 K, the pyroelectric coeffients are —506 pC m > K *
for rocksalt I4mm, —346 pC m 2 K ' for columnar P4mm,
—184 pC m > K™ * for planar Pmm2, and —110 for planar P4mm.
The coefficients at each temperature point are also given in the
ESIt (Tables S8-S11).

Experimental values of the total pyroelectric coefficient p of
PZT vary greatly depending on the sample type and composi-
tion. Reported values range from —110 uC m~> K" (ref. 73) to
—1000 pC m~? K * (ref. 74) for some multilayer thick films.
A value of ca. —200 pC m~> K" has been reported for a thin
film with composition Pb[Zrg5,Tiy45]0;"° and a value of
—352 uC m 2 K ' for a thick film deposited with sol-gel
method.”> Ceramic samples PZT-5H  (Pby [Zro.40Tio46
(Nby.255b6.75)0.05)1.003)”° and PZFNTU (Pb[Zr; (2
Fe,Nb,Tiy];_,U,0;),”” for which the coefficient has been mea-
sured as —416 uC m > K ' and —380 uC m > K ', respectively,
are far from the PD[Zr,sTiy5]Os; composition used in the

10

—— K PbTiO3
K exp. PbTiO3 (low-T)
Kk exp. PbTiO3 (high-T)
—==- K PZT planar PAmm
—=—=- K PZT planar Pmm?2
=== K PZT rocksalt 14mm
K PZT columnar PAmm
K exp. PZT

K (W/mK)

0100 150 200 250 300 350 400 450 500
Temperature (K)

Fig. 5 Average lattice thermal conductivity of ordered PZT models (red,
blue, green, and yellow, dashed) and PbTiOs (black, solid line)** calculated
with RTA, compared with experimental data of Tachibana et al.”? (grey,
dotted) for PbTiOsz single crystal (low temperature data up to 400 K) and
Tachibana et al.” (grey, stars) for polycrystalline PbTiO3 (high temperature
data from 300 K) and Pb[Zrq5TigslO3 (grey, crosses).
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s Kk  ©pzTBHceramic ___====

PZT-5H ceramic _ _
-500 _\/ === p® 4 p@ pZT planar PAmm

—=- p® 4+ p®@ pZT planar Pmm?2
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Fig. 6 Calculated pyroelectric coefficients for planar P4Amm (red), planar
Pmm?2 (blue), columnar P4mm (yellow) and rocksalt /4mm (green) order-
ings. Primary coefficient p® in solid lines and total p (0® + p) in dashed
lines. Experimental data in diamonds for PZT-5H"® and PZNTU”” ceramics,
and with crosses for thin film,* sol-gel thick film,”® and thick film.”®

calculations. On the other hand, our calculations are for a bulk
system, and thus fail to reproduce effects, such as strain, present
in thin and thick films.

Due to the negative thermal expansion in the low temperature
regions of the rocksalt /4mm and planar PAmm structures, their
secondary coefficients are also negative close to 100 K. For
columnar P4mm and Pmm2 the secondary contribution is positive
throughout the temperature range. This starkly contrasts with the
negative and much larger contribution observed recently in thin
film PZT samples,'® with a value of ca. —75 uC m 2 K * for
Pb[Zr, 5,Tiy.45]03. However, the secondary contribution in Zr-rich
PbZr, 95Tip 0503 has been evaluated as positive with a value of
37.7 uC m™ > K *.”® The major difference compared to experiment
in the piezoelectric strain constants near the MPB is the likely
reason for the smaller values of the secondary effect. Noticeably it
is also smaller in magnitude than what we have calculated for
PbTiO;, for which we obtained a value of p'® of —43 uC m 2 K !
at 300 K.** A separate plot of p® is available in the ESI} (Fig. S6).

The effect of the discrepancy of the calculated and experi-
mental values of d;; and ds; can further be evaluated by using
the experimental values for the calculation of p®. The p® of
rocksalt I4mm is 5.2 pC m~> K~* at 300 K according to DFT.
Using the smaller and larger experimental values of d3; and
ds; reported in ref. 66, respectively, values of 40 puC m2K?
and 46 uC m 2 K ' are obtained. This difference is rather
significant for the secondary effect. Combined with the primary
effect, however, the obtained values of p are not considerably
changed, nor does the difference affect the relative ordering of
the ordered structures according to the value of p.

The value of p(i) is obtained by summing contributions over
modes contributing to pyroelectricity. This includes the A,
modes with atomic displacements in the direction of the polar
¢ axis (Cartesian z direction). The mode-specific contributions
for the structure with the largest absolute value of the coeffi-
cient, rocksalt J4mm, are given in Fig. 7. As previously found for
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Fig. 7 Mode-specific contributions (colored dashed and dotted lines) to
the primary pyroelectric coefficient p® (black solid line) of rocksalt-
ordered I4mm PZT structure. Due to doubling of the cell size, the number
of A; modes is doubled compared to tetragonal PbTiOs.>* Modes 12 and 15
(green and olive circles) originate from A; mode 6 of PbTiOs, while modes
21 and 28 (red and pink triangles) originate from PbTiOz A; mode 12, and
modes 29 and 30 (blue and cyan squares) from PbTiOs A; mode 15.

BaTiO;, KNbO3,** and PbTiO;,** the major contributions arise
from the lower frequency phonon modes, corresponding to the
modes with indices 6 and 12 in those simple perovskites. In the
solid-solution model here, modes 12 and 15 arise from the
splitting of mode 6 in the simple perovskite, while 21 and 28
arise from the splitting of mode 12, rendering the contributions
arising from the splitting of mode 15 into modes 29 and 30
negligible. Just like for BaTiO3;, KNbO3, and PbTiO;, a positive,
canceling contribution to the total pyroelectric effect arises
from higher frequency mode 28. Mode-specific contributions
for other PZT ordered models are given in ESIt (Fig. S7-S9).

4 Conclusions

We have demonstrated that our computational methodology**>*

for determining the pyroelectric coefficients of ferroelectric per-
ovskites can be applied for solid solutions and beyond the
tetragonal crystal system. Despite the lowering of the space group
symmetry and the increase in the number of A; phonon modes,
the methodology based on summing contributions to pyroelec-
tricity over phonon modes yields consistent results. The pyro-
electric coefficients of the four lowest-energy ordered models of
PZT have been reported. The energetically most favorable PZT
structure investigated, columnar P4mm, has the most elongated
Ti-O bond length of 2.52 A. The largest absolute values of the
pyroelectric coefficient are found for ordered models that also
have the largest value of spontaneous polarization.

The primary pyroelectric coefficient of rocksalt I4mm PZT is
larger than that of tetragonal P4mm PbTiO;. The rocksalt I4mm
structure also exhibits the largest value of the piezoelectric
stress constant &35 of the studied ordered models. The columnar
P4amm ordering has a value of the primary pyroelectric coefficient
closer to that of PbTiO;, while the primary pyroelectric
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coefficients of the planar P4Amm and Pmm2 are smaller than in
PbTiO;. The calculated secondary contribution to pyroelectricity
is not as pronounced for PZT structures as it is for PbTiO;.
Noticeably, unlike for PbTiO3, for PZT structures negative thermal
expansion is only observed at the lower temperature range, and
not for all ordered models. The piezoelectric properties calculated
for PZT differ from the experimental results, which may explain
the differences in secondary pyroelectric contributions.

While PZT is a solid solution without B-site cation ordering,
in true Pb[BB']O; compounds ordering depends on the synthesis
conditions in a controllable way.>® As the ordered PZT models
undergo considerable distortion in structural optimizations, the
investigations could be expanded by structural optimization at
finite temperatures.”® Simultaneous investigation of structural
properties, phonon properties, piezoelectricity, and pyroelectric
coefficients at the same computational level of theory can enable
further insight into the discovery and design of new ferroelectric
and pyroelectric materials via computational screening and
prediction.
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