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Ab initio study of temperature-dependent
piezoelectric and electronic properties of
thermally stable GaPO4†
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Gallium-phosphate (GaPO4) is one of the ultra-high thermally stable piezoelectric materials with a high

critical temperature of 1206 K. Here, first principles calculations with quasi-harmonic approximation are

performed to study thermal and other physical properties of a-GaPO4. For the electronic structure, we

focus on the electron–phonon interaction and lattice expansion effects on the temperature-dependent

band gap, which plays a significant role in zero-point renormalization. Significantly, the large

piezoelectric constants e11 primarily comes from intrinsic sensitivity of Ga and O sites to axial strain,

while P atoms contribute little, which remains true in other quartz-like type APO4 (A = B, Al, In). Our

work provides an insight into the temperature-dependent electronic and piezoelectric properties of

a-GaPO4 and motivates its applications in a high temperature environment.

1. Introduction

Gallium phosphate (GaPO4) is a multifunctional oxide with a
wide bandgap of 7.1 eV.1 It is attractive for high-temperature
semiconductor device of high resistivity, superior piezoelectric,
high mechanical quality factor, and physical properties that
barely change up to 1206 K. Furthermore, the existence of
temperature-compensated orientations for bulk acoustic waves
(BAW) and surface acoustic waves (SAW) is a valuable feature of
GaPO4 for applications in communications, frequency control,
and signal processing.2–4 Apart from this, it can be applied to
make high-temperature ultrasonic positioning detectors used
in nuclear reactors, fuel injection piezoelectric valves used in
internal combustion engines, as well as play an important role
in aerospace, petroleum exploration, and high-temperature
piezoelectric acceleration sensors.4–6

Previous reports on GaPO4 are mainly experiment-based.
Hamidon et al.7 exploited GaPO4 to prepare SAW devices which
can be used satisfactorily for high-temperature, wireless sen-
sing, and tested the long-term stability of working at 434 MHz
and a maximum of 600 1C. Several experiments measured the
elastic and piezoelectric constants around room temperature
and other temperatures with samples made by slow cooling,
reverse temperature gradient, high-temperature solution
growth, hydrothermal reaction under pH-dependent control
methods.3,8–11 However, theoretical studies of GaPO4 are scarce
and limited to predicting zero-temperature properties. Liu
et al.12 performed a computational investigation on structural,
elastic, and optical properties of GaPO4. Hermet et al.13 calcu-
lated the piezoelectric coupling of a-quartz-type MXO4 com-
pounds (M = B, Al, Ga; X = P, As) with different inter-tetrahedral
angles and revealed the origin of piezoelectricity is related to
such angles. Ab initio studies on the temperature-dependent
properties of GaPO4 remain absent.

In this work, we explore the intrinsic properties of GaPO4 as
function of temperature ranging from 0 to 1000 K by exploiting
density functional theory (DFT) and the quasi-harmonic
approximation (QHA). The paper is organized as follows: firstly,
based on first-principles calculations, we optimize the structure
of a-GaPO4 at 0 K using three different functionals. The lattice
constants, piezoelectric properties, and elastic properties of
these three structures are compared with experiment. It is
found that the PBEsol functional yields a more accurate
description of crystal information and shows a better agree-
ment with experimental observations. In the second section, we
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evaluate the volumetric thermal expansion coefficient of
a-GaPO4 crystal in the range of 300–1000 K based on the QHA
method and the ab initio molecular dynamics (AIMD) method
(Fig. S1, ESI†). The simulation results obtained using the QHA
are closer to the experimental values as compared to that from
AIMD. Consequently, we use the a-GaPO4 structure obtained
from the QHA method for further temperature-related investi-
gations. Besides, the corresponding AIMD simulations for
a-GaPO4 are provided in Fig. S2 (ESI†), which show that the
structures at 300 K, 700 K, 1000 K are all stable and similar. The
third section investigated renormalization of the electronic
structure of a-GaPO4 over a wide temperature range, contrib-
uted by lattice expansion and electron–phonon interactions.
Some representative one-shot configurations of GaPO4 with
temperature are shown in Fig. S3 (ESI†). Moreover, based on
QHA calculations, we also display temperature-dependent elas-
tic properties and piezoelectric constants.

2. Computational method

All computations are based on the DFT14 as implemented in the
vienna ab initio simulation package (VASP).15 We employ a
plane-wave kinetic energy cutoff of 550 eV, G-centered 8 � 8 � 4
k-point mesh, a convergence criterion of 10�7 eV for the energy,
and 10�4 eV Å�1 for the Hellmann�Feynman forces on all
atoms. For all calculations, the valence state configurations are
taken as 3d104s24p1 for Ga, 3s23p3 for P, 2s22p4 for O, 2s22p1 for
B, 3s23p1 for Al, 4d105s25p1 for In. We use projector-augmented
wave (PAW) pseudopotential16,17 and the generalized gradient
approximation (GGA-PBEsol) functional18,19 for the exchange–
correlation potential. The electronic correlation in the d shell of
Ga is corrected by the PBEsol+U method20 (see supplementary
figures and tables, ESI†).

Based on the QHA21,22 and ‘‘one-shot’’ method,23 we investi-
gate band gaps at finite temperatures that include electron–
phonon interaction and volume thermal expansion effects.24 The
procedure can be divided in 5 steps as follows: (1) the structures
and volume (V) as a function of temperature are determined
using the QHA method. (2) The phonon spectra are calculated
using a 3 � 3 � 2 supercell (324 atoms) with the temperature
dependent volumes V(T). (3) The band gap at finite temperatures
with volumetric effect can be extracted from QHA calculations.
(4) One-shot configuration generates a single set of atomic
displacements from the equilibrium positions by taking into
account the mean absolute phonon displacement influenced by
the temperature-dependent phonon occupations. (5) By calculat-
ing the band gap of the one-shot configuration, the effect of
electron–phonon interactions is revealed. Finally, temperature-
dependence of the band gaps including both lattice expansion
(LE) and phonon vibration (VIB) effects are predicted. The band
gaps at finite temperatures can be extracted from the effective
band structure (EBS), which is predicted by unfolding the band
energies in the supercell into the primitive cell.

Additionally, piezoelectric constants eij and elastic constants
Cij are derived from density functional perturbation theory25 at a
given temperature. The structures are drawn with the software
VESTA.26 Ab initio molecular dynamics (AIMD) simulations were
performed in the isothermal–isobaric ensemble (NPT) using a
Langevin thermostat for 20 ps with a step of 2 fs, to assess the
thermal stability and volume of GaPO4 in the high-temperature
range from 300 K to 1100 K, with increments of 200 K.27,28

3. Results and discussion

a-GaPO4 is iso-structural with the classical piezoelectric mate-
rial a-SiO2. In Fig. 1(a), the crystal structure of SiO2 transforms

Fig. 1 Crystal structures of the quartz SiO2 and quartz type GaPO4. (a) The classic phases of a-SiO2 (at room temperature) and b-SiO2 (at temperature
higher than 846 K). (b) The crystal structures of a-GaPO4 at temperature below and b-GaPO4 higher than 1206 K. The blue, red, green, and gray spheres
are Si, O, Ga and P atoms, respectively.
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from a-phase (stable at low temperature) to b-phase (stable at
high temperature) as the temperature rises over 846 K with the
disappearance of piezoelectricity. The a-GaPO4 crystal in
Fig. 1(b) can be derived from the 1 � 1 � 2 supercell of
a-SiO2, by replacing Si with Ga and P atoms alternately along
the c direction. Similar to a-SiO2, the a-GaPO4 crystal (trigonal
symmetry with P3121 space group) remains the stable phase at
low temperature. When the temperature is above 1206 K,29,30

GaPO4 undergoes a structural phase transition to the centro-
symmetric b-GaPO4 phase, accompanied by the loss of its
piezoelectricity. The exceptionally high piezoelectric critical
phase transition temperature renders GaPO4 a promising mate-
rial for high temperature applications.

Based on DFT, we employ three different functionals to
calculate the lattice constants, piezoelectric constants, and
elastic constants of a-GaPO4 crystal, as shown in Table 1. The
local-density approximation (LDA) and Perdew–Burke–Ernzer-
hof (PBE) are the standard choice for calculations of periodic
crystals.18,31 PBEsol is designed to yield accurate lattice con-
stants and bulk moduli and may be a better choice for calculat-
ing lattice constants of solids.32 Compared with experimental
values, we find that the PBEsol functional describes a-GaPO4

crystal more accurately than other functionals. Concerning the
lattice constants a and b, the errors of PBE and LDA functionals
are nearly 2% with respect to experimental values, while using
PBEsol functional we obtain the most accurate results with an
error within 0.2%. The volume calculated by PBEsol functional
is only 0.6% smaller than the experiment. Therefore, we adopt
the PBEsol functional to investigate physical properties of
GaPO4, with the optimized lattice constants a = b = 4.91 Å, c =
11.10 Å, a = b = 901 and g = 1201.

The QHA method deals with the thermal properties of solid
materials, which is based on the dependency of the harmonic-
approximation level non-interacting phonon frequencies over
lattice volume or other thermodynamic constraints.36,37 The
Helmholtz free energy F(V, T) at the QHA level is expressed as

F(V, T) = E0(V) + Fvib(V, T) + Fel(V, T) (1)

where E0(V) is the energy of the ground state at zero tempera-
ture, Fvib(V, T) is the vibrational free energy from phonons,
Fel(V, T) is the contribution of electronic thermal excitations to
free energy. According to the free energy of the lattice, the

equation of states and all thermodynamic functions of the
system can be obtained.

Lattice vibrational free energy Fvib(V, T) can be obtained
from eqn (2), where oql represents the frequency of the l-th
phonon mode at wave vector q in the first Brillouin zone and kB

is the Boltzmann constant,

FvibðV ;TÞ ¼
X
ql

1

2
�hoql þ kBT ln 1� e��hoql=kBT

� �� �
(2)

The electronic free energy Fel(V, T) is obtained from the
electronic entropy Sel and energy Eel contributions as

Fel = Eel � TSel (3)

For the wide-bandgap semiconductor, the electron contribu-
tion to the free energy is negligible, hence we ignore the
electronic contribution Fel(V, T) of eqn (1) in this paper. We
calculate the Helmholtz free energy F(V, T) as a function of
volume with a temperature step of 100 K, and get the minima of
F(V, T), as shown in Fig. 2(a). The Helmholtz free energy is fitted
using the Vinet equation:38

PðX;TÞ ¼ 3KT
0

ð1� XÞ
X2

e½Zð1�XÞ�

Z ¼ 3ðKT 0
0 � 1Þ
2

X ¼ ðV=V0Þ1=3:

(4)

As a consequence of lattice thermal expansion (isotropic
stretching), the volume of the F(V, T) minimum increases as the
temperature is going up. The thermal effects on the equili-
brium lattice volume is determined from the equation

DV/V0 = aVDT (5)

Interestingly, GaPO4 displays a negative volume thermal
expansion coefficient aV at low temperatures and a positive
volume thermal expansion at higher temperature. The negative
thermal expansion at low temperature is a common feature of
tetrahedrally coordinated elements such as Si.39–41 As explaned
using a microscopic Gibbs free energy by Biernacki,41 such
negative thermal expansion originates from decreased entropy
upon volumetric expansion at low temperature due to the
increased low-lying phonon frequencies. Therefore, the lattice

Table 1 Calculated results with different functionals (at 0 K) and experimental values: unit-cell lattice parameters a, b and c (Å), volume (Å3), piezoelectric
constants eij (C/m2) and elastic constants Cij (GPa)

Functional PBE LDA PBEsol Experiment33–35

a = b 5.01 (1.8%) 4.82 (�2.0%) 4.91 (�0.2%) 4.92
c 11.26 (2.4%) 10.95 (�0.5%) 11.10 (0.9%) 11.00
Volume 244.66 (6.1%) 220.47 (�4.4%) 232.09 (0.6%) 230.60
e11 0.17 0.20 0.18 0.21
e14 0.11 0.11 0.13 0.10
C14 4.90 3.23 4.27 3.91
C33 89.35 111.17 97.73 102.13
C44 36.66 32.84 35.25 37.66
C66 23.15 17.87 21.33 22.38
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contracts compared to that at 0 K. The low expansion coeffi-
cient of GaPO4 is at the same order of magnitude as that of
SiO2, which makes it suitable and stable for high-temperature
applications.

The electronic structures at high temperatures are critical
properties to the development of new technologies, but difficult
to characterize and measure experimentally. The first principle
one-shot method is a recently-developed method to study
the temperature-dependent band structures in semiconductors
and insulators.42–45 Temperature dependence of the band
structure can be attributed to two main factors, i.e. lattice
thermal expansion and electron–phonon interaction. The effect
of lattice thermal expansion on electronic structures can be
predicted through QHA. The electron–phonon interaction, also
known as the electron–phonon renormalization (EPR) of the
electronic structure, has been explored for various materials,
which are typically divided into two categories, namely, the
band gap either decreases with increasing temperature due to
Varshni effect46 or the opposite trend due to inverse Varshni
effect.47 Even at absolute zero temperature, electron–phonon
interactions may also modify the band gap, which is commonly
referred to as the zero-point renormalization (ZPR). Consider-
ing EPR effect, the change of electronic energy at finite tem-
peratures consists of three parts:48

DEnk(T) = DEVIB
nk (0) + DEVIB

nk (T) + DELE
nk(T) (6)

The three terms on the right of eqn (6) relates to ZPR at 0 K,
EPR from lattice vibration at finite temperature T and contribu-
tion from lattice thermal expansion at T.

Based on the simulated lattice thermal expansion of
a-GaPO4 at the QHA level, we further evaluate the

temperature-dependent renormalization of the band gap due
to electron–phonon interactions and lattice thermal expansion
in a range from 0 K to 1000 K, which remain unknown to
experimentalists. At the GGA-PBEsol level, the equilibrium
lattice of a-GaPO4 possesses a wide band gap of 4.60 eV at 0
K, which is underestimated with respect to the experimental
value. As compared to the band structure without EPR effect,
the ZPR in GaPO4 corrects the band gap by �0.87 eV. The
strength of ZPR varies among materials in Table 2. Nery et al.49

proved that for the strongly polarized materials, long-range
Fröhlich-like interactions contribute majorly to the total ZPR.
We note that the adiabatic one-shot method used here with a
small supercell provide sound results by including some anhar-
monic effect,50,51 but non-adiabatic theories are expected to
yield more accurate results.

In the case of polarized GaPO4, we individually calculate the
temperature-dependent energy gap including only LE effect and
only phonon VIB effect, as well as including both LE and VIB
effects in Fig. 3(a). With only LE, the energy gap is almost
unchanged (only by �0.03 eV from 0 K to 1000 K) when the
temperature increases. However, the band gap shows a signifi-
cant decreasing trend by only VIB effect (reduced by 1.27 eV
from 0 K to 1000 K). When considering both LE and VIB effects,
the energy gap lowers by about 1.34 eV due to the temperature
increase. This behavior is consistent with previous studies on
the temperature dependence of the electronic structure of
diamond and AlN.51 Table S1 (ESI†) shows the electronic gap
values that include VIB or LE effect of a-GaPO4.

We fit the simulated decline of band gap over increasing
temperature relation against Varshni formula.

EgðTÞ ¼ Egð0Þ �
aT2

T þ b
; (7)

where Eg(0) is the band gap at 0 K that includes EPR effect, and
a and b are fitting parameters of a given material. As shown in
the inset of Fig. 3(a), fitting parameters a (1.6 � 10�3 eV/K) and
b (149.4 K) are both positive, similar to common semiconduc-
tors such as Si, Ge, and GaAs.53 There are two main reasons
leading to such phenomenon, namely, the higher temperature
increases both atomic vibrations and interatomic distances,

Fig. 2 (a) Helmholtz free energy (minima indicated by star symbols) fitted by Vinet equation. (b) Volumetric thermal expansion coefficient of a-GaPO4.

Table 2 Band-gap ZPR for GaPO4 and other materials with high/low ZPR
corrections

High ZPR Value (eV) Low ZPR Value (eV)

GaPO4 �0.87 AlAs52 �0.074
SiO2

50,52 �0.58 ZnO52 �0.18
Diamond24 �0.61 AlP52 �0.096
BeO52 �0.73 CdS52 �0.067
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profoundly altering the electron–phonon interaction and its
impact on band gap.

We then calculate the temperature-dependent EBS by
unfolding the band energies of the supercell into the primitive
cell. The EBS that takes EPR effect into account exhibits band
gap values of 3.56 eV, 3.27 eV and 2.96 eV, respectively, as
shown in Fig. 3(b)–(d). The shift of CBM makes a major
contribution to the decrease in energy gap with temperature.
Overall, the contribution from electron–phonon interaction at
finite temperatures dominates in the non-negligible electronic
renormalization. In addition, DFT+U is a method that was
proposed to improve the description of systems with strongly
correlated d or f electrons.54 We test the effect of Hubbard U
values on lattice parameters and band gap in Fig. S4 (ESI†).

As an excellent and ultra-high thermally stable piezoelectric,
there are already plenty reports about piezoelectric response for
GaPO4.55,56 To analyze the origin of its promising piezoelec-
tricity, we calculate the piezoelectric constants on APO4 (A = B,
Al, Ga, In) using the formulae:

e11 = e11,i + e11,c (8)

e11;i ¼
X
s

ea

V
Z11

@u1ðsÞ
@Z1

: (9)

here, s runs over the atoms in the unit cell, e is the electronic
charge, a is lattice parameter in x direction, V represents unit
cell volume, Z11 is Born effective charge, u1 is atomic internal
coordinates and Z1 is uniaxial strain in x direction. The first
term e11,i evaluates the piezoelectric response from ion relaxa-
tion due to macroscopic strain. The second term e11,c is the
clamped-ion contribution from the electronic response to

strain. As shown in Table S4 (ESI†), the clamped-ion term
e11,c of APO4 is rather similar, contributing little to the differ-
ence of total e11. Clamped-ion part quantifies the degree to
which the Wannier centers deviate from following the homo-
geneous strain. This negative behavior can be attributed to the
phenomenon known as the ‘‘lag of Wannier center’’ effect.57 By
decomposing the relaxed-ion term of three kinds of atoms,
Fig. 4 display the internal parameter response to strain. The
internal coordinate u of P atom is almost unchanged with
strain in all APO4, while the gradients of A element and O
element become larger (from B to In). We find that this strong
internal coordinate change mainly comes from A1–O and A3–O
tetrahedron in Fig. 4, while A2–O tetrahedron is symmetric in
the x direction. In the huge piezoelectric response GaPO4, the
@u1/@Z1 of Ga atoms have 43.5% contribution, P atoms have
6.5% contribution and O atoms have 50.0% contribution. For
the highest e11 of InPO4, the internal coordinate change of In
atoms contribute 52.9%, while that of P atoms contribute
�2.9% and O atoms contribute 50.0%. Our calculations con-
firm that significant e11 in quartz-like APO4 system primarily
arises from sensitive response of A sites and O sites coordinates
to axial strain. We also examine the temperature-dependent
variations of the piezoelectric modulus dij and electromechani-
cal coupling eij of GaPO4, ranging from 300 K to 900 K, as
shown in Fig. S8 (ESI†).

4. Conclusions

In our study, we employ density functional theory calculations
together with quasi-harmonic approximation to investigate the

Fig. 3 (a) Temperature-dependence of the direct band gaps including only lattice expansion (LE) effect (green line), only phonon vibration (VIB) effect
(blue line), and both LE and VIB effects (purple line). Effective band structures with LE and VIB effects versus temperature at (b) 200 K, (c) 400 K and
(d) 600 K, with the fermi energy set to zero.
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temperature-dependent physical properties of quartz-like
GaPO4. Specifically, we focus on the effects of electron–phonon
interaction and lattice expansion on the temperature-
dependent electronic energy gap. Our findings reveal that the
energy gap of GaPO4 decreases with increasing temperature. By
including both the electron–phonon interaction and lattice
expansion, we observe that the band gap reduces significantly
by 1.34 eV as the temperature rises from 0 to 1000 K, consider-
ing the zero-point renormalization of 0.87 eV. Furthermore, our
study reveals that the large piezoelectric e11 is governed by
intrinsic sensitivity of Ga and O atoms to axial strain, while P
atoms contribute little. Overall, our work provides a compre-
hensive understanding to the fundamental properties of GaPO4

across a wide temperature range. These insights offer valuable
guidance for ongoing experimental efforts in the field of ultra-
high temperature applications.
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