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Revisiting the phase diagram and piezoelectricity of lead zirconate titanate from first principles

Yubai Shi ,1,2 Ri He ,1,* Bingwen Zhang,3 and Zhicheng Zhong 1,4,†

1CAS Key Laboratory of Magnetic Materials, Devices and Zhejiang Province Key Laboratory of Magnetic Materials and Application
Technology, Ningbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, China

2College of Materials Science and Opto-Electronic Technology, University of Chinese Academy of Sciences, Beijing 100049, China
3Fujian Key Laboratory of Functional Marine Sensing Materials, Center for Advanced Marine Materials and Smart Sensors,

College of Material and Chemical Engineering, Minjiang University, Fuzhou 350108, China
4China Center of Materials Science and Optoelectronics Engineering, University of Chinese Academy of Sciences, Beijing 100049, China

(Received 19 December 2023; revised 20 March 2024; accepted 22 April 2024; published 3 May 2024)

Lead zirconate titanate (PbZr1−xTixO3, PZT) exhibits excellent piezoelectric properties in the morphotropic
phase boundary (MPB) region of its temperature-composition phase diagram. However, the microscopic origin of
its high piezoelectric response remains controversial. Here, we develop a machine-learning-based deep potential
(DP) model of PZT using the training data set from first-principles density functional theory calculations. Based
on DP-assisted large-scale atomic simulations, we reproduce the temperature-composition phase diagram of
PZT, in good agreement with the experiment except for the absence of structural transition from R3c to R3m. We
find that the rhombohedral phase maintains R3c symmetry with slight oxygen octahedral tilting with increase of
temperature, instead of exhibiting R3m symmetry. This discrepancy could trace back to the lack of experimental
measurements to identify such slight octahedral tilting. More importantly, we clarify the atomic-level feature of
PZT at the MPB, which exhibits the competing coupling of ferroelectric nanodomains with various polarization
orientations. The high piezoelectric response is driven by the polarization rotation of nanodomains induced by
an external electric field.
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I. INTRODUCTION

Lead zirconate titanate (PbZr1−xTixO3, PZT) is of great
interest due to its excellent piezoelectric response. PZT pos-
sesses the typical ABO3 perovskite structure, where oxygen
atoms form octahedra, Pb atoms occupy the interstices of
the octahedra, and Zr and Ti atoms reside at the center of
the octahedra with disordered distribution. Thus, the solid so-
lution structure leads to a complex temperature-composition
phase diagram (see Fig. 1) [1,2]. PZT presents a paraelec-
tric cubic phase at high temperature. When the temperature
decreases, an antiferroelectric orthorhombic phase appears
near the pure PbZrO3 (PZO). As the concentration of Ti
increases, the region enriched in Zr forms a ferroelectric
rhombohedral phase with polarization along the 〈111〉 ori-
entation, while the Ti-enriched area adopts a ferroelectric
tetragonal phase with polarization along the 〈001〉 orientation.
In particular, the nearly vertical phase boundary between the
tetragonal and rhombohedral regions close to x = 0.5, called
the morphotropic phase boundary (MPB), exhibits fascinating
physical properties [3,4].

Although it is well known that the high piezoelectricity of
PZT is related to the MPB, the exact microscopic origins are
still unclear [5]. The MPB solid solution presents complex
multidomain structures, featuring the coexistence and cou-
pling competition of multiple phases. Therefore, the study
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of its properties is rather complicated. Various theories have
been proposed to explain the origins of high piezoelectricity at
the MPB. For example, Isupov et al. believed the mechanism
resulting in enhanced properties was due to the coexistence
of tetragonal and rhombohedral phases in the vicinity of
the MPB and Kakegawa et al. confirmed the coexistence of
these phases by experiments [6–11]. Furthermore, Fu et al.
suggested that a large piezoelectric response was driven by
polarization rotation induced by an external field [12–15],
whereas Frantti et al. proposed that the phase instability, in
contrast to the polarization rotation, was responsible for the
large piezoelectric properties observed in PZT near the MPB
[16–19]. In addition, Li et al. found that local fluctuations of
a polarization vector might result in a unique domain struc-
ture, such as nanometer ferroelectric domains, which could be
the crucial factor responsible for the excellent piezoelectric
response in PZT [20–24]. More recently, Yan et al. believed
that an oxygen octahedral tilting-untilting transition at the
R3c/P4mm MPB leads to a high free-energy barrier and results
in low piezoelectric activity, whereas the R3m/P4mm MPB
with octahedral untilting produces large piezoelectricity due
to the low free-energy barrier at such an MPB [25]. Due to
the experimental challenges in characterizing the composition
distribution and complex microscopic structures at the MPB,
resolving these controversies is rather difficult.

Atomic simulation from first principles is an effective
method for studying such complex solid solutions and its
thermodynamics properties. Regrettably, the structural ther-
modynamics properties of these complex systems prove to
be beyond the capacity of density functional theory (DFT)
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FIG. 1. A simple schematic diagram includes the temperature-
composition phase diagram of PZT and structural characteristics of
each phase.

due to the large system sizes and simulation times involved.
To solve this issue, we utilize a machine-learning-based deep
potential (DP) model to perform large-scale atomic simula-
tion. Machine-learning potentials use a deep neural network
to capture the potential energy surface of a material system in
DFT accuracy. Recent research utilizing the DP method has
witnessed numerous breakthroughs in the field of ferroelectric
perovskite materials [26–29], providing compelling evidence
for the reliability of this technique.

Herein, we develop a machine-learning-based potential for
PZT using a data set from DFT calculations. The DP model
can effectively reproduce the temperature-composition phase
diagram and properties of PZT. Importantly, DP-predicted
results reveal the absence of the R3m structure, which was
claimed to be observed in experiment. We attribute this dis-
crepancy to limitations in experimental measurements. We
calculated the piezoelectric constant (d33) over a whole range
of compositions, demonstrating the highest piezoelectric re-
sponse of the MPB region compared to other components.
Furthermore, we reveal that the mechanism underlying the
ultrahigh piezoelectric response of the MPB is driven by
polarization rotation. Our work clarifies the origin of high
piezoelectricity at the MPB in PZT from the atomic level,
paving the way for the experimental design of novel piezo-
electric materials.

II. COMPUTATIONAL METHODS

A. Generation of the DP model

The selection of the training data sets is crucial for the
accuracy of the DP model. This requires the training data sets
to comprehensively cover the potential energy surface of the
system. Generating configurations for the training set is not a
trivial task. Here, we utilize DP-GEN to generate training data
sets encompassing a sufficiently broad space of relevant con-
figurations [30]. DP-GEN has been widely utilized over the

FIG. 2. The workflow of the DP model generation for
PbZrxTi1−xO3. Iterative training with different components individ-
ually, including x = 0, 0.125, 0.25, 0.5, 0.75, 0.875, and 1. After
convergence of each component, the data sets with different x are
collected into the final data set. A DP model was generated through
a long-step training based on this final training data set.

past years, and a DP model for variation in material systems
has been developed by this strategy [31]. Here, we emphasize
only a few key points of the training process. DP-GEN is
a concurrent learning procedure, and the workflow of each
iteration includes three main steps: training, exploration, and
labeling (see Fig. 2). Considering that we aim to describe
properties of PbZrxTi1−xO3 with continuous variations of x,
the training data sets include different x values: 0, 0.125, 0.25,
0.5, 0.75, 0.875, and 1. When describing the properties of a
system as it varies with temperature, it is necessary to consider
different initial structures at different temperatures. For exam-
ple, when x = 0, there are both the Pm3̄m cubic phase, which
is stable at high temperatures, and the Pbam orthorhombic
phase, which is stable at low temperatures. The configura-
tions of the initial data sets are generated by perturbing the
atomic coordinates of these structures. Starting with the above
data sets, including configurations and corresponding DFT-
calculated energies, four different DP models are trained using
the deep potential molecular dynamics (DPMD) method [32],
based on different values of deep neural network parameters.
The exploration step is performed in which one of the DP
models is used for molecular dynamics (MD) simulations at
given pressure and temperature to explore the configuration
space. We established an extensive exploration range spanning
from 50 to 1000 K and from −100 to 105 Pa. For all sampled
configurations in MD trajectories, the other three DP models
will predict the atomic forces of all atoms. The maximum
standard deviation of atomic forces Fi is used to construct
an error indicator for labeling: σ max

f = max
√

〈|Fi − 〈Fi〉|2〉,
where 〈· · · 〉 indicates the average of the DP-predicted force,
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and Fi denotes the predicted force on the atom i. When σ max
f >

σhigh, the corresponding configuration is labeled as a failure.
Only configurations with σlow < σ max

f < σhigh undergo DFT
calculations, then get added to the next iteration’s training
data set. Here, the exploration of each system is considered
converged when the percentage of accurate configurations
(σlow < σ max

f ) is > 99%. It is worth noting that all systems
are not iterated together. Instead, systems with different x
values are individually iterated to ensure each reaches the
convergence accuracy. The DP-GEN process stops when all
systems have satisfactorily converged. Finally, all data sets
are collected and combined into the final training data set
for a long-step training. This approach offers the advantage
of improving efficiency. What is more, the DP model trained
in this way can describe the properties of PZT in continuous
variations of x values, and it possesses the same level of
accuracy as individually training for a particular x value. We
also utilize the compressed model in this work. This method
has been proven to significantly enhance the computational
efficiency of DPMD, with negligible loss in accuracy [33].
Long-range electrostatic interactions play an important role
in dielectric materials simulation. Introducing a cutoff radius
limits the interaction range and may potentially overlook
certain long-range effects. Nevertheless, in many cases, the
finite-range model indeed gives an accuracy of ∼1 meV/atom
in energy, which is comparable with the intrinsic error of the
functional approximation adopted in DFT [27,34–36]. This
level of accuracy is sufficient for most physical properties of
practical interest. Furthermore, a recent method proves that
the DP model is capable of accurately describing long-range
electrostatic interactions [37]. Thus, it will be possible to
simulate piezoelectric materials with long-range electrostatic
interactions using the DP model in the future.

B. DFT calculations

The quality of the initial data sets determines the accu-
racy of the ultimately trained DP model. The initial data
sets required for training a deep neural network are entirely
generated by the Vienna Ab initio Simulation Package (VASP)
[38,39], which maintains the precision of first principles. All
DFT calculations are performed using a plane-wave basis set
with a cutoff energy of 600 eV, and the exchange-correlation
energy of electrons is described in the generalized gradient ap-
proximation using the PBEsol functional [40]. The Brillouin
zone is sampled using k points with a minimum spacing of
0.2 Å−1, including the gamma point. The calculation of the
phonon spectrum was carried out using the PHONOPY package
[41,42], and the force constant matrix was generated using
the finite displacement method, with a 2 × 2 × 2 supercell.
Additionally, we introduce the nonanalytic correction (NAC)
when performing calculations for the cubic structure to re-
move the degeneracy of longitudinal optical and transverse
optical branches.

C. MD simulations

MD simulations are performed using the LAMMPS code
with periodic boundary conditions and at standard pressure
to model the temperature and composition-driven structural

transition of PZT [43,44]. Preliminary simulations are with
the 10 × 10 × 10 supercell (5000 atoms). While near the
key points, such as Tc, the MPB region, and especially the
rhombohedral phase region, simulations are extended to a
20 × 20 × 20 supercell (40 000 atoms) as a duplicate verifi-
cation, which can give similar results. MD simulations adopt
the isobaric-isothermal (NPT) ensemble with temperature set
from 100 to 700 K. The time step is set to 0.001 ps. At a
specified temperature, the equilibrium run is 40 ps. The simu-
lation is run for 100 ps near the phase transition point to ensure
an adequate amount of statistical data. The simulation envi-
ronment is set as a triclinic box, allowing for full relaxation
of lattice constants and lattice angles. In PZT solid solution,
Zr and Ti exhibit a disorder arrangement. Our tests indicate
that different disorder configurations have a negligible impact
on energy with 0.03 meV/f.u. Applying an electric field to
the system is achieved by applying an external force to the
atoms as an equivalent method. The forces acting on different
atoms are determined by multiplying the electric field by the
reference Born effective charge [45]: Z∗

Pb = 3.90, Z∗
Zr = 5.85,

and Z∗
Ti = 7.06. Taking into account the solid solution char-

acteristics of PZT, a dynamic average adjustment scheme is
applied to the Born effective charge of oxygen atoms: Z∗

O =
−[Z∗

Pb + xZ∗
Ti + (1−x)Z∗

Zr]/3, where x represents the concen-
tration of Ti. The piezoelectric coefficient d33 is obtained
based on d33 = (∂x3/∂E3)X , where E3 is the external electric
field, x3 the strain induced, 3 the direction along the z axis, and
X represents the external stress. The polarization orientation
diagram is based on the quasi-two-dimensional structure of
a 100 × 100 × 2 supercell obtained after high-temperature
annealing at 700 K.

D. Gibbs free energy calculations

Gibbs free energy is a crucial thermodynamic quantity used
to assess the stability of phases. In this work, we calculate the
free energy of PbZr0.75Ti0.25O3 in R3c and R3m symmetries to
verify structure stability. Gibbs free energy includes internal
energy (U), the contribution of volume (V) expansion, and the
contribution of entropy (S). It can be given by the following
equation:

G = U + PV − T S. (1)

The internal energy can be divided into total energy (U0)
and a function of temperature:

U = U0 + U (T ). (2)

The total energy can be obtained from DFT calculations at
0 K. The internal energy as a function of temperature can be
obtained from the density of states of phonons:

U (T ) =
∑
νq

h̄ω(νq)

[
1

2
+ 1

eh̄ω(νq)/kBT − 1

]
. (3)

Heat capacity (CV ) can be expressed as

CV (T ) = ∂U (T )

∂T
. (4)

The entropy is composed of vibrational entropy (Sphonon),
configurational entropy (Sconf ), and the contribution of
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FIG. 3. The comparative analysis involves assessing (a) total energies and (b) atomic forces of PZT with different x values, employing
both the DP predictions and DFT calculations. Phonon spectrum of (c) tetragonal PTO and (d) cubic PTO.

electrons (Selec):

S = Sphonon + Sconf + Selec. (5)

Here, the contribution from electrons is neglected. Assum-
ing Sphonon at 0 K is zero, Sphonon is given by

Sphonon =
∫ T

0

CV (T )

T
dT . (6)

In this work, the configurational entropy is caused by the
disorder distribution of B-site atoms, and Sconf is given by the
analytic equation

Sconf = −NkB[xlnx + (1 − x) ln (1 − x)], (7)

where x represents the concentration of Ti and N the total
number of B-site atoms.

At last, we neglect the contribution of volume expansion in
condensed matter:

G =U − T

{∫ T

0

CV (T )

T
dT − NkB[xlnx + (1 − x) ln(1 − x)]

}
.

(8)

III. RESULTS AND DISCUSSIONS

A. Accuracy of the DP model

Evaluating the accuracy of the DP model is essential to
ensure the reliability of the DPMD simulation results. We
compare the energies and atomic forces calculated using the

DP model and DFT calculations for all configurations in the
final training data set. As shown in Figs. 3(a) and 3(b), the
mean absolute errors of energy (�E = |EDFT − EDP|) and
atomic force (�F = |FDFT − FDP|) between DP and DFT are
0.86 meV/atom and 0.04 eV/Å, respectively. It is evident that
the DP model well reproduces DFT results of PZT in different
components. These demonstrate the superior representability
and flexibility of the DP model in that a single DP model
can describe the high-dimensional energy function of com-
plex solid solutions composed of different components of two
materials. Because the force constant represents the second
derivative of energy with respect to atomic displacement, it
serves as a stricter criterion for testing the accuracy of the
DP model. Therefore, we employ the DP model and DFT
calculations to determine the phonon dispersion relations of
PbTiO3 (PTO). As shown in Fig. 3(c), the phonon dispersion
of cubic PTO calculated using the DP model agrees well with
the DFT result. It is clear that imaginary frequencies appear at
the R and � points, indicating the cubic phase has multiple
lattice instability at 0 K. For the tetragonal phase, the DP
model correctly predicted its dynamically stable vibrational
modes over the whole Brillouin zone [see Fig. 3(d)]. These
results demonstrate that the DP model can effectively describe
the characteristics of the interaction between atoms.

B. Phase diagram of PZT solid solutions

In the temperature-composition phase diagram of PZT,
there exist both compositional disorder and coupling
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FIG. 4. Schematic representation of the temperature-dependent lattice constants for (a) PbZrO3, (b) PbTiO3, (c) PbZr0.5Ti0.5O3, and (d)
lattice angles for PbZr0.5Ti0.5O3. O, R, T, M, and C represent the orthorhombic, rhombohedral, tetragonal, monoclinic, and cubic phases,
respectively.

competition between multiple structural phases. The phase
diagram is readily reproducible in experiments and has been
extensively studied since its initial depiction in 1971 by Jaffe
et al. [4]. But relevant theoretical research is still lacking
due to the higher computational precision requirements and
structural complexity [46]. Here, the DP model allows us to
perform DPMD simulations for different compositions at fi-
nite temperatures. We present the temperature phase diagrams
for pure PZO and PTO in Figs. 4(a) and 4(b). They show that
PZO transitions from the antiferroelectric orthorhombic (O)
phase to the cubic (C) phase at 460 K, while PTO transitions
from the ferroelectric tetragonal (T) phase to the cubic (C)
phase at 530 K, consistent with the experiment works [47]. In
Figs. 4(c) and 4(d), we plot the temperature phase diagram
at x = 0.5. It is found that PZT successively exhibits four
phases—rhombohedral (R), monoclinic (M), tetragonal (T),
and cubic (C)—as the temperature rises. The presence of
the monoclinic phase between the rhombohedral phase and
tetragonal phase occurs at 370–470 K, which differs from
the one reported in a recent work [36]. Their calculation
results indicate a direct transition from the rhombohedral
phase to the tetragonal phase without the bridged monoclinic
phase. We assume the reason for the difference is that the
universal model for perovskite oxides might lose the accu-
racy to describe minor details within certain systems. We
also obtain the temperature-composition phase diagram over a
whole range of compositions shown in Fig. 5. Five phases are
found in this phase diagram, consistent with experiment. The

antiferroelectric orthorhombic phase is observed in the range
x = 0 − 0.08, on the left of the blue line. As x increases, the
ferroelectric rhombohedral phase with polarization along the
[111] direction appears. Furthermore, when x becomes close
to ∼0.5, the most important region in the phase diagram,

FIG. 5. DP-predicted temperature-composition phase diagram of
PZT. Red line represents the MPB and the red shaded area represents
the monoclinic phase near the MPB. The gray dashed line represents
the artificially defined hypothetical boundary between the R3m and
R3c structures.

174104-5



SHI, HE, ZHANG, AND ZHONG PHYSICAL REVIEW B 109, 174104 (2024)

FIG. 6. (a) Crystal structures along the [111] direction in the R3c, R3m, and Pm3̄m symmetries. O1 and O2 represent the oxygen atoms
in the neighboring octahedra with reverse tilting. (b) The angle variation between O1 and O2 as a function of temperature. When x = 0.4, the
real-space distribution of O1 and O2 at (c) T = 100 K, (d) T = 180 K, and (e) T = 300 K.

called the MPB, appears, marked by the red line. On the right-
hand side of the MPB, the most stable structure is a tetragonal
phase with polarization along the [001] direction. Addition-
ally, we find the monoclinic phase at the MPB, indicating
the monoclinic phase is a bridge between the rhombohedral
phase and the tetragonal phase, in agreement with previous
experiments [48,49]. At high temperatures, the ferroelectric
phases transform to paraelectric cubic phases in a whole range
of compositions as shown in Fig. 5. Details of the R3m and
R3c structures in the phase diagram will be discussed below.
The results of the phase diagram agree with the previous
experimental results [4]. However, The DP-predicted phase
diagram suggests a slight decrease in ferroelectric-paraelectric
transition temperature on the side close to PTO. Experimen-
tally, the temperature monotonously increases with x. This
issue also appeared in other DP research [36], and it does not
affect the investigation of the MPB region.

According to the previous experiments, researchers gener-
ally believe that there exists a structure transition from R3c to
R3m with increasing temperature in the rhombohedral phase
region [50,51]. However, our calculated results indicate the
absence of R3m symmetry. The distinction between these
two symmetries is depicted in Fig. 6(a): the R3c symme-
try can be characterized by the neighboring TiO6 octahedra
tilting with a small angle in the opposite directions along
the [111] direction, whereas the TiO6 octahedra do not tilt
in R3m symmetry. The periodically arranged oxygen atoms
in the first and second octahedra are labeled as O1 (colored
blue) and O2 (colored orange) along the [111] direction. We
perform statistical analysis of the rotation angles θ between

O1 and O2 versus temperature for different values of x. The
result in Fig. 6(b) shows that θ decreases to zero approxi-
mately only because they transform into cubic phase at high
temperature directly, around 500 K, instead of transitioning
to R3m.

To further demonstrate the stability of R3c symmetry, we
calculate the phonon spectrum of PbZr0.75Ti0.25O3 in R3c and
R3m symmetries, with a 2 × 2 × 2 supercell. In Figs. 7(a)
and 7(b), it is clear that imaginary frequencies appear at
the L and � points, indicating R3m structure has multiple
lattice instability. With information on lattice vibrations, we
can calculate the free energy of the system. The Gibbs free
energy is a crucial thermodynamic quantity used to assess the
stability of phases. In Fig. 7(c), we calculate the free energy
of R3m and R3c symmetries depending on temperature (see
Computational Methods). The result shows the free energy of
PbZr0.75Ti0.25O3 in R3m symmetry is 5.13 meV/atom higher
than that in the R3c symmetry at 0 K. In the temperature range
before transforming into the cubic phase (460 K), the free
energy of R3m symmetry is consistently higher than that of
R3c symmetry, showing no intersection point. We also quan-
titatively analyze the impact of configurational entropy. We
supplement the calculation with the analytic equation Sconf =
−NkB[xlnx + (1−x) ln(1−x)] (see Computational Methods),
where x represents the concentration of Ti. The results show
it can only reduce the free energy of R3m and R3c at the same
temperature by the same value. The curves of free energy still
show no intersection point [see Fig. 7(c)]. Thus, configura-
tional entropy does not have a qualitative impact on our results
of R3m and R3c symmetry.
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FIG. 7. The phonon spectrum of PbZr0.75Ti0.25O3 in (a) R3c and (b) R3m symmetries, with a 2 × 2 × 2 supercell. (c) Comparison of free
energy of R3m and R3c symmetries, containing configurational entropy and not, respectively.

We assume the structure transition which was observed in
the rhombohedral phase in experimental data is a result of
the limitation of experimental measurements. The real-space
distribution schematic diagram of O1 and O2 is provided in
Figs. 6(c)–6(e). We performed a statistical analysis to de-
termine the frequency of atom occurrence at various spatial
positions. When O1 and O2 are counted separately, it is clear
that O1 and O2 exhibit a Gaussian distribution at their respec-
tive positions. Considering that experimentally distinguishing
between oxygen atoms in different octahedra is not feasible,
we have combined O1 and O2 for statistical purposes. The
results indicate that, with the increase of temperature, the two
distribution peaks gradually merge into one single peak, cor-
responding to the inability to distinguish between O1 and O2
in real space. Therefore, some previous studies have suggested
the presence of a structural transition from R3c to R3m, which
actually does not occur. We artificially define that if the height
of the saddle point exceeds the half height of the two sides
peaks, it is “considered” to transfer to the structure in R3m
symmetry. For example, as shown in Fig. 6(d), at x = 0.4
and T = 180 K, the merged peaks of O1 and O2 reach the
“distinguishing limit.” According to this criterion, we mark
the gray dashed line in Fig. 5, fitting well with the previous
studies [4].

C. High piezoelectric performance in MPB

The next issue is to determine the exact origin of high
piezoelectricity at the MPB region. Piezoelectric materials
exhibit a strain response under an electric field. The piezoelec-
tric coefficient (d33) can be characterized by the differential
of strain over electric field. In Figs. 8(a) and 8(b), we plot
the strain–electric field curves near the MPB region at 100
and 300 K. It clearly shows that the curves exhibit different
behaviors with different x. Taking 100 K as an example,
when x � 0.50, strain increases linearly with the electric field.
When 0.5 < x � 0.56, the strain exhibits three stages: linear,
abrupt change, and linear. The abrupt change is due to the po-
larization rotation, and details will be discussed below. With
increasing x, the electric field strength required for the abrupt
change decreases. When x > 0.56, the relationship between
strain and electric field reverts to being linear. We define
x = 0.56 as the critical point at 100 K. As x exceeds this
value, no sudden change occurs in strain. Similar behavior
is observed at 300 K as well, with a different critical point
occurring at x = 0.52. Based on the derivative of strain with
respect to electric field with a range of (0–1)×102 kV/cm, we
extract the piezoelectric coefficient d33 as shown in Fig. 8(c).
(The detailed calculation content of d33 can be seen in Com-
putational Methods.) Evidently, d33 experiences a significant

FIG. 8. Strain variation with electric field at (a) 100 K and (b) 300 K. Different colors represent distinct values of x. A higher slope
indicates better piezoelectric performance. (c) The variation of d33 with respect to x at different temperatures. d33 reaches its maximum at
x = 0.56, T = 100 K, and x = 0.52, T = 300 K. We add error bars by repeating calculations with five random disorder structures for each
data point.
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FIG. 9. Typical snapshots of dipole configurations of PbZr0.5Ti0.5O3 with electric field (a) 0, (b) 1, (c) 2, and (d) 3 × 102 kV/cm, at
300 K. The color bar represents the polarization component along the z direction. Each arrow represents the local electric dipole vector within
a pseudocubic unit cell. (e) Schematic diagram of polarization orientations for the rhombohedral phase along [111], the monoclinic phase
along [011], and the tetragonal phase along [001].

increase to its maximum at the critical points, where x = 0.56,
T = 100 K, and x = 0.52, T = 300 K. The trend of d33

changing with x aligns well with previous research [3]. The
conclusion drawn is that critical points are highly temperature
sensitive, with x decreasing as temperature increases. Its tra-
jectory aligns closely with the red line in Fig. 5, corresponding
to the MPB in the phase diagram. Thus, the MPB is indeed
the region with the best piezoelectric performance. The DP-
predicted d33 are larger than the experiment results [52]. We
attribute this phenomenon to the order degree of Zr/Ti atomic
arrangement. Extensive details will be elaborated in a future
publication.

To unveil the microscale mechanisms behind the high
piezoelectric properties in the MPB region, we plot the snap-
shots of electric dipole configurations with different electric
field at x = 0.5, T = 300 K in Fig. 9. When the electric
field is zero [see Fig. 9(a)], the dipoles exhibit a complex
nanodomain structure with polarization orientations roughly
along the eight directions, including [111] and its equiv-
alent directions. As the electric field strength is increased
to 1 × 102 kV/cm [see Fig. 9(b)], an increasing number of
dipoles start to reorient toward the [001] direction, and nan-
odomains with polarization along [001] gradually grow larger.
As the field increases to 2 × 102 kV/cm [see Fig. 9(c)], almost
all dipoles align exclusively in the [001] direction, repre-
senting the polarization rotation tending toward saturation.
The polarization rotation process corresponds to the abrupt
change stage in the strain-electric field curve of Fig. 8(a),
also corresponding to the phase transition from rhombohedral
phase to tetragonal phase of PZT. Moreover, the intermediate
transitional monoclinic phase observed in the phase diagram
suggests that there is a metastable [011] orientation between
the polarizations in the [111] and [001] directions, serving as a

bridge for the phase transition [12]. As the electric field further
increase to 3 × 102 kV/cm [see Fig. 9(d)], dipoles aligning
toward the [001] direction only increase in magnitude, cor-
responding to the linear stage on the curve. The process of
polarization rotation leads to the high d33 value of 2263 pC/N
at the MPB. We also plotted snapshots of pure PTO for com-
parison of piezoelectricity. As shown in Fig. 10, PTO exhibits
a tetragonal phase with different polarization orientations,
resulting in a simpler domain structure. Unlike at the MPB,
the domain structure evolution shows minimal changes with
the increasing electric field instead of polarization rotation.
This corresponds to the strain–electric field curve that linearly
ascends with a small slope. The calculated d33 is 471 pC/N,
significantly lower than the result at the MPB.

To more intuitively and quantitatively observe the polar-
ization characteristics, we statistically analyzed the frequency
distribution on the displacement of B-site atoms relative to
the oxygen octahedral center in the PbZr0.5Ti0.5O3 and PTO
domain structures (see Fig. 11). As shown in Fig. 11(a), when
no external electric field is applied, the polarization com-
ponent of PbZr0.5Ti0.5O3 is isotropically distributed around
zero, corresponding to the complex domain structure of var-
ious polarization orientations in Fig. 9(a). When the electric
field increases to 3 × 102 kV/cm, the peak of the z com-
ponent shifts significantly to the right, corresponding to the
movement of B-site atoms toward the z direction. The dis-
tribution peaks of the x and y components become sharper
[see Fig. 11(c)]. These results indicate that the vast majority
of dipoles reorient to the [001], corresponding to Fig. 9(d),
whereas the pure PTO exhibits no significant differences be-
fore and after the electric field is applied. In Figs. 11(b) and
11(d), dipoles only have a slight response to the electric field
in the z direction. The same electric field is not sufficient
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FIG. 10. Typical snapshots of dipole configurations of PTO with different electric field at 300 K. The colored circle represents the
polarization orientation. Each arrow represents the local electric dipole vector within a pseudocubic unit cell. The domain structure exhibits a
tiny response with the electric field.

to reorient the polarization direction of the domain to the z
axis. This behavior is significantly different from the one of
PbZr0.5Ti0.5O3. Therefore, a small electric field can induce

the polarization rotation as x is close to the MPB, leading to
a significant change in lattice constants, which explains the
outstanding piezoelectricity of PZT at the MPB.

FIG. 11. Frequency distributions of B-site atoms relative to the oxygen octahedral center displacements at 300 K. We separately analyzed
the structures under E = 0 and 3 × 102 kV/cm, in both PbZr0.5Ti0.5O3 and PTO.
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IV. CONCLUSION

In summary, we develop the DP model based on the
machine learning method to simulate the piezoelectric prop-
erty and phase transition of PZT, particularly near the MPB.
Initially, we reproduce the temperature-composition phase
diagram of PZT by computational methods. More impor-
tantly, we observe the absence of the R3m symmetry in the
rhombohedral phase, contrary to experiment. R3m and R3c
symmetries are very similar, except for oxygen octahedral
tilting along the [111] direction in R3c. We find that the rhom-
bohedral phase maintains R3c symmetry with slight oxygen
octahedral tilting the temperature is increased, instead of ap-
pearing as R3m symmetry. We believe the reason may be that
oxygen octahedral tilting becomes too small to distinguish
by experimental measurements. We extensively discuss the
piezoelectric properties near the MPB. In contrast to the sim-
ple domain structure of pure PTO, PZT at the MPB exhibits
a competition of complex ferroelectric nanodomain structures
with different polarization orientations. This clarifies the crit-
ical role of electric-field-driven polarization rotation in the
high-piezoelectricity phenomenon. Our work demonstrates

that the DP model can accurately capture the kinetic and
thermodynamic properties of complex solid solution domain
structures at the atomic level, which is crucial for understand-
ing the microscopic origins of piezoelectricity and exploring
the realm of dielectric energy storage.
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