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Abstract

Lead zirconate titanate (PZT) exhibits outstanding piezoelectric performance, yet its
atomistic mechanisms remain ambiguous due to multiscale chemical and structural
heterogeneity. Here we employ large-scale molecular dynamics driven by a machine-
learning interatomic potential to probe PZT's structural evolution across compositions,
temperatures and electric fields. For Zr-rich PZT, the simulations reveal a dynamical
crossover within the rhombohedral region, in which local oxygen-octahedral rotational
hopping is progressively suppressed upon cooling, leading to effective freezing on the
molecular-dynamics timescale. Near the morphotropic phase boundary (MPB), external
fields induce polarization rotation through the reorientation of Pb off-center displacements.
Local Zr/Ti environments bias the initial displacement orientations and modulate their
field-induced reorientation. The trade-off between orientational diversity and greater field-
induced reorientability contributes to the superior electromechanical response near the
MPB. This work establishes an atomistic link between chemical disorder, local dynamics
and composition-dependent piezoelectricity in PZT.
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INTRODUCTION

Piezoelectric materials, which enable direct interconversion between mechanical and electrical energy,
underpin a broad range of electromechanical technologies!"*. Despite increasing interest in lead-free
piezoelectric materials driven by environmental concerns and emerging applications in wearable electronics
and biomedicine””*, lead zirconate titanate, Pb(Zr, 'Ti )O, (PZT), remains a benchmark perovskite
ferroelectric®®'?. Its exceptional electromechanical properties are maximized near the morphotropic phase
boundary (MPB), where multiple structural instabilities compete.

The conventional description of PZT is based on its composition-dependent phase diagram, in which Ti-rich
tetragonal and Zr-rich rhombohedral phases meet near the MPB!"*. This picture was revised by the discovery

14-16

of monoclinic phases*'*). The monoclinic state provides a structural bridge between tetragonal and

rhombohedral phases, allowing the polarization direction to rotate between the [001] and [111]

S[17—20

directions"”*!. Monoclinic phase-mediated polarization rotation on a relatively flat free-energy landscape

21-25

has become a central explanation for the enhanced piezoelectric response of PZT near the MPB"'**). Local-
structure studies further indicate that Pb displacement directions can deviate from those implied by the
average crystallographic symmetry, with their orientational distributions evolving with composition'. First-
principles studies have linked the preferred directions of Pb off-center displacements to the local Zr/Ti
arrangement”’. How these local chemical environments govern field-induced Pb reorientation and its
contribution to the composition-dependent electromechanical response, however, remains insufficiently

understood.

The distinction between average symmetry and local structural dynamics is also evident in the Zr-rich
region. In the conventional phase diagram, the high-temperature rhombohedral phase, R3m, is commonly
described as an average-untilted ferroelectric state, whereas the low-temperature phase, R3c, is distinguished
by long-range antiphase oxygen-octahedral tilting”*. Several experimental studies, however, have suggested
that local or disordered octahedral tilting may already exist above the conventional R3m-to-R3c
boundary'**'\. Shi et al. also found that weak octahedral tilting persists throughout the simulated
rhombohedral region and suggested that thermal broadening of oxygen-position distributions can obscure
this tilting in experimental measurements”?!. However, how these local octahedral rotations evolve
dynamically upon cooling remains insufficiently understood. Atomistic simulations can bridge local
structural dynamics and macroscopic response, but their predictive capability has traditionally been limited

[33-37

by the accuracy and transferability of empirical interatomic potentials"®**”. Machine learning interatomic
potentials offer a way to overcome this limitation by retaining near first-principles accuracy while accessing

the length and time scales required to sample finite-temperature dynamics and chemical disorder!****!,

Here, we develop a neuroevolution potential (NEP) for PZT and use large-scale molecular dynamics
simulations to resolve its local structural evolution across different compositions, temperatures and electric
fields. We show that cooling within the Zr-rich rhombohedral region progressively suppresses local oxygen-
octahedral rotational hopping, leading to effective dynamic freezing on the molecular-dynamics timescale.
These results provide a dynamical perspective on the evolution of octahedral rotations across the
temperature range conventionally associated with the high- and low-temperature rhombohedral states. Near
the MPB, external electric fields drive polarization rotation through the reorientation of Pb off-center
displacements. The local Zr/Ti environment modulates the initial orientational preferences and field-induced
reorientability of these displacements, providing a microscopic perspective on the enhanced
electromechanical response. These findings establish an atomistic link between local structural dynamics,
chemical disorder and the composition-dependent electromechanical response of PZT.
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MATERIALS AND METHODS

Machine learning potential

A machine learning interatomic potential for PZT was developed within the NEP framework!*>**. The NEP
formalism employs radial and angular descriptors to map local atomic configurations to energies and atomic
forces, with model parameters optimized using the separable natural evolution strategy (SNES). The overall
workflow for constructing the NEP model consists of three main steps, including the construction of the
initial training sets, iterative NEP training and active learning to sample structures.

The training dataset was designed to capture structural diversity across the phase space. Representative
compositions (x = 0, 0.2, 0.4, 0.5, 0.6, 0.8, 1) were selected, and experimentally reported crystal structures,
including cubic, tetragonal, rhombohedral, and monoclinic phases, were incorporated. Based on these
reference structures, the configuration space was further expanded by applying various perturbations,
including random atomic displacements with magnitudes not exceeding 0.3 A; volume scaling ranging from
0.90 to 1.10 with an interval of 0.02; and random cell-shape distortions ranging from 0.02 to 0.05 times the
cell length with an interval of 0.002. For each individual perturbation and each combination of perturbations,
five configurations were generated. In addition, ab initio molecular dynamics (AIMD) simulations at x = 0.5
over 0-1,000 K were used to sample four well-converged configurations at each temperature. All structures
were labeled using density functional theory (DFT) calculations to obtain their energies, forces and virials.
The cutoff radii of the radial and angular descriptors are important hyperparameters for capturing
ferroelectric interactions within the finite-range NEP framework. Based on a comparison of prediction errors
for different cutoff combinations [Supplementary Table 1], radial and angular cutoff radii of 8 and 6 A,
respectively, were selected.

An iterative active-learning scheme was employed to further refine the potential based on molecular
dynamics (MD) simulations. A stepwise heating and cooling scheme was adopted during the MD
exploration stage, including 10-300 K, 10-600 K, and 10-1,000 K. All simulations were performed at an
external pressure of 0 GPa, while thermal fluctuations naturally sampled a pressure range of approximately
-10 to 10 GPa. The effects of different Zr/Ti atomic arrangements were also systematically considered. At
each sampling step, ten distinct arrangements were generated for each structure by randomly exchanging Zr
and Ti positions while preserving the composition, and each arrangement was used to initiate an MD
simulation.

The active-learning procedure was iterated independently for each composition. Candidate configurations
were first selected by farthest-point sampling in the descriptor space defined by the NEP model, using a
descriptor-distance threshold of 0.01. Configurations were excluded if any atomic force component fell
outside the range of -10 to 10 eV/A or if any interatomic distance was less than 0.7 times the sum of the
covalent radii of the corresponding atoms. Among the remaining candidates, configurations with relatively
large prediction errors in energies or atomic forces were added to the training set. The iterative procedure
was terminated when farthest-point sampling yielded few or no new candidates, or when the remaining
candidates exhibited sufficiently small prediction errors in both energies and atomic forces. The final
training dataset consists of 2,407 structures and was used to train a unified NEP model.

An independent test set comprising 272 structures was constructed to evaluate the predictive accuracy of the
trained NEP model. It included structures generated by atomic displacements along low- and high-frequency
phonon modes, perturbed structures with Zr/Ti arrangements different from those in the training set, and
structures containing domain walls. These structures were excluded from model training and parameter
selection.
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DFT calculations

All DFT calculations were performed using the Vienna ab initio simulation package (VASP)"*). The
exchange-correlation effects were described using the PBEsol functional, and the projector augmented-wave
(PAW) method was employed to describe the core-valence interaction**”. A plane-wave energy cutoff of
600 eV was used. Brillouin zone integrations were performed using I'-centered k-point meshes with a
reciprocal-space resolution of 0.20 A", Partial orbital occupancies were determined using the Gaussian
smearing method with a width of 0.05 eV. The electronic self-consistency criterion was set to 10 eV. For
structural optimizations, structures were fully relaxed until the magnitude of the residual force on each atom
was below 0.01 eV/A.

Non-spin-polarized AIMD simulations were performed using a 3 x 3 x 3 supercell. Phonon dispersions were
calculated using the finite-displacement method implemented in PHONOPY, with a 2 x 2 x 2 supercell used
to obtain the force constants'**. For the cubic phase, non-analytical corrections were included to account for
the long-range dipole-dipole interactions responsible for longitudinal optical-transverse optical (LO-TO)
splitting.

Atomistic simulations

Large-scale MD simulations were performed using Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) with periodic boundary conditions!*”. All supercell configurations were constructed
by replicating standard B-site-centered perovskite primitive cells [Supplementary Figure 1]. The ball-and-
stick atomic structure models were generated using Visualization for Electronic and STructural Analysis
(VESTA)®. The external pressure was fixed at 0.1 GPa. To construct the temperature-composition phase
diagram of PZT, a 10 x 10 x 10 supercell (5,000 atoms) was adopted. Compositions ranging from 0 to 1.0
with an interval of 0.02 were sampled. For each composition, the initial structure was chosen as the cubic
phase, and quasi-random distributions of Zr and Ti atoms were generated using the Alloy Theoretic
Automated Toolkit (ATAT) algorithm"".

A stepwise cooling protocol was adopted to ensure reliable structural relaxation, with a fixed timestep of 0.5
fs. The temperature was reduced at a rate of 1 K/ps between successive temperature points, followed by an
isothermal holding period at each target temperature. The system was cooled from 800 to 650 K and from
300 to 50 K in steps of 50 K, with each temperature held for 50 ps. To enhance the resolution of potential
structural transitions in the intermediate regime (600-320 K), a finer temperature interval of 20 K was
adopted, accompanied by an extended equilibration period of 100 ps per temperature. Notably, for
compositions with x = 0.12-0.56, the cooling sequence from 300 to 50 K was further refined to 25 K intervals,
with a holding time of 100 ps at each temperature to investigate structural evolution and rotational dynamics
in the rhombohedral region. To assess the sensitivity of local rotational hopping to thermal history and
cooling rate, additional simulations were performed at x = 0.40, including heating at 1 K/ps and cooling at 0.5
and 0.2 K/ps.

The polarization-electric field (P-E) hysteresis loops were calculated at 300 K using a 10 x 10 x 10 supercell
(5,000 atoms). For each composition, the system was first equilibrated for 40 ps under a negative electric
field. Subsequently, a bipolar triangular electric field was applied with a time step of 1 fs and a ramping rate
of 1 (kV/cm)/ps. According to previous studies, the rhombohedral phase of PbZrO, (PZO; x = 0) remains
stable below approximately 440 K*°!. Therefore, to allow the emergence of antiferroelectric behavior,
simulations for x = 0 were equilibrated at 440 K instead of 300 K.

The field-induced strain behavior was investigated using a 20 x 20 x 20 supercell (40,000 atoms) with a time
step of 1 fs. The system was first equilibrated at 300 K for 100 ps, followed by the application of a constant


https://file.oaecenter.com/published/pdf/bd6ca98d46b061c06178b6bda9f086f4/1794553076/jmi6077-SupplementaryMaterials.pdf

Huang et al. J. Mater. Inf. 2026, 6, 55 Page 5 of 22

electric field of 500 kV/cm for 50 ps. After removing the electric field, the system was further equilibrated for
50 ps. To examine the temperature dependence of strain evolution under external electric fields, starting
from the equilibrated configuration at 300 K, two additional simulation branches were performed at 200 and
400 K, each equilibrated for 50 ps. Subsequently, an electric field was applied along the z direction,
corresponding to the pseudo-cubic [001], direction, increasing from 0 to 500 kV/cm in steps of 50 kV/cm,
with 20 ps equilibration at each field strength. The longitudinal strain ¢_ was extracted to construct
strain-electric field (S-E) curves for analyzing piezoelectric strain characteristics. To eliminate uncertainties
related to local Zr/Ti ordering, three independent replicas with distinct cation distributions were simulated
for each thermodynamic condition.

Since the adopted machine learning potential does not explicitly include long-range electrostatic interactions,
external electric fields were incorporated via atom-dependent Born effective charges (BECs). Fixed BEC
values were assigned for Pb, Ti, and Zr, namely Z,," = 3.90, Z,," = 5.85, Z,, = 7.06"°*\. To enforce charge
neutrality, the oxygen BEC was determined from stoichiometry as:

) xZy +(1=-x)Z; +Z;]
7z =21 - z Pb )

The macroscopic polarization was computed as the total dipole moment of the entire supercell divided by
the supercell volume Q:

X wiZ[(ri = Ticubic)

P
Q

@

where o, is the lattice-sharing weight accounting for periodic decomposition of the perovskite cell: Pb atoms
at the cell vertices carry weight 1/8, oxygen atoms at face centers carry weight 1/2, and B-site cations occupy

a full cell with weight 1. r,and r, ,, denote the atomic coordinates in the instantaneous low-symmetry

i,cubic
structure and the ideal cubic reference structure, respectively. Notably, the polarization vector is calculated
for each simulation frame, while Q is the temperature-averaged volume obtained from fully equilibrated
simulation trajectories at the target temperature. The polarization data and cell volume statistics were

sampled from identical post-relaxation frames to ensure physical consistency.

Structural analysis

The off-center displacements of A-site Pb cations were evaluated relative to the geometric center of their
surrounding oxygen cage, defined by the twelve nearest oxygen neighbors, characterizing the local A-site
polar distortion. The off-center displacements of B-site (Zr/Ti) cations were quantified with respect to the
center of the corresponding BO, oxygen octahedron, defined as the average position of the six coordinating
oxygen atoms, providing a measure of B-site local polar distortion. Furthermore, stereographic projections of
these cation off-center displacements were plotted with a unified color scale applied to all figures for
consistent comparison.

To construct the temperature-composition phase diagram, the lattice parameters and polarization
components were averaged over the equilibrated portion of each MD trajectory. The average phase was
assigned by combining the lattice metric with the magnitude and orientation of the macroscopic
polarization. Cubic, tetragonal and rhombohedral phases were identified from their characteristic lattice
symmetries and polarization directions, whereas configurations with two comparable non-zero polarization
components and a distinct third component were classified as monoclinic phases. The orthorhombic
antiferroelectric region was identified by a negligible net polarization but non-zero spatial averages of the
absolute values of two local polarization components. Configurations that did not satisfy any of these
symmetry-based criteria were labeled as transition regions. Lattice parameters, cell angles and polarization
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components were regarded as equivalent or negligible using tolerances of 0.1 A, 0.1° and 0.1 C/m?,
respectively.

For the local-structure analysis at x = 0.42, 0.54 and 0.58, local configurations were classified as T-, R-, O-,
M,-, M;- or M.-like based on the orientations of their instantaneous local polarization vectors. Only
configurations with local polarization magnitudes 2 0.05 C/m”’ in the analyzed frame at each applied field
were included, excluding only 0%-0.025% of the local configurations. To combine symmetry-equivalent
domain variants, the absolute vector components were normalized and sorted. The reference directions were
[001] . for T, [111] . for R and [011] . for O, while the M,, M, and M categories corresponded to intermediate
orientations along the T-R, R-O and T-O paths, respectively. Each configuration was first assigned to the
nearest T, R or O reference direction within an angular tolerance of 15°. The remaining configurations were
assigned to the nearest monoclinic path within the same tolerance, using the minimum angular distance to
each path. This classification describes local polarization orientations rather than crystallographic phases.

The local rotation of each oxygen octahedron was quantified by aligning instantaneous octahedral
configurations with a cubic reference octahedron using the Kabsch optimal rigid-body alignment”*”. For each
B-site-centered octahedron, the six surrounding oxygen atoms were translated with respect to the geometric
center of the oxygen octahedron, defined as the average position of the six oxygen atoms. The same
procedure was applied to the corresponding reference octahedron to ensure a consistent local coordinate
definition independent of B-site off-center displacements.

The optimal rotation matrix R, ; was obtained by minimizing the root-mean-square deviation between
instantaneous and reference oxygen coordinates after removal of rigid translations, where k denotes the
simulation time frame and i = (i, i, i,) is the integer index of the unit cell containing the octahedron. The
rotation axis n(k,i) and rotation angle d(k,i) were uniquely determined from R, and the local rotation vector

was defined as:

w(k,i) =0(k,i) n(k,i) (3)

For visualization and statistical analysis, R, ; was further decomposed into extrinsic Euler angles following a
sequential X-Y-Z convention, yielding three angular components 6,, ¢, and 6, which represent rotations

about the Cartesian axes.

Rotational dynamics analysis

To account for the antiphase nature of octahedral tilts in the perovskite lattice, a staggered transformation
was applied to the local rotation vectors, '(k,i) = n-o(k,i), where 5, = (-1)*". The resulting staggered
rotation field was spatially averaged over all octahedra within each simulation frame to obtain the
macroscopic rotational vector Q(k).

To quantify collective rotational ordering, the spatially averaged staggered rotation vector Q(k) was projected
onto unit vectors along the eight symmetry-equivalent <111>_ directions of the pseudo-cubic lattice, and the

<111>

projection onto each direction was averaged over time. The antiphase tilt order parameter Q,"""” was defined
as the largest of these eight time-averaged projections. To characterize local rotational states, each local
rotation vector was normalized and projected onto the same eight reference vectors. Each octahedron was
assigned to the direction yielding the largest projection, and the assignment was accepted only when this

maximum projection exceeded 0.8. The rotational time autocorrelation function was computed as:

_ (o, i) - w(tx + 7,10))
Col®) = ot - 0 D)

“
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Figure 1. Validation of the NEP against DFT calculations. Comparison between the NEP predictions and DFT reference values for (A)
energies per atom, (B) atomic forces and (C) virials per atom in the training set. Colors indicate the Ti fraction x. The corresponding root-
mean-square errors are 1.63 meV/atom, 76.88 meV/A and 20.57 meV/atom, respectively; Comparison of NEP predictions with DFT
reference values for (D) energies per atom and (E) atomic forces in the independent test set. The corresponding root-mean-square errors
are 1.50 meV/atom and 63.95 meV/A, respectively; (F) Comparison of DFT and NEP energies per atom for four competing structures at x
= 0.5, labeled P4mm1, PAmm2, R3c and R3m. The corresponding unit-cell structures are shown in Supplementary Figure 2. NEP:
Neuroevolution potential; DFT: density functional theory; RMSE: root-mean-square error.

where ¢, represents the simulation time (¢, = kAt), and ¢ is the time lag defined as = (k' - k)At, where At is the
time interval between consecutive saved frames. The brackets denote averaging over all octahedra and all
available time origins for each time lag.

For the hopping analysis, a 2-ps moving average was first applied to each Cartesian component of the local
rotation vectors to reduce spurious state changes caused by thermal fluctuations. Local rotational states were
then assigned using the directional criterion described above. Frames were treated as invalid for a given
octahedron if its rotation angle relative to the cubic reference was below 1° or its maximum projection onto
the eight reference directions did not exceed 0.8. For each octahedron, invalid frames were skipped, and a
hopping event was identified whenever the assigned <111> direction differed between consecutive valid
frames. The hopping fraction f,  was defined as the fraction of octahedra that exhibited at least one such
change during the observation window. The analysis used a 25-ps trajectory window containing 51 frames
saved at 0.5-ps intervals.

RESULTS AND DISCUSSION

Validation of the NEP

We first develop a NEP for PZT to enable large-scale finite-temperature molecular dynamics simulations at
first-principles accuracy. Figure 1A-C compares the energies, atomic forces and virials predicted by the NEP
with the corresponding DFT values for the training set. Across the training configurations, which encompass
different compositions, chemical arrangements, structural distortions and thermally perturbed structures, the
NEP closely reproduces the DFT data, with root-mean-square errors of 1.63 meV/atom for energy, 76.88
meV/A for atomic forces and 20.57 meV/atom for atomic virials. These results signify the accuracy of the
fitted potential within the configurational space sampled by the training dataset.
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cubic PTO, (B) tetragonal PTO and (C) cubic PZO. NEP: Neuroevolution potential; DFT: density functional theory; PTO: PbTiO5; PZO:
PbZrO;.

To assess predictive accuracy beyond the training set, we evaluate the NEP using an independent test set of
272 structures. The predicted energies and atomic forces agree closely with the DFT values, with root-mean-
square errors of 1.50 meV/atom and 63.95 meV/A, respectively [Figure 1D and E]. We further compare the
NEP and DFT energies of four competing structures at x = 0.5 [Figure 1F], with the corresponding unit-cell
structures shown in Supplementary Figure 2. The NEP reproduces the overall energetic ordering. For each
structure examined, the absolute deviation between the NEP and DFT energies is below 1 meV/atom. These
results support the ability of the NEP to describe the competing structures near the MPB.

We next examine whether the NEP captures the local curvature and structural instabilities of the potential-
energy surfaces of the PZT end members. Phonon dispersions are calculated for cubic and tetragonal PbTiO,
(PTO) and cubic PZO, and compared with DFT results. As shown in Figure 2A-C, the NEP reproduces the
overall phonon dispersions along the high-symmetry paths, including the imaginary-frequency branches in
the cubic phases and the absence of imaginary frequencies along the sampled path in tetragonal PTO. Some
deviations remain in individual phonon branches, but the main dispersion features are retained. The
agreement indicates that the NEP describes not only the energies and forces of individual configurations, but
also the local potential-energy-surface curvature underlying the lattice dynamics of these end-member
structures.

We then assess the transferability of the NEP to finite-temperature structural evolution across the full PZT
composition range. Large-scale molecular dynamics simulations are performed at 300 K for compositions
from x = 0 to 1 in increments of 0.02. The spontaneous polarization vectors (P) and local oxygen-octahedral
rotation angles (6., 6, 6,) are defined relative to the corresponding high-temperature cubic reference
structures, as illustrated in Figure 3 and detailed in Methods. With increasing Ti content, the calculated
polarization and octahedral-rotation characteristics exhibit a systematic compositional evolution [Figure 4A
and B], recovering the established room-temperature sequence from the Zr-rich antiferroelectric
orthorhombic state, through the ferroelectric rhombohedral region, to the Ti-rich ferroelectric tetragonal
state!””. The emergence of these distinct structures from finite-temperature simulations demonstrates that
the NEP captures the competition among antipolar displacements, ferroelectric distortions and oxygen-
octahedral rotations across chemically disordered compositions.

The response to an external electric field provides a further test of the model beyond equilibrium structural
properties. Figure 4C and D shows P-E hysteresis loops calculated at 300 K for the Ti-containing
compositions and at 440 K for x = 0. The x = 0 composition displays a double hysteresis loop characteristic of
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were calculated at 300 K, except for x = 0 (PZO), which was calculated at 440 K. P-E: Polarization-electric field; PZT: lead zirconate

titanate; PZO: PbZrO,.
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antiferroelectric switching, while the Ti-containing compositions display single ferroelectric loops.
Compositions near the MPB exhibit comparatively low coercive fields, indicating that their polarization
configurations can be reorganized more readily under an applied field. The decrease in coercive field from
the Ti-rich side towards the MPB is qualitatively consistent with the experimental trend reported by Gerber
et al. for PZT thin films®*. The high-field polarization increases with Ti content in the tetragonal region,
consistent with the composition dependence of polarization reported by Morioka et al. for polar-axis-
oriented tetragonal PZT films"*. These comparisons support the simulated compositional trends, although
the experimental films and the present simulations differ in microstructure, boundary conditions and field-
sweep timescale.

Together, the agreement with DFT reference data for training and independent test configurations, the
reproduction of phonon dispersions, and the recovery of composition-dependent structural and switching
behavior support the accuracy and transferability of the NEP. These results provide a basis for investigating
the local octahedral-rotation dynamics, field-driven polarization rotation and effects of local chemical
environments discussed below.

Dynamic freezing of octahedral rotations in Zr-rich PZT

We next use the NEP to investigate octahedral ordering and rotational dynamics upon cooling in Zr-rich
PZT, with reference to the conventional R3m-R3c phase boundary. At the average-structure level, R3m and
R3c are distinguished by the absence or presence, respectively, of long-range antiphase oxygen-octahedral
tilting about a <111>  axis'**. For the structures examined at x = 0.4, the NEP reproduces the DFT energetic
preference for R3c over R3m, although it overestimates their energy separation [Supplementary Figure 3]. To
investigate the finite-temperature evolution of octahedral rotations, we determine the local rotation vector
o(k,i) of each oxygen octahedron (i) in each simulation frame (k), relative to the corresponding high-
temperature cubic structure. Here, rotation refers to the rigid-body rotation of an individual octahedron,
whereas tilt denotes the collective mode formed by spatially correlated octahedral rotations.

For each frame, the local rotation vectors are multiplied by the antiphase factors 5(i), yielding the staggered
rotation vectors o'(k,i). These vectors are spatially averaged to obtain Q(k), which is then projected onto unit
vectors along the eight symmetry-equivalent <111> directions. The projection along each direction is
averaged over time, and the largest of these time-averaged projections defines the antiphase tilt order
parameter Q,*''"". To reveal the local origin of this collective response, we also calculate the distribution of
local rotation directions by pooling the assigned <111>_ states over all octahedra and sampled frames at each

temperature.

The results in Figure 5A and B reveal three regimes of the octahedral-rotation behavior. At high
temperatures, Q""" remains close to zero, while the local rotation vectors in Pb(Zr, Ti ,)O, are broadly
distributed among several symmetry-equivalent <111> directions. A representative local trajectory,
smoothed using a 2-ps moving average, shows nonzero, time-dependent rotation components at high
temperatures [Supplementary Figure 4]. Together, these observations indicate that the near-zero order
parameter does not imply the absence of local rotations, but instead indicates little collective antiphase order
after spatial and temporal averaging. Upon cooling, Q""" increases rapidly across the narrow temperature
interval marked by densely spaced contours. Concurrently, the local rotation-direction distribution becomes
concentrated along a pair of opposite <111> directions. These directions define a common crystallographic
axis; their predominance, together with the increase in Q,*''**, indicates collective tilt-axis selection

accompanied by the development of antiphase order. Below this narrow axis-selection interval, Q,

continues to increase more gradually over a broad temperature range, while the same tilt axis remains
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Figure 5. Collective antiphase ordering and local rotational dynamics of oxygen octahedra in PZT. (A) Composition and temperature
dependence of the antiphase octahedral-tilt order parameter Q,<"">. Grey contour lines are drawn at intervals of 0.2; (B) Distribution of
local oxygen-octahedral rotation directions in Pb(Zr,,Ti,,)O5 at selected temperatures. Each fraction represents the population assigned
to the corresponding <111>_ direction, pooled over all octahedra and sampled frames without first averaging the rotation vectors over time;
(C) Time autocorrelation functions Cg)(7) of the local rotation vectors in Pb(Zr,Ti, ,)O; at different temperatures; (D) Temperature

dependence of the octahedral-rotation hopping fraction f,,, for x = 0.20, 0.40 and 0.50. Horizontal dashed lines indicate the thresholds of
0.9 and 0.1 used to define T, and Ty, respectively. PZT: Lead zirconate titanate.

dominant, indicating a further increase in the collective antiphase rotation amplitude along the selected axis.
The axis-selection temperature shifts systematically to lower values with increasing Ti content.

The structural quantities alone do not determine whether the local rotations remain dynamically active after
the collective tilt axis has been selected. We therefore calculate the time autocorrelation function C,(z) of the
local rotation vectors in Pb(Zr, Ti,,)O,, together with the octahedral-rotation hopping fraction f,, [Figure
5C and D]. Here, f, . is defined as the fraction of octahedra whose assigned local <111>_ rotation state
changes at least once during the 25-ps observation window, using the filtering criteria described in the
Methods. For x = 0.4, at high temperatures (460-600 K), C,,(z) decays rapidly to approximately zero and f,,
remains close to unity, indicating that nearly all octahedra explore multiple rotation states during the
sampled trajectory. At intermediate temperatures (300-400 K), C,,(¢) develops a finite plateau over the
sampled lag times and f, - decreases progressively. Together with the orientational distributions, these results
indicate that a preferred collective tilt axis coexists with ongoing local rotational hopping. Analysis of the
angular separation between successive valid <111>_ states shows that rotational hopping predominantly

occurs between neighboring directions separated by approximately 71°. Hopping events between directions
separated by approximately 109° become more frequent at higher temperatures, whereas 180° reversals
remain rare [Supplementary Figure 5]. With further cooling (100-200 K), C,,(z) shows only a small initial

decay followed by a high plateau, and f,,, approaches zero, indicating that the local rotation states become
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effectively frozen within the sampled observation window. Similar temperature-dependent suppression of
rotational hopping is observed for x = 0.20 and 0.50, although the characteristic temperatures differ among
compositions [Figure 5D].

To characterize this progressive suppression, we define two characteristic temperatures as T, and T,,.
Specifically, Ty, is the temperature at which f, _first falls below 0.9 upon cooling, marking the onset of
suppression of rotation-state hopping. T,, is the temperature at which f, _first falls below 0.1, marking the
approach to dynamic freezing within the finite simulation window. These temperatures serve as operational
markers of the dynamical crossover rather than independently determined thermodynamic phase
boundaries. Varying the upper threshold from 0.85 to 0.95 and the lower threshold from 0.05 to 0.15 shifts
the extracted temperatures but preserves their overall compositional trends [Supplementary Figure 6]. For
the composition tested, heating and cooling at 1 K/ps and cooling at reduced rates of 0.5 and 0.2 K/ps yield
closely overlapping hopping-fraction curves, indicating weak sensitivity to the heating/cooling direction and
cooling rate within the tested range [Supplementary Figure 7A]. Other Zr-rich compositions exhibit a similar
evolution from an orientationally disordered multistate regime, through an axis-selected fluctuating regime,
to a dynamically frozen state [Supplementary Figure 7B]. Both characteristic temperatures generally shift to
lower values with increasing Ti content.

To place the dynamical evolution in the context of the conventional phase behavior, we construct the
temperature-composition phase diagram from the average lattice parameters and polarization and
superimpose the calculated T,, and T,, values [Figure 6]. For x = 0.12-0.40, T,, (dark-blue line) closely tracks
the paraelectric-rhombohedral boundary. Together with the structural analysis above, this correspondence
suggests that collective tilt-axis selection and the onset of suppression of rotational hopping occur on a
similar temperature scale to the emergence of the rhombohedral state. Within this composition range, the
antiphase tilt order parameter remains clearly nonzero below T,,, indicating that no separate average-
untilted R3m regime is resolved. T, (light-blue line) lies well within the rhombohedral region. The interval
between T,, and T, consequently characterizes a dynamical crossover during which a preferred collective tilt
axis is maintained while local rotational hopping, predominantly between neighboring <111>  directions

separated by approximately 71°, is progressively suppressed on cooling.

The absence of a distinct R3m region in simulations contrasts with the conventional experimental phase
diagram. One possible explanation, suggested by Shi et al., is that weak tilt-related diffraction signals may be
difficult to resolve experimentally”®”, although this possibility is not directly tested here. We also compare T,
with the experimental R3m-R3c boundary to examine the relationship between structural ordering and the
suppression of local rotational hopping. Here, T,, is a dynamical marker, not a simulated structural phase
boundary. The calculated T, values lie below the experimentally reported boundary. This difference may
partly reflect the distinct criteria used: T,, represents near-complete suppression of local rotation-state
hopping within a 25-ps observation window, whereas the experimental boundary is identified from
diffraction signatures of structural ordering, including superlattice reflections associated with antiphase
octahedral tilting. Because structural ordering does not necessarily require local rotational hopping to cease,
a diffraction-based R3c assignment may occur above T,

The simulated paraelectric-to-low-symmetry boundary lies below its experimental counterpart.
Underestimated ferroelectric transition temperatures have also been reported in PBEsol-based simulations of
BaTiO, and PTO"**", indicating that limitations of the reference exchange-correlation functional may
contribute to the discrepancy observed here. Paul et al. showed that incorporating anharmonic coupling
between soft polar modes and higher-energy phonon modes improves underestimated transition
temperatures in effective-Hamiltonian simulations”. Although the present all-atom NEP simulations retain


https://file.oaecenter.com/published/pdf/bd6ca98d46b061c06178b6bda9f086f4/1794553076/jmi6077-SupplementaryMaterials.pdf
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Figure 6. Temperature—composition phase diagram of PZT predicted by the NEP. The phase at each temperature and composition is
assigned from the lattice parameters and macroscopic polarization averaged over the equilibrated MD trajectories, with different colors
denoting distinct average structural symmetries or transition regions. The phase labels correspond to cubic (C), tetragonal (T),
rhombohedral (R), orthorhombic (O), monoclinic (M), and transition regions (Tr). Three vertical black dashed lines divide the phase
diagram into four composition regions: orthorhombic, rhombohedral, MPB and tetragonal regions with increasing Ti content. The dark-
blue line and light-blue line mark the characteristic temperatures T,, and T,,, respectively. Open black diamonds denote the experimentally
reported R3m—R3c boundary!™. The red line marks the simulated transition temperature between the paraelectric cubic phase and the
low-symmetry phases, and open black squares denote the corresponding experimental transition temperaturest™. PZT: Lead zirconate
titanate; NEP: neuroevolution potential; MD: molecular dynamics; MPB: morphotropic phase boundary.

these degrees of freedom, the accuracy of the relevant anharmonic couplings has not been separately
assessed; the overall fitting errors and phonon benchmarks alone do not establish this accuracy. Finite-size
effects provide another possible contribution, as demonstrated for BaTiO, by Gigli et al.*”’. However,
convergence with production-cell size must be distinguished from the transferability of the potential: Li et al.
found that short-range models trained on small cells can lose accuracy when applied to larger cells. Their
study also showed that including explicit long-range electrostatics improves agreement with reference DFT
forces but lowers the predicted Curie temperature of PTO, illustrating that closer agreement with experiment
can result from error cancellation””. The relative contributions of these factors have not been quantified in
the present work. Future work will investigate QNEP!* with explicit long-range electrostatics, alongside
systematic tests of training-cell and production-cell sizes, to assess their effects on the predicted transition
temperatures.

Electric-field-driven polarization rotation near the MPB

We next investigate the microscopic origin of the enhanced electromechanical response near the MPB by
applying an electric field along [001],. At all three temperatures, the field-induced longitudinal strain is
largest near the MPB and substantially smaller in the Zr-rich and Ti-rich regions [Figure 7A-C], qualitatively
consistent with the enhanced macroscopic piezoelectric response of PZT near the MPB.

To determine how the local structure evolves under the field, we track the fractions of R-, O-, M-, M;-, M-

and T-like local polar configurations, classified according to their instantaneous local polarization directions,
for representative Zr-rich (x = 0.42), MPB (x = 0.54) and Ti-rich (x = 0.58) compositions [Figure 7D-F]. At
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Figure 7. Electric-field-induced strain response and evolution of local polar configurations in PZT. (A-C) Electric-field dependence of the
longitudinal strain ¢, for different PZT compositions under an electric field applied along the z direction ([001],) at (A) 200 K, (B) 300 K
and (C) 400 K. The color—composition mapping is defined in panel (A); lines in panels (B) and (C) follow the same color scheme. All
strain data are extracted from the final equilibrated snapshots after structural relaxation at each electric field. Error bars represent the
standard deviation computed from three independent simulation replicas; (D-F) Fractions of local polar configurations classified as T-, R-,
O-, M-, M- and Mc-like according to their instantaneous local polarization directions for (D) x = 0.42, (E) x = 0.54 and (F) x = 0.58. The
classification uses an angular tolerance of 15° and assigns each classified configuration to a single category (Methods). These labels

describe local polarization orientations rather than crystallographically identified phases. At each temperature, the three bars correspond,
from left to right, to electric fields of O, 200 and 400 kV/cm. PZT: Lead zirconate titanate.

zero field, both x = 0.42 and x = 0.54 exhibit substantial monoclinic-like populations, defined here as the
combined M, -, M- and M_-like fractions. Their responses to the applied field, however, differ markedly. For
X = 0.54, the T-like fraction increases strongly with field at all three temperatures, whereas the increase is
much smaller for x = 0.42. At zero field, the x = 0.58 composition contains a substantial T-like population
and a smaller monoclinic-like fraction. Its field-induced strain response is also weaker than that of x = 0.54.
Taken together, these comparisons indicate that the initial monoclinic-like population alone cannot account
for the enhanced electromechanical response near the MPB.

To examine the field-induced orientational changes more directly, we analyze the distributions of
instantaneous local Pb off-center displacement directions [Figure 8], together with the angle between the
spatially averaged Pb displacement vector and the applied field [Figure 9]. Both quantities are evaluated from
the final equilibrated frame at each field strength. The orientational distributions are estimated on the unit

sphere using spherical kernel density estimation and displayed by stereographic projection, with color
representing probability density per unit solid angle.

At 300 K, the zero-field distributions of both compositions are centered near[111] and extend into
intermediate orientational regions. Increasing the field along [001], produces a relatively modest shift for x =

0.42, whereas the distribution for x = 0.54 shifts markedly towards [001] and becomes concentrated near this
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Figure 8. Evolution of Pb off-center displacement directions under an applied electric field. (A) Top, schematic illustration of Pb off-center
displacement vectors within the (11_0)p plane, showing characteristic T-like ([001])), R-like ([111]), O-like ([110],), M,-like (between R and
T) and M,-like (between R and O) orientations. Bottom, stereographic representation of these orientations and their symmetry-equivalent
directions, viewed along [111],. These labels denote displacement orientations rather than crystallographically identified phases; (B)
Orientational probability density maps of the instantaneous Pb off-center displacement vectors for x = 0.42 (top row), and x = 0.54
(bottom row) at 300 K. Columns correspond to electric fields of O, 100 and 300 kV/cm, applied along [001],. Each distribution includes
all Pb sites in the final equilibrated frame at the corresponding field strength, without temporal averaging. Probability densities are
estimated on the unit sphere using spherical kernel density estimation and displayed by stereographic projection. Colors represent
probability density per unit solid angle (sr), rather than per unit projected area.

>
w
(@)

~-x=0.54, T=200 K < x=0.54, T =300 K <~ x=0.54, T=400 K
60 = x=042, T=200K 60} o x=0.42, T=300K 60} o x=0.42, T=400 K
—_~ —_~ “-‘°~g —
= = 40} >omq, g
u ) )
& < 2| &
0o 1 2 3 4 5 o 1 2 3 4 5 o 1 2 3 4 5
Electric field (102 kV/cm) Electric field (102 kV/cm) Electric field (102 kV/icm)

Figure 9. Electric-field dependence of the mean Pb displacement orientation. (A-C) Angle ¢.,.(E) between the spatially averaged Pb off-

center displacement vector and the applied-field direction, [001],, for x = 0.42 and x = 0.54 at (A) 200 K, (B) 300 K and (C) 400 K. At
each field strength, the displacement vectors are averaged over all Pb sites in the final equilibrated frame before the angle is calculated. No
temporal averaging is performed. Light-colored lines with circular markers show the angles obtained from three independent simulation
replicas; dark-colored lines with square or diamond markers show the mean of these angles across the replicas. A value approaching zero
indicates alignment of the mean displacement with the field.

direction at 300 kV/cm [Figure 8B]. The redistribution through the M,-like orientational region is consistent
with a collective polarization-rotation tendency along the R — M, — T pathway. The distributions at 200 and

400 K likewise show that x = 0.54 develops field-directed orientations more readily than x = 0.42
[Supplementary Figures 8 and 9].
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The spatially averaged displacement angle quantifies this contrast [Figure 9]. At 200 and 300 K, the mean Pb
displacement in x = 0.54 approaches alignment with the field at approximately 300 and 200 kV/cm,
respectively, whereas x = 0.42 retains a substantial angular deviation at 500 kV/cm. At 400 K, both
compositions approach alignment, with x = 0.54 requiring a considerably lower field. The pronounced
angular decreases occur over field intervals that also exhibit strong increases in longitudinal strain [Figure
7A-C], supporting a connection between polarization rotation and the enhanced electromechanical response.

To examine the corresponding response at individual sites, we follow the time-averaged, symmetry-folded
displacement vectors of one selected Pb atom from each of three independent simulation replicas for each
composition at 300 K [Supplementary Figures 10 and 11]. The averaging and symmetry-folding procedure is
specified in the supplementary figure captions. All three selected sites in x = 0.54 show an overall rotation of
their mean displacement directions towards the applied field, whereas the selected sites in x = 0.42 exhibit
more varied responses, with some retaining substantial displacement components perpendicular to the field.
Nonmonotonic changes and finite displacement components normal to the plane containing [111], and
[001], show that individual-site responses can depart from the ideal R — M, — T route. These field-
dependent mean configurations illustrate local rotation without establishing a smooth, continuous
microscopic trajectory.

Tiand Zr displacement distributions also shift towards [001], at 300 K, particularly for x = 0.54, indicating
that multiple cations participate in the orientational response [Supplementary Figures 12 and 13].

Together, these observations indicate that a substantial initial monoclinic-like population alone is insufficient
to explain the enhanced response near the MPB. Instead, the results support a polarization-rotation
mechanism in which local displacement orientations in x = 0.54 are more readily redirected from R-like
towards T-like orientations under the applied field, accompanying its larger longitudinal strain.

Local chemical control of Pb-displacement reorientation
The contrasting field-induced orientational responses of x = 0.42 and x = 0.54 motivate an examination of
how the local chemical environment influences Pb-displacement reorientation. Motivated by the stronger

[27]

Zr-Pb repulsion relative to Ti-Pb interactions reported previously””, we classify each Pb site according to the
Zr content of the two pseudo-cubic (001), planes formed by its eight nearest Zr/Ti neighbors. A plane
containing at least three Zr atoms is classified as Zr-rich. Zr-up and Zr-down denote environments
containing a single Zr-rich plane above or below the Pb atom, respectively; Zr-Zr denotes environments in
which both planes are Zr-rich; and other-environments comprise the remaining configurations. Above and
below refer to the positive and negative z directions, respectively, with the electric field applied along [001],,.

A representative Zr-up configuration is shown in Supplementary Figure 14.

To examine the corresponding local energetics within the NEP, we perform constrained Pb-displacement
rotation scans for selected sites in an energy-minimized configuration of x = 0.40, obtained from a zero-field
trajectory at 300 K [Supplementary Figure 15]. For these illustrative scans, each neighboring plane consists
entirely of Zr or Ti, providing chemically distinct examples of Zr-Zr, Zr-down, Zr-up and Ti-Ti
environments. Each Pb displacement is rotated at fixed magnitude within the plane spanned by its initial
direction and [001], while all other atoms and the simulation cell remain fixed. The selected Zr-down site
has the smallest initial deviation from [001] , whereas the Zr-up site has the largest. The Zr-down energy
profile also shows a greater energy cost for rotation away from [001], than towards it, whereas the Zr-Zr
profile is approximately symmetric over the sampled angular range. Taken together, the initial orientational
biases and the contrasting asymmetries of the rotation-energy profiles provide qualitative support for a
tendency of Pb displacements to avoid Zr-rich neighboring planes.
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Figure 10. Local chemical dependence of Pb-displacement orientations and field-induced reorientation at 300 K. The upper and lower
rows show results for x = 0.42 and x = 0.54, respectively. (A) Cumulative distributions of the zero-field deviation angle $(0) between the
local Pb off-center displacement and [001],, resolved into Zr-down, Zr-Zr, Zr-up and other-environments as defined in the text; (B) Site-
resolved angular changes, A¢ = $(0) - $(100), upon increasing the electric field from 0 to 100 kV/cm along [001],. Positive values
indicate rotation towards the field direction. Shaded boxes span the 25th-75th percentiles, red horizontal lines indicate medians, and
circles show the median values from three independent simulation replicas. Dashed horizontal lines mark A¢ = 0; (C) Fractions of Pb sites

belonging to each local-environment category. Bars show the mean fractions across three independent simulation replicas, circles indicate
the values for individual replicas, and black error bars represent the standard deviation. Angular quantities are calculated from the final
equilibrated frame at each field strength, retaining the same Pb sites selected by the zero-field criterion (Ju(0)| 2 0.2 A).

Before comparing environment-resolved angular responses, we examine their dependence on the initial Pb-
displacement magnitude at 200, 300 and 400 K [Supplementary Figures 16-18]. Sites with |u(0)| < 0.2 A
generally exhibit broader angular-response distributions. For such small displacement vectors, a small
change in the vector can produce a substantial change in its direction. We therefore restrict the following
angular analysis to sites with |u(0)| 2 0.2 A, applying this criterion only at zero field and following the same
sites at 100 kV/cm. This excludes approximately 1.6%-2.2% of Pb sites at 300 K.

The deviation angle ¢, measured between the local Pb off-center displacement and [001]p, shows a
pronounced dependence on the local chemical environment at zero field [Figure 10A]. At 300 K,
distributions in Zr-down environments are shifted towards smaller angles, whereas those in Zr-up
environments are shifted towards larger angles. Zr-Zr environments and other-environments exhibit
intermediate distributions. Thus, the position of the Zr-rich plane relative to Pb is associated with a distinct
initial orientational bias. At 100 kV/cm, Zr-down environments generally remain more closely aligned with
the field than Zr-up environments, while the distributions for x = 0.54 shift towards smaller angles relative to
those for x = 0.42 [Supplementary Figure 19].
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To distinguish the initial orientational bias and final alignment from the magnitude of field-induced
reorientation, we calculate the site-resolved angular change, Ap = $(0) - $(100), where the field strengths are
expressed in kV/cm. Positive values indicate rotation towards the field direction. The median A¢ values are
larger for x = 0.54 across all four environment categories [Figure 10B], showing that the compositional
contrast persists within the same local-environment classification. Within x = 0.54, Zr-up environments
exhibit the largest median angular reduction, whereas Zr-Zr environments exhibit the smallest. The larger
angular reduction in Zr-up environments coexists with their larger initial deviation angles and does not
imply that they achieve the closest final alignment or possess the lowest rotational barriers. The smaller
median response of Zr-Zr environments is consistent with more restricted field-induced reorientation
between two Zr-rich planes. The interquartile ranges span both positive and negative A¢, revealing
substantial site-to-site variation despite the positive median responses. Results at 200 and 400 K likewise
show larger median angular changes for x = 0.54 across all four environment categories [Supplementary
Figures 20 and 21].

The composition-dependent fractions of these local environments provide a further connection between
local chemistry and the collective response [Figure 10C]. Zr-up and Zr-down environments have similar
fractions within each composition, and both fractions decrease modestly from (x = 0.42) to (x = 0.54).
Meanwhile, the Zr-Zr fraction decreases substantially, whereas other-environments become more abundant
and constitute the dominant population at (x = 0.54). The MPB composition therefore combines a reduced
population of environments bounded by two Zr-rich planes with larger angular responses within each
environment category. Together, these results suggest that local chemical environments contribute to both
the orientational diversity and the field-induced reorientability of Pb displacements, supporting the
enhanced polarization rotation and electromechanical response near the MPB.

CONCLUSIONS

Using the newly developed NEP for PZT, we resolve the evolution of collective octahedral ordering and local
rotational dynamics upon cooling in Zr-rich PZT. Local rotations are already present at high temperatures,
where they fluctuate among several symmetry-equivalent directions. Cooling first produces collective
selection of an antiphase tilt axis and then progressively suppresses local rotational hopping, predominantly
between neighboring <111>_ directions separated by approximately 71°, eventually leading to effective
dynamic freezing on the molecular-dynamics timescale. These results reveal a dynamical crossover in which
collective antiphase tilt order coexists with local rotational hopping before the latter becomes largely
suppressed. The associated characteristic temperatures describe changes in rotational dynamics and should
not be directly identified with the experimental R3m-R3c phase boundary.

Near the MPB, applied electric fields drive polarization rotation through the reorientation of Pb oft-center
displacements, with the collective orientational redistribution consistent with R — M, — T. The enhanced
strain response is not determined by the abundance of these monoclinic-like intermediate configurations
alone, but by the extent to which Pb displacements can reorient under the applied field. Comparing the Zr-
rich and MPB compositions shows that local Zr/Ti environments bias the initial Pb-displacement
orientations and modulate their angular responses. Near the MPB, a smaller fraction of Zr-Zr environments
coexists with larger field-induced angular changes within all four environment categories. These results
support a picture in which local chemical environments contribute to the enhanced electromechanical
response by modulating the orientational preferences and field-induced reorientation of Pb displacements.

These findings provide atomistic interpretations of two distinct phenomena in PZT that cannot be obtained
from the average phase diagram alone: the dynamic freezing of local octahedral rotations within the Zr-rich
rhombohedral region and the chemically modulated reorientation of Pb displacements near the MPB. They
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further highlight the importance of resolving the temporal evolution and field response of local structural
motifs for understanding the composition-dependent phase behavior and electromechanical response of
chemically disordered ferroelectric solid solutions.
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