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Relaxor ferroelectrics exhibit exceptional dielectric and electromechanical properties, yet their micro-
scopic origins remain elusive due to the interplay of hierarchical polar structures and chemical complexity.
While models based on polar nanoregions or nanodomains offer valuable phenomenological insights, they
often lack the first-principles predictive capability necessary for quantitatively describing functional
properties such as piezoelectric coefficients. Here, we use large-scale molecular dynamics simulations,
enabled by a universal first-principles-based machine-learning interatomic potential, to investigate atomic-
scale polar dynamics in canonical Pb-, Bi-, and Ba-based relaxors. Across all systems, we uncover a
universal dipolar nematic state, characterized by long-range orientational order of local polarizations
without local alignment, challenging conventional polar-cluster-based paradigms. We introduce a universal
order parameter, derived from the skewness of the distributions of the local polarization autocorrelation
functions, that captures the thermal evolution of both lead-based and lead-free systems within a single
master curve. This nematic order, and its robust structural memory under electric field cycling, underpins
key relaxor phenomena, including diffuse phase transition, frequency-dependent dielectric dispersion, and
reversible giant piezoelectricity. Our findings establish a unified microscopic framework for relaxors and
present a broadly applicable statistical approach to understanding complex disordered materials.
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I. INTRODUCTION

Relaxor ferroelectrics represent a class of functional
materials with high susceptibilities to external electrical,
mechanical, and thermal perturbations. Their exceptional
properties, such as colossal dielectric permittivity, giant
piezoelectricity, and strong pyroelectric effects, make them
indispensable for next-generation actuators, sensors, and
advanced energy technologies [1–4]. At a fundamental
level, their behavior is governed by a delicate interplay
between hierarchical polar structures and underlying
chemical disorder. Understanding how robust, emergent
properties arise from a complex landscape of competing
interactions makes the study of relaxors not only a long-
standing pursuit in materials science but also a vital
endeavor in the broader context of complexity physics.
The structural foundation for most high-performance

relaxor ferroelectrics is the perovskite-type ABO3 lattice,

where the A site typically hosts larger cations (e.g., Pb2þ)
and the B site accommodates smaller transition metals (e.g.,
Ti4þ and Nb5þ). Understanding these materials remains a
challenge, largely due to their compositional complexity
and the absence of a unified theoretical framework. Modern
relaxors often involve complex solid solutions, such as
PbðMg1=3Nb2=3ÞO3-PbTiO3 (PMN-PT), particularly near
morphotropic phase boundary (MPB) compositions [1,5,6],
where multiple cations occupy the same Wyckoff position,
introducing spatially varying chemical disorder. Even in
extensively studied lead-based systems, theoretical models
diverge in their interpretations of how polar order and
chemical disorder interact to determine functional proper-
ties. Polar-cluster-based theories suggest that nanoscale
polar entities form the fundamental building blocks.
Among these, the polar nanoregion (PNR) model proposes
polar clusters embedded in a nonpolar matrix [7,8], while
the polar nanodomain (PND) model places them in a
weakly polar matrix [9,10]. Other frameworks offer alter-
native perspectives. The random-field model attributes
the disruption of long-range ferroelectric order to static
chemical disorder [11,12]; the polarization rotation
model explains the giant piezoelectric response through
a monoclinic phase-mediated polarization rotation mecha-
nism or the intrinsic softness of the rhombohedral and
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orthorhombic phases [3,13,14]; the adaptive phase model
interprets nanoscale structures as mixtures of strain-stabi-
lized phases [15,16]. While each model captures certain
aspects, none offer predictive, first-principles-based
descriptions of key properties, such as giant piezoelectric
coefficients, directly from chemical composition.
This theoretical gap becomes more pronounced when

considering diverse ways in which chemical disorder and
ferroelectric activity are distributed across the A and B sites
in different chemical families. In PMN-PT, ferroelectric
activity arises from both the A-site Pb2þ and B-site Ti4þ
cations, with disorder present on the B site. In contrast, the
lead-free relaxor (Bi, Na)TiO3 exhibits A-site disorder,
where Bi3þ and Naþ share the A site, and both Bi3þ and
Ti4þ contribute to ferroelectricity. In BaðZr; TiÞO3, ferro-
electric-active cations coexist with chemical disorder on the
B site. These variations illustrate that relaxor behavior can
emerge from different combinations of site-specific dis-
order and ferroelectric mechanisms. A framework that can
account for this diversity, spanning both lead-based and
lead-free systems, is lacking.
To address these long-standing challenges, we employ

large-scale molecular dynamics (MD) simulations,
enabled by a first-principles-based universal interatomic
potential [17], to investigate the atomic-scale structural
dynamics across a chemically diverse set of relaxor
families, including Pb-, Bi-, and Ba-based systems.
Here, we reveal a universal organizing principle, which
we identify as a dipolar nematic state. This state is defined
by the presence of long-range orientational order among
unit-cell-resolved local polarizations. Surprisingly, this
order persists without requiring strict local parallel align-
ment of local polarizations, in sharp contrast to the
collinear dipole alignments typically assumed in polar-
cluster-based relaxor models.
To quantitatively describe this complex state, we intro-

duce a statistical approach that yields a universal order
parameter, derived from the skewness of the distribution of
local polarization autocorrelation functions. This single
metric successfully collapses the thermal evolution of all
three relaxor systems onto a unified master curve. It also
captures the relaxor’s intrinsic “structural memory,” the
ability of the nematic ground state to recover after the
removal of an external stimulus, which we demonstrate as
the microscopic origin of the giant and reversible electro-
mechanical response. The dipolar nematic model offers a
conceptual framework for understanding both lead-based
and lead-free relaxors, serving as a predictive foundation
for designing high-performance relaxors.

II. RESULTS

A. MD simulations of Pb-based relaxors

Extensive efforts have been made to uncover the atomic-
scale origins of functional properties of lead-based relaxors

represented by PMN-PT [9,10,18–21]. Establishing a direct
connection between structural dynamics and the macro-
scopic functional responses requires efficient computa-
tional methods capable of large-scale simulations.
While previous MD studies have successfully reproduced
diffuse scattering patterns of PMN-PT, they were per-
formed under constant-volume constraints and did
not capture key relaxor behaviors, including the
giant electromechanical response [9]. This challenge is
even greater in the more chemically complex ternary
relaxor PbðIn1=2Nb1=2ÞO3-PbðMg1=3Nb2=3ÞO3-PbTiO3

(PIN-PMN-PT), which is of particular interest for its
large piezoelectric coefficients and high Curie temper-
ature [22,23]. Yet, its extreme compositional complexity
has long hindered a definitive atomistic understanding.
Here, we present comprehensive MD simulations of PIN-
PMN-PT, directly bridging its microstructural complexity
with emergent functional behavior.
The UniPero model [17], trained exclusively on first-

principles data, enables large-scale MD simulations
of the 0.24PIN-0.42PMN-0.34PT composition, a MPB
relaxor, under constant-temperature, constant-pressure
(NPT) conditions. These simulations successfully repro-
duce experimental hallmarks of relaxor behavior. First,
they capture the gradual reduction of the total polarization
with increasing temperature, as well as the broad
peak in dielectric permittivity characteristic of relaxors
[Tm ≈ 340 K, see Fig. 1(a)], different from the abrupt
transition typical of simple ferroelectrics like PbTiO3.
Second, neutron scattering spectra computed from MD
configurations at 300 K (slightly below Tm) reproduce key
experimental signatures. These include the anisotropic
diffuse scattering (DS) patterns, specifically, the butterfly-
shaped and ellipsoidal intensity distributions around the
(200) and (220) Bragg peaks, respectively [Fig. 1(b)]
[24–26]. In comparison, the anisotropic DS is signifi-
cantly reduced at 500 K (Fig. S1 in Ref. [27]).
Decomposition of the DS intensity by atomic sublattice
(see Supplemental Material Sec. I, Ref. [27]) reveals that
the butterfly-shaped and ellipsoidal features originate
primarily from the Pb and O atoms, while the B-site
sublattice contributes a large, nearly temperature-inde-
pendent background (Fig. S2). A quantitative analysis of
DS intensity along the ð2þ q; 2 − q; 0Þ direction around
the (220) Bragg peak shows a Lorentzian decay with
intensity scaling as 1=q2 (Fig. S3), consistent with
experimental results [33,34]. Furthermore, our simulated
inelastic neutron scattering spectra (Figs. S4 and S5) also
agree well with the measured phonon dispersion [24],
notably, the waterfall effect. As shown in Fig. 1(c),
along Q ¼ ð2; q; 0Þ, the waterfall and transverse acoustic
(TA) modes are strong, while the longitudinal acoustic
(LA) mode is weak, matching experimental observa-
tions [24]; a similar waterfall feature is also seen near
the (220) peak (Fig. S4).
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Finally, by directly simulating the strain-electric-field
hysteresis at 300 K, we obtain an effective piezoelectric
coefficient of >1200 pC=N [Fig. 1(d)]. Reproducing these
relaxor signatures, including the diffuse phase transition,
anisotropic diffuse scattering, waterfall effects, and giant
piezoelectricity, strongly validates our approach. To our
knowledge, this represents the first first-principles-based
model to achieve such comprehensive agreement with
experiments for a complex ternary relaxor.

B. Ensemble-averaged structural features
in Pb-based relaxors

To probe the system’s polar microstructure, we first
compute the ensemble-averaged, time-delayed orienta-
tional correlation functions, Cdðr; τÞ and Cpðr; τÞ (see
the Appendix), which quantify the temporal and spatial
correlations of the A-site Pb displacements (d) and the local
polarization (p, defined as the electric dipole moment per
unit cell volume), respectively. Surprisingly, both correla-
tion functions show minimal dependence on τ for τ >
2.0 ps (Fig. S7), indicating that the relative orientations
(angles) between local displacement or polarization vector
pairs are quasistatic, remaining effectively frozen over the
timescales probed. This allows us to simplify the analysis

by averaging over the time delay: CdðrÞ≡ hCdðr; τÞiτ
and CpðrÞ≡ hCpðr; τÞiτ.
The spatial correlation of the A-site displacements,

CdðrÞ, as a function of temperature is shown in Fig. 1(e).
Across all temperatures, CdðrÞ decays sharply at short
distances (r < 18 Å). Importantly, the data reveal several
notable deviations from classical polar-cluster-based para-
digms. Even for nearest-neighbor Pb ions (rnn ≈ 4 Å), the
correlation is moderate. For example, CdðrnnÞ ≈ 0.6 at
100 K, corresponding to an average angle of approximately
53° between neighboring displacement vectors. This
weak local alignment contrasts with the PNR and PND
models, which assume strongly aligned local polar displace-
ments within polar clusters. At low temperatures
(e.g., 100–250 K) well below Tm, CdðrÞ saturates to a
finite, nonzero value at long range, consistent with the
emergence of global order and macroscopic polarization
shown in Fig. 1(a). Near Tm, as seen at 300 K, CdðrÞ decays
more gradually, but ultimately vanishes at large r, suggesting
that only short- to intermediate-range correlations survive.
At 400 K (above Tm), CdðrÞ starts from approximately 0.2
(average angle approximately 79°) and decays rapidly to
zero. This reflects weak short-range correlations and a loss of
extended polar order.

FIG. 1. MD simulations of the lead-based relaxor 0.24PIN-0.42PMN-0.34PT. (a) Simulated static dielectric permittivity (εr) and total
polarization as a function of temperature. The relaxor exhibits a broad dielectric peak at Tm ≈ 340 K and a gradual polarization decay,
characteristic of a diffuse phase transition. (b) Simulated elastic neutron diffuse scattering patterns in the ðH;K; 0Þ plane at 300 K. The
patterns reproduce the experimentally observed butterfly-shaped and ellipsoidal distributions around the (200) and (220) Bragg peaks,
respectively [24–26]. (c) Simulated inelastic neutron scattering spectra, compared to phonon peak positions measured in experiments
(markers) [24]. Empty markers indicate branches that are weak in the plotted zone; filled markers are branches that are strong. The
waterfall feature along the [100] direction is clear. (d) Strain-electric-field hysteresis loop, yielding a giant effective piezoelectric
coefficient (d33) of > 1200 pC=N. Ensemble-averaged spatial correlation function of (e) Pb displacements CdðrÞ and (f) local
polarization CpðrÞ at various temperatures. Corresponding angles are shown, with 90° indicating no correlation. The decay to zero at
large distances indicates the loss of long-range polar order, while saturation at nonzero values at lower temperatures reflects a
ferroelectric phase.
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The local polarization, which includes contributions
from both A- and B-site cation displacements, provides a
more comprehensive measure of local symmetry breaking
(see the Appendix). Notably, as shown in Fig. 1(f), CpðrÞ
remains nearly flat across all spatial separations. At 100 K,
CpðrÞ begins at approximately 0.52 for nearest neighbors
and decreases only slightly to around 0.47 at long range.
The corresponding approximate 58° average angle between
neighboring local polarization vectors again indicates
modest local alignment, similar to CdðrnnÞ at the same
temperature. The absence of sharp short-range decay in
CpðrÞ suggests that including B-site contributions smooths
out polar inhomogeneities. The flat spatial profile of CpðrÞ,
combined with its finite value, reflects a counterintuitive
system-wide polar coherence despite weak local alignment.
This behavior contrasts with fragmented and randomly
oriented polar domains, which would drive CpðrÞ to zero at
long range. At higher temperatures, such as 300 K and
400 K, CpðrÞ decays rapidly to zero, despite Tm lying
between these temperatures. This suggests that long-range
polar order remains suppressed below Tm. Such decoupling
between the structural transition (associated with macro-
scopic polarization) and the dielectric peak is a defining
feature of relaxor behavior.
Overall, these temperature-dependent ensemble-aver-

aged orientational correlation functions corroborate the
temperature dependence of the macroscopic polarization
[Fig. 1(a)]. Moreover, they reveal two unconventional
features below Tm. First, the absence of strong local polar
alignment at all temperatures rules out the presence of well-
defined polar clusters. Second, the spatially uniform and
time-delay-independent behavior of CpðrÞ suggests a
quasistatic, distance-independent correlation among local
polarizations, rather than dynamic, constantly reorienting
polar domains.

C. Dipolar nematic state in Pb-based relaxors

Ensemble-averaged correlation functions challenge
polar-cluster-based relaxor models. To further quantify
the spatiotemporal evolution of the local polarization, we
perform a sliding-window analysis of the time-dependent
polarization vectors for each unit cell [Fig. 2(a)]. The
polarization trajectory of a given unit cell j is divided into
overlapping intervals of fixed duration ΔT (e.g., 200 ps).
For each interval k, we compute the local polarization
autocorrelation function (ACF), AkðtÞ, and extract a single
scalar value at t ¼ ΔT, denoted ak ≡ Akðt ¼ ΔTÞ. Sliding
the window across the trajectory yields a distribution of
such values fakg. From this, we compute the mean μj and
standard deviation σj for unit cell j, reflecting the average
persistence and temporal variability of its local polariza-
tion, respectively. Specifically, a larger μj indicates the
local polarization of unit cell j remains closely aligned with
its original direction after time ΔT, signaling smaller
temporal fluctuations; a larger σj typically means the

polarization undergoes hopping among multiple directions.
Extending this analysis to all unit cells yields system-wide
distributions of fμjg and fσjg, providing a statistical
perspective on the spatiotemporal behavior of the polar
structure (see additional details in the Appendix).
Figure 2(b) presents a scatter plot of ðμj; σjÞ values for

all unit cells at 300 K, where each point represents a single
unit cell and color indicates point density. The distribution
is strongly skewed toward high μ and low σ, with a
pronounced peak near μ ≈ 0.7 and most σ values below
0.5. We further find that the distributions for unit cells with
different B-site species are nearly identical, indicating that
B-site chemical disorder plays only a minor role (Fig. S9,
Ref. [27]). This is consistent with recent experimental
observations suggesting that compositional heterogeneity is
not a prerequisite for relaxor behavior [35]. To interpret this
distribution, we classify unit cells into three dynamic types
based on their ðμj; σjÞ values, as shown in Fig. 2(c).
Type-III cells (high μ, low σ) display strong directional
memory with limited variability. For example, the polari-
zation trajectory of a representative type-III cell, projected
onto a unit sphere over 1 ns [Fig. 2(d), bottom], reveals
confined rotational motion about a single preferred direc-
tion. In contrast, type-II cells (intermediate μ, moderate σ)
exhibit broader distributions of polarization directions,
reflecting more diffuse orientational dynamics [Fig. 2(d),
middle]. Type-I cells (low μ, high σ) show bimodal
distributions, consistent with stochastic switching between
two distinct orientations [Fig. 2(d), top]. These dynamic
subtypes reflect a broad spectrum of local polarization
behaviors that are averaged out in conventional ensemble
analyses. As evident from the density distribution in
Fig. 2(b), the majority of unit cells fall into the type-III
category that maintains relatively persistent polarization
directions with moderate temporal fluctuations.
To further examine the spatial organization of local

polarizations, we visualize each unit cell’s polarization
as a cone. The cone’s direction corresponds to the time-
averaged polarization vector, while its angular spread is
scaled by μj to reflect the magnitude of temporal fluctua-
tions. Specifically, type-III cells with high μj appear as
narrow cones, indicating stable polarization directions;
type-I and type-II cells with low μj < 0.5 are rendered
as nearly spherical markers to enhance visual clarity.
Figure 2(e) displays a representative region of the system
at 300 K, illustrating that, while local polarizations fluc-
tuate around preferred orientations, their relative angles
remain both dynamically and statistically constrained. This
aligns with the behavior of CpðrÞ, showing that neighbor-
ing polarization vectors seldom adopt parallel alignment.
To assess global orientational order, we project all instanta-
neous local polarization vectors of all unit cells of a 1-ns
trajectory onto the surface of a unit sphere to construct the
ensemble polarization sphere [Fig. 2(f)]. The color map on
the sphere encodes both the directional probability density
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and the magnitude of polarization (see Supplemental
Material Sec. IV, Ref. [27]). This visualization reveals a
higher density of dipoles aligned along the [001] direction
compared to the [001̄] direction. Therefore, the difference
between these two hemispheres suggests the existence of a
weak global polarization (mostly) along [001].
Taken together, these results indicate that at 300 K, just

below Tm, the system lacks domain-level polar alignment,
as seen in the polarization cone plot [Fig. 2(e)], and exhibits
extremely weak long-range polar order, as demonstrated by
the decay of CpðrÞ to zero at large distances [Fig. 1(f)].

Despite this, the system retains persistent long-range
orientational correlations, revealed by the anisotropic dis-
tribution on the ensemble polarization sphere featuring high
intensity along the [001] crystallographic axis [Fig. 2(f)].
This coexistence of local polar disorder and sustained
orientational coherence is indicative of a “dipolar nematic
state,” analogous to the nematic phase in liquid crystals,
where molecules lack positional order, but align collec-
tively along a preferred axis [36]. Our calculations of the
nematic order parameter S in 0.24PIN-0.42PMN-0.34PT
reveal that it exhibits a temperature dependence similar to

FIG. 2. Dipolar nematic state in the Pb-based relaxor 0.24PIN-0.42PMN-0.34PT. (a) Schematic of the sliding-window analysis used to
construct the distribution fAkðΔTÞg from the local polarization autocorrelation function, based on the polarization trajectory of unit cell
j. This distribution yields the mean (μj, dashed line) and standard deviation (σj, shaded region), which together characterize the
polarization dynamics of unit cell j. (b) Scatter plot of the fμj, σjg distributions for all unit cells at 300 K, overlaid with marginal
distributions. The distribution is skewed toward high μ and low σ. (c) Classification of unit cells into three dynamic types based on their
fAkðΔTÞg distributions. (d) Representative polarization trajectories for each type, projected onto the unit sphere: type I (stochastic), type
II (diffuse), and type III (persistent). (e) Arrow-cone visualization of a representative region, showing that local polarizations fluctuate
around preferred directions, but lack parallel alignment (polar cluster). Color indicates μj. (f) Ensemble polarization sphere, constructed
from instantaneous local polarization vectors of all unit cells over a 1-ns MD trajectory at 300 K. The emergence of a single dominant
axis confirms long-range orientational order.

DIPOLAR NEMATIC STATE IN RELAXOR FERROELECTRICS PHYS. REV. X 16, 021022 (2026)

021022-5



that of the macroscopic polarization (see Fig. S10). We note
that previously reported domainlike features in relaxor
systems may be artifacts of ensemble-averaged configura-
tions inMD simulations (see Fig. S11), potentially obscuring
the underlying dipolar nematic state. Upon further cooling,
the emergence of macroscopic polarization signals a tran-
sition into a “ferroelectric nematic state” (see Fig. S14), in
which both long-range orientational and polar order are
established. In this regime, evident at 250 K in Fig. 1(f),
CpðrÞ saturates at a finite value at large distances, consistent
with the substantial macroscopic polarization observed in
Fig. 1(a). It is remarkable that only through the integrated
analysis of macroscopic polarization, the spatial decay of
CpðrÞ, the local polarization cone plot, and the ensemble
polarization sphere can the intricate and highly correlated
nature of the system’s dynamic structure become apparent.

D. Dipolar nematic state in Bi-based relaxors

The ðBi0.5Na0.5ÞTiO3 (BNT) solid solution is a widely
studied lead-free relaxor system, yet its temperature-
dependent structural evolution remains a long-standing
subject of debate [37,38]. Dielectric permittivity measure-
ments have revealed two notable features: a broad maxi-
mum at Tm and a frequency-dependent hump near the
depolarization temperature Td [39–41]. The microscopic
nature of the intermediate phase between Td and Tm
remains controversial, with interpretations ranging from
antiferroelectric ordering [42–44], relaxor behavior
[37,44], to phase coexistence [45–47].
Our MD simulations accurately capture the complex

dielectric response of the lead-free relaxor BNT. The
simulated spectrum [Fig. 3(a)] shows quantitative agree-
ment with our experimental data from epitaxial BNT thin

FIG. 3. Multipolar nematic state in the Bi-based relaxor Bi0.5Na0.5TiO3. (a) Simulated static dielectric permittivity and total
polarization of Bi0.5Na0.5TiO3 as functions of temperature. The simulation reproduces key experimental anomalies (inset): a dielectric
hump at Td ≈ 320 K and a broad peak at Tm ≈ 640 K. (b) Scatter plot of the fμj; σjg distributions at 300 K, showing a dominance of
unit cells with type-III dynamics, characterized by high μ and low σ. (c) Arrow-cone visualization of a representative region, illustrating
the absence of local parallel alignment. (d) Ensemble polarization sphere showing eight distinct, symmetry-related preferred
orientations, in contrast to the single orientation observed in PIN-PMN-PT. This coexistence of multiple orientational axes and local
disorder defines the multipolar nematic state.
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films (inset), reproducing the two key anomalies: a dielec-
tric hump near Td ≈ 320 K, followed by a broad plateau,
and a subsequent peak at Tm ≈ 640 K. These results
confirm the UniPero model’s applicability across different
relaxor chemistries. Furthermore, the simulation reveals
that the macroscopic polarization decays smoothly upon
heating, showing no abrupt changes at either Td or Tm. This
again underscores the characteristic decoupling between
the local dipole dynamics, which drive the dielectric
response, and the evolution of long-range polar order
captured by the macroscopic polarization.
Applying the same statistical analysis of ACFs to BNTat

300 K reveals that it also exhibits a dipolar nematic state
over a broad temperature range. The ðμj; σjÞ scatter plot
[Fig. 3(b)] confirms that the local polarization dynamics are
dominated by type-III behavior (high μ and low σ), similar to
the Pb-based relaxor. The arrow-cone visualization for a
3 × 3 × 3 region reveals a similar absence of local parallel
alignment. Although the system lacks polar clusters, the
relative orientations between local polarizations remain
statistically constrained due to the persistent polar directions

of individual type-III unit cells. This local disorder is
accompanied by a loss of long-range polar order, as con-
firmedby the rapiddecayofCpðrÞ tozeroat300K(Fig.S12).
However, a critical distinction emerges when examining the
global orientational preference. Unlike the uniaxial orienta-
tional alignment observed in the Pb-based system [Fig. 2(f)],
the ensemble polarization sphere for BNT [Fig. 3(d)] reveals
eight distinct, symmetry-related orientations. These results
suggest that BNTadopts a “multipolar nematic state” in the
absence of long-range polar order, in which individual local
polarizations fluctuate aroundoneof eight symmetry-related
preferred axes. At higher temperatures, the ensemble polari-
zation sphere approaches isotropy (see Fig. S15).

E. Dipolar nematic state in Ba-based relaxors

Finally, we investigate a Ba-based relaxor system,
BaðZr0.3Ti0.7ÞO3 (BZT). MD simulations using the
UniPero model again reproduce the hallmark features of
a relaxor. As shown in Fig. 4(a), the system exhibits a
broad peak in dielectric permittivity with a maximum at

FIG. 4. Dipolar nematic state in the Ba-based relaxor BaZr0.3Ti0.7O3. (a) Simulated dielectric permittivity and total polarization of
BaZr0.3Ti0.7O3 as functions of temperature, showing a broad dielectric peak at Tm ≈ 210 K. (b) Scatter plot of the fμj; σjg distributions
at 140 K. The broad distribution of fμjg indicates a significant fraction of dynamic type-I and type-II cells exhibiting high orientational
variance. (c) Local polarization trajectories projected onto unit spheres for a representative 3 × 3 region, showing that dipoles fluctuatewithin
confined zones rather than around a single axis. (d) Despite pronounced local dynamic disorder, the ensemble polarization sphere reveals a
single dominant orientation, confirming the emergence of global orientational coherence characteristic of a dipolar nematic state.
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Tm ≈ 210 K, accompanied by a gradual and smooth
reduction in total polarization with increasing temperature.
The (μj, σj) plot at 140 K (below Tm), shown in Fig. 4(b),
reveals features distinct from the Pb- and Bi-based systems.
The μ distribution is broad and nearly uniform from 0.2 to
0.8, while the σ distribution is wide, peaking near σ ¼ 0.5.
This indicates that a substantial fraction of unit cells belong
to type I and type II, which are characterized by high
orientational variance, including stochastic reorientations.
Given this pronounced local disorder, the arrow-cone

visualization used for Pb- and Bi-based relaxors is not
suitable. Instead, we adopt the unit-sphere projection to
visualize the polarization trajectory for each unit cell. As
illustrated in Fig. 4(c) for a representative 3 × 3 region,
local polarizations fluctuate within confined zones of the
unit sphere rather than processing around a single, well-
defined axis (as in type-III cells). Remarkably, despite
significant local multipolar behavior, a global orientational
coherence emerges. As shown in Fig. 4(d), the ensemble
polarization sphere reveals a single dominant polar ori-
entation across the system. This coexistence of weak local
alignment and global orientational order suggests that BZT
adopts a dipolar nematic state in the absence of long-range
polar order [T ≳ 220 K, see CpðrÞ in Fig. S13, Ref. [27] ],
which evolves into a ferroelectric nematic state upon
further cooling as the macroscopic polarization becomes
substantial (see Fig. S16).

III. DISCUSSION

Our comprehensive MD simulations, validated by their
ability to reproduce key properties of relaxor ferroelectrics,
uncover a dipolar nematic state as a unifying feature
across the seemingly disparate Pb-, Bi-, and Ba-based
relaxor systems. This state is characterized by long-range
orientational correlations coexisting with pronounced local
disorder, moving beyond classical PNR or PND models by
demonstrating that orientational coherence can emerge
without local polar clusters.
We briefly comment on why this nematic state may have

remained elusive. Standard computational characterization
techniques often rely on time-averaged unit-cell polariza-
tion vectors or analyze only two-dimensional slices of the
supercell. Transmission electron microscopy images inher-
ently represent a projection averaged along the viewing
direction. These reductionist approaches smooth out rapid,
local fluctuations and can create the appearance of nano-
domains that are not present instantaneously. As illustrated
in Fig. S11, ensemble-averaged configurations from our
MD simulations also yield domainlike patterns. By con-
trast, our cone-vector plots, based on statistical analysis of
autocorrelation strengths, visualize the real-space configu-
ration without losing temporal information. Additionally,
some studies performed simulations with the lattice dimen-
sions clamped, which can suppress electromechanical
coupling that is essential to relaxor behavior [9].

The temperature dependence of the μ distributions
reinforces the universality of the dipolar nematic picture.
As shown in Figs. 5(a)–5(c), all three systems display a
similar evolution upon heating: The distribution’s peak
shifts from high μ toward zero and broadens. The A-site-
driven systems, such as PIN-PMN-PT and BNT, where A
site has ferroelectrically active ions, evolve in an almost
identical manner. The B-site-driven system BZT, despite its
greater intrinsic disorder, follows the same underly-
ing trend.
To quantify this universal thermal evolution, we pro-

pose the skewness of the μ distribution, Sμ, as a robust
order parameter for the dipolar nematic state. We use the
quantity (1 − Sμ), with Sμ normalized with respect to its
high-temperature value, such that it behaves as a conven-
tional order parameter which decays from near unity in the
low-temperature ordered state to zero in the high-temper-
ature disordered state. The effectiveness of this approach
is demonstrated in Fig. 5(d), where the data from all
three chemically distinct relaxors collapse onto a single,
universal master curve when plotted against the nor-
malized temperature T=Tm. Crucially, this curve decays
to zero as T=Tm ≈ 1, explicitly linking the disappear-
ance of microscopic nematic order to the macroscopic
dielectric maximum. This universal trend is well
described by an empirical stretched exponential func-
tion, β exp½−ðT=TmÞn�, where the exponent n quantifies
the diffuseness of the transition.
The dipolar nematic model thus provides a natural

framework for understanding the diffuse phase transition
in relaxors. Unlike conventional ferroelectrics, where long-
range polar order collapses abruptly at the Curie temper-
ature, the transition here occurs in two stages. Upon
heating, the system first loses macroscopic polarization
but retains orientational correlations, entering the dipolar
nematic state (Figs. S14–S16). The broad dielectric peak at
Tm reflects a dynamic crossover, driven by the increasing
population of thermally activated type-I and type-II cells
[Figs. 2(a)–2(c)], which optimize the system’s field
response. This gradual evolution, captured by the decay
of theuniversalorderparameter (1 − Sμ), as showninFig.5(d),
underlies the diffuse nature of the relaxor transition.
Furthermore, the dipolar nematic state, with its intrinsic

spectrum of local dynamics, offers a clear physical basis for
the frequency-dependent dielectric dispersion common in
relaxors. Our classification of unit cells into persistent (type
III), diffuse (type II), and stochastic (type I) types corre-
sponds to a broad distribution of polarization relaxation
times. The measured dielectric permittivity is thus a
convolution of the responses from these distinct dynamic
populations. At low frequencies, all cell types contribute,
yielding high permittivity. As frequency increases, slower
type-III cells can no longer follow the field, leading to a
reduced dielectric response. Frequency-dependent anoma-
lies, such as Td in BNT [Fig. 3(a)], can therefore be
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interpreted as the freezing out of specific dynamic types
within the nematic ensemble, a behavior not easily
explained by static PNR models.
Finally, we demonstrate that the μ distribution, and by

extension the dipolar nematic state, acts as a form of
structural memory underlying the reversible giant piezo-
electric response in relaxors. As shown in Fig. 5(e),
applying a 60 kV=cm electric field to the PIN-PMN-PT
system induces a significant strain, corresponding to a giant
effective piezoelectric coefficient of 1270 pm=V. This
response originates from the orientational softness of the
dipolar nematic state. Unlike conventional ferroelectrics,
where dipoles are rigidly locked, local polarizations in the
nematic state retain substantial rotational freedom within a
correlated orientational framework. As a result, an external
field can readily bias these fluctuations, promoting inter-
conversion among unit cells with different dynamic behav-
iors [see the shift in the μ distribution in Fig. 5(f)]. This
enables large strain changes without the energetic penalty
of disrupting strongly coupled domains. Crucially, upon
removal of the field, the system fully restores its original μ
distribution [Fig. 5(f)], confirming that the dipolar nematic
state is a robust ground state. Microscopically, after the
field is removed, most dipoles largely return to their
original orientations, aside from statistical fluctuations
(Fig. S20). Its ability to be reversibly perturbed and
recovered underpins the exceptional reversible electro-
mechanical properties.

IV. CONCLUSION

In conclusion, our work establishes the dipolar nematic
state as a unifying framework for understanding relaxor
ferroelectrics across a broad range of chemistries, from
lead-based to lead-free systems. This paradigm marks a
fundamental shift from the traditional view of polar nano-
regions and nanodomains. Rather than assuming clusters of
aligned dipoles, we show that long-range coherence arises
from statistical orientational correlations among spatially
disordered local polarizations. The strength of this frame-
work lies in its ability to quantitatively connect microscopic
dipole dynamics with macroscopic properties, including
diffuse phase transitions and giant piezoelectric responses,
all derived from first principles. This is further exemplified
by our universal order parameter, which collapses the
thermal evolution of chemically distinct relaxors onto a
single master curve aligned with the dielectric maximum.
Our findings provide not only a rigorous physical founda-
tion for relaxor behavior, but also offer a broadly applicable
tool for understanding complex systems where order and
disorder coexist.
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APPENDIX: METHODS

1. Molecular dynamics

All MD simulations are performed using a modified
UniPero model. The original UniPero model is a deep
neural network potential that incorporates a self-attention
mechanism for latent-space communication between
elemental and structural parameters [48]. The model was
trained on a database constructed via a concurrent learning
scheme [49] and a modular development strategy [50] (see
Ref. [17] for full details). However, while the self-attention
layers improved feature mixing, they introduced excessive
computational overhead for high-throughput MD simula-
tions. By eliminating the attention layers and retraining on a
slightly expanded dataset (19 773 configurations), we
maintained accuracy while substantially enhancing com-
putational efficiency. The streamlined UniPero, covering
14 metal elements, passed all regression tests and repro-
duced temperature-driven phase transitions across diverse
ferroelectrics (see Figs. S22–S24, Ref. [27]). For trans-
parency, the final training dataset, hyperparameters, and
model are publicly available. The isobaric-isothermal
(NPT) ensemble MD simulations are performed using
the LAMMPS package [51] with a time step of 2 fs.
Temperature and pressure are controlled via the Nosé-
Hoover thermostat and Parrinello-Rahman barostat, respec-
tively. The three perovskite systems (PIN-PMN-PT, BNT,
and BZT) are each modeled using a 32 × 32 × 32 supercell,
containing 163 840 atoms.

2. Polarization and static dielectric permittivity

Given a configuration from MD simulations, the polari-
zation for ABO3 perovskite systems can be estimated using
the following formula:

pmðtÞ ¼ 1

Vuc

�
1

8
Z�
A

X8
i¼1

rmA;iðtÞ þ Z�
Br

m
B;iðtÞ

þ 1

2
Z�
O

X6
i¼1

rmO;iðtÞ
�
; ðA1Þ

where pmðtÞ is the polarization of unit cell m at time t, Vuc
is the volume of the unit cell, Z�

A, Z
�
B, and Z�

O are the
average Born effective charges of the A site, B site, and
O atoms (see Supplemental Material Sec. III in Ref. [27]),
and rmA;iðtÞ, rmB;iðtÞ, and rmO;iðtÞ are the instantaneous
atomic positions. The polarization is computed using the
FERRODISPCALC tool [52]. The static dielectric permittivity
tensor εij is computed from fluctuations of the total
polarization (P) using the Kubo formula [53–57] as

εij ¼
hVi
ε0kBT

ðhPiPji − hPiihPjiÞ;

where ε0 is the vacuum permittivity, kB is the Boltzmann
constant, T is the temperature, and V is the supercell
volume. The indices i and j denote Cartesian components,
Pi represents the ith component of the macroscopic
polarization, and h� � �i denotes an ensemble average over
equilibrium trajectories. The total dielectric response εr is
evaluated as the modulus of the diagonal compo-
nents, εr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε211 þ ε222 þ ε233

p
.

3. Correlation functions

Each equilibrium MD trajectory consists of a 1-ns
simulation performed with a 2-fs integration time step.
Supercell configurations are recorded every 0.2 ps,
resulting in a total of 5000 frames per trajectory. The
ensemble-averaged time-delayed local polarization corre-
lation function Cpðr; τÞ is defined as

Cpðr; τÞ ¼ 1

N − τ

XN−τ

t¼1

1

NpðrÞ
X
i

X
j

piðtÞ
kpiðtÞk

·
pjðtþ τÞ
kpjðtþ τÞk ;

ðA2Þ

where piðtÞ is the instantaneous polarization vector of unit
cell i at time t, r denotes the spatial distance between unit
cells i and j, and rij is the vector separating cells i and j
such that krijk ¼ r. N is the total number of MD frames, τ
is the time delay (in frames) between two points in time,
and t is the starting frame index, ranging from 1 to N − τ.
NpðrÞ denotes the number of unit cell pairs separated by
distance r. The maximum number of samples available for
a given delay τ is, therefore, N − τ. Normalizing each
polarization vector ensures that Cpðr; τÞ captures purely
orientational correlations, independent of dipole magni-
tude. The term “ensemble-averaged” refers to averaging
over all unit cell pairs at a given distance r and over all time
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origins t, providing statistically robust measurements of
correlation under equilibrium conditions. A structurally
analogous correlation function, Cdðr; τÞ, is defined in the
same manner, but with atomic displacement vectors sub-
stituted in place of local polarization vectors.
The ensemble-averaged local polarization autocorrela-

tion function for a single unit cell j corresponds to the
special case r ¼ 0 and is given by

AðτÞ ¼ Cpðr ¼ 0; τÞ ¼ 1

N − τ

XN−τ

k¼1

AkðτÞ

¼ 1

N − τ

XN−τ

k¼1

pjðkÞ
kpjðkÞk

·
pjðkþ τÞ
kpjðkþ τÞk : ðA3Þ

Here, AkðτÞ represents the polarization autocorrelation
function of unit cell j evaluated at time delay τ, starting
from frame k. The index k labels the starting point of each
time interval. The evolution of k from 1 to N − τ constitutes
a sliding-window analysis over the trajectory.
Instead of focusing solely on the ensemble-averaged

autocorrelation AðτÞ, we examine the full distribution
of instantaneous autocorrelation values fAkðτ ¼ ΔTÞg
for each unit cell j, where ΔT is held fixed and
k∈ ½1; N − ΔT�. Specifically, we set ΔT ¼ 1000 frames,
corresponding to a physical duration of 200 ps. From this
distribution, we compute the mean μj and standard
deviation σj for each unit cell j, which characterize the
average persistence and temporal variability of the local
polarization, respectively. It is important to note that μj
does not represent the average direction of the dipole j;
rather, it quantifies its persistence over the interval ΔT and
the spatial spread the dipole explores (see Fig. S19).
Extending this analysis to all 32 768 unit cells in a 32 ×
32 × 32 supercell yields system-wide distributions of fμjg
and fσjg with j∈ ½1; 32768�, providing a statistical char-
acterization of spatiotemporal polarization dynamics across
the entire supercell.

4. Diffuse neutron scattering calculations

The inelastic neutron scattering cross section is given
by [58,59]

d2σ
dEdΩ

∝
ki
kf

SðQ; EÞ; ðA4Þ

where ki and kf are the magnitudes of the incident and
scattered neutron momenta, respectively, and SðQ; EÞ is the
dynamic structure factor (DSF). In this work, we omit
constant prefactors that determine the overall magnitude of
the cross section, but are independent of the momentum
transfer Q and energy transfer E. We also neglect the
dependence on ki and kf and focus instead on the DSF,
which encapsulates the intrinsic dynamical properties of the

material and is independent of experimental parameters.
Although the inelastic cross section is the direct exper-
imental observable, it is the dynamic structure factor
SðQ; EÞ that encodes the microscopic dynamics of the
system and is, therefore, the quantity most commonly
reported and analyzed in the literature.
In the classical approximation [59], the coherent DSF is

SðQ; EÞ ¼
����
XN
i

bi

Z
eiQ·riðtÞ−iEt=ℏdt

����
2

; ðA5Þ

with i running over all atoms in the crystal, bi the element-
specific coherent scattering length, and riðtÞ the trajec-
tory of atom i. The scattering lengths are known param-
eters [60], and the trajectories are calculated using
classical MD; Eq. (A5) is then efficiently computed as
a postprocessing step.
In an experiment, there is finite-energy resolution, so

the elastic diffuse scattering intensity includes contribu-
tions from low-energy excitations. We define the diffuse
scattering SðQÞ as a Gaussian-weighted average centered
at E ¼ 0. We use a typical Gaussian full width at half
maximum (FWHM) energy resolution of E ¼ 2 meV,
SðQÞ¼R

SðQ;EÞwðEÞdE with wðEÞ¼ expf−½E2=ð2σ2Þ�g,
with σ being the standard deviation corresponding
to FWHM ¼ 2 meV.
The DSF was calculated using the PYNAMIC-STRUCTURE-

FACTOR code [61]. The spatial Fourier transform in
Eq. (A5) is evaluated by explicitly summing over atoms;
the time Fourier transform is performed using fast
Fourier transforms. To achieve good statistics, the entire
trajectory was divided into 20 blocks, each 50 ps in
duration and containing 250 frames. The DSF was com-
puted independently for each block and subsequently
averaged over all 20 blocks. This setup yields a frequency
resolution of 0.020 THz (0.083 meV) and a maximum
frequency of 2.48 THz (10.26 meV). We verified that the
results are robust with respect to both increased block
length and potential correlations between blocks by repeat-
ing the analysis using nonconsecutive segments. The wave
vector grid is defined with a spacing of 1=32 ¼ 0.03125
reciprocal lattice units (r.l.u.), determined by the super-
cell dimensions of PIN-PMN-PT (32 × 32 × 32). The
computed DSF was “symmetrized” by averaging over
symmetry-equivalent wave vectors, consistent with stan-
dard practice in experimental data analysis. We confirmed
that this symmetrization does not affect the conclusions of
the study.
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