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Freestanding ferroelectric oxide membranes emerge as a promising platform for exploring the interplay
between topological polar ordering and dipolar interactions that are continuously tunable by strain. Our
investigations combining density functional theory (DFT) and deep-learning-assisted molecular dynamics
simulations demonstrate that DFT-predicted strain-driven morphotropic phase boundary involving
monoclinic phases manifest as diverse domain structures at room temperatures, featuring continuous
distributions of dipole orientations and mobile domain walls. Detailed analysis of dynamic structures
reveals that the enhanced piezoelectric response observed in stretched PbTiO; membranes results from
small-angle rotations of dipoles at domain walls, distinct from conventional polarization rotation
mechanism and adaptive phase theory inferred from static structures. We identify a ferroelectric topological
structure, termed “dipole spiral,” which exhibits a giant intrinsic piezoelectric response (> 320 pC/N).
This helical structure, possessing a rotational zero-energy mode, unlocks new possibilities for exploring

chiral phonon dynamics and dipolar Dzyaloshinskii-Moriya-like interactions.
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Strain engineering of ferroelectric oxides through thin
film epitaxy has greatly advanced the understanding of
ferroelectric physics and led to the realization of novel
topological polar structures and functionalities [1-3]. By
exploiting the lattice mismatch between ferroelectric oxides
and their substrates, the interactions among spin, charge,
orbital, lattice, and domain degrees of freedom can be
deterministically controlled [4]. Nevertheless, the effective-
ness of epitaxial strain is generally limited to ~2%. Beyond
this threshold, defects and dislocations tend to form at the
ferroelectric-substrate interface, leading to strain relaxation
[5]. The number of strain states for a ferroelectric oxide is
further restricted by the availability of high-quality sub-
strates. Recent advancements in synthesizing single-
crystal, freestanding oxide membranes have opened new
avenues [6-8], enabling strain states up to an unprec-
edented level (=8%) [9,10] and integration with silicon-
based technologies [11,12]. Moreover, the freestanding
membrane, adaptable to continuously variable isotropic
and anisotropic strains [8], allows for in-depth investiga-
tions into the intricate interplay between topological polar
ordering and dipole correlations. A general approach to
predicting the strain phase diagram under experimental
conditions will facilitate the discovery of novel emergent
phenomena in ferroelectric membranes. The challenge is to
bridge the gap between zero-Kelvin, first-principles-based,
unit-cell-level calculations, and measurable macroscopic
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properties, which are often significantly influenced by
mesoscopic domain structures.

Pertsev et al. pioneered the mapping of ferroelectric
perovskite structures against temperature and misfit strain
using Landau-Devonshire theory based on empirical
thermodynamic potentials [13]. Dieguez et al. subsequently
demonstrated that predictions from this method are sensitive
to parameters fitted to experimental data, highlighting the
importance of an ab initio approach [14]. Although first-
principles density functional theory (DFT) is commonly
used to predict phase diagrams [15,16], the single-domain
approximation introduced to reduce computational costs
neglects the impacts of domain structures. In contrast, phase-
field methods, effective in predicting three-dimensional (3D)
domain structures, rely heavily on empirical parameters and
lack atomic-level details. Here, we employ deep potential
molecular dynamics (DPMD) [17] simulations to construct
phase diagrams at finite temperatures, advancing beyond the
single-domain assumption.

Taking PbTiO; membranes, for example, we show that
while DFT calculations indicate a tensile-strain-driven
morphotropic phase boundary (MPB) with competing
phases [18], this feature becomes absent in thermally active
environments. Instead, the flat potential energy landscape
results in diverse domain structures with flexible dipoles
and mobile domain walls. DPMD simulations reveal that
the dynamic structure of the ¢/a two-domain state exhibits
a broad and continuous distribution of dipole orientations.
The collective and coordinated small-angle rotations of
dipoles at domain walls underlie the enhanced piezoelectric
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FIG. 1.

DFT strain multiphase diagram for PbTiO; membranes. (a) Unique polar states stabilized by tensile strains. A plaquette in the

phase diagram encodes all possible phases that a five-atom unit cell can sustain under a specific strain condition. The square’s
background color corresponds to the ground state, while other metastable phases are indicated by markers arranged vertically by their
energies (E). (b) Phase diagram illustrating the competitions among phases with comparable energies. Considering the exchange
symmetry between in-plane a and b axes, the phase compositions are explicitly depicted only within the bottom right triangular region.
The strain 7 is computed relative to the DFT ground-state value (ay = by = 3.877 A).

strain coefficient (d33) observed experimentally in stretched
PbTiO; membranes [19], distinct from conventional polari-
zation rotation mechanism [20,21] and adaptive phase
theory [22,23]. Interestingly, further stretching the mem-
brane could activate spontaneous and stochastic oscillations
of 90° domain walls, leading to an even higher d5; value of
~250 pC/N, 3 times that of a single domain (~80 pC/N).
We further discover a ferroelectric topological structure, the
dipole spiral, characterized by canted dipoles that progres-
sively rotate around the out-of-plane direction. This helical
dipolar structure supports a giant piezoelectric response
(> 320 pC/N) through small-angle dipole rotations.

We start by constructing the strain phase diagram for
PbTiOj; across a wide range of tensile strains, based on high-
throughput DFT calculations. These calculations serve as a
mean-field-like analysis for energy variation with respect to
polarization (P) orientation. All first-principles calculations
are performed with the projector augmented-wave (PAW)
method [24,25], using the Vienna ab initio simulation
package (VASP) [26,27]. The exchange-correlation func-
tional is treated within the generalized gradient approxima-
tion of Perdew-Burke-Ernzerhof revised for solids (PBEsol)
type [28]. For a given strain state, the in-plane lattice

parameters (app and byp) of a five-atom unit cell are fixed,
while the atomic coordinates and out-of-plane lattice con-
stant are fully optimized. This setup closely resembles the
application of orthogonal strains to freestanding mem-
branes, which is acommon scenario in experimental settings
[8,9,19]. To access competing polar states, multiple initial
configurations with polarization pointing in different direc-
tions are used. A kinetic energy cutoff of 800 eV, a k-point
spacing of 0.3 A~ for the Brillouin zone integration, and a
force convergence threshold of 0.001 eV/A are used to
converge the energy and atomic forces.

We introduce a “multiphase” diagram to illustrate the
competitions among phases with comparable energies
(within 6 meV/atom). Twelve unique polar states [see
Fig. 1(a)] are identified, each categorized by the polariza-
tion direction while considering the exchange symmetry
between in-plane a and b axes. For strains close to equal-
biaxial conditions (ap = bp), we observe some well-
known phases: a tetragonal (7') phase with its polarization
along the pseudocubic [001] axis; orthorhombic (O) [110]
and [101] phases with polarization along the face diagonal
directions; and a rhombohedral (R, denoted as [111]) phase
with nearly equal magnitudes of P,, P,, and P,. There are
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FIG. 2. Thermodynamic stability and piezoelectric response of domain structures. (a) MD strain-temperature domain stability
diagram. The yellow-colored boundary highlights the strain states supporting dipole spirals. The strain 7 is computed in reference to the
MD ground-state value at 300 K (q¢y = by = 3.919 A). (b) Relative thermodynamic stability and (c) piezoelectric coefficients of
different domain structures with respect to isotropic in-plane strains at 300 K. The thick shaded line traces the most stable domain
structure. The inset reports experimental ds; values of PbTiO; membranes [19].

also three monoclinic phases introduced by Vanderbilt and
Cohen [29]: M, with P, ~ P, < P_ (denoted as [uu1] with
u < 1), serving as a bridge between the [001] and [111]
phases; My with P, % P, > P, (denoted as [11u]), which
connects the [110] and [111] phases; and M with a space
group of Pm (denoted as [u01]), intermediate between the
[001] and [101] phases. A strongly anisotropic biaxial strain
induce four additional phases: two distorted R phases, [1uu]
with P, > P, ~ P, and [lul] with P, % P, > P, and two
distorted O phases, [1u0] and [10u]. Finally, under a
sufficiently large tensile strain along the a axis, the [100]
state becomes competitive. It is evident from Fig. 1(b) that a
variety of strain conditions can stabilize multiple phases. For
example, at app = byp = 3.946 A, the energies of [001], M 4,
and [110] phases are within 1 meV /atom.

The multiphase diagram suggests that a tensile in-plane
strain leads to a flat potential energy landscape with respect
to polarization rotation in PbTiO3, a hallmark of MPB [30].
The emergence of phase competitions involving various M
phases supports an M-phase-mediated polarization rotation
mechanism [31,32]. The question is whether this MPB-like
feature persists at finite temperatures. To address this, we
perform large-scale DPMD simulations to investigate the
polar ordering at finite temperatures. For simplicity, we
focus on isotropic in-plane strains (ap = bp). The DP
model can reproduce various properties of PbTiOj, includ-
ing phonon spectra of tetragonal and cubic phases, the
temperature-driven phase transition, and topological tex-
tures such as polar vortex lattice in PbTiO5/SrTiO5 super-
lattices [33]. We have developed an online notebook [34]
on Github to share the training database, force field model,
training metadata, and essential input and output files.
Further details about MD simulations using LAMMPS [35]
can be found in Supplemental Material [36].

The strain-temperature domain stability diagram is
presented in Fig. 2(a), revealing three well-known domain

structures and a novel, metastable topological structure that
resembles a spin spiral [39,40]. The three recognized
domain morphologies are a single c-domain state com-
prised solely of [001] domains; a ¢/a two-domain state
with [001] and [100] (or [010]) domains; and an a, /a, two-
domain state with [100] and [010] domains. Predicted
without empirical parameters, the strain-driven evolution of
these domain structures, ¢ - c/a — a,/a,, agrees well
with results from phase-field simulations [41,42]. The
topological structure, which we name “dipole spiral,”
features canted dipoles that progressively rotate around
the [001] direction (see detailed discussions below).
Figure 2(b) plots the energies of domain structures at
300 K against agp. For certain strains (7, computed relative
to the ground-state in-plane lattice constant of the c-domain
PbTiO; at 300 K), multiple domain morphologies can
coexist. For example, in the range of 0.94% < n < 1.05%,
ai/a,, c/a, and the dipole spiral are all stable in MD
simulations. The dipole spiral, albeit energetically higher
than the lowest-energy state, demonstrates significant
robustness across a broad temperature and strain range
[Fig. 2(a)]. It is noted that we observe a discontinuous
evolution from a c-domain state to a dipole spiral at a
critical strain of ap ~3.954 A (see Fig. S12 [36]). These
findings convey that MPB-like phase competitions, pre-
dicted by zero-Kelvin DFT calculations, actually manifest
as complex domain structures at finite temperatures,
prompting an essential inquiry: can the domain structure
enhance the piezoelectric response in the absence of MPB?

Using finite-field MD simulations, we quantify ds; of
stretched membranes via the direct piezoelectric effect,
[0n3/0E5]|,,—» Where 73 is the strain change along the z
axis due to an out-of-plane electric field (£3). Figure 2(c)
shows that the ¢/a domain structure yields larger ds; values
than the single ¢ domain under the same strain condi-

tions (3.94 < ap < 3.955 A), indicating 90° domain walls
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FIG. 3. Enhanced piezoelectricity in stretched PbTiO; membranes with ¢/a two-domain states. (a) Schematic illustration of a [010]
dipole in the a domain and a [001] dipole in the ¢ domain projected onto the {111} plane. Dipole orientation distributions in (b)—
(c) single-c domain, and (d)—(e), ¢/ a two-domain states under the same strain condition (ap = 3.944 A). The distributions are plotted in
polar coordinates viewed along [111] in (b) and (d). The distributions of azimuthal angles (¢) in the {111} plane and their changes to an
out-of-plane field (£53) are presented in (c) and (e), with insets providing enlarged views. (f)—(i) ¢/a domain structures in strongly
stretched membranes (ap = 3.966 A). Arrows representing local dipoles are colored based on P, components in (f). The 90° domain
walls separating —P,, and +P_ domains exhibit substantial P, components and adopt antiferroelectric coupling between neighboring
walls. (g) Spontaneous stochastic oscillating 90° domain walls in the absence of external electric fields. (h)—(i) Dipole orientation

distributions in strongly stretched ¢/a domain structures.

enhance the piezoelectric response. For higher tensile
strains (ap > 3.955 A), which favor the a 1/ a, state, dx3
diminishes rapidly due to minimal out-of-plane polariza-
tion. The concave characteristic of the d3; versus app curve,
highlighted by the thick shaded line in Fig. 2(c), agrees
quantitatively with the trend observed in experiments with
freestanding PbTiO; membranes [19]. Notably, the di;
value of the c¢/a state experiences a jump when app is
beyond a critical value of 3.962 A, surpassing 250 pC/N
and significantly exceeding the bulk value of ~80 pC/N.

To comprehend the strain-dependent ds; of the c¢/a
domain structure, we calculate the distributions of di-
pole (unit-cell polarization) orientations in both single
c-domain and ¢/a two-domain states at the same strain
of ap =3.944 A, using configurations sampled from
equilibrium MD trajectories of at least 20 ps. This approach
provides a statistical perspective on the dynamic structure.
The dipole orientation is gauged by its azimuthal angle (¢)
in the [111] plane [Fig. 3(a)] to better distinguish ¢ ([001])
and a ([010]) domains. As shown in Figs. 3(b) and 3(c), the
single ¢ domain features a ¢ distribution peaking at 45°. In
contrast, the dynamic structure of the c/a state [Figs. 3(d)
and 3(e)] has a ¢ distribution ranging continuously from 0°
and 360°, with broadened peaks at 45° and 225°, corre-
sponding to [001] and [010] dipoles, respectively. Dipoles
with angle values deviating from the two main peaks are
mainly near 90° domain walls, serving as continuously
varying intermediate states bridging a and ¢ domains. This

marked difference in dynamic structure between the single
c-domain and c¢/a two-domain states is also evident in
polar coordinates [Figs. 3(b) and 3(d)]. In response to &3,
dipoles in the single ¢ domain rotate away from the [001]
direction, reducing the peak height at 45° [Fig. 3(c)]. In
comparison, the same &£; induces more pronounced
changes to the distribution in the c¢/a state [Fig. 3(e)],
indicating that the enhanced d53 results from the collective
and coordinated small-angle rotations of dipoles at domain
walls, analogous to “coordinated gear dynamics,” rather
than the conventional understanding of 90° polarization
rotation between domains [43,44]. Additionally, the dipole
orientation distribution associated with the dynamic struc-
ture does not show well-defined intermediate phases.
The rapid rise in d33 for the ¢/a domain structure beyond
a critical tensile strain coincides with the emergence of
substantial polarization components within domain walls
[45], as well as a sharper increase in the domain wall
thickness (see Fig. S15 [36]). As illustrated in Fig. 3(f),
domain walls separating —P, and P, domains exhibit =P,
components, while adopting anti-parallel coupling between
adjacent walls. Importantly, MD simulations reveal sto-
chastic oscillations of these walls even without external
driving forces [Fig. 3(g)], suggesting minimal barriers for
small-angle dipole rotations near domain walls. This is
consistent with the diffuse distribution of dipole orienta-
tions in polar coordinates [Fig. 3(h)] and the high suscep-
tibility to &3 [Fig. 3(i)]. The mobile domain walls are
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FIG. 4. Helical dipole spiral in stretched PbTiO; membranes at 300 K. (a)—(b) Schematic illustrations of dipole ordering in the spiral.
(c) Evolution of instantaneous in-plane azimuth angles (¢) of dipoles in two different xy layers, Z, and Zg, as labeled in (a). (d) Layer-
resolved cos(¢) and polarization profiles of instantaneous configurations at #; and 7, in (c). (e) Strain-electric field (173-E3) hysteresis
loops for dipole spirals. (f) ds3 as a function of N at varying strains and temperatures. The y axis is in log scale for clarity.

responsible for the giant ds; of > 250 pC/N. We note that
the walls with P, components can be switched by an
electric field applied along the x axis, though the antipar-
allel coupling between adjacent walls is favored thermo-
dynamically (see Supplemental Material [36], Sec. V.E).

We now focus on the helical dipole spiral, which supports
an even larger piezoelectric response [d3; > 320 pC/N, see
Fig. 2(c)]. The noncollinear ordering of dipoles, obtained by
averaging configurations over a 100-ps MD trajectory at
300K fora 15 x 15 x 15 supercell, is depicted in Figs. 4(a)
and 4(b). The spiral, with a propagation vector aligned along
[001] and a wavelength of ~15 unit cells, is robust as
confirmed by MD simulations using various supercell sizes
(Fig. S4 [36]). Specifically, the dipoles, tilted by ~27° from
the z axis [Fig. 4(a)], exhibit in-plane components that align
collinearly but rotate 24° relative to the preceding layer
[Fig. 4(b), top view]; the out-of-plane components remain
largely unchanged [Fig. 4(b), side view].

We find that the dynamic structure of the dipole spiral is
quite vibrant in two aspects. Figure 4(c) tracks the evolution
of the instantaneous in-plane azimuth angles (¢) of di-
poles in two different xy layers (denoted as Z, and Zg,

respectively), 6 unit cells apart along the [001] direction.
The ¢ value for each individual layer fluctuates stochasti-
cally due to thermal activation, but the angle difference
consistently remains around 144°, matching well with the
expected 24° rotational difference per layer. Layer-resolved
cos(¢) and polarization profiles of instantaneous configu-
rations at two different time points (¢; and £,, separated by
640 ps) are plotted in Fig. 4(d), revealing the maintained
helical configuration with shifted cos(¢) profiles and
unchanged polarization magnitudes. These results indicate
that the dipoles rotate collectively, coherently, and stochas-
tically around the [001] direction and their collective
response to external stimuli, achieved via small-angle
rotations, is responsible for the giant piezoelectric effect.
The simulated 75-&3 hysteresis loop, shown in Fig. 4(e),
further confirms the switchability of the dipole spiral (see
MD snapshots in Fig. S6 [36]) as well as the reversible
electromechanical coupling. This is distinct from the helical
texture of electric dipoles in BiCug ;Mng 9O, which exhi-
bits almost no out-of-plane polarization (< 20 uC/m?) due
to its improper nature [46].

We further investigate the effects of strain on the wave-
length (measured in N unit cells) of dipole spirals and the

046802-5



PHYSICAL REVIEW LETTERS 133, 046802 (2024)

magnitude of dz; at two different temperatures, 210 and
300 K (see MD versus experimental temperatures in
Fig. S13 [36]). As shown in Fig. 4(f), at 210 K and a tensile
strain of 1%, the dipole spiral has a minimum wavelength
limit: spirals with N < 11 will spontaneously transform into
other domain structures in MD simulations, due to the
increased gradient energy when N becomes small.
Interestingly, dipole spirals with N up to 22 are all stable,
showing no spontaneous transformation during the equilib-
rium process. This stability aligns with predictions from a
Landau-Ginzburg-Devonshire (LGD) model developed for
the dipole spiral (see Supplemental Material [36], Sec. IV),
which reveals a slow increase in free energy as N increases.
A larger tensile strain, such as 1.05% and 1.10%, reduces the
minimum stable wavelength to N = 10. Overall, the strain
has a weak impact on the magnitude of d33, which stabilizes
at~255 pC/Nat210 K. Increasing the temperature to 300 K
pushes the minimum stable wavelength to larger values. For
example, at a tensile state of 1%, we can only obtain dipole
spirals with N > 13. The magnitude of d;3 becomes more
sensitive to both strain and N at 300 K, potentially achieving
values greater than 400 pC/N. These results reveal a
complex interplay between temperature, strain, wavelength,
and piezoelectric response, highlighting the susceptible
nature of dipole spirals.

Finally, we propose a feasible experimental approach to
realize the dipole spiral. Our MD simulations of free-
standing membranes of PbTiO;, conducted with three-
dimensional periodic boundary conditions, indicate that
eliminating the depolarization field could facilitate the
emergence of a dipole spiral. We design all-ferroelectric
superlattices composed of alternating layers of PbTiO5 and
Pby5Sr)sTiO5 and find that this layered heterostructure
supports arrays of dipole spirals in Pbg 5Sr,5TiO5 layers,
each linking a pair of polar vortices within PbTiO5 layers
(see Fig. S16 [36]).

In summary, our findings demonstrate that dynamic
structure dictates functional properties. For the extensively
studied ¢/a two-domain state in PbTiOs, we suggest that
the enhanced piezoelectric effect arises from the collective,
small-angle dipole rotations near domain walls. A dipole
spiral in tensile-strained PbTiO; membranes is discovered,
representing a new state of polar ordering with strongly
correlated dipoles that can rotate freely without energy cost,
indicative of a zero-energy mode. This topological polar
structure offers an avenue for enhancing electromechanical
coupling and exploring phenomena such as chiral phonon
dynamics [47] and noncollinear ferroelectricity [48].
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