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Topological structures in condensed matter systems unlock new possibilities

for the development of nanoelectronic devices. However, the potential of
antiferroelectrics to host topological features remains largely unexplored,
constrained by significant energy barriers from antiparallel dipole coupling
that suppress polarization rotation and challenges in high-quality film fabri-
cation. Here for the first time, we find that, dislocations, the most common
one-dimensional topological structures in crystals, exhibit unexpectedly
strong couplings with polar topologies and induce ordered polar anti-

hedgehog lattices in antiferroelectric PbZrO5 driven by the interplay of elec-
trostrictive effect and the flexoelectric field. Combined atomic-resolution
transmission electron microscopy and phase-field simulations, it is revealed
that the polarizations converging at dislocation cores and diverging between
dislocations define lattices characterized by checkerboard-like antihedgehogs,
respectively. Unexpected interplay between polar and structural topologies

establishes a new paradigm for topology design.

For centuries, geometry has provided a precise framework for
describing the physical world. The advent of topology, however, has
fundamentally transformed condensed matter physics, revealing that
phase classification extends beyond the symmetry-based
Landau-Ginzburg-Wilson paradigm'. By focusing on global invar-
iants rather than local symmetries, topology has introduced a new
dimension to phase characterization, enabling the discovery of novel
phases with distinct and robust topological signatures. Topological
structures in condensed matter systems arise from the intricate
interplay among various degrees of freedom, including lattice distor-
tions, charge ordering, spin alignment, and orbital interactions. In

ferroelectric materials, lattice and charge degrees of freedom dom-
inate, unlike in magnetic systems where spin degrees of freedom play
the primary role. The coupling of elastic, electrostatic, and gradient
energies facilitates the stabilization of exotic topological configura-
tions, including flux-closures®, vortices®, skyrmions*, polar waves’,
merons® and polar Bloch points’. Remarkably, the spatial dimensions
of ferroelectric topological domains are often orders of magnitude
smaller than their magnetic counterparts, positioning them as ideal
candidates for next-generation functional electronic devices, particu-
larly in information storage and sensor-driven devices. The discovery
of an ever-growing family of ferroelectric topological states continues
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to motivate the exploration of new material platforms, further
expanding the landscape of polar topologies and their potential
applications.

Research on complex topological structures has predominantly
focused on ferroelectric systems for decades. In contrast, antiferro-
electrics, as counterparts to ferroelectrics, are distinguished by
their inherently zero remnant polarization and field-driven antiferro-
electric-ferroelectric phase transitions. Such characteristics render
antiferroelectrics highly desirable for high-performance applications,
including high-energy storage capacitors®’, memories'®, cooling
devices™ ", thermal switches”, and electrostrain devices'*". However,
the exploration of topological structures in antiferroelectric
materials remains largely unexplored, mainly due to two formidable
challenges. First, the strong antiparallel dipole coupling in antiferro-
electrics, characterized by high switching energy barriers, hinders
the control of local polarization rotation and limits effective long-
range manipulation under homogeneous external fields. Second,
the pronounced mismatch between typical antiferroelectrics, e.g.,
lead zirconate-based antiferroelectrics, and conventional substrates
pose formidable challenges to the fabrication of ultrathin films and
superlattices, which serve as critical platforms for topology stabiliza-
tion and exploration. Nevertheless, recent studies have shown that
the unique sensitivity of antiferroelectric order parameters to
boundary conditions, strain, electric fields, and temperature
enables favorable conditions for polarization rotation''?°, a key
precursor for the stabilization of topological states. The potential
realization of topological structures in antiferroelectric materials
would complement those observed in ferroelectrics, enriching
the understanding of polarization phenomena, and expanding the
design possibilities for functional materials. Such topological states
could enable functionalities like electric field-driven transformations,
offering unprecedented design flexibility and tunability for next-
generation high-performance electronic devices and sensors. Despite
the exciting prospect of topologies in antiferroelectric materials, the
experimental observation of topological textures remains an unre-
solved challenge.
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Fig. 1| Interfacial dislocations at the PZO/KTO heterointerface. a Large-scale
dark-field cross-sectional TEM image of 5nm PZO film. b Low-magnification
HAADF-STEM image of the PZO film. The Burgers vector of the dislocation was
given in (b). ¢ GPA analysis of the &, distributions corresponding to the HAADF-
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Here, by using the most common one-dimensional topological
structures in crystals, those are, dislocations, we have induced novel
polar topological arrays in a classical antiferroelectric material, mark-
ing a significant step forward in polar topology research. Specifically,
using aberration-corrected scanning transmission electron micro-
scopy (AC-STEM) and phase-field simulations, we report that a[010]
high-density interfacial dislocation arrays form within the PbZrOs/
KTaO3 (PZO/KTO) heteroepitaxial system to accommodate lattice
mismatch. The electrostrictive effect and the flexoelectric field
induced by the dislocation network drive the emergence of polar
antihedgehog arrays. In these arrays, the combination of polarizations
converging at dislocation cores and diverging between dislocations
defines a lattice characterized by checkerboard-like antihedgehog.
These findings reveal unexpectedly strong couplings between polar
and structural topologies, expand the range of materials capable of
hosting such structures from ferroelectric to antiferroelectric systems,
and provide innovative strategies for designing functional materials.

Results
High-density dislocation arrays at heterointerface
High-quality epitaxial PZO thin films were successfully fabricated on
(001)-oriented KTO substrates by pulsed laser deposition (PLD) tech-
nique. High-resolution X-ray diffraction (HRXRD) confirms the high
crystalline quality of the films (Supplementary Fig. 1). The broadening
of HRXRD peaks and elongation of the (002) Bragg reflection along the
Q, direction in reciprocal space maps (RSMs) indicate a continuous
changing in the out-of-plane lattice constant (Supplementary Fig. 1 and
Supplementary Fig. 2a-2c). Moreover, the (103) reflection reveals the
coexistence of strained (S) and relaxed (R) regions, reflecting a dis-
tribution of local strain states within the film (Supplementary
Fig. 2d-2f). This spatial variation in strain is further corroborated by
selected area electron diffraction (SAED) patterns, which exhibit dif-
fuse and elongated diffraction spots (Supplementary Fig. 3), consistent
with the presence of multiple strain states in the film.

The cross-sectional TEM dark-field image (Fig. 1a) reveals an array
of high-density interfacial dislocations at the PZO/KTO interface,

Distance (nm)

STEM image in (b). d Planar-view BF-STEM image of the dislocation array in PZO
film, displaying the interfacial dislocation array more clearly. e The statistical dis-
tribution of interfacial dislocation spacings in the PZO/KTO film. Positions of the
interfacial dislocations near the PZO/KTO interface are indicated by T.
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effectively accommodating the large lattice mismatch of 4.2% between
the film and the substrate (@=3.989nm for KTO substrate,
Apc~bpe=4.160 nm, and cpe=4.120 nm for PZO*, where the subscript
‘pc’ represents pseudo cubic). To further investigate the character-
istics of the interfacial dislocations, HAADF-STEM imaging was per-
formed (Fig. 1b) and the Burgers vector of the dislocations was
determined as b=a[010], as shown in the dashed box in Fig. 1b. The in-
plane strain (&) distribution, extracted via geometric phase analysis
(GPA) and corresponding to Fig. 1b, is shown in Fig. 1c, demonstrating
that the dislocations induce a periodic strain field within the film.
Further insights into the arrangement of dislocation arrays were
obtained from planar TEM observations of a 5 nm PZO film. The planar-
view bight field-STEM (BF-STEM) image (Fig. 1d) provides a clear
visualization of the dislocation array from an in-plane perspective.
Statistical analysis of the dislocation spacing, based on extensive data
collection (Fig. 1e), indicates an average spacing of 9.7+1.2 nm.

To gain a deeper understanding of the dislocation array, Supple-
mentary Fig. 4 shows the atomic arrangement schematics in PZO/KTO
heterostructures from both planar and cross-sectional perspectives.
The interfacial dislocation lines are oriented along the [100],. and
[010],. directions at the interface. The two sets of interfacial disloca-
tion lines intersect to form a two-dimensional interfacial dislocation
array, as shown in Supplementary Fig. 4.

Experimental observation of polar antihedgehog domains
Figure 2 shows the atomic-resolved HAADF-STEM image and resolves
the strain field and polar topological structure induced by the inter-
facial dislocations. Detailed analysis of the region above the disloca-
tion core (highlighted by the dashed box in Fig. 2a) was performed
from the perspective of lattice distribution. Supplementary Fig. 5
provides definitions for lattice rotation and Pb*" displacements. Using
quantitative analysis based on two-dimensional Gaussian peak fitting,
the distributions of the lattice rotation in the horizontal direction (Ry)
and vertical direction (Ry) are obtained in Figs. 2b and 2c, respectively,
displaying significant lattice distortions around the high-density dis-
locations. The Ry map in Fig. 2c illustrates that lattice rotation distor-
tion decreases gradually from the dislocation core at the interface
toward the film surface. To quantitatively visualize this effect, spacing
profiles along the [001],, direction on both sides of the dislocation
core were extracted from the Ry map (Fig. 2d), revealing a strain gra-
dient exceeding 10°m™ along the [001],. direction. Additionally, a
similar trend was observed by analyzing the Ry values over four unit
cells above the dislocation core along the [010], direction (Fig. 2e),
further confirming the periodic strain distribution and its gradient
near the dislocations.

Functional oxides exhibit strong coupling between lattice and
charge, where significant lattice distortions near dislocations will
strongly affect polarization at the nanoscale?””. To explore the cou-
pling relationship among dislocations, lattice, and polarization, further
analysis was conducted. The in-plane (Shift X) and out-of-plane (Shift
Y) components of &pp, extracted from the atomic-resolution HAADF-
STEM image (highlighted in the dashed box in Fig. 2a), were shown in
Supplementary Fig. 6a and 6b, respectively. The Shift X map reveals a
periodic positive and negative distribution, with maximum and mini-
mum values adjacent to the dislocation core and an in-plane compo-
nent that diminishes with increasing distance away from the core,
indicating the presence of a polar structure that converges or diverges
around the core. In addition, there are periodic distortions between
two adjacent dislocations, and the corresponding Shift Y map (Sup-
plementary Fig. 6b) indicates that the displacement directions near the
interface and surface are opposite in those regions. The combined
observations from the lattice rotation map and Pb?* displacement map
point to the existence of an ordered distributed polar structure
strongly coupled to the dislocation array in the 5 nm PZO film.

To reveal the polar structure in the PZO film, polar mapping
analysis is performed on atomically resolved HAADF-STEM images (the
dashed box in Fig. 2a). The positions of Pb* and Zr*" columns are
marked by green and red circles, respectively. Light orange arrows
denote the directions of 8p,, vectors, representing the displacement of
Pb** cation from the center of its four surrounding Zr*" columns, and
thus indicate the local spontaneous polarization. We performed
additional analysis using integrated differential phase contrast STEM
(iDPC-STEM), a technique highly sensitive to light elements. This
allowed us to directly measure the displacement of Pb cations relative
to the geometric center of the oxygen octahedra. The strong agree-
ment between the polarization vectors derived from both methods
confirms that &p, is a reasonable method for determining local
polarization in our system (Supplementary Note 1 and Supplemen-
tary Fig. 7).

The polarization is observed to converge at the core of the dis-
locations, revealing the presence of ordered polar arrays, as visualized
more intuitively in the polarization mapping shown in Fig. 2f. The
polarization structure can be decomposed into two basic units,
represented by the black and blue dashed boxes (Supplementary
Fig. 8). The two units are intertwined rather than spatially separated,
with unit at the dislocation core features polarization converging
toward the core, reminiscent of center-type domains®**, In contrast,
the derived unit situated between adjacent dislocations exhibits a
polarization configuration with head-to-head alignment along the out-
of-plane [001] direction and tail-to-tail alignment along the in-plane
[010] direction, forming a cross-like topology characteristic of anti-
vortex domains®*~°, Notably, the centers of the two basic units are not
coplanar, a distribution influenced by the strain field generated by the
dislocation array. These results provide direct evidence of the strong
coupling between the dislocation array and the polar topological
structure.

To gain deeper insights into the ordered polar topology from
different perspectives, planar samples of 5nm PZO films were exten-
sively analyzed to complement the cross-sectional observations. An
ordered, dot-like contrast in the topography TEM image (Fig. 3a)
indicates an ordered structural arrangement in the 5nm PZO film,
which is further supported by the satellite spots in the SAED pattern
(Fig. 3b). The spacing between the main and first-order satellite peaks
corresponds to a real-space period of ~10 nm, this value shows excel-
lent agreement with the average dislocation spacing of ~9.7 nm
(Fig. 1e). Polarization in dielectric materials is often accompanied with
a local polarization field, which can be effectively visualized using
differential phase-contrast (DPC) imaging®. In the DPC-STEM analysis
(Fig. 3¢), the [100] and [010] directions of the PZO unit cells are aligned
with the A-C and B-D segments of the detectors, respectively, as illu-
strated in the upper-left inset of Fig. 3c. High-resolution DPC-STEM
mapping reveals regular modulation of the polarization field across
the PZO film, further confirming the ordered nature of the polar
topology.

Atomic-resolution HAADF-STEM imaging of the 5 nm PZO film was
performed under in-focus conditions to avoid spurious contrast from
Moiré patterns, which can arise due to lattice mismatch between the
film and substrate (example in Supplementary Fig. 9). The resulting
image (Fig. 3d) provides the intrinsic polarization structure. This
interpretation is further supported by control experiments on a sam-
ple flipped to position the substrate on top (Supplementary Fig. 10).
The polarization distribution within one cycle, highlighted in the top-
left inset of Fig. 3d, is represented by light orange arrows, which
denote the 8py, vectors. The convergence centers of the topological
structures, identified in the polarization mapping of Fig. 3e (derived
from Fig. 3d), are marked with blue circles and reveal an ordered
topological lattice. A quantitative analysis of the spacing distribution
between these cores indicates a clear ordered arrangement overall,

Nature Communications | (2026)17:3882


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70515-y

-5.2 Deg 5.2 2 M
Cc ] 0 1 -
profile 1 j D H profile 2 Ry
0 0 0
Fo————cccccccocboccocboccccbooccoococooccoocoocooooooooooooooo
1-11.3 Deg 11.3 ' - " H
0 a L profile 3
) — ] B 0 oo ———1
ds ~{>- profile 1 e profile 3
profile 2 3.4 8
P 3' _ 4+
o . (o]
@ | gradient ———= @
8 o S L | 2o
> b=—t——0=0—§ | >
@ 3| gradient ==l T \% o -4
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Lo L3>
6| = [00T] _ -4.3° 8l [010], T T
0 2 4 6 8 10 0 10 20 30 40 50 60
Unit Cell Unit Cell
S AR i s
D‘ X//»‘**V*\\\\\\¥ir’///////////l¢ \\\\\\*i![{«k(««*qu11q
Dvvrxxx ¥ r v v OO e A A R R R R NN R D vl
D»»xt»’ti“"*‘\\\\\\ [ K s araraaae £ P YOO XA A ettt R, av|
bbbtk & A 444*\\\ ///A/M-«**Vv ‘::*t\\\14<—'\1\<\«\ 0
D.—A-V\:::\‘V 1;“ x ‘:\‘iﬂ\\‘\::::“ AAAx *:: 'ﬁ"J—\::V:\ |

e e L L L L

Fig. 2 | Polar antihedgehogs induced by high-density dislocations. a Atomic-
resolved HAADF-STEM image of 5nm PZO film. The green and red circles denote
the position of Pb* and Zr** columns, respectively. The light orange arrows in (a)
denote Pb** displacement directions. b The corresponding Ry map of the dashed
box in (a). ¢ The corresponding Ry map of the dashed box in (a). d, e Averaged Ry

spacing profiles for the dashed box in (c), showing the induced Ry gradients by
strain-field coupling. The error bar is the standard deviation. f 8p, map corre-

sponding to the dashed box in (a). The insets in (f) depict the correspondence
between colors and polar directions. The scale bars in (c) and (f) indicate 2 nm.

despite local fluctuations (Supplementary Fig. 11). Combining the
analysis of planar and cross-sectional TEM samples, we speculate that
the polarization configuration at the core of the dislocation corre-
sponds to an antihedgehog structure, as illustrated in the three-
dimensional schematic in Fig. 3f. Notably, the polar topological
structure exhibits adaptability to slight irregular spacing of the dis-
location array (Fig. 1e), and can adapt to these local perturbations
without losing its fundamental order (Supplementary Fig. 12).

Phase-field simulations and theoretical rationalization

To elucidate the specific role of dislocations on the formation of the
polar antihedgehog observed experimentally, systematic phase-field
simulations were performed (details provided in the Methods section).
As shown in Fig. 4a, the topological domain structure exhibits a
checkerboard-like pattern composed of divergent (orange circles) and
convergent (blue circles) polarization centers. Notably, the convergent

centers are precisely aligned with the dislocation cores (Fig. 4b and
Supplementary Fig. 13), underscoring the essential role of dislocations
in shaping the observed ordered structure. To further elucidate the
polarization characteristics within the ordered arrays, the local polar-
ization distribution in the highlighted region I in Fig. 4a was extracted
and presented in Figs. 4c-4h. As shown in Figs. 4c-4e, the analysis
identifies two distinct polarization behaviors: in the upper region, the
polarization converges downward toward the dislocation, while in the
lower part, the polarization converges upward toward the dislocation.
Near the dislocation core, the region of upward-oriented polarization
decreases from approximately 3 nm to about 1nm along the [001]
direction, with upward components concentrated only near the
interface (Figs. 4d and 4e). Away from the interface, the polarization
predominantly remains downward-oriented. Planar projections across
different thicknesses in Figs. 4f-4h reveal a distinct trend of polariza-
tion convergence. As the polarization converges at the dislocation
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Fig. 3 | Antihedgehogs in the planar-view TEM sample of PZO thin film. a TEM
topography of the PZO film displaying the ordered distribution of dot-like contrast.
b SAED pattern of the PZO film along the [001] axis. ¢ High-resolution electric
vector color map of the ordered polar structures. The [100] and [010] directions of
the PZO unit cells are aligned with the A-C and B-D segments of the detectors,
respectively. d Atomic-resolved HAADF-STEM image of the planar-view TEM

sample. The light green dashed box shows the Pb?* displacement direction for a
convergence center. e 8p, map corresponding to the PZO film in (d). The insets
depict the correspondence between colors and polar directions. f Schematic
illustration of the three-dimensional center-convergent domains at the core of the
dislocation. The scale bar in (e) indicates 5 nm.

cores in the upper region, a divergent polarization pattern emerges in
the region enclosed by four adjacent dislocations, as highlighted as the
region Il in Fig. 4a and shown in Supplementary Fig. 14.

These configurations are reminiscent of the hedgehog and anti-
hedgehog domains, with the former possessing a positive topological
charge (Fig. 4i) and the latter a negative one (Fig. 4j). The topological
charge of the regions can be calculated using the formula’*®,

=&/ dA;P(r) - |0;p(r) % akp(r)] , where p is the normallzed
polarization vector, A; is the surface enclosing the volume containing
the topological region, and g is the Levi-Civita symbol. The calculated
topological charge is -1 for the polarization convergence unit in region
I'and -1 for the polarization divergence unit in region Il, corresponding
to two distinct types of topological configurations. The first represents
a convergent-type antihedgehog structure, characterized by the
inward orientation of polarization vectors toward a central singularity.
In contrast, the second configuration exhibits a polarization field that
converges vertically toward the core, forming a head-to-tail alignment
along the out-of-plane direction, while diverging laterally within the
plane toward the opposite edges. This combination of vertical con-
vergence and in-plane divergence gives rise to a composite topological
texture, closely resembling the divergent-divergent-convergent-type
Bloch point reported in our previous work’. The combination of
polarizations converging at dislocation cores and diverging between
dislocations defines a lattice characterized by checkerboard-like anti-
hedgehog (Fig. 4k).

The formation of the novel polar antihedgehog structure is
attributed to the interplay between the electrostrictive effect and the
flexoelectric field induced by the dislocation network. First, the peri-
odic strain field of the dislocation network (Fig. 4b and Supplementary
Fig. 13) significantly reconstructs the local polarization distribution by
altering the local lattice environment. In addition, the strain gradient

associated with the dislocation field cannot be neglected. As illustrated
in Figs. 5a-5d and Supplementary Fig. 15, strong strain gradients
emerge near the dislocation cores, particularly along the out-of-plane
direction. The gradients of the normal strains (¢, €,,) and the shear
strain (g,,) along [001] are much larger than those in-plane, with the
maximum &, , reaching 4.8x10°m™. The resultant flexoelectric field
shown in Figs. 5e-5j is highly localized at the interface. The calculated
in-plane flexoelectric field £*° and E}/° (Fig. 5i and Supplementary
Fig. 16) exhibits opposite directions on either side of the dislocation
line. Specifically, E£/*° is positive on the left of the dislocation line and
negative on the right with an absolute peak magnitude of 6.8 MV/cm,
which drives the polarization between adjacent dislocation cores near
the interface to converge toward the dislocation core. In addition, the
pronounced out-of-plane strain gradient amplifies F'*°, which
reaches a positive value of 34 MV/cm near the interface and drives the
polarization to reverse from downward to upward. This strong, loca-
lized flexoelectric field drives polarization in the interface region to flip
upward and converge toward the dislocation core. Hence, the syner-
gistic interaction between the electrostrictive effect and the highly
localized flexoelectric field is essential for stabilizing the polar anti-
hedgehog structure. In contrast, as illustrated in Supplementary
Fig. 17, in the absence of the flexoelectric field, the out-of-plane
polarizations show a convergence pattern. For the in-plane polariza-
tions, those in the upper region exhibit pronounced convergence
toward the dislocation core, while those in the lower region show a
divergent pattern, different from the experimental observation.

Chemical analysis of dislocation cores and emergent properties
To assess potential chemical changes induced by dislocation strain
fields®, we performed atomic-resolution electron energy loss spec-
troscopy (EELS) near the dislocation cores. Atomic-scale EELS

Nature Communications | (2026)17:3882


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70515-y

ﬁ o - .
4 £(%) 4

hedgehog

[010]

Fig. 4 | Polarization characteristics of the ordered topological domain obtained
from phase-field simulations. a Three-dimensional polarization arrangement
showing a convergence unit (region I, blue circles) and a divergence unit (region I,
orange circles). Crosses and dots indicate polarization pointing into and out of the
page, respectively. b Isosurface representation of the strain component &,,.

c-e Detailed visualization of the polarization structure within the region I (blue
circles) of (a). (d) and (e) show cross-sectional views of the marked areas in (c).

f-h Planar polarization distributions across different thicknesses of (c): (f) the top
layer, (g) the middle layer, and (h) the bottom layer. The divergent configuration
(region Il, orange circles) is shown in Supplementary Fig. 14. i, j Integer hedgehog
and antihedgehog domains. k Schematic diagram of a lattice characterized by
checkerboard-like antihedgehogs. The brown dashed lines denote the dislocations.
The number “1-4” marked the position of the type-2 antihedgehogs.

elemental mapping (Figs. 6a-6h) shows no significant chemical inho-
mogeneity. This reveals the elemental distribution above the interface
are not affected by the dislocations, showing no clear sign of chemical
aggregation or deficiency in the PZO films. These combined results
suggest that the observed polar topological structures originate pri-
marily from strain gradients and flexoelectric effects, rather than from
chemical inhomogeneity.

Recent work has established that local negative capacitance can
emerge within a range of ferroelectric topological textures, including
skyrmions, and Bloch points’*°. Here, we resolve the spatial arrange-
ment of the antihedgehog lattice in the PZO film (Fig. 6i). Remarkably,
both the polarization-converging cores (orange arrows) and the
polarization-diverging cores (blue arrows) exhibit regions of negative
dielectric permittivity, as captured by the &,,=-500 isosurface. The
manifestation of negative capacitance at these distinct topological
centers emphasizes the functional role of the antihedgehog lattice in
shaping the local electrostatic landscape and reveals a direct link
between polar topology and dielectric response.

Moreover, the influence of the dislocation strain field is spatially
limited. As thickness increases, the strain gradient relaxes with

distance from the interface (Supplementary Note 2). Both experi-
mental and computational results indicate that the polarization rota-
tion is primarily confined to a thickness of approximately 5nm
(Supplementary Figs. 18 and 19). Beyond this range, the effect of the
dislocation strain field diminishes significantly, leading to a minimal
influence on the polarization, with the in-plane component becoming
effectively absent near the surface. To quantitatively reveal the pie-
zoresponse behaviors of the above topological structure, local but-
terfly loops of the PZO films with different thicknesses are measured
using an atomic force microscope equipped with an interferometric
displacement sensor (IDS). Representative piezoresponse amplitude
loops for 5nm, 7 nm, and 9 nm PZO films are shown in Fig. 6j, with the
corresponding effective ds; peak values summarized in Fig. 6k. The
5nm PZO film hosting the antihedgehog lattice exhibits higher ds3
value of -10.6 pm/V, exceeding those of the 7 nm (-5.8 pm/V) and 9 nm
(-8.4 pm/V) films. This trend is different from the strong thickness
dependence typically observed in ferroelectric dz; for systems such as
BaTiOs", and highlights the role of the ordered topological structure in
enhancing the electromechanical response. The magnitude of this
response is comparable to that reported for 8 nm-thick BiFeOj; films
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Fig. 5 | Coupled strain-gradient and flexoelectric fields in the formation of the
topological lattice. a-d Strain gradient distributions on the (100) plane with
fu=f12=1V and f, = 0.5V. Additional results are shown in Supplementary Fig. 15.
e, fIn-plane £/'*° and F,'*° components in the plane containing the dislocation,

showing flexoelectric field distributions induced by strain gradients via the flexo-
electric effect. g, h Cross-sectional distributions along the red dashed lines in (e-f).
i, j Enlarged local electric-field components with arrows indicating field directions.
The E§’”" distribution is shown in Supplementary Fig. 16.

containing polar skyrmion superlattices (ds3~9.0 pm/V)**, under-
scoring the potential of topology-engineered phases in functional
oxide devices.

To further demonstrate the field-tunable nature of the
dislocation-stabilized antihedgehog lattice, we performed phase-field
simulations under an applied out-of-plane electric field. The results,
presented in Supplementary Fig. 20, show that the local polarization
within the antihedgehog domains undergoes a reversible switching
process in response to the external field. Upon application of a suffi-
ciently strong bias of 2.0 MV/cm, the polarization at both the conver-
ging and diverging topological centers is reoriented, leading to a
controlled reconfiguration of the lattice. Notably, once the electric
field is removed, the system spontaneously relaxes back to its initial
topological state, highlighting the recoverable and dynamically
reconfigurable character of the antihedgehog lattice.

Discussion

The exploration of polar topological structures has predominantly
focused on ferroelectric thin films, with notable examples including
PbTiO5/SrTiO5 superlattices®™, ultrathin PbTiO; films®, and BiFeO;
systems*>**. More recently, Govinden et al. reported in BiFeO5/SrTiO3
superlattices that center-convergent/divergent topological defects
can be classed as bimerons, and that the coexistence of such structures

can lead to noninteger topological charges®. In this study, we reveal
unexpectedly strong couplings between polar and structural topolo-
gies and realize for the first time an ordered polar antihedgehog lattice
in antiferroelectrics, marking a transformative step in the search for
exotic topological domains in antiferroelectrics. This achievement is
enabled by the innovative use of high-density dislocation arrays as a
modulation strategy, which not only drives the emergence of the
ordered polar topology but also provides a powerful platform for
investigating the intricate interplay among spin, charge, orbital, and
lattice degrees of freedom in strongly correlated systems. Beyond the
demonstrated antiferroelectric system, this methodology holds great
potential for harnessing lattice strains and one-dimensional topologi-
cal structures arising from lattice mismatches, unlocking pathways to
exotic structural modulations and polar topologies across a wide
range of functional materials.

Since dislocations are the most common one-dimensional topo-
logical structure in crystals, our results then have broad illuminations
for future studies toward the interactions of interfacial dislocations
and other potential physical topologies.

In summary, we have unveiled a polar antihedgehog lattice
introduced by high-density dislocation arrays in antiferroelectric
materials using transmission electron microscopy imaging and phase-
field simulations. This study reveals that the interface dislocations,
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antihedgehog domains revealed by phase-field simulations. The isosurface of
&,,=-500 is shown in red. Two different types of antihedgehog domains, indicated
by orange and blue arrows, correspond to polarization convergence centers and
divergence centers, respectively. j Representative piezoresponse amplitude loops
of PZO films with varying thicknesses. k Effective d33 of PZO films with different
thicknesses. The error bar is the standard deviation.

typical one-dimensional topological structure in crystals, can be har-
nessed as an effective factor for manipulating polar structures,
underscoring the potential of utilizing one-dimensional topological
structures in epitaxial systems to design and realize novel polar
topologies. Furthermore, the robust interplay between polar and
structural topologies in antiferroelectrics can provide unprecedented
opportunities to exploit their distinct properties. The demonstrated
concept of dislocation-mediated polar topology control opens
broader opportunities for designing correlated polar textures in
quantum materials. We anticipate that this cross-scale coupling will
establish a new paradigm for the development of high-performance
electronic devices through the interplay of polar and structural
topologies.

Methods

Film deposition details

A series of epitaxial PbZrO; (PZO) ultrathin films were grown on single-
crystal KTaO; (001) substrates by PLD, using a Coherent ComPexPRO
201KrF excimer laser (A=>248 nm). The KTaO; (001) substrates used
here are commercial substrates without extra chemical or heat treat-
ment. Before film deposition, the substrate was heated up to 800 °C
with a heating rate of 25°C/min stayed for 5minutes to clean the
substrate surface and the laser was focused on a ceramic PZO target for
10 minutes pre-sputtering to clean the target surface. Then cooled
down to 700 °C with a cooling rate of 15 °C/min to grow the PZO films.
Throughout the deposition process, an oxygen pressure of 6.6 Pa, a

laser repetition rate of 4 Hz, and a laser energy of 200 mJ were used.
After deposition, these samples were stabilized at 700 °C for 5 minutes
and then cooled down to room temperature at a cooling rate of 5°C/
min in an oxygen pressure of 2.6 x 10*Pa.

Structural analysis

Crystal structure study was performed by X-ray 6-20 scans and reci-
procal space mappings (RSMs) using a high-resolution X-ray dif-
fractometer (Bruker D8 Discover X-ray diffractometer, 1=1.5406 A).

TEM, STEM and determining the positions of atom columns
Cross-sectional samples for TEM and STEM imaging were prepared by
slicing, gluing, grinding, dimpling, and finally ion milling by using
Precision lon Polishing System 691 of Gatan company. Before ion
milling, the samples were dimpled down to 10 pm by Gatan 657 Dimple
Grinder. During the ion milling, a voltage of 4.5kV and an incident
angle of 7° were used at first, and then the voltage and incident angle
were gradually reduced to 4.0kV and 5°, respectively. The final ion
milling voltage was 0.1kV for 5min to reduce the amorphous layer
produced in the milling process. Unlike the cross-sectional samples,
the plane-view sample was milled only from the substrate side to
protect the film from damage.

Dark-field images and selected area electron diffraction (SAED)
patterns were acquired by JEOL F200 high-resolution TEM. High-
angle annular dark-field (HAADF) STEM images were acquired using
ThermoFisher Spectra 300 microscope with a high-brightness field-
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emission gun, double aberration (Cs) correctors from CEOS oper-
ating at 300 kV. The beam convergence angle is 25 mrad, and the
collection angle ranges from 36 mrad to 200 mrad. Each of the
atomic-scale HAADF-STEM images was acquired by adding up 20
original images, recorded from the same area. Image acquisition and
processing were performed using the Velox software (FEI). Acquir-
ing images in this way can reduce the influence of sample drift
and scanning noises. (i)DPC-STEM imaging was performed
with a convergence angle of 25 mrad and a panther detector. The
thickness ranges of planar-view and cross-sectional samples from
~20 nm to 30 nm as measured by electron energy loss spectroscopy
(EELS). The EELS elemental mapping data were acquired using K3
camera in Gatan Digital Micrograph software, with a dispersion of
0.9 eV/Ch. The large-scale strain fields were extracted by using
geometry phase analysis (GPA)*°, carried out by Gatan Digital
Micrograph software.

By using a two-dimensional Gaussian peaks fitting"” in Matlab
software, the atom positions can be accurately determined*®, thus
making it possible to acquire information of the lattice spacing,
lattice rotation, and ionic displacement. The lattice rotation is
defined as the deviation angle of each lattice unit relative to the
ideal crystal axes (horizontal x and vertical y directions), with
clockwise and counterclockwise rotations assigned as negative
and positive, respectively. The resulting parameters, Ry and Ry,
not only provide a quantitative measure of lattice rotation along
each axis but, more importantly, collectively reflect the local
lattice distortions induced by dislocation strain fields. In
perovskite-structured PZO materials, the polarization primarily
originates from the displacement of Pb?" cations. Based on this,
the present study characterizes the displacement vector of the
Pb?* cations by calculating the displacement of Pb atom column
relative to the geometric center of the surrounding four Zr
atomic columns, thereby approximating the polarization direc-
tion equivalently.

Phase-field simulation

In the three-dimensional phase-field modeling of the PZO system,
the spontaneous polarization components P; (i=1,2,3) are
selected as the order parameters. The corresponding temporal
evolution follows the time-dependent Ginzburg-Landau (TDGL)
equation®’:

oP(r,t) _ 6F .
o Li6P,~(r,t)'(l_1' 23 @

where L; represents the kinetic coefficient associated with the domain
wall mobility and 6F /6P;(r, t) signifies the driving force governing the
spatial and temporal behavior of P;(r,t). The total free energy F
accounts for contributions from bulk, gradient, elastic, electrostatic,
and flexoelectric energies, formulated as:

F= / / / (f putk 7S graa tfetas S etec S f1exg>d 4 )

where V is the volume of the film.
The expression of bulk free energy density is as follows:

Foui =t (P P+ P3) + g (P14 P4+ PE) (PP + P3PS + P
(P P8P8 g P (1 2) P (R 12) P (2 )
PP

3)

where a;, a;;, and a are local potential coefficients representing the
stlffness w1th respect to polarization changes.

The gradient energy density can be expressed as™**":

oP; oP; OP;
o= 0| (5) + (5) (5
2 2 2
.\ TP\, (P, (0P
8o\ ox2 0y? 022
Here, A, is a negative constant which stabilizes the AFE phase by
accounting for the coupling between polarization and oxygen octa-
hedral tilts. In contrast, g, is a positive constant representing the next-
nearest-neighbor interaction among polarizations, driving the phase
transition from AFE to FE. In this work, the renormalized values of
Ao= —0.1and g, =0.3 are adopted to simulate the FE phase observed

in the ultrathin PZO film.
The elastic energy density can be written as:

1

felas _i (‘9" 52) (gkl - SI(()I) ©®)

in which ¢; is the total strain and 50 represents the eigenstrain. The
difference ¢; sO corresponds to the elastic strain. In this work, the
eigenstrain s is decomposed into two components: the spontaneous
polarization- mduced strain €)” and the dlslocatlon induced strain €)":
) =€) +e)°. The spontaneous strain, &) =Qy PP, is related to
be the polarlzatlon through electrostrlctive coefficients Q-
For a dislocation loop located on a slip plane s with a Burgers
vector b= (b, b,,b;), the induced strain is given by
&)” = 34; [(bin + b;n)}6 (x — xP) where n = (ny, ny, n3) is the unit vector
normal to the sllp plane, d, is the interplanar distance of the slip plane,
6(x —xP) is the Dirac delta function, and x? is a point inside the
dislocation loop. To model the experimentally observed dislocation
networks, the simulation incorporates an ordered dislocation array,
which consists of dislocation lines with Burgers vectors b=a[010]
along the [010] direction and b =a[100] along the [100] direction. The
spacing between adjacent dislocation lines is set as approximately
9 nm, consistent with experimentally measured dislocation spacings.
The electrostatic energy density can be expressed as:

1
felec SO‘ng —E Pi (6)

where E; is the electric filed component, g, is the permittivity of
vacuum and &, is the background dielectric constant.
The last term is the flexoelectric energy density:

fiwa (. 0P &j
_ 7
fflexo 2 (‘gy ox, Py 6x,> (7)

where f;, represents the flexocoupling coefficient tensor’>*, In Voigt
notation, the components are simplified as fy; =f11, f12 =f122, and
f44=2f1ppp- Given the uncertainties in the exact magnitude of f;,, we
use f;;=f1 =1V and assume f,, =0.5V for simplicity based on the
reasonable estimation from previous literatures™. The driving force
from the flexoelectric effect yields the flexoelectric field Ei’e’“’:

6fflexo
6P,

_ af flexo
oP,

0 af flexo

" ax, (0P Jox,) ®

y _ 1
fykl a Ei exo

Mechanical stress and electric field equilibrium is assumed to
arrive much faster than the evolution of domain structures. Thus, we
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solve the mechanical equilibrium equations and Maxwell equation:

©

to obtain the corresponding driving forces for each polarization
configuration.

The three-dimensional computational domain is discretized into a
64Ax x 644y x 244z mesh. The grid spaces are Ax=A4y=a. and
Az=a_/2, where a.= “—02 =0.416 nm, setting up a 5 nm-thick PZO film.
Beneath the PZO film, a substrate layer of 20 grids thickness is
included to emulate a deformable substrate. Above the PZO film, a
vacuum layer with a thickness of 12 grid points is incorporated.
The material parameters of PZO are sourced from prior literature™
and summarized in Supplementary Table 1. Periodic boundary con-
dition is applied along the in-plane directions. The mechanical
boundary conditions are defined as a traction-free top surface for the
PZO film and a fully constrained bottom surface for the deformable
substrate. Additionally, short-circuit electrical boundary conditions
are imposed on the top and bottom surfaces of the PZO layer. The
initial domain configuration is set as a single-domain state, with the
polarization oriented entirely downward. Considering that disloca-
tions relieve most of the substrate-induced strain, only a -1% com-
pressive strain is applied to stabilize the out-of-plane domain
configuration.

We evaluate the local out-of-plane dielectric constant &,,, defined
as the functional derivative of the electric displacement D, with respect
to the total electric field E,: ,, =0D, /O, . The electric displacement is
givenby D, =gy, E, + P, where &g is the vacuum permittivity, &, is the
background dielectric constant, and P, is the local polarization. To
compute &,,, a small probing electric field of 400 kV/cm is applied
along the out-of-plane direction. The resulting variations in D, and E,
are evaluated at each grid point, from which the local dielectric
response is obtained.

Data availability

All data that support the main findings are available in the main text
and the Supplementary Information or from the corresponding
authors upon request. Source data for Figs. 1-3 and 6 are provided with
the paper. Source data are provided with this paper.

Code availability
The computer code that supports the findings of this study is available
from the corresponding authors upon reasonable request.
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