
ARTICLE

Engineering polar vortex from topologically trivial
domain architecture
Congbing Tan 1,2,3,17, Yongqi Dong 4,5,17, Yuanwei Sun6,7,17, Chang Liu8,9,17, Pan Chen10, Xiangli Zhong 2,
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Jiangyu Li3,4,16✉

Topologically nontrivial polar structures are not only attractive for high-density data storage,

but also for ultralow power microelectronics thanks to their exotic negative capacitance. The

vast majority of polar structures emerging naturally in ferroelectrics, however, are topolo-

gically trivial, and there are enormous interests in artificially engineered polar structures

possessing nontrivial topology. Here we demonstrate reconstruction of topologically trivial

strip-like domain architecture into arrays of polar vortex in (PbTiO3)10/(SrTiO3)10 super-

lattice, accomplished by fabricating a cross-sectional lamella from the superlattice film. Using

a combination of techniques for polarization mapping, atomic imaging, and three-dimensional

structure visualization supported by phase field simulations, we reveal that the reconstruction

relieves biaxial epitaxial strain in thin film into a uniaxial one in lamella, changing the subtle

electrostatic and elastostatic energetics and providing the driving force for the polar vortex

formation. The work establishes a realistic strategy for engineering polar topologies in

otherwise ordinary ferroelectric superlattices.
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Ferroelectric materials with spontaneous polarization have
long been explored for information processing and data
storage1–3, and one of the defining characteristics of

ferroelectrics is their polar domain configurations4. Unlike their
ferromagnetic counterpart, ferroelectrics usually exhibit strong
anisotropy that favors particular polar axes, and polarization
rotation rarely occurs5. As a result, vast majority of polar
structures naturally emerging in a ferroelectric are topologically
trivial, and nontrivial polar topologies such as closure-domain6,7,
vortex8,9, skyrmion10, meron11, and vortex-antivortex pair12

have only recently been observed in reduced dimensions. It is
now understood that in nanostructures such as nanodisks13,
nanorods14, nanodots15, nanoislands16–20, and nanoplates21,
electrostatic force dominates polar crystalline anisotropy,
forcing polarization rotation and thus the formation of vortex.
For ultrathin superlattice subjected to misfit strain, such polar
topologies can be alternatively driven by the delicate electro-
mechanical competitions22,23. A recent study has observed
the coexistence of flux-closure and a1/a2 strip-like domain in
tensile-strained PbTiO3(PTO) sandwiched between GdScO3

substrate and a SrTiO3(STO) layer, while their transformation
under electron beam illumination has also been demonstrated24.
These works raise the prospect of engineering topologically
nontrivial polar topologies from topologically trivial domain
architecture, which we seek to accomplish.

With the emergence of big data and ever increasing power
consumption in microelectronics, nontrivial polar topologies
become attractive as they promise alternative device config-
urations for high-density data storage25 as well as ultralow
power negative capacitance field effect transistors26–29. From an
application point of view, it is highly desirable if we can engi-
neer nontrivial polar topologies from the ordinary ferroelectrics
with topologically trivial domain architecture, and with better
understanding on the energetics of polar topologies12,22, we are
now in a position to explore such possibilities. Using a com-
bination of techniques for polarization mapping30, atomic
imaging6,7, and three-dimensional reciprocal space map-
ping (3D-RSM)31 supported by phase-field simulations32, we
demonstrate the feasibility of engineering nontrivial polar
topologies from topologically trivial domain architecture, and
offer a realistic strategy to accomplish it. In particular, we have
successfully reconstructed topologically trivial strip-like
domain architecture into array of polar vortex in a model
(PTO)10/(STO)10 (The subscript denotes 10-unit cell thickness)
superlattices.

Results
Topologically trivial domain architecture of (PTO)10/(STO)10
superlattice. Guided by the previous report on strip-like domain
configuration24,33,34, 17 cycles of (PTO)10/(STO)10 superlattice
was synthesized on SrRuO3 (SRO)-buffered DyScO3 (001)pc
(where pc refers to the pseudocubic notation) substrate using
pulsed laser deposition (PLD), with details of the growth process
provided in “Methods”. X-ray diffraction (XRD) data in Sup-
plementary Fig. 1a reveals the presence of Pendellösung fringes,
confirming the high quality (PTO)10/(STO)10 superlattice with a
smooth interface, while atomic force microscopy (AFM) topo-
graphy mapping in Supplementary Fig. 1b shows the array of
terraces with ~0.4 nm-height steps, further supporting high
quality of the film. Lateral piezoresponse force microscopy
(LPFM) was performed to map the ferroelectric domain structure
as schematically shown in Supplementary Fig. 2, which measures
the shear-induced torsional displacement of the cantilever arising
from in-plane polarization perpendicular to the cantilever axis.
Scanning under at least two orthogonal directions is thus

necessary to determine the in-plane polarization components,
and we scanned by angles of 0°, 45°, and 90° between the canti-
lever axis and [010]pc direction. The resulted LPFM amplitude
and phase mappings in Fig. 1a, b reveal a periodic strip-like
domain configuration with domain wall oriented along the
[110]pc direction, and no obvious contrast is seen in vertical PFM
mapping over a larger area (Supplementary Fig. 3), indicating
only in-plane polarization components. It is revealing to note that
LPFM amplitudes scanned along 0° and 90° demonstrate opposite
trend, with a peak in one direction corresponding to the valley in
the other, which is evident in the line profile in Fig. 1c, while the
period seen at 45° is only half of that seen at 0°- and 90°-scanning.
Furthermore, 180° phase contrast is seen at 45°-scanning
(Fig. 1d), while phase variation seen at 0°- and 90°-scanning is
insignificant. These observations suggest alternating head-to-tail
a1/a2 domain configuration as illustrated in Fig. 1e, which is
topologically trivial. In particular, both a1 and a2 domains
contribute to LPFM amplitude when scanned at 45°, reducing
the apparent period in amplitude by half. Domain widths for
both a1 and a2 domains can be estimated from the LPFM
mapping over a larger area in Supplementary Fig. 3 along the
line profile shown, as presented in Fig. 1f, from which the
period of the strip-like domain is estimated to be 68.2 ± 2.6 nm.
Such domain pattern is quite common in ferroelectrics, for
example in strained PbxSr1-xTiO3

35 and PbTiO3 thin films36,
yet it is different from the vortex array seen in (PTO)16/(STO)16
superlattice8, which we believe arises from different thicknesses.
It will be exciting, however, if we can engineer such topologi-
cally trivial domain architecture into more interesting topolo-
gies, such as polar vortex.

Emergence of polar vortex in (PTO)10/(STO)10 lamella. In
order to engineer possible polar topology of (PTO)10/(STO)10
superlattice, we fabricated thin lamellas from superlattice thin
film as schematically shown in Supplementary Fig. 4. For the
following transmission electron microscopy (TEM) studies, we
focused on a region of lamella with thickness in the range of
~20–40 nm determined using the electron energy loss spectro-
scopy (EELS) method37, as detailed in Supplementary Fig. 5. Low-
magnification annular dark field (ADF) cross-sectional scanning
transmission electron microscopy (STEM) image in Fig. 2a taken
along the [010]pc zone axis reveals 17 stacking of PTO and STO
layers with different contrast and approximately 8.0 nm period,
and the thickness of the superlattice is measured to be 136 nm.
The ADF-STEM imaging shows relatively sharp and coherent
interfaces between PTO and STO, which is also confirmed by the
atomically resolved energy dispersive spectrometry (EDS) map-
ping in Supplementary Fig. 6. Higher magnification ADF-STEM
image in Supplementary Fig. 7 shows slight thickness variation in
PTO layers at the unit-cell scale, though the typical configuration
is determined as (PTO)10/(STO)10. We then acquired the dark
field TEM (DF-TEM) image under two-beam conditions by
selecting 002pc g-vector as shown in Fig. 2b, exhibiting periodic
array of intensity modulation along the [100]pc direction with a
spacing of ~8.6 nm. This DF-TEM image suggests a periodic
distribution of clockwise-anticlockwise vortex pairs in PTO lay-
ers, as previously reported8,38,39, which is also supported by the
selected area electron diffraction (SAED) pattern in Fig. 2c
acquired from a region that only includes the (PTO)10/(STO)10
superlattice layers. It reveals superlattice reflections both in-plane
and out-of-plane, from which the in-plane lattice parameter a and
out-of-plane lattice parameter c are calculated to be ~3.9 Å and
~4.0 Å, similar to those observed in reference 4040. In particular,
the enlarged view of satellite diffraction spots around (001)
reflection (inset in Fig. 2c) presents the long-range order in both

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-24922-y

2 NATURE COMMUNICATIONS |         (2021) 12:4620 | https://doi.org/10.1038/s41467-021-24922-y | www.nature.com/naturecommunications

www.nature.com/naturecommunications


out-of-plane and in-plane directions. The equal space in the out-
of-plane direction is measured to be ~8.0 nm reflecting the period
of the (PTO)10/(STO)10 superlattices. Another set of reflections
along the in-plane direction indicates long-range ordering of
vortices with a period of ~8.6 nm. In order to further confirm the
existence of polar vortex, the detailed atomic polar displacement
was mapped by calculating the offsets between A (Pb and Sr) and
B (Ti) site sublattices based on the ADF-STEM image6, and it can
be clearly seen that polar vectors in the PTO layer rotate con-
tinuously around each vortex core (Fig. 2d), with alternating
clockwise and anticlockwise orientations. We also calculated the
corresponding tetragonality in terms of c/a ratio (Fig. 2e),
wherein the red sinusoidal wave-like pattern also suggests the
vortex pair as previously reported8,38–40. Pairs of clockwise and
anticlockwise vortices are schematically shown in Fig. 2f, with
their position taken from Fig. 2e, and the distance between the
two adjacent anticlockwise vortices is estimated to be ~8.6 nm
according to DF-TEM and SAED data. To examine the effect of
substrate anisotropy, thin lamella was also cut from superlattice
film in a perpendicular direction, and the resulted cross-sectional
DF-TEM (supplementary Fig. 8) taken along the orthogonal
[100]pc zone axis also shows periodic contrast modulation along
the [010]pc direction. The corresponding electron diffraction
pattern contains similar satellite spots as well, indicating the
presence of periodic vortex arrays independent of lamella orien-
tation with respect to the substrate. It is thus established that
arrays of the polar vortex have been engineered in (PTO)10/
(STO)10 lamellas from topologically trivial domain architecture in
(PTO)10/(STO)10 superlattice film.

3D domain architecture of (PTO)10/(STO)10 superlattice. Pie-
zoresponse force microscopy can only reveal polar structure near
the sample surface, while 3D domain architecture can be distinct
from the surface configuration. And thus there exists a possibility
that polar vortex in (PTO)10/(STO)10 superlattice not recognized
by PFM. To resolve this, we resort to synchrotron-based XRD as
illustrated in Fig. 3a. The diffraction intensity around 002pc Bragg
spot for the 17 cycles of (PTO)10/(STO)10 superlattice deposited
on SRO-buffered DyScO3 was obtained via 3D-RSMs as shown in
Fig. 3b, and there are no in-plane periodic satellites observed
beside the PTO peak, suggesting the absence of polar vortex. As
exemplified in Supplementary Fig. 9, in-plane satellite peaks
always accompany the Bragg spot of the PTO reflections in
(PTO)20/(STO)20 superlattice possessing periodic vortex array31.
A Q[h00]-Q[00l] slice from this 002pc 3D-RSM, as shown in Fig. 3c,
reveals a single alloy film peak and superlattice reflections
(marked as SL (±n)). The location of alloy peak quantitatively
confirms alternating a1/a2 domains in PTO with an out-of-plane
lattice constant of 3.915 Å, consistent with the previous reports
on a1/a2 domain structure31,40. The 15 fringes observed between
superlattice peaks in Fig. 3d indicate a total of 17 cycles of
(PTO)10/(STO)10, and the out-of-plane superlattice interval per-
iodicity is measured to be 7.9 nm. Furthermore, 3D-RSM around
103pc of the DyScO3 substrate and the corresponding planar slice
containing [−kk0]pc and [00l]pc are shown in Fig. 3e, f, wherein a
set of significant satellites along the in-plane <110>pc are
observed, corresponding to a ~70 nm periodicity of a1/a2
domains along this direction in PTO, in good agreement with
PFM data in Fig. 1f. Note that the structural modulation in a1/a2

Fig. 1 Periodic domain architecture of (PTO)10/(STO)10 superlattices. a, b Lateral PFM amplitude and phase mappings of an 1 × 1 µm2 areas measured at
0° (left), 45° (middle) and 90° between the cantilever axis and [010]pc direction with 200 nm scale bar. The blue obelisk-shaped marker denotes the
orientation of PFM cantilever. c, d Amplitude and phase profiles along the black arrow line in (a, b). e Schematic of ferroelectric architecture with
alternating a1/a2 domains separated by 90° domain walls. f Variation of domain widths along the line profile in Supplementary Fig. 3, with which the period
of domain architecture is estimated to be 68.2 ± 2.6 nm.
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domains is completely in-plane, therefore it does not produce
satellites beside any Bragg spot along the vertical [00l]pc direction.
We also acquired the planar-view DF-TEM image of the (PTO)10/
(STO)10 superlattice film as shown in Supplementary Fig. 10,
which exhibits long-range strip-like domain along the [110]pc
direction with the period estimated to be ~69 nm consistent with
both PFM and 3D-RSM data. There exist a few strip-like domains
with narrower periodicity, and there are a small number of strip-
like domains with perpendicular orientation along [−110] as well
(Supplementary Fig. 10d), which can also be observed by PFM
over a larger area (Supplementary Fig. 10e). These topologically
trivial domain patterns are fully consistent with continuum
analysis based on strain and polarization compatibilities4, and it is
distinct from the orientations and period of vortex array reported
in ref. 8. These set of data thus reconfirms the topologically trivial
strip-like domain structure in (PTO)10/(STO)10 superlattice
before reconstruction.

Phase-field simulation of polar vortex reconstruction. It is
evident from 3D-RSM, PFM and STEM data that polar recon-
struction occurs when the thin lamella is fabricated, and in
order to understand the process, phase-field simulations were
carried out as shown in Fig. 4. Under a biaxial strain of

ε 100½ � ¼ ε 010½ � ¼ �0:3%, the superlattice forms topologically trivial
strip-like domains in PTO layers consistent with PFM and 3D-
RSM data presented in Figs. 1, 3. Alternating a1/a2 domains
separated by 90� domain walls along the [110]pc direction are
found (Fig. 4a–c), while the out-of-plane polarization is negli-
gible. When a lamella of superlattice is cut from thin film along
the [010]pc direction (Fig. 4d), the biaxial strain is converted to a
uniaxial one with ε 010½ � released. Then nontrivial polar structure
with alternating clockwise and anticlockwise vortex distribution
along the [100]pc direction emerges in PTO (Fig. 4d–f), with P 001½ �
increasing at the expense of P 010½ �. It is also insightful to compare
the out-of-plane lattice constant of PTO in superlattice film
(3.915 Å via 3D-RSM) and lamella (4.0 Å via SAED), supporting
the reconstruction of polar configuration. With out-of-plane
polarization suppressed in strip-like a1/a2 domains, the corre-
sponding lattice constant is inevitably compressed. This demon-
strates that polar vortex is rather sensitive to electromechanical
conditions. Indeed, by applying a larger biaxial strain of ε 100½ � ¼
ε 010½ � ¼ �1% to the superlattice, polar vortex also emerges in
superlattice film (Fig. 4g–i) without going into uniaxial lamella
configuration. Here the vortex array extends along the [110]pc
direction instead, and a detailed phase diagram of polar topolo-
gies is presented in Supplementary Fig. 11.
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Fig. 2 Polar vortex arrays in (PTO)10/(STO)10 superlattices. a Cross-sectional low-magnification ADF-STEM images, with 50 nm scale bar. b DF-TEM
image under two-beam conditions by selecting 002pc g-vector, with 50 nm scale. The periodic array of bright and dark intensity modulation corresponds to
vortex arrays within PTO layers. c SAED pattern, with 5 nm−1 scale bar. Inset: enlarged (001) reflection showing the satellite diffraction spots. The intervals
of diffraction points in out-of-plane and in-plane directions are measured to be ~0.125 and ~0.116 nm−1, respectively, indicating the periods of superlattice
and vortex arrays to be ~8.0 and ~8.6 nm. d Polar vector map illustrating the clockwise and anticlockwise vortices in PTO layers, with 2 nm scale bar. e The
corresponding tetragonality (c/a ratio) mapping. The dashed lines denote the interfaces. f The schematic illustration of clockwise (blue circles) and
anticlockwise (red circles) vortices in the same position as shown in (d).
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Discussion
We can understand the reconstruction of topologically trivial
domain configuration into polar vortex from energetic point of
view, resulted from the competition among the electrostatic
energy, the elastic energy and the gradient energy41,42. The
electrostatic energy is due to the depolarization field, and when
the lamella is cut from thin film, large discontinuity in polar-
ization normal to the lamella surface is generated, preventing the
out-of-lamella polarization in PTO. The remaining uniaxial strain
prefers the original out-of-plane polarization, while electrostatic
energy discourages it, and the competition results in the forma-
tion of vortex with delicate balance, which also increases the out-
of-plane lattice constant as observed. The key lies in the reduced
dimension, otherwise ordinary domain patterns can be easily
formed to accommodate different requirements4. Such under-
standing can guide us exploring as well as engineering polar
topologies further. For example, we can explore planar instead of
cross-sectional lamella that may modify the magnitude of biaxial
misfit strain and thus change the energy landscape, which is
currently under investigation.

With respect to potential applications, the polar vortex has
been suggested for high-density data storage, yet in a thin film
configuration, the vortex structure is usually one-dimensional in
nature, as exhibited by Fig. 4g–i, which reduces the storage
density substantially. Our lamella configuration overcomes such

difficulty by accommodating arrays of zero-dimensional polar
vortex, as exhibited by Fig. 4d–f. Other applications such as
negative capacitance field effect transistors can also be envisioned.
On more fundamental side, we demonstrate that such polar
vortex can be engineered from topologically trivial domain con-
figuration, expanding the reach of topological polar structures
into the otherwise ordinary ferroelectric superlattice. In this
regard, our work also highlights the importance of combining
surface probing, advanced microscopies, and 3D structural
characterization to accurately determine the polar topologies.
Reconstruction can occur, and thus information from a single
microscopy technique could be incomplete.

Methods
Fabrication of (PTO)10/(STO)10 superlattices. Superlattices of (PTO)10/(STO)10
(where 10 denote the thickness of alternating stacks of the STO and PTO layers in
term of unit cells) were fabricated on 12 nm SRO-buffered (110)-DyScO3 substrates
in a pulsed laser deposition system (PVD-5000) equipped with a KrF excimer laser
(λ = 248 nm). The SRO-buffered layer was first grown at a 690 °C substrate
temperature and 80 mTorr oxygen pressure. Then, the substrate temperature was
cooled to 600 °C and the oxygen pressure went up to 200 mTorr for the subsequent
alternating growth of the PTO and STO layers. The laser energy for the growth of
the SRO and the (PTO)10/(STO)10 superlattices was 400 and 360 mJ pulse−1,
respectively. Selecting the correct laser energy was crucial for fully strained PTO
and STO sublayers, which is a prerequisite for the presence of polar vortices in the
superlattice. Thicknesses of the SRO, PTO, and STO layers were held to be 30-, 10-,
and 10-unit cells, respectively, by controlling the growth time. After growth, the

Fig. 3 3D-RSM characterization of the (PTO)10/(STO)10 superlattice. a Schematic of X-ray diffraction of (PTO)10/(STO)10 superlattice. b 3D-RSM
around 002pc Bragg spot of the DyScO3 substrate and (c, d) the corresponding planar slice along Q[h00]-Q[00l], showing the reflections of PTO a1/a2
domains and stacking superlattice. e 3D-RSM around 103pc Bragg spot of the DyScO3 substrate and (f) the corresponding planar slice along Q[−kk0]-Q[00l]

showing the in-plane diffractive satellites along <−kk0> direction.
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(PTO)10/(STO)10 superlattice films were slowly cooled to room temperature at a
200-mTorr oxygen pressure.

Atomic force and piezoresponse force microscopies. The (PTO)10/(STO)10
superlattices were characterized using a commercial scanning probe microscope
(Asylum Research, MFP-3D infinity) in tapping mode to access the morphology,
and in the dual AC resonance tracking (DART) piezoresponse mode (both in-plane
and out-of-plane modes) to record the ferroelectric domain structure. Pt con-
ductive tips with a force constant of 10 Nm−1 (RMN-25PT400B) were used for
piezoresponse force microscopy measurement. Since in-plane (IP) PFM only
measures the component perpendicular to the cantilever axis, which is associated
with the torsional vibration of the cantilever, we gathered the real part images of IP
PFM signals measured at different probe orientations to construct a full vector map
of the IP piezoresponse vector.

Lamella preparation. The planar-view and cross-sectional lamella specimens were
thinned to ~30 μm by using mechanical polishing or cut via focused ion beam
(FIB), and then by performing argon ion milling. The argon ion milling was carried
out using the Precision Ion Polishing System with accelerating voltage of 3.5 kV
and then stepped down to a final cleaning voltage of 0.3 kV.

Dark field and ADF images. Diffraction contrast TEM experiments were carried
out using JEOL ARM 300 F instrument at 300 kV. Dark field imaging was per-
formed in the two-beam condition with the samples being tilted off the zone axis
and imaged in the dark field using 002pc g vector. ADF-STEM images were
recorded from an aberration-corrected FEI Titan Themis G2 at 300 kV. The
convergence semi-angle for imaging was 30 mrad, and the collection semi-angle
was 39–200 mrad. The atom positions were determined by simultaneously fitting
two-dimensional Gaussian peaks to an a priori perovskite unit cell using a
MATLAB code. The polar vectors were plotted from the offset between A (Pb and
Sr) and B-site (Ti) sublattices based on the ADF-STEM image in Fig. 2d. We
acquired the ADF-STEM images with a smaller convergence semi-angle for
enhancing the stress contrast in the strained PTO layer. Different convergence
semi-angle will only affect the relative intensity of the atomic column, not the
position of the atom columns.

Thickness measurement of the lamella. The lamella thickness was estimated
using the STEM-EELS method. STEM-EELS was performed using an aberration-
corrected FEI Titan Themis G2 at 300 kV. The typical energy resolution (half-
width of the full zero-loss peak, ZLP) was 0.8 eV. For the different regions of

superlattice lamella, STEM-EELS images in the low loss region were acquired and
converted to a thickness map of inelastic mean free paths (t/λ) in Gatan’s Digital
Micrograph software using the absolute log-ratio method for the zero-loss and the
first plasmon peaks37.

Synchrotron-based X-ray diffraction. The 3D-RSM obtain from synchrotron X-
ray diffraction were employed to study the complex phase coexistence in the
superlattice structures. The 3D-RSM experiments were performed at the 33-BM-C
beamline of the Advanced Photon Source and BL14B beamline of Shanghai Syn-
chrotron Radiation Facility. High accurate 3D-RSMs were obtained by the excellent
accuracy of Huber 6-circle diffractometer equipped with Pilatus 100K or Eiger X
500K area detector.

Phase-field simulation. In the phase-field model, the free-energy density f of the
STO/PTO superlattice has the following form

f ¼ αiP
2
i þ αijP

2
i P

2
j þ αijkP

2
i P

2
j P

2
k þ

1
2
cijklεijεkl � qijklεijPkPl

þ 1
2
gijklPi;jPk;l �

1
2
ε0εrEiEi � EiPi;

ð1Þ

in which αi, αij and αijk denote the Landau expansion coefficients, cijkl are the elastic
constants, qijkl are the electrostrictive coefficients, gijkl are the gradient coefficients,
ε0 is the vacuum permittivity and εr represents the relative dielectric coefficien. Pi ,
εij and Ei are the polarization, strain and electric field components, respectively. All
repeating subscripts in Eq. (1) imply summation over the Cartesian coordinate
components xi (i = 1, 2 and 3), and subscript “,i” denotes the partial derivative
operator with respect to xi (∂=∂xi).

The temporal evolution of the polarization and domain structure can be
described by the time-dependent Ginzburg–Landau (TDGL) equation as

∂Pi r; tð Þ
∂t

¼ �L
δF

δPi r; tð Þ ð2Þ

where L represents the kinetic coefficient that controls the speed of domain
evolution; F ¼ RV f dV is the total free energy in the whole structure; r and t denote
the spatial position vector and time, respectively. In addition, both the mechanical
equilibrium equation

σ ij;j ¼
∂

∂xj

∂f
∂εij

 !
¼ 0; ð3Þ
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Fig. 4 Phase-field simulation of (PTO)10/(STO)10 superlattice. a Spatial distribution of polarization with equiaxial strain ε ¼ �0:3%, showing the a1/a2
domain structure. Periodic boundary conditions are applied along [100]pc, [010]pc and [001]pc directions, respectively. b, c Zoom-in results corresponding
to the area labeled by red and green rectangles in (a). d The slices cut from (a) within the black dotted lines, showing reconstructed vortex structure. The
thickness of the slices is 2.4 nm. e, f Zoom-in results for the vortex structure labeled by the red and green rectangles in (d), respectively. g Spatial
distribution of polarization with biaxial strain ε ¼ �1%, showing the vortex structure. h, i Zoom-in results corresponding to the representative areas labeled
by red and green rectangles, respectively.
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and Maxwell’s equation

Di;i ¼ � ∂

∂xi

∂f
∂Ei

� �
¼ 0; ð4Þ

are satisfied simultaneously for a body-force-free and charge-free ferroelectric
system, where σ ij and the Di are the stress and electric displacement component,
respectively. The semi-implicit Fourier-spectral method32 is employed to solve the
partial differential equation. Three-dimensional simulation is carried out for clearer
illustration and computational simplicity, where 3 ´ 3 periodic PTO/STO
superlattices model is adopted here. And 150Δx ´ 150Δx ´ 60Δx grid point with
Δx ¼ 0:4 nm in real space is used for space discretization, where 10-grid is used
along the thickness direction of each PTO and STO layer. And the length of time
step is chosen as Δt=t0 ¼ 0:2, where t0 ¼ 1=ðα0LÞ with α0 representing the
absolute value of α1 at room temperature. Periodic boundary conditions for electric
potential and polarization components are employed along the [100]pc, [010]pc,
and [001]pc direction, respectively. The material parameters for PTO and STO used
in the simulation are listed in Table 1. Small random fluctuation (<0.01P0, where
P0 ¼ 0:76 C m−2 is the spontaneous polarization of PTO at room temperature) is
used as the initial setup for polarization to initiate the simulation.

Data availability
All data needed to evaluate the conclusions in the paper are present in the paper and/or
the Supplementary Information. Additional data related to this paper may be requested
from the authors.

Code availability
The MATLAB-based toolbox for fitting atom positions and calculating local polarization
is available from the corresponding author upon request.
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