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Topological states have garnered enormous interest in both magnetic and

ferroelectric materials for promising candidates of next-generation informa-
tion carriers. Especially, multi-order topological structures with modulative
topological charges are promising for multi-state storage. Here, by engineer-
ing boundary conditions, we directly observe the self-assembly two-order
ferroelectric radial vortices in high-density BiFeO; nanostructures. The as-
observed two-order radial vortex features a doughnut-like out-of-plane
polarization distribution and four-quadrant in-plane distribution, with the
topological charge of Q= 0. Systematic dimensional control of the BiFeO;
nanostructures reveals size-dependent stabilization of distinct topological
states, from elementary one-order to complex three-order radial vortices,
which is further rationalized by phase-field simulations. The transition
between different topological states with various topological charges is also
realized under an external electric field. This study opens up an avenue for
generating configurable polar topological states, offering potential advance-
ments in designing high-performance multi-state memory devices.

The configurable spin topological defects in magnetic materials have
been proven to be the source of many exotic phenomena with
potential applications in electronic devices'>. Complex topological
structures are generally characterized by their topological charge Q,
defined as a measure of the wrapping of spin vectors around a unit
sphere, which governs the stability and dynamics of the topological
states* ™. While numerous topological textures have been extensively
studied, the majority exhibit topological charges confined to |Q|<I1.
For example, (anti)skyrmion, known as the nanoscale spin vortex
characterized by non-trivial real-space topological configuration®’,
stands as the prototypical topological state with Q= +1. It has been
reported that this topological entity can undergo fractionalization into
(anti)meron pairs bearing the fractional topological charge of Q= + %

(ref. 7). Besides, the (anti)vortex is another kind of ubiquitous topo-
logical defects with Q= +1 (ref. 7). These spin structures display a
variety of exotic characteristics, including robust topological
protection’ and self-organized lattice ordering®’.

Based on these topological sates, the modulation of topological
charges enables the promising applications in high-density memory
and neuromorphic computing'®", Especially, the stabilization of the
skyrmion bundles, the multi-Q three-dimensional skyrmionic textures,
realizes the precise tuning of collective topological charges reaching
Q=55 (ref. 12). Similarly, the family of target skyrmion consisting of a
central skyrmion surrounded by one or more concentric helical
stripes” could also realize the alternative topological charges. As one
intriguing member of the target skyrmion family, skyrmionium, with
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the doughnut-like out-of-plane (OOP) spin texture'", exhibits a van-
ishing net topological charge (Q=0), largely suppressing the detri-
mental effect of skyrmion Hall effect™.

While magnetic topological states and the control of topological
charges have been extensively studied, the emergent topological
domains in ferroelectrics have recently garnered significant attention
as their promising applications for high-density data storage', as well
as ultralow power negative capacitance field effect transistors”. By
elaborately regulating the interplay of elastic, electrostatic and gra-
dient energies in the dedicated ferroelectric systems, several complex
topological states and topological orderings could be stabilized°.
For example, the vortices, orderly stabilized in PbTiO5/SrTiO;
superlattices?, display interesting functionalities distinct from the bulk
domains, such as negative capacitance®, emergent chirality®> and
special subterahertz collective mode-vortexon®. Furthermore, the
thermal responses of polar vortices exhibit a wealth of intermediate
states thereby triggering multi-state switching of ferroelectric
topologies®*. Despite the remarkable progress in ferroelectrics, the
existing studies predominately focus on the low-order polar topolo-
gical structures, leaving the high-order configurations with tunable
topological charges largely unexplored.

Herein, the stabilization and modulation of ferroelectric two-
order radial vortex and the topological transition between multi-order
vortices are observed in high-density self-assembly BiFeO; (BFO)
nanostructures. Piezoresponse force microscopic (PFM) and
aberration-corrected scanning transmission electron microscopic
observations indicate that the polarization configuration of ferro-
electric two-order radial vortex with the topological charge of Q=0
features a doughnut-like OOP texture and four-quadrant in-plane (IP)
distribution. Furthermore, multi-order radial vortices with different
topological charges, including one-order radial vortex and three-order
radial vortex, can also be stabilized by tuning the sizes of BFO nanos-
tructures, confirmed by phase-field simulations. The transition
between different topological states could be realized via the assis-
tance of external electric field imposed by PFM scanning probes. This
work not only enriches the family of observed topological structures in
ferroelectrics, but also provides a unique and effective way of
designing intriguing topological structures through boundary condi-
tion engineering.

Results

As one of the most extensively studied multiferroic materials, BFO is
known to exhibit rich functionalities and various domain
structures®¥. In particular, the topological states including the
center-type domains®*, vortices”>* and bimerons*® have been
reported in confined BFO systems. To explore the promising possibi-
lity of polar topological states, 14.5 nm thick BFO films were grown on
[001]-oriented (LaAlO3)g29(SrTay»Al;203)071 (LSAT) substrates, dis-
playing the as-grown high-density self-assembly nanoislands (Fig. 1a).
The averaged lateral size of the nanoislands is about 350 nm (Fig. 1a).
The epitaxial nature of the BFO film is verified by the X-ray diffraction
(XRD) scan (Fig. 1b) and the reciprocal space map (RSM) result (Fig. 1c).
As revealed in Fig. 1c, the coexistence of rhombohedral BFO (R-BFO)
and tetragonal-like BFO (T-like BFO) is stabilized in the film under the
large compressive strain of 2.4% imposed by LSAT substrate. The
domain structures of the BFO nanoislands are characterized by vector
mode of PFM, which allows the simultaneous mapping of the vertical
and lateral signals, including the amplitude and phase. As shown in
Fig. 1d-f, the vertical PFM amplitude (V-amp.) and phase (V-pha.)
images display as the doughnut-like OOP contrast for one nanoisland.
The nanoisland constitutes of two parts: the yellow-colored core and
the brown-colored periphery. Around the nanoislands, the flat BFO
film share the same OOP phase contrast with the cores of nanoislands,
which is further confirmed by the height and vertical PFM phase spa-
cing profiles in Fig. 1h, i for one nanoisland (Fig. 1g). The result in Fig. 1i

suggests the alternative OOP polarization distribution in the manner of
downward-upward-downward from flat BFO film, nanoisland periph-
ery to nanoisland core.

To further resolve the 3D polarization distribution, a series of
vector PFM mapping was conducted according to the method pro-
posed previously*** to determine the IP polarization distribution in
the BFO nanostructures. The detailed reconstruction procedure is
demonstrated in Fig. 2, with more details shown in Supplementary
Fig. 1. The OOP polarization distribution for one nanoisland is revealed
in Fig. 2a, showing the doughnut-like contrast. Then, by rotating the
sample clockwise for 0°, 45° and 90° relating to the cantilever of PFM
tips, the lateral PFM phases of the nanoislands at different angles can
be found in Fig. 2b-d, displaying as the half-dark and half-bright con-
trast. Thus, the IP polarization distribution of one nanoisland is con-
structed as the unique domain structure of center-divergent or center-
convergent arrangement. The special polarization distribution is pre-
valent in the high-density nanoisland array in the BFO film, with the
detailed PFM analyses being displayed in Supplementary Fig. 1. Fur-
thermore, the polarization distribution of one nanoisland is also con-
firmed by the high-angle annular dark-field imaging under the
scanning transmission electron microscopy mode (HAADF-STEM)
using Cs-STEM. For the IP direction, the polarization of one nanoisland
displays as the four-quadrant contrast, which is further determined to
be the center-divergent state, as shown in the low-magnification
HAADF-STEM images (Fig. 2e, f) and atomic-resolved HAADF-STEM
images (Fig. 2g-j). For the OOP direction, the polarization is in the
direction of downward at the core of nanoisland (Supplementary
Fig. 2-3). Thus, the polarization of one nanoisland is in the distribution
of downward-upward from the core to the periphery of the nanoisland
(Supplementary Fig. 4), with the polarization being continuous rota-
tion. The OOP polarization for the surrounding matrix region (SMR)
around the nanoisland is further determined as the downward direc-
tion (Supplementary Fig. 5). By combining the doughnut-like OOP
polarization distribution (top panel in Fig. 2k) and four-quadrant IP
polarization distribution (bottom panel in Fig. 2k and Supplementary
Fig. 6), the three-dimensional polarization distribution for the com-
bined area (CA) consisting of one nanoisland and SMR could be
reconstructed, as schematized in Fig. 2I-n, which is reminiscent of the
skyrmionium to some extent”. However, considering the fact that the
polarization changes from core region to SMR region in the BFO
nanostructures are not strictly calculated as 2, the polarization state
is thereby defined as the ferroelectric two-order radial vortex, dis-
playing as two nested concentric vortices. Meanwhile, the ferroelectric
two-order radial vortex is expected to enrich the polar topological
states and exotic physical phenomena in ferroelectric materials. The
spontaneous occurrence of the polar two-order radial vortex in the as-
grown BFO nanostructures implies that it is the favorable state stabi-
lized by boundary condition engineering, which is observed pre-
valently in BFO film. The formation of this topological state could be
attributed to the combined contributions of depolarization field, strain
relaxation and charge accumulation. On the one hand, the BFO films
fabricated via high deposition flux tend to form the nanoislands®**'. At
the core of the nanoislands, the elemental non-stoichiometry of Bi and
Fe in Supplementary Fig. 7 is expected to from the atomic inter-
diffusion between the film and the substrate during the film deposition
and the annealing procedure due to the spontaneously formed dipole
disclinations in the cores of the nanoislands***. Thus, the charge is
accumulated due to the elemental difference (Supplementary Fig. 7),
oxygen vacancies or other potential charged carriers**¢, thereby sta-
bilizing the tail-to-tail charged domain walls and forming the center-
divergent polarization along in-plane direction (Fig. 2e-j). On the other
hand, the coupling effects between the depolarization field and the
lattice mismatch strain at heterointerface in the BFO films stabilize the
alternative out-of-plane polarization distribution, with the nanoisland
cores as the preferred nucleation sites of ferroelastic domains. As a
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Fig. 1| PFM analyses of high-density BFO nanoislands. a Topography of BFO

(001) thin film with self-assembled nanoislands. b X-ray diffraction results showing
the pseudocubic 002 peaks of the films. ¢ Reciprocal space map recorded around
the LSAT 002 Bragg peaks. d, e Vertical PFM amplitude (V-amp.) and vertical PFM
phase (V-pha.) images of the domain patterns in the BFO film. fEnlarged OOP phase

image superimposed with the topography image. g OOP phase image of one BFO
nanoisland. h, i Height and vertical PFM phase spacing profiles along the yellow line
in (g). The hump denoted by blue ellipse in (h) is derived from the additional
adsorbates from air.

result, the two-order radial vortex with alternative out-of-plane
polarization and center-divergent in-plane polarization is obtained in
the BFO films.

Furthermore, the polarization configurations of the nanos-
tructures can be modulated by the size of the nanostructures (defined
in Supplementary Fig. 8), thereby generating multiple polar topologi-
cal states, as summarized in Supplementary Table 1. In Fig. 3 and
Supplementary Fig. 9-11, three kinds of polarization patterns are
revealed, with the averaged sizes of nanoislands changing from
100 nm, 200 nm to 400 nm. For the case of 100 nm nanoislands, the
morphology, vertical amplitude and phase images are displayed in
Supplementary Fig. 9 and Fig. 3a, b. The uniform phase contrast is
observed inside the nanoislands, which is surrounded by the different
phase contrast of the SMR. Figure 3c is the phase spacing profile for
one nanostructure (inset in Fig. 3b), suggesting the nearly 180° out-of-
plane phase difference between two regions. The arrows in Fig. 3c
suggest the opposite OOP polarization directions. The IP polarization
distribution for the nanoisland displays the similar center-divergent
pattern as the case of 350 nm nanoisland. By combining the IP and OOP
polarization distribution, the 3D polarization pattern of the CA is
constructed as one-order radial vortex (Fig. 3d), with the change of
azimuth angle being 0.5 (Supplementary Fig. 12a). The CA includes
the single nanoisland (inside the solid circle) and SMR (region between

solid circle and dotted circle) shown in the inset in Fig. 3d. Increasing
the size of nanoisland to 200 nm (see the morphology image in Sup-
plementary Fig. 10), the vertical amplitude and phase images of the
nanoislands and the SMRs display the different contrast, as shown in
Fig. 3e, f. The similar doughnut-like OOP polarization distribution is
revealed inside the nanoislands (Fig. 3f), but with the SMR sharing the
same vertical phase contrast as the nanoisland periphery, which is
further confirmed by the phase spacing profile in Fig. 3g. As a result,
the polarization pattern for the CA including the 200 nm nanoisland is
also reconstructed and defined as the one-order radial vortex, also
with the change of azimuth angle being 0.51 (Supplementary Fig. 12b).
When the averaged size of the nanoisland is 400 nm (see the mor-
phology image in Supplementary Fig. 11), the vertical phase contrast
nearly displays as the doughnut-like OOP polarization distribution
reminiscent of the two-order radial vortex in Fig. le, excluding the
emergence of the localized opposite OOP phase in the middle of
nanoisland core (Fig. 3i, j). As shown in Fig. 3k, |, the phase change of
the OOP polarization from the center of the nanoisland core to the
SMR is calculated as 2.5m (Supplementary Fig. 12d). Thereby, the
constructed polarization pattern in Fig. 3l is defined as the three-order
radial vortex. In a word, by changing the size of nanostructures, three
kinds of polar topological states are stabilized, including the one-order
radial vortex, two-order radial vortex and three-order radial vortex. It is
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Fig. 2 | Reconstructed polar two-order radial vortex in one nanostructure.

a The vertical PFM amplitude (V-amp.) and vertical PFM phase (V-pha.) images of
one nanoisland. b-d The lateral PFM amplitude (L-amp.) and lateral PFM phase (L-
pha.) images of one nanoisland with sample rotation for 0° (b), 45° (c) and 90° (d),
respectively. Blue arrows in (a-d) denoting the cantilevers of PFM tips. e A planar-
view HAADF-STEM image showing the nanoislands in BFO film. f Enlarged HAADF-
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STEM image for one nanoisland. g-j Polarization distribution of BFO corresponding
to the regions numbered 1, 2, 3 and 4 in (f), respectively. k Enlarged V-pha. image
(top panel) and HAADF-STEM image (bottom panel) around one nanoisland, dis-
playing the out-of-plane and in-plane polarization distribution, respectively. I-n
Reconstructed 3D polarization distribution around one nanoisland, suggesting the
polar topological state of two-order radial vortex.

worthwhile noting that the nanoislands would merge with each other
and form the flat surface in thicker BFO films (about 20 nm), thereby
stabilizing the labyrinthine domains, as shown in Supplemen-
tary Fig. 13.

The evolution of domain pattern and their topological features
with diameter of the BFO nanoislands are further investigated by the
phase-field simulations (details in Methods). The schematic of the
phase-field model for the disc-shaped BFO nanostructures is shown in
Supplementary Fig. 14. To mimic the experimental conditions, three
different sizes of the disc-shaped BFO nanostructures with diameters
of d, 2d, and 3 d are simulated and compared, as shown in Fig. 4a-c. It
should be admitted that the theoretical transition size is slightly
smaller than the experimental size, which can be attributed to a higher
theoretical depolarization field where the perfect charge screening is
assumed. However, it can be clearly seen that the trend for the size
dependent transition agrees remarkably well. With a priori setting of
the 180° circular domains and a subsequent annealing treatment

analogous to the experimental preparation, different topological
structures were formed in the three BFO nanostructures (Fig. 4d-f).
Single doughnut-like circular domains can be stabilized in the BFO
nanostructure when the diameter is d, similar to the bubble-like
structure observed in the PTO/STO system?*. The planar distribution of
OOP polarization and surface integration of the Pontryagin density
reveals that this circular domain structure is a polar one-order radial
vortex (Fig. 4d). As the nanostructure diameter increases fromdto 2d,
the double nested doughnut-like domain could also be formed in the
BFO nanostructure, confirming the formation of polar two-order radial
vortex (Fig. 4e). Notably, when the nanostructure diameter further
increased to 3 d, a triple nested circular domain pattern occurs in the
BFO nanostructure (Fig. 4f). In this case, such structure is determined
to be a three-order radial vortex. The local OOP polarization dis-
tribution of the BFO nanostructures with the three sizes are plotted
(Fig. 4g-i), showing the stabilization of three different topological
phase features, i.e., one-order radial vortex, two-order radial vortex,
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Fig. 3 | Topological transition as a function of the sizes of nanoislands. a-b
V-amp. and V-pha. images of the BFO film with the averaged size of nanoislands
being 100 nm. ¢ Phase spacing profile around one nanoisland in the inset of (b).
d Reconstructed 3D polarization pattern of one-order radial vortex. The schematic
at the bottom right corner showing the OOP polarization distribution around one
nanoisland. e, f V-amp. and V-pha. images of the BFO film with the averaged size of
nanoislands being 200 nm. g Phase spacing profile around one nanoisland in the
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inset of (f). h Reconstructed 3D polarization pattern of one-order radial vortex. The
schematic at the bottom right corner showing the OOP polarization distribution
around one nanoisland. i, j V-amp. and V-pha. images of the BFO film with the
averaged size of nanoislands being 400 nm. k Phase spacing profile around one
nanoisland in the inset of (j), | Reconstructed 3D polarization pattern of three-order
radial vortex. The schematic at the bottom right corner showing the OOP polar-
ization distribution around one nanoisland.

and three-order radial vortex by varying the size of the nanostructures,
which agrees qualitatively well with the experimental observations.
To further gain physical insights into the creation mechanism for
these multi-order radial vortices, different energy contributions within
the one-order, two-order and three-order radial vortices in BFO
nanostructures were investigated from phase-field simulation. For
simplicity, the BFO nanodisk diameter was fixed at 3 d to analyze the
individual energy density differences among pre-designed one-order,
two-order and three-order radial vortices. As shown in Supplementary
Fig. 15, increasing the vortex order from one-order to three-order
introduces more domain walls, raising the gradient energy. However,
this is effectively compensated by reductions in Landau, electrostatic,
and elastic energies, which relieve system strain and efficiently screen
the depolarization field, allowing the three-order radial vortex to sta-
bilize. Therefore, from a theoretical perspective, the Landau energy,
elastic energy, and electrostatic energy could serve as the driving
forces for multi-order radial vortex formation in BFO nanostructures.
To illuminate the polarization switching behaviors of the polar
two-order radial vortex in Fig. 2, localized PFM phase-field hysteresis
loops and amplitude-field butterfly loops are compared in Supple-
mentary Fig. 16 for three representative regions, including the
nanoisland core (numbered region 1), nanoisland periphery (num-
bered region 2) and SMR (numbered region 3). The localized coercive
fields for three regions could be obtained from PFM phase-field loops
and PFM amplitude-field loops in Supplementary Fig. 16b-d. The
coercive field of nanoisland core in Supplementary Fig. 16b is calcu-
lated as 4500 kV/cm, which is larger than that of nanoisland periphery
(2264 kV/cm in Supplementary Fig. 16¢c) and SMR (3500 kV/cm in
Supplementary Fig. 16d), suggesting the tougher possibility of polar-
ization switching at the same applied field. Then the topological

transitions in BFO films are further discussed under the stimulation of
external electric fields. The vertical PFM phase images of the initial
state and poled state by the dc bias voltages of +40V and -40V are
displayed in Fig. 5a-c, indicating that the changed OOP polarization
distribution for the nanostructures including the nanoislands and the
SMR. To elucidate the detailed topological transitions modulated by dc
bias electric field, three kinds of topological transitions are highlighted
by red (Type 1), green (Type 2) and yellow (Type 3) circles in Fig. 5a-c.
The changes of OOP polarization distribution and topological transi-
tions are further schematized in Fig. 5d-i. For the Type 1 in Fig. 5d, e
and Supplementary Fig. 17a, the initial domain state of one nanos-
tructure is three-order radial vortex. After the electrical writing
experiment using the voltage bias of 40 V, the three-order radial vortex
transforms into the non-topological domain (abbreviated as NTD).
Then after additional stimulation of -40 V at the same region, the
domain state of the nanostructure is stabilized as two-order radial
vortex. During this process, the topological charge changes from |Q | =
0.707 to |Q|= 0 and finally |Q|= O (Supplementary Fig. 18a). For the
Type 2 in Fig. 5f, g and Supplementary Fig. 17b, the topological tran-
sition process modulated by opposite voltage bias is determined to be
from two-order radial vortex to NTD and finally switching back to two-
order radial vortex, accompanying with topological charge remaining
constant (|Q | = 0) (Supplementary Fig. 18b). For the Type 3 in Fig. 5h, i
and Supplementary Fig. 17c, the transition from two-order radial vor-
tex to NTD and finally one-order radial vortex is schematized, with the
topological charge changing from [Q|= 0 to |Q|= 0 and finally |Q|=
0.707, as shown in Supplementary Fig. 18c. As a result, three kinds of
topological transitions could be concluded under the stimulation of
opposite voltage bias. The concomitant changes of topological char-
ges (Supplementary Fig. 18) suggest the feasibility of employing the
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Fig. 4 | Phase-field simulations of polar topological structures of BFO islands
with different diameters. a-c Schematics of the nanostructures including the disc-
shaped BFO islands and the surrounding BFO matrix, with the diameters of the

nanostructures being d, 2 d, and 3 d, respectively. d-f Planar view of out-of-plane

polarization and Pontryagin density distributions in BFO nanostructures with dia-
meters of d, 2 d, and 3 d. g-i The local out-of-plane polarization distributions along
a horizontal line through the center of BFO nanostructures with diameters of d, 2 d,
and 3d.

topological charges as the digital bits in the promising vortex-based
multistate nonvolatile memory devices'.

In summary, we report the observation of self-assembled polar
two-order radial vortex and other multi-order radial vortices in high-
density BiFeO3; nanostructures through boundary condition engi-
neering. The polar two-order radial vortex, exhibits a doughnut-like
pattern of out-of-plane polarization and four-quadrant in-plane
polarization. Furthermore, by combining the phase-field simulations, it
is confirmed that the topological states could be tuned by varying the
size of the BFO nanostructures. Multi-order radial vortices with
adjustable topological charges, such as the one-order radial vortex and
three-order radial vortex, have been stabilized in nanostructures of
different sizes. Transitions between these topological states can also
be achieved under the application of an external electric field. The

discovery of polar two-order radial vortex and the transition between
various multi-order radial vortices highlight the rich diversity of
topological structures and offer a promising strategy for multi-state,
non-volatile ferroelectric memory devices.

Methods

Film deposition details

Using pulsed laser deposition (PLD) with a Coherent ComPex PRO 201 F
KrF (1=248 nm) excimer laser, a series of epitaxial BFO thin films on
LSAT (001) substrates were deposited. The LSAT (001) substrates used
here are commercial substrates without extra chemical or heat treat-
ment. Before deposition, the substrates were dipped in the 90% alco-
holic solution for 12 hours to clean the organic pollutant and dusts. The
substrates were affixed in the substrate plate using the silver paint
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As-grown

Fig. 5| Changes of polarization patterns under external electric fields. a Vertical
PFM phase image of the initial domain pattern. b Vertical PFM phase image after

writing experiment with a voltage of 40 V. ¢ Vertical PFM phase image after addi-
tional writing experiment with opposite voltage of 40 V. The red, green and yellow
circles denote three kinds of topological transitions. d Enlarged vertical PFM phase
images of one nanostructure highlighting by red circle in (a-c). e Corresponding

schematics of (d), suggesting the transition from three-order radial vortex to NTD
and finally radial vortex. f Enlarged vertical PFM phase images of one nanostructure
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highlighting by green circle in (a-c). g Corresponding schematics of (), suggesting
the transition from two-order radial vortex to NTD and finally two-order radial
vortex. h Enlarged vertical PFM phase images of one nanostructure highlighting by
yellow circle in (a-c). i Corresponding schematics of (h), suggesting the transition
from two-order radial vortex to NTD and finally one-order radial vortex. The one-
order, two-order and three-order radial vortices are abbreviated to 1-vor., 2-vor. and
3-vor., respectively.

solution and transferred into the main chamber of the PLD equipment.
Then the substrates were heated to 850 °C for 20 minutes to clean the
substrate surfaces and then cooled slowly down to the film deposition
temperature at a rate of 5°C min™. Before growing the BFO layers, the
velocity for the substrate rotation motor and the target DC rotation
motor were set to be 47 deg s™ and 71 deg s, respectively. At the same
time, the raster motor mode was selected for the target carousel motor,
with the maximum speed being 30 degs™ and minimum speed being
1degs™. The deposition of BFO films used the 1 mol% Bi-enriched BFO
target, which was pre-sputtered for 20 minutes at 850 °C to clean the
surface with the shutter being closed. When growing the BFO layers, the
shutter was opened, a repetition rate of 8 Hz, substrate temperature of
800 °C, oxygen partial pressure of 12Pa and laser energy of 2J cm™
were used. The distance between target and substrate was set to be
60 cm. Under the above deposition condition, the height of the laser
plume was observed to be about the 1/2 of the distance between target
and substrate. After deposition, these films were annealed at 800 °C in
an oxygen partial pressure of 266 Pa for 20 minutes and then cooled
slowly to room temperature at a rate of 5°C min™.

PFM observations

The PFM characterization was performed using an Asylum Research
Cypher S atomic force microscope (Oxford Instruments) at room
temperature. Both vertical and lateral PFM images were simulta-
neously acquired through Vector PFM mode, with data validity cross-
verified by Dual AC Resonance Tracking (DART) methodology. Ti/lIr
(5/20)-coated conductive probes (ASYELEC-OI-R, spring constant:
2.8 N/m) were employed, with contact resonance frequencies opti-
mized at 350 kHz (vertical) and 760 kHz (lateral) through thermal
noise calibration. Prior to local hysteresis measurements, cantilever
sensitivity was rigorously calibrated via the GetReal method”.
Domain switching dynamics were investigated by applying DC bias
voltages in DART mode, while nanoscale domain lithography was
executed through sequential voltage patterning using the AFM
lithography mode.

TEM sample preparation

STEM specimens were prepared through a standardized mechanical
processing process: bulk samples were sectioned, epoxy-bonded,
mechanically thinned to <20 pum thickness, dimpled to <5 pm center
thickness, and precision-finished via Ar* ion milling (Gatan 691 PIPS).
To minimize beam-induced damages, a multi-stage ion milling strategy
was implemented: initial coarse milling at 7° incidence angle and
4.5keV with liquid nitrogen cooling, followed by a final low-energy
polishing step (0.1keV, 10 min, £5° beam oscillation).

STEM observation

HAADF-STEM characterization was conducted using a double Cs-
corrected ThermoFisher Spectra 300 (scanning) transmission electron
microscope (CEOS probe/imaging correctors) operated at 300 kV. The
probe semi-convergence angle was optimized to 25 mrad, with HAADF
detector inner/outer collection angles set at 71/200 mrad to ensure
optimal Z-contrast sensitivity.

STEM result analyses

The drift-corrected frame integration function was used for frame
series in Velox software to create a single image, aiming to optimize
contrast while minimizing beam-induced specimen drift artifacts. To
enhance signal-to-noise ratio, raw HAADF-STEM images underwent
Wiener deconvolution coupled with a low-pass frequency filter (cutoff
at the instrument’s theoretical resolution limit). Atomic column posi-
tions were quantitatively determined through sub-A precision 2D
Gaussian fitting implemented in MATLAB*, enabling systematic
mapping of B-site cation displacements.

X-ray diffraction and reciprocal space mapping
Crystallographic analysis was conducted using a high-resolution
Bruker D8 Advance X-ray diffractometer (Cu Ka radiation source,
A=1.5406 A), employing 8-26 scans and reciprocal space mapping
to resolve the out-of-plane Ilattice parameters and phase
structures.
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Phase-field simulations

In the phase-field approach, the evolution of the order parameters
spontaneous polarization vector (P) and oxygen octahedral tilt (8) in
the islands on the surface of BFO films grown on LSAT substrates is
governed by the time-dependent Ginzburg-Landau equation:

OF
-M 50 @

0 _
5=

where ¢, t and M denote the order parameter (either P or 0), the
evolution time step and the dynamic coefficient, respectively. The total
free energy F of the BFO island has the contributions from the indivi-
dual energy densities, i.e., the Landau/chemical, elastic, electrostatic,
and polar/rotation gradient energy densities:

F= / (f Landau +f elastic +f electric +f gradient)dv (2)

Detailed expressions of these energy densities, materials para-
meters as well as the numerical simulation procedure are described
previous reports*’~,

The discrete grid points of 200Ax x 200Ay x 90Az with a grid
spacing of 0.4 nm are used to describe the BFO system consisting of a
disc-shaped nanoisland surrounded by matrix region, substrate and air
layer (see Supplementary Fig. 14). Corresponding to the experimental
results, three different sizes of BFO islands are considered and their
diameters are set to the d, 2d, and 3 d, with d being 48 grids, respec-
tively. A thin STO dielectric layer is also introduced at the top and
bottom of the BFO island to simulate the depolarization field effect at
the interface. The total height of BFO island is 36 grids inside the
simulation mesh. Periodic boundary conditions are assumed in the two
in-plane dimensions of the entire model, while a superposition method
is applied in the thickness dimension®. To simulate the evolution of
polar radial vortices with disk diameter in BFO nanoislands, the initial
set-up for the simulation is a series of the 180° circular domains with a
small random noise (<0.01 uC/cm?). Then they relaxed to the stable
states through an annealing process.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data that support the findings of this study are provided in the
article and the Supplementary Information. The data sets generated
and analyzed during the current study are available from the corre-
sponding author on reasonable request.
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Interfacial Manipulation of Polar Topologies in Oxide

Ferroelectric Films

Yan-Peng Feng, Yu-Jia Wang, Yun-Long Tang, Yin-Lian Zhu,* and Xiu-Liang Ma*

Topological polar structures hold significant potential for high-density
memories and low-power electronic devices. Interfacial engineering offers a
promising route to manipulate topological polar structures in ferroelectric
heterostructures, yet the underlying mechanisms remain elusive. Here,
deterministic manipulation of topological polar Bloch points and merons in
epitaxial PbTiO; (PTO) films are demonstrated via designing symmetric and
asymmetric interfaces. By integrating SrRuO; (SRO) and SmScO; (SSO)
layers, it is shown that symmetric PTO/SSO interfaces effectively stabilize
polar Bloch points in PTO/SSO bilayers and (PTO),;/(SSO), superlattices
whereas asymmetric configurations (e.g., SRO/PTO, SRO/PTO/SSO) favor
the formation of polar merons, which are visualized by aberration-corrected
scanning transmission electron microscopy. Phase-field simulations reveal
that the stabilization of Bloch points and merons is governed by the
competition between elastic and electrostatic energies. The built-in electric
field and interfacial symmetry coupling with topological textures are identified
as critical factors in modulating topological stability. Piezoresponse force
microscopy measurements demonstrate that the presence of polar Bloch
points enhances the piezoelectric response of the ferroelectric films. These
findings illustrate interfacial engineering as a key strategy for designing and
stabilizing nanoscale polar topologies, which may promote their potential

in ferroelectric systems has opened new
frontiers for exploring emergent phenom-
ena and advanced devices.['"1% These topo-
logical states, which involve non-trivial
configurations of electric polarization, ex-
hibit remarkable features such as nanoscale
sizes,"!] topological protection,!'?] metallic
conduction,* and negative capacitance,**]
and ultrafast collective polarization dynam-
ics,[® which prompts them promising can-
didates for next-generation high-density
nonvolatile memory and ultra-low-power
electronics.['*18] However, the determinis-
tic creation, stabilization, and manipulation
of these topological structures remain sig-
nificant challenges, particularly in practi-
cal device architectures where interfacial ef-
fects is paramount.[1>23]

The role of interfacial engineering in ma-
nipulating ferroelectric polarization has re-
cently attracted much attention. Interfaces
in heterostructures, multilayers or superlat-
tices introduce symmetry breaking, strain
gradients, and charge redistribution, which

applications in future electronic devices.

1. Introduction

Recently, the discovery of topological polar structures, includ-
ing flux-closures, vortices, skyrmions, merons, and Bloch points,

can dramatically alter the local energy land-
scape. As a result, the ferroelectric po-
larization might be enhanced, suppressed
or rotated near heterogeneous interfac-
es.[2261 The heterogenous interfaces not
only influence the overall polarization state but also play a cru-
cial role in the formation and stabilization of topological po-
lar structures. Some researchers have reported that the nontriv-
ial polar structures, including polar flux-closures, vortices, polar
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Figure 1. Observation of polar Bloch points in PTO/SSO bilayers. a) The low-magnification cross-sectional HAADF-STEM image of PTO/SSO bilayer
film. b) Superposition of reversed Ti-displacement vectors (—8y;) and atomic-resolved HAADF-STEM image. The —&y; vectors of PTO unit cells were
shown as yellow arrows. c) Magnified —&y; vector maps showing three typical polarization patterns marked as “1”-“3” in the thin film corresponding to
three boxes/circles labeled as “I”-“l11” in (b), respectively. d) Atomic-resolved HAADF-STEM image and EDS mapping of the thin film showing the sharp
SSO/PTO interfaces. €) The —8y; vector map based on atomic-resolved planar-view HAADF-STEM image, showing the divergent polarization patterns
(black circles) at tail-to-tail domain walls (black lines). The arrows with different colors denote the polarization directions of PTO unit cells. The inset of

(e) is the magnified —8y; vector map of a typical divergent polarization pattern marked by “1”.

waves and skyrmions, can be stabilized by inserting an in-
sulating layer between two ferroelectric layers in ferroelectric
PbTiO,/SrTiO; (PTO/STO) multilayers or superlattices.!'=36]
However, alternative perspectives have been presented by other
researchers. For instance, Li et al. demonstrated that the polar
flux-closures can still be maintained in PTO layers when covered
by the same electrodes or insulators, but these structures break
down and transform into a/c domains when the PTO layer is
clamped by different films.[?”! On the other hand, Hadjimichael
et al. revealed that a stable supercrystal phase comprising a
three-dimensional ordering of nanoscale flux-closures can be
engineered in PbTiO,;/SrRuO; (PTO/SRO) ferroelectric-metal
superlattices.!?®] Moreover, Peters et al. reported that the polar
vortices can exsit under asymmetric Co/PbTiO,/(La,Sr)MnO,
ferroelectric tunnel junctions.?”) These seemingly controversial
findings underscore the complex interplay between interfacial
design and polarization behavior, offering a pathway to manip-
ulate polar topological states via interfacial engineering.

In this work, we investigate the role of interfacial engineering
in controlling topological polar structures within epitaxial PTO
heterostructures. By designing symmetric and asymmetric inter-
faces with the integration of SRO and SSO layers, we demon-
strate the polar Bloch points and merons can be controllably ma-
nipulated. Specifically, the symmetric SSO/PTO interfaces can
easily stabilize the polar Bloch point in PTO/SSO bilayer and
(PTO),53/(SSO), superlattices, whereas the asymmetric interfaces
easily favor the formation of polar merons in SRO/PTO and
SRO/PTO/SSO film systems. The phase-field simulations reveal
that the built-in electric field plays an important role in the forma-
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tion of different topological domain structures. Further energy
analysis indicates that the competition between elastic and elec-
trostatic energies influences the stabilization of Bloch points and
merons. Additionally, the coupling mechanism between interfa-
cial symmetry and topological textures for manipulating topolog-
ical polar structures was systematically discussed, which provides
insights into how interfacial engineering can be leveraged to ma-
nipulate topological polar structures.

2. Results and Discussion

In our prior work, the emergence of polar Bloch points was
identified within SRO/PTO/SRO trilayer thin films epitaxially
grown on orthorhombic (110)-oriented SSO substrates, which
underscore the pivotal influence of the short-circuit and sym-
metric boundary conditions on the stabilization of polar Bloch
points.’! To further investigate the interfacial effects on the for-
mation of polar Bloch points, the PTO thin film with thick-
ness of about 5 nm (13 unit cells) was epitaxially grown on
an orthorhombic (110)-oriented SSO substrate via pulsed laser
deposition (PLD). Subsequently, an SSO layer with 3.5 nm (9
unit cells) was covered on the PTO film to create symmetric
SSO/PTO interfaces under open-circuit boundary conditions (de-
tails of film deposition are provided in Experimental Section).
Figure 1a shows a low-magnification cross-sectional high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) image, displaying the smooth SSO/PTO inter-
faces, as marked by white arrows. The planar-view transmission
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electron microscopy (TEM) image (Figure S2, Supporting Infor-
mation) exhibits characteristic strip domains, which resemble
a,/a, domain configurations. Figure 1b displays a superposition
of reversed Ti-displacement vectors (—&y;, marked by yellow ar-
rows) and the atomic-resolved HAADF-STEM image (the orig-
inal image is provided in Figure S1, Supporting Information),
where the —&y; vectors correspond to the local spontaneous po-
larization directions within PTO unit cells. To elucidate the po-
larization configuration in the PTO film, three typical regions
labeled as “I”-“III” are magnified and displayed as “17-“3” in
Figure 1c, respectively. Regions “1” and “3” exhibit characteris-
tic antivortex patterns, while region “2” displays a convergent
pattern, with these patterns arranged in an alternating config-
uration. Atomic-resolution X-ray energy dispersive spectroscopy
(EDS) mappings (Figure 1d) demonstrate the exceptional sharp-
ness of both SSO/PTO interfaces, with no evidence of interfa-
cial diffusion. The planar-view polarization configuration based
on atomic-resolved planar-view HAADF-STEM image (the orig-
inal one is provided in Figure S3, Supporting Information) was
further analyzed and shown in Figure le. The high-resolution
—&y; vector map is displayed in Figure S4a (Supporting Informa-
tion). The ordered stripe domains were identified in this PTO
film, which features many“head-to-head” and “tail-to-tail” do-
main walls (DWs), marked by black and white arrows, respec-
tively. Notably, each “tail-to-tail” DW (indicated by black solid
lines in Figure le) contains multiple divergent polarization pat-
terns (marked by black solid circles), forming approximate one-
dimensional arrays. The inset of Figure le shows a magnified
view (marked by “1”) of a typical divergent configuration. Besides,
convergent polarization patterns are predominantly observed at
“head-to-head” DWs, also arranged in a one-dimensional array
(Figure S4b, Supporting Information). These results indicate
that the polar Bloch points could be stabilized in the PTO/SSO
bilayers.

The (PTO),;/(SSO), superlattices were further grown on the
orthorhombic (110)-oriented SSO substrates via PLD, where
the subscripts of 13 and 9 denote the thickness of the PTO
and SSO layers in unit cells (details of film deposition are
provided in Experimental Section). A low-magnification cross-
sectional HAADF-STEM image (Figure 2a) and EDS mappings
(Figure S5a, Supporting Information) of the (PTO),;/(SSO),
superlattice, acquired along the in-plane [100], direction, re-
veal the uniformity of the PTO and SSO layers. The atomic-
resolved HAADF-STEM image (Figure 2b) and EDS map-
pings (Figure S5b, Supporting Information) further confirm
the sharp and coherent interfaces (labeled as yellow dashed
lines) in (PTO),;/(SSO), superlattice. The polarization config-
uration (Figure 2c) was analyzed by extracting the —&y; vector
map from the region in Figure 2b. The original high-resolution
HAADF-STEM image and the high-resolution polarization map
of Figure 2c are provided as Figures S6 and S7 (Supporting In-
formation), respectively. The convergent and antivortex polariza-
tion patterns are distinctly observed within individual PTO lay-
ers, as labeled by black solid circles and rectangle boxes, respec-
tively. Figure 2d,f are two magnified HAADF-STEM images of
the regions marked by white rectangle boxes labeled as “1” and
“2”, respectively. The yellow and red circles denote the Pb and Ti
atom columns, respectively. The yellow arrows point to the po-
larization directions of PTO unit cells. Figure 2e,g are two po-
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larization maps corresponding to the area of Figure 2d.f, respec-
tively, which exhibits the convergent and antivortex polarization
patterns. These results reveal that the polar Bloch points can be
retained in each PTO layer under symmetric SSO/PTO interfa-
cial conditions.

The SRO/PTO bilayer was subsequently grown (110)-oriented
SSO substrate to establish an asymmetric boundary condi-
tion of top PTO/vacuum and bottom SRO/PTO interfaces.
Figure 3a presents the cross-sectional HAADF-STEM image of
the SRO/PTO bilayer film, where both the PTO and SRO lay-
ers exhibit uniform thicknesses of approximately 5 nm. The in-
plane lattice strain, as depicted in Figure 3b, was extracted by ge-
ometric phase analysis (GPA), which reveals an alternating ar-
rangement of two distinct trapezoidal domain patterns. Those
are Type-1 domains (green regions) with upward-opening con-
figurations and Type-II domains (red regions) with downward-
opening configurations. Figure 3c displays an atomic-resolution
HAADF-STEM image, highlighting the sharp and smooth inter-
face between the SRO and PTO layers. A magnified view of the
region marked by a dashed rectangle in Figure 3¢, which con-
tains both Type-I and Type-II domains, is shown in Figure 3d.
In this image, yellow and red circles denote Pb and Ti atoms, re-
spectively, while yellow arrows indicate the polarization direction
of the PTO unit cells. The trapezoidal domains exhibit ¢ domains
with out-of-plane polarization at their centers and a domains with
in-plane polarization along their edges. Figure 3e illustrates the
reversed Ti-displacement vectors (-6;) corresponding to the area
shown in Figure 3d, representing the directions of local sponta-
neous polarization (Ps). The Type-I domain exhibits a divergent
polarization pattern, while the Type-II domain displays a conver-
gent polarization configuration, both of which are characteristic
of merons as previously reported.[ Additionally, the in-plane lat-
tice parameter mapping (Figure 3f) corresponding to the same re-
gion as Figure 3d further corroborates the alternating trapezoidal
patterns, consistent with the in-plane strain mapping shown in
Figure 3b.

The SSO layer was further covered on top of SRO/PTO bilayers
to create an additional asymmetric boundary condition with top
PTO/SSO and bottom SRO/PTO interfaces. Figure 4a shows the
cross-sectional HAADF-STEM image of SRO/PTO/SSO trilay-
ers, where the thickness of the SSO layer is about 3 nm. Figure 4b
presents the in-plane lattice strain mapping corresponding to the
region of Figure 4a, revealing the trapezoidal and inclined stripe
domains within the PTO layer. Two specific regions labeled as
'1-2" in Figure 4a were magnified and shown in Figure 4c,d,
respectively. Similarly, yellow and red circles denote Pb and Ti
atoms, respectively, while yellow arrows indicate the polarization
direction of the PTO unit cells in these images. Figure 4e,f dis-
play the polarization mappings of the regions in Figure 4c,d, re-
spectively. It is seen that the trapezoidal domain exhibits a di-
vergent polarization pattern, which is characteristic of a polar
meron as previously.[* The inclined stripe domain features a typ-
ical 90° a/c domains. Besides, the trapezoid and inclined stripe
(Figure 4g,h) were further illustrated by extracting lattice param-
eter corresponding to areas of Figure 4c,d, respectively.

The phase-field simulations were performed to clarify the
effect of interfaces on the formation of polar Bloch points
and merons. Three distinct models were developed in simula-
tions to reproduce experimental observations. The work function

© 2025 Wiley-VCH GmbH
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Figure 2. Observation of polar Bloch points in the (PTO),3/(SSO)q superlattice. a) Low-magnification HAADF-STEM image of the cross-sectional
(PTO)13/(SSO)q superlattice viewed along the [100] direction of PTO. The bright and weak layers are PTO and SSO, respectively. b) Atomic-resolved
HAADF-STEM image of the cross-sectional (PTO)3/(SSO)q superlattice viewed along the [100] direction of PTO. The yellow dashed lines denote the
PTO/SSO interfaces. c) The —&y; vector map corresponding to the area of Figure 2b. The black solid circles and rectangle boxes indicate the convergent
and antivortex polarization patterns, respectively. d) and f) The magnified HAADF-STEM images of the areas marked by white rectangle boxes labeled
as “1” and “2”, respectively. e) and g) The polarization mappings corresponding to the areas of (d) and (f), respectively. The arrows with different colors

in (c), (e) and (g) denote the polarization directions of PTO unit cells.

disparity among SSO, SRO, and PTO may generate a built-in
electric field within the PTO layer, inducing the polarization vec-
tors away from the SSO/PTO interface and toward the SRO/PTO
interface (Figures 1 and 3).1273%-33] Based on this mechanism,
Model 1 employs a convergent electric field in the PTO layer
(Figure 5a), whose magnitude is comparable to our previous work
but reversed in direction.l’) Model 2 incorporates a downward
electric field with the magnitude of 20 MV/m to simulate PTO
films grown on SRO electrodes (Figure 5b). Model 3 simulates
a PTO layer that is sandwiched between top SSO and bottom
SRO layers. As shown in Figure 4, the polarization vectors in
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the ¢ domains of the PTO film point away the SSO/PTO in-
terface toward the SRO/PTO interface, which indicates that the
built-in electric fields are also downward. Consequently, a down-
ward electric field of 20 MV/m is applied in this model, as shown
in Figure 5c. The domain structures in the PTO film for three
models are initialized as meron lattice and the optimized do-
main patterns are presented in Figure 5d-1. The 3D domain pat-
terns (Figure 5d—f) reveal that the ¢ domain pairs appear in the
first model and the funnel-shaped ¢ domains exist in the latter
two models, which indicates that Bloch points emerge in the
first model and merons form in the second and third models.
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Figure 3. Observation of polar merons in the SRO/PTO bilayers grown on a SSO substrate. a) Cross-sectional HAADF-STEM image of SRO/PTO bilayers
viewed along the [100] direction of PTO. b) In-plane lattice strain mapping (g,,) corresponding to the area of (a). c) Atomic-resolved HAADF-STEM image
of the SRO/PTO bilayers. d) The magnified HAADF-STEM image corresponding to the area labeled as dashed rectangle of (c). Yellow and red circles
denote Pb and Ti atoms, respectively. Yellow arrows indicate the polarization direction of the PTO unit cells. ) The —&; vector mapping corresponding
to the area of (d). f) In-plane lattice parameter mapping corresponding to the area of (e).

Comparing Figure 5e.f, it is found that the ¢ domains in Figure 5e
are generally larger than those in Figure 5f. It could be at-
tributed to this fact that the top SSO further clamps the PTO
film, which impedes the formation of ¢ domains. This inter-
pretation aligns with the reduced ¢ domain fraction observed
in Figure 4 compared to Figure 3. Figure 5g—i show the hor-
izontal cross-sections in the middle of the PTO films for the
three models. The minimal ¢ domains are shown in Figure 5g
since the ¢ domains of the Bloch points mainly locate in the
top and bottom parts of the PTO film. In contrast, prominent
¢ domains exist in the middle of PTO films under second and
third models, which are located at polar merons. Figure 5j-1 show
three-dimensional polarization structures corresponding to the
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three regions marked by dashed boxes in Figure 5g—i, respec-
tively. It is noted that the Bloch point (Figure 5j) exhibits diver-
gent in-plane and convergent out-of-plane configurations, while
both merons (Figure 5k,1) display down-divergent characteris-
tics. These simulated polarization topologies show consistency
with experimental findings. Further comparison of energies pre-
sented in Table S1 (Supporting Information) reveals that the pri-
mary differences arise from electrostatic and elastic energies.
Model 1 exhibits the lowest electrostatic energy, which could be
attributed to the effect of a convergent electric field. In contrast,
Model 2 shows the highest elastic energy, which is likely due to
the presence of large ¢ domains in the film system. The elastic
energy is reduced in Model 3 due to the decrease of ¢ domains
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Figure 4. Observation of polar merons and a/c domains in the SRO/PTO/SSO trilayers grown on a SSO substrate. a) Cross-sectional HAADF-STEM
image of SRO/PTO/SSO trilayers taken along the [100] direction of PTO. b) In-plane lattice strain mapping (g,,) corresponding to the area of (a). c,d)
Magnified HAADF-STEM images of the SRO/PTO/SSO trilayers corresponding to the areas marked by dashed rectangles “1-2” in (a), respectively.
Yellow and red circles denote Pb and Ti atoms, respectively. Yellow arrows indicate the polarization direction of the PTO unit cells. e, f) The —6y; vector

mappings corresponding to the area of (c—d), respectively. g,h) In-plane lattice parameter mappings corresponding to the area of (c,d), respectively.

when covered with a SSO layer. These results demonstrate that
the stabilization of Bloch points and merons is mainly gov-
erned by the competition between elastic energy and electrostatic
energy.

The controllable formation of polar topologies in ferroelectric
films is critical in nanoscale ferroelectrics. Generally, the stabi-
lization of topological polar structures depends on the compe-
tition of the bulk, elastic, electrostatic and gradient energies of
the system.[>*] The strain engineering and electrical boundary
conditions have been established as conventional strategies for
manipulating polar topologies.['~*34-3¢] Nevertheless, our system-
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atic investigations demonstrate that interfacial symmetry could
serve as a distinct approach to govern topological polar struc-
tures. In the prior work, polar Bloch points were stabilized in
short-circuited SRO/PTO/SRO heterostructures,®! whereas po-
lar meron lattices were observed in ultrathin PTO monolayers
grown on SSO substrates.) However, in this work, by combin-
ing experimental observations and phase-field simulations we
demonstrate that polar Bloch points can also be stabilized in
symmetric SSO/PTO/SSO architectures, while merons persist
in asymmetric systems such as SRO/PTO and SRO/PTO/SSO
films. These findings indicate that the decisive factor for
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Figure 5. The phase-field simulations of the symmetric and asymmetric boundary conditions. a—c) the schematic diagrams of different models. (a) The
PTO film sandwiched by two SSO layers or under the symmetric boundary condition. (b) The PTO film grown on the SRO electrode. (c) The PTO film
sandwiched by SSO and SRO. The yellow arrows represent the directions of local electric fields. d—f) The three-dimensional domain structures for the
three models. g—i) The horizontal cross-sections at the middle of the PTO films for the three models. j—-I) Three-dimensional polarization structures for
the three regions marked by dashed boxes in (g—i). The brown semitransparent surfaces are the isosurfaces of |P,| = 0.5 P,. The spacings between two
adjacent vectors in the in-plane and out-of-plane directions are 2 and 1 nm, respectively.

manipulating polar Bloch points and merons could be not
the electrical boundary condition, but the interfacial symme-
try. Specifically, symmetric interfaces thermodynamically stabi-
lize polar Bloch points, whereas asymmetric interfaces preferen-
tially host merons textures.

The polar Bloch points exhibit mirror symmetric out-of-plane
polarization configurations (Figure 1c), while polar merons dis-
play asymmetrically vertical polarization patterns with alternat-
ing divergent or convergent patterns (Figure 3e). This symme-
try matching mechanics could imply that the symmetric inter-
faces minimize depolarization energy through charge compen-

Adv. Funct. Mater. 2025, e10402
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sation at both interfaces to favor symmetric topological states.
In contrast, asymmetric interfaces could induce unidirectional
screening that can stabilize non-symmetric topological textures.
This phenomenon is also corroborated by previous work. For in-
stance, symmetric topological polar structures along the out-of-
plane direction, including flux-closures, vortices, and skyrmions
have been predominantly observed in symmetric PTO/STO
multilayers and superlattices,'3] whereas the central domain
structures with asymmetric out-of-plane polarizations typically
emerge in BFO monolayer films with asymmetric interfacial
constraints.[12:13:37-39]

© 2025 Wiley-VCH GmbH
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Figure 6. The local PFM hysteresis loop measurements of the SRO/PTO/SRO and SRO/PTO films. a) Phase hysteresis loops and b) amplitude hysteresis
loops. c) Statistical results of coercive voltage and piezoresponse amplitude of the SRO/PTO/SRO and SRO/PTO films.

The interfacial symmetry and polarization coupling mech-
anism revealed here provides a universal framework for ma-
nipulating topological polar structures through interfacial engi-
neering. The rational design of interfacial symmetry in ferro-
electric heterostructures opens new avenues for manipulating
polar topological states. Our findings of interfacial manipula-
tion on polar topologies enable three peculiar capabilities. First,
the transformation from polar Bloch points to merons can be
achieved through intentional symmetry breaking at engineered
interfaces. Second, vertical integration of diverse polar topolo-
gies becomes feasible through multilayer architectures combin-
ing alternating symmetric and asymmetric interfaces, which
highlights the potential for three-dimensional topological mul-
tistate. Third, by strategically combining symmetric/asymmetric
interfaces with strain engineering, more new topological polar
structures could be created in oxide ferroelectric films. These
advances position ferroelectric heterostructures as viable plat-
forms for next-generation high-density memories based on polar
topologies.

To further elucidate how the polar Bloch points and merons in-
fluence the physical properties of ferroelectric films, we have per-
formed piezoresponse force microscopy (PFM) measurements.
Local PFM hysteresis loops were acquired using the dual AC
resonance tracking (DART) mode, which effectively minimizes
topographic crosstalk and improves the signal-to-noise (S/N)
ratio.l*”] Due to the absence of a bottom electrode in the PTO/SSO
bilayers, a relatively high voltage (~30 V) was required to induce
polarization switching (Figure S8, Supporting Information). Ad-
ditionally, in the SRO/PTO/SSO film (Figure 4), the coexistence
of merons and a/c domains likely contributes to the piezoelec-
tric response in a manner that extends beyond the intrinsic ef-
fects of the topological structures. Therefore, to directly compare
the contributions of polar Bloch points and merons, we mea-
sured local PFM hysteresis loops for two similar heterostruc-
tures. The one is the previously reported SRO/PTO/SRO tri-
layer, which hosts polar Bloch point arrays,’® and the other is the
present SRO/PTO bilayer, characterized by periodic meron struc-
tures (Figure 3). As shown in Figure 6a, both samples exhibit
well-defined square-shaped phase hysteresis loops, indicating ro-
bust ferroelectric switching behavior.*!l The corresponding am-
plitude hysteresis loops (Figure 6b) display typical butterfly-like
shapes. Critically, the SRO/PTO/SRO trilayer exhibits a signif-
icantly higher piezoresponse amplitude than the SRO/PTO bi-
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layer, suggesting enhanced piezoelectric properties. To quantita-
tively assess the differences in ferroelectric switching and piezo-
electric response, we performed statistical analyses of the co-
ercive voltage (E.) and the maximum piezoresponse amplitude
(Figure 6¢). The statistical results were summarized in Table S2
(Supporting Information). While the coercive voltages are com-
parable between the two films, the average piezoresponse ampli-
tude of the SRO/PTO/SRO trilayer is approximately 65% higher
than that of the SRO/PTO bilayer. This enhanced piezoresponse
in the trilayer film may be attributed to the following two primary
factors. On one hand, experimental observations and phase-field
simulations reveal that the polar Bloch point has a smaller size,
leading to the higher density of topological domains within the
SRO/PTO/SRO film,5! which could strengthen the piezoelectric
response. Previous studies have also reported that the high den-
sity of ferroelectric domains can strengthen the response to ex-
ternal electric fields.[*>*] On the other hand, the spherical po-
larization configuration of polar Bloch points allows for polar-
ization components in all spatial directions, enabling more flexi-
ble and efficient responses to external electric fields. Our results
highlight the critical role of engineered topological structures in
enhancing electromechanical properties and suggest a promis-
ing strategy for the design of high-performance piezoelectric
devices.

3. Conclusion

In summary, we demonstrated the interfacial manipulation on
polar Bloch points and merons in ferroelectric PTO films. A se-
ries of PTO heterostructures and superlattices with symmetric
and asymmetric SSO or SRO layers were deposited on (110)-
oriented SSO substrates by PLD method. Aberration-corrected
transmission electron microscopy demonstrates that the po-
lar Bloch points are easily stabilized in PTO/SSO bilayer and
(PTO),5/(SSO)y superlattices with symmetric SSO/PTO inter-
faces, whereas they will transform into polar merons and a/c do-
mains in SRO/PTO and SRO/PTO/SSO film systems with asym-
metric interfaces. Phase-field simulations reveal that the built-
in electric field in PTO layer plays an important role in the for-
mation of different topological polar structures. Furthermore,
it is pointed out that the formation of polar Bloch points and
merons is mainly dominated by the competition between elastic
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and electrostatic energies. PFM measurements demonstrate that
the formation polar Bloch points can enhance the piezoelectric
responses of ferroelectric films. Our results illustrate that inter-
face engineering can be used to manipulate topological polar
structures. This study not only advances the understanding of
interfacial manipulation on polar topologies but also paves the
way for exploiting these exotic states in high-density memory,
energy-efficient electronics and high-performance piezoelectric
devices.

4. Experimental Section

Film Deposition: A series of ferroelectric film systems were deposited
on orthorhombic (110)-oriented SSO single-crystal substrate by pulsed
laser deposition (PLD), using the Coherent ComPex PRO 201 F KrF ex-
cimer laser (4 = 248 nm). The sintered PTO target with 3 mol% Pb en-
richment and stoichiometric SSO and SRO targets were used to deposit
PTO, SSO and SRO layers, respectively. Before film deposition, the SSO
substrate was pre-heated to 800 °C and kept for 10 min to make the sur-
face cleaning and then cooled down the temperature of film deposition.
The PTO, SSO and SRO targets were pre-sputtered for 5 min to clean the
target surfaces, respectively. During SRO deposition, the temperature of
680 °C, an oxygen pressure of 7 Pa, laser energy of 300 m), and repeti-
tion rate of 4 Hz were used while the parameters of PTO and SSO layers
deposition were oxygen pressure of 10 Pa, laser energy of 350 m) and rep-
etition rate of 4 Hz. After deposition, the samples were annealed at 700 °C
for 5 min in an oxygen pressure of 3 x 10* Pa, and then cooled down to
room temperature with the cooling rate of 5 °C min~".

TEM Samples Preparation and HAADF-STEM Imaging: ~ Cross-sectional
samples for STEM observations were prepared through a traditional pro-
cess involving gluing, grinding, dimpling and Ar ion milling using a Gatan
Precision lon Polishing System 695. The initial voltage of 4.5 kV and an
angle of 7° were used for ion milling. Then, the voltage and angle were
gradually reduced. The final voltage of 0.5 kV was used to reduce the dam-
age by ion beam. The planar-view samples for STEM observations were
specifically prepared by limiting ion milling from the substrate side to pre-
serve the film structure.

Atomic-resolution HAADF-STEM imaging for cross-sectional and
planar-view samples was conducted on an aberration-corrected scanning
transmission electron microscope (Spectra 300 X-FEG microscope, Ther-
moFisher Scientific) equipped with CEOS double aberration (Cs) correc-
tors and a monochromator, which was operated at 300 kV. The STEM Drift
Corrected Frame Integration (DCFI) technique was used to minimize the
sample drift when acquiring atomic-resolved HAADF-STEM images. The
DCFI technique records successive original STEM images and integrates a
high-quality STEM image via calculating and correcting the drift from cross
correlation.[*4] Each high-resolution HAADF-STEM image was acquired by
integrating 20 sequential frames with the dwell time of 200 ns using Velox
software (ThermoFisher Scientific), which ensures a high signal-to-noise
ratio for precise atomic-scale polarization analysis.

Strain Analysis and Determining the Position of Atom Columns: The
large area strain field in HAADF-STEM images were deduced by Geometric
Phase Analysis (GPA), which was carried out by Gatan Digital Micrograph
software.[446] The positions of atom columns in HAADF-STEM images
were determined based on the two-dimensional Gaussian fitting, which
was carried out by using the Matlab software.[*’]

PFM Measurements: The PFM measurements were conducted using
a scanning probe microscope (Cypher, Asylum Research) at room tem-
perature. The conductive silicon cantilever with a Pt/Ir coating (ARROW-
EFM-50, NanoWorld) was employed for local PFM hysteresis loop mea-
surements. This cantilever has a length of 240 pm, a width of 35 um, a
resonance frequency of 75 kHz, and a force constant of 2.8 N/m. Prior
to the measurements, the cantilever was calibrated by using Sader and
thermal noise methods,[*34°] which was carried out by Asylum software
(Asylum Research).
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Phase Field Simulations: The polarization distribution in PTO films
was studied by phase field simulations. The order parameters were chosen
as the three components of spontaneous polarizations. The system’s free
energy was composed of bulk, gradient, elastic and electrostatic ones:

F= [ V(P + P + ot P ) + e Py E9] 4V M
The first term was the bulk energy density:
Soule = @7 (P24 P2+ P2) +ayy (Py + P5 + P)
+ayy (P2P2+ PZPZ+ P2PZ) + ayyy (PS + PS + PS)
a7 (P + ) + P4 (P 4 7) + 2 (P4 D)

+ayp3 P2P2P? )

The second term was the gradient energy density:
food = 1G (PZ + P +P2)+G (Py1Pys+ PyyPss + PriPss)
grad = SO\ Pt T, 12 (F11P22 + Fo2F33 + 7133
1 2 2 2
+5Cus [(P1,2+P2.1) +(Py3+P3;)" + (P3y+Prs) ] ®3)

The third term was the elastic energy density:

:
Solas = chjkl (%‘ - 52) (e —€) (4)

where ¢;; was the total strain and 52, was the spontaneous strain. Their

difference was the elastic strain. The spontaneous strain 58, = QPP was

related to the polarization by the electrostrictive coefficients Qy. The last
term was the electrostatic energy density:

1
fetec = —Egobe;Z - EP; (5)

where g, was the permittivity of vacuum and ¢, was the background rela-
tive dielectric constant.

It was assume that the equilibrium of mechanical stress and electrical
field was much faster than the evolution of domain structures. Thus, the
mechanical equilibrium equation o;;; = 0 and the Maxwell equation D;; =
0 were solved to obtain the corresponding driving forces for each polar-
ization configuration.

The evolution of polarization was governed by the time-dependent
Ginzburg-Landau equation:

dPpi 8F
dt 5P, ©)

where L was the dynamic coefficient. The backward Euler method was used
to trace the evolution of polarizations.

The sizes of the first and third models were 128 x 128 x 100, corre-
sponding to the real space size of 128 x 128 x 20 nm3, which contains the
down layer (5 nm), the PTO film (5 nm) and the top layer (10 nm). The
size of the second model was 128 x 128 x 10 nm3, i.e., no top layer. The
surface of the top layer was in a traction-free state, while the bottom of the
down layer was fixed to the substrate strain. All coefficients of PTO were
adopted from previous literature.l’%! For the sake of simplicity, the elastic
constants of the whole system were chosen as the same as those of PTO.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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Observation of Néel-Skyrmions in Bilayered Oxide

Ferroelectrics

Feng-Hui Gong, Shuai-Shuai Yin, Kefan Liu, Yun-Long Tang, Yin-Lian Zhu, Yu-Ting Chen,
Yu-Jia Wang, Xiao-Long Li, Xue-Rong Liu, Zijian Hong,* and Xiu-Liang Ma*

Skyrmions in ferromagnetic materials exhibit either Néel or Bloch character-
istics. Although skyrmions in ferromagnetic materials can be readily obtained
via inter-spin interactions, a skyrmion in ferroelectric materials exhibiting
solely Néel or Bloch characteristics has not yet been discovered. Here,

by modulating the formation of skyrmion-bubbles in [(PbTiO;),/(SfTiO;),I;
[(PTO,/STO,),] bilayers grown on STO substrates, the atomic morphology

of pure Néel-skyrmion is observed with a topological charge of + 1 in the
ultrathin bilayered films with the thickness of 2 unit cells (u.c.). Such a pure
Néel-skyrmion is confirmed by a combination of atomic mappings, geometric
phase analysis, and X-ray 3D reciprocal space mapping (RSM). It is found that
decreasing the thickness of bilayered films from 50 to 2 u.c., the characteristics
of skyrmion-bubbles exhibiting both Néel and Bloch features disappear along

1. Introduction

Topological structures based on spin and
polarization share many similarities, such
as flux closures,'®! vortices, %! center-
type domains, 22 and labyrinthine.[?*]
However, there are significant struc-
tural differences between the skyrmion-
bubbles!®-3%1  (also known as polar
skyrmions) in ferroelectric materials
and the skyrmion in magnetic materi-
als (Figure S1, Supporting Information).
Skyrmions in magnetic materials exhibit ei-
ther Néel or Bloch characteristics, whereas
skyrmion bubbles in ferroelectric materials
exhibit mixed characteristics. The Néel

with the Bloch features. The formation mechanism of the Néel-skyrmions

is unveiled using Phase-field simulations, showing the critical role of

electric and gradient energy variation in the stable phase of Néel-skyrmions.
These nanoscale pure Néel-skyrmions represent the electrical equivalents

of their magnetic counterparts, extending the size limits of topological phases
and offering potential advancements in the field of ferroelectric physics.

and Bloch components of polarization
rotations describe these complex dipole
patterns.**l In Néel domain walls, the
rotation of polarizations occurs in the plane
perpendicular to the domain wall, pro-
ducing a non-zero projection of the order
parameter on the domain wall’s normal.
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In contrast, polarization rotation across Bloch domain walls oc-
curs in the domain wall’s plane.[*] Therefore, the search for pure
Néel-type or Bloch-type ferroelectric skyrmions could enhance
the analogy between ferroelectric and ferromagnetic materials,
potentially advancing the research of ferroelectric physics and
driving the design of ultrathin electronic devices.

Over the past five years, systematic explorations of ferro-
electric skyrmion-bubbles from both experimental and theoret-
ical perspectives!® have revealed their stabilization by the
complex interplay among bulk, gradient, elastic, and electro-
static energies. These skyrmion-bubbles exhibit exotic properties
such as chirality,[2%4] negative capacitance,?®*-%] and topolog-
ical phase transition behavior.332333] However, as a difference
to the Dzyaloshinskii-Moriya interaction, dipole—dipole interac-
tions are achiral, meaning that they energetically favor Bloch-
skyrmions.[*#¢] The formation of ferroelectric Néel-skyrmions
necessitates a significant electric charge to compensate for the
divergence of the radial gradients in electric polarization.[2>#748]
Similarly, domain engineering is a feasible strategy for creating
diverse, weakly correlated Néel-skyrmions and Bloch-skyrmions
in single-layer tetragonal ferroelectric thin films.*"! Therefore,
previous theoretical studies have suggested that the existence of
Néel-skyrmions is relatively unlikely, making their detection and
study more challenging.

Experimentally, previous studies have focused on the
[(PbTiO;),/(SrTiO;),],, (PTO,/STO,), superlattice system.
Significant fluctuations in the skyrmion-bubble domain mor-
phology have been observed in (PTO,,/STO,), bilayer films.[2¢]
Inspired by the bilayer system, reducing the bilayer film thick-
ness to a few u.c. may reveal novel structures primarily governed
by gradient energy. Therefore, in this work, we aim to identify
pure Néel ferroelectric skyrmions and elucidate the evolutionary
behavior of skyrmion-bubbles with varying thicknesses by grow-
ing a series of (PTO),/(STO), bilayers on STO substrates using
pulsed laser deposition (PLD).

2. Results and Discussion

PTO is a tetragonal structure at room temperature with the lattice
parameters of a = b = 3.899 A and ¢ = 4.153 A. Figure 1a illus-
trates the crystal structure of PTO. The ferroelectricity in PTO can
be explained at four levels: i) Displacement ferroelectrics involve
significant displacements of Pb?* and Ti** cations relative to 0%~
anions within the tetragonal u.c., leading to a separation of the
positive and negative charge centers, forming an electric dipole
or spontaneous polarization (P,), as shown in Figure 1b. The 6
vector in each u.c. opposes the polarization direction of PTO. The
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integrated differential phase contrast (iDPC) imaging method en-
hances imaging contrast for light elements and reduces the im-
pact of multiple scattering on images. However, iDPC requires al-
gorithms for image reconstruction and demands computational
resources. The annular bright-field (ABF) imaging method also
improves imaging contrast for light elements, with relatively sim-
ple image processing. It does not require iterative algorithms for
real-time imaging. The image quality of ABF relies on the an-
gular resolution of the transmission electron beam. In the iDPC
image of a partial ferroelectric skyrmion-bubble (Figure 1c), the
atomic shift between cations and anions is visible, with the shift
between cations and O atoms being more pronounced than that
between Pb and Ti. ii) From a classical mechanics perspective,
the paraelectric-ferroelectric phase transition in PTO results in a
polar lattice, driven by the competition between short-range re-
pulsions and long-range Coulomb forces. iii) In terms of elec-
tronic structure, the PTO’s ferroelectricity originates from the
synergistic interaction between the lone pair electrons of Pb and
the d, mechanism. The 6d orbital of Pb is not fully occupied,
the oxygen octahedral undergoes Jahn-Teller distortion, leading
to crystal field splitting. This alters the electron cloud of Ti, re-
sulting in polarity within the PTO u.c. iv) Lattice dynamics reveal
that ferroelectricity is induced by phonon splitting and the soften-
ing of the optical branch transverse mode in the central Brillouin
zone.

Figure 1d—g shows the cross-sectional high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) images of (PTO,/STO,), bilayers with varying thick-
nesses grown on STO substrates. The substrate/PTO and
PTO/STO interfaces appear flat (indicated by two pairs of white
arrows in Figure 1d—g). Atomic-resolved X-ray energy dispersive
spectroscopy (EDS) was acquired to identify the element distri-
bution in the film, as shown in Figure S2 (Supporting Informa-
tion). It is seen that both interfaces are very sharp, and there is
no indication of inter-diffusion. Additionally, the single-crystal
structure of the samples was characterized at the BLO2U2 Sta-
tion of Shanghai Synchrotron Radiation Facility (SSRF), with a
spot size of ~160 x 80 um after focusing, and statistically eval-
uated the structure of the single-crystal samples at a large scale
(hundred-micron scale). Crystal truncation rod (CTR) O0L data
of (PTO,/STO,), samples were acquired, and the structure of
epitaxial thin films was reconstructed by the COBRA algorithm
(Figure 1h).’%%2] The electron density (ED) distribution of the
epitaxial film was obtained (Figure 1i), and we can visualize the
obvious density difference between the substrate and the epi-
taxial film from the ED distribution envelope. And the atomic
layer of the epitaxial film is clear, indicating high sample qual-
ity. Based on the Gaussian fit from Figure 1i, we can determine
that the terminal layer of the STO substrate is TiO,, and 2/2 u.c.
PTO/STO films were grown on STO substrates. The occupancy
rate of the uppermost layer of Pb is slightly lower, likely due to
certain mixing of Pb and Sr (Figure 1j,k). The outermost layer was
flat-layered with a 2 u.c. STO film, and the sample surface was a
TiO, terminal surface. The increase in the HWHM of STO on the
surface indicates that the 2 u.c. STO layer is polarized, possibly
due to the influence of the PTO polarization (Figure 1k). These
results suggest that we have obtained high-quality PTO/STO bi-
layers, which is important for further revealing the characteristics
of possible polar topologies.
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Figure 1. Characterization of the growth quality of PTO/STO bilayers. a) Schematic perspective view of the u.c. of PbTiO; (yellow, Pb; red, Ti; blue, O).
b) Projection of the u.c. along the [010] direction. c) iDPC image of the PbTiO; crystal along the [010] direction. d—g) Cross-sectional high-resolution
HAADF-STEM image for (PTO,/STO,); (n = 50, 24, 14, 2 u.c.) bilayers. h) CTR 00L data (solid black circle) and COBRA calculation data (red line).
i) Z-direction electron density distribution of the epitaxial film obtained by using the COBRA phase reconstruction algorithm. j) Integral area distribution
obtained by Gaussian fitting based on the electron density distribution of (i). k) Full width at half maximum (FWHM) obtained by Gaussian fitting based

on the electron density distribution of (i).

We have further applied iDPC imaging, which is more sensi-
tive for recording O atom columns (Figure S3a, Supporting In-
formation). And we have precisely measured ion displacement
and polarization near the domain wall of the skyrmion-bubble.
The reversed 6; and 8, vector maps reveal domain wall curved
characteristics of skyrmion-bubble (FigureS3b,c, Supporting In-
formation). The results of determining the polarization direction
based on the displacement of Ti*' and O%~ are consistent. Ad-
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ditionally, we separately extracted the displacements of O1, 02,
and Ti along the out-of-plane direction (Figure S3d—f, Support-
ing Information). O1 represents the oxygen within the in-plane
of the oxygen octahedron, while O2 represents the oxygen at the
upper and lower vertices of the oxygen octahedron. The out-of-
plane displacement of O1 ranges from —60 to 85 pm, moving
from the left side to the right side of the domain wall (Figure S3d,
Supporting Information), while the out-of-plane displacement of
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Figure 2. Thickness-dependent skyrmions phase transition. a-h) A series of cross-sectional HAADF-STEM images for (PTO,,/STO,)); (n =50, 24, 14, 2

u.c.) bilayers and their corresponding polarization maps. The right illustration is the 3D skyrmion transformation maps.

02 is —50 to 55 pm (Figure S3e, Supporting Information). Inter-
estingly, the displacement of O1 is greater than that of O2. The
out-of-plane displacement of Ti** is —29 to 43 pm from the left
side of the domain wall to the right (Figure S3f, Supporting Infor-
mation). By comparison, the displacement of O2 is greater than
that of Ti**. In addition, we also extracted the tetragonality for the
10th, 11th, 21st, and 22nd PTO u.c. layers, as marked by white
arrows (Figure S3a,g, Supporting Information). The tetragonal-
ity in Bloch regions (domain wall) is smaller than the tetragonal-
ity in other regions (Figure S3g, Supporting Information). To get
further insight into the polarization distributions, we calculated
the out-of-plane component of polarization (|P,/,) based on the

empirical formula:(>*!

Ps = koTi (1)

and calculated the out-of-plane and in-plane component of polar-
ization (|P,/, and |P,/,) based on formula:>*

N
Ps :% ; Zi #6Ti 2)

where P, (uC cm™2) is the calculated P, value of ferroelectric. For
ferroelectric PTO, the value of k is #2726 (uC cm~2)/nm, 6 (nm)
is the displacement value of Ti** along the out-of-plane or in-
plane direction, V is the volume of u.c. (V = a%c), and the Born
effective charge Z of atom i, calculated by ab initio theory, has nu-
merical values of 6.71 for Ti, —2.56 for O1 and —5.51 for O2 (out-
of-plane), and —2.56 for O1 and —2.56 for O2 (in-plane). The po-
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[34]

larization value in the out-of-plane direction gradually decreases
and then increases, while the polarization value in the in-plane
direction gradually increases and then decreases (Figure S3h—j,
Supporting Information).

Next, to explore the evolutionary behavior of skyrmion-bubbles
with varying film thickness, we acquired atomically resolved
HAADF-STEM images for (PTO, /STO,), (n =50, 24, 14, 2 u.c.)
bilayers, along with corresponding polarization maps (Figure 2;
Figure S4, Supporting Information). In HAADF-STEM images,
the Pb?* columns appear as the brightest dots because the inten-
sity of atom columns is approximately proportional to Z2, where
Z is the atomic number. The Ti** columns show weaker contrast.
Note that enhanced darker and brighter contrast exists in 50 and
24 u.c. thick PTO layers, suggesting that twisted skyrmion-bubble
domain walls emerge in PTO layers (Figure 2a,c). When the PTO
thickness is reduced to 14 u.c., the distinct domain wall con-
trast disappears, and we have to roughly determine the position
of the domain wall by ionic displacement during the experiment
(Figure 2e,g). The polarization maps show that one side of the
skyrmion-bubble domain wall exhibits severely twisted state (as
marked by the red solid line) in the 50, 24, and 14 u.c. thick PTO
layers (Figure 2b,d,f), while the other side of the domain wall ap-
pears relatively straight (as marked by black dotted line). In fact,
previous work has indicated that the morphology of skyrmion-
bubbles in bilayer films is more complex,!*! suggesting greater
uncertainty in the evolution of domain configurations as the bi-
layer film thickness decreases. Interestingly, we found that the
Néel and Bloch characteristics of the skyrmion-bubble are pre-
served in the 50, 24, and 14 u.c. thick PTO layers (Figure 2b,d.{).
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In addition, the phase-field simulation confirmed the presence
of Bloch-type skyrmion domain walls in thick films (Figure S5,
Supporting Information). The cross-sectional polarization distri-
bution shows that these tilted domain walls appear as closed-loop
domains at the top and bottom of the PTO layer, with tilted tor-
sion occurring in the middle (Figure S5a,b, Supporting Informa-
tion). The in-plane polarization component at the center of the
domain wall is relatively large, forming a Bloch-type domain wall,
which is consistent with Figure S3 (Supporting Information).
Furthermore, we calculated the helicity density distribution of
the tilted domain walls (Figure S5c¢,d, Supporting Information).
When the helicity is positive, it is defined as right-handed; oth-
erwise, it is left-handed. Consequently, we identified two types
of tilted domain walls: left-handed characteristic domain walls
when tilted counterclockwise, and right-handed characteristic do-
main walls when rotated clockwise. Meanwhile, the skyrmion
structure only exhibits the Néel feature in the 2 u.c. thick PTO
layers (Figure 2g,h). For ferroelectric skyrmion-bubble and pure
Néel-skyrmion, there is no obvious difference in the polarization
distribution of the planar-view (Figure S6, Supporting Informa-
tion).

We conducted geometric phase analysis (GPA) on PTO/STO
bilayers of varying thicknesses, as illustrated in Figure 3a-h. ¢,
maps indicate that the STO,, /PTO and PTO/STOg,,, interfaces
are smooth and not sharp, as marked by white arrows, because
the a of PTO (a = 3.899 A) and STO (a = 3.905 A) are very close.
For ferroelectric skyrmion-bubble and Néel-skyrmion, there is no
difference in the in-plane direction strain maps (Figure 3a—d).
However, ¢,, maps indicate that these interfaces are sharp, as
marked by white arrows, because the ¢ of PTO (c = 4.153 A) is
much larger than that of STO (¢ = 3.905 A). The PTO layers un-
dergo tensile strain modulation in the out-of-plane direction, im-
plying that the polarization direction is distributed along the out-
of-plane direction (Figure 3e—g). In addition, we found enhanced
and reduced strain features in the regions of skyrmion-bubble
domain wall, which also reflects the bending characteristics of
the domain wall in the (PTO,,/STO,), (n = 50, 24, 14 u.c.) bilay-
ers (Figure 3e—g). So, the ¢,, strain maps (curved domain wall
characteristics) also conform to the polarization mapping results
in Figure 2b,d,f. When the PTO thickness was further reduced to
2u.c., the upper STO layer exhibited localized tensile strain mod-
ulation, as marked by blue arrows, indicating that out-of-plane
polarization has emerged. The middle PTO layer showed local-
ized strain attenuation, as indicated by black arrows (Figure 3h).
This abnormal strain state corresponds to the strain characteris-
tics of a ferroelectric Néel-skyrmion.

The lattice Z (c value) extracted from atomic scale-resolved
HAADF-STEM images (Figure 2a,c,e,g) is shown in Figure S7a—d
(Supporting Information). The lattice Z changes sharply on the
skyrmion-bubble curved domain wall (Figure S7a—c, Support-
ing Information). Figure 3i,j depicts the maximum, minimum,
and average values of lattice Z and lattice X (a value). The aver-
age values of lattice Z and lattice X in different thick PTO/STO
bilayers are consistent with the bulk value (pink dashed line).
The shift Z (the Ti** displacement along the out-of-plane direc-
tion) extracted from atomic scale-resolved HAADF-STEM im-
ages (Figure 2a,c,e,g) is shown in Figure S7e-h (Supporting In-
formation). Figure S3k1 (Supporting Information) depicts the
maximum, minimum, and average values of shift Z and shift
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X (the Ti** displacement along the in-plane direction). As the
film thickness decreases, the maximum and average values of
shift Z gradually decrease. Because, in the cross-sectional view
of the skyrmion-bubble, the polarization is predominantly along
the out-of-plane direction across most regions, but at the core
of the domain wall, polarization rotation causes the out-of-plane
displacement to approach zero. As the thickness of the film de-
creases, the maximum value of shift X gradually decreases. How-
ever, when the PTO thickness reaches 2 u.c., the shift X sud-
denly increases, indicating the emergence of a significant in-
plane displacement, which corresponds to the in-plane polariza-
tion characteristics of a ferroelectric Néel-skyrmion. The strain
and ion displacement analysis also confirms the existence of pure
Néel-skyrmion in 2/2 u.c. thick ultrathin bilayers. To ensure the
reliability of the results, we can also select different crystallo-
graphic orientations for observation. This approach may mini-
mize discrepancies between the fundamental features of the re-
constructed 3D structure and its true characteristics. To further
validate our experimental results, we also confirm them through
other approaches, such as polarization maps, ion displacement,
strain analysis, and synchrotron radiation.

To further confirm the significant structural changes observed
in 2 u.c. thick PTO/STO bilayers, we utilized synchrotron-based
XRD, as illustrated in Figure 3m-o. Based on the coordinates of
diffraction spots in reciprocal space, we calculated the lattice con-
stant corresponding to each diffraction spot. Then we found that
the diffraction peaks of the STO film (labeled as 3, 5,9, 11, 13) also
appeared around the 011, 101, and 201 diffraction spots of the
STO substrate, indicating that the lattice constant of the STO film
does not match that of the STO substrate. Meanwhile, the sepa-
rated diffraction peaks of the STO film also mean that the STO
film comes into structural distortions, ion displacements, and
polarity, which are consistent with analysis results of CTR data
(Figure 1h—k) and polarization map (Figure 2g,h). The accumula-
tion of charge on the sample surface and the penetration effect of
PTO polarization have led to the polarity of the STO layer. In ad-
dition, we observed that the diffraction peaks of the PTO film (la-
beled as 2,4, 6, 7,8, 12, 14, 15, 16) appeared around the 011, 101,
and 201 diffraction spots of the STO substrate. This suggests sig-
nificant lattice constant fluctuations in the PTO film, implying a
complex or rich polarization configuration. By comparing planar-
view dark-field STEM images of STO,,/PTO,,/STO, trilayer and
(STO,4/PTO,;), superlattice,?*! we find that the morphology of
skyrmion-bubble in trilayers is severely bent and twisted. There
are widespread occurrences of nanometre-size round and squig-
gly elongated features in trilayers. This also suggests that reduc-
ing the thickness of the trilayers to 2 u.c. may lead to significant
structural changes in the skyrmion-bubble. The asymmetric mul-
tiple PTO diffraction peaks in the 011, 101, and 201 reciprocal
space maps show that the topological domains have the charac-
teristic of preferentially oriented arrangement (Figure 3m-—o).

The polarization maps (Figure 2b,d.f) clearly illustrate the
Bloch characteristics of the skyrmion-bubble, where the polar-
ization forms closed loops, as indicated by the red solid line
and black dashed line. It also reveals the Néel characteristics
at the PTO/STO interface, where the polarization either con-
verges or diverges. However, when the thickness of the PTO/STO
film is reduced to 2 u.c., the Bloch polarization component with
closed-loop characteristics disappears, leaving only the divergent

© 2025 Wiley-VCH GmbH
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Figure 3. Strain, ion displacement, and 3D-RSM of ferroelectric Néel-skyrmion. a—d) The GPA analysis of in-plane strain ¢,,. e-h) The GPA analysis of
out-of-plane normal strain ¢,,. White arrows indicate heterointerfaces in these photographs. i,j) Maximum, minimum, and average values of lattice Z
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polarization component; that is, only the Néel characteristics re-
main (Figure 2h). If Bloch characteristics were present, given that
the PTO layer is only 2 u.c., closed polarization loops would ap-
pear in the in-plane field of view. But, in the in-plane field of
view, the polarization distribution only shows convergence or di-
vergence, corresponding to the pure Néel characteristics (Figure
S6c, Supporting Information). Therefore, the polarization distri-
butions in both the cross-sectional and in-plane fields of view con-
firm the existence of pure Néel-skyrmions in the PTO/STO bi-
layer film. The reproducible experimental evidence is presented
in Figure S8 (Supporting Information). Next, the out-of-plane
strain states at the core (marked by blue arrow) and edge regions
of the Néel-skyrmion are consistent (Figure 3h). These regions
experience out-of-plane tensile strain modulation, which corre-
sponds to the positions of the blue and red polarization arrows
in the schematic of the pure Néel-skyrmion (Figure 2). The maxi-
mum in-plane ion displacement (shift X) of the Néel-skyrmion is
shown by the black arrows in Figure 31, corresponding to the in-
termediate position where the polarization transitions from ver-
tically upward to vertically downward (Figure 2, the schematic
of the pure Néel-skyrmion). That is, it also corresponds to the
position indicated by the black arrows in the out-of-plane strain
map (Figure 3h). In addition, multiple parallel “subrod” signals
near the Bragg peak are clearly observed in the 3D RSM patterns
(Figure 3m-—o), indicating the presence of domains with similar
lattice constants in the film. This differs from the previously re-
ported skyrmion-bubble signal. The experimental evidence col-
lectively confirms the presence of pure Néel-skyrmions in the ul-
trathin bilayer film.

We also utilized phase-field simulations to unveil the ori-
gin of the polar Néel-skyrmions and to explain the evolution of
skyrmion-bubble with varying thickness. The polar structure for
(PTO,/STO,),, bilayer films with different thicknesses is calcu-
lated (Figure 4). We present scattered point charges at the inter-
face of the bilayer films to represent polarization charges. For
thick (PTO,,/STO,), thin films (n = 50, 24, 14 u.c.), the in-plane
polarization distribution indicates that skyrmion-bubbles mainly
consist of bubbles and stripes (Figure 4a,b,c). As the film thick-
ness decreases, the out-of-plane polarization intensity gradually
diminishes due to the reduction of the P,. When the thickness
decreased to 2 u.c., pure Néel-skyrmions appeared (Figure 4d,e).
The cross-sectional views of the two types of skyrmions demon-
strate the transition to Néel-skyrmions. From the center to the
edge of the skyrmions, the out-of-plane component of the po-
larization vector first decreases and then increases, while the in-
plane polarization component first increases and then decreases.
At the center of the skyrmion wall, the in-plane polarization com-
ponent reaches its maximum, and the out-of-plane polarization
component reaches its minimum, forming a Néel-skyrmion. The
topological charge of these Néel-skyrmions is calculated as + 1.
The number of skyrmions in the simulation box is counted (with
asize of 78.4 nm X 78.4 nm, Figure 4f). The number of skyrmions
increases significantly with the decrease in the PTO size, show-
ing both the decreased skyrmion size and increased skyrmion
density.

Moreover, to elucidate the reason for the emergence of Néel-
skyrmions, the different energy components are calculated,
e.g., the elastic, electric, Landau, and gradient energy densities
(Figure 4gh). As the thickness increases, the electric and gra-
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dient energy densities gradually increase, while the elastic and
Landau energy densities decrease simultaneously. The total en-
ergy of the system decreases with increasing thickness due to the
larger reduction in the Landau energy. We found that when the
film decreases to 2 u.c., the total energy significantly increases
by 3 orders of magnitude. Comparing each type of energy, it was
found that the Landau energy density is the highest when n =
2. To minimize the total energy, the system chooses to stay in
the tetragonal region that reduces the other polarization compo-
nents, leading to the emergence of Néel-skyrmions. Here, we pro-
pose an explanation for the emergence of Néel-skyrmions from
the perspective of the depolarization (which forms within the
PTO layer sandwiched between the insulating STO layers) and
the strain relaxation. The depolarization field strengths for the 2
and 16 u.c. PTO are 6.58 and 0.97 V nm™' without the forma-
tion of skyrmions, respectively. In the superlattice with large pe-
riodicity (e.g., 16/16), the depolarization primarily affects only a
few PTO u.c. near the STO/PTO interface, while some degrees
of strain relaxation occur throughout the superlattice film, form-
ing complex polar structures with both mixed characters. How-
ever, in our case with just 2 u.c. PTO, the depolarization field is
stronger (favoring simple in-plane-polarization) while the strain
relaxation is minimal (favoring simple out-of-plane polarization
with large substrate strain), the combination of these two effects
makes a much simpler physical picture of a pure Néel-skyrmion.

3. Conclusion

This work has demonstrated that the pure Néel polar skyrmions
can be sustained in ultrathin bilayers, with the PTO layer being
as thin as 2 u.c., as shown by both experimental observations
and theoretical calculations. Experimental evidence for the pure
Néel polar skyrmions includes: 1) Planar-view polarization map-
ping by HAADF-STEM; 2) out-of-plane tensile strain modulation
from the strain mapping; 3) maximum in-plane ion displacement
(shift X) of the skyrmion for the ultrathin sample; 4) multiple par-
allel “subrod” signals near the Bragg peak are clearly observed in
the 3D RSM patterns. This finding is significant for the future
exploration of skyrmion-based ferroelectric physics and related
electronic devices. The characteristics of severely twisted domain
walls vanish as the film thickness decreases, coinciding with the
disappearance of Bloch features. Phase-field simulations further
confirm the formation of ferroelectric Néel-skyrmion. In this sce-
nario, the substantial reduction in Landau energy and the con-
comitant rise in depolarization energy are pivotal in mediating
the interplay among lattice, orbital, spin, and charge degrees of
freedom, thereby confining Néel-skyrmions to a 2 u.c. thick PTO
layer. It should be noted that the size of the polar skyrmions ob-
served in our system is among the smallest that have been re-
ported so far.

4. Experimental Section

Reproducible Synthesis of Bilayers Using Pulsed-Laser Deposition (PLD):
The (PTO,/STO,), (n = 50, 24, 14, 2 u.c.) bilayers were deposited on
(001)-SrTiO; substrates using the Coherent COMPex Pro 201 F KrF ex-
cimer laser with A = 248 nm. The PbTiO; target is 3 mole percent of
Pb-enriched sintered ceramics. The SrTiO; target is sintered ceramics

© 2025 Wiley-VCH GmbH
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Figure 4. Thickness-dependent skyrmion-bubble to Néel-skyrmion transition simulated by the phase field method. a-d) A series of in-plane polarization
distribution images for (PTO,/STO,); (n = 50, 24, 14, 2 u.c.) bilayers with the out-of-plane polarization intensity. e) The cross-sectional polarization
distribution vector diagram in the box of (d) | and II. f) Skyrmions number for (PTO,/STO,); with an area of 78.4 X 78.4 nm. g,h) Relative elastic,
electric, Landau, gradient, and total energy density for (PTO,,/STO,); (n =50, 24, 14, 2 u.c.).

with a standard stoichiometric ratio. The growth temperature and oxy-
gen pressure for the bilayers were 700 °C and 75 mtorr, respectively. The
deposition rate is 4 Hz. By adjusting the laser energy and oxygen pres-
sure, it could be ensured that the plasma plume reaches a height ex-
actly 2/3 of the distance between the target and the substrate. By pre-
cisely controlling the number of pulses of lasers, the thicknesses of the
PbTiO; and SrTiO; layers were held at 50, 24, 14, and 2 u.c., respec-
tively. Immediately after the growth of the (PTO,/STO,); bilayers, the
samples were cooled down to room temperature under a 200 torr oxygen
pressure.

Scanning Transmission Electron Microscopy (STEM): Cross-sectional
samples for STEM observation were prepared by slicing, gluing, mechan-
ical grinding, dimpling, and finally ion milling. The samples were dimpled
down to 10 um. Then, a Gatan Precision lon Polishing System (PIPS)
695 was used for ion milling. At the beginning of ion milling, the inci-
dent angles of 7° and milling voltage of 5 kV were used. Then, the an-
gles and voltage were gradually reduced to 3° and 3.5 kV. Finally, the
ion milling voltage was set at 0.3 kV to reduce the amorphous layer pro-
duced by ion beam damage. Plan-view samples were milled only from the
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substrate side. The observations were performed by spherical aberration-
corrected transmission electron microscopy (Titan Themis 60-300 X-FEG
microscope (Thermo Fisher Scientific)), with double aberration (Cs) cor-
rectors from CEOS and a monochromator, which was operated at 300 kV.
The HAADF-STEM images for acquiring the polarization distribution are
recorded by Drift Corrected Frame Integration (DCFI) in Velox software.
The DCFI technique records successive HAADF-STEM images and inte-
grates a new STEM image by calculating and correcting the drift from the
cross-correlation.

Structural Characterization Using Synchrotron X-Ray Diffraction: The
CTR and 3D-RSMs experiment data were obtained from synchrotron X-ray
diffraction. The CTR specular data were obtained by subtracting the back-
ground signal from the area detector, then applying geometry correction.
The COBRA algorithm used CTR specular data to reconstruct the electron
density at surfaces and interfaces in the z-direction of epitaxial films. The
3D-RSMs were employed to study the complex phase coexistence in the
bilayer films. The CTR and 3D-RSMs experiments were performed at the
BLO2U2 beamline of the Shanghai Synchrotron Radiation Facility. The CTR
specular data were collected using the spec four-circle mode. In order to

© 2025 Wiley-VCH GmbH
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amplify the surface signal as much as possible and to ensure that the inci-
dent spot does not extend beyond the surface of the sample, the 3D-RSMs
experimental data were collected using spec PSl-circle fix alpha mode and
a fixed incidence angle of 2 degrees. The experimental sample size is 5 x
5 mm, and the spot size is 160 x 80 um in horizontal and vertical FWHM.
Highly accurate CTR and 3D-RSMs were obtained by the excellent accuracy
of the Huber 6-circle diffractometer equipped with an Eiger 500 K area de-
tector.

Peak Finding: The positions of atom columns in HAADF-STEM and
iDPC images were determined on the basis of the 2D Gaussian fitting,
which was carried out by using the Matlab software. For accurately distin-
guishing between A-site atoms and B-site atoms according to the intensity
of the atomic column in the HAADF-STEM image, the brightness and con-
trast of images have been adjusted as a whole. The lattice spacing, the shift
of Ti** (61;), ¢/a, and rotation angle were deduced.

Phase-Field Simulation: Phase-field methods are performed for the
(PTO,/STO,)); (n=50, 24, 14, 2 u.c.) bilayer oxide films on a SrTiO;-(001)
substrate, by solving the time-dependent Ginzburg—Landau equation:[>°]

ﬁ = —|_—6F (P’) (3)
ot 5Pi

where, L, P are the evolution time step, the kinetic coefficient, and the po-
lar order parameter, respectively. The total free energy F is contributed by
the volume integration of Landau (f;,,4), elastic (f,,), electrostatic (f,,.),
and polar gradient energy densities (fy,4), which can be expressed:[°6-38]

F (Pi) = / [fland (Pi)+felas (Pi,ekl) + felec (Pi, Ej) +fgrand (Pi, j)]dV(4)

A series of 3D meshes of 192x 192 x 200 were established, with each
grid spacing of 0.4 nm. Along the out-of-plane direction, such as the
(PTO,4/STO,4) 1, the number of grids for the substrate, bilayer oxide films,
and air was set to be 30, 78, and 92, respectively. Pseudo-cubic PTO and
STO correspond to the lattice parameters are set to 3.957 and 3.905 A,
respectively. A series of fixed charges were added at the domain wall to
simulate the charges generated by head-to-head or tail-to-tail polarization
vectors. Random noise was added with a magnitude (<0.03 uC-cm~2) to
simulate the initial nuclei of polarization. And sufficient step sizes were
calculated to ensure that the simulated system reached steady state. In the
section on the effect of PTO thicknesses and epitaxial strains for skyrmions
stability, the simulations are performed for a temperature of 300 K.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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