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Topological domains in ferroelectrics have received much attention recently due to their
novel functionalities and potential applications in electronic devices. To date, however, such
topological polar structures were only observed in superlattices grown on oxide substrates,
limiting their applications in silicon-based electronics. Here, we report the realization of
room-temperature skyrmion-like polar nanodomains in PbTiO3/SrTiOs bilayers transferred
on silicon. Moreover, an external electric field can reversibly switch these polar nanodomains
into another type of polar texture, which substantially modifies their resistive behaviors. The
polar-configuration-modulated resistance is ascribed to the distinct band bending and
charge carrier distribution in the core of two different types of polar textures. The
integration of high-density (>200 Gbit/inch?) switchable skyrmion-like polar nanodomains
on silicon paves the way toward non-volatile memory applications using topological polar

structures in oxides.

Recent discoveries have shown, at all scales, that ferroelectric polarization can form complex

[5-12]

topological structures, such as flux-closure domains!!#, vortices®'?!, non-Ising-like domain

s!13:141 " labyrinthine domains!!>!®], bubbles!!”l, incommensurate curl domains!'®l, polar

wall
skyrmions!!®2%, merons?!-*21, and others®}l. Owing to the polarization and charge distribution

discontinuity, the nonuniform polar textures could give rise to emergent functionalities distinct

24,25] [26]
9 b

from the bulk domains, including electric conductivity! dielectric response
piezoelectricity!?’l, thermal resistancel?8] and negative capacitive responsel>>*%l. These emergent
functionalities hold the potential for novel applications in next-generation electronic devices. For

instance, an array of nanometer-size polar skyrmions, if they can be read and written easily, will

be promising for ultrahigh-density recording well above Tbit/inch? 121, Despite these rich



physical properties and promising potential applications, it is still rather challenging to integrate
these topological textures into silicon-based technology since they are mostly observed in

superlattices grown on single crystal oxide substrates.

Here, we demonstrate the observation of high-density (~200 Gbit/inch?) skyrmion-like polar
nanodomains in freestanding (PbTiO3)20/(SrTiO3)10 bilayers transferred on silicon. These
topological nanodomains are switchable under external electric field. The resistance of these polar
nanodomains is greatly modulated by reversibly switching between two different types of
polarization structures, providing a new route to design non-volatile ferroelectric memories using

topological polar structures.

A series of (PbTi03),,/(StTiO3), (m, n: number of unit cells) bilayers were grown on SrTiO3 (001)

31-35] by reactive molecular

substrates using water-soluble Sr3:Al,Os (SAO) as the sacrificial layer!
beam epitaxy (MBE). The bilayers were then released by dissolving the SAO buffer layer in
deionized water and laminated on a platinized Si (001) substrate (Fig. 1a). More details about the

film growth, transfer and characterizations can be found in the Materials and Methods section,

Extended Data Fig. 1 and Extended Data Fig. 2 in the Supplementary Materials.

Domain structures of the ferroelectric/paraelectric bilayers were characterized by vector
piezoelectric force microscope (PFM)!1%361 4 technique to extract three-dimensional polarization
information by simultaneous mapping vertical and lateral piezo-response signals. The pristine state

of a (PbTi03)20/(SrTi03)10 exhibits two types of round-shape nanodomains highlighted by red and



blue circles (Fig. 1b) and their zoom-in PFM images are shown in Fig. 1c and Fig. 1d, respectively.
Interestingly, these polar textures are not directly related to the topography of the samples. For the
red-circled nanodomains, the vertical PFM (VPFM) amplitude image shows a ring-shape dark
contrast and the phase image shows a 180° phase inversion between the out-of-plane polarization
at the center and that in the surrounding background region. The lateral PFM (LPFM) phase image
shows a half-violet and half-yellow contrast and the amplitude image shows round-shape bright
contrast split by a dark line, indicating a phase inversion of the lateral polarization component
along the direction perpendicular to the cantilever. Since the lateral PFM technique relies on the
torsional vibration mode of the cantilever, only the polarization component projected to the in-
plane axis perpendicular to the cantilever is distinguished (Extended Data Fig. 3a). In other words,
if the cantilever is parallel to the y axis, LPFM only measures the polarization component along
the x axis. At the region with zero x components, there is no torsional vibration. By rotating the
sample clockwise for a set of given angles (Fig. 2a), the dark line in the LPFM amplitude image
rotates continuously with the cantilever and the phase image always shows a 180° phase inversion
of the polarizations between the left and right side of the cantilever, implying that the in-plane
polarization has a rotation symmetry about the center of the nanodomains. Following the method
proposed in previous works!!%3¢], our in-plane vector PFM mapping shows that the red-circled
nanodomains have a center-divergent pattern (Fig. 2b). Then we calculated the divergence using
the vector PFM image shown in Fig. 2b (Extended Data Fig. 4c), which enables us to distinguish
the center-divergent domains between the four-domain vortices (Extended Data Fig. 4a) and
skyrmion-like bubbles (Extended Data Fig. 4b). Combining the out-of-plane and in-plane
polarization information, three-dimensional polar textures of the red-circled nanodomains are

depicted schematically in Fig. lc, indicating that these red-circled nanodomains are Néel-type



skyrmion-like nanodomains. (More details about the vector PFM mapping can be found in

Materials and Methods section and Extended Data Fig. 3 in Supplementary Materials)

In contrast, the blue-circled nanodomains exhibit no inversion of the out-of-plane polarizations
and their in-plane polarizations show a center-convergent pattern (Fig. 1d, Fig. 2a and Fig. 2b),
indicating that they are not Néel-type skyrmions. As will be shown later, these blue-circled (center-
convergent) nanodomains are closely related to the center-divergent nanodomains but show
different resistive behaviors. Interestingly, throughout the PFM measurements, both types of
nanodomains display a central symmetry and are quite stable, which are essential for further

manipulation and application as a functional unit in devices.

To confirm that the polar textures observed in PFM measurements are indeed topological
structures, we also performed polarization mapping on our PTO/STO bilayer samples using 4D
scanning transmission electron microscopy (4D-STEM) using a nanoscale electron probe. The
polarization in ferroelectric materials can be determined from convergent beam diffraction
(CBED) patterns based on the difference in intensity distribution between conjugate pair
diffraction disks. This technique has been used to investigate the polarization configuration in

371 polar

many other intriguing ferroelectric systems, including ferroelectric domains in BaTiOs3
vortices in PTO/STO superlatticel*8], and polar skyrmions in STO/PTO/STO tri-layers!?’l. Our 4D-
STEM results confirm both the center-divergent-type (Figs. 2¢ & 2d) and the center-convergent-
type polar nanodomains (Extended Data Fig. 5a). The typical size (about 5-9 nm) of the skyrmion-

like nanodomains is smaller than that observed in the PFM measurements, which may be related

to the resolution of the PFM technique limited by the tip size (Extended Data Fig. 6)P%4%1, Also



41.%] since no clear lattice

note that these polar nanodomains are unlikely driven by extrinsic effects!
and charged defects have been detected in HAADF-STEM (Extended Data Fig. 7a), position
averaged convergent beam electron diffraction (PACBED) (Extended Data Fig. 7b) and charge

density maps (Extended Data Figs. 5b & 5c¢).

The stabilization of such polar skyrmion-like nanodomains in PbTi03/SrTiOs3 bilayer is supported

43441 "an ab initio method employed in studying

by our effective Hamiltonian model simulations’
many ferroelectric vortices and other topological textures!!!>'®! (More details about the simulations
are available in Materials and Methods section). As shown in Fig. 3, the simulated freestanding
bilayer structure corresponds to round-shaped down-oriented nanodomains with a diameter of 10-
15 unit cells (5 to 7 nm) embedded in an upwards-polarized matrix, consistent with the size
observed in 4D-STEM data. In accordance with experimental observations, we also find that the
in-plane polarization within such nanodomains features center-divergent character (Fig. 3a) with
the two-dimensional winding number*! equal to one for each domain. The origin of this non-
trivial in-plane topology can be traced back to asymmetric screening conditions for the PTO
layer!*®l, Namely, the poor screening of bound charges at the PTO/STO interface induces Néel
polarization rotation in planes passing through the axis perpendicular to the interface. As a result,
the nano-domain boundary has a rounded closure in the vicinity of STO layer that does not reach
the STO surface (Figs. 3b, 3¢ & 3d). Within the first unit-cell layer of PTO above the STO surface,
the dipoles are aligned along the polarization of the embedding matrix, but also feature a center-
divergent pattern formed by in-plane dipolar components. The second layer above the STO surface

reveals a classical Néel skyrmion pattern with down-wards oriented core (Figs. 3¢ & 3d) at the tip

of the nanodomain boundary. Moving further away from the interface, the core of the nanodomain



first enlarges and the Néel rotations disappear 6 layers above the interface, leading to a sharp 180°
circular domain wall boundary of fixed radius. At the free PTO interface, the dipoles are aligned
perpendicular to the surface because of the ideal electrostatic screening conditions. More details
about the topological characterization of skyrmion-like nanodomains can be found in the Materials
and Methods section, Extended Data Fig. 8 and Extended Data Fig. 9 in the Supplementary

Materials.

Interestingly, our effective Hamiltonian model simulations indicate that another state can be also
stabilized by only switching the top part of the dipoles from pointing downwards to upwards as
the surrounding background (Fig. 2e), which explains the observation of center-convergent
nanodomains. As shown in Extended Data Fig. 10, above and below the resulting Néel bubble

[17.4748] " the local dipoles lean towards and away from the central revolution axis,

skyrmion
respectively. However, the center-divergent distortion below the domain is not fully developed

because of the STO layer. As a result, in accordance with our PFM and 4D-STEM experiments,

the local polarization averaged over the bilayer thickness has a center-convergent character.

The stability of Néel skyrmion-like polar nanodomains crucially depends on the thickness of PTO
and STO layers. The STO layer is essential to create strong depolarizing field at the origin of non-
trivial dipolar rotations. Moreover, it elastically constrains the PTO layer and gives rise to a built-
in field, both of which prevent development of in-plane oriented tetragonal domains while also
breaking the remaining Z, tetragonal symmetry*’). The stabilization of skyrmion-like polar
nanodomains is subject to a delicate balance of these factors that can be changed by tuning the

volume fraction of PTO. For instance, considering the STO thickness fixed and decreasing the



number of PTO layers gives rise to two competing mechanisms. The first one is related to a drop
of the coercive field magnitude, and consequently, a more pronounced role of the built-in field.
Such mechanism favors homogeneously polarized state. The competing mechanism is related to
enhanced in-plane clamping of PTO upon increasing the STO volume fraction which, inversely,

increases the transition temperature and coercive field magnitude.

The importance of PTO layer thickness as the parameter governing stability of skyrmion-like
polar nanodomains is consistent with our experimental observations that skyrmion-like textures
only exist in (PbTi03)20/(SrTiO3)10 films among (PbTi03),/(StTiO3)10 (n = 12, 16, 20) bilayers
(Extended Data Fig. 11). Indeed, the x-ray diffraction (XRD) images indicate a sharp change of
the lattice parameters of the 20 u.c. freestanding PbTiOs3 film with or without 10 u.c. SrTiO3 layer
(Extended Data Fig. 12). After transfer, the polarization in the PbTiO3 layer has a tendency to
rotate from the out-of-plane direction to the in-plane direction due to the strong depolarization
field, thus increasing the in-plane lattice parameter of PbTiOs. So, the SrTiOs layer will introduce
an elastic constraint to the PbTiOs;. This exact elastic constraint value can be varied by
manipulating the thickness ratio of these two layers (z = tpro/fst0) to tune the competition between
the elastic energy of these two layers. The significant reduction of the tetragonality (from 1.04 to
1.01) by adding the dielectric SrTiO; layer provides a suitable situation where skyrmion-like

nanodomains can exist.

It is of great interest to explore whether the skyrmion-like polar nanodomains are tunable and how
these two types of nanodomains will respond to external electric field stimuli. To this end, we

apply a scanning tip bias of +5 V and -5 V to a 500x250 nm? region of a (PbTiO3)20/(SrTiO3)10



bilayer (Extended Data Fig. 13). The PFM data were taken under an AC amplitude of 500 mV
after applying the +5V/-5V DC voltage, which indicates the non-volatile switching behavior of
these nanodomains. Remarkably, only the center-divergent (center-convergent) type of
nanodomains are observed after scanning with positive (negative) bias, indicating these two types
of nanodomains can be reversibly switched to their counterparts by an external electric field. The
reversible switching between these two types of nanodomains indicates they are closely related to
each other as revealed in the PFM, 4D-STEM and effective Hamiltonian model simulations.
Ideally, two equivalent Néel-type skyrmion-like states should be stabilized by simply reversing
the polarization of each electric dipole if the material system is symmetric. However, consistent
with our computational simulations, there is inherent inversion symmetry breaking in the
PTO/STO bilayer along the out-of-plane direction, giving rise to an upwards background
polarization most likely due to the existence of a built-in electric field at the interface!*’). Due to
this built-in electric field, the external electric field applied by the tip can only reverse part of the
dipoles and convert these two types of nanodomains reversibly. We also transferred the
freestanding bilayer on P-doped silicon substrate and etched the film into quadrate patterns via a
standard electron beam lithography process. As shown in Extended Data Fig. 14, the topological
nanodomains still exist, which indicates the freestanding film and skyrmion-like nanodomains can

be integrated with silicon and survive typical processing steps used in silicon device fabrication.

To explore the potential application in resistive memories, we also investigated the resistive
behaviors of these topological nanodomains using conductive atomic force microscopy (CAFM)
as shown in Fig. 4. The measured current in the core of center-convergent polar nanodomains is

similar to the insulating surrounding background area, making this type of topological domains



indistinguishable from the matrix. Strikingly, for center-divergent polar nanodomains, the core
shows a two orders of magnitude enhancement of the conductivity, with a current up to 10? pA at
5 V bias. Also, these distinct resistive states can be reversibly switched by applying electric field
to switch between two types of polar nanodomains. As shown in Fig. 4b, after writing polar
nanodomains on the bilayer by applying +5 V bias on the tip, high density round-shape nanodots
with a high current value are observed in the current map. After switching the center-divergent
polar nanodomains to center-convergent nanodomains by a scan with -5 V bias, the round-shape
high current nanodots disappear. Due to the existence of an insulating SrTiO; layer (~ 4 nm), we
need relatively high voltages (+5 V/-5 V bias voltage) to tunnel the energy barrier in order to obtain
low noise data when measuring the current maps, which could switch the polar nanodomains and
alter the original information (Extended Data Fig. 15). Nonetheless, the current maps of these two
different domains exhibit different resistive states (Fig. 4b). Presently, PFM and STEM are the
techniques to read the non-volatile information. In order to obtain reliable non-destructive reading
of the resistive states, lowering the tunneling voltage by reducing the thickness of the STO layer
while maintaining skyrmion-like nanodomains is a possible solution. Using other techniques
which can measure the resistive states without applying high external DC voltage may also be
helpful. This reversible switching of the nanodomain types and resistive states provides a new

route to design resistive memory devices based on topological polar nanodomains.[*"]

The possible mechanism to explain the observed phenomena is schematically shown in Fig. 4c.
The ferroelectric PTO and paraelectric STO bilayer sandwiched by the bottom electrode and the
conducting tip forms a junction and its resistance can be tuned if the polar skyrmion-like

nanodomains can be switched between insulating and conducting states. Similar to the highly

10



conducting channels observed in the ferroelectric domain walls!!%2+31:521" it is not surprising to
expect enhanced conductivity in the vicinity of the core of center-divergent nanodomains since
there is such a large polarization divergence. In contrast, due to the absence of inversion of the
out-of-plane polarization in the center-convergent nanodomains, the polarization divergence near
its core is lower since the electric dipoles do not need to experience the fully in-plane orientation
to bridge the antiparallel orientations at the core and surrounding background. As such, two
different types of nanodomains lead to different barrier widths and band diagrams of the junction,
giving rise to distinct resistive states (Fig. 4c). As shown in our PFM, 4D-STEM and
computational simulations, the lateral size of polar nanodomains are ~30 nm or smaller,
corresponding to a pixel density of ~200 Gbit/inch? or higher, which is higher than that in
commercialized memory devices and the artificially-synthesized array of ferroelectric

nanodots!®33],

In summary, we report the observation of two-types (center-divergent and center-convergent
types) of skyrmion-like polar nanodomains in PbTiO3/SrTiO; bilayers transferred on silicon.
These two types of nanodomains can be converted to each other by applying an external electric
field. High density resistive memories based on these topological nanodomains have been
demonstrated and the “on” and “off” states can be controlled by switching the type of polar
nanodomains. There are several unique advantages of this type of polar textures integrated on
silicon: 1) Since there is only a single layer of skyrmion-like nanodomains instead of multiple
layers of interacting skymions, it is easier to switch each individual skyrmion-like nanodomain by
external electric field, allowing the effectively “write” operation. Also, without the interference

between multilayers of skyrmion-like nanodomains, it also enables the direct mapping of the

11



polarization patterns by PFM measurements, which is actually a non-destructive “read” operation.
2) As the whole structure is thin enough, the modification of the conductivity of the skyrmion-like
nanodomains can effectively tune the resistive state of the bilayer system near the core of the
nanodomains, allowing the non-destructive “read” operation. Since it is non-destructive and no
need to switch the polarizations, this “read” operation can be much faster than the conventional
ferroelectric RAM (FeRAM) where the read process is destructive, necessitating a write-after-read
architecture. 3) More importantly, this unique structure can be integrated on silicon wafers. The
integration of high-density switchable skyrmion-like polar nanodomains on silicon paves the way

toward non-volatile memory applications using topological polar structures in oxides.
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METHODS SUMMARY

Sample Growth. Water-soluble Sr3Al,Os(SAO) layer was grown first on (001) STO single-
crystalline substrate (MTI) followed by the growth of STO and PTO by a DCA Dual R450 Oxide
MBE system. The SAO and STO films were grown with an oxidant (10% O3 and 90% O,)
background pressure pp, of 1x10° Torr and at Tsubsuwate = 950 °C in a layer-by-layer growth mode,
of which the thickness was monitored by RHEED oscillations. The PTO films were grown with
an oxidant (distilled Os) background pressure of 2x10- Torr and at Tsubstrate = 625 °C. Due to the
volatility of lead, PTO films were grown in adsorption-controlled mode with a fixed Pb:Ti flux

ratio of 13:1 and the thickness is controlled by shutter time of titanium.

Structure Characterizations. The crystal structure was examined by a high-resolution four-circle
X-ray diffractometer using a Bruker D8 Discover instrument. The incident X-ray is from Cu-Kq

emission and has a wavelength of 1.5418 A.

SAED and S/TEM Experiments. SAED patterns were acquired on a FEI Tecnai F20 TEM at 200
kV from a flat area of the samples suspended on holey carbon films or micro carbon grids. Low
electron beam current (0.045 nA) and short exposure time (2.0 s) were employed to reduce electron

beam damage. The probe convergence angle on Titan was 25 mrad, and the angular range of the

HAADF detector was from 79.5 to 200 mrad.

4D-STEM measurements. TEM samples were prepared by transferring freestanding PTO/STO
bilayers to a copper grid with holey carbon support. 4D STEM data was collected on a JEOL JEM-

ARMB300F at 300 kV. CBED patterns were recorded on a Gatan Oneview at 1024x1024 resolution

13



running at 200 fps with 0.5 nm pixel size. A convergence angle of 2.4 mrad was used so that the
diffraction disks from the (001) plane were well separated.

To determine the polarization, we used the intensity distribution of conjugate pair diffraction
disks (also called Friedel pair disks). When there is no polarization present, the intensity
distribution in Friedel pair disks will be symmetric, reflecting the inversion symmetry of the
structure. The polarization in PTO breaks this symmetry, so the Friedel pair disks will have an
asymmetric intensity distribution. We quantified the asymmetric intensity distribution in each
CBED pattern by calculating the center of mass (COM) of each {200} family diffraction disk. The
COM from (200) and (200) were averaged together and a reference position was calculated as
the average of the combined (200)/(200) COM from all CBED patterns in the 4D dataset. The
shift in the combined (200)/(200) COM away from the reference point was then taken as the
polarization along [100]. The polarization along [010] was calculated analogously from the (020)
and (020) diffraction disks.

Since the samples were imaged from (001), the PTO and STO layers did overlap in projection.
However, since STO is unpolarized, its contribution to the COM does not change with position

and will be removed by subtracting the reference position.

Piezoresponse Force Microscopy (PFM) Measurements. The local piezoelectric and
ferroelectric properties of freestanding films on a platinum-coated silicon wafer were examined
using an Asylum Research MFP-3D Origint+ scanning probe microscope. NanoWorld EFM Pt/Ir-
coated tips (2.8 N/m in force constant) were used in the PFM measurements. Hysteresis loops were

collected in the dual AC resonance tracking (DART) model**l. The vector PFM measurements

14



were done by following the method reported previously!!%*% and schematically shown in Extended

Data Fig. 3.

Conductive Atomic Force Microscopy (CAFM) Measurements. CAFM experiments were
performed with an Asylum ORCA cantilever holder with a gain of 1x10 V/A. The bias voltage
was applied to the sample and the tip was virtually grounded for all measurements. I-V data were

collected with a triangular voltage shape (ramp of 3 V/s; 2,000 points/s).

Effective Hamiltonian model simulations. Within our simulations, the PTO layer is described
by the effective Hamiltonian model of bulk PTOB3!, The crystalline structure is characterized using
the local mode representation of electric dipoles, the displacements of A-site cations parametrizing
the inhomogeneous strain in each unit cell and the six-component homogeneous strain tensor!>¢l.
The PTO effective Hamiltonian comprises the 8" order polynominal on-site energy terms, short-
range and long-range local mode interactions as well as local mode-strain coupling and the elastic
energy. The STO layer is assumed to be a dielectric slab with constant electric permittivity € =
10. Furthermore, we take into account homogeneous deformations of STO. The STO elastic
constants are taken to be by; = 131.33 eV, b;, = 36.26 eV, and b;, = 41.3 eV and the lattice
parameter agro = 3.901 A7l The elastic coupling of STO and PTO layers is introduced by
matching the in-plane strain components of the homogeneous strain tensor in PTO and STO layers.
At the top and bottom interfaces of the bilayer, we impose ideal screening conditions resulting
from either ambient charges or metallic electrodes!®® while the effects of asymmetric chemical

pressure at the PTO interfaces are mimicked by an out-of-plane homogeneous electric field. For

all simulations we use 64x64x30 supercells with 10 u.c. STO layer and 20 u.c. PTO layer.
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Numerically, the pristine bilayer state is obtained through a temperature quench!!®#! with the in-
plane lattice constants fixed to SrTiO3 bulk value and bias field of 2x10® V/m during which the
system is cooled from 800 K down to 300 K with steps of 50 K. (note that electric fields are
typically overestimated in effective Hamiltonians, with such overestimation having, e.g., been
found to be a factor of 25 in the BiFeO3 materiall®®l.) At each temperature, the structure is relaxed
for 5,000 hybrid Monte Carlo sweeps!®l. The resulting room-temperature supercell configuration
is then “lifted” from the substrate by removing the constraint of fixed in-plane strain and

performing additional 100,000 relaxation sweeps.

Lithography Process on P-doped Silicon Wafer. The ferroelectric bilayer was first transferred
onto P-doped silicon wafer via the same method described in Extended Data Fig. 1. After spin
coating the sample with 400 nm of PMMA, the quadrate arrays (with a side of 5 um) were defined
using electron beam lithography (EBL) over a 500 um X 500 um area. After cold development in
MIBK:IPA 1:3, the sample was cleaned with an IPA rinse and dried under an N> stream. The
PMMA was then used a mask for ionic beam etching (IBE). After that, the PMMA was removed

by acetone.

Topological characterization. To characterize the topology of the simulated polar domains, we
have computed the skyrmion number N, and the distribution of the Pontryagin topological

charge density!®!! pg; within each (001) u.c. plane of the PTO layer.

The charge density pgy is given by!!’]

16



1. S (1)
Psk = En " (0xn X ayn)'

where 71 denotes a normalized polarization vector at each point R= (x,y) and the skyrmion

number is obtained by taking a surface integral of pgy, i.e. Ny = [ dﬁ)ps,c (?)

Here, we approximate the 7 vector field by a cubic lattice of the Pb-centered, normalized, local
mode vectors and a single pg; value is assigned to each unit cell using a lattice analogue of Eq.
(1)1, To obtain the plane resolved N, we then sum the calculated pg;, values over all unit cells

comprising a single z=const plane.

For all planes, except the interfacial (z=1) PbO layer, we find that Ng; is a negative integer number,
whose absolute value corresponds to the number of center-divergent domains. For the interfacial

z=1 PbO layer, we find that Ng; is equal zero.

These results suggest that a single center-divergent polar domain carries a Ng;, skyrmion number

of -1 in each z # 1 plane.

To confirm this idea, we now turn to the polar structure and the distribution of the Pontryagin
charge density within a single center-divergent domain. The distribution of dipoles within the first
three layers above the PTO/STO interface is shown in Extended Data Fig. 8 (a-b). Extended Data
Fig. 8b additionally shows the distribution of the calculated pg; values. As it can be seen, the
distributions of local dipoles and pg;, feature a quasi-continuous rotational symmetry around the
central [001] axis of the domain. Moreover, for z > 2, the Pontryagin charge density distribution
has a ring-like shape with its maximum located at the center of the quasi-circular 180 ° domain
wall (See Extended Data Fig. 8b). Notably, similar distribution of pg; is characteristic of the polar

bubble skyrmions observed in symmetric STO/PTO/STO heterostructures!?®!. However, in our

17



case, we do not observe the Bloch-like rotations of dipoles in the vicinity of the domain wall

center(2%,

Calculating the skyrmion number Ng; (R) = 27 | OR dr r pgi as afunction of the distance from the

central domain axis (see Extended Data Fig. 9a) shows that a single center-divergent domain can

be indeed associated with an integer skyrmion number Ng;, = —1.

It is important to note that, as discussed in the manuscript, the interfacial dipolar structure (see
Extended Data Fig. 8 and Fig. 3 in the manuscript) of z=2 layer is retained up to z = 6. Within
this interfacial region (1 < z < 7) increasing z leads to an increase of the diameter of the down-
oriented domain core and monotonous reduction of the domain wall width. These transformations
of the dipolar structure are continuous and bear no incidence on the topology. Atz = 7, the width
of a circular domain wall reduces to ~ 1 u.c. and the diameter of the domain reaches its maximum
value that no longer increases with increasing z. For z > 7, the topological characterization
described above still yields Ng;, = —1 for each z=const plane. However, in the view of ~ 1 u.c.
thickness of the domain wall, such characterization loses its physical meaning. Therefore, based
on the presented topological characterization results, we can conclude that the center-divergent
domains are associated with an interfacial topological soliton akin to Néel magnetic skyrmions.
Similar defects, called bobbers, were previously reported in magnetic thin films!®, which have

never been found in ferroelectrics before.

Interestingly, similar to magnetic Bobbers, we find that the simulated center divergent domains

feature a Bloch point located at the domain tip at z=1.5.
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Figure 1: High-density polar nanodomains in a PTO2¢/STO1¢ bilayer by PFM measurements.
a, Schematic description of the release and transfer process of oxide membranes. b, Topography,
vertical PFM amplitude (VPFM-amp.) and phase (VPFM-pha.), lateral PFM amplitude (LPFM-
amp.) and phase (LPFM-pha.) images for the freestanding PTO/STO bilayers transferred on
platinized silicon substrate. Two types of topological nanodomains observed in the bilayer are
marked by red and blue circles. The top right schematic drawing illustrates the sample and scan
geometry showing that the cantilever is parallel to the y axis ([010] direction) and the contrast in
the lateral PFM images reflects the x component of polarization vectors (along the [100] direction).
All the images are from the same region. Scale bar, 100 nm. ¢, d, Zoomed-in PFM images for the
two types of nanodomains: center-divergent domain (c) and center-convergent domain (d). Scale
bar, 30 nm.
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Figure 2: Polarization mapping of polar nanodomains in a PTO2¢/STO1 bilayer by vector
PFM and 4D-STEM. a, Topography, lateral PFM phase and amplitude images for the same region
measured with four various cantilever orientations (a = 0°, 30°, 60°, and 90°, where « is the angle
between the cantilever and [010] axis). Scale bar, 30 nm. b, Polarization texture of the
nanodomains in the same region as (a) measured by vector PFM, showing the coexistence of
center-convergent and center-divergent domains that marked by dotted red and blue circles,
respectively. Scale bar, 30 nm. ¢, d, Polarization mapping by 4D-STEM. Polarization mapping is
calculated from conjugate pair asymmetry. Two center-divergent skyrmion-like structures are
highlighted by the circles. The background in (c) shows the divergence of the polarization field.
The background in (d) shows the vector direction. Scale bar, 5 nm. Note that the larger size of the
nanodomains measured by PFM is most likely related to the tip size (~20 nm).
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Figure 3: Effective Hamiltonian model simulations of skyrmion-like nanodomains in
PTO/STO bilayers. a, The simulated in-plane polarization pattern within 50%64 u.c. part of the
supercell. The arrows correspond to in-plane projection of local dipoles averaged over the bilayer
thickness. b, The shape of simulated center-divergent nanodomains. Yellow surfaces show domain
boundaries. ¢, Schematic dipolar structure of center-divergent nanodomains at the STO/PTO
interface. The arrows represent dipoles in the first two layers above the interface indicated by a
gray plane. d, e, The (010) cross-section of a typical center-divergent nanodomain (d) and a center-
convergent nanodomain (e) obtained from simulations. The arrows represent unit cell dipoles
colored according to their out-of-plane component.
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Figure 4: Polar nanodomain based resistive memories on silicon. a, Topography, vertical and
lateral PFM images, and CAFM current maps collected at the same area after +5 V (i) and -5 V
(i) scan to switch the polar domains between center-divergent and center-convergent
nanodomains. The CAFM images show that the center-divergent nanodomains are at low resistant
state and the center-convergent nanodomains are at high resistant state. Scale bar, 20 nm. b,
Reversible switching between the low resistant center-divergent and high resistant center-
convergent states by +5 V and -5 V bias voltage. Scale bar, 50 nm. ¢, Schematic band diagram of
two different types of polar structures. With significant polarization divergence near the core of
the center-divergent nanodomain, hole-like charge carriers are injected, which shifts the Fermi
level into the valence band. Thus, the barrier width of the junction is much narrower, resulting in
a low resistive state. In contrast, due to the small polarization divergence, the center-convergent
nanodomain remains at a high resistive state. (Er, Fermi level; Ec, conduction band; E,, valence
band; E,, bandgap).
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