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Controllable conductive readout in self-
assembled, topologically confined ferroelectric
domain walls
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Charged domain walls in ferroelectrics exhibit a quasi-two-dimensional conduction path coupled to the surrounding polar-
ization. They have been proposed for use as non-volatile memory with non-destructive operation and ultralow energy con-
sumption. Yet the evolution of domain walls during polarization switching makes it challenging to control their location and
conductance precisely, a prerequisite for controlled read-write schemes and for integration in scalable memory devices. Here,
we explore and reversibly switch the polarization of square BiFeO; nanoislands in a self-assembled array. Each island con-
fines cross-shaped, charged domain walls in a centre-type domain. Electrostatic and geometric boundary conditions induce two
stable domain configurations: centre-convergent and centre-divergent. We switch the polarization deterministically back and
forth between these two states, which alters the domain wall conductance by three orders of magnitude, while the position of

the domain wall remains static because of its confinement within the BiFeO, islands.

tices and domain walls (DWs), in ferroic materials are fun-

damentally important and technologically attractive in terms
of thermodynamic stability at reduced dimensions, low threshold
of controllability and exotic physical behaviours'=. Apart from the
numerous studies on magnetic DWs over the past century, ferro-
electric DWs are attracting increased interest due to emerging func-
tionalities, such as conduction, photovoltaic and magnetoelectric
effects, and nanoscale integrated oxide electronic devices®*'. Very
recently, several polar topologies (analogous to spin topologies)
have been observed in low-dimensional confined structures, such
as flux-closure quadrants in strained PbTiO; thin films® and polar
vortices in SrTiO,/PbTiO, superlattices”®. The functionalities of
these polar topologies and their deterministic control remain to be
experimentally studied.

Local electrical conduction was discovered to occur in typical
DWs (angles of 109°, 180° or 71° between the polarization direc-
tions in two adjacent domains) in multiferroic BiFeO, (BFO)'""2,
offering intriguing possibilities for nanometre-sized logic or data-
storage applications. More importantly, the observed conductance
at the DWs can be controlled by an electric field"*~", providing a
model system in which to achieve non-volatile control of charge
transport with low energy consumption. In contrast to classical
destructive readout devices in ferroelectric memories, prototype
non-destructive readout memories based on ferroelectric DWs
have recently been demonstrated'®', in which a parallel elec-
trode geometry was designed so that conductive walls would be
created during write/readout operations. However, such later-
ally controlled devices may reduce the memory density, and the

| opological states with low-dimensional textures, such as vor-

restoration process shows an unstable nature of the charged DWs
during switching'’. Furthermore, without specific pinning, DWs
in BFO might not appear at the same locations each time during
polarization switching. For example, obvious changes in the stripe
domain patterns in BFO films were observed during polarization
switching, showing that the behaviour of the DW locations was
not repeatable’*”. Conductive DWs with topological protection
observed in hexagonal manganites show high stability but are
challenging to control’>”. Thus, it is desirable to create control-
lable DW conduction with topological protection so that conduc-
tion with a vertical write/readout geometry (current perpendicular
to the film plane) is accessible. Although substantial insight has
been gained into the correlation between DW conduction and
surrounding ferroelectric polarization, conduction at such DWs
has been observed to exist only when assisted by electrical poling
(scanning probe or parallel electrodes)'>'®!***** or in the form of
natural defects'>'®*>?, inhibiting their thermodynamic stability in
a high-density array and affecting the deterministic writing and
readout of each on/off state.

Here, we explore centre-type quad-domains with cross-shaped
charged DWs in self-assembled square-shape BFO nanoislands.
The geometrically determined vertex-like domain on each island
is reversibly switchable between centre-convergent and centre-
divergent states among four polar vectors under an electric field,
where all polar vectors point to or away from the centre. We further
demonstrate that the controllable conductance is enhanced by three
orders of magnitude after electric-field switching of the centre-type
domains. Such reversible conduction with persistent, repeatable
and stable qualities in these self-assembled nanostructures is a step
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Fig. 1| Structural analysis of the BiFeO, nanoislands. a, Reciprocal-space
maps around the LAO (002) peak. Q, and Q, represent projected directions
in the reciprocal space. b, Topography of BFO (001) thin film with self-
assembled ordered nanoislands. Scale bar, 1pm. ¢, Cross-sectional TEM
image of a BFO island embedded in the film matrix. d, High-resolution

TEM image from the island-matrix transition region marked by the dashed
rectangle in ¢. The angle of the tilted bottom edge of the island (that is, the
boundary between island and matrix) is approximately 45°. e f, Atomically
resolved HAADF STEM images of the BFO film matrix (e) and the BFO
island (f). The lattice parameter and the lattice parameter ratio ¢/a indicate
the presence of the tetragonally distorted T-phase for the matrix and the
rhombohedrally distorted R-phase for the island.

towards non-destructive readout ferroelectric-based nanodevices
with low energy consumption.

Self-assembled nanoisland array

Epitaxial BFO thin films were grown on a 2-nm-thick (La,Sr)MnO,
(LSMO) film on LaAlO, (LAO) (001) single-crystal substrates,
where LSMO serves as bottom electrode (see Methods). Reciprocal-
space mapping (Fig. 1a) and the 8-26 X-ray diffraction pattern (see
Supplementary Fig. 1a) show that these BFO films contain a mix-
ture of rhombohedrally distorted (R-phase) and tetragonally dis-
torted (T-phase) perovskite structures. Unlike BFO thin films with a
morphotropic phase boundary®*-*', in which T- and R-phases coex-
ist in the form of a stripe feature without dislocations, our mixed-
phase BFO thin films present a self-assembled, high-density array
of square nanoislands, as shown in Fig. 1b. The low-magnification
transmission electron microscopy (TEM) image in Fig. 1c indicates
that the lateral size of the nanoislands is approximately 200 nm and
that the BFO nanoislands (about 40 nm thick) are embedded in the
BFO matrix (about 20 nm thick). To further reveal the structure of
the islands, the BFO islands and matrix were characterized by high-
angle annular dark-field scanning TEM (HAADF STEM). Figure 1d
shows high-quality LAO/LSMO and LSMO/BFO interfaces and the
boundaries between islands and matrix, in which the side edges of
the islands are parallel to the [100] and [010] crystallographic ori-
entations. The lattice parameters of these two regions were deter-
mined according to the magnified images shown in Fig. le,f. For
the matrix, the out-of-plane and in-plane lattice parameters are
4.66 A and 3.79 A (c/a~1.23), respectively, in agreement with those
of the T-phase. For the islands, the out-of-plane and in-plane lat-
tice parameters are 3.96A and 3.94 A (c/a=~1.01), in agreement with

9248

d
N
SN

T

[001]

L)[O;O] o
Fig. 2 | Centre-convergent quad-domain structures of BiFeO; nanoislands.
a, In-plane PFM image, with the white arrows indicating the polarization
directions (P). Scale bar, 100 nm. b, Plan-view low-angle annular dark-field
image showing a square-shaped BFO nanoisland containing four sections
with different polarization vectors. ¢, Schematic of the 3D polarization
configuration of the centre-type domain structure in the BFO nanoisland.
Arrows with different colours indicate different polarization vectors.

d, Ferroelectric polarization vectors obtained by phase-field simulations,
reproducing the centre-convergent quad-domains from a random initial
state. e, Cross-sectional dark-field TEM image showing a vertical domain
wallin a BFO island. f,g, Atomically resolved HAADF STEM images of

the left (f) and right (g) edges of the island from the regions marked by
the red and green dashed rectangles, respectively, in e, indicating that

the polarization is directed inward to the island centre. The insets show
schematic perspective views of the unit cell of BFO. Red symbols denote
Bi atoms, and blue symbols represent Fe atoms. h, Atomically resolved
HAADF STEM image of the H-H DW region highlighted by the black
dashed rectangle in e. Vectors indicate the polarization directions across
the charged domain wall (CDW) regions. Different polarization regions are
marked by different colours.

those of the typical R-phase®. The R-phase BFO nanoislands grow
from the bottom of the film, owing to partial strain relaxation, while
the thin matrix surrounding the nanoislands forms as the T-phase,
owing to the large in-plane compressive strain. According to pre-
vious work®**, the inhomogeneous strain state at the interface of
the R-phase islands and T-phase matrix, combined with the com-
petition between strain energy and surface energy of the system,
contributes to the formation of the islands. In general, with increas-
ing film thickness, BFO grown on LAO (001) substrates can show a
distinct phase evolution from pure T-phase in a relatively thin (for
example, <10nm thick®, completely strained) film to mixed R/T
phases (10-300nm thick***), and to a subsequent pure R-phase
(>300nm thick”) through relaxation of the epitaxial strain (see
Supplementary Fig. 1b-d). In the present intermediate state, well-
ordered R-phase islands are self-assembled in the T-phase matrix
with a high density caused by appropriate strain and surface ener-
gies (Fig. 1b, Supplementary Fig. 1e). Such self-assembled ferroelec-
tric nanoislands provide a favourable model system to study exotic
domain structures.

Switching of centre-type quad-domains
Piezoresponse force microscopy (PFM) and STEM revealed the fer-
roelectric domain structure of the BFO nanoislands. As shown in
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Fig. 2a and Supplementary Fig. 2a, the in-plane projection of polar-
ization in an individual island contains four vectors, each of which
points inward towards the island centre, suggesting the formation of
charged DWs between the adjacent domains. The out-of-plane polar-
ization projection in the island is downward (Supplementary Fig. 2b).
Further, the plan-view low-angle annular dark-field image (Fig. 2b)
of the BFO nanoislands shows distinct diffraction contrast of four
vectors that arises mainly from variation of the lattice orientation
with different in-plane polarizations. The cross-sectional dark-field
TEM image (Fig. 2¢) from the reflection g=(022) (g is diffraction
vector) of the island presents two different domains divided by a ver-
tical DW that grows from the bottom of the island. Furthermore,
as shown in the high-resolution HAADF STEM images (Fig. 2f,g),
the bright part on the left side and dark part on the right side have a
polarization pointing along the body diagonal and towards the island
centre, which is consistent with our PFM results. The STEM images
also reveal a vertical 71° DW with head-to-head (H-H) polarization
configration, as shown by vector mapping of atomic polar displace-
ment in Fig. 2h. The vector mapping reveals that the charged DW
has a width of about 3-5nm, which is much thicker than the typi-
cal width of ~1 nm of the neutral-charged DWs™. This characteristic
width probably arises because the polarization charges are distrib-
uted over a wide thickness of the walls, so that the depolarization
field can be compensated to stabilize the charged DWs*~*’. These
experimental observations confirm that a centre-convergent quad-
domain (vertex-like®) pattern with 71° charged H-H DWs is cre-
ated in the BFO nanoislands, as schematically illustrated in Fig. 2¢;
this pattern differs from the previous model'. These cross-shaped
charged DWs in the BFO nanoislands are formed by self-assembly
over a large area rather than created either by scanning probe tech-
niques or by ion etching/defect engineering'®'®***2,

For phenomenological understanding, phase-field modelling
was performed to study the domain evolution from a random
initial state according to the time-dependent Ginzburg-Landau
equation (see Methods). Without an a priori assumption of the
polarization distribution, as demonstrated in Supplementary
Section B, the phase-field simulated polarization mappings (Fig. 2d
and Supplementary Fig. 3) evolve towards a centre-convergent
domain state in a BFO nanoisland, which is consistent with the
experimental results. The formation mechanism for this domain
pattern might be explained in the following manner. In the R-phase
BFO islands, the ferroelectric polarization is aligned along the
<111> directions of its pseudo-cubic structure. Furthermore,
bottom edges tilted so that there is an angle of approximately 45°
between the R-phase island and the matrix (Fig. 1d), combined with
the constraint from the matrix, provide geometry and strain bound-
ary conditions that energetically favour polarization parallel to the
tilted bottom edges. Further, because the BFO films are n-type fer-
roelectric with electronic carriers (electrons liberated from oxygen
vacancies)>'>'**, the positive bound charges in the H-H DWs are
more easily screened (and thus have lower energy) than the nega-
tive bound charges in the tail-to-tail (T-T) DWs’, so the H-H DWs
can be efficiently screened. Therefore, H-H but not the T-T DWs
form spontaneously in the pristine nanoislands, as observed in our
experiments. The phase-field simulations also demonstrate the for-
mation of such a centre-convergent domain pattern with the H-H
DWs screened by the compensating charges of 3.54x10"cm™.
The concentration is roughly consistent with the estimate of about
10 cm™ obtained from simple analytical phenomenological calcu-
lations>***” (~Py/(qtpw), where Py~ 40 pC cm™ is the component of
polarization normal to the DW, f,,, #4nm the average DW width
for the BFO islands and q is the elementary electron charge). Such
naturally emerging centre-type quad-domain patterns with cross-
shaped charged DWs are rare in conventional ferroelectrics because
of the additional electrostatic and/or strain energy cost’. Instead of
being randomly pinned by extrinsic defects, the naturally emerging
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Fig. 3 | Domain structure of BiFeO, nanoislands after polarization
switching. a,b, In-plane (IP) PFM image of the BFO island after switching
(a) and in-plane PFM image with sample rotation by 90° relative to a (b),
revealing a centre-divergent quad-domain configuration, where the white
and blue arrows indicate the in-plane projections of the polarizations and a
schematic of the cantilever, respectively. ¢, Out-of-plane (OP) PFM image
of the BFO nanoisland after polarization switching, showing an upward
polarization. d,e, Centre-divergent domain structure (d) and 3D image of
polarization vectors of the centre-divergent domain (e), obtained from
phase-field simulations. f, Schematic of the 3D polarization configuration of
the centre-divergent domain structure in the BFO nanoisland.

charged DWs in the BFO nanoislands are ‘protected’ by the forma-
tion of the fourfold vertices® and stabilized by the tilted bottom edge
geometry and the constraints of cubic nanostructure. As a result,
the self-assembled centre-convergent quad-domains are topologi-
cally protected and stabilized.

The ferroelectric polarization of the BFO islands can be switched
by the electric field. Interestingly, after the application of 3V sam-
ple bias, the original H-H vectors transform into the T-T vectors
that correspond to centre-divergent domains with cross-shaped
charged DWs, as shown in Fig. 3a-c. Phase-field simulations
(Fig. 3d,e, and Supplementary Fig. 4) were performed to under-
stand the switching process. Similar to the stable initial state of the
H-H DWs with a downward polarization, a stable upward polariza-
tion with the T-T DWs (Fig. 3d-f) forms in the BFO nanoislands
after switching, in agreement with the PFM results (Fig. 3a-c).
The difference between these two stable states is the type of accu-
mulated compensating charge at the DWs; these charges are also
responsible for the formation of the charged DWs. For the stabi-
lization of spontaneously occurring H-H DWs, the density of the
accumulated compensating charges is 3.54 X 10" cm™ (electrons)
(Fig. 4d), whereas a screening charge density of 3.15%10*cm™
(holes) is necessary to stabilize the T-T DWs (see Supplementary
Section C). When switched from the initial stable H-H domain
pattern to the T-T domain pattern under an electric field, large
numbers of holes delivered from the p-type LSMO electrode are
injected into the film for compensation of the T-T charged walls.
Both experimental results and simulations demonstrate that polar-
ization in the BFO islands can be switched by means of a low elec-
tric field between two stable states with 71° charged DWs—that is,
centre-convergent and centre-divergent quad-domains.

Controllable large conductance of cross-shaped DWs
The self-assembled centre-type quad-domains of the BFO islands

provide a model system in which to study local conduction in
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Fig. 4 | Large conductance at charged domain walls in BiFeO; nanoislands. a, Schematic of the experimental geometry for investigating conduction

at the DWs of BFO nanoislands on LSMO on LAO: a movable grounded Pt/Ir-coated silicon tip acts as the top electrode. Through the application of an
electrical field, the cross-shaped charged DWs are activated and show giant conductance on each island. b, Current map under 1.5V bias at the initial
state. ¢, Current map at the charged DWs under 1.5V bias after polarization switching of the island. d, Phase-field simulations of the charge distribution
on a BFO nanoisland with dimensions of 200 nm x 200 nm x 40 nm. The additional compensating negative charges were concentrated in the H-H DWs
of the island. e, Out-of-plane PFM image of the BFO nanoisland in the initial state. f, Out-of-plane PFM image of the BFO nanoisland after 3V switching.
g, The corresponding I-V curve for the domain walls (on wall) exhibits picoampere-level current, and that for the domain (off wall) exhibits no current
in the initial state b. h, Current-voltage curve showing nanoampere-level current corresponding to the switched state shown in c. Insets in g and h are

schematics of the conduction in the initial and switched states.

charged DWs. As shown in Fig. 4a, strong current signals from the
cross-shaped charged DWs across each island are observed through
conductive atomic force microscopy (c-AFM) (see details in the
Methods). At a voltage of 1.5V, the measured current in the H-H
charged DWs is several picoamperes (Fig. 4b,g), which is the same
order of magnitude as that in traditional BFO DWs'"'". After polar-
ization switching has occurred under an electric field to form the
T-T charged DWs (Fig. 4¢,f), the DWs show an enhancement (three
orders of magnitude) of the conductance, with a current that can be
as high as several nanoamperes (nA) at 1.5V bias (Fig. 4c,h). This
current is also increased by approximately three orders of magni-
tude relative to that for DWs in BFO thin films (see Supplementary
Fig. 5) and is nearly an order of magnitude higher than that for
charged DWs in La-doped BFO films'. Our observation of much
higher conductance in T-T charged DWs with upward polarization
(centre-divergent quad-domains) than in H-H charged DWs with
downward polarization (centre-convergent quad-domains) is dif-
ferent from the cases of BaTiO, and BiFeO, thin films***, where the
conductance in H-H charged DWs created by scanning probe tech-
niques was found to be orders of magnitude higher than that in T-T
charged DWs. The charged DWs in the present BFO nanoislands
are stabilized by the geometric-related boundary condition of the

950

clamped BFO islands and the compensating charges that determine
the conductance of the DWs. Because the charge carriers in the
LSMO bottom electrode are p-type, the concentration of free elec-
tron carriers is low at the initial positively charged H-H DWs (inset to
Fig. 4¢), whereas a high concentration of free hole carriers provided
by the LSMO electrode accumulates at the negatively charged T-T
DWs after polarization switching (inset to Fig. 4h). Therefore, the
conductance is low at the H-H charged DWs, whereas it is enhanced
in the T-T configuration. Both H-H and T-T DWs show diode-type
current-voltage (I-V) characteristics, which can be easily explained
by a simple model based on the band diagrams (see Supplementary
Section E). In the case of H-H DWs, a current flows for the forward
bias, as the electrons can tunnel to the BFO conduction band from
the Pt tip and then diffuse to the p-type LSMO bottom electrode
(Supplementary Fig. 6b); however, vanishing current is observed for
the backward bias, owing to scarce electrons injected into the BFO
conduction band from p-type LSMO (Supplementary Fig. 6¢). In
the case of the T-T DWs, a much higher current flows for the for-
ward bias because the holes can easily drift from the BFO valence
band to the tip (Supplementary Fig. 6e); again, there is no obvious
current for backward bias, owing to the scarcity of holes injected
into the BFO valence band from the Pt tip (Supplementary Fig. 6f).
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Fig. 5 | Stability and repeatability of high conductance in charged DWs.

a, Time dependence of the current in the charged DWs under a sample bias
of 1-3 V. Inset shows the time dependence of the current measured for a
charged DW over 11 months. A stable current with a very slight decrease

is visible. b, The repeatability of low and high conductance at the charged
DWs measured across 100 cycles by repeatedly switching the island
polarization between down and up states under =3V and 3V sample bias,
respectively. The blue open circles and red filled circles are currents read

at the polarization down and up states under 1.5V, respectively. The insets
are the corresponding schematics of two polarization configurations of the
BiFeO, (BFO) nanoisland, which represent a high-conductance (on) state
and low-conductance (off) state, respectively. ¢, Selectively writing a series
of conductive BFO nanoisland arrays as a T pattern. d, Schematic of an
envisaged cross-bar memory device using BFO nanoislands with charged
DWs as storage bits.

The I-V measurements were repeated under various conditions
(multiple scanning probe techniques; see Supplementary Fig. 7),
from which we can confirm the high conductance in the cross-
shaped DWs in the BFO islands. These experiments imply that the
I-V characteristics should be different when using n-type bottom
electrodes such as SrRuO;,.

Stability and repeatability of domain-wall conduction

The measured current is persistent under different biases, as shown
in Fig. 5a. Thus, the origin of this high conductance is not related to
the DW disturbance'’. Such a stable DW current also rules out field-
induced migration of defects and oxygen vacancies'”. Moreover,
the measured current (see inset to Fig. 5a) remains fairly stable at
the level of several nanoamperes over a period of several months.
Figure 5b shows the repeatability of the low and high conductance
for these two stable cross-shaped DWs under 1.5V, measured by
reversibly switching the polarization between the two states. The
switching is fairly stable in 100 cycles between two conductive states
with an on/off resistance ratio of 10°. Taking into consideration the
controllable large area of ordered self-assembled BFO nanoislands,
the DW-based devices have promise for applications. In Fig. 5c,
we show the selective writing of a “T” pattern in the array of BFO
islands. Every selected nanoisland has a cross-shaped conduction
path, which represents an ‘on’ state written by a positive electric field
(3V). Islands with the charged DWs in the low-conductance state
represent the ‘off” states. These on/off states are non-volatile, and

ARTICLES

the readout voltage can be as low as 1.5V, which is non-destruc-
tive. A schematic cross-bar device structure with vertical write/
readout geometry is shown in Fig. 5d. A much higher storage den-
sity could be achieved for this device by reducing the island size.
Currently, the centre-type domain pattern with charged DWs is
achieved in self-assembled BFO islands of size ~100x 100 X 40 nm?
(see Supplementary Fig. 8). The experimentally achievable lower
limit for this size is currently unclear, because the growth condi-
tions and related techniques could be varied for careful control of
the interplay between the T- and R-phases and topological geom-
etry at much smaller dimensions. However, phase-field simulations
demonstrate that centre-type quad-domains with H-H DWs can
be stable on BFO nanoislands with a lateral size as small as 16 nm
when the thickness of the islands is reduced down to 10nm (see
Supplementary Section G and Supplementary Fig. 9). These results
are expected to open avenues for further experimental and engi-
neering explorations.

Conclusions

Centre-type quad-domains accompanied by charged DWs natu-
rally form in single BFO nanoislands, self-assembled in an array.
Benefiting from topological protection of the quad-domains, we
achieved reversible electric-field switching between the two stable
centre-type domain states. The centre-convergent and centre-diver-
gent quad-domains present spatially confined DWs, which show a
conductance difference of three orders of magnitude. The polariza-
tion stability demonstrated over months and the switching stability
for 100 cycles, together with the self-assembled growth, open routes
towards mass manufacturing of DW-based devices with high stabil-
ity and density.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41565-018-0204-1.
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Methods

Film growth. The BFO thin films were grown on (001)-oriented LAO single-
crystal substrates using the pulsed laser deposition method, with a 2-nm LSMO
film grown as the bottom electrode. For deposition of both films, a KrF excimer
laser, with a wavelength of 248 nm, repetition rate of 5Hz and energy density of
~1.5] cm?, was used. The films were grown at 700 °C under an oxygen pressure
of 0.2 mbar. After deposition, the films were slowly cooled under an oxygen
pressure of 200 mbar. The sample thickness was controlled by the growth time
and then further confirmed by X-ray reflectometry measurement. The phase and
crystallinity were confirmed by X-ray diffractometry.

TEM images. An ARM-200CF (JEOL) TEM was used for atomic structure
analysis of the BFO thin films. Operated at 200keV and equipped with double
spherical aberration (Cs) correctors, the resolution limit of the probe defined by
the objective pre-field is 78 pm. The collection angle for the HAADF image is
90-370 mrad. The TEM sample was prepared by using a focused ion beam. The
cross-sectional lamella was thinned to 100 nm at an accelerating voltage of 30kV
with a maximum current of 2.5nA. This was followed by fine polishing at 2kV'
with 40 pA. The thickness of the sample is approximately 40 nm.

PFM and c-AFM imaging. AFM, PFM and c-AFM experiments were performed

in ambient conditions at room temperature with an Infinity Asylum Research

AFM. A Pt/Ir-coated tip on a Si cantilever (tip radius of 20 nm, force constant of
2.8Nm™" and a resonant frequency of 75kHz) and other tips (Pt-, Ti/Ir- and doped-
diamond-coated) were also used as movable top electrodes to apply bias voltages.

To reconstruct the 3D domain structures, both the vertical and lateral PFM were
conducted at different in-plane sample rotation angles. The piezo-cantilever scans
along the [110] direction of the BFO pseudo-cubic crystal, which is sensitive to the
in-plane component of its ferroelectric polarization in the [110] and [110] directions.
Next, the sample is rotated by 90° with respect to the position of the cantilever so
that the detailed in-plane polarization projection at an individual island can be
determined. The bias voltage was applied to the tip (sample was grounded) and the
sample (tip was grounded) for PEM and c-AFM measurements, respectively. For the
PFM mode, the PFM signal was collected at the contact resonance frequency with
an a.c. tip bias of 1 V. For c-AFM mode, the current was measured directly in the
contact mode through a built-in current amplifier (0.5pA to 20nA).

Phase-field simulations. By using the phase-field approach™, the spatial
distribution P(r) (i=1,2,3) of the local polarization vector in the ferroelectric
domain in an (001)-oriented BFO island can be obtained by solving the time-
dependent Landau-Ginzburg equation™:

opwn _ O
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where L is a kinetic coefficient related to the domain-wall mobility and F, is the
total free energy of the BFO island with volume V], expressed as

k= / / / Ui +etastic Ffatectric Hygraa? 4V )
V.
b

where fiuo foasior fotecnic a0 fyroq are the densities of the bulk free energy, elastic
energy, electrostatic energy and gradient energy of the BFO, respectively. The
expressions for fgic> fyrad A0 fiiecic Of the BFO (001) islands can be found in the
literature**, and f,,, is

foe =@ (PP 4+ P]+ P)) +ay, (P + Py + Py) + ay, (PP + PIP; + P;Py) (3)

where the Landau coefficients are listed as follows: @, =4.9(T—1,103) X 10°
(C2m2N), @;;=6.5%10* (C*m°N) and a,,=1.0x 10® (C~*m°®N). The other
materials parameters can be found in the literature®. The electrostatic energy
density is obtained under a short-circuit boundary condition*'.

The discrete grid points of 220Ax X 220Ay x 42Az with a real grid space of
Ax=Ay=1nm and Az=1.33nm are used to describe a three-phase system
consisting of a BFO island, substrate and air layer. The dimensions of the
simulated (001)-BFO island are 200 nm X 200 nm X 40 nm with a tilt angle of
45° towards the inside (with the appearance of a reversed trapezoid) from its half
height, as shown in Supplementary Fig. 3a—c. The width of domain walls was
assumed to be 2nm in the phase-field simulations. The compensated charges
are artificially introduced at the domain walls. The formation of the initial stable
H-H domains was simulated from a random state under a bias voltage of —0.5V
on the bottom electrode.

Data availability. The data that support the plots within this paper and
other findings of this study are available from the corresponding author upon
reasonable request.
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