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Artificial creation and separation of a single vortex—antivortex

pair in a ferroelectric flatland

Jeongyong Kim'?, Mujin You'?, Kwang-Eun Kim"?, Kanghyun Chu'? and Chan-Ho Yang'*>

Topological defects have received much attention due to their stability against perturbations and potential applications in
nonvolatile high-density memory. Topologically non-trivial textures can be compelled by constraints on boundary condition,
geometrical structure, and curved space. Ferroelectric vortices have been realized in various finite-sized nanostructures that allow
such constraints to be produced. However, manipulation of topological excitations in otherwise topologically trivial flat
ferroelectrics remains a tantalizing challenge. Here we show that a vortex—antivortex pair can be produced by a momentary electric
pulse using a tip in a usual Kittel's stripe domain of a BiFeO; thin film. Moreover, we demonstrate that the distance between the
paired vortex and antivortex can be controlled by dragging the biased tip. The spatial distribution of the local piezoresponse
vectors is directly mapped using angle-resolved piezoresponse force microscopy and analyzed by local winding number
calculation. Our findings offer a useful concept for the control of topological defects in ferroelectrics.
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INTRODUCTION

Topologically non-trivial textures of vector order parameters in
real, momentum, and complex-phase spaces form the basis for
exotic phenomena.' In particular, observing and manipulating the
topological objects in ferroic materials has been a fascinating
topic that can facilitate energy-efficient, high-density information
technologies.? Ferroelectric textures such as vortices, skyrmions,
and flux-closure structures®” have been achieved in various
nanostructures due to spatially confined boundary conditions.
Topological charge can be also configured by domain flipping in
strain graded nanoplatelets,® thereby creating charged domain
walls.>'® Recently, research on topological textures in quasi-
infinite-sized thin films and bulk crystals has also been pursued,
following the discovery of bubble structures and polar vortex
arrays in superlattices' "' and self-organized vortices in hexagonal
manganites.'>'*

The two-dimensional (2D) winding number is invariant under
continuous deformation and the total topological charge is
protected by the given boundary condition."® Modifying the
overall topological structure requires a great deal of energy
depending on the size of the system, so that no modulation of the
topological charge is achieved in an infinite-sized uniform sample.
In contrast, the production of a vortex—antivortex pair can be
readily realized as a topological excitation because it consumes a
small amount of energy in proportion to the logarithmic length of
the separation between the vortex and the antivortex.'> Recently,
Li et al. demonstrated the «creation of ferroelectric
vortex-antivortex pairs using a local electric field."® They
successfully observed the electric formation of topological
networks consisting of two or three vortex-antivortex pairs and
temporal evolution of their configurations. Despite the achieve-
ment, it remains a tantalizing challenge to create, observe, and

manipulate a single vortex—antivortex pair from the aspect of a
low-lying elementary excitation. In this context, devising a way to
manipulate the positions of the vortex and the antivortex is
beneficial for artificially controlling topological defects beyond the
discovery of static textures. A tip-induced electric field is a suitable
tool for generating vortices in uniform ferroelectrics'®™'® and
deterministically controlling the ferroelectric states.'®%2

In this paper, we demonstrate the creation of a single
vortex—antivortex pair in ferroelectrics and the separation of the
pair through tip-induced electric fields in a topologically trivial
ferroelectric thin film of BiFeOs; (BFO) deposited with a bottom
electrode SrRuOs; (SRO) on a (110)p-oriented DyScOs; (DSO)
substrate (where the subscript “o” represents the orthorhombic
index).2> We clarify the detailed texture of the topologically
excited pair with the aid of angle-resolved lateral piezoresponse
force microscopy (PFM).>*2® Moreover, we analyze the map of
experimentally measured piezoresponse vectors by calculating
local winding numbers to identify the exact locations of the non-
trivial topological charges.

BFO is a representative multiferroic with a strong ferroelectric
polarization (~90 uCcm™3) at room temperature (Tc~ 1100 K).?’
BFO in bulk has a rhombohedral unit cell elongated along the
same axis of polarization. Its eight possible polarization directions
are more appropriate for creating non-collinear configurations of
polarizations than the tetragonal ferroelectrics like PbTiOs. More-
over, BFO has multiple competing phases such as the super-
tetragonal structure in highly compressive strains®®?° and the
orthorhombic structure with <110> polarizations in tensile
strains,>*3! and thus we expect that the polymorphic phases can
be involved in producing more smoothly revolving vortex textures.
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a Surface morphology of the as-grown BFO/SRO/DSO sample. b In-plane piezoresponse force microscopic image for the identical

26 (degrees)

sample, taken at a tip orientation displayed by the tip cartoon. Horizontal scale bars represent 1 pm. ¢ 26-w scan for the as-grown BFO/SRO/

DSO sample. The enlarged view of the (002) peak on the right panel

RESULTS AND DISCUSSION

Sample characterization

The surface morphology in Fig. 1a shows an atomically flat surface
with a step-terrace structure indicating the step-flow growth
mode during the BFO deposition. The in-plane (IP) PFM image in
Fig. 1b indicates that the as-grown BFO thin film has two-variant
stripe domains with 71° domain walls. The out-of-plane (OOP)
polarization is uniformly downward in the as-grown state (not
shown here). This ferroelectric domain structure provides a
topologically trivial system without any singular point of ferro-
electric polarization.

To characterize crystallinity, X-ray diffraction was carried out by
using an X-ray diffractometer (PANalytical X'pert-PRO MRD) with
Cu Ka, radiation (A~ 1.5406 A). Figure 1c displays a conventional
26-w scan where no noticeable impurity peaks are detected
except for the film and substrate peaks in the wide range of scan
angles. The c axis lattice parameter of BFO was measured to be
398A and those of SRO and DSO were 3.92 and 3.94A,
respectively. A zoomed-in graph around peudocubic (002) peaks
on the right-hand side of the figure shows clear Kiessig fringes and
the oscillation period of the fringes around the film peak enables
us to estimate film thickness to be 53 nm.

Experimental design to create and separate a topological pair

Electric fields induced by a tip create stray fields around the tip
along concentric inward directions when a negative bias is applied
to the tip.'®%? Figure 2a shows a schematic of local polarization
switching. Applying a negative bias to a point in a uniformly
polarized medium induces a ferroelectric vortex underneath the
tip. To decrease the polarization gradient energy, polarizations are
rotated across the boundaries between the switching region and
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the as-grown region continuously. If we perform local poling using
a negative voltage in a uniformly leftward polarized domain, the
upper (lower) boundary has counter-clockwise (clockwise) chirality
of the domain wall because the polarizations on the boundary
rotate along the acute angle. The domain wall with cyan color has
clockwise chirality, and another domain wall with magenta color
has counter-clockwise chirality. The two chiral domain walls
encounter each other at the left side of the vortex point, and this
singular point forms an antivortex. The magnified schematic
diagrams near the antivortex show polarization rotations across
the chiral domain walls. Therefore, a single vortex and a single
antivortex are paired within the poled region.

When the orientations of piezoresponse vectors vary continu-
ously, the 2D winding number along a closed loop L is defined as

1
n:%fvﬂdr (1)
L

where 6 denotes the IP orientation angle of the piezoresponse
vector."® Figure 2b shows the expected local winding number
calculations over the polarization switching region. By performing
a local winding number calculation on each square loop, we will
be able to identify the existence of a single vortex that gives a
winding number equal to +1 for the central loop. An antivortex
that gives the winding number of —1 is found on the left side of
the vortex point. Near the antivortex, the polarizations on its left or
right domains orient in directions outward from the antivortex,
but the polarizations at the vertically aligned domain walls point
to the inward directions, thereby creating a two-in-two-out
configuration of electric polarizations.

However, because the as-grown domain structure of the BFO/
SRO/DSO film is unlike the uniform domain, the description needs
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Fig. 2 Schematic illustration of vortex-antivortex pair creation by the application of a localized electric pulse generated by a negatively
biased tip. a As the ferroelectric polarization gradually rotates along an acute angle across the domain wall, the clockwise (cyan) or
counterclockwise (magenta) chirality of the domain wall is clamped along the boundary of the poling region. An antivortex must exist at a
point where two different chiral domain walls are encountered. b Electric polarizations are distributed continuously everywhere except
singular points. The square-closed loops were laid to calculate the local winding number around each loop. The red, gray, and blue loops
represent the winding numbers +1, 0, and —1, respectively. Note that the large loop along the outer boundary of the displayed region also

has a winding number of zero due to nulling of the two singularities

to be modified. Although the lattice mismatch between the BFO
film and DSO (110)g substrate is small (~0.25%), the substrate
applies anisotropic IP strains to the BFO film, so that the BFO film
forms two-variant stripe domain patterns with 71° domain walls,*®
which are topologically trivial (Fig. 1b). Creation of a vortex in a
finite poling area guarantees the existence of an antivortex
nearby. The schematic in Fig. 3a shows the expected texture,
which is poled by an electric pulse using a negatively biased tip.
Similarly, a vortex will appear at the center as a result of inwardly
converging IP polarizations. Since the as-grown domains have
<110> directional IP polarizations in this case, the position of the
antivortex is also changed to the upper left corner by 45° rotation.
To manipulate the vortex and antivortex point separately, we
need to move the vortex point by dragging the biased tip, as
shown in Fig. 3b. As the tip is dragged, the inward trailing fields of
the tip make the yellow and red domains expand. When the tip is
moving to the right, the tip-induced fields on the right-hand side
of the tip are erased by the following fields on the left-hand side
of the tip. Exceptionally, at the final position of the tip, the tip-
induced stray fields given to the right-hand side of the tip survive.
As a result, the vortex follows the motion of the tip and is located
at the final position of the tip. As a result, we can control the
distance between the vortex and the antivortex arbitrarily.

Published in partnership with Nanjing University

High-resolution angle-resolved lateral PFM

Direct visualization of topological ferroelectric textures is essential
for implementing the designed procedures experimentally and
exploring the detailed topological features. We will employ the
high-resolution angle-resolved lateral PFM.>*** Since the lateral
PFM technique relies on the torsional vibration mode of the
cantilever, only the component projected to an IP axis perpendi-
cular to the cantilever is distinguished. Based on several
independent scans with different cantilever orientations, IP
piezoelectric response at each point can be determined by
integrating all the scan data and performing the trigonometric
curve fitting for the PFM signals with respect to the tip orientation
angle (Fig. 4). During PFM measurements, various extrinsic tip drift
issues, e.g., arising from the hysteresis of a piezoelectric actuator,
can distort the measured images. It is needed to align PFM images
taken in different tip orientation angles pixel by pixel. For this, we
have developed an image registration algorithm.*®

The first step of the alignment is to find a linear transformation
matrix between paired reference points handpicked in two given
images (e.g., from peculiar points in topography or domain walls).
We adopted the affine transformation, which allows translation,
rotation, scale, and shear deformation, to transform from a point
(x1, y1) in image 1 to a point (xy, y>) in image 2. We can express the
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Fig. 3 a Creation of a vortex-antivortex pair in striped ferroelectric
domains. The cyan and magenta colors on the domain walls
represent clockwise and counterclockwise chirality, respectively. The
antivortex is located at the point where two different chiral domain
walls collide. In this domain configuration, the antivortex is created
in the upper left domain wall. b The vortex-antivortex pair
separation is performed by dragging the negative probe from left
to right. The vortex point follows the tip motion while the antivortex
maintains its original position, thereby the distance can be
controlled by the tip dragging length
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generic transformation as follow:

X2 Mz ][ x M3
= + . 2
L’J Mzz} L’J {Mzs} @

To determine the values of coefficients Mj, six independent
equations are needed. In other words, three independent
reference coordinate sets are at least required to avoid the
underdetermined problem. Sufficient numbers of coordinate sets
are required for reliably determining the coefficients. Provided we
choose N reference points, we find the least square solution for
the six matrix elements M; via minimizing the residual sum of
squares:

|:M'|1
M

N
Z [(Xg — (My1x§ + Mypyd + M13))2+(y§’ — (My1x§ + Mapyd + Mzs))2]7
a=1

(3)

where a stands for the index of reference points. The coefficients
can be explicitly expressed as

Mg T

= (ATA) 'ATB,

6 : Piezoresponse vector angle
¢ : Tip orientation angle

IP-PFM signal
Acos(p-0-m/2) )

VR

N\,

_9./\
N v
R

Fig. 4 Schematic of angle-resolved lateral piezoresponse force microscopy (PFM). We collected the in-plane (IP) PFM real part signal
experimentally as a function of tip orientation angle ¢ and then we determined the amplitude and the phase delay, by trigonometric curve
fitting, i.e. A and 0 in A sin (p — 6). Piezoresponse vector field can be constructed by finding IP vector components (A cos 6, A sin 6) as a
function of position. In the following experiments, the tip orientation angle will be redefined as ¢ + 180°
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Fig. 5 a In-plane piezoresponse force microscopic (IP PFM) images measured in the various cantilever directions indicated by tip cartoons in
the upper right corner of each. The scale bar represents 100 nm. b Out-of-plane (OOP) PFM image from the identical region. ¢ Map of the IP
piezoresponse vectors. The background contrast means the OOP PFM signal. The arrow color represents the direction of the IP piezoresponse
vector, as indicated in the color wheel. A vortex and an antivortex are observed at the interior and at the border of the poled area,
respectively. Each pixel with an arrow has an area of 9.77 x 9.77 nm?. The locations of the singular points are clearly identified by local winding

number calculation (WN map)

where
[x] yi 1 0 0 0] (%]
x* y» 1.0 0 O x3
N yNo1 0 0 o0 x
A= ,B= 4)
0 00X y y
0 0 0 x y2 1 y3
L0 0 0 y 1] L3 ]

To reduce human errors in the selection of the reference points,
further refinements in the transformation coefficients can be
made through the Monte Carlo algorithm by updating the
coefficients to maximize the overlap function of step terrace
edges and/or OOP domain walls that can be extracted from each
map by using the Canny edge detection algorithm.?®

Creation of a single vortex-antivortex pair

To implement the idea for creation of a single topological pair, we
applied —10V with a pulse width of 0.5 s to the surface of the BFO
using a tip (Fig. 5). A circularly shaped poled area with a diameter
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of ~100 nm was formed by reversal of the OOP polarization from
the downward one in the as-grown state to an upward one. IP
PFM images were obtained at tip orientation angles of 0°, 90°,
180° and 270°. By using the image alignment algorithm, we were
able to construct a map of the IP piezoresponse vectors, as shown
in Fig. 5c.

A vortex was made at the central region of the poling and an
antivortex was emergent on the upper left corner, which was
consistent with our expectation. Because we used a negatively
biased tip, stray fields around the tip were inward directed, and
thus the IP piezoresponse vectors were aligned to the local electric
fields, thereby creating the vortex at the merging point. Although
this rhombohedral BFO phase had polarizations along the <111>
axes, large deviations of the polarizations from the polar axes were
observed in the whirling IP polarization structure. BFO has been
known to have a competing phase called the orthorhombic
structure, in which polarizations are on the <110> axes.3%'
Considering that the OOP polarization is upward, the IP
polarization of the orthorhombic phase is parallel to <100>.
Indeed, the right-hand side region of the vortex has a quite large
area where the polarizations are stabilized almost along [—100]
(pale blue). The emergence of the metastable phase is helpful for
the gradual variation of the IP polarizations.

To clearly identify the locations of singular points, we
conducted local winding number calculations around 3 x 3 square
loops tiled on the vector map sharing the edges with neighboring
loops. Most of the regions had a winding number of zero except
for the two singular points (+1 for the vortex and —1 for the
antivortex). We note the IP piezoresponse vectors near the

npj Quantum Materials (2019) 29
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Fig. 6 a In-plane (IP) piezoresponse vector map for a vortex-antivortex pair produced by applying an electrical pulse. Reliability for the
sinusoidal fitting is examined by the plot of R? on the right. Regions near the two singular points exhibit large deviations of R? from the ideal
value of 1. This is attributed to the small magnitude of IP piezoresponse force microscopic signals stemming from ferroelectric instability and
associated electrical frustration near the vortices. b A zoomed out view of the topological defects pair. ¢ The trigonometric curve fitting for six

representative points that are denoted as red spots in a

singular points become relatively small in magnitude to minimize
the Ginzburg energy associated with the polarization gradient. So
the detailed structures at the singular points seem to be
vulnerable to intrinsic/extrinsic fluctuations of the polarization
distribution.

To assess the reliability of the trigonometric fittings for
constructing the vector map, Fig. 6a, b presents a map of R-
squared (R?) over the region and a map over a larger area. We also
plot the sinusoidal fitting curves with the raw data of IP
piezoresponses acquired as a function of tip orientation at six
representative points in the switched region (Fig. 6c). It is seen
that the two singular points have a large deviation of R? from +1
that means the trigonometric fittings therein are far from the ideal
situation. It is because the singular points have small PFM signals
less than our instrumental sensitivity. By a careful look at the raw
data in the Fig. 6¢, we can recognize that the lateral PFM data
have a small offset that can arise from tip asymmetry. All
instruments have their own limitation of sensitivity. When the
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signal is smaller than or comparable to the limitation, we should
be cautious in interpreting the data.

Even if we have uncertainty in the core regions of topological
points, we can still safely argue that the areas have topological
singularities. The topological defects are not local defects but
global textures. The topological winding number calculated along
a given closed loop is equal to the net number of topological
charges (+1 for a vortex and —1 for an antivortex) enclosed by the
closed loop. So, any arbitrary closed loop results in the same
winding number as long as the loop contains the same singular
points. Thus the topological feature of the system is very robust
against perturbations. Even though we intentionally flip piezo-
response vectors at sparse random sites, the local winding
number map does not change. Ironically, such R> map can be
used as an indicator of topological singular points.

The striped domain structure in the as-grown state is a
topologically trivial space and thus winding number calculation
around any closed loop on the surface results in zero. This result is
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Fig. 7 a Out-of-plane (OOP) piezoresponse force microscopic (PFM) image after electrical tip dragging. The electrical writing was made by
dragging the negative biased tip from left to right. The scale bar indicates 200 nm. b IP piezoresponse vector map constructed by analyzing
four IP PFM images measured with tip orientations of 0°, 45°, 90° 135° in an integrated manner. The map is displayed on the OOP PFM
contrast. The antivortex is pinned at the left boundary of the poled area, but the vortex moves to the right-hand side following the tip motion.
An additional vortex-antivortex pair in the left central region was created unintentionally. Each pixel with an arrow has an area of 19.53 x

19.53 nm?. ¢ Local winding number map

the same for a closed loop that is sufficiently large enough to
include the poling area. The winding number for a large loop is
equal to the total sum of local winding numbers for all small
sub-areas contained in the large loop (Fig. 2b). Accordingly, the
existence of the vortex in the trivial space guarantees
the existence of an antivortex somewhere nearby. By using the
angle-resolved PFM, we directly identified the location of the
antivortex.

The vortex-antivortex pair in the 2D XY spin model undergoes
an attractive interaction'® and eventually pair annihilation
happens, erasing the poling effect. Interestingly, this topological
texture appears to be quasi-stable. Even when we performed
several PFM scans, the texture endured the perturbations and
remained nearly the original configuration. The interaction
between the topological charges in this rhombohedral ferro-
electric is more complex than the simple 2D XY model and most
likely is involved in the short-range repulsive interaction
associated with the change in the OOP polarization. This pair is
reminiscent of the bound state of the bimeron as discussed
theoretically in frustrated magnets.

Separation of a single vortex-antivortex pair

The negatively biased tip was dragged to the right by 1um to
separate the vortex—antivortex pair, using the strategy previously
described. This electric line scan induced an upward poling region
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with a 1 um x 200 nm area as shown in Fig. 7a. We constructed the
IP PFM vector map by integrating IP PFM images measured at four
different tip orientation angles (Fig. 7b). The resultant domain
texture contained various domain walls and metastable phases.
For example, we recognized a 71° domain wall along the bottom
horizontal line due to the fact that the OOP polarization is
reversed, but the IP polarization does not change. We also observe
a charged domain wall along the central line of the scan, where
109° domain switching of the IP polarization occurs, and the IP
polarizations merge to the domain wall. We also observed that the
upper right region had an orthorhombic polarization along [0-10]
as indicated by the green color.

This vector mapping using the angle-resolved lateral PFM
provides a powerful tool for further scrutinizing the topological
features quantitatively. We calculated local winding numbers for
the edge-shared square loops that are arranged on the vector
map to identify the locations of topological points. We detected
the existence of two vortices and two antivortices as described in
Fig. 7c. The first electric pulse at the initial moment of the scan
generates the antivortex on the left edge as well as the central
vortex. Using the line scan, we moved the central vortex to the
right edge. The singular points on the two ends are attributed to
the separation of the vortex—antivortex pair. Although we noticed
an additional pair was unintentionally produced on the left central
region, we were able to demonstrate the original idea of
separating the topological defects by the tip dragging method.

npj Quantum Materials (2019) 29
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Small ferroelectric domains typically have a short retention
time. This is because the domain wall energy at the boundary of a
small polling area makes the free energy of the system unstable
despite the energy gain of the depolarization energy due to the
relatively large boundary-to-area ratio. This has been an obstacle
to developing high-density ferroelectric data storage devices
comprising of small bits. From the perspective of the topology, we
expect to be able to describe the domain shrinkage and loss of a
small polling domain by vortex-antivortex pair annihilation.
Understanding the mutual attraction between topological defects
that are arbitrarily separated by tip dragging is an interesting
future topic potentially related to enhancement of the
retention time.

In summary, we created a vortex-antivortex pair in a
rhombohedral ferroelectric BFO using a tip-induced electric pulse
and controlled the distance between the vortex and the antivortex
via a single line scan with a biased tip. By directly observing the
piezoresponse vector distribution by angle-resolved lateral PFM,
we were able to identify the exact locations of the topological
defects and perform the topological analysis by local winding
number calculation. Our finding provides a new avenue into the
creation and control of vortex and antivortex points in topologi-
cally trivial flat ferroelectrics.

METHODS

Sample preparation

An epitaxial ~50-nm-thick BFO thin film was deposited on a
(110)p-oriented orthorhombic DSO substrate with an in-situ grown 10-
nm-thick SRO bottom electrode using pulsed laser deposition equipped
with a KrF excimer laser (with a wavelength of 248 nm). The growth was
made at 705 °C in an oxygen environment of 100 mTorr. The laser fluence
was 1.17Jcm 2 with a repetition rate of 10Hz. After the growth was
completed, the sample was cooled to room temperature at a rate of 10 °C
min~" in an oxygen environment of 500 Torr to minimize the creation of
oxygen vacancies.

Piezoresponse force microscopy

The surface morphology and ferroelectric domains of BFO were
characterized using a scanning probe microscope (Bruker MultiMode V
equipped with a Nanoscope controller V) with Pt-coated Si tips (HQ:NSC35/
Pt, MikroMasch). The PFM measurements were performed at a scanning
rate of ~2.1 ums ™' applying an ac driving voltage 3V at a frequency of
10 kHz in ambient conditions. Since IP PFM only measures the component
perpendicular to the cantilever axis, which is associated with the torsional
vibration of the cantilever, we gathered the real part images of IP PFM
signals measured at different probe orientations to construct a full vector
map of the IP piezoresponse vector.
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The data that support the findings of this study will be available from the
corresponding author upon reasonable request.
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