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MATHEMATICS

Mechanical manipulation for ordered

topological defects

Ziyan Gao't, Yixuan Zhang1, Xiaomei Li?, Xiangping Zhang1, Xue Chen?, Guoshuai Du?, Fei Hou?,
Baijun Gu', Yingzhuo Lun’, Yao Zhao', Yingtao Zhao', Zhaoliang Qu®, Ke Jin?, Xiaolei Wangs,
Yabin Chen*, Zhanwei Liu’, Houbing Huang4, Peng Gao?, Maxim Mostovoy7, Jiawang Hong‘*,

Sang-Wook Cheong®, Xueyun Wang'*

Randomly distributed topological defects created during the spontaneous symmetry breaking are the finger-
prints to trace the evolution of symmetry, range of interaction, and order parameters in condensed matter sys-
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tems. However, the effective mean to manipulate topological defects into ordered form is elusive due to the
topological protection. Here, we establish a strategy to effectively align the topological domain networks in hex-
agonal manganites through a mechanical approach. It is found that the nanoindentation strain gives rise to a
threefold Magnus-type force distribution, leading to a sixfold symmetric domain pattern by driving the vortex
and antivortex in opposite directions. On the basis of this rationale, sizeable mono-chirality topological stripe is
readily achieved by expanding the nanoindentation to scratch, directly transferring the randomly distributed to-
pological defects into an ordered form. This discovery provides a mechanical strategy to manipulate topological
protected domains not only on ferroelectrics but also on ferromagnets/antiferromagnets and ferroelastics.

INTRODUCTION

Topological defects exist in a variety of solid-state systems, serving as
profound relics to understanding continuous phase transition (1-8).
Not like the ordered textures in well-confined nanodots, nanorods, su-
perlattices, and heterostructures (9-11), the topological defects are
usually randomly distributed in bulk single crystals, as visualized in
bulk superconductors (12, 13), ferromagnets (14, 15), and ferroelec-
trics (16, 17). Focusing on the ferroelectric realm, the topological
defects are spatially constructed by the various orientations of
electric dipoles, forming exotic domain/domain wall (18, 19), polar
screw/vortex (4, 20, 21), skyrmion (22-24), meron (25), etc., which
lead to a tantalizing area so-called “topotronics,” combining spatial
topology and emerging physical phenomena. Among typical ferro-
electrics, hexagonal manganites (h-RMnO3, R =Y, Ho-Lu) exhibit
three distinguishable types of domains: stripe, loop, and vortex,
which are critically determined by the annealing temperature rela-
tive to the Curie temperature (T¢) (26). The topological ferroelectric
domain wall hosts various physical properties such as stabilized
charged domain walls (27, 28), half-wave rectification (29, 30), and
high carrier mobility at the domain wall (31, 32), which has poten-
tial application in multi-states memory, nano-electronic devices,
and sensors. To realize these multifunctional properties, effective
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manipulation of the spatial arrangement of the domain wall is criti-
cal (2, 33-38). In particular, rather deterministic control of domain
wall orientation and density in hexagonal manganites is not real-
ized so far.

Here, we artificially created nanoindentations/nanoscratches on
the surface of samples with nanoindentation apparatus. The residual
strain was introduced at room temperature and then subjected to a
high-temperature annealing process to achieve precise local direc-
tional regulation of vortex domain. On the basis of the designing
strategy of strain-induced Magnus force, two antiparallel scratches
are introduced to realize high-density parallel mono-chirality stripe
domains between the nanoscratches, with a periodicity of 400 nm.
Raman and scanning transmission electron microscopy (STEM)
measurements were used to characterize the strain distribution near
nanoscratches, and the underlying mechanism was analyzed.

RESULTS

High-temperature annealing across T¢ (T > T¢ = 1400°C for LuMnO3)
of hexagonal manganites crystal induces randomly distributed fer-
roelectric vortex domains, as shown in Fig. 1A. Because of the lattice
distortion and trimerization, the vortex domains form Z, X Zs-type
vortex-antivortex pairs, as characterized by (o+, p—, y+, a— f +y—)
and (a+, y—, B+, a—, y+, p—) with reversed vorticity. The vortex
cores are robust, while the domain walls are controllable in the pres-
ence of external electric field (33, 34). It has been demonstrated that
the vortex domains can be unfolded into mono-chiral topological
stripes through high-temperature straining, via the opposite motion
of vortices and antivortices (38), which suggests that the strain/
strain gradient is an effective means to manipulate the vortex cores.
The latest research endeavors extend this concept to pressure-driven
domain engineering, substantiating that applied pressure at high
temperature can indeed regulate the frequency and orientation of
the induced stripe-like domains (39). However, high-temperature
straining is rather inaccessible and highly uncontrollable. Here, dif-
ferent from the applied stress near the phase transition temperature
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(T¢) (40), to demonstrate a room temperature strain/strain gradient
designing strategy, the nanoindentation technique is used to create
an indent with a typical Berkovich indenter on the surface of as-
grown LuMnOj single crystal to induce local stress/strain distribution,
as displayed in Fig. 1B. Followed by a high-temperature annealing
across T¢, the induced strain gives rise to a rearrangement of the
topological ferroelectric vortex. The sequence of annealing proce-
dure is schematically shown in fig. S1. After annealing, a sixfold
symmetric domain distribution around the indent is revealed by
chemical etching and optical imaging, as presented in Fig. 1C. This
suggests that the room temperature nanoindentation-introduced
strain/strain gradient dominates the arrangement of created vorti-
ces during the high-temperature annealing.

The possibility that the sixfold symmetric domain distribution is
induced by the symmetry of indenter shape (Berkovich indenter
with threefold symmetry) is ruled out by comparing identical ex-
periments by a spherical indenter (with rotational symmetry), as
shown in Fig. 1D. Phase-field simulations (Fig. 1, E and F, and
fig. S2) further confirm the sixfold symmetry of domain distribu-
tion by different shapes of indenters. These experiments and simula-
tions suggest that the hexagonal crystalline structure and the strain
field around the indent dominate the domain evolution. To reveal
the underlying mechanism, the interaction energy Fiy between
strain field and the vortex-antivortex positions is considered (38)

T
Fint = EXh[(exx - 8yy)(yA - yV) + 28xy('xA - xV)] (1)
where (xy, yv) and (x4, ya) are the Cartesian coordinates of the vor-
tex and antivortex, respectively. g;; is the strain tensor. A is the energy
coupling coefficient, and h is the thickness of the sample. The

Magnus-type force applied to the vortex and antivortex can be ob-
tained by taking differential concerning their Cartesian coordinates

f _ aFint
v = R

0xy

2)

— _fA = g}\,]’l [28xy’ (Sxx - SJCV)]

Lg(-¢,)

-125 -10 -75 -5 -25 0

This Magnus-type force pulls the vortex and antivortex cores
apart from each other. For clarity, we plot the Magnus-type force
acquired from the plastic deformation, as given in Fig. 1G and en-
larged first quadrant area in Fig. 1H. Visually, we can tell that the
alternating Magnus force distribution shows a threefold symmetry,
which divides the area around the indent into six areas (see fig. S3
for detailed discussion of Magnus force distribution). The six re-
gions are separated radially by the six principal directions, while the
Magnus-type forces within the region are mainly distributed tan-
gentially, as indicated by the black and white dashed arrows in
Fig. 1H. Figure 2A shows the movement process of vortex and anti-
vortex cores that forms a sixfold symmetric distribution. Subjected to
the tangent Magnus force, vortex and antivortex cores alternately ac-
cumulate near the six principal directions (1, 3, and 5 for antivortices;
2, 4, and 6 for vortices). In contrast, the main component of Magnus
forces along the principal directions is radial. As a result, the local vor-
tex (antivortex) cores move away from (close to) the indent along the
six principal directions. Eventually, under the simultaneous action of
the tangential and radial Magnus forces, a sixfold symmetric domain
distribution is generated (fig. $4). The phase-field simulation (Fig. 2, B
to E, and fig. S5) displays the evolution process, suggesting the oppo-
site movement of vortex and antivortex cores. Additional nanoinden-
tation experiments with different loading forces (figs. S6 and S7) have
confirmed the excellent reproducibility and also demonstrated that
the periodicity of domain distribution is reduced as the mechanical
load increases. It is worth noting that the orientation of the sixfold
symmetric distribution is consistent even if the indenter is pushing in
different orientations, highlighting that the induced strain distribu-
tion is coupled to the hexagonal crystalline lattice. The finite element
simulation in Fig. 2F and analytical solution of transversely isotropic
crystal pressed by spherical indenters in fig. S8 also confirm that the
Magnus force distribution is in threefold symmetry. This mechanism
motivates us to propose a precise control of the distribution of the to-
pologically protected vortex domains by nanoindentation.

-10 -5 0 5 10

[ Megnisiorees__ ERURE 7Y

-0.06) P, (C/m?) 0.06

Fig. 1. Nanoindentation induced symmetric distribution of vortex domains on (001) plane. (A) Randomly distributed topological ferroelectric domains and vortex-
antivortex pairs; the radius of the circular area is 5 pm. (B) Finite element method calculated strain distribution introduced by nanoindentation. (C and D) Optical images
of the sixfold symmetrical distribution of vortex domains induced by Berkovich indenter loading at 400 mN and spherical indenter loading at 400 mN, respectively. The
radius of the circular area is 140 pm. (E and F) Phase-field simulated sixfold symmetrical domain distribution by Berkovich and spherical indenters. The radius of the circu-
lar area is 150 nm. (G) Magnus-type force distribution around the nanoindentation. The arrows indicate the direction of Magnus-type force fa. (H) Enlarged view of the first
quadrant of (G). The white and black arrows indicate the main component direction of Magnus forces fy and fa, respectively.
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On the basis of the above analyzed mechanism of nanoindenta-
tion, we extend the vortex domain manipulation to a larger area
(fig. 89). To create a relatively larger range of strain/strain gradient
distribution, a nanoscratch can be achieved by moving the indenter
along a certain direction with a constant mechanical load as seen in
Fig. 3B. After the identical annealing process, the nanoscratch gives
high-density stripe domains (Fig. 3). Because of the trailing effect of
the strain introduced during the scratching process, the domain dis-
tributions at the start and end points are different (Fig. 3, A and C).
The end point without trailing effect maintains a sixfold symmetry.
The orientation of the stripes at the middle area of scratch is at a
certain angle to the nanoscratch direction (Fig. 3D), which is attributed
to the Magnus-type force distribution induced by nanoindentation

O Vortex core

@® Antivortex core

according to finite element simulation in fig. S10. In addition, the
distribution range of the nanoscratch-induced stripes expands un-
der larger loads, as expected in fig. S11, which suggests the tunabil-
ity of the strain-influenced range.

In light of the nanoscratch strategy, we design two antiparallel
nanoscratches with a distance of 50 pm, as shown in Fig. 3E. The
high-density stripes are well aligned between the nanoscratches
(Fig. 3, F and G). The periodicity of stripe domains is determined to
be 400 nm from the enlarged view and fast Fourier transform in
Fig. 3 (H and ]). Both ends of the stripe domains are still topological
protected ferroelectric vortex with six domains converging (Fig. 31).
The vortex and antivortex cores are pushed to the nanoscratch,
which is consistent with the expectation of the design strategy in

a
x107353m

Fig. 2. Formation and evolution of sixfold symmetrical vortex domain distribution. (A) Schematic diagram of vortex and antivortex cores movement under Magnus
forces. The white and black arrows indicate the main component direction of Magnus forces fy and fa, respectively. (B and C) Sixfold symmetrical domain distribution by
phase-field simulation with different evolving times as the indenter pressing (radius of circular area is 100 nm). (D and E) Enlarged view of black-boxed regions in (A) and
(B). (F) Magnus force distribution obtained by finite element simulation. The black arrows are Cartesian coordinates on LuUMnOjs single crystal, with lattice matrix vector
coordinate (a and b) in orange color.

Fig. 3. High-density stripe domains induced by nanoscratches. (A and C) Enlarged optical images of the start point and end point of the nanoscratch, as schemati-
cally shown in (B). (D) High-density stripe domains induced by nanoscratch under 100 mN load. (E) Antiparallel nanoscratches before annealing. The red arrows indicate
the directions of nanoscratches. (F) Optical image displaying the high-density stripe domains induced by antiparallel nanoscratches after annealing and chemical etch-
ing. (G) AFM scanning of the red-boxed region. (H) Detailed AFM scanning in the black-boxed region. (I) Vortex cores gathering near the nanoscratch. (J) Fast Fourier
transform of (H).
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fig. S10. A mono-chiral topological stripe domain is formed (38, 41),
due to elongated vortex-antivortex pairs as revealed in fig. S12. The
range of high-density mono-chiral stripe domains can reach up to
50 pm in width (spacing between antiparallel nanoscratches) and
extend across the entire crystal surface in length. Unlike antiparallel
nanoscratches, parallel nanoscratches induce a herringbone domain
distribution (fig. S13). The vortex cores are pushed into the middle
region of the herringbone domain pattern, which also can be pre-
dicted via the strategy. In addition, the spacing of the parallel nano-
scratches also affects the herringbone domain distribution (fig. S14).

DISCUSSION

To reveal the details of the strain generated by nanoscratch, we
perform Raman spectroscopy measurement, which offers a unique
possibility to detect strain at the micrometer scales by analyzing the

offset of the characteristic peak position of deformed or strained
material. After the nanoscratch, we select a set of points (1 to 11)
with identical spacing and two more points (12 and 13) at a rela-
tively large distance from the nanoscratch to perform Raman mea-
surements, as marked in the inset of Fig. 4A. The strain distribution
at different points can be quantitatively compared through the shift
of the strongest scattering peaks (A; mode) in Fig. 4 (B and C),
which reflect the stretching vibration mode of the apical oxygens of
the MnOs polyhedron (42-45). The Raman shift of the A; mode and
the corresponding positions are drawn in Fig. 4A. As we expected,
the A; mode Raman shift is lower at the position closer to the nano-
scratch, indicating that the tensile strain is larger. Compared with
the A; mode Raman shift in the strain-free state, the A; mode Ra-
man shift at sites 12 and 13, which are away from the nanoscratch, is
stable at around 689 cm™', indicating that there is a small tensile
strain independent of the nanoscratch existing in as-grown crystal.

A 698 T B
—~ T —— e
i Before annealing ' 1Ay mode
= 6% | 4 i
< Yo
~ ] I
= 694 | . ; 1
&
g 2 Nanoscratch After annealing z — 7 1 =
L 7] I
g o[ R T e e l z | \
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Fig. 4. Strain induced by nanoscratch. (A) Variation of A; mode near nanoscratch before and after annealing. The inset shows the position relationship between Raman
test points and the double nanoscratches. (B) Raman spectra of 13 different positions near the nanoscratch on ab plane. (C) Enlarged view of the A; mode in the Raman
spectra (B). (D) Atomically resolved HAADF image acquired near the nanoscratch on the ac plane. The brighter atom columns correspond to Lu columns. (Among them,
Lu atoms offset in the +z direction, not offset, and offset in the —z direction are marked with green, orange, and blue circles, respectively.) The other atom type is Mn, while
the O columns are invisible due to the z-contrast sensitivity of HAADF imaging. The yellow lines represent domain walls. The white arrows indicate the direction of polar-
ization (P). The inset shows the P63cm crystal structure of LuMnOs. (E) Strain €., map calculated by Lu atomic position. Inset: The g, is plotted as a function of position along

the black arrow.
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Note that the tensile strain of all measured locations is relaxed after
the annealing process, with the A; mode Raman shift returned to
691 cm™', as illustrated in fig. S15.

Next, we study the residual strain under the nanoscratch by
STEM. Figure 4D shows a high-angle annular dark-field (HAADF)
image viewed along the [010] zone axis (the location is at the yellow-
boxed region in fig. SI6A). It can be clearly seen that the lattice has
distorted notably near the nanoscratch, and the positions of Lu
atoms are visually flattened, as indicated by the upper orange-boxed
region in Fig. 4D. This phenomenon may be attributed to a suffi-
ciently large strain that changes the structure into nonpolar phase
near the edge. It is also possible that the atoms in the fresh surface
produced by the scratches are restructured so that the shielding
mechanism suppresses its ferroelectricity (46). Different from the
surface, the inside shows a standard ferroelectric domain with “up-
up-down” (upward polarization) and “down-down-up” (downward
polarization) arrangements. The corresponding strain distribution
according to the Lu positions can be obtained in fig. S16B and
Fig. 4E. The details for strain calculation can be found in Materials
and Methods. Atomic-resolved strain distribution confirms that the
nanoscratch mainly has tensile strain. The strain gradually relaxes as
it moved away from the nanoscratch. A similar tendency is also con-
firmed by Mn atom strain calculation in fig. S17. It is worth men-
tioning that a large strain at the edge of the nanoscratch causes
sample damage, which is evident in fig. S16C. Compared with the
range (~20 pm on ab plane) of strain obtained by Raman, the range of
strain is about 20 nm along the ¢ axis below the nanoscratch. There-
fore, the strain decays slower on the ab plane than that along the ¢ axis
by about three orders of magnitude, mainly due to the layered struc-
ture of hexagonal manganites. Therefore, the strain on the ab plane
plays a major role in regulating vortex domain distribution.

To sum up, we propose and demonstrate a mechanical design-
able strategy to manipulate the alignment of topological domain
networks. Different from the change of ferroelectric domain con-
figuration by nanoindentation in BaTiOs;, which is derived from
stress-generated cracks and slip band-induced ferroelastic response
(47), our experiments and simulations suggest that the hexagonal
crystalline structure and the strain field around the indent dominate
the domain evolution. Compared with the random crack-induced
oriented domain pattern during the crystal quenching process, the
artificial nanoindentation and nanoscratch demonstrate a deter-
ministic method to induce the topological mono-chiral stripes (48).
We also want to emphasize that the nanoindentation/nanoscratch
strategy can be potentially extended to other structural distortions
dominating improper ferroelectrics or structural-sensitive magnetic
materials (49). Compared with the dislocation generation strategy
(50, 51), we have achieved a designable local precise regulation ap-
proach through nanoscratches. The successful achievement of high-
density parallel stripe domains in hexagonal manganites with a
width of 50 pm, periodicity of 400 nm, and an extendable length
according to the nanoscratch length creates a playground for the
fascinating half-wave rectification effect (29) and microwave con-
ductivity (52) of high-frequency AC signal functionalities at domain
wall. A macroscopic enhancement of domain wall functionalities is
expected as well. Note that the formed topological protected high-
density stripe domains may notably alter the anisotropic physical
properties, such as thermal conductivity and electrical conductivity.
In addition, the domain periodicity width (~400 nm), which is in
the wavelength range of visible light, and periodically polarization,

Gaoetal, Sci. Adv. 10, eadi5894 (2024) 3 January 2024

which is comparable to artificial superlattices, may be developed for
applications in such periodically poled lithium niobate (PPLN)-
based devices as optical gratings and optical modulators.

MATERIALS AND METHODS

LuMnO;s single-crystal growth

Using Lu,O3 and MnO,; as raw materials and Bi,O3 as the solvent,
flake LuMnOj single crystals were grown by flux method. The raw
materials were mixed and transferred to a platinum crucible, heated
from room temperature to 1280°C holding for 3 hours. The single
crystals were crystallized in the slow cooling process. The as-grown
LuMnOs single crystal is centimeter-size and plate-like.

Nanoindentation and nanoscratch

Nanoindentation and nanoscratch were performed using a com-
mercial In Situ Nanomechanical Test System (Keysight G200) with
Berkovich and spherical indenters. The Berkovich diamond indenter
has a tip radius of 20 nm with a hardness of 1140 GPa. The spherical dia-
mond indenter has a diameter of 650 pm with a hardness of 1140 GPa.

Scanning probe microscopy

Scanning probe microscopy (SPM) measurements were performed
using a commercial atomic force microscope (AFM; Asylum Re-
search MFP-3D). AFM measurements were performed by AC air
topography mode with Si AC160TS-R3 cantilever tips (no coating)
with a radius of ~7 nm and spring constants of 26 N/m. Piezoelec-
tric force microscope (PFM) measurements were performed by
single-frequency PFM mode with Si ASYELEC-01-R2 cantilever
tips (coating Ti/Ir) with a radius of ~25 nm and spring constants
of 2.8 N/m.

Optical microscope
Ferroelectric domain images in bright field and dark field are ob-
tained using a commercial microscope ZEISS Axio Imager 2.

Scanning transmission electron microscopy

STEM images were performed on the cross section of nanoscratch
obtained by focusing ion beam (FIB) technology. HAADF images
were recorded at 300 kV using an aberration-corrected FEI Titan
Themis G2. The convergence semiangle for imaging was 30 mrad,
and the collection semiangle snap range was 39 to 200 mrad for
HAADF imaging. To obtain quantitative information on the strain
distribution, the atomic positions were determined by simultaneous
fitting with two-dimensional Gaussian peaks usinga MATLAB code.

Raman measurement

Raman measurements were performed using a commercial imaging
spectrometer (HORIBA Ltd., iHR550) with a 633-nm excitation la-
ser. The laser beam power density was low enough to avoid laser
heating. The propagation of the laser beam was along the ¢ axis of
LuMnOj3 samples.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S17

Table S1
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