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ABSTRACT: Magnetic skyrmions are topologically protected swirling spin textures with
great potential for future spintronic applications. The ability to induce skyrmion motion
using mechanical strain not only stimulates the exploration of exotic physics but also
affords the opportunity to develop energy-efficient spintronic devices. However, the
experimental realization of strain-driven skyrmion motion remains a formidable challenge.
Herein, we demonstrate that the inhomogeneous uniaxial compressive strain can induce
the movement of isolated skyrmions from regions of high strain to regions of low strain at
room temperature, which was directly observed using an in situ Lorentz transmission
electron microscope with a specially designed nanoindentation holder. We discover that
the uniaxial compressive strain can transform skyrmions into a single domain with in-plane
magnetization, resulting in the coexistence of skyrmions with a single domain along the
direction of the strain gradient. Through comprehensive micromagnetic simulations, we
reveal that the repulsive interactions between skyrmions and the single domain serve as the
driving force behind the skyrmion motion. The precise control of skyrmion motion through strain provides exciting
opportunities for designing advanced spintronic devices that leverage the intricate interplay between strain and magnetism.
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1. INTRODUCTION

Over the past decade, magnetic skyrmions, which are vortex-like
swirling spin configurations, have undergone significant
advancements due to their intriguing physics and potential

under external stimuli are crucial. Currently, these operations
L . . 19-25

primarily rely on spin-polarized current. However, the

current density required for these operations is extraordinarily

high, leading to substantial energy consumption.25 Moreover,

Joule heating generated by the current poses a considerable
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applications as information carriers for future spintronic devices,
such as racetrack memories."” Skyrmions are typically observed
in noncentrosymmetric chiral crystals’ > and asymmetric
magnetic films.”” In these magnetic systems, the breaking of
the crystal symmetry causes the emergence of a Dzyaloshinskii—
Moriya interaction (DMI) that not only stabilizes the skyrmions
but also locks their helicity. In addition to the DMI-hosting
magnetic systems, centrosymmetric ferromagnets can stabilize
skyrmions through the interplay of magnetic anisotropy and
dipole—dipole interaction.””"" Due to the absence of a DMI,
these topological spin configurations exhibit random helicity
and multiple spin textures. However, from a topological
perspective, skyrmions in both the noncentrosymmetric and

centrosymmetric material systems are topologically equivalent Received:  September 20, 2023
and share similar topological magnetoelectrical properties, such Revised:  December 8, 2023
as the skyrmion Hall effect,'”"* topological Hall effect,"* " and Accepted:  December 19, 2023

i, . . 17-19
ultralow driving current density for motion.

For practical applications of skyrmionic devices, the control-
lable manipulation and directional movement of skyrmions
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challenge to the structural stability of skyrmions. To reduce the
energy consumption and Joule heating of skyrmionic devices,
various operating schemes, such as gate Voltage,%_29 ultrafast
laser pulse,”® magnons,”’ thermal excitations,”” and adsorption/
desorption,”** have been theoretically proposed or exper-
imentally realized. In addition to these approaches, increasing
attention has been focused on the strain-based strategy, driven
not only by its low energy consumption but also by the
intriguing magnetoelastic responses.””~** One of the notable
examples is that Shibata et al. found a low anisotropic uniaxial
strain of 0.3% could induce a 20% distortion in its skyrmion
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Figure 1. Structure of the working region of the strain-holder and stress dependence on the average strain. (a) Schematic of the working region
of the holder. (b) LTEM image of the working region (left panel). The scale bar is 500 nm. The upper right panel represents the SAED pattern
along the normal direction of the Fe;Sn, thin plate. The scale bar is S 1/nm. The lower right panel represents the HR-STEM image of the Fe;Sn,
thin plate. The inset in the right bottom panel shows the alternating arrangement of Fe (red particle) and Sn atoms (blue particles). (c)
Schematic for applying compressive strain on a sample. The length (L) of the sample is along the x-axis, and the thickness () is along the z-axis.
The sample is compressed along the x-axis by moving the probe. The original point (0) represents the location of the sample when it is not
compressed. Ax represents the moving distance of the probe and the compressive distance of the sample. (d) The stress (F) dependence on the
average compressive strain (€,,.). The curve is fitted using a linear equation (black line). The dashed box shows a kink in the F—¢_,, curve. The
dashed line represents the boundary of the deformation in the Fe;Sn, thin plate. The boundaries from the left to the right represent the stress
results for elastic deformation, plastic deformation, and bending of the sample.

lattice along the strain axis in the chiral crystal FeGe.” More domain serve as the driving force behind the skyrmion motion.
recently, Hou et al. demonstrated that strain could trigger Our results provide valuable insights into the underlying
controllable four-state switching of the number of skyrmions in physical mechanism of the strain-induced dynamics of sky-
geometrically confined nanodots.”® These reactions of sky- rmions and highlight their promising potential in the develop-
rmions to the uniaxial strain demonstrate promising potential for ment of low-power, strain-sensitive spintronic devices.
constructing strain-mediated spintronic devices, including

flexible and microwave devices.”” Nevertheless, despite these 2. RESULTS

advances, the strain-induced directional motion of skyrmions, 2.1. Fabrication of a Strain-Mediated Device for In Situ
which is crucial for constructing racetrack memory devices, LTEM Observations. The target ferromagnet Fe,Sn, has a

remains elusive in experiments. The main challenge lies in
generating the driving force necessary for inducing skyrmion
motion. This is because strain lacks the inherent capability to
transport the polarized spins that typically drive skyrmion

centrosymmetric rhombohedral structure with alternate stack-
ing of Fe—Sn kagome layers along the z-axis. Our previous
investigations have demonstrated that this compound could
host skyrmions over an extremely wide range of temperatures

motion through spin-transfer torque (STT) or spin-orbit torque from 100 to 630 K.* The high thermal stability makes Fe;Sn, an
(SOT) effects. On the other hand, this study necessitates the attractive platform for studying the fundamental physics and
precise measurement of nanometric magnetic domain structures practical applications of skyrmions. To investigate the strain-
within nanomaterials while simultaneously enabling localized induced dynamic behaviors of skyrmions, we conducted in situ
control over strain,”’ which poses a technical obstacle in LTEM experiments using a specially designed nanoindentation
observing the strain-induced motion of skyrmions. holder. Figure 1a schematically illustrates the working region of
In this study, we target room-temperature skyrmion-hosting the holder, consisting of a sample bracket and a diamond probe
ferromagnet Fe;Sn, and demonstrate that the inhomogeneous (circular shape with a diameter of ~700 nm) with a strain
uniaxial compressive strain can induce the movement of isolated transducer. Using focused ion beam (FIB) techniques, a [001]-
skyrmions from regions of high strain to regions of low strain at oriented Fe;Sn, lamella (length 1~ 2.4 ym, width w = 1.5 um,
room temperature, which was directly observed using in situ thickness ¢ ~ 150 nm) was prepared and securely mounted on
Lorentz transmission electron microscopy (LTEM). We the sample bracket for LTEM observations (Figure 1b).
discover that the uniaxial compressive strain can induce the Notably, the outer region of the lamella was coated with a Pt
transformation of skyrmions into a single domain with in-plane protection layer against ion beam damage during the fabrication
magnetization, resulting in the coexistence of skyrmions with a process. Further details regarding the fabrication process can be
single domain along the direction of the strain gradient. found in the Methods. Selected-area electron diffraction
Combining with micromagnetic simulations, we further reveal (SAED) was performed along the normal direction of the
that the repulsive interactions between skyrmions and the single lamella. The resulting diffraction spots (upper right panel of
762 https://doi.org/10.1021/acsnano.3¢09090
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Figure 2. Strain-induced domain evolution process at H, = 0 mT. The upper panel of (a) is the schematic for the spin texture of the stripe

domain. The lower panel of (a) is an LTEM image of the thin plate in the initial state, i.e., H, = 0 mT and €

= 0%. The white dashed arrow

ave

represents the orientation of the wave vector (Q) of the stripe domain. The upper panel shows the schematic of the Bloch stripe domain wall.
(b—e) LTEM images of the thin plate at €_,, = 0.6, 0.7, 0.9, and 1.5%, respectively. The region enclosed by the white dashed boxes hosts a single
domain with in-plane magnetization. The upper panel of (e) represents the spin arrangements of a single domain. (f—i) LTEM images of the
thin plate at £,,, = 0.7, 0.5, 0.3, and 0% (final state), respectively. All the images are taken at H, = 0 mT. The scale bar for all of the images is

presented in (a), and it represents 500 nm.

Figure 1b) exhibited a sixfold symmetric characteristic,
confirming that the normal direction of the lamella aligns with
the [001] orientation. Additionally, a high-angle annular dark-
field scanning transmission electron microscopy (HAADF-
STEM) image obtained at the (001) crystal plane (lower right
panel of Figure 1b) demonstrated the Fe (red particles) and Sn
atoms (blue particles) orderly arranged into the kagome lattice.
This observation agrees well with the (001) crystal plane of
Fe;Sn,, indicating good quality of the lamella.

Compressive stress can be applied to the Fe;Sn, lamella by
moving the diamond probe along the rail (Figure 1c). Given the
probe’s extensive range of movement in the xyz directions and
its tip thickness of approximately 700 nm, significantly thicker
than the lamella, aligning the lamella and the probe to the same
height becomes easily achievable. This alignment effectively
mitigates the risk of bending when a stress is applied. The stress
compresses the crystal lattice, thereby inducing a uniaxial
compressive strain (¢) along the indentation direction. The
stress strength (F) and the moving distance (Ax) of the probe
are accurately and promptly recorded by the transducer. Taking
the position of the probe just starting to get in touch with the
lamella as its initial position, Ax can be approximately assumed
as the compressive distance of the lamella. Some factors that may
influence this assumption, such as the contact area between the
probe and lamella, welding materials deposited to mount the
lamella, and whether the lamella is bending, were discussed in
Supplementary Notes. The average strength of the compressive
strain (&,.) can be calculated using the following equation:

Ax
&= —
Ly

ave
1)
where L, represents the length of the lamella (Figure 1c). In
Figure 1d, the variation in F is plotted as a function of &,,,. It is
demonstrated that F linearly increased as €, increased from the
initial state (&,,, = 0%) to 2.4%. The linear relation between &,,,
and F obeyed Hooke’s law, indicating that the stress generated

763

an elastic deformation in the lamella. As ¢,,, increased beyond
2.4% and up to 3%, the &,,.—F curve gradually deviated from the
linear dependence of Hooke’s law, suggesting that the
deformation gradually transformed from elastic into plastic
behavior under large strains. With a further increase in €, a
kink appeared in the &,,,—F curve (enclosed by a dashed box in
Figure 1d). This abnormal transition is generally regarded as the
bending signature of a thin plate. To prevent the plastic
deformation and bending of the sample from affecting the
experimental results, we thus limited the maximum ¢, to less
than 2.4% in subsequent measurements.

2.2. Strain-Induced Dynamics of the Magnetic
Domains. First, we studied the strain-induced domain
evolution without applying any magnetic field (based on a
fresh sample with a similar dimension to that displayed in Figure
1b). The strain was gradually and linearly increased from zero to
the maximum value (&, = 1.5%) at a specific velocity of 0.15%
per second. Simultaneously, the dynamic behaviors of the
domain structures were recorded as movies at 25 frames per
second. Figure 2a—i presents a series of snapshots extracted from
Movie S1 to illustrate the detailed domain evolution processes.
In the initial state (&, = 0%), the lamella exhibited nanosized
stripe domains (as schematically illustrated in the left panel of
Figure 2a) with their wave vector (Q) along the length direction
(lower panel of Figure 2a). Although no considerable motion of
the stripes was observed as the average strain (&,,.) gradually
increased to 0.6%, the stripe domains near the probe (enclosed
by the white dashed box) disappeared (Figure 2b). This
observation suggests that under strain, the stripe domains
transformed into a single domain that does not exhibit a distinct
contrast in the LTEM image (Figure S1). However, apart from
the region near the probe, the stripe domains in the remaining
portion of the lamella hardly changed, indicating that the strain
was distributed with a gradient. With a further increase in €,
the single domain expanded gradually along the length direction
of the lamella (Figure 2¢,d). When ¢,, increased up to 1.5%, the
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stripe domains completely disappeared (lower panel of Figure
2e). Conversely, as &, decreased, the size of the single domain
decreased, which was accompanied by the recovery of the stripe
domains (Figure 2e—i). Because the formation of the single
domain was induced by the applied strain, the extension
direction of the single domain reflected the strain distribution
induced by the applied strain. Specifically, the strain near the
probe was the largest and gradually decreased from the region
near the probe toward the right edge (along the +x direction). It
should be noted that the direct quantitative measurement of the
nonuniform strain distribution on the microsized lamella was
challenging by analyzing SAED patterns under each strain value
(see Supplementary Notes and Figure S2 for details). Phase-field
simulations were thus performed to estimate the strain
distribution. Details about the simulations can be found in
Figure S3. The simulated strain distribution exhibited a gradient
distribution on the lamella and decreased gradually along the
length direction. This was consistent with the experimental
observations, thereby confirming the reliability of our
simulations.

We further revealed that the magnetization of the single
domain aligned in the xy-plane based on theoretical analysis.
From an energy perspective, the equilibrium magnetic state of
the Fe;Sn, lamella subjected to a coupled magnetoelastic
loading is determined by minimizing the Helmholtz free energy
described by the following equation:

F= /-[A(VM)2 + Wppy — KM} — %MOMSH'M + Wy |dV Q)
where the term in the integrand denotes the volumetric densities
(J-m™%), A represents the exchange stiffness, wpp, represents the
dipole—dipole energy density (i.e., the demagnetization energy
density), K, represents the uniaxial anisotropy constant along
the z-axis (c-axis of Fe;Sn,), M represents the unit vector of
magnetization, H represents the external magnetic field, and
g represents the magnetoelastic free energy density when the
system is subjected to a uniaxial tension—compression along the
x-axis. Since Fe;Sn, belongs to the point group D, the term
@y can be expressed as follows:

Wyg = Ell(dllllMa? + duzzMyz + d1133Mz2 + 2d1123MyMz)
(3)
where d},}, d1155, d1133, and d),; represent the tensor forms of
the magnetoelastic coeflicients. For magnetoelastic coupling, we

generallyhaved, ), > d| ;& dj 33> di125." 7 Thus, eq 3 can be
further simplified as follows:

g = &(c + Lle + LzMzz) (4)

where ¢ = d;,,M? denotes a constant, and L, = d, 1, — d} 122, L, =
dy133 — dy12y- After eq 4 is substituted into eq 2, the free energy
can be further expressed as follows:

1
F= /‘{A(VM)2 + @ppy — KX (e, )M? — E'MOMSB-M + &,c|dV

©)
where M, represents the magnetization component in the
direction of the strain-modified uniaxial anisotropy, and the
absolute value of K¥(e,,) is equal to

K (e, )l = y (K, — e,L,)" + (g,L,) ©)

Similar to eq 2, the term —K*(e;;)M> in eq 5 has an
expression similar to that of the uniaxial anisotropy energy term.
Consequently, K¥(¢,,) can be considered as the effective

764

magnetic anisotropy constant that is directly coupled with the
applied strain. Furthermore, using eqs S and 6, we found that the
uniaxial strain applied along the x-axis also modified the
direction of the uniaxial anisotropy. That is, the magnetic easy-
axis gradually rotated from the z-axis to the x-axis with an
increasing compressive strain. Thus, we propose that the spins of
the single domain displayed in Figure 2b—h were aligned along
the x-axis in the xy-plane. Namely, the strain has transformed the
stripe domain into the single domain with magnetization along
the x-axis in the xy-plane, as schematically shown in the upper
panel of Figure 2e.

2.3. Strain-Induced Dynamics of the Magnetic Sky-
rmions. We then explored the dynamics of skyrmions under
strains. To facilitate the formation of skyrmions, an out-of-plane
magnetic field (H,) of 250 mT was applied. Figure 3a shows a

H, =250 mT H, =350 mT
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Figure 3. Strain-induced dynamic behaviors of skyrmions. The left
panel of (a) is the schematic of the spin texture of the skyrmions
marked by a black dashed arrow. The right panel of (a) is the LTEM
image of the lamella in the initial state, i.e., H, =250 mT and ¢, =
0%. (b—d) LTEM images of the lamella at ¢, = 0.25, 1, and 1.5%,
respectively. The left panels of (c) and (d) are schematics for the
spin texture of the trivial bubble and the in-plane single domain,
respectively. (e—1) LTEM images of the lamella ate,,. = 0,0.9,1, 1.2,
1, 0.9, 0.7, and 0%. The magnetic domains enclosed by white boxes
in (a—1) depict a one-to-one correspondence. The scale bars in (a)
and (e) represent SO0 nm.

representative LTEM image of the Fe;Sn, lamella. It is evident
that the stripe domains have completely transformed into
skyrmions that are densely arranged in the xy-plane.
Interestingly, some skyrmions exhibit an inverse contrast, as
indicated by the dashed box in Figure 3a. A comparison of the
experimental observations and simulations reveals that the
inversed contrast arises from the opposite helicity, ie., the
swirling direction of the in-plane component of the spins in the
skyrmions (Figure S4). Notably, random helicity is one of the
characteristics of the skyrmions that were formed in
centrosymmetric magnetic systems in which DMI did not
exist.”~'" The strain-induced dynamics of the densely arranged
skyrmions were recorded in Movie S2. Although a strain
gradient was applied to the lamella, no obvious skyrmion motion
was observed over the entire strain range (the maximum &, =
1.5%). The motionless skyrmions can be attributed to the strong
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pinning effect that results from the repulsive interactions among
the densely arranged skyrmions. Instead of mobile skyrmions, a
multistep transformation from skyrmions to in-plane single-
domain structures was observed. Figure 3a—c presents a series of
snapshots extracted from Movie S2 to illustrate the detailed
evolution processes. As &,,, increased from zero, the skyrmions
first transformed into particle-like magnetic structures that
exhibited distinct bright and dark contrasts at their opposite
edges without tilting the sample (enclosed by a white dashed box
in the right panel of Figure 3c). Combining experiments with
micromagnetic simulations (see details in our previous
reports®), we revealed that these particle-like magnetic
structures are topologically trivial bubbles (the topological
number is zero, as schematically shown in the left panel of Figure
3c). As &,,, increased further to the maximum of 1.5%, the trivial
bubbles completely transformed into an in-plane single domain
(as schematically shown in the left panel of Figure 3d). The
observed skyrmion — bubble — single domain transition is
proposed to be closely related to the strain-induced variation in
magnetic anisotropy, and a detailed explanation of the
underlying mechanism is presented in the latter section.

To weaken the pinning effect caused by skyrmion—skyrmion
interactions, H, was increased from 250 to 350 mT), causing the
transformation of the skyrmion lattice into isolated skyrmions.
Interestingly, the compressive strain became capable of driving
the motion of the individual skyrmions. With the time-
resolution capability of LTEM movies, the motion of the
isolated skyrmions in response to the varying applied strain was
recorded (Movie S3). The LTEM images, which were extracted
from Movie S3 and shown in Figure 3e—l, illustrate the
trajectory of the individual skyrmions as the applied strain
varied. The white boxes in Figure 3e—l indicate the
corresponding positions of the same skyrmion at each strain
value. It is evident that as €, increases, the skyrmion moves
from the high-strain region (left side) to the low-strain region
(right side), as shown in Figure 3e—h. More interestingly, the
motion of the skyrmion induced by the applied strain is discrete,
implying that the skyrmion moves only when the compressive
strain reaches a certain threshold value. However, if a fixed strain
is applied to the sample, then the skyrmion remains stationary.
This characteristic indicates that the strain-induced motion of a
skyrmion occurs in a step-by-step manner, where the
compressive strain must exceed a critical value at specific
positions to overcome the pinning effect and subsequently
initiate skyrmion motion. As the skyrmions approached the
region near the right edge of the lamella, they encountered a
repulsive force from the edge, causing them to halt. Notably,
when ¢,,. was decreased, the skyrmions reversed their direction
of motion and moved back toward the left side (Figure 3i—1I).
Eventually, at &,,, = 0%, the skyrmions returned to their initial
positions (Figure 31). These results reveal that the strain-
induced skyrmion motion is reversible, which is highly desirable
for the construction of strain-mediated racetrack memory
devices.

3. DISCUSSIONS

Next, we discuss the physical mechanism that underlies the
strain-induced dynamics of skyrmions. Our experimental results
have demonstrated that as €, increases, the magnetic easy-axis
of Fe;Sn, gradually rotates from the z-axis toward the in-plane
direction, which is thought to be the main reason for the
observed dynamic behaviors. To validate the proposed physical
mechanism and better understand the strain-induced sky-
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rmionic dynamics, we performed micromagnetic simulations
using the physical parameters of Fe;Sn, that have been
established in previous experiments (see Methods for details
about the simulations). First, the effect of anisotropy variation
on the stabilization of a strongly pinning skyrmion was simulated
(Figure SS). It was observed that as the magnetic easy-axis
rotated from the z-axis toward the xy-plane, the core (—z) and
surrounding (+z) magnetizations tilted toward the +x direction,
making the skyrmion gradually transform into a topologically
trivial bubble. In this scenario, the domain walls that have in-
plane magnetization along the +x axis change from 180° walls to
<180° walls, while the domain walls that have in-plane
magnetization in the —x-axis change from 180° walls to >180°
walls; when the latter switches their in-plane magnetization
direction from —x to +x, the whole chiral domain walls in the
skyrmion (winding number = 1) change by breaking into two
segments, leading to the winding number of the domain wall to
be 0 and the formation of the trivial bubbles. As the magnetic
easy-axis continued to rotate, the spins aligned into the xy-plane,
which caused the trivial bubbles to further transform into an in-
plane single domain. The simulated skyrmion — bubble —
single domain transition is consistent with the experimental
observations and confirms the reliability of the proposed
physical model.

Hereafter, the effect of anisotropy variation on the skyrmion
motion was simulated. In the simulation, a qualitative approach
was used to account for the inhomogeneous strain distribution
on the microsized lamella and to overcome the challenge of
quantitatively measuring the strain-dependent magnetic aniso-
tropy distribution. It was qualitatively proposed that the tilt
angle (0) between the magnetic easy-axis and the c-axis was
directly proportional to the strength of ¢,,,, while the absolute
value of K, was fixed at 1.4 X 10° ] m™>. Based on the simulated
strain distribution, the corresponding 6 distribution for different
€,y values was obtained. A larger 0 represents a larger strain, as
schematically shown in Figure 4a. At the initial state (&,,. = 0%),
an isolated skyrmion was located in the middle region of the
lamella (Figure 4b). With an increase in ¢&,,, the skyrmion
correspondingly moved along the +x direction (Figure 4c—g). In
previous theoretical studies,”>” the anisotropy gradient was
generally suggested to act as a direct propelling force that drives
skyrmions to move from regions with high anisotropy to regions
with low anisotropy with a velocity proportional to the absolute
value of the anisotropy gradient. According to this model, the
skyrmions are expected to move along the —x direction, which is
opposite the motion direction observed in our experiments. This
discrepancy suggests the existence of another factor influencing
the skyrmion motion. As for the experiments, we found that the
region hosting the in-plane single domain expanded along the +x
direction with the increase in ¢€,,, as shown in Figure 4c—g.
‘When we decreased ¢,,,, the region hosting the in-plane domain
decreased, and the skyrmion began to move along the —x
direction (Figure 4i—m). This observation suggests a close
relationship between the motion of skyrmions and variation in
the region hosting the in-plane domain. It is known that there is a
repulsive potential between a skyrmion and its adjacent domain
wall.>® When the in-plane single domain expands, the repulsive
potential generates a strong driving force that promotes the
skyrmion motion along the +x direction, corresponding to an
increase in K. Conversely, when the region hosting the in-plane
domain decreases, the repulsive force weakens, and the driving
force originating from the anisotropy gradient drives the
skyrmion motion along the -x direction, corresponding to a
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Figure 4. Simulated reversible motion of skyrmions. (a) Schematic
for the angle (0) between the z-axis (c-axis of Fe;Sn,) and the
magnetic easy-axis (blue arrow). At the initial state (&,,. = 0%), the
magnetic easy-axis is parallel to the z-axis (# = 0°), as shown in the
upper panel of (a). When a compressive strain (¢,,, = €) is applied
along the x-axis, the magnetic easy-axis rotates toward the x-axis, as
shown in the lower panel of (a). (b—g) Snapshots at &y, £,, £,, 3, &,
and &;. (h—m) Snapshots at ¢;, €,, €3, €,, €;, and &,. The external
magnetic field in (b—m) is H, = 200 mT. The magnetization along
the z-axis (m,) is represented by regions in blue (+m,) and red

(_mz)‘

decrease in K. The simulated variation of skyrmion velocity
based on this physical model is shown in Figure S6. The
repulsive potential between the in-plane domains and the
skyrmion drives the skyrmion to move along the +x direction
with an initial velocity of v. The strain-induced inhomogeneous
anisotropic gradient causes the velocity of the skyrmion to
decrease approximately in an exponential manner until it halts.

In conclusion, we have realized the controllable and reversible
motion of isolated skyrmions by using both compressive strain
and an out-of-plane magnetic field. The experimental results are
in good agreement with the micromagnetic simulations. We
revealed that the rotation of the magnetic easy-axis from the out-
of-plane to the in-plane direction leads to the formation of an in-
plane single domain and that the repulsive interactions between
the skyrmion and the in-plane single domain provide the driving
force for the skyrmion motion. Furthermore, this model was well
confirmed by micromagnetic simulations. Thus, this study not
only contributes to a deeper understanding of the interplay
among strain, magnetic anisotropy, and domain structures but
also demonstrates a promising route for developing low-power,
strain-sensitive spintronic devices.

4. METHODS

4.1. Fabrication of Fe;Sn, Microdevices. High-quality Fe;Sn,
crystals were grown using a flux method.® For the strain-mediated
device, the lamellae with a thickness of ~150 nm were fabricated using
an FIB equipped with a scanning electron microscopy dual beam
system (FEI Helios G4 UX), as described in our previous work.'” Then,
the grid was fixed on the sample bracket, as shown in Figure la.

4.2. In Situ TEM Measurements. The high-resolution HAADEF-
STEM image and SAED pattern were obtained using TEM (FEI Titan
Themis G2) with a probe corrector at an acceleration voltage of 300 kV.
Skyrmions and other domain structures in the Fe;Sn, lamella were
observed using an FEI Tecnai F30 under Lorentz—Fresnel mode. The
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objective lens was switched off before the sample was loaded into the
TEM. The external vertical magnetic field was applied by slowly
increasing the Lorentz lens current. To achieve in situ strain
modulation, a single-tilt in situ strain-holder (Hysitron PI9S) was
used, as shown in Figure la. The strain-induced dynamics was
measured at room temperature.

4.3. Micromagnetic Simulations of the Domain Dynamics.
Micromagnetic simulations were performed using the Mumax3
software®® package based on the Landau—Lifshitz—Gilbert equation.
For the strain-induced magnetic skyrmion dynamics in the Fe;Sn,
lamella, a 1250 X 500 X 150 nm? system was considered. The mesh size
of the system was fixed at 2.5 X 2.5 X 2.5 nm?. The strain was considered
as various anisotropy direction distributions in the system. The
saturation magnetization (M), exchange strength A, and uniaxial
anisotropy K, were selected as 5.66 X 10° A'-m™, 1.66 X 107"! J-m™’,
and 1.4 X 10° J-m?, respectively. The external magnetic field was set at
200 mT along the perpendicular direction of the lamella. The
relationship between strain ¢ and the tilt angle (6) between the
magnetic easy-axis is given by an assumed constant /3, which is stated as
0 =€ x p. The f is set as 20/180 in the micromagnetic simulation.
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