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ABSTRACT: Understanding the dynamics of skyrmion nucleation and
manipulation is important for applications in spintronic devices. In this
contribution, the spin textures at magnetic domain-boundaries stimulated by
application of in-plane magnetic fields in a centrosymmetric kagome
ferromagnet, Fe3Sn2, with thickness gradient are investigated using Lorentz
transmission electron microscopy. Switching of the in-plane magnetic field is
shown to induce a reversible transformation from magnetic stripes to
skyrmions, or vice versa, at the interface between differently oriented domains.
Micromagnetic simulations combined with experiments reveal that the
rotatable anisotropy and thickness dependence of the response to the external
in-plane field are the critical factors for the skyrmion formation. In addition, it
is shown that the helicity of skyrmions can also be controlled using this
dynamic process. The results suggest that magnetic materials with rotatable
anisotropy are potential skyrmionic systems and provides a different approach
for nucleation and manipulation of skyrmions in spintronic devices.
KEYWORDS: centrosymmetric magnets, skyrmions, spintronic devices, thickness gradient, in-plane fields, Lorentz TEM, Fe3Sn2

Magnetic skyrmions are topologically protected par-
ticle-like spin textures that exist in several magnetic
materials. Much skyrmion research has been focused

on magnetic materials with broken inversion symmetry, where
the Dzyaloshinskii−Moriya interaction (DMI) can be induced/
adjusted to stabilize skyrmions with the assistance of external
fields.1,2 Skyrmions in centrosymmetric materials can be
stabilized by other mechanisms such as long-range dipolar
interactions, competing exchange interactions, and four-spin
exchange interactions.1,3,4 Furthermore, skyrmions in centro-
symmetric magnets can host a rich array of spin textures, since
they have a helicity/vorticity degree of freedom due to the
absence of DMI.4−6 Skyrmions in such materials often exhibit
better thermal stability due to higher magnetic ordering
temperatures and stronger exchange interactions compared
with DMI controlled systems.5,7 For example, skyrmion bubbles
and target skyrmions have been identified in a frustrated kagome
magnet, Fe3Sn2, over a record stable temperature range, 130−
630 K.8−10 However, compared to materials with DMI, the
higher magnetic fields necessary for nucleation of skyrmions in
centrosymmetric magnets limit their applications.6,7,9,11,12 To
overcome this, methods such as geometric confinement,13,14

temperature switching,10 or stimulations such as applied
current15,16 and laser excitation17 have been explored.

In this contribution, the dynamic switching of an applied in-
planemagnetic field is used to nucleate andmanipulatemagnetic
textures in Fe3Sn2a material that has attracted much interest
due to its unusual physics and exotic correlated phenom-
ena.18−20 Lorentz transmission electron microscopy (LTEM) is
utilized for in situ observation of the magnetic textures. It is
shown that dynamic switching of a weak in-plane magnetic field
can be used to induce reorientation of magnetic textures,
resulting in an unexpectedmagnetic texture transformation from
magnetic stripes to skyrmions, and vice versa, when geometrical
asymmetry involved. In the current work, both bubbles and
target skyrmions are observed in both experiment and
simulation. The connection between in-plane field induced
transformation andmagnetic stripe domains suggests the class of
materials that can host skyrmions may be extended to other
centrosymmetric magnets with rotatable anisotropy. Further-
more, it is shown that the helicity of skyrmions can also be
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influenced using dynamic switching of in-plane fields, providing
an approach to control skyrmionic textures.

RESULTS AND DISCUSSION

In LTEM, the objective lens (O.L.) is normally switched off so
that the specimen, which is positioned between the upper and
lower electromagnetic polepieces, is in a field-free environment.
In this study, the specimen is loaded into the microscope with
the O.L. switched off and then weakly excited to apply a small
magnetic field (∼70 mT) normal to the specimen (Figure 1a). If
the specimen is tilted with respect to this normal along one of the
two orthogonal tilt axes (α and β), an in-plane magnetic field
results with a component aligned with the direction of the tilt,
H∥,α and H∥,β (see Figure 1b). In the current study, an electron
transparent specimen of Fe3Sn2 was prepared along the [001]
direction from a liquid transport grown single crystal by focused
ion beam milling; see Methods. In each experiment, the sample
was aligned in the [001] direction by the diffraction pattern and
Ronchigram. From this starting position, the in-plane field
strength and direction in the ab plane was controlled by tilting
the sample on two orthogonal tilt axes (α and β) and rotating the
sample around the c axis using a double tilt rotation analytical
TEM specimen holder. In-plane field strengths are calculated
based on the geometric relationship between sample tilt angles
and the normal field whose strength is tunable by the O.L.
current. An annular dark field (ADF) scanning transmission
electron microscope (STEM) image is shown Figure 1c, with an
indicated thickness gradient as determined by electron energy

loss spectroscopy (EELS). To define the starting point for the
experiment, a 5° tilt on the β-tilt axis is used to apply an in-plane
field to align the magnetic stripe phase along this axis (Figure
1d).While maintaining β = 5°, the tilt on the orthogonal α-axis is
increased stepwise from 0° to 15°. The observed LTEM images
(Figure 1d−f) show a reorientation of magnetic stripes, initially
in the thinnest region and continuing to thicker regions, as the
in-plane magnetic field H∥,α increases. The spin direction in
these stripes can be determined from the LTEM contrast.14,21

This kind of magnetic stripe reorientation has been reported
previously in magnets with “rotatable anisotropy” where the
threshold field for reorientation is related to the perpendicular
magnetic anisotropy (KPMA) energy density.

22−25

Micromagnetic modeling reveals that the competition of
exchange constant (Aex), KPMA, MS, and the sample thickness
determines the width of stripes and threshold fields for their
reorientation, i.e., rotatable anisotropy. Details of the simu-
lations can be found in the Methods section. As shown in Figure
2, the periodicity of the stripe phase is strongly dependent on
thickness. It is observed that the pitch length λ decreases with
decreasing t or decreasing Aex. There exists a critical thickness

∝t Ac ex such that the stripe phase is unstable for t < tc, and
there is a saturated ferromagnetic phase with in-plane magnet-
ization (Figure S1, Supporting Information). As t decreases,
there are two consequences: (i) λ decreases, and (ii) the in-plane
component of spins increases. In addition, the stripe pitch length
has a corresponding critical value λc ∼ tc and the stripes become
less stable as t approaches tc. The instability and larger in-plane

Figure 1. Thickness and in-plane field dependence of magnetic stripe reorientation. (a) Schematic diagram of the experimental setup in the
TEM. (b) Diagram for the formation of in-plane fieldsH∥,α or/andH∥,β due to sample tilt along the α or/and β direction. The crystal structures
of Fe3Sn2 are inserted to illustrate the relative direction between themagnetic fields and crystal structure in the sample. (c) ADF-STEM image of
the focused ion beam (FIB) prepared sample exhibiting a thickness profile along the H∥,α direction. (d−f) Overfocused LTEM images of the
rectangular selected region in (b) recorded under a normal field of 70 mT show changes in the magnetic configurations as the in-plane field is
altered by sample tilting: (c) α = 0°, β = 5°; (d) α = 10°, β = 5°; (e) α = 15°, β = 5°. The inset in (d) is an example of the diffraction pattern
acquired along the (c) direction of Fe3Sn2.
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spin component cause a stronger response to the in-plane field
for the system with a smaller thickness. The weaker threshold
field in the thinner region is due to the increase of the in-plane
component of spins resulting in decreased stripe widths and
saturation field (MS); see Figure S2. The trend of variation of the
stripe width is consistent with observations in geometrically
confined Fe3Sn2.

14

To nucleate skyrmions in magnetic materials, the external
magnetic field is usually applied along the easy axis of the
material.1,2,26 In the absence of geometric confinement, the
critical field for nucleation of isolated skyrmions in Fe3Sn2 is
∼800 mT.9 Simulations indicate that there is a critical sample
thickness, ∼150 nm,14 below which increasing magnetic field
would make the stripe domains transform directly to a magnetic
saturation state without formation of the skyrmion phase. This
was experimentally confirmed in our sample (see Figure S3). In
this work, we demonstrate stimulated nucleation of skyrmions in
a sample below the critical sample thickness when the in-plane
field direction is switched (Movie S1). In this experiment, the
sample has a thickness gradient aligned along the β-tilt axis with
an average thickness of ∼100 nm. The in-plane field switching
was achieved in the LTEM by continuously tilting the sample in
both positive and negative directions along the α-tilt axis to
create a dynamically varying in-planemagnetic field that reverses
direction at 0° tilt angle within a normal field fixed at 20 mT. In

this process, skyrmions are observed to nucleate/annihilate at
the boundary created by the oscillating in-plane field between
two different oriented magnetic stripe domains. The LTEM
images in Figure S4 show the dependence of the magnetic
texture transformation on the magnetic field strength during the
in-plane field oscillation. The highest density of transformation
events is observed when the normal field is ∼20 mT,
corresponding to an in-plane field ∼5 mT. We note that
conventional domain walls form in the field switching process,
which may be associated with FIB preparation artifacts such as
surface amorphization, material redeposition, and sample
bending (as shown in Figure 1d and Figure S3).
To investigate the origin of the skyrmion nucleation, the

influence of higher applied fields was investigated. Initially, the
magnetic stripe phase was aligned along the β-tilt axis by
application of a saturation magnetic field with β-tilt axis of 2°;
see Figure 3a. The normal magnetic field was then decreased to
30 mT while maintaining β = 2°. An oscillating in-plane field
H∥,α, ±7.8 mT, was created by continuously oscillating the
specimen ±15° along the α-tilt axis. After the in-plane field
oscillation, the initial magnetic stripe phase is transformed to
mixed magnetic textures with a rich array of magnetic textures
(Figure 3b) with a skyrmion coexisting with two types of
magnetic stripes (type I and type II) decorated with π Bloch
lines (π-BLs).21,27 The type I stripes are defined as the narrow

Figure 2.Micromagnetic simulations of the thickness dependence of themagnetic stripe pitch length λwith different exchange constantAex. The
configurations with a red outline show the configurations at tc and corresponding pitch length λc for different values of Aex. The value of pitch
length is obtained by the Fourier transform of the configuration. Color saturation indicates that the in-plane magnetic component increases as
thickness decreases.
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stripe domains bounded by antiparallel Bloch walls, while the
one for type II stripes is bounded by two parallel Bloch walls
(Figure 3e), and Bloch lines that with the spin rotation ±180°
across each line are named the π-BLs (Figure 3f).21 While
maintaining β = 2°, the evolution of the mixed magnetic textures
was investigated as the magnitude of the normal magnetic field
was increased to 170 and 200 mT, which corresponds to in-
plane fields along the β-tilt axis of 5.9 and 7.0 mT, respectively
(Figure 3c,d). Under these conditions, the type II stripes became
dominant. They tend to align parallel to the in-plane field and are
terminated by π-BLs (Figure 3g). Increasing the in-plane fields
moves the π-BLs with opposite topological charge to opposite
directions in domain walls. This suggests that the skyrmion
nucleated is not created by pair-annihilation of two π-BLs with
opposite topological charges under the increasing normal
magnetic fields as reported in other magnets.11,14,21,28

Figure 3 also demonstrates the robustness of the skyrmions to
applied external fields, as skyrmions nucleated in this approach
not only exist under zero-field, but remain at the highermagnetic
field. Furthermore, the radii of the skyrmions decreases as the
external magnetic field strength increases. As shown in Figure 3c,
despite an elongation in the in-plane field direction, the
skyrmion still shows topological integrity at 170 mT with
average radius (72 ± 13 nm) that is about half the size of
skyrmions (∼130 nm) reported in previous studies at 140 mT.14

The skyrmion size in centrosymmetric magnets is determined by
the competition of Aex, KPMA, and MS, which can be thickness-
dependent. Our observations show that it is possible to control
the size of target skyrmions using these parameters.
The dynamic process of transformation from stripe domains

to skyrmions and vice versa was probed in the LTEM. The types

of magnetic texture observed are highly sensitive to small
changes of the in-plane field (examples of such transformations
can be found in Figure S5). However, since it is a dynamic
process (Movies S5 and S6), obtaining high resolution and focal
series images with clear magnetic contrast at each value of the in-
plane field is challenging and limits the ability to accurately
identify each magnetic texture observed. To overcome this and
confirm the role of in-plane fields in the dynamic switching
process, micromagnetic simulations were performed (details in
Methods). A sample, 5 × 2.5 μm, with a thickness gradient from
128 to 90 nm along the x-axis was simulated. The initial stripe
phase in Figure 4a was aligned along the y-direction by annealing
in an in-plane field Hy that was lowered from 100 mT down to 2
mT. As shown in Figure 2, with decreasing sample thickness, (i)
a decreasing stripe pitch, and (ii) an increasing in-plane
magnetization were observed. The latter is directly responsible
for making the thinner region more sensitive to in-plane fields.
Next, the field, Hy, was reversed, switching from 2 mT to −10
mT. The thinner part of the sample begins to show a strong
response when Hy is around −7.3 mT (Figure 4b), where one
can see the in-plane component distortion due to in-plane field
inversion. Since stripes parallel to the in-plane field direction are
energetically favorable, we observed stripe direction inversion
starting from the thinner end around −7.6 mT forming a target-
like skyrmion array with paired skyrmion in opposite helicity
(Figure 4c). Increasing in plane field to −8.0 mT will annihilate
skyrmions with anticlockwise helicity and a domain wall forms
between these “reversed” stripes (near the thin end of the
sample) and the original stripes (in the thick part). The field-
induced inversion of the in-plane component of the magnet-
ization and its interplay with dipolar interactions leads to the

Figure 3. Evolution ofmixedmagnetic textures after in-plane field oscillation. (a)Defocused LTEM image of Fe3Sn2 in a residual field (∼10mT)
with stripes initially aligned to β-tilt axis. (b) Defocused LTEM image of the resulting mixed magnetic textures after a period of in-plane field
oscillation ofH∥,α (≲7.8mT) under a normal field of 30mT. The evolution of the mixedmagnetic textures in (b) under increased normal fields:
(c) 170 mT and (d) 200 mT. (e−h) Magnified images of the magnetic structure indicated by boxes in (b,c) and schematics illustrating their
corresponding magnetization textures. Type I and type II stripes highlighted in (e); π-BLs with different magnetic charges in (f); paired strips
jointed with a π-BL in (g); and a skyrmion in (h), where the vortex-like contrast visible in the center of the bubble originates from the 3D nature
of magnets.8,10 The arrows in magnetization textures indicate the direction of in-plane magnetizations of the magnetic textures (the color in
magnetization textures mapping indicated by the color wheel), while the darkness indicates out-of-planemagnetizations as the region indicated
with gray and brown colors in the schematic drawing.
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creation of skyrmions near the boundary of domains as shown in
Figure 4d. It was noted that some of the nucleated skyrmions are
unstable and annihilated as the inverted stripe domain expands.
However, as observed in Figure 4e, skyrmions with clockwise
helicity survived at higher field but are pushed to the thicker
region. As the field increases, the in-plane inversed domain
grows into the thicker region, and the skyrmion region also
moves in this direction (Figure 4f). In this process, long-lived
skyrmions can survive when the domain wall stops moving after
the final value Hy = −10 mT of the external field is reached
(Figure 4g). After that, the external field is tuned back to−1mT,
but the domain boundary and skyrmions remain stable,
consistent with the experimental results (Figure 4h). Fur-
thermore, skyrmions nucleated in thicker region are more robust
to in-plane fields than their counterparts in thinner regions.
It is clear that the thickness gradient plays an important role

for both skyrmion nucleation and stability. While a gradient is
necessary to nucleate skyrmions, too large a gradient will lead to

a short skyrmion lifetime. The simulations in movies (Movies
S2, S3) have different thickness gradients (see Figure S7), and
the thickness increases from right to left in the images. In the
simulation Movie S2, some skyrmions are stable for hundreds of
seconds as the in-plane field is reduced, while the skyrmions are
unstable in Movie S3. These differences arise from different
thickness gradients. In Movie S2, the gradient is about half of
that in Movie S3. The smaller gradient provides a larger region
for skyrmions to survive near the domain boundary. One can
also see a larger intermediate region in the Movie S2, which
allows stripes to distort and forms complicated textures such as
swirls and target skyrmions. In contrast, the larger gradient
provides only a narrow region between domains, and the
skyrmion lifetime is decreased.
The skyrmion formation time scale of the varying in-plane

field has also been studied in modeling. In Movies S2 and S4, we
applied different time scales of varying fields. In Movie S4, it
takes 800 ns for the field to change from 2mT to−10mT, which

Figure 4. Snapshots of dynamic transformations between magnetic bubbles and stripes from micromagnetic simulation Movie S2, while the
external field gradually changes from 2mT to−10mT in the y direction in 400 ns. The color in images indicates spin directions as shown in the
color wheel, while the darkness/white indicates out-of-planemagnetizations. (a) Initial stripe at 0 ns parallel states after annealing from a strong
field to 2 mT and equilibrated. The initial configuration is prepared with field annealing from strong in-plane field along the +y direction. The
inset above, which is the cut view, shows the thickness gradient (from 128 to 90 nm) for simulation setup. (b−h) Snapshots at 308, 320, 332,
342, 352, 400, and 700 ns (corresponding fields are shown in the figures).
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is twice the time scale inMovie S2. Although our simulations are
limited by time and computational power to the same time scale
as experiments, qualitative study of the trend gives us insight into
the mechanism. We can find that the stripes are more ordered
and fewer skyrmions are stabilized. This is consistent with the
experimental observation that skyrmions are easy to nucleate
under a rapidly switching field.
The result of the micromagnetic simulations provides insight

into the connection between the nucleation process and the
helicity of the skyrmion formed. In Figure 5a, the stripes are
initially aligned to the (−α)-direction under H∥,‑α. When a
weaker magnetic field H∥,+α is applied in the opposite direction,
the stripes in the thin region reorient to the (+α)-direction.
Therefore, a stripe domain boundary forms perpendicular to the
thickness gradient direction because the reorientation critical
field is thickness dependent as shown in Figure 1 and
micromagnetic simulations. In this dynamic process, the domain
boundary (type I stripe) transforms to a skyrmion with

clockwise (CW) helicity under the dipole−dipole interactions,
because spin helices with the opposite direction of magnet-
ization tend to attract each other.14 Changing the relative
strength of the in-plane field and the sequence can reverse the
skyrmion helicity to anticlockwise (ACW), as shown in Figure
5b. An experimental demonstration of helicity control is shown
in Figure 5c,d. The specimen has a thickness gradient aligned
along the β-tilt direction, and the in-plane field will be oscillated
in the orthogonal direction, i.e., aligned with the α-tilt axis. The
starting point for this experiment is that the sample is tilted +5°
along the α-tilt axis. Consequently, an oscillation of ±15° α-tilt
corresponds to a tilt ranging from −10° to +20° relative to the
normal direction. This means that maximum in-plane field is
asymmetric, varying in magnitude by ∼5 mT under a normal
field of 30 mT. When the direction of normal field is reversed,
i.e., −30 mT, the magnitude of the asymmetric in-plane field is
also reversed. The results show that the majority of the
skyrmionic bubbles nucleate with opposite helicity when the

Figure 5. Controlled nucleation of skyrmion using in-plane fields. (a,b)Models for the nucleation of skyrmion with clockwise and anticlockwise
helicity at a sample with thickness gradient when domain boundary formed by an asymmetric inversion of the in-plane fields. The direction and
magnitude of the in-plane field are indicated by the black arrows, while the brown/yellow arrows indicate correspondence of the in-plane
magnetizations with the LTEM contrast (black/white lines). (c,d) Corresponding experimental demonstration of the helicity inversion on a
sample with thickness gradient by in-plane field oscillation along H∥,α [−10.3, 5.2] mT in (c) and [−5.2, 10.3] mT in (d) by changing the
direction of normal field H⊥ of 30 mT.
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relative strength of the in-plane fields along opposite tilt
directions are reversed. Some exceptions may arise because of
microstructural defects and sample inhomogeneities such as
thickness variations or bending, but skyrmion types can be
controlled by thickness gradient as discussed in modeling at
varied thickness gradient.

CONCLUSIONS
The magnetic texture transformation in a centrosymmetric
magnet Fe3Sn2 with an engineered thickness gradient has been
investigated using LTEM and a strategy for skyrmion nucleation
is reported. We have demonstrated that by switching in-plane
magnetic field it is possible to nucleate and manipulate skyrmion
at values much lower than the reported critical magnetic field for
this material. This can lead to potential spintronic devices, e.g.,
an asymmetric response to the field could be exploited to
nucleate a skyrmion which could be injected onto a racetrack
device using an electric current. Micromagnetic simulations and
associated experiments reveal that the thickness dependence of
the response to the external in-plane field is the main factor for
the skyrmion formation. The observations reported indicate that
magnets with rotatable anisotropy could be a promising class of
skyrmionic materials. Meanwhile, the skyrmions nucleated using
the method presented here can be much smaller than those
reported previously, since pitch length decreases with decreasing
thickness. Although such transformations are sensitive to in-
plane fields, the skyrmions nucleated in this process are robust to
magnetic field in the normal direction, and their size, type, and
stability are tunable by geometric engineering.

METHODS
Single Crystal Growth. Single crystals of Fe3Sn2 were grown out of

Sn flux using a liquid transport growth technique.29 The starting
materials are Fe pieces (Alfa Aesar, 1−3mm, 99.98%) and Sn shot (Alfa
Aesar, 99.9999%). Fe pieces (10 g) and 60 g of Sn were sealed under
vacuum in a quartz tube of 19 mm outer diameter and 1.5 mm wall
thickness. The growth ampule was then put in a single zone tube
furnace with the Fe pieces located at the hot end, i.e., the center of the
tube furnace. During the crystal growth, the hot end was kept at 802 °C
and the cold end at 782 °C. Two weeks later, the furnace was powered
off. Sn flux was then carefully removed by dissolving in HCl acid.
TEM Sample Preparation. The samples for LTEM observations

were prepared parallel to the (001) plane from Fe3Sn2 single crystals
using a FEI Helios NanoLab 600 DualBeam focused ion beam (FIB).
The thickness gradient was prepared in the final thinning process in FIB
and then measured using electron energy loss spectroscopy (EELS) on
an image-corrected Titan G2 60−300 S/TEM at 300 kV. To obtain the
absolute thicknesses of TEM samples, the mean free path for inelastic
scattering was estimated using the program IMFP.30

LTEM Measurements. LTEM imaging was carried out in Fresnel
mode by using an image-corrected Titan3 G2 60−300 S/TEM at 300
kV. The in situ process was recorded using a Gatan K2 Summit electron
counting direct detection camera with a frame rate of 40 fps. In LTEM,
the objective lens was switched off, leaving the sample in a nominally
field-free environment (a small remnant field, ∼10 mT, could remain).
By varying the objective lens strength, a magnetic field parallel to the
electron beam could be applied. A TEM sample rod with a Hall sensor
was used to calibrate the magnetic field applied to the sample. The
magnetic field is mostly applied normal/out-of-plane respect to the
sample. By tilting the sample, an in-plane field can be also applied. In
that case, the total magnetic field is composed by an in-plane and an
out-of-plane field. A double tilt rotation analytical holder from Gatan
(model 925) was used to control the magnitude and direction of the in-
plane magnetic field component applied to the sample. In LTEM, the
electron beam is deflected due to the interactions between incident
electrons and in-plane magnetic moments of the sample. On the under/

overfocus LTEM images, bright or dark contrast related to the
convergent or divergent electron beam, which reflects the in-plane
magnetizations components in sample. The defocus values are varied in
the range 300−600 μmduring the experiment to optimize the magnetic
contrast. The determination of in-plane spin direction of the stripe walls
is determined using magnetization maps. These are obtained from
LTEM focal series images acquired then reconstructed using the
software package QPt which is based on transport-of-intensity equation
(TIE).31 In the resulting magnetization maps, the dark region
represents out-of-plane magnetization. In addition, nonlocal means
filtering, and background flattening was used in some experimental
images to reduce noise and enhance contrast.

Micromagnetic Simulation. In our micromagnetic simulations,
performed using Mumax3, we studied two questions: (1) formation of
skyrmions and (2) 2idth of stripes. For both cases, we used the
following parameters: saturation magnetization Ms = 556 kA/m and
uniaxial anisotropyKu = 45 kJ/m

3 for the simulation on the formation of
skyrmions. The simulations for skyrmion formation have exchange
stiffness Aex = 1.4× 10−11 J/m, while for the simulation on stripe period,
we chose the exchange stiffness Aex in the range between 7 × 10−12 J/m
and 1.12 × 10−10 J/m to see how the period of stripes changes with Aex.
We chose the damping coefficient α for faster responser in our
simulation. There is noDzyaloshiskii−Moriya interaction, so the stripes
and skymions resulted from only the interplay between dipolar field,
exchange, and anisotropy. The initial configurations were prepared by
annealing from high transverse field to low transverse field (2 mT), so
the direction of the stripes and the in-plane magnetization is pinned
along the field direction. For the simulation on skyrmion formation, the
systems have varying thicknesses along the x direction, shown in Figure
S7. In contrast, the thickness in stripe width simulations is uniform,
shown in Figure 2 and Figure S1. Periodic boundary conditions were
used along the y-axis, while the x-axis and z-axis had open boundary
conditions. It should be noted that our simulations are limited by time
and computational power. Thus, it is impossible to simulate on the
same time scale as experiments. In addition, the model is course-
grained, discretized, and finite-sized, so the simulation time scale could
not be related to the real experiment directly. However, qualitative
study of the trend gives us insight into the mechanism.
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