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Direct Observation of Room-Temperature Magnetic
Skyrmion Motion Driven by Ultra-Low Current Density in
Van Der Waals Ferromagnets

Yubin Ji, Seungmo Yang, Hyo-Bin Ahn, Kyoung-Woong Moon, Tae-Seong Ju, Mi-Young Im,
Hee-Sung Han, Jisung Lee, Seung-young Park, Changgu Lee,* Kab-Jin Kim,*
and Chanyong Hwang*

The recent discovery of room-temperature ferromagnetism in 2D van
der Waals (vdW) materials, such as Fe3GaTe2 (FGaT), has garnered significant
interest in offering a robust platform for 2D spintronic applications.
Various fundamental operations essential for the realization of 2D spintronics
devices are experimentally confirmed using these materials at room
temperature, such as current-induced magnetization switching or tunneling
magnetoresistance. Nevertheless, the potential applications of magnetic
skyrmions in FGaT systems at room temperature remain unexplored. In this
work, the current-induced generation of magnetic skyrmions in FGaT flakes
employing high-resolution magnetic transmission soft X-ray microscopy
is introduced, supported by a feasible mechanism based on thermal effects.
Furthermore, direct observation of the current-induced magnetic skyrmion
motion at room temperature in FGaT flakes is presented with ultra-low
threshold current density. This work highlights the potential of FGaT as a
foundation for room-temperature-operating 2D skyrmion device applications.

1. Introduction

2D van der Waals (vdW) materials have garnered significant inter-
est as they offer an ideal platform for creating layered structures
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with a variety of properties, thereby en-
abling the exploration of low-dimensional
physics.[1] These materials can be read-
ily exfoliated and transferred to create het-
erostructure including Moiré patterns. The
comparative advantage of using 2D ferro-
magnets is that layer imperfection can be
avoided, which is quite critical in deal-
ing with antiferromagnetic layers. In ad-
dition, even for ferromagnets, the uncer-
tainties in the layer-dependent magneti-
zation, critical temperature, and magnetic
anisotropy will originate from this layer im-
perfection. Despite Mermin-Wagner theo-
rem predicting the absence of spontaneous
magnetism in 2D systems with isotropic
Heisenberg models,[2] recent studies have
revealed the possibility of long-range mag-
netic ordering in 2D systems, even in
monolayers, by inducing strong uniaxial
anisotropy.[3] A representative example of

this layered ferromagnet, namely Fe3GeTe2, which ex-
hibits ferromagnetism with a Curie temperature (TC) of
≈200 K,[3a] has drawn a lot of attention for 2D spintronic
applications;[3b,4] However, its low TC falling far below room
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temperature hampers direct implementation in spintronic
devices.[3a]

To overcome this challenge, researchers have explored
Fe5GeTe2, which exhibits a higher TC of ≈300 K in bulk forms.[5]

Nonetheless, the TC of its thin film structure still falls below room
temperature, and the Fe-rich composition leads to complex mag-
netic orders,[6] requiring further development for practical spin-
tronic applications. Doping Fe5GeTe2 with other 3d transition
metals, such as cobalt or nickel, has been proposed as an alter-
native route to increase the TC.[7] Despite their TC above room-
temperature, there are several significant drawbacks that hinder
utilization of them. First, the magnetic properties of these doped
system can vary in the microscopic range. This can lead to unin-
tentional local variation in doping concentrations,[7c] which can
detrimentally affect the precise control of motion and generation
of skyrmion. Second, in the case of Co-doped Fe5GeTe2, the mag-
netic properties of it exhibit a pronounced sensitivity to concen-
tration and stacking order.[4k,7a,b] This has given rise to ongoing
debates regarding the precise critical doping threshold at which
the transition from ferromagnetic to antiferromagnetic phase oc-
curs, posing further challenges for practical implementation.

Recently, Fe3GaTe2 (FGaT), where Ga replaces Ge in Fe3GeTe2,
has emerged as a promising material, exhibiting TC between 350
and 380 K. Remarkably, even in a few nanometer-thick FGaT,
it exhibits high saturation magnetization (MS) and strong per-
pendicular magnetic anisotropy (PMA) at room temperature,[8]

making it a compelling candidate for spintronic applications. Re-
cent studies have experimentally demonstrated functional device
operations at room temperature, such as magnetoresistance on
spin-valve systems[9] and current-induced magnetization switch-
ing in FGaT;[10] However, an unexplored realm is the presence
and dynamics behavior of topological magnetic textures within
FGaT. Given the well-known defect-free nature of 2D systems, it
becomes imperative to investigate the dynamics of these topolog-
ical magnetic textures.

In this work, the generation of magnetic skyrmions through
electrical current pulse injection under an external magnetic field
is demonstrated, revealing that the skyrmion generation follows
a thermal activation process. Moreover, current-driven magnetic
skyrmion motion with an electrical pulse of the order of 109 A/m2

at room temperature was observed. Notably, the threshold cur-
rent density for magnetic skyrmion motion in FGaT was two or-
ders of magnitude smaller than that observed in similar 2D ferro-
magnetic materials such as Fe3GeTe2.[4h] Our findings highlight
the potential of FGaT as a suitable material platform for 2D spin-
tronic device applications.

2. Magnetic Properties of Single Crystal FGaT

Figure 1a illustrates the schematic representation of a layered
structure of an FGaT 2D vdW system. As shown, an Fe3Ga slab
(indicated by the red dashed box) is sandwiched between two Te
atomic layers, and each FGaT layer is separated by a vdW gap.[8]

In this layered structure, Fe atoms exhibit two valance states:
Fe3+ for the FeI site and Fe° for the FeII site,[8] whereas Fe3GeTe2
crystals possess Fe2+ and Fe3+ states. The presence of Fe0 and
high spin-polarized Fe3+ states in the FGaT system may poten-
tially give rise to ferromagnetism above room temperature.[8] To
characterize the magnetic properties of an FGaT crystal grown

by the self-flux method (see Experimental Section), temperature-
dependent magnetization measurements on an FGaT crystal us-
ing a magnetic property measurement system (MPMS) was per-
formed (Figure 1b). When a magnetic field is applied along the
c-axis of the FGaT crystal, the magnetic moment increases as the
temperature decreases. In contrast, under a magnetic field ori-
ented within the a-b plane, the magnetic moment is significantly
smaller compared with the c-axis case. This behavior can be at-
tributed to the presence of PMA in the FGaT crystal, as the am-
plitude of the applied magnetic field (0.1 T) is insufficient to fully
saturate the magnetic moment toward the applied field direction.
The magnetic moments start to vanish from ≈360 K, indicating
that the TC is above room temperature. To further elucidate the
magnetic anisotropy features of the FGaT crystal, we measured
magnetic hysteresis loops with a c-axis magnetic field (Figure 1c).
The observed magnetic hysteresis loops along the c-axis do not
display the typical square-shaped loop commonly associated with
a uniaxial easy axis, and exhibit almost zero remanence magneti-
zation (Mr ≡ M(H = 0)/MS). Instead, these loops closely resem-
ble the representative hard-axis loops; However, the tilted curve
shape and the zero Mr do not always indicate a hard axis. When
a 2D ferromagnetic system with PMA, including a vdW system
or a magnetic thin film, meets a particular ratio of material pa-
rameters, it can present a spontaneous stripe domain phase un-
der a zero magnetic field.[11] Owing to the periodic alternation
of domains representing two energy minimum states in a uniax-
ial PMA, Mr becomes zero under a zero magnetic field. Conse-
quently, the hysteresis loop shows a linear increase with an in-
crease in the applied magnetic field by shrinking the width of the
stripe domain, of which the magnetization direction is antipar-
allel to the magnetic field direction. The inset in Figure 1c dis-
plays the enlarged curves of the black dashed box region. All hys-
teresis loops show hysteresis behavior near the saturation point
(Figure 1c, inset). This is a key signature indicating a sponta-
neous stripe domain phase, not a hard-axis magnetic hysteresis
loop.[4k,12] This is because a stripe domain phase goes through a
contraction when reaching the saturation state with an increasing
magnetic field, whereas the nucleation process takes place with
a decreasing magnetic field from the saturation state. Therefore,
the hysteresis loops in Figure 1c demonstrate that the investi-
gated FGaT crystals have a spontaneous stripe domain phase.

3. Magnetic Domain Structure in FGaT at Room
Temperature

To examine the detailed magnetic domain structure of an FGaT
flake, full-field magnetic transmission x-ray microscope (MTXM)
at the Advanced Light Source (XM-1 BL 6.1.2) was utilized. For
the MTXM experiment, the exfoliated FGaT flakes were carefully
transferred onto a 200-nm-thick silicon nitride (SiNx) membrane
substrate using polycarbonate (PC) films and polydimethylsilox-
ane (PDMS). Then, gold electrodes were fabricated on the FGaT
flake utilizing photolithography and lift-off techniques. The de-
tailed information of sample fabrication can be found in the
Methods section. Figure 2a represents the schematic of MTXM.
Circularly polarized X-rays were employed to visualize the mag-
netic domains, in conjunction with an external magnetic field
and electrical current injection. The intensity of the transmitted
X-ray depends on the z-component of the magnetic moment of
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Figure 1. a) Schematic illustration of the layered crystal structure of FGaT. b) Temperature dependence of the magnetization in single crystal FGaT under
a 0.1 T magnetic field. The red (blue) line represents the M-T curve for the magnetic field applied perpendicular to (along) the c-axis. c) External magnetic
field response of magnetization in single crystal FGaT at various temperatures. The inset presents enlarged curves depicting the region marked by the
black dashed box.

the FGaT flakes. Consequently, the magnetic domain structures
can be imaged by the contrast differences between two magnetic
domains (Figure 2a).

Our investigation commenced by examining the magnetic hys-
teresis loop along the c-axis for a 92.6-nm-thick FGaT flake using
a polar magneto-optic Kerr effect (MOKE) microscope, as pre-
sented in Figure 2b. The discrepancy between hysteresis loop
in Figure 1c of bulk crystal and that in Figure 2b of 92.6 nm
thickness crystal is attributed to thickness-dependent dipolar in-
teraction. This trend leads to a variation in the coercive field of
FGaT depending on its thickness, which is similar to that of
Fe3GeTe2.[13] Following a demagnetization process, the hystere-
sis loop starts from the zero value of the normalized MOKE inten-
sity, as shown by the black curve in Figure 2b. As noted, the zero
intensity under zero field indicates the stripe domain state, which
can be confirmed by the corresponding magnetic domain image
taken by the high-resolution full-field MTXM (Figure 2c). Here,
bright and dark domains represent the +z and -z magnetic do-
mains, respectively. Figure 2c–g presents the MTXM images cap-
tured at each magnetic field marked in Figure 2b, with increasing
magnetic fields. The -z stripe domains experience shrinking with

increasing +z magnetic fields because the +z magnetic fields fa-
vor +z magnetic domains due to Zeeman energy. The shrinking
-z stripe domains are eventually annihilated and become the +z
uniform state (Figure 2g). Then, starting from the +z uniform
state (Figure 2h), a sufficient -z magnetic field nucleates -z do-
mains (Figure 2j), and then finally reaches the -z uniform state
(Figure 2l). During the above processes, magnetic skyrmions can-
not be generated by applying magnetic fields. Furthermore, the
stripe domain evolution behavior under the application of z-axis
magnetic fields was investigated by varying the flake thickness
from 91 to 172 nm. The findings revealed that within various
thickness range, magnetic skyrmions cannot be created solely by
applying magnetic fields (see Supporting Information 1).

4. Generation of Magnetic Skyrmion in FGaT by
Thermal Activation at Room Temperature

In a perpendicularly magnetized thin-film, including a 2D vdW
system, there exist three distinct ground states under specific per-
pendicular magnetic fields: the stripe domain state, the bubble
domain (skyrmion) state, and the uniform state.[14] The transition

Adv. Mater. 2024, 2312013 2312013 (3 of 8) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202312013 by U
niv of C

alifornia L
aw

rence B
erkeley N

ational L
ab, W

iley O
nline L

ibrary on [05/04/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 2. a) Schematic of MTXM. b) Magneto optical Kerr effect (MOKE) hysteresis loop while sweeping the magnetic field along the c-axis at room
temperature. The black curve indicates the MOKE signal variation after demagnetization process. The polar MOKE microscope was utilized to examine
the hysteresis loop. c–l) Corresponding room temperature MTXM magnetic domain images at each magnetic field marked in (b). The bright and dark
regions correspond to the +z and -z direction of magnetic moment. The scale bars represent 500 nm.

between these states is feasible when overcoming energy barri-
ers between the states, where thermal fluctuations play a cru-
cial role in facilitating these transitions. It means that the ap-
plied magnetic fields do not cause sufficient perturbations to
activate the transition from a stripe domain state to a bubble
domain (skyrmion) state, therefore not leading to the genera-
tion of skyrmions. Hence, an additional external parameter is re-
quired to initiate skyrmion formation. To facilitate this process,
we employ an electrical pulse injection scheme in conjunction
with a particular external magnetic field. Here, applied electri-
cal pulse increases the temperature of FGaT system and triggers
thermal fluctuation which surpasses the energy barrier between
two states. As shown in Figure 3a, we initiate with a stripe domain
state under a zero magnetic field. Upon the application of an ex-
ternal magnetic field of +42.7 mT, the -z stripe domains contract
(Figure 3b). Subsequently, the injection of an electrical pulse with
a magnitude of +2.66 × 109 A/m2 for 100 μs results in the forma-
tion of a bunch of magnetic skyrmion bubbles (Figure 3c), where
the type of these skyrmion bubble domains is anticipated to be
the Néel capped skyrmion texture with the Bloch skyrmion in the
middle. Detailed discussion related to the type of skyrmions can
be found in Supporting Information 5. Excited skyrmion state
persists even when the external magnetic field is removed. This
is attributed to the aforementioned energy barrier between two

states. This clearly demonstrates that the combined influence of
magnetic fields and electrical currents induces a transition from
the stripe domain state to the skyrmion bubble state.

We further investigate the influence of magnetic field strength
and polarity on skyrmion generation. As illustrated in Figure 3e,
skyrmions are also generated under a higher magnetic field of
+83.1 mT, although the density of generated skyrmions is lower
compared to the +42.7 mT magnetic field case (see Supporting
Information 2 for a detailed information on the skyrmion density
modulation). This suggests that there exists a sufficient range of
magnetic field strengths capable of initiating magnetic skyrmion
formation. Additionally, we find that a negative magnetic field of
–83.1 mT produces skyrmions with opposite polarity (Figure 3g).
Conversely, in the absence of a magnetic field, we observe no
skyrmion generation, affirming that the current pulse alone can-
not induce magnetic skyrmion formation. Hence, it becomes ev-
ident that both the magnetic field and electrical current are req-
uisite for the generation of skyrmions.

To gain insight into the process of skyrmion generation, we
conducted investigation on the dependence of skyrmion gener-
ation on the current pulse characteristics. Figure 4a presents a
phase diagram illustrating skyrmion generation as a function
of current pulse amplitude and duration. In this diagram, the
red and blue regions correspond to the normalized skyrmion
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Figure 3. a–c) Skyrmion generation method utilizing electrical pulse un-
der a magnetic field of 42.7 mT at room temperature. d–g) Magnetic
skyrmion polarity control achieved by manipulating the direction of the
external magnetic field. The pulse has an amplitude of 2.66 × 109 A/m2

and a width of 100 μs. The presence of a magnetic field is essential for
magnetic skyrmion generation. All scale bars correspond to 1 μm.

number, Nnorm
sk , being equal to 1 and 0, respectively. Here, Nnorm

sk
is 0 when no skyrmions are present in the defined region and
1 when the region is fully occupied by skyrmions, as described
in Figure 4b,d. A detailed explanation to determine Nnorm

sk can
be found in the method section. As we increase the duration of
current pulse, we observe a gradual transition from the stripe do-
main state to the skyrmion state, as illustrated by the MTXM im-
ages in Figure 4e–g. This suggests that the transition from the
stripe state to the skyrmion state, achieved by overcoming the en-
ergy barrier, requires a finite amount of time.[15] We define this
characteristic activation time as 𝜏, which corresponds to the time
required for Nnorm

sk = 0.5.
It is evident that the 𝜏 decreases as we increase the amplitude

of the current pulse. To further elucidate the thermal activation
process, we plot 𝜏 as a function of J2 in Figure 4h. Within the
framework of the Arrhenius law, 𝜏 can be related to the energy
barrier as follows:

𝜏 = f −1 exp
(
ΔEB

kBT

)
= f −1 exp

(
ΔEB

kB

(
T0 + 𝛼J2

)
)

(1)

Here, f represents the attempted frequency, ΔEB denotes the
energy barrier between the stripe state and skyrmion state, kB
is the Boltzmann constant, T0 is the environmental tempera-
ture, and T is the device temperature, which is modulated by

Figure 4. a) Phase diagram as a function of the electrical pulse ampli-
tude and width for 172 nm-thick FGaT. The red (Nnorm

sk
= 1) and blue

(Nnorm
sk

= 0) regions denote the skyrmion and stripe domain states, re-
spectively. In the 0 < Nnorm

sk
< 1 region, skyrmions and stripe domains co-

exist. The experimental measurements are represented by white circles.
All experimental measurements were conducted at room temperature.
b–d) MTXM images for each colored region. e,f) Pulse width dependent
skyrmion generation condition with 2.66 × 109 A/m2 of amplitude. All
scale bars correspond to 1 μm. g) The plot of 𝜏 with respect to J2. The
red dashed line corresponds to the fit according to equation (1).

𝛼J2, with 𝛼 representing the temperature coefficient. Notably, the
experimental data closely conforms to the fitting line based on
Equation (1), indicating that the skyrmion generation process
is predominantly governed by the thermal activation process in-
duced by current-induced Joule heating under the influence of
the magnetic field. Our results on the thermal generation mech-
anism of skyrmions in FGaT are in good agreement with the pre-
vious reports.[4h,15,16]

5. Room Temperature Observation of
Current-Induced Magnetic Skyrmion Motion in a
FGaT

Having successfully demonstrated the generation of skyrmions
in FGaT at room temperature, we now delve into our primary ex-
periment: the observation of room temperature current-induced
skyrmion motion. Figure 5a–e present MTXM images cap-
tured following the injection of a current pulse. First, magnetic

Adv. Mater. 2024, 2312013 2312013 (5 of 8) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. a–e) Direct imaging of current-induced skyrmion motion at
room temperature using MTXM. The applied current pulse has an am-
plitude of 2.66 × 109 A/m2 and a width of 50 μs, under a magnetic field
of 83.1 mT. The scale bars represent 300 nm. f,g) Plots illustrating the
relationship between f) the threshold current density and skyrmion diam-
eter and g) the skyrmion speed and current density for various magnetic
systems.[4h,k,17]

skyrmions was generated by injecting an electrical current
pulse of 2.66 × 109 A/m2 for 100 μs under the application
of a perpendicular magnetic field of 83.1 mT, as presented in
Figure 5a. Then, a relatively short electrical current pulse of
2.66 × 109 A/m2 for 50 μs was applied along the +x-axis, which is
below the threshold required for skyrmion generation. Figure 5b
shows a magnetic image taken after injecting the shorter current

pulse. Consequently, these current pulses solely induce the mo-
tion of existing skyrmions without nucleating additional ones.
Remarkably, the skyrmion responded to the electrical current
pulse, as indicated by the guided path highlighted by colored cir-
cles in Figure 5a–e. It is noteworthy that the motion of magnetic
skyrmions by current injection is parallel to the electron flow di-
rection, indicating that spin-transfer torque drives the skyrmion
motion.[18] One can realize the alignment of current density driv-
ing skyrmion motion and that required to form skyrmion phase,
which is a simple coincidence. Explorations related to skyrmion
dynamics and generation of skyrmion phase with higher current
densities were hindered by the prevalence of thermal effect. Fur-
ther research with the system that can effectively mitigate the
thermal effect is needed to study the skyrmion dynamics with
higher current densities and other current-induced effects asso-
ciated with skyrmion formation.

Here, the current density used in this experiment is signifi-
cantly lower than the previously values. To make a fair compari-
son with threshold current densities from prior studies,[4h,k,17] we
plot the threshold current density as a function of skyrmion size,
as the depinning drive force for skyrmion motion depends on
its size.[19] As shown in Figure 5g, smaller skyrmions generally
exhibit higher threshold currents; However, our results notably
deviate from this trend. In FGaT systems, despite the relatively
small size of skyrmions (≈150 nm), the required current densi-
ties do not exhibit a significant increase. This phenomenon can
be attributed to the negligible effect of interfacial defect and lack
of dangling bond in 2D system, which stems from the inherent
vdW gaps and high crystallinity of it. This characteristic can sig-
nificantly prevent the occurrence of surface roughness and in-
termixing in 2D system,[20] which are factors that determine the
skyrmion dynamics. It is worth noting that FGaT demonstrates
its superiority over other 2D magnets in terms of critical current
for the skyrmion motion. The origin for significant reduction of
critical current compared to Fe3GeTe2 is expected to be higher
thermal energy resulting from the FGaT system’s higher opera-
tion temperature, which aids in overcoming the depinning en-
ergy barrier. Additionally, the homogeneous crystal structure of
FGaT can provide more well-ordered and clean circumstances
compared to Co-doped Fe5GeTe2. This is relevant to aforemen-
tioned issue related to random doping-induced inhomogeneous
magnetic defects in the introduction. Further simulation results
for investigating the influence of defect sites on skyrmion mo-
tion can be found in Supporting Information 6. Consequently,
our observations suggest that FGaT systems have the potential to
serve as candidates for the development of 2D ferromagnet-based
skyrmion devices operating at room temperature with low power
consumption.

In addition, controlling the speed of skyrmions is also piv-
otal for their integration into spintronic applications. The speeds
of the skyrmions, as marked in Figure 5a–e, are presented in
Figure 5f, revealing an approximate speed of ≈1.5 mm s−1. While
this speed may appear relatively slow compared to previous stud-
ies, it is essential to consider that the driving current density em-
ployed here is considerably lower. Figure 5h illustrates the rela-
tionship between skyrmion speed and current density across vari-
ous magnetic systems. Clearly, our data aligns with the trends ob-
served in other studies. This suggests that skyrmion speeds can
be significantly enhanced, reaching several meters per second,
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with an increase in current density (more discussion in Support-
ing Information 4). Consequently, FGaT systems hold promise
as candidates for the development of 2D ferromagnet-based
skyrmion devices operating at room temperature and exhibiting
low power consumption.

6. Conclusion

In summary, the magnetic skyrmion was observed in 2D fer-
romagnet FGaT at room temperature. The magnetic properties
were examined by utilizing MPMS. MTXM was also adopted to
image the magnetic domain structure and skyrmions. The field-
dependent magnetic domain structure evolution was confirmed
using both the MOKE microscope and MTXM. At room temper-
ature, magnetic skyrmions were successfully generated by inject-
ing an electrical pulse under an external magnetic field. The ma-
nipulation of the polarity and density of skyrmions was achieved
by adjusting the external magnetic field. Through the adjust-
ment of electrical pulses, the conditions for skyrmion genera-
tion were thoroughly investigated; We concluded that skyrmions
are thermally generated, as revealed by the characteristic time
scale analysis. Finally, current-induced skyrmion motion at room
temperature was observed. The speeds of skyrmions in FGaT
were measured to be a few mm/s under electrical pulse with
the amplitudes of the order of 109 A/m2. It was found that the
speed of skyrmions could be modulated by controlling the den-
sity of skyrmions and the electrical pulse amplitude. Because
the observed phenomenon was achieved in a pristine FGaT sys-
tem without further 3d metal doping, which can adversely affect
the motion of skyrmions, FGaT may well be an attractive candi-
date for the future development of 2D vdW ferromagnet-based
skyrmion devices and their application at room temperature.

7. Experimental Section
Synthesis Method of Single Crystal FGaT: FGaT crystal was synthesized

by the self-flux method, in which Te takes a role of flux. A mixture of Fe
powder, Ga lump, and Te pellets was prepared in a molar ratio of 1:1:2,
and inserted into a quartz ampoule. The ampoule was purged with Ar gas
several times, evacuated, and sealed. It was then placed in a box furnace
and heated to 1273 K over 24 h and held at that temperature for an addi-
tional 24 h to form a homogeneous flux state of the inserted mixture. The
sample was then cooled at a rate of 3 K/h until it reached 773 K and then
cooled down to room temperature without further treatment.

Sample Fabrication: We first exfoliated FGaT flakes on a 300-nm-thick
SiOx substrate using exfoliation tape. Conventional dry transfer method
using polycarbonate (PC) film and polydimethylsiloxane (PDMS) was
adopted to transfer FGaT flakes onto a 200-nm-thick SiNx membrane sub-
strate from the 300-nm-thick SiOx substrate. The size of the FGaT flakes
is ≈10 μm × 10 μm, with the thickness ranging from tens of nanome-
ters to 180 nm. After transferring the FGaT flake from SiOx substrate to
SiNx membrane substrate, we have employed the photolithography and
lift-off techniques to fabricate the gold electrodes. We deposited a 2 nm of
Ti layer for adhesion, followed by deposition of 100–200 nm of Au using
sputtering system.

Determination of the Normalized Generated Skyrmion Number (Nnorm
sk

):
To determine Nnorm

sk
, we first count the number of isolated domains from

the MTXM images. Next, domains attached to the edge of the image are
excluded. Through this process, Figure 4g results in zero domains. The de-
termined number of isolated domains is then normalized so that Figure 4e
becomes 1.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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