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Section S1. Estimation of DMI constant, D

The relationship between domain size and domain wall energy can be written as(63):

o, _ d? i 1 [1 (1 2nnt> (—2nnt>]
WoMZt  t2 (tn)3 da )P\ 4
odd n=1

Thus, we find that the domain wall energy o, is essentially constant for a thickness much larger

Ow

than the dipolar length (/,~13.4 nm, [, = TR where 0, is domain wall energy, M, =301.6 kA/m
0Ms

is saturated magnetization; the average value of oy, is ~1.5 mJ/m?. o, is described by(46) : 0, =

4+/AK — m|D|,where A is the exchange stiffness constant (estimated value of 4 = 4x10"'2 J/m at
room temperature from the micromagnetic simulation), K is the effective perpendicular anisotropy
energy (K = 2.4x10° J/m?), and D is the DMI constant. From these measurements, we calculated
the DMI constant D = 0.76 + 0.02 mJ/m?, the value of which is also relatively unchanged with
thickness.



Section S2. Estimation of skyrmion drift velocity
The skyrmion drift velocity (v) was calculated by the equation(49):

v = jRo(1 = pIHE()/pTHE G < j.))
where j is current density, Ro is the normal Hall coefficient. Fig. S15 shows the velocity of
skyrmion as a function of the current density. At j ~4.76 MA/cm?, v is ~ 35.4 m/s which is larger
than that of O-Fe;GeTeo/Fe;GeTe: bilayer vdW materials at 100 K, ~ 1 m/s (18) and smaller than

that of multilayer ferro/ferrimagnetic thin films at room temperature,~ 50 m/s(64).
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Fig. S1 Atomic structure of the FCGT system. Corresponding HAADF-STEM cross-sectional
images of FCGT along the [100] direction.
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Fig. S2 STEM-EDS map of the FCGT sample. (A) Left to right: raw STEM-EDS maps for Fe,
Co, Ge, Te were shown in atomic percent, respectively. The spectra were fitted with Gaussian
peaks above the background, followed by analysis using the Cliff-Lorimer method. (B) EDS maps

with non-local PCA denoising. Scale bars, 2 nm.
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Fig. S3 Magnetic property of FCGT system. (A) Temperature-dependent magnetization of
FCGT (50%) bulk at a magnetic field of 50 mT along the ab plane and c axis. The inset shows the
first derivative of the magnetization as a function of temperature. The red arrow exhibits the
ferromagnetic-paramagnetic transition indicates the Curie temperature is about 350 K. (B)

Magnetic phase diagram as a function of Co doping level.
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Fig. S4 Transport measurements of the FCGT nanoflake. Anomalous Hall effect (A) and
magnetoresistance (B) curves of a 136.1-nm-thick nanoflake at various temperatures suggest that
the FCGT system is in a ferromagnetic ground state. In the 260~340 K range, the anomalous Hall
effect curves show a sheared out-of-plane hysteresis loop which indicates a multidomain state at
remanence. The stripe domain can easily break into the skyrmion bubble, then gradually shrink
with the field increasing, which results in the slow increase of anomalous Hall resistance. In the
100~220K range, the stripe domain reverses via rapid domain wall motion through the entire
sample (see Fig. S16), which brings about a relatively sharp loop. When the temperature is below
60 K, rectangular-shaped loops are observed, indicating a single domain state at remanence. The
resistance-temperature curve, which shows a metallic behavior, is shown in Fig. S4C. Figure S4D
and E show the magnetic field-dependent anomalous Hall resistance at room temperature and
temperature dependence of the saturated anomalous Hall resistance for various thicknesses. The
AA phase FCGT is an antiferromagnetic ground state. The Néel temperature is above room
temperature. Thus, an exchange bias should be observed in the AA’ phase FCGT with the AA
phase disorder. Anomalous Hall effect curves of a 197.8-nm-thick nanoflake after 0, +8 T, and -8
T field cooling from 400 K show no exchange bias in this system. (Fig. S4F) This result indicates
that the nanoflake is a pure AA’ phase FCGT without the AA phase disorder.
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Fig. S5 Simulated magnetic induction field from Bloch-type and Néel-type Skyrmions at
different sample tilt angles. Magnetic induction field distribution for a (A,C,E) Bloch skyrmion
and a (B,D,F) Néel skyrmion at tilt angles of -18°, 0°, and -18° were calculated from magnetization
distribution of an isolated skyrmion generated using the 360° domain wall model(65-67). Since
the phase gradient obtained from L(S)TEM is proportional to the induction field, the “biskyrmion”
shape is a signature of a Néel-type skyrmion observed at a tilted angle. The simulation was carried
out using the skyrmion diameter of 90 nm, domain wall width of 4.2 nm, saturated magnetization
Ms of 301.6 kA/m, and sample thickness of 110 nm. The slight shape difference between

simulations and experiments can be explained by the distorted skyrmion shape (elongation)

Bloch Skyrmion

100 nm

100 nm

100 nm

Néel Skyrmion
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resulting from the experimentally applied external magnetic field.
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Fig. S6 Estimation of stray fields of MFM tips. The magnetic field around the AFM tip is
estimated using COMSOL, where a finite element model of both the AFM tip and the magnetic
field around the tip is established. The input parameters are based on the pyramid-shaped silicon
AFM tip with a 100-nm-thick hard magnetic coating. The magnetization of the coating film is set
to be 300 kA/m. Figure S6B shows the Z-position along the tip dependent on the H; fields. Figure
S6C shows the X-lateral position at 100 nm height dependent on the H; fields. The H field at 100

nm below the tip is about 7 mT.



Fig. S7 MFM images at different scanning conditions. (A) MFM images measured at different
lift heights. (B) MFM images were repeated 18 times in the same region. The lift height is fixed at
10 nm. Note that the original state of the sample shows a room temperature zero-field skyrmion.
After heating the sample to above T, it was cooled down to room temperature. The domain pattern
transformed from the skyrmions to the stripe domain. During MFM measurements, the tips will
induce a small stray field. In our system, based on anomalous Hall effect results, the skyrmion
phase for the 110~2100 nm nanoflake can be stabilized when the magnetic field is between 0.1~0.2
T. Obviously, the stray field is far below this value (27 mT, at 10-nm lift height). The stripe domain

almost remains no matter how many scanning times, as shown in Fig. S7B.
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Fig. S8 Spin texture of FCGT nanoflakes at varying temperatures. Temperature-dependent
MFM images of 242-nm- (A-F) thick nanoflake. The triangle in the upper left corner in (A-F)
shows the results of a 300-nm thick nanoflake. The insets of the figure show the fast Fourier
transform (FFT) of the skyrmion lattices. In the initial state, the skyrmion lattice in the 242-nm-
thick nanoflake is stabilized at room temperature and zero field. The FFT (inset of Fig. S8A)
exhibiting an oval shape indicates the relatively low symmetry of the skyrmion lattice,
corresponding to a liquid phase. (68) As the temperature increases up to 312 K, the skyrmion size
shrinks, and the skyrmion lattice parameter also decreases, indicating that the density of skyrmions
is increasing. The long-range order of the skyrmion lattice is enhanced in FFT (Fig. S§B) which
corresponds to a hexatic phase. (68) The hexagonal order increases with temperature (69) which
may be due to the low nucleation energy for the formation of a skyrmion lattice and decreasing
pinning effect at a higher temperature. In addition, the scanning by MFM is beneficial for the
formation of an ordered hexagonal lattice. When the samples are heated up to 320 K, the skyrmions
are annihilated, and then the samples are then gradually cooled down to room temperature. After
the cooling process, the skyrmion sizes and lattice parameters are slightly smaller than in the initial
states. However, the hexatic phase is retained. The upper-left corner in Fig. S8 A-F shows a similar
measurement of results for the 300 nm nanoflake. As the temperature increases, the stripe domain
is broken into bubbles. After the thermal cycling, an ordered skyrmion lattice was obtained. The
stripe contrast in the top right corner (which is an artifact induced by the bump of the surface)

doesn’t change at all temperatures.
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Fig. S9 Temperature-dependent skyrmion size and lattice parameter. As the temperature
increases, the skyrmion size (A) and lattice parameter (B) decrease. Both values are slightly
smaller than in the initial state, which may be due to the relaxation of the skyrmion pinned by

defects.
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Fig. S10 Temperature-dependent spin texture for different thickness nanoflakes.
Temperature-dependent MFM images at zero magnetic field for different thickness nanoflakes,

323 nm (A-E), 471 nm (F-J), and 2.2 um (K-O). The scale bar is 2 pm.



7Te-12

Be-12

S5e-12

A (JIim)

4e-12

3e-12

2e-12

05e-3 0.7e-3 09e-3 1.1e-3 1.3e-3 15e-3

C DMI (Jim?)
Te-12
6e-12
_.5e-12
£
2
q:4e-12
3e-12 N
& ] “?'\\\' & S
e o ¢ 3\,’\&\':."’)"{??;':’({\ 2
2612 3 S /’\ﬁ-_:./ 45\7"\\“,; % R
SN RERRY
05e-3 0.7e-3 09e-3 1.1e-3 13e-3 1.5e-3 0.7e-3  0.88e-3 1.05e-3 1.23e-3 1.4e-3

DMI (J/m?) DMI (J/m?)

Fig. S11 Micromagnetic simulations. Skyrmion phase diagram of 50-nm-thick (A) and 100-nm-
thick (C) FCGT nanoflake as a function of D and 4. Skyrmion phase diagram of a 50-nm-thick
FCGT(B) and 100-nm-thick (D) nanoflake as a function of D and K. The red dashed line follows

the solution of a,, = 0.
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Fig. S12 Evolution of magnetic textures of the 60-nm-thick FCGT nanoflake. Lorentz TEM

images of the magnetic textures acquired under applied fields of (A) 2 mT, (B) 30 mT, and (C)
58 mT, with a sample tilt of 18°. Scale bars, 1 um.



Fig. S13 Room-temperature MFM image in thick nanoflake. (A) The skyrmion lattice can be
stabilized in the 2.1-um-thick nanoflake at room temperature and 0.19 T field. (B) The MFM image

in the 85-nm-thick nanoflake at room temperature and zero field.
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Fig. S14 Elimination of Joule heating effect. (A) Hall measurement at 300 K and 320 K with
applied DC current density of 0.016 MA/cm?. The anomalous Hall resistance is ~0.25 Q and ~0.21
Q at 300 K and 320 K, respectively. An obvious hysteresis near the saturated field exists at both
temperatures. (B) Hall effect at 300 K with applied AC current density of 0.016 MA/cm™ and 3.97
MA/cm™. The saturated anomalous Hall resistances are almost the same for both current densities.
The hysteresis near the saturated field disappeared in the Hall curves measured by large current
density. If the Joule heating effect exists, as the current density increases, the saturated anomalous
Hall resistance will decrease, and the hysteresis should still be there, similar to the temperature
dependence of anomalous Hall effect curves. Thus, the suppression in the Hall effect curve is

attributed to current-induced dynamic skyrmions.
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Fig. S15 Estimation of velocity. The skyrmion velocity of the FCGT nanoflake versus current

density at room temperature.
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Fig. S16 MFM measurements at 200 K. Field-dependent MFM images on the 261-nm-thick

nanoflake at 200 K starting from saturation at 0.15 T. These images were all taken at the same
location of the sample. The magnetic contrast in the saturation state is caused by the stray field of

the steps one the sample surface. The lift height is 150 nm, and the scale bar is 5 um.



Movie S1 Magnetic field-dependent magnetic domain. The magnetic domain evolution by the
magnetic field at room temperature in a 110-nm-thick nanoflake.
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