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Skyrmion motions under various heater currents in the thin Cu20SeO3
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Supplementary Figure 1: Plots of the displacement of skyrmions at the elapsed times, are
obtained by analyzing in-situ Lorentz TEM movies observed at 160-mT-normal field and 20
K under various heater currents. Circular symbols show data points extracted from Lorentz
TEM movies. The black solid lines represent the slop of estimating the averaged velocity of
skyrmions, while black and orange dashed lines marked slops for estimating the minimal and

maximal velocities of skyrmions at each heater current, respectively.



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Supplementary Figure 1 shows the displacements of skyrmions under several heater-current
excitations in the Cu,OSeOs3 thin plate, indicating that monotonically increasing functions of the
moving distance as the time under each current excitation; the slope of displacements tends
increasing with the heater current. We estimated the averaged velocity of skyrmions by taking
the ratio of the total drift distance to the duration (the duration is 1.36 s for the heater current /u
= 0.3 mA, 0.5 mA, while it is 1.68 s for /u = 0.3 mA, 0.05 mA, 0.1 mA) of skyrmion motion
(marked by the solid lines in the supplementary Fig. 1), as shown in Fig. 3k. The dashed black
and orange lines represent slopes to estimate the minimal and maximal velocities deduced from
the locally-averaged values approximately over the shorter period of 0.2-0.6s, which were used

to define the error bars for the averaged velocity, as shown in Fig. 3k.

Characterization of thermometers on the thin Cu20SeO3

We measured the temperature dependence of thermometer resistances, as shown in supplementary
Figure 2a, by using a Physical Property Measurements System (PPMS, Quantum Design). Both
resistances Ri and R» are the same value at 20 K, ~ 3800 Q. Supplementary Figure 2b represent
I-V curves measured in TEM chamber, indicating the same value of the resistance for both R
and R2. Thus, the temperature gradients caused by such small heater currents cannot be evaluated

by changes of the resistance of thermometers in the present device.
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Supplementary Figure 2: Resistance curves (a) and I-V curves (b) of thermometers Ri1 and
R: in the thin Cu20SeQs3 plate. a. Resistance profiles of Ri and R, with decreasing temperature
obtained by Physical Properties Measurement System (PPMS) measurements with 1-pA current
through the heater and thermometers. b. /I-V curves of thermometers R and R> under the same

current flow through the heater measured in-situ in the TEM chamber.

Temperature map of finite element simulations

Supplementary Figure 3 shows the results of a finite element simulation performed using
COMSOL Multiphysics commercial software. The model geometry is shown in Supplementary
Figure 3a, with a ‘U’ shaped silicon base plate which is 0.3 mm thick and acts as the cold bath.
The silicon substrate is contacted to the sample thin plate in two places: on the left-hand-side

using Ag paste (thermal conductivity kl-soAg =1W/(m-K), density psg = 1000 kg/m3, and

heat capacity CpAg =50]J/(kg-K)), and on the right side using epoxy resin (k =

iSOepoxy —

0.2W/(m - K), pepoxy = 1100 kg/m3 . and Cpepoxy =1110]J/(kg-K)). The Pt wire heater

(k =70 W/(m - K), ppy = 21447 kg/m3, and Cth = 130]/(kg - K)) is located on the top

isop¢

right side of the Cu20SeOs3 thin plate (k =40 W/(m - K), pcuzoseos = 5070 kg/m3,

iS0Cu20Se03
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and C

P Cuz0Se03 55.54]/(kg - K)). The temperature gradient is calculated from these results to

be VT = 11 mK/mm for I; = 50 yA and VT = 4.6 K/mm for I; = 1 mA.
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Supplementary Figure 3: Temperature maps of finite element simulations. a. Geometry of

the device setup. b-¢. Temperature map resulting from running an electric current (b) Iy = 50 uA
and (c) Iy = 1mA through the heater wire. d-e. Line profiles extracted from the bulk (blue solid
line) and Lorentz TEM (green dashed line) regions of the sample marked (white dashed lines) in

(b) and (c), respectively.
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The relationship of the skyrmion Hall angle and velocity

The Supplementary Figure 4 shows that the skyrmion Hall angle (blue triangles) increases

nonlinearly with its velocity in the increase of the VT.

Supplementary Figure 4: The relationship of the skyrmion Hall angle and skyrmion velocity
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