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Supplementary Note 1: Simulation Methods 

The magnetization dynamics are simulated using the standard micromagnetic simulator 

Object-Oriented MicroMagnetic Framework (OOMMF)[1] with home-made extension 

moduels for the next-nearest-neighbor and next-next-nearest-neighbor exchange interactions, 

which are developed based on the built-in ‘Oxs_Exchange6Ngbr’ module. Since the helicity 

reversal of skyrmionic bubules is induced by the spin transfer torque and is independent of the 

underlying lattice structure, we consider a classical Heisenberg model on a square lattice for 

simplicity and induce the exchange frustration by introducing competing exchange 

interactions. The Hamiltonian ℋ is defined as: 

  ℋ = −𝐽1 ∑ 𝐦𝑖 ∙ 𝐦𝑗

<𝑖,𝑗>

− 𝐽2 ∑ 𝐦𝑖 ∙ 𝐦𝑗

〈〈𝑖,𝑗〉〉

− 𝐽3 ∑ 𝐦𝑖 ∙ 𝐦𝑗

〈〈〈𝑖,𝑗〉〉〉

 

                                               −𝐾u ∑ (𝑚𝑖
𝑧)2

𝑖 − 𝐻𝑧 ∑ 𝑚𝑖
𝑧

𝑖 + 𝐻DDI,                                                (1) 

where 𝐦𝑖 represents the normalized magnetization 𝐦𝑖 = 𝑴𝑖 𝑀S⁄  at the site i. 𝑀S denotes the 

saturation magnetization. <i, j>, <<i, j>>, and <<<i, j>>> run over all the nearest-neighbor, 

next-nearest-neighbor, and next-next-nearest-neighbor sites in the system. 𝐽1, 𝐽2, and 𝐽3 denote 

the nearest-neighbor, next-nearest-neighbor, and next-next-nearest-neighbor Heisenberg 

exchange coupling energy constants, respectively. In order to induce the exchange frustration 

in the system of ferromagnetic spin ordering, we assume 𝐽1 > 0, 𝐽2 < 0, and 𝐽3 > 0. 𝐾u is the 
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perpendicular magnetic anisotropy (PMA) constant, 𝐻𝑧 is the applied magnetic field. Note 

that although the exchange frustration is considered in our model, the helicity is dominated by 

the dipolar interaction 𝐻DDI term instead of competing exchange interaction terms in our case, 

mainly due to the relatively large size of the skyrmionic bubble. On the other hand, it should 

be noted that the exchange frustration in a kagome lattice is resulted from the geometric effect 

of the underlying lattice structure, while we mimic such an effect by harnessing the competing 

between nearest-neighbor ferromagnetic and next-nearest-neighbor antiferromagnetic 

exchange interactions. 

The magnetization dynamics are controlled by a Landau-Liftshitz-Gilbert (LLG) 

equation augmented with the adiabatic and non-adiabatic spin transfer torques (STTs) 

provided by electrons that directly flow through the FeSn layer according to the Zhang-Li 

model,[2] which is expressed as: 

𝑑𝐌

𝑑𝑡
= −𝛾0𝐌 × 𝐇eff +

𝛼

𝑀S
(𝐌 ×

𝑑𝐌

𝑑𝑡
) +

𝑢

𝑀S
2 (𝐌 ×

𝜕𝐌

𝜕𝒙
× 𝐌) −

𝛽𝑢

𝑀S
(𝐌 ×

𝜕𝐌

𝜕𝒙
),           (2) 

where 𝐇eff = −(1 𝜇0⁄ ) ∙ (𝛿ℋ 𝛿⁄ 𝑴)  is the effective field, 𝜇0  is the vacuum permeability 

constant, 𝛾0  is the Gilbert gyromagnetic ratio, and α is the phenomenological damping 

coefficient. The coefficient for Zhang-Li STT is given as 𝑢 = (|𝛾0ℏ 𝜇0𝑒⁄ |) ∙ (𝑗𝑃 2𝑀S⁄ ) , 

where ℏ is the reduced Planck constant, e is the electron charge, 𝑗  is the applied current 

density, and 𝑃 is the spin polarization rate. The strength of the non-adiabatic STT is defined 

by 𝛽. 

The simulated sample is a thick film of 250 × 250 × 200 nm3. Since we are only 

focusing on the magnetization dynamics in the x-y dimensions, the model is actually treated as 

a two-dimensional (2D) system. Namely, we assume in this work that the spin textures do not 

vary along the thickness direction. Hence, we use a mesh size of 1 nm × 1 nm in the x-y plane, 

while in the thickness direction (i.e., the z direction) we use a mesh size of 10 nm. The 

intrinsic magnetic parameters are the saturation magnetization MS = 5.66 × 105 A/m, the 
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exchange constants A1 = 1.4 × 10-11 J/m, A2 = 2A3 = -0.57A1 (i.e., J2 = 2J3 = -0.8J1), and PMA 

constant Ku = 0.8 × 105 J/m3. The damping coefficient and the non-adiabatic STT coefficient 

are set as α = β = 0.1. The spin polarization rate is assumed to be P = 1.0 for simplicity. An 

out-of-plane magnetic field of Bz =160 mT is applied to the sample. For the simulation of the 

skyrmion helicity switching induced by the STT (i.e., a spin-polarized current pulse), we first 

place and relax the skyrmion at the center of the sample. A part of the skyrmion core is pinned 

due to a higher PMA constant Kpinning. The pinning sites are implemented by locally 

modifying the PMA parameter for certain spins. The size of the spinning site area is set as 4 × 

4 spins. In all simulations, we used the default stage stopping criteria setting of the standard 

OOMMF simulator that a stage should be considered complete when the maximum |dm/dt| 

across all spins drops below 1 degree per nanosecond. 

The skyrmion number Q is calculated based on its standard definition, 

𝑄 =
1

4π
∫ 𝑑𝑥𝑑𝑦[𝒎 ∙ (∂𝑥𝒎 × ∂𝑦𝒎)],                                        (3) 

which is equal to 1 or -1 for a ground-state skyrmion. 

 

References 

[1] M. J. Donahue, D. G. Porter, OOMMF User’s Guide, version 1.0. Interagency Report 

NISTIR 6376 (National Institute of Standards and Technology, 1999). 

[2] S. Zhang, Z. Li, Phys. Rev. Lett. 2004, 93, 127204. 
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Figure S1. Schematic diagrams showing the preparation of the Fe3Sn2 nanotrack device for 

in-situ LTEM characterization by a FIB-SEM dual-beam system. (a) A lamella (thickness of 

~3 μm) was caved on the (001) surface of a Fe3Sn2 single crystal by FIB milling. After further 

fine thinning, the final lamella was 1 μm in thickness. (b) Layers of C and Pt were deposited 

on both side of the Fe3Sn2 lamella by using a GIS system to protect the edge of the nanostripe 

during the nano-manipulation process. (c) A cuboid was cut from the lamella by FIB milling 

and lifted out with an Omniprobe nanomanipulator. (d) The cuboid was transferred onto a 

customized silicon chip and attached to the electrodes by tungsten deposition using the GIS 

system. The electrodes of the silicon chip were parallel to the horizontal plane. (e) The silicon 

chip was rotated 90 degree (the electrodes of the silicon chip were perpendicular to the 

horizontal plane). Then, the cuboid was thinned to 200 nm along the vertical plane. (f) A 

typical SEM image of the Fe3Sn2 nanostripes on a silicon chip. 
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Figure S2. The under-focused LTEM image of one typical region in a nanotrack under an 

external magnetic field of 120 mT at 300 K. Scale bar is 1 μm. One can notice that the 

skyrmions arrange into a single chain form and their corresponding helicity of skyrmions is 

random. 
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Figure S3. Because the Fe3Sn2 nanostripe was sandwiched between Pt/C layers, the pulse 

current may partially flow through the layers of Pt/C. The resistivity of Pt layer, deposited by 

ion beam via the GIS system, was measured by a probe station and semiconductor analyzer 

(4200, Keithley). (a) SEM image of the Pt layer on oxidized silicon with electrodes. Pt was 

deposited on the wafer via ion beam. The length, width, and thickness of the deposited Pt 

layer were 20 μm, 4 μm, and 2 μm, respectively. (b) The I-V curve of this sample measured at 

room temperature. By linear fitting this curve, the calculated resistivity of the Pt layer was 

about 2.3×10-3 Ω cm, more than one order of magnitude higher than that of Fe3Sn2.
[3] When Pt 

layer was comparable in size to the Fe3Sn2 layer, we could ignore the current flowing through 

the Pt layer. The amorphous C layer had an even higher resistivity than the Pt layer. However, 

its corresponding width was much smaller than that of either the Pt or Fe3Sn2 layers in the 

nanotrack; therefore, the current flowing through C layer could also be ignored. Based on the 

results above, we regard the injected current density as equal to that of the current flowing 

through the Fe3Sn2 layer. 

References 

[3] Q. Wang, S. S. Sun, X. Zhang, F. Pang, H. C. Lei, Phys. Rev. B 2016, 94, 075135. 
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Figure S4. (a) The left column displays sequential LTEM images showing the helicity 

switching of a densely arranged single chain of skyrmions under an external of magnetic field 

of 160 mT at room temperature after current pulses were injected along the nanotrack with a 

fixed amplitude of j = 3.8 × 1010 A/m2, width of τ = 100 ns, and frequency of f = 1 Hz. The 

red arrows represent the left-to-right direction of the injected current flow. (b) The sequential 

LTEM images showing the helicity switching of a densely arranged single chain of skyrmions 

under an external of magnetic field of 160 mT at room temperature after current pulses were 

injected along the nanotrack with a fixed amplitude of j = 4.2 × 1010 A/m2, width of τ = 100 

ns, and frequency of f = 1 Hz. The red arrows represent the left-to-right direction of the 

injected current flow. 
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Figure S5. Dependence of the critical pulse density j for inducing helicity switching on the 

pulse width τ. As τ increased from 100 ns to 2 μs, the value of j decreased accordingly from 

3.2 × 1010 A/m2 to 5.0 × 109 A/m2. 
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Figure S6. Micromagnetic simulation of the creation of skyrmion bubbles from stripe domain 

walls. As the out-of-plane magnetic field increases from Bz = 0 mT to 160 mT, the domain 

walls in the nanotrack transform into skyrmion bubbles with different helicity numbers. The 

four skyrmion bubbles on the left side have the same helicity of η = -π/2, while the four 

skyrmion bubbles on the right side have the same helicity of η = +π/2. The simulated sample 

size is 2000 × 200 × 200 nm3. 
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Figure S7. Micromagnetic simulation of the current-induced skyrmion helicity switching in a 

three-dimensional (3D) model. (a) Skyrmion helicity η as a function of time. (b) Skyrmion 

number Q as a function of time. (c-e) Snapshots at five selected times showing the helicity 

switching of a skyrmion driven by a current pulse in the top layer (c), middle layer (d) and 

bottom layer (e). The skyrmion core is initially pinned due to a higher anisotropy Kpinning = 

7Ku. The spin current of j = -1.7 × 1012 A m-2 is injected during t = 0 ~ 1.5 ns. The total 

simulation time is 6 ns. The simulated sample is a thick film of 250 × 250 × 200 nm3. In the 

thickness dimension, the model is meshed into 20 layers. The skyrmion textures are a little 

different for each layer, mainly due to the dipolar interaction. 
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Figure S8. Micromagnetic simulation of the current-induced helicity switching of a chain of 

three skyrmions. (a) Skyrmion helicity η as a function of time. (b) Skyrmion number Q as a 

function of time. (c) Snapshots at six selected times showing the helicity switching of 

skyrmion bubbles driven by a current pulse. The skyrmion core is initially pinned due to a 

higher anisotropy Kpinning = 7Ku. The spin current of j = 2.2 × 1012 A m-2 is injected during t = 

0 ~ 1.4 ns and the separations between skyrmions are 250 nm. The total simulation time is 6 

ns. 
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Figure S9. Simulation in the presence of weak pinning sites Kpinning = 3Ku, where the three 

skyrmions are unpinned and driven into motion by the current pulse. The helicities of three 

skyrmions remain unchanged. (a) Skyrmion number Q as a function of time. (b) Snapshots at 

six selected times showing the motion of skyrmion bubbles driven by a current pulse. Each 

skyrmion core is initially pinned by a pinning site. The perpendicular magnetic anisotropy of 

pinning sites is Kpinning = 3Ku and the separations between skyrmions are 250 nm. The spin 

current of j = 2.2×1012 A m-2 is injected. The total simulation time is 10 ns. The skyrmion 

bubbles are unpinned and driven into motion as the pinning sites are not strong enough to 

prevent their motion. The arrow indicates motion direction. 
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Figure S10. The total micromagnetic energy of a skyrmion as a function of counting time. 

The red line corresponds to the current-driven motion of a skyrmion with a pinned centre 

Kpinning = 3Ku (see the processes in Fig. 4a-e) and the blue line corresponds to the current-

driven helicity switching of a skyrmion with a pinned centre Kpinning = 7Ku (see the processes 

in Fig. 4f-j). We find, the total micromagnetic energy for motion is lower than that of helicity 

switching. 
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Supplementary Note 2: Simulation on the Joule Heating Effect 

The Joule heating generated by the current is simulated based on the method given in Ref. 

4 by using the COMSOL software. The model size (length l ×width w × thickness t) is 20 μm 

×1 μm ×200 nm, which is the same with that of the sample in our experiments. The initial 

temperature is set to be 300 K and the relevant physical parameters for Fe3Sn2 are 

summarized in Table S1. The values of mass density ρm, heat capacity Cp and resistivity ρ 

could be estimated by our experiments [see Fig. 11 (a) and (b)] or previous references. 

However, the value of thermal conductivity k for Fe3Sn2 single crystal is hard to estimate 

because the Fe3Sn2 crystals are usually 1 mm × 0.5 mm hexagons while an 8 mm × 2 mm × 2 

mm brick is required for exactly measuring k. Meanwhile, the heat transfer coefficient hc 

through the surfaces is also hard to be directly established by experiment. In our simulations, 

we have referenced the values of k and hc for the B20 compound FeGe3. First, we have 

simulated the temperature distribution of the nanotrack for k = 3.39 W m-1 K-1 and hc = 5×106 

W m-2 K-1 (the values of k and hc for FeGe are referenced) when a current pulse of density j = 

3.4 × 1010 A m-2 and pulse width τ = 100 ns is injected. It is found that the highest temperature 

(Th) that the sample could be heated up to is about 480 K [see Fig. 11 (c) and (d)]. By varying 

the value of k or hc, the value of Th is only slightly affected in such a current density and pulse 

width [see Fig. 11 (c)]. However, if the pulse width increases to 1 μs, Th is significantly 

influenced by the variation of hc. Hence, our simulations in a current density of 3.4 × 1010 

A/m2 and pulse width of τ = 100 ns are reliable though we use the values of k and hc for FeGe. 

We have further simulated the temperature distribution of the nanotrack for various values j = 

3.8 × 1010 A/ m2, 4.2 × 1010 A/m2 and 4.4 × 1010 A/m2 with a fixed τ = 100 ns. The 

corresponding value of Th is 530 K, 610 K, and 680 K, respectively [see Fig. 11 (c)]. In 

experiments, we have established that the maximum current density for switching the helicity 

in our Fe3Sn2 nanotrack is established to be about 4.2×1010 A/m2, above which the device 

could be easily heated beyond the Curie temperature (Tc) of Fe3Sn2 (Tc = 640 K). Our 
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simulated results agree with the experiments qualitatively. 

References 

[4] X. Zhao, S. Wang, C. Wang, R. Che, Appl. Phys. Lett. 2018, 112, 212403. 

 

 

Figure S11. Temperature dependence of (a) resistivity ρ and (b) heat capacity Cp in a 

temperature range of 10-400 K. (c) Simulated highest temperatures that the sample could be 

heated up to when parameters are adopted from Table S1. The pulse density ranges from 3.0 × 

1010 A/ m2 to 4.4 × 1010 A/ m2 with a fixed pulse width τ of 100 ns. The value of k varies from 

3.39 W m-1 K-1 to 10 W m-1 K-1 and the values of hc ranges from 5 × 105 W m-2 K-1 to 5 × 106 

W m-2 K-1. We found that the effect of k and hc is insignificant in such a current density and 

pulse width. (d) The simulated temperature distribution in the nanotrack when a current pulse 

of j = 3.4 × 1010 A/ m2 and τ = 100 ns is injected. The temperature in the nanotrack ranges 

from 425 K to 480 K. 
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Table S1. Parameters for Joule Heating Simulations 

Parameter Vaule Units Notes 

ρm 8250 kg m-3 Ref. 5 

ρ 329.6(1+0.00354(T-300)) μΩ cm 
Linear fitting of Fig. S10 (a) from 

300 K to 400 K 

Cp 323 J kg-1 K-1 
The average value between 400 K 

and 300 K in Fig. S10 (b) 

Reference 

[5] H. Giefers, M. Nicol, J. Alloys. Comp. 2006, 422, 132. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


