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% Check for updates The current-driven movement of magnetic skyrmions along a nanostripe is

essential for the advancement and functionality of a new category of spin-
tronic devices resembling racetracks. Despite extensive research into sky-
rmion dynamics, experimental verification of current-induced motion of ultra-
small skyrmions within an ultrathin nanostripe is still pending. Here, we unveil
the motion of individual 80 nm-size skyrmions in an FeGe track with an
ultrathin width of 100 nm. The skyrmions can move steadily along the track
over a broad range of current densities by using controlled pulse durations of
as low as 2 ns. The potential landscape, arising from the magnetic edge twists

in such a geometrically confined system, introduces skyrmion inertia and
ensures efficient motion with a vanishing skyrmion Hall angle. Our results
showcase the steady motion of skyrmions in an ultrathin track, offering a
practical pathway for implementing skyrmion-based spintronic devices.

Magnetic skyrmions are particle-like spin textures with non-trivial
topology characterized by the integer valued topological charge
Q= 3; [ n-(0,nx0yn)dxdy, where n(x,y) is the unit vector along the
spin direction', The advantageous features of skyrmions, such as their
nanoscale sizes ranging from 3-150 nm and high topological stability>*,
along with the ultralow current density required for the movement of
skyrmion lattices by spin transfer torques (STT)**, make them pro-
mising candidates for utilization in racetrack-like spintronic devices’.
This has led to numerous studies exploring applications in the emer-
ging field of skyrmionics®*°. Within this realm, the stable and con-
trollable motion of skyrmions along a track serves as the cornerstone
for the practical implementation of potential skyrmion-based devices.

However, two crucial challenges remain unresolved. The first
challenge is to achieve controlled motion of nanometer-sized

skyrmions in ultrathin nanotracks, meeting the high-density
requirements of modern microelectronic devices. Although numer-
ical investigations into the current-induced dynamics of highly geo-
metrically confined skyrmions in sub-100 nm nanostripes has been
conducted" ", experimental progress has plateaued over the past
decade due to the difficulty of both fabricating ultrathin nanotracks
and performing in situ observations of the motion of small skyrmions
within them. To date, only isolated skyrmions with diameters of a few
hundred nanometers or small skyrmions moving at an angle have
been realized in nanostripes® 8. The second challenge involves
eliminating the skyrmion Hall effect”* to prevent skyrmion annihi-
lation at the track edges due to the unit-Q-induced Magnus force.
Despite significant efforts to suppress the skyrmion Hall angle (SHA),

such as employing the synthetic antiferromagnetic skyrmions®?,
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temperature-compensated  ferrimagnetic ~ skyrmions® %,  anti-

ferromagnetic skyrmions?”*® and skyrmioniums?, achieving a com-
pletely vanished SHA has not been realized experimentally until now.

Here, we demonstrated the capability to engineer the chiral
magnet FeGe into a nanostripe with an ultrathin width of
w ~ 100 nm. Along this nanostripe, we control and observe the motion
of individual skyrmions using in situ electrical contacting and Lorentz
transmission electron microscopy (TEM). We show that sub-10 ns
current pulses can be used to achieve steady motion of a single sky-
rmion, a skyrmion pair, and a skyrmion chain along the track, and the
skyrmion Hall effect is effectively eliminated in this highly confined
system.

Results and discussion

Ultrathin nanostripe design and in-situ electrical Lorentz

TEM setup

FeGe is a prototypical chiral magnet that has a Curie temperature of
T. ~278 K. The equilibrium period A of the skyrmion lattice in FeGe is
~80 nm, comparable to the size of a single skyrmion therein®. Previous
studies of phase diagram for skyrmion in a confined nanostripe have
shown that a limited stripe size of w/A ~ 1.2 is required to stabilize a
single skyrmion®. Here, we implemented a FeGe nanostripe designed
for integration into the in-situ electrical LTEM setup (Fig. 1a), with a
length of -10 um and a width w of ~100 nm, by using an in-house
procedure®?*? (Methods, Supplementary Figs. 1 and 2). The nanostripe
was tailored to accommodate a single skyrmion within its confines.
The edges of the nanostripe were well maintained, with the thickness
of amorphous layers below 3 nm, as revealed using high-resolution
TEM imaging (Methods, Supplementary Fig. 3). The ends of the
nanostripe were connected to a voltage source using Pt electrodes
(Fig. 1b). Electrical current pulses were applied along its long axis with a
frequency of 1Hz. The current-driven skyrmion motion was measured
at 95 K. Skyrmions were created by current-pulse-induced Joule heat-
ing, whereby a higher current density can nucleate magnetic sky-
rmions in the presence of a moderate magnetic field (Supplementary
Fig. 4). In this way, a variety of skyrmion configurations could be cre-
ated in the nanostripe, including single skyrmions, skyrmion pairs and
skyrmion chains. Here, a single skyrmion is typically imaged as a bright
white dot using Lorentz magnetic contrast (Fig. 1c).

Current-driven motion of a single skyrmion in a 100-nm-wide
FeGe nanostripe

A representative trajectory of the motion of an individual skyrmion is
shown in Fig. 2a for a pulse duration of 7 = 5 ns and a current density of
j=8.47x10' A - m~2. When stimulated by ultrashort current pulses, a
skyrmion could be driven steadily and straight without being

annihilated at the edges of the nanostripe (Supplementary Movie 1).
The skyrmion’s size and shape were maintained after applying each
current pulse. Constrained within the fixed boundaries of the nanos-
tripe, the moving direction aligned collinear with the flow of conduc-
tion electrons, demonstrating one-dimensional motion with the
absence of the skyrmion Hall effect. Slight deviations in the skyrmion
position were resulted from the presence of random pinning sites in
the nanostripe. Upon reversing the direction of the current, the sky-
rmion was subjected to an opposite driving force and returned in a
similar manner (Supplementary Movie 2).

Steady motion of individual skyrmions was observed over a wide
range of current densities. The j-v curve was constructed from the
trajectories observed at various current densities, revealing several
distinct régimes of skyrmion motion (Fig. 2b). Initially, a single sky-
rmion was pinned by material defects up to a critical current density
of j.=4.24 x 10'° A - m~2. Slightly abovej, a steep increase in velocity
was observed, corresponding to a creep and depinning process
caused by intrinsic defects in the material. Skyrmion motion then
entered a flow régime, with the velocity increasing linearly over a
wide range of current densities to a maximum of 50 m - s~! at almost
j=8.69x10°A.m~2. A further increase in current density would
cause the instability or annihilation of skyrmion due to unavoidable
Joule heating (Supplementary Movie 3).

The dependence of single skyrmion motion on pulse duration
was investigated (Fig. 2c). Similarly, creep and depinning, flow
régimes are observed at different pulse durations. The skyrmion can
be effectively driven even at t=2ns (Supplementary Fig. 5 and
Supplementary Movie 4). The highest achieved skyrmion velocity as
a function of pulse duration is summarized in the inset to Fig. 2c,
reaching a value of 90 m - s~! at 7 =2 ns. These observations highlight
the efficient motion of skyrmions in such a highly-confined system.
The critical current density j. decreases exponentially with increas-
ing pulse duration (Fig. 2d). At T=2ns,j_ is ~7.89x10°A. m=2. It is
reduced to ~ 3.67x10'° A - m~2 at T =8 ns. Below 2 nis, the skyrmion
is pinned more easily (Supplementary Fig. 6 and Supplementary
Movie 5). Depinning of skyrmions is influenced by both the current
density and the pulse width. The phenomenon of skyrmion being
more easily pinned for smaller current pulses can indeed be under-
stood through the picture of pinning effects. The pinning centers can
be considered as effective potential wells with a characteristic size.
Moving the skyrmion’s center across this pinning potential takes
time, which leads to easier pinning when shorter current pulses are
used. The fundamental lower limit on pulse length is contingent on
the density and strength of local pinning centers in real material.

The flow régime is extended to high current density with
decreasing pulse duration, as the effect of Joule heating effect is

Lorentz magnetic imaging
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Fig. 1| Single skyrmion in a 100-nm-wide FeGe nanostripe. a Schematic illus-

tration of the FeGe microdevice. The left and right pads represent the Pt electrodes
connected to the source of nano-second current pulse through the Au wires in the
Si3N,/Si film. The electron beam is along z direction. The single chain skyrmions are
hosted in an ultrathin FeGe track. b Low magnification high-angle annular dark-field

(HAADF) image of an FeGe nanostripe with a length of ~10 pm and a width of -
100 nm. The schematic illustrates that the upper and lower sides of the FeGe
nanostripe are protected by carbon layers. ¢ Lorentz TEM image of a single sky-
rmion in the nanostripe at a defocus value of 600 pm in the presence of a magnetic
field of 234 mT.
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Fig. 2 | Single skyrmion motion in a 100-nm-wide nanostripe stimulated by
successive current pulses. a Representative snapshots of the current-induced
motion of an individual skyrmion. The current density is j=8.47x10'° A . m2
and the pulse duration is 7 =5 ns. The positions of the skyrmion are indicated by
black arrows. Trajectories of the skyrmion are summarized by the yellow dots.

b Skyrmion velocity plotted as a function of current density at 7 =5 ns. The creep

and depinning, flow régimes are indicated by dotted red lines. The critical current
densities for skyrmion motion (j.) is marked by a vertical dotted black line. ¢ j-v
relation for a single skyrmion at the pulse durations of 2, 3,4, 5, 6 and 8 ns. The
purple line indicates a fit to the flow régime with a slope of -8.0 (x101°m3/A - s).
The inset shows the maximum velocity achieved for different values of 7. d Critical
current density j. plotted as a function of pulse duration 7.

strongly reduced. In the flow régime, the same linear relationship
with respect to current density is maintained for all pulse durations,
as indicated by the purple solid line (Fig. 2c). Within the framework
of Thiele’s equation for skyrmion dynamics in a confined
nanostripe™'>*, the slope of the j-v curve that determines the effi-
ciency is governed by the ratio of the nonadiabatic STT coefficient 8
and the Gilbert damping parameter a. Through the relationship of
Av,/Aj= — bB/a (Supplementary Note 1), where b= —ggn‘;'z, g is the
Landé factor, p is the Bohr magneton, M, is the saturation magne-
tization, and Pis the spin polarization ratio®,we straightforwardly get
|bB/al ~ 8.0(x1071°m3/A - s), a value considerably larger than the
theoretical prediction™. A large slope means that a skyrmion can be
driven with high speed at a low current density in the one-
dimensional scenario, offering great advantages for operation with
ultra-low energy cost.

We have also investigated the current-driven skyrmion motion
under different magnetic fields, as shown in Supplementary Fig. 7. In
these cases, skyrmions can still move steadily and straight along the
track without experiencing the skyrmion Hall effect. The current-
velocity curves exhibit some variations while the linear relationship is

still well maintained. At other magnetic fields, the available range of
current density is considerably limited in the experiments and a stable
current-velocity relationship is not established. However, the critical
current density j. for skyrmion motion is significantly influenced by
the magnetic field. As shown in Supplementary Fig. 7a, j, initially
decreases and then increases with respect to the magnetic field. The j,
is mainly influenced by the pinning forces both from the disorders
in the sample and the skyrmion-edge interaction. At lower magnetic
fields, the pinning force from the edges dominates, and it
decreases with the increasing magnetic field due to the attenuated
skyrmion-edge interaction, leading to a decrease in j.. By further
increasing the magnetic field, the skyrmion-edge interaction weakens,
and the skyrmion size diminishes. Consequently, skyrmions become
more susceptible to pinning by the disorders, leading to an increase
inj,.

Micromagnetic simulations of skyrmion dynamics in an ultra-
thin nanostripe

In order to understand the dynamics of a single skyrmion in an ultra-
thin nanostripe, micromagnetic simulations were performed using a
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Fig. 3 | Micromagnetic simulations of skyrmion dynamics in a 100 nm-wide
nanostripe. a Trajectory of a single skyrmion driven by a sequence of current
pulses for an external field H =150 mT, a pulse duration 7 =5 ns, a Gilbert damping
parameter a = 0.0167 and a coefficient f=0.1336. The presence of random dis-
order, which is represented by green dots, is modeled by using an additional ani-
sotropy with K, =2 x10* A/m3. The length of the sample is 1000 nm. b Calculated
skyrmion velocity plotted as a function of current density for a pulse duration of
5ns. ¢ Typical skyrmion displacement AX plotted as a function of time after

applying a current pulse of 5 ns for a current density of j=5.7 x10'° A/m? The
vertical dashed lines indicate a time of 5 ns. A schematic illustration of skyrmion
inertiais shown in the inset. d Total system energy plotted as a function of the pulse
duration of electrical current. The skyrmion collapses into a ferromagnetic (FM)
state above a critical pulse duration. e Calculated critical pulse duration 7, for
skyrmion annihilation at the edge as a function of current density (green points).
Experiments were performed in the pink region.

three-dimensional micromagnetic model (Methods). Snapshots of the
skyrmion trajectory after applying five pulses at a typical current
density of j=5.7x10"°4.m=2 are displayed in Fig. 3a and Supple-
mentary Movie 6. The skyrmion exhibits steady motion along the track
without apparent skyrmion Hall effect. The observed deviation from
equal spacing is attributed to the influence of random pinning effects,
asindicated by the presence of green dots. A j-v curve is constructed by
combining simulated data at different current densities (Fig. 3b).
Depinning and flow régimes are observed, similar to the experimental
results.

The good agreement between the experimental and theoretical
results allows us to obtain further insight into skyrmion dynamics by
examining the skyrmion transient trajectory stimulated by each
nanosecond pulse. A typical result for 7 ~ 5ns andj=5.7 x10"° A/m? is
shown in Fig. 3c. At first, the skyrmion is driven by a horizontal dis-
placement of ~-40 nm owing to the current-induced STT effect. A slight
vertical displacement (-5nm) arises because of the skyrmion Hall
effect (inset to Fig. 3¢). Subsequently, the current pulse is switched off,
and the skyrmion begins to return to its equilibrium position, driven by
the vertical edge potential imposed by the boundary of nanostripe.
This relaxation process leads to skyrmion inertia*. The skyrmion then
moves forward simultaneously, attaining an additional horizontal
displacement of ~ 85 nm before reaching saturation (Supplementary
Movie 7 and Supplementary Fig. 8 for inertia motion in the presence of
different current densities).

Phenomenologically, the skyrmion feels an external vertical
potential imposed by the magnetic edge twist in confined
nanostripe™>*. In the energy landscape, the potential can be
extracted from the total micromagnetic energy of the system and
expressed as a harmonic potential U(Y)= %kYZ, where Y is the y-
component of the skyrmion’s center and k is a constant coefficient
(Supplementary Fig. 9). The system energy increases when the

skyrmion deviates from its equilibrium position, and an energy bar-
rier (AE) maintains the skyrmion stability (Fig. 3d). The skyrmion
would only be annihilated at the edge and collapse into a ferro-
magnetic (FM) state if a long current pulse is applied to help it cross
the barrier (AE) (Fig. 3d and Supplementary Movie 8). The char-
acteristic time for annihilating a skyrmion at j=1.4 x10"A/m? is
approximately .= 21 ns (Supplementary Fig. 9 and Supplementary
Note II), which is much longer than the pulse duration of 5ns. Our
experiments were conducted in a safe range of current density and
pulse duration, as indicated by the pink region (Fig. 3e). Note that the
critical current density for skyrmion annihilation due to vertical
displacement (green region in Fig. 3e) is much higher than that
caused by Joule heating (pink region in Fig. 3e). This indicates that
thermal effects play a significant role in setting the upper limit of the
current density for this device.

Single-chain skyrmions and their current-driven motion

At last, the controlled manipulation of various configurations of sky-
rmion in a nanotrack are demonstrated. In previous theoretical works,
the conservation of skyrmion spacing was observed when the initial
spacing was very large, and pinning effects were ignored, or skyrmion-
skyrmion interactions were neglected*. However, the steady motion
of successive skyrmions is highly dependent on the spacing between
them. Almost synchronous motion of successive skyrmions is achieved
(Fig. 4a and Supplementary Movie 9) when the two isolated skyrmions
are widely spaced apart. As the spacing decreases, prominent
skyrmion-skyrmion interactions* comes into play. This is expected to
result in varying displacements for each skyrmion in the presence of an
electrical current, leading to the non-synchronous motion (Supple-
mentary Fig. 10). Therefore, it necessitates a minimum skyrmion-
skyrmion spacing to avoid this phenomenon. However, this process is
also influenced by pinning effects in real materials, such as the density
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Fig. 4 | Motion of various configurations of skyrmions in a 100-nm-wide nanostripe. Snapshots of current-driven motion in (a) two isolated skyrmions, (b) a skyrmion
pair, (c) 7 skyrmions using a 5 ns pulse duration and a current density of j=7.4 x10%° A - m~2. The trajectories are shown using dashed red lines.

and strength of pinning sites, which can likewise induce non-
synchronous motion (see Supplementary Note Ill for the discussion
of information-density in the 100 nm-wide nanostripe).

Nevertheless, very-closely-spaced skyrmions could attract
one another and form skyrmion pairs or cluster chains®®. Sky-
rmion chains featuring various numbers of skyrmions could be
steadily driven by currents (Fig. 4b, ¢, Supplementary Fig. 11,
Supplementary Movies 10 and 11), exhibiting the same one-
dimensional motion as that observed for a single skyrmion. The
measured j-v curves are almost consistent across different sky-
rmion numbers (Supplementary Fig. 12), indicating that both
single skyrmion and skyrmion chains follow similar current-
driven dynamics. This behavior is further reproduced by micro-
magnetic simulations. The skyrmion chains with different num-
bers of skyrmions, where the inter-skyrmion interaction is
attractive at this distance, show that the current-driven motion
remains translational along the track, following the similar inertia
motion (Supplementary Fig. 13). Additionally, the corresponding
velocities are almost independent of the number of skyrmions
(Supplementary Fig. 14). These observations demonstrate that the
skyrmion-skyrmion interaction does not significantly alter the
dynamics of the skyrmion chains. These skyrmion chains are
stable and well-kept during the motion over a wide range of
current densities, hosting the potential for promising device
implementation.

In summary, our results have demonstrated the controlled
motion of single skyrmions in an ultrathin nanostripe with a high and
steady velocity, achieved by manipulating the current density and
pulse duration. The skyrmion Hall effect, which has always been con-
sidered to be detrimental for skyrmion-based devices, was effectively
eliminated in this highly confined system. Our findings address long-
standing concerns regarding skyrmion dynamics in ultrathin nanos-
tripes, highlighting the feasibility of encoding single skyrmions in
nanotracks for skyrmion-based devices, with potential extensions to
magnetic multilayers.

Methods

In situ electrical biasing and Lorentz TEM experimental setup
Lorentz magnetic imaging was carried out using a Thermo Fisher Talos
F200X TEM operated in the Lorentz mode at 200 kV. The objective
lens was switched off to provide a magnetic field-free condition. The
out-of-plane magnetic field B was pre-calibrated using a Hall effect
sensor positioned in a TEM specimen holder. In situ Lorentz TEM was
based on a Gatan holder (Model 616.6 cryotransfer holder, Gatan),
which was designed for both in situ electrical biasing and cooling
experiments, with a temperature range from 95-380 K. Current pulses
were provided by a voltage source (AVR-E3-B-PN-AC22, Avtech Elec-
trosystems Ltd.). Current-driven skyrmion dynamics was mea-
sured at 95K.

The experimental setup for in situ electrical biasing and Lorentz
TEM is shown in Supplementary Fig. 1. At the end of the holder in
Supplementary Fig. 1a, four electrical ports were designed by Gatan to
be connected to a voltage source. In order to build a circuit between
the ports and the FeGe sample, a customized electrical chip with four
Au electrodes was self-designed, as shown in Supplementary Fig. 1b.
The Au pads were connected to the ports using Cu wires, which were
manually fixed using silver colloidal paste (only two ports were used in
present experiments). The electrical TEM FeGe micro-device was fab-
ricated in the customized chip using FIB milling, as such a chip makes
the fabrication process compatible with the conventional FIB lift-out
method. A magnified image of the FeGe micro-device on the chip,
recorded using a secondary electron signal, is shown in Supplementary
Fig. 1c. The Pt electrodes are connected to the Au nanowires through
the Pt sticks, which were fabricated using the FIB workstation.

Fabrication of FeGe micro-devices

FeGe micro-devices tailored for in situ Lorentz TEM were fabricated
using an focused ion beam (FIB) SEM dual-beam system (Helios
NanoLab 600i; FEI) equipped with a GIS and an Omniprobe 200+
micromanipulator. A customized electrical chip with four Au electro-
des was self-designed to make the fabrication process compatible with
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the conventional FIB lift-out method. The FeGe membrane was first
fabricated with a length of 15 pum and a thickness of 1 um. It was further
thinned to a thickness of ~100 nm, which was the desired width of the
FeGe nanostripe. Both sides of the membrane were polished using a
small beam current, in order to reduce the surface damage as much as
possible. In this way, the edge structures of the nanostripe and their
magnetic properties could be retained. The membrane was enclosed in
deposited carbon layers and fixed to a customized electrical chip. The
carbon protection layers were first deposited on both sides of the
nanostripe using an electron beam, followed by an ion beam. These
layers were much more insulating (>MQ) compared to the metallic
FeGe nanostripe. As a result, the carbon protection layers did not
affect the current density. The overall resistance of the device was
~1000 Q, primarily due to the contact resistance between the Pt elec-
trodes and the FeGe. The left and right sides of the membrane were
connected to two Au electrodes through the deposited Pt layers. The
membrane was thinned to a thickness of -150 nm in the viewing
direction of the TEM electron beam. Details of the process are shownin
Supplementary Fig. 2.

Experimental design for FeGe nanostripe

The choice of a 100 nm width for the FeGe nanostripe was primarily
based on the width-field magnetic phase diagram for skyrmions in
confined FeGe nanostripes™. Single skyrmions or skyrmion chains were
stabilized within this specific nanostripe width range (-100 nm--140
nm). Moreover, to demonstrate an ultimate high density of skyrmions
in the radial direction of the nanostripe, a 100 nm width for the FeGe
nanostripe was chosen in our experiments. The sample thickness in our
experiments was not specifically optimized. Generally, the sample was
made electron-transparent to ensure clear Lorentz magnetic imaging
contrast. Given that the nanostripe width was very thin, the sample
could easily deform during the fabrication process if the thickness was
further reduced. This made the experiment extremely challenging.
Based on our experimental experience, we opted for a thickness of
~150 nm to prepare a high-quality FeGe nanostripe. The magnetic field
was optimized to enable a broad range of current densities for steady
skyrmion motion. As shown in Supplementary Fig. 7a, skyrmions can
be driven across a spectrum of magnetic fields. The lower critical
current density corresponds to the threshold at which the skyrmion
begins to move, while the upper critical current density is the point at
which the skyrmion is annihilated upon application of the current
pulse. Consequently, we primarily used a magnetic field of 234 mT in
our experiments. The temperature was maintained at 95K in our
experiments, as this was the lowest temperature and most stable
condition for our liquid cooling TEM holder.

Calculation of skyrmion velocities

In our experiments, we always used 15-30 current pulses to move the
skyrmion, ensuring the repeatability of our measurements. The dis-
placements of the skyrmions were measured by tracking their trajec-
tories using a Python-based customized code with a graphical user
interface (GUI). The skyrmions were driven through the nanostripe,
achieving total displacements of 3 -~ 6 um. The velocity of the skyrmion
was determined by fitting the displacement-time curve, asillustrated in
Supplementary Fig. 15. The error bars for skyrmion velocities were
calculated based on the fitting errors of the slope. When the skyrmion
motion occurred at lower current densities, it was more likely to be
pinned after a short distance of movement. In such cases, the skyrmion
was driven through several parts of the nanostripe, and multiple
velocities were determined.

By calculating the mean velocities and standard deviations under
various current densities and pulse durations (t), we can quote the
range of the optimal current density for consistent displacement. The
ratio of skyrmion velocities (v) and their standard deviations (Av) is
plotted in Supplementary Fig. 16 under various current densities and

pusle durations. The optimal current density can be identified by a
lower ratio, marked by the green box with a ratio below 5%. Specifically,
the optimal current density is approximately between 10 x 10" A/m?
and 12 x 10" A/m? at T=2 ns, between 8 x 10'° A/m? and 11 x 10" A/m? at
1=3ns, between 7x10°A/m?> and 9 x10° A/m? at T=4ns, between
6.5x10°A/m* and 9x10°A/m> at t=5ns, between 5x10"°A/m?
and 8.5x10°A/m> at 7=6ns, and between 4.5x10°A/m? and
7.5x10° A/m? at T=8ns.

Estimate of local heating effects

The local heating effects was concerned during our experiments. We
utilized COMSOL simulations to evaluate these effects. As shown in
Supplementary Fig. 17, with a current density of j=13 x10'° A/m*and a
pulse duration of 5ns, the local temperature reaches 260K,
approaching the Curie temperature of FeGe. This current density is
comparable to the critical current density of j=12.75 x 10'° A/m? in our
experiments, which is required to generate the skyrmions through
Joule heating in Supplementary Fig. 4. Our j-v curve was measured at
current densities below j =10 x 10" A/m? at the pulse duration of 5 ns.
At this level, the maximum local temperature reaches ~180 K, far below
the Curie temperature. At j=7 x10'° A/m?, the maximum temperature
increase is only ~40 K. Given the linear relationship between current
density and velocity below j=10 x 10" A/m?, we believe that the local
Joule heating effects are not significant within the reasonable range of
current densities in Fig. 2. Additionally, at higher current densities, the
signature of local heating became apparent. As shown in Movie 3 at a
current density of ~11 x10® A/m?2 and pulse duration of 5 ns, the sky-
rmion was observed to be annihilated during its motion. At an even
higher current density of ~12 x 10'® A/m2, the skyrmion was annihilated
as soon as the current was applied.

TEM characterization

High-angle annular dark-field (HAADF) STEM, high-resolution TEM,
energy-dispersive X-ray (EDX) and electron energy-loss spectroscopy
(EELS) were carried out at 300 kV using a Thermo Fisher Themis Z
microscope equipped with a field-emission electron gun, a DCOR
probe corrector, a DCOR image corrector, a super-X EDX detector and
a Gatan Continuum EELS system. EDX maps were recorded and ana-
lyzed using Velox software. High-resolution TEM images were recor-
ded to assess the quality of the nanostripe, as shown in Supplementary
Fig. 3a-c. The nanostripe had a sharp interface with the carbon pro-
tection layer. The amorphous layers on each side of the nanostripe
were observed to have a thickness of below 3 nm. Low-loss EELS was
used to measure the thickness of the FeGe nanostripe, which has a
uniform profile, as shown in Supplementary Fig. 3d, e.

Micromagnetic simulations

Micromagnetic simulations were performed using the GPU-supported
micromagnetic package MicroMagnetic.jl . The studied system is a
nanotrack with a width of 100 nm and a thickness of 150 nm. The total
micromagnetic energy is

E= /[A(Vm)2+Dm~(V><m)+u0MSH~m]dV+ /ng av,,

where A is the exchange constant, (Vm)? = (Vm,)* +(Vm,)* +(Vm,)?, D
is the bulk DMI constant, H is the external field, K is the anisotropy
strength and V, denotes the volume with impurities. In the simulation,
the parameters for FeGe were chosen as follows: saturation magneti-
zation M,=3.84x10°A/m, exchange constant A=3.25x10"2J/m2,
DMI constant D =5.83 x 10~*J/m and external field H =150 mT. The cell
size was 2 x 2 x 2 nm? and periodic boundary conditions were imposed
in the x-direction. In the presence of currents, the dynamics of mag-
netization is governed by the LLG equation with spin transfer torque.
In the simulation, Gilbert damping a=0.0167 and f=0.1336 were
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used. In order to estimate the effective spin velocity v, the local spin
polarization P=0.7 was used (Supplementary Note I). Pinning effects
induced by disorder were modeled using extra anisotropy®. The dis-
tribution of disorder was generated using Poisson disc sampling for 3D
systems, whereby random pinning sites are distributed as evenly as
possible in three dimensions. The strength of the uniaxial anisotropy at
the pinning sites was K =2x10°A/m3.

Skyrmion inertia motion was reproduced by the micromagnetic
simulations, even with the consideration of pinning effects. At a lower
current density of j=0.95 x 10'° A/m?, the skyrmion was first displaced
from its original position and then returned to its equilibrium position
after long-term strong oscillations in Supplementary Fig. 8a. This
relaxation process is caused by the static potential defined by the edge
of the nanostripe. However, owing to the strong pinning effects, the
overall skyrmion displacement is apparently zero around the critical
current density. At a higher current density of j=3.8 x10'° A/m?, the
skyrmion is effectively driven with a large displacement of ~70 nm in
Supplementary Fig. 8b. In this case, the skyrmion is still moving even
after switching off the current pulse at 5 ns, which can be understood
by the skyrmion inertia.

Data availability

The data supporting the findings of this study are available within the
article and its Supplementary Information files from the correspond-
ing author upon request.
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