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Magnetic skyrmions are promising as next-generation information units.

Their antiparticle—the antiskyrmion—has also been discovered in chiral
magnets. Here we experimentally demonstrate antiskyrmion sliding in
response to a pulsed electric current at room temperature without the
requirement of an external magnetic field. This is realized by embedding
antiskyrmions in helical stripe domains, which naturally provide
one-dimensional straight tracks along which antiskyrmion sliding can be

easily launched with low current density and without transverse deflection
fromthe antiskyrmion Hall effect. The higher mobility of the antiskyrmions
inthe background of helical stripes in contrast to the typical ferromagnetic

stateis aresult of intrinsic material parameters and elastic energy of the stripe

domain, thereby smearing out the random pinning potential, as supported
by micromagnetic simulations. The demonstration and comprehensive
understanding of antiskyrmion movement along naturally straight tracks

offers anew perspective for (anti)skyrmion application in spintronics.

Magnetic topological spin textures such as skyrmions and antisky-
rmions' ® emerge as promising candidates for information carriersin
high-density memory’, neuromorphic computingapplications' and
logic components” due to their unusual topological properties and
emergent electromagnetic phenomenon'>?, Although the stability of
both skyrmions and antiskyrmionsis predominantly determined by the
Dzyaloshinskii-Moriya interaction (DMI) in competition with other
magnetic interactions', the stringent requirements of anisotropic
DMI and four-fold rotoinversion symmetry for antiskyrmions make
the hosting magnets fairly rare*>'°, Skyrmions stabilized by DMI have
beenextensively studied in both bulk and thin-film systems, and even
their current-induced movement controlled by spin-transfer torque
(STT) or spin-orbit torque has been theoretically and experimentally

demonstrated in a ferromagnetic background””®. Theoretically,
skyrmions can alternatively be stabilized within a helical back-
ground, where they might exhibit higher mobility because of being
confined in the helical stripes but pending experimental validation®.
The antiskyrmion structure is composed of intricate chiral bound-
aries that alternates between helical (Bloch-type) and cycloidal
(Neél-type)spinpatterns>*,withatopologicalchargeof Q = +1,defined by

Q=04 fn- (Z—: X Z—';)dxdy (ref. 12). The experimental progress

onrevealing the antiskyrmion dynamic properties proceeds very slowly
despite the advantage of a wider temperature range>?..

The current-driven antiskyrmion behaviour has beentheoretically
proposed on the basis of the STT model®, similar to skyrmions, and
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Fig.1|Realization of room-temperature antiskyrmions with different
magnetization states and their straight current-driven behaviour along

the naturally helical stripes at zero field in a Mn, ,PtSn chiral magnet.

a, Schematic of the Mn, ,PtSn crystal structure with overall D,y symmetry and /,m,
symmetry along the [001] direction. b, Current-driven antiskyrmion movement
alongastraight helical stripe at zero field. ¢, Schematic of a scenario involving
antiskyrmions moving along a natural track under an electric current.

d-g, L'TEM images showing the representative different antiskyrmion states
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from the antiskyrmion lattice in a ferromagnetic background to the isolated
antiskyrmionin helical stripes while decreasing the magnetic field to zero.

h, Simulation snapshot of an antiskyrmion in the stripe domain showing the

spin configuration. i, Enlarged under-focus Fresnel L-TEM image of the zero-field
antiskyrmion in the helical stripe.j,k, Corresponding real-space magnetic

phase (j) and spin configuration (k) deduced from the TIE. The arrows and colour
scale indicate the direction and magnitude of the in-plane magnetization.

Scale bar,100 nm.

the electric-current-induced Magnus force often results in undesired
lateral deflection and eventual annihilation at the sample edges, which
is known as the skyrmion Hall effect**?**. However, the experimental
demonstration of antiskyrmion motion has not been achieved yet. This
couldbe dueto the specific broken rotational symmetry and emergent
quadrupolar moment of magnetostatic charge*? in antiskyrmions, giv-
ing risetointricate antiskyrmioninteractions and unknown obstacles
within the typical ferromagnetic background phase®*?. Therefore, to
advance both fundamental research and application, it is essential
to experimentally demonstrate the movement of antiskyrmions via
electric current to address the critical gap in current literature.

In this study, we successfully demonstrate the current-driven
dynamics of antiskyrmions in a Mn, ,PtSn chiral magnet at room tem-
perature and without any magnetic field using dedicated Lorentz
transmission electron microscopy (L-TEM). In contrast to the common
manipulation of topological skyrmions in the ferromagnetic back-
ground, which hinders the motion of antiskyrmions, we experimentally
confine antiskyrmions within strong-correlated helical stripe channels,
along which antiskyrmion sliding is launched under a low current
density. Furthermore, the specific DMI-vector-determined spin spiral
domains with D,; symmetry provide naturally straight channels to

confine the antiskyrmion movement without deflection. The higher
mobility of the antiskyrmions in helical stripe domains in contrast
to a typical ferromagnetic background is well understood via micro-
magnetic simulations and collective pinning theory, which could be
applicable to other topological spin textures.

Realization of zero-field antiskyrmion sliding in
stripe domains

The existence of antiskyrmions in single-crystal Mn, ,PtSn>* is deter-
mined by its acentric tetragonal space group /,m, with D,y symmetry
(Fig. 1a shows the schematic), which allows for the anisotropic DMI
vector fields with opposite signsinthe xandydirections. Here the DMI

energy can be written as Epy; = Dd Jff (J_rLﬁ,’f - Lg{) )dxdy ,where Dis

the DMl strength, dis the film thickness and Lg(’) = nz% —n, %% and

a
LJ(,’;) =n, % - nzaaij represent Lifshitz invariants with the unit vjé:ctor
n=(n,, n, n,) for the magnetization direction. The anisotropic DMI
results in the ground state of naturally straight stripe domains with
screw spin modulation at zero field, where the helical propagation
wavevectors are fixed along the [010] and [100] directions
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Fig.2|Room-temperature antiskyrmion sliding along the straight stripe
domain at a current density ofj, =4.3 x10° Am™ but with two opposite
directions at zero field. a, L.TEM images showing the trajectory of antiskyrmion
along thex axis under a series of positive electric current pulses. Scale bar,

200 nm. b, Opposite antiskyrmion movement when the pulse currentis reversed
to the opposite direction. The arrows mark the antiskyrmion position relative to
theinitial position with dotted lines. The consistent directions for electric

current and antiskyrmion trajectory are indicated on the corresponding images.
¢, Dependence of the averaged velocities of the antiskyrmion on the current
density, with linear fitting to the standard depinning theory, namely, v = \/j. —jc.
The error bars represent the standard deviation based on 30 measurements.

d, Dependence of critical current density j. on the pulse width when driving the
antiskyrmion movement along the helical stripe.

(Supplementary Fig.1)>%. The antiskyrmions maintain good thermal
stability up to the Curie temperature of nearly 400 K, which gives the
advantage of antiskyrmion manipulation near room temperature.

We fabricate a thin Mn, ,PtSn microdevice with Pt electrodes on
both sides of the sample by using a focused-ion beam (Methods and
Supplementary Fig.2). We then focus on the L-TEM imaging of asingle
antiskyrmion along a straight stripe domainin the presence of electric
current pulses, where the experimental evidence of the antiskyrmion
slidingmovementis observed ata current density of j, = 4.3 x 10° Am™
at zero magnetic field (Fig. 1b). The schematic of a scenario involving
antiskyrmions moving along a natural track (Fig. 1c) illustrates that
these topological structures could be used as information carriers
in devices similar to racetrack memory. The spin spiral period and
corresponding antiskyrmion diameter are measured to be approxi-
mately 140 nm. The antiskyrmion is embedded into a stripe domain,
whichenables strong magnetization correlation asacomposite object.
Following the movement of the antiskyrmion, the stripe domain behind
(ahead) the antiskyrmion accordingly stretches (shrinks) through local
magnetizationrotation. The critical contribution of the stripe domain
towards initiating antiskyrmion movement is demonstrated by com-
paring with the common ferromagnetic background. Antiskyrmions
in the typical ferromagnetic background at a magnetic field of about
390 mT (Fig.1d) are extremely difficult to move even at a higher electric
current density of j. = 4.0 x 10'° A m (Supplementary Fig. 3).

We have developed areliable and reproducible experimental pro-
tocol to create a single antiskyrmion in the helical phase at zero field.
By decreasing the magnetic field, anisolated antiskyrmionand meron
pair within the stripe domains could be obtained while going through

the phase transition fromthe antiskyrmionlattice to the helical phase
(Fig. 1d-g) (Supplementary Fig. 4 provides further details). Further
investigation of the antiskyrmion nucleation at a specific location of
the stripe in a suitable thin film could enhance the compatibility of
using antiskyrmions asinformationbitsin spintronics. By analysing the
L-TEMimages (Supplementary Fig.5) atunder-focused Fresnel modes
(Az=250 pm) (Fig. 1i) and using the transport-of-intensity equation
(TIE) method™ to visualize the in-plane magnetization distribution
of magnetic phase (Fig. 1j) and corresponding spin texture (Fig. 1k),
the spin configuration of the antiskyrmion is identified, consistent
with previous studies***. The simulated L-TEM images and magnetic
phase (Supplementary Fig. 6) further confirm the antiskyrmion spin
configuration.

To better understand the experimental results, we perform a
series of simulations with the periodic (open) boundary condition
along the x (y) direction by using the parameters extracted from the
magnetic property measurements (Supplementary Fig. 7). The spin
configurationof anantiskyrmionin the helical stripe domain (Fig. 1h) is
consistent with the experimental image (Fig. 1k) and the current-driven
antiskyrmion movement within the helical stripe is reproduced in
simulations (Fig. 1b). It is worth noting that the strongly correlated
spinsystem canbetreated asacontinuum-ordered spiral mediumwith
localized spindislocation onboth sides of the antiskyrmion, analogous
todislocation defects®>*in crystalline materials or cholesteric liquid
crystals®**. The unique features of driving (anti)skyrmionsin the helical
stripes including straight movement without deflection under a low
current density and good stability in a wide temperature range and zero
field are beneficial to spintronic applications (Supplementary NoteI).
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Fig.3| Collective sliding of antiskyrmion and antiskyrmion dimer

(Q=2) along astraight stripe in Mn, ,PtSn thin plate at zero field and room
temperature. a, L.TEM images for the position change of antiskyrmion dimer
(Q=2)along the parallel stripes after sequentially applying electric pulses
atacurrent density of j, = 3.9 x10° Am Scale bar, 200 nm. b, Enlarged spin
configuration near the antiskyrmion demonstrates the precession of localized
magnetic moments along the x-helical axis. Fy, represents the Magnus force
associated with the antiskyrmion Hall effect, and F represents the repulsive
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interaction force. ¢, Micromagnetic simulations of single antiskyrmion dynamics
atthe nanosecond scale. The antiskyrmion position is marked with a yellow
triangle. The colour scale shows the out-of-plane magnetization component
along the zdirection. d, Simulated critical driving electron velocity v as
afunction of §/a for antiskyrmion depinning in the respective helical and
ferromagnetic backgrounds with animpurity concentration of n = 0.12%. HB and
FB represent the antiskyrmionsin the helical and ferromagnetic background,
respectively.

We then focus on the magnetization dynamics after the electric
current pulseis applied parallel to the stripe domain in ananodevice.
It is shown that a critical pulsed current density is needed
(j. > 3.6 x10° Am™forafixed pulse width (r) of 1 ps) to launch the con-
tinuous movement of the antiskyrmion after overcoming the inherent
pinning effect. The representative snapshots of enlarged antiskyrmion
movement (Fig. 2a,b) are extracted from Supplementary Fig. 8. The
dependence of antiskyrmion position on the number of current pulses
demonstrates the controllable movement along the spiral track without
any apparent lateral movement, successfully avoiding the antiskyrmion
Hall effect® (Supplementary Video1). The direction reversal of antiskyr-
mion movement onreversing the current (Fig. 2b and Supplementary
Video 2) manifests the dominant contribution of current-induced STT.
The average velocity v is calculated to be about 0.1 ms™ at a current
density ofj, = 4.3 x10° A m by measuring the position of the antiskyr-
mion versus pulse period. The summarized relationship between the
antiskyrmion velocity and current density (Fig. 2c) follows the standard
depinning theory as v ~ v/j, —J. (ref.37). We estimate the mobility of
the antiskyrmion by the derivative (;—_”) in the linear segment of

Fig. 2c, where it undergoes a steady motion, and the mobility of about
4.3x10™"m?(As)is obtained by applying a linear fit. The mobility of
antiskyrmions is comparable with that of skyrmions in chiral
magnets® *°. Thecritical current density/, is defined forinitial depinning
when anantiskyrmionstarts to move and the dependence on pulse width
is shown in Fig. 2d on the basis of the L-TEM observation.
For antiskyrmion-driven movement, the current density ranges from

3.6108.0 (x10° A m™) for a pulse width of 1 pus, which is comparable and
even lower than the skyrmion movement in Ta/CoFeB/TaO, films**,
chiral FeGe* and Co-Zn-Mn magnets*’. We show that antiskyrmions
merge into stripe domains and disappear when the current density
exceedsacertainthreshold (Supplementary Fig. 9) and that longer pulse
widths reduce the current density due to the assisted Joule heating
effect”. By applying shorter pulse widths, we canachieve higher current
densities and drive the antiskyrmions at faster speeds (Supplementary
Fig.10). The experimental demonstration of current-driven antiskyrmi-
onsalongthestraightstripe track opens up new possibilities for manipu-
lating the position and speed of these topological spin textures.

Mechanism of antiskyrmion sliding in stripe
domains

It is noteworthy that the antiskyrmion-dimer-bound (Q = 2) states
or even multimer-bound states consistently demonstrate collective
movement under an electric current due to the mutual interaction
with the helical phase (Fig.3a and Supplementary Fig. 11). According to
the numerical simulations, we emphasize the contribution of STT”"?
on launching the antiskyrmion movement. The dynamic evolution of
magnetization at the nanosecond scale clearly shows the precession
of localized magnetic moments on both sides of the antiskyrmion
along the x axis (Fig. 3b) induced by a field-like out-of-plane torque,
eventually leading to antiskyrmion sliding. The spin dynamics under
the currentdrive canbeintuitively understood in analogy with the dis-
ruption of atomic bonding near the dislocation line, where the Peierls
stress is greatly lowered because of local dislocation gliding*. Thus,
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Fig. 4| Current-driven behaviour of room-temperature meron pair along a
helical stripe at zero field in Mn, ,PtSn chiral magnet. a-d, Identification of the
meron pair with atopological charge of Q =1/2 for each meron in the under-focus
L-TEM image, magnetic-phase image, spin texture of the meron pair from the TIE
analysis and the spin configuration obtained from micromagnetic simulation.
The topological charge of a single meron (Q =1/2) isindicated by the solid red line
box. e, L-TEMimages of ameron pair showing position change at a pulsed current
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6.8 x10° A m™. Scale bar,100 nm. f, Micromagnetic simulations

density of j, =
of the movement of ameron pair initiated by electric current at the nanosecond
scale. The yellow triangle marks the position change of the meron pair.

g, Dependence of the averaged velocity of meron pairs on the current density
with linear fit to the standard depinning theory. The error bars represent the
standard deviation based on 30 times measurements.

this antiskyrmion sliding via local magnetization variation could be
akin to the dislocation gliding process”>’.

Tobetter understand the low pinning current for an antiskyrmion
embeddedinastripe domain, we consider two dominant factors. First,
the confinement of antiskyrmions by stripe domains can effectively
increase the driving force by following different dynamic velocity
equationsintherespective helical and ferromagnetic background, as
demonstrated via micromagnetic simulations. By assuming a rigid
topological spinstructure asaquasiparticle, we describe STT-induced
antiskyrmion dynamics based on the Thiele equation: G x (v - v@) +

D(BVY - av®) + F, =0 (refs. 12,13), where v@ = (u(d),u(d)) is the

antiskyrmion movement velocity and v&® = gP”B j bjisthevelocity

of driving electrons, representing the actlon ofthe spin-polarized
current (Supplementary Note II). The first gyrotropic term describes
the Magnus force and leads to a dominant antiskyrmion Hall effect
because both Gilbert damping a and non-adiabatic STT 8 are much
smaller than 1. The current-induced lateral Magnus force deflects the
antiskyrmion and nearby helical stripes in the upward direction and
the corresponding repulsion from the edge of the straight stripe
decreases the overall transverse displacement of the antiskyrmion
(Fig. 3b,c), ultimately confining the antiskyrmion sliding along the
straight stripe domain (Supplementary Fig.12). When the confinement
forceF, fromthe edgerestriction of the helical stripes totally balances
the topological gyrotropic term, the velocity of the antiskyrmion
sliding along the helical track can be written as v = gu(s) (refs.7,23).

Thisis clearly distinguished from the antiskyrmionsin aferromagnetic
background, where the longitudinal and lateral velocities of

2 2
the antiskyrmions follow different formulas: v'® = wu“’ and

oD _ (a=p)bG

v = zu(‘) respectively (Supplementary Note II).

Second, on the basis of collective pinning theory, the larger scale
of the rigid composite object could easily smear out the random pin-
ning potential. The pinning effect is added by introducing easy-axis
magnetic anisotropy in the system at a certainimpurity concentration
(Supplementary Note lll). Therefore, a threshold current density is
required to depin the antiskyrmion away from the local pinning poten-
tial. It is demonstrated that the critical electric current for antiskyr-
mion depinning from a helical stripe is much smaller than that from
the ferromagnetic background at the same impurity concentration,
thatis, n=0.12% (Fig. 3d), especially at higher /a values, where the
Gilbert damping a is fixed at a typical value of 0.05 for ferromagnetic
metals and the non-adiabatic coefficient 8 value varies from 0.05 to
0.65. The dependence of critical driving electron velocity v on the
increased B/a value for helical stripe (HB) and ferromagnetic back-
ground (FB) (Fig. 3d) corresponds well with the above dynamic formula
equations. Moreover, the rigid composite object of an antiskyrmion
embeddedinastripe domain decreases the pinning potential by aver-
aging over the disorder potential*® (Supplementary Note III). How-
ever, for a single antiskyrmion in the ferromagnetic background, the
antiskyrmion can be individually pinned by the defect and thus the
pinning is strong. The simulation results are consistent with the prior
theoretical expectation that helical stripes create natural lanes for fast
skyrmion motion®.

Meronsliding in stripe domains at zero field

Thetopological spin texture of the meron pair with half-integer topo-
logical charge*** is further identified by under-focus L-TEM images
(Supplementary Fig.13). The obvious position shift of the meron pair
along the straight track (Supplementary Video 3) under an electric
current density of 6.8 x 10° Am™ (Fig. 4¢) at zero field and room tem-
perature verifies the effectiveness of the topological texture sliding

Nature Materials


http://www.nature.com/naturematerials

Article

https://doi.org/10.1038/s41563-024-01870-8

mechanism. Under aseries of current pulses, the topology of the meron
pair remains intact with only localized magnetization rotating to the
appropriate direction, which is further confirmed by a correspond-
ing micromagnetic simulation (Fig. 4f). Interestingly, the dynamic
simulations also reveal negligible lateral deflection due to the balance
between the skyrmion Hall effect*® and the repulsion from the helical
stripe boundary, similar to the above analysis for antiskyrmions. The
relationship between current density and meron velocity (Fig. 4g)
indicates aslightly lower velocity at agiven electric current and higher
depinning current density compared with those of the antiskyrmion.
This difference in velocity and threshold current can be attributed to
the topological differences between the antiskyrmion and meron pair®.

Conclusion

Inthis study, we have experimentally demonstrated the current-driven
dynamics of antiskyrmions in a Mn, ,PtSn chiral magnet at room tem-
perature, without the need for an external magnetic field. By confining
antiskyrmions within helical stripe domains as acomposite object, we
have successfully launched and controlled their sliding movement
along one-dimensional tracks with low current density, overcoming
the challenges from pinning and lateral deflection for antiskyrmions
in a typical ferromagnetic background. The dominant factors for the
higher mobility of antiskyrmions embedded in helical stripes are dis-
cussed, manifesting the contribution of increased driving force and
averaged pinning potential as unravelled by micromagnetic simulation
and the collective pinning theory. We further show that our method
canbeapplied to the sliding motion of meronsin stripe domains. Our
findings provide a clear demonstration and comprehensive under-
standing of antiskyrmion gliding along straight stripe tracks under a
low current density.
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Methods

Preparation of Mn, ,PtSn single crystals

Mn, ,PtSnsingle crystals were grown using the flux growth method with
Snas the flux>*%, Highly purified Mn (99.999%) and Pt (99.999%) metals
ina3:1 M (molar) ratio with a total weight of 0.75 g plus approximately
10.00 g Sn were loaded into an alumina crucible. Subsequently, the
alumina crucible was sealed in a quartz tube at 0.2 bar argon pres-
sure and then heated in a box furnace for 24 h at 1,323 K to achieve a
homogeneous composition. After that, it was rapidly cooled to 923 K
and then slowly cooled to and maintained at 723 K for 48 h for better
crystallization before removing the extra flux by centrifugation.

Fabrication of Mn, ,PtSn microdevices

A Mn,,PtSn thin plate with a thickness of approximately 150 nm for
real-space L-TEM observation was fabricated on an electric chip by
using thelift-out method in afocused-ion-beam microscope (ZEISS 550
focused-ionbeam) where agasinjection systemand a micromanipula-
tor (MM3A, Kleindiek) areincluded. The two ends of the thin plate with
Ptelectrodes are connected to a voltage source and the orientation of
the Mn, ,PtSn thin plate was identified via a selected-area diffraction
pattern. Supplementary Fig. 2 shows further details regarding the setup
of in situ electric Mn, ,PtSn microdevices for transmission electron
microscopy manipulation.

Magnetic-domainimaging and manipulationin L-TEM

The real-space magnetic-domain imaging was carried out using the
Lorentz Fresnel method in a dedicated JEOL L-TEM instrument
(JEOL2100F) operated at 200 kV. The observed magnetic-domain
contrast can be qualitatively understood on the basis of the interaction
of the electron beam with thein-plane magnetization, introducing the
Lorentzforceto deflect the high-voltage electrons as they pass through
the magnetic sample. Magnetic-domainwall contrastisimaged at the
respective defocus and over-focus states by a charge-coupled device
camera. Subsequently, the magnetic-phase images are extracted and
high-resolution in-plane magnetization maps are obtained via a TIE
analysis®® (main text and Supplementary Figs. 5 and 13). Antiskyrmion
manipulation as aresponse of the electric current is performed using
adouble-tilt electric transmission electron microscopy holder (DENS-
solutions) with a d.c. pulsed electric current provided via a source
instrument (Keithley 2601B).

Characterization of magnetization textures

L-TEM represents a powerful tool for elucidating the magnetization
configurations in magnetic samples. This capability arises from the
inherentinteractionbetweenincident electrons and the in-plane mag-
netization of the specimen. Consequently, when examining thein-plane
magnetization intensity distribution in the defocused L-TEM image,
the convergence (divergence) of the electron beam results in the mani-
festation of contrasting features. Specifically, bright (dark) contrast
becomes evident in the image, depending on the defocus condition.
This contrast polarity inversely varies between the under-focused
and over-focused L-TEM images when maintained at the same defocus
setting. The analysis of the magnetized texture is based on the TIE*":

ol(x,y,
ZTT[ (Xaj 28 =V (X, 3, 2)Vyy P(X, Y, 2)), M
Vi B(x,,2) = _%(M X n)t. 2)

The first equation elucidates the connection between the inten-
sity denoted as /(x, y, z) and the phase represented as @(x, y, z), with A
denoting the spectrally weighted mean wavelength of the illumina-
tion. The TIE analysis was conducted on the basis of three recorded
Lorentz Fresnel images in the under-focus, in-focus and over-focus
conditions. Image alignment was manually conducted first to correct

the image rotation and change in magnification at a variable defocus
value. QPtsoftware was used toretrieve the phase images. By using the
second equation, the projected in-plane magnetization distribution
was obtained by calculating the gradient of the phase. Also, nis the
unit vector along the beam direction, M is the magnetization vector
and tis the sample thickness.

Micromagnetic simulations

We incorporated anisotropic DMI and improved the numerical pre-
cision to personalize the code on the basis of the well-established
GPU-accelerated programme MuMax™. The energy functional is given by

E= f (€ex + €dmi + €a + €zeeman + Edem)dF, 3)
Vs

where the exchange interaction is &, = A.((0,m)’ + (3,m)* + (3,m)?),
om,
ox
), uniaxial anisotropy energy is £, = -K,(u-m)? Zeeman

anisotropic DMI interaction energy is ggm; = dei(mz% —my
om,
dy
energy is £zeeman = ~MHe-m with the external magnetic field H,,, and
demagnetizationenergyiseq = —éMSHd - mwith demagnetization field

H,. Also, m=m(r) is a unit-vector field defining the direction of mag-
netizationM = m(r)M,. Furthermore, A.,, D4, K,and M are the exchange
interaction, anisotropic DMlinteraction, uniaxial anisotropy and satura-
tionmagnetization, respectively. The anisotropic DMl originates from
the D,y symmetry of the tetragonal Heusler crystals. The simulation is
conducted on the basis of the experimentally measured uniaxial ani-
sotropy K, =125 k) mand saturation magnetization M, = 637 kA mat
T=300K (SupplementaryFig.7). The uniaxial anisotropy K| is extracted
from the area between the M-H curves along the [001] and [100]
directions according to the formula K, = f’(‘fs [Hioorj(M) — Hpoo)(M)]dM.
It should be mentioned that the parameters for exchange interaction,
namely, A,, = 83 p) m'and anisotropic DMID,,,;= 8.7 m) m %, are slightly
adjusted from a similar simulation’ to ensure the stabilization of the
antiskyrmion, which are not limited to one specific material. The system
size for the simulationis set tobe 1.5 pm x 0.5 pm x 0.1 um and discre-
tized into a300 x 100 x 20 cube with the periodic (open)-boundary
condition along the x (y) direction. The antiskyrmion is initially posi-
tioned at the centre of the track. A direct energy minimization solver
(‘minimization’) based on the conjugate gradient method is used to
stabilize the spin textures. The current-driven magnetization dynamics
are studied within the extended Landau-Lifshitz-Gilbert equation by
including both adiabatic and non-adiabatic STTs (Zhang-Li model)”"*!
(Supplementary Note I).

-m, 2 4 m,
dy

Simulation of magnetic-phase shift
Theinteractionofincidentelectrons with the in-plane magnetization of
the magnetic sample introduces the magnetic-phase variation, which
can be calculated using

+00

Pxy) = % / A, (x.y,2)dz. )

-0

In this expression, A,(x, y, z) represents the zcomponent of the
magnetic-vector potential, where z is aligned with the direction of
theincident electron beam; e denotes the elementary unit of charge;
and hisPlanck’s constant. The spin configurations were derived from
micromagnetic simulations. Thereafter, the magnetic-phase images
were computed using a self-customized Python code.

Simulation of L.TEM images
The wave function of the electron beam, under the phase-object
approximation, is expressed by

WO(X)y) & eXp(i(P(va))) (5)
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where @(x, y) represents the magnetic-phase shift. At the Fresnel L.TEM
mode, the wave function of the electron beam at the detector plane
isgiven by

Up(%,y) /f dx’dy’ o (6 K(x —x',y = y"). ()

Here the kernel K(&, ) function follows K(&, 1) = exp(%(é‘2 +n?)),

where A represents the relativistic electron wavelength, defined as
A= —" _ Inthis equation, U is the accelerating voltage

\ (eU)2 +2eUm,c?
constant, m.is the electron rest mass, Azis the defocus step and cis the
speed of light. Here the parameters with an acceleration voltage U of
200 kV, sample thickness t of 100 nm and defocus step Az of +250 pm
are used in the simulation. All the aberrations of the microscope are
setto zero. Theintensity of the L.TEM image is determined by perform-
inganinverse Fourier transform as

166,) & [Wa, (X, @

Consequently, the L'TEMimages for magnetic domains are accord-
ingly simulated (Supplementary Fig. 6).

Data availability

Thedatathatsupportthe findings of this study are available within the
Articleand its Supplementary Information. Any other relevant dataare
available from the corresponding authors upon reasonable request.
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