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Current-induced dynamics of isolated antiferromagnetic antiskyrmion and antiskyrmionium
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Topologically stable spin structures known as magnetic antiskyrmions spontaneously emerge in magnets
with broken in-plane rotation symmetry when current is injected. While many studies have focused on their
behaviors in ferromagnetic (FM) materials, limited attention has been paid to antiskyrmions in their antiferro-
magnetic (AFM) counterparts. In spintronic applications, the Magnus force of an AFM antiskyrmion cancels
out completely due to its comparable but opposite sign spin pattern on the A and B sublattices in the AFM
bipartite system, while an FM antiskyrmion exhibits transverse motion when driven by the currents, causing
limitations to antiskyrmion motion velocity and information loss when the antiskyrmion is annihilated at
the edges of racetracks. Here, we report the nucleation and dynamics of an isolated AFM antiskyrmion and
antiskyrmionium induced by current analytically and numerically. We demonstrate how AFM antiskyrmions
and antiskyrmioniums are stabilized and manipulated with the same velocity by spin transfer torques and with
different velocities by spin-orbit torques. Under suitable conditions, the AFM antiskyrmion and antiskyrmionium
can be driven at velocities as high as 6 km/s without the skyrmion Hall effect, far greater than their ferromagnetic
counterparts. Furthermore, the critical driving current density of the AFM antiskyrmion (antiskyrmionium) is
much larger than that of the FM antiskyrmion (antiskyrmionium). Our results contribute to the development of
antiferromagnetic antiskyrmions and antiskyrmioniums by shedding light on their stabilization and dynamics.
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I. INTRODUCTION

Magnetic skyrmions and antiskyrmions are topologically
protected spin-whirling structures that have been the sub-
ject of intense research due to their emerging properties
and prospective spintronics applications as nonvolatile infor-
mation carrier candidates [1-9]. They are usually stabilized
by the Dzyaloshinskii-Moriya interaction (DMI) [10,11],
resulting from the spin-orbit interaction and broken structure-
inversion symmetry. Magnetic skyrmions have been inves-
tigated theoretically [1-5] and experimentally [12-16] in
isotropic systems with the same sign (D, = D, ) for the DMI,
where D, and D, are DMI strengths along two perpendicular
directions. However, magnetic antiskyrmions, which differ
from isotropic chiral skyrmions, exist in anisotropic materials
with opposite DMI signs (D, = —D,) [17-30]. Magnetic an-
tiskyrmions offer some advantages over magnetic skyrmions
because they can be driven without the Hall-like motion at a
critical current direction [17] and offer increased stability due
to dipolar interactions [18]. Furthermore, recent experiments
have shown that metastable antiskyrmions can be transformed
into skyrmions or nontopological bubbles by tuning the mag-
nitude and direction of the external magnetic field [19,20].
Antiskyrmions have negative topological charges and can be
seen as the antimatter of skyrmions. Therefore, studying these
structures is both interesting and important for advancing our
understanding of topological spin structures.

*zhouyan @cuhk.edu.cn

2469-9950/2023/107(17)/174409(10)

174409-1

Magnetic antiskyrmions are experimentally observed in
tetragonal Heusler materials with D,, crystal symmetry above
room temperature [20-22] and Fe; 9Nig oPdj P magnets with
Sy symmetry [19,23,24]. They are also theoretically investi-
gated in thin-film systems [17,18,31] and frustrated systems
[32-35]. The creation of the ferromagnetic (FM) antiskyrmion
[36-39], stabilization in the presence of anisotropic DMI
[17,28,30,40], and dynamics induced by the current [17],
magnetic field [41], and microwave electric field [42] have
been explored. However, the dynamics of FM antiskyrmions
exhibits the same drawbacks as the FM skyrmions, namely,
the skyrmion Hall effect [14,17,43], which may lead to infor-
mation loss in spintronic applications. One approach to get
around it is to create a ferromagnetically coupled skyrmion-
antiskyrmion bilayer using currents [9,17,44], which could
lead to a vanishing total Magnus force since the skyrmion has
topological charge O = +1 and the antiskyrmion has topolog-
ical charge Q = —1. Additionally, simulations show that the
FM antiskyrmionium, which is composed of two coaxial anti-
skyrmions with opposite topological charges, has no skyrmion
Hall effect [45].

Another effective way, inspired by the concepts of antifer-
romagnetic (AFM) skyrmions [46—48] and bilayer skyrmions
[49] via antiferromagnetic coupling, is to host the anti-
skyrmions in antiferromagnets. In an AFM system with a
bipartite lattice, the topological charges in the two sublat-
tices cancel out, thus making the spin textures free from the
skyrmion Hall effect [50-54]. Previous reports indicate that
the AFM antiskyrmions may exist in tetragonal antiferromag-
nets like Ba,CuGe, 07 [55-57] of the class D,; and K;V30g
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FIG. 1. Structures of an AFM (a) antiskyrmion and (b) anti-
skyrmionium in real space. The arrows indicate the spin vectors. The
zoomed-in Néel vector components n, of the (c) antiskyrmion and
(d) antiskyrmionium.

[55,58] of the class Cy,,. Simultaneously, hybrid Monte Carlo
simulations demonstrate that the FM skyrmions and the FM
antiskyrmions can be converted into their AFM counterparts
via interface engineering at the interface between an AFM
insulator and a spin-orbit coupled metal [59]. Although mag-
netic antiskyrmions in FM systems have received a lot of
attention, there is still much to learn about their counterparts
in AFM materials [55,59], which is also important for devel-
oping spintronic applications.

In this work, we focus on the creation, stabilization, and
current-driven dynamics of AFM antiskyrmions [Fig. 1(a)]
and antiskyrmioniums [Fig. 1(b)]. We propose a method
for creating an AFM antiskyrmion and an antiskyrmionium
in a designed geometry using the spin current and analyze
their dynamics analytically and numerically. We find that
the AFM antiskyrmion and the AFM antiskyrmionium have
the same velocities when driven by spin transfer torques,
but their steady motion velocities differ when driven by
spin-orbit torques. Unlike the FM antiskyrmion, the AFM
antiskyrmion moves along the racetrack without transverse
motion. When the applied current is strong, the AFM anti-
skyrmionium is stabler and difficult to deform compared to the
FM antiskyrmionium. Furthermore, we study the dynamics
of antiferromagnetically coupled bilayer antiskyrmions driven
by current, where the Magnus force in the bilayer can be
canceled.

II. MODEL AND SIMULATION

We consider a G-type AFM film with anisotropic DMI
and perpendicular magnetic anisotropy. From the classical
Heisenberg Hamiltonian, the energy of the AFM system E
can be written in the following continuous form [46,60]:

Ao, A 2
E = dVEm —i—z[(Vn) + d,n - d,n]

K 2
—|—Lm~(3xn+8yn)+5(1 —nZ) + wp, (1)

where A, A, L, and K are the homogeneous exchange constant,
inhomogeneous exchange constant, parity-breaking constant,
and magnetic anisotropy constant, respectively [60]. The ef-
fect of the dipolar interactions is negligible in AFM systems in
general because the spin is antiparallel. The staggered magne-
tization or the Néel vector [60,61] and the total magnetization
are defined as

n= (s, )12,

where s;; is the unit magnetic moment with sublattice
parameters T = A, B and sublattice site (i, j). For the antifer-
romagnets under consideration, the Lifshitz invariants quartic
in the components of n have the following formats [55]:

m = (sh; +s0,)/2 @

class Dy : wp = Dy(n;0cny — n,0.n;)
+ Dy (n;0,n, — n,0yn;), (3a)
class G,y : wp = Dy (n 00, — ny0yn;)

+Dy(n.0yn, —nydyn;). (3

Class Dy, is employed to stabilize the Bloch-type anti-
skyrmion and antiskyrmionium, while class C,, stabilizes the
Néel-type antiskyrmion and antiskyrmionium. Here, we adopt
the C,, symmetry class, stabilizing the structures and typi-
cal AFM parameters for simulations with modified MUMAX3
software including the negative exchange constant [50,53]
and the anisotropic DMI [62]: the saturation magnetization
M, = 3.76 x 10> Am~!, the exchange stiffness A = —6.59 x
1072 Jm™!, the PMA constant K = 0.6 x 10° Jm™3, and
the Gilbert damping constant @ = 0.1. The lattice constant is
0.5 nm.

For the spin dynamics driven by spin torques, the Néel
vector n and the total magnetization m obey the following
coupled equations [61]:

n = (yf, —oam) x n 4+ T, sor + Tp sTT, (4a)
m = (yf, —an) x n+ Ty + Ty sor + Tmstr,  (4b)

where y and « are the gyromagnetic ratio and damping con-
stant. In the derivation process, we disregard all nonlinear
terms that are contained in Ty [61]. f,, = —6E /(uoMgdm)
and f, = —8E /(uoMsdn) are the effective fields. T, sor =
yHm x p xn and Ty, sor = yHyn x p x n are damping-
like spin-orbit torques (SOTs), where we assume that the
polarization p = —é,, which is determined by the spin Hall
effect in the substrate, and H; = jhfsy/(2uoeMstz), with h
being the reduced Planck constant, 6sy being the spin Hall
angle, uo being the vacuum permeability constant, e being
the elementary charge, and 7, being the AFM layer thickness.
Ty str = yn(J - V)n and Ty, str = yB(J - V)n x n are spin
transfer torques (STTs) with current density j. The current
is applied along the x axis to drive the AFM antiskyrmion
and antiskyrmionium. The adiabatic parameter n = /& and
nonadiabatic parameter 8 = ugP& /[ey Ms(1 + £2)], with po-
larization P = 0.4 and £ = 0.2, are adopted in the following
simulations.
Substituting
A

f,=— m —
" I’LOMS

@+ am 5)
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into Eq. (4a), where only the leading terms are kept, the net
magnetization m is obtained as

M; . L M
Mo nxn— —(dn+dyn)— 2o
YA A :

f, xn. (6)

The last damping term can be ignored because it is weak [61].
Combining Egs. (6) and (4b), we find

PLOMY .. L. . & 5
nxn——dn=yf xn—anxn
YA A
+yHnxpxn+yBjon xn,
)
where
* K

f*=—— (@0 + 0,y,)n + ——n.e

" /JLOMS( * y)) + /JLOMan ‘
+ [0ynzex + aynzey — (3 + ayny)ez]v (8)

Ho
withA* =A/2 and D, = —D, = D.
Using the scalar product in Eq. (7) with puoM,9;n and
integrating over the space, the Thiele equation [46,60,63,64]
is written as

a-Mer = F, + Fsor + Fstr, 9

where a is the acceleration and Mg is the effective mass,
which is defined as /,LOMZZZD/)/2)» [46,61]. The first term on
the right side is the dissipative force,

F, = —apuoMit,v - D/]/, (10)

where the dissipative tensor D is given by D = (ZW j ) with

dij = 68;;d = fdxdy(a n - d;n). The second term is the force
induced by the SOT,

Fsor = —uoH Mt (ue, + uyey)a 11

with u; =
force,

[ dxdy[(n x p) - 9n]. The third term is the STT

Fstr = —uoM,t.Bjde,. (12)

The components of the dissipation tensor D and the vec-
tor u are determined by the spin configurations described
by n = [sin6(r) cos ¢(¢), sinO(r) sin ¢p(¢), cos O(r)] in polar
coordinates (7, ¢), as shown in the Appendix.

For the steady motion of an AFM antiskyrmion (anti-
skyrmionium), the acceleration equals zero, and the steady
motion speed is given by the following matrix:

v\ _ vHi () | vBi (e,
()= ()2 G) o

The first term on the right-hand side corresponds to the ve-
locity induced by the SOTs, while the second term on the
right-hand side corresponds to the velocity induced by the
STTs. A detailed derivation is shown in the Appendix.

III. CREATION OF AN AFM ANTISKYRMION
AND ANTISKYRMIONIUM

We discuss a method to nucleate an AFM antiskyrmion
and antiskyrmionium in a thin magnetic film. Such a process

necessarily involves overcoming the topological barrier. Mo-
tivated by the creation of an FM antiskyrmionium [45], we
performed micromagnetic simulations on the designed ge-
ometry depicted in Fig. 2(a), which consisted of a magnetic
film (300 x 300 x 0.5 nm?) with four adjacent circles (radius
17 nm) for the injection of a vertical current with the spin
polarized along the —z direction and a polarization rate of 0.4.
The system was relaxed after the application of the spin cur-
rent pulse, which was applied for 30 ps. The current injection
area is designed in this way because it can confine the flipping
of the spins, and the spins at the boundary of the area can be
connected together to form magnetic domains.

The spins are flipped in the confined circles after the ap-
plication of spin current, which results in domain walls. For
nucleation of the AFM antiskyrmion, the current pulse is
1 x 10" Am™2, and the distance [ between the centers of any
two nonadjacent circles is 40 nm. After the spin current is
applied, the outer domain walls get connected to each other
in the specially designed intersect circles [Fig. 2(b)]. When
the spin current pulse is turned off, the magnetic domain
walls first evolve into a deformed antiskyrmion, which con-
tains two small deformed antiskyrmions [Fig. 2(c)]. The two
small antiskyrmions are unstable and then disappear. The big
antiskyrmion gradually evolves into an isolated stable anti-
skyrmion as shown in Fig. 2(d). Because of the anisotropic
DMLI, the spin directions in the x direction are the inverse of
those in the y direction. This anisotropic DMI configuration
favors opposite chirality along the x and y axes, allowing
the AFM antiskyrmion to be stable [55]. For nucleation of
the AFM antiskyrmionium, the same method and model can
be used. With j = 1 x 10'> Am~2 and separation / = 42 nm,
the outer and inner domain walls are formed and get con-
nected around the outer and inner circles after the spin current
is applied [Fig. 2(e)]. The connected domain walls transform
into a deformed antiskyrmionium, as shown in Fig. 2(f) when
the spin current is off. Figure 2(g) shows an isolated stable
antiskyrmionium after the relaxation. The detailed creation
processes are shown in the movies in the Supplemental Mate-
rial [65].

The time evolution of the topological charges of the AFM
system is represented in Fig. 2(h). In our numerical computa-
tion, we employ the discrete version of the topological number
for each sublattice (t = A, B) [48],

=—(1/4n) ) s

(i,],k)

s X sk (14)

A set of two topological numbers (Qy4, QOp) is assigned
to an AFM system. We obtain Q4 = —Qp in general. Here,
we choose Q = —Qp to be the topological number so that
Q = —1 for an antiskyrmion. Due to the contribution from
the tilted spins at the edges, the AFM background state is
not equal to zero. The topological number changes as the
spin current is injected. For the relaxation process of the
AFM antiskyrmion, the topological number changes to 2.5
sharply because three deformed antiskyrmions are created
and the center magnetizations of these three antiskyrmions
are reversed and then changes to —1, corresponding to the
annihilation of two inner antiskyrmions and the reversal of
the big antiskyrmion. In the relaxation process of the AFM
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FIG. 2. The creation process of an AFM antiskyrmion and an antiskyrmionium. (a) Schematic of contact pads for nucleating an isolated
AFM antiskyrmion and antiskyrmionium. The four blue circles are the connected pads with a p = —e; spin current. The color bar shows the z

components of magnetization. (b)—(d) Inversion of magnetization in the creation process of an AFM antiskyrmion when j = 1 x 10'> Am

-2

and [ = 40 nm. (e)—(g) Inversion of magnetization in the creation process of an AFM antiskyrmionium when j =1 x 10> Am™2 and [ =
42 nm. Arrows show the projection of magnetization on the plane. Here, we use D, = —D, = 3.4 mJm~>. (h) The time involution of the
topological number Q in the creation process of an AFM antiskyrmion (j = 1 x 10'> Am~2 and / = 40 nm) and antiskyrmionium (j =
1 x 10" Am~2 and / = 42 nm). (i) The topological number Q of the final relaxed state under different current densities j and distances /.

antiskyrmionium, singularities appear at 30 ps, and a topo-
logical transition occurs. The system then relaxes to a stable
structure, with the topological number remaining stable at
zero. Figure 2(i) shows the topological number of the re-
laxed states under different current densities and geometries.
At low current density (j =9 x 10" Am™2), the current
is not enough to break the AFM-exchange interactions, re-
sulting in a relaxed AFM state. When the distance [ is
small (40 nm), an antiskyrmion is nucleated, and the number
of antiskyrmions increases with the current. Multiple anti-
skyrmions are nucleated at low current density when [ =
42 nm. As the current increases, the inner domain walls are
formed, and an antiskyrmionium is nucleated. However, the
inner domain walls are annihilated at high current density,
resulting in the system relaxing to multiple antiskyrmions
again.

IV. STABILIZATION OF AN AFM ANTISKYRMION
AND ANTISKYRMIONIUM

We study the stability of an AFM antiskyrmion and an
AFM antiskyrmionium in nanodisks in the presence of the
anisotropic interface DMI. We numerically determined re-
laxed micromagnetic states of 150 nm wide, 0.5 nm thick
nanodisks for various DMI constants D, and initial states.

Anisotropic DMI was observed at the Co/W(110) inter-
face, where it was discovered that the Dzyaloshinskii-Moriya
vector strength had the same sign but was 2.5 times stronger
in magnitude along the bee[110] direction than the orthogonal
direction bec[001] [29]. The geometry of spin configurations
is elliptical when D, and D, are not identical in magnitude,
which influences the skyrmion or antiskyrmion Hall angle
[66]. However, we assume that the Dzyaloshinskii-Moriya

constants have the same magnitude but opposite signs, i.e.,
D, = —D,, for the sake of simplicity.

We first construct the initial spin configurations corre-
sponding to the AFM state, the AFM antiskyrmion, and the
AFM antiskyrmionium and then relax the systems to the final
states in order to determine the total energy. Figure 3 shows
the total micromagnetic energy of three possible configura-
tions as a function of D,. Actually, an AFM ground state is not
uniform at the boundaries, and hence, the energy depends on
D,, as shown in Fig. 3. The energy of the AFM state decreases
with increasing D,.

5-1865.0
By -1222421 —=— Antiskyrmion
) " [—®— Antiskyrmionium __":
-1865.6 -
18658+AFM -1 0+1
0 1 2 3 4 5

D, (mJ/m?)

FIG. 3. Total micromagnetic energy of the AFM state, the AFM
antiskyrmion, and the AFM antiskyrmionium in a nanodisk as a
function of D, (D = —Dy). The insets show examples of relaxed
Néel vector distributions for several points on the graph.
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Starting with an initial AFM antiskyrmion state, we find
that across a large range of D,, the relaxed stable state is al-
ways an AFM antiskyrmion state, with the AFM antiskyrmion
size increasing with D,. At large values of the DMI, the
anisotropy becomes stronger, resulting in an asymmetrical
shape. The Néel vector profiles of several points are plotted.
The DMI energy is reduced by an inward tilt of the spins,
leading to a drop in energy with D,.

On the other hand, starting from an initial AFM an-
tiskyrmionium state, the relaxed state is not an AFM
antiskyrmionium state but an AFM antiskyrmion state for
D, < 1.7 mIm~2, while the relaxed state is an AFM anti-
skyrmionium for D, in the range 1.7-5 mJ m~2. When D, =
3.4 mJ m~2, the energies of the AFM antiskyrmion state and
the AFM antiskyrmionium state are degenerate. The ground
state in thin film with perpendicular magnetic anisotropy is
cycloidal, depending not only on the DMI strength but also
on the dimensions of the film [17,46,67,68]. The AFM an-
tiskyrmion (antiskyrmionium) is confined in the nanodisk,
which limits the increase in diameter. For D, < 3.4 mJ m~2,
the diameter of the AFM antiskyrmion is not too large com-
pared to the nanodisk, and it is stabler. However, for D, >
3.4 mJm—2, the expansion of the AFM antiskyrmion is lim-
ited, with the spins rotating by 27 from the center to the
edge of the nanodisk. Consequently, the AFM antiskyrmio-
nium becomes stabler [67]. These results indicate that it is
possible to create stable or metastable AFM antiskyrmions
and antiskyrmioniums in nanodisks with different values of
the material parameters.

V. THE CURRENT-DRIVEN MOTION OF AFM
ANTISKYRMIONS AND ANTISKYRMIONIUMS

In this section, we compare the current-induced dynamical
properties of the AFM antiskyrmion and the AFM anti-
skyrmionium. Using the same nonadiabatic parameter and
damping constant, Eq. (13) leads to identical motion velocities
for the AFM antiskyrmion and the AFM antiskyrmionium
driven by the STTs. However, the AFM antiskyrmion and the
AFM antiskyrmionium experience different results depend-
ing on the magnetic configurations for SOT-induced steady
motion. We simulate the motion of the AFM antiskyrmion
and antiskyrmionium to validate the above analytical results,
where the relaxed states are the corresponding AFM anti-
skyrmion and antiskyrmionium. The numerical velocities are
calculated as

v = (v, vy) = (i, 7y), (15)

where the guiding center (ry, r,) is used to track the position
of the AFM antiskyrmion and antiskyrmionium, which are
defined by

Jin-(3n x dyn)dxdy
ri = ,
/- (3n x dyn)dxdy

i=x,y, (16)
for the AFM antiskyrmion and

ri= /i(l — nz)dxdy//(l —ny)dxdy, i=x,y, (17)

for the AFM antiskyrmionium [46,69].
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- 600 @' Antiskyrmion >20 ) jo¥ Ar‘:tlsky:mlon
400 . Ve v, vy . x v
200) & O .... Al 1op H o A
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FIG. 4. The velocities of the AFM antiskyrmion and the AFM
antiskyrmionium as a function of the current densities and the
damping constants induced by the SOT and the STT. The damping
constant = 0.1 in (a) and (b), and the current is I0MA cm~2 in
(c) and (d). Symbols represent the results from numerical simula-
tions, and the dotted lines indicate the analytical results.

Figures 4(a) and 4(b) show the velocities of the AFM
antiskyrmion and antiskyrmionium driven by the SOT and
the STT, respectively. When the STT is considered, it is seen
that the y component of the velocity for both the AFM anti-
skyrmion and antiskyrmionium is zero and the x component of
the velocity increases with the current density j and decreases
with the damping constant «, as shown in Figs. 4(b) and
4(d), which are in good agreement with the motion governed
by Eq. (13). Regarding the SOT, the x components of the
velocity of the antiskyrmion and antiskyrmionium show a
similar increasing tendency with increasing current density
[Fig. 4(a)] and decreasing damping constant [Fig. 4(c)], with
the y component remaining zero. According to Eq. (13), the
y component of the velocity for the SOT depends on the
dissipative tensor D and the vector u. The Appendix confirms
that the y component of the vector u is zero. However, the
x components of the velocities of the antiskyrmion and anti-
skyrmionium are different, and the difference increases with
the current. This result is consistent with the AFM skyrmion
and skyrmionium [46]. It has been found that the skyrmions
and antiskyrmions in FM systems have the same velocities.
When the skyrmions and antiskyrmions are driven by the
currents, a transverse motion arises due to the Magnus force
associated with the topological charge. The FM antiskyrmion
Hall angle strongly depends on the direction of the applied
current with respect to the in-plane spin structures of the anti-
skyrmion [17]. In contrast, they do not exhibit the skyrmion
Hall effect in AFM systems, resulting in no difference in
the dynamics between AFM skyrmions and antiskyrmions.
As in the case of the skyrmionium and antiskyrmionium
in FM systems, they both move along the current with the
same velocity when induced by the STTs. When the SOT is
taken into account, the skyrmionium moves along the current,
while the antiskyrmionium deviates from the current because
of anisotropic magnetization distribution [45]. This deviation
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FIG. 5. Comparison between the current-induced dynamics of
(a) the FM antiskyrmion, (b) the AFM antiskyrmion, (c) the FM
antiskyrmionium, and (d) the AFM antiskyrmionium. The insets
show the top views of spin configurations at critical current densities,
which are indicated by crosses. Symbols represent the results from
numerical simulations, and the dashed lines indicate the analytical
results. The values of u/d are 4.72 and 4.83 nm for the antiskyrmion
and antiskyrmionium, respectively.

disappears in AFM systems due to antiparallel magnetiza-
tion. To further explore the dynamical properties of the AFM
antiskyrmion and antiskyrmionium, we compare the current-
induced dynamics of the antiskyrmion and antiskyrmionium
in different magnetic systems. From the above results, SOT
is more efficient in driving both the AFM antiskyrmion and
antiskyrmionium, so we just consider SOT-induced motion in
both FM and AFM systems.

Figure 5(a) shows that the threshold current for the FM
antiskyrmion is 6 MA cm~2. When the current is larger than
this value, the FM antiskyrmion moves to the edge resulting
from the Magnus force and is finally annihilated by touching
the edge. Compared with the FM antiskyrmion, the AFM
antiskyrmion can move along the racetrack without deflection
due to a complete cancellation of the Magnus force. How-
ever, the AFM antiskyrmion gets elongated along the axis
perpendicular to the direction of propagation as the velocity
increases, as shown in the inset in Fig. 5(b). Previous studies
have also observed the elliptical deformations and breakdown
in traveling of the AFM skyrmions, which arises from a local
imbalance of gyrotropic forces [70-73], and the critical veloc-
ity of the deformation and breakdown depends strongly on the
material parameters and is defined by [70]

72D\ yAd?
ve=,[|1- vt (18)
164K ) 2M,

where a is the lattice constant.

The critical velocity for the AFM structures in our model
is 6892.8 m s~!, calculated from Eq. (18). Beyond this value,
they will elongate indefinitely until reaching the width of
the racetrack. Figure 5(b) shows that the AFM antiskyrmion
approximately approaches the critical velocity 6853 m s~!
when the current density is 225 MA cm~2. For the destruction
of the FM antiskyrmionium in Fig. 5(c), the FM antiskyrmio-

(a) . .
o =0= Antiskyrmion
£ [ -0= Antiskyrmionium
o I
< juf
= L’
w
s at
A e
~ -
- D'
40 80 120 16(2) 200 240
Ins  2ns  5ns (q) J (MA/cm®)

~
o

3.8F0= Antiskyrmion O

NE _3.6p0- Antiskyrmionqur'
20 I\E 3.4 ﬁ 4
o371 ’
E 330 g
Ne) 5 ,
A ® 2.8 .o
- 2.6} 0°
40 80 120 160 200 240
Jj (MA/cm?)

FIG. 6. Intermediate magnetization profiles of a traveling
(a) AFM antiskyrmion at 225 MA cm~2 and (b) AFM antiskyrmio-
nium at 69 MA cm~2. The components of (c) the dissipative tensor
D and (d) vector u as a function of the current densities at t = 6 ps,
showing varying degrees of dynamic deformation.

nium is destructed into an antiskyrmion when the driving
current density is 10 MA cm~2 since opposite Magnus forces
act on the inner and outer antiskyrmions, with the inner an-
tiskyrmion shrinking and the outer antiskyrmion expanding
[74]. On the other hand, the critical driving current density
where the AFM antiskyrmionium moves at the critical ve-
locity is 69 MA cm~2, as shown in Fig. 5(d), which is larger
than that for the destruction of the FM antiskyrmionium. The
distorted motion of the AFM antiskyrmionium can cause the
components of the tensor D and vector u to deviate from
their constant values, leading to velocities that differ from the
analytical solutions. Figures 5(c) and 5(d) show that the devi-
ation is larger for the AFM antiskyrmionium in comparison to
the FM antiskyrmionium. For the FM antiskyrmionium, the
inner antiskyrmion is annihilated at relatively lower current
because of the opposite gyroscopic force, where the shape
of the antiskyrmionium does not change dramatically. How-
ever, the AFM antiskyrmionium shows severe distortion at
higher current, while the inner antiskyrmion still remains sta-
ble. When the microstructures of the FM and AFM systems
are compared, it can be shown that the antiferromagnetically
coupled pair of sublattices in the AFM system has the same
magnetic spins and gyromagnetic ratio, which entirely cancels
the net angular momentum [75]. The gyroscopic force acting
on each antiskyrmion in the FM system, however, rises pro-
portionally to the current density since the antiskyrmionium is
a composite structure comprising two antiskyrmions with op-
posite chiralities. At the larger current densities, this growing
gyroscopic force causes the antiskyrmionium deformation.
We now discuss the deformations of the AFM antiskyrmion
and antiskyrmionium. Figures 6(a) and 6(b) show the inter-
mediate snapshots of the traveling AFM antiskyrmion and
antiskyrmionium at their respective critical current densi-
ties. Both structures become elliptical in shape. Accelerating
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FIG. 7. Current-induced motion of antiferromagnetically cou-
pled bilayer antiskyrmions. (a) Illustration of an antiskyrmion-
antiskyrmion pair in a trilayer structure. (b) The velocities of the
antiskyrmion-antiskyrmion pair as a function of the driven current
when Ay = —0.02 pJm~'. The SOT-induced propagation of the
antiskyrmion-antiskyrmion pair at (c) decoupling strength Ajyer =
—0.01 pJm™" and (d) coupling strength Ajyer = —0.02 pJm~'. In
the simulations, we adopt the following parameters: A = 15 pJm~!,
K=0.8 MIm™3, M, =580 kAm™!, « =0.1, and P = 0.4. The
mesh sizeis 1 x 1 x 1 nm>.

the AFM antiskyrmion (antiskyrmionium) by a large cur-
rent causes a continuous stretching of the antiskyrmion
(antiskyrmionium) along the transverse direction, eventually
reaching the edges of the racetrack. On the other hand, the
increasing components of the dissipative tensor D and the
vector u, which are determined by the magnetic structures,
also demonstrate the deformations of the AFM antiskyrmion
and antiskyrmionium, as shown in Figs. 6(c) and 6(d). At a
current density of 50 MA cm~2 for the AFM antiskyrmion and
30 MA cm~? for the AFM antiskyrmionium, the components
of the dissipative tensor D and the vector u correspond to the
analytical solutions since the structures move along the track
without deformation, appearing as rigid structures. However,
a further increase in current causes the components to deviate
increasingly from the analytical values, leading to velocities
of the AFM antiskyrmion and antiskyrmionium that differ
from the analytical solutions.

VI. SYNTHETIC ANTIFERROMAGNETIC
ANTISKYRMION IN A BILAYER SYSTEM

A ferromagnetically coupled skyrmion-antiskyrmion pair
was proposed in some theoretical and experimental works
[9,17]. Because of their opposite topological charges, the
skyrmion-antiskyrmion pair has no skyrmion Hall effect. Sim-
ilar to bilayer skyrmions with antiferromagnetic coupling, the
bilayer antiskyrmions shown in Fig. 7(a) have no transverse
motion. The synthetic antiferromagnetic track is composed of
two FM layers with one nonmagnetic spacer.

To simulate the current-driven motion of bilayer anti-
skyrmions, we consider a 256 nm long, 128 nm wide trilayer
track, and the thicknesses of the top layer, spacer layer, and
bottom layer are all 1.0 nm. The anisotropic DMI is set to

Dy=-Dy,=35m] m~2. When coupled by interfacial an-
tiferromagnetic exchange interaction across the spacer layer,
the antiskyrmions in the top and bottom layers can be stabi-
lized in the track. We explicitly take into account the magnetic
dipolar interaction. Figure 7(b) shows the relation between
the current and velocity of the bilayer antiskyrmions when
the exchange coupling is —0.02 pJm~!. Coupled with this
strength, the antiskyrmions in the top and bottom layers are
bound strongly. The antiskyrmions have the same speeds
when driven by the SOT and STT. The efficiency of the SOT in
driving the bilayer antiskyrmions is better than that of the STT.
Figure 7(c) shows the trajectory of the bilayer antiskyrmions
when the current density is j = 5 MA cm™2. With weak in-
terlayer coupling Ajyer = —0.01 pJ m~!, the antiskyrmions in
the top and bottom layers move along the track with opposite
transverse motions due to the opposite topological charges,
leading to the destruction of the antiskyrmions in both layers
when they touch the edges of the track, as shown in the
decoupled case in Fig. 7(c). When the interfacial exchange
coupling is strong enough, i.e., Ajper = —0.02 pJ m™~!, the bi-
layer antiskyrmions are strongly bound. There is no skyrmion
Hall effect with sufficient interfacial AFM exchange coupling
because the Magnus forces acting on the top and the bottom
antiskyrmions are exactly canceled, as shown in Fig. 7(d).

VII. CONCLUSION

In conclusion, our study systematically investigated the
current-induced dynamics of the AFM antiskyrmion and an-
tiskyrmionium. We found that the AFM antiskyrmion and
antiskyrmionium can be created by the spin current in a de-
signed geometry and can be stabilized in nanodisks in the
presence of anisotropic DMI. The current-driven propaga-
tion of the AFM antiskyrmion and antiskyrmionium shows
no transverse motion. Moreover, the velocities of the AFM
antiskyrmion and antiskyrmionium differ due to the mag-
netization distributions for the SOT-induced motion but are
identical for the STT-induced motion. The comparison of
AFM and FM antiskyrmions (antiskyrmioniums) revealed
several advantages of the former, including the absence of
transverse motion and higher moving velocities. Especially,
the critical driving current of the AFM antiskyrmion is about
37 times larger than that of the FM antiskyrmion, and AFM
antiskyrmionium is more robust than the FM antiskyrmionium
under high current densities. Additionally, we proposed an-
tiferromagnetically coupled antiskyrmion-antiskyrmion pairs
in a bilayer structure where the skyrmion Hall effect can be
suppressed. Our findings offer promising potential for future
spintronic devices with the current-driven dynamics of the
AFM antiskyrmion and antiskyrmionium.
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APPENDIX: ANALYTICAL DERIVATION OF THE
MOTION EQUATIONS

To derive the motion equation of magnetization in a
two-sublattice antiferromagnetic system, we consider the dy-
namics of the total magnetization vector m = (s, ; +s7;)/2
and the Néel vector n = (S?H,j — sfj)/E, where s} is the
unit magnetic moment with sublattice parameters 7 = A, B
and sublattice site (i, j). Considering the antiferromagnetic
exchange interaction is significantly strong in realistic cases,
m? < n” ~ 1. The total magnetization m and the Néel vector
n obey the following coupled equations:

(Ala)
(A1b)

n = (yf,, —am) x n + T, sor + Th stT,

m = (yf, —an) x n+ Ty + Ty.sor + TsTT,

where f,, = —6E /(uoMsém) and £, = —8E /(uoMsén) are
the effective fields associated with various energies in
the system. T, = (yf,, —aom) x m is the simplest non-
linear term. We disregard such a higher-order term
in the following. T,sor = yH/m x p xn and Ty, sor =
yHyn x p x n are dampinglike spin-orbit torques (SOTs),
with Hy = jhOsu/(2uoeMstz). Thstr = yn(J-V)n and
Thn.stt = yBU - V)n x n are spin transfer torques (STTs),
with n(8) being the adiabatic (nonadiabatic) parameter.
From Egq. (1), we can get the effective fields,

A
f,=— m — (0xn + 9ym), (A2)
oM, oM ’
K
f, = (0,m 4+ d,m) + (An + 0yyn) + ——n.e,
/’L()Mv Y I’LOMV ! I’L()MT ‘
+ [0xn e, + dyn.e, — (Oeny + Oyny)e]. (A3)

/"(’OMS

Here, we consider that Dy = —D, = D.
Substituting Eq. (A2) into Eq. (Ala), we obtain the total
magnetization,

M L
m= Ho “n xn— =(3n+ d,n),
YA A ’

(A4)

where only the leading terms are kept. Equation (A4) shows
that the total magnetization depends on the spatial variation
of the Néel vector. From Eqs. (A4) and (A3), we find the
effective fields f,,,

L
f, = — (30 x n+n x dn) + £, (A5)
YA
where
f), = M(axx + dyy)n + mnzez
8x X ) Z - ax X 0 ’ A6
+ MoMs[ n.e, + dyn.e, — (deny + dynyle,]l,  (A6)

with A* = A/2. On the other hand, from Egs. (A1b) and (A4),
we obtain

/"LOMS ..
—n

L _. .
xn— —on = (yf, —an) x n+ Ty, sor + T sTT-
YA A

(A7)

Substituting Eq. (AS) into Eq. (A7), we can get an equa-
tion that contains only the Néel vector n,

I’LOMS . L .
nxn-— —on
YA A

L
= x(a,hxn—}—hx on) X n
+yf, xn—an xn+Tysor + Tmstr.  (A8)

Then, taking the cross product of Eq. (A8) with n and ignoring
the higher-order terms, we obtain

MOMS

ixnxn=yf xnxn+an—yHmxp

—yBJ-V)n. (A9)
Using the scalar product in Eq. (A9) with poM;0n and
integrating over the space, the Thiele equation is written as
a-Mer =F, + Fsor + Fsrr, (A10)
where a is the acceleration and Mg is the effective mass,
which is defined as ,u(z)MsthD/ y?A. The first term on the right
side of Eq. (A10) is the dissipative force, F, = —auoM,t,v -
D/y, where the dissipative tensor D is given by D =
(G @)s with dij = 8;;d = [ dxdy(dm - 9;m). The second
and third terms on the right side of Eq. (A10) are the forces
induced by the SOT and STT, respectively. Considering the
current is applied along the x direction, they are written as

Fsor = Fsor,ex + Fsor,yey, (Alla)

Fstr = —poM;t.dB jes. (Allb)
Here, FSOT,i = —,u,()Ms[ZHdM,‘, with

U = /dxdy[(n X p) - o;n]. (A12)

For a centrosymmetric magnetic soliton, the order
parameter n is described by n = [sinf(r)cosp(p),
sinf(r)sin¢(¢),cosO(r)] in polar coordinates (7, ¢).
Specifically, for a Néel-type antiskyrmion (antiskyrmionium),
¢ = —¢. Considering p = —e,, We can rewrite the tensor D
and the vector u in polar coordinates,

di; = 8;;d = 87 / 02 + sin6%/r’rdr, (Al3a)

, df | . 9
Uy = cos” ¢ — + — sin 20 sin” ¢ |rdrd g, (A13b)
dr  2r

in2¢ (d6 in 20
u, = / il (e rdrdg.
’ 2 dr 2r

(A13c)
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In general, the steady motion velocity is given by the fol-
lowing matrix:

v\ _ vHi () | vBi (e,
(i) =% ()2 (5)

(A14)

Therefore, we can find that the velocity of a Néel-type an-
tiskyrmion (antiskyrmionium) depends on the internal spin
distribution.
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