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Antiferromagnetic (AFM) skyrmionium composed of two topological AFM skyrmions shares the mer-
its of an AFM skyrmion, for example, high mobility and no skyrmion Hall effect. Here, we analytically
and numerically study the dynamics of the AFM skyrmion and skyrmionium induced by spin currents.
Our calculations demonstrate that the current-induced spin-transfer torques can drive AFM skyrmion and
skyrmionium with the same speed, while their steady motion speeds induced by spin-orbit torques are
different. Furthermore, it is found that due to the existence of the effective AFM texture mass, the AFM
skyrmion and skyrmionium obey the momentum theorem, and the time evolution of the position induced
by alternating currents presents a phase. Besides, a spin torque nano-oscillator based on the AFM skyrmio-
nium can produce high frequencies, similar to that based on the AFM skyrmion. Numerical simulations are
in good agreement with the analytical solutions. Our results demonstrate the inertial dynamics of the AFM
skyrmion and skyrmionium and may provide guidelines for building skyrmion-based spintronic devices.
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I. INTRODUCTION

Topologically protected magnetic skyrmions with low
depinning current and small size have attracted a great
deal of attention [1–11]. In addition, the skyrmionium,
which is composed of two coaxial skyrmions with oppo-
site topological charges Q = +1 and − 1, is also currently
a hot topic [12–23], because it has a net topological charge
Q = 0, resulting in zero skyrmion Hall effect [24,25]. The
existence of magnetic skyrmioniums has been experimen-
tally reported [12–14], and they can be controlled by spin
currents [15,19], magnetic field gradients [18], magnetic
anisotropy gradients [22], and spin waves [20,21].

On the other hand, antiferromagnets are promising mate-
rials for advanced spintronic devices due to their ultrafast
magnetization dynamics and zero stray fields [26–28].
Similar to ferromagnetic (FM) textures, antiferromag-
netic (AFM) textures, such as AFM domain walls and
skyrmions, can be controlled by various methods, for
instance, spin currents [29–33], magnetic fields [34–37],
magnetic anisotropy gradients [38,39], temperature gra-
dients [34,40,41], and spin waves [42–44]. Recently, the
stabilization of AFM skyrmions at room tempera-
ture has been experimentally presented in synthetic
antiferromagnets [45]. Compared to their FM counterparts,
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AFM skyrmions and skyrmioniums have faster speed and
naturally do not show the skyrmion Hall effect due to the
cancellation of the Magnus forces [32,33,46–49]. Thus,
both of them are ideal information carriers in racetrack-
type memory.

For the AFM systems, from two coupled first-order
equations with respect to time, one can obtain a second-
order equation for the AFM order parameter (Néel vector)
[26,50]. Therefore, there is an effective mass of AFM
textures and their motion equation should be similar to
Newton’s kinetic equation. As reported in Ref. [51], since
the AFM skyrmions obey the inertial dynamics, the AFM
skyrmion-based spin torque nano-oscillators can produce
high frequencies (tens of gigahertz). In addition, the
alternating-current-induced motion of the AFM bimeron
is the well-known Duffing equation, which describes the
oscillation of an object with mass [52]. The bimeron
can be regarded as the counterpart of the skyrmion in
systems with in-plane anisotropy [53,54]. For the AFM
skyrmions and skyrmioniums, however, in-depth study of
their inertial dynamics is still lacking.

In this work, we analytically and numerically study
the dynamics of the AFM skyrmion and skyrmionium
induced by spin currents, and we explore their possi-
ble applications. We demonstrate that the AFM skyrmion
and skyrmionium have the same speeds induced by spin-
transfer torques; while using spin-orbit torques to drive
them, their steady motion speeds exhibit a difference.

2331-7019/19/12(6)/064033(9) 064033-1 © 2019 American Physical Society

https://orcid.org/0000-0003-2604-8339
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.12.064033&domain=pdf&date_stamp=2019-12-12
http://dx.doi.org/10.1103/PhysRevApplied.12.064033


LAICHUAN SHEN et al. PHYS. REV. APPLIED 12, 064033 (2019)

Besides, our results show that both the AFM skyrmion
and skyrmionium obey inertial dynamics due to the exis-
tence of the effective mass. The numerical simulations are
in good agreement with our analytical solution.

II. MODEL AND THEORY

We consider a two-sublattice AFM film with perpendic-
ular magnetic anisotropy. From the classical Heisenberg
Hamiltonian, the AFM energy E can be written in the
following continuous form [55]:

E =
∫

dV
{
λ

2
m2 + A

2
[
(∇n)2 + ∂xn · ∂yn

]

+ Lm · (∂xn + ∂yn)+ K
2
(1 − n2

z )+ wD

}
, (1)

where λ, A, L, and K are the homogeneous exchange con-
stant, inhomogeneous exchange constant, parity-breaking
constant [30,42,55], and magnetic anisotropy constant,
respectively. wD is the Dzyaloshinskii-Moriya interaction
(DMI) energy density, wD = (D/2)n · (∇ × n) with the
DMI constant D [56–58]. Such a DMI energy is employed
to stabilize the Bloch-type skyrmion and skyrmionium.
n = (m1 − m2)/2 and m = (m1 + m2)/2 are the staggered
magnetization (or Néel vector) and the total magnetization,
respectively, where mi = M i/MS with MS being the sat-
uration magnetization. For realistic cases where the anti-
ferromagnetic exchange interaction is significantly strong,
m2 � n2 ∼ 1 [37].

Taking the current-induced spin torques into account,
the evolution of m and n is controlled by the following
two coupled equations [29–31,55,59]:

ṅ = (γ f m − αṁ)× n + Tn,SOT + Tn,STT, (2a)

ṁ = (γ f n − αṅ)× n + Tnl + Tm,SOT + Tm,STT, (2b)

where γ and α are the gyromagnetic ratio and the
damping constant, and f m = −δE/μ0MSδm and f n =
−δE/μ0MSδn are the effective fields. Tnl = (γ f m − αṁ)
× m is the higher-order nonlinear term [29]. Tn,SOT =
γHj m × p × n and Tm,SOT = γHj n × p × n are damp-
inglike spin-orbit torques (SOTs), where the polarization
vector p = ex is employed to drive the skyrmion and
skyrmionium. Hj represents the strength of SOTs, which
is defined as Hj = j �P/2μ0eMStz with the applied current
density j , the reduced Planck constant �, the spin polar-
ization rate P, the vacuum permeability constant μ0, the
elementary charge e, and the layer thickness tz. Tn,STT =
γ η∂xn and Tm,STT = γβ∂xn × n are spin-transfer torques
(STTs) with the adiabatic (nonadiabatic) parameter η (β).
η = 0.1β and β = −Hj tz are adopted in this work. Equa-
tions (2a) and (2b) do not take into account the thermal
fluctuations, so that the results we present are obtained

at zero temperature. In order to study the effect of ther-
mal fluctuations, the stochastic thermal field should be
introduced to the dynamic equation [33,34,60,61].

We now study the static magnetic structure of the
AFM skyrmion and skyrmionium. Substituting f m =
−(λ/μ0MS)m − (L/μ0MS)(∂xn + ∂yn) into Eq. (2a) and
supposing 1 + α2 ∼ 1, the total magnetization m is
obtained as

m = μ0MS

γ λ
ṅ × n − L

λ
(∂xn + ∂yn)− αμ0MS

λ
f n × n.

(3)

Equation (3) indicates that the total magnetization depends
on the spatial variation of the Néel vector [55]. On the
other hand, based on Eqs. (2b) and (3), we get the equation
containing only the Néel vector,

μ0MS

γ λ
n̈ × n − L

λ
∂iṅ = L

λ
∂iṅ × n × n

+ γ f ∗
n × n − αṅ × n, (4)

where the dissipation term (αμ0MS/λ)ḟ n has been
ignored, because it is weak compared to αṅ [62]. f ∗

n =
(A∗/μ0MS)	n + (K/μ0MS)nzez − (D/μ0MS)[∂ynzex − ∂x
nzey + (∂xny − ∂ynx)ez] with A∗ = A/2. λ = 4A/a2 and
L = √

2A/a with the lattice constant a of 0.418 nm [33].
For a static magnetic structure, n̈ = 0, ṅ = 0, and then Eq.
(4) is simplified as f ∗

n × n = 0, from which a differential
equation for θ(r) is given as

d2θ

dr2 + 1
r

dθ
dr

=
(

1
r2 + K

A∗

)
sin θ cos θ − D sin2 θ

A∗r
, (5)

where n = − sin θ sinϕex + sin θ cosϕey + cos θez has
been taken into account. Equation (5) can be used to iden-
tify the skyrmions and skyrmioniums in AFM systems.
Similar to the case of the FM skyrmion [56], the profile of
the AFM skyrmion can be obtained by solving Eq. (5). In
addition, taking θ(r = 0) = 0 and scanning dθ/dr(r = 0),
Eq. (5) gives different angles θb on the nanodisk edge. The
corresponding AFM energies are calculated using Eq. (1)
[see Fig. 1(a)]. A similar method to calculate the energy
curve has been reported [63], and the AFM energy curves
for different DMI constants are plotted in Ref. [60]. As
shown in Fig. 1(a), there are three minimal energy values,
corresponding to the quasiuniform AFM state (QAFM),
AFM skyrmion, and AFM skyrmionium. Their Néel vector
profiles are plotted in Fig. 1(b), where the lines are given
by Eq. (5), while the symbols are obtained from numeri-
cal simulations with the DMI-induced boundary condition
dn/dr = (D/2A∗)er × n [56]. By considering the symme-
try of the AFM skyrmion and skyrmionium and combining
Eq. (3), their magnetic structures can be obtained (see
Ref. [60]).
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FIG. 1. (a) The AFM energy E as a function of the angle θb
on the nanodisk edge, where there are three minimal energy val-
ues, which correspond to the quasiuniform AFM state (QAFM),
AFM skyrmion, and AFM skyrmionium. (b) The profile nz =
cos θ for the quasiuniform AFM state, AFM skyrmion, and
AFM skyrmionium, where the symbols are the simulation results,
and the lines are obtained by solving Eq. (5). In our simula-
tions, the following parameters are adopted [33]: A = 6.59 pJ/m,
K = 0.116 MJ/m3, D = 0.8 mJ/m2, MS = 376 kA/m, λ =
150.9 MJ/m3, L = 22.3 mJ/m2, γ = 2.211 × 105 m/(A s), and
α = 0.2. The mesh size of 1 × 1 × 1 nm3 is used to discretize the
AFM nanodisk with a radius of 50 nm and thickness of 1 nm.

III. THE MOTION OF THE AFM SKYRMION AND
SKYRMIONIUM DRIVEN BY CURRENTS

In this part, we derive the steady motion equations for
the rigid AFM skyrmion and skyrmionium using Thiele’s
(or the collective coordinate) approach [62,64–66]. By
adding Tm,SOT and Tm,STT to Eq. (4), and taking the cross
product with n, we get

μ0MS

γ λ
n̈ × n × n = γ f ∗

n × n × n + αṅ

− γHj n × p − γβ∂xn. (6)

Then, taking the scalar product with ∂in and integrating
over the space, the Thiele equation is derived as

a · M eff = Fα + FSOT + FSTT, (7)

where a is the acceleration and M eff is the effective
AFM texture mass, which is defined as μ2

0M 2
S tzd/γ 2λ

with the dissipative tensor d. The components dij of the
dissipative tensor are dxx = dyy = d = ∫

dx dy(∂xn · ∂xn)
and dxy = dyx = 0. The effective AFM texture mass is
intrinsic, since it follows from the existence of two sub-
lattices [26]. Note that other factors contributing to the
skyrmion inertia, such as the boundary effects [67] and
the magnon modes in the continuum [68], have not been
taken into account. Fα = −αμ0MStzv · d/γ represents the
dissipative force with the velocity v. FSOT = FSOT,xex +
FSOT,yey with FSOT,i = −μ0Hj MStz

∫
dx dy[(n × p) · ∂in]

and FSTT = −μ0MSβtzdex are the forces induced by SOTs

and STTs, respectively. The steady motion of the AFM
skyrmion and skyrmionium leads to a = 0, and Eq. (7)
gives the steady motion speed,

v = −γ Hj u
αd

− γ
β

α
, (8)

where u = ∫
dx dy[(n × p) · ∂in], and the first and second

terms on the right side of Eq. (8) are the SOT- and STT-
induced speeds, respectively. Since the dissipative and
STT-induced forces are proportional to the component d of
the dissipative tensor, the d involved in the magnetic struc-
ture is offset in the process of deriving the steady motion
speed. Therefore, the AFM skyrmion and skyrmionium
should have the same speeds driven by STTs. However, the
physical quantities involved in the magnetic structure can-
not be offset for the case of SOTs, so that the SOT-induced
speeds are different for the AFM skyrmion and skyrmion-
ium. In addition, the motion speed is inversely proportional
to the damping constant for SOTs and STTs.

In order to visually show the relation between the
SOT-induced speed and the physical quantities, we derive
the analytical formula of u. Taking n = − sin θ sinϕex +
sin θ cosϕey + cos θez for an AFM skyrmion and consid-
ering p = ex , we rewrite u in polar coordinates (r, ϕ), u =∫ [

cos2 ϕ(dθ/dr)+ sin θ cos θ sin2 ϕ/r
]

rdr dϕ. The inte-
gral for the second term is small, so that it can be ignored.
Using the assumption, i.e., dθ/dr �= 0 only for r ≈ Rs, we
obtain the value of u ≈ −π2Rs with skyrmion radius Rs.
Therefore, Eq. (8) becomes

v = γ
π2RsHj

αd
− γ

β

α
. (9)

Equation (9) shows that for a larger AFM skyrmion, the
SOT-induced motion speed increases.

To verify the above analytical results, we simu-
late the motion of the AFM skyrmion and skyrmion-
ium based on Eqs. (2a) and (2b), where the relaxed
AFM skyrmion (or skyrmionium) is the initial state.
Figures 2(a)–2(d) show the evolution of velocity for
the AFM skyrmion and skyrmionium induced by SOTs
and STTs, where we set j = 5 MA/cm2 and α = 0.01.
The velocity components are (vx, vy) = (ṙx, ṙy), where
the guiding center (rx, ry) of the skyrmion is defined
as [19]

ri = 1
4πQ

∫
in · (∂xn × ∂yn)dx dy, i = x, y. (10)

Q (= ±1 for an isolated AFM skyrmion) is the AFM
topological charge, which is written as Q = 1

4π

∫
dx dy[n ·

(∂xn × ∂yn)] [33,69,70]. On the other hand, for the AFM
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FIG. 2. (a)–(d) The evolution of velocity (vx, vy ) for the AFM
skyrmion and skyrmionium induced by SOTs and STTs, where
α = 0.01, P = 0.4, D = 0.7 mJ/m2, and j = 5 MA/cm2 are
adopted in our simulations. The insets show the top views of
the AFM skyrmion and skyrmionium at t = 0.05 ns. (e) The
velocities at t = 0.05 ns as functions of 1/α, where the symbols
are obtained from the numerical simulations, while the lines are
the analytical results given by Eq. (8) with numerical values of
u ∼ −1.33 × 10−7 m (−3.91 × 10−7 m) and d ∼ 20.4 (58.6) for
the skyrmion (skyrmionium) [60].

skyrmionium, we use the following formula [19]:

ri =
∫

i(1 − nz)dx dy∫
(1 − nz)dx dy

, i = x, y. (11)

Figure 2 shows that the AFM skyrmion and skyrmion-
ium have the same steady motion speeds of 306 m/s for
STTs, and they do not show obvious deformations. For
SOTs, however, the evolution of their speeds is different,
and the difference increases with currents [60]. In addition,
a shift for the skyrmionium core can be observed, as shown
by the inset of Fig. 2(d). Since the size of the skyrmio-
nium shell is larger than that of the skyrmionium core,
Eq. (9) indicates that the shell moves faster than the core,
resulting in the shift of the core relative to the shell. Com-
pared to AFM skyrmioniums, FM skyrmioniums exhibit
different motion behavior. As reported in Refs. [15,16],
since the FM skyrmionium core and shell have opposite

topological charges +1 and −1, the Magnus forces act-
ing on them have the opposite directions. Therefore, the
drift direction is downward for the core and upward for
the shell, resulting in the stretching and deformation of the
FM skyrmionium. Besides, the speed of FM skyrmioni-
ums (approximately 150 m/s) [15,16] is smaller than that
of AFM skyrmioniums (a few kilometers per second). On
the other hand, the AFM skyrmion and skyrmionium do
not show any transverse drift. As shown in Fig. 2(e), the
motion speeds of the AFM skyrmion and skyrmionium are
inversely proportional to the damping constants, and the
numerical simulations are in good agreement with Eq. (8).

When the alternating current j = j0 cos(2π ft) with
amplitude j0 = 5 MA/cm2 and frequency f =∼ 5–20
GHz is adopted as the driving source, the AFM skyrmion
and skyrmionium show the stable oscillation with ampli-
tude r0 and phase difference ψ between rx and sin(2π ft)
[60]. Figure 3 shows that as the frequency f increases,
the amplitude r0 goes down, and the phase ψ becomes
larger. Next, based on the Thiele equation, we analyze
the simulation results. Equation (7) can be rewritten as
a scalar equation Meffr̈x + α∗ṙx = FSTT,0 cos(2π ft) with
α∗ = αμ0MStzd/γ and FSTT,0 = μ0MSβtzd. Such a scalar
equation describes the forced oscillation of an object, and
its solution can be written as rx = r0 sin(2π ft − ψ), where
the amplitude r0 is

r0 = FSTT,0

2π f
√
(2π fMeff)2 + α∗2

, (12)

and the phase ψ is equal to

ψ = arctan(2π fMeff/α
∗) = arctan(2π f μ0MS/αγ λ).

(13)

Equation (13) shows that the phase is due to the existence
of the effective mass, and for the same parameters, the
AFM skyrmion and skyrmionium have the same phase. In
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FIG. 3. (a) The amplitude r0 and (b) phase ψ as functions of
the frequency f of alternating currents [j = j0 cos(2π ft)], where
j0 = 5 MA/cm2, α = 0.01, and current-induced STTs are con-
sidered. Symbols are the results of our numerical simulations,
while lines are obtained from Eqs. (12) and (13).
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addition, Eq. (12) indicates that the AFM skyrmion and
skyrmionium exhibit the same amplitude driven by STTs,
as shown in Fig. 3.

IV. MOMENTUM THEOREM FOR THE AFM
SKYRMION AND SKYRMIONIUM

The Thiele equation, i.e., Eq. (7), shows that the AFM
skyrmion and skyrmionium have an effective mass, so that
they should obey the momentum theorem. The current
is switched off when the AFM skyrmion and skyrmion-
ium are accelerated to 500 m/s via current-induced STT.
As shown in Figs. 4(a) and 4(b), the motion speeds will
decrease due to the existence of the damping, and inter-
estingly, the AFM skyrmion and skyrmionium have the
same motion behaviors. Next, we employ the momen-
tum theorem to analyze the above results. Using Meff dv =
Fα dt with Fα = −α∗v, we get ln(v0/v1) = (α∗/Meff)(t1 −
t0). Taking v0 = 500 m/s at t0 = 0 and v1 = 183.94 m/s
at t1, t1 is derived as

t1 = Meff/α
∗ = μ0MS/αγ λ. (14)

Equation (14) shows that for the same parameters, the
AFM skyrmion and skyrmionium have the same time
t1, which is consistent with the simulation result [see
Figs. 4(a) and 4(b)]. In addition, as shown in Fig. 4(c), t1
is inversely proportional to the damping constant.

Considering that there are two AFM skyrmions (labeled
A and B; see Fig. 5) or skyrmioniums in the racetrack,
they still obey the momentum theorem, i.e., Meff dvA +
Meff dvB = −α∗vA dt − α∗vB dt. Based on the preceding
equation, the evolution of the total speed vt = vA + vB is
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FIG. 4. (a),(b) The evolution of motion speeds for the AFM
skyrmion and skyrmionium, where they have an initial speed of
500 m/s, the driving source is not applied, and the damping α
is set to be 0.002 in our simulations. For the AFM skyrmion and
skyrmionium, when the speed goes down from 500 m/s to 183.94
m/s, it takes the same time of t1 ∼ 0.00695 ns. (c) The time t1 as
a function of 1/α, where the symbols are the simulation results,
while the line is given by Eq. (14).
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FIG. 5. (a),(b) The top views of two AFM skyrmions and
skyrmioniums at t = 0 ns, where the AFM skyrmion and
skyrmionium on the left have an initial speed of 2000 m/s, while
they are stationary on the right. (c),(d) The evolution of motion
speeds for two AFM skyrmions and skyrmioniums, where the
driving source is not applied and the damping α is set to be
0.0004 in our simulations. Dashed lines denote the results of our
numerical simulations, while solid lines are given by Eq. (15).

obtained as

vt = vA + vB = vt,0exp(−α∗t/Meff). (15)

When the AFM skyrmion labeled A is accelerated to 2000
m/s by STT, we turn off the current and put the AFM
skyrmion labeled B in the racetrack, as shown in Fig. 5(a).
Then, the collision of the two AFM skyrmions will occur,
resulting in that the AFM skyrmion B achieves a cer-
tain speed. We can see from Fig. 5(c) that the total speed
vA + vB of the numerical simulation (blue dashed line)
agrees well with the result of Eq. (15) (red solid line).
For AFM skyrmioniums, Eq. (15) is also applicable [see
Fig. 5(d)].

V. APPLICATIONS OF THE AFM SKYRMION
AND SKYRMIONIUM

A. Racetrack-type memory based on the AFM
skyrmion and skyrmionium

As shown in Fig. 2, the AFM skyrmion and skyrmio-
nium have ultrafast speeds without showing any trans-
verse drift, so that they are ideal information carriers in
racetrack-type memory. The AFM skyrmion-based race-
track is suggested, as shown in Fig. 6(a), where the data
information (i.e., digital “1” or “0”) is encoded by the pres-
ence or absence of an AFM skyrmion. Similar to the case
of FM skyrmions [71–73], the distance between two AFM
skyrmions may be affected by many factors, such as the
thermal fluctuations [33], so that the number of the data bit
0 cannot be accurately encoded. Therefore, it is necessary
to explore alternative designs for the data representation.
Figure 6(b) shows a possible design, where the data bit 0 is
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ums), where the top lane is responsible for encoding the data bit 1
and the bottom lane is employed in order to encode the data bit 0.

encoded by the presence of an AFM skyrmionium, instead
of the distance between two AFM skyrmions.

On the other hand, in order to accurately encode the
data bit 0 in the FM racetrack, an electric-field-controlled
Y-junction [72] and two-lane FM racetrack [71,73] have
been proposed. However, such schemes require sophisti-
cated reprocessing and are not favorable from the point of
view of device applications. For instance, in the two-lane
FM racetrack, a high energy barrier, which can be induced
by applying high magnetic anisotropy [73] or using an
additional nanostrip [71], needs to be introduced between
the lanes to eliminate the data confusion caused by the
skyrmion Hall effect. For the AFM skyrmion and skyrmio-
nium, due to the cancellation of the Magnus force, their
motion trajectory is a perfectly straight line along the race-
track, so that they are favorable in racetrack-type memory
and two or multiple lanes in an AFM racetrack can be
built, as shown in Figs. 6(c) and 6(d). In two-lane AFM
racetracks, the presence of an AFM skyrmion (or skyrmio-
nium) in the top and bottom lanes is used to encode the
data bits 1 and 0, respectively. Such a design for the data
representation is robust, since we always detect an AFM
skyrmion (or skyrmionium) for the data bits 1 and 0, sim-
ilar to the case of the FM skyrmion [72]. Obviously, the
two-lane racetrack will increase the size of devices in
practical applications, compared to the single-lane AFM
racetrack.

B. Spin torque nano-oscillators based on the AFM
skyrmionium

Recently, spin torque nano-oscillators (STNOs) based
on magnetic skyrmions have received great attention due
to their important role in modern microwave generators
[51,74–77]. For FM skyrmion-based STNOs, the oscilla-
tion frequencies are low (about 1 GHz), since the fast-
moving FM skyrmion results in the presence of a large
Magnus force and then the skyrmion will be destroyed
at the nanodisk edge. In order to overcome this obstacle,
the AFM skyrmion-based STNOs are proposed, where the
AFM skyrmion obeys the inertial dynamics and the oscil-
lation frequency of the AFM skyrmion (tens of gigahertz)
is higher than that of the FM skyrmion, as reported in
Ref. [51]. In addition, the skyrmion motion in the AFM
nanodisk is independent of the sign of the applied current.
For STNOs based on the AFM skyrmionium, the results
should be similar to those of STNOs based on the AFM
skyrmion.
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FIG. 7. (a) The sketch of spin torque nano-oscillators based
on the AFM skyrmionium. The fixed layer is used to generate
the spin-polarized current with a vortexlike polarization. Such
a spin-polarized current applies spin torques (the dampinglike
SOTs are considered) to the AFM layer, and then the AFM
skyrmionium moves in a circular motion. (b),(c) The trajecto-
ries of the AFM skyrmionium for j = 5 and −5 MA/cm2. (d),(e)
The time evolution of the position (rx, ry ). In our simulations, the
diameter of the AFM nanodisk is 160 nm and the damping α is
set to be 0.01.
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VIDEO 1. An AFM skyrmionium moves in a circular motion,
where the adopted parameters are the same as those of Fig. 7(b).

Figure 7 shows that when the spin-polarized cur-
rent with a vortexlike polarization is applied, the AFM
skyrmionium will move in a circular motion. Similar to the
AFM skyrmion, the motion of the AFM skyrmionium does
not depend on the sign of the current. On the other hand,
for the parameters used here, the oscillation frequency
of the AFM skyrmionium is approximately 10.6 GHz. It
should be noted that compared to the AFM skyrmion in the
STNOs [51], the AFM skyrmionium exhibits an obvious
deformation (see Video 1).

VI. CONCLUSIONS

In summary, we study the motion of the AFM skyrmion
and skyrmionium induced by spin currents, and explore
their possible applications. We demonstrate that current-
induced STTs can drive the AFM skyrmion and skyrmio-
nium with the same motion speeds, because the physical
quantities involved in the magnetic structure are offset for
the case of STTs. For SOTs, however, they cannot be off-
set, and the SOT-induced speeds are different for the AFM
skyrmion and skyrmionium. In addition, we discuss the
forced oscillation driven by alternating currents, showing
that there is a phase due to the existence of the effective
mass. Since the phase depends on the physical quantities of
antiferromagnets, such as the damping and exchange con-
stants, they may be measured by the phase. Furthermore,
we prove that AFM skyrmions and skyrmioniums obey
the momentum theorem. Since both AFM skyrmions and
skyrmioniums have ultrafast speeds (up to a few kilome-
ters per second) without showing any transverse drift, they
are ideal information carriers in racetrack-type memory
and one can easily build two-lane AFM racetracks in order
to accurately encode the data bits. Moreover, based on
the inertial characteristics, the AFM skyrmionium-based
spin torque nano-oscillators are proposed and such nano-
oscillators can produce high frequencies of approximately
10.6 GHz. Our results are useful for the understanding

of the inertial dynamics and the applications of the AFM
skyrmion and skyrmionium.
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