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Thermally stable magnetic skyrmions in multilayer synthetic antiferromagnetic racetracks
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A magnetic skyrmion is a topological magnetization structure with a nanometric size and a well-defined
swirling spin distribution, which is anticipated to be an essential building block for novel skyrmion-based
device applications. We study the motion of magnetic skyrmions in multilayer synthetic antiferromagnetic (SAF)
racetracks as well as in conventional monolayer ferromagnetic (FM) racetracks at finite temperature. There is
an odd-even effect of the constituent FM layer number on the skyrmion Hall effect (SkHE). Namely, due to
the suppression of the SkHE, the magnetic skyrmion has no transverse motion in multilayer SAF racetracks
packed with even FM layers. It is shown that a moving magnetic skyrmion is stable even at room temperature
(T = 300 K) in a bilayer SAF racetrack but it is destructed at T = 100 K in a monolayer FM racetrack. Our
results indicate that the SAF structures are reliable and promising candidates for future applications in skyrmion
electronics and skyrmion spintronics.
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I. INTRODUCTION

A magnetic skyrmion is a nanometric magnetic domain
wall structure in which the spin configuration is swirling in
the planar space and would wrap a unit three-dimensional
spherical surface with spins pointing in all directions in
the compactification of the planar space [1–6]. Recently,
experiments have revealed the existence of both Néel-type and
Bloch-type skyrmions in thin films as well as bulk materials
[7–16]. The spin configuration of a skyrmion is topologically
protected and is stable as long as it does not overlap tilted spins
on the sample edge or shrink to the lattice scale. Another merit
of a skyrmion is that it can be displaced by a spin-polarized
current in confined structures. Thus, the skyrmion is expected
to be a key component of future device applications in the
emerging field of skyrmionics [17–34]. Recent experiments
have demonstrated the creation, manipulation, and elimination
of skyrmions in confined geometries using cutting-edge tech-
nologies [14–16,35–40]. However, one significant obstacle to
the essential transmission process of skyrmions in devices is
the skyrmion Hall effect (SkHE) [41,42], where a skyrmion
gains a transverse motion perpendicular to the imposed driving
direction. As a consequence, the skyrmion, which carries
encoded information, might be destructed when it passes a
narrow racetrack-type channel [43,44] and/or when it travels
at a high speed by touching the edge of the device [24,45,46].

Recently, we showed in Ref. [24] that a bilayer skyrmion
moves perfectly straight in the direction of the driving current
in a bilayer synthetic antiferromagnetic (SAF) racetrack,
where the SkHE is completely suppressed. The two skyrmions
in the top and bottom ferromagnetic (FM) layers of the bilayer
SAF racetrack have opposite skyrmion numbers, and thus, the
potential transverse shift directions are opposite and canceled
[24]. We note that the antiferromagnetic (AFM) skyrmions in
monolayer [47] and bilayer [48] AFM racetracks are also free
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from the SkHE, where the AFM skyrmions have a skyrmion
number of zero.

Another challenging problem is about the effect of thermal
fluctuations, which is detrimental to skyrmion-based device
applications. A skyrmion is largely deformed and might
be easily destroyed by the thermal fluctuations. Hence, the
thermal effect is one of the important factors to realize the
skyrmion-based device applications [49–52].

In this paper, we study the thermal fluctuation effect on the
motion of skyrmions in multilayer SAF racetracks as well as
in monolayer FM racetracks based on numerical simulations
and a multilayer Thiele equation. The skyrmions in all FM
layers of a multilayer SAF racetrack are bound to one single
SAF multilayer skyrmion by the interlayer AFM exchange
coupling. We call it a SAF N -layer skyrmion, where N stands
for the number of constituent FM layers.

First, we investigate the current-driven dynamics of a SAF
N -layer skyrmion at zero temperature (T = 0 K). We find the
odd-even effect of the number N of constituent FM layers
on the SkHE, which is understood as the total skyrmion
number of the skyrmions in each individual FM layer. Namely,
the SAF N -layer skyrmion shows the SkHE only when N

is odd. Furthermore, we find that the velocity of the SAF
N -layer skyrmion at a given driving current density is inversely
proportional to N when the driving current is applied only
in the bottom FM layer. We also point out that when the
driving current is applied in all FM layers, the velocity of
the SAF N -layer skyrmion is basically equal to that of the FM
monolayer skyrmion at a given driving current density.

Second, we investigate the current-driven dynamics of a
SAF N -layer skyrmion at finite temperature (T > 0 K). It is
shown that the FM monolayer skyrmion with typical material
parameters is destroyed when T = 100 K. On the other hand,
the SAF bilayer skyrmion is stable and goes straight along the
bilayer SAF racetrack even at room temperature (T = 300 K).
This is because the two skyrmions constituting the SAF bilayer
skyrmion are tightly bound by the interlayer AFM exchange
coupling, where the SkHEs acting on the two skyrmions are
opposite and cancel out. In general, for a system with a
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relatively large damping coefficient, the thermal fluctuation
effect decreases rapidly as the layer number N increases
at a certain temperature. Our results provide a promising
route to realizing skyrmion-based device applications at room
temperature.

II. MODELING AND SIMULATION

A. Monolayer FM and multilayer SAF racetracks

Figure 1 illustrates the monolayer FM racetrack as well
as the multilayer SAF racetracks studied in this paper. The
monolayer FM racetrack contains one FM layer and a heavy-
metal substrate underneath the FM layer. The N -layer SAF
racetrack (N � 2) includes N FM layers, which are separated
by N − 1 nonmagnetic spacer layers. The FM layers are
denoted from bottom to top as L1, L2, L3, etc. In all models, the
length along the x axis, width along the y axis, and thickness
along the z axis of each FM layer and nonmagnetic spacer are,
respectively, equal to 500, 50, and 1 nm, where FM layer L1
is attached to the heavy-metal substrate.

In the N -layer SAF racetracks (N � 2), the neighbor-
ing FM layers are antiferromagnetically exchange coupled
through their FM/spacer/FM interfaces. The magnetization in
each FM layer is perpendicular to the racetrack plane due to
the high perpendicular magnetic anisotropy (PMA), while the
magnetization in neighboring FM layers is antiparallel due to
the interlayer AFM exchange coupling. The Dzyaloshinskii-
Moriya interaction (DMI) in FM layers leads to the tilt of
magnetization near the edges of the FM layers. It is worth
mentioning that the DMI in FM layers can be induced by both
the heavy-metal substrate and spacer layers in real experiments
[5]. Recent theoretical [53,54] and experimental [14–16,55,56]
studies have suggested and developed the methods to induce
the DMI in multilayers. More promisingly, it has been recently
shown that by constructing the spacer layer made of two
different heavy-metal materials, additive DMI can be achieved
in multilayers [15].

In our numerical simulations we explicitly consider the
SAF N -layer skyrmions with N = 1,2,3,4. We assume that
the relaxed magnetization distributions of FM layers L1 and

L3 are almost pointing along the +z direction, while those
of FM layers L2 and L4 are almost pointing along the −z

direction. The background magnetization directions determine
the skyrmion number of the skyrmion in each FM layer. The
skyrmion number equals 1 in FM layers L1 and L3, while it
equals −1 in FM layers L2 and L4. The total skyrmion number
Qtot of the SAF N -layer skyrmion is N modulo 2. Namely,
Qtot = 1,0,1,0 for N = 1,2,3,4, respectively (see Sec. II D
for details).

At the initial state, the skyrmions are first created and
relaxed at the position of x = 100 nm, y = 25 nm. With regard
to the injection scheme of the driving current, we consider
a confined current-perpendicular-to-plane (CPP) geometry.
Namely, an electron current flows through the heavy-metal
substrate in the +x direction, which is converted into a spin
current polarized along the −y direction and is perpendicularly
injected into FM layer L1 due to the spin Hall effect (see
Ref. [39] for a recent experimental example). The skyrmion
in FM layer L1 is driven by the vertical spin current, while
the other skyrmions in FM layers L2, L3, and L4 move
accordingly due to the interlayer AFM exchange coupling
between each adjacent FM layer. It should be noted that, for
comparison purposes, we also simulate the straightforward
case of unconfined CPP geometry with the bilayer SAF
racetrack, where the spin current is injected into all FM layers,
neglecting the spin-current absorption in the model.

B. Hamiltonian

We investigate the multilayer SAF racetrack composed
of N FM layers, where the neighboring FM layers are
antiferromagnetically exchange coupled by the interlayer
AFM exchange interaction, as illustrated in Fig. 1. The total
Hamiltonian H is decomposed into the Hamiltonian for each
FM layer Hn and the interlayer AFM exchange coupling Hinter

between neighboring FM layers, that is,

H =
N∑

n=1

Hn + Hinter. (1)

x y
Spacer

Spacer

FM L4 (n = 4)

FM L3 (n = 3)

FM L2 (n = 2)

FM L1 (n = 1)

Spacer

Monolayer (N = 1) Bilayer (N = 2) Trilayer (N = 3) Quadrilayer (N = 4)

z

FIG. 1. Schematics of the simulation models including the monolayer (N = 1) FM, bilayer (N = 2) SAF, trilayer (N = 3) SAF, and
quadrilayer (N = 4) SAF racetracks. The length along the x axis, width along the y axis, and thickness along the z axis of each FM layer
and nonmagnetic spacer are, respectively, equal to 500, 50, and 1 nm, where FM layer L1 is placed on the heavy-metal substrate. In the SAF
racetracks, the adjacent FM layers are antiferromagnetically exchange coupled through their respective FM/spacer/FM interfaces. The initial
magnetization configurations of FM layers L1 (n = 1) and L3 (n = 3) are pointing along the +z direction, while those of FM layers L2 (n = 2)
and L4 (n = 4) are pointing along the −z direction. The arrows represent the initial magnetization directions.
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The Hamiltonian for each FM layer reads

Hn = −Aintra

∑
〈i,j〉

mn
i · mn

j + Dij

∑
〈i,j〉

(νij × ẑ) · (
mn

i × mn
j

)

+K
∑

i

[
1 − (

m
n,z
i

)2] + HDDI, (2)

where n is the FM layer index (n = 1,2, . . . ,N), mn
i represents

the local magnetic moment orientation normalized as |mn
i | = 1

at site i, and 〈i,j 〉 runs over all the nearest-neighbor sites in
each FM layer. The first term represents the intralayer FM
exchange interaction with the intralayer FM exchange stiffness
Aintra. The second term represents the DMI with the DMI
coupling energy Dij , where νij is the unit vector between sites
i and j . The third term represents the PMA with the anisotropy
constant K . HDDI represents the dipole-dipole interaction.
When N > 1, there exists an AFM exchange coupling between
the nearest-neighbor FM layers,

Hinter = −
N−1∑
n=1

Ainter

∑
i

mn
i · mn+1

i . (3)

The sign of the interlayer exchange stiffness Ainter is negative
for the interlayer AFM exchange interaction. We take the initial
magnetization direction in FM layer L1 to be pointing upward
(see Fig. 1).

C. Landau-Lifshitz-Gilbert equation at finite temperature

The dynamics of a skyrmion at a given finite temperature
is described by introducing a Gaussian stochastic magnetic
field h describing the thermal agitation of the magnetization
[57–61], which satisfies

〈hi(x,t)hj (x′,t ′)〉 = 2αkBT

�
a2δ(x − x′)δij δ(t − t ′), (4)

where i,j = x,y and a2 is the area of the lattice. In the CPP
geometry, we numerically solve the Landau-Lifshitz-Gilbert
(LLG) equation including the spin-transfer torque (STT) term
extended into the following form:

dmi

dt
= − |γ |mi × (

Heff
i + h

) + αmi × dmi

dt

+ |γ |u(mi × p × mi), (5)

with the layer index n suppressed. Here, Heff
i = −∂Htotal/∂mi

is the effective magnetic field induced by the total Hamiltonian
Htotal, γ is the gyromagnetic ratio, α is the Gilbert damping
coefficient originating from the spin relaxation, u is the STT
coefficient, and p represents the unit spin-polarization vector
of the spin current. We have u = | �

μ0e
| jP

2dMS
, where μ0 is the

vacuum magnetic permittivity, d is the thickness of the FM
layer, MS is the saturation magnetization, j is the applied
current density, and P is the spin-polarization rate. The STT
exerted on FM layer L1 is induced by the spin Hall effect. It
should be noted that we have j = 0 in the FM layers above
FM layer L1; thus, there is no STT effect on the FM layer with
the layer index number n > 1.

D. SkHE in multilayer SAF racetracks

We employ the Thiele equation [21,62] with the inclusion
of the stochastic force [61] in order to interpret the numerical
results. We generalize it to the SAF N -layer skyrmion system
in multilayer SAF racetracks driven by the spin current with
the CPP geometry at finite temperature. It would read in each
FM layer as

Gn × vn − Dαvn + jn
spin + In

AFM = ηn, (6)

with n being the layer index, where vn, jn
spin, and In

AFM
represent the skyrmion velocity, the spin current, and the inter-
layer AFM exchange force, respectively. Gn = (0,0,4πQn) is
the gyromagnetic coupling constant representing the Magnus
force, where Qn is the skyrmion number, which is defined as

Qn = − 1

4π

∫
mn(x) · [∂xmn(x) × ∂ymn(x)]d2x, (7)

and ηn is the Gaussian stochastic forces acting on the
skyrmions representing the finite-temperature effect, which
satisfies

〈
ηn

i (t)ηn
j (t ′)

〉 = 2αkBT

�
a2Dδij δ(t − t ′), (8)

where i,j = xn,yn. We have taken the same dissipation matrix
D and the same damping coefficient α for all racetracks.

We now postulate that all skyrmions move together with
the same velocity v since they are tightly bound. Summing all
N Thiele equations (6), we would phenomenologically obtain

Gtot × v − NDαv + j spin = ηtot, (9)

where the interlayer AFM forces are assumed to be canceled
out, that is,

∑
In

AFM = 0, and Gtot = (0,0,4πQtot), with

Qtot =
N∑

n=1

Qn, (10)

and j spin = ∑N
n=1 jn

spin, ηtot = ∑N
n=1 ηn. Actually, jn

spin =
δn1 j spin, where j spin is the spin current induced by the charge
current in the heavy-metal substrate due to the spin Hall effect
(see Sec. II A).

The first term on the left-hand side of Eq. (9) corresponds
to the Magnus force. The total skyrmion number equals 1,
Qtot = 1, when the number N of FM layers is odd, while it
equals zero, Qtot = 0, when the number N of FM layers is even
since Qn = −(−1)n. The variant of the sum of the Gaussian
noise is given by

〈
ηi

tot(t)η
j
tot(t

′)
〉 = 2αkBT

N�
a2Dδij δ(t − t ′), (11)

where i,j = x,y. As a result, the variance of the total noise
becomes 1/N in the SAF N -layer skyrmion. Therefore, the
SAF N -layer skyrmion is N times more stable than the FM
monolayer skyrmion at a certain temperature and a certain
damping coefficient.
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The velocity is given by explicitly solving the Thiele Eq. (9)
as

vx = αND
Q2

tot + α2N
2D2

(
jspin − ηx

tot

) + Qtot

Q2
tot + α2N

2D2
η

y
tot,

(12)

vy = Qtot

Q2
tot + α2N

2D2

(
jspin − ηx

tot

) − αND
Q2

tot + α2N
2D2

η
y
tot.

(13)

The mean velocity is thus given by

〈vx〉 = αND
Q2

tot + α2N
2D2

jspin, 〈vy〉 = Qtot

Q2
tot + α2N

2D2
jspin.

(14)

When Qtot = 1, which is the case for odd N , a skyrmion
undergoes a transverse motion, where

〈vy〉
〈vx〉 = 1

αND . (15)

When Qtot = 0, which is the case for even N , a skyrmion goes
straight, where

〈vx〉 = 1

αND jspin, 〈vy〉 = 0. (16)

Consequently, the SAF N -layer skyrmion experiences the
SkHE only when N is odd. We call it the odd-even effect
on the SkHE.

The velocity of the skyrmion decreases with increasing
N at a given driving current density. The velocity-velocity
correlation functions are calculated as

〈vx(t)vx(t ′)〉 = (αND)2〈ηx
tot(t)η

x
tot(t

′)
〉 + Q2

tot

〈
η

y
tot(t)η

y
tot(t

′)
〉

(
Q2

tot + α2N
2D2

)2 ,

(17)

〈vy(t)vy(t ′)〉 = Q2
tot

〈
ηx

tot(t)η
x
tot(t

′)
〉 + (αND)2

〈
η

y
tot(t)η

y
tot(t

′)
〉

(
Q2

tot + α2N
2D2

)2 .

(18)

Substituting Eq. (11), the correlation functions are obtained as

〈vx(t)vx(t ′)〉 = 〈vy(t)vy(t ′)〉

= 1

Q2
tot + α2N

2D2

2αkBT

N�
a2DδII ′δ(t − t ′),

(19)

which are functions of T and α for a given SAF N -layer
skyrmion.

Since the scope of this paper is focused on the temperature
effect on the SAF N -layer skyrmion, we assume 2kBa2/� =
D = 1 in Eq. (19) and show the correlation functions as
a function of T for the SAF N -layer skyrmions under the
assumptions of a large damping coefficient (α = D) and a
small damping coefficient (α = D/10) in Figs. 2(a) and 2(b),
respectively.
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FIG. 2. The velocity-velocity correlation function (19) as a
function of T for the SAF N -layer skyrmion at (a) α = D and
(b) α = D/10. The solid curve shows the case of the SAF N -layer
skyrmion with an odd N , which has Qtot = 1. The dashed curve
shows the case of the SAF N -layer skyrmion with an even N , which
has Qtot = 0. Here, we assume 2kBa2/� = D = 1 in Eq. (19).

It can be seen that, for the case of a large damping coefficient
(α = D) [Fig. 2(a)], the correlation functions of the N -layer
skyrmion, where N = 1,2, . . . ,6, increase with increasing T .
On the other hand, the correlation functions are inversely
proportional to N . This indicates that the stability of the SAF
N -layer skyrmion with a large damping coefficient increases
with N but decreases with T . In contrast, for the case of a
small damping coefficient (α = D/10) [Fig. 2(b)], it shows
the correlation functions of the SAF N -layer skyrmion, where
N = 1,2, . . . ,6, increase with increasing T . However, the
correlation functions are nonmonotonic with respect to N .
At a certain T , it can be seen that the correlation functions of
the SAF N -layer skyrmions with N = 2,4 are larger than that
of the SAF N -layer skyrmion with N = 1. This means that the
stability of the SAF N -layer skyrmion with a small damping
coefficient decreases with T ; however, the FM monolayer
skyrmion with Qtot = 1 is more stable than the SAF bilayer
skyrmion with Qtot = 0 at a certain T . It is noteworthy that this
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result is in good agreement with a recent study on the AFM
skyrmion (see Ref. [48]), where the fluctuation of the AFM
skyrmion with Qtot = 0 was found to be inversely proportional
to α, and is more significant than that of the FM skyrmion
with Qtot = 1 at a small damping coefficient α = 0.01. It is
also worth mentioning that the fluctuation of the FM skyrmion
with Qtot = 1 is proportional to α (see Refs. [34,48]). Hence,
in order to remain in a monotonic temperature dependence
with respect to N , we numerically study the SAF N -layer
skyrmion under the large-damping-coefficient assumption in
the following sections.

E. Simulation methods

The three-dimensional micromagnetic simulations are per-
formed by using the 1.2 alpha 5 release of the Object Oriented
Micromagnetic Framework (OOMMF) software developed at
the National Institute of Standards and Technology (NIST)
[63]. The simulations are handled by the OOMMF extensible
solver (OXS) objects of the standard OOMMF distribution
with the OXS extension modules for including the interface-
induced DMI [64,65] and the thermal fluctuation [66]. The
magnetization dynamics at zero temperature (T = 0 K) is
controlled by the LLG equation including the STT term
[63,67], while a highly irregular fluctuating field representing
the irregular influence of temperature is added into the LLG
equation including the STT term when the thermal effect is
considered (T > 0 K). The finite-temperature simulations are
performed with a fixed time step of 10 fs, that is, 1 × 10−14 s,
while the time step in the zero-temperature simulations is

adaptive (∼ 1 × 10−13 s). Each simulation with a certain finite
temperature is performed ten times individually with different
random-seed values. The models built in the micromagnetic
simulations are discretized into regular cells with a constant
cell size of 2 × 2 × 1 nm, which allows for a trade-off between
numerical accuracy and computational efficiency. In the CPP
geometry, the spin current polarized along the −y direction
flows upward in the bottom FM layer L1, which is induced
by the charge current flowing in the heavy-metal substrate due
to the spin Hall effect. The current-induced Oersted field is
neglected in all simulations for simplicity since it makes only
a minor contribution to the overall magnetization dynamics.
The typical material parameters used in the micromagnetic
simulations are adopted from Refs. [18,19,21,24]: the Gilbert
damping coefficient α = 0.3, which is large enough to satisfy
the large damping coefficient assumption; gyromagnetic ra-
tio γ = −2.211 × 105 m A−1 s−1; saturation magnetization
MS = 580 kA m−1; intralayer FM exchange stiffness Aintra =
15 pJ m−1; interlayer AFM exchange stiffness Ainter = −1 pJ
m−1; interface AFM exchange coefficient σ = −1 mJ m−2;
DMI constant D = 3.5 mJ m−2; PMA constant K = 0.8 MJ
m−3; and spin-polarization rate P = 0.4.

III. CURRENT-INDUCED MOTION OF SKYRMIONS AT
ZERO TEMPERATURE

We start with a numerical investigation of the current-
velocity relation of skyrmions in N -layer SAF racetracks,
with N = 1,2,3,4, at zero temperature (T = 0 K; see
Fig. 3).
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FIG. 3. Typical trajectories of SAF N -layer skyrmions in N -layer SAF racetracks. (a) The trajectory of a FM monolayer skyrmion in a
monolayer FM racetrack (N = 1) at j = 10 MA cm−2. The transverse shift of the monolayer skyrmion due to the SkHE is obvious. It reaches
a stable velocity of vx ∼ 70 m s−1. (b) The trajectory of a SAF bilayer skyrmion in a bilayer SAF racetrack (N = 2) at j = 20 MA cm−2. The
SAF bilayer skyrmion moves along the central line (y = 25 nm) of the racetrack, which reaches a stable velocity of vx ∼ 70 m s−1. (c) The
trajectory of a SAF trilayer skyrmion in a trilayer SAF racetrack (N = 3) at j = 30 MA cm−2. It reaches a stable velocity of vx ∼ 70 m s−1.
(d) The trajectory of a SAF quadrilayer skyrmion in a quadrilayer SAF racetrack (N = 4) at j = 40 MA cm−2. The SAF quadrilayer skyrmion
moves along the central line (y = 25 nm) of the racetrack, which reaches a stable velocity of vx ∼ 70 m s−1. The dot denotes the center of the
skyrmion. The total simulation time is 5000 ps, which is indicated by the color scale.

064406-5



XICHAO ZHANG, MOTOHIKO EZAWA, AND YAN ZHOU PHYSICAL REVIEW B 94, 064406 (2016)

FIG. 4. (a) The skyrmion Hall angle vy/vx as a function of t . It is almost a constant for N = 1 and N = 3. Here, we use a square sample
of 200 × 200 × 1 nm in order to reduce the impact of the edge effect. The skyrmion is located at the film center (100 nm, 100 nm) at the
initial time. (b) The velocity vx as a function of j for the motion of SAF N -layer skyrmions, where the driving current is injected into the
bottom FM layer L1. When j > 10 MA cm−2 and j > 100 MA cm−2, the moving FM monolayer and SAF trilayer skyrmions are destroyed
en route by the SkHE, respectively. The open symbols stand for the numerical results. The solid lines represent the theoretical results given by
Eq. (14) with αD = 0.57. The dashed line with crosses indicates the velocity vx of a SAF bilayer skyrmion in a bilayer SAF racetrack, where
the driving current is injected into both the bottom FM layer L1 and the top FM layer L2. (c) The inverse velocity v−1

x as a function of the total
FM layer number N at small j , where no skyrmion is destroyed by the SkHE. The open symbols stand for the numerical results. The solid
lines represent the theoretical results given by Eq. (14).

Let us recapitulate the current-induced motion of a FM
monolayer skyrmion in a monolayer FM racetrack, which
undergoes a transverse motion toward the upper edge of the
racetrack because of the SkHE (see the Supplemental Material
[68] for Movie 1). We show the trajectory at a moderate
driving current of j = 10 MA cm−2 in Fig. 3(a). The moving
skyrmion reaches a stable velocity of vx ∼ 70 m s−1 and
has a transverse shift of ∼5 nm due to the SkHE. It does
not touch the edge because of the repulsive force from the
edge. Nevertheless, when j > 10 MA cm−2, it is destroyed by
touching the edge shortly after the driving current is applied
(see the Supplemental Material [68] for Movie 1).

Let us also recapitulate the current-induced motion of a
SAF bilayer skyrmion in a bilayer SAF racetrack (see the
Supplemental Material [68] for Movie 2). It goes straight in
the bilayer SAF racetrack as a result of the suppression of the
SkHE (Qtot = 0). The trajectory at a moderate driving current
of j = 20 MA cm−2 is shown in Fig. 3(b), where it reaches a
stable speed of ∼70 m s−1. The SAF bilayer skyrmion strictly
moves along the central line (y = 25 nm) of the racetrack.

We go on to study the current-induced motion of a SAF
trilayer skyrmion with Qtot = 1 [see Fig. 3(c)] and a SAF
quadrilayer skyrmion with Qtot = 0 [see Fig. 3(d)]. The SAF
trilayer skyrmion experiences the SkHE (see the Supplemental
Material [68] for Movie 3) as in the case of the FM monolayer
skyrmion. On the other hand, the SAF quadrilayer skyrmion
moves reliably in the quadrilayer SAF racetrack even at a
strong driving current (see the Supplemental Material [68] for
Movie 4), demonstrating the suppression of the SkHE as in
the case of a SAF bilayer skyrmion. The SAF quadrilayer
skyrmion moves along the central line (y = 25 nm) of the
racetrack.

We compare the SkHEs at N = 1 and N = 3 quantitatively.
We show the skyrmion Hall angle vy/vx as a function of
time t in Fig. 4(a) for N = 1,3. The skyrmion Hall angle

is antiproportional to N . Namely, the SkHE for N = 3 is three
times smaller than that for N = 1. The theoretical expectation
(15) explains the numerical data remarkably well with the
choice of αD = 0.57.

In Fig. 4(b), we show the velocity vx as a function of the
applied driving current density j for the motion of SAF N -
layer skyrmions, where N = 1,2,3,4. We have fitted the data
successfully by theoretical expectation (14) with the use of
αD = 0.57. The velocity vx is almost antiproportional to N ,
as shown in Fig. 4(c). This is because the driving current is
only applied to the bottom FM layer L1.

In order to further improve the j -v relation of the SAF
N -layer skyrmions, here taking the SAF bilayer skyrmion as
an example, we also investigate the j -v curve when the driving
current is applied in both constituent FM layers of the bilayer
SAF racetrack, which is plotted in Fig. 4(b) as a dashed curve. It
can be seen that, when both FM layers are driven by the current,
the j -v relation of the SAF bilayer skyrmion matches well with
that of a FM monolayer skyrmion moving in a monolayer FM
racetrack in the small-driving-current regime. When j = 10
MA cm−2, the velocity of the FM monolayer skyrmion is
vx = 70 m s−1, while the velocity of the SAF bilayer skyrmion
is vx = 72 m s−1.

IV. CURRENT-INDUCED MOTION OF SKYRMIONS AT
FINITE TEMPERATURE

We proceed to investigate the effect of random thermal
perturbations on the motion of SAF N -layer skyrmions.
Figure 5 demonstrates the motion of a FM monolayer (SAF
bilayer) skyrmion driven by a moderate current of j = 10 (20)
MA cm−2 at temperatures ranging from T = 0 K to T = 300 K
(see the Supplemental Material [68] for Movies 5 and 6).

A FM monolayer skyrmion moves safely from the left to
the right terminal of the racetrack at T = 0 and 50 K. However,
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FIG. 5. Top views of the motion of a FM monolayer skyrmion and a SAF bilayer skyrmion at different T and selected t . (a) The motion of
a FM monolayer skyrmion (Qtot = 1) in a monolayer FM racetrack (N = 1). A moderate driving current of j = 10 MA cm−2 is applied. The
FM monolayer skyrmion driven by the spin current moves safely from the left to the right end of the racetrack at T = 0 and 50 K. However,
when T � 100 K, it is destroyed by touching the upper edge. (b) The motion of a SAF bilayer skyrmion (Qtot = 0) in a bilayer SAF racetrack
(N = 2). A moderate driving current of j = 20 MA cm−2 is applied. The SAF bilayer skyrmion, which is immune from the SkHE, reliably
moves along the central line (y = 25 nm) of the racetrack even at T = 300 K. The seed of the random-number generator used to generate the
thermal fluctuation field is set to 100 in all simulations with T > 0 K. The average out-of-plane magnetization component mz is denoted by
the green-white-orange color scale.

when T is increased and larger than 100 K, it becomes unstable
and is destroyed by touching the upper edge. Figures 6(a)–6(g)
show its trajectories at T = 0, 50, 100, 150, 200, 250, and
300 K, respectively. At T = 0 K, as we have already stated,

the transverse shift is constant due to the balance between the
SkHE and the edge effect. At a finite temperature, the motion
is affected by the thermal effect, where the transverse shift
is fluctuating. It is destroyed when the fluctuating skyrmion

FIG. 6. Typical trajectories of a FM monolayer skyrmion and a SAF bilayer skyrmion at different T . Trajectories of a FM monolayer
skyrmion (Qtot = 1) in a monolayer FM racetrack at (a) T = 0 K, (b) T = 50 K, (c) T = 100 K, (d) T = 150 K, (e) T = 200 K, (f) T = 250 K,
and (g) T = 300 K. A moderate driving current of j = 10 MA cm−2 is applied. Trajectories of a SAF bilayer skyrmion (Qtot = 0) in a bilayer
SAF racetrack at (h) T = 0 K, (i) T = 50 K, (j) T = 100 K, (k) T = 150 K, (l) T = 200 K, (m) T = 250 K, and (n) T = 300 K. A moderate
driving current of j = 20 MA cm−2 is applied. The seed of the random-number generator used to generate the thermal fluctuation field is set to
100 in all simulations with T > 0 K. The total simulation time is 5000 ps, which is represented by the color scale. The dot denotes the center
of the skyrmion. The red cross indicates the destruction of the skyrmion by touching the upper edge caused by the SkHE.
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FIG. 7. Distributions of the y position of SAF N -layer skyrmions at different T fitted by the Gaussian distribution. (a) A FM monolayer
skyrmion (Qtot = 1) driven by a current of j = 10 MA cm−2. At T = 0 K, the y position equals ∼29.3 nm. In order to ensure a safe motion of
∼300 nm, T is only increased up to 90 K. (b) A SAF bilayer skyrmion (Qtot = 0) driven by a current of j = 20 MA cm−2. At T = 0 K, the y

position equals ∼25.0 nm. (c) A SAF trilayer skyrmion (Qtot = 1) driven by a current of j = 30 MA cm−2. At T = 0 K, the y position equals
∼26.7 nm. (d) A SAF quadrilayer skyrmion (Qtot = 0) driven by a current of j = 40 MA cm−2. At T = 0 K, the y position equals ∼25.0 nm.
(e) The mean y0 of the distribution of the y position as a function of T . (f) The standard deviation σy of the distribution of the y position as a
function of T . The y position of the skyrmion at T = 0 K is indicated by the vertical dashed line in (a)–(d). The seed of the random-number
generator used to generate the thermal fluctuation field is set to 100 in all simulations with T > 0 K.

FIG. 8. Trajectories of a FM monolayer skyrmion and a SAF bilayer skyrmion at selected T with several different random-seed values.
Trajectories of a FM monolayer skyrmion (Qtot = 1) (a) at T = 0,50 K and (b) at T = 0,100 K with a driving current of j = 10 MA cm−2. (c)
Trajectories of a SAF bilayer skyrmion (Qtot = 0) at T = 0,300 K with a driving current of j = 20 MA cm−2. The seed of the random-number
generator used to generate the thermal fluctuation field is set to 100, 101, and 102, respectively. The total simulation time is 5000 ps. The
symbols denote the center of the skyrmion. The red crosses indicate the destruction of the skyrmion by touching the upper edge caused by the
SkHE.
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touches the edge. Indeed, it is destroyed after having moved
∼200 nm at T = 100 K. When T is raised to room temperature,
that is, T = 300 K, the FM monolayer skyrmion is destroyed
very shortly after the driving current is applied.

On the other hand, a SAF bilayer skyrmion moves safely
from the left to the right terminal of the racetrack even at
T = 300 K. The corresponding trajectories of the SAF bilayer
skyrmion at T = 0, 50, 100, 150, 200, 250, and 300 K are
given in Figs. 6(h)–6(n), respectively. Since the SAF bilayer
skyrmion exhibits no transverse shift caused by the SkHE, it
is not destroyed by touching the edge as the racetrack width is
wide enough here.

In Figs. 7(a)–7(d), we show the distributions of the y

position of a SAF N -layer skyrmion for ∼300 nm of motion at
different T , which are fitted by using the Gaussian distribution.
In Figs. 7(e) and 7(f), we show the mean value y0 and standard
deviation σy of the distribution of the y position as functions of
T corresponding to Figs. 7(a)–7(d). The mean y0 is around one
half of the sample width for N = 2 and N = 4 since the SAF
N -layer skyrmion with an even N goes straight, reflecting the
absence of the SkHE. On the other hand, the mean y0 is away
from one half of the sample width for N = 1 and N = 3 due
to the SkHE. The deviation is larger for N = 1 than N = 3,
which indicates that the SkHE exerted on a FM monolayer
skyrmion is larger than that on a SAF trilayer skyrmion.

In Fig. 6 we see that a FM monolayer skyrmion can
go further at T = 150 K than at T = 100 K. This occurs
accidentally due to the choice of the thermal random seed,
which is a number employed by the random-number generator
to generate the thermal fluctuation field in thermal simulations
[66]. In order to evaluate and examine the effect of the
thermal random seed on the simulation results, we perform
each simulation at a given T ten times individually with
different thermal random-seed values. The trajectories of a
FM monolayer skyrmion in a monolayer FM racetrack at
T = 50 and 100 K with three selected random-seed values are
shown in Figs. 8(a) and 8(b), respectively, where a moderate
driving current of j = 10 MA cm−2 is applied. It can be seen
that the trajectories at a certain T with different random-seed
values are modestly influenced by thermal perturbations. At
T = 50 K, although the motion of the FM monolayer skyrmion
is fluctuating, the FM monolayer skyrmion reaches the right
terminal of the racetrack in all ten simulations with different
random-seed values. At T = 100 K, the FM monolayer
skyrmion is destroyed by touching the upper edge of the
racetrack in all ten simulations with different random-seed
values. On the other hand, the SAF bilayer skyrmion is safely
conveyed between the two terminals without touching the

edge in all these simulations even at T = 300 K, as shown
in Fig. 8(c).

V. CONCLUSIONS

We have studied the motion of skyrmions in multilayer
SAF racetracks in contrast to the motion of skyrmions in
conventional monolayer FM racetracks. The thermal effect
on the motion of skyrmions in monolayer FM racetracks as
well as multilayer SAF racetracks has been investigated by
including random thermal perturbations in the micromagnetic
simulations. We have found that a moving SAF bilayer
skyrmion is much more stable than a moving FM monolayer
skyrmion, even when the temperature effect is taken into
account, since the two skyrmions constituting the SAF bilayer
skyrmion are tightly bound by the interlayer AFM exchange
coupling, and thus, the SAF bilayer skyrmion is immune from
the SkHE. Further, we have shown that the detrimental effect of
the SkHE on the moving FM monolayer skyrmion is enhanced
as temperature increases, while the SAF bilayer skyrmion can
safely move along the racetrack even at room temperature.
In addition, the odd-even effect of the constituent FM layer
number on the SkHE in multilayer SAF racetracks has also
been demonstrated. Due to the suppression of the SkHE,
the skyrmions have no transverse motion in multilayer SAF
racetracks with even constituent FM layers. In conclusion,
we find that the bilayer SAF racetrack is a preferred host for
skyrmion transmission in racetrack-type device applications
since it realizes a minimum system which does not show the
SkHE.
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