
HAL Id: hal-03031103
https://hal.science/hal-03031103

Submitted on 30 Nov 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Controlling the deformation of antiferromagnetic
skyrmions in the high-velocity regime

A Salimath, Fengjun Zhuo, R Tomasello, G Finocchio, A Manchon

To cite this version:
A Salimath, Fengjun Zhuo, R Tomasello, G Finocchio, A Manchon. Controlling the deformation of
antiferromagnetic skyrmions in the high-velocity regime. Physical Review B, 2020, 101, �10.1103/phys-
revb.101.024429�. �hal-03031103�

https://hal.science/hal-03031103
https://hal.archives-ouvertes.fr


PHYSICAL REVIEW B 101, 024429 (2020)

Controlling the deformation of antiferromagnetic skyrmions in the high-velocity regime

A. Salimath,1,* Fengjun Zhuo ,1 R. Tomasello ,2 G. Finocchio,3 and A. Manchon 1,†

1King Abdullah University of Science and Technology (KAUST), Physical Science and Engineering Division (PSE),
Thuwal 23955-6900, Saudi Arabia

2Institute of Applied and Computational Mathematics, FORTH, GR-70013 Heraklion-Crete, Greece
3Department of Mathematical and Computer Sciences, Physical Sciences, and Earth Sciences, University of Messina, I-98166 Messina, Italy

(Received 24 July 2019; revised manuscript received 5 December 2019; published 31 January 2020)

While antiferromagnetic skyrmions display appealing properties, their lateral expansion in the high-velocity
regime hinders their potential for applications. In this work, we study the impact of spin Hall torque, spin transfer
torque, and topological torque on the velocity-current relation of antiferromagnetic skyrmions with the aim
of reducing this deformation. Using a combination of micromagnetic simulations and analytical derivations,
we demonstrate that the lateral expansion of the antiferromagnetic skyrmion is reminiscent of the well-known
Lorentz contraction identified in one-dimensional antiferromagnetic domain walls. We also show that in the flow
regime the lateral expansion is accompanied by a progressive saturation of the skyrmion velocity when driven
by spin Hall and topological torques. This saturation occurs at much smaller velocities when driven by the
topological torque, while the lateral expansion is reduced, preventing the skyrmion size from diverging at large
current densities. We extend this study toward synthetic antiferromagnets, where the weaker antiferromagnetic
exchange leads to much larger lateral expansion at smaller current densities in all cases. This study suggests
that a compromise must be made between skyrmion velocity and lateral expansion during the device design.
In this respect, exploiting the topological torque could lead to better control of the skyrmion velocity in
antiferromagnetic racetracks.

DOI: 10.1103/PhysRevB.101.024429

I. INTRODUCTION

For decades, ferromagnets have been the preferred active
layer for spintronic devices, maintaining antiferromagnets to
a passive role in spite of their superior properties. Indeed, an-
tiferromagnets are abundant in nature, they are robust against
reasonably large (∼ a few teslas) external magnetic fields, and
they display very high frequency dynamics in the terahertz
range [1]. The recent prediction [2,3] and observation of
current-driven manipulation of the Néel order of CuMnAs
[4], Mn2Au [5], NiO [5,6], and synthetic antiferromagnets
[7] open thrilling perspectives for data storage and memory
applications [8,9]. Antiferromagnets are particularly appeal-
ing in the context of the racetrack memory [10], where in-
formation is stored in magnetic domain walls and controlled
electrically via spin transfer [11,12] or spin-orbit torque [13].
As a matter of fact, theoretical predictions have suggested that
antiferromagnetic domain walls could be immune to Walker
breakdown and reach velocities as high as tens of kilometers
per second [14–17]. In this context, the recent prediction
of antiferromagnetic skyrmions bears inspiring promise for
futuristic ultrahigh-density storage [18,19].

Magnetic skyrmions are a class of topologically protected
objects observed in chiral magnets [20–24], i.e., bulk mate-
rials or heterostructures lacking inversion symmetry. Recent
experiments have reported skyrmion sizes down to a few
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nanometers in transition metal ferromagnets [25–28], which
is crucial for high-density data storage. Their rich topological
properties, such as room-temperature stability, current-driven
motion, and reduced interaction with local disorder, have been
well established both experimentally and theoretically [26,29–
34]. In addition, their topological signatures make skyrmion
detection in ferromagnets rather simple [35]. Besides these
attractive features, ferromagnetic skyrmions also experience
current-driven gyroscopic forces that can limit their scalability
[31,32,36]. On the other hand, it was recently suggested that
such gyroscopic forces could be exploited to enhance the mo-
bility of a train of skyrmions in ferromagnetic nanotracks [37].

In contrast, the progress in antiferromagnetic skyrmions
has been limited. The absence of gyroscopic forces combined
with vanishing stray field make antiferromagnets promising
materials for spintronic circuits [38–41]. The most recent
theoretical works unambiguously suggest higher skyrmion
mobility in antiferromagnets [41,42]. In addition, the non-
trivial topology of antiferromagnetic skyrmions enables the
flow of topological spin Hall currents [43,44]. These local
spin currents lead to a topological torque that can signifi-
cantly enhance their mobility compared to their ferromagnetic
counterpart [45]. In spite of these appealing properties, recent
numerical simulations have pointed out that antiferromagnetic
skyrmions have the tendency to exhibit lateral deformation
when driven at high velocity [46], which can severely hinder
their potential for a range of applications. As a matter of
fact, this expansion can lead to skyrmion annihilation when
the lateral size becomes comparable to the width of the anti-
ferromagnetic track. Hence, controlling the lateral expansion
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FIG. 1. Schematics of the current-driven motion of an antiferro-
magnetic skyrmion upon (a) spin Hall torque arising from an adjacent
metal and (b) topological torque arising from electron flowing along
the magnetic texture. jHM

e and jAFM
e denote the current density

flowing in the metallic layer and in the antiferromagnetic layer,
respectively. The antiferromagnetic skyrmion is represented by the
dark blue circle and its longitudinal and lateral widths are defined in
(a). The curved red and blue arrows denote the bent trajectory of up
and down spins upon the spin Hall effect.

of antiferromagnetic skyrmions is crucial for enabling their
integration in devices.

In the present work, we investigate the impact of vari-
ous forms of spin torque on the velocity-current relation of
antiferromagnetic skyrmions with the aim of reducing their
lateral deformation in the high-velocity regime. Focusing on
collinear antiferromagnets, we consider two main scenarios,
depicted in Fig. 1: in the first scenario, the skyrmion is driven
by the spin-orbit torque due to the spin current generated
in an adjacent heavy metal [13]; in the second scenario,
the current flows in the magnetic layer itself, generating the
adiabatic, nonadiabatic, and topological torques [45]. This
article is organized as follows. In Sec. II A, using analytical
derivations based on the Lagrangian formalism, we show that
the lateral expansion of the antiferromagnetic skyrmion is
reminiscent of the well-known Lorentz contraction reported in
one-dimensional antiferromagnetic domain walls [16,17,47–
49]. In Sec. II B, using micromagnetic simulations, we report
that the skyrmion displays very different dynamical properties
when driven by the spin-orbit torque and when driven by the
topological torque. In the former, the linear current-velocity
relation is accompanied by a divergence of the lateral expan-
sion close to the maximum velocity, set by the spin wave
velocity. In the latter, the current-velocity relation is sublinear
for the same range of current density, a property ascribed to
the peculiar structure of the topological torque, leading to
a much smaller lateral expansion. This observation suggests
that the topological torque could be exploited to better control
the skyrmion velocity and deformation when designing the
antiferromagnetic racetrack. In Sec. III, we extend this study
to synthetic antiferromagnets and show that the very weak
antiferromagnetic exchange results in much smaller velocities
and much larger deformation at reasonable current densities.
The conclusion is given in Sec. IV.

II. DYNAMICS OF ANTIFERROMAGNETIC SKYRMIONS

A. Lagrangian formalism for skyrmion motion

To guide the analysis of the numerical simulations and
establish some physical insights, we first derive the equa-

tion of motion of an antiferromagnetic skyrmion based on
the Lagrangian formalism [14,49,50]. As explained in the
introduction, we consider the two main scenarios depicted
in Fig. 1: (i) either the skyrmion is driven by the spin Hall
torque arising from an adjacent heavy metal [Fig. 1(a)], or the
skyrmion is driven by the regular spin transfer torque induced
by electrons flowing along the magnetic texture [Fig. 1(b)].
In the latter case, the nontrivial topology of the magnetic
skyrmion promotes the emergence of the topological spin
Hall effect [43,44], which induces a so-called “topological
torque” that enhances the nonadiabaticity [45]. We stress that
similarly to the topological spin Hall effect, the topological
torque produces a global force on the magnetic texture only
when this texture presents a nontrivial topology.

Considering the nonlinear sigma model of a bipartite
collinear antiferromagnet in the continuum approximation
[51], the total magnetization field and antiferromagnetic or-
der parameter are defined m(r, t ) ≡ m1(r, t) + m2(r, t) and
l(r, t) ≡ m1(r, t) − m2(r, t), where m1 and m2 are the mag-
netizations on adjacent sublattices, respectively. The normal-
ized staggered vector field is defined n(r, t) ≡ l(r, t)/|l(r, t)|.
The skyrmion motion is described by its central position rc,
longitudinal width �x, and lateral width �y. In the continuum
approximation, the Lagrangian for the antiferromagnet system
is written as [52]

L[n] =
∫

dV

{
ρ

2
|ṅ|2 − AAFM

2

∑
i

|∂in|2 + Kz

2
(n · ẑ)2

− D

2
n · [(ẑ × ∇) × n]

}
, (1)

where the overdot 〈˙〉 denotes the time derivative, while ∂i

denotes the spatial derivative taken along the direction î. In
addition, ρ = (Ms/γ )2χ quantifies the inertia of the staggered
magnetization, where χ > 0 is proportional to magnetic sus-
ceptibility. Ms is saturation magnetization on one sublattice,
γ is the absolute value of the gyromagnetic ratio, AAFM is the
antiferromagnetic exchange constant, D is the Dzyaloshinskii-
Moriya interaction (DMI), and Kz is the uniaxial anisotropy
constant. In Eq. (1), the nonequilibrium magnetization m(r, t )
does not appear explicitly as it is a slave variable [14,15]. This
assumption is only valid for smooth and slow dynamics in the
presence of large antiferromagnetic exchange. The Rayleigh
dissipation functional of an antiferromagnet accounting for
the Gilbert damping and the dissipative torques reads

R0 = α
Ms

γ

∫
dV

{(
∂t + β

α
b j∂x

)
n

+ λ2

α
b jNxy(∂yn × n) + τsh

α
(ŷ × n)

}2

, (2)

where b j = μB jAFM
e P/eMs is the magnitude of the adiabatic

torque, P is the spin polarization, jAFM
e is the current den-

sity flowing in the antiferromagnetic layer [Fig. 1(b)], α is
the Gilbert damping constant, and β is the nonadiabaticity
associated with spin relaxation [53]. In Appendix A, we
propose a phenomenological derivation of the nonadiabaticity
in collinear antiferromagnets. The second term is a damp-
ing term induced by the intrinsic topological nonadiabatic
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spin torque of an antiferromagnetic skyrmion [45], where
Nxy = (∂xn × ∂yn) · n is the topological charge density for the
staggered field n and λ is the phenomenological parameter
describing the topological torque magnitude. The third term
is the contribution from the spin-orbit torque due to spin Hall
effect. It reads [13] τsh = (γ /Mst )(h̄/2e)ξθsh jHM

e , where θsh

is the spin Hall angle, ξ is the spin transparency, t is the
thickness of the magnetic layer, and jHM

e is the current density
flowing in the adjacent metallic layer, as depicted in Fig. 1(a).
These three torques are all even in n and proportional to the
injected current. Upon time reversal, these torques change
sign, revealing their dissipative nature.

It is convenient to consider the staggered vector n in spheri-
cal coordinates, n = (sin θ cos ϕ, sin θ sin ϕ, cos θ ), where the
polar angle θ and azimuthal angle ϕ are given by

θ = 4 tan−1[exp(
√

X 2 + Y 2)], (3)

ϕ = m tan−1

(
Y

X

)
+ ζ . (4)

Here, m and ζ are the skyrmion vorticity and helicity [18],
respectively, X = x−r(t )

�x (t ) , and Y = y
�y (t ) , where r(t ) is the

skyrmion position. Without loss of generality, we set m = 1
and ζ = 0. The antiferromagnetic skyrmion travels in a per-
fectly straight trajectory along the current because of the coun-
tervailing opposite winding numbers on two sublattices [41].
The equation of motion of the antiferromagnetic skyrmion is
obtained by solving the Euler-Lagrange equation

δL
δη

− d

dt

δL
δη̇

+ δR
δη̇

= 0, (5)

where η stands for r, �x, and �y. We emphasize that in
magnetic domain walls the DMI also induces a distortion of
the azimuthal angle, as pointed out in Ref. [54]. This spatially
dependent tilting, conjugated to the domain wall width, scales
with the ratio between the DMI and magnetic exchange and
is therefore neglected in the present work. The good match
between the analytical and numerical results validates this
assumption a posteriori. In the following, we adopt the rigid-
motion assumption, assuming that the skyrmion velocity is
constant (ṙ = v and r̈ = 0) and its deformation does not
change over time (�̇x,y = 0). After straightforward but rather
tedious algebra, we obtain the following coupled equations:

v = −
(

β + C1
λ2

�2
y

)
b j

α
− C2

τsh�x

α
, (6)

C3
πKz

D
= 1

�x
+ 1

�y
, (7)

2ρ
v2

�2
x

= −2AAFM

(
1

�2
y

− 1

�2
x

)
+ C2D

(
1

�x
− 1

�y

)
. (8)

The coefficients C1,2,3 are defined

C1 = I3

I1 + I2
, C2 = − I4 + I5

I1 + I2
, C3 = − 1

I4 + I5
,

and

I1 =
∫∫ +∞

−∞
dXdY

(
2X

R cosh R

)2

, (9)

I2 =
∫∫ +∞

−∞
dXdY sin2 θ

(
Y

R2

)2

, (10)

I3 =
∫∫ +∞

−∞
dXdY sin2 θ

(
2

R cosh R

)2

, (11)

I4 =
∫∫ +∞

−∞
dXdY

2X 2

R2 cosh R
, (12)

I5 =
∫∫ +∞

−∞
dXdY sin θ cos θ

Y 2

R3
, (13)

where R = √
X 2 + Y 2. Numerically, we obtain C1 = 2.53,

C2 = 0.09, and C3 = 0.6. Equations (6)–(8) constitute the
basis of the analysis provided in the following sections. Solv-
ing Eqs. (7) and (8) provides the explicit expression of the
longitudinal and lateral widths of the skyrmion as a function
of the velocity. We obtain

�x = �0

2
[1 +

√
1 − (v/vm)2], (14)

�y = �0

2

[
1 + 1√

1 − (v/vm)2

]
, (15)

where �0 = 2D/πC3Kz is the width at zero velocity and
vm = √

(AAFM + �0C2D/4)/ρ is the spin wave velocity. We
emphasize that these two expressions are completely indepen-
dent of the nature of the torque considered. In other words,
the skyrmion deformation only depends on its velocity and the
lateral expansion diverges when the skyrmion velocity reaches
the spin wave velocity. These relations are a reminiscence
of the Lorentz contraction identified for a one-dimensional
antiferromagnetic domain wall [16,17,47–49]. The divergence
of the lateral expansion of the skyrmion has been observed
numerically [46] and poses a daring challenge for the design
of antiferromagnetic racetracks. As a matter of fact, although
the maximum velocity of antiferromagnetic skyrmions is in
principle very high (a few kilometers per second [16,17]),
their lateral deformation can lead to skyrmion annihila-
tion when the skyrmion edges reach the boundaries of the
track [46].

B. Micromagnetic simulations

We now move on to the numerical simulations. In the
micromagnetic framework, the skyrmion motion within each
sublattice i is governed by the Landau-Lifshitz-Gilbert equa-
tion [55],

ṁi = −γμ0mi × Hi
eff + αmi × ṁi + τshmi × (y × mi )

− b j∂xmi + βb jmi × ∂xmi + b jλ
2Nxy∂ymi, (16)

where μ0Hi
eff = −(1/Ms)δW/δmi is the effective field, W

being the magnetic energy density and Ms the saturation mag-
netization. The effective field includes the contributions from
the exchange fields, the perpendicular uniaxial anisotropy
Kz, the interfacial DMI D, and the demagnetizing field. The
exchange fields take into account both ferromagnetic coupling
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between neighbors in each sublattice (this is the same as in the
standard model for the ferromagnets) and the antiferromag-
netic coupling between the two sublattices [56,57],

hex,1 = aFM∇2m1 + λAFMm2, (17)

hex,2 = aFM∇2m2 + λAFMm1, (18)

where aFM = 2AFM/μ0M2
s and λAFM = 4AAFM/μ0a2M2

s , with
AFM (>0) and AAFM (<0) being the intra-sublattice ferromag-
netic and inter-sublattice antiferromagnetic exchange con-
stants, respectively; a is the lattice constant and μ0 is the per-
meability of vacuum. The third term in Eq. (16) corresponds
to the spin Hall torque τsh [Fig. 1(a)], and the fourth, fifth,
and sixth torque terms are the contributions from the adiabatic
torque b j , the nonadiabatic torque βb j , and the topological
torque λ2b j [45] [Fig. 1(b)]. Electrons flow toward the right
for je > 0. In the simulations, we consider a collinear antifer-
romagnet with each sublattice size 1000 × 100 × 1 nm3. The
layer is discretized into cells of volume 2 × 2 × 1 nm3. The
material parameters are Ms = 376 kA/m, AFM = −AAFM =
6.59 pJ/m, Kz = 0.15 MJ/m3, D = 1.0 MJ/m2, and α =
0.005. For these parameters, a relaxed skyrmion size of 20 nm
is obtained.

1. Skyrmion motion under spin Hall torque

First we consider the case of skyrmion motion under spin
Hall torque. To do so, we set θsh = 0.12, and turn off the
three torques arising from current flowing in the bulk of the
antiferromagnet, b j = 0. Then, Eqs. (6)–(8) give

v = −vsh
�x

�0
= −vsh

2
[1 +

√
1 − (v/vm)2], (19)

where vsh = τshC2
�0
α

. We emphasize that for reasonable pa-
rameters, vsh 	 vm, so that the velocity is expected to remain
linear as a function of the current density. Figure 2(a) shows
snapshots of the simulated skyrmion motion at different cur-
rent densities. The antiferromagnetic skyrmion undergoes a
lateral expansion at high current densities, as predicted by our
model [see Eq. (15)]. The corresponding skyrmion velocity
and its lateral and longitudinal expansions are reported in
Figs. 2(b) and 2(c), respectively. The solid lines represent the
numerical simulations, while the dotted lines are the analytical
predictions from Eq. (19). At reasonable applied currents, the
skyrmion velocity can reach a few kilometers per second,
which is significantly larger than the velocities observed in
ferromagnets. The skyrmion velocity increases linearly at low
current densities, followed by a slight nonlinear behavior
at high current densities, not reproduced by our analytical
theory. This nonlinearity is associated with the skyrmion
lateral expansion in the high-velocity regime, as reported on
Fig. 2(c). A possible source for the discrepancy between the
numerical and analytical results is the deformation of the
azimuthal angle pointed out by Kravchuk [54] and neglected
in our analytical model. Notice that the saturation exposed
in Eq. (19) is never reached in our simulations because the
boundaries of the magnetic wire prevent further lateral ex-
pansion of the skyrmion, leading to its eventual destruction
at very large current densities. The strong gyroscopic forces
on individual skyrmions in each sublattice and the strong
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FIG. 2. Skyrmion motion in an antiferromagnet under spin Hall
torque. (a) Simulated snapshots of spin Hall torque driven skyrmion
motion showing the skyrmion deformation at high current densities.
(b) Simulated skyrmion velocity-current characteristics (black dots).
The dashed line shows the fit using Eq. (19). (c) Simulated skyrmion
size variation, �x (open circles) and �y (open squares), as a function
of applied current density. The dashed lines correspond to Eqs. (14)
and (15). The scattered values of �x,y are due to the difficulty in
accurately extracting the skyrmion size in the simulations due to the
large micromagnetic unit cell (2 nm).

antiferromagnetic coupling between the sublattice result in a
pronounced expansion along the lateral direction �y, while
the longitudinal width �x remains mostly constant [Fig. 2(c)].
Overall, the fits using Eqs. (15) and (14) are in reasonable
agreement with the simulation, demonstrating that the lat-
eral expansion of antiferromagnetic skyrmions is an inherent
characteristic.

2. Skyrmion motion under spin transfer torque

Next, we focus on the influence of spin transfer torque
on the skyrmion motion [Fig. 1(b)]. As explained above, the
nontrivial topology of antiferromagnetic skyrmions induces a
topological spin Hall effect that contributes to an additional
topological torque. This effect was identified experimentally
in magnetic vortices [58] and is expected to substantially
influence the dynamics of skyrmions [37,59], especially upon
reducing their size. Let us first neglect this topological contri-
bution and only consider the conventional spin transfer torque.
Based on Eqs. (6)–(8), the velocity reads

v = −βb j

α
. (20)

In other words, the velocity is independent of the skyrmion
size and is expected to be linear as a function of the injected
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FIG. 3. Skyrmion motion in an antiferromagnet under spin trans-
fer torque. (a) Snapshots of spin transfer torque driven skyrmion
motion showing the texture deformation at high current densities for
β = 100α. (b) Simulated skyrmion velocity-current characteristics
for β = α (black), β = 10α (red), and β = 100α (blue). The dashed
line is a fit using Eq. (20). (c) Simulated skyrmion size variation, �x

(open circles) and �y (open squares), as a function of applied current
density for β = 100α. The dashed lines correspond to Eqs. (14)
and (15).

current density. Notice that this linearity is only valid as long
as the skyrmion is rigid; i.e., the only deformation allowed
is a change in the skyrmion size through �x and �y. Under
this assumption, the velocity is linear even when v → vm,
whereas in the spin Hall case discussed above, a nonlinearity
occurs in this case. This distinct behavior is ascribed to the
very structure of the torques: whereas the spin transfer torque
is proportional to the longitudinal gradient ∼∂xmi, the spin
Hall torque is independent of it. Still, in both cases, the
lateral expansion occurs around v ≈ vm, as expected from the
discussion of Sec. II A.

Figure 3(a) shows snapshots of the simulated skyrmion
motion at different current densities, while the dependence
of the velocity as a function of the applied current den-
sity is reported in Fig. 3(b). In experiments, β is on the
order of α [60–62], which results in very small skyrmion
velocities (solid black line). In order to obtain veloci-
ties comparable to that induced by spin Hall torque [see
Fig. 2(b)], we need to consider unrealistically large val-
ues of the nonadiabaticity parameter (β = 10α and β =
100α). Whereas increasing the nonadiabaticity parameter
does not modify the linearity of the velocity, it triggers the
skyrmion lateral expansion as expected in such a high-velocity
regime.

Let us now turn on the topological torque. Solving
Eqs. (6)–(8) for this torque only, we obtain

v = −vtop

(
�0

�y

)2

= −4vtop
1 − (v/vm)2

[1 +
√

1 − (v/vm)2]2
, (21)

where vtop = C1
λ2

�2
0

b j

α
. In the limit of small velocity, v 	 vm,

we obtain v ≈ −vtop, while close to the spin wave velocity,
v ∼ vm, we obtain

v = vtopvm

vtop − vm/8
. (22)

In other words, we expect that the saturation of the skyrmion
velocity should happen at smaller current densities, cor-
responding to vtop ∼ vm/8, rather than vsh ∼ vm for spin
Hall torque [see Eq. (19)]. We emphasize that vtop ∝ 1/�2

0,
which means that it increases significantly upon reducing
the skyrmion size. In addition, previous numerical estimates
suggest that the parameter λ, which is associated with spin
precession about the emergent magnetic field, is about 1 to
3 nm [45]. Therefore, in the scenario depicted in Fig. 1, the
topological torque is likely to dominate over the nonadiabatic
torque for a skyrmion size of 20 nm or less.

Figure 4(a) shows snapshots of the simulated skyrmion
motion at different current densities when both nonadiabatic
and topological torques are present. In the high-velocity
regime, we see that the skyrmion texture remains mostly
unchanged, in spite of the high velocity of the skyrmion.
In Fig. 4(b), we plot skyrmion velocity as a function of
applied current density for several values of topological torque
parameter λ2, keeping β = α for all the simulations. With this
set of parameters, we see that the skyrmion velocity can reach
up to 14 km/s, which is comparable to the velocity obtained
for the spin Hall torque [Fig. 2(b)]. In the case of conventional
spin transfer torque, such a velocity can only be obtained
by setting an unrealistically high β parameter [Fig. 3(b)].
Hence, the topological torque can induce a very high skyrmion
velocity at reasonable current densities. Interestingly, in the
high-velocity regime, we observe a saturation of the velocity
that occurs at much lower velocities compared to the spin Hall
torque case. We notice that the maximum velocity remains the
same as in the spin Hall torque case, as it is given by the spin
wave velocity vm in both cases.

We can understand this distinct behavior by looking at
Eq. (6). The velocity contribution due to the topological
torque, v ∝ λ2/�2

y , is much more sensitive to the change
in width than the contribution due to the spin Hall torque,
v ∝ τsh�x. Therefore, whereas �x remains mostly constant,
the increase in lateral width �y progressively quenches the
influence of the topological torque as the skyrmion enters
the high-velocity regime, thereby resulting in the sublinear
dependence observed in Fig. 4(b). We emphasize that even
a moderate modification of �y, as reported on Fig. 4(c), is
sufficient to dramatically reduce the influence of the topolog-
ical torque. In contrast, when driven by the spin Hall torque,
the velocity contribution is proportional to �x, which remains
mostly constant in the high-velocity regime. In this latter
case, nonlinearities only appear at higher current densities,
close to the maximum velocity. The sublinear current-velocity
relation that occurs in the case of topological torque results in
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FIG. 4. Skyrmion motion in an antiferromagnet under topolog-
ical torque. (a) Simulated snapshots of topological torque driven
skyrmion motion at high current densities. (b) Simulated skyrmion
velocity-current characteristics for β = α and λ2 = 0 (black), λ2 =
1.6 nm2 (blue), and λ2 = 13 nm2 (red). The dashed line is a fit using
Eq. (21). (c) Simulated skyrmion size variation, �x (open circles)
and �y (open squares), as a function of applied current density for
β = α and λ2 = 13 nm2. The dashed lines correspond to Eqs. (14)
and (15). The small variation of the skyrmion shape and the relatively
large size of the micromagnetic unit cell (2 nm) make the accurate
estimation of �x,y difficult.

a “self-control” of the skyrmion lateral expansion, as shown
in Fig. 4(c). Since the skyrmion experiences a slowdown,
its expansion remains limited. This property is particularly
interesting for the design of antiferromagnetic racetracks. The
moderate lateral expansion resulting from the progressive
quenching of the topological torque at high velocities ensures
the motion of the skyrmion at relatively high velocity without
risking its annihilation.

III. SKYRMION MOTION IN SYNTHETIC
ANTIFERROMAGNETS

We conclude this study by considering the case of syn-
thetic antiferromagnets. Synthetic antiferromagnets are easier
to realize experimentally and share attractive properties of
antiferromagnets such as low stray magnetic fields and the ab-
sence of skyrmion Hall effect [63]. Also, magnetic textures in
synthetic antiferromagnets can be driven at velocities higher
than that in ferromagnets [17,42,57]. In such heterostructures,
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FIG. 5. Skyrmion motion in a synthetic antiferromagnet under
spin Hall torque with θsh = 0.12 (red), spin transfer torque with
β = 200α (green), and topological torques, with λ = 1.6 nm2 (blue)
and λ = 50 nm2 (black). In the latter two cases, we also set β = α.
(a) Simulated skyrmion velocity-current characteristics and (b) size
variation as a function of applied current density. In (b), the solid
lines are guides for the eye.

the antiferromagnetic exchange is given by Ruderman-Kittel-
Kasuya-Yosida (RKKY) interlayer exchange coupling and is
therefore orders of magnitude smaller than the inter-sublattice
exchange usually encountered in bulk antiferromagnets. The
direct consequence is that the spin wave velocity is substan-
tially reduced and, therefore, the nonlinear effects discussed
in the previous section should be present at much lower
current densities. In the simulations, we have considered
two ferromagnetic layers of dimensions 1000 × 100 × 1 nm3,
separated by a spacer layer of 1 nm [57]. The material param-
eters we use are [64,65] Ms = 600 kA/m, AFM = 20 pJ/m,
Kz = 0.5 MJ/m3, D = 2.5 MJ/m2, and α = 0.005. We also
set an antiferromagnetic RKKY interaction of −10 MJ/m2.
For these parameters, a relaxed skyrmion size of 24 nm
is obtained. For the spin Hall torque, a spin Hall angle
of θsh = 0.12 was taken. For a comprehensive study of the
influence of the materials’ parameters on the properties of the
synthetic antiferromagnetic skyrmion, we refer the reader to
Ref. [57].

Figure 5(a) compares the simulated skyrmion current ve-
locity curves for spin Hall torque, spin transfer torque, and
topological torque. First, let us consider the skyrmion motion
under spin Hall torque. Compared with bulk antiferromagnets
(Fig. 2), we see that the skyrmion velocity in a synthetic
antiferromagnet saturates at high current densities due to the
magnetization tilting caused by the spin Hall torque. Also,
a reasonably weak antiferromagnetic coupling in synthetic
antiferromagnets results in a pronounced lateral expansion of
the skyrmion, as seen in Fig. 5(b). Overall, while the features
are qualitatively the same as in the bulk antiferromagnets,
the much weaker antiferromagnetic exchange results in en-
hanced skyrmion deformation at much lower current density.
The influence of the topological torque is also reported and
results in lower skyrmion velocities but also smaller skyrmion
expansion compared to the spin Hall torque. We arrive at
the same conclusion as in Sec. II B: the topological torque is
advantageous compared to the spin Hall torque as it results in
a much smaller lateral expansion and therefore a more stable
antiferromagnetic skyrmion, while allowing for reasonably
high velocities to be achieved.
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IV. CONCLUSION

In summary, we have investigated the role of selected
current-driven torques on antiferromagnetic skyrmion motion
through both simulations and analytical formalism. Although
the skyrmions can be driven at high velocities by either
spin Hall torque or topological torque, their deformation
becomes quite substantial close to the velocity saturation
vm. This lateral expansion can become an important issue
while designing the antiferromagnetic racetrack: as soon as
the skyrmion reaches the racetrack boundaries, it transforms
into two longitudinal domain walls that can lead to the loss
of information [46]. A possible route to solve this hurdle is
to exploit the topological torque that arises from electrons
flowing inside the antiferromagnetic layer, rather than the
more conventional spin Hall torque. As a matter of fact,
while the current-velocity relation given by the spin Hall
torque remains mostly linear in and only saturates close to
the maximum velocity vm, the one obtained with the topo-
logical torque displays a sublinear behavior at much lower
velocity vm/8 due to its high sensitivity to the lateral skyrmion
expansion �y. This saturation also means that the lateral
expansion remains moderate for reasonable current densities.
It therefore appears that one needs to make a compromise
between skyrmion velocity and lateral expansion in the case
of antiferromagnets. This aspect is exemplified in the case
of synthetic antiferromagnetic skyrmions, where the much
weaker exchange results in much more dramatic deformations
at lower current densities. In order to make the topological
torque active, one needs to ensure that most of the injected
current flows inside the antiferromagnetic layer, rather than in
the adjacent layers. This can be achieved quite easily in bulk
noncentrosymmetric antiferromagnets, but remains challeng-
ing to realize in ultrathin magnetic multilayers. Nonetheless,
such an achievement would lead to substantial benefit for
antiferromagnetic skyrmion integration in applied devices.
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APPENDIX A: NONADIABATICITY PARAMETER
IN ANTIFERROMAGNETS

In ferromagnetic textures, the nonadiabatic coefficient β is
associated with the misalignment of the itinerant electron spin
from the local magnetization direction, a mechanism called
spin mistracking. In the limit of abrupt magnetic textures,
whose characteristic length is comparable to the spin dephas-
ing or decoherence length, this mistracking is associated with
the spin-dependent reflection of the carrier against the texture
[66–68]. In the opposite limit, when the magnetic texture is
smooth and drift-diffusion theory applies, the nonadiabaticity
is associated with spin relaxation: the incoming spin current

is not entirely transferred to the local magnetization, resulting
in the nonadiabatic torque contribution [53].

In a nutshell, the drift-diffusion equation governing the
spin transport in a ferromagnetic texture reads [53,68]

− 1

τ�

m × s + 1

τϕ

m × (s × m) + 1

τsf
s = −b j∂xm. (A1)

Here, τ� and τsf are the (Larmor) spin precession and spin
relaxation times, while τϕ is the spin dephasing time, ignored
in Ref. [53] and accounting for the progressive alignment of
the spin accumulation s along the magnetization m. b j is the
spin drift velocity defined in Eq. (2). The torque is therefore

τ = − 1

τ�

m × s + 1

τϕ

m × (s × m), (A2)

= −1 + χξ

1 + ξ 2
b j∂xm + τ�

τsf

1

1 + ξ 2
b jm × ∂xm. (A3)

Here, χ = τ�/τϕ and ξ = (τ�/τϕ + τ�/τsf ). In the limit
τϕ → 0, we retrieve the result of Ref. [53].

Let us now turn our attention toward collinear antifer-
romagnetic textures. Based on Ref. [3], the drift-diffusion
equations for the coupled dynamics on the two magnetic
sublattices, 1 and 2, read

1

2τ�

�s − 1

τ�

n × s1 + 1

τϕ

n × (s1 × n) + 1

τsf
s1 = −b j∂xn,

(A4)

− 1

2τ�

�s + 1

τ�

n × s2 + 1

τϕ

n × (s2 × n) + 1

τsf
s2 = b j∂xn.

(A5)

Here �s = s1 − s2 and τ� is the lifetime of the spin carrier
on one sublattice. These equations are defined in terms of the
Néel order n, rather than the magnetization m, but by setting
n = m1 = −m2, one retrieves the equations of two coupled
magnetic sublattices. In sublattice i = 1, 2, the torque reads

τ i = − 1

τ�

mi × si + 1

τϕ

mi × (si × mi ). (A6)

In order to obtain a compact formula, we set τϕ  τ�, τsf , τ� .
As a matter of fact, the spin dephasing process is much slower
in antiferromagnets than in ferromagnets. In ferromagnets,
it arises from the interference of continuously precessing
itinerant spins around the local magnetization [69]. In the
diffusive limit, this dephasing time reads τ F

ϕ ∼ τ 2
�/τ (see, e.g.,

Ref. [70]). In antiferromagnets, the spin precession around the
magnetic moment of one sublattice is limited by the lifetime
τ� . Therefore, the dephasing reads τAF

ϕ ∼ τ 2
�/τ� . Since the

time between two momentum scattering events is much larger
than the lifetime of the spin carrier on a given sublattice,
τ  τ� , and one expects the spin dephasing to be much longer
in antiferromagnets than in ferromagnets, τAF

ϕ  τ F
ϕ .

We therefore neglect the spin dephasing in Eqs. (A4)–(A6).
After straightforward algebra, we obtain the expression of the
torque on sublattice i,

τ i = ∓ 1

1 + υ2
b j∂xn + τ�

τsf

1

1 + υ2
b jn × ∂xn, (A7)
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FIG. 6. (a) Skyrmion diameter as a function of AFM, for AAFM =
−6.59 pJ/m. Skyrmion velocity as a function of the current density
when driven by the (b) spin Hall torque, (c) nonadiabatic torque with
β = 100α, and (d) topological torque with λ2 = 13 nm2, for three
values of AFM and AAFM = −6.59 pJ/m.

where + (−) corresponds to sublattice 1 (2), and υ2 =
τ 2
�/τ�τsf . This expression demonstrates that the nonadiabatic-

ity parameter β in diffusive antiferromagnets has the same
origin as in ferromagnets, in spite of the much longer spin
dephasing time.

APPENDIX B: PARAMETER DEPENDENCE
OF SKYRMION PROPERTIES

In order to provide a comprehensive description of the
antiferromagnetic skyrmion motion, we report further mi-
cromagnetic simulations for different sets of parameters.
Figure 6 shows the skyrmion velocities when the intra-
sublattice ferromagnetic constant AFM changes. Statically,
tuning AFM changes the equilibrium skyrmion size �0. We
observe in Fig. 6(a) that the skyrmion diameter decreases
as AFM increases. This behavior has a direct consequence
on the skyrmion velocities, similarly to what happens in
ferromagnets [71]. In particular, for the case of the spin Hall
torque, the analytical velocity is proportional to the x-lateral
dimension of the skyrmion vsh ∝ τsh�x [see Eq. (19)]; there-
fore smaller skyrmions move slower than larger skyrmions.
This is consistent with the micromagnetic results of Fig. 6.
Figure 6(b) shows the skyrmion velocity as a function of the
current density under the spin Hall torque. One can see that
the smaller skyrmion for AFM = 8.59 pJ/m exhibits a smaller
velocity than the larger skyrmion for AFM = 4.59 pJ/m and
no sublinear behavior is observed. On the other hand, the
skyrmion velocity for AFM = 4.59 pJ/m undergoes a sublinear
trend at very small current densities (∼2 × 1011 A/m2) where
the skyrmion rapidly expands, but at je = 6 × 1011 A/m2

the velocity becomes the same as the one for AFM = 6.59
pJ/m. This is because the skyrmion expansion is limited by
the confining potential originating from the sample bound-
aries. Hence, if the size approaches the same value, the

FIG. 7. Skyrmion diameter as a function of the (a) perpendic-
ular anisotropy constant Kz, and (b) DMI parameter D, for AFM =
−AAFM = 6.59 pJ/m.

velocity is also the same. Moreover, for current larger than
7 × 1011 A/m2, the expanding skyrmion reaches the sample
edges and it is then converted into two domain walls, thus
preventing us from applying larger currents.

The AFM constant does not affect the skyrmion velocity
in the nonadiabatic torque case [Fig. 6(c)], as also expected
from the analytical expression v = βbj/α [Eq. (20)], where
the velocity solely depends on the ratio β/α. However, the
AFM affects again the maximum applicable current, which
is 2.3 × 1012 A/m2 for AFM = 4.59 pJ/m. When turning on
the topological torque, the analytical velocity due to such
a torque depends on the skyrmion lateral size v ∝ 1/�2

y
[see Eq. (22)]; therefore smaller skyrmions undergo a larger
torque and hence a faster motion. Micromagnetic simulations
reported in Fig. 6(d) confirm this behavior.

Furthermore, we wish to stress that the other parameters
that influence the equilibrium size of the skyrmion are the
DMI and the perpendicular anisotropy (Fig. 7). In particular, a
larger DMI (or smaller perpendicular anisotropy Kz) promotes
the formation of larger skyrmions and vice versa.

FIG. 8. (a) Skyrmion diameter as a function of AAFM, when AFM

is fixed to 6.59 pJ/m. Skyrmion velocity as a function of the (b) spin
Hall torque current density, (c) nonadiabatic torque current density
when β = 100α, (d) including the topological torque when λ2 =
13 nm2, for three values of AAFM and AFM = 6.59 pJ/m.
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FIG. 9. (a) Skyrmion diameter as a function of Ms, when AFM =
−AAFM = 6.59 pJ/m. Skyrmion velocity as a function of the current
density when driven by the (b) spin Hall torque, (c) nonadiabatic
torque with β = 100α, and (d) topological torque with λ2 = 13 nm2,
for three values of Ms and AFM = −AAFM = 6.59 pJ/m.

Figure 8 displays the skyrmion properties when chang-
ing the inter-sublattice antiferromagnetic exchange constant
AAFM. In this case, the skyrmion size does not change with
the AAFM. Therefore, similar velocity dependencies on AAFM

are obtained for the spin Hall torque [Fig. 8(a)] and nonadia-
batic torque [Fig. 8(b)]. When the skyrmion is driven by the
topological torque, the analytical velocity v = vtopvm/(vtop −
vm/8) [Eq. (22)] depends on vm = √

(AAFM + �0C2D/4)/ρ.
Therefore, larger velocities are obtained for larger magnitude
of AAFM, as obtained also in the micromagnetic simulations
[see Fig. 8(d)].

FIG. 10. Skyrmion velocity as a function of the current density
when driven by the spin Hall torque for three values of α, with AFM =
−AAFM = 6.59 pJ/m and Ms = 376 kA/m.

Figure 9 shows the effect of the change of the saturation
magnetization Ms. For the range of Ms analyzed here, the
equilibrium skyrmion diameter does not significantly change
[Fig. 9(d)]. On the other hand, the skyrmion velocity de-
creases as a function of Ms for a fixed current density, as
expected from the torque coefficient which is proportional
to 1/Ms for all three cases: spin Hall torque [Fig. 9(b)],
nonadiabatic torque [Fig. 9(c)], and topological torque
[Fig. 9(d)].

Figure 10 shows the skyrmion velocity as a function of the
damping constant α. We only show the spin Hall torque case
because the effect of the β/α ratio on the skyrmion velocity
driven by the nonadiabatic torque has already been displayed
in Figs. 3 and 4. As expected, the velocity decreases upon
increasing the damping as confirmed analytically, vsh ∝ 1/α

[see Eq. (19)].
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