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Transient retrograde motion of spin wave driven skyrmions in magnetic nanotracks
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The motion of a skyrmion driven by propagating spin waves in a thin film track with interfacial perpendic-
ular magnetic anisotropy and Dzyaloshinskii-Moriya interaction was investigated by numerical micromagnetic
simulations. At long simulation times, we find that the skyrmion always moves in the direction of the spin-wave
propagation. At shorter times, rather than observing skyrmion motion in a single direction, the skyrmion shows
transient retrograde motion when the track width is wider than 50 nm (for Gilbert damping α = 0.02) or
α < 0.06 (for a track width of 100 nm). A simple treatment of spin-wave-driven skyrmion motion based on
the Thiele equation predicts that the skyrmion will be pulled back towards the source of the spin waves because
of the gyrotropic and dissipative effects. The forward motion away from the spin wave source can be explained
by also considering the effect of a repulsive force from the edges of the track when the skyrmion is in close
contact with it. We discuss these effects quantitatively in terms of the spin-wave transmission and reflection
coefficients of the skyrmion.
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I. INTRODUCTION

A magnetic skyrmion can be regarded as a topologically
protected spin texture [1], stabilized by the Dzyaloshinskii–
Moriya interaction (DMI) [2]. In multilayers of ferromagnetic
(FM) and heavy metals, the DMI can arise at interfaces with
a strength that is adjustable by changing the thickness or
type of components, offering the ability to tune the size and
stability of Néel skyrmions that are stable at room temper-
ature [3]. These skyrmions’ small size and stability make
them magnetic elements that are of high interest for de-
vice applications in multilayer thin films [4]. For instance,
the high-speed dynamics caused by low-energy excitation
[5–8] makes skyrmions a potential magnetic element to store
and carry data in spintronic devices. Many researchers have
high expectations of the performance of skyrmions to either
replace some conventional microelectronic devices or intro-
duce new functionality [9,10].

Spin torques arising from electrical currents are a means
to drive skyrmion motion that has been widely studied
[5–8], but the Joule heating produced by these currents
can affect the spintronic device performance. Meanwhile,
the reduced heating [11,12] and concomitant reduced en-
ergy consumption [13] from skyrmion motion driven by spin
waves (SWs) means that this topic has attracted increasing
attention.

*c.h.marrows@leeds.ac.uk

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

For instance, a SW with twisted orbital angular momentum
can give rise to a skyrmion with a rotated gyration motion
[14]. A skyrmion crystal in Cu2OSeO3 can be rotated by the
Magnus force from both SW and thermal gradient [15,16].
Under a transverse field to the skyrmion, the differently prop-
agating SWs will also give rise to a skyrmion diode effect for
a certain SW frequency and sample width [17]. Simulations
of SW-controlled skyrmion motion in materials with different
Gilbert damping coefficients [11] or frequencies of SWs [18]
show the controllability of skyrmion speed and displacement
by this means. The motion of skyrmions at corners and T
junctions shows skyrmions preferring to turn in different di-
rections depending on the SW propagation direction [11]. The
form of the skyrmion can also be used to control the direction
of re-emitted SWs [19]. The forces arising from spin-transfer
torque (STT) and linear momentum transfer between SW
magnons and skyrmions give rise to different directions of
skyrmion motion, towards and away from the SW source,
respectively [17,20,21]. The retrograde motion of a Bloch do-
main wall because of the decreasing effect from a transmitted
SW was also studied by Wang et al. [22,23]. Here we study
the specific circumstances of a Néel-type skyrmion instead of
a Bloch domain wall in which these different behaviors can be
found. The predicted skyrmion motion can inform the design
of spintronic or magnonic logic gates and other functional
devices.

Numerical micromagnetic simulations are well-suited to
studying SW-driven skyrmion dynamics, and there are many
recent examples, in most of which the track for the skyrmions
is narrower than 100 nm or not larger than four times
the skyrmion diameter [11,17,18,20,21,24]. By studying the
skyrmion motion in tracks of different width, we can pre-
dict the skyrmion motion in an experimentally achievable
sample. We also study the SW-driven skyrmion motion as
a function of varying the Gilbert damping constant. Our

2469-9950/2023/107(22)/224418(13) 224418-1 Published by the American Physical Society

https://orcid.org/0000-0003-2976-2124
https://orcid.org/0000-0002-9486-0639
https://orcid.org/0000-0003-4812-6393
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.224418&domain=pdf&date_stamp=2023-06-20
https://doi.org/10.1103/PhysRevB.107.224418
https://creativecommons.org/licenses/by/4.0/


HUANG, BURNELL, AND MARROWS PHYSICAL REVIEW B 107, 224418 (2023)

simulations were carried out with the micromagnetics pack-
age OOMMF [25]. The simulation is based on iteration of the
Landau–Lifshitz–Gilbert equation:

dM
dt

= −γ M × Heff + αM
Ms

×
(

dM
dt

)
, (1)

which is an equation of motion for the magnetization M,
where γ = −2.211 × 105 mA−1s−1 and α are the gyromag-
netic ratio and Gilbert damping constant, respectively. (Here
and throughout, we use SI units unless otherwise specified.)
Ms is the saturation magnetization. Heff describes the ef-
fective fields in the system arising from energy terms such
as the exchange stiffness, DMI, and anisotropies as well
as the applied magnetic field [11], defined as the partial
derivative of the free energy density E with respect to the
magnetization M,

Heff = − 1

μ0

∂E

∂M
, (2)

in which μ0 = 4π × 10−7 H/m is the vacuum permeabil-
ity. The free-energy density contains terms arising from the
magnetic field H, which includes both the external applied
field and the demagnetization field, Heisenberg exchange with
exchange stiffness Aex, uniaxial anisotropy with anisotropy
constant Ku and easy axis direction with unit vector û, and
interfacial DMI [25], and is written as

E = −μ0M · H + Aex∇
(

M
Ms

)2

− Ku

(
M
Ms

· û
)2

+ EDMI,

(3)
where the interfacial DMI energy is written as [26]

EDMI = DDMI

M2
s

(
Mz

∂Mx

∂x
− Mx

∂Mz

∂x
+ Mz

∂My

∂y
− My

∂Mz

∂y

)
,

(4)

with interaction strength DDMI.
Here we report micromagnetic simulations of SW-driven

skyrmion motion and find two behaviors: Either the skyrmion
starts to move away from the SW source immediately and con-
tinues to do so or else undergoes a transient retrograde motion
where it initially moves towards the SW source before chang-
ing direction to give a similar long-term motion away from
the source. The transient retrograde motion occurs in tracks
wider than 50 nm when α < 0.06. We identify the long-term
motion away from the SW source, contrary to the expecta-
tions from Ref. [21] and similar to Ref. [27], as a gyrotropic
effect arising from an additional force on the skyrmion
arising from its repulsive interaction with the edge of the
track.

We also determined the SW transmission and reflection
coefficients of the skyrmion from the results of our micro-
magnetic simulations of skyrmion motion and use these to
inform analytical models of the skyrmion dynamics based on
the Thiele equation [28,29]. We show that this approach
can give a good quantitative account of the skyrmion mo-
tion during the initial part of the retrograde motion and the
long-term forward motion along the track edge, but other
effects must be at play around the turning point of the
motion.

II. SKYRMION DYNAMICS IN RESPONSE
TO DRIVING FORCES

In this section, we briefly review some relevant results on
skyrmion motion to introduce some concepts that we shall use
later to describe our work.

The Thiele equation describes the dynamics of rigid mag-
netization textures in response to driving forces [28], and
was originally derived to treat bubble domains. It can thus
also be used to treat the motion of skyrmions in response to
driving forces such as a current of magnons arising from a SW
[29–31]. For a skyrmion spin texture with spatial coordinate
R, it is written as

G × v − αD · v = −f (R), (5)

where the gyrovector G = (0, 0, G) = (0, 0,−4πQ), for a
skyrmion with topological charge Q = −1. v = Ṙ is the ve-
locity of skyrmion, while D is a dissipative tensor with the

form (
D 0 0
0 D 0
0 0 0

) for an isolated skyrmion in a thin film [8].

F = −∇U is the force which is defined as the negative spa-
tial derivative of the skyrmion potential energy U . Because

of the Heff definition and fu = γ
∫

S Heff
d ( M

Ms
)

du dS, where S is
the nonuniform magnetization surface and u can be either x
or y, the converted force is represented in Eq. (5) by f =
Fγ /(Msμ0dM), where dM is the thickness of the magnetic
layer [32], since a quantity with dimensions of velocity is
required in that form of the Thiele equation.

This yields

G × v − αD · v = (4πQvy − Dαvx, −4πQvx − Dαvy, 0)

= (− fx,− fy, 0), (6)

from which we obtain

vx = 1

G2 + α2D2
(4πQ fy + αD fx ) (7)

and

vy = 1

G2 + α2D2
(−4πQ fx + αD fy). (8)

Motion in the x direction is of particular interest here, since
we define that as the SW propagation direction. The presence
of the gyroscopic term in Eq. (5) means the y component of
force will also affect the skyrmion velocity along the x axis,
as shown in Eq. (7).

Here, we consider the driving force f (R) on the right-hand
side of Eq. (5) as arising from two sources. The principal
source is the SW magnon current drive, fmag, that can include
the scattering of SWs as well as the reflection, transmission,
and absorption of SWs. Nevertheless, the repulsion at
the edge of the sample also plays a role. Thus, we write
f = fmag + fedge [12].

Taking the edge force fedge first, following Ref. [12], we
write the repulsive force from the edges of a nanostrip of
width w across the y direction and thickness dm as a function
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of skyrmion position y:

Fedge = −Vedge∇
[

exp

(
−(

y + w
2

)
Ledge

)
+ exp

((
y − w

2

)
Ledge

)]

= f0

[
exp

(
−(

y + w
2

)
Ledge

)
+ exp

((
y − w

2

)
Ledge

)]
Msμ0dm

γ
,

(9)

where Vedge is used to parametrize the strength of the repul-
sion, and the penetration depth of the magnetization twist
being induced by the DMI at the sample edges is Ledge. We
define ledge as the normalized length:

ledge = Ledge/

√
2Aex/

(
μ0M2

s

)
. (10)

The physical parameters f0 and ledge can be ex-
pressed in term of the dimensionless parameters � =
DDMI

√
2/(μ0M2

s Aex), κ = 2Ku/(μ0M2
s ), and η = Hz/Ms [33].

Here, Hz is the external out-of-plane magnetic field. We
can then write the values of the force and interaction
depth as

|f0| = eπ√
2

(
� − 2

|ledge|
)√

2Aexγ 2

μ0
, (11)

in which e ≈ 2.71828 is Euler’s number, and

|ledge| = π3�

−4(π2 − 4)η + 2π2κ
. (12)

Then, considering the effect of SWs impinging on a
skyrmion and scattering from it, in Ref. [12], the authors
considered the force arising from SW scattering on the
skyrmion, with a decay of the scattering force based on
the SW attenuation owing to the distance between the SW
source and skyrmion position R. The scattering force is
written as

fscatter (R) = je
−R·q̂
Lmag q(σ||q̂ + σ⊥(ẑ × q̂))

= je
−Rx
Lmag q(σ||x̂ + σ⊥ŷ) (13)

= fscatter||x̂ + fscatter⊥ŷ, (14)

where q = q̂q is the wave vector of the SW, assumed to be
along the x direction, and j is the magnon current density j =
|G|ve

4π
. The skyrmion effective velocity is ve = ρ2 h̄q

m , where ρ

is the SW amplitude, q is the magnitude of SW wave vector,
and m is the magnon mass [34]. σ is the magnon scattering
cross section of the skyrmion,(

σ||
σ⊥

)
=

∫ 2π

0

(
1 − cos χ

− sin χ

)
dσ

dχ
dχ, (15)

where χ is the scattering angle of the SW on the skyrmion and
dσ
dχ

is the energy-dependent scattering cross section. Usually,

σ⊥ ≈ 4π
q and σ|| ∼ 1

q2 [34,35]. The skyrmion Hall angle is
β = arctan(σ||/σ⊥), so fscatter||/ fscatter⊥ = tan β. The param-
eter Lmag accounts for the attenuation of SWs by the Gilbert

damping according to

Lmag =
(

α

√
m

2h̄
2π f

)−1

, (16)

in which f is the SW frequency.
The way that SWs interact with the skyrmion can also

be described in terms of transmission (T ) and reflection (R)
coefficients. We found that these quantities will change with
time as the skyrmion moves, so we can expect that the force
from SWs is not only based on the SW amplitude but also
these changing interactions of the SW with the skyrmion: We
can expect that fscatter should depend on T and R. (The SW
absorption coefficient is thus Asw = 1 − T − R.)

For SWs propagating along the track (x direction) and per-
fect transmission through the skyrmion (T = 1), the magnons
must change their spin after passing through the domain wall
at the skyrmion edge, and so transfer angular momentum to
the local magnetization, giving rise to a STT on the magneti-
zation at that point [13]. In the Thiele approach of regarding
the skyrmion as a particle, this torque gives rise to a force
that leads to a skyrmion velocity −ρ2

2 vg, where vg = 2γ0Aexq
is the SW group velocity, in which γ0 = 2γ /(μ0Ms). The
total force component in the SW propagation direction will
only come from this STT between fully transmitted SW
magnons and the skyrmion. While this idea was developed
for a one-dimensional domain wall [13], where the force from
transmitted SW will simply align with the x axis, here we
generalize it to a two-dimensional skyrmion. Thus, we need
to consider the component of ftransmit perpendicular to the SW
propagation direction. This force on the skyrmion arising from
STT can be written as

ftransmit = ftransmit||x̂ + ftransmit⊥ŷ, (17)

which leads to

−4π ftransmit⊥ + αD ftransmit||

= (G2 + α2D2)vx = −ρ2vg(G2 + α2D2)

2
, (18)

where the ratio between ftransmit|| and ftransmit⊥ is set as tan β

[35] and ftransmit|| is in the negative on x direction, as shown
in Fig. 1.

When the distance between the skyrmion and sample edge
is a few times larger than ledge, as is the case initially, fedge

is negligible, and the forces on the skyrmion and the resultant
skyrmion velocity are as shown in Fig. 1(a). First, we consider
the case where the SWs are reflected by the skyrmion but not
stronger than the transmitted SWs, and the transmitted SWs
exert spin-transfer torque upon it [27]. Part of the torque’s
effect can be regarded as a longitudinal force ftransmit|| from
transmitted SWs on the skyrmion particle, which yields a
retrograde motion of the skyrmion by reference to Eq. (18),
as shown in Fig. 1(a). There is, in addition, a transverse force
component ftransmit⊥, meaning that the retrograde motion is
not exactly back along the track towards the SW source, but
at an angle.

On the other hand, when the strong reflection of the SWs
from the domain wall at the edge of the skyrmion is taken into
account, an additional longitudinal force arises, owing to the
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(a)

(b)

(c)

(d)

FIG. 1. Spin-wave driving forces for Q = −1 skyrmion.
(a) When a free skyrmion experiences all the forces from impinging
spin waves and the force from reflected spin waves is too small
overcome the effect from ftransmit and fscatter⊥, the skyrmion’s
longitudinal velocity component is opposite to the spin-wave
propagation direction. (b) Assuming the same transmitted SW is
reduced, ftransmit can be overcome by fref and/or the skyrmion is near
enough to the track edge to experience edge repulsion, the additional
force arising from linear momentum transfer can change the sign
of the net longitudinal force and hence also the sign of longitudinal
component of the velocity. The v is a unit vector pointing to the
direction of the skyrmion velocity. (c) 2D diagram of skyrmion
with 1D spin orientation. The bar under the skyrmion is a 1D
section through the skyrmion along the x axis. (d)The magnetization
unit vector in spherical coordinates.

linear momentum transfer from the reflected magnons [36].
If it exceeds the force arising from the STT, it will be strong
enough to change the sign of the net longitudinal component
of the force on the skyrmion, and so change the skyrmion
velocity to be positive along the x axis.

Another possible mechanism to obtain forward motion is to
consider the perpendicular force from the edge, the transverse
component of which can give skyrmion forward motion, as
shown in Fig. 1(b). Such edge-induced torques can be very
large [37].

To determine the effect of SW reflection, the excited
magnon number density can be written as n = ρ2Ms/(2h̄γ ),
where ρ is the normalized SW amplitude. Since this is a vol-
ume density, to be able to apply it to the one-dimensional force
calculation, we must multiply n by the cross-sectional area of
the track. A skyrmion can be regarded as a circular reverse
magnetic domain with a chiral domain wall between it and
its surroundings. The spin orientations in a one-dimensional
section along the central horizontal axis of such a skyrmion
is a pair of domain walls, in this case of Néel form, as
shown in Fig. 1(c) [38,39]. The magnetization unit vector can
be expressed in spherical coordinates as shown in Fig. 1(d).
The linear momentum of the left-hand-side domain wall of the
skyrmion in this 1D section only has an x component given
by pDW = Ms/γ

∫
φ sin θ (∂θ/∂x)dx = 2�Ms/γ , where θ is

the angle between the magnetization and the z axis, and φ is
the angle between the in-plane projection of the magnetization
and x axis [as shown in Fig. 1(d)]. The domain-wall tilt angle
� = φ at the center of the domain wall [40]. Conservation
of linear momentum then gives the force arising from the
reflection of magnons,

Fref = dpDW

dt
= −dpmag

dt
, (19)

where pmag is the linear momentum of the magnons. Consid-
ering only x components since that is the direction of magnon
flow, we can then write

−d pmag

dt
= −nSvgδp = −2Ms

γ

d�

dt
, (20)

where vg is the magnitude of the SW group velocity, S is the
cross-sectional area of the track, and the magnitude of the
change in momentum is given by δp = h̄DDMI/Aex [13,36,40].

This means that

d�

dt
= −ρ2vgδp

4h̄
, (21)

and so

−d pmag

dt
= Msρ

2vgDDMI

2Aexγ
, (22)

and so

fref =
(

ρ2vgDDMI

2Aexμ0dm
, 0, 0

)
. (23)

fref is a force that only has a component along the direction
of magnon flow, defined here as the x axis. When |αD frefR| >

|αD ftransmit||T |, then fx > 0. So, −4π fy = −4π (T ftransmit⊥ +
fedge) will be more likely be positive when approaching the
upper edge, and the longitudinal component of the skyrmion
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FIG. 2. Initial skyrmion velocity decomposed into x and y
components for different initial positions on the y axis across a 100-
nm-wide track. Spin waves are propagating in the in +x direction
along the track. Note that the initial velocity in the down track
direction x depends on which half of the track the skyrmion starts
in. The inset is a magnification of the central region of the main plot.

velocity will be vx > 0. When the transmission of SWs is
reduced, or the reflection of SW or α grows, the skyrmion will
be more likely to move along the SW propagation direction.

In the work we present, the x component of the force on
the skyrmion becomes

| fx| = |(T ftransmit|| + R fref )e
−x

Lmag |. (24)

Assuming that fmag is fixed at a given x-axis location, the
initial x and y components of the skyrmion velocity, calculated
using Eqs. (7) and (8), are shown in Fig. 2 for different starting
positions across a 100-nm-wide track, with values based on
the simulation parameters described in Table I in the next sec-
tion and fixed representative values of R = 0.2 and T = 0.8.

The results illustrate the importance of the gyrotropic mo-
tion and edge forces. For starting positions closer to the upper
edge of the track (larger positive y), the stronger the edge
repulsion force pointing in the −y direction will be on the
skyrmion, and so the gyrotropic effect on the skyrmion will
lead to the skyrmion moving along the SW propagation direc-
tion +x. On the other hand, the closer to the lower edge, the
stronger the edge repulsion force pointing in the +y direction

TABLE I. Micromagnetic parameters representing typical values
for an experimental sample.

Parameter Symbol Value Unit

Saturation magnetization Ms 1.004 MA/m
Exchange stiffness Aex 3.6 pJ/m
Anisotropy constant Ku 1.0 MJ/m3

DMI constant DDMI 1.5 mJ/m2

skyrmion will be, causing the skyrmion to move against the
SW propagation in the −x direction.

When the skyrmion is initially located at y = 20 nm, the
initial skyrmion velocity vx = 0, while vy is positive. Once the
skyrmion moves on the y axis, the balance between gyrotropic
and dissipative terms is broken and the skyrmion will have a
finite velocity on the x axis.

For starting positions close to the top edge, the skyrmion
has a negative velocity on the y axis arising from the strong
repulsive force from the edge, but it will still have a positive
velocity on the x axis. In the simulations we shall present in
the following sections, the initial skyrmion locations are all
set to be 0 nm, the center of the track, where initial motion
is towards the upper edge. Thus, we only ever observe the
skyrmion going down and forward in narrow track after long
simulation times after the skyrmion has been traveling along
the upper edge for some time.

We report micromagnetic simulations that show the pres-
ence of skyrmion transient retrograde motion with varying
sample widths and damping constant. We exploit values of
the reflected and transmitted SW intensity determined from
the simulated magnetization data to evaluate the changes of
R and T for the SWs during the motion of the skyrmion and
how they lead to the observed dynamics on the basis of the
framework developed in this section.

III. MICROMAGNETIC SIMULATIONS

We have performed numerical micromagnetic simulations
using the OOMMF package [25]. The simulation cell dimen-
sions were set to [1 nm, 1 nm, 0.4 nm]. The magnetic track
thickness dm = 0.8 nm. We simulated wires with a length
of 1000 nm and variable width w in the range 40–100 nm.
The track geometry is depicted in Fig. 3. The value of α was
selected for each sample from the range [0.02, 0.06], but in
the regions close to the ends of the track we set α = 1 so
the SWs are not reflected back along the track. The materials
parameters used are based on the representative magnetic
properties of a [Ta/Pt/Co68B32/Ir/Pt] sheet film prepared in
our laboratory and are shown in Table I.

The initial magnetization was fully saturated normal to
the x-y plane. The SWs were excited by applying a time-
dependent magnetic field H0 sin (2π f t ), directed along the y
axis, where μ0H0 = 800 mT is the amplitude of the exciting
field and f = 80 GHz is the frequency. The frequency of the
SWs will be the same as the exciting field. The excitation field
is localized to one column of cells located at x = −150 nm.

To obtain the dispersion relation f (q) of the SWs, shown in
Fig. 3(b), sine pulses of varying frequency were applied to the
track which was in a static saturating field of μ0Hz = 100 mT.
The magnetization data was used as the input signal to a
discrete Fourier transform process to obtain the wave vector
k [41]. The magnon mass calculated from this SW dispersion
relation is m = 2.41 × 10−29 kg [34].

To study SW-driven skyrmion motion, we first stabilized a
skyrmion spin texture. A static external field Hz is applied on
the whole sample along the z axis. A Néel-type skyrmion was
nucleated and relaxed at the center of the track where x = 0.
The equilibrium diameter found after this procedure is 17 nm.
The SW excitation was then switched on with f = 80 GHz.
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FIG. 3. Spin-wave excitation in a magnetic track. (a) The sample geometry simulated in OOMMF, with a red-blue color scheme used to
depict the z component of the magnetization. The track is 1000 nm long and of variable width w. The damping constant α is set to 1 in
10-nm-long regions at the ends of the track to avoid spin-wave reflections and takes variable values in the range 0.02–0.06 in the main part
of the track for different simulations. A skyrmion, shown schematically, is initialized at the center of the track at x = 0 nm. The spin-wave
excitation field is localized at a position x = −150 nm with time dependence Hy = H0 sin(2π f t )ŷ. (b) The dispersion relation f (q) for spin
waves in the 100 nm width and α = 0.03 nano track, showing the expected parabolic form.

SWs propagate away from the excitation region along the
x direction, driving the motion of the skyrmion when they
reach it.

IV. SIMULATION RESULTS

A. Retrograde motion of skyrmions in wide tracks

A SW that is propagating along the x axis induces
skyrmion motion, as shown in Fig. 4(a). The skyrmion dis-
placement along the x direction, Fig. 4(b), and the y direction,
Fig. 4(c), as a function of simulation time with different track
widths in the range w = 40–100 nm with a 0.1 ns time step.
These simulations were carried out with the Gilbert damping
set to α = 0.02.

When the track is narrow, w � 50 nm, the skyrmion is
driven along the propagation direction of SW as shown in the
w = 40 nm example of Fig. 4(a). In this case, the x component
of the skyrmion velocity is always positive.

For wider tracks, the motion is more complex, as shown for
the w = 90 nm example depicted in Fig. 4(a). The skyrmion
shows negative initial velocity along x. The skyrmion also has
a y component of velocity, since the gyrotropic motion will
also lead to the skyrmion moving toward the upper edge, as
seen in the 90-nm track width example shown in Figs. 4(a)
and 4(c) [8,42]. The transient retrograde motion stops when
the skyrmion approaches the track edge after a few tens of
ns, and the skyrmion then begins moving along the edge in
the positive x direction. The skyrmions will have to move up
further to reach the track edge before changing directions for
the wider tracks, as shown in Figs. 4(b) and 4(c). As the theory
based on the SW scattering on skyrmion shows in Eqs. (7) and
(14), fscatter always drives the skyrmion towards the SW source
on a borderless sample. The skyrmions all move towards the
top edge until the distance between the skyrmion center and
the upper edge is around 25 nm before starting to have positive
velocity on the x axis.

Close to the sample edges, the presence of DDMI gives rise
to a twist in the magnetization away from the z axis [26].
As an example, the z component of the magnetization for
the 100-nm-width sample in the notionally uniform state (i.e.,
without a skyrmion) is shown in Fig. 5. A canting away from
the z direction is visible that extends for a few nm into the

track from its edge. This twisting gives rise to the edge force
fedge discussed in Sec. II above, with the twist extending in
from the edge by a distance Ledge. A value of Ledge = 2.4 nm is
calculated from DDMI, Aex, and the other magnetic properties
of track using Eqs. (10) and (12) [33]. The OOMMF simulation
results also give a magnetization that depends exponentially
on position, shown in Fig. 5, with the fit in the inset of that
figure yielding Ledge = 1.5 nm, which is of the same order
of magnitude. The small difference can be accounted for by
the fact that demagnetizing effects are properly accounted for
in the numerical simulation but neglected in the analytical
formulas.

The sum of the radius of skyrmion and Ledge is close to
10 nm. This means when the distance between the skyrmion
center and track edge is smaller than ∼10 nm, the skyrmion
starts to feel the influence of fedge. This force acts in the y
direction and so we see that the edge force will give rise to
a positive term in vx as given by Eq. (7). If this additional
force is large enough, it will overcome ftransmit [similarly to
what is shown in Figs. 1(a) and 1(b)] and hence the skyrmion
will start moving forward once it reaches the track edge
[43]. In a wider track, the skyrmion will take more time
to reach the edge region where this force can be active, so
we can expect a larger transient retrograde motion of the
skyrmion towards the SW source before the forward motion
sets in.

B. Retrograde motion of skyrmion with enhanced damping

Fixing the sample width at w = 100 nm, we ran a similar
series of simulations in which we varied the value of α in
the range [0.02, 0.06] with a 0.1 ns time step. The resulting
skyrmion displacements in the x direction as a function of
simulation time with varying damping constant are shown in
Fig. 6(a). When α = 0.02, 0.03, or 0.04, we again see that the
skyrmion initially moves backwards against the SW direction.
The skyrmion only has a positive initial velocity when the
track has α � 0.05. As shown in Fig. 6(b), the skyrmions still
have a velocity in the y direction due to the skyrmion Hall
effect. The distance between the skyrmion and the edge when
the skyrmion moves away from the SW source is smaller
when α is stronger.
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(a)

(b)

(c)

FIG. 4. Spin-wave-driven skyrmion motion. (a) Snapshots at dif-
ferent simulation times of samples with track widths = 40 nm and
90 nm. Time-dependent skyrmion displacement on the (b) x direction
and (c) y direction for various magnetic track widths in the range
40–100 nm. The region enclosed by the dashed line in (b) is where
the skyrmion x displacement is negative with respect to the starting
position.

FIG. 5. Out-of-plane component of magnetization Mz across the
track width direction (y axis) for the w = 100-nm-wide track. The
inset graph shows that the z component of magnetization depends
exponentially on distance from the edge, with a fit to Mz = Ms −
Mc exp[−(x − w

2 )/Ledge] in the range [−50 nm, −40 nm] region,
where Mc is half the largest difference between the twisted magneti-
zation and the saturation magnetization.

Assuming the skyrmion has the same R and T at the same
position of each simulation, the strength of fx only depends on
the amplitude of the SWs. A larger value of α leads to stronger
attenuation of the SWs, owing to the shortening of Lmag, as
described by Eq. (16). This reduces the force arising from the
SW magnons for a fixed given distance between the skyrmion
location and the SW source. Thus, it is easier for fedge to
overcome the negative terms of the vx when the skyrmion is in
a sample with larger α. In the real experiment, the skyrmion
will be expected to show a simple forward motion because α

of real thin cobalt alloy samples is usually much larger than
0.05 [44–47].

C. Time dependence of skyrmion motion induced
by transmitted and reflected spin waves

We repeated the simulation in Fig. 6 with a finer time step
of 5 ps for w = 40 nm and w = 100 nm, setting α = 0.03,
to study the SW transmission through and reflection from
the skyrmion as a function of time. As shown by the ex-
pression for the scattering force Eq. (14), the amplitude of
the SW will exponentially decay along the track. The SW
can be represented by picking out an in-plane component
of the magnetization—here we use the y component—which
yields a damped sine function in space, an example of
which is plotted in Fig. 7. The expected damping length is
Lmag ≈ 139 nm, based on a calculation using Eq. (16), close
to the value of 101.7 nm obtained by fitting a damped sine
wave to the My data.

In a similar manner, by extracting the in-plane magnetiza-
tion data from the simulations (see Appendix A for details)
and fitting a damped sine wave to them, we can obtain the
SW amplitude for any given region in the track. By select-
ing appropriate regions of the track, we have done this for
three cases: The transmitted SW that has passed through the
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(a)

(b)

FIG. 6. Time-dependent (a) x-direction and (b) y-direction
skyrmion displacement in a w = 100 nm track for various values
of the Gilbert damping constant in the range α = 0.02–0.06. The
region enclosed by the dashed line in (b) is where the skyrmion x
displacement is negative and the region enclosed by the black line
doesn’t have data since no simulations were done for those ranges of
parameters.

skyrmion, the SW reflected from the skyrmion, and, for com-
parison, the same frequency spin wave in the same region in an
empty—i.e., no skyrmion—track. The attenuation caused by
Lmag depends on the distance between the data collection re-
gion and the source of the SWs. By comparing the transmitted
SW amplitude in the presence of the skyrmion with that in
an empty track we can obtain the transmission coefficient
(T ). Similarly, we can determine the reflection coefficient (R)
for SWs by comparing the amplitudes with and without the
skyrmion in the region before the SWs reach it. Each process
can be done at a certain simulation time.

In our simulations, the skyrmion starts in the center of
the track and so always moves toward the sample upper
edge because of the skyrmion Hall effect (see Fig. 2). We
define the distance between the skyrmion center and the
sample upper edge dse = w

2 − y. [This distance determines
the exponential edge force term related to the top edge in

FIG. 7. The y component of magnetization shows a damped
spin wave along the propagation direction. The red line is the
result of fitting a damped sine wave of the form My = My0 +
I exp(−x/Lmag) sin(q(x − x0 )), where I is an amplitude and x0 is a
spatial phase. The fit returns a value Lmag = 101.7 nm and wave
vector q = 0.52 rad/nm. The range of x-axis locations shown here is
in the area of the spin-wave source at x = −150 nm and the starting
position of the skyrmion at x = 0.

Eq. (9), represented by the orange gradient in Fig. 8.] We
show the time dependence of dse for both the w = 40 nm and
w = 100 nm track is shown in the Fig. 8. We find that the re-
pulsion becomes too strong for the skyrmion to ever get closer
than dse ∼ 17 nm to the edge. This leads to an effectively
forbidden region for the skyrmion for dse < 17 nm, which we
subsequently show with red shading.

Both T and R vary during the simulation because they cor-
relate with dse, as shown in Fig. 9. (Their time dependence is
shown in Appendix B.) Only the data related to the skyrmions’
first approach to the sample edge is plotted. (At longer
times, they rebound slightly from the edge, seen here for the

FIG. 8. Time dependence of the distance between skyrmion cen-
ter and the upper edge dse for the w = 40 nm and w = 100 nm
simulations. The orange gradient represents the region in which the
skyrmion starts to experience a noticeable repulsive force from the
upper edge.
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FIG. 9. (a) T and (b) R of spin waves as a function of dse for
a simulation with w = 100 nm and w = 40 nm. The shaded red
region is where the skyrmion cannot overcome the repulsive force
edge force and so is effectively forbidden in these simulations.

w = 40 nm trace in Fig. 8.) As dse shrinks, a drop in both
(a) T and (b) R are seen. The inset graph shows a zoom of
the w = 40 nm trace. For the w = 100 nm case, T initially
takes a high value of ∼0.7 and starts to drop once dse falls
below about 35 nm. Presumably owing to the proximity to the
edge, T for the w = 40 nm case starts at a lower value ∼0.5,
but also drops rapidly as the edge is approached. T eventually
falls to almost zero in both cases. Although not starting at such
a high level, there is a similar finding for R, which also drops
and reaches a value close to zero as the skyrmion comes to its
point of closest approach to the edge.

These changes in the way that SWs interact with the
skyrmion suggest that it is not a perfectly rigid object with
unchanging properties. To probe this further, we have mea-
sured the skyrmion diameter during each of our simulations,
with the results shown in Fig. 10. Here we define the diameter
as the distance between the extrema of the spatial derivative
of Mz, as shown in the inset of Fig. 10. We can see that
the skyrmion diameter shrinks as the edge is approached,
presumably under the influence of the edge force. This change
in skyrmion geometry could account for the change in the
values of T and R.

We can see from Eq. (24) that the force fx on the skyrmion
is expected to have a term that is ∝ −T and another that is
∝ R. Thus, we expect these changes in the way that the

FIG. 10. Skyrmion inner domain diameter as a function of dse on
100-nm and 40-nm-wide samples. The inner domain size is defined
as the distance between the two extrema of dMz

dx , as shown in the
inset. The shaded red region is where the skyrmion cannot overcome
the repulsive force edge force and so is effectively forbidden in these
simulations.

skyrmion affects SWs to lead to changes in its dynamics. In
the insets of Fig. 11, we show the time dependence of vx for
each of our two simulations as red solid circles.

As shown in the inset graph of Fig. 11(b), for the
w = 40 nm track, the skyrmion initially accelerates as it ap-
proaches the upper edge before 10 ns and later its velocity
drops again as it moves away from that edge, based on the
dse data shown in the Fig. 8. In this case, the value of T
drops when dse is smaller than 18 nm, as that edge is most
closely approached. R also decreases similarly. Nevertheless,
the skyrmion is always in the region that has strong fedge,
owing to the narrowness of this track, which means it always
moves away from the SW source with positive vx.

Meanwhile, for the w = 100 nm track, from Figs. 6 and
11(a), we can see that the skyrmion’s initial backwards veloc-
ity starts to drop at around 30 ns. The skyrmion then begins to
move in the forward direction at 43 ns, corresponding to the
time that dse is ∼35 nm as shown in Fig. 8 and the drop in
T takes place as shown in Fig. 9(a). The Thiele Eq. (7) and
Eq. (24) show that the transmission of SWs will give rise to a
force that pulls the skyrmion towards the SW source owing to
the transfer of angular momentum.

On the other hand, the force owing to linear momentum
transfer from reflected SW magnons can give rise to motion
along the SW propagation direction as shown in Eq. (24).
Surprisingly, the reflection coefficient R is not equal to 1 − T ,
and it has a similar time dependence to T . For the 100-nm-
wide track, R starts at a value of R ≈ 0.2 before declining
quickly once dse is less than 40 nm, as shown in Fig. 9(b).
Thus, this change in R cannot explain the change in direction
of the skyrmion in the 100-nm-wide track, since R would need
to rise to push the skyrmion away from the SW source by
linear momentum transfer.

So far, in Sec. II and Eq. (7), when 4πQfedge + αDfx >

0, vx > 0. To compare this analytical prediction with our
numerical simulation results, we insert Eq. (24) into Eq. (7)
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FIG. 11. The relationship between skyrmion velocity predicted
by the Thiele equation and the velocity observed in the numerical
simulation of (a) 100-nm-wide track and (b) 40-nm-wide track. The
data points can be compared with the red line of unity slope. Insets
show the two velocity data sets each as a function of simulation time.
The velocity observed in the w = 100 nm numerical simulation was
fitted with an exponential of the form vx = v0 + vt e(t−t0 )/τ shown as
a solid green line. Here, v0 is the initial velocity, vt is a velocity pref-
actor for the time dependent part, and τ is a characteristic timescale.

to obtain

vx = 4πQ( fedge + T ftransmit⊥) + αD fx

(αD)2 + G2
. (25)

We then input the time-dependent values of T and R into
the Thiele equation calculation and plot the results as black
solid squares as a function of time in the insets of that
figure.

FIG. 12. The y component of magnetization at [xs − rs, ys] of
skyrmion during an interval of 0.05 ns shows the spin wave along
the propagation direction; the difference of magnetization data with
and without skyrmion is the reflected spin wave.

We calculated the prefactor f0 of fedge to be 2977 m/s by
using Eq. (11), and fscatter⊥ without any SW damping factor
to be around 274 m/s. Ledge = 2.5 nm and Lmag = 139 nm, by
using Eqs. (12) and (16), respectively. D = dπ3

2γDW
[8], in which

d is the skyrmion diameter and γDW is the domain wall width
at the skyrmion edge.

The observed skyrmion velocity in the 100-nm-wide track
rises rapidly, with a very good fit to an exponential (green
line) for times before about 25 ns and after 45 ns, as shown
in Fig. 11(a). fref and ftransmit decay after 30 ns as the skyrmion
has a velocity on the y axis towards to the upper edge because
of the gyrotropic effect from fx, as shown in Figs. 2 and 8.
Since fedge is exponential in skyrmion position y according
to Eq. (9), the strongest force term in the Thiele equation is
the exponentially growing fedge, which leads to exponential
growth in the velocity along x through Eq. (7).

These predicted velocities based on Eq. (25) are plotted
against those directly observed in the simulations in the main
panels of Fig. 11. The black scatter data are generally in
good agreement with a line of unity slope, drawn in red:
Overall, the predictions of inserting T and R into the Thiele
formalism compare well with the velocity taken directly from
the simulation.

In Fig. 11(a), there is excellent agreement between the two
data sets for two regimes: (i) when the skyrmion is undergo-
ing its initial retrograde motion for vx ∼ −0.5 m/s up to a
simulation time of ∼25 ns and (ii) when the skyrmion is un-
dergoing acceleration along the track edge at long simulation
times after ∼45 ns, when vx � 0.4 m/s. This shows that the
underlying physical picture for vx1, which only considers the
strength of T and R on fx, gives a good description in these
regimes. The agreement is poorer, but still fair, for intervening
data points around the point where the skyrmion reverses
direction, and potentially other physics may be at play
there.

This leads us to propose a form for fx = T ftransmit|| + R fref

and fy = fedge + T ftransmit⊥ that replaces fscatter. However,
using Eq. (7) to predict the skyrmion velocity means that the
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FIG. 13. The variation of T , R, Asw and skyrmion velocity with
simulation time.

terms for the force arising from the absorption of SWs are
neglected since it is challenging to get a precise energy for
skyrmion motion from the total absorbed SW energy. So,
before 50 ns, the calculated result does not work well when
the skyrmion is still far away from the edge and close to the

SW source. When the skyrmion is close to the edge, fedge is
much stronger than the SW force in terms of its effect on
the skyrmion velocity, and the calculated results are in good
agreement with the ones extracted directly from the numerical
simulation.

In Fig. 11(b), there is also excellent agreement between
the two data sets. This is the case both when the skyrmion is
accelerating and moving away from the SW source because of
the short distance between the skyrmion and upper edge in the
initial state, and also when the skyrmion velocity is decreasing
as it is pushed away from the upper edge. In the latter case, the
skyrmion is gaining less fedge and force from the SW because
of the longer distances involved, and so the force balance leads
a stable velocity of skyrmion.

If the damping constant is larger than 0.03, the SW am-
plitude will attenuate more rapidly and the term fy in Eq. (7)
will more easily overcome the negative term of fx. This fact
can explain the shape of the contour of α dependent skyrmion
displacement in Fig. 6. For wider samples, the skyrmion will
need a longer time to reach the region where the edge forces
are significant, and so further negative displacement will
show up in the contour plot of the sample width-dependent
skyrmion displacement in Fig. 4.

V. CONCLUSION

In conclusion, we have studied the SW-driven motion of
skyrmions in a nanoscale track by means of time-dependent
micromagnetic simulations and found a range of conditions
where there is a transient retrograde motion of the skyrmion.
Our results show that the skyrmion will have retrograde mo-
tion towards the SW source at the onset of its movement
when the track has a large enough width and a low damp-
ing constant, but the skyrmion always moves away from the
SW source at long simulation times. We cross-checked the
simulated skyrmion velocity with the results of the Thiele
equation and find qualitatively similar skyrmion motion from
the calculation but also find that only using reflection and
transmission data cannot give a fully quantitative relationship
between calculated velocity and simulated velocity. The gy-
rotropic term in the Thiele equation is not negligible, and the
repulsive force from the sample edge also affects the skyrmion
velocity by this means. We suggest that also considering the
absorption of SW magnons is a possible way forward in the
future.

The simulation results give a possible motion of skyrmion
that might be observed in future experiments. The force from
the track edge is a potential means to adjust the skyrmion
motion. A higher damping sample (e.g., a CoB alloy thin film
[44]) will have a shorter retrograde distance than a low damp-
ing sample (α < 0.05 for simulation magnetic properties), as
can be seen from Fig. 6. Moreover, if the initial position of a
skyrmion in y is not well controlled, then the motion along the
x direction will not be deterministic, since the time taken for
the skyrmion to reach the near-edge region and experience the
edge forces will be unpredictable.

The OOMMF input files and data associated with this paper
are openly available from the University of Leeds Data repos-
itory at [48].
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APPENDIX A: AMPLITUDE OF SPIN WAVES

To determine the amplitudes of the SWs that are propa-
gating in the track we simulated, we analyzed the data arrays
output at each 5 ps time step of the simulation, which contains
the three components of the magnetization within each [1 nm,
1 nm, 0.4 nm] cell. An example of plotting the y component
of magnetization as a function of x was already given in
Fig. 5, showing a damped sine wave. Simulations of the SW
propagation both with and without the skyrmion on the track
were carried out.

Analysis of the former yields the coordinates of
the skyrmion location in the track as [xs, ys]. The y-
component magnetization data from 50-nm-long regions
which have the same y location as the skyrmion but are
100 nm downstream from it, i.e., from xs+100 nm to
xs+150 nm, were fitted with damped sine functions My =
My0 + I exp(−x/Lmag) sin(q(x − x0)), where I is the ampli-
tude of the SW at the location [xs+100 nm, ys], q is the SW
wave number, My0 is the amplitude offset, and x0 is a phase

shift. The ratio between the values of I with and without the
skyrmion is the transmission coefficient T .

Determining the reflection coefficient R required a differ-
ent approach since plotting the spatial dependence on the
waveform upstream of the skyrmion yields a complex in-
terference pattern between the incident and reflected waves.
We therefore select a point in space at location [xs(t ) −
rs(t ), ys(t )], where rs is the skyrmion radius and the variation
of the y component of magnetization for a 1 ns time inter-
val (200 data points) are determined, again for the system
with and without the skyrmion. An example is shown in
Fig. 12. Taking the data without the skyrmion as the pure
incident waveform, we can subtract it from the data without
the skyrmion to yield the reflected wave. Both the reflected
SW and SW without skyrmion on the track are fitted with
sine functions a sin(ωt + θ )e−t/ε to yield their amplitudes a.
The ratio between the amplitudes of the reflected SW and the
incident SW yields the reflection coefficient R.

APPENDIX B: TIME-DEPENDENCE OF T , R, Asw

AND SKYRMION VELOCITY

The relationship between the T , R, and dse was shown in
Fig. 9. In this Appendix, for completeness, we provide plots of
T , R, Asw, and skyrmion velocity as a function of simulation
time for the first 60 ns simulation time in Fig. 13. We define
the absorption Asw = 1 − T − R.
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