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Structural transition of skyrmion quasiparticles under compression
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The competition between external drives and interparticle interactions are important for the static and dynamic
properties of topological quasiparticles in confined geometries. Here, we study the dynamics of particlelike
skyrmions under a current-induced compression, where skyrmions are stabilized in a confined space and form
a skyrmion solid. We find that a lattice structural transition of nanoscale skyrmions could be induced by the
compression, which depends on the initial lattice configuration and the compression level. The compression
effect in the skyrmion solid with strong skyrmion-skyrmion repulsion could produce a wave front showing an
abrupt change of the skyrmion density, which may propagate through the skyrmion solid depending on the
compression level. Besides, a chain of skyrmions on the surface of the compressed skyrmion solid could show
a fast and stable motion along the surface as long as it remains within the driving region. Some skyrmions may
collapse during the compression due to the destructive skyrmion-skyrmion collision, which mainly happens in
the area around the skyrmion injection boundary between the driving and compressive regions. Our results are
useful for understanding the compression physics of quasiparticles carrying nontrivial topology.

DOI: 10.1103/PhysRevB.105.184402

I. INTRODUCTION

Nanoscale skyrmions in magnetic systems can be treated
as quasiparticles [1–13], which are promising information
carriers that allow for a wide range of applications [14–34].
They are usually very rigid objects and can interact with each
other effectively through the short-range skyrmion-skyrmion
interaction and long-range dipolar interaction [3,35–39]. As
the skyrmion carries a nonzero integer topological charge,
its dynamics in a flat landscape are subject to both external
driving forces and its topological nature [14–33]. Such a
feature may lead to some unique dynamics compared to com-
mon particles. For example, a particlelike skyrmion driven
by the spin current may move at an angle with respect to
the driving force direction, which is called the skyrmion Hall
effect [8,40–45]. The skyrmion Hall effect originates from the
topological Magnus force acting on the skyrmion, of which
the direction is perpendicular to the skyrmion velocity, and the
sign depends on the topological charge [8,40–45]. Therefore,
a system containing massive interacting skyrmions driven by
an external force may show very different dynamic properties
compared to that of other particles or quasiparticles.

Many skyrmions in a magnetic system with
Dzyaloshinskii-Moriya (DM) interactions [46,47] may
form a skyrmion solid, a skyrmion liquid, or a skyrmion
gas, which depends on the density of skyrmions and their
mutual interactions [48–52]. For skyrmions stabilized by
interfacial and bulk DM interactions, the skyrmion-skyrmion
interaction is usually repulsive, of which the magnitude is
inversely proportional to the spacing between two skyrmions
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[3]. Hence, such a repulsive skyrmion-skyrmion interaction
plays an important role in the system of a skyrmion solid.
It may affect the static lattice structure as well as the lattice
dynamics of skyrmions. The static lattice structure of a
skyrmion solid may be manipulated by an external force
or field acting on all skyrmions [52–57]. For example,
Karube et al. have demonstrated that the transition between a
triangular skyrmion lattice and a square skyrmion lattice by
varying the temperature and magnetic field [53]. However, it
is unclear what will happen to the static lattice structure and
lattice dynamics of a skyrmion solid when an external drive is
only partially applied on a few skyrmions, while most other
skyrmions serve as pinning obstacles due to the repulsive
skyrmion-skyrmion interaction.

A possible route to study this problem is to compress a
number of particlelike skyrmions using one boundary, which
is inspired by recent reports on the compressional shocks
in Yukawa solids [58–60] and the report on the skyrmion
avalanches [9]. In a two-dimensional (2D) Yukawa solid,
the interaction between neighboring particles is described
by the Yukawa potential [58–61], which produces a strong
attractive force between two adjacent particles when the in-
terparticle distance is significantly small. This is similar to a
system of a massive number of nanoscale skyrmions stabilized
by DM interactions, however, two rigid skyrmions experience
a strong repulsive force when they are close to each other,
which is described by the first-order modified Bessel function
of the second kind [3].

In this work, we report the dynamics of particlelike
skyrmions with an initial triangular or square lattice struc-
ture under compression. We focus on the structural transition
under compression, which is an important phenomenon of
skyrmions [52–57,62,63]. We find that by triggering the com-
pression of skyrmion quasiparticles in a confined geometry

2469-9950/2022/105(18)/184402(10) 184402-1 ©2022 American Physical Society

https://orcid.org/0000-0001-9656-9696
https://orcid.org/0000-0002-1009-3074
https://orcid.org/0000-0001-5917-5495
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.184402&domain=pdf&date_stamp=2022-05-02
https://doi.org/10.1103/PhysRevB.105.184402


XICHAO ZHANG, JING XIA, AND XIAOXI LIU PHYSICAL REVIEW B 105, 184402 (2022)

FIG. 1. Simulation model and initial spin configurations. (a) Top view of the monolayer nanotrack with a triangular lattice of nanoscale
skyrmions as the initial spin configuration. The length, width, and thickness of the ferromagnetic monolayer equal 2500 nm, 400 nm, and
1 nm, respectively. The dampinglike spin torque is only applied to the driving region between x = 0 nm and x = 500 nm. The region between
x = 500 nm and x = 2500 nm is referred to as the compressive region, which is the focused region in this work. The color scale represents
the out-of-plane spin component mz, which has been used throughout the work. The yellow arrow indicates the general motion direction of
skyrmions in the driving region upon the application of a driving force. (b) Close-up top views of three different initial spin configurations.
Each cone represents a spin. The initial states A and B are two different triangular skyrmion lattices. The initial state C is a square skyrmion
lattice. The corresponding magnetic modulation vectors are given; see green arrows. (c) The 2D Fourier transforms of the above three different
initial spin configurations.

through one boundary, one could modify the lattice structure
of skyrmion quasiparticles in the compressive region. We also
find that a chain of fast moving skyrmions on the surface of the
compressed skyrmion quasiparticles during the compression.

II. METHODS

We simulate the skyrmion system using the MUMAX3 mi-
cromagnetic simulator on a commercial graphics processing
unit [64]. The spin dynamics of the system is governed by the
Landau-Lifshitz-Gilbert (LLG) equation augmented with the
dampinglike spin-orbit torque [65–71],

∂t m = −γ0m × heff + α(m × ∂t m) + τd , (1)

where m is the normalized magnetization, t is the time, γ0

is the absolute gyromagnetic ratio, α is the Gilbert damp-
ing parameter, heff = − 1

μ0MS
· δε

δm is the effective field with
μ0, MS, and ε being the vacuum permeability constant,
saturation magnetization, and average energy density, respec-
tively. τd = u(m × p × m) is the the dampinglike spin-orbit
torque with the coefficient u = |(γ0h̄/μ0e)| · ( jθSH/2aMS),
where h̄ is the reduced Planck constant, e is the electron
charge, a is the sample thickness, j is the current density,
and θSH is the spin Hall angle. We ignore the fieldlike spin-
orbit torque considering the fact that it does not affect the
dynamics of rigid nanoscale skyrmion quasiparticles at a
small driving force [42]. The micromagnetic energy terms
included in our model are the ferromagnetic exchange energy,
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perpendicular magnetic anisotropy (PMA) energy, de-
magnetization energy, and interface-induced DM energy
[65,66,68–71]. The magnetic parameters are adopted from
Refs. [65,66,68–71]: γ0 = 2.211 × 105 m A−1 s−1, α =
0.3, MS = 580 kA m−1, exchange constant A = 15 pJ m−1,
PMA constant K = 0.8 MJ m−3, and DM interaction constant
D = 3 mJ m−2. For simplicity, we assume that θSH = 1. The
mesh size is 2.5 × 2.5 × 1 nm3, which ensures both good
computational accuracy and efficiency.

As depicted in Fig. 1(a), the sample is a nanotrack with a
width of 400 nm in the y direction and a length of 2500 nm
in the x direction. The nanotrack thickness equals 1 nm. We
apply the periodic boundary conditions in the ±y directions,
while open boundary conditions are applied in the ±x direc-
tions. To compress the skyrmions, we assume that a straight
current flows only in the underneath heavy metal on the left
side of the sample (x = 0–500 nm) and generates a uniform
dampinglike spin-orbit torque on the above ferromagnetic re-
gion ranging between x = 0 nm and x = 500 nm, which could
be realized in a ferromagnet/heavy metal device structure via
the spin Hall effect [65–71]. With such a simplified injection
geometry, the spin polarization orientation is assumed to be
p = +x̂.

We consider three different initial spin configurations,
which are illustrated in Fig. 1(b). In the first spin configuration
(i.e., the initial state A), 441 skyrmions are placed in the track
and form a triangular lattice; also see Fig. 1(a). The triangular
skyrmion lattice can be described by the superposition of three
magnetic modulation vectors qi (i = 1, 2, 3) and a uniform
out-of-plane spin component [53–57]; see green arrows in
Fig. 1(b). The second spin configuration (i.e., the initial state
B) is a triangular lattice of 456 skyrmions, of which the
orientation is rotated by 90 degrees compared to the initial
state A. The third spin configuration (i.e., the initial state C)
is a square lattice of 441 skyrmions. The square skyrmion
lattice can be described by the superposition of two magnetic
modulation vectors qi (i = 1, 2) and a uniform out-of-plane
spin component [54,56]. The 2D Fourier transforms of the
above three different initial states are given in Fig. 1(c).

All these initial spin configurations are relaxed before the
application of compression. Note that initially the system is in
equilibrium and does not show interskyrmion compression as
we set an appropriate spacing between adjacent skyrmions.
It should also be noted that the spacing between adjacent
skyrmions at the relaxed initial state should not be much
greater than the minimum required spacing, otherwise the
compression effect may be insignificant. For simplicity, we
only study the system where all skyrmions have a topological
charge of Q = −1 with Q being defined as Q = 1

4π

∫
m ·

( ∂m
∂x × ∂m

∂y )dxdy [14,24,27]. Note that the total topological
charge is calculated in a lattice-based approach by a built-in
extension of MUMAX3 [64,72].

III. RESULTS AND DISCUSSION

We first study the skyrmion dynamics under compression
in the system with the initial state A. We focus on the skyrmion
dynamics in the compressive region (x = 500–2500 nm)
when a current is applied to drive the skyrmions in the

FIG. 2. Time-dependent total energy, out-of-plane magnetiza-
tion, and topological charge for the system with the initial state A
under compression. (a) Time-dependent total energies for different
driving current densities j. (b) Time-dependent out-of-plane mag-
netization mz for different j. (c) Time-dependent total topological
charge Q of the sample for different j. Note that we show the additive
inverse of Q. The current is turned on at t = 0 ps in the driving region
to compress skyrmions. The total simulation time is 4995 ps.

driving region toward the compressive region [Fig. 1(a)].
When the current in the driving region (x = 0–500 nm) is
turned on, all skyrmions in the driving region will move
toward the compressive region (see Videos 1–4 in the Sup-
plemental Material [73]). Due to the skyrmion Hall effect
[8,40–42], the skyrmions driven by the current have a positive
velocity component in the length direction of the nanotrack
(i.e., vx > 0) and a negative velocity component in the width
direction of the nanotrack (i.e., vy < 0). Therefore, when the
skyrmions in the driving region meet and interact with the
steady skyrmions in the compressive region, the collision
between skyrmions around the skyrmion injection boundary
between the driving and compressive regions (i.e., x = 500
nm) first results in the compression of skyrmions near the
injection boundary. At the same time, as long as the current
is turned on in the driving region, a chain of skyrmions re-
mained in the driving region but near the injection boundary
at x = 500 nm shows a steady motion along the surface of the
compressed skyrmions (see Videos 1–4 in the Supplemental
Material [73]).

In Fig. 2(a), we show the total micromagnetic energy of the
system when the driving current is applied for 4995 ps from
t = 0 ps. As the compression effect is generally determined
by the skyrmion speed in the driving region, which is con-
trolled by the applied current density j, we apply a current of
j = 0.5–8.0 MA cm−2 in the driving region to obtain different
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compression level. We find that a larger current density could
result in a faster skyrmion motion in the driving region and
thus a faster and stronger collision between skyrmions near
the injection boundary between the driving and compressive
regions; however, a faster and stronger collision between
skyrmions could lead to the annihilation of more skyrmions in
the system. Hence, the total micromagnetic energy decreases
more significantly during the compression for the system
driven by a larger current density.

The annihilation of skyrmions during the compression
also means that the total number of skyrmions is reduced in
the nanotrack, which will result in a relatively lower total
skyrmion density in the compressive region, and thus, may
lead to a weaker compression effect. This also means the
compressive effect is not simply proportional to the driving
force for the skyrmion quasiparticle system. Namely, the anni-
hilation of skyrmion quasiparticles under compression creates
a different compression phenomenon compared to the sys-
tem of unbreakable particles, where the compression stress
is proportional to the driving force. The compression-induced
annihilation of skyrmion quasiparticles could also be treated
as a kind of structural failure of the skyrmion solid. Therefore,
in our system where no new skyrmions are added to the driv-
ing region during the compression, a moderate driving current
may lead to a better compression level in the compressive
region.

In Figs. 2(b) and 2(c), we show the out-of-plane mag-
netization component mz and total topological charge Q
of the nanotrack. The compression-induced annihilation of
skyrmions can also be seen from the time-dependent mz and
−Q, which is more remarkable for a larger j. However, it
should be noted that when the system under compression
reaches a stable number of skyrmions or total energy, it does
not mean the system is in an equilibrium state. The reason
is that a density change of skyrmion quasiparticles induced by
the compression may still be propagating along the nanotrack,
which we will discuss by imaging the real-space spin config-
urations and analyzing the local skyrmion density later.

In Figs. 3–6, we show the top-view snapshots of the
nanotrack with the initial state A under compression by dif-
ferent driving current densities. For the case driven by j =
0.5 MA cm−2 [Fig. 3], only a few skyrmions are annihilated
during the compression, which means that most skyrmions
are pushed into the compressive region. Such a compression
first results in the interskyrmion interaction near the injection
boundary at x = 500 nm, which leads to an obvious increase
of local skyrmion density as well as a structural transition
of the skyrmion lattice. For example, the skyrmion lattice
structure at x = 500–1300 nm is transformed from the initial
state A to a rotated triangular lattice at t = 500 ps, which is
similar to the initial state B given in Fig. 1(b).

The structural transition of the triangular skyrmion lattice
in the compressive region is caused by two reasons. The first
reason is that the rotated triangular lattice has a higher local
skyrmion density favored by the compression. The second
reason is that the rotated triangular lattice has the shortest and
almost identical spacing between adjacent skyrmions in the
width direction of the nanotrack (i.e., the y direction), which
is the most stable and compact arrangement favored by the
moving skyrmions near the injection boundary at x = 500 nm
(see Video 1 in the Supplemental Material [73]).

FIG. 3. Selected snapshots and corresponding 2D Fourier trans-
forms for the system with the initial state A under compression.
A current of j = 0.5 MA cm−2 is applied in the driving region
to compress skyrmions. The current is turned on at t = 0 ps, and
the total simulation time is 4995 ps. The 2D Fourier transforms
of the spin configurations at x = 500–900 nm, x = 900–1300 nm,
x = 1300–1700 nm, x = 1700–2100 nm, and x = 2100–2500 nm
are given for the initial (t = 0 ps) and final (t = 4995 ps) states,
respectively.

In Fig. 3, we can also see that an abrupt change of skyrmion
density associated with the rotated triangular lattice structure
propagates from the injection boundary toward the right end
of the compressive region, which ultimately reaches the right
end within 4995 ps, leading to the full structural transition
in the compressive region. The different initial and final spin
configurations of the skyrmion lattice in the compressive re-
gion can also be seen from the corresponding 2D Fourier
transforms given in Fig. 3, where the pattern of six equally
distributed first-order peaks is rotated almost 90 degrees. This
also means that the triangular skyrmion lattice of the initial
state B is a spin configuration favored by the system under
compression, which we will discuss later.

In Fig. 4, we show the case driven by a larger j = 1.0 MA
cm−2. As more skyrmions are annihilated under compression
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FIG. 4. Selected snapshots and corresponding 2D Fourier trans-
forms for the system with the initial state A under compression.
A current of j = 1.0 MA cm−2 is applied in the driving region
to compress skyrmions. The current is turned on at t = 0 ps, and
the total simulation time is 4995 ps. The 2D Fourier transforms
of the spin configurations at x = 500–900 nm, x = 900–1300 nm,
x = 1300–1700 nm, x = 1700–2100 nm, and x = 2100–2500 nm
are given for the initial (t = 0 ps) and final (t = 4995 ps) states,
respectively.

due to the skyrmion-skyrmion collision near the injection
boundary at x = 500 nm [Fig. 2(c)], the compression-induced
structural transition effect does not penetrate into the full
compressive region within 4995 ps before the system reaches
a dynamic equilibrium (see Video 2 in the Supplemental Ma-
terial [73]). Note that the dynamic equilibrium means that
the structure of the compressed skyrmion solid remains un-
changed while a chain of skyrmions may still move along
the left surface of the skyrmion solid at x ∼ 500 nm when
the current is turned on in the driving region. However, it is
noteworthy that a structural transition of the skyrmion lat-
tice happens near the right end of the compressive region
(x = 2100–2500 nm) at t ∼ 4995 ps, although the structural
transition effect does not reach the right end. This phe-

FIG. 5. Selected snapshots and corresponding 2D Fourier trans-
forms for the system with the initial state A under compression.
A current of j = 4.0 MA cm−2 is applied in the driving region
to compress skyrmions. The current is turned on at t = 0 ps, and
the total simulation time is 4995 ps. The 2D Fourier transforms
of the spin configurations at x = 500–900 nm, x = 900–1300 nm,
x = 1300–1700 nm, x = 1700–2100 nm, and x = 2100–2500 nm
are given for the initial (t = 0 ps) and final (t = 4995 ps) states,
respectively.

nomenon can be explained by the interaction between the right
nanotrack edge and the skyrmion quasiparticles with a slight
drift velocity.

As demonstrated in Video 2 in the Supplemental Material
[73], a chain of skyrmions moves in the −y direction along the
left surface of the skyrmion solid under compression, which
leads to a drift motion of the skyrmion solid in the com-
pressive region in the +y direction as an opposite reaction.
Such a drift velocity of the skyrmion quasiparticles along with
a certain compression effect due to the overall increase of
skyrmion density in the compressive region finally results in
the mixed skyrmion lattice structure in the nanotrack with two
separated areas being transformed.

In Fig. 5, we show the case driven by a much larger
j = 4.0 MA cm−2. Initially, we note that some nonsixfold
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FIG. 6. Selected snapshots and corresponding 2D Fourier trans-
forms for the system with the initial state A under compression.
A current of j = 8.0 MA cm−2 is applied in the driving region
to compress skyrmions. The current is turned on at t = 0 ps, and
the total simulation time is 4995 ps. The 2D Fourier transforms
of the spin configurations at x = 500–900 nm, x = 900–1300 nm,
x = 1300–1700 nm, x = 1700–2100 nm, and x = 2100–2500 nm
are given for the initial (t = 0 ps) and final (t = 4995 ps) states,
respectively.

coordinated skyrmions are formed near the injection boundary
at t = 10 ps, where the skyrmion density is changing most
rapidly. Many skyrmions in the driving region are annihilated
within the first 100 ps due to the strong collision driven by
the current. The compression level is much reduced due to the
reduced total number of skyrmions that can be compressed in
the compressive region. It can be seen that the compression-
induced structural transition of the skyrmion lattice structure
is realized only for x < 1300 nm when the system reaches the
dynamic equilibrium before t ∼ 4995 ps (see Video 3 in the
Supplemental Material [73]).

In Fig. 6, we show the case driven by a strong current of
j = 8.0 MA cm−2. The strong current drives the skyrmions
in the driving region into very fast motion toward the com-

pressive region and results in destructive collisions among
skyrmions around the injection boundary. Therefore, most
skyrmions in the driving region are annihilated within the
first 50 ps before being pushed into the compressive region.
In such a case, the skyrmion quasiparticles in the compressive
region are slightly compressed and almost affected by a chain
of skyrmions moving in the −y direction along the left surface
of the compressed skyrmion quasiparticles (see Video 4 in the
Supplemental Material [73]). As a result, a slight distortion
of the skyrmion lattice structure in the compressive region
is achieved. In Fig. 7, we show the enlarged view of the
initial and final spin configurations for the case driven by
j = 4.0 MA cm−2 [Fig. 5], where we highlight the transition
region between two final skyrmion lattices with different ori-
entations. It can be seen that the structure of the skyrmion
lattice within the transition region is obviously distorted.

We further analyze the spatiotemporal evolution of the
local skyrmion density for the system with the initial state
A under compression by a small current of j = 0.5 MA cm−2.
We focus on the case driven by the small current j =
0.5 MA cm−2 as the compression-induced structural transition
can penetrate into the whole compressive region [Fig. 3]. It
can been seen from Fig. 8 that the applied current drives most
skyrmions in the driving region (i.e., x = 0–500 nm) into the
compressive region (i.e., x = 500–2500 nm) within the first
250 ps, leading to an abrupt increase of the local skyrmion
density near the skyrmion injection boundary at x = 500 nm.
The local skyrmion density near the injection boundary then
decreases and a wave of compression is formed, which is
indicated by the increase of the local skyrmion density from
the injection boundary toward the area near the right end
of the compressive region. Namely, the wave front of the
skyrmion compression propagates along the length direction
of the nanotrack. It should be noted that the propagation of
wave front may be affected by the skyrmion Hall effect, so
that during compression the front motion would not be strictly
in the length direction. Such an effect could be examined by
assuming a much smaller damping parameter.

In particular, we also note that the abrupt increase of
skyrmion density in the narrow area near the injection bound-
ary (i.e., x = 500–750 nm) followed by a slow decrease of
skyrmion density may be understand as a kind of compression
wave. The spike of such a wave in the compressed skyrmion
quasiparticles does not travel well and is damped out by the
large damping effect of the ferromagnetic nanotrack. How-
ever, we do not observe a rarefaction wave in our system.
One main reason is that the total number of skyrmions in
the compressive region is increasing and approaches a higher
number when the system is under compression, which means
that the overall density of skyrmions will be increased in the
compressive region so that the skyrmion dynamics is domi-
nated by strong skyrmion-skyrmion repulsive interactions. In
such a system with dense skyrmions and strong interskyrmion
repulsion, the reduction of local skyrmion density compared
to the initial state in the compressive region cannot be pro-
duced. Another possible reason for the absence of rarefaction
wave in our system is that the system has no or tiny inertia.

In this work, we also study the compression dynamics of
skyrmion quasiparticles in the nanotrack with the initial state
B, which is a triangular skyrmion lattice configuration favored
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FIG. 7. (a) Enlarged top view of the initial spin configuration at t = 0 ps, corresponding to Fig. 5. The color scale represents the out-of-
plane spin component mz. A current of j = 4.0 MA cm−2 is applied in the driving region to compress skyrmions. (b) Enlarged top view of
the final spin configuration at t = 4995 ps, corresponding to Fig. 5. The semitransparent green box highlights the transition region between
different skyrmion lattice structures.

by the compression effect, as demonstrated in Figs. 3–6. We
find that the time-dependent behaviors of the total energy,
out-of-plane magnetization component, and total topological
charge during the compression are almost the same as those
of the system with the initial state A (see Supplemental Fig. 1
in the Supplemental Material [73]). However, it can be seen
from the top-view snapshots of the nanotrack that the com-
pression effect does not induce a structural transition of the
given triangular skyrmion lattice (see supplemental Fig. 2 and
Videos 5–8 in the Supplemental Material [73]). Indeed, the
compression effect could result in the increase of skyrmion
density in the compressive region, and may also cause certain
level of lattice distortion (see supplemental Fig. 3 in the Sup-
plemental Material [73]).

In the Supplemental Material [73], we also show the results
of the nanotrack with the initial state C under compression by
different driving current densities. For such a system with a
square skyrmion lattice, the time-dependent variations of the

total energy, out-of-plane magnetization component, and total
topological charge during the compression are qualitatively
similar to those of the system with a triangular skyrmion
lattice as the initial state. However, we find that the square
skyrmion lattice in the whole compressive region will trans-
form to a triangular skyrmion lattice similar to the initial
state A soon upon the application of the compression from
the driving region (i.e., within about the first 50 ps), as shown
in supplemental Fig. 5 in the Supplemental Material [73]; also
see Videos 9–12 in the Supplemental Material [73].

Such a fast transition of the skyrmion lattice structure in the
whole compressive region at the initial stage of compression is
a result of the skyrmion-skyrmion repulsions between neigh-
boring skyrmions as well as the initial compression when
some skyrmions in the driving region are pushed into the com-
pressive region through the injection boundary at x = 500 nm.
The initial rearrangement of the skyrmion lattice structure in
the whole compressive region favors a more stable triangular

FIG. 8. Spatiotemporal evolution of the skyrmion density for the system with the initial state A under compression. (a) Number of
skyrmions in the nanotrack as functions of time (t = 0–1000 ps) and the x coordinate (x = 0–2500 nm). A current of j = 0.5 MA cm−2

is applied in the driving region to compress skyrmions. The current is turned on at t = 0 ps, and the total simulation time is 4995 ps. The
number of skyrmions is calculated every 100 nm along the length direction (i.e., the +x direction) of the nanotrack. A larger local number of
skyrmions per 100 nm along the length direction indicates a higher local skyrmion density. (b) Zoomed-out view of (a) for t = 0–4995 ps. The
color scales are the same for panels (a) and (b).
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lattice with compact spacing between adjacent skyrmions in
the length direction of the nanotrack (i.e., the x direction),
which justifies that the skyrmion-skyrmion repulsion is en-
hanced in the x direction due to the general compressive force
normal to the injection boundary at x = 500 nm. When more
skyrmions are pushed into the compressive region, a structural
transition of the initially formed triangular skyrmion lattice
is produced, forming a triangular lattice similar to the initial
state B.

It is worth mentioning that the structural transition between
different triangular skyrmion lattices are mainly caused by
the slow drift motion of skyrmion quasiparticles under com-
pression as discussed above, while the square-to-triangular
structural transition is caused by the skyrmion-skyrmion re-
pulsion in the system under compression. We emphasize again
that the drift motion of the skyrmion quasiparticles in the
compressive region is induced by the motion of a chain of
skyrmions near the injection boundary, where the skyrmions
remained in the driving region are driven by the current and
guided along the left surface of the skyrmion quasiparticles
in the compressive region. We also note that the drift motion
of the skyrmion quasiparticles in the compressive region may
result in multiple structural transitions (see Video 9 in the Sup-
plemental Material [73]), which is a phenomenon depending
on the arrangement of skyrmions on the compressed skyrmion
solid surface where the motion of skyrmion chain is guided.

IV. CONCLUSION

In conclusion, we have studied the skyrmion dynamics in
a nanotrack under compression. The compression is realized
by pushing skyrmions from the left driving region into the
right compressive region using the dampinglike spin torque,
which could lead to an abrupt increase of skyrmion density
in the compressive region and also a motion of a chain of
skyrmions near the injection boundary separating the driving
and compressive regions. The compression may also lead
to the annihilation of some skyrmions around the injection
boundary due to the strong collision between skyrmions.

We find that the compression effect could result in a struc-
tural transition of the skyrmion lattice in the compressive
region. The structural transition depends on both the com-
pression level as well as the initial skyrmion lattice structure
in the compressive region. In particular, we find that the
compression-induced transition between two different trian-
gular skyrmion lattice structures is subject to both the change
of skyrmion density and the drift motion of skyrmions, while
the compression-induced square-to-triangular lattice transi-
tion is mainly subject to the skyrmion-skyrmion repulsion in
the direction normal to the injection boundary.

The transition between two different triangular skyrmion
lattice structures propagates along the direction normal to the
skyrmion injection boundary and could reach the right end
of the nanotrack if the compression level is strong enough.
In contrast, the square-to-triangular lattice transition in the
compressive region happens in a collective manner and a
much faster time scale.

At last, we point out that the compression front structures
formed during the compression in our system may be affected
by the sample size in the y dimension, although periodic
boundary conditions are applied in the y direction. The pos-
sible propagation of compression front in the y direction due
to the skyrmion Hall effect may not be observed when the
sample has a fairly small finite size in the y direction. Our
results could be useful for the understanding of skyrmion
quasiparticle dynamics under compression and may open a
new way for the manipulation of skyrmion lattice structure.
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