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Abstract – We compare the dynamical behavior of magnetic skyrmions interacting with square
and triangular defect arrays just above commensuration using both atomistic and particle-based
models. Under applied drives, the initial motion is a kink traveling through the pinned skyrmion
lattice. For the square defect array, both models agree well and show a regime in which the
soliton motion is locked along 45◦. The atomistic model also produces locking of a soliton along
30◦, which is absent in the particle-based model. For the triangular defect array, the atomistic
model exhibits 30◦ soliton motion over a wide region of external current values. In contrast, the
particle-based model gives 45◦ soliton motion over a small range of external driving force values.
The difference arises because the nondeforming particle model facilitates meandering skyrmion
orbits while the deformable atomistic model enables stronger skyrmion-skyrmion interactions that
reduce the meandering. Our results indicate that soliton motion through pinned skyrmion lattices
on a periodic substrate is a robust effect.
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Introduction. – Solitons are nonlinear wave pertur-
bations [1] that have been observed in a wide range of
different scientific fields, including mathematics [2], chem-
istry [3,4], magnetism [5–11], and biology [12–14]. Due
to their nonlinear spin dynamics, magnetic systems are
particularly well suited for stabilizing magnetic solitons
or nonlinear magnetic textures, which can take the form
of magnetic vortices [9], magnon drops [10], magnetic
skyrmions [15–17], hopfions [17], and bimerons [17].
Solitons or kinks can also be stabilized in assemblies of

particles coupled to a periodic substrate [18,19]. When
the number of particles equals the number of potential
minima, the system should be free of kinks; however,
if the number of particles is slightly higher or lower so
that the system is off commensuration, localized kinks ap-
pear that depin under applied drive levels which may be
much lower than the drive at which the bulk of the par-

(a)E-mail: jc.souza@unesp.br (corresponding author)

ticles depin. Kink motion at incommensurate fillings on
periodic substrates has been studied for colloidal parti-
cles [20–22], superconducting vortices [23,24] and various
friction models [25,26]. Since skyrmions are also particle-
like textures, when a skyrmion lattice is placed on a pe-
riodic substrate, it could support stable kinks or solitons.
Recent work by Vizarim et al. [5] has shown the possi-
bility of creating and moving a soliton along quasi-one-
dimensional chains of skyrmions using a particle based
model. After this study, Souza et al. [6] demonstrated with
an atomistic model that soliton motion along skyrmion
chains is stable and that the soliton exhibited higher ve-
locities than free skyrmions. The work on the quasi-
one-dimensional systems opened the possibility of using
soliton or kink motion in magnetic skyrmions as an infor-
mation transfer method for new types of soliton-based de-
vices employing skyrmions. An open question is whether
soliton motion through skyrmion lattices remains stable in
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more realistic fully two-dimensional systems, whether the
soliton behavior can be captured using both particle-based
and atomistic models, and where the two models agree or
disagree.

Magnetic skyrmions are particle-like topologically
protected magnetic textures [15,27] that exhibit many sim-
ilarities to overdamped particles: they minimize their re-
pulsive interactions by forming a triangular array, can be
set in motion by the application of external drives, and can
interact with material defects [19,28,29]. The key differ-
ence between skyrmions and other overdamped particles is
the presence of a nondissipative Magnus force that causes
skyrmions to move in the absence of disorder at an angle
known as the intrinsic skyrmion Hall angle, θintsk , with re-
spect to the external driving force [15,16,30–33]. In order
to simulate all of the degrees of freedom of a skyrmion,
it is necessary to use computationally expensive models,
such as the atomistic model [34], that can capture behavior
such as skyrmion annihilation, creation and deformation.
To mitigate the computational expense of skyrmion simu-
lations, Lin et al. [33] proposed a particle-based model for
rigid skyrmions that is valid for low skyrmion densities
and low external currents.

Using atomistic simulations and particle-based simula-
tions, we study the dynamical behavior of soliton motion
in magnetic skyrmion lattices on square and triangular
substrates just away from commensuration under an ex-
ternal driving force. For the square substrate, both mod-
els produce soliton motion along a 45◦ angle; however,
the atomistic model exhibits an additional 30◦ soliton mo-
tion that is absent in the particle-based model. At higher
drives, the entire skyrmion lattice depins, and the tran-
sitions between the different soliton and skyrmion flow
phases are visible as changes in the transport curves and
average Hall angle of the kink or skyrmion motion. For
the triangular substrate, we also find regimes of stable soli-
ton motion, but the models show substantial differences.
The atomistic model exhibits soliton motion along a 30◦

angle for a wide range of external driving forces, whereas
the particle model produces soliton motion along a 45◦

angle for a small range of external driving forces. In the
particle model, the trajectory of the soliton is much more
meandering, resulting in flow around an average angle of
45◦, while in the atomistic model, the finite size of the
skyrmions reduces the amount of meandering flow that
occurs, causing motion along 30◦ to be more stable.

Methods. – We model Néel skyrmions in thin films
with a magnetic field applied perpendicular to the film at
zero temperature, T = 0K, with periodic boundary con-
ditions along the x and y directions. We use two distinct
models, the atomistic model and the particle-based model.
Common substrate defect arrangements of Nm defects are
used in both models. The square array of defects is mod-
eled as φS(x, y) =

A
4 [cos(

2πx
a0

) + cos( 2πya0
) + 2], where A is

the defect strength and a0 is the substrate lattice constant.
Different values of A and a0 are used in each model.

Fig. 1: A three-dimensional rendering of the system for (a) a
square substrate potential and (b) a triangular substrate po-
tential. Each minimum captures one skyrmion, and a single
extra skyrmion has been placed inside the sample in order to
create a kink or incommensuration.

The triangular array of defects is modeled as φT (x, y) =∑3
i=1

A
2 [cos(

2πbi
a0

)+1], with bi = x cos(θi)−y sin(θi)+a0/2,
θ1 = π/6, θ2 = π/2, and θ3 = 5π/6. A is the defect
strength and a0 the substrate lattice constant. For both
models we choose values of a0 such that there are Nm = 36
minima in the defect arrangement. We select the number
of skyrmions Nsk to be just above commensuration with
the substrate, Nsk = Nm + 1 = 37. In fig. 1(a), (b), we
show a three-dimensional rendering of the square and tri-
angular defect arrays. Each potential minimum captures
a single skyrmion, and we add one additional skyrmion
to the sample in order to create a kink or soliton that
can depin at a much lower drive than the commensurate
skyrmions.

Atomistic simulations. The atomistic model tracks
the state of individual atomic magnetic moments [34]. The
Hamiltonian describing the interactions of thin films at
T = 0K with an underlying square atomic arrangement
with lattice parameter a = 0.5 nm is given by [15,31,34]

H = −
∑

i,j∈N

Jijmi ·mj −
∑

i,j∈N

Dij · (mi ×mj)

−
∑

i

μH ·mi −
∑

i

K(xi, yi) (mi · ẑ)2 . (1)

The first term on the right side is the exchange interac-
tion between the nearest neighbors contained in the set N ,
with an exchange constant of Jij = J between magnetic
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moments i and j. The second term is the interfacial
Dzyaloshinskii-Moriya interaction, where Dij = Dẑ × r̂ij
is the Dzyaloshinskii-Moriya vector between magnetic mo-
ments i and j and r̂ij is the unit distance vector between
sites i and j. The third term is the Zeeman interac-
tion with an applied external magnetic field H. Here
μ = �γ is the magnitude of the magnetic moment and
γ = 1.76 × 1011 T−1s−1 is the electron gyromagnetic ra-
tio. The last term represents the perpendicular magnetic
anisotropy (PMA) of the sample, where xi and yi are
the spatial coordinates of magnetic moment i. We use
K(xi, yi) = φS(xi, yi) for a square array of defects and
K(xi, yi) = φT (xi, yi) for a triangular array of defects.
In ultrathin films, long-range dipolar interactions can be
neglected [35].
The time evolution of the individual atomic magnetic

moments is given by the LLG equation [36,37]

∂mi

∂t
= −γmi ×Heff

i +αmi ×
∂mi

∂t
+

pa3

2e
(j · ∇)mi. (2)

Here Heff
i = − 1

�γ
∂H
∂mi

is the effective magnetic field includ-
ing all interactions from the Hamiltonian, α is the Gilbert
damping, and the last term is the spin-transfer-torque
(STT), where p is the spin polarization, e is the electron
charge, and j = jx̂ is the applied current density. The STT
current assumes that the conduction electron spins are al-
ways parallel to the magnetic moments m [31,38], and the
driving force from the STT current [39] acts perpendic-
ular to j. We fix α = 0.3, J = 1 meV, D = 0.5J , and
μH = 0.6(D2/J)(−ẑ). The resulting skyrmions move at
an intrinsic skyrmion Hall angle of θintsk = 64◦ with respect
to the driving force exerted by external currents. For both
the square and triangular defect arrays we use A = 0.1J
and a0 = 14nm. The sample dimensions are 84 nm×84 nm
for the square array of defects, and (2/

√
3)84 nm× 84 nm

for the triangular array of defects. The difference in sam-
ple size is required for proper boundary conditions.

Particle-based simulations. The particle-based simu-
lations are governed by the equation of motion [33]

αdvi + αmẑ× vi =
∑

i�=j

Fsk(rij) + FP(ri) + ẑ× FD, (3)

where vi is the velocity of skyrmion i. The first term
on the left side is the damping term, αd, which can be
written [31,40] as αd = −αD , where α is the Gilbert
damping and D is the dissipative tensor. The second term
is the Magnus force where the Magnus strength αm can
be written [31,40] as αm = −4πQ with skyrmion charge
Q. The ratio αm/αd determines the intrinsic skyrmion
Hall angle θintsk = arctan(αm/αd). In order to match the
particle-based θsk to the atomistic θsk, we use values of
αm and αd such that θintsk = arctan(αm/αd) = 64◦. The
first term on the right side of eq. (3) is the skyrmion-
skyrmion interaction given by Fsk(rij) = −UskK1(rij)r̂ij ,
where Usk = 1 is the interaction strength and K1 is the
modified first-order Bessel function. The second term is

Fig. 2: Velocity curves and the corresponding skyrmion Hall
angle θsk obtained from ((a), (b)) atomistic simulations and
((c), (d)) particle based simulations for the square defect array.
(a) 〈vx〉 (black) and 〈vy〉 (red) vs. applied current j. (b) The
corresponding θsk vs. j. (c) 〈Vx〉 (black) and 〈Vy〉 (red) vs.
driving force FD. (d) The corresponding θsk vs. FD. Dashed
lines delimit the different phases. I: pinned state. IIa: soliton
motion along 45◦. IIb: soliton motion along 30◦. IVa: all
skyrmions moving along 45◦. V: all skyrmions moving with no
locking angle.

the interaction with the underlying substrate potential,
given by FP(ri) = −∇φS(ri) for the square array of de-
fects and FP(ri) = −∇φT (ri) for the triangular array
of defects. In both defect arrays, the potential strength
is A = 4 and the substrate lattice constant is a0 = 6.
The last term is the interaction with an external drive,
FD = FDx̂, representing the action of an STT current on
magnetic skyrmions [31,39,40]. Our simulation box is of
size 36× 36 for the square defect array and (2/

√
3)36× 36

for the triangular defect array.

Square array. – We first compare the dynamics
of skyrmions interacting with a square array of de-
fects in atomistic and particle-based simulations. In
fig. 2(a), we plot 〈vx〉 and 〈vy〉 vs. applied current j,
and in fig. 2(b), we show the corresponding effective
θsk = arctan(〈vy〉/〈vx〉) vs. j from the atomistic simula-
tion. We observe four dynamical phases: a pinned phase I
with no skyrmion motion, phase IIa where a soliton moves
along 45◦, phase IIb in which a soliton moves at 30◦, and
phase V in which all of the skyrmions depin and move
without locking to any direction. The skyrmion motion
in phases IIa and IIb is illustrated in fig. 3(a), (b) (see the
Supplementary Movies Supplemental fig.3a.mp4,
Supplemental fig.3b.mp4, Supplemental fig.

3c.mp4 and Supplemental fig.3d.mp4 (SM1)).

Figure 2(c), (d) shows 〈vx〉, 〈vy〉, and θsk vs. FD from
particle-based simulations of skyrmions interacting with a
square array of defects. We again observe four dynamical
phases, which are a pinned phase I, phase IIa with soliton
motion along 45◦, phase IVa in which all of the skyrmions
depin and move along θsk = 45◦, and phase V where all
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Fig. 3: Skyrmion trajectories (black lines) and the location of
substrate minima (white) and maxima (gray) in the square
defect array for ((a), (b)) atomistic simulations where the
skyrmions appear as colored disks and ((c), (d)) particle-based
simulations where the skyrmions are drawn as red disks. (a)
Atomistic simulation at j = 4 × 1010 A m−2, corresponding
to phase IIa from fig. 2(a), (b). (b) Atomistic simulation at
j = 8× 1010 A m−2, corresponding to phase IIb from fig. 2(a),
(b). (c) Particle-based-simulation at FD = 0.8, corresponding
to phase IIa in fig. 2(c), (d). (d) Particle-based simulation at
FD = 1.2, corresponding to phase IVa in fig. 2(c), (d). Anima-
tions showing the motion of the skyrmions are available in the
SM1.

of the skyrmions have depinned but move without locking
to any direction. The skyrmion motion in phases IIa and
IVa is illustrated in fig. 3(c), (d).

Figure 3(a) shows the skyrmion trajectories during the
phase IIa soliton motion along 45◦ from the atomistic
model. Here, the extra skyrmion shares an anisotropy
minimum with another skyrmion, and the skyrmion-
skyrmion interaction force between the two lowers the de-
pinning force at which one of the skyrmions can escape
from the minimum and become an interstitial skyrmion.
The interstitial skyrmion moves across the anisotropy
landscape until it reaches another anisotropy minimum
containing a pinned skyrmion. Through skyrmion-
skyrmion interactions, the interstitial skyrmion pushes the
pinned skyrmion out of the anisotropy minimum and takes
up residence in the minimum. The displaced skyrmion be-
comes the new interstitial skyrmion, and this pattern of
motion repeats indefinitely. In fig. 3(b) we illustrate the
skyrmion trajectories during the phase IIb soliton motion
along 30◦ using the atomistic model. The mechanism of
motion is identical to that observed in fig. 3(a), but now
the interstitial skyrmion encounters a pinned skyrmion
along the 30◦ angle line instead of the 45◦ angle line.

Figure 3(c) shows the skyrmion trajectories during
the phase IIa soliton motion at 45◦ obtained from the

particle-based model. The behavior is identical to that
found in the atomistic model, where the skyrmion-
skyrmion interactions cause the extra skyrmion trapped
inside a potential minimum to depin at low FD. Since
the skyrmion is treated as a point particle, the trajec-
tory differs in detail from the atomistic trajectory shown
in fig. 3(a); however, the mechanism of exchange between
interstitial and pinned skyrmions remains the same. In
fig. 3(d) we show the skyrmion trajectories in phase IVa

from the particle-based model where all of the skyrmions
have depinned and move along 45◦. Here the extra
skyrmion does not play a major role, since all of the
skyrmions are interacting with the potential in an ordered
manner and following a 45◦ trajectory. The skyrmion lat-
tice is similar to a moving crystal but contains a localized
defect produced by the extra skyrmion.

We note that previous work on skyrmions moving over
a two-dimensional square periodic substrate under an in-
creasing drive showed a directional locking effect in which
the skyrmion motion locked to particular symmetry angles
of the substrate [41,42]. Continuum models for individual
skyrmions on antidot lattices also produce similar direc-
tional locking [39,43]. The results we describe here are
different in that the motion is not of individual continu-
ously moving skyrmions but of kink traveling through a
skyrmion lattice, so the locking is a collective effect in-
stead of a single particle effect. Additionally, the applied
drive needed to produce kink motion is substantially lower
than the drive at which an isolated skyrmion would de-
pin from the substrate potential minimum. The reduction
in the driving threshold would be particularly useful for
applications.

Triangular array. – We next consider the dynamical
behavior of skyrmions on a triangular defect array. For
the atomistic simulations, fig. 4(a) shows 〈vx〉 and 〈vy〉
vs. j, while in fig. 4(b) we plot the corresponding θsk vs.
j. We observe three dynamical phases. At low drives,
we find a pinned phase I. There is a transitional phase
IIIa of disordered soliton motion, where soliton transport
occurs but does not follow a well-defined direction. At
higher drives, phase IIb appears in which the soliton moves
along 30◦. Over the range of j values that we consider,
we never observe a completely depinned state, but we
expect that for larger values of j, the pinned skyrmions
would eventually escape from the anisotropy minima and
move throughout the sample. The skyrmion trajectories
in phases IIIa and IIb are illustrated in fig. 5(a), (b) (see
the Supplementary Movies Supplemental fig.5a.mp4,
Supplemental fig.5b.mp4, Supplemental fig.5c.mp4

and Supplemental fig.5d.mp4 (SM2)).

In fig. 4(c), we plot 〈Vx〉 and 〈Vy〉 vs. FD for a particle
based simulation of skyrmions driven over a triangular de-
fect array, and in fig. 4(d) we show the corresponding θsk
vs. FD. Five dynamical phases appear. At low drives, we
find a pinned phase I. Phase IIa is soliton motion along
45◦, and it is followed by a transitional phase IIIb in which
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Fig. 4: Velocity curves and the corresponding skyrmion Hall
angle θsk obtained from ((a), (b)) atomistic simulations and
((c), (d)) particle-based simulations for the triangular defect
array. (a) 〈vx〉 (black) and 〈vy〉 (red) vs. applied current j.
(b) The corresponding θsk vs. j. (c) 〈Vx〉 (black) and 〈Vy〉
(red) vs. driving force FD. (d) The corresponding θsk vs. FD.
Dashed lines delimit different phases: I: pinned state. IIa:
soliton motion along 45◦. IIb: soliton motion along 30◦. IIIa:
disordered soliton motion. IIIb: completely disordered flow.
IVb: all skyrmions moving along 30◦. V: all skyrmions moving
without locking to any direction.

a small number of skyrmions are present simultaneously
and move chaotically across the system. In phase IVb,
all of the skyrmions are moving along 30◦, and phase V
consists of all of the skyrmions moving without locking to
any direction. Illustrations of the skyrmion trajectories
for phases IIa and IVb appear in fig. 5(c), (d).

Unlike what we found for the square defect array, here
the atomistic model and the particle-based model do not
exhibit good agreement. A pinned phase is present in both
cases, but as we increase the drive, in the atomistic sim-
ulations we observe a wide phase IIb 30◦ soliton motion
over the range 4.8 × 1010 A m−2 ≤ j ≤ 12 × 1010 A m−2.
In comparison, for the particle-based simulations there is
a small window of phase IIa 45◦ soliton motion over the
range 0.66 ≤ FD ≤ 0.88. The phase IIb 30◦ angle soliton
motion is absent in the particle-based simulations. This
large difference in behavior is likely due to the fact that,
in the atomistic simulations, the skyrmion has a finite size
and is able to deform, as is visible by comparing the phase
IIa flow in fig. 3(a) to that in fig. 3(c), or comparing the
phase IIb flow in fig. 5(b) to the phase IIa flow in fig. 5(c).
For higher values of FD, the behavior of the atomistic
and particle-based simulations diverge significantly. The
particle-based simulation produces phase IVb flow in which
all of the skyrmions move along 30◦, followed by phase
V flow in which all of the skyrmions move without lock-
ing to a particular direction, while the atomistic simu-
lations remain trapped in phase IIb with soliton motion
along 30◦.

Figure 5(a) shows the trajectories of skyrmions
interacting with a triangular defect array from atomistic

Fig. 5: Skyrmion trajectories (black lines) and the location
of substrate minima (white) and maxima (gray) in the trian-
gular defect array for ((a), (b)) atomistic simulations where
the skyrmions appear as colored disks and ((c), (d)) particle-
based simulations where the skyrmions are drawn as red disks.
(a) Atomistic simulation at j = 4 × 1010 A m−2, correspond-
ing to phase IIIa in fig. 4(a), (b). (b) Atomistic simulation at
j = 8 × 1010 A m−2, corresponding to phase IIb in fig. 4(a),
(b). (c) Particle-based simulation at FD = 0.8, corresponding
to phase IIa in fig. 4(c), (d). (d) Particle-based simulation at
FD = 1.5, corresponding to phase IVb in fig. 4(c), (d). Anima-
tions showing the skyrmion motion are available in the SM2.

simulations performed at j = 4 × 1010 A m−2,
corresponding to phase IIIa in fig. 4(a), (b). The soliton
mechanism of motion described previously still occurs
here, but the soliton does not lock to any angle and grad-
ually works its way all around the sample. When we
increase the external current to j = 8 × 1010 A m−2, cor-
responding to phase IIb in fig. 4(a), (b), the skyrmions
move as illustrated in fig. 5(b). Again, we observe a soli-
ton motion, but unlike what was shown in fig. 5(a), the
motion occurs along a well-defined angle of 30◦. This
motion appears over the range 4.8 × 1010 A m−2 ≤ j ≤
12× 1010 A m−2.
In fig. 5(c) we illustrate the skyrmion trajectories for

motion over a triangular defect array from particle-based
simulations with FD = 0.8, corresponding to the phase
IIa flow in fig. 4(c), (d). For this value of FD, a soliton
moves across the sample at 45◦. We observe the 45◦ soliton
motion only in the particle based simulations and do not
find it in the atomic simulations. When we increase FD

to FD = 1.5, corresponding to phase IVb in fig. 4(c), (d),
all of the skyrmions flow along 30◦, as shown in fig. 5(d).
Similar to what we found in fig. 3(d), the skyrmion lattice
travels as a moving crystal that contains a localized defect
produced by the extra skyrmion.
The difference in the angle of soliton motion on

a triangular defect array between the atomistic and
particle-based models can be explained by the finite
skyrmion size in the atomistic simulations. The barrier
between anisotropy minima is enhanced when the
skyrmion has a finite size, whereas in the particle-based
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simulations, the point-like nature of the skyrmions gives
a reduced barrier between anisotropy minima. The larger
barrier potential created by the finite skyrmion size can
be observed by comparing the trajectory of an interstitial
skyrmion as it passes between two anisotropy minima; the
trajectories in the atomistic simulation exhibit fewer me-
anders compared to the trajectories in the particle-based
simulations. The increase in the barrier potential forces
the atomistic interstitial skyrmion to move following the
30◦ angle imposed by the triangular lattice, whereas
the interstitial skyrmion in the particle-based model can
travel along a wider range of paths between substrate
minima. To compensate for the overly unconstrained mo-
bility of skyrmions in the particle-based model, the barrier
between potential minima can be increased either by in-
creasing the skyrmion-skyrmion interaction strength Usk

or reducing the lattice constant of the substrate potential.

Discussion. – Additional disorder effects could arise
from random point disorder or random shifts in the sub-
strate and skyrmion positions, and these could affect the
overall skyrmion lattice order. It is known that disor-
dered skyrmions have a different dynamical response from
ordered skyrmion lattices [19,44]. We expect that if the
disorder is weak and acts only as a perturbation on the
periodic substrate, the soliton flow near the first matching
will persist, as previously reported for soliton-like flows in
superconducting vortex systems [45]. Most likely, there is
a critical disorder parameter above which the soliton flow
would be lost, but in general, we expect some level of soli-
ton flow to appear as long as the disorder does not create
multiple topological defects in the background skyrmion
lattice structure. The skyrmion lattice can also be dis-
ordered thermally, and soliton flow could be destroyed at
sufficiently large temperatures. At lower temperatures,
where the commensurate skyrmion structure occurs, it
could be possible to observe creep-like soliton motion.

Regarding other possible simulation approaches, an
extension for the particle model was recently proposed
in which skyrmion deformations are captured [46]. It
would be interesting to apply this model to the motion
of skyrmions on a periodic substrate.

In this work we explored solitons generated by the in-
sertion of a single extra skyrmion; however, the situ-
ation in which multiple extra skyrmions are present is
of interest for experimental realizations. We expect the
soliton motion to persist nearly unchanged as long as
the density of extra skyrmions is sufficiently low that
soliton-soliton interactions are minimal. Further away
from the commensurate filling, where the soliton density
increases, such interactions would become relevant, and
this could lower the depinning threshold, cause the soli-
tons to start forming patterns of their own, or introduce
additional disordered flow phases, as reported in previous
works [45]. Incommensurate state flow phases in which
many interacting solitons are present would be interesting
to explore in future work.

Another question is what practical strategies can be
used to optimize skyrmion motion for applications in data
storage or processing using the geometries we consider
here. A common data processing operation is data trans-
portation, where data from one storage location is trans-
ferred to another location. The skyrmion soliton motion
we described could be used to transport one bit of infor-
mation from one location to another in a reliable manner
for a device in which the presence or absence of a skyrmion
is interpreted as representing one bit. Additionally, as re-
ported previously, solitons can travel at higher speeds than
free skyrmions [6], so a soliton-based transport mechanism
could enhance data transfer rates.

Summary. – We compared the results of atomistic
simulations and particle-based simulations of soliton mo-
tion for skyrmion assemblies just past commensuration on
both square and triangular substrates. For the square ar-
ray, both models agree well at low and high drives, but
differ for intermediate drives. The atomistic model pro-
duces a pinned phase, soliton motion along 45◦, soliton
motion along 30◦, and unlocked flow of all skyrmions. The
soliton motion proceeds via the replacement by an inter-
stitial skyrmion of a pinned skyrmion in an anisotropy
minimum, with the depinned skyrmion becoming the new
interstitial skyrmion. The particle-based model produces
a pinned phase, soliton motion along 45◦, a phase where all
of the skyrmions move along 45◦, and unlocked flow of all
skyrmions. The particle-based model does not exhibit the
30◦ soliton motion found in the atomistic simulations, and
the trajectories in the particle-based model meander more
than the atomistic model trajectories due to the rigidity
and vanishing size of the particle based skyrmions. For
both models, the different dynamic phases are visible as
signatures in the velocity-force curves, skyrmion Hall an-
gle, and skyrmion trajectories.

The atomistic and particle-based models do not agree
well on the motion of skyrmions over a triangular defect
array. The atomistic model produces a pinned phase, a
transitional phase in which a soliton moves with no well-
defined angle, and a regime of soliton motion at 30◦ that
spans a wide range of external drive values. The particle-
based model exhibits a pinned phase, soliton motion along
45◦, a transitional phase in which all skyrmions participate
in disordered soliton motion, a phase in which all of the
skyrmions move along 30◦, and unlocked motion of all of
the skyrmions. Here only the pinned phase is common
between the two models.

Our results provide a better understanding of the
regimes in which the particle model provides a good
approximation for the skyrmion motion. The approxima-
tions made in the particle-based model can be mitigated
by adjusting the strength of the interactions between the
skyrmions or modifying the lattice constant of the sub-
strate. Our results will be beneficial for determining how
to control skyrmion soliton motion using a combination
of anisotropy trapping and external driving.
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[17] Göbel B., Mertig I. and Tretiakov O. A., Phys. Rep.,

895 (2021) 1.
[18] Bak P., Rep. Prog. Phys., 45 (1982) 587.

[19] Reichhardt C. and Reichhardt C. J. O., Rep. Prog.
Phys., 80 (2017) 026501.

[20] Bohlein T. and Bechinger C., Phys. Rev. Lett., 109
(2012) 58301.

[21] Vanossi A. and Tosatti E., Nat. Mater., 11 (2012) 97.
[22] McDermott D., Amelang J., Reichhardt C. J. O.

and Reichhardt C., Phys. Rev. E, 88 (2013) 062301.
[23] Reichhardt C., Olson C. J. and Nori F., Phys. Rev.

Lett., 78 (1997) 2648.
[24] Gutierrez J., Silhanek A. V., Van de Vondel J.,

Gillijns W. and Moshchalkov V. V., Phys. Rev. B,
80 (2009) 140514.

[25] Braun O. M., Dauxois T., Paliy M. V. and Peyrard

M., Phys. Rev. Lett., 78 (1997) 1295.
[26] Vanossi A., Manini N., Urbakh M., Zapperi S. and

Tosatti E., Rev. Mod. Phys., 85 (2013) 529.
[27] Je S.-G., Han H.-S., Kim S. K., Montoya S. A., Chao

W., Hong I.-S., Fullerton E. E., Lee K.-S., Lee K.-

J., Im M.-Y. and Hong J.-I., ACS Nano, 14 (2020) 3251.
[28] Olson Reichhardt C. J., Lin S. Z., Ray D. and Re-

ichhardt C., Physica C, 503 (2014) 52.
[29] Reichhardt C., Reichhardt C. J. O. and Milošević
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