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Abstract
A magnetic skyrmion is a particle-like topological soliton, which is an ideal candidate for
developing high-density storage and logic devices due to its nonvolatility and tunability. In view of
the particle motion characteristics of skyrmion, different skyrmions in a material inevitably
interact in the form of short-range repulsion and long-range attraction. In this work, the dynamic
characteristics of skyrmion collision in a ferromagnetic Co thin film are investigated by using
micromagnetic simulations. It is found that the dynamic behavior of skyrmion after collision is
highly dependent on the size of the strip, the initial velocity of skyrmion and magnetic damping
constant. For the collision of two skyrmions, when the strip width exceeds the critical value, the
skyrmions form a pair and rotate counterclockwise in the form of spiral and breath. It is interesting
that the rotation and breath of skyrmions keep the same periodicity under the negligible damping,
and the frequency increases with the increase of the initial velocity of skyrmion. Further, the
collision of a system of three skyrmions reveals that they interact in pairs to form closed periodic
trajectories. The results of the present work not only give an insight into the multi-skyrmion
dynamics, but also provide guidance for the development of spintronic devices based on
multi-skyrmion motion.

1. Introduction

In recent years, different topological magnetic structures such as domain walls [1–3], skyrmions [4–7],
merons [8, 9], bubbles [10], and vortexes [11, 12] have been discovered in ferromagnetic thin-films. The
emergence of these topological solitons is particularly important for the development of magnetic storage
and spintronic devices [13–21]. Among these topological spin configurations, magnetic skyrmion has
attracted much attention due to its non-coplanarity and topology stability, which is usually regulated by
Dzyaloshinskii–Moriya interactions (DMI) in asymmetric chiral magnets [22–24] or ultrathin magnetic
multilayers [25–27]. In the literature, most theoretical investigations of skyrmions focus on the structure
evolution and dynamic behavior of skyrmions under various external fields, including the formation,
movement, and annihilation of skyrmions [28–37].

Without external fields, the dynamic behaviors of skyrmions are closely related to the number of
skyrmions. For individual skyrmion, it is only need to consider its initial state and interaction with the
boundary [38]. For multi-skyrmions, however, it is necessary to consider how skyrmions interact with each
other. Recent theoretical and experimental studies have shown that there are short-range repulsions and
long-range attractions between skyrmions [39–44]. Capic et al [45] demonstrated that static skyrmion pairs
with the same chirality repelled each other and unfolded spirally. Reichhardt and Reichhardt [46] found that
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particles with the same Magnus force formed stable pairs, triplets and higher-order clusters, or exhibited
chaotic motion.

In a system of multi-skyrmions, because of the particle motion properties, collision is common,
especially the moving skyrmion colliding with the static ones. Iwasaki et al [47] investigated the elastic
collisions between the emitted skyrmion and the static one without an applied external field. Interestingly,
after separation, the skyrmions accelerate along the boundary, but not along the center, which may be the
small size limits the full interaction between skyrmions. However, little is known about how strip size affects
the collisions between two skyrmions, let alone collisions with different initial velocities, different magnetic
damping constants, and three skyrmions.

Here, we investigate the collision dynamics between the moving skyrmion with different initial velocities
and the static skyrmion in ferromagnetic Co thin film by using micromagnetic simulations. It is found that
the strip width, the velocity of skyrmion and magnetic damping play an important role in the dynamic
behavior of skyrmion collision. For the strip with small width, the skyrmions bounce off after collision due
to the effect of boundary. For the strip with large width, in the absence of boundary effect, skyrmions form a
pair and rotate counterclockwise in the form of spiral and breath, in which the rotation speed and breath
frequency increase with the increase of the initial velocity. For the film with large magnetic damping, the
rotating skyrmion pair gradually separates into isolated skyrmion because of the energy dissipation. In
addition, the collision of three skyrmions tends to interact in pairs and forms the peanut-like trajectories.
The present work gives an insight into the collision dynamics between multi-skyrmions under different
conditions, which is beneficial to develop new magnetic memory and logic devices based on
multi-skyrmions.

2. Methodology

In order to construct the dynamic model of skyrmions collision, micromagnetic simulations based on the
MuMax3 program [48] were performed to investigate the dynamic properties. The magnetization dynamics
of skyrmions follow the rule of the Landau–Lifshitz–Gilbert (LLG) equation with the spin transfer torque τstt
associated with the electric current along the surface as follows [47, 49, 50]

∂m

∂t
=−γ0 (m×Heff)+α

(
m× ∂m

∂t

)
+ τstt (1)

τstt =

(
µBP

eMS (1+β2)
j ·∇

)
m−βm×

(
µBP

eMS (1+β2)
j ·∇

)
m, (2)

where m represents the spatial distribution of the local normalized magnetization vector with a saturation
magnetizationMs. α is the Gilbert damping parameter, γ0 is the gyromagnetic ratio, e is electronic charge, P
is spin polarization rate of the current, j is spin-polarized current density, β is no-adiabatic coefficient, and
µB is Bohr magneton. The effective field Heff is defined by

Heff =− 1

µ0Ms

δEtot
δm

, (3)

where µ0 is the vacuum permeability. Etot is the total energy of the system, which can be written as a function
of magnetization

Etot =

ˆ ˆ ˆ (
fexch + fmag + fanis + fdmi

)
dV. (4)

The magnetic exchange density term fexch is determined by the gradient of the local magnetization and
the exchange coupling constant Aex, which describes the isotropic Heisenberg exchange interaction:

fexch = Aex(∇m)
2
. (5)
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Figure 1. Schematic of the collision model of Co/Pt bilayer structure, in which two skyrmions marked with S1 and S2 were
injected into the Co thin film, and an in-plane spin-polarized constant current was applied to the green region. The yellow region
is the strip edge or defect area, and the width of ferromagnetic thin film is w. The interaction forces of skyrmions are represented
by arrows displayed with different colors and letters, where Fss is the repulsive force between skyrmions, Fedge is the repulsive force
applied by the strip edge, G× v is the Magnus force, and D× v is the magnetic damping force. The dashed arrows indicate the
possible motion trajectories of the skyrmions.

The magnetostatic energy density fmag is given by

fmag =
1

2
K̂ ∗ (Msm)

2
. (6)

A finite difference discretization allows the magnetostatic field to be evaluated as a (discrete) convolution
of the magnetization with a demagnetizing kernel K̂, here, the K̂ is Magnetostatic kernel [48].

The perpendicular magnetic anisotropy (PMA) energy density derived from the top and bottom surfaces
of the ultrathin magnetic thin film is given by

fanis = K1

(
1−m2

z

)
+K2

(
1−m2

z

)2
, (7)

where K1 and K2 are the PMA coefficients. The interfacial DMI energy density is

fdmi = D(mz∇·m−m∇mz) , (8)

where D is the DMI constant, which describes the strength of interfacial DMI. The material parameters used
in the present work are obtained from literatures [21, 51–54], which are listed as follows,Ms = 0.58×
106Am−1, Aex = 15× 10−12 Jm−1, D= 3× 10−3 Jm−2, K1 = 0.8× 106 Jm−3, K2 = 0, α= 0.01, β = 0,
µB = 9.274× 10−24m2A. Here, for simplicity of the simulation, the spin polarization rate is assumed to be
P= 1. The in-plane spin current density is uniformly set to j =−1× 1012 Am−2 for investigating the effects
of size, damping and dynamic behavior of three skyrmions. In an ideal condition, in order to explore the
effect of the emissive velocity of skyrmion, we vary the current density from j =−0.5× 1012 Am−2 to
j =−8× 1012 Am−2 to obtain different initial velocities of the emitted skyrmion varying from 50.8 m s−2 to
774.3 m s−2 as shown in figure 5(d).

On account of the properties of particle motion, the skyrmion can be emitted from a region with a
transverse spin current to another without external fields. Therefore, we carried out the collision between the
emitted skyrmion and the stationary isolated skyrmion as shown in the figure 1, where the Co/Pt bilayer
structure film was uniformly placed on the surface of the Si substrate. To be specific, two isolated skyrmions
were created and stabilized on the Co film by a spin current perpendicular to the film. The skyrmion located
in the green region is marked with S1, driven by the in-plane transverse current, and moved to the S1′ in the
gray region. The current pulse was withdrawn at the moment that the emitted skyrmion left the drive region
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and entered the collision region. The skyrmion without the applied field is marked with S2, interacting with
S1′ and moving to S2′ . The dashed arrows in the figure 1 schematically indicate the possible trajectories of the
skyrmions. The yellow region is strip edges or constructed defect area, used to constrain the motion of the
skyrmions. The inset illustrates the magnetization distribution of the skyrmion, where the colors of arrows
changed from blue to red indicate the distribution ofmz from−1 to+1. The model size is 400nm× 60nm×
1nm, and the finite difference cell size is 1nm× 1nm× 1nm.

In the present model, the applied spin current just provides the initial velocity for S1. There are no
external fields acted on the collision process of the skyrmions that we focus. Therefore, the torque term of τstt
in equation (1) in the part of Methodology in this paper can be ignored in the dynamic solution process after
the spin current is withdrawn. By take the derivation of the LLG equation without τstt, the standard Thiele
equation can be obtained to describe the skyrmion motion process [55]

G× v+D · v= Fss + Fedge, (9)

where G is the gyrovector, D is the dissipative force tensor and v is the velocity of skyrmion. G= Gez in
which ez is the unit vector along z direction and G=−4π for the skyrmion. The nonzero components Dij of
the tensor D are Dxx = Dyy = αD0. Fss is the repulsive force between skyrmions and can be described from

the following equation [39, 56]: Fss = K1(
d
√
HkA
D )×

(
A
t

)
, where K1 is the modified Bessel function and Hk is

the perpendicular anisotropy field. This follows from the derivation of the interaction potential for the
overlapping spin fields of the two bodies based on the Thiele model. The interaction potential U at different
skyrmions distances rd and the rule of change are be discussed in supplementary figure 2 [57]. Fedge is the
repulsive force given by the strip edge. By the analysis of the Thiele equation, the forces acted on the
skyrmions during the movement can be described, denoted with arrows in figure 1. Here, Fg = G× v is the
Magnus force, perpendicular to the velocity direction, and Fd = D× v is the damping force, antiparallel to
the velocity direction.

In order to accurately determine the position of the skyrmion in the ferromagnetic system, we introduce
the skyrmion topological numberQ and topological charge densityq, which are expressed as [55]

Q=
1

4π

¨
qdxdy, (10)

q=m ·
(
∂m

∂x
× ∂m

∂y

)
. (11)

And the position of skyrmion R= (xc,yc) can be calculated from the equations (10) and (11) by

xc =
∫xqdxdy

Q
, yc =

∫yqdxdy
Q

. (12)

The trajectories of the skyrmions during motion can be described by the R= (xc,yc) based on the
congruent relationship between the central spin and the position of a skyrmion [58, 59]. However, some
errors occur when calculating trajectories for multi-skyrmions, we select the central part with the opposite
direction (Sz < 0) as the position of the skyrmions. In order to track the trajectory, multi-skyrmions centers
are also pre-set to facilitate the calculation.

3. Results and discussion

3.1. Size effects on collisions
Based on the above model, the collision of skyrmions can be simulated. Iwasaki et al [47] used an alternating
spin current to drive the skyrmion with the initial velocity. However, the driving force of the alternating spin
current exerted on the skyrmion is not enough to actuate it with the desired high velocity. Beyond that, the
finite strip size plays a role in the collision and interaction process of the skyrmions. Here, we adopt the
natural edge of the strip in the simulation model for simplicity. Therefore, due to the restriction of strip size,
the size effects on the collision process of skyrmions with the higher initial velocity are analyzed in the
following subsection.

In this section, the collision between two skyrmions with the Gilbert damping constant of α = 0.01 was
carried out in a strip with the width of 60 nm, and the simulation results are shown in figure 2. The emissive
region is on the left of the yellow dotted line in figure 2(c), with the location coordinate x⩽ 100 nm. The
other region, x> 100nm, is the collision region without external fields. The spin current density,
J= 1e12A m−2

, is applied on the emissive region. After S1 was accelerated along the x-direction by the spin
current, it moved to the collision region and collided with S2. During this process, the trajectories of S1 and

4



New J. Phys. 25 (2023) 093003 S Shi et al

Figure 2. Collision process of skyrmions in the narrow strip with the width of 60 nm. (a) The trajectories of the two skyrmions
during the collision. (b) Variation of the positions of the two skyrmions with time during the collision. (c) The magnetization
distributions of strip change with time. The snapshots at T0 ∼ T4 correspond to the five typical time points marked in figures
(a) and (b).

S2, as well as their positions changing with time were plotted in figures 2(a) and (b), respectively. From
figures 2(a) and (b), the moving S1 gradually got close to S2 before T1. When interacting, S2 moved toward
the upper edge of strip. Meanwhile, S1 changed the direction, moving away from S2 along the lower edge of
strip, indicating that S1 and S2 scattered after the collision.

In addition, the magnetization distributions of strip at several typical moments were snapshotted in
detail in figure 2(c). These moments marked with T from T0 to T4 correspond to those in figures 2(a) and
(b), respectively. T0 = 0 ns represents the moment of initial state when the two skyrmions kept stable in the
strip. After the application of the spin current, S1 started to move and then interact with S2 at the moment of
T1 = 0.25 ns. When T2 = 0.6 ns, S1 entered the collision region. Simultaneously, the spin current applied to
drive S1 was removed, making the entire strip in a state without any external fields. At T3 = 1.1 ns, S1 and S2
were just out of interaction. Then, they would not interfere with each other and moved along the strip edge
as shown in the figure 2(c) of T4 = 2.5 ns. Continuous dynamic process of the skyrmions collision can be
observed in supplementary movie 1. The distance between the two skyrmions is defined as rd, which can be
used to determine whether the two skyrmions are separated since rd = 50 nm is the limitation of the
overlapping distance between the spin fields of two skyrmion. The details can be obtained from
supplementary figure 1.

In the narrow strip, the trajectories of the skyrmions always deviate from the center and move along the
boundary. Obviously, the width of strip plays an important role in the interaction of the two skyrmions.
Thus, the width of the strip was set to 80 nm and 100 nm, respectively, with the trajectories of the skyrmions
recorded in the figures 3(a) and (b). Due to the weakening of the repulsion force applied to the skyrmion
from the strip edge, the collision process of the skyrmions is different from that in a narrow strip: S1 and S2
rotated counterclockwise, forming an unfolded spiral trajectory. The continuous dynamic process to form
the spiral trajectory can be observed in supplementary movie 2.
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Figure 3. Collision process of skyrmions in the wide strip. The inertial collision trajectories of skyrmions in the strip with the
width of (a) 80 nm and (b) 100 nm, respectively. (c) Separation time of two skyrmions as a function of the strip width. The cyan
background represents the direct scattering between skyrmions, the yellow represents the counterclockwise rotation before
scattering, and the white represents the continuous counterclockwise rotation.

The counterclockwise rotation is caused by the combined effect of the Magnus force Fg and the repulsive
force Fss between the skyrmions. In an ideal undamped system, the skyrmions keep the counterclockwise
rotation all the time. However, with the damping loss, the velocity of skyrmions is attenuated according to
the Thiele equation [55], resulting in a decrease in Fg and Fss, which increases the distance rd between
skyrmions. Since there are no external forces applied during the interactions of the collision, the velocity of
the skyrmion can be derived from the Thiele equation of equation (9): v= (G× F+DF)/

(
G2 +D2

)
. Here,

F is the repulsive force between the skyrmions. The first term in the equation describes the skyrmion pair
moving circularly, and the second dissipative term converts the motion of skyrmion from the circle to a spiral
expansion.

As shown in figure 3(a), when rd reaches to about half of the strip width, the skyrmions will hit the strip
edge and speed up [55]. In figure 3(b), when the width of strip increases to 100 nm, the motion trajectory of
the skyrmions shows continuous rotation. Due to the damping loss, the distance rd becomes larger and
larger, bringing about the ultimate separation between skyrmions after a long period of time. The existence
of boundary conditions not only constrains the counterclockwise rotation of skyrmions, but also accelerates
the separation of skyrmions. Figure 3(c) displays the variation of separation time with the strip width,
indicating different processes of collision and movement under different widths of strips. As shown in
figure 3(c), direct scattering occurs when a strip width increasing from 60 to 80 nm denoted by cyan region,
leading to the separation of skyrmions after a short time of interaction. When a strip width reaching to
80 – 150 nm denoted by yellow region, the trajectory of skyrmions is spiral and counterclockwise. Once
hitting the strip edge, the skyrmion scatters and is separated from the other as shown in figure 3(a). During
this period, it will take longer time to separate with the increasing width of strip. When it is greater than
150 nm denoted by white region, the skyrmions maintain continuous counterclockwise and spiral trajectory
as shown in figure 3(b), regarded as the condition without any boundary constraint.
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Figure 4. Damping effects on collision. (a) The snapshots of the magnetization distribution of the skyrmions collision at the
moments of T0-T4 with α= 0.1. The white arrows indicate the directions of skyrmions motion. (b) Trajectories of skyrmions
collision. (c) Variation of the separation time of skyrmions with magnetic damping.

3.2. Damping effects on collisions
According to the equation (9), dissipative force tensor D derived from the damping has a great influence on
the magnetization and the velocity of the skyrmions, bringing about the variation of trajectory in the
collision. Thus, the magnetic damping effects on the skyrmions collision need to be further considered. In
order to explore the effects of damping, the boundary effects should be eliminated. So, the width of strip is
set as 400 nm. Different from infinite rotation and direct scattering, the motion of the skyrmions under the
high damping is more concise. Figure 4(a) is snapshots of magnetization distribution of the skyrmion
collision at the moments of T0-T4 with α= 0.1. Here, T0-T4 corresponds to the specific time of 0 ns, 0.4 ns,
0.6 ns, 15.5 ns, 500 ns, respectively. Combination with the trajectory depicted in figure 4(b), the movement
process of skyrmions collision can be analyzed in detail. From T0 to T1, S1, driven by the spin current, kept
moving and interacted with S2. After the collision, the skyrmions counterclockwise rotated with the
increasing radius of rotation. This is mainly because of the interaction, that is, the long-range attraction
gradually dominates compared with the short-range repulsion, affecting the direction of skyrmions.

7
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Figure 5. Collisions under ideal conditions. (a) Variation of x and y components of Fg of skyrmions with time. (b) Variation of
skrymion radii and x-direction linear velocity with time. (c) Variation of domain wall energies of skyrmions with time.
(d) Rotating velocity and breathing frequency as functions of emissive velocity.

Due to the excessive damping dissipation, the skyrmion velocity dropped rapidly after the withdrawal of
spin current. Once reaching to the separation condition that the distance is so far that the interaction can be
ignored, the skyrmions would stop rotating and then move separately. The continuous and dynamic motion
of skyrmions can be observed in supplementary movie 3. Figure 4(c) is the variation of separation time with
the damping constant α, manifesting that the increase of α accelerates the magnetization precession and
sharply decreases the separation time of skyrmions.

3.3. Collisions under ideal conditions
To further explore the interaction between the two skyrmions, we carried out the collisions under ideal
conditions, namely neglecting the effects of damping and boundary conditions. Thus, α = 0.001 and
w = 400 nm are set in the following simulation. Due to the neglection of boundary and damping effects, the
terms of Fd and Fedge in equation (9) can be ignored. As a result, the movement of skyrmions during the
collision is determined by the combined effect of Fg and Fss, showing the counterclockwise rotation in a
spiral. As shown in figures 5(a)–(c), the cyan region represents the counterclockwise rotation of skyrmions in
a spiral completely. The special moments are marked, of which 0.53 ns is the moment when S1 left the
emissive region. 0.63 ns is the moment when the two skyrmions were closest. 0.72 ns is the moment when the
spin current was removed. Figure 5(a) presents the variation of Fg =

(
Fx,Fy

)
acted on the skyrmions with

time, in which the phase difference of the Magnus force Fg of S1 and S2 is 180◦, indicating that S1 and S2
completely perform counterclockwise rotation. Because of Fg = G× v, the variation of velocity directions of
S1 and S2 is the same with that of the Magnus force as presented in figure 5(b).

8
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When the damping effects can be ignored or at very low level, the sharp magnetization precession of
skyrmions significantly changes the radius of skyrmions. During this process, the variation of radius with
time is called as breathing mode [44–47]. As shown in figure 5(b). The rangeability and frequency of radius
variation stay the same compared with S1 and S2. Besides, the rotational period reflected by the linear
velocities along the x-direction is consistent with that of the breathing mode as a result of the strong spin
field between the skyrmions during the rotation. Furthermore, emissive velocity of the skyrmion also affects
the movement and breathing mode. As shown in figure 5(d), when the emissive velocity is below 200 m s−1,
the rotational velocity and breathing frequency of the skyrmions increase dramatically. While above that, the
rate of increase gradually slows down.

To further explain the interaction behavior of skyrmion collisions, we use the formulation of the domain
wall energy proposed by Hu et al [60]

σw (φ) =

ˆ
dx

[
Aex

(
dφ

dx

)2

+
Ddφ

dx
+Ksin2φ

]
(13)

Uw (R) = 2πRwdhσw, (14)

where σw is the local domain wall energy, Uw is the total domain wall energy, Aex is the exchange coupling
constant, D is the DMI constant, K is the PMA coefficient, R is the skrymion radius, wd is the wall width, and
h is the thickness of film. According to equation (13), the domain wall energy is composed of the magnetic
interface anisotropy energy, exchange energy and interfacial DMI energy. In this work, wd = 4nm. Hence,
the magnetization distribution and radius of the skyrmions are closely related to the domain wall energy.

Figure 5(c) shows the variation of the domain wall energy with time. According to equation (14), due to
the constancy of wall width wd and the thickness of h, the total domain wall energy Uw is related to the
individual skyrmion radius R [60]. Compared with the change of radius in figure 5(b), the domain wall
energy keeps the same periodicity. Obviously, the velocity of S1 originates from the applied spin current. The
interaction with S1 generates the variation of domain wall energy, contributing to the movement of S2. When
counterclockwise rotating in a spiral, the two skyrmions are in a state of dynamic equilibrium, the conversion
of kinetic and domain wall energy contributes to the consistent frequency of breathing mode and rotational
velocity.

3.4. Three skyrmions collisions
Actually, compared with a system of two skyrmions, multi-skyrmions are more likely to be generated in the
experiment because of the complicated external condition and material structure. Thus, it is essential to
study the collision of multi-skyrmions for practical applications. We implemented the simulation with
neglecting the effects of boundary and setting the damping constant α to 0.001, regulating a skyrmion with
an initial velocity to hit the other two paratactic and stationary skyrmions, and investigated the interaction
among multi-skyrmions.

Figure 6(a) shows the snapshots of magnetization distribution of ferromagnetic films. T0 = 0 ns
represents the moment of initial magnetization state. At T1 = 0.5 ns, S1 moved to the collision zone and
interacted with S2 and S3. It can be seen that the radii of S1 and S2 became smaller, while S3 remained
unchanged. At the moment of T2 = 1 ns, S1 stopped interacting with S2, and started to interact with S3. At
T3 = 1.5 ns, S3 kept interacting with S1, then finished the interaction at T4 = 2 ns. From T1 to T4, S1,2,3
realizes the position replacement of S3,1,2, and the cycle process is repeated thereafter. Corresponding
trajectories of the three skyrmions are shown in figure 6(b), where we generally observe closed periodic
trajectories, like peanuts. Due to inertia and damping, the periodically changing positions of the skyrmions
do not match perfectly [46], but the periodic interaction behavior can be obtained. After 30 ns, the
peanut-like trajectories rotate at a slight angle step by step, forming a flower-like pattern depicted in
figure 6(c). The long-time and dynamic motion of three skyrmions collision can be acquired in
supplementary figure 3 and movie 4. As described, the investigation in the collision of a system of three
skyrmions contributes to in-depth understanding the interaction and getting the movement rules of
multi-skyrmions, prospectively realizing the quantitative regulation of multi-skyrmions in ferromagnetic
materials.
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Figure 6. Three skyrmions collision. (a) The magnetization distribution of the collision process. The trajectories of the collision
process of three skyrmions within (b) 2 ns and within (c) 30 ns, respectively.

4. Conclusion

In summary, the dynamic behavior of skyrmion collision in a ferromagnetic Co thin film has been
systematically studied by utilizing micromagnetic simulations. The simulation results show that the size of
the strip film, the magnetic damping constant and the initial velocity of the skyrmion have a great influence
on the dynamic behaviors of skyrmion collision. Different movement modes of skyrmions during collisions
are predicted as the strip width increases. First, the skyrmions bounce off once colliding due to the effect of
boundary in the strip with small width. Second, due to the absence of boundary effect in the strip with large
width, skyrmions form a pair and rotate counterclockwise in the form of spiral and breath. It is interesting
that the rotation and breath of skyrmions keep the same periodicity under the negligible damping, in which
the frequency increases with the increase of the initial velocity of skyrmion. When the magnetic damping
becomes large, the rotating skyrmion pair gradually separates into isolated skyrmion because of the energy
dissipation. While, rather different from two skyrmions, a novel collision mode, interacting in pairs, is
predicted in the system of three skyrmions. These new findings and mechanisms on dynamics of skyrmion
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collision will provide theoretical guidance for experiments, and hopefully promote the development of
magnetic storage and spintronic devices.
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