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Skyrmions, with their vortex-like structures and inherent topological protection, play a pivotal role in developing in-
novative low-power memory and logic devices. The efficient generation and control of skyrmions in geometrically confined
systems are crucial for the development of skyrmion-based spintronic devices. In this study, we focus on investigating the
non-reciprocal transport behavior of skyrmions and their interactions with boundaries of various shapes. The shape of the
notch structure in the nanotrack significantly affects the dynamic behavior of magnetic skyrmions. Through micromagnetic
simulation, the non-reciprocal transport properties of skyrmions in nanowires with different notch structures are investigated
in this work.
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1. Introduction
With the continuous development of information tech-

nology, traditional storage methods have proven insufficient
to meet the demands for both large storage capacity and
high-speed performance. Therefore, there is an urgent need
for storage technologies that can have high-efficiency perfor-
mance. Among these solutions, novel high-performance stor-
age approaches, such as magnetic domain walls and magnetic
skyrmions based racetrack memory, have demonstrated their
potential applications in the information industry.[1–4]

These technologies offer extraordinary potential for low-
power memory and logic devices, enabling efficient informa-
tion storage and computing. Magnetic skyrmion is a vortex-
like nonlinear spin structure that exhibits quasi-particle char-
acteristic, and inherent topological protection.[5–7] Since the
first experiment observation of the magnetic skyrmions in
magnetic materials,[6] their remarkable stability, low energy
consumption, and nanoscale-size have promoted their appli-
cation research in spintronic devices.[2,8–11]

The generation, manipulation, and structural evolution
of skyrmions can be controlled through various means such
as current, lasers, spin waves, and electric fields.[3,12–19] The
skyrmion signal in the nanodevice can be detected by the mag-
netic tunnelling junction detector and topological Hall effect

measurement.[20–22] The rich dynamical features and physi-
cal effects of magnetic skyrmions possess significant poten-
tials for diverse applications. In recent years, electronic in-
formation devices have been proposed based on magnetic
skyrmions, including skyrmion racetrack memory, skyrmion
nano-oscillators, skyrmion artificial neurons, and stochas-
tic computing devices.[10,11,23–25] These magnetic skyrmion-
based devices have smaller sizes, higher integration densi-
ties and lower operational energy consumption than previ-
ous domain-based devices. These advantages make integrated
magnetic skyrmion devices a promising candidate for the next
generation of information storage and computational units.

The efficient generation and control of skyrmions in
geometrically confined systems are important in developing
skyrmion-based spintronic devices. In a geometrically con-
fined system, the stability and dynamics of skyrmions are
influenced by boundary effects, inter-skyrmion interactions,
and the skyrmion Hall effect. Therefore, before the ap-
plication of skyrmion-based spintronic devices, it is neces-
sary to address these influences. Currently, there are only
limited studies of controlling the unidirectional motion of
skyrmions in confined systems, such as using voltage con-
trolled magnetic anisotropy to realize unidirectional motion of
skyrmions.[26–28] Therefore, the thermal effects in the device
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can weaken the performance of voltage-controlled skyrmion
non-reciprocal transport devices, such as reducing the effec-
tive magnetic anisotropy and leading to the failure of volt-
age control, as well as causing skyrmion Brownian motion
and reducing the stability of skyrmions in nanowires.[28–31]

Skyrmions still hold great potential ability to achieve com-
plex logic functionalities and combine storage-computation
capabilities.[23–28]

In this work, we focus on investigating the non-reciprocal
transport behavior of skyrmions and their interactions with
boundaries of different notch structures. Through micromag-
netic simulation, we explore the non-reciprocal transport prop-
erties of skyrmions with different notch structures. Previous
research has mainly concentrated on uniform-shaped notches,
while this work systematically examines the transport char-
acteristics of skyrmions under different notch conditions by
adjusting shapes of notch structure in nano-channels. The
schematic of the magnetic nanotrack with a notch structure
is given in Fig. 1(a). The findings of this study will contribute
to a better understanding of the non-reciprocal transport be-
havior of skyrmions and their interactions with boundaries,
thereby offering crucial theoretical support for the application
of skyrmions in novel storage or logic devices. These results
hold the potential to advance the field of spintronic in-memory
computing devices.

2. Method
In this study, micromagnetic simulations of skyrmion

motion are conducted by using Mumax3 software. Mu-
max3 is a GPU-based micromagnetic simulation software
capable of efficiently handling large-scale magnetic prob-
lems. We construct a simulation model consisting of
an ultrathin ferromagnetic nanochannel with dimensions of
500 nm×80 nm×1.2 nm. The size of the simulation unit cells
within the model is set to 2 nm×2 nm×1.2 nm. The simula-
tion is based on the Landau–Lifshitz–Gilbert (LLG) equation,
by combining spin–orbit torque. The equation is given as fol-
lows:

dm
dt

= −γ0m×Heff +α

(
m× dm

dt

)
−um×

(
m×mp

)
. (1)

In this equation, m represents the reduced magnetization, de-
noted as M/MS, with MS being the saturation magnetiza-
tion; γ0 denotes the gyromagnetic ratio; α is the damping
coefficient; Heff represents the effective field, which includes
the contributions from Heisenberg exchange, Dzyaloshinskii–
Moriya interaction (DMI), magnetic anisotropy, and the de-
magnetization field; u can be defined as γ0h̄ jP/(2deµ0MS),
where h̄ is the reduced Planck constant, j is the injection cur-
rent density, P = 0.08 is the spin Hall angle for the spin–orbit

torque;[3] e is the electron charge; µ0 is the vacuum perme-
ability constant, and d is the thickness of the magnetic nan-
otrack, p is the direction of the spin polarization which is equal
to −ŷ. The parameters of the magnetic material are adopted
from Ref. [3]. The values are assigned as follows: saturation
magnetization MS is set to 580 kA ·m−1, damping coefficient
α is 0.3, DMI constant D is 3 mJ ·m−2, and exchange con-
stant A is 15 pJ ·m−1, and magnetic anisotropy constant K is
0.8 MJ/m3.[3]
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Fig. 1. (a) Schematic diagram of magnetic nanotrack with notch structure
with a size of 500 nm×80 nm in size and (b) definitions of different notch
structure shapes.

The shape of the notch structure in the model is defined
by the following parameters which are given in Fig. 1(b): H
represents the depth of the defect, L1 denotes the shape of the
notch, defined by the distance from the lowest point (bottom
point) of the notch to the left boundary, while L is the total
length of the defect structure. In the simulation, by adjusting
the sizes of H and L1, notches of different shapes can be ob-
tained, and the L is set to 80 nm. The initial position of the
magnetic skyrmion is 50 nm away from the left side of the
system.

3. Results and discussion
3.1. Current-driven magnetic skyrmion dynamics in nan-

otrack without notch structure

By studying the motion of skyrmions driven by current in
the absence of notches, the dynamics behavior of skyrmions is
analyzed in order to determine the appropriate range of driving
current for subsequent research. It is observed that the larger
the current, the greater the Magnus force is experienced by the
skyrmions, resulting in greater longitudinal acceleration. Un-
der sufficiently high current conditions, the longitudinal ve-
locity induced by the Magnus force far exceeds the horizontal
velocity under polarized current drive, causing the trajectory
of the skyrmion to exhibit a significant inclination. As the
skyrmion rapidly moves to the upper boundary, it experiences
further repulsion from the boundary. When the boundary re-
pulsion balances with the Magnus force, the skyrmion, due
to its strong topological protection, can maintain its structural
stability and continue to move horizontally. However, exces-
sive driving current can bring the skyrmion too close to the
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boundary, exceeding the critical value of topological protec-
tion and leading to the annihilation of the skyrmion. Under the
drive of current in the +x direction, the skyrmion moves within
the designated nanochannel. When the driving current inten-
sity j is less than 50 MA·cm−2 but greater than 10 MA·cm−2,
a more effective realization of the passability of skyrmions is
achieved.

3.2. Current-driven magnetic skyrmion dynamics in nan-
otrack with different notch shapes

The motion trajectory of skyrmions at j = 50 MA·cm−2,
with a notch depth of 22 nm and varying bottom point posi-
tions is investigated. Due to the edge force from the shape
anisotropy, the notch structure at the edge of the nanotrack
will affect the dynamics behaviour of magnetic skyrmion in
the constrained system. The depiction of the trajectory of
a skyrmion propelled by an electric current is illustrated in
Fig. 2.

(a1)

(a2)

(a3)

(a4)

(a5)

(c1)

(c2)

(c3)

(c4)

(c5)

(d1)

(d2)

(d3)

(d4)

(d5)

(b1)

(b2)

(b3)

(b4)

(b5)

Fig. 2. Spin configuration of skyrmion motion in nanotracks with differ-
ent notch structures: (a) L1/L = 0.0 and H = 22 nm, (b) L1/L = 1.0 and
H = 22 nm, (c) L1/L = 0.5 and H = 22 nm, and (d) L1/L = 0.6 and
H = 22 nm.

When the bottom point angle of the notch is smaller,
the skyrmion is more likely to pinned or disrupted at the
notch structure. As shown in Figs. 2(a) and 2(b), where the
skyrmions are disrupted by the notch structure during mo-
tion. In such cases, the magnus force at the notch boundary
becomes higher, making skyrmions difficult to pass through
the bottom point of the notch, thereby restricting their motion.
The interaction between the skyrmion and the notch structure
can be approximately considered as the interaction between
the skyrmion and the edge of the nanotrack. Reducing the
width of the nanotrack will reduce the stability of the skyrmion
in the system.[2,32] However, when the shape of the notch is
close to a middle position (i.e., L1 is close to 0.5L and 0.6L),
it is easier for skyrmions to move from left to right when pass-
ing through the notch. This is because when the bottom point

of the notch is near the midpoint, the repulsive force on mag-
netic skyrmions is lower, making it easier to cross the notch.
It is crucial to note that the influence of notch geometry on
skyrmions is attributed to changes in the potential energy gra-
dient. The potential energy gradient at the notch’s bottom sig-
nificantly increases when the bottom angle is small, making
it more difficult for the skyrmion to traverse the notch area.
Therefore, the shape and position of the notch play a crucial
role in the transmission of skyrmions. By optimizing the de-
sign of the notch, the nonreciprocity of skyrmions can be made
more pronounced.

3.3. Current-driven magnetic skyrmion dynamics in nan-
otrack with different notch depths

The dynamics behaviors of skyrmion motion in a nan-
otrack with different values of depth H of the notch struc-
ture are studied. The driven current density is assumed to be
j = 50 MA·cm−2. The trajectories of magnetic skyrmion mo-
tion versus depth of notch structure varying from 12 nm to
22 nm are given in Figs. 3(a)–3(d). When the notch depth is
12 nm, the skyrmions can pass through the sloped notch al-
most at this time, and the change in the slope of the notch
mainly causes the lowest point of the trajectory to have a ten-
dency to shift to the right. When the notch depth is 14 nm, it
is known from the motion phase diagram that there are con-
ditions under which skyrmions cannot pass through the notch,
and from the motion trajectory images of skyrmions in notches
with depths of 18 nm and 22 nm, it can be concluded that the
larger the depth, the easier it is for skyrmions to be intercepted.

In addition, it is also found that the notch has a significant
symmetrical effect on the obstruction of skyrmions. Through
the study of notches with a certain depth and varying bottom
points, it is found that the motion trajectories of skyrmions
with notch bottom point positions at L1/L = 0.4, L1/L = 0.6,
L1/L = 0.8 exhibit obvious symmetry as shown in Fig. 3. This
phenomenon better illustrates the effects of boundary repul-
sion and Magnus force on skyrmions near the notch. In addi-
tion to finding the symmetry of skyrmion’s motion trajectories
at bottom point symmetric to L1/L = 0.5, it is found that at
different depths, the closer the notch is to the bottom point
L1/L = 0.5, the easier it is for skyrmions to move forward
through the notch structure area.

Besides, we use the Cartesian coordinate system, in
which the x axis, y axis, and z axis are along the height di-
rection, width direction, and thickness direction of the track,
respectively. The skyrmion dynamics is well described by us-
ing the Thiele equation as follows:[33–35]

𝐺×𝑣+α𝐷diss ·𝑣+𝐹 j +𝐹b = 0. (2)

The first term on the left-hand side in Eq. (2) is the Magnus
force with the gyrovector 𝐺 = (4πQµMSd/γ) 𝑒z. It can be
found that the Magnus force is proportional to the topological
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charge Q, which is an integer that reflects the number of times
the spin direction wraps the unit sphere and expressed as

Q =
1

4π

∫
(𝑚 · (∂x𝑚×∂y𝑚)) dxdy, (3)

where the number of topologies Q is ±1 for an isolated FM
skyrmion. In Eq. (2), the second term describes the dissipative
force, in which the dissipation tensor 𝐷diss is given by 𝐷diss =

(µ0MSτ/γ)

(
Ddiss 0

0 Ddiss

)
with Ddiss =

∫
(∂x𝑚 · ∂x𝑚)dxdy.

The 𝐹 j is the current-induced force that can be written as

𝐹 j = (µ0MSd/γ)u
(

Ix
Iy

)
with Ii =

∫
((𝑚×𝑚p) · ∂i𝑚)dxdy.

For a stable skyrmion, the boundary force 𝐹b is 0 in an infi-
nite film and is opposite to the Magnus force at the boundary.
Further, we assume that the current is in the x direction and
solve the Thiele equation to obtain the velocity equation of
skyrmion. For 𝐹b = 0, the skyrmion velocity can be expressed
as

vx =−
αIxDdiss

(4πQ)2 +(αDdiss)
2 u,

vy =−
4πQIx

(4πQ)2 +(αDdiss)
2 u, (4)

where vx and vy represent the velocity component in the x di-
rection and the y direction, respectively. For 𝐹b = −𝐺× 𝑣,

the skyrmion velocity can be expressed as

v = vx =−
Ix

αDdiss
u. (5)

There vx and vy represent the velocity component in the direc-
tion of x and y, respectively. According to Ref. [33], the Ddiss

and Ix in Eqs. (4) and (5) can be approximated as

Ddiss ≈ 2π

( R√
A/K

+

√
A/K
R

)
and Ix ≈ π2R, where R is the radius of the skyrmion, the
symbol A represents the non-uniform exchange constant, K
denotes the perpendicular anisotropy, and D refers to the
Dzyaloshinskii–Moriya interaction (DMI). The R is related to
the material parameters and boundary, where the larger the
current, the closer the skyrmion will be to the boundary, so
the smaller its radius will be. We simulate the dynamic behav-
ior of skyrmion in unbounded and bounded tracks respectively,
where when the current increases from 0 to 80 MA/cm2, the
radius of the skyrmion will decrease from 7.3 nm to 5 nm.
We assume that R changes uniformly with the current in this
process. We can obtain the velocity of skyrmion, where the
simulations accord well with our analytical results as shown
in Fig. 4(a).
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Fig. 3. Trajectories of skyrmion motion in nanotracks with depth H = 12 nm (a), 14 nm (b), 18 nm (c), and 22 nm (d), with driven current
density being j = 50 MA·cm−2.

Our simulations show that the Thiele equation is suit-
able for precise quantitative analysis of the skyrmion’s motion
and state before encountering the notch. However, once the
skyrmion encounters the asymmetric notch structure, neither
the Thiele equation nor current theories could accurately pre-
dict the skyrmion’s motion.[32] Only limited qualitative anal-

ysis can be conducted. This limitation arises from the fact
that the Thiele equation is designed to study the motion of a
skyrmion in a stable state, and the physical state of a skyrmion
after encountering a notch is inherently unstable. In addi-
tion, we calculate the dependence of skyrmion diameter on
nanowire width through micromagnetic simulations. As illus-
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trated in Fig. 4(b), the skyrmion size decreases when the width
is less than 60 nm. Comparing this with the result shown in
Fig. 5 indicates that the increased notch depth can be explained
as corresponding nanowire with a reduced width, which in turn
affects the skyrmion size and its passability.

3.4. Non-reciprocal transport of magnetic skyrmion in
nanotrack with notch structure

The influence of notches on skyrmions is mainly reflected
in the adjustment of the balance between boundary repulsion
and Magnus force. By modifying the shape of the notch,
skyrmions can be made closer to the boundary when passing
through the notch, thereby obtaining greater boundary repul-
sion to balance with the Magnus force. Figure 5 shows that
when the shape of the notch is too steep, skyrmions come too

close to the boundary, and their topological protection is in-
sufficient to maintain the stability of their topological struc-
ture, resulting in the damage to structure. Additionally, such
an adjustment can also be realized by modifying the current
magnitude. When the current is smaller, the Magnus force on
the skyrmions can be reduced, allowing the skyrmions to more
easily maintain the stability of their topological structure by
moving away from the boundary.

When a skyrmion is driven in the opposite direction, it
will exhibit a downward skyrmion Hall effect due to the use
of current in the opposite polarization direction. Therefore,
for the same notch shape, when skyrmions are driven in the
opposite direction, they will quickly move downward close to
the boundary, and their motion state is hardly affected by the
notch.

0 1 2 3 4 5 6 7 8

0

10

20

30

40

50

60

70

80

V
 (

m
/
s)

  

(a)

j (10 MA/cm2)

v
x 
Numerical and boundless

v
y 
Numerical and boundless

v
x 
Numerical and bounded

v
x 
Analytical and boundless

v
y 
Analytical and boundless

v
x 
Analytical and bounded

20 30 40 50 60 70 80

6

8

10

12

14

D
ia

m
e
te

r 
(n

m
)

Width (nm)

(b)

Fig. 4. (a) Plots of skyrmion’s velocity versus current. The lines and points are analytical and numerical results, respectively. Red and black represent the
results without boundaries, and blue represents the results with boundaries.[33–35] (b) Plot of skyrmion diameter versus width of nanowires.

6 10 14 18 22 26

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

L
1
/
L

H (nm)

(a) (c) (e)

 Broken  Pass

(b) (d) (f)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

L
1
/
L

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

L
1
/
L

6 10 14 18 22 26
H (nm)

6 10 14 18 22 26
H (nm)

6 10 14 18 22 26
H (nm)

6 10 14 18 22 26
H (nm)

6 10 14 18 22 26
H (nm)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

L
1
/
L

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

L
1
/
L

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

L
1
/
L

Fig. 5. Skyrmion non-reciprocal transport diagrams, showing ((a), (c), (e)) the forward motion of skyrmions, ((b), (d), (f)) the reverse motion of
skyrmions, with driving current magnitude being ((a), (b)) 50 MA·cm−2, ((c), (d)) 40 MA·cm−2, and ((e), (f)) 30 MA·cm−2.
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Thus, a construction idea for a skyrmion diode can be pro-
posed: by creating suitable defect shapes in the nanochannel
and driving them with appropriate polarized current, skyrmion
can exhibit characteristics of not passing in the forward direc-
tion and passing in the reverse direction. The phase diagram of
the notch structure-induced skyrmon non-reciprocal behavior
is given in Fig. 5.

The shape of the defect can vary within a certain range,
and the magnitude of the polarization current also satisfies a
certain range to achieve this unidirectional passability. This in-
dicates that such a skyrmion diode has a relatively stable non-
reciprocal transport window, providing precision redundancy
for manufacturing actual devices. At the same time, such a
skyrmion diode also has adjustable unidirectional passability.
When the current is relatively small, non-reciprocal transport
disappears, indicating that it can pass in both directions; and
when the current is relatively large, it cannot pass in any direc-
tion. This skyrmion diode has richer dynamic properties than
traditional MOS structure.

4. Conclusions
By controlling the shape and depth of the notch, we can

observe the non-reciprocal transport properties of skyrmions
beneath the notch, and such a non-reciprocal transport has
a relatively large window, which is conducive to precision
control in the actual device manufacturing process. More-
over, such a non-reciprocal transport demonstrates a correla-
tion with the magnitude of polarized current, thereby endow-
ing the skyrmion diode derived from this principle with richer
dynamic properties. The obtainment of such a non-reciprocal
transport is mainly due to the relatively strong topological pro-
tection of skyrmions and the symmetric skyrmion Hall effect.
In addition, the idea of a skyrmion channel inhibitor is also
proposed. Such a skyrmion inhibitor can control the passage
or blocking of skyrmions by regulating the magnitude of the
current. This device can be used in information storage to
detect whether the output results of the previous stage cir-
cuit meet the conditions. In summary, the simulation results
demonstrate theinfluence of the notch on the motion state of
skyrmions, providing a method for adjusting the channel shape
of skyrmions in the field of information transmission.

Acknowledgements
Project supported by the Key-Area Research and

Development Program of Guangdong Province, China
(Grant No. 2021B0101300003), the Guangdong Basic
and Applied Basic Research Foundation, China (Grant
Nos. 2022A1515110863 and 2023A1515010837), the
National Key Research and Development Program of
China (Grant No. 2016YFA0300803), the National Natu-
ral Science Foundation of China (Grant Nos. 12304136,

61427812, 11774160, 12241403, 51771127, 52171188,
and 52111530143), the Natural Science Foundation of
Jiangsu Province, China (Grant Nos. BK20192006 and
BK20200307), the Fundamental Research Funds for the Cen-
tral Universities, China (Grant No. 021014380113), Inter-
national Exchanges 2020 Cost Share (NSFC), China (Grant
No. IEC\NSFC\201296), and the Project for Maiden Voyage
of Guangzhou Basic and Applied Basic Research Scheme,
China (Grant No. 2024A04J4186).

References
[1] Parkin S S, Hayashi M and Thomas L 2008 Science 320 190
[2] Zhang X, Zhao G P, Fangohr H, Liu J P, Xia W X, Xia J and Morvan F

J 2015 Sci. Rep. 5 7643
[3] Fert A, Cros V and Sampaio J 2013 Nat. Nanotechnol. 8 152
[4] Hrabec A, Sampaio J, Belmeguenai M, Gross I, Weil R, Chérif S. M,
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