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We investigate the skyrmion motion driven by spin waves on magnetic nanotubes through micromagnetic simulations.
Our key results include demonstrating the stability and enhanced mobility of skyrmions on the edgeless nanotube geometry,
which prevents destruction at boundaries — a common issue in planar geometries. We explore the influence of the damping
coefficient, amplitude, and frequency of microwaves on skyrmion dynamics, revealing a non-uniform velocity profile char-
acterized by acceleration and deceleration phases. Our results show that the skyrmion Hall effect is significantly modulated
on nanotubes compared to planar models, with specific dependencies on the spin-wave parameters. These findings pro-
vide insights into skyrmion manipulation for spintronic applications, highlighting the potential for high-speed and efficient

information transport in magnonic devices.

Keywords: ferromagnetic, magnetic nanotube, Mumax3 software, skyrmion, spin-wave

PACS: 75.50.Gg, 71.35.Ji, 12.39.Dc, 75.30.Ds

1. Introduction

Magnetic skyrmions are safeguarded topological spin tex-
tures which were noted in experiments within a thin mag-
netic film or chiral bulk.!'-3! They are anticipated to serve as
the perfect communication carriers in the next generation of
spintronic gadgets due to their compact size, excellent ther-
mal stability, and low driving current for motion.!*>! Reli-
able skyrmion motion manipulation is crucial for information-
processing applications.!®! Prior research on the dynamic
motions of skyrmions was mainly concerned with two-
dimensional (2D) planar geometry, such as nanodisks, thin

[7-1L.1] Unfortunately, information will

films, and nanostripes.
be lost at the track boundary due to skyrmions building up
or annihilating due to the skyrmion Hall effect.!!>-14] Several
methods have been suggested as solutions to this issue, in-
cluding suppressing the skyrmion Hall effect by turning mag-
netic parameters'!>~11 or modifying magnetic structures!?%-!1
at the film edge and eliminating the topological charge by an

antiferromagnetically exchange-coupled bilayer skyrmion, [>!

(23,24

antiferromagnetic skyrmion, I skyrmionium,!*! or intro-

26271 but this is tricky to be real-

ducing new functionality;|
ized in experiments.!!*?8] Researchers now focus on nanos-
tructures having circular cross-sections, e.g., magnetic spheres
or cylinders. The skyrmion motion on boundary-free samples
would be a desirable direction of research, and magnetic nan-
otubes constitute a promising option because the nanotube has
no boundary in the tangent direction, so the skyrmions cannot

disappear at the boundary.
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Recently, Wang et al. studied the electrical current-driven
motion of skyrmions in magnetic nanotubes,?®! demonstrat-
ing that the skyrmions moving on the magnetic nanotube
avoid the information loss brought about by destroying the
skyrmions at the boundary and moving faster. Xin and Liu
considered a rotating magnetic field to drive the motion of
a skyrmion in a nanotube and studied its skyrmion Hall

1301 Tt was found that the strength of the skyrmion Hall

effects.
effect is related to the size of the nanotube, the frequency of
the rotating magnetic field, and the Gilbert damping coeffi-
cient. All these simulation results prove the significance of
the research on magnetic nanotubes. On the other hand, Joule
heating, due to the high current density, is a bottleneck for
spintronic applications based on electron spin currents. The
spin wave (SW) provides a promising possibility for control-
ling a skyrmion without the Joule heating, in principle.*-3!]
This study focuses on the skyrmion motion induced by
SWs on magnetic nanotubes. This geometry offers boundary-
free motion and enhanced stability, which the literature has
yet to explore extensively. We investigate how varying the
damping coefficient, SW amplitude, and frequency affects the
skyrmion velocity and the skyrmion Hall effect. Our key find-
ings are as follows: the skyrmion velocity decreases as the
damping coefficient increases; there is more stability and re-
duction in computational load of the skyrmion at a high damp-
ing coefficient; a SW propelling skyrmion can exhibit a spi-
ral motion because the tube geometry is edgeless; and finally,
when compared to the planar model, the magnetic nanotube

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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can well modify the skyrmion Hall effect.

2. Model and micromagnetic simulation details

Our model consists of a set of geometry (nanotubes) with
a fixed thickness (d = 20 nm, 30 nm inner radius), length
(L = 600 nm), and outer radius (R = 50 nm), as shown in
Fig. 1. The Mumax3 software package was utilized to conduct
the micromagnetic simulations to examine the motions of a
skyrmion produced by an SW on magnetic nanotubes.*?) The
magnetization distribution evolves according to the Landau—
Lifshitz—Gilbert (LLG) equation, which is expressed as

aa—T=—ymxHeff+am>< ‘98—’7 (1

where 7 is the gyromagnetic ratio, m is the unit vector of the

MLS 5‘% is the effective field, M, is the
saturation magnetization, € is the energy density, and « is the

magnetization, Hegr = —

Gilbert damping parameter. In this proposed system, the total
energy density of the magnetic system reads

£ = Ax(Vm)* +Dm - (Vxm)—K(m-p)*+Eppr, (2)

where Acx is the exchange stiffness, D is the bulk
Dzyaloshinskii—Moriya interaction (DMI) strength, K > 0 is
the easy-normal anisotropy parameter along the p axis (nor-
mal direction), and Eppy is the energy density of the dipole—
dipole interaction. The dipole—dipole exchange is included in
numerical simulations, and the parameters for the FeGel33l
material used are exchange constant Aex = 8.78 pJ/m, satu-
ration magnetization Ms = 2 x 10° A/m, bulk DMI parame-
ter D = 1 mJ/m?, and easy-normal anisotropy constant Ky =
2x10°J/ m’. We employed absorbing boundary conditions
at the endpoints of the nanotubes to inhibit SW reflection. [34]
These boundary conditions effectively dampen outgoing SWs,
preventing them from bouncing back and interfering with the
simulated dynamics. The stabilization of the skyrmion spin
texture is illustrated in Fig. 1, where the middle represents the
nanotube axis center and the selected coordinate. A scheme
describing the skyrmion center is displayed in the inset. The
red color refers to the magnetization’s orientation along the
positive p-direction, and the blue color refers to the magneti-
zation being oriented along the negative p-direction. The cen-
ter position of the skyrmion is defined as (R(p,RZ)BS] according
to the guiding and geometric center of the core, respectively,

_ Joqdedz _ [ zqdedz
° Jqdedz’

*7 Jqdedz’
The topological density is given by g = m - (%2 x ‘98—7;’).[35]
This research was built upon the previous work conducted in
Ref. [29], which provided an in-depth description of the char-

3)

acteristics of an ordinary isolated skyrmion. The simulation
results obtained in this study underscore the nanotube’s re-
search significance.

g

x

Fig. 1. Diagrammatic representation of a Bloch-type skyrmion stabi-
lized on a magnetic nanotube, where R and d represent the outer ra-
dius and thickness, respectively. The origin is the center of the tube,
and P, ¢, and Z represent the radial azimuthal, and axial directions, re-
spectively. For the analytical investigation, cylindrical and Cartesian
coordinates are employed.

3. Results and discussion

After ensuring that the skyrmion is stable, as presented
in Fig. 1, a sinusoidal monochromatic microwave Hex =
hosin (ot)?2 is applied along the Z-axis at z < —135 nm be-
low the position of the skyrmion, with sy = 100 mT and
o/(2w) = 60 GHz, where hy and ® are the field amplitude
and the angular frequency, respectively. When SWs reach the
excitation region, they propagate on magnetic nanotubes, and
drive the skyrmion motion along two directions. The first one
measures the displacement (z) along a perpendicular direction,
while the other one is the angular displacement (¢) along a
parallel direction. The skyrmion’s velocity is composed of two
parts: v, and vy, where v, = dz/dr is the velocity along a per-
pendicular direction and v = rd¢ /dt is the velocity along a
parallel direction. First, we analyze the influence of damping
coefficient & on the skyrmion velocity by altering the damp-
ing coefficient from 0.01 to 0.05 with a step interval of 0.01 as
the damping coefficient plays a crucial role in regulating the
behavior of skyrmion movement.

We unroll the m, image of the nanotube depicted in Fig. 1
onto a planar ¢—z plane, as illustrated in Fig. 2, where the
magnetization is normalized to m, = 0 for more convenience.
Upon setting the damping coefficient to 0.01, as depicted
in Fig. 2(a), we observe intriguing dynamics: the skyrmion
exhibits perpendicular and parallel velocities of 4.99 m-s~!
and 0.72 m-s~!, respectively, after traveling a distance of
155.12 nm along the z direction and —2.69° along the ¢ di-
rection on the nanotube for 20 ns. However, the mobility of
the skyrmion notably decreases when the damping coefficient
is raised to 0.02, as shown in Fig. 2(b). Under this condition,
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it only manages to move a distance of 93.18 nm along the z di-
rection and —2.79° along the ¢ direction, maintaining perpen-
dicular and parallel velocities of 3.77 m-s~! and 0.103 m-s~!,
respectively.

Further increasing the damping coefficient to 0.05, as
depicted in Fig. 2(c), leads to a significant decrease in the
skyrmion’s mobility. At ¢ = 20 ns, the skyrmion barely pro-
gresses, covering a mere 14.39 nm along the z direction and
—2.23° along the ¢ direction, with perpendicular and paral-
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—100

lel velocities of 0.69 m-s~! and —0.02 m-s~!, respectively.
This observation underscores the strong correlation between
the damping coefficient and the skyrmion’s mobility. As the
damping coefficient rises, the efficiency of the skyrmion’s
movement is compromised because the excited SW decays
quickly as the damping coefficient increases, causing its am-
plitude to decrease. The damping coefficient for SW-driven
skyrmions is kept constant at 0.01 throughout the work to
achieve better simulation results.
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Fig. 2. Image of the propagation of a skyrmion induced by SWs on the middle layer of magnetic nanotubes under different damping coefficients
with @/(2m) = 60 GHz, hp = 100 mT and ¢ = 20 ns. The black curve represents the path of the skyrmion motion. (a) Damping coefficient of

0.01. (b) Damping coefficient of 0.02. (¢) Damping coefficient of 0.05.
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Fig. 3. Skyrmion motion induced by a SW with ®/(27) = 60 GHz, hy =
100 mT, and # = 20 ns within the nanotubes. (a) Displacement of skyrmion
motion along the z direction with time, (b) skyrmion velocity along the z di-
rection with time, (c) angular displacement of skyrmion motion along the ¢
direction with time, (d) skyrmion velocity with time.

Figure 3 shows the skyrmion’s displacement and velocity
as a function of time for R = 50 nm, d = 20 nm, o« = 0.01,
o/(27) = 60 GHz, and hy = 100 mT; the skyrmion’s veloc-
ity is not uniform and experiences acceleration and decelera-
tion. In Fig. 3(a), the displacement of skyrmion motion along
the z direction increases with time; while in Fig. 3(b), the
skyrmion’s velocity is not uniform. During the first 17 ns, the
maximal velocity is ~ 9.61 m-s~! and the average velocity is
~7.76 m-s~! for the entire time. Figure 3(c) shows the angu-
lar displacement of the skyrmion motion along the ¢ direction;
the angular displacement ¢ increases and attains a maximum
of —5.54° along the ¢ direction in 12 ns, and later increases up
to —2.69° for 20 ns. Figure 3(d) shows the skyrmion velocity
along the parallel direction; the velocity increases with time.
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Fig. 4. Skyrmion motion induced by SWs under different amplitudes
with @/(2m) = 60 GHz on the nanotubes. (a) Displacement of the
skyrmion along the z direction with time, (b) skyrmion velocity along
the z direction with time. The gray line represents the critical velocity
of the skyrmion motion. (c) Angular displacement of skyrmion mo-
tion along the ¢ direction with time, (d) skyrmion velocity along the v
direction with time.

The displacement and velocity of the skyrmion as a func-
tion of time for R = 50 nm, d = 20 nm, o = 0.01, and
o/(2w) = 60 GHz when varying the amplitude of the mag-
netic field are presented in Fig. 4. Notably, it is found that
a more substantial increase in the amplitude of the magnetic
field leads to an increase in the skyrmion’s displacement and
velocity as time increases. Figure 4(a) shows the displacement
of the skyrmion along the z direction with time; the displace-
ment increases with an increase in time for an amplitude below
110 mT, while for an amplitude of 130 mT the displacement
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decreases at 19 ns, and for an amplitude of 150 mT at time
11 ns the displacement decreases drastically. The skyrmion
velocity along the perpendicular direction with time is de-
picted in Fig. 4(b), where a larger amplitude leads the larger
maximal/average velocity. But for amplitudes 130 mT and
150 mT, the skyrmion’s velocity decelerates at some point.
The gray line in Fig. 4(b) shows the critical velocity of the
skyrmion motion. Figure 4(c) shows the angular displacement
of skyrmion motion along the ¢ direction with time; the mag-
nitude of the angular displacement of the skyrmion increases
as the time increases. Figure 4(d) shows the skyrmion velocity
along the parallel direction with time.

150 (a)
——50 GHz
——60 GHz @
100 70 GHz ~
= — 80 GHz &
= —90 GHz =
= 100 GHz 4
N B

0.6 ()

0.4

v (m/s)

5 10 15 20
t (ns)

Fig. 5. Skyrmion motion induced by SW under different frequencies
with Ay = 100 mT, o = 0.01, d = 20 nm, R = 50 nm and r = 20 ns
on the nanotubes. (a) Displacement of skyrmion motion along the z
direction with time, (b) skyrmion velocity along the z direction with
time. The gray line represents the maximum velocity of the skyrmion
motion. (c) Angular displacement of skyrmion motion along the ¢ di-
rection with time, (d) skyrmion velocity with time.

Figure 5 illustrates the skyrmion motion induced by SWs
under different magnetic field frequencies with sy = 100 mT,
o =0.01, d =20 nm, R = 50 nm and ¢t = 20 ns on the nan-
otubes. It is found that a more substantial increase in the mag-
netic field frequency leads to increased displacement and ve-
locity of the skyrmion as time increases. Figure 5(a) shows the
displacement of skyrmion motion along the z direction with
time; the displacement increases with the time and the max-
imum displacement is at 60 GHz, while Fig. 5(b) shows the
skyrmion velocity along the perpendicular direction with time.
Initially, the skyrmion experiences an acceleration phase, fol-
lowed by a decrease in its velocity. The skyrmion propagates
when an SW passes through it because of strong interactions
between the incoming SW and the skyrmion, which produce
a reactive torque. During the hastening phase, the SW is im-
peded by the presence of skyrmions, resulting in an increased
transfer of torque from the SW to the skyrmions and, conse-
quently, an increase in the skyrmion’s velocity. After a suffi-
cient time, the skyrmion gradually moves away from the re-

gion where it was initially excited, and its velocity decreases
as the SW diminishes. The gray line shown in Fig. 5(b) repre-
sents the critical velocity of the skyrmion motion, and the max-
imum velocity occurs at an optimum frequency of 60 GHz.
Figure 5(c) shows the angular displacement of skyrmion mo-
tion along the ¢ direction with time; the angular displacement
of the skyrmion decreases as time increases. Figure 5(d) shows
the skyrmion velocity along the parallel direction with time;
the velocity increases with an increase in time.

Furthermore, the average velocity of skyrmions was ob-
tained for different damping coefficient (), amplitude and
frequency along the perpendicular and parallel directions, re-
spectively. Next, we explore the influence of damping coef-
ficient (&), amplitude and frequency on the average velocity
to determine the skyrmion Hall angle and compare our results
with other works. We study the effect of & on v, and v for
R=50nm, d =20 nm, ®/(2w) = 60 GHz, and sy = 100 mT.
Figure 6(a) shows the skyrmion trajectories along z and p un-
der different . Figure 6(b) illustrates the relationship between
skyrmion 7| and o parameter. The results show that ¥, is in-
versely proportional to ¢ (when a@ = 0.01, v, =7.8 m-s~!
and when o = 0.05, 7, = 0.72 m-s~!). Figure 6(c) illustrates
the relationship between skyrmion velocity v and o parame-
ter. The results show that the skyrmion on the magnetic nan-
otube with higher damping coefficient (a) has a smaller v
(when a = 0.01, v = —0.025 m-s~! and when o = 0.05,
v =—0.0057 m- s~1). The relationship is non-linear.

We study the effect of the amplitude of the microwave
field on v, and ¥ for R = 50 nm, d = 20 nm, @/(27) =
60 GHz, and o = 0.01. Figure 7(a) shows the skyrmion tra-
jectories along z and p under different amplitudes of the mi-
crowave field. Figure 7(b) illustrates the relationship between
v, and the amplitude of the microwave field. The results show
that 7| increases with the increase of the amplitude and attains
a maximum 8.2 m-s~! at an amplitude of 110 mT. Above
the amplitude of 110 mT, the v, decreases. Figure 7(c) il-
lustrates the relationship between V|| and the amplitude of the
microwave field. The results show that the skyrmion veloc-
ity is nearly the same but drastically decreases for amplitudes
beyond 110 mT.

Finally, we study the effect of microwave frequency on v |
and il for R=50 nm, d =20 nm, hyp = 100 mT, and &« = 0.01.
Figure 8(a) shows the skyrmion trajectories along z and p un-
der different driving frequencies. Figure 8(b) shows the re-
lationship between v, and the driving frequency. The results
show that the maximum 7, is 7.76 m-s~! at 60 GHz and the
relationship is non-linear. Figure 8(c) illustrates the relation-
ship between v and the driving frequency. The results show
that v is a non-linear function of the frequency and it attains
Vv = —0.025 at 60 GHz.
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The variation of skyrmion Hall angle (6g;;, ) defined as
Osya = arctan (V“/ﬁl) is shown in Fig. 9. Figures 9(a) and
9(c) show that the magnitude Osya is small when we vary
the damping coefficient (¢¢) and the microwave frequency.
In Fig. 9(b), we observe a drastic change in Osga when the
amplitude of the microwave field goes beyond 110 mT. The
Ospa is 5.2° with the magnitude of the skyrmion velocity ratio
VH/VL = 0.09 for amplitude 130 mT, and Osya is 47.6° with
the magnitude of the skyrmion velocity ratio v /v, = 1.09 for
amplitude 150 mT.

We compare our results with those from the planar model
and those describing skyrmion motion driven by a rotating
magnetic field in nanotubes under various conditions. When
a current drives skyrmions, the ratio of the in-plane veloc-
ity components is vy /vy ~ 6.1 In thin films, when a tem-
perature gradient drives the skyrmions, the magnitude of the
skyrmion Hall effect is vy /v, = 0.16.37) Additionally, when
driven by voltage-controlled magnetic anisotropy, simulations

indicate a ratio of vy /vy ~ 7.1 Moreover, the magnitude of
the skyrmion Hall effect reaches 10.35 when a rotating mag-
netic field drives skyrmion motion in nanotubes.*”) In con-
trast, skyrmion motion induced by spin waves in magnetic
nanotubes shows that the skyrmion’s velocity is not uniform
and the magnitude of the skyrmion Hall effect reaches 0.09
for amplitude 130 mT and 1.09 for amplitude 150 mT, un-
der damping coefficient o = 0.01. The damping coefficient,
amplitude, and frequency of SWs significantly influence the
dynamics of skyrmion motion. Skyrmion motion induced by
SWs on magnetic nanotubes offers several significant advan-
tages over traditional methods, including energy efficiency due
to the absence of Joule heating, improved stability from the
edgeless nanotube geometry, and the potential for magnetic
field-free operation. These features, combined with the en-
hanced control over skyrmion dynamics, make this approach
highly promising for developing future spintronic devices.
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Fig. 9. (a) Magnitude 6sga as a function of the damping ¢ parameter for R = 50 nm, d = 20 nm, ®/(27) = 60 GHz, and hy = 100 mT.
(b) Magnitude sy as a function of the microwave amplitude for R = 50 nm, d = 20 nm, ®/(27) = 60 GHz, and o = 0.01. (c) Magnitude
Ospa as a function of microwave frequency for R = 50 nm, d = 20 nm, hp = 100 mT, and &« = 0.01.

4. Conclusion and perspectives

In conclusion, the skyrmion motion induced by SWs
on magnetic nanotubes has been systematically investigated
through micromagnetic simulations. We find that skyrmions
driven by SWs exhibit trajectory motion in edgeless tube ge-
ometries, mitigating Joule heating effects from high current
densities. The non-linear relationship between damping and
skyrmion velocity, influenced by SW frequencies, offers sig-
nificant control over skyrmion manipulation. Increasing the
SW frequency enhances the skyrmion velocity, with an opti-
mum frequency of 60 GHz resulting in maximum velocities
of 9.6 m-s~! in the perpendicular direction and 0.72 m-s~!
in the parallel direction. Higher amplitudes of driving SWs
increase the skyrmion velocity and performance in magnonic
devices, although extremely high amplitudes may cause dis-
tortions and nonlinear effects. The nanotube geometry mod-
ifies the skyrmion Hall effect compared to both planar mod-
els and rotating magnetic fields. The Hall angle remains sta-
ble across varying damping coefficients and frequencies but
changes with magnetic field amplitudes above 110 mT. All
these findings underscore the potential for precise control of
skyrmion motion by adjusting the damping coefficient, ampli-
tude, and frequency of SWs, which is crucial for high-speed
and efficient magnonic applications. Future research should
explore the effects of additional external parameters, such as
temperature, and investigate various magnetic nanotube ge-
ometries and materials to uncover new phenomena and expand
the application scope.
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