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We study the stability and dynamic behaviors of skyrmions in magnetic nanotubes, where curvature and cylindrical
symmetry provide unique mechanisms for skyrmion formation and control. Unlike planar geometries, skyrmions confined
in nanotubes exhibit elliptical shapes, stabilized through the interplay of curvature-induced effects, Dzyaloshinskii–Moriya
interaction (DMI), and magnetic anisotropy. Using micromagnetic simulations, we construct phase diagrams of skyrmion
stability as functions of DMI strength and anisotropy, identifying transitions to saturated or helical configurations in unstable
regimes. The dynamics reveal distinct counterclockwise gyration modes, strongly influenced by tube geometry and applied
microwave fields. We find that external magnetic fields significantly enhance the azimuthal velocity (v̄φ ) while maintain-
ing a consistent axial motion (v̄z) along the −z-direction. Furthermore, transitions between gyration and linear translation
modes emerge, governed by the combined effects of magnetic field, DMI, and curvature. Notably, the skyrmion’s motion
direction depends on the excitation mode and DMI sign, while curvature-modified spin textures produce effective fields
without conventional pinning. These results demonstrate that magnetic nanotubes offer a robust and tunable platform for
skyrmion manipulation, with potential applications in next-generation memory and logic devices. Our findings also high-
light the role of curvature in enabling stable and controllable topological spin textures for advanced spintronic technologies.
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1. Introduction
Magnetic skyrmions are topologically protected spin

textures with particle-like properties. They have garnered
significant attention for their potential in spintronic appli-
cations, such as magnetic memory devices, neuromorphic
computing, and logic circuits.[1–6] Their nanoscale dimen-
sions, low energy consumption, and robust stability make
them ideal for next-generation information technologies, since
reliable control of skyrmion motion is essential for such
applications.[1,7–13] While early work demonstrated that small
spin-transfer torques could mobilize skyrmion lattices,[8,9]

achieving long-distance, stable transport of isolated skyrmions
remains a major challenge in real-world systems. In planar
geometries, the skyrmion Hall effect causes lateral drift to-
ward device edges, often resulting in annihilation and data
loss.[2,15,16] The Dzyaloshinskii–Moriya interaction (DMI),
arising from spin–orbit coupling in noncentrosymmetric en-
vironments, plays a key role in stabilizing skyrmions.[17,18]

Two main types of DMI are recognized: intrinsic bulk DMI,
which stabilizes Bloch-type skyrmions in materials like MnSi
and FeGe,[19–21] and interfacial DMI, responsible for Néel-

type skyrmions in layered structures such as Ir(111)/Fe and
[Ir/Co/Pt] multilayers.[7,22] Advancements in microstructural
technology have enabled the creation of three-dimensional
(3D) magnetic structures with complex geometries and vary-
ing sizes, using a variety of chemical and physical pro-
cesses. Among the different geometric forms of magnetic
objects, magnetic nanotubes offer unique geometrical char-
acteristics, such as length, inner radius, thickness, and outer
radius, allowing designers to manipulate their designs’ mag-
netic properties. Theoretical and experimental studies have
both demonstrated that curvature can significantly impact
magnetic textures,[23–30] influencing their stability, mobility,
and mode excitation.[31–43] The edge-free azimuthal boundary
and curvature-modified demagnetizing field further reduce the
restoring force on the skyrmion, resulting in red-shifted reso-
nance frequencies and potential mode hybridization.[34] Previ-
ous research with micromagnetic simulations has unveiled the
dynamic and static characteristics of Bloch skyrmions in mag-
netic cylindrical nanotubes. Wang et al.[44] demonstrated that
skyrmions can move along the tube surface without annihilat-
ing, even at high current densities. Huo et al.[6] discovered
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that elliptical skyrmions can exist in nanotubes over a range
of magnetic fields. Furthermore, Yang et al.[45] found that the
stability of skyrmions in an elliptical form is influenced by
the sign of the DMI constant, with curved geometry playing
an important role. The dynamic modes of skyrmions in these
magnetic nanotubes include two in-plane gyration modes, ro-
tating clockwise (CW) and counterclockwise (CCW), as well
as one out-of-plane breathing mode.

Recent works have underscored the role of geometry
and curvature in stabilizing and manipulating skyrmions in
curved nanostructures. Ga et al.[46] have shown that geo-
metric curvature alone can induce substantial DMI and stabi-
lize skyrmions in low-dimensional magnetic materials. Using
first-principles calculations and spin simulations, they demon-
strated that curvature-induced inversion symmetry breaking in
a model 1D nanoribbon of CrBr2 and a 2D MnSe2 mono-
layer leads to tunable DMI and enables field-free skyrmion
formation. Their findings highlight curvature as a powerful
design strategy for engineering chiral spin textures in flexible
and low-dimensional spintronic devices. Similarly, Jiang et
al.[47] introduced the concept of origami-driven DMI in cen-
trosymmetric 2D magnets, showing how spin–orbit coupling
and geometric folding can generate Néel-type DMI and chiral
domain walls in folded CrI3 systems. Although these studies
revealed foundational insights into curvature-induced effects
and topological spin textures, they did not address dynamic
mode excitations or frequency-resolved behavior.

In this work, we study the stability of single skyrmions in
magnetic curved nanostructures and their characteristic modes
when subjected to a spin-wave magnetic field. Specifically,
we examine skyrmions in magnetic nanotubes as a function of
magnetic and geometrical properties. This research primarily
addresses the DMI and anisotropy constant as key factors in
skyrmion stability, although dipole interactions and frustration
interactions can also play important roles in certain contexts.
In particular, dipole interactions may contribute to stabiliza-
tion in systems with significant magnetic moments,[48,49] and
frustration interactions can induce non-collinear spin arrange-
ments, which may also support skyrmionic structures.[50–52]

We identify distinct gyration modes and analyze how curva-
ture modifies the direction and character of skyrmion motion.
Our results reveal mode-dependent translational behavior, el-
liptical deformation, and transitions to helical states as a func-
tion of material and geometric parameters.

2. Model and methods
We consider a system composed of hollow cylinder mag-

netic nanotubes with length L = 600 nm, varying wall thick-
ness d = 10–40 nm, inner radius r = 30 nm, and outer radius
R= 50 nm. A schematic of the nanotube and its cylindrical co-
ordinate system-defined by ρ̂ , φ̂ , and ẑ directions is presented

in Fig. 1, with the origin located at the center of the tube. We
performed micromagnetic simulations using GPU-accelerated
MuMax3 software,[53] which numerically solves the Landau–
Lifshitz–Gilbert (LLG) equation

∂𝑚

∂ t
=−γ𝑚×𝐻eff +α𝑚× ∂𝑚

∂ t
, (1)

where γ is the gyromagnetic ratio, 𝑚 is the normalized magne-
tization vector, α is the Gilbert damping constant, and 𝐻eff =

−M−1
s δε/δ𝑚 represents the effective magnetic field. The to-

tal magnetic energy density ε includes the contributions from
exchange interaction εex, bulk DMI εDMI, uniaxial anisotropy
εK , and dipole–dipole interaction εDDI,

ε = Aex(∇𝑚)2 +D𝑚 · (∇×𝑚)−K(𝑚 · ρ̂)2 +EDDI, (2)

where Aex is the exchange stiffness, D is the bulk DMI con-
stant, and K is the uniaxial anisotropy constant along the ra-
dial direction ρ̂ . We adopt material parameters from bulk
FeGe[54] to ensure comparability with earlier works and to
benchmark the skyrmion behavior in a well-characterized chi-
ral magnetic material. However, nanostructures made of FeGe,
such as the wedge-shaped nanostripes,[66] nanodisks,[67,68]

and nanowires,[69] have been experimentally fabricated. Our
approach is consistent with several prior studies on curvature-
induced effects in skyrmions.[6,14] The material parameters are
as follows: saturation magnetization Ms = 1.1× 105 A/m,
exchange stiffness Aex = 8.78 × 10−12 J/m, DMI constant
D = (0.8–1.5)×10−3 J/m2 and anisotropy Kρ = (1.2–3.0)×
105 J/m3. These values yield an exchange length of approx-
imately 33.9 nm. The simulations employed a spatial dis-
cretization of 2× 2× 2 nm3, which is smaller than the ex-
change length, ensuring numerical accuracy.
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Fig. 1. Diagrammatic representation of a Bloch-type skyrmion stabi-
lized on a magnetic nanotube, where d is the thickness of the tube and
R is the outer radius. The origin is at the center of the tube, with ρ̂ , ϕ̂ ,
and ẑ representing the radial distance from the magnetic nanotube axis,
azimuthal angle, and axial directions, respectively.

To explore skyrmion excitation modes, a sinc-function
microwave magnetic field was applied along the ẑ-direction
for 10 ns:

ℎ(t) = h0 sin[ωc(t − t0)]/[ωc(t − t0)]ẑ (3)
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with µ0h0 = 10 mT, cutoff frequency ωc/2π = 100 GHz, and
t0 = 1 ns. This broadband pulse enables excitation of all rel-
evant dynamic modes. For all excitation modes, we used a
smaller damping constant of α = 0.01 to achieve better spec-
tral resolution, making the data more suitable for analysis. We
systematically varied the DMI strength, anisotropy, and nan-
otube dimensions to construct phase diagrams of skyrmion sta-
bility and to characterize the resonant dynamics under external
excitation.

3. Results and discussion
Based on the FeGe settings, we numerically compute the

phase diagram to determine how a skyrmion can exist in mag-
netic nanotubes by adjusting the parameters D, Kρ , and d. The
numerical findings are shown in Fig. 2, where three phases
are distinguished: saturated state (red color), stable state (blue
color), and helical state (green color). When the value of D
is small, a saturated state is formed. The phase boundary
between the saturated state and the stable state phase is de-
pendent on the mesh size. This is because when D is small,
the skyrmion size is also small.[44,55,57] In the case of uniax-
ial anisotropy Kρ , it is the opposite [see supplemental material
S1]. The detailed analysis is presented as follows.

3.1. Effects of variation in the strength of the bulk DMI
and anisotropy Kρ

It is well known that in planar geometries,[58] the sign of
D determines the left or right helicity, while the magnitude
of D determines the size of a skyrmion. Thus, we first ex-
amined the influence of D on the stability of the skyrmion in
the geometry of the magnetic nanotube. The calculations car-
ried out in this instance take into account a set of magnetic
parameters and a specific geometry (L = 600 nm, d = 10–
40 nm, inner radius r = 30 nm, and outer radius R = 50 nm),
Kρ = 2×105 J/m3 and a bulk DMI parameter D varying from
0.8× 10−3 J/m2 to 1.50× 10−3 J/m2 to evaluate the stable
states of skyrmions in cylindrical magnetic nanotubes. The re-
sults show that skyrmions are more stable for these D values
in the interval between 0.96×10−3 J/m2 to 1.36×10−3 J/m2,
as shown in Fig. 2(a). Magnetization of the z component
is shown in Figs. 2(b)–2(d) for various relaxed states and
values D. We observe a saturated state (see Fig. 2(b) for
D = 0.8 × 10−3 J/m2) if the D constant is below the mini-
mum value of the stable state range (Fig. 2(c) shows a sta-
ble state for D = 1.2 × 10−3 J/m2). However, as shown in
Fig. 2(d) for D = 1.4×10−3 J/m2, a helical state emerges for
D > 1.36× 10−3 J/m2. This phenomenon is explained by the
competition between anisotropy and DMI, which determines
the stable state. In other words, when D is small, the system’s
primary interaction is uniaxial anisotropy, leading to a lower

energy state that minimizes this contribution to the total en-
ergy. In contrast, as D increases, the DMI becomes more sig-
nificant in determining the stable state, resulting in the emer-
gence of the helical state at high D values.

As is well-known, the stabilization of skyrmions in pla-
nar films is largely dependent on the confinement effect of the
sample border. Similarly, the phase boundary between the sta-
ble state phase and the helical state phase depends on the diam-
eter of the tube.[57] For a stable skyrmion state in planar films,
the maximum limit of D is greater in a small sample than in an
infinite film.[57,58] The reason for the lower limit of D in this
magnetic nanotube is likely that the skyrmion size exceeds the
magnetic nanotube’s diameter, unlike in an infinite film. Due
to the demagnetizing field, the skyrmion size increases with
diameter, similar to planar geometry.[55,57] The cross-sectional
top view cut in the φ–z plane (upper) and the front view after
unrolling the mρ of the magnetic nanotube in a planar φ–z
plane, where the magnetization component mz is normalized
to zero (mz = 0) to define the skyrmion boundary. We observe
that the shape of the skyrmions in the magnetic nanotube is
slightly elliptical rather than circular, in contrast to the cir-
cular shape of skyrmions created in 2D flat systems like thin
films. An ellipse is used to fit the skyrmion’s boundary to bet-
ter define its shape. The semimajor and semiminor axes of the
ellipse, represented by d1 and d2, respectively, serve as mark-
ers for the skyrmion’s size and deformation. Figure 3(a) shows
the dependence of the stable state skyrmion size on DMI. We
notice that the difference between d1 and d2 is small when the
constant D is small.

(d)

Saturated 
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Helical 
state

(b) (c)

(a) 40
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Fig. 2. Magnetic states in magnetic nanotubes. (a) The magnetic phase
diagram as a function of D and t. (b) A saturated state. (c) The stability
status of the skyrmion. (d) A helicoidal state obtained. The top view
and the planar film are at the side of each phase.

107512-3

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ade071


Chin. Phys. B 34, 107512 (2025)

0.9 1.0 1.1 1.2 1.3 1.4
0

5

10

15

20
d1
d2

0.020 0.021 0.022 0.023
6

8

10

12

14

16

18

20

22

d1

d2

(a) (b)

Curvature k (nm-1)

S
k
y
rm

io
n
 d

ia
m

e
te

r 
(n

m
)

S
k
y
rm

io
n
 d

ia
m

e
te

r 
(n

m
)

D (10-3 J/m2)

Fig. 3. Skyrmion stability with diameter dependence on (a) DMI constant
and (b) curvature. The red and blue colors indicate the skyrmion diameters
along the minor and the major axes of the elliptical shape. The skyrmion
diameters were estimated to be the size for mz = 0.

For example, in the cylindrical magnetic nanotube with
L = 600 nm, d = 20 nm, inner radius r = 30 nm, and outer
radius R = 50 nm, Kρ = 2×105 J/m3, when D = 0.96 mJ/m2,
d1 = 2.64 nm, and d2 = 1.46 nm, the difference (d1 − d2) =

1.18 nm. However, as the DMI increases to D = 0.98 ×
10−3 J/m2, d1, d2, and d1 −d2 increases to 2.95 nm, 1.62 nm,
and 1.33 nm, respectively. When the DMI increases further,
d1 and d2 also continue to increase. This indicates that larger
skyrmions are energetically favorable at higher DMI values.
The elliptical shape of skyrmions in curved geometries, such
as the magnetic nanotubes studied here, arises from curvature-
induced DM-like interactions rather than geometric confine-
ment. We also estimated the values of d1 and d2 according to
the curvature (k = 1/R) with (L = 600 nm, d = 20 nm, inner
radius r = 30 nm and outer radius R = 44 nm, 46 nm, 48 nm,
50 nm), Kρ = 2× 105 J/m3, when D = 1.2× 10−3 J/m2 as
shown in Fig. 3(b). As the curvature increased, both d1, d2,
and their difference (d1 − d2) for D = 1.2× 10−3 J/m2 also
increased. For example, when R = 50 nm, d1 = 6.62 nm,
d2 = 3.51 nm, and the difference (d1 − d2) = 3.11 nm. As
the outer radius decreases to R = 48 nm, d1, d2, and d1 − d2

increase to 8.10 nm, 4.21 nm, and 3.89 nm, respectively. In-
creasing the curvature (decreasing the outer radius of the tube)
enforces the stability of the skyrmion formation by increasing
its size for D. This clearly shows that the curvature affects
the stability of skyrmion formation via a curvature-induced
DM-like interaction. To quantify the spatial extent and con-
finement of skyrmions in different geometries, we estimated
the effective skyrmion volume in both planar and nanotube
systems. For the planar geometry, we employed the ana-
lytical model proposed by Wang et al.,[56] which relates the
skyrmion radius and wall width to micromagnetic parame-
ters. Using D = 1.2 × 10−3 J/m2, Aex = 8.78 × 10−12 and
Kρ = 2× 105 J/m3, the calculated skyrmion radius and wall
width are approximately 6.71 nm and 4.71 nm, respectively.
The effective skyrmion volume in the planar thin film is esti-
mated as Vplanar = πR2t ≈ 666.3 nm3.

In contrast, for our nanotube geometry, we used ellipti-
cal fitting of the skyrmion cross-section obtained from micro-
magnetic simulations. The semi-major and semi-minor axes

were determined to be d1 = 6.62 nm and d2 = 3.50 nm, re-
spectively, and the wall thickness was d = 20 nm. Model-
ing the skyrmion as an elliptical cylinder, the effective volume
is given by Vtube = πd1d2d ≈ 1456.0 nm3. This comparison
shows that skyrmions in nanotubes occupy a larger and more
anisotropic volume than in planar films. The increase is at-
tributed to curvature-induced deformation and azimuthal dis-
placement, which are absent in flat systems.

Examining the effects of variations in the anisotropy Kρ

constant on the stability and size of skyrmions in magnetic
nanotubes is also fascinating. To determine the range of Kρ

where the magnetic skyrmion exists in a cylindrical magnetic
nanotube, we run micromagnetic simulations with magnetic
parameters and a specific geometry. The findings indicate that
skyrmions stabilize for anisotropy values Kρ in the range of
165×103 J/m3 to 285×103 J/m3 (detailed can be seen in sup-
plemental material S1). This condition arises because of the
high anisotropy value, which encourages the alignment of the
magnetic moments in the magnetic nanotube. When the DMI
constant is adjusted and the anisotropy value is fixed, the same
states are obtained. Stable skyrmions in a nanowire framework
can exhibit similar states.[59] We studied the dependence of the
stable state skyrmion size and deformation as a function of Kρ ,
following the steps in that of the DMI. Figure 4 shows the re-
sults of the skyrmion size and deformation as a function of
Kρ . The difference between the values of d1 and d2 decreases
when Kρ increases. For example, in a cylindrical magnetic
nanotube with L= 600 nm, d = 20 nm, inner radius r = 30 nm,
outer radius R = 50 nm, and D = 1.2 × 10−3 J/m2, when
Kρ = 165× 103 J/m3, d1 = 39.68.84 nm and d2 = 18.88 nm,
resulting in a difference of d1 − d2 = 20.80 nm. However, as
Kρ increases to 170×103 J/m3, d1, d2, and d1−d2 decrease to
34.56 nm, 16.58 nm and 17.98 nm, respectively. With an in-
crease in Kρ , both d1 and d2 continue to decrease. Increasing
the value of Kρ , forces the magnetic moments to align, thereby
reducing the size of the skyrmion. This was also observed in
the case of the bimeron in the magnetic nanotube,[61] follow-
ing an inversely linear function.[57]

S
k
y
rm

io
n
 d

ia
m

e
te

r 
(n

m
)

160 180 200 220 240 260 280
0

5

10

15

20

25

30

35

40

d1

d2

d1

d2

Kρ (kJ/m3)

Fig. 4. Skyrmion stability with diameter dependence on Kρ . The red
and blue colors indicate the skyrmion diameters along the minor and
major axes of the elliptical shape. The skyrmion diameters were esti-
mated to be the size for mz = 0.
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3.2. Mode characteristics and skyrmion dynamics in a
magnetic nanotube

By applying a sinc function microwave field ℎ(t) =

h0 sin[ωc(t − t0)]/[ωc(t − t0)]ẑ with µ0h0 = 10 mT, ωc/2π =

100 GHz, and t0 = 1 ns to the skyrmion structure shown in
Fig. 1, we were able to analyze the skyrmion mode char-
acteristics. At every 5 ps, the spatiotemporal evolution of
the magnetization at each node was recorded while apply-
ing the sinc microwave field. Then, to capture all potential
modes excited within a frequency range from 0 to 100 GHz,
we performed a fast Fourier transform (FFT) on the tempo-
ral evolutions of local magnetizations at each node. In the
presence of a skyrmion, the spectra (δmz) show three dis-
tinct modes centered at 13.9 GHz, 59.6 GHz, and 75.8 GHz,
as seen in Fig. 5(a). The 75.4 GHz mode, which also ap-
pears in the absence of a skyrmion, is attributed to the fer-
romagnetic resonance (FMR) mode, corresponding to the uni-
form precession of magnetization in the magnetic nanotube
as seen in Fig. 5(b). Through this comparison, the ferromag-
netic resonant mode is identified at 75.8 GHz. The strong
low-frequency peak observed in Fig. 5(a) is attributed to the

translational mode of the skyrmion, as reported in previous
works.[60] These modes emerge due to the continuous symme-
try of the skyrmion structure and are particularly prominent in
edge-free or low-confinement geometries such as nanotubes.

In order to differentiate the attributes of the other distinct
modes, we applied a microwave field ℎ(t) = h0 sin(ωot)ẑ with
µ0h0 = 10 mT and the corresponding resonance frequency
modes. Figure 5(c) shows the temporal variation time for the
local distributions of mρ(t) and ∆mρ(t) = [mρ(t)− mρ(0)],
where mρ(0) is the initial state of mρ when time is 0 ns.
The temporal variation time of mρ , as illustrated in Fig. 5(c),
reveals that the modes excited at 13.9 GHz (mode 1) and
59.6 GHz (mode 2) are gyration modes. These modes exhibit
CCW rotation, as explicitly illustrated in Fig. 5(c), consistent
with the chiral nature of the skyrmion with mode 2 exhibit-
ing a higher frequency compared to mode 1. The frequency
splitting between the two gyration modes can be attributed to
the radial and azimuthal confinement of the skyrmion within
the magnetic nanotube, as well as the interaction between the
skyrmion and the magnetic nanotube’s curvature.
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Fig. 5. Fast Fourier transform (FFT) on the temporal evolution of local magnetizations at each node over the entire surface of the magnetic
nanotube. (a) With skyrmion. (b) Without skyrmions. (c) Snapshot images of mρ (t) and ∆mρ (t), representing the dynamic eigenmodes of the
skyrmion, illustrate the CCW gyration modes at 13.9 GHz (mode 1) and 59.6 GHz (mode 2).

The core trajectory of both CCW gyrations exhibits ver-
tical elongation, and this elliptical gyration motion of the
skyrmion’s core differs from the circular gyration mode that
has been reported so far for the skyrmions of 2D planar
systems.[62] From the results obtained, we note that the CCW
modes are quite distinct from those found in 2D planar ge-
ometry. The geometrical asymmetry of the magnetic nanotube
(being planar in shape) influences the skyrmion’s elliptical and
CCW gyration motion. The distinct frequencies and localized
nature of these modes highlight their potential for skyrmion-
based applications, such as memory devices and magnonic
signal processing. This observation is consistent with previ-
ous studies, as reported in Ref. [63], where similar gyration
dynamics was observed in analogous systems.

To further elucidate the core trajectory and translational
motion of a skyrmion in magnetic nanotubes, the mρ distri-

bution was unrolled onto the φ–z plane, to both the guiding
center and the geometric center of the skyrmion core.[64]

The center of the skyrmion is defined by its coordinates
(Rφ ,Rz), which represent the guiding center and the geomet-
ric center of the skyrmion core, respectively.[65] These coordi-
nates are calculated as follows:

Rφ =

∫
φqdφ dz∫
qdφ dz

, Rz =

∫
zqdφ dz∫
qdφ dz

, (4)

where q is the topological density, expressed as

q(φ ,z) =
1

4π
𝑚 ·

(
∂𝑚

∂φ
× ∂𝑚

∂ z

)
. (5)

Here, 𝑚 denotes the magnetization vector.
The snapshots of the spatial distribution mρ , illustrating

the linear translational motion of the skyrmion core view of
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the unrolled magnetic nanotube (detailed can be seen in sup-
plemental material S2). These results were obtained under a
magnetic field h0 = 150 mT, a DMI constant D = 1.2 mJ/m2,
and an anisotropy constant Kρ = 200 × 103 J/m3. In both
modes, the direction of the core translational motion is along
the −z-axis. Figures 6(a) and 6(b) show the corresponding
core trajectories. Both modes exhibit CCW rotating core gy-
ration motion. The black dot in Figs. 6(a) and 6(b) marks the
critical point where the system transitions from a core gyration
trajectory to a linear translational motion.
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Fig. 6. Core trajectories of the skyrmion of the unrolled magnetic nan-
otube. (a) The core trajectory at frequency of 13.9 GHz (mode 1).
(b) The core trajectory at frequency of 59.6 GHz (mode 2). Both modes
exhibit CCW rotating core gyration motion. The black dot marks the
critical point where the system transitions from a core gyration trajec-
tory to a linear translational motion.

To further analyze the linear translational motion of the
core, we plotted the displacements of the core position (the
guiding center of the skyrmion) for both modes, along with
the instantaneous velocity v as a function of time, as shown in
Fig. 7. The axial (z) displacement Rz (red line) of the core mo-
tion exhibits a significant variation over time, indicating pro-
nounced translational dynamics along the magnetic nanotube
axis, as shown in Figs. 7(a) and 7(b). In contrast, the azimuthal
(φ ) displacement Rφ (blue line) remains nearly constant for
most of the observed duration, suggesting minimal rotational
motion of the core in the azimuthal direction. However, for
Fig. 7(b), a notable change in Rφ is observed when the time
exceeds 40 ns. This deviation indicates the onset of signifi-
cant azimuthal motion, likely driven by the interplay between
the applied magnetic field, the DMI, and the anisotropy en-
ergy at higher excitation frequencies. The transition in Rφ be-
havior underscores the frequency-dependent dynamics of the
skyrmion core, where mode 2 (59.6 GHz) induces more com-
plex motion compared to mode 1 (13.9 GHz).

The velocity 𝑣 = (vz,vφ ) of the core motion as a function
of time is shown in Figs. 7(c) and 7(d). These plots clearly
illustrate the transition point from gyration to linear transla-
tional motion. The azimuthal velocity component vφ remains
close to zero throughout the time domain, indicating negligible
rotational motion.
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Fig. 7. Displacement and velocity of skyrmion motion according to the
guiding center in z (red color) and Rφ (blue color). (a) Displacement at
13.9 GHz (mode 1). (b) Displacement at 59.6 GHz (mode 2). (c) Ve-
locity at 13.9 GHz (mode 1). (d) Velocity at 59.6 GHz (mode 2).

In contrast, the axial velocity component vz initially
oscillates around zero but undergoes a sudden change (in
the negative direction) at the transition point, as shown in
Fig. 7(c). For Fig. 7(d), a similar behavior is observed; how-
ever, as the time approaches and exceeds 40 ns, both vz and
vφ exhibit significant changes. This deviation highlights the
frequency-dependent dynamics of the skyrmion core, where
mode 2 (59.6 GHz) induces more complex motion compared
to mode 1 (13.9 GHz). The abrupt changes in vz and vφ further
corroborate the transition from gyration to linear translational
motion, emphasizing the role of the applied magnetic field, the
DMI and anisotropy energy in governing the core dynamics.

Figure 8 illustrates the effect of the magnetic field h0 on
the average velocity 𝑣̄ = (v̄z, v̄φ ) for mode 1 and mode 2. The
magnetic field h0 was varied from 25 mT to 200 mT to in-
vestigate its influence on the skyrmion dynamics. The results
reveal different behaviors for the axial and azimuthal veloc-
ity components. For the average axial velocity v̄z, Fig. 8(a)
shows that it exhibits nonzero values throughout the range of
h0. Specifically, v̄z ranges from −2.064 m/s to −2.077 m/s
for mode 1 and from −2.07 m/s to −2.095 m/s for mode 2,
demonstrating a consistent translational motion along the −z-
axis. This highlights the dominant role of the magnetic field
in driving the axial motion of the skyrmion core. As h0 in-
creased, v̄z showed a slight but measurable change, indicating
enhanced translational motion along the −z-axis. This behav-
ior underscores the strong influence of the magnetic field on
the skyrmion’s translational dynamics.

In contrast, the average azimuthal velocity v̄φ , shown in
Fig. 8(b), remains close to zero for magnetic fields below
125 mT, indicating negligible rotational motion on average.
However, above 125 mT, v̄φ begins to change significantly,
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reaching a value of −0.129 m/s at 200 mT. This suggests that
higher magnetic fields induce measurable azimuthal motion,
likely due to the interaction between the magnetic field, the
DMI, and curvature-induced effects in the magnetic nanotube
geometry. These curvature effects arise from the magnetic
nanotube geometry, which introduces an effective magnetic
field and modifies the spin texture of the skyrion, leading to the
observed rotational motion at higher fields. The magnetic field
h0 significantly influences the skyrmion core’s velocity com-
ponents, v̄z and v̄φ . As h0 increases from 25 mT to 200 mT,
the following effects are observed: (1) The axial velocity v̄z

represents the translational motion of the skyrmion core along
the magnetic nanotube axis (z direction). For mode 1, v̄z

ranges from −2.064 m/s to −2.077 m/s, while for mode 2,
it ranges from −2.07 m/s to −2.095 m/s. This indicates a con-
sistent translational motion along the −z-axis, driven by the
interplay between the magnetic field, DMI, and anisotropy en-
ergy. The slight variation in v̄z with increasing h0 suggests
that higher magnetic fields enhance the translational motion
of the skyrmion core. (2) The azimuthal velocity v̄φ represents
the rotational motion of the skyrmion core around the mag-
netic nanotube’s azimuthal direction (φ -direction). At lower
magnetic fields (h0 < 125 mT), v̄φ remains close to zero, in-
dicating negligible rotational motion. Above 125 mT, v̄φ be-
gins to increase significantly, reaching −0.129 m/s at 200 mT.
This suggests that higher magnetic fields induce measurable
rotational motion, likely due to curvature-induced effects in
the magnetic nanotube geometry. (3) The magnetic field also
influences the transition from gyration (rotational motion) to
linear translational motion. At lower fields, the skyrmion core
primarily undergoes gyration, but as h0 increases, the trans-
lational motion becomes more pronounced. This transition is
marked by a sudden change in v̄z, as observed in Figs. 8(c) and
8(d), where v̄z shifts from oscillating around zero to a steady
negative value. (4) The direction of the translational motion
is influenced by the sign of the DMI constant, as reported by
Yang et al.[45] In this study, the motion is consistently along
the −z-axis, which is consistent with the positive sign of the
constant DMI in the system. The curvature-induced effects in
the magnetic nanotube geometry further modify the skyrmion
dynamics, leading to the observed directional changes in trans-
lational motion. These effects are distinct from pinning or de-
pinning mechanisms and are intrinsic to the curved geometry
of the magnetic nanotube.

A notable feature observed in this study is the dependence
of the translational motion direction on the excitation mode
and the sign of the DMI constant, as previously reported by
Yang et al.[45] The direction of the translational motion is in-
fluenced by the gyration phase in magnetic nanotubes. This
behavior arises from curvature-induced modifications to the
skyrmion’s spin texture,[45] which generate an effective mag-

netic field. Unlike in planar systems, these effects are intrinsic
to the curved geometry and are distinct from conventional pin-
ning mechanisms.
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Fig. 8. Effect of magnetic field h0 on skyrmion average velocity. (a) Fre-
quency of 13.9 GHz (mode 1). (b) Frequency of 59.6 GHz (mode 2).

4. Conclusion
This study has provided a comprehensive exploration of

the stability and dynamic behavior of skyrmions in magnetic
nanotubes, a geometry that introduces unique curvature effects
and cylindrical symmetry. Unlike planar systems, skyrmions
in magnetic nanotubes adopt an elliptical shape and are sta-
bilized by the interplay between curvature, the DMI, and the
anisotropy constant. Through micromagnetic simulations and
numerical modeling, we have mapped out a phase diagram
that delineates the stable skyrmion state as a function of vary-
ing DMI and anisotropy constants. This phase diagram offers
valuable insights into the parameter regimes where skyrmions
can be stabilized, while also revealing transitions to other mag-
netic states, such as saturated and helical configurations, in un-
stable regions. These findings underscore the complex energy
landscape of magnetic nanotubes and the delicate balance re-
quired to maintain skyrmion stability.

A key contribution of this work is the identification of dis-
tinct dynamic modes of skyrmions, including gyration modes
with a CCW rotational sense, which are strongly influenced by
the magnetic nanotube’s geometric parameters and the applied
microwave field. We demonstrated that the magnetic field sig-
nificantly impacts the skyrmion’s velocity components, with
the axial velocity v̄z exhibiting consistent translational mo-
tion along the −z-axis, while the azimuthal velocity v̄φ re-
mains negligible at lower fields but increases significantly at
higher fields due to curvature-induced effects. The transi-
tion from gyration to linear translational motion, driven by
the interplay between the magnetic field, DMI, and curvature
effects, further highlights the rich and tunable dynamics of
skyrmions in curved geometries. Importantly, the directional
changes in motion are not caused by pinning or depinning ef-
fects but are instead attributed to curvature-induced additional
effects, which modify the skyrmion’s spin texture and intro-
duce an effective magnetic field. These results demonstrate
that magnetic nanotubes provide a robust platform for host-
ing skyrmions, with tunable stability and dynamic properties
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particularly suited for applications in information processing
technologies, such as skyrmion-based memory and logic de-
vices.

Despite these advancements, certain limitations must be
acknowledged. The simulations and numerical models em-
ployed in this study assume idealized conditions, such as uni-
form material properties and perfect cylindrical symmetry,
which may not fully capture the complexities of real-world
systems. Although this study analyzed the gyration dynamics
of skyrmions in nanotubes, breathing modes characterized by
periodic expansion and contraction of the skyrmion core, re-
main an important aspect of their dynamic behavior. Addition-
ally, the study does not account for temperature-dependent ef-
fects, which could play a significant role in skyrmion stability
and motion, particularly in practical applications. Experimen-
tal validation is also needed to confirm the predicted behaviors
and address potential discrepancies between theoretical mod-
els and experimental observations.

Looking ahead, future work should focus on addressing
these limitations and expanding the scope of this research.
Experimental studies are essential to validate the simulation
results and explore the effects of real-world conditions, such
as material defects and temperature variations. Investigating
temperature-dependent dynamics, particularly in the context
of thermal fluctuations and phase transitions, would provide
a more comprehensive understanding of skyrmion behavior in
practical applications. Investigate breathing mode excitations
and compare their properties in curved geometries versus pla-
nar systems, where curvature is expected to modify the ex-
citation spectrum due to asymmetry and radial confinement
effects. Furthermore, exploring the potential applications of
skyrmions in magnetic nanotubes for information processing
technologies, such as skyrmion-based racetrack memory, logic
gates, and neuromorphic computing, could unlock new av-
enues for next-generation devices. Extending the study to
more complex geometries, such as tapered or helical magnetic
nanotubes, and developing multiscale models that combine
micromagnetic simulations with atomistic calculations would
also provide deeper insights into skyrmion dynamics at differ-
ent length scales.

In conclusion, this study advances our understanding of
skyrmion stability and dynamics in magnetic nanotubes, high-
lighting the unique role of curvature effects and their potential
for technological applications. By addressing the limitations
and pursuing the proposed future work, we can further un-
lock the potential of skyrmions in curved geometries, paving
the way for innovative solutions in information processing and
beyond.
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danger R, Bihlmayer G and Blügel S 2011 Nat. Phys. 7 713
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[51] von Malottki S, Dupé B, Bessarab P F, Delin A and Heinze S 2017 Sci.

Rep. 7 12299

[52] Hagemeister J, Romming N, Von Bergmann K, Vedmedenko E Y and
Wiesendanger R 2015 Nat. Commun. 6 8455

[53] Vansteenkiste A, Leliaert J, Dvornik M, Helsen M, Garcia-Sanchez F
and Van Waeyenberge B 2014 AIP Adv. 4 107133

[54] Wang W, Albert M, Beg M, Bisotti M A, Chernyshenko D, Cortès-
Ortuño D, Hawke I and Fangohr H 2015 Phys. Rev. Lett. 114 087203
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