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The dynamic modes of the kπ skyrmions excited by spin waves are investigated. Firstly, formations of kπ skyrmions
are investigated. Secondly, breathing modes of kπ skyrmions excited by spin waves are studied, and it is found that spin
waves can effectively excite breathing modes. The breathing frequencies excited by spin waves are identical to the intrinsic
frequencies for 1π skyrmions, while the breathing frequencies excited by spin waves are larger than the intrinsic frequencies
for 2π skyrmions and 3π skyrmions. Thirdly, gyration modes of kπ skyrmions excited by spin waves are studied, and it is
found that spin waves can effectively excite gyration modes. In particular, the ranges of the trajectories driven by spin waves
with intrinsic gyration frequencies are larger than the ranges of the trajectories driven by spin waves with other frequencies.
This work promotes the understanding of kπ skyrmion dynamics under spin-wave excitation and provides a platform for
developing spin-wave-based microwave devices utilizing kπ skyrmions.
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1. Introduction
Recent advances in spintronics have introduced novel

topological magnetic textures such as magnetic vortices[1] and
skyrmions[2,3] as information carriers. Skyrmions, in particu-
lar, have emerged as a focus of intense research. Compared to
traditional domain walls, skyrmions have gained prominence
due to their non-trivial topologies, sub-nanometer dimensions,
and low critical current density. As topological magnetic
structures, skyrmions can be stabilized through competing
interactions including exchange interaction, Zeeman energy,
and Dzyaloshinskii–Moriya interaction (DMI).[4,5] Since the
prediction of skyrmion existence in magnetic films and mul-
tilayers by Bogdanov and Rößler in 2001,[6] experimental
breakthroughs have followed; Mühlbauer’s team first observed
skyrmions in MnSi crystals through neutron scattering in
2009.[7] Beyond conventional skyrmions, kπ skyrmions have
drawn attention for their unique magnetization profiles. These
rotationally symmetric vortex-like solitons,[8] also termed kπ

radial vortices, exhibit (k + 1)π magnetization rotation from
core to boundary. Unlike conventional skyrmions (k = 1),
their spatial profiles (k > 1) feature additional out-of-plane
domains.[9–11] Among these, of particular interest are the topo-
logical charge properties of the kπ skyrmion: |Q|= 1 for odd
k and Q = 0 for even k. Particularly, this duality enables
unique applications, for example, the 2π skyrmion (Q = 0)
can circumvent skyrmion Hall effect constraints while achiev-
ing higher mobility than conventional skyrmions,[21] offering
solutions for nanoscale motion control challenges.

Furthermore, spin waves can propagate in magnetically
ordered materials and cannot dissipate Joule heating, which is
an obstacle in the semiconductor-based electronics. Then, sub-
sequent studies revealed spin wave modes in skyrmion lattices
via numerical simulations,[12] while materials like Cu2OSeO3

demonstrated characteristic resonance modes — breathing
mode (excited by out-of-plane magnetic fields) and gyration
modes (activated by in-plane magnetic fields),[13–19] which
correlated with skyrmion structures shaped by material pa-
rameters and external static fields.[20–23] Meanwhile, reported
works reveal regulation mechanisms for kπ skyrmion stability
via perpendicular fields, DMI, and mechanical strain.[24–29] As
fundamental excitations in magnetic systems, spin waves may
influence kπ skyrmion configurations and dynamics through
energy or momentum transfer mechanisms. However, few
systematic investigations of the dynamic characteristics of kπ

skyrmions excited by spin waves are reported. In this work,
the dynamic modes of the kπ skyrmions excited by spin waves
are investigated theoretically. Firstly, the numerical simulation
method is presented. Next, formations of kπ skyrmions are in-
vestigated. Then, the breathing modes and gyration modes of
kπ skyrmions excited by spin waves are investigated.

2. Model and method
The numerical simulations are performed using the

Object–Oriented MicroMagnetic Framework (OOMMF) pub-
lic code. To obtain dynamic responses of skyrmions,
the Landau–Lifshitz–Gilbert (LLG) equation is numerically
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solved

∂m(r, t)
∂ t

= −µ0γ (m(r, t)×Heff)

+α

(
m(r, t)× ∂m(r, t))

∂ t

)
, (1)

where µ0 is the vacuum permeability, γ the gyromagnetic
ratio, α the damping parameter, and m(r, t) the normalized
magnetization.[30,31] The effective field Heff can be calculated
by

Heff =−
1

µ0Ms

∂Etot

∂m(r, t)
, (2)

where Heff includes contributions from the exchange field
(Hex), perpendicular magnetic anisotropy field (HPMA), Zee-
man field (HZe), demagnetization field (Hdemag), DMI field
(HDMI), and Etot is the total free energy encompassing all inter-
actions. In magnetic systems, the magnetization vector aligns
with the total effective field direction due to energy compe-
tition, resulting in zero torque along the magnetization direc-
tion. Minimizing Etot numerically yields static configurations,
while dynamic responses are analyzed by applying alternating
microwave fields to modify the Zeeman term.

In this work, cobalt-based cylindrical ferromagnetic thin
films are employed to hold kπ skyrmions. For simulations,
the film is discretized into 2 nm×2 nm×2 nm cells. The pa-
rameters used are: a static magnetic field HZ = 1× 105 A/m,
exchange stiffness Aex = 1.5× 10−11 J/m, gyromagnetic ra-
tio γ = 2.211× 105 m/(A·s), and saturation magnetization
Ms = 5.8× 105 A/m. The DMI constant D and perpendicu-
lar anisotropy constant K are set to specific combinations to
generate kπ skyrmions with distinct topological numbers (k).

3. Results and discussion
3.1. The formations of kπ skyrmions

Firstly, Néel-type kπ skyrmions with k = 1, 2, and 3 are
realized in cobalt-based cylindrical ferromagnetic thin films
with a diameter of 200 nm and a thickness of 2 nm, as shown
in Fig. 1(a). For kπ skyrmions, the magnetization undergoes
multiple rotations between the magnetic core and collinear re-
gions, where k represents the number of sign reversals in the
out-of-plane magnetization component mz along the radial di-
rection. Here, the numerically calculated Q values are−0.882,
0.018, and −0.836 for k = 1, 2, and 3, respectively, which
are consistent with the analytical values (Q = −1 for k = 1,
3 and Q = 0 for k = 2). The magnetization mz along the x-
axis for 1π , 2π , and 3π skyrmions is shown in Fig. 1(b). It
can be seen that the magnetizations preserve radial symme-
try, and the count of magnetization rotation increases as the
topological number (k) increases. In addition, the morpholog-
ical manipulations can be seen in Fig. S1 in the supplementary
materials.
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Fig. 1. (a) The kπ skyrmions on a cylindrical ferromagnetic thin
film. (D = 3.2 mJ/m2 and K = 0.6× 106 J/m3 for the 1π skyrmion,
D = 3.95 mJ/m2 and K = 0.8× 106 J/m3 for the 2π skyrmion, D =
3.185 mJ/m2 and K = 0.5× 106 J/m3 for the 3π skyrmion). (b) The
out-of-plane magnetization mz of 1π skyrmion, 2π skyrmion, and 3π

skyrmion along x-axis.

3.2. Breathing modes excited by spin waves

Secondly, breathing modes of kπ skyrmions ex-
cited by spin waves are investigated. We adopt the
cobalt-based rectangular ferromagnetic thin film shown in
Fig. 2(a) as the simulation platform, with the dimensions of
1000 nm×1000 nm×2 nm. In order to identify the intrin-
sic frequency of the breathing mode, a sinc-function mag-
netic field 𝐻z(t) = Hz0sinc(ωH (t− t0)) · 𝑧̂ (Hz0 = 200 A/m,
ωH = 2π f with f = 100 GHz, t0 = 0.1 ns) is applied to the
whole x–y plane for 3 ns. The evolution of the average mz

over the entire region (mz–t relations) can be collected and the
power spectra from the fast Fourier transform (FFT) of mz–
t relations can be calculated, from which we can get the in-
trinsic frequency of the breathing mode. Here, parameters of
D = 3.2 mJ/m2 and K = 0.6×106 J/m3, D = 3.95 mJ/m2 and
K = 0.8×106 J/m3, D = 3.185 mJ/m2 and K = 0.5×106 J/m3

are chosen to hold the 1π skyrmion, the 2π skyrmion, and the
3π skyrmion, respectively.

As shown in Fig. 2(b), only one FFT peak can be ob-
served for the 1π skyrmion which corresponds to the intrinsic
breathing mode. Particularly, the breathing modes shift to the
higher frequencies with decreasing the D values. For the 2π

skyrmion as shown in Fig. 2(c), two intrinsic breathing modes
f21 and f22 can be obtained. In addition, the breathing modes
f21 almost do not move with changing the D values, while the
breathing modes f22 shift to the higher frequencies with de-
creasing the D values, which is similar to that for 1π skyrmion.
Especially, up to three breathing modes can be obtained in the
3π skyrmion as shown in Fig. 2(d). Similar to that for the 1π

skyrmion and the 2π skyrmion, the breathing modes f31 al-
most do not move while the breathing modes f33 shift to the
higher frequencies with decreasing the D values. Typically,
the breathing modes f32 can be obtained by choosing parame-
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ters precisely, and would be annihilated with increasing the D
values.

To further investigate the characteristics of resonant
mode, spatial profiles of the magnetization fluctuations δmz(t)
are presented in Figs. 2(e)–2(j). The kπ skyrmions are driven
under a sin-magnetic field 𝐻 ′

z (t)=H ′z0 sin(ωHt) · 𝑧̂ with H ′z0 =

200 A/m and ωH = 2π f with f = 9.33 GHz for the 1π

skyrmion, 4.67 GHz and 32.33 GHz for the 2π skyrmion,
0.67 GHz, 12 GHZ, and 16 GHz for the 3π skyrmion. Sev-
eral snapshots of the spatial profiles of the magnetization mz(t)

from 1.5 ns to 2.3 ns are saved when the dynamic resonances
hold stable. Then, magnetic variation δmz(t) = mz(t)−mz(0)
can be achieved, which describes the spatial profiles of the
resonant fluctuation. The static profile mz(0) is also shown
in Figs. 2(e)–2(j). It can be seen that the magnetization fluc-
tuations perform strong intensity around the regions of the
kπ skyrmions with mz(0) = 0 and preserve radial symmetry,
which indicates the breathing mode. At the same time, it can
be seen that the magnetization fluctuations show different pro-
files with varied topological numbers (k).
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Fig. 2. (a) Schematic diagram of identifying the breathing mode of kπ skyrmions with applying an out-of-plane magnetic field along the z-axis to the
whole ferromagnetic thin film. FFT power spectrum of mz–t relations under for (b) 1π skyrmion, (c) 2π skyrmion, and (d) 3π skyrmion. Spatial profiles
of the breathing mode with (e) 1π skyrmion, (f)–(g) 2π skyrmion, and (h)–(j) 3π skyrmion.

Furthermore, the dynamic properties of breathing modes
excited by spin waves are investigated. As shown in Fig. 3(a),
we apply a sinusoidal magnetic field 𝐻sw (t)=Hsw0 sin(ωHt) ·
x̂ (Hsw0 = 200 A/m, ωH = 2π f with f = 100 GHz) to the left
rectangular area of the film to excite spin waves. Then, the
spin waves will propagate toward the kπ skyrmions located at
the film center and interact with the kπ skyrmions, as shown
in Fig. 3(b). Therefore, the spin waves stimulate the breathing
modes of the kπ skyrmions in the center of the cobalt-based
rectangular ferromagnetic thin film. Similar to the process of
investigating the intrinsic breathing modes by applying alter-
nating magnetic fields to the whole ferromagnetic thin film,
the evolutions of the average mz over the entire region are col-

lected and the corresponding FFT are calculated, from which
we can get the frequencies of the breathing modes excited by
spin waves.

Figures 3(c), 3(d), and 3(e) present the frequencies of
breathing modes excited by spin waves for the 1π skyrmion,
the 2π skyrmion, and the 3π skyrmion, respectively. As shown
in Figs. 3(c), 3(d), and 3(e), one breathing mode, two breath-
ing modes and three breathing modes can be observed for the
1π skyrmion, the 2π skyrmion, and the 3π skyrmion, respec-
tively. Meanwhile, f11, f22, and f33 shift to higher frequen-
cies with decreasing D values, while f21 and f31 do not move.
Especially, the breathing modes f32 present extremely weak
intensities.
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skyrmion, and (e) 3π skyrmion.

Table 1. Difference of breathing frequencies between intrinsic excitation and spin-wave excitation.

1π skyrmion 2π skyrmion 3π skyrmion

f11 f21 f22 f31 f32 f33

D1 0 0 0.34 0.33 – 0.67

D2 0 0 1.00 0.33 – 0.66

D3 0 0 0.67 0.33 – 0.67

D4 0 0 0.67 0.33 – 0.33

To compare the intrinsic breathing frequencies with the
breathing frequencies excited by spin waves, we summarize
the values of frequency difference ∆ f (∆ f = fspin waves −
fintrinsic) in Table 1. It can be seen that the breathing fre-
quencies excited by spin waves are identical to the intrinsic
frequencies for 1π skyrmions with different D values. For
2π skyrmions, the breathing frequencies f21 are identical, but
the breathing frequencies f22 excited by spin waves are a lit-
tle larger than the intrinsic frequencies with different D val-
ues. For 3π skyrmions, the peaks related to f32 are broad and
weak, so we have not compared the differences. Similar to 2π

skyrmions, the breathing frequencies f31 and f31 excited by
spin waves are larger than the intrinsic frequencies with differ-
ent D values. Especially, the differences for 3π skyrmions are
obviously larger than those for 2π skyrmions; the reason for
this is still under investigation. However, it is proved that spin
waves can effectively excite breathing modes of kπ skyrmions.

3.3. Gyration modes excited by spin waves

Thirdly, gyration modes of kπ skyrmions excited by spin
waves were investigated. For the conventional 1π skyrmion,
the gyration modes include counterclockwise (CCW) gyration
mode and clockwise (CW) gyration mode, which can be ex-

cited and observed when an alternating magnetic field is ap-

plied in parallel to the skyrmion surface.[21–23] In this sec-

tion, following the methodology of the previous section, pa-

rameters of D = 3.2 mJ/m2 and K = 0.6× 106 J/m3, D =

3.95 mJ/m2 and K = 0.8× 106 J/m3, D = 3.185 mJ/m2 and

K = 0.5×106 J/m3 are chosen to realize the 1π skyrmion, the

2π skyrmion, and the 3π skyrmion, respectively.

As shown in Fig. 4(a), in order to get the intrinsic gy-

ration modes, we apply an in-plane sinc-function magnetic

field 𝐻x (t) = Hx0sinc(ωH(t − t0)) · x̂ with Hx0 = 200 A/m,

ωH = 2π f ( f = 100 GHz), t0 = 1 ns, and t ranging from

0 to 10 ns to the whole film. Figure 4(d) shows the corre-

sponding FFT power spectrum of the mx–t relationships for

1π skyrmion. It can be seen that a prominent resonance peak

was observed at 32.6 GHz, which corresponds to the intrin-

sic gyration mode. To further demonstrate the characteristics

of this gyration mode, the trajectory of the guiding center un-

der a sinusoidal driving field 𝐻 ′
x (t) = H ′x0 sin(ωHt) · x̂ with

H ′x0 = 200 A/m, ωH = 2π fdriving ( fdriving = 32.6 GHz) is pre-

sented in Fig. 4(e). The coordinates (Rx, Ry) of the guiding
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center are defined as follows:[32–34]

Rx =

∫∫
xqdxdy∫∫
qdxdy

, Ry =

∫∫
yqdxdy∫∫
qdxdy

, (3)

where q is the topological charge density. It is obvious that
the guiding center presents a CCW circular trajectory, which
indicates a dynamic gyration mode. Especially, the topologi-
cal number Q can be 0 for 2π skyrmion, and it is not suitable
to use Eq. (3) to calculate the coordinates of the guiding cen-
ter for 2π skyrmion. Therefore, we only discuss the gyration

modes of 1π and 3π skyrmions excited by spin waves.
Next, the dynamic properties of gyration modes excited

by spin waves are investigated. As shown in Fig. 4(c), a sinu-
soidal magnetic field 𝐻sw (t) = Hsw0 sin(ωHt) · x̂ is applied to
the left rectangular area of the film to excite spin waves, which
is same to that of the investigation on the breathing modes ex-
cited by spin waves. As shown in Figs. 4(f)–4(j), the guiding
centers present a linear trajectory driven by spin wave with
frequency of 32.6 GHz, and elliptical trajectories driven by
spin waves with frequency of 10 GHz, 20 GHz, 30 GHz, and
40 GHz.
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Furthermore, 3π skyrmions excited by spin waves are in-
vestigated. Figure 5(a) displays the FFT power spectrum of
the 3π skyrmion, where gyration resonance peaks appear at
1.5 GHz, 2.7 GHz, and 34.9 GHz, indicating its multi-mode
dynamic response. Figure 5(b) shows the trajectories of the
guiding center (Rx,Ry) under sin-magnetic field driving at in-
trinsic gyration. It can be seen that the gyration modes present
two CCW and one CW motions. Figures 5(c)–5(e) show the
trajectories of the guiding center (Rx,Ry) under spin wave driv-
ing at intrinsic gyration. It can be seen that the gyration modes
present one CCW and two CW motions. It is suggested that
the guiding centers driven by spin waves with different fre-
quencies all present elliptical trajectories. Particularly, the
ranges of the trajectories driven by spin waves with intrinsic
gyration frequencies are larger than the ranges of the trajecto-
ries driven by spin waves with other frequencies. The trajecto-
ries with driving frequencies of 10 GHz∼40 GHz can be seen
in Figs. S3(a)–S3(d) in supplementary materials.

4. Conclusion

In summary, the dynamic modes of the kπ skyrmions
excited by spin waves are investigated. Firstly, formations
of kπ skyrmions are investigated by varying the DMI con-
stant D and perpendicular anisotropy constant K. Next, the
breathing modes and gyration modes of kπ skyrmions excited
by spin waves are investigated. It is proved that spin waves
can effectively excite breathing modes of kπ skyrmions. The
values of frequency differences are summarized to compare
the intrinsic breathing frequencies with the breathing frequen-
cies excited by spin waves. The breathing frequencies ex-
cited by spin waves are identical to the intrinsic frequencies
for 1π skyrmions, while the breathing frequencies excited by
spin waves are larger than the intrinsic frequencies for 2π

skyrmions and 3π skyrmions. Meanwhile, spin waves can ef-
fectively excite gyration modes of kπ skyrmions. The guid-
ing centers driven by spin waves with different frequencies all
present elliptical trajectories. More importantly, the ranges of
the trajectories driven by spin waves with intrinsic gyration
frequencies are obviously larger than the ranges of the trajec-
tories driven by spin waves with other frequencies. This work
enhances the understanding of kπ skyrmion dynamics under
spin-wave excitation and provides a platform for developing
spin-wave-based microwave devices utilizing kπ skyrmions.
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Georgii R and Boöni P 2009 Science 323 915
[8] Jiang J, Wu Y, Kong L, Wang Y, Li J, Xiong Y and Tang J 2021 Acta

Mater. 215 117084
[9] Binasch G, Grünberg P, Saurenbach F and Zinn W 1989 Phys. Rev. B

39 4828
[10] Baibich M N, Broto J M, Fert A, Nguyen V D F and Petroff F 1988

Phys. Rev. Lett. 61 2472
[11] Vigo-Cotrina H and Guzman-Arana A 2023 J. Magn. Magn. Mater. 585

171122
[12] Mochizuki M 2012 Phys. Rev. Lett. 108 017601
[13] Onose Y, Okamura Y, Seki S, Ishiwata S and Tokura Y 2012 Phys. Rev.

Lett. 109 037603
[14] Kim J V, Garcia-Sanchez F, Sampaio J, Moreau-Luchaire C, Cros V

and Fert A 2014 Phys. Rev. B 90 064410
[15] McKeever B F, Rodrigues D R, Pinna D, Abanov A, Sinova J and

Everschor-Sitte K 2019 Phys. Rev. B 99 054430
[16] Garanin D A, Jaafar R and Chudnovsky E M 2020 Phys. Rev. B 101

014418
[17] Wang W, Beg M, Zhang B, Kuch W and Fangohr H 2015 Phys. Rev. B

92 020403
[18] Moon K W, Kim D H, Je S G, Chun B S, Kim W, Qiu Z Q, Choe S B

and Hwang C 2016 Sci. Rep. 6 20360
[19] Jin C, Song C, Wang J, Xia H, Wang J and Liu Q 2017 J. Appl. Phys.

122 223901
[20] Liu Y, Yin G, Zang J, Shi J and Lake R K 2015 Appl. Phys. Lett. 107

152411
[21] Lonsky M and Hoffmann A 2020 Phys. Rev. B 102 104403
[22] Liu Y, Lake R K and Zang J 2018 J. Magn. Magn. Mater. 455 9
[23] Miriyala V P K, Zhu Z, Liang G and Fong X 2019 J. Magn. Magn.

Mater. 486 165271
[24] Song C, Ma Y, Jin C, Wang J, Xia H, Wang J and Liu Q 2019 New J.

Phys. 21 083006
[25] Liu X, Zhu Q, Zhang S, Liu Q and Wang J 2015 AIP Adv. 5 087137
[26] Mehmood N, Song X, Tian G, Hou Z, Chen D, Fan Z, Qin M, Gao X

and Liu J M 2019 J. Phys. D: Appl. Phys. 53 014007
[27] Zhang Y, Shi M, Wang W, Xu X, Tian M, Song D and Du H 2023 Nano

Lett. 23 10205
[28] Vigo-Cotrina H, Monteiro D, Urruchua J and Guimarães A 2022 J.
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