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Skyrmion bags are spin structures with arbitrary topological charges, each of which is composed of a big skyrmion and
several small skyrmions. In this work, by using an in-plane alternating current (AC) magnetic field, we investigate the spin-
wave modes of skyrmion bags, which behave differently from the clockwise (CW) rotation mode and the counterclockwise
(CCW) rotation mode of skyrmions because of their complex spin topological structures. The in-plane excitation power
spectral density shows that each skyrmion bag possesses four resonance frequencies. By further studying the spin dynamics
of a skyrmion bag at each resonance frequency, the four spin-wave modes, i.e., a CCW-CW mode, two CW-breathing
modes with different resonance strengths, and an inner CCW mode, appear as a composition mode of outer skyrmion—inner
skyrmions. Our results are helpful in understanding the in-plane spin excitation of skyrmion bags, which may contribute to
the characterization and detection of skyrmion bags, as well as the applications in logic devices.

Keywords: skyrmion bags, spin-wave mode, power spectral density, micromagnetic simulation

PACS: 75.75.—c, 75.75.Jn, 75.78.Cd, 12.39.Dc

1. Introduction

Magnetic skyrmions, as topologically protected spin
structures characterized by topological charges, have been
widely studied in recent years.!~!”] Skyrmions have the char-
acteristics of small size, topological protection, and low drive
current density, which are conducive to the technical applica-
tions in high-density data storage equipment and low-energy-

s [18-22

consumption spintronic device 1 In particular, the the-

oretical application of skyrmions has been extended to anti-
ferromagnetic skyrmions, including racetrack memories, logic
devices, spin nano-oscillators, and other promising spintronic
devices derived from no spin Hall effect, zero stray field, and
ultra-fast magnetization dynamics.?>->3] Recently, the inter-

action between spin wave and skyrmion has attracted con-

[26-35

siderable attention. I The propagating spin wave strongly

depends on the excitation mode of a skyrmion in frequency,

[33

decay length, and group velocity.!3*! The spin excitation of

microwave AC magnetic field has attracted a lot of attention

due to its potential application in the design of spin-wave

27,35-41

devices.! ' As is well known, the spin-wave mode of

skyrmion contains in-plane counterclockwise (CCW) rotation

mode and clockwise (CW) rotation mode, and one out-of-

27361 Tn addition, the spin-wave modes

42]

plane breathing mode. !
of 27 skyrmion,m’m elliptical skyrmion, 41 bimeron,l
magnetic hopfion of three-dimensional (3D) space,*”! and 3D

fCorresponding author. E-mail: jinchd@hbu.edu
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acd327

skyrmions lattice!**! have been studied. For example, the spin-
wave mode of 27 skyrmions contains four in-plane modes
including two CW modes, two CCW rotation modes, and

37381 the simple breathing

two out-of-plane breathing modes;|
mode of elliptical skyrmion splits into two complex breathing
modes owing to the breaking of the rotational symmetry of the
spin texture;*!! the spin-wave mode of bimeron presents an
anisotropic property when the microwave magnetic field is ap-
plied in the plane;“?! the spin-wave mode of magnetic hopfion
contains five modes of breathing and rotating characters;>°!
the spin-wave mode of the 3D skyrmion lattice exhibits the
CCW mode and CW mode that are excited in pair as the film
thickness increases in the in-plane; 3] three coupled excitation
modes were found in the antiferromagnetic exchange coupling
disk. 14

Skyrmion bags are spin structures with arbitrary topo-
logical charges, each of which is composed of several
small skyrmions with opposite topological charges inside a

[45-48

larger skyrmion. I Compared with skyrmions, skyrmion

bags have high topological charges to represent more

(49,501 Skyrmion bags were discovered in the lig-

information.
uid crystal and the thin plate of B20 chiral FeGe magnet by
polarized optical microscopy and Lorentz transmission elec-
tron microscopy, respectively.[*>31°21 By numerical simula-
tions, the interaction of stable skyrmion bags in the liquid

crystal is similar to that of large skyrmions.*® Moreover,

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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the stability and current-induced motions of skyrmion bags
have been investigated by micromagnetic simulations and in
experiment,[46:48:31.53-331 the spintronic devices with tunable
magnetic fields and variable topological charge driven by cur-
rent have important application prospects.[40:48:31:33,54.361 {jp
to now, the in-plane spin excitation modes of skyrmion bags
are still unclear. The in-plane spin excitations of skyrmion
bags should be richer than those of skyrmions, because of the
nested structure. Therefore, to manipulate skyrmion bags and
promote the development of their potential applications, it is
particularly important to study the spin excitation of skyrmion
bags by applying an in-plane microwave magnetic field. In this
work, we first calculate the ground state of the skyrmion bags,
including the total topological charge and the total energy.
Then, we calculate the power spectrum of the skyrmion bags
and the corresponding spin-wave mode. Finally, we study the
time evolution of skyrmion bag excitation, which contributes
to a better understanding of each spin-wave mode.

2. Micromagnetic simulation details

The ground state and spin-wave resonance modes of
skyrmion bags are obtained by solving the Landau-Lifshitz—
Gilbert (LLG) equation with object oriented micromagnetic
framework (OOMMF).5’! The LLG equation can be ex-
pressed as follows:

%:_YmXHeff‘i‘amX %—T, (1)
where m is the unit vector of magnetization, ¢ is the Gilbert
damping parameter and is set to 0.5 and 0.01 for the solu-
tion of the ground state and the resonant excitation procedure,
respectively, Hegr is the total effective field composed of the
Heisenberg exchange field, the Dzyaloshinskii-Moriya inter-
action (DMI) field, the uniaxial anisotropy field, the demagne-
tization field, and the applied field. The applied field is set to
B, (t) = Bosinc (2nft) and B,(t) = Bysin(27ft) for the ex-
citation spectrum solution and the time evolution solution, re-
spectively. The simulation radius of the nanodisk is 100 nm
and the cell size is 1 nmx1 nmx0.4 nm. Typical parame-
ters for Co on heavy metal substrate parameters are cited from
Refs. [21,54,58], exchange constant A = 1.5 x 10! J/m, DMI
constant D = 3.5 x 10° J/m?,
K, = 0.8 x 10° J/m3, and saturation magnetization Mg = 5.8 X

uniaxial anisotropy constant

10° A/m. Such parameters guarantee the existence of differ-
ent types of skyrmion bags, as reported in Refs. [40,53,54,59].
The ground state of skyrmion bag is denoted by S(n), where
n represents the number of inner skyrmions. The definition of
skyrmion bag in this work is similar to that in Ref. [46], so
the skyrmion bag shown in Fig. 1(a) is denoted as S(4). Ow-
ing to the boundary potential and the large enough interfacial
DML, the initial position of the outer skyrmion (the polarity is

+1) is stable in the middle of the nanodisk, and the four inner
skyrmions (the polarity is —1) are centrally symmetric. The
skyrmion bags are described by topological charge Q, 0!

m Jdm
Q—4(ﬂﬁmw,q7n<8x ay) )

where Q is the total topological charge. Figure 1(b) shows
the topological density distribution corresponding to S(4).
The topological density of the outer skyrmion boundary re-
gion reaches to 4.2 x 10> m~2, and the topological density
of the four inner skyrmions’ region has the lowest value of
—2.44 x 1015

the entire nanodisk, the topological charge of S(4) is —3. It

m~2. By integrating the topological density of

should be noted that if the background magnetization direc-
tion is reversed, then the topological charge sign of skyrmion
bags will be reversed correspondingly.
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Fig. 1. (a) Ground state of S(4) skyrmion bag, with color map charac-
terizing the direction of out-of-plane magnetization m, red color rep-
resenting the magnetization orientation along the z direction, and blue
color denoting that along the —z direction. (b) Topological density of
skyrmion bag, with total topology charge being —3 for S(4).

3. Results and discussion

3.1. Ground state, total topological charge and total en-
ergy of S(0)-S(9)

We first calculate the ground state of S(0)-S(9) in Fig. 2
by micromagnetic simulation. To obtain the ground state of
skyrmion bag, we place a large bubble into the nanodisk and
then set small bubbles into the large bubble. Then, we relax
the magnetic system and obtain the minimum value of the to-
tal energy by using a conjugate gradient method implemented
in the OOMMEF code. >’ The magnetic system is considered
stable when the change of the measured total energy is less
than 1/10° in 10 ns.53! The arrows point in the z-direction
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away from the center of the skyrmion, and an elementary
full skyrmion (S(0)) has a topological charge —1 as shown in
Fig. 2(a). Inside a stretched skyrmion, the arrows point in the
—z direction, and a skyrmion placed here has Q + 1, so the 27-
skyrmion (S(1)) has a topological charge as shown in Fig. 2(b).
Furthermore, as n > 1, S(n) represents different skyrmion bags
shown in Figs. 2(c)-2(j), and their stabilities have been sys-

tematically analyzed in thin magnetic films by simulations. 3!

The magnetic moment direction of the ground state of S(0)—
S(9) are shown in Fig. 2. Skyrmion bag is a nested structure
of small skyrmions contained by a big skyrmion, and its size
becomes larger due to the increasing number of skyrmions. In
addition, to further investigate the properties of skyrmion bag,
we calculate the functional relationship between the total topo-
logical charge (Q) and S(n), and that between the total energy
(E) and S(n).

D3

uF 5 A

5E g BE

e

Fig. 2. Schematics of ground state of (a) simple skyrmion S(0), (b) 27-skyrmion S(1), and ((c)—(j)) skyrmion bags S(2)-S(9) in circular

nanodisk with a radius of 100 nm.

Figure 3(a) shows that Q decreases from 1 to 8 with n in-
creasing from 0 to 9, so Q = 1 —n. Figure 3(b) shows that E
increases from 2.448 x 10713 J (S(0)) to 3.277 x 1018 1 (S(9))
with the increases of S(n), which means that the stability of the
skyrmion bags decreases as the number of inner skyrmions in-

creases.
ON\Q\( (a
-2 ‘\G
S 4
—6
3.3 ‘
2 3.0 Q b)
s
Z 27
&)
24

01 2 3 45 6 789
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Fig. 3. The S(n)-dependent total topological charge Q (a) and total en-
ergy E (b) of the skyrmion bags.

3.2. Map of power spectral density of skyrmion bags

To investigate the spin excitation of skyrmion bags, the
power spectral density (PSD) of skyrmion bag is calculated
as shown in Fig. 4. Specifically, we study the map of PSD
of skyrmion bags varying with n to compare the differences

among the different modes of skyrmion bags. For the excita-
tion spectrum of each skyrmion bag, the map of PSD indicates
the number of resonance frequencies as well as the linewidth
of each resonant frequency, the magnitude of the peak ampli-
tude is represented by the color depth of the color code. The
excitation pulse is the sinc function B,(t) = Bgsinc(2mft),
where the amplitude By is 10 mT in the x-axis direction as
shown in Fig. 4(a). The cutoff frequency is set to 50 GHz.
The excitation frequency can be obtained by the fast Fourier
transform (FFT) of the oscillation of the in-plane x compo-
nent of magnetization, and then the PSD phase diagram of
skyrmion bags with S(n) is obtained by changing S(n) as
shown in Fig. 4(b).
skyrmion, the number of in-plane excitation modes depends

In earlier work, for S(0) as a single

on the DMI value;*!l the in-plane excitation mode of 27
skyrmion S(1) exhibits two resonance modes, and the rela-
tionship between the resonant mode and the uniform mag-
netic field is studied.?”) We mainly focus on the excitation
spectrum of skyrmion bag, i.e., S(n) > 1, there are four in-
plane resonance modes of skyrmion bags, which are different
from those of skyrmions and 27 skyrmions. The resonance
frequency of mode 1 increases monotonically with S(n) in-
creasing from 0.7 GHz (S(2)) to 4.9 GHz (S(9)). With S(n)
increasing from S(2) to S(9), the resonance frequency of mode
2 and mode 4 remain unchanged at 10 GHz and 45 GHz,
respectively. The resonance frequency of mode 3 decreases
from 16.3 GHz (S(1)) to 14.5 GHz (S(3)) and then increases
to 22.9 GHz (S(9)). It is found that the number of modes of the

117503-3



Chin. Phys. B 32, 117503 (2023)

skyrmion bag does not change with n when n > 2, but the res-
onance frequencies of different modes shift with n. Because
each skyrmion bag has four specific modes excited by the in-
plane microwave magnetic field, these modes may be used for

detecting and characterizing skyrmion bags.

(b) 50 Max
— i = .
N .472
40k Mode 4 I g
T = |
3
2 3ot iy
& @
5 [l
g 20
TN
& (:::' Mode 3 0
10 eV oS
2/ Mode 2
e
0 . i . “i’Mode, 1 i
o 1 2 3 4 5 6 7 8 9
S(n)

Fig. 4. Map of power spectral density of skyrmion bags. (a) Excita-
tion pulse By(r) = Bosinc(27mft), where Bp = 10 mT is applied to the
nanodisk of ground state of S(n) along the x direction in the x—y plane,
taking S(4) for example. (b) Resonance frequency of in-plane modes
changing with S(n) increasing from S(0) to S(9). Take S(4) for exam-
ple, each skyrmion bag has four main modes. The color code of the PSD
indicates the peak amplitude of excitation spectrum, i.e., imaginary part
of susceptibility (Im ).

3.3. In-plane spin-wave modes of skyrmion bags

Taking the S(4)-type skyrmion bag for example, the spin-
wave modes of skyrmion bags at in-plane resonance frequen-
cies are studied in detail, as shown in Fig. 5, the four in-
plane resonance frequencies of S(4) are 2.2 GHz, 9.6 GHz,
15.4 GHz, and 44.3 GHz, respectively. For mode 1 at 2.2 GHz,
the resonance amplitude of 8m; in the in-plane magnetiza-
tion region of the outer skyrmion and inner skyrmion are
both larger. The phase of the spatial distribution of the outer
skyrmion changes continuously from —7 to 7, and the phase
changes of the four inner skyrmions are opposite to that of the
outer skyrmion. For mode 2 at 9.6 GHz, the spatial distribu-
tion of the resonance amplitude of the outer skyrmion is larger
than those of four inner skyrmions. The phase of the outer
skyrmion region changes continuously from 7 to —7, and the
phase difference in phase among the four inner skyrmions is
7/2. For mode 3 at 15.4 GHz, the resonance distribution and
phase variation are similar to those for mode 2, and the differ-
ence is that the resonance amplitude of the inner skyrmions is
larger than that of the outer skyrmion. For mode 4 at 44.3 GHz,
the spatial distribution of the resonance amplitudes is concen-

trated in the region of the inner skyrmions, and the phases of

the four inner skyrmions all vary from 7 to —7.

Mode 1 Mode 2 Mode 3 Mode 4

CIOON

Fig. 5. Strong in-plane spin-wave modes of skyrmion bags, with the first row
and second row showing FFT amplitude and phase of dm;, respectively, and
corresponding to the four modes marked in Fig. 4.

3.4. Compound modes of rotation and breathing of
skyrmion bags under in-plane microwave magnetic
field
To further identify each spin-wave mode shown in Fig. 5,

we investigate the magnetization component of the skyrmion

bags at different times by applying a sine-function magnetic
fields with different resonance frequencies, to the bags as
shown in Fig. 6. The sine-function microwave magnetic field
is expressed as By(r) = By sin(27ft), where By = 10 mT, f is
the resonance frequency of each spin-wave mode. To observe
the changes of the skyrmion bag under the action of the sine-
function microwave magnetic field, we present the snapshots
of dm;(t) at different times, where 6m;(¢) is the difference be-
tween the z-direction magnetization component changing with
time and the z-direction magnetization component of the initial
state, and it can be expressed as dm;(t) = m;(t) —m;(0), where
Om(t) is normalized to observe its variation more clearly. The
time evolution of the skyrmion bag in a circle is shown in five
snapshots in Fig. 6(a) when an in-plane microwave AC mag-
netic field at 2.2 GHz is applied to the skyrmion bags. The
outer skyrmion and the inner skyrmion exhibit the CCW ro-
tation mode and the CW rotation mode, respectively. The
opposite directions of the inner rotation and the outer rota-
tion result from the opposite directions of the opposite polar-
ity of the inner skyrmions and the outer skyrmion. The CW
modes of the inner skyrmions are not seen to be in phase,
resulting from the rotation symmetry of the inner skyrmions
being broken due to the influence of the CCW mode of the
outer skyrmion. Figure 6(b) shows the spin-wave modes at

9.6 GHz: the outer skyrmion shows the CW rotation mode,

and the weak breathing mode of the inner skyrmions traces

the CW rotation mode of the outer skyrmion. Figure 6(c)

shows the spin-wave modes at 15.4 GHz, i.e., the weak CW

rotation mode of the outer skyrmion and the strong breathing
mode of the inner skyrmions following the CW rotation mode

of the outer skyrmion. For the spin-wave modes at 9.6 GHz
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and 15.4 GHz, the outer skyrmion shows the same CW rota-
tion mode as a single skyrmion with the increase in frequency;
the inner skyrmions do not show the CCW mode but a breath-
ing mode following the CW mode of the outer skyrmion, be-
cause the rotation symmetry of the skyrmion bag is broken
with the increase in frequency. The supplementary material
video shows the time evolutions of m, and dm; at various res-
onance frequencies, which can conduce to the understanding
of the in-plane spin-wave modes of skyrmion bags, where dm,
is normalized. As can be seen from videos 2 and 3, the in-

ner skyrmion of mode 2 with the largest distance from the

mode, with the key difference being that the inner skyrmion
with the largest distance from the outer domain wall is al-
ways the smallest. The higher frequency of mode 3 causes
the breathing of inner skyrmions to fail to keep up with the
rotation change of the outer skyrmion. Figure 6(d) shows the
spin-wave modes of the skyrmion bag at 44.3 GHz, in which
the outer skyrmion has almost no resonance, and the inner
skyrmion shows a CCW rotation mode. It can be seen from
video 4 that the CCW modes of the four inner skyrmions are

in phase without the influence of the domain wall of the outer

outer domain wall is always the largest; mode 3 is a similar ~ skyrmion.
. 7.00 ns || 7.10.ns || 7.21 ns 7.35.ns | 7.45 ns 1
(a) Bgsin(2wft) (f=2.2 GHz) / - N /
¥ Pl N C ‘H/ ' i / \: “'/
7.0 72 7.4 _—
\\/ Time (ns) 0
(b) B,sin(2rft) (f=9.6 GHz) 7.000 ns 7yo\ns 7.050 ns || 7.085 ns || 7.105 ns
| ) !
W 7.08 12 ( ‘) ) ( gy \ ( ) 5m_21
Time (ns) —
(c) Bysin(2wft) (f=15.4 GHz) 4.055 ns || 4.069 ns | 4.089.ns || 4.109 ns || 4.119 ns
) C 5] > )
A N /.\.\ $ v O 0o n v 9
4] 408 4.10 412 ’ C D )
Time (ns) -
(d) Bysin(2nft) (f=44.3 GHz)/ 1.61‘2 ns || 1.616 ns 1.62[3 ns 1.6?‘1 ns 1.634‘ ns
\'\ : 0 0 . v N T )
1.61 1.62 163
Time (ns)

Fig. 6. Composite mode of rotation and respiration of skyrmion bags in in-plane microwave magnetic field. (a)—(d) Four microwave magnetic
fields at different frequencies correspond to the four spin-wave modes in Fig. 5. The left side is for sine-function microwave magnetic field
with different directions and frequencies applied, and on the right-hand side are time snapshots of the dm;, of the skyrmion bags excited by
different sine-function microwave magnetic fields. The times of four snapshots under the sine-function microwave magnetic field are marked
out in the sine function images on the left-hand side by the black solid circle, and in the middle is the manifestation of spin-wave mode.

The above results provide a method to manipulate the
dynamics of skyrmion bags in nanostructures by using a mi-
crowave magnetic field. For example, in the future, it will
be possible to create,®!l drivel®?] or even detect and char-

s[%3] by using microwave magnetic

acterize the skyrmion bag
fields, which is similar to the reported method of operating
skyrmions. In addition, the in-plane spin-wave modes of
skyrmion bags include some new rotation-breathing coupling
modes (the breathing mode generally appears in the out-of-
plane excitation of the skyrmion!“’l), which can be used for
realizing the logic devices and also contribute to the develop-

ment of skyrmion bags-based oscillators.

4. Conclusions

In summary, we first investigated the ground state of
skyrmion bag. We showed that the energy of geometrically
confined skyrmion bags follows the same nearly linear depen-
dence on topological charge as that of an extended system. By
studying the in-plane excitation of skyrmion bags, we found

that the skyrmion bags have four complex main spin-wave
modes, which are different from the simple rotation modes of
skyrmions. In addition, we focused our attention on the spin
excitation of skyrmion bags. With the increase of resonance
frequency, the four in-plane resonance modes are found as fol-
lows: for mode 1, the outer skyrmion is in a strong CCW ro-
tation mode and each inner skyrmion is in a strong resonance
CW rotation mode; for mode 2, the outer skyrmion is in a
strong CW rotation mode and the inner skyrmions are of weak
breathing mode; for mode 3, the outer skyrmion is in a weak
CW rotation mode and inner skyrmions are of strong breath-
ing mode; for mode 4, the outer skyrmion almost has no res-
onance and each inner skyrmion is in a strong CCW rotation
mode. Because the skyrmion bags possess nested structures of
skyrmions, they have some more complex in-plane spin-wave
modes than a single skyrmion. Our results conduce to the un-
derstanding of the in-plane spin-wave modes of skyrmion bags
and may provide a reference for designing the spintronic and
logic devices.
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Supplementary material

For more information about the micromagnetic simula-
tion, readers may refer to the time domain variation videos of
m; and dm; at each resonance frequency in the supplementary
material, videos 1—4 corresponding to modes 1-4 in sequence.
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