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Three-dimensional magnetic textures present their richness not only in variety of ground state structures, but
also in their dazzling collective modes. As an example, the target skyrmion, a topological spin texture with a
central skyrmion and an extra concentric helical ring, has been enabled by confining a chiral magnet in a

nanodisk geometry. In this work we investigate the collective spin wave modes of the target skyrmion in the
external field region of —400 mT to 400 mT. Through micromagnetic simulations we reproduced three major
phases of the target skyrmion, and derived resonance modes at varying external magnetic field by the power
spectral density study. All typical modes were resolved in terms of their dynamical snapshots in temporal domain
and the corresponding spatial Fourier transformations. Some modes are shown to behave similarly in-plane but
differently out-of-plane, and vice versa. This suggests, on a broader scope, that both responses will be necessary
to fully characterize collective modes of three-dimensional spin textures.

1. Introduction

Nanoscale magnetic systems can host diverse magnetic structures
with different dimensionalities. They are not only of fundamental in-
terests but also promising for many potential applications [1,2]. While
low-dimensional magnetic structures, such as domain walls and sky-
rmions, have been extensively studied [3,4], their three-dimensional
(3D) counterparts have not yet been fully exploited. Recent works, in-
cluding theoretical predictions and experimental observations of 3D
magnetic structures [5-8], have greatly extended the scope of 3D
magnetic structures. The complicated spin configurations of 3D mag-
netic structures may lead to exotic physics and novel device applica-
tions [9]. Thus, it is of vital importance to understand their static and
dynamic properties.

Magnetic skyrmions are topologically protected, particle-like spin
textures. They can be stabilized in thin films or bulk crystals with the
Dzyaloshinkii-Moriya (DM) interaction [10,11] induced by the
breaking of inversion symmetry. Although usually regarded as a two-
dimensional (2D) spin texture, the skyrmion also plays an active role in
constituting 3D magnetic structures, e.g., simple stacking of skyrmions
can form skyrmion tubes [12], and skyrmions in combination with
Bloch points can form the so-called chiral bobbers [8]. The formation of
these 3D magnetic configurations originated from the competition

between different magnetic interactions (such as the exchange inter-
action and the DM interaction) and their stabilities can be further en-
hanced by geometrical confinements [13-16]. A good example is the
recently observed target skyrmion in FeGe nanodisk [17,21,22], i.e., a
central skyrmion with surrounding concentric helical ring(s) near the
edge of the disk. The target skyrmion is stable even in the absence of
external magnetic field, which is an attractive property for practical
applications. Furthermore, due to the addition of a third spatial di-
mension in its magnetic configuration, it becomes one of few examples
of 3D magnetic structure for dynamical resonance study.

Here, we theoretically study the dynamics of a target skyrmion in
detail. Phase diagram of the resonant band is explored under varying
external magnetic field applied along the disk axis. The ground state
configurations of a target skyrmion under a static external field that
extends from — 400 mT to 400 mT are first obtained using micro-
magnetic simulations. It is noted that, depending on the skyrmion po-
larity and the field direction, the target skyrmion undergoes a transition
from 7 skyrmion to 27 skyrmion [23] at small fields and can even
switch its polarity at large fields. We then calculate the power spectrum
of the out-of-plane resonant modes and examine its evolution as a
function of the static external field. Individual resonance modes are
resolved using dynamical simulations and their modulations along
azimuthal, radial and vertical directions are analyzed and discussed
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[24,25].
2. Methodology

In the continuum approximation, the Hamiltonian density of a
chiral magnet can be written as

# = —A(VS)? — DS-(V X S) — uoM;H-S + 7, o)

where S represents the unit vector of magnetization, A is the exchange
constant, D is the strength of the DM interaction, M; is the saturation
magnetization and the last two terms are the Zeeman and dipole-dipole
interactions, respectively. This anisotropy-free Hamiltonian well cap-
tures the phase diagram of target skyrmions, as reported in Ref. [22].

Using this model, the ground state of target skyrmion and the cor-
responding dynamic response to an a.c. magnetic field were computed
using the open source micromagnetic simulation software package
mumax3[26]. mumax® numerically integrates the Landau-Lifshitz-Gil-
bert (LLG) equation [27,28]

S =—1yIS X Het + aS x § )

where y, is the gyromagnetic constant, a is the Gilbert damping con-

ﬁ‘% is the effective field. For the simulations

performed in this work, the exchange constant A = 8.78 pJ/m, DM in-
teraction strength of D = 1.58mJ/m? saturation magnetization
M; = 384 kA/m and damping constant o = 0.001 are employed. The
geometry of the nanodisk is diameter d = 160nm with height
h = 90 nm and the meshed cell size is4 nm X 4 nm X 3 nm. Smaller cell
size (2 nm X 2nm X 1.5 nm) is also used to confirm the simulations and
the final results reported here are independent of mesh size choices.

The simulations considered here are comprised of both ground state
relaxations and dynamic simulations. First, the ground state of the
target skyrmion is determined in the presence of a static, perpendicular
applied external magnetic field along the z axis. An initial skyrmion
state is created in the center of the nanodisk and the energy is then
minimized in order to get the ground state. Then the skyrmion dy-
namics are computed about this ground state by including an additional
a.c. external magnetic field in the z direction, described by the cardinal
sine function Hy, 5‘;‘27”’* where w, = 25 GHz is the cutoff frequency up
to which collective modes will be excited and the amplitude
H,. = 5mT. The simulation is then run for a period of 20 ns, with data
sampled every 5 ps.

stant and Heg =

3. Ground state configurations

Ground states of target skyrmions under different static external
magnetic fields are discussed in this section. A static external magnetic
field is applied along z direction in intervals of 10 mT from — 400 mT to
400 mT. It has been reported that two types of target skyrmions with
opposite polarity can be hosted in chiral magnet nanodisk. Without loss
of generality, a skyrmion with polarity p = —1 is employed here as the
initial state at zero field, where the sign of p is determined by the
magnetization direction at the core of skyrmion. p = +1 target sky-
rmion’s evolution as a function of the external field can be readily
mapped out by reversing all magnetizations.

Fig. 1 shows the top-down view of four sample spin configurations
obtained. The resulting spin textures are target skyrmions with varying
numbers of concentric helical rings. A p = —1 target skyrmion is sta-
bilized at 0 mT (Fig. 1c). When applying an external magnetic field in
+ z direction, the central skyrmion shrinks as the field increases and
there is no obvious change of the spin texture until reaching the max-
imum field value. When an external magnetic field along — z direction
is applied, the central skyrmion transforms from a 7 skyrmion to a 27
skyrmion at — 120 mT. Further increasing the field to — 280 mT results
in a switching of the target skyrmion polarity from p = —-1to p = 1.
Fig. 1(a) has a central skyrmion with an additional edge twist around
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Fig. 1. Evolution of target skyrmion as a function of external magnetic field.
a-d Top surface of static target skyrmion configurations for different external
field values: a — 350 mT, b — 200 mT, ¢ 0 mT and d 350 mT. Color represents the
in-plane angle and black (white) represents negative (positive) z direction. e.
Phase diagram of the target skyrmion. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)

the outside and is symmetrical with opposite helicity and polarity to the
same texture at 350 mT. Fig. 1(b) is a 27 skyrmion with an edge twist
and (c) is a 7 skyrmion. All the collective modes calculations in the
following sections are based on the ground states discussed above.

4. Spin wave modes of target skyrmions
4.1. Determining the modes

The power spectral density (PSD) for each dynamical simulation
was calculated by taking the Fourier transformation of the fluctuations
in the spatially averaged 2z component of the magnetization
8S;(t) = (Sz(t)) — (Sz0). This was done for each value of the external
field from — 400 mT to 400 mT in increments of 10 mT and the collec-
tive result is shown in Fig. 2. There are two discontinuities in the PSD
map, which are corresponding to the transformation from a 7 skyrmion
to a 27r skyrmion at — 120 mT and the switching of the target skyrmion
polarity at — 280 mT, respectively.

At zero magnetic field, twelve significant modes are identified in the
PSD map. The frequencies of these modes show non-monotonic beha-
viors as a function of the applied magnetic field. For positive applied
fields, these twelve modes finally merge into three significant modes
and the frequencies of these three modes monotonically decrease with
increasing field until reaching 400 mT. In contrast, at negative applied
fields, these twelve modes merge into three significant modes around
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Fig. 2. Spectrum of the target skyrmion response as funtion of the external
static magnetic field.
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— 120 mT, the transition point from a 7 skyrmion to a 27 skyrmion. In
addition to the three merged modes, three new significant modes
emerge in the spectrum. This might be explained by the formation of an
additional helical ring and the 27 skyrmion. Further increasing the field
to — 280 mT results in the switching of skyrmion polarity and a dis-
continuity is observed in the PSD map. The corresponding collective
modes in this regime are symmetrical with the three significant modes
in the positive field regime with the same amplitude since the target
skyrmion textures in these two regimes are also symmetric with each
other. A subsequent spatial Fourier transformation is then performed on
each dynamical simulation and detailed analysis of the collective modes
will be discussed below.

4.2. Spatially resolved collective modes

To further understand the collective modes in details, each mode
was resolved by starting with a relaxed target skyrmion at a particular
static external magnetic field and driving it with an a.c. magnetic field,
H,sin2zwt where H,, = 5mT is the amplitude and w is the frequency in
consideration. The resulting real time dynamics of the fluctuations in
the z component of the magnetization and the corresponding spatial
Fourier transformations were then investigated. We confirmed that the
dynamical patterns on the same band in Fig. 2 share similar features, so
that we only need to investigate one typical point on each band only.
Since a target skyrmion is composed of a central skyrmion with sur-
rounding concentric helical ring(s), its collective modes should develop
some patterns in both the radial and azimuthal directions, similar to
that of the collective modes of a simple skyrmion. Some nodes will be
developed, at which the spin deviation 8S, vanishes. In addition, the
finite thickness of target skyrmion is not negligible and it may lead to
some collective modes along the vertical (disk normal) direction. Thus,
it is necessary to characterize each mode of target skyrmion in terms of
the number of nodes in: radial N,, azimuthal N, and vertical N, direc-
tions. We mainly focus on the collective modes for — 350 mT, — 200 mT
and 0 mT as shown in Fig. 3, and the corresponding ground states are
the p =1 target skyrmion at high field, the p = —1 target skyrmion
with 27 central skyrmion and the p = —1 target skyrmion at zero field,
respectively.

The collective modes at zero field are analyzed first. As discussed
above, twelve significant modes (defined as A1-A12) can be identified
in the spectrum at zero field. Mode A1l (Fig. 4a), at 1.45 GHz, has two
nodes in the radial direction. There are four nodes in the azimuthal
direction spaced equally along the circumference. There is one node in
the vertical direction (Fig. 5a) along the outer circumference, but it
does not bisect the core. Mode A2 (Fig. 4b) at 2.70 GHz is similar to

%103
A3 AbB
4 A4 A5 A7 A8 o
. A2 R 3
o I | I A9 A10 o
A | A A1 A12
oot A AN UAN_a 82|
S .
< 1 8
E‘ o
B B 3
&, B B2 3
ol )
2 -
w
14 3
3
C c2 =
0

5 10 15 20 25
Frequency [GHz]

Fig. 3. PSDs for O mT (top), —200 mT (middle) and —350 mT (bottom), re-
spectively.
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mode Al with one radial node located in the center, but it has zero
azimuthal nodes. Like mode Al, there is also one node in the vertical
direction (Fig. 5b), but in this case it extends through the core. Similar
to modes Al and A2, mode A3 at 6.55GHz (Fig. 4c) has two radial
nodes, one close to the center and one close to the edge. A3 also has
four azimuthal nodes spaced equally around the outer edge similar to
mode Al. In contrast to modes Al and A2, mode A3 has two vertical
nodes that bisect the core (Fig. 5¢). Mode A4 (Fig. 4d) at 9.75 GHz has
two nodes in the radial direction. It has eight nodes in the azimuthal
direction that are equally spaced around the outer edge, but the size of
these nodes are not evenly distributed along the circumference. There
are also four weak nodes near the center of the disk. The vertical nodes
of mode A4 (Fig. 5d) are more subtle; there are two nodes that bisect
the core, but do not extend to the outer edge. Mode A5 in Fig. 4e, at
11.35 GHz, has three radial nodes. It has three types of nodes in the
azimuthal direction spaced equally on three different concentric rings
rather than the same ring and each of them has four nodes. Mode A5
has one vertical node that bisects the outer edge ring and two vertical
nodes that bisect the core (Fig. 5e). Mode A6 (Fig. 4f), at 12.60 GHz has
two radial nodes. It has eight crescent shaped elongated nodes at the
edge and four weak nodes near the center in the azimuthal direction. In
the vertical direction, there is one node that bisects the outer ring, but
does not penetrate the core and there are two vertical nodes near the
core (Fig. 5f).

Mode A7 shown in Fig. 6a at 14.07 GHz, has two radial nodes and
eight nodes in the azimuthal direction spaced equally along the other
edge. It has three vertical nodes that bisect the outer edge (Fig. 7a).
Mode A8 at 15.15 GHz, as seen in Fig. 6b, like all prior modes resolved at
0 mT, has two radial nodes. Similar to modes Al and A3, there are four
nodes in the azimuthal direction spaced equally along the outer edge.
There are also four very weak azimuthal nodes near the center of the
disk. In the vertical direction, mode A8 has two nodes that cut through
the entire disk (Fig. 7b). Mode A9, at 16.70 GHz has three radial nodes
(Fig. 6¢). There are twelve azimuthal nodes spaced equally around the
outer edge, but their amplitudes are relatively small. There are also four
azimuthal nodes distributed equally near the center and four connected
azimuthal nodes at the inner core. In the vertical direction, mode A9
has three nodes that bisect the core only (Fig. 7c). Mode A10 (Fig. 6d),
at 17.45 GHz, has two radial nodes and four elongated azimuthal nodes
near the outside edge. There are also four weak nodes in the azimuthal
direction near the center. In the vertical direction, mode A10 has two
nodes bisecting both the outer edge and core (Fig. 7d). Mode All
(Fig. 6e), at 20.48 GHz, has two radial nodes and eight elongated azi-
muthal nodes at the disk edge. It has two vertical nodes that bisect the
outer edge (Fig. 7e). The radial azimuthal modse of Mode A12 (Fig. 6f)
at 21.05 GHz are complicated. It has two radial nodes, one close to the
center has very small amplitude and another one close to the edge.
There are twelve azimuthal nodes with three different shapes at the disk
edge. In the vertical direction, mode A12 has one node near the core
and two nodes that bisect the edge (Fig. 7f).

Among all these modes at zero field, only modes A5 and A9 have
three radial nodes and A2 is the only mode without any azimuthal
nodes. Comparing the in-plane spatial map of the collective modes at
zero magnetic field, it is obvious that mode Al, A2, A3 and A9 have
relatively strong response at the core, while the rest of the modes have
relatively strong response at the edge. These results are also consistent
with the out-of-plane spatial maps, where similar behavior can be
spotted. The collective modes discussed above successfully reflect the
spin texture of a target skyrmion, where the modes near the center are
originated from the central skyrmion and the modes at the edge are
originated from the outer helical ring.

Next, we look at the modes resolved at — 200 mT, where the ground
state is a p = —1 target skyrmion with a 27 central skyrmion. There are
six significant modes in the spectrum, defined as B1-B6. Mode B1 at
2.1 GHz has three nodes in the radial direction and no azimuthal node
(Fig. 8a). Its vertical mode is uniform and thus has no vertical node
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Fig. 4. Spatial Fourier transformation (top) and snapshot of the real time dynamics (bottom) of 65, (¢) resolved at 0 mT. Top surfaces of the disk for modes A1-A6 are

shown.

(Fig. 9a). Mode B2 at 9.7 GHz has three nodes in the radial direction
and no azimuthal nodes (Fig. 8b). There are two vertical nodes that
bisect the disk (Fig. 9b). Mode B3 at 16.55 GHz only has two radial
nodes located in the center and in a surrounding inner ring. It has four
nodes in the azimuthal direction located near the center and along the
outer edge (Fig. 8c). It has one vertical node in the center that bisects
the entire spin texture and three vertical nodes located between the
edge and the center (Fig. 9c). Mode B4 at 20.31 GHz has three nodes in
the radial direction located in the center and an inner and outer con-
centric ring (Fig. 8d). There are no azimuthal nodes. There are three
vertical nodes that penetrate the core in the center and near the top and
bottom faces of the disk (Fig. 9d). Mode B5 at 21 GHz (Fig. 8e) has three
nodes in the radial direction. It has eight azimuthal nodes at the edge
and four azimuthal nodes near the center. B5 has one vertical node in
the outer concentric ring that does not penetrate the core and two
vertical nodes near the center (Fig. 9e). Finally, mode B6 at 23.66 GHz,
has three nodes in the radial direction (Fig. 8f). It also has eight azi-
muthal nodes at the edge and four azimuthal nodes near the center,
which is almost the same with mode B5. But the vertical nodes of B6 are
very different from B5. B6 has two vertical nodes that pierce the outer
rings, but do not penetrate the core and there is one vertical node that
penetrates the core halfway along the disk (Fig. 9f).

All the collective modes at — 200 mT have three radial modes except
mode B3, which only has two radial modes and a strong azimuthal
mode. Bl is the only mode that hosts a uniform vertical mode. Modes
B1, B2 and B4 have strong oscillation amplitude at the center of the
disk, while the oscillation amplitude of B6 at the edge and at the center
are both very strong. The in-plane spatial maps of B5 and B6 are very
similar with each other and they all have strong responses at the edge,
but their out-of-plane spatial maps are quite different. Comparing with
modes A1-A12, modes B1-B6 directly reflects the spin textures of the
target skyrmion with a 27 central skyrmion.

Finally, we analyze the five significant modes at — 350 mT, hereafter
referred to as modes C1-C5. Mode C1 at 3.2 GHz, show in Fig. 10a has
two nodes in the radial direction. There are no nodes in the azimuthal
direction. In the vertical direction, there is one node located halfway
along the depth of the disk that bisects the outside and inner core

[

Max PSD [a.u] Min

(Fig. 11a). Mode C2 at 7.75 GHz has two nodes in the radial direction
and no nodes in the azimuthal direction (Fig. 10b). It has two nodes in
the vertical direction (Fig. 11b). In mode C3 (12.85 GHz), shown in
(Fig. 10c), there are two nodes in the radial direction. One is near the
center and the other one is localized in a concentric ring at the edge.
There are no nodes in the azimuthal direction and no nodes in the
vertical direction (Fig. 11c). The radial symmetry of the nodes reflect
the underlying symmetry of the ground state target skyrmion under
large magnetic field. Similar to mode C3, mode C4 (14.3 GHz) shown in
Fig. 10d also has two nodes in the radial direction located in the center
and a surrounding ring. It has no azimuthal node, but there is a ten-
dency to form eight azimuthal nodes at the edge and four azimuthal
nodes at the center. In contrast to mode C3, mode C4 has one node in
the vertical direction located halfway along the depth of the disk that
cuts through the outer ring of magnetization fluctuations and most of
the way through the inner core (Fig. 11d). Mode C5 at 17.55 GHz,
shown in Fig. 10e is similar to modes C3 and C4 in that it is also has two
nodes in the radial direction, located at the center and in a concentric
ring and no nodes in the azimuthal direction. It has the tendency to
form four azimuthal nodes at the center. In contrast to both modes C3
and C4, mode C5 has two nodes in the vertical direction located ap-
proximately 1/3 and 2/3 the length of the disk, both bisecting the outer
ring and inner core (Fig. 11e).

From the collective modes at — 350 mT, it is obvious that under
strong magnetic fields (along z direction) it is difficult for the target
skyrmion to develop any low-energy azimuthal modes. But the radial
modes and vertical modes can still survive since they have close rela-
tion with the ferromagnetic resonance modes in this geometry. Modes
C3-C5 have both strong response at the center and at the edge, while
the responses of C1 and C2 are only strong at the center. Furthermore,
the in-plane spatial maps of these collective modes show the features of
the hybridized breathing mode, which is similar to that of a 2D sky-
rmion [29]. Animations of all the resonance modes discussed above are
shown in the Supplemental materials.

Fig. 5. Spatial Fourier transformation (top) and snapshot of the real time dynamics (bottom) of 8S, (¢) resolved at 0 mT. x — z plane views of modes A1-A6 are shown.
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Fig. 6. Spatial Fourier transformation (top) and snapshot of the real time dynamics (bottom) of &S, (¢) resolved at 0 mT. Top surfaces of the disk for modes A7-A12 are

shown.
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Fig. 7. Spatial Fourier transformation (top) and snapshot of the real time dynamics (bottom) of &S, (t) resolved at 0 mT. x — z plane views of modes A7-A12 are

shown.
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Fig. 8. Spatial Fourier transformation (top) and snapshot of the real time dynamics (bottom) of &S, (t) resolved at — 200 mT. Top surfaces of the disk for modes B1-B6

are shown.
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Fig. 9. Spatial Fourier transformation (top) and snapshot of the real time dynamics (bottom) of 6S,(t) resolved at — 200 mT. x — z plane views of modes B1-B6 are

shown.

5. Discussions and conclusions

After analyzing all the collective modes above, we can clearly see
the differences between the collective modes in 2D and 3D. Due to the
presence of finite thickness, resonant modes along the disk axis direc-
tion are developed, which could enrich the possible modes hosted by
the skyrmion. For very thin disk, uniform collective modes along the

disk normal direction are more energy favorable, it is difficult to excite
vertical collective modes in this case. When the disk thickness is com-
parable with or even larger than the helical period, it is much easier to
develop these collective modes along the disk normal direction due to
the nature of spin waves and helimagnets. So the thickness of the disk
has to be comparable to the helical period L of the material in order to
get visible effect of the collective modes along the disk normal
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Fig. 10. Spatial Fourier transformation (top) and snapshot of the real time dynamics (bottom) of §S,(t) resolved at — 350 mT. Top surfaces of the disk for modes

C1-C5 are shown.
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Fig. 11. Spatial Fourier transformation (top) and snapshot of the real time dynamics (bottom) of 6S,(t) resolved at — 350 mT. x — z plane views of modes C1-C5 are

shown.

direction. Compared to the skyrmion resonant modes in 2D, there are
strong hybridizations of different 2D simple modes in 3D. For example,
the pure breathing mode is missing in the collective modes discussed
above. It is hybridized with other modes, such as the radial and azi-
muthal spin wave modes and even vertical spin wave modes. Thus, to
study these hybridized modes, it is also important to understand the
simple modes first from simple geometries like 2D nanodisk and one
dimensional nanowire [32]. We also notice that in the vicinity of the
discontinuities in the spectrum, the dynamical response of skyrmion is
really strong (not shown here). This suggests that it is possible to switch
the polarity of skyrmion using the corresponding collective modes,
which might be an energy efficient way to manipulate target skyrmions
[33,34].

Detailed analysis of the collective modes also suggest that 2D spatial
map alone is not enough to distinguish all the different modes. The out-
of-plane spatial maps are also necessary in order to get a complete
understanding of the resonant modes. Collectively, this provides strong
evidence that the resonant modes of 3D spin textures require in-
vestigations in multiple planes in order to be characterized. This might
be challenging experimentally, but the recent discovered 3D X-ray
vector tomography [30] and the related techniques [31] may shed light
on the 3D mapping of resonant modes.

The current simulations were performed at zero temperature and in
a perfect sample. In real experiments, the presence of disorders (e.g.,
edge or point defects) and finite temperature may potentially modify
the calculated spectrum and patterns of the collective modes. For dis-
orders, as suggested by previous studies[18-20], they can affect the
skyrmion dynamics in many ways, e.g., reducing the threshold of de-
pinning force, changing the trajectory of skyrmion motion, etc. For
isolated, geometrically confined systems such as the target skyrmion
under discussion here, we may expect the role of disorder in several
aspects. For weak disorder, the modes with small PSD amplitudes might
be washed out if the target skyrmion’s responses to the a.c. magnetic
fields are not enough to overcome the pinning force. Those modes with
strong amplitudes can still persist due to their strong responses. In this

sense, the driving force (amplitude of the a.c. magnetic field here) be-
comes important for the resonant modes, which is quite different from
the disorder free case. Furthermore, the spatial patterns of different
modes can vary from their original spatial patterns depending on the
distribution or the type of defects. For strong disorder, even the ground
state spin texture of the target skyrmion may change, so the spectrum
may change according to the spin textures.

For finite temperature, broadening of the resonance peak is ex-
pected. The spectrum would not be fundamentally different, although
there might be some modulations of the individual modes.
Furthermore, spatial patterns of the resonant mode should still preserve
their features at finite temperature. Therefore, even in the presence of
moderate finite temperature and disorders, the collective modes and
their spatial features are still measurable.

In conclusion, the response of a target skyrmion to a.c. magnetic
field is investigated using micromagnetic simulations. The full power
spectrum is calculated and it shows that the finite thickness of the target
skyrmion can result in complex behaviors of the resulting resonant
modes. Dynamical simulations are employed to resolve individual re-
sonant modes at the ground state of a p = 1 target skyrmion at high
field, a p = —1 target skyrmion with 27 central skyrmion anda p = —1
target skyrmion at zero field, respectively. It is shown that the target
skyrmion hosts 3D collective modes due to its 3D nature. There are
cases in which the in-plane behavior alone is not enough to fully
characterize a mode and the out-of-plane becomes important, also re-
flecting the three-dimensional nature of the spin texture. The collective
modes studied here could be experimentally excited by applying a.c.
magnetic fields via coplanar waveguides or microcoils with specific
shapes [35]. Successful characterization of the resonant modes is cru-
cial to the prospect of using the target skyrmion as a basic unit in future
spintronic devices. Methodology developed in this work provides a
blueprint for studying resonant modes of any other 3D magnetic
structures.
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