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We explored the variations of the topological magnetic textures of vortices, skyrmions, and skyrmioniums
in magnetic elements of hemispherical-shell shape with respect to surface-normal uniaxial magnetic anisotropy
constant K,,, Dzyaloshinskii-Moriya interaction (DMI) constant D;,, and shell diameter 2R. For given values of
2R, the combination of K, and Dj, plays a crucial role in the stabilization of those different spin textures. With
decreasing 2R, the geometrical confinement of hemispherical shells more significantly affects the stabilization
of skyrmions owing to curvature-induced DM-like interaction. This effect is contrastingly dependent on the sign
of Djy: skyrmion formation is more favorable for positive Dy, values, whereas it is less favorable for negative
ones. A quite promising feature is that skyrmions can be stabilized even in the absence of intrinsic DMI for
2R < 25nm. We also explored characteristic dynamic properties of skyrmions excited by in-plane and out-of-
plane oscillating magnetic fields. Similarly to the fundamental dynamic modes found in planar dots, in-plane
gyration and azimuthal spin-wave modes as well as out-of-plane breathing modes were found, but additional
higher-frequency hybrid modes also appeared due to coupling between radially quantized and azimuthal spin-
wave modes. Finally, we found a switching behavior of skyrmion polarity through a transient skyrmionium
state using very-low-strength AC magnetic fields. This work provides further physical insight into the static and
dynamic properties of skyrmions in curved-geometry nanodots and suggests potential applications to low-power-

consumption and ultra-high-density information-storage devices.

DOLI: 10.1103/PhysRevB.104.134427

I. INTRODUCTION

Topological solitons of magnetic materials such as vortices
[1,2], skyrmions [3-5], and skyrmioniums [6-8] have at-
tracted considerable attention [9—11] due to their fundamental
characteristics and technological applications to future po-
tential information-storage and -processing devices [12-16].
Earlier studies demonstrated that skyrmions, given advantages
including their nanoscale size, topologically protected dy-
namic behaviors, and ultralow-power-consumption motions,
can be used as information carriers [12—-16]. These studies
focused on two-dimensional (2D) planar nanostructures in-
cluding nanostripes [12,13], nanodisks [13], and thin films
[14-16]. In such 2D planar geometry systems, skyrmion-core
gyrations [17,18] and azimuthal spin-wave modes [19,20]
in either the clockwise (CW) or counterclockwise (CCW)
rotation sense, as excited by in-plane AC magnetic fields,
as well as the breathing mode [21] excited by out-of-plane
AC magnetic fields, have been found. Among those dynamic
features, low-power-consumption motions of tiny skyrmions
have attracted much attention, because they can be used as
information carriers in racetrack stripes. Furthermore, the
skyrmion polarity (defined by either core magnetization) can
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be switched by different means: magnetic field [22-24], elec-
tric field [25,26], or spin current [27,28]. These methods can
affect the stability of skyrmions during the modes’ excitations.
Therefore, it is necessary to sustain transformed states [22—24]
or to further enhance the stability of skyrmions, even under
continuous AC fields or currents.

In typical 2D planar dots, skyrmion formation generally
is stabilized by the competition between the Heisenberg
exchange coupling and Dzyaloshinskii-Moriya interaction
(DMI) [29,30]. In B20 compounds such as MnSi [31] and
FeGe [32], intrinsic bulk DMI arising from a noncentrosym-
metric crystalline structure plays a primary role in stabilizing
2D hexagonal lattices of Bloch-type skyrmions [33-34]. In
the thin films of interfaces between ferromagnets and heavy
metals with strong spin-orbit coupling, interfacial DMI arising
from inversion asymmetry at the interfaces plays a domi-
nant role in stabilizing Néel-type skyrmions [35,36]. Quite
interestingly, as an alternative route to further stabilization of
chiral skyrmions, geometrical confinements have been used
to introduce curvature-induced DM-like interaction [37-42].
For example, it was reported that the presence of a local-
ized curvilinear defect enhances the stability of skyrmions in
perpendicularly magnetized ferromagnetic thin films, [37,38]
and that curvilinear geometries can enhance the effect of DM-
like interaction and reduce the effective magnetic anisotropy
[40,41]. More promisingly, the curvature effects of spherical
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shells [39] and hemispherical shells [42] have been reported
to further stabilize skyrmions even in the absence of intrinsic
DMI. Although these studies reported that skyrmions can
be formed more favorably in curved geometries than in 2D
planar ones, the dynamic features of spin textures in three-
dimensional (3D) nanodots are still lacking, especially in
terms of the fundamental modes and their polarity switching
for information-storage applications.

In this study, we numerically simulated topologically pro-
tected spin textures in a curved geometry of hemispherical
shells of 1 nm thickness and 2R = 25-100nm diameter
with respect to surface-normal uniaxial magnetic anisotropy
constant K;, and DMI constant Dy,,,. We also explored the char-
acteristic dynamic modes of skyrmions in the model system
and found a mechanism of skyrmion polarity switching. The
results provide not only a deeper understanding of skyrmion
stability in curved geometries but also an efficient means of
stabilizing skyrmions in nm-size dots without intrinsic DMI.
Furthermore, from an application point of view, such a switch-
ing mechanism and further-stabilized skyrmions in the shell
structure in the absence of intrinsic DMI are promisingly ap-
plicable to low-power-consumption, high-density, nonvolatile
memory devices [43].

The paper is organized as follows. Section II details mi-
cromagnetic simulations performed for a half-spherical shell
model. Section III A discusses a phase diagram of static spin
textures along with their topological charges as functions of
both K, and Dj, constants. Sections III B and I C explain
the structure stabilization of Néel-type skyrmions formed in
hemispherical shells and their characteristic dynamic modes,
respectively. In Secs. IIID and IITE, the skyrmion polarity
switching mechanism is discussed. Finally, in Sec. IV, the
results are summarized.

II. MICROMAGNETIC SIMULATIONS

The model employed in the present simulation is a
hemispherical shell structure of ultrathin thickness (t =
1 nm) representative of different outer diameters ranging 25—
100 nm, as shown in Fig. 1(a). In order to examine the
dependence of the perpendicular magnetic anisotropy (PMA)
on the thickness of thin films [44], we also varied the uni-
axial magnetic anisotropy constant K,, even for a constant
single value of shell thickness t = 1 nm. The 3D volume of
the model structure is discretized into tetrahedrons with an
average surface-node distance of 1 nm, and the curved sur-
face is discretized into triangles of nearly equal areas using
hierarchical triangular mesh [45] in order to prevent incurring
of numerical errors by irregularities. To initially position the
core of a single skyrmion at the center, the height (%) was set to
99.9% of a given radius (R) [46]. This geometrical asymmetry
does not modify the overall static and dynamic characteristics
of a single skyrmion in the shell.

In order to calculate the dynamic motions of individ-
ual magnetizations at every node in the given hemispherical
shells, micromagnetic simulations were conducted using an
internally developed micromagnetic code (magnum.fe) [47]
that utilizes the Landau-Lifshitz-Gilbert (LLG) equation [48],
oM/dt = —yMxHe + (o/M;)Mx0M/0t, where « is the
Gilbert damping constant, y is the gyromagnetic ratio, and

(a) Hemispherical shell  (b) e,

FIG. 1. (a) Perspective view of model system: Hemispherical
shell of diameter 2R, height & = 0.999R, and shell thickness t =
1 nm. (b) Representation of spherical coordinates of three unit vec-
tors of e,, ey, and e, on reference frame of local surface marked
by blue surface point for local magnetization m marked by red
arrow). (c) Single Néel-type skyrmion in hemispherical shell of 2R =
100nm and (d) its unrolled plane-view representation along with
corresponding m, profiles across center of equivalent flat disk. The
colors correspond to the surface-normal magnetization component
m, = M,/M; as indicated by the scale bar.

H . is the effective field given as Heg = —ﬁ aﬁ\‘/}‘. The total

energy density Ei includes the magnetostatic, magnetocrys-
talline anisotropy, exchange, DMI, and Zeeman energies. The
intrinsic DMI energy was employed in the form Epy =
J Dine[m - Vi, — m, Vm] dV, where Dy is the DMI constant
and m, is the surface-normal component of the magnetiza-
tion vector field. The materials of the model are assumed to
be cobalt (Co) interfaced with platinum (Pt) for the follow-
ing material parameters [15]: saturation magnetization M, =
580kA/m, exchange stiffness Aex = 15 pJ/m, and damping
constant & = 0.3. In order to examine the variation of static
spin textures in hemispherical shells of given diameters with
both K, and Dj,;,we varied K, in a range of 0 ~ 0.8 MJ/ m?
and Dj, in a range of —8.0 ~ +8.0 mJ/m?. The easy axis
of magnetic anisotropy as well as the DMI axis were set
along the surface-normal axis at each node’s position of given
shells.

For better visualization of the spin textures obtained in the
shells of a curved surface and the radial and azimuthal sym-
metries, we converted simulation data sets from the Cartesian
coordinates (x, y, z) basis to spherical coordinates (e, eg, €,)
(er, eg, ey). As seen in Fig. 1(b), the unit vector of local
magnetizations (red arrow) is expressed as (m,, mg, my) =
(m-e.,m-eg, m-e,), where r is the radial distance, 6 is
the polar angle, and ¢ is the azimuthal angle in the frame
of local spherical coordinates. Figure 1(c) shows a single
skyrmion formed in a hemispherical shell of 2R = 100 nm
and t = I nm for K, = 0.80MJ/m? and Dj, = 3.0 mJ/m>.
For better visualization of the formed skyrmion, Fig. 1(d)
shows the 3D shell model unrolled in a planar view ac-
cording to the following transformation: X = ﬁx, Y =
Sig 7y, and R = %R, where (X, Y) is the in-plane position in
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FIG. 2. Phase diagram of different spin textures as functions of
surface-normal uniaxial magnetic anisotropy K, and intrinsic DMI
constant Dj,, as represented by (a) spatial distribution of m, and
(b) topological skyrmion number S. (c) Representative ground (or
metastable) states for indicated values of D;, and K,,: (i) vortex, (ii)
skyrmion, (iii) skyrmionium, and (iv) surface-normal-oriented state
along with corresponding m, profiles across center of hemispherical
shell.

the unrolled disk and R’ is its radius in the frame of Cartesian
coordinates. Note that the spatial distributions of local mag-
netizations and topological charges in the static and dynamic
configurations of spin textures are viewed in such unrolled
planar disks (for more details, see Supplemental Material S1
[49]).

III. RESULTS AND DISCUSSION

A. Phase diagram of spin textures

Since uniaxial magnetic anisotropy favors collinear mag-
netizations while intrinsic DMI prefers noncollinear chiral
magnetizations, their competition results in a rich variety of
chiral spin textures. We obtained ground-state (or metastable-
state) spin textures after relaxation of an intended Néel-type
skyrmion state for 10 ns with « = 1 in a hemispherical shell of
2R = 100nm for My = 580kA/m and Ax = 15pJ/m, with
respect to Djy in a range 0—3.0 mJ/m? in steps of 0.1 mJ/m?,
and K, in a range 0-0.8 MJ/m? in steps of 0.05MJ/m? (for
the other shell diameters, see Supplemental Material S2 [49]).
Figures 2(a) and 2(b) show the phase diagrams for each
set of (K,, Din), as represented by the spatial distributions
of the surface-normal component m, = Mr/Ms in the un-
rolled disk and by the corresponding skyrmion number S,
respectively, where S = [[, (1/4m)m - (dxym x dym)dXdY
with A representing the entire area of the unrolled disk
[50]. In both phase diagrams, the characteristic spin tex-

tures are very distinct: vortex, skyrmion, skyrmionium, and
surface-normal-oriented magnetization states, as clearly seen
in Fig. 2(c). The topological textures of the vortex, skyrmion,
and skyrmionium were clrealy classified by their own char-
acteristic magnetization configurations and, furthermore, by
the relevant skyrmion number, S ~ 0.5 (green), ~1 (yel-
low), and ~O0 (light blue), respectively [see Fig. 2(b)]. Note
that S for the skyrmion state in infinite planar thin films
is a unity, but in the shells, the estimated S values are
not unity but rather close to 1, due to DMI-induced chiral
magnetizations at the boundary of the finite geometry [51].
Figure 2(c) clearly displays the four different characteris-
tic spin textures at [Dim(mJ/mz), KM(MJ/m3)] =[0.0, 0.00],
[3.0, 0.80], [2.5, 0.25], and [0.0, 0.80], as marked by num-
bers (i) (vortex), (ii) (skyrmion), (iii) (skyrmionium), and (iv)
(surface-normal-oriented states), respectively, on the phase di-
agram. The directions of the arrows and local colors represent
the directions of the local magnetizations and their surface-
normal components (m,), respectively. The corresponding
line profiles of m, across the geometrical center of the
shells feature the representative magnetization configurations
of the vortex, skyrmion, skyrmionium, and surface-normal
states.

For lower K, and Dj,; values (left-bottom corner region in
phase diagram), the vortex states are favorable, which con-
sist of out-of-plane magnetizations at the core and in-plane
magnetizations radially pointing to the core. The radial vor-
tex structure is known to appear in planar disks as well in
cases where interfacial DMI is employed [52]. The size of
the vortex core increases with K, for given values of Djy
[see Fig. 2(a)]. On the other hand, for K, values larger than
a certain critical value of K, as well as D;,, values marked
by the yellow regions in Fig. 2(b), the skyrmion states are
stabilized. The skyrmion state is characterized by upward (or
downward) magnetizations at the core along with opposite
core magnetizations around the core, as well as the Néel-
type domain wall between the two regions. The size of the
skyrmion core increases with Dj, but decreases with K, up to
its threshold value above which the skyrmion state transforms
into the surface-normal-oriented state.

We should note that even with zero Dy, the skyrmion
state appeared at K, = 0.25MJ/m>, which was caused by
the curvature-induced DM-like interaction [40,41]. Further-
more, quite interestingly, skyrmionium states appeared in a
certain region (left top) of higher Dj,, and lower K, values,
which differ from both the vortex and skyrmion states [see
(iii) of Fig. 2(c)]. The skyrmionium state shows additional
upward magnetizations at the edge compared to the skyrmion
structure. In addition, the in-plane magnetizations in the inner
and outer domain walls point towards the core and the edge,
respectively, and this structure is called the skyrmionium state
(27 -skyrmion) [53,54]. Finally, in a region of higher K, and
lower Dy, values (right-bottom corner), there exist surface-
normal magnetization states at every local surface of the
hemispherical shell, because the higher uniaxial anisotropy
prefers collinear magnetization overcoming the lower DMI
that prefers chiral magnetizations. Note that the skyrmion
number for both the skyrmionium and surface-normal mag-
netization states is S ~ 0, whereas the two spin textures are
totally different.
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B. Static structure of skyrmion in hemispherical shells

It is known that the sign of Dj,, determines either left- or
right-handed helicity in the planar geometries [55], and that
the magnitude of Dj,, governs the core size of a skyrmion. In
this regard, the effects of the sign and magnitude of Dj,; on
the static skyrmion structure in the hemispherical shells were
investigated based on numerical calculations of skyrmions
for both positive and negative signs of Dj, as well as its
magnitude. The positive (negative) sign of Dj,, represents the
outward (inward) DMI axis in the given convex curvature of
shells. In order to examine the curvature effect on the forma-
tion of skyrmions, we estimated the core size of skyrmions
as a function of Djy in a range of —8.0 to +8.0 mJ/m? at a
fixed value of K, = 0.80 MJ/m? as an example, for different
shell diameters of 2R = 25, 50, and 100 nm. For the sake
of convenience in the analysis, we defined the core size of
skyrmions as dqy, using the zero surface-normal magnetiza-
tion (i.e., m, = 0), as shown in Fig. 1(d).

For a clear comparison, we also calculated the dgy vs Diy
curves for both the negative and positive values of Dj, for a
2D circular disk of diameter 2Rgix = 157 nm, whose diameter
is equivalent to 2R = 100 nm in the 3D hemispherical shell
[see Fig. 3(a)]. The dgky-vs-Diy curves (black square symbols)
are symmetric about Dj, = 0 for the 2D planar geometry, but
asymmetric for the 3D shells, and become much more asym-
metric with smaller diameters 2R. Such asymmetric behaviors
of the dgy vs Diy curves for the positive and negative signs of
Diy are curvature-induced DM-like interactions, as reported
in Refs. [40,41], which appears to be an effective term for the
exchange interaction (see Supplemental Material S3 [49] for
details).

In detail, the core size of skyrmions increases with increas-
ing |Din|, whether the sign of Dj, is negative or positive.
For smaller D;,; values less than certain critical values, Dy,
(denoted by corresponding open symbols), the core size of
skyrmions cannot be defined due to the fact that the skyrmions
are energetically unstable, and thus no longer exist [56,57].
With increasing |Din| |Din, the rate of increase of dgy is
reduced, reaching its maximum core size. Note that the Dy,
values are quite different for the positive and negative signs
of Dj, for the indicated 2R values. For example, for 2R =
100nm, Dy, is 2.0 and —3.5mJ/m? for the left- and right-
handed skyrmions, respectively. This difference increases
with decreasing shell diameter, 2R. For Dj, > 0, the |Dy|
values decrease with decreasing 2R, while |Dy| increases
markedly with decreasing 2R for Dy < 0. For smaller 2R,
the variation of dgy is not as large as for the larger 2R,
because the shell diameter limits the size of skyrmions as
well. Those results indicate the fact that for the left-handed
helicity (Diy > 0), the curvature of the shells facilitates the
preferred formation of skyrmions, while for the right-handed
helicity (Diy; > 0), the curvature prevents the stable formation
of skyrmions. For example, for the 2R = 25 nm shell, the left-
handed skyrmion was stably formed at D;,; = 0 even without
intrinsic DMI, and moreover, the skyrmions appeared in a
certain region of Dj, < O [see the green symbols in Fig. 3(a)].

Such a large discrepancy in Dy, between the left- and
right-handed helicities originates from the curvature of shells.
The curvature effect is well presented by the curvature-
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FIG. 3. (a) Size (dyy) of skyrmions formed in shells of indicated
diameter (here 2R = 25, 50, 100 as examples) as a function of
intrinsic DMI constant Dj,. In this plot, dgy is the size defined at
both m, = 0 points in the unrolled view shown in Fig. 1(d). The
open symbols at the smallest |Dy,| value for each 2R represent the
threshold DMI constant |Dy,| below which skyrmions are no longer
stable enough to form. (b) Djh and Dy, versus curvature (k = 1/R)
of shells for left (open circles)- and right (open squares)-handed
skyrmions. The solid lines represent the results of linear fitting to
the data (open symbols) using a least-square method.

dependent Dy, for both the left- and right-handed skyrmions
[58]. Linear fits to the simulation data (open symbols) yield
Dy, = —34.6 k + 2.59 for left-handed skyrmions and Dy, =
—44.5 k—2.50 in a unit of mJ/m? for right-handed skyrmions
where ¥ (nm~') is the curvature as defined by the recip-
rocal of the radius (1/R). k = 0 corresponds to surface-flat
disks, and thus Dy, (k = 0) = +2.59 and —2.50mJ/m? for
the left- and right-handed helicities corresponding to the DMI
values required for skyrmion formation in planar geometry.
The values are close to |Diy| = 3.0mJ/m? (for the 2D planar
geometry) measured for real Co/Pt films [13]. On the other
hand, as the curvature increases, Dy, decreases. This again
clearly evidences that the curvature affects the stability of
skyrmion formation via curvature-induced DM-like interac-
tion. For the left-handed skyrmion, the Dy, magnitude required
for skyrmion formation decreases with the curvature until
crossing zero, indicating greater stability. On the other hand,
for the right-handed skyrmion, the Dy, magnitude increases
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FIG. 4. FFT power spectra averaged over entire area of given
hemispherical shell having (a) single skyrmion and (b) skyrmionium,
as obtained from FFTs of temporal oscillations of m, at all individual
nodes, as excited by each of sinc fields applied along x (red), and z
(blue) axes.

with the curvature. As reported in Ref. [39], the curved geom-
etry plays another crucial role in the formation of skyrmions,
enhancing (suppressing) the stability of skyrmion formation
for the left (right)-handed helicity.

C. Dynamic modes in skyrmion and skyrmionium states

We addressed the variation of static spin textures accord-
ing to Diy, K,, and 2R. Based on the observed skyrmion
and skyrmionium states, we also explored their dynamic
modes for 2R = 100nm, as a representative example, for
(Dint, K,) = (1.5mJ/m?, 0.30 MJ/m?) at a point indicated by
the black dashed-line square in Fig. 2(b). Under the same
condition, the skyrmionium state is metastable, which en-
ergy (—1.0x107'8J) is higher than that (—1.1x 1073 J) of the
skyrmion. To the given skyrmion and skyrmionium states,
we applied a sinc-function field Hg, .(#) = Hy sin[27 fy(t —
t0)]/[27 fu(t — to)] with |Hp| = 100e, fy = 100GHz, 1) =
Ins, and + = 100 ns along each of the x and z axes, whose
axes correspond to the in-plane and out-of-plane directions
with respect to the shell center, respectively. In order to obtain
a better spectral resolution for appropriate interpretation and
analysis of the spin-wave modes, we used a constant damping
parameter of o = 0.01 instead of its actual value (~0.3 for
Co/Pt) [13]. Note that the smaller damping constant affects
the width and magnitude of the mode peaks, but not their peak
positions [59,60]. Figures 4(a) and 4(b) show the resultant
spectra of all of the excited modes, as obtained from the
averaged fast Fourier transforms (FFTs) of the m, oscillations
at the individual nodes in the total volume of the half-spherical
shell for the skyrmion and skyrmionium states, respectively.
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FIG. 5. Unrolled (plane)-view images of spatial distributions of
FFT powers along with corresponding line profiles across center po-
sition (top) and FFT phase (bottom) obtained at individual resonance
frequencies of in-plane and out-of-plane excitations for (a) skyrmion
and (b) skyrmionium states. The white circular arrows in each FFT
phase image indicates the rotation sense of each dynamic mode.
The n and m indices correspond to the numbers of the radial and
azimuthal nodes, respectively.

For the skyrmion, four modes were excited at 0.91, 7.32,
11.08, and 17.88 GHz by the in-plane field excitation (red
color), and two modes were excited at 3.51 and 17.88 GHz by
the out-of-plane field excitation (blue color). For the skyrmio-
nium, although the frequency positions were different from
those for the skyrmions, the same numbers of excited modes
were observed: four modes at 0.97, 1.40, 8.75, and 13.05 GHz
by the in-plane field (red color), and two modes at 2.59 and
8.33 GHz by the out-of-plane field (blue color). Note that the
strongest modes for the skyrmion are at the lowest frequency,
i.e., 0.91 GHz for the in-plane field and 3.51 GHz for the
out-of-plane field. On the other hand, the strongest modes for
the skyrmionium are at the second-lowest frequency, i.e., 1.40
GHz for the in-plane field and 8.33 GHz for the out-of-plane
field.

In order to identify all of the excited modes shown in the
spectra (Fig. 4), we plotted the spatial distributions of the FFT
power (top) and phase (bottom) at the indicated resonance fre-
quencies, as shown in each of Figs. 5(a) and 5(b). The power
line profiles across the geometrical center along the radial axis
clearly exhibit the position and number of radial nodes n, as
denoted by small black arrows in the profiles, while the phase
distributions represent the azimuthal nodes m. We note that
one single node near the edge of each shell (indicated by gray
arrows) was excluded from the numbering of the radial node
n, because the node was not generated by the excitation of
the real eigenmodes, but rather by the edge-boundary effect
of the already-noted curvature-induced DM-like interaction.
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FIG. 6. (a) Trajectories of core in-plane motions represented by guiding center of skyrmion in indicated time ranges for each of f.., = 0.91,
7.32, 11.08, and 17.88 GHz resonant excitations. (b) FFT-power spectra obtained from FFTs of X (red) and Y (blue) components of guiding
center shown in Fig. 6(a). (c) Frequency-selective core trajectories: first, second, third, and fourth panels were obtained from inverse FFTs
from FFT powers at f..s = 0.91, 7.32, 11.08, and 17.88 GHz, respectively. (d) CCW (blue) and CW (red) circular core trajectories decomposed

from elliptical core trajectories shown in (c).

As for the skyrmionium, the number of radial nodes n is
always one more than those of the skyrmion, because the
skyrmionium consists of two inner and outer skyrmion states,
and between the two, there exists an additional circular do-
main wall that acts as a node. Accordingly, the excited modes
of the skyrmion and skyrmionium states can be indexed by
both the radial and azimuthal symmetry characterized nodes,
n and m, respectively, as shown in Fig. 5. For the in-plane
field excitation, the two lower (higher)-frequency modes cor-
respond to n =0 (1) and n =1 (2) for the skyrmion and
skyrmionium states, respectively. For each of n =0, 1, and
2, there exists a phase change from —m to m or vice versa,
in either the CCW (m = —1) or CW (m = 1) rotation sense.
For the out-of-plane field excitation, the radial node numbers
of the lower- and higher-frequency breathing modes are n = 0
and 1, respectively, for the skyrmion, and n = 1 and 2 for the
skyrmionium. The azimuthal node is m = 0, corresponding to
the in-phase in the azimuthal direction.

The above-noted modes appeared to be similar to those
found by Mruczkiewicz et al. [19,20], who classified the
excited modes of skyrmions in 2D planar disks as gyra-
tion, azimuthal, and breathing modes. In our work, to further
elucidate the dynamic modes of both the skyrmion and
skyrmionium states, we extracted the trajectories of the core
motions of the skyrmion and skyrmionium under applications
of each of the single-resonance frequencies of the individual
in-plane modes (see Supplemental Material S4 [49] for the de-
tailed dynamic motions). Figure 6(a) shows the resultant core
trajectories, plotting the guiding center X = (Ry, R,), where
R, = fquxdy/f qdxdy and R, = fyqudy/f qdxdy with
the topological charge density g = (1/47)m - (0,mxd,m)
[50]. For the 0.91 GHz mode, the skyrmion core exhibits a
large-amplitude circular gyration motion in the CCW rotation
for the upward core magnetization. For the other modes of
7.32, 11.08, and 17.88 GHz, the core trajectories show rather
complicated elliptical motions. It is certain that the 0.91-GHz
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motion is the gyrotropic mode of the skyrmion with an orbit
radius of ~3.14 nm. Contrastingly, the core motions at 7.32,
11.08, and 17.88 GHz present orbit radii as small as ~0.015,
~0.054, and 0.022 nm, respectively. In addition, the rotation
senses of the 7.32- and 17.88-GHz modes are opposite to the
CCW motion of the first gyration mode, i.e., CW, even for the
upward core magnetization. Thus, the in-plane core motions
for the higher-frequency modes are associated with coupling
with the azimuthal spin-wave modes [19,20], as shown in Fig.
4(a).

In order to further interpret the complicated core motions
of the higher-frequency modes, we conducted FFTs of the
temporal variations of the X and Y components of the core
position shown in Fig. 6(a). The resultant FFT power spectra
in the frequency domain are given in Fig. 6(b). For the 0.91-
GHz mode, the power spectrum shows only a strong single
peak at 0.91 GHz. Surprisingly, for each of 7.32-, 11.08-, and
17.88-GHz modes, all of the peaks appeared at the same res-
onance frequencies as those of the already noted four modes.
The strongest peak in each case appeared at the corresponding
frequencies of the applied AC fields. This means that for the
higher-frequency modes, small peaks around the correspond-
ing main peak were excited by the coupling of the core with
the azimuthal spin-wave modes. The azimuthal mode splitting
into the CW (m < 0) and CCW (m > 0) modes is known to be
typical for a single skyrmion in a planar nanodisk system [20],
owing to DMI-induced spin-wave nonreciprocity. Thus, these
complex core motions for the 7.32-, 11.08-, and 17.88-GHz
modes were the result of the hybridization between the core
and the azimuthal spin-wave eigenmodes of 7.32, 11.08, and
17.88 GHz as well as the strong gyrotropic mode of 0.91 GHz.
These complex core motions are also similar to the dynamic
behaviors of a single vortex core interacting with propagating
spin waves, as reported in Refs. [61,62].

From the spectra plotted in Fig. 6(b), we also conducted
inverse FFTs of the strongest peak for each resonance exci-
tation to obtain frequency-selective core trajectories from the
complicated core trajectories shown in Fig. 6(a). In Fig. 6(c),
the 0.91-GHz peak exhibits a CCW circular motion (black
curves), while each of the 7.32-, 11.08-, and 17.88-GHz peaks
represents an elliptical core trajectory of a different ellipticity
(green curve). It is known that the elliptical core trajectory
of gyration modes can be interpreted as the superposition of
the clockwise (CW) and counterclockwise (CCW) circular
gyration eigenmodes [63]. Thus, the elliptical core trajecto-
ries (green curves) can be decomposed into the orthogonal
CCW (blue) and CW (red) circular eigenmodes, as shown in
Fig. 6(d). The relative magnitudes of the phase and the radius
amplitude between the CCW and CW circular eigenmodes
yield contrasting rotation angles and ellipticities, respectively
[63] [cf. Figs. 6(c) and 6(d)]. Thus, from the elliptical core
trajectories shown in Fig. 6(c), we can determine the ellipticity
n¢ and rotation angle 6g, as defined by the ratio of the length
of the long-to-short axis and the angle of the long axis of the
ellipse from the +Y direction, respectively. From the estima-
tion of 6 and ng, we also can determine the phase difference
and the relative amplitude between the CCW and CW circular
modes according to Sccw — dcw = 266 and |Xcewl/|Xew| =
(1 +ng)/(1 —ng) [64], where § and |X| are the phase and
amplitude of the core motion for each of the CCW and CW

TABLE I. Numerical estimation of ellipticity ns and rotation an-
gle O for skyrmion’s core trajectories shown in Fig. 7(c). The phase
difference Sccw — dcw and the relative amplitude ratio [Xccw| /| Xcw |
were calculated from both values of 1 and 6, and agreed with those
obtained from the decomposed CCW and CW circular modes shown
in Fig. 7(d).

Jres(GHz) 091 7.32 11.08 17.88
ne 1.0 8.5 1.1 5.6
0 (°) 433 13.5 36.6 —-33.9
Scew — dew (©) 87 27 73 —68

[ Xcew /1 Xew| 121 0.79 18.3 0.70
Xcew| (nm) 3.15 00066  0.05 0.013
| Xcw| (nm) 0.026 0.0084 0.003 0.019

circular modes. These estimated parameters of the elliptical
core motions are summarized in Table I. For the 0.91- and
11.08-GHz modes in Fig. 6(c), n¢ is estimated to be 1.02
and 1.12, respectively, indicating nearly circular trajectories
of core rotation in the CCW rotation sense. The CCW rotation
sense of the core trajectory is caused by the gyrotropic force of
the upward core orientation [17,18], as indicated by the large
values of |Xccw|/|Xcewl, being 120.6 (0.91 GHz) and 18.28
(11.08 GHz). In contrast, the core trajectories for the 7.32- and
17.88-GHz modes represent considerable elliptical shapes of
core motions rotating in the CW rotation sense, as revealed
by the large values of ng = 8.51 (7.32 GHz) and 5.66 (17.88
GHz). On the other hand, the [Xccw|/|Xcw]| ratios are 0.79
for 7.32 GHz and 0.70 for 17.88 GHz, i.e., less than 1. They
indicate that the CW rotation mode is more dominant than
the CCW mode [19], even though the two modes are almost
equivalent in amplitude. According to the above discussions,
the complex elliptical core motions shown in Fig. 6(a) are the
result of the superposition of the two circular eigenmodes of
core gyrations, which can be also excited by the hybridization
of azimuthal spin-wave modes.

Next, we now move on to the dynamic behaviors of
a single skyrmionium formed in the hemispherical shell.
Figure 7(a) shows the resultant core trajectories obtained from
the calculations of the center of mass of the skyrmionium
magnetization [65] excited by the application of AC magnetic
fields of each of the corresponding resonance frequencies, i.e.,
0.97, 1.40, 8.75, and 13.05 GHz. For the two lower-frequency
modes of 0.97 and 1.40 GHz, the core trajectories represent
large-amplitude (0.33 and 0.52 nm) gyrations in the CCW
and CW rotational senses, respectively, whereas for the two
higher-frequency modes of 8.75 and 13.05 GHz, they show
relatively small-amplitude (0.011 and 0.023 nm) gyrations in
the CCW and CW rotational senses, respectively. For a better
analysis of such complex core motions of skyrmioniums, we
conducted the same analysis steps as those for the skyrmions
shown in Figs. 6(a)-6(d). Figure 7(b) shows the FFT power
spectra where strong peaks appeared at the corresponding
resonance frequencies of applied AC magnetic fields, along
with smaller peaks at the resonance frequencies of all of the
other modes. Figure 7(c) shows the frequency-selective core
trajectories of a skyrmionium conducted by the inverse FFTs
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FIG. 7. (a) Trajectories of core in-plane motions represented by the center of mass of the skyrmionium magnetization in indicated time
ranges for each of fi.s = 0.97-, 1.40-, 8.75-, and 13.05-GHz resonant excitations. Panels (b)—(d) were obtained from the same procedures as

described in Fig. 6.

of the strongest peak as excited by each resonance-frequency
excitation.

The lower-frequency in-plane core motions represent the
fundamental gyration modes, because they show almost cir-
cular core trajectories with large orbiting radii in the CCW
rotation of the upward core and in the CW rotation of the
downward outer part of the skyrmionium. By contrast, the
higher-frequency in-plane core motions represent relatively
very small orbit radii (0.011 and 0.023 nm) in the CCW
and CW rotation senses for the 8.75- and 13.05-GHz modes.
Although these rotation senses are shown as either CCW
or CW as in the gyration modes, the dynamic origins are
determined by the azimuthal spin-wave modes, because the
higher-frequency core motions are associated with coupling
of the core with the azimuthal spin-wave modes [19,20], as
evidenced in Fig. 4(b). Similarly to the modes of a single
skyrmion, the rotation senses of the core motion for the 8.75-
and 13.05-GHz modes are determined by the rotational sense
of the azimuthal spin-wave modes through their interaction
with the given upward inner core as well as the downward

outer part of the skyrmionium (see Fig. 6). This finding is
contrary to a previous report [66] that suggested that there
are four in-plane gyrotropic spin-wave excitation modes (i.e.,
two low-frequency modes and two high-frequency modes)
for a skyrmionium. In Fig. 7(d), similarly to the case of the
skyrmion, the elliptical core trajectories were decomposed
into the CCW (red) and CW (blue) circular eigenmodes [63].
Table II also shows the numerical values of ns and 65 as
estimated from Fig. 7(c). For 0.97 GHz, the ellipticity of
ne = 1.3 consists of the CCW and CW circular eigenmode
amplitudes in the 6.84:1 ratio. This is somewhat complicated,
because the skyrmionium consists of two parts, namely inner
and outer skyrmions with opposite out-of-plane magnetiza-
tions. The CCW rotation sense is influenced by the upward
inner core while the CW rotation sense is affected by the
downward magnetization in the outer part. In contrast to the
0.97-GHz mode, the 1.40-GHz mode exhibits a nearly cir-
cular (ng = 1.1) core trajectory that rotates mostly in the
CW direction (|Xccw!/|Xew| = 0.048). This means that the
1.40-GHz mode is mainly influenced by the downward core
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TABLE II. Numerical estimation of ellipticity ns and rotation
angle 6g for skyrmionium’s core trajectories shown in Fig. 8(c).
The phase difference dccw — Scw and the relative amplitude ratio
|Xcew|/1Xew| were calculated from both values of ng and 65, and
agreed with those obtained from the decomposed CCW and CW
circular modes shown in Fig. 8(d).

fes(GHz) 0.97 1.40 8.75 13.05
G 1.3 1.1 12 1.1
6 (°) 23.7 20.8 27.6 -23.1
Scow — Sew (°) 46 42 55 —46
IXcew /I Xewl 6.84 0.048 10.24 0.038
| Xcew| (nm) 03337  0.0251  0.0114 8.797x 10~
|Xcw| (nm) 0.0488  0.5191  0.0011 0.0229

magnetization of the outer part rather than by the upward core
magnetization in the inner center. The core trajectories for
the 8.75- and 13.05-GHz modes represent elliptical shapes,
with ng = 1.2 and 1.1, respectively, with the CCW and CW
rotation senses, respectively. By decomposing them into the
CCW and CW circular eigenmodes, we found that each mode
consisted of |Xcew|/|Xcw| = 10.24 for 8.75 GHz and 0.038
for 13.05 GHz. Since the skyrmionium consists of two parts,
the inner skyrmion and opposite outer part, those core in-plane
motions are complicated by the dynamics of the eigenmodes
excited in the two different parts as well as the hybridization
with azimuthal spin-wave modes excited in the two parts.
Further studies are necessary for deeper understanding of the
characteristic dynamics of skyrmioniums.

D. Transition between skyrmion and skyrmionium states

Earlier, we addressed two different skyrmion and skyrmio-
nium states. Next, we examined their transition by applying
specific-resonance AC fields H(t) = Huc sin(27 fiest), with
fu the frequency and Hac = HacZ the amplitude strength
along the core axis (z axis), for, as an example, 2R = 100 nm.
Figures 8(a) and 8(c) show the transition from the skyrmion
to skyrmionium state and its reverse, respectively. The mag-
netization configurations represented by the m, component at
the indicated specific times are displayed along with the m,
line profiles across the shell center. The average m, component
over the shell (black), the corresponding skyrmion number S
(orange), and the resultant energy (blue) are represented in
Figs. 8(b) and 8(d).

The skyrmion of upward core magnetization (S = +1) was
transformed into a skyrmionium (S = 0) of the same upward
core by an AC field of fiy = 3.51GHz and Hyc =9mT in a
time period of + = 10 ns. Upon applying the resonant mag-
netic field, the skyrmion started to breathe along the z axis via
repeated shrinking and expanding of the upward core. Then,
finally the downward magnetizations at the edge area of the
initial skyrmion state were switched to the upward ones att =
10ns, resulting in the skyrmionium state of the upward core
magnetization. Once the initial skyrmion state (S = +1) was
transformed into the skyrmionium state (S = 0), the resonant
frequency (3.51 GHz) to the initial skyrmion state turns out to
be an off-resonance frequency to the final skyrmionium state
(2.59 GHz). Thus, the transition process is finally terminated
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FIG. 8. Panels (a) and (c) represent transition processes from
skyrmion to skyrmionium state and skyrmionium to skyrmion state,
respectively, as represented by snapshot images (at indicated times)
of m, component distributions along with corresponding line profiles
across geometric center. For both of the transition processes, (b) and
(d) indicate temporal variations of the H, component (black dashed
line), the (m,) component averaged over the shell (black line), the
skyrmion number S (orange line), and the total energy Ei. (blue
line). The black vertical dashed lines correspond to the specific times
taken for the snapshot images shown above.

with the skyrmionium state with a slightly damped oscillation
of the magnetization. In order to clearly show the transition
process of spin textures, we also plotted the values of (m;), S,
and E\,, as a function of time, as shown in Fig. 8(b).

Next, we examined the transition from the initial skyrmion-
ium to the final skyrmion state. Figure 8(c) shows the variation
of spin textures during the transition process driven by a dif-
ferent field frequency of fiy = 8.33 GHz (corresponding to the
resonance frequency of the skyrmionium breathing mode) and
Hxc = 15mT. Upon application of this pumping field to the
skyrmionium state, its higher-order breathing mode (n = 2,
m = 0) was excited, as the inner core expanded (+ = 0.56 ns)
and shrank (¢ = 0.62ns). Immediately after the inner core
was annihilated at r = 0.62 ns, the downward magnetization
around the core of the initial skyrmionium state was shrunk
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in size and finally transformed into another skyrmion with a
downward core magnetization ( = 10ns). In contrast to the
transition from the skyrmion to the skyrmionium state, where
the upward core is maintained during the transition process,
the initial upward core is switched to the downward core
during the transition from the skyrmionium to skyrmion state
[see Fig. 8(c)]. Once the initial skyrmionium state (S = 0)
is converted to the skyrmion state (S = —1), the resonant
frequency to the skyrmionium becomes an off-resonance one
to the transformed skyrmion state. Thus, no further reverse
transition occurs. Thus, this whole process represents a core
reversal of the skyrmion state through the skyrmionium tran-
sient state. In this core-reversal process, high-frequency spin
waves are also radiated from the core through an exchange-
energy explosion to dissipate the energy stored at the core, as
evidenced by the decay of the (m,) and total energy fluctua-
tion. A movie of the entire transition process is provided in
the Supplemental Material Movie 3 [49].

E. Core switching of skyrmion

From an application point of view, these core reversals
can be used to switch the core magnetizations of a stable
skyrmion state that can be implemented in ultrahigh-density,
nonvolatile memory devices since the skyrmion has a topo-
logical charge of either +1 or —1 depending on the core
polarity as topologically protected spin textures. Additional
micromagnetic simulations were further conducted to obtain
the phase diagram of each of the skyrmion-to-skyrmionium
transitions and the reverse case with respect to both Huc
and fy, as represented by the skyrmion number S and the
time period f,ns required for both transitions. In the simu-
lations, we used Hac in a range 0-12 mT (interval: 1 mT)
and fy in a range 2-16 GHz (interval: 0.5 GHz) for the
skyrmion-to-skyrmionium transition [see Fig. 9(a)] and, for
the skyrmionium-to-skyrmion transition, Hac in a range 0-
20 mT (interval: 1 mT) and fy in a range 1-10 GHz (interval:
0.5 GHz) [see Fig. 9(b)]. Since S = +1 or —1 represents the
skyrmion state of either upward or downward core magnetiza-
tions whereas S = 0 represents a skyrmionium state of either
core polarity, the recognition of each state can be monitored
by the temporal variation of the skyrmion number S.

At the top of Fig. 9(a), the skyrmion-to-skyrmionium
transition occurred in a very specific frequency region at res-
onance (3.51 GHz, the eigenfrequency of the n = 0 breathing
modes of the skyrmion) above a certain threshold strength
(about 6 mT) of the AC field. At the top of Fig. 9(b), the
skyrmionium-to-skyrmion transition occurred at 8.33 GHz,
corresponding to the eigenfrequency of the n = 2 breath-
ing modes of the skyrmionium, above a different threshold
field of 12 mT. Such low-threshold field strengths are one or
two orders smaller than those in planar-geometry disks (i.e.,
~245 mT for the skyrmion-to-skyrmionium transition) [24],
owing to the assistance of the strong resonant excitation of
the breathing mode in the shell, which is a great advantage
over the core reversal of spin textures in planar disks. We
note that the “x” symbols in the switching region indicate
additional multiple switching between the two states, thus
the final state could not be determined [67]. This multiple
switching was due to the fact that the difference in the resonant
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FIG. 9. Phase diagrams of core-reversal (switching) event for
(a) skyrmion-to-skyrmionium transition and (b) skyrmionium-to-
skyrmion transition. In each of (a) and (b), the skyrmion number §
(top) and the switching time (bottom) required to complete each final
state are represented on both Hxc and fy in the indicated ranges. The
red, green, and blue colors in the S phase diagram correspond to the
upward core skyrmion, skyrmionium, and downward core skyrmion

states, respectively. The “x” symbol represents undermined states
due to multiple switching events.

frequencies between the skyrmion and skyrmionium for the
first breathing mode (3.51 vs 2.59 GHz) was relatively small.
By contrast, in Fig. 9(b), the switching occurred just once
and at even higher field strengths than the threshold strength,
because the resonant frequencies between the skyrmion and
skyrmionium for the second breathing mode were sufficiently
large: 14.16 vs 8.33 GHz. As for the time period required to
complete switching, the higher the field strength, the faster the
switching time in general. The skyrmionium was changed to
the skyrmion within a range 0.56-0.97 ns, which is two times
faster than for the skyrmion-to-skyrmionium transition (1.13—
1.72 ns). These phase diagrams are useful for implementation
of such a switching mechanism in real storage devices using
highly topologically protected spin textures such as skyrmions
and skyrmioniums.

Based on the above results, the core reversal of skyrmions
is very promising for potential applications to ultrafast
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nonvolatile memory devices, thanks to the following advan-
tages. First, a left-handed skyrmion (Dj, > 0) on a curved
surface of elements of a few nm scale can be stably formed
with a smaller DMI constant (or even without intrinsic DMI)
than that necessary for a flat surface. Second, either of the
skyrmion core polarizations, represented by the binary digit O
or 1, can be switched ultrafast on the ns time scale. Third, such
switching dynamics are readily controllable with externally
applied magnetic-field parameters of frequency and strength,
and with low power consumption, which would avoid possi-
ble joule heating. Fourth and last, with the development of
nanofabrication technology [68,69], hemispherical shells and
their periodic 2D arrays can be well synthesized on curved-
surface dot templates such as spherical polystyrene particles
[70,71] and nanoporous alumina membranes [72]. It is also
well known that surface-normal-oriented magnetizations can
also be established using interfaces between ferromagnetic
materials of Co, Ni, and Fe and heavy metals of Pt and Pd, etc.
[73-76]. Such layered or multilayer-structured films deposited
directly on top of curved-surface dot templates in arrays can
form additional curvature-induced stabilized skyrmions [72].

IV. SUMMARY

Using finite-element micromagnetic simulations, we de-
signed magnetic hemispherical shells to further stabilize
skyrmions via curvature-induced DM-like interaction and
investigated the variation of spin textures with respect to
the DMI constant and the surface-normal uniaxial magnetic
anisotropy constant. Four different spin textures, those of the

vortex, skyrmion, skyrmionium, and surface-normal magne-
tization states, were found according to the two parameters.
Stable formation of single skyrmions was achieved with-
out intrinsic DMI by tuning to the specific values of both
parameters. We also examined dynamic modes excited in
the skyrmion and skyrmionium states, which modes were
classified into lower-frequency gyrotropic modes and higher-
frequency spin-wave modes as well as breathing modes.
The core in-plane motions and their complicated elliptical
core trajectories also were interpreted in terms of the core
coupling with azimuthal spin-wave modes. The low-power-
consumption switching of core polarity for both skyrmions
and skyrmioniums was also found using the breathing-mode-
assisted core-magnetization fluctuation. From a fundamental
point of view, our work provides a deeper understanding of
skyrmion dynamics and their stability in curved geometries.
Also, from a technological point of view, with the help of
advances in the development of 3D nanostructures as well as
high-frequency measurement techniques, the present results
offer guidelines for building blocks of skyrmions formed in
hemispherical shells for future low-power-consumption, non-
volatile memory devices.
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