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Theoretical Comparison between Skyrmion and Skyrmionium Motions for Spintronics
Applications

Yuichi Ishida and Kenji Kondo∗

Research Institute for Electronic Science, Hokkaido University, Kita-20, Nishi-10, Sapporo, Hokkaido, Japan

We discuss applications of skyrmioniums to spintronics devices in comparison with the case of skyrmions in this study. It seems that the
skyrmioniums are more beneficial than the skyrmions since it is derived from the Thiele equation that the skyrmion Hall effect does not occur
in the case of the skyrmioniums. However, we have found that the skyrmioniums have also the disadvantage for the spintronics devices.
We cannot utilize the skyrmionium in the system with small Gilbert damping constant since micromagnetic simulation has shown that the
skyrmionium structure distorts largely when the Gilbert damping constant is small. From the above reason, the skyrmioniums are not entirely
more beneficial to the spintronics devices than the skyrmions. In the last of this paper, we provide a creation method of the skyrmionium by
utilizing pulsed magnetic fields. We consider that this method is useful to create the skyrmioniums experimentally.

1. Introduction
Recently, in the field of the spintronics, magnetic skyrmions
have attracted much attention and it is expected that they can
be applied to spintronics devices such as logic devices and
high-density memories.1,2) This expectation originates from
the following three properties of skyrmions. Firstly, skyrmions
are like particles and their sizes are relatively small. Generally,
the sizes of skyrmions are from 5 nm to 100 nm.3) Secondary,
since structures of skyrmions are topologically protected, they
are relatively stable against perturbations and it is difficult to
deform them to other magnetic structures. Thirdly, skyrmions
can be driven by lower electrical current density than domain
walls.1) The first and the second properties result in the fact
that one bit of information can be represented by the existence
of a skyrmion. Moreover, from the third property, it is con-
sidered that the information can be transferred by motion of
skyrmions at low power consumption. Although it seems that
skyrmions do not have any disadvantages, there exists a disad-
vantage for applying to the spintronics devices. Namely, when
we move skyrmions by utilizing electrical currents, skyrmions
have velocity components perpendicular to the direction of
the electrical current flow depending on both Gilbert damping
constant and non-adiabatic constant. This effect is well known
as the skyrmion Hall effect.4–7) In the skyrmion Hall effect,
ratio of in-plane velocity components depends on material
parameters. Since the skyrmion Hall effect originates from
the fact that skyrmions have the topological invariant called
topological charge Q according to the Thiele equation, it is
expected that the skyrmion Hall effect does not occur in the
cases of magnetic structures which do not have the topological
charge.

Magnetic skyrmioniums also have particle-like nature as the
same as magnetic skyrmions and their topological charges are
equal to zero.8–11) Therefore, skyrmioniums could overcome
the above disadvantage of skyrmions. Namely, it is expected
that skyrmioniums motion could be always parallel with the
electrical current flow. This means that they could be eas-
ily manipulated than skyrmions. If the above expectations are
true, they will be also candidates for the spintronics devices
and, moreover, more beneficial than the skyrmions from the
viewpoint of manipulation using the electrical current. In or-
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der to confirm the above expectations on skyrmioniums, we
have investigated about dynamics of skyrmioniums using mi-
cromagnetic simulations and presented in SSDM2019.12) In
this paper, as a further investigation about skyrmioniums, we
provide not only advantages but also disadvantages for apply-
ing skyrmioniums to the spintronics devices and, moreover,
provide how we can generate skyrmioniums.

2. Methods
Magnetization of skyrmionic structures such as skyrmions and
skyrmioniums are described by the spherical coordinates as
follows:

m(r) = (cosΦ(ϕ) sin θ(r), sinΦ(ϕ) sin θ(r),cos θ(r)), (1)

where m is the magnetization unit vector and Φ(ϕ) = nϕ + γ.
Here, n is the vorticity and γ is the helicity. In this study, we
consider the structure with n = 1 and γ = 0 or γ = π. In
order to obtain skyrmionic structures, we calculate the lowest
energy of the magnetization structures given by Eq. (1) using
a variational principle.8,13–18) In this study, a total energy is
composed of the exchange energy, the uniaxial perpendicular
anisotropy energy, the interfacial Dzyaloshinskii-Moriya inter-
action (DMI) energy, and the demagnetization energy. Thus,
the total energy density is written as follows:

ε =A

[(
∂m

∂x

)2
+

(
∂m

∂y

)2
+

(
∂m

∂z

)2
]
+ K

(
1 − m 2

z

)
+ DDMI

[
mz

(
∂mx

∂x
+
∂mx

∂y

)
−
(
mx
∂mz

∂x
+ my

∂mz

∂y

)]
+

1
2
µ0Msm · Hd, (2)

where, A is the exchange stiffness, K is the perpendicular
anisotropy constant, DDMI is the DMI constant, µ0 is the vac-
uum permeability, Ms is the saturation magnetization, and Hd
is the demagnetization field. In order to obtain the demag-
netization field, we use the local approximation. Namely, the
demagnetization field is given by Hd = −Msmz ẑ. For ob-
taining skyrmion structures, it is imposed that the boundary
condition θ(0) = π and θ(∞) = 0, or θ(0) = 0 and θ(∞) = π.
Under these boundary conditions, we can obtain Φ(ϕ) = ϕ or
Φ(ϕ) = ϕ+π, respectively. On the other hand, for calculating a
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skyrmionium structure, it is imposed that the boundary condi-
tion θ(0) = 2π and θ(∞) = 0. Under this boundary condition,
we can obtain Φ(ϕ) = ϕ. As a result, the Euler–Lagrange
equation of the angle of θ is obtained as follows:

d2θ

dr̃2 +
1
r̃

dθ
dr̃

− sin θ cos θ
r̃

± DDMI√
AK

sin2 θ

r̃
−sin θ cos θ = 0, (3)

where r̃ = r
√

K/A. The sign of the fourth term is plus when
the boundary condition is θ(0) = π and θ(∞) = 0, or θ(0) = 2π
and θ(∞) = 0. On the other hand, the above sign is minus when
the boundary condition is θ(0) = 0 and θ(∞) = π. Substituting
the solution of Eq. (3) into Eq.(1), magnetization structures can
be obtained and they are identified by the topological invariant
called the topological charge which is defined by

Q =
1

4π

∫
m ·

(
∂m

∂x
× ∂m
∂y

)
dxdy, (4)

where Q corresponds to how many times magnetization wraps
the S2 sphere. Substituting Eq. (1) into Eq. (4), the topological
charges of the skyrmionic structures are explicitly written as
follows:

Q =
n
2
(mz(0) − mz(∞)) . (5)

Thus, the topological charges are Q = ±1 or Q = 0 in the
cases of skyrmions or skyrmioniums, respectively.

When spin torques work on magnetization, magnetization
dynamics is described by the following modified Landau–
Lifshitz–Gilbert equation: 2,19–31)

dm
dt
= −γµ0m × Heff + αm × dm

dt
+

τ

Ms
, (6)

where γ is the gyromagnetic ratio, α is the Gilbert damping
constant, τ is the spin torque working on the magnetization,
and Heff is the effective magnetic field which represents all
the effects working on magnetic moments and described by
the functional derivative as follows:

Heff = − 1
µ0

δE[M]
δM

, (7)

where E is the total energy of all the effects working on mag-
netic moments and M is the magnetization vector. When spin
transfer torque (STT) works on magnetization, τ is given by20)

τ =
γℏP

2eMs(1 + β2)
[( j · ∇)m − βm × ( j · ∇)m] , (8)

where ℏ is the Dirac constant, P is the spin polarization, e
is the elementary charge, j is the current density, and β is
the non-adiabatic constant of STT. In order to solve Eq. (6)
numerically, we employ a finite element method (FEM) for
space discretization and a finite difference method (FDM)
based on the midpoint rule for time discretization.32,33) Firstly,
in order to calculate the effective magnetic field by utilizing
FEM, we transform Eq. (7) to the following equation:

δ

δM
(E[M] + µ0M · Heff) = 0. (9)

For solving Eq. (9), we utilize the Rayleigh–Ritz method.
When utilizing this method for calculating the effective mag-
netic field, we need not to take into consideration the following

boundary condition explicitly.34)

dm
dn
=

DDMI

2A
(ẑ × n) × m, (10)

where n is the unit vector perpendicular to the edge. This
is because the process of solving Eq. (9) includes the above
boundary condition naturally. Therefore, when utilizing the
Rayleigh–Ritz method, there exists a benefit that we can
equally treat all elements without dealing with the edge ex-
ceptionally. Next, in order to obtain time evolution of magne-
tization using FDM based on the midpoint rule, we substitute
Eq. (8) into Eq. (6) and rearrange Eq. (6) to the following form:

dm
dt
= − 1

1 + α2 γµ0m × H̃, (11)

where

H̃ =H + αm × H (12)

H =Heff +
ℏP

2eµ0M 2
s (1 + β2)

[m × ( j · ∇)m + β ( j · ∇)m] .

(13)

For time discretization of Eq. (11), the midpoint rule approx-
imations are introduced as follows:(

dm
dt

) (n+ 1
2 )
=
m(n+1) − m(n)

∆t
+O(∆t2), (14)

m(n+ 1
2 ) =

m(n+1) + m(n)

2
+O(∆t2), (15)

where superscript (n) represents the time step tn and ∆t is
the time interval tn+1 − tn. Moreover, we calculate H̃ by an
extrapolation method as follows:

H̃
(n+ 1

2 ) =
3
2
H̃

(n) − 1
2
H̃

(n−1)
+O(∆t2). (16)

By substituting Eqs. (14), (15), and (16) into Eq. (11) and
neglecting O(∆t2), we obtain a time-discretized LLG equation
as follows:

m(n+1) − m(n) = − γµ0∆t
2(1 + α2)

(
m(n+1) + m(n)

)
×
(
3
2
H̃

(n) − 1
2
H̃

(n−1)
)
. (17)

Since Eq. (17) is a linear vector equation for m(n+1), the value
of m(n+1) is calculated easily. Moreover, when obtaining next
step magnetization using Eq. (17), there exist a desirable prop-
erty that magnitude of the magnetization unit vector is con-
served at any time steps. This is because we can obtain the
following equation by calculating an inner product of both
sides of Eq. (17) with the vector m(n+1) + m(n):���m(n+1)

���2 = ���m(n)
���2 . (18)

After discretizing the space and the time by utilizing the above
methods, the micromagnetic simulation can be performed by
solving Eq. (17).

Generally, it is necessary to solve the LLG equation numer-
ically. However, under the special condition, there exist ana-
lytical solutions described by the Thiele equation which gov-
erns the steady state motion of magnetization.35) The Thiele
equation is derived from the LLG equation if it is assumed that
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configuration of magnetization does not change and only trans-
lational motion is possible in magnetization dynamics. Espe-
cially, from Eqs. (6) and (8), we can obtain the Thiele equation
which describes the steady state motion of a skyrmionic struc-
ture effected by STT as follows:

G×
(
v − γℏP

2eMs(1 + β2)
j

)
− 4παD ·

(
v − γℏP

2eMs(1 + β2)
β

α
j

)
= 0, (19)

where G = (0,0,−4πQ) is the gyromagnetic coupling vector, v
is the velocity of skyrmionic structures, D =

(
Dxx Dxy

Dyx Dyy

)
is the

dissipative force tensor. Here, the components of this tensor
D are determined by configuration of a skyrmionic structure
and generally written as follows:35)

Di j =
1

4π

∫
∂m

∂xi
· ∂m
∂xj

dxdy. (20)

In the cases of a skyrmionic structure, by substituting Eq. (1)
into Eq. (20), the components of D is given by

Dxx =Dyy = D,

Dxy =Dxy = 0, (21)

where

D =
1
4

∫ ∞

0

[(
dθ
dr

)2
+

n2 sin2 θ

r2

]
rdr, (22)

and n is the vorticity. Using Eq. (22), we can obtain the ve-
locity of the skyrmionic structures in the case that the current
density is spatially homogeneous and has only x-component
j = ( jx,0) as follows:

vx =
−Q2 − αβD2

Q2 + α2D2
γℏP

2eMs(1 + β2)
jx,

vy =
QD(β − α)
Q2 + α2D2

γℏP
2eMs(1 + β2)

jx .

(23)

Since the topological charges of skyrmions are Q = ±1, they
have the perpendicular velocity components to the electri-
cal current flow under the condition of α , β. On the other
hand, since the topological charges of skyrmioniums are al-
ways Q = 0, their motion is always parallel with the current
flow. These solutions are true only if the above assumptions
hold. However, in real materials, the magnetic inner structures
frequently change while moving. In our previous study,4) it is
found that there is a discrepancy between the numerical so-
lutions by the LLG and the analytical solutions by the Thiele
equation. Therefore, we need to solve the LLG equation to
compare their solutions.

3. Results and discussion
In micromagnetic simulation, the ferromagnetic material is
assumed to be cobalt thin film on platinum and we uti-
lize the following material parameters:36) Ms = 580 kA/m,
A = 15 pJ/m, D = 3.5 mJ/m2, K = 0.8 MJ/m3, β = 0.4,
P = 40 %, and α = 0.2 or α = 0.02. First of all, we obtain
the angles θ(r) of skyrmionic structures by solving Eq. (3)
and the solutions are shown in Fig. 1(a). By substituting the
above solutions into Eq. (1), the structures of the skyrmion

(a) (b)

(c) (d)

Fig. 1. (a) The angles of θ(r) obtained using the variational method. The
red, blue, and black lines represents θ(r) of the Q = +1 skyrmion, the
Q = −1 skyrmion, and the skyrmionium, respectively. Magnetization
structures of (b) the Q = +1 skyrmion, (c) the Q = −1 skyrmion, and (d)
the skyrmionium obtained using the above θ(r), respectively. In figures (b),
(c), and (d), the directions and the colors of arrows represent the
magnetization-direction and the magnitude of z-component of
magnetization at each point, respectively.

with Q = +1, the skyrmion with Q = −1, and the skyrmio-
nium can be obtained as shown in Figs. 1(b), 1(c), and 1(d),
respectively. Here, the above skyrmionic structures are called
the Néel-type since the magnetization changes like Néel-type
domain walls as we go away from the center of their struc-
tures. Moreover, these figures show the fact that the skyrmio-
nium is equivalently composed of the two skyrmions with the
topological charges Q of ±1. In order to obtain sizes of the
skyrmionic structures, we define a radius r0 where the condi-
tion of mz(r0) = 0 is satisfied. As a result, the radii of both the
skyrmions are 14.54 nm and the radius of the skyrmionium
is 34.61 nm. This result implies that it is less beneficial to
utilize the skyrmionium in order to represent one bit of infor-
mation than the case of the skyrmion from the viewpoint of
density of information. On the other hand, the skyrmionium
also has an advantage for the spintronics devices. Substituting
the solution of Eq. (3) into Eq. (22), we obtain the value of D
of 1.73 and 5.07 for the skyrmions and the skyrmionium, re-
spectively. By utilizing these values, we can obtain velocities
of the skyrmionic structures using equation (23). Table I(a)
shows the velocities when the spin polarized current density
of −1 TA/m2 is applied in the x-direction. As shown in Ta-
ble I(a), the speed of the skyrmionium is faster than that of
the skyrmions. This becomes the advantage for the spintronics
devices.

Next, we perform micromagnetic simulations to confirm
that the above result realizes in the real magnetic structures.
For the simulations, we utilize the skyrmionic structures ob-
tained by solving Eq. (3) for the initial states and apply the
spin polarized current density of −1 TA/m2 in the x-direction.
Here, in the micromagnetic simulations, we set the time steps
to be 10 fs and 5 fs in the cases of α = 0.2 and α = 0.02, re-
spectively. Figure 2 shows the time evolution of the skyrmions
and the skyrmionium motion. As shown in Figs. 2(a) and
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(a) (b) (c)

0 ns

10 ns

0 ns
10 ns

0 ns 5 ns

Fig. 2. The time evolution of (a) the Q = +1 skyrmion motion, (b) the Q = −1 skyrmion motion, and (c) the skyrmionium motion in the case of α = 0.2.

(a) (b) (c)

0 ns

5 ns

0 ns

5 ns

0 ns

1.5 ns

Fig. 3. The time evolution of (a) the Q = +1 skyrmion motion, (b) the Q = −1 skyrmion motion, and (c) the skyrmionium motion in the case of α = 0.02.

Table I. (a) Velocities of the skyrmionic structures obtained by solving
the Thiele equation and (b) average velocities of the skyrmionic structures
by the micromagnetic simulation in both the cases of α = 0.2 and α = 0.02.

(a)
vx vy |v |

α = 0.2
Skyrmion (Q = +1) 38.15 m/s −10.67 m/s 39.62 m/s
Skyrmion (Q = −1) 38.15 m/s 10.67 m/s 39.62 m/s
Skyrmionium (Q = 0) 68.91 m/s 0.00 m/s 68.91 m/s
α = 0.02
Skyrmion (Q = +1) 35.24 m/s −22.68 m/s 41.91 m/s
Skyrmion (Q = −1) 35.24 m/s 22.68 m/s 41.91 m/s
Skyrmionium (Q = 0) 689.1 m/s 0.00 m/s 689.1 m/s

(b)
vx vy |v |

α = 0.2
Skyrmion (Q = +1) 40.93 m/s −8.74 m/s 41.85 m/s
Skyrmion (Q = −1) 42.39 m/s 8.17 m/s 43.16 m/s
Skyrmionium (Q = 0) 60.66 m/s 1.04 m/s 60.67 m/s
α = 0.02
Skyrmion (Q = +1) 38.90 m/s −18.06 m/s 42.88 m/s
Skyrmion (Q = −1) 40.69 m/s 24.54 m/s 47.52 m/s
Skyrmionium (Q = 0) 152.7 m/s 37.05 m/s 157.1 m/s

2(b), similarly to the result of the Thiele equation, the motion
of the skyrmions is not parallel with the direction of the spin
polarized current and they deflect to the right or left direc-
tions depending on the sign of their topological charges. On
the other hand, in the case of the skyrmionium, the motion
is parallel with the direction of the spin polarized current.
Therefore, the skyrmionium can be more easily manipulated
than the skyrmions. Although the above results can be also
obtained by the Thiele equation, there exists a discrepancy
between the velocities obtained by the Thiele equation and
those obtained using the micromagnetic simulation as shown
in Tables I(a) and I(b) in both the cases of α = 0.2 and 0.02.
As shown in these tables, the speed of the skyrmionic struc-
tures in the micromagnetic simulation is different from that
obtained by the Thiele equation. This is because the real mo-
tion does not have constant velocity and the velocities of the

real motions are those obtained by averaging the fluctuating
velocities according to the change of micromagnetic internal
structures.

The discrepancy between the results of the above two meth-
ods is more serious with decreasing value of the Gilbert damp-
ing constant α. This is because the skyrmionic structures dis-
torts largely when α is very small and the value of the com-
ponents of the dissipative force tensor in Eq. (20) can not
remain constant. Namely, the system does not satisfy the as-
sumption that configuration of magnetization does not change
and only translational motion is possible in magnetization dy-
namics. Figure 3 shows the time evolution of the motion of
the skyrmionic structures in the case of α = 0.02. Although
the structures of the skyrmions do not distort as shown in
Figs. 3(a) and 3(b), the structure of the skyrmionium distorts
largely as shown in Fig. 3(c). In the case of the skyrmionium,
among two skyrmions making skyrmionium, inner skyrmion
with the topological charge Q of +1 and the outer skyrmion
with the topological charge Q of −1 start to deflect to the right
and left direction, respectively, due to rapid precession of in-
ternal structures when the Gilbert damping constant becomes
very small. Therefore, the magnetic structures of skyrmion-
ium start to collapse and transform to elliptic shape. Namely,
the rigidity of the skyrmionium disappears in the case of very
small α. Now, the skyrmionium distortion can be estimated
by the value of the dissipative force tensor as shown in Fig. 4.
We notice that Dxx becomes large with the time elapsing from
Fig. 4. The following is the reason why Dxx becomes large
with the time elapsing. Here, we consider the influence of dis-
tortion of magnetic structures on the dissipative force tensor
D. The main distortion of magnetic structures is assumed to
be scaling where scaling factors are a along x-direction and
b along y-direction, respectively. Furthermore, for other dis-
tortions, we incorporate their effects as the random distortion
δm(x, y). Then, the distorted magnetic distributions is given
by

m̃(x, y) = m
( x

a
,
y

b

)
+ δm(x, y), (24)

where m is the skyrmionium magnetization described by
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Dxx
Dyy

Dxy

Dyx

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0

5

10

15

20

25

t [ns]

D
x
x
,
D
x
y
,
D
y
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D
y
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Fig. 4. The time dependence of the components of the dissipative force
tensor of the skyrmionium in the case of α = 0.02. Dxy and Dyx have the
same values.

Eq. (1). Substituting Eq. (24) into Eq. (20), we obtain the
components of the dissipative force tensor D of the distorted
skyrmionium as follows:

Dxx =
b
a

D +
1

4π

∫ [
2
∂m(x/a, y/b)

∂x
· ∂δm(x, y)

∂x

+

(
∂δm(x, y)
∂x

)2
]

dxdy, (25)

Dyy =
a
b

D +
1

4π

∫ [
2
∂m(x/a, y/b)

∂y
· ∂δm(x, y)

∂y

+

(
∂δm(x, y)
∂y

)2
]

dxdy, (26)

Dxy =Dyx =
1

4π

∫ (
∂m(x/a, y/b)

∂x
· ∂δm(x, y)

∂y

+
∂m(x/a, y/b)

∂y
· ∂δm(x, y)

∂x

+
∂δm(x, y)
∂x

· ∂δm(x, y)
∂y

)
dxdy, (27)

where D is the diagonal component of D of the non-distorted
skyrmionium described by Eq. (22). In order to estimate the
value of b

a , we consider that the integral including the lin-
ear terms of the random distortion is canceled out due to the
randomness. On the other hand, the integral including the
quadratic terms of the random distortion in Eq. (25) and (26)
can not be canceled out and increase both the value of Dxx and
Dyy . At a glance, from Fig. 4, it is thought that Dyy is expected
to decrease with the time elapsing since the behavior of Dxx

shows that b/a increases with the time elapsing. However, it is
considered that the contribution of the quadratic terms to the
integral overcomes the decrease of Dyy and makes the increase
of Dxx overestimated. In order to estimate the skyrmionium
distortion, neglecting the quadratic terms, we approximate the
ratio between the scaling factors a and b by utilizing the over-
estimated value of Dxx as follows:

b
a
≈ Dxx

D
. (28)

As a result, using the time dependence of Dxx as shown in
Fig. 4 and the value of D = 5.07 which is calculated by utiliz-

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0

1

2

3

4

t [ns]

b
/a

Fig. 5. The time dependence of the ratio between scaling factor a along
x-direction and scaling factor b along y-direction in the case of α = 0.02.

(a) (b) (c)(a) (b)(a) (b) (c)(c)

Fig. 6. Snap shots of the process of creating a skyrmionium. (a) The
initial state. (b) The state after applying a pulsed magnetic field to the initial
state and relaxing. (c) The state after applying a pulsed magnetic field to the
state of (b) and relaxing.

ing the solution of Eq. (3), we can obtain the time dependence
of the ratio between the scaling factors a and b as shown in
Fig. 5. From this figure, it is found that the skyrmionium be-
comes elliptic shape with time elapsing in the micromagnetic
simulation. Moreover, we can approximate the above ratio by
a quadratic function as follows:

b
a
= 0.774t2 + 0.503t + 1.394. (29)

Although, so far, we have discussed the advantages and the
disadvantages when applying skyrmioniums to the spintronics
devices, here, we are going to provide how to create a skyrmio-
nium by performing a micromagnetic simulation since there
exists few experimental studies on observations and creating
methods of a skyrmionium to our knowledge. In our method,
we can create the skyrmionium in a ferromagnetic disk by
utilizing pulses of magnetic fields. Firstly, we prepare the fer-
romagnetic disk for an initial state as shown in Fig. 6(a). Then,
we have applied the magnetic field of−0.8 MA/m (≈ −1.01 T)
in the z-direction until 0.2 ns and relaxed until 2 ns. As a re-
sult, a skyrmion can be obtained at the center of the region as
shown in Fig. 6(b). After that, we have applied the magnetic
field of 0.8 MA/m (≈ 1.01 T) in the z-direction during 0.08 ns
and relaxed during 4.5 ns. Then, we can obtain a skyrmionium
in the center of the region as shown in Fig. 6(c).

4. Conclusions
In this study, we have discussed the advantages and the dis-
advantages when applying skyrmioniums to the spintronics
devices in comparison with the case of the skyrmions. Al-
though the skyrmioniums have the vortex-like structures as

5
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the same as the skyrmions, sizes of the skyrmioniums are
larger than those of the skyrmions. Therefore, it is less bene-
ficial to utilize the skyrmionium in order to represent one bit
of information than the case of the skyrmion from the view-
point of density of information. However, from the viewpoint
of the manipulation, the skyrmioniums are more beneficial
than the skyrmions. This is because it is derived from the
Thiele equation that the motion of the skyrmioniums is al-
ways parallel with the direction of the electrical current flow.
Namely, the skyrmioniums can be more easily manipulated
than the skyrmions. Moreover, we have found that the speed
of the skyrmionium motion is faster than that of the skyrmion
motion. These results of the skyrmionium dynamics can be
also verified by utilizing the micromagnetic simulations in the
case of the relatively large Gilbert damping constant. On the
other hand, when the Gilbert damping constant is relatively
small, it is found that there is no benefit to utilize the skyrmio-
nium since the skyrmionium structure distorts largely. From
the above reason, the skyrmioniums are not entirely more
beneficial to the spintronics devices than the skyrmions. In the
last of the section 3, we have provided a creation method of
the skyrmionium by utilizing pulsed magnetic field. We hope
that this is useful to create and investigate the skyrmioniums
experimentally.
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