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A B S T R A C T

Skyrmioniums are exotic magnetic configurations that have several potential applications, as devices for mag-
netic recording, in Spintronics. In this work, using micromagnetic simulation, we show that it is possible to
switch a skyrmionium in an isolated nanodisk. First, we have obtained the ground state of the nanodisk for a
fixed value of perpendicular anisotropy constant Kz and for several values of Dzyaloshinskii-Moriya exchange
constant Dint. Next, in order to obtain the frequencies of the spin wave mode, we have calculated the power
spectrum of the fluctuations of the spatial z-component of the magnetization for values of Dint where the ground
state of nanodisk is a skyrmionium. Our results show that applying oscillating perpendicular magnetic field
pulses with a frequency equal to that of the spin wave mode, and tuning the values of the intensity of the applied
magnetic field and its duration in the sub-nanosecond range, one can switch the polarity of the skyrmionium in
the nanodisk. We have also obtained, from the micromagnetic simulation of the process of inversion of polarity
of the skyrmioniums, the several intermediate magnetic configurations of the nanodisk, revealing the full
complexity of this phenomenon.

1. Introduction

Several exotic spin textures can be obtained in magnetic nanodisks,
e.g., circular vortices [1–3], radial vortices [4–6], skyrmions [7–12]
and skyrmioniums (also called target skyrmions) [13–18].

Of this group of exotic magnetic configurations, due to their small
size and topological protection, skyrmions and skyrmioniums have
gained interest in recent years [7–11,13–17,18,19]. These magnetic
configurations were predicted and studied theoretically by Bogdanov
et al. [20]. The spatial profile of a skyrmion is characterized by two out-
of-plane domains separated by an in-plane domain wall [21]. The inner
out-of-plane domain is called the core of the skyrmion [7,10,21], and
has polarity p = +1, when the core points along the +z direction, and
p = −1 in the −z direction [7,10,11]. The outer out-of-plane domain
always has a direction opposite to that of the core [21].

Unlike the skyrmion, the spatial profile of a skyrmionium has an
additional outer out-of-plane domain. This domain has the same di-
rection of the magnetization of the core [13–18]. Therefore, a sky-
rmionium can be considered a combination of two skyrmions with
opposite topological charges (Q = +1 and Q = −1), resulting in a
total topological charge Q = 0 [16,22].

The dynamics of skyrmions and skyrmioniums can be induced by
the application of an external perturbation, e.g., a spin polarized cur-
rent [8,13,23] or a magnetic field pulse [16,24].

One of the advantages of using skyrmioniums instead of skyrmions
is that skyrmioniums have a topological charge Q = 0, allowing them
to move without suffering deflections due to the skyrmion Hall effect
(SkHE) [25,26].

Another advantage of the skyrmioniums is that they can reach
higher velocities in comparison with the skyrmions [25]. Skyrmions
and skyrmioniums have potential applications in devices for magnetic
recording [23,26–29]. In these potential applications, a skyrmionium
with polarity p = +1 could store the bit information 1 (or 0) and a
skyrmionium with polarity p = −1, could store the bit information 0
(or 1). Thus, it is important to find a mechanism to switch between 1
and 0.

Although the issue of switching is well studied in the case of sky-
rmions [30–34], it is still necessary to find new methods to perform the
switching in the case of skyrmioniums. With this in mind, we have
studied the switching process of a skyrmionium in an isolated nanodisk,
when one applies oscillating perpendicular magnetic fields. For this
purpose, we used the GPU-accelerated micromagnetic simulation soft-
ware MuMax3 [35]. The nanodisk was discretized in small 1 × 1 × L
nm3 size cells, where L is the thickness of the nanodisk. The material
used was Cobalt, with typical parameters [7,35]: saturation magneti-
zation Ms = 5.8 × 105 A/m, exchange stiffness Aex = 15 pJ/m. We
assumed T = 0 K, however, the present method is valid at room tem-
perature (see Supplementary Material).
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2. Results and discussion

We considered a Co nanodisk coupled to a nonmagnetic substrate,
having a diameter D = 150 nm and a thickness L = 1 nm. We have
chosen a fixed value of perpendicular uniaxial anisotropy constant
Kz = 0.8 MJ/m3; the Dzyaloshinskii-Moriya exchange constant Dint was
varied from Dint = 3.6 to Dint = 4.2 mJ/m2 in 0.1 mJ/m2 steps.

In order to obtain the ground state of the nanodisk, we have con-
sidered three different initial magnetic configurations: skyrmionium,
skyrmion and single domain. In Fig. 1 are shown the energies for the
final magnetic states. In all cases, the final magnetic states were the
same as the initial states.

In Fig. 1 we can see that for values of Dint between 3.6 mJ/m2 and
3.7 mJ/m2, the magnetic single domain is the state of lowest energy.
For Dint = 3.8 mJ/m2, the configuration may be single-domain or
skyrmion. For Dint = 3.9 mJ/m2, the skyrmion configuration has the
lowest energy, and for values of Dint = 4.1 mJ/m2 to Dint = 4.2 mJ/m2

the skyrmionium configuration is the ground state; for Dint = 4.0 mJ/
m2 the ground state may be a skyrmion or a skyrmionium.1

In order to excite the spin wave modes, we took a skyrmionium in
the nanodisk as the initial magnetic state. Next, we have applied a
perpendicular sinc magnetic pulse field Bz = B0Sinc(2πf(t-t0)), where
t0 = 1 ns, B0 = 5 mT is the magnetic field amplitude, and f = 50 GHz is
the cutoff frequency.2 In this stage, we have used a damping constant
α = 0.002. The spatial profile of the z-component of the magnetization
was saved every 5 ps. Following the methodology of Kim et al. [11], we
have obtained the power spectrum S(ω), defined by:

∫= −S ω e δm t( ) | ( )| ,iωt
z

2
(1)

where δmz (t) = mz(t) - mz,0 are the fluctuations of the spatial z-
component of the magnetization [11], obtained in the previous stage.

The power spectra S(ω) for different values of Dint are shown in
Fig. 2. In this Figure, we can see four prominent peaks for each value of
Dint. These peaks correspond to frequencies of the spin wave modes
(mode 1, …, mode 4).

For Dint = 4.0 mJ/m2, the values of the frequencies of the spin wave
mode are: f = 2.65 GHz (mode 1), f = 5.70 GHz (mode 2),

f = 11.10 GHz (mode 3), f = 22.14 GHz (mode 4) and f = 67.63 GHz
(mode 5). For Dint = 4.1 mJ/m2, f = 2.75 GHz (mode 1), f = 6.10 GHz
(mode 2), f = 11.95 GHz (mode 3) and f = 23.84 GHz (mode 4). For
Dint = 4.2 mJ/m2, f = 2.85 GHz (mode 1), f = 6.55 GHz (mode 2),
f = 12.90 GHz (mode 3) and f = 25.74 GHz (mode 4).

As shown in Fig. 2, increasing the value of Dint, increases the fre-
quencies of the spin wave modes. An increase of Dint also modifies the
spatial distribution of the magnetic modes in the nanodisk, therefore a
change in the frequencies of the spin wave modes is also expected.

The spatial distribution of FFT power of the spin wave modes is
shown in Fig. 3. In this Figure, we can see that all modes, except mode
1, have circular symmetry and the FFT power is distributed both in the
region near the center of the nanodisk, and on its edge, being more
intense in the central region of the nanodisk.3

For all values of Dint used in this work, the FFT power of mode 1 is
always distributed on the edges of the nanodisk.

Although mode 1, mode 2 and mode 3 have similar spatial dis-
tributions, there are differences between them. For example, for
Dint = 4.0 mJ/m2 (Fig. 3 (a)), mode 2 is more intense on the edge of the
nanodisk in comparison to mode 3 and mode 4. Additionally, there is a
small decrease in the intensity on the edges of the nanodisk for mode 3
and mode 4 in comparison to mode 2. A similar behavior is observed for
Dint = 4.1 mJ/m2 (Fig. 3 (b)).

For Dint = 4.2 mJ/m2 (Fig. 3 (c)), mode 3 has higher intensity on
the edge of the nanodisk, in comparison to mode 2 and mode 4.
However, this difference is not as pronounced as in the cases for
Dint = 4.0 mJ/m2 and Dint = 4.1 mJ/m2.

Next, in order to induce switching of the skyrmionium in the na-
nodisk, we have used an oscillating perpendicular magnetic field

= −B Bz 0 sin(2π ft), where B0 is the magnetic field intensity, and f is the
frequency of the spin wave modes previously obtained.4 In this stage,
we have used a value of damping constant5 α = 0.01. In all the si-
mulations, we have considered as the initial magnetic configuration, a
skyrmionium with polarity p = +1.

The spatial evolution of the magnetization with time, and the
temporal evolution of the average z-component of the magnetization
mz, and the field Bz are shown in Fig. 4 (a-l) and Fig. 4 (m). In Fig. 4 (a-
l), we can see how the spatial distribution of the magnetization changes
with time for mode 1 during the switching process, from a skyrmionium

Fig. 1. Energy of the final magnetic states of the nanodisk versus value of the
Dzyaloshinskii-Moriya exchange constant Dint.

Fig. 2. Power spectra for different values of Dint, obtained by fast Fourier
transform from the fluctuations of the z-component of the magnetization δ
mz(t). Blue line corresponds to Dint = 4.0 mJ/m2, red line to Dint = 4.1 mJ/m2

and green line to Dint = 4.2 mJ/m2.

1 We have worked with the region where the skyrmionium is the ground state
(4.0 mJ/m2 ⩽ Dint ⩽ 4.2 mJ/m2).

2 This pulse allows exciting all spin wave frequencies present in the system up
to a value of f = 50 GHz [13,11].

3 Note that the outer circles coincide with the limits of the nanodisk.
4 We have shown only the results for Dint = 4.0 mJ/m2.
5 We have used a lower damping constant in order to observe more easily the

dynamics of switching. However, we have also used a realistic damping α = 0.5
[7]. Our results show that the switching is still possible, but an increase in the
values of B0 is required (see Supplementary Material).
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with polarity p = +1 (Fig. 4 (a)), up to a skyrmionium with polarity
p = −1 (Fig. 4 (l)). For this mode, we have encountered that the
switching is possible for a magnetic field threshold of B0 = 340 mT,
pulse length of t = 438 ps6.

During the application of the magnetic field, the inner region of the

skyrmionium (in white) shrinks, and the outer region (also in white)
also shrinks. The intermediate region (black) expands. These changes
are shown in Fig. 4 (b). The intermediate region continues to expand up
to the edges of the nanodisk, making the outer region disappear, and
the inner region expands slightly, resulting in the formation of a sky-
rmion (Fig. 4 (c)). The core of this skyrmion (p = +1) continues to
expand (Fig. 4 (d)) until the magnetization of the disk is saturated in the
+z direction (Fig. 4 (e)). Next, the magnetic configuration in the na-
nodisk evolves to the more complex magnetic configuration shown in
Fig. 4 (f). This magnetic configuration, on its turn, evolves into another
skyrmionium (Fig. 4 (g)). Next, the magnetic configuration evolves
(Fig. 4 (h-i)) in a similar way to the evolution shown in Fig. 4(b-c). The
temporal evolution of the system after turning off the magnetic field is
shown in Fig. 4 (j-l), and it is possible to observe the magnetic con-
figuration evolve to a deformed skyrmionium with polarity p = −1
(Fig. 4 (j-l)), until the skyrmionium is finally stabilized in the nanodisk
(the complete switching process can be seen in video 1 in the
Supplementary material).

In Fig. 5 it is shown the spatial evolution of the magnetization with
time, and the temporal evolution of the average z-component of the
magnetization mz and Bz for mode 2. For this mode, we have en-
countered that the switching is possible for a threshold magnetic field
intensity of B0 = 137 mT, pulse length of t = 242 ps. The switching
process of the skyrmionium is different from the one shown in Fig. 4.

Fig. 3. Spatial distribution of the Fourier power of the spin wave modes 1, 2, 3
and 4, for (a) Dint = 4.0 mJ/m2, (b) Dint = 4.1 mJ/m2 and (c) Dint = 4.2 mJ/
m2.

Fig. 4. (a-l) Images of the nanodisk exhibiting the spatial variation of the
magnetization for different times, for Mode 1 (white color → mz = +1, and
black color → mz = −1) for Dint = 4.0 mJ/m2. Fig. 4 (m) shows the temporal
evolution of the average z-component of the magnetization mz and the field Bz.

Fig. 5. (a-l) Images of the nanodisk exhibiting the spatial variation of the
magnetization for different times, for Mode 2 (white color → mz = +1, and
black color → mz = −1) for Dint = 4.0 mJ/m2. Fig. 4 (m) shows the temporal
evolution of the average z-component of the magnetization mz and the field Bz.

6 For practical reasons, we have considered the application of the oscillating
fields for a maximum period of 1 ns. If in this period there was no switching, we
increased the value of the magnetic field intensity.
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For this mode, the inner region of the skyrmionium (in white) shrinks,
and the outer region (also in white) also shrinks. The intermediate re-
gion (black) expands (Fig. 5 (b)). Then an opposite process occurs. The
inner region of the skyrmionium (in white) expand, and the outer re-
gion (also in white) also shrinks. The intermediate region (black) ex-
pands. (Fig. 5 (c)). Next, the magnetic configuration in the nanodisk
evolves in the same way as mentioned above (Fig. 5 (d-f)), until the
inner region is annihilated and the skyrmionium is transformed into a
skyrmion, as shown in Fig. 5 (g).

The core of the skyrmion expands, as shown in Fig. 5 (h). As men-
tioned above, the magnetic field is turned off at t = 242 ps, and the
core of the skyrmion continues to expand to saturate the magnetization
in the−z direction (Fig. 5 (i)). The magnetic configuration continues to
evolve until a tiny skyrmionium appears at approximately t = 285 ps
(Fig. 5 (j)). This skyrmionium expands and shrinks until it is finally
stabilized on the nanodisk (Fig. 5 (l)). The complete switching process
can be seen in video 2 in the Supplementary Material.

The switching process for mode 3 is shown in Fig. 6. In this figure,
we can see that the evolution of the spatial distribution of the magne-
tization is similar to what is observed in the switching process for mode
2, at least until the formation of the skyrmion (Fig. 6 (a-f)).

In this case, the core of the skyrmion does not expand until the
sample is saturated in the -z direction, as in the case for mode 2 (Fig. 5
(i)), but the core shrinks, and then a skyrmionium appears (Fig. 6 (h)).
Then, the skyrmionium shrinks and expands, and it is finally stabilized
on the nanodisk. For this mode, we have found that the switching is
possible for a threshold magnetic field intensity of B0 = 158 mT and
pulse length of t = 129 ps. The complete switching process can be seen

in video 3 in the Supplementary Material.
For mode 4, we have found that the switching is possible for a

threshold magnetic field intensity of B0 = 258 mT, pulse length of
t = 146 ps. The spatial evolution of the magnetization with time, and

Fig. 6. (a-l) Images of the nanodisk exhibiting the spatial variation of the
magnetization for different times, for Mode 3 (white color → mz = +1, and
black color → mz = −1) for Dint = 4.0 mJ/m2. Fig. 4 (m) shows the temporal
evolution of the average z-component of the magnetization mz and the field Bz.

Fig. 7. (a-l) Images of the nanodisk exhibiting the spatial variation of the
magnetization for different times, for Mode 4 (white color → mz = +1, and
black color → mz = −1) for Dint = 4.0 mJ/m2. Fig. 4 (m) shows the temporal
evolution of the average z-component of the magnetization mz and the field Bz.

Fig. 8. Threshold magnetic field intensity B0 versus Dint. Red squares for mode
1, blue triangles for mode 2, orange circles for mode 3, and purple diamonds for
mode 4.
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the temporal evolution of the average z-component of the magnetiza-
tion mz and Bz are shown in Fig. 7. This switching process is similar to
that observed in mode 3. The complete switching process can be seen in
video 4 in the Supplementary Material.

The similarity in the temporal evolution of the z-component of the
magnetization, before the skyrmionium is switched, arises because
mode 3 and mode 4 are similar, as shown in Fig. 3 (a). Mode 2 is
somewhat different from mode 3 and mode 4, that is why there is a
slight difference in the switching process. On the other hand, the
switching process for mode 1 differs from all others, due to the way its
Fourier power is distributed on the nanodisk (Fig. 3 (a)). Similar results
were obtained for the other values of Dint shown in Fig. 1.

In Fig. 8 we show the value of the threshold magnetic field in-
tensities B0 as a function of the values of Dint, for all modes obtained, as
shown in Fig. 3. In this figure we can observe that, in general, the in-
crease of Dint leads to an increase in the values of the threshold mag-
netic field intensities B0. For example, for mode 1, the threshold mag-
netic field intensity B0 increases from B0 = 340 mT (Dint = 4.0 mT) to
B0 = 343 mT (Dint = 4.2 mT). For mode 2, B0 increases from B0 = 137
mT (Dint = 4.0 mT) to B0 = 199 mT (Dint = 4.2 mT), and for mode 4,
B0 increases from B0 = 258 mT (Dint = 4.0 mT) to B0 = 305 mT
(Dint = 4.2 mT).

We found one exception for this behavior mentioned above; for
mode 3, B0 increases from B0 = 158 mT (Dint = 4.0 mT) to B0 = 212
mT (Dint = 4.1 mT) and then decreases to B0 = 189 mT (Dint = 4.2
mT). This exception can be attributed to the intrinsic nonlinearity of the
system.7

From Fig. 3 and Fig. 8, it is possible to observe that modes whose
maximum oscillation amplitudes are closer to the center (mode 3, mode
4 and mode 5) allow the use of low intensity magnetic fields, compared
to modes whose maximum oscillations are far from the center (mode 1).
This is why it is important to know previously the distribution of the
spin wave modes in order to use the lowest values of magnetic field
intensity that are required for the practical applications.

3. Conclusions

In summary, in this work we have studied the switching process of a
skyrmionium in a ferromagnetic nanodisk coupled to a nonmagnetic
substrate, using micromagnetic simulation.

Our results show that perpendicular oscillating magnetic fields can
be used to switch the polarity of a skyrmionium when the frequency of
the magnetic fields is equal to the frequencies of the spin wave modes,
and the magnetic field is turned off at the right time.

Our results show also that the switching process of a skyrmionium is
mediated by a topological transformation before its reversal. The
switching process show similarities in the case where the modes have
similar spatial distributions.

Additionally, our results show that in general the increase of the
values of Dint increases the value of the threshold magnetic field in-
tensity necessary to induce the switching of a skyrmionium.

In the present work we have shown how, using the different re-
sonance modes of the skyrmioniums, one can obtain a robust technique
of manipulating the polarity of these structures, a requirement for many
applications in Spintronics, where the two polarities would represent ’0’
or ”1’. In the search for this technique, we have been able to reveal the
full complexity of the process of polarity inversion of the skyrmioniums.
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