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Magnetic skyrmions and skyrmioniums are exotic magnetic conﬁgurations that have several potential applications in Spintronics. In this work, using micromagnetic simulations, we show that it is possible to create metastable skyrmions and skyrmioniums in an isolated cobalt nanodisk, that has as its minimum energy conﬁguration a single domain with perpendicular magnetization. First, we have determined the ground state of the
nanodisk and the frequencies of the spin wave modes of skyrmions and skyrmioniums for diﬀerent values of
perpendicular uniaxial anisotropy constant K z and Dzyaloshinskii-Moriya exchange constant Dint . Next, in order
to create a skyrmion or skyrmionium, we have applied an oscillating perpendicular magnetic ﬁeld with a frequency equal to that of the spin wave modes. Our results show that it is possible to switch from single domain to
skyrmion or skyrmionium, tuning parameters such as the intensity of the applied perpendicular magnetic ﬁeld,
and its duration.

1. Introduction
Non-trivial topologically protected spin textures, such as magnetic
skyrmions, can be created in ferromagnetic nanostructures with different geometries [1–7]. Magnetic skyrmions are characterized by the
topological charge Q. For skyrmions with polarity p = +1, i.e., magnetization at the center in the +z direction, the topological charge is
Q = 1, and for skyrmions with polarity p = −1, the topological charge
is Q = −1 [6,8].
The topological protection of magnetic skyrmions allows them to
evade obstacles or defects in the nanostructures as they move [9], and
also coexist in the form of clusters, without mutual annihilation [10].
Magnetic skyrmions can be moved with small current densities [8],
reducing the undesirable Joule heating that is detrimental in Spintronics applications, e.g., racetrack memories [11].
Skyrmioniums, also called target skyrmions [12] or 2π -skyrmions
[13], are another type of spin texture similar to skyrmions, that can also
be created in ferromagnetic nanostructures [14–16,12,17,18]. A skyrmionium can be considered as a combination of two skyrmions with
opposite topological charge [17,12], resulting in a total topological
charge Q = 0. This allows the skyrmionium, unlike the skyrmion, to
move without suﬀering deﬂections due to the skyrmion Hall eﬀect
(SkHE). This property is essential to read and write information in
potential applications of skyrmioniums as components of devices for
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magnetic recording [18].
Skyrmioniums can reach higher velocities in comparison with a
skyrmion [19,17], another property that is relevant for applications in
Spintronics.
Skyrmioniums in magnetic nanostructures arise in micromagnetic
simulations [20,15,21] and have been experimentally observed at low
temperature and room temperature [12,22–24]. They can be created in
ferromagnetic nanostructures by tuning parameters such as the ratio of
the thickness to the radius of the nanodisk, perpendicular magnetic
anisotropy, and Dzyaloshinskii-Moriya interaction [20], or using an
external perturbation, e.g., spin polarized current [15], and static perpendicular magnetic ﬁeld [25,14,12].
However, it is necessary to look for methods that allow us to have
selectivity in creating either magnetic skyrmions, or skyrmioniums, in
an isolated nanostructure.
In the present work, we propose a simple method to create selectively these textures, in a nanodisk with a perpendicularly magnetized
single-domain, using oscillating perpendicular magnetic ﬁelds with
frequencies equal to the frequencies of the spin wave modes of these
textures. To demonstrate this idea, we used the open source code
Mumax3 [26], with a cell size 1 × 1 × L nm3, where L is the thickness of
the nanodisk. We assumed T = 0 K, however, the present method is
valid at room temperature (see Supplementary material). The material
used was Cobalt with parameters [20,27]: saturation magnetization
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Ms = 5.8 × 105A/m, exchange stiﬀness A ex = 15 pJ/m, perpendicular
uniaxial anisotropy constant K z = 0.8 and 1.0 MJ/m3, and Dzyaloshinskii-Moriya exchange constant Dint ranging between 3.4 and
4.0 mJ/m2.

2. Results and discussion
We have simulated a thin Cobalt nanodisk deposited on a Pt substrate (Co/Pt), with diameter D = 150 nm and thickness L = 1 nm.
First, in order to obtain the relaxed magnetic state of the nanodisk,
we have considered in our micromagnetic simulations three initial
magnetic conﬁgurations: perpendicular single domain, skyrmion, and
skyrmionium. The energies of the relaxed states are shown in Fig. 1.
These were obtained using a large damping constant of α = 0.3 for
faster convergence. For all our values of Dint and K z , it was possible to
obtain three ﬁnal magnetic states, except for Dint = 3.8 mJ/m2, where it
was possible to obtain only two ﬁnal magnetic states. The state of
lowest energy in all cases, as shown in Fig. 1, is a magnetic single domain.
In order to obtain the spin wave modes, a skyrmion or skyrmionium
conﬁguration was chosen as the initial magnetic state in the nanodisk,
and then relaxed1. Afterwards, we have applied a perpendicular sinc
magnetic pulse ﬁeld Bz = B0 Sinc(2π f(t-t 0 )), centered on t 0 = 1 ns,
where B0 = 5 mT is the magnetic ﬁeld amplitude, and f = 70 GHz is the
cutoﬀ frequency2. The spatial proﬁle of the z-component of the magnetization was saved every 5 ps for a total simulation time of 20 ns. In
this process we have used a lower damping constant α = 0.002, for
better resolution of the spin wave modes. The same procedure was
repeated for a skyrmionium conﬁguration as initial magnetic state.
The power spectrum was calculated by a fast Fourier transform
(FFT) of the z-component of the magnetization, using all cells of the
nanodisk (see Ref. [29] for details) from the temporal evolution of the
spatial proﬁle of the z-component of the magnetization obtained in the
previous step. In Fig. 2 are shown the power spectra of a skyrmion
(Fig. 2(a)), and of a skyrmionium (Fig. 2(b)), for the parameters
K z = 0.8 MJ/m3 and Dint = 3.4 mJ/m2. The power spectra shown in
Fig. 2 have prominent peaks3, indicating the frequencies of the spin
wave modes. For the skyrmion, there are three peaks at approximately
7.79 GHz (mode 1), 59.59 GHz (mode 2), and 68.23 GHz (mode 3); for a
skyrmionium, three prominent peaks at approximately 3.69 GHz (mode
1), 24.04 GHz (mode 2), and 60.73 GHz (mode 3).
The spatial distribution of FFT power of the spin wave modes is
shown in Fig. 2(c) and (d). For the skyrmion, mode 1 (breathing mode)
corresponds to maximum oscillation amplitudes distributed near the
center of nanodisk (see color bar in Fig. 2), whereas mode 2 and mode 3
correspond to maximum oscillation amplitudes distributed both in the
center and on the edges. For the skyrmionium, mode 1 and mode 2
correspond to maximum oscillation amplitudes distributed in the center
of the nanodisk, and mode 3 is more intense at the edges of the nanodisk Fig. 2(d).
In order to excite the spin wave modes and create skyrmions and
skyrmioniums, we have used an oscillating perpendicular magnetic
ﬁeld Bz = B0sin (2π ft), where B0 is the magnetic ﬁeld intensity and f is
the frequency of the spin wave modes obtained from the curve of
spectral density, and shown in Fig. 2(a) and (b).
It is important to note here that continuum transitions between
magnetic conﬁgurations with diﬀerent values of topological charge are
possible in nanosystems [30,31], because in these systems the

Fig. 1. (a) Energy of the ﬁnal magnetic states of the nanodisk vs.
Dzyaloshinskii-Moriya exchange constant Dint , and (b) in-plane view of the zcomponent of the magnetization for a skyrmionium, skyrmion, and magnetic
single domain.

continuity is broken by the edges or through the applications of magnetic ﬁelds or spin currents, allowing transitions between magnetic
conﬁgurations with diﬀerent values of the topological charge [30,31],
as shown by several works [15,16,18,31–34].
In order to create a skyrmion in the nanodisk, we started with a
nanodisk in the single domain state, with perpendicular magnetization
(t = 0 ns). Next, we have applied the oscillating magnetic ﬁeld4. The
temporal evolution of the z-component of the magnetization is shown in
Fig. 3(a–c) for all spin wave modes. In this ﬁgure, we can see that the
dynamics of this component, before the skyrmion is created, is diﬀerent
for each mode. This diﬀerence is related to the spatial distribution of
the spin wave modes in the nanodisk (see Fig. 2(c)).
From magnetic single domain to skyrmion: We encountered that a
skyrmion can be created for all values of the frequencies of the peaks
corresponding to the spin wave modes shown in Fig. 2(a), and that the
threshold of magnetic ﬁeld intensity and the duration of the applied
ﬁeld necessary to create the skyrmion depend on the frequency of the
spin wave mode. For example, for the ﬁrst mode, we have obtained a
skyrmion applying a magnetic ﬁeld of B0 = 926 mT during t = 900 ps.
Once the magnetic ﬁeld is turned oﬀ, the system is allowed to relax
until the skyrmion is created (Fig. 3(a)). The created skyrmion shrinks
and expands until it is stabilized at approximately 7.5 ns.
For the second mode, the magnetic ﬁeld intensity threshold needed
to create a skyrmion is B0 = 449 mT, and time of duration t = 640 ps,
and for the third mode B0 = 888 mT and t = 510 ps. Note that for mode
1, the skyrmion is created after 1 ns, and for modes 2 and 3, the skyrmion is created before 1 ns, which shows that it is more eﬃcient to use
the frequencies of the higher order modes.

1

We have shown only the results for K z = 0.8 MJ/m3 and Dint = 3.4 mJ/m2.
We have used this pulse because it allows exciting all spin wave frequencies
present in the system up to a value of f = 70 GHz [14,28].
3
In some cases there are tiny peaks in the spectrum that can be considered
noise or spin wave modes of smaller amplitude. However, we have worked only
with the more intense peaks.
2

4
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 formation of a
skyrmion or a skyrmionium, we increased the value of the magnetic ﬁeld intensity.
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Fig. 2. Power spectrum (a) for a skyrmion and (b) for a skyrmionium, obtained
by fast Fourier transform for K z = 0.8 MJ/m3, and Dint = 3.4 mJ/m2. Spatial
distribution of the Fourier power of the spin wave modes (c) for a skyrmion and
(d) for a skyrmionium. The blue dashed lines in Figure (c) and Figure (d) represent the edges of the nanodisk.

Fig. 3. Images of the nanodisk exhibiting the temporal evolution of the zcomponent of the magnetization for (a) mode 1, (b) mode 2, (c) mode 3 and (d)
temporal evolution of the absolute value of the topological charge for the three
modes. Note the superposition of the curves corresponding to modes 2 and 3 for
times longer than about 0.7 ns.

The temporal evolution of the absolute value of the topological
charge Q is shown in Fig. 3(d). In this ﬁgure it is possible to observe that
the value of the topological charge Q is approximately 1 before 1 ns for
mode 2 and mode 3, and after 1 ns for mode 1.
For mode 1, the topological charge Q increases from approximately
Q ≈ 0 to Q ≈ 2.7. This increase corresponds to the strange magnetic
conﬁgurations that appear during and after the application of the oscillating magnetic ﬁeld (Fig. 3(a)). For mode 2 and mode 3, the evolution of the topological charge is smoother in comparison with mode 1.
This is because, unlike the time evolution observed with mode 1, there
are no strange magnetic conﬁgurations during and after the application
of the oscillating magnetic ﬁeld (Fig. 3(b, c)).
From magnetic single domain to skyrmionium: In order to create a
skyrmionium in the nanodisk, we followed the same methodology used
for the formation of a skyrmion, again starting from a single domain
with perpendicular magnetization. Next, the oscillating perpendicular
magnetic ﬁeld was applied. In this process, it was possible to create a
skyrmionium for all values of the frequencies of the spin wave modes
shown in Fig. 2(b).
In a way similar to that of the creation of a skyrmion, the temporal
evolution of the z-component of the magnetization is diﬀerent for each
spin wave mode, as it is shown in Fig. 4(a–c).
For mode 1, it is possible to obtain a skyrmionium using a value of
B0 = 998 mT and duration of applied magnetic ﬁeld t = 300 ps. After
turning oﬀ the magnetic ﬁeld, the system evolves forming several deformed skyrmions, as shown in Fig. 4(a) for t = 345 ps. These later give

rise to a deformed skyrmionium; the created skyrmionium is stabilized
in approximately 4 ns.
For mode 2 (Fig. 4(b)), a skyrmionium is created using a value of
B0 = 969 mT and duration of applied magnetic ﬁeld t = 350 ps. Note
that the process of creation of skyrmionium is similar to that shown in
Fig. 4(a) for mode 1. There appear tiny deformed skyrmions in the
nanodisk, which later merge, giving rise to a deformed skyrmionium.
The similarity in the dynamics of the z-component of the magnetization, before the skyrmionium is created, arises because mode 1 and
mode 2 are similar, both concentrated near the center of the nanodisk
(Fig. 2(d)).
For mode 3, a skyrmionium is created using a value of B0 = 904 mT
and duration of applied magnetic ﬁeld t = 430 ps. The process of
creation of the skyrmionium is shown in Fig. 4(c). This process is different from the processes for modes 1 and 2. In this case, there appears
a skyrmion, with polarity p = +1 (Fig. 4(c) for t = 290 ps), in the
center of nanodisk, that shrinks and expands its diameter until ﬁnally
there appears another core in the center (Fig. 4(c) for t = 445 ps), with
polarity p = −1.
The temporal evolution of the absolute value of the topological
charge Q is shown in Fig. 4(d). In every case the ﬁnal value of Q is
approximately zero, which conﬁrms the formation of a skyrmionium. In
this ﬁgure, it is possible to observe that for mode 1, the topological
charge initially increases from Q ≈ 0 to Q ≈ 4, which suggests the
3
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A skyrmionium was obtained using a value of B0 = 926 mT and
duration of applied magnetic ﬁeld t = 630 ps for mode 1
(f = 3.65 GHz), B0 = 804 mT and duration of applied magnetic ﬁeld
t = 510 ps for mode 2 (f = 14.15 GHz), and B0 = 832 mT and duration
of applied magnetic ﬁeld t = 285 ps for mode 3 (f = 62.58 GHz). For
K z = 1.0 MJ/m3 and Dint = 4 mJ/m2, the values of the magnetic ﬁeld
intensity needed to obtain skyrmions and skyrmioniums increase to
values above 1 T.
Additionally, in the Supplementary material, we have considered
eﬀects of temperature (T = 300 K) in our simulations. Our results show
that the principle of selectivy in the creation of a skyrmion or a skyrmionium is still valid. However, an increase in the required values of
applied magnetic ﬁeld and its duration was encountered. This is due to
the fact that the temperature can modify the spatial proﬁle of the spin
wave modes.
Switching between skyrmion and skyrmionium: Additionally, we
also show that it is possible to switch from a magnetic skyrmion conﬁguration to skyrmionium, and vice versa. In this case, we started with
a magnetic skyrmion (or skyrmionium) conﬁguration in the nanodisk.
Next, as in the previous cases, we applied the oscillating perpendicular
magnetic ﬁeld.
The temporal evolution of the z-component of the magnetization for
mode 1 is shown in Fig. 5 for mode 1. For mode 1, we have obtained a
skyrmionium from a skyrmion, using a value of B0 = 245 mT and
duration of applied magnetic ﬁeld t = 216 ps. For this mode, a skyrmion was obtained from a skyrmionium, using a value of B0 = 29 mT
and duration of applied magnetic ﬁeld t = 80 ps.
The process of switching between skyrmion and skyrmionium was
successfully achieved for all values of K z and Dint shown in Fig. 1.
Finally, the skyrmions and skyrmioniums can be deleted, for example, using a static perpendicular magnetic ﬁeld that saturates the
magnetization of the nanodisk, in the z direction.

Fig. 4. Images of the nanodisk, exhibiting the temporal evolution of the zcomponent of the magnetization for (a) mode 1, (b) mode 2, and (c) mode 3 and
(d) temporal evolution of the absolute value of the topological charge for the
three modes. Note the superposition of the curves corresponding to modes 1, 2
and 3 for times longer than about 0.4 ns.

formation of more than one skyrmion in the nanodisk during the process of creation of the skyrmionium, and that matches the images
shown in Fig. 4(a). Afterwards, the value of the topological charge Q
goes to approximately zero, which corresponds to the creation of the
skyrmionium.
For mode 2, the absolute value of the topological charge Q increases
from Q ≈ 0 to just over Q = 2, which also suggests the formation of
more than one skyrmion in the nanodisk during the process of formation of the skyrmionium. Next, the value of the topological charge goes
to zero.
For mode 3, the absolute value of the topological charge Q increases
initially from Q ≈ 0 to Q ≈ 1. This suggests the formation of one skyrmion, and matches the images shown in Fig. 4(c). Next, the topological
charge goes to approximately zero, conﬁrming the creation of a skyrmionium in the nanodisk.
We have realized simulations (not shown here) for all values of K z
and Dint shown in Fig. 1. In all cases it was possible to obtain skyrmions
and skyrmioniums. For example, for K z = 0.8 MJ/m3, and
Dint = 3.6 mJ/m2, we have obtained a skyrmion using a value of
B0 = 927 mT and duration of applied magnetic ﬁeld t = 660 ps for
mode 1 (f = 3.79 GHz), B0 = 551 mT, and duration of applied magnetic
ﬁeld t = 140 ps for mode 2 (f = 54.19,GHz), and B0 = 411 mT and
duration of applied magnetic ﬁeld t = 735 ps for mode 3
(f = 59.94 GHz).

Fig. 5. Temporal evolution of the conﬁguration of the nanodisk. Images of the
nanodisk for (a) from skyrmion to skyrmionium and (b) from skyrmionium to
skyrmion; (c) temporal evolution of the absolute value of the topological charge
for mode 1.
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In summary, in this work, we have studied the formation of a skyrmion and a skyrmionium in a Co/Pt nanodisk using micromagnetic
simulations. Our results show that a perpendicular oscillating magnetic
ﬁeld can be used to create a skyrmion or a skyrmionium, when the
frequency of the magnetic ﬁelds is equal to the frequencies of the spin
wave modes, and the duration of the pulse is in the sub nanosecond
time range.
We have also shown that the process of formation of skyrmions and
skyrmioniums is related to the way the spin wave modes are distributed
on the nanodisk. Our results also show that the magnetic ﬁeld intensity
and the duration of the applied ﬁelds can be tailored in order to create
either skyrmions or skyrmioniums. These results are relevant, since this
method allows the selective creation of skyrmions or skyrmioniums,
depending on the envisaged application, without having to keep the
external magnetic ﬁeld on. In potential applications in magnetic storage
devices, this method could be used to switch between a magnetic single
domain, that would represent, e.g., the bit 1, and a skyrmion or skyrmionium, that would represent the bit 0.
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