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Dynamical switching of confined magnetic skyrmions under circular magnetic fields
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Understanding the dynamical properties of magnetic skyrmions is of prime importance for realization of
skyrmion based devices. Here we report on the dynamics of a confined magnetic skyrmion under application
of circular magnetic fields (CMFs). We provide the complex map of the dynamical states and demonstrate that
under some conditions CMFs can change the skyrmion number and lead to the switching of the core polarity.
Combing the results of micromagnetic simulations with those of analytical calculations, based on the extended
Thiele equation, we unravel the physical mechanism behind this dynamical switching. The core switching is
associated with the dynamical motions of the skyrmion driven by a CMF. The formation of domain walls and
their movement from the border towards the center leads to shrinking of the skyrmion and the creation of a
skyrmion with opposite core polarity. The results provide a guideline for checking the skyrmion’s stability as
well as an efficient way for switching the core polarity using CMFs.
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I. INTRODUCTION

Skyrmions are nanoscale topological spin textures emerg-
ing in some chiral magnets. Owing to their fascinating phys-
ical and topological properties they have triggered a growing
interest for application in modern information technology
[1–8]. Recent observations of these topological objects at
room temperature [7–11] and the need of rather small current
densities [3,12–16] or magnetic field gradients [17,18] for
their manipulation, compared to those needed for ordinary
domain walls, has greatly enhanced the feasibility of using
skyrmions for practical application, e.g., in race track memory
devices.

Generally the presence of different competing magnetic in-
teractions in a magnetic system can lead to a skyrmionic state
[19–27]. Of particular interest are isolated skyrmions in con-
fined geometries [28–38], since such structures can easily be
fabricated using advance nanofabrication technologies [9–11].
The dynamics of such confined magnetic skyrmions has been
extensively studied [38–42]. It has been shown that when
the skyrmion is displaced from its equilibrium position, a
restoring force causes the gyroscopic motion of the skyrmion
around its equilibrium position [43,44]. Among the dynamic
properties, the switching of the skyrmion core polarity has
attracted special attention [45]. This is due to the fact that if
the aim is to use the skyrmions as information carriers, e.g.,
in race track devices, it will be of prime importance to be
able to define and switch their core polarity. The polarity can
be switched by different means, e.g., polarized currents [46],
magnetic [47], electric [48], or microwave [49] field pulses.

Here we present and unravel the complex dynamics of a
confined magnetic skyrmion under a circular magnetic field
(CMF) and illustrate an approach for switching of the core
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polarity. Switching a vortex core polarity using CMFs has
already been demonstrated [50]. However, it is important to
notice that a vortex is different from a skyrmion, and hence
the switching process shall be entirely different. In the case
of vortex core switching the dip formation near the core,
which is interpreted as the excitation of nonlinear magnon
modes, causes the switching of the vortex core polarity. How-
ever, the mechanism behind skyrmion core switching with
CMFs is different. By performing extensive micromagnetic
simulations we investigate the dynamics of a single magnetic
skyrmion, constructed in a thin nanodisk. We demonstrate that
the core polarity can be switched using CMFs and provide
the H0-νh dynamical map (H0 and νh represent the amplitude
and frequency of the field, respectively). We will show that
the formation of domain walls and their movement from the
border to the center cause the initial skyrmion to be quenched
and immediately another skyrmion with opposite core polarity
to be formed. We discuss the different regions of the dynam-
ical map and demonstrate that under some circumstances, the
switching of the core polarity can take place by a moderate
magnetic field. The dynamical map contains also regions
in which the skyrmion disappears and different orders, e.g.,
chiral domain walls separating magnetic domains, appear. We
provide insights into this dynamical switching by combining
the results of simulations with those of analytical calculations
based on the generalized Thiele equation [44,51].

The paper is organized as follows. In Sec. II details of
our micromagnetic simulations are provided. Section III is
dedicated to the description of the analytical solution of the
extended Thiele equation in the absence and presence of
CMFs. In Sec. IV the results of the micromagnetic simula-
tions are provided and are discussed by comparing them to
those of the analytical calculations based on the generalized
Thiele equation. Furthermore, additional discussion regarding
the impact of the disk parameters on the dynamical map
is presented. The possibility of switching a skyrmion with
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the skyrmion number of Q = ±1 to a skyrmionium with the
skyrmion number of Q = 0 is discussed in detail. Finally,
Sec. V provides a summary of the main results.

II. DETAILS OF MICROMAGNETIC SIMULATIONS

The numerical simulations were performed using the
OOMMF code [52]. We considered a thin nanodisk with a
thickness of L = 0.6 nm and a diameter of 2R = 120 nm.
In order to form a single skyrmion in the disk, as the
quasiground state, the Dzyaloshinskii-Moriya (DM) constant
should be greater than Dc = 4

π

√
KA, where K and A denote

the magnetic anisotropy and exchange stiffness, respectively
[30,53]. The values we used for our system are the ones
used in Refs. [30,54–56]. The saturation magnetization was
Ms = 1.1 × 106 A/m, the exchange stiffness was A = 16 ×
10−12 J/m, the DM constant was D = 2.8 × 10−3 J/m2, the
magnetic anisotropy constant was K = 0.17 × 106 J/m3, and
the Gilbert damping constant was αG = 0.03. The disk was
divided into cells of the size of 2.5 × 2.5 × 0.6 nm3. The
quasiground state of a nanodisk with the above given param-
eters is a single skyrmion with up-core polarity located at
the center of the nanodisk with the Bloch-type domain wall
(Bloch skyrmion).

Prior to the application of any field, first the skyrmion was
observed for 4 ns in order to ensure that an up-core skyrmion
is fully stabilized in the center of the nanodisk.

A circular magnetic field (CMF) in the form of

H(t ) = H0[cos(ωht )î − sin(ωht ) ĵ] (1)

was then applied to the system, and its response was inves-
tigated over a wide range of H0 and ωh = 2πνh. Here H0

and νh denote the amplitude and the frequency of the CMF,
respectively.

As a general remark, atomistic simulations are more appro-
priate to describe the details of the switching phenomenon.
However, the main idea here is to investigate the role of
skyrmion motion (dynamics) upon application of the CMF on
the switching. Such skyrmion dynamics can be well described
using micromagnetic simulations. It will be shown that our
results indicate that the skyrmion dynamics observed in the
simulations can essentially be described by analytical trajec-
tories calculated based on the Thiele equation. The micormag-
netic simulations for the switching of the vortex core under
application of magnetic fields has been discussed in Ref. [57].
It has been found that the calculated switching fields show
a strong mesh dependence but nevertheless are of the order
of magnitude of the experimental values at reasonable mesh
sizes a < λ. Here λ denotes the exchange length. Hence we
paid special attention to this issue. In our simulation the mesh
size is a = 2.5 nm, which is smaller than the exchange length
λ = 4.5 nm.

III. SOLUTION OF THE GENERALIZED
THIELE EQUATION

A. Solution in the absence of a CMF

In the continuum limit, the dynamics of a single skyrmion
is obtained by the generalized Thiele equation, in which the

skyrmion is considered as a rigid particle [44,51]. For a
massive skyrmion with the mass M, in an environment with
the gyrcoupling vector G and the dissipation tensor D, the
Thiele equation reads as

G × Ṙ − DṘ − KR = MR̈, (2)

where R = (x, y) is the position vector of the skyrmion
guiding center and K is a restoring force constant arising
from the environment in which the skyrmion is located. The
gyrocoupling vector is given by G = (0, 0,G), where G =
−4πQMsL/γ . Here Q represents the skyrmion number and
is given by

Q = 1

4π

∫∫
m · (∂xm × ∂ym) dx dy, (3)

where m denotes the local moments and Q represents both
the winding number w and the core polarity p [1,56,58]. In
analogous to G one can define the elements of the dissipative
tensor Dij. For (i, j) = (x, x) and (i, j) = (y, y) they can be
simplified as Dij = D = 4παG	MsL/γ . Here 	 is given by

	 = 	i j = 1

4π

∫∫
(∂im · ∂ jm) dx dy,

(i, j) = (x, x), (y, y). (4)

For (i, j) = (x, y) and (i, j) = (y, x) Dij = 0. Considering
a Cartesian coordinate Eq. (2) can be written in terms of x and
y components. By defining a complex variable S(t ) = x(t ) +
iy(t ) and substituting it into Eq. (2) one has

MS̈ + (D − iG)Ṡ + KS = 0. (5)

This is the equation of motion for a harmonic oscillator.
In order to solve this equation we use the method of inspired
guessing. We propose the following solution for S(t ):

S(t ) = se−
 t , (6)

where s and 
 are complex numbers and have to be de-
termined. After substituting Eq. (6) into Eq. (5) and solving
the second-order differential equation one finds the following
solutions for 
 :


1,2 = D − iG
2M ±

√(D − iG
2M

)2

− K
M . (7)

Based on Eq (6), the imaginary part of 
 shall provide the
oscillatory movement and the real part shall give the dissipa-
tive part. We decompose 
1,2 into the real and imaginary parts
as 
1,2 = D1,2 + iω1,2. The final solution can then be written
as

S(t ) = s1e−iω1t e−D1t + s2e−iω2t e−D2t , (8)

where s1 and s2 are complex numbers and are given by the
initial conditions. ω1, ω2, D1, and D2 are real numbers and
are given by

ω1,2 = − G̃
2

±
√
A, D1,2 = D̃

2
∓ B

2
√
A

, (9)
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where

D̃ = D/M,

G̃ = G/M,

A = G̃2

4
+ K̃ − D̃2

4
, K̃ = K/M, (10)

B = G̃D̃
2

.

Later we will see that ω1 and ω2 are the eigenfrequencies of
the skyrmion which, one may take either from the simulation
or from the experiment. Equation (8) is the so-called general
solution of the equation of motion, Eq. (5).

B. Solution in the presence of a CMF

The next step would be to apply a CMF and see how
it influences the skyrmion dynamics. To this end, we add a
clockwise CMF in the right-hand side of Eq. (5) and obtain
the following equation:

MS̈ + (D − iG)Ṡ + KS = μH0e−iωht . (11)

In the above equation μ is given by μ = πμ0RLMsξ ,
where μ0 is the vacuum permeability and ξ is a constant
being ≈1 [59–61]. We again use the method of inspired
guessing. The proposed solution in this case would again be
an oscillatory function in the form of

S(t ) = s1e−iω1t e−D1t + s2e−iω2t e−D2t + f e−iωht . (12)

Here the first two terms represent the solution in the
absence of the CMF, and the last term reflects the effect of
the field. The factor f in its general form is a complex number
and can be written as f = |F |eiϕ . Both |F | and ϕ can be found
by substituting the last term of Eq. (12) into Eq. (11). Doing
so, one obtains the following equations for |F | and ϕ:

|F | = μH̃0√(−ω2
h − ωhG̃ + K̃

)2 + (
D̃ωh

)2
,

ϕ = arctan

(
D̃ωh

−ω2
h − ωhG̃ + K̃

)
. (13)

Here H̃0 is given by H̃0 = H0
M . The perfectors s1 and s2

are complex numbers. The initial conditions can uniquely
specify the values of s1 and s2. We impose the following initial
conditions on the problem:

S(t = 0) = x0 + iy0 = 0, Ṡ(t = 0) = 0. (14)

At the end, the x and y coordinates of the skyrmion center
during applying the field can be determined as the real and
imaginary parts of S:

x(t ) = �{S(t )}, y(t ) = �{S(t )}. (15)

IV. RESULTS AND DISCUSSIONS

A. Results of micromagnetic simulations

We first stabilize a skyrmion in the nanodisk using the
parameters discussed in Sec. II. The single Bloch skyrmion
formed in this way has an up-core polarity and is located at
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FIG. 1. (a) Trajectory of a confined skyrmion, recorded 0.63 ns
after application of a Gaussian pulse field with a width of 85 ps
and a magnitude of about 104 kA/m. (b) The FFT of the x and y
components of the position of the skyrmion’s guiding center. The
skyrmion trajectory when a sine field with frequencies of (c) ν1 = 1,
(d) ν2 = 6.8, and (e) ν3 = 12.5 GHz is applied to the system. The
color bar shows the time evolution in the units of ns.

the center of the nanodisk. In order to obtain the eigenmodes
of the skyrmion, we apply a Gaussian pulse field with a width
of 85 ps and a magnitude of about 104 kA/m to the system to
shift the guiding center of the skyrmion over some distances
(x ≈ 2 nm, y ≈ 6 nm). The guiding center gyrates about the
center of the nanodisk in the counterclockwise direction. In
order to avoid the effects caused by the field, the trajectory was
recorded after 0.63 ns. In our simulation, we mesh the disk and
find the guiding center of the skyrmion by focusing on the
central region of the skyrmion with the local moments m =
mz > 0. The central point of this region is mathematically
found during the time evolution.

For a nanodisk with the material parameters of Ms = 1.1 ×
106 A/m, A = 16 × 10−12 J/m, D = 2.8 × 10−3 J/m2, K =
0.17 × 106 J/m3, and αG = 0.03 the skyrmion trajectory and
the eigenfrequencies are shown in Fig. 1. Since the skyrmion
is massive, it possesses also a clockwise gyration mode so
that the total trajectory is a polygon-like trajectory, as seen
in Fig. 1(a). Performing a standard fast Fourier transforma-
tion (FFT) of the x and y coordinates of its guiding center,
the eigenfrequencies of skyrmion were obtained to be ν1 =
1 GHz and ν2 = 6.8 GHz, and one small peak at about ν3 =
12.5 GHz [see Fig. 1(b)]. In order to distinguish between the
clockwise and counterclockwise modes, sinusoidal fields with
the frequencies equal to those observed as peaks in the FFT
results were applied along the x direction. It turned out that
the skyrmion undergoes a counterclockwise circular motion at
ν1 = 1 GHz ([Fig. 1(c)]), a clockwise motion at ν2 = 6.8 GHz
[Fig. 1(d)], and again a clockwise motion at ν3 = 12.5 GHz
[Fig. 1(e)] around the center. While the first two frequencies
are the well-known eigenmodes of the system, the third one
which can mainly be excited with high-frequency fields is
very likely the result of a more complex dynamics [1,58].

Now, our idea is to couple a CMF with a clockwise helicity
to this up-core skyrmion and drive its dynamics. Since the
clockwise motion is the natural low-frequency dynamics of a
down-core skyrmion, one may be able to switch the skyrmion
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FIG. 2. The map of dynamical states of a skyrmion subjected to
a clockwise CMF. The vertical axis represents the amplitude, and
the horizontal axis represents the frequency of the CMF. In region I
the skyrmion rotates in the clockwise direction without changes in
its skyrmion number Q. It does not collide with the border within
20 ns. In region II the skyrmion rotates in the clockwise direction
without changes in its Q, but it collides with the border within this
time. In regions III and IV the sign of Q changes while applying the
CMF. Region III is the switching region in which a skyrmion with an
opposite core polarity can be achieved. In some cases a Zeeman field
along the core direction of the initial skyrmion is needed to stabilize
this skyrmion. The magnitude of this field is given as the color bar.
Note that the color bar applies only to the region III. In region IV
the skyrmion collides with the border, and chiral spin textures are
created. The yellow, dark yellow, and dark blue represent regions
I, II, and IV, respectively. In these regions no stabilizer field was
applied at all.

in this way. The most intuitive explanation for the choice of
a CMF is as follows. A CMF with the right helicity can in
principle transfer the required angular momentum to a helical
system to invert all the spins and consequently switch its Q
number. Looking from the perspective of a rigid particle pic-
ture, the most straightforward way to excite the eigenmotion
of a skyrmion would be a CMF with the right helicity, as such
a field can couple to the skyrmion motion. The mathematical
explanation comes from the solution of the Thiele equation
in the presence of the field (see Sec. III B). This equation has
analytical solutions in the form of harmonic oscillators in the
presence of CMFs.

The skyrmion was subjected to a CMF in the form of
Eq. (1), and its dynamics was investigated. First, the system
was observed for 4 ns in order to ensure that an up-core
skyrmion is fully stabilized in the center of the nanodisk. The
CMF was then applied to the skyrmion, and the response of
the system was investigated in great details and over a wide
range of H0 and νh. The resulting H0-νh dynamical map is
presented in Fig. 2, indicating a rather complex behavior of
the skyrmion. Of particular interest is the time evolution of
the skyrmion number during a CMF. Note that Q represents
both the winding number w and the core polarity p [1,56,58].

Generally one identifies four main regions in the dynamical
map, as indicated in Fig. 2. The most simplest one is the region
I, where the skyrmion just follows the CMF. In region II the
skyrmion starts to move with the field but it collides with
the border of the disk and transforms into magnetic domains,
separated with a Bloch wall. Careful analysis of Q of these
textures indicate that they possess nearly the same Q as the
one of the initial skyrmion. In region III the up-core skyrmion
changes its skyrmion number and can eventually be switched
to a down-core skyrmion before it collides with the border.
Finally in region IV the skyrmion at the very first moment
collides with the border, and other types of magnetic states are
created which exhibit an opposite sign of Q (see the discussion
below).

In region I as soon as the CMF is applied the skyrmion
rotates with the field in a clockwise direction without any
noticeable distortion. During the motion there is no collision
with the border, and after 20 ns one still observes the initial
skyrmion. Calculating the skyrmion number during the CMF
indicates that it is +0.89. We call this region as the stability
region in which the skyrmion remains stable during the field.
This region is shown in yellow in Fig. 2. From the application
point of view such a region is useful when the idea is to use
the dynamics of skyrmions without having them affected by
the CMF.

While in region I the skyrmion remains for 20 ns within the
disk, in the region II the skyrmion rotates around the center for
less than 20 ns, and it collides with the border. However, the
sign of Q remains unchanged. This region is shown in dark
yellow in Fig. 2. The difference between regions I and II is
the time during which the skyrmion stays within the disk.

In region III, shown in light-blue/green in Fig. 2, the
sign of Q is changed during the application of the CMF,
and hence a skyrmion with an opposite sign of Q can be
achieved. The simulations indicate that the value of Q changes
from 0.89 to about −0.8. We call this region the switching
region. As is apparent from Fig. 2 the switching between two
distinct skyrmion numbers occurs over a large range of νh and
H0. However, one realizes that this region may be classified
into two subregions. Subregion IIIA is located in the mid-
frequency regime, near the eigenfrequency of the skyrmion,
which describes its clockwise motion (in the absence of the
field). Subregion IIIB is located at higher frequencies. In
Fig. 3 two examples, representing these two subregions, are
presented. Snapshots of the skyrmion are shown while the
CMF is applied. Although the switching takes place in both
subregions, the switching mechanism seems to be slightly
different. Figure 3(a) presents the case of H0 = 30 kA/m and
νh = 5 GHz. At t = 4 ns the CMF is applied the skyrmion
starts to rotate in the field direction, and its radius becomes
smaller. After 0.54 ns the initial skyrmion disappears, and
a skyrmion with an opposite polarity appears in the disk. A
similar process takes place in subregion IIIB. The example at
H0 = 190 kA/m and νh = 25 GHz is shown in Fig. 3(b).

In order to unravel the underlying physical mechanism
responsible for the switching and the timescales involved in
the switching process one may investigate the change in Q
during the CMF. The evolution of Q during the first 3 ns after
application of the CMF for two points in the dynamical map
representing the two subregions is presented in Fig. 3(c). For
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FIG. 3. The skyrmion is initially stabilized in the disk for 4 ns. It is then subjected to a clockwise CMF with (a) H0 = 30 kA/m and
νh = 5 GHz and (b) H0 = 190 kA/m and νh = 25 GHz. The CMF is turned off at t = 4.54 ns in (a) and at t = 4.4 ns in (b). After turning the
CMF off this skyrmion gyrates in a clockwise direction and is finally stopped at the center. The color scale indicates the direction of the local
magnetic moments along the z direction, perpendicular to the disk (red: up, blue: down). Arrows represent the transverse components of local
moments. (c) The time evolution of the skyrmion number during the CMF. (d) The trajectory of the skyrmion before the CMF is applied. The
initial position of the skyrmion is first defined to be at point O (x0 = 1 nm, y0 = 2 nm). In order to avoid effects caused by deformations and
breathing, the data are recorded from point A where the skyrmion’s shape is rather circular. The skyrmion rotates counterclockwise and finally
stops near the disk center (point B). (e) The trajectory of the skyrmion during and after application of the CMF (H0 = 30 kA/m, νh = 5 GHz).
During the field the skyrmion rotates in clockwise direction from point B to C. At point C the up-core skyrmion switches to a down-core one.
At this point the CMF is turned off. The down-core skyrmion rotates in a clockwise direction and finally stops at the center. Arrows indicate
the direction.

νh = 5 GHz and H0 = 30 kA/m (subregion IIIA) the change
in the sign of Q happens 0.54 ns after the CMF is applied,
meaning that at this time the skyrmion is switched. Hence an
efficient way to switch the skyrmion would be to switch off
the CMF at this time and let the skyrmion be stabilized. For
νh = 25 GHz and H0 = 190 kA/m (subregion IIIB) the first
change in the sign of Q happens at 0.4 ns [see Fig. 3(b)]. This
means that switching the CMF off at 0.4 ns would result in a
skyrmion with opposite core polarity.

The time evolution of the skyrmion number should, in
principle, exhibit an abrupt change during the switching. In
fact, this has been partially observed in several points or
regions of the dynamical map of the system [see, for example,
Figs. 3(c)]. The apparent continuous change of Q is due to
the following reasons. (1) The micromagnetic simulations can
describe the systems with slowly varying magnetization dis-
tribution very well. However, they cannot describe precisely
the details of the switching phenomenon, which is essentially
an instant process in the view point of the slow dynamics. (2)
The evolution of the Q number reported here is the results
of “averaging” over the whole disk. The rapid change in spin
configuration and appearance of domains near the edges leads
to an apparent smooth change of Q in the vicinity of the
switching. The skyrmion number is calculated based on the
integral given in Eq. (3). The continuous change of Q with
time is a result of the numerical integration over the whole
disk area. What is important and can be safely concluded from
such data analysis is the presence or absence of a sign change
in Q with time upon application of the CMF.

The difference between subregions IIIA and IIIB is as
follows. In the former case the shape of the skyrmion remains
almost unchanged during the switching. It follows the field
direction with a well-defined trajectory before it switches.
In the latter case after application of the CMF the skyrmion
starts to rotate around the disk center with a rather high speed,

and during the rotation its size and shape change before it
switches. One would therefore expect that in subregion IIIA
the switching is entirely mediated by the coupling of the CMF
to the clockwise motion of the skyrmion. In subregion IIIB,
however, excitations of other types of modes related to the
skyrmion deformation and breathing are also involved in the
switching.

Note that in region III it is of prime importance to carefully
analyze the time evolution of Q during the CMF as well as the
position of the skyrmion within the disk. In the case that this
skyrmion is nearly centered, it can stay for a relatively long
time in the disk and would follow the CMF. However, if this
skyrmion is far off-center or has an irregular shape, one would
require a Zeeman field along the core direction of the initial
skyrmion to stabilize the switched skyrmion at the center. The
value of the stabilizer field is given in Fig. 2 as the color bar.

Now let us briefly discuss the role of the stabilizer field
in region III. The position of the skyrmion is governed by
the dynamics. As soon as the initial skyrmion is subjected to
the CMF, it starts to move. The movement is governed
by the amplitude and the frequency of the CMF. At a cer-
tain time (and position) the skyrmion polarity is switched
and another skyrmion is created. If this switching takes place
near the center of the nanodisk, the skyrmion will move
around the center of the nanodisk and finally will be stabilized.
If the switching is taken place far off-center, one may help to
stabilize this skyrmion by just applying a stabilizer Zeeman
field perpendicular to the plane of the disk. If such a field is not
applied, the skyrmion will continue its motion and will collide
with the disk border. The collision leads to the deformation
and transformation of the skyrmion into a chiral domain
wall.

The values of the stabilizer fields shown in Fig. 2 are
obtained in the following way. For each point of the dynamical
map we first observe where the switching is taken place and
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FIG. 4. The spin texture formed after application of the CMF with amplitude and frequency of (a) H0 = 170 kA/m and νh = 8 GHz and
(b) H0 = 230 kA/m and νh = 12 GHz. These points are located in region IV of Fig. 2. The field is turned on at t = 4 ns and is turned off at
t = 4.25 ns. After application of such CMFs the skyrmion moves rather fast, and it quickly transforms into a magnetic texture composed of
three or four magnetic domains separated with domain walls of Bloch type. The sign of Q of such spin textures in most of the cases is negative
(opposite to the one of the initial skyrmion).

the skyrmion is created. We then immediately switch off the
CMF. In most of the cases the skyrmion is not switched near
the center of the disk. The switched skyrmion has a tendency
to move further towards the border of the disk. Note that the
position of this skyrmion, its initial velocity, and the direction
of the motion are determined by the dynamics of the system,
the frequency and amplitude of the applied field. In order to
prevent collisions of the switched skyrmion with the border
we therefore apply a constant Zeeman field. The minimum
value of such a field is plotted in Fig. 2 as the color scale. Our
analysis showed that the longer the distance of this skyrmion
from the disk center, the larger the amplitude of the stabilizer
field. The dependence of the field on the distance is not exactly
linear because it also depends on the shape of the skyrmion.
In fact, in most of the cases at the moment that the skyrmion
is switched, it does not possess a perfectly round shape [see
for example Figs. 3(a) and 3(b)].

In Figs. 3(d) and 3(e) the trajectory of the skyrmion’s
guiding center before, during, and after the application of a
CMF with H0 = 30 kA/m and νh = 5 GHz is presented. In
order to observe the eigenmotion of the skyrmion, its initial
position was defined to be at point O (1 nm, 2 nm). The
skyrmion’s position was then followed in time. In order to
avoid effects caused by deformations and breathing, the data
were recorded from point A, where the skyrmion’s shape was
rather circular. Owing to its up-core polarity the skyrmion
starts to rotate in counterclockwise direction and finally after
about 10 ns is located at the center of the disk [point B in
Fig. 3(d)]. Now if one turns the CMF on, the skyrmion will
follow the field direction and undergoes a clockwise motion
until it disappears [the green trajectory in Fig. 3(e)]. At point
C the CMF is switched off. The switched skyrmion starts to
rotate in the clockwise direction with a polygon-like trajectory
[shown in blue in Fig. 3(e)]. This is an indication that the
core polarity of the skyrmion is down. This behavior can be
well explained by the calculated skyrmion trajectory using the
generalized Thiele equation, for which we derive an analytical
solution in the absence and presence of CMFs and compare
to the simulation results (see Sec. IV B and Fig. 5). The
fact that a skyrmion with an opposite polarity exhibits an

opposite trajectory may be used as the “smoking gun” of the
switching.

The switching process is a result of ideal combinations of
amplitude and frequency of the CMF and the confinement
effects. In other words the CMF drives the skyrmion dynam-
ics. Since the field direction is opposite to the direction of
the low-frequency eigenmotion of the skyrmion, it forces the
skyrmion to go through a trajectory that is opposite to its
eigenmotion. The displaced skyrmion then feels the forces
caused by the edge effects. The dynamical motion of the
skyrmion leads to an imbalance in the system, which then
results in the switching of the skyrmion. Hence the initial
displacement and the frequency of the movement are decisive
for the switching. If at the first moment the CMF pushes the
skyrmion out of the disk area, it would result in the formation
of a different magnetic order. This, in fact, covers a large part
of the dynamical map and is indicated by dark blue (region IV
in Fig. 2).

In order to visualize the skyrmion dynamics in region IV,
we show two examples for the field amplitude and frequency
of (H0 = 170 kA/m, νh = 8 GHz) and (H0 = 230 kA/m,
νh = 12 GHz) in Fig. 4. As is apparent from Fig. 4 just after
application of the CMF the fast movement of the skyrmion
transforms it into a magnetic texture, which includes three
or four magnetic domains separated with domain walls of
Bloch type. Although it is rather difficult to calculate the
Q number of such complex spin textures, analysis of the Q
number of these magnetic textures indicates that the sign of
Q in most of the cases is negative (opposite to the one of the
initial skyrmion). The transformation of the skyrmion to these
spin textures takes place almost immediately after the CMF is
applied. This region is not therefore useful for switching, and
we do not discuss it further.

As a side remark we would like to point out that cal-
culations of the free energy of the system can eventually
indicate the existence of different ground or metastale states.
We have analyzed different energy terms as calculated by the
micromagnetic code. Changing the frequency and amplitude
of the field leads to the appearance of at least two distinct
regions, i.e., switching and nonswitching regions. Each of
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FIG. 5. The skyrmion trajectory calculated based in the general-
ized Thiele equation in the presence and absence of a CMF. (a) The
trajectory of an up-core skyrmion when it is displaced to (x0 = 2 nm,
y0 = 2 nm) and its motion is followed. The skyrmion starts to rotate
in counterclockwise direction, and finally after a few nanosecond it
stops at the center of the disk (not shown here). (b) The skyrmion
trajectory in the presence of a clockwise CMF. The skyrmion rotates
in the clockwise direction. The trajectory is plotted for the first
0.58 ns. The amplitude and frequency of the field are H0 = 30 kA/m
and νh = 5 GHz, similar to the simulations. (c) The trajectory of the
skyrmion after switching its core polarity. The skyrmion has a down-
core polarity, and it starts to rotate in a clockwise direction, as seen
in the simulations. This figure will be compared to Figs. 3(d) and
3(e), where the results of the simulations for the same skyrmion are
presented.

these regions can be either a skyrmion state or a chiral domain
state. This is exactly what one observes in the dynamical map
of the system presented in Fig. 2.

In order to illustrate the importance of the amplitude and
the frequency of CMFs, we investigated the initial displace-
ment of skyrmion after the CMF is applied. The results were
compared with those of calculations based on the extended
Thiele equation. It turned out that the initial displacement is
rather important. Application of a CMF primarily excites the
modes associated with the gyroscopic motion of the skyrmion.
This is the first and essential step towards switching. The
initial motion can, in turn, excite different magnon modes in
the system which can mediate the switching process. We do
not exclude those effects in the switching process described
here. Both the simulated as well as the calculated skyrmion
motion for the first few tenth of ns are provided in Sec. IV B.

B. Results of analytical calculation based on the Thiele equation

1. Skyrmion trajectory in the absence and presence of a CMF

In order to connect the trajectory of skyrmion observed in
the simulation to the results of the Thiele equation [given by
Eq. (15)] one needs to know the mass of the skyrmion M
and the spring constant K. As discussed in Ref. [58], one
can express M and K in terms of the eigenfrequencies of the
system

M = −G
ω1 + ω2

, (16)

K̃ = −ω1ω2 +
( D̃

2

)2

(17)

We use the two eigenfrequencies of skyrmion obtained
from the simulation results, 2πν1 and 2πν2. The values of M
and K̃ will then be 1.3 × 10−24 kg and 2.6 × 1020 J/(m2kg),

respectively. Considering ξ � 1, the value of μ will be about
0.15 × 10−15 kg m2/(A/s2). The value of G is about 0.47 ×
10−13 Js/m2. The value of the dissipation term D̃ will be
about 0.9 × 1010 s−1 using a numerical calculation of Eq. (4).
However, a better agreement with the simulation results
was found by considering a smaller value of D̃ = 0.25 ×
1010 s−1. This might be due to the boundary effects, which
act as additional forces on the confined skyrmion or changes
in the shape of the skyrmion during its motion.

In order to check the validity of our assumptions we first
calculated the skyrmion trajectory in the absence of the CMF.
Figure 5(a) presents the trajectory of an up-core skyrmion
calculated using the extended Thiele equation during 2 ns in
the absence of the CMF and with the initial position of x0 =
2 nm and y0 = 2 nm, showing the well-known polygon-like
trajectory. The overall motion of the skyrmion in this case is
counterclockwise, as expected.

Now we consider a clockwise CMF and calculate
the skyrmion trajectory in the presence of such a field.
The results for the first 0.58 ns are presented in Fig. 5(b).
The amplitude and frequency of the field are H0 = 30 kA/m
and νh = 5 GHz, similar to the ones used for our simulations.
One observes that the skyrmion follows the field direction,
as expected. For the sake of completeness we also calculate
the trajectory of the skyrmion after switching its core polarity.
To do so one needs to rewrite Eq. (2) for a down-core
skyrmion and calculate the trajectory in the exact same way
discussed above. The results of such calculations are provided
in Fig. 5(c). The skyrmion with a down-core polarity rotates
in clockwise direction. This is exactly what one observes in
the simulations [see the results shown in Figs. 3(d) and 3(e)].

2. The initial displacement of the skyrmion
in the presence of a CMF

As is discussed in Sec. III the dynamical switching of the
skyrmion polarity depends on its displacement from the center
of the nanodisk when the CMF is applied. This displacement
depends strongly on the amplitude and the frequency of the
CMF. We define the skyrmion displacement from the disk
center as

R(t ) =
√

x2(t ) + y2(t ), (18)

where x and y describe the skyrmion position in Cartesian
coordinates and are given by Eq. (15). In order to demonstrate
how this quantity depends on the amplitude and frequency
of the CMF, we obtain this quantity from both micromag-
netic simulations and the analytical calculations and compare
the results. In order to determine the displacement of the
skyrmion from the simulations, we take snapshots at different
time frames after application of the CMF. Depending on the
frequency of the CMF we use an appropriately small time
step in order to obtain enough data. The guiding center then
is defined as the place where the center of the up-domain
is located. We track the position of this guiding center as a
function of time.

For calculating the displacement according to the ex-
tended Thiele equation one requires the physical constants
as discussed in Sec. III. After inserting those values into
Eqs. (11)–(15) one obtains the x and y position of the
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FIG. 6. The displacement of the skyrmion from the disk center during application of different CMFs. The results of low- and mid-frequency
fields are shown in (a) and (b). The results of high-frequency fields are shown in (c) and (d). The results of simulation are presented in (a) and
(c). The results of calculations, based on the extended Thiele equation, are shown in (b) and (d). H0 denotes the amplitude of CMF, and
νh = ωh/2π denotes its frequency. The values of H0 and νh are given in kA/m and GHz, respectively.

skyrmion in the Cartesian coordinate. The displacement is
then calculated according to Eq. (18).

The results for a few points within the dynamical map,
representing different regions, are presented in Fig. 6. We
first show the results for a few points near the region IIIA
of Fig. 2. Near this region since the frequency of the CMF
is rather low, the skyrmion motion is rather slow, but the
displacement from the center of the disk is rather large. At
a given frequency, the larger the field amplitude the larger the
displacement. This fact can be concluded from both simulated
[Fig. 6(a)] and calculated [Fig. 6(b)] displacement. At higher
frequencies the motion is fast and is mainly confined near
the center. This behavior is observed for both the simulated
[Fig. 6(c)] as well as the calculated [Fig. 6(d)] skyrmion
displacement. Since at higher frequencies the displacement
is small, the skyrmion is less affected by the boundary ef-
fects. Hence, it is more stable over a larger range of the
field amplitudes. Note that differences between the results
of calculation and simulation shown in Fig. 6 stem from the
fact that in the calculations we just estimate the values of the
physical constants appearing in the extended Thiele equation.
These values may differ quantitatively from the actual values
involved in the micromagnetic simulations. In addition, in the
analysis based on the extended Thiele equation changes in
the boundary conditions and the skyrmion size as a result
of the applied CMF have not been taken into consideration.
The changes in the size and the shape of the skyrmion
are more dramatic at higher frequencies and higher field
amplitudes.

C. Dependence of the dynamical map on the disk parameters

Details of the H0-νh dynamical map presented in Fig. 2 de-
pend on the disk parameters (see discussion below). Generally
a large variety of materials can host magnetic skyrmions. In
order to have an idea in which materials the switching of the
core polarity is favored, one needs to discuss the effects of
the disk parameters on the dynamical map. As a simple illus-
tration, we choose an effective magnetic anisotropy constant
which is about 1.5 times larger than the value used above.
With this anisotropy constant K = 0.27 × 106 J/m3, the criti-
cal value of the DM constant needed to stabilize the skyrmion
in the ground state will also be larger. We choose D = 3.3 ×
10−3 J/m2 in the present case. Considering the same material
parameters (Ms = 1.1 × 106A/m and A = 16 × 10−12 J/m)
one can stabilize an up-core skyrmion located at the center of
the disk. We aim to observe possible changes in the switching
process of this skyrmion. We first measure the eigenfrequen-
cies of the skyrmion before application of any CMF. To do
so we apply a Gaussian pulse field with an amplitude of
143 kA/m and a pulse width of 65 ps along the x direction.
The skyrmion moves to the position (x, y) ≈ (2.5 nm, 2 nm).
Now we track the skyrmion trajectory during the time. In
order to avoid the effects caused by the field, the data are
recorded 0.62 ns after application of the field. Figure 7 shows
the trajectory of skyrmion and the FFT power spectrum of its
coordinates. The results indicate that this skyrmion possesses
eigenfrequencies of ν1 = 1 GHz and ν2 = 8.8 GHz, slightly
larger than those of the skyrmion stabilized with smaller K
and D. It is interesting to figure out how this shift in the
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FIG. 7. (a) Trajectory of the skyrmion stabilized with K =
0.27 × 106 J/m3 and D = 3.3 × 10−3 J/m2 driven by a Gaussian
pulse field with the width of 65 ps and the magnitude of about
143 kA/m. In order to avoid the effects caused by the field, the data
are recorded 0.62 ns after application of the field. The trajectory
is obtained from the micromagnetic simulations and is recorded
for 0.9 ns. (b) The FFT results of the x and y coordinates of the
skyrmion’s guiding center.

eigenfrequencies causes changes in the amplitude of the CMF
required for switching.

Now we apply CMFs with different frequencies and
amplitudes to the system and investigate the dynamics of
the skyrmion. We are interested in the frequencies in the
vicinity of the eigenfrequency of the skyrmion with the
clockwise motion (ν2 = 8.8 GHz) and look for the thresh-
old amplitude which can change the sign of the skyrmion
number. We therefore applied a CMF with a frequency in
the range νh = 5–10 GHz and the amplitude in the range
H0 = 30–100 kA/m. In the low-amplitude and low-frequency
regime there is no change in the sign of Q. The minimum
amplitude leading to the change of the sign of Q is about
H0 = 60 kA/m and at a frequency of νh = 7 GHz. In this
case, the CMF changes the Q to about −0.85 after 0.3 ns, and
a skyrmion is stabilized at the center of the disk [see Figs. 8(a)
and 8(b) and the related discussions]. In comparison with the
case with smaller anisotropy and DM constant, the threshold
field amplitude is around two times larger. This is not un-
expected due to the following reasons. First, the minimum
amplitude needed to observe the switching takes place for the
CMFs with the frequencies near the eigenfrequency of the
skyrmion with the clockwise motion. Second, for switching
the core polarity an ideal combination of field amplitude and
frequency is required. The larger the values of K and D the
higher the amplitude of the CMF needed to change the sign of
Q and consequently switch the skyrmion.

In order to see the impact of D on the switching properties
one should be able to stabilize skyrmions with the same K
but various values of D. Since the critical D depends on K ,
one should consider cases with small K in order to still be
able to stabilize skyrmions with different D. We therefore
choose a smaller value for K , 0.1 × 106 J/m3. In this case
we could stabilize skyrmions over a large range of D from
2.2×10−3 J/m2 to 3.3 ×10−3 J/m2. It turned out that for the
skyrmion stabilized with D = 2.2 × 10−3 J/m2 the switching
could be realized with H0 = 30 kA/m and νh =4 GHz. How-
ever, for the skyrmion stabilized with D = 3.3 × 10−3 J/m2

application of a CMF with an amplitude and frequency of
H0 = 30 kA/m and νh =4 GHz, respectively, could not lead
to any change in the sign of Q. Instead a larger H0 and νh

(60 kA/m and 5 GHz) were required to see the sign change of
Q. This means that the threshold values of H0 and νh needed
to see the change in the sign of Q are moved to higher values
when D was larger.

D. Possible switching of a skyrmion to a skyrmionium

As discussed in the previous section, the details of the
H0-νh dynamical map presented in Fig. 2 depend on the disk
parameters. During the switching the skyrmion may undergo
a transient state with Q = 0, called a skyrmionium. Under
some circumstances it is possible to switch a skyrmion to
a skyrmionium. This is favored for skyrmions with a large
D. For such a switching in addition to the amplitude and
frequency, the time duration of the CMF is also crucial.

A careful investigation of the time evolution of Q showed
that for the skyrmions stabilized with large values of D one
can switch them from a Q = ±1 state to a state with Q = 0,
i.e., a skyrmionium state. In order to illustrate this interesting
observation we show the results obtained for K = 0.27 ×
106 J/m3 and D = 3.3 × 10−3 J/m2 in Fig. 8. As discussed in
Sec. IV C and in Fig. 7 the eigenfrequencies of the skyrmion
stabilized using these parameters are ν1 = 1 GHz and ν2 =
8.8 GHz. Now using a CMF with the H0 = 60 kA/m and
νh = 7 GHz one can switch the skyrmion from Q = +1 to
Q = −1. Snapshots of the switching process and the evolution
of the Q during the application of the CMF are shown in
Figs. 8(a) and 8(b), respectively. In Fig. 8(a) the skyrmion
was first stabilized for 4 ns. The field was then turned on at
t = 4 ns and was switched off after 0.3 ns. Such a field could
switch the skyrmion polarity from up to down. Figures 8(c)
and 8(d) show the results for the same amplitude of CMF,
H0 = 60 kA/m, but with a different frequency, νh = 6 GHz.
In this case the skyrmion with Q = +1 was switched to a
skyrmionium state with Q = 0. Snapshots of this process are
shown in Fig. 8(c). Here again the skyrmion was stabilized
for 4 ns, and then the CMF was turned on at t = 4 ns and
was switched off after 0.3 ns. This skyrmionium state could
be stabilized shortly after the field was switched off. The time
evolution of the Q during the application of the CMF for 2 ns
is shown in Fig. 8(d).

Such a switching to the transient skyrmionium state can be
of great technological interest if the idea is to realize a three-
state quantum system (Q = +1, 0, −1).

In order to investigate the effect of material parameters on
this switching process we investigated a skyrmion stabilized
with the same value of K as the one used in Sec. IV A
(K = 0.17 × 106J/m3). We used a larger value for D and
stabilized a skyrmion in the nanodisk. The value of D in the
case was 3.1 × 10−3 J/m2. It turned out that by application of
a CMF with H0 = 30 kA/m and νh = 6 GHz one can switch
a skyrmion with Q = +1 to a skyrmionium with Q = 0.
However, in this case a stabilizer Zeeman field is needed to
stabilize this skyrmionium. In addition the time duration of
the CMF is very important. One should switch of the CMF
just at the point where Q is zero. At this time a stabilizer
Zeeman field along the core polarity of the initial skyrmion is
needed in order to keep the created skyrmionium in the middle
of the disk. The amplitude of this field was found to be only
4 kA/m in this case. Our results indicate that for the
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FIG. 8. Switching of a confined skyrmion with Q = +1 to a skyrmion with Q = −1 and to a skyrmionium with Q = 0 by a CMF. The
skyrmion was stabilized with K = 0.27 × 106 J/m3 and D = 3.3 × 10−3 J/m2. (a) Snapshots during the switching of Q = +1 to Q = −1
state. The skyrmion was first stabilized in the disk for 4 ns. It was then subjected to a clockwise CMF with H0 = 60 kA/m and νh = 7 GHz.
The CMF was turned off at t = 4.3 ns. After turning the CMF off a down-core skyrmion with Q = −1 was stabilized. (b) The time evolution
of the skyrmion number during the CMF with H0 = 60 kA/m and νh = 7 GHz. (c) Snapshots during the switching of Q = +1 to Q = 0 state.
Again the skyrmion was initially stabilized for 4 ns. It was then subjected to a clockwise CMF with H0 = 60 kA/m and νh = 6 GHz. The CMF
was turned off at t = 4.3 ns. After turning the CMF off a skyrmionium was created. (d) The time evolution of the skyrmion number during the
CMF with H0 = 60 kA/m and νh = 6 GHz. The color scale in (a) and (c) indicates the direction of the local magnetic moments along the z
direction, perpendicular to the disk (red: up, blue: down). The small arrows represent the transverse components of local moments. The CMF
was applied for 2 ns in (b) and (d).

skyrmions stabilized with a larger value of D it is easier
to find regions in the dynamical map, where the transient
skyrmionium state can be achieved and stabilized.

V. SUMMARY

In summary we examined the stability and switching of
a confined magnetic skyrmion under CMFs. A complex dy-
namical map was obtained including (1) regions in which
the skyrmion is stable during a CMF, (2) regions in which
the skyrmion collides with the border shortly after a CMF
is applied, (3) switching regions in which the skyrmion core
polarity is switched, and (4) regions in which the skyrmion
is transformed into a different chiral magnetic order. The
complex dynamics was understood by a combination of mi-
cromagnetic simulations and analysis of the extended Thiele
equation. It was shown that the skyrmion is more stable at
higher frequencies, since the motion is mainly confined to
the central area of the disk. It was illustrated that under
some circumstances a CMF can lead to the switching of the
skyrmion core polarity. This switching is associated with the
dynamical motion of the skyrmion. The skyrmion motion
leads to the formation of domain walls at the disk border.
The movement of these domain walls from the border towards
the center leads to the shrinking of the initial skyrmion and
creation of a skyrmion with opposite core polarity.

Our results provide guidelines for switching and manipu-
lation of confined skyrmions using CMFs. It is important to
notice that here we have demonstrated the switching of an
up-core skyrmion to a down-core one. Obviously switching
of a down-core skyrmion to an up-core one is also easily
possible by changing the helicity of the CMF (in this case
a counterclockwise field is needed). Such a switching was
realized by our simulations.

Moreover, our results illustrate the stability limit of such
objects under CMFs. The results are important from the
perspective of data transport and storage and may be useful
for realization of spintronic devices in which the dynamics
and manipulation of skyrmions is the main mechanism behind
the device functionality.
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