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Abstract

Magnetic skyrmion, a swirling magnetic texture, has
attracted much attention not only in the fundamental
physics viewpoint but also in applications especially to
memory function. Here, I will review the recent develop-
ments of studies on the skyrmion dynamics and discuss
the potential applications to the skyrmion memory de-
vices.

1. Introduction

Magnetic skyrmion is a topological magnetic texture
characterized by the mapping from the two dimensional real
space to the unit sphere, i.c., spatially distributed normalized
magnetic moments nr represents the mapping from the two-
dimensional spatial coordinate r to the vector n wrapping the
unit sphere. Figure 1 shows the schematic figure of the mag-
netic skyrmion in two dimensions. In Fig.1 (a), the vortex like
structure is in the ferromagnetic background and the winding
plane of the magnetic moments is perpendicular to the radial
direction of the circular magnetic texture. This is the Bloch
skyrmion and is often observed in the chiral magnets. In Fig.1
(b), on the other hand, the winding plane includes the radial
direction. This is called Néel skyrmion and is often found in
the artificially composed super-lattice magnet. The Bloch and
the Néel skyrmions are in the same topological class: Specif-
ically, the wrapping number of the unit sphere by the mag-
netic moments
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defines the topological index called the skyrmion number.
This naturally has a sign and represents the vorticity of the
swirling magnetic texture. For the Bloch and the Néel skyr-
mions, Ny = —1 where z-axis is taken to be parallel to the ex-
ternal magnetic field and the core magnetic moment of the
skyrmion is antiparallel to the magnetic field.
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Fig. 1 Magnetic skyrmions. (a) Magnetic texture of the Bloch skyr-
mion. The arrows indicate the winding texture of the in-plane mag-
netic moments. (b) The same as (a), but for the Néel skyrmion. To
represent the magnetic texture, the color code (c) is used.

In the earlier stage of the skyrmion study, the importance
of the skyrmion from the application viewpoint was already

discussed [1,2], i.e., the utilization of the skyrmion for the in-
formation carrier. It has been considered that the topological
nature of the skyrmion assures a stable/robust memory func-
tion and also brings about an advantage for the manipula-
tion/control by external forces. We theoretically study the
creation, annihilation and current-driven motion of skyrmion
by numerically solving Landau-Lifshitz-Gilbert equation. By
the numerical study, we explore the optimal condition to con-
trol the skyrmion in the ferromagnetic background.

2. Skyrmion creation/annihilation

To utilize the skyrmion for the digital memory bit, the
control technique for creation (write) and annihilation (erase)
must be established. To create/annihilate the skyrmion in the
ferromagnetic background, a topological transition is re-
quired: The topological stability of a skyrmion is often ex-
plained by the topological difference between the skyrmion
and the perfect ferromagnetic state (F state). The difference is
actually characterized by the skyrmion number, i.e., Ny = —1
for the skyrmion but Ny =0 for the F state. Because of the
difference in topology, the skyrmion cannot be reached from
the F state within the continuous deformation of the magnetic
texture. As a result, the skyrmion carries a (meta-) stability
and is protected by a substantial magnitude of potential bar-
rier. To overcome this barrier, a large energy enough to de-
stroy the magnetic ordering is needed. We find that the spatial
discontinuity of the shape of the system can reduce the poten-
tial barrier and useful to change the topology of the magnetic
texture. On this strategy, we theoretically design the skyr-
mion memory devices controlled by electric field, magnetic
field, local heating and other external stimuli [2].

3. Current driven skyrmion dynamics

The topology of the skyrmion is of crucial importance for
the current-driven motion: Because of the vorticity of the
swirling magnetic texture, a Magnus effect occurs along with
the motion of the skyrmion. In particular, the velocity perpen-
dicular to the force due to the impurity is induced by the Mag-
nus effect, which results in avoiding the impurity during the
skyrmion motion.

Besed on this unique feature, we theoretically develop
new methods to drive the skyrmion [2,3]. Figure 2 shows an
example. In this device structure, two layered skyrmion mag-
nets are coupled antiferromagnetically. By applying the cur-
rents which are opposite to each other between the layers, the
coupled skyrmion moves perpendicular to the current direc-
tion. We find that the velocity of the skyrmion in this device
is enhanced by a factor 1/a (a: Gilbert damping constant).
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This is a strategy to develop high-speed skyrmion-manipula-
tion method.

Fig. 2 A method to drive skyrmions [3]. The upper layer (layer 1)
skyrmion antiferromagnetically couples with that in the lower layer
(layer 2). The coupled skyrmions move perpendicular to the current
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4. Skyrmion dynamics and disorder

The earlier experimental works have shown that the
threshold current density to move the skyrmions in bulk-form
chiral magnets is ~10°A/m? being orders of magnitude
smaller than that for magnetic domain wall motion. This was
assumed to be an advantageous for technological application.
However, it has been reported that the microscale-fabricated
samples show very large threshold current density, e.g., the
room-temperature skyrmion-devices by artificial thin-film
heterostructures often show the threshold current density be-
ing 4 or 5 orders of magnitude larger than that of conventional
bulk skyrmion magnets. In those samples, the stochastic skyr-
mion annihilation has also been observed.

We theoretically examine the current driven skyrmion dy-
namics in the system with disorder [4]. The skyrmion in the
thin film form samples, the swirling magnetic texture forms a
string through from top to bottom when the magnetic field is
perpendicular to the film. Therefore, the skyrmion has the de-
grees of freedom along the magnetic field. In the system with
disorder, the skyrmion motion brings the meandering dynam-
ics to avoid the impurities (see Fig.3(a)). These degrees of
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Fig. 3 Skyrmion string [4]. (a) An example of meandering skyr-
mion string structure. (b) An example of skyrmion string with
monopole-antimonopole pair. To represent the magnetic tex-
tures, the color code Fig.1(c) is used.

freedom are missing for the shorter skyrmion, so that the im-
purity effect is enhanced. This appears as the large depinning
threshold current and/or the stochastic skyrmion annihilation.
For the longer skyrmion, on the other hand, we find an insta-
bility of the skyrmion string: During the skyrmion string mo-
tion, a rupture of the string occurs and at the broken point, a
magnetic monopole-antimonopole pair is created (see
Fig.3(b)). The monopole and antimonopole run along the
skyrmion string, and finally, the skyrmion string totally dis-
appears when it is a metastable structure. The skyrmion string
is made from a large number of magnetic moments. On the
skyrmion dynamics, the collision with impurities causes mag-
netic excitation on the skyrmion string. We find that the prop-
agation and resonance of the collective magnetic excitation
play crucial roles for the monopole-antimonopole pair crea-
tion and the skyrmion annihilation. This indicates that there
is the optimal range of thickness for the topological stability
of skyrmion. This result provides a way to design the skyr-
mion devices.
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