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Editorial on the Research Topic
Generation, Detection and Manipulation of Skyrmions in Magnetic
Nanostructures

With the rapid accumulation of data in science, technology, and social activity in the
development of modern society, it is becoming increasingly urgent and important to find
efficient and effective methods to store and process information with low power
consumption. The skyrmion, a curling field configuration, was originally proposed by
nuclear physicist Skyrme [1] and it was recently realized in a wide class of magnetic
materials with chiral exchange interactions [2-4]. Due to their compact shape and small
size down to a few nanometers, good thermal stability, and low driven current density,
magnetic skyrmions have become promising building blocks for high-density storage and
fast information processing applications. In a dozen vyears, this field dubbed as
skyrmionics has attracted significant attention for exploring fundamental physics as
well as for practical applications.

This research topic entitled “Generation, Detection, and Manipulation of Skyrmions in
Magnetic Nanostructures” aims to address the recent developments in the field of
skyrmionics. Particularly, the featured topics include the interplay of skyrmions and
spin waves, pinning effects of disorder and defects on skyrmion motion, and the design of
spintronic devices with information encoded in skyrmions and other magnetic solitons.

Two articles present the interplay of spin waves and magnetic skyrmions. Guan et al.
show that an antiferromagnetic skyrmion driven by double circularly-polarized spin
waves could move along the intersection of the two microwave sources. Here the
skyrmion Hall effect is strongly suppressed because the effective transverse forces
acting on the skyrmions generated by the left-handed and right-handed spin waves
cancel each other. This theoretical proposal may help to guide skyrmion motion in a
desirable trajectory. Yao et al. considered skyrmion generation by spin waves reflected
from a curved surface. Usually, spin-wave energy is too small to overcome the barrier
between a skyrmion and a ferromagnetic state. Here the authors carefully design a
parabolic film edge such that the intensity of spin waves totally reflected from the edge is
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strongly enhanced to switch the magnetization at the focal point
of the system. With continuous excitation of spin waves, more
magnetic energy is accumulated and finally leads to the
generation of a skyrmion in a transient time. Then the
microwave source is switched off and the spins relax toward a
steady skyrmion configuration. This finding may enable all
magnonic control of skyrmion generation and motion, which
in principle works for both magnetic metals and insulators.

Pinning effects of disorder, defects and artificial pits on
skyrmion dynamics in a magnetic system are also reported in
this research topic. Matsumoto et al. experimentally study the
magnetic skyrmions confined to surface-pit corrals with various
geometries. They find that skyrmions are deformed in both shape
and size under the influence of the boundaries defined by the
surface-pit corrals. Deformed skyrmions with opposite polarities
may coexist inside a corral even in the absence of external fields.
These experimental findings may provide guidance to confine
and deform skyrmions in a desirable way. Employing a particle-
based approach, Reichhardt and Reichhardt investigate the
dynamics of a driven skyrmion interacting with an array of
other skyrmions and quenched disorder in a magnetic thin film.
In particular, the authors find that the quenched disorder could
weaken the drag effect of the skyrmion arrays and thus increase
the skyrmion velocity. The nature and amount of noise of
skyrmion velocity fluctuations are analysed in detail. These
results deepen our understanding of skyrmion dynamics in
disordered films, while the essential results may be relevant
for other particle-based systems. Wan et al. show that the
exchange and fourth-order magneto-crystalline anisotropies
can deform a skyrmion lattice and further induce pinning
effects to rotate the skyrmion Ilattice. These findings
complement and deepen our understanding on the pinning
effects of skyrmions [5-8].

Two articles study potential applications of magnetic
skyrmions. Hoffmann et al. theoretically show that a bound
state of a skyrmion-antiskyrmion pair could exist in a so-called
rank-one magnetic material, where the Dzyaloshinskii-Moriya
interaction is reduced to only one non-zero component. This
finding suggests that binary information (“0” and “1”) carried by
the skyrmion and antiskyrmion pair could form a stable sequence
in a magnetic racetrack. By applying a spin current with proper
spin polarization, the authors further demonstrate that a
could be
displaced along a desired direction without showing the

skyrmion-antiskyrmion  sequence collectively
skyrmion Hall effect. The distance of adjacent skyrmions is
kept unchanged during propagation because the skyrmion and
the antiskyrmion move in step. This finding provides a promising
design for skyrmion-based racetrack memory, where the
information is coded in the types of magnetic solitons [9],
instead of in the appearance or absence of magnetic solitons.
It also complements the traditional proposals of magnetic
racetrack memory based on magnetic domain walls [10]. A
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perspective article by Zivieri discusses information storage and
coding based on the information entropy of skyrmions.

Besides magnetic skyrmions, a few more magnetic structures
are also studied. Chen et al. report an exotic Néel-type kink spin
texture stabilized in the corners of square-shaped nanostructures
and describe how these kinks can be created, annihilated, and
reversed in polarity by spin-polarized currents. Chen et al.
observe two types of domains in the kagome metal
DyMn6Sn6, consisting of a type-I domain with a belt
structure and a type-II domain with a complex stripe
structure. As the temperature changes, the type-II domain
may transform into the type-I domain and even disappear,
and vice versa. This finding provides a fresh insight into the
spin texture in kagome crystals and may further help to
understand the relation between novel electronic states and
magnetic states in these materials.

In conclusion, this research topic provides a timely update on
the recent advances in skyrmion physics and its applications in
spintronic devices. We hope that the collection of works will not
only advance our understanding of the creation, dynamics, and
manipulation of magnetic skyrmions, but will also inspire more
interest from the community of science, engineering, and general

audience to accelerate the development of skyrmionics.
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Magnetic Domain Structure in
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Wensen Wei', Zhigao Sheng' and Haifeng Du™*
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Two types of magnetic domains, that is, type-I domain belt domain and type-Il new stripe
domain, are observed in a kagome metal DyMngSng by microscopic magneto-optic Kerr
imaging technique. From 255 to 235K, the spin reorientation is observed directly in
DyMngSng. We analyze the structure of two types of domains through brightness
distribution of the images. The type-ll domain exists from 235 to 160K by zero-field
cooling (ZFC). At the same time, type-I domain and type-Il domain coexist and transform
into each other with variation of temperature. Type-Il domains can easily transform into
type-I domains when the temperature and magnetic field changes, and this process is
irreversible. These results demonstrate that the type-l domain is more stable than the type-
Il domain. The phase diagram of magnetic domains in DyMngSng is obtained.

Keywords: kagome metal, magnetic domain, microscopic magneto-optical kerr effect technique, perpendicular
anisotropy, spin reorientation

INTRODUCTION

Novel magnetic domain structure, which is observed in various magnetic materials, is the
consequence of competition among various magnetic interactions that are executed on the
materials both from intrinsic and extrinsic circumstances [1-4]. In particular, the intrinsic
magnetic interactions that occur in materials with kagome crystal is of great complexity and
results in complicated magnetic domains, for example, a frustrated circumstance would occur and
lead to noncollinear magnetic spin structure [5-10]. Recently, topologically nontrivial skyrmions
have been predicted to generate in kagome crystal when the crystal owns both Heisenberg and
Dzyaloshinskii-Moriya interactions [11-13], and finally, the skyrmion bubbles are experimented
and reported in Fe;Sn, without any Dzyaloshinskii-Moriya interaction [14-17], showing that the
uniaxial magnetic anisotropy in kagome crystal can play a vital role in stabilized novel spin structure.
On the other hand, the magnetic and electronic structures in kagome crystals are highly entangled,
making them show both fruitful spin-orbit and electronic corrected effects. Consequently, the
conduction electrons show both an intrinsic anomalous Hall effect which links to reciprocal band
structure and a topological Hall effect which related to real space nontrivial spin textures [18-22].
The exotic phenomena are confirmed in many kagome crystals like Fe;Sn, [23, 24], Co3Sn,S, [25,
26], YMngSng [27], etc. Evenly, the kagome lattices may also host Dirac electronic states, which leads
to topological and Chern insulating phases, which have been confirmed both by theoretical and
experimental investigation on Fe;Sn, [23, 24] and TbMngSng [28]. Recently, not only TbMngSng but
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Domain in Kagome Metal DyMngSng

Cc
25¢ ‘— Bilc
—— B//ab plane
2.0 B=02T
=)
w
1.5
Ky
S 1.0F
0.5
0.0 . . .
0 100 200 300 400

T(K)

B//ab plane. (D) Magnetic field-dependent magnetization (M-H) curve with B//c.

FIGURE 1| (A) Crystal structure of DyMngSng. (B) XRD pattern of a DyMngSng single crystal. (C) Temperature-dependent magnetization (M-T) curve with B//c and
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also RMn4Sng (R =Y, Dy, Ho, etc.) have been reported to show a
very large anomalous Hall effect and a large topological Hall effect
[27, 29, 30], stimulating vast investigations in the field and
materials of kagome lattices.

DyMngSng is a member of kagome metal RMngSng family (R =
rare element) which consists of a two-dimensional (2D) Mn layer
kagome lattice. It has a hexagonal HfFesGes-type structure with
P6/mmm space group [31]. It has a ferrimagnetic behavior below
Tc = 393 K with Dy and Mn sublattices ordering simultaneously
due to the strong Mn-Dy antiferromagnetic coupling [32].
Neutron diffraction study shows that above room temperature,
it possesses a planar anisotropy for the Mn sublattice but with a
negative value for Dy, resulting in a partial spin reorientation
below T, ~ 240K [31]. Considering both the spontaneous
magnetization with kagome lattice in DyMn4Sng, a conical
arrangement of the spin magnetic moment is inferred in the
previous report. Recently, the transport, and therefore the
electronic structure, has been intensively studied to uncover
the possible Dirac and Chern insulating state nature [28];
however, the directional observation of the spin texture has
not been reported. The relationship between the complex
electronic correlated novel state and the novel spin structure,
in other words, the link between the degrees of charge and spin
for the electrons in kagome lattices, is highly elusive.

Microscopic magneto-optical Kerr effect (micro-MOKE),
which refers to the polarization rotation of a linearly polarized
light when reflected by magnetized materials, is widely used to
map the magnetic domain patterns and magnetic phase
transitions in various materials [33-35]. In this study, the

magnetic domain in DyMneSng crystal and its evolution with
temperature and magnetic field was investigated using the micro-
MOKE imaging technique. We evidenced that the spin
reorientation occurs between 255 and 235K. In addition, we
observed two types of magnetic domain structures that coexist
and compete with each other simultaneously in DyMnSns. Our
results can provide a platform to understand the novel magnetic
domain structure in the kagome metal family.

MATERIALS AND METHODS

DyMngSng single crystals were grown by the flux method [36]. The
constituent elements Dy, Mn, and Sn of better than 3N purity were
weighed in the mole ratio of Dy:Mn:Sn = 1:6:30. The sample was
placed in an alumina crucible and sealed in an evacuated silica
ampoule. The ampoule was heated to 1,273 K and kept at the
temperature for 24 h, and then slowly cooled to 1,223 K. It was
heated again up to 1,263K and finally cooled down slowly to
873K at a rate of 6 K/h. The ampoule was quickly removed from
the furnace. Sn flux was removed using a centrifuge. After cooling
down to room temperature, the ampoule was broken by tools, and
plate-like DyMn4Sny single crystals of about 2 x 2 x 0.5 mm® in size
were obtained from the alumina crucible. The quality of the crystals
was checked by X-ray diffraction (XRD). Magnetization was carried
out using the quantum design magnetic property measurement system
(MPMS-XL5) for 1.8 K < T < 400K and the H < 7 T.

The crystal was exfoliated using Torr seal glue to get smooth
sample surface. Then micro-MOKE images of the surface
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FIGURE 2 | (A) Represented image of the magnetic domains of DyMngSng crystal at 173 K. (B) Type-I domains in DyMngSne. (C) Type-Il domains in DyMneSne.
(D,E) Corresponding map of the brightness distribution in two types of magnetic domains. (F,G) Corresponding sketch map of two types of magnetic domains structure.
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magnetic domains were obtained at several temperatures using a
polarizing microscope (Olympus, BX53M) equipped with a
homemade option which could provide low temperature
circumstances with liquid nitrogen. The magnetic fields
executed on the sample during measurements were generated
by calibrated permanent magnets.

RESULTS AND DISCUSSIONS

Figure 1A shows the crystal structure of DyMneSng. It has an
hexagonal HfFesGes-type structure with P6/mmm space group
with two-dimensional (2D) Mn layer kagome lattice. Figure 1B
shows the XRD pattern of a DyMneSne single crystal. The
DyMngSng single crystal is high quality due to the very sharp
diffraction peaks. Temperature-dependent magnetization (M-T)
curves with B//c and B//ab plane and magnetic field-dependent
magnetization (M-H) curves with B//c are shown in
Figure 1C,D, respectively. There is an obvious spin
reorientation transition in DyMngSnes the same as that in
TbMngSng and HoMngSng [32]. The curve at 300K in
Figure 1D is obviously different from the curve at 250 K. It
means that the spin reorientation happens between 250 and
300 K.

In order to understand the material behavior of magnetic
materials, the direct visualization of the domain structure is
required. Figure 2A is a MOKE image of the magnetic
domain of DyMneSns crystal at 173 K. In Figure 2A, we
discover that there are two types of magnetic domains in
DyMngSng. Type-I domain is the belt domain, while type-II
domain is the new stripe domain with complex construction,
as shown in Figure 2B,C, respectively. The type-I domain shows

that there are many white elliptic domains in the black belt
domains. The type-II domain shows that the main part is a wide
and long domain and the other part is a thin, short domain with
the same direction. The thin, short domain locates in the middle
of the black main domain and the white main domain.
Figure 2D,E shows the line profile of the brightness
distribution as marked by the dotted lines in Figure 2B,C.
The intensity of black elliptic domains is stronger than the
black belt domains in Figure 2D. Inferred from the theory of
two-phase branching [37], the elliptic domains could be
considered as floating on the belt domains, as shown in
Figure 2F. Similar to the type-I domains, the intensity of
black stripe domains is stronger than the black main domains
in Figure 2E. It is quite likely that the stripe domains float on the
main domains as shown in Figure 2G. From the brightness of the
magnetic domains, the magnetic structure in DyMngSng is
reasonably clear, where the sketch map of two types of
magnetic domain structures are shown in Figure 2F,G,
respectively.

From the above observation, one can note that for DyMn4Sny,
the domain shows refinement structure, reminiscent of the
domain branching phenomenon in very large crystals with
strongly misoriented surfaces. For DyMngSns, it shows three-
dimensional branching, as shown in Figure 2. Based on the
theory of two-phase branching, the refinement structure that
occurs in DyMngSng could be understood when one takes the
uniaxial magnetic anisotropy. Usually, the theory of two-phase
branching consists of three energy terms [37]: 1) the wall energy
that increases toward the surface with increasing wall density, 2)
the generalized closure energy depending only on the domain
width of the last generation, and 3) the energy connected with the
internal stray fields. It is rather complicated and difficult to
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FIGURE 3 | (A—C) Appearance of the magnetic domain of DyMngSng crystal from 255 to 235 K. (D-H) Magnetic domains of DyMngSng crystal from 230 to 110 K.
(D-G) Type-Il domains transform into type-I domains from 230 to 140 K. (I,J) Type-Il domains of DyMngSng crystal from 180 to 160 K.

extract explicit calculation, especially for the three-dimensional
structure, as in the case of DyMneSns. However, the theory
applies to both Co- and Dy-modified NdFeB crystals with
thickness of about several hundred micrometers. The theory
and experimental result confirmed that the occurrence of
domain branching has the relationship to both sample
thickness and strong enough uniaxial magnetic anisotropy.
Based on these previous results, we propose that the branching
phenomenon observed in DyMngSng has the same mechanism
with Dy-modified NdFeB, since DyMnSng is a strong uniaxial
ferromagnet.

Figure 3 displays the magnetic domain structure as a function
of temperature. From 255 to 235 K, the spin reorientation (SR) is
observed and shown in Figure 3A-C. The magnetic domain is
not clear until the temperature decreases to 245 K. When the
temperature is below 245 K, the domain appears but is misty. It
becomes obvious when the temperature continues decreasing. It
is also shown that the spin reorientation in DyMneSne occurs
gradually.

For investigating these two types of domains, we study the
magnetic domains in DyMngSng with the temperature decrease.
In Figure 3D-G, we observe the coexistence of two types of
magnetic domains from 230 to 140 K. At the beginning, the
type-II domains are in the vast majority at 230 K. When the
temperature keeps decreasing, the type-II domains transform
into type-I domains. The type-I domain also changes, in which
the white elliptic domain in the black belt domain becomes little
and disappears with the temperature decrease. At 140 K, all the
type-1I domains disappear and only a few white elliptic domains
are left. The white elliptic domains disappear and the type-I
domain does not show any edges nor branches at 110 K. As the
temperature continues decreasing, the magnetic domain does
not change any more. As shown above, the magnetic domain
structure at 110 K is a kind of stripe domain due to the strong
perpendicular anisotropy. At the beginning, the type-II domains

are in the vast majority due to the weak perpendicular
anisotropy. When the temperature decreases, the
perpendicular anisotropy becomes strong making the
magnetic moment apt to move along the perpendicular
plane. We find that type-I domain is less affected than the
type-II domain. The domains floating on other domains may
reverse under the influence of the perpendicular anisotropy. It is
obvious that the type-II domain is more sensitive to the
perpendicular anisotropy than that of type-I domain.
Consequently, the type-II domains transform into type-I
domain when the temperature continues decreasing. The
type-I domain also changes because of the perpendicular
anisotropy. At last, the perpendicular anisotropy only makes
the stripe domain left. The stripe domain is affected by the
demagnetizing field.

For investigating the type-II domain in detail, from 180 to
160 K, the structure of the type-II domains is observed. In
Figure 3LJ, we find that our description of the type-II
domains is the same as the domain in Figure 2A. It is shown
that the structure of the type-II domains changes with
temperature. As the temperature decreases, the main domain
becomes wider, but the other part keeps the same width. The
temperature changes the number of the other part domain. The
lower the temperature is, the lower the number is. It is the main
reason that the perpendicular anisotropy is enhanced as the
temperature decreases. The perpendicular anisotropy can make
the magnetic moment apt to move along the perpendicular plane.
So, the main domain becomes wider and the number of the other
stripe domains decreases. The type-I domain is a kind of
manifestation of the branch domain at low temperature [37].
As the temperature increases, the branch structure grows on the
type-I domain. The physics behind the domain transformation is
the temperature dependence of magnetic anisotropy, especially in
kagome lattice with strong uniaxial anisotropy. When the
temperature decreases, the coefficients for anisotropy changes,
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(H) Phase diagram of magnetic domain distribution in DyMngSng.

FIGURE 4 | (A-E) Magnetic domains of DyMneSng with varying magnetic field at 223 K. (F-G) Magnetic domains of DyMngSne with varying magnetic field at 173 K.
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leading to spin reorientation and domain variations, as shown in

Figure 3.
To make sense of the domains clearly, we perform the
experiment with the various magnetic fields at two

representative temperatures, 223 and 173K, as shown in
Figure 4. The variable magnetic field of 0 or 510 Oe pointing
up (+) or down (—) was applied by a permanent magnet. At 223 K,
type-1 domains sparsely appear while type-II domains are in the
vast majority. One side of the white stripe domains flip to the black
domain with the magnetic field increase and the other side of space
between the white stripe domains becomes wider. With the
magnetic field on, some of the type-II domains transform into
the type-I domains. When the magnetic field is removed, the
domain recovers. However, the type-I domain to the type-II
domain transform does not recover, showing very strong
irreversible effect. With the magnetic field reverse, a similar
phenomenon happens. One side of the black stripe domains
flips to the white domains and the other side of space between
the black stripe domains becomes wider. Some type-II domains
transform into type-I domain and do not recover without magnetic
field assistance. At 173 K, we discover that the type-II domains in
Figure 4F are far less than the type-II domains in Figure 2A. This
is because the image in Figure 2A is obtained during zero field
cooling (ZFC) process, but the image in Figure 4F is obtained
during cooling process from the state in Figure 4E. Both the
magnetic field and the temperature can make the type-II domain
transform into type-I domain. At 173K, we observe the same
phenomenon. After a loop in the magnetic field, the area of the
type-II domain decreases. From the above results, we can conclude
that the type-I domain is more stable than the type-II domain.

The phase diagram of magnetic domains is obtained in
Figure 4H. At T > 235K, the spin reorientation happens.
There is no domain in the gray area. Type-II domain appears,
as the temperature decreases, as shown in the light blue part.
Type-II domain transforms into type-I domain under the
influence of temperature and magnetic field. Type-I domain is
shown in the yellow part. Type-II domain and type-I domain
coexist locating at the intermediate region, as shown in the figure.
As the temperature continues decreasing, only stripe domains are
left, as marked by red color in the figure.

CONCLUSION

In summary, the magnetic domains in kagome lattice metal
DyMngSng are observed using the micro-MOKE technique.
Spin reorientation in DyMneSne is observed directly by the
micro-MOKE technique from 255 to 235K. There are two
types of magnetic domains in DyMneSns. Type-I domain is
the belt domain. Type-II domain is the new stripe domain.
The type-II domain exists from 160-235 K (ZFC). We analyze
the structure of two types of domains. As the temperature
decreases, the perpendicular anisotropy becomes strong,
making the type-II domain transform into the type-I domain
and even disappear. With a varying magnetic field experiment, we
find that the type-II domain is less stable than the type-I domain.
The phase diagram of magnetic domains in DyMneSng is
obtained. However, the formation mechanism of new stripe
domain in DyMneSns needs to be further investigated in the
future.
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Reorientation of skyrmion crystal (SkX) with respect to crystallographic axes is believed to be
insensitive to anisotropies of fourth order in spin-orbit coupling, for which sixth order terms
are considered for explanation. Here, we show that this is wrong due to an oversimplified
assumption that SkX possesses hexagonal symmetry. When the deformation of SkX is taken
into account, fourth order anisotropies such as exchange anisotropy and magnetocrystalline
anisotropy have pinning (in this work, the word ‘pinning’ refers to the reorientation effects of
intrinsic anisotropy terms) effects on SkX. In particular, we reproduce some experiments of
MnSi and Fe4_,Co,Si by considering the effect of fourth order magnetocrystalline anisotropy
alone. We reproduce the 30° rotation of SkX in Cu,OSeQO3 by considering the combined
effects of the exchange and magnetocrystalline anisotropies. And we use the exchange
anisotropy to explain the reorientation of SkX in VOSe;Os.

Keywords: skyrmion crystal, pinning effect, exchange anisotropy, magnetocrystalline anisotropy, helimagnet

1 INTRODUCTION

Helimagnets have attracted extensive interest since the first observation of magnetic skyrmions in
2009 [1]. Magnetic skyrmions in helimagnets are nontrivial spin textures, in which the spins point in
all of the directions wrapping a sphere. Their topological protection [2] and facile current driven
motion [3, 4] make them possible to be applied in novel spintronic and information storage
devices [5, 6].

In helimagnets such as MnSi, Fe;_,Co,Si, and Cu,0SeOj3, the ferromagnetic exchange interaction
(for Cu,0SeO;, the exchange interaction consists of ferromagnetic and antiferromagnetic
interactions, but the field-induced ground state is closer to ferromagnetic than antiferromagnetic
[7, 8]) and the Dzyaloshinsky-Moriya interaction (DMI), which arises due to the broken of space
inversion symmetry [9, 10], dominate the free energy when studying bulk material free from any
external magnetic field. The former favors parallel spin alignment, while the latter favors the twist of
the spins. They compete with each other and result in SkX at appropriate magnetic field just below
the Curie temperature [1, 11-14]. In experiments, when the magnetic field is along directions with
high symmetry, such as the [001], [111] and [110] directions, the wave vectors of SkX are orientated
with respect to the crystallographic axes [1, 12, 15, 16]. This indicates the existence of anisotropy
energy. The anisotropies of fourth order in spin-orbit coupling, such as the exchange anisotropy and
fourth order magnetocrystalline anisotropy, are widely used to explain the pinning of helical phase,
the transition from helical to conical phase and the appearance of tilted conical phase [1, 17-20].
However, according to the perturbation theory [1, 12, 16, 21], which treats the anisotropies
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perturbatively and approximates SkX by a triple-Q structure with
three equivalent wave vectors forming a regular triangle, they are
insensitive to the pinning of SkX. As a consequence, anisotropies
with higher order are proposed. In our opinion, ignoring the
deformation of SkX is oversimplified, because many experiments
show that the structure of SkX is sensitive to anisotropy of the
system which destroys its hexagonal symmetry [22-24].

In this work, we study the pinning effects of the exchange
anisotropies and the fourth order magnetocrystalline anisotropy
on deformable SkX. We apply a rescaled free-energy-density
model for T point group and describe Bloch SkX by a three-
order Fourier expansion with deformation-related degrees of
freedom. Firstly, we study four anisotropies (three types of
exchange anisotropies and a fourth order magnetocrystalline
anisotropy in helimagnets with T symmetry) separately. It is
found that they have different pinning effects on SkX. Then, by
plotting the deformation-related parameters as functions of one
exchange anisotropy, we figure out that the deformation of SkX is
characterized by the change of amplitudes, lengths and azimuth
angles of wave vectors. Next, we compare our results with some
experiments, the fourth order magnetocrystalline anisotropy may
explain the pinning of SkX in MnSi [1, 25, 26] and Fe; _,Co,Si [12,
27-29]. To reproduce the 30° rotation of SkX in Cu,08eO; [16],
we consider both the exchange and magnetocrystalline
anisotropy, and find that at certain conditions 30° rotation of
SkX occurs when temperature or magnetic field changes. Lastly,
we expand our model so that it is applicable to C,, helimagnets
hosting Néel SkX. It is found that exchange anisotropy has
pinning effects on Néel SkX in Cy, helimagnets but not in C;,
or Cg, helimagnets.

2 MODEL

Based on the continuum spin model established by Bak and
Jensen [17], we write the rescaled free-energy density [30] for
helimagnets with the symmetry of T point group in the following
form:

3 2
w (m) =Z <ZL:1> +2m- (Vxm)—-2b-m+ w; (m) + w, (m).

1

Here, m is the rescaled magnetization. The first two terms in
Eq. (1) represent the ferromagnetic exchange interaction and the
DML, respectively. The third term is the Zeeman energy under the
rescaled magnetic field b. w;, = tm? + m* is the Landau expansion
with the rescaled temperature ¢, it consists of the second and the
fourth order terms. The last term w, is the anisotropy energy. In
this work, we consider only the exchange anisotropy and the
fourth order magnetocrystalline anisotropy, and we express w, as

=3 (G) ved (5] o3 (57)
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where de1, de; and ac; are the coefficients of exchange anisotropy,
am is the coefficient of magnetocrystalline anisotropy, r3,; and
r1-1 represent r; and r3, respectively.

For bulk B20 materials, the skyrmion plane rotates with
respect to the applied magnetic field. To describe the
configuration of SkX under magnetic field with different
direction, we should choose an appropriate cartesian
coordinates system O-r,r,r; in which the magnetic field is
along the r; axis. Let the azimuthal and polar angles that
characterize the magnetic field b be 0 and v, respectively. We
rotate O-r, 1,73 counterclockwise about the r; axis by angle 6, and
get a new cartesian coordinates system O-r,'r,'r;'. We then
perform a second rotation, this time about the r,’ axis by
angle v, and we get the final cartesian coordinates system O-
rIr;r; [Figure 1]. In terms of 3 x 3 orthogonal matrices, the

product of the two operations can be written as
R(6,v) = Ry, (y)R,, (6). Due to the relation
R, (y) = Ry, (O)R, (y)R,! (6), we have
R(0,y) = R, (OR,, (y)
cosd —sinf O07[ cosy 0 siny
=|sinf cosf O 0 1 0 3)
0 0 1]L-siny 0 cosy

In the cartesian coordinates system O-rir,r,, we apply the
n-order Fourier decomposition to describe the magnetization
texture of SkX [31],

n n

m’ m0+ZZm T

i=1 j=1

(4)

Here, mgy = [myg1, mga, m03]T is the average magnetization over
the entire SkX, and #n; is the number of nth order waves. The ith
order waves are characterized by their wave vectors qj} and
polarizations mg,. In the presence of anisotropy energy, SkX
with hexagonal symmetry will go through deformation, and the
deformation-related parameters are introduced through the
following equation

el + wi

q
1+¢; q

q ij*
1+¢), 4

d _
i [‘"jz‘wq

In reciprocal space, €/, and &2, are the normal strains; 2, and w?
reflect the shear deformation and rotation of the plane spanned
by qg., respectively. q;; are the undeformed wave vectors, they all
can be expressed as a linear combination of q,; and q,, (without
loss of generality,T for hexagonal SkX, we set q;, = [0, 1]7,

®)

q, = [—g, -11). As to mg, we decompose them along

. . . T

the basis vectors P = m[—lqu, i 141"
ij

Pi» = (e 4y, 017, and Pz = ——ligiy, — igije 1q;1]"
ij2 |qg|[q] Gijy> 0] ij3 \/Z_lqijl[ Qijy> — iiis> 1q51]
(for the chosen of the orthogonal basis, see Ref. [32]), and we have

3
mqu = z CijkPijk>

i=1 (6)
4 k=1
+ amz m;, (2)
i1 where ¢ = cgk + 1cl]k (k =1, 2, 3) are the complex coefficients.
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S~

FIGURE 1 | Rotations of coordinates system. 6 and y are the azimuthal and polar angles of the magnetic field b, respectively. ¢, , is the angle between the wave
vector qf; and the axis r;, and ¢,, is the angle between the wave vector qf, and qf, [see Egs. (4, 5)].

According to Eqgs. (1) and (2), the free energy density is a
functional of m; and m; (m; denotes %’), ie,w=w(mi, mj).
Applying the following coordinate transtormation

3

m; = z R(9> l//)ii'm:”

i'=1

7)

3
mj,k = Z R(Q, l//)jj’R (9, V/)kk’m;’,k” (8)

j’,k’ZI
the free-energy density can be rewritten as, after averaging over a
magnetic unit cell

&)

— a q q a re im
w = w(slp 522, 512: wlp Mo, Moz, Mo3, Cijk’ C:]k)

At certain temperature f, magnetic field b, rotation angles 0
and v, exchange and magnetocrystalline anisotropies de, dez, de3
and a,, the parameters describing SkX are calculated via
minimization of Eq. (9). In this work, we set the order of
Fourier expansion n = 3.

Our analytical method can only deal with periodic
magnetization structure. For the cases where the periodicity of
skyrmions is broken, e.g., the thermal-induced disorder or the
pinning from impurities, the review [33] and references therein
are good to refer to.

3 RESULTS AND DISCUSSION

We first investigate the pinning effects of anisotropies de;, dez, de3
and a,, on Bloch SkX, separately. The value of 6 is 45°; thus,
¥ =0°,55° and 90° correspond to the directions [001], [111]
and [110], respectively. The temperature and the magnetic field
are set to be t=0.5 and b=1[0,0,02]" (in the O-rryr;
coordinate system) so that SkX exists as a stable or metastable
state. The thermodynamic parameters for MnSi [34] and
Cu,0SeQ; [7] are available. Using these parameters, we have
(T, B) = (28.0K, 87mT) for MnSi and (T, B) = (58.1K, 4.3mT)
for Cu,08e0s, these points are near the skyrmion stable region in
the magnetic field-temperature phase diagram. The anisotropy
coefficients of helimagnets are hard to get in experiments. We
only find the relative exchange anisotropy for GaV,Og, which is
about 5% [35]. In this work, the values used for the anisotropy

coefficients are 0.005 ~ 0.1. We think, to some extent, the values
are within a realistic range.

We change the rotation-related parameter w?, minimize the
free energy density and then plot w as a function of ¢,;, the angle
between the wave vector q¢, and the r; axis, in Figure 2. Figures
2A,B show the effects of exchange anisotropy ae; on SkX. For
b||[001], a negative a.; (Figure 2A) prefers a wave vector along
the [100] or [010] direction; while a positive a; (Figure 2B)
prefers a wave vector along the [110] or [110] direction. For
b|[[111] and [110], w reaches its minimum at ¢,; =90° and
@, = 60°, respectively (Figures 2A,B), i.e., both negative and
positive a.; prefer a wave vector along the [110] direction for
b||[111], and along the [001] direction for b||[110]. Figures 1C-F
show the effects of a., and a.; on SkX, respectively. For b||[001], a
ez, N0 matter what its sign is, pins a wave vector of SkX along the
[010] direction; while a a.; pins a wave vector of SkX along the
[100] direction. For b||[111], ¢,; is between 45° and 60° or
between 60° and 75°, meaning that no wave vector is along any
direction with high symmetry. For b||[110], both a¢; and a.; pina
wave vector of SkX along the [001] direction. Figures 2G,H show
the effects of a,, on SKX. For b||[001] and [111], a,, has the same
the pinning effects on SkX as ac; while for b[[[110], ay, is
different from a,;, it results in a wave vector along the [110]
direction.

In Figure 2, we give the values of Aw, difference between the
maximum and minimum of free energy. They are much smaller
than w (about —0.1), about 10~° for a,, = + 0.05and ¢ = 0°, and
about 1077-107> for other cases. The strength of a,,-induced
anisotropy in (001) plane is obviously smaller than that in (111)
and (110) planes. Comparing the energy curves for a., and for g,
we find that they have the same Aw and are symmetric about
@,; = 60°. The similarity between g, and a.; can be inferred
from their energy formula in Eq. 2, which are related by the
coordinate transformation r;<r,. It should be noticed that for
b|[[001], the periodicity of w (¢,,) is 30° for a.; and a,,,, and is 60°
for ae, and a.;. This can be explained by symmetry analysis. The
a1 and ay, terms in Eq. (2) have a higher symmetry than T point
group, they are invariant with respect to fourfold C, rotations
around the {001) axes. g.; and a,, terms in Eq. (2) have lower
symmetry and are invariant with respect ot twofold C, rotations
around the (001) axes, meaning the broken of the equivalence
between [100] and [010].
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A a, = -0.05, aez=aes=am=0 B a, = 0.05, aﬁ:ae}:a‘n:O C a,= -0.05, ae‘=aes=am=0 D a,= 0.05, ae]=aez=am=0

Aw=2.7x10" Aw=8.7x10"° Aw=5.4x10"°
w=0°
b||[001]
Aw=2.6x10"° Aw=2.5%107"
60 70 80 90 60 70 80 90 30 45 60 75 9030 45 60 75 90—
w _ o _ o _ o _ _ o _,p=55°
E a.= -0.05, acl—acz—al;o Facs— 0.05, acl—acz—am—o G a = -O.OS,acl—acz—aC;O Ham— 0.05, acl—acz—acs—o b[111]
Aw=8.7x10"° Aw=2.5x10"" Aw= Aw=1.5x10"
8.7x1071° Ao=
7x10™
Aw= w=90°
8.5x1077 = b|[[110
. 5.4x10°° 6A5¢:107m I[110]
Aw=4x10"" -
30 45 60 75 9030 45 60 75 90 60 70 80 90 60 70 80 90
P

FIGURE 2| w as a function of ¢,,. Pinning effects of (A,B) ae1, (C,D) acz, (E,F) aes, and (G,H) an on SkX. The first and third (second and fourth) are calculated for
negative (positive) anisotropy coefficients. The black, red and blue curves are obtained for y = 0° [b]|[001]], v = 55° [b||[111]] and y = 90° [b]||[110]], respectively.
Here, in order to facilitate comparison, three curves which do not correspond to the same y-axis, are plotted in one figure. Aw is the difference between the maximum and
minimum of w. The values of w are not shown in the figures, they are all about -0.1.

A C
Ie e
1.08 — el 1204}
e _ T re
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120.0}
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-0.08 -0.04 0.00 0.04 0.08

)

-0.08 -0.04 0.00
Aer

FIGURE 3 | Deformation of SkX induced by a. (A) the relative wave amplitudes ¢'&, /¢, and ¢%,/¢74, (B) the wave lengths |q, | and |qS,|, and (C) the angle ¢,
between q?1 and q’fz as functions of ae,. The results are calculated at b = 0.2 and t = 0.5. The inset in (a) shows the first-order Bragg spots at agx = —0.1.

-0.08 -0.04 0.00 0.04 0.08
)
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SkX is treated as a deformable structure. To reveal how
anisotropy energy deforms SkX, we take a., as an example
and plot some deformation-related parameters as functions of
ae; in Figure 3. It can be found that for nonzero a.,, 1) the wave
amplitudes ¢¢, # ¢S, (Figure 3A), 2) the wave lengths of ¢, and
q¢, are not equal to each other (Figure 3B), and 3) the angle ¢,
between qf, and q¢, deviates from 120° (Figure 3C). We
conclude that anisotropy energy breaks the hexagonal
symmetry of SkX by changing the amplitudes of, the lengths
of, and the angles between the wave vectors. In many of the small-
angle neutron scattering (SANS) experiments (1; 27; 36), the
observed Bragg spots have different intensities, this might be
explained by our calculation. By energy minimization, we find
that the dominant coefficients ¢ are ¢[;, ¢35, and c{$;, which
represent the wave amplitudes of the first order waves with
vectors qf;, q¢, and qf;. Their ratios reflect the relative
intensities of the first-order Bragg spots. In the inset of the

Figure 3A, two Bragg spots are brighter than the other four,
because c}$; = cj%; <5

We now compare our results with some experiments. The
SANS experiments of Fe;_,Co,Si [12, 27-29] show that for
b||[111] and [110] directions, two of the six scattering spots
are aligned with the [110] axis; for b||[001], two sets of six
scattering spots are observed, one is aligned with one the
[100] direction, the other one the [010] direction. This is
compatible with the results shown in Figure 2G. Therefore, a
negative a,, may explain the pinning of SkX in Fe;_,Co,Si.
Different from Fe;_,Co,Si, MnSi [26] is observed to have a
wave vector along the [110] direction for b||[001]. This may
be explained by a positive ay, (Figure 2H. We should point out
that at zero magnetic field, a negative (positive) ay, prefers the
{100) ({111)) directions for the helical state, which is indeed the
case for Fe;_,Co,Si (MnSi) [1, 28, 29, 37, 38]. In the work [26],
two kinds of sixth order magnetocrystalline anisotropies m -
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A a, =0.005,

C a4, =-0.005,

ag; = -0.005,

60 70
B el =
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FIGURE 4 | Combined effects of the exchange and fourth order
magnetocrystalline anisotropies on SkX. The absolute value of exchange
anisotropy coefficient is fixed to be 0.005, the value of magnetocrystalline
anisotropy coefficient is fixed to be —0.1 or —-0.05 or —0.01. The results
are calculated at y =90°, b =0.2 and t = 0.5.

(af1 + afz + 6?3)m and m - (E)‘:1 sz + afz ai + Bf3 Bfl)m are thought
to be responsible for the pinning of SkX in MnSi. However, this is
contrary to other works [12, 21] which show that the second sixth
order magnetocrystalline anisotropy determines the reorientation
of SkX for b||[001] and it pins SkX with a wave vector along the
[010] or [100] direction depending on the sign of its coefficient.
The SANS experiments of MnSi in Ref. [26] can not be explained
by the sixth order magnetocrystalline anisotropies.

Cu,0SeO; is another helimagnet hosting SkX, a peculiar
experimental phenomenon about it is that for b||[110], SkX is
reorientated with a wave vector along the [110] or [001] direction
depending on the temperature and magnetic field conditions [16].
To explain this, we should consider the exchange and fourth
order magnetocrystalline anisotropies at the same time. As a first
step, we determine the signs of anisotropies ge; > 0, dez <0, ae3 <0
and ay, < 0 according to the fact that [100] is an easy axis for the
helical state at zero field [20, 39, 40]. Then we confirm by Figure 4
that for b||[110], a “dominant” magnetocrystalline anisotropy
pins SkX with a wave vector along the [001] direction, while a
“dominant” exchange anisotropy pins SkX with a wave vector
along the [110] direction. Here, the word “dominant” depends on
the type of exchange anisotropy considered. When a,, = —0.05,
the “dominant” anisotropy is a.; for a.; = 0.005 (Figures 4A,B),
and is ay, for ae, =-0.005 or ae = —0.005 (Figures 4C-F).
Lastly, we take the temperature and magnetic field into
account and try to reproduce the 30° rotation of SkX in
Cu,0Se0;. The anisotropies we considered are a.; and ay,
and their values are 0.005 and —0.1, respectively, the same as
that for Figure 4A. We fix the magnetic field b = 0.2 and change
the temperature from 0.5 to 0.8 (Figure 5A). It is found that the
angle ¢),, for which the free energy reaches its minimum, drops
suddenly from 90° to 60° at t = 0.66. Then we fix the temperature
t=0.65 and change the magnetic field from 0.15 to 0.27
[Figure 5B]. Similar phenomenon is observed, ¢}, drops from
90° to 60° at b = 0.21. Our results agree with the experiments of
Cu,08Se0; [16].

SkX Pinning by Exchange/Magnetocrystalline Anisotropies

In another published work [41], we explain the electric-field-
induced continuous rotation of SkX [42] by extending the present
model. Unlike a previous theory [42] which explains the
phenomenon by considering both the fourth and sixth order
magnetocrystalline anisotropies, we find that a combination of
fourth order exchange anisotropies and magnetocrystalline
anisotropies dominates the phenomena. This is because the
theory used in [42] obtains a positive coefficient of the fourth
order magnetocrystalline anisotropy a,, which is inconsistent
with other experiments [20, 39, 40], while our model obtains a
negative ap,.

In polar magnets with C,, (n = 3, 4, 6) symmetry, the DMI
and the exchange anisotropy are different from that in Eq. (1). By
applying the symmetry analysis, we derive the DMI: wpy =
2myms ) — 2mamy, + 2myms, — 2msm,, (in this case, the Néel
SkX is stabilized, and the basis vectors in Eq. (6) are chosen to be

Py = ——[-igi; > T iq;; > i T) P;, = =g > HYijxs T>
ij1 VT 1L,| [ qux. 19ijy |;l,]|] ij2 l‘lq|[ ijy> Gijx 0] and
Pj; = Eq—Jl (ligijx> 194jy» 111" [32]), and the exchange anisotropy:
om, ’ N om, g N oms ? N oms :
Wea = e = = Ae = =
4 arl arz > arl arz

(10)

Here, we have ignored the terms (0m;/9r;)* due to the fact that in
polar magnets, SkX plane is perpendicular to the n-fold axis no
matter what direction the applied magnetic field is along [43, 44].
The term with coefficient a.s is rotationally symmetric, and it has
no pinning effects on SkX.

For C;, and Cg, point groups, des is zero. As a result, the
orientation of the wave vector of SkX is insensitive to the
exchange anisotropy. In Ref. [44], based on a discrete model
and Monte Carlo simulations, the authors attribute the pinning of
Néel SkX in Cj, polar magnet GaV,Seg to the Dzyaloshinskii-
Moriya vectors. However, according to the continuum model, the
DMI possesses rotational symmetry and has no pinning effects on
Néel SkX. In our opinion, this contradiction is because the

A 1 B 1
Wp—— 90—

I I

. [ l

sof (D , (i) 80 |

— —

o0 l M l
3 _|n O ! : : 3 !
=70 | ~=70 |
S l_. » | S |

a1 1 1
60 i 60 i
L L
0.56  0.63 0.70  0.77 0.15 0.18 0.21 0.24 0.27
t b

FIGURE 5| ¢, ,, the angle between the wave vector qf, and the r} axis,

as a function of (A) tat b = 0.2, (B) b at t = 0.65. The anisotropies considered
are ae1 = 0.005 and a, = -0.1. The colored density plots i) and i) show the
magnetization along the r;; axis at t = 0.6 and t = 0.7, respectively. The
region encircled by black lines is a skyrmion cell.
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A -
Gy = 0.05

50 60 70
¢,,(deg)

FIGURE 6 | w as a function of ¢, for (A) ae4 = 0.05 and (B) ae4 = —0.05.
Magnetization structure of Néel SkX for (C) aes = 0.05 and (D) @es = —0.05.
The in-plane and out-of-plane components of magnetization are represented
by the arrows and the color, respectively. The calculation conditions are
b=02andt=0.

continuum model ignores higher order DMI terms which emerge
during the process of transforming the discrete model to the
continuum model. These higher order DMI terms possess lower
symmetry Cs, or Cg, and might reorientate Néel SkX.

For C,, point groups, we have g #0. The term with
coefficient a4 will deform and thus reorientate the Néel SkX.
Because it possesses Cy, symmetry, which is different from the
Cs, symmetry possessed by the undeformed SkX. To study the
pinning effects of a4 on Néel SkX, we plot w as a function of ¢,
for 1) positive and 2) negative a4 in Figure 6. It is found that a
positive a4 prefers a wave vector along the [110] or [110]
direction, and a negative a.4 prefers a wave vector along the
[100] or [010] direction. In experiments, very few C,, helimagnets
hosting Néel SkX have been found. VOSe,Os [45] is one of these
Cyy helimagnets, in which the Néel SkX is orientated with a wave
vector along the [100] or [010] direction. In previous theories, less
attention has been paid to the reorientation of Néel SkX in Cy,
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Magnetic skyrmion in chiral magnet exhibits a variety of unique topological properties
associated with its innate topological structure. This inspires a number of ongoing
searching for new topological magnetic textures. In this work, we used micromagnetic
simulations and Monte Carlo simulations to investigate an exotic Néel-type magnetic kinks
in square-shaped nanostructures of chiral magnets, which performs rather stably in the
absence of magnetic field. The individual magnetic kink can reside in one of the four
possible corners, and carry possibly upward or downward core polarity, constituting eight
degenerate states. In addition, these kinks also exhibit unique behaviors of generation,
stability and dynamics, as revealed by micromagnetic simulations. It was found that such
kinks can be created, annihilated, displaced, and polarity-reversed on demand by applying
a spin-polarized current pulse, and are easily switchable among the eight degenerate
states. In particularly, the kinks can be switched toward the ferromagnetic-like states and
backward reversibly by applying two successive current pulses, indicating the capability of
writing and deleting the kink structures. These findings predict the existence of Néel-type
magnetic kinks in the square-shaped nanostructures, as well as provide us a promising
approach to tailor the kinks by utilizing the corners of the nanostructures, and control these
states by spin-polarized currents. The present work also suggests a theoretical guide to
explore other chiral magnetic textures in nanostructures of polygon geometries.

Keywords: magnetic kinks, chiral magnets, magnetic dynamics in nanostructures, micromagnetic simulations, spin-
polarized currents

1 INTRODUCTION

A magnetic skyrmion is a topologically stable configuration often observed in chiral magnets with
broken inversion symmetry. The nanoscale skyrmion shows particle-like behavior, as it can be

Chen J-P, Lin J-Q, Song X, Chen'Y,
Chen Z-F, Li W-A, Qin M-H, Hou Z-P,
Gao X-S and Liu J-M (2021) Control of
Neéel-type Magnetic Kinks Confined in

a Square Nanostructure by Spin-
Polarized Currents.

Front. Phys. 9:680698.

doi: 10.3389/fohy.2021.680698

moved, created, and annihilated. These characters make it promising candidate as information
carrier for future memory devices and logic devices [1-6]. It has thus aroused intense research efforts
in recent years, leading to a series of breakthrough achievements in manipulation of skyrmion states,
via injected spin-polarized currents, external electric-field, and so on [7-14]. For the application of
skyrmions in spintronic devices, many feasible designs have been proposed for confining the
skyrmions in geometric nanostructures, such as nanostripes and nanodisks, which may allow the
precise control of individual skyrmions [8-10]. These achievements pave the way towards
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all-electrical manipulation schemes [2, 3], and underpin the
skyrmion-based information storage concepts, such as the
skyrmion-based racetrack memory, high density magnetic
random access memory, and logic gates, etc. [2-6, 8, 9].

These fascinating physical properties also inspired an ongoing
search for new types of magnetic topological textures, for
instance, fractional skyrmion emerging in various chiral and
frustrated magnets [15-21], which exhibit some unusual
physical phenomena distinctly different from skyrmion-host
chiral magnetic materials such as MnSi and Fe;_,Co,Si systems
[22, 23]. Moreover, some recent observations indicated that
fractional skyrmions also emerge in geometric nanostructures
due to the effects of geometric confinement and shape anisotropy
[24-28]. For example, it was observed in Lorentz transmission
electron microscopy (TEM) images of FeGe nanostripes that, the
skyrmions survive when the width of the nanostripe much larger
than the single skyrmion size, whereas some merons form at the
edges that are not large enough for accommodating a complete
skyrmion [24, 25].

Generally, the presence of edges and corners in nanostructures
can be utilized to tailor the magnetic textures and modify their
dynamics behaviors. For the skyrmion confined in ultrathin film
nanostructures with Dzyaloshinskii-Moriya (DM) interaction,
the boundary constrictions naturally make the magnetization
orientation undergo the 180° rotation at the edges, forming the
so-called kink or m domain wall configurations [2, 15, 29-32].
Depending on the crystal symmetry of chiral magnets, two
distinct types of chiral kinks, namely, Néel-type and Bloch-
type kinks, are favorable in interfacial and bulk DM
interaction systems respectively [29, 30]. It had been
theoretically proposed in chiral magnets that the skyrmions,
antiskyrmions, and other magnetic configurations can be
naturally interpreted in terms of chiral kinks. These kinks
carry a topological charge and allow to construct new
topological particle-like states [15, 31, 32]. In addition, the
previous studies demonstrated that some special magnetic
textures often appear in the corners of the polygon geometries
like triangles, squares, rectangles, in which the corners may also
act as pinning sites for the domain wall motion [33-36]. This
indicates that the nanostructure with polygon geometries
may provide a unique platform for studying the kink
structures, favoring the control of the magnetic states, by
utilizing their edges and corners. Certainly, there are more
open questions to be explored along this line. For instance, is
it possible to realize some new kink structures beyond the
skyrmions and merons in nanostructures? Is it possible the
kink structures stable in nanostructures without the
assistance of external magnetic field? Is it possible to
manipulate these kinks by pure electric currents? These
issues are very critical for our understanding the physical
properties of the new type chiral magnetic structures in
confined nanostructures.

Inspired by this motivation, the purpose of our work is to explore
new kink structures in nanostructures by using micromagnetic
simulations and Monte Carlo simulations. In this work, we
aimed at studying the square-shaped nanostructures with width
smaller than the single skyrmion size. We demonstrated an exotic

Control of Kinks in Nanostructures

Neéel-type kink structure, which can stably exist in the corners of the
square-shaped nanostructures in the absence of external magnetic
field. Such kinks possess eight switchable degenerate states and can
be created, annihilated, displaced, and polarity-reversed by applying
spin-polarized currents.

2 MODEL AND SIMULATION METHODS

In this work, the magnetic state in an ultrathin square
nanostructure of chiral magnets is described by a classical
Heisenberg model. The Hamiltonian consists of ferromagnetic
exchange interaction (Jry), DM interaction (D), anisotropy (A),
and Zeeman term (B;) [8, 37, 38]:

ot m@) - DZ(m,- Xm, 2y +m; X m, - x)

H= _]FMZmi : (m

~AY (m; -2~ B.- ) m, Y
where the magnetic moments are imposed on a two-dimensional
L x L square lattice with free boundary conditions. m; denotes
the magnetic moment at site i in the xy-plane, with fixed
length |m,| = 1.0. The magnetic field B, = B,e, is applied
normal to the xy-plane and easy-axis anisotropy (A > 0) is
along the + z-axis. In the simulations, we have neglected
the dipole-dipole interactions. This treatment is suitable for
chiral magnets with strong DM interaction and weak dipole-
dipole interactions such as Pd/Fe bilayers on Ir(111) substrate
[39, 40]. For Pd/Fe/Ir(111) the magnetic dipolar energy is very
weak in energy scale in comparison with the ferromagnetic exchange
energy and DM interaction, and thus it can be effectively included
into the anisotropy energy. We choose typical parameters for Pd/Fe/
Ir(111) as Jep = 2.95meV, D/Jpy = 0.27, A/Jpy = 0.05, and a
typical lattice constant a = 5 A [39, 40].

To investigate the dynamics of the magnetic structures driven
by the spin-polarized current, we numerically solved the Landau-
Lifshitz-Gilbert (LLG) equation by using fourth-order Runge-
Kutta method [8, 10, 41, 42]:

d i ¢ d i
;tl =—ymi><Biff+ocmi><d—r?+T, (2)
with  the effective field Bfﬁ = —(1/hy) (OH/0m;), the

gyromagnetic ratio y = gup/h (here g is the electron spin
g-factor, and yj is the Bohr magneton), and Gilbert damping
a. The first and second terms describe respectively the
gyromagnetic precession and the Gilbert damping, and the
third term T denotes the spin transfer torque (STT) due to
the spin-polarized current.

The skyrmion motion can be driven by spin-polarized current
flowing in the nanostructure along either the in-plane or out-of-
plane direction. For simulations of the skyrmion dynamics
induced by the current-in-plane (CIP) injection, the
corresponding torque Tcyp is given by the following form [41]:

P.a*B
2eM;

Tcp = SeM. (Jew - V)my [m; X (jep - V)my], €)
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FIGURE 1 | Size effect of nanostructures on the equiliorium magnetic states. Some typical magnetic configurations are shown for square-shaped nanostructures
with lateral sizes of (A) L =20 (~10nm), (B) L = 24 (~12nm) (C) L = 50 (~25nm), and (D) L = 80 (~40 nm). Here the magnetic field B, =
along the —z-axis. To illustrate the magnetic configurations, we used the color map to scale the magnetization components along z-axis (out-of-plane) m7, and used the

4> =80

—0.008 Jgy (~-0.1T) is applied

where the first and second terms represent the coupling between
magnetic moments and spin-polarized current jp via the spin
transfer torque and via the non-adiabatic effects, with f the non-
adiabaticity factor. M, is the saturation magnetization, P, is the
polarization rate of the electric current, and e is the elementary charge.

For the current-perpendicular-to-plane (CPP) injection, the
current-induced spin transfer torque Tcpp includes an in-plane
Slonczewski torque and an out-of-plane field-like torque [8, 42, 43]:

Tep = yu(mi X m, X m,v) - yfu(mi X mp), (4)
where u = |1 Jg;ﬁc is the Slonczewski torque coefficient, d the film

thickness of FM layer, jcpp the current density, m,, is the electron
polarization direction, and & is the amplitude of the out-of-plane
torque relative to the in-plane one. In the simulations, we fixed the
coefficient & = 0.2, the polarization rate P, = 0.4, gyromagnetic
ratio y = 1.0, Gilbert damping « = 0.3, and non-adiabaticity
factor = 0.1, as the typical parameters for studying the current-
induced skyrmion dynamics [8, 10, 41]. The simulated time ¢ is
measured in the units of T = #/Jem ~ 0.2 ps, and current density j
are scaled by kcp = 2efpn/Poa’h ~ 1.4 x 10" Am™? for the CIP
case, and kcpp = 2edMJpn/h?Pey ~ 8.5 x 10> Am ™2 for the CPP
case, respectively [41]. Here we chose the typical parameters for Pd/
Fe/lIr(111) asd = 0.4nm and M = 1.1 MA/m, and used these values
to estimate the units of simulated time and current density.

To get the zero-temperature equilibrium state, we adopted a
specific simulation scheme: the lattice was initialized as a
paramagnetic phase at sufficiently high temperature, and

annealed for obtaining the state at a low temperature, by using
the Metropolis Monte Carlo simulation combined with over-
relaxation algorithm [17, 18, 44]. Then the configuration was
further relaxed for the equilibrium state, by solving the LLG
equation under T = 0 with long enough equilibration time.

In addition, the kink dynamics is controlled by injecting a CIP-type
or CPP-type spin-polarized current pulse on demand. We introduced
the schemes in our simulations for setting the amplitude and duration of
current pulses as follows: 1) First, we tested the effect of amplitude of
current density on the kink dynamics and chose the suitable amplitude
of current pulses for control (generation, creation, annihilation,
displacement or polarity reversal) of the kink states. 2) Then we
carefully tracked its dynamics and turned off the current once the
germinal kink appears or kink shifts (in this procedure, the current
duration is determined), and further relaxed the system by solving LLG
equation under zero-current condition to get an equilibrium kink state.

3 SIMULATION RESULTS

3.1 Size Effect of Nanostructures on the

Magnetic Structures

We first investigated the size effect of the nanostructures on magnetic
structures. The simulations were carried out ona L x L square lattice
with free boundary conditions. The zero-temperature equilibrium
states for the lattices with different sizes were obtained, and some of
the typical configurations were presented in Figure 1. Here a magnetic
field B, = —0.008 Jg; (corresponding to ~ —0.1 Tesla, as estimated
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FIGURE 2| (A) The magnetic structure obtained from the above state in Figure 1B after withdrawal of magnetic field. A kink structure is enclosed by the dash lines.

(B) A spiral structure, as the possible ground state of nanostructure with a size of 24 x 24 square lattices (i.e., ~12 x 12nm) in the absence of magnetic field. (C) The
reduced effective field b; profile corresponding to the magnetic structure in (A). (D) Schematic illustrations of the kink structure (E) Schematic illustrations of an isolated
skyrmion configuration, which can be divided into four quadrants along the dash lines, denoted as kink I, Il lll, and IV. (F) These kinks may appear in one of the four
possible corners (i.e., LL, LR, UR or UL corner) in the nanostructure, corresponding to kinks residing in the four possible quadrants (i.e., quadrant I, II, Il or V).

casFEPrt NN
; —
w =}

serr pyvERT
sery pYYRE
*rrg YR
I PRTISCS
LEER AL NS

with the magnetic moment ~3.0 44, obtained from density functional
theory for Pd/Fe/Ir(111) in Ref. [40]) is applied along the —z-axis,
which is sufficient for creating the skyrmion states here. In the
following, we used an external magnetic field to generate the exotic
magnetic kink textures in the nanostructures, and then we
demonstrated an alternative way for creating kink by applying
spin-polarized current.

As one may see in Figure 1A, a bubble domain arises in the
square nanostructure at small lateral size L = 20 (~10nm). As the
size increases to L = 24 (~12 nm), a kink-like structure forms in the
corner of the square nanostructure, surrounded by the ferromagnetic
domain, as will be discussed below. For L = 50 (~25nm), it was
observed that some half-skyrmion-like (meron-like) structures with
topological charge |Q| = 1/2 and elongated stripes (fractional
skyrmion) with topological charge 0 < |Q| < 1 emerges at the
edge of the lattice, together with a kink-like structure that appears in
the corner. Further increasing the size, the magnetic states evolve
into multi-domains composed of spiral domains, edge-merons, and
skyrmion as seen in Figure 1D for the relatively large size L = 80
(ie, ~40nm). It is interesting that the kink-like, meron-like, and
skyrmion states tend to nucleate in the corner, the edge, and the
inner region of the nanostructure, respectively. These are reasonable
likely due to the different boundary constrictions on the formation of
magnetic structures, which manifests the strong boundaries and
geometric confinement effects in the nanostructures. It is noted that
some similar edge states are also found experimentally and
theoretically in diverse magnetic materials that host skyrmions
with constricted geometry, as a consequence of the effects of
geometric boundaries and confinements [37, 45].

3.2 Néel-Type Magnetic Kinks

Now we focus on the intriguing features of kink-like structures
and analyzing their current-induced dynamics in this paper. For
this, we adopted a small square shaped nanomagnet consisting of
24 x 24 square lattices (~12 x 12 nm) for studying the kink-like
structure, in the rest part of this work. We first tested the stability
of the kink-like structure in Figure 1B once the magnetic field
was removed. For this, the magnetic structure was relaxed for the
equilibrium state by solving the LLG equation, in which we used
the kink-like state shown in Figure 1B as the initial state, and set
B, =0 in the calculation. It was found that the kink-like structure
remains stable without the assistance of an external magnetic
field, as presented in Figure 2A. Note that the magnetic structure
enclosed by the dash lines in Figure 2A is called Néel-type
magnetic kink in this work, in which the magnetic moments
undergo 180" rotation from the upward direction at its center to
the downward direction in the periphery. The schematic
magnetic configuration for a Néel-type kink is displayed in
Figure 2D. For simplicity, we call the kink-like state as the
kink state hereafter.

To explore the possible ground state for the nanomagnet of
24 x 24 square lattices at B, = 0, the system was initialized from a
the paramagnetic state at sufficiently high temperature T, and
cooled down gradually until it reaches a very low T under B, = 0,
using Monte Carlo simulations with simulated annealing
technique [17, 18, 44]. Then the system was further relaxed
for the zero-temperature equilibrium state by solving LLG
equation. As a result, a spiral structure forms as shown in
Figure 2B. The numerical calculations indicate that the total
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FIGURE 3 | The generation of kink from the initial ferromagnetic state, by injecting into the nanostructure an in-plane spin-polarized current pulse. (A) Snapshots
show the formation process of the UR kink, driven by the current pulse with injection angle ¢ = 10°. (B) A current pulse with current density jop = 1.4 x 10'> Am= and
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energy of the spiral structure is a little smaller than that of the
Néel-type kink structure. These results suggest the spiral structure
to be the possible zero-field ground state, while the Néel-type kink
structure to be a metastable state at B, = 0, other than the
minimum-energy state.

To further estimate the stability of the metastable Néel-type
kink state under B, = 0, we calculated the reduced local effective
field b; = Bfff / Bfff ' acting on the i-th magnetic moment m;.
Interestingly, it was found in Figure 2C that the b; distribution
and the magnetic kink state in Figure 2A are similar in spatial
profile, and almost all the magnetic moments in the kink
structure are oriented in parallel to the local field b;, making
the metastable kink structure self-sustaining. In addition, it was
noted that the anisotropy energy Hgn = —-AY,;(m; -2)?
contributes to the effective field in terms of
—(1/hy) (0H4ni/Om;) = (2/hy)Amie,. This suggests that the
anisotropy plays an important role in guaranteeing the
robustness of the metastable kink state, since the effective
field (2/hy)Am?e, makes the stabilization of the out-of-plane
magnetization component m? [46, 47]. In this regard, we reckon
that the kink structure is a robust state after the withdrawal of
the magnetic field, due to the kink state is trapped in an energy
valley in the configurational energy landscape [47].

In fact, one may take account of the kink structures from the
prototypical Néel skyrmion, whose configuration can be viewed
as a coplanar spiral with magnetic moments lying in a plane
perpendicular to the xy plane [1, 38]:

m(r) =sin(q-r)e, +cos(q-r)e, |core —up, p=1

m(r) =sin(q-r+m)e,+cos(q-r+m)e, |core—down,p=-1’

®)

where the spatial variables of magnetization are defined in polar
coordinates r = (rcos¢,rsing), and the magnitude of spiral
wave vector is |q| = /R, with the direction denoted by unit
vector e; = cos e, + sin ge,. For the isolated Néel skyrmion
configuration, the core magnetization points upward or
downward, and smoothly changes to the opposite direction in
the peripheral circle with radius R. We considered skyrmion
structure with core-up (core-down) magnetization carries core
polarity p = 1 (p = —1), as the skyrmion with p = 1 depicted in
Figure 2E. Here, R is used to define the radius of skyrmion, with
0 <r < Rand the azimuthal angle 0 < ¢ < 27 for a single skyrmion.

To proceed, one may divide an isolated skyrmion configuration
into four quadrants along the dash lines, as illustrated in Figure 2E.
The magnetic structures in quadrant I, II, III, and IV can be described
by Eq. 5, with the azimuthal angle 0 <¢, <m/2, n/2<¢ <m,
<@ <3n/2, 3n/2 < @, < 2m, respectively. The kink may appear
in one of the four possible corners, i.e., the upper left (UL), upper right
(UR), lower left (LL) or lower right (LR) corner of the nanostructure in
the simulations, as shown in Figure 2F. The LL, LR, UR, and UL kink
structures correspond to the well-defined kinks residing in the
quadrant L, II, III, and IV, respectively. In addition, we define the
polarity of the kink with core-up (core-down) as p=1 (p = —1).
Therefore, the kinks in the nanostructure can carry the core polarity
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FIGURE 4 | (A)-(H) The gradual shift of kink from UR to LR corner, driven by in-plane current pulse with current density Jgp = 1.4 x 10" Am™
tqr = 50 ps, and injection angle ¢ = 135°. (I) Schematic illustrations of switching sequences for the kinks driven by in-plane current pulse. Here we used the straight red
arrows to mark the injection direction of current Jeip, and the curved pink arrows to denote the switching sequences of magnetic kinks.

2 current duration

p =+ 1,and can reside in one of the four possible corners, constituting
8 degenerate kink states. By comparison, the single skyrmion often
appears in circular shaped nanodisks, and possesses only two
degenerate states with core polarity p = +1 [8, 48-50]. In this
sense, the kinks in the square shaped nanostructure have the
special feature of multiple degenerate states.

3.3 Generation and Switching of Kinks by
In-Plane Current Pulse

In this section, we studied the generation of kinks by injecting
into the nanostructure an in-plane spin-polarized current pulse.
Here, the direction of the CIP injection is defined by the angle ¢
with respect to the x-axis (see in Figure 3B), and ¢ is tunable.
Note that in the following study, no external magnetic field was
applied.

The simulations start from the initial ferromagnetic phase,
with all magnetic moments aligning along z-axis at t = 0.0 ps (see
Figure 3A). We first tested the effect of CIP on the kink
dynamics, using a moderate current density jcp = 0.1kcip ~
14 x 10" Am™2 with current duration tz, = 2507 ~ 50 ps.
Figure 3A shows the formation process of the UR kink for a
typical case of ¢ = 10°. At the beginning (¢ = 20 ps) of the current
duration, the embryo of kink pattern emerges in the UR corner of
the nanostructures. This pattern gradually enlarges, and becomes
a rough kink at ¢ = 50 ps. Subsequently, the current is turned off
and the system evolves into an equilibrated kink state at t =
120 ps.

Further simulations demonstrated that the generation of
kinks is sensitive to injection angle ¢, with the simulated
results summarized in Figure 3C. It was found that the UR,
UL, LL, and LR quarters can also be created respectively for —42°
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FIGURE 5 | The annihilation and creation of kink is achieved by applying CIP current pulses. (A) and (B) Snapshots show a typical case for the annihilation and
creation process of kink induced by two successional current pulses with injection angle ¢, = 135° and ¢, = 230". Simulations start from the initial UR kink state with
p = —1. (C) Here two successional current pulses with injection angle ¢, = 135" and tunable injection angle ¢,, current density jop = 2.8 x 102 Am2 and duration
tar = 20 ps is considered. These two pulses are used to annihilate and create the kink state, respectively. (D) The phase diagram for the equilibrated states at
t =520 ps after relaxation as a function of angle ¢, was summarized. The various kinks, spiral states, and bubble states are marked by the colored pieces, striped pattern
and grid pattern, respectively. The color map below is used to scale the magnetization components along z-axis m?. Here the pie chart is generated from a set of data

< @<14°,48 < ¢ <104, 138" < ¢ < 194°, and 228° < ¢ < 284",
while some bubble domain states form beyond these angles ¢
(see the while region in the Figure 3C). Note that the kinks with
p= -1 presented here are generated from the initial
ferromagnetic phase with magnetization along the z-axis. If
the initial ferromagnetic phase is magnetized along the —z-axis,
the lattices will evolve to the kinks with p = 1. Therefore, all the
eight degenerate kink states can be created by tuning the
direction of CIP injection with two different initial
ferromagnetic orientations.

Next, we investigated the switching between these kinks using
in-plane current pulse, which is fundamental to understand their
dynamics properties. The current pulse (jcip = 1.4 x 10'* Am™2,
current duration 4, = 50 ps) with varying angle ¢ is exerted on
the initial UR kink state with p = —1. Simulated results reveal that
the kink can transfer from UR corner to the LR corner in a

clockwise (CW) direction, driven by current with 116" < ¢ < 178".
However, it was noted that the UR kink cannot move to LL corner
in a counterclockwise (CCW) direction or to diagonal UL corner
with the adopted simulation parameters. Figures 4A-H show the
dynamic process for the typical case of ¢ = 135". We can see
clearly that the upper part of the UR kink is pushed towards the
right-edge of the nanostructures, and the lower part is
simultaneously dragged to the bottom of the nanostructures
(see Figures 4A-D). Although the entire kink pattern deforms
largely in this process, it gradually turns in a CW direction and
eventually moves to the LR corner at t = 50 ps (see Figures 4E,F).
After that the current is switched off to zero for reaching the
equilibrated kink state in the relaxation procedure. Moreover,
simulations for the kinks with p = -1 indicate that their switching
sequences can be summarized as follows: UR kink — LR kink —
LL kink — UL kink with suitable angle ¢, as shown schematically
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FIGURE 6 | (A) Sketch of a MTJ nanopillar consisting of the top and bottom layers of ferromagnet, and the spacer layer of insulator. (B) Simulations for the
evolutions of kink driven by a CPP pulse, starting from an initial kink with p = —1 in UR corner of the nanostructure. A phase diagram for the equilibrated states obtained
after the current pulses, as a function of current density jocpp and duration time ty,,.

CPP)

in Figure 41. In this procedure, the switching sequences is in a
CW direction, and the kink polarity has not been reversed by the
CIP injection.

3.4 Annihilation and Creation of Kinks by
In-Plane Current Pulses

In this section, we presented an effective way to annihilate and
create the kink by applying two successive CIP pulses, as the
results shown in Figure 5. Our simulations start from the initial
UR kink state with p = -1 in Figure 5A. We first found that the
kink can be annihilated by applying a CIP current pulse, with a
larger current density jcip = 2.8 x 10> Am > and an appropriate
injection angle ¢, = 135°. Here two successive current pulses are
used to annihilate and create the kink states respectively, with
injection angle ¢, = 135° for the first pulse, and tunable injection
angle ¢, for the second one. The current duration #4,, = 200 ps
is considered for both two pulses, as shown in Figure 5C.
Figure 5A displays the annihilation of the kink driven by the
first current pulse with angle ¢,, whose pattern rotates along a
CW direction and disappears at the LR corner of the
nanostructure, forming the ferromagnetic-like state at t=
40 ps. The ferromagnetic-like state remains at 40 ps < t <
200ps, and we may see that most magnetic moments
orientate along the z-axis in the ferromagnetic-like state,
though some remaining magnetic moments align in the xy-
plane at the LR and LL corners of the nanostructure.

More interestingly, the simulated results reveal that some other
kink states can be created from the ferromagnetic-like state, by
applying the second current pulse with varying injection angle ¢,.
The typical case for ¢, = 230" is presented in Figure 5B, in which the
domains first appear and gradually grow in the LL, and LR corners

during 200 ps < ¢t < 240ps. The new embryonic kink forms at
t = 280 ps and remains during 280 ps < t < 400 ps, and it finally
evolves into a core-up kink in the UL corners after the relaxation with
jap = 0. In this process, the kink has been annihilated and created by
two successive current pulses, in which the switching between the
kink and ferromagnetic-like states is reversible. This indicates the
capability of reversible writing and deleting the kink states.

Further simulations generate the phase diagram for the
equilibrated states at t= 520ps as a function of ¢,, as
summarized in Figure 5D. It was noted that current pulses
with 37° < ¢, < 55, 143° < ¢, < 145, and 320° < ¢, < 325
may create the kinks with p = —1 in the UL, LL, and UR corners
of the nanostructure, while current pulses with 226" < ¢, < 238°,
252° < ¢, < 253°U 314" < ¢, < 315, and ¢, = 268" generate the
kinks with p = 1 in the UL, LL, and UR corners, respectively. In
addition, some bubble or spiral states form beyond these angles ¢
(see the striped-pattern and grid-pattern region in Figure 5D),
with some typical configurations shown at the bottom of
Figure 5D. Regarding early investigations on magnetic vortex,
it was demonstrated that the vortex polarity reversal may be
triggered by a CIP pulse through the formation of a vortex-
antivortex pair [51], or by an alternating CIP through the
resonant dynamics [52]. However, for the skyrmion in chiral
magnets, CIP is usually used for displacing the skyrmion, while
cannot change the skyrmion polarity in the dynamics [8, 41, 42].
In this sense, the core polarity reversal of kink can be achieved by
CIP pulse, which is analogous to that of vortex system [51, 52].
From the simulation results and analyses in Generation and
Switching of Kinks by In-Plane Current Pulse and Annihilation
and Creation of Kinks by In-Plane Current Pulses, one may create,
annihilate, displace, and reverse the kink on demand by adjusting
the CIP pulse injections.
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FIGURE 7 | (A) The polarity reversal of kinks induced by CPP pulses,
accompanying with the displacements of kinks. The first and second CPP
pulses with jcpp = £0.05kgpp ~ £4.3 x 102 Am™2 and ty,, = 160 ps result in the
rotation of kink along CW and CCW directions respectively, while the
third and fourth CPP pulses with jopp = +0.07kcpp ~ +6.0 x 10'2 Am™ and
taur = 40 ps shifts diagonally (SD) the kink to the diagonal corner of the
nanostructure. Snapshots show the kink states (D-®) at some typical time
before and after the pulses in the evolutions. (B) Plots of variations of out-of-
plane magnetization M, as a function of time ¢, responding to the polarity
reversal of kinks.

3.5 Manipulation of Kinks by Out-of-Plane
Current Pulse

In this section, we investigated the core polarity reversal of the
kinks with out-of-plane current, which is also a fundamental issue
for understanding their dynamics properties. One may build a
magnetic tunnel junction (MTJ) or spin valve to locally address
the kinks [5, 53]. As schematically shown in Figure 6A, a typical
MT] structure consists of the top and bottom two layers of
ferromagnet, which is separated by an ultrathin spacer of
insulator. The top ferromagnetic layer is a free layer which
presents a kink state, while the bottom one is a fixed layer
with the magnetization Mgy fixed along the z direction. When
a spin current is injected into the bottom fixed layer along the z
direction, the spin is polarized along z direction. The polarized
spin current then flows through the insulating layer to the free
layer, acting on its magnetizations with CPP-type STT, described
by Eq. 4. One may reverse the polarization direction of the spin
current, by injecting the spin current into the top free layer along
the —z direction. Here we defined the current densityjcpp > 0
andjcpp < 0 in Eq. 4 corresponding to the injection of spin
current flowing along z and -z direction, respectively. Our
simulations start from an initial UR kink with polarity p = -1
as a general representative. Note that the CPP-type STT induced
by current jep, < 0 tends to align the magnetic moments in the free
layer along the —z direction, thus the kink may be reversed to its

Control of Kinks in Nanostructures

image structure with polarity p = 1. Contrarily, the kink with
polarity p = 1 can be reversed, once the spin current is injected
along the z direction.

We first studied the dynamics of the kink driven by various
current densities jcpp and duration time fg,, and the phase
diagram for the equilibrated states obtained after the current
pulses was summarized in Figure 6B. The results show that the
kink is immovable under low current densities lePP| < 0.04Kcpp
(~3.4 x 102 Am™2), due to the weak STT strength. It was seen that
the kink may be pulled at current densities larger than the critical
value chpp' = 0.05kcpp (~4.3 x 10'2 Am™2). At an intermediate
current density jcpp ~ —4.3 x 10'? Am 2 and duration time t4,, =
160 ps — 180 ps, the kink moves in a CW direction to near LR
corner of the nanostructure, accompanying with the kink polarity
reverse. For the current pulse with a relatively large current
density 0.06kcpp < |icpp| < 0.11kcpp (ie, 5.1 x 10 Am™ <
ljcpp| < 9.4 x 10" Am™2) and duration ~20 PS < taur <~ 60ps, it
was found that the kink polarity is also reserved, while the UR
kink shifts diagonally to the LL corner of the nanostructure. It was
also seen in the phase diagram that the large jcpp and large t4,,
usually lead to the bubble domains, and some spiral states appear
at 0.06kcpp < chpplS 0.07kcpp with a short pulse duration.

To further investigate the repeatability of polarity reversals of
kink driven by CPP pulses, we took an examination on injecting
some discontinuous current pulses to the system, as presented in
Figure 7A. The insert shows the kink states at some typical time
before and after the pulse injections in the evolutions. It was
observed that all the four CPP pulses reverse the kink polarity,
and the pulse with spin current jcpp < 0 (jcpp > 0) is used to reverse
the kink with polarity p = —1 (p = 1). The first and second CPP
pulses with jepp = £ 4.3 X 10 Am 2 and t,, = 160 ps rotate the kink
in CW and CCW directions respectively (see state transitions
® — @ — ®), which is a reversible switching. Note that the
CW and CCW rotational directions here depend on the core polarity
of the pre-evolutionary kink. The third and fourth CPP pulses with
jepp = * 0.07kcpp ~ + 6.0 X 10" Am 2 and t4,, = 40 ps move the
kink to the diagonal corner of the nanostructure (see state transitions
®—> @ — ®), which is also repeatable. For tracking the
variations of the magnetic structures, the out-of-plane
magnetization M, = );m%N is used to characterize the reversal
of kink, where N is the total number of magnetic moments.
Although some fluctuant variations appear in the M, — t curve in
Figure 7B, it is clear that M, flips to the opposite direction after every
current pulse, in response to the core polarity reversal of the kinks.
Therefore, we may use the CPP current to reverse the kink polarity
and displace their position.

4 DISCUSSION AND CONCLUSION

Before concluding this work, we briefly discuss the experimental
observations and thermal stability of the kink states. The X-ray
holography allow the imaging of ultrafast magnetization
dynamics in magnetic nanostructure with sub-10nm spatial
resolution time-resolved [6]. Using time-resolved X-ray
microscopy, a number of experimental studies reported the
direct observation of nanoscale skyrmions, current-driven
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skyrmions dynamics, and the detailed evolution of magnetic
configuration during the writing and deleting a skyrmion
process [54, 55].

On the other hand, all simulations in present study were
calculated under zero temperature in which the thermal effect is
neglected. However, the thermal stability of magnetic kink
structure is also a crucial issue for a detailed understanding of
their underlying physical properties. For this, we tested the effect
of thermal fluctuation on the magnetic structure by using Monte
Carlo simulation with ladder cooling protocol [44]. It was found
that the magnetic structure may forms at a very low-temperature
T < 1.2]Jpm/kg (kg is the Boltzmann constant), under a magnetic
field B, = —0.008Jy;. Note that temperature T in Monte Carlo
simulations is scaled in the unit of Jgy/kg. Thus the kink
structures are estimated to be stable below a critical
temperature of ~ 40K, with a typical exchange constant
Jem = 2.95meV adopted for Pd/Fe/Ir(111). This suggests that
the kink structures in nanostructures can only exist at cryogenic
temperatures, in agreement with the latest experimental
investigations on Néel skyrmion in Pd/Fe/Ir(111) [56]. In this
regard, the previous studies on skyrmions [57-60] may provide
us an enlightened approach to enhance the thermal stability of
kinks, which would be an interesting challenge for our further
studies.

In summary, we used micromagnetic simulations and Monte
Carlo simulations to investigate an exotic Néel-type kink texture
in square-shaped nanostructures, which may stably exist in the
absence of magnetic field. It was interesting to find that individual
kinks hold eight degenerate states as they can reside in one of the
four possible corners of a nanostructure, and carry upward or
downward polarity. In addition, we proposed some effective
schemes to control their dynamics by means of injecting spin-
polarization current pulses. It was found that kinks can be
created, annihilated, displaced and reversed polarity on
demand by applying an in-plane or an out-of-plane spin-
polarized current pulse, and are facile switchable among the
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Magnetic Skyrmion Generation by
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Xianglong Yao', Zhenyu Wang'*, Menghua Deng?, Z.-X. Li’, Zhizhi Zhang', Yunshan Cao’
and Peng Yan'™*
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We propose a method to generate magnetic skyrmions by focusing spin waves totally
reflected by a curved film edge. The edge contour is derived to be parabolic and frequency-
independent based on the identical magnonic path length principle. We performed
micromagnetic simulations to verify our theoretical design. Under proper conditions,
the reflected spin waves first converge at the focal point with the enhanced intensity
leading to the emergence of magnetic droplets, which are then converted to magnetic
skyrmion accompanied by a change in the topological charge. We numerically obtain the
phase diagram of skyrmion generation with respect to the amplitude and frequency of the
driving field. Our finding would be helpful for the design of spintronic devices combining the
advantage of skyrmionics and magnonics.

Keywords: magnetic skyrmion, magnon, magnetic droplet, spin-wave focusing, total reflection

1 INTRODUCTION

Magnetic skyrmions are topologically protected spin textures with a high thermal stability [1, 2].
They normally emerge in chiral bulk magnets or magnetic thin films with broken inversion
symmetry, which gives rise to the Dzyaloshinskii-Moriya interaction (DMI) [3, 4]. In contrast
to skyrmions, magnons are low-energy excitations in magnetic systems and can be easily generated
and destroyed because of their bosonic nature. Both skyrmions and magnons have been extensively
investigated and applied in information transmission and procession, which gives birth to two
emerging subfields of magnetism: skyrmionics [5-8] and magnonics [9-11].

The interaction between skyrmions and magnons has been widely studied in
magnon-skyrmion scattering [12, 13], magnon-driven skyrmion motion [14, 15], skyrmion-
based magnonic crystal [16, 17], and skyrmion-induced magnon frequency comb [18]. Recently,
the conversion between skyrmions and magnons has been attracting much attention. For example,
the spin wave emission is often observed during the annihilation and core switching of magnetic
skyrmions [19, 20]. However, it is quite hard to convert magnons to skyrmions because the energy
carried by spin waves is much lower than the barrier between the skyrmion and the uniform
ferromagnetic state. To create skyrmions by spin waves, the spin wave energy should be
accumulated to overcome the energy barrier, which has been realized by the combination of
the geometry change and the DMI-induced effective magnetic field [21] and by spin wave focusing
[22]. In previous studies, the spin wave focusing is achieved by constructing a spin wave lens,
which can be designed by a curved interface [22-24], a local graded-index region [25, 26], and a
metasurface [27, 28]. In these methods, the spin wave reflection at the interface would decrease the
efficiency of spin wave focusing. In this regard, one should avoid the spin wave reflection as much
as possible, intuitively.
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FIGURE 1 | Schematic of the film edge for total-reflection focusing of

spin waves. The static magnetization m is oriented along the + z direction. FM
and NM denote the ferromagnetic and non-magnetic regions, respectively.
The black bar located at x = —xs is the spin wave source. A parallel
incident spin wave (blue wavy lines with arrow) propagates towards the curved
edge, and the reflected spin wave (red wavy lines with arrow) converges on the
focal point at x = —x; (black point).

However, it is known that the spin wave can transmit through
an interface without reflection only in rare cases [29]. On the
contrary, spin wave can be completely reflected under more loose
conditions, such as at the magnetic-non-magnetic interface. One
natural issue is how to accumulate all reflected spin waves. In this
study, we design a curved film edge based on the principle of
identical magnonic path length, which suggests that the parabolic
film edge can focus all reflected spin waves independent of their
frequencies. At the focal point, the spin wave intensity can be
significantly enhanced and the focal point magnetization
oscillates strongly and might even be locally reversed, which is
considered as the precursor for the skyrmion formation.

2 ANALYTICAL MODEL

We consider a chiral ferromagnetic film with a curved boundary,
which is magnetized along the +z direction. The spin wave
dynamics are governed by the Landau-Lifshitz-Gilbert (LLG)
equation,

om

o 1)

m
= —yppom X Heg + am x a0
where m = M/M; is the unit magnetization vector with the
saturated magnetization M, y is the gyromagnetic ratio, yq is
the vacuum permeability, and « is the Gilbert damping constant.
The effective field H.g comprises the exchange field, the DM field,
the anisotropy field, and the dipolar field. In the following
discussion, the interfacial DMI is considered.

The film edge for total-reflection focusing can be designed
based on the identical magnonic path length (MPL) principle
[22]. We first consider a plane spin wave incident from the left
source (x = —x;), which is reflected by the film edge and converges
into a focal point (~xs 0), as shown in Figure 1. The identical
MPL principle yields the following:

Skyrmion Generation by Total-Reflection Focusing

x+ X+ (x+xp)7 + y? = x+ x5, ()
and the edge contour is described as
y* = =2px, 3)

where p = 2x7. One can see that the shape of the film edge is
parabolic for the total-reflection focusing of the plane spin waves.

3 NUMERICAL RESULTS AND
DISCUSSIONS

To verify our theoretical design, we numerically solve the full LLG
equation (Equation 1) using the micromagnetic simulation code
MuMax3 [30]. Magnetic parameters of the adopted Co are as
follows: M,=5.8 x10°> A/m, A,, = 15 pJ/m,D=2.5 mJ/m?, and
K, = 6 x 10°J/m>. The cell size 2 x 2 x 1 nm’ is used to
discretize the film in simulations. The Gilbert damping
constant & = 107 is used to ensure a long-distance
propagation of spin waves, and absorbing boundary
conditions are adopted to avoid the spin wave reflection by
the film edges except for the curved edge [31].

We first set the focal length as xy= 400 nm in simulations and
design a parabolic edge to focus the reflected spin waves. A
sinusoidal monochromatic microwave field Hey; = kg sin(wf)x is
applied in a narrow rectangular area (black bar in Figure 2A) to
excite the incident plane spin waves. Numerical results for
focusing spin waves with 60 GHz are shown in Figure 2A.
Using the equation Isw =+ [, (6m2 +6m§,)dt, we calculate
the spin wave intensity, as plotted in Figure 2B. The profiles
of the spin wave intensity are also shown (black curve in
Figure 2B). One can see that spin waves are reflected from
the film edge and focused, leading to a significantly enhanced
intensity around the focal point. However, it is found that the
focal point obtained from the numerical simulation is shifted
slightly along the +x direction from the theoretical position of the
focal point (black point shown in Figure 2B). It may be attributed
to two reasons: one is the ray optic approximation for analyzing
the spin wave propagation, which requires the spin wave
wavelength (about tens of nanometers) to be much smaller
than the size of the film edge. The other is the spin canting at
the curved edge (Figure 3D), which would influence the
propagation of the reflected spin waves. Eq. 3 suggests that
the shape of the parabolic edge for the total-reflection focusing
is independent of the spin wave frequency. Figures 2C,D indeed
confirm this result, which would promote the applications of the
spin wave focusing in magnonic devices.

A close inspection shows that there is a sharp kink of the spin
wave intensity at the magnon source (Figures 2B,D,F). It results
from the change in the coherence of spin waves through the
magnon source. On the right side of the magnon source, the
emitted spin waves and reflected spin waves are coherent, leading
to a strong interference with a significant interference fringe. The
phase of the reflected spin wave would change when it propagates
through the magnon source. The coherence between the reflected
and emitted spin waves on the left side is destroyed, which shows a
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FIGURE 2 | (A) Snapshot of the spin waves reflected from the parabolic edge. The spin wave frequency is w/2r = 60 GHz. The black bar in (A) denotes the spin
wave source located at x = =200 nm, which is excited by a microwave field with Lighg = 10 mT. (B) The spin wave intensity in (A). The black point represents the ideal
position of the focal point. The black curve shows the profile of the spin wave intensity along the x axis at y = 0. (C) and (D) Snapshot of total-reflection focusing of spin
waves and the corresponding intensity for w/2n = 80 GHz. (E) and (F) Snapshot of spin waves and their intensity for the exciting source located at x = 600 nm.

slight fluctuation in the spin wave intensity. Different fluctuations
in spin wave intensities on both sides of the magnon source induce
a sharp kink. Therefore, the spin wave intensity at the focal point
would fluctuate drastically when the magnon source is located at
the left side of the focal point, as shown in Figures 2E,F. This severe
fluctuation of the spin wave intensity would destroy the localized
spin wave soliton (droplet) around the focal point, which hinders
the generation of skyrmion. In what follows, we focus on the case of
the magnon source locating at the right side of the focal point for
generating skyrmion by spin wave focusing.

To generate magnetic skyrmions, we increase the amplitude
of the microwave field to poho = 360 mT. The spin wave intensity
around the focal point is enhanced significantly, which shows a

strong magnetization oscillation, as plotted in Figure 3A. With
the continuous excitation of spin waves, more energy is
harvested, leading to the local switching of the magnetization
and the formation of magnetic droplets, which can be easily
driven by spin waves (Figure 3B). The magnetic droplet is a
non-topological localized spin wave soliton [32, 33] and is
unstable in a chiral ferromagnetic film because of high DMI
energy. Under the disturbance of spin waves, the magnetic
droplet is converted to a dynamical skyrmion at ¢t = 0.6 ns, as
shown in Figure 3C. Then, we turn off the microwave field at ¢ =
0.7 ns and the system is relaxed toward an equilibrium state with
a stable skyrmion state (Figure 3D). Moreover, it is noted that
the skyrmion is not created exactly at the focal point. This is
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FIGURE 3 | The creation process of the magnetic skyrmion induced by
the total-reflection focusing. The exciting field with iphg = 360 mT is applied in
(A-C) and is turned off in (D). The z-component magnetization of the
rectangular area in the left column is enlarged in the right column. (E)
Temporal evolution of the topological number Q. The microwave field starts at
t=0and ends at t = 0.7 ns, indicated by the gray dashed line.

because the first nucleated droplet driven by spin waves moves
faster than the skyrmion during which the transformation from
the droplet to skyrmion happens. This would lead to the
skyrmion nucleation site developing far away from the
focal point.

Skyrmion Generation by Total-Reflection Focusing

The topological charge, which is given by

1 om oOm
Q = EJJ m- (ax X a}})dxdy)

can be used to characterize the topology of skyrmions in two-
dimensional systems. However, the large spatial variations of m
in the process of the skyrmion nucleation and annihilation reduce
the accuracy of the finite difference approximation of Eq. 4 and
result in non-integer values of Q [22]. To avoid this spurious
deviation, we follow the definition of the topological charge given
by Berg and Liischer [34], which is expressed as

(4)

1
Q=— Z Gijk> (5)
AT G
with
tan(ﬂ) = i (m; K , (6)
2 1+ m;-mj;+m; - mg+m;-mg

where g;j is the local topological charge density of elementary-
signed triangles, which is invariant under a cyclic permutation of
the indices ijk. This lattice-based approach has been employed in
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FIGURE 4 | (A) The nucleation time of the first skyrmion t‘SK as a function
of the field amplitude and frequency. The black crosses represent no skyrmion
creation. (B) The frequency dependence of the spin wave intensity at the focal
point under the microwave field with tighg = 10 mT. (C) Phase diagram of
skyrmion generation with respect to the amplitude and frequency of the
exciting field with the duration time 10 ns.
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FIGURE 5 | (A) Snapshot of spin waves reflected from the parabolic edge

with a random roughness, which is depicted by the formula x = —2/4x) + Al
where A, is the roughness amplitude and /, is a random value in the interval (-1, 1).
The black bar shows the exciting source of spin waves with tighg = 10 mT

and w/2m = 60 GHz. The enlarged image of the rectangular area is shown on the
left. The solid line in the inset denotes the ideal parabolic edge, and the dashed
lines show the amplitude of the roughness (A = 6 nm). (B) The spin wave intensity
in (A). (C) Phase diagram of the spin wave intensity at the focal point as a function
of the roughness amplitude and the spin wave frequency. The black crosses
represent no spin wave focusing, and the colored dots are the spin wave intensity.

quantifying the topological charge in micromagnetics recently
[35-37]. Based on this scheme, we calculate the time evolution of
the topological charge Q in the process of the skyrmion
generation (Figure 3E), where nonphysical values of Q are
excluded. An abrupt change in Q from 0 to -1 is observed at
t = 0.6 ns, which confirms the skyrmion creation.

From the generation process of the skyrmion, one can see that the
magnetic droplet is an indispensable intermediate between
ferromagnetic and skyrmion states. Although the energy of the
magnetic droplet is higher than the skyrmion, the skyrmion cannot
be created directly from the ferromagnetic state. This is because the
droplet is non-topological and can be transformed continuously from a
ferromagnetic state. However, the continuous transformation from a
ferromagnetic state to the skyrmion state is highly unlikely, which is due
to the topological protection of the skyrmion. Compared to the droplet,
a change in the topological charge is accompanied for the skyrmion
creation, which requires more energy input from the external driving.

Figure 4A plots the nucleation time of the first skyrmion ¢},
induced by the total-reflection focusing of spin waves. It is found that
the skyrmion creation at the field frequency with w/2w = 70, 85, and
95 GHz needs a longer time and requires a higher amplitude of the
exciting field. To find the reason for such a frequency dependence of
the skyrmion generation, we plot the spin wave intensity at the focal
point for different frequencies, as shown in Figure 4B. We find that
these three frequencies correspond to the local minima of the spin
wave intensity, which is due to the destructive interference between
the reflected spin waves and emitted spin waves from the magnon

Skyrmion Generation by Total-Reflection Focusing

source at the focal point. In addition, we also plot a phase diagram of
skyrmion generation induced by the total-reflection focusing of spin
waves within 10 ns (Figure 4C). As in the spin wave focusing for the
transmitted waves [22], the generated skyrmion number Ng is not
monotonically increased with the field amplitude 4, owing to the
skyrmion annihilation induced by the interaction between the
magnetic droplet and skyrmion. It should be stressed that the
generated skyrmion is not able to arrive at the magnon source
and is destroyed at the duration time (10ns) considered in our
study, although it moves towards the magnon source driven by spin
waves [12-14, 38]. This is because the velocity of the magnon-driven
skyrmion motion is very slow (<10 m/s). It has been demonstrated
that the number of the nucleated skyrmion depends on the duration
time of the microwave field [22]. Thus, we can tune the duration time
of the microwave field pulse to generate a single skyrmion (Figure 3).

The above micromagnetic simulations are all performed for the
idealized edge, which is often not the case in practical applications, due
to edge roughness. To make the roughness effect on the total-
reflection focusing clear, we performed additional simulations with
random roughness, which is close to the rough edge in real cases. For
the roughness amplitude A, = 6 nm, the reflected spin waves with
60 GHz can be well focused with a reduced intensity (=81%), as shown
in Figures 5A,B. With the increase in A,, the focal point intensity of
spin waves I gw decreases. For a large amplitude of roughness, the
reflected spin waves are disordered and cannot be focused (black
crosses in Figure 5C). We also investigate the frequency dependence
of the roughness effect and find that the roughness influence becomes
weak with the decrease in the spin wave frequency. This result suggests
that our method is valid for spin waves with long wavelength (A > A,),
for which the roughness effect can be ignored.

The results in this study are obtained in magnetic metals,
which usually have high perpendicular magnetic anisotropy and
high damping. A large-amplitude microwave field is needed for
the skyrmion creation, which is difficult to achieve in
experiments.  Fortunately, — magnetic  insulators  with
perpendicular anisotropy and ultra-low damping have been
demonstrated to host skyrmions [39-41], which makes our
method more applicable from the view of materials
realizations. In a previous study, we proposed a method to
generate skyrmion by focusing the transmitted spin waves,
which is realized by constructing a spin wave lens with a
curved interface [22]. The shape of the interface depends on
the relative refraction index of spin waves, which is frequency-
dependent. Thus, that method is only feasible for focusing spin
waves with one certain frequency. For spin wave focusing with a
different frequency, a new curved interface should be designed,
which hinders the practical application of that method. We,
therefore, believe that the total-reflection focusing in the
present study provides a promising way to generate the skyrmion.

4 CONCLUSION

In summary, we theoretically investigated the skyrmion generation
induced by the total-reflection focusing of spin waves. The shape of
the film edge was derived based on the identical magnonic path
length principle. Micromagnetic simulations were performed to
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confirm the focusing effect of spin waves reflected from the parabolic
edge. By increasing the field amplitude, we observed the nucleation
of magnetic droplet induced by the total-reflection focusing and the
transformation to the skyrmion with a change in the topological
charge. Our results provide a method to generate skyrmion by
reflective focusing of spin waves, which is frequency-independent
and would promote the development and application of spintronic
devices combing magnons and skyrmions.
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Suppression of Skyrmion Hall Motion
in Antiferromagnets Driven by
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South China Academy of Advanced Optoelectronics, South China Normal University, Guangzhou, China

An investigation of spin waves interacting with antiferromagnetic spin textures is
meaningful for future spintronic and magnonic-based memory and logic applications.
In this work, we numerically study the skyrmion dynamics driven by circularly polarized spin
waves in antiferromagnets and propose a method of suppressing the Hall motion. It is
demonstrated that the application of two circularly polarized spin waves with opposite
chirality allows the skyrmion motion straightly along the intersection line of the two spin
wave sources. The skyrmion speed depending on these parameters of the spin waves and
system is estimated, and a comparison with other methods is provided. Furthermore, two
depinning behaviors of the skyrmion related to the strengths of the defect are also
observed in the simulations. Thus, the proposed method could be used in precisely
modulating the skyrmion dynamics, contributing to skyrmion-based memory device
design.

Keywords: antiferromagnetic skyrmion, spin waves, dynamics, Hall motion, speed

INTRODUCTION

Skyrmion, a topologically protected particle-like magnetic structure, is considered as a promising
candidate for spintronic applications like racetrack memories due to some of its attractive features
including nanoscale in size, low critical driving current, and high stability [1-6]. Skyrmion dynamics
driven by spin-polarized current in ferromagnets has been widely studied, and the so-called
skyrmion Hall motion induced by the Magnus force is reported. In this case, the skyrmion
moves deviating from the direction of the driving force and could be restricted or even
annihilated by element edges of related devices [7-10]. Thus, the Hall motion brings a great
challenge to the skyrmion-based applications.

Recently, antiferromagnetic (AFM) skyrmion has been predicted theoretically [11] and observed
experimentally at room temperatures in synthetic antiferromagnets [12]. AFM skyrmion is
comprised of two coupled spin configurations with opposite topological numbers, and two
Magnus forces respectively acting on two sub-lattices under spin-polarized current perfectly
cancel with each other, allowing the motion straightly along the driving force [13-16].
Moreover, compared with ferromagnetic skyrmion, AFM skyrmion has more attractive physical
properties. For instance, AFM skyrmion is insensitive to external magnetic field [17, 18], and its
speed is much larger than ferromagnetic skyrmion under a same driving current density [15].
Importantly, AFM materials are abundant in nature, which include metals comprised Mn-based
alloys, insulators, semiconductors, and semimetals [19]. All these merits of AFM skyrmions
contribute to the rapid development of AFM spintronics.
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Most recently, spin wave driven skyrmion motion draws a lot
of attention due to some advantages such as low dissipation and
producing less heat [20-22]. In ferromagnets, the spin wave is
only right-circularly polarized and drives the skyrmion motion
towards the spin wave source in the presence of a Hall motion
related to its topological charge, which can be understood from
the momentum conservation [23]. In antiferromagnets, however,
the spin wave can be fully polarized, providing another degree of
freedom in modulating the skyrmion dynamics [24]. For AFM
system with uniaxial anisotropy, the spin wave is generally
polarized [40], and the scattering of the spin wave is related to
its polarization direction, resulting in interesting and complex
skyrmion dynamics.

For example, when AFM skyrmion is driven by chiral or isospin
charged spin wave with circular or elliptical polarizations, a
magnonic topological spin Hall effect is produced resulting from
the symmetry breaking of the magnon trajectory [25]. Thus, the
skyrmion Hall motion could be also driven by the spin wave even in
AFM systems. Interestingly, the scattering direction of the magnon
and the deflection direction of skyrmion are determined by the
chirality of the spin wave, allowing the skyrmions work as spin
splitters in AFM magnon devices [26]. However, skyrmion Hall
motion is detrimental for data propagation in future skyrmion-based
devices, as discussed above. It is predicted that the linearly polarized
spin wave with particular polarization directions drives the AFM
skyrmion straightly along its propagation direction without any Hall
motion [27], while the strict limitation of the polarization directions
affects stable application. Furthermore, the skyrmion speed driven
by linearly polarized spin waves is rather low compared with one
driven by circularly polarized spin wave. Thus, there is still an urgent
need in suppressing the skyrmion Hall motion driven by spin waves
in antiferromagnets, considering these particular merits in future
magnonic and spintronic device design.

In this work, we propose a method of suppressing skyrmion
Hall motion by injecting two kinds of spin waves with opposite
chirality in antiferromagnets. The application of the two circularly
polarized spin waves drives the skyrmion motion straightly along
the intersection line. The skyrmion speed depending on these
parameters of the spin waves and system is numerically simulated,
and a comparison with those driven by other methods is provided
and briefly discussed. Furthermore, the depinning behaviors of the
skyrmion from the defects are also investigated.

MODEL AND METHOD

We consider a two-dimensional AFM Heisenberg model in the xy
plane with the model Hamiltonian,

H=]Zmi~m]—+ZD-(mi><mj)
[<5)] Gy

—K Y (mi)', ()

where the first term is the AFM exchange interaction between the
nearest neighbors with J > 0, m, is the local magnetic moment at
site i, m; = —S;/h with the local spin S; and the reduced Plank
constant h, the second term is the Dzyaloshinskii-Moriya
interaction (DMI) between the nearest neighbors with the

vector D = D ey;, the third term is the perpendicular magnetic
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spin-wave source

FIGURE 1 | The model of AFM skyrmion driven by double circularly
polarized spin waves. The yellow and green regions represent the source of
left-handed and right-handed circularly polarized spin waves, respectively.
The yellow and green arrows indicate the scattering direction of the spin
waves, and the gray arrow indicates the driving direction of the skyrmion.

anisotropy with the easy z-axis and magnitude K. Considering the
canted AFM sample KMnF;, which has been widely used in the
study of spin wave propagation theoretically and experimentally
[28-30], the parameters are chosen to be J = 1.0 x 102" J, D/J =
0.14, and K/J = 0.03 [31]. In addition, other AFM materials with
stable existence of skyrmion and spin wave propagation such as
two AFM coupled layers of YIG [26] and Co/Pt bilayer [12, 32]
could also be applicable to our simulation.

Subsequently, the time-dependent magnetization dynamics are
investigated using the Landau-Lifshitz-Gilbert (LLG) equation,

dm,‘ dm,-
+am; X —,

dt dt

where HY= —(1/ Uo)OH/Om, is the effective field. We set the lattice
constant @ = 1.0 x 10~ m, the gyromagnetic ratio y = —2.211 x
10° m/(a. s) [13] and the Gilbert damping coefficient « = 0.005. h
is the AC magnetic field used to generate stable spin wave, hyy/
hry = ho(sin(wi)i £ cos(wt)j) corresponds to left-/right-circularly
polarized spin wave, and h,/h;, = hosin(w?)j/i corresponds to the
x/y linearly polarized spin wave with the magnitude h,. We use
the fourth-order Runge-Kutta method for numerical simulation
on a system of 200 x 100 lattices. In our simulation, we set time
step At = 0.01, J = 1, then a reduced time corresponds to the real
time ¢ = 1.0 x 10" s. Moreover, w = 1 corresponds to 1.6 THz,
and hy = 1 corresponds to 1.58 Tesla.

As depicted in Figure 1, the spin wave sources are set at the left
side of the system, and the yellow part and green part represent the
left-handed and right-handed spin wave sources, respectively. Unless
stated elsewhere, we take the parameters 1, = 800 mT and w = 2 THz
and use absorbing boundary on the right side of the system to avoid
reflection of spin wave. Furthermore, the parameters of the two
kinds of spin waves are set to be the same, and the balance position of
the skyrmion is in the intersection line between the two sources. It is
worth noting that the generating of the two kinds of spin waves with
opposite chirality in the two halves of the system does not consume
more energy than the injecting of single handed spin wave in the
whole system.

= —ym; x (H +h) )

RESULTS AND DISCUSSION

To some extent, spin wave scattering is similar to the classical
motion of a particle subjecting to an effective magnetic field from
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FIGURE 2 | The motion of the AFM skyrmion with different initial
positions at (A) upside and (B) bottom side. The white dashed line indicates
the intersection of the two spin wave sources.

the skyrmion [26]. Generally, due to their opposite effective
charges, the left-handed and right-handed spin waves are
scattered by the skyrmion towards the up side and down side,
respectively, as depicted in Figure 1. Thus, the momentum
exchanges between spin waves and the skyrmions along the
longitudinal y-direction are well canceled out, and the
skyrmion Hall motion could be suppressed.

This argument has been confirmed in our simulations. Figure 2A
shows the evolution of the skyrmion position. The AFM skyrmion is
initially at the upper side in the absence of the spin wave (up part).
When the spin waves are injected, the skyrmion is driven to the right
side. In this case, the left-handed spin wave is scattered to the upside
and drives the skyrmion downward due to the momentum
conservation. Thus, the skyrmion is quickly relaxed to its
equilibrium position y = 50 att = 12 ps, as shown in the middle
part of Figure 2A. Subsequently, the forces along the y-direction
from the left-handed and right-handed spin waves acting on the
skyrmion are well canceled out, and the skyrmion straightly moves
along the x direction. More importantly, the suppression of the Hall
motion is not affected by the initial position of the skyrmion.
Figure 2B shows the motion of the skyrmion initially at the
bottom side of the system. Attributing to the effect of the right-
handed spin wave, the skyrmion is also relaxed to the equilibrium
position. Thus, this method is rather efficient in the suppression of
the skyrmion Hall motion in antiferromagnets.

The simulated skyrmion position as a function of time is
presented in Figure 3. On one hand, the skyrmion is quickly
relaxed to the equilibrium y-position at y = 50 (dashed line in
Figure 3A) as discussed above, although a weak oscillating
behavior is noticeable. On the other hand, the evolutions of
the x-position for the two cases are almost the same, as shown
in Figure 3B. It is noted that the injected spin waves are
unavoidable dissipated as it propagates, contributing to the
decrease of the skyrmion speed (slope of the position curve).

Subsequently, we investigate the dependence of the speed of
the skyrmion on several parameters and present the simulated

Spin Wave-Driven Skyrmion Dynamics

results in Figure 4. Here, the speed is estimated from the average
one in the region x = (110, 130). The calculated velocity v,-
Double as a function of w for hy = 600 mT is shown with red
squares in Figure 4A. Two frequencies at w = 1.6 THz and
2.2 THz are observed with local maximum values v, ~ 450 m/s,
which is comparable to the current driven one. The speed of the
skyrmion driven by the y linearly polarized spin wave v,-Linearly is
also estimated to be v, ~ 200 m/s, which is rather stable for various
w but much smaller than the maximum value driven by the double
circularly polarized spin waves. To have a direction comparison,
the speeds along the x direction v, and y-direction v, of the
skyrmion driven by right-handed spin wave are also presented.
Two local maximum v, ~ 550 m/s are estimated at w = 1.7 THz and
2.0 THz, and the maximum v, ~ 850 m/s is estimated at w =
2.1 THz. However, in all investigated w regions, v, > v, is estimated,
demonstrating the strong skyrmion Hall effect. Thus, particular w
could be chosen in the proposed method to obtain large speed in
the absence of skyrmion Hall motion.

The magnitude of the spin wave is mainly controlled by hq.
Thus, with the increase of hy, the speed of the skyrmion is
increased, as shown in Figure 4B, which presents the
estimated speeds of the skyrmion as functions of magnitude
driven by various methods at w = 2 THz. For hy < 750 mT, all
the estimated speeds increase appropriately with /g raised from
the energy transfer between the spin wave and skyrmion, noting
that the energy of the spin wave linearly increases with hg.
However, with the further increase of hy, the skyrmion speed
driven by the double circularly polarized spin waves increases
much slowly. In some extent, the interference between the two
kinds of spin waves is strengthened, strongly limiting the increase
of the skyrmion speed.

Furthermore, the skyrmion radius depending on several
parameters of the system such as the DMI and anisotropy
also affects the skyrmion speed. In Figure 4C, the simulated
speeds as functions of D driven by various methods for w =
20THz and hy = 600mT are presented. Moreover, the
calculated skyrmion radii are also given to help one to
understand the results easier. The same as our earlier
theoretical calculations, the radius is increased with the
increase of D [33, 34]. On one hand, the interacting area
between the spin wave and skyrmion is enlarged [35],
resulting in the increase of interacting force and skyrmion
speed. On the other hand, the mass of the skyrmion is also
increased with the increase of the radius [36], decreasing the
skyrmion speed. As a result, the competition between the above
two factors determines the speed of the skyrmion. For the
skyrmion driven by the linearly polarized spin wave, the
speed monotonously decreases with the increase of D,
demonstrating the dominant effect of the second factor. For
the skyrmion driven by double and single circularly polarized
spin waves, the oscillating decrease of v, is observed due to the
competition between the two factors. Moreover, the two
simulated v, are almost the same for D > 0.145, attributing
to the increase of the component from the circularly polarized
spin waves in the driving force.

Figure 4D shows the dependence of v, on the distance
between the two spin wave sources for w = 2.0 THz and
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2 THz. (D) The simulated v, and v,  as function of the distance between the two spin wave sources for hg = 600 mT and w = 2 THz. The simulated skyrmion radii are also
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represent the intersection of the two spin wave sources.

FIGURE 5 | The AFM skyrmion motion in the presence of the defect for (A) A/J = 0.05 and (B) A/J = 0.15. The black dots are the defects, and the white dashed lines

FIGURE 6 | The AFM skyrmion motion trajectories (green curves)

with defect concentration 0.1% for (A) A/J = 0.05 and (B) A/J = 0.15,
where the initial positions of skyrmion are represented by the empty blue
circles.

ho = 600 mT. It is clearly shown that in a rather large distance
range 0-30 nm, a rather stable speed v, ~ 500 m/s is obtained.
Thus, the skyrmion dynamics is hardly affected by increasing the
distance between the two spin wave sources due to the spreading
of the spin waves, allowing one to choose proper distance between

the two spin wave sources to save energy. Moreover, v, is rather

small in the whole distance range, indicating again the well
suppression of the skyrmion Hall motion.

The depinning behavior of skyrmion is a crucial issue
considering the fact that there are inevitable defects in real
materials. At last, we investigate the depinning behavior
from the defect which is set in the intersection line, as
shown in Figure 5. Here, additional anisotropy A(m?)? is
used to describe the defect at site i, and we take D/J = 0.13.
Figure 5A shows the trajectory of the skyrmion for A/J = 0.05,
w = 2THz, and hy, = 800 mT. It is clearly shown that the
skyrmion can pass through the defect directly. However, the
energy barrier is high for large A, prohibiting the skyrmion go
straightly through the defect [3]. Interestingly, the skyrmion can
bypass the defect and then return to its presupposed orbit, as
shown in Figure 5B, which presents the motion of the skyrmion
for A/] = 0.15. More interestingly, the depinning effect still
works in the system with randomly distributed defects for a high
concentration 0.1%, as demonstrated in Figures 6A,B, where
presents the skyrmion trajectory (green curve) for A/J = 0.05
and A/] = 0.15, respectively. Similarly, the skyrmions pass
through the weak defects for A/J] = 0.05 directly, while
bypassing the strong defects for A/] = 0.15. Thus, the
proposed method could be used to precisely drive the
skyrmion motion along designed tracks.

Most recently, the AFM skyrmions have been
experimentally observed in antiferromagnets with synthetic
structures and three sub-lattices [37], which could be used to
check our simulations. The generation of the spin wave could
be realized through applying an oscillating magnetic field
with intensity hy = 400-800 mT and frequency w ~ 2 THz
[38], or by injecting spin current with intended polarizations
[39, 40].
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SUMMARY

In summary, we propose a method to suppress the skyrmion Hall
motion driven by circularly polarized spin waves in
antiferromagnets. The application of the two circularly polarized
spin waves drives the skyrmion motion straightly along the
intersection line of the two spin wave sources. The skyrmion
speed depending on these parameters of the spin waves and
system is numerically simulated, and a comparison with those
driven by other methods is provided. At last, two depinning
behaviors of the skyrmion related to the strengths of the defect
are discussed. Thus, the proposed method could be used in precisely
modulating the skyrmion dynamics.
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Chiral magnetic skyrmions, localized and topologically protected vortex-like magnetic
textures that can be found in chiral magnets, are currently under intense study as an entity
for information storage and processing. A recent study showed that so-called rank-one
materials can host both skyrmions and antiskyrmions at the same energy. In such systems
the Dzyaloshinskii-Moriya interaction, in general a tensorial quantity, is reduced to only one
non-zero component. The presence of both skyrmions and antiskyrmions allows for the
investigation of the possible interplay between them. Here, we investigate the stability and
interaction of skyrmions and antiskyrmions as well as their transport properties subject to
spin-orbit torque for a model system described by an atomistic spin-lattice Hamiltonian
employing the simulation software Spirit. The spin-orbit torque driven spin-dynamics
described by the Landau-Lifshitz-Gilbert equation is compared to the effective one of the
Thiele equation. We demonstrate that, even though skyrmions and antiskyrmions can be
seen as antiparticles, a rather dense arrangement of both along a memory track is
possible, enabling their use as representations of the binary data bits “0” and “1” in a
memory device.

Keywords: skyrmion, antiskyrmion, racetrack memory, dzyaloshinskii-moriya interaction, spin-dynamics, Thiele
equation

1 INTRODUCTION

The increasing amount of digital data requires the development of new data storage devices with
higher information density at lower energy consumption. So far, magnetic hard disks have been the
backbone of mass storage applications in large data centers, where information is read and written
using a read-write head that moves across the magnetic disk. However, this technology is
approaching its limits, both in terms of information density and the mechanical effort of
reading and writing data. A change of paradigm was suggested by the racetrack memory [1], a
solid state shift register type memory in which the information is encoded in a pattern of magnetic
domains separated by domain walls. These domain walls can be moved by spin-currents either
applied in spin-transfer torque (STT) geometry, i.e., a current of spin-polarized electrons is passing in
perpendicular geometry through the magnetic layer, or even more efficiently in spin-orbit torque
(SOT) geometry, i.e., a charge current is passing through a nonmagnetic heavy metal substrate layer
creating a perpendicularly flowing spin current or an accumulation of spin-polarized electrons at the
interface to the magnetic domain.

Around 10 years ago, chiral magnetic skyrmions [2] were discovered [3-5], two-dimensional
magnetic vortex-like spin textures of topological nature at the nanoscale. They can form in the
presence of an applied magnetic field in ferromagnetic films that experience an interfacial
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Dzyaloshinskii-Moriya interaction [6, 7] (DMI) as a result of
spin-orbit coupling and broken structure-inversion symmetry as
introduced at the interface [8]. This finding led to an extension of
the racetrack idea towards skyrmion racetracks [9], where the
information is now encoded in the presence or absence of such
skyrmions on a thin racetrack stripe. Those skyrmions can then
be moved by ultra-low electric current densities [10]. Such a
possible movement of skyrmions has been shown both
theoretically [11, 12] and experimentally [13-16]. In the last
years we witnessed significant progress towards the optimization
of skyrmion design for technology [17, 18].

Like in ordinary racetrack memories, the information in
skyrmion racetrack devices relies on the presence or absence
of the skyrmion and the quantization of distances between
adjacent skyrmions on a track. However, skyrmions are highly
movable, interacting particles that can drift as a result of thermal
fluctuations, making it difficult to maintain their distribution
along a track. This can lead to difficulties, as e.g., thermal
movement can change the distance between neighboring
particles, destroying the encoded information. To overcome
this problem, several suggestions have been made. One option
would be to force the skyrmions to settle on discrete positions,
e.g., realized by nano-fabricated arrays of notches or of artificial
pinning centers acting as a periodic potential [19]. A more recent
proposal is a two-lane racetrack [20], where the choice of track on
which the skyrmion settles encrypts the binary information.
Those lanes are separated by a finite energy barrier which
prevents the loss of data. Both solutions to solve the problem
rely on fabrication on the nanoscale. This is a serious challenge
that is likely to lead to higher costs. Lately, a powerful alternative
approach has been proposed that does not require fixed distances
between moving bit carriers because the stream of binary data,
which is a sequence of ones and zeros, has been encoded using a
sequence of two distinguishable particles: single skyrmions and
bobbers [21]. The proposed concept of data encoding promises
the realization of a new generation of magnetic solid-state storage
devices, where a higher data density can be achieved compared to
the existing skyrmion-based racetrack storage concept.

Recently, it was shown on theoretical grounds that in magnetic
thin layers of particular point-group symmetry classes, not only
magnetic skyrmions but also antiskyrmions can exist [22, 23].
The latter can occur when symmetry allows an anisotropic
Dzyaloshinskii-Moriya interaction (DMI), ie., its strength is
different in different spatial directions as experimentally
evidenced for thin films of Co. on W (110) [24]. In this case,
and resorting to the micromagnetic formulation of the energy
landscape, the DMI can no longer be described by a single scalar
quantity, the so-called spiralization D, but must be replaced by a
two-dimensional spiralization tensor D, corresponding to the
thin layer geometry. In Ref. [23] it was rigorously shown that
under these conditions magnetic skyrmions and antiskyrmions
can coexist and the sign of the determinant of D determines
which of the two is the least energy configuration over all non-
trivial homotopy classes.

Antiskyrmions [23, 25, 26], like skyrmions, are localized
magnetic  particles with a  topologically  non-trivial
magnetization texture specified by the same magnitude of the

Skyrmion-Antiskyrmion Racetrack Memory

topological charge, |Q| = 1, but an opposite sign and an opposite
S! winding number. The winding number is obtained by means
of a line integral over the inplane components of the
magnetization along a path enclosing the origin of the particle.
It is a secondary topological charge and the defining index to
distinguish between skyrmion (v = 1) and antiskyrmion (v = - 1).
In the film geometry, skyrmions are of Néel-type, where the spins
rotate in the radial planes from the core to the perimeter.
Skyrmions are homochiral particles. The chirality or
handedness, i.e., the clockwise or counterclockwise rotational
sense of the spin rotation along the radial direction away from
the core, is the same for all radial directions. The antiskyrmion is
the simplest form of a multichiral skyrmion, characterized by
different rotational senses away from the core along different
radial directions (see Figure 1), and between these directions of
different handedness, the magnetization texture varies between
Néel-type (chirality vector perpendicular to the radial direction)
and Bloch-type (chirality vector parallel to the radial direction)
chirality. There is no smooth transformation between a skyrmion
and an antiskyrmion. An antiskyrmion is related to a skyrmion by
a mirror operation in the spin space, the components of the
chirality vector parallel to this mirror plane are conserved
whereas the components perpendicular to the mirror plane are
inverted (for more details see Supplementary Material of Ref.
[23]). In the particular case of a rank-one spiralization tensor,
ie, a vanishing determinant, both the skyrmion and the
antiskyrmion are energetically degenerate. Like the skyrmion,
the antiskyrmion experiences that a current-driven motion has a
transverse component, known as the antiskyrmion Hall effect.
Furthermore, in the context of spin-orbit torques, the
antiskyrmion Hall angle strongly depends on the current
direction. Interestingly, in the context of racetrack memory,
the antiskyrmion gyroconstant is opposite to that for the
skyrmion, allowing the current-driven propagation of coupled
skyrmion-antiskyrmion pairs without an apparent skyrmion Hall
effect [27, 28].

In this paper, we combine the two recent development
strands: The skyrmion racetrack device and the
simultaneous presence and energetic degeneracy of
skyrmions and antiskyrmions in rank-one materials, and
propose a new type of data storage device, namely a
skyrmion-antiskyrmion racetrack memory (see Figure 1). It
is an alternative to the skyrmion-bobber racetrack memory
[21]. In this device, as in Ref. [21], information would be
encoded by two distinguishable magnetic particles, e.g., a
skyrmion represents the bit “1”, whereas an antiskyrmion
represents the “0”. The distinction between the two is
possible, for example, by measuring the sign of the
topological Hall effect (THE) [29], which depends on the
sign of the topological charge Q, which is opposite for
skyrmions and antiskyrmions, or the strength of the chiral
Hall effect (CHE) [30] or the noncollinear Hall effect (NHE)
[31], which both vary in size depending on the type of particle.
We show that skyrmions and antiskyrmions, although they
carry the notion of antiparticles, can indeed coexist and even
repel each other if the proper geometry of the racetrack is
chosen. We focus on SOT driven particle motion as this is
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FIGURE 1 | Schematic picture of a skyrmion-antiskyrmion racetrack. Information is encoded in the type of the magnetic particle, i.e., a skyrmion represents the bit
“1” and an antiskyrmion represents the bit “0”. By applying a current, the magnetic particles can be moved towards a read/write head.

L

more energy efficient than STT. Using spin-dynamics
simulations applied to a model system we demonstrate the
feasibility of such a device by showing that a coherent motion
of skyrmions and antiskyrmions along the same trackline can
be achieved. In order to show the main effects efficiently and to
provide a transparent analysis of our simulations, our model
system is parameterized to match a ferromagnetic rank-one
material with C,,-symmetry of monoatomic layer thickness
deposited on a nonmagnetic heavy-metal substrate, e.g. having
(110) oriented interfaces in mind, in analogy to atomic-scale
skyrmions studied experimentally in the past for (111)
oriented interfaces with C;, symmetry [5, 32]. Consistently,
the models and simulations are on the atomistic scale.

2 MODELS AND METHODS

2.1 Atomistic Heisenberg Model and Model

Parameters

In this paper we study ultrathin ferromagnetic films with an out-
of-plane easy axis on a heavy-metal substrate. As underlying
model we use the extended Heisenberg Hamiltonian to describe
the interactions between localized classical vector spins S; of unit
length placed on atomic sites i,

H=- z ]ij(si : Sj) - ZD"J' : (Si X Sj) + ZKL (Si-6)% (1)
Cijy i

<ijy

containing exchange and Dzyaloshinskii-Moriya interactions
as well as uniaxial anisotropy. The sites i and j are limited to the
magnetic film, but the model parameters J;j, D;j, and K, include
also the properties of the metal substrate. (J < 0) J > 0 describes
(anti-)ferromagnetic exchange between the sites and K, < 0
denotes a magnetic easy axis parallel to the z-direction. For
ultrathin magnetic systems, the dipolar interaction between
magnetic moments is typically of minor importance and is
added as an additional on-site contribution to the magnetic
anisotropy constant K,. We restrict ourselves to monolayers
with a two-dimensional, centered rectangular Bravais lattice as
this crystal structure with C,, symmetry offers the possibility
of a DMI tensor of rank-one [23]. To obtain such a tensor, D,
which is related to the atomistic DMI vectors via

1
D = —= z Dij®Rija
()

2

all atomistic DMI vectors, D;j, have to be aligned in parallel along
one of the two lattice vectors of the rectangular unit cell. Without
loss of generality we assume that the x-axis is oriented parallel to
one of the lattice vectors. The direction along the second lattice
vector we call the y-direction. The orientation of the track of the
racetrack device on which the information particles move relative
to the orientation of the crystal lattice and subsequently the
orientation of the DM vector is an important design aspect.
This determines the relative chiral orientation of the
antiskyrmion with respect to the skyrmion. We will see below
that this bears important consequences for the interaction of
skyrmions with antiskyrmions. For visualization purposes, we
chose the same lattice parameter, g, for both directions of the
corresponding rectangular superlattice with two atoms per
unit cell.

Magnetic skyrmionic structures can be stabilized by
different combinations of parameters in the Heisenberg
model (1). On the one hand, it is sufficient to have only
nearest neighbor interactions both for the DMI and the
exchange interaction and to apply a magnetic field parallel
to the ferromagnetic background. By choosing the proper DMI
geometry, i.e., a rank-one spiralization tensor, both skyrmions
and antiskyrmions can coexist. However, under these
assumptions the stabilization of skyrmionic particles
becomes problematic when the DMI is not isotropic but
anisotropic. In the case of rank-one DMI, ie., the most
anisotropic case possible, the magnetic texture loses its axial
symmetry, it becomes elliptically unstable to the point that it
decays into a one-dimensional magnetic structure. To
counteract, a strong external magnetic field is needed to
stabilize the skyrmionic structure, making it unpractical for
applications.

An alternative way to stabilize skyrmionic spin textures is to
resort to systems with competing magnetic exchange interactions,
i.e,, systems where more than a nearest neighbor parameter J is
needed to describe the system correctly. These Js compete
between different neighbors by opposite signs, yet, the
magnetic ground state still remains ferromagnetic. Skyrmion
stabilization can then be achieved either by counteracting the
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previously discussed elliptical instability of the skyrmion by an
anisotropic exchange interaction or by purely stabilizing the
skyrmionic particles due to exchange. In the following, we will
focus on this latter case, since it provides the possibility of
studying both skyrmions and antiskyrmions as both of them
can be stable independent of the occurring DM interactions.
However, we will show later that even though the DMI is not
directly responsible for the stabilization, it is quite important for
the motion of skyrmions and antiskyrmions, especially the
collective motion along a particular direction.

As model parameters for our racetrack ferromagnet, we used J
>0,J,=-025];,D; = +0.02 J; - & and K=-0.025 J,. Index “1”
indicates the nearest-neighbor interaction. Taking the centered
rectangular lattice structure, J, is the interaction with the
neighbors lying in the same direction as the first nearest
neighbors, but with twice the distance. The sign of J, is
opposite to J; expressing an antiferromagnetic exchange
interaction competing with the ferromagnetic nearest-neigbor
exchange. From the viewpoint of the rectangular unit cell J,
contributes to exchange interactions in x- and y-direction. With
this choice of parameters, skyrmions and antiskyrmions are meta-
stable with an energy of about 3.5 J; above the ferromagnetic
ground state. As isolated particle, they have a diameter of about six
lattice parameters, 6 a, which corresponds to about 2 nm, a typical
size of atomic-scale skyrmions in ultrathin films observed earlier
[33]. Lateral boundary conditions as typical for (anti-)skyrmions
on a track can modify the particle size as discussed in the results
chapter. The diameter is measured by the circle around the origin
of the particle on which the z-component of the magnetization
changes sign. Assuming the same lattice constant, a, for both
directions of the rectangular unit cell, i.e., assuming a square cell,
the particles are almost round, yet the anisotropic DM interactions
cause a small ellipticity. To simulate a repulsive potential of the
boundaries of the racetrack, we add in our simulation additional
rows of spins which are pinned to point along the z-direction.
Such a ferromagnetic pinning is necessary as the anisotropic DM
interaction does not result in a repulsive potential at the
boundaries, in isotropic systems caused by the bending of the
magnetization at the edges to minimize the DM energy [34, 35].
Such a ferromagnetic pinning, however, can be achieved in
experiments by locally enhancing the anisotropy.

2.2 Atomistic Spin Dynamics Simulations of
Current-Driven Skyrmion and Antiskyrmion
Propagation and Minimum Energy Paths
The time evolution of the atomistic spins subject to the current
induced SOT [36] is followed by the numerical solution of the
Landau-Lifshitz-Gilbert (LLG) equation presented here in the
Landau-Lifshitz form at the atomistic level [37, 38] extend by
the SOT,
ds;

5 = .S x H — p aGS; x (Si X Hfff) +y,. T,

(©)

were S; = p;/p; are normalized magnetic moments located at a
lattice site i, y,; HST = ~0H/S; is the static effective magnetic field

Skyrmion-Antiskyrmion Racetrack Memory

acting on spin S;, y = gug/h represents the gyromagnetic ratio,
Y. = y/ (1 + o) is the renormalized gyromagnetic ratio, ag is the
isotropic Gilbert damping constant, and T; is the spin-orbit
torque acting on site i. The equation of motion is integrated
for a set of spins in the two-dimensional, periodic domain by
applying an efficient and robust semi-implicit numerical method
[39] as implemented in Spirit [40, 41]. If not stated otherwise, we
used for our simulations a sufficiently large simulation box for
which we tested that no boundary effects occur.

The LLG equation is used in two regimes: (i) the quasi-static
regime to determine the minimum energy paths (MEP) and the
corresponding energy barriers for the interaction of (anti-)
skyrmions with track boundaries as well as the mutual
interactions of skyrmions with antiskyrmions and (ii) the
dynamical regime to study the current-induced motion of
both particles on the track. The importance of the MEP lies in
the identification of a transition-state saddle-point and also
provides detailed information about the transition mechanism,
important quantitative knowledge, which is not easily accessible
in the spin dynamics. To follow a MEP means to rotate spins in an
optimal way so that the energy is minimal with respect to all
degrees of freedom perpendicular to the path. Technically we use
the geodesic nudged elastic band (GNEB) method [42] to
determine the MEP. The GNEB method gives us precise
values for the energy barriers by finding the maximum along
any stable transition path and by this also the energetically most
favorable transition path. The GNEB is a quasi-static method by
which a path is initialized by a set of spin-configurations, called
images, that is iteratively optimized using the LLG equation (3)
without the precession (1. st term on the rhs in (3)) and SOT term
but additional constraints added to the effective field Hf to move
the system towards the optimum. To obtain the exact saddle point
configurations, the climbing image technique [43] is used. Note
that the interpolated values between the discrete images can be
calculated as cubic Hermite splines using the information on the
inclination of the minimum energy path (MEP) at the data points.

In order to study the current-driven (anti-)skyrmion
dynamics we express the SOT according to the two
qualitatively distinct contributions, the field-like torque TF* (S) =
S x HSfI; (S) and anti-damping-like torque TAP (S) = S x Hé}? (S),
relate the effective current-induced fields, Hf; and H4P, in linear
response theory to the applied electric field E, which is
proportional to the electric current density, j, through the
conductivity tensor and stay with the lowest order expansion
of the induced fields in the orientation of S [44]. Recently, it was
shown that also field-like terms beyond the lowest order in the
spin-orientation become important for the motion of skyrmions
[45], but this is beyond the scope of this paper. Considering a two-
dimensional film and a current density j = (j, j,) passing through
the plane of the nonmagnetic heavy-metal substrate, in the
conventional Rashba like symmetry, the fields are related to
the current generated electron polarization density S, = S; €, x
j as Hif S, and HAP oc S x S, where €, is the unit vector
pointing normal to the film plane. For interfaces with C,, point-
group symmetry, we find that the tensors relating HY; and H4P to
the current density j is not described by a single material-
dependent tensor coefficient as in Rashba-like case, but are
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described by 2 and 4 independent tensor coefficients, respectively
(for details see mm” symmetry in Table 1 of Ref. [46]). The
presence of the two independent tensor coefficients for the field-
like torque in C,, symmetry is consistent with the two
independent coefficients of the anistropic DMI tensor, D, as
both transform as axial vectors. To cast this into the commonly
used relations between the fields H.s and the electron
polarization density S,, the scalar prefactor S, becomes a
matrix quantity S,, which is different for the field- and
damping-like torques. For example, invoking the linear
combination of a Bychkov-Rashba- and a Dresselhaus model,
a minimum microscopic model describing the electronic states of
a two-dimensional electron gas with spin-orbit interaction and
C,, symmetry, the field-like polarization can be written in the
form SIEL = diag(S}; - SE, Sg + S?), where Sg and SII,) are the two
corresponding material-dependent polarization strengths for the
two mechanisms. In order to draw comprehensible conclusions
about the feasibility of a Skyrmion-Antiskyrmion racetrack
device, we decided to limit the exploration space that the
materials allow in the C,, geometry, and work with the same
torque strength 7 (up to the damping constant «g) and the same
polarization matrix S for both field contributions.

To simplify things we work with the normalized polarization
direction gp = Sp é, x j, with IdetSpl = 1 and j being the direction
vector of the applied current. The amplitude becomes part of z(j),
which is then linearly dependent on the current density j. It is
worth noting that the tensorial nature of Sp allows the direction
of polarization to be set relative to the direction of current in
systems with low symmetry such as C,,, which can be
advantageous for engineering applications. Considering the
electric current, geometry and material relation, we finally
model the torque by the following expression:

T; = —ac 7(j) 8 x S + 7(j) S x (8 x S;) (4)

In Supplementary Note 1 we demonstrate that the assumption of
linear dependent prefactors does not result in a loss of generality
when it comes to describing (anti-)skyrmion dynamics.

3 RESULTS
3.1 Energy Barriers of Single Particles

In the following, we will discuss the relevant energy barriers
present in the system. At first, energy barriers are discussed which
involve only a single particle. To do this, we apply the GNEB
method to investigate the minimum energy path for rotation and
collapse of both the skyrmion and the antiskyrmion as well as for
their disappearance by overcoming the repulsive potential at the
boundaries. The latter is caused in our simulations by assuming
additional ferromagnetically pinned spins at the boundary of the
simulation box. By rotation we mean the local rotation of the
atomistic magnetic moments, resulting in the case of the
skyrmion in a change from Néel-type with the preferred
chirality via Bloch-type to Néel-type with opposite chirality
and back, while for the antiskyrmion this is equivalent to a
real rotation of the antiskyrmionic structure around its origin
on the lattice.

Skyrmion-Antiskyrmion Racetrack Memory

The resulting GNEB paths are illustrated in Figure 2. For the
paths of the (anti-)skyrmion motion and the collapse, the
transition states, i.e., the states at the saddle point of the
energy landscape are shown on the right-hand side of
Figure 2, marked by the same boundary color as the
corresponding GNEB path. As can be seen, the energy of the
initial state, the final states, the minimum energy paths and thus
the energy barriers for the skyrmion and the antiskyrmion are
identical, in accordance with the previous statement that in rank-
one materials both particles are energetically degenerated.
Furthermore, with the chosen parameter set, all relevant single
particle energy barriers are in the same order of magnitude which
leads to a rather strong robustness against both deformation and
rotation. From those results, the influence of the DM interaction
becomes obvious: while the stability with respect to the collapse is
mainly a result of the competing exchange interactions, the
stability with respect to rotation is purely enforced by the DML

3.2 Interaction Energies Between Two

Particles
The representation of different bit combinations on the racetrack,
e.g(0,0), (0, 1), or (1, 1), requires the knowledge of the interaction
behavior between equal and unequal kinds of particles. What
might be surprising about the proposed skyrmion-antiskyrmion
racetrack memory is the usage of antiparticles as information
carriers. The question immediately arises to what extent these
particles are mutual antiparticles and whether these particles
would not simply annihilate mutually. As we see below, it
turns out that the possible annihilation imposes a few
restrictions on the fabrication of the resulting racetrack,
namely the orientation of the atomistic lattice structure
relative to the track direction, but does not prevent a possible
realization of a skyrmion-antiskyrmion racetrack memory.

Recalling that an antiskyrmion is not rotationally invariant
and thus possesses different properties along different spatial
directions, these anisotropic properties need to be considered
when one is interested in the interaction of skyrmions and
antiskyrmions. As it can be seen in Figure 2, in our case the
antiskyrmion can be obtained from the skyrmion by inverting the
x-component of each atomistic spin, ie., S — —Sf, or,
considering the symmetry of the skyrmion, by performing a
mirror operation on the yz-plane cutting through the center
of the skyrmion in real-space, ie., S(r) — S(r'), where r=
(res1y) € R? located in the film plane is measured relative to
the skyrmion center and r' = (-r,, r,). By this, the rotational sense
of the component of the atomistic local moments along the y-
direction is kept unchanged, in accordance with the choice of our
DM vectors pointing along the x-direction thus preferring a
certain rotation precisely along this direction. However, the
rotation along the perpendicular direction is inverted. Thus,
the two distinct cases that need to be studied when skyrmions
interact with antiskyrmions are those in which the two particles
approach each other along either the x- or the y-axis.

In Figure 3A the energy profiles for diskyrmionic interactions
as a result of two single particles approaching along the x-axis
(axis of direction of DM vector) is illustrated. Here and in the
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energy [Jy]

reaction coordinate

ferromagnetic background.

FIGURE 2| GNEB paths and energy barriers (indicated by dashed lines) given in units of the exchange parameter J for the rotation of an (anti-)skyrmion (black), the
collapse of an (anti-)skyrmion (red) and the movement out of the system across the repulsive energy barrier at the boundary of our simulation box created by pinning the
boundary spins ferromagnetically (blue). The insets show the relevant states. On the right, transition states are shown for the movement and the collapse. The colored
boundary indicates the associated GNEB path degenerated for skyrmion and antiskyrmion. The reference energy refers to a single particle immersed in the

following, the distance between the centers of the particles is
taken as measure for the reaction coordinate.

In the case of homoskyrmionic interactions, i.e., both particles
are either skyrmions or antiskyrmions, the energy dependence on
the distance of the two particles is shown by a black graph. To
counteract the repulsive or attractive forces between two particles,
we varied the size of the simulation box and placed the two
particles such that their distance matched half of the box size
along the x direction. By using periodic boundary conditions, this
approach ensures that the particles remain at their initial position
as no net force acts on them. The black graph in the inset of
Figure 3A describes an energy profile typical for a fast and
favorable formation of a homoskyrmionic “molecule,” a
skyrmion-skyrmion-pair or an antiskyrmion-antiskyrmion-
pair. It can be seen that the competing exchange interactions
create a small repulsive energy barrier when the particles are
approaching followed by the attractive binding potential for the
homoskyrmionic molecule. The preferred distance of two
particles in the homoskyrmionic molecule is about 10 a4,
slightly smaller than twice the skyrmion diameter of 6 a, with
a being the lattice constant. If the distance between the two
particles is decreased, the magnetization textures of the particles
deform, and below a critical value of about 5.5 a, the pair
interaction of the penetrating particles becomes so large that
the (anti-)skyrmions become unstable and collapse to the

ferromagnetic state. Since the chiral orientation of the
antiskyrmion on the racetrack is determined by the DM vector
of the underlying crystal lattice which remains unchanged across
the racetrack memory, only antiskyrmion of the same chiral
orientation will interact on the track.

To investigate the case of heteroskyrmionic interactions of one
skyrmion and one antiskyrmion, the previously discussed
simulational approach based on the total energy minimization
of particles at a given distance is not applicable due to the fact that
both particles attract each other and their static distance cannot
be controlled anymore. Instead, we performed a GNEB
calculation for the related path, meaning the initial state are
well-separated particles (see state 1 in Figure 3B) at energy of two
times the (anti-)skyrmion energy and the final state is the
ferromagnetic state (state 5 in Figure 3B). The intermediate
states represent the continuous nearing of the particles until
they merge and finally collapse to the ferromagnetic state (see
exemplary states 2-4 in Figure 3B). The resulting energy profile is
shown by the red graph in Figure 3A. As before, the distance
between the centers of the two particles is taken as measure for the
reaction coordinate as long as they are well separated. Yet, during
the merging process of two topologically nontrivial particles with
opposite topological charge, a new elongated topologically trivial
particle, i.e., with Q = 0, is formed (see state 3 in Figure 3B). The
elongation of the core, ie., the extend of the region with the
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FIGURE 3| (A) Energy barriers for approaching (anti-)skyrmions along the x-direction. The MEP for the fusion of a skyrmion and an antiskyrmion is shown in red and
the distance dependent energy for two equivalent particles (either skyrmions or antiskyrmions) is shown in black. The magnetic textures of exemplary intermediate states
along the MEP are shown in (B). The corresponding points are highlighted by circles in (A) and labeled accordingly. The color code in (B) indicates the chirality of the
particles. Red and blue represent Néel-type chirality (of opposite sign) while white highlights regions with Bloch-type chirality. State 5 indicates the ferromagnetic
ground state, taken as energy zero reference and illustrated as grey background in (B). Distances are measured between the cores of the particles.

magnetization pointing antiparallel to the ferromagnetic
background (see central white line in Figure 3B, state 3), is
taken as a new measure. The color code in Figure 3B indicates the
chirality of the particles.

As it can be seen, no energy barrier exists if a skyrmion and an
antiskyrmion approach along this x-direction visualized in state 1
of Figure 3B. Instead, the two particles can merge and mutually
annihilate, the typical behavior of antiparticles. This is a direct
consequence of the opposite chirality along the x-direction and is
analogous to domain walls between ferromagnetic domains,
which can also merge to lower the total energy of the system
if they have opposite chirality. The opposite chirality of the
antiskyrmion along the x-axis is a consequence of the
racetrack material, for which we assumed a DMI vector D
along the x-direction that favors in turn a Néel spin rotation
along the y-direction. Consequently, these results show that a
racetrack memory in which an antiskyrmion and a skyrmion are
arranged in tandem in an orientation in which the spin chirality
of the antiskyrmion is opposite to that of the skyrmion would not
work because of data loss over time.

Figure 4 illustrates the energetic situation of a homochiral
heteroskyrmionic interaction between an antiskyrmion and a
skyrmion, i.e. the antiskyrmion and the skyrmion approach
each other in a way that the chiral orientation of the two
particles is the same along the reaction coordinate. This is
realized by orienting the track direction, i.e., the reaction path
in the language of our GNEB studies, along the y-axis of the
crystal lattice keeping the direction of the DMI along the x-
direction. Two distinct processes need to be considered for the
description of such an interaction path: (i) This is an evasion of

the particles by a sideways movement 8x on their path along y,
and (ii) the local change of the chirality of the particles. Both the
sideways motion as well as the local rotation result in the
possibility that the heteroskyrmionic interaction along the line
connecting the centers of the two particles changes from a homo-
to a heterochiral one, a condition for the merging and
subsequently annihilation of the particles as discussed above.
The observed sideways motion is similar to the one observed in
Ref. [47] where the merging of two antiskyrmions and the
formation of a higher-order state was investigated.

In the case of an infinitely wide racetrack, the sideways
movement O6x, can become arbitrarily large to avoid the
chirality change that would cost energy due to the DM
interaction. Effectively, this means that the previously
discussed case of the particles approaching along the x-axis is
repeated, resulting in the situation of a vanishing energy barrier
for particle annihilation. To restrict the sideways motion and thus
dx, and to explore the optimal track width of a skyrmion-
antiskyrmion racetrack memory, we simulate tracks with finite
widths. The track boundary is again simulated by embedding the
track in a ferromagnetically pinned background, technically
achieved in our simulations by adding additional rows of
pinned spins at each side of the track, to create the previously
discussed repulsive potential, responsible for the discussed energy
barrier to avoid the annihilation of the particles at the racetrack
boundaries. For track widths between 4 and 26 lattice constants
we performed 23 GNEB simulations in steps of one lattice
parameter and determined the minimum energy potential
barrier for the fusion of the skyrmion with the antiskyrmion.
The resulting energy barrier depends on the width of the
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FIGURE 4 | Energy barriers for approaching (anti-)skyrmions on a track oriented along the y-direction of the crystal lattice and of finite width in x-direction. In red, the
energy barrier (right axis) for the fusion of a skyrmion and an antiskyrmion in dependence of the width (top axis) of the racetrack is given. The track width for which the
energy barrier becomes maximum is highlighted by a red, vertical, dashed line. For this particular width, the distance dependent energy profile (left axis) for a skyrmion
and an antiskyrmion located in the middle of the track is shown in blue calculated with the constraint of fixed chirality, i.e., preventing the local rotation of the
atomistic moments within the particles. For two particles of equal type (either skyrmions or antiskyrmions) the profile is shown in black. The reference energy refers to
infinitely separated particles at the same track width. The inset provides a higher energy resolution in the region around those two minima. The black and blue arrows

20

racetrack as can be seen in Figure 4 by the red graph. At finite
widths, the repulsive force between the particles and the racetrack
boundaries sets in. Yet, the skyrmion and antiskyrmion can still
approach along the x-direction. By reducing the width further,
the energy cost caused by the repulsive potential at the boundary
gets too large and instead it becomes energetically more favorable
to rotate the single particles additionally, which however now
costs DMI energy and continues with decreasing width until
finally almost no sideways motion occurs anymore. In that case,
both in the skyrmion as well as in the antiskyrmion the atomistic
magnetic moments need to rotate by 90° resulting in case of the
skyrmion in a change from the preferred Néel-type chirality to
Bloch-type chirality while the antiskyrmionic structure is
effectively rotated by 45° around its origin. The chirality
change is then solely responsible for the energy barrier. The
energy barrier is about 0.36 J;, significantly lower than the
expected barrier of 1.5 J; as estimated based on the rotation
barrier of a single particle discussed in Section 3.1. This can be
understood as following: To reduce the energy cost due to DMI,
the chirality change does not occur isotropically over the whole
particles, but predominantly along the line connecting the centers
of the particles while the chirality along the opposite direction is
almost unchanged. Additionally, the particles are already
squeezed by the repulsive potential caused by the track
boundaries. This results in a destabilization and a reduction of
the barrier against a change of chirality. This destabilization is

enhanced for even smaller track width, manifesting in the
reduction of the energy barrier at lower widths. As it can be
seen in Figure 4, the optimal energy barrier for application
purposes, ie., the highest barrier as function of the track

width, is reached for about 8 lattice constants. In the
supplementary materials, we included movies of the
annihilation path for different track widths. See

Supplementary Note 2 and Supplementary Movies 1-5.

As a skyrmion-antiskyrmion pair feels an repulsive force,
which is trying to separate both when they are too close to
each other, the range of this repulsive interaction needs to be
analyzed. Therefore, in addition, in Figure 4 the distance
dependent energy for two identical particles and for one
skyrmion and one antiskyrmion are shown in black and blue,
respectively, the later under the constraints that no sidewards
movement is allowed, i.e., §x = 0, and no rotation of the local
moments occurs. The track width for those simulations was set to
the previously obtained value of 8 lattice constants. As it can be
seen, the competing exchange interactions create an optimal
distance between the particles, and both a homo-as well as a
heteroskyrmionic pair can be formed, a good side effect for
application purposes as this reduces the time management for
the reading process. The optimal distance varies from about 9.25
lattice constants for identical particles to about 9.8 lattice
constants for different ones (see inset in Figure 4). The black
curve of Figure 4 should be compared to the black curve in
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FIGURE 5 | Velocity components along x-direction (red) and y-direction (black) for different orientations of the spin current polarization (angle measured from the x-
axis). Circles (squares) represent the skyrmion (antiskyrmion). Inset: schematic representation of the resulting trajectories of skyrmions and antiskyrmions and their

Figure 3. Both describe the binding energy of the
homoskyrmionic molecules, the former for reaction paths
along the y-direction and the latter along the x-direction of
the lattice. We find that the binding energy and the bond
length of homoskyrmionic pairs differ slightly due to the
anisotropic DM interaction.

3.3 Motion of Skyrmions and Antiskyrmions
Under the Effect of SOT

Here we turn to the atomistic simulation of the SOT enabled
electric current induced motion of the skyrmion and the
antiskyrmion. A particular challenge is to achieve a coherent
and linear motion of the particles independent on the type
considering that the skyrmion and the antiskyrmion show an
opposite skyrmion Hall angle. Therefore, we simulated the
dynamics of both particles by solving the LLG Equation 3 for
SOTs 4) with different orientations of the spin current polarization
S, We have chosen the current density or torque amplitude so that
the relationship of particle velocity and current density stays in the
linear regime, thus avoiding the breakdown that would result in a
trochoidal motion of the particles [48]. However, it should be
highlighted that the rank-one DMI increases the region where
current-driven linear motion is possible both for the skyrmion and
the antiskyrmion as the relevant energy barrier is increased
equivalently for both particles. The results are shown in
Figure 5, where the velocity components along the two
crystallographic  directions are plotted as function of the
direction of the spin-polarization relative to the current
direction. Since we are in the linear regime, both velocity
components scale with the torque exerted on the spins or
indirectly on the current density. For the simulations presented
in Figure 5, we used a damping of o = 0.7 and 7(j) = 0.003 meV.
As it can be seen, the y-component of the velocity is equivalent for

both the skyrmion and the antiskyrmion and follows a sinusoidal
shape with respect to the direction of the spin polarization. The x-
component, however, differs between the skyrmion and the
antiskyrmion. More precisely, the velocity component along x is
inverted for the two particles. Additionally, one can see that this
results in a vanishing x-component of the velocity for both when
the absolute value of the y-component is largest, in our case for an
angle of the spin polarization relative to the x-axis of about 130".
Another important aspect to mention is the different maximal
velocity which can be achieved along the two different
crystallographic directions which can be explained by the
ellipticity of the particles. Note, as before, we assumed the same
lattice constant a in both directions.

To interpret the obtained results, we go back to the LLG
Equation 3 which can be written in its implicit form as

ds;

E ﬁ + yT(_])S, X (S, X SP)

= —p8; x H + a§; x
Y P aSi X

©)
In a first step, we go from the atomistic description to the
micromagnetic one by replacing the discrete lattice of localized
spins by a normalized continuous vector field, i.e., S; — m(r).
Assuming that the shape of the magnetic structures remains
unchanged during the motion in an applied spin
current, ie., staying within the rigid-body ansatz, m(r, t) =
m(r — X(#)), and further neglecting the ellipticity of the
skyrmion one can then find an equation of motion for the
center of the (anti-)skyrmion similar to the Thiele equation
(49) in an inplane current by projecting Eq. 5 onto the
translational mode. The resulting Thiele-like equation for the
position, X, of the particle reads as

(47 Qeus + Dag) X = y ()L apSy (6)

(apply summation over common index f3) with
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1
Q= EJder” m-J,m x 0,m, (7a)
Daﬁ = (X(;J dl‘u aam . aﬁm, (7b)
RZ
Log = J dr) (0,m x m) - &, (7¢)
RZ

where €, is the Levi-Civita symbol, & and j3 take the values of the
x and y components of the magnetic film, &, B € {x, y}. Q is the
integer topological charge, D the dissipation tensor and £ the
chirality tensor.

The Thiele-like equation states that the SOT-driven skyrmion
dynamics depends not only on the topology, but also on the chirality.
In the case of SOT, the skyrmion Hall effects can be controlled using
special DMI and the resulting chiralities of the skyrmions, which we
exploit to keep skyrmions and antiskyrmions on the track. The
chirality tensor is different for Néel and Bloch-type skyrmions and
antiskyrmions, which are typically described in terms of the helicity
defined as the angle of the global rotation around the z-axis that
relates various skyrmions to the Néel skyrmion by a smooth
transformation. The limit of axial and nearly axial skyrmions was
discussed by Ritzmann et al. in Ref. [48]. In this case, the chirality
tensor becomes proportional to the helicity and thus for these
systems the choice of the topological charge and the helicity
determines the dynamics of skyrmions.

Eq. 6 has two fundamental consequences: (i) the Hall angle is
inverted for skyrmions and antiskyrmions due to the opposite
topological charge Q and (ii) the “effective” spin polarization,
LS?, or equivalently the external force felt by the particle depends
on L and therefore on the magnetic structure of the particle.
Consequently, for the forces acting on the antiparticles it follows

% = —Figo i.e., the forces are mirrored at the yz-plane. Thus,
combining the inverted Hall angle and the mirrored force, the
direction of motion of the skyrmion and the antiskyrmion are as
well mirrored at the same mirror plane in agreement with our
spin-dynamics results. The dynamics of skyrmion and
antiskyrmions are schematically sketched in the inset of
Figure 5 where the black arrows represent the effective spin
polarization and in blue the resulting direction of motion for the
skyrmion and the antiskyrmion, respectively, are shown.

Thus, one can conclude that a parallel motion of skyrmions
and antiskyrmions is possible along the y-direction with the same
speed and thus the necessary conditions for the possibility of a
two-particle racetrack memory are fulfilled.

4 DISCUSSION

A few important conditions need to be fulfilled if one uses more
than one type of particles for such a device: i) Both particles
should be energetically stable, i.e., they need to be (meta-) stable
states of the system with a finite energy barrier preventing them
from disappearing. ii) There should exist an energy barrier
avoiding the fusion or annihilation of different particles. iii)
The involved particles should move a) in the same direction
and b) with the same velocity to avoid a change of the stored
information for example due to annihilation or other effects.

Skyrmion-Antiskyrmion Racetrack Memory

In this paper we demonstrated, that rank-one DMI materials,
materials where the DMI tensor possesses a zero determinant, are
good candidates for the analysis of the interplay of skyrmions and
antiskyrmions. Although the antiskyrmion carries the notion of
the antiparticle of the skyrmion, we found the energy barrier for
skyrmion-antiskyrmion annihilation can be large for particles on
a track with proper track width and a track oriented properly with
respect the anisotropy of the DM interaction of the crystal lattice.
The energy profile as function of distant-dependent reaction
coordinates for pairs of particles on a track shows the typical
behavior for the formation of diskyrmionic molecules with very
similar bond lengths, regardless of whether they are skyrmion-
skyrmion, skyrmion-antiskyrmion or antiskyrmion-
antiskyrmion pairs. This means any string of information
encoded in a sequence of “0” and “1” can form a weakly
bound chain of skyrmions and antiskyrmions with well-
defined distances. This serves a simplification of the reading
electronics. We showed, that a collective motion along one
particular high-symmetry direction can be achieved if one
applies a spin current in SOT geometry. This would allow for
the creation of a skyrmion-antiskyrmion racetrack where the data
is stored not in the presence or absence of particles but in their
type itself, allowing for a more robust and time persistent way of
information storage than it can be achieved if the information
relies on predefined distances of information carriers. In
Supplementary Movie 6 we show the simulation of such a
skyrmion-antiskyrmion racetrack which confirms the collective
motion of skyrmions and antiskyrmions as well as their even
distribution along the racetrack.

The natural question arises whether such a model system of a
perfect rank-one material occurs in nature. The main focus of
both experimental measurements as well as theoretical
investigations on magnetic thin films and multilayers was so
far mainly on (111)-oriented surfaces and interfaces of fcc or bec
materials [5, 33, 50], meaning a hexagonal structure, and partially
on (001) ones [51], i.e., square alignments. Those, however, do
not allow for an anisotropic DM interaction due to their high
symmetry, namely Cs, and Cy,, respectively. Only recently, the
possibility of anisotropic DMI in low-symmetry systems was
brought into focus [23, 24]. Thus, the determination of a
particular rank-one material is still missing. However, it is
worth noting that the proposed racetrack memory itself
assumes only the possible coexistence of skyrmions and
antiskyrmion. Such a coexistence does not rely on a perfect
rank-1 DMI, but can be achieved even if the DMI deviates
from the rank-1 behaviour. While larger deviations can in fact
result in small changes of the velocity as well as the direction of
motion, the overall motion is predominantly determined by the
helicity of the magnetic object, and thus by the crystal symmetry,
here C,,. However, as the deviation of the DMI from the rank-1
behaviour increases, either the stability of the skyrmion or
antiskyrmion decreases, in particular with respect to helicity
changes, eventually leading to the occurrence of trochoidal
motion.

Yet, it should be highlighted that systems with C,, symmetry,
and among these in particular those materials that have a rank-1
DMI, should be superior candidates for a skyrmion-antiskyrmion
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racetrack memory compared to material classes with higher
symmetry. Recently, it was experimentally shown that in
tetragonal inverse Heusler alloys, skyrmions and antiskyrmions
can coexist [52, 53]. Presumably, however, the mechanism for the
stability of the two particles is different, and so are their
energetics. While again exchange frustration is the main
stabilization mechanism, the DMI, however, exhibits D,y
symmetry and thus intrinsically favors antiskyrmions over
skyrmions. The observed elliptical deformation of the
skyrmion suggests that the dipole interaction is a possible
cause for the stability of the particle, and therefore leads to
significantly different static and dynamic properties of the two
particles.
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Fluctuations and Pinning for
Individually Manipulated Skyrmions

C. J. O. Reichhardt* and C. Reichhardt

Los Alamos National Laboratory, Theoretical Division and Center for Nonlinear Studies, Los Alamos, NM, United States

We numerically examine the dynamics of individually dragged skyrmions interacting
simultaneously with an array of other skyrmions and quenched disorder. For drives just
above depinning, we observe a broadband noise signal with a 1/f characteristic, while at
higher drives, narrowband or white noise appears. Even in the absence of quenched
disorder, the threshold force that must be applied to translate the driven skyrmion is finite
due to elastic interactions with other skyrmions. The depinning threshold increases as the
strength of the quenched disorder is raised. Above the depinning force, the skyrmion
moves faster in the presence of quenched disorder than in a disorder-free system since the
pinning sites prevent other skyrmions from being dragged along with the driven skyrmion.
For strong pinning, we find a stick-slip motion of the driven skyrmion which produces a
telegraph noise signature. The depinning threshold increases monotonically with skyrmion
density in the absence of quenched disorder, but when pinning is present, the depinning
threshold changes nonmonotonically with skyrmion density, and there are reentrant
pinned phases due to a competition between pinning induced by the quenched
disorder and that produced by the elastic interactions of the skyrmion lattice.

Keywords: skyrmion, dynamic phases, broadband noise, telegraph noise, depinning

1 INTRODUCTION

Magnetic skyrmions in chiral magnets are particle-like textures that form a triangular lattice [1,2]
and can be set into motion under various types of drives [3-6]. Moving skyrmions can interact with
each other as well as with impurities or quenched disorder in the sample [3,7]. One consequence is
the presence of a finite depinning threshold or critical driving force needed to initiate skyrmion
motion. Depinning thresholds have been observed that span several orders of magnitude depending
on the properties of the materials [5-7]. Another interesting aspect of skyrmions is that their motion
is strongly influenced by gyrotropic effects or the Magnus force. This force appears in addition to the
dissipative effects that can arise from Gilbert damping and other sources. In the absence of quenched
disorder, the Magnus force causes a driven skyrmion to move at a finite angle known as the skyrmion
Hall angle 0 with respect to the driving force, where the value of 8 is proportional to the ratio of the
Magnus to the damping forces [3,7-11]. When quenched disorder is present, 8 becomes velocity or
drive dependent, starting from a zero value at low drives and gradually increasing with increasing
velocity until it saturates at high drives to a value close to the intrinsic or disorder-free Hall angle [9-
14]. Skyrmion depinning and motion can also be probed using the time series of the skyrmion
velocity. Both numerical and experimental studies have shown that near the depinning transition, the
skyrmion motion is disordered, and the system exhibits large noise fluctuations with broadband or 1/
S features, while at higher drives, there is a crossover to white noise or even a narrowband or periodic
noise signal [15-17]. The onset of narrowband noise is an indication that the skyrmions have formed
a periodic lattice structure. Similar transitions between broadband and narrowband noise as a
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function of drive have also been observed for the depinning and
sliding dynamics of vortices in type-II superconductors [18,19],
driven charge density waves [20], and other driven assemblies of
particles moving over random quenched disorder [21].

Interest in skyrmion dynamics and pinning is driven in part by
the prospect of using skyrmions in a variety of applications
[22,23]. Many of these applications require the manipulation
of individual skyrmions or the interaction of skyrmions with a
disordered landscape, so understanding the motion and
fluctuations of individually manipulated skyrmions would be a
valuable step in this direction. There have been numerous studies
of methods to manipulate or drag individual particles with and
without quenched disorder which focused on the velocity and
fluctuations of the manipulated particle. Examples include
driving single colloids through assemblies of other colloids
[24-28], as well as measuring the changes of the effective
viscosity on the driven particle as the system goes through
glass [24-27], or jamming transitions [29,30]. Other studies
have explored how the depinning threshold changes in a clean
system as the system parameters are varied [25,31,32], as well as
the effect of quenched disorder on individually manipulated
superconducting vortices and magnetic textures [33-37]. It is
also possible to examine changes in the fluctuations as a function
of drive while the density of the surrounding medium or the
coupling to quenched disorder is changed [29,30,37,38]. In
experiments on skyrmion systems, aspects of the pinning
landscape have been examined by moving individual
skyrmions with local tips [39,40]. It is also possible to drag
individual skyrmions with optical traps [41] or by other
means [42] and to examine the motion of the skyrmions
within the traps as well as changes in the velocity and
skyrmion Hall angle as a function of driving force. Most of
the extensive numerical and experimental studies of the
dynamics of individually dragged particles have focused on
bulk properties such as the average velocity or effective drag
coefficients, and there is little work examining how the time
series, noise fluctuations, or depinning threshold of a single probe
particle would change when quenched disorder is present. This is
of particular interest for skyrmions, since one could expect
different fluctuations to appear in the damping dominated
regime compared to the strong Magnus or gyrotropic
dominated regime.

In this work, we introduce quenched disorder to the system in
order to expand on our previous study [42] of driving individual
skyrmions through an assembly of other skyrmions. We
specifically focus on the time series of the velocity fluctuations,
noise power spectra, effective drag, and changes in the depinning
threshold while varying the ratio of the Magnus force to the
damping. For strong damping, we generally find enhanced
narrowband noise signals. We show that although quenched
disorder can increase the depinning threshold, it can also
decrease the drag experienced by the driven particle and
reduce the amount of broadband noise. In the absence of
quenched disorder, the depinning threshold monotonically
increases with increasing system density [42], but we find that
when quenched disorder is present, the depinning becomes
strongly nonmonotonic due to the competition between the
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pinning from the quenched disorder and the pinning from
elastic interactions with the surrounding medium. This can
also be viewed as an interplay between pinning [21] and
jamming [43] behaviors.

2 SIMULATION AND SYSTEM

We consider a modified Thiele equation [44-46] or particle-based
approach in which a single skyrmion is driven though a two-
dimensional assembly of other skyrmions and a quenched
disorder landscape. The initial skyrmion positions are obtained
using simulated annealing, so that in the absence of quenched
disorder, the skyrmions form a triangular lattice. The equation of
motion of the driven skyrmion is given by

(1)

AgVi + Z X V; =FfS+Ff+FiD.

Here, the instantaneous velocity is v; = dr,/dt, r; is the position
of skyrmion 7, and «; is the damping coefficient arising from
dissipative processes. The gyrotropic or Magnus force, given by
the second term on the left-hand side, is of magnitude a,, and
causes the skyrmions to move in the direction perpendicular to
the net applied force. The repulsive skyrmion interaction force
has the form [45] F{® = z;\];lKl (rij)Eij, where r; = |r; — rj,
tjj = (r;—rj)/rj, and K; is the modified Bessel function
which decays exponentially for large r. Within the system
are N, non-overlapping randomly placed pinning sites
which are modeled as parabolic traps with a maximum
range of 7, that produce a pinning force given by
F’ = ZN_P (F,lry) (x; —r(p))@)(r —|r; —r(P)I)f.(p), where F, is

i k=1\"p'"p k p k ik p
the maximum pinning force, and ® is the Heaviside step
function. The driving force FP = Fpx is applied only to a
single skyrmion. Under this driving force, in the absence of
pinning or collisions with other skyrmions, the skyrmion
would move with an intrinsic skyrmion Hall angle of

i;,? = arctan (/o). We measure the net skyrmion velocity V =
N{'Y s v; and its time-averaged components parallel, {V;», and
perpendicular, {V, ), to the driving force, which is applied along
the x direction. The measured skyrmion Hall angle is s =
arctan({V_,»/{V}»). The sample is of size L x L with L =36, and in
most of this work, we consider N; = 648, giving a skyrmion
density of n, = NJ/L = 0.5, and Nj = 388, giving a pinning site
density of np = Np/L = 0.3.

In previous work, we considered a similar model containing
no pinning [42], where a finite critical depinning force F. for
motion of the driven skyrmion arises due to elastic interactions
with the background skyrmions. There is also a higher second
depinning force F!" at which the driven skyrmion begins to
move transverse to the driving direction, producing a finite
skyrmion Hall angle. 6 increases with increasing drive until,
for high drives, it reaches a value close to the intrinsic value 6'}".
This is similar to the behavior found for an assembly of
skyrmions driven over random disorder [9-15]. For a fixed
drive, the net velocity of the driven skyrmion can actually
increase with increasing system density due to the Magnus-
induced velocity boost effect, whereas in the overdamped limit,
the velocity decreases monotonically with increasing density
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FIGURE 1 | An image of a subsection of the system in which a single
skyrmion (red) is driven through an assembly of other skyrmions (blue) in the
presence of quenched disorder, generated by randomly placed
nonoverlapping local trapping sites (open circles). Black lines indicate the
skyrmion trajectories. The driven skyrmion generates motion of the
surrounding skyrmions as it passes through the system.

due to enhanced damping from the increased frequency of
collisions with background skyrmions [42]. In the present
work, we study the effects of adding quenched disorder, and
we measure time-dependent velocity fluctuations, velocity
overshoots, and the depinning threshold. The time series can
be characterized by the power spectrum

2

S(w) = ' JV(t) exp (—iw)dt| . (2)

Power spectra provide a variety of information on the
dynamical properties of the system [47] and have been used
extensively to characterize depinning phenomena [18-21,48,49].
In this work, we focus specifically on the fluctuations of the
velocity component in the direction of drive.

3 RESULTS

In Figure 1, we illustrate a subsection of the system containing a
single skyrmion driven through a background of other skyrmions
(blue dots) and pinning sites (open circles). The skyrmion
trajectories indicate that the driven skyrmion «creates a
distortion in the surrounding medium as it moves through the
system.

In Figure 2A, we plot the average velocity parallel to the drive,
{V}», versus Fp, for the system in Figure 1 with #, = 0.5, a,,, = 0.1,
and ay = 0.995. Here, we employ the constraint o + a2, = 1.0
[42], and the intrinsic skyrmion Hall angle is Gi;,f = —5.74°. In the
absence of quenched disorder, where n, = 0, a depinning

Fluctuations and Pinning for Individually Manipulated Skyrmions

threshold appears near FZf =0.1. For 0.1 < Fp < 1.0, the
skyrmion is moving but, as indicated in Figures 2B,C, (V) =
0 and thus 0y = 0°. For Fp > 1.0, {V,) becomes finite, and 0
begins to grow in magnitude with increasing Fp, until it saturates
near 6y = — 4.0°. In a sample containing pinning with 7, = 0.3 and
F, = 0.3, where the ratio of skyrmions to pinning sites is 5:3, the
depinning threshold appears at F. = 0.565. This value is higher
than what would be observed in the single skyrmion limit, where
F¥=F,=0.3, indicating that the skyrmion-skyrmion
interactions are playing an important role in the depinning
process. It is also higher than the sum F¥* + F = 0.4 of the
single skyrmion and pin-free thresholds, showing that the
skyrmions at the pinning sites produce an enhanced pinning
effect on the driven skyrmion. In the sample with quenched
disorder, (V) is finite for 0.565 < Fp, < 1.0, but the corresponding
(V> = 0, while for Fp > 1.0, both {(V,) and 0, increase in
magnitude with increasing Fp. In the regime Fp > 1.0, (V) for
the system containing pinning is higher than that found in the
system without pinning. This is a result of the fact that in the clean
system, the driven skyrmion pushes some of the background
skyrmions along with it, creating an enhanced drag which reduces
(V}», whereas when pinning is present, the surrounding
skyrmions are trapped by the pinning sites and cannot be
entrained to move along with the driven skyrmion. The
reverse trend appears in (V ), where both the perpendicular
velocity and the skyrmion Hall angle are smaller in magnitude
when pinning is present than for the system without pinning. In
general, the error in the velocity measurements is less than 10
percent. Near depinning, where the velocity fluctuations are more
pronounced, we perform longer time averaging when obtaining
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FIGURE 2 | (A) The velocity (V) parallel to the driving direction versus
drive Fp, for the system in Figure 1 with ng = 0.5, a,,, = 0.1, ag = 0.995, and
H‘S”k‘ = -5.74°. Blue circles are for a system with no pinning, n, = 0, while red
squares are for a system with n, = 0.3 and F, = 0.3. (B) The
corresponding velocity in the perpendicular direction ¢V, ) versus Fp. (C) The
corresponding measured skyrmion Hall angle s versus Fp.
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FIGURE 3 | The depinning force F, versus skyrmion density ns for the
systems in Figure 2 with «,,, = 0.1, ay = 0.995, and G‘S”kt = -5.74". Blue circles
are for a pin-free system with n, = O while red squares are for a system with
n, = 0.3 and F, = 0.3. With no quenched disorder, F. increases
monotonically with ng.

the average velocity, while at higher drives, the average converges
more rapidly to an accuracy of at least 10 percent. The quenched
disorder produces a greater reduction in the transverse velocity
compared to the longitudinal velocity as a result of the side jump
effect which occurs for skyrmions moving over pinning sites. This
side jump reduces the Hall angle and thus decreases the
transverse velocity but does not modify the longitudinal
velocity [9,50-53]. In fact, in some cases, it is possible to
obtain an increase in the longitudinal velocity due to a
velocity boost effect; however, in the system we consider here,
this effect is very weak.

In Figure 3, we plot the depinning force F, versus skyrmion
density #; for the systems in Figure 2 with and without pinning.
In the absence of pinning, F, starts from zero and increases
monotonically with increasing n; as it becomes more difficult to
push the skyrmion through the system. When pinning is present,
at low n,, the driven skyrmion interacts only with the pinning
sites, giving F. = F,; however, once the density increases enough
for the driven skyrmion to interact with both pinning sites and
other skyrmions, F. sharply increases and reaches a maximum
value near 7, = 0.5. The maximum depinning force F*** should
be approximately equal to the force needed to depin the driven
skyrmion from a pinning site plus the force required to push the
skyrmion directly in front of the driven skyrmion out of a pinning
site, F"** = 2F , which is close to the value we observe. Up to n, =
0.5, the driven skyrmion can always find an empty pinning site to
occupy. If the pinning was periodic, all pins would be filled once
ns = np, but since the pinning is randomly placed, some pins
remain empty and available even when , is somewhat larger than
n,. Once ng > 0.5, F. decreases with increasing n; because the
driven skyrmion is no longer able to find an available pinning site
and is instead pinned only by the repulsion from the neighboring
pinned skyrmions. This interstitial pinning is weaker than the
direct pinning, and as n; increases above n, = 0.5, a larger and
larger number of interstitial skyrmions appear in the sample,

Fluctuations and Pinning for Individually Manipulated Skyrmions

decreasing the fraction of directly pinned skyrmions and leading
to the decrease in F,. There is, however, still a nonzero fraction of
pinned skyrmions, so F, remains well above the value found in the
sample without pinning sites. At large n,, F. begins to increase
with increasing density, in line with the trend found for the
sample with no quenched pinning, where the interactions with an
increasing number of unpinned skyrmions make it more difficult
for the driven skyrmion to move through the system. As #; is
increased beyond the range shown in Figure 3, we expect that the
curves for the pinned and unpinned samples will approach each
other as the fraction of directly pinned skyrmions becomes
smaller and smaller.

In Figure 4A, we plot the time series of the parallel velocity V)
for the system in Figure 2 at n, = 0.5 with no quenched disorder
for Fp = 0.3, just above depinning. A series of short-period
oscillations appear which correspond to elastic interactions in
which the driven skyrmion moves past a background skyrmion
without generating plastic displacements of the background
skyrmions. There are also infrequent larger signals in the form
of sharp velocity dips that are correlated with the creation of a
plastic distortion or exchange of neighbors among the
background skyrmions due to the passage of the driven
skyrmion. In Figure 4B, we show the time series of V| for the
system with quenched disorder at Fp = 0.625, just above the
depinning threshold. Here, the motion is much more disordered,
with strong short-time velocity oscillations. These are produced
by the motion of the driven skyrmion over the background
pinning sites. The overall structure of the background
skyrmions is disordered, destroying the periodic component of
motion found in the unpinned system.
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FIGURE 4 | The time series of the velocity V/; parallel to the drive for the
system in Figure 2 with ng = 0.5, a,, = 0.1, ay = 0.995, and 6 = -5.74°. (A)
The disorder-free n, = 0 system at Fp = 0.3 just above depinning, showing
periodic oscillations and longer time plastic events. (B) The quenched
disorder systemwith n, = 0.3 and F, = 0.3 at Fp = 0.625 just above depinning,
showing less correlated motion.
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We next examine the power spectra S(w) of time series such as
those shown in Figure 4 for different drives for the systems in
Figure 2. Generically, power spectra can take several forms
including 1/f %, where « = 0 indicates white noise with little or
no correlation, « = 2 is Brownian noise, and « = 1 or pink noise
can appear when large-scale collective events occur [47]. Noise
signatures that are periodic produce narrowband signals with
peaks at specific frequencies. It is also possible to have
combinations in which the signal is periodic on one time scale
but has random fluctuations on longer time scales. For assemblies
of particles under an applied drive that exhibit plastic depinning,
the power spectrum is typically of 1/f* type with «a ranging from «
= 1.3 to a = 2.0. A single particle moving over an uncorrelated
random landscape typically shows a white noise spectrum, while
motion over a periodic substrate produces narrowband noise
features [21].

In Figure 5A, we plot S(w) for the disorder-free system with #,,
=0 from Figure 2 at F, = 0.2, just above the depinning threshold.
At low frequencies, we find a series of oscillations or a
narrowband noise feature. These periodic velocity oscillations
correspond to the driven skyrmion speeding up and slowing
down as it moves through the roughly triangular lattice formed by
the surrounding skyrmions. The driven skyrmion occasionally
generates dislocations or topological defects in the background
lattice, so the motion is not strictly periodic but exhibits a
combination of periodic motion with intermittent large bursts.
This intermittent signal is what gives the spectrum an overall 1/f*
shape, as indicated by the red line which is a fit with « = 1.25. The
noise power drops at higher frequencies, which are correlated
with the small rotations caused by the Magnus force as the driven
skyrmion generates plastic events. In Figure 5B, we show the
velocity spectrum in the disorder-free sample at F, = 0.3 for the

time series illustrated in Figure 4A. The overall shape of the
spectrum is similar to that found at Fj, = 0.2 in Figure 5A, but the
low-frequency oscillations are reduced since more plastic events
are occurring in the background skyrmion lattice. A power-law fit
with « = 0.85 appears as a straight line in Figure 5B. In
overdamped driven systems with quenched disorder, the
power-law exponent is observed to decrease with increasing
drive, until it reaches a white noise state with « = 0, and a
narrowband noise signature appears at high drives [18,19,21]. In
Figure 5C at Fp = 1.0, the response at lower frequencies has
become a white noise spectrum with a = 0, while at slightly higher
frequencies, there is the beginning of a narrowband noise peak. At
Fp = 1.5 in Figure 5D, strong narrowband peaks appear in the
spectrum. The narrowband noise arises once the driven skyrmion
is moving fast enough that it no longer has time to generate
dislocations or other defects in the surrounding lattice, making
the system appear more like a single particle moving over a
triangular lattice and creating few to no distortions. For high
drives, the same narrowband noise signal appears, but the peaks
shift to higher frequencies as the driven skyrmion moves faster.
The narrowband noise frequencies are related to the time ¢ = a/v
between collisions with other skyrmions, where a is the skyrmion
lattice constant, and v is the average skyrmion velocity at a
specific drive, giving w = v/a. This implies that for higher Fp,
the narrowband noise peak will shift to higher frequencies,
consistent with our observations. Similar periodic signals
observed for moving superconducting vortices are described in
terms of a washboard frequency which is also proportional to v/a,
and which appears when the vortices form an ordered lattice
[54,19]. In well-ordered lattices, the narrowband noise peaks are
sharp, while when the lattice is disordered but large-scale plastic
deformations do not occur, narrowband noise peaks are still
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FIGURE 6 | The power spectra S(w) for the system in Figure 2 with
quenched disorder at ns = 0.5, a, = 0.1, ag = 0.995, 1 = -5.74°, n,, = 0.3,
and F, = 0.3. (A) At Fp = 0.625, the noise signal is close to white with a = 0. (B)
A similar spectrum appears at Fp = 1.5. The high-frequency shoulder
above which a 1/f signature appears shifts to higher drives as Fp increases.

present but become broadened. When the quenched disorder is
strong enough to generate large plastic events in which groups of
skyrmions move along with the driven probe skyrmion, the noise
becomes white and adopts a w™ form.

In Figure 6A, we plot S(w) for the pinned system with 1, = 0.3
and F, = 0.3 from Figure 4B at F, = 0.625, just above depinning,
At low frequencies, the power spectrum is nearly white with « =0,
while the noise power drops as 1/f > at high frequencies. Unlike
the pin-free system, strong low-frequency oscillations are absent
because the lattice structure of the surrounding skyrmions is
disordered by the pinning sites. We find no 1/f noise, in part due
to the reduced mobility of the skyrmions trapped at pinning sites,
which reduces the amount of plastic events which can occur. In
the absence of pinning, the driven skyrmion can more readily
create exchanges of neighbors in the background skyrmions,
generating longer range distortions in the system and creating
more correlated fluctuations in the driven skyrmion velocity. In
Figure 6B, we plot S(w) for the same system at a higher drive of
Fp = 1.5, where again similar white noise appears at low
frequencies, while the transition from white noise to 1/f> noise
has shifted to a higher frequency. Unlike the disorder-free sample,
here, we find no narrowband signal since the surrounding
skyrmions are trapped in disordered positions by the pinning.
The addition of quenched disorder might be expected to increase
the appearance of 1/f noise due to the greater disorder in the
system; however, in this case, the quenched disorder suppresses
the plastic events responsible for the broadband noise signature.
In a globally driven assembly of particles, the drive itself can
induce plastic events [21]. This implies that the fluctuations of a
single probe particle driven over quenched disorder are expected
to differ significantly from the noise signatures found in bulk-
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driven systems. The spectra in Figure 6 have a shape called
Lorentzian, S(f) = A/(w} + w?®), which is also found for shot
noise [47]. In our case, w, corresponds to the average time
between collisions of the driven skyrmion with pinning sites,
and it shifts to higher frequencies as the drive increases. Here, w,
o< v/a, where a is the skyrmion lattice constant and v is the
average skyrmion velocity. At higher drives where v increases, the
distortions of the surrounding skyrmion lattice should diminish,
leading to the emergence of a sharp narrowband noise signal.

We next consider the influence of the Magnus force on the
noise fluctuations of the driven skyrmion. In Figure 7A, we plot
the time series of V| at Fp = 1.0 for a system without quenched
disorder in the completely overdamped limit of a,,, = 0.0 and oy =
1.0. For the equivalent drive in a sample with «,, = 0.1 and a, =
0.995, Figure 5C shows that white noise is present; however, for
the overdamped system, Figure 7B indicates that a strong
narrowband noise signal appears. In the image in Figure 8A,
the driven skyrmion moves through the lattice of other skyrmions
without creating plastic distortions. In general, we find that in the
overdamped limit and in the absence of pinning, a strong
narrowband noise signal appears as the driven skyrmion
moves elastically through an ordered skyrmion lattice, as
shown in the linear-linear plot of S(w) in Figure 7B. In
Figure 7C, we plot the time series of V| for the same system
in the Magnus-dominated regime with «a,/a; = 9.95 and
6" = -84.26". Here, a combination of periodic motion and
plastic events occurs, producing the much smaller narrowband
noise signal shown in Figure 7D. In the corresponding skyrmion
trajectories illustrated in Figure 8B, the skyrmion moves at an
angle to the driving direction due to the Magnus force, and there
are significant distortions of the surrounding skyrmion lattice.
This additional motion is generated by the increase in spiraling
behavior produced by the Magnus force. In previous studies of
bulk-driven skyrmions moving over quenched disorder, it was
shown that an increase in the Magnus force caused a reduction in
the narrowband noise signal [15].

We next consider the effect of the pinning strength on the
dynamics. In Figure 9A, we plot the time series of V| for a system
with a,,/aq = 0.1, n; = 0.5, n, = 0.3, F, = 2.0, and Fpp = 1.6. Here,
the driven skyrmion experiences a combination of sliding and
nearly pinned motion, where at certain points, the skyrmion is
temporarily trapped by a combination of the pinning and the
skyrmion-skyrmion interactions. As the surrounding skyrmions
relax, the driven skyrmion can jump out of the pinning site where
it has become trapped, leading to another pulse of motion. This
stick-slip or telegraph-type motion only occurs just above the
critical driving force when the pinning force is sufficiently strong,
while for higher drives, the motion becomes continuous. In
Figure 9B, we show the time series of V| for the same system
at /oy = 9.95, where the stick-slip or telegraph motion is
lost. We note that the value of (V| in the Magnus-dominated
Al oty = 9.95 system is smaller than that found in the overdamped
amlag = 0.1 system since the increasing Magnus force rotates
more of the velocity into the direction perpendicular to the drive;
however, a similar continuous flow is observed both parallel and
perpendicular to the drive in the Magnus-dominated system. The
loss of the stick-slip motion is due to the increasing spiraling
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FIGURE 7 | (A) The time series of the velocity V; parallel to the drive at ns = 0.5 and Fp = 1.0 for an overdamped system with a,,/ay = 0 and no quenched disorder.
(B) The corresponding power spectrum S(w) contains narrowband peaks. (C) The time series for the same system but with a,,,/ay = 9.95, where the fluctuations are
enhanced. (D) The corresponding power spectrum S(w) has a reduced amount of narrowband noise.
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FIGURE 8 | An image of a subsection of the system showing the driven skyrmion (red), background skyrmions (blue), and skyrmion trajectories (black lines) for the
samples from Figure 7 with ng = 0.5 at Fp = 1.0. (A) For the overdamped system with «,,,/ay = O from Figures 7A,B, the background skyrmions experience elastic
distortions, but there are no plastic events. (B) For the Magnus-dominated system with «,,/ay = 9.95 from Figures 7C,D, the driven skyrmion moves at an angle due to
the increased Magnus force, creating significant distortions in the background skyrmion lattice.

motion of both the driven and background skyrmions. In
Figure 9C, we plot the power spectra corresponding to
the time series in Figures 9A,B. The stick-slip motion of the
o,,/og = 0.1 system produces a 1/f* signature in S(w) with & =1.3.
For the a,,,/ay = 9.95 sample, S(w) is much flatter, indicating
reduced correlations in the fluctuations, and also has increased
noise power at high frequencies. The enhanced high-frequency
noise results from the fast spiraling motion of both the driven
and the background skyrmions when they are inside pinning
sites. The detection of enhanced high-frequency noise could
thus provide an indication that strong pinning effects or strong

Magnus forces are present. In Figure 9D, we plot the
distribution P(V)) of instantaneous velocity for the samples
in Figures 9A,B. When a,,,/a; = 0.1, P(V)) is bimodal with a
large peak near V| = 0 and a smaller peak near V = 1.6,
corresponding to the value of the driving force. There is no gap
of zero weight in P(V)) separating these two peaks. When «,,/
ag = 9.95, P(V)) has only a single peak at intermediate
velocities. Additionally, there is significant weight at
negative velocities, which were not present in the strongly
damped sample. The negative velocities arise when the
skyrmions move in circular orbits due to the Magnus force
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FIGURE 9 | Samples withng =0.5,n, =0.3, F, = 2.0, and Fp = 1.6. (A) Time series of V; for a system with a,,/ay = 0.1. (B) Time series of V/; for a system with a,/ag =
9.95. (C) The power spectra S(w) for the a,,/ag = 0.1 system (green) showing a power-law fit to 1/f* with a = 1.3 (red line), and S(w) for the a,,/ay = 9.95 system (blue). (D)
Distribution P(V}) of velocities in the direction parallel to the drive for the «,,/ay = 0.1 system (green), where a bimodal shape appears, and for the a,,/ay = 9.95 system
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o

1> 0.02
[a

[T TrTrrrTm T T TTTTIT T TTTTIT

I TTTTIT
I Lo

l T
L

AT |

1000

L lIIIIII|

100
()
0-04 T T I T | T

Lol

10

=TT

FIGURE 10 (A) <V} versus pinning strength F, for the system in Figure 9A with ng = 0.5, n, = 0.3, and a,/ag=0.1 at Fp=2.0, 1.75,1.5,1.25,1.0,0.7, and 0.5,
from top to bottom. (B) Dynamic phase diagram for the same system as a function of F,, versus Fp. Green: continuous flow regime; blue: stick-slip motion; brown: pinned.

and spend a portion of the orbit moving in the direction
opposite to the driving force.

In Figure 10A, we plot the average velocity (V) versus
pinning strength F, for the system in Figure 9A with a,./a; =
0.1, n,=0.5,and n, = 0.3 at Fp = 2.0, 1.75, 1.5, 1.25, 1.0, 0.75, and
0.5. The pinning force at which (V) reaches zero, indicating the
formation of a pinned state, increases as F, increases. Generally,
there is also a range of low F, over which (V) increases with
increasing F,,. This is due to a reduction in the drag on the driven

skyrmion as the background skyrmions become more firmly
trapped in the pinning sites, similar to what was illustrated in
Figure 2. Stick-slip motion appears in the regime where there is a
sharp downturn in (V) and is associated with a bimodal velocity
distribution of the type shown in Figure 9D. A plot of (V> versus
F, for the a,,,/aty = 9.95 system (not shown) reveals a similar trend,
except that the pinning transitions shift to larger values of F,,.
Using the features in Figure 10A combined with the velocity
distributions, we construct a dynamic phase diagram for the
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FIGURE 11 | (A) <V versus skyrmion density n for the system in Figure 9A with n, = 0.3, F, = 1.6, and an/ag = 0.1 at Fp = 1.4, 1.6, 1.8,2.0, 2.2, 2.4, and 2.6,

from bottom to top. (B) Dynamic phase diagram for the same system as a function of ng/n,, versus Fp. Green: continuous flow regime; brown: pinned. (C) V) versus ng
for the system in panel (A) plotted up to a maximum value of ng = 4.0 for Ffp = 0.75, 1.0, 1.2, 1.6, and 2.0, from bottom to top. Note that for Fp = 0.5, (V| = 0 over this
entire range of ng. (D) Dynamic phase diagram for the same system as a function of ng/n, versus Fp. Green: continuous flow regime; brown: pinned. The yellow
dashed line indicates the location of the depinning threshold in systems with no quenched disorder.

&m/og = 0.1 system as a function of F,, versus Fp, illustrated in
Figure 10B. We observe continuous flow, stick-slip motion,
and pinned regimes, with stick-slip motion occurring only
when F,, > 0.75. In general, for increasing Magnus force, the
window of stick-slip motion decreases in size.

In Figure 11A, we plot (V) versus the skyrmion density #,
for the system in Figure 9A with F, = 1.6, n, = 0.3, and a,,,/atg =
0.1at Fp = 14, 1.6, 1.8, 2.0, 2.2, 2.4, and 2.6. At Fp = 1.4, the
system is pinned when 7, < 1.0. For this skyrmion density, all of
the skyrmions can be trapped at pinning sites and are therefore
unable to move since Fp < F,. As 1, increases, all of the pinning
sites become filled and interstitial skyrmions appear which are
pinned only by repulsion from other skyrmions directly located
at pinning sites. The strength of this interstitial pinning is
determined by the elastic properties of the skyrmion lattice,
and for these densities, it is weaker than F,. When Fp, > F,,, flow
can occur even for low n,, where the driven skyrmion interacts
with the pinning sites but has few collisions with background

skyrmions. In the limit #, = 0 where only the driven skyrmion is
present, the system is always flowing whenever Fp/F,, > 1.0. For
the Fp = 2.2 curve, the system is flowing up to n; = 0.2, and then,
a pinned region appears for 0.2 < n; < 0.5. At this range of
skyrmion densities, even though Fp, > F, the driven skyrmion
experiences a combination of direct pinning from the pinning
sites it encounters plus interstitial pinning by the nearby directly
pinned skyrmions, giving an additive effect which causes the
apparent pinning strength to be larger than Fp,. For ng > 0.5, all
the pinning sites start to become occupied, and the driven
skyrmion experiences only the weaker interstitial pinning
without becoming trapped directly by any pinning sites. At
small Fp, it is possible for the driven skyrmion to become
trapped by a pinning site that is already occupied by a
background skyrmion, creating a doubly occupied pinning
site, which is why the value of n, below which the driven
skyrmion can begin to move again shifts to larger n; with
decreasing Fp. The reentrant pinning effect illustrated in
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Figure 11A arises from the combination of the direct and
interstitial pinning mechanisms. In Figure 11B, we construct
a dynamic phase diagram as a function of n,/n, versus Fp, for the
system in Figure 11A showing the pinned and flowing phases.
Reentrant pinning occurs over the range F, = F, = 1.6 to slightly
above Fp = 2.2. The reentrant pinned phase reaches its
maximum extent near ng/n, = 1.0, a density at which the
number of directly pinned skyrmions attains its maximum
value while the number of interstitially pinned skyrmions is
still nearly zero.

For higher values of ny/n,, another pinned phase arises at low
values of Fp, that is produced by the skyrmion-skyrmion interactions.
In Figure 11D, we plot {V} versus n;up to #, = 4.0 for Fp = 0.5,0.75,
1.0, 1.2, 1.6, and 2.0 in the same system from Figure 11. Note that for
Fp = 0.5, {V}) = 0 over the entire range of n,. At higher n, (V)
drops to zero again as the system reaches a pinned state. This second
pinned phase is produced by the increase in the elastic skyrmion-
skyrmion interaction energies at the higher densities. In the absence
of quenched disorder, the skyrmion-skyrmion interactions are the
only mechanism by which the driven skyrmion can be pinned, and
there is a threshold for motion which increases monotonically with
increasing n,. When quenched disorder is introduced, the threshold
becomes both nonmonotonic and reentrant. For increasing Fp, in
Figure 11C, the elastic energy-induced pinning transition shifts to
higher n,. In Figure 11D, we show a dynamic phase diagram as a
function of ny/n, versus Fp, for the system in Figure 11C indicating
the locations of the pinned and flowing phases. For n/n, < 2.0, the
reentrant pinned state produced by a combination of direct and
interstitial pinning reaches its maximum extent. As ny/n,, increases,
the pinned state reaches a minimum width near ny/n, = 5.5, above
which the pinned region begins to grow again. The yellow dashed line
is the depinning threshold in the absence of quenched disorder,
which always falls below the depinning transition of samples with
quenched disorder. The increase in the depinning threshold due to
the addition of pinning occurs even when the number of skyrmions is
significantly larger than the number of pinning sites since even a
relatively small number of pins can prevent plastic distortions of the
background skyrmions, raising the barrier for motion of the driven
skyrmion.

In the phase diagram of Figure 11B and Figure 11D, for
drives just above the pinned phase, there is a small window of
stick-slip motion (not shown) which is more prominent for
lower values of ny/n,. In addition, within the flowing phase,
there is another critical drive above which there is an onset of
transverse motion, giving a finite Hall angle. This line has a
shape similar to that of the depinning curve but falls at higher
values of Fp,.

In this work, we considered a point-like model for
skyrmions. In real skyrmion systems, there is an effective
skyrmion size that can change with field or exhibit internal
modes. It may be possible that at low fields, the particle picture
works well, while at higher fields, the skyrmions will start to
change shape. Micromagnetic simulations could capture
situations in which the individual spin degrees of freedom
become important, such as when the skyrmions become
deformed when interacting with a pinning site. Skyrmion
deformations could also produce changes in the noise

Fluctuations and Pinning for Individually Manipulated Skyrmions

fluctuations or spectral signatures since the internal modes
of the skyrmions can be associated with distinct frequencies. A
micromagnetic model could also treat systems in which
different types of skyrmions are present, such as
ferromagnetic =~ skyrmions  versus  antiferromagnetic
skyrmions or antiskyrmions. It would be interesting to
study how the effective drag on the driven skyrmion would
change in this As previously demonstrated
experimentally, the system we consider could be realized by
dragging an individual skyrmion with a local atomic force
microscope or magnetic force microscope tip. There have also
been proposals to manipulate individual skyrmions with
optical traps. Such local probes would allow the fluctuations
and velocity noise of the individual driven skyrmion to be
measured. Another method for achieving relative plastic
motion of skyrmions on the scale of the skyrmion lattice
constant would be to use a sample containing skyrmions of
different sizes or different species in which one size or species
couples more strongly to the external drive and moves more
rapidly than the other sizes or species of skyrmions. In this
work, we focus on the strong pinning regime in which
interactions with the substrate produce plastic distortions or
tearing of the skyrmion lattice. For weaker pinning, an elastic
regime can appear in which plastic deformations do not occur,
and a single driven skyrmion can drag the entire skyrmion
assembly along with it. There could also be a finite range for the
elastic interaction, with the driven skyrmion dragging a large
elastically stable chunk of skyrmions along with it, and with
plastic deformations occurring only on much larger length
scales [21]. This would suggest the existence of an elastic to
plastic transition that could be detected by varying the driving
velocity or other parameters. It would also be interesting to
consider driving an individual three-dimensional skyrmion
line. Here, only the top portion of the skyrmion might
respond to the driving force, while the lower portion of the
line is passively dragged by the skyrmion line tension. This
type of effect has been studied for three-dimensional
superconducting vortex lines.

Another question regards the distinction between pinning-
dominated pinned states, where direct pinning is responsible
for producing the pinning, and interstitial-dominated or
jammed pinned states, where the pinning of the driven
skyrmion arises from elastic interactions with directly
pinned skyrmions. The fluctuations in the jammed state
generally show that there is a greater tendency for large-
scale plastic events to occur, leading to a larger amount of
low-frequency noise compared to the pinning-dominated
state. In work on superconducting vortices with quenched
disorder, the presence of pinned, jammed, and clogged phases
could be deduced by measuring memory effects [55]. For the
single driven skyrmion, memory could be tested by reversing
the driving direction. For strong pinning, the trajectory under
reversed drive should mirror that of the forward drive,
indicating a memory effect, whereas in samples with strong
plastic distortions, the trajectory for forward and reversed
drive will differ due to the appearance of plastic distortions
in the background skyrmions.

case.
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4 SUMMARY

We have examined the fluctuations and pinning effects for
individually driven skyrmions moving through an assembly of
other skyrmions and quenched disorder. We find that in the
absence of quenched disorder, there is a depinning force that
increases monotonically with increasing skyrmion density. When
quenched disorder is introduced, the driven skyrmion experiences
a combination of pinning and drag effects from both the pinning
sites and the background skyrmions. Both with and without
quenched disorder, there is a second, higher driving threshold
for the onset of motion transverse to the drive and the appearance
of a finite skyrmion Hall angle. For higher drives, the addition of
quenched disorder actually increases the velocity of the driven
skyrmion since the pinning sites help prevent the background
skyrmions from being dragged along by the driven skyrmion. Near
depinning, in the absence of quenched disorder, the velocity
fluctuations show a combination of periodic oscillations from
the elasticity of the ordered background skyrmion lattice along
with stronger jumps associated with plastic distortions of the
background skyrmions. This produces a velocity power
spectrum that has narrowband noise peaks superimposed on a
1/f * shape with & = 1.2. As the drive increases, the spectrum
becomes white, and for very high drives, a strong narrowband
signature emerges once the driven skyrmion is moving too rapidly
to generate plastic distortions in the background skyrmions. The
addition of quenched disorder reduces the frequency of plastic
events, giving a white noise spectrum. In the absence of disorder, a
damping-dominated system generally shows strong narrowband
noise fluctuations as the driven skyrmion moves along one-
dimensional paths in the background skyrmion lattice, whereas
in the Magnus-dominated limit, the driven skyrmion moves at an
angle through the lattice, generating dislocations and reducing the
strength of the narrowband signature. When the disorder is strong,
the driven skyrmion can undergo stick-slip motion due to a
combination of being trapped at pinning sites and interacting
elastically with the background skyrmions, which produces a
bimodal velocity distribution along with 1/f * noise. For systems
with quenched disorder, the depinning threshold is highly
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nonmonotonic as a function of the skyrmion density, passing
through both peaks and minima. This is due to a competition
between two different pinning effects. The depinning threshold
drops when the number of skyrmions becomes larger than the
number of pinning sites since the driven skyrmion must be pinned
through interstitial interactions with directly pinned skyrmions
instead of sitting in a pinning site directly; however, at higher
densities, the increasing strength of the elastic interactions between
the skyrmions causes the depinning threshold to rise again with
increasing density. At low densities, the system can be viewed as
being in a pinning-dominated regime, while at higher densities, it is
in an interstitial-dominated or jamming regime. Beyond
skyrmions, our results should be relevant to fluctuations in
other particle-based systems such as individually dragged
vortices in type-1I superconductors.
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Magnetic skyrmion is a particle-like swirling spin texture promising for future memory
devices. The geometric confinement and artificial control of skyrmions are crucial for such
practical applications. In a previous research, we developed a technique to confine
skyrmions to simple geometric corrals, such as a rectangle and a triangle, composed
of artificial surface pits with nanometer-scale dimensions fabricated by using a focused
electron beam. The technique has a potential advantage of facilitating more complex
geometries, which has not been fully explored yet. Here we directly visualize skyrmions
confined to surface-pit corrals with several complex geometries by using differential phase
contrast scanning transmission electron microscopy. We find that individual skyrmions are
deformed not only in shape but also in size under a moderate-bias field. We also find that
deformed skyrmionic spin textures with opposite polarities coexist in the zero-field
condition. The present study provides a guide to confine skyrmions, which should be
useful for future applications.

Keywords: magnetic skyrmion, geometric confinement, individual skyrmion deformation, surface-pit corral,
differential-phase-contrast scanning transmission electron microscopy, complex geometry, polarity control,
room temperature

INTRODUCTION

Magnetic skyrmion [1-5] is a particle-like swirling spin texture arising from the competition between
Heisenberg and Dzyaloshinskii-Moriya (DM) exchange interactions [6, 7]. It attracts growing
attention as it is promising for future innovative devices owing to its nanometer-scale dimensions
and topological stability [8, 9]. In such practical applications, skyrmions are expected to be confined
in nanostructures with various geometries so that the influence of such geometric confinement on the
behaviors of skyrmions is essential. In modern magnetic recording technology, such as the bit
patterned media technology [10], geometric confinement is one of the key techniques to increase the
stability of the elemental spin textures and hence the density of recorded information. Geometric
confinement of skyrmions has been studied by micromagnetic simulations, assuming simple
geometries such as nanodisks [11-15] and constricted channels [16, 17]. To realize the
geometric confinement of skyrmions in experiments, conventional microfabrication techniques
were used to fabricate nanodisks [18-22], nano-strips [23-25], and holes/trenches [26, 27]. In these
studies, complete physical edges were utilized to confine skyrmions. Partial physical edges like the
surface nano-strips with various widths and thicknesses created by using focused gallium ion beam
[28] are also effective to confine skyrmions. In addition, non-physical (chemical) edges were also
shown to be effective to confine skyrmions. By using helium ion beam, the DM interaction in a
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localized region was modified to confine skyrmions in simple
geometric shapes like nano-strips and squares [29]. Recently, it
was demonstrated that skyrmions can be effectively confined in
channels by fabricating stripes with modified magnetic properties
in a single ferromagnetic film [30]. Alternatively, Zhang et al. [31]
showed that skyrmions were directly created by scanning the
surface of a specimen by a magnetic force microscopy (MFM) tip
with bias field. Using the same technique, Ognev et al. [32] have
demonstrated the creation of zero-bias-field skyrmion patterns
with complex geometries, such as a toroid and an alphabet S.In a
previous study [33], we demonstrated that even tiny surface pits
with nanometer-scale dimensions fabricated by using a focused
electron beam (surface-pit corral) are effective to confine stable
skyrmion states. These unconventional techniques have the
potential advantage of facilitating complex geometries that are
difficult or even not feasible by conventional microfabrication
techniques.

Unlike rigid particles, such as colloidal particles and atoms,
skyrmions can change their shape. Such a deformation of
individual skyrmions was first revealed in an in situ Lorentz
transmission electron microscopy (TEM) study, demonstrating
that a small uniaxial tensile strain induces a very large anisotropic
deformation (elongation) of a skyrmion lattice (SKL) as well as
individual skyrmions constituting the lattice [34]. We also found
that individual skyrmions can flexibly change not only their
shapes but also their sizes to accommodate the free volumes
formed at the domain boundary cores of SkLs under the
influence of the complete physical edges of a thin-plate
specimen [35]. The domain boundary structure can be
described by the periodic combination of fivefold-coordinated
and sevenfold-coordinated structure units as frequently observed
in real atomic crystals. Skyrmions at the center of fivefold-
coordinated structure units are spatially compressed, while
skyrmions at the center of sevenfold-coordinated structure
units are spatially elongated compared with the regular circular
skyrmions. Recently, such deformed skyrmions were shown to
play significant roles in the spontaneous creation and annihilation
of skyrmions [36]. Artificial control of such deformations
(elongation and compression) of individual skyrmions is
important from a viewpoint of practical applications as
suggested by a recent proposal to utilize a skyrmion with an
elliptical profile confined in a magnetic nanodisk as the qubits for
quantum computing platforms [37]. On the other hand, artificial
control of the swirling nature of skyrmions is also important from
a viewpoint of practical applications. The swirling nature of a
skyrmion is characterized by several parameters [21]: magnetic
helicity yn,, polarity p, and circularity c¢. The magnetic helicity is
defined as y,,, = + and yy, = — for a right-handed spin helix and a
left-handed spin helix, respectively. Following the same definitions
as commonly used to describe a magnetic vortex—a similar
swirling spin texture—[38], skyrmions, with their out-of-plane
magnetizations at the core pointing up and down, are defined by
polarity p = +1 and p = —1, respectively, while skyrmions with their
in-plane magnetizations rotating clockwise (CW) and counter-
clockwise (CCW) around the core are defined by the circularity c =
+1 and ¢ = -1, respectively. The magnetic helicity is determined
once a material is given, depending on the crystallographic
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chirality I'. and sign of the DM interaction, where I is defined
as + and — for right-handed and left-handed crystallographic
chirality, respectively [39, 40]. When the magnetic helicity is given,
p is determined uniquely once ¢ has been given and vice versa,
depending on the direction of the bias magnetic field applied on a
specimen. So far, several attempts to control the swirling
parameters of skyrmions have been reported. A unique spin
texture in a confined geometry called a target skyrmion, which
was predicted in theoretical and numerical investigations [12, 19],
was directly visualized by Lorentz TEM in a 160-nm-diameter
nanodisk of FeGe [21]. In zero magnetic field, two types of target
skyrmions [one is characterized by a combination of positive
circularity (¢ = +1) and positive polarity (p = +1), while another is
characterized by a combination of negative circularity (c = —1) and
negative polarity (p = —1)] were observed as the material possesses
the right-handed magnetic helicity (y,, = +). The two stable
ground states with opposite characteristics were demonstrated
to switch each other by changing the direction of the
perpendicular magnetic field applied on the thin-plate
specimen. The polarity reversal of skyrmions was also feasible
by thermal activation in a thin plate of barium hexaferrite [41] and
by switching the magnetic helicity in a thin plate of Mn,; _ Fe,Ge
with varying compositions, resulting in the sign reversal of the DM
interaction [42]. Theoretically, two degenerate skyrmion states
characterized by opposite polarities can be created by applying an
inclined magnetic pulse [43] that was used for magnetic vortex
core reversal [35].

To investigate the deformations of individual skyrmions while
distinguishing their swirling characteristics, direct real-space
visualization techniques of individual skyrmions with high spatial
resolutions, such as Lorentz TEM [5, 44], off-axis electron holography
[45, 46], and differential phase contrast scanning TEM (DPC STEM)
[33, 47], are powerful. DPC STEM is arguably the most powerful
technique, particularly when the magnetic spin texture and various
kinds of material defects, such as edges, grain boundaries, and surface
pits, must be visualized simultaneously, as demonstrated by previous
works [33, 35, 48-50]. Here we report skyrmion states confined to
surface-pit corrals with complex geometries directly visualized in real-
space with nanometer spatial resolution by using the DPC STEM
technique.

MATERIALS AND METHODS

Bulk Polycrystal Preparation

A bulk polycrystalline f-Mn type CogZngMn, was synthesized by
Dr. Yeong-Gi So at Akita University from highly pure Co
(99.99%), Zn (99.99%), and Mn (99.99%) using an electric
furnace; the constituent elements with the nominal
composition of CogZngMn, were sealed in an evacuated silica
tube, heated at 1,273 K for 12 h, subsequently cooled to 1,198 K at
a cooling rate of 1 K/h, and annealed at 1,198 K for 72 h, followed
by water quenching.

Thin-Plate Specimen Preparation
A (111) thin plate was fabricated from a bulk crystal by using an
Ion Slicer (IS9001, JEOL, Ltd.). Prior to observation, the thin plate
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FIGURE 1 | Differential phase contrast scanning TEM images of skyrmion lattices in a thin plate of CogZngMn, at room temperature (296 K) (A-D) and at a low
temperature (95 K) (E-H). (A,E) In-plane magnetic induction as a color map and (B,F) intensity. (C,G) Magnetic helicity images [35] and (D,H) simultaneously acquired
annular dark-field images. The same pixel dwell time of 640 ps was used to record these images. Perpendicular magnetic fields of 40 and 60 mT are applied at 296 and
95 K, respectively. Yellow shapes indicate several deformed skyrmions, not only in shape but also in size, while a red circle indicates less deformed circular
skyrmions in (G).
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ADF

zero-field 1

FIGURE 2 | Skyrmion states confined to surface-pit corrals with three simple geometries. Schematics of (A) a square, (F) a circle, and (K) a triangular corral. Annular

zero-field 2 60 mT

Magnetic Helicity Image

dark-field images of fabricated corrals with a square (B), a circle (G), and a triangle geometry (L) by using a focused electron beam. The edge length of the square,
diameter of the circle, and edge length of the equilateral triangle are equally 440 nm. Several g-vectors defined by each corral are indicated by yellow arrows in (B), (G),
and (L), respectively. Magnetic helicity images of spin textures confined to a square corral (C—E), a circular corral (H-J), and a triangular corral (M—0) are shown.

Spin textures in two independent zero-field conditions (C,D,H,I,M,N) and under the perpendicular magnetic field of 60 mT (E,J,0) are shown. Skyrmions are displayed

as bright particles. Pixel dwell time is 1 ms.

was further polished with a plasma cleaner (Solarus, Model 950,
Gatan, Inc.). The typical thickness of the thin plate is estimated to
be about 150 nm.

DPC STEM Experiments

For DPC STEM observations, we used a STEM (JEM-2100F,
JEOL, Ltd.) equipped with a probe-forming aberration corrector
(CEOS, GmbH) and a Schottky field emission gun operated at
200 kV. This microscope was equipped with a segmented annular
all-field detector which was described in a literature in detail [51].
When observing magnetic skyrmion, the objective lens was
switched off, and the illumination system was adjusted to
obtain a probe size of about 3.5nm with a probe-forming
aperture semi-angle of 0.426 mrad. A perpendicular magnetic
field was applied by weakly exciting the objective lens, and the
field strength was calibrated by using a magnetic field measuring
specimen holder equipped with three Hall-probe sensors. Even
when the objective lens of the microscope is completely switched
off and demagnetized several times, a small remnant
perpendicular magnetic field of around 20 mT is applied on
the thin-plate specimen. We use “zero-field” to refer to this
experimental condition throughout the manuscript. For a
probe size of 3.5 nm, the detector ranges are 0.346-0.520 and
0.78-1.35 mrad for DPC images and annular dark-field (ADF)
images, respectively. To record images, we used pixel dwell time

as long as 1 ms in the present study to obtain sufficient contrast at
room temperature.

Surface-Pit Corral Fabrication

The same STEM (JEM-2100F, JEOL, Ltd.) used for DPC STEM
observations was also used to fabricate surface-pit corrals with the
objective lens strongly excited to form a smaller probe size (<
1 nm) with increasing probe current. A customized program
written at the University of Tokyo was used to control the
scanning of the focused electron beam to create a sequence of
surface pits forming complex geometric patterns. The details of
the nature of surface pits are described elsewhere [33].

RESULTS AND DISCUSSIONS

Room-Temperature Skyrmion Lattice in a
Thin Plate of CogZngMn,

For practical applications, magnetic skyrmions stable at room
temperature are highly desirable. To observe stable magnetic
skyrmions at room temperature (296 K), we use a (111) thin
plate of CogZngMn, [33, 52] with the critical temperature (T.) of
300 K. Due to the decreased magnetization at room temperature
(T/ T.~0.99 for T = 296 K), however, the contrast of skyrmions
at room temperature is much lower than that at a low
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FIGURE 3 | Confinement of skyrmions to surface-pit corrals defined by two nested curved boundaries (track and field). (A) Schematic of the two corrals with smaller and
larger sizes. (B) Annular dark-field (ADF) image of the two corrals fabricated by a focused electron beam on the surface of the thin-plate specimen. The track width of the smaller
corral and that of the larger corral are 420 and 630 nm, respectively. (G) In-plane magnetic induction as a color map and (H) intensity obtained in the area indicated by a white
square in (B). (C) Magnetic helicity image and (D) ADF image of the smaller corral. (I) In-plane magnetic induction as a color map and (J) intensity confined in the larger corral.

Only the field-of-view as indicated by the yellow square in (B) is shown. (E) In-plane magnetic induction as a color map and (F) intensity confined in the larger corral at a higher
magnification. (K) In-plane magnetic induction as a color map and (L) intensity confined in the larger corral at a higher magnification. Elongated skyrmions are indicated by white
arrows in (E,F,K,L). The pixel dwell time is 1 ms. The S and L letters at the top-right comer of each image indicate the smaller and the larger corrals, respectively.

temperature (T / T, ~0.32 for T = 95 K). A longer pixel dwell time
than usual is hence required at room temperature to record images
with sufficient contrast. Figure 1 shows a comparison of DPC STEM
images of SkLs in a thin plate of CogZngMn, at room temperature
(296 K) under the perpendicular magnetic field of 40 mT (Figures
1A-D) and those at a low temperature (95 K) under the perpendicular
magnetic field of 60 mT (Figures 1E-H) recorded with the same pixel
dwell time (640 ps). In the reconstructed in-plane magnetic induction,
as shown in Figures 1A,B, individual skyrmions with negative
circularity (CCW, ¢ = -1) are directly visualized at room
temperature. Note that the in-plane magnetic induction as a color
map as shown in Figure 1A is disturbed by diffraction contrast due to
the inevitable bending of the thin-plate specimen. The swirling in-
plane magnetic induction with negative circularity is correctly
reconstructed only for a few individual skyrmions in the lattice. In
magnetic helicity images [35] (Figure 1C), however, skyrmions with
negative circularity are visualized as bright particles without an
apparent influence of the diffraction contrast. In the ADF image
(Figure 1D), no obvious contrast other than the diffraction contrast is
observed, which proves that no apparent structural defect exists in the

field-of-view of the thin-plate specimen. Since the bias magnetic field
is in the down direction as indicated by the crossed circle symbols in
the figure, the polarity of skyrmions as visualized in Figures 1A-C is
inferred as positive (p = +1). It follows that the magnetic helicity of the
specimen is left-handed (y,, = —). Individual skyrmions are mostly
circular in shape. In contrast, strongly deformed skyrmions are
observed at a temperature of 95K (Figure 1E-G). No contrast
indicating the existence of apparent structural defects is observed
again in the ADF image (Figure 1H), ensuring that the deformations
are not induced by structural defects in the specimen. Note that
skyrmions are deformed not only in shape but also in size as indicated
by several yellow shapes, compared with the less deformed circular
skyrmion as indicated by a red circle in Figure 1G. It appears that the
deformed skyrmions prefer a few orientations rather than random
orientations, which can be ascribed to the weak crystal magnetic
anisotropy in the (111) plane at 95 K. Actually, in a previous Lorentz
TEM study [53], it was reported that circular skyrmions created by
70 mT field-cooling at 280 K were deformed into the bar- or L-shaped
form in a (001) thin plate of CogZngMn, when the specimen was field-
cooled to a temperature of an extremely low temperature (6 K). The
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FIGURE 4 | Individual skyrmions confined to a surface-pit corral with a complex geometry (Olympic symbol) under moderate-bias fields. (A) A schematic of the five
interlaced rings of equal dimensions (630 nm in diameter). (B) Annular dark-field image of the fabricated pattern on the thin-plate specimen. (C-E) Individual skyrmions
under the perpendicular magnetic field of 60 mT. (F-H) Individual skyrmions under the perpendicular magnetic field of 93 mT. (I-K) Individual skyrmions under the
perpendicular magnetic field of 93 mT with a slight change of the specimen orientation from the one shown in (F-H). (C,F,I) In-plane magnetic induction as a color
map, (D,G,J) as intensity, and (E,H,K) magnetic helicity image. Several deformed skyrmions, not only in shape but also in size, are indicated by yellow shapes in the
magnetic helicity images in (E,H,K). A compressed circular skyrmion is indicated by a red circle in (K). Pixel dwell time is 1 ms.

elongation direction nearly aligned along the magnetic easy axis <100>,
which is induced by the enhancement of magnetocrystalline anisotropy
at the low temperature. Deformed skyrmions are also created at room
temperature by geometric confinement as will be shown below.

Skyrmion States Confined to Surface-Pit
Corrals with Simple Geometries

First, we briefly review skyrmion states confined to surface-pit
corrals with three simple geometries—a square, a circle, and a
triangle—as schematically shown in Figures 2A,F,K

respectively. The ADF images of the fabricated corrals are
shown in Figures 2B,G,L. The edge length of the square,
diameter of the circle, and edge length of the equilateral
triangle are equally 440 nm. Here only helicity images are
shown because the reconstructed in-plane magnetic induction
maps are severely disturbed by diffraction contrast (data not
shown). We obtained images in the zero-field condition
several times, which resulted in slightly different images.
Zero-field 1 and zero-field 2 correspond to two
independent experimental results. Note that the two states
were not created as a result of any specific hysteresis loop as
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FIGURE 5 | Gallery of several deformed individual skyrmions arbitrarily
extracted from Figure 4. From left to right, in-plane magnetic induction as a
color map, in-plane magnetic induction as intensity, and magnetic helicity
image are shown. (A-E) The confined areas as indicated by a-¢ in the
color maps correspond to the areas indicated in Figures 4C,l. A compressed
circular skyrmion is indicated by a red circle in (E).

described in a literature [54], but their difference was entirely due to
randomness. For the square corral, two elongated skyrmions in two
orthogonal (horizontal and vertical) directions can be seen in the two
zero-field conditions (Figures 2C,D), while four circular skyrmions
are created under the perpendicular magnetic field of 60 mT
(Figure 2E). Inside the circular corral, on the other hand,
strongly deformed spin textures are created in the zero-field
condition (Figures 2H,I), which are consistent with the spin
textures confined in a disk fabricated by conventional
microfabrication technique reported in previous publications [20,
21]. Under the perpendicular magnetic field of 60 mT, three isolated
circular skyrmions are created (Figure 2J). In contrast, inside the
triangular corral, single isolated circular skyrmion is stabilized even
in the zero-field condition (Figures 2M,N) as well as under the
perpendicular magnetic field of 60 mT (Figure 20). Since skyrmions
are created by the superposition of helical spin textures propagating
along multiple directions defined by g-vectors, these experimental
results can be understood by considering the g-vectors defined by
the boundaries as indicated by yellow arrows in Figures 2B,G,L. The
triangular geometry is compatible with the triple-q mechanism [3] to
create skyrmions. Triangular confinement of skyrmions attracted
attention in several literatures, too [55, 56]. Note that, some 40 years
ago, magnetic vortices stabilized in cobalt fine particles with several

Confinement of Skyrmions in Complex Geometries

geometric shapes were studied by using electron holography
technique in a pioneering work directed by Tonomura [57]. They
reported that an isolated magnetic vortex is stabilized both in a
triangular platelet with an edge length of 250 nm and in a hexagonal
platelet with an edge length of 200 nm under zero-bias field. Single
magnetic vortex was observed at the center of both fine particles
owing to the influence of the complete physical edges.

Skyrmion States Confined to Surface-Pit
Corrals with a Complex Geometry

Now, we show skyrmion states confined to surface-pit corrals with a
complex geometry. Figure 3 shows the confinement of skyrmions to
surface-pit corrals with two nested curved boundaries (track and
field) as schematically shown in Figure 3A. We fabricated two track
and field corrals with two different sizes as shown in the ADF image
(Figure 3B). The track width of the smaller corral and that of the
larger corral are 420 and 630 nm, respectively. In the smaller (S)
track and field corral, a linear chain and a curved chain of single
skyrmions are created in the field area and track area, respectively
(Figures 3C-F). In the larger (L) track and field, a small hexagonal
array of skyrmions is created in the field area, while three strings of
skyrmions are aligned in the track area (Figures 3G-J). Note that
some skyrmions appear strongly elongated as indicated by the white
arrows in Figures 3I-L, creating a domain boundary. Here we
empbhasize that skyrmions are aligned under the influence of surface-
pit corrals working like physical edges with the complex geometry.

Skyrmion States Confined to Surface-Pit
Corrals with a More Complex Geometry

Next, we demonstrate skyrmion states confined to surface-pit
corrals with a more complex geometry—five interlaced rings
of equal dimensions (Olympic symbol) as schematically
shown in Figure 4A. Figure 4B shows the ADF image of
the fabricated pattern on the thin-plate specimen. The
diameter of each ring is 630 nm. Figures 4C-E show
skyrmions confined to surface-pit corrals with the Olympic
symbol geometry under the perpendicular magnetic field of
60 mT. Skyrmions are strongly deformed not only in shape
but also in size as indicated by the yellow shapes in the
magnetic helicity image (Figure 4E). Not only elongated
skyrmions but also expanded skyrmions are observed.
Figures 4F-H show skyrmions confined to surface-pit
corrals with the Olympic symbol geometry under the
perpendicular magnetic field of 93mT. As the
perpendicular magnetic field is increased, elliptical
skyrmions transform into more circular ones, but with
apparent deformations as indicated by the yellow shapes in
the magnetic helicity image (Figure 4H). Note that the
distribution of skyrmions is symmetric (3-2-2-2-3 from left
to right). The numbers of skyrmions confined in the five
defined regions are proportional to each area. After a slight
change of the specimen orientations, however, the
distribution of skyrmions under the same intensity of
perpendicular magnetic field (93 mT) changes, as shown in
Figures 4I-K. The numbers of skyrmions vary arbitrarily
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FIGURE 6 | Zero-field skyrmionic spin texture confined to a surface-pit corral with a complex geometry (Olympic symbol). (A) In-plane magnetic induction as a color

map and (B) as intensity, (E) magnetic helicity image, and (F) annular dark-field (ADF) image of the whole pattern. The boxed region in (A-D) is observed at a higher
magnification in (C,D,G,H). Note that the horizontal and vertical deflection images are shown in (G) and (H), respectively, instead of the magnetic helicity and ADF
images. () The boxed area indicated by a yellow rectangle in (G) is enlarged. The surface-pit corral is indicated by a pair of yellow arrowheads. (J) Schematic of the
left-handed helical spin texture corresponding to (l) across the surface-pit corral. The surface-pit corral is displayed as a yellow dotted line, which is indicated by a pair of
yellow arrowheads. (K) A simplified schematic of the plausible skyrmionic spin texture confined in the Olympic symbol in zero-field condition. The target mark symbols
and crossed circle symbols indicate upward and downward directions, respectively.

ST

among the five separated regions (3-2-1-2-4 from left to right). The
skyrmions are again strongly deformed not only in shape but also
in size as indicated by the yellow shapes in the magnetic helicity
image (Figure 4K). An apparently expanded skyrmion is observed
in the confined area indicated as § in Figure 4I. A compressed
circular skyrmion is also observed as indicated by a red circle in
Figure 4K. A gallery of several deformed individual skyrmions
extracted from Figure 4 is shown in Figure 5. Individual
skyrmions can conform to the areas surrounded by complex
boundaries, deforming into elliptical and triangular shapes with
expansions (Figure 5A), long and short elliptical shapes (Figures
5B,C), an expanded elliptical shape (Figure 5D) as well as three
short elliptical shapes and a compressed circular shape

(Figure 5E). A rough estimate of the expansion of the
skyrmion as shown in Figure 5D is larger than 25%. The
compression of the smallest skyrmion as shown in Figure 5E,
in contrast, is not so large (10%). Both elongation and
compression of skyrmions were observed in a previous study
investigating the domain boundary core formed in a SkL in a thin
plate of FeGe; _ ,Si, [35]. The ratio of compression was roughly
estimated to be as small as 10%, while the ratio of elongation was
as large as 60%. Furthermore, for the geometrically confined
skyrmions to a triangular surface-pit corral [33] as shown in
Supplementary Figure S1, the ratio of expansion is evaluated as
25%. More quantitative evaluations, however, should be
necessary in future works. Additional demonstrations of
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skyrmion states confined to surface-pit corrals with interlaced
rings geometry are given in Supplementary Figure S2.

Zero-Field Skyrmionium Spin Textures
Confined to Surface-Pit Corrals with the
Olympic Symbol Geometry

Lastly, we demonstrate spin textures confined to surface-pit
corrals with the Olympic symbol geometry in the zero-field
condition. In-plane magnetic induction reconstructed from
DPC STEM signals is shown as a color map in Figure 6A and
as intensity in Figure 6B. Figures 6C,D, show the magnetic
helicity image and ADF image, respectively. The color map at
a low magnification (Figure 6A) is severely disturbed by
diffraction contrast. The boxed region in Figures 6A-D is
observed at a higher magnification in Figures 6E-H. Here
horizontal and vertical deflection images are shown in Figures
6G,H, respectively, instead of magnetic helicity and ADF
images. The color map at a higher magnification
(Figure 6E) is not so disturbed by diffraction contrast.
Note that spin textures appearing as elliptical skyrmions
with opposite circularities (and hence opposite polarities)
coexist as indicated by a blue oval arrow rotating CCW
and a red oval arrow rotating CW in Figure 6E. The
yellow-boxed region of the horizontal deflection image
(Figure 6G) is enlarged as shown in Figure 6I. The
corresponding  left-handed helical spin texture is
schematically shown in Figure 6]. Note that the position of
the surface-pit corral is slightly shifted from the domain
boundary (indicated by target mark symbols), which
suggests that the connection between the spin texture and
surface-pit corral is loosely (softly) coupled rather than the
tightly (hardly) coupled connection between the spin texture
and complete physical edge in conventional microfabrication
techniques. It should be possible to control the connection
between loose (soft) and tight (hard) by adjusting the physical
parameters of surface pits, such as diameter, depth, and
interdistance. The plausible skyrmionic spin textures
confined to the surface-pit corral with Olympic symbol
geometry are schematically shown in Figure 6K. Such a
polarity reversal of skyrmionium spin textures in a
microfabricated nanodisk was also reported in a previous
literature [21]. We emphasize that the polarity reversal is
only possible under a very weak perpendicular magnetic field
(~20 mT). It is not clear whether the skyrmionic spin textures
are actually skyrmions with opposite polarities or not. To
confirm, we must check that the stray field directions at the
centers of skyrmionic spin textures are actually reversed by
using other experimental techniques, such as MFM, because
the DPC STEM technique is not sensitive to perpendicular
magnetic field (parallel with the incident electron beam).

CONCLUSION

In conclusion, we have investigated spin textures confined to
surface-pit corrals with complex geometries by using the DPC

Confinement of Skyrmions in Complex Geometries

STEM technique. We have found that individual skyrmions
are aligned with elongation under the influence of the complex
boundary defined by the surface-pit corrals. In addition, we
have found that individual skyrmions are deformed not only
in shape (elongation) but also in size (both expansion and
compression) as influenced by the complex boundaries under
a moderate-bias field. Furthermore, we have found that
deformed skyrmionic spin textures with opposite polarities
may coexist in zero-field condition. It is suggested that the
connection between the spin texture and surface-pit corral is
loosely (softly) coupled rather than the tightly (hardly)
coupled connection found between the spin texture and
complete physical edge in conventional microfabrication
techniques. It should be possible to control the connection
between loose (soft) and tight (hard) by adjusting the physical
parameters of surface pits, such as diameter, depth, and
interdistance. We hope that our experimental observations
stimulate theoretical and micro-magnetic simulation studies
on the controlled deformation of skyrmions. We also hope
that the present study provides a guidance to arrange
skyrmions with controlled swirling parameters, which
should be explored for future applications.
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Skyrmions
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Magnetic skyrmions are topological swirling spin textures objects that can be
manipulated and employed as information carriers. This is accomplished based
either on their ground-state properties or their thermodynamic properties.
Landauer’s principle establishes an irreversible conversion from information to
physics. The inverse mechanism, the inverse mechanism is proposed for magnetic
topological defects forming in magnetic nanostructures that are regarded as closed
thermodynamic systems confirming Szilard’s and Brillouin’s hypotheses. This
mechanism consists of the creation of bits of information using a thermodynamic
source having a form of negentropy. In this perspective article, the following are
proved for magnetic skyrmions: 1) Landauer’s principle expressed in terms of
negentropy and 2) the generalized second principle of thermodynamics based on
Brillouin’s negentropy principle of information. The thermodynamic entropy is
converted into information entropy at the expense of negentropy, “negative
entropy” corresponding to the loss of thermodynamic entropy from the magnetic
skyrmion itself. A recently proposed practical device enables the verification of points
1) and 2) and allows a full understanding of the interchange between thermodynamics
and information and vice versa regarding skyrmions as information units and showing,
in perspective, the considerable advantages offered by this type of storing and coding
information.

Keywords: magnetic skyrmion, information and thermodynamics, Landauer’s limit, Landauer’s principle, Brillouin’s
negentropy, generalized second principle of thermodynamics, information unit, bits

INTRODUCTION

Magnetic skyrmions are axisymmetric topological solitons of vortex-like character hosted in
ferromagnetic materials. Generally, they are stabilized by an exchange interaction of relativistic
nature called Dzyaloshinskii-Moriya interaction (DMI) [1, 2]. Magnetic skyrmions are characterized
by 1) a skyrmion number S (otherwise called the topological charge), an integer that indicates
how many times magnetic moments within a skyrmion wrap a sphere; 2) helicity number, the phase
appearing in the in-plane spin texture; and 3) a fixed rotation fashion called chirality y. The skyrmion
number is expressed as S = 1/(47) _[ dzp m-(0m/0x X dm/dy) where m(p) = M(p)/M; is the dimensionless
magnetization vector with M representing the magnetization, p = (x, y) the in-plane coordinates, M
representing the saturation magnetization, and d/0x and 0/0y are first partial derivatives.
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FIGURE 1 | Pictorial representation of a Néel magnetic skyrmion in two magnetization textures. (A) Perpendicularly magnetized ferromagnet hosting an outwardly
(chirality y = +1) Néel magnetic skyrmion with polarity p = —1. (B) Perpendicularly magnetized ferromagnet hosting an inwardly (chirality y = —1) Néel magnetic skyrmion
with polarity p = +1. H lies along the z-axis [positive direction in (A) and negative direction in (B)].

Recently, great efforts have been devoted to the manipulation
of magnetic skyrmions forming in magnetic nanostructures based
on their ground-state magnetic properties and giving rise to
spintronic  applications [1-4]. Very recently, magnetic
skyrmions have been employed as qubits, a new class of
quantum logic elements [5]. It has also been proposed the
employment of magnetic skyrmions as information entropy
carriers suggesting a data communication system based on the
coding of information entropy [6]. This investigation stemmed
from the theoretical and numerical exploration of the
thermodynamic properties of magnetic skyrmions [7-10]. In
this respect, the link between the physical and information
entropies has been a subject matter of several studies [11-15].
On the other hand, the concept of negentropy was introduced
first by Szilard who solved Maxwell’s demon paradox [16, 17],
and then by Brillouin [18-23] who continued Szilard’s and
Shannon’s investigations. After the discovery and formulation
of Landauer’s principle [24-27], in recent decades, great efforts
were made for the full understanding of information erasure and
its relation with thermodynamics and logical computation from a
philosophical, theoretical, and experimental viewpoints [28-47].

In this perspective article, this kind of investigation was
applied to magnetic skyrmions. The aim of this study was
threefold: 1) to show that Landauer’s limit is expressed in
terms of variation of negentropy for a Néel skyrmion; 2) to
show that the generalized second principle of thermodynamics
based on Brillouin’s negentropy principle can be applied to a Néel
skyrmion; and 3) to explain the interplay between information
and negentropy and vice versa of a Néel skyrmion [6, 8]. This
discussion could open the route in prospect for a new way of
storing and coding information by using magnetic topological
defects.

NEGENTROPY AND LANDAUER’S LIMIT
FOR A MAGNETIC SKYRMION

A Néel skyrmion (or hedgehog skyrmion) forming in magnetic
nanostructures as a result of the interfacial DMI is characterized by
the magnetization texture m = ysin0p + cos 62 in a cylindrical
reference frame (p, ¢, z) where y = £1 is the chirality (+1 outwardly
magnetization, —1 inwardly magnetization), and 6 is the polar
angle with 0 < 6 < 7. Figure 1A shows an outwardly Néel skyrmion
(x = +1) with a negative polarity (0 = m) and skyrmion
number S = —1 subjected to an external magnetic field H along
the + z direction, while Figure 1B displays an inwardly Néel

skyrmion (y = —1) with a positive polarity (6 = 0) and skyrmion
number S = +1 subjected to an external magnetic field H along the
— z direction. In the following discussion, the Néel skyrmion
texture shown in Figure 1A was taken into account to be
consistent with the results of micromagnetic simulations carried
out on a Néel skyrmion with y = +1, negative polarity, and S = -
[7]. However, note that this choice is purely arbitrary and the same
conclusion would be drawn taking into account the Néel skyrmion
with y = -1, a positive polarity, and S = +1.

The skyrmion energy was calculated from the microscopic
micromagnetic Hamiltonian as a spatial integral of the skyrmion
energy density within the thin-film limit including exchange,
interfacial DMI, magnetostatic and perpendicular anisotropy
contributions, and external magnetic field interaction [7-9].
Within this model, the exchange interaction among spins
forming the magnetic skyrmion was rigorously taken into
account. It was found that, in the vicinity of the absolute
energy minimum at the equilibrium skyrmion diameter Dogy,
the skyrmion energy can be fitted by means of a parabolic curve
for any temperature T and bias field amplitude H in the region of
skyrmion metastability (0 < T'< 300K for yy H > 5mT and 0 <
T < 200K for yoH = 0mT) [7]. Importantly, Dy, strictly
depends on the parameters of the microscopic Hamiltonian.
In this respect, the determination of the skyrmion size for an
isolated skyrmion by computing the skyrmion radius (both
equilibrium and average) has recently been proved according
to different analytical theories based on the minimization of the
skyrmion energy with respect to the skyrmion radius [9, 48, 49].
In particular, it has been shown that both the average skyrmion
size and the wall width separating the core from the outer domain
of the skyrmion can be accurately computed [48]. This
investigation has been generalized by studying the magnetic
skyrmion’s size and spin profile in a condensed phase forming
a skyrmion crystal at high skyrmion density [49]. In this latter
case, it has been demonstrated that the dependence of skyrmion
size on magnetic parameters is different compared to isolated
skyrmions or to skyrmion stripes forming at low skyrmion
density.

According to micromagnetic simulations, it was observed that
the value of the Néel skyrmion diameters obeys a distribution
analogous to Maxwell-Boltzmann (MB) of the molecules of an
ideal gas at any T and for any H in the region of metastability [7].
Exploiting this physical analogy with ideal gases, an analytical MB
distribution for a 3D skyrmion diameter population [7, 9] was
proposed, and it was found an excellent agreement between the
micromagnetic and the analytical results [7]. This analogy was
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also extended to the 2D skyrmion diameter distribution [8]. From
the analogy with the 3D MB distribution of an ideal gas, the
Gaussian distribution at the thermodynamic equilibrium at a
given T and H for both 3D and 2D skyrmion diameter
distribution can be written in the form

fo(Day) = Coy e BP0 0

where C,, is the normalization constant (in m™), kg is the
Boltzmann constant, a is a coefficient proportional to the
skyrmion energy curvature, A<Dgy> = Dgy — < Day >, Dy
the skyrmion diameter, and <Dg,> the average skyrmion
diameter with <Dg,> = <Dy, (T)>.

Owing to the mentioned analogy, it is useful to relate the diameter
distribution depending on T and H to skyrmion’s thermodynamic
entropy as occurs for the thermodynamic entropy of an ideal gas.
Regarding this, it is important to note that the main source of
entropy for domains forming in ferromagnets is represented by spin
waves (or magnons). Recently, it has been found that the source of
entropy and free energy for a domain and a domain wall (DW) in a
magnetic nanowire is due to thermally activated magnons [50]. In
this system, it has been demonstrated that the larger domain wall
entropy is due to the increase in the magnon density of states at low
energy, and the driving force allowing DW propagation under a
temperature gradient towards the hotter region is the
thermodynamic entropy itself. Under this condition, the system
evolves toward a state that lowers its free energy by exploiting DW’s
larger entropy [50]. The DW movement toward a hotter region
driven by thermal gradients has also been proved in
antiferromagnets and can be understood by means of the
minimization of the free energy [51]. Also, the main source of
the configurational entropy of a classical Néel magnetic skyrmion
has been attributed to the thermal-breathing mode, a type of spin
wave as observed in micromagnetic simulations [7].

The configurational entropy at thermodynamic equilibrium
related to a classical Néel magnetic skyrmion diameter
distribution was computed, at each T and H, as the
Gibbs-Boltzmann’s ~ statistical thermodynamic entropy, a
quantity proportional to the statistical average Hy = <Infy>,
the Boltzmann order function at thermodynamic equilibrium,
namely as S = —kg Ho with S = S(T) [7-9]. This entropy is the
generalization of the Boltzmann entropy when the microstates of
the statistical ensemble are not equiprobable. For a 2D skyrmion
diameter population, after performing the statistical average H,
within the continuous limit, it takes the form [8]

oo

S= _kBﬂJstkstkny(Dsky) ln(fOl (Dsky))-

0

2

Here, fo1 (Dgy) = fo<Agy> with <Agy> =1/4 m <Dg>> the
average skyrmion area and S > 0 (in J/K). The Gaussian
distribution f, is the one that realizes the largest
thermodynamic entropy according to the maximum entropy
principle. In turn, <Dgy, (T)> = Doy, [1+ kg T/(2a DOSkyz)]
with Dogy = Dosiy(T) defined as the diameter at which the
total skyrmion energy attains its absolute minimum. In turn,
the value of Dogy strictly depends on the magnetic parameters

From Thermodynamics to Information

appearing as coefficients in the micromagnetic Hamiltonian
such as the exchange stiffness constant A, the interfacial
Dzyaloshinskii-Moriya ~ parameter D,  the
perpendicular anisotropy constant K, and on the external
magnetic field amplitude H. The statistical thermodynamic
entropy is also referred to as thermal entropy [52, 53] and is
an increasing monotonic function of T.

The information entropy (expressed in terms of the number
of bits) was calculated according to Jaynes’s information
framework [11-15] and taking into account Eq. 2. The use
of continuous variables was suggested by Jayne in [13, 14] and
was applied to the definition of information entropy in the
continuum case [15]. The information entropy (in bits) was
determined as the 2D statistical average of the information
content I (Dgiy) = —log, (for (Dsky)) (2 is the logarithm basis)
[6] and can be rewritten in the form

uniaxial

H, = ndiskypsky fo(Duy)I(Dyy)» 3)
0

with H; > 0.

Landauer’s limit is derived starting from the configurational
entropy and the corresponding information entropy. To create
bits of information, S must decrease passing from an initial
temperature T; to a final temperature Ty with Ty < T;. Starting
from Eq. 1 and using some logarithm rules, the entropy variation
AS=8(T=Ty)-S(T=T,)with S(T =Ty <S(T=T,) such that
AS < 0 can be written in a compact form as

foa(T = T,)fo =19
f(())l (T = Tf)fo(T=Tf) > (4)

AS = kBﬂ[Jstkstky 111(
0

where the dependence of f;; and f; on Dy, is omitted.
Analogously, the variation of the information entropy coded
by the magnetic skyrmion, AH; = H; (T = Ty) - H; (T = T})
with T¢ > T; (the temperature T appearing in Hj corresponds to
the temperature T; appearing in S and vice versa) and Hy (T = Tf)
> H; (T = T;) such that AH; >0 takes the form

oo

_ f01 (T = Ti)f” (T=T})
AH; = ”“stkstky 10g2<f01 (T = T ™0 ) | (5)
0

It is useful to introduce the corresponding thermodynamic
variation of information entropy by defining S; = kg H;. By
comparing Eqs 4, 5 and taking into account that S; = kg Hp,
Landauer’s limit can be derived. Indeed, substituting In (fy;) =
log, (fo1) In2 in Eq. 2 and comparing Eq. 2 with Eq. 3, one gets,
via AS; = kg AHj, AS = —AS; In2. The creation of 1 bit of
information leads to a variation AH; = 1 bit and to an
increment AS; = kg (units of 1 bit) yielding

AS = —kgIn 2. (6)

Therefore, Landauer’s limit corresponds to the lower limit of
the entropy lost in an observation as a result of the creation of 1
bit. In the present case, the thermodynamic entropy was lowered
to create 1 bit of information and the minimum energy,

Frontiers in Physics | www.frontiersin.org

84

February 2022 | Volume 10 | Article 769904


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Zivieri

From Thermodynamics to Information

A Thermal
bath
T
e | m}‘t\\\\\ )
LR LA, £
3 * 2 Q e ¢ ”’
»’»’»‘0’4”:’4"-‘ PRI RRK)
RAATI Y TS R E 23 1Y AL

diameters, Dgx,", Deky?, Dsiy®, @nd Dy,

FIGURE 2 | (A) Sketch of the ferromagnetic nanostructure (film) hosting a Néel magnetic skyrmion (outwardly magnetized and negative p = —1) regarded as a
closed thermodynamic system. The infinitesimal reversible exchange of entropy dS (6Q is the infinitesimal absorbed heat) between the thermal bath and the film at
temperature T and between the film and the skyrmion is indicated. dV is the infinitesimal skyrmion negentropy, and dHj is the infinitesimal information entropy. (B) The
sampling of the skyrmions’ diameter distribution at T = 300 K and pgH = O0mT via the assignment of the 4-bit configurations 00, 01, 10, and 11 to the skyrmion
respectively. For the parameters used [6], H, =
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2 bits and the number of bit configurations is 4.

E = —kzTIn2, (7)

was subtracted from the system. The amount of energy is the
minimal work W = — kg T'ln 2 (W < 0) that must be extracted to
create 1 bit of information, as established by Landauer’s
principle. This is a different case with respect to that was
considered by Landauer for which the logical irreversibility
implies the thermodynamic irreversibility. The information
coding by a magnetic skyrmion can be regarded as a
thermodynamically reversible process. By introducing the
negentropy, the entropic equivalent of degradation of energy
[18], namely N = =S (N <0 and S >0) and AN = —AS >0 being
AN=N(T=T)-N(T=T),N(T=Tp <0and N(T=T;) <0
but N (T =Ty > N (T = T;) we get

AN = kgln2. (8)

Therefore, Landauer’s limit can be regarded as the negentropy
acquired by the system.

THE BRILLOUIN’S NEGENTROPY SECOND
PRINCIPLE OF THERMODYNAMICS FOR A
MAGNETIC SKYRMION

According to the second principle of thermodynamics, a
magnetic system moves towards a state with a larger entropy
or lower free energy [50]. The magnetic skyrmion’s Helmholtz
free energy, viz. F = <E > — T S with <E > = <E (T)> the average
skyrmion energy, in the absence of an external magnetic field,
diminishes with increasing T and attains a minimum at the upper
limit of the region of metastability at T = 300 K. With the
magnetic parameters used (see the following section), F = 5.5
107%°J at T = 150K [9] corresponds to 1 bit of information.
Here, the generalized second principle of thermodynamics for
a closed thermodynamic system such as a magnetic skyrmion in
terms of Brillouin’s negentropy principle AS;,; = AS — AS; > 0 is
discussed [18]. Therefore, the total entropy S, of a magnetic
skyrmion does not decrease. In particular, AS;o; = Sior £ — Stot i 18

the total entropy variation from the initial state i to the final state
f, and AS = §; -S§; >0 is the variation of the thermal entropy from
the initial state to the final state (by the convention of an opposite
sign with respect to that in Eq. 4), while AS; = Sz —Sj; > 0 is the
increment of information entropy in thermodynamic units owing
to the creation of bits of information. By introducing the
negentropy variation AN = —AS < 0, the generalized second
principle of thermodynamics is expressed in terms of Brillouin’s
negentropy

A(N +8;)<0. 9)

Eq. 9 expresses thermodynamic reversibility when A(N + §;) =
0, viz. AN = —AS; but it does not state that physical reversibility
necessarily implies logical reversibility.

NEW PERSPECTIVES IN INFORMATION
THEORY: THE SKYRMION UNIT

In this section, new perspectives in information theory based on
the use of the magnetic skyrmion as a unit of information entropy
are outlined [6, 8].

The Role of the Sender and the Receiverina

Data Communication System

In a data communication system, it is crucial to understand how
the information from the sender allows an amount of negentropy
N to get converted into information entropy Hp. This occurs
because the sender sends to the magnetic skyrmion a binary input
of amplitude 2" where n is the number of bits of information
entropy. This binary input might be regarded in a way similar to a
light input interacting with matter (e.g., a laser source), and
this interaction with the skyrmion allows rewriting its
thermodynamic configuration and its corresponding entropy.
For example, for n 2 bits, there are g 4 binary
configurations [6] that refer to an average skyrmion diameter
< Dgy> and to the average entropy S according, for instance, to
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the s_ampling: 00— Dskyl, 01 — Dskyz, 10 — Dsky3, 11— Dsky4 with
Dy (j = 1,2,3,4). This means that the jth binary configuration
fixes the thermodynamic configuration corresponding to the jth
entropy density s(Diky) =-kgfo (Diky) In(fo (Diky)). This is
accomplished by viewing the sender involved in a “writing”
operation linking the jth binary configuration to the jth
entropy density s(ngY). The general effect of these subsequent
reading operations is accounted in the calculation of a statistical
average corresponding to S. The entropy cost of this operation is
AN = — AS < 0 (dN = —dS), an entropy source employed as a
reservoir for increasing the information entropy which causes a
variation AS; > 0 (dS; > 0) that, in bit units, is AH; > 0 (dH; > 0)
(see Figure 2A). If the process is reversible AN = —ASy, while if it is
irreversible AN < -AS; (Eq. 9). Figure 2B shows the
binary-thermodynamic correspondence in terms of signal
sampling for a 2D MB population of magnetic skyrmion

diameters of the form d”l”

Dy
300K and uoH = OmT with dn/dDyy, the number of
diameters ranging between Dy, and Dgy + dDgy, Cyy the
normalization constant (in m~2). In the numerical calculations
performed for ferromagnetic dot/heavy metal systems (e.g., Co/
Pt), we employed the following geometric and magnetic
parameters: dot radius R = 200 nm and Co thickness ¢ = 0.8
nm, M (T=0K)=6.0x 10> A/m, A (T=0K)=2.0x10""" J/m,
D (T=0K)=3.0x10"°J/m? and K, (T = 0K) = 0.6 x 10°J/m’
[6-9, 54]. A, D, and K, were scaled from their zero temperature
values at non-zero temperature by using scaling laws [54]. For the
parameters used, a = 0.71 x 107° J/m?, Doy = 81.28 nm, and
n =2. The coded information is read by the receiver as a sequence
of 4 binary configurations (00, 01, 10, 11), the binary
interpretation of the negentropy resulting from the
information entropy. The receiver consists of a binary
sensor made by binary inputs enabling to read the discrete
signal corresponding to a sequence of binary configurations
assigned to a given entropy density. This coding has the
considerable advantage to potentially create more bits for
an equal number of skyrmions. The employment of 4
magnetic skyrmions heated at room temperature could lead

—2_(Dygy=Dosiy )
:Cskstkye 75T (Psiy=Dosiy) at T =

REFERENCES

1. Fert A, Cros V, Sampaio J. Skyrmions on the Track. Nat Nanotech (2013) 8:
152-6. doi:10.1038/nnano.2013.29

2. Fert A, Reyren N, Cros V. Magnetic Skyrmions: Advances in Physics and
Potential Applications. Nat Rev Mater (2017) 2:17031. doi:10.1038/
natrevmats.2017.31

3. Miiller J. Magnetic Skyrmions on a Two-Lane Racetrack. New ] Phys (2017) 19:
025002. doi:10.1088/1367-2630/aa5b55

4. ZhangX, Zhou Y, Mee Song K, Park T-E, Xia J, Ezawa M, et al. Skyrmion-
electronics: Writing, Deleting, reading and Processing Magnetic
Skyrmions toward Spintronic Applications. J Phys Condens Matter
(2020) 32:143001. doi:10.1088/1361-648X/ab5488

5. Psaroudaki C, Panagopoulos C. Skyrmion Qubits: A New Class of
Quantum Logic Elements Based on Nanoscale Magnetization. Phys
Rev Lett (2021) 127:067201. doi:10.1103/PhysRevLett.127.0672010.
1103/PhysRevLett.127.067201

6. Zivieri R. Magnetic Skyrmions as Information Entropy Carriers. IEEE
Trans Magn (2022) 58:1500105. doi:10.1109/TMAG.2021.3092693

From Thermodynamics to Information

to the coding of 1 byte of information which represents a unit
of computer information and g = 256 binary configurations.

CONCLUSION

In this study, the interplay between thermodynamics and
information occurring in easily manipulated magnetic
skyrmions forming in magnetic nanostructures was discussed.
It has been proved that Landauer’s limit for a magnetic skyrmion
can be expressed in terms of negentropy variation. It has been
shown that the interchange between thermodynamic entropy and
information entropy to create bits of information occurs by using
a reservoir of negentropy that fulfills Brillouin’s negentropy
second principle of thermodynamics. This type of coding
information based on the information entropy could be
employed in prospect for improving data transmission.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

RZ conceived the theme, developed the physical ideas, and
suggested the applications based on the relation between
thermodynamics and information for magnetic skyrmions.

ACKNOWLEDGMENTS

The author acknowledges support from Gruppo Nazionale per
la Fisica Matematica (GNFM) and Istituto Nazionale di Alta
Matematica (INdAM) “F. Severi.”

7. Zivieri R, Tomasello R, Chubykalo-Fesenko O, Tiberkevich V, Carpentieri M,
Finocchio G. Configurational Entropy of Magnetic Skyrmions as an Ideal Gas.
Phys Rev B (2019) 99:174440. doi:10.1103/PhysRevB.99.174440

8. Zivieri R. Statistical Properties and Configurational Entropy of a Two-Dimensional
Néel Magnetic Skyrmions Population. Appl Sci (2020) 10:352. doi:10.3390/
app10010352

9. Zivieri R. Statistical Thermodynamics of Chiral Skyrmions in a Ferromagnetic

Material. Materials (2019) 12:3702. doi:10.3390/mal2223702

Zivieri R, Chubykalo-Fesenko O. Static Properties of Magnetic Skyrmions, Chapt. 6.

In: G Finocchio C Panagopoulus, editors. Magnetic Skyrmions and Their

Applications. Sawston: Woodhead Publishing Series in Electronic and Optical

Materials (2021). p. 181-231. doi:10.1016/b978-0-12-820815-1.00010-9

Shannon CE. A Mathematical Theory of Communication. Bell Syst Tech ]

(1948) 27:379-423. d0i:10.1002/j.1538-7305.1948.tb01338.x

Shannon CE, Weaver W. The Mathematical Theory of Communication.

Urbana, IL, USA: University of Illinois Press (1949).

Jaynes ET. Information Theory and Statistical Mechanics. Phys Rev (1957) 106:

620-30. doi:10.1103/PhysRev.106.620

Jaynes ET. Information Theory and Statistical Mechanics. II. Phys Rev (1957)

108:171-90. doi:10.1103/physrev.108.171

10.

11.

12.

13.

14.

Frontiers in Physics | www.frontiersin.org

86

February 2022 | Volume 10 | Article 769904


https://doi.org/10.1038/nnano.2013.29
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1038/natrevmats.2017.31
https://doi.org/10.1088/1367-2630/aa5b55
https://doi.org/10.1088/1361-648X/ab5488
https://doi.org/10.1103/PhysRevLett.127.0672010.1103/PhysRevLett.127.067201
https://doi.org/10.1103/PhysRevLett.127.0672010.1103/PhysRevLett.127.067201
https://doi.org/10.1109/TMAG.2021.3092693
https://doi.org/10.1103/PhysRevB.99.174440
https://doi.org/10.3390/app10010352
https://doi.org/10.3390/app10010352
https://doi.org/10.3390/ma12223702
https://doi.org/10.1016/b978-0-12-820815-1.00010-9
https://doi.org/10.1002/j.1538-7305.1948.tb01338.x
https://doi.org/10.1103/PhysRev.106.620
https://doi.org/10.1103/physrev.108.171
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Zivieri

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Jaynes ET. Prior Probabilities. IEEE Trans Syst Sci Cybern (1968) 4:227. doi:10.
1109/TSSC.1968.300117

Szilard L. tber die Entropieverminderung in einem thermodynamischen
System bei Eingriffen intelligenter Wesen. Z Physik (1929) 53:840-56.
doi:10.1007/BF01341281

Szilard L. On the Decrease of Entropy in a Thermodynamic System by the
Intervention of Intelligent Beings. Syst Res (1964) 9:301-10. doi:10.1002/bs.
3830090402

Brillouin L. The Negentropy Principle of Information. ] Appl Phys (1953) 24:
1152-63. doi:10.1063/1.1721463

Brillouin L. Maxwell’s Demon Cannot Operate: Information and Entropy.
IJournal Appl Phys (1951) 22:334-7. doi:10.1063/1.1699951

Brillouin L. Physical Entropy and Information. II. J Appl Phys (1951) 22:
338-43. d0i:10.1063/1.1699952

Brillouin L. Information Theory and Most Efficient Codings for
Communication or Memory Devices. J Appl Phys (1951) 22:1108-11.
doi:10.1063/1.1700116

Brillouin L. Negentropy and Information in Telecommunications, Writing,
and Reading. ] Appl Phys (1954) 25:595-9. doi:10.1063/1.1721696

Brillouin L. Science and Information Theory. Cambridge, USA: Academic Press
(1956).

Landauer R. Irreversibility and Heat Generation in the Computing Process.
IBM ] Res Dev (1961) 5:183-91. doi:10.1147/rd.53.0183

Landauer R. Information Is Physical. Phys Today (1991) 44:23-9. doi:10.1063/
1.881299

Landauer R. Dissipation and Noise Immunity in Computation and
Communication. Nature (1988) 335:779-84. d0i:10.1038/335779a0
Landauer R. The Physical Nature of Information. Phys Lett A (1996) 217:
188-93. doi:10.1016/0375-9601(96)00453-7

Bennett CH. Logical Reversibility of Computation. IBM ] Res Dev (1973) 17:
525-32. doi:10.1147/rd.176.0525

Bennett CH. The Thermodynamics of Computation: a Review. Int ] Theor Phys
(1982) 21:905-40. doi:10.1007/BF02084158

Shizume K. Heat Generation Required by Information Erasure. Phys Rev E
(1995) 52:3495-9. doi:10.1103/PhysRevE.52.3495

Earman J, Norton JD. EXORCIST XIV: The Wrath of Maxwell’s Demon. Part
II. From Szilard to Landauer and beyond. Stud Hist Philos Sci B: Stud Hist
Philos Mod Phys (1999) 30:1-40. doi:10.1016/S1355-2198(98)00026-4
Piechocinska B. Information Erasure. Phys Rev A (2000) 61:062314. doi:10.
1103/PhysRevA.61.062314

Frank MP. The Physical Limits of Computing. Comput Sci Eng (2002) 4:16-26.
doi:10.1109/5992.998637

Wang GM, Sevick EM, Mittag E, Searles DJ, Evans DJ]. Experimental
Demonstration of Violations of the Second Law of Thermodynamics for
Small Systems and Short Time Scales. Phys Rev Lett (2002) 89:05060.
doi:10.1103/PhysRevLett.89.050601

Bennett CH. Notes on Landauer’s Principle, Reversible Computation and
Maxwell’s Demon. Stud Hist Philos M P (2002) 34:501-10. doi:10.1016/S1355-
2198(03)00039-X

Maroney OJE. The (Absence of a) Relationship between Thermodynamic and
Logical Reversibility. Stud Hist Philos Sci Part B: Stud Hist Philos Mod Phys
(2005) 36:355-74. doi:10.1016/j.shpsb.2004.11.006

Norton JD. Eaters of the lotus: Landauer’s Principle and the Return of
Maxwell’s Demon. Stud Hist Philos Sci Part B: Stud Hist Philos Mod Phys
(2005) 36:375-411. doi:10.1016/j.shpsb.2004.12.002

Sagawa T, Ueda M. Minimal Energy Cost for Thermodynamic Information
Processing: Measurement and Information Erasure. Phys Rev Lett (2009) 102:
250602. doi:10.1103/PhysRevLett.102.250602

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

From Thermodynamics to Information

Dillenschneider R, Lutz E. Memory Erasure in Small Systems. Phys Rev Lett
(2009) 102:210601. doi:10.1103/PhysRevLett.102.210601

Vaccaro JA, Barnett SM. Information Erasure without an Energy Cost. Proc R
Soc A (2011) 467:1770-8. doi:10.1098/rspa.2010.0577

Pop E. Energy Dissipation and Transport in Nanoscale Devices. Nano Res
(2010) 3:147-69. doi:10.1007/s12274-010-1019-z

Norton JD. Waiting for Landauer. Stud Hist Philos Sci Part B: Stud Hist Philos
Mod Phys (2011) 42:184-98. doi:10.1016/].SHPSB.2011.05.002

Bérut A, Arakelyan A, Petrosyan A, Ciliberto S, Dillenschneider R, Lutz E,
et al. Experimental Verification of Landauer’s Principle Linking
Information and Thermodynamics. Nature (2012) 483:187-9. doi:10.
1038/nature10872

Sagawa T. Thermodynamic and Logical Reversibilities Revisited. ] Stat Mech
(2014) 2014:P03025. doi:10.1088/1742-5468/2014/03/P03025

Jun Y, Gavrilov M, Bechhoefer J. High-Precision Test of Landauer’s Principle
in a Feedback Trap. Phys Rev Lett (2014) 113:190601. doi:10.1103/
PhysRevLett.113.190601

Hong ], Lambson B, Dhuey S, Bokor J. Experimental Test of Landauer’s
Principle in Single-Bit Operations on Nanomagnetic Memory Bits. Sci Adv
(2016) 2:€1501492. doi:10.1126/sciadv.1501492

Wolpert DH. The Stochastic Thermodynamics of Computation. J Phys A:
Math Theor (2019) 52:193001. doi:10.1088/1751-8121/ab0850

Wang XS, Yuan HY, Wang XR. A Theory on Skyrmion Size. Commun Phys
(2018) 1:31. doi:10.1038/s42005-018-0029-0

Wu H, Hu X, Jing K, Wang XR. Size and Profile of Skyrmions in Skyrmion
Crystals. Commun Phys (2021) 4:210. doi:10.1038/s42005-021-00716-y
Wang XS, Wang XR. Thermodynamic Theory for thermal-gradient-driven
Domain-wall Motion. Phys Rev B (2014) 90:014414. doi:10.1103/PhysRevB.90.
014414

Selzer S, Atxitia U, Ritzmann U, Hinzke D, Nowak U. Inertia-Free Thermally
Driven Domain-Wall Motion in Antiferromagnets. Phys Rev Lett (2016) 117:
107201. doi:10.1103/PhysRevLett.117.107201

Simon F. On the Third Law of Thermodynamics. Physica (1937) 4:1089-96.
doi:10.1016/50031-8914(37)80205-0

Feistel R. Distinguishing between Clausius, Boltzmann and Pauling Entropies
of Frozen Non-equilibrium States. Entropy (2019) 21:799. doi:10.3390/
€21080799

Tomasello R, Guslienko KY, Ricci M, Giordano A, Barker ], Carpentieri M,
et al. Origin of Temperature and Field Dependence of Magnetic Skyrmion Size
in Ultrathin Nanodots. Phys Rev B (2018) 97:060402. doi:10.1103/physrevb.97.
060402

Conflict of Interest: The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zivieri. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Physics | www.frontiersin.org

87

February 2022 | Volume 10 | Article 769904


https://doi.org/10.1109/TSSC.1968.300117
https://doi.org/10.1109/TSSC.1968.300117
https://doi.org/10.1007/BF01341281
https://doi.org/10.1002/bs.3830090402
https://doi.org/10.1002/bs.3830090402
https://doi.org/10.1063/1.1721463
https://doi.org/10.1063/1.1699951
https://doi.org/10.1063/1.1699952
https://doi.org/10.1063/1.1700116
https://doi.org/10.1063/1.1721696
https://doi.org/10.1147/rd.53.0183
https://doi.org/10.1063/1.881299
https://doi.org/10.1063/1.881299
https://doi.org/10.1038/335779a0
https://doi.org/10.1016/0375-9601(96)00453-7
https://doi.org/10.1147/rd.176.0525
https://doi.org/10.1007/BF02084158
https://doi.org/10.1103/PhysRevE.52.3495
https://doi.org/10.1016/S1355-2198(98)00026-4
https://doi.org/10.1103/PhysRevA.61.062314
https://doi.org/10.1103/PhysRevA.61.062314
https://doi.org/10.1109/5992.998637
https://doi.org/10.1103/PhysRevLett.89.050601
https://doi.org/10.1016/S1355-2198(03)00039-X
https://doi.org/10.1016/S1355-2198(03)00039-X
https://doi.org/10.1016/j.shpsb.2004.11.006
https://doi.org/10.1016/j.shpsb.2004.12.002
https://doi.org/10.1103/PhysRevLett.102.250602
https://doi.org/10.1103/PhysRevLett.102.210601
https://doi.org/10.1098/rspa.2010.0577
https://doi.org/10.1007/s12274-010-1019-z
https://doi.org/10.1016/J.SHPSB.2011.05.002
https://doi.org/10.1038/nature10872
https://doi.org/10.1038/nature10872
https://doi.org/10.1088/1742-5468/2014/03/P03025
https://doi.org/10.1103/PhysRevLett.113.190601
https://doi.org/10.1103/PhysRevLett.113.190601
https://doi.org/10.1126/sciadv.1501492
https://doi.org/10.1088/1751-8121/ab0850
https://doi.org/10.1038/s42005-018-0029-0
https://doi.org/10.1038/s42005-021-00716-y
https://doi.org/10.1103/PhysRevB.90.014414
https://doi.org/10.1103/PhysRevB.90.014414
https://doi.org/10.1103/PhysRevLett.117.107201
https://doi.org/10.1016/s0031-8914(37)80205-0
https://doi.org/10.3390/e21080799
https://doi.org/10.3390/e21080799
https://doi.org/10.1103/physrevb.97.060402
https://doi.org/10.1103/physrevb.97.060402
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Advantages
of publishing
In Frontiers

o

OPEN ACCESS

Articles are free to read
for greatest visibility
and readership

90

FAST PUBLICATION

Around 90 days
from submission
to decision

L

HIGH QUALITY PEER-REVIEW
Rigorous, collaborative,
and constructive
peer-review

TRANSPARENT PEER-REVIEW
Editors and reviewers
acknowledged by name
on published articles

Frontiers
Avenue du Tribunal-Fédéral 34
1005 Lausanne | Switzerland

Visit us: www.frontiersin.org
Contact us: frontiersin.org/about/contact

OO

REPRODUCIBILITY OF
RESEARCH

Support open data
and methods to enhance
research reproducibility

E

DIGITAL PUBLISHING
Articles designed
for optimal readership
across devices

uil

IMPACT METRICS

Advanced article metrics
track visibility across
digital media

FOLLOW US
@frontiersin

EXTENSIVE PROMOTION
Marketing
and promotion
of impactful research

©

LOOP RESEARCH NETWORK
Our network
increases your
article’s readership



http://www.frontiersin.org/

	Cover

	Frontiers eBook Copyright Statement
	Generation, Detection and Manipulation of Skyrmions in Magnetic Nanostructures

	Table of Contents
	Editorial: Generation, detection and manipulation of skyrmions in magnetic nanostructures
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References

	Magnetic Domain Structure in Ferromagnetic Kagome Metal DyMn6Sn6
	Introduction
	Materials and Methods
	Results and Discussions
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References

	Pinning Effects of Exchange and Magnetocrystalline Anisotropies on Skyrmion Lattice
	1 Introduction
	2 Model
	3 Results and Discussion
	4 Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References

	Control of Néel-type Magnetic Kinks Confined in a Square Nanostructure by Spin-Polarized Currents
	1 Introduction
	2 Model and Simulation Methods
	3 Simulation Results
	3.1 Size Effect of Nanostructures on the Magnetic Structures
	3.2 Néel-Type Magnetic Kinks
	3.3 Generation and Switching of Kinks by In-Plane Current Pulse
	3.4 Annihilation and Creation of Kinks by In-Plane Current Pulses
	3.5 Manipulation of Kinks by Out-of-Plane Current Pulse

	4 Discussion and Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References

	Magnetic Skyrmion Generation by Reflective Spin Wave Focusing
	1 Introduction
	2 Analytical Model
	3 Numerical Results and Discussions
	4 Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References

	Suppression of Skyrmion Hall Motion in Antiferromagnets Driven by Circularly Polarized Spin Waves
	Introduction
	Model and Method
	Results and Discussion
	Summary
	Data Availability Statement
	Author Contributions
	Funding
	References

	Skyrmion-Antiskyrmion Racetrack Memory in Rank-One DMI Materials
	1 Introduction
	2 Models and Methods
	2.1 Atomistic Heisenberg Model and Model Parameters
	2.2 Atomistic Spin Dynamics Simulations of Current-Driven Skyrmion and Antiskyrmion Propagation and Minimum Energy Paths

	3 Results
	3.1 Energy Barriers of Single Particles
	3.2 Interaction Energies Between Two Particles
	3.3 Motion of Skyrmions and Antiskyrmions Under the Effect of SOT

	4 Discussion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References

	Fluctuations and Pinning for Individually Manipulated Skyrmions
	1 Introduction
	2 Simulation and System
	3 Results
	4 Summary
	Data Availability Statement
	Author Contributions
	Funding
	References

	Confinement of Magnetic Skyrmions to Corrals of Artificial Surface Pits with Complex Geometries
	Introduction
	Materials and Methods
	Bulk Polycrystal Preparation
	Thin-Plate Specimen Preparation
	DPC STEM Experiments
	Surface-Pit Corral Fabrication

	Results and Discussions
	Room-Temperature Skyrmion Lattice in a Thin Plate of Co8Zn8Mn4
	Skyrmion States Confined to Surface-Pit Corrals with Simple Geometries
	Skyrmion States Confined to Surface-Pit Corrals with a Complex Geometry
	Skyrmion States Confined to Surface-Pit Corrals with a More Complex Geometry
	Zero-Field Skyrmionium Spin Textures Confined to Surface-Pit Corrals with the Olympic Symbol Geometry

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References

	From Thermodynamics to Information: Landauer’s Limit and Negentropy Principle Applied to Magnetic Skyrmions
	Introduction
	Negentropy and Landauer’s Limit for a Magnetic Skyrmion
	The Brillouin’s Negentropy Second Principle of Thermodynamics for a Magnetic Skyrmion
	New Perspectives in Information Theory: The Skyrmion Unit
	The Role of the Sender and the Receiver in a Data Communication System

	Conclusion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	References

	Back Cover




