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Magnetic skyrmions and their antiparticles, the antiskyrmions, are stable magnetic solitons existing down
to the nanometer scale. Their stability and size as well as the possibility to propel them by, e.g., electric
currents make them promising candidates for use in memory devices, such as racetrack memories. Skyrmions
and antiskyrmions share those same advantages individually, but may annihilate each other when they coexist in
the same device. Yet, combining them to represent logical bits of O (skyrmion) and 1 (antiskyrmion) in one device
opens new possibilities to create new types of densely packed racetrack memory devices. For this, a controlled
creation and annihilation procedure, i.e., a writing or deletion operation, is necessary. Here, we propose a method
to create arbitrary sequences of coexisting skyrmions and antiskyrmions by rotations of the magnetic moments at
the edge of a rectangular slab. The skyrmions and antiskyrmions remain stable and do not annihilate each other.

DOLI: 10.1103/PhysRevB.106.014421

I. INTRODUCTION

Magnetic skyrmions (SKs) are promising candidates for
reliable, energy efficient, and high density data storage [1] in
the form of racetrack memory elements [2,3]. Skyrmions and
their antiparticles, the antiskyrmions (ASKs) [4-6], are mag-
netic solitons which may appear on a nanometer scale while
remaining surprisingly stable [7]. This stability is typically
well explained by topological arguments [8], even though
the necessary continuous transformations are not possible
on a physical atomic lattice [9]. In particular, the phenom-
ena of SK creation or annihilation are beyond the scope of
the static concept of topology. Thus, these processes have
to be discussed theoretically by energy considerations [10]
or computational simulations [11]. In recent years, several
creation mechanisms were found or predicted, such as re-
versible creation/annihilation by local spin current injection
[12], electric fields [13,14], or edge manipulation [15]. It
is also possible to create SKs by in-plane currents [16,17],
out-of-plane currents [18], spin waves [19], lasers [20-22], or
geometric constraints [23].

The creation of SKs obviously lays the foundation for SK
based devices, but a precise control over the SK dynamics
remains as important. Particularly for the use of racetrack
devices, SKs are typically moved by electrical currents [24]
while also magnetic fields [25,26] or an edge-induced pushing
[15] may be used. Notable obstacles for precise SK dynamics
in terms of technical usability are the topological SK Hall ef-
fect [27-29] or material impurities [30,31]. It is also important
to spatially separate the logical bits within a memory device
which lead to the proposal of two-lane racetracks [3,29,32]
or the simultaneous use of two different data carriers as
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domain walls and SKs [15]. Antiskyrmions would be natural
candidates to complement SKs in a two-species racetrack as
they share the same advantages, such as stability, mobility,
and small size. This, however, imposes the question of how to
create ASKs in a controlled manner.

Theoretically, an ASK is not fundamentally different from
a SK in terms of creation. Actually, a creation process often
involves metastable SK-ASK pairs, where one partner de-
cays due to dissipation and the other remains [16,17]. The
creation of coexisting stable SKs and ASKs, however, is
difficult because materials including Dzayloshinskii-Moriya
interactions (DMI) are mostly known to host either SKs or
ASKs, depending on the DMI [33]. The energetic equivalence
is only predicted for one-dimensional DMI [33]. Coexisting
lattices of SKs and ASKs were reported for a small temper-
ature pocket in Heusler compounds [34]. Furthermore, the
creation of both SKs and ASKs by local heating in dipolar
magnets has been numerically simulated [22]. However, both
of these processes rely on the stochastic formation of SKs and
ASKSs not bearing any control of which species is created.
By anisotropy design, a controlled creation of SKs and ASKs
can be achieved at fixed positions [35], preventing, however,
any mobility of the data carriers, which may be an important
disadvantage for the design of memory devices.

In this work, we propose a method for the controlled cre-
ation of coexisting mobile SKs and ASKs. This allows for
the writing and deletion of arbitrary sequences of densely
packed SKs and ASKs, which may be efficiently used in race-
track devices. We consider magnetic systems with anisotropic
DMI and numerically simulate their dynamics by solving the
Landau-Lifshitz-Gilbert equation. Hereby, we show that both
magnetic species can be created by a rotation of the edge
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magnetization, where the sense of rotation determines which
quasiparticle species is formed. Finally, we discuss parameter
regimes where this rotation scheme is feasible.

This work is organized as follows. In Sec. II, we intro-
duce our model, a magnetic lattice with nearest-neighbor
interactions, and the Landau-Lifshitz-Gilbert equation used
to compute the time evolution. In Sec. III, we propose a
creation scheme for SKs and ASKs in the same material with a
given one-dimensional DMI, relying on a rotation of the edge
magnetization. Further, we extend the discussion in Sec. IV to
the creation of an array of coexisting mobile SKs and ASKs.
In Sec. V, we show that the presented schemes work beyond a
one-dimensional DMI. Finally, we present our conclusion and
outlook in Sec. VI.

II. MODEL

We consider an N, x N, magnetic square lattice of normal-
ized magnetic moments n.(¢) with ferromagnetic boundaries
Dyeegge(f) = —1. All interactions are collected in the atomistic
lattice Hamiltonian

H=-— Jan . (l‘lr.q.gfc + nr+aﬁ)
r
~B.Y -k ()
r r

— ) [De(0p X Dy ygg) - £ — Dy(e X Meye) - 91 (1)
r
To be specific, we consider interaction parameters of
PdFelr(111) adapted to a square lattice [15,36] and with
an adapted DMI. That corresponds to the exchange in-
teraction strength for nearest neighbors J = 11.6 meV, the
DMI strengths |D,| < Dy and D, = 3.17meV, the magnetic
anisotropy K = 0.35meV, and the external magnetic field
strength B, = —0.261 meV.
We compute the time evolution of the system by solving
the extended Landau-Lifshitz-Gilbert equation [37-40]
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with a fourth-order Runge-Kutta method where « is the
damping constant, 8 the nonadiabaticity constant, y the gyro-

ff — nx(aneff)

magnetic ratio, and v, = % j the effective spin velocity with

the polarization p, the lattice constant a, the elementary charge

e > 0, and the in-plane electric charge current density j. The
: : 1 9H

effective field is Begr = — 7h n-

III. CREATION PROCESS OF SINGLE (ANTDHSKYRMIONS

The authors of Ref. [15] showed that, in systems with
isotropic DMI, i.e., D, = D,, itis possible to create coexisting
SKs and magnetic domain walls by a rotation of magnetic
moments at the edge. However, a racetrack design based
solely on skyrmionic quasiparticles promises smaller, more
mobile data carriers that are less prone to material impurities.
From Eq. (1) we find, that the DMI prefers twisted magnetic
structures with the part pertaining to D, favoring a rotation
in the lateral y direction and the one pertaining to D, in the

lateral x direction. Since the twist of the magnetization of a SK
and an ASK coincides only in one direction, they are usually
stabilized by different orientations of the DMI, as shown in
Fig. 1(a). ADMI with D,./D, > 0 favors a SK and a DMI with
D,/D, < 0 an ASK [41]. Thus, SKs and ASKs are typically
mutually exclusive. Only in the special case D, = 0or Dy, =0
are both species energetically equivalent [33].

For the actual creation process, we focus first on D, = 0
to have a strictly one-dimensional DMI. Then, the twist of the
magnetization of the (anti)skyrmion is only prescribed in the x
direction by the DMI as D, # 0, while it is not determined in
y direction by the DMI. This opens the possibility to imprint
a twist by the edge rotation. As discussed in Ref. [15], there
is a manifold of boundary rotations that can create SKs. Thus,
in real materials, the explicit rotation can be chosen as techni-
cally suitable and can be performed by, e.g., repeated current
pulses as in toggle magnetoresistive random access memory
or by a coupling to twisted magnetic microscopic structures.
For an extensive discussion of the possible implementations
of the rotation, we refer to a previous work [15]. Here, we use
a uniform rotation for simplicity which is given by

My (1) =0,
ny, (t) = £ sin(vt), 3)
néy, (t) = —cos(vt),

on a stripe of length w;,, = 15a at the start of the racetrack
geometry, as indicated in Fig. 1. Depending on the sense of
rotation of n)(7), a SK or an ASK is created. The existence
and speed of the specific creation process obviously depends
on several model parameters, where a detailed analysis of
these dependencies is beyond the scope of this work. A more
detailed discussion about possible rotation frequencies can be
found in Ref. [15]. Here, an exemplary creation process for
both species is shown in Fig. 2 for v = 2.78 GHz which yields
a creation in less than a nanosecond. As expected from the
results in Ref. [15], we also see in our current simulations
that the created species can be deleted by rotating again in
the backwards direction if the racetrack width N, is not too
large. For large Ny, a SK-ASK hybrid can be created during
the intended deletion process due to the large extension in the
y direction of the quasiparticle. If the species is not present, the
respective antiparticle is created by the backwards rotation. In
Fig. 2, we confined the wire in the y direction as it prevents
an elongation of the (anti)skyrmions which would occur due
to |D,| < Dy.

IV. CREATION PROCESS OF A
SKYRMION/ANTISKYRMION ARRAY

To store information with the help of SKs and ASKs in a
racetrack, a controlled creation, deletion, and propulsion of
both magnetic species in an arbitrary order is necessary. In a
pure SK system, an array of SKs can be created by repeating
the same rotation process [15]. Repulsive interactions between
the SKs shift the already created SKs along the wire during
each new creation process. However, the interaction between
SKs and ASKs depends on the orientation towards each other
and can be either repulsive or attractive [42,43]. An attractive
interaction usually leads to an annihilation of both species.
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FIG. 1. (a) Orientation of the DMI. For a fixed positive D,, a positive D, in Eq. (1) stabilizes a skyrmion (blue arrows) and a negative D,
an antiskyrmion (red arrows). We note that D, induces a twist in the lateral y direction, as D, does in the lateral x direction. (b) Schematic of
a SK creation by a rotation of a stripe of the edge magnetization (red arrows). Except for the rotated stripe of magnetization, the sample has
a boundary with parallel spin configuration (blue arrows). Depending on the sense of rotation a SK or ASK is created and afterwards pushed

along the racetrack.

In the setup presented here, SKs and ASKs repel each other
in the x direction while they would annihilate each other in
the y direction. As they are, in contrast to Ref. [15], created
at the long edge along the x axis, successively created SKs
and ASKSs would be positioned along the y axis and annihilate
each other. Thus, to successively create and stabilize SKs and
ASKs, the already created quasiparticles need to be moved
along the sample (x direction) before the next creation process
takes place. Here, we achieve this by applying a current along
the x direction while currentless racetrack realizations are also
possible (see the Appendix). To track the creation of SKs and
ASKs, we compute the topological charge

1 on  dn dxd 4
oz [ (Gg) e o

e e’
=q(x,y.t)

where g(x, y, t) is the topological charge density. Note that the
topological charge has to take integer values for ferromagnetic
boundary conditions, but is not restricted to this during the
rotation where the boundary conditions change. As SKs and
ASKs have a topological charge of opposite sign, the total

6 =90°

topological charge does only provide information about the
difference in the number of SKs and ASKs. We therefore
also consider Qs (Qask), Which is the sum over the negative
(positive) contributions of the topological charge density and
thus approximates the number of SKs (ASKs). Again, Qsk or
QOask do not have to take integer values as topological argu-
ments only hold for the total topological charge Q. However,
since the DMI leads to a repulsive interaction along the x
axis, the SKs and ASKs remain clearly separated which yields
values for Qsx or Qask reasonably close to integers when the
boundary magnetization is not tilted.

The creation protocol of eight SKs and ASKs is shown
in Fig. 3. Between each creation process a rotation break of
duration T = 130 ps is taken. During this break, a current of
vy, = —0.05 a/ps is applied in the x direction. For simplicity,
we consider 8 = o = 0.1 such that no SK Hall effect appears.
For an analysis of the effect of different values of B, see
the Appendix. After completing eight rotations, an array of
in total eight SKs and ASKs is stabilized in the sample, as
shown in Fig. 3(d). As mentioned above, a quasiparticle can
also be deleted at the edge with a rotated magnetization by
reversing the sense of rotation if the racetrack width N, is not

30 30

30 30

FIG. 2. Creation process of a skyrmion (top row) and an antiskyrmion (bottom row) at different rotation angles 6 = +vt. The different
signs of 0 reflect the different senses of rotation. The arrows depict the x-y orientation of the magnetization over the position, the z-component
is included via the color code. The edge magnetization is rotated with v = 2.78 GHz while D, = 0.
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FIG. 3. Creation protocol of a skyrmion-antiskyrmion array of
eight quasiparticles. (a) The time evolution of the y-component of
the rotated edge magnetization n,, [Eq. (3)] reflects the creation
processes of SKs (blue) and ASKs (red). (b) Between two creation
events a current pulse is applied to move the created quasiparticles
along the sample. (c) Evolution of the negative and positive topo-
logical charge contributions Qsi and Qasx, which count the number
of SKs and ASKs, respectively. Here, each change of the topological
charge corresponds to a creation process. After each creation process,
a plateau is reached at an integer value, indicating a stable number of
SKs and ASKs. (d) The spatial distribution of the topological charge
density at # = 3.8 ns depicts eight stable SKs and ASKs.

too large. The presented setup therefore allows for a controlled
creation, deletion and propulsion of SK-ASK arrays of arbi-
trary order. Additionally, this racetrack design does not rely
on voids between SKs as a logical “0” but on two different
quasiparticles. Thus, it does not suffer from the necessity to
keep two particles in a certain distance as conventional one-
lane racetracks relying on, e.g., SKs as information carriers
only [2]. The readout of SKs and ASKs is expected to be
possible with the help of the topological Hall effect [4,44] or
the noncollinear Hall effect [45].

V. TWO-DIMENSIONAL DMI

For a one-dimensional DMI, SKs, and ASKs are energet-
ically equivalent [33]. As soon as D, # 0, one of the two
quasiparticles becomes energetically favored. Even though the
DMI is subject to a certain tunability [46—48], the realiza-
tion of a strictly one-dimensional DMI would pose a hard
challenge. Instead, there are various materials that host an
anisotropic DMI with significant differences in the magnitude
of the components. One of them is Au/Co/W(100), where
Camosi et al. [48] measured a DMI ratio of 1:3. Next,
we show that the controlled creation of SKs and ASKs can
be achieved for D, # 0 as well. Figure 4 depicts the regime
where a SK-ASK array of five quasiparticles remains stable

SK-ASK
Regime

25 30 35 40 45 50

FIG. 4. Stability diagram of a skyrmion-antiskyrmion array of
five quasiparticles for different values of % and racetrack widths
N, forv =2.78 GHz, Tt = 150 ps, and vy, = —0.05 a/ps. In the “SK-
ASK Regime” an array of five quasiparticles can be stably inscribed
and moved along the racetrack. In the “SK Regime” (“ASK Regime”’)
ASKs (SKs) decay during the creation process or the propulsion.

for different contributions of D, and different sample widths,
where actually three of the five quasiparticles are of the ener-
getically unfavored type. We find that for a sufficiently large
sample width of N, > 40, an array of SKs and ASKs can be
stably created and moved, up to a DMI ratio of |%| = 0.6.

The stability regime is studied by considering the final number
of magnetic structures, when the simulation is performed long
enough that the array reaches an equilibrium position after the
creation and propulsion. We confirmed by additional calcu-
lations that the SK-ASK regime remains the same for longer
arrays. For smaller values of N, or larger ratios of |D,/D,|,
only one magnetic species can be stably inscribed. When D,
and Dy share the same sign, a SK regime appears, where SKs
can be created in a controlled manner, while ASKs decay
either within the creation process or during the current pulses.
For different signs of D, and D, the ASK is lowered in energy
and is the more stable configuration.

VI. CONCLUSION

We introduced a setup that allows for the controlled
creation, deletion, and propulsion of skyrmions and anti-
skyrmions in the same sample. Both magnetic species can
be stabilized in a system with a sufficiently anisotropic DMI.
The creation occurs by a rotation of the magnetization at
a part of the edge where the sense of rotation defines the
created species. By alternating the edge rotation and addi-
tionally applying current pulses, an array of skyrmions and
antiskyrmions can be created and moved along the sample.
A deletion process can be realized by a rotation of opposite
sense compared to the creation process as long as the accord-
ing particle is close to the rotating edge and the racetrack
width N, is not too large. We could show that the concept
is robust against deviations from a strictly one-dimensional
DMI allowing for an implementation in existing materials.
The controlled creation, deletion, and propulsion of skyrmions
and antiskyrmions yields the possibility of a racetrack de-
vice relying on two different species of quasiparticles. This
is in contrast to previously proposed hole-particle designs
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[2] where information is encoded only in the presence and
absence of one data carrier. Thus, the here-presented racetrack
design is more robust against positional fluctuations of the
data carriers and could be more densely packed.
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APPENDIX A: INFLUENCE OF THE SKYRMION
HALL EFFECT

Current driven (anti)skyrmions experience the skyrmion
Hall effect, see Refs. [8,28,49], which induces a motion
perpendicular to the direction of the applied current. This
sidewards motion is often undesired because it prevents a
movement of (anti)skyrmions along a straight line and can,
if too strong, even lead to a destruction of magnetic structures
at the edge, see Refs. [24,50]. In the main text, we consid-
ered B = «, such that no skyrmion Hall effect occurs [16].
As this condition is not met by most of the materials, we
study here the regime 8 # « to explore the robustness of the
proposed concept. Figure 5 depicts the stability regime of a
SK-ASK array in dependence on B and on the sample width
N,. With the same interaction parameters considered in the
main text and with taking D, = 0 and v = 150 ps, a ratio of
0.8 < B/a < 1.2 allows for the creation of a stable array for
nearly all sample widths. If 8 deviates too strongly from «,
the sidewards motion of (anti)skyrmions leads to a destruction
of the quasiparticles at the ferromagnetic boundary. When
pushed against the boundary, the (anti)skyrmions shrink be-
low a critical radius and decay. During the periods where no
current is applied (vy = 0), the (anti)skyrmions regrow to their
stable size. A fine-tuning of vy and t is expected to enlarge
the regime of 5 that allows for a stable SK-ASK propulsion.
Furthermore, a break during the current pulses, giving the
(anti)skyrmions time to recover their size, can increase the
regime of stability. It is also possible to use advanced material
engineering to avoid the skyrmion Hall effect entirely [29].

APPENDIX B: CURRENTLESS
SKYRMION-ANTISKYRMION RACETRACK

The skyrmion Hall effect can lead to limitations of the
proposed SK-ASK racetrack concept. In the following, we
introduce two currentless setups of the SK-ASK data stor-
age device which rely on the same basic elements, i.e., a
(anti)skyrmion creation by a rotation of the edge magnetiza-
tion and a stabilization due to anisotropic DMI, but which
work with an adapted creation protocol. The first concept
relies on the successive creation of SKs and ASKs at the short
edge of the racetrack. The second one realizes the simultane-

25 30 35 40
Ny,/a

FIG. 5. Stability diagram of an array of six SKs and ASKs (three
of each species) in dependence on the ratio of nonadiabaticity con-
stant 8 and damping constant o and the racetrack width N, for
a =0.1, T =150 ps and v; = —0.05 a/ps. If B deviates too much
from «, the resulting skyrmion Hall effect leads to a destruction of
the created quasiparticles at the edges during the current pulses.

ous creation of localized SKs and ASKs at various creation
areas.

1. Creation by Gaussian rotation

By a more sophisticated rotation scheme it is possible to
create SKs and ASKs at the short edge of the racetrack, as
indicated in Fig. 6(a). This has the advantage that SKs and
ASKs can, in analogy to the pure SK racetrack in Ref. [15],
push each other through the racetrack without a current due to
their repulsive interactions along the x direction. To allow for
the controlled creation of both magnetic species, the rotation
scheme needs to induce a tilt of the magnetic moments along
the y direction. The used rotation scheme is an adapted Gauss
rotation, discussed in the Supplemental Material of Ref. [15].
‘We take the inspiration for this rotation from the z component
of the profile of the magnetization of a SKs, which can be
approximately fitted by a Gauss function

2
m,(y) = —2exp [ — C%) ] +1,

where yy is the coordinate of the SK core, y the position of
the magnetic moments, and ¢ a measure for the width of
the Gauss function. The magnetization at the sample edge is
rotated around a spatially dependent rotation axis such that the
profile magnetization of SKs and ASKs is recovered after half
a rotation, as sketched in Fig. 6(b). The angle ¢ between the
initial position of the magnetic moments and the position after
half a rotation [Fig. 6(b)] is given by

2
cos¢p = —Zexp|:— (y ;yo) :| + 1.

For the creation of an ASK, the y component of the ro-
tation axis is mirrored n, — —n, according to the rotation
creating a SK. The rotation schemes then resemble the shift
of a (anti)skyrmion over the edge. Thus, a realization of these

(B

(B2)
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FIG. 6. (a) Schematic of currentless SK-ASK racetrack. The magnetization at the short edge (red region) is rotated according to Eq. (B2).
A successive creation of quasiparticles leads to a shift of the already created quasiparticles along the racetrack due to the repulsive interactions
along the x direction. (b) Schematic of the edge rotation scheme to create a SK (upper row) and an ASK (lower row). The edge magnetization
(black arrows) is rotated around the spatially dependent rotation axis (red arrows). Depicted are the magnetic moments n in their initial
configuration (dashed line) and after half a rotation (solid line) of period T'.

rotations could be a coupling to a movable stable SK in a
different neighboring layer. The rotation then is achieved by
a movement of the “seed SK” over the edge of the racetrack
part of the sample. This is analogous to a hard magnet writing
its information to a soft magnet.

2. Creation by multiple rotation areas

A second approach of a currentless SK-ASK data storage
device relies on multiple creation areas. The creation occurs
at multiple positions at the long edge, as shown in Fig. 7. The
edge magnetic moments are rotated by a uniform rotation,

introduced in the main text. In this concept, SKs and ASKs
are not supposed to move along the racetrack but to stay
positioned close to the creation and deletion area. This would
request a simultaneous initialization of the whole sample to
avoid drifts of the created quasiparticles. Then, the repulsive
interactions between SKs and ASKs along the x direction
fixes the position of each magnetic quasiparticle. Systematic
deletion and creation processes can alter the written data. In
contrast to the proposed racetrack concepts, this approach
does not rely on mobile data carriers during the writing pro-
cess. Of course, the data carriers could still be moved by a
current to the final read out area.

= Wrot

FIG. 7. Second concept of a currentless SK-ASK data storage device. The creation of the magnetic structures takes place at various
creation areas of width w, at the long edge of the sample. In between these creation areas, the boundary magnetic moments are fixed along
the —z-direction (blue arrows). Depending on the rotation sense a SK (blue) or an ASK (red) is created.
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