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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
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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) - Z D;; - (Si X Sj) + ZKL (Si-€)% (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 D;;®R;;, (2)
<ijy

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,

dsi eff eff

s .S x HYY =y aGS; x (Si x H ) +y. T 3)
were S; = p;/p; are normalized magnetic moments located at a
lattice site i, y, HST = —0H/S; is the static effective magnetic field
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acting on spin S;, y = gug/h represents the gyromagnetic ratio,
¥ = 9/ (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, H; 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 IdetSPI = 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) S 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, i.e., 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 g,
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 —ySi x H + 0§, x as; +y1()Si x (S xSP).  (5)

dt

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) Xp = 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 f3 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€, 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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