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We demonstrate the controlled generation and annihilation of (anti)skyrmions with tunable chirality in
magnetic heterostructures by means of micromagnetic simulations. By making use of magnetic (anti)vortices
in a patterned ferromagnetic layer, we stabilize (anti)skyrmions in an underlying skyrmionic thin film in a
reproducible manner. The stability of the (anti)skyrmion depends on the polarization of the (anti)vortex, whereas
their chirality is given by those of the (anti)vortices. We investigate the influence of geometric parameters such
as nanodisk radius and film thickness on the stability of the (anti)skyrmions. By introducing the interlayer
Dzyaloshinskii-Moriya interaction into our modeling, we predict that the same coupling mechanism works
also for chiral skyrmions. Furthermore, we demonstrate that the core coupling between the (anti)vortices and
(anti)skyrmions allows deleting and writing of spin objects in a controlled fashion by applying short pulses of
in-plane external magnetic fields or charge currents, representing a new key paradigm in skyrmionic devices.

DOI: 10.1103/PhysRevB.108.134401

I. INTRODUCTION

Magnetic textures with nontrivial magnetization states
have been intensively researched since the first discovery of
skyrmions [1-4]. The skyrmions are local whirls in the out-
of-plane magnetization. The most common way to stabilize
skyrmions is to use a magnetic material where the inver-
sion symmetry is broken due to the Dzyaloshinskii-Moriya
interaction (DMI) [5-7]. Another typical stabilization mech-
anism is to make use of the competing interaction between
long-range dipolar interactions and short-range exchange in-
teractions in a magnet with perpendicular magnetic anisotropy
(PMA) [8-10].

Magnetic skyrmions are topologically protected in the
sense that their magnetization configuration cannot be trans-
formed into the ferromagnetic state by a continuous uniform
transformation [11]. This protection makes them robust again
to external stimuli, such as magnetic fields. Thus, multiple
devices have been proposed in which one can make use of
the increased stability, such as racetrack memory, reservoir
computing, or skyrmion oscillators [6,12—17]. In the concept
of the skyrmion race track, the information is encoded in the
distance between skyrmions [18]. However, the nonconstant
velocities of individual skyrmions, the skyrmion Hall effect,
and the pinning sites on the racetracks have shown that this
principle of storage is challenging in its current stage [19,20].
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An alternative storage principle has been proposed with
the discovery of antiskyrmions [21,22]. Namely, the skyrmion
could store the bit 0, whereas the antiskyrmion could store
the bit 1 [23]. So far, only a handful of materials have been
known to host both skyrmions and antiskyrmions. Several
Heussler compounds can host skyrmions and antiskyrmion
lattices under different conditions [24-26], therefore, not si-
multaneously. The second class of material that can cohost
both skyrmions and antiskyrmions are ferrimagnetic Fe/Gd-
based multilayers [10]. Here, the spin objects are nucleated
by shrinking of the chiral domain walls as well as the wall
junctions in an applied field. Regardless, the random distri-
bution of the spin objects and the lack of controllability of
their nucleation and annihilation raise new challenges for the
development of skyrmion-antiskyrmion racetrack devices.

In this work, we present a micromagnetic study in which
we model a ferrimagnetic layer with low saturation magne-
tization and low PMA, in which we can control coexisting
skyrmions and antiskyrmions. On top of this skyrmion host-
ing layer (SkL), we put a nanodisk array or a square lattice
made out of a soft magnetic material such as permalloy. In
these structures, vortices or antivortices can be nucleated, as
illustrated in Figs. 1(a) and 1(b), respectively. Based on the
(anti)vortex core polarity in the upper vortex layer (VL), we
can nucleate skyrmions and antiskyrmions. We investigate
the tunability of the proposed stabilization mechanism by
varying the nanodisk radius and film thickness, and probe
the influence of interfacial DMI strength on the stability of
the spin objects. Furthermore, we demonstrate that the spin
objects in SKL can be annihilated if the polarization of the
(anti)vortices core in the vortex layer (VL) is reversed by
a short pulse of an in-plane magnetic field. Local pulses
of current are also investigated to test the feasibility of the
deleting operation. Controlled nucleation and annihilation of

Published by the American Physical Society
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FIG. 1. Schematic illustration of the proposed heterostructures, (a) a vortex layer (VL, orange) is situated on top of a skyrmion host layer
(SKL, blue). The arrows show the magnetization in the VL. In (a), we schematically show magnetic nanodisks. The radius R of the nanodisks
with thickness #y;, can be varied to arrange the skyrmions in the SkL with the desired periodicity. A further tuning parameter is the lattice
constant a that describes the disk center to disk center distance. In (b), we illustrate that the square lattice can be used as the VL, where
following studies on frustrated spin systems, stable antivortices can be obtained by means of alternative field demagnetization protocols.

the (anti)skyrmions in arbitrary patterns represent a significant
step toward skyrmion-based memory and computing devices.

This paper is organized as follows. Details of the micro-
magnetic simulations are provided in Sec. II, followed by
the structural modeling of the proposed heterostructures. The
main findings are presented and discussed in Sec. III, where
we give a deeper insight into the relaxation mechanisms of
the spin textures and the deletion process of (anti)skyrmions.
We support the main findings with our Supplemental Mate-
rial, discussing the variation of geometrical parameters, the
influence of DMI, and energy barrier calculations for the
stability of coupled skyrmion-vortex pairs. We summarize and
conclude our results in Sec. IV.

II. MODELING

A. Micromagnetic modeling

We will start this section by choosing appropriate material
parameters for the SkLL and VL, as these will not change for
the rest of the manuscript. The SkL is modeled as a ferromag-
net with low saturation magnetization MX- = 225kA /m, low
PMA K3 = 22.4kJ/m?, and an exchange stiffness constant
ASKL — 6 pJ /m. The material parameters are chosen according
to a previous work [10]. For the VL, we choose material pa-
rameters similar to permalloy (NiFe) with MY = 800 kA /m,
KYt = 0kJ/m?, and AY" = 13pJ/m [27].

For our micromagnetic investigations, we use magnum.np,
a finite-difference-based micromagnetic simulation frame-
work [28]. To do so, we discretize the magnetic system
into cuboids of constant volume V = (I, x I, x I;) = (5 x
5 x 10)nm?. The number of cells used for each system may
vary, so we indicate this separately while discussing the
results. However, except for thickness dependence investiga-
tions, we keep the number of cells along the z-axis constant,
n, = 8, where the first five are used as SKL, and the last three
for VL.

In magnum.np, we include energy contributions from de-
magnetization, anisotropy, exchange, and external fields into
the effective field term of the magnetic system [29]. We
then solve the Landau-Lifshitz-Gilbert equation consider-
ing this effective field. As we are primarily interested in
equilibrium states, we perform numerical investigations with
a high Gilbert damping parameter, where « = 1. For the

deleting and writing simulations, we decrease this value to
a=0.1.

Note that the skyrmions and antiskyrmions have an oppo-
site winding number

om(r) om(r)
dax * ay

N(m(r)) = im(t% ( )dxdy, ey
47

where m(t) is the time dependent normalized magnetization
vector. While the winding number, or the skyrmion number,
is supposed to be an integer number, an invariant representing
the topology of the spin object, with our micromagnetic code
we can calculate N at each time step 7. Thus, this will allow
us to quantify any changes in the topology, e.g., nucleation or
annihilation of (anti)skyrmions.

B. Nanodisk array - Magnetic vortices

The first geometry we investigate is obtained by patterning
the permalloy layer into a 2D nanodisk array. Fabrication of
such structures could be achieved by electron or photolithog-
raphy (depending on the sizes of the nanodisk) and a typical
lift-off technique [30]. Similar structures have been experi-
mentally realized investigating 2D spin systems [31]. Note
that depending on the ratio between the thickness and radius
of the nanodisks, magnetic vortices are stable magnetic con-
figurations, which are crucial for the nucleation of skyrmions
in SKL [32].

Figure 1(a) illustrates a square nanodisk lattice that is being
prepared on top of the SkL. Several parameters can be tuned
within the lattice, such as the radius of the nanodisks R, the
thickness of the nanodisks #y, as well as the lattice parameter
a that defines the center-to-center spacing between two disks.
If not stated otherwise, the parameters used for the nanodisk
array are R = 200 nm, #y;, = 30nm, and a = 500 nm.

By coding the angle of the magnetization with the color
wheel shown in Fig. 2, we can illustrate all three components
of the magnetization of a magnetic vortex with its in-plane
magnetization rotation [Fig. 2(a)] and its core highlighted by
the m, component as shown in Fig. 2(b).

C. Square lattice - Magnetic antivortices

Even though a nanodisk could be used to stabilize an an-
tivortex, we find it more feasible to switch the geometry of the
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FIG. 2. Representative illustration of a magnetic vortex. In (a) we illustrate the IP rotation of the magnetic vortex core via the color-coded
color wheel, and in (b) we show the m, component of the vortex, where the vortex core has a negative polarity. The magnetization configuration

of an antivortex stabilized in the VL is depicted in (c) and (d).

VL into a well-studied system where antivortices are known
to be present: The interconnected square lattice. Such lattices
have been intensively investigated within the field of artificial
spin ices (ASI) [33,34].

In these square lattices there is a long-range ordered mag-
netic ground state [35]. Here, the magnetization in each vertex
follows an antiferromagnetic arrangement, where opposing
elements have an antiparallel magnetization. Two elements
are oriented to the center, while the other two are oriented
away from the center. Thus, an antivortex rises at the center
of the vertex, at the junction of the elements. Hence, we used
this magnetic configuration to stabilize antivortices in the VL.
Note that such states can be experimentally realized by ap-
plying a demagnetizing protocol, where the external magnetic
field rotates in the plane of the lattice and has an amplitude
that decreases with time [33].

Taking into account the illustration from Fig. 1(b), the
square lattice can be described by the width of the lattice
element w instead of the radius R of the nanodisk lattice. The
other parameters ty;, and a are still valid here. If not specified
otherwise, we use w = 100 nm.

An antivortex which is stabilized in the square lattice is
shown in Figs. 2(c) and 2(d). In the following sections, we
discuss the vortex-skyrmion and antivortex-antiskyrmion cou-
pling in more detail.

III. RESULTS

A. Vortex core-skyrmion coupling

We start our micromagnetic computation with an initial
magnetization state, where the nanodisks in the VL all have
stable vortices (clockwise chirality), whereas the SkLL has a
cellwise random magnetization configuration. We relax the
magnetization with respect to its total energy by solving the
LLG numerically. We simulate the response of our system to
an OOP magnetic field that increases 2 mT every 10ns. The
obtained M-H hysteresis loop is shown in Fig. 3(a). Supported
by the magnetization states given in the red and blue panels,
we can see that no skyrmions are found in the SKL at zero
field. However, we can recognize ringlike magnetic domains
concentrated at the nanodisk locations. Simultaneously, all
nanodisks have one magnetic vortex of equal polarity and

chirality. Increasing the OOP field, the stripelike domains are
shrinking into Bloch skyrmions. We observe that the skyrmion
and vortex cores are coupled to each other in the sense that the
vortex imprints its chirality and polarity on the SkL, where the
PMA leads to the formation of a skyrmion. Without loss of
generality, we can say that a skyrmion is nucleated beneath a
vortex core, if the applied external magnetic field is antiparal-
lel to the polarity of the vortex core. However, this does not
always happen in the initial field protocol if we start from the
randomly magnetized skyrmion layer. Nevertheless, we can
stabilize skyrmions at each nanodisk location by saturating
the SkL, reversing the magnetic vortex core by the applied
OOP field, and decreasing the magnetic field back to negative
values. Note that the vortex core radius is essential for the
stability of the skyrmion underneath.

To better understand under which conditions the skyrmions
and vortices are stable, we provide energy barrier calculations
using the string method [29,36] in the Supplemental Material
[37]. The magnetization state with the least energy is the
one in which the vortex core is parallel to the applied field
and the SKL is saturated. If the vortex core is reversed, the
exchange energy increases as the vortex core and the SkL are
now in opposition. If there is a skyrmion in the SkL, the total
energy of the system will be even higher, since one skyrmion
is more energetically costly than the saturated state of the SKL.
These three states are energetically allowed. The state with
a skyrmion, but with the vortex core pointing in the same
direction as the applied OOP field and in opposition to the
skyrmion core, is not stable.

The energy barrier between the vortex-skyrmion coupled
state and the magnetization state without a skyrmion exists de-
spite the fact that the vortex core has the appropriate polarity.
Our understanding of the skyrmion stabilization mechanism
from the M-H hysteresis loops reveals that skyrmions can
be stabilized beneath a magnetic vortex core with a polarity
opposite to the applied out-of-plane field, provided the domain
morphology of the skyrmion lattice at remanence allows its
formation through the shrinking of a domain. If the domain
beneath the vortex core is parallel to the applied field and
already in a nearly saturated state, then a skyrmion cannot
be stabilized. Therefore, it is necessary to saturate the SkL
and return to remanence, and then switch the polarity of the
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FIG. 3. Simulated out-of-plane M-H hysteresis loop where the m, component of the magnetization is averaged over the SKL (red) or VL
(blue). Magnetization configurations along the hysteresis loop are illustrated in the corresponding color panels at chosen magnetic fields.

Scalebar corresponds to 500 nm.

OOP field to obtain the full lattice of skyrmions. Note that
the energy barriers calculated using micromagnetic theory
are quantitatively inaccurate if Bloch points are involved in
the nucleation (annihilation) process. Thus, we focus solely
on a qualitative analysis here. This formation mechanism is
highlighted in the cross section of the magnetization at chosen
OOP fields from Fig. 4.

The proposed and numerically demonstrated skyrmion nu-
cleation mechanism has the advantage that one can tune the
geometry of the VL and alter the properties of the skyrmions
in the SkL. In the Supplemental Material [37], we investi-
gate in more detail how the radius of the nanodisk allows
us to tune the density of the skyrmions. Similarly, the lattice
constant will lead to the same result. Furthermore, due to
the strong exchange coupling between SkL and VL, a criti-
cal thickness of the SKL exists for which the skyrmions are
not in-plane imprints, but rather form Bloch skyrmions with
OOP surrounding magnetization. The critical thickness is at
t =40nm.

As chiral skyrmions are intensively investigated for
skyrmion-based devices, we now add interfacial DMI into our
system that is assumed to originate from a heavy-metal layer
positioned underneath the SkL. The results are summarized
in the Supplemental Material [37]. The stability and chirality
of the skyrmions are not significantly influenced by the addi-
tional DMI in the system. If a certain threshold is exceeded,
then spin spiral states are obtained. Overall, we can conclude

that the proposed method works for both dipolar and chiral
skyrmions.

B. Antiskyrmions and Antivortices

Within our study, the role of the vortex core is to nucleate
the skyrmion core, but the disk IP magnetization configuration
gives the skyrmions IP texture and chirality. Thus, we are
now using the square lattice as the VL in which the long-
range ordered ground state contains antivortices at the vertex
centers. This ground state can be obtained by either thermal
activation or demagnetization protocols. The former works
well for very thin systems [38,39] and the latter for thicker
elements [33,34].

As in the case of the nanodisk array, we initialize the VL
in the desired state, and then simulate the system’s response
to an OOP magnetic field. Figure 5 depicts the obtained M-H
hysteresis loop with the corresponding magnetization states
at relevant magnetic fields. In the central region, where each
vertex has four full-sized elements, an antiskyrmion can be
stabilized after ramping the field up and down.

Figure 6 reveals a strong exchange coupling between the
antivortex and antiskyrmion. The stabilization mechanism dis-
cussed above for the nanodisk is still valid: If the vortex core
polarity is opposed to the direction of the applied field, an
antiskyrmion can nucleate. For completeness, we investigate
the role of element width and film thickness in antiskyrmion

‘
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FIG. 4. Cross-sectional view of a coupled vortex and skyrmion in the xz plane at different OOP fields obtained from the hysteresis
simulation shown in Fig. 3. The left panel shows only the z component of the magnetization, while the right panel uses the color-coded
representation. The 3D coupled skyrmion-vortex texture can be stabilized with both polarities based on the direction of the applied magnetic

field.
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FIG. 5. The same as Fig. 3 if a square permalloy lattice is the VL, and the initial magnetization state contains only the antivortex and
antiferromagnetic arrangement of the lattice sites in the VL, as shown in the blue panel on the right with the color-coded magnetization
configurations. Antiskyrmions are stable at the different magnetic fields in the SkL, as illustrated in the red panel.

stabilization; see the Supplemental Material [37] for more
details. The width of the element does not significantly im-
pact the stability of antiskyrmions. The film thickness is
critical for the proposed concept to work, as too thin films
will result in rather IP magnetized states. Furthermore, we
find that there exists an allowed DMI threshold for which
the antiskyrmions remain stable skyrmion solutions in our
system.

C. Field pulse driven skyrmion and antiskyrmion annihilation

One of the main challenges to realize a skyrmion-based
memory device is the controlled annihilation of the spin ob-
jects. Especially in a two-object approach, where skyrmions
and antiskyrmions encode bits “0” and “1”, respectively, it
is important to delete and write the information as desired.
With our approach, we have so far shown that we can nu-
cleate the spin textures at the desired location. We will now
focus on how to annihilate them. For simplicity and to reduce
simulation time, we will consider only one pair of (anti)vortex
(anti)skyrmion where the width of the square lattice element
is reduced to w = 50 nm.

As we have seen in the previous sections, the polarity of the
magnetic vortex (antivortex) core determines the existence of
a skyrmion underneath. We aim to switch the polarity of the
vortex core and ultimately delete the skyrmion underneath.

Similarly to well-studied magnetic vortex core reversals
[40-43], we apply an IP magnetic field pulse with a full width
at a half maximum of opuse = 100 ps. To better understand the

limits of the switching process, we vary both the applied OOP
bias field to stabilize the skyrmions Hyi,s and the magnitude
of the applied IP pulse Hpuise-

D. Annihilation of Skyrmions

Figures 7(a) and 7(b) show the computed winding number
after the field pulse was applied and the system was relaxed
for an additional nanosecond. We see a clear correlation be-
tween the vortex core reversal success (N < 0 switched to
N > 0) from Fig. 7(a) and the topological number at the end
of the simulation in the SkL, where N = —1 indicates that the
skyrmion is still there, while N = 0 reveals that the skyrmion
was deleted. Figures 7(c) and (d) show the temporal evolution
of N for the vortex (c) and the skyrmion (d) for different pulse
magnitudes in a constant OOP field of 100 mT. We observe
that there exists a clear critical pulse magnitude based on
the chosen bias field. The transition appears rather smoothly,
even though the annihilation mechanism is quite complex, as
illustrated in Fig. 8. Vortex core annihilation starts by creating
a vortex-antivortex core pair. The vortex core reversal is com-
pleted once the original vortex core vanishes. Underneath, the
process is more complex. By destroying the coupling between
the skyrmion and the vortex core, the skyrmion’s topological
protection is broken and follows a rather complex transfor-
mation to a trivial-bubble-like structure in the nonequilibrium
state, which then vanishes quickly.

Ultrafast field- or current-induced magnetic vortex core
reversal is a repeatable process [27]. Thus, one would expect

70 mT]

300 mT|

il
_a

‘45 mT

105 mT

z
m:
|
X -1 0 1

-105 mT, .

FIG. 6. The same as Fig. 4 but for an antiskyrmion that is coupled to the antivortex from the VL.
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FIG. 7. Phase diagrams describing the topological state of the single vortex-skyrmion structure after being subject to an IP magnetic field
pulse of Gaussian shape, wherein (a) the topological number of the VL is shown as a function of the chosen constant OOP bias field Hy;,s, and
the amplitude of the IP magnetic field pulse Hyyie, and in (b) the topological number of the SkL, where for values around N = 0 the skyrmion
is deleted via the vortex-core reversal. The temporal evolution of N for different magnitudes of the IP field pulse is shown in (c)—(f), where the

amplitude of the bias field is written inside the figures.

that one could write a skyrmion by applying an IP pulse of
magnetic field to a ferromagnetic state. In the Supplemental
Material [37], we demonstrate that this is true in some cases
but also quite difficult to achieve reliably. One needs to reduce
the OOP bias field to be able to write a skyrmion. In a realistic,
large magnetic system, this might lead to undesired new spin
objects.

Another critical aspect of the writing/deleting mechanisms
is that reversing a vortex core can be realized using charge

or spin currents to ensure a local operation. We investigate
the switching behavior by applying a short pulse of an IP
current; see the Supplemental Material [37] for more details.
The spin transfer torque (STT) acts on the local gradient of
the magnetization, in this case the vortex core, and results
in the formation of vortex-antivortex pairs, which ultimately
annihilate the original vortex [27]. This approach addresses
the issue of locality since it is possible to design the vor-
tices in such a way that the current is applied only locally

t = 0.0ns t=0.15ns t = 0.30ns t = 1.00ns t = 2.00ns
o
>
S . .
e ‘
€
2
(7p]
t =0.0ns t =0.10ns t =0.15ns t = 0.30ns t =1.00ns t =2.00ns
o
B - -
-l #
x -
o
S

FIG. 8. Evolution of the magnetization configuration during the vortex core reversal process induced by a short IP magnetic field pulse.
The upper panel illustrates the skyrmion vanishing after # = 2 ns, and the lower panel depicts how the vortex core reverses its polarity [—1
(black) to +1 (white)] by nucleating an additional antivortex and subsequent vortex-antivortex-pair annihilation.
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in an experimental setup. Although the required IP current
amplitudes are very high, the pulses have a standard devi-
ation of less than 1ns. Therefore, it should be feasible to
achieve the high current densities without causing strong Joule
heating.

E. Annihilation of Antiskyrmions

In the same manner, we demonstrate the first controlled an-
tiskyrmion annihilation with a pulse of the external magnetic
field, as illustrated in Fig. 9. The OOP field is set to poHpiss =
100 mT. The pulse has a maximal value of poHpye = 70 mT
with a duration o = 80 ps. In contrast to the vortex-core rever-
sal, the antivortex core seems to depend strongly on the lattice
geometry. Additionally, the correlation between antivortex
core reversal shown in Fig. 9(a) and antiskyrmion annihilation
from Fig. 9(b) is not as clear as in the skyrmion case. While
the two phase diagrams show no real correlation, the temporal
evolution of N shown in Figs. 9(c) and 9(d) also suggests that
the annihilation process may be independent of the antivortex
core reversal. Nevertheless, we see that the idea works again in
principle, as we can understand from the magnetization states
during the annihilation process depicted in Fig. 10. However,
the conditions to make this mechanism more deterministic and
reliable must be investigated in more detail.

IV. CONCLUSIONS AND DISCUSSION

In this paper, we use micromagnetic simulation to describe
the vortex-skyrmion coupling in magnetic heterostructures
consisting of a vortex nanodisk array and a skyrmionic layer
that can host skyrmions independently. We showed that a 2D
array of nanodisks could be utilized to control the nucleation
of skyrmions in a lattice where an OOP field is applied. The
vortex core assists the nucleation of the skyrmions, whereas

the antiskyrmions can be obtained if one situates a square
lattice instead of the nanodisk array. We have shown that the
properties of the lattices in the vortex layer can be tuned to
alter the skyrmion properties in the skyrmion layer. The lat-
tice sizes are chosen according to well-established fabrication
techniques, where one can use an electron beam or photon
lithography to pattern the nanodisks and square lattice.

In this paper, the (anti)vortex and (anti)skyrmion cores are
ferromagnetically coupled. Hence, it is possible to delete the
(anti)skyrmions by applying a short IP magnetic field pulse
or a charge current. Our numerical investigations indicate that
the writing process using short field pulses is not as reliable
as the OOP field nucleation method. We have demonstrated
with our numerical experiments that the skyrmions can be
deleted reliably by short pulses of IP magnetic fields or
charge currents that lead to a STT in the vortex and skyrmion
layer. Although the same principle holds for antiskyrmions,
the annihilation process seems to be less correlated to the
antivortex-core reversal. Note that we are using metallic mul-
tilayers as the skyrmionic host layer. Thus, the current is
expected to flow in both layers simultaneously, as we have
modeled in our simulations. However, one could even think of
using garnets with perpendicular magnetic anisotropy, which
are well-known ferrimagnetic insulators [44]. Doing so, one
could avoid the STT acting directly on the skyrmions and
ensure a better writing or deleting process.

In general, the main application of the proposed con-
cept was to generate and annihilate (anti)skyrmions for a
skyrmionic device such as magnetic racetrack memory [23],
where skyrmions and antiskyrmions can be used to encode
information. Furthermore, our findings might find application
in reservoir computing. Since the skyrmions are coupled to
the vortices above, a skyrmionic fabric with pinned skyrmions
and thus, reproducible responses could be obtained [14,15] by
designing the vortex layers.
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