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Controllable skyrmion islands in a moiré magnet
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Antiferromagnetic (AFM) skyrmions have been in the spotlight as ideal topological magnetic bits. Although
they are topologically protected, they do not exhibit the skyrmion Hall effect unlike the ferromagnetic ones.
Thus, AFM skyrmions are considered to provide a better control of the skyrmion’s motion due to the absence
of the skyrmion Magnus effect. In this work, we propose a possible realization of controllable AFM skyrmions
in a twisted moiré magnet. The tunability of moiré materials is not only a good platform for the provision of
rich phases, but also for the stabilization of the skyrmion phase. We investigate the ground state of twisted
bilayer AFM system by solving the Landau-Lifshitz-Gilbert equation in a continuum model. We show that the
AFM skyrmions are stabilized even in the absence of the external/dipolar magnetic field, as a consequence
of the interplay of interlayer coupling, Dzyaloshinskii-Moriya (DM) interaction and Ising anisotropy. More
interestingly, due to the magnetoelectric effect, the application of an external electric field locally stabilizes
the skyrmions in the twisted bilayer AFM systems, even in the absence of DM interaction. It also allows
the skyrmion helicity to change continuously when both the DM interaction and an electric field are present.
We show the phase diagram with respect to the strength of interlayer coupling, the DM interaction and an
electric field. Our results suggest the possibility of using AFM skyrmions as stable, controllable topological

magnetic bits.
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I. INTRODUCTION

Magnetic skyrmions are topologically protected particle-
like objects with unique twisted magnetic textures. Due to its
topological stability, they have been considered as a promising
candidate for topological magnetic bits to store and transmit
information in spintronics [1-5]. They can be stabilized from
the ensemble of competing magnetic interactions, such as
external/dipolar magnetic field, frustrated exchange interac-
tion and Dzyaloshinskii-Moriya (DM) interaction [6—8]. Their
existence has been confirmed not only in the bulk systems
but also in thin films, surfaces, or multilayer systems [9—11].
Particularly, antiferromagetic (AFM) skyrmions have been
considered as potential information carriers without Magnus
force under spin polarized current [12—15]. The absence of the
skyrmion Hall effect allows skyrmions to be directly driven by
spin-polarized current [16,17]. AFM skyrmions are therefore
expected to offer good advantages for overcoming various
problems that occur with ferromagnetic skyrmions. Their sta-
bilization and controllability has become the main focus of
AFM spintronics.

On another front, the field of twisted van der Waals (vdW)
materials has attracted a great deal of attention, providing
various exotic phenomena such as superconductivity, Mott
insulating phase, flat bandness, anomalous Hall effect, and
the Chern insulating phase [18-21]. These phenomena which
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barely occur on a single layer, are mainly attributed to the
interference pattern with enlarged periodic structure. Since
such rich phases can be modulated by adjusting the twist-
ing angle, the twisted materials are in the limelight not only
because of their rich phases, but also of their controllabil-
ity [22-24]. Particularly, the vdW magnetic materials have
been extensively discussed in the context of 2D magnetism
and spintronics [25-30]. Depending on materials, the vdW
materials exhibit not only ferromagnetic but also antiferro-
magnetic order along either Ising direction or XY plane,
and some of them retain their magnetic properties down to
a monolayer limit [31]. In multilayer vdW magnets, inter-
layer exchange interaction reveals rich pattern [27,28,32-34],
where its coupling constant may change its strength and sign.
This opens up a wide variety of magnetic phases that can
be created and controlled by the angle of twist between the
layers.

In this paper, we suggest the emergence of AFM skyrmions
in a twisted bilayer moiré magnet. First, we take into account
interplay of the moiré potential and the DM interaction and
discuss how the system could stabilize AFM skyrmions where
AFM stands for the Néel vector. The moiré potential with a
twist angle gives rise to alternating ferromagnetic and antifer-
romagnetic interlayer couplings depending on the region. In
the presence of DM interaction, such an alternating nature of
ferro- and antiferroregion stabilizes the skyrmions only in a
particular region. We present the magnetic phase diagram as
functions of DM interaction, interlayer coupling, and a twist
angle. More interestingly, we discuss that in a twisted bilayer
moiré magnet, the AFM skyrmion can be also stabilized by
applying electric field without relying on the DM interaction.
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This is a consequence of the moiré structure and magneto-
electric effect [35-37]. It allows us to selectively create AFM
skyrmions in a specific region by locally applying electric

II. CONTINUUM HAMILTONIAN
AND NUMERICAL METHOD

We study a twisted-bilayer of the Néel type antiferromag-

fields. When both the DM interaction and an electric field are
present, the skyrmion helicity is also controllable. Here, the
size of AFM skyrmion is controlled by twisting angle. Such
AFM skyrmion phenomena are remarkable, with important
implications for spintronics and magnetic storage. Our work
reveals the possibility of the controllable AFM skyrmions in a

net in a honeycomb lattice. The order parameter of each
layer is N;, the Néel vector in layer /. Considering slowly
varying spin configuration with the Néel vector, we describe
the Hamiltonian in the continuum limit. Taking into account
both intra- and interlayer couplings, the Hamiltonian [28] is

twisted vdW magetic system, suggesting potential application written as

in AFM spintronics. N ) L
The paper is organized as follows: In Sec. II, we in- H= [E(VNZ) —d(Nf) i| — Jnter P(X)N1 - N2

troduce the continuum Hamiltonian of a twisted bilayer =12

moiré magnet. Next, we briefly review the previous studies
and illustrate a numerical method, the Landau-Lifshitz-
Gilbert equation. In Sec. III, we show the phase diagram
and explain the emergence of the AFM skyrmion phase.
We point out unique features of the skyrmion phase
and reveal the controllable features of the skyrmion. In
Sec. IV, we summarize our result and suggest possible future
applications.

— [JDM]V[‘(VXN])—"-JE'};NIZ(V'N[)]. €))]

Here, p is the spin stiffness, which is proportional to the
strength of intralayer spin exchange coupling, d is the spin
anisotropy perpendicular to the xy plane with d > 0 and Jpyer
is the interlayer exchange coupling, respectively. Jpy is the
intralayer DM interaction and Jz 5 is the electric polariza-
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FIG. 1. Phase diagram as functions of the dimensionless parameters Jiner/(04°), Jz.5q/(0q*) and Jomgq/(pg*) where d/(pg*) = 3/40 is
chosen. Depending on the relative strength between interlayer coupling, electric dipole and DM interaction, distinct phases are stabilized;
collinear, twisted-S, skyrmion islands. For very small interlayer coupling, the collinear phase is stabilized where the Néel vectors are simply
aligned along +Z in each layer. When interlayer coupling becomes large but electric dipole and DM interactions are small, the twisted-S phase
is stabilized. In this phase, the Néel vectors are aligned in the xy plane inside each island, while they are aligned along the z axis outside the
islands. With larger dipole/DM interaction, the interplay of the moiré potential and the DM interaction or electric dipole interaction becomes
significant. In this regime, the AFM skyrmions are stabilized within the islands in a single layer. For finite DM interaction, the Bloch type
AFM skyrmions are stabilized, while for finite electric dipole interaction, the Néel type AFM skyrmions are stabilized. In the Néel type AFM
skyrmion phase, the skyrmions are locally stabilized only in the region where an electric field is applied. The gray circle in the Néel type AFM
skyrmion phase represents the external electric field applied out of the plane. In large electric-dipole interaction or DM interaction limit, they
ignore the moiré potential and the Néel vectors form incommensurate structure beyond the islands. Thus, there is no moiré structure as in the
former case. The image in each phase is the simulation result, describing the configuration of the Néel vectors. The rounded blue region in
each image represents the island where the Néel vectors between the layers interact ferromagnetically.
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tion under external electric field. The DM interaction in the
Hamiltonian is generally represented as D; = S; xS i), where
S; and § ; are the spins at site i and j, respectively. In this
work, we particularly consider the Bloch type DM interaction,
represented as N; - (V x N;) in the continuum limit, with a po-
tential application to transition metal phosphorus trisulphides
such as MnPS;3 [38-40]. But we note that other materials
with different symmetry may allow the Néel type DM vector
component and similar argument still holds.

We also consider the magnetoelectric effect with Jjz 3
where the electric polarization is induced by the twisted
spin texture in the presence of spin-orbit coupling. The
noncollinear spin texture generally gives rise to the elec-
tric polarization [35-37,41], P €12 X (51 X §2), where €,
indicates a unit vector connecting the two spins, S; and
S5. Considering the external electric field along Z direction
and taking the Taylor expansion of the spin vector up to a
leading order, the electric dipole interaction term is repre-
sented as J;z 3N, (V - N) with the coefficient J; 5 proportional
to E;.

Before discussing the DM interaction effect and the mag-
netoelectric effect, we briefly review Ref. [28], studied in the
limit of Jpm = Jz 5 = 0. We introduce the displacement field
for the Ith layer, i;(F) = 7 — 7y where 7 is the original lattice
position before twist and 7 is the deformed position after twist.
Then one can write the spin density in terms of the leading
order of the Fourier series, S;(7) = noh, > sin(l;,- -(F—1y)),
where b; are the three reciprocal vectors of honeycomb lattice
and ny is the magnitude of the ordered moment. When the lay-
ers are twisted with small angle 0, we get #i) (F) = —ii,(F) =
%2 x 7. Now inserting these expressions into the interlayer
coupling Hamiltonian S1(®) - S, (P), keeping the long wave-
vector terms only, gives Jier-term in Eq. (1) with

3
D(F) =) cos(g - ), )
i=1

where ¢; = 6% x Bi are the moiré lattice reciprocal vectors.
The sign of the ®(X) determines ferromagnetic or antiferro-
magnetic interlayer coupling of N;. This interlayer potential
represents the periodicity of the moiré pattern.

In the absence of the external electric field and the DM
interaction, there are three magnetic orders: collinear phase,
twisted-A phase and twisted-S phase. These orders depend
on the relative magnitude of the coefficients p, d, and Jiyer-
In a small interlayer coupling regime, a collinear phase is
stabilized. In this case, Jiyr term cannot overcome the energy
from the spin stiffness p. With the anisotropy d # 0, the N;
are simply aligned along +Z or —Z in each layer. Thus, there
is no moiré structure. On the other hand, when the interlayer
coupling Jier becomes stronger, it overcomes the penalty of
the stiffness. Since Jiye, term includes ®(X), the moiré struc-
ture comes in. The feature of ®(X) whose periodicity depends
on the moiré lattice reciprocal vectors gives an enlarged unit
cell, and the sign of ®(x) determines the region where ferro-
magnetic or antiferromagnetic interlayer coupling dominates.
We will refer to the region where the interlayer coupling is
ferromagnetic as the island. In this large Ji, limit, there are
two different magnetic orders. For large d limit, the twisted-A

phase is stabilized, where the Néel vectors are ferromagneti-
cally or antiferromagnetically aligned along the +Z inside or
outside the islands. For small d case, the interplay of stiffness
and anisotropy stabilizes the twisted-S phase, where the Néel
vectors inside the islands are ferromagnetically aligned along
the xy plane, but the Néel vectors outside the islands are
antiferromagnetically aligned along the +Z axis between the
layers. In Fig. 1, the twisted-S phase is illustrated in the purple
region.

Having understood the magnetic ordering in the limit
of Jpm = Jz 5 =0, let us now discuss the magnetic phases
when the DM interaction and the magnetoelectric effect are
present. In order to discuss the magnetic ordering, we adopt
the Landau-Lifshitz-Gilbert (LLG) equation to minimize the
energy functional of Eq. (1), and look for the ground state.
The LLG equation is represented as

dN; I L
T YNi X Hegr g — ANp X (Np X Heg 1), (3)

where ﬁeff, ; 18 the effective field written as

R SH
He) = —— 4)
5N,

Here, y and X are the gyromagnetic ratio and the damping pa-
rameter, respectively. In order to obtain the ground state faster,
we ignore the precession term, which implies y = 0. We iter-
ate with proper damping parameters which depend on energy
scale and relax the various initial state. Iteration continues un-
til energy do not descend further and stalled in certain energy.
Our numerical system includes 1200 meshes which are made
up of three moiré unit cells with a hexagon shape. Under the
periodic boundary condition, various initial conditions for the
Néel vectors were simulated, including random/uniform Néel
vectors, twisted-S/A and skyrmion configurations which were
expected from Ref. [28] or given by ansatz.

III. CHIRAL MAGNETIC TEXTURE IN THE MOIRE
PATTERN AND ITS CONTROLLABLE PROPERTIES

The phase diagram is shown in Fig. 1 with respect to
Joma/(Pg*)s Jner/ pG*, and Jg 5q/(pg*), with fixed value of
d/(pq*) = 3/40. Here, ¢ = |G;|, the magnitude of the moiré
reciprocal vectors, g;. We note that the phase diagram does not
qualitatively change under the small change of d/(pgq?).

For a small value of Jye, in the limit of Jz 5 = Jpm = 0,
a typical Néel type collinear ordering emerges in each layer,
as shown in Fig. 1, also discussed in the previous section. On
the other hand, for larger Jyr, the moiré structure becomes
important and stabilizes the Twisted phase as discussed in
Sec. II. Particularly with a given magnitude of spin anisotropy
d we set here, the twisted-S phase is stabilized having mag-
netic ordering in the xy plane within the islands region (for
FM moiré region) and the Ising (£Z axis) ordering outside the
islands (for AFM moiré region).

Now let us discuss the case in which the DM interaction or
the magnetoelectric interaction are finite. In the following, we
first argue the case of Jpy # 0 and J; 3 = 0, and then discuss
the case of Jpm = 0 and Jz 5 # 0. Finally, we argue the case
when both Jpy and J;; 3 are nonzero.
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Now we first consider how the DM interaction changes the
magnetic structure. For very the strong DM interaction limit,
it overcomes the moiré potential and the noncoplanar Néel
vectors are stabilized over the islands, which is beyond our
interest. For intermediate values of the DM interaction, the
interplay of the moiré potential and the anisotropic spin inter-
action hosts a chiral magnetic structure and gives topological
spin texture, the skyrmion. As the moiré potential makes the
boundary between ferromagnetically and antiferromagneti-
cally interacting regions and forms the island, a magnetic
domain wall is also stabilized along the boundary. Along this
domain wall, the AFM skyrmion structure is stabilized, while
outside this domain wall, the Néel vectors are simply aligned
along £Z. Since we have considered the Bloch type Jpm,
the Bloch-type AFM skyrmion is stabilized within the island,
shown as the Bloch type AFM skyrmion island phase in Fig. 1.
In detail, the AFM skyrmions are described as following.
Consider the polar coordinate (r, ¢) whose origin at the center
of the skyrmion. When we represent the skyrmion config-
uration as N(7) = (sin6 cos ¢, sin 9 sin ¢, cos ) with polar
angle 6 and azimuthal angle ¢, the angle 6 only depends on r,
while the angle ¢ can be written in the form as ¢ = ng + n,
where integer 7 is the vorticity and 7 is the helicity [42]. The
skyrmion configuration described by n = 0 or 7 is the Néel
type, whereas, the a skyrmion with n =w /2 orn = —m /2 is
the Bloch type.

Interestingly, in this phase, the AFM skyrmions con-
fined within the islands are stabilized only in a single layer,
whereas, in another layer, the order parameter is almost
aligned along Z axis. Figure 2 presents the top view of the
magnetic structure in each layer. Asymmetric skyrmion struc-
ture between the layers can be understood as the difference of
the interaction inside and outside of the islands. Outside the
islands, due to the interplay of antiferromagnetic interlayer
coupling and anisotropy, the Néel vectors, N, should be anti-
aligned along Z and —Z in each layer. Inside the islands, if
the skyrmions are stabilized in both layers, the configuration
of the skyrmions must be the same due to the ferromagnetic
interlayer coupling. Then, at the boundary, the Néel vectors
should point in the same direction at both layers. However,
since the Néel vectors outside the islands point in the opposite
directions due to the antiferromagnetic interaction, it induces
a drastic flipping of spins at the boundary of the islands at
least in one layer. It gives rise to a big energy penalty, and is
therefore not preferred. On the other hand, suppose that only
a single layer hosts skyrmion and the order parameter in the
other layer aligned along Z axis. In this case, there is no such
drastic flipping of spins at the boundary of the islands, since
the order parameter in one layer is pointing +Z and the one
in another layer is pointing —Z. Thus, the Néel vectors can
be smoothly connected at the boundary between inside and
outside of islands in this case, resulting in low energy cost
from the stiffness term. Therefore, the skyrmion configuration
only in a single layer is favored.

Another feature of the AFM skyrmion island phase is the
controllability of the skyrmion radius. The skyrmions are
bounded by the island which is determined by the moiré po-
tential. Since the moiré potential depends on the moiré lattice
length scale which is determined by the twisting angle, the
skyrmion radius can be controlled by adjusting the twisting
angle.
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FIG. 2. Configuration of the Néel vector, Nl, for the top and
bottom layers in the Bloch type skyrmion island phase when
Jomq/(pg*) = 0.27 and J; 5 = 0. The numerical simulation is per-
formed with 1200 lattice points and the figures are thumbnails of the
simulation. Arrows and colors indicate the direction of N, in the plane
and out of the plane, respectively. The Bloch type AFM skyrmion is
stabilized only in the top layer, while the Néel vectors are slightly
tilted from +Z, giving an umbrella like configuration in the bottom
layer. The helicity of the skyrmion, 7, is 7 /2. Dashed lines are for
the boundary of the AFM skyrmion islands region. The color bar
indicates the magnitude of z component (out of plane) of the Néel
vectors.

Since we can allocate only one skyrmion among the two
layers, the ground state has degeneracy from the choice of
the skyrmion in each island and the swapping layer degrees
of freedom. Figure 2 shows one of such configuration. For
example, changing the sign of the Néel vector in a skyrmion
and translating to the bottom layer gives the other ground
state. Thus, there exists two energy equivalent configuration
per island.

So far, we have discussed the AFM skyrmion phase with
a finite Jpm and Jz 5=0. Now we discuss the case with a
finite J; 3 and Jpy =0. Unlike the DM interaction, the elec-
tric dipole interaction due to the magnetoelectric effect is a
controllable parameter by adjusting the strength and domain
of the external electric field. Since the coefficient of J; 5 is
proportional to the applied electric field, we emphasize that,
depending on where the electric field is applied, the magnetic
phase transitions can be locally manipulated. Figure 1 shows
the phase transitions from collinear to twisted-S and to the
Néel type AFM skyrmion island phase depending on the
relative values of Jyer and Jz 5. In Fig. 1, the gray area in
the image of the Néel type skyrmion island indicates the area
of the applied electric field. Thus, the magetoelectric effect
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FIG. 3. Configuration of the Néel vector, ]V1, in the top and bot-
tom layers for the Néel type skyrmion island phase, when Jz 5 =
0.27 and Jpm = 0. Similar to Fig. 2, arrows and colors indicate the
direction of N, in the plane and out of the plane respectively. The Néel
type AFM skyrmion with helicity n = 0, is stabilized only in the top
layer, while the Néel vectors are slightly tilted from +Z, giving an
umbrellalike configuration in the bottom layer. Since the J; 5 term
and Jpy term has the relation of 7 /2 spin rotation along Z, the Néel
vectors in this configuration is also equivalent to 7 /2 rotation along
Z from the Bloch type skyrmion configuration shown in Fig. 2. The
color bar indicates the magnitude of z component (out of plane) of
the Néel vectors.

can locally stabilize the Néel type AFM skyrmions owing to
applied electric field.

In Eq. (1), we note that the difference between the DM
interaction and the electric-dipole interaction comes from the
divergence or curl acting on the vector field, and their dif-
ference is equivalent to /2 spin rotation along the Z axis.
Considering /2 spin rotation is performed along Z, N and
N7 are transformed into —N;" and N}, respectively. Thus, the
DM interaction N{(9,N; — 9,N;') transforms into N/ (3N, +
Bley ) which is the electric dipole interaction. Hence, the
argument for the DM interaction also holds for the electric
dipole interaction case by 7 /2 rotation. For a finite J; 3 and
Jom = O case, the Néel type skyrmion is stabilized with the
helicity n = 0, as shown in Fig. 3.

Next, we move on to the case when both Jpy and J; 5
are nonzero. In the skyrmion phase, the energy gain from
the DM interaction and electric polarization can be written
as Eo(Jpm sinn + Jiz 5 cos n) where n is the skyrmion helic-
ity. Thus under certain magnitudes of Jpy and Ji 3, energy
summed over DM interaction and electric polarization is
minimized when the helicity is 1 = arctan(Jpm/Jz ). The
skyrmion helicity continuously varies under the electric field

1.0
xy plane(top view)

o & ey, el (e
2 ey

/i~ top layer
\}_:,’.4,...‘*\\\\\‘
VAR e e sy
PN N 00101018 10 0 b NN BE
'0.010‘\\'\"-...0
14’001<-\,\' -\ 1A’o-'<-‘~_
fv\..,&.ﬁ/\\\"/..,‘..,.’\
”f..‘/’r.ct')\ii.,y,/.l
-fﬁa.,/"..’ 0.,/:'.0
l/,‘—'.. \‘..‘4/'—'-“])‘.
7’—".‘J ‘\\\“-‘;‘"OQ‘J\‘ S
"""i\“’\""“J\
ve 0 0 sy NORimie eel or gty
oc‘\u'\o'. Y ..o.\c\-.c

weN Y . N
A

LW} f\(f.,“dl\\

0.0 n’f\r.,‘/,".‘v
s /7 ‘.'/'.0

0.5

e M Ab o 00 g 4 0 0
SR A e Dottiont layer
vwe9e e 00 ey yue
e v-9-6 0 0 0 0 0 0 F -0
© 0 @0 000000 0 0 0 0 o0
..Q.............
oe 00 006X 8. ¢ 6. s 08 O 0le
Te o o uoo,d:\ LR SR RS ]
(—0.5 ¢t ?e e e 0pie st ?tPoooopre e
o!n‘.....,’,..-lp...,,,..
asbo oo g oo o e o
a".oo.“ e e R0 e 0 0,y
--’.ooo.‘...‘,«'ooo-o.\\.
2116 8,50 100 88 @ 0 00 9 8 8@

o 0.8 60 8 e e e e ee e 0.0
e ® 0 00 0 0 0 0 00 0 0 o0
—{'\-4\......-,,\—‘4
At teoo 00t

-1.0

FIG. 4. Configuration of the Néel vector, N,, in top and bot-
tom layers when Jpy = Jaipiole = 0.2. The helicity which stabilizes
skyrmion is given by 7 /4 = arctan(Jpm/Jz 5). See the main text for
details. Unlike the DM interaction, the strength of an electric field
is adjustable factor. Thus, this helicity can be controlled via external
electric field strength.

strength, allowing us to control the skyrmion helicity. Figure 4
shows the example of the chiral magnetic structure for the case
of Jpm = J . The helicity of the skyrmion is 7 /4, modulated
from 7 /2 or 0.

IV. CONCLUSION

AFM skyrmions have been considered as an ideal infor-
mation carrier in spintronics. Contrast to the ferromagnetic
ones, they do not exhibit the skyrmion Hall effect and thus
provide a better control of their motion. To stabilize such
an AFM skyrmion, we propose a twisted bilayer magnetic
system as a platform to build AFM skyrmions. Taking into
account the interplay of intralayer, interlayer coupling, DM
interaction, and magnetoelectric effect, we discuss the spin
model in the continuum limit. The controllability of the moiré
system leads to the different competing energy scales be-
tween the electric polarization, the DM interaction and the
moiré potential. Such competition gives rise to a wealth of
phases, including the chiral moiré structure and the Néel
type or Bloch type skyrmion island phase. The interplay of
the DM interaction and moiré potential stabilizes the Bloch
type skyrmions, whereas, the magnetoelectric coupling can
stabilize the Néel type skyrmions. In particular, due to the
magetoelectric effect, the Néel type skyrmions can be lo-
cally stabilized confined within an applied electric field. It
suggests the use of electric fields to manipulate the AFM
skyrmions.
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The ability to locally stabilize and confine the Néel-type
skyrmions within an applied electric field is significant for
potential applications. It implies that the electric field can
be used as a tool to manipulate and control the formation,
motion, and annihilation of these skyrmions in a controlled
manner. Since skyrmion is bounded by moiré potential, posi-
tion and radius of the skyrmion is ruled by a twisting angle,
which is a unique feature of the moiré magnets. Furthermore,
we have shown that by applying an electric field on each
skyrmion, certain helicity configuration is favored depending
on the relative strength between DM interaction and electric
polarization.

Considering the coupling between such AFM skyrmion
island phases and the conducting system, which may allow
us to control conductivity, could be an interesting subject for
future studies. We expect these controllability of skyrmion
phases offer a platform for spintronics applications, includ-
ing skyrmion-based logic gates, memory devices, and so on
[43]. In addition, it would be interesting to study possible
control of skyrmion dynamics by other factors not considered

in this paper, e.g., current, external magnetic field and strain.
Furthermore, stacking more than two layers allows additional
adjustable degrees of freedom, providing a much richer set
of potential patterns between layers. It would give the possi-
bility of stabilizing other interesting magnetic orderings, e.g.,
merons, exotic domain wall structures, and perhaps, topolog-
ically protected orderings with a higher winding number than
one. In another aspect, engineering quantum bits based on this
system would be a good starting point for further research.
Since there is a degree of freedom in choosing a layer to place
skyrmion island, this system allows us to utilize each island
as one qubit. In another manner, by applying electric field and
magnetic field selectively, encoding quantum information in
the skyrmion helicity of each island would be also possible
[44,45].
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