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Effects of interlayer Dzyaloshinskii-
Moriya interaction on the shape and
dynamics of magnetic twin-skyrmions

M| Check for updates

Tim Matthies', Levente Rézsa*?

, Roland Wiesendanger' & Elena Y. Vedmedenko'

Magnetic skyrmions have been proposed as promising candidates for storing information due to their
high stability and easy manipulation by spin-polarized currents. Here, we study how these properties
are influenced by the interlayer Dzyaloshinskii-Moriya interaction (IL-DMI), which stabilizes twin-
skyrmions in magnetic bilayers. We find that the spin configuration of the twin-skyrmion adapts to the
direction of the IL-DMI by elongating or changing the helicities in the two layers. Driving the skyrmions
by spin-polarized currents in the current-perpendicular-to-plane configuration, we observe significant
changes either in the skyrmion velocity or in the skyrmion Hall angle depending on the current
polarization. These findings unravel further prospects for skyrmion manipulation enabled by the

IL-DMIL.

Chirality is an intriguing physical property of key importance for modern
spintronic devices. The manipulation of chiral magnetic textures has
become the focus of many applications, such as magnetic memories, logic
devices, neuromorphic and unconventional computing'~. While most
studies have focused on planar geometries, recent investigations of spin
structures modulated in all three dimensions have opened new prospects for
3D spintronics. Three-dimensional spin structures have been studied in
bulk chiral magnets®, curvilinear systems’, specially shaped nanomagnets’,
and magnetic multilayers'.

Skyrmions in synthetic antiferromagnets, constructed from ferro-
magnetic layers coupled by the interlayer exchange coupling (IEC), provide
an example of such 3D structures'™'’. A two-dimensional skyrmion is
formed inside each layer, with the spin directions in the skyrmions being
reversed between the layers due to the antiferromagnetic coupling. The
effect of ferromagnetic IEC on skyrmion size and stability has been studied
in refs. 17,18. Skyrmions may often be characterized by two independent
parameters”: the vorticity and the helicity. The vorticity is the integer
winding number determining how many times and in which direction the
in-plane spins wind around the out-of-plane spin in the center, which
determines the topological charge Q when also considering the direction of
the center spin. The helicity angle characterizes the rotational sense of the
spins when moving along the radial direction out from the center, including
Bloch-type and Néel-type rotations. The total topological charge of syn-
thetic antiferromagnetic skyrmions is zero due to the symmetric but
opposite magnetization between the layers, which forces the skyrmions to
move along the driving spin-polarized current in the current-in-plane (CIP)

geometry, leading to a suppression of the skyrmion Hall effect”. The can-
cellation of the topological charge also strongly enhances the diffusion in
these systems’". The helicity influences the direction of skyrmion motion in
the current-perpendicular-to-plane (CPP) geometry as well””, which
includes the effect of the so-called spin-orbit torque™. Quantum helicity
eigenstates have been proposed as a basis for skyrmion qubits™. The helicity
has been demonstrated to vary in thick magnetic multilayers due to
demagnetization effects'’, and it may also be influenced by strain and an
external magnetic field”’.

The antisymmetric counterpart of the IEC is the interlayer
Dzyaloshinskii-Moriya interaction (IL-DMI)***’, which gathered recently a
lot of attention in the research community™. This chiral coupling leads to a
non-zero chirality between the layers” ™, which could facilitate field-free
spin-orbit torque switching of the magnetization™. However, the influence
of the IL-DMI on the equilibrium structure and the dynamics of skyrmions
in multilayers remains unexplored.

Here, we demonstrate that when two magnetic layers hosting sky-
rmions are coupled via IL-DMI, a three-dimensional topological structure
becomes stable, which we call a twin-skyrmion. We study the structure
and the current-driven motion of such twin-skyrmions using atomistic
spin-dynamics simulations, which are found to be in favorable agreement
with semi-analytical calculations of the skyrmion profile and the analytical
description of the dynamics based on a collective-coordinate approach.
Our theoretical calculations show that the size and shape of magnetic
twin-skyrmions can be effectively controlled by the IL-DMI, while the
helicity may differ in the top and bottom magnetic layers. These changes
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in the skyrmion profiles are demonstrated to influence the velocity and the
skyrmion Hall angle. Since the IL-DMI can be manipulated by electric
fields in synthetic magnetic bilayers”, twin-skyrmions may be promising
candidates for spintronic applications based on three-dimensional spin
structures.

Results

Considered system

We describe the magnetic system by a classical atomistic spin model of two
layers of a square lattice containing 128 x 128 sites on top of each other. We
split the spin Hamiltonian of our system into three parts,

H=H, + H, + Hyp, 1)

where H includes all interactions inside the first layer, H, the interactions in
the second layer, and Hjy, includes all interlayer interactions. Denoting a
spin in a layer with the unit vector Sﬁ, where [ = (1), (2) is the layer index, and
assuming the same interaction parameters for both layers, we can write,

H = —3J"3 8- S/+33 Df - (Six8$) —u 3 B-S, (3
(i) (i) i
Hie = 7" 387874 3 D@78 )
i i

Inside each layer, we consider the nearest-neighbor interfacial exchange
interaction J'; the nearest-neighbor interfacial DMI (IF-DMI) vector DL.F
perpendicular to the bonds between nearest neighbors preferring a Néel-
type rotation, ie., ngF = D¥Z xT,, where /r\,j is the normalized vector
connecting sites i and j; and the Zeeman interaction with an external
magnetic field B. g, is the magnetic moment at a site and (4, ) is the sum
over all sites i and their nearest neighbors j. We include two interlayer
couplings mediated by a non-magnetic spacer layer separating the two
magnetic layers: the IEC J" and the IL-DMI D" If not specified otherwise,
we consider the parameters J¥ = 6 meV, [D¥| = 1.5meV, and Us = g,
where pg is the Bohr magneton. These values lead to the stabilization of
Néel-type isolated metastable skyrmions in a collinear background inside a
single layer for a sufficiently high external magnetic field applied along the
out-of-plane z direction, as illustrated in Fig. 1a. The value of J'" is typically
varied between 1 and 3 meV, while D™ usually takes values between —1 and
1 meV. Similar ranges for the DMI parameters have been determined in

ref. 38 for Co/TM/Co(0001) heterostructures based on first-principles
calculations, where TM is a single atomic layer of a transition metal Cu, Ag,
Au or Pt. The interfacial exchange and DMI interactions have been
demonstrated to be strongly affected by nonmagnetic capping layers,
which are not explicitly included in the spin model; see, e.g., ref. 39 for first-
principles calculations on Co/Pt(111) covered by various 5d elements of a
single monolayer thickness, where similar J* and D™ values have been
reported to the ones used here.

To study the dynamics of the structures, we consider the current-
perpendicular-to-the-plane (CPP) geometry. This describes the case when
the multilayer is placed on a non-magnetic substrate with strong spin-orbit
coupling. Besides the substrate being responsible for the interfacial DMI, an
electric current flowing inside the substrate gives rise to a spin current
flowing perpendicular to the layers, which exerts a spin—orbit torque on the
magnetization™. The dynamics is described by the Landau-Lifshitz-Gilbert
(LLG) equation***" including these torque terms™*,

S, = - 1-3:,2 Sﬁ X (B?ﬁ’l + (XS% X B?E’l)

+ B8 x (P + aS{xP) 4)
—B,Six (aP — S xP),

where « is the Gilbert damping and b is the absolute value of the gyro-
magnetic ratio. The effective field B; s given by the derivative of the
Hamiltonian with respect to Sf, Bfﬁ’l =— y;l %; see Methods for its explicit
expression. P is the direction of the current polarization, which will be
assumed to be perpendicular to both the electric current or electric field
direction inside the nonmagnetic substrate and the flow direction of the spin
current perpendicular to the surface”, P || j, x . The effect of the current is
split into a field-like torque proportional to f3; and a damping-like torque
proportional to ;. Since the field-like torque acts exactly like an external
magnetic field, it distorts the skyrmions but does not set them into motion™.
Therefore, we simplify the analysis by setting 8= 0 and only investigating
the effect of the damping-like term driving the skyrmions.

Twin-skyrmions formed by IL-DMI

Isolated skyrmions may be stabilized in the magnetic layers by applying an
out-of-plane external magnetic field, which polarizes the spins along its
direction. In the considered system, these structures are cylindrically
symmetric, and may be described in the continuum limit in polar

Top magnetic layer

Bottom magnetic layer

Fig. 1| Effect of IL-DMI on Néel-type twin-skyrmions. A schematic of the physical
system studied here is shown on the left, consisting of two magnetic layers and a non-
magnetic layer between them. The contributions to the Hamiltonian in Eq. (1) from
the different layers are written inside them. Without IL-DMI the material can host
typical Néel-type skyrmions, as seen in (a). If the IL-DMI lies in the xy plane, the

twin-skyrmion becomes elongated along the direction of the IL-DMI vector, as seen

in (b) and (c). Finally, if the IL-DMI points into the out-of-plane z direction, the
skyrmions in the two layers twist relative to each other by changing their helicities.
The parameters are J* = 12 meV, |[D"| =3 meV, [J"| = 0.6 meV, B°= —3.5 T. The IL-
DMI is D" = 0 for (a), D'l = 8 meV - X for (b), D' = § meV - ¥ for (c), and

D = 1 meV - Z for (d). The simulations were run for 2 x 10 time steps, i.e., 20 ns.
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coordinates (p, ¢) as follows:

B(p, 9) = B,(p), D/(p, p) = Oy(9) = mo + y,, (5)

where [ is the layer index, ® and @ specify the spin directions in spherical
coordinates, m is the winding number or vorticity of the skyrmion, and y is
its helicity. The topological charge is given as Q = p - m, where p is the
polarity, i.e., the sign of the out-of-plane spin component in the center of the
skyrmion. In Fig. 1, skyrmions with m = 1 are favored by the IF-DMI, and
the external field is applied along the —z direction, resultinginp=1and Q=
1. We will primarily consider IF-DMI preferring a Néel-type rotation,
resulting in y = 0 or 7 depending on its sign; but we will also discuss the
generalization to Bloch-type rotation with y = 71/2 or —n/2, preferred by
DMI vectors along the lines connecting neighboring sites.

The possible effects of the IL-DMI on the shapes of the skyrmions are
summarized in Fig. 1. The direction of the IL-DMI vector is highly
dependent on the symmetry of the system. Both in-plane’>***’ and out-of-
plane™* directions have been reported, depending on the symmetry
breaking introduced in the heterostructure. Here, we investigate the effect of
both components. Considering only the ferromagnetic IEC, the horizontal
positions of the skyrmions in the two layers become locked to each other, but
their shape remains unaffected, as shown in Fig. 1a. Including the IL-DMI, a
finite angle is opened between the spins above each other in the two layers.
For two ferromagnetic layers, this angle is given by a = arctan(|D™|/J™%)*,
and the magnetic moments will align in the plane perpendicular to the IL-
DML Here, the skyrmions in the two layers deform differently to maximize
their energy gain from the IL-DM], and form an object which we call twin-
skyrmion. For example, in Fig. 1b the IL-DMI points in the x direction,
preferring a tilting between the two layers in the yz plane. The background
polarized along the negative z direction in the top layer tilts towards the
positive y direction, while in the bottom layer it tilts towards the negative y
direction, as shown by the white arrows in Fig. 1b. For a Néel-type skyrmion
shown in the figure, the spins above and below the skyrmion center point
along the positive or negative y direction, and the system gains energy by
enlarging these areas, resulting in an elongation along the x direction and a
small shift of the skyrmion centers in the two layers oppositely along the y
direction. Note that a high value of the IL-DMI D" = 8 meV was chosen in
this figure to highlight the elongation. When the IL-DMI points along the y
direction instead, the polarized background tilts towards the negative and
positive x directions in the first and second layers, and the twin-skyrmion
becomes elongated along the y direction, as shown in Fig. 1¢. For Bloch-type
skyrmions, the in-plane spin components are rotated by 90 degrees; con-
sequently, the elongation can also be observed perpendicular to the direction
of the IL-DMLI. The direction of elongation may be generally expressed as:

= 1 cosy —siny [ D,
R=+——
* ( cos ¥ )(Dy>’ (6)

/D24 D2 \siny

where D, and D, are components of the IL-DMI vector, y is the helicity, and
the * denotes that the structure remains symmetric between the positive and
negative directions. If the IL-DMI points along the z direction, it prefers a
rotation in the xy plane, and, for a strong enough magnetic field B, it does
not influence the polarized background. However, the twin-skyrmion may
gain energy by changing the helicities in the two layers by rotating the in-
plane spin components, resulting in a negative helicity in the first and a
positive helicity in the second layer in Fig. 1d. The area of the skyrmion
where the spins are pointing in the plane is also extended compared to
Fig. 1a while retaining its circular shape.

The elongation of the twin-skyrmion for in-plane IL-DMI is quanti-
tatively analyzed in Fig. 2. We define the twin-skyrmion radius as the dis-
tance between the skyrmion center (O(r) = 71) to a point where the spins lie
in-plane (O(r) = 71/2), and take the ratio of the radii along the x and y
directions to obtain the elongation. We only consider Néel-type skyrmions
elongating along the x direction for an IL-DMI along the x direction; the
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Fig. 2 | Elongation of Néel-type twin-skyrmions depending on the IEC J" and IL-
DMI DYf. The parameters are J' = 6 meV, [D'| = 1.5 meV, D} = D' = 0,and B° =
1.4 T. For relaxing the structures, the damping parameter « = 1 was used, and the
simulation was run for 5 x 10° time steps, i.e., 10 ns. In the points shown in white, the
elongation of the twin-skyrmion was unbounded.

results may be generalized to other directions of the IL-DMI based on
Eq. (6). Generally, R,/R, increases with stronger IL-DMI and decreases with
stronger IEC. The interactions inside the layer also hinder the elongation of
the skyrmion, since this represents an energy loss compared to the circular
shape preferred by these couplings. For a sufficiently strong IL-DMI, around
J = 1meV and D = +1meV in Fig. 2, the elongation becomes
unbounded. This is similar to the elliptic instability of circular isolated
skyrmions®, which may be triggered by increasing the IF-DML In the
conventional elliptic instability, the IF-DMI prefers non-collinear struc-
tures, competing with the polarizing external field; if the IF-DMI is suffi-
ciently strong, isolated skyrmions transform into a stripe, which eventually
fills up the whole area with a non-collinear structure. In contrast, the IL-
DMI does not lead to structures that are modulated in the plane. However,
spin spirals formed by the IF-DMI may gain energy from the IL-DMI by
introducing a phase shift between the spirals in the two layers, while the IL-
DMI competes with the out-of-plane field under all circumstances since the
latter prefers to align all spins along the same direction.

The influence of the out-of-plane IL-DMI on the twin-skyrmion is
shown in Fig. 3. The change in the helicity from the value preferred by the
IF-DMI, which is ¢ = 0 in the figure, has the same magnitude but opposite
sign in the two layers. The difference between the helicities in the two layers
Y1 — ¥, ie, twice the deviation from the ¥ = 0 value mentioned above, is
illustrated in Fig. 3a. The IL-DMI is responsible for this difference in helicity
between the layers, meaning that the difference increases with DI. Chan-
ging the sign of DI is equivalent to switching the two layers, which results in
asign change in the helicity difference. The dependence of y;, — y, on D is
approximately linear, as shown in the line cuts in Fig. 3b. Increasing the IEC
decreases the slope of the curve, and stronger interactions inside the layers
also counteract this difference in helicity; e.g., the IL-DMI is competing with
the IF-DMI, preferring a Néel-type rotation in both layers. Since the circular
shape of the skyrmion is preserved, determining the twin-skyrmion profile
reduces to a radial differential equation in the continuum limit, which can be
solved efficiently numerically, as presented in Supplementary Note 1. The
results of this solution compare favorably to the solution of the LLG
equation on the square lattice, as shown in Fig. 3b. Increasing the IL-DMI
also increases the size of the twin-skyrmion, as shown in Fig. 3c. The size is
the same for both signs of DI, and appears to depend quadratically on its
magnitude, as shown in Fig. 3d. In contrast to the in-plane IL-DMI, the
ferromagnetic background does not always have a finite angle between the
layers for a finite DI, since the background spins are parallel to the IL-DMI
in this case. For J" = 1 meV and B* = 3 T the IL-DMI DI has to be larger
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Fig. 3 | Change of twin-skyrmion size and helicity for out-of-plane IL-DMI.

a Difference in helicity between the layers y, — , as a function of D* and J™.

b Shows line cuts along the lines colored correspondingly in (a); crosses represent
simulation results while the line shows the numerical solution of the equations in the
continuum limit, see Supplementary Note 1 and Supplementary Fig. S1. ¢ Twin-
skyrmion size for the same parameters, with line cuts shown in (d). The system
parameters are J" = 6 meV, [D"| = 1.5 meV, DI = D}I,L =0,and B° = 3.0 T. For
relaxing the structures, the damping parameter « = 1 was used, and the simulation
was run for 5 x 10° time steps, i.e., 10 ns.

than 1.15 meV to overcome the magnetic field and open a finite angle. We
restrict the values in Fig. 3 to D' = +1meV such that the background
remains parallel to the z direction. We derive the formula for the threshold
value of D in Supplementary Note 4.

Current-driven motion

We study the current-driven dynamics of the twin-skyrmions in the CPP
geometry. For low driving currents that do not deform the skyrmion con-
siderably, the position of the center of mass of the skyrmions may be treated
asa collective coordinate, and internal degrees of freedom may be neglected.
In this approximation, the velocity v and thus the motion of the skyrmion
under CPP can be described by the Thiele equation*:

GXxv+aD - v=F=85-P, 7)
which has been demonstrated to describe skyrmion dynamics with
high accuracy”. Here, the gyrocoupling vector G is given by
G = —4np.a*y~'Qe,, with Q being the topological charge and a the in-

plane lattice constant. We take the continuum limit and consider a
micromagnetic framework, S; — s(r). The dissipation tensor ® is then given

by:
b =ﬁ//a s(r) - 3,s(0) dr ®)
w2y “ v d
where y, v € {x, y}. The tensor B is given by:
w= B [ [@ustorxsion, dr. ©)

The index y runs over the two spatial dimensions y € {x, y} and k over the
three dimensions of spin direction k € {x, y, z}. B transforms the three-

dimensional current polarization P into the two-dimensional force F acting
in the plane of the layers.

We investigate how the velocity of the twin-skyrmion is influenced by
the direction and the strength of the IL-DMI. The velocity is characterized
by its magnitude and direction, the latter usually expressed in terms of the
skyrmion Hall angle, which is typically defined as the angle between the
current driving the skyrmion and the velocity; see Supplementary Note 2. In
our simulations, we fix the polarization vector P along the x direction, which
in the spin-orbit torque picture corresponds to an electric current j, flowing
along the positive y direction. We have observed above that the IL-DMI
changes the shape and size of the skyrmions, and its out-of-plane compo-
nent induces a difference in the helicity between the layers. The deformation
and helicity of the twin-skyrmion has no effect on the topological charge Q
and therefore on the gyrocoupling vector G. The dissipation tensor ©
depends on the size and shape of the skyrmions, but is independent of the
helicity. The tensor B depends on all of the mentioned parameters. For
circularly symmetric skyrmions, the latter may be expressed as a function of
helicity y and vorticity m as™:

B :fSOT( siny (10)
In Fig. 4, we study the effect of in-plane IL-DMI on Néel-type sky-
rmions for different directions of the IL-DMI. The current polarization
along the +-x direction means that the results for the IL-DMI pointing along
the x or y direction are no longer connected by rotation. Note that rotating
the direction of the IL-DMI and keeping the polarization fixed is equivalent
to rotating the polarization or driving current in the opposite direction for a
fixed IL-DMI, which may also be performed in a material with fixed
parameter values. The only symmetry observable in the figure is reversing
the direction of the IL-DML: the transformation +D™ — —D" is the same as
exchanging the top and bottom layers, SEU — ng) and sz) — Sgl), which
does not influence the motion since the interactions inside a single layer are
identical. Without IL-DMI, the skyrmion Hall angle measured from the
nominal current direction along 4y is around 83°, while the velocity is 13a
ns . If the IL-DMI is approximately parallel to the x or y axis, the skyrmion
Hall angle only minimally varies, but the velocities may differ by up to 70%
for the same driving current and magnitude of IL-DMI. In particular, the
skyrmions move faster along the direction they are elongated due to the IL-
DML, and slower if the direction of movement determined by the current
polarization is approximately perpendicular to the elongation. Along the
lines Df(L = + DI a different effect can be observed: the velocity is
approximately constant, but the skyrmion Hall angle differs considerably,
taking the value of 60° for DI = —D = +1meV and 107° for
DI = D}I,L = *1meV. The angle between the movement and the elon-
gation directions is similarly low along both of these lines, resulting in a
relatively high velocity. Overall, it can be observed that for low angles
between the direction of elongation and the current polarization, the Hall
angle of the twin-skyrmion is adjusted to roughly follow the elongation
direction while keeping a high velocity, whereas for higher angles between
these two directions, the movement slows down and the skyrmion Hall
angle returns to its value for uncoupled layers. This enables tuning the
skyrmion Hall angle and the velocity separately from each other.

The influence of the out-of-plane component of the IL-DMI is
investigated in Fig. 5. As it was shown in Fig. 3, this type of IL-DMI causes a
difference in the helicity between the skyrmions in the two layers. This
would induce different velocity directions for the two parts of the twin-
skyrmion, which is expected to cause an instability. This can also be
observed in the simulations, because only for small IL-DMI values
(DLL <0.6 meV for the chosen parameters) is the motion of twin-skyrmions
stable. It could be expected that the velocity of the twin-skyrmion is
determined by the average of the velocity vectors in the two layers, thus the
different velocity directions between the layers leads to a reduction of the net
velocity. On the contrary, an increase in the velocity with DI* may be
observed in Fig. 5. This is caused by an increase in the twin-skyrmion size

—cos Y 0)

mcosy msiny 0O
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Fig. 4 | Velocity of twin-skyrmions for in-plane IL-DMI. The current polarization
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Fig. 5 | Effect of the D!" on the twin-skyrmion velocity and size. Values of D'
greater than 0.6 meV do not result in stable motion. The system parameters are: J'" =
1.75 meV, DiL = D;L =0,B°=14T,a=0.1,and ;=1 ns . The simulation ran for
2 x 10° time steps, i.e., 2 ns.

with IL-DMI, as shown in Figs. 3 and 5. The force calculated from the B
tensor increases approximately linearly with skyrmion size; see Supple-
mentary Note 3 for the derivation and Supplementary Fig. S2. Since the
changes in the dissipation tensor D are small compared to 5, the velocity of
the twin-skyrmion correlates very closely with the skyrmion size and the
force acting on the skyrmion. Since the dissipation tensor depends weakly
on the IL-DMI in this case, the Hall angle only increases by 0.3% when
increasing DLL from 0.0 meV to 0.6 meV.

Discussion
In this paper, we studied magnetic skyrmions in bilayer systems coupled by
interlayer Heisenberg and Dzyaloshinskii-Moriya interactions. We found
that the IL-DMI locks the skyrmions in the two layers to each other but also
deforms their shape, thereby stabilizing a structure which we termed a twin-
skyrmion. The in-plane IL-DMI tilts the magnetization in the collinear
regions in the two layers in opposite directions. It also causes the skyrmions
to elongate and their centers to shift oppositely in the two layers, thereby
maximizing the energy gain from this energy term. For a sufficiently high
value of the IL-DMI, this results in an elliptic instability of the twin-
skyrmion. The out-of-plane IL-DMI preserves the circular shape of the
skyrmions in the two layers, but increases their radius and changes their
helicities in opposite directions.

Furthermore, we studied how the IL-DMI influences the current-
driven motion of twin-skyrmions in the CPP geometry. For in-plane IL-
DMLI, we found that the dynamics strongly depend on the relative directions

of the equilibrium elongation and the current polarization. The twin-
skyrmion prefers to move along the direction of its elongation by increasing
its velocity compared to uncoupled skyrmions in the two layers and
adjusting its skyrmion Hall angle if the polarization direction is changed.
However, if the direction of motion preferred by the current polarization is
approximately perpendicular to the elongation, the velocity reduces, and the
skyrmion Hall angle stays close to its value for uncoupled layers. For out-of-
plane IL-DMI, we observed an increase in skyrmion velocity together with
the skyrmion size, while the skyrmion Hall angle was found to be hardly
affected.

These findings could motivate experimental studies on skyrmions in
magnetic multilayers coupled by IL-DMI, expanding upon previous
works in systems coupled by ferromagnetic or antiferromagnetic IEC. The
possibility to change the skyrmion velocity or the Hall angle separately
depending on the current polarization direction should provide improved
control over the current-driven motion of skyrmions. It has been
demonstrated that skyrmions with circular equilibrium profiles become
distorted by even stronger driving currents”*. The dynamics in this
strongly nonlinear regime are expected to become even more complex in
the presence of IL-DMI, which may prefer a different direction of elon-
gation compared to the driving current and also affects the stability of
twin-skyrmions.

Methods
Simulation details
The effective field Bfff"l in the LLG equation (4) is given in the two layers as:

B = %%sﬁi%p}fxsjﬂwgsfiiDILxsZ, a1

where (j); denotes the sum over all nearest neighbors j of the site i, and [
denotes the layer other than I. The positive sign is taken in the last term for /=
(1) and the negative sign for / = (2) because of the definition of the cross
product.

The simulation is performed on a 128 x 128 square lattice with periodic
boundary conditions for each layer. The used integration scheme is the Euler
method with an additional normalization step after each iteration. The time
step is At =1 x 10~° ns for Figs. 1, 4 and 5. Some simulations were repeated
with various time steps to confirm the stability of the solution for the selected
time step. For the static properties in Figs. 2 and 3, a larger time step of At =
2 x 10~°ns was used, since here the focus is on obtaining a local energy
minimum instead of following the time evolution. The simulation was
always terminated after a fixed number of iterations. The number of itera-
tions is given in each figure caption. Close to the boundary of the stability
region in Fig. 2, we confirmed the stability by increasing the simulation time
by a factor of ten, and we did not observe a measurable change in the
skyrmion size, with this size staying well below the size of the simulation cell.
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Outside the stability region, we increased the system size by a factor of two,
and observed a further elongation of the skyrmion until it filled up the
simulation cell and was stopped by confinement.

Data availability

The datasets generated or analyzed during the current study are not publicly
available due to it not being technically feasible or the cost of preparing,
depositing, and hosting the data would be prohibitive within the terms of
this research project, but are available from the corresponding author on
reasonable request.

Code availability

The underlying code for this study is not publicly available but may be made
available to qualified researchers on reasonable request from the corre-
sponding author.
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