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Abstract

CrossMark

We studied the propagation of an artificial skyrmion coupled to the vortex domain wall
(VDW). We discovered the following effect: depending on the propagation’s direction, the
dynamics of the coupled skyrmion VDW can be faster than the isolated VDW’s velocity. The
reason for such behavior is the structural distortion that occurs in the coupled system. We
interpret the numerical results in terms of the modified Thiele’s equation. In particular,
increasing the Thiele’s equation counteractive coefficient leads to the perfect fitting with the

micromagnetic simulation results.
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1. Introduction

It is always fascinating when an appealing mathematical con-
cept meets the real physical world. The skyrmion [1] is a topo-
logical soliton playing a crucial role in quantum field theory.
Belavin and Polyakov [2] showed that the topological action
of the field theory Siop (n) = % J dx;dxon - (91n x d>m) and
associated topological charge W = %Smp (n) are invariant with
respect to the infinitesimal operations of the O(3) group. Here
0 is the topological angle, and n(xy, x;) is the vector field
r = (xy, x2). Bogdanov was one of the first who uncovered the
link between skyrmions and magnetism [3] and showed that a
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magnetic texture m(r) = n plays the role of the vector field.
Nowadays, magnetism is a platform for testing fundamental
physical concepts [4-22].

Formation of a magnetic skyrmion requires many crite-
ria and conditions. Therefore natural skyrmions are rare and
may exist only in a few materials for a limited set of param-
eters. Artificial skyrmions are objects obtained through a
nanopatterning procedure. Typically for nanopatterning, one
has to consider a bi-layer system. The upper layer possesses a
nontrivial ground state magnetic texture and couples to the bot-
tom layer through exchange interaction. The nontrivial mag-
netic surface in the top layer facilitates the formation of the
skyrmion texture in the bottom layer. Thus skyrmions arti-
ficially can be formed in the absence of the Dzyaloshin-
skii—-Moriya (DM) interaction [23].

The topological structure of skyrmions is useful for mem-
ory storage and logic devices. To move a skyrmion, one

© 2021 The Author(s). Published by IOP Publishing Ltd Printed in the UK
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needs less effort than for a domain wall using standard tools
such as the spin-polarized current, magnonic spin current,
or inhomogeneous electric field gradient [24]. However, a
skyrmion trajectory is not parallel to the applied torque but
has an orthogonal component. The reason for the drift in the
orthogonal direction is the skyrmion Hall effect. Skyrmion
and antiskyrmion possess opposite topological charges. The
total charge of the bi-skyrmion constructed from the coupled
skyrmion—antiskyrmion pair is zero. Therefore bi-skyrmions
do not experience a Magnus force and their trajectory is a
straight-line [25].

Recently, the following setup has been proposed for the
generation of artificial skyrmions [23]: A circular nano-dot is
placed on the top of coupled thin layers. The geometry influ-
ences the magnetization profile in the nano-dot. In particular,
the circular geometry generates a stable vortex state in the
nano-dot and creates a bi-skyrmion state in the bottom cou-
pled thin layers. This artificial bi-skyrmion structure exploits
a sophisticated nanofabrication technique for the generation
of the circular nano-dot. Nevertheless, the proposed setup is
not suited to drag the bi-skyrmion. The bi-skyrmion is firmly
pinned in the region of the circular nano-dot.

Thus, already existing schemes for creating artificial
skyrmions exploit the conditions breaking down the mobility
of skyrmions, while the objective is to have artificial skyrmions
with high mobility features. We propose an experimentally
feasible model of an artificial skyrmion coupled with a vortex
domain wall (VDW). We will show that the artificial skyrmion
connected to the VDW possesses high mobility features and a
certain asymmetry in the propagation in opposite directions.

The work is organized as follows: in section 2, we describe
the model, in section 3 we discuss mechanisms of the forma-
tion of bi-skyrmion structures, in section 4 we study the cou-
pled motion of the artificial skyrmion and VDW. We demon-
strate our main finding: directional helical asymmetry of the
velocity of coupled system and conclude the work. In section 5
we summarise the work.

2. Model

In the present work, we consider two types of systems with dif-
ferent geometries. In the first model the Co nanodisks of the
circular shape and vortex magnetization profile are attached
to the SrRuOs;-Laj7Srp3MnO;3 bi-layer system (termed
SRO-LSMO in what follows). The skyrmion—antiskyrmion
pair is formed in the SRO-LSMO bilayer. This structure is
shown in figure (1). In the this model, the artificial skyrmion
is pinned with the nanodisk, and the skyrmion is immobile. To
study the motion of skyrmions, we propose the second model.
In particular, we propose the model of an artificial skyrmion in
the Co—CoPt bilayer interface system without DM interaction.
The VDW from the track layer stabilizes an artificial skyrmion
in the CoPt layer. The magnetocrystalline anisotropy in the
layers is out of the plane. Layers are coupled with each other
by the exchange interaction. An applied spin-polarized torque
drives the VDW, and the skyrmion follows the VDW. Thus,
the artificial skyrmion is coupled to the vortex wall and moves
together with it. The second model is analyzed in section 4.

l+z
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Figure 1. The setup (left) and sectional view (center) through the
disk and the layers. The color code defines the z component of the
local magnetization. The Co vortex disk placed on the SRO-LSMO
bilayer creates the skyrmion—antiskyrmion pair in the SRO-LSMO
bilayer system.

The second model does not require nanofabrication of
nano-dots, and this is a clear advantage. Besides, the mecha-
nism for moving the VDW and the artificial skyrmion is exper-
imentally feasible. Furthermore, the magnetic skyrmion Hall
effect is entirely suppressed in our scheme, which is significant
for applications based on a fully controlled skyrmion motion.

In the micromagnetic simulations, the magnetic dynamics
of the nth layer M,,(r) = Mg ,m,(r), (Where M is the saturation
magnetization) is governed by the Landau-Lifshitz—Gilbert
equation

OM,,
ot

— M, x (Hsz_; 5E>+ﬁM,,>< oM,

,qus om, M ot~

ey
Here +y is the gyromagnetic ratio and « is the phenomenolog-
ical Gilbert damping constant, E is the inter-layer exchange
energy with coupling parameters J, and J,3.

The effective field HS™ consists of the intra-layer
exchange field, the demagnetization field Hgemqe, the
anisotropy field, and of the applied external magnetic field,
Hiﬁ = jﬁ—fivzm(y +Hz+2Km’ + Heemag, Where A is
the exchange stiffness, K,f , B =ux,y,z is the magnetic
anisotropy, H. is the external magnetic field applied along the
z-direction. The demagnetization field is given by [26]

MS ! 1 / /
Hdemag(r) = _E[/VV mm(r )dl‘ . 2)

For micromagnetic simulations we exploit the object-oriented
micromagnetic framework (OOMMF) [27]. The formation
of a skyrmion is verified through the topological charge
figures (2) and (3). We note that there are two different types
of domain walls in the magnetic nanowires: the transverse wall
(TW) and the VDW, see [28—31]. Depending on the geometry
of the sample, TW and VDW exhibit different diverse sta-
bility and robustness. TWs have a relatively simple structure.
Schryer N L and Walker [32] proposed an analytical descrip-
tion of the TW. This approach allows estimation of the critical
threshold velocity and the strength of the spin-polarized cur-
rent, above which the TW is not stable. Walker’s trial function
has the form [32]

é(x) = tan™! exp (ﬁ) )

Vs
X b)) = 3. 3)

Here ¢(x), 6(x) are the angles between the direction of the
magnetization and the nanowire (aligned along the +X axis),
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A is the width of the domain wall. Taking into account
Walker’s trial function equation (3) for the velocity of the TW

one obtains [28]
o ’}/HA _ Ccy

Ux —, 4)
Q Q

where H is the external magnetic field, and c; is the amplitude
of the spin-polarized electron current. The motion of the VDW
is sophisticated, and the equation for the velocity components
read:

- GVUy + Dv(avx + CJ) - 0,
Gy(vy + by) + aDyvy, = 0. (5)

Here G, is the domain gyro-coupling vector, D, is the
domain dissipation dyadic tensor, b; = ¢;/¢ with nonadia-
baticity coefficient £ (see [28] for more details). According to
Walker’s breakdown, when VDW'’s velocity exceeds the crit-
ical threshold value, VDW converts into the more trivial TW.
The mechanism of this transformation is described in [28]. We
note that the result equation (5) from [28] does not include two
factors: (i) the coupling force between top VDW and bottom
skyrmion (ii) the out-of-plane spin-transfer torque. Including
these two factors, we generalize equation (5) in section 4.

3. Generation of artificial bi-skyrmions

The main challenge in skyrmionics is reaching both topolog-
ical and thermal stability. The probability of collapsing of
skyrmions follows the Arrhenius law. When the potential bar-
rier is higher than the thermal energy, the skyrmion is stable.
However, at high temperatures, thermal fluctuations may cause
a thermal collapse of the skyrmion [33]. Among the materials
hosting natural skyrmions due to the strong DM interaction, a
paradigmatic example is the chiral magnet MnSi. An interplay
between anisotropy, external fields, ferromagnetic exchange
interaction, and most crucially, the DM interaction determines
stability and the size of skyrmion configurations [34]. Natu-
ral materials rarely fulfill these conditions. However, exploit-
ing inter-material coupling grants stable artificial skyrmion
textures in natural materials without DM interaction.

We prove that a vortex disk [35] positioned on a bi-layer
generates and stabilizes an artificial bi-skyrmion magnetic
texture, i.e., a skyrmion—antiskyrmion pair (see figure 1).
Bi-skyrmions are of great interest as they, possessing vanish-
ing total topological charge, do not experience the skyrmion
Hall effect [36]. A disk made of Co (radius 45 nm, height
24 nm, exchange stiffness A = 1.9 x 107" T m~!, saturation
magnetization M, = 1.4 x 10 Am™") [37] in which shape
anisotropy stabilizes the vortex is placed on the SRO-LSMO
bi-layer (heights 6 nm and 4 nm; exchange stiffnesses
A=18x10"2Jm' and A=546x10"Im";
saturation magnetizations Mg =02 x 10® A m~' and
M = 0.56 x 10° A m~!; anisotropy constants K = 6.4 x
10°Jm™3 and K = —2 x 10° J m~3 respectively) [38]. The
inter-layer coupling strengths are treated as free parame-
ters throughout the micromagnetic simulations performed
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Figure 2. Topological charge in the planes perpendicular to the
z-direction once the bi-skyrmion is created: in the LSMO (SRO)
layer an antiskyrmion (skyrmion) with topological charge —1 (+41)
arises. Additionally the layers’” and disk’s saturation magnetization
M (divided by the disk’s M) are depicted. Values of the inter-layer
couplings J1o =5 x 1072 Jm™ !, Jy3 = =5 x 1072 Tm™".
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Figure 3. Topological charge in the system’s different areas
throughout the bi-skyrmion’s creation process. The right-hand side
graph depicts the corresponding applied field.

using OOMMEF [27]. Their signs are fixed, imposing fer-
romagnetic coupling between the vortex disk and the first
layer and antiferromagnetic coupling between the two
layers. In particular, absolute values of the inter-layer
couplings used in calculations Jj» =35 x 1072 J m™!,
Jy3=-5x10""2 J m™' are comparable with the
intra-material exchange coupling.

Our scheme for the generation of textures of magnetic bi-
skyrmions requires an external magnetic field (see figure 3).
The magnetic field is applied perpendicular to the layers and
varied step-wise from positive to negative values of |B| ~ 2 T
and back to zero. The topological charge diagram figure (3)
(the left figure) depicts the evolution of the charge during
the variation with the corresponding applied fields (the right
figure). We apply the conjugate gradient energy minimization
procedure implemented in OOMMEF at each step. When the
non-trivial (nearly antiskyrmion) state in the vortex disk col-
lapses, it produces a skyrmion in the adjacent layer. The anti-
skyrmion in the bottom layer is formed later, after the magnetic
field approaches zero figure (2).

The vortex disk is a useful tool in numerics to highlight
conditions and mechanisms of the formation and stability of
artificial magnetic bi-skyrmion magnetic texture. However, for
studying dynamic properties, i.e., skyrmion drag effect, we
replace the vortex disk by the VDW.
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Figure 4. Top panel is the schematic of coupled VDW (chirality
parameter ¢ = 1) and artificial skyrmion. (a) and (b) are profiles of
m, (x component of local unit magnetization) in top layer and m; (z
component of local unit magnetization) in the bottom layer,
respectively. The material parameters for top Co track: (exchange
constant A“° = 2.5 x 10" I m~!, saturation magnetization

M =1.4x 10° Am~!, and a = 0.04) and bottom CoPt film
(exchange constant A = 1.5 x 107! J m™!, saturation
magnetization MSCOpt =5 x 10° A m~', uniaxial anisotropy
perpendicular to the film with constant K" = 4 x 10° Jm~
a = 0.04) are used.

3 and

4. Coupled motion of VDW artificial skyrmion

Artificial skyrmions confined near the center of the nano-
disk have low mobility. In the present work, we propose an
alternative scheme. We place a nanostrip with a stable VDW on
the top of the magnetic layer with out of plane anisotropy. The
coupling to the VDW stabilizes an artificial skyrmion structure
in the bottom magnetic layer, as demonstrated by figure 4. To
move the VDW we exploit the electric current induced spin-
transfer torque b; Ty = bym x x x m flowing in the neighbor-
ing heavy metal layer attached to the nanostripe. The VDW
sets the artificial skyrmion in motion. We describe the underly-
ing physical process through Thiele equations for the coupled
motion of VDW (g, ;, g, ;) and skyrmion (g, ,, g ).

_Gvatqy,l + anxath’l + Bx — Fx
—kqy1 + Gvathl + aDyyatq_v,l = Fy,

(6)
+aD0iqyp — Gsat%uZ =—F,
+aDsato,2 + GsatCIx,Z = _F}"
Parameters G, = —27p, D, =D, = —7lIn fl—e’ Dy =

D, + D,, D, = =27 and B, = bycL characterize the vortex
structure [28]. The spin orbit torque coefficient is given by
by = %, where fgsy is the spin-Hall angle, e is the
electron charge, and ¢ is the thickness of top layer. For the
artificial skyrmion structure: Gy = 4np and Ds = 4. The
polarity of vortex wall and skyrmion are p =1 through-
out our study, while ¢ = 41 is the chirality of the vortex
wall, R is the radius of the vortex core, and a is the lat-
tice constant of the crystal structure. The scaling length
is defined from L= [dVm x (dym x T). The constant
k=A% /(27R?) describes the counteractive force from
the lateral boundary and depends on the details of the

35
—=—gq,(c = 1,single)
—*—gq,(c = 1,single)
g
\;\: 05 —— 3—«)—‘- —‘—7:
=
\
4\‘
—r— qx,l(c — _1) \\
——g,le=-1) NS
-35 L
0 4 8
t (ns)

Figure 5. The motion of the VDW. The solid dots describe
simulation results, and the open dots correspond to the Thiele’s
equation equation (6).

wall structure [28]. The coupling force between the top
vortex wall and the bottom skyrmion [39, 40] is intro-
duced by Fiy =202 ) — pid, exp(—%) and
r= \/ (g1 — gx2)* + (gy1 — gy2)?, and negative n, describes
the coupling strength.

At first, we analyze the motion of the ‘bare’ VDW decou-
pled from the skyrmion. The velocity, in this case, is equal
to v, = zﬂ%rigrjiﬁm/a)l and y component of velocity is zero
8,qy’1 = 0. From micromagnetic simulation data, we obtain
L ~ 40 nm. For 6y = 0.1, J¢o = 2.7 x 107 A cm~2, and the
value of the speed is v, = 5.3 m s~!. The result obtained
through Thiele’s equation equation (6) is plotted in figure 5
and is in a good agreement with the result of micromagnetic
simulations. The sign change of ¢ inverts the motion direction
while the speed is the same.

As anext step, we analyze the motion of the skyrmion cou-
pled with the VDW. The coupling between the vortex and
the skyrmion slightly distorts the vortex structure, leading
to the larger scaling parameter L ~ 90 nm in equation (6).
To explore the dynamics of the coupled system, we set the
parameter ¢ = +1 and compare the result with the bare vortex
wall. The Thiele’s equation equation (6) shows that the cou-
pled system moves in the same direction, with slightly lower
velocity (figure 6(a)). Surprisingly micromagnetic calculations
show left-right asymmetry when the sign of chirality of the
VDW is inverted (figure 6(b)). For ¢ = —1, the coupled sys-
tem moves slower (v, = —3.6 ms~!) as compared to the bare
VDW. However, for ¢ = 1, the dynamics of the coupled sys-
tem become slightly faster (v, = 5.4 m s~') than the motion
of the single VDW. Thus the chirality of the VDW coupled to
the skyrmion system leads to an interesting phenomenon.

The asymmetry occurs due to reshuffling (distortion) of the
VDW’s internal structure. Considering the Thiele’s equation
parameters as phenomenological quantities, we tried to fit
results governed by the Thiele’s equation with the micro-
magnetic calculations. For example, the distortion affects the
counteractive force from the lateral boundary and changes the
value of x when the vortex wall moves in the +x direction (lat-
eral drift is in —y direction). When increasing « by a factor 3,
the motion of the coupled VDW and skyrmion becomes faster,
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Figure 6. The motion of the coupled VDW and skyrmion. The
skyrmion follows closely to the vortex wall, and g, ; = q,, = ¢,

see figure 6(a). For fitting the simulation results, we use the
larger counteractive coefficient «; = 1.5k, and obtain
vy = 5.4ms~ ! when ¢ = 1 from equation (6). When ¢ = —1,
the counteractive coefficient x, = 0.8« is adopted for fitting
vy =—3.6ms L

5. Conclusions

Formation of skyrmions requires specific conditions, and
therefore natural skyrmions exist only in few materials. Thus
the challenge for modern skyrmionics is the creation of artifi-
cial skyrmions and, on the other hand, ensuring a high mobil-
ity the artificial skyrmions. In the present work, we consid-
ered two types of systems with different geometries. In the
first model, the Co nanodisks of the circular shape and vortex
magnetization profile are attached to the SRO-LSMO bilayer,
inducing a skyrmion—antiskyrmion pair in the bilayer. In the
first model, the artificial skyrmion is pinned with the nan-
odisk, and the skyrmion is immobile. In the second model, the
upper Co track is attached to the bottom layer with an arti-
ficial skyrmion, and the skyrmion is stabilized by the VDW
placed in the upper Co track. The artificial skyrmion is cou-
pled to the vortex wall and moves together with it. The second
scheme ensures high mobility of the artificial skyrmion, and,
what is essential, the skyrmion Hall effect is suppressed due
to the counteractive force (k term) from the lateral boundary.
This effect is similar to the case of a single vortex wall [28].
The trajectory of the artificial skyrmion is rectilinear, and this
fact is beneficial for skyrmionic spintronics. We also showed
that there is a left—right asymmetry in the VDW velocity when
the sign of chirality of the VDW is inverted. This asymmetry
occurs due to distortion of the internal structure of the VDW.
The coupling with the bottom layer causes distortion, and chi-
rality plays an important role. For ¢ = 1 and ¢ = —1, the
distortions are different. By fitting the Thiele’s equation coun-
teractive coefficient, we obtain a similar asymmetry. The slight
change in the counteractive coefficient mimics the structural
distortions in the VDW.
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