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90° pinned magnetic domain walls can be observed in thin magnetic layers attached to a ferroelectric
substrate. The main stabilization mechanism of the noncollinear magnetic texture is the strain transfer,
which is responsible for imprinting of the ferroelectic domains into the uniaxial anisotropy of the ferro-
magnet. Here, we investigate by means of micromagnetic simulations how the interfacial Dzyaloshinskii-
Moriya interaction influences the 90° domain-wall structure. It is shown that Dzyaloshinskii-Moriya
interaction induces a large out-of-plane magnetization component, strongly dependent on the domain wall
type. In particular, it is shown that this out-of-plane magnetization component is crucial for the transport
of the in-plane magnetic skyrmions, also known as bimerons, through the magnetic domain walls. Based
on the results of micromagnetic simulations, a concept of in-plane magnetic skyrmion valve based on two

90° pinned magnetic domain walls is introduced.
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I. INTRODUCTION

Coupling of ferroelectric and ferromagnetic degrees of
freedom is the key ingredient of multiferroic structures,
which are intensively studied for their considerable poten-
tial for the future applications in spintronics [1]. It has
been demonstrated that when a thin ferromagnetic layer
is attached to a ferroelectric one, the ferroelectric domain
patterns might imprint into the structure of the uniax-
ial anisotropy in the ferromagnet. As a result, magnetic
anisotropy axis abruptly rotates at the anisotropy boundary
by 90° giving rise to the 90° magnetic domain walls (DW5s)
strongly pinned to the position of the anisotropy bound-
ary [2]. The physical mechanisms recognized beyond this
effect are exchange coupling between the canted mag-
netic moment of ferroelectric layer and an adjacent ferro-
magnetic one [3,4] and strain transfer from ferroelectric
domains to a magnetostrictive film [5—8]. According to the
in-plane magnetic texture, two types of the 90° magnetic
DWs can be distinguished in the ferroelectric-ferromagnet
bilayers; uncharged and charged. Both of them are strictly
in-plane magnetic textures. In the center of an uncharged
90° magnetic DW, the magnetization is perpendicular to
the magnetic DW. In contrast, magnetization in the cen-
ter of a charged 90° DW is aligned with the DW. While
the first type is stabilized mainly by the interplay of the
magnetic exchange interactions with uniaxial anisotropy,
the latter one is usually influenced by the magnetostatic
dipolar interaction [2].
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The technical merit of the 90° magnetic DWs in multi-
ferroic heterostructures consists in a vast array of related
physical mechanisms that can be deployed in future
applications. Firstly, it has been demonstrated that the
anisotropy boundaries in the ferromagnet dynamically fol-
low the changes in the ferroelectric domain structure [9].
This effect allows one to position the ferromagnetic DWs
purely via the electric field. Secondly, a possibility of uti-
lizing a 90° pinned DW as a highly efficient source of spin
waves in a narrow range of wave lengths has been shown
by means of micromagnetic simulations [10]. Moreover, a
theoretical analysis has shown that the static and dynamic
properties of the pinned 90° DWs can be tuned via applied
magnetic field [11]. Alternatively, short-wavelength spin
waves can be emitted in multiferroic heterostructures
with modulated magnetic anisotropy using applied mag-
netic field [12]. Finally, it has been recently reported that
individual magnetic domains in multiferroic composite
bilayers can be manipulated via a laser pulse showing
laser-induced changes of magnetoelastic anisotropy lead-
ing to precessional switching [13].

In this paper, we extend the range of phenomena dis-
cussed in the anisotropy-modulated multiferroic multilay-
ers by examining the effect of interfacial Dzyaloshinskii-
Moriya interaction (DMI) [14,15] on the 90° pinned
DWs employing micromagnetic simulations. DMI can be
observed not only in bulk crystals of low symmetry [14]
but also in layered materials where the inversion symmetry
is broken at the interfaces [16—20]. It has been shown that
DMI significantly affects the dynamics of 180° magnetic
DWs by increasing their Walker field and velocity [21,22].
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DMI has also a noticeable impact on the critical current
density for DW depinning by spin-transfer torque and DW
resonance frequency [23]. Here, we show that interfacial
DMI might substantially influence the structure of the 90°
DWs by inducing an out-of-plane magnetization compo-
nent. While this effect introduces just a minor variation
of the magnetization texture of the uncharged DWs, it
becomes conspicuous in the case of the charged DWs.
Of note, the direction of the out-of-plane magnetization
induced by DMI depends on the direction of the in-plane
magnetization rotation. Thus the out-of-plane magnetiza-
tion components are opposite for the head-to-head and
tail-to-tail charged DWs.

Recently, numerical simulations by Moon ef al. have
shown a possibility of existence of the in-plane skyrmions
in thin magnetic layers with in-plane easy-axis magnetic
anisotropy and interfacial DMI [24]. Similar topologi-
cal magnetic structures in systems with in-plane mag-
netic anisotropy have been reported in various materials
and models [25-28]. Existence of the in-plane skyrmions
would open possibilities to study their interactions with
other planar magnetic textures like the in-plane magnetic
DWs. Another advantage of the in-plane skyrmions is
that, unlike skyrmions in systems with the perpendicular
magnetic anisotropy, the in-plane skyrmions of both topo-
logical charges (Q = =£1) can simultaneously exist in the
same magnetic domain. Due to the skyrmion Hall effect
[29,30], current-induced trajectories of skyrmions of oppo-
site charges are bent in opposite directions [24]. Although,
the mentioned skyrmions are in plane, their core magne-
tization is perpendicular to the layer. We show here that
DMI-induced out-of-plane magnetization in the charged
DWs can significantly influence the interaction of the
in-plane skyrmions with DWs. Namely, using micromag-
netic simulations we demonstrate that charged pinned 90°
magnetic DWs can serve as topological charge-selective
skyrmion filters. Following the results of micromagnetic
simulations, we introduce a simple concept of an in-plane
skyrmion valve based on two 90° pinned magnetic DWs.

The paper is organized as follows. In Sec. I we describe
studied systems of 90° magnetic DWs in a layer with
modulated easy axis and our results of micromagnetic
simulations. Section III analyzes in-plane skyrmions and
their dynamics in our system. Consequently, in Sec. IV
we describe mutual interaction of in-plane magnetic
skyrmions with the 90° magnetic DWs. In Sec. V we
describe the concept of an in-plane skyrmion valve and
discuss its functioning in practice. Finally, we conclude in
Sec. VI. Additional materials can be find in the Appendix.

I1. 90° MAGNETIC DOMAIN WALLS IN THE
PRESENCE OF DMI

First, we analyze how DMI influences the 90° magnetic
DWs pinned to the anisotropy boundaries. To this end,

we employ micromagnetic simulations implemented in the
MuMax3 framework [31]. We simulate a thin magnetic
layer of thickness d = 1 nm, shown in Fig. 1. The lat-
eral sizes of the layer are L, = 1024Ax and L, = 512Ay,
where Ax = Ay = 2.5 nm are the sizes of the discretiza-
tion cell along the x and y axis, respectively. The dis-
cretization cell size along the z axis is equal to the layer’s
thickness, Az = d = 1 nm.

In the layer’s plane we define two anisotropy bound-
aries, where easy axis abruptly changes its direction by
90°. The anisotropy boundaries are located at positions
x = x; and xg, shown in Fig. 1. The distance between the
anisotropy boundaries is set to |xg — x| = 1 um. In the
simulations we assume periodic boundary conditions along
the x and y axis. Therefore, the studied system is transla-
tionally symmetric along the y axis. The easy axis changes
along the x direction as follows:

(1 IN2,1/32, o)
(1 /N2, —1/4/2, 0) otherwise.

for x € (x1,xp)

(1)

The uniaxial magnetic anisotropy parameter, K,, is the
same in the whole layer. Moreover, in the simulations
we use following parameters: exchange stiffness parame-
ter Aex = 1.3 x 107!" J/m, saturated magnetization M, =
7.20 x 10> A/m [24], corresponding to the range of
parameters of cobalt and iron-based magnetic thin films
[32-35].
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FIG. 1. 90° magnetic DWs resulting from micromagnetic sim-
ulations: (a) uncharged DWs, (b) charged DWs. The color
scale shows the z component of reduced magnetization vec-
tor m = M/M;. The parameters of calculation are Aex =
1.3 x 107" J/m, M, = 7.20 x 10° A/m, K, = 10* J/m?, and
D=2 mJ/m?. The distance between the domain walls is
xXg—x; =1 um.
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Furthermore, we assume interfacial DMI, as described
in Refs. [31] and [36], given by an effective field term

om, 0m; om, Om,
Hpm = <—, »— ) . (@
poMs \ ox ~ dy = ox  dy
where f1g is the vacuum permeability, m = (m,, m,, m.) is
a unit vector in the direction of local magnetization, M =
Msm, and D is the strength of the DMI. In our simulations
with nonzero DMI, we assume D = 2 mJ/m? [24,37].

Figure 1 shows stable 90° DWs, calculated using micro-
magnetic simulations, under the effect of the DMI. The
anisotropy parameter used in the simulations is K, =
10* J/m?. The in-plane magnetization components are
shown by the arrows, while the color scale expresses
the out-of-plane, m., component. Figure 1(a) depicts the
uncharged DWs. Charged DWs can be seen in Fig. 1(b). In
both cases we can see out-of-plane magnetization localized
at the DWs. In the case of the uncharged DWs the out-
of-plane magnetization is rather small and changes sign
when passing the anisotropy boundary. On the other hand,
out-of-plane magnetization of the charged DW is about 10
times larger than the one of the uncharged DW. Moreover,
we can see that the out-of-plane magnetization of the tail-
to-tail DW, located at x;, has a sign opposite to the one of
the head-to-head DW, at x.

To understand the effect of the DMI, let us compare
the domain-wall profiles, plotted in Fig. 2, showing the
magnetization components at the anisotropy boundaries
calculated without and with the DMI. The magnetiza-
tion components are plotted as a function of position x
(at constant y) with respect to the anisotropy boundary
position, x.; x. = x; for the left DW, and x. = xz for the
right DW. Magnetization components calculated without
and with the DMI are plotted by the dashed and solid
lines, respectively. Note, the local magnetization vector
is normalized to 1. The in-plane magnetization compo-
nents of the the uncharged and charged DWs are shown
in Figs. 2(a)-2(d). The left column shows magnetization
components of the uncharged DWs, while the right one
plots the magnetization components of the charged DWs.
First, the uncharged DWs seem to be almost uninfluenced
by the DMI. The charged DW, however, appears to be sig-
nificantly affected by the DMI field, which reduces the
DW width. Similar trends can be observed also on the
DMI effect on the out-of-plane magnetization components
plotted in Figs. 2(e) and 2(f). In the case of D = 0 the
uncharged as well as charged DWs are strictly planar struc-
tures with zero out-of-plane magnetization components
[11]. Thus, the out-of-plane magnetizations observed in
Fig. 1 are induced purely by the DMI. This effect is under-
standable, since the Dzyaloshinskii-Moriya field, Hpy, has
a nonzero z component, which is proportional to dm, /0dx.
Although, DMI induces just a minor out-of-plane mag-
netization component in the uncharged DWs, in the case
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FIG. 2. Comparison of magnetization profiles at the anisotropy
boundaries without (dashed lines) and with (solid lines) DMI.
Magnetization components of the uncharged DWs are shown in
the left column, while the ones of the charged DWs are plotted in
the right one. Components m,, m,, and m. are plotted in (a)f),
respectively. The parameters of the calculations are the same as
in Fig. 1. The magnetization components are plotted as a function
of position x with respect to the anisotropy boundary, x.; x. = xi,
for the left DW (L), and x. = xj for the right (R) DW.

of the charged DWs the effect of DMI is about 10-times
stronger. The reason why the uncharged DWs are almost
unaffected by the DMI is that it is defined mainly by vari-
ation of the m, component with modest change of m,. On
the other hand, in the case of charged DWs, the domi-
nant magnetization component, which changes along the x
direction, is m,. Additionally, the charged DWs have also
relatively large magnetic moment, which responses to the
Dzyaloshinskii-Moriya field by tilting in the z direction.
The direction of the DMI-induced out-of-plane magneti-
zation of the charged DWs can be explained by Eq. (2),
since dm,/0x has a different sign in the case of the tail-
to-tail and head-to-head DW. In contrast, the out-of-plane
components of the right and left uncharged DWs are both
the same since the m, components vary in the same way in
both cases.

Our simulations confirm that a charged magnetic DW
has higher energy than the uncharged one. The difference
in energy densities of the two systems shown in Figs. 1(a)
and 1(b) is Ae ~ 124 mJ/m?. As the magnetic anisotropy
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increases, the total energy of both systems decreases lin-
early keeping approximately the same energy difference
between the two systems. The main reason of elevated
energy of the charged 90° magnetic DW is its relatively
large magnetostatic field.

In our micromagnetic simulations, the distance between
the DWs is set to 1 um. In order to rule out that the
dipolar interaction between the two DWs influences the
final magnetic configuration, we simulate a longer sample
with L, = 2048 Ax with the other parameters unchanged,
where distance between the DWs is set to 2 um. The final
magnetic configurations matched with those presented in
Figs. 1 and 2. Thus, we can exclude any effect of the dipo-
lar coupling between the charged DWs on their magnetic
configurations.

A. Effect of magnetic anisotropy

Let us now inspect how the charged DW structure
depends on the amplitude of the uniaxial anisotropy, K,,.
Figure 3(a) shows how the DMI-induced out-of-plane
magnetization changes as a function of K. Figure 3(b)
compares DW width with (solid circles) and without (open
circles) DMI. The DW width has been determined from the
results of micromagnetic simulations as [2]
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FIG. 3. Dependence of (a) the out-of-plane magnetization,

m;(x.), and (b) the DW width of a charged 90° DW as a function
of the anisotropy constant, K,,. The parameters used in the calcu-
lations are the same as in Fig. 1. Calculations of m;,(x.) are done
with D = 2 mJ/m?; x, is the position of the anisotropy boundary.
DW width is calculated with and without DMI.

where

T

s @

1
¢'(x) = [¢(X) - §A¢}

with ¢ (x) being the magnetization angle calculated from
the easy axis in the central domain of the simulated sample.
Moreover, A¢ is the magnetization rotation angle calcu-
lated as a difference of magnetization angles in the left and
right domains far from the domain wall, A¢p = ¢r — ¢r.

First, the out-of-plane magnetization induced by DMI
monotonously increases with K. This effect can be eluci-
dated simply, by shrinking of the DW width as K, rises,
as shown in Fig. 3(b). Since the DW width decreases, the
derivation dm,/0x at the anisotropy boundary increases
and, consequently, the z coordinate of the Dzyaloshinskii-
Moriya field, Hpy;, becomes higher. Second, Fig. 3(b)
demonstrates that the DW width decreases with K,, for
zero as well as for nonzero D. For the case with D = 0,
width of a 90° charged DW can be approximated as § ~
7 +/A/(2K,). Introducing DMI leads to a significant reduc-
tion of DW width, which is caused by the out-of-plane
magnetization component.

B. Effect of magnetic field

Next, we analyze how the out-of-plane magnetization
induced by DMI depends on the applied magnetic field.
When the magnetic field is applied along the y direction,
H.pp = Happ€,, With Hy,p > 0, the equilibrium magnetiza-
tion rotation angle decreases. Figure 4 plots field depen-
dence of the out-of-plane magnetization component of a
charged DW at the anisotropy boundary. When magnetic
field is applied along the DW, the magnetization rotation
angle decreases [11], as shown on the right vertical axis.
This results in the reduction of the out-of-plane magnetiza-
tion at the anisotropy boundary. The effect is the same for
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FIG. 4. Dependence of the DMI-induced magnetization as a
function of the magnetic field applied along the y axis. The equi-
librium magnetization rotation angle A¢ is plotted on the right
vertical axis. The parameters used in the calculations are the
same as in Fig. 1.
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both head-to-head and tail-to-tail DWs. As A¢ vanishes,
m;(x.) also tends to zero.

C. Effect of the spin-transfer torque

90° magnetic DW can be excited by electric current
flowing in the magnetic layer [10]. It has been also shown
by means of numerical simulations that electric current
induces a small out-of-plane magnetization in the vicinity
of the anisotropy boundary due to the spin-transfer torque
[11]. In order to compare the current-induced and DMI-
induced out-of-plane magnetization components, we carry
out a number of simulations with DMI with electric current
applied in the direction perpendicular to DW. The effect of
the spin-transfer torque is simulated using the Li-Zhang
term [38,39] as implemented in MuMax3 [31] taking into
account the Gilbert-damping parameter o = 0.3 and the
spin torque nonadiabaticity B = 0.6. The results are shown
in Fig. 5, which compares the out-of-plane magnetization
profile for uncharged and charged DWs with and without
electric current flowing along the x direction. When the
current density, /, is nonzero, we set / = £10'> A/m?,
which is a typical value used for current-induced DW
dynamics. In all cases we assume D = 2 mJ/m?, and K, =
10* J /m?.
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0.2
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——== RDW:1>0

—0.1 \ A - LDW:T <0
. == LDW:1>0
—0-2 —100 0 100 200 300

r — x.(nm)

FIG. 5. Effect of the spin-transfer torque on the out-of-plane
DW profile in case of an (a) uncharged and (b) charged 90° DW.
The anisotropy boundary is located as x. [x. = x;, for the left (L)
DW and x. = xp for the right (R) DW]. In all the calculations we
assume D = 2 mJ/m?. The electric current flows in the direction
of the x axis. When the current density, /, is nonzero, it has been
set to / = +10'> A/m?. The other simulation parameters are the
same as in Fig. 1. In the case of the uncharged DWs, the current-
induced effect for the left and right DW is identical.

Spin-transfer torque induces changes of the out-of-plane
magnetization in the case of the uncharged as well as
charged DW. This change is, however, about one order
of magnitude smaller than the one induced by DMI. In
the case of the charged DW, the out-of-plane magnetiza-
tion component increases when / > 0, however, it reduces
for opposite current direction. Nevertheless, in the stud-
ied system, electric current has just a modest effect on the
magnetization profile.

II1. IN-PLANE SKYRMIONS

Recent numerical analysis of thin magnetic layers with
DMI and in-plane uniaxial anisotropy with easy axis has
revealed a possibility of the in-plane skyrmions existence
[24]. A stable in-plane skyrmion can be obtained by rotat-
ing the out-of-plane magnetic texture with skyrmion into
the easy-axis direction. After relaxing the magnetic con-
figuration one receives an in-plane skyrmion of a beanlike
shape and out-of-plane core magnetization. In contrast to
the out-of-plane skyrmions, in-plane skyrmions of both
skyrmion numbers Q = %1 can coexist in one magnetic
layer. Figure 6 shows in-plane skyrmions of both topo-
logical charges obtained using micromagnetic simulations
with DMI and K,, = 10* J/m3. For higher resolution, we
use discretization cells of size Ax = Ay = Az =1 nm.

Figures 6(a)—6(f) plot the magnetization components of
the in-plane skyrmions. In agreement with Fig. 1, we plot
skyrmions in a rotated coordination system (x’,y’,z’) so
that the easy axis and the outer magnetization are aligned
with the horizontal axis, x’. The left column depicts com-
ponents of the in-plane skyrmion with topological charge
O =1, while the right one plots magnetization for in-
plane skyrmion with Q = —1. In contrast to skyrmions in
systems with perpendicular magnetic anisotropy, in-plane
skyrmions are not spherically symmetric. They show an
axial symmetry with respect to the easy axis. Moreover,
their orientation is linked with their topological charge.
The in-plane skyrmions can be seen as a combination of a
vortex and antivortex [24], known also as bimerons. In the
case of skyrmion with Q = 1, the skyrmion core is formed
by a vortex, while in the opposite case, antivortex takes the
role of the skyrmion core. In Figs. 6(g)-6(h) we map the
topological charge density, defined as

om 8m). )

1
,O(X,y)—gm'<§><§

The values of p in Fig. 6 are normalized to the range of
(—1, 1). The maximum of the topological charge density is
located between the vortex and antivortex of the skyrmion.
Unlike the out-of-plane skyrmions, the topological charge
density of the in-plane skyrmion has a droplike shape elon-
gated towards the skyrmion core. The topological charge is
then defined as O = [ dx dy p(x,).
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FIG. 6. In-plane skyrmions obtained using micromagnetic
simulations with the in-plane anisotropy constant K, =
10* J/m3. The quantities are plotted in a rotated coordination
system (x',)’,2") (see Fig. 1) so that the easy axis and outer mag-
netization are aligned with the x’ axis. The first three rows of the
left and right column show the magnetization components of an
in-plane skyrmion with topological charged O = 1 and O = —1,
respectively; (a),(b) my, (c),(d) m,, and (e),(f) m.. In the fourth
row the topological charge density is plotted.

Let us now inspect the current-induced motion of the
in-plane skyrmions in our system. We assume an in-plane
skyrmion nucleated in the middle of the sample shown
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FIG. 7. Skyrmion velocities in the central magnetic domain of
the sample shown in Fig. 1(b) as a function of K, calculated for
both topological charges, Q = %1, using micromagnetic simu-
lations. The current is applied along the x axis, hence, under
an angle —45° with respect to the outer magnetization. The
skyrmion velocities are given in the units of # defined by Eq. (6)
with parameters described below.

in Fig. 1(b). To induce the skyrmion motion we assume
electric current flowing along the x axis. The resulting
spin-transfer torque is modeled using the Li-Zhang torque
[38,39] implemented in MuMax3 [31]. First, we study the
skyrmion velocity in the central magnetic domain of the
sample as a function of K,, shown in Fig. 7. We analyze
skyrmion velocity for both topological charges separately.
The velocities in Fig. 7 are plotted in the units of u
defined as

"y up P1 ’ ©)
2eM; (1 — 8%

where (3 is Bohr magneton, P is the spin current polariza-
tion, / is the current density, and e is the electron charge.
The values used in the calculations of the skyrmion veloc-
ity are P =0.56, I =10'> A/m?, and B = 0.6, which
gives |u| = 35.17 m/s. Apparently, skyrmion velocities
decrease with increasing K,,. However, we notice a strong
difference in the velocities of skyrmions with opposite
topological charge. In order to elucidate this difference, we
study the skyrmion velocities in more detail. In the pre-
vious study by Moon et al. [24] it has been shown that
the skyrmion velocity depends on current direction with
respect to the easy axis. Moreover, it has been shown that
when the current flows along the easy axis, skyrmions of
both topological charges move at the same velocities. This
is, however, not our case, since the current is applied under
an angle of —45° with respect to the easy axis. Thus we
study velocities of skyrmions of both topological charges
as a function of the current direction.

To estimate the skyrmion velocity with respect to the
current direction the electric current of constant density
I =102 A/m? is applied under an angle ® with respect
to the x” axis (see Fig. 1). In order to separate the skyrmion
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Hall effect [29,30], we split the velocity into two compo-
nents; the longitudinal component, v, which is measured
along the current direction, and the transverse one, v,
which is perpendicular to the current direction. Triangles
in Fig. 8 show the (a) longitudinal and (b) transverse
skyrmion velocities calculated using micromagnetic simu-
lations for skyrmions of both topological charges, Q = +1.
We notice, that the longitudinal skyrmion velocity oscil-
lates with angle ® with period 7. The skyrmion velocity
changes approximately in a range of 10% of the average
velocity. Moreover, the velocities of skyrmions with dif-
ferent topological charges are shifted in phase by 7 /2. As
a result, skyrmions of both topological charges move with
the same longitudinal velocity when the electric current is

(a) ~
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1.02

1.00

Longitudinal skyrmion velocity
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FIG. 8. Velocities of in-plane skyrmions in the central domain
of the sample shown in Fig. 1(b) as a function of the cur-
rent direction. The velocities are calculated for skyrmions of
both topological charges, Q = £1. In Fig. (a) we plot the lon-
gitudinal velocity component (v;), and (b) shows the velocities
perpendicular to the applied current direction (v ). The mag-
netic anisotropy parameter is K;, = 10* J/m? and current density
I =102 A/m?, while the other parameters are the same as in
Fig. 7. The current is applied under an angle & with respect
to the x’ axis. The velocities are plotted in the units of u given
by Eq. (6). The points show the skyrmion velocities estimated
for the micromagnetic simulations, while the black lines are
corresponding skyrmion velocities calculated using the Thiele
equation (see the Appendix). Note, since the Thiele equation
overestimates the skyrmion velocities, we shift the calculated
values by a constant value, which is —0.07 in case of longitudinal
velocities and 0.02 in the case of the transverse velocities.

oriented parallel or perpendicular to the easy axis. The lon-
gitudinal velocities are equal in both current orientations.
On the other hand, the perpendicular skyrmion velocity is
slightly higher, when the electric current flows parallel to
the easy axis. In agreement with the theory of skyrmion
Hall effect, perpendicular velocities differ in sign for oppo-
site topological charges. Of note, for any angle ® different
from kx/2 (fork=0,1,2,...), the skyrmion velocities of
opposite Q differ from each other. The difference is max-
imum, when electric current is applied under an angle of
45° with respect to the easy axis, which is the case studied
in Fig. 7 as well as in the next section.

The skyrmion velocities described above are fully con-
sistent with the Thiele equation [40] studied also in
Ref. [24]. More details on the calculation of the skyrmion
velocities based on the Thiele equation can be found in the
Appendix. The black lines in Fig. 8 are the results of the
corresponding skyrmion velocities using Egs. (A4). Since
the Thiele equation slightly overestimates the skyrmion
velocities, we shift the calculated velocities by a value of
—0.07 in Fig. 8(a), and by +0.02 in Fig. 8(b). The overes-
timation of skyrmion velocities by the Thiele equation can
be explained by additional dissipation mechanisms related
to dynamic variation of the skyrmion shape, which can-
not be captured by the rigid shape approximation used to
derive the Thiele equation. However, the skyrmion veloc-
ity oscillations and their amplitude are well captured by the
Thiele equation.

IV. INTERACTION OF SKYRMIONS WITH
DOMAIN WALLS

Up to now, we study current-induced dynamics of
in-plane skyrmions remaining in the central magnetic
domain. Let us now inspect how the skyrmion motion is
affected by the pinned 90° magnetic domains. Recently,
interaction of skyrmions with DW has been studied in
magnetic thin film with perpendicular magnetic anisotropy
[41]. It has been shown, that a chiral DW can be consid-
ered as a guide for the skyrmion transport preventing them
from annihilation at the sample boundary. Although we
do not observe such an effect in the studied system with
90° DWs, we show that 90° DWs might have a signifi-
cant effect on transport of the in-plane skyrmions. It has
been shown that the in-plane skyrmions can be efficiently
moved by means of the spin-transfer torque or spin-orbit
torque [24]. In Sec. I C we demonstrate that applied elec-
tric current in the direction perpendicular to the anisotropy
boundaries has just a minor effect on the DW structure.
Thus we can use the spin-transfer torque to study the com-
mon interaction between the 90° DWs and the in-plane
skyrmions.

First, we inspect how the in-plane skyrmion passes an
uncharged 90° magnetic DW. As shown in the previous
section, magnetization in the vicinity of an uncharged DW
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remains mainly in the layer’s plane. Considering the sam-
ple shown in Fig. 1(a), we create an in-plane skyrmion in
the center of the sample. We assume D = 2 mJ/m? and
K, = 10* J/m*®. We move the skyrmions by applying a
constant electric current of the density / = 10'> A/m? in
the direction perpendicular to the DWs. For [ > 0, the
skyrmions move towards the left DW.

In Video 1, we show motion of the in-plane skyrmions
passing an uncharged magnetic DW. The colors in Video 1
show the z components of the reduced magnetization vec-
tor in the color scale shown in Fig. 6. The anisotropy
boundary is marked by the vertical dashed line and the
local in-plane magnetization direction is indicated by the
thick gray arrows. The single image shows skyrmion posi-
tions in different times with time step approximately 7 ns,
while the directions of moving skyrmions are given by the
green arrows. The video covers 30 ns of the skyrmions
dynamics. Apparently, the skyrmion trajectories deviate
from the horizontal direction due to the skyrmion Hall
effect [29,30]. Skyrmions with opposite topological charge
are deflected in opposite directions. As shown in Fig. 6,
the in-plane skyrmions are strictly oriented according to
the local magnetization direction. Thus, when a skyrmion
passes the domain wall it rotates to the direction of mag-
netization of the neighboring domain. It is worthwhile
to note, the topological charge of the skyrmion remains
unchanged, therefore, also the direction of the skyrmion
motion after passing the DW is the same. For the oppo-
site current direction with / < 0, the skyrmions move in
the opposite direction towards the right DW (not shown).
The deflection of the skyrmion trajectories is also reversed.
Otherwise, the skyrmion transport through the right DW is
analogical to the one described for the left DW.

The situation is more complex in the case of charged
DW. The summary of the skyrmion interaction with the
90° charged magnetic DWs is shown in Video 2 analogi-
cally to Video 1. The simulation parameters are the same

Q-1

\N—/

N\ /

VIDEO 1. In-plane skyrmions with topological charge (a)
0 = 1 and (b) O = —1 passing an uncharged 90° DW under the
influence of applied current in the direction perpendicular to the
domain wall. The colors show the magnetization m, components
in the color scale identical to Fig. 6. The current density / =
102 A/m? and anisotropy K, = 10* J/m> are used in the sim-
ulations. The single image shows skyrmion positions with time
step approximately 7 ns, while the green arrows give their direc-
tion. The vertical dashed lines mark the anisotropy boundary. The
gray thick arrows show the local magnetization directions.

Qzl I>0 Q=-1 I<0
N 71N
(€) o1 01
N s VIR
VIDEO 2. In-plane skyrmion with topological charged (a),(d)

O =1 and (b),(c) O = —1 passing a charged 90° DW under
the influence of applied current in the direction perpendicular
to the domain wall. The applied current density is (a),(c) I =
102 A/m? and (b),(d) I = —10'2 A/m?. The other parameters
are the same as in Video 1. The colors show the magnetiza-
tion m, components in the color scale identical to Fig. 6. The
single image shows skyrmion positions with time step approx-
imately 7 ns, while the green arrows give their direction. The
vertical dashed lines mark the anisotropy boundary. The gray
thick arrows show the local magnetization directions.

as in Video 1. In the left column of Video 2, we show how
the in-plane skyrmions with different topological charges
interact with the left DW when 7 > 0. While the skyrmion
with O = —1 passes the DW changing its orientation, the
skyrmion with O = 1 is destroyed when it hits the DW. For
I < 0, the skyrmions move towards the right DW, where
the situation reverses. Namely, skyrmion with Q = 1 trans-
mits the DW, however, the skyrmion with Q = —1 is
annihilated. We attribute this selective skyrmion annihila-
tion at the localized 90° DW to the out-of-plane component
induced by DMI. As follows out from our simulations,
when the direction of the out-of-plane component of the
DW is in accord with the skyrmion core magnetization
direction, the skyrmion passes through the DW. In con-
trast, when the skyrmion core magnetization is opposite to
the one of the DW out-of-plane magnetization component,
the skyrmion becomes unstable. Inside an opposite DW,
the skyrmion core shrinks down and the skyrmion annihi-
lates.

Moreover, we find out that the effect of the charge selec-
tive skyrmion annihilation at the charged DWs depends on
the strength of the uniaxial anisotropy. Namely, in our sim-
ulations we observe the effect when K, > 7 x 10° J/m?
at the same value of D =2 mJ/m?. Below this thresh-
old skyrmions of both charges can transmit through both
charged DWs. In Fig. 3 we show that the magnitude of the
out-of-plane magnetization component in the DW center
increases with increasing K,,. This suggests that the out-of-
plane DW magnetization component is responsible for the
skyrmion annihilation. It also explains why such an effect
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is not observed in the case of the uncharged DWs, where
the out-of-plane magnetization is of one order of magni-
tude smaller. In addition, we examine the stability of our
results for a smaller Gilbert-damping parameter. Simula-
tions with @ = 0.03 lead to the same qualitative results on
skyrmion transmission and annihilation.

V. IN-PLANE SKYRMION VALVE

From the practical point of view, the effect of the topo-
logical charge-dependent skyrmion annihilation can be
utilized as a skyrmion filter for construction of skyrmion-
based logic gates. This raises a question of how to control
the properties of the charged DWs and possibly how to
switch their effect on skyrmions on and off. We notice that
the out-of-plane magnetization of a charged DW must be
large enough to be able to annihilate a passing skyrmion.
Thus changing the magnitude of the out-of-plane mag-
netization might allow one to control the skyrmion flow
through the DW. As we show, the out-of-plane magneti-
zation component can be varied in various ways. On the
one hand side, it can be manipulated by changing strength
of the DMI or magnetic anisotropy. On the other hand,
it can be changed by an applied magnetic field, which
can vary the magnetization angle between two neighboring
domains, and thus reduce the out-of-plane magnetization
in the DW center. These methods, however, do not affect
only the 90° magnetic DWs but also the skyrmions, which
can become unstable under distinct conditions [24].

Alternatively, one can consider the central magnetic
domain in Fig. 1 as a valve for the in-plane skyrmion flow.
In Fig. 9 we present a concept of an in-plane skyrmion
valve based on two 90° pinned magnetic DWs. The sketch
in Fig. 9 shows a device consisting of three magnetic
domains separated by two 90° pinned DWs. The positions
of the DWs are given by the vertical dashed lines. The
diagonal thick arrows correspond to directions of magne-
tization in each domain. The smaller arrows located at the
DW positions show the magnetization direction in the DW
center. Finally, the horizontal arrows passing the structure
stand for the flow of skyrmions with topological charge
O =1 (top arrow) and Q = —1 (bottom arrow). Such a
device has 23 possible magnetic configurations. In Fig. 9
we show its four basic functionalities. Figure 9(a) shows
a magnetic configuration featuring two uncharged mag-
netic DWs corresponding to Fig. 1(a). In this configuration,
skyrmions of both topological charges can freely move
from one side of the sample to the other one. However,
when the magnetization in the central domain is switched,
both DWs turn to charged, as shown in Fig. 9(b). As a
result, skyrmions of both topological charges will be anni-
hilated at the two DWs and none of them can pass the
central domain. Additionally, if we want to introduce the
topological charge selectivity into this scheme, we need
to combine charged and uncharged DWs. Two examples

(@) =i . (b) .
) )
Q=--1 - -
©, . (d) .
1 1
Q=-1 - -

FIG. 9. Sketch of an in-plane skyrmion valve based on two
pinned 90° magnetic DWs. Pictures shows three neighboring
magnetic domains separated by 90° magnetic DWs. The DWs
are located at the gray dashed lines. The gray diagonal arrows
show directions of magnetization in each of the domains. The
smaller arrows show magnetizations in the centers of the DWs.
The horizontal lines passing the structure depict the transmission
of skyrmions with topological charge QO = 1 (red line) and O =
—1 (blue line). Figures (a)~(d) present different magnetic con-
figurations allowing or blocking transfer of in-plane skyrmions
depending on their topological charge.

are shown in Figs. 9(c) and 9(d). In the first one, the mag-
netization of the left domain has been switched giving
rise to a charged tail-to-tail domain wall. This config-
uration allows just skyrmions with O = —1 to pass the
central domain. Oppositely, if the right domain magneti-
zation is flipped, we obtain one charged head-to-head DW.
Thus just skyrmions with Q0 = 1 can be transferred to the
other side of the sample. Therefore, we suggest that such a
device could fully control the flow of the in-plane magnetic
skyrmions.

To make this scheme operate in practice, an effec-
tive method of switching magnetization selectively just
in a specific magnetic stripe domain is necessary. To
this goal, one can employ the laser-induced magneti-
zation precessional switching, which has been recently
demonstrated in multiferroic composite BaTiO3/Co-Fe-B
by Shelukhin et al. [13] using femtosecond pump-probe
technique with micrometer spatial resolution. It has been
shown that a femtosecond laser pulse can significantly
reduce magnetoelastic coupling in a given domain. Con-
sequently, with the assistance of ultrafast demagnetiza-
tion [42,43] magnetization precessions can be triggered
in the affected domain. When an external magnetic field
is applied along the anisotropy hard axis magnetization
precessional switching [44] can be achieved in the given
domain without influencing its neighborhood. In contrast
to the previously described approaches, the magnetic field
is applied just for the period of magnetization switch-
ing. Thus it does not affect the skyrmions passing the
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domain after the switching has been accomplished. More-
over, the precessional magnetization reversal happens on
a subnanosecond time scale [13], which offers an ultrafast
manipulation with the in-plane skyrmion valve.

VI. CONCLUSIONS

We study the influence of interfacial DMI on the 90°
localized magnetic DWs formed in a thin magnetic layer
with uniaxial in-plane magnetic anisotropy modified due
to a ferroelectric substrate hosting stripe domains [2]. By
means of micromagnetic simulations we show that, unlike
in the uncharged magnetic DWs, DMI induces signifi-
cant out-of-plane magnetization component in the charged
magnetic DWs. The sign of the DMI-induced out-of-plane
magnetization is opposite in the case of the head-to-head
and tail-to-tail DW type. Consequently, we study magne-
tization dynamics of recently proposed in-plane magnetic
skyrmions [24] in the system of magnetic stripe domains
separated by 90° magnetic DWs. Particularly, we analyze
the longitudinal and transverse skyrmion velocities as a
function of the applied current direction. We demonstrate
that the longitudinal skyrmion velocity also depends on
the topological charge, which results in different veloci-
ties of skyrmions with opposite topological charges when
the electric current is applied under a general angle with
respect to the easy axis.

We show that the charged DWs have an effect on the
transport of the in-plane skyrmions. Namely, when an in-
plane skyrmion passes a charged DW, it depends on its
topological charge whether it passes or becomes destroyed.
As follows from our simulations that a tail-to-tail mag-
netic DW allows transmission of an in-plane skyrmion of
topological charge equal to Q = —1, however, becomes
fatal to a skyrmion with Q = 1. On the other hand, a
head-to-head DW is passable for a skyrmion with 0 = —1
but annihilates a skyrmion with Q = 1. This process of
skyrmion annihilation we attribute to the incompatibility of
the out-of-plane magnetization of the charged DW and the
skyrmion core. When a skyrmion passes a pinned DW with
large enough out-of-plane magnetization of opposite direc-
tion, the skyrmion core becomes unstable and the skyrmion
vanishes.

To achieve the coexistence of the pinned 90° magnetic
domain walls and in-plane skyrmions one needs a compos-
ite featuring both magnetic stripe domains and interfacial
DMI. A suitable candidate might be a BaTiO3; /FM/Pt tri-
layer with FM being a thin magnetic layer made of Co-Fe
or Co-Fe-B [2,6]. Once the material parameters fulfill the
condition of in-plane skyrmion stability [24], they could be
nucleated by known methods making use of spin injection
[45,46] or a laser pulse [47,48].

Finally, we introduce a concept of a device based on two
90° pinned magnetic DWs allowing one to fully control
the in-plane skyrmion flow. We suggest that making use

of laser-induced spatially selective magnetization reversal
[13] such a device could be switched between different
magnetic states acting as a valve for in-plane magnetic
skyrmions.
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APPENDIX: SKYRMION VELOCITIES

Velocities of the in-plane skyrmions can be calculated
using the Thiele equation [40,49]. Without any lost of
generality, we assume here that the anisotropy easy axis
is aligned with the x axis. In the case of an in-plane
skyrmion moved by the spin-transfer torque [38,39] the
Thiele equation leads to [24]

—G(Lty - Uy) =Dy (Bu, —avy),
G(ux - Ux) == Dyy (ﬂuy — Oll)y) .

where vy, and v, are the skyrmion velocities in the x, and y
direction, respectively. Assuming the current density vec-
toras I =1 [cos(P), sin(D), 0], we obtain u, = u cos(P),
and u, = u sin(®), where u is given by Eq. (6). Here, ® is
the angle of the applied current with respect to the x axis.
Moreover, G = —4x Q, and Dyz = [ dx dy (3;m) - (dgm)
with m = m(x, y) being the reduced magnetization vector.
From Eq. (A1) we obtain

Ve U cos(P)
<vy> A D (sin(d>)> ’
where

p— (G +oB DDy
—G Dy (@ = B)

(Ala)
(Alb)

(A2)

G Dyy (a = p)
G +ap Dxnyy> (A3)

and A = G* + aff Dy.D,,. Applying the rotation transfor-
mation, we obtain the longitudinal, v, and transverse, v,
velocity components, which read

v = %:GZ + af DyD,,
— % (Dxx — Dyy) G (¢ — B) cos (2<I>)}, (Ada)
1
v, = _E %G(Ol - B)

X [Dyx + Dy 4 (Dux — Dyy) sin(2®)].  (A4b)
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