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Magnetic skyrmions without the skyrmion Hall
effect in a magnetic nanotrack with perpendicular
anisotropyf
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Benpeng Zhu and Long You (DR

Magnetic skyrmions have potential applications in novel information devices with excellent energy
efficiency. However, the skyrmion Hall effect (SkHE) could cause skyrmions moving in a nanotrack to get
annihilated at the track edge. In this work, we discovered that the SKHE is depressed by modifying the
magnetic structure at the edge of a track, and thus the skyrmion can move in almost a straight line at a
high speed. Unlike the inner part of a track with perpendicular magnetic anisotropy, the edge layer exhi-
bits in-plane magnetic anisotropy, and the orientation of edge moments is opposite that at the perimeter
of skyrmions nearby. As a result, an enhanced repulsive force acts on the skyrmion to oppose the Magnus
force that causes the SKHE. Additionally, the Dzyaloshinskii—Moriya interaction (DMI) constant of the edge
layer also matters. When there is no DMI at the edge layer, the transverse displacement of the skyrmion
can be depressed effectively when the width of the edge layer is sufficiently large. However, when the
inner part and the edge share the same DMI constant, non-monotonically varied transverse displacement
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1. Introduction

Skyrmions were originally introduced as a model in nuclear
physics to develop nonlinear field theory for interacting pions
and to describe localized, particle-like configurations in the
fields of pion particles." A skyrmion is now highly relevant to
the spin structure in condensed-matter systems.

Magnetic skyrmions are chiral spin structures with a whir-
ling configuration.” Because their structure cannot be continu-
ously deformed to a ferromagnetic or other magnetic state,
skyrmions are topologically protected.>® Due to their topologi-
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1 Electronic supplementary information (ESI) available: The simulation method;
the initial state for the magnetization distribution of moments at the edge layer;
calculation of the skyrmion number Q and the dissipative tensor Dy; the evol-
ution of the displacement and velocity of a skyrmion in the PM track with an
edge layer with IMA with different boundary widths under a current of 2.5 x 10"
A m™? the evolution of the y-component of the Magnus force and that of the
edge force with different boundary widths under a current of 2.5 x 10" A m™>
the transverse displacement dependence of the y-components of the Magnus
force and the edge force with different boundary widths under a current of 2.5 x
10"" A m™?; the calculation of the effective field (Hetr); the influence of the thick-
ness dependence of exchange coupling strength. See DOI: 10.1039/c7nr01980g
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occurs because of the Néel-wall-like structure at the edge layer.

cal nature, skyrmions are stable against moderate pertur-
bations. As a result, under the effect of spin transfer torque
(STT) or spin orbital torque (SOT), a skyrmion can move
smoothly in a nano-sized track with defects.>>® Two key
factors that motivate the study of magnetic skyrmions are their
ultimate small size (a few to tens of nanometers)’ " and the
relatively low current density of a small skyrmion in a medium
with a good purity,>>**** significantly reducing the dissipa-
tion and enhancing the energy efficiency in the process of
information manipulation. These two factors not only raise
interesting fundamental questions about the chiral magnetic
order induced by spin-orbit coupling but also open the door
to new concepts of ultradense information storage, logic gates,
and computing devices."*™®

The creation and motion of an isolated magnetic skyrmion
in thin films is a key for future skyrmion-electronics appli-
cations. Previous numerical simulations have shown that,
under the influence of a spin polarized current via STT or SOT,
isolated skyrmions can be created and manipulated.’™®
However, when a skyrmion is driven by a spin polarized
current, the movements of the skyrmion away from the
intended direction can be attributed to the presence of the
Magnus force, which arises because of the coupling between
the conduction electron spin and the local magnetiza-
tion.>>®'® This is referred to as the skyrmion Hall effect
(SKHE), which was theoretically proposed by Zang et al.** and
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was experimentally observed recently.">>" This deflection is a
serious problem in the realization of skyrmion-based devices
because it leads to skyrmion annihilation at the film edges
after a short traveling distance. This will be a bottleneck in rea-
lizing skyrmionic ultradense devices.”*

Until now, the methods proposed to reduce the SKHE have
mostly utilized a spin-wave or magnon to manipulate sky-
rmions, which is difficult to integrate into a skyrmionic nano-
circuit.>>** Very recently, authors have proposed current-
driven skyrmion motion to suppress the SKHE by using an
antiferromagnetically  (AFM)  exchanged-couple  bilayer
system®>® or local potential barriers to surround and com-
press the skyrmion in the nanotrack.>” In the AFM skyrmion
system, the Magnus forces of the neighboring skyrmions are
counteracted by each other. As a result, both skyrmions can
move without deflection under any current. However, this pro-
posal seems to be not quite realistic. Firstly, to obtain the
bilayer with AFM coupled skyrmions is challenging in experi-
ments. On the other hand, reading the skyrmions electrically
in this bilayer system is not easy due to zero net moment for
the whole system.

In this work, to suppress the SKHE, we propose an isolated
magnetic skyrmion that is created and driven in a perpendicu-
larly magnetized (PM) nanotrack with an in-plane magnetized
(IM) boundary layer outside one side of the track. Due to this
edge modification, the transverse displacement of skyrmions
is reduced or does not appear. In turn, the skyrmion can be
driven without touching the edge under a certain current. The
moments in the boundary region point towards the center of
the nanotrack, but in the direction opposite to that of the
perimeter of the magnetic skyrmion (Fig. 1a). This results in a
repulsive force that acts to counteract the Magnus force (Fig. 1b).
Our results give guidance for the design and realization of
ultradense and ultrafast skyrmion-based memory and logic
computing devices with low power consumption.

2. Materials and methods

We investigate a system where a rectangle-shaped PM Co/Pt
bilayer is coupled with a boundary layer with effective in-plane

a ; b
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Fig. 1 Schematics of the depression of the SKHE via edge modification.
(a) The skyrmion in a PM nanotrack with an IM edge layer of a given
width. (b) The Magnus force for a moving skyrmion. The Magnus force is
cancelled or significantly depressed by the force between the moments
at the edge and that at the perimeter of the skyrmion, resulting in the
depressed transverse motion of the skyrmion.
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magnetic anisotropy (IMA) by means of micromagnetic simu-
lation using the software “Object-Oriented MicroMagnetic
Framework”  (OOMMF) with code including the
Dzyaloshinskii-Moriya interaction (DMI).>® We assumed that
the value of the perpendicular magnetocrystalline anisotropy
constant (K,) for the boundary layer was two orders smaller
than that in the PM region. This boundary anisotropy energy
was much smaller than the demagnetization energy, ensuring
effective in-plane boundary magnetic anisotropy. In experi-
ments, the variation in K, might have been accompanied by a
change in the DMI constant at the boundary (Dy,) since both
parameters are related to interface atomic coupling. However,
it is not easy to estimate it. In our simulation, two marginal
values were considered for Dy, which is zero or the same as
that in the PM track (here, 3 mJ m~?). The method for the
simulation is given in the ESI section S17 in detail.

For the initial state of the PM magnet in the +z-direction,
the magnetic moment of the boundary layer with in-plane an-
isotropy will be aligned in the —y-direction in the equilibrium
state by exchange coupling. An isolated skyrmion can be
created in this hybrid system composed of the PM nanotrack
coupled with or without the IM boundary (see the ESI section
S2+t).

The movements of the skyrmion away from the intended
direction can be understood within the framework of the
Thiele equation while assuming the rigidity of the spin tex-
tures during the skyrmion motion. In the presence of the spin-
Hall effect (SHE) and the interfacial DMI by neglecting the
STT contribution, the equation of skyrmion motion can be
found:*>°

Ms’[ - - = - -
7(G><V+(1D'V)+Fspin+F:07 (1)
4

Here Mg is the saturation magnetization; y is the gyromag-
netic ratio (a negative value); 7 is the thickness of FM films;
G is the gyrocoupling vector, and v = R'(¢) (where “.” denotes
the time derivative) with v = (vy, v) and R’ = (X,Y) as the drift
velocity and the center position of the magnetic skyrmion,
respectively. a is the Gilbert damping coefficient, and D is the
dissipative tensor, and the D; components are Dy, = Dy, = D
and 0 otherwise. D = Dy,8,8, + D,,é,€,, and é, and €, are the
unit vectors along the x- and y-directions, respectively. ﬁspin is
the force acting on the skyrmion by the spin current moving
perpendicular into the FM film. The skyrmion is driven to
move along the track under f‘spm. In general, this spin current
is generated by the spin Hall effect of the HM layer.

The first term on the left hand side of eqn (1) is the
Magnus force, and G = 4nQ#,, where &, is the unit vector along
the z-direction and Q is the skyrmion number, which is an
integer representing the number of times the spin direction
wraps the unit sphere. It is defined by*°

1. (om_om
Q:&ﬂm~<axa—y)dxdy, (2)
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where m is a unit vector representing the direction of the
moments. The essential difference between the domain wall
and the skyrmion is that Q = 0 for the domain wall, whereas
Q = £1 for the skyrmion. Because the value of Q of a skyrmion
is nonzero, a non-zero Magnus force acts on the skyrmion,
and its y-component is

(Fy), = (47Qui)Mst/y, 3)

which gives it a transverse velocity. For a topologically pro-
tected skyrmion, the absolute value of Q is 1. Therefore, the
y-component of the Magnus force is proportional to v,.

In this work, the force F, in eqn (1), represents the inter-
action force between the in-plane magnetic moments in the
boundary and that at the perimeter of the skyrmion. Based on
the tensor calculation, it is easy to determine that
F = F.2, +F@é, and that F, and F, satisfy the following
equations:

MsT
Fy=— T (_475va + anxVx) — Fspin, (4)
Ms‘L'
Fy=- 7 (4nQvy + aDyyvy). (5)

In a track with a confined geometry, F, increases with the
transverse displacement of the skyrmion.” When F, is
increased up to (Fu)y but acts in the opposite direction, the
magnetic skyrmion is in equilibrium under both forces,
leading to the stable longitude motion of the skyrmion.

3. Results and discussion

Firstly, we consider the creation of the magnetic skyrmion. We
found that, at both D;, of 0 and 3 mJ m>, a skyrmion with a
diameter of about 15 nm can be generated in any track with
the boundary width (wy,) varying from 0 nm to 40 nm or even
wider (see ESI section S21). Once the skyrmion is created in
the system composed of a PM nanotrack with an IM edge
layer, the moments in the boundary region point towards the
center of the nanotrack, but in the direction opposite to that
of the close outer boundaries of the magnetic skyrmion (see
ESI Fig. S11). In the magnetization equilibrium state, the inter-
action between the in-plane moments of the boundary layer
and that of the skyrmion perimeter exactly counteract the
Magnus force. As shown in Fig. 2a, under a current with a
density (J) of 5 x 10" A m~>, the Magnus force exceeds the
maximum repulsive force from the edge in the PM nanotrack
without an IM boundary, leading to the skyrmion annihilation
at the film edges after a short traveling distance. However,
in the track with IM edge layers where D, = 0 and 3 mJ] m~?,
the magnetic skyrmion can be driven by the spin current with
the same J in a straight line along the nanotrack without
touching its edge by suppressing the Magnus force (Fig. 2b
and c).

The relationship between the transverse displacement (Ay)
and wy, under different magnitudes of the injected current is
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Fig. 2 Current-induced motion of skyrmions in the nanotrack with a
boundary layer with IMA. (a) Trajectory of a single skyrmion in a PM track
under a current where J is 5 x 10** A m™2. Trajectory of a single skyrmion
in a PM track with an IM edge layer with a DMI constant, D, of (b) zero
and (c) 3 mJ m™2 Transverse displacement Ay as a function of the
boundary width w,, under currents with different J values for Dy, values
of (d) zero and (e) 3 mJ m™2,

shown in Fig. 2d and e. Firstly, the transverse displacement
increases with the magnitude of the injected -current.
Secondly, the transverse deviation continues to decrease with
wy, for Dy, values of both zero and 3 mJ] m™2, and even the
strong repulsive interaction changes the direction of the trans-
verse motion (from +y to —y). When Dy, is zero, the skyrmion
does not move further along the transverse direction with a
further increase in the boundary width when the w;, exceeds
10 nm. When Dy, is 3 mJ m~> and J is 0.5 x 10" A m™, zero Ay
appears when wy, is around 5 nm or 15 nm. The disappearance
of the transverse deviation means that the Magnus force is
completely canceled from the beginning of the motion.

To understand the alteration of the transverse deviation
with wy, the critical mechanism is the competition between
two factors: (Fv), and F,. Both forces cooperate in the Thiele
equations (eqn (3) and (5)) mentioned above. To determine
both forces, four parameters, Q, Dy, = Dy, Vx, and v,, must be
known. The values of Q and D), are numerically calculated (see
ESI section S37). v, and v, can be simulated (see ESI section
S4t).

The addition of the IM edge layer has little influence on the
Q of the isolated skyrmion and all the absolute values of Q are
very close to 1 (see ESI Fig. S3T). However, the addition of the
IM edge has a small impact on Dy, indicating that adding the
IM edge influences the local magnetization distribution of the
skyrmion but does not change its topological properties.
However, the addition of the IM edge influences both the v,
and v, of the skyrmion before it reaches its final stable
motion.

Using eqn (3) and (5) and the Q, D,,, vy, and v, values, the
evolution of (Fy), and F, within the first 1 ns was determined.
Both (Fy), and F, increase monotonically with time (¢) under a

This journal is © The Royal Society of Chemistry 2017
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current of 2.5 x 10" A m™> (see ESI Fig. S61). They are of the
order of 107"* N that is consistent with the magnitude (10~°
N m™") estimated by Lin et al.'® The transverse motion of the
skyrmion is not decided by (Fy)y, and F,, but is attributed to
the competition between them. When there is no difference
between them, the transverse displacement disappears, and
the skyrmion moves strictly along the long side of the track. As
shown in Fig. 3a and b, the difference between (Fy), and F,
narrows with ¢ and is dependent on wy,. When Dy, is zero, the
difference between them narrows with an increase in wy,.
However, when Dy, is 3 mJ m™2, the difference between them is
smallest when wy, is 10 nm. This explains the wy-dependent Ay
shown in Fig. 2.

In addition to the time dependence of (Fy), and F,, we also
investigated the variation in both forces with wy,. First, we cal-
culated the (Fy), and F, as a function of Ay when the motion
of the skyrmion is far from stable. Both (Fy), and F, vary line-
arly with Ay (see ESI Fig. S7t), which is consistent with the
estimation in ref. 3. The linear equations were fitted for both
Dy, values. Based on the fitted equations, the wy,-dependent F,
and (Fy), for different Ay were determined. As a representative
example, the wy-dependence of F, and (Fy), for Ay = 1 nm is
shown in Fig. 4. When D, = 0 mJ m™>, both F, and (Fy),
increase with w;, and approach saturation at larger wy,.
However, when Dy, = 3 mJ m™~>, both F, and (Fy;), change non-
monotonically with w,, and reach their maximum when wy, is
around 10 nm.

The Magnus force originates from the local interaction
between the spin of transported electrons and the moments of
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Fig. 3 Evolution of the difference AF between the y-component of the
2

Magnus force (Fu), and the edge force F, when (a) D, = 0 mJ m™= and
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Fig. 4 The boundary width dependence of the y-component of (a) the

edge force and (b) the Magnus force for D, = 0 and 3 mJ m™2.
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the skyrmion.*' This interaction seems to not rely on the IM
edge moments directly. However, it is strictly related to the
velocity of the skyrmion, which is affected by adding the IM
edge layer. Therefore, the variation in the Magnus force can be
understood as follows. The addition of an IM edge changes
the transverse velocity of the skyrmion. As a result, as shown
in eqn (4), the x-component of the Magnus force is altered. In
turn, this variation in the Magnus force influences the longi-
tude velocity of the skyrmion that is proportional to (Fy)y.

To understand the changes in F) with wy, the magnetization
distribution for the PM nanotrack with an IM edge is depicted
in Fig. 5a and b. When no DMI occurs in the boundary layer,
the orientation of the moments gradually changes from +z to
—y. When the wy, is larger than 10 nm, a stable inward tilt of
the moments in the boundary layer is formed. When the Dy, is
3 mJ m~> however, the direction of the edge moments
changes gradually from +z to —z with wy, increasing from 0 to
18 nm, forming a Néel-type domain wall structure. In this
case, the projection of the moment at the y-axis exhibits a non-
monotonic change with the coordinate y, and extreme projec-
tion appears when wy, is around 10 nm.

It is interesting to see that the change in the edge mag-
netization distribution with w;,, shows a similar trend to the
changes in F, and (Fy), with wy. The physical nature of F, is
the interaction between the effective magnetic field (Heg) of
moments at the edge layer and the moments of the sky-
rmion,’® and the moments tilting in the —y-direction repulse
the moments pointing in the +y-direction at the perimeter of
the skyrmion, resulting in the significantly depressed trans-
verse displacement.’

Quantitatively, the force from the track edge can be
expressed as:'°

F=—vVUF-7), (6)

where U(7 —7'), the interaction potential between a skyrmion
at 7 and the edge at 7, can be expressed as:

UF—7) = — Jdr”zms(F — ) - He (7 = 77), (7)

where 7,(7) is the local moment of the skyrmion. Without
applying an external field, the effective field H.y includes the
contributions from exchange coupling, DMI, and magnetic an-
isotropy. Normally, the dipole field is not considered for the
skyrmion on the nanometer scale.”> The H.y ascribed to
exchange coupling and DMI is relevant to the gradient of a
unit vector of magnetic moment in space (see ESI section S77).
However, in a PM nanotrack with a confined boundary, a clear
variation of moment orientation only occurs near the edge.>”
Therefore, a large Heg exists near the track edge.

From eqn (7), it is also noteworthy that the integral corres-
ponds to integration over the regions that are shared by both
the skyrmion and the track edge. Therefore, the edge force is a
short-range interaction between the skyrmion and the edge.
The force is induced by the overlap between both spin tex-
tures."® When a skyrmion is so close to the edge the moments

Nanoscale, 2017, 9, 10212-10218 | 10215
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Fig. 5 The magnetization distribution of nanotracks with different boundary widths wy, and a boundary DMI constant Dy, of (a) 0 and (b) 3 mJ m™.

2

The y coordinate dependence of the y-component of the unit vector of moment orientation with different boundary widths wy, and a boundary DMI
constant Dy, of (c) 0 and (d) 3 mJ m™2. The y coordinate dependence of the y-component of the effective field with different boundary widths w,,

and a boundary DMI constant Dy, of (e) 0 and (f) 3 mJ m™2,

at its perimeter overlap the nearby moments which is spatially
varied. As a result, there will be an edge force acting on the
skyrmion.

As depicted in Fig. 5a-d, the addition of the IM edge layers
with different D, and wy, manipulates the spatial variation of
the moment orientation near the track edge. When Dy, =
0 mJ m~?, the increase of wy, expands the area with tilting
moments to the inner part of the track. As a result, the region
for the edge force also extends to the interior with increasing
wy, resulting in the monotonically varied transverse displace-
ment with wy,. On the other hand, when D, = 3 mJ m™2, the
tilting moment spreads to the innermost part when wy, is
10 nm, causing the non-monotonic variation of the transverse
displacement with wy,.

Finally, according to eqn (7), the interaction between a sky-
rmion and the edge also depends on the angle between the
neighbor moments at the perimeter of a skyrmion and the Heg
near the track edge. At the skyrmion perimeter that is close to
the track edge, the net moment orientation is along the +y
axis. According to the symmetry of a skyrmion and the ortho-
gonality of the dot product in eqn (7), only the y-component of
the effective field ((He),) plays a role in the F,. Fig. 5e and f

10216 | Nanoscale, 2017, 9, 10212-10218

depict that the (He), varies as a function of y for different Dy,
and w, at x = 0 nm. The (H.),(y) at other x values is similar to
that at x = 0 nm. One can see the enhancement of effective
field in the —y direction with wy, and the maximum (He), for
3 mJ] m™2 D, was found when wy, is 10 nm. As a result, the
interaction between the moments at the skyrmion perimeter
and the effective field was enhanced by the edge modification,
which explains the variation of F, with w}, shown in Fig. 4.

The composite structure of a PM track with an IM edge
layer is not difficult to fabricate in experiments. For the Co/Pt
bilayer, the IM edge layer can be generated by increasing the
thickness of Co near the edge. This can be experimentally rea-
lized by an off-axis sputtering to fabricate a wedge in the track
and introduce a gradient of magnetic anisotropy constant.**>*
In this case, the thickness of Co in the edge layer is larger than
that in the inner part of the track. Additionally, to some other
medium for skyrmions, such as Ta/CoFeB/MgO, this IM edge
layer can be formed by reducing the thickness of MgO near the
edge via Ar ion etching.?”

In general, the exchange coupling strength depends on the
film thickness. On the one hand, the anisotropy constant in
the thick edge layer is smaller than that in the inner part of

This journal is © The Royal Society of Chemistry 2017
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the track. As a result, a gradual variation of the orientation of
magnetic moments occurs in the edge layer, which results in
an additional exchange energy that has been considered in
resolving the LLG equation. On the other hand, the exchange
stiffness constant (A) for nanoscale materials also depends on
the film thickness and it may be smaller than that of bulk
ones due to the destroyed exchange coupling for the atoms/
ions on surfaces.*®?” Therefore, the A in the boundary layer
(Ap) with a thicker ferromagnetic layer may be a little larger
than that in the inner part of the track (4;). The influence of
the thickness-dependent A has been carefully discussed in ESI
section S8.1 It is shown that the large A, can strengthen the
repulsive force from the edge especially when Dy, = 3 mJ m™?,
which is good for reducing the skyrmion Hall effect.

4. Conclusions

To counteract the Magnus force, which results in the SKHE for
skyrmions moving in a nanotrack, we added an edge layer with
IMA outside one side of the PM track. When the edge DMI is
zero, the boundary moments gradually tilt toward the inner
part of the track with an increase in the boundary width. The
tilted moments at the edge layer repulse the skyrmion, redu-
cing the difference between the Magnus force and the edge
force and resulting in the depressed transverse displacement.
When the boundary DMI is as large as that in the inner part of
the track, however, a Néel-typed domain wall-like magnetiza-
tion distribution is generated at the edge layer when the
boundary width is sufficiently large. This moment structure in
the edge layer induces non-monotonic variations in the
Magnus force and the edge force, causing a non-monotonic
change in the transverse motion of skyrmions. The mechan-
ism is related to the change of the effective field and spatial
distribution of tilting moments near the track edge due to the
edge modification.
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