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Magnetic skyrmions, with topologically protected particle-like magnetization configurations, are promising informa-
tion carriers for future spintronics devices with ultralow energy consumption. Generally, during motion, skyrmions suffer
from the skyrmion Hall effect (SKHE) wherein the skyrmions deflect away from the intended path of the driving force.
Numerous methods have been proposed to avoid this detrimental effect. In this study, we propose controllable alternating
current (AC)-driven skyrmion propagation in a ferromagnetic nanowire based on combination of gate-voltage-controlled
magnetic anisotropy (VCMA) and SKHE. Micromagnetic simulations show that a skyrmion oscillatory closed-loop-like in
situ motion driven by AC can be transformed into directional ratchet-like propagation along the nanotrack by creating a
VCMA-gate barrier. Additionally, we show that the skyrmion propagation conditions depend on the gate barrier potential
and driving AC parameters, and they can be used for the optimal design of nanotrack devices. Moreover, this mechanism
could be used to control skyrmion macroscopic propagation directions by dynamically alternating the voltage of another
series of gates. We further show the dynamic control of the long-distance propagation of skyrmions along with the pinning
state. The study results provide a promising route for designing future skyrmion-based spintronics logical and memory

devices.

Keywords: skyrmion, voltage-controlled magnetic anisotropy, Hall effect, net propagation

PACS: 75.40.Mg, 75.60.Ch, 75.78.Cd

1. Introduction

Magnetic skyrmions are nanoscale magnetization struc-
tures with topologically protected stability, and they have been
discovered in non-centrosymmetric magnetic bulk crystals and
ultrathin ferromagnetic films in the presence of bulk and in-
terfacial Dzyaloshinskii-Moriya interaction (iDMI).!!) Owing
to their unique topological stability, ultra-low driving current,
and extremely small size, magnetic skyrmions are promising
information carriers for the future spintronic devices, such as
racetrack memory for bit data storage,!>’! logic system for
large-scale Boolean computation, ! spin-transfer torque os-
cillator for microwave signal generator, [® and artificial neural
devices for neuromorphic computing. [’

The fundamental manipulations of skyrmions, includ-
ing the nucleation/annihilation, propagation, and detection of
skyrmions, have been intensively studied theoretically and
experimentally. (8111 Nevertheless, the controllable skyrmion
propagation characteristics in the practical racetrack memory,
e.g., pining/depinning and switching motion direction as re-
quired, are indispensable. Several different methods have been
proposed to drive skyrmions. They can be driven by providing
external stimuli, such as microwave magnetic field,['”! spin
wave, (3] voltage-controlled magnetic anisotropy (VCMA)
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gradient,|
mal gradients,!'”! and spin polarized current.'® Additionally,
skyrmions can be pinned using the VCMA barrier, strain-
induced magnetoelastic barrier, and geometric notches.[!°-21]
Recently, Wang et al. theoretically showed that skyrmions
can be pinned by disk-shaped defects.[??! On the other hand,
skyrmions tend to experience a transverse deflection from
the intended path of the driving force, which is known as
the skyrmion Hall effect (SKHE), owing to the transverse
Magnus force associated with nonzero topological skyrmion
charge.[>3?41 Subsequently, several methods have been pro-
posed to overcome or eliminate SKHE. For example, SKHE
(stemming from nonzero topological skyrmion charges) and
magnetic spin textures (i.e., skyrmioniums) with zero topo-
logical charge can strictly propagate along the nanotrack with-
out SKHE. %] However, the large deformations induced by the
separation of their core and shell during propagation will make
them hard to detect. Furthermore, the application of another
force to compensate for the Magnus force has been realized
by locally changing the perpendicular magnetic anisotropy
(PMA) and DMI coefficients,?-?1 as well as by engineer-
ing defects such as lines,’%! kerbs,3!! edge spin textures, 3!

S.[33

and bilayer magnetic systems.!*3] However, recent studies
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have shown that the SKHE can be utilized, instead of be-
ing suppressed, e.g., skyrmion-based programmable logic
gates, wherein logic functions are dependent on the SKHE
and specific PMA changes.!*>! Different from DC driven ap-
proaches, Gobel et al. numerically studied alternating current
(AC)-driven skyrmion propagation based on the “hollowing”
ratchet mechanism.** Although the directional transportation
of skyrmion has been realized, dynamically controlling the
propagation direction of skyrmions as required is not effective.

In this study, the macroscopic propagation of AC-driven
skyrmions is dynamically controlled by applying VCMA gates
on the ferromagnetic material. Extensive experiments were
conducted to characterize the VCMA physical parameters and
verify the controller performance.>>=37! The application of
VCMA gates induces asymmetric PMA of the nanowire along
the width direction. This anisotropy can induce an energy
barrier, drive skyrmions to not cross the gates, and finally,
transform the skyrmion gyration into directional transporta-
tion along the length direction of the nanotrack. The prop-
agation states are dependent on the geometric parameters of
the VCMA gates as well as the frequency and amplitude of
the applied AC. Furthermore, the dynamic control of VCMA
allows the pinning of skyrmions at specific positions without
applying voltage on the gates and allows the switching of the
propagation direction by dynamically alternating the voltage
of another series of gates. This dynamic manipulation presents
the possibility of using VCMA gates to control the motion of
AC-driven skyrmions, providing an attractive alternative for
using SKHE rather than suppressing it.

2. Model and details

Magnetization dynamics in a ferromagnetic material are
governed by the Landau-Lifshitz—Gilbert equation with spin
Hall effect (SHE) torques

om

0
W:_YmXHeff‘f‘amX 7m+TSHE7 (N

dt

where m = M /M represents the spatial distribution of the
reduced local magnetization vector, Mg denotes the satura-
tion magnetization, L is the vacuum permeability, 7 is the
gyromagnetic ratio, and « is the Gilbert damping parameter.
He = —1/uoMs - 0E /dm is the effective magnetic field. In
our proposed system, the total energy density comprises the
PMA, ferromagnetic exchange, iDMI, and demagnetization
energy terms. Thus, the effective magnetic field reads

2K, 2A
H = 7umzez+ X V2m+Hd (m)
HoMs HoMs
2D
[(V-m)e,—Vm], ()
HoMs

where A¢x, Ky, and D represent the exchange, PMA, and iDMI
energy constants, respectively; Hy () is the demagnetization

field; e, is the out-of-plane unit surface normal vector; and m,
is the out-of-plane component of m. In our simulated system,

the SHE torque can be written as!!8]
ﬁeSHEJHM
= X x — T e 3
TSHE om (m 2oeMitm ey |, 3

where e is the electron charge, 7 is the reduced plank constant,
Osyg: 1s the spin Hall angel, #; is the thickness of the ferromag-
netic nanotrack, and Jy is the current density.

Fig. 1. Design of the proposed voltage-controlled skyrmion-based nanotrack
device. (a) Schematic view of the voltage-controlled AC-driven skyrmion
net propagation in the nanotrack. Two groups of VCMA gates are cross
placed at the top and bottom edges of the nanotrack. The white and blue ar-
row lines attached to the skyrmion illustrate the trajectory when the bottom
(light yellow) and top (light blue) VCMA gates are working. The AC cur-
rent is applied in the HM layer. (b) Closeup view (xy-plane) of the proposed
VCMA-gates-controlled nanotrack.

Figure 1 displays the structure of the proposed de-
vice, which comprises 2-nm-thick Co/Pt heavy ferromag-
netic/heavy metal layers placed on the substrate and is covered
with an oxide layer (i.e., MgO). The width and length of the
nanotrack are denoted by W and L, respectively. Two series of
the voltage-controlled gates of Wy x Lg = 30 nm x 80 nm are
periodically placed on the top surface of the oxide layer with
distance Lp and Dy; see Fig. 1(b) for the detailed configuration.
When no voltage is applied to the gates, the skyrmions period-
ically move in a closed trajectory driven by AC due to SKHE,
and such motion does not exhibit net propagation. When volt-
age is applied to the gates, an electric field traverses across the
structure and induces charge accumulation at the interface be-
tween the nanotrack and oxide layers. The surface magnetic
anisotropy changes with the applied electric field, and finally,
an energy barrier or well forms locally. This VCMA modu-
lates the local anisotropy field under the gates and induces a
periodic (length direction), spatially non-symmetric (width di-
rection) distribution of the anisotropy field, thus breaking the
AC-driven skyrmion closed trajectory and resulting in a net
propagation along the length direction (the white and blue ar-
row lines in Fig. 1(a)).

Micromagnetic simulations were performed using GPU
accelerate open source software Mumax?,38) and the mesh
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cell dimension was 2 nm x 2 nm X 2 nm. The material pa-
rameters of the Co/Pt multilayer in our simulations were as
follows: Gilbert damping o« = 0.3, exchange constant Aex =
1.5 x 10~ J/m, iDMI constant D = 3 x 103 J/m?, satura-
tion magnetization My = 5.8 x 10° A /m, uniaxial anisotropy
constant K, = 8 x 10° J/m?, and spin hall angle gz = 0.3.
Based on previous studies, the PMA values within the voltage-
gated region can be assumed to linearly vary with the electric
field Ky = Ky + AKqug.Bg] In the simulation, when voltage
is applied on the gates, the PMA values of the gate region are
directly set, i.e., Kyy = EKy (§ > 1 means forming an energy
barrier within the gate region, while £ < 1 denotes the energy
well).

3. Results and discussion

First, the gyration modes of a skyrmion driven by an AC
without applied voltage on the gates are examined. A mag-
netic skyrmion is created and relaxed using a current-induced

Fédge
F:edge

"JF SHE L/'JF SHE
Y
Gyration Fo Fsue

Lap (nm)

skyrmion injector, which can be fabricated by placing a mag-
netic tunnel junction on a nanotrack. Then, an oscillating cur-
rent, Jyy = exJuy sin(27 faJé*Mt), with various frequencies f,!é*M
and amplitudes Jyy is applied. To understand the skyrmion
trajectories, two typical current amplitudes are employed, and
the corresponding snapshot images are extracted from the sim-
ulation and plotted in Fig. 2(a). Here, fo,™ = 50 MHz, and
the amplitudes for the gyration and annihilation cases are set
as 3 x 10! A/m? and 6 x 10'! A/m?, respectively. Clearly,
the skyrmion starts to move from the initial position in a di-
agonal direction after the current is applied due to the SKHE.
In the gyration case, the skyrmion finally exhibits a clockwise
rotation with the same frequency as the oscillation current (the
white and blue lines correspond to the positive and negative
current half period, respectively). On the other hand, in the an-
nihilation case, the skyrmion approaches the edge of the track
and starts to get annihilated within the first positive current
period.

Fig. 2. (a) The trajectory of a skyrmion driven by an AC current under gyration and annihilation conditions. The white and blue solid lines
represent the skyrmion trace of the positive and negative half periods, respectively. The schematic diagrams of the forces exerting on the
skyrmion at different positions are given. The last panel displays the distance definition at y = 0. (b) Lap versus frequency and amplitude. The
inset shows the phase diagram of the skyrmion moving cases under different current amplitudes and frequencies. (c) Lap versus frequency and

nanotrack width.

To clearly illustrate the different results, the analytical
model of the rigid skyrmion motion called Thiele’s equation
is used, which can be written as

x4
G X v — D v+ Fyug + Fedge + Fyvema =0, 4)

where v = d X /dt is the velocity of the skyrmion which can
be decomposed by the skyrmion position X = (X,Y) into the
length (ey) and width (e,) directions. The first term of Eq. (4)
represents the Magnus force Fiyag, and G = 47Qe; is the so-

; . _ 1 2 2 2 :
called gyrocoupling vector; Q = 5~ [ drim (T’;‘ X T’;‘) is
the topological number. The second term represents the damp-

hd
ing force Fy, and D is the damping tensor with the elements
Dn=Dy=of er%—"x“{;—’;, D,y = Dy, = 0. The third term
represents the current-induced driving force with the form
Fyy; = okJume; X ey; its value is proportional to that of the
current density, 6 = —/iOsyz /2e. Here, k is the characteristic
length of the skyrmion. Note that an applied current Jyy || £ex

leads to an injection of spin || +-e, from the perpendicular di-
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rection. Thus, the Fgy direction is dependent on the applied
current direction. Feqyee represents the repulsive force when
the skyrmion approaches the nanotrack edges. In our proposed
model, Fiq4q. only has the e, component due to the finite width,
and they confine the skyrmion to always stay inside the nan-
otrack. This implies that without the driving force, the equilib-
rium position of the skyrmion will be in the center of nanotrack
due to the edge effect. Fycya represents the force induced by
the VCMA when the skyrmion approaches the gates. Notably,
Fycuma is dependent on the skyrmion relative position with the
gate’s region and its potential type, i.e., energy barrier or en-
ergy well. Note that energy well is not considered here. The
schematic of the force exerting on the skyrmion at different po-
sitions is given in Fig. 2(a) with a black arrow, while the yellow
arrow represents the velocity direction of the skyrmion. Based
on the analytical expression in Eq. (4), the damping force is
always antiparallel to the velocity direction, the Magnus force
is perpendicular to the velocity direction, and the driving force
is dependent on the current direction. Thus, under the oscilla-
tion current without an applied voltage, the net driving force
compels the skyrmion to oscillate in closed gyration. First, the
skyrmion accelerates along +x and +y toward the upper edge
due to the increase of the current density during the first quar-
ter period (0-T /4; T = 1/f). During the next quarter period
(T /4-T /2), the skyrmion decelerates and glides along the +x
direction due to the decrease of the current density. The tra-
jectories of this half period (0-7/2) is shown with a white
trace line in Fig. 2(a). Moreover, the Magnus force decreases
with the velocity and the skyrmion slightly moves toward the
—y direction due to the edge force. Once the half period 7 /2
with positive current ends, the current becomes negative (T’ /2—
T). Then, the skyrmion accelerates and moves along —x and
—y to the lower edge, and thereafter, it decelerates along —x
and slightly along +y, as indicated by the blue trace line in
Fig. 2(a). The moving direction is not immediately switched
due to the damping effect. After a full period (0-T), the cur-
rent becomes positive again. The skyrmion starts moving to-
ward the upper edge of the nanotrack and continually oscil-
lates in a closed gyration. Specially, the compensation effect
between the Magnus force and the edge force is limited by the
physical edge of the nanotrack. In the annihilation case, the
skyrmion is clearly destroyed at the nanotrack edge when a
large current is applied. To further use the VCMA effect on the
gates to effectively control the skyrmion motion, the skyrmion
moving cases are summarized and a distance between the cross
point of the center axis with the trajectories is extracted at dif-
ferent current densities and frequencies, as shown in Fig. 2(b).
Here, the nanotrack width is fixed as W = 120 nm. As shown
in the inset of Fig. 2(b), the threshold current density slightly
increases with the frequency. Nevertheless, the propagation
distance Lap between AB sharply decreases with increasing
frequency. Figure 2(c) depicts Lap as a function of the fre-
quency and nanotrack width. Here, the current density is fixed

as Juy = 3 x 1011 A/ m?. The distance exhibits same trends
for different nanotrack widths. All these results indicate that
only in situ closed motion can be realized when the oscillation
current is applied and the distance Lap can be controlled by
the oscillation current.

As mentioned above, the VCMA barrier is introduced
to break the symmetry and to achieve a net propagation of
skyrmion. We now study the behavior of skyrmion gyration
when VCMA barrier is formed by the voltage gates proposed
in Fig. 1. Here, the frequency and amplitude are set as 80 MHz
and 3 x 10!! A/mz, respectively. Lap and Lac are about
166 nm and 74.5 nm, respectively, based on the simulation
results when no voltage is applied to the gates, as shown in
Fig. 2. Importantly, the skyrmion first reaches the voltage
gate region and traverses through it or is repulsed, which is
dependent on the gate position and barrier potential. Further-
more, the instantaneous current density when the skyrmion ap-
proaches the barrier is dependent on the gate positions due to
the sinusoidal time-dependent oscillation. Similar to the phys-
ical edge, when the skyrmion approaches the gate, it experi-
ences a force Fycya component along the +x direction, which
is dependent on the skyrmion position. Thus, given a specific
driving oscillation current, whether a skyrmion can be blocked
by the VCMA-gated region is dependent on the competition
between the instantaneous current force and the VCMA force.
Ly represents the distance between the skyrmion initial posi-
tion and the first VCMA gate. Figure 3(a) displays the phase
diagram of skyrmion behavior after the application of 37 /2
of the oscillation current when the VCMA barrier forms at
different distances Ly and coefficients £. Three cases are con-
sidered: (I) Obviously, when the voltage is turned off, i.e.,
& =1, or the voltage is turned on (§ > 1) and the Ly is smaller
than 70 nm or larger than 180 nm, the skyrmion always gy-
rates in a closed loop due to the lack of the VCMA energy
barrier effect. (I) When the driving force overcomes the en-
ergy barrier, the skyrmion passes the VCMA-gate region and
moves toward the —x direction. (I) When the driving force
cannot overcome the energy barrier, the skyrmion is block by
the VCMA-gate region and moves toward to the +x direction.
Figure 3(b) displays the typical trajectory and snapshots of the
skyrmion motion corresponding to Fig. 3(a). It shows that the
skyrmion oscillation can be transformed to the net propaga-
tion due to the VCMA-barrier-induced anisotropy to break the
balance between the backward and forward propagations, see
the cases Illa, Illb, and Ilc. In the cases Illa and IlIb, when
the skyrmion under the negative half period, the skyrmion will
move along —x direction, as shown by the blue trajectory line
in Fig. 3(b). When the skyrmion approaches to the VCMA
gate region, a repulsive VCMA force induced by the higher

magnetic anisotropy will exert on the skyrmion and force it to
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move away from the gate region. At the same time, the neg-
ative half-period current density gradually decreases, and the
next positive half period begins. Thus, the skyrmion will start
As shownin Fig. 3(b) for
the cases IIb and Ilc, although a net propagation appears after

to propagate in the +x direction.

@L, =150 nm, £=1.15 QL=

@QLx =150 nm, £=1.03

E -ef 0

* @L, =120 nm, £=1.03

Vo e

a
RPN e s e e g
NN RN
I EEEEEEgE
150 [ = A0 I B
— L o [IIa
g
2 120(= *IIb
< —
~
o0 =
60 i
I
1.00 1.05 1.10 1.15

Coefficient ¢

3T /2 current driving, placing another VCMA-gate to realize
an efficient net +x direction propagation during another period
current is not convenient. Note that the skyrmion shrinks when
it approaches the voltage-gate region, which is consistent with

the previous studies. !

140 nm, £=1.10

@Ly, =120 nm, £=1.10

@QLx =280 nm, £=1.03

Fig. 3. (a) Phase diagram of the skyrmion moving states with various VCMA-gates distances Ly and coefficients &. (b) The typical trajectory
and magnetization snapshots of the skyrmion motion corresponding to the cases marked in (a).

To investigate the current density induced skyrmion mov-
ing states with various VCMA-gates coefficient £, we have
also carried out a phase diagram with fixed VCMA-gates dis-
tance Ly at frequency fIM = 80 MHz. As illustrated in
Fig. 4(a), the same cases as descrlbed in Fig. 3(a) are observed.
The trajectories of IId and Ile in Fig. 4(b) show a same man-
ner as IIb and Ia in Fig. 3(b), respectively. In addition, the
case IV indicates that the skyrmion annihilates during the half
positive period which is independent of the coefficient &. This
annihilation current density coincides with the simulation re-
sults shown in the inset of Fig. 2(b). From interface of cases
Il and Il in the phase diagram, one can see that the maximum
current density driven skyrmion blocked by the VCMA gates
increases as the coefficient £ increases. In other words, at the
same current density, the VCMA force is larger for a skyrmion
with larger coefficient &.

@¢=1.04, Jum = 2.5X1011 A/l’l‘l2
(a) (b)
g i
4.5 —
g 4~0 T @E=1.10, Jyy = 2.5X10' A/m?
< 3.5 _ |
E 2.5 | =
) 2.0H E @¢=1.10, JHM:5.0><1011 A/In2
0f . 2
1.5 e e e
1

1.00 1.04 1.08 1.12
Coefficient &

-
[}
i

Fig. 4. (a) Phase diagram of the skyrmion moving states with various VCMA-
gates coefficients € and current densities. (b) The typical trajectory and mag-
netization snapshots of the skyrmion motion corresponding to (a).

In such skyrmion-based devices, long-distance control-
lable propagation is required. Next, the influence of the os-
cillation current frequency and amplitude is investigated, and
controllable propagation modes in periodically VCMA gate

region structures are presented. Here, the periodic distance
L, is fixed at 150 nm, and K,y = 1.10K,.
rent density is Jipy = 3 x 101! A/ m? and frequency is

Initially, the cur-
HM
80 MHz; the propagation trajectory is shown in the top panel
of Fig. 5(a). A well-period one-step motion can be realized.
Generally, the transient process from the initial position to
the periodic motion is affected by the oscillation current and
Ly. However, for typical parameters, this effect can be can-
celed when the step distance L, is smaller than the distance
Lag. Thus, the trajectory in Fig. 5 is simplified by excluding
the started transient process. In the second and third panels
of Fig. 5(a), two- and three-step propagation modes are pre-
sented. As given in Fig. 2, the distance Lap increases as the
frequency decreases. Thus, the propagation distance increases
per period. The velocity, i.e., the propagation distances nor-
malized by the period (T = 1/f) corresponding to the three
modes are 12 m/s, 14.98 m/s, and 13.56 m/s, respectively.
Therefore, this diagram can be used to design controllable
multi-step mode propagation schemes by choosing a specific
AC. The inset in Fig. 5(b) displays the design of the applied
current and time sequence evolution of these modes. Totally,
six switchings between the above three step modes are simu-
lated, and the x position of the skyrmion over time is shown in
Fig. 5(b).

So far, the current parameters have been adjusted to con-
trol the skyrmion propagation so that multi-step motion is re-
alized. In the following, to investigate the VCMA-controlled
propagation directions, another periodic VCMA gate centered
between the previous ones is added (Dx = 75 nm) and aligned
on the top edge of the nanotrack, as shown by the light blue
gates in Fig. 1. Figure 6(a) shows the +x net propagation when
the bottom VCMA gates work and —x net propagation when
the top VCMA gates work. When the VCMA gates switch
to the top series, the skyrmion continually moves under the
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oscillation current until it approaches the top VCMA gate re-
gion, and then, it moves along the —x and —y directions to-
wards the bottom edge, thereafter it glides along the —x direc-
tion. The period exhibits —x net propagation with the same
propulsion mechanism. Based on the simulations, continu-
ously controlled skyrmion motion through VCMA is shown in
Fig. 6(b). By applying a voltage on the bottom VCMA gates,
regions with higher magnetic anisotropy cause the skyrmion to
move along the +x direction. Then, the voltage on the bottom

VCMA gates is turned off. This removes the modulation of the
anisotropy, and the skyrmion exhibits a loop motion (which
can be regarded as a pinning case) without net propagation un-
til the voltage is switched on. When the voltage on the bottom
VCMA gates is turned off and that on the top VCMA gates is
turned on, the anisotropy modulation will force the skyrmion
to move along the —x direction, as shown by the black curve
in Fig. 6(b).
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Fig. 5. (a) The propagation trajectory and magnetization snapshot of skyrmions with current Jigv  ( M — 80 MHz, Juy = 3.0 x 101 A/m?)
in one-step mode (first panel), current Jiv B ( :CIM =50 MHz, Jyy = 3.0 x 10! A/ m?) in two-step mode (second panel), and current Jym,c
( f:cIM =30 MHz, Jyy = 2.5 x 101! A/ m?) in three-step mode (third panel). (b) The skyrmion position of the series of step mode dynamic

switching. The inset shows the switching process of the step modes.
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Fig. 6. (a) The net-propagation trajectory and magnetization snapshot
of the skyrmion when the bottom VCMA gates working (top panel) and
the top VCMA gates working (bottom panel). (b) The position of the
skyrmion under series VCMA gate working conditions.

4. Conclusion

We have
skyrmion net propagation assisted by a periodical VCMA

reported voltage-controlled AC-induced

gates region within a nanotrack. The VCMA gates region

forms a local energy barrier and induces the VCMA force
along either the +x or —x direction to transform the closed
loop motion into directed motion along the nanotrack. Addi-
tionally, the propagation mode can be manipulated by varying
the amplitude and frequency of the oscillation current. Fur-
thermore, this mechanism can control the skyrmion macro-
scopic propagation direction by dynamically alternating the
voltage of another series of gates. The present results illustrate
the physical mechanism for the voltage tunability of skyrmion
propagation under the AC excitation, which is significant for

designing AC-driven skyrmion-based devices.
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