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Efficient skyrmion transport mediated by a voltage
controlled magnetic anisotropy gradient
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Despite the inefficiencies associated with current-induced spin torques, they remain the predominant
mode of skyrmion propulsion. In this work, we demonstrate numerically that skyrmions can be trans-
ported much more efficiently with a voltage-controlled magnetic anisotropy (VCMA) gradient. An analyti-
cal model was developed to understand the underlying skyrmion dynamics on a track under the VCMA
conditions. Our calculations reveal that the repulsive skyrmion-edge interaction not only prevents the
skyrmion from annihilating but also generates most of the skyrmion propulsion. A multiplexed array of
gate electrodes can be used to create discrete anisotropy gradients over a long distance, leading to the
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formation of a series of translatable skyrmion potential wells. Due to the strong confining potentials,
skyrmions are transported at a 70% higher packing density. Finally, we demonstrated that this form of
skyrmion propulsion can also be implemented on almost any 2D geometry, providing improved versatility

rsc.li/nanoscale over current-induced methods.

Introduction

Magnetic skyrmions are topologically non-trivial spin textures
with diameters in the nanometer length scale. Despite their
small sizes, they are stable against moderate perturbations
with the support of interfacial Dzyaloshinskii-Moriya inter-
actions (DMI) originating from ultrathin films exhibiting high
spin-orbit coupling."™ As a result, these topological objects
show great promise for use in next generation ultra-high
density non-volatile memory devices.” To realize such
devices, much of the current research on skyrmion dynamics
is focused on skyrmion transport via the application of spin-
polarized currents.®'® However, though applying high current
densities on the order of 10" A m™ enables high-speed
manipulation of skyrmion motions it also leads to skyrmion
stability issues.®'*™* Under such high current densities, Joule
heating significantly increases the device temperature, further
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leading to device instability. Besides the increased risk of sky-
rmion annihilation due to a higher thermal field, studies by
Sug-Bong Choe et al. and A. Yamaguchi et al. have also shown
that temperature can have a strong influence on the propa-
gation speeds of magnetization textures.">™” Therefore, it is
necessary to develop an energy efficient skyrmion manipu-
lation technique that reduces the Joule heating.

To increase efficiency in magnetic devices, many recent
scientific endeavors have focused on the study of voltage-
controlled magnetic anisotropy (VCMA). The effect relies on
the electric field-induced change in the relative occupation of
3d orbitals to alter the magnetic anisotropy.'®>* Since VCMA
is a field-induced effect, it consumes much lower energy as
compared to the electric current-based methods. By applying a
gate voltage across an insulating layer, the magnetic anisotropy
of the ferromagnetic layer can be modulated. The VCMA effect
has already been shown to be large enough for magnetization
switching in magnetic random-access memory devices and for
speeding up domain wall transport.”* !

In this work, we demonstrate that skyrmions can be
efficiently driven by a gradient in the voltage-controlled mag-
netic anisotropy. A model has been developed that can accu-
rately predict the skyrmion speed and trajectory under
different anisotropy gradients. From the model, we found that
the edge repulsion is not only responsible for preventing sky-
rmion annihilation at the edges, but it also provides most of
the propulsive force in skyrmion driving. Therefore, edge
engineering will greatly improve the performance of anisotropy
gradient-driven skyrmion devices.>""** To apply a significant
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anisotropy gradient over large distances, a multiplexed array of
discrete gate electrodes was used to modulate the magnetic an-
isotropy. In this scheme, an array of skyrmion potential wells
is created which trap the skyrmions and when moved, con-
veniently transports the skyrmions.

Results and discussion
Skyrmion dynamics under a VCMA gradient in an infinite plane

We first consider the motion of a skyrmion on an unconfined
planar skyrmion system under the influence of a magnetic an-
isotropy gradient. To model the infinite system, periodic
boundary conditions were imposed on both x-axis and y-axis
that enables the magnetization to wrap around in both
directions and a Néel skyrmion typical of systems with inter-
facial DMI was used as the starting configuration.>*>* The
VCMA gradient across the wedged insulating layer was
modelled by a gradient in the magnetic anisotropy energy
dK,
dx
by the application of an electric field along the z-axis via gates,
as shown in Fig. 1(a). This corresponds to a percentage change
of 7.5% over a length of 1 pm. Upon the application of an an-
isotropy gradient, the skyrmion was observed to propagate in a
single direction indefinitely.
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Fig. 1 (a) Schematic of a voltage controlled magnetic anisotropy device

capable of creating an anisotropy gradient. (b) The deviation angle 9 of

skyrmion motion to the direction of the K, gradient

dK, =600 GIm™
dx

as a function of the Gilbert damping constant « in a wide plane, in which
the skyrmion moves at an angle @ with respect to the x-axis. The inset is
a snapshot of a skyrmion, which drifted diagonally after a K, gradient
was applied.
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Assuming that the skyrmion magnetization profile per-
forms a translation without deformation, the isolated Néel
skyrmion can be considered as a rigid point-like particle. The
skyrmion dynamics can then be modeled within the frame-
work of the Thiele equation without polarized spin current
given by, 3%

P -7 3
G —D F=0 1
Z XV — Dav + M.d (1)
G = 2m[cos H]Zg:zg’))é (2)

- OE
F= fj a*ron-— (3)

uc on

where v is the skyrmion drift velocity, G is the gyromagnetic
coupling vector that depends on the direction of the magneti-
zation in the skyrmion core and far away from the core, D is
the dissipative force tensor that is dependent on the radial
profile of the out-of-plane angle of the skyrmion, and «a is the
Gilbert damping constant. The vector F is a force acting on the
skyrmion, originating from an inhomogeneous magnetostatic
energy landscape.

The first term of the Thiele equation describes the gyrotro-
pic motion of a skyrmion,®*”* which gives rise to a Hall-like
behavior of magnetic skyrmions (SKHE)*® which causes them
to deviate from the direction of the applied stimulus as shown
in Fig. 1(b) inset. The second term is the dissipative force orig-
inating from the Gilbert damping while the third term is the
driving force originating from the inhomogeneous energy
landscape which is attributed to the magnetic anisotropy gra-
dient. To simplify the Thiele equation, the skyrmion motion is
decomposed into the x-component and the y-component:

14

32' : G'I)y -I-Dm)x = M—Sde (4)

J: Gvy —Dav, =0 (5)
which leads to the expression for the ratio of v, and v,:

tan g =2 = o (6)
vy aD

For a Néel-type skyrmion with a = 0.1, the calculated sky-
rmion Hall angle 6 of 82° results in mostly transverse motion.
Micromagnetic simulations were performed to verify the
dependence of the skyrmion Hall angle on a. Indeed, a linear
relation shown in Fig. 1(b) was observed as predicted.
However, a discrepancy between the numerical results and the
analytical expression (eqn (6)) exists which increases with a.
This difference can be almost completely accounted for by the
change of the skyrmion magnetization profile as the skyrmion
moves from a region of higher K, to a region of lower K,. The
resulting change in D can be calculated by numerically inte-
grating the volume magnetization (see the ESI 17}). The inset of
Fig. 1(b) shows the relation between the modified D and a. By
introducing this modified D back into eqn (6), the theoretical
results now match almost exactly the simulation results.

This journal is © The Royal Society of Chemistry 2018
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Therefore, we have shown that the skyrmion Hall angle is
determined by « even in the absence of a spin current.

VCMA gradient-induced skyrmion dynamics in finite systems

Translation invariance on an infinite plane is commonly
invoked to argue that a skyrmion velocity is not a function of its
position. However, a skyrmion on a finite track is no longer
translationally invariant. Therefore, the energy potential from
the edges must be considered in a finite system. Over a large
range of nanowire width values, the skyrmion is observed to
drift towards the edges with an angle of 82° but starts to travel
parallel to the edge close to its vicinity and does not annihilate,
as shown in Fig. 2(a). The dependence of trajectory on nanowire
width, as shown in Fig. 2(b), implies that repulsive potential
plays a key role to repel a skyrmion from the edges.*""**
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Fig. 2 Skyrmion motion in a nanowire induced by an anisotropy energy
gradient along the x-axis. (a) Snapshots of a skyrmion motion at 2 ns
intervals in a 64 nm wide nanowire. (b) Skyrmion trajectories in nano-
wires of different widths, from 64 nm to 640 nm, indicating that the sky-
rmion trajectory is highly dependent on nanowire geometry. (c) The
longitudinal and transverse velocities (v,, v,), at the different nanowire
widths. v, slows down to almost zero at the end of its displacement
along the y-axis; meanwhile, v, dramatically increases from several
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As the skyrmion approaches the edges, its motion soon
becomes parallel to the nanowire (see the ESI 4}). This leads
us to the conclusion that F in eqn (1) must include the repul-
sive potential if the system is finite. The Thiele equation can
be rearranged to express velocity ¥/ as:
4

:m(paﬁ+ (G x F))

<!

7)

As discussed before, F, originates from the inhomogeneous
energy attributable to the K, gradient which can be written as,

dEg, dKy
7 9Bk,
* 7 dk, dx (8)
Ex, = —Ko (i - £)’nRgy2d (9)

Here E, is the anisotropy energy,” d is the thickness of the
skyrmion system, and Ry is the radius of the skyrmion.
Eqn (9) predicts that the decrease of K, leads to the decrease
of energy in the skyrmion system, which is consistent with the
observation that skyrmions tend to move to a region of lower
K,. From the above, we can also see that a larger anisotropy
gradient will create a larger driving force which in turn leads
to a higher speed, a trend confirmed by numerical results, as
shown in Fig. 3(a).
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Fig. 3 (a) Numerically calculated values of saturation velocities v,r
Vs. % indicating that v, is directly proportional to ddii”. (b) Total energy

gradient of a skyrmion along the y-axis as a function of the anisotropy
constant.
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In the case of a finite nanowire system, the repulsive poten-
tial exists in the edge of the skyrmion system which leads to a
force pushing the skyrmion back to the center position. At the
center, where y displacement from the center of the nanowire
(Ay) is zero, this force is also zero as expected from the
symmetry along the x-axis. However, when the skyrmion is dis-
placed towards the top or bottom edge (Ay # 0), an increased
magnetostatic energy creates a repulsive potential from the
edges, keeping the skyrmion from approaching the
edges.*""*>** The force originates from the repulsive potential
for a nanowire of width w and can then be expressed by,

_ 95 _
dy

F, C(x)Ay, % ~|Ay| > 20nm (10)

Here, C(x) is the magnetostatic interaction coefficient. As F,
is assumed to be purely magnetostatic in nature, the linear
relation proposed is only valid for a small region about the
center of the nanowire (see ESI 21). When the skyrmion center is
less than 20 nm from the edge, a strong attractive potential is
experienced which can cause skyrmion annihilation (see ESI 57).
The coefficient C was also found to have a dependence on the
x-position which suggests a dependence on the effective K,
experienced by the skyrmion; since the skyrmion is magnetically
charged, a larger skyrmion experiences a larger repulsion from
the edges. To obtain the function C(x), the gradient of energy
versus Ay was extracted from numerically calculated data. As
expected, C decreases with increasing K, as shown in Fig. 3(b).

In our analysis thus far, we have established that the sky-
rmion propulsion induced by the anisotropy energy gradient is
determined by the interplay between two forces, the first of
which is a driving force which causes the skyrmion to move
along the x-axis, and originates from the anisotropy energy gra-
dient. Secondly, there is a repulsive force denoted by the
inhomogeneous magnetostatic energy landscape perpendicu-
lar to the edge (see ESI 27). By combining the two forces, we
can generate a two-dimensional force (Fy, F,) vector field in the
x-y plane, as shown in Fig. 4(a). In a system without SKHE, a
skyrmion will move in the +x direction monotonically while
the edge interaction forms a potential well keeping the sky-
rmion at the center of the nanowire. The situation becomes
interesting when a force field is transformed into a velocity
field by applying eqn (7). While the force field is symmetric
along the x-axis, the SKHE destroys the symmetry in the vel-
ocity field. As shown in Fig. 4(b), the system is asymmetric and
the equilibrium trajectory is shifted upwards. In this context,
the equilibrium trajectory is defined as the trajectory at which
the skyrmion moves in the direction along the nanowire; all
other y-displacements will result in the skyrmion returning to
the equilibrium trajectory.

An important consequence of the asymmetry is that the
initial skyrmion position can significantly modify the sky-
rmion trajectory. As shown in Fig. 4(c), it is possible for the
skyrmion to perform a boomerang maneuver whenever it is
nucleated closer to the bottom edge. This phenomenon results
from the strong repulsive potential overpowering the forward
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Fig. 4 (a) 2D force field of the system as a function of skyrmion posi-
tion on the nanowire (100 nm x 64 nm). (b) 2D skyrmion velocity field.
The equilibrium trajectory is marked by the white dotted lines. (c) The
trajectories of skyrmion motion with different initial (Ay) obtained by
evolving egn (8) in small time steps. (d) Skyrmion trajectory calculated
from micromagnetic simulations (solid line) and analytically (dotted).

propulsion, resulting in an initial backward motion. As the
skyrmion passes the center of the nanowire (Ay = 0 nm), the
edge interaction changes in sign and propels the skyrmion
forward instead, thus completing the boomeranged maneuver.
However, the trajectories of skyrmions at all initial positions
still converge towards the equilibrium trajectory. In the equili-
brium trajectory, the terminal x-velocity can be expressed as,

y F(x) ymm;’Rg?dK,

== > . 11
MiDa dx (11)

" Myd Da

Vx1

Eqn (11) assumes that the repulsive edge potentials are
sufficient to prevent the skyrmion from annihilation and
shows that the terminal velocity of a skyrmion is proportional

u
dx
This equation also highlights how the material parameters

such as D, « and M can affect the velocity of skyrmion motion.
Meanwhile, the y-displacement at which terminal velocity is
achieved can be expressed analytically as,

to , consistent with the numerical result shown in Fig. 3(a).

Ry ’>m;*Gd dK,

C(x)Da dx ° (12)

AyT
o . . dK,
It is trivial to see from eqn (12) that with a higher ) the

equilibrium trajectory gets shifted upwards. However, eqn (12)
also reveals that the maximum velocity is in fact limited by the
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. . . w
edge interaction. For a finite system, Ayy < (E_ZO nm>

determines the maximum force along the y-axis; skyrmion
annihilation would occur readily when the skyrmion center is
less than 20 nm from the edge (see ESI 51). A dilemma results,
in which a larger anisotropy gradient will increase the sky-
rmion transport velocity but once the maximum F, is
exceeded, skyrmion annihilation will result.

Stepped anisotropy gradient for skyrmion transport on a
curved track

To increase the skyrmion velocity, a larger anisotropy gradient
is favored. However, for a skyrmion to remain stable, the K,
should be kept above 0.56 x 10° J m™>. This leads to a limit-
ation that fast moving skyrmions can only exist in relatively
short nanowires. To allow for devices of any arbitrary length,
we propose the use of discrete gate electrodes instead of a
single gate electrode that covers the entire device. In such a
scheme, an anisotropy gradient can be created when adjacent
parts of the nanowire have different K, values.

Fig. 5(a) shows the schematic of such a device. The device
uses a repeated array of three gate electrodes which can modu-
late the magnetic anisotropy of the adjoining track region to
be one of the three states; +2.5% (high), —2.5% (low) or

(a)

‘1”

“0” “o”

“0” “1” “0”

Fig. 5 (a) Schematic diagram of a multiplexed gate architecture for
controlling the anisotropy gradient. (b) Magnetostatic energy levels
across the length of the nanowire demonstrating how the stepped vol-
tages can create potential wells. The potential gradient-induced motion
of the skyrmion is indicated by the green arrows. (c) Magnetostatic
energy levels after a “shift” operation. (d) Magnetization snapshot after
three consequent shift operations.

“1 ”»
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unchanged (off). Therefore, when the states of three consecutive
electrodes are set to off-low-high, a potential well is formed at
the second electrode. The electrodes in each set of three electro-
des are also multiplexed; since each electrode is connected to
its next nearest neighbor, a series of skyrmion potential wells
are formed as shown in Fig. 5(b and c). In this way, the sky-
rmion-skyrmion repulsion can be overcome and the spacing
between the skyrmions can be kept constant. For conventional
skyrmion-based devices, the skyrmions should have a spacing
of at least 2.6 times larger than their diameter to minimize the
skyrmion-skyrmion interaction.*” In our device, skyrmions are
packed at 1.5 times their diameter, which increases the packing
density by at least 70%. The strong confining potentials also
trap skyrmions in discrete positions without the need for ineffi-
cient geometrical pinning sites.'*

To propel the skyrmion, the electrode voltages are then
changed to the low-high-off states, which shift the potential
well to the right. In the device, the use of three electrodes
allows us to ensure that skyrmions are always propelled in one
direction; in a device with groups of only two electrodes, a sky-
rmion sitting at a high state electrode has the equal likelihood
to shift in either direction as both the adjacent electrodes
would have the same potential. The shift operation can be
repeated indefinitely and with a change in K, between the
gates at +2.5%, an average velocity of 70 m s~ " was achieved.
Increasing the change in K, to above +2.5% leads to eventual
annihilation at the edge. The change of K, at +2.5% between

u

dx
produce a skyrmion velocity of 102.8 m s™' according to

eqn (11). However, as only a part of the skyrmion is on the an-

of 1300 GJ] m™*, which should

the gates correlates to a

. . . . dKy L
isotropy step at any given time, the effective rr acting on the

skyrmion is decreased, unlike in a smooth K, gradient which
eqn (11) is based on.

To quantify the power consumption for skyrmion transport,
the power cost of transporting a single skyrmion at 1 ms™" is
calculated. Using this metric, skyrmion transport in our VCMA
device is estimated to cost 9 pW ms™", while the current-driven
skyrmion transport systems typically require 7 nW ms™'
(see ESI 31).

Besides the improved energy efficiency, the use of discrete
gate electrodes allows anisotropy gradient-induced skyrmion
transport to be implemented on almost any arbitrary 2D geo-
metries. Of interest is a closed loop structure which allows sky-
rmion read/write operations to be non-destructive (see ESI 67).
In contrast, conventional nanotrack devices must be at least
twice as long as the skyrmion chain in order for the entire sky-
rmion chain to traverse past the central read-write heads. In
other words, at least half the nanowire must be used as a sky-
rmion buffer for reading. As shown in Fig. 6, the use of a
closed loop enables skyrmions to be returned to their original
positions after read/write, thus removing the need for a sky-
rmion buffer area. The ability to continuously shift the entire
skyrmion chain by applying the same excitation can also sim-
plify the design of skyrmion devices.

Nanoscale, 2018, 10, 733-740 | 737
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Fig. 6 (a) 3D schematic diagram of a stepped anisotropy for racetrack
memory. The electrode layer V;, V, and V3 corresponds to those in
Fig. 5. (b) Snapshots of skyrmions’ instantaneous positions att = 0 ns, t =
1.2 ns and t = 7.2 ns, respectively. There are 3 skyrmions in the system
and 6 sets of K, which are represented by the gray rectangle in the
center loop and induced by a voltage gate. When the gate voltage is
switching clockwise, skyrmions are driven clockwise.

Conclusions

In conclusion, we have shown that skyrmions can be driven by
an anisotropy gradient created via applying a gate voltage in
the absence of spin current. A model was developed to under-
stand the forces acting on a skyrmion under an anisotropy gra-
dient. Using the model, the skyrmion’s speed and trajectory
can be accurately predicted. To create anisotropy gradients of
any arbitrary length without a large variation in anisotropy, an
alternative scheme of using the stepped magnetic anisotropy
was demonstrated. As compared to conventional spin torque-
driven skyrmion devices, the use of discrete anisotropy steps
in both a nanowire and a closed loop geometry is not only
three orders more energy efficient but also greatly increases
skyrmion packing density. Our work here provides insights
into the development of anisotropy gradient-driven skyrmion
devices and paves the way for their realization.
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Calculation methods

The micromagnetic simulations are performed using
MuMax3.*® The time-dependent magnetization dynamics is
expressed by using the modified Landau-Lifshitz-Gilbert
(LLG) equation,"”*®

dMm . dM

- _ a
= = yHug x M +—M X —

de¢ M de¢ (13)

Here, y is the Gilbert gyromagnetic ratio, a is the Gilbert
damping coefficient and M is the magnetization. H. is the
effective field acting on the local magnetization which
includes the symmetric exchange interaction with exchange
stiffness A, perpendicular anisotropy, magnetostatic inter-
action and interfacial DMI. For micromagnetic simulations, a
discretization of 1 nm x 1 nm x 0.5 nm is used which is
sufficiently smaller than the exchange length and the sky-
rmion size. The experimentally obtained material parameters
of Pt/Co were used for the simulations: saturation magnetiza-
tion My = 6 x 10° A m™", exchange stiffness A = 13 x 107*?
J m™2, DMI constant D fixed at 3 m] m~>, perpendicular mag-
netic anisotropy (PMA) K, = 0.8 x 10° ] m~>, the Gilbert
damping coefficient @ = 0.1 and the value for the gyromagnetic
constant y is 1.67 x 10! rad T~* s™*.728:49751

The skyrmion profile is assumed to be stable during
motion due to the strong supporting DMI field. In the special
case of a time-dependent steady state magnetization, the mag-
netization can be expressed as,>>>?

M = M(F —7(t)) (14)
dM OROM OR, oM B
a TocoR ol o) T UYMo (1)

where ¥ is the steady state velocity. Substituting eqn (15) into
the LLG equation yields the Thiele equation.
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