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ABSTRACT

The magnetic skyrmionium can be seen as a coalition of two magnetic skyrmions with opposite topological charges and has potential
applications in next-generation spintronic devices. Here, we report the current-driven dynamics of a skyrmionium in a ferromagnetic nano-
track with the voltage-controlled magnetic anisotropy. The pinning and depinning of a skyrmionium controlled by the voltage gate are inves-
tigated. The current-driven skyrmionium can be used to mimic the skyrmionium diode effect in the nanotrack with a voltage gate. We have
further studied the skyrmionium dynamics in the nanotrack driven by a magnetic anisotropy gradient in the absence of spin current. The
performance of a single wedge-shaped voltage gate at different temperatures is studied. Our results may provide useful guidelines for the

design of voltage-controlled and skyrmionium-based spintronic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025124

Magnetic skyrmions were predicted theoretically in 1989, and
since then, the creation, annihilation, and manipulation of magnetic
skyrmions have been widely investigated in the field of magnetism and
spintronics.” ' Magnetic skyrmions are particle-like nanoscale objects
and can be found in certain ferromagnetic bulk materials, thin films,
and multilayers,” "' where skyrmions are stabilized by a competition
between the Heisenberg exchange interaction, Dzyaloshinskii-Moriya
interaction (DMI), perpendicular magnetic anisotropy (PMA), and
magnetic field. One of the most important applications of magnetic
skyrmions is their use as information carriers in nanoscale spintronic
devices, ! where skyrmions can be driven by spin-transfer torques,
spin—orbit torques, and spin waves. The skyrmion-based devices could
have a lower power consumption or higher operation speed compared
with the domain wall-based devices.” "

However, the skyrmion Hall effect (SKHE)"*'® could be an
obstacle for the collimated transmission of skyrmions in narrow
nanoscale devices.'””'® The SkHE has been observed

experimentally.'>'® It is caused by the Magnus force acting on the

moving skyrmion and can lead to the destruction of skyrmions at
the device edges. One promising approach to avoid the SKHE is to
create a topological spin texture with a zero net topological charge.
For example, the synthetic antiferromagnetic bilayer skyrmion with
a topological charge of Q=0 is free from the SKHE."” *” In this sys-
tem, the two exchange-coupled magnetic skyrmions in the top and
bottom layers have opposite Q, leading to a total topological charge
of zero.

On the other hand, a magnetic skyrmionium is also a topologi-
cal spin texture with Q= 0. It has a doughnut-like out-of-plane
spin structure and can be seen as the combination of two skyrmions
with opposite Q. The magnetic skyrmionium can be generated by
ultra-fast laser pulses and has been observed experimentally™ to be
stable for over 12 months. Due to the zero topological charge, the
magnetic skyrmionium is free from the SKHE. The dynamics of the

skyrmionium have been studied theoretically”' ** and observed in
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experiments,”” ~~ showing the potential of using skyrmioniums in

next-generation spintronic devices.

In this work, we report a numerical study of current-induced sky-
rmionium dynamics in a ferromagnetic nanotrack with voltage-
controlled perpendicular magnetic anisotropy (VCMA). The work
performance of a nanotrack with a single voltage gate at different tem-
peratures has also been studied, and the results show that the effect of
voltage gate could be affected by the thermal effect. Our results show
that a nanotrack with a voltage gate can be used to build a
skyrmionium-based diode and ratchet memory. We found that the
voltage gate-induced anisotropy gradient can realize the unidirectional
motion of the skyrmionium in the nanotrack. We also study the
dynamics of a skyrmionium driven by a PMA gradient, which has
been observed in experiments and theoretically.”**’ The simulation
results of the skyrmionium driven by the anisotropy gradient without
current demonstrate how the wedge shape voltage gate influences the
magnetic skyrmionium motion in the nanotrack. PMA-gradient-
induced skyrmionium motion can avoid the Joule heating effect,
which may influence the stability of skyrmioniums. Our results are
useful for the design of the voltage-controlled skyrmionium diode and
the skyrmionium transport channel.

The simulation model is an ultra-thin ferromagnetic nanotrack
of 1000 x 180 x 0.4 nm®, as shown in Fig. 1(a), which has interface-
induced DMI and PMA. The mesh size is set as 2 x 2 x 0.4 nm?>,
which is small enough to ensure the numerical accuracy of the
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FIG. 1. (a) lllustration of the skyrmionium-based device controlled by a gate volt-
age. The out-of-plane magnetization component (m,) is color coded: red means
m, = +1, white means m, = 0, and blue means m, = —1. (b) The skyrmionium
driven by the voltage-controlled magnetic anisotropy (VCMA) gradient in a ferro-
magnetic nanotrack.
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simulations. The micromagnetic simulations are performed using the
Object Oriented MicroMagnetic Framework (OOMMEF) package."’
The dynamics of magnetization are governed by the Landau-Lifshitz—
Gilbert (LLG) equation, written as

dm

dm
E:—yomxheff—l—oc(me)—umx(mxp)7 (1)

where the third term represents the spin torque arising from a spin
polarized current. m = M /Mj is the reduced magnetization and Ms is
the saturation magnetization. y, is the absolute value of the gyromag-
netic ratio and o is the damping coefficient. heg is the effective field,
including the contributions of Heisenberg exchange, DMI, PMA, and
demagnetization. The parameter u is equal to (y,hjlsu)/
(2aepyMs), b is the reduced Plank constant, j is the applied current
density, Osy = 0.08 is the spin Hall angle, e is the electron charge,
is the vacuum permeability constant, and a is the thickness of the
nanotrack. p = —y is the spin polarization direction. Other magnetic
material parameters are adopted from Ref. 28: Mg = 580 kA m ™',
ferromagnetic exchange constant A=15 pJ m~', DMI constant
D=3.5mJ m 2, PMA constant K, = 0.8 MJ m >, and & = 0.3.

In our simulations, the setups of the voltage gate are illustrated in
Fig. 1, where the PMA constant controlled by the voltage gate is
defined as Kyy. First, in the study of the voltage-controlled pinning
and depinning effects, a single wedge-shaped voltage gate is placed in
the middle of and upon the ferromagnetic nanotrack [see Fig. 1(a)],
which controls the PMA constant K, of the area underneath the
voltage gate. We model the voltage-controlled PMA constant K, (x) as
a linear function of the longitudinal coordinate x and the default PMA
constant K, as follows: Ky(x) =K, + (Ku — Ku)(x — x0)/I for
X € [x0, X0 + I], where [ is the length of the voltage gate, K, is the
maximum PMA induced by the voltage, and x, denotes the location of
the voltage gate.

Second, in order to study the voltage-gradient-induced skyrmio-
nium motion, as shown in Fig. 1(b), a wedge-shaped voltage gate is
placed upon the whole ferromagnetic nanotrack, leading to varying
PMA K, (x) along the x direction. We again model the PMA constant
K, (x) as a linear function, this time over the whole track, of the longi-
tudinal coordinate x and the default PMA constant K, specifically
Ky(x) = Ky + (Ky — Ky)x/1 for x € [xg,x0 + []. Note that when
studying the skyrmionium driven by the VCMA gradient along the x
direction, no other external driving force, such as the spin current, is
applied. For the initial state of all simulations, a relaxed skyrmionium
is placed at the left or right end of the ferromagnetic nanotrack, which
is then driven by the spin current or VCMA gradient.

The pinning and depinning states of the current-driven skyrmio-
nium in the nanotrack with a local wedge-shaped voltage gate are
shown in Fig. 2. The effects of the voltage gate length [ and current
density j on the skyrmionium motion are given in Figs. 2(a) and 2(b),
respectively. The relaxed skyrmionium is placed near the left end of
the nanotrack as the initial state for Fig. 2(a). When a driving current
is applied along the +x direction in the heavy-metal layer, a damping-
like spin-orbit torque is generated to drive the magnetization
dynamics in the ferromagnetic nanotrack. Consequently, the skyrmio-
nium moves toward the left side of the VCMA region. Due to the
VCMA in the nanotrack, only a current larger than a certain threshold
can drive the skyrmionium through the voltage-gated region from the
left to the right side. The reason is that the PMA gap in the ferromagnetic
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FIG. 2. The pinning and depinning states of an isolated skyrmionium driven by the spin current in a ferromagnetic nanotrack with a single wedge-shaped voltage gate. The
solid red squares denote that the skyrmionium is pinned by the VCMA region, and the solid blue squares denote that the skyrmionium passes the VCMA region. The dotted
blue lines indicate areas of unidirectional skyrmionium motion. (a) The pinning and depinning states of a skyrmionium with various lengths / from 50 nm to 150 nm and various

driving current densities j from 2 MA cm—2 to 10 MA cm 2. The driving current is applied along the +x direction. Ky, = 0.85MJ m

—3. (b) The driving current is applied along

the —x direction. K,, = 0.85MJ m~2. (c) The pinning and depinning states of a skyrmionium with various Ky, from 0.65MJ m~ to 0.90 MJ m~* and various j from 2 MA cm—2 to
10 MA cm—2. The driving current is applied along the —+x direction. /= 100 nm. (d) The driving current is applied along the —x direction. /= 100 nm.

nanotrack, which is defined as Kgp = Ky — K, in this work, leads to
an energy barrier for the skyrmionium motion. The precise anisotropy
profile along the nanotrack is given in the supplementary material.

As shown in Fig. 2(a), a VCMA region with a length [ smaller
than 125 nm can pin the skyrmionium when the driving current den-
sity j is smaller than 6 MA cm ™2 When the length [ is larger than
125nm, a current-driven skyrmionium can pass the VCMA region
with a current j > 4 MA cm ™2, which indicates that the pinning and
depinning states can be affected by the slope of the VCMA gradient.
Namely, a longer VCMA gate length, and consequently reduced gradi-
ent, can lower the threshold depinning current density.

In Fig. 2(b), a relaxed skyrmionium is initially located near the
right end of the nanotrack and a driving current along the —x direc-
tion is applied. The skyrmionium moves along the —x direction and
toward the right side of the VCMA region. When the driving current
density j is smaller than 8 MA cm 2, the skyrmionium is pinned by

the VCMA region. The pinning and depinning states of the skyrmio-
nium are independent of the length of the VCMA region.

Compared with Fig. 2(a), the right boundary of the VCMA
region induces a very high and sharp PMA energy barrier Kgp,
which is hard for the skyrmionium to overcome. The blue dashed box
in Fig. 2 indicates the cases in which the skyrmionium displays
unidirectional motion along the nanotrack, which provide information
for realizing a skyrmionium-based diode device.

In Figs. 2(c) and 2(d), the effects of the different K,,, and current
density j are given, respectively. The pinning and depinning states are
sensitive to Ky of the VCMA region. The parameters for the unidirec-
tional motion along the +x direction have been marked in a blue
dashed box. When |Kg,,| > 0.10 MJ m ™, the skyrmionium is difficult
to drive through the VCMA region because a larger Ky, leads to a
larger energy barrier. From Fig. 2, under the same driving current den-
sity, a larger Ky is more likely to result in the pinning of the

Appl. Phys. Lett. 117, 202401 (2020); doi: 10.1063/5.0025124 117, 202401-3
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FIG. 3. (a) The trajectory of a skyrmionium in the nanotrack driven by a current density j varying from 2 MA cm=2 to 10 MA cm—2. K,, = 0.85MJ m~ and the voltage gate
area is located at x = 700 nm with /= 100 nm. (b) The trajectory of a skyrmionium in the nanotrack driven by a current density j of 6 MA cm 2. K., varies from 0.70 to 0.85MJ m 2,

and the voltage gate area is located at x =700 nm with /= 100 nm.

skyrmionium by the VCMA region. The simulation results obtained
with a smaller current density step are given in the supplementary
material.

The trajectories of a skyrmionium moving along the —x direction
in the nanotrack with a single voltage gate are shown in Fig. 3. The
driving current density in Fig. 3(a) is varied from 2 MA cm > to
10 MA cm > It can be seen that when the driving current is lower
than the threshold value, the skyrmionium is pinned at the right
boundary of the VCMA region. When the current density increases,
the pinned skyrmionium moves closer to the boundary until the
current density is large enough to drive the skyrmionium through the
VCMA region. The skyrmionium passing through the right boundary
of the VCMA region can be seen as the diode breakdown effect of this
skyrmionium-based device.

Furthermore, the slope-shaped VCMA region will enhance the
velocity of the skyrmionium on passing through the VCMA region. The
VCMA gradient can also cause a small deformation of the skyrmionium
because of the SKHE and varying PMA, which also affects the skyrmio-
nium trajectory. This phenomenon is demonstrated in Fig. 3(a), when
the driving current density j is larger than 6 MA cm ™%,

The trajectories of a skyrmionium driven by a current density of
6 MA cm™? for different VCMA gradients are shown in Fig. 3(b).
When Kg,, < 0 and the skyrmionium moves from the high PMA
region to low PMA region, the VCMA region could increase the
velocity of the skyrmionium and cause a deformation of the skyrmio-
nium. If the driving current density is lower than the threshold value,
the skyrmionium is pinned inside the VCMA region. For the case of
Kgap > 0, the skyrmionium is pinned at the right boundary of the
VCMA region if the driven current is lower than the threshold.

The spin configurations of a skyrmionium pinned in the nano-
track with Kg, > 0 and Kgp < 0 are given in Fig. 4, along with the
pinning position of the skyrmionium at different K,,. In Figs. 4(a) and
4(b), the skyrmionium can enter the VCMA region easily because the
Ky is lower than K. After the skyrmionium has moved into the

VCMA region, the skyrmionium will deform due to the decrease in
PMA and if the polarized current is not large enough, the skyrmio-
nium will be pinned at the left boundary of the VCMA region. For the
case of Ky, > K, in Figs. 4(c) and 4(d), if the driven current density is
not large enough, the skyrmionium will be pinned at the right

500
x (nm)

FIG. 4. The spin configuration of an isolated skyrmionium driven by the spin current
as 6 MA cm™“ motion toward left in a ferromagnetic nanotrack with a single wedge-
shaped voltage gate. (a) The initial state of the isolated skyrmionium in a nanotrack
with a wedge-shaped voltage gate with a K., as 0.70 MJ m 2. (b) The isolate sky-
rmionium pinned after entry into the VCMA region. (c) The initial state of the iso-
lated skyrmionium in a nanotrack with a wedge-shaped voltage gate with a K., as
0.85MJ m—. (d) The isolated skyrmionium pinned before entry the VCMA region.
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boundary of the VCMA region. Then, the increased PMA and driving
current will induce deformation of the skyrmionium.

In addition, the spin configurations of a skyrmionium diode
device at different temperatures are given in Fig. 5. The micromagnetic
simulation including the thermal effect is simulated by the OOMMF
extensible solver (OXS) object.”tl The time step in the simulation with
the thermal effect is fixed at 10 fs, and the temperature changes from
50K to 75K. In Figs. 5(a) and 5(b), the skyrmionium can be driven
through the VCMA region by the spin polarized current at 0K.
However, the thermal fluctuation in the system will decrease the effec-
tive magnetic anisotropy, DMI, and exchange interaction, which will
induce a deformation of the skyrmionium as shown in Figs. 5(c) and
5(d).** On the other hand, the energy barrier between K,,, and K, in
the VCMA region will also be reduced, which will influence the sky-
rmionium behavior in the VCMA region. In Figs. 5(¢)-5(g), the sky-
rmionium is pinned by the VCMA region because the current density
is not large enough. Then in Fig. 5(h), when the temperature is high
enough, the energy barrier between K,,, and K,, will reduce to a smaller
value, which makes the current density large enough to drive the sky-
rmionium through the VCMA region. In Fig. S3 of the supplementary
material, the simulation results also show the same phenomenon with
a larger K,,,. From the results in Figs. 5 and S3, it is found that the
skyrmionium-based diode is sensitive to the thermal effect. If the
applied thermal field is larger than a threshold, the reduced energy
barrier between K,,, and K,, will break the unidirectional function of
the skyrmionium diode device. The simulation results show that the
skyrmionium diode works well even under a weak thermal condition.
If the thermal fluctuation is too strong, the unidirectional motion
behavior of the skyrmionium will disappear and the skyrmionium will
be deformed. These results show that the skyrmionium transmission

X (nm)
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channel can be controlled by the VCMA effect and can mimic the
field-effect transistor (FET) device.

The magnetic skyrmionium/skyrmion motion in a nanowire
induced by a current pulse are next studied and compared. The tra-
jectories of the skyrmion/skyrmionium driven by a pulse current in a
nanotrack with the VCMA gate are given in Fig. 6. When the current
pulse is on, the skyrmionium is driven by the current and moves
through the VCMA region. But in this case, the driving current pulse
time and current density are not large enough to make the skyrmio-
nium move through the VCMA region. If the current pulse is
removed, the gradient of the VCMA gate will drive the skyrmionium
toward the left side of the nanotrack. The magnetic skyrmionium is
free from the SKHE and has a linear trajectory as shown in Fig. 6(a):
under the influence of a driving current, the skyrmionium moves in
a straight line along the nanotrack. For the skyrmion case, the trajec-
tory is much more complex as shown in Fig. 6(b). When the current
pulse is on, the skyrmion has a velocity toward the top of the nano-
track, which comes from the SKHE until there is a balance between
the edge force and the SKHE. Under the action of these forces, the
skyrmion moves along the track direction but with oscillatory
motion in the y-direction. Then, if the current pulse is turned off, the
VCMA gradient of the gate will make the skyrmion move toward the
left side of the nanotrack. The skyrmion has a large velocity toward
the bottom of the nanowire, which is a combination of edge force
and the SKHE. From the simulation results, the trajectories of the
skyrmionium and skyrmion in a nanowire with the VCMA gate
driven by the current pulse are significantly different. The current/
current pulse-driven skyrmionium motion in the nanotrack with the
VCMA gate is retained in the middle of the nanowire and avoids
destruction at the edge. The trajectory shows that a skyrmion and

T=75K,t= 20 ns

500
X (nm)

FIG. 5. The spin configurations of an isolated skyrmionium driven by the spin current j=5 MA cm~2 in a ferromagnetic nanotrack with a single wedge-shaped voltage gate
with a K, = 0.85MJ m~2 at different temperatures. (a) The initial state of the skyrmionium moves toward the +x direction at Ons under OK. (b) t=25ns, T=0K. (c)
t=20ns, T=50K. (d) t=20ns, T=75K. (e) The initial state of the skyrmionium moves toward the —x direction at Ons under 0K. (f) t=20ns, T=0K. (g) t=20ns,

T=50K. (h)t=20ns, T=75K.
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FIG. 6. The trajectory of the magnetic skyrmionium and skyrmion driven by pulse current. The current duration is 2 ns, and there is a 2-ns delay between two current pulses.
The skyrmionium and skyrmion move toward the right side of the nanotrack, and the total simulation time is 50 ns, which is indicated by the color bar. (a) The trajectory of the
magnetic skyrmionium in the nanotrack with the VCMA gate driven by current pulses. (b) The trajectory of the magnetic skyrmion in the nanotrack with the VCMA gate driven

by current pulses.

skyrmionium can be driven by an anisotropy gradient without cur-
rent or other external driving force.

The motion of magnetic skyrmions driven by a PMA gradient
has been studied recently.”** A skyrmion moves toward the area
with a lower PMA. Similar to a skyrmion, a skyrmionium also moves
toward the area with a lower PMA. From the simulation results in
Fig. 6, the skyrmionium tends to move from the high-PMA region to
the lower-PMA region when no driving current is applied. In this
work, we also study the skyrmionium motion driven by a VCMA
gradient [see Fig. 1(b)]. The velocities of the skyrmionium driven by
different PMA gradients are given in Fig. S4, and the spin configura-
tion of skyrmionium driven by the VCMA gradient in the nanotrack
is given in Fig. S5 in the supplementary material. It can be seen that
the velocities of the skyrmionium at different PMA gradients have a
similar trend and depend on the amplitude of the PMA gradient.
The distortion of the skyrmionium induced by the anisotropy gradi-
ent may reduce the stability of the skyrmionium when it is close to
the sample edge.

In conclusion, we have studied the motion of a skyrmionium in
a ferromagnetic nanotrack with the PMA gradient controlled by a
gate voltage. Our simulation results show that the trajectory and
velocity of the skyrmionium can be controlled by a wedge-shaped
voltage gate. The unidirectional motion of the skyrmionium realized
by the VCMA effect can be used to build a skyrmionium-based one-
way information channel, that is, the skyrmionium diode. The
skyrmionium-based information channel can be controlled by the
VCMA effect and can mimic the FET function. A skyrmionium
driven by a current pulse in the nanotrack with a VCMA gate has a
different trajectory to that of a skyrmion, which shows that the
skyrmionium-based information channel is free from the effects of
an edge defect. We further numerically demonstrated that the PMA
gradient can be used to drive the motion of a skyrmionium in a

nanotrack in the absence of a driving current. Our results, and the
basic principles demonstrated, are likely to prove useful for the
design and development of future skyrmionium-based information
storage and processing devices.

See the supplementary material for more results about the anisot-
ropy profile in the nanotrack, the simulation results obtained with a
smaller current density step, spin configurations of an isolated sky-
rmionium driven by the spin current in a ferromagnetic nanotrack
with a single wedge-shaped voltage gate at different temperatures, the
velocities of the skyrmionium driven by different PMA gradients, and
the spin configuration of the skyrmionium driven by the VCMA gra-
dient in the nanotrack.
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