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Traditional electronic technologies face many challenges, such as the scalability of equipment and
improvement of performance. Some novel spintronic objects are expected to improve electronic appli-
cations for the more-than-Moore era. For example, a magnetic skyrmion is a potential building block for
the next generation of electronic devices due to its small size, good stability and low driving current
threshold. However, the Magnus force acting on a ferromagnetic skyrmion can induce a transverse
motion perpendicular to the driving force, which may lead to the destruction of skyrmions at sample
edges. Here, we computationally demonstrate that the nanotrack edge with high magnetic perpendicular
anisotropy (PMA), which is controlled by the voltage-controlled magnetic anisotropy (VCMA) effect, not
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only enables the reliable motion of skyrmions along the nanotrack, but also increases the skyrmion vel-
ocity. The one-way motion of skyrmions can be realized by applying voltage to create high PMA at a local
area near the nanotrack edge. In addition, we show a feasible design of a skyrmion diode similar to the P—
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Introduction

A magnetic skyrmion is a nonlinear nanoscale spin configur-
ation with quasi-particle-like properties, which exists in mag-
netic systems, such as non-centrosymmetric magnets and mag-
netic multilayers lacking inversion symmetry."”” It has the
characteristic of topological protection,®® so it is not easy to be
pinned by defects.'® In addition, the size of the skyrmion is
generally several nanometers to several hundred nanometers,
which is conducive to the miniaturization of electronic devices
and the improvement of storage density.*'" And compared
with the traditional domain wall,">"* the critical driving
current of the skyrmion is much smaller.'"'*'> More impor-
tantly, the skyrmion can lay the foundation for the develop-
ment of magnetic computers'®'” outside the von Neumann
architecture, which strictly separates information processing
and storage. Recently the unconventional operation for prob-
abilistic'® and Brownian computing'® based on skyrmions has
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N junction. Our results may provide guidelines for designing skyrmion-based diodes.

been proved in experiments. Therefore, the skyrmion is
expected to usher a new era for the spintronic devices.”**"
More and more skyrmion-based spintronic devices have been
designed, such as nanotrack memory devices,** >
transistors,”*° logic gates,>®*' spin nano-oscillators,
neural elements®® and resonant diodes,*® with the in-depth
study of the nucleation, motion, annihilation and detection of
skyrmions.'®*”"* In order to ultimately achieve and commer-
cialize skyrmion-based spintronic devices, a reasonable struc-
tural model and feasible design method are essential.

The voltage-controlled magnetic anisotropy (VCMA) effect
has been observed in various materials, such as Ir/CoFeB/
MgO,*" Ta/CoFeB/MgO,"* Pt/Co™*** Co/Pd/MgO,"* Pt/Co/Pd/
MgO*® and Fe/Co/MgO.*” Relevant studies on the properties of
electric field effects indicate that the VCMA effect associates
with the spin-dependent screening of the electric field,*® elec-
tric field induced changes in the band structure,*® and
changes in the electron filling of the 3d orbital caused by the
charge accumulation at the interface.’®>> Recently, several
other possible mechanisms have been proposed, such as elec-
tric field induced atomic displacement at the interface
between ferromagnetic oxide and dielectric subtance.” In
2009, Y. Suzuki et al. reported that a small electric field of
about 100 mV nm™ " can change PMA by 40% with the VCMA
efficiency of 210 f] V'' m™" at room temperature.>® The VCMA
efficiency is the ratio between the induced PMA change and

32-34

AK,
applied electric field A—Eu Recently, Aik Jun Tan et al. reported

that the reversible change in magnetic anisotropy at room
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temperature can be realized by using a small gate voltage
through H+ pumping, and the VCMA efficiency can be up to
5000 f] V™' m™".%>® Hence, voltage-controlled spintronic devices
show great potential in feasibility. In this work, considering
the feasibility of the design, we mainly use a more conservative
estimate, namely 10% of the change in PMA by the electric
field. Indeed, a larger change of PMA is also studied in this
paper.

However, there are still some problems in the implemen-
tation of skyrmion-based diodes, which play an important role
in the next generation of electronic devices. During the
process of the skyrmion moving along the nanotrack, the
induced Magnus force causes lateral displacement, resulting
in the skyrmion Hall effect (SKHE).****” It should be avoided
in practical application as it leads to the annihilation of the
skyrmion at the boundary.’” The SKHE can be eliminated by
bilayer-skyrmions,”® counteracted by adding a high-K material
at boundaries,>® suppressed by reducing the thickness of the
middle region® and so on. In our work the SKHE is sup-
pressed by high magnetic crystalline anisotropy boundaries
formed by VCMA, as shown in Fig. 1. The effect of high-an-
isotropy boundaries on the SKHE is significant and it is
helpful to improve the skyrmion velocity, which is studied sys-
tematically in this paper.

On the other hand, how to realize the one-way motion of
the skyrmion easily and practically is also a problem worth
solving. As everyone knows, the motion direction of the sky-
rmion can be changed by the direction of the normal current
injected horizontally into the heavy metal layer. Hence, the
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injection direction of the driving current is chosen as the
control signal in the design, which is equivalent to the bias
voltage in the traditional P-N junction diode.®®* Besides, the
high-anisotropy trapezoid region near the boundary of the
nanotrack formed by VCMA is used as a modulation element
to achieve the one-way motion of the skyrmion. The simulation
results show that the design can realize the one-way motion of
the skyrmion, making the nanotrack become a P-N junction,
which is investigated deeply here.

The structure of the skyrmion-based
diode

Fig. 1(a) shows the diagram of a skyrmion-based diode, which
comprises five parts: magnetic tunnel junction (MT]) writers,
nanotracks, MTJ readers, VCMA gates and peripheral circuits.
Initially, the skyrmion is nucleated at the left/right side of the
nanotrack by the MTJ writer injecting the spin polarization
current. Later, it is driven by the spin current generated by the
current flowing along the heavy metals."”®® VCMA gates are
composed of a metal electrode and insulating medium, result-
ing in a barrier potential at boundaries and the partial middle
region of the nanotrack. As a result, the skyrmion can be con-
fined to the nanotrack and moves in one direction, as shown
in Fig. 1(b). When the skyrmion safely moves to the other side,
the reader can detect it according to the tunneling magnetore-
sistance effect (TMR).>* Besides, the parameters for micromag-
netic simulation in this paper are shown in Table 1.
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(a) Schematic of the skyrmion-based diode. It mainly consists of five parts: magnetic tunnel junction (MTJ) writers, nanotracks, MTJ readers,

voltage controllable magnetic anisotropy (VCMA) gates and peripheral circuits (which are not shown in the figure). VCMA gates are made up of a
metal electrode and insulating medium, which improves the PMA in the region of the nanotrack by electric field. Firstly, the left/right writer with the
spin polarization current nucleates the skyrmion. Afterwards, during the motion of the skyrmion, the high-anisotropy region formed by VCMA gates
suppresses the lateral drift of the skyrmion. In addition, the skyrmion, moving from the left or right side of the nanotrack, is affected by the middle of
the high-anisotropy region and can bypass or be clogged. Finally, the skyrmion safely passing through the nanotrack is able to be detected by the
readers due to the change in tunneling magnetoresistance (TMR). (b) Schematic view (xy-plane) of the one-way motion of the skyrmion in the sky-
rmion-based diode. The pictures on the left and right correspond to the initial and final states of the skyrmion as it moves forward and reverse,
respectively. The shadow part represents the high-anisotropy region (i.e., the voltage-control region).
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Table 1 Material parameters in the simulation corresponding to CoPt

Quantity Value
Saturation magnetization M, (MA m™") 0.58
Exchange stiffness 4 (pJ m™) 15
Uniaxial anisotropy constant K (MJ m™?) 0.8
DMI constant D (m] m™?) 3
Damping coefficient a 0.1
Polarizability rate P 0.4

Results and discussion
Suppressing of the skyrmion Hall effect using the VCMA effect

It is well known that due to the Magnus force the skyrmion
produces a lateral drift (i.e., SKHE),>**>” causing the loss of
the skyrmion signal. For the skyrmion-based diode, how to
suppress the SKHE is undoubtedly an urgent problem to be
solved. In the design, the VCMA effect induces the PMA at
boundaries to be greater than that in the middle, confining
the skyrmion to the middle of the nanotrack. Some
experiments®®> show that the PMA energy generally changes
linearly with the change in the applied electric field, and
increases (positive voltage) or decreases (negative voltage) with
the direction of the voltage. Note that the negative voltage is
defined as an electron accumulation at the top surface of the
multilayer here. In addition, since VCMA is an interface effect
related to the thickness, the gradual change in PMA has been
experimentally achieved by the thickness gradient of the film
system.”®® Therefore, in the simulation, we designed six
different schemes of PMA variation in the nanotrack, accord-
ing to the voltage and the film thickness. The change in PMA
is about +10%, which could be achieved in experiments.

Fig. 2(a) shows the model adopted in the simulation, which
is the CoPt nanotrack with a length of 400 nm. In this section,
the effects of six different schemes of PMA variation, as shown
in Fig. 2(b), on the skyrmion motion are studied. Schemes A
and B apply a positive voltage to the upper and lower boundary
of the nanotrack (y < —20 nm or y > 20 nm), so that the PMA
Ky, at the boundary is 1.1 times the original PMA K., K, = 1.1K..
In schemes C and D, the negative voltage is applied in the
middle of the nanotrack (—20 nm <y < 20 nm), leading to the
PMA K, in the middle being 0.9 times the K., K, = 0.9K... For
schemes E and F, the voltage is added to the entire nanotrack,
but the voltage directions at the boundary and in the middle
are different, K, = 1.1K. and K, = 0.9K... In addition, schemes
A, C and E are sharp transitions, while schemes B, D and F are
smooth transitions.

Fig. 2(c and d) show the snapshots of the skyrmion motion
at various simulation times under different schemes. On the
nanotrack without the applied voltage, the skyrmion only stays
for about 3.1 ns, as shown in Fig. 2(c). When ¢ = 3.1 ns, the sky-
rmion that reaches the upper boundary due to the SKHE loses
its topologically stable spin configuration and completely
annihilates within 0.3 ns. At first, the motion of the skyrmion
in scheme A is similar to that without the applied voltage, as
shown in Fig. 2(d). However, when the skyrmion approaches

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) The model for simulating calculation. It is a 400 nm long and
0.4 nm thick CoPt nanotrack with D = 3 mJ m™2. The PMA in red part is
higher than that in pink part and the width wg is 0 nm~40 nm. (b) Six
different schemes for PMA variation on the nanotrack. Schemes A and B
apply forward voltage at the upper and lower boundaries on the nano-
track (y < =20 nm or y > 20 nm), K, = 1.1K.. In schemes C and D,
reverse voltage is applied in the middle of the nanotrack (20 nm <y <
20 nm), Ky, = 0.9K.. For schemes E and F, voltage is applied throughout
the nanotrack, but the voltage directions at the boundary and in the
middle are different, K, = 1.1K. and K, = 0.9K_.. In addition, schemes A,
C and E are sharp transitions, while schemes B, D and F are smooth tran-
sitions. For convenience, the midpoint of the nanotrack width is treated
as the zero point for the y axis. (c and d) Simulation snapshots at various
times t for the skyrmion driven by the spin current of 2 MA cm™2 on the
nanotrack. (c) and (d) show the nanotrack without the applied voltage
(ie. K. = 0.8 MJ m™) and in scheme A, respectively. The shaded section
corresponds to the high-anisotropy region with a width of 10 nm. And
the other five schemes of simulation results are similar to scheme A,
which are not shown here.

the upper boundary, the high-anisotropy boundary has greater
repulsion on the skyrmion than the geometric boundary,
which limits the skyrmion to the nanotrack, then, the sky-
rmion oscillates in the x and y directions at the end of the
nanotrack and finally returns to the center axis of the nano-
track width. It is worth noting that the oscillation behavior
induced by the repulsion at the boundary has been observed
in experiments.’®*>®” In addition, the movement of the sky-
rmion in the other five schemes is basically the same as that
shown in Fig. 2(d) (not shown in Fig. 2). This indicates that
the high-anisotropy boundary formed by VCMA on the nano-
track can effectively suppress the SKHE. Note that the magnetic
anisotropy gradient can also suppress the SKHE, where the

Nanoscale, 2020, 12, 9507-9516 | 9509
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effect of the anisotropy gradient on the skyrmion motion has
been reported.®®®® The effect of the anisotropy gradient exerts
a force on the skyrmion in the direction of the gradient. In
schemes B, D and F, the force is along the —y axis, which is
opposite to the Magnus force that produces the SKHE, and it
plays an important role in suppressing the SKHE.

Fig. 3(a and b) show relations between the maximum vel-
ocity v, of the skyrmion along the x-axis and the width w, of
the high-anisotropy boundary under six different schemes of
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PMA variation. And Fig. 3(c and d) show the ratio n between
the depth d of the skyrmion entering the high-anisotropy
boundary and the diameter d; of the skyrmion as a function of
the width wy, n = dy/d. If the depth d is less than 0, it means
that the skyrmion does not enter the high-anisotropy bound-
ary. The repulsion against the skyrmion is mainly caused by
the high-anisotropy boundary and the geometric boundary.
When the width w, increases at the beginning, the high-an-
isotropy boundary plays a dominant role and the repulsive
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(a and b) Calculated maximum velocities v, of the skyrmion in the x-axis direction as a function of the width wy in six different schemes. (c

and d) The ratio n of the depth d that the skyrmion enters the high-anisotropy boundary to the diameter ds of the skyrmion as a function of the
width wg on the nanotrack, n = d/d;. If n < 0, it means that the skyrmion does not enter the high-anisotropy region. Otherwise, it means that some
or all of the skyrmions enter, as shown in (f). The figure on the left is for schemes A, C and E, while the figure on the right is for schemes B, D and F.
(e) The relation between the maximum velocities v, along the x-axis direction and the driving current density j in six different schemes of PMA vari-
ation. Zoomed views of the curves around j = 1 MA cm™2 and j = 2 MA cm™2 are given. The relations of maximum velocity v, versus (g) the ratio m at
various high-anisotropy boundary widths wg and (h) the driving currents j at different ratios m. m is the ratio of PMA between the boundary and

middle of the nanotrack in scheme A, m = Ky/K,, = 1.0, 1.1, 1.2, ... 2.0.
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force increases. The suppression of the SKHE is enhanced and
the lateral drift velocity of the skyrmion decreases, leading to
the increase of v,. At this stage, the skyrmion does not enter
the high-anisotropy boundary in the process of movement [see
the part in Fig. 3(c and d) where n < 0]. Then, as the width w,
continues to increase, the geometric boundary dominates and
the repulsion decreases. The skyrmion enters the high-an-
isotropy boundary little by little [see the part in Fig. 3(c and d)
where 0 < n < 1]. For schemes A, B, C, D, E and F, when w is
about 12 nm, 10 nm, 12 nm, 10 nm, 16 nm and 10 nm,
respectively, the skyrmion starts to enter the high-anisotropy
boundary. Due to the sharp transition of PMA (schemes A, C
and E), the skyrmion that just enters and completely enters
the high-anisotropy boundary diminishes significantly, and v,
reduces rapidly with the increase of w,. Nevertheless, for the
smooth transition of PMA (schemes B, D and F), the size and
velocity v, of the skyrmion entering the high-anisotropy
boundary gradually decreases as w, increases. It can be illus-
trated that the sharp transition of PMA has a stronger suppres-
sion on the SKHE than the smooth transition of PMA. Finally,
with the increase of w,, the skyrmion totally enters the high-
anisotropy boundary [see the part in Fig. 3(c and d) where n >
1]. And v, gradually stabilizes under the sharp transition of
PMA, but decreases quickly under the smooth transition of
PMA.

The effect of the driving current density j on the maximum
velocity v, of the skyrmion is shown in Fig. 3(e). The motion of
the skyrmion is faster in the sharp transition of PMA (schemes
A, C and E) than that in the smooth transition (schemes B, D
and F). On the nanotrack without the applied voltage (i.e., K =
0.8 MJ m~? in this work), the maximum velocity v, is about
36.46 m s * for j = 1 MA cm™2, and v, is around 55.81 m s™*
when j = 2 MA cm™. It is worth noting that at the same
current density j, the maximum velocity v, under the six
different schemes of PMA variation are bigger than it [see
Table 2]. The movement of the skyrmion is not completely per-
pendicular to the x direction owing to the Magnus force.
Consequently, the repulsion from the boundary is not entirely
in the —y direction, which has a component in the x direction
instead and the velocity increases. This can also explain the
changes in the velocity v, shown in Fig. 3(a and b) where the
skyrmion does not enter the high-anisotropy boundary.
Moreover, the simulation results express that using VCMA can
not only suppress the SKHE effectively, but also improve the
velocity of the skyrmion.

Fig. 3(g) and (h) respectively show the relation of v, with the
ratio m and the driving current j in scheme (A). m is the ratio

Paper

of PMA at the boundary to that in the middle on the nano-
track, m = Kp/Ky,. As can be seen from Fig. 3(g), the enlarge-
ment of m does increase the velocity v, when the driving
current j is the same. The velocity v, approaches a saturation
value v, (about 76.7 m s~ in this work). It is very interesting
that vs depends on the parameters shown in Table 1, but not
on the high-anisotropy boundary width w, (see Fig. S1 in the
ESIf). The minimum m that gives the saturation value
increases when the width w, decreases. It is about 1.6 for w, =
20 nm and 1.7 when w, = 16 nm. Furthermore, with the
increase of the ratio m, it is more difficult for the skyrmion to
enter the high-anisotropy boundary during the motion. It indi-
cates that the high-anisotropy boundary plays a more impor-
tant role than the geometric boundary when m is large.
Beyond that, for 1.1 < m < 1.5, the ratio m increases approxi-
mately in direct proportion to the maximum current that the
skyrmion can successfully pass through the whole nanotrack.
In Fig. 3(h), the maximum velocity v, of the skyrmion can

reach 163.1 m s~

Realization of one-way motion function using the VCMA effect

For a skyrmion-based diode, in addition to avoiding the
annihilation of the skyrmion, it is also necessary to achieve
the one-way motion of the skyrmion. In the design, a high-an-
isotropy trapezoidal region is added in the middle of the nano-
track by VCMA, as shown schematically in Fig. 4(a). Fig. 4(b)
shows the forward and reverse motion trajectories of the sky-
rmion on the nanotrack in scheme A. When ¢ = 0 ns, the
forward (or reverse) moving skyrmion is located at the left (or
right) side of the nanotrack [see A; (or A,) in Fig. 4(c)]. After
that, owing to the SKHE, the skyrmion of the forward motion
drifts in the +y direction, reaching the trapezoidal barrier at ¢ =
2.5 ns [see B; in Fig. 4(c)]. And the skyrmion of the reverse
motion drifts in the —y direction, touching the potential
barrier at ¢ = 2.2 ns [see B, in Fig. 4(c)]. Subsequently, the
forward-moving skyrmion climbs up the left slope of the trape-
zoidal barrier [see C; in Fig. 4(c)]. The skyrmion gradually
diminishes to pass above the barrier [see D; in Fig. 4(c)] and
reaches the right side of the nanotrack [see F; in Fig. 4(c)].
However, the reverse-moving skyrmion also crawls along the
trapezoidal right-angled edge [see C, in Fig. 4(c)], but it is
bounced off [see D, in Fig. 4(c)]. Afterwards, the forward and
reverse moving skyrmions have a precession at the right side
of the nanotrack and near the barrier, respectively, as shown
in Fig. 4(b). Finally, the reverse-moving skyrmion is stopped by
the high-anisotropy trapezoidal region, while the forward-
moving skyrmion bypasses it. This process, known as the one-

Table 2 The increased percentage for the maximum velocity v, of the skyrmion in six different schemes of PMA variation, compared to the scheme

without the applied voltage

The current density Scheme A Scheme B Scheme C Scheme D Scheme E Scheme F
1 MA cm™ 12.34% 11.66% 40.10% 39.41% 40.81% 39.93%

2 MA cm ™2 31.08% 27.67% 61.94% 55.80% 64.90% 59.90%
3MAcm™? 109.20%

This journal is © The Royal Society of Chemistry 2020
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(a) The model of simulating calculation. It is formed by adding a high-anisotropy trapezoidal region to the middle of the nanotrack based on

Fig. 2(a). The red part represents the high-anisotropy region with the boundary width wg of 10 nm. (b) Trajectories of the skyrmion moving forward
and reverse on the nanotrack in scheme A. (c) Snapshots of simulation at various positions marked by red dots in (b). The shaded section represents
the high-anisotropy region, and the middle is a trapezoid with a length [ of 100 nm, a width w of 30 nm, and a lower left corner ¢ of 45°. (d) Working
window of the skyrmion-based diode with different widths w and lengths [ of the high-anisotropy trapezoidal region. Green means that the diode is

working properly. The simulation parameters are consistent with (b).

way motion of the skyrmion, can be realized by a high-an-
isotropy trapezoidal region on the nanotrack.

Fig. 4(d) shows the range of the length / and width w of the
high-anisotropy trapezoidal region, in which the skyrmion can
realize the one-way motion. When w < 20 nm, the skyrmion
can reach the other side of the nanotrack whether in forward
or reverse motion. The difference is that the skyrmion in the
forward motion bypasses the trapezoidal region, while that in
the reverse motion directly passes through it and gets annihi-
lated. For 20 nm < w < 31 nm, the realization of the one-way
motion of the skyrmion depends on the length /. Moreover, as
the width w increases, the working window of the skyrmion-
based diode extends and the length / has a tendency to
decrease. After the trapezoidal width w increases to 31 nm, the
skyrmion of both motions is clogged. It can be seen that the
working state of the skyrmion-based diode depends on the
length [ and width w of the trapezoidal region. And the range
of the length [ and width w that the skyrmion-based diode nor-
mally works is relatively wide.

9512 | Nanoscale, 2020, 12, 9507-9516

The trapezoidal potential barrier gradually increases for the
forward moving skyrmion. However, it increases suddenly
when the skyrmion moves in the reverse direction. So the total
energy of the skyrmion in the forward motion is significantly
greater than that in the backward motion near the trapezoid.
During the forward movement of the skyrmion, the total
energy Ei., has several sharp changes [see Fig. 5(a)]. These
changes correspond to the critical moments shown in
Fig. 4(c), when the skyrmion approaches both ends of the tra-
pezoidal top and just arrives at the right side of the nanotrack.
On the other hand, the demagnetization energy Eqemag and
DMI energy Epyy increase [see Fig. 5(b)], while the exchange
energy Eexhange and PMA energy Epya decrease [see Fig. 5(c)]
in the process of the skyrmion passing over the trapezoid. It
indicates that the total length of the magnetic domain wall
reduces. Energies oscillate when ¢ > 6.3 ns, which shows that
the skyrmion changes regularly due to the repulsion and
driving force. In addition, when the skyrmion passes the left
end of the trapezoidal top, the increase in Epyy dominates and

This journal is © The Royal Society of Chemistry 2020
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Eoral continues to increase as the skyrmion partially enters the
high-anisotropy region [see C; Fig. 4(c)]. After the skyrmion in
the reverse motion touches the trapezoid, Eqemag and Epm
reduce first and then increase [see Fig. 5(e)], while Ecxchange
and Epy, increase first and then decrease [see Fig. 5(f)].
However, E. . Kkeeps increasing and decreasing at the
moments B, and D, respectively [see Fig. 5(b)], because the
influence of Epya ON Eioq is intensified when the skyrmion
enters and leaves the trapezoidal high-anisotropy region. For ¢
> 4.2 ns, energy variations of the skyrmion in the reverse
motion are similar to those in the forward motion.

Apart from this, the PMA K;, at boundaries (including the
trapezoid part) and the lower left corner ¢ of the trapezoid
also affect the performance of the skyrmion-based diode.
Fig. 6(a—c) are phase diagrams with various trapezoidal widths
w and lengths [ for one-way motion of the skyrmion under
different ¢ values. The decrease of ¢ apparently expands the
desirable range of the length [ and width w. In other words,
the smaller the angle ¢, the easier it is for the forward-moving
skyrmion to bypass the trapezoid. But it has little effect on the
reverse-moving skyrmion. Fig. 6(d—f) show the effects of K;, on
the phase diagrams of the length ! and width w for the one-

This journal is © The Royal Society of Chemistry 2020

way motion of the skyrmion. It is found that the desirable
range of the length / and width w expands as the PMA K
increases when 0.8 MJ m™ < K;, < 0.88 MJ m>. Namely, the
higher the K, is, the harder it is for the reverse-moving sky-
rmion to bypass the trapezoid.

Indeed, the driving current j affects the one-way motion of
the skyrmion. The critical current of the skyrmion-based diode
is 2.05 MA cm™? for the calculation parameter shown in Fig. 4.
However, the driving current of the skyrmion-based diode in
normal operation can be adjusted by PMA in the high-an-
isotropy region and other factors (see Fig. S2 of the ESI}). It is
worth noting that the larger the PMA in the high-anisotropy
region, the greater the driving current of the skyrmion-based
diode in normal operation. When the driving current is high,
the skyrmion passes through the trapezoid region, that is, the
tunnel behavior. Continuing to increase the current, the sky-
rmion annihilates directly and does not enter the trapezoidal
region.

In addition, the robustness of the results over the variation
of the simulation parameters is discussed here. Three groups
of trapezoidal length [ and width w are randomly selected from
the green part of Fig. 4(d). For w = 28 nm and [ = 200 nm,

Nanoscale, 2020, 12, 9507-9516 | 9513



Paper Nanoscale
| ® Success A Failure |
(@22fa e o o a4 a|dDwlfa a a4 a a a
260 A o o ° [ A 260 A A a A A A
2401 A o o o <) [ 240 A A A A A A
220f A A o o ° ° 220 A A A A A A
~ 2000 A A A <] ° ® | 2000 A A A A A A
Z 180} A A A o o <) Z 180} A A A A A A
<160} A A A A ° ® |~ A A A A A A
140 A o o 140 A A A
L E & A A e e | w & & & A A 4
(b)2sof A A A A A A ()2 A A A e o A
260 A o A A A A 260 A A o o ° A
240+ A o o A A A 240+ A A A A [+ A
2201 A A [ <) A A 220f A A A A A A
~200f A A A &) A A | 20 A A A A A A
Ewl A A A o © A |Ewla A& A Ao Ao a
<10 A A A A o A |J1w0l A A A A A A
140 + A [+) A 140 + A A A
120f | @=45° A o A 120} m A A A
ol ATAT A A e A | wf ATTATTA A A 4
(c) 280} A A A A A A [(f)2s0f A4 A A A A A
260f A A A A A A 260f A © A A A A
240f A o A A A A 240 A ° ° A A A
220 A A o A A A 220 A A o [ A A
:200- A A A A A A :200 A A A [ o A
Z 180} A A A o A A Z 180 A A A ) <) A
<11l A A A A A A |<1w0 A A A A o A
140 | A A A 140 A o) A
120 + A (4] A 120 + A ] A
100} A A A A [ A 100} 2 ‘ ; A ° A
;2 2J4 ;‘E 218 3l0 312 22 24 26 28 30 32

w (nm) w (nm)
Fig. 6 (a—c) Phase diagrams for the one-way motion of the skyrmion with various trapezoid widths w and lengths [ at the boundary PMA K, = 1.1K..

(@) ¢ ~ 26.6° (tan ¢ = 1/2), (b) ¢ = 45° (tan ¢ = 1)and (c) ¢ ~ 63.5° (tan ¢ = 2). (d—f) Calculated phase diagrams for the one-way motion of the skyrmion
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0.848 MJ m~3) and (f) Ky, = 1.1K. (K, = 0.880 MJ m~3). The skyrmion is driven by the spin current of 2 MA cm™2 on the nanotrack with wo = 10 nm in
scheme A. The filled red triangle and the green circle stand for the failure and success of the one-way motion of the skyrmion, respectively.

when the saturation magnetization M;, exchange stiffness A,
anisotropy constant K, DMI constant D and damping coeffi-
cient a vary by about 17.2%, 26.7%, 12.5%, 6.7%, and 20%
respectively, the one-way motion of the skyrmion can still be
realized. But when the polarizability rate P increases more
than 12.5%, the one-way motion of the skyrmion fails. The cal-
culation results of the other two groups of trapezoidal length [
and width w do not differ significantly, as shown in Fig. S3 in
the ESL.T It can be seen from Fig. S31 that the one-way motion
of the skyrmion has certain robustness over the variation of
the simulation parameters, which proves that the design has
certain feasibility in experiments.

Actually, the voltage can form or eliminate the skyrmion,
which has been illustrated by experiments.”””> In other
words, the positive (negative) voltage can promote (inhibit) the
formation of the skyrmion. Therefore, this work does not
discuss too much about the influence of voltage on the gene-
ration of the skyrmion, but focuses on the influence of voltage
on its motion. At present, some experimental studies have
shown that in addition to the magnetic anisotropy, the DM
interaction is also affected by the voltage in heavy metal/ferro-
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magnet/insulator heterostructures.
reported that a large variation of interfacial DMI and PMA can
be induced by voltage gating wusing Brillouin Light
Spectroscopy (BLS), which decrease (increase) with the nega-
tive (positive) voltage.”> Hence, we discuss the motion of the
skyrmion when the voltage affects both PMA and DMI, as
shown in Fig. S4 in the ESIL.{ The results show that the large-
DMI boundary is not conducive to the inhibition of the SKHE
on the nanotrack. And the structure of the skyrmion is
destroyed and rapidly annihilates once the skyrmion enters
the large-DMI boundary. But when m is large, it also increases
the velocity v, of the skyrmion along the nanotrack, which is
weaker than the high-anisotropy boundary.

Conclusions

In summary, a feasible skyrmion-based diode model using
VCMA is devised and the dynamic behavior of the skyrmion is
studied in the model. Here, we discuss the motion of the sky-
rmion under six different schemes of PMA variation according

This journal is © The Royal Society of Chemistry 2020
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to the voltage and the film thickness. The research results
show that the high-anisotropy boundaries of the nanotrack
can effectively suppress the SKHE, preventing the loss of sky-
rmion information. What’s more, they can also improve the
velocity of the skyrmion, which is improved by at least 11.66%
in the simulation. On the other hand, the one-way motion of
the skyrmion can be realized by a high-anisotropy trapezoidal
region on the nanotrack. The forward-moving skyrmion can
bypass the region, while the reverse-moving skyrmion is
clogged nearby. In this section, we not only analyze the energy
variation during the movement of the skyrmion, but also find
that the geometric parameters of the high-anisotropy trapezoid
and so on have effects on the diode. Furthermore, the proto-
type proposed in our work can realize the functional trans-
formation of the racetrack memory and diode through the
high-anisotropy trapezoidal region.
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