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Abstract

®

CrossMark

The magnetic bimeron, as the in-plane counterpart of the magnetic skyrmion, has potential
applications in next-generation spin memory devices due to its lower energy consumption. In
this work, the dynamic behavior of a current-driven bimeron in a nanotrack with

voltage-controlled magnetic anisotropy (VCMA) is investigated. By adjusting the profile of the
VCMA, the bimeron can display a diode-like unidirectional behavior in the nanotrack. The
unidirectional behavior can be modulated by changing the driven current density and width of
the VCMA region. The trajectory of the bimeron can also be controlled by the periodic VCMA

region, which can enhance the stability of bimeron and realize a high-storage density

bimeron-based information channel.

Supplementary material for this article is available online

Keywords: voltage-controlled, racetrack memory, magnetic bimeron

(Some figures may appear in colour only in the online journal)

1. Introduction

With the development of information technology, traditional
storage technology cannot meet the requirements of large
capacity and high speed; consequently, high-performance
storage technology is needed. Some high-performance stor-
age schemes, such as magnetic domain walls and magnetic
skyrmion-based racetrack memory are receiving extensive
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attention due to very promising prospects for low-power
memory and logic devices [1-6]. Magnetic skyrmions are
nanoscale, particle-like topological configurations that have
been found in chiral magnetic materials [7—11]. Compared
with magnetic domain walls, skyrmions have greater potential
due to their smaller size and lower critical current threshold
[12, 13]. The bimeron is an in-plane topological counterpart
of a magnetic skyrmion. The properties of magnetic bimer-
ons and magnetic skyrmion have many similarities, such as the
topological number, and they can be driven by spin-polarized
current, spin waves, and anisotropy gradients [14—18]. Besides
electric currents, skyrmions can be manipulated by various
methods, such as spin waves, magnetic field gradients, mag-
netic anisotropy gradients, and temperature gradients [19-23].
The bimeron is stabilized by delicate competition between fer-
romagnetic exchange coupling, in-plane magnetic anisotropy

© 2023 The Author(s). Published by IOP Publishing Ltd
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(IMA), and Dzyaloshinskii—Moriya interaction (DMI) in mag-
netic systems [24-30], while easy-plane magnetic anisotropy
and shape anisotropy can also help the stabilization of the
bimeron, owing to its in-plane spin texture [31, 32]. Com-
pared with the skyrmion, magnetic bimerons have more inter-
esting dynamics behavior which shows potential usage for
microelectronics technology [33]. The bimeron is expected to
serve as an information carrier in next-generation spin devices.
Compared to skyrmions, bimerons exhibit some differences
due to their asymmetric topology, which means they have high
research significance.

Recently, some researchers have reported observation of
the bimeron and the skyrmion in experiments [34, 35], and
control of the skyrmion through voltage-controlled magnetic
anisotropy (VCMA) [36]. Besides, the observation of domain
wall bimerons [37] and transformation between bimeron and
skyrmion has also been reported [38], which provides a good
idea for spin topology to be used in storage applications. In
this work, we report the dynamics behavior of the bimeron in a
nanotrack channel with VCMA [39-41]. The study found that
there is an anisotropy-current window in which the bimeron
displays diode-like unidirectional motion behavior. Compared
to skyrmion devices, the current-driven bimeron diode can be
more easily driven, and the unidirectional motion behavior
can be controlled by the magnitude of the drive current [42—
45]. The bimeron’s controllable one-way trafficability makes
it possible to have more applications. This phenomenon can
facilitate the construction of a bimeron diode-effect inform-
ation channel. Additionally, the dynamics behavior of the
bimeron with the different driven current density and different
profiles of the VCMA region is studied. The results show that
the trajectory of the bimeron can be modulated by the different
profiles of the VCMA region [46, 47]. This will contribute to
the development of the bimeron storage channel, for applica-
tion in information storage technology.

2. Model and simulation

The simulation model is an ultra-thin ferromagnetic nano-
track, 1000 x 200 x 0.4 nm, as shown in figure 1(b). The
model is discretized into a rectangular cell with a volume
of 4 x 4 x 0.4 nm. All the micromagnetic simulations in
this paper are provided by the object oriented micromagnetic
framework (OOMMEF) [48]. The fundamentals of micromag-
netic simulation are described by the Landau-Lifshitz-Gilbert
(LLG) equation, which is written as

dm

dm
Clt:—vomxheff—i—a(mx(jt) —umx (mxp), (1)

where m stands for the reduced magnetization M/Ms where Ms
is the saturation magnetization. The damping coefficient and
the absolute value of the gyromagnetic ratio are described by
7o and «, respectively. ke is the effective field, including the
contributions of exchange, DMI, IMA, and demagnetization.
The parameter i represents the ;jgﬁz , where £ is the reduced
Plank constant, j is the applied current density, §sy = 0.08 and

represents the spin Hall angle, e is the electron charge, i is
the vacuum permeability constant, and ¢, is the thickness of the
magnetic nanotrack [49]. p is the direction of the spin polariz-
ation. The other parameters in the micromagnetic simulation
refer to [50]: the saturation magnetization Ms = 580 kA m™ !
the damping coefficient a = 0.1, the DMI constant D is chosen
as D =2.9mJ m~2, and the exchange constant A = 14 pJ m~".
The applied current is spin-orbit torque (SOT) current, and
the current polarization direction is along the 4z direction. In
addition to the parameters for the LLG equation, the profile
of the VCMA in the nanotrack is shown in figure 1(c). The
VCMA is a slope profile that varies linearly between K,y and
K., and schematic diagram is shown in figure 1(a). There are
two kinds of slope profile used in the simulation. The function
for the slope x profile is given as:

Kuv — Ku0
Ku(x) = Ku0 + v~ 2 (x — start) (start < x < w+ start),
2

Kuv — Ku0
Ku(x) = Kuv — s 2 (x — start)(start < x < w+ start),

3

where w is the period length, start is the start point of the
profile change, K, is the original value of the VCMA, and
K., is the maximum value of the VCMA. The sharp aniso-
tropy profile can be realized in a thickness gradient along an
x-axis of magnetic multi-layers [51] or engineered by irradiat-
ing the strip with gallium ions (Ga+) of varying intensity [2].
The shape of the profile is changed when studying the dynam-
ics behavior of the bimeron under different periodic VCMA
regions. The profile of the period VCMA region is given as:

Kuv — Ku0

Ku(x) = Ku0 + 3

(14 sin(27x/w)), 4

where the parameter definitions are consistent with
equation (2). The profile is shown in figure 1(d).

In the simulation, the bimeron initial position is on the left
side of the nanotrack with the topological number Q = —1.
The definition of topological number is shown in supplement-
ary material figure S1. The bimeron with asymmetric topology
structure can be driven by the spin-polarized current. It has
been found that the bimeron with Q = —1 can stably move
to the right side of the channel when it is driven by a spin-
polarized current which is polarized along the +z axis. How-
ever, if the bimeron is driven by the opposite spin current along
the +z axis, the stability of the bimeron is greatly reduced and
the bimeron will be destroyed. The bimeron's symmetry along
the y- axis is studied, and the results are given in supplement-
ary material figure S2. Its movement driven by the current is
shown in supplementary material figure S3.
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Figure 1. (a) Illustration of the bimeron diode device controlled by a gate voltage. The out-of-plane magnetization component () is color
coded: red means m; = +1, white means m, = 0, and blue means m; = —1. The background magnetization is m, = +1. I44, means driven
current. (b) A schematic of the ferromagnetic nanotrack where a magnetic bimeron is initially placed on the left and right, respectively. (c)
A linear anisotropy profile. (d) The profile of the period externally VCMA region, gentle slope and steep slope, respectively.

3. Results and discussion

3.1 The pass/broken states of an isolated bimeron in the
nanotrack

The profile of the slope-shaped VCMA region is shown in
figure 1(c). The VCMA region can be realized by the VCMA
effect and wedge-shaped magnetic thin film [52]. The mag-
netic anisotropy fields for the two variation trends are defined
as gentle slope and steep slope, respectively. The starting pos-
itions of the applied external fields are all at x = 300 nm. In the

simulation, the influence of the VCMA region on the dynam-
ics behavior of the current-driven bimeron is mainly studied.
When a bimeron goes through the VCMA region, it will show
two motion states; in one it passes through the VCMA region,
and in the other it is destroyed in the VCMA region, which
are defined as PASS and BROKEN states, respectively. How-
ever, due to the opposite variation trend of the VCMA profiles,
the final state of bimerons going through the VCMA region is
different.

By adjusting the K, and w of the VCMA region, the sim-
ulation is carried out under a current density j of 55.0, 57.5,
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Figure 2. The pass/broken states of a bimeron driven by spin current in a ferromagnetic nanotrack. The pass/broken states of the bimeron at
various values of w and K,,,, where the trend of slope variation is (a) gentle slope and (b) steep slope, and the current density j is
55.0 MA cm 2. (¢) and (d) are with the same conditions as (a) and (b), but the current density is 57.5 MA cm 2. (e) and () are with the

same conditions as (a) (b), but the current density is 60.0 MA cm 2.

and 60.0 MA cm~2, and the results of the final state of bimer-
ons entering the VCMA region are given in figure 2. In the
phase diagram, it can be seen that, whether the bimeron goes
through the gentle slope or steep slope, it will be destroyed in
the nanotrack when the values of K, and w are too large. In
addition, the variation trend of the VCMA region also affects
the dynamics behavior of bimerons in the VCMA region.
When the current-driven magnetic bimerons move toward
the right side of the nanowire in the slope region, the larger
current density will induce bimerons to break more easily at
the VCMA region. But for the anti-slope VCMA region, the
large current density is beneficial for bimerons going through
the VCMA region. In the fixed driven current density, the

final state of bimerons going through the VCMA region will
be influenced by changing the K,,, and w of the VCMA region.
For a VCMA region with two variation trends at the same K,,,
and w, bimerons may exhibit different dynamic properties.
When j = 55.0 MA cm~2 for the slope of the VCMA region,
with K, = 0.195 MJ m? and a range of 40-50 nm for w , the
bimeron can pass through the VCMA region, and correspond-
ingly, under same K, and w but a steep slope, the bimeron will
break in the VCMA region. By adjusting the variation trend of
the VCMA region, the same bimeron can show unidirectional
behavior when passing through the VCMA region. Besides
this, for the cases of j = 57.5 MA cm 2 and j = 60.0 MA cm 2,
there is are also parameter conditions which allow this
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Figure 3. The trajectory diagram, (a) and (b), of the bimeron in a periodic VCMA region. The profile of the corresponding fields, as
figure 1(c), are shown in (c) and (d). The current j is 50.0 MA cm 2. In (a) and (c), the value of w is 80 nm, and in (b) and (d) it is

90 nm.

unidirectional behavior. Such parameter conditions are
marked with a blue box in figure 2.

In addition to variation trend in the VCMA region, driven
current density also affects the dynamics behavior of bimer-
ons. It is found that when the current density is small, it is
easier for the bimeron to go through the gentle-slope VCMA
region. If the VCMA region has a steep slope, it will block
thebimeron going through the VCMA region. After increas-
ing the driven current density to 57.5 MA cm~2, the two types
of slope for the VCMA region showed no tendency to block
bimeron. Under the same conditions, the behavior of bimerons
passing through the differently shaped VCMA regions are the
same. However, variation in the VCMA slope can make certain
conditions passable with a gentle slope and impassable with
a steep slope, and vice versa. On increasing the driven cur-
rent density to 60.0 MA cm ™2, it is found that there is a larger
parameter window that allows bimerons to pass through the
steep slope. According to the unidirectional motion behavior,
it shows that the VCMA region is easy for bimerons to pass
through the steep slope, although they break with the gentle
slope.

By adjusting the K,, and w of the VCMA region, the
dynamics behavior can be modulated by changing the profile
of the VCMA region. For the same parameter combination of
K., and w, while the bimeron goes through the VCMA region,
the influence of the different shapes of VCMA region on the
bimeron is different. By choosing an appropriate combination
of parameters, the bimeron will show one-way passability for
VCMA on gentle or steep slopes, which can be used for the
construction of a bimeron diode. Variation in the driven cur-
rent density also affects the dynamic properties of the bimeron
in the VCMA region. When the driven current is small, the
VCMA region with a gentle slope is easier for bimeron to pass
through, and when the current is large, the VCMA region with
a steep slope is easier for bimeron to pass through. In par-
ticular, for a given combination of K,, and w for a VCMA
region, by changing the driven current density, the bimeron
may change from one-way traffic on a gentle slope to one-way

traffic on a steep slope, or vice versa. This shows that the uni-
directional behavior of the bimeron in the VCMA region is
affected not only by the profile of the VCMA but also by the
driven current density. Therefore, there is a parameter window
that can be used to build a bimeron-based diode. By chan-
ging the driven current density and the shape of the VCMA
region, the bimerons in the nanotrack can achieve unidirec-
tional movement. However, the thermal fluctuation in the sys-
tem will reduce the effect of anisotropy and reduce the stabil-
ity of the spin topology [53]. In this work, we only consider
the system without a thermal effect. The negative effect from
thermal fluctuation can be reduced by choosing a high Curie
temperature material.

3.2. Bimeron motion with a periodic sine-type VCMA region
on the nanotrack

Similar to skyrmions, bimerons also have the skyrmion Hall
effect, and there is a phenomenon of moving toward the edge
of the channel driven by the spin current. By increasing the
magnetic anisotropy in the region, the longitudinal velocity of
the skyrmion can be reduced, and the effect of weakening the
skyrmion hall effect (SKHE) of the skyrmion can be achieved.
Therefore, to study the effect of a periodically varying VCMA
region on the dynamic properties of the bimeron, the dynamic
properties of the bimeron under the effect of an external field
were studied by applying a periodic sin-type VCMA region on
the nanotrack. The profile of the VCMA region is shown in the
experimental section. The trajectory diagram of the bimeron is
shown in figure 3.

When there is no VCMA region, the trajectory of the
bimeron appears as an inclined straight line. This is because
the bimeron is driven by the Magnus force, so the bimeron
will show the characteristics of vertical motion. When a sine-
type VCMA region is applied to the nanotrack, the traject-
ory of the bimeron also changes. Comparing the trajectory of
the bimeron with the shape of the VCMA region, the traject-
ory of bimeron shows the same shape as the VCMA, but the
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Figure 4. (a) Bimeron magnetization distribution. The colors represent the component of the magnetization on the z-axis (red is positive,
blue is negative), and the arrows represent the projection of the magnetization on the xoy-plane. (b). Velocity curve of an ferromagnetic
(FM) bimeron. The solid line is the analytical solution, and the dashed line is the numerical result. The horizontal axis is the x-position

(nm), and the vertical axis is the speed (m s™h.

phase is delayed. The trajectory of the bimeron will appear as
a slanted straight line under the trajectory obtained without the
VCMA region, showing the regulation of the bimeron traject-
ory by the VCMA. The K, value of the VCMA also affects
the bimeron trajectory. The larger the K, value, the more the
bimeron’s trajectory follows the sine wave. The VCMA will
affect the speed of the bimeron, and finally, the motion tra-
jectory of the bimeron will change relative to when there is
no VCMA region. After applying a sine-type VCMA region,
when the VCMA increases, the longitudinal velocity of the
bimeron will decrease, so the overall trajectory of the bimeron
will appear below the motion trajectory obtained without the
external field. Since the changing external field directly affects
the velocity of the bimeron, although its trajectory also shows a
sine shape similar to that of the VCMA, the change will have
a certain delay relative to the speed change, and the overall
trajectory of the bimeron will show phase delay characterist-
ics. The larger the value of the applied VCMA region, the lar-
ger the influence on the speed of the bimeron, the greater the
change in the bimeron’s speed when the speed changes, and
the greater the distance of upward or downward movement.

Therefore, for a current-driven bimeron, the motion of the
bimeron can be adjusted by changing the magnetic anisotropy
in the specific area so that the bimeron can overcome the
adverse effects brought by the SKHE during the moving pro-
cess. The bimeron will not move all the way toward the edge of
the channel but will show the opposite movement trend some-
times. By choosing the appropriate value of the external field,
the motion of the bimeron can be adjusted, and the stability
of the bimeron topology can be ensured, which provides an
important idea for the development of bimeron information
storage technology.

3.3. Comparison between the theoretical speed and the
simulation speed of a bimeron

Specifically, we calculated the speed of a bimeron with w = 80
and K,,, = 0.18 by measuring the displacement of the bimeron

over a period of time. The theoretical speed is calculated after
derivation of an equation. The speed in the actual simulation
is calculated according to the trajectory of the bimeron. The
bimeron can be regarded as a rigid particle as the changes due
to the magnet anisotropy gradient in its diameter and cycloid
length (L¢ is the length from mz = 1 to —1, see figure 4(a))
are small. Therefore, the steady motion of a rigid bimeron
can be well described by the Thiele motion equation, which
is expressed as follows [54, 55]:

Gxv—aD-v—F;—Fg=0. 5)

The first term on the left side of equation (5) is the
Magnus force term with the gyromagnetic coupling vector
G = (4mtQuoM;tz/vp) e, where the skyrmion number Q of the
isolated FM bimeron is £1 [56, 57], and the other paramet-
ers are: the velocity of bimeron v, the damping coefficient «,
the vacuum permeability constant (i, the saturation magnet-
ization M, the ferromagnetic layer thickness 7., the gyromag-
netic ratio 7y, and the Z-axis unit vector e,. The second term
on the left side of equation (5) is the dissipative force term
with the dissipative tensor describing the effect of the dissip-
ative force on the moving magnetic skyrmion D = (uoMit. /o)

d 0
0 d
d= f (Oym- Oym) dxdy. The third term on the left side of
equation (5) is the driving force term with the tensor gener-

where the tensor components are calculated by

ated by F; = (uoBjMt./7yo) ( 5)‘ , where B; relates to the

applied current density j, deﬁnezl as B; = vyohOsujl2poet. M
with the reduced Plank constant £, the spin hall angle fsy. The
tensor components are calculated by I; = f [(m x p) - Oim]
dxdy. The fourth term Fk on the left side of equation (5) is
the force which is related to the magnetic anisotropy gradi-
ent, and can be defined as Fg = f(@U/ar) dxdy [21, 55]. The
potential energy U of the system contains the exchange energy,
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DMI energy, anisotropy energy, and dipole-dipole interaction
(DDI) energy, which is written as follows [57-59]:

U= /{A(Vm)2 + Dy [m,V -m — (m-V)m,]
— Km? — jigMgH, - m}dv. 6)

where A, D, K, and Hy represent the Heisenberg exchange
constant, DM interaction constant, the magnetic anisotropy
constant, and the demagnetization field, respectively. Solving
equation (6), the velocity of the bimeron without boundary
effect can be obtained,

ad(BjIX + VK) — 47TQley .

x = = ’ 7
' (470) + @ v
py = — 47TQ (BJ‘IX +2VK) + OédBjIy : (7b)
(470)* + a2d?

al %’X(coszedV. According to [44], I, =0,

where vg = ol

A
v~ Lc/2, and d%27r( Lc —I—Z\/;), where L~

2/4 L
16 nm, d ~ 2w, and Q = —1.

As presented in figure 4(b), when K=K, +
Bu—Ko [1 +sin (22)] with K= 0.17 MJ m~3, K, =
0.18 MJ m~3, and period length w = 80 nm, the velocity
of a FM bimeron can be solved analytically, and the images
compared with the simulation results are shown in figure 4(b).
It can be seen from figure 4(b) that the velocities in the x
and y directions both fluctuate periodically with the posi-
tion, and the influence of v, is small, while that of v, is very
large. We found that the two are in good agreement overall,
but with larger velocity deviations in the y-direction. This
is reasonable because the analytical solution does not con-
sider the boundary effect. In the simulation, when the bimeron
approaches the boundary, there will be a force opposite to the
direction of the velocity, which will shift the velocity in the
y-direction. The y-component velocity of the bimeron is oscil-
latory around O due to the distribution of the VCMA region.
Mostly, the bimeron has a y-component velocity larger than
0 which makes the bimeron trajectory move toward the +y
direction. The theoretical velocity calculation from the Thiele
motion equation is in good agreement with the results from
micromagnetic simulation.

4. Conclusion

In summary, the dynamics behavior of the bimeron investig-
ated by OOMMEF simulation is in good agreement with the the-
oretical calculation. After adding VCMA inside the nanotrack,
the dynamics behavior of the bimeron when passing through
sloped VCMA is investigated. The research shows that when
VCMA is too large the dbimeron is destroyed. More import-
antly, for a specific profile of VCMA, the bimeron shows uni-
directional behavior when passing through different slopes.
This unidirectional behavior is not only related to the profile
of the VCMA but also affected by the driven current density.

For a VCMA region with a certain combination of parameters,
the bimeron can show both gentle-slope pass and steep-slope
pass, which can be achieved by adjusting the driven current
density. This allows bimeron-based diodes to exhibit tunable
unidirectional behavior. On the other hand, by adding a peri-
odic, sine-type VCMA to the nanotrack, the trajectory of the
bimeron can be well modulated. By increasing the magnetic
anisotropy in a specific area, the longitudinal velocity of the
bimeron can be adjusted, and the SKHE of the bimeron can be
weakened to a certain extent so that when the bimeron moves
in the nanotrack, it can avoid topological damage caused by
the movement to the edge of the channel.
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