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Static and dynamic properties of bimerons in a frustrated ferromagnetic monolayer

Xichao Zhang ®,"" Jing Xia®,":" Laichuan Shen®,! Motohiko Ezawa®,>t Oleg A. Tretiakov®,*> Guoping Zhao®,*
Xiaoxi Liu®,’ and Yan Zhou® "
School of Science and Engineering, The Chinese University of Hong Kong, Shenzhen, Guangdong 518172, China

2Department of Applied Physics, The University of Tokyo, 7-3-1 Hongo, Tokyo 113-8656, Japan
38chool of Physics, The University of New South Wales, Sydney 2052, Australia
4College of Physics and Electronic Engineering, Sichuan Normal University, Chengdu 610068, China

3Department of Electrical and Computer Engineering, Shinshu University, 4-17-1 Wakasato, Nagano 380-8553, Japan

® (Received 1 February 2020; revised manuscript received 21 March 2020; accepted 2 April 2020;
published 27 April 2020)

Magnetic bimeron is a topological counterpart of skyrmions in in-plane magnets, which can be used as a
spintronic information carrier. We report the static properties of bimerons with different topological structures
in a frustrated ferromagnetic monolayer, where the bimeron structure is characterized by the vorticity O, and
helicity n. It is found that the bimeron energy increases with Q,, and the energy of an isolated bimeron with
O, = %1 depends on 1. We also report the dynamics of frustrated bimerons driven by the spin-orbit torques,
which depend on the strength of the dampinglike and fieldlike torques. We find that the isolated bimeron with
O, = =£1 can be driven into linear or elliptical motion when the spin polarization is perpendicular to the easy
axis. We numerically reveal the damping dependence of the bimeron Hall angle driven by the dampinglike
torque. Besides, the isolated bimeron with Q, = %1 can be driven into rotation by the dampinglike torque when
the spin polarization is parallel to the easy axis. The rotation frequency is proportional to the driving current
density. In addition, we numerically demonstrate the possibility of creating a bimeron state with a higher or
lower topological charge by the current-driven collision and merging of bimeron states with different Q,. Our

results could be useful for understanding the bimeron physics in frustrated magnets.

DOI: 10.1103/PhysRevB.101.144435

I. INTRODUCTION

The emerging fields of chiral magnetism and topological
spintronics are developed through the study of topologically
nontrivial spin textures, which can be found in a variety
of magnetic materials [1-10], and can be used for informa-
tion encoding in data storage and processing devices [1-10].
An appealing and well-studied topological spin texture is
the magnetic skyrmion in perpendicularly magnetized sys-
tem, the existence of which was theoretically predicted in
1989 [11,12], and was experimentally observed in 2009 [13].
Since the first experimental observation, magnetic skyrmions
have been extensively studied due to their particlelike nature
[14,15] and large potential in advanced electronic and spin-
tronic applications [16-30]. So far, the creation, annihilation,
and manipulation of magnetic skyrmions have been realized in
magnetic multilayers at room temperature [18-20,22-30], and
a lot of skyrmion-based device applications have been pro-
posed [31-42] and even demonstrated in room-temperature
experiments [43—45].

Similar to the magnetic skyrmion, the magnetic bimeron
is a topological spin texture in in-plane magnetized system
[10,33,46-59], which carries an integer topological charge O
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and can be regarded as a topological counterpart of skyrmions.
An isolated bimeron with Q = 1 consists of a pair of merons
with Q = 1/2, however, merons are unstable solutions so that
they exist in magnetic systems in the form of pairs [47-59].
Note that the concept of meron was originated in classical
field theory [60], and has been studied in different fields, such
as quantum Hall systems [61,62].

In magnetism, bimerons are of great importance to elec-
tronic and spintronic applications. For example, they can be
used to carry binary digital data and can be driven into motion
by spin torques, which are useful for building racetrack-
type memory and information computing devices [53-56,59].
Recent reports have suggested the existence and manipulation
of bimerons in different magnetic materials, including fer-
romagnets [46,47,49,53-56,59], antiferromagnets [51,52,57],
and frustrated magnets [48]. In particular, a lattice of bimerons
(i.e., a square lattice of merons and antimerons) has been ob-
served in chiral-lattice magnet CogZngMnj; by using Lorentz
transmission electron microscope in 2018 [63].

However, the dynamics of magnetic bimerons driven by
different external forces as well as the static properties of
different forms of bimerons still remain elusive, especially
for the bimerons in frustrated magnetic systems. Some most
recent studies have focused on the existence and manipula-
tion of skyrmions in frustrated magnetic systems [48,64-83].
Therefore it is also imperative to study bimerons in frustrated
magnetic systems, of which the physical properties are essen-
tial for designing future bimeron-based device applications.

©2020 American Physical Society
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In this work, we report the static properties of bimerons
with different values of topological charge Q and helicity
n in a frustrated ferromagnetic monolayer system, where
the bimerons are stabilized by a delicate competition be-
tween frustrated exchange interactions, in-plane magnetic
anisotropy, and long-range dipole-dipole interaction. We also
report the dynamics of frustrated bimerons driven by the
spin-orbit torques, where both the dampinglike and fieldlike
torques are taken into account.

II. METHODS

We consider a frustrated ferromagnetic (FM) monolayer
with three competing Heisenberg exchange interactions based
on the J;-J,-J3 model on a simple square lattice [67,71,80].
The Hamiltonian is expressed as

H:—lem,-~mj—J2 Zm,-'mj
(i.)) ()]
~J5 Y mim;—K Y (m})* + Hopr. (1)
(A i

where m; represents the normalized spin at the site 7, |m;| = 1.
(i, j), (i, j)), and (((i, j))) run over all the nearest-neighbor
(NN), next-nearest-neighbor (NNN), and next-next-nearest-
neighbor (NNNN) sites in the FM monolayer, respectively. J,
J», and J3 are the coefficients for the NN, NNN, and NNNN
Heisenberg exchange interactions, respectively. K is the easy-
axis magnetic anisotropy constant, and the x-axis direction
is defined as the easy axis. Hppj represents the dipole-dipole
interaction (DDI), i.e., the demagnetization term.

The spin dynamics is simulated by using the object ori-
ented micromagnetic framework (OOMMEF) [84] with peri-
odic boundary condition (PBC) and our extension modules for
the J-J,-J3 classical Heisenberg model [67,71,80], including
two modules for the NNN and NNNN exchange interactions.
The OOMMEF conjugate gradient minimizer is employed for
the spin relaxation simulation, which locates local minima
in the energy surface through direct minimization techniques
[84].

The time-dependent spin dynamics is governed by the
Landau-Lifshitz-Gilbert (LLG) equation [84]

dm B 4 dm @
— = —yom X e +a\m x — |,
di Yo it di

where m represents the normalized spin, ke = —6H/5m

is the effective field, ¢ is the time, « is the Gilbert damp-
ing parameter, and ), is the absolute gyromagnetic ratio.
As for the spin-orbit torques, which can be generated by
harnessing the spin Hall effect of a heavy metal substrate
[3,4,6,7,9,10,31,32,85], we consider here both the damping-
like torque t; and fieldlike torque 7, given as

T =—umx @mxp), ©=-fumxp), ()
where u = |%|%§Z is the spin torque coefficient and &

is the strength of the fieldlike torque t,. % is the reduced
Planck constant, e is the electron charge, wo is the vacuum
permeability constant, a is the thickness of the FM monolayer
(here also as the lattice constant), j is the applied current
density, 6sy is the spin Hall angle, and M is the saturation
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FIG. 1. (a) Illustration of an isolated magnetic bimeron with
Oy =+1 and n=0. (b) Illustration of an isolated magnetic
skyrmion with Q, = +1 and n = 0. (¢c) Zoomed top view of a relaxed
isolated bimeron in the FM monolayer in the absence (K = 0) or
presence (K = 0.02) of in-plane magnetic anisotropy. The relaxed
bimeron has Q, = +1 and n = 0. The arrows represent the magneti-
zation directions. The out-of-plane component of magnetization (1)
is color coded in (a), (b), and the upper panel of (c). The in-plane
component of magnetization (m,) is color coded in the lower panel
of (¢).

magnetization. p denotes the polarization direction of the spin
current. 7; and 7, are added to the right-hand side of Eq. (2)
when the considered spin-orbit torques are nonzero.

In this work, the default values for the NN, NNN, and
NNNN exchange interactions are given as [71,80]: J; =
30 meV, J, = —0.8 (in units of J; = 1), and J3 = —0.6 (in
units of J; = 1). Note that we have carried out metastabil-
ity diagram simulations showing the parameters dependence
and found that the bimeron states can exist in the relaxed
sample for a wide range of J,, J3, and K parameters. The
default values for other parameters are [71,80]: K = 0.02
(in units of Ji/a® = 1), Oy = 0.2, « = 0.3, yp =2.211 x
10° m A~'s™!, and Ms = 580 kA m~'. The default geom-
etry of the FM monolayer is set as 20 x 20 x 0.4 nm?, and
the cubic cells generated by the spatial discretization is of
0.4 x 0.4 x 0.4 nm3, i.e., the lattice constant is a = 0.4 nm.
Namely, the default monolayer sample consists of 50 x 50
spins.

We define the topological charge Q in the continuum limit
by the formula [1,10]

0= 1 /m(r) - (8,m(r) x d,m(r))d’r. 4
4 ’

The topological charge Q counts how many times m(r) wraps
2-sphere as the coordinate (x, y) spans the whole planar space.
We parametrize the spin texture as

m(r) =m0, ¢) = (cos, sinf cos ¢, sin 6 sin @), 5)
with
¢ =0+, (6)

where ¥ is the azimuthal angle in the y-z plane (0 < ¢ < 27)
and we assume that 0 rotates w for spins from the bimeron
center to sample edge. Hence, Q, = ﬁ 55C d¢ is the vorticity
and 7 is the helicity defined mod 2. The internal structure of
a bimeron is described by both Q, and n, and we may index
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FIG. 2. (a) Total energy as a function of Q, for relaxed bimeron
states in the FM monolayer with in-plane magnetic anisotropy
(K =0.02). Inset shows the total energy difference between the
bimeron states with consecutive vorticity numbers. Note that Q, = 0
corresponds to the FM state, i.e., all magnetization is aligned along
the +x direction due to the anisotropy. The total energy of the FM
state equals 1.45 x 1072 J, which is significantly smaller than that of
bimeron states. (b) Top view of relaxed bimeron states with different
0, in the FM monolayer with in-plane anisotropy (K = 0.02).

a bimeron state as (Qy, 1) in this work. Note that n = 0 is
identical to n = 2.

III. RESULTS AND DISCUSSION

A. Static properties of frustrated bimerons

The bimeron [see Fig. 1(a)] in in-plane magnetic system
is a topological counterpart of skyrmion [see Fig. 1(b)] in
out-of-plane magnetic system, both of which carry integer
topological charge O and can be stabilized in FM monolayers
and ultra-thin films with exchange frustration [48,64-83].
Note that the skyrmion with Q = 1 has one out-of-plane core,
while the bimeron with Q = 1 has two opposite out-of-plane
cores. Here we study the static properties of isolated bimerons
in a FM monolayer with competing exchange interactions,
in-plane magnetic anisotropy, and DDI.

We first simulate the metastability diagram of bimerons
for different values of NNN exchange interaction J,, NNNN
exchange interaction J3, and in-plane easy-axis anisotropy
K. We consider both randomly distributed initial spin con-
figuration and the initial spin configuration of an isolated
bimeron with (41, 0) at the monolayer center. The simulated
metastability diagrams are given in Figs. 1-14 of Ref. [86].
It is found that metastable isolated bimerons with Q, = *£1
and bimeron states with higher topological charges |Qy| > 1
can exist in certain ranges of J, and J3, assuming J; = 1.
Note that the metastability diagrams of frustrated bimerons
are similar to that of frustrated skyrmions (see Refs. [48,71]).
However, the skyrmion states cannot be spontaneously formed
in the absence of the out-of-plane magnetic anisotropy, while
the metastable bimeron states can be formed even in the
absence of the in-plane magnetic anisotropy. The reason could
be the effect of demagnetization (i.e., the DDI), which is
very well approximated by the in-plane magnetic anisotropy
in monolayers and ultra-thin films, and favors in-plane spin
configurations. Thus, it can contribute to the stability of
bimerons of compact shape and small core size (compare
Figs. 10 and 14 in Ref. [86]). Besides, the size of relaxed
metastable bimeron with Q, = 1 decreases with increasing

o | | | | | -
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FIG. 3. (a) The contribution of different energy terms to the total energy Ery. of a relaxed isolated bimeron with Q, = =£1, including
the NN exchange energy Exn, NNN exchange energy Exnn, NNNN exchange energy Ennnn, anisotropy energy Ex, and DDI energy Epp;.
(b) Energies of a relaxed isolated bimeron as functions of |Q,|. Inset shows the zoomed view of the DDI energy Epp;, the value of which is

much smaller than others.
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FIG. 4. Top view of relaxed isolated bimerons with Q, = %1
and different n in the FM monolayer with in-plane anisotropy (K =
0.02).

magnitude of the in-plane magnetic anisotropy K, as shown
in Fig. 1(c). In the absence of in-plane anisotropy (K = 0),
the size of the relaxed bimeron with O, = %1 equals about 8§
times the lattice constant (i.e., 3.2 nm), which is defined by the
diameter of the circle with m, = 0. However, for the system
with K = 0.02, the bimeron size is about 5 times the lattice
constant (i.e., 2 nm). On the other hand, both the upper and
lower thresholds of J, and J; for stabilizing bimeron states
increase with increasing K [86].

We also investigate bimeron states with different O, and
n by relaxing the FM monolayer with J, = —0.8, J3; = —0.6,

and K = 0.02, where a bimeron solution with (Qy, ) at the
monolayer center is given as the initial spin configuration.
After the relaxation of the system, the spin configuration is
a stable or metastable solution. As shown in Fig. 2, the total
energy of the relaxed bimeron state with n = 0 increases
with the absolute value of its vorticity number Q,. For the
bimeron states with the same values of |Qy| and 7, their
total energies are identical. For example, the total energies of
relaxed isolated bimerons with (&1, 0) equal 2.89 x 10720 J.
The contribution of different energy terms to the total energy
of an isolated bimeron with Q, = =1 is given in Fig. 3. It can
be seen that in the in-plane magnetic system, the DDI energy
contribution is quite small, while the competition between
the NN, NNN, and NNNN exchange energy contributions is
obvious [see Fig. 3(a)]. The NN exchange energy, anisotropy
energy, and DDI energy increase with increasing |Qy |, while
the NNN and NNNN exchange energies decrease with in-
creasing |Q,| [see Fig. 3(b)].

Note that one could refer to the bimeron with Q, < 0
as the antibimeron, although the total energy does not
depend on the sign of Q,. The difference between the
bimeron and antibimeron with the same absolute value
of O, lies in the out-of-plane spin configuration [see
Fig. 2(b)]. It is worth mentioning that the difference between
a skyrmion and an antiskyrmion lies in the in-plane spin
configuration [8§7-90].

We also study the energy of a single isolated bimeron with
(£1, 0) for different geometric parameters. As the bimeron
state is a localized solution, its total energy is independent
of the lateral sample’s size, while the total bimeron energy
increases with the thickness of the sample (see Figs. 15 and
16 in Ref. [86]). For the monolayer sample with a fixed side
length, the bimeron energy shows asymptotic behavior as the
lattice constant a is reduced (see Fig. 17 in Ref. [86]). We note
that in our monolayer model, the bimeron energy is identical
for samples with odd and even numbers of spins in the in-
plane direction (see Fig. 18 in Ref. [86]).
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FIG. 5. Energies of relaxed isolated bimerons with Q, = =£1 and different  in the FM monolayer with in-plane anisotropy (K = 0.02).

Snapshots of relaxed isolated bimerons are given in Fig. 4.
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FIG. 6. Total energy difference between the relaxed isolated
bimerons with (+1, 7/2) and (41, 0). Note that the energy of the
relaxed isolated bimeron with (%1, 7 /2) is identical to that with
(£1,37/2), and the energy of the relaxed isolated bimeron with
(£1, 0) is identical to that with (%1, ) (see Fig. 5).

On the other hand, the total energy difference between
two bimerons with consecutive numbers of Q, is given in
the inset of Fig. 2. It can be seen that the total energy of
an isolated bimeron with Q, = %1 is larger than the energy
increase between two bimerons with consecutive numbers of
Q,. Therefore, considering the topological conservation and
energy minimization of the bimeron system, we predict that
a bimeron with @y = 1 can be merged with a bimeron state
with Qy = n (nis a natural number, n > 1), creating a bimeron
state with a higher O, = n + 1. Indeed, the merging of a
bimeron with Q, = —1 and a bimeron state with Q, = n will
lead to the formation of a bimeron with lower O, =n — 1. We
will numerically examine this prediction later (see Sec. III B).
Indeed, we point out that the total energy difference grow
with n and may eventually become larger than the energy
of an isolated bimeron with Q, = +1. This phenomenon is
known in nuclear physics when the nuclei with large atomic
weight (i.e., large number of protons and neutrons) eventually
become unstable [91]. In our case, these protons and neutrons
are bimerons with Q, = =£1.

As mentioned above, an isolated bimeron with Q, = +1
has a pair of opposite out-of-plane cores. In Fig. 2(b), it can
be seen that the number of out-of-plane core pair is equal
to |Qy|. The size of the out-of-plane core is independent of
Oy, while the size of the bimeron state increases with Q..
We note that the bimeron state with |Qy| > 1 can be seen
as a circular chain of bimerons with Q, = =1, indicating the
cluster feature of high-order bimerons with |Q,| > 1. Namely,
the isolated bimerons with Q, = £1 serve as the funda-
mental quasi-particles, which can form high-order clusterlike
bimeron states. As the total energy of a bimeron state with
|Qv| = n is smaller than the energy sum of » isolated bimeron
with Q, = +£1, it is envisioned that isolated bimerons with
0O, = %1 are inclined to form high-order clusterlike bimeron
states in the frustrated in-plane magnetic system. This feature
can be seen from the metastability diagram simulated based
on randomly distributed spin configurations (see Figs. 7-12
in Ref. [86]), where most relaxed bimeron states exist in the
form of high-order clusterlike states. It is noteworthy that
this property of bimerons is in a stark contrast to magnetic
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FIG. 7. (a) Bimeron velocity v as a function of driving current
density. The isolated bimeron with (41, 27) is driven by the damp-
inglike torque 7;. The spin polarization direction is aligned along
the +y (i.e., ¢ = 90°) or —y (i.e., ¢ = 270°) direction. Namely, the
spin polarization is perpendicular to the easy axis of anisotropy.
(b) Bimeron Hall angle 8 as a function of driving current density.
0 = arctan(v,/v). (c) Bimeron helicity 1 as a function of driving
current density. Note that the yellow area indicates that the dynamics
of bimeron driven by 7; with ¢ = 270° changes from the linear
motion with a constant velocity to the elliptical motion with an
oscillating velocity. Thus, the bimeron velocity, bimeron Hall angle
and bimeron helicity in the yellow area are average values for the
bimeron driven by 7, with ¢ = 270°. The bimeron driven by 7, with
@ = 90° always shows a linear motion for the given range of driving
current density.

skyrmions [71]. The high-order skyrmion states with |Qy| > 1
are usually unstable in either frustrated or common FM sys-
tems.

We continue to study the relaxed isolated bimerons with
O, = %1 and different values of helicity 7, as shown in Fig. 4.
It can be seen that both the in-plane (i,) and out-of-plane (i)
spin configurations of the bimeron structure are controlled by
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FIG. 8. (a) Trajectories of the bimeron with (41, 277) driven by the dampinglike torque 7,. The spin polarization direction is aligned along
the +y (i.e., ¢ = 90°) or —y (i.e., ¢ = 270°) direction. Namely, the spin polarization is perpendicular to the easy axis of anisotropy. The driving
current density j = 40 MA cm~2. The arrow denotes the motion direction. (b) Bimeron velocity v as a function of time corresponding to (a).
(c) Bimeron helicity n as a function of time corresponding to (a). (d) Trajectories of the bimeron with (41, 277) driven by the dampinglike
torque 7; at j = 400 MA cm2. (¢) Bimeron velocity v as a function of time corresponding to (d). (f) Bimeron helicity 7 as a function of time
corresponding to (d). Once the elliptical motion of bimeron is induced, its velocity v and helicity n vary with time.

n, which can be explained by Eq. (6). Figure 5 shows the
total energy of the relaxed isolated bimeron with Q, = %1 for
n=0, m/2, 7, and 37 /2. Similar to the frustrated skyrmion
with O, = +£1 (see Ref. [71]), the total energy of an isolated
bimeron with Q, = £1 depends on its helicity number 7.
Namely, the total energies of bimerons with (+1, 7/2) and
(£1, 37 /2) are larger than that with (1, 0) and (£1, 7). It
should be pointed out that all energy terms of the frustrated
bimeron with Q, = £1 depend on 7. However, by analyz-
ing the energy difference between the isolated bimeron with
n =0, 7 and the isolated bimeron with n = 7 /2,37 /2 (see
Fig. 6), it is found that the energy differences of the NN
exchange, NNN exchange, NNNN exchange, and magnetic
anisotropy almost cancel each other. The total energy dif-
ference is mainly contributed by the DDI energy difference,
leading to energetically favorable bimeron structures with
(1,0) and (1, 7).

B. Current-driven dynamics of frustrated bimerons

The current-driven dynamics of bimerons is important for
the design and development of future spintronic applications,
in which bimerons are movable information carriers. Here we
first study the dynamics of a relaxed isolated bimeron with
(41, 0) driven by the dampinglike torque 7; (i.e., £ = 0).
Note that we limit our analysis and discussion to the isolated
bimeron with Q, = +1 in this section. The dynamics of
bimeron states with higher Q, will be discussed later.

As the initial state, an isolated bimeron with (41, 0) is
relaxed at the center of the FM monolayer with PBC. Note
that n = 0 is identical to n = 2m, i.e., (+1,0) = (+1, 2x).
Such a relaxed bimeron has a lower energy than that with
n=m/2orn=23n/2 (see Sec. Il A). We assume that J, =
—0.8, J3 = —0.6, K = 0.02, and « = 0.3 as default param-
eters. Other parameters are given in the method section (see
Sec. II). We define the angle between the spin polarization
direction and the +x direction in the x-y plane as ¢, and we
first focus on the situation that the spin current is polarized
along the +y (i.e., ¢ = 90°) or —y (i.e., ¢ = 270°) direction.
Namely, the spin polarization is perpendicular to the easy
axis of anisotropy. This spin polarization configuration can be
realized by harnessing the spin Hall effect [3,4,6,7,9,10,32],
where a charge current flows along the £x direction in a heavy
metal substrate.

When the spin current with either ¢ = 90° or ¢ = 270°
is applied, the relaxed isolated bimeron with Q, = +1 will
be driven into linear motion with a constant velocity. The
bimeron velocity v, bimeron Hall angle 6 = arctan(v,/v,),
and bimeron helicity 7 as functions of driving current density
Jj are given in Fig. 7. The bimeron driven by the spin current
with ¢ = 90° moves toward the left direction and shows a
bimeron Hall angle of 8 ~ 162°, while the bimeron driven
by the spin current with ¢ = 270° moves toward the right
direction and shows a bimeron Hall angle of 6 ~ 342° [see
Fig. 8(a)]. The bimeron velocity is linearly proportional to the
driving current density for stable linear motion. We note that
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FIG. 9. (a) Period of bimeron rotation 7 as a function of driving
current density. The bimeron with Q, = +1 is driven by the damp-
inglike torque t;. The spin polarization direction is aligned along the
+x (i.e., ¢ = 0°) or —x (i.e., ¢ = 180°) direction. Namely, the spin
polarization is parallel to the easy axis of anisotropy. (b) Frequency
of bimeron rotation f as a function of driving current density.
(c) Bimeron helicity n as a function of time. The bimeron with
Oy = +1 is driven by 7; with ¢ = 0°. The driving current density
j =10 MA cm™2. (d) Bimeron helicity 7 as a function of time. The
bimeron with Q, = +1 is driven by 7, with ¢ = 180°. The driving
current density j = 10 MA cm 2.

such a steady linear motion of bimeron driven by the damp-
inglike torque ) can also be described by Thiele equations
(see note 1 in Ref. [86]) [92], provided that the bimeron is a
rigid object during the motion (i.e., the shape, size and helicity
are fixed).

However, it should be noted that the bimeron Hall angle
0 slightly increases with increasing current density, and the
bimeron helicity n slightly decreases with increasing current
density. The reason is that a large current leads to the dis-
tortion of bimeron. In particular, when the current density
is larger than 300 MA cm~2, the dynamic behavior of the
bimeron driven by the dampinglike torque with ¢ = 270°
suddenly changes from linear motion to elliptical motion with
rotating helicity. Both the velocity and helicity vary with time.
Figure 8(a) shows the bimeron trajectories driven by a small
current density j = 40 MA cm™2. The corresponding velocity
[Fig. 8(b)] and helicity [Fig. 8(c)] are independent of time.
Figure 8(d) shows the bimeron trajectories driven by a large
current density j = 400 MA cm~2. It can be seen that the
bimeron driven by the dampinglike torque with ¢ = 270°
shows a counterclockwise elliptical motion. Its velocity oscil-
lates between ~61 and ~127 m s~! [Fig. 8(e)]. Its helicity
varies between 27 and ~0, indicating a counterclockwise
rotation of the bimeron. Note that when the spin polarization

is aligned along the +y direction (i.e., ¢ = 90°), the bimeron
still shows a linear motion at j = 400 MA cm~2, of which
the velocity and helicity are equal to ~135 m s~ and ~1.97,
respectively.

As the bimeron structure with (41, 0) [i.e., (41, 27)] is
asymmetric with respect to the x axis (i.e., the easy axis),
we find that the threshold current density for the transition
of bimeron dynamics is different for ¢ = 90° and ¢ = 270°.
Indeed, the bimeron driven by the dampinglike torque with
¢ = 90° also changes from linear motion to counterclockwise
elliptical motion when j > 600 MA cm~2 (see Fig. 19 in
Ref. [86]). However, one should note that the dynamics driven
by large current density may be unrealistic from the point
of view of experiments. Also, the dynamics driven by large
current density cannot be analyzed by simple Thiele equa-
tions due to the current-induced distortion and instability of
bimeron, but rather require much more complicated analysis
based on generalized Thiele equations involving many collec-
tive coordinates [93,94]. Therefore, in this work, we focus on
the bimeron dynamics driven by a moderate current density,
ie., j <300 MA cm~2,

We continue to investigate the bimeron dynamics driven
by the dampinglike torque, of which the spin polarization
direction is aligned along the +x direction (i.e., ¢ = 0° or
¢ = 180°). Namely, the spin polarization is parallel to the
easy axis of anisotropy. Such a spin polarization configuration
can be realized by injecting a charge current flowing along the
=4y direction in a heavy metal substrate. An isolated bimeron
with (41, 0) is relaxed at the center of the FM monolayer with
PBC as the initial state.

When the spin current with either ¢ = 0° or 180° is
applied, the relaxed isolated bimeron with O, = +1 will be
driven into rotation with a specific rotation period 7' and
frequency f, which is in stark contrast to the case driven by
the dampinglike torque with ¢ = 90° or 270°. Namely, no
linear motion is induced by the dampinglike torque 7; with
¢ = 0° or ¢ = 180°, which is in line with the results reported
in Ref. [53] and can also be found by Thiele equations (see
note 1 in Ref. [86]).

It is found that the bimeron rotation period 7' decreases
with the driving current density [see Fig. 9(a)]. The bimeron
rotation frequency f is almost linearly proportional to the
driving current density [see Fig. 9(b)]. The bimeron driven
by the dampinglike torque with ¢ = 0° shows a counterclock-
wise rotation, while the bimeron driven by the dampinglike
torque with ¢ = 180° shows a clockwise rotation. The helicity
of the rotating bimeron as a function of time is given in Fig. 9.
The time-dependent helicity numbers of rotating bimerons
driven by the dampinglike torque with ¢ = 0° and ¢ = 180°
are given in Figs. 9(c) and 9(d), respectively.

From the viewpoint of applications, the isolated bimerons
showing the linear motion can be used as information carriers
in data storage devices, such as the racetrack-type memory.
On the other hand, the isolated bimerons showing rotation
or elliptical motion can be used to generate spin waves
in low-damping materials, which may be used for building
nano-oscillators. In the following, we focus on the stable
linear motion of an isolated bimeron and study the effects of
damping parameter « and fieldlike torque 7, on the dynamics.
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The initial state is also a relaxed isolated bimeron with
(+1,0) at the center of the FM monolayer with PBC. The
spin current with a polarization direction of ¢ = 90° is applied
to drive the bimeron into stable linear motion. The driving
current density ranges from 10 MA cm™2 to 300 MA cm™2.
Note that only the dampinglike torque t; is applied here
(i.e., £ = 0). Figure 10(a) shows the velocity of bimeron as
a function of driving current density for different damping
parameters. It can be seen that the velocity is proportional
to the driving current density, while the velocity decreases
with increasing damping parameter for a given driving current
density [see Fig. 10(b)]. Figure 10(c) shows the bimeron Hall
angle as a function of driving current density for different
damping parameters. The bimeron Hall angle increases with
driving current density. The dependence of bimeron Hall
angle on the driving current density is significant for larger
damping parameter. For a given driving current density, the
bimeron Hall angle is inversely proportional to the damping
parameter [see Fig. 10(d)]. Smaller driving current density
leads to larger slope of the 6-« relation. Figure 10(e) shows
the bimeron helicity as a function of driving current den-
sity for different damping parameters. The bimeron helicity
slightly decreases with increasing driving current density. For
a given driving current density, the bimeron helicity decreases
with increasing damping parameter, which is remarkable for
larger driving current density [see Fig. 10(f)].

In order to study the effect of fieldlike torque t, on the
bimeron dynamics, we apply a spin current with a polarization

direction of ¢ = 90° to drive the bimeron with (+1, 0). The
driving current density ranges from 10 to 100 MA cm~2. Both
the dampinglike 7; and fieldlike 7, torques are applied. It is
found that the bimeron could be driven into linear motion
or elliptical motion with rotation in the presence of fieldlike
torque 1, which depends on the strength of the fieldlike
torque & as well as the driving current density j. We also
find that the threshold value of the fieldlike torque strength
&, beyond which the elliptical motion is induced, decreases
with increasing driving current density.

For the stable linear motion of bimeron driven by both
dampinglike and fieldlike torques, the velocity as a function
of the fieldlike torque strength & for different driving current
densities is given in Fig. 11(a). Note that only the velocity of
stable linear motion is given, while the velocity of elliptical
motion varies with time [see Fig. 8(e)] and thus, is not given
in Fig. 11(a). It can be seen that the velocity of stable linear
motion is independent of the fieldlike torque strength & for a
given driving current density. However, for the linear motion
of bimeron driven by a given current density, the bimeron Hall
angle 0 increases with increasing fieldlike torque strength &,
and the slope of the 6-£ relation increases with the driving
current density, as shown in Fig. 11(b). Figure 11(c) shows
the bimeron helicity as a function of the fieldlike torque
strength & for different driving current densities. The bimeron
helicity decreases with increasing fieldlike torque strength &
for a given driving current density. Also, the bimeron helicity
decreases faster with increasing fieldlike torque strength &
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FIG. 11. (a) Bimeron velocity v as a function of fieldlike torque strength & for different driving current densities. The bimeron with (+1, 0)
is driven by 7; and 1, with ¢ = 90°. Only the velocity of linear motion is given. (b) Bimeron Hall angle 6 as a function of fieldlike torque
strength & for different driving current densities, corresponding to (a). (c) Bimeron helicity 1 as a function of fieldlike torque strength & for
different driving current densities, corresponding to (a). (d) Trajectories of bimeron driven by 7; and 7, with ¢ = 90° for different fieldlike
torque strength £ at j = 100 MA cm~2. The dynamics of the bimeron with (41, 0) changes from linear motion to elliptical motion with
rotation when £ > 1. Once the elliptical motion of bimeron is induced, its velocity v and helicity n vary with time. (e) Period of bimeron
rotation 7" as a function of fieldlike torque strength &, corresponding to (d). (f) Frequency of bimeron rotation f as a function of fieldlike torque

strength &, corresponding to (d).

when the driving current density is larger. The dependence
of bimeron Hall angle and helicity on the fieldlike torque
strength £ indicates that the fieldlike torque 7, can deform the
bimeron.

For a given driving current density, the bimeron will be
driven into elliptical motion accompanied by rotation when
the fieldlike torque strength £ is larger than a certain threshold.
Figure 11(d) shows the trajectories of bimeron driven by the
spin current of j = 100 MA cm~? for different strength & of
the fieldlike torque. The current-driven bimeron shows linear
motion when & < 1, while it shows elliptical motion when
& > 2. Similar to the elliptical motion induced by a large
dampinglike torque t; with ¢ = 0° or 180°, the period of the
bimeron rotation decreases with the fieldlike torque strength &
[see Fig. 11(e)], and the bimeron rotation frequency is linearly
proportional to the fieldlike torque strength & [see Fig. 11(f)].

Although the isolated bimeron with Q, = +1 can be driven
into linear motion by the dampinglike torque t; with a mod-
erate driving current density and a spin polarization aligned
along the %y direction (i.e., ¢ = 90° or ¢ = 270°), we note
that motion direction of the isolated bimeron also depends
on its helicity n (see Fig. 20 and note 1 in Ref. [86]), which
can also be discerned from the elliptical motion dynamics [cf.
Figs. 8(d) and 8(f)]. However, since the clusterlike bimeron

state with a higher vorticity number |Qy| =n (n > 2) can
be regarded as a composite of n isolated bimerons with
O, = £1 with varied helicity numbers [see Fig. 2(b)], the
helicity-dependent driving forces acting on each bimeron with
Oy = %1 could cancel each other. As a result, the clusterlike
bimeron state with a higher vorticity number cannot be driven
into directional motion by the dampinglike torque 7; with
¢ = 90° or 270°. Such a phenomenon can also be found by
Thiele equations (see note 1 in Ref. [86]), where the driving-
force-related tensor is equal to zero for spin configurations of
bimeron states with |Qy| > 1, indicating the total driving force
provided by the dampinglike torque 7; on bimeron states with
|Oy| > 1 equals zero.

Therefore we find it is possible to bombard a clusterlike
bimeron state having higher O, with an isolated bimeron
having Q, = %1. Figure 12 shows the snapshots of the com-
putational experiment on the collision and merging of bimeron
states. We put a relaxed clusterlike bimeron state with Q, =
+4 at the left side of the sample, and a relaxed isolated
bimeron with Q, = +1 at the right side of the sample. Then,
we apply a spin current with j = 100 MA cm~2 and ¢ = 90°
to the sample. Note that we only use the dampinglike torque 7|
for the sake of simplicity. Once the driving current is applied,
it is found that the isolated bimeron with Q, = +1 moves
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FIG. 12. [(a)—(d)] Current-induced collision and merging of an
isolated bimeron with Q, = +1 and a bimeron state with Q, = +4
leads to the formation of a bimeron state with Q, = +5. [(e)-(h)]
Current-induced collision and merging of an isolated antibimeron
with @, = —1 and a bimeron state with Q, = +4 leads to the forma-
tion of a bimeron state with Q, = +3. The out-of-plane component
of magnetization (m,) is color coded: blue is into the plane, red is out
of the plane, white is in-plane. Here, j = 100 MA cm~2, ¢ = 90°,
& =0, and o = 0.1. Note that the dampinglike torque 7, cannot drive
the clusterlike bimeron state with |Q,| > 1 into motion.

toward the left direction, while the clusterlike bimeron state
with O, = +4 keeps still. Hence, the collision and merging
between the two bimeron states lead to the creation of a
clusterlike bimeron state with Q, = +5. In a similar way, if
we put an isolated antibimeron with Q, = —1 at the right
side of the sample, the collision and merging between the
isolated antibimeron with Q, = —1 and the bimeron state with
Oy = +4 lead to the creation of a clusterlike bimeron state
with Q, = +3. It can be seen that the topological charge of the
whole system is conserved during the collision and merging of
bimeron states.

As discussed in Sec. III A [see Fig. 2(a)], due to the energy
minimization of the bimeron system, the isolated bimeron
with O, = +1 can be merged with a bimeron state with Q, =
n, forming a bimeron state with a higher Q, = n + 1. Also,
the merging of an isolated antibimeron with O, = —1 and
a bimeron state with Q, = n will lead to the formation of a
bimeron state with lower Q, = n — 1. The total energy of the
bimeron system is reduced after the collision and merging.
Such a process is verified by the computational experiment
on the collision and merging of bimeron states. In principle,
it is possible to change the topological charge of a bimeron
state by the bimeron collision and merging, which is worth
investigating in future experiments.

IV. CONCLUSION

In conclusion, we have numerically studied the static and
dynamic properties of bimerons in a ferromagnetic monolayer
system with competing exchange interactions. A candidate
material for such a system could be the low-dimensional com-
pound Pb, VO(POy), [95], which has a frustrated square lat-
tice with small ferromagnetic nearest-neighbor exchange in-
teraction and strong antiferromagnetic next-nearest-neighbor
exchange interaction.

We considered the long-range dipole-dipole interaction
in our simulations, which has not been considered in other
studies [48,53]. Although the long-range dipole-dipole in-
teraction is small in in-plane monolayer system, it can lead
to the helicity dependence of the isolated bimeron energy
for Qy = +£1, which is essential for the helicity-dependent
bimeron dynamics. The bimeron states can be stabilized by
the exchange frustration both in the presence and absence of
in-plane magnetic anisotropy, and the presence of in-plane
magnetic anisotropy could result in a smaller bimeron.

In Sec. IIT A, we studied the energies of bimeron states in
the presence of finite in-plane magnetic anisotropy. The total
energy of a bimeron state increases with its vorticity number
Qy. On the other hand, the total energy of a bimeron with
Oy = %1 depends on its helicity n, for example, the states
with n = 0 and n = 7 have a lower energy compared to that
with n = /2 and n = 37 /2. Although the contribution of
the dipole-dipole interaction energy to the total energy of a
bimeron is small, the energy dependence on the helicity is
induced by the dipole-dipole interaction, similar to the case
of frustrated skyrmions [71]. We note that the bimeron state
with a higher vorticity number |Qy| > 1 can be seen as a
clusterlike state formed by a circular chain of bimerons with
O, = £1. In this work, however, we mainly focused on the
isolated bimeron with Q, = %1.

In Sec. III B, we studied the dynamics of a single isolated
bimeron with Q, = +1 driven by the spin-orbit torques, in-
cluding the dampinglike and fieldlike torques. For the bimeron
driven by the dampinglike torque, the current-induced dynam-
ics depends on the spin polarization direction p with respect
to the easy-axis direction. Note that the easy axis of in-plane
magnetic anisotropy is aligned along the x axis in this work.

When the spin polarization is perpendicular to the easy axis
(i.e., ¢ = 90° or ¢ = 270°), the bimeron with Q, = +1 canbe
driven into stable linear motion for a moderate driving current
density. The velocity and helicity for the stable linear motion
are independent of time. For the linear motion of a bimeron,
the bimeron Hall angle is inversely proportional to the damp-
ing parameter. However, when the driving current density is
larger than a certain threshold, the bimeron can be driven into
elliptical motion accompanied by rotation. Both the velocity
and helicity vary with time during the elliptical motion. We
note that the dynamics of a single isolated antibimeron with
Oy = —1 is similar to the case of Q, = +1 (see Fig. 21 in
Ref. [86]).

When the spin polarization is parallel to the easy axis
(i.e., ¢ = 0° or ¢ = 180°), the bimeron with Q, = +1 will be
driven into rotation only. The rotating bimeron has a constant
frequency that is almost linearly proportional to the driving
current density.
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For the bimeron with O, = +1 driven by both the damp-
inglike and fieldlike torques with a spin polarization perpen-
dicular to the easy axis (i.e., ¢ = 90°), the bimeron dynamics
will change from the linear motion to the elliptical motion
when the fieldlike torque strength is larger than a certain
threshold. In the case of the linear motion (i.e., & is small),
the bimeron Hall angle and bimeron helicity can be changed
by the fieldlike torque, especially for the bimeron driven by
a large current density. In the case of the elliptical motion
induced by the fieldlike torque (i.e., & is large), the frequency
of the bimeron rotation is linearly proportional to the strength
of the fieldlike torque.

In Sec. III B, we also performed a computational experi-
ment on the current-driven collision and merging of bimeron
states, namely, we used an isolated bimeron with Q, = +1
to bombard a clusterlike bimeron state with a higher topolog-
ical charge. The collision and merging between the isolated
bimeron and clusterlike bimeron state lead to the formation
of a new bimeron state. The topological charge of the whole
system during the bimeron collision and merging process
is conserved, while the total energy of the whole system
is reduced. The bimeron collision and merging experiment
shows the possibility that one can create a bimeron state with a
higher or lower topological charge by triggering the collision
and merging of isolated bimerons with Q, = +1.

Last, we point out both the advantages and disadvan-
tages of frustrated bimerons compared to typical skyrmions.
First, from the point of view of spintronic applications, both
frustrated bimerons and skyrmions are useful for informa-
tion storage. Namely, the frustrated bimerons and skyrmions
[53,67,70,71,80] showing the directional linear motion can
be used as building blocks for the racetrack-type memory,
where bimerons and skyrmions serve as robust and movable
information carriers. In particular, as mentioned in Ref. [53],
the smaller stray fields in in-plane magnetized nanotracks
allow for a denser array in three dimensions, and thus allow
for a higher packing density and storage density of bimeron-
based racetrack-type memory. On the other hand, the ellip-
tical motion of frustrated bimerons and the circular motion
of frustrated skyrmions [65,67,71,80] can be used to build
spintronic devices like nano-oscillators. Also, the rotating
frustrated bimeron can be used as a spin-wave source in
nanoscale magnonic devices.

Indeed, compared to typical skyrmions, frustrated
bimerons also have some unique properties, which may
lead to limitations in spintronic applications. For example,
the isolated frustrated bimerons with Q, = £1 are inclined
to form high-order clusterlike bimeron states, however, the
high-order bimeron states with |Qy| > 1 cannot be driven
into linear motion by the dampinglike torque. Consequently,
it is unrealistic to use the high-order bimeron states with
|Oy| > 1 in bimeron shift memory devices. Nevertheless, it is
still envisioned that the high-order clusterlike bimeron states
can be used as information carriers in multi-state magnetic
memory devices. We believe that our results are useful for
understanding the bimeron physics in frustrated magnets,
and could provide guidelines for building bimeron-based
spintronic devices.
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