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Magnetic domain wall bimerons (DWBMs) are topological spin textures residing within the magnetic domain
walls of in-plane magnets. In this study, we employ both numerical and analytical methods to explore
the stabilization of Néel-type DWBMs in a ferromagnet (FM)/heavy metal (HM) bilayer, facilitated by
interfacial Dzyaloshinsky-Moriya interaction (DMI), and their dynamics when excited by damping-like spin-
orbit torque. Our findings reveal two unique and intriguing dynamic mechanisms, which depend on the
polarization direction of the spin current: In the first scenario, the magnetic domain wall serves as a track
that confines the motion of the bimeron and effectively suppresses the skyrmion Hall effect. In the second
scenario, pushing the magnetic domain wall triggers a rapid sliding of the bimeron along the wall. This
process significantly enhances the dynamics of the DWBM, resulting in a velocity increase of approximately
40 times compared to other topological solitons, including skyrmions and bimeron solitons. The damping
effect plays a varied role in these mechanisms. Our results highlight the potential advantages of the skyrmion

Hall effect in developing energy-efficient spintronic devices based on domain wall bimerons.

A bimeron can be regarded as a counterpart of the
skyrmion in in-plane magnets' 3. Rooted in the con-
cept of topological solitons, bimerons are essentially com-
posed of two meron entities coupled together to form a
compact spin structure. The anisotropic Dzyaloshinsky-
Moriya interaction (DMI) plays a key role in the for-
mation of bimeron soliton®. However, accessible DMI
provided by the non-centrosymmetric system or the fer-
romagnet /heavy interface are both isotropic. In this case,
the bimeron solitons are energy-unfavorable, and tend to
cluster and form assembly or chain-like structures, which
are also reported as domain wall bimeron (DWBM)!4:15.
Recent experimental researches have confirmed the ex-
istence of Bloch-type meron chains in the ferromagnetic
CoZnMn'®, the ferrimagnetic GdFeCo'”, and the antifer-
romagnetic CuMnAs'®. The Néel-type version of DWBM
has also been founded in Wan der Waals Ferromagnet
FeTeGe'?2°, Similar to magnetic skyrmions, DWBMs
are topologically protected, offering significant thermal
stability suitable for long-term storage. The size of a
DWBM is generally constrained by the width of the do-
main wall, which typically spans tens of nanometers in
ferromagnets. Moreover, the domain wall can serve as
tracks that host DWBMSs, showing promise for potential
applications in spintronic memory devices. Despite ex-
tensive investigations into the stabilization of DWBMs,
their dynamics have not yet been reported, and effective
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methods to manipulate them remain elusive. Notably,
the role of the skyrmion Hall effect—an intrinsic charac-
teristic of topological quasi-particles—has not been ex-
plored in the dynamics of DWBMs. In this study, we em-
ploy both analytical and numerical methods to examine
the statics and dynamics of Néel-type DWBM driven by
spin-orbit torque. Compared to the bimeron soliton, the
thermal stability of DWBM is enhanced by the magnetic
domain wall, and it withstands a broad range of DMI
strengths. The dynamics excited by the current relate to
the polarization direction of the spin current. Our analyt-
ical findings suggest that the equivalent force due to mag-
netic damping is significantly reduced along the domain
wall. Consequently, the domain wall can guide the mo-
tion of the bimeron and effectively mitigate the skyrmion
Hall effect (SHE) 2122, More importantly, our results
confirm that the spin arrangement of DWBMs allows the
skyrmion Hall effect?"?? to be harnessed as the primary
driving force. Therefore, the dynamics of DWBMs can be
significantly accelerated, showing an increase in mobility
by approximately 40 times compared to several topolog-
ical solitons, including skyrmions and bimerons, when
directly driven by spin-orbit torque (SOT).

Considering a bilayer heterostructure composed of the
ferromagnetic thin film hosting DWBM, and the heavy
metal layer serving as the spin Hall channel. The free
energy of the FM film can be described by

E :/dV {Aez(Vm)Q — K,(m-n)? - %MOMSHd -m

+Di[m.V-m — (m-V)m.|},
(1)
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where the first, second, third, and fourth terms
correspond to the energy density of Heisenberg ex-
change, magnetic anisotropy, dipolar field, and interfacial
Dzyaloshinskii-Moriya interaction, respectively. A, K,
and D; are the exchange constant, magnetic anisotropy
constant and DMI constant. n = e, stands for the di-
rection of the anisotropy axis, and Hy is the dipole field.

We employ the Landau-Lifshitz-Gilbert (LLG) equa-
tion?? with the damping-like spin-orbit torque to simu-
late the dynamics of FM systems, which is described as

887’;" aif —Tsum x (mx p), (2)
where m is the normalized magnetization. The damping-
like spin-orbit torque —7sgm X (m X p) can be produced
by the spin Hall effect of the adjacent HM layer. Here p
is the polarization vector and the current-dependent co-
efficient for the damping-like torque is defined as 7sy =
ﬁ?e J;"%SH with the current density j., the reduced Planck
constant A, the spin Hall angle fgy, the vacuum perme-
ability constant g, the elementary charge e, and the
layer thickness t. v and o denote the gyromagnetic ratio
and the damping constant respectively. Hg stands for
the effective field obtained from the variation of the FM
energy in Eq. (1). For subsequent simulations, we uti-
lized the magnetic parameters of CoFeB/Pt?* | while the
DMI constant and damping constant were varied within
reasonable range.

Fig. 1 shows the spin structure of the Néel-type
DWBM, characterized by a magnetization transition of
360° along the domain wall, and a transition of 180° in
the direction normal to it. The magnetic topology of
the DWBM is defined by the integer-valued topological
charge Q = ;- [ dady m - (%—;’L X %—’;’), and the topolog-
ical charge density is shown in Fig. 1(a). While the dis-
tribution of real-space spin and the magnetization com-
ponents are shown in Fig. 1(b)-(d). We note that the
bimeron soliton can be stabilized in the same system.
The isotropic DMI breaks the symmetry of its spin struc-
ture and introduces nonreprotical dynamics excited by
spin current and spin waves?®>26. We involved this par-
ticular excitation in our discussion.

MuMax327 is used to perform the micromagnetic sim-
ulations. Fig. 2 shows the variation of free energy defined
by Eq. (1) as a function of interfacial DMI constant D;.
We use the uniformed magnetization (UM), Néel-type
domain wall (DW), bimeron soliton (BMS) and DWBM
as the initial states of the simulation, as shown in the
inset. Both the energies of DW (green line) and DWBM
(red line) decrease with D;. The critical DMI constant
is about 5 mJ/m?, above which UM becomes energy-
unfavorable. Despite an energy penalty over the DW, the
DWBM can be stabilized within a wide range of D; from
1 mJ/m? to 6 mJ/m? A detailed stabilization phase
diagram of DWBM is shown in supplementary material
Fig. S1. We note that the Néel-type domain wall plays
a role of high energy ground state of DWBM, locally el-
evates the energy barrier, and subsequently improves its

= —ym x H.g+am x

Xff“

¥
0.5
» s |l
l o
mx my mz !

FIG. 1. Spin structure of the DWBM with topological number
Q = 1. Distribution of the (a) topological charge density, (b)
spin vectors, and (c)-(e) the magnetization components m,
my, and m, respectively.

g X107
' —_— UM DW|=——BMS| m,
4.9 G 1
5 \ +05

R a 05|
z i
52} 141
531 1
5471 1
1 2 3 4 5 6
D,(mJ/m?)

FIG. 2. The total energy of four different magnetic states
varies with the Dzyaloshinskii-Moriya interaction constant
D;. The inset shows the initial state used for simulation. In
the ensuing simulations, we employ the following parameters:
exchange constant A., = 15 pJ/m, anisotropy coefficient K,
= 0.8 MJ/m?, DMI strength D; = 5 mJ/m?, saturated mag-
netization Mg = 580 kA/m, gyromagnetic ratio v = 2.211
x10% m/(A-s) and spin Hall angle sy = 0.1. The mesh size
of 1024 x 1024 x 1 nm?® is used. The energy of the system is
recorded after the magnetization is fully relaxed.

stability. In comparison, the BMS (blue line) exists in a
small range of D; from 4.4 mJ/m? to 5.3 mJ/m?.

For the investigation of the DWBM dynamics, we com-
bine numerical and analytical approaches to obtain the
motion velocity of DWBM driven by currents with the
spin polarization direction in X and Y, respectively. The
velocities of DWBM are defined as v; = 74, and the guid-
ing center of the bimeron (rs, r,) is numerically calcu-



lated by

i=x,y. (3)

On the other hand, the dynamics of the DWBM can
be analytically expressed by considering the balance be-
tween the equivalent forces, which is also known as the
Thiele’s or the collective coordinate approach?®3!. We
assume the collective motion of both the bimeron and the
domain wall, and the steady motion of the spin textures
requires

G xv—aDv —4nCp = 0. 4)

Here the Magnus force is Fig = G X v and G = —4nQe,
is the gyrovector. The damping force is F, = —aDwv
and D = 4n [Dij] represents the dissipative force tensor,
in which i, j stands for the coordinate z,y and D;; =
1/4m f d;; dzdy with the components of the dissipative
force density tensor d;; = 9;m - 9;m. The driving force
behind the system arises from the damping-like spin-orbit
torque, characterized by the expression F'sor = —4nCp,
where C represents the driving force tensor defined as
C = 7su [Cyj]. And, Ci; = 1/47 [ ¢;; dzdy, with the
components of the driving force density tensor given by
¢i; = (0ym x m);, where the subscript j denotes the
jth component of the vector 9;m x m. The unit current
polarization vector p is specified as e, or e,. Ultimately,
Eq. (4) can be reduced to obtain a linear equation for
velocity of steady motion in the film plane (Please refer
to the Supplementary Material for details),

Dy, aDzy - Q:| |:Uac:| - |:Cacz Czy:| [ z:|
aDy, +Q  aDy, Uy SHCue Cuyl |py]”
(5

Our initial investigation focused on studying the dy-
namics of the DWBM driven by spin current polarized
in X direction. In this scenario the charge current in
the heavy metal layer flows in the direction of the do-
main wall. Fig. 3(a) shows the schematic diagram of the
forces involved. The SOT contributes to a net equivalent
force in the +Y direction, which competes the magnetic
damping of the DWBM. On the other hand, both the
DWBM and the DW contribute to the damping force in
-X, resulting in very low mobility in this direction. Con-
sidering a system with high damping, the Magnus force of
the DWBM could be sufficiently compensated, and thus
suppressing the skyrmion Hall effect. Fig. 3(b) shows the
corresponding force density distribution when a current
with j. = 10'°A/m? is applied. Micromagnetic simula-
tion confirms the above mentioned mechanism, as shown
in Fig. 4. We observed the linear dependency between the
velocity vz, vy and the charge current density j., as pre-
dicted by Eq. (5). Moreover, the translational speed v,, is
very small, indicating that the skyrmion Hall effect is ef-
fectively mitigated. Since the Néel-type magnetic domian
wall is topological trivial, the Magnus force is local, and
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FIG. 3. Dynamic mechanism of DWBM driven by spin cur-
rent with X polarization. (a) Schematic diagram of the equiv-
alent forces involved, including the damping force of the do-
main wall Fy pw, and the bimeron F', gm, the Magnus force
F¢ and the driving force from SOT Fsor. The red part
and the blue part denote the domain wall and the DWBM,
respectively. The blue and green arrow in the right corner
represent the direction of the DWBM motion and the current
polarization, while the red dot indicates the domain wall be-
ing static. (b) Distribution of the force density components
of SOT, psor,:, and magnetic damping, pq,;, with the applied
current density j.= 10'°A/m?. The black arrows indicating
the direction of the resultant force.

tends to bend the magneic domain wall gradually. The
bending of the DW is more obvious in the cases with low
damping and high current density, leading to the devia-
tion in velocity shown in Fig. 4(a). Fig. 4(b) shows the
DWBM velocity as a function of the damping constant
a when j. = 10 A/m?. The skymion Hall effect ob-
served in the low-damping regime(a < 0.2) depends on
the specific domain wall length used for the analyses. In
general, as long as the magnetic domain wall can provide
sufficient magnetic damping, the skyrmion Hall effect of
the DWBM can be well controlled.

When the charge current is polarized in Y direction,
the dynamics of the DWBM is fundamentally different
from the above discussed mechanism. Fig. 5(a) shows the
schematic diagram of the forces involved in this scenario.
The SOT provides the driving forces in -X and +X direc-
tion for the DW and the DWBM, respectively. The corre-
sponding force density distribution is shown in Fig. 5(b).
Considering the dimension of the DW is much larger than
the DWBM, the dynamics of the DW will dominate, and
the SOT drives the spin textures into motion in the -X di-
rection. In this case the DWBM is not directly driven by
the SOT, but instead follows the collective motion of the
DW, leading to a strong Magnus force component in the
orthogonal direction (in our case the +Y direction). The
Magnus force component competes the magnetic damp-
ing of the DWBM, and results in a very high velocity.
Briefly, the dynamics of the DWBM is actually boosted
by the skyrmion Hall effect. We note this mechanism is
entirely different from that of skyrmion or bimeron soli-
ton, for which the Magnus force always joins the mag-
netic damping force to compete the spin-orbit torque,
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FIG. 4. DWBM velocities introduced by spin current with
X polarization. (a) Velocities as functions of current density
je with damping constant a = 0.3 (red) and 0.2 (blue). (b)
Velocities as functions of a, with j.= 1010A/m2.

and negatively impacts their mobility. Micromagnetic
simulations demonstrate the linear relationship between
the curren density j. and the velocity of the DWBM, and
we observed a significant improvement in the mobility,
which is also confirmed by the analytical results obtained
by Eq. (5), as shown in Fig. 6(a). We further compared
the speed |v| of the DWBM, bimeron soliton (BMS) and
skyrmion (SK) excited by SOT, and the result is shown
in Fig. 6(b). The mobility of DWBM is more than an
order larger than that of SK or BMS, and non-linearly
decreases with a. This is because the magnetic damping
force competes with the driving forces from both SOT
and skyrmion Hall effect. By decreasing the magnetic
damping constant a to 0.05, both numerical simulation
and analytical approach confirm a 37 times increase in
the mobility of DWBM compared with BMS. Fig. 6(c)
visualizes this difference by showing the displacements
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FIG. 5. Dynamic mechanism of DWBM driven by spin cur-
rent with Y polarization. (a) Schematic diagram of the equiv-
alent forces involved. Noting that the SOT forces for domain
wall and DWBM have opposite directions. The blue, red and
green arrow in the right corner demonstrate the direction of
the DWBM motion, the domain wall motion and the current
polarization, respectively. (b) Distribution of the force den-
sity components of SOT with the applied current density j.=
101°A / m?. The damping force densities remain the same with
Fig. 3(b).
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of DWBMs and the BMS within the same system intro-
duced by spin current (please refer to the Supplementary
Video), and Fig. 6(d) shows the corresponding distribu-
tion of topological charge density gq. Over a period of
6 ns, BMS remains nearly static, while DWBMs with
opposite topological number travel fast in the opposite
directions, demonstrating the skyrmion Hall effect-based
sliding motion. In addition, it is worth-noting that by
the direct driving, the SOT force scales with the size of
topological spin textures®?33 | while the Magnus force
remains constant due to the conservation of topological
charge. For compact spin textures with small size, the
dynamics will be dominated by skyrmion Hall effect and
the efficiency of spin-orbit torque will significantly de-
crease. On the other hand, if it is possible to utilize the
skyrmion Hall effect as driving force, as here we presented
in the scenario of DWBM, higher mobility is achievable.
And this will in turn benefit the power consumption of
DWBM-based spintronic devices.

In conclusion, we analytically and numerically study
the statics of domain wall bimerons, and their dynamics
induced by damping-like spin-orbit torque. The numeri-
cal simulations show that the domain wall bimeron can be
stablized within a wide range of DMI, and the stability is
effectively improved compared with the bimeron soliton.
The motion of domain wall bimeron induced by spin-
orbit torque is also discussed, and speed is analytically
derived, which agrees well with the numerical simula-
tions. When the current is applied in the direction of the
domian wall, the skyrmion Hall effect of the domain wall
bimeron can be effectively suppressed by the damping
effect of the magnetic domain wall. More importantly,
when the current is applied in the direction perpendic-
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FIG. 6. DWBM velocities introduced by spin current with Y polarization. (a) Velocities as functions of current density j.
with damping constant o = 0.3. v, manifests the skyrmion Hall effect. (b) Speed |v| of DWBM driven by current with X
(DWBX) and Y (DWBY) polarization, bimeron soliton (BMS) and skyrmion (SK), as functions of «, with j.= 10'°A/m?.
For the simulation of skyrmion, we used perpendicular magnetic anisotropy and a DMI constant of 3 mJ/m?, while the other
parameters are the same with that of DWBM. Snap shots of (c) magnetization component m. and (d) topological charge
density ¢ when current is applied. The damping constant is set at 0.05.

ular to the domain wall, the skyrmion Hall effect serves
as the driving force, and significantly boosts the motion
velocity of the domain wall bimeron. Both the numerical
simulation and analytical equation demonstrate approx-
imately 40 times increase in the mobility of the domain
wall bimeron compared with skyrmion in ferromagnetic
films with a damping constant of 0.05. Our results are
useful for understanding of the bimeron dynamics and
may provide effective ways for building bimeron-based
spintronic devices.

Refer to the Supplementary Material for the details
regarding linear equation for velocity of steady motion
in the film plane and the phase diagram for the size of
DWBM. Refer to the Supplementary Video for the slid-
ing motion of the domain wall bimeron introduced by
skyrmion Hall effect.
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