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SPECIAL TOPIC — Advanced magnonics

Propagation, generation, and utilization of topologically trivial
magnetic solitons in magnetic nanowires

Kai-Tao Huang(#%#47%) and X.S. Wang(F£%E8)"
School of Physics and Electronics, Hunan University, Changsha 410082, China
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Magnetic solitons are nonlinear, local excitations in magnetic systems. In this study, we theoretically and numerically
investigate the properties and generation of one-dimensional (1D) topologically trivial magnetic solitons in ferromagnetic
nanowires. An approximate analytical soliton solution described by two free parameters is validated by comparison with
the micromagnetic simulation. Across an interface between two media of different anisotropy, the reflection and refraction
of a soliton are highly nonlinear, which differ from linear spin waves. A pair of magnetic solitons that propagate in
opposite directions can be generated by alternately applying magnetic-field or spin-polarized-current pulses of opposite
directions to at least two successive regions. Each soliton corresponds to a soliton solution that can be controlled by the
generation process. These magnetic solitons can be used to drive domain wall motion over a distance determined by the
soliton magnitude, allowing for discrete manipulation of domain walls compatible with the digital nature of information
technology. Our findings pave the way for the application of topologically trivial solitons in spintronics.

Keywords: magnetization dynamics, soliton, nonlinear dynamics
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1. Introduction

Over the past few decades, spintronic devices have at-
tracted much attention due to their low power consumption
and non-volatile storage capabilities.!'-3! Some prototype de-
vices, such as racetrack memories!*>! and magnetic logic
gates, 58] have been experimentally demonstrated. From both
practical and academic perspectives, the properties and manip-
ulation of magnetic solitons have garnered considerable inter-
est. Magnetic solitons are localized, nonlinear solutions of the
magnetization dynamic equation that can maintain their shape
and velocity, in contrast to linear wave packets that suffer dis-
persion during propagation.!”) Magnetic solitons can be cat-
egorized based on the winding number of the magnetization
in space, which serves as a topological invariant.!!?! Intensive
studies have focused on topologically nontrivial solitons, such
as domain walls, skyrmions, and hopfions, due to their ex-
otic structures and potential applications.!'!~!”] The nontriv-
ial topology of solitons usually implies enhanced stability of
the soliton textures, making them suitable for non-volatile data
carriers. However, it is also a double-edged sword, as it intro-
duces drawbacks such as unexpected Hall effects!'®! and diffi-
culty in creation. 192"]

In contrast, topologically trivial magnetic solitons are
far less studied. Distinct from their topological counterparts,
topologically trivial solitons in magnetic systems are soli-
tary waves that are easy to create and annihilate, referred to
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as magnetic drops,?!) magnetic droplets,?*!

or simply mag-
netic solitons if there is no ambiguity in the context.!**! Up
to now, most studies have focused on magnetic solitons in
one-dimensional (1D) and two-dimensional (2D) systems. In
2D, the magnetic soliton can be created by using spin-transfer
torque beneath a nanocontact on a ferromagnetic film with
perpendicular magnetic anisotropy (PMA).[?4>3] The 2D mag-
netic soliton is usually generated locally and used as a nano-
oscillator.?%] Investigations on 1D magnetic solitons in fer-
romagnetic nanowires mainly focus on their analytical solu-
tions and propagation.?’=3?l However, many issues remain un-
solved, mainly due to the complexity and nonlinearity of the
Landau-Lifshitz—Gilbert (LLG) equation governing the mag-
netization dynamics. It is difficult to obtain exact analytical
solutions for magnetic solitons even in the simplest 1D case,
so some approximations are necessary. The inhomogeneous
demagnetization field is often ignored, and the dissipationless
part of the LLG equation can be transformed into the nonlin-
ear Schrodinger equation by retaining the cubic order of the
soliton amplitude, allowing analytical soliton solutions to be
obtained.?’=3? However, the validity of these approximations
has not been fully justified; in other words, whether the analyt-
ical solutions remain valid in the presence of the intact demag-
netization field and damping is not clear. How solitons reflect
at an interface between two nanowires with different material
parameters is also unknown. Furthermore, there is no system-
atic way to generate a specific soliton mode in a 1D nanowire
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yet.
In this paper, we first verify the validity of the analytical

n[?3271 in the presence of the full demagnetiza-

soliton solutio
tion field, nonlinear effects, and Gilbert damping by numerical
simulation of the LLG equation starting from a certain solu-
tion. We find that for small soliton amplitudes and low damp-
ing (~ 10™*), the analytical solution agrees well with the nu-
merical results. When the soliton amplitude grows larger, the
soliton speed becomes slower than that predicted by the ini-
tial analytical solution. For a nanowire consisting of two seg-
ments with different anisotropies, the reflection and refraction
of an incident soliton are complicated and differ from those of
linear spin waves. The soliton undergoes total refraction (re-
flection) when propagating into a medium with weak (strong)
anisotropy, while refraction and reflection coexist at interme-
diate anisotropy. Then, we design a method for generating
magnetic solitons in a uniform domain by applying stimuli
(magnetic field or spin-polarized current pulses) to at least two
successive regions. The directions of the stimuli in adjacent
regions should be opposite. Two magnetic solitons are gen-
erated as a pair and correspond to the two soliton solutions
mentioned above. The properties of the generated solitons can
be tuned by the strength and width of the stimulated regions.
When a magnetic soliton passes through a domain wall, the
domain wall shifts by a distance toward the opposite direc-
tion of the soliton propagation because of angular momentum
conservation.33! The distance depends on the amplitude of
the magnetic soliton. This procedure can be repeated to re-
alize discrete manipulation of domain walls, which is highly
compatible with the digital nature of information storage and
transmission.

2. Model and results

2.1. Analytical solution of solitons and numerical verifica-

tion

A ferromagnetic nanowire with saturation magnetiza-
tion My along the x direction is considered. An easy-axis
anisotropy along the wire maintains a single-domain ground
state of m, = +1. We also allow an external field By = Bo&
to be applied along the wire. A magnetic soliton is a solitary
excitation on the single-domain ground state, in contrast to a
domain wall, which represents the transition region between
two opposite domains, as illustrated in Fig. 1(a). The LLG
equation reads

am

P
55 = —ymx Bar+amx ==, (1)

where m is the unit vector of the magnetization field whose
saturation magnitude is Mg = 0.86 X 100 A/m, ¥ =28 GHz/T

is the gyromagnetic ratio, and « is the Gilbert damping. Begs
d 2A *m

is the effective field, consisting of the exchange fiel W o

(with exchange constant A), the anisotropy field zﬁfmxaﬁ, the
external field By&, and the demagnetization field By.

m, m,
(a)
z) M, m,

Yy Magnetic soliton Domain wall

Sy o N tassss0000

Fig. 1. (a) Ilustration of magnetization profiles of a typical magnetic soli-
ton (left) and a head-to-head domain wall (right), with arrows denoting
local magnetization directions. The color scheme is shown in the inset.
(b) 3D plot of the analytical solutions for the m, and m, components in
the x— plane.

The analytical solution of the solitons is obtained under
the following assumptions: (i) the demagnetization field By is
approximated by the shape anisotropy of an infinite rod, Bg =
% UoMm,&; (i1) the damping term can be ignored; and (iii) the
deviation of m from the x direction is small.[?>*7-3% To sim-
plify the expressions, spatial unit xo = /2A/ (oM2), tempo-
ral unit 7y = (YuoM;s)~", and field unit poM; are used to de-
fine dimensionless variables and parameters x' = (x — Xp) /xo,
=Ty /to, A = 2K/ (,U,()Msz), and by = By/(UoMs). Here
Xo and Ty are certain initial position and time, respectively. By
defining ¥ = my, — im; and retaining the cubic terms of y, we
obtain a Schrodinger equation with both linear and nonlinear
terms

d 02 1

Yor T T o
1 1 2.
) </1+2>|‘I/ y=0. )

When by + A + % = 0, the remaining term corresponds to a
pure nonlinear Schrédinger equation, one of whose soliton so-
lutions can be obtained by the Hirota method.?>2%341 Other-
wise, the linear term introduces an additional precession fre-
quency around the x direction. Except for arbitrary initial po-
sition Xy and time 7p, the exact solutions of Eq. (2) are deter-
mined by only two free parameters, a and b, as

II/(X/,I/) _ C(a)ei[bx’fa)g(u,b)t/]
xsech[a(x’ —2bt") —In2C(a)], 3)

where C(a) = )i‘:l =

Physically, this solution consists of an oscillatory part

and @y = ho + A + 5 — (a* — b?).

eilb’—on(@b)'] with a precession frequency @y /7o and “wave-
length” 27xy/b, and an envelope C(a)sech[a(x’ — 2bt') —
In2C(a)] with amplitude C(a) and propagation speed 2bv
(vo = x0/1o is the unit of speed). The parameter « is inversely
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proportional to the width of the envelope. This solution prop-
agates without any external driving force, as the system is
energy-conserving.

The three components of m are obtained from Y as
my = WE Yy, my =Rey =y, and m; = —Imy = y,.
The profiles of m, and m, are plotted in Fig. 1(b) fora=5b=1.
From Eq. (3) and Fig. 1(b), m, behaves as a dark soliton
with amplitude 1 — /1 — C2? without oscillation, whereas my
behave as bright solitons precessing with circular frequency
/1.

The analytical solution Eq. (3) is an exact solution of
the nonlinear Schrodinger equation (2), which is valid only
if the three assumptions above can be justified. Thus, we aim
to determine to what extent the solution remains valid in the
LLG dynamics, with the intact demagnetization field, nonlin-
ear terms, and damping. To do this, the analytical solution
Eq.(3)att=0

v (x',0) = C(a) eib"’sech(ax/ —1n(2C(a))) 4)

is set as the initial state, and the MuMax3 package!®! is used
to simulate the LLG equation (1) to examine the time evolu-
tion of the initial state and compare it with the expected solu-
tion (3). The parameters are chosen as By =0, A = 12 pJ/m,
and A = 8. The nanowire has dimensions 2048 nm x 1 nm X
1 nm, and the mesh size is 1 nm X 1 nm X 1 nm, which is
sufficiently small compared with the exchange length scale
xo ~ 5.08 nm. Figure 2(a) shows the density plots of the m,
component for fixed b = 1, a = 0.1 (left) and 1.4 (right) in
the x— plane for ¢ = 0, 0.0001, and 0.001. For brevity and
better comparison, we artificially stack the results for differ-
ent & in the same subfigure for clarity. All solitons move at
the same constant speed in each subfigure. The soliton ampli-
tude increases while its width decreases as « increases. For
a = 0.001, the soliton amplitude decays significantly in both
cases. However, for o = 0.0001, within the micrometer length
scale and nanosecond time scale, the decay is negligible. Since
the damping of magnetic insulators such as YIG can be as low
as 107,101 the soliton decay is acceptable within a length
The dashed line in each sub-

figure represents the analytical relation x = 2bvyt, where the

scale of several micrometers.

speed 2bvy = 1932 m/s is quite high for nano-devices. We can
see that for a = 0.1, the simulated speed almost coincides with
the analytical prediction, whereas for a = 1.4, the resulting
speed is slower. This is understandable because for a = 1.4,
the amplitude C = 0.96 is already very large, so the neglect
of higher-order nonlinearity leads to a more significant devi-
ation from the analytical solution. We further compare the
simulated speed v for different @ and « in Fig. 2(b) for fixed
b = 1. For small amplitudes, the deviation from the analytical
value is small, while the deviation increases with a. More-
over, larger damping slightly accelerates the soliton motion.

We then compare the detailed magnetization profiles of the
solitons. In Fig. 2(c), numerical results of the three magneti-
zation components at 0.2 ns are plotted as symbols, and solid
lines denote the analytical solutions. Here, because the speed
is not precisely 2bvg, a properly shifted Xy is used solely for
profile comparison. For a = 0.1, the agreement between the
numerical and analytical profiles is excellent. For a = 1.4, the
agreement remains good, though the discrepancy is more ap-
parent than in the case of a = 0.1.

(a) a=0.1 s a=14 m
0.8 1.000 0.8 ”
, v
| / 0908 ‘ Yy 0.9
0.6 7,0 0.6 a4 0.8
N o 0.996 - ’,; 0.7
= 04 g 0.994 £ 04 SRS 0.6
r & + AN 5
. \) 3 99¢ © Q 0.5
0.2 , O 0.992 0.2
AP 7 o
y (3 0.990 / s 0.3

07800 —400 0
z (nm)

400

800

0—80() —400 0
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(b)

g
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Fig. 2. (a) Density plots of m, in the x— plane for » = 1 and different a:
0.1 (left) and 1.4 (right). (b) Soliton speed for different a and damping
. Symbols denote numerical results, and the dashed line represents the
theoretical value v = 2bvy. (c) Magnetization profiles at 0.2 ns for b =1
and different a: 0.1 (left) and 1.4 (right). Symbols are numerical data,
and solid lines correspond to the analytical formula. (d) Density plots
of m, for different external fields H. (e) Comparison of the precession
frequency for different a and b. The horizontal and vertical axes show
numerical and analytical results, respectively, with the green dashed line
indicating y = x.

According to the analytical solution, the longitudinal
magnetic field By does not affect the soliton shape and speed
but changes the precession frequency wy. In Fig. 2(d), we vary
By (Bp=—1T,0, 1 T) and simulate the evolution starting from
the initial state with a = 0.5 and b = 1, and plot the numeri-
cal data together in the same figure. The three solutions ex-
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hibit nearly identical m, components. We further compare the
precession frequency of m, .. In Fig. 2(e), the horizontal axis
shows the precession frequencies obtained from the Fourier
transform of the numerical data, while the vertical axis repre-
sents the analytical formula wy = by + A + % — (a* — b?). The
agreement between theory and simulation is excellent.

To summarize this subsection, the analytical solution
Eq. (3) of the nonlinear Schrodinger equation (as an approxi-
mation of the LLG equation) is compared with the full numer-
ical simulation results. The deviation from the analytical solu-
tion, manifested mainly in the slower propagation speed, be-
comes larger when the soliton amplitude increases, which may
result from neglecting the higher-order nonlinear terms. The
soliton profile and the precession frequency still agree well
with the analytical solution. In the following sections, we let
Bo =0 and o = 0 without loss of generality.

2.2. Reflection and refraction of magnetic solitons at an in-
terface

We now consider the soliton propagation in a 1D
nanowire heterostructure, which may be useful for device ap-
plications. There have been numerous studies on the reflection
and refraction of linear spin waves, which obey a generalized
Snell’s law analogous to that in linear optics.[*’-3°! However,
for nonlinear solitons, the behaviors can be markedly differ-
ent. As an analogy, optical solitons, which can be described

[40,41

by the nonlinear Schrodinger equation I or the nonlinear

Helmholtz equation,*>*3] have been intensively investigated

[44-48] The reflection and refraction of op-

in nonlinear optics.
tical solitons are known to be much more complicated than
those in linear media.[*-3!] Therefore, it is essential to in-
vestigate the reflection and refraction behaviors of magnetic
solitons.

The 1D nanowire heterostructures composed of different
materials have been experimentally realized.>?! For simplic-
ity, we consider an interface at x = 0 between two segments
with different anisotropies, which can be tuned by an electric
field®*34! or by doping.!>! The anisotropy is A; in the left
half and A; in the right half, while the other parameters are the
same as in the previous subsection. The incident soliton is pre-
pared by setting the initial state Eq. (4) witha=0.3 and b = 1.
Figures 3(a)-3(c) show the density plots of m, of the incident
soliton for fixed A; =7 and A; = 6, 7.9, and 9, respectively.
We see that for A, = 6, there is almost no reflection, and the
soliton enters the right half with a slightly larger speed. For
A2 =9, in contrast, total reflection is observed. The refracted
and reflected solitons coexist when A; = 7.9. Figure 3(d) sum-
marizes the refracted (black squares) and reflected (red dots)
soliton speeds for different A,. There is a narrow region where
both refracted and reflected solitons can be clearly identified.
This behavior is distinct from that of linear spin waves?’-]
(see Appendix B).

For the total refraction regime at small A,, we suppose
that the incident a = 0.3, b = 1 soliton transforms into an-
other soliton solution with parameters a; and b, after passing
through the interface without loss. Since the nanowire is ro-
tationally symmetric about the x axis, the x component of the
total angular momentum L, should be conserved. For a soliton
with solution y, the x component of the angular momentum of
a soliton deviating from the uniform domain is

Lx:y"MSS/w(l—l,ux)dx, (5)

where S is the cross-sectional area of the nanowire. For small

amplitude, employing the approximation ¥, = /1 — |y|2 ~
1 — |y|?/2, the integral can be evaluated analytically as

= = |yl 4axg
1-— dx =~ —dx= 6
/700( IVX) X e 2 X A« _|_ 1/27 ( )
thus the conservation condition gives
- @ (7)

M+1/2 Jo+1/2

On the other hand, in this regime, we find from the numerical
data that the precession frequency @y remains nearly identical
on both sides of the interface, which is natural for linear waves
but not necessarily true for nonlinear solitons. Thus, we have
the second relation

M — (@ =b%) = — (a3 = b3). @®)
Solving for a; from Eq. (7) and combining with Eq. (8), we
obtain
A +1/2
— _ 2 1 2
by \/)»1 A +a K/h+l/2)+ ]—i—b )

The refracted soliton speed is 2b, vy, plotted in Fig. 3(d) by the
black solid line, which shows good agreement with the numer-
ical data. In the total reflection regime at large A,, the reflected
soliton should have a; = a and b1 = —b. The red solid line in
Fig. 3(d) labels v = —2bvy, and the agreement is good for large
Aa.

The radicand in Eq. (9) must be non-negative, yielding a
critical value of A, for total refraction, which is approximately
8.02 in this case. However, near this critical value, the be-
havior becomes highly complex. This complexity arises not
only from the coexistence of reflection and refraction but also
from the conversion into linear spin waves (as illustrated in
Appendix A).

We can intuitively understand the above behaviors as fol-
lows. When an incident soliton from one region hits an inter-
face, since it is no longer the solution for the other region, the
system has to find a new solution, so reflection and refraction
occur. If the anisotropy of the other section is weaker (i.e.,
a softer magnet), the spins therein are easily excited, so the
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soliton tends to fully enter the softer region, resulting in to-
tal refraction (Fig. 3(a)). On the other hand, for a very large
anisotropy (i.e., a hard magnet), it is difficult to excite the spin
precession, so the soliton cannot enter the harder region, re-
sulting in total reflection (Fig. 3(c)). In the intermediate re-
gion, the situation becomes highly complex, not only due to
the coexistence of reflected and refracted solitons, but also be-
cause of the excitation of linear spin waves. In this process,
the energy, angular momentum, and precession frequency are
no longer conserved for the solitons because of the presence
of linear spin waves. Further investigations are required to
fully elucidate this behavior, which will be the subject of fu-
ture studies.

(a) 0.6 . My (b) 0.6 . my
MN=T 1.00 ) 1.00
1 1
0.99
0.4 : 0.98 0.4 :
2 ! 0.96 £ AN=7 |’ 0.98
£ | £
- 97
~ 02 : 0.94 0.2 : 0.9
I | 0.96
L A=6 | 4092 L A=T9
0 N 0 0.95
—800 —400 0 400 800 —800 —400 O 400 800
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(©) 06 - : (@)
| 1.00
! =
. 0.4 : 0.98 E
2 | 096 <
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0.2 | 0.94 g
! c
| 0.92 >
I A=9
.
—800 —400 0 400 800 0.90
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Fig. 3. Behaviors of a soliton with @ = 0.3 and b = 1 propagating towards
an interface at x = 0 from the left half with A; = 7. (a)-(c) Density plots
of m, for different anisotropies of the right half: (a) A, =6, (b) 1, =7.9,
and (c) A, = 9. (d) Dependence of refracted (black squares) and reflected
(red dots) soliton speeds on the anisotropy A, of the right half. Solid
lines correspond to the analytical formula, and the vertical dashed lines
indicate A, = 6, 7.9, and 9.

2.3. Generation of magnetic solitons

Practically, it is more important to generate a soliton in
an efficient and simple way. A quite intuitive idea is to use
a magnetic field pulse or a spin current pulse to locally stim-
ulate the magnetization to tilt. However, after a plethora of
tests, we find that applying stimulation in a single region can-
not generate a propagating soliton. Depending on the strength,
direction, and duration of the stimulation, there can be irregu-
lar excitations that disperse into linear spin waves, nucleation
of a new domain, or a locally precessing soliton (i.e., a soliton
with b = 0). Propagating solitons can be generated in pairs
only when stimulations of opposite directions are applied in at
least two regions.

Figure 4(a) illustrates the setup of the apparatus. We ap-
ply a magnetic field B perpendicular to the wire in at least
two successive regions of width w (here, we use three regions
as an example). The directions of the field in adjacent regions
are opposite. The magnetic field can also be replaced by a

spin-polarized current injected perpendicularly into the wire.
The spin polarization directions should also be opposite in ad-
jacent regions. There can be a gap of width d between adjacent
regions for practical fabrication considerations.

(a)

(b)

t (ns)

0 . . .
—1000 0 1000 450 480 510 540 570

z (nm)

(d)

t (ns)

0 , , .
—1000 0 1000 450 480 510 540 570

z (nm)

= (nm)

Fig. 4. (a) Schematic diagram of the soliton generation apparatus. (b) and
(d) Density plots of m, in the x— plane showing a pair of solitons gener-
ated at the center of the wire. The dashed lines indicate 0.2 ns. (c) and
(e) Magnetization profiles of the rightward-propagating soliton at 0.2 ns.
Symbols represent the numerical data, and solid lines correspond to the
analytical formula. (b) and (c) correspond to magnetic field stimulation,
while (d) and (e) correspond to spin current stimulation.

We first consider the case in which the amplitude of
the stimulation (magnetic field or spin current) in each re-
gion is the same. In this case, the overall stimulation pro-
file is mirror-symmetric for an odd number of regions and
inversion-symmetric for an even number. After applying a
field pulse of large magnitude (several Tesla) but short du-
ration (~ picoseconds), a pair of solitons can be generated,
and they propagate towards opposite directions with the same
speed. A typical numerical result is shown by the density plot
of m, in Fig. 4(b). The three regions of width w = 10 nm
are placed at the center of the wire, and the separation d is
0. The material parameters are A = 13 pJ/m and A = 8. The
magnitude of the field pulse is B =4 T and the duration is
1 ps. These parameters will be used throughout this section
unless otherwise specified. It is clear that a pair of solitons is
generated. The two solitons propagate in opposite directions
at the same constant speed. The solitons are reflected by the
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boundaries and pass through one another while maintaining
the same shape, amplitude, and speed, which are typical be-
haviors of solitons. At 0.2 ns (the dashed line in Fig. 4(b)), we
plot the magnetization profile of the right-hand side in compo-
nent form (shown by symbols). The solid lines are the analyt-
ical solutions with a = 0.777 and b = 1.262, with small initial
position and time shifts Xop = —0.47 nm and 7y = 0.62 ps, ob-
tained by fitting the numerical data with the analytical formula.
The fitted analytical profile agrees very well with the numeri-
cal data. The speed also agrees well with v =2bvy = 2538 m/s,
which is remarkably fast for ferromagnetic systems. Similarly,
the soliton on the left-hand side also agrees well with the solu-
tion of b = —1.262, giving the same speed but in the opposite
direction. If we use a spin-polarized current injected in the z
direction, with a density of 1.7 x 10'®> A/m? and polarization
P =0.56609, instead of the magnetic field, the results are plot-
ted in Figs. 4(d) and 4(e). A pair of solitons with slightly larger
speed and smaller amplitude (@ = 0.635, b = 1.317 from fit-
ting) is generated. In this case, the magnetization is excited
via the Slonczewski spin-transfer torque.3%->7]

We further investigate how to control the generated soli-
tons by studying the influence of material parameters (ex-
change constant A and anisotropy A) as well as the stimulation
conditions (stimulating field strength B and width of the stim-
ulating region w). We choose A =13 pJ/m, A =8, B=4T,
and w = 10 nm as the reference parameters. Each parameter
is varied while keeping the others fixed. The gap d is fixed
to 0, and the pulse duration is fixed to 1 ps unless otherwise
specified.

Firstly, we discuss the dependence of a and b on the
material parameters A and A. Figure 5(a) shows the varia-
tion of a (right axis) and b (left axis) with the exchange con-
stant A. Since a stronger exchange interaction favors a more
collinear magnetization alignment, the stimulated soliton am-
plitude, and hence a, decreases with increasing A. On the other
hand, b increases with A, indicating that the stimulated soli-
tons propagate faster for larger A. In the inset of Fig. 5(a), we
plot the soliton speed and wavelength as functions of A. The
wavelength 27xo /b (right axis) changes only slightly with A,
suggesting that b is approximately proportional to xo o< v/A.
Consequently, the soliton speed v = 2bvg o by/A is nearly lin-
ear in A, which agrees well with the numerical results (left
axis).

Figure 5(b) shows the effect of anisotropy A on the stim-
ulated soliton. The left axis indicates that b (and thus the
wavelength and speed) is largely insensitive to A. The pa-
rameter a exhibits a nonmonotonic dependence on A, yet the
soliton amplitude decreases with increasing A. This behavior
arises because larger anisotropy also favors a collinear mag-
netization alignment along x, and the m, amplitude, given by
1—vV1-C2, depends on both @ and A.

(a) —{O— b from velocity
1.6r —#— b from wavelength H40.9
1.4r
10.8
<~ 1.2F 3
1.OF €= {0.7
w4 50 2 —
? 3 e S 2= « é
0sl 5 5 ﬂ?{ﬁ:. _)5[_]
=1 0=
., 6.9 12 15 18 21 ) 0.6
6 9 12 15 18 21
A (pJ/m)
2.0 0.85
(b)
10.80
1.5+
10.75
= 1.0r 3
E 10.70
£
0.5F § ;
g 10.65
. 0.06% . 5 15 . ;
0= 10 15 0-60

A

Fig. 5. (a) Dependence of b (left axis) and a (right axis) on the exchange
constant A. Solid squares and hollow squares are obtained from the speed
formula v = 2bvy and the wavelength 27xq /b, respectively. Inset: de-
pendence of the soliton speed (left axis) and wavelength (right axis) on
A. (b) Dependence of b (left axis) and a (right axis) on the anisotropy A.
Inset: dependence of the soliton m, amplitude on A.

We then discuss the influence of the stimulation condi-
tions on the soliton properties. Figure 6(a) shows how b (left
axis) and a (right axis) vary with the stimulation field strength
B. 1t is clear that a increases nearly linearly with the stimula-
tion strength, while b is relatively insensitive to B, exhibiting
only a slight decrease as B increases. The possible underlying
reason will be discussed later.

When the region width w is altered, b and the correspond-
ing wavelength 27xo/b depend on w, as shown in Fig. 6(b)
by the black solid squares. The parameter b decreases with
increasing region width, leading to an increase in the wave-
length. We also repeat the calculations for a finite separa-
tion d = 2 nm and for stimulation using only two regions with
d = 0. We find that for the same total width w+-d, a finite sep-
aration alters b only slightly (less than 10%). In contrast, the
two-region stimulation produces a smaller b, corresponding to
a longer wavelength and lower speed. The variation of a with
region width is shown in Fig. 6(c). Larger regions excite soli-
tons of greater amplitude. Furthermore, a finite gap slightly
reduces the soliton amplitude, whereas the two-region stimu-
lation generates significantly weaker solitons. This explains
why we adopt three-region stimulation as the representative
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example in this section.
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Fig. 6. (a) Dependence of b (left axis) and a (right axis) on the stimu-
lation field strength B. (b) and (c) Dependence of b (b) and a (c) on the
total stimulation width, including the region separation w+d. Black solid
squares, black hollow squares, and red dots represent 3-region stimulation
with d = 0, 3-region stimulation with d = 2 nm, and 2-region stimulation
with d = 0, respectively.

We next provide physical insights into the stimulation
process based on the numerical results. From the analytical
solution, we observe a traveling wave factor eilbx'—an(ab)'] , SO
that within the soliton range, m, and m; oscillate. The alter-
nating field pulses induce a locally oscillating magnetization
profile with a wavelength larger than 2w. Consequently, the
soliton wavelength is mainly determined by the width of the
stimulation region (Fig. 6(b)), and is relatively insensitive to
material parameters such as A and K, as confirmed numeri-
cally in Fig. 5. Because the field directions in adjacent regions
are opposite, a larger w helps release the strong exchange en-
ergy near the region boundaries, resulting in a higher soliton
amplitude. However, w should not be too small; if w is close
to the exchange length xp, it becomes difficult to effectively
tilt the magnetization. In addition, the soliton amplitude nat-
urally depends on both the stimulation strength and material
parameters A and K, consistent with the LLG equation.

For practical considerations, we perform further numeri-

cal tests under more realistic conditions. Replacing the square

field pulse of width 1 ps with a Gaussian pulse of full width
at half maximum 1 ps yields qualitatively similar results. We
also examine soliton generation in magnetic strips without ro-
tational symmetry around the x axis. For thin strips not much
wider than the exchange length xg, soliton pairs can still be
excited, although the analytical solution Eq. (3) is no longer
strictly valid. Note that additional excitations are inevitably
generated alongside the solitons. For example, in Figs. 4(b)
and 4(d), light red regions appear near the source, and in
Figs. 4(c) and 4(d), oscillations persist outside the soliton
range. These unwanted excitations dissipate into linear spin
waves and gradually spread out. For a given soliton ampli-
tude, two-region stimulation with stronger field or current can
significantly suppress such unwanted excitations.

We then consider asymmetric stimulation by allowing dif-
ferent magnetic field amplitudes in the two regions shown in
Fig. 7(a), where B; (B>) in the left (right) region points along
—y (+y). The material and stimulation parameters are fixed
at A =13 pJ/m, A =8, w =10 nm, d = 0, pulse duration
1 ps, and B, = 6 T. When B = B;, symmetric soliton pairs are
generated, as discussed previously. As B decreases, the soli-
ton pairs become asymmetric, and the speed of the leftward
soliton decreases. For By = B;/3 =2 T, only one prominent
soliton propagates rightward at a slower speed, accompanied
by minor excitations. Figure 7(d) shows the magnetization
profile at 1 ns, where symbols represent numerical data and
solid lines are fits using the analytical solution Eq. (3) with
a=0.6221 and b = 0.1596. Noticeably, more significant noise
is present compared to the symmetric stimulation in Fig. 4(c).
For B; =0, only one region is stimulated, resulting in no prop-

agating soliton, as illustrated in Fig. 7(c).

B; B,
| 1 | T |
a m, b
@) 1.0 I I 11.0 ( )1.0 1.0
B,=By/3
0.8 0.8 0.8 0.9
7 06 0.6 7 06 0.8
T 04 = 04 0.7
~ 0.4 0.4 ~ 0.4
. " 0.6
0.2 0.2 0.2
gBr=5 0 05
—1000—500 0 500 1000 —1000 =500 0 500 1000
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m.
(e) 1.0 1.0 (d) 1.0
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g
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Fig. 7. (a) Set-up of two-region stimulation and the corresponding density
plot of my for By = B, = 6 T. (b)—(c) Density plots of m, for (b) B =B>/3
and (c) B; = 0. (d) Magnetization profile at 1 ns for By = B, /3. Symbols
represent the numerical data, and solid lines are the fit using the analytical
solution Eq. (3).
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2.4. Discrete manipulation of domain wall by solitons

It is well known that linear spin waves can drive domain
wall propagation. 338591 For a uniaxial magnetic wire, the ro-
tational symmetry around the x direction ensures the conser-
vation of the x-component of angular momentum. Similar to

linear spin waves,>*!

solitons also carry a finite angular mo-
mentum. Consequently, a magnetic soliton passing through
a domain wall can drive the domain wall to move in the di-
rection opposite to soliton propagation. Due to the localized
nature of the soliton, the domain wall undergoes a finite dis-
placement AX after a single soliton passes through, as illus-
trated in Fig. 8(a) and in the animation in the supplementary
material. (0]

We consider a soliton described by Eq. (3) in a wire of
length L, and the m, profile of the domain wall is fpw(x —
Xpw ), where Xpy is the position of the domain wall center, de-
fined as Xpw = %ffﬁz Jfow (x
lar momentum conservation before and after the soliton passes

— Xpw)dx.[®!] From the angu-

through the domain wall, ffﬁz m,dx = constant, we assume
that the soliton and domain wall are sufficiently separated so
that the integrations can be treated independently

L2 L2
fow(x *Xl)dx*/ (1—yy)dx
—L/2 L)2
L2
Y . dx+/ (I—y)dx,  (10)
—L)2

where X| and X, are the domain wall positions before and after
soliton penetration. Therefore, the relation between the soliton
profile and the domain wall displacement AX = X, — X is

AX = /m 1 4a (11)
L2 Y dr l—|-1/2x0'

This process can occur repeatedly, leading to a discrete manip-
ulation of the domain wall. Figure 8(b) shows the simulation
result for periodically applied stimulation. The stimulation re-
gion extends from —500 nm to —470 nm with A = 13 pJ/m,
A =8 w=10nm, d =0, and B =4 T. Outside the range
—600 nm to 600 nm, the damping increases linearly from
0.0001 to 1 to absorb excitations and prevent reflections at the
boundaries. The stimulation is applied for 1 ps and then ceased
for 1 ns. A head-to-head domain wall and a tail-to-tail domain
wall are initially placed at x = 0 and x = 300 nm, respectively.
The main figure shows the density plot of m,. Soliton pairs are
generated periodically and propagate in both directions at con-
stant speed. After passing through each domain wall, the wall
shifts towards the stimulation source by a certain distance, re-
gardless of whether it is head-to-head or tail-to-tail. The inset
shows a close-up of the region indicated by the dashed frame
near the domain wall, emphasizing the displacement.

We then vary the stimulation strength B to generate soli-
tons of different amplitudes, and record the displacements AX

from the numerical results by locating m, = 0 after interpo-
lation. Comparison with the analytical formula Eq. (11) in
Fig. 8(c) shows good agreement.

The discrete manipulation of domain walls is highly use-
ful in device applications such as racetrack memory, ! where
precise control of domain wall positions is essential. Our
method provides natural discrete control of domain wall po-
sitions and does not require complicated pinning apparatuses,
as in continuous-source-driven domain wall motion. %%/ In ad-
dition, achieving a strong magnetic field of several Teslas or a
current of 10'3 A/m? for 1 ps is experimentally feasible.

t (ns)

—500 0 500

25F

2.0r

1.5

|[AX]| (nm)

1.0r

00 0.2 0.4 0.6 0.8 1.0

a

Fig. 8. (a) Schematic diagram of a soliton passing through a domain
wall. (b) Density plot of m, in the x— plane. Two domain walls are ini-
tially placed at the center and at x = 300 nm. Solitons are stimulated in
the region —500 to —470 nm with a period of 0.101 ns. Inset: close-up
view near the domain wall. (c) Comparison between the domain wall
shift obtained from numerical data (symbols) and the analytical formula
|AX| = 4axo/ (A + %) (solid line).

3. Discussion and summary

Topologically trivial magnetic solitons exhibit unique
properties distinct from well-studied topologically nontrivial
solitons and linear spin waves. Unlike linear spin waves,
which experience dispersion, topologically trivial solitons

propagate while maintaining their localized envelope. More-
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over, their precession frequency and ‘wavenumber’ are not
linked by a dispersion relation. In contrast to nontrivial soli-
tons, such as domain walls and skyrmions, whose structures
are nearly rigid, trivial solitons possess internally oscillatory
components, making the Thiele equation!®3! inapplicable.

To study the response of trivial solitons to external driv-
ing, we apply a longitudinal spin-polarized current to a soli-
ton, considering the adiabatic spin transfer torque!®*! 7 =
v;dm/dx, where v; = Pjug /(eMs) (up is the Bohr magneton,
Jj is the current density, e is the electron charge, and P is the
spin polarization). In the presence of this torque (with &t = 0),
the soliton velocity changes from 2bvg to 2bv +v;.[2! If the
current is turned on suddenly, the velocity changes abruptly,
indicating inertialess dynamics. In this sense, the soliton stud-
ied here can be considered massless. A typical result is pre-
sented in Appendix C.

One-dimensional solitons may be experimentally ob-
served in thin magnetic nanostrips. We have numerically ver-
ified that the results are qualitatively valid for strip widths up
to about 2xy (~10 nm for the parameters used). For mate-
rials with larger exchange strength, this width can be greater

52631 ITmaging of the soliton can be

and potentially fabricated.!
performed using techniques such as x-ray magnetic circular
dichroism!%®! or nitrogen-vacancy center magnetometry.[67-81
The precession frequency can also be measured indirectly. (]
The measured amplitude, speed, and frequency directly cor-
respond to a and b in our theoretical model, allowing experi-
mental verification.

In summary, the analytical solution of magnetic solitons,
obtained using the shape anisotropy approximation, neglect-
ing damping, and assuming small amplitude, agrees well with
numerical simulations of the full LLG equation for reason-
ably low damping and small amplitudes. When a soliton en-
ters another wire segment with different anisotropy, it exhibits
total refraction for weak anisotropy and total reflection for
strong anisotropy, with angular momentum and precession fre-
quency approximately conserved. Near a critical intermediate
anisotropy, soliton behavior becomes more complex, with co-
existence of reflection and refraction, and conversion into lin-
ear spin waves.

Pairs of magnetic solitons can be generated by magnetic
field or spin-polarized current pulses applied to at least two
successive regions with alternating directions. The opposing
directions create a locally oscillating magnetization profile re-
sembling the soliton profile, allowing solitons to propagate in
opposite directions. Three-region stimulation produces larger
amplitudes than two-region stimulation under otherwise iden-
tical conditions. Soliton properties can be tuned by adjust-
ing stimulation parameters. When a magnetic soliton passes
through a domain wall, it drives the wall to shift opposite to the
soliton propagation direction, regardless of whether the wall

is head-to-head or tail-to-tail. The displacement can be accu-
rately described by angular momentum conservation. These
findings enable discrete manipulation of domain walls and
provide a paradigm for magnetic soliton-based devices.

Appendix A: A soliton converting to a refracted
soliton and a reflected linear spin wave packet

Here we present a typical example in which a soliton
refracts as another soliton but reflects as a linear spin wave
packet. Figure Al shows the case with A =7, 4, = 5.5, and
an incident soliton with @ = 0.5 and b = 0.5. The density plot
of my in (a) and the snapshots at different times in (b) show
that the refracted portion remains a soliton, whereas the re-
flected portion exhibits clear dispersion, indicating it forms a
linear spin wave packet. The conversion of solitons into linear
spin waves is ubiquitous in the numerical studies presented in
Subsection 2.2. However, for relatively weak or strong A, val-
ues far from the critical point, the dissipation into linear spin
waves is negligible.

(a) 0.65 . m, (b)
| 1.00 1,00 || |
|
_0.60 : 0.98 0.98-
7 .
) | 8 1 R
=z | 096 & .96 |
0.55 !
’ 0.94 0.04F I
| |
0.50 1 0.92 gl =21 . 1.
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Fig. Al. (a) Density plot of m, in the x— plane near the interface for
M =7, A =5.5, with an incident soliton of a = 0.5 and b = 0.5. (b) Snap-
shots of m, showing the incident soliton (black line) and the profiles after
passing the interface (pink lines with varying brightness). Brighter lines
correspond to later times.

Appendix B: Reflection and refraction of a linear
spin wave in 1D

For a linear spin wave, the nonlinear term in Eq. (2) is
neglected. Thus, the reflection and refraction of a 1D spin
wave at an interface between regions of different anisotropy
are analogous to an electron encountering a step potential. The

dispersion relation of linear spin waves is
2Y a2
0=— (Ak"+K). Bl
Y (AK* +K) (B1)

S

We assume that the incident spin wave is coei(k""‘”), the

(—kx—at)

reflected wave is c¢jel , and the refracted wave is

Kx—of) " The continuity conditions (i.e., ¥ and o,y are

(65X i
continuous) then give co+c1 = ¢; and ke — kc1 = k'c;. Thus,

the amplitudes of the reflected and refracted spin waves are
K —k 2k

=——00, C2=—"700.
Ok 2= e

For the a = 0.3, b = 1 soliton discussed in Fig. 3, the precess-

c (B2)

ing frequency is @y = (YoMs)[A1 — (a> —b?)]. For a linear
spin wave with the same frequency, the incident wavevector k
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is 0.188x61. For A, =6, k' = 0.272x61, so the reflected am-
plitude ¢; = —0.183. This differs from the nearly invisible re-
flection observed in Fig. 3(a). Also, the threshold A, for total
reflection is A, > A; — (a> — b*) = 7.91 (k' becomes imagi-
nary), which also differs from the value 8.02 obtained for soli-
tons. This is evident from the data point at A, = 8 in Fig. 3(d),
where significant refraction is still observed. Since linear spin
waves are extended rather than localized, their reflection and
refraction cannot be visualized as density plots like in Fig. 3.

Appendix C: Dynamics of a soliton under adia-
batic spin transfer torque

Here, we use the same material parameters as those in
Fig. 2(b), and « is set to 0. We use an @ = 0.3, b = 1 soliton as
the initial state, and a fully polarized current of j = 10'3 A/m?
(vj = 674.0 m/s) is switched on at 0.5 ns. The position of
the soliton is shown in Fig. C1. The inset shows a close-up
around 0.5 ns, with the time step chosen to be less than 1 ps.
The sharp change in slope indicates that the soliton velocity
changes abruptly, without any gradual acceleration. Further
investigations into the driven dynamics of topologically trivial
solitons are warranted.
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Fig. C1. Motion of a soliton with @ = 0.3 and b = 1, driven by adiabatic
spin transfer torque turned on at 0.5 ns with & = 0. The solid line repre-
sents the numerical result, and the dashed line shows the prediction from
the analytical formula. Inset: close-up near 0.5 ns.
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