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Searching for low-power-consuming and highly efficient methods for well-controllable driving of skyrmion
motion is one of the most concerning issues for future spintronic applications, raising high concern with the
choice of magnetic media and driving scenario. In this work, we propose a scenario of spin-wave-driven
skyrmion motion in a ferrimagnetic (FiM) lattice with the net angular momentum &;. We investigate theoretically
the effect of both §, and the circular polarization of the spin wave on the skyrmion dynamics. It is revealed that
the momentum onto the skyrmion imposed by the excited spin wave can be partitioned into a ferromagnetic term
plus an antiferromagnetic term. The ratio of these two terms and consequently the Hall angle of skyrmion motion
can be formulated as the functions of §,, demonstrating the key role of §; as an effective control parameter for the
skyrmion motion. Moreover, the spin wave frequency and chirality dependent skyrmion motion are discussed,
predicting the frequency enhanced skyrmion Hall motion. This work thus represents an essential contribution to

understanding the skyrmion dynamics in a FiM lattice.

DOLI: 10.1103/PhysRevB.106.064424

I. INTRODUCTION

Magnetic skyrmions are particlelike spin textures which
are often observed in chiral magnets with Dzyaloshinskii-
Moriya interaction (DMI) due to the broken inversion
symmetry. Owing to the topologically protected property,
skyrmions are rather stable and nanoscale in size [1-5], pro-
viding them the possibility to be information carriers in future
spintronic devices. Recently, a number of theoretical and
experimental studies on skyrmion creation and annihilation
[6-10], dynamical manipulation [2,11-13], and fabrication of
skyrmion-based devices [14—17] have been reported. For driv-
ing the motion of the skyrmion, various technical scenarios are
proposed, including those utilizing electric current [12,18,19],
magnetic field [20-22], magnetic anisotropy gradient [23,24],
etc. While these scenarios show their respective advantages,
shortcomings are also a concern. For example, spin-polarized
electric current driving always generates Joule heat that is
unfavorable. The implementation of the magnetic anisotropy
gradient is somewhat limited due to the induced complexity
in device integration. The low-power-consuming and highly
efficient control scenario for skyrmion motion remains to be
one of the most essential issues for potential application of
skyrmion spintronics.

For ultralow power consumption, one promising choice
is utilization of the spin wave or so-called magnon [25-28]
that can drive skyrmion motion without Joule heating and
thus is highly preferred [15,29,30]. Moreover, unlike electric
current driving, the spin wave as a driving source is free
of physical transport of charges and thus is applicable in
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insulating systems, which is an unbeatable advantage. This
motivation has been explored for years and so far the skyrmion
motion driven by spin waves in both ferromagnetic (FM) and
antiferromagnetic (AFM) media has been investigated. In fer-
romagnets, by definition the spin wave is only right-circularly
polarized because of the broken time-reversal symmetry [31].
This property enables the motion of skyrmions toward the spin
wave source in the presence of a transverse motion (i.e., the
Hall motion), and the magnon-skyrmion interaction could be
viewed as an elastic scattering process where the skyrmion
behaves like a massless particle [32,33]. However, for anti-
ferromagnets, spin wave can be either left- or right-circularly
polarized [15,31,34], which provides the polarization degrees
of freedom including all linear and elliptical polarizations for
practical utilization. Indeed, earlier works revealed the depen-
dence of skyrmion motion on the spin-wave polarization in
antiferromagnets, and specifically the motion is guided toward
the left (right) transverse direction, as driven by the excited
right- (left-) handed spin waves. Besides the handedness de-
pendence, it was found that this Hall motion also depends on
the linear polarization of the spin wave, as unveiled in our
earlier work [35].

While the spin-wave-driven motion of skyrmions in FM
and AFM systems has been demonstrated, the as-raised tech-
nical issues are also discussed. The strong stray field and
relatively slow spin dynamics are disadvantages for a FM sys-
tem, while effective detection and controllability of an AFM
texture are still quite challenging in practice due to the zero
net magnetic moment although its high-speed spin dynamics
and negligible stray field are highly appreciated. Along this
line, a compromise is going to ferrimagnetic (FiM) systems
which are under intensive discussion for their preference in
future spintronic devices. A FiM lattice has a nonzero net
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moment even around the angular momentum compensation
temperature (7). While the spin dynamics comparable to an-
tiferromagnets can be reserved if the net angular momentum
3, is small, the net moment, generally weak in the vicinity of
Ta [36—41], can be used as a sensitive parameter to charac-
terize the magnetic state of a FiM system without inducing
a large stray field. It is also straightforward to argue that the
skyrmion motion and its dynamics in a FiM system would be
a generalized extension of the dynamics of skyrmion motions
in FM and AFM systems, given §; = 0 for an AFM system
and sufficiently large §; for a FM system.

Therefore, one may choose a proper and nonzero §; for
probing the magnetic state in a spin-wave-driven skyrmion
device made of a FiM system, and thus §; appears to be a
core control parameter for such device. For example, earlier
work demonstrated that the kinetic energy and inertial energy
of the Berry phase for a FiM system depends on the §; pa-
rameter, suggesting a possible modulation of spin dynamics
[37-40]. It should be mentioned that the §; parameter can be
easily adjusted by ion doping or temperature. By this strategy,
it is definitely worth exploring how this parameter is used
as an additional degree of freedom in controlling the spin-
wave-driven skyrmion motion. Given a series of emergent
phenomena/effects for such motion in FM and AFM systems
[41], our major concern comes to these phenomena in a FiM
system in response to the spin wave. This study thus not
only uncovers likely additional phenomena but also provides
a generalized scenario for skyrmion motion manipulation and
device control. For instance, skyrmion Hall motion which is
a highly concerned drawback for applications may be sup-
pressed in a FiM system if a suitable §; value is chosen.

In fact, skyrmion generation and its motion in FiM mate-
rials were observed recently [2,42—45], enhancing the priority
for exploring the spin-wave-driven skyrmion motion in a FiM
system. In this work, we study the skyrmion motion in a FiM
lattice under the stimulation of a circularly polarized spin
wave, using theoretical and numerical methods. Net angular
momentum §; used as the control parameter of the skyrmion
motion and the effect of circular polarization (left and right
circularly) of the spin wave on the skyrmion motion will be
discussed in detail. It is revealed that the motion momentum
onto a skyrmion, initiated by an excited spin wave, may be ra-
tionally partitioned into two separate terms. One is equivalent
to the term existing in a FM lattice and the other is similar to
the term existing in an AFM lattice, an expectable outcome.
Moreover, it is demonstrated that §; as the control parameter
determines the ratio of the two terms, which in turn controls
the skyrmion Hall motion behavior. The theoretical analysis
can be further evidenced by the numerical simulations based
on solving the two coupled Landau-Lifshitz-Gilbert (LLG)
equations, illustrating the dependence of the Hall angle on &;.
Finally, the skyrmion dynamics driven by mixed-chirality spin
waves is discussed.

II. THEORY FOR SKYRMION DYNAMICS DRIVEN BY
CIRCULARLY POLARIZED SPIN WAVES

In this section, we first present a full set of definitions on
magnetic structure for a FiM system where two sublattices are

usually assumed, and then derive the equations of motion for
a skyrmion.

In the continuum framework, the local spin densities are
denoted by s; = s1n; and s, = spny, where n; and n, are unit
vectors of each of the two FiM sublattices; s; = M;/y is the
magnitude of the spin density; M; is the magnetization; and
y; = giip/ i is the gyromagnetic ratio of sublattice i. For clar-
ity, both s; and s, are defined to be positive; s = (s; + 52)/2
is the spin density average of the two sublattices and thus the
net angle momentum §; = §;—53.

Furthermore, one may introduce the staggered vectors n =
(n;—ny)/2 and m = (n; + ny)/2 to deal with the dynamic
equations of ferrimagnets. With this set of definitions, one can
formulate the dynamic equation of the matter under study.

A. Lagrangian of FiM dynamics

Following earlier work, the FiM dynamic equations can
be written in terms of the Néel vector n, whose Lagrangian
density is given by [2,36,46,47]

L=1Lz—-U, (H

where Lp is the spin Berry phase and U is the free energy
density. The spin Berry phase, which governs the magnetic
dynamics, is given by [37]

Lg = ,a(n) - 0 + pn’/2, i = dn/dt, )

where p = §2 /a is the constant of inertia [48] with the homo-
geneous exchange constant a, a(n) is the vector potential for
the assumed magnetic monopole satisfying V, x a(n) =n
[12,32]. The first term represents the spin Berry phase as-
sociated with §;, and the second term represents the dynamic
inertia of n. The two terms reflect the ferromagnetic and an-
tiferromagnetic natures of the system, respectively, consistent
with the LLG equation.

The free energy density U including the exchange inter-
action, interfacial Dzyaloshinskii-Moriya interaction (DMI),
and uniaxial anisotropy energy, is defined as

U ZA(VH)Z_KHE‘FD[“ZV 'n_(n'V)nZ]v (3)

where A, K, and D are the approached exchange, anisotropy,
and interfacial DMI coefficients, respectively.

In the preceding, one considers the excitation of spin waves
in such a FiM system. Usually, this excitation is described by
the Néel vector n that can be divided into two parts [15,26]: (1)
the slowly moving texture ny and (2) the fast evolving spin-
wave excitation component n’; they are called, respectively,
the static and dynamic components, and are more conve-
niently described when local coordinate &, , is included
[32]. Namely, np = & and n’ = ng& + n,€,. A complex ex-
pression of this staggered vector reads v (r,t) = ng + in,.
Consequently, the spin Berry phase term Lg of the Lagrangian
density L and the free energy density U in Eq. (1) are rewritten
as

Ly = 8,(al — ¢a?) + p[(1 — 2¢)i;

+i(W oy — Y v)a) + d o y]/2,
U =up+j- e — 2pu +AVY VY /2 — Ko,  (4)

064424-2



SPIN-WAVE-DRIVEN SKYRMION DYNAMICS IN ...

PHYSICAL REVIEW B 106, 064424 (2022)

where j = iA(Y*V - Vir*)/2 is the flux of spin waves and
¢ = Y™ /2 is the local intensity of spin waves; ug = u(ng)
is the local texture energy associated with the moving tex-
ture ng as the background; ay,, = ag + ap is the total vector
potential, including the inhomogeneous magnetization and
DMI with a? = c0s60;¢y being the i component of ay, and
ap = — (D/A)ng [40]; a? is the scalar potential associated
with the dynamics of spin texture [32,38].

B. Collective coordinate theory

Given the FiM dynamic equations, now one can focus
on the skyrmion formation and its motion, as driven by a
spin wave. Since the issue to be discussed is on the moving
objects, and both skyrmion and spin wave can be treated
as rigid texture and quasiparticles moving in the lattice, one
needs to construct the collective coordinates for the issue to
be discussed.

Generally, a skyrmion can be expressed in the collective
coordinates my(¢) = mo[{X,,(¢)}]. For the spin wave, the col-
lective coordinates () = Y [{x;(¢)}] are usually employed,
as done in wave packet theory [32,46]. Here subscript indices
(u, v) and (i, j) correspond to the two-dimensional real-space
vectors for skyrmion and spin wave packets collective coordi-
nates, respectively. The whole Lagrangian L, here specifically
denoted as L;, can be now represented in terms of {X,,(¢)} and

{x:(0)}:

Lz = 53A2(¢)XM + P[MWXZ - 4isw32XM + pswwz]/z
— Un(®) — oo (Quea™™'%; — QLiik;/4A), )

where pow = [ @dV is the total intensity of the spin waves;
M* = (1-2¢) [[9,n - 9,my]dV is the effective mass of
the skyrmion; AY (¢) = [(1-¢)a)dV ~ A%\—pq,a),(x) is the
vector potential for coordinate X, with az =a(ng) - 9,Nno;
Uo(p) = [(1-2¢)updV =~ Up—2psnup(x) denoting the total
texture energy with AO v and Uy being the vector potential
and energy of the spin texture (no spin wave component),
respectively; and X is the velocity vector of spin wave packet.
Q1 = +(2pw-3;), where 2, (€2_) corresponds to the right-
(left-) handed spin wave. It is worth noting that the dynamics
of FiM magnons satisfies the Klein-Gordon equation [40], and
its energy has a squared-frequency term ~w?.

Given the Lagrangian formulation, one needs to consider
the resistance to the motion of objects; i.e., the friction force
against the motion which should be proportional linearly to
the motion velocity, described as the Rayleigh term R for the
dissipation in the collective coordinates:

R =s-allwX, X, + 2p0mkxi1/2,
L =(0-— 2¢)/ (0,mp - 0yng)dV,
k = [Qpw — 8)* — 87 — 4pK]/4Ap, (6)
where o = (sj01 + $202)/8, s = (51 + $2)/2.

Subsequently, the motion equations of the skyrmion and
spin wave packet in the collective coordinates using the

Euler-Lagrangian rule are expressed as

motion equation for skyrmion :
PMWX, = ES + (8 — 200 P51 )BSWX\,

-5 arquv — Psw Qibuixi’ (73)

motion equation for spin wave packet :
Qimsw).é[ = 26,’ — Qibinj - 2SC¥ICX,‘ + Qibﬂixﬂ,
(7b)

where Eg =-0,Up; e; = —0iup; B?w = BﬂAS(qﬁ)—avAg(q‘)),
bui = d,a;—-0ia,, and b;; = d;a;—d;a; are the effective elec-
tromagnetic fields; my, = 1/2A* is the normalized effective
mass of the wave packet.

Here, it is noted that the two equations are intercorrelated
because Eq. (7a) contains a term with the collective coordi-
nates x;(¢) of the spin wave and Eq. (7b) contains a term with
the collective coordinates X, (¢) of the skyrmion. Particularly,
the first and second terms in the right side of Eq. (7a) are as-
sociated with the effective electric and magnetic forces acting
on the skyrmion respectively, the third term is the drag force,
and the last term is the acting force imposed by the excited
spin wave. Similarly, the motion of a single spin wave packet
is also equivalent to the classical motion of a massive particle,
which is determined by the effective forces acting on the wave
packet expressed in the right side of Eq. (7b).

Certainly, it would be very useful if one could obtain a
set of rigorous solutions to Eq. (7) in terms of the motions
of both skyrmion and spin wave packet. However, such a set
of solutions seems to be challenging if not impossible, and
therefore we may discuss a relatively simplified version of
the motion behaviors. One case is to neglect the dissipative
components which would be quite weak if the system under
investigation can be optimized.

Given this assumption, one can update Eq. (7) for a simpli-
fied description of the motions of skyrmion and wave packets
in the vector version, by setting the damping factor o = 0,
yielding

IOMX = _(prpxw - 8S)B0 X X - pstib X ).(» (83)
Qimg,X = —bx%x+bxX, (8b)

where B and b are the equivalent fields acting on the
skyrmion and spin wave packet, respectively. X and X are
the velocity and acceleration of the skyrmion, respectively,
and X is the acceleration of thespin wave packet. Equation
(8) represents a simplified version of Eq. (7) and the physics
associated with the motions of skyrmion and spin wave packet
can be seen more clearly from Eq. (8).

Subsequently, we present some qualitative discussion on
these motions and the details of theoretical analysis will
be presented in Sec. III. As stated above, the motions of
skyrmion and spin wave packet are intercorrelated. The spin-
wave-driven motion of the skyrmion can be discussed from
two aspects. One is to check the scattering of the spin wave
packet from the skyrmion, and of course such scattering can
be viewed as the counter-resistance of the moving skyrmion
against the spin wave as the driving force. The other case is
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to check the skyrmion momentum imposed by the spin wave.
Discussing the two aspects separately allows us to understand
the whole landscape of dynamics of the spin-wave-driven
skyrmion motion.

C. Scattering of spin wave packet

Without losing generality, the scattering of the spin wave
packet in the present problem can be discussed by assuming
the approximately stationary skyrmion, as seen from Eq. (8b),
given the much quicker motion of the spin wave packet than
the skyrmion. The first term in the right side of Eq. (8b) is
the effective Lorentz force acting on the spin wave packet,
imposed by the skyrmion, which induces the transverse mo-
tion of the packet. This is the dominant term of the spin wave
scattering. Moreover, by the definition Q1 = £(2pw—4;), one
sees that €2 has the same sign as the wave frequency w, noting
that term 2 pw gives the main contribution. In other words, due
to |8s] <K 2pw, the magnitude of 2 may change linearly with
d5, but the sign of €2 is determined by the handedness of the
spin wave; i.e., positive €2 (negative €2_) is obtained for the
right- (left-) handed spin wave.

As a result, unless the net angular momentum dJ, is ex-
tremely large in magnitude, corresponding to the case of the
FM system, the spin wave scattering by the skyrmion in a
FiM system would hardly be affected by §,. The scattering
would likely be similar to the case in an AFM system, as
reported in recent works in the literature [15]. However, the
skyrmion momentum imposed by the spin wave in a FiM
system is rather different from those in FM and AFM systems,
as revealed in the following section.

D. Skyrmion momentum

It is well known that for spin-wave-driven skyrmion mo-
tion in FM and AFM systems, the skyrmion motion is much
slower than the propagation of the spin wave packet. This fact
applies to the present FiM system, and thus we first discuss
the momentum onto the skyrmion imposed by the spin wave
packet. Given the spin Berry phase term Lp defined in Eq. (5),
one may start from Eq. (7a) or (8a), to calculate the skyrmion
momentum P, that is the derivative of Lg with respect to
the collective velocity defined by the collective coordinate X,
[33]:

P, = 3Lp/0X, = 8,A), + pM"'X,,. )

The two terms constituting momentum P, are similar to
those derived for the FM lattice and the AFM lattice, which
are referred to as the FM term and the AFM term, respectively.
Notably, the skyrmion momentum in a FiM system depends
on §; and this dependence does not exist in the FM or AFM
system. Obviously, the first term is linearly related to §; and
symmetric about the X axis, due to the mirror symmetry [15].
In the second term, parameter p monotonously decreases with
3,; thus this second term is a decreasing function of &;.

Consequently, the §; parameter can be used as an effective
control of the relative weight of the two momentum terms (i.e.,
their ratio), and eventually it becomes a critical parameter
to determine the skyrmion dynamics. For the two limitations
8; — oo and §; = 0, skyrmion dynamics should be similar to

those in the FM system and the AFM one, respectively. Impor-
tantly, the skyrmion Hall angle can be modulated via tuning
85, which is very essential for future applications because
the issue of Hall motion has been an issue of high concern
and is detrimental for successful applications. Details of these
behaviors will be presented below by theoretical analysis and
LLG simulations.

III. NUMERICAL ANALYSIS

The theoretical treatment presented above unveils quite a
few of the major characteristics of the skyrmion motion as
driven by a spin wave of circular polarization (right- or left-
handedness). In order to check these predictions, and more
importantly in order to apply this theory to a realistic system,
one needs to comprehend our understanding of this theory by
comparing the theoretical analysis with the numerical simula-
tions based on the standard Heisenberg spin model using the
LLG equation. The consistency of the proposed theory with
the simulation results would be the criterion for the validity of
the dynamic theory.

A. Theoretical analysis

Based on Eq. (8), one notes that the motion of the spin
wave packet in connection with the skyrmion is similar to
the motion of a classical particle under an effective magnetic
field. However, the solutions to Eq. (8) are still challenging
to obtain, and we turn to the numerical calculations using the
fourth-order Runge-Kutta methods with a time step of 1073 s.
The theoretical analysis is performed on a 400 nm x 400 nm
system, in which the spin wave is excited at the left boundary
and moves toward the skyrmion locating in the center of the
system. As discussed previously, the skyrmion is pinned at
this stage, considering the fact that the spin wave travels much
faster than the skyrmion.

The velocity of the spin wave can be calculated from the
spin wave dispersion. Following the earlier work [29,39,49],
we obtain the spin wave dispersion,

s = [£8,+ /82 +4pAR + K)] 20, (10)

where w4 (w_) corresponds to the right- (left-) handed spin
wave and k is the wave vector of the spin wave. Then, the
speed of the spin wave, vy, is obtained from vy, = dwy/0k.
One notes that the dispersion behavior of spin waves can
hardly be affected by DMI as revealed in the earlier works
[39], which is attributed to the fact that DMI is negligible
for the FiM domain with perpendicular magnetization. Sub-
sequently, the scattering of the spin wave packet is calculated
numerically by solving Eq. (8). Without a loss of general-
ity, we set the skyrmion topological number Q = —1; the
skyrmion size to be 20 nm which corresponds to the case
of A=15pJ/m, D = 1.2mJ/m?, and K = 85kJ/m?; and the
spin wave frequency to be @ = 300 GHz. These parameters
are comparable with those as discussed in the literature on
compound GdFeCo [7,38].
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TABLE 1. Parameters used in the numerical simulations.

Index 1 2 3 5 6 7 8 9

M, (kA/m) 1120 1115 1110 1105 1100 1095 1090 1085 1080
M, (kA/m) 1040 1030 1020 1010 1000 990 980 970 960
8,(x 1077 Js/m?) -1.24 -0.93 -0.62 -0.31 0 0.31 0.62 0.93 1.24

B. Model-based simulations

We check and solidify our conclusion by micromagnetic
simulations. For the present case, the model Hamiltonian on a
generalized spin lattice may be given by

H ZJZSi “Sit1 +D*Z(uij X 2)- (8 X Six1)
i i
+K* Z(s,- - 2)%, (11)

with the exchange coupling J = Ad /4 with the lattice constant
d, the interfacial DMI magnitude D* = Dd? /8, the unit vector
u;; connecting the nearest neighbors, and the anisotropy con-
stant K* = Kd?d, /2 with the thickness d, [44]. The coupling
parameters are the same as those in the theoretical analysis.
The dynamics of the skyrmion and spin wave packet is inves-
tigated by solving the LLG equation,

8S,’ 85,-
o = Vs Hefr i + ajsi x TR (12)

where Hegr ; = Mi‘l 0H /0s is the effective field with the mag-
netic moment M; at site i, the gyromagnetic ratio y; = giupg/h
with the g factors [50] g; = 2.2 and g, = 2, and the damping
constants are set to be a; = oy = 0.004.

For practical simulations based on the LLG equation,
we start from a discrete lattice with the size of 400 nm
x 400 nm x 7 nm and cell size of 2 nm x 2 nm x 7
nm, and set the time step to 107'%s. The used magnetic
moments M; for nine different cases are shown in Table I
[38], and they correspond to nine different §,. Here, the spin
waves are excited by applying the AC magnetic field in the
region of 70nm < x < 80nm and 0 <y < 400 nm, which
propagate along the x direction. Specifically, we generate
right-/left-handed spin waves by applying an AC magnetic
field hg /by = hlcos(wpt)e, % sin(wpt)e,] with amplitude &
and the frequency w;, = 300 GHz [51]. The absorbing bound-
ary conditions are used to eliminate the reflection of the spin
waves at the boundary.

C. Comparison between the theoretical and simulated results

Subsequently, we check the consistency of the theoretical
analysis based on Eq. (8) with the LLG simulations via the
comparison between the numerical and simulated spin wave
scattering. One notes that the driving force for skyrmion mo-
tion from the spin wave originates from the skyrmion—spin
wave interaction, and it is intrinsic from the scattering of
the spin wave by the moving skyrmion. This scattering acts
reversely on the skyrmion, driving its motion. Therefore, it
is necessary to formulate the scattering process and then to
discuss the underlying physics.

The Eq. (8) based numerically calculated trajectories of
the spin wave packet with right-handedness for various §; are
shown in Fig. 1(a). It is clearly shown that the right-handed
spin wave packet is scattered by the skyrmion toward the
negative y direction. With the increase of §;, the effective
field of the skyrmion increases, which slightly enhances the
scattering of the spin wave packet. Oppositely, the left-handed
spin wave packet is deflected toward the positive y direction,
as clearly shown in Fig. 1(b) where the scattering of the spin
wave packet with left-handedness is presented. Thus, the theo-
retical results demonstrate that the scattering of the spin wave
is determined by the wave handedness and hardly affect by §;,
consistent with the above analysis. This property is also con-
firmed in our micromagnetic simulations. Figure 2 presents
the Bragg intensity from Fourier transformation of the spa-
tiotemporal oscillation of simulated n,, which describes the
spin wave intensity. For the right-handed spin wave, consid-
erable Bragg intensity is observed in the vector region with
negative k, as depicted with red circles in Figs. 2(a)-2(c),
confirming that the spin waves are scattered toward the neg-
ative y direction by the skyrmion. On the other hand, the
left-handed spin waves are deflected toward the positive y
direction, resulting in the considerable Bragg intensity in the
positive k, region, as shown in Figs. 2(d)-2(f). Undoubtedly,
the simulations are well consistent with the theoretical analy-
sis, confirming the validity of the theoretical analysis above.

While the §; parameter only weakly affects the spin wave
scattering, its effect on the spin wave intensity is relatively
remarkable and depends on the spin wave handedness, as
shown in Fig. 2. It is clearly shown that for the right-handed

r(a) 3, (x107J s/m®)
250 | P 124
I , .
200 ' \ 0
I N 124
~ 150 o
E |
\5 b). 1 . 1 . 1 .
> 250 —( B
, - ~
200 - |
\ !
150 F o
0 100 200 300 400
X (nm)

FIG. 1. Skew scattering of (a) right-handed and (b) left-handed
spin wave packet across the skyrmion (dashed circle).
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Right-handed

Left-handed

ky(nm™1)

ky(nm™1)

0=+124

s %10
2

ky(nm™")

ky(nm™')

k,(nm™1)

FIG. 2. Spatial fast Fourier transition spectrum for w, = 300 GHz for various 8, in units of 10”7 J's/m? driven by right-handed spin waves
(a—c) and by left-handed spin waves (d—f). Here, the fast Fourier transition analysis is implemented over the whole plane.

spin waves, the wave magnitude increases with increasing J;.
This effect is attributed to the resonant frequency of the spin
wave in FiM systems, which reads

S = [\/ (a+ K)*82 + (8aK + 4K?)s;s55 & 8,(a + K)| /25152
(13)

Obviously, as the frequency of excitation field w; gets
close to the resonant frequency, a high-intensity spin wave is
excited. Here, ¢ is estimated to be ~63 GHz and further
increases with increasing &, resulting in the enhancement of
spin wave intensity. Reversely, for the left-handed spin wave,
° decreases and gets far away from wj, with the increase of
ds, resulting in the suppression of the spin wave intensity, as
shown in Figs. 2(d)-2(f).

As a matter of fact, the scattering of spin waves by
skyrmions in FM [33] and AFM [15] systems has been
discussed in earlier works. In these systems, the scattering
direction or scattering cross section determines the momen-
tum transfer from the spin wave to the skyrmion, which in
turn modulates the skyrmion motion, similar to the course of
two-particle elastic collision. However, in a FiM system, the
case becomes more complex because the relative weight of the
two skyrmion momentum terms (i.e., their ratio) significantly
depends on &, as revealed in Sec. IID. Thus, it is reason-
ably expected that §; is a critical parameter to determine the
skyrmion dynamics including Hall motion, although it hardly
affects the scattering of the injected spin wave.

D. Effect of é; on skyrmion Hall motion

The consistency of the micromagnetic simulations with the
theoretical analysis allows one to clearly uncover the effect
of §; on the skyrmion dynamics using simulations, noting
that a rigorous derivation of the skyrmion velocity is quite
challenging.

As predicted in Sec. IID, §; can effectively modulate the
ratio between the FM momentum term and the AFM term,
which in turn tunes the skyrmion Hall motion. This prediction
is verified in our micromagnetic simulations, and interesting
dynamic behaviors of the skyrmion are revealed. Figure 3(a)
presents the trajectory of the skyrmion for various §; driven
by the right-handed spin waves excited by magnetic field
with 2~ = 600 mT. One notes that the FM momentum term is
completely suppressed for §; = 0, and the skyrmion dynamics
in ferrimagnets are controlled by the AFM term. Thus, strong
Hall motion is observed at §; = 0, the same as in the AFM
system [15], due to the fact that the dynamics of a magnetic
texture mainly depends on the net angular momentum. In this
case, the FiM skyrmion propagates away from the spin wave
source with a strong transverse motion along the +y direction
[black squares in Fig. 3(a)].

Furthermore, we quantitatively calculated the Hall angle
based on Eq. 8(a) through analyzing the interaction of all
wave packets in real space with a skyrmion using the fourth-
order Runge-Kutta method. Figure 4(a) gives the theoretical

(a) o6, (x107s/m’) | |(b) v 0=-1
300p L, to31 & 8, (<1071 s/m’) 1
20.620°7° £0 ;
= M P e 4
g A s o /,’,
EP0 o % ot
Woios o & 0 e 124, S
O = —1 %08 e 993 o
200 W-l.m AR
x0=+1 053 0.6 o
150 200 250 150 200 250
X (nm) X (nm)

FIG. 3. The trajectory of a skyrmion driven by (a) the right-
handed spin waves, and (b) the left-handed spin waves for
various J;.
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FIG. 4. The simulated Hall angle (a) as a function of §; driven by the right-handed and left-handed spin waves for w;, = 300 GHz, where
the lines and symbols indicate the analytical and simulated results, and (b) as a function of w, driven by the right-handed spin waves for

various &;.

and LLG simulated results, which exhibit a §; regime in
which the theory coincides well with simulations. In detail,
for the right- (left-) handed wave mode, the theory works well
for 8, > —0.2Js/m> (8, < 0.2Js/m?). With the increase
of positive &, the FM term enhances significantly with the
suppression of the AFM term. Moreover, the two terms con-
tribute to the transverse motion along the +y direction, while
they compete with each other in relation to the longitudinal
motion. As a result, the Hall angle increases gradually, and
the skyrmion moves toward the spin wave source for §; >
0.3(x1077J s/m3 ). When §; increases to ~1.24 where the FM
term dominates, the skyrmion dynamics approaches that of
the ferromagnetic skyrmion with topological number Q = -1
(depicted by the blue dashed arrow). However, there exists
a §; regime in which the theory does not work [gray region
in Fig. 4(a)]. In this §, regime, the energy of the wave mode
is rather high, and the theory is not suitable to analyze the
high-energy wave mode.

From the symmetry of the two-sublattice system, opposite
Hall angles are expected for two FiM skyrmions with opposite
8s driven by the left-handed and right-handed spin waves,
respectively, which has been confirmed in our simulations. In
Fig. 3(b), we present the skyrmion trajectory for various &
driven by the left-handed spin waves excited by magnetic field
with iz = 1200 mT. It is clearly shown that the trajectories of
two skyrmions with opposite §; driven by the right-handed
and left-handed spin waves, respectively [§; = 0.62, for ex-
ample, blue empty triangles in Fig. 3(a) and solid triangles in
Fig. 3(b)], are symmetric around the x axis, demonstrating the
opposite Hall angles for the two cases as shown in Fig. 4(a).
It is clearly shown that the dependence of the Hall angle on
|8s| driven by the left-handed spin waves is similar to the
right-handed spin-wave-driven one.

So far, we have demonstrated theoretically and numerically
that skyrmion Hall motion in a ferrimagnet highly depends on
8, via tuning the ratio between two momentum terms acting
on the skyrmion, allowing one to select suitable materials to
better control the skyrmion motion. Furthermore, it is worth

noting that the amplitude of the spin wave is also related to §,
while it hardly affects the skyrmion Hall angle.

Next, we check the effect of spin wave frequency w;, on
the skyrmion Hall motion. As a matter of fact, earlier work
has reported that in ferromagnets and antiferromagnets, the
increase of spin wave frequency at low wave number enhances
the wave group velocity [15]. Thus, the effective Lorentz
force is also increased, resulting in an enhanced skyrmion
Hall motion. This property is also available in ferrimagnets.
In Fig. 4(b), we present the simulated Hall angle as a function
of w,, for various &, at the wave number ~ 0.2 nm™!, which
clearly demonstrates the slight increase of the angle with the
increasing wj, regardless of the §; value.

E. Skyrmion driven by mixed-chirality spin waves

Finally, we investigate the interaction between a skyrmion
and mixed-chirality spin waves which is likely more acces-
sible in experiments. Here, the spin waves are composed of
left-handed waves with a density pp and right-handed waves
with a density pR.

In Fig. 5, we present the Bragg intensity from Fourier
transformation of simulated n, for three cases (I, p. > pr;
II, o = pr; and II1, o, < pr at §; = 0). The left- and right-
handed wave bands are scattered toward the positive and neg-
ative y directions, and the densities of the scattered waves are
mainly determined by pp and pg, respectively. For example,
for p, = pr with an equal superposition of the left- and right-
handed bands, the densities of the scattered waves are almost
the same, as shown in Fig. 5(b). As a result, skyrmion Hall
motion does not occur. Moreover, the scattered wave channels
are asymmetric for pp, # pr [Figs. 5(a) and 5(c)], which in-
duces a net transverse force and results in the skyrmion Hall
motion even at §; = 0, as shown in Fig. 6 where the simulated
Hall angle as a function of §; for three cases is given.

Interestingly, the net angular momentum &, does efficiently
modulate the skyrmion dynamics. For case II as an example,
skyrmion Hall motion is induced and enhanced with increas-
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FIG. 5. Spatial fast Fourier transition spectrum for §, = 0 driven by mixed-chirality spin waves for three cases, (a) pr, > pr (hg = 977 mT,
hy, =523 mT), (b) oo = pr (hg = 942 mT, by = 558 mT), and (¢) p. < pr (hr = 900 mT, i = 600 mT). The yellow (red) squares show the

scattering of the left-handed (right-handed) spin waves.

ing |8|, as shown in Fig. 6 (red circles). On one hand, &
affects the FiM resonant frequency, which in turn tunes the
spin wave density. Specifically, right-handed spin waves can
be excited more easily than left-handed waves for a positive
85, while a negative §; tends to excite left-handed spin waves
more easily, resulting in the mirror symmetry breaking of
the scattered spin wave channels. On the other hand, §; also
alters the skyrmion momentum and modulates the skyrmion
dynamics, as discussed in Sec I D. Thus, both the spin wave
excitation and momentum transfer are related to &, resulting
in the enhancement of the Hall motion as |§,| increases. More-
over, for cases I and III, the Hall motion could be suppressed
for a particular §; (empty triangle and square in Fig. 6) at
which the scattered wave channels are symmetric. To some
extent, this effect could be used to eliminate skyrmion Hall
motion through tuning &;.

F. Connection with experiments

It is noted that wave packet theory is no longer valid if
the size of the wave packet at low frequency is larger than
the skyrmion size [15]. Moreover, the linear spin wave theory
which is based on the perturbation theory may not work well
for spin waves with a large amplitude. Thus, in this work, we
are mainly concerned with the waves with high frequency and
low amplitude to obtain reasonable results and a conclusion.

0.6 - —=— Case I
I —e— Case II
0.3 }—2—Caselll

Hall angle ()
[
S

0-0.50.0 05 1.0
3, (%107 Js/m?)

1

-1

FIG. 6. The simulated Hall angle as a function of §; driven by the
mixed-chirality spin waves for three cases.

Actually, one may estimate the speed of the skyrmion to
provide more guidance for experiments, noting that the pa-
rameters considered in this work are comparable with those
in GdFeCo. Specifically, a speed of ~320 m/s is obtained for
8s = 0.31 (1077 Js/m?), comparable with that driven by an
electric current [12]. Thus, the spin wave is revealed to be an
efficient stimulus in driving skyrmions in ferrimagnets, which
will be highly preferred in future low-power-consuming de-
vice design.

More importantly, §; has been proven to be a core control
parameter in modulating the skyrmion Hall motion, allowing
one to better control the skyrmion dynamics through tuning
the 8, value in ferrimagnets [52]. For example, suitable &
can be adjusted by ion doping to suppress the skyrmion Hall
motion, which is of great importance for future applications
considering the detrimental effect of Hall motion on data
propagation. Of course, the prediction of spin-wave-driven
skyrmion dynamics in a ferrimagnet given in the work de-
serves to be checked in further experiments.

IV. CONCLUSION

In conclusion, we have studied theoretically and numer-
ically the skyrmion dynamics in ferrimagnets driven by
circularly polarized spin waves. The spin wave scattering
highly depends on its chirality, and the scattering direction is
hardly affected by the net angle momentum §;. Interestingly,
8 determines the ratio between the two spin wave induced
momentum terms acting on the skyrmion, which in turn sig-
nificantly affects the skyrmion Hall motion. The dependence
of the Hall angle on & and spin wave frequency is unveiled by
numerical simulations, which demonstrate antiferromagnetic
dynamics at §; = 0 and ferromagneticlike dynamics for large
ds. More importantly, the gradual transition in Hall angle on
8 allows one to select suitable materials to better control
the skyrmion motion, which is very meaningful for future
spintronic applications.
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