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In this paper, dynamics of a magnetic skyrmion induced by linear and circular surface acoustic waves in
antiferromagnetic (AFM) systems are determined. The skyrmion is considered as a rigid disk with a repulsive
constant potential that scatters the surface waves. By insertion of skyrmion profile inside the AFM Lagrangian,
the equation of motion could be inferred. Conservation of linear and angular momenta results in a force and
torque applied to the skyrmion by surface waves. The force and torque are calculated by using the scattering
concept in the Born approximation for both linear and circular polarization. By equating the time derivative
of these momenta with force and torque emerged from the Born approximation, the skyrmion dynamic is
determined as a coupled nonlinear differential equation. The motion of skyrmion has no Hall effect in linear
waves, confirming the physics of AFM skyrmion dynamics with no Magnus force. The skyrmion shows a ratchet
motion in circular waves. This dynamic emerges because circular waves can produce a small amount of torque
on spin texture. The velocity is inversely proportional to the Gilbert damping, as expected for AFM systems. We
found meaningful consistency between our theoretical findings and atomistic simulation. Besides, we observe
that the velocity goes up with skyrmion radius. Our findings uncover a nonlinear dynamics for skyrmions in

AFM systems that can be originated by coupling to acoustic waves for future studies.

DOLI: 10.1103/PhysRevB.107.144421

I. INTRODUCTION

One of the attractive subfields of magnetism is the anti-
ferromagnetic (AFM) spintronics. AFMs’ robustness against
external magnetic-field perturbations, terahertz dynamics, ab-
sence of stray field, and low-power data transmission make
them suitable materials for spintronic applications [1-8]. The
first observation of AFMs comes back to the 1930s and
lack of net magnetization made it difficult for applications in
the past [9,10]. However, some theoretical and experimental
works in controlling AFM spin textures such as domain walls
(DWs) [11-14] brought them to the attention of scientists.
One of their most important effects which provides exotic
spin texture in AFMs is the Dzyaloshinskii-Moriya interac-
tion (DMI) [15,16]. This is a peculiar symmetry breaking
interaction arising from relativistic origin. It emerges from
spin-orbit coupling in the bulk of noncentrosymmetric crystals
such as metallic alloys with B20 structures [17-20] and in the
surface of thin magnetic layers [21-23]. Unlike the exchange
interaction, in which spins tend to be parallel, DMI forces the
spins to configure in perpendicular direction. The competition
between them along with anisotropy leads to formation of
novel spin textures.
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Skyrmions, being a topologically protected soliton, could
be stabilized as a nanosize whirling spin texture in noncen-
trosymmetric magnetic materials [24-26]. The core reason
for stabilization at the nanoscale is the inhomogeneous DMI
in inversion asymmetric magnetic materials [27-33]. Isolated
skyrmion creation and dynamics have been reported as a
metastable state in both FM and AFM systems [34-39]. They
are appropriate candidates for transmitting, encoding, and
processing data in spintronic devices [40—42].

Skyrmions may be displaced by external perturbations
such as electrical current [40,43—-45], spin current [46-49],
temperature gradient (incoherent magnons) [39,50,51], mag-
netic field, and anisotropy gradients [52,53].

Another external stimulus which can drive spin textures
such as DWs [54-56] is surface acoustic waves (SAWs).
Although skyrmion motion by SAWs has been studied by
Nepal et al. [57] in FM systems, its dynamics has not been
hitherto investigated in AFM insulators. Generally, skyrmion
dynamics is explored as a particle-like rigid body by the
Landau-Lifshitz-Gilbert (LLG) equation and, sequentially, by
multiplying the appropriate term, turns it into collective co-
ordinate, introduced by Thiele [58]. Although this method
has its own advantages, it has some weaknesses that must
be taken into account when applying it to real-world systems
[59]. Since the Thiele approach satisfies the linear motion of
the magnetic solitons, the higher-order terms are neglected.
To study the nonlinear behavior of a magnetic soliton a new
method is required.

©2023 American Physical Society
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Here we formulate the skyrmion motion by scattering
approach without using the LLG equation. Therefore, our
method can be generalized to other solitons with a determined
magnetic profile. In this paper we analytically explore the
magnetization dynamics of an insulator AFM skyrmion under
monochromatic linear and circular surface waves. Then, we
verify our findings with numeric calculations based on the
simulation of AFM skyrmion motion in a two-sublattice LLG
equation.

The rest of this paper is organized as follows: In Sec. II
we start from the AFM free energy and pertaining Lagrangian
to obtain the skyrmion equation of motion (EOM). In Sec. III
the total force and torque which is needed to solve the EOM
is extracted from effective phonon Lagrangian in linear and
circular wave polarization. In this section we demonstrate
the conformation of numerical results with theoretical predic-
tions. Finally, we present the paper’s outcomes and results in
Sec. IV and propose ideas for future works.

II. THEORY AND MODEL:
ANTIFERROMAGNETIC SYSTEMS

The effective thermodynamic free energy for a two-
dimensional square lattice antiferromagnetic system may be
considered as

UIS.S;1= ) Ji;Si-S; —
(i J) (i,j

—K) (S —-) H-S, e

where S, ; is the spin magnetic moment at sites i, j. The
terms are the Heisenberg exchange interaction with J > 0 for
nearest neighbor, DMI with D; ; vector, uniaxial anisotropy
with K < 0 and Zeeman, respectively. The J > 0 exchange
interaction encourage adjacent spins to be antiparallel with
each other, the DMI forces them to become perpendicular
and magnetic anisotropy prefers to be in a special direction
in a crystal. The long-range dipolar interaction can be ignored
because, in ultrathin magnetic systems with no net magne-
tization, the interaction is negligible. Topological magnetic
textures, such as DWs, skyrmions [24,60], bimerons [61,62],
and hopfions [63,64] are created through the interplay of these
energies both in ground states and metastable states.

To study the underlying interactions in magnetic systems,
one can transfer to the continuum model for each sublattice.
In this case the free energy of an AFM system is intuitively
considered as superposition of each sublattice magnetization
[65,66]. An AFM system consists of two FM sublattices with
normalized order parameter |m;| = 1, i = 1, 2 for each sub-
lattice. Therefore the superposed free energy that satisfies
the symmetry of bipartite AFM can be phenomenologically
written as

D,»,JwS,- XSj
)

Uty m] = [ av (B(mi)? + (V)
+ B (Vm; - Vm,) + bm, - my
— (m; +my) - H — K(m], +m3,)
— K'mymy, + wp, + wD}~ 2

In Eq. (2) the free energy consists of Heisenberg exchange
coupling with inhomogeneous (B, B') and homogeneous (b)
coefficients. The Zeeman interaction affects both sublattices
separately so that the external magnetic field H is factored out.
The uniaxial second-order magneto-crystalline anisotropies
are displayed by the next two terms with KC, K’ coefficients,
where the z axis is the normal direction of AFM surface.
The remaining two terms are the homogeneous and nonhomo-
geneous DM interaction, which create weak ferromagnetism
[1,6,67—69] and chiral helimagnets [70-75], respectively. The
homogeneous DM interaction is the reason for weak fer-
romagnetism and the inhomogeneous term which exists in
noncentrosymmetric crystals results in chiral structures in
magnetic materials [76—80]. The antiparallel construction of
magnetic moments in AFM sublattices leads to the compensa-
tion of magnetic moments on atomic scales and consequently
stray field contribution in magnetic free-energy vanishes. The
former property makes the AFM systems to be promising for
spintronics.

The force and torque applied to an antiferromagnetic skyrmion

Well below the Néel temperature the AFM order pa-
rameter unit vector, staggered magnetization, is n(r,t) =
I(r, 2)/|I(r, ¢)| in which I(r, ) = (m; — my)/2 is the differ-
ence in the sublattice’s order parameter and m(r, ) = (m; +
my)/2 is the total magnetization for an AFM system, where
[I(r, 1)] =~ 1 and m < 1 so that these terms bring the n - m =
0 and n®> 4+ m? = 1 constraints. While in the equilibrium
phase m; and my, are antiparallel, jm;(r, ?)| = |my(r, t)| = 1.
However weak ferromagnetism, small magnitude total mag-
netization emerges from small deviations of the sublattice’s
magnetization in typical AFMs.

To simplify the study of AFM systems one can transfer
from the two-sublattice state to the total and staggered mag-
netization framework as mentioned above:

_ a. o é 2_52
U[n,m]_/dV|:2|m| + 2(Vn) 2n2+wDi|, 3)

where a, A, and K are the homogeneous, inhomogeneous
exchange, and uniaxial anisotropy constants, respectively
[81,82]. The energy density of the bulk DMI may be writ-
ten as wp = Dn - (V xn) which stabilizes Bloch skyrmions
in noncentrosymmetric materials such as MnSi and FeGe
[18,19,83]. Furthermore it takes the form of wp = D[(n -
Z)V-n) — (n-V)n-z)] for the interfacial DMI creating
Néel skyrmion [40,84]. The staggered and total magnetization
definitions for the order parameters and that the leading term
in AFM free energy is the exchange interaction bring some
simplifications to the formulas. Therefore, in the exchange
approximation the total magnetization derivatives may be
neglected. Besides, the intrinsic magnetization field can be
written in terms of Néel magnetization temporally and spa-
tially which means that it is a slave variable, m o (nxn+Vn)
[82]. For the study of staggered magnetization dynamics we
use the Lagrangian approach here [85-87]. Moreover, we can
deduce the force and torque from modified Lagrangian density
for the mechanical waves [88] containing magnetic effects
[54]. The total AFM Lagrangian, is the difference between the
kinetic energy and the thermodynamic free energy. The AFM
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FIG. 1. The schematic shape of an AFM skyrmion with radius R
and wall w. The wall thickness is shown with a transparent thin layer
where the direction of staggered magnetization changes.

Lagrangian reads [14,89-93]
L= ; / i’ d’r — Uln], “4)

where A = M,/ (y2 H,.) is the inertia of AFM order pa-
rameter and the dot sign shows the time derivative. Other
parameters such as My, H,., and y are saturation mag-
netization, the exchange field containing the Heisenberg
interaction and gyromagnetic ratio, respectively [82,94,95].
The free energy contribution, U[n] = %/|V11|2 — %ng + wp,
contains topological coefficient in A’, however, the re-
lated term is disregarded. Furthermore, the homogeneous
DMI is neglected because they have no effect on the
equation of motion [96]. The magnetization stationary
state satisfying the AFM free energy is given by n(r) =
(sin@(r)cos ¢p(¢), sinO(r)sin ¢p(¢p), cosB(r)) so that for the
skyrmion 6(r) and ¢ = §¢ + B determine the texture profile
and topological number [97] with boundary values of 6(r =
0)=m,(0) and 8(r —> 00) =0, (;r). § is the vorticity of
skyrmion and 8 = 0, 7 and 8 = +7 show the Néel- or Bloch-
type skyrmion, respectively. In our calculations we assume
d=1and 8 =0.

To study the skyrmion dynamics the polar component
of magnetization can be considered as a 360° domain wall
[98,99] and the time dependency is introduced as,

sinh £
sinh (=27 | ©

in which R, w, r, and p(t) are the radius, thickness of the
skyrmion wall, internal coordinate of the lattice atoms, and the
position of skyrmion center, respectively. The skyrmion pro-
file is schematically displayed in Fig. 1. Inserting Eq. (5) into
Eq. (4) gives the Lagrangian in terms of polar and azimuthal
coordinate as

O(r,t) = 2 arctan |:

L= ? / (6% + ¢?sin? 0)d*r — Un). (6)

By changing variables as y = [r — p(t)]/w, x = R/w (here x,
y are not Cartesian coordinates) and assuming that R >> o
(x > 1) one can write sinh(x) ~ cosh(x) ~ ¢* [98], so by
inserting the time derivative of 6(r, p(¢)) and sin6(r, p(¢)) in
the Lagrangian we have

+ 2
L— 271Aw(% + q$2> [R+p0]—Uml, ()

therefore the force and torque extracted from the Lagrangian
become

an A
f, =p, = ”T{[R+p<r)1b+p2}, ®)

T = py = 47 Aw{[R + p(1)]$ + pb}. ©)

The expression for Rayleigh dissipation function is R(n) =
G0 [n’d’r, and except for a coefficient it is the same as
Lagrangian kinetic term. Consequently, the dissipative force

and torque read
R _ E _ 47 (XM()
P 90 yw
R @ _ draM,
d¢
The total force and torque felt by the skyrmion can be written
from Egs. (8) to (11) as

[R+ p(D]p, (10)

w[R + p(1)]g. (an

4 4 aM,
Fo = TR + 0015 + ) + ZM0 1R 1 o1,
w 20
. Lo 4JT(¥M0 .
Tiot = 4m Awf{[R + p(1)]p + pd} + o[R + p(1)]¢.
(12)

In this section we deduced the equation of motion in radial and
azimuthal directions with unknown total force and torque. In
the next section the force and torque will be obtained from the
phonon Lagrangian.

III. FORCE AND TORQUE EXTRACTED
FROM PHONON LAGRANGIAN

A. Linear wave

To find the total force and torque we proceed as follows:
In our model a two-dimensional ultrathin and narrow AFM
nanosheet containing an isolated skyrmion is located on the
x-y plane with uniaxial anisotropy in the z direction. However,
the width of the nanosheet is wide enough to show the lateral
motion of the skyrmion in the x direction. In the uniform state
the effective Lagrangian density for the mechanical waves
comprising magnetic effects is given by Leg = wl @3, 1) +
D2y, )] — Tonagl D2 (v, 1) + PZ(y, )] [54] in which 12, Trag
and the prime mark are the mass density of the sample, the
applied tension, and the derivative with respect to internal
degree of freedom, respectively. The magnetic effects have
been included in the latter coefficient. ®;(y) and ®,(y) show
the transverse vibration of the nanosheet in the x, z directions
and y is the internal degree of freedom for lattice atoms along
the wave-propagation direction.

Phonons have orbital angular momentum in magnetic
crystals [100] so they can apply a torque on magnetic tex-
tures. Conservation of the momenta are deduced from the
axial symmetry of the Lagrangian. Therefore, the phonons’
orbital angular momentum current can be extracted from
= ~Toagl®1 (1) + @2, DIX [ (v, 1) + Py(y. 1)] which
exerts torque on the skyrmion [100]. Meanwhile, the lin-
ear momentum current can be obtained from the energy-
momentum tensor as T'!' = u[®(y,1)% 4+ Pr(y, 1)*]/2 +
Tinag @1 (0, 1)* + @5 (3, 1)*1/2.
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AFM Skyrmion

FIG. 2. Top view of schematic sketch of IDTs, piezoelectric sub-
strate, and an AFM nanolayer containing a skyrmion. Surface wave
is created by the left IDT and transmits through the nanolayer, then
collides with skyrmion. The green color shows the wall of skyrmion
that the z component of magnetization is zero. The zoomed view of
skyrmion is displayed in a circle.

The torque is the difference in the angular momentum
current I*, and the force is the difference in the linear momen-
tum current T'! between the scattered and incident phonons,
respectively. Figure 2 displays a sketch of a skyrmion on
an AFM system containing the surface wave. The sample
comprises two interdigitated transducer (IDT) electrodes to
produce SW in the y direction from left to right [101]. The
skyrmion has been created in the middle of the sample whose
zoomed shape has been shown. The incident waves coming
from the left electrodes collide with the skyrmion and get
scattered so that it transmits the energy and momentum to
the skyrmion, resulting in the linear and ratchet motion of the
skyrmion in the different cases of wave polarization.

In the following we obtain the scattered wave for the
linear case by means of the Born approximation [102]. The
topology of the skyrmion ensures that its magnetization can-
not be smoothly transformed into the uniform background
magnetization, resulting in a characteristic size and shape
that are independent of the details of the material. There-
fore the skyrmion is considered as a magnetic defect with
a definite profile, a robust topology and no deformation so
that it operates as a blockade against the incident wave. With
the mentioned characteristics, we consider the skyrmion as a
hard disk-like scatterer potential, V (r') = tVo8(z')H(r' — R)
where t, Vg, 8(2'), and H(r' — R) are the sample thickness,
the potential constant, the Dirac § function, and the step
function, respectively. The parameter V;, here, corresponds to
the impulse strength of the interaction between the scatterer
potential and the wave so that it has nothing to do with magne-
toelastic coefficients. They are material dependent parameters
and changing V; alters the scale of interaction between mag-
netic defect and the incoming wave.

The incident phonon wave is, ®i.(x) = ae’®™. So the
scattered plane wave is

- ek atmVpA
Wea () = Pine(r) — — f(X') = Dipe(r) — Py
r 2xh® 1

13)

’

where t, m, Vp, a, and A are the sample thickness, sample
atomic mass, potential constant, amplitude of the incident
wave, and skyrmion area in the maximum scattering rate,
respectively. In Eq. (13) we utilized the approximation of
[RJ1(gR)]/q =~ R? /2, in which J; (gR) is the first-order Bessel
function and ¢ = 2k is the difference of incident and scattered
wave vector in the maximum scattering angle. We insert the
scattered wave Wy, (r) in Iy and T'! to obtain the angular and
linear momentum current. For the plane wave I; = 0, so the
total torque vanishes: Ty = Licy — Line = 0. The total force
and time-averaged linear momentum current differences for
maximum scattering rate reads,
Fo =T\ — Tl

sca inc

= ~Timag (W (M — [ @, (1))

~ ﬂnagazmt
rh?

Therefore, the skyrmion dynamics that is shown in Eq. (12)
can be written as a coupled nonlinear differential equation,

k*R*Vj. (14)

ROR() + 707 + Donome) = 2 )
y A 2 A
. RO  aMy), . T
v (% § y—A)W) Ao 0

where PR(¢) = R + p(t) and the initial velocities are zero in
both directions. Then, the dynamics of radial and azimuthal
component of the skyrmion reads,

b(l —e™™)

R(t) = : (17)
2[b(at + e~ — 1) + a2R2]'/?
then
b —ar _ ] 2R2
%(I)Z\/(at+e : )+a ’ (18)
. VooRe ™
o) = OS%T — Vo for T = 0. (19)

Here b = wFyy /(2 A) and a = aM/(y.A). Then we present
its dynamics in radial direction (here this is in the y direction).
To obtain the AFM skyrmion motion affected by elastic wave
we consider the sample width of 100 nm and length of 1 um
subjected t0 Tmag = 1073 N of tension. We assume that the
IDTs can produce a typical wave vector k = 1.2x10” m~".
The wave amplitude order of magnitude is assumed to be half
of the lattice spacing d, and the atomic mass of sample is
equal to iron case, m = 55 amu (atomic mass units) [103].
The range of skyrmion repulsive potential as a hard circular
barrier changes from Vy = 15x107* to 260x10~* eV. The
radius of the skyrmion depends on the magnetic parameters
of the system; that is, the exchange, anisotropy, DMI, and
external magnetic field. We note that experimental values
range from 1.5 to 2000 nm [104-108]. Consequently, for a
skyrmion with R = 10 nm the total force is brought out as
Fot = 3.3x10'8V,. To visualize the topological texture dy-
namics we consider two different Gilbert damping constants
as o = 0.01, 0.02 and skyrmion wall thickness w = R/10
in a constant wavelength A = 525 nm. Based on mentioned
magnitudes, the temporal p(¢) diagram is displayed in Fig. 3.

144421-4
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FIG. 3. Dynamics of skyrmion in p direction, here is the direction of incident wave in y direction, for constant wavelength A = 525 nm.
(a) Skyrmion velocity changes with potential strength. The potentials start from 15x10™* to 260x10~* eV. Gilbert damping is o = 0.01.
(b) By doubling the Gilbert damping the velocity decreases for the same potentials. The inset displays velocity increment with the ratio of

radius to lattice spacing, R/d, for various repulsive potentials.

As the chart displays, the velocity of the skyrmion skyrockets
from zero to a peak in a very small time span. It seems that the
instantaneous interaction between wave and skyrmion leads
to an abrupt movement of the skyrmion and the transmission
of momentum takes place. Then, the skyrmion velocity de-
creases gradually and approaches the asymptotic value. The
velocity reduces for two reasons: On the one hand, the me-
chanical damping n results in energy loss. On the other hand,
the Gilbert damping o also results in energy dissipation, and
therefore these resistant forces hinder the skyrmion dynamics
and lead to velocity subsiding. To show the practicality of the
repulsive hard-disk-like potential, the temperature equality is
written on the diagram. As the hardness of the skyrmion as
a repulsive potential rises, the peak and asymptotic velocity
increase, which is apparent in Fig. 3(a). Both Fig. 3 and
Eq. (17) show that the dynamics in the radial direction are in-
versely proportional to Gilbert damping. The effect of viscous
force increment is clearly observed in Fig. 3(b) in which the
inverse proportionality is obvious. The steady-state motion of
the AFM skyrmion reads p(t) = Fioryw/(2aMol) where £ is
the skyrmion perimeter. In the domain wall case as a potential
barrier the perimeter has been canceled [54]. The boundary
condition for the velocity in lateral direction confirms that
the velocity vanishes in that direction. On the other hand, the
physics of AFM systems has displayed the zero transverse
velocity since the Magnus force is compensated in opposite
directions [109], affirming that the AFM systems have no
skyrmion Hall effect. Therefore, the skyrmion travels in a
perfectly straight trajectory along the same direction as the
incident wave. The velocity and the size of skyrmion corre-
lation is presented in the inset. The velocity of the skyrmion
linearly depends on the skyrmion radius and it increases with
the skyrmion area.

The displacement of the skyrmion, here in the y direction,
is shown in Fig. 4 in the repulsive potential of the skyrmion,
Vo = 0.026 eV, the damping of o = 0.01, 0.02 and for dif-
ferent incident wavelengths. As depicted, with the increment
of the damping coefficient the slope of the lines decreases
confirming our previous findings. On the other hand, Fig. 4
displays the effect of waves created by IDTs on skyrmion

motion. The skyrmion’s motion is slower for smaller wave
vectors and, as A becomes smaller, the skyrmion moves faster.
In this section we show the skyrmion dynamics in the presence
of a linear wave. The equations and graphs affirm that the
texture dynamics is directly proportional to the wave vec-
tor, potential, and radius and inversely is proportional to the
Gilbert damping. In the next section we discuss the circular
wave interaction with the skyrmion.

B. Circular wave
The incoming circular wave takes the form
Dipe = 1y, 1)p + Pa(y, )3
=acos (ky — wt)p — asin (ky — wt)S, (20)

where p and § are orthogonal in the arbitrary directions. In the
same way, the outgoing wave in elastic scattering reads

- 2mVyta X
Wea = Pine — T[WT

. RJ1(2kR)+R2 + i RI}(2kR)  R?
X —_— E— —_— — —
P\ ok 2 ) TP 2

2mVptaA %"
Tami " b

The component in the § direction is removed since we con-
sider only the first term of the Bessel function. By the same
procedure, Eq. (14) gives the total force for the circular wave
as

inc —

2
Foo— 7l il Tmaga”mt
tot — “gca inc ™ 2

k*R%V.
2rh

(22)
Similarly the dynamics in the radial direction is the same as
Eq. (15) but the magnitude of F, is half of the previous
magnitude because of the trigonometric function averaging.
Therefore, it can be referred to Figs. 3 and 4 to study the
circular-wave impact on skyrmion behavior in the radial
direction.

The difference between a right and left phonon’s orbital
angular momentum current gives the torque, which is written

144421-5
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FIG. 4. The skyrmion position in the y direction and in the repulsive potential of V;; = 0.026 eV. (a) The motion of the skyrmion is affected
by the wavelength. Low wavelength has high impact on skyrmion motion. (b) Increasing the damping leads to slower skyrmion motion.

as
‘Itol = Isca
/ /
= - mag(\ljsca X "Ijsca - cI)inc X q)‘nc)

1

- Iinc

(23)
However, for the azimuthal component, the nonzero Ty
changes the skyrmion behavior. In the gigahertz order the ratio

of 91(1)/R(t) ~ 1/2¢ and (1) ~/%1. Therefore, Eq. (16) for
the circular wave can be written as

. 1 . Tio
o) + (2— + a)qs(r) = (24)
d 47 Aw. [ bt
by = T (1= ey )

dr Awv/ab Wt

This torque results in an ultrafast ratchet motion [110]
of the skyrmion which is tunable with repulsive potential
and Gilbert damping. Apparently, the angular velocity is
proportional to the torque generated by a circular wave.

T
(2)a =0.01

Angular velocity (103 s

Vp=0.026ey —
V=0.013ev .
V =0.006ev
V=0.0015ev —

time ( ps)

As displayed in Fig. 5, the angular velocity plummets as
the time elapses then it goes up to an asymptotic value.
Figure 5(a) shows the velocity for damping o = 0.01 and
Fig. 5(b) is for damping o = 0.02. The repulsive potential
has a considerable role in the dynamics of the skyrmion. The
diminishing potential leads to slower rotation of the skyrmion
showing the low transfer of angular momentum to the tex-
ture. Unlike the linear wave, the scattering with circularly
polarized surface waves can give rise to accumulation of an-
gular momentum inside the skyrmion, which in turn causes
the rotation of spins at the angular velocity proportional
to the accumulated angular momentum. The saturation value
for the angular velocity is of the order of O(10'3 s=!) which is
accessible in ferrimagnetic domain walls [111]. The direction
of skyrmion rotation depends on the handedness of the inci-
dent circular wave, as is obvious in Eq. (20). The direction
of angular velocity is determined by the helicity of surface
waves. Provided that we ignore the timescale of skyrmion
rotation and transmission, there is a similarity between the
rotational and directional dynamics of the skyrmion. In both
cases, there exists a mobility in the time span of wave and

T T T T
(b)a=0.02 -
:.”‘ -1 ]
E
=
-Bg }
Q>) &
g
=
E_D
<
3+ 4
4 L 1
0 2 4 6 8 10
time (ps)

FIG. 5. The skyrmion angular velocity in different repulsive potentials of V{, = 0.026 to 0.0015 eV. (a) The skyrmion experiences a higher
magnitude of rotation around its central axis in small damping, « = 0.01. (b) The magnitude of angular velocity reduces with increment of

Gilbert damping, o« = 0.02.
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FIG. 6. Skyrmion position as a function of time, computed numerically for linear waves with wavelengths A = 175, 260, and 525 nm, and

magnetic damping parameters of (a) « = 0.01 and (b) & = 0.02.

skyrmion collision. After that, the dynamics goes to a steady
state and approaches uniform motion. This demonstrates that
the transfer of linear and angular momentum takes place in a
small interval of time, in contrast to the stationary state.

C. Simulation of skyrmion dynamics

To verify the analytical results, we simulate the AFM
skyrmion motion using a two-sublattice LLG equation:

81’11,'

m; < H g
ot

T 142

m; x(m;xHeg ;) (i =A, B). (26)

1 +a?
Here y is the gyromagnetic ratio, and m; is the normalized
magnetization on each sublattice. The effective field Heg ;
includes all the contributions outlined in Eq. (2), obtained
from the respective energy contributions. The magneto-elastic
coupling term is obtained from the following energy density
expression [112]

Unet,i = Bi[(m; - €1)*(Sy - €) + (m; - €2)*(Sy - €2)
+(m; - €3)°(S; - €3)]
+ 2B,[(m; - e;)(m; - €2)(Sq - €3)
+ (m; - e)(m; - €3)(Spq - €2)

+ (m; - ex)(m; - €3)(Syq - €1)]. 27)

Here B;, B, are magneto-elastic coefficients (taken as
25 MJ/m3), e, e, e3 are cubic axes (taken as X, y, z), Sy =
(Sxx, Syy, Sz), and Spq = (Sy;, Sxz, Sxy) are the symmetric
strain tensor components. While the model validity investi-
gated here does not depend on the strength of magneto-elastic
coupling, large coupling values are possible, for example, in
thin-film antiferromagnetic NiO [113]. The strain is calculated
by solving the elastodynamics wave equation:

where p is the mass density, 1 is the mechanical damping
(energy dissipation term), u is the mechanical displacement,
and f is the body force density with components obtained from

the symmetric stress tensor o as

3

fp=Z

q=1

00,4

— (p=x,y,2).

0x4 @9

The stress and strain components are related using elastic
stiffness coefficients for a cubic crystal cqjc12, and cy4 as

c1 Cnn Cn cae O 0
og=|c2 cu cn|Se, ouw=|0 cua 0 |Su.
Ci2 Cr2 C11 0 0 cu

(30)

Here we take p = 8740 kg/m?3, c¢;; = 300 GN/m?, ¢, =
200 GN/m?, c44 = 50 GN/m?, giving a longitudinal elastic
wave velocity of v; = 4400 m/s. At boundaries with surface
normal direction n, (¢ = x, y, z), the stress is related to exter-
nal pressure F components by (§ is the Kronecker delta)

3
Y 8wy =F, (p=1x,y,2). 31

=1

A surface acoustic wave of wavelength A = v,/ f, is gener-
ated using IDTs, as shown in Fig. 2 on the top track surface,
such that the electrode width and spacing are A/4 (IDT pe-
riod of A), each generating an external shear pressure along
the y direction as £F sin(2x ft), alternating in sign between
electrodes, and with amplitude F = 5x 107 N/m?. Using a
mechanical damping constant 7 = 3x10'3 kgm™3s~!, this
results in a damped linear wave with longitudinal strain com-
ponent Sy, = Asin(27 (vt —y)/A)exp(—y/L), where L =
2 umand A = 1073, and transverse component S, = =8y /2.
To avoid wave reflections from the far end of the track, an ab-
sorbing section is defined over the final 100 nm length, where
the mechanical damping increases by a factor of 10* using a
tanh profile of 25 nm width. This results in rapid absorption
of the SAW with no back-reflection, and consequently the
length of simulated track does not affect skyrmion motion.
The elastodynamics wave equation is solved in the velocity-
stress representation using the finite-difference time-domain
method [114], with the bottom track surface fixed, while the
LLG equation is solved using the RK4 method. The cell size
used was 2.5 nm, and the time step was 100 fs for both the
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FIG. 7. Skyrmion velocity as a function of time, computed numerically for linear waves with wavelengths A = 175, 260, and 525 nm, and

magnetic damping parameters of (a) « = 0.01 and (b) ¢ = 0.02.

LLG and wave equations. The results are plotted in Fig. 6,
showing the skyrmion displacement as a function of time for
different wavelength values and magnetic damping parame-
ters @ = 0.01 and 0.02, obtained for a skyrmion with diameter
=20 nm. These results may be compared with the analyti-
cal model results in Fig. 4. Qualitatively, a good agreement
is obtained between the analytical and numerical models,
confirming the increase in total displacement with decreas-
ing wavelength, as well as reduction in total displacement
with increasing magnetic damping. Moreover, the skyrmion
motion is highly nonlinear, decelerating after the initial fast
displacement as also obtained by the analytical model, due to
energy dissipation, modeled through the mechanical damping
parameter 1 in the numerical model.

A reasonable quantitative agreement is also obtained, al-
though an exact agreement is difficult due to additional effects
present in the numerical simulation, not captured in the ana-
lytical model. The main source of discrepancy is the malleable
nature of the skyrmion, which varies in diameter periodically
with the elastic wave owing to the periodic modification of the
total effective anisotropy, resulting in a diameter oscillation
of +8 nm. Thus, while the displacement is monotonically
increasing with time, the skyrmion velocity shows periodic
fluctuations correlated with the SAW frequency. The numer-
ical results confirm the analytical model, which is strictly
applicable in the limit of rigid skyrmions. It should be noted
the skyrmion remains in a disk-like shape, with minimal dis-
tortion throughout the motion. When skyrmions are highly
distorted, it is known that, in synthetic antiferromagnets, a
flexo-Hall effect arises, so the skyrmion Hall angle is not zero
[115,116]. This is not the case here because the skyrmion
does not undergo distortion and, consequently, the skyrmion
Hall angle is zero, as expected in an antiferromagnet. There is
also a good, qualitative and quantitative, consistency between
Figs. 7 and 3 for A = 525 nm and consequently for other
wavelengths. That is, the numerical calculations verify the
theoretical findings. After the energy and momentum transfer
between the wave and skyrmion, its velocity rises abruptly
and reaches the highest value, then it descends and goes to

a constant value asymptotically. The skyrmion dynamics has
been shown for one sublattice in the Supplemental Material
[117]. The skyrmion displacement animation, showing the
z-direction magnetization on sublattice A (red magnetiza-
tion out of the plane, blue into the plane), is obtained for
[ =260 nm and @ = 0.01.

IV. SUMMARY AND CONCLUSION

In summary, we have investigated the dynamics of AFM
skyrmions induced by surface acoustic waves through the
Born approximation scattering approach. It was shown that
the skyrmion motion is inversely proportional to Gilbert
damping both in linear and circular-wave polarization. It
moves exactly in the straight line with no ratchet motion in the
existence of linear waves, as expected. This fact corresponds
to zero Hall angle for skyrmions in AFM systems, since there
is no torque exerted by the linear wave. The linear velocity,
depending on the potential strength and damping induced by
the linear wave reaches to 200-250 m/s in the highest magni-
tude. For circular waves, the amount of applied force is half
of the linear wave’s force, however, there is a nonzero torque
magnitude. This torque changes the behavior of skyrmion
dynamics and results in an ultrafast ratchet motion of the
texture. The angular momentum of the circular wave gives
rise to an ultrafast rotation of the skyrmion, whose direction
may be reversed by changing the incident wave helicity, and
is of the terahertz order. Numerical calculations have been
performed using BORIS computational spintronics [112] for
a two-sublattice AFM system. The simulation results show a
good agreement with theoretical predictions for linear waves.
All in all, the motion of skyrmion in AFM systems stimulated
with a surface wave is in a straight line, rotates around central
axis, and has no skyrmion Hall effect.
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