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Chiral magnets support topological skyrmion textures due to the Dzyaloshinskii-Moriya spin-orbit interaction.
In the presence of a sufficiently large applied magnetic field, such skyrmions are large-amplitude excitations of
the field-polarized magnetic state. We investigate analytically the interaction between such a skyrmion excitation
and its small-amplitude fluctuations, i.e., the magnons in a clean two-dimensional chiral magnet. The magnon
spectrum is found to include two magnon-skyrmion bound states corresponding to a breathing mode and, for
intermediate fields, a quadrupolar mode, which will give rise to subgap magnetic and electric resonances. Due
to the skyrmion topology, the magnons scatter from an Aharonov-Bohm flux density that leads to skew and
rainbow scattering, characterized by an asymmetric differential cross section with, in general, multiple peaks.
As a consequence of the skew scattering, a finite density of skyrmions will generate a topological magnon Hall
effect. Using the conservation law for the energy-momentum tensor, we demonstrate that the magnons also
transfer momentum to the skyrmion. As a consequence, a magnon current leads to magnon pressure reflected in a
momentum-transfer force in the Thiele equation of motion for the skyrmion. This force is reactive and governed
by the scattering cross sections of the skyrmion; it causes not only a finite skyrmion velocity but also a large
skyrmion Hall effect. Our results provide, in particular, the basis for a theory of skyrmion caloritronics for a
dilute skyrmion gas in clean insulating chiral magnets.
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I. INTRODUCTION

The discovery of a magnetic skyrmion lattice in cubic chiral
magnets by Miihlbauer et al. [1] has triggered a flurry of
interest in magnetic skyrmion textures. These magnets inherit
the chirality from their B20 chiral atomic crystal structure
allowing for a spin-orbit Dzyaloshinskii-Moriya interaction,
which energetically stabilizes twisted modulated magnetic
textures such as helices and skyrmions; see Fig. 1. The
possibility of magnetic skyrmion textures in B20 compounds
has been envisioned in early seminal work by Bogdanov and
collaborators [2—4]. They encompass a variety of materials
with different electronic characteristics, for example the metals
MnSi [1,5] and FeGe [6], the semiconductor Fe;_,Co,Si[7,8],
and the insulator Cu,0SeOs3 [9,10], that nevertheless share the
same magnetic properties and possess similar magnetic phase
diagrams.

The excitement aroused by skyrmions is attributed to their
topological properties. They are characterized by a finite
topological winding number that is, e.g., at the origin of a
topological Hall effect [11,12], a skyrmion-flow Hall effect
[13], and a concomitant emergent electrodynamics [14,15]
in the metallic B20 compounds. Moreover, their topological
origin also results in a finite gyrocoupling vector in the Thiele
equation [16], which describes their magnetization dynamics,
and, as a consequence, the skyrmion motion is governed by
a strong spin-Magnus force [17-20]. This peculiar dynamics
combined with the smoothness of the skyrmion texture allows
for spin-transfer torque phenomena at ultralow threshold
currents [18,21-24], which makes magnetic skyrmion matter
interesting for spintronic applications [25]; see Ref. [26] for
a recent review. In insulating chiral magnets, skyrmions are
also associated with interesting thermal spin-transport effects.
A thermal gradient is predicted to induce a skyrmion motion
that, counterintuitively, is toward the heat source together with
a skyrmion Hall effect [27-29]. Moreover, a thermal skyrmion
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ratchet has been realized with the help of the topological
magnon Hall effect that arises due to magnon skew scattering
off skyrmions in the material [30].

A prerequisite for a better understanding of such phenom-
ena, however, is a detailed analysis of the magnon-skyrmion
interaction. For the skyrmion lattice, it is known that apart from
the long-wavelength spin-wave excitations [31,32], there are
three magnetic resonances with finite excitation frequencies,
a single breathing mode, and two gyration modes [33-35].
A natural question arises whether a similar mode spectrum
exists for a single magnetic skyrmion within a spin-polarized
background. A numerical study of the magnon-skyrmion
bound states has been recently carried out by Lin et al. [36].
On the other hand, the scattering of magnons from a single
skyrmion has been investigated with the help of micromagnetic
simulations by Iwasaki et al. [37]. A characteristic skew
scattering was found that was attributed to an emergent Lorentz
force that is generated by the skyrmion topology. Moreover,
the simulations revealed that the skyrmion experiences a
magnon pressure pushing it toward the magnon source,
which was explained in terms of momentum conservation
[37].
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FIG. 1. (Color online) Skyrmion texture of a chiral magnet.
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In the present work, we investigate the magnon fluctu-
ations in the presence of a skyrmion texture analytically.
Starting from the nonlinear sigma model description of a
two-dimensional chiral magnetic system, we derive in Sec. II
the magnon Hamiltonian by expanding around the skyrmionic
saddle-point solution. The spectrum of the magnon-skyrmion
bound states is obtained, and the magnon-skyrmion scattering
cross section is analyzed in Sec. III. A theory for the magnon
pressure, i.e., the momentum-transfer force exerted on the
skyrmion by a magnon current, is presented in Sec. IV,
which in particular explains previous numerical work. We
conclude with a summary and discussion of the results in
Sec. V.

II. THEORY FOR MAGNON-SKYRMION SCATTERING
IN A CHIRAL MAGNET

A. Action of a two-dimensional chiral magnet

Our starting point is the standard model of cubic chiral
magnets [38,39]. We limit ourselves, however, to an effective
two-dimensional magnetic system, thus restricting the spatial
coordinate r to a plane. The orientation of the magnetization
M(r) = Mn(r) is parametrized by a unit vector 7 that is
governed by the Euclidean action of the following nonlinear
sigma model:

B
s:/ dt/dzrﬁ with £ = Lo + Lae (1)
0

where 8 =1/(kgT) is the inverse temperature. The La-
grangian consists of two parts. The static part reads

Low = ‘92—°[<daﬁ,<>2 + 2060 hidait; — 2*AB), ()

where here and in the following we use greek indices for two-
dimensional real-space vectors, « = 1,2 with, e.g., d| = %,
and latin indices for the magnetization vector, i, j,k = 1,2,3.
€ix; is the totally antisymmetric tensor with €13 = 1. The
spin-orbit Dzyaloshinskii-Moriya interaction is proportional
to Q > 0, which we choose to be positive, representing a
right-handed chiral magnetic system. &g is the energy scale
associated with the stiffness, and « > 0 measures the strength
of the magnetic field. We will consider here only the situation
when the magnetic field is orthogonal to the two-dimensional
plane, B = 2. In the following, cubic anisotropies [38,39] will
be neglected because they are assumed to be weak and of only
minor importance for the problem investigated here. We also
neglect for simplicity dipolar interactions, which are known
to give rise to quantitative and qualitative corrections though,
e.g., for the magnetic resonances [35].
The dynamic part is given by the Berry phase [40],

hoo oo
£dyn = —;A(Vl)ldrn, (3)

where a is a typical distance between the magnetic moments
and t =it is the imaginary time. The gauge field satisfies
€ijk IA j/0h; = fiy, and the Euler-Lagrange equations of the ac-
tion Eq. (1) reproduce the standard Landau-Lifshitz equations
for the magnetization. Note that we have chosen the sign of (3)
such that the magnetization vector, 7, is antiparallel to the spin
vector, as is the case for the magnetic moments of electrons.
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TABLE I. Parameters used throughout this work. The value of
can be tuned by the strength of the applied magnetic field.

Stiffness energy €0
Dzyaloshinskii-Moriya momentum 0

Spin density h/a*
Skyrmion radius 1/k
Dzyaloshinskii-Moriya energy epm = soa’Q?

_ 2,2
Egap = E0d"K

Mmag = 52/(28()&2)

Magnon gap energy
Magnon mass

We neglect throughout this work additional degrees of freedom
that might give rise to dissipation usually represented by a
phenomenological Gilbert damping.

1. Length scales and parameters

The model (1) possesses three generally different length
scales: a, 1 /k,and 1/ Q. We are interested here in the parameter
regime where a single skyrmion is a topologically stable
excitation of the magnetic system, which is the case for
intermediate values of the magnetic field, k ~ Q. Whereas
for small ¥k <« Q the magnetic system becomes unstable
with respect to a proliferation of skyrmions, for very large
values ¥ > Q the energy density in the core of a skyrmion is
very high, so that amplitude fluctuations of the magnetization
become important, eventually destroying the skyrmion [41].
As we will see below, 1/« can be identified with the skyrmion
radius. Moreover, we consider the limit of small spin-orbit
coupling implying Qa <« 1 to be a small parameter. This
implies, in particular, that a single skyrmion is composed of
many individual spins.

The magnon excitations of the field-polarized ground state
are characterized by a gap and a mass that are given for later
convenience in Table 1.

2. Topological charge

We now turn to the discussion of the conserved currents
associated with the Lagrangian (1). In the following, it will
be convenient to use (2 + 1)-dimensional space-time vectors,
for which we use the indices w,v,A = 0,1,2 with the time
derivative dy = id,. However, we still reserve the indices
o,B = 1,2 for spatial vectors only; see Table II.

The order parameter 7 is an element of the two-dimensional
sphere S2. Its second homotopy group is the group of integer
numbers 7,(S?) = Z, and, as a result, the order parameter
allows for topological fextures in two spatial dimensions. The
associated 2 + 1 topological current vector reads

jlor — 1. L A(dyi x d i) )
i ST . v P

TABLE II. Indices used, e.g., in the discussion of conserved
currents. For the time derivative, we also use the notation
dy=d;, =id,.

Spin vector indices i,j,k=1,2,3
Spatial indices o,B,y =12
Space-time indices w,v,A=0,1,2
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where €91 = 1. In case the field configuration 71 is nonsingular,
i.e., in the absence of hedgehog defects in 2 4 1 space-time,
this current is conserved,

d,ji =0, 5)

as 71 is a unit vector and 7 d,i = 0. The topological charge
density reads explicitly

1
.top ~ A A
= —i(diAi x dyh). 6
Jo = i (din x dai) (6)
The spatial integral over the charge density is quantized,

/ d’r j* =W ez, (7)

and identifies the winding number W of the texture. In this
paper, we focus on the (baby)-skyrmion texture with W = —1.
For later convenience, we note that the topological current can
be expressed in terms of the spin-gauge field of Eq. (3) as
follows:

. 1 e

J;’p = Eéuvk(dvA)d)JL (8)

There are also important Noether currents of the Lagrangian

L related to momentum and angular momentum conservation
that are discussed in detail in the Appendix.

B. Saddle-point solution of the magnetic skyrmion

For sufficiently large magnetic fields and, thus, large values
of x, the action (1) is minimized by the fully polarized
state 71 = Z. A large-amplitude excitation of this state is the
magnetic-skyrmion texture with a winding number W = —1;
see Eq. (7). The skyrmion profile is parametrized by A! =
(sin 6 cos ¢, sin 8 sin ¢, cos 6) with

¢ =x+m/2 and 06 =06(p), 9

in terms of polar coordinates, p and x, of the two-dimensional
spatial distance vector 8r” = (p cos x,p sin x). The Euler-
Lagrange equation deriving from Eq. (2) yields the differential
equation obeyed by the function 6(p) [2,3],

20 sin* 6
0" + — — — + Q
p P P

with the boundary conditions 8(0) = 7 and lim,,_, .. 8(p) = 0.
Its solution possesses the asymptotics

6’ sinOcos0

—k%sin6 =0, (10)

T —cikp for
00)~ 1 ey
Jkp
with positive coefficients ¢; and c;, that, however, depend
on the ratio ¥/ Q. The exponential decay for large distances
identifies 1/« as the skyrmion radius.

The boundary value problem (10) is easily numerically
solved with the help of the shooting method [42]. Here, the
constant value c¢; of the short-distance asymptotics (11) is
varied until one obtains a monotonous function 6(p) with the
required exponentially decaying behavior at large distances.
Examples of the numerically obtained profiles are shown in
the inset of Fig. 2. The resulting skyrmion texture is illustrated
in Fig. 1.

o — 0,
(1)

for p — oo,
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FIG. 2. (Color online) Energy dependence of the single skyrmion
solution as a function of the dimensionless parameter «2/Q?. The
energy of the skyrmion is positive for k? > k2 ~ 0.802. The negative
skyrmion energy for smaller « signals an instability of the magnetic
systems toward a proliferation of skyrmions. The inset shows two
skyrmion profiles 6(p) for values of «2/Q? marked as dots in the
main panel.

Integrating the static skyrmion solution, one obtains for its
saddle-point action S = B(e, + epp), where epp = —gok >V
is the energy of the field-polarized state, 7ipp = Z, with the
volume V, and &, = £y£(k?/Q?) identifies the energy of the
skyrmion. The dimensionless function £ is shown in Fig. 2.
The energy of the skyrmion is positive as long as « > k.,
where

ki~ 0.80% (12)

For values smaller than the critical value «;, the magnetic
system becomes unstable toward a proliferation of skyrmions
and, eventually, the formation of a skyrmion lattice. In the fol-
lowing, we concentrate on the regime with positive skyrmion
energy, k > k., where the skyrmion is a large-amplitude
excitation of the field-polarized phase with a positive excitation
energy.

C. Effective theory for magnon excitations in
the presence of a skyrmion

We now consider spin-wave fluctuations, i.e., the magnon
modes in the presence of a single skyrmion in a chiral
magnet. A similar analysis for magnetic solitons and vortices
in ferromagnets has been carried out previously [43—46].
For the parametrization of the magnons, we introduce the
local orthogonal frame é;(r)é;(r) = §;; with i,j = 1,2,3 and
e1(r) x é(r) = és(r), where é3(r) = i;(r) follows the static
skyrmion profile. We will use the following representation in
terms of polar and azimuthal angle, & and ¢, respectively,
introduced above:

el (r) = (—sing, cos ,0),
ézT(r) = (—cos 6 cosg, —cosfsingp, sinf), (13)

é3T(r) = (sin @ cos ¢, sin O sin ¢, cos §),
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where ¢ = x + /2 and 6 = 6(p). Furthermore, it is conve-
nient to introduce the chiral vectors

1
éx = ﬁ(él tié) (14)

that have the property é,é, =é_é_ =0 and é,é_ =
é_éy =1.

Due to translation invariance, the energy of the skyrmion
is independent of its position giving rise to two zero modes
associated with translations of the skyrmion [47]. To treat
these zero modes, we introduce two time-dependent collective
coordinates R (t) = (R.(7),R,(1)). The remaining massive
fluctuation modes are represented by the dimensionless com-
plex field ¥ (r,t). We use the parametrization

A(r,7) = &lr — R@I1 = 2[Y(r — R(@), 1)1
+éilr — ROy (r — R(7),7) 15)
+e_[r — R(Y*(r — R(x),1).

The orthogonal frame é; depends on the radius p and the angle
x that are associated here with the distance vector §r7 =
(r — R)T = (pcos x,psin x).

It is clear that this parametrization is invariant under the
local transformation

ey — e e Y — Yett (16)

- — e et Yt — yre (17)

with A = A(r — R(7),7). In the limit of large distances from
the skyrmion, |[r — R(t)| — o0, the parametrization assumes
the form

Ar,t) ~ 3/1 = 2|y (r — R(1),7)]2

+ %(ﬁ +iP)[—ie Y (r — R(1),7)]

+ J%oe i — R@.DL (18

The last two lines allow us to identify the magnon wave
function with respect to an orthogonal frame that becomes
the laboratory frame, £, y, and Z, at large distances,

Vian(r — R(1),7) = —ie ¢ (r — R(1),7).  (19)

This will become important later for the discussion of magnon
scattering off the skyrmion. Expanding the action (1) in the
massive field v allows us to study their properties and their
influence on the skyrmion.

1. Zeroth order in the massive fluctuation field ¥

In zeroth order in the fluctuation field ¥, the Lagrangian is
givenby [d’r LO = epp + &, + LO, with

LO = — A(R)id,R. (20)

This term originates from the expansion of the dynamical part
of the action (3) and has the form of a massless particle with
coordinate R in the presence of a gauge field A given by

Ao(R) = —a—h; / dzrg[é3(r — R)]9,é3(r — R). (21)
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The electric field associated with this vector potential vanishes
as 9; A4(R) = 0. The effective magnetic field, however, is
finite and determined by the skyrmion number

0
Betr = €08 BTA;S(R)

h 4 h
= — [ @ria@iig x hi)=——-. (22)
a a
Note that in zeroth order in the magnon field v, the gauge
field (21) just coincides with the total canonical momentum
(48],

L

3Ry - @

¥, y*=0

where the energy-momentum tensor, 7),,, is defined in
Eq. (A4). The classical equations of motion deriving from
the Lagrangian (20) have the form of a massless particle in a
magnetic field,

= A,(R) = / d’r Ty,

G xd,R =0, (24)

with G = BegZ. They are to be identified with the well-known
Thiele equations for magnetic textures in the absence of
a Gilbert damping, and G is the so-called gyrocoupling
vector [16]. At zeroth order in v, these equations of motion
also coincide with Eq. (A7) following from momentum
conservation, implying that the integrated topological current
vanishes.

2. Second order in the massive fluctuations ¥

We now turn to the magnon spectrum and its interaction
with the skyrmion. The scattering of magnons from the
skyrmion does not conserve the magnon number, which is
reflected in the presence of local, anomalous quadratic terms
Y and Y*¢* in the Hamiltonian. It is therefore convenient
to use the spinor notation,

,lp*
Expanding the Lagrangian density in second order in the
fluctuation field v, one finds after some algebra

¥ = (‘”) . U=y (25)

| T S T
r£o _ z_azl/ﬁ#harw+2712¢TH1//+£i(§l), (26)

where 7° is a Pauli matrix and we used that the field ¥ =
Y (r — R(t),t) possesses an explicit and implicit time depen-
dence, d;y = 0¥ — (9, ¥)d; R,,. The bosonic Bogoliubov—
de Gennes Hamiltonian reads

0 in6
H= 80a2|: V2 +21’Z(C(;Sz _ Q%)iax

+1Vy+ 7 vx}. 27)

The potentials are given by

1 +3cos(20) 30 sin(20 1
Vo = + 3 cos(26) — Qsin(26) +K%cos — Q0 — =6,
4p2 2p 2
sin?(8) O sin(26) 1
V, = — 00 — =67, 28
22 + % 0 3 (28)
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and they only depend on the distance p to the skyrmion center
as @ = 6(p). Here, V? is the two-dimensional Laplace opera-
tor, which reads in polar coordinates V2 = 85 +(1/p)d, +

8)2( /p?. For later reference, we note that the derivative in

polar coordinates is given by 9, = py 9, + )2&%*, with the unit
vectors
pT = (cos x,siny), %7 =(—siny,cos ). (29)

By completing the square, the Hamiltonian can also be written
in the form

H = g0a®[(—iV — @) + 1(Vo —a») + T V.1, (30)
with the gauge field

. 0 .
= (COS _ Qsm0>x. 31)
0

Note that a assumes here the Coulomb gauge Va = 0.
The interaction between the magnon field ¢ and the zero
mode is given by

hoee -
£ = —TuzwlrylﬂldrRy. (32)

The interaction vertex reads

cosf
Xy (33)

" =-%o, — 1

Whereas the first term just combines with the dynamic part
of the Lagrangian (26) to a total time derivative, the second
term derives from a spin connection attributed to the local
orthogonal frame (13).

If the skyrmion velocity vanishes, id; R =0, the La-
grangian reduces to the first two terms in Eq. (26). These
terms constitute a Bogoliubov—de Gennes scattering problem
and determine the spectrum of the magnons in the presence of
a skyrmion with id; R = 0. It is important to note that these
terms and thus the spectrum do not depend on the position of
the skyrmion R itself, as the collective coordinate R can be
eliminated by a change of the integration variabler — R — r
(Ref. [49]).

III. MAGNON SPECTRUM AND SKYRMION
SCATTERING CROSS SECTION

In the following, we investigate the properties of the
magnons by analyzing the eigenvalues and eigenstates of the
Hamiltonian (27). It requires the solution of a Bogoliubov—de
Gennes scattering problem, which then allows us to determine
the magnon-skyrmion bound states and to address the magnon
scattering cross section for the case of a vanishing skyrmion
velocity, id; R = 0.

A. Bogoliubov—de Gennes scattering problem

The magnons are obtained as eigenstates of the eigenvalue
problem,

Hy = ey, (34)

with the Hamiltonian H given in Eq. (27). The Hamiltonian
possesses the following particle-hole symmetry:

"KHT K = H, (35)

PHYSICAL REVIEW B 90, 094423 (2014)

where K is complex conjugation, which originates in the fact
that the magnetization is a real quantity. As a consequence,
the spectrum of H is characterized by pairs +e of eigenvalues.
In particular, if v is an eigenvector with eigenvalue ¢, then
T K is an eigenvector with eigenvalue —e.

Setting ¥ = e 4,,(p) with the angular momentum quan-
tum number m and using H = H(—id,), the eigenvalue
equation reduces to

H(m)ﬁm = gfzﬁm- (36)

The spectrum of H contains discrete bound states labeled by
the quantum number n and eigenfunctions 7,,, as well as
scattering states labeled by the energy ¢ and eigenfunctions
7im.e. These eigenfunctions will be normalized such that

00
/ dp p ﬁjn,nfzﬁm,n’ = 8n,n’a 37
0

| ool e = 50 e, (38)
0

Stability of the theory (26) then requires the energy to be
positive, ¢ 2 0. The eigenvectors with negative eigenenergies,
—& < 0, are then given by ¥ Kel"Xq,, = e "X¢_, . where
{om = TN} and

H(—m){_y = —6T°L_. (39)

1. Definition of the skyrmion scattering problem

The skyrmion profile decays exponentially, and its scatter-
ing potential is thus well-localized. We recast the Hamiltonian
in terms of a scattering problem H (m) = Hy,, + V,,. Here Hy,,
describes the magnons in the absence of the skyrmion,

3 2+1 2
Hy,, = 50a2|:]l (—Bg — ;p + n 2 +K2> — r"p—n;],

(40)

and the skyrmion matrix scattering potential V,, = V,,(p) is
given by

V() = €0a°[v:(p)T* + vo(p)1 + vy (p)T"] (41

with
cosf —1 Qsinf
Uz(,O) = —2m P2 - 0 ,
3[cos(20) — 1] 30 sin(260)
vp(p) = 17 _3@ % + k%(cos 6 — 1)
(42)
0/2
— 00 — —,
0 2
sin?(@)  Qsin(26) 07
(0) = - Q00 — —.
v (p) 257 + 2 0 >

The potential V,, vanishes exponentially for kp > 1 as illus-
trated in Fig. 3. The anomalous potential v, that couples the
two components of the wave function 7 vanishes quadratically
for kp — 0 and exponentially for kp — o0.
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FIG. 3. (Color online) The potentials vy, v,, and v, of Eqgs. (42)
in units of &y, plotted as functions of the dimensionless parameter
kp for a value of k = Q. All three potentials vanish exponentially for
kp > 1.

Solutions of the free problem Hy,, 7Y = e777'? only exist
for energies
2k2
e = e0a’ (kK> + k%) = egop + =——— (43)
2M nag

with the radial momentum &k > 0. This identifies the magnon

gap Egup = goa’k? and the magnon mass hz/(ZMmag) = goa’;

see Table I. The eigenfunctions are given by

7o : Ly (kp) (44)
Nie = —F——JIm-1KP),
* 0 vV 280612 :

where J, are Bessel functions of the first kind. They are
normalized such that

o0 o0
| doiiei = s [ dp ot o))
0 0

=8(s — &), 45)

280612

where we used the completeness relation of the Bessel
functions

Sk — k) = k / o pdy k) K p).  (46)
0

2. Asymptotics of eigenfunctions and scattering phase shifts
For small distances px < 1, the Hamiltonian reduces to

ad m?+1 m

L+ — ) + 2r7—2], 47)
P P P

where we have omitted all terms of order O[1/(kp)]. Note
that the presence of the skyrmion inverts the sign of the linear
m-term for kp < 1 as compared to the free Hamiltonian (40).

From Eq. (47) follows the asymptotics of the eigenfunction at
small distances,

. (C3(K,0)m+l

caiep) !

H(m) ~ 80a2|:1 (—ag —

) for xp <1, (48)

with constant coefficients ¢3 and cy4.
The large-distance asymptotics is governed by the free
Hamiltonian (40) and depends on the energy ¢. For energies
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below the magnon gap, & < &gp, the wave function decays
exponentially in «p. For energies & = g + c9a’k? with
k > 0, the large-distance asymptotics, kp > 1, is given by

3 1 1 .
N ~ —[COS((Sm)Jm—l(kp) - Sln((sm)ym—l(kp)]s
0 280@2

(49)

where Y, are the Bessel functions of the second kind, and
we introduced the phase shift §,,. The second component is
exponentially small and has been set to zero.

B. Magnon-skyrmion bound states

In the following, we discuss the magnon bound states to be
found within the energy range 0 < & < €gyp.

1. Cross-check: Zero modes

Before turning to a discussion of the bound states, however,
we first perform an important cross-check. Although we
are only interested here in the massive modes with finite
energy, the spectrum of the Hamiltonian must also possess
the zero modes corresponding to infinitesimal translations
of the skyrmion, i.e., &3[r — R(t)] ~ é3(r) — 9, é3(r)R, (7).
With the help of Eqgs. (13), we find

. S A sinf
ay33 = -0 pPyér + TXyeb (50)

This allows us to identify a zero mode with angular momentum
m=—1,

ﬁzmzi ST%O_G, (51)
—1 \/g % + 9, )

normalized according to Eq. (37), and the corresponding
partner ™ = t*(57”})*. Using the differential equation
(10) obeyed by 6(p), one can check explicitly that in-
deed H(—1)7™} = H(1)¢,"™ = 0. Translations are then de-
scribed by the wave function U™ = q 7j™Me~i% 4 q*7 "eiX
where the real and imaginary parts of the coefficient a € C
parametrize translations in the y and x direction, respectively.
Although there are two translational zero modes, it should be
kept in mind that they are represented by a single zero mode in
the spectrum obtained from the eigenvalue equation (36) for
the #,, wave functions.

2. Massive magnon-skyrmion bound states

The massive bound states with finite energy are determined
by solving the eigenvalue equation (36) numerically using
again the shooting method [42]. This is done by first choosing
a value for the ratio c3/c4 in Eq. (48) as well as the energy
¢ and afterward checking whether the numerical solution
of the differential equation allows for a bound state that is
exponentially decaying at large distances. This is iteratively
repeated until a bound state is found. The absolute value for
cs is fixed afterward by the normalization condition (37).

The resulting energy spectrum is shown in Fig. 4. In the
regime of a stable field-polarized state, x* > k2 ~ 0.80?,
see Fig. 2, we find two bound states in addition to the zero
mode that is not shown. There exists a bound breathing mode
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FIG. 4. (Color online) Energy spectrum of magnons in the pres-
ence of a single skyrmion excitation of the field-polarized ground
state. The latter becomes thermodynamically unstable for x> < k2 ~
0.80Q? (dashed-dotted vertical line); see Eq. (12). In addition to the
continuous magnon spectrum for & > £g,, = &pmk>/Q?, one obtains
in-gap bound states for smaller energies. The dashed vertical line
signals the local bimeron instability identified by the vanishing of the
quadrupolar eigenfrequency; see the text. The images show snapshots
of the corresponding excitation modes; see also Fig. 5.

with m = 0 for all x, and an additional bound quadrupolar
mode with m = —2 appears below 2 < 0.93Q?. The eigen-
frequency of this m = —2 mode decreases with decreasing «
and eventually turns negative for values of x> smaller than

~ 0.560°. (52)

Klzimeron
This negative energy eigenvalue corresponds to a local
instability of the theory (26), and it translates to an instability
of the single skyrmion with respect to a static quadrupolar
deformation. Such a deformed skyrmion can also be identified
as a bimeron, and this bimeron instability was previously
pointed out by Ezawa [50]. An additional m = —3 mode ma-
terializes in the intermediate, thermodynamically metastable
regime, k2 .o, < K> < k2, and bound states with higher |m|
do not exist in the locally stable regime k> > k2. ..o, Figure 5
illustrates the space-time dependence of the relevant bound
magnon modes; for movies, see Ref. [S1]. All wave functions
7im(p) for the bound states we have found numerically do not
possess any nodes, i.e., they do not have any zeros for some
finite value of p. We were not able to find bound states with a
single or more nodes.

The magnon spectrum of Fig. 4 agrees nicely with recent
results of finite-size diagonalization of the Landau-Lifshitz-
Gilbert equation by Lin er al. [36]. The only qualitative
difference seems to be a hybridization of the m = 0 and
—2 modes close to their crossing at k> ~ 0.875Q for the
finite-size system investigated in Ref. [36].

C. Magnon scattering states

Magnon scattering states are obtained for energies & > €g4p.
The corresponding wave functions are also obtained numeri-
cally with the help of the shooting method. For a fixed energy
¢ one first finds a value for the ratio ¢3/c4 of the small-distance

PHYSICAL REVIEW B 90, 094423 (2014)

17 17 3
ZT’ iT 2T T

FIG. 5. (Color online) Time dependence of the skyrmion profile
for the bound magnon modes with oscillation period T = h/e, where
¢ is the corresponding eigenenergy. The color code reflects the z
component of the local magnetization. Corresponding movies can be
found in Ref. [51].

asymptotics, Eq. (48), so that the numerical solution for the
wave function 7, possesses a second component decaying
exponentially with distance, in agreement with Eq. (49). In
a second step, the absolute value of, e.g., c3 is then fixed so
that the large-distance asymptotics of the first component is
consistent with Eq. (49), which ensures that the scattering wave
functions are normalized according to Eq. (38).

The energy dependence of the numerically obtained phase
shifts, §,,, is shown for the lowest angular momenta as solid
lines in Fig. 6 for x = Q.

1. WKB approximation for the phase shift

For the discussion of the WKB approximation, we follow
Langer [52] (see also Ref. [53]), and first substitute for the
radius p = e*/k and ii(x) = 7j,,(e" /x) so that the eigenvalue

! T T T T
I
V —m=3
L —m=2 |
0.5 ol
. m =20
T oop _
S —
-0.5) —
| 1 1 1
01 5 10 15

FIG. 6. (Color online) Phase shifts of the scattering states for
various angular momenta m for x = Q; numerically exact values
are shown as solid lines, and the dashed lines are obtained within the
WKB approximation. For large angular momenta or high energies,
the WKB approximation provides satisfying results.
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FIG. 7. (Color online) Effective WKB potential Uwxg, Eq. (57),
of the magnon scattering states for various values of angular
momentum m for k = Q. In the classically allowed regimes, the
energy of the scattering states obeys & > Uwkg. In the left panel,
classical turning points, 0o, for the energy & = 2¢,,, are indicated by
dots. For certain values of m, the potential develops a local maximum
giving rise to resonances that are reflected in a pronounced energy
dependence of the phase shift.

equation (36) simplifies for any x € (—00,00) to

[0 — A()]ii(x) =0, (53)
where the matrix A is defined by
2\2 2x z € 1 X
AXx)=—(ml —7t°)y -1 -7 + — V(e /x) ).
€gap  Egap

(54)

Equation (51) has the form of a two-component Schrodinger
equation. The semiclassical approximation for such a problem
is discussed, for example, in Ref. [54]. With the help of the
WKB ansatz i(x) = iio(x)e’5® and neglecting derivatives of
1io(x), the above differential equation is converted into an
algebraic one,

[[S' ()P 1 — A(x)]idg(x) = 0. (55)

This equation can be locally diagonalized for each position x.
The interesting eigenvector is the one that becomes propor-
tional to ﬁg (x) o (1,0) for large distances. The corresponding
eigenvalue denoted as A(x) then determines the function S’(x)
with the help of which the phase of the wave function can be
evaluated in the lowest-order WKB approximation,

S0 = /de/\/mz /pdp/w. (56)

The evolution of the eigenvectors with x gives rise to Berry
phases that, however, contribute only in next-to-leading order.
The effective WKB potential

Mllog(kp)]

i 57)

UWKB(IO) =& — Egp
is shown in Fig. 7 for « = Q. This potential possesses a
single classical turning point for angular momenta m < —5
and m > 2. For other values of m, the potential develops
a local maximum, and for certain energies three classical
turning points then appear. Neglecting corrections due to those
additional classical turning points, the scattering phase shift in

PHYSICAL REVIEW B 90, 094423 (2014)

the WKB approximation is given by [53]

P U
SVKB — lim K2 4 g2 — 2 K0 dp
P20 J g €gap

T
+ S Im = 11 = koo, (58)

where k = k,/¢/egsp — 1. The distance pg corresponds here to
the first classical turning point when approaching the potential
from large distances.

The results for §\VXB are shown in Fig. 6 as dashed lines. It
provides a good approximation to the numerically exact values
(solid lines) for high energies and higher angular momenta
|m|. The sharp resonances for m = —3 and —4 are attributed
to quasibound states of the effective potential (57).

2. Scattering cross section

The scattering amplitude f is defined in terms of the long-
distance asymptotic behavior of the magnon wave function but
in the laboratory orthogonal frame as defined in Eq. (19),

,J}scatter(r —R) = 1 ( ik(r—R) + f( )ﬂ) 59)
lab - 0 ¢ X \/ﬁ ’

where (r — R)T = p(cos ¥, sin x). Comparison with Eq. (49)
yields for the scattering amplitude f,

fGo=

e_i% s . .
ezm)((ezZSmH _ ])’ (60)
N 2mk m;oo

with the momentum k = k,/&/€4p — 1. Note that the phase
shift §,,1+1 as defined in the local orthogonal frame (49) enters
the sum with the angular momentum m + 1. The differential
scattering cross section is then given by

do(e)
—— =00l (61)
X
The total scattering cross section finally reads
4 '}
L2
= - Smt1- 62
o (e) MZ%W + (62)

An evaluation of the differential scattering cross section
within the WKB approximation is shown in Fig. 8. More
precisely, we calculated the scattering amplitude (60) entering
(61) using the WKB approximation for the phase shifts
(58), and the sum over angular momentum was cut off for
|m| > 30. The cross section exhibits a pronounced asymmetry
with respect to forward scattering, x = 0, with characteristic
multiple peaks whose positions shift with energy. Note that
a peak in do/dy at a negative angle y corresponds to a
pronounced scattering in the clockwise direction, i.e., to the
right-hand side from the perspective of the incoming wave.
This so-called skew scattering is also illustrated in Fig. 9,
where we show the scattering wave function in the same WKB
approximation.

We consider here only the elastic scattering of magnons.
There are also inelastic scattering processes, for example when
the magnons excite the breathing bound state with m = 0 in
Fig. 4. The inelastic-scattering cross section of the skyrmion
is beyond the scope of the present work.
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FIG. 8. (Color online) Differential cross section (61) evaluated
within the WKB approximation for various energies ¢ at magnetic
fields (a) k> = Q? and (b) k> = 2Q?. Skew scattering results in a
pronounced asymmetry with respect to forward scattering y = 0 with
characteristic multiple peaks at high energies.

D. Discussion of the magnon-skyrmion scattering

The skew scattering of magnons was recently observed
in micromagnetic simulations by Iwasaki ef al. [37]. These
authors also present a theory for the differential cross section
and explain that the skew scattering arises from an effective
Lorentz force that emerges from the topological skyrmion
texture. The theory of Ref. [37] for do/d x differs from ours,
however, in two aspects. First, the effective gauge potential for
the magnons was assumed to decay algebraically in Ref. [37],
giving rise to a finite total effective flux, whereas ours decreases
exponentially with distance, resulting in a vanishing total
effective flux. Secondly, the resulting effective flux density
that we obtain possesses a singularity at the skyrmion center.
In the following, we explain in detail that this peculiar flux
density profile not only leads to skew scattering but is also at
the origin of rainbow scattering, resulting in multiple peaks in
the differential cross section of Fig. 8.

1. Scattering from an effective magnetic flux

For high energies, & > &g, the scattering potential is
essentially governed by v.(p) of Egs. (42), see Fig. 3, which
in particular determines the position of the classical turning
point. As v, (p) is proportional to the angular momentum m,
this corresponds to scattering from an effective magnetic flux.
Indeed, the effective gauge potential for the magnons within
the laboratory orthogonal frame is obtained from Eq. (31)

PHYSICAL REVIEW B 90, 094423 (2014)
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FIG. 9. (Color online) Scattering wave function in the WKB
approximation for the energy & = 20g,,, at k = Q for an incoming
wave with k£ = £. The arrows indicate the position of peaks in the
differential scattering cross section; see Fig. 8. The skyrmion at the
origin is represented by the circle with radius 1/«. Panel (a) shows
only the scattered wave Re{(l,O)@gcg‘“”(r) — €™} and panel (b)
displays Re{(l,O)Jflf,j‘“e‘"(r)} of Eq. (59) that exhibits the interference
between the incoming and the scattered wave.

with the help of the singular gauge transformation Eq. (19),
Y — Y1 = —ie "%y, and Eq. (9),

- - cosf —1 )

Ay, =a— VY =apX = (T — Qsm@)i, (63)
and v,(p) = —2maf§lb(p)/p. This gauge potential dyy, is ex-
ponentially confined to the skyrmion area, which according
to Stokes’ theorem implies a vanishing total flux. The
corresponding flux density, however, possesses an interesting
structure. The first term on the right-hand side of Eq. (63)
diverges for small radii as —2/p for & — 7 giving rise to a
singular flux density,

befr(r — R) = ,4505d1ab.p = —478(r — R) + b5 (p).
(64)

The smooth part reads explicitly

6—1
i) = ap(L — Qsin 9)
o

1 (0059 —1

- -0 sin9). (65)
o P
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FIG. 10. (Color online) Smooth part of the effective magnetic
flux density (65) for various values of «.

It integrates to

o0 o0
27 / dp p bSi™(p) = 27 (cos® — Qpsing)| =4n
0 0

(66)

and thus exactly cancels the singular part. The dependence of
b;?f“h(p) on the radius p is shown in Fig. 10 for various values
of k. For k?/Q? < 1.7, it possesses a local maximum, and it
even changes sign as a function of p for ¥2/Q% < 1.3.

Why is the flux density singular? Consider the orthogonal
frame after the singular gauge transformation (19) [see
Eq. (16)],e.g., &, = ie'?e™, as afunction of distance from the
skyrmion center. For large distances, & — 0, and we recover
éf,:b = %2()2 +iy) for 6 = 0. On the other hand, very close
to the skyrmion center, 6 ~ 7, and & ~ \/Li(f —ip)e’x
becomes dependent on the polar angle x. It corresponds to
an effectively rotating frame that rotates twice upon encircling
the core once, resulting in the singular flux of —4s in Eq. (64).

Keeping only the effective magnetic scattering potential,
the WKB potential of Eq. (57) simplifies to

Uwis(p) | , (m = 1)? = 2mpajy (p)

67
- =y 67)

At high energies, the classical turning point of this potential is
asymptotically determined by the limiting value paj’, (o) —
—2 for p — 0 corresponding to the scattering off a singular
magnetic string with flux —4m. In this limit, the WKB
scattering phase shift (58) assumes the Aharonov-Bohm form
[55] VKB . §AB with

m m

- if m>0,

SQB:—%|m+1|+%|m—ll= 0 if m=0,
7T if m<O.
(68)

This explains the asymptotic values obtained for the phase
shifts in Fig. 6 in the limit of high energies.

In the limit of low energies, € — &g4p, 0On the other hand,
one expects the phase shifts to obey Levinson’s theorem
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generalized to the case of Aharonov-Bohm scattering [56],

Sm(Egap) — 8 (00) = TN — 528, (69)

where NP4 is the number of bound states with angular
momentum number m. For our definition of the phase shift,
8m(00) = 8B, and one obtains §,,(&gp)/m = N2, For the
specific value k2> = Q? there are two magnon bound states
present; see Fig. 4: the breathing mode with m = 0 and the zero
mode with m = —1. Consequently, one expects all phase shifts
to vanish at the threshold &g, except o(£gap) = 6—1(Egap) = 7
for k2 = Q% This is in agreement with the numerically
obtained values for the phase shifts presented in Fig. 6.
Furthermore, the sharp drop of §_,(¢) close to the magnon
gap can be attributed to the bound state with m = —2 that
materializes for slightly smaller values of «.

2. Classical deflection function & rainbow scattering

Atfixed energies but in the limit of large angular momentum
|m| > 1, i.e., large impact parameter, the phase shifts §,, are
eventually expected to vanish. Combined with the Aharonov-
Bohm constraint, Eq. (68), this has the consequence that §,, as a
function of increasing but negative m has to increase toward 7,
and for positive and increasing m it again must increase toward
zero; see the inset of Fig. 11. Treating the phase shift §,, as a
continuous function of m (except close to m = 0), it follows
that this function should change curvature. Equivalently, its
derivative, the classical deflection function [57-59]

6m
On=2—m, (70)
om
possesses at least one stationary point with ®/, = 0. This is
illustrated in Fig. 11. Note that the positive values obtained for
0®,, translate to a skew scattering at a mathematically negative
angle x, which labels the vertical axes of Fig. 8.

Generally, at such a stationary point, multiple classical
trajectories contribute to the scattering cross section, resulting
in so-called rainbow scattering [57]. For a single stationary
point, the scattering amplitude in the classical limit is then
described by the Airy function, resulting in a differential
cross section with a sharp falloff on the dark side and an

Lof —w@t=1
—r?/Q*=1.25
0.8p —x2/Q>=15
K*/Q* = 1.75
@S 0.6} 20—
0.4}
0.2t
0.0
-30 -20

FIG. 11. (Color online) Classical deflection function ®,, = 24,
of Eq. (70) for the energy & = 20sg,, for various values of k. As
a function of increasing «, the three stationary points merge into
a single maximum. The inset shows the corresponding phase shifts
evaluated within the WKB approximation.
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oscillatory behavior on the bright side of the rainbow angle
O, for which ®], = 0. Interestingly, the deflection function
in Fig. 11 exhibits for k> = Q? three stationary points whose
contributions will interfere in do/dy, as shown in Fig. 8(a),
with a weight determined by their curvature ®/, . For increasing
Kk, the three stationary points merge into a single maximum,
which in the classical limit governs do/dx at k> = 2Q?, as
shown in Fig. 8(b). The change in the number of stationary
points of ®,, is related to the smooth part of the effective flux
density, see Fig. 10, which substantially alters its profile on a
similar scale of «.

IV. MAGNON PRESSURE ON THE SKYRMION

Consider a plane wave of magnons impinging on the
skyrmion as in Fig. 9(b). What is the pressure on the skyrmion,
and will it be moving with a finite velocity R?

A skyrmion motion in a corresponding numerical exper-
iment was recently observed by Iwasaki et al. [37]. It was
suggested by these authors that this motion can be explained in
terms of total momentum conservation, implying, in particular,
that the skyrmion can be considered as a particle with
well-defined momentum. However, the notion of a conserved
momentum for the field theory (1) is subtle [48,60—62]. We
have recognized in Sec. IIC1 that in zeroth order in the massive
modes Y the skyrmion coordinate, R, obeys the equation of
motion of a massless particle in a magnetic field, Eq. (24).
Its canonical momentum (23) is spin-gauge-dependent, and in
general neither well-defined nor conserved. Nevertheless, it
was argued in Ref. [61] that the coordinates R, with @ = 1,2
are conjugate to each other and, therefore, can be interpreted
as a momentum of the skyrmion texture, as further discussed
in the Appendix.

We explain below that magnons indeed transfer momentum
to the skyrmion. Using the conservation law associated with
translation invariance, we show that a magnon current gives
rise to a magnon pressure in the form of a momentum-transfer
force on the skyrmion. This force enters the Thiele equation of
motion for the skyrmion, which can be interpreted as a constant
flow of momentum from the magnons to the skyrmion, leading
to a constant skyrmion velocity. Evaluating the corresponding
force explicitly, we arrive at an expression for the skyrmion
velocity R and the skyrmion Hall angle ®.

A. Effective skyrmion equation of motion
1. Effective Thiele equation
As shown in the Appendix, the conservation law deriving
from space-time translation invariance reads [see Eq. (AS5)]

drh

BT = " €™ an

where T;‘Va‘ is the energy-momentum tensor obtained from the

static part of the Lagrangian only [see Eq. (A4)], and o is
the spatial part of the topological current as defined in Eq. (4).

Expanding the topological current up to second order in the
magnon fields, we obtain

. . 1 S o
op — PO R, — o Canpldo(I TP + dp (P ido )]
(72)
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with the topological charge density of the static skyrmion,

o | B . 1 6'sin6
](t) PO — Ens(alns X Oofig) = 4_7_[ .

(73)

The vertex I'? is just the interaction vertex of Eq. (33).
Integrating the spatial component of Eq. (73) over space, we
arrive at an equation of motion for the skyrmion given at this
order by

G xdyR = F, (74)

with G = —“QLZFL%. It is just the Thiele equation of Eq. (24)

but in the presence of an additional force F, which is
given by

Fo=— / &r [dﬂs% %(dodﬁr“&) + da<1/7””"°*’7”]‘

(75)

We would like to determine the skyrmion velocity only in
linear response, so that we can limit ourselves to evaluate
the force F in zeroth order in dyR. In a stationary scattering
situation, the second term on the right-hand side in Eq. (75)
vanishes, and we neglect it in the following. The integrand
then reduces to a total derivative, and the force is given by
a surface integral. Choosing the surface to be a circle with
radius p; >> 1/k centered around the skyrmion, we finally
obtain

2 B h R o R
F,=—pL / dx[ﬁﬂgif‘ + 3 7P rzdmp)}
0

oL

2 .
—pL / dy PpTay® (76)
0

oL

One can verify that for large radii p; , the integrand is just given
by the spatial component of the energy-momentum tensor of
free magnons,

Lmae -
mig — % A +He = 8 Limag, (77)
O s S

with the Lagrangian
L [h Tt oz g 7 Tt N2
Emag = ﬁ E(wlabf de gy — (d 1;Zf]ab)'r “Ylab)

hZ

" Mg

(o V) (o ran) + K%Lb%ab} (78)

but with the magnon field defined within the laboratory
orthogonal frame, see Eq. (19), and we have used the
expression for the magnon mass My, = h?/(250a?).

So we arrive at the result that the force, F, is just determined
by the net current of momentum, Tﬁn;ag, carried by the magnons
through the surface of the sample. This net momentum is
transfered to the skyrmion. Indeed, using the results of the
Appendix, we can associate with the skyrmion a momentum
P — 1l 0as R [61,63,64]. The Thiele equation (74) can
then be rewritten in the following form:

dyP™" = F, (79)

which explicitly describes the flow of momentum between the
magnon subsystem and the skyrmion.
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2. Momentum-transfer force on the skyrmion

The force (76) only depends on the magnon wave function
far away from the skyrmion so that we can use its asymptotic
scattering form. We consider a magnon plane wave impinging
from the left-hand side with fixed wave vector k = kX and
on-shell energy ¢,

Vian(r — R,1) = /Ee E/Mysater e Ry (80)

as a function of real time t = —it. The amplitude is V8, and
Yddter was specified already in Eq. (59). For the on-shell wave
function Izlab, the Lagrangian L, vanishes, and the force is
determined by

2 1 hz N -
F,=—p, / a3 P35 53— O am) O Fan)
0

2M mag
+H.c.],,. 81
With the help of the optical theorem
27 . in/4
o=2 TIm{—ze f(x =0, (82)
we find for the force the explicit expression
s Rk [o)(e)
= — . (83)
a? 2Mae \ 01 (¢)

It depends on the energy-dependent longitudinal and transver-
sal cross sections,

2 —
<O’(8)) =/ dx (1 ?os X) do‘(g). 84)
ai®) o —siny | dx

The force along the magnon wave vector ki’ = (1,0) is
determined by o), which is an angular integral that weights
the factor 1 — cos x with the differential cross section. This
structure is familiar from transport theory, and it signals that
the flow of magnon momentum remains unaltered for forward
scattering, resulting in a vanishing contribution to the force.
The component of F perpendicular to the wave vector, on the

other hand, is governed by o, and is here only finite due to the
asymmetric skew scattering.

B. Skyrmion velocity and Hall angle ¢

The equation of motion (74) is easily solved, and we obtain
a constant skyrmion velocity d, R = dyR given by

2

a
d,Ra = —méoaﬂFﬂ. (85)
The skyrmion velocity reads explicitly
8§ hk* [—oui(e
dR=— L) (86)
8w Mmag O'“(S)

The skyrmion velocity depends on its differential cross section,
and its orientation is governed by o, and oy. In the linear-
response approximation, we can use the differential cross
section evaluated in zeroth order in the velocity interaction
(32), and we can apply the results of the previous section
for do/dyx. At higher energies, the skyrmion velocity d; R
is approximately opposed to the direction into which the
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FIG. 12. (Color online) Illustration of the magnon pressure and
the resulting skyrmion velocity, d, R. The magnons are emitted from
a source on the left-hand side, see also Fig. 9, and scatter from the
skyrmion which is represented by the circle with radius 1/«. The
skyrmion experiences the force F given in Eq. (83), which results
in a finite skyrmion velocity d; R of Eq. (86), with a skyrmion Hall
angle ® given in Eq. (87). The arrows only illustrate the orientation
but not the length of the corresponding vectors.

magnons are preferentially scattered as oy (¢) > Oand o (¢) >
0; see the illustration in Fig. 12. Such a direction for the
skyrmion velocity was numerically observed in Ref. [37].

To be more precise, we define the skyrmion Hall angle (see
Fig. 12),

0)(¢)

oi(e)

R,
—d,R,

® = arctan = arctan

87)

An evaluation of @ as a function of energy for various values
of x is shown in Fig. 13. The Hall angle & for values
k2/Q*=1.25, 1.5, 1.75, and 2 is evaluated here within

T T T T T T T
i e o
i K2/Q% =175 !
! Q=15 g .O:
37T : —r?/Q* =125 ELSI
— I, —r2/Q =1 1.6¢! E
8 : : 1,/1:
l
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l
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FIG. 13. (Color online) The skyrmion Hall angle & as defined
in Eq. (87) as a function of energy for various values of «; see the
text for details. The inset shows the ratio —®/(x).. The Hall angle
is maximal ® = 7/2 in the limit & — &4, where magnon s-wave
scattering prevails.
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the WKB approximation and therefore presented only for
energies €/&q,, > 10. The behavior of ® for lower energies
is shown for k2 = Q2, for which we calculated the cross
sections by using the exact phase shifts for angular momenta
—4 < m < 3, while the remaining phase shifts up to |m| < 30
are again evaluated within the WKB approximation and higher
angular momenta are neglected. The scattering at low energies,
& —> £gap, 1s governed by s-wave scattering corresponding to
the phase shift §,, with m = 1 in Eq. (60); see also Fig. 6.
In this limit, the magnon skew scattering is negligible, o
approximately vanishes, and the force (83) is practically
longitudinal to the incoming magnon momentum, F o x. This
results in a maximum Hall angle of ® = 7/2 for ¢ — £gyp.
For larger energies &/egy, > 1, on the other hand, there is
substantial magnon skew scattering giving rise to a finite o
and thus a finite transversal force F';, o o thatreduces ®. The
peak in the Hall angle at around &/eg,, ~ 2.5 for k2 = Q?
can be attributed to the resonance of the m = —3 mode;
see Fig. 6.

The inset of Fig. 13 compares the skyrmion Hall
angle ® with the first moment (x)., with (O(x)). =

é 02” dx O(x)do/dy. It was suggested in Ref. [37] that
the ratio —®/(x). assumes the value of 1/2, which we
cannot confirm. This discrepancy is probably attributed to an
insufficient precision in the numerical experiment of Ref. [37].
Inspection of Eq. (87) reveals that a ratio of 1/2 would only
be obtained for a differential cross section with vanishing
higher cumulants so that, e.g., (sin x ). = sin{) ). In the limit
& —> Egap, theratio —® /(). even diverges as (). — Oin the
limit of s-wave scattering.

V. SUMMARY AND DISCUSSION

A two-dimensional chiral magnet adopts a field-polarized
ground state for a sufficiently large magnetic field perpendicu-
lar to the film corresponding to k. > k., in Fig. 2. The magnetic
skyrmion then corresponds to a large-amplitude excitation
with positive energy &,. Such topological skyrmion excitations
are always present in an experimental system. Their density
might either be given by a thermal distribution reducing to a
Boltzmann factor e #% at lowest temperatures, or depend on
the history of the sample because the topological protection of
skyrmions results in long equilibration times.

In any case, the presence of a skyrmion will modify
the properties of the small-amplitude fluctuations, i.e., the
magnon excitations. We investigated the basic aspects of this
magnon-skyrmion interaction in the present work. Starting
from the nonlinear sigma model for chiral magnets (1), we
first derived the magnon Hamiltonian (27) by expanding
around the skyrmionic saddle-point solution. As the skyrmion
scattering potential does not preserve the magnon number, this
Hamiltonian was found to possess a (bosonic) Bogoliubov—de
Gennes form. The Hamiltonian also includes a term that
explicitly depends on the skyrmion velocity (32), whose
consequences, however, have not been investigated yet in this
work

Solving the Bogoliubov—de Gennes scattering problem, we
first determined the magnon spectrum. In the magnetic field
regime where the field-polarized state is stable, we found
two magnon-skyrmion bound states: the breathing mode with
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TABLE III. Moments that are excited by the magnon-skyrmion
bound state m =0 and —2. M;, Q;;, and 7; are the dipole,
quadrupolar, and toroidal moments, respectively; see Eq. (88).

M33Q113Q227 Q33’IZ§
QllyQZLQIZaQZl

Breathing mode m = 0
Quadrupolar mode m = —2

m = 0 and the quadrupolar mode with m = —2; see Figs. 4
and 5. For a visualization of these modes, see also Ref. [51].
For a smaller but finite magnetic field, the quadrupolar
eigenfrequency eventually vanishes signaling a local bimeron
instability of the single skyrmion. Our results are in good
agreement with a recent numerical diagonalization study [36].

The bound magnon modes will give rise to weak subgap
resonances in magnetic or electric resonance experiments
whose weight will be proportional to the skyrmion density
in the sample. To determine their selection rules, we consider
here the magnetic dipole, M;, quadrupolar, Q;;, and toroidal
moment, 7; [65], defined as follows:

M = [ ari)
1
0y = [ar(awam-38,). 9

1 = /dre,-ajraﬁj(r).

In the field-polarized state without a skyrmion, only the
components M3z and Q;; with i = 1,2,3 are finite and
proportional to the volume )V, whereas all other components
vanish. The skyrmion not only leads to a modification of
these finite components of order o(VY), but it also induces
a finite toroidal moment 73 that scales as the third power of
the skyrmion radius, 1/,

o0 1
T = 27(/ dp p*sinh = 7T(K2/Q2), (39)
0 ke

where T is a dimensionless function. If the skyrmion is
excited either with the breathing mode or the quadrupolar
mode, oscillations of certain moments arise that are listed in
Table III. An ac magnetic or electric field could couple to these
moments and thus excite the corresponding magnon-skyrmion
bound state. An ac magnetic field perpendicular to the film
directly couples to M3, and will therefore excite, similar to
the skyrmion lattice [33], the breathing mode of the skyrmion.
A perpendicular ac electric field, on the other hand, couples
to the polarization Pz, which for the insulating chiral magnet
Cu,08SeO03 is in general given by [66,67] P o< (Q23,Q31,212),
so that it will excite the quadrupolar mode. As the toroidal
moment couples to the cross product of the electric and
magnetic field, 7 ~ E x H [65], in-plane ac electric and
magnetic fields might also be able to excite the breathing
mode.

Apart from the spectrum of magnon bound states, we also
discussed the differential cross section do/dx for magnon
scattering off the skyrmion. The scattering potential, in par-
ticular, includes an Aharonov-Bohm flux density that governs
the scattering characteristics at large magnon energies. While
the total flux vanishes, the density possesses a singularity
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at the skyrmion core that is related to the nontrivial skyrmion
topology. As explained in detail in Sec. III D, this specific flux
density profile is at the origin of rainbow scattering, giving
rise to an asymmetric differential cross section with oscillating
behavior as a function of the scattering angle; see Fig. 8. Our
results for do /d x differ from the theory presented in Ref. [37],
which did not find oscillations of do/dy characteristic for
rainbow scattering. Importantly, the magnons skew scatter
from the skyrmion (see Fig. 9), as previously pointed out
in Ref. [37]. This skew scattering generates a topological
magnon Hall effect [30] that is proportional to the skyrmion
density.

The magnons not only scatter off but also transfer mo-
mentum to the skyrmion. The resulting magnon pressure
on the skyrmion due to a constant magnon current was
determined in Sec. IV. Starting from the conservation law
associated with translation invariance of the action (1), which
is discussed in detail in the Appendix, we demonstrated that
the magnon pressure enters as an effective force in the Thiele
equation of motion (74) for the skyrmion. This effective force
is determined by the net transfer of magnon momentum.
It depends, in particular, on the magnon differential cross
section, and it is thus a reactive momentum-transfer force. The
solution of the resulting Thiele equation predicts a skyrmion
velocity with a component longitudinal and transverse to the
magnon current. The transverse component is attributed to
the longitudinal scattering cross section oy, giving rise to
a large skyrmion Hall effect. Due to the asymmetric skew
scattering, there is also a finite transversal cross section o,
which determines the longitudinal motion. This longitudinal
motion is, interestingly, antiparallel to the magnon current,
i.e., it is toward the magnon source. Our theory provides an
explanation of the numerical experiment in Ref. [37] where a
corresponding skyrmion motion was observed.

We note that our result for the magnon pressure due to
momentum transfer is distinctly different from the conclusion
drawn from the mode-decomposition theory of Ref. [68],
which has been invoked to explain the skyrmion motion in
Refs. [27-29]. The latter theory, in particular, predicts in the
limit of vanishing Gilbert damping a vanishing skyrmion Hall
effect and a universal longitudinal skyrmion motion antiparal-
lel to the magnon current that is independent of the differential
magnon scattering cross section in contrast to our findings,
Eq. (86). We believe that our results for the magnon scattering
cross section as well as for the magnon pressure pave the
way for a genuine theory of skyrmion caloritronics [69],
i.e., thermal spin-transport phenomena for a dilute gas of
skyrmions in clean insulating chiral magnets.

There are several interesting open issues to be explored
in future work. Most importantly, the interaction between
the magnons and the skyrmion velocity, Eq. (32), naturally
produces in second-order perturbation theory an effective
retarded skyrmion mass. It is an important open question
whether such a retarded mass allows for an additional
collective magnon-skyrmion bound state corresponding to
a cyclotron mode of the massive Thiele equation [70,71].
Such a mode would be reminiscent of the gyration modes
observed as magnetic resonances in the skyrmion lattice phase
[33-35].
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APPENDIX: CONSERVED NOETHER CURRENTS

We present a discussion of important Noether currents
of the Lagrangian £ of Eq. (1), i.e., the conservation laws
deriving from translation and rotation invariance. Whereas
these conservation laws are manifest spin-gauge-invariant,
the corresponding canonical energy-momentum tensor and
angular momentum vector current themselves depend on the
spin-gauge potential [48,60—62]. In general, this precludes
the definition of a conserved total canonical momentum and
angular momentum. However, in case the topological charge
is preserved within the sample, a definition of a conserved
total momentum and angular momentum becomes possible,
in agreement with previous findings by Papanicolaou and
Tomaras [61]. For the indices, we use the conventions of
Table II.

1. Canonical energy-momentum tensor

The theory (1) is translationally invariant so that the
canonical energy momentum tensor

oL
v = ———d,i —8,,L Al
"= S day T Al
is conserved,
d,T,, =0. (A2)

The tensor 7),, depends on the spin-gauge field A of Eq. (3).
For example, the canonical momentum density

h -
Tow = —— Adui
a

(A3)
is determined by A [48]. Nevertheless, the conservation law
(A2) itself is gauge-invariant. This is best seen by first
defining the energy-momentum tensor deriving from the static
Lagrangian L, only,

S 0Lt .

The conservation law (A2) can then be written in the manifest
spin-gauge invariant form

(A4)

drh

stat stop __
dMle 7 €uovi,” = 0,

(A5)

where we have used the identity of Eq. (8). So we arrive at the
result that the divergence of T is given by the topological
current of Eq. (4).

Assuming that the integral over the spatial divergence
f d*rd, T;}f‘ =0, i.e., that Tofltj‘t vanishes on the surface of the
two-dimensional sample, it follows from the time-component
of Eq. (A5) the conservation of total energy, dy E = 0, with

= —/dzr 7};8&[ = fdzr Estal-

(A6)
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Due to the anomalous form of the conservation law, however,
we are in general not able to define a conserved total
momentum. Instead, it follows from the spatial component of
(A5) with T, = 0 that the spatial integral over the topological
current vanishes,

4 h .
~ g2 oo / dr j® = 0.

However, with the additional assumption that the conservation
law for the topological current of Eq. (5) holds and that the
product r,, jg)p vanishes on the surface, we can write

[@rier = [ @l =dy(ruiy?) + 2]

= —/dzr rodgjy" =d0fd rrejot. (A8)

In this case, following Ref. [61] we can identify a total
conserved momentum,

4 h ) &

Pa:—7€0aﬂ/d r rﬂJOOP

with the first moment of the topological charge distribution.

In Ref. [61], this result for the conserved momentum was
obtained by starting directly from the equation for the time
derivative of the topological charge density,

4 h
——dojy" = €oupdad, T,

(A7)

(A9)

(A10)

which can be derived from Eq. (AS) by applying the derivative
€q0vdy With ¢ = 1,2, summing over v, and using the conser-
vation law for the topological current Eq. (5).

2. Angular momentum

For completeness, we also discuss the conservation law
deriving from rotational invariance. Due to the spin-orbit
coupling Q, only the total angular momentum vector current
obeys a conservation law. In the following, we first discuss
the spin angular momentum, afterward the orbital angular
momentum, and finally the total angular momentum.

a. Spin angular momentum

From the rotations by an infinitesimal angle » of the
magnetization around the magnetic field direction B = Z,
fl,’ —> ﬁ[ + 8fl, with

8 = weizkTx, (A1)
it follows that
9 Ltar A 9 Ltat N
d#SM = —Videiz/{nk — W”ﬂfieideﬂnk
= _EOQ(ﬁzdaﬁa - ﬁadaﬁz)‘ (A12)
The 2 4 1 spin angular momentum current,
h
30=——2Az, (A13)
a
oL .
Su = _ad:;t €izkk
= —¢goleiuhrdefii + Qg — 8:4)], (A14)
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is not conserved as the right-hand side of Eq. (A12) is finite
due to the spin-orbit coupling Q. Note that according to our
sign convention in Eq. (3), the magnetization vector points
antiparallel to the spin vector, as in the case for electrons.

b. Orbital angular momentum

Performing an infinitesimal orbital rotation around the z
axis,

0N = —weqopT pdyii;, (A15)
we obtain
d, L, = egoaTup. (A16)
The angular momentum
L, =egoyr, Tup (A17)

is not conserved because the energy-momentum tensor is not
symmetric due to the spin-orbit coupling Q.

c. Total angular momentum

The theory (1) is invariant with respect to a combined
rotation of spin and real space around the magnetic field
direction. As a result, the total angular momentum

J,=8,+L, (A18)

is conserved,

d,J, =0, (A19)

which follows from Eqgs. (A12) and (A16). Similarly as for
the energy-momentum tensor, the conservation law (A19) is
spin-gauge-invariant, whereas J,, itself is not. Introducing the
part of the angular momentum current

Ju = S+ €poyry T (A20)

that is manifest-invariant, the conservation law assumes the
form

axh
dud,+ e =0,
a

(A21)
With the assumption that the current J, vanishes on the
surface of the two-dimensional sample f d*rd,J, =0, we
find
. 4mh
do / N / d’rrej® =0. (A22)
a
The tlme dependence of the spatial integral over the density,
Jo= e " 7., is thus determined by the integrated scalar prod-
uct of the position vector r with the spatial topological current
ja?. With the additional assumption that the topologlcal
current is conserved, Eq. (5), and that the product r? ]a
vanishes on the surface, we can rewrite the last term as a
time derivative,

derr J;()p _ /er_(d ( 2. top) 2daj;0p)

=d, / d’r r2 o™ (A23)
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As aresult, we finally obtain

h 27rh o
= for{fe o)

for the conserved total angular momentum, dp 7 = 0 [61].

(A24)

3. Momentum and angular momentum of the skyrmion

It is instructive to compute the momentum and the angular
momentum attributed to the magnetic skyrmion solution of
Sec. IIB. Neglecting the massive fluctuations, ¥, we obtain
for the momentum (A9)

4rh .
P;kyr = _L2€0a/3 / d2r r,g](; p(r — R)
a V=0
4rch
= a—zé()aﬁRﬁ. (A25)

On this level of approximation, the conservation of P3"

directly follows from the equation of motion (24),
4rh
doP(Sxkyr — 7T2 €oapdoRp = (G x dyR), = 0. (A26)
a

The angular momentum (A24) of the fully field-polarized
state, /i = Z, is already nonzero and given by the total spin
of the sample, Jgp = —Vh/a?, where V is the volume.
Neglecting again the massive fluctuations, we find for the

angular momentum attributed to the skyrmion

— Jrp
U9 =0

ho 2h
= /dzr <—a—2(nz - 1)+ a2 2](;01))‘
¥, y*=0

u7skyr = j‘
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h 27 o
- /dzr <——2(ﬁZ D+ —(r — R)?j ‘P>‘
a ¥ Y=0
27
+ /dzr <—(2 R—RY»j ‘°P>‘
¥, ¢ =0

It turns out that the first line in the last equation exactly
vanishes,

h 2mh o
/ &’r (——2 (. — )+ = r — R, ")’
a a
Y, p*=0

(A27)

2nh [
_ dp p| —(cosf — 1) + Lo’ sing
612 0 2
2nh 5 ., 0"
= —-p-sin” 3 =0, (A28)
a 2,0

due to the exponentially fast approach of the polar angle 6 to
its boundary value at large distances, &6 — 0. The change of
spin angular momentum due to the spatial dependence of 7, (r)
is thus exactly compensated by the orbital angular momentum
that is carried by the skyrmion texture. The skyrmion angular
momentum then reduces to

d’r 2rR — R%)j,"
¥, ¥ =0

u7skyr =

=-—R. (A29)
a?
The time derivative of Jyr, i.€., the torque, assumes with the
help of Eq. (A26) the following intuitive form:

d0x7skyr = (R x dOPskyr)z- (A30)
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