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SPECIAL TOPIC — Advanced magnonics
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Spin waves, quantized as magnons, constitute a fundamental class of excitations and serve as one of the primary
angular momentum carriers in magnetic systems. Devoid of Joule heating, a magnonic device that routes spin waves
between different ports holds promise for an energy-efficient information infrastructure. Here, we systematically investigate
the transport behavior of a magnetic skyrmion-based magnon circulator, a representative device that directs spin wave flow
in a non-reciprocal manner. Particularly, a ballistic transport model is established, where the scattering of spin waves by
magnetic skyrmions is simplified as magnon deflection by fictitious electromagnetic fields within the skyrmions. Through
the combination of ballistic analyses and micromagnetic simulations, the circulation performance is rigorously evaluated

for multiple magnon circulators.
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1. Introduction

As an alternative spin carrier to spin-polarized elec-
trons, spin waves (quantized as magnons) extend the con-
cepts of spintronics from magnetic metals and semiconduc-
tors to insulators.[!2] Moreover, via the common magnetic na-
ture, the dynamic spin wave interacts intimately with the static
magnetic configurations,’=] hence is intrinsically compati-
ble with well-established magnetic storage technologies. 7]
Developing magnonic devices that harness and exploit spin
waves is vital for unleashing the full potential of magnetic
systems. (8-10]

Stimulated by the rapid developments of experimen-
tal techniques to excite and detect spin waves,''=13) di-
verse designs of magnonic devices have attracted consider-

s.[19 By introducing additional

able attention in recent year:
phase, several types of spin wave interferometers have been
realized through the application of Oersted fields!!®!7! or
electric fields,!"®! the deposition of magnetic impurities, !
and the placement of magnetic domain walls.[*°! Through
polarization-dependent scattering, elementary devices such
as spin wave polarizers, retarders, and rotators have been
designed.?'>! By constraining the propagation direction
through bound states, total reflection, or edge states, de-
vices such as spin wave diodes, ! spin wave fibers, 227 and
splitters'?®! have been proposed. Moreover, utilizing the in-

trinsic nonlinearity, magnon transistors,*’! repeaters,>!

as
well as frequency combs3!! and frequency multipliers!3>33]

have initiated intriguing paradigms for advanced functionali-

TCorresponding author. E-mail: lanjin@tju.edu.cn

CSTR: 32038.14.CPB.addaa6

ties. To concentrate on the physical disciplines, most current
designs predominantly rely on (quasi-) one-dimensional mag-
netic wires or stripes, or simply employ open boundaries.

Similar to its electronic counterpart, [34,35]

a magnonic de-
vice with multiple ports provides significantly richer func-
tionalities and greater flexibility, at the cost of increased ge-
ometric complexity. To handle the considerable geomet-
ric complications, theoretical investigations on multiple-port
magnonic devices are typically conducted via micromagnetic

5.331 An alternative approach with much lower

simulation
computational cost is to track the ballistic trajectories of
magnons,*°1 where the spin wave packet acts as an inter-

mediate bridge. Equipped with magnon kinetics, the in-

teractions between magnons and magnetic domain walls, !}
skyrmions,[40’42‘44] bimerons,*3 and hopﬁons[46] can be
studied efficiently and elegantly, albeit under open boundary
conditions. The full integration of ballistic trajectories into
multi-port magnonic devices, akin to their electronic counter-
parts, still awaits systematic development.

In this work, we investigate the ballistic transport behav-
ior of three-port magnon circulators with different geomet-
ric shapes and magnetic configurations, in both ferromagnetic
and antiferromagnetic environments. With the aid of magnon
trajectories across fictitious electromagnetic fields induced by
geometric boundaries and magnetic configurations, the circu-
lation functionalities are analyzed in a fast yet quantitative
manner. Furthermore, in an antiferromagnetic platform, the
circulation direction becomes interlocked with the spin wave

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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polarization via the intimate interplay between magnetization
topology and precession. The ballistic magnons, rather than
coherent spin waves, provide an alternative perspective for un-
derstanding and designing magnonic devices.

The remainder of this work is organized as follows. In
Section 2, a ballistic transport model for a magnetic-texture-
based magnon device is established by transforming spin wave
In Section 3, the bal-
listic transport behavior of magnon circulators is analyzed

scattering into magnon deflection.

through the combination of magnon trajectories and spin wave
fluxes. In Section 4, the polarization-dependent behavior in
a magnon circulator built upon a synthetic antiferromagnetic
film is demonstrated. A brief conclusion is provided in Sec-
tion 5.

2. Basic model
2.1. Spin wave dynamics upon a magnetic texture

We consider a ferromagnetic film extending in the x—y
plane, where the magnetization direction is denoted by a unit
vector m. The magnetic dynamics is governed by the Landau—
Lifshitz—Gilbert (LLG) equation

m=—ym x h+am X, (1)

where 7 = dym, 7 is the gyromagnetic ratio, and o is the
Gilbert damping constant. The effective magnetic field is
h =2/(uoM;)[AVPm+Km -2 — Dz x (V x m)], where A is
the exchange coupling constant, K is the easy-axis anisotropy
along 2, and D is the interfacial-type Dzyaloshinskii—-Moriya
(DM) interaction strength. The dipolar interaction is not in-
cluded explicitly, since for the exchange-type spin waves of in-
terest, its main effect is to renormalize the magnetic anisotropy
from K — K — oM /2.

The total magnetization m in LLG Eq. (1) can be natu-
rally decomposed into the static magnetic texture part mg and
the dynamic spin wave part §m: m = mgy+ dm. Due to
the unity constraint |m| = |myg| = 1, the transverse condition
myg - 0m = 0 is satisfied everywhere in the small-amplitude
limit [§m| < 1. By introducing a local frame &, /¢4 aligned
with the texture magnetization, with é, = my, the spin wave
is described by dm = mgég + mgyé€y, which can also be ex-
pressed in complex form as Y = mg — imy.

In the presence of a magnetic texture, the spin wave
dynamics can generally be recast from LLG Eq. (1) into a

Schrodinger-like equation!-40-47]
iy = 2 [A(-iV+a)* + K]y 2)
HoMs ’

where a is the fictitious vector potential induced by inho-
mogeneous texture magnetizations. The fictitious vector po-
tential consists of two parts @ = ag + ap, where ag = (£ X

my)/(1+my- 2) is induced by the magnetic topology, and
ap = (D/2A)2 x my arises from the DM interaction.

In the short-wavelength limit, the local dispersion relation
corresponding to Eq. (2) is given by

o=V (a2 1K), 3)

HoM;
where 7ik = 1i(g + a) is the canonical momentum, and @ and
q are the local frequency and wavevector, respectively.

2.2. Magnon Kinetics upon fictitious magnetic fields

In the spirit of the eikonal approximation, the spin
wave dynamics in Eq. (2) can be transformed into magnon dy-
namics by treating the local dispersion in Eq. (3) as a Hamil-
tonian in the phase space (7, k). More explicitly, the magnon
dynamics is governed by

. I0) _ dyA

T TR “

o 00 _ b, (4b)
ar oM

where 7 = v is the magnon velocity, go is the elementary
charge, and b = (1/qo)V x a is the fictitious magnetic field.
Equation (4a) establishes the correspondence between the
magnon velocity and the spin wave group velocity; Eq. (4b)
indicates that the magnon is subject to a Lorentz-like force,
and thus its canonical momentum k changes only its direction
while keeping its magnitude constant.

The combination of Egs. (4a) and (4b) yields the simpli-
fied kinetics of magnons!*!]

MgwT = —qo7 X b, )

where mgy, = hk/|7"| = huoyMs/(4yA) is the effective magnon
mass. For magnons traveling in the x—y plane, only the z-
component of the fictitious magnetic field is relevant, b = bZ2.
Following the convention of the vector potential a, the ficti-

tious magnetic field b = by + bp is given by 404!
1 d d
by = —my- (mo X m0> ; (62)
q0 d dy
1 D
bp=——V- 6b
Y mo, (6b)

which are directly determined by the texture magnetization
my.

2.3. Ballistic transport in a magnonic device

We consider a magnonic device consisting of several
ports and a central scattering region, where the spin wave is
directed between the peripheral ports through control in the
central region. Typically, each terminal is regarded as a semi-
infinite waveguide for spin waves, and the central scattering
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arises from both geometric constrictions and magnetic impuri-
ties. The transport properties of a magnon device are described
by

I, =Syl )

where p,q denote the terminal indices, I;E is the in/out spin
wave flux, and S, is the scattering matrix.

Instead of dealing with the intricate spin-wave dynam-
ics governed by Eq. (2), an effective alternative is to analyze
magnon trajectories directly. To account for reflections caused
by the boundaries, the magnon kinetics in Eq. (5) is modified
to

Mmsw¥ = —qo (e + 7 X b), (8)

where e represents an artificial electric field applied along
the normal direction of the thin boundary layer, designed to
achieve specular reflection of magnons at boundaries. This
field acts like a high potential barrier at the boundary for wave
reflection, and both mechanisms serve to confine magnons
within the material by preventing transmission across the inter-
face. By setting the magnon velocity according to Eq. (4a) and
the magnon number via the spin wave intensity n = |y|* /A,
the ballistic magnon transport is then investigated by weight-
ing magnon trajectories determined by Eq. (8).

3. Ballistic magnon circulators
3.1. Concepts and setups

A circulator, a non-reciprocal device that transports sig-

nals along a single cyclic direction, is one of the fundamental

50-52

components in information processing. ! I Particularly, the

scattering matrix of an ideal three-port circulator is given by

I 001\ /1
Ll=(100][L5], )
I 010/ \f
where the circulating orderis 1 -2 —3 — 1.
Unlike other approaches that rely on dipolar

interactions, 37! the magnon circulator in this work is re-
alized by depositing magnetic skyrmions in the central mag-
netic region, where the non-reciprocity arises from the non-

1361 Owing to the magnetic nature

trivial magnetic topology.
of both spin waves and skyrmions, the device operates purely
magnetically.

To quantitatively investigate the transport properties of
a magnon circulator, two complementary computational ap-
proaches are employed: (i) micromagnetic simulations (via
Mumax3[>3l) by solving LLG Eq. (1); (ii) ballistic calcu-
lations by solving the magnon kinetic Eq. (8). The mag-
netic parameters are as follows: the saturation magnetiza-

tion My = 1.94 x 10° A/m, the exchange coupling constant

A =4 x 1071* J/m, the easy-axis anisotropy K = 47 J/m?, the
DM strength D = 1.22 x 107 J/m?, and the damping constant
a=1x107.
ation, and their magnetization profiles are used to generate the

Skyrmions are first stabilized through relax-

fictitious magnetic field via Eq. (6). The fictitious magnetic
field, together with the artificial electric field, is then used as
input to the magnon kinetic Eq. (8).

3.2. Circulator with one magnetic skyrmion

We consider one of the simplest three-port magnon cir-
culators, a ring-shaped circulator shown in Fig. 1(a), where
a magnetic skyrmion is placed in the central region. The
skyrmion motion is neglected in this work since only small-
amplitude spin waves are used in the micromagnetic simula-
tions, and it can be further pinned through interface or surface
engineering.®* An antenna is located at port 1 to excite spin
waves, and an absorption layer is set at the end of each port to
suppress unwanted reflections. The spin wave scattering be-
tween different ports is then collected by monitoring signals
entering these absorption layers.

The fictitious magnetic field corresponding to the relaxed
magnetization profile in Fig. 1(a) is plotted in Fig. 1(b), via the
translation of Eq. (6). The entire fictitious magnetic field is
oriented outward, resulting from the combined contributions
of by induced by magnetic topology and bp induced by DM
interaction. When a bulk-type Dzyaloshinskii-Moriya (DM)
interaction is present instead of an interfacial-type, the math-
ematical form of the fictitious field in Eq. (6b) changes to
bp = (D/2Aq0)[(V x my) - 2].
remains unchanged, as the skyrmion configuration transforms

However, the spatial profile

correspondingly from a Néel-type to a Bloch-type configura-
tion. In addition, an electric field of strength 9 x 10° V/m
is artificially applied at the boundary along the inward nor-
mal direction within a layer 50 nm thick (10 nm inside and
40 nm outside the device region), as schematically depicted in
Fig. 1(c).

Since the magnon velocity increases while the Hall an-
gle decreases for higher spin wave frequencies (see Ap-
pendix A), the frequency f = 35 GHz is chosen as a trade-
off between deflection magnitude and response time. Corre-
spondingly, magnons are launched from port 1 with a veloc-
ity v = 2475 m/s and mass mgy, = 7.2 x 1073 kg. They un-
dergo repeated deflections by the skyrmion and reflections at
the boundaries before ultimately exiting through one of the
three ports (see supplementary video 1 for time evolutions of
scattering processes). Because of clockwise deflections, a ma-
jority of the magnons enter port 2, while only a minority reach
port 3 or are reflected back into port 1, resulting in an anti-
clockwise circulation pattern. The magnon trajectories agree
well with the spin wave flux profiles extracted from micromag-
netic simulations in Fig. 1(e), confirming effective circulating
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operations in the ballistic regime.

Moreover, the scattering coefficient S,; with p ={1,2,3}
extracted from both micromagnetic simulations and ballistic
trajectories is plotted in Fig. 1(f), showing strong agreement.
In a wide frequency range from 20 GHz to 65 GHz, the trans-
mission probability from port 1 to port 2 dominates, as indi-
cated by S21 > S11 > S31. The deviation from an ideal circu-

m, By (1/7\? b (T)
(a) mmm———m A8 (b)) Cm—

-1 0 1. 0

Port |
1
—

55

v
N

i
T_>@
8

l‘\

NS

M Excitation region v . 200 nm
. —
M Absorption boundary
I (x107* m™1)

lator in Eq. (9) with S>; = 1 is mainly caused by the insuffi-
cient bending of magnon trajectories across the skyrmion, as
shown in Fig. 1(e). At elevated spin wave frequencies, the de-
sired transmission coefficient S>; diminishes, while the para-
sitic transmission S3; increases, primarily due to the weakened

deflection efficacy of the skyrmion.

2y

(©) N
2 N
~

LOF (f)

0.8

A -5y
0.6 A
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|
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|
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(0] M B . .
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Fig. 1. Magnon circulator with one magnetic skyrmion. (a) Schematics of a magnon circulator. The arrows indicate the in-plane magnetization
components, while the color represents the out-of-plane component. (b) Fictitious magnetic field b induced by inhomogeneous magnetizations.
(c) Artificial electric fields e applied at the boundary. (d) Magnon trajectories within the circulator, calculated from Eq. (8). (e) Spin wave fluxes
within the circulator, extracted from micromagnetic simulations of the LLG equation (1). The background color encodes the magnitude of spin
wave fluxes. The spin wave frequency is set to fo = 35 GHz. (f) Scattering coefficient Sj; as a function of spin wave frequency. The dots are
extracted from micromagnetic simulations, and the lines are based on the ballistic calculations. The gray dashed line highlights the corresponding

scattering coefficients in panel (e).

3.3. Circulators with three magnetic skyrmions

To improve the circulating efficiency, three magnetic
skyrmions are prepared inside the circulator to enhance the
bending of magnon trajectories, as illustrated in Fig. 2(a). Cor-
responding to each magnetic skyrmion, a copy of the fictitious
magnetic field is imprinted into the central scattering region.
As a result of the subsequent deflections, mainly provided by
the two fictitious magnetic fields near port 1 and port 2, most
magnons are directly guided into port 2; at the same time, af-
ter multiple reflections, a small fraction of magnons leak into
port 1 and port 3. The main features of the above ballistic
magnon trajectories are confirmed by the spin-wave flux pro-
file extracted from micromagnetic simulations in Fig. 2(b).

As shown in Fig. 2(c), the port 1-to-port 2 transmis-
sion coefficient S; reaches approximately 0.85 across the fre-

quency range of 20 GHz to 65 GHz, exhibiting a marked en-
hancement in the high-frequency regime compared with the
one-skyrmion configuration in Fig. 1(f). This improvement
is mainly attributed to the cumulative magnon deflection pro-
vided by the two additional magnetic skyrmions. Meanwhile,
the reflection S7; back to port 1 remains non-negligible, pri-
marily due to magnons that cannot directly enter port 2 even
after undergoing two successive deflections. The major ob-
stacle arises from the bottleneck at port 2 with abrupt cor-
ners, which reflects magnons backward when they are incident
nearly perpendicularly to the boundary.

To alleviate this bottleneck effect, a modified triangular-
shaped magnon circulator is proposed, as depicted in Fig. 2(d),
where smoother boundaries are constructed along the oppo-
site sides of the three ports. Guided by reflections at the input
boundary, most magnons experience one or two deflections by
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the magnetic skyrmions and smoothly enter port 2, as demon-
strated in Fig. 2(e) (see also supplementary video 2 for the time
evolution of the scattering process). This scenario is further
corroborated by the spin-wave flux profile extracted from mi-

(a) \ (b)

200 nm
I
b (T)
C————
0 4

(d)

cromagnetic simulations, which reveals the formation of a dis-
tinct transmission channel between ports 1 and 2, along with
a characteristic flow-confluence pattern emerging near the en-
trance of port 2.

fo
. 101 :
3 I e S
S 08[A
£ |
S 06 : -0-5;
5 | =Sy
% 04 : -85
g |
2 02 '
£ 02fa oo
a R 06000660

0

LOr(f) | A
0.8 |

0.6
0.4

0.2

Transmisson coefficient

E?

20 30 40 50 60
Frequency (GHz)

Fig. 2. Magnon circulators of ring shape (a)—(c) and triangular shape (d)—(f) with three magnetic skyrmions. (a) and (d) Geometric setup and
the corresponding fictitious magnetic field. (b) and (e) Magnon trajectories from ballistic calculations and spin wave fluxes from micromagnetic
simulations. The spin wave frequency is fo = 35 GHz. (c) and (f) Scattering coefficients Sp; as a function of spin wave frequency. Figure

elements follow the conventions of Fig. 1.

The shape optimization yields exceptional circulating
performance, with the port 1-to-port 2 transmission exceeding
S>1 > 0.9, while the undesired port 1-to-port 3 transmission
and the port 1-to-port 1 reflection are markedly suppressed,
with S3; =~ S11 < 0.1, as shown in Fig. 2(f). The enhance-
ment of Sy at elevated frequencies arises from the cumulative
deflection provided by multiple skyrmions. Compared to the
ring-shaped configuration in Fig. 2(c), the triangular-shaped
geometry achieves an average increase of 0.1 in Sy, demon-
strating a significant performance improvement enabled by
eliminating the geometric bottlenecks. Therefore, the device
geometry provides an additional means to achieve comprehen-
sive control over ballistic magnon transport, complementing
traditional strategies based on magnetic configurations.

4. Polarization-dependent ballistic magnon cir-
culator

The magnon circulator implementations demonstrated
above can be directly adapted from ferromagnetic to antiferro-
magnetic systems. By fully leveraging the polarization degree

of freedom, antiferromagnetic platforms enable the design of
chiral circulators that couple spin wave polarization to specific
circulation directions, a mechanism detailed in the subsequent
analysis.

4.1. Antiferromagnetic dynamics

Consider a synthetic antiferromagnetic film extending in
the x—y plane, which consists of two ferromagnetic sublay-
ers coupled antiferromagnetically.!>! Denoting the magneti-
zations in the upper and lower layers as m; and m,, respec-
tively, the coupled LLG equation is described by

= —ym; X h;+om; xmj, (10)

where j = 1,2 denotes the sublayer index. The effective mag-
netic field acting on m; is h; = ﬁ[AVsz- +ij»£ —
D(Vxmj)—Jm f] , where j denotes the complementary layer
index (1 =2 and 2 = 1), and J is the interlayer exchange cou-
pling constant.

Due to the antiferromagnetic coupling J in Eq. (10), the
magnetic texture develops with the two sublayer magnetiza-

tions aligned antiparallel to each other, denoted by m; =
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—my = ng. Upon the staggered magnetization ng, a local
frame &, 9, is attached with é, = ny, and the spin wave is

described by 6m ; = m?ég —|—m§) €. In complex form, the spin
wave is rewritten as u/;’ = m? - icm?, where 0 = +1 repre-

sents the right- and left-circular polarizations. With the above
denotations, the spin wave dynamics is recast from Eq. (10)
into coupled Schrédinger-like equations, 2!

ioxy? = v [A(=iV+o0a)* +K+J| y? +Jy?, (11)

J Uo M, J Jj’

where y = (—1)/*! takes opposite signs for sublayers j = 1,2,
and a is the vector potential defined in Eq. (2). In the short-
wavelength limit, the local dispersion degenerates into two cir-
cular modes with

_ % 2 2
a)—HOMS\/(Ak YK +2J)(AR2 £ K),

12)

where ik = h(q + oa) is the canonical momentum.

Following a similar procedure as for Eq. (8), the spin
wave dynamics in Eq. (11) is transformed into magnon kinet-
ics

mgw i = —qo(e+ o7 x b), (13)

where b is the fictitious magnetic field in Eq. (6), and e
is the fictitious electric field artificially set at the bound-
ary. The magnon velocity is v = dw/dk = 8y?Ak(Ak® +
K+J)/(u3M?®), and the magnon mass is mg, = hk/v =
uiM2ho/[8Y*A(Ak* + K +J)]. Magnons in Eq. (13) are

deflected in opposite directions for opposite magnon spins
o = =£1, reflecting the intrinsic connection between magnetic
texture topology and spin wave polarization.

4.2. Polarization-dependent circulator

Similar to the setup in Fig. 2(d), a triangle-shaped circula-
tor with three magnetic skyrmions is placed in a synthetic an-
tiferromagnetic film with interlayer coupling J = 609 J/m?, as
depicted in Fig. 3(a). For a spin wave frequency f = 50 GHz,
a column of magnons is launched from port 1 with velocity
v = 2640 m/s and mass mgy, = 6.8 x 10739 kg. According to
Eq. (13), magnons with spin ¢ = +1 are deflected clockwise
and anticlockwise by the fictitious magnetic field, and are col-
lected at ports 2 and 3, respectively.

The polarization-dependent circulating functionality is
corroborated by the spin wave flux profile obtained from mi-
cromagnetic simulations in Fig. 3(b). A linearly polarized
spin wave, composed of equal contributions from left- and
right-circular modes, is injected into port 1. As the wave
propagates through the three skyrmions in the central region,
the right-circular modes are deflected downward to port 2,
while the left-circular modes are directed upward to port 3
(see Supplementary video 3 for time evolutions of scatter-
ing processes). Furthermore, the scattering coefficients col-
lected from both ballistic calculations and micromagnetic sim-
ulations in Fig. 3(c) demonstrate that nearly all magnons are
channeled into their designated ports, with only minimal leak-
age observed.

(2) b (T) \ (b) o ©) Lo 7‘1(1
f— ] £ — o075 ‘

0 4 C -1 0 1 o5 ! -5y
L 0.25 |

Il = E—— N
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e S SN
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Fig. 3. Polarization-dependent magnon circulator upon an antiferromagnetic film. (a) Geometric setup and the corresponding fictitious magnetic
field. (b) Magnon trajectories from ballistic calculations and spin wave fluxes from micromagnetic simulations. The spin wave frequency is
fo =150 GHz. Orange and green lines correspond to magnons with spin ¢ = =£1, and the blue/red/purple background colors encode the spin wave
fluxes for left-circular, right-circular, and linear polarizations, respectively. (c) Scattering coefficient Sp1 as a function of spin wave frequency.

Figure elements follow the conventions of Fig. 1.

5. Conclusion

In conclusion, designs of magnon circulators in both fer-
romagnetic and antiferromagnetic environments are systemat-
ically investigated using a combination of ballistic modeling
and micromagnetic simulations. Optimizing magnon trajec-

tories through controlled skyrmion reconfiguration and geo-
metric engineering enables the device to achieve exceptional
circulation efficiency. The interplay between spin wave prop-
agation and magnon trajectories provides a new paradigm for

designing functional magnonic devices.
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Appendix A: Magnon Hall angle

The magnon deflection by a magnetic skyrmion is charac-

56.57] 35 depicted in Fig. Al.

terized by the magnon Hall angle, !
From the magnetization distribution in a magnetic skyrmion in
Fig. Al(a), the fictitious magnetic field profile is derived via
Eq. (6) and plotted in Fig. A1(b). Based on magnon kinet-
ics in Eq. (5), the magnon trajectories starting from a column
of magnons on the left side and penetrating through the ficti-
tious magnetic field are collected, which overlap well with the
spin wave fluxes obtained from micromagnetic simulations in
Fig. Al(c).

The magnon Hall angle ¢ obtained from the ballistic tra-
jectories is plotted in Fig. A1(d), which agrees well with the

theoretical estimation based on the magnetic topology,®!

= arctan 4—”
¢= kR )’

where k is the wavevector and R is the size of the mag-

(AD)

netic skyrmion. With increasing spin wave frequency f (and
wavevector k), the magnon Hall angle ¢ decreases monotoni-
cally, due to the increase of the normalized wavevector kR.

@i O —
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Fig. A1. The magnon Hall angle. (a) Schematic of a magnetic skyrmion.
Arrows represent the in-plane magnetization component n, & +my 4, and
the color encodes the out-of-plane component m. (b) Magnon trajecto-
ries across a magnetic skyrmion. (c) Spin wave flux profile extracted from
micromagnetic simulations. (d) Magnon Hall angle as a function of spin
wave frequency. Dots are extracted from ballistic trajectories in panel (b),
and the solid line is obtained from the theoretical equation (A1).
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