
PHYSICAL REVIEW APPLIED 18, 064026 (2022)

Enhanced Magnon Spin Current Using the Bosonic Klein Paradox
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Efficient manipulation of magnons for information processing is a central topic in spintronics and
magnonics. An outstanding challenge for long-distance spin transport with minimal dissipation is to over-
come the relaxation of magnons and to amplify the spin current they carry. Here, we propose to amplify
magnon currents based on the realization of the bosonic Klein paradox in magnetic nanostructures. This
paradox involves the antimagnon, carrying opposite spin and energy, the existence of which is usually
precluded by ferromagnetic instabilities, as it is an excitation at negative energy. We show that by appro-
priately tuning the effective dissipation through spin-orbit torques, both magnons and antimagnons are
dynamically stabilized. As a result, we find that the reflection coefficient of incident magnons at an inter-
face between two coupled magnets can become larger than one, thereby amplifying the reflected magnon
current. Our findings can lead to magnon amplifier devices for spintronic applications. Furthermore, our
findings yield a solid-state platform to study the relativistic behavior of bosonic particles, which is an
outstanding challenge with fundamental particles.
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I. INTRODUCTION

Spin waves, and their quanta called magnons, are col-
lective excitations that occur in ordered magnets. The
emerging field of magnonics utilizes magnons for infor-
mation processing [1]. As information carriers, magnons
have the advantages of low power consumption and effi-
cient parallel data processing, as they do not give rise to
Joule heating. Furthermore, they are useful for both clas-
sical information processing, which includes logic gates
[2,3], transistors [4–7], and diodes [8], and for quantum
science and technologies, including single-magnon states,
squeezed states, and entanglement with other quantum
platforms [9–13]. A hurdle to be overcome in realizing
magnon-based technology is the dissipation of magnons,
which results from interactions of magnons with their
environment, such as conduction electrons, phonons, and
impurities. These interactions dissipate the amplitude and
coherence of magnon currents and are detrimental for
efficient application of magnons in nanoscale spintronic
devices. Therefore, a central challenge in magnonics is
to counteract the effect of magnon dissipation and to
find reliable “control knobs” to sustain the magnon cur-
rent for long-distance transport. It has been proposed that
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magnon Bose-Einstein condensates [14,15], spin superflu-
ids [16,17], the spin Hall effect [18], thermal spin torques
[19], topological edge-mode generation [20], and non-
Hermitian coupling with cavity photons [21] can be used
to enhance magnon currents.

In this paper, we show that the magnon spin current
can be significantly amplified at an interface between a
magnet that is not driven externally and a magnet into
which angular momentum is injected using spin-orbit
torque (SOT) [22–26]. By designing the balance of this
external driving with intrinsic dissipation, both magnons
(positive-energy excitations) and antimagnons (negative-
energy excitations) are dynamically stabilized. This results
in enhanced reflection of magnons from the interface with
the driven-dissipative magnet. The enhanced reflection is
accompanied by a transmitted antimagnon current. This
suggests a method to amplify magnon spin currents that
is relatively straightforward to implement, which may be
generalized to both ferromagnetic and antiferromagnetic
materials, to different types of driving, and to both met-
als and insulators. Below, we explicitly illustrate the basic
physics for a magnetic heterostructure involving yttrium
iron garnet (YIG) and platinum.

Our result can be interpreted as a realization of the
bosonic Klein paradox, which refers to the counterin-
tuitive reflection or transmission of relativistic particles
from a potential barrier [27–32], and is a natural conse-
quence of quantum field theories. The experimental test of
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this paradox using fundamental particles is nearly impos-
sible because of the extremely high energy barrier that
needs to be overcome [33]. While its solid-state realization
for fermionic particles in two-dimensional materials with
gapless excitations has recently been reported [34–36],
the study of the Klein paradox for bosonic quasiparticles
remains an outstanding challenge because the presence of
bosonic antiparticles in a solid-state system usually signals
instabilities. In our implementation, these instabilities are
prevented by the external driving via SOT. Hence, in addi-
tion to the application-motivated magnon amplification
that is discussed above, our results launch driven magnetic
systems as a suitable solid-state platform to experimentally
study the field-theoretical physics of bosonic particles.

II. PHYSICAL MODEL

A. Setup and magnonic and antimagnonic excitations

We consider two exchange-coupled ferromagnetic (FM)
insulating thin films adjacent to a heavy-metal layer (HM)
subject to an in-plane external magnetic field in the z direc-
tion, as shown in Fig. 1(a). The magnetization of the right
FM aligns antiparallel to the external field. This situation
is energetically unstable but dynamically stable due to the
presence of an electric current in the HM layer, which
exerts a SOT on the magnetization dynamics. This can
be understood as follows: the spin current produced by
the electric current through the spin Hall effect in the HM
will keep injecting angular momentum to the FM layer to
counteract the damping of magnetization and to prevent
the magnetization to align with the external field, thereby
yielding a region with dynamically stable antimagnons. In
general, the dynamics of the magnetization, nν = Mν/Ms,
are well described by the Landau-Lifschitz-Gilbert (LLG)
equation with SOT [26], i.e.,

∂nν

∂t
= −γ nν × heff,ν + αnν × ∂nν

∂t
+ Jνnν × ẑ × nν ,

(1)

where ν = L, R labels the (L)eft and (R)ight magnets, γ

is the gyromagnetic ratio, α is the Gilbert damping, and
Jν characterizes the strength of the SOTs generated by
the spin current, which depends on the current flowing
in the HM layer, the spin Hall angle of the HM, and the
properties of the interface. The LLG equation describes
damped precession around the effective magnetic field,
heff,ν = −δEν/(Msδnν), where Ms is the saturation magne-
tization. Here, we consider the magnetic energy functional
Eν[nν] in the left and right magnet to be of the form

Eν =
∫

dV
{

A(∇inν)
2 − μ0He,νMsnz,ν + 1

2
Kn2

y,ν

}
, (2)

where A is the exchange stiffness, He,ν is the external mag-
netic field strength, μ0 is the vacuum permeability, and

(a)

(b)

(c)

FIG. 1. (a) A schematic of the driven-dissipative magnetic sys-
tem containing two exchange-coupled magnetic films. (b) The
magnon dispersion for the left and right ferromagnets, respec-
tively. The red dotted curves give the positive-energy excitations,
while the blue curve corresponds to the negative-energy exci-
tations. In other words, negative-energy excitations exist for
the wave numbers −2.1 � �k � 2.1 between the zeros of the
dispersion in the right magnet. (c) A physical picture of the
anomalous magnon reflection. The blue and red arrows represent
the directions of the phase and group velocity, respectively.

K = μ0M 2
s is the effective shape anisotropy caused by the

dipolar interaction.
Spin waves or magnons are introduced as linear dynam-

ical fluctuations on top of the equilibrium magnetization
n0,ν with n0,L = ez and n0,R = −ez. By introducing the
complex field �ν = (1/

√
2)
(
x̂ ∓ iŷ

) · nν , the linearized
LLG equation [37–39] accordingly becomes

i(1 + iασz)∂t

γμ0Ms

(
�ν

�∗
ν

)
= (L±+iIν1)

(
�ν

�∗
ν

)
, (3)

where

L±= (
 ± hν − �2∇2) σz + i
σy . (4)

In the above, σy,z are the Pauli matrices, � = √
2A/μ0M 2

s
is the exchange length, hν = He,ν/Ms is the dimension-
less external magnetic field, 
 = K/2μ0M 2

s = 1/2 is the
dimensionless anisotropy constant, and Iν = Jν/γμ0Ms is
the dimensionless SOT. The ± sign in the definition of �ν

and Eqs. (3) and (4) comes from the linearization around
the ±ez direction in the left and right ferromagnets, respec-
tively. We introduce spin-wave solutions of the linearized
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LLG equation [see Eq. (3)] in the form of the Bogoliubov
modes

�ν(x, t) = uν(x)e−iλt − v∗
ν (x)eiλ∗t. (5)

Here, the Fourier transforms of uν(x) and vν(x) satisfy, up
to first order in α and Iν , the following dispersion relation:

ωk,ν � ω0
k,ν − i

(
α
[

 ± hν − �2k2]− Iν

)
, (6)

where ω = λ/γμ0Ms is the dimensionless frequency,

(ω0
k,ν)

2 = (

 ± hν − �2k2)2 − 
2, (7)

is the dissipationless dispersion relation, and

‖�k,ν‖ = |uk,ν |2 − |vk,ν |2, (8)

is the norm of the two different branches of Eq. (3) [40].
In Fig. 1(b), we plot an example of the real part of the
dispersion relation for both the left and right ferromagnets,
with hL = 0.5 and hR = 4.5 and ω > 0.

At this point, it is good to pause to emphasize a couple of
things. First, the dissipationless limit of Eq. (3) is pseudo-
Hermitian; in other words,

σzL†
±σz = L±. (9)

A consequence of this is that the magnon norm ‖�k,ν‖ in
Eq. (8) is conserved in the dissipationless limit. Second,
Eq. (3) has the additional symmetry

σx(L±+iαω∗σz + iIμ1)σx = −(L±−iαωσz + iIμ1)∗.
(10)

This implies that if ω is an eigenfrequency of Eq. (3) with
eigenmode ( uν vν )T, then −ω∗ is also an eigenfrequency
with eigenmode ( v∗

ν u∗
ν )T. These two modes have oppo-

site norms by construction. Hence, the two branches of Eq.
(3) are related to each other via particle-hole symmetry. In
our magnetic system, this doubling is not physical but is
merely a result of our choice to describe spin waves using
complex scalar fields. Hence, in order to describe the full
dynamics of the system, it is sufficient to consider ω > 0
and take into account the norms of different modes.

From this point onward, we refer to the positive-norm
excitations as magnons and to the excitations carrying
negative norm as antimagnons. This distinction between
magnons and antimagnons is only allowed if we can solely
consider excitation with a positive sign of ω, i.e., ω > 0.
Note that it is sufficient to consider ω > 0, due to the par-
ticle doubling. We can make two important observations.
First, antimagnons only exist in the right magnet. Second,
antimagnons carry negative energy and, most importantly,

have opposite handedness with respect to the magnonic
excitations.

The antimagnons in this setup can be stabilized, since
in driven magnetic systems, energetic and dynamical sta-
bility do not necessarily coincide. For the system to be
dynamically stable, we need

Im(ωk,ν) � Im
(
ω0

k,ν

)+ α
[

 ± hν − �2k2]− Iν > 0,

(11)

for all wave numbers k, because then small-amplitude
fluctuations die out. This identity imposes that the
magnons on the right side are dynamically stable if
−IR � max [α(hR − 
), 
], whereas energetic instabili-
ties exist if the (anti)magnon excitation energy is negative,
i.e., ‖�k,ν‖ω0

k,ν < 0. We thus note that the magnons on
the right FM are energetically unstable for a range of
wave numbers but may be stabilized by injecting angu-
lar momentum via SOT (see Fig. 1). Physically, this
means that the internal energy of the right ferromagnet can
be lowered by small spin fluctuations (antimagnons) but
injection of angular momentum prohibits the system from
reaching a new ground state.

B. Exchange coupling at the interface

Additionally, the left and right thin films are exchange
coupled [41], which results in effective boundary condi-
tions for the magnetization. In terms of the Bogoliubov
ansatz (5), the four boundary conditions follow from vary-
ing the energy functional in Eq. (2) after including the
boundary term Ebn = −JcnL(0) · nR(0) at the interface
(x = 0). This gives

�∂xϕL − �c(ϕR + ϕL) =0, (12a)

�∂xϕR + �c(ϕL + ϕR) =0, (12b)

where ϕ = u, v and �c = Jc/�γμ0Ms. To analytically
solve the scattering problem, we first focus on the isotropic
case (
 = 0) and further show that the essential physics
still holds for elliptical magnons (
 �= 0).

III. SCATTERING OFF THE INTERFACE

Due to doubling of the modes, we consider ω > 0
without loss of generality. Solutions of Eq. (3) without
dissipative terms have the form

(
u(x)
v(x)

)
=
(

uk
vk

)
eikx. (13)

At a given ω > ωmin ≡ hL, we find four different wave
numbers k. In the left region with only positive-energy
excitations, we find two real kL

r , kL
l and two complex kL

+, kL
−
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wave numbers. These wave numbers are, according to Eq.
(6), given by

�kL
r/l = ±

√
ω − hL, �kL

± = ±i
√

ω + hL. (14)

The complex modes are either blowing up or are
damped, where only the damped mode is physically
allowed [42]. However, in the right magnet—magnetized
against the external magnetic field—there are four real
wave numbers if ω < ωmax ≡ hR, which are explicitly
given by

�kR
r/l = ±

√
ω + hR, �kR

± = ±sgn(ω − hR)
√

hR − ω.
(15)

The kr and kl modes correspond to positive-energy modes
(magnons) with a positive and negative group velocity,
respectively. Furthermore, k+ and k− correspond, respec-
tively, to additional right- and left-moving modes carrying
negative energy (antimagnons). We include sgn(ω − hR)

in the expression of k± here such that k+ corresponds
both to the right-moving negative-energy mode and the
exponentially damped mode when ω > ωmax ≡ hR.

We now construct the scattering solutions satisfying the
boundary conditions in Eq. (12). The general solution for
bulk modes at frequency ω are given by

uν(x) = Aν
r ukr,νeikrx + Aν

l ukl,νeiklx

+ Aν
+uk+,νeik+x + Aν

−uk−,νeik−x, (16a)

vν(x) = Aν
r vkr,νeikrx + Aν

l vkl,νeiklx

+ Aν
+vk+,νeik+x + Aν

−vk−,νeik−x, (16b)

where the Aν
j are the amplitudes of the scattering modes

in Eqs. (14) and (15) and the (uk,ν , vk,ν) are solutions to Eq.
(3) with the ansatz given in Eq. (13) and the normalization
condition ||uν,k|2 − |vν,k|2| = 1. By disregarding spatially
growing modes, the boundary conditions in Eq. (12) for
magnons incident from the left imply

M

⎛
⎜⎝

1
AL

l
0

AL
−

⎞
⎟⎠ =

⎛
⎜⎝

AR
v

0
AR

+
0

⎞
⎟⎠ . (17)

Here, the matrix M is defined by the boundary condi-
tions in Eq. (12) and is given by

M = 1
λR

u,l − λR
u,r

(
0 1
0 0

)

⊗(
λR

u,lλ
L
v,+ − 1 λR

u,lλ
L
v,− − 1

1 − λR
u,rλ

L
v,+ 1 − λR

u,rλ
L
v,−

)

+ 1
λR

v,− − λR
v,+

(
0 0
1 0

)

⊗(
λR

v,−λL
u,r − 1 λR

v,−λL
u,l − 1

1 − λR
v,+λL

u,r 1 − λR
v,+λL

u,l

)
, (18)

where

λL
ϕ,j = + i�−1

c �kj − 1, (19a)

λR
ϕ,j = − i�−1

c �kj − 1. (19b)

By solving Eq. (17), we derive the reflection amplitudes as

AL
l = −1 − λR

v,+λL
u,r

1 − λR
v,+λL

u,l
, AL

−=0. (20)

We want to find the ratio between the incoming and
reflected magnon spin currents. Here, we define the spin
current as the spatial current following from the conser-
vation of the norm—without dissipative terms—‖�‖ =
|u|2 − |v|2, i.e., −i∂t‖�‖ ∓ �i∂xJs = 0. Using the equa-
tions of motion in Eq. (3), we find that the spin current
is given by iJs� = u∂xu∗ − u∗∂xu + v∂xv

∗ − v∗∂xv. Far
from the interface, the Fourier transform of the spin current
is dominated—for wave packets—by

Js/� =
∑

kj

|Aj |2kj
(|ukj |2 + |vkj |2

)
. (21)

Finally, we derive the reflection coefficient as the ratio of
the reflected and incident spin currents, by combining Eqs.
(14), (20), and (21):

R2 ≡ −J R
s /J I

s = |AL
l |2. (22)

We now distinguish between the cases ω > hR and hL < ω < hR. (i) If ω > hR, then |AL
l |2 = 1; hence we have perfect

reflection in this instance. (ii) If hL < ω < hR, then the reflection coefficient becomes

R2 = hR − hL + �−2
c (ω − hL)(hR − ω) + 2

√
ω − hL

√
hR − ω

hR − hL + �−2
c (ω − hL)(hR − ω) − 2

√
ω − hL

√
hR − ω

. (23)
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For �c >
√

hR − hL/2, the above expression is maximal
at ω = (hL + hR)/2, with the maximal reflection

R2
max = 1 + 8�2

c/(hR − hL). (24)

On the other hand, if �c <
√

hR − hL/2, the expres-
sion in Eq. (23) is maximal for ω = (hR + hL)/2 ±√

(hR + hL)(hR + hL − 4�2
c)/4 with the maximal reflec-

tion

R2
max =

√
hR − hL + |�c|√
hR − hL − |�c|

. (25)

For both cases, we find the maximum reflection Rmax >

1, which gives rise to spin-wave amplification and is the
magnonic analog of the Klein paradox.

The physical picture of this anomalous reflection is
illustrated in Fig. 1(c). Magnons with angular momen-
tum (AM) � are excited in the left domain and incident
at the interface. The overlap of the magnon band in the left
magnet with the antimagnon band in the right magnet, pro-
duced by the unequal external fields, guarantees that the
magnons can propagate into the right film. According to
AM conservation, a magnon current with AM � propagat-
ing forward is expected to be produced in the right domain.
However, magnons with AM � are forbidden due to the
antiparallel orientation of the magnetization with respect
to the external field. To conserve AM, antimagnon currents
with AM −� propagating backward are generated and thus
enlarge the reflected current. Throughout the scattering
process, the group velocity of the transmitted antimagnons
(vg) is always positive, to guarantee the forward flow of
energy. As a comparison, in the original Klein paradox, an
electrostatic potential lifts the positron band in the right
region and makes it overlap with the electron band in the
incident region, while in the present case an inhomoge-
neous field lifts the antimagnon band and makes it overlap
with the magnon band (see Appendix A).

IV. NUMERICAL VERIFICATION

To verify the analytical predictions and to account for
effects of dissipation and nonlinearities, we perform micro-
magnetic simulations on two exchange-coupled ferromag-
netic thin films as shown in Fig. 1(a) (for the simulation
details, see Appendix B). Here, the interdomain coupling
Ai is a tunable coefficient and is related to Jc in the theory
as Jc = −2Ai/d. By applying a global driving microwave
h(t) = h0sinc(ωct)x̂ with ωc/2π = 100 GHz and h0 = 50
mT, we first quantify the response of the magnetic system
and identify two regimes as shown in Fig. 2. (i) When
the current density J > −1.4 × 1012 A/m2, the antipar-
allel state of the right domain (nR ‖ −hR) is dynamically
unstable and the magnetization switches to the parallel
state spontaneously (nR ‖ hR). The magnon spectrum of

kxdkxd

h h
n n

FFT Amp. (arb. units)

0 1

FIG. 2. The steady state nz of the right magnet as a function
of the current density (J ) obtained by simulations. The inset
shows the simulated magnon spectrum for J = 0 and −1.5 ×
10−12 A/m2, respectively. The white lines are the analytical dis-
persions. The horizontal dashed line is the driving frequency of
the microwave (ω0/2π = 20 GHz) to initiate magnon scattering.

the right magnet for the steady parallel state is a normal
parabola (left inset of Fig. 2) [43]. (ii) When J < −1.4 ×
1012 A/m2, the antiparallel state becomes dynamically sta-
ble, the antimagnon states in the negative-energy branch
are excited, and a sombrerolike spectrum is identified
(right inset of Fig. 2), consistent with the theory.

To study the magnon scattering off the interface between
the left and right magnets, a microwave source h(t) =
h0 sin(ω0t)x̂ is applied at the left domain at x = −dsi, with
dsi = 800 nm. The excited magnons propagate in the +x̂
direction and scatter at the interface (x = 0). By making a
Fourier transform of nx(x, y, t) in the propagating direction
(x̂) [45], we derive the response of the system in momen-
tum space as shown in Fig. 3(a). An antimagnon state
with kx < 0 is clearly identified in the right domain while
the reflection coefficient is larger than one. This demon-
strates the enhancement of the magnon spin current via
an analog of the Klein paradox. In the absence of injec-
tion, the antimagnon current is barely excited. A detailed
analysis of the evolution of the incident, transmitted, and
reflected magnon currents further verifies their correlation
(see Appendix C).

Figure 3(b) shows that the reflected coefficient, defined
as the peak height ratio of the reflection magnons and inci-
dent magnons, increases with the interdomain exchange
coupling. For comparison, we also simulate the magnon
scattering in the parallel configuration (nR ‖ hR) and find
that the reflection keeps decreasing to zero with increas-
ing coupling between the magnetic films (black diamonds).
As expected, no antimagnon state is excited in this case.
We find good agreement between the analytical prediction
in Eq. (23) and the micromagnetic simulations for small
couplings. For large exchange couplings, however, we see
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(a)

(b)

nR||HR(D=0)

nR||–HR(D=0)

nR||–HR

FIG. 3. (a) The scattering of magnons at the interface of left
and right domains. h0 = 10 mT, Ai/A = 1. The red vertical lines
represent the theoretical predictions of the magnon wave vectors.
(b) The reflection of magnons as a function of the interdo-
main exchange couplings. The Dzyaloshinskii-Moriya interac-
tion (DMI) strength is D = 0 (red circles) and D = 0.1 mJ/m2

[44] (blue triangles). The purple dashed line is predicted by Eq.
(23) and the solid line is the prediction with shape anisotropy.

quantitative differences, which are not explained by the
inclusion of dipolar anisotropy [see the purple solid line
in Fig. 3(b)]. We expect the quantitative difference at large
couplings to stem from nonlinear effects, which are not
treated in the analytical formalism. The reflection ampli-
tudes become increasingly large at increasing couplings,
thereby making nonlinear effects important.

V. CONCLUSIONS

In conclusion, we show analytically and confirm numer-
ically that the magnon spin current can be amplified
through the realization of the bosonic Klein paradox in a
driven-dissipative magnetic system. The Dzyaloshinskii-
Moriya interaction (DMI) caused by the interfacial sym-
metry breaking in the hybrid system does not change the
results significantly, as shown in Fig. 3(b). In our proposal,
we dynamically stabilize the antimagnons by the SOT. The
essential physics is applicable to a wide class of materials
and driving “control knobs,” which are able to maintain
the magnetization against the external field; for example,

electric currents through spin-transfer torque [46], optical
waves through magneto-optical interaction [47], and other
effective techniques capable of producing a positive damp-
ing of the magnons. Our proposal can therefore be realized
in ferromagnetic insulators as well as metals. Experimen-
tally, the magnons may be detected by optical, inductive,
and even electrical techniques [48–50].
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APPENDIX A: DETAILED COMPARISON
BETWEEN ORIGINAL AND MAGNON KLEIN

PARADOX

In this appendix, we address the analog between the
original Klein paradox and the magnon Klein paradox pre-
sented in the main text. In the original Klein paradox, Klein
studied the scattering of an electron off a potential barrier
[27], as shown in the top panel of Fig. 4(a). The electro-
static potential in the right domain will lift the negative
energy band of positrons [blue line in Fig. 4(a)] and make
it overlap with the positive energy band of electrons on
the left (red line). Then, the incident electrons from the
left domain can excite a positron current moving to the
right in the right domain. This corresponds to a left-moving
electron current and thus could enhance the reflection of
electrons at the interface. A detailed treatment of this scat-
tering process can be found in the literature [32]. In the
magnon Klein paradox, an inhomogeneous external field,
for example, can induce the band overlap of the magnon
band in the left domain with the antimagnon band in the
right domain, as shown in Fig. 4(b). Again, the antimagnon
current generated at the interface enhances the strength
of the reflected magnon current. The underlying physics
of the original and the magnon Klein paradoxes is there-
fore the same. This is so despite the fact that the magnon
bands on the left and right domains also overlap, but their
coupling is very weak in our setup and thus this does not
change the essential physics.
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(a)

(b)

FIG. 4. A comparison between (a) the original and (b) the
magnon Klein paradox. In each subfigure, the top panel (green
line) sketches the “potential” distribution, while the bottom
panel sketches the dispersion relation of particles (red lines) and
antiparticles (blue lines).

APPENDIX B: PARAMETER SPECIFICATION IN
NUMERICAL SIMULATIONS

The magnetization dynamics of the two exchange-
coupled magnetic films are simulated by numerically solv-
ing Eq. (1). Note that the dissipation of the magnon spin
current caused by its interaction with the environment
is phenomenologically covered by the Gilbert damping,
while identifying its microscopic mechanism, including
spin-orbit interaction, spin pumping, and two-magnon
scattering [13], is not the focus of our current work.

The dimensions of the nanostrip on each domain
are length l = 2048 nm, width w = 64 nm, and thick-
ness d = 2 nm. The SOT strength JL = 0 and JR =
J�θSH/(2Ms|e|d), where J is the current density, θSH is
the spin-Hall angle of the heavy-metal layer, and e is
the electron charge. Here, we use the magnetic parame-
ters of YIG/Pt, i.e., the exchange coefficient A = 3.1 ×
10−12 J/m, the saturation magnetization Ms = 1.92 ×
105 A/m, the spin-Hall angle θSH = 0.1 [51], and the
Gilbert damping α = 10−2. The interdomain coupling Ai
is assumed to be a tunable coefficient and it is related to
the coupling coefficient Jc in the theory as Jc = −2Ai/d.
The mesh size is 2 × 2 × 2 nm3. Absorptive boundary
conditions are taken on the left domain to eliminate the
influence of boundary reflection of magnons. The MUMAX3

[52] package is employed to numerically solve the LLG
equation [Eq. (1)].

APPENDIX C: CORRELATIONS OF INCIDENT,
REFLECTED, AND TRANSMITTED MAGNON

SPIN CURRENT

In the main text, we consider a classical model in which
the antimagnons in the right domain can only be excited
by an incoming magnon current from the left domain
dynamically stabilized by SOTs. Without an incoming spin
current from the left magnet, the right domain stays in the
dynamically stabilized state, where the magnetization is
pointing against the external field. Continuous emission
of antimagnons would be present in a quantum mechani-
cal treatment of the problem, since there is no true ground
state of the system. This can be interpreted as an analog
of Hawking radiation. Since we are considering a classical
theory in this paper, spontaneous emission of antimagnons
is not captured by our classical model.

To verify the temporal correlation of antimagnon exci-
tation and injected magnons, we plot the evolution of the

(a)

(b)

(c)

(d)

FIG. 5. The evolution of incident, reflected, and transmitted
magnons at (a) t = 0.05 ns, (b) 0.5 ns, (c) 0.7 ns, and (d) 1.0 ns,
respectively. The microwave source located in the left domain
is turned on at t = 0 ns to excite magnons and then the magnons
propagate toward the interface 800 nm away from the microwave
source. All the other parameters are the same as in Fig. 3(a) of
the main text.
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incident, reflected, and transmitted magnon spin currents
in Fig. 5. Right after the microwave source located in the
left domain is turned on, the excitations of both magnons
and antimagnons are nearly zero [Fig. 5(a)], where the
tiny excitations mainly result from the fluctuation of spins
in the ground state. Around 0.5 ns, the magnons in the
left domain are significantly injected and propagate toward
the interface [Fig. 5(b)]. At around 0.7 ns, the magnons
reach the interface of the left and right domains and inject
the antimagnon current into the right domain [Fig. 5(c)].
Meanwhile, the reflected spin current appears and is ampli-
fied. As more antimagnons are excited, the reflection also
becomes stronger [Fig. 5(d)]. This indeed verifies the
temporal correlation between the incident, reflected, and
transmitted magnon spin currents.
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