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The developments in the field of quantum optics raise expectations that laser-matter coupling
is a promising building block for magnonics. Here, we propose a method for the generation of
direct and alternating spin currents of magnons across the junction interface irradiated by linearly
polarized laser. In a junction of ferromagnetic insulators with a large electronic gap, the spin angular
momentum is exchanged during the tunneling process of magnons across the junction interface. The
advanced technology in the field of plasmonics and metamaterials realizes that spins irradiated by
the laser field interact only with the magnetic component of the laser through the Zeeman coupling.
Using an analytic perturbation theory, we provide a general formula for magnon transport induced
by the inversion symmetry breaking across the junction interface. Then, we show that those spin
currents are enhanced by the ferromagnetic resonance, and the period of the ac spin current is
one-half of that of the laser magnetic field. Finally, we estimate the magnitude of the spin current,
and find that it will be within experimental reach.

I. INTRODUCTION

Toward efficient transmission of information that goes
beyond what is offered by conventional electronics, the
last decade has seen a rapid development of magnon-
based spintronics, dubbed magnonics [1, 2], aiming at
utilizing the quantized spin waves, magnons, as a car-
rier of information in units of the Bohr magneton µB. A
most promising strategy for this goal is to use magnetic
insulators, which are free from drawbacks of conventional
electronics such as significant energy loss due to Joule
heating. Thus, inventing methods to handle a flexible
manipulation of magnon transport in magnetic insula-
tors, in the complete absence of any conducting metallic
elements, is a central task in the field of magnonics.

The recent developments in the field of plasmon-
ics [3] and metamaterials [4] raise expectations that
laser-matter coupling [3–6] is an important building
block for this holy grail of magnonics. Using the op-
tical method [7–12], the reversal of magnetization was
achieved experimentally [13–16]. An optical analog of
the conventional Barnett effect [17–19], dubbed the opti-
cal Barnett effect [20, 21] (i.e., laser-induced magnetiza-
tion [22, 23]) [24], and the resulting magnon Josephson
effect [25] were proposed theoretically by means of circu-
larly polarized laser.

In this paper, using linearly polarized laser, we propose
a method for the generation of direct (dc) and alternating
(ac) spin currents of magnons across a junction interface
due to the inversion symmetry breaking. We consider a
junction formed by ferromagnetic insulators with a large
electronic gap, where the spin angular momentum is ex-
changed during the tunneling process of magnons across
the junction interface. In addition to the large elec-
tronic gap, owing to the state-of-the-art technology in the
field of plasmonics and metamaterials that realizes strong

magnetic field pulses with small electric field [3, 4], spins
in the laser field interact only with the magnetic com-
ponent of the laser through the Zeeman coupling. By
means of an analytic perturbation theory, we provide a
general formula for magnon transport induced by the in-
version symmetry breaking across the junction interface.
Then, we find that the ferromagnetic resonance enhances
those spin currents, and the period of the ac spin current
is one-half of that of the laser magnetic field. Finally,
we estimate the magnitude of the spin current, and show
that it will be within experimental reach.
This paper is organized as follows. We explain the

setup of our study in Sec. II, and investigate magnon
transport across the junction interface in Sec. III. Then,
estimating the values of the magnon spin current, we pro-
pose a method for observation, and provide a few remarks
in Sec. IV. Finally, we summarize in Sec. V. Technical de-
tails are described in the Appendix.

II. SYSTEM

We consider a junction of three-dimensional ferromag-
netic insulators with a large electronic gap. The two
ferromagnetic insulators are aligned along the x direc-
tion and the localized spins are polarized along the z
direction, see Fig. 1 [26]. A finite overlap of the wave
function of the boundary spins in the left and the right
ferromagnetic insulators results in an exchange interac-
tion, which induces a tunneling process of magnons across
the junction interface. During the tunneling process, the
spin angular momentum is exchanged and it may be de-
scribed in general by the Hamiltonian [26, 27] Hex =

−Jex
∑

k⊥

∑
kx,k′x

aL,ka
†
R,k′+H. c., where the bosonic op-

erator a(†)L/R annihilates (creates) magnons at the bound-
ary of the left/right insulator with the wave numbers
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FIG. 1. Schematic picture of the junction. The junction
consists of three-dimensional ferromagnetic insulators where
localized spins are polarized along the z direction. The two
ferromagnetic insulators are separated by a thin film of a non-
magnetic insulator and the boundary spins in the left and the
right ferromagnetic insulators are weakly exchange coupled,
which results in the tunneling process of magnons with the
amplitude Jex across the junction interface. The linearly po-
larized laser, i.e., time-periodic transverse magnetic field, with
the field strength of being spatially uniform is applied to the
two ferromagnetic insulators.

k := (kx, ky, kz), k′ := (k′x, ky, kz), and k⊥ := (0, ky, kz),
and where Jex > 0 represents the tunneling amplitude
of magnons across the junction interface and the value
depends on the spin quantum number of the boundary
spins in each insulator. The ferromagnetic insulators are
separated by a thin film of a nonmagnetic insulator, and
the boundary spins in the left and the right ferromag-
netic insulators are weakly exchange coupled in that the
magnitude of Jex is small compared with the spin ex-
change interaction between the nearest-neighbor spins in
each insulator. See Refs. [26, 27] for the details of the
relation between the magnon Hamiltonian Hex and the
microscopic spin model through a Holstein-Primakoff ex-
pansion to leading order [28].
Then, we apply the linearly polarized laser of the fre-

quency Ω to the junction of the two ferromagnetic in-
sulators with a large electronic gap. Due to the large
electronic gap, spins in the laser interact only with the
magnetic component of the laser field through the Zee-
man coupling. Since we assume that the magnetic field
amplitude is spatially uniform, the laser field (i.e., time-
periodic transverse magnetic field) excites the zero mode
of magnons in each insulator [29] and the process in the

left (right) insulator is described [30] by the time-periodic
Hamiltonian VL(R)(t):

VL(t) = ΓL(t)(aL,k=0 + a†L,k=0), (1a)

VR(t) = ΓR(t)(aR,k=0 + a†R,k=0), (1b)

with

ΓL(t) = 2Γ0(L)cos(Ωt), (2a)
ΓR(t) = 2Γ0(R)cos(Ωt), (2b)

where 2Γ0(L/R) represents the magnitude of the interac-
tion between the laser magnetic field and magnons in the
left/right insulator. Since the magnitude depends on the
spin quantum number, it is Γ0(L) ̸= Γ0(R) in general. For
simplicity, assuming that the g-factor of spins in the left
insulator is identical to that of the right one, we denote
it as g. Since we apply a weak laser field in that the
magnitude of 2Γ0(L/R) is small compared with the spin
exchange interaction between the nearest-neighbor spins
in each insulator, the description by means of magnon
degrees of freedom through the Holstein-Primakoff ex-
pansion to leading order [Eqs. (1a) and (1a)] remains
valid and the laser magnetic field VL(R)(t) can be treated
as a perturbation term.
We remark that since the laser excites the zero mode

of magnons, the result does not depend on the details of
the energy dispersion relation, e.g., the spin stiffness con-
stant, except the magnon energy gap ∆L(R) for the zero
mode in the left (right) insulator. The magnon energy
gap is formed by, e.g., a spin anisotropy [31]. Later, for
convenience, we phenomenologically introduce the life-
time [32] of magnons τL(R) in the left (right) insulator
through the Green’s function [33].

III. MAGNON TRANSPORT IN JUNCTION

A. Spin currents of magnons

Through the Heisenberg equation of motion, the ex-
pectation value of the magnon spin current across the
junction interface ⟨I(t)⟩, from the right to the left insu-
lator, is given as [34]

⟨I(t)⟩ = 2gµB
Jex
ℏ

Im⟨A(t)⟩+O(Jex
2), (3)

where ℏ denotes the reduced Planck constant and

A(t) :=
∑
k,k′x

aL,k(t)a
†
R,k′(t). (4)

Thus, first, we calculate ⟨A(t)⟩ = O(Jex
0Γ0(L/R)

2) using
a perturbation theory. Then, taking the imaginary com-
ponent of ⟨A(t)⟩, we evaluate the magnon spin current
⟨I(t)⟩ = O(JexΓ0(L/R)

2) in the junction subjected to the
laser magnetic field.



3

A straightforward perturbative calculation in Γ0(L/R)

based on the Schwinger-Keldysh formalism [35–37], and
up to Γ0(L/R)

2, provides [34]

⟨A(t)⟩ = 1

ℏ2

∫
c
dτ1

∫
c
dτ2ΓL(τ1)ΓR(τ2)

·GL,k=0(τ, τ1)GR,k=0(τ2, τ)|τ→t, (5)

where GL(R) is the contour-ordered Green’s function [33,
38, 39] of magnons in the left (right) insulator, and τ and
τ1(2) are the contour variables defined on the Schwinger-
Keldysh closed time path [40] c, c := c→ + c←, consist-
ing of the forward path c→ and the backward path c←.
Here, for convenience, we take τ on the forward path.
Even when τ is located on the backward path, the result
remains unchanged. Using the Langreth theorem [41], it
becomes

⟨A(t)⟩ = 1

ℏ2

∫ ∞
−∞

dt1

∫ ∞
−∞

dt2ΓL(t1)ΓR(t2)

· [Gt
L,k=0(t, t1)G

t
R,k=0(t2, t)

−Gt
L,k=0(t, t1)G

>
R,k=0(t2, t)

−G<
L,k=0(t, t1)G

t
R,k=0(t2, t)

+G<
L,k=0(t, t1)G

>
R,k=0(t2, t)], (6)

where Gt, G<, and G> are the time-ordered, lesser, and
greater Green’s functions, respectively. Through the
identities, Gt

k(t, t1) = Gr
k(t, t1)+G<

k (t, t1) andG<
k (t, t1)−

G>
k (t, t1) = Ga

k(t, t1) − Gr
k(t, t1), it reduces to ⟨A(t)⟩ =

(1/ℏ2)
∫∞
−∞ dt1

∫∞
−∞ dt2ΓL(t1)ΓR(t2)G

r
L(t, t1)G

a
R(t2, t),

where Gr(a) is the retarded (advanced) Green’s function.
After the Fourier transform of the Green’s functions, we
perform the time integral and the resulting Dirac delta
function for the frequency. Finally, we obtain

⟨A(t)⟩ = Γ0(L)Γ0(R)[(G
r
L,k=0,−ΩG

a
R,k=0,−Ω

+Gr
L,k=0,ΩG

a
R,k=0,Ω)

+Gr
L,k=0,−ΩG

a
R,k=0,Ωe

2iΩt

+Gr
L,k=0,ΩG

a
R,k=0,−Ωe

−2iΩt]. (7)

Thus, we find from Eqs. (7) and (3) that the tunneling
spin current of magnons is described essentially as the
product of the magnetic susceptibility for each insulator.
Those are summarized as follows:

⟨A(t)⟩ = Γ0(L)Γ0(R)

∑
n=0,±2

AneniΩt, (8)

with the coefficients

A2 = Gr
L,k=0,−ΩG

a
R,k=0,Ω, (9a)

A−2 = Gr
L,k=0,ΩG

a
R,k=0,−Ω, (9b)

A0 = Gr
L,k=0,−ΩG

a
R,k=0,−Ω +Gr

L,k=0,ΩG
a
R,k=0,Ω. (9c)

B. dc and ac components

We evaluate Im⟨A(t)⟩ and provide an analytical for-
mula for the magnon spin current across the junction
interface [Eq. (3)]. To this end, defining

AΩ := A2 ∈ C, (10)

we introduce the real variables AR
Ω ∈ R and AI

Ω ∈ R
as AΩ = AR

Ω + iAI
Ω ∈ C for convenience, and describe

the magnon spin current in terms of AR
Ω = Re(A2) and

AI
Ω = Im(A2). Using the identity

A−Ω = A−2, (11)

a straightforward calculation starting from Eq. (8) pro-
vides

Im⟨A(t)⟩ =Γ0(L)Γ0(R)[(A
I
Ω +AI

−Ω)cos(2Ωt)

+ (AR
Ω −AR

−Ω)sin(2Ωt) + Im(A0)]. (12)

We find that the magnon spin current [Eq. (3)] consists
of two parts: The dc component, Im(A0), and the ac
one. Finally, we obtain the magnon spin current across
the junction interface as

⟨I(t)⟩ = ⟨Iac(t)⟩+ ⟨Idc⟩+O(Jex
2), (13)

where the ac component ⟨Iac(t)⟩ = O(JexΓ0(L)Γ0(R)) and
the dc one ⟨Idc⟩ = O(JexΓ0(L)Γ0(R)) are described as

⟨Iac(t)⟩ :=2gµB
Jex
ℏ

√
(AI

Ω +AI
−Ω)

2 + (AR
Ω −AR

−Ω)
2

· Γ0(L)Γ0(R)cos(2Ωt+ θ0), (14a)

⟨Idc⟩ :=2gµB
Jex
ℏ

Γ0(L)Γ0(R)Im(A0), (14b)

with the phase θ0 characterized as

sinθ0 = −
AR

Ω −AR
−Ω√

(AI
Ω +AI

−Ω)
2 + (AR

Ω −AR
−Ω)

2
, (15a)

cosθ0 =
AI

Ω +AI
−Ω√

(AI
Ω +AI

−Ω)
2 + (AR

Ω −AR
−Ω)

2
. (15b)

This is the general formula for magnon transport in the
junction irradiated by the laser field: The main result
of this paper. For convenience, introducing the variables
CI := AI

Ω + AI
−Ω and CR := AR

Ω − AR
−Ω, the phase of

the ac component θ0 is characterized, as an example, as
follows:

θ0 = 0 for CI > 0 and CR = 0. (16a)
θ0 = −π/2 for CI = 0 and CR > 0. (16b)
θ0 = −π/4 for CI = CR > 0. (16c)
θ0 = π/4 for CI = −CR > 0. (16d)
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We find from Eq. (14a) that the ac spin current of the
period π/Ω,

⟨Iac(t)⟩ = ⟨Iac(t+ π/Ω)⟩, (17)

arises from the laser magnetic field of the period 2π/Ω
[Eqs. (2a) and (2b)]

ΓL(R)(t) = ΓL(R)(t+ 2π/Ω). (18)

The period of the ac spin current is one-half of that of the
laser magnetic field. We remark that this spin current
of magnons is analogous to the Josephson spin current
of magnons [25, 42] in that those spin currents across
the junction interface arise as the process of O(Jex) in
Jex. This is in contrast to the spin current of thermal
magnons, which arises as the process of O(Jex

2) in Jex,
induced by the applied temperature difference [26].

C. Inversion symmetry breaking

From a practical viewpoint, we describe A
R(I)
Ω and A0

in terms of the magnon lifetime by phenomenologically
introducing it [43] through the Green’s function [33], e.g.,
Gr

L,k=0,Ω = 1/[ℏΩ−∆L+ iℏ/(2τL)] = (Ga
L,k=0,Ω)

∗, where
τL(R) and ∆L(R) are the lifetime and the energy gap of
magnons for the zero mode in the left (right) insulator,
respectively, and (Ga

L,k=0,Ω)
∗ represents the complex con-

jugate of Ga
L,k=0,Ω. Then, those are characterized as [34]

AR
Ω =− (ℏΩ+∆L)(ℏΩ−∆R)− (ℏ/2τL)(ℏ/2τR)

[(ℏΩ+∆L)2 + (ℏ/2τL)2][(ℏΩ−∆R)2 + (ℏ/2τR)2]
,

(19a)

AI
Ω =− (ℏ/2τL)(ℏΩ−∆R) + (ℏ/2τR)(ℏΩ+∆L)

[(ℏΩ+∆L)2 + (ℏ/2τL)2][(ℏΩ−∆R)2 + (ℏ/2τR)2]
,

(19b)

Im(A0) =
(ℏ/2τL)(ℏΩ+∆R)− (ℏ/2τR)(ℏΩ+∆L)

[(ℏΩ+∆L)2 + (ℏ/2τL)2][(ℏΩ+∆R)2 + (ℏ/2τR)2]

+
(ℏ/2τL)(−ℏΩ+∆R)− (ℏ/2τR)(−ℏΩ+∆L)

[(ℏΩ−∆L)2 + (ℏ/2τL)2][(ℏΩ−∆R)2 + (ℏ/2τR)2]
.

(19c)

These show that tuning the laser frequency,

ℏΩ = ∆L(R), (20)

the ferromagnetic resonance enhances those magnon spin
currents across the junction interface.

We remark that when the left insulator is identical to
the right one, i.e., ∆L = ∆R and τL = τR, the coefficients
become

AI
Ω +AI

−Ω = 0, (21a)

AR
Ω −AR

−Ω = 0, (21b)
Im(A0) = 0. (21c)

This results in

⟨Iac(t)⟩ = 0, (22a)
⟨Idc⟩ = 0, (22b)
⟨I(t)⟩ = 0, (22c)

and there are no magnon spin currents across the junc-
tion interface. This shows that the dc component of the
magnon spin current arises from the difference of the
magnon energy gap in the junction subjected to the laser
field: In the junction out of equilibrium, the magnon
energy gap works as a nonequilibrium spin chemical po-
tential [44–48] (i.e., a potential in an effective magnetic
field [49]) and the difference induces magnon transport
across the junction interface [26, 27, 31, 50–52]. When
τL = τR =: τ while ∆R ̸= ∆L, the inversion symmetry
across the junction interface violates. Then, the dc com-
ponent is proportional to the difference of the magnon
energy gap, ∆R −∆L, as follows:

⟨Idc⟩ = 2gµB
Jex
ℏ

Γ0(L)Γ0(R)
ℏ
2τ

(∆R −∆L) (23)

×

[
1

[(ℏΩ+∆L)2 + (ℏ/2τ)2][(ℏΩ+∆R)2 + (ℏ/2τ)2]

+
1

[(ℏΩ−∆L)2 + (ℏ/2τ)2][(ℏΩ−∆R)2 + (ℏ/2τ)2]

]
.

Hence, when∆R > ∆L, the dc spin current flows from the
right to the left insulator due to the inversion symmetry
breaking.

IV. DISCUSSION

For an estimate, we assume the following parameter
values [53–55]: ∆L = ℏΩ = 5 µeV, ∆R = 6 µeV,
Γ0(L) = Γ0(R) = 0.5 µeV, τ = 10 µs [32, 53, 54],
Jex = 35 µeV [55]. Then, following Ref. [56], we estimate
the dc spin current ⟨Idc⟩ in electric units e/gµB, and find
that it amounts to ⟨Idc⟩e/gµB ∼ 0.05 mA. We believe,
while being small compared with the one (0.1 mA) [56]
for antiferromagnets, still it will be within experimental
reach. We expect, to the best of our knowledge, that to
use the inverse spin Hall effect [57] by attaching a metal
to the insulating magnet [58] will be one of the most
promising strategies for observation.
In this paper focusing on the junction and assuming

the weak exchange coupling between the left and right
ferromagnetic insulator, we have studied the tunneling
spin current of magnons across the junction interface ir-
radiated by linearly polarized laser. It will be of signifi-
cance to develop this work into bulk insulators by taking
into account higher-order terms in the Holstein-Primakoff
expansion and thus studying the nonlinear terms in the
magnetic susceptibility. We leave the advanced study
for future work. We remark that Ref. [56] proposed the
optically induced spin current of magnons in the bulk
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of antiferromagnetic insulators irradiated by a circularly
polarized electromagnetic field, where, analogous to our
present work, the field-induced spin current is described
by the product of the susceptibility, and the current is
enhanced by (antiferromagnetic) resonance.

V. CONCLUSION

Using the junction of the ferromagnetic insulators ir-
radiated by linearly polarized laser, we have proposed
the method for the generation of dc and ac spin currents
of magnons across the junction interface, and provided
the analytical formula for magnon transport induced by
the inversion symmetry breaking. We have shown that
the applied laser field excites the zero mode of magnons,
and tuning the laser frequency to the magnon energy gap
for the zero mode, the ferromagnetic resonance enhances
those spin currents across the junction interface. The pe-

riod of the ac spin current is one-half of that of the laser
magnetic field. We hope that our proposal serves as a
key ingredient for magnonics.
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Appendix: Magnon transport across the junction interface

In this Appendix, we provide some details of the straightforward calculation for the magnon spin current across the
junction interface ⟨I(t)⟩ = O(JexΓ0(L/R)

2),

⟨I(t)⟩ = 2gµB
Jex
ℏ

Im⟨A(t)⟩+O(Jex
2), (A.1)

by evaluating ⟨A(t)⟩ = O(Jex
0Γ0(L/R)

2) of

A(t) =
∑
k,k′x

aL,k(t)a
†
R,k′(t). (A.2)

The number operator of magnons in the left insulator is NL =
∑

q a
†
L,qaL,q. Through the Heisenberg equation of

motion, we define the operator for the magnon current across the junction interface Im(t), from the right to the left
insulator, as

Im(t) :=
1

iℏ
[NL,Hex]. (A.3)

Then, the magnon spin current, i.e., the spin current carried by magnons, across the junction interface I(t) :=
gµBIm(t) [26, 27, 51] is given as

I(t) = −igµB
Jex
ℏ

∑
k,k′x

aL,k(t)a
†
R,k′(t) +H. c., (A.4)

which results in Eqs. (A.1) and (A.2).
Using the contour-ordered Green’s function [33, 38, 39] we perform the perturbation calculation in Γ0(L/R) based

on the Schwinger-Keldysh formalism [35–37], and up to Γ0(L/R)
2, which provides

⟨A(t)⟩ = 1

ℏ2

∫
c
dτ1

∫
c
dτ2ΓL(τ1)ΓR(τ2)GL,k=0(τ, τ1)GR,k=0(τ2, τ)|τ→t, (A.5)

where the applied laser magnetic field excites the zero mode of magnons. Taking the Schwinger-Keldysh closed time
path [40] c = c→ + c←,∫

c=c→+c←
dτ1

∫
c=c→+c←

dτ2 =

∫
c→

dτ1

∫
c→

dτ2 +

∫
c→

dτ1

∫
c←

dτ2 +

∫
c←

dτ1

∫
c→

dτ2 +

∫
c←

dτ1

∫
c←

dτ2, (A.6)
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and using the Langreth theorem [33, 38, 41], it becomes

⟨A(t)⟩ = 1

ℏ2

∫ ∞
−∞

dt1

∫ ∞
−∞

dt2ΓL(t1)ΓR(t2) (A.7)

· [Gt
L,k=0(t, t1)G

t
R,k=0(t2, t)−Gt

L,k=0(t, t1)G
>
R,k=0(t2, t)−G<

L,k=0(t, t1)G
t
R,k=0(t2, t) +G<

L,k=0(t, t1)G
>
R,k=0(t2, t)].

Since [33, 38, 39] Gt
k(t, t1) = Gr

k(t, t1) +G<
k (t, t1) and G<

k (t, t1)−G>
k (t, t1) = Ga

k(t, t1)−Gr
k(t, t1), it reduces to

⟨A(t)⟩ = 1

ℏ2

∫ ∞
−∞

dt1

∫ ∞
−∞

dt2ΓL(t1)ΓR(t2)G
r
L,k=0(t, t1)G

a
R,k=0(t2, t), (A.8)

where

ΓL(t1)ΓR(t2) = Γ0(L)Γ0(R)[eiΩ(t1+t2) + eiΩ(t1−t2) + eiΩ(−t1+t2) + eiΩ(−t1−t2)]. (A.9)

The Fourier transform of the Green’s functions results in

⟨A(t)⟩ =Γ0(L)Γ0(R)

∫ ∞
−∞

dt1

∫ ∞
−∞

dt2

∫
dω1

2π

∫
dω2

2π
Gr

L,k=0,ω1
Ga

R,k=0,ω2
ei(−ω1+ω2)t

·[ei(ω1+Ω)t1ei(−ω2+Ω)t2 + ei(ω1+Ω)t1ei(−ω2−Ω)t2 + ei(ω1−Ω)t1ei(−ω2+Ω)t2 + ei(ω1−Ω)t1ei(−ω2−Ω)t2 ]. (A.10)

Performing the time integral and the resulting Dirac delta function for the frequency, we obtain

⟨A(t)⟩ = Γ0(L)Γ0(R)[G
r
L,k=0,−ΩG

a
R,k=0,Ωe

2iΩt +Gr
L,k=0,ΩG

a
R,k=0,−Ωe

−2iΩt

+ (Gr
L,k=0,−ΩG

a
R,k=0,−Ω +Gr

L,k=0,ΩG
a
R,k=0,Ω)]. (A.11)

This is summarized as follows:

⟨A(t)⟩ = Γ0(L)Γ0(R)

∑
n=0,±2

AneniΩt, (A.12)

with the coefficients

A2 = Gr
L,k=0,−ΩG

a
R,k=0,Ω, (A.13a)

A−2 = Gr
L,k=0,ΩG

a
R,k=0,−Ω, (A.13b)

A0 = Gr
L,k=0,−ΩG

a
R,k=0,−Ω +Gr

L,k=0,ΩG
a
R,k=0,Ω. (A.13c)

The coefficients are described in terms of the magnon lifetime and the energy gap for the zero mode as

A2 =: AΩ = − [ℏΩ+∆L + iℏ/(2τL)][ℏΩ−∆R + iℏ/(2τR)]
[(ℏΩ+∆L)2 + (ℏ/2τL)2][(ℏΩ−∆R)2 + (ℏ/2τR)2]

, (A.14a)

A−2 = A−Ω, (A.14b)

A0 =
[ℏΩ+∆L + iℏ/(2τL)][ℏΩ+∆R − iℏ/(2τR)]

[(ℏΩ+∆L)2 + (ℏ/2τL)2][(ℏΩ+∆R)2 + (ℏ/2τR)2]
+

[−ℏΩ+∆L + iℏ/(2τL)][−ℏΩ+∆R − iℏ/(2τR)]
[(ℏΩ−∆L)2 + (ℏ/2τL)2][(ℏΩ−∆R)2 + (ℏ/2τR)2]

.

(A.14c)

[1] A. V. Chumak, V. I. Vasyuchka, A. A. Serga, and
B. Hillebrands, Nat. Phys. 11, 453 (2015).

[2] K. Nakata, P. Simon, and D. Loss, J. Phys. D: Appl.
Phys. 50, 114004 (2017).

[3] M. F. Ciappina, J. A. P.-Hernandez, A. S. Landsman,
W. A. Okell, S. Zherebtsov, B. Forg, J. Schotz, L. Seif-
fert, T. Fennel, T. Shaaran, T. Zimmermann, A. Chacon,
R. Guichard, A. Zair, J. W. G. Tisch, J. P. Marangos,

T. Witting, A. Braun, S. A. Maier, L. Roso, M. Kruger,
P. Hommelhoff, M. F. Kling, F. Krausz, and M. Lewen-
stein, Rep. Prog. Phys. 80, 054401 (2017).

[4] Y. Mukai, H. Hirori, T. Yamamoto, H. Kageyama, and
K. Tanaka, Appl. Phys. Lett. 105, 022410 (2014).

[5] D. Bossini, V. I. Belotelov, A. K. Zvezdin, A. N. Kalish,
and A. V. Kimel, ACS Photon. 3, 1385 (2016).

[6] T. Arikawa, S. Morimoto, and K. Tanaka, Opt. Express

https://www.nature.com/articles/nphys3347
https://iopscience.iop.org/article/10.1088/1361-6463/aa5b09
https://iopscience.iop.org/article/10.1088/1361-6463/aa5b09
https://iopscience.iop.org/article/10.1088/1361-6633/aa574e
http://dx.doi.org/ 10.1063/1.4890475
https://pubs.acs.org/doi/10.1021/acsphotonics.6b00107
https://www.osapublishing.org/oe/abstract.cfm?uri=oe-25-12-13728


7

25, 13728 (2017).
[7] A. Kirilyuk, A. V. Kimel, and T. Rasing, Rev. Mod.

Phys. 82, 2731 (2010).
[8] A. V. Kimel, A. Kirilyuk, A. Tsvetkov, R. V. Pisarev,

and T. Rasing, Nature 429, 850 (2004).
[9] A. V. Kimel, A. Kirilyuk, P. A. Usachev, R. V. Pis-

arev, A. M. Balbashov, and T. Rasing, Nature 435, 655
(2005).

[10] F. Hansteen, A. Kimel, A. Kirilyuk, and T. Rasing,
Phys. Rev. Lett. 95, 047402 (2005).

[11] C. D. Stanciu, F. Hansteen, A. V. Kimel, A. Tsukamoto,
A. Itoh, A. Kirilyuk, and T. Rasing, Phys. Rev. Lett.
98, 207401 (2007).
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