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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 pug. 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 D, kak; aL,kaRk, +H. c., where the bosonic op-

erator agr/)R annihilates (creates) magnons at the bound-

ary of the left/right insulator with the wave numbers



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 = (kg ky, k), kK" = (K, ky, k), and k| = (0, ky, k=),
and where Jox > 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 Jgx 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 €2 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 Vi,g)(t):

VL(t) = T'L(t)(aL k=0 + aLk:o)v (1a)
VR (t) = Tr(t) (an k=0 + af s—p): (1)
with
I'L(t) = 2[gwycos(Q), (2a)
I'r(t) = 2g(r)cos(21), (2b)

where 2, /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 g1,y # or) 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 2Ty, /) 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 [Egs. (1la) and (la)] remains
valid and the laser magnetic field Vi,(g)(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 AL(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 7y, 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]

Jex
(1()) = 2gun==Tm(A(1)) + O(Jex?), (3)
where h denotes the reduced Planck constant and

A(t) =Y anx(t)af 4 (¢). (4)

kK,

Thus, first, we calculate (A(t)) = O(Jox Ty, r)”) using
a perturbation theory. Then, taking the imaginary com-
ponent of (A(t)), we evaluate the magnon spin current
(I(t)) = O(JCXI‘O(L/R)Q) in the junction subjected to the
laser magnetic field.



A straightforward perturbative calculation in T'g,/r)
based on the Schwinger-Keldysh formalism [35-37], and
2 .
up to I'g(r,/r)”, provides [34]

1
)> = ﬁ/dTl/dTgrL(Tl)FR(Tg)
- GrLx=o(7,71)GRx=0(T2,T)|7=¢, (D)

where G,(g) is the contour-ordered Green’s function [33,
38, 39] of magnons in the left (right) insulator, and 7 and
T1(2) are the contour variables defined on the Schwinger-
Keldysh closed time path [40] ¢, ¢ = ¢, + ¢, consist-
ing of the forward path c_, and the backward path c._.
Here, for convenience, we take 7 on the forward path.
Even when 7 is located on the backward path, the result
remains unchanged. Using the Langreth theorem [41], it
becomes

(A(t)) = % / dt, / dtaTL (1) (1)

-G, o (t, 1) G je—o (t2, )
_Gik o(t tl)GEk 0(t2at)
G ot 1) G o (ta; 1)
GL ot 1) G po(t2, 1)), (6)

where G, G<, and G~ are the time-ordered, lesser, and
greater Green’s functions, respectively. Through the
identities, Gy (t,t1) = Gy (t,t1)+Gx (¢, t1) and Gy (¢, t1)—
Gy (t,t1) = GL(t,t1) — G(t, t1), it reduces to (A(t)) =
(U/R2) [, dty [, dtaTy () Tr(t2) G (1, )G (t2, )
where G*®) 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

(At)) = TowyLor) [(GL x=0,- 0GR k=0,—0
+ GL x=0,0GR k=0,02)
+ GL k=0, 0GR xk=0.0¢

—2i0
+ GLk=0,0GR k=0,—0 H(7)

230t

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)) = ToyTomr) Z Aye™it (8)

n=0,+2

with the coefficients

Ap = Gi,k:o,fﬂGﬁ,k:O,Qv (9a)
A_g= Gi,k:(),QGaR,k:(],fﬂv (9b)

_ a T a
Ao = G x—0-0GRk=0—-a T GLx=00GR k=00 (9¢)

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

Ag=A3 €C, (10)

we introduce the real variables AR € R and AL, € R
as Aqg = A8 +iAf, € C for convenience, and describe
the magnon spin current in terms of AR = Re(A43) and
A}, = Im(As). Using the identity

Ag=A_,, (11)

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

Im(A(t)) :FO(L)FO(R)[(Agl + AL g)cos(20)
+ (AR — AR ))sin(20¢) + Im(4o)].  (12)
We find that the magnon spin current [Eq. (3)] consists
of two parts: The dc component, Im(A4p), and the ac

one. Finally, we obtain the magnon spin current across
the junction interface as

<I(t)> = <Iac(t)> +

where the ac component (I,c(t)) = O(JexI'or)Lor)) and
the dc one (l4c) = O(JexI'o1)I'o(r)) are described as

<[dc> + O(Jexz)v (13)

(Tac(t)) = (Ag + ALg)? + (Ag — Ag)?

-TowyTo(r)ycos(2Qt + o), (14a)
(lac) =2guB %FO(L)FO(R)Im(AO)a (14b)
with the phase 6y characterized as
iy = - A Ao SEEN
VJ(Ah + ALG)? + (AF — A2
costy = Ao+ Alg (15b)

\/(AE +ALg)? + (A — ARg)?
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
Cr = AL, + Al and Cr = AR — AR, the phase of
the ac component 6y is characterized, as an example, as
follows:

0y =0 for Ct > 0 and Cr = 0. (16a)
0y = —m/2 for C1 = 0 and Cr > 0. (16b)
6o = —7/4 for C1 = Cr > 0. (16¢)
g =7/4 for C1 =—Cgr > 0. (16d)



We find from Eq. (14a) that the ac spin current of the
period 7/€Q,

(Hac(t)) = (Lac(t + 7/)),

arises from the laser magnetic field of the period 27/
[Egs. (2a) and (2b)]

(17)

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(Je) in
Jex. This is in contrast to the spin current of thermal
magnons, which arises as the process of O(Jex2) in Jey,
induced by the applied temperature difference [26].

C.

Inversion symmetry breaking

From a practical viewpoint, we describe Ag(l) and Ag
in terms of the magnon lifetime by phenomenologically
introducing it [43] through the Green’s function [33], e.g.,
GLx=0,0 = 1/[M2—Ap+ih/(211)] = (G}, x—,0)", Where
TLr) and Apg) are the lifetime and the energy gap of
magnons for the zero mode in the left (right) insulator,
respectively, and (Gi,kzo,ﬂ)* represents the complex con-
jugate of G{, ) o- Then, those are characterized as [34]

(ﬁQ + AL)(fLQ — AR) - (h/QTL)(ﬁ/QTR)

Ag =~ (R + AL)? + (h/2m)2][(hY — AR)? + (B/27R)?]
(19a)
AL — (h/27)(h2 — Ag) + (h/27r) (P2 + Ap)
@+ AL)? + (/2 PI[(RQ — AR)? + (R/2R)?]
(19b)
Im(Ay) = P2 (R + Ag) — (/2m) (R + Av)

(R + AL)? + (h/27)2[(RQ + AR)? + (h/278)?]
(h)270)(—hQ + AR) — (h/27R)(—hQ + AL)
[(AS2 — Ap)? + (R/270)?][(AS2 — AR)? + (?/27?)2]'

19¢

+

These show that tuning the laser frequency,

R = AL Ry, (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., A, = Ag and 71, = Tr, the coeflicients
become

AL+ A, =0, (21a)
AR — AR, =0, (21Db)
Im(A4p) = 0. (21c)

This results in

<Iac(t)> =0, (223‘)
(Iae) = 0, (22b)
(I(t)) =0, (22¢)

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
7, = TR =: 7 while Ag # Ay, the inversion symmetry
across the junction interface violates. Then, the dc com-
ponent is proportional to the difference of the magnon
energy gap, Ar — Ar, as follows:

Jex h
(Iac) = 2guB 7F0(L)F0(R)§(AR —AL) (23)

1
(R + AL)2 + (B/27)2)[(AY 4+ AR)? + (h/27)?]

1
(R — Ap)? + (h/27)?][(P2 — Ar)? + (h/27)?]

Ml

Hence, when Agr > Ar,, 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]: A = A = 5 peV, Ag 6 pev,
FO(L) = FO(R) = 0.5 ,ueV, T = 10 J] [32, 53, 54],
Jox = 35 eV [55]. Then, following Ref. [56], we estimate
the dc spin current (I4.) in electric units e/gup, and find
that it amounts to (Igc)e/gup ~ 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



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(JQXFO(L/R)Q),

(1)) = 297

h
by evaluating (A(t)) = O(JexOFO(L/R)Q) of

A() =" avx(t)ah o (1).

k,k/,

Im(A(t)) + O(Jex”),

(A.1)

(A.2)

The number operator of magnons in the left insulator is Ny, = Zq a{ qL.q- Through the Heisenberg equation of
motion, we define the operator for the magnon current across the junction interface Ip,(t), from the right to the left

insulator, as

1
" ih
Then, the magnon spin current, i.e., the spin current carried by magnons, across the junction interface I(t) =
gusln(t) [26, 27, 51] is given as

Im(t) [NLaHex]- (AS)

; Jex
I(t) = _ZQMB% 1;; a’L,k(t)aIZ{’k/(t) +H. c,

(A4)

which results in Egs. (A.1) and (A.2).
Using the contour-ordered Green’s function [33, 38, 39] we perform the perturbation calculation in I'g,/r) based

on the Schwinger-Keldysh formalism [35-37], and up to Iy, /R)27 which provides

(A1) = %/dTl/dT2FL(7'1)FR(7'2)GL7k:0(T, 71)GR k=0(T2, T) |7 >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 + ¢,

/ dﬁ/ dng/ dﬁ/ dT2+/ dﬁ/ d7'2+/ dTl/ d72+/ dTl/ dra,
C=C_;+C C=C_ +C( Ccs C C Ce Ce C Ce C

(A.6)



and using the Langreth theorem [33, 38, 41], it becomes

CA®) % / dt, / dtaTr (1) T (t2) (A7)

(G o (t:11)GRose—o (2, 1) = G e (8 11) G e (t25 ) — G g (6, 11) G o (ta, 1) 4+ GE g (£, £1) Gy g (2, )]

Since [33, 38, 39] Gi.(t,t1) = Gy.(t,t1) + Gy (t,t1) and Gy (¢,t1) — Gi (¢, t1) = Gis(t, t1) — Gi.(t, t1), it reduces to
1
AW =5 [ [ T )R (12)GE ot 1) Gl 2. (43)
where
r(t1)TR(t2) = ToqyDogry e H72) 4 ei070) 4 @i0(Thitz) @i 0(—0mt2)], (A.9)

The Fourier transform of the Green’s functions results in

dw dw I
(At)) =Tow) Fo(R)/ dtl/ dtg/ - [ 222G GL k=00 R k= owze’( 1tws)t

’[ez(w1+ﬂ)tlez( wat Dty 4 gilw1+ )t gi(—w2— ﬂ)t2 4+ w1 = Dt gi(—wa+ Q) +ei(m*9)tlei(*w2*9)t2], (A.10)
Performing the time integral and the resulting Dirac delta function for the frequency, we obtain
(A(t)) = ToayLory [Gi,k:O,—QG%{,k:O,Qe%Qt + GrL,k:o,QG%c,k:o,—Qe_th
+ (GLk=0,—0GR k=0,—0 T GL x=0,0G R k=0.0)]- (A.11)
This is summarized as follows:
(A)) =TowTom) »_ Ane™, (A.12)
n=0,+2
with the coefficients
As = Gi,k:o,—QGaR,k:o,Qa (A.13a)
Ao = GrL,k:o,QGaf{,k:o,—Qa (A-13b)
Ao = GLx=0,—0GRrx=0,—2 T GLx=00GR x=0,0- (A.13¢)
The coefficients are described in terms of the magnon lifetime and the energy gap for the zero mode as
Y+ A ih/(2 hQ — A ih/(2
Ay =1 Aqg = — lCths ;—i_z / TLg][ 2 +22 /@) 57 (A.14a)
[(h2 + AL)? + (h/270)][(R2 — AR)? + (h/27Rr)?]
A_o=A_q, (A.14b)

[RQ 4+ Ap + ih/(21L)][AY + AR — ih/(27R)]
(R + Ar)? + (h/270)?][(RQ2 + ARr)? + (B/27r)?]

[—hQ + Ap 4+ ih/(270)][-hQ + AR — ih/(27R)]
(R = AL)? + (h/271)?)[(hQ — Ar)? + (h/27R)?]
(A.14c)

Ap =
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