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Magnon polaritons (MPs) refer to a light-magnon coupled state, which have the potential to act as infor-
mation carriers, possibly enabling charge-free computation. However, light-magnon coupling is inherently
weak. To achieve sufficiently strong coupling, a large ferromagnet or coupling with a microwave cav-
ity is necessary. Thus, we theoretically propose a 100 nm YIG/1 pm GGG/500 pm YIG structure as a
fundamental platform for magnonic and magnon-optical information storage devices to address the afore-
mentioned issues. Furthermore, we discuss the transport properties of the MPs. Owing to the waveguide
modes formed by the dielectric constant of the structure, the magnons placed in a nanometer-thin layer
are strongly coupled with light. In addition, a longitudinal magnon-magnon coupling between thin and
thick magnetic layers yields rich functionalities and a large magnon density to the thick-layer MPs due
to the “magnonic antenna effect.” Hence, a large, direction-switchable magnon current in the thin layer is
observed. The proposed structure indicates a longer coherence length and suitable figure of merit for the
magnonic antenna effect. Therefore, the findings of this study would enable the integration of ferromag-
netic micro- and nanostructures for MP-based information devices without any restrictions due to cavities.
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I. INTRODUCTION

In magnetic materials, elementary excitation arises from
the collective motion of spin precession; this phenomenon,
which is equivalent to a quasiparticle, is called a spin wave
or magnon. A magnon is a potentially viable candidate
for low-energy-consumption devices because it can carry
[1-4], process [2,5,6], and store [7] spin information with-
out charge carrier transport. The spin current of magnons
is proportional to the density of excited magnons p,, and
their group velocity v,. However, there exist two signifi-
cant issues that affect the efficiency of magnonic devices:
(1) the increase in magnon current with increasing density
and velocity, and (ii) switchable control over current direc-
tion. However, typical magnon densities are significantly
lower than the typical electron density in metals, and the
typical velocity of a magnon is also considerably lower
than the Fermi velocity of electrons. Thus, to overcome
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these issues, recent studies have focused on engineering
magnon velocity [8,9] and transport [10—12].

One method to increase the velocity of magnons is
to form magnon polaritons (MPs) via strong coupling
between magnons and microwaves [13—15]. Magnon-light
coupling is significantly weaker than the coupling between
an electric dipole and light. Recent studies have achieved
ultra-strong coupling for MPs using optical cavities, and
the significant splitting of the dispersion relation of mag-
netic microspheres has been reported [14,15]. Such cavity-
based MPs in magnetic microspheres exhibit rich proper-
ties, such as bistability [16,17], coherent perfect absorption
[18,19], level attraction [20-23], microwave Hall effect
[24], and information communication between magnetic
segments in cavities [25-29]. However, to ensure infor-
mation transport via magnons, it is necessary to achieve
strongly coupled MPs, further referred to as strong MPs,
in one- or two-dimensional integrable magnetic materials.

Several systems have been studied with the aim of
discovering applications of devices with strong MPs
using cavities. However, contemporary studies have not
exploited the potential of the interplay between the spatial
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degrees of freedom of the magnons and the radiation field.
For its incorporation, a multilayered two-dimensional
magnetic film has an attractive potential, where the spatial
profiles of the magnon wave and radiation field and their
interplay are considered key components. Subsequently,
a nonlocal treatment for the microwave response from
magnons can be formulated. This approach, which consid-
ers the nonlocal response of magnons to the radiation field,
provides an application prospect for strong MPs and is
expected to offer several degrees of freedom in the spatial
design of sample structures.

In this study we propose a multilayered structure of
magnetic and dielectric materials, formulate a nonlocal
response theory for magnons, and discuss the disper-
sion relation of MPs. Our formulation of the nonlocal
theory is based on the quantum microscopic perspec-
tive of magnons. Magnon excitations are coupled with
electromagnetic fields by following the constitutive and
Maxwell’s equations. (This scheme can be extended to
a nonlinear magnon response in a straightforward man-
ner.) The spatial interplay between magnons and the field
is designed under both dielectric and magnetic environ-
ments. The proposed multilayered structure is shown in
Fig. 1. The structure comprises of thin (approximately
100 nm) and thick (approximately 500 pum) magnetic lay-
ers. The thin layer can be processed to fabricate integrable
magnonic circuits. The two magnetic layers are sepa-
rated by a thin dielectric layer of an appropriate thickness
(approximately 1 pwm), which should be much greater than
the penetration length of the magnon wave functions. In
this structure, we reveal that the MPs even in a circuit-
fabricated thin layer can have rich transport properties
due to a transcription of the thick-layer MP properties.

This transcription can be termed as the “magnonic antenna
effect.” Figure 1(a) shows the model considered in the
present study, while Fig. 1(b) shows an imaginary pro-
cessed structure.

The proposed structure is based on three important
concepts. First, the “waveguide modes” formed by the
multilayer interfaces enhance the strength of the MPs in
the thin magnetic layer. Second, the thick layers hold the
high density of excited magnons and rich functionalities
for the magnon transport, such as the switching function
of transport direction. Third, an interlayer (longitudinal)
magnon-magnon interaction transfers the magnon excita-
tions from the thick layer to the thin layer and transcribes
the properties of the thick-layer MPs to the thin-layer MPs.
In this paper we discuss these three concepts by consider-
ing several structures. For the second and third concepts,
we introduce the magnonic antenna effect. The waveguide
modes play the role of cavities and enhance the light-
magnon couplings in both magnetic layers. Furthermore,
the waveguide modes can be utilized for a conversion
between the microwave and optical photons [30,31] and
communication between the magnonic materials [32]. In
this study we utilize the waveguide modes and magnonic
antenna effect to obtain a large density and rich proper-
ties of MPs even in circuits fabricated of thin layers. Thus,
to utilize the dispersion of the MPs at a large in-plane
wave number kj in the waveguide modes, the total thick-
ness of the structure should be less than several hundreds
of micrometers.

The separation of magnetic layers by the dielectric layer
is essential for our proposal to achieve circuit-integrable
MPs having rich functionalities. Since typical magnons
have wavelengths in the millimeter scale, surface etching

(a) (b) Fabricated magnon circuit in
Light incidence . the thin YIG layer
via a prism 1
Thin YIG

GGG
Thick YIG
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Nanoscale structure
fabrication process

Our proposed structure Application example

FIG. 1. Schematic of the proposed multilayer structure for magnonic devices. (a) Proposed structure comprising thin yttrium iron
garnet (YIG), thin gadolinium gallium garnet (GGG), and thick YIG layers. The thick YIG layer acts as an antenna to capture photons
via the formed waveguide modes. The photons are coupled with the magnons in the thin YIG layer via the magnon-magnon interaction.
Thus, the thin-layer magnons can form polaritons. (b) Imaginary processed structure. Even when a thin YIG layer is used to the
fabricate circuit, the MPs in the thin YIG layer are expected to demonstrate high-speed controllable magnon transport in the circuits
without any magnon current leakage owing to the functionality of the MPs. To form the polaritons using the waveguide modes, a
microwave with a prism or fiber coupling is used. An X-shaped junction is presented as an example of circuit fabrication.
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of a thick magnet is ineffective to control the MPs. Hence,
the magnonic antenna effect is prevalent owing to the
separation of the magnetic layers. A cavityless structure
offers significant advantages for further development, such
as MP network fabrication on a substrate and MP con-
trol using a small magnetic tip. The formulated nonlocal
theory for magnons indicates that a spatial correlation
between the magnons and waveguide modes results in
strong MPs. Hence, a combination of the aforementioned
aspects enables the realization of highly efficient and
switchable solid-state devices, without the requirement of
charge carrier transport.

This paper is organized as follows. In Sec. II we for-
mulate the nonlocal response and self-consistent theory
for MPs and describe a model with several magnetic and
dielectric layers. In Sec. III we discuss the results of mag-
netic response and the dispersion relation of MPs in the
multilayered structure. Furthermore, the magnon current is
investigated from the dispersion relations. Finally, Sec. IV
concludes the study.

II. FORMULATION AND MODEL

This section provides the formulation of a nonlocal mag-
netic response by magnons. The quantum description of
magnons with the Holstein-Primakoff transformation [33]
provides the nonperturbative and perturbative Hamiltoni-
ans. A basic linear response theory [34] is used to deduce
a nonlocal susceptibility of magnons for the constitutive
equation. In addition, the magnon excitation causes fluctu-
ations in magnetizations. Hence, the magnons are coupled
with the electromagnetic fields (photons) spontaneously
in Maxwell’s equations. By a self-consistent treatment of
the constitutive and Maxwell’s equations, we formulate
the nonlocal response theory for a magnon. Subsequently,
we apply the nonlocal theory to multilayered structures of
magnetic and dielectric materials. In this study, we propose
a YIG/GGG/YIG structure to investigate the magnonic
antenna effect and the interlayer magnon-magnon interac-
tion.

A. Nonlocal magnetic response

The spin wave in magnetic materials can be described
by an exchange interaction. For localized electron spins S,-
at lattice site j of magnets, the exchange Hamiltonian can
be expressed as

7:(ex=—ZJijéi'Sj, (1)

where the exchange constant J;; is finite only for the
neighboring sites. In this study we consider a uniform

strong magnet with J; = Jy > 0 and apply the Holstein-
Primakoff transformation as [33]

Si=8—blb, )
o i bk
§ = ~ash; (1- I | 3)
A bib;\
Sj:«/ﬁ(l—’z—s")bj, )

where Sji =S+ iS; , with bosonic creation and annihi-

lation operators represented by 13; and 13_~, respectively.
On removing the ground-state energy of the ferromag-
net, we obtain a transformed Hamiltonian 7:[,,1 ~ 7:lex —
(—8NJyS?), where 8§ and N represent the number of
neighboring sites and the total number of sites, respec-
tively, and S is the size of the localized spin at each
site. By taking the Fourier transform of the creation and
annihilation operators,l; =1/J/N Z bY KR and by =

1/v/N Zj Bj e ™R/ the Hamiltonian for a magnon

H =28 [J(0) — T (k)] bl by (5)
k

is obtained. The boson describes the spin wave quan-
tum or the so-called magnon, while J(K) = > ) Joe KRy
describes the excitation energy of the magnons. The sum-
mations for lAyi and Bk are taken for all sites, whereas the
summation for J (K) is taken for all neighboring sites from
R;. The constant term can be reduced without a loss of
generahty The exchange interaction originates from the
Coulomb interaction between the localized electrons that
is a part of the longitudinal electric fields. The dipole-
dipole interaction between the magnons is also mediated
by the longitudinal field. In our formulation, the for-
mer is included in the Hamiltonian, whereas the latter is
considered in the Maxwell’s equations.

In a magnetic field the magnon excitation energy is mod-
ulated due to the Zeeman effect ’Hz = —guglo Z S
H(r;,?), where pup is the Bohr magneton and g is the
g factor. The magnetic field H(r, ) consists of an exter-
nal static field Hy, an incident microwave h;,.(r,?), and a
response field h.(r, 7). The response field is generated by
the excited magnons. The total Hamiltonian is expressed
as H = ﬂm + 7:[2. On introducing h(r,?) = hy, (r,?) +
hes (1, 1), we divide the total Hamiltonian into static non-
perturbative and time-dependent perturbative Hamiltoni-
ans as

Hy = ZEkl;]T(l;ka (6)
k
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H (1) = —guspo y_ S - hix;, 1), (7)

J

respectively, with the magnon excitation energy being

Ex = 2S[J (0) — J (K)] + giepio[Hol
~ th)»gxkz + hCUH~ (8)

The magnon energy is shifted by the external field |Hp]|.

\/ 2S|V2J (K)|/(hawy) is a length scale of the

exchange interaction and hwy = hy uo|M;| is the mag-
netization energy, where y = gug/h is the gyromagnetic
ratio and M is the saturation magnetization.

Based on the quantum description of magnons by the
Hamiltonian 7:((t) = 7:&) + 7:{’(t), we formulate the micro-
scopic theory of magnon response. We assume a mono-
tonic field incidence hinc(r, 1) = hine (r; @)e . The con-
stitutive equation for the magnetic response is given by

Here, Aex =

m(r; @) = Y X (1 0)h(r;; o) ©)
J

with the nonlocal susceptibility [35]. Here, m(r;; w)
denotes the deviation of the magnetization from the satu-
ration magnetization. The susceptibility is obtained by the
linear response theory [34] as

I‘LOn(ri){”'nO(rj)}t
E, — hw — iyy

_ o
X1 o) =—— [
v n

+I"n0(rl){”'0n(r])} ] , (10)

E, + hw + iyy

where u,,,(r;) = —gup(k, |§j |k,,). The index n represents

the eigenstate |k,) of Hy, y, is a nonradiative relaxation
constant, and v is the volume of the unit cell for each site.

B. Layered structure

We consider the magnetic nonlocal response of
magnons in a layered structure. The magnon wave func-
tions (or spin waves) are confined owing to the pin-
ning effect at the surfaces. The magnon states are
well defined as |n,k;) with an in-plane wave number.
Then, we obtain /T/v(0[S;|n,k)) = +/S/21/L exp(ik; -
PPz (1, —i, 0), where ¢,(z;) is the wave function of
the magnon in the z direction. For a single-layered struc-
ture, we find that ¢,,(z;) = +/2/d sin(nnz; /d), where d and
L are the thickness in the z direction and the size of the
system in the x-y plane, respectively, p; | = (x;,);) is the
position vectors, and S is the value of the spin. We apply
the continuous approximation for the magnon wave func-
tions. For the translational symmetry in the x-y plane, the

field and magnetization are partially Fourier-transformed
as h(p,z; 0) = (1/27) [ d*k, h(ky, z; w)e™I*?I. The con-
stitutive equation is also rewritten as

m(k,z;w) = / dz' 5 (ky,z,z'; a))fl(k”,z/; w), (11)
where the susceptibility is represented by

B, @il ()
Eyx, — ho — iy

- Mo
ko’/; = -
x(Ky,z,z'5w) 5 En|:

@@@@)}7 12

En,k” + ha) + l]/m

where ji,(z) = gup/S/2¢,(z)(1, —i,0)’. For multilay-
ered systems, the susceptibility is expressed as a combi-
nation of Eq. (12) for the respective layers.

C. Maxwell’s equations

The coupling between the magnon and electromag-
netic field is described by a self-consistent relation
with the nonlocal constitutive equation and the micro-
scopic Maxwell’s equations, where the spatial correlation
between the magnon wave function and the electromag-
netic field should be treated appropriately. The micro-
scopic Maxwell’s equations are

1
V.E=——V.P, (13)
&0
B
VXE=—-2, 14
x ot (14
V.B=0, (15)
JE aP
v XB=8()/VLOE+M()V XM—'-/J,()E (16)

Here E, B, M, P, &, and 1 denote the total electric field,
total magnetic flux density, magnetization, polarization,
dielectric constant in vacuum, and permeability in vac-
uum, respectively. The magnons are described in terms of
M(r) with the nonlocal susceptibility in Eq. (12), while
the polarization is represented by the dielectric constant
of each layer as P(r) = ggxz(z)E(r). The dielectric con-
stant &g xg(z) forms the TE and TM waveguide modes. We
set the field propagation direction along the x-z plane k =
(ky, 0, k). Subsequently, the y component of the magnetic
(electric) field determines the reflection and transmission
of the TM (TE) waveguide mode.
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For the magnetic field H = B/uo — M, the Maxwell’s
equations become

0’H
V xV x H+ uoego(l +XE)?

*M E
= —toco(l + x) = + &0 (Vxe) x ——. (17)

t at
The systems considered in this study have transverse sym-
metry in the x-y direction. We consider partial Fourier
transformations with k| and o for the magnetic fields.
Here H(k,z;0) = 1/2n)*? [ dxdy [ dH(r, H)e*e ",

J

0
G™ (k,z,7;0) = —

q(z)?

The electric field is also Fourier transformed in the same
manner.

We divide the field into TM and TE modes as H =
H™ + HT™. For the TM mode H™ = (0, ,, 0)’, the
solution is given as

H™ (k) z;0) = B (k) 25 0)

+ / dz’G(TM)(k”,z,z’;w)M(kH,Z’;w)
(18)

with a dyadic Green’s function

ig(ky,z,z'; o)

0) 2/9r -

(19)

where g(ky,z,z’; w) is a scalar Green’s function describing a scalar wave propagation from position z’ in a layer to z
in the same or other layers. The term (V xz) x E in Eq. (17) causes a local modulation at the interfaces by a stepwise
change of xz. However, in our formulation, the modulation is considered by the boundary conditions for g(ky, z, z'; w).
In the nth layer, z,_; < z < z,, the wave number is ¢(z) = ¢, = xgaw/c. Forz,_) <z <z, andz,_; <z’ < z,, the
scalar Green’s function is given as

[efnEmon-1) 4 emiknG=2nF, \ efndn T, 4, (2)  (n > m),
g(ky,z,2sw) = { =7 | 4 efnC=2n-DB, (') 4 e HnCE=2) C, () (n = m), (20)
[enGmn) oG 0F, Ly 0 |5, D) (1 < m),
with the factors
/ 1 ik (zm—2") ikmdm =, —ikm (zpp—1—2")

Am(Z) —_ |:€ m Zm +€ m mrm—l,me m\Zm— ], (21)
m
1 . . I )

Bm(z/) = AT’/m—l,m I:eilkm(zm_liz/) + elkmdmrm—b—l,melkm(zmi/)] s (22)
m
1 . o . ,

Cm(Z/) — M rm+1,m I:elkm(zm—z) + elkmdmrmil’me—lkm(szl_Z )] , (23)
m
1 4 o A ,

Dm(z/) — M_ [e—lknz(zm—]_z) _|_ elkmdn1rm+l’melkm(zm—l_Z )] , (24)

m

where 741, and 1..m are the generalized reflection and transmission coefficients, respectively [36]. The denominator

i2kmdm

ISMy =1 — Pyt mFm—1.m€ . The wave number in the perpendicular direction of layer n is k, = ,/q2 — kﬁ.

For the electric field, we obtain

9°E oM
VxV XE+,U,()80(1+XE)W =—,LL()V X W (25)

For the TE mode, E™ = (0, £,, 0)" is related to H™ through Faraday’s law. The VV - E term on the left-hand side
is incorporated with the boundary conditions. Thus, the solution of H™ = (A,,0,H,)" is given by

mc

H™ (ky,z;0) = HLY (K, 2; 0) + / dZ G™ (k) z,7'; )M (K, 2; ), (26)

034035-5



KATO, YOKOYAMA, and ISHIHARA

PHYS. REV. APPLIED 19, 034035 (2023)

with

G™® (ky,z,2; @)

B 9:9z 0 ik ig(ky,z,7/; )
—ikn 82/ kﬁ 21 / C](Z/)z — kﬁ
0
— 0 §(z —2), 27
1

where the scalar Green’s function g(Kky, z, z'; @) is the same
as that for the TM mode in Eq. (20). The xx component of
the second term is modified to eliminate singularity owing
to the 0,0, term.

The summation of Eqgs. (19) and (27) gives the for-
mal solution of the total field, Hence we obtain the total
Green’s function as the sum of Egs. (19) and (27) as

Gk),z,7;w) = G™(K),z,7;0) + G (k2,7 w),
(28)

and the formal solution of the Maxwell’s equations can be
represented as

H(k), z; 0) = Hipe (Ky, z; ©)

+ / dz' G(ky,z,2; )Mk, z; ). (29)

D. Self-consistent treatment

We formulate a general nonlocal response theory [37,38]
for magnons. The electromagnetic fields H and E, mag-
netization M, and polarization P are determined self-
consistently based on the constitutive equation (11) and
the formal solution of the Maxwell’s equations (29). For
the Hamiltonian of Egs. (6) and (7), the magnetic field
described in the Maxwell’s equations has to be expressed
as h = hy,. + h,s. The self-consistent relation is rewrit-
ten in matrix form: for the total and incident fields, the
coefficients are introduced as

B ith(2)h(@)
Fn - /dZEn,k| - hCl) - iVm’ (30)
il (h()

- n , 1
I /a’ZE,,,k| + hw + iy, (1)
xF/&ﬂ@m@, (32)
M=/¢M@Mﬂh (33)

where the associated vectors F = ({F,}, {f,})’ and X =
({X,.}, {x,})". The dyadic Green’s function yields the fac-
tors of the matrices as

Ay = -2 f dz / dz il (2)G(ky,z,2'; )jiy (2),
v
(34)

aw=—@fwaM@mm%ﬂmmwx
v
(35)

W = _&/dz/dz’ﬂz(z)(_?(kbz,z’;a))ﬁ,:/(z’),
v
(36)

W = —&/dz/dz’[l;(z)é(khz,z’;a))ﬁ,n/(z’).
v

(37)
Thus,
SF =X (38)
with
[ E — (ho + iym)1 + 4 w,
- W E+ (hwo+iym)l +a) -
(39)

Here E is a diagonal matrix based on eigenenergies.
Notably, the interaction between magnons is described in
the matrix through Green’s function. The determinant of
matrix S yields the dispersion relation of the MPs.

Even for magnetic materials with magnon excitation,
the dielectric constant contributes to the microwave reflec-
tion and refraction. Although we focused on the linear
response of magnons, the nonlocal self-consistent theory
proposed herein for the magnons and radiative field played
a significant role to enhance the magnonic antenna effect.

E. Model of the multilayer structure

For the proposed multilayered structure shown in
Fig. 1(a), we assume two yttrium iron garnet (YIG) lay-
ers of 100 nm and 500 pm thickness. The two layers
are separated by a 1-pwm-thick gadolinium gallium garnet
(GGQ) layer, which is a paramagnetic insulator and stan-
dard material for heterostructures with YIG. A schematic
of the structure is presented in Fig. 2(a). Thick YIG films
are favorable for stronger MP coupling, which results in
larger magnon currents. However, to ensure a suitable
fabrication quality, it is important to verify that even a
considerably thinner nanometer-order YIG film can func-
tion suitably under the magnonic antenna effect. Thus, we
select a thickness of 100 nm, which can be processed using
standard fabrication techniques. The thickness of the top
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(a) Schematic of the proposed multilayered structure cross section with a 100 nm YIG/1 pum GGG/500 wm YIG layered

structure. (b),(c) Spatial profiles of the transverse (blue) and longitudinal magnetic fields (red lines) originating from the (b) thick-
and (c) thin-layer magnons. The field amplitude is normalized by the incident field Ain.. Other parameters are as follows: poM; =
175 mT, Ay = 1.76 x 1078 m, €y = 15, €, = 12, H\™™ = 1.12Hy,, and H{™"" = 1.5H,,. The unit of the magnetic field is Hy =

how [ (guspo) = M.

thin YIG layer is not essential for our claim in this study
because thicknesses of 50 and 200 nm indicate the same
results quantitatively. Although thicker YIG is better suited
for a large magnon current, thinner is suitable for circuit
fabrication.

The saturation magnetization is poM; ~ 175 mT for
YIG [39], where the frequency corresponding to magneti-
zation is wy = gupmuoM;/h >~ 4.89 x 2w GHz. Here, up
is the Bohr magneton, the g factor is g = 2, and the coher-
ence length of the exchange interaction is Aex >~ 1.76 X
10~% m. The dielectric constant is €y, = 15 for YIG [40]
and €, = 12 for GGG [41]. The nonradiative relaxation
constant is set as y,, = 0.8 MHz. The magnon is excited in
each YIG layer, and the interlayer magnon-magnon inter-
action is attributed to the dipole-dipole interaction. An
incident microwave A;,. is introduced onto the surface of
the thick layer. The microwave is applied to the multi-
layered structure even for an in-plane wave number kj
larger than the wave number gy = w/c in vacuum. This
can be realized by utilizing an evanescent prism mode on
the structure, or a fiber coupling at the edge surface. For
the calculation of the fields inside and outside the sample,
we place a field inside the thicker YIG layer and con-
sider the boundary conditions of the microwave through
Green’s function to determine the self-consistent fields in
other layers. We apply an in-plane gradient magnetic field
with H"™™ = 1.120H,, and H"* = 1.5H), to the thin
and thick layers, respectively, to obtain level (anti)crossing
of thin-layer magnons and thick-layer MPs. Here, we use
Hy; = hwy /(gupito) as a unit for the magnetic field. Such
a spatial gradient of the magnetic field can be realized
using micromagnets or current-induced fields. (The use of
different magnetic materials for the two layers also offers
similar level crossings.)

We emphasize on the role of the GGG layer. The GGG
spacer layer enables the engineering of dispersion. Without
the GGG layer, which means a single 500.1 um YIG film,
fabricated circuits of a (surface) 100-nm-thick layer can-
not function because the magnon wave functions spread
along the longitudinal direction and the spatial gradi-
ent of the applied magnetic field, which is indispensable
for manipulating dispersion crossing, become ineffective.
Moreover, the absence of a separation layer would leave
a single YIG film, and the magnons become insensitive to
the fabricated circuit because the hundred-nanometer-scale
modulation of thickness is insignificant for the magnons in
the millimeter-scale YIG film. Therefore, the GGG sepa-
ration layer plays a critical role in the functioning of the
proposed system. The thickness of the GGG layer should
be greater than the penetration length of the magnons to
disconnect the magnon wave functions in the two layers.
A few nanometers on scale [42] of magnon decay length
in NiO of YIG was reported, while a magnetic proximity
effect was also reported between Co and YIG, with a few
nm GGG layer [43]. During the spin information transport
from YIG under a large magnetic field at low tempera-
ture, the spin diffusive length in GGG was approximately
2 wm [4]. Hence, we consider a 1-pum-thick GGG layer
enough to separate the magnons in the two YIG layers
at room temperature. On the other hand, the decay length
of the spin dipole-dipole interaction for the magnon wave
number under consideration is significantly greater than
the aforementioned thickness. Hence, a micrometer-order
modulation of the GGG layer thickness is insignificant for
the magnonic antenna effect.

In the proposed structure, the waveguide modes and
magnonic antenna effect impart the thin-layer MP trans-
port with functionalities that are essential for practical
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applications. In the following discussion we consider the
waveguide mode in the structure with thickness d. In a
case of a single thick film, the TE and TM waveguide
modes are formed within ¢ < & < g9, which decays expo-
nentially in vacuum, where g = qo/./€). The waveguide
modes satisfy the condition k.d 4 Arg(rs) = nm for & =
TE, TM. Here, k. = \/q> — kj. The reflection coefficient
r¢ at the interfaces depends on the wave number (ky, k).
Here, n denotes the index of the waveguide mode, and
the modes require millimeter-scale thickness, d >~ 7w /k, ~
mm. Although this condition is slightly different for multi-
layer structures, the behavior of the mode remains qualita-
tively unaffected. When & > g (out of the light line), the
incident light is an evanescent wave, hence, it is not effec-
tive for the MP application. While the thinner structure is
better for a wide range k; utilization, the thicker YIG is
more desirable for the magnonic antenna effect to excite
many magnons in the thick layer and transcribe the MP
excitation to the thin layer. Then, we consider 500 pm for
thick YIG layer to be safe for negative group velocity of
propagating MPs and be enough strong MPs.

Note that we do not treat an optical antenna effect in
our study. In our model, efficiency of light capturing of
the thick layer is 100%, namely we do not explicitly con-
sider the connection between the input light and waveguide
modes and optical loss in the thick layer. The considera-
tion of input light causes complicated elements that are not
essential, and hence, we omit them in our model.

II1. RESULTS AND DISCUSSION

In this section we discuss the dispersion relations of
the MPs with a comparison between several multilayered
structures. The forming of MPs enhances the group veloc-
ity. In the 100 nm YIG/1 pum GGG/500 um YIG structure,
the properties of the MPs in the thick layer are transcribed
to those in the thin layers. Moreover, the density of the MPs
in the thin layer is significantly enhanced by the magnonic
antenna effect. The transcribed properties are tuned by
applying external magnetic fields to the thin layer. Then,
we obtain efficient and rich functionalized MPs even in the
thin layer.

A. Induced fields by thick- and thin-layer magnons

In the proposed structure, the magnons in the thick
and thin YIG layers induce both a longitudinal magnetic
field and a transverse electromagnetic field. Figures 2(b)
and 2(c) shows the amplitude of the transverse field. The
longitudinal field results in an interlayer magnon-magnon
interaction. The fields of the thick-layer magnons are
almost symmetric in the z direction, whereas the transverse
field of the thin-layer magnons exhibits a nonsymmetric
behavior owing to the difference in dielectric constants.
Hence, considering the nonlocal response of magnons is
essential.

B. Dispersion relation of the magnon polaritos

Engineering the dispersion relation enables control
over magnon propagation. To demonstrate this, we con-
sider three types of layered systems with YIG: Struc-
ture T is a 500-pm-thick YIG film, Structure II is a
100 nm YIG/500 pwm GGG, and Structure III is a
100 nm YIG/1 pm GGG/500 pm (proposed struc-
ture). The YIG layers exhibit in-plane magnetization. The
magnonic antenna effect originates from the dispersion of
the MPs in the thick YIG layer, and the waveguide modes
require the system to possess a certain thickness.

Figures 3(a) and 3(b) present the dispersion relations
a)("‘)(kn) of the MPs in structures I and II, respectively,
with o as an index of the MP branches. If a single 100 nm
YIG film exists alone, the light-magnon coupling is neg-
ligible because the thickness of the layer is much thinner
than the light wavelength and the light is hardly confined
by the layer. Therefore, the dispersion is almost inde-
pendent from the in-plane wave number kj (not shown).
In structure I, the bare magnon exhibits a negative slope
[44]. The thick film spontaneously forms the TE and TM
waveguide modes, which results in strong MPs and three
dispersions in Fig. 3(a). We refer to these as the thick-layer
upper, middle, and lower MPs [denoted as thick UMP,
thick MMP, and thick LMP, respectively, in Fig. 3(a)]. At
0.06 < kjd < 0.20, the group velocity v = dw® /dk; of
the three MPs is significantly higher than that of the bare
magnon. The in-plane wave number k; can be tuned by
adjusting the incident angle. With an increase in the inci-
dent angle, the propagation direction of the thick LMP
changes around kd = 0.24. This is an origin of rich func-
tionalities of thin-layer MPs in the proposed structure
(structure III). In structure II the dielectric layer sustains
light (as an optical antenna effect), hence, the light-magnon
coupling is enhanced. The dispersion exhibits direct cou-
pling between the thin-layer magnons, which is almost
flat at w ~ 1.86wy,, and the TE/TM modes. Their cou-
pling strengths are evaluated as Atg >~ 1.3 x 1072wy, at
kyd ~ 0.096 and Aty =~ 3.0 x 1073wy, at kjd ~ 0.108,
respectively, from Fig. 3(b).

Structure III has two YIG layers and the MPs are formed
in both layers separately. In the thick layer the MPs show
qualitatively the same properties as those of the MPs in
structure I. They are transcribed to the thin-layer MPs
by the interlayer magnon-magnon interaction (longitudi-
nal field) and a share of the waveguide modes (transverse
field). Figure 3(c) shows the dispersions of the MPs in
structure III. In the vicinity of dispersion crossing points,
the thin-layer magnons couple strongly with the thick
MMP at kyd ~ 0.10 and with the thick LMP at kjd ~
0.19 and 0.30. Then, the thick-layer MPs provide their
functionality to the thin-layer magnons as the magnonic
antenna effect. Even though the magnon-magnon cou-
pling is present, the level splittings at the anti-crossings
are almost the same as those in structure II. Thus, the
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FIG. 3. (a),(b),(c) Dispersion relations »® (k) of the MPs in the single 500 pm YIG film (a, structure I); 100 nm YIG/500 pm
GGG structure (b, structure I); and proposed structure, 100 nm YIG/1 pm GGG/500 pm YIG (c, structure III). Here « is an index of
the MP branches. The corresponding structures are shown above the panels. The wave number is normalized by d = 500 pm. The YIG
layers exhibit in-plane saturation magnetization. The other parameters are the same as those in Fig. 2. The external static magnetic
fields are applied along the in-plane magnetization. The solid lines indicate the MPs in panels (a)-(c). In (a) the black dotted line
indicates the bare magnon, and the blue and green dotted lines represent the TE and TM modes, respectively. In (b),(c) the colors of
the solid lines are clearly distinguishable. The insets of (b),(c) present zoomed views. (d),(e) Magnetization amplitude . deviated from
the saturation magnetization of the thin-layered YIG in structure II (d) and structure III (e), respectively. The amplitude is normalized
by the incident magnetic field 4;,.. Along the dispersion of the MPs, the magnetization 7 is enlarged. A white line in (e) indicates the
light line in the structure. In the right and left regions from the line, the waveguide modes are evanescent and propagating waves.

light-magnon coupling due to the waveguide modes is
not enlarged by the magnonic antenna effect. Interestingly,
at the latter two anticrossings, the MPs exhibit forward
and backward propagation, respectively. The functionali-
ties imparted to the thin-layer magnons can be tuned using
the external magnetic fields.

To discuss the magnon current given by the group
velocity and density, we consider the magnon density
proportional to the magnetization amplitude of the devi-
ation from the saturation magnetization, m(r) = M(r) —
M;. Figures 3(d) and 3(e) present the spatial integral of
the induced magnetization in the thin YIG layer, m =

\/ 1/Sody [ 0 % /. 5, dxdy |m(r) |2, for structures II and III as

functions of w and kj, respectively. The enhancement in
m means the generation of a large magnon density. Here,
So and dj denote the area of the YIG unit cell and the
thickness of the thin layer, respectively. In structure II,

although the induced magnetization m(k, w) follows the
dispersion of the bare magnon, the amplitude enhancement
is up to 7m/hinc ~ 10?. In structure III, m is consider-
ably increased up to m/hi,. ~ 10° owing to the interlayer
magnon-magnon interaction appearing on the dispersions
of the thin layer of the bare magnon and thick LMP. Hence,
the magnonic antenna effect yields the enhancement of
magnon density in the thin YIG and the transcription of
rich functionalities of thick-layer MPs to thin-layer MPs,
whereas the light-magnon coupling is almost irrelevant.
This enhancement of m causes a large magnon current in
the thin YIG. The enhancement should be discussed in a
propagating region for the waveguide modes in the left
of light line because a microwave incidence to the sys-
tem by prism is ineffective in an evanescent region. Along
the dispersion w® (k) in structure III, we plot the wave
number dependence of the induced magnetization m® and
the group velocity v{®), as shown in Figs. 4(a) and 4(b),
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FIG. 4. Magnon current in the thin YIG layer of structure III.
(a) Induced magnetization m® in Fig. 3(e) along with the disper-
sion of two MPs in Fig. 3(c). (b) Group velocity vé"‘) of thin-layer
MP dispersion, as shown in Fig. 3(c). The velocity is normal-
ized by the velocity of light in vacuum, c. (¢) The (normalized)
magnon current /) in the thin-layer MPs when external fields
Héﬂ“") = 1.120H), (thick lines) and = 1.122H), (thin lines) are
applied. The red and blue lines in (a)—(c) denote the lowest and
second MP branches in Fig. 3(c), respectively. The green and
magenta lines and inset show /@ and the dispersion relation

when Héthm) = 1.122H,, respectively.

respectively. The magnon density in the thin YIG layer is
enhanced owing to the strong coupling with the thick LMP.
The MP velocity can be faster by more than 3 x 1073
times the speed of light in vacuum, namely in the order of
10° m/s, which is 103 times the typical (exchange) magnon
velocity [8,45—47]. Note that these enhancements of MPs
are stronger when YIG layers are thicker. However, an
increase of the system thickness shifts the light line [white
line in Fig. 3(e)] to the left. Then, the strong MPs becomes
in the evanescent region. Hence, 500 um YIG is reasonable
consideration.

C. Magnon current carried by the magnon polaritos

Figure 4(c) shows the magnon currents in the MPs,
which are expressed as

I () = v () x m (ky, 0 (ky)).  (40)

Following the peaks of m® and the sign of v{®, the
magnon current in the thin YIG layer exhibits peak and dip
behaviors at kjd ~ 0.19 and 0.30, respectively. Note that
the large group velocity and the magnon current, far from
the anticrossings, are attributed to the thick LMP. For the
enlarged magnon current in the thin layer, we should focus
on the vicinity of the anticrossings. Under applied static
magnetic fields, 4™ = 1.120H), and H"" = 1.5Hy,
the incident angle of the microwave should be tuned from
kyd ~ 0.19 to 0.30 to switch the magnon current direction.
The distance between the peak and dip is rather large in
this case. However, the distance can be reduced by con-
trolling the shifts in the thin-layer magnon energy. Thus,
two anticrossing points at the end can be modulated by tun-
ing the applied field #\""™ in the thin layer. We examine a

sweep of the thin-layer magnon energy by Héthm) up to the
dispersion edge of the thick LMP.

Figures 5(a) and 5(b) demonstrate the magnon current
I® from the two MP branches, respectively. With a slight

increase in Héthi“), the distance between the peaks and

dips of I(® are reduced. At H\"™™ > 1.123H,, the peaks
and dips are unified, and the magnon current is reduced
significantly. The thin lines and the inset of Fig. 4(c)
indicate the magnon current and dispersion, respectively,
when H™™ ~ 1.122H,. The peak and dip are sufficiently
detectable, and the sign can be altered by a slight shift in
ky. This condition can be deemed appropriate for magnon

current switching. When H\"™ decreases, the distance
between the peaks and dips increases. For a large kd,
the magnon-magnon interaction is suppressed owing to
the exponential decay of the longitudinal field for short-
wavelength microwaves. Then, the dip disappears when
Héthm) is reduced.

The dispersion exhibits anticrossing with the thick MMP
at kyd =~ 0.10, shown in Fig. 3(c). The peak and dip of
I@ for the thick LMP are broad, whereas the peak of the
thick MMP is extremely sharp and isolated [outside the
window in Fig. 4(c)]. This sharp peak is not considered
here because the characteristics of such sharp peaks are
not useful for practical applications. If the magnon cir-
cuit is fabricated in the thin layer, as shown in Fig. 1(b),
the internal magnetic field and magnetization would be
slightly varied. The sharp peak is highly sensitive to such
changes, hence, it is difficult to utilize.

For the proposed structure illustrated in Fig. 1(b), some
parts of the YIG are removed. In those areas, the disper-
sion of MPs is almost equivalent to that shown in Fig. 3(a).
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The thick LMP may induce a large magnon current. How-
ever, at the dispersion edge (kjd >~ 0.24, w/wy =~ 1.863),
the magnon current is suppressed due to low velocity of the
magnons. Thus, the leakage magnon current is expected to
reduce. This is also an important advantage of the proposed
structure. Details regarding the behaviors of magnons in
the processed thin layer cannot be obtained by referring
only to the present study; these behaviors should be elu-
cidated based on corresponding models. Thus, we are cur-
rently investigating the issue using numerical techniques
based on nonlocal response theory.

D. Coherence length and figure of merit

The coherence length A of the MPs provides a typi-
cal length scale for an information transport by magnons
and a limitation of device application because the pro-
posed system does not work well when the coherent length
of the MPs is much shorter than the device. Here A%
can be estimated from the group velocity v{® of MPs
and their radiative damping I'\*) deduced from the imag-

inary component of radiative energy of the MPs, I''®) =
—Im(ho®).
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FIG. 5. Colored plot of magnon current /, in the thin YIG

layer of structure III, from the second (a) and lowest (b) branches
of the thin-layer MPs in a plane of the external magnetic field

represented as Héthi") and the in-plane wave number kjd.
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FIG. 6. (a) Radiative damping I"‘® (k;) and (b) coherence
length A*) of the MPs in structure I1I. The wave number is nor-
malized by d = 500 pwm. The colors of the solid lines correspond
to those of Fig. 3(c).

Figure 6(a) exhibits the radiative damping I''*) of the
MPs in structure III. The damping of bare magnons
is given by the nonradiative relaxation constant y,, in
Eq. (10). When the light-magnon coupling is enhanced and
the MPs are formed, the coherence time 7\ = i/ '@ is
enlarged. In Fig. 6(a) the lines roughly follow a constant
value at I'\®) = y,, attributing to the bare magnon and an
exponential increase due to the thick LMP except at the
vicinity of two anticrossing points kyd ~ 0.19 and ~ 0.30.
For the thin-layer MPs, the coherence time is enlarged
around the anticrossings. Figure 6(b) shows A = v{* 7\*)
for structure III. Around the anticrossing points (kjd =
0.19 and 0.30), the coherence length is increased up to
200 mm, which is much longer than a typical coherence
length of magnons. For example, the coherence length is
1.2 mm in Ref. [48], and summarized in a recent review
[49]. Such a long coherence length is crucially useful for
device applications. Note that in our model, the microwave
is maintained in the structure, hence, the coherence length
is overestimated. However, the waveguide modes give a
long relaxation time and a 100 times enhancement of the
coherence length by forming the MPs provides an essential
idea.

From the radiative damping for the MPs, we estimate
the figure of merit for the magnonic antenna effect. The
magnonic antenna effect serves the rich functionalities and
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large density of the MPs in the thin YIG layer. Hence, the
figure of merit should be measured by the ratio between
the damping of thick-layer MPs and the coupling strength
of the MPs, namely the level spacing between the dis-
persions of the thick and thin MPs. Then, we roughly
estimate the figure of merit from Figs. 3(c) and 6(a).
The strength of the MPs is A ~ 1.76w); ~ 54.0 MHz at
k”d = 0.19 and A >~ 1.78w,; >~ 54.5 MHz at kHd = 0.30.
The radiative damping is roughly I'® ~ y,, = 0.8 MHz.
Therefore, the figure of merit is estimated as A/ I",, ~ 65,
which suggests a high efficiency of the magnonic antenna
effect.

IV. CONCLUSIONS

The magnon is a promising candidate for low-energy-
consumption devices. To ensure effective device operation,
the magnon current should be increased by increasing
the density and velocity and acquiring switchable con-
trol over the direction of the current. One method to
increase the velocity of the magnon is the formation of
MPs. However, the light-magnon coupling is inherently
weak.

To address this bottleneck, we propose a multilayered
magnetic structure to demonstrate a large and switch-
able magnon current in the integrable thin magnetic layer.
We consider two crucial mechanisms: waveguide modes
and a magnonic antenna effect. The large magnon cur-
rent and its switchable functionality are supported by these
two phenomena. The formation of the waveguide mode
is attributed to the spatial structure of the dielectric con-
stant, which considerably enhances the light-magnon cou-
pling caused by the spatial interplay between the magnons
and microwaves. The magnonic antenna effect, originating
from the thickness of YIG and the magnon-magnon inter-
action (longitudinal field), increases the excited magnon
densities in the thin layer and transcribes the functionality
of the thick-layer MPs to the nanoscale thin-layer MPs. By
analyzing the dispersion relations of the MPs in this sys-
tem based on nonlocal response theory, we exhibited an
enlarged and switchable magnon current in the nanometer-
scale thin film. Then, we demonstrate that the proposed
multilayered structure can successfully exhibit the desired
features mentioned above. The magnonic antenna effect
arising from the thick LMP produces a broad peak and
dip in the magnon current as a function of the incident
angle. This is desirable for circuit fabrication in the thin
layer. Moreover, from the radiative damping of MPs, we
evaluate the coherence length for the MP transport and
the figure of merit for the magnonic antenna effect. The
evaluations indicate high efficiency of our proposed struc-
ture as magnonic devices. Our proposed approach thus
presents the intriguing possibility of developing advanced
magnonic technologies.
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