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Nonreciprocal propagation of spin waves in a magnonic structure

of two laterally coupled waveguides covered

with a metal layer
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The design of a unidirectional magnonic coupler in the form of YIG (yttrium iron garnet) waveguides with

lateral coupling covered with a metal layer is proposed. The studied structure features unidirectional coupling that

may be controlled by the external magnetic field direction, which was verified numerically and experimentally. The

process of propagation of a spin-wave signal in it is associated with strong nonreciprocity, which manifests itself as

changes in the amplitude-frequency response observed when the external magnetic field direction is varied. It is

also demonstrated how the dynamic magnetization profile of a spin wave changes when the direction of propagation

is reversed. The obtained results illustrate the feasibility of fabrication of nonreciprocal magnonic devices, such as

multichannel magnonic couplers, multiplexers, and logic devices based on them, from a metallized structure.
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1. Introduction

A spin wave (SW) is formed by magnetization oscillations

propagating due to exchange and/or dipole interactions [1,2].
The results of studies of spin moment transfer in planar and

multilayer magnetic structures suggest that the phenomena

of interference and transient processes may be used to

design magnonic networks utilizing the amplitude and phase

of SWs as data carriers [3–6]. Owing to the tunability of

spin-wave characteristics and the variation of wavelengths

from micrometers to nanometers in the gigahertz frequency

range, SWs have potential applications in data processing

devices based on neuromorphic, reservoir, quantum, and

wave concepts [7–9].

The propagation of magnetostatic surface waves

(MSSWs), which are also known as Damon–Eshbach (DE)
surface waves [10], is nonreciprocal due to exponential

attenuation of the SW amplitude [11]. In the MSSW

configuration, the direction of magnetization lies in the

film plane and is perpendicular to the wave vector. The

SW amplitude distribution over the film thickness has

a maximum near the surfaces for waves with opposite

directions of wave vector k or magnetic field H0, while

frequencies f of oppositely directed waves are equal:

f (k) = f (−k). It is known that the amplitude distribution

over thickness for the DE mode is asymmetric relative to

the central film plane, and the distribution of the electric

field is also asymmetric. Therefore, if a metal layer is

positioned near one of the surfaces of a ferromagnetic film,

nonreciprocity may arise due to the difference in attenuation

of oppositely directed SWs [12].

Nonreciprocity is an important property of magnetostatic

spin waves, and their parameters depend significantly on

the direction of propagation and the magnetic field. The

ferromagnetic medium is gyrotropic and has a preferred

direction determined by direction of the magnetic field.

If one examines a unit magnetic moment precessing

around the magnetic field and the projection of the

magnetic moment onto a plane normal to the magnetic

field moves counterclockwise, this precession should switch

to clockwise direction when the magnetic field direction

is reversed. Thus, when the direction of magnetic field

changes, the dynamics of magnetization motion cannot

be determined by simple symmetrical mapping. Spatial

waveguide confinement is needed for the nonreciprocity

effect to manifest itself in the propagation of spin waves.

MSSWs are localized near one of the film surfaces; when

the propagation direction changes, the MSSW field will be

localized near the opposite surface. Although this does

not affect the MSSW properties directly, the introduction of

asymmetric boundary conditions (specifically, metallization

of one of the surfaces) will reveal nonreciprocity. The

amplitude nonreciprocity was noted in MSSWs excited

by coplanar waveguides [12–14] and is attributable to the

asymmetric efficiency of excited SW moving in opposite

directions [15] and/or interference between the in-plane and

out-of-plane components of dynamic magnetization.

The nonreciprocity of SWs propagating primarily in a

certain direction set by the orientation of the magnetic

field was demonstrated in structures with helical equilibrium

magnetization [16,17], Dzyaloshinskii–Moriya interfacial in-
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Figure 1. Schematic diagram of the examined structure.

teraction in ultrathin magnetic films [18], and magnonic

crystals [12,19,20].

The specifics of propagation of spin waves in asymmetric

magnonic structures and two-layer films with partial met-

allization were examined in [21,22]. The present study

differs from those mentioned above in that it is focused on

evaluating the feasibility of control over spin-wave transport

in a lateral structure, which may act as a coupler of data

signals. This implementation of nonreciprocal spin-wave

transport may be used to design unidirectional magnonic

coupling devices. In the present paper, we examine the

nonreciprocal properties of SWs propagating in a laterally

coupled system of waveguides covered with metal. It is

demonstrated experimentally and numerically that unidirec-

tional coupling, which is controlled easily by the external

magnetic field direction, may be established in the proposed

structure. Such systems may serve as building blocks for

magnonic computing architectures utilizing nonreciprocal

propagation of spin waves.
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Figure 2. Distribution of component Ex of the electric field for symmetric and antisymmetric modes and opposite directions of the

external magnetic field.

2. Structure under study

The schematic diagram of the studied structure is shown

in Figure 1. Two parallel waveguides S1 and S2 made

of yttrium iron garnet (YIG) (with a length of 8mm,

width w = 200µm, and thickness t = 10µm) are posi-

tioned laterally parallel to each other with gap d0 on a

gadolinium gallium garnet substrate (GGG). The metal

layer is located above the lateral structure with air gap d
between them. Microstrip antennas 30µm in width (red
regions on S1 in Figure 1) used for measurements were

positioned in the input and output cross section of the

S1 strip in such a way that only the S1 waveguide was

excited. The attenuation parameter was α = 10−5, which

corresponds to the measured value of the resonance line

width (0.5 Oe) for YIG [1]. The distance between the input

and output transducers was 5mm. External magnetic field

H0 = 1200Oe was applied along axis x of the waveguides.

3. Numerical modeling method

Numerical modeling was carried out by solving a system

of Maxwell’s equations by the finite element method (FEM)
in COMSOL Multiphysics. The dispersion characteristics

were calculated with account for the fact that the frequency

dependence of the electromagnetic field components follows

the harmonic law [23]. The equation for the electric field

vector has the following form:

∇× (µ̂∇× E) − k2εE = 0,

where k = ω/c is the wave number in vacuum,

ω = 2π/ f is the angular frequency, f is the electromagnetic

wave frequency, and ε is the effective permittivity value. The
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magnetic permeability tensor for tangential magnetization

then takes the form
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µ( f ) =
− f B( f B + f M) − f 2

f 2
B − f 2

, µ1( f ) =
f M f

f 2
B − f 2

,

f M = γ4πM0, f B = γHint(x),

where γ is the gyromagnetic ratio, M0 is the saturation

magnetization, and Hint is the internal magnetic field.

It should be noted that this method allows one to perform

calculations with account for an inhomogeneous distribution

of the internal magnetic field.

The finite element method for calculation of the eigen-

wave spectrum in magnetic microwaveguides is suitable for

analyzing eigenwaves and power transmission processes in

the frequency domain near the beginning of the spin-wave

spectrum (i. e., at k ≈ k0

√
ε) and is most efficient in the case

of film magnetic waveguides with layer thicknesses on the

order of several micrometers or tens of micrometers [24].

4. Experimental study

A microstrip antenna with a width of 30µm was installed

in the input section of the studied structure to examined the

effect of the field direction on the properties of spin waves.

A microwave signal was fed to this antenna. The structure

was magnetized tangentially by an external magnetic field

produced by a GMW 3472-70 electromagnet. The field

was directed along the x axis to excite MSSWs. An

output antenna was used for signal reception in microwave

experiments.

5. Results

Figure 2 shows the distributions of the Ex electric field

component for symmetric and antisymmetric modes of the

dispersion characteristics of spin waves propagating in the

structure under study. These distributions were obtained

using the finite element method. The results for positive

and negative directions of the external magnetic field at

the same frequency are presented. It can be seen that the

mode distributions corresponding to different directions of

the field differ greatly, which is indicative of pronounced

nonreciprocity in wave propagation.

Figure 3 shows the frequency dependence of the co-

efficient of transmission of SWs through waveguide S1

measured using a vector network analyzer with H0 applied

in the negative direction of axis y and in the positive

direction of axis y . The presented response of coupled

waveguides is typical of a whole class of devices with linear

and nonlinear coupling between modes. A well-pronounced

Frequency, GHz
5.30 5.45 5.60

–10

–30

–20

–40

T
ra

n
sm

is
si

o
n

, 
d

B

a

H–

H+

–1k, cm
–300 –200 –100 0 100 200 300

5.5

5.3

5.4

F
re

q
u

en
cy

, 
G

H
z

bSym  Mode  Asym
1 st
2 nd
3 rd

d , µm0

10 15 20 25 30 35 40 45 50

50

10

15

20

25

30

35

40

45

d
, 
µ

m

c

0.5 2.5
f = 5.45 GHz

L /LH H+ –

Figure 3. a — Coefficient of transmission of SWs through

waveguide S1 measured experimentally for propagation in the

negative direction of axis x (solid blue curve) and the positive

direction of axis x (solid red curve); b — dispersion characteristics

of the first three modes of spin waves in the positive and negative

directions of SW propagation obtained via FEM modeling; c —
map of the LH+/LH− coupling length coefficient with various

geometric parameters at frequency f = 5.45GHz.

dip corresponds to frequencies at which the SW power does

not reach the output section of waveguide S1.

It should be noted that the spectrum of eigenmodes

of two identical waveguides consists of symmetric and
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antisymmetric transverse modes. The symmetric mode in

the x direction corresponds to the case when the amplitudes

of magnetic potentials in two YIG films have the same phase

(along the x axis); in the antisymmetric mode, they differ

in phase by 180◦ .

Figure 3, b presents the results of numerical modeling of

the studied structure in the form of dispersion characteristics

of the first three SW modes in the positive and negative

directions of SW propagation along axis x . The effect of

nonreciprocity is seen clearly in this figure. Specifically,

the wavenumbers of opposite waves differ by a factor

of almost 3 at a frequency of 5.4GHz, which indicative

of a pronounced nonreciprocal nature of SW propagation

in the studied structure. The parameter characterizing

the propagation of waves with energy transfer from one

waveguide to another is called the coupling length, which

is equal in value to the distance at which the SW energy

is transferred completely from one strip to another. It may

be expressed as L = π
ks−kas

, where ks is the wavenumber

of the symmetric mode and kas is the wavenumber of the

asymmetric mode.

It is also important to assess the influence of geometric

gaps in the system on the coupling length. The results

of examination of these dependences are presented in

Figure 3, c in the form of maps of the L+/L− coupling

length coefficient (L+ is the coupling length with the field

directed along positive axis y and L is the coupling length

with the field directed along negative axis y) at different gap
widths (d, d0) and a frequency of 5.4 GHz. These results

illustrate the importance of choosing the proper geometric

parameters to control the nonreciprocity effect in the most

efficient way.

6. Conclusion

The results of experimental and numerical calculations

revealed that the efficiency of nonreciprocal propagation of

SWs in a coupled structure with a metal layer above it

may be increased by altering the magnetic field direction.

The effect of nonreciprocal SW propagation at the interface

with the overlying metallic layer is thus established. It is

possible to implement a simple method for controlling the

nonreciprocal propagation of spin waves via geometry and

equilibrium configuration in such a system. The obtained

results verified the feasibility of construction of devices that

utilize the properties of nonreciprocity. These devices may

serve as multichannel magnonic couplers, multiplexers, and

logic devices based on them. An in-depth study of this type

of systems is needed to optimize their design and tailor it to

the required dimensions and functionality that are necessary

in specific applications in signal processing systems.
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[17] N. Ogawa, L. Köhler, M. Garst, S. Toyoda, S. Seki, Y. Tokura.

Proceed. National Acad. Sci. 118, 8, e2022927118 (2021).
[18] M. Kuepferling, A. Casiraghi, G. Soares, G. Durin, F. Garcia-

Sanchez, L. Chen, C.H. Back, C.H. Marrows, S. Tacchi,

G. Carlotti. Rev. Mod. Phys. 95, 1, 015003 (2023).
[19] M. Mruczkiewicz, M. Krawczyk, G. Gubbiotti, S. Tacchi,

Y.A. Filimonov, D.V. Kalyabin, I.V. Lisenkov, S.A. Nikitov.

New J. Phys. 15, 11, 113023 (2013).
[20] I. Lisenkov, D. Kalyabin, S. Osokin, J. Klos, M. Krawczyk,

S. Nikitov. J. Magn. Magn. Mater. 378, 313 (2015).
[21] A.A. Grachev, A.V. Sadovnikov. Phys. Solid State 65, 1849

(2023).
[22] A.S. Ptashenko, S.A. Odintsov, E.H. Lock, A.V. Sadovnikov.

Phys. Solid State 66, 1, 76 (2024).
[23] A.V. Sadovnikov, K.V. Bublikov, E.N. Beginin, S.A. Nikitov.

J. Commun. Technol. Electron. 59, 9, 914 (2014).
[24] A.V. Sadovnikov, E.N. Beginin, M.A. Morozova, Yu.P. Sha-

raevskii, S.V. Grishin, S.E. Sheshukova, S.A. Nikitov. Appl.

Phys. Lett. 109, 4, 042407 (2016).

Translated by D.Safin

Physics of the Solid State, 2024, Vol. 66, No. 8


