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Features of nonreciprocal propagation of spin waves in a magnon crystal
structure based on a bilayer film of yttrium-iron garnet

with partial metallization
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This study investigates the spin wave spectra features in a waveguiding structure that is based on a two-layer film.
The film has metal strips periodically located on one of its surfaces, forming a magnon crystal (MC). The structure
is used to realize the mode of spin wave propagation in two frequency ranges for a selected value of the magnetic
field. The article presents a study on the dispersion characteristics of spin waves using the finite element method.
It demonstrates the formation of forbidden zones in the high-frequency range of the spectrum. By changing the
configuration and location of metal strips on one side of the film, the width and position of the forbidden zones in
the spectrum can be controlled. Additionally, the study shows that the properties of nonreciprocity of spin waves
can be altered by changing the direction of propagation. The concept proposes a two-layer magnon-crystal structure
for designing functional magnonics devices that support frequency-selective multiband modes of operation.
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1. Introduction

Over many years, multilayer films based on ferromagnetic
materials have been extensively studied due to continuously
improved technology of magnetic layers on nonmagnetic
substrates [1]. For example, magnetic thin-film structures
may be represented by single, double and multilayer
films consisting of various combinations of ferromagnetic
(FM), antiferromagnetic (AFM) and nonmagnetic (NM)
layers with various thicknesses and arrangements. FM|NM
multilayer structures have been of special interest in the past
decade [2].

Search for new spin-wave signal utilization methods to
be used in data processing gives rise to the ideas of
utilization of nonreciprocity properties for spin waves (SW)
propagating in multilayer structures [1]. Yttrium-iron garnet
(YIG) is the base material for magnonics due to the
advanced manufacturing technology and record-low loss in
SW propagation. YIG-based thin films may be used in
laminar structures, e.g. YIG|metal, that make it possible
to observe the appearance of the nonreciprocity effect when
the SW propagation direction is reversed or the external bias
field orientation is changed. Double-layer films formed from
the YIG layers with various magnetization have a set of
advantages compared with the YIG|metal structures due to
lower propagation loss [3]. At the same time it is known that
ferromagnetic film surface metallization using periodically
arranged strips results in formation of band gaps (BG) in the
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SW spectrum due to the occurrence of the Bragg resonance
during SW propagation [4]. Whereby strong damping of SW
will not be observed with partial metallization of the YIG
film surface.

Study of wave-guiding structures based on double-layer
YIG films is of great interest particularly for utilization
as interconnecting components for functional modules of
magnon networks and integration with devices intended
for data signal processing using magnon-based logic [5].
Special focus in the research is made on propagation
conditions in finite-width magnon microwaveguides created
from multilayer ferrite films. These structures enable
control of interference conditions, including the VHF
input level adjustment, and are important components of
Mach—Zender type interferometers [6]. It should be noted
that nonlinear signal propagation conditions are possible
in microwaveguides based on thin YIG films and may be
studied, for example, using radiophysical methods [7-9]
and the Mandelstam—Brillouin spectroscopy of magnetic
materials [10-14]. In addition, the investigations are also
focused on the use of multilayer films in functionality-
switchable devices. For example, magnetic anisotropy
switching in a multilayer structure may be achieved using
external magnetic or electric fields [15]. This opens up
the opportunities for creation of reprogrammable magne-
toelectric devices and high density data storage memory.
Multilayer films used in spin-transfer devices are also one
of the interesting research areas. Such devices use the
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spin transport effect when electron spins are transferred
across the ferromagnetic-nonmagnetic layer interface. This
opens up the opportunities for creation of energy-saving
and full-speed devices for data storage and processing [16].
Tunable spin-wave devices, including phase shifters and
signal switchers, based on magnon-crystalline structures are
offered [17-20]. Features of SW spectra in double-layer YIG
films and SW property control methods used in magnon-
crystalline structures might be suitable for the design of
tunable filters and magnon network components.

The study investigated the features of signal propagation
in a magnonic crystal (MC) formed from a multilayer
yttrium-iron garnet film with a set of metallic strips
periodically arranged on the magnetic film surface. The
magnetic film consists of two ferromagnetic layers with
various magnetization. Various spin wave spectrum control
mechanisms were studied with modification of the struc-
ture geometry. Mathematical simulation using he finite
element method was conducted to study the SW spectra
transformation that occurs as the effect of shift of high-
frequency and low-frequency spin wave spectrum bands and
band gap parameters with structure geometry variation. The
findings were used to offer a concept of a double-layer spin-
wave waveguide that can be utilized in controlled magnon
interconnections supporting multiband operation modes.

2. Structure under study

To study the influence of metallization on the band gap
position in the studied structure, we will consider a math-
ematical model to calculate electrodynamic performance
of gyrotropic structures that are periodic in one of spatial
orientations. Then we will consider a structure consisting
of YIG with repetitive strips located near one of the film
surfaces. Assume that the system is infinite and uniform
along the X axis. For numerical simulation, the dielectric
permittivity of YIG was chosen as a scalar quantity, while
the magnetic permeability was described by a frequency-
dependent tensor.

Using the double-layer ferrite YIG film [Y3Fes01,]
model, we considered a double-layer microwaveguide layout
whose fragment is shown in Figure 1. The double-
layer film parameters were taken from [21]. One of
the layers consisted of dj =6.9um pure YIG with a
saturation magnetization of 47M; = 1738 G (YIG1) and
the second layer was doped with addition of gallium and
lanthanum with d; = 8.9 um and a saturation magnetization
of 47M, = 904G (YIG2). The layers were applied to a
gallium-gadolinium garnet (GGG) substrate.

The microwaveguide was placed into a Ho = 6700e
uniform magnetic field oriented along the X axis. To
form MC, d. = 8.9 um periodic metallic strips were applied
with spacing L = 300um at a distance of Ad = 1 um rom
the double-layer film surface, conductivity of the metal is
assumed as finite and corresponds to copper conductivity
5.998 - 10’ S/m. The simulation geometry constituted a
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Figure 1. Diagram of the structure under study.

case of magnetostatic surface wave (MSSW) excitation
tangentially to the magnetized film.

In contrast to the typical approach to the description of
ferromagnetics within the magnetostatic approximation and
Walker equation used for simulation of static or quasistatic
magnetic fields with a known type of tensor, electrodynamic
performance of MC shall be defined by means of the
Maxwell equation solved for the structure shown in Figure 1
with the appropriate boundary conditions.

The Floquet periodic boundary conditions were specified
on the right and left boundaries of the computational
domain to ensure calculation of SW dispersion curves for
the first reduced Brillouin band. They are written as follows

E(x+Ly) = E(X,y)exp(=jpyL),

where By is the wave vector component along the y axis
(longitudinal wave number), E is the electric field strength
vector.

3. Numerical simulation method

Numerical simulation and calculation of electromagnetic
waves using the finite element method were carried out by
solution of the Maxwell system of equations. Therefore, it
is suggested that spins in the system are free, because this
approach does not include the exchange interaction. More-
over, assuming that the electromagnetic field components
are in harmonic dependence on frequency e/®!, the second-
order equation may be solved for the electric field strength
vector E:

V(u~'VE) — k?¢E = 0,

where K = w/c is the wave number in vacuum, w = 27 f is
the angular frequency, f is the electromagnetic wave
frequency, € =14 is the RMS dielectric permittivity for
the YIG layer. The magnetic permeability tensor of each
layer (11, was specified in the form corresponding to the
electromagnetic description of the gyrotropic medium [5]:

1 0 0
.[[1,2 =10 :u1,2(w) _i:ual,z(w)
0 ipa,(@) pi2w)
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Figure 2. Dispersion curves were calculated for a structure with
a we =60um wide copper plate (orange line) and dispersion
curve calculated by solving the analytical equation from [22] (black
dotted curve).
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Figure 3. Dispersion curves calculated for the given structure
with two various MC periods: a) low-frequency region of the
dispersion curve, b) high-frequency region of the dispersion curve.

Figure 4. Frequency width of band gap 1 depending on the
metallized plate width we.

oH(oH + on,,) — w?

p12(w) = 0 — w? ’
a)Mlyza)
Ma, , (0)) = m,

where wm12=y47M1 2, wn=yHo, y =27 - 2.8 MHz/Oe is
the gyromagnetic ratio in YIG film, M, is the saturation
magnetization of each layer. For simulation of eigenwave
propagation in a periodic structure, it is sufficient to consider
one structure period that forms a MC lattice cell.

Dispersion curves were also calculated for SW propa-
gating in the plus and minus y directions by solving the
analytical equation from [22] for the non-periodic double-
layer structure.

Dispersion curves calculated using the analytical method
and finite element method are shown in Figure 2. Good
agreement of one of the spin wave dispersion curve
branches is observed, i.e. the branch that is in the negative
wave number range. The opposite branch, however, differs
greatly in the presence of a magnon-crystalline structure.
Thus, the presence of a magnon-crystalline structure in the
double-layer film not only adds band gaps into the wave
spectrum, but also changes the dispersion curve angle and,
as a consequence, the SW group propagation velocity.

Then dispersion curves were calculated for a one-
dimensional magnon crystal with various filling ratios that
was formed by periodic irregularities applied to one of the
surfaces of the double-layer ferrite film, without considering
the electromagnetic wave attenuation in ferrite. using the
numeric simulation of the given structure, MSSW dispersion
curves were built for structures with MC.

Figure 3,a and b show the dispersion curves: black
curve — for MC with one-period width of the met-
allized plate we = 100um, orange curves — for MC
with we =50um. It can be seen that the effect of
dispersion curve branch repulsion caused by the direct and
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Figure 5. Dispersion curves calculated for the given structure
with two various MC positions with respect to the YIG film:
a) low-frequency region of the dispersion curve, b) high-frequency
region of the dispersion curve.

back spin wave phase progression occurs in the LF region
(Figure 3,a) for a branch in the negative wave number
region. This effect becomes more pronounced with an
increase in the filling ratio of the metallic structure near
the wave-guiding structure surface. In the high-frequency
range, this effect is minimized as shown in Figure 2.

To study the effect of the filling ratio of the metallic
structure above the double-layer structure on the band gap
frequency width, dispersion curves were calculated for the
given structure with varied we.

When a metallized MC is added to the system, BG is
formed, and when w. increases to 70 um, the BG width
achieves its peak of Af =40MHz. The peak position is
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marked by a vertical dotted line in Figure 4. With further
increase in w¢ to we = L, BG is closing gradually.

Figure 5,a and b show dispersion curves for the structure
in Figure 1 with various MC positions with respect to
the double-layer YIG film, i.e. above and below the film.
The orange curve is a dispersion curve in case when MC
is above the film with the lowest magnetization (M),
blue curve is the case when MC is below the film with
the highest magnetization (M) as shown in the detail
in Figure 1, black dotted line is the magnetostatic surface
wave dispersion for the double-layer film structure without
metallization.

Depending on which side of the film MC is located,
frequency shift of the dispersion curve branches and shift
of the emerging band gaps take place. In case when MC
is above the double-layer film (above YIG2), BG moves
towards high wave numbers as can be seen in the high-
frequency region in Figure 5,b; while in LF (Figure 5,a),
the back wave also moves towards higher wave numbers
(blue curves). When MC is placed near the film with high
magnetization (YIG1), both the LF branch and BG in the
high-frequency region move towards lower wave numbers.

4. Conclusion

Spin-wave signal propagation in a double-layer magnon
microwaveguide with a metallic strip grid on the surface
was studied in detail. nonreciprocity property of spin
waves was examined by means of numeric simulation and
eigenproblem solution. Transformation of dispersion curves
of spin waves propagating in two opposite directions was
detected. In addition, two frequency bands of spin wave
propagation in magnon-crystalline double-layer structures
were identified. The numeric simulation has shown that
double-layer structures are capable of supporting two spin
wave propagation frequency bands. And due to the presence
of MC, band gaps occur on the surface in the high-frequency
band. By varying the configuration and arrangement of the
metallic strips on one of the film surfaces, band gap width
and position in the spectrum and spin wave nonreciprocity
properties may be controlled when the propagation direction
is changed. The offered concept of double-layer magnon-
crystalline structure may be used for the design of functional
magnonics devices supporting frequency-selective multiband
operation conditions.
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