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Influence of elastic strains on the dipole spin wave spectrum
in the lateral system of magnonic crystals with a piezoelectric layer
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In this work, we will reveal the regularities in the control of the dipole spin-wava spectra of in lateral
heterostructures formed from two magnonic crystals with a piezoelectric layer placed on one of them. The
electric field control of the spatial and transfer characteristics of dipole spin waves in lateral heterostructures is
shown. Based on the finite element method, the influence of distributed elastic deformations on the magnitudes of
internal magnetic fields in magnonic crystals is evaluated. Based on the results of numerical simulations, a physical
interpretation of the transformation of the eigenmode spectrum of coupled magnon crystals is given.
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1. Introduction

Recent advances in micro- and nanoscale magnetic
structures based on insulating materials offer a promis-
ing alternative to spin wave (SW) signal processing
over CMOS (complementary metal—oxide—semiconductor)
technologies, based on magnonic networks [1,2] increasing
the functionality of elementary nodes in computing sys-
tems, and having low power consumption. Micro- and
nanoscale magnetic structures act as a promising base for
creating magnonic integrated circuits [3,4], overcoming the
limitations of CMOS electronics [5]. In this case, the main
attention is paid to the use of SW as carriers of information
signals, because in this case it is possible to implement a
number of signal processing devices on the principles of
magnonics [1,5].

Over the past few years, periodic magnetic structures,
magnonic crystals (MCs), have become the subject of
considerable interest in the scientific community because of
the possibility of creating predetermined SW transmission
properties [1,6-8]. One of the main reasons for studying
MC:s at present is their promising application to create logic
systems [2,7] using the wave nature of spin excitations.
On the other hand, lateral ferrite structures attract wide
attention of researchers because of the possibility of their
use as multichannel signal processing systems in nanoscale
based on the principles of magnonics [7,9]. In the signal
transmission system based on two ferrite micro waveguides
with an air gap between them, the interference of symmetric
and antisymmetric forms is observed, which manifests
itself in a periodic redistribution of the signal between the
microwaves [10,11]. At present, research on the possibility
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of controlling the spectrum of spin waves in ferrite micro
waveguides through the influence of distributed -elastic
deformations on the ferrite [12-16] layer is being actively
pursued.

The present work reveals patterns of dipole spin wave
spectrum control in lateral heterostructures formed from
two magnon crystals with a piezoelectric layer placed on
one of them. Electrical field control of the spatial and
transmission characteristics of dipole spin waves in lateral
heterostructures is demonstrated. Based on the finite ele-
ment method, the effect of distributed elastic deformations
on the magnitudes of internal magnetic fields in magnonic
crystals is evaluated. Based on the results of numerical
simulations, a physical interpretation of the phenomenon of
transformation of the spectrum of eigenmodes of coupled
magnonic crystals is given.

2. Structure and numerical study

Consider the structure shown in Fig. 1. The system is a
parallel-oriented magnetic micro waveguides, with the width
of w=500um and distance between them d = 40um
made using the method of laser scribing from a single-
crystal ferrite YIG film with a thickness of 10um with
saturation magnetization Mo = 139 G. Two magnetic micro
waveguides are located on the same substrate of GGG,
200um thick. The length of the first magnetic micro
waveguide (MC1) was L; = 7mm, and the second (MC2)
was L, = 4mm. A system of periodic grooves with a period
of L =200um is formed on the surface of both magnetic
microwaves, forming a MC. The groove depth was 1um.
A 200 um thick PZT layer, located on one of the MCs, was
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used as the piezoelectric material. A 1um thick titanium
electrode was placed on the top side of the PZT layer,
which has no significant effect on the propagation of spin
waves in the magnonic crystal. There is a titanium electrode
with a thickness of 100 nm on the bottom side of the PZT.
The structure was placed in an external static magnetic
field Hyo = 1200 Oe in the direction of X axis for efficient
excitation of magnetostatic surface waves (MSSW).

A numerical model based on the finite element method
(FEM) [17,18] was developed to describe the physical
processes that determine the physical characteristics of spin-
wave signal control by creating local elastic deformations. In
the first stage, we calculated the elastic deformations caused
by an external electric field in the piezoelectric layer. Next,
the internal magnetic field profiles in MC were calculated.
The obtained internal magnetic field profiles were then
used in micromagnetic simulations [19]. In the stage of
solving the magnetostrictive problem, it was assumed that
the magnetostrictive effect can be modeled using linear
coupled equations if the material response consists of
small deviations from the position of the operating point
(displacement point), with the relationship between the
mechanical stress S, the magnetic field H and the magnetic
flux density B expressed as

{S =cue — el gH,
B = eyse + poursH,

where 1y — magnetic permeability of free space, and ;s —
relative magnetic permeability at constant strain; eys —
piezomagnetic coupling matrix (sign ,,T“ means transpose
operation); ¢ — strain matrix. In this case, the voltage in
the magnetostrictive material is described by the relation:

S=cn [Sel - Sme(M)] s

where the stiffness matrix cy is defined by two parameters:
the Young modulus (E = 2 - 10'? Pa) and the Poisson ratio
v =0.29. The relation for magnetostrictive strain eme is
expressed as a quadratic isotropic function of magnetiza-
tion M:

As

£me = 5 B dev(M @ M),

where the tensor product of the two vectors is defined
as (M ® M)jj = MiMj, and 1s = —2.2 - 10~® — saturation
magnetostriction, which is the maximum magnetostrictive
strain achieved at saturation magnetization My. Note that
the magnetostrictive strain is represented by a deviatoric
tensor. This is due to the fact that the deformation can be
associated with the rotation of the magnetic domain, while
such a process should not change the volume of the material.
The nonlinear magnetization in a magnetostrictive mate-
rial is found from the following nonlinear implicit relation

Heff

M = MoL(|Heq|) o]
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Figure 1. The diagram of the considered structure consisting
of two lateral magnon-crystalline microwaves with an air gap.
The bottom left inset shows the transverse profiles for the sym-
metric (Ks) and antisymmetric (K,) eigenmodes of the lateral MC.

where L — the Langevin function, and represented as

3m|Hex| Mo )
L =cth — s
( Mo 3m|Heg|

where ym — magnetic susceptibility in the initial linear
region. For cubic crystals, the effective field in the material
is determined by the expression

Her = Ho +

2100Seqd + (A111 — 4
qué[ 100Sed + (A111 — A100)

3 (Seali (e ®ej)}M,

i#]

where Hy — the applied magnetic field. The second term
in this equation represents the contribution of mechanical
stress to the effective magnetic field and hence to the
magnetization of the material, which is called the Villari
effect. The deviatoric stress tensor is related to the strain as:
Sed = dev(cye). In addition, magnetization and magnetic
field are related to each other and to the magnetic flux
density by the relationship: B = uo(Ho + M).

Fig. 2,a shows the distribution of the mechanical stress
modulus in the case of applying a positive electric field to
the PZT layer. It can be seen that the deformation of the
piezoelectric layer occurs in the area of the electrode, which,
due to the reverse piezoeffect, is transferred to the YIG
film, which in turn also deforms. Because of the inverse
magnetostriction effect, the internal magnetic field in the
MC changes. Next, the effect of piezoelectric layer deforma-
tion on the internal magnetic field of the magnonic crystal
was evaluated. In these calculations, the following magne-
tostrictive constants were used for the YIG film at room
temperature: Ajgo = —1.4-107% and A1 = —2.4-1079,
equal to the relative magnetostrictive elongation along the
respective axes X and z. Fig. 2, b shows the distribution of
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Figure 2. (a) Distribution of the mechanical stress tensor

components Szz when an external electric field E = —10kV/em
is applied to the PZT layer. (b) Internal magnetic field profiles
Hin in cases E = 0kV/cm (solid green curves), E = 10kV/cm
(dashed blue curve), E = —10kV/cm (dashed red curve) External
magnetic field value in all cases was Hp = 1200 Oe.

the internal magnetic field along the widths of the magnonic
crystals at an external electric field of E = 0kV/cm (green
solid curves), E =10kV/cm (dashed blue curve) and
E = —10kV/cm (red dashed curve). It is worth noting that
the effective control of the SW properties propagating in
the lateral structure by means of local elastic deformations
is possible due to the inhomogeneous distribution of the
value Hij. When the magnetic field Hy is directed along
the x axis, the distribution of Hiy(X) in lateral MCs
becomes non-uniform due to shape anisotropy, resulting in
the formation of two spin-wave channels along which SWs
propagate (see Fig. 2,b). Applying a positive (negative)
electric field to the electrode leads to a decrease (increase)
of the internal magnetic field in the second magnonic crystal
(MC2), as shown in Fig. 2,b. It is worth saying that the
inequality of the internal magnetic fields in lateral MCs leads
to a transformation of the dynamics of SW propagation in
such a system.

Further, micromagnetic modeling based on the finite
difference method in the time domain was used to demon-
strate the processes of SW generation and propagation in
the system in question, as well as to control the spin-
wave transport by means of distributed elastic deforma-
tions. Free software code mumax® supporting CUDA
parallel computing technology was used. This method is
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based on the numerical solution of the Landau-Lifshitz-
Gilbert (LLG) equation [20,21]. The computational domain
was divided into a grid with the following element size:
1.95 x 2 x 1um?.

To calculate the dispersion characteristics of spin waves
propagating in a system formed of two lateral magnonic
crystals, the signal in the input section of one of the
magnonic-crystal micro waveguides was set in the form
h;(t) = hgsinc(2z f ct), the central frequency f. = 7GHz,
hy = 0.10e. To plot the dispersion characteristic of spin
waves in the numerical simulation, we calculated the
value of

N
D(ky, f) = %Z |©2(m; (xi, y, V)] 1%,
i=1

where ©, — two-dimensional Fourier transform operator,
Xj — i-th cell and N = 256 — number of cells along the
width of the magnonic crystal.

The two-dimensional distribution of D(ky, f) is color
coded in Fig. 3,4, b. On the plane (f,ky), it is possible
to identify the set of points corresponding to the maxi-
mum of D(ky, f) value, which represent the dispersion
characteristics of the symmetric and antisymmetric spin-
wave form, labeled in Fig. 3, a, b, as ksand K, respectively.
It should be noted that the eigenmode spectrum of two
identical lateral micro waveguides consists of symmetric and
antisymmetric transverse forms (see the inset in Fig. 1).
For the symmetric form, in the x-axis direction, the
amplitudes of the magnetic potentials in two YIG films
have the same phase (along the X-axis), while for the
antisymmetric mode they are in antiphase by s. Also in
the system, in the region of the Bragg wavelength constant
kp =T =157 em~!, where L — period of the magnonic
crystal, the formation of non-transmission bands and for-
bidden zones in spin wave spectra are observed, which
can be seen from the calculated dispersion characteristics.
In this case, near the frequency of 5.35GHz you can
see (see Fig. 3,a) the formation of the forbidden zone,
both for symmetric and antisymmetric modes of lateral
structure. This effect can be explained by the mechanism
of splitting of the Bragg forbidden zone and the formation
of twin zones of signal non-passing in the system of two
lateral MCs. In this case, the low-frequency forbidden zone
corresponds to the antisymmetric form band, while the
high-frequency forbidden zone — to the symmetric form
band [10,22]. It should be noted that in this type of lateral
structures, where the coupling between the waveguide
structures is carried out by dynamic magnetic fields in
the region of the side walls of the micro waveguides, it
is possible to transfer spin-wave energy between micro
waveguides [10]. With the help of the plotted dispersion
characteristic we can estimate the SW coupling length
parameter (L¢), which is numerically equal to the distance
at which the complete power transfer from the first to the



1334 XXVI International Symposium ,Nanophysics and Nanoelectronics®
FFT, arb. units FFT, arb. units
0 14 I — R

5.6 - 5.6
e 55F sym N 55F
&) = &)
= 541 : = 54F
Q - Q
g - g
5 53F 4/7/; S 53 .
o - . Sy .
& W et 552/ o ’

il J : kg “F asym : kg
5.1 I :‘/l 1 I 5.1 I :‘/l - | |
100 200 300 400 500 0 100 200 300 400 500
k, cm! c k,cm! d

1.00 ; ; 1.00
2 L Le ——MCl | g
075 ; ——MC2 | § 075
£ : ! £
< 1 1 <
4 0.50 | g i v 0.50
el 1 1 el
E : . £
= i i =
g025 : : E‘ 0.25
< ! ! <

0 HE ) I I 0 | I I I
0 1.0 2.0 3.0 4.0 5.0 0 1.0 2.0 3.0 4.0 5.0
y-coordinate, mm y-coordinate, mm
Figure 3. Dispersion characteristics of two lateral magnonic crystals at E =0kV/em (a) and E = 10kV/cm (b), obtained by

micromagnetic simulation.
and f =5.35GHz (d).

second MC takes place. In this case, the coupling length
is defined as
T

"~ Tke(F) — kas(F)]”

where Kg(f) and k,s(f) — the wavelength constants of the
symmetric and antisymmetric forms. In this case, the left
panels show the case of E = 0kV/cm, and Fig. 3,5 is the
case E = 10kV/cm. It can be seen that at E = 10kV/cm
in the system there is a narrowing of the branches of
symmetric and antisymmetric forms, and, therefore, closure
of one of the Bragg forbidden zones. This effect can
be explained by the inequality of the internal magnetic
fields in magnonic crystals and, as a consequence, the
transformation of the spectrum of eigenmodes and the
inequality of dispersions in each MC. At the same time,
we can conclude that in the lateral system in question the
MC:s cease to be identical.

Fig. 3, ¢, d shows the longitudinal distribution of the value
of m, squared component of the dynamic magnetization
at f =5.455GHz (in long-wave part of the spin-wave
spectrum) and at the frequency of the forbidden zone,
respectively. There is a periodic exchange of spin-wave
power between MC. It should be noted that at the frequency
of the forbidden zone the wave propagates mainly along the
second MC. At the same time, Fig. 3, (¢, d) demonstrates
that the SW power is transferred from one MC to another

Le(f)

Spatial spin-wave intensity distributions calculated by micromagnetic simulations at f = 5.45GHz (c)

in a periodic manner. In Fig. 3, ¢ d the L. coupling length
value is marked, when falling on the frequency of the
forbidden zone in the system there is a sharp increase L,
and the effect of elastic deformations allows to control the
position of the forbidden zone. Thus, using the proposed
mechanism for controlling the spectrum of eigenmodes in a
lateral magnonic-crystal structure, one can perform spatial-
frequency selection of the spin-wave signal. In this case, the
power of the wave excited in one of the micro waveguides
can be redistributed between the magnonic-crystal micro
waveguides in a controlled manner due to changes in the
coupling between the structures due to elastic deformations.
In the vicinity of the frequency band of non-penetration
caused by wave reflection from a periodic system of grooves
inside each of the micro waveguides, the effect of elastic
deformations on the positions of the frequency boundary of
the Bragg forbidden zone is most strongly manifested when
one of the magnonic crystals is deformed.

3. Conclusion

Thus, the regularities of controlling the spectrum of
dipole spin waves in a heterostructure formed by a system
of magnonic crystals with a piezoelectric layer rigidly
connected to one of them were revealed. Based on the
finite element method, a three-dimensional model of a
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lateral system of magnonic crystal micro waveguides with a
piezoelectric layer is constructed and the transformation of
the magnitude of the internal magnetic field in the magnonic
crystal is demonstrated when the magnitude and polarity
of the external electric field applied to the piezoelectric
layer change. With the help of micromagnetic modeling
the problem of excitation and propagation of a spin wave in
a lateral structure was solved. The longitudinal distributions
of the orthogonal surface square of the micro waveguide
projection of dynamic magnetization in the multiferroic
structure under the variation of the shape of the internal
magnetic field profile caused by the inverse magnetostriction
effect are obtained, and the frequency shift of the Bragg
forbidden zone gap with a change in the external electric
field value is shown. With the help of micromagnetic
modeling, the eigenmode spectrum was analyzed and
the dispersion characteristics of the lateral structure were
plotted. Numerical analysis reveals a frequency shift and a
change in the width of the Bragg forbidden zones, and there
is a closure of one of the forbidden zones. The proposed
system of magnonic crystal microwaves can be used as a
spatial-frequency filter of the information signal.
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