American Journal of Physics and Applications

2021; 9(5): 110-115
http://www.sciencepublishinggroup.com/j/ajpa
doi: 10.11648/j.ajpa.20210905.12

(Y J' v r
otlencer

Science Publishing Group

ISSN: 2330-4286 (Print); ISSN: 2330-4308 (Online)

2D Surface Spin Waves in Dynamic Magnonic Crystals
Created by a Surface Acoustic Wave in YIG Films

Alexander V. Medved

Fryazino Branch, Kotel’nikov Institute of Radioengineering and Electronics, Russian Academy of Sciences, Fryazino, Russia

Email address:
avm@ms.ire.rssi.ru

To cite this article:
Alexander V. Medved. 2D Surface Spin Waves in Dynamic Magnonic Crystals Created by a Surface Acoustic Wave in YIG Films. American
Journal of Physics and Applications. Vol. 9, No. 5, 2021, pp. 110-115. doi: 10.11648/j.ajpa.20210905.12

Received: August 16, 2021; Accepted: September 16, 2021; Published: September 27, 2021

Abstract: Some results of the study of 2D propagation of surface magnetostatic spin waves (SMSW) in dynamic magnonic
crystals (DMC) created by a surface acoustic wave (SAW) in a structure with a yttrium-iron garnet (YIG) film are presented.
Such studies are interesting from the practical point of view of creating real relatively complex devices on spin waves when
they propagate in different directions, and not only in the 1D case. The methods of experimental research are presented, in
particular, the features of the method of excitation of SAW in the structure that do not lead to the appearance of additional
magnetic anisotropy in it, a method for measuring the angular dependencies of SMSW using mobile antenna—probes is
presented. The angular dependences of the magnonic band gap frequencies are measured. It is established that the transmission
bands with the transformation of the reflected SMSW into other types of magnetostatic waves (MSW) exist at any angle values,
while the intervals in which there are no SMSW transformations during reflections occur in a certain narrower range of angles.
The angles of the directions of the wave vectors and the Poynting vector of the reflected SMSW were also measured. A
satisfactory agreement was obtained with the calculation performed using the method of isofrequency curves and the laws of
inelastic scattering SMSW on SAW.

Keywords: 2D Spin Wave Propagation, Dynamic Magnonic Crystal, Yttrium Iron Garnet, ZnO Film,
Surface Acoustic Wave, Mobile Probe-antenna, Cubic Magnetic Anisotropy, Izofrequency Curves

wave (SAW). Thus, such a magnonic crystal is a dynamic
magnonic crystal (DMC). The physical phenomenon
underlying such DMCs is the inelastic scattering of spin
waves on an acoustic wave [11-17]. Such DMC have been
used to measure the parameters of surface magnetostatic
waves and bulk magnetostatic waves caused by magnetic
anisotropy in YIG films [18, 19]. Several devices for
processing microwave signals [20, 21] have been proposed
and experimentally demonstrated, the principle of operation
of which is based on the properties of SAW-DMCs, including
their special non-reciprocity properties [22].

In all these applications, the one-dimensional geometry of
DMC was exploited, SMSW and SAW mainly propagated
collinearly. In this paper, we consider a two-dimensional
geometry with SMSW and SAW propagating at different
angles to each other in DMC with the structure "yttrium-iron
garnet (YIG) film on a gallium-gadolinium garnet (GGG)
substrate". The method of experimental research is described.
The results of measuring the bandgap frequency for SMSW

1. Introduction

The «magnonic crystals», by analogy with photonic crystals,
denote a magnetic medium with artificially created periodic
magnetic inhomogeneities [1-3]. Spin waves propagating in such
a medium (including surface magnetostatic waves) undergo Bragg
reflection at certain frequencies. For these waves, the so-called
magnonic forbidden bands (magnonic gaps) arise at these
frequencies. Spin waves at the frequencies of these forbidden
bands cannot propagate and experience reflections. The concept
of magnonic crystals is widely used at present in the study of
magnetic phenomena in garnet ferrite. Some signal processing
devices have been proposed, the principle of operation of which is
based on this concept (see for example [4-9]).

Surface acoustic waves (SAW) were used to create
magnetic inhomogeneities in YIG films with surface
magnetostatic (spin) waves (SMSW) propagating in them
[10]. These inhomogeneities change in time and space in a
wave-like manner determined by the propagating acoustic
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propagation as a function of the angles between the SMSW
and SAW wave vectors in the DMC in the plane of the YIG-
GGG structure are presented. The results of measuring the
directions of the wave vectors of the reflected SMSW and the
energy flow vectors at the bandgap frequencies are also
presented. The experimental results obtained are compared
with the corresponding theoretical dependences obtained
graphically using the method of isofrequency curves [23],
also known in geometric optics, and the previously
developed theory of inelastic scattering of SMSW on
acoustic waves [12-17] - the phenomenon underlying the
operation of dynamic magnonic crystals created by
propagating acoustic waves in magnetic materials.
Satisfactory agreement of the compared results was obtained.

The results described in our article can be used in the
development of new 2-D spin-waves devices and the study of
2-D spin wave propagation processes.

2. Experimental Technique

The experimental study of the 2-D SMSW propagation was
carried out in the SAW-DMC, created in YIG-GGG structures
in the form of plates (wafers) with a diameter of 60 mm and a
crystallographic axis <111> perpendicular to the plate plane.
The monolithic configuration of the SAW-YIG magnonic
crystal was used, as it was called in [10], a piezoelectric ZnO
film with interdigital transducers (IDT) deposited on the
surface of the YIG film was used to excite the SAW. The
resonant frequency of these IDTs was 41 MHz. The deposition
of ZnO films on the surface of the YIG-GGG structure leads to
the appearance of a significant uniaxial magnetic anisotropy in
the YIG film (see [19, 24]). Therefore, in order not to
complicate the interpretation of the experimental results, ZnO
films with IDT were deposited through a special mask only at
the edges of the SAW channels, at their beginning and end, as
shown in Figure la and Figure 1b. These Figures show
schematically the configurations of the SAW-YIG DMC
samples and the schemes for experimental investigating of
wave propagations in these samples. The thicknesses of the

YIG - GGG

ZnO films were 5 microns, and the distance between the IDTs
in the channels was 30 mm. The apertures of IDTs were 5 mm.
The insertion loss of SAW channels (with matching inductors)
was no more than 20 dB. Microwave mobile antenna- probes
were used to excite and receive SMSW [25, 26]. These probes
could move across the entire working surface of the structures
and rotate in the X-Y plane (see Figure 1). The actual antennas
in the probes were wire conductors with a thickness of 10
microns and an aperture of 4 mm. The antennas were pressed
against the free surface of the YIG film.

The studied SAW-YIG DMC samples were placed in the
tangential magnetic field of a permanent magnet. The
dependences of the bandgap frequency and the direction of
the wave vectors of the reflected SMSW on the angle
between the incident SMSW and SAW were measured. The
measurements were carried out in the pulse mode of
excitations of SMSW and SAW, which made it possible to
more accurately notice the change in the level of the passing
SMSW when the frequencies of the incident SMSW hit the
forbidden magnonic gap. The duration of the SAW pulses
was 2-5 microseconds, and the SMSW pulses were 15-20
microseconds. The pulse repetition rate was 200 Hz. The
microwave pulses exciting the SAW and the SMSW were
synchronized in a certain way so that the SAW pulse passed
in the sample when the SMSW also propagated in it.

The configuration of the samples used and the
experimental schemes are shown in Figure 1 a) and 1 b). The
envelopes of the microwave signals supplied and removed
from the corresponding antennas and IDTs are also
schematically shown in Figure 1. Figure la) illustrates the
measurements of the band gap frequencies by the "on-pass"
method. In this case, the antennas “1" and "2" were located
parallel to each other and to the direction of the magnetic
field, as shown in Figure 1 a). The values of the frequency f;
ere measured at which the envelope of the SMSW signal
taken from the output antenna "2" had the maximum depth of
the pit caused by the SMSW falling into the forbidden
magnonic band created by SAW pulses.

Y H,
A

Figure 1. SAW-DMC samples configurations and experimental schemes: a) the “on pass” method, b) the “on reflection” method. 1 and 2 — mobile probes-

antennas.

Figure 1 b) shows the scheme of the measurements of the
bandgap frequencies by the "on-reflection" method. In contrast

to the one-dimensional case, in the two-dimensional case
where the SMSW propagates in the DMC, the wave vectors of
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the reflected SMSW (of the frequency f; —F) will not
necessarily lie on a straight line with the wave vector of the
incident wave. Moreover, the direction of the wave vector of
the reflected wave does not necessarily coincide with the
direction of its Poynting vector. Therefore, in the experiment,
the output mobile antenna "2" from the position shown in
Figure 1 a) was moved to a position on the working surface of
the structure at which the signal of the frequency (f; — F) taken
from this antenna would be the maximum. The value of this
frequency, f, was measured. The input mobile antenna "1" in
this case, as in the experiments "on-pass", was adjusted
parallel to the external magnetic field. The angles of rotation.

a, and the angle y of the direction of the antenna "2" were
also measured, which made it possible to determine the
direction of the wave vector and the direction of the energy
flow of the reflected wave in the SAW-DMC.

All these measurements were performed as functions of
the angle S between the wave vectors of the incident SMSW
and SAW. The angle f can be changed by rotating the
structure understudy in the X-Y plane, while leaving the
mobile antennas "1" and "2" in the "on-pass" method and the
antenna "1" in the "on-reflection" method parallel to the Y-
axis (the direction of the external magnetic field).

The power of the SAW used in our experiments was about 50
mW. The level of the microwave signals applied to the input
mobile antennas to excite the SMSW did not exceed the value at
which nonlinear effects began to appear in the DMC [27].

3. Experimental Results and Discussion

In our experiments with DMC in the "on-pass" method, at
the angle between the wave vectors of the incident SMSW
and SAW pf=0 (see Figure la), an essentially one-
dimensional geometry is realized, which was studied in our
previous works (see for exampl [10]). Several magnonic gaps
for SMSW were observed in our experiments as in [28]. One
magnonic band gap occurs at the highest frequencies of the
SMSW spectrum. It is denoted as an “ordinary” one and
described by the theory of inelastic scattering of SMSW by
SAW. The remaining bandgaps, if any, lie in frequency closer
to the beginning of the spectrum and arise due to scattering
with the transformation of the SMSW at the reflection into
bulk modes of the so-called anisotropic-dipole magnetostatic
waves (ADMSW) [15, 19, 28]. Following the terminology
used in [19], we will refer to these gaps as additional (“extra”)
gaps. When the angle § was increased to certain limits, this
situation persisted.

The magnonic band gaps frequencies were measured as
functions of the angle S. Figure 2 shows the results of the
measurement for a DMC sample with a YIG film thickness
d=9.4 microns in a magnetic field of Ho=640 Oe (hollow
square dots). The antennas "1" and "2" were placed parallel
to each other and parallel to the external magnetic field, the
distance between the antennas was 20 mm. When measuring
the frequencies of extra forbidden gaps, a situation arises
when it is impossible to resolve individual gaps that are close
in frequency to each other, and then the highest and lowest

frequencies were recorded in the experiment (in Figure 2
open round dots and filled round dots, respectively). Thus,
the boundaries of the frequency ranges in which these
magnonic gaps exist at a given angle value § were measured.
Such frequency ranges are represented by the shaded areas in
Figure 2.
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Figure 2. The magnonic band gap frequencies fi as functions of the angle
between the wave vectors of incident SMSW and SAW in DMC. Dots-
measurements by “on pass® method. Solid lines — calculations: 1 —
"ordinary" magnonic gap, 2 and 3 are for “extra” gaps with the reflections
with transformations to 1-st and 2-nd modes of ADMSW, 4 — “extra” gaps
with transformation to zero mode of the BVMSW, 5 — “extra” gap with
transformations to the first mode of the BVMSW, and curve 6 — to the second
mode. Shaded zones show areas where it is difficult to distinguish individual
gaps in experiments. Ho=640 Oe. d=9.4 mcm. F=41 MHz.

It can be seen that the ordinary magnonic gap was
observed up to the values of the angles f of =~ 40 degrees,
while the extra gaps were observed at all values of this angle.

Figure 3 shows the results of measuring and calculating
the dependences of the frequency of the "ordinary" magnonic
band gap and the angle of the direction of the wave vector of
the reflected SMSW as a function of the angle between the
directions of the incident SMSW and the SAW for a sample
with a YIG film with a thickness of 5.7 microns in a
magnetic field of 595 Oe. The same Figure shows also the
results of measuring and calculating the direction of the
Pointing vector (angle y) for the reflected SMSW. These
measurements were carried out by the "on reflection”" method
(see Figure la). The “ordinary"” magnonic bandgap was
observed, as in the Figure 2, up to = 40 degrees angles
between the incident SMSW and SAW.

The solid curves in Figure 2 and Figure 3 represent the
results of the calculation of the corresponding dependences,
made graphically from the calculated isofrequencies of the
propagating MSW and the laws of inelastic scattering in
ky — ky coordinates with the parameters of YIG films and
the magnetic field corresponding to the experiment.

The initial equations for calculating the isofrequency
curves are the equations of magnetostatic and the motion of
the magnetization vector [29] with using magnetic and
thermodynamic potentials. The thermodynamic potential ®
for the plane (111) of the film of a cubic ferromagnet,
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without taking into account the uniaxial induced anisotropy,
in polar coordinates, has the form [30]:

® = —MHsin 6 cos(é — &) — |K4| Ecos4 0+
isin“@ - gcosﬂ sin30 sin 35] + Dy 1))

Here H is the external magnetic field, M is the
magnetization, 6 and ¢ are the polar and azimuthal
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Figure 3. Frequency of the "ordinary" magnonic band gap (1), the angle of
the direction of the wave vector of the reflected SMSW, @, (2) and the angle
of the direction of the Pointing vector, y, (3) for the reflected SMSW as
functions of the angle between the directions of the incident SMSW and the
SAW, B, for a sample with a YIG film with a thickness of 5.7 microns in a
magnetic field of 595 Oe. The “on reflection” method used. (See also Figure
4) angles of the magnetic moment counted down from the crystallographic
axes <111> and <110>, respectively, & is the direction of the external
magnetic field, @ is the energy of the magnetostatic interaction.

The linearized equations of magnetostatics and motion of
the magnetization vector are solved with boundary conditions

ow
lP|Z:id/2 = const, 4nM, + . |Z=id/2:const, 2

where d is the film thickness, the z axis is parallel to the
direction <111>, y is the magnetic potential.

The solution is simplified if H coincides with one of the
crystallographic directions {110} ({yz=2mn6,n=0,1,2...).
For the sake of certainty, assume that £, =0. Our estimates
show that this assumption leads to an additional error in
determining the angular dependences of the magnonic gap
frequencies of no more than 5 MHz. The equilibrium
direction of the magnetization 68, &, is determined from the
conditions of the minimum thermodynamic potential®, when

CDMC = ZTTMZSLTIZG
oD oD
=052=0 3)
It follows from this that &, = &, = 0
—MH cos 6, — |K;| [— g cos30, sinf, + sin30,cos6, +

gsin‘*eo— V2 sin?6, COSZHO] -4mM?cos6, sinf, = 0 (4)

The equations of the dispersion characteristics of MSW
propagating in the film are derived from the solvability

conditions linearized near the equilibrium positions (6,, &y)
(see (3), (4)) and taking into account the boundary conditions
(2) of the initial equations of magnetostatics and the motion
of the magnetization vector. Omitting the intermediate
calculations that are standard for linear boundary problems
on eigenvalues, the final result is the following [13].

For SMSW

QA+ x2)? + (kE + ki — x%ky) + 2Jk2 + ki q(1 +
X2) coth(qd) =0 )

where

qz _ k% xz2c0t200—(1+x2)[k%(1+x2c0t200)+kE(1+x1)] > 0 (6)

(1+x2)?
) )
Oy ( _1\29 - a)Mcoszt%) B wMy%
X1 = (1)(2)—(1)2 5)(2_0)(2)_0)2‘
2
o wwy L, VDD 3
X= wE — w2’ Y MZsin20, Oy =dny M.
®pg = MH sin 0, — 4nM?cos?0,
4 4 Paad
— K| —3cos 6, — sin*6,
. 10v2
+ 7sin?0ycos%6, + sin38,cosb,
— 2V2sin 90005390>,
g = MH sin 6, — V2 |K;|cosB,sin®6,. (7

Note that the expressions for the bulk magnetostatic waves
(MSW) are obtained by replacing g2 with —g? in the
expressions for the surface waves (SMSW).

The solution of the equations (4)-(7) was carried out
numerically, and the following values of the parameters of
the YIG films were taken: saturation magnetization
4zM =1760 Gs, the first constant of cubic anisotropy
K, /M =— 42 Oe. The solutions of the equations graphically
represented in ky — ky coordinates, with the frequency
w = 2xf as a parameter, are the isofrequency curves [23].

Figure 4 schematically shows the calculated SMSW
isofrequency curves and the SMSW on SAW scattering
diagram — phenomenon underlying the operation of the DMC
created by SAW. Graphical calculations of the “ordinary”
magnonic band gaps frequencies as functions of the angle S
between the SMSW and SAW wave vectors were performed
as follows. A wave vector of SAW Q was "superimposed" on
a family of isofrequencies plotted in the ky — ky plane with a
frequency interval of 5 MHz, the magnitude of which and the
orientation relative to the wave vector of the incident
SMSW, k;, are known from the experiment. (The phase
velocity of SAW at frequencies of ~40 MHz in the studied
samples was 3.3 - 10° cm /s [10]). The vector O should be
positioned so that its ends lie at two isofrequencies curves
that differ in frequency by the frequency of the acoustic wave,
F (see Figure 4). The vector k, is the wave vector of the
reflected SMSW, and the angle « is its direction relative to
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the direction of the wave vector of the incident SMSW, %; In
accordance with the theory of SMSW scattering on SAW [13]
it should be

Q=k; + k, and f=f, -F, (8)

Figure 4. To calculation of isofrequency curves and SMSW propagation
diagrams in SAW-DMC. Example for the "ordinary" magnonic forbidden
zone.

Figure 4 shows also how the angle of the direction of the
energy flow vector, V,, (angle y) in the reflected wave was
graphically calculated. A tangent line (“t-t” in Figure 4) to the
isofrequency curve was plotted for the frequency f-F at the
point of its intersection with the wave vector of the reflected
wave (point “O”). The perpendicular to this tangent shows
the direction of the energy flow (angle y) in the reflected
wave [23]. The resulting dependence of the angle y on the
angle [ is given by the solid line 3 in Figure 3.

The dependences of the frequencies of "ordinary"
magnonic gaps calculated in this way on the angle f between
the wave vectors of SAW and the incident SMSW are shown
by a solid line 1 in Figure 2 and the solid line 1 in Figure 3.
Judging by Figures 2 and 3, the agreement of the
experimental results with the calculated ones is satisfactory.

Similarly, the dependences of the frequencies of the “extra”
magnonic gaps on the angle f were calculated. That is, the
corresponding equations for the bulk MSW were solved,
families of isofrequencies curves were constructed, the
vectors SAW and the incident SMSW were superimposed on
it. As in the experiment, the calculation showed that the
frequencies of the extra magnonic gaps lie in the initial part
of the SMSW spectrum. The reflected waves turned out to be
in this case bulk MSW. For the angles £ in the range of 0-15
degrees the reflected waves were the ADMSW, for angles
over 15 degrees — the backward volume MSW. In order not
to clutter up the presentation, we do not give here calculated
isofrequency curves and SMSW —SAW vectors constructions
for these cases.

The solid lines in Figure 2 represent the angular
dependences of the frequencies of both the "ordinary" and
"extra" magnonic bandgap zones, calculated for the sample
with a YIG film thickness of 9.4 microns, observed
experimentally in this sample at SAW frequency 41 MHz.
The line 1 is the result for the "ordinary" magnonic gap, lines
2 and 3 are for “extra” gaps when the reflected waves are the
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I-st and 2-nd modes of ADMSW, respectively. Our
calculations show that such an extra gap should exist only at
angles S from 0 to ~15 degrees, but in the experiment we
observed additional (“extra”) gaps at any values of the angle
f. We explain this by the fact that in this situation the
incident SMSW can be converted to the backward volume
MSW (BVMSW) when reflected. The calculations confirm
this. Figure 4 shows the results of these calculations: curve 4
represents the dependence of the frequency of extra-
magnonic gaps on the angle / for the case when the reflected
wave is the zero mode of the BVMSW, curve 5 — when the
reflected wave is the first mode of the BVMSW, and curve 6
— the second mode. Figure 4 shows that the calculation
results are in satisfactory agreement with the experiment.

It should be noted that in our work, the incident MSW is
not always, strictly speaking, a surface mode, since taking
into account the cubic anisotropy leads to the fact that the
spectrum of the true surface MSW begins not with the
frequency of the ferromagnetic resonance, but somewhat
higher in frequency. For the same frequency, there is a zero
ADMSW mode, the dispersion dependence of which is
smoothly "stitched" with the dispersion dependence of
SMSW. In the experiment, the difference between the zero
mode of ADMSW and SMSW does not appear. Therefore,
we use the term “SMSW” everywhere in our work.

4. Conclusion

In this paper, we consider the propagation of SMSW in 2D
geometry in a dynamic magnonic crystal created by the
propagation of SAW in the YIG film - GGG substrate
structure. It is shown that, as in the one-dimensional case, the
DMC has magnonic bandgaps (forbidden zones) of two types
(“ordinary” and “extra”). At the frequencies of the bandgap
of the first type the incident SMSW undergoes reflections
without transformation of the SMSW, and at the frequencies
of the bandgaps of the 2-nd type reflections occurred with
transformations into ADMSW at a certain range of the angles
between the wave vectors of the incident SMSW and the
SAW and in BBMSW at other range of this angles. The
forbidden zones of the first type exist only in a certain range
of angles between the wave vectors of SMSW and SAW,
while the forbidden zones of the second type exist at any
value of this angle. Methods are proposed and calculations of
the main measured dependences are performed. A
satisfactory agreement of the calculations with the
experiment was obtained.

The methods and results described in this paper can be
used in the development of new spin-wave devices with two-
dimensional geometry.
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