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We study surface acoustic waves (SAWSs) in yttrium iron garnet (YIG)/zinc oxide (ZnO) heterostruc-
tures, comparing the results of a computationally lightweight analytical model with time-resolved
microfocused Brillouin light scattering (j.-BLS) data. Interdigital transducers (IDTs), with operational
frequencies in the gigahertz regime, were fabricated on 50-nm and 100-nm thin films of YIG prior to
sputter deposition of 830-nm and 890-nm films of piezoelectric ZnO. We find good agreement between
our analytical model and w-BLS data of the IDT frequency response and SAW group velocity, with
clear differentiation between the Rayleigh-like and Sezawa-like modes. Finally, nonreciprocal coupling
between SAWs and spin waves (SWs) is shown. This work paves the way for a detailed study of the
interaction between SAWs and SWs in low SW damping YIG, with the possibility of a method for future

energy-efficient SW excitation.
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I. INTRODUCTION

Surface acoustic waves (SAWs) have become ubiqui-
tous in modern life, indeed most of us carry SAW devices
every day in the form of mobile telephone filters [1,2],
owing to their relatively short wavelengths at gigahertz fre-
quencies compared to their electromagnetic counterparts.
Other applications include sensors [3,4], oscillators [5,6],
and microfluidic actuators [7,8]; however, of late, there has
been increasing research on the coupling between SAWs
and spin waves (SWs) in thin magnetic films [9—21]. This
has led to the observation of several intriguing phenomena,
such as nonreciprocal SW generation/SAW absorption as a
result of a mismatched helicity between the SAW-induced
magnetoacoustic driving fields and the fixed precession
of the magnetization [9,12,14], with possible application
as acoustic isolators or circulators [22—25]. Furthermore,

*Contact author: finlay.ryburn@physics.ox.ac.uk
TContact author: kuenstle@rptu.de

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOL.

2331-7019/25/23(3)/034062(15)

034062-1

there is the prospect of utilizing SAWs for the energy-
efficient excitation of SWs, due to the absence of Joule
heating compared to conventional microwave antenna or
spin pumping via the spin-Hall effect, with application
in magnonic computing [26—28]. However, these SAW-
SW studies have suffered from high SW damping in the
magnetic materials of interest. For example, CoFeB has
propagation lengths typically of the order of micrometers
[29,30].

In this work, piezoelectric zinc oxide (ZnO) was
deposited by radio frequency (rf) magnetron sputtering on
thin films of yttrium iron garnet (YIG), which exhibits
SW propagation lengths of up to millimeters [31,32]. Zinc
oxide (ZnO) is a well-established piezoelectric material,
capable of generating high-frequency SAWs on account of
its relatively high acoustic wave velocity and electrome-
chanical coupling coefficient [33—37]. Although YIG/ZnO
heterostructures have been realized in the past [38—40], the
interdigital transducers (IDTs) fabricated were not capa-
ble of generating SAWSs in the gigahertz regime, which
is required for the coupling of SAWs and SWs. Before
sputter deposition, we use electron-beam lithography to
pattern IDTs on the YIG with a periodicity of 2.8 wm and
a corresponding fundamental frequency of 1.1 GHz. The
IDTs can also be operated at higher harmonics of the fun-
damental frequency, where the first accessible harmonic

Published by the American Physical Society
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frequency for our IDT design is 2.9 GHz. This is note-
worthy, as with the harmonic IDT excitation we can reach
sufficiently high frequencies to enable the direct study of
the SAW-SW interaction in YIG.

In this paper, we primarily report on the SAW proper-
ties in these YIG/ZnO heterostructures. We measure the
frequency response of the IDTs and the group velocities
of the launched SAWs, using time-resolved microfocused
Brillouin light scattering (ju-BLS), to characterize these
devices. Furthermore, we compare these results to a com-
putationally lightweight analytical model that calculates
the SAW dispersion relation in the heterostructures, taking
the entire stack sequence substrate/YIG/ZnO into account.
We find that this model is in good agreement with our
experimental results. Finally, we present a brief overview
of the observed nonreciprocal SAW-SW coupling, which
will be discussed in greater detail in a forthcoming publi-
cation.

II. THEORY

To begin, we present the analytical model used to deter-
mine the SAW dispersion relation in a thin-film structure
consisting of n layers. The methodology follows that laid
out by Farnell and Adler [41]; however, we consider it
valuable to present it here in some detail to aid in the com-
parison between the model and our experimental results.
We consider the model a useful tool to obtain fairly accu-
rate analytical results in just a few minutes, without the
need to resort to computationally intensive finite-element
modeling. The relevant geometry of the thin-film layered
structures can be seen in Fig. 1, where we show a YIG/ZnO
two-layer thin-film structure on a gadolinium gallium gar-
net (GGG) substrate. x3 is the direction normal to the
surface, with the interface between the first layer and the
substrate at x; = 0, and a total YIG/ZnO film layer thick-
ness given by x3 = h. The GGG substrate is assumed to
extend to —oo in the x3 direction. The waves propagate in
the x; direction.

For a piezoelectric material, such as ZnO, the equations
of motion are given by
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where u; are the mechanical displacements, ¢ the electric
potential, p the density, and c;, ey, and € the elastic,
piezoelectric, and permittivity tensors, respectively.

As we are looking for SAWs, we propose the ansatz
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FIG. 1. Schematic of the geometry of the thin-film structures

used in the analytical model. Thin layers of YIG and ZnO on a
GGG substrate are shown. The direction of wave propagation and
the coordinate system are indicated by k, x;, x3, x3. A Rayleigh
wave is shown propagating in the x; direction, where the red
arrows indicate the characteristic elliptical motion of the lattice
in the x;-x3 plane.

where we have a wave of amplitude a; propagating in the
x1 direction with wave number & and phase velocity v. The
exponentially decaying component in the x3 direction, with
complex coefficient b, gives the SAW characteristic. Sub-
stituting this ansatz into the equations of motion yields the
Christoffel equation

Ty —pv? 2 INE I\ /a
"2 Iy — pv? '3 ['24 al_g
I3 I3 T3 —pv? Tag | |as] ™

4 I 34 s ) \as
(3)

The I';; are given by quadratic equations in b with compo-
nents of the elastic, piezoelectric, and permittivity tensors
as the coefficients.

For a nontrivial solution, the determinant of the matrix
in Eq. (3) must be zero; therefore, for each value of v, there
is an eighth-order polynomial in b to solve. The amplitude
coefficients, a;, can then be found by solving Eq. (3) for
each solution of b, giving a solution that is a superposition
of partial waves
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rather than the monochromatic wave ansatz in Eq. (2).

As we are considering thin layers, where the wave-
lengths are comparable to the thicknesses, all the solutions
of b are taken, such that the index m runs from 1 to 8.
However, in the substrate, only the »™ in the lower half of
the complex plane are considered, as the wave must vanish
as x3 — —oo, hence the index m runs from 1 to 4. There-
fore, in total, the index m runs from 1 to 8 x (number of
layers) +4.
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The solutions found thus far only give the relations
between ™, a™, and v. As we are interested in the dis-
persion relations, we must additionally consider the bound-
ary conditions. To do so, we use the linearized coupled

strain-charge equations

Ty = cijuSu — ewij Ex,

(5)
D; = ejuSu + €ixky,

where Tj; is the stress tensor, Sy the strain tensor, £} the
electric field, and Dy the electric displacement with
1 (azuk 82141 82(]5

Su=-= —I——) and E; = — .
axy,

6
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At each layer interface, u;, ¢, D3, T»3, T13, and T33 are
continuous, giving eight boundary condition equations. At
the free surface, there is no restriction on the mechani-
cal displacements, while the same three stress components
are zero, and Dj; is again continuous, giving four bound-
ary condition equations. Therefore, in total, there are 8x
(number of layers) + 4 boundary condition equations.
Substituting Eq. (4) into the boundary condition equa-
tions gives linear equations in the relative amplitudes C,,,
which can be written in the form of a matrix equation

BC,,Cpy =0, (7

where BC,,, is the boundary condition matrix and the index
p runs over the boundary condition equations. As before,
for nontrivial solutions, the determinant of BC,,, must be
zero. Solving this equation gives the phase velocity of
the structures in terms of the wave number, from which
the dispersion relation and group velocity can be easily
determined.

In addition, the electromechanical coupling coefficients,
given by [42],

K2 =2 (1 _ Umetalized) , (8)

Ufree

can be calculated. Here vgee is the phase velocity previ-
ously calculated, and vpetatizeq 1S the phase velocity calcu-
lated with an infinitesimally thin perfect conductor layer
at the position of the IDT. This metallic film modifies the
boundary conditions such that the electric potential, ¢, at
the conductor is zero. If the film is on the free surface,
the size of the boundary condition matrix is unchanged,
whereas in the case of an interlayer IDT an additional
eight equations must be added. K? gives an estimate of
the conversion efficiency between electrical and acoustic
energy.

Finally, by solving Eq. (7), the relative amplitudes C,,
can be calculated. With all the coefficients calculated,
Eq. (4) can be solved to find the normalized mechani-
cal displacements as a function of depth, and the strains
calculated using Eq. (6).
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FIG. 2. (Top) Schematic of the microfocused Brillouin light
scattering (ju-BLS) experiment showing an interdigital trans-
ducer (IDT) excited by a microwave source; the induced surface
acoustic waves (SAWSs) are indicated, as is the laser spot used
to measure the phonons. (Bottom left) Schematic of the sample
structure showing the layers and the embedded IDTs. (Bottom
right) Microscope image of one of the samples; a gold IDT
structure can be seen as the lighter color with the IDT fingers
highlighted by the inset.

III. SAMPLE STRUCTURING

Before examining the results of the analytical model,
we first discuss the sample preparation and structuring. A
schematic of the sample structure and a microscope image
of one of the IDTs can be seen in Fig. 2. Experimen-
tal results from two samples are presented here and the
thicknesses of the layers and IDTs can be found in Table 1.

The YIG thin films were grown by liquid phase epitaxy
on a (111)-oriented GGG substrate [43]. The 103-nm film
was purchased commercially from the company Matesy
GmbH. in Jena, Germany, and the 55-nm film was grown
at INNOVENT e.V., Germany. To reach sufficiently high
frequencies to enable the future study of SAW-SW cou-
pling, electron beam lithography was used to pattern IDTs
with six and 20 fingers with finger widths and separa-
tions of 700 nm (A = 2.8 wm), and an aperture size of
50 wm. The titanium-gold stack was deposited by electron
beam evaporation, followed by a liftoff process to leave the
IDT behind. The ZnO was rf magnetron sputtered over the
entire sample, with the piezoelectric ¢ axis of the wurtzite

TABLE I. The thicknesses of the material layers and IDTs of
the two samples.
Sample GGG YIG IDT ZnO

Ti Au
Samplel 0.5mm 103nm 10nm 80nm 890 nm
Sample2 0.5mm  55nm 10nm 80nm 830 nm

034062-3



FINLAY RYBURN et al.

PHYS. REV. APPLIED 23, 034062 (2025)

SAW pulse
—— . Microwave
VLY, Switch [«
l 0 source
Sample )
1Triggering
< | !
Pulse __E
Laser generator | |
iStart
oy | i
= | | Frequency
> Frequency "| vs time data
channel A
Detector (] i Stop
FIG. 3. Schematic of the time-resolved p-BLS spectroscopy

setup, which utilizes a tandem Fabry-Pérot interferometer
(TFPI). A pulse generator is used to trigger the start and end
of a BLS measurement window during which a pulse, well
defined in time, is also triggered. This pulse is realized using a
microwave source and a fast microwave switch. Figure adapted
with permission from [47].

crystal structure pointing out of plane. Finally, the con-
tact pads of the IDTs were etched free of the insulating
ZnO using hydrochloric acid. A more detailed descrip-
tion of this process, including x-ray diffraction (XRD)
characterization, can be found in the Appendix A.

IV. EXPERIMENTAL METHODS

To excite SAWSs, the IDT is contacted using a
microwave probe with a ground-signal-ground footprint
and pitch of 200 wm, connected to a microwave source
and an amplifier. The IDT is directly excited and the SAW
intensity is measured using w-BLS [44-46], with a 532-
nm wavelength laser, to determine the IDT’s frequency
response. A schematic of this setup can be seen in Fig. 2.
Note that a half-wave plate is used to suppress possible
magnon-induced signals by their polarization dependence
[21].

In addition to standard w-BLS measurements, we take
time-resolved data to find the phonon group velocities.
A schematic of the time-resolved w-BLS setup is shown
in Fig. 3. A pulse generator is used to trigger a w-BLS
measurement window; during this window, a microwave
switch is opened for approximately 600 ns, allowing a
microwave pulse of fixed frequency to excite the IDT.

Finally, a small electromagnet can be used to apply a
magnetic field in the plane of the thin film. The sample can
be rotated to vary the angle between the direction of SAW
propagation and the applied magnetic field.

V. ANALYTICAL RESULTS

Considering the above sample structures, we calculated
the dispersion relations following the methodology laid out

in Sec. II. This requires a large number of material param-
eters, as discussed below, and there are no free parameters
in the calculation, as such—an exact solution is numeri-
cally converged upon. Practically speaking, we propose an
initial guess for & at a fixed v, and if a solution for & is
converged upon, continue to make small steps in v over a
predefined range finding k(v).

The resulting dispersion relation for Sample 1 can be
seen in Fig. 4(a). Solving the wave equation leads to mul-
tiple solutions, which can be grouped into two classes
depending on the type of particle displacement induced.
The first are “Rayleigh modes,” which result in an elliptical
particle motion in the x;-x3 plane for the case of isotropic
materials [41,48], as shown schematically in Fig. 1 by the
red arrows. We note that due to the anisotropic layered
structures, there is additional particle motion as discussed
in Appendix C, hence we use the term “Rayleigh-like.”
The zeroth-order mode, shown by the dark blue line in
Fig. 4(a), always exists in the structure; however, the
higher-order “Sezawa” modes are only introduced when
the shear wave speed in the layer exceeds that of the sub-
strate [49]. The first-order Sezawa-like mode is shown by
the red line in Fig. 4(a).

The second class of solutions are “Love modes,” which
have particle motion perpendicular to the direction of prop-
agation for isotropic materials [50]. In the case of our
layered structures, we find the expected excitation fre-
quencies of the Love-like modes to be similar to those of
the Rayleigh-like modes, thus prohibiting their differenti-
ation with BLS frequency response data due to the finite
linewidths. However, the difference between the Rayleigh
and Love-like modes is significantly more pronounced
when considering the group velocity curves. We did not
find the calculated group velocity curves for the Love-
like modes to fit well with the experimental data, and
therefore chose to ignore this class of solutions. This is
presumably owing to the small electromechanical cou-
pling coefficients calculated for these modes, typically two
orders of magnitude smaller than those of the Rayleigh-
like modes, another reason we chose to ignore these
solutions.

It is important to note a few caveats relating to our
methodology. Firstly, the IDTs, in particular their finite
thickness, are neglected in the simple analytical model.
Secondly, as mentioned, literature values for the den-
sity and elastic, piezoelectric, and permittivity tensors are
used for the ZnO [42], YIG [51,52], and GGG [53,54] as
listed in Appendix B, rather than measured values for our
films. As this results in a total of 23 material parameters
used in the model, generally measured in bulk samples,
we do not attempt to estimate an error in the analytical
calculation.

Thirdly, based on our experience of growing ZnO films
sputtered under near identical conditions, we expect there
to be an approximately 200-nm amorphous “dead layer”
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FIG. 4.

(a) The calculated dispersion relation for the Rayleigh-like mode (dark blue line) and the first Sezawa-like mode (red line)

for Sample 1. The four points indicate the expected excitation frequencies of the fixed A = 2.8 wm transducers. (b) Experimental data,
in dark gray, showing the frequency response of the six-finger interdigital transducer on Sample 1, as measured by -BLS. The colored
horizontal lines indicate the resonant frequencies at which the A = 2.8 wm transducer is expected to excite SAWs as calculated by the

analytical model.

of ZnO where the ¢ axis is not aligned, for films grown
in our sputtering chamber [55,56]. This layer occurs as
the ZnO does not begin growth with an aligned ¢ axis,
instead growing with a random orientation that begins
to self-texture, preferentially forming out-of-plane c-axis-

aligned columnar grains. To account for this, we introduce
an additional 200-nm layer between the YIG and the c-
axis-aligned ZnO, which we model as polycrystalline ZnO
with randomly oriented ¢ axes—calculating the material
constants accordingly [57]. Physically, we expect a gradual
increase in c-axis alignment from the initial complete ran-
domization; however, we consider the simple model to be
adequate as a first-order approximation, given the observed
change in the dispersion relation is minor. The only size-

able effect is a reduction in the electromechanical coupling
coefficients by one to two orders of magnitude, depend-
ing on frequency. This is expected, given that the electrical
excitation from the embedded IDTs is concentrated around
this “dead layer” where there is no macroscopic alignment
of electric dipoles. Indeed, improving c-axis alignment and
reducing the “dead layer” thickness is the key to improved
excitation efficiency and an area of active research. We
consider these three caveats to be the most likely source
of any discrepancies between analytical and experimen-
tal results, although, as will be shown, these are relatively
small.

Further discussion of the model of the amorphous “dead
layer,” the rotation of crystallographic axes including the
ZnO piezoelectric ¢ axis, and calculations of the cou-
pling coefficients, and normalized mechanical displace-
ments and strains may be found in Appendices E, D, F,
and C, respectively.

VI. EXPERIMENTAL RESULTS

First, we measured the frequency response of the six-
finger IDT on Sample 1 and compared this to the expected
excitation frequencies from the analytical calculation. This
comparison is shown in Fig. 4(b). To maximize the signal,
the laser spot was positioned centrally relative to the IDT
aperture and approximately 1 wm along the SAW propa-
gation path. We expect the highest- intensity peak to cor-
respond to the fundamental frequency which is determined
by the periodicity/wavelength of the IDT (2.8 pwm) accord-
ing to f = v/A. Moreover, we should see higher-order
modes corresponding to A/p where p is an odd integer—a
net electric field between IDT fingers is required to excite
an SAW. We see that the fundamental frequency occurs at
approximately 1.1 GHz. The colored horizontal lines indi-
cate the calculated excitation frequencies of the IDT and
show good agreement with the peaks in the experimental
data. The additional peaks, for example, those between the
lilac and blue lines, are sidebands in the IDT spectrum; as
expected, these peaks are quite pronounced given the small
number of IDT fingers [58].

Second, we used time-resolved measurements to cal-
culate the phonon group velocities at fixed microwave
frequencies. An example of the resultant BLS intensity as
a function of time can be seen in Fig. 5(a). We see top-hat-
like intensity profiles, where high intensities correspond to
the presence of an SAW at the laser spot position. The
laser spot is initially positioned centrally next to the IDT
and then moved away from the IDT in the SAW propa-
gation direction in equal-sized steps. At each step, a BLS
measurement is taken corresponding to the different col-
ored lines from purple to red in Fig. 5(a). These data are
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FIG. 5. (a) Experimental data showing measured BLS intensity as a function of time. The different colors show BLS data taken at

different laser spot positions; purple corresponds to the position closest to the IDT and the color progression through to red goes with
increasing SAW propagation distance. The black dotted line shows a Boltzmann function fitted to the red data taken furthest from the
IDT. (b) The time at the center of the falling edge of the SAW pulse, extracted by fitting the data in Fig. 5(a), as a function of the
distance of the laser spot from the IDT. The dotted black line was fitted to find the group velocity. All the data for (a) and (b) were
taken at a fixed microwave excitation frequency of 2.95 GHz on Sample 1. The calculated Rayleigh-like and Sezawa-like modes group
velocities, as a function of frequency, are shown by the dark blue and red lines in (c) and (d). (c) Experimental group velocity data
for Sample 1; the light blue points show data for a six-finger IDT and the green points for a 20-finger IDT. (d) Experimental group
velocity data for a six-finger IDT on Sample 2. Multipoint linescans, where the laser spot is scanned over multiple points in space, are
shown in blue. Two-point linescans, where the laser spot measures at only two points in space, are shown in green.

then fitted using a least-squares regression with the sig-
moidal Boltzmann function to smoothly approximate the
Heaviside step function

A-C
—

l4+e 7

I=C+ )

where [ is the BLS intensity, ¢ is the time, and 4, B, C,
and 7y are constants. An example fit is shown by the black
dotted curve fitting the red BLS data.

From these fits, we extract the constant ¢, the position
of the falling edge of the SAW pulse, with an associated
fitting error. Combining this with the known laser spot

position, we can plot the SAW propagation distance from
the IDT as a function of 7y [Fig. 5(b)]. Alongside the fitting
error in #y, we take into account experimental errors of 2
ns for time-based measurements and 1 pwm for the micro-
scope position stabilization. A straight line is fitted to the
data, using orthogonal distance regression, to determine
the group velocity at a fixed frequency.

The results of this fitting process can be seen for Sam-
ple 1 in Fig. 5(c) and Sample 2 in Fig. 5(d). We show
the experimentally determined group velocities with their
associated errors in light blue and green as a function of the
SAW excitation frequency. For Sample 1, the group veloc-
ities were measured for two IDT structures, one with six
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(a) The experimental data (blue points) show the |L.-BLS measured SAW intensity at 2.9 GHz as a function of the applied

magnetic field strength for an angle of —17.8° between the direction of SAW propagation and the applied magnetic field. The magnetic-
field-dependent dips at +46.4 mT, fitted by the red Lorentzians, indicate that nonreciprocal SAW-spin wave (SW) coupling is present.
Note that the magnetic field resolution in the field regions where no coupling is expected is reduced. The insert shows a schematic of the
experiment setup, where the p-BLS laser spot is positioned approximately 450 pwm along the SAW propagation path. (b) The location
of the dips in the SAW intensity extracted by fitting Lorentzians to the positive and negative field data. The two red squares show
the dip positions extracted from (a). The decreasing magnetic field amplitudes of the dips, as the angle between the SAW propagation
direction and the magnetic field approaches —90°, confirm the presence of SAW-SW coupling. These measurements were carried out

on Sample 1 using the six-finger IDT at 2.9 GHz.

fingers (light blue), and the other with 20 fingers (green).
These group velocities were determined from multipoint
linescans, that is to say, the laser spot was scanned over
multiple points in space, as in Fig. 5(a). For Sample 2, all
measurements were made on the same six-finger IDT. In
light blue, we again have group velocities determined from
multipoint linescans. In green, however, the group veloc-
ities were calculated from two-point linescans, where the
laser spot was positioned at only two points in space, one
next to the IDT and the other at the maximum distance
measured from the IDT of 500 pwm. There is good agree-
ment between the two-point and multipoint measurements,
showing the accuracy of the technique.

Figures 5(c) and 5(d) also show the analytically cal-
culated group velocities of the Rayleigh-like mode in
dark blue and the Sezawa-like mode in red for Sample 1
[Fig. 5(c)] and Sample 2 [Fig. 5(d)]. Given the caveats
discussed in Sec. V, the agreement between the analyt-
ical model and the experimental data is excellent, with
the largest discrepancies, in general, occurring for the
points with the largest measurement errors. These large
errors occur due to the low excitation efficiency of the
IDT at these frequencies, meaning the top-hat-like inten-
sity profiles become noisier. In particular, the narrower
bandwidth 20-finger IDT tends to show larger errors when
off-resonance, as expected. In general, the data fit the cur-
vature well, and we can differentiate between the Rayleigh-
like and Sezawa-like modes. These results show we can
measure the nonlinearity in the phonon dispersion relation
for these complex layered structures to a high accuracy

using time-resolved -BLS. Furthermore, we demonstrate
good agreement with the analytical model, thus verify-
ing that the model is sufficient within the assumptions
made to interpret our experimental data. Additionally, the
experimental results agree with the model for two different
samples and three different IDT structures with different
ZnO and YIG thicknesses.

Using the amplitudes of the top-hat-like functions found
from the Boltzmann fits, we can estimate the phonon decay
length by fitting the equation

A(x)) = dpe™ 7, (10)
where A is the initial amplitude and A the decay length.
Due to the aforementioned reduction in experimental data
quality when off-resonance, we only calculate this decay
length for values near the first accessible harmonic fre-
quency of the IDT. Taking a weighted average, we find
a decay length of 127 £ 31 wm for the six-finger IDT on
Sample 1, consistent with the value of 124 £ 65 pum for the
six-finger IDT on Sample 2. We believe the relatively large
errors in these values result from variations in the reflectiv-
ity of the surface of the samples, which could result from
defects in the film or surface particles. We note that etching
away the ZnO along the propagation path after the exci-
tation region may increase the decay length, given that
the “dead layer” is amorphous, and therefore, will have
increased scattering.

Finally, the laser spot was positioned approximately
450 wm along the SAW propagation path from the
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six-finger IDT on Sample 1. The angle between the SAW
propagation direction and the external magnetic field was
fixed, while the IDT was excited continuously at 2.9 GHz
and the magnetic field was swept. This measurement was
then repeated for different angles. An example of the result-
ing integrated w-BLS intensity as a function of the applied
magnetic field, at an angle of —17.8°, can be seen in
Fig. 6(a). Clear magnetic field-dependent dips in the SAW
intensity are observed at +46.4 mT, indicative of SAW-
SW coupling. Qualitatively, the nonreciprocity is expected
due to the helicity mismatch [13,59].

The dips in the integrated |L.-BLS intensity were fitted at
positive and negative field values by Lorentzians, as shown
by the red lines in Fig. 6(a). The magnetic field values at
which the dip centers occur were extracted as a function
of the angle between the SAW propagation direction and
the magnetic field, as shown in Fig. 6(b). As this angle
varies from 0° to —90°, the SW dispersion varies from
the magnetostatic backward volume mode to the magneto-
static surface wave. Given the SAW excitation frequency is
fixed, the decreasing magnetic field amplitudes as the angle
tends to —90° are qualitatively as expected, confirming the
presence of SAW-SW coupling.

Electrical measurements are required to make a detailed,
quantitative study of this system due to limitations associ-
ated with the -BLS measurements—the relatively small
signals lead to long measurement times, increasing sus-
ceptibility to variations in temperature, humidity, vibration
and laser stability; furthermore, the laser spot does not
remain at exactly the same position when rotating the
sample. Such a study will be presented in an upcoming
publication; here, we simply aim to demonstrate that SAW-
SW coupling in the gigahertz regime can be achieved in a
YIG thin film using a layer of piezoelectric ZnO.

VII. CONCLUSION AND OUTLOOK

In conclusion, we have demonstrated a method to gen-
erate gigahertz frequency SAWs in YIG thin films by
first patterning IDTs on the surface of the YIG, and then
sputter- depositing thin films of piezoelectric ZnO. We
measured the IDT frequency responses and SAW group
velocities of these structures experimentally using time-
resolved w-BLS. Using these experimental results, we
show good agreement with an analytical model that cal-
culates the dispersion relation of the SAWs in these thin-
film heterostructures. We are able to differentiate between
Rayleigh-like and Sezawa-like modes. Finally, nonrecipro-
cal magnetic field-dependent dips in the transmitted SAW
intensity are observed, indicating the presence of SAW-SW
coupling.

This work lays the foundations for a detailed study of
the SAW-SW interaction in YIG, and the observed non-
reciprocal SAW-SW coupling could enable the probing
of device ideas such as acoustic isolators or circulators

[9,12,14]. With efficient SAW excitation, there is addi-
tionally the prospect of studying strong magnon-phonon
coupling [60] and nonlinear SAW-SW interaction phe-
nomena [61,62]. Furthermore, the successful deposition
of piezoelectric ZnO, despite the large lattice mismatch
with YIG [63,64], suggests it may be possible to similarly
excite SAWs in other lattice mismatched thin-film mate-
rials. This demonstrates the versatility of using ZnO as a
piezoelectric and possibly opens the door to studying the
magnetoacoustic interaction in additional magnetic media.
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APPENDIX A: SAMPLE PREPARATION

To investigate the surface acoustic wave (SAW) proper-
ties in the YIG/ZnO heterostructures, we fabricated inter-
digital transducers (IDTs) via electron beam lithography
(EBL) on a YIG/GGG bilayer, which were subsequently
covered with a piezoelectric ZnO film. Chemical etching
was employed to remove the ZnO from the contact pads of
the IDTs. This section provides an in-depth description of
the fabrication process.

The 103-nm- and 55-nm-thick YIG thin films employed
in this study are grown in the (111) direction on 500-
pm GGG substrates via liquid phase epitaxy. Prior to the
structuring process, the chips were cleaned with acetone
and isopropanol in an ultrasonic bath at 35 kHz. Subse-
quently, a double resist layer consisting of PMMA 600K
4% and PMMA 950K 2% was spin-coated onto the YIG.
The different resists result in an undercut after the EBL,
needed for a successful liftoff process. An additional layer
of Espacer300Z is applied to the PMMA surface in order to
prevent surface chargeup effects. To achieve SAW wave-
lengths on the micrometer scale, a RAITH VOYAGER
EBL system was used to fabricate the IDT fingers, which
have a width and spacing of 700 nm. Following resist
development, small PMMA residues that might remain in
the mask grooves are removed via plasma ashing. Subse-
quently, the sample was covered with a 10-nm titanium,
80-nm gold stack using electron beam evaporation. After
the electron beam evaporation of the two metals, the resist
liftoff takes place and only the metal in the mask grooves,
which is in contact with YIG, remains on the sample
surface.

034062-8



GENERATION OF GIGAHERTZ-FREQUENCY SURFACE...

PHYS. REV. APPLIED 23, 034062 (2025)

GGG
444
105 ] (444)
. ZnO
10 (002)
€
3
< 103 4
oy
£ Zno
g (004)
101 4
100 : :
10 20 30 40 50
26 (%)
FIG. 7. Sample characterization, 26/0 x-ray diffraction data

for Sample 1 [65—67].

The resulting structures are then covered with a piezo-
electric zinc oxide film, which was grown on the whole
chip by rf magnetron sputtering. The base pressure in the
sputtering chamber was 10~> mbar, and the sputtering gas
pressure approximately 4 x 107> mbar. To achieve the
right stoichiometry, a sputtering gas mixture of argon and
oxygen with a 2 : 1 ratio was used. The sample was first
presputtered at 30 W for 5 min, before sputtering was per-
formed at power levels of 140 W and 100 W, resulting
in ZnO films with thicknesses of 890 &+ 25 nm for Sam-
ple 1 and 830 % 25 nm for Sample 2, as measured using
a profilometer. The relatively large errors in the thickness
result from a combination of surface defects and nonuni-
formity in the thickness due to the sputtering process—a
single 90-mm-diameter ZnO target was used. To increase
the accuracy we averaged over five measurements close
to the excited IDTs. The insulating ZnO now also covers
the contacting pads of the IDT structures and needs to be
removed to allow direct electrical contact. This is accom-
plished by creating an etch mask consisting of AZ5214E
photoresist using a Microtech LW405D LaserWriter. Fol-
lowing resist development, the sample was immersed in
a 32% HCI solution removing the ZnO from the contact
pads. X-ray diffraction (XRD) 26/6 characterization of

the samples was later carried out with a Rigaku SMART-
Lab diffractometer (the results for Sample 1 are shown in
Fig. 7) to verify the crystalline orientation. The peak at
approximately 34° indicates the successful deposition of
ZnO with an out-of-plane ¢ axis [65,66].

APPENDIX B: MATERIAL PARAMETERS

The material properties used in the analytical calculation
are given in Table II.

APPENDIX C: COUPLING COEFFICIENTS,
DISPLACEMENTS, AND STRAINS

The calculated electromechanical coupling coefficients
for Sample 1 can be seen in Fig. 8(a). As discussed in
Sec. IV of the main text, the Love-like modes have cou-
pling coefficients one to two orders of magnitude lower
than those of the Rayleigh-like modes, hence our decision
to neglect this class of solutions.

The normalized displacements [Figs. 8(b) and 8(c] and
normalized strains at the surface (Table III) for Sample 1
are calculated at fixed frequencies. We see that the dis-
placements decay exponentially and that the dominant
strain contributions are Sy, S, and S,,;, with the usual
phase differences, as expected for typical Rayleigh mode
solutions [13,41]. We note that due to the anisotropic lay-
ered materials, the particle motion is not purely restricted
to the x;-x3 plane as in the isotropic case [41]; there are
also small displacements in the x, direction.

APPENDIX D: ROTATING CRYSTALLOGRAPHIC
AXES

When considering the amorphous “dead layer,” and
indeed the orientation of any of the crystal layers, it is nec-
essary to rotate the crystallographic axes. In practice, this
involves the rotation of the permittivity, piezoelectric, and
elastic tensors used in the model. We consider an arbitrary
rotation « about x;, followed by 8 about x;, and finally y
about x3. This gives the 3 x 3 rotation matrix

TABLE II.  The material properties for the different layers used in the analytical calculations. Density is given in kgm~>, the elastic

constants in 10° Nm™2, the piezoelectric constants in C m ™2

(ZnO), [51,52] (YIG), and [53,54] (GGG).

, and the permittivities in 10"""Fm~'. The relevant references are [42]

Material

Class P c1 c12 c13 c33 Ca4 €xs ezl e:3 €xx €2z
ZnO 6 mm 5700 209 121.1 105.1 210.9 42.5 —0.48 —0.57 1.32 8.55 10.2
YIG m3m 5170 269 107.7 107.7 269 76.4 0 0 0 4.3 43
GGG m3m 7094 285.7 114.9 114.9 285.7 90.2 0 0 0 12.1 12.1
“Dead layer” N/A 5700 204.7 112.3 113.3 205.6 454 0 0 0 9.2 9.0
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(a) The electromechanical coupling coefficients of the four lowest-order modes calculated for Sample 1 as a function of

frequency. (b),(c) The real and imaginary components of the normalized displacements as a function of depth in Sample 1 for the (b)
Rayleigh-like mode at 2.9 GHz and the (c) Sezawa-like mode at 5.65 GHz. The two horizontal black lines indicate the position of the

YIG layer, with depth zero at the GGG-YIG interface.

cosy —siny 0 cosBp 0 sing 1 0 0 ail  dp  dis
a=|siny cosy O 0 1 0 0 cosa —sina | =[an axrn ax (D1)
0 0 1 —sin 0 cosp 0 sina cosa as1 ayp  asn
The corresponding 6 x 6 rotation matrix is given by [42]
a%l afz a% 2(112(113 2(113(111 2(,111(112
a%l a%z a%3 2(122(,123 2(,123(,121 2(,121(122
az a2 a2 261326133 261336131 261316132
M = 31 32 33 (D2)
arasz1  axpdzy  A3dAszz  Axdsz +d3dz  Axassz +axdasr  dnasz + axas
asiail  asdiz  ad;3z dpdsz +apdsy  4pdsr +andsy annasp + apdasg
ana apdxn apaxs  Aapd; +apizdxn apdx t+andx; anan +ana

and the tensors, when using Voigt notation, are trans-
formed according to

€ =aea’, & =aeM?, ¢ = McM?. (D3)

APPENDIX E: THE “DEAD LAYER”

As discussed, we model the amorphous “dead layer,”
where XRD data indicate there is no alignment of the ¢

TABLE III. The normalized real, imaginary, and total magni-
tude of the strain components for the Rayleigh-like mode at 2.9
GHz and the first Sezawa-like mode at 5.65 GHz calculated at
the surface for Sample 1.

Rayleigh 2.9 GHz Sezawa 5.65 GHz
Sij KRG TS 1S KRGy TS 1Sy
S 0.65 —1.00 1.00 1.00 —0.50 1.00
S,y 0.00 0.00 0.00 0.00 0.00 0.00
S.. —0.81 -0.52  0.73 —0.81 0.38 0.80
Sy —0.02 0.01 0.02 —0.07 0.00 0.06
S —0.81 —-0.52  0.81 —0.43 —0.88  0.88
S, 0.02 0.03 0.03 0.01 0.07 0.06

(

axis [55], by considering a randomly oriented ¢ axis. To
calculate the material properties of an arbitrarily aligned c-
axis crystallite in this layer, we apply the transformations
to the permittivity and elastic tensors given in Eq. (D3)
for arbitrary angles and then find the average properties by
integrating over all possible angles [57]:

2w 27w 2w
6(/1ead = //fé/(a,ﬁ,y) dadfdy,

0 0 0

2w 27 2 (E1)
C:iead = ///C/(a,ﬁay) dadﬂd)/

0 0 0

These transformations lead to relatively small changes in
the material properties and tend to symmetrize the matrices
as expected; see Table II. Finally, we assume any action
of the electric dipoles to cancel globally and thus set the
piezoelectric tensor to zero, and assume the density of the
ZnO remains unchanged.

The effect on the group velocity for Samples 1 and 2 on
the addition of the “dead layer” can be seen in Fig. 9(a).
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solutions with (dark blue and red) and without (lilac and yellow) the “dead layer” included in the calculation. (c) The electromechanical
coupling constants calculated with (dark blue and red) and without (lilac and yellow) the “dead layer.”

We see a fairly minimal change with a deepening of the
dip, which seems to slightly improve the fit to the exper-
imental data. Given the nature of the model used, it is
likely that the real group velocity curve lies somewhere
between these curves as the model takes the worst-case
scenario where the “dead layer” has no coherence in the
alignment of the electric dipoles. This is also likely true of
the coupling coefficients [Fig. 9(c)], where we see a drop in
the expected coupling by one to two orders of magnitude.
However, given the results of the detailed study in [55],
we consider it more accurate to include this approximate
model rather than to neglect the “dead layer” entirely.

APPENDIX F: DEPENDENCE ON ¢-AXIS ANGLE
AND YIG ORIENTATION

We also consider whether the in-plane orientation of the
GGG/YIG crystallographic axes affects the SAW proper-
ties. To do this, we rotate the GGG and YIG tensors about

(b)

2.7 GHz

135°

Slowness
(skm™1)

90°

270°

the out-of-plane x3 axis and evaluate the dispersion rela-
tion at each angle. The results of this calculation at a fixed
frequency of 2.9 GHz can be seen in Fig. 10(a). We plot the
slowness curves, where slowness is defined as the inverse
of the velocity (we consider both group and phase veloci-
ties). It can be seen the phase and group velocities of the
SAW are isotropic with the rotation of this axis.

Perhaps the more interesting property to vary is the ZnO
piezoelectric c-axis orientation. This is commonly studied
in the case of bulk acoustic wave transducers and has a
significant effect on the electromechanical coupling coef-
ficient. In the case of an out-of-plane ¢ axis the waves
are purely longitudinal, whereas, with the ¢ axis aligned
at about 40° to the normal of the plane, the waves are
purely shear [42,68,69]. Here we consider rotation about
the x, axis where 0° corresponds to an out-of-plane ori-
ented ¢ axis. The slowness curves can be seen in Fig. 10(b)
for the Rayleigh-like mode at 2.7 GHz, and Fig. 10(c) for
the Sezawa-like mode at 5.65 GHz. Here we no longer
see isotropic behavior and have the waves traveling at

(c) 5.65 GHz 90°

Slowness
(skm™1)

Slowness
(skm™1)

FIG. 10. Slowness curves for the rotation of different crystallographic axes at fixed frequencies. (a) Slowness as a function of the
in-plane GGG/YIG crystallographic axis orientation angle at a fixed frequency of 2.9 GHz for the Rayleigh-like mode. Rotation is
about the x3 axis, and 0° corresponds to the (1,1, —2) direction along x;. (b) Slowness as a function of the ZnO c-axis orientation
angle at a fixed frequency of 2.7 GHz for the Rayleigh-like mode. (c) Slowness as a function of the ZnO c-axis orientation angle at a
fixed frequency of 5.65 GHz for the Sezawa-like mode. For (b),(c) rotation is about the x, axis, and 0° corresponds to an out-of-plane

oriented ¢ axis.
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the Sezawa-like mode. Rotation is about the x, axis, and 0° corresponds to an out-of-plane oriented ¢ axis. (c) The electromechanical
coupling coefficient as a function of frequency with the ZnO ¢ axis angled at 38° to the surface normal. The raw results of the
calculation are shown in dark blue and the results after interpolation are shown in dashed red.

maximum velocity when the ¢ axis is oriented at 48°. This
suggests changing the orientation angle of the ¢ axis to
approximately 48° may be sensible to avoid beam steer-
ing effects [70,71]. Note that we consider 2.7 GHz rather
than 2.9 GHz as the Rayleigh-like solutions at some inter-
mediate angles do not exist for frequencies as high as
2.9GHz.

Finally, we evaluate the electromechanical coupling
coefficients as a function of the ZnO c-axis orientation
over a range of frequencies. The resulting coupling coeffi-
cients for the Rayleigh-like mode can be seen in Fig. 11(a)
and for the Sezawa-like mode in Fig. 11(b). For both the
Rayleigh-like and Sezawa-like modes, we observe max-
ima in the calculated coupling coefficients with a c-axis
angle of approximately 50°. This suggests that around 50°
is the optimum c-axis angle for maximum velocity and
SAW excitation efficiency. In the case of the Rayleigh-like
mode, we observe an interesting minimum in the intensity
at around 50° and 1.3 GHz; this occurs due to mode mix-
ing [41,72] between the Rayleigh-like mode and the first
Love-like mode as their phase velocities intersect. This
demonstrates the importance of carrying out these calcu-
lations before choosing the IDT wavelength, as one could
inadvertently design an IDT to work at such a minimum.

Using these results, the ZnO c-axis angle and thickness
can be tuned to optimize a certain mode at a given fre-
quency to maximize the electromechanical coupling, thus
producing the strongest SAW intensity for a given IDT
wavelength. Alongside the potentially increased efficiency
and reduced input power, this is useful if attempting to
enhance an SW signal if studying magnetoelastic coupling.
Experimentally, this can be achieved by varying the angle
between the substrate and the target surface [73,74].

We note that for the data in Fig. 11(a), a sharp discon-
tinuity occurred where the calculation converged between
the Rayleigh-like and Love-like solutions at different posi-
tions for the free and metallic phase velocities, before
consistently converging on the Rayleigh-like solution as

the phase velocities of the two modes stop mixing. This
occurred over a small range, approximately 0.05 GHz
centered on about 1.4 GHz between 37° and 59°. We elim-
inated this by deleting the points over the discontinuity
and interpolating between this range. An example of this
interpolation is shown in Fig. 11(c); it can be seen that
the characteristic shape of the coupling coefficient does not
change, and hence we consider this a valid methodology.
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