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Abstract

Surface acoustic waves (SAWs) in gallium arsenide (GaAs) are promis-
ing carriers of quantum information and can couple to various quantum
systems such as quantum dots. This coupling between acoustic waves
and quantum dots can be enhanced using focused cavities. Due to the
anisotropy of the acoustic wave velocity on GaAs, the mirror shape of fo-
cusing cavities needs to be adapted to the wavefront. In this project, we
measure the angle-dependent phase velocity v(θ) of acoustic wave modes
in GaAs at GHz frequency, using a high-precision interferometric setup
that captures the amplitude and phase of the acoustic displacement. To
separate the acoustic modes by their spatial periodicities, we perform a
spatial Fast Fourier transform (FFT) and extract the modes using ridge
detection. We use the found spatial frequencies to calculate the angle de-
pendent phase velocity. To our knowledge, this is the first study to com-
bine full angle-resolved phase velocity measurements of surface and bulk
modes simultaneously and the results show good agreement with the the-
oretical model.
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Chapter 1
Introduction

Surface acoustic waves (SAW), or Rayleigh waves, are elastic waves that
are confined to the surface of a material. They decay exponentially into the
bulk and are typically composed of a longitudinal and a transverse motion
(see Figure 1.1) [2]. Acoustic waves propagate at phase velocities v that
are four to five orders of magnitude smaller than electromagnetic waves.
When considering frequencies ft in the MHz to GHz range, we can con-
clude that acoustic wavelengths λ are rather small, since v= λ · ft. Hence,
acoustic waves are more suitable for devices that are limited in space and
make use of wireless communication, such as mobile phones [3–6]. A key
application of SAWs is in RF filtering [3–6]. The filters can operate in fre-
quency ranges from 0.4 to 2.2 GHz and have low insertion losses [3]*. With
acoustic waves, multiple filters for varying regions and bands can be easily
and cost-effectively integrated onto chips due to their small size, whereas
the conventional electromagnetic microwave resonators barely meet the
requirements for integration [3–6].
Acoustic waves are also used in sensing and mixing applications that are
relevant in life sciences and microfluidics [4, 6, 7], for chemical sensing
[6, 7], and for physical sensors and actuators [6]. With acoustic waves, one
can manipulate fluids and small particles as, for instance, cells or bacteria.
This is done with lab-on-a-chip devices that give us the option to perform
operations as mixing or pumping tiny amounts of these fluids or particles
[4, 7].

Furthermore, SAWs can couple to various two level systems such as quan-

*Bulk waves can also be used for filters, but they perform better at slightly higher
frequencies.[3]
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2 Introduction

Longitudinal component

Transverse component

Exponential decay

 λR = 2.8 μm k

Figure 1.1: Rayleigh wave. The wave travels to the right, in the direction of the
wavevector k and displacements of atoms happen in the longitudinal and trans-
verse out-of-plane direction. [1]

tum dots (QDs), defect centers (e.g NV centers in diamond or divacancy
defects in silicon carbide), trapped ions and superconducting qubits [4].
With this ability and the long coherence time of SAWs, they are suitable
candidates for building quantum transducers that interface to multiple of
those systems [4].

One of the most viable systems, or platforms, for quantum information
processing are circuits at microwave frequencies that work with super-
conducting qubits [8]. However, when transferring information between
distant circuits, qubits operating at microwave frequencies become sus-
ceptible to thermal noise in the ambient environment, which leads to de-
coherence [9, 10]. A better medium for quantum information transfer are
photonic qubits in the optical range. With them, one can have low loss
during transmission via fibers and the interaction with the environment
is much weaker which decreases decoherence [11]. However, the corre-
sponding frequencies for optical photons are in the high THz range and
are about 105 times higher than in the microwave case. We therefore get
a large mismatch between the frequencies, and a potential solution is to
make use of an intermediate system. SAWs are able to do the microwave-
to-optical conversion with low noise [4]. We can connect the supercon-
ducting with the acoustic system by using interdigital transducers (IDT).
Their functioning is based on the inverse piezoelectric effect. To couple
to the optical field, we can use InGaAs/GaAs quantum dots that are em-
bedded in GaAs as is done in our group [12]. Those can produce single

2
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Figure 1.2: Focused cavity. The two mirrors are acoustic Bragg reflectors and the
interdigital transducer (IDT) with its interlaced fingers in the center creates the
acoustic waves.

photons when being excited by a laser. Acoustic waves can shift the quan-
tum dot energy levels which can be detected through the emitted photon.

To obtain sufficient optomechanical coupling, the acoustic field should be
strongly constrained around the QD region [4, 13, 14] and be close to the
dimensions of the nanometer-sized structure [15]. This can be done by
using focusing acoustic cavities with rounded mirrors [13, 15] (see also
Figure 1.2). To obtain a small focus, one has to take into account the
anisotropic properties of piezoelectric crystals such as GaAs in which SAWs
travel [16]. The shape of the acoustic mirrors and the IDT has to be adapted
to the wavefront shape, or the group velocity, as it carries the energy of the
wave [15].

In previous research, the phase and group velocities of GaAs have been
modeled by different approaches. One was to use quadratic approxima-
tions for small angles around the piezoelectric direction [16]. Another re-
fined approach compared to quadratic approximations was to use numer-
ical calculations to find the curve for constant frequencies, and the group
velocity was modeled by a cosine [15]. However, this was limited to small
angles around the piezoelectric axis and no analytic solution was shown.
The approximations used as in Msall’s paper [15] still appear to cause de-
viations of the measurement data from the model as shown in Young’s
double slit experiment on GaAs [17]. There have also been experimental
approaches to measure the surface acoustic wave phase velocities at dif-
ferent angles as by Kuok who bases himself onto rigorous theory [18]. The
study is restricted to an angle range of 45◦ which is in general sufficient
due to the GaAs crystal structure, but the authors note a persistent phase
velocity offset of 2.5 % or higher. To get a full experimentally validated
theoretical model for acoustic waves in GaAs, one would need to perform
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4 Introduction

not only SAW, but also bulk wave measurements at varying angles.

In this project, we investigate the anisotropic properties of (001)-cut GaAs
by measuring the angle-dependent phase velocities for bulk and surface
acoustic wave modes with high precision. To achieve this, we use a sam-
ple designed to weakly scatter waves in all directions. We measure the
amplitude and phase with an interferometric setup across the sample and
perform a spatial Fourier transform. A ridge detection procedure is de-
veloped to extract the spatial frequencies from the data. This allows us to
determine the angle-dependent phase velocities. Finally, these results are
compared to a theoretical model.

The thesis is structured as follows. In Chapter 2 we introduce SAWs, ex-
plain how they can be created with IDTs and show briefly how the phase
velocities for bulk and surface modes can be derived. In Chapter 3, we
show the sample with scattering properties and the optical setup to mea-
sure the amplitude and phase of the acoustic displacement. We perform a
spatial Fast Fourier transform and extract the frequencies in Chapter 4, de-
rive the phase velocities in Chapter 5 and compare them to the theoretical
model. A conclusion and outlook are given in Chapter 6.

4
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Chapter 2
Theoretical Background

This chapter briefly introduces surface acoustic waves (SAW) with the as-
sociated displacement of atoms. Then, the GaAs crystal structure with rel-
evant symmetries for our measurements on the (001) plane is explained.
We give a brief background to the wave equations that describe the sys-
tem and that can be solved to find the acoustic wave modes with associ-
ated phase velocities. The bulk modes are found by going via Christoffel’s
equation [2] and the surface modes can be found using Stroh’s formalism
[19]. Lastly, interdigital transducers are introduced to explain how SAWs
are created.

2.1 SAWs and symmetries on (001)-cut GaAs

Before looking at how we can derive the phase velocities for wave modes
in GaAs, it is of interest to get a basic idea of SAWs, or Rayleigh waves.
Those can be decomposed into two components (cf. Figure 2.1). The longi-
tudinal component describes the displacement of the particles in the direc-
tion of the wave propagation. The transverse component is directed out of
the bulk and is normal to the surface. As they have a phase difference of π

2 ,
the components cause an elliptical movement of the atoms in the material.

Furthermore, the wave components decay into the bulk, though not at the
same rates, and are confined to the surface [2]. The displacements of the
components are already strongly reduced at one SAW wavelength into the
bulk. For instance, Figure 2.1b illustrates the decay of (010)-cut GaAs.

Understanding the crystal structure of gallium arsenide (GaAs) and the
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6 Theoretical Background

Longitudinal component

Transverse component

Exponential decay

 λR = 2.8 μm k

X2

a) b)

Figure 2.1: a) Rayleigh wave. The transverse (T) and longitudinal (L) component
add up to a elliptical movement of atoms and decay into the bulk. λR is the SAW
wavelength in GaAs and k indicates the direction of propagation [1]. b) Change
of displacement into the bulk of the SAW components in (010)-cut GaAs. x2 is
the distance into the bulk. A is the anisotropy factor as defined by Royer and
Dieulesaint [2].

symmetries connected to it can help us understand why wave modes such
as the SAW mode change in phase velocity when looking at varying prop-
agation directions.

GaAs has a zinc blende crystal structure (cf. Figure 2.2) that belongs to
the F4̄3m space group. This means that type one atoms (i.e. Ga or As)
are positioned at the corners and in the centers of the cube faces, as in
a face-centered cubic structure. Type two atoms are then positioned at(
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3
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)
and
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)
.

For our measurements, we take a (001)-cut sample. We are looking at the
projections of the phase velocities and observe the symmetries belonging
to this plane. In the projection, we have two mirror lines through the di-
agonals of the cube face, thus along [110] and [1̄10]. These directions also
happen to be our piezoelectric axes. The anisotropic structure of GaAs
makes the piezoelectric interaction possible [20]. In addition, we observe
a fourfold symmetry around the center of the (001) cube face. It follows
that for every 90◦ we can observe the same pattern and in each quadrant
there is a diagonal mirror axis. For our measurement, it means that it is
enough, by crystal symmetry, to examine a sector of 45◦.

6

Version of January 16, 2026– Created January 16, 2026 - 15:59



2.2 Elastic Wave Modes in Gallium Arsenide 7

[100]

[001]
[010]

θ

[110]

Ga

As

k(001)

Figure 2.2: The crystal structure of GaAs. The piezoelectric axis is along the [110]
direction. Our plane of interest for measurements, (001), is colored light gray and
the angle θ is measured as an angle from the piezoelectric axis to the propagation
direction marked by the wavevector k.

2.2 Elastic Wave Modes in Gallium Arsenide

To develop an understanding of the particle movement and acoustic modes
in GaAs, we start by introducing important quantities as stress and strain,
explain how they are related, and introduce piezoelectricity. They can be
used to find the wave equations [2]. We first show a sketch of the ansatz to
solve them for bulk modes, and then for non-piezoelectric surface modes*.
The solutions give us the phase velocities with their direction and dis-
placement. The data of the angles and corresponding phase velocities of
the theory (see figs. 2.3 and 2.4) is provided by Thomas Steenbergen of our
research group who has developed a simulation of the surface and bulk
wave modes.

We aim to understand the movement of atoms in GaAs thus we need to
describe their motion relative to each other. Relative deformations can be
defined by elastic strain and the restoring forces by stress. Stress and strain
are linearly related via Hooke’s law [2, 21]. The tensor relating the two is
called the stiffness or elasticity tensor cijkl. We also need to define the stress

*For more elaborate explanations on the bulk wave derivation, I recommend reading
[2, 21]. For the surface modes, Tanuma [22] covers the static and the piezoelectric case,
but misses the dynamic, piezoelectric case, which is covered in [19].
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8 Theoretical Background

at the surface of our material. For that, we define the traction

tk = lim
dS→0

dFk
dS

nk = Tikni , (2.1)

where nk is the surface normal, S the surface, Fk is the force that restores
the deformed solid to its original shape, and Tik the stress. The Einstein
summation convention is used here and the indices i = 1, 2, 3 describe the
three dimensions. The direction normal to the surface is for us the [001]
direction and corresponds to the index 3.

As the [110] axis of GaAs is piezoelectric, we need to take into account the
coupling between electromagnetic and mechanical field. The direct piezo-
electric effect arises when we apply stress to the material in one of the
piezoelectric directions. This induces electric displacement, or a change
in the polarization and electric field. There is also the inverse form of the
piezoelectric effect. An applied electric field can cause the material to de-
form, which is crucial to understanding how we can create waves on GaAs
[20] (see also section 2.3). Therefore, we need to introduce electromagnetic
terms into the acoustic equations and mechanical terms into the electro-
magnetic equations. The latter can be derived from Maxwell’s equations
under the assumption that the electric field variations appear static when
comparing them to variations in the mechanical field. For the mechanical
equation, piezoelectricity is introduced via the stress and the electric field
is related to it via the piezoelectric tensor eijk.
Finally, we obtain two coupled wave equations

cijkl
∂2ul

∂xj∂xk
+ ekij

∂2Φ
∂xk∂xj

= ρ
∂2ui

∂t2 (2.2a)

−ϵjk
∂2Φ

∂xj∂xk
+ ejkl

∂2ul
∂xj∂xk

= 0 , (2.2b)

where ϵjk is the dielectric tensor (or permittivity tensor), Φ the electric po-
tential and xk the position in space. The underlying assumptions include
that there are no free charges and no acting volume forces. Note that the
involved tensors can be reduced using the crystal symmetries and ther-
modynamic arguments [21].

2.2.1 Bulk Modes

First, we want to search for bulk modes and their phase velocities v. For
that, we assume the material to extend infinitely in all directions. We de-
note the bulk spatial domain by Ωbulk = R3. In order to solve the equation

8
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2.2 Elastic Wave Modes in Gallium Arsenide 9
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Figure 2.3: Theoretical bulk phase velocities and their corresponding modes in
the (001) plane of GaAs. (a) Longitudinal mode. (b) Shear vertical mode (Trans-
verse, perpendicular to plane). (c) Shear horizontal mode (Transverse, in plane).

system 2.2, a plane wave ansatz

ui(xj, t) = aiei[ωt−kjxj] Φ(xj, t) = ϕei[ωt−kjxj] (2.3)

can be used, where ω is the angular frequency, k j the wave vector, ai the
displacement of atoms, and ϕ the displacement associated with the electric
potential.

The term in the exponent can be rewritten as

ωt − k jxj = ω
[
t − 1

ω k jxj

]
= ω

[
t − 1

v k̂ jxj

]
with k̂ j =

kj
k a unit vector pointing in the direction of the wave vector k j

and the phase velocity v= ω
k . We choose the wave vector to be in the (001)

plane of the crystal (see Figure 2.2), which corresponds to our measure-

ment plane. Therefore, the unit vector can be defined using ˆ⃗k = (k̂1, k̂2, 0)T.
Using the [110] and [1̄10] directions as basis in the plane, we define the an-
gle θ to be the angle between k⃗ and [110].
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10 Theoretical Background

To solve the wave equations 2.2, one can insert the plane wave ansatz
into them and rewrite them into into Christoffel’s equation [2]. That is an
eigenvalue problem, where the eigenvalues are the phase velocities and
the eigenvectors indicate the displacement direction a⃗. Each solution cor-
responds to one mode.

There are three bulk modes, where one is (quasi-)longitudinal and two are
(quasi-)transverse in their displacement (see Figure 2.3). The longitudinal
mode can be characterized by a displacement in the direction of propaga-
tion. If the displacement of atoms is orthogonal to it, then we have a shear
mode. There are the shear vertical and the shear horizontal mode, and
they are orthogonal with respect to each other. The term ”quasi” refers to
the fact that the modes are not exactly longitudinal or transverse in our
case, but there are small deviations. The displacement of the longitudinal
mode a⃗ is not parallel to k⃗ and the shear modes are not exactly orthogonal
to k⃗. In the [100], [110], [010] and [1̄10] direction the modes become pure
modes, so a⃗∥⃗k for the longitudinal mode [2, 21].

Due to the symmetries mentioned in section 2.1, it is sufficient to look
at the angle dependent phase velocity v(θ) in a 45◦ section (see figs. 2.3
and 2.4). We observe the three bulk modes, where the fastest phase ve-
locity belongs to the (pseudo-)longitudinal mode. The two shear modes
have the same velocity at θ = 45◦ which corresponds to the [100] or [010]
propagation direction. We observe that the crystal structure actually looks
the same in the two associated transverse displacement directions, which
is not the case for other propagation directions.

2.2.2 Surface Modes

Let us recall the wave equations of Equation 2.2 and only take into account
the case without piezoelectricity. The ansatz for surface modes needs to
be modified such that it contains a decaying part into the bulk and the
material boundary†. This means that we are only looking at a half-space
Ωsurface = {(x1, x2, x3) ∈ R3|x3 ≤ 0} and we can further define the
outward-pointing surface normal n⃗ = (0, 0, 1)T along the [001] direction.

We follow the general approach as Tanuma [22]. Adding a decaying part
−
√
−1kpnjxj in the vertical [001] direction leads to

ul(xj, t) = ale
−
√
−1k[−vt+mjxj+pnjxj] (2.4)

†Note that this part avoids using i for imaginary numbers and uses
√
−1 instead.

10
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2.2 Elastic Wave Modes in Gallium Arsenide 11

with p ∈ C and mj being an in-plane unit vector, so m⃗ = (m1, m2, 0)T.
The imaginary part of p indicates the amount of decay into the bulk. Only
when Im(p) > 0, we will get a decay [22].
As before, the ansatz is inserted into the wave equation. The idea is to go
from a second order partial differential equation to a first order ordinary
differential equation. We obtain Stroh’s eigenrelation

N
[

u⃗o

l⃗

]
= p

[
u⃗o

l⃗

]
, (2.5)

where N is a real 6× 6 matrix containing the information from the stiffness
tensor, u⃗o is the displacement and l⃗ contains the traction, that needs to van-
ish at the surface of the material [22]. Here, it should be pointed out, that
one surface mode is consisting of three partial waves of the form in Equa-
tion 2.4 that is a linear combination of three eigenvectors. The eigenvalues
p come in complex conjugate pairs, so if three of them have an imaginary
value Im(p) > 0, then the other values Im(p) < 0 [22].

The steps to obtain solutions are the following ‡:
First, for a set angle, thus fixed m⃗, we vary the phase velocity from below
the slowest bulk mode to above the fastest bulk mode. The Stroh matrix
N can be calculated and we can solve the eigenrelation. This gives us
varying sets of six eigenvectors and eigenvalues. The latter are sorted by
their imaginary value. If three eigenvalues have Im(p) > 0, then this
could be a normal surface mode. If there are only two Im(p) > 0, then it
could be a pseudo surface mode. The third eigenvalue is selected to be the
least growing one in terms of p (Imp = 0). Then we check the boundary
conditions set by the traction. The solutions with the phase velocity, that
best fulfill our boundary conditions, are the chosen solutions§. Note that
the Im(p) = 0 eigenvector solution for the pseudo SAW resembles a bulk
wave and is not decaying into the bulk.

It is also possible to extend the calculations to the case containing piezo-
electricity. There would be a second equation for the ansatz and, after
some substitutions and re-writing, the Stroh eigenrelation can be obtained
for the piezoelectric case. The resulting problem is eight-dimensional. u⃗o

now contains a fourth element, the electric potential, and l⃗ contains the
electric displacement [19]. The results for the theoretical calculations for
the piezoelectric case can be seen in Figure 2.4.

‡The theory is based on the work by Thomas Steenbergen.
§Note that one has to choose a cutoff of how good the boundary conditions on the

traction are supposed to be fulfilled.
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Figure 2.4: Theoretical phase velocities and their corresponding modes in the
(001) plane of GaAs. (c) Shear horizontal BAW.

There are two major observations, which one can see in the figure. We
observe an overlapping part between the pseudo SAW and the pure SAW
mode, which resembles an avoided crossing, where the slowest bulk phase
velocity line of the shear horizontal bulk mode crosses through the center
of the avoided crossing. The pure SAW mode appears around the piezo-
electric direction and the pseudo SAW mode at higher angles. The former
always has a lower phase velocity than the bulk modes. Only when then
bulk increases in velocity, the pseudo SAW starts to appear with a higher
velocity.

2.3 Interdigital Transducers for SAW Generation

To create acoustic waves in our sample, we use the piezoelectric [110] axis
(see Figure 2.2). That is the direction of pseudo SAWs (see Figure 2.4).

To excite acoustic waves the approach is to use interdigital transducers
(IDT) that possess a structure similar to interlocking combs (see Figure 2.5a).
We ground one comb and apply an alternating voltage to the other such

12
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2.3 Interdigital Transducers for SAW Generation 13
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SAWSAW

(a) Top view of IDT. w: acoustic aperture, d: spacing between comb fingers. The
dashed yellow line indicates where the cross section below comes from.

λ
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- - - +++
t=T/2

d

x
z y

(b) Cross section of IDT (see dashed yellow line above). Green: GaAs substrate
where the waves travel. Pink: Aluminum electrodes for applying the voltage.

that we get an electric field with alternating sign between neighboring
comb fingers. Depending on the sign of the voltage, the inverse piezoelec-
tric effect causes a deformation below a finger that consists of stretching
or compression (see Figure 2.5b).

The compressions created under an IDT finger travel with the phase ve-
locity v towards its neighboring fingers. The idea is to switch the polar-
ity of the voltage when the deformation reaches the next finger so that it
is amplified and we get constructive interference. To do so, the distance
d between two neighboring fingers and the applied AC frequency ft are
of relevance. We set d = λ

2 and therefore the deformation reaches the
next finger after T

2 = d
v corresponding to a frequency of the surface wave

Version of January 16, 2026– Created January 16, 2026 - 15:59
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14 Theoretical Background

fSAW = 1
T = v

2d . As mentioned above, the coupling occurs on the piezo-
electric axis where pseudo SAWs are created. Given that we want to excite
the waves efficiently at a frequency around 1 GHz and a phase velocity
around 2800 ms−1, we set the periodicity of the IDT fingers to λ = 2.8 µm
[23].

14
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Chapter 3
Experimental Methods

3.1 Sample design

The sample for this project is shown in Figure 3.1 and primarily consists
of (001)-cut GaAs. An IDT has been patterned at the center of the sample’s
surface to generate acoustic waves along the [110] piezoelectric axis. The
IDT fingers are located within the black rectangular region and are con-
nected to the two parts above and below. A zoomed-in view reveals their
comb-like structure. To observe the omnidirectional propagation of acous-
tic waves, we require scattering and reflection of the waves. Two areas to
the left and right of the IDT are patterned with 1 µm metallic dots in a ran-
dom arrangement, designed to weakly scatter the waves (see zoom-in).
The sample has been fabricated using a lift-off process with electron-beam
lithography (EBL). GaAs serves as the substrate for IDT and scattering
areas, that consist of layers of titanium (3 nm), aluminum (44 nm) and
titanium (3 nm). The metals have been deposited using evaporation.

While this thesis focuses on the phase velocity of the omnidirectional acous-
tic waves, one could also investigate the scattering areas themselves. For
example, by measuring amplitude and phase, one could gain insights into
the localization of waves within the random media created by the design.

3.2 Setup

We measure the acoustic amplitude and phase with an optical interfero-
metric setup (see Figure 3.2) that is described in great detail by Fisicaro et
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16 Experimental Methods

Scattering area Scattering areaIDT

[110]

[110]  

5 μm

Figure 3.1: Sample with IDT (center) and two scattering areas. Zoom-ins reveal
the structure of the IDT fingers and the scattering area.

al. [24].

Before a measurement can be started, we need to make sure that acoustic
waves are created by driving the IDT on the sample with a RF genera-
tor. Then, coming from source A, 980 nm continuous laser light is passed
through a 50:50 fiber polarization maintaining beam splitter (PM BS) into
the sample (D) and reference (C) arm of a Michelson interferometer. Once
in the sample arm, the light travels through free space, where it is colli-
mated and focused perpendicularly onto a spot (diameter ≈ 2.8 µm) on
our sample surface using two lenses. We scan over the sample by moving
the stage onto which the sample is mounted and the displacement out of
plane on the sample causes changes in the optical path length (OPL) of
the sample arm. The light in the reference arm is reflected back by a mir-
ror mounted onto a piezo. The reflected light from both arms travels back
through the 50:50 beam splitter where it interferes and travels to another
30:70 beam splitter. The larger part of the interferometric signal is read out
with a RF photodiode (RF PD).

The optical power fluctuations measured with the RF PD are inserted into

16
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3.2 Setup 17

𝜆 = 980 nm

Sample

Figure 3.2: Setup. Michelson interferometer with input laser (A), sample arm
(D), reference arm with piezo (C) and output via (B). Slow PD for feedback to
reference arm and RF PD for measurement signal itself. The RF generator creates
a signal for the sample IDT and the heterodyne circuit. The full wave information
(i.e. amplitude and phase) is recovered with the lock-in amplifier.

the heterodyne circuit. A fraction of the original RF generator signal is
split off and directly inserted through another port into the heterodyne
circuit to serve as a reference.
We need to first down-convert the signals from GHz to MHz frequencies
(here 22.05 MHz) with a local oscillator. Note that the heterodyne circuit
only detects the time average of our fluctuations (i.e. root mean square
power values) at every pixel. Only at lower frequencies can we demodu-
late the measurement signal with a lock-in amplifier to obtain amplitude
and phase of our acoustic waves. The reference signal serves as external
oscillator.

The portion of the light that does not enter the RF PD is read out with
a slow photodiode (slow PD). The signal from the slow PD serves as er-
ror signal, which is used to lock the system at the side of the fringe. A
proportional-integral-derivative (PID) controller, along with an amplifier
and piezo driver, then provides feedback to drive the piezo and stabilize
the interferometer.

In the sample arm of the interferometer, a part of the light can be directed
to either a CCD (charge-coupled device) camera to navigate over the sam-
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18 Experimental Methods

Sample stage

Sample

Lens

Metal plates

RF absorbing 
material

Figure 3.3: Picture of sample mounted on sample stage and plates to the sides
to reduce RF leakage. A lens in front focuses the incoming laser light onto the
sample.

ple and to adjust the laser focus, or to a reference PD that is combined
with an analog-to-digital converter to record the reflected DC power dur-
ing measurements.

Figure 3.3 shows the lens that focuses the light on the sample which is
mounted onto a sample stage. The stage can move in 14 nm steps in
the horizontal direction and in the vertical direction the step size depends
on the settings on scanning area, scanning speed and amount of scanned
lines. Note the two round metal plates that are filled with RF absorbing
material to the sides of the sample and lens. During measurements, one
can observe RF leakage that is originating from the sample or the con-
nected cable carrying the RF signal. The RF measuring electronics take
up the leakage signal. We try to reduce this by encasing the RF PD into
a metal box and covering the signal-carrying cables with metal mesh and
aluminum foil. The two plates with RF absorbing material are helpful in

18
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3.3 Measurement of amplitude and phase 19

SAWSAW
scattering

areaIDT

Figure 3.4: Phase measurement at the IDT and scattering area to the right. Arrows
indicate the waves created by the IDT. (measurement 04)

further reducing the noise in the measured signal.
There also exist different measurement approaches to deal with RF leakage
such as intensity-modulated spectral interferometry that down-convert
the signal before measuring to be able to do measurements at lower fre-
quencies with a spectrometer [25]. A second approach is to apply a voltage
from two sides to the IDT with a π phase shift. This is shown in the paper
of Ota et al. for a scheme with 3 GHz frequency [26]. The corresponding
electromagnetic wavelengths around 100 mm are much larger than the
size of the IDT (< 1 mm) and the electromagnetic fields at the pads can
destructively interfere. That leads to a great reduction of around 90 % of
the electromagnetic field in the surrounding [26].

3.3 Measurement of amplitude and phase

To get an idea of typical measurements, we can briefly look at the phase
measurement that includes the IDT and one of the scattering areas. In
Figure 3.4, we observe waves created by the IDT that are traveling in the
horizontal direction to the right and left. The waves coming from the IDT
are indicated by arrows. Due to the low resolution in this figure, we take
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20 Experimental Methods

Figure 3.5 to characterize the phase in detail. The IDT is clearly visible,
and with it the pink dots related to the wire bonding. The horizontal pink
stripes that are mostly at the top and bottom can be related to moments
when the interferometer was not locked.

Our main area of interest (see Figure 3.5e) comprises the free GaAs next to
the IDT together with the smaller scattering area, which lies on the same
side of the IDT. The waves travel mainly from the right to the left.
On Figure 3.5a we can observe the amplitude. The SAW amplitude ap-
pears as a broad, uniform band propagating away from the IDT. It is the
highest for the largest and the lowest for the smallest x values inside the
band. There are highly localized spots in the scattering area. We also note
weakly visible lines emerging up- and downwards from the scattering
area. From the behavior of the amplitude, we can already see that there is
only weak scattering effects visible and large parts of our waves are being
transmitted.
To understand how much waves are transmitted, we consider the average
of 10 amplitude cross sections between y = [550 µm, 750 µm] (see Fig-
ure 3.5c). The amplitude close to the IDT is around 0.13 mV and we ob-
serve a slight decrease in the negative x-direction until the scattering area
is reached around x = 500 µm. At x-values corresponding to the scatter-
ing area, we observe narrow peaks, the largest with a 0.23 mV amplitude.
There is an overall decrease in amplitude and after the scatterers the am-
plitude is around 0.08 mV that is approximately 38 % smaller than next to
the IDT. More than 60 % of the waves have been transmitted.
The phase (see Figure 3.5b) can be better understood by looking at a cross
section of the wave created by the IDT. We observe a sawtooth shape on
the cross section part (see Figure 3.5c) that corresponds to free GaAs. It
means that the phase is linearly in- or decreasing. At the scattering area,
there are phase jumps. After that, the periodic sawtooth pattern is visible
again. Coming back to the full phase plot in Figure 3.5b, we observe the
phase jumps all over the scattering area and a complex pattern above and
below the area that indicates the existence of waves in many directions.
Note that the phase encodes the periodicity of the waves.

To improve our understanding of the scattering effect of our scatterers, we
can zoom in on one of the scattering areas. One of the scattering dots can
be seen in Figure A.1 of section A.1.

20
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(e) Figure of sample. The measurement area is indicated by the square
box.

Figure 3.5: Measurement used for data extraction. (a) shows the amplitude with
a cross section made visible in (c). (b) shows the phase with a cross section (d).
(e) shows the chosen area for the measurement on the sample. (measurement 33)
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Chapter 4
Spatial Fourier Analysis

Our goal is to identify acoustic modes from the experimental scans. For
this, we first use the amplitude and phase to find the spatial frequencies
of the measured acoustic waves. In the next step, we calculate the phase
velocity v with the associated angle θ from the frequencies. The modes are
then identified using the theoretical model in the chapter that follows.

We take the amplitude and phase from the measurement as in Figure 3.5
that covered a region that included the smaller scattering region. Ampli-
tude A and phase ϕ contain the full wave information, A · eiϕ. To find
the spatial frequencies, we make use of a 2D Fast Fourier transform (FFT).
Although we want to use an area that is as large as possible for our evalua-
tion, we cannot use the scattering region to find all the wave modes. Using
the scattering region means adding noise to our frequency picture. How-
ever, we want to still keep the apparent resolution large, so we choose to
pad the region with zeros (see Figure 4.1). With that, the frequency bins
will stay finer, and it is easier to distinguish peaks. Before we can per-
form the FFT, we apply a window to the region next to the region that has
been padded with zeros. This can be done to reduce spectral leakage that
arises due to the limited measurement space. We typically use a circular
Kaiser window because we want to measure waves with high precision in
all directions, but it is also possible to use a rectangular Tukey (or cosine-
tapered) or Kaiser window in general.

Using MATLAB, we then perform the FFT to extract the spatial frequency
information. As the resulting values of the FFT are complex, we look at
their magnitude which shows us the strength of different spatial frequen-
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RemovedRegion for v(𝜃)

SAW SAW

Scattering 
region

Figure 4.1: Sample with marked measurement region. It is split into the removed
region that is padded with zeros and the region on which the window is applied.
The scattering regions is marked inside the removed region.

cies. We call the high-magnitude regions ridges as they mostly come as
long lines. Figure 4.2 shows a typical FFT obtained after measurements
with our sample. Note that there is a trade-off for the strength of the win-
dow, that is, for how fast values decrease. A stronger window might re-
duce the spectral leakage that is caused by the FFT, but simultaneously
spectral broadening is happening where lines in the FFT get broader. The
latter effect can make smaller features less visible. The data is saved for
further use in a H5 file.

As expected from the theory on crystal structure in section 2.1, the FFT
plot (see Figure 4.2) has an overall 4-fold symmetry and four mirror axes
that are vertical, horizontal and diagonal, when considering the circular
lines. In principle, it would therefore be enough to discuss one octant. For
more complete data points for each mode and for a simplification of the
results, we choose to combine data from the four quadrants by using the
horizontal and vertical mirror axes. We fold the data into one single quad-
rant by choice. As our sampling in x and y can be different depending on
the measurement, we choose not to use an octant, because methods, as in-
terpolation, would be required for the folding. Further, the ridge detection

24
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1

1'

4

4

Figure 4.2: FFT plot from measurement between IDT and small scattering region.
Red rectangles with dashed lines mark where the pixels have later have been
modified. The strongest magnitude region is around (1), followed by (1’). Black
arrows point at spectral leakage lines. Green arrows point out the sidebands.

of the data extraction method, that is explained at the end of this chapter,
would not work as well having a diagonal border line of the octant. It is
of course also possible to skip the folding and to consider at all spatial di-
rections.
We further attribute the straight lines that break the symmetry to spectral
leakage effects. We observe vertical and horizontal lines going through
the regions of strongest magnitude in the FFT, so around (1) and (1’). It is
not clear why they are mainly visible in vertical and horizontal directions
despite having used a circular window before taking the FFT. It might be
related to the underlying image being rectangular and divided into rectan-
gular pixels. We can also observe diagonal lines emerging from the region
of strongest magnitude, where one is particularly well visible. This could
also be due to spectral leakage.

In addition, we observe parallel lines to the right and left of the highest
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magnitude regions (see Figure 4.2, (4)). They bear resemblance to side-
bands. When looking closely, we can even see gaps as in the central line
between the sidebands, but shifted in x direction. Their origin lies prob-
ably in the periodicity of the stage motor in x direction. The motor ends
one turn after approximately 15 µm which corresponds to a frequency of
approximately 0.6 µm−1. The sidebands in the FFT are also approximately
0.6 µm−1 away from the surface mode lines, and we only observe the shift
in x direction. We suggest therefore that an amplitude modulation, that
is related to the x direction stage motor, might cause the sidebands. Sim-
ilarly as in the highest magnitude regions, we can see perfectly straight
vertical lines emerging from the upper and lower ends of the sidebands
that originate from the spectral leakage.

The visible modes at higher angles are better visible on the left side of
Figure 4.2, which could be related to them being created by the scattering
centers and edges of the sample that cause backscattered waves. This leads
to a wider angular spread of propagating waves and less concentration to
the [110] crystal direction (labeled as main propagation axis). We label the
waves as forward traveling on the right side of our FFT and as backward
traveling on the left side.

Before being able to extract the spatial frequencies that correspond to our
ridges in the FFT, we need to consider the spectral leakage lines with the
highest magnitude marked with red rectangles in Figure 4.2. If we do not
deal with them, they are detected during the later ridge detection. For
the vertical line, we only consider the parts above and below the high
magnitude region. We choose a width in x and replace inside values of
the line with averaged magnitude values from a few pixels to the left and
right outside the region. The horizontal line segment is dealt with in a
similar manner. In this case, pixels above and below the line are taken for
replacement.

The process of extracting spatial frequency data from the FFT plots and to
obtain from it v(θ) is illustrated in the flow chart in Figure 4.4 and is done
in Python. The FFT returns a complex number for every spatial frequency
coordinate (fx,fy) where the highest detected frequencies are limited by the
resolution in real space, or by the sampling rate. We want to know how
strong frequencies are in our measurement. Therefore, we consider the
magnitude of the Fourier transform. As there are only few strong signals
and a lot much weaker signals, we need to improve the detectability of
weak against strong lines. For that, we first normalize the data and then
apply a log-scaling. Then we use Gaussian smoothing to suppress small
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structures related to noise and get a scale-space representation that is used
for further steps. The scaling has to be specified by the σ parameter which
represents the standard deviation of the Gaussian kernel. It is included in
the functions for line, or ridge, detection.

The following ridge detection is then done with filters of the scikit-image
library* which are based on the Hessian matrix

HL =

 ∂2L
(∂fx)2

∂2L
∂fx∂fy

∂2L
∂fy∂fx

∂2L
(∂fy)2

 (4.1)

that describes the local curvature of a function L, in this case, the magni-
tude in the scale-space.

We have tried the filters based on methods by Frangi [27], Meijering [28]
and Sato [28]. Frangi’s method has worked the best, but Meijering might
be a good alternative. Sato was sorted out due to much background noise
being picked up.
Figure 4.3 shows an example of the ridge detection with Frangi’s filter
and the steps we performed afterwards. The output of the ridge detection
is the ridge-ness score r which is a measure for the ridge strength and
assigned to every pixel on the grid. A higher value is obtained for pixel
areas with higher magnitude. Depending on the exact method it can be
referred to as the vesselness (Frangi) or the neuritness (Meijering). The
result is binarized by setting a threshold to the ridge-ness score. This can
filter some of the background noise, that has been erroneously detected
and leaves us with the detected ridges.

To identify the different modes, we use DBSCAN clustering of the scikit-
learn library†. Important parameters for the clustering are eps, the dis-
tance within points are considered as neighbors, and min samples, the
minimal number of points in the neighborhood to consider a point a core
point. The larger min samples, the denser clusters found will be. In case
some noise has been clustered, it can be sometimes filtered out by only
taking clusters with a smaller or larger amount of points. Finally, we get
a list of frequencies for each cluster that correspond to different modes in
the optimal case.

The just introduced extraction steps bring a few challenges. One wants
to keep ridges that actually belong to lines and discard noisy data points

*https://scikit-image.org/docs/stable/api/skimage.filters.html
†https://scikit-learn.org/stable/modules/generated/sklearn.cluster.DBSCAN.html
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Figure 4.3: Steps to extract points in lines. (a) Ridge-ness score r(fx,fy) after Frangi
ridge detection. (b) Binarization of the data for r > threshold (white = True, black
= False). (c) Detected points in black shown on FFT plot. (d) Found clusters via
DBSCAN clustering.
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FFT Input: Magnitude

Pre-processing:
Log-scale and
normalization

Ridge detection:
Frangi or Meijering

Ridge-ness score
of each pixel

Binarization:
set threshold

DBSCAN clustering Spatial frequen-
cies in clusters

Calculate v and θ

For each point
in cluster i

Average over points
inside 1◦ angle bin

Refined v and
θ per cluster

i+1

Figure 4.4: Flowchart illustrating the data extractions steps from the FFT to the
refined values for v and θ.
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and artifact lines. Even with the normalization and log-scaling, some rele-
vant lines that are visible by eye have a magnitude at the order of noise in
other regions. This makes it hard to detect those weak lines. Either there
are methods through the measurement technique and sample design to
reduce further noise, or one can also restrict the area on which ridge de-
tection is performed. For detecting the shear vertical bulk mode it has
been helpful to zoom into a rectangular area around the line. As it was
only visible on the left half-sphere, only the two left quadrants have been
combined instead of taking all. The Python code is split into two files that
permit us to extract the frequencies and then calculate v(θ). Therefore, it
is possible to do the general ridge detection where all quadrants are com-
bined and then detect, for instance, a low magnitude line of the chosen
region. Two obtained frequency files for the full and only the weak line
region (in H5 file format) can then be used in the next step.

The extracted spatial frequencies fx and fy with their associated magnitude
m can be used to calculate the associated angle θ and phase velocity v by

θi = arctan
fyi

fxi

(4.2)

vi =
ft√

f2
xi
+ f2

yi

, (4.3)

where ft = 1.03205 GHz is the temporal frequency of the waves. Recall
from section 3.2 that ft can be set via the function generator in the experi-
mental setup. The zero degree angle is defined for (1, 0)T in the coordinate
system (corresponding to [110] crystal direction) and (−1, 0)T represents
±180◦. The angles decrease in the clockwise direction and increase in the
other direction. Subsequently, we divide the data into one-degree angle
bins. For each bin, the weighted average of angles and phase velocities is
calculated by θ̄ = ∑ mi·θi

∑ mi
(idem for v).
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Chapter 5
Results and Discussion on v(θ)

This chapter shows the results using angle-resolved phase velocity graphs
and the FFT, compares them to the theoretical model and refers to what
can be further seen on the FFT. Observations on the measured modes and
deviations are discussed.

Figure 5.1 displays extracted values from one of our measurements with
their associated variance in terms of the error due to the pixel size in our
FFT plots and due to the averaging which gives a geometric error. Calcu-
lations for those can be found in the Appendix A.2.

We observe that the angle dependent velocities of the detected acoustic
modes are in good agreement with the theoretical model. From the bulk
modes (see (2a-c)), we managed to find the longitudinal mode (2a) around
the [110] crystal direction up to 45◦. The shear horizontal mode (2c) could
only be detected at larger angles that are further away from the main prop-
agating direction and the shear vertical mode (2b) has not been detected.
Both surface modes have been found. For the pseudo SAW mode (1), only
the last part at the avoided crossing has not been extracted. The SAW
mode (3) results also agree well with the theory and there is a part of the
pure SAW mode below the pseudo SAW mode that has not been found de-
spite the boundary conditions still being fulfilled according to the model.
We note that the sidebands, as pointed out in Figure 4.2, have been de-
tected, too.

To gain deeper insight, we now discuss the origin and nature of the modes.
Recall that we primarily generate pseudo SAWs on our sample, so we seek
to understand why we observe other modes. Pseudo SAWs can couple to
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Figure 5.1: v(θ) results for the (001) plane in GaAs. (1) Pseudo SAW, (2a) Lon-
gitudinal BAW, (2b) Shear vertical BAW, (2c) Shear horizontal BAW, (3) SAW, (4)
Sidebands

other modes, but we cannot say for sure what kind of coupling is happen-
ing in this measurement. Besides, surface modes can be scattered into bulk
modes by the IDT, the scatterers and the sample edges. To understand why
modes are excited, we would need to perform further analysis of our mea-
surements. The fact that we can measure the longitudinal and the shear
horizontal bulk mode at the surface might seem illogical as they are not
expected to have out-of-plane components which change the optical path-
length. We have thought of two mechanism that could make it possible
for us to measure the modes nevertheless. The first is that the refractive
index of the surface is changed by the acoustic wave which changes the
acousto-optic interaction during the reflection of light in the interferome-
ter. The second is that the boundary conditions on traction can alter the
displacement profile of the modes, possibly introducing an out-of-plane
component at the surface of our sample.
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Figure 5.2: v(θ) zoom-in. Mode anti-crossings involving the pseudo SAW and
pure SAW mode. The shear horizontal bulk mode is passing through the centers
of the avoided crossings according to the theoretical model.

Avoided crossings of modes

We can also have a closer look at the part, where both surface modes co-
exist (see Figure 5.2). We find that the normal SAW mode and the pseudo
SAW mode bend away from each other. This resembles an avoided cross-
ing. There is a window of a width of a few degrees in our measurement
where both surface modes coexist. A pure SAW mode starts to appear at
a lower phase velocity, just below the theoretical bulk phase velocity, and
the pseudo SAW starts to quickly fade out. It looks like a split in energy
levels due to a coupling between the surface modes. Whether the shear
horizontal bulk mode exists in the gap and is involved in the coupling re-
mains unclear. In the actual measurement, we did not measure the bulk
mode in the avoided crossing gap.
If there was no coupling, we could probably expect a continuous line for
the surface modes that oscillates between a maximum around nπ

2 (n ∈ Z)
and a minimum around π

4 + nπ
2 .

To summarize our results, we observe a good general agreement of our
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experimental results with the theoretical model, where we measure the
surface modes and several of the bulk modes. The observed avoided cross-
ings in the surface modes could go back to a coupling between them that
changes in character over different crystal directions.

Note that apart from the observed avoided crossings, we have also ana-
lyzed our FFT without folding quadrants as can be seen in section A.3.
This full analysis shows overall good results for v(θ), but smaller asym-
metric deviations up to 0.7 % from the theoretical model that have yet to
be explained.
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Chapter 6
Conclusion and Outlook

In this thesis, we have measured the acoustic wave modes on the (001)
surface of GaAs. We have developed a pipeline to automatically extract
the angle-dependent phase velocity v(θ) from amplitude and phase mea-
surements. Our sample was designed to create omnidirectional waves.
Performing a spatial FFT of our amplitude and phase data allowed us to
determine the spatial frequencies. Those can be partially associated with
different wave modes and the crystal symmetries allowed us to fold the
360◦ FFT into one 90◦ quadrant to improve our data quality. Finally, we
have calculated v(θ).

We specifically observed the pure and pseudo SAW modes with their avoi-
ded crossing, the longitudinal and the shear horizontal bulk mode. The
slight distortions of the v(θ) modes for the 360◦-resolved case with a max-
imum deviation of 0.7 % remain unclear.

Our setup allows us to investigate scattering caused by the scattering cen-
ters, the IDT and edges of our sample. From the dimensions of the scatter-
ing centers (d≈1.4 µm) and the wavelength (λ = 2.8 µm), we conclude that
we are in a Mie-like scattering regime which can be further investigated.
Having an area of randomly placed scattering centers, interference effects
of scattered waves, such as coherent backscattering, can be investigated.
Nevertheless, the latter can be at most weakly present in our sample, as
we observed weak global scattering effects and the backwards traveling
modes in the FFT were spread over a wide angle range.
To better understand what happens at the local level of scattering centers,
we could also perform and analyze close-up measurements of our scat-
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36 Conclusion and Outlook

tering area as we observed highly localized phase jumps and amplitude
maxima.

We could further try to qualitatively analyze the coupling of surface waves
to bulk waves and where bulk waves are present in our sample. This could
provide valuable information when building acoustic cavities as this cou-
pling can lead to a decrease in the Q factor. To learn about the presence
of certain bulk modes, we can filter out unwanted signals in the FFT. An
inverse Fourier transform returns the amplitude and phase connected to
the bulk mode studied.

To improve the focused cavities further, the next step would be to calculate
the group velocity vg to adapt their curvature for a better optomechanical
coupling in the focus. Given the good agreement of our theoretical model
with the experimental data, one approach for cavity design could be to use
the same model to calculate the group velocity.
Furthermore, Msall and Santos show a method how to obtain the group
velocity from the phase velocity [15]. In our case, we could model v(θ)
with a function and go back to spatial frequency space. In this space, we
know that v⃗p points in the radial direction and the group velocity points
in the normal direction of the spatial frequency curves. We can find the
angle between both directions for a fixed angle θ. The projection of vg

on the unit vector of the radial direction k̂ equals to the magnitude of the
phase velocity vp = k̂ · v⃗g = vg cos δ. With this relation, we can then obtain
the group velocity.

Finally, when having a model to build better focused cavities, it can also
become relevant to make sure that enough waves are actually reflected
by the acoustic Bragg mirrors and not transmitted or scattered into other
modes. That could, for instance, include considering the thickness out
of plane of the Bragg mirror (see [29]) and the amount of layers for high
enough reflection.
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Appendix A
Appendix

A.1 Amplitude and phase at scattering area

We zoom in to observe one of the bright spots we have discovered on our
plots at the scattering areas. Figure A.1 shows such a spot. We can observe
it in the amplitude as well as in the phase and the reflectivity. First, the
spot diameter can roughly be estimated to be around 2 − 3 µm. This is
close to the SAW wavelength of 2.8 µm and to the actual diameter of the
scatterers (1 µm). We can assume that there is actually a scatterer when
looking at the reflectivity plot in Figure A.1c. There is a clear difference in
reflected power. The amplitude does not only show a much higher value
at the scatterer, but also much lower ones in a few spots around it. This
indicates a displacement into the plane. Observing the phase also shows
strong changes or jumps. Where the amplitude is particularly low, we can
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Figure A.1: Measurement 08. High amplitude spot in scattering area.
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see points of fast phase change. The effect of the scatterers has not been
further investigated in this thesis.

A.2 Phase velocity and angle error

There are two considered sources of error that are shown in the v(θ) plots
Figure 5.1.
The pixel error in the FFT stems from the limited area which is available
for performing the transform. Often in our measurements, we had more
space available in y-direction, thus the pixel step was smaller in y than in x.
We denote the pixel error as ∆fx and ∆fy. We model a uniform distribution

to each bin, which comes down to a standard deviation of ∆upixel =
∆fx,y√

12
in both directions respectively.
Error propagation of the form

(∆g(x, y))2 =

(
∂g
∂x

)2

(∆x)2 +

(
∂g
∂y

)2

(∆y)2 + 2
(∂g)2

∂x∂y
cov(x, y) (A.1)

can be used. Note that in our case, we have independent variables fx and
fy, so cov(x, y) = 0. With the help of error propagation and the equations
4.2, one finds

∆θi =

√√√√( ft

f3
r

)2 (
(fx∆upixel,x)2 + (fy∆upixel,y)2

)
(A.2)

∆vi =

√√√√( 1
f4
r

) (
(fy∆upixel,x)2 + (fx∆upixel,y)2

)
(A.3)

with ∆ representing the standard deviation and i representing one data
point. The averaging over the points in the angle bins further leads to

∆θ̄px,k =

√
∑ m2

i ∆θi

(∑ mi)2 (A.4)

∆v̄px,k =

√
∑ m2

i ∆vi

(∑ mi)2 (A.5)

with k the index of a bin.
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Figure A.2: v(θ) of surface modes for all crystal directions with experimental data
(in orange) and theoretical model (blue and pink lines). The crystal directions
corresponding to the angles are indicated with orange arrows.

Another measure of uncertainty originates from the averaging which is
the geometrical spread of points from the average in each bin k.

∆θ̄geom,k =

√
∑ mi · (θi − θ̄k)2

∑ mi
(A.6)

∆v̄geom,k =

√
∑ mi · (vi − v̄k)2

∑ mi
(A.7)

The standard deviations have been represented on the plots in chapter 5,
where σpixel stands for errors originating from the pixels and σsc stands for
the geometrical spread error (see for instance Figure 5.1).
In the majority of associated errors, they were relatively small, but could
also not provide further insight into deviations observed in chapter 5.
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A.3 Symmetries for 360◦

So far, we have only considered averaged data of the FFT quadrants folded
into one. We can also consider the full circle and make some interesting
observations on the surface modes (see Figure A.2).

Although our measured modes fit the model quite well, we observe data
points that deviate slightly from the model. The pseudo SAW in the [110]
direction, or 0◦, simply causes spectral leakage and high magnitude noise
which is taken up by the ridge detection method and therefore the ob-
tained points have a higher geometrical spread and do not fit the model
as well as in other parts.
However, there are also surface modes in other directions, that deviate
from the model. The largest deviation (see Figure A.2) is around −135◦

with 20 ms−1 lower than in the model. The quadrants on the top right
(0◦ − 90◦) and on the bottom left (−180◦ to −90◦) deviate the most. The
degree of deviation also varies within the quadrants and we cannot see a
symmetry pattern. The experimental investigations into these deviations
have not been part of this project and have not lead to a conclusive expla-
nation yet.

We have also considered the precision of the data extraction through the
ridge detection process as potential source of the deviations. For that, we
estimated the required distance between a detected point and the center
of the ridge to cause a 20 ms−1 deviation of the phase velocity. When
observing the overlap of brightest magnitude and detected points, there
always seemed to be a good overlap and a ridge with a width of a few
pixels. We can make an estimate for our measurement to see whether
detected pixels that are more on the side of the ridge could cause a large
enough deviation.

The size of pixels is ∆fx,pixel = 0.0007712 µm−1 and ∆fy,pixel = 0.000769 µm−1.
We recall that v= ft√

f2
x+f2

y

= ft
fs

and from there we get

∆fs =
ft

v + ∆v
− ft

v
(A.8)

which allows to calculate the spatial frequency deviation in the radial di-
rection of the FFT for a chosen phase velocity.

We consider the mode with the largest experimental deviation from the
model at θ = −135◦ (see Figure A.3a).
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Figure A.3: (a) FFT with arrows indicating the direction of largest deviation in
found phase velocity, the horizontal axis direction and the angle between them.
(b) Enlarged representation of pixel with correct ratio. (c) Square filled with rect-
angular pixels with pixel diagonal in red and square diagonal in black to show
the different directions of square and pixel diagonal in an exaggerated manner.

• v= 2700 ms−1 and ∆v = −20 ms−1

• Then, ∆fs ≈ −0.00285 µm−1 (ft = 1.03205 GHz).

We note that our pixels are nearly square as ∆fx,pixel ≈ ∆fy,pixel (see Fig-
ure A.3b). The angle we consider (θ = −135◦) is spanned by the horizon-
tal axis and the perpendicular through the FFT line, that can also said to
be 45◦ away from the horizontal axis. There is a negligible deviation of the
pixel diagonal direction from the direction of this perpendicular.

• Angle of pixel diagonal (with horizontal axis): arctan
(

∆fy,pixel
∆fx,pixel

)
=

44.9...◦ ≈ 45◦

• The measured deviation in diagonal pixel steps: ∆fs√
(∆fx,pixel)2+(∆fy,pixel)2 =

2.6168... ≈ 2.6

This is around half of the width of the usually detected ridge along the
pixel diagonal. However, we have never observed that points of the de-
tected ridge deviate that strongly from the highest magnitude. Only smaller
deviations in the phase velocity could perhaps partially be caused by the
extraction method as a 5 ms−1 deviation corresponds to a 0.65 pixel steps.

The largest deviation corresponds roughly to a 20 ms−1

2700 ms−1 ≈ 0.7 % deviation.
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This is still less than in the surface mode measurements of Kuok, where
deviations of 2.5 % or larger were found [18].
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