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Zusammenfassung

Phononische Kristalle sind strukturierte Materialien mitsich periodiscḧandernden elastis-
chen Moduln auf der Wellenlängenskala. Die Interaktion zwischen Schallwellen und pe-
riodischer Struktur erzeugt interessante Interferenzphänomene, und phononische Kristalle
erschließen neue Funktionaliẗaten, die in unstrukturierter Materie unzugänglich sind. Hy-
personische phononische Kristalle im Speziellen, die bei GHz Frequenzen arbeiten, haben
Periodiziẗaten in der Gr̈oßenordnung der Wellenlänge sichtbaren Lichts und zeigen daher
die Wege auf, gleichzeitig Licht- und Schallausbreitung und -lokalisation zu kontrollieren,
und dadurch die Realisierung neuartiger akusto-optischer Anordnungen. Bisher bekannte
hypersonische phononische Kristalle basieren auf thermoplastischen Polymeren oder Epox-
iden und haben nur eingeschränkte thermische und mechanische Stabilität und mechanischen
Kontrast. Phononische Kristalle, die aus mit Flüssigkeit gef̈ullten zylindrischen Kan̈alen in
harter Matrix bestehen, zeigen einen sehr hohen elastischen Kontrast und sind bislang noch
unerforscht. In dieser Dissertation wird die experimentelle Untersuchung zweidimensionaler
hypersonischer phononischer Kristalle mit hexagonaler Anordnung zylindrischer Nanoporen
basierend auf der Selbstorganisation anodischen Aluminiumoxids (AAO) beschrieben. Dazu
wird die Technik der hochaufl̈osenden inelastischen Brillouin Lichtstreuung (BLS) verwendet.
AAO ist ein vielsetiges Modellsystem für die Untersuchung reicher phononischer Phänomene
im GHz-Bereich, die eng mit den sich in den Nanoporen befindlichen Fl̈ussigkeiten und
deren Interaktion mit der Porenwand verknüpft sind. Gerichteter Fluss elastischer Energie
parallel und orthogonal zu der Kanalachse, Lokalisierung von Phononen und Beeinflussung
der phononischen Bandstruktur bei gleichzeitig präziser Kontrolle des Volumenbruchs der
Kan̈ale (Porosiẗat) werden er̈ortert. Außerdem erm̈oglicht die thermische Stabilität von AAO
ein temperaturabḧangiges Schalten phononischer Eigenschaften infolge temperaturinduzierter
Phasen̈uberg̈ange in den Nanoporen. In monokristallinen zweidimensionalen phononischen
AAO Kristallen unterscheiden sich die Dispersionsrelationen empfindlich entlang zweier hoch
symmetrischer Richtungen in der Brillouinzone, abhängig davon, ob die Poren leer oder
gef̈ullt sind. Alle experimentellen Dispersionsrelationen werden unter Zuhilfenahme theo-
retische Ergebnisse durch finite Elemente Analyse (FDTD) gedeutet. Die Zuordnung der Ver-
schiebungsfelder der elastischen Wellen erklärt die Natur aller phononischen Moden.



Abstract

Phononic crystals are structured materials, which have periodic elastic modulus distributions
at wavelength scale, and develop new functions that are never observed in free space since
the interaction between sound waves and periodic structures creates interesting interference
phenomena. In particular, since hypersonic phononic crystals that operate at gigahertz (GHz)
frequencies are composite materials with a period comparable to the wavelength of light, they
possess potential for various simultaneous control of light and sound by localizing or prop-
agating them, and applications to novel acousto-optical devices utilizing the enhancement
of acousto-optical interactions can be envisioned. Previously-reported hypersonic phononic
crystals, which are based on thermoplastic polymers or epoxy, have limited thermal and me-
chanical instability and elastic contrast. Moreover, despite high elastic contrast, hypersonic
phononic crystals based on periodic arrays of cylindrical channels filled with liquids in a rigid
matrix have remained essentially unexplored. In this thesis, using high-resolution Brillouin
light scattering (BLS), two-dimensional (2D) hypersonic phononic crystals based on self-
ordered anodic aluminium oxide (AAO) containing hexagonalarrays of cylindrical nanopores
with submicron periodicity are investigated in order to understand the behaviors of elastic
wave propagation in these crystals. AAO is a versatile modelsystem for exploration of rich
phonon phenomena at GHz frequencies, which are intimately linked to fluids located in the
nanopores and their interactions with the pore walls. Consequently, directional flow of elas-
tic energy parallel and perpendicular to the pore axes, phonon localization and tunability of
the phononic band structure are realized through the variation of the porosity and change of
the physical state of the material residing in the nanopores. In addition, the thermal stability
of AAO allows the switching of the hypersonic properties by means of temperature induced
phase transitions in the AAO nanopores. For monodomain 2D AAO phononic crystals, the
disparity of the dispersion relations along two high symmetry directions in the Brillouin zone
sensitively depends whether the nanopores are empty or filled. The nature of the main wave
propagation modes in the experimental phononic band diagram is identified via finite dif-
ferential time domain (FDTD) calculations complemented bythe map of the corresponding
displacement field.
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1. Introduction

1.1. Overview

Scientific technology has been making various impacts and spillover effects on our daily life
in the course of its development. The invention of the transistor[1] is often considered as
being one of the greatest inventions of the 20th century. Nonlinear solid-state devices such as
transistors, diodes and rectifiers that control electricalconduction are key active components
in practically all modern electronics. In the late 1980s, a new class of materials, so-called
photoniccrystals, has been introduced.[2, 3] Photoniccrystals are periodic dielectric media
with a large difference in their refractive indices (Fig. 1.1) and have the potential to control the
optical properties of materials. The fundamental propertyof photonic crystals is the formation
of photonic bandgaps, through which specific wavelengths oflight cannot propagate. This is
the optical analogue of bandgaps for electron waves in semiconductors (electronic crystals).
Therefore, photonic crystals could develop new functions which are never observed in free
space, such as localization and guiding of light, slow lightand negative refraction, thus leading
to many applications in telecommunications, high-speed computers, large-area coherent laser
action and optical imaging.

Since the introduction of photonic crystals, another new class of materials controlling over
phonons, sound and other mechanical waves, which are referred to asphononiccrystals, has
drawn a great deal of attention.Phononiccrystals have periodical elastic modulus distribution,
and are the acoustic analogue ofphotoniccrystals. Although the physical nature of phononic
crystals is different from one of photonic crystals as well as semiconductors, the physical ori-
gin of the bandgap formation is essentially the same in thesematerials. However, from the
scientific point of view, physics of phononic crystals grow increasingly complex compared to
photonic and electronic crystals. Mechanical waves can have both longitudinal and transverse
components, in contrast to electromagnetic waves, which only have the transverse compo-
nent, and electron waves, which are scalar. Moreover, as formechanical waves, while both
longitudinal and transverse displacement waves can propagate in solids, only longitudinal dis-
placement waves are allowed to propagate in fluids. As a result, the formation of complete
phononic bandgaps depends on a number of parameters and is significantly harder than that of
actively investigated photonic bandgaps since phononic structures having bandgaps for both
longitudinal and transverse waves in the same frequency region must be designed.

The research on phononic crystals with complete bandgaps initiated in 1992 with theoret-
ical work by Sigalas and Economou.[4] They reported that phononic structures consisting of
three-dimensional (3D), periodic, identical high-density spheres which are placed in a low-
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1D

2D

3D

Figure 1.1.: A variety of one- (1D), two- (2D) or three-dimensional (3D) photonic or phononic
crystals. While the defining characteristic of a photonic crystal is the periodic-
ity of dielectric medium, one of a phononic crystal is the periodicity of elastic
medium.

density host homogeneous material possess complete phononic bandgaps. These phononic
structures can be either solid/solid or fluid/fluid. Subsequently, they also reported that an infi-
nite two-dimensional (2D) square array of high-density cylinders embedded periodically in a
low-density host material could possess a complete phononic bandgap for both solid/solid and
fluid/fluid structures in 2D.[5] Although Sigalas and Economou showed that both 2D and 3D
periodic fluid/fluid or solid/solid phononic structures show complete phononic bandgaps, they
predicted that complete phononic bandgaps should also exist in solid/fluid phononic structures
despite the fact that both longitudinal and transverse elastic waves propagate at two different
speeds in solids while acoustic waves propagate at a single speed in fluids. During much of
the same period, Kushwahaet al. reported the existence of complete phononic bandgaps for
transverse displacement of the elastic waves in 2D phononicstructures.[6]

In spite of a number of theoretical investigations reportedafter the two theoretical works de-
scribed above, an ideal phononic structure has not been found. In the past, a lot of studies have
focused on sonic and ultrasonic phononic crystals since they are promising for applications in
acoustics, sensing, and medical diagnostic, but also because of experimental convenience. As
a result, relatively large phononic bandgaps have been theoretically and experimentally re-
alized. However, a detailed understanding and control of sound wave propagation behavior
in hypersonic phononic crystals haven’t been done since fabrication of hypersonic phononic
crystals and determination of their phonon dispersion are significant experimental challenges.

The importance of investigations on hypersonic phononic properties have long been recog-
nized both from fundamental and practical points of view. Experimental techniques that can
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characterize these properties are of great value in understanding the elastic wave propaga-
tion behavior and designing hypersonic phononic crystals.Until now, there have been only
two techniques employed to investigate the phonon dispersion relation of periodic compos-
ite media, which are Brillouin light scattering (BLS)[7] and the optical pulse-pump probe
technique[8]. We have employed BLS spectroscopy to investigate the phononic properties of
hypersonic hybrid nanostructures based on anodic aluminium oxide (AAO). BLS is a powerful
and non-destructive technique that allows for the direct measurement of the phonon dispersion
relations along any direction in the Brillouin zone, thus leading to a further understanding of
detailed features of the propagation bands. It employs scattering of a laser beam by random
thermal phonons in the samples. In this thesis, phononic properties of hypersonic phononic
hybrid nanostructures consisting of AAO infiltrated with polymers and paraffin have been
investigated using BLS. It was found that each of the AAO-based hypersonic phononic hy-
brids shows very interesting elastic wave propagation behaviors. Furthermore, the phononic
dispersion relation in AAO along high symmetry directions of the two-dimensional lattice
constituted by the nanopores and the liquids located in the nanopores was simulated by means
of the numerical band structure calculations using the finite difference time domain (FDTD)
method.

1.2. Research on phononic crystals to date

Researchers who were inspired by exciting developments of photonic bandgap structures lead-
ing to a variety of phenomena of both fundamental physics andpractical device applications
began structural studies on phononic crystals. The theoretical research on phononic crystals
of complete bandgaps[5, 6] has been generally considered as the catalyst. Thereafter,recent
improvement of analytical method and of the measuring device sensitivity has led to under-
standing of mechanical wave propagation phenomena.

An important and beneficial properties of phononic crystalsin general is the scalability of
the frequency characteristics from the low audio frequencyto the terahertz (THz) range, i.e.
from seismic waves to phonon waves. It is useful to divide phononic crystals into three classes
- sonic, ultrasonic and hypersonic phononic crystals - based on their frequency operation.
Each of these classes leads to entirely different applications and requires completely different
technical approaches. Sonic crystals (1 Hz - 20 kHz) are important for sound manipulation
and communications; ultrasonic crystals (20 kHz - 1 GHz) play a role in imaging and non-
destructive testing; while hypersonic crystals (≥ 1 GHz) may lead to new applications in
acousto-optics, signal processing and thermo-electricity. Each of these classes of phononic
crystals is treated in more detail later in this section.

1.2.1. Sonic crystals

The major prospect of sonic crystals is their ability to control sound. This is of great inter-
est for applications such as acoustic filters, noise controland improvements in the design of
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Figure 1.2.: The kinematic sculpture by Eusebio Sempere, which consists of a periodic cubic
array of hollow stainless-steel cylinders with a diameter of 2.9 cm and a unit cell
of 10 cm. (Adapted from Ref.[9])

transducers. A number of reports have appeared on 2D sonic crystals because they have large
lattice constants in the range of millimeter to centimeter and can be fabricated more simply.

A good representation of sonic properties of a periodic structure was provided by Martínez-
Sala as shown in Fig. 1.2.[9] The kinematic sculpture contains cubic arrays of aligned hollow
stainless-steel cylinders with a diameter of 2.9 cm and a lattice constant of 10 cm. Martínez-
Salaet al. recognized that the sculpture would have a sonic bandgap, and performed sound
attenuation experiments on the sculpture shown in Fig. 1.2.They measured the acoustic trans-
mission of the sculpture as a function of sound frequency. They observed strong sound atten-
uation at a frequency of 1670 Hz, which could be ascribed to the formation of the first gap
when sound travels along the[100] direction in a square lattice.

The first observations of experimental bandgap structures for a sonic crystal were reported
by Śanchez-Ṕerezet al.[10], and by Robertson and Rudy[11]. Both works used a 2D periodic
array of stainless cylinders in air. In other experiments the formation of bandgaps was re-
ported on 2D periodic arrays of hollow copper cylinders[12], wood cylinders[13] and water-filled
elastically-soft polymer tubes[14], respectively, in air. On the other hand, sonic transmission
was measured on a 3D sonic crystal composed of a cubic array ofrubber coated with lead
spheres in an epoxy matrix.[15] Due to effective negative elastic constants caused by local-
ized resonances, such a 3D sonic crystal shows bandgaps witha lattice constant two orders of
magnitude smaller than the relevant wavelength.

The accomplishments of the phononic bandgap formation is ofgreat benefit to developing
new material function. One of the current hot topics in optics is, for example, the fabrica-
tion of superlenses. The negative refraction and superlensing effects in photonic crystals have
been experimentally demonstrated recently[16–20]. These studies stimulated research on the
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negative refraction for acoustic waves in phononic crystals. In practice, the negative refrac-
tion and superlensing effects of a surface wave have been experimentally and theoretically
demonstrated,[21] while the acoustic negative birefraction has been demonstrated in a 2D sonic
crystal composed of a hexagonal array of steel cylinders embedded in air[22]. Furthermore,
acoustic negative refraction with backward-wave effects have also been demonstrated both
theoretically and experimentally in a 2D sonic crystal consisting of a hexagonal array of air
cylinders embedded in aluminium.[23]

Since sonic crystals show many new effects and novel phenomena such as negative birefrac-
tion and backward-wave negative refraction, they will opena new path to the design of new
acoustic devices. However, a structure needs to be several tens of centimeters wide to create
a phononic bandgap in the sonic regime. While this might not bea problem for architectural
acoustics including the attenuation of traffic noise along highways, Earthquake and coastal
protection, it is impractical for many devices such as headphones and speakers.

1.2.2. Ultrasonic crystals

Since the properties of photonic crystals are scalable, theconstituents of ultrasonic crystals
and their lattice constants must be reduced to≈ 1 mm - 10µm with frequencies of≈ 20 kHz
- 500 MHz. Although ultrasonic crystals have a variety of potential applications as well as
sonic crystals, the technological application mostly liesin their ability to improve device per-
formance and resolution of conventional ultrasonic imaging and diagnostic imaging technique
by utilizing acoustic superlensing effects based on negative refraction. The ultrasonic acoustic
technology has already been used for medical ultrasonography. However, conventional ultra-
sonographers have drawbacks including limited penetration depth depending on the frequency
and limited ability to focus and reflect, thus causing difficulties in imaging structures. Ultra-
sonic crystals could be integrated into current imaging systems and overcome the drawbacks
mentioned.

The first experimental observation of a complete ultrasonicbandgap in a 2D phononic crys-
tal for the longitudinal mode has been realized[24]. This structure consists of a periodic square
array of mercury cylinders in an aluminium alloy plate. Thereafter, Vasseuret al. have demon-
strated complete ultrasonic bandgaps in a solid/solid 2D crystal consisting of a hexagonal array
of circular steel cylinders in epoxy matrix.[25] As is the case for sonic crystals, the formation of
phononic bandgaps leads to ultrasound tunneling through 1D[26] and 3D[27] phononic crystal
and negative refraction imaging[28–30]. According to Yanget al.[28] and Keet al.[29], negative
refraction of ultrasound waves was observed at frequenciesat the second band of the first com-
plete bandgap or above. Due to the anisotropy of the equifrequency surfaces or the circular
equifrequency contours, negative refraction of ultrasound occurs, thus resulting in focusing
diverging sound beams. Moreover, when it comes to a 2D phononic crystal[29], the achieved
resolution is above the diffraction limit and is much betterthan the resolution of conventional
focusing transducers.

In addition, dynamic imaging of surface waves in the ultrasound regime has also been inves-
tigated on minute gold pyramid[31] or 2D phononic crystals[32]. Direct dynamic visualization
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of ultrasound waves provides insights into the underlying mechanism of ultrasound focus-
ing, refraction and scattering. Therefore, it is believed that ultrasonic crystals could lead to a
further development of ultrasonic imaging.

1.2.3. Hypersonic crystals

Hypersonic phononic crystals that operate at gigahertz (GHz) frequency regions are extremely
interesting. Since hypersonic phononic crystals are nanocomposite materials with a period
comparable to the wavelength of visible light, they possesspotential for various simultaneous
controls of light and sound by localizing or propagating them and for applications to novel
acousto-optical devices utilizing the enhancement of acousto-optical interactions. Recently,
the existence of simultaneous photonic and phononic bandgaps in composite materials with
2D periodic square or triangular cylinder arrays have been theoretically demonstrated.[33] It
has been known that the introduction of point defects into photonic crystals causes strong lo-
calization of photons and enhances nonlinear optical phenomena.[34] In the same manner, the
simultaneous localization of light and sound in the same spatial region by introducing point
defects in photonic-phononic dual bandgap materials has been theoretically demonstrated.[35]

This particular feature of photonic-phononic dual bandgapmaterials leads to drastic enhance-
ment of acousto-optical interactions. In fact, Daineseet al. observed stimulated Brillouin
scattering due to guided multi-GHz acoustic phonons confined in the core of the silica-air
photonic crystal fiber (PCF).[36, 37] Such micro/nanostructuring of small-core PCFs alter both
the optical and the acoustic properties of materials due to strong acoustic confinement in the
core and changes in the acoustic dispersion relation. The ability to enhance acousto-optical
interactions at GHz frequencies could lead to the development of a great variety of applica-
tions such as all-fiber acousto-optic devices[38], optical delay lines[39], high-efficiency light
emission from silicon via phonon-confinement effects[40] and THz emission in semiconductor
nanostructure due to the acoustoluminescence mechanism[41].

Hypersonic phononic crystals could also make a large impacton thermal management.
The thermal energy transport of materials consists of contributions from both electrons and
phonons. Regarding thermal transport, in some cases it is important to maximize this to cool
nanodevices efficiently, while it should be minimized for thermoelectric devices, in which
nanoscale structure is introduced to optimize acoustic wave scattering at high vectors. The
ultimate efficiency of thermoelectric power generation systems is determined by the nondi-
mensional figure of merit (ZT) of the materials, given by

ZT =
S2σT

κT

=
S2σT

κp + κe

(1.1)

whereS is the Seebeck coefficient,T is absolute temperature,σ is the electrical conductiv-
ity, κT is the total thermal conductivity,κp is the phonon thermal conductivity andκe is the
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electron thermal conductivity. The phonon contribution should be minimized to reach high
ZT. The existence of a hypersonic phononic bandgap would reduce the flow of phonons and
therefore the thermal conductivity of a material. Consequently, hypersonic phononic crystals
are useful building blocks to reduce the phonon thermal conductivity, κp, in order to improve
the performance of thermoelectric devices.

Self-assembly and lithography techniques make it possibleto control periodic structures at
nanoscales comparable to the wavelength of light and lead tothe fabrication of hypersonic
phononic crystals that have a phononic bandgap at GHz frequency. In most cases, BLS has
been employed to investigate the phonon dispersion relations of hypersonic phononic crystals.
Chenget al. have demonstrated the first experimental observation of a hypersonic phononic
bandgap in 3D colloidal composite materials.[42] They reported that a bandgap can be tuned by
both the infiltrate material and particle size. Thereafter,Gorishnyyet al. have investigated the
dispersion relations of single crystalline 2D phononic crystals based on epoxy, which consist
of square arrays of air cylinders.[43] They observed a partial bandgap along the[10] direction.
In fact, measurements of the dispersion relations of singlecrystalline phononic structures were
also done by Gorishnnyet al. on 2D phononic crystals consisting of hexagonal arrays of air
cylinders in the same epoxy matrix.[44] However, a phononic bandgap was unobservable since
the bandgap position was at frequencies below the BLS detection limit due to the large lattice
constant of the crystals (1.36µm). In addition, Stillet al. have discovered two hypersonic
phononic bandgaps of different nature coexisting in 3D colloidal films.[45] One is a Bragg gap
occurring at the edge of the first Brillouin zone and the other is a hybridization gap of crys-
talline and amorphous films, which originates from interaction of the band of quadropole par-
ticle eigenmodes with the acoustic effective-medium band.As just described, this gives rise to
the possibility to create a structure with a negative modulus[46, 47], thus leading to the develop-
ment of new functionalities such as acoustic superlenses[21, 48, 49]and acoustic cloaking[50, 51].

1.3. Aim of the study

Phononics is an extremely important field to develop functional materials based on hypersonic
phononic crystals. The introduction of defects and waveguides makes it possible to localize
and propagate the elastic waves and various controls of phonons are expected. Moreover, it
is possible to dramatically slow down the sound velocity according to the peculiar phonon
dispersibility. The acoustic technology in kHz region suchas devices for medical diagnosis
has been widely used. However, acoustic technology in both MHz and GHz regions remains
many unknown applications. For example, in such a high frequency region, acoustic imag-
ing with high spatial resolution on the nanoscale is expected and this might make it possible
to visualize acoustically the structure and anisotropy in materials, which are impossible for
the conventional optical microscope. Furthermore, in the energy field, converting waste heat
into electricity reduces manufacturing cost while preserving the environment. Thermoelectric
technology also provides an alternative to converting solar energy into electricity via solar
thermoelectric energy conversion. Consequently, there have been research into improving
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the efficiency of thermoelectric power generation elementsby controlling thermal transport
of thermoelectric materials. Hypersonic crystals based onperiodically arranged composite
semiconductors[52] and superlattices[53] are promising materials for controlling thermal con-
duction.

As introduced in subsection 1.2.3, there have been relatively few investigations of hyper-
sonic phononic crystals. Reasons for this includes difficulties in fabrication and characteri-
zation of hypersonic phononic crystals due to their inherent small lattice constants. BLS is
a powerful and non-destructive technique that allows for the direct measurement of phonon
dispersion relations along any direction in the Brillouin zone, thus leading to a further un-
derstanding of the detailed features of propagation bands.Until recently, the search of a
hypersonic bandgap has been performed on hypersonic phononic crystlas based on thermo-
plastic polymers and epoxy, of which mechanical and thermalstability and elastic contrast are
limited. On the other hand, although hypersonic phononic crystals based on a rigid mater-
ial exhibit a large elastic contrast for bandgap formation,they have not been explored. AAO
can be considered as a useful building block for hypersonic phononic crystals since it con-
tains hexagonal arrays of aligned nanopores, and it is possible to change phonon density of
states due to its lattice topology, lattice constant and pores diameter. In this thesis, hypersonic
phononic crystals based on AAO, which is considered a rigid matrix, have been fabricated and
their phonon dispersion relations have been investigated to verify how lattice constants, pore
diameters or local properties and phase change of infiltratematerials affect the elastic wave
propagation behavior at GHz frequencies.

In this thesis, the BLS apparatus and FDTD method, which were employed to study the
properties of hypersonic phononic crystals, are describedin chapter 2. In chapter 3, fabrica-
tion of AAO is described. Here, two widely used methods of fabricating AAO, i.e. two-step
anodization and pre-molding anodization, are described. The former method leads to a polydo-
main structure, while the latter method results in an ideally ordered pore lattice. Furthermore,
basic properties of AAO is described. Chapter 4 deals with AAOwith a lattice constant of
100 nm and a pore diameter varying from 35 to 85 nm as hypersonic phononic crystals. The
hypersonic phononic properties of air- and poly(dimethylsiloxane) (PDMS)-infiltrated AAO
were examined using BLS. In addition, the FDTD method was usedto calculate the theoret-
ical phononic dispersion relations, and the details of the displacement fields were considered
for various modes in these structures. Tailor-made phononic properties embracing anisotropic
elastic properties parallel and perpendicular to the pore axes and phonon localization are ex-
plored. The effect of the elastic contrast between AAO matrix and inclusions on the phonon
dispersion relations was investigated in chapter 5. It was found out that a bending of the
first propagation band occurs for high elastic contrast hybrid system due to the phonon lo-
calization in the pores, while it does not occur for low elastic contrast hybrid system. In
addition, reversible switching of phononic properties canbe achievable in the response to
temperature. Monodomain AAO-based hypersonic phononic crystals were treated in chapter
6. High rotational symmetries promote the ability to obtaincomplete phonon dispersion re-
lations. Here, the underlying physical origin of complete phonon dispersion relations for two
different porosities were considered.
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On the basis of these results, the main conclusions of this study are summarized in chapter
7 and many promising directions for future investigations are described in chapter 8.
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2. Methodology

This chapter provides a brief description of experimental techniques and phonon dispersion
calculation methods used in this thesis. It includes three sections: section 2.1 describes the
mathematics of elastic wave propagation in periodic structures, in particular in hexagonal
structures; section 2.2 treats the physics of Brillouin light scattering and describes optical
interferometric techniques; and section 2.3 describes Brillouin light scattering experimental
apparatus, which is used as the main characterization tool to measure phonon dispersion rela-
tions in nanocomposites and two different scattering geometries, which reveal the anisotropic
phonon propagation in two-dimensional hypersonic phononic crystals. A sufficient amount
of detail is provided for a solid understanding of these techniques and their use in phononic,
while additional information is available in the references mentioned in the text and listed at
the end of this thesis.

2.1. Elastic wave propagation in periodic media

The field equations for elastic waves in a medium can be derived from the laws of conservation
of mass, momentum, energy and angular momentum. The conservation of mass leads to the
equation of continuity

dρ

dt
+ ρ∇ · v = 0 (2.1)

From the conservation of momentum the Cauchy equation of motion is deduced, which is

∇ · σ − ρ
∂v

∂t
= 0 (2.2)

in linear approximation for non-polar materials in the absence of external forces and damping.
The density of massρ = ρ(r, t) depends on timet and positionr. v(r, t) is the velocity of
the particles calculated by partially differentiating thedisplacement fieldu(r,t) with respect to
time. The equation of motion for an elastic medium derived from Equation 2.1 and 2.2 is

ρ(r)
∂2u
∂t2

= ∇ · σ (2.3)
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whereρ is the density,ui(r, t) is thei-th component of the displacement vector at pointr and
time t, andσij = σij(r, t) is the component of the stress tensor.

σij = cijmnumn (2.4)

wherecijmn is the stiffness tensor of the medium,σij = λ(r)ullδij + 2µ(r)uij andumn =
1
2

(

∂ui

∂xj
+

∂uj

∂xi

)

is the strain tensor in the medium.λ(r) andµ(r) are the so-called Laḿe co-

efficients of the medium.[54] Theλ, µ andρ are related to the velocities in a medium through
the relationsλ = ρc2

l − 2ρc2
t andµ = ρc2

t , wherecl andct are the longitudinal and transverse
velocity, respectively. Therefore, the longitudinal and transverse velocity can be expressed as
cl =

√

λ + 2µ/ρ andct =
√

µ/ρ. The number of independent components in the stiffness
tensor is determined by the material symmetry. Although there are 21 independent elastic
constants for general anisotropic materials, the number ofindependent constants in transverse
isotropic materials are reduced to 5 from a total of 21. In thecase of hexagonal symmetry, the
elastic stiffness tensor has the form

chexagonal =

















c11 c12 c13 0 0 0
c12 c11 c13 0 0 0
c13 c13 c33 0 0 0
0 0 0 c44 0 0
0 0 0 0 c44 0
0 0 0 0 0 c66

















(2.5)

where the tensor componentc66 is given by

c66 =
1

2
(c11 − c12) (2.6)

Figure 2.1 is a schematic of periodic media which is investigated as phononic crystals in this
thesis. The structure is made up of hexagonally arranged long air, solid or liquid cylinders
parallel in an alumina matrix. Thez axis is assumed to be perpendicular to the plane and
parallel to the cylinders. The lattice constant isa and the diameter of the cylinder isd. The
row matrix is assumed to be hexagonal symmetry with its crystallographic axes oriented along
the coordinate axesx, y andzas shown in Fig. 2.1. The elastic waves are assumed to propagate
in thex-y plane and thez direction. The elastic wave equation in such a system is expressed
as:

∂2ux

∂t2
=

1

ρ

(

∂σxx

∂x
+

∂σxy

∂y

)

(2.7)

∂2uy

∂t2
=

1

ρ

(

∂σxy

∂x
+

∂σyy

∂y

)

(2.8)

∂2uz

∂t2
=

1

ρ

(

∂σzx

∂x
+

∂σzy

∂y
+

∂σzz

∂z

)

(2.9)
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2.1. Elastic wave propagation in periodic media

y

x

AluminaPore
d

a

Figure 2.1.: Two-dimensional cross section of a hexagonal array of pores with a lattice con-
stant ofa and diameterd.

whereux anduy are thex- andy-component of the displacement field. For simplicity, the
displacement fieldu is taken independent onz, and all materials are supposed to obey the
isotropic Hook’s law. In these conditions,

σxx = c11
∂ux

∂x
+ c12

∂uy

∂y
(2.10)

σyy = c11
∂uy

∂y
+ c12

∂ux

∂x
(2.11)

σzz = c13
∂ux

∂x
+ c13

∂uy

∂y
+ c33

∂uz

∂z
(2.12)

σxy =
c66

2

(

∂uy

∂x
+

∂ux

∂y

)

(2.13)

σyz =
c44

2

(

∂uz

∂y
+

∂uy

∂z

)

(2.14)

σxz =
c44

2

(

∂uz

∂x
+

∂ux

∂z

)

(2.15)

wherec11, c12, c13, c44 andc66 are the position-independent elastic constants, which arerelated
to the longitudinal and transverse sound velocitiescl andct: c11 = ρc2

l andc66 = ρc2
t .

The second-order time-differential equation 2.3 can conveniently be written in a set of
canonical, first-order equations[14]:

−ρ
∂vi

∂t
=

∂σij

∂xj

(2.16)

vi =
∂ui

∂t
(2.17)
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2. Methodology

wherevi is the velocity field. These equations are solved by the finitedifference time domain
(FDTD) method[25, 55], using central difference. The FDTD method is a useful numerical
analysis method for the solution of a number of problems in electromagnetics. It has recently
been applied to the study of the transmission spectra[14, 25], dispersion relations[55] and mapping
of the displacement field[56, 57] in phononic crystals. Owing to a periodic system, the relational
equation, which satisfies the Bloch theorem, for the displacement and the stress tensor can be
expressed as[55]

ui (r, t) = exp (k · r) Ui (r, t) (2.18)

σij (r, t) = exp (k · r) Sij (r, t) (2.19)

wherer is a position inx-y plane,k = (kx, ky) is a Bloch wavevector,Ui(r, t) andSij(r, t) are
Bloch’s boundary conditions satisfyingUi(r + R, t) = Ui(r, t) andSij(r + R, t) = Sij(r, t) with
R being a lattice translational vector.

The FDTD algorithm is based on discretization of the equation in spatial and time domain.
The FDTD method solves the elastic wave equations by discretizing time and space and re-
placing derivatives by finite differences. Discritizationof the equations is expressed as

−ρ
vi(t + ∆t/2) − vi(t − ∆t/2)

∆t
=

σij(x + ∆x/2) − σij(x − ∆x/2)

∆xj

(2.20)

The dispersion curves are calculated using (i) a two-dimensional unit cell, which is repeated
in the two spatial directions, (ii) the Bloch theorem, which introduces the wave vectork. In
thez direction, the length of the unit cellc is chosen so that the plane and cylinders as well
as a thin layer of vacuum on both sides are embedded in order todecouple the interaction
between neighboring cells. For each component of the wavevector (kx, ky) parallel to the
plane, an initial random displacement is applied inside theunit cell at the origin of time.
Then, the displacement field is recorded at many positions inthe unit cell as a function of time
and, finally, Fourier transformed to obtain the eigenfrequencies of the structure for the chosen
wavevector. Therefore, the band structures are computed interms of frequency as a function
of the wavevector and plotted along the principal directions of the 2D irreducible Brillouin
zone (ΓJX).

The displacement field calculation is similar to the dispersion curves computation except
that the initial randomly excitation of the displacement isreplaced by a periodic wave source
during a determined time at two specific points of the unit cell. The source generates a quasi
monochromatic wave at the same frequency than the eigenfrequency of the chosen wave vec-
tor. Because both the wave vector and the frequency are assigned, the specific eigenmode is
excited and the displacement field is recorded to highlight the properties of the mode. In those
3D graph representations, the color and the size of the points symbolize the local displacement
while the white color corresponds to a displacement equal tozero.
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2.2. Brillouin light scattering

2.2. Brillouin light scattering

2.2.1. The photoelastic effects

Brillouin light scattering (BLS) arises as a result of acousto-optical interactions in a scattering
medium. We consider a nonmagnetic, nonconducting and nonabsorbing medium with the
dielectric constantε0. In complex notation, an electromagnetic wave of a plane incident wave
is expressed as

Ei = niE0 exp i(ki · r − ωit) (2.21)

where a unit vector in the direction of the incident electromagnetic field isni, the amplitude
of the electromagnetic field isE0, the wavevector iski and the angular frequency isωi. The
scattered electric field at a large distanceR from the scattering volume with polarizationns,
propagation vectorni and frequencyωs is[58]

Es(R, t) =
E0

4πRε0

exp iksR

∫

V

d3r exp i(q·r−ωit) [ns · [ks × (ks × (δǫ(r, t) · ni)]] (2.22)

whereq is the scattering wavevector andδε(r, t) is the dielectric constant fluctuation. The
scattering wavevectorq is defined as the vector difference between the wavevectors of the
incident light (ki) and the scattered light (ks), i.e. q = ks - ki. It is usually the case that

Polarizer

Analyzer

Detector

q

ki
ki, ωi

ks, ωs

θ

Figure 2.2.: Schematic of light scattering geometry. Polarized light is incident on a sample
and scattered in all directions. The scattering vectorq = ki - ki is defined by the
detector position.

the wavelength of the incident light and scattered light is changed very little in the scattering
process so that|ki| ∼= |ks|. Consequently, the magnitude ofq can be expressed in terms of the
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2. Methodology

scattering geometry shown in Fig. 2.2 as

q2 = |ks − ki|2 = k2
s + k2

i − 2ki · ks = 4k2
i sin2 θ

2
(2.23)

q = 2ki sin
θ

2
=

4πn

λ
sin

θ

2
(2.24)

The intensity of photon-phonon scattering depends strongly on the dielectric fluctuation
related to elastic deformations on the optical properties of media. Following treatment by
Landau for an isotropic medium[59], the electric field of the scattered lightEs is proportional
to the vector product (n×(n×G)), wheren is a unit vector in the scattering direction, and the
components of the vectorG are given by the integral

G =

∫

δǫik exp(−iqs · r)dV · ek (2.25)

Heree is a unit vector parallel to the incident electric field vector Ei = eE0 exp(iq · r); δǫ is
the change in the electrical permittivity due to the elasticdeformation -δǫik = a1uik + a2ullδik,

whereuik = 1
2

(

∂ui

∂xk
+ ∂uk

∂xi

)

is a strain tensor anda1 anda2 are the photo-elastic constants of

the medium.

When an acoustic wave propagates through the medium, it creates modulations of in the
dielectric constantε, which, in turn, scatter light. The dielectric constant of the medium is
then

ǫ = ǫ0 + δǫij (2.26)

whereε0 is the dielectric constant of the unmodulated medium and

δǫij =
∑

jk

pijklukl (2.27)

Hereukl is the strain tensor andpijkl is the forth rank tensor known as a photo-elastic tensor.
This tensor describes the response of the medium to the propagating acoustic wave. The
number of its independent coefficients depends on the symmetry of the medium. In particular,
for hexagonal crystals the matrix of photo-elastic tensor has the form

phexagonal =

















p11 p12 p13 0 0 0
p12 p11 p13 0 0 0
P13 p13 p33 0 0 0
0 0 0 p44 0 0
0 0 0 0 p44 0
0 0 0 0 0 p66

















(2.28)
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2.2. Brillouin light scattering

where the tensor componentp66 is given by

p66 =
1

2
(p11 − p12) (2.29)

The integralG is also referred to as the spatial Fourier transform of the dielectric fluctuation
δε(q, t), such that

δǫ(q, t) =

∫

V

d3r exp iq · r δǫ(r, t) (2.30)

Then, Equation 2.22 is written as

Es(R, t) =
E0

4πRǫ0

exp i(ksR − ωit) {ns · [ks × ks × (δǫ(q, t) · ni)]} (2.31)

The use of the vector products leads to the simplification of Equation 2.31 as

Es(R, t) =
E0

4πRε0

exp i(ksR − ωit)δǫis(q, t) (2.32)

whereδǫis(q, t) ≡ ns ·δǫ(q, t)·ni is the component of the dielectric constant fluctuation tensor
along the initial and final polarization directions. Considering the time-averaged intensity of
the scattered light, the time-correlation function ofEs can be expressed as

〈E∗
s (R, 0)Es(R, t)〉 =

k4
s |E0|2

16π2R2ǫ2
0

〈δǫis(q, 0)δǫis(q, t)〉 exp(−iωit) (2.33)

The intensity of the scattered lightI is is therefore given by

Iis(q, ωs, R) =

∫

dt 〈E∗
s (R, 0)Es(R, t)〉 exp iωst

=

[

I0k
4
s

16π2R2ǫ2
0

] ∫

dt 〈δǫis(q, 0)δǫis(q, t)〉 exp(i(ωs − ωi)t)

(2.34)

The features of Equation 2.34 are as follows: (i)I is is inversely proportional to the forth
power of the wavelengthλ; (ii) I is is attenuated inversely with the square of a distanceR for
a spherical wave; and (iii)I is depends on the frequency changeω ≡ ωi − ωs in the scattering
process. The frequency change is accompanied by a variationwith time of the dielectric
constant fluctuationδε(q, t). Equation 2.34 can thus be rewritten by the spectral densityof
the dielectric fluctuations such that

Iǫ
is(q, ω) =

[

I0k
4
s

16π2R2ǫ2
0

] ∫

dt 〈δǫ∗is(q, 0)δǫis(q, t)〉 exp(iωt) (2.35)

What is measured in BLS spectroscopy isIε
is(q, ω) induced by the local dielectric constant
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2. Methodology

fluctuations, which is in turn thermal fluctuations at a givenscattering angle as a function of
ω. Therefore, BLS can provide insight into diverse dynamic processes in a medium.

2.2.2. Interaction with hypersound

When light travels through a medium, light is scattered by hypersound propagating in a
medium, and this scattered light is accompanied with the frequency shifts. Since the refrac-
tive index of a liquid or solid medium is changed by thermal vibration, i.e. phonon, which
functions as a kind of diffraction grating for light, the incident light is scattered in a certain
direction as shown in Fig. 2.3.

Λ

θ/2θ/2
Λ

θ

θ

Elastic wave
ki

ks ki

Figure 2.3.: Acoustic Bragg reflection.

Consider the interaction of a light wave with wavelengthλ and an elastic wave with the
wavelengthΛ. When the wave-front of the elastic wave and light with the incident angle of
θ/2 satisfies the following equation

2Λn sin
θ

2
= λ (2.36)

the scattered light in each wave-front undergoes constructive interference and is reinforced.
Since this phenomenon is the same as the Bragg reflection of X-ray observed in the crystal
lattice plane with a lattice constantΛ, it is also called acoustic Bragg reflection. This Bragg
condition, Equation 2.36, can also be expressed as

2π

Λ
=

4πn

λ
sin

θ

2
(2.37)

whereK = 2π/Λ is the wavevector of the elastic wave. Therefore, from Equation 2.24 and
2.37, the relationship between the scattering wavevector and the wavevector of the elastic
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2.2. Brillouin light scattering

wave yields

q =
2π

Λ
(2.38)

Equation 2.38 indicates that the wavevector of the elastic waveK is equivalent to the scattering
wavevectorq. As a result, a differentq is selected by the change of the scattering angleθ, thus
resulting in probing the elastic waves of different wavelengths.

When the wavelength (Λ) of the elastic wave and the wavelength of light (λ) satisfy the
Equation 2.36, the relationship between the wavevector of the elastic waveK and the wavevec-
tor of the incident and scattered light (ki andks) can be expressed as

ks = ki ± K (2.39)

Multiplying both sides bȳh = h/2, Equation 2.39 can be expressed as

h̄ks = h̄ki ± h̄K (2.40)

This corresponds to the law of crystal momentum conservation. Here the upper sign refers to
processes in which a phonon is absorbed (known as theanti-Stokescomponent of the scattered
radiation) and the lower sign refers to processes in which a phonon is emitted (theStokes
component).

In addition, when light is scattered by hypersound, the frequency of the scattered light is
shifted since the incident light undergoes the Doppler effect. A shift in frequency∆f of the
scattered light is expressed as

∆f = ±2nfiV

c
sin

θ

2
(2.41)

where∆f (= f s - f i) is a frequency shift,n is a refractive index of a medium,V is a phonon
phase velocity andc is the speed of light. Consequently, Equation 2.41 leads to

fs = fi ±
2nfiV

c
sin

θ

2
= fi ±

V

2π
· 4πn

λi

sin
θ

2

= fi ±
V

2π
q

(2.42)

Equation 2.42 relates the phonon phase velocity, which has the formΩ(q) = V(q)q, to shift in
photon energy by

ωs = ωi ± Ω (2.43)

whereωs, ωi andΩ are the angular frequencies of the scattered light, the incident light and the
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2. Methodology

elastic wave, respectively. Multiplying both sides byh̄, Equation 2.43 can be expressed as

h̄ωs = h̄ωi ± h̄Ω (2.44)

This corresponds to the law of energy conservation.
Since Equations 2.40 and 2.44 describe the light scatteringprocess, this phenomenon can

be regarded as the collision between phonons and photons. Therefore, the phonon dispersion
relationΩ(q) = V(q)q can be observed by probing the angular frequency shiftωs - ωi of the
scattered light as a function ofks - ki. This technique is an effective way to obtain information
on thermal phonons. The Brillouin shift is commonly measuredby the use of a Brillouin
spectrometer based on a Fabry-Perot interferometer.

2.2.3. Optical interferometric techniques

2.2.3.1. Single-pass Fabry-Perot interferometer

Brillouin light scattering arises from the third-order nonlinear effect, which is related to acoustic
phonons. In a typical Brillouin scattering experiment one reveals acoustic or spin waves with
frequencies between 1 and 100 GHz. In order to extract the weak inelastic component of
light from the elastically scattered contribution, a high-resolution spectrometer is required. To
this aim, the best combination of high resolution and good throughput is achieved using a
Fabry-Perot interferometer as a scanning spectrometer.

First of all, we consider a single-pass Fabry-Perot interferometer. The Fabry-Perot interfer-
ometer is based on multiple beam interference and was first built by Charles Fabry and Alfred
Perot in the late 1800s. In principle, the Fabry-Perot interferometer consists of two parallel
highly reflecting mirrors designed to induce multiple reflections of light between the mirror
surfaces separated by some distance. The single-pass transmission function of a planar mirror
Fabry-Perot interferometer can be expressed as

T =
T0

1 + (4F 2/π2) sin2(2πL/λ)
(2.45)

whereT0 is the overall single-pass transmission,F is the effective single-pass finesse,L is the
mirror spacing andλ is the wavelength of light. Equation 2.45 indicates that theFabry-Perot
interferometer only transmits light with wavelengthsλ, satisfying the relation

L =
1

2
mλ (2.46)

for integersm. The optical transmission function is illustrated in Fig. 2.4. Provided that the
mirror spacingL is varied in order to scan the transmitted light at differentwavelengths satis-
fying Equation 2.46, the Fabry-Perot interferometer functions as an extremely high resolving
power spectrometer. Consequently, one can increase the freespectral range by decreasing the
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2.2. Brillouin light scattering
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Figure 2.4.: The optical transmission function of a single-pass Fabry-Perot mirror.

mirror spacingL as

∆λ =
λ2

2L
(2.47)

The performance of a Fabry-Perot interferometer is determined by several parameters such
as finesse, contrast defined as the ratio of peak height to the minimum intensity, resolution,
and free spectral range (FSR), which is the largest wavelength range (∆λ in Fig. 2.4) for a
given order that does not overlap the same range in an adjacent order. In practice, it is the con-
vention to express FSR in units of frequency (Hz) or wavenumber (cm−1). The measurement
precision of frequency or wavelength, which is representedby the finesseF, is determined by
the sharpness of interference fringes. The finesse is a quality factor which characterizes the
width or the sharpness of the peak maxima. This finesse is limited by the mirror reflectivity
and flatness and related to the spacing between transmitted wavelengths∆λ and the full width
at half maximum (FWHM)δλ of a given transmission peak given by

F =
∆λ

δλ
(2.48)

However, this will also increaseδλ and reduce the resolution. Moreover, the finesse is practi-
cally less than 100 due to the limited quality of mirror substrates and coatings.[60] Therefore,
it is necessary to optimize the mirror spacingL for each experiment according to the lowest
and the highest frequencies to be recorded. One must sometimes use several mirror spacings
for each sample to complete whole phonon dispersion relations. Consequently, the FSR is a
very important parameter to be fixed prior to conducting BLS experiments.
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2. Methodology

2.2.3.2. Tandem Fabry-Perot interferometer

Since its invention, a Fabry-Perot interferometer has beena well-established spectroscopic
instrument. However, it was realized that a single-pass Fabry-Perot has some difficulties in
observing spectroscopic signals due to low contrast and theoverlapping of orders. Therefore,
there have been numerous efforts to improve contrast and theoverlapping issue. Houston[61]

have introduced the use of two interferometers of differentspacings in series. In this method,
the advantages of the high resolving power and the large FSR for the large and small spacing
interferometers are combined. The purpose of the small spacing interferometer is the suppres-
sion of the overlapping orders of the large spacing interferometer. Bradley and Kuhn[62, 63]

have demonstrated the use of two identical Fabry-Perot interferometers in series to increase
contrast. An alternative to increasing contrast and resolution using double-passed Fabry-Perot
interferometer was suggested by Hariharan and Sen[64]. The contrast and finesse of the Fabry-
Perot interferometer are also increased by routing light sequentially through two different
optical paths.

FP1

FP2

Translational stage

ϕ
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L2 = L1cosθ
(a)

Wavelength

T
ra
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s
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Tandem
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(b)

(c)

(d)

Figure 2.5.: Tandem interferometer with mechanical coupling of the movable plate.

Increased contrast, resolution and FSR can be achieved by using two Fabry-Perot interfer-
ometer. Yet multipass Fabry-Perot interferometers mentioned above lack sufficient contrast to
observe weak Brillouin signal components in the presence of intense elastically scattered light.
In order to overcome this issue, Sandercock[65] introduced an elegant design for a piezoelectri-
cally scanned tandem multipass Fabry-Perot interferometer. Two interferometers of unequal
mirror spacing are arranged in a series with their axes inclined atϕ, and with their scanning
mirrors mounted on a common stage as shown in Fig. 2.5(a).

When two interferometers, of which spacings areL1 and L2, are arranged in series and
adjusted to transmit simultaneously, the change in opticallength∆L satisfies the following
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2.2. Brillouin light scattering

condition:

∆L1

∆L2

=
L1

L2

(2.49)

In the case of a tandem Fabry-Perot interferometer shown in Fig. 2.5(a) the two interferometers
are arranged in series with their axes inclined at an angleθ. Thus,

L1

L2

=
∆L1

∆L2

=
1

cos ϕ
(2.50)

Therefore, provided the mirror spacings are in a ratio of 1/cos ϕ, condition 2.49 is satisfied.
Considering the condition of two interferometers arranged in series, the wavelengths trans-

mitted by the combination must simultaneously satisfy

L1 =
1

2
m1λ (2.51)

L2 =
1

2
m2λ (2.52)

for integral values ofm1 andm2. Since FP1 and FP2 show different FSR due to the slight
difference in their spacings as shown in Fig. 2.5(b) and (c),the neighboring order transmission
peaks do not coincide. Consequently, the combined transmission of light passing through both
FP1 and FP2 is illustrated in Fig. 2.5(d). In this thesis, a six-pass tandem Fabry-Perot (TPF)

APD
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M5
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M6

A1

A2 P2

L2

1 4

5
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2

3

ϕϕϕ

Figure 2.6.: The optical path inside a tandem Fabry-Perot interferometer invented by JRS Sci-
entific Instruments. (Adopted from Ref. [60])
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interferometer designed by JRS Scientific instruments was used. The optical path passing
through a six-pass TPF interferometer is schematically shown in Fig. 2.6.[60] The scattered
light enters through a pinhole P1 and is reflected from a mirror M1 towards the lens L1 which
collimates the scattered light. Then the collimated scattered light is reflected from mirrors M2
and M3 to pass through both sets of Fabry-Perot mirrors FP1 and FP2, as indicated by red
arrows 1 and 2 in Fig. 2.6. After passing through FP2, a 90◦ prism PR1 reflects light back
parallel to its original trajectory to pass through FP1 and FP2 again and light reaches a mirror
M4 upon the reflection by M3 and M2, as indicated with cyan arrows 3 and 4 in Fig. 2.6.
Upon the reflection by M4 light passes once more through FP1 and FP2 and then is directed
by mirrors M5, M6 and a prism PR2 to reach an Avalanche photodiode (APD), as indicated
with green arrows 5 and 6 in Fig. 2.6.

2.3. Experimental setup

2.3.1. Brillouin light scattering apparatus

All BLS measurements were conducted on a six-pass Tandem Fabry-Perot interferometer (JRS
Scientific Instruments). Figure 2.7 shows the experimentalsetup for the BLS measurements.
The Nd:YAG laser (COHERENT, 100 mW,λ = 532 nm) was used as the light source. The
laser beam, which is vertical (V or s-polarization) relative to the scattering plane adjusted by a
polarizer, was focused with a lens to a spot size of about 200µm on the sample. The scattered
light was collected and focused by two lens into the pinhole (P1) of the Tandem Fabry-Perot
interferometer. The plane of polarization of the scatteredlight, which is either vertical (V or
s-polarization) or horizontal (H orp-polarization) relative to the scattering plane, is adjusted
with an analyzer. A single-photon Avalanche photodiode (APD) detected the scattered light
passing through the Tandem Fabry-Perot interferometer. The scattering angleθ is changed by
rotating the goniometer on which the light source is mounted. Scattering angles from 25◦ to
150◦ could be measured.

Figure 2.8 shows a customized sample holder used in the present study[66]. It consists of
a cylindrical metallic body and a quartz optical cell which allows for BLS measurements
at temperature up to 473 K. The system is resistively heated with a 100Ω platinum RTD
temperature sensor embedded in the metallic body to providefeedback for the heater. Another
RTD temperature sensor is mounted close to the sample to obtain the sample temperature. The
temperature of the system is stabilized within±0.2 K.

In this thesis, the polarizations of light are all vertical (V) or horizontal (H) relative to the
scattering plane. We denote the polarization of excitationfield and probe field in that order,
i.e., VH denotes V excitation and H probe, while VV denotes all V polarizations. VV is
called thepolarizedcomponent, while VH is called thedepolarizedcomponent. All the mea-
surements described herein were conducted with one of thesetwo polarization combinations.
The specific components of the dielectric fluctuations are related to each of these spectral
components. It follows that the relation between the dielectric fluctuations and polarization
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Figure 2.7.: Schematic of the Brillouin light scattering experiment setup.

Figure 2.8.: The sample holder allowing for BLS measurementsunder varying degrees of tem-
perature.
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combinations is expressed as

δǫV V (q, t) = δǫyy(q, t) (2.53)

δǫV H(q, t) = δǫxy(q, t) sin
θ

2
− δǫyz(q, t) cos

θ

2
(2.54)

Since the plane of polarization of the incident light is not rotatory upon a scattering event,
polarized (VV) Brillouin scattering reveals the longitudinal acoustic (LA) mode. On the other
hand, the plane of polarization of incident light is rotatory upon a scattering event so that
depolarized (VH) Brillouin scattering reveals the transverse acoustic (TA) mode.

2.3.2. Scattering geometry

Selection of the scattering geometry determines the direction of elastic wave propagation.
This is also a very important parameter for BLS measurements as well as the polarization
of incident and scattered light. The scattering geometry can be divided into two categories
defined by the direction of the incident and the scattered light as shown in Fig. 2.9. Thein-
planephononic properties can be measured in the transmission geometry (Fig. 2.9(a)), while
theout-of-planephononic properties can be measured in the reflection geometry (Fig. 2.9(b)).
Since two dimensional nanocomposite materials are investigated in this thesis, using both
geometries is very useful to obtain information on phononicanisotropies. Therefore, most
experiments described in this thesis were done in both transmission and reflection geometry.
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Figure 2.9.: Schematics of scattering geometry: (a) transmission geometry and (b) reflection
geometry.

Figure 2.9(a) shows the transmission geometry. The scattering wavevectorq is inclined
relative to thein-planedirection of the film. As described in subsection 2.2.1, the scattering
wavevectorq is determined by the incident and scattered light in the film.By performing

26



2.3. Experimental setup

trigonometric operations and applying Snell’s law, the scattering wavevector can be expressed
as
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whereq⊥ denotes the parallel component of the scattering wavevector relative to the film.1

The unique advantage of this transmission geometry is that the scattering wave vector does
not depend on the refractive index of the sample due to mutualcancellation of the refraction
effects at the top and bottom interfaces of the sample. Sincethe ratioq⊥/q in most cases is
more than 0.9, assuming that the incident angle is half of thescattering angle, i.e.α = θ/2, it
can be shown that Equation 2.56 can be simplified as

q =
4π

λ
sin

θ

2
(2.57)

The reflection geometry is shown in Fig. 2.9(b). Applying thesame trigonometric opera-
tions and Snell’s law, we can obtain
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whereq‖ denotes the perpendicular component of the scattering wavevector relative to the
film.2 The detailed calculations of each scattering wavevector are described in appendix A.1.

1Although the scattering wavevectorq is parallel to the film, the⊥ subscript is used for thein-planephonon
propagation in the sense that the scattering wavevector is perpendicular to the pores.

2As is the case for the transmission geometry, the‖ subscript is used for theout-of-planephonon propagation
in the sense that the scattering wavevector is parallel to the pores.
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3. Anodic aluminium oxide

3.1. Introduction

Nanostructured materials play an important role for the miniaturization and the development
of functional devices in the various fields such as microelectronics, optoelectronics, magnetics
and sensor since they show novel and unique physical, chemical, optical and mechanical prop-
erties. Currently, much effort have been undertaken to fabricate highly ordered nanostructures
over a macroscopic surface area. Highly ordered nanomaterials have the potential for tremen-
dous impact on photonic, microfluidic and sensing devices aswell as magnetic recording
media. Among highly ordered nanomaterials, porous materials have attracted considerable at-
tention, and have become a subject of intense scientific interest. Especially, the research atten-
tion has been focused on the electrochemical formation of self-ordered nanoporous structures
produced by the anodic oxidization. The anodization of aluminium describes one of the most
widespread techniques for the fabrication of ordered nanostructures.

It is known that electrochemical oxidization of aluminium forms a passivation oxide film
on the surface. This is so-called anodic aluminium oxide (AAO). AAO has been widely used
to increase corrosion resistance and wear resistance. The early experimentations on the for-
mation and structural feature of anodic coatings on aluminium have been performed by Keller
et al.[67, 68] They have revealed that AAO consists of close-packed hexagonal arrays of cylin-
drical pores using optical and electron microscopes (Fig. 3.1). Moreover, they demonstrated
the relationship between an applied voltage and the geometric features of AAO structures
such as the pore size and the interpore distance. Subsequently, Wood et al.[69–72] conducted
further detailed research on the AAO film morphology, composition and structure on the ba-
sis of transmission electron microscopy (TEM) and magic angle spinning-nuclear magnetic
resonance (MAS-NMR) studies.

Although the reformation of porous structures such as pore diameter and pore shape was
reported, an in-depth study on the regularity of nanopore array had been unexplored until Ma-
sudaet al.[73, 74] reported that notable regularity of nanopore arrangement can be achievable
with a two-step anodization procedure. They succeeded in the fabrication of long-ranged-
ordered monodomain porous structure by introducing the hexagonally ordered array of con-
cave aluminium surface features of the oxidation front after a long first anodization step, which
guides the development of nanopores at the initial stage of asecond anodization step.[75, 76]

This allows for the self-ordered formation of quasi-monodomain porous structures with a nar-
row size pore distribution.

AAO has a much broader range of applications including template synthesis, nanopattern-
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3. Anodic aluminium oxide

(a) (b)

Figure 3.1.: Schematic of (a) idealized structure of anodicaluminium oxide and (b) a cross
sectional view of the anodized layer. (Adapted from Ref. [131])

ing methods and sensing devices. Especially, AAO has been widely used as shape-defining
molds for the synthesis of one-dimensional nanostructures.[77–79] On the other hand, templating
methods employing AAO have been also commonly used for the fabrication of high-density,
ordered array of nanodots, nanotubes and nanowires on a verybroad material platform such
as semiconductors, metals, metal oxides, and carbon nanotubes.[80] Recently, the fabrication
of regular nanopatterns has extended to a high-density patterning of DNA using a Au disk
array formed from AAO.[81, 82] In addition, a flow-through-type DNA array, fabricated by im-
mobilizing a single-stranded probe DNA to the side walls of AAO, has been demonstrated.[83]

Such materials offer promising prospects to develop highlyfunctional biodevices for DNA se-
quences, clinical applications and diagnostics. Moreover, the potential of a monodomain AAO
lies in the filed of nanophotonics. For instance, a monodomain AAO can be employed as a
two-dimensional photonic crystal, which prohibits the propagation of specific wavelengths of
light due to a photonic band gap. Several reports appeared inthe literature describing 2D
photonic crystals based on AAO.[84–90]

3.2. Pore formation mechanism

A typical current-density time transient recorded during the anodization of aluminium is
shown in Fig. 3.2. When a constant voltage is applied for porous alumina growth, the current
density decreases with time until the local minimum is reached, and then increases gradually
to the steady-state-forming current density. During the initial period of anodization (Fig. 3.2,
regime (i)), the decrease in current density is associated with a growth of high-resistance oxide
film (barrier layer) on aluminium. Further anodizing (regime (ii)) results in the propagation
of individual paths (pore precursors) through the barrier layer. At the minimum of current
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(a)

(b)

(i) (ii) (iii) (iv)

(i) (ii) (iii) (iv)

Figure 3.2.: Schematic of (a) time dependence of current density during the anodization
process and (b) stages of anodized aluminium oxide layer development. (Adapted
from Ref. [131])

density (regime (iii)), the breakdown of the barrier layer occurs and the porous structure be-
gins to be build. Finally, the steady-state growth of porousalumina proceeds (regime (iv))
and a forming current density is almost unchanged. The rate of current decrease, the time at
which the minimum current is observed, and the steady-state-forming current density depends
directly on the anodizing conditions, such as applied anodizing potential, temperature, type of
electrolyte and electrolyte concentration.

AAO is described as an amorphous structure with significant incorporations of water, which
occurs in the form of hydroxide or hydrate[67, 70, 91], and the conjugate base anions dissociated
from acid electrolytes[70, 71, 91–93], which can replace O2− in the oxide[93]. For steady-state an-
odic porous film formation, the transport and reaction processes contributing to the formation
of the anodic film take place at the metal-oxide interface.[70, 94, 95]The O2− ions formed at the
oxide-solution interface through dissociation of water migrate toward the metal surface, while
the Al3+ ions formed at the metal-oxide interface are dissolved intosolution, which are not in-
volved in the formation of the anodic film since Al3+ ions are mobile in the oxide layer under
the electric field[96]. The transport processes can be related to stress gradientsand the electric
field. Li et al.[97] reported that the volume expansion factor of the aluminium during anodiza-
tion, which is the ratio of the grown alumina layer thicknessto the consumed aluminium layer
thickness, is about 1.4 that is independent of the electrolyte. Since the oxidation takes place at
the entire metal-oxide interface, the materials can only beexpanded in the vertical direction,
and consequently the existing pore walls are moved upwards[96]. In addition, the volume ex-
pansion of the aluminium has an intimate involvement in the mechanical stress which causes
the repulsive forces between neighboring pores. Therefore, the volume expansion plays an
important roll to promote the formation of large domain of hexagonally ordered pores during
the anodization process.
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Figure 3.3.: Schematic representations of the top views of porous alumina cell-wall structures
prepared in (a) sulfuric, (b) oxalic and (c) phosphoric acid. (Adapted from Ref.
[32]) (d)-(f) Corresponding scanning electron microscope (SEM) images.

Recently, a mechanism of anodic porous alumina layer growth has been investigated using
tungsten tracers to visualize details of the flow of anodic oxide within pore walls.[98–100] The
aluminium layer, with incorporated 5 nm tungsten layer, wassputtered onto electropolished
aluminium substrates. The entry tungsten layer to the anodic oxide and its consequent motion
was observed by transmission electron microscopy (TEM). The measurements revealed that
the anodic oxide layer is moved upward in the pore walls indicated by a mechanical stress
model. Furthermore, Houser and Hebert presented a model forsteady-state growth mech-
anism of anodic porous alumina, incorporating metal and oxygen ion transport and viscous
flow.[101, 102] They confirmed that the hypothesis of the viscous flow model through compari-
son to detailed observations of the movement of tungsten tracers in the pore walls. Also, they
suggest that the self-ordering of porous alumina could be explained by metal-oxide interface
motion regulated by the combination of ionic migration in the anodic oxide and stress-driven
interface diffusion of metal atoms.

The properties of AAO formed by anodization are connected tothe nature of the acid elec-
trolyte. The amount of anion incorporation as well as the wall thickness depend on the an-
odization conditions such as anodization potential and temperature. Figure 3.3 shows both
schematic representations of cell walls and actual AAO prepared in each acid electrolyte. As
seen in Fig. 3.3(d)-(f), the wall thickness increases in theorder: H2SO4 ≤ H2C2O4 ≤ H3PO4.
This is in good agreement with the previous work[92]. Furthermore, inhomogeneities of the
dielectric constant and density within the film are expecteddue to the nonuniform distribution
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3.3. Self-ordered anodic aluminum oxide

Table 3.1.: Possible alumina minerals with the different refractive indices and densities.
Name Composition Refractive index Density (kg/m3)

Wavelite Al3(OH)3(PO4)2·5H2O nα=1.527,nβ = 1.535, nγ=1.553 2360
Augelite Al2(PO4)(OH)3 nα=1.574,nβ=1.576,nγ=1.588 2700
Gibbsite α-Al(OH)3 nα=1.57,nβ=1.57,nγ=1.59 2420
Diaspore β-AlO(OH) nα=1.694,nβ=1.715,nγ=1.741 3400
Boehmite α-AlO(OH) nα=1.64,nβ=1.65,nγ=1.66 3440
Corundum α-Al 2O3 nα=1.761,nβ=1.769 3970

of anions in the anodic oxide layer. Several possible alumina minerals with different refractive
indices and densities are shown in Table 3.1[103].

3.3. Self-ordered anodic aluminum oxide

3.3.1. anodization setup

Figure 3.4 shows the anodization setup. The customized electrochemical cell consists of a
two-electrode system, i.e., the Platinum mesh (Goodfellow, 99.9%, wire diameter = 60µm,
mesh aperture = 250µm, size = 50×50 mm2) acting as a counter electrode and aluminum disks
(Goodfellow, 99.999%, diameter = 20 mm, thickness = 500µm) acting as a working electrode.
To stir acid electrolytes vigorously, a mechanical stirrer(IKA) was used. The apparatus was
operated by a computer, using a customized program. A thermostat (Haake Thermostat F6-
C25), which was connected to a cooling stage and which circulated ethylene glycol, was used
to control the temperature of the acid electrolyte. The high-voltage DC power supply (Agilent
N5771A) has a working range of 0 to 300 V. The current was measured with a multimeter
(Keithley).

3.3.2. Two-step anodization

Self-ordered AAO films were prepared in accordance with the precedent.[73, 74] The forma-
tion of nanopores by self-ordered anodized aluminium is a multistep process that includes
pre-treatment, anodizing and post-treatment steps as shown in Fig. 3.5. Firstly, ultrapure alu-
minium disks (99.999%, Goodfellow) were cleaned with acetone, isopropanol and ethanol in
an ultrasonic bath for 5 min each. Then, they were electrochemically polished in a 1:4 mixture
solution of perchloric acid (HClO4, 60%, Fluka) and absolute ethanol at 25 V for 5 min below
10 ◦C solution temperature (Fig. 3.5(a)).

After the pre-treatment, aluminium disks were anodized in an appropriate electrolyte acid
solution under the conditions described in Table 3.2 for more than 20 hours (Fig. 3.5(b)). The
initial pore arrangement was disordered since nanopores were randomly formed on the sur-
face (Fig. 3.6(a)). However, self-ordered hexagonal arrangement of nanopores is formed at
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Figure 3.4.: Schematic of (a) the anodization setup and (b) top view of the anodization cell.
There are four circular holes at the bottom of the cell to anodize four aluminum
disks simultaneously.

Table 3.2.: Anodization conditions for each acid electrolyte
Concentration Voltage Temperature Initial diameter Lattice constant

Electrolyte (M) (V) (◦C) (nm) (nm)
Sulfuric 0.3 25 1 25 65
Oxalic 0.3 40 3 35 100

Phosphoric 0.3 195 1 170 500

the bottom of the layer due to repulsion forces between neighboring pores during the anodiza-
tion process (Fig. 3.6(b)). After the first anodization, chemical etching of the oxide layer was
carried out in a mixed solution of 6 wt% phosphoric acid (H3PO4, 99%, Fulka) and 1.8 wt%
chromium (VI) oxide (CrO3, Merck) at 30◦C for 12 hours (Fig. 3.5(c)). The hexagonal pat-
tern of concave maintained on the aluminium surface then acted as a self-assembled mask
for a second anodization. The second anodization was conducted under the same condition
as the first anodization step (Fig. 3.5(d)). The underlying aluminium substrate was etched
with a mixture of 1.7 g copper (II) chloride (CuCl2·H2O, 99%, ACROS), 50 mL concen-
trated hydrochloric acid (HCl, 37%, VWR) and 50 mL deionized water (Fig. 3.5(e)). The
bottoms of the nanopores in the remaining AAO were opened by etching with 10 wt.% H3PO4

(Fig. 3.5(f)). To tailor the porosity, the initial diameters were widened by isotropic etching in
0.3 M oxalic acid at 30◦C.

Figure 3.6(c) shows a scanning electron microscope (SEM) image of the top view of the
AAO after the second anodization. The hexagonal nanopore arrangement was observed over
relatively large domains, which were separated from neighboring domains with a different
lattice orientation by domain boundaries. Figure 3.6(d) shows a cross sectional view SEM
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Figure 3.5.: Schematic of the nanopores formation. (a) Electropolishing, (b) first anodization,
(c) removal of the formed oxide layer, (d) second anodization, (e) removal of
aluminum layer, (f) removal of barrier layer.
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(a) (b)

(c) (d)

Figure 3.6.: Scanning electron microscope (SEM) images of nanoporous anodic aluminum
oxide prepared in 0.3 M sulfuric acid at 25 V. (a) the top view and (b) the bottom
view of the membrane after removing Al selectively, which are described as (i)
and (ii) in Fig. 3.5, respectively. (c) the top view of the membrane after the second
anodization. (d) Cross sectional image of the AAO scaffold.

image of the hole array.1 The growth of straight parallel channels perpendicular to the substrate
is confirmed by Fig. 3.6(d).

Figure 3.7 shows an exemplary experimental current-time transient recorded during both
the first and second anodization at a constant voltage of 40 V in 0.3 M oxalic acid at 3◦C
solution temperature. The black solid line and red dashed line represent the fist and second
anodization curve, respectively. The current minimum is higher for the second anodization
than for the first anodization. Since a constant voltage was applied for the preparation of an-
odized nanoporous aluminium oxide, the resistance for the second anodization is lower than
that for the first anodization. This can be attributed to the fact that a thinner alumina oxide
layer was probably formed at the pore bottoms of each concavefeature (Fig. 3.5(c)) than at a
flat aluminium surface (Fig. 3.5(a)). Therefore, pore nucleation was easier on the hexagonally
molded surface, leading to a lower barrier layer growth rate. In addition to a constant volt-
age regime, Liet al.[93] demonstrated anodic porous alumina formation at a constantcurrent

1This sample was prepared at 40 V in 0.3 M oxalic acid at 3◦C. The acid electrolyte used for the preparation is
different from the ones described in Fig. 3.6(a), (b) and (c).
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Figure 3.7.: Current-time curves of anodizing at 40 V in 0.3 M oxalic acid at 3◦C. Inset shows
a zoomed area of minimum region.

regime, and observed a slightly slower voltage increment for the molded aluminium surface
than that for the flat aluminium surface. They concluded thatthe thinnest oxide layer might be
formed on the molded surface, where the resistance is lowestand electric field is the highest,
thus promoting the formation of the pores.

3.3.3. Pre-molding anodization

Since its introduction[75], molding-guided anodizations based on pre-texturing of aluminium
have been used for the fabrication of AAO with an ideally ordered channel arrangement.
Among pre-molding anodization methods, a direct nanoindentation on the aluminium sur-
face with an atomic force microscope (AFM) tip[104], focused-ion beam lithography[105–107]

and holographic lithography[108] have been employed to form the hexagonal pattern on the
aluminium surface. In direct patterning, despite of the capability of individual indentation
of each sample, the technique is consequently time-consuming and limited applications at the
laboratory scale. Therefore, the imprinting lithography with a master stamp (mold) is the most
widespread method used for prepatterning of aluminium.[75, 76, 109–120]Stamps with an arranged
array of convex features are usually prepared lithographically, and can be used several times
for the pre-texturing of aluminium. The mold used for nanoindentation of aluminium can be
made from SiC[75, 76, 109–114], Si3N4

[115–117], Ni[118, 119]and poly(dimethylsiloxane)[120]. The im-
printing of aluminium using a master stamp and fabrication of anodic porous alumina from
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Figure 3.8.: Schematic of the nanopores formation. (a) Electropolishing, (b) first anodization,
(c) removal of the formed oxide layer, (d) second anodization, (e) removal of
aluminum layer, (f) removal of barrier layer.

prepatterned aluminium is illustrated in Fig. 3.8.
Ideally ordered AAO was prepared in accordance with the precedent[84, 85, 90]. Firstly, ultra-

pure aluminium sheets were cleaned with acetone in an ultrasonic bath for 1 min. Then, they
were electrochemically polished in a 1:4 mixture solution of ethanol and HClO4 at a constant
current density of 2 mA/cm2 for 4 min at 0◦C solution temperature. Then, a master mold
was placed on an aluminium sheet and pressed with an oil press(Fig. 3.8(a)). This process
generated an array of concave features on the surface of the aluminium (Fig. 3.8(b)).

After the pre-treatment, aluminium sheets were anodized ineither oxalic acid or phos-
phoric acid under the conditions described in Table 3.3 for 5hours (Fig. 3.8(c)). After the
anodization, the underlying aluminium substrate was etched with a mixture of 1.7 g CuCl2

· H2O, 50 mL concentrated HCl and 50 mL deionized water (Fig. 3.8(d)). The bottoms of
the nanopores in the remaining AAO were opened by etching with 10wt% phosphoric acid
at 30◦C (Fig. 3.8(e)). To tailor the porosity, the initial diameters were widened by isotropic
etching in 10wt% phosphoric acid at 30◦C.
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Table 3.3.: Anodization conditions for each acid electrolyte
Concentration Voltage Temperature Lattice constant

Electrolyte (M) (V) (◦C) (nm)
Oxalic 0.05 80 0 200

Phosphoric 0.1 200 0 500

Figure 3.9 shows a SEM image of the top view of anodized porousalumina after widening
the nanopores in 10wt% at 30◦C for 60 min. It reveals that the well-ordered hexagonal
arrangement has a monodomain periodicity of 200 nm over a large area.

Figure 3.9.: Scanning electron microscope (SEM) image of nanoporous anodic aluminum ox-
ide prepared in 0.3 M oxalic acid at 80 V.
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4. Anisotropic propagation and
confinement of high frequency
phonons

4.1. Introduction

Phononic materials exhibiting periodic variations in their density and elastic properties can
modify the propagation of sound waves[27, 28, 121–125], and band gaps prohibiting sound propa-
gation for specific Bragg frequencies or wavelengths commensurate with their lattice constant
may occur[9, 15, 24, 25, 42, 43, 45, 126]. Their design involves engineering of both the band gap re-
gion and the directional flow of elastic energy outside the band gap[28, 122–124]. We show that
self-ordered anodic aluminium oxide (AAO)[73, 74] containing aligned cylindrical nanopores
with pore diameters of a few tens of nm and pore depths up to several 100µm is a promising
material platform for the still-challenging manipulationof sound propagation in the hyper-
sonic (GHz frequency) range. AAO, which is widely used as a shape-defining mould in the
synthesis of 1D nanostructures[78, 79, 127], can be infiltrated with a broad range of fluids, thus
yielding customized composite systems with high elastic contrast. Their tailor-made acoustic
properties embracing their anisotropic elastic properties parallel and perpendicular to the pore
axes and phonon localization were explored by high resolution Brillouin spectroscopy. The
rational manipulation of the phononic density of states in the hypersonic range may yield cus-
tomized membrane configurations for tunable filters, heat management systems and sensors
and could pave the way for the application of concepts for phononic metamaterials[128] and
acoustic cloaking systems[51] to the hypersonic range.

The phononic band diagram of periodic composite media can beengineered by the solid
or liquid nature of the components, the contrast between their densities and elastic constants,
their volume fractions, as well as by the symmetry and morphology of the lattice they consti-
tute. Up to now, research has predominantly been focused on the search of absolute band gaps
in solid/solid, solid/fluid and drilled holes structures with lattice constants in the millimeter
range. Typical examples of this are steel, lead or carbon cylinders in epoxy matrix[25], steel
cylinders in water[129] as well as solid materials containing cylindrical air holes[12], whereas
configurations based on arrays of aligned cylindrical channels filled with liquids in a rigid ma-
trix have remained essentially unexplored[130].Only few attempts to adapt concepts for func-
tional phononic bandgap structures to the GHz frequency range have been reported[42, 43, 45, 126],
despite the potential of such systems for a plethora of applications[121, 128]. A peculiar ad-
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4. Anisotropic propagation and confinement of high frequency phonons

vantage of hypersonic phononic systems is the possibility to engineer interactions between
phonons and visible wavelength photons, thus enabling the design of miniaturized acousto-
optical devices.

AAO prepared by anodization of aluminium with oxalic acid[73] as an electrolyte is a readily
available, nanostructured scaffold containing hexagonalarrays of aligned nanopores with pore
diametersd ranging from 35 nm to 85 nm, a lattice constant of 100 nm and porositiesp =
πd2/(2

√
3a2) ranging from 10% to 65% which can be varied independently within certain

limitations. It is astounding that AAO has, up to now, not been explored as a material platform
for the engineering of sound propagation in the GHz frequency range, despite its advantages: i)
the well-defined geometry of AAO is likely associated with pronounced anisotropic behavior;
ii) its pore depths can be adjusted to any value from about 1µm up to several 100µm; iii) its
lattice parameters perfectly match the requirements for the engineering of sound propagation
in the hypersonic range; iv) its exceptionally high longitudinal (cl = 7300 m/s) and transverse
(ct = 3750 m/s) sound velocities (see below) as compared to air (cl = 340 m/s) or soft materials
deposited into the nanopores (cl∼1500 m/s), result in composites with a large elastic contrast
between their constituents. It is reasonable to assume thatthe proper selection of the materials
deposited into the nanopores and control over mesoscopic structure formation processes they
may undergo under the 2D- confinement thus imposed[79, 127] allow engineering the phononic
density of states and consequently of the high-frequency acoustic properties in AAO-based
hypersonic systems.

4.2. Experimental

4.2.1. Materials

As described in Chapter 3, self-ordered AAO was prepared following Masuda’s two-step an-
odization process[73, 74]. Ultrapure aluminum substrates (99.999%,d = 20 mm, thickness =
500µm, Goodfellow GmbH) were anodized in 0.3 M oxalic acid at 40 V.Anodization in ox-
alic acid yielded AAO with a lattice constant of about 100 nm.To tailor the porosity, the pores
with initial diameter of 35 nm were widened by isotropic etching in 0.3 M oxalic acid at 30◦C.
The resulting pore diameters were 35, 60 and 85 nm, respectively, which were revealed with
SEM images of the top view of the AAO as shown in Fig. 4.1. Then,poly(dimethylsiloxane)
(PDMS,Mw = 1350 g/mol,Mn = 980) was infiltrated into the AAO at room temperature.

4.2.2. Brillouin spectroscopy

Brillouin light scattering (BLS) is based on inelastic scattering of the incident laser beam
by thermally excited phonons propagating through a medium along specific directions deter-
mined by the scattering geometry.[131] Figure 4.2 shows two different scattering geometries.
In these two configurations the phonon propagation is probedperpendicular (“in-plane”) and
parallel (“out-of-plane”) to the nanopores of the native AAO. In the transmission geometry
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Figure 4.1.: Scanning electron microscope (SEM) images of native AAO. (a), (b), (c), Top
views. (a) porosityp = 11%, (b)p = 32%, (c)p = 65% for lattice constanta =
100 nm. (d) Cross sectional image of the AAO scaffold seen in (b).

(Fig. 4.2(a)), the external scattering angleθ is twice the incident angleα and the scattering
wave vectorq = ks − ki defined by the wave vector of the scattered (ks) and incident (ki)
photons has the same amplitudeq⊥ = (4π/λ)sin(θ/2), which depends only onθ and the wave-
lengthλ of the incident laser beam but not on the refractive index of the medium. In the
reflection geometry (Fig 4.2(b)),q lies parallel to the nanopores forθ = 2α and its magnitude
q‖ = (4πn/λ)sin(α) depends now on the refractive indexn. Because of the optical contrast
between native AAO and air, the lowest accessibleq⊥ is limited to about 0.03 nm−1. The elas-
tic (acoustic) properties of the native AAO are distinct along these two directions in overall
agreement with the theoretical predictions.

Since AAO is a porous material, it is necessary to consider the effective refractive index
neff . The Maxwell-Garnett theory[132] was used to calculate effective refractive indices for “in-
plane” and “out-of-plane”. Assumingǫ = n2, the effective dielectric constant can be expressed
as

ǫeff − ǫalumina

ǫeff + 2ǫalumina

= f × ǫpore − ǫalumina

ǫpore + 2ǫalumina

(4.1)

ǫeff = (1 − f) · ǫalumina + f · ǫpore (4.2)
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Figure 4.2.: Schematics of scattering geometry: (a) transmission geometry and (b) reflection
geometry.

whereǫeff , ǫalumina andǫpore denote the dielectric constants of the effective medium, alumina
and the material contained in the nanopores, respectively.f denotes the porosity of AAO.
Equation 4.1 gives the effective dielectric constant for “in-plane”, while Equation 4.2 for “out-
of-plane”. As described above, only the scattering wave vector parallel to the poresq‖ depends
on the refractive indexn. Consequently, only the effective refractive index for “out-of-plane”
is required. As described in section 3.2, several possible alumina with different refractive
indices could be considered. However, the refractive indexof 1.65[133] for pure alumina was
used here for simplicity. A refractive index of 1.41[134] was used for PDMS. According to
SEM measurements, three sets of self-ordered AAO with porosity f = 0.11, 0.32 and 0.65
were used for this study, which yielded the effective refractive indices of 1.62, 1.57 and 1.49,
respectively.

4.3. Hypersonic modes in air/AAO phononic crystals

Phonon dispersion relations can be tuned by the selection oflattice constant, lattice topology
and porosity of infiltrate materials. AAO with a lattice constant of 100 nm was fabricated
to investigate how porosity affects elastic wave propagations in AAO. First of all, three air-
filled AAO films with different porosities ofp = 11%, 32% and 65% were examined by BLS
spectroscopy.

Figure 4.3(a) shows polarized BLS spectra of AAO with a lattice constant of 100 nm and
a diameter of 60 nm for the “in-plane” (q⊥) phonon propagation at six differentq⊥ values.
Each spectrum shows a single doublet, and a peak shifted linearly as the scattering vector
increased. This indicates that there existed only one longitudinal mode in air-filled AAO with
a lattice constant of 100 nm and a diameter of 60 nm. Figure4.3(b) shows both polarized and
depolarized BLS spectra of the same porosity AAO atq⊥ = 0.0118 nm−1.

A more complete knowledge of the phonon propagation can be obtained by referring to the
measured dispersion relationω(q) as shown in Fig. 4.4 in the case of the “in-plane” phonon
propagation with longitudinal and transverse polarization and the “out-of-plane” phonon prop-
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4.3. Hypersonic modes in air/AAO phononic crystals
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Figure 4.3.: (a) A series of polarized BLS spectra for AAO witha lattice constant of 100 nm
and a diameter of 60 nm for the “in-plane” (q⊥) phonon propagation. (b) Both
polarized and depolarized spectra atq⊥ = 0.0118 nm−1.
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Figure 4.4.: Dispersion relations of both (a) “in-plane” (q⊥) and (b) “out-of-plane” (q‖) lon-
gitudinal phononic modes in air-filled AAO. The black, red and blue solid lines
in (a) represent the dispersion relations for air-filled AAOwith p = 11%,p = 32%
andp = 65%, while the corresponding dashed lines represent the effective sound
velocities in corresponding AAO scaffolds.

Table 4.1.: Experimental effective medium velocities in air-filled AAO.
in-plane(m/s) out-of-plane(m/s)

air-filled AAO Longitudinal Transverse Longitudinal
p = 11% 6120 3410 7380
p = 32% 5040 2770 6880
p = 65% 3510

agation with longitudinal polarization in air-filled AAO. In Figure 4.4(a), the solid lines in-
dicate the longitudinal acoustic phonon propagation in air-filled AAO with three different
porosities, while the dashed lines indicate the transverseacoustic phonon propagation. The
slope of solid lines yields the longitudinal sound velocity(cl = ω/q⊥) in the effective com-
posite medium;cl within 1% amounted to 6120 m/s, 5040 m/s and 3510 m/s respectively for
11%, 32% and 65% porosities. The slope of dashed lines yieldsthe transverse sound veloc-
ity, which amounted to 3410 m/s and 2770 m/s, respectively for 11% and 32% porosities.
These values lie between the sound velocities in pure alumina and bulk PDMS (clPDMS =
1050±20 m/s) (Table 4.1). In Figure 4.4(b), the solid lines indicate the longitudinal acoustic
phonon propagation parallel to the nanopores. The sound velocity for each porosity was found
to be 7380 m/s and 6880 m/s, respectively. These effective sound velocities are summarized
in Table 4.1.The effective sound velocity decreases as the porosity increases. Moreover, the
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4.4. Hypersonic modes in PDMS/AAO phononic crystals

“ in-plane” transverse mode and “out-of-plane” longitudinal mode for 65% porosity were not
observed. This might be due to a low scattering intensity.

4.4. Hypersonic modes in PDMS/AAO phononic
crystals

Figure 4.5(a) shows typical BLS spectra for the “in-plane” wave propagation in AAO (p =
65%) containing PDMS forq⊥ and Fig. 4.5(b) presents BLS spectra for the “out-of-plane”
phonon propagation in AAO with three different porosities at a similar q‖ value. At low
q⊥, the spectra seen in Fig. 4.5(a) display an effective mediumbehavior with a doublet at
±clq⊥/2π, and the sound velocitycl of the acoustic branch (1) is found to increase with de-
creasing porosity in agreement with the FDTD calculations (Table 4.3). Atq⊥ ≥ 0.013nm−1,
the spectra belonging to the two highestq⊥’s reveal bending of branch (1) and remarkably,
indicate the presence of a second lower-frequency branch (2) apparently corresponding to the
interphase-sensitive branch (2) seen in Fig. 4.12(a). Notably, for air-filled AAO of all porosi-
ties, we observed only one longitudinal and one transverse phonon with effective medium
sound velocities (Fig. 4.4) in agreement with the theoretical phonon dispersion relations in
Fig. 4.12.
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Figure 4.5.: (a) BLS spectra of AAO (p = 65%) infiltrated with PDMS at four different in-
planeq⊥ values. (b) BLS spectra of AAO infiltrated with PDMS (p = 11%, 32%
and 65%) measured at a similar out-of-planeq‖ value. The BLS spectra are well
reproduced by one or two Lorentzian shapes indicated by the solid lines in (a) and
(b).
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Figure 4.6.: “In-plane” (q⊥) and “out-of-plane” (q‖) longitudinal phononic branches (1-3, 5)
in PDMS-filled AAO. The black and red dashed lines represent the dispersion re-
lations for air-filled AAO in both “in-plane” and “out-of-plane” (data points in the
light grey area) direction with 32%, while the corresponding solid lines represent
the effective sound velocities in corresponding PDMS-filled AAO scaffolds.

Figure 4.6 presents exemplary dispersion curvesωw(q⊥) in air-filled AAO (branch (1),
solid lines) and in AAO containing PDMS (branches (1) and (2), symbols) with a porosity
of 32%. In the AAO containing PDMS,cl obtained from the linear dispersion of phonon
(1) at low q⊥ values (dashed lines) is systematically lower than in air-filled AAO (Fig. 4.7,
Table 4.2). The softening of mode (1) is the first unexpected finding sinceclPDMS≈3cair. The
bending of the acoustic mode (1) was only observed when the nanopores contained PDMS,
and its frequency decreased with porosity. An additional “in-plane” branch (2) with clearly
non-acoustic behavior was also observed in AAO containing PDMS. For the “out-of-plane”
wave propagation, the BLS spectra of AAO containing PDMS seenin Fig. 4.5(b) display a
single doublet (3) irrespective of the porosity. But at comparable wave vectors, it appeared at
much lower frequencies than the doublet (1) belonging to the “in-plane” phonon propagation
(Fig. 4.5(a)); doublet (3) was absent in air-filled AAO. Based on the dispersionω(q‖) displayed
in Fig. 4.6 (light grey area), branch (3) in PDMS-infiltrated AAO is acoustic with a phase
velocity (980 m/s) being slightly slower than in bulk PDMS. The “out-of-plane” dispersion
included an additional longitudinal acoustic phonon (5) appearing at much higher frequencies
than branch (1) for the “in-plane” phonon propagation (Fig. 4.6).

The dispersionω(q⊥) for the “in-plane” propagation of phonons with longitudinal polariza-
tion in air-filled AAO (solid lines) and AAO containing PDMS (symbols) with three different
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4.4. Hypersonic modes in PDMS/AAO phononic crystals
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Figure 4.7.: Dispersion relations of both (a) “in-plane” (q⊥) and (b) “out-of-plane” (q‖) lon-
gitudinal phononic modes (1-3,5) in AAO containing PDMS. The black, red and
blue solid lines in e represent the dispersion relations fornative AAO with p =
11%,p = 32% andp = 65%, while the corresponding dashed lines represent the
effective sound velocities in corresponding AAO scaffoldscontaining PDMS. The
branch (5) is shown only for AAO withp = 32%.

porosities is shown in Fig. 4.7. In AAO containing PDMS, one longitudinal acoustic phonon
branch (1) was observed at low frequencies. The corresponding dispersion was linear (dashed
lines) and thus describes phonon propagation in a homogeneous effective medium for long
wavelengthsΛ(= 2π/q⊥) exceeding the lattice constanta. The slope of the dashed lines yields
cl = 5830 m/s, 4520 m/s and 2720 m/s for porosities 11%, 32% and 65%, respectively, which
are systematically lower than the sound velocity in the corresponding air-filled AAO (4.2).
In addition, the disparity (horizontal arrows in Fig. 4.7(a) increased with porosity, reaching
about 800 m/s forp = 65%. Finally, the additional “in-plane” branch (2) was observed in
AAO containing PDMS for anyd value between 35 and 85 nm.

Table 4.2.: Experimental effective medium velocities in PDMS-filled AAO.
in-plane(m/s) out-of-plane(m/s)

PDMS-filled AAO Mode1 Mode3 Mode5
p = 11% 5830 920
p = 32% 4520 870 6910
p = 65% 2720 860
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4. Anisotropic propagation and confinement of high frequency phonons

4.5. FDTD modeling

The elastic wave propagation in AAO along high symmetry directions of the two-dimensional
lattice constituted by the nanopores and the influence of liquids located in the nanopores was
simulated by means of numerical band structure calculations using the Finite Difference Time
Domain (FDTD) method.[55]

The band structure curves were calculated using a three dimensional unit cell with di-
mensions (a × a

√
3 × 0.1a), which was repeated in the three directions of space according

to the periodic Bloch equations. Thus, the structure was infinite along thez direction and
periodic in the (x, y) plane. The space was discretized in using a mesh interval equal to
∆x = ∆y = ∆z = a/30. The equations of elasticity were solved with a time integration step
∆t = ∆x/4 and a number of time step equal to 219 which was necessary tested time for good
convergence of the numerical calculation. An initial randomly amplitude of the displacement
was applied inside the unit cell. At the end of the time calculation, the displacement was
recorded and transferred into Fourier series, for various wave vectork. The band structures
were rendered in terms of frequency and function of the modulus of the wave vector, and
were plotted along the principal directions of propagationof the 2D irreducible Brillouin zone
(BZ), ΓJ andΓX of the phononic crystal and in the directionΓZ, out-of-plane, parallel to the
cylinders axis.

The displacement field calculation was similar to the dispersion curves computation except
that the initial randomly excitation of the displacement was replaced by a periodic wave source
during a determined time at two specific points of the unit cell. The source generated a quasi
monochromatic wave at the same frequency as the eigenfrequency of the chosen wave vector.
Because both the wave vector and the frequency were assigned,a specific eigenmode was
excited and the displacement field was recorded and highlights the properties of the mode.
In those 3D graph representations, the color and the size of the points symbolize the local
displacement while the white color corresponds to a displacement equal to zero (Fig. 4.10 to
Fig. 4.12).

The sound velocitiesclAAO = 7300 m/s,ctAAO = 3750 m/s andclPDMS = 850 m/s were eval-
uated so as to obtain a good fit of the experimental values of the “in-plane” effective acoustic
velocities deduced from BLS spectra, assuming mass densities of ρAAO = 3970 kg/m3 and
ρPDMS = 1045 kg/m3. Note that AAO consists of amorphous alumina containing incorpo-
rated water and electrolyte anions. Hence, the sound velocities extrapolated forp = 0 (cl =
6180 m/s,ct = 3740 m/s in Fig. 4.8) are significantly lower than in crystalline alumina such
as sapphire (cl = 11320 m/s,ct = 6870 m/s). Moreover, a higherclAAO for the phonon propa-
gation parallel (7830 m/s) and perpendicular (7300 m/s) to the pores was required to achieve
good agreement with the sound velocity of branch (5) (Fig. 4.6 and Fig. 4.7). The verified
nanomechanical anisotropy in the AAO membranes is in line with the internal structure of
the pore walls of AAO, as revealed by SEM, and the anisotropicstress occurring during the
anodization[135].

Figure 4.9(a), (b) shows the band structure of air-filled AAO(p = 32%; solid black sym-
bols) and AAO (p = 32%) infiltrated with low molecular mass poly(dimethylsiloxane) (PDMS)
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4.5. FDTD modeling
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Figure 4.10.: Map of the distributions of the displacement Uof the eigenmodes inside an AAO
unit cell belonging to modesA′, A andB located on the branch (1) shown in
Fig. 4.9(a).

(open red symbols) for wave propagation perpendicular to the nanopores (Fig. 4.9(a)), de-
noted by “in-plane” wavevectors (q⊥ in Fig. 4.2(a)) and wave propagation parallel to the
nanopores (Fig. 4.9(b)), denoted by “out-of-plane” wavevectors (q‖ in Fig. 4.2(b)). The two
lowest “in-plane” branches starting at theΓ point are longitudinal and transverse acoustic.
Infiltrating AAO with PDMS leads to a significant decrease of the longitudinal sound veloc-
ity, cl = 2πf/q⊥, from 4940 m/s to 4730 m/s, whereas both acoustic branches bend due to
their interaction with a flat band at around 8.5 GHz corresponding to a confined mode in-
side the PDMS cylinders. Increasingp to 65% (Fig. A.5) results in a strong decrease ofcl

and an enhancement of the bending at a lower frequency. ModeA′ is a longitudinal mode
in air-filled AAO that propagates only through the AAO scaffold but not through the empty
nanopores (Fig. 4.10(a)), whereas, in PDMS-infiltrated AAO, modeA with the same vector
q⊥ (= 0.004 nm−1) is spread over both AAO scaffold and the PDMS located in the nanopores
(Fig. 4.10(b)). Since the latter mode senses the PDMS, it propagates slower than modeA′

in native AAO. Remarkably, modeB with q⊥ = 0.03 nm−1, which is characteristic of the flat
band interacting with the propagating acoustic branches, is well confined inside the PDMS
cylinders (Fig. 4.10(c)).

For the “out-of-plane” propagation, air-filled AAO (Fig. 4.9(b), black symbols) exhibits two
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Figure 4.11.: Map of the distributions of the displacement Uof the eigenmodes inside an AAO
unit cell belonging to modesA′′ andC located on branches (3) and (5) shown in
Fig. 4.9(b).

Table 4.3.: Comparison between the experimental and theoretical effective medium velocities
ceff for the “in-plane” phonon propagation.

Longitudinal velocities (m/s) Transverse velocities (m/s)
Experiment Theory Experiment Theory

p = 11% 6120 6140 3410 3270
air-filled AAO p = 32% 5040 4940 2770 2695

p = 65% 3510 3325 1370
p = 11% 5830 6160

PDMS-filled AAO p = 32% 4520 4730
p = 65% 2720 2940

acoustic branches with mainly longitudinal and transversepolarizations, whose velocities are
lower than but close to those of bulk alumina. However, the dispersion behavior drastically
changes when the nanopores contain PDMS. The lowest acoustic branch (3) (Fig. 4.9(b)),
which is essentially longitudinal, penetrates only slightly into the AAO scaffold and is largely
confined to the PDMS cylinders (see Fig. 4.11(b) for the mode denoted byC in Fig. 4.9(b)).
Its velocity (about 900 m/s) is close to but slower than the sound velocity in bulk PDMS. Strik-
ingly, branch (3) is absent in native AAO. The highest acoustic branch (5) (cl = 6550 m/s) is
polarized parallel (alongz-direction) to the nanopores. Moreover, branch (5) is essentially con-
fined to the AAO, as indicated by the biased distribution of the elastic field (A′′) in Fig. 4.11(a).
The spatial distribution of the elastic field belonging to modeA on branch (1) in Fig. 4.9(a) and
to A′′ on branch (5) in Fig. 4.9(b) are distinctly different, thus rationalizing the much slower
slope (4730 m/s) of the “in-plane” longitudinal phonon (1) that propagates also through the
liquid PDMS.
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Figure 4.12.: Theoretical band structures of “in-plane” (a) and “out-of-plane” (b) phononic
dispersion curves in AAO (a = 100 nm;d = 60 nm;p = 32%) either with air-filled
nanopores (black solid symbols) or containing fluid PDMS (red open symbols).
A new branch appears in the calculations only in the presenceof a thin (5 nm)
rigid PDMS interphase in the nanopores schematically shownin (c).

Low molecular mass PDMS (Mw = 980 g/mol) in the proximity of solid surfaces is prone
to surface-induced ordering, resulting in the formation ofa layered PDMS interphase with re-
duced mobility.[136] Thus, FDTD calculations were performed using a refined modelin which
the presence of a 5 nm thick solid PDMS interphase in the proximity of the pore walls with a
finite transverse sound velocityct = 100 m/s was assumed. As seen Fig. 4.12(a) for the disper-
sion alongΓJ (blue points), this result in the appearances of a new flat branch (2) at 5.1 GHz,
whereas branch (1) and its bending retain essentially the same characteristics as for the fully
liquid PDMS cylinders. As shown for modeD, the displacement fieldU2

x + U2
y of branch

(2) with mixed polarization is essentially confined to the PDMSinterphase. The frequency of
this branch depends on the thickness and the transverse sound velocity of the PDMS interphse
(Fig. 4.12(c)). A strong evidence of the presence of a PDMS interphase at the pore walls is the
additional “in-plane” branch (2) with clearly non-acoustic behavior observed in PDMS-filled
AAO for any d value between 35 and 85 nm (Fig. 4.6 and Fig. 4.7). The almost flat branch
(2) shown in Fig. 4.7 appears in the computed band diagrams of Fig. 4.12 only if the pres-
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4.6. Summary

ence of a thin solid PDMS interphase is used, whereas this branch is absent if the simulations
are based on models assuming the presence of homogeneous liquid PDMS cylinders in the
nanopores (Fig. 4.9). An obvious consequence is the supportof shear waves by the solidlike
PDMS interphase[136], which was included in the calculations through an adjustedct and fixed
interphase thickness[137]. As seen in Fig 4.12, the theory predicts the presence of a flatbranch
(2) (Fig. 4.6) and captures its frequency which increases withct and decreases with thickness.
The assingment of the new branch (2) suggests that GHz phononics could serve as a generic
method for the investigation of interphases in the nanocomposites.

4.6. Summary

We have applied high-resolution Brillouin spectroscopy on AAO-based nanocomposites con-
taining hexagonal arrays of cylindrical nanopores filled with PDMS to demonstrate directional
flow of elastic energy parallel and perpendicular to the poreaxes and phonon localization.
AAO has great potential as a platform for the design of tunable hypersonic phononic systems
with engineered high-frequency phononic properties outside the band gap regions. Increasing
the pore diameterd results in an enhancement of bending of the propagation banddue to a
confined mode inside PDMS cylinders. The proper adjustment of the lattice constants of self-
ordered AAO and the possibility to deposit a plethora of materials covering a broad range of
elastic properties in the nanopores enables tailoring the propagation of the elastic or acoustic
waves perpendicular and parallel to the pores. Moreover, the sensitivity of GHz phononics
to the interphase may pave the way for probing interfacial interactions in hybrid systems for
which conventional techniques cannot be applied.
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5. Tuning and switching hypersonic
phononic properties of
impedance-contrast
nanocomposites

5.1. Introduction

Nanocomposites are a class of materials, the importance of which for a broad variety of in-
dustrial applications cannot be overestimated. Commonly, they are characterized by irregular
structure, and clustering of dispersed filler particles maysignificantly deteriorate their proper-
ties. Up to now, their physics is not satisfactorily understood, and their design on the meso-
scopic or even molecular scale is still challenging. However, it would be an intriguing per-
spective to create designer nanocomposites that exhibit specific functions related to rationally
generated structural anisotropy or to likewise tailored, well-defined periodicity. Ultimately,
such advanced nanocomposites would show smart behavior or stimuli-responsive properties.

Whereas the tailoring of mechanical properties and electricconductivity of nanocomposites
has received much attention, the lack of control over their morphology has prevented the sys-
tematic tuning of their phononic properties. The phononic band diagram of periodic composite
media can be engineered by the solid or liquid nature of the components, the contrast between
their densities and elastic constants, their volume fractions, as well as by the symmetry and
morphology of the lattice they constitute. Significant interactions between sound waves and
composite media through which they propagate can occur if the frequency of the former and
the periodic variations in elastic contrast of the latter are commensurate. Nanocomposites
characterized by periodic elastic contrast variations on nanoscopic length scales could enable
highly efficient phonon management in the hypersonic frequency range. Whereas only few
attempts to adapt concepts for functional phononic bandgapstructures to the GHz frequency
range have been reported,[42, 43, 45, 126]predictive understanding of hypersonic systems and their
rational engineering is still immature, despite the potential of such systems for a plethora of
applications,[128].

Only a limited effort has been made to explore self-ordered AAO as a rigid, inorganic scaf-
fold in well-defined model nanocomposites.[131, 138, 139]This is surprising since, in contrast to
disordered filler/matrix systems, organic/inorganic hybrid systems based on AAO combine
well-defined morphology and well-defined anisotropy. AAO-based membrane configurations
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are ideal model systems for the investigation of hypersoundpropagation, because their peri-
odicity in elastic contrast imposed by the morphology of theAAO matches the length scales
required to manipulate sound in the GHz frequency range. Moreover, directed sound propaga-
tion can be investigated because of the intrinsic anisotropy of AAO. Finally, AAO is transpar-
ent to UV light and visible light so that Brillouin light scattering (BLS),[7, 42] a well-established
technique in the characterization of phononic systems, canbe applied to probe the hypersonic
behavior of AAO-based elastic-contrast nanocomposites.

Poly(dimethylsiloxane) (PDMS) has been widely investigated as a soft model component in
the investigation of nanocomposites. Nuclear magnetic resonance (NMR) spectroscopy,[140, 141]

dielectric relaxation spectroscopy[142] and dynamic mechanical analyses[143] revealed that in
nanocomposites consisting of PDMS matrices filled with silica nanoparticles the filler parti-
cles are surrounded by two or more PDMS layers with restricted segmental mobility and a
glass transitions at higher temperature or lower frequencythan in the bulk. Direct evidence
for modified dynamics in the GHz and THz range characterized by reduced segmental mobil-
ity was evidenced by quasielastic neutron scattering.[144] The overall thickness of the PDMS
interphase, as determined by a broad range of methods for a likewise broad range of molecu-
lar weights, was reported to range from 1 to 5 nm.[140, 143–145]Molten PDMS with a molecular
weight of≈3700 g/mol (≈50 repeat units) located between two molecularly smooth mica sur-
faces formed layered structures near the solid interfaces.[146] In extremely thin films (≤5 nm),
entropic repulsion resulted in conformational restrictions of the PDMS molecules was an os-
cillatory function of thickness with a repeat spacing corresponding to the width of the polymer
molecule. The oscillatory force ranged 7-8 chain widths (about 5 nm), whereas dynamic force
measurements revealed a hydrodynamic thickness of the immobilized layer of 2-3 nm.[146]

Evmenenko et al. evidenced molecular layering for films thinner than 9 nm consisting of
low molecular weight PDMS (M≤1000 g/mol) deposited onto a smooth Si wafer by X-ray
reflectivity.[136] In thick films of PDMS with molecular weights of 3780 g/mol andabove, no
layer structure was found to be stable for entropic reasons,but interphases with a thickness of
about a few nm appeared.[145]

In chapter 4, we have shown that probing the hypersonic properties of PDMS/AAO nanocom-
posites, which can be considered as a model system for nanocomposite materials characterized
by pronounced elastic contrast between its components by BLS, reveals peculiar features in
the GHz frequency range that are not accessible by other characterization methods, including
directional flow of elastic energy parallel and perpendicular to the nanopores as well as phonon
localization.[131] NMR investigations revealed that thin films of PDMS with molecular weights
of the order of 10000 g/mol deposited from diluted solutionsonto the pore walls of AAO are
arranged in discrete layers characterized by step-wise increase in motional freedom.[147, 148]

Strikingly, in the phononic dispersion diagrams of PDMS/AAO, elastic contrast nanocom-
posites branches apparently related to the presence of a PDMS interphase at the pore walls
with enhanced elasticity showed up even though the pore volume was completely filled with
PDMS.[131]

Here we present an in-depth study of the phononic propertiesof AAO-based elastic-contrast
nanocomposites. Liquid poly(dimethyl siloxane) (PDMS), liquid polyethylene glycol (PEG),

58



5.1. Introduction

Table 5.1.: Sound velocities and densities of materials
Material cl (m/s) ct (m/s) ρ (kg/m3) ∆Z

AAO 7300a 3750a 3970d

PDMS 1050± 20b 974e 27.5
PEG 1900b 1140f 12.4

liquid PVDF 1220c 1490g 14.9
α-PVDF 2480b 775h 1900e 6.8

aRef. [127].
bMeasured by BLS at room temperature (20◦C).
cMeasured by BLS at 180◦C.
dRef. [103].
eValue of PDMS with a viscosity-average molecular weight of 105 was deter-
mined using two pycnomieters at 20◦C.[149]

fValue of PEG with a molecular weight of 300 and methylated-ended was deter-
mined at 30◦C.[150]

gValue of PVDF with a molecular weight of 197000 g/mol was determined by the
measurement of pressure, volume and temperature at 180◦C.[151]

hValue was determined forα-pahse of PVDF at room temperature.[152]

iValue of transverse velocity was determined by ultrasonic measurement at room
temperature.[153]

liquid poly(vinylidene difluoride) (PVDF) and solid PVDF were selected as soft model com-
ponents, the bulk densities and bulk longitudinal sound velocities of which cover a broad
range (Table 5.1). In Table 5.1, the elastic impedance (Z =ρc) contrast∆Z is defined as∆Z =
ρAAOclAAO/ρici − 1 whereρAAO andρi are densities of AAO and infiltrate material, whereas
clAAO andci are velocities of AAO and infiltrate material, respectively. On the other hand,
liquid PEG has a significantly higher longitudinal bulk velocity than liquid PDMS, whereas
the bulk densities are similar. Therefore, it is obvious that PDMS/AAO nanocomposites have
a significantly higher elastic contrast than PEG/AAO nanocomposites. On the other hand,
liquid PVDF has a significantly higher bulk density than liquid PDMS, whereas bulk longi-
tudinal sound velocities are comparable. Finally, semicrystalline PVDF has a significantly
higher bulk sound velocity and a significantly higher bulk density than liquid PDMS. Hence,
by comparing PDMS(l)/AAO, PEG(l)/AAO, PVDF(l)/AAO and PVDF(s)/AAO the influence
of the longitudinal sound velocities and the densities of the soft components infiltrated in AAO
can be systematically elucidated.

Moreover, up to now, AAO-based elastic contrast nanocomposites have been considered as
static phononic systems. Using PVDF as a semicrystalline model polymer, we finally demon-
strate that the exploitation of first order phase transitions such as melting and crystallization
allows reversibly modifying the elastic properties and densities of materials residing in the
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(a) (b)

Figure 5.1.: Scanning electron microscopy (SEM) images of AAO. (a) top view and (b) cross
sectional image.

nanopores. In turn, the phononic band structure, the density of states and ultimately the hy-
personic properties of AAO-based elastic-contrast nanocomposites can be switched.

5.2. Sample preparation

As described in Chapter 3, self-ordered AAO was prepared following Masuda’s two-step an-
odization process[73, 74]. Ultrapure aluminum substrates (99.999%,d = 20 mm, thickness =
500 µm, Goodfellow GmbH) were anodized in 0.3 M oxalic acid at 40 V.Anodization in
oxalic acid yielded AAO with a lattice constant of about 100 nm. To increase the porosities,
the nanopores were widened by isotropic etching in 0.3 M oxalic acid at 30◦C, resulting in
a diameter of 60 nm (Fig. 5.1(a)). Then, the AAO was infiltrated with poly(dimethyl silox-
ane) (PDMS,Mw = 1350 g/mol,Mn = 980 g/mol) or poly(ethylene glycol) (PEG,Mw =
400 g/mol) at room temperature. The PDMS had trimethylsilane (-Si(CH3)3) end groups and
The PEG had hydroxyl (-HO) end groups. Also, two different kinds of samples were prepared
for AAO infiltrated with poly(vinylidene fluoride) (PVDF, Aldrich,Mw = 180000 g/mol,Mn

= 71000 g/mol): i) PVDF was infiltrated into the AAO by meltingon AAO, wetting time
10 min. Then, it was cooled down to room temperature at a rate of 1 K/min. This sample
showed preferred〈020〉 texture, i.e. the〈020〉 lattice planes are parallel to the AAO surface
(Fig. 5.7(a)); ii) THe sample was initially prepared in the same way as in the first method.
However, the excess PVDF surface film on top of AAO was removedand again the sample
was cooled at a rate of 1 K/min. This sample did not show any preferred texture (Fig. 5.7(a)).
Finally, tetracosane (C24H50, Aldrich-Europe,Mw = 338.66,Tm = 49 - 52◦C) was prepared
by melting at 80◦C, wetting time 12 h. It was then cooled down to room temperature for BLS
measurements.

60



5.3. PDMS/AAO as a model system with high elastic contrast

0,000 0,008 0,016 0,024 0,032 0,040
0

10

20

30

40

q

in-plane: q
out-of-plane: q||

5

3
2
1

 

 

Fr
eq

ue
nc

y 
(G

H
z)

q (nm-1
)

a = 100 nm
d = 60 nm q

Figure 5.2.: “In-plane” (q⊥) and “out-of-plane” (q‖) longitudinal phononic branches (1-3, 5)
in PDMS-filled AAO scaffolds (d = 60 nm;a = 100 nm). The black and red solid
lines represent the effective sound velocities along the “in-plane” (data points in
the unshaded area) and “out-of-plane” (data points in the light grey area) direc-
tions.

5.3. PDMS/AAO as a model system with high elastic
contrast

In the previous chapter, we studied AAO with a lattice constant a of 100 nm, a pore depth
of 20 µm and pore diametersd ranging from 35 to 85 nm infiltrated with trimethylsilane-
terminated oligomeric PDMS with a molecular weight of 1350 g/mol. Figure 5.2 shows ex-
emplary dispersion relationsω(q) in PDMS-filled AAO with d = 60 nm,a = 100 nm and
a porosityp = πd2/(2

√
3a2) = 32% for “in-plane” phonon propagation perpendicular to the

pore axis (denoted by wavevectorq⊥) and for “out-of-plane” phonon propagation parallel to
the pore axis (denoted by wavevectorq‖). The characteristic features of the dispersion rela-
tionsω(q) relevant to the discussion in this chapter can be summarized as follows.

(i) The acoustic (ω∼q) phonons represented by branch5 (“out-of-plane”), and by
branch1 (“ in-plane”) correspond to PDMS-filled AAO as an effective medium.
However, the PDMS/AAO nanocomposites exhibit different effective medium
sound velocities parallel (branch5) and perpendicular (branch1) to the nanopores.

(ii) The group velocity belonging to branch (1) becomes almost zero, as is obvious
from its bending at highq values. This finding indicates localization of branch (1)
through the interaction with a flat mode at a frequencyfl∼7.8 GHz.
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(iii) Phonon guiding (branch3) is realized when the nanopores are filled with
PDMS, thus opening a new channel for the flow of the elastic energy. This channel
of phonon propagation becomes inactive in AAO with air pores.

(iv) In PDMS-filled AAO, a flat mode (2) with frequencyfi∼5.1 GHz is observed,
which can be attributed to the formation of a PDMS interphasewith reduced mo-
bility on the nanopore walls, as commonly observed in the proximity of smooth
solid surfaces[136, 137]. The interphase-sensitive mode (2) could be reproduced in
simulations only by using models involving a solid-like PDMS interphase.

Furthermore, the theoretical band structure calculationsdiscussed in chapter 3[131] that pro-
vided detailed insight into the nature of the above-mentioned modes, by identifying their bi-
ased propagation through the polymer-filled AAO, are summarized below:

(i) The acoustic “out-of-plane” branch (5) propagates mainly through the AAO
scaffold with a sound velocity of 6930 m/s, whereas its counterpart “in-plane”
branch (1) propagates through both the AAO scaffold and the polymer located in
the nanopores with a slower sound velocity of 4520 m/s, as expected. Hence, the
longitudinal moduli along the two directions differ by 230%.

(ii) The bending of the acoustic branch (1) is due to the interaction with a flat band
fl∼8.5 GHz corresponding to a confined mode inside the PDMS cylinders. The
frequencyfl depends on the pore diameter and the nature of the material inthe
nanopores.

(iii) The acoustic branch (3) propagates in the nanopores containing PDMS with a
sound velocity of 980 m/s, which is slower than the sound velocity in bulk PDMS
(1050±20 m/s).

(iv) The new branch (2) is first and foremost sensitive to the transverse velocity
of soundct and to the thickness of the PDMS interphase at the pore walls;fi
increases either by increasingct or by decreasing the thickness. The displacement
of the elastic field is essentially confined to the PDMS interphase and polarized
parallel to the nanopores.

5.4. PEG/AAO as a model system with low elastic
contrast

Like PDMS, low-molecular-weight PEG is an isotropic liquidat room temperature. However,
in contrast to PDMS, PEG is characterized by higher longitudinal sound velocitycl and hence
lower elastic contrast to AAO. Therefore, the comparison ofPEG-filled AAO and PDMS-
filled AAO allows the elucidation whether high elastic contrast is required to realize mode
localization as well as directional flow of elastic energy, and whether high elastic contrast is
a prerequisite for the occurrence of interphase-sensitivebranches. It is reasonable to assume
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that lower elastic contrast between AAO and a soft componentresiding in its nanopores would
affect the extent of phonon localization, which is represented by the bending of the acoustic
branch (1) in Fig. 5.2.
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Figure 5.3.: “In-plane” BLS spectrum of (a) PEG- and (b) PDMS-filled AAO (d = 60 nm;a
= 100 nm) atq⊥ = 0.0167 nm−1. The red solid line shows the representation of
the spectra by a sum of up to three lorentzian lines. (c) The dispersion relations
for the two longitudinal acoustic (1) and the flat (2) branches. The black solid line
represents the effective sound velocities for “in-plane” propagation in the PEG-
filled AAO nanohybrids.

To verify these predictions, we studied the “in-plane” (q⊥) phonon propagation in AAO
(d ≈ 60 nm anda ≈ 100 nm) filled with hydroxyl-terminated liquid PEG (Fig 5.3(a). Three
modes are resolved in the exemplary BLS spectrum seen in Fig. 5.3(a), as indicated by the
Lorentzian contributions. The peak denoted “PEG” with a frequencyf PEG≈5 GHz (atq⊥ =
0.0167 nm−1) is attributed to the bulk PEG layer remaining on the AAO surface exploited as
an internal reference sincef PEG shows homogeneous acoustic behavior with a sound velocity
clPEG ( = 2πfPEG/q⊥) = 1850±30 m/s which is, within experimental error, the longitudinal
sound velocity of bulk PEG. This corroborates the notion that interactions between PEG and
AAO surface are hardly discernible. The acoustic branch (1) and the very weak flat branch (2)
in the “in-plane” directions characterize the phononic properties of PEG-filled AAO nanohy-
brids. On the other hand, the bending of the acoustic branch (1) and the strong flat branch (2)
in the “in-plane” dispersion diagram are charateristic of the phononic properties of PDMS-
filled AAO (d = 60 nm,a = 100 nm) as represented in the BLS spectrum shown in Figure
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5.3(b) recorded atq⊥ = 0.0167 nm−1 as comparison to PEG-filled AAO.
The experimental dispersion relations for “in-plane” phonon propagation in PEG-filled

AAO and, for comparison, PDMS-filled AAO are depicted in Fig.5.3(c). The acoustic branch
(1) and the very weak flat branch (2) are characteristic of the phononic properties of PEG-filled
AAO. On the other hand, the bending of the acoustic branch (1) and the strong flat branch (2)
are characteristic of the phononic properties of PDMS/AAO nanocomposites.

The linear dispersion of branch (1) indicated by the straight solid line in Fig. 5.3(c) repre-
sents longitudinal phonon propagation at long wavelengthsprobing a homogeneous medium
and its slope yields the corresponding longitudinal sound velocity. In the PEG-filled AAO,
the effective medium velocitycl = 5040 m/s is higher than that in PDMS-filled AAO ofcl =
4520 m/s. Moreover, the bending of branch (1) at highq⊥ (red line in Fig. 5.3(c)) is essen-
tially missing in the PEG-filled AAO (Fig. 5.3(c)). Since thedensities of PDMS and PEG
are similar, the reduction of the elastic contrast∆Z between AAO and PEG by a factor more
than two compared to the PDMS/AAO system (clPDMS = 1050±20 m/s,clPEG = 1900 m/s
already given above) remains as the origin of the significantly weakened phonon localization
and renders the bending of mode (1) weak. The flat branch (2) can be interpreted as a lay-
ered interphase mode as mentioned above. It appears at higher frequency compared to ones
observed in the AAO containing PDMS (5 GHz) and becomes very weak as seen in the am-
plitude of peak 2 relatively to peak 1 in the BLS spectra of PEG-and PDMS-filled AAO in
Fig. 5.3(a) and 5.3(b). In fact, the formation of a PEG interphase in the direct vicinity of
the pore wall is to be expected since the hydroxyl end groups of the PEG can form hydrogen
bonds with alumina surfaces.

5.5. Tailoring the degree of dissipation of elastic
energy by the soft component

In order to gain insight into thermal transport processes, we consider the linewidth (Γ) of
the BLS spectra. The spectral linewidth of BLS is related to energy dissipation of phonon.
Considering that the linewidthΓ is a function ofq2[154, 155], Γ can be expressed asΓ = ξq2

whereξ is a dissipation coefficient (or thermal diffusivity for solid) and can be expressed as
follows:

Γ = ξq2 =

[

(γ − 1)λ

mρ0cP

+
ηv + 4

3
ηs

mρ0

]

q2 (5.1)

whereγ is the specific heat ratio,ηv is the bulk viscosity,ηs is the shear viscosity,ρ is the den-
sity, m is the mass of a constituent,cP is the specific heat at constant pressure, the longitudinal
kinematic viscosityDv =

(

ηv + 4
3
ηs

)

/mρ0 and the thermal diffusivityDT = λ/mρ0cP . Since
we treat the AAO-polymer nanocomposite as an effective medium here, it is very difficult to
determine the properties of the polymeric components. However, the dissipation coefficient, in
other words, the phonon lifetime, provides the relevant information to the phonon localization.
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Figure 5.4.: Full width at half maximum (Γ) of BLS spectra plotted as a function ofq2 for
branch (1). The solid lines are best fits to the data.

Table 5.2.: Comparison of dissipation coefficients
Sample Bulk PDMS air/AAO PDMS/AAO PEG/AAO

ξ[rad·m2·s−1] 6.6×10−6 9.23×10−6 6.91×10−5 1.73×10−5

The spectral linewidths of branch (1) were plotted as a function ofq2 for PDMS/AAO and
PEG/AAO systems as shown in Fig. 5.4. As a reference, the linewidths of air-filled AAO and
bulk PDMS are also plotted. Each dissipation coefficient, which was derived from the slope
of the best fit, is summarized in Table 5.2. Apparently, the energy dissipation is dependent on
the infiltrate material. In fact, air-filled AAO, bulk PDMS and PEG/AAO nanohybrids have
similar dissipation coefficient, whereas the dissipation coefficient of the PDMS/AAO hybrid
shows one order of magnitude bigger than other polymer/AAO nanohybrids. Consequently,
it is conceivable that these observations could be associated with phonon localization and
bending of branch (1). Namely, phonons are localized in the pores infiltrated with PDMS,
resulting in a shorter phonon lifetime, while phonons are less localized in the pores infiltrated
with PEG and travel through the polymer/AAO matrix, resulting in a longer phonon lifetime.
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5.6. Reversible switching of phononic properties by
crystallization and melting

External stimuli such as temperature changes may induce transitions such as crystallization,
gelation, formation of mesophases in the component residing in nanopores of the AAO scaf-
fold. Correspondingly, its phononic properties and, in turn, band structures and acousto-
optical interactions of the nanocomposites are reversiblymodified. It is thus an intriguing
perspective to exploit sound propagation modes predominantly confined to materials located
in the nanopores to monitor phase transitions. From a fundamental point of view, different
infiltrated materials adopting fluid or solid phases can further verify the origin of the observed
phononic modes in the band diagrams. For a simple proof of concept, we investigated the
modification of the dispersion for both “in-plane” and “out-of-plane” sound propagations in
AAO with a = 100 nm andp = 30% infiltrated with both poly(vinylidene fluoride) (PVDF)
and tetracosane (C24H50). PVDF was not only selected as a model component because of the
bulk densities and sound velocities of its liquid and semicrystalline forms (Table 5.1), but also
because crystallization of PVDF inside the nanopores of AAO, which yields the monoclinicα
polymorph[156] was intensively studied by wide angle X-ray scattering and differential scan-
ning calorimetry.[127, 157] On the other hand, PVDF is representative of the important class of
vinylidene-based fluoropolymers, which may exhibit, depending on the crystal modification,
ferroelectric properties.[158]

First of all, the dispersion relations of PVDF-filled AAO, which shows preferred〈020〉
texture, were examined. To verify both the melting and the crystallization temperatures of
PVDF inside nanopores, differential scanning calorimetry(DSC) measurements were per-
formed. Figure 5.5 shows DSC results of PVDF-filled AAO (d = 60 nm; Fig. 5.5(a)) and bulk
PVDF (Fig. 5.5(b)). The heating and cooling rates were 10 K/min. The DSC result of bulk
PVDF shown as a reference exhibits a sharp crystallization peak atTc = 135◦C in the cooling
scan and a melting peak atTm = 164◦C in the heating scan. Compared with bulk PVDF, the
crystallization of PVDF inside nanopores occurs at 105◦C (Tonset = 120◦C), while the melt-
ing occurs atTm = 168◦C. Therefore, the BLS measurements in liquid phase were performed
at 180◦C, while in solid phase at room temperature.

To analyze the crystal texture of macroscopic ensembles of PVDF located inside AAO,
WAXS measurements in reflection mode using a Philips X’oert MRD diffractmeter with cra-
dle and secondary monochrometer for CuKα was performed. The setup used for WAXS
measurements are schematically shown in Fig. 5.6. In thisΘ/2Θ geometry,Θ denotes the
incident angle defined as the angle between the incident beamand the surface of the sample,
while 2Θ is defined as the angle between the incident and the diffracted beams. In this geom-
etry, only crystal lattice planes oriented parallel to the surface contribute to the intensity of a
Bragg reflection. The scans were performed in the range of 15◦ to 30◦. Figure 5.7(a) shows
the XRD pattern of PVDF located inside AAO, which were prepared without a thick PVDF
film on the surface of AAO. TheΘ-2Θ XRD pattern shows three prominent peaks at 2Θ an-
gles of 18.3◦ (〈020〉), 19.8◦ (〈110〉) and 25.4◦ (〈021〉). Figure 5.7(b) shows the XRD pattern
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Figure 5.5.: DSC scans of (a) PVDF nanostructures in AAO and (b) bulk PVDF. Dotted curves
are heating runs, while solid curves are cooling runs. Heating and cooling rates
are 10 K/min.

Figure 5.6.: Schematic of the WAXS setup. The AAO was mountedin such a way that the
long axse of pores were oriented parpendicular to the plane defined by incident
beam and detector.
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Figure 5.7.: XRD analysis of PVDF inside AAO. PDVF-filled AAO prepared (a) without a
thick PDVF film on the surface of AAO and (b) with a thick PDVF film on the
surface of AAO.

of PVDF located inside AAO, which were prepared with a thick PVDF film on the surface of
AAO. TheΘ-2Θ XRD pattern shows two prominent peaks at 2Θ angles of 17.7◦ (〈100〉) and
19.8◦ (〈110〉).

BLS measurements were performed at 293 K (PVDF in AAO is semicrystalline, Fig. 5.5(b))
and at 453 K (PVDF in AAO is liquid, Fig. 5.5(b)). Figure 5.8(a) shows corresponding BLS
spectra recorded atq⊥ = 0.0167 nm−1. For AAO containing semicrystalline PVDF, the BLS
spectrum displays only a single doublet associated to the longitudinal phonon (1) that shows
linear dispersion but no bending up toq⊥∼0.02 nm−1 in the “in-plane” experimental band dia-
gram shown in Fig. 5.9(a). On the other hand, although the BLS spectrum of AAO containing
liquid PVDF also displays a single doublet at almost the samefrequency, the peak became
broader and slightly shifted to the lower frequency. Even though the sound velocities of liquid
PDMS (∆Z = 28) and liquid PVDF (∆Z = 15) are of the same order of magnitude, the bending
of branch (1) at highq⊥ is missing in AAO containing liquid PVDF (Fig. 5.9(a)), suchas in
the case of PEG-filled AAO. Hence, we assume that the reduction in density contrast between
AAO and PVDF related to the relatively high density of liquidPVDF (Table 5.1) could be the
origin of the significantly weakened phonon localization and render the bending of mode (1)
weak. It is conceivable that a large contrast of both sound velocity and density between AAO
and infiltrate materials could be crucial factors for the phonon localization.

The BLS spectra representing the “out-of-plane” phonon propagation change drastically
upon melting of PVDF (Fig. 5.8(b),(c)). Mode (3) at about 6 GHz disappears and a new mode
(4) appears at much higher frequency (∼20 GHz). The experimental dispersion relations for
those two modes (3, 4) appearing in the BLS spectra seen in Fig. 5.9(b) therefore display
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Figure 5.8.: BLS spectra of PVDF-filled AAO (d = 60 nm;a = 100 nm) measured at 293 K
(PVDF is crystalline) and at 493 K (PVDF is liquid) (a) forq⊥ = 0.0167 nm−1

perpendicular to the nanopores and (b) forq‖ = 0.0368 nm−1 parallel to the
nanopores.
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Figure 5.9.: Dispersion relations for “in-plane” (q⊥) and “out-of-plane” (q‖) longitudinal
acoustic modes in crystalline PVDF-filled AAO at 293 K and liquid PVDF-filled
AAO at 453 K.
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rates are 10 K/min.

very different slopes corresponding to velocities of 3380 m/s and 1060 m/s in the case of
the solid (4) and liquid (3) PVDF, respectively. At the same time, the sound velocity ofthe
longitudinal effective medium mode (5) does not change significantly when PVDF residing in
the nanopores transforms from solid (7170 m/s) to liquid (6810 m/s).

After the completion of BLS measurements for liquid PVDF-filled AAO, PVDF were crys-
tallized by cooling to room temperature. The resulting crystal orientation of PVDF after this
cooling treatment does not show any preferred texture. However, the dispersion relations of
this semicrystalline PVDF-filled AAO of both the “in-plane” and “out-of-plane” phonon prop-
agation show the same behavior as textured PVDF-filled AAO. This indicates that phonon
propagation is insensitive to the crystal orientation of PVDF.

Next, the dispersion relations of C24H50-filled AAO were examined. C24H50 is a linear
paraffin which forms a triclinic crystalline phase[159, 160] below≈ 45 ◦C and rotator phases
below≈ 51 ◦C.[161–164] Above 51◦C, tetracosane is liquid. Figure 5.10 shows DSC results
of bulk C24H50 and C24H50-filled AAO. The heating and cooling rates were 10 K/min. In the
DSC scan of bulk C24H50 as shown in Fig. 5.10(a), both DSC heating and cooling scans show
two phase transition temperatures. The first transition occurs at 49.6◦C and the second at
53.3◦C during the heating scan, while the first transition occurs at 47.2◦C and the second at
41.8◦C during the cooling scan. In comparison, the phase transition process of C24H50-filled
AAO is more complex. As shown in Fig. 5.10(b), the heating scan shows only one phase
transition temperature at around 46.7◦C, while the cooling scan shows multiple peaks.

Bulk C24H50 shows only one phase transition during heating[165, 166], while two transitions
during heating occur for odd alkanes (CnH2n+2) with n = 23 and n = 25[167]. The structure
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Figure 5.11.: BLS spectra of C24H50-filled AAO (d = 60 nm;a = 100 nm) measured at 20◦C
(C24H50 is crystalline) and at 90◦C (C24H50 is liquid) (a) forq⊥ = 0.0118 nm−1

perpendicular to the nanopores and (b) forq‖ = 0.0368 nm−1 parallel to the
nanopores.

changes from crystalline to rotator phase I with pseudo hexagonal packing and then to rotator
phase II with hexagonal packing of the molecules. It could bepossible that the confined
C24H50 shows the additional rotator phase I. Furthermore, three phases are known to exist
during cooling for C24H50. It is known that rotator transitions are inaccessible during heating
but are visible during cooling due to a very large hysterisison heating and cooling.[163, 166]

Similar to PDMS, the structure and dynamics of linear alkanes in the chain length range
of tetracosane have been found to be altered in the presence of surfaces and interfaces. For
example, surface freezing, i.e., the formation of a monolayer of molecules forming a rotator
phase on the surface of the bulk liquid, was reported for temperatures up to 3 K above the
freezing point,[168, 169] and surface freezing was also found to modify the wetting behavior of
tetracosane on silicon oxide surfaces.[170] Moreover, medium-length n-alkanes show modified
phase behavior when confined to nanopores with a diameter of about 10 nm[171, 172], or discrete
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Figure 5.12.: Dispersion relations for “in-plane” (q⊥) and “out-of-plane” (q‖) longitudinal
acoustic modes in crystalline C24H50-filled AAO at 20 ◦C and liquid C24H50-
filled AAO at 90◦C.

nanodroplets, with diameters in the 100 nm range.[173]

Figure 5.11 shows BLS spectra of AAO filled with the triclinic crystalline phase of tetra-
cosane, which were measured at 293 K and 343 K, respectively.The peak appearing at a
frequencyf C24H50∼5 GHz (atq⊥ = 0.0118 nm−1) is attributed to a bulk C24H50 layer located
on the surface of the AAO. On the one hand, the presence of sucha layer connecting the tetra-
cosane nanorods residing in the pores of the AAO the ensures complete crystallization of the
latter. The bulk tetracosane layer was utilized as an internal reference showing homogeneous
acoustic behavior with a sound velocityclC24H50

(= 2πf /q⊥) = 2850 m/s.
The BLS spectra representing the “out-of-plane” phonon propagation change drastically

upon melting of C24H50 (Fig. 5.11(b)) as in PVDF-filled AAO. Mode (3) at about 5 GHz dis-
appears and a new mode (4) appears at much higher frequency (∼19 GHz). The experimental
dispersion relations for those two modes (3, 4) in Fig. 5.12 therefore display very different
slopes corresponding to velocities of 3310 m/s and 990 m/s inthe case of the solid (4) and
liquid (3) C24H50, respectively. Consequently, there are three same main effects in the band
diagrams associated with the crystallization of C24H50 and PVDF inside the nanopores: (i) the
“ in-plane” dispersion becomes simpler with the single acoustic mode (1) being marginal faster
compared to its counterpart in solid C24H50 filled-AAO and PVDF (cf. Fig. 5.9, blue and red
solid lines in Fig. 5.12), (ii) the “out-of-plane” dispersion is distinguished by the presence of
a new acoustic mode (4) in place of mode (3) and (iii) the sound velocity of the longitudinal
effective medium mode (5) does not change significantly when the C24H50 and PVDF resid-
ing in the nanopores transforms from solid to liquid, for which the changes are 7400 m/s to
7300 m/s and 7170 m/s to 6810 m/s for C24H50- and PVDF-filled AAO, respectively.
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Figure 5.13.: Theoretical band structure of both “in-plane” (a) and “out-of-plane” (b)
phononic modes for AAO with 30% porosity containing liquid C24H50 (red
points) or a solid tetracosane (blue points).

We have calculated the dispersion curves of AAO containing either liquid tetracosane with
a velocity of soundcl = 1000 m/s or crystalline tetracosane (cl = 3200 m/s andct = 1600 m/s).
For “in-plane” sound propagation, the effective acoustic velocities in both types of samples are
similar (5414 m/s for crystalline tetracosane; 4864 m/s forliquid tetracosane) and in agreement
with the experimental sound velocity of mode (1) (5630 m/s, blue and 5200 m/s, red dashed
lines) in Fig. 5.12(a). Based on the elastic field distribution, the effective sound velocity is
predominantly determined by the speed of sound in the AAO anddoes not appear to be the
simple average of the sound velocities in the pure components. Further, bending of branch
(1) occurs at around 10.5 GHz for liquid tetracosane and at about 20 GHz for crystalline
tetracosane (Fig. 5.13) due to the interactions with a flat band, in close analogy to the band
diagram of AAO containing PDMS (Fig. 4.9(a)). For frequencies below 20 GHz both the
absence of the flat band in the case of crystalline tetracosane and its appearance (at lower
q⊥) upon melting is in agreement with the experimental findings(Fig. 5.12). Moreover, the
higher frequency of this flat band as compared to that of AAO containing PDMS at≈8.5 GHz
(Fig. 4.6) reflects the nature of this mode, which is confined to the material residing inside
the nanopores of the AAO scaffold and is therefore modified asthe elastic constant of the
infiltrated material changes.

For “out-of-plane” propagation (Fig. 5.13(b)), the trends for liquid tetracosane are very sim-
ilar to those for PDMS. In particular, the lowest acoustic branch is essentially a longitudinal
mode confined to the tetracosane located in the nanopores with a velocity close to that of bulk
tetracosane. However, when the tetracosane crystallizes,this low velocity acoustic branch (3)
does not exist anymore and we find two branches with velocities higher by about 10% than
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those for “in-plane” propagation. The polarization of the lowest branch is mainly transverse
with a sound velocity of 3150 m/s whereas the polarization ofthe highest branch is mainly lon-
gitudinal with a sound velocity of 6500 m/s. Based on these characteristics, the modes (4, 5)
found experimentally are identified with the two acoustic branches in Fig. 5.12 (blue symbols
in grey area) for AAO containing crystalline tetracosane. In qualitative agreement with the ex-
periment (Fig. 5.12 gray area), the sound velocity of mode (5) remains essentially unchanged
(6600 m/s) when the tetracosane becomes liquid. Therefore,crystallization of tetracosane is
accompanied by a qualitative modification of the dispersioncurves as well as the BLS spectra.
In view of the good quantitative agreement between theory and experiment found for the “in-
plane” propagation of mode (1), the deviation between the computed and experimental values
of the sound velocity for the “out-of-plane” propagation of mode (5) implies nanomechanical
anisotropy in the AAO membranes. In fact, a higherclAAO value for the direction parallel to
the pores is required to achieve a good agreement. And this isanother important experimental
finding of this work. Since the volume expansion per aluminumatom upon anodization of
aluminium causes considerable anisotropic stress in AAO[135] and recent reports even suggest
that freshly formed alumina flows from the bases of the growing nanopores towards the cell
walls, owing to growth stress and field-assisted plasticity[99] anisotropic elastic properties of
the AAO scaffold are not unexpected but interesting to be verified, for the first time. Finally,
the vastly different effect of the physical state of the infiltrated material on the “in-” and “out-
of-plane” phonon propagation in the AAO is an intriguing new finding whose main features
are captured theoretically.

5.7. Summary

Using BLS and model nanocomposites based on self-ordered AAOinfiltrated with soft com-
ponents, we have demonstrated that the hypersonic phononicproperties of elastic-contrast
nanocomposites can be tuned by adjusting the elastic contrast between AAO and soft or rigid
components located in the nanopores. Peculiar features of the nanocomposites, including
phonon localization and anisotropic propagation, depend on the elastic contrast between the
AAO and the soft infiltrate components. Moreover, by taking advantage of the possible large or
low elastic contrasts between the AAO scaffold and materials located in the nanopores, AAO
has great potential as a platform for the design of tunable and switchable hypersonic phononic
systems with engineered high-frequency acoustic properties. In contrast to sonic crystals with
macroscopic feature sizes, nanostructured AAO-based hypersonic systems, which are not only
mechanically and thermally stable but also transparent forUV-and visible light, allow the
facile induction of phase transitions and other types of structural transformations with lit-
tle energy consumption and in a well-controlled manner. Recent progress in the fabrication
of three-dimensional AAO architectures[174] might pave the way for the design of phononic
device configurations operated in the GHz range for mechanical filtering, advanced heat man-
agement, acousto-optical switching and for unconventional sensor configurations. The design
of membrane-based phononic device components based on AAO is straightforward, and the
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5.7. Summary

application of lithographic top-down techniques might yield hierarchical hypersonic architec-
tures, which could be used as hypersonic waveguides and modecoupling components.
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6. Hypersonic Phononic Crystals
based on Highly Ordered anodic
Aluminium oxide

6.1. Introduction

In chapters 4 and 5, we have investigated how porosity and infiltrate material affect hypersonic
phononic properties in nanocomposite media based on anodicaluminium oxide (AAO). AAO
nanohybrid structures have been shown to have great potential as a platform for the design of
tunable and switchable hypersonic phononic properties. However, since AAO films studied in
previous two chapters have a polydomain arrangement of the pores as shown in Fig. 3.6(c),
it is impossible to define the specific propagation directions in the Brillouin zone and investi-
gate a complete phononic dispersion relation. It is desirable to verify the phonon dispersion
relationω(q) along any high symmetry directions in the reciprocal spacesince, in addition to
determining the position of complete phononic bandgaps, itallows for studying the detailed
features of the propagation bands.

The progress in phononic crystals, which has been supportedby recent advances in nanofab-
rication techniques, has led to functional hypersonic phononic bandgap structures.[42, 43, 45, 175]

The existence of a phononic bandgap in 3D hypersonic phononic crystals[42, 45] fabricated by
self-assembling of polystyrene nanospheres, and a 2D hypersonic phononic crystal fabricated
by multibeam interference lithography[43], has been demonstrated. These works, however, re-
vealed only a partial bandgap. On the other hand, recently, Janget al.[175] have demonstrated
the shape-memory effect in a 2D phononic crystal on completephonon dispersion relations.
Although they demonstrated the formation of a complete bandgap after the transformation
of thep6mmstructure to thep2gg, it was very difficult to reveal it experimentally. However,
these pioneering works have certainly opened the door for the concept of phonon management
ranging from heat management to novel acousto-optical devices.

A brand new subject “phononics”, which is a new science and engineering of the prop-
erties of phonons in nanostructures, has drawn a great deal of attention.[128] In recent years,
remarkable progress in controlling the flow of heat is being made toward the development of
functional thermal devices including a thermal diode[176–179], thermal transistor[180, 181], phonon
waveguide[182] and solid state thermal rectifier[183]. The realization of these functional ther-
mal devices in nanoscale systems would have significant impact on society. Consequently, it
is very important to control both nanoscale acoustic wave properties and nanoscale thermal
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transport properties. The elastic waves in the hypersonic frequency regime can be regarded as
thermal vibration of atoms of a material. Therefore, hypersonic phononic crystals are promis-
ing building blocks which are capable of controlling the flowof heat.

Another promising application is acousto-optical devices. Wavelength-scale structured ma-
terials with periodical elastic modulus and refractive index distribution form simultaneous
complete photonic and phononic bandgaps.[35] Therefore, photonic-phononic dual bandgap
materials could lead to noticeable enhancement of acousto-optical interactions, thus resulting
in the fabrication of novel acousto-optical devices[36–41].

The feasibility of AAO-based hypersonic phononic crystalsto acousto-optical devices is
high. AAO has been considered as a potential material platform for 2D photonic crystals and
has been studied in the near-infrared and visible wavelength regions.[84–86] A proper selection
of porosity and infiltrate material can lead to a phononic bandgap in AAO-based hypersonic
crystals. Therefore, AAO can be thought of as a photonic-phononic dual bandgap material.
Moreover, not only lattice constants but also the topology[112] of AAO is readily tunable.

In this chapter, complete phonon dispersion relations of highly ordered AAO are experi-
mentally and theoretically demonstrated. Two types of samples have been investigated: (i)
poly(ethylene oxide)-filled AAO with the lattice constant of a = 200 nm and porosity ofp
= 23% andp = 50%; and (ii) PDMS-filled AAO with the lattice constant ofa = 200 nm
and porosity ofp = 23%. The tunability of complete phonon dispersion relations in re-
sponse to changes in temperature was investigated for poly(ethylene oxide)-filled AAO. The
phonon dispersion relations consisting of multiple propagation bands were observed along
both high symmetry directionsΓX andΓJ, while only the first propagation band was observed
for PDMS-filled AAO. Theoretical band diagrams are in good agreement with experimental
phonon dispersion relations.

6.2. Experimental

As described in Chapter 3, two sets of highly ordered AAO were prepared in accordance with
the precedent[84, 85, 90]. Ultrapure aluminum substrates were anodized in 0.05 M oxalic acid at
80 V. Anodization in oxalic acid yielded AAO with a lattice constant of about 200 nm. To tailor
the porosity, the initial diameters were widened by isotropic etching in 10wt% phosphoric
acid at 30◦C. The resulting pore diameters were 100 and 150 nm, respectively, which were
revealed with SEM images of the top view of the AAO as shown in Fig. 6.1. Representative
SEM images of the top view of AAO with two different porosities p = πd2/(2

√
3a2) reveal

excellent uniformity, monodomain crystalline nature and very low defect in the samples over
a large area. The well-ordered structure with hexagonal arrangement of cylindrical pores has a
monodomain periodicity of 200 nm. The thickness of the anodic porous alumina was 40µm.

Two different infiltration materials, poly(dimethyl siloxane) (PDMS,Mw = 1350 g/mol,Mn

= 980 g/mol) and poly(ethylene oxide) (PEO, Fulka,Mw = 20000 g/mol,Tm = 63-66◦C),
were used in this study. PDMS was infiltrated into AAO at room temperature, while PEO was
infiltrated at 80◦C by melting on AAO, wetting time 12 h.
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Figure 6.1.: Scanning electron microscope (SEM) images of native AAO. (a), (b), Top views.
(a) porosityp = 23%, (b)p = 50% for lattice constanta = 200 nm. The scale bar
in both images is 500 nm.

Two scattering geometries, which are transmission and reflection geometries, were the same
as the ones used for chapter 4 and chapter 5 where the scattering wavevectorq lies parallel
or perpendicular to the pores. The schematic representation of the experimental geometry is
shown in Fig. 6.2. The configuration of the transmission geometry (Fig. 6.2(a)) ensures that
the scattering wavevectorq⊥, which is defined by the wavevector of the incident lightki and
the scattered lightks and the scattering angleθ, is always perpendicular to the pores, while the
configuration of the reflection geometry ensures thatq‖ is parallel to the pores. In chapter 4
and chapter 5, AAO films have polydomain structures. Therefore, it was not possible to define
the specific propagation direction. However, since the samples used here have a monodomain
structure, any direction ofq within the Brillouin zone can be experimentally accessed by
simply rotating the sample. The direction ofq⊥ in the Brillouin zone is here determined by
90◦ rotation of the sample.
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Reflected light
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Figure 6.2.: Schematics of scattering geometry: (a) transmission geometry and (b) reflection
geometry.
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6.3. Direct observation of complete phononic
dispersion relations

The phononic band structures are essentially based on several parameters including the volume
fractions of the constituent materials (porosity), the lattice topology and the density and sound
speed ratios of the constituent materials. Here phase transitions of PEO were utilized to cause
changes in the phononic properties. Figure 6.3 compares theBLS spectra of single crystal
sapphire and AAO recorded along the two principal directions ΓX and ΓJ to illustrate the
difference in phonon dispersion relations with the introduction of porosity. Sapphire refers to
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Figure 6.3.: BLS spectrum of (a) sapphire recorded atq⊥ = 0.0118 nm−1, (b) AAO with a
lattice constant of 200 nm and a diameter of 100 nm atq⊥ = 0.0181 nm−1 and
solid PEO-filled AAO atq⊥ = 0.0167 nm−1 in ΓX direction, and (c) AAO with a
lattice constant of 200 nm and a diameter of 150 nm atq⊥ = 0.0193 nm−1 and solid
PEO-filled AAO atq⊥ = 0.0167 nm−1 in ΓJ direction (c). Here only anti-stokes
sides are represented.
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a α-Al 2O3 which has the corundum structure. Although AAO has an amorphous structure,
we compare the spectrum of monodoamin AAO with that of sapphire in order to understand
the effects of nanostructured periodicity on elastic wave propagation. Figure 6.3(a) shows
both the polarized (VV) and the depolarized (VH) BLS spectra of sapphire recorded atq⊥ =
0.0118 nm−1. The BLS spectrum in the VV geometry displays one peak at 21.3 GHz, which
corresponds to the longitudinal mode (LA) with a sound velocity of 11320 m/s, while the BLS
spectra in the VH geometry display two peaks at 11.0 GHz and 12.9 GHz, which correspond
to the transverse modes (TA1 and TA2) with sound velocities of 5850 m/s and 6870 m/s.

The spectra of AAO differ from that of sapphire. Figure 6.3(b) and (c) show the VV spectra
of air-filled AAO with a porosity of 23% and 50%, respectively, which were recorded atq⊥

= 0.018 nm−1 andq⊥ = 0.193 nm−1 alongΓX andΓJ. The position of the longitudinal mode
(1) for both spectra is shifted to a lower frequency due to the decrease of the effective medium
velocity in porous structure. For 50% porosity AAO, in addition to mode (1), two new modes
(2) and (3) corresponding to the higher order propagation bands of thephononic crystal were
observed. Moreover, Figure 6.3(d) and (e) show the VV spectra of solid PEO-filled AAO with
porosities of 23% and 50%, respectively, which were recorded atq⊥ = 0.0167 nm−1 andq⊥ =
0.21 nm−1 alongΓX andΓJ. There are three modes present in the spectra. The peak appearing
at a frequency of 5 GHz in Fig. 6.3(d) is attributed to a bulk PEO layer located on the surface
of the AAO. A small additional shift of the longitudinal mode(1) to a lower frequency was
observed for both samples, while the high propagation bands(2) and (3) were also observed.
All spectra in Fig. 6.3 were fitted with either a single or a multiple Lorentzian model. The
individual colored line shows the spectral components and red lines show the superposition of
different spectral components, showing the change in the phononic properties as the nature of
the infiltrate material is changed.

The experimentally measured phonon dispersion relations superposed onto the theoretical
phonon dispersion diagrams of air- and both solid and liquidPEO-filled AAO are shown in
Fig. 6.4. We plot the experimental data according to the actual scattering angle and superpose
onto the theoretical dispersion relations that are plottedin the reduced Brillouin zone. The
theoretical phonon dispersion relations are in good agreement with the experimentally mea-
sured phonon dispersion relations. All phonon dispersion relations were measured in the VV
geometry, except the lowest propagation bands, which indicate the transverse modes measured
in the VH geometry. The phononc dispersion relations shown in Fig. 6.4 represent different
behaviors of elastic wave propagations in hypersonic crystals based on AAO. The bending of
the first propagation band occurs at the same frequency for AAO infiltrated with both liquid-
and solid-phase PEO, which approaches asymptotically to 7 GHz and 10 GHz for liquid and
solid PEO-filled AAO with a porosity of 23%. For a porosity of 50%, three propagation bands
occur at 5 GHz and 6.5 GHz for liquid and solid PEO-filled AAO, regardless of the propaga-
tion direction. This is attributed to the fact that the elastic wave is localized in the nanopores.
Figure 6.5 shows the same theoretical band structure of in-plane phononic dispersion relations
as Fig. 4.9, and the map of the distributions of the displacement field belonging to modeE.
Figure 6.5s(b) and (c) indicate that the elastic wave of the second propagation band is essen-
tially localized inside the pores. This is the general propertiy of the elastic waves of multiple
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Figure 6.4.: Phonon dispersion relations. Superposed experimental and theoretical phonon
dispersion relations alongΓX andΓJ directions, respectively, for air-filled AAO
with (a) 23% and (b) 50% porosity, liquid-filled AAO with (c) 23% and (b) 50%
porosity and solid PEO-filled AAO with (e) 23% and (f) 50% porosity. Black dots
represent theoretical dispersion relations in all cases, while open black squares,
red circles and blue triangles represent experimental dispersion relations.
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6.3. Direct observation of complete phononic dispersion relations
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Table 6.1.: Experimental effective medium velocitiesceff for the “in-plane” longitudinal
phonon propagation along bothΓX andΓJ.

sample infiltrate ΓX ceff (m/s) ΓJceff (m/s)
air 5840 5880

p = 23% liquid PEO 5330 5300
solid PEO 5320 5550

air 4540 4470
p = 50% liquid PEO 3715 3570

solid PEO 3930 3930

higher order propagation bands when the pores are filled withpolymers.
In air- and PEO-filled AAO hypersonic crystals, one effective longitudinal mode was cal-

culated from the linear dispersion at lowq values along bothΓX and ΓJ directions. Each
effective medium velocity is summarized in Table 6.1. It wasfound that infiltrating AAO with
PEO leads to a decrease in the effective medium velocity, which is associated with the de-
crease of the elastic modulus due to a phase transition. As discussed in chapter 5, when AAO
is infiltrated with solid materials, the effective medium velocity slightly increases compared to
that of air-filled AAO. However, the solid PEO-filled AAO system shows a decrease in the ef-
fective medium velocity. This indicates that PEO is not completely crystallized from the melt.
Surface and confinement effects of crystallization of PEO have been widely investigated. Dif-
ferential scanning calorimetry (DSC)[184, 185] revealed that nanoparticles fillers such as silica
and alumina suppress the crystallization of PEO. This effect is attributed to the high surface
area of the nanoparticles and to the Lewis acid nature of the fillers that prevents PEO chain
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6. Hypersonic Phononic Crystals based on Highly Ordered anodic Aluminium oxide

reorganization. The interaction between PEO and silica nanoparticles in the melt phase leads
to less crystallization or the adsorption of amorphous PEO on the silica surface. Moreover, the
larger surface area per unit volume increases the interaction between polymer chain and alu-
mina nanoparticles, thus resulting in the restriction of the segmental chain motion of PEO.[184]

In addition, lower crystallinity of PEO in the nanopores hasbeen observed.[186] Consequently,
the suppression of PEO crystallization in nanopores of AAO contributes to a decrease of the
effective medium velocity of solid PEO-filled AAO.

6.4. Formation of complete hypersonic phononic
bandgap

The complete phonon dispersion relations of air- and PEO-filled AAO were experimentally
and theoretically examined in order to demonstrate qualitatively the complete phonon disper-
sion relations tuned by the nature of the infiltrate materials. Although partial bandgaps were
observed along eitherΓX or ΓJ for both air- and PEO-filled AAO, a complete bandgap was
not formed. These results indicate that the elastic contrast between AAO (cl = 7300 m/s) and
PEO (cl = 2050 m/s andcl = 1500 m/s for solid and liquid phase, respectively) is stillhigh.
According to the theoretical dispersion relations of PDMS-filled AAO as shown in Fig. 4.9,
a complete band gap is formed. Therefore, PDMS is consideredto be the most appropriate
infiltrate material for forming the phononic bandgap in hypersonic phononic crystals based on
AAO.

Figure 6.6 shows the BLS spectra recorded atq⊥ = 0.0181 nm−1 andq⊥ = 0.021 nm−1 along
ΓX andΓJ directions, which correspond to the magnitude of the wavevector at the edge of the
first Brillouin zone. There is only a single peak present in both spectra. The red solid line
represents the overall fit using a single Lorentzian fit. If bandgap formation occurs, the split
of a single peak into double peaks is observed in the BLS spectrum. In practice, all spectra
recorded at the whole measuredq range from 0.0051 nm−1 to 0.021 nm−1 showed only a
single peak.

Figure 6.7 shows the experimentally measured phonon dispersion relations of PDMS-filled
AAO (a = 200 nm;d = 100 nm;p = 23%) superposed onto the theoretical phonon dispersion
relations along bothΓX andΓJ directions. Black dots indicate the theoretical dispersion re-
lations, while open red circles indicate the experimental dispersion relations. The effective
medium velocityceff at long wavelengths is 5620 m/s and 5630 m/s alongΓX andΓJ direc-
tion, respectively. The theoretical phonon dispersion relations shows the formation of narrow
bandgap with flat lower bands, which indicates the existenceof localized modes (Fig. 4.10(c)).
This complete phononic bandgap occurs at around 5 GHz with a width about 0.1 GHz, which
is indicated by red region. In addition, the bandgap is the same essentially at anyq inside the
Brillouin zone. The theoretical phonon dispersion relations are in good agreement with the ex-
perimentally measured phonon dispersion relations. However, the bandgap width is so narrow
that it is difficult to resolve the split characteristic of BLSspectrum and a few measurement

84



6.4. Formation of complete hypersonic phononic bandgap
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Figure 6.6.: BLS spectra recorded atq⊥ = 0.0181 nm−1 andq⊥ = 0.021 nm−1 alongΓX and
ΓJ directions correspond to the edge of the first Brillouin zone.
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6. Hypersonic Phononic Crystals based on Highly Ordered anodic Aluminium oxide

points are superposed onto the second propagation band.

6.5. Summary

The hypersonic phononic properties of two-dimensional phononic crystals based on highly
ordered AAO with a lattice constant of 200 nm were investigated. Ideally ordered AAO fab-
ricated by pre-molding anodization is a monodomain structure allowing for the direction de-
pendent measurement of its phononic dispersion relations.The phononic dispersion relations
exhibit the presence of multiple propagation bands, in goodagreement with FDTD theoretical
dispersion relation calculations. Despite the fact that the elastic contrast between AAO and
air is very large, only a partial gap alongΓX direction is expected for hypersonic phononic
crystals with a porosity higher than 0.23. Moreover, although a partial gap along eitherΓX
or ΓJ direction was predicted in both air- and PEO-filled AAO phononic crystals, these partial
gaps were not observed experimentally. In contrast to PEO-filled AAO phononic crystals, the
phononic dispersion relations of PDMS-filled AAO exhibit the existence of a narrow com-
plete bandgap at around 5 GHz due to the larger elastic contrast between PDMS and AAO,
which leads to localized modes in the nanopores. There are some experimental difficulties in
observing both hypersonic complete and partial bandgap along high symmetry directions in
ideally ordered periodic structure. Nevertheless, the present results indicate the possibility of
engineering experimental phonon dispersion relations at GHz frequencies and could suggest
applications in tunable optical and acoustic devices.
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7. Thesis Conclusion

High frequency mechanical properties and elastic wave propagation behavior in various hyper-
sonic phononic crystals have been investigated using high-resolution Brillouin light scattering
(BLS), which is a powerful tool to probe the dispersion relationω(q) at submicron scale. Since
BLS is based on inelastic scattering of the incident laser beam thermally excited phonons prop-
agating through a medium, Brillouin spectroscopic characterization of the phonon dispersion
relation at hypersonic frequency and elastic properties inconfined geometries has a number
of features. At least besides BLS, pump-probe technique has been used as a tool to probe the
phonon dispersion relation in nanostructures. Of course, this is not to say that everything can
be revealed by BLS. Therefore, it is necessary to examine fromvarious angles.

The field ofphononicsis just emerging, and it is important to identify the fundamental con-
cept and rules that govern the behavior of these materials, as well as to hypothesize about their
potential applications. There are several works that BLS hasbeen employed to reveal the pres-
ence of a hypersonic phononic bandgap and the propagation behavior of elastic waves. How-
ever, as identified in this thesis, there have been no previous cases in which anodic aluminium
oxide (AAO) is systematically shown to have a crucial role asrigid hypersonic phononic
crystals in engineering the phononic properties at hypersonic frequencies. For instance, the
investigation of reversible switching of phononic properties in the response to temperature in-
vestigated in Chapter 5 would be hardly performed in polymer based hypersonic phononoic
crystals due to limited thermal stability. Moreover, the study of the effect of large elastic con-
trast on the dispersion relations characteristics can be best realized in AAO structures due to
the very high intrinsic elastic contrasts of the AAO scaffold.

In Chapter 1, the research background of this thesis was described. Basic research to seek
complete phononic bandgaps in sonic and ultrasonic regime and the background of hypersonic
phononic crystals were described. Although the fabrication of phononic structure should be, in
view of the available knowledge, a straightforward procedure, it is, nevertheless, still missing.
This is due to the requirement imposed on a number of materials physical quantities including
the density ratioρh/ρi, the velocities ratioclh/cli andcth/cti, and the ratio of the transverse to
the longitudinal velocity ratiocth/clh andcti/cli.1 Moreover, for hypersonic phononic crystals,
one must consider the possibility that the values of these quantities in nanostructured compos-
ites might differ from their bulk values. I hope this thesis will become part of research on
hypersonic phononic crystals from the view point of experimental science.

In Chapter 2, the analytical method of finite difference time domain (FDTD) and the mea-
surement technique of BLS were described.

1h denotes the host material, whilei denotes the inclusion material.
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7. Thesis Conclusion

In Chapter 3, the formation mechanism, properties and fabrication methods of AAO as a
building block for hypersonic phononic crystals were described. It was shown that porous
structures and the geometrical regularity of the pore arrangement critically depends on para-
meters such as applied voltage, type of acid electrolyte andpre-treatment.

In Chapter 4, phononic properties of hypersonic phononic crystals based on poly(dimethyl
siloxane) (PDMS)-filled AAO were investigated as a functionof nanopore diameterd. In-
creasingd results in an enhancement of bending of the propagation banddue to the presence
of a confined mode inside PDMS cylinders, which leads to the interaction of longitudinal and
transverse modes for the “in-plane” phonon propagation. On the other hand, separate elastic
waves propagating in AAO and PDMS cylinders with different sound velocities were observed
for the “out-of-plane” phonon propagation. Moreover, PDMS forms a thin solid layer in the
proximity of the pore walls, which causes a localized phononic mode in the so-called PDMS
interphase layer. These phenomena are attributed to the surface confinement effects of PDMS,
structural anisotropy and are rationalized by FDTD calculations with the spatial distribution
of the elastic field within the PDMS/AAO composite.

In Chapter 5, tuning and switching of hypersonic phononic properties by varying the elastic
contrast between AAO and infiltrate materials were investigated. For the “in-plane” phonon
propagation, particular features of elastic-contrast nanocomposites, including phonon local-
ization and anisotropy, were shown to depend on the varying elastic contrast between the rigid
and the soft components. Namely, the bending of the longitudinal mode (1) was observed
as the elastic contrast between AAO and infiltrate materialsbecame larger, thus leading to a
significant degree of phonon localization in the infiltrate material located in the pores. In con-
trast, for the “out-of-plane” phonon propagation, the phonon dispersion relations associated
with the crystallization of infiltrate materials indicate the presence of the transverse mode (4)
and the longitudinal mode (5), which do not change significantly when the infiltrate material
residing in the nanopores transforms from solid to liquid.

In Chapter 6, complete phonon dispersion relations in hypersonic phononic crystals based
on highly ordered AAO were investigated. Ideally ordered AAO phononic crystals fabri-
cated by pre-molding anodization allowed for the directiondependent measurements of their
phononic dispersion relations. We observed experimentally the presence of multiple prop-
agation bands and demonstrated the tunability of complete phononic dispersion relations in
response to changes in temperature in PEO-filled AAO. The FDTD calculations are in good
agreement with the experimental phonon dispersion relations. In addition, the FDTD calcu-
lations indicated that a mid-contrast PDMS/AAO phononic crystal shows a narrow complete
bandgap. However, regardless of the contrast between AAO and infiltrate material, phononic
crystals based on AAO show a partial gap along either theΓX or the ΓJ direction in the
first Brillouin zone. As such, PDMS/AAO hypersonic phononic crystals with different pore
geometries may be possibly suitable as complete hypersonicphononic bandgap materials.
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8. Future research

The main result of this thesis is the understanding of elastic wave propagation behavior in
nanocomposite media based on a rigid matrix, i.e. self-ordered anodic aluminium oxide
(AAO) in the hypersonic (GHz) frequency regime. This thesisdevelops solid foundations
of engineering hypersonic phononic properties in periodicnanocomposites.

AAO has great potential for the development of hypersonic phononic crystals since it takes
advantage of the large elastic contrast possible between the AAO scaffold and the infiltrate
materials located in the nanopores. However, from a theoretical point of view, we still need to
recognize the ideal AAO-based phononic structures, which have the large phononic bandgap
for a given contrast in mechanical properties of materials.Although air/AAO hypersonic
phononic crystals have a huge contrast, only partial bandgaps were predicted along theΓX
direction. On the other hand, PDMS/AAO hypersonic phononiccrystals reveal the presence
of complete bandgaps but the width of phononic bandgaps are extremely narrow. Other fluid
infiltration materials with sound velocities is faster than1200 m/s, e.g. poly(ethylene gly-
col), tetracosane, poly(ethylene oxide) and so on, are shown to be unable form no complete
phononic bandgaps. A possible step towards forming a complete phononic bandgap in AAO-
based hypersonic phononic crystals is using AAO with a larger lattice constant or with differ-
ent pore shapes, such as triangular, square or hexagonal shapes.

There is also a variety of interesting subjects for the experimental study of hypersonic
phononic crystals. Demonstration and monitoring of the change in the properties of an in-
terphase layer would be a methodological extension of the study described in this thesis. A
number of methods such as NMR, dielectric relaxation spectroscopy, quasielastic neutron
scattering and X-ray reflectivity, have been used to investigate the effect of local properties on
both polymer conformation and dynamics.

In chapters 4 and 5 We have demonstrated the surface-inducedinterphase mode for PDMS-
, PEG- and C24H50-filled AAO. The properties of this interphase mode can be tuned by the
modulation of local elastic properties associated with theinteraction between polymers and
pore walls. For example, it was found that the property of interphase polyisoprene (PI,Mw

= 2500 g/mol) layer changes with time after infiltration of PIinto the nanopores. Figure 8.1
shows the BLS spectra for both the “in-plane” and the “out-of-plane” phonon propagation
right after infiltration of PI (black, PI-0) and 14 days afterinfiltration of PI (red, PI-14). The
BLS spectra in Fig. 8.1(a) show two modes which are assigned tothe effective medium branch
(1) and the flat interfacial mode (2) atq⊥ ≤ 0.008 nm−1, while at higherq⊥ an additional lower
frequency mode PI is ascribed to the bulk PI layer remaining on the AAO surface. All resolved
modes besides mode (1) display a blue shift after 14 days. The fact that the sound velocity of
the PI modes increased from 2180 m/s to 2790 m/s over time, in contrast to the constant PEG
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Figure 8.1.: (a) BLS spectra of AAO infiltrated with PI at five different “in-plane” q⊥ values
for both PI-0 (black) and PI-14 (red). Black and red dashed lines represent the
corresponding frequency of the flat mode2. (b) BLS spectra of AAO infiltrated
with PI at the same “out-of-plane” q‖ value for both PI-0 (black) and PI-14 (red).
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Figure 8.2.: Phonon dispersion relations of (a) “in-plane” (q⊥) and (b) “out-of-plane” (q‖)
phonon propagation. Black and red symbols represent dispersion relations for
PI-0 and PI-14, respectively.
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mode in Fig. 5.3(a), suggests the strong surface-induced hardening of the PI layer. Consistent
with this finding is the increase of the frequencyf i of the flat mode (2) from 12 GHz to 16 GHz
after 14 days (Fig. 8.2). Note also that this mode (2) is much stronger in PI-filled AAO than
in PEG-filled AAO, since it has a comparable intensity with the effective medium mode (1)
(cf. Fig. 5.3(a) and 8.1(a)). The sound velocity for the “in-plane” propagation obtained from
the acoustic branch (1) is 5280 m/s, which is virtually independent of aging. In addition, the
“out-of-plane” phononic properties were modified as shown in Fig. 8.1(b), indicating a small
shift of all the resolved modes. The origin of this PI hardening is not yet understood. However,
since the pore wall of the AAO scaffold is a highly reactive surface, PI might be cross-linked
to the pore walls. This could induce a rigid layer in the proximity of the pore walls.

FDTD calculations can capture this flat mode using a model in which the presence of a thick
solid interphase layer in the proximity of the pore walls, asdemonstrated in chapter 4. These
flat modes (2) are sensitive to the transverse velocityct and to the thickness of the interphase
layer. Although there are some technical difficulties in obtaining bothct and the thickness of
the interphase layer, it is possible to assume a reasonable thickness of the monomer-scale films
by a combination of BLS and the FDTD method. Moreover, the polymer end groups also affect
the interaction between the polymer and the pore walls. Therefore, hypersound phononics has
a potential for the characterization of interphase layers,which is complementary to NMR
since nanocomposite systems are not suitable for NMR experiments, and since the amount of
sample material required for BLS is significantly lower.

Another interesting subject for experimental studies of hypersonic phononic crystals is the
enhancement of phononic properties of AAO nanocomposites.In chapter 5, the phononic
properties of AAO infiltrated with solid materials tetracosane (C24H50) and poly(vinylidene
fluoride) (PVDF) are studied. When AAO was infiltrated with both C24H50 and PVDF, the
effective medium velocity increased up to≈10∼12% compared to air-filled AAO. However,
if AAO was infiltrated with poly(vinylidenefluoride-trifluorethylene) (P[VDF-TrFE]), there is
a much larger increase in the effective medium velocity.

Figure 8.3 shows some preliminary results on P[VDF-TrFE]-filled AAO with a pore diam-
eter of 60 nm and a lattice constant of 100 nm. Figure 8.3(a) shows both polarized (VV) and
depolarized (VH) BLS spectra of P[VDF-TrFE]-filled AAO recorded atq⊥ = 0.0167 nm−1.
Although the BLS intensity is very weak due to the low compressibility of the composite
system, there is one mode observed for both VV and VH polarizations, corresponding to the
longitudinal and the transverse mode. The phonon dispersion relationsω(q) for for the “in-
plane” and the “out-of-plane” phonon propagation in P[VDF-TrFE]-filled AAO are shown in
Fig. 8.3(b) and (c). The most intriguing finding is that the effective medium velocity of lon-
gitudinal and transverse mode increased from 5370 m/s to 6870 m/s and from 2950 m/s to
3810 m/s, respectively, which correspond to a≈28% increase after infiltrating P[VDF-TrFE]
into the nanopores (Table 8.1). Moreover, these values are very close to those of bulk AAO.

Ferroelectric polymers such as PVDF and P[VDF-TrFE] are promising materials for vari-
ous ultrasonic transducer applications due to their strongpiezoelectric and pyroelectric activ-
ities. In particular, recent improvement of crystallization techniques improves crystallinity of
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Figure 8.3.: (a) Polarized and depolarized Brillouin spectrum of P[VDF-TrFE] recorded at
q⊥ = 0.0167 nm−1. The phonon dispersion relations of (a) the “in-plane” and
the “out-of-plane” phonon propagation in P[VDF-TrFE]-filled AAO. The phonon
dispersion relations (b) for the “in-plane” and (c) for the “out-of-plane” phonon
propagation. The black and dark yellow lines represent the dispersion relations
for longitudinal mode in air- and P[VDF-TrFE]-filled AAO, while correspond-
ing dashed line represents the dispersion relation for transverse mode in P[VDF-
TrFE]-filled AAO.

Table 8.1.: Effective medium velocities in air- and P[VDF-TrFE]-filled AAO.
Material Longitudinal Transverse ΓZ

air 5370 2950 6910
P[VDF-TrFE] 6870 3810 7435
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P[VDF-TrFE], thus resulting in a large piezoelectric response. The ferroelectric-paraelectric
phase transition of P[VDF-TrFE] occurs atTc = 127◦C during heating andTc = 127◦C upon
cooling, while P[VDF-TrFE] melts atTc = 149◦. Therefore, polymer chain arrangements of
P[VDF-TrFE] can be tuned by the phase transition. Moreover,polymer chain arrangements of
P[VDF-TrFE] can also be changed by poling. Consequently, P[VDF-TrFE]/AAO hybrid sys-
tem has a promising platform for the design of tunable and switchable hypersonic phononic
structures.

93





A. Appendix

A.1. Scattering vector calculation

When the scattering wavevectorq is calculated for both the transmission and the reflection
geometries in the case of a film,q as a function of the scattering angle is essentially obtained
from Snell’s law at each boundary and the trigonometric operations. Figure A.1 shows both
the transmission and the reflection geometries for the scattering wavevector calculation.

A.1.1. in-plane

Consider the scattering wavevector for the transmission geometry shown in Fig. A.1(a). Let
the incident and the refraction at the air/film boundary be respectivelyα andβ, while γ and
δ at the film/air boundary, respectively. Geometrically, thereal scattering angleΘ and the
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Figure A.1.: Schematics of the scattering geometry: (a) transmission geometry and (b) reflec-
tion geometry.

refraction angleγ at the second boundary can be expressed as

Θ = β + γ (A.1)

δ = θ − α (A.2)
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A. Appendix

According to Snell’s law, the refraction angleβ and the incident angleγ can be expressed as

β = sin−1

(

1

n
sin α

)

(A.3)
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(A.4)

The real scattering angleΘ is expressed from Equations A.1, A.3 and A.4 as
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(

1

n
sin α

)

+ sin−1

{

1

n
sin (θ − α)

}

(A.5)

Consequently, the scattering wavevectorq becomes
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The perpendicular component of the scattering wavevectorq⊥ is then expressed as

q⊥ = q · cos
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(A.7)

Therefore, the final form of the scattering wavevectorq⊥ for the “in-plane” is expressed from
Equations A.6 and A.7 as
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4πn
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For the transmission geometry, whenα = θ/2, namely the incident angle is half of the scat-
tering angle,

q⊥ =
4πn

λ
sin

[

sin−1

(

1

n
sin

θ

2

)]

(A.9)

A.1.2. out-of-plane

Consider the scattering wavevector for the reflection geometry as shown in Fig. A.1(b). Unlike
the transmission geometry, light incident on the upper boundary is only considered. As is the
case with the transmission geometry, let the incident and the refraction at the air/film boundary
be respectivelyα andβ, while γ andδ at the film/air boundary, respectively. Geometrically,
the real scattering angleΘ and the refraction angleγ at the second boundary can be expressed
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A.2. Relation between the dispersion relations and lattice constants

as

Θ = π − β + γ (A.10)

δ = π − θ − α (A.11)

According to Snell’s law, the refraction angleβ and the incident angleγ can be expressed as
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Consequently, the scattering wavevectorq becomes
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4πn

λ
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2

)

=
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The parallel component of the scattering wavevectorq‖ is then expressed as

q‖ = q · cos

(

β − γ

2

)

= q · cos
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2
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n
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)

− 1

2
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n
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}]

(A.15)

Therefore, the final form of the scattering wavevectorq‖ for the “out-of-plane” is expressed
from Equations A.14 and A.15 as

q‖ =
4πn

λ
cos

[

1

2
sin−1
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n
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+
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2
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n
sin α

)

− 1

2
sin−1

{

1

n
sin(θ + α)

}] (A.16)

A.2. Relation between the dispersion relations and
lattice constants

Theoretically, the bending of the acoustic branch (1) occurs at the intersection with the flat
band confined to the PDMS cylinders (B in Fig. 4.9(a) and 4.10(c)) and hence its frequency
should depend only on the pore diameterd and on the porosity of the AAO scaffold. In fact, the
frequency at which mode (1) bends should increase from 5.9 GHz to 14.5 GHz when the pore
diameter decreases from 85 nm to 35 nm. As already mentioned,the bending is not observed
for the narrowest nanopores. Alternatively, the theory(C in Fig. 4.9(b) and Fig. A.5) correctly
predicts the insensitivity of the frequency of mode (3) to the pore diameter (Fig. 4.7(b)) for
AAO containing PDMS. In order to verify the effect of the lattice constant on the phononic
behavior and to elucidate the origin of the bending of the acoustic mode (1) and the flat branch
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Figure A.2.: Dispersion relations for “in-plane” (q⊥) and “out-of-plane” (q‖) longitudinal
phononic modes (1 - 3) in AAO containing PDMS witha = 65 nm andp = 30%
(green symbols) as well asa = 100 nm andp = 11% (black symbols). The solid
lines represent the dispersion relations for the corresponding air-filled AAO.

(2), we compared the dispersion relations in two AAO membraneswith very similar pore
diameter (d ≈ 35nm) but two different lattice constants and porosities (a = 65 nm,p = 30%
anda = 100 nm,p = 11%) in Fig. A.2.

Mode (1) displays only a weak deviation from the pure acoustic slopein both AAO ar-
chitectures (dashed lines in Fig. A.2), i.e. the lack of a clear bending does not depend on
lattice constant and porosity; the latter affects only the effective medium sound velocity (Ta-
ble 4.3). This finding corroborates the notion that the apparent discrepancy with the theory
might arise from the modified elastic properties of PDMS cylinders residing in sufficiently
narrow nanopores (≈35 nm) with a high surface-to-volume ratio, within which theimpact
of the PDMS/pore wall interface on the mode (1) should be significant. On the other hand,
the acoustic branch (3) for the “out-of-plane” propagation is found to be insensitive to the
lattice constants and pore diameters over the examined range in agreement with the theoret-
ical predictions, suggesting that the longitudinal sound velocity of the PDMS residing in the
nanopores remains roughly constant. This is consistent with the fact that mode (3) is essen-
tially confined to the PDMS cylinders and does not extend intothe AAO scaffold. The flat
branch (2) is present in all examined AAO irrespectively of the pore size and lattice constant
over the examined range.
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A.3. Dispersion relations of sapphire

We had discussions on the sound velocities which were evaluated for the theoretical phononic
band diagram calculations in chapter 4. Since AAO is described as an amorphous structure,
it is necessary to know a sound velocity of an amorphous AAO tofit the experimental data.
In fact, it is very difficult to obtain its value due to the difficulty of the preparation of barrier
type AAO. Therefore, the extrapolated values from the data shown in Fig. 4.8 was first used
for the calculation as the amorphous AAO (p = 0%), which are 6180 m/s and 3740 m/s for the
longitudinal and the transverse mode, respectively. However, these values result in a decrease
of the “in-plane” effective sound velocities in the theoretical phononic band diagram. Conse-
quently, we focused attention on sapphire, which also refers to an aluminium oxide (Al2O3),
as a reference.

Figure A.3 shows both polarized (VV) and depolarized (VH) BLSspectrum of sapphire
recorded atq = 0.0118 nm−1. Since sapphire is a highly single crystal, a distinct single or
double doublet were observed. As shown in Fig. A.3, one longitudinal mode was observed,
while two transverse modes were observed. Two transverse modes are degenerate along the
ΓX direction.
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Figure A.3.: Polarized (VV) and depolarized (VH) BLS spectrum of sapphire recorded atq =
0.0118 nm−1.

A more complete knowledge of the phonon propagation can be obtained by referring to the
measured dispersion relationω(q) as shown in Fig. A.4 in the case of the “in-plane” phonon
propagation with longitudinal and transverse polarization. Figure A.4 shows the phonon dis-
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Figure A.4.: Dispersion relations of both longitudinal andtransverse modes in sapphire. The
black squires, circles and triangles represent the longitudinal and two transverse
dispersion relations, respectively, while the corresponding solid, short dotted and
short dashed lines represent effective sound velocities.

persion relations of sapphire. The solid line indicates thelongitudinal acoustic phonon prop-
agation, while both the dotted and the dashed line indicate the transverse acoustic phonon
propagation. The slope of the solid line yields the longitudinal sound velocitycl of 11320 m/s
and the slope of the dotted and the dashed line yields 6870 m/sand 5850 m/s forct1 and
ct2, respectively. These values are in good agreement the data obtained from time of flight
measurements[187]. However, contrary to extrapolated values, the sound velocities of the lon-
gitudinal and two transverse modes are too high to obtain a good fit of the experimental values.

A.4. Theoretical band diagram

In section 4.5, the theoretical band structure only for AAO with the porosityp = 32% was
discussed. Here, we also show the theoretical band structure of AAO (p = 65%) infiltrated
with PDMS in Fig. A.5.

The calculation was performed in the same way as AAO withp = 32%. When the in-
terphase is introduced in the calculations (with the parameters indicated below) there is no
significant changes in the other dispersion curves. Introducing an interphase with totally arbi-
trary parameters (density, velocities of sound, thickness) will probably change all the results.
Nevertheless it appeared that the new mode (2) associated with the interphase is mostly sen-
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Figure A.5.: Theoretical band structures of both “in-plane” (a) and “out-of-plane” (b)
phononic modes for AAO with porosity 65 %.

sitive to the transverse velocity of soundct and to the thickness: the frequency of mode (2)
increases either by increasingct or by decreasing the thickness. Therefore, the thickness was
chosen arbitrarily, but in a reasonable physical range, to be a 5 nm and the calculations were
performed for differentct to find the frequency of mode (2) in agreement with experiment.
The main conclusion is the fact that the frequency of mode (2) is mostly sensitive to the thick-
ness and toct and these two parameters act in two opposite directions. Thefrequency of mode
(2) does not scale with the diameter of the holes although the porosity can slightly affect the
result.

A.5. Structural studies on macroscopic ensembles of
tetracosane

In order to gain insights into hypersonic phononic properties of tetracosane (C24H50), wide-
angle X-ray scattering (WAXS) experiments were conducted on C24H50-filled AAO samples.
As described in chapter 5, C24H50 was infiltrated into AAO with a diameter of 60 nm, a lattice
constant of 100 nm and 100µm thick. The wetting of AAO with C24H50 was done at 80◦C for
12 hours. For WAXS measurements, surface film of C24H50 was removed from the samples.

To analyze the crystal texture of macroscopic ensembles of C24H50 nanostructure located
inside AAO, WAXS measurements in reflection mode using a Philips X’oert MRD diffract-
meter with cradle and secondary monochrometer for CuKα was performed. The setup used
for WAXS measurements are schematically shown in Fig. 5.6. In this Θ/2Θ geometry,Θ
denotes the incident angle defined as the angle between the incident beam and the surface of
the sample, while 2Θ is defined as the angle between the incident and the diffracted beams.
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Figure A.6.: XRD analysis of C24H50 nanostructure inside AAO. (a)Θ/2Θ scan. (b)Θ/2Θ
scan of bulk C24H50. (c) Θ/2Θ scan of both bulk C24H50 and C24H50 nanostruc-
ture inside AAO. (d)Ψ scan representing orientation distributions with respectto
the AAO surface recorded at 2Θ = 29.7◦ and 35.9◦.

In this geometry, only crystal lattice planes oriented parallel to the surface contribute to the
intensity of a Bragg reflection.

The scans were performed in the range of 5◦ to 60◦. Figure A.6(a) shows the XRD pattern
of C24H50-filled AAO. The Θ-2Θ XRD pattern shows two prominent peaks at 2Θ angles of
35.9◦ and 44.7◦. The 2Θ peak at 44.7◦ corresponds to aluminium, which is attached to the
pore bottoms. However, the origin of the peak observed at 35.9◦ is still unclear. Furthermore,
at lower 2Θ angles, from 5 to 15◦, there are many reflections from layered structure of tetra-
cosane (solid black line seen in Fig. A.6(c)). This phenomenon is observed when thec-axis
is parallel to the pore axis. Figure A.6(b) shows the XRD pattern of bulk C24H50. Bulk tetra-
cosane is a complex system where it shows a number of rotator phases. Figure A.6(d) showsΨ
scans measured at the fixed angle of 29.7◦ and 35.9◦ shown in Fig. A.6(a). For both systems,
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the orientation distributions show strong intensity atΨ = 0◦, indicating a preferred orientation
of the corresponding lattice planes parallel to the surfaceof the sample.

C24H50 is a rather complex system. A tentative look into these results suggests that we have,
in the 60 nm pores, a mixture consisting of orthorhombic C24 as major component and of
triclinic C24 as minor component. The orthorhombic phase does not form in the bulk and was,
up to now, only reported by Landfesteret al.[173]. We can assume that C24H50 was actually
solid under the conditions applied during the BLS measurements. However, it is expected
that we have a pronounced texture, as also reported by Huberet al. for similar systems. It
is reasonable to assume that phononic band structures are coupled with crystal orientation.
Moreover, knowledge of the relevant crystal modification israther limited so that the overall
interpretation of the data is certainly far from being trivial.

A.6. Phonon dispersion relations of highly ordered
AAO

0,00 0,01 0,02 0,03 0,04
0

10

20

30

40

(b)

 

Fr
eq

ue
nc

y 
(G

H
z)

q|| (nm-1)

(a)

a = 200 nm
d = 100 nm

0,00 0,01 0,02 0,03 0,04
0

10

20

30

40
a = 200 nm
d = 150 nm

 

 

Fr
eq

ue
nc

y 
(G

H
z)

q|| (nm-1)

Figure A.7.: (a) Dispersion relations in air- and PEO-filledanodic porous alumina in bothΓX
andΓJ directions forp = 23% porosity. (b) Dispersion relations in air- and PEO-
filled anodic porous alumina in bothΓX andΓJ directions forp = 50% porosity.
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