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Zusammenfassung

Phononische Kristalle sind strukturierte Materialien sith periodischindernden elastis-
chen Moduln auf der Welleiihgenskala. Die Interaktion zwischen Schallwellen und pe-
riodischer Struktur erzeugt interessante Interferetimpmene, und phononische Kristalle
erschliden neue Funktionaliten, die in unstrukturierter Materie unzigglich sind. Hy-
personische phononische Kristalle im Speziellen, die ddz Grequenzen arbeiten, haben
Periodizititen in der Géienordnung der Welletihge sichtbaren Lichts und zeigen daher
die Wege auf, gleichzeitig Licht- und Schallausbreitungl viokalisation zu kontrollieren,
und dadurch die Realisierung neuartiger akusto-optisch@rdnungen. Bisher bekannte
hypersonische phononische Kristalle basieren auf thelambpchen Polymeren oder Epox-
iden und haben nur eingeséhkte thermische und mechanische Staftiliind mechanischen
Kontrast. Phononische Kristalle, die aus miti$digkeit gefillten zylindrischen Kaiilen in
harter Matrix bestehen, zeigen einen sehr hohen elastig¢hetrast und sind bislang noch
unerforscht. In dieser Dissertation wird die experimdateintersuchung zweidimensionaler
hypersonischer phononischer Kristalle mit hexagonalesr&nung zylindrischer Nanoporen
basierend auf der Selbstorganisation anodischen Alumioxids (AAO) beschrieben. Dazu
wird die Technik der hochauienden inelastischen Brillouin Lichtstreuung (BLS) verweind
AAO ist ein vielsetiges Modellsystenif die Untersuchung reicher phononischeiiRbmene

im GHz-Bereich, die eng mit den sich in den Nanoporen befihdhicFlissigkeiten und
deren Interaktion mit der Porenwand veiikift sind. Gerichteter Fluss elastischer Energie
parallel und orthogonal zu der Kanalachse, Lokalisierumig Rhononen und Beeinflussung
der phononischen Bandstruktur bei gleichzeitigzmser Kontrolle des Volumenbruchs der
Kanile (Porosiiit) werden edrtert. AuBerdem ermiglicht die thermische Stabidit von AAO

ein temperaturakiimgiges Schalten phononischer Eigenschaften infolge teatyp@éduzierter
Phaseiiberginge in den Nanoporen. In monokristallinen zweidimensiemadhononischen
AAQO Kristallen unterscheiden sich die Dispersionsrelatio empfindlich entlang zweier hoch
symmetrischer Richtungen in der Brillouinzone, abdig davon, ob die Poren leer oder
gefillt sind. Alle experimentellen Dispersionsrelationen dam unter Zuhilfenahme theo-
retische Ergebnisse durch finite Elemente Analyse (FDTdegeet. Die Zuordnung der Ver-
schiebungsfelder der elastischen Wellen atkdlie Natur aller phononischen Moden.



Abstract

Phononic crystals are structured materials, which havegierelastic modulus distributions
at wavelength scale, and develop new functions that arer mbserved in free space since
the interaction between sound waves and periodic strigneates interesting interference
phenomena. In particular, since hypersonic phononic alyshat operate at gigahertz (GHz)
frequencies are composite materials with a period compatabhe wavelength of light, they
possess potential for various simultaneous control ot lagid sound by localizing or prop-
agating them, and applications to novel acousto-opticaicds utilizing the enhancement
of acousto-optical interactions can be envisioned. Pushereported hypersonic phononic
crystals, which are based on thermoplastic polymers oryp@ve limited thermal and me-
chanical instability and elastic contrast. Moreover, despigh elastic contrast, hypersonic
phononic crystals based on periodic arrays of cylindribainmels filled with liquids in a rigid
matrix have remained essentially unexplored. In this thassing high-resolution Brillouin
light scattering (BLS), two-dimensional (2D) hypersonicopbnic crystals based on self-
ordered anodic aluminium oxide (AAO) containing hexagareadys of cylindrical nanopores
with submicron periodicity are investigated in order to ersfand the behaviors of elastic
wave propagation in these crystals. AAO is a versatile megsiem for exploration of rich
phonon phenomena at GHz frequencies, which are intimatgted to fluids located in the
nanopores and their interactions with the pore walls. Camnsetty, directional flow of elas-
tic energy parallel and perpendicular to the pore axes, @hdocalization and tunability of
the phononic band structure are realized through the vamiatf the porosity and change of
the physical state of the material residing in the nanopdreaddition, the thermal stability
of AAO allows the switching of the hypersonic properties bgans of temperature induced
phase transitions in the AAO nanopores. For monodomain 2 AkAononic crystals, the
disparity of the dispersion relations along two high synmmndtrections in the Brillouin zone
sensitively depends whether the nanopores are empty at. fillee nature of the main wave
propagation modes in the experimental phononic band diagsaidentified via finite dif-
ferential time domain (FDTD) calculations complementedty map of the corresponding
displacement field.
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1. Introduction

1.1. Overview

Scientific technology has been making various impacts aitid\sgr effects on our daily life

in the course of its development. The invention of the trstogl! is often considered as
being one of the greatest inventions of the 20th century.liNear solid-state devices such as
transistors, diodes and rectifiers that control electecaduction are key active components
in practically all modern electronics. In the late 1980s,esvrtlass of materials, so-called
photoniccrystals, has been introducBdf! Photoniccrystals are periodic dielectric media
with a large difference in their refractive indices (Figlland have the potential to control the
optical properties of materials. The fundamental propefhotonic crystals is the formation
of photonic bandgaps, through which specific wavelengthgbf cannot propagate. This is
the optical analogue of bandgaps for electron waves in serdicctors (electronic crystals).
Therefore, photonic crystals could develop new functioiéctv are never observed in free
space, such as localization and guiding of light, slow leyd negative refraction, thus leading
to many applications in telecommunications, high-speedpgders, large-area coherent laser
action and optical imaging.

Since the introduction of photonic crystals, another neagglof materials controlling over
phonons, sound and other mechanical waves, which areedfeyragphononiccrystals, has
drawn a great deal of attentioRhononiccrystals have periodical elastic modulus distribution,
and are the acoustic analogueptiotoniccrystals. Although the physical nature of phononic
crystals is different from one of photonic crystals as welsamiconductors, the physical ori-
gin of the bandgap formation is essentially the same in thesterials. However, from the
scientific point of view, physics of phononic crystals growrieasingly complex compared to
photonic and electronic crystals. Mechanical waves cae bath longitudinal and transverse
components, in contrast to electromagnetic waves, whid loave the transverse compo-
nent, and electron waves, which are scalar. Moreover, as\éwhanical waves, while both
longitudinal and transverse displacement waves can petpaysolids, only longitudinal dis-
placement waves are allowed to propagate in fluids. As atrekel formation of complete
phononic bandgaps depends on a number of parameters agdifecantly harder than that of
actively investigated photonic bandgaps since phononicisires having bandgaps for both
longitudinal and transverse waves in the same frequenayrregust be designed.

The research on phononic crystals with complete bandgatsteéa in 1992 with theoret-
ical work by Sigalas and Econom&iThey reported that phononic structures consisting of
three-dimensional (3D), periodic, identical high-depsipheres which are placed in a low-
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Figure 1.1.: A variety of one- (1D), two- (2D) or three-dinsgmmal (3D) photonic or phononic
crystals. While the defining characteristic of a photonicstalis the periodic-
ity of dielectric medium, one of a phononic crystal is theipeicity of elastic
medium.

density host homogeneous material possess complete phdrenmdgaps. These phononic
structures can be either solid/solid or fluid/fluid. Subseuly, they also reported that an infi-
nite two-dimensional (2D) square array of high-densityrajérs embedded periodically in a
low-density host material could possess a complete phori@mdgap for both solid/solid and
fluid/fluid structures in 2% Although Sigalas and Economou showed that both 2D and 3D
periodic fluid/fluid or solid/solid phononic structures shoomplete phononic bandgaps, they
predicted that complete phononic bandgaps should alsbiexsslid/fluid phononic structures
despite the fact that both longitudinal and transversdielasves propagate at two different
speeds in solids while acoustic waves propagate at a sipgkdsn fluids. During much of
the same period, Kushwaled al. reported the existence of complete phononic bandgaps for
transverse displacement of the elastic waves in 2D phorstnictures®!

In spite of a number of theoretical investigations repogtter the two theoretical works de-
scribed above, an ideal phononic structure has not been fonthe past, a lot of studies have
focused on sonic and ultrasonic phononic crystals singeahepromising for applications in
acoustics, sensing, and medical diagnostic, but also Bea#experimental convenience. As
a result, relatively large phononic bandgaps have beendheally and experimentally re-
alized. However, a detailed understanding and control ohdavave propagation behavior
in hypersonic phononic crystals haven’t been done sincection of hypersonic phononic
crystals and determination of their phonon dispersion igrg@fgcant experimental challenges.

The importance of investigations on hypersonic phonoroperties have long been recog-
nized both from fundamental and practical points of viewpé&xmental techniques that can
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characterize these properties are of great value in uraelisiy the elastic wave propaga-
tion behavior and designing hypersonic phononic crystdlstil now, there have been only
two techniques employed to investigate the phonon dispenslation of periodic compos-
ite media, which are Brillouin light scattering (BLI8)and the optical pulse-pump probe
techniqué!. We have employed BLS spectroscopy to investigate the phomooperties of
hypersonic hybrid nanostructures based on anodic alumiokide (AAO). BLS is a powerful
and non-destructive technique that allows for the dire@sneement of the phonon dispersion
relations along any direction in the Brillouin zone, thusdieg to a further understanding of
detailed features of the propagation bands. It employdesoay of a laser beam by random
thermal phonons in the samples. In this thesis, phononipgrties of hypersonic phononic
hybrid nanostructures consisting of AAO infiltrated withlypoers and paraffin have been
investigated using BLS. It was found that each of the AAO-Hdasgpersonic phononic hy-
brids shows very interesting elastic wave propagation iete Furthermore, the phononic
dispersion relation in AAO along high symmetry directiorfstiee two-dimensional lattice
constituted by the nanopores and the liquids located indnepores was simulated by means
of the numerical band structure calculations using theefidifference time domain (FDTD)
method.

1.2. Research on phononic crystals to date

Researchers who were inspired by exciting developmentsaibplc bandgap structures lead-
ing to a variety of phenomena of both fundamental physicspaadtical device applications
began structural studies on phononic crystals. The theateesearch on phononic crystals
of complete bandgafis®! has been generally considered as the catalyst. Thereaftent
improvement of analytical method and of the measuring @esensitivity has led to under-
standing of mechanical wave propagation phenomena.

An important and beneficial properties of phononic crysitalgeneral is the scalability of
the frequency characteristics from the low audio frequandhe terahertz (THz) range, i.e.
from seismic waves to phonon waves. It is useful to dividenamic crystals into three classes
- sonic, ultrasonic and hypersonic phononic crystals - ¢hasetheir frequency operation.
Each of these classes leads to entirely different apptisatand requires completely different
technical approaches. Sonic crystals (1 Hz - 20 kHz) are itapbfor sound manipulation
and communications; ultrasonic crystals (20 kHz - 1 GHzy @aole in imaging and non-
destructive testing; while hypersonic crystals { GHz) may lead to new applications in
acousto-optics, signal processing and thermo-elegtriétach 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 cohsound. This is of great inter-
est for applications such as acoustic filters, noise coatndlimprovements in the design of
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Figure 1.2.: The kinematic sculpture by Eusebio Semperehatonsists of a periodic cubic
array of hollow stainless-steel cylinders with a diamefe2.8 cm and a unit cell
of 10 cm. (Adapted from R¢B])

transducers. A number of reports have appeared on 2D sofsitats because they have large
lattice constants in the range of millimeter to centimetet ean be fabricated more simply.

A good representation of sonic properties of a periodiccstime was provided by Mairiez-
Sala as shown in Fig. 113.The kinematic sculpture contains cubic arrays of aligndtbivo
stainless-steel cylinders with a diameter of 2.9 cm andtizéatonstant of 10 cm. Mariez-
Salaet al recognized that the sculpture would have a sonic bandgappeariormed sound
attenuation experiments on the sculpture shown in Fig.Th2y measured the acoustic trans-
mission of the sculpture as a function of sound frequencegyTdbserved strong sound atten-
uation at a frequency of 1670 Hz, which could be ascribed ¢ofdlhmation of the first gap
when sound travels along tfig)0] direction in a square lattice.

The first observations of experimental bandgap structunea onic crystal were reported
by Sinchez-Rrezet all*%, and by Robertson and Ru#y. Both works used a 2D periodic
array of stainless cylinders in air. In other experiments firmation of bandgaps was re-
ported on 2D periodic arrays of hollow copper cylind€tswood cylinder83 and water-filled
elastically-soft polymer tub&4l, respectively, in air. On the other hand, sonic transmissio
was measured on a 3D sonic crystal composed of a cubic arraybbér coated with lead
spheres in an epoxy matri®! Due to effective negative elastic constants caused by-local
ized resonances, such a 3D sonic crystal shows bandgapa laitiice constant two orders of
magnitude smaller than the relevant wavelength.

The accomplishments of the phononic bandgap formation ggext benefit to developing
new material function. One of the current hot topics in apig for example, the fabrica-
tion of superlenses. The negative refraction and supenige$fects in photonic crystals have
been experimentally demonstrated recétti§?. These studies stimulated research on the
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negative refraction for acoustic waves in phononic crgstéth practice, the negative refrac-
tion and superlensing effects of a surface wave have beegrimgntally and theoretically
demonstrate@! while the acoustic negative birefraction has been dematestin a 2D sonic
crystal composed of a hexagonal array of steel cylinderseelod in aif?. Furthermore,
acoustic negative refraction with backward-wave effe@sgehalso been demonstrated both
theoretically and experimentally in a 2D sonic crystal ¢stirsg of a hexagonal array of air
cylinders embedded in aluminiufs!

Since sonic crystals show many new effects and novel phemasweech as negative birefrac-
tion and backward-wave negative refraction, they will opemew path to the design of new
acoustic devices. However, a structure needs to be seeasabf centimeters wide to create
a phononic bandgap in the sonic regime. While this might na peoblem for architectural
acoustics including the attenuation of traffic noise alomghways, Earthquake and coastal
protection, it is impractical for many devices such as hbadps and speakers.

1.2.2. Ultrasonic crystals

Since the properties of photonic crystals are scalablecdinstituents of ultrasonic crystals
and their lattice constants must be reduceg tb mm - 10um with frequencies ok 20 kHz

- 500 MHz. Although ultrasonic crystals have a variety ofgmatal applications as well as
sonic crystals, the technological application mostly iretheir ability to improve device per-
formance and resolution of conventional ultrasonic img@nd diagnostic imaging technique
by utilizing acoustic superlensing effects based on negagifraction. The ultrasonic acoustic
technology has already been used for medical ultrasonbgrajowever, conventional ultra-
sonographers have drawbacks including limited penetraképth depending on the frequency
and limited ability to focus and reflect, thus causing difities in imaging structures. Ultra-
sonic crystals could be integrated into current imagindesyis and overcome the drawbacks
mentioned.

The first experimental observation of a complete ultrasbaitdgap in a 2D phononic crys-
tal for the longitudinal mode has been reali28d This structure consists of a periodic square
array of mercury cylinders in an aluminium alloy plate. Tdegter, Vasseuwst al. have demon-
strated complete ultrasonic bandgaps in a solid/solid ¥Btal consisting of a hexagonal array
of circular steel cylinders in epoxy matri! As is the case for sonic crystals, the formation of
phononic bandgaps leads to ultrasound tunneling throud#!1dhd 3077 phononic crystal
and negative refraction imagig3%. According to Yanget al?®l and Keet al??, negative
refraction of ultrasound waves was observed at frequeatike second band of the first com-
plete bandgap or above. Due to the anisotropy of the equiérecy surfaces or the circular
equifrequency contours, negative refraction of ultrasbaocurs, thus resulting in focusing
diverging sound beams. Moreover, when it comes to a 2D phomoystal?®, the achieved
resolution is above the diffraction limit and is much bettean the resolution of conventional
focusing transducers.

In addition, dynamic imaging of surface waves in the ulttagbregime has also been inves-
tigated on minute gold pyramifd! or 2D phononic crystal&l. Direct dynamic visualization
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of ultrasound waves provides insights into the underlyirgchanism of ultrasound focus-
ing, refraction and scattering. Therefore, it is believeat ltrasonic crystals could lead to a
further development of ultrasonic imaging.

1.2.3. Hypersonic crystals

Hypersonic phononic crystals that operate at gigahertzj@Gidquency regions are extremely
interesting. Since hypersonic phononic crystals are namposite materials with a period
comparable to the wavelength of visible light, they pospesential for various simultaneous
controls of light and sound by localizing or propagatingnthend for applications to novel
acousto-optical devices utilizing the enhancement of sieaptical interactions. Recently,
the existence of simultaneous photonic and phononic barsdigacomposite materials with
2D periodic square or triangular cylinder arrays have béeoretically demonstratd?f! It
has been known that the introduction of point defects intotghic crystals causes strong lo-
calization of photons and enhances nonlinear optical pinenal®* In the same manner, the
simultaneous localization of light and sound in the saméiapagion by introducing point
defects in photonic-phononic dual bandgap materials has theoretically demonstrat&d!
This particular feature of photonic-phononic dual bandgeperials leads to drastic enhance-
ment of acousto-optical interactions. In fact, Dainesel observed stimulated Brillouin
scattering due to guided multi-GHz acoustic phonons codfineghe core of the silica-air
photonic crystal fiber (PCHY® 371 Such micro/nanostructuring of small-core PCFs alter both
the optical and the acoustic properties of materials du¢rémg acoustic confinement in the
core and changes in the acoustic dispersion relation. Tiigyab enhance acousto-optical
interactions at GHz frequencies could lead to the developroka great variety of applica-
tions such as all-fiber acousto-optic devig&soptical delay linel§®, high-efficiency light
emission from silicon via phonon-confinement effé€teind THz emission in semiconductor
nanostructure due to the acoustoluminescence mechéhism

Hypersonic phononic crystals could also make a large impacthermal management.
The thermal energy transport of materials consists of dartons from both electrons and
phonons. Regarding thermal transport, in some cases it igrtan to maximize this to cool
nanodevices efficiently, while it should be minimized foetimoelectric devices, in which
nanoscale structure is introduced to optimize acousticeveattering at high vectors. The
ultimate efficiency of thermoelectric power generationtsyss is determined by the nondi-
mensional figure of meritAT) of the materials, given by

2
ZT:SUT

RT
2T (1.1

Kp + Ke

whereSis the Seebeck coefficient, is absolute temperature, is the electrical conductiv-
ity, xp is the total thermal conductivity, is the phonon thermal conductivity and is the
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electron thermal conductivity. The phonon contributiomdd be minimized to reach high
ZT. The existence of a hypersonic phononic bandgap would esthecflow of phonons and
therefore the thermal conductivity of a material. Consetjyelypersonic phononic crystals
are useful building blocks to reduce the phonon thermal gotadty, «,, in order to improve
the performance of thermoelectric devices.

Self-assembly and lithography techniques make it possiabdentrol periodic structures at
nanoscales comparable to the wavelength of light and ledldetdabrication of hypersonic
phononic crystals that have a phononic bandgap at GHz freguén most cases, BLS has
been employed to investigate the phonon dispersion ratbhypersonic phononic crystals.
Chenget al. have demonstrated the first experimental observation oparsgnic phononic
bandgap in 3D colloidal composite materiéfs They reported that a bandgap can be tuned by
both the infiltrate material and particle size. Thereafgarishnyyet al. have investigated the
dispersion relations of single crystalline 2D phononicstays based on epoxy, which consist
of square arrays of air cylinde¥s! They observed a partial bandgap along |t direction.

In fact, measurements of the dispersion relations of siciyistalline phononic structures were
also done by Gorishnngt al. on 2D phononic crystals consisting of hexagonal arraysrof ai
cylinders in the same epoxy matff%! However, a phononic bandgap was unobservable since
the bandgap position was at frequencies below the BLS detelotnit due to the large lattice
constant of the crystals (1.3@n). In addition, Stillet al. have discovered two hypersonic
phononic bandgaps of different nature coexisting in 3Daidé! films“®! One is a Bragg gap
occurring at the edge of the first Brillouin zone and the oteea hybridization gap of crys-
talline and amorphous films, which originates from intei@acbf the band of quadropole par-
ticle eigenmodes with the acoustic effective-medium ba&sjust described, this gives rise to
the possibility to create a structure with a negative mogtthd”, thus leading to the develop-
ment of new functionalities such as acoustic superléfiss**and acoustic cloakiriy: 52,

1.3. Aim of the study

Phononics is an extremely important field to develop fumaionaterials based on hypersonic
phononic crystals. The introduction of defects and wawggiimakes it possible to localize
and propagate the elastic waves and various controls ofguisoare expected. Moreover, it
is possible to dramatically slow down the sound velocityoadmng to the peculiar phonon
dispersibility. The acoustic technology in kHz region sashdevices for medical diagnosis
has been widely used. However, acoustic technology in bdt#ta &hd GHz regions remains
many unknown applications. For example, in such a high #aqu region, acoustic imag-
ing with high spatial resolution on the nanoscale is exmkated this might make it possible
to visualize acoustically the structure and anisotropy aterals, which are impossible for
the conventional optical microscope. Furthermore, in thergy field, converting waste heat
into electricity reduces manufacturing cost while preseythe environment. Thermoelectric
technology also provides an alternative to convertingrsetergy into electricity via solar
thermoelectric energy conversion. Consequently, there ha&en research into improving



1. Introduction

the efficiency of thermoelectric power generation elemégtsontrolling thermal transport

of thermoelectric materials. Hypersonic crystals basegenodically arranged composite
semiconductof¥! and superlatticés! are promising materials for controlling thermal con-
duction.

As introduced in subsection 1.2.3, there have been rehatiges investigations of hyper-
sonic phononic crystals. Reasons for this includes diffiesilin fabrication and characteri-
zation of hypersonic phononic crystals due to their inhesemall lattice constants. BLS is
a powerful and non-destructive technique that allows ferdirect measurement of phonon
dispersion relations along any direction in the Brillouimepthus leading to a further un-
derstanding of the detailed features of propagation bandistil recently, the search of a
hypersonic bandgap has been performed on hypersonic picocrystlas based on thermo-
plastic polymers and epoxy, of which mechanical and thestaddility and elastic contrast are
limited. On the other hand, although hypersonic phononystats based on a rigid mater-
ial exhibit a large elastic contrast for bandgap formatibey have not been explored. AAO
can be considered as a useful building block for hypersohanpnic crystals since it con-
tains hexagonal arrays of aligned nanopores, and it is lpless change phonon density of
states due to its lattice topology, lattice constant anégdiameter. In this thesis, hypersonic
phononic crystals based on AAO, which is considered a rigittix have been fabricated and
their phonon dispersion relations have been investigatedrify how lattice constants, pore
diameters or local properties and phase change of infiltratierials affect the elastic wave
propagation behavior at GHz frequencies.

In this thesis, the BLS apparatus and FDTD method, which wemgl@yed to study the
properties of hypersonic phononic crystals, are desciibetiapter 2. In chapter 3, fabrica-
tion of AAO is described. Here, two widely used methods ofifsdiing AAO, i.e. two-step
anodization and pre-molding anodization, are describléd.former method leads to a polydo-
main structure, while the latter method results in an igeaitiered pore lattice. Furthermore,
basic properties of AAO is described. Chapter 4 deals with A a lattice constant of
100 nm and a pore diameter varying from 35 to 85 nm as hypergdnonic crystals. The
hypersonic phononic properties of air- and poly(dimetiykane) (PDMS)-infiltrated AAO
were examined using BLS. In addition, the FDTD method was tsedlculate the theoret-
ical phononic dispersion relations, and the details of ispldcement fields were considered
for various modes in these structures. Tailor-made phaaoiperties embracing anisotropic
elastic properties parallel and perpendicular to the pres and phonon localization are ex-
plored. The effect of the elastic contrast between AAO matnd inclusions on the phonon
dispersion relations was investigated in chapter 5. It veamd out that a bending of the
first propagation band occurs for high elastic contrast idybystem due to the phonon lo-
calization in the pores, while it does not occur for low a@sontrast hybrid system. In
addition, reversible switching of phononic properties t@nachievable in the response to
temperature. Monodomain AAO-based hypersonic phonoytals were treated in chapter
6. High rotational symmetries promote the ability to obtaimplete phonon dispersion re-
lations. Here, the underlying physical origin of complet®pon dispersion relations for two
different porosities were considered.
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On the basis of these results, the main conclusions of thiy stre summarized in chapter
7 and many promising directions for future investigatioress@described in chapter 8.






2. Methodology

This chapter provides a brief description of experimergahhiques and phonon dispersion
calculation methods used in this thesis. It includes themti@ns: section 2.1 describes the
mathematics of elastic wave propagation in periodic stimes, in particular in hexagonal

structures; section 2.2 treats the physics of Brillouin tligbattering and describes optical
interferometric techniques; and section 2.3 describesoBni light scattering experimental

apparatus, which is used as the main characterizationdgoetisure phonon dispersion rela-
tions in nanocomposites and two different scattering genese which reveal the anisotropic

phonon propagation in two-dimensional hypersonic phangnystals. A sufficient amount

of detail is provided for a solid understanding of these mégqies and their use in phononic,
while additional information is available in the refereagmentioned 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 difreen the laws of conservation
of mass, momentum, energy and angular momentum. The catiserof mass leads to the
equation of continuity

dp

s = 2.1
dt—i—,on 0 (2.2)

From the conservation of momentum the Cauchy equation oiomagideduced, which is

ov
o — p— =0 2.2
V.o p@t (2.2)
in linear approximation for non-polar materials in the atzseof external forces and damping.
The density of masg = p(r,¢) depends on timé and positionr. v(r,t) is the velocity of
the particles calculated by partially differentiating tisplacement fieldi(r ,t) with respect to
time. The equation of motion for an elastic medium derivedfiEquation 2.1 and 2.2 is

0%u
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wherep is the densityy;(r, t) is thei-th component of the displacement vector at poiahd
timet, ando;; = 0;;(r, t) is the component of the stress tensor.

Oij = CijmnUmn (24)

wherec;j.,,, is the stiffness tensor of the medium,; = A(r)u;d;; + 2p(r)w;; andu,,, =

: (27“;} + %) is the strain tensor in the medium(r) andx(r) are the so-called La#nco-
efficients of the mediur®®! The )\, i« andp are related to the velocities in a medium through
the relations\ = pc? — 2pc? andp = pc?, wherec; andc; are the longitudinal and transverse
velocity, respectively. Therefore, the longitudinal arahtsverse velocity can be expressed as
o = \/A+2u/pande, = /p/p. The number of independent components in the stiffness
tensor is determined by the material symmetry. Althoughettege 21 independent elastic
constants for general anisotropic materials, the numbidafpendent constants in transverse
isotropic materials are reduced to 5 from a total of 21. Ind&ge of hexagonal symmetry, the
elastic stiffness tensor has the form

c11 ci2 c3 0 0 O
Ci2 C11 C13 0 0 0
o ci3 ci3 ¢33 0 0 0
Chezagonal = 0 0 0 Cas 0 0 (25)
0 0 0 0 Cy4 0
0 0 0 0 0 Ce6
where the tensor componeny; is given by
1
Ces — 5 (Cll — 612) (26)

Figure 2.1 is a schematic of periodic media which is invegéd as phononic crystals in this
thesis. The structure is made up of hexagonally arrangegl &om solid or liquid cylinders
parallel in an alumina matrix. Theaxis is assumed to be perpendicular to the plane and
parallel to the cylinders. The lattice constantiand the diameter of the cylinderds The

row matrix is assumed to be hexagonal symmetry with its atiggjraphic axes oriented along
the coordinate axes y andzas shown in Fig. 2.1. The elastic waves are assumed to prigpaga
in thex-y plane and the direction. The elastic wave equation in such a system isesged

as.:

0%, 1 (004  Ooy,

o ;( or dy ) 2.7)
82uy 1 (Doyy  Ooy,

_ 1 2,

ot? p ( Ox * oy ) (2.8)
0%u, 1 (0o, 00, 00,

o ;( or oy az> (2.9)
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VA Pore Alumina

Figure 2.1.: Two-dimensional cross section of a hexagomalaf pores with a lattice con-
stant ofa and diameted.

whereu, andu, are thex- andy-component of the displacement field. For simplicity, the
displacement fieldis is taken independent ap and all materials are supposed to obey the
isotropic Hook’s law. In these conditions,

Opw = cu‘?;”“ + cn% (2.10)
Oy = cnaa—l;ucuagf (2.11)
0., = Ci3 %Z;w + ci3 881;‘7’ + c33 %I;Z (2.12)
Ory = CZﬂ (% + a;;) (2.13)
0y = ‘;ﬁ (%’“;Z + %) (2.14)
o = 2 (G5 2.15)

wherec;, ¢12, €13, 44 @Ndcgg are the position-independent elastic constants, whichedated
to the longitudinal and transverse sound velocitie@ndc;: c¢;; = pc? andcgs = pc?.

The second-order time-differential equation 2.3 can comrdly be written in a set of
canonical, first-order equatidi¥:

v _ Doy

ot T o, (2.16)
aui
v = o (2.17)

13
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whereuv; is the velocity field. These equations are solved by the faifference time domain
(FDTD) methodf® 5%, using central difference. The FDTD method is a useful nizakr
analysis method for the solution of a number of problemsectebmagnetics. It has recently
been applied to the study of the transmission spéttf3, dispersion relatiod®! and mapping

of the displacement fieltf: °1in phononic crystals. Owing to a periodic system, the refsl
equation, which satisfies the Bloch theorem, for the disphecd and the stress tensor can be
expressed &S/

ui(r,t) = expk-r)U;(r,t) (2.18)
O'Z'j(r,t) = exp(k~r)Sij(r,t) (219)

wherer is a position inx-y plane k = (&, k,) is a Bloch wavevectot);(r, t) andS;(r, t) are
Bloch’s boundary conditions satisfying;(r + R, t) = U,(r, t) andS;(r + R, t) = S;(r, t) with
R being a lattice translational vector.

The FDTD algorithm is based on discretization of the equaitiocspatial and time domain.
The FDTD method solves the elastic wave equations by dizorgttime and space and re-
placing derivatives by finite differences. Discritizationthe equations is expressed as

vi(t + At/2) —vi(t — At/2)  oy(v + Ax/2) — o4(x — Ax/2)
- At B Az; (2.20)

The dispersion curves are calculated using (i) a two-dimo@as unit cell, which is repeated
in the two spatial directions, (ii) the Bloch theorem, whicdltroduces the wave vect&r In
the z direction, the length of the unit cetlis chosen so that the plane and cylinders as well
as a thin layer of vacuum on both sides are embedded in orddedouple the interaction
between neighboring cells. For each component of the watevé:,, k,) parallel to the
plane, an initial random displacement is applied insideuhi cell at the origin of time.
Then, the displacement field is recorded at many positiotisininit cell as a function of time
and, finally, Fourier transformed to obtain the eigenfremies of the structure for the chosen
wavevector. Therefore, the band structures are computeinrs of frequency as a function
of the wavevector and plotted along the principal directiofhthe 2D irreducible Brillouin
zone ('JX).

The displacement field calculation is similar to the diserTurves computation except
that the initial randomly excitation of the displacementdplaced by a periodic wave source
during a determined time at two specific points of the unit CBhe source generates a quasi
monochromatic wave at the same frequency than the eiger@ney of the chosen wave vec-
tor. Because both the wave vector and the frequency are assitire specific eigenmode is
excited and the displacement field is recorded to highlig@troperties of the mode. In those
3D graph representations, the color and the size of thegpsymhbolize the local displacement
while the white color corresponds to a displacement equzéto.
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2.2. Brillouin light scattering

2.2.1. The photoelastic effects

Brillouin light scattering (BLS) arises as a result of acougpdical interactions in a scattering
medium. We consider a nonmagnetic, honconducting and sonaing medium with the
dielectric constant,. In complex notation, an electromagnetic wave of a planglérnt wave
is expressed as

E;, =n,Ey expz(kz - — wzt) (221)

where a unit vector in the direction of the incident electagmetic field isn;, the amplitude
of the electromagnetic field i§,, the wavevector i&; and the angular frequencyds. The
scattered electric field at a large distaft&om the scattering volume with polarization,

propagation vectam; and frequency, ist>®!

Ey(R,t) =

4m €0

expikSR/Vdgr expi(q-r—w;t) [ng - [Ks x (Ks x (de(r,t) - n;)]] (2.22)

whereq is the scattering wavevector and(r, t) is the dielectric constant fluctuation. The
scattering wavevectay is defined as the vector difference between the wavevectdiso
incident light ;) and the scattered lighk(), i.e. q = k, - k;. It is usually the case that

Detector

Analyzer ks, os /\

Polarizer

Figure 2.2.: Schematic of light scattering geometry. Rpdar light is incident on a sample
and scattered in all directions. The scattering veqterk; - k; is defined by the
detector position.

the wavelength of the incident light and scattered lightiargged very little in the scattering
process so thak;| = |k,|. Consequently, the magnitude@tan be expressed in terms of the
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2. Methodology

scattering geometry shown in Fig. 2.2 as

¢ = |k — k> = k2 4+ k2 — 2k, - k, = 4k? sian (2.23)
4
qg = 2k; sing = %n sing (2.24)

The intensity of photon-phonon scattering depends styoaglthe dielectric fluctuation
related to elastic deformations on the optical propertiesiedia. Following treatment by
Landau for an isotropic mediufl, the electric field of the scattered light is proportional
to the vector productn(x (nxG)), wheren is a unit vector in the scattering direction, and the
components of the vect@ are given by the integral

G = /&ik exp(—iq, - r)dV - ey (2.25)

Heree s a unit vector parallel to the incident electric field vedig = eEj exp(iq - r); de IS
the change in the electrical permittivity due to the elag@tormation de;;, = a;U;; + aU;d;x,

whereu;;, = % (355,1 + g—Z’;) is a strain tensor ana, anda, are the photo-elastic constants of

the medium.

When an acoustic wave propagates through the medium, itesreaddulations of in the
dielectric constant, which, in turn, scatter light. The dielectric constant lo¢ tmedium is
then

€ =€y + 562']' (226)
whereg, is the dielectric constant of the unmodulated medium and

5%’ = Zpijklukl (2-27)
ik

Hereuy, is the strain tensor angl;;; is the forth rank tensor known as a photo-elastic tensor.
This tensor describes the response of the medium to the gatipg acoustic wave. The
number of its independent coefficients depends on the symimiethe medium. In particular,
for hexagonal crystals the matrix of photo-elastic tensm the form

pii pi2 piz 0 0
pi2 puu piz 0 0
0

_ Pz pig pss 0
Phezxagonal 0 0

o O OO

2.28
0 pu O ( )

0 0 0 0 pu O
0 0 0 0 Op66
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2.2. Birillouin light scattering

where the tensor compongny; is given by

1
Pee = §(p11 - p12) (2-29)

The integralG is also referred to as the spatial Fourier transform of te&edtric fluctuation
de(q,t), such that

Je(q,t) = / d*rexpiq -1 de(r,t) (2.30)
v

Then, Equation 2.22 is written as

ES(R’ t) = expi(ksR - wit) {ns ’ [ks X ks X (56(q7t> ’ nz)]} (231)

41 Reg

The use of the vector products leads to the simplificationqafdion 2.31 as

E
Ey(R,t) = —— expi(k,R — wit)de;(q, 1) (2.32)
47TR€0
wherede;(q,t) = n,-0e(q, t)-n; is the component of the dielectric constant fluctuationgens
along the initial and final polarization directions. Considg the time-averaged intensity of
the scattered light, the time-correlation functiorgfcan be expressed as

* o k§|E0|2 .
(EZ(R,0)Ey(R, ) = T6m2 028 (0eis(q, 0)deis(d, 1)) exp(—iwit) (2.33)

The intensity of the scattered light is therefore given by

I;s(Q,ws, R) = /dt (EX(R,0)Es(R, 1)) exp iwst

Iok? |
- [W} / dt (§eis(0, 0)e(d, 1)) exp(i(w, — wi)t)
0

(2.34)
The features of Equation 2.34 are as follows: I{i) is inversely proportional to the forth
power of the wavelength; (ii) I;, is attenuated inversely with the square of a distaRder

a spherical wave; and (iil),, depends on the frequency change= w; — w, in the scattering
process. The frequency change is accompanied by a varmaitbntime of the dielectric
constant fluctuatione(q, t). Equation 2.34 can thus be rewritten by the spectral density
the dielectric fluctuations such that

Iok? ,
I5(0.9) = | vz | [ 406 @00 (@.0) explic (2.35

What is measured in BLS spectroscopyigq, w) induced by the local dielectric constant
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2. Methodology

fluctuations, which is in turn thermal fluctuations at a gigeattering angle as a function of
w. Therefore, BLS can provide insight into diverse dynamiacpseses in a medium.

2.2.2. Interaction with hypersound

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

Elastic wave

oo
o'’
O
ORI
o 0
oo
Ooa

S0/2:

>

ks 0 ki
Figure 2.3.: Acoustic Bragg reflection.

Consider the interaction of a light wave with wavelengtland an elastic wave with the
wavelengthA. When the wave-front of the elastic wave and light with thadeat angle of
0/2 satisfies the following equation

2An sing =A (2.36)

the scattered light in each wave-front undergoes constauctterference and is reinforced.
Since this phenomenon is the same as the Bragg reflection af X¥served in the crystal
lattice plane with a lattice constant it is also called acoustic Bragg reflection. This Bragg
condition, Equation 2.36, can also be expressed as

2r 4mn . 0
X = T S1n 5 (237)

whereK = 27/A is the wavevector of the elastic wave. Therefore, from Equa?.24 and
2.37, the relationship between the scattering wavevectdrthe wavevector of the elastic
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2.2. Birillouin light scattering

wave yields
2
7= (2.38)

Equation 2.38 indicates that the wavevector of the elasti@K is equivalent to the scattering
wavevectoq. As a result, a differerq is selected by the change of the scattering afgileus
resulting in probing the elastic waves of different wavelis.

When the wavelength/\( of the elastic wave and the wavelength of ligh) &atisfy the
Equation 2.36, the relationship between the wavevectdreoélastic wav& and the wavevec-
tor of the incident and scattered light; @ndk,) can be expressed as

ki =k; £K (2.39)
Multiplying both sides by: = h/2, Equation 2.39 can be expressed as
hk, = hk; £ K (2.40)

This corresponds to the law of crystal momentum consemvati®re the upper sign refers to
processes in which a phonon is absorbed (known azrtheStokesomponent of the scattered
radiation) and the lower sign refers to processes in whichangn is emitted (th&tokes
component).

In addition, when light is scattered by hypersound, thedesgy of the scattered light is
shifted since the incident light undergoes the Dopplerceffé shift in frequencyA f of the
scattered light is expressed as

sin — (2.41)

Af ==+
/ 2

whereAf (=f, - f;) is a frequency shiftn is a refractive index of a mediunV, is a phonon
phase velocity and is the speed of light. Consequently, Equation 2.41 leads to

A 4 9
fo=f+ nfzvsini—fizl:;- ;msin5
v A (2.42)
:fz':i:Q—q
e

Equation 2.42 relates the phonon phase velocity, whichhefotrm2(q) = V(q)q, to shift in
photon energy by

ws = w; =0 (2.43)

wherew, w; and(2 are the angular frequencies of the scattered light, the@mtilight and the
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2. Methodology

elastic wave, respectively. Multiplying both sides/yEquation 2.43 can be expressed as
hw, = hw; = A2 (2.44)

This corresponds to the law of energy conservation.

Since Equations 2.40 and 2.44 describe the light scatt@rogess, this phenomenon can
be regarded as the collision between phonons and photoesefdhe, the phonon dispersion
relation2(q) = V(g)q can be observed by probing the angular frequency shiftw; of the
scattered light as a function kf - k;. This technique is an effective way to obtain information
on thermal phonons. The Brillouin shift is commonly measusgdhe 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 nimaar effect, which is related to acoustic
phonons. In a typical Brillouin scattering experiment oneseds acoustic or spin waves with
frequencies between 1 and 100 GHz. In order to extract thé wesdastic component of
light from the elastically scattered contribution, a higisolution spectrometer is required. To
this aim, the best combination of high resolution and goadughput is achieved using a
Fabry-Perot interferometer as a scanning spectrometer.

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

1o
T p—
1+ (4F2/7?)sin®(2wL/\)

(2.45)

whereT) is the overall single-pass transmissiéns the effective single-pass finesds the
mirror spacing and is the wavelength of light. Equation 2.45 indicates thatRhbry-Perot
interferometer only transmits light with wavelengthssatisfying the relation

1
L= ém)\ (2.46)
for integersm. The optical transmission function is illustrated in Figd.2Provided that the
mirror spacing. is varied in order to scan the transmitted light at diffeneavelengths satis-
fying Equation 2.46, the Fabry-Perot interferometer fiorg as an extremely high resolving
power spectrometer. Consequently, one can increase thsgfeetral range by decreasing the
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2.2. Birillouin light scattering
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Figure 2.4.: The optical transmission function of a sing#ss Fabry-Perot mirror.

mirror spacing. as

)\2
A= - (2.47)

The performance of a Fabry-Perot interferometer is detegthby several parameters such
as finesse, contrast defined as the ratio of peak height to itienam intensity, resolution,
and free spectral range (FSR), which is the largest wavdieragige A\ in Fig. 2.4) for a
given order that does not overlap the same range in an adjaab. In practice, it is the con-
vention to express FSR in units of frequency (Hz) or wavenemionT!). The measurement
precision of frequency or wavelength, which is represebiethe finessé, is determined by
the sharpness of interference fringes. The finesse is atyjfeditor which characterizes the
width or the sharpness of the peak maxima. This finesse igelihiny the mirror reflectivity
and flatness and related to the spacing between transmigteglengthg\ A and the full width
at half maximum (FWHM) A of a given transmission peak given by

AN

F = 5\ (2.48)
However, this will also increas&\ and reduce the resolution. Moreover, the finesse is practi-
cally less than 100 due to the limited quality of mirror suasts and coatind®’ Therefore,
it is necessary to optimize the mirror spacindor each experiment according to the lowest
and the highest frequencies to be recorded. One must soesetise several mirror spacings
for each sample to complete whole phonon dispersion relatiConsequently, the FSR is a
very important parameter to be fixed prior to conducting BLBezknents.
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2. Methodology

2.2.3.2. Tandem Fabry-Perot interferometer

Since its invention, a Fabry-Perot interferometer has leearell-established spectroscopic
instrument. However, it was realized that a single-passy-Bbrot has some difficulties in
observing spectroscopic signals due to low contrast andwedapping of orders. Therefore,
there have been numerous efforts to improve contrast anovéiapping issue. HoustSH
have introduced the use of two interferometers of diffesgratcings in series. In this method,
the advantages of the high resolving power and the large BERé large and small spacing
interferometers are combined. The purpose of the smalirspaterferometer is the suppres-
sion of the overlapping orders of the large spacing interfeater. Bradley and Kuffi: 6!
have demonstrated the use of two identical Fabry-Peratf@antaneters in series to increase
contrast. An alternative to increasing contrast and reésolwsing double-passed Fabry-Perot
interferometer was suggested by Hariharan and®8efihe contrast and finesse of the Fabry-
Perot interferometer are also increased by routing lighuseatially through two different

7]
-
A
Translational stage A-A

L1 Wavelength — se——

. L2 = L1cosb

(a)

Transmission

Y

Figure 2.5.: Tandem interferometer with mechanical cogpbf the movable plate.

Increased contrast, resolution and FSR can be achievediy twg Fabry-Perot interfer-
ometer. Yet multipass Fabry-Perot interferometers martimbove lack sufficient contrast to
observe weak Brillouin signal components in the presenaatefse elastically scattered light.
In order to overcome this issue, Sanderd®tintroduced an elegant design for a piezoelectri-
cally scanned tandem multipass Fabry-Perot interferam@&teo interferometers of unequal
mirror spacing are arranged in a series with their axesnadliatp, and with their scanning
mirrors mounted on a common stage as shown in Fig. 2.5(a).

When two interferometers, of which spacings afeandL,, are arranged in series and
adjusted to transmit simultaneously, the change in oplaradth AL satisfies the following
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2.2. Birillouin light scattering

condition:
AL, Ly
== 2.49
ALy Ly (2.49)

In the case of atandem Fabry-Perot interferometer showigir2(a) the two interferometers
are arranged in series with their axes inclined at an ahgldus,
Li AL 1

— = = 2.50
Ly, ALy cosp ( )

Therefore, provided the mirror spacings are in a ratio af<lp, condition 2.49 is satisfied.
Considering the condition of two interferometers arrangeskiries, the wavelengths trans-
mitted by the combination must simultaneously satisfy

1
1

for integral values ofm; andm,. Since FP1 and FP2 show different FSR due to the slight
difference in their spacings as shown in Fig. 2.5(b) andlje neighboring order transmission
peaks do not coincide. Consequently, the combined trangmistlight passing through both
FP1 and FP2 is illustrated in Fig. 2.5(d). In this thesis xapgiss tandem Fabry-Perot (TPF)

Figure 2.6.: The optical path inside a tandem Fabry-Petetferometer invented by JRS Sci-
entific Instruments. (Adopted from Ref. [60])
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interferometer designed by JRS Scientific instruments wad.ug he optical path passing
through a six-pass TPF interferometer is schematicallyvshio Fig. 2.6!*%) The scattered
light enters through a pinhole P1 and is reflected from a mitd towards the lens L1 which
collimates the scattered light. Then the collimated soaditéght is reflected from mirrors M2
and M3 to pass through both sets of Fabry-Perot mirrors FERIF&2, as indicated by red
arrows 1 and 2 in Fig. 2.6. After passing through FP2, & §fism PR1 reflects light back
parallel to its original trajectory to pass through FP1 aR@ gain and light reaches a mirror
M4 upon the reflection by M3 and M2, as indicated with cyanwas® and 4 in Fig. 2.6.
Upon the reflection by M4 light passes once more through FlIF&2 and then is directed
by mirrors M5, M6 and a prism PR2 to reach an Avalanche phottd{@&PD), 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-Palot interferometer (JRS
Scientific Instruments). Figure 2.7 shows the experimesgtlp for the BLS measurements.
The Nd:YAG laser (COHERENT, 100 mW = 532 nm) was used as the light source. The
laser beam, which is vertical (V or s-polarization) relatie the scattering plane adjusted by a
polarizer, was focused with a lens to a spot size of abou20@n the sample. The scattered
light was collected and focused by two lens into the pinhBlE) (of the Tandem Fabry-Perot
interferometer. The plane of polarization of the scatteiggt, which is either vertical (V or
s-polarization) or horizontal (H op-polarization) relative to the scattering plane, is adjdst
with an analyzer. A single-photon Avalanche photodiode ABetected the scattered light
passing through the Tandem Fabry-Perot interferometer.schttering anglé is changed by
rotating the goniometer on which the light source is moungehttering angles from 25to
150° could be measured.

Figure 2.8 shows a customized sample holder used in therpgresely®®l. It consists of
a cylindrical metallic body and a quartz optical cell whidlows for BLS measurements
at temperature up to 473 K. The system is resistively heaidd av1002 platinum RTD
temperature sensor embedded in the metallic body to présetiback for the heater. Another
RTD temperature sensor is mounted close to the sample tmabé&sample temperature. The
temperature of the system is stabilized withif.2 K.

In this thesis, the polarizations of light are all vertic®) ©r horizontal (H) relative to the
scattering plane. We denote the polarization of excitatield and probe field in that order,
l.e., VH denotes V excitation and H probe, while VV denotdsVapolarizations. VV is
called thepolarizedcomponent, while VH is called th@epolarizedcomponent. All the mea-
surements described herein were conducted with one of tivesgolarization combinations.
The specific components of the dielectric fluctuations alated to each of these spectral
components. It follows that the relation between the dieleductuations and polarization
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Figure 2.7.: Schematic of the Brillouin light scattering esment setup.
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Figure 2.8.: The sample holder allowing for BLS measuremeamder varying degrees of tem-

perature.
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combinations is expressed as

5€VV(q7 t) = 5€yy(qa t) (253)
devi(Q,t) = 0eyy(q,t) sing — 0€y.(0, 1) cosg (2.54)

Since the plane of polarization of the incident light is notatory upon a scattering event,
polarized (VV) Brillouin scattering reveals the longitudiracoustic (LA) mode. On the other
hand, the plane of polarization of incident light is rotgtapon a scattering event so that
depolarized (VH) Brillouin scattering reveals the transeesicoustic (TA) mode.

2.3.2. Scattering geometry

Selection of the scattering geometry determines the direaif elastic wave propagation.
This is also a very important parameter for BLS measurementgedl as the polarization
of incident and scattered light. The scattering geometrylmadivided into two categories
defined by the direction of the incident and the scattereud kg shown in Fig. 2.9. Thia-
planephononic properties can be measured in the transmissianegep(Fig. 2.9(a)), while
the out-of-planephononic properties can be measured in the reflection gepitfag. 2.9(b)).
Since two dimensional nanocomposite materials are irgesstdl in this thesis, using both
geometries is very useful to obtain information on phonamcsotropies. Therefore, most
experiments described in this thesis were done in bothriressgon and reflection geometry.

(@) (b) Scattered light
Incident light Reflected light Incident light

\“Ci/ o % Reflected light
n=1 : \C /7 6 n=1

o

q, 9

Incident direction A

Film | . Film n

\75 1
Transmitted light

Figure 2.9.: Schematics of scattering geometry: (a) trasson geometry and (b) reflection
geometry.

>q,

Scattered light 0 Incident direction  Transmitted light

Figure 2.9(a) shows the transmission geometry. The stajt@ravevectorg is inclined
relative to thein-planedirection of the film. As described in subsection 2.2.1, tbe&ttering
wavevectorq is determined by the incident and scattered light in the fily. performing
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trigonometric operations and applying Snell’s law, thetterang wavevector can be expressed

as
4 1 1 1
q= o sin {— {sin_1 (— sin a) —sin™! {— sin(f — a)}}} (2.55)
A 2 n n

qL = MTH sin B {sin_1 (l sin a) + sin~* {l sin(f — oz)}H
" " (2.56)
Lf (1. 1
X €08 [— {sm (— sin oz) — sin {— sin(0 — oz)}H
2 n n

whereq, denotes the parallel component of the scattering waveveelative to the filmt
The unique advantage of this transmission geometry is blieastattering wave vector does
not depend on the refractive index of the sample due to metaratellation of the refraction
effects at the top and bottom interfaces of the sample. Sheeatioq, /g in most cases is
more than 0.9, assuming that the incident angle is half oftlad¢tering angle, i.ex = 6/2, it
can be shown that Equation 2.56 can be simplified as

4
q= Tﬂsing (2.57)

The reflection geometry is shown in Fig. 2.9(b). Applying f#zeme trigonometric opera-
tions and Snell’s law, we can obtain

4 1 1 1 1
q= % oS {5 sin~! <ﬁ sin a) + 3 sin~! {— sin(0 + oz)H (2.58)

n

= —— oS | =sin —sin « —sin — sin «Q
9 A 2 n 2 n

1 1 1 1
X CoS {5 sin™! (E sin a) — 5 sin~! {E sin(f + a)H

whereq denotes the perpendicular component of the scatteringuwsat@ relative to the
film.? The detailed calculations of each scattering wavevectodascribed in appendix A.1.

(2.59)

LAlthough the scattering wavevectqris parallel to the film, thel. subscript is used for thia-plane phonon
propagation in the sense that the scattering wavevectersepdicular to the pores.

2As is the case for the transmission geometry, |tiseibscript is used for theut-of-planephonon propagation
in the sense that the scattering wavevector is paralleie@dties.
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3. Anodic aluminium oxide

3.1. Introduction

Nanostructured materials play an important role for theiatimization and the development
of functional devices in the various fields such as micrdebeics, optoelectronics, magnetics
and sensor since they show novel and unique physical, chémjatical and mechanical prop-
erties. Currently, much effort have been undertaken todabeihighly ordered nanostructures
over a macroscopic surface area. Highly ordered nanoraltéave the potential for tremen-
dous impact on photonic, microfluidic and sensing devicesvas as magnetic recording
media. Among highly ordered nanomaterials, porous masdrave attracted considerable at-
tention, and have become a subject of intense scientificeisiteEspecially, the research atten-
tion has been focused on the electrochemical formationlbbsgered nanoporous structures
produced by the anodic oxidization. The anodization of ahiunm describes one of the most
widespread techniques for the fabrication of ordered rtancisires.

It is known that electrochemical oxidization of aluminiuwrins a passivation oxide film
on the surface. This is so-called anodic aluminium oxide @)AAAO has been widely used
to increase corrosion resistance and wear resistance. artyeegperimentations on the for-
mation and structural feature of anodic coatings on alwmirinave been performed by Keller
et allf” 68 They have revealed that AAO consists of close-packed heagorays of cylin-
drical pores using optical and electron microscopes (Fi. Moreover, they demonstrated
the relationship between an applied voltage and the geanfetitures of AAO structures
such as the pore size and the interpore distance. Subsbgwabd et al®*-"? conducted
further detailed research on the AAO film morphology, conijgms and structure on the ba-
sis of transmission electron microscopy (TEM) and magideasginning-nuclear magnetic
resonance (MAS-NMR) studies.

Although the reformation of porous structures such as p@meter and pore shape was
reported, an in-depth study on the regularity of nanopaieydrad been unexplored until Ma-
sudaet all”® 74 reported that notable regularity of nanopore arrangemamtoe achievable
with a two-step anodization procedure. They succeedederfabrication of long-ranged-
ordered monodomain porous structure by introducing thedexally ordered array of con-
cave aluminium surface features of the oxidation frontrafteng first anodization step, which
guides the development of nanopores at the initial stagesefcand anodization stéf: ¢!
This allows for the self-ordered formation of quasi-monmdin porous structures with a nar-
row size pore distribution.

AAO has a much broader range of applications including tatepsynthesis, nanopattern-
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Figure 3.1.: Schematic of (a) idealized structure of anadlieninium oxide and (b) a cross
sectional view of the anodized layer. (Adapted from Ref. [131

ing methods and sensing devices. Especially, AAO has begelyvused as shape-defining
molds for the synthesis of one-dimensional nanostructtitéd On the other hand, templating
methods employing AAO have been also commonly used for thwecttion of high-density,
ordered array of nanodots, nanotubes and nanowires on dxeag material platform such
as semiconductors, metals, metal oxides, and carbon rzesittl Recently, the fabrication
of regular nanopatterns has extended to a high-densitgrpatg of DNA using a Au disk
array formed from AAJS 81 |n addition, a flow-through-type DNA array, fabricated by-im
mobilizing a single-stranded probe DNA to the side walls &) has been demonstrat&#.
Such materials offer promising prospects to develop higimygtional biodevices for DNA se-
guences, clinical applications and diagnostics. Moredkerpotential of a monodomain AAO
lies in the filed of nanophotonics. For instance, a monodoma&O can be employed as a
two-dimensional photonic crystal, which prohibits theggation of specific wavelengths of
light due to a photonic band gap. Several reports appearéukititerature describing 2D
photonic crystals based on AAE0

3.2. Pore formation mechanism

A typical current-density time transient recorded durihg &anodization of aluminium is
shown in Fig. 3.2. When a constant voltage is applied for ppedumina growth, the current
density decreases with time until the local minimum is reggltand then increases gradually
to the steady-state-forming current density. During thigainperiod of anodization (Fig. 3.2,
regime (i)), the decrease in current density is associatibdargrowth of high-resistance oxide
film (barrier layer) on aluminium. Further anodizing (re@rfi)) results in the propagation
of individual paths (pore precursors) through the bar@gel. At the minimum of current
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Figure 3.2.: Schematic of (a) time dependence of currensitenluring the anodization
process and (b) stages of anodized aluminium oxide layesidement. (Adapted
from Ref. [131])

density (regime (iii)), the breakdown of the barrier layecwors and the porous structure be-
gins to be build. Finally, the steady-state growth of poralusnina proceeds (regime (iv))

and a forming current density is almost unchanged. The rfatarcent decrease, the time at
which the minimum current is observed, and the steady-$bateing current density depends
directly on the anodizing conditions, such as applied aningipotential, temperature, type of
electrolyte and electrolyte concentration.

AAQ is described as an amorphous structure with significardriporations of water, which
occurs in the form of hydroxide or hydréte’® °Y and the conjugate base anions dissociated
from acid electrolytd€ 7% 91-93] \which can replace © in the oxidé®®l. For steady-state an-
odic porous film formation, the transport and reaction psses contributing to the formation
of the anodic film take place at the metal-oxide interfd®&% °*1 The &~ ions formed at the
oxide-solution interface through dissociation of wategrate toward the metal surface, while
the APT ions formed at the metal-oxide interface are dissolvedsotation, which are not in-
volved in the formation of the anodic film since*Alions are mobile in the oxide layer under
the electric fiel#®l. The transport processes can be related to stress gradiahthe electric
field. Li et all®" reported that the volume expansion factor of the aluminiumingy anodiza-
tion, which is the ratio of the grown alumina layer thicknasghe consumed aluminium layer
thickness, is about 1.4 that is independent of the eledgofince the oxidation takes place at
the entire metal-oxide interface, the materials can onlgxyganded in the vertical direction,
and consequently the existing pore walls are moved upWékds addition, the volume ex-
pansion of the aluminium has an intimate involvement in tleeanical stress which causes
the repulsive forces between neighboring pores. Therefbeevolume expansion plays an
important roll to promote the formation of large domain okagonally ordered pores during
the anodization process.
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3. Anodic aluminium oxide

(@) ) (b) (c)

Relatively
pure alumina

(d) |

Figure 3.3.: Schematic representations of the top viewsadys alumina cell-wall structures
prepared in (a) sulfuric, (b) oxalic and (c) phosphoric adiidapted from Ref.
[32]) (d)-(f) Corresponding scanning electron microscdpENl) images.

Recently, a mechanism of anodic porous alumina layer groashbleen investigated using
tungsten tracers to visualize details of the flow of anodid@xvithin pore wallg?®-1% The
aluminium layer, with incorporated 5 nm tungsten layer, spsttered onto electropolished
aluminium substrates. The entry tungsten layer to the armdde and its consequent motion
was observed by transmission electron microscopy (TEMg Mieasurements revealed that
the anodic oxide layer is moved upward in the pore walls imi#id by a mechanical stress
model. Furthermore, Houser and Hebert presented a modstdady-state growth mech-
anism of anodic porous alumina, incorporating metal andyeryion transport and viscous
flow.19%: 2021 They confirmed that the hypothesis of the viscous flow modeludh compari-
son to detailed observations of the movement of tungsteeitsan the pore walls. Also, they
suggest that the self-ordering of porous alumina could Iptagxed by metal-oxide interface
motion regulated by the combination of ionic migration ie #mnodic oxide and stress-driven
interface diffusion of metal atoms.

The properties of AAO formed by anodization are connectatiemature of the acid elec-
trolyte. The amount of anion incorporation as well as thel Wwatkness depend on the an-
odization conditions such as anodization potential ancp&ature. Figure 3.3 shows both
schematic representations of cell walls and actual AAO smeghin each acid electrolyte. As
seen in Fig. 3.3(d)-(f), the wall thickness increases indttter: H,SO, < H,C,0, < H3PQ,.
This is in good agreement with the previous wWéik Furthermore, inhomogeneities of the
dielectric constant and density within the film are expechee to the nonuniform distribution
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3.3. Self-ordered anodic aluminum oxide

Table 3.1.: Possible alumina minerals with the differefacive indices and densities.

Name Composition Refractive index Density (kgjm
Wavelite  Ak(OH)3(PO,)2-5H,O0 n,=1.527,n3 = 1.535, n,=1.553 2360
Augelite Al (PO,)(OH); n,=1.574,n3=1.576,n,=1.588 2700
Gibbsite a-Al(OH)3 n,=1.57,n3=1.57,n,=1.59 2420
Diaspore (-AlIO(OH) N,=1.694,n3=1.715n,=1.741 3400
Boehmite a-AlO(OH) n,=1.64,n3=1.65,n,=1.66 3440

Corundum a-Al,04 N,=1.761,n3=1.769 3970

of anions in the anodic oxide layer. Several possible alarminerals with different refractive
indices and densities are shown in Tablg'831L

3.3. Self-ordered anodic aluminum oxide

3.3.1. anodization setup

Figure 3.4 shows the anodization setup. The customizedreddemical cell consists of a
two-electrode system, i.e., the Platinum mesh (Goodfel@®9%, wire diameter = 60m,
mesh aperture = 25@m, size = 56«50 mn¥) acting as a counter electrode and aluminum disks
(Goodfellow, 99.999%, diameter = 20 mm, thickness = p0{) acting as a working electrode.
To stir acid electrolytes vigorously, a mechanical stii&A) was used. The apparatus was
operated by a computer, using a customized program. A treain(Haake Thermostat F6-
C25), which was connected to a cooling stage and which ctedikethylene glycol, was used
to control the temperature of the acid electrolyte. The higltage DC power supply (Agilent
N5771A) has a working range of 0 to 300 V. The current was nreaswith a multimeter
(Keithley).

3.3.2. Two-step anodization

Self-ordered AAO films were prepared in accordance with treegdent’® "4 The forma-
tion of nanopores by self-ordered anodized aluminium is #istep process that includes
pre-treatment, anodizing and post-treatment steps assimokig. 3.5. Firstly, ultrapure alu-
minium disks (99.999%, Goodfellow) were cleaned with anefasopropanol and ethanol in
an ultrasonic bath for 5 min each. Then, they were electmateadly polished in a 1:4 mixture
solution of perchloric acid (HCIQ 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 anodizednirappropriate electrolyte acid
solution under the conditions described in Table 3.2 foreriban 20 hours (Fig. 3.5(b)). The
initial pore arrangement was disordered since nanopores r@@domly formed on the sur-
face (Fig. 3.6(a)). However, self-ordered hexagonal gearent of nanopores is formed at
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3. Anodic aluminium oxide

(a) Mechanical stirrer (b)

Pt electrode

Electrolyte

Teflon cell

o0
s L

Aluminum Copper plate

Cooling stage

Figure 3.4.: Schematic of (a) the anodization setup andofb)tew of the anodization cell.
There are four circular holes at the bottom of the cell to @&etbur aluminum
disks simultaneously.

Table 3.2.: Anodization conditions for each acid electi@ly
Concentration \oltage Temperature Initial diameter Lattonstant

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 eighg pores during the anodiza-
tion process (Fig. 3.6(b)). After the first anodization, rcheal etching of the oxide layer was
carried out in a mixed solution of 6 wt% phosphoric acid P, 99%, Fulka) and 1.8 wt%
chromium (VI) oxide (CrQ, Merck) at 30°C for 12 hours (Fig. 3.5(c)). The hexagonal pat-
tern of concave maintained on the aluminium surface theedaas a self-assembled mask
for a second anodization. The second anodization was ctedlunder the same condition
as the first anodization step (Fig. 3.5(d)). The underlyihgninium substrate was etched
with a mixture of 1.7 g copper (Il) chloride (CuCH;0O, 99%, ACROS), 50 mL concen-
trated hydrochloric acid (HCI, 37%, VWR) and 50 mL deionized evdFig. 3.5(e)). The
bottoms of the nanopores in the remaining AAO were openeddbyreyg with 10 wt.% HPO,
(Fig. 3.5(f)). To tailor the porosity, the initial diamesawere widened by isotropic etching in
0.3 M oxalic acid at 30C.

Figure 3.6(c) shows a scanning electron microscope (SEMpe@rof the top view of the
AAO after the second anodization. The hexagonal nanopoa@@ement was observed over
relatively large domains, which were separated from neaghly domains with a different
lattice orientation by domain boundaries. Figure 3.6(dv&ha cross sectional view SEM
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3.3. Self-ordered anodic aluminum oxide

(a) Aluminum

Figure 3.5.: Schematic of the nanopores formation. (a)tElpolishing, (b) first anodization,
(c) removal of the formed oxide layer, (d) second anodirati@) removal of
aluminum layer, (f) removal of barrier layer.
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3. Anodic aluminium oxide

(b)

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

image of the hole arrayThe growth of straight parallel channels perpendiculanéssubstrate
Is confirmed by Fig. 3.6(d).

Figure 3.7 shows an exemplary experimental current-tiraesient recorded during both
the first and second anodization at a constant voltage of 40 %3 M oxalic acid at 3C
solution temperature. The black solid line and red dashedriepresent the fist and second
anodization curve, respectively. The current minimum gher for the second anodization
than for the first anodization. Since a constant voltage ywatied for the preparation of an-
odized nanoporous aluminium oxide, the resistance for¢lsersd anodization is lower than
that for the first anodization. This can be attributed to e that a thinner alumina oxide
layer was probably formed at the pore bottoms of each corfeatare (Fig. 3.5(c)) than at a
flat aluminium surface (Fig. 3.5(a)). Therefore, pore natit; was easier on the hexagonally
molded surface, leading to a lower barrier layer growth.rdweaddition to a constant volt-
age regime, Let all®®! demonstrated anodic porous alumina formation at a constargnt

1This sample was prepared at 40 V in 0.3 M oxalic acid 2E3The acid electrolyte used for the preparation is
different from the ones described in Fig. 3.6(a), (b) and (c)
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3.3. Self-ordered anodic aluminum oxide
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Figure 3.7.: Current-time curves of anodizing at 40 V in 0.3l acid at 3C. Inset shows
a zoomed area of minimum region.

regime, and observed a slightly slower voltage incrementife molded aluminium surface
than that for the flat aluminium surface. They concludedti@thinnest oxide layer might be
formed on the molded surface, where the resistance is laameselectric field is the highest,
thus promoting the formation of the pores.

3.3.3. Pre-molding anodization

Since its introductio®®, molding-guided anodizations based on pre-texturing winéhium
have been used for the fabrication of AAO with an ideally oedechannel arrangement.
Among pre-molding anodization methods, a direct nanoitateam on the aluminium sur-
face with an atomic force microscope (AFM) i}, focused-ion beam lithograph§p—1071
and holographic lithograpfy® have been employed to form the hexagonal pattern on the
aluminium surface. In direct patterning, despite of theatdlty of individual indentation
of each sample, the technique is consequently time-comguamd limited applications at the
laboratory scale. Therefore, the imprinting lithographthva master stamp (mold) is the most
widespread method used for prepatterning of aluminfdm® 1°°-1205tamps with an arranged
array of convex features are usually prepared lithogratlgicand can be used several times
for the pre-texturing of aluminium. The mold used for nam@ntation of aluminium can be
made from Si€> 76 109-114] g, N, [115-117] Njj[118, 1191 and poly(dimethylsiloxan&f. The im-
printing of aluminium using a master stamp and fabricatibaredic porous alumina from
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3. Anodic aluminium oxide

(a)

(d)

(b)

11

(c)

Figure 3.8.: Schematic of the nanopores formation. (a)tEpolishing, (b) first anodization,
(c) removal of the formed oxide layer, (d) second anodirati@) 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 thegateaf* 85 %0l Firstly, ultra-
pure aluminium sheets were cleaned with acetone in an aitraath for 1 min. Then, they
were electrochemically polished in a 1:4 mixture solutibethanol and HCIQ at a constant
current density of 2 mA/cihfor 4 min at 0°C solution temperature. Then, a master mold
was placed on an aluminium sheet and pressed with an oil (ffegs3.8(a)). This process
generated an array of concave features on the surface diutinénaum (Fig. 3.8(b)).

After the pre-treatment, aluminium sheets were anodize€litimer oxalic acid or phos-
phoric acid under the conditions described in Table 3.3 foo&rs (Fig. 3.8(c)). After the
anodization, the underlying aluminium substrate was etahi¢gh a mixture of 1.7 g CuGl
- H,0, 50 mL concentrated HCI| and 50 mL deionized water (Fig. 3)8(@he bottoms of
the nanopores in the remaining AAO were opened by etchinly ¥0wt% phosphoric acid
at 30°C (Fig. 3.8(e)). To tailor the porosity, the initial diametevere widened by isotropic
etching in 10wt% phosphoric acid at 3G.
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3.3. Self-ordered anodic aluminum oxide

Table 3.3.: Anodization conditions for each acid electm®ly
Concentration \oltage 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 poatwsina after widening
the nanopores in 10wt% at 3@ for 60 min. It reveals that the well-ordered hexagonal
arrangement has a monodomain periodicity of 200 nm oveige larea.
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Figure 3.9.: Scanning electron microscope (SEM) image nbparous 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 théensity and elastic properties can
modify the propagation of sound wa¥@s?® 12171251 and band gaps prohibiting sound propa-
gation for specific Bragg frequencies or wavelengths comoate with their lattice constant
may occul 15 24, 25,42, 43, 45,126 Thejr design involves engineering of both the band gap re-
gion and the directional flow of elastic energy outside thedogaf’® 122-124] We show that
self-ordered anodic aluminium oxide (AA®) " containing aligned cylindrical nanopores
with pore diameters of a few tens of nm and pore depths up &raket¥00um is a promising
material platform for the still-challenging manipulatiof sound propagation in the hyper-
sonic (GHz frequency) range. AAO, which is widely used asapshdefining mould in the
synthesis of 1D nanostructufés’ 1271 can be infiltrated with a broad range of fluids, thus
yielding customized composite systems with high elastigrest. Their tailor-made acoustic
properties embracing their anisotropic elastic propggrallel and perpendicular to the pore
axes and phonon localization were explored by high resmiugrillouin spectroscopy. The
rational manipulation of the phononic density of statedhmltypersonic range may yield cus-
tomized membrane configurations for tunable filters, heatagament systems and sensors
and could pave the way for the application of concepts fomphic metamateriaf€® and
acoustic cloaking systefd¥ to the hypersonic range.

The phononic band diagram of periodic composite media cagnigeneered by the solid
or liquid nature of the components, the contrast between die@sities and elastic constants,
their volume fractions, as well as by the symmetry and madgaoof the lattice they consti-
tute. Up to now, research has predominantly been focuseuessetrch of absolute band gaps
in solid/solid, solid/fluid and drilled holes structuresthvlattice constants in the millimeter
range. Typical examples of this are steel, lead or carbdnasts in epoxy matrig’l, steel
cylinders in watdt?®! as well as solid materials containing cylindrical air hBswhereas
configurations based on arrays of aligned cylindrical cletsnfilled with liquids in a rigid ma-
trix have remained essentially unexpldféd.Only few attempts to adapt concepts for func-
tional phononic bandgap structures to the GHz frequenayaraave been reportégl 43 45 126]
despite the potential of such systems for a plethora of eipding'?* 128l A peculiar ad-
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4. Anisotropic propagation and confinement of high freqyepttonons

vantage of hypersonic phononic systems is the possibditgrigineer interactions between
phonons and visible wavelength photons, thus enabling ¢isegd of miniaturized acousto-
optical devices.

AAOQ prepared by anodization of aluminium with oxalic déitlas an electrolyte is a readily
available, nanostructured scaffold containing hexagarals of aligned nanopores with pore
diameterd ranging from 35 nm to 85 nm, a lattice constant of 100 nm anogbesp =
wd?/(2v/3a?) ranging from 10% to 65% which can be varied independentiyiwitertain
limitations. It is astounding that AAO has, up to now, notiegplored as a material platform
for the engineering of sound propagation in the GHz frequeaicge, despite its advantages: i)
the well-defined geometry of AAQO is likely associated witlpounced anisotropic behavior;
ii) its pore depths can be adjusted to any value from abguhlp to several 10Qm; iii) its
lattice parameters perfectly match the requirements ®etigineering of sound propagation
in the hypersonic range; iv) its exceptionally high longdital (¢; = 7300 m/s) and transverse
(c; = 3750 m/s) sound velocities (see below) as compared to, &340 m/s) or soft materials
deposited into the nanopores~1500 m/s), result in composites with a large elastic cohtras
between their constituents. It is reasonable to assuméharoper selection of the materials
deposited into the nanopores and control over mesoscoptste formation processes they
may undergo under the 2D- confinement thus impB%éd’ allow engineering the phononic
density of states and consequently of the high-frequenoysdic properties in AAO-based
hypersonic systems.

4.2. Experimental

4.2.1. Materials

As described in Chapter 3, self-ordered AAO was preparedviiitiy Masuda’s two-step an-
odization proces$® 74, Ultrapure aluminum substrates (99.99986= 20 mm, thickness =
500 um, Goodfellow GmbH) were anodized in 0.3 M oxalic acid at 4&®Kodization in ox-
alic acid yielded AAO with a lattice constant of about 100 rira tailor the porosity, the pores
with initial diameter of 35 nm were widened by isotropic etghin 0.3 M oxalic acid at 3TC.
The resulting pore diameters were 35, 60 and 85 nm, resplgctivhich were revealed with
SEM images of the top view of the AAO as shown in Fig. 4.1. Thmty(dimethylsiloxane)
(PDMS, M, = 1350 g/mol,M,, = 980) was infiltrated into the AAO at room temperature.

4.2.2. Brillouin spectroscopy

Brillouin light scattering (BLS) is based on inelastic scattg of the incident laser beam
by thermally excited phonons propagating through a medilamgaspecific directions deter-
mined by the scattering geometi* Figure 4.2 shows two different scattering geometries.
In these two configurations the phonon propagation is prgeependicular (h-plan€’) and
parallel (“out-of-plané) to the nanopores of the native AAO. In the transmissionngety
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Figure 4.1.: Scanning electron microscope (SEM) imagesatife AAO. (a), (b), (c), Top
views. (@) porosityp = 11%, (b)p = 32%, (c)p = 65% for lattice constara =
100 nm. (d) Cross sectional image of the AAO scaffold seen)in (b

(Fig. 4.2(a)), the external scattering anglés twice the incident angle: and the scattering
wave vectorg = k, — k; defined by the wave vector of the scatterkd) @nd incidentk;)
photons has the same amplitude= (47/A)sin(0/2), which depends only ahand the wave-
length A of the incident laser beam but not on the refractive indexhef medium. In the
reflection geometry (Fig 4.2(b) lies parallel to the nanopores fér= 2o and its magnitude
q) = (4mn/A)sin(o) depends now on the refractive index Because of the optical contrast
between native AAO and air, the lowest accessiflés limited to about 0.03 nm'. The elas-
tic (acoustic) properties of the native AAO are distinctrgdhese two directions in overall
agreement with the theoretical predictions.

Since AAO is a porous material, it is necessary to considereffective refractive index
n.;r. The Maxwell-Garnett theoR??! was used to calculate effective refractive indices for
plan€ and “out-of-plané. Assuminge = n?, the effective dielectric constant can be expressed
as

€eff — €alumina _ f x €pore — €alumina (4 1)
Eeff + 2€alumina €pore + 2€alumina
Ceff = (1 - f) * €alumina T J - €pore (4.2)
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Figure 4.2.: Schematics of scattering geometry: (a) trasson geometry and (b) reflection
geometry.

wheree.r, €uumina aNde,o-. denote the dielectric constants of the effective mediuomata
and the material contained in the nanopores, respectifetienotes the porosity of AAO.
Equation 4.1 gives the effective dielectric constant forglan€’, while Equation 4.2 for but-
of-plan€. As described above, only the scattering wave vector fetalthe pores) depends
on the refractive inder. Consequently, only the effective refractive index fout-of-plané

Is required. As described in section 3.2, several possiblmiaa with different refractive
indices could be considered. However, the refractive irafek 633 for pure alumina was
used here for simplicity. A refractive index of 1% was used for PDMS. According to
SEM measurements, three sets of self-ordered AAO with jigrés= 0.11, 0.32 and 0.65
were used for this study, which yielded the effective refvacindices 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 selectitaitimie constant, lattice topology
and porosity of infiltrate materials. AAO with a lattice cdéaust of 100 nm was fabricated
to investigate how porosity affects elastic wave propagetin AAO. First of all, three air-
filled AAO films with different porosities op = 11%, 32% and 65% were examined by BLS
spectroscopy.

Figure 4.3(a) shows polarized BLS spectra of AAO with a lattonstant of 100 nm and
a diameter of 60 nm for theirf-plan€ (g,) phonon propagation at six differeqt values.
Each spectrum shows a single doublet, and a peak shiftearlynas the scattering vector
increased. This indicates that there existed only one todgfial mode in air-filled AAO with
a lattice constant of 100 nm and a diameter of 60 nm. Figu(e¥shows both polarized and
depolarized BLS spectra of the same porosity AA@ at 0.0118 nnt!,

A more complete knowledge of the phonon propagation can taraal by referring to the
measured dispersion relatiarfq) as shown in Fig. 4.4 in the case of tha-plane€ phonon
propagation with longitudinal and transverse polarizatiad the dut-of-plané phonon prop-
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Figure 4.3.: (a) A series of polarized BLS spectra for AAO vathattice constant of 200 nm
and a diameter of 60 nm for then“plan€ (q,) phonon propagation. (b) Both
polarized and depolarized spectrajat= 0.0118 nnt!.
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Figure 4.4.: Dispersion relations of both (ay-plan€’ (q.) and (b) ‘out-of-plané (q;) lon-
gitudinal phononic modes in air-filled AAO. The black, reddaslue solid lines
in (a) represent the dispersion relations for air-filled Addh p=11%,p = 32%
andp = 65%, while the corresponding dashed lines represent thetiee sound
velocities in corresponding AAO scaffolds.

Table 4.1.: Experimental effective medium velocities infdied AAO.

in-plane(m/s)

out-of-planeg(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 AAOnIFigure 4.4(a), the solid lines in-
dicate the longitudinal acoustic phonon propagation irfikéd AAO with three different
porosities, while the dashed lines indicate the transvacseistic phonon propagation. The
slope of solid lines yields the longitudinal sound velodity = w/q, ) in the effective com-
posite mediumg; within 1% amounted to 6120 m/s, 5040 m/s and 3510 m/s respéctor
11%, 32% and 65% porosities. The slope of dashed lines yib&gansverse sound veloc-
ity, which amounted to 3410 m/s and 2770 m/s, respectivalyli®o and 32% porosities.
These values lie between the sound velocities in pure alm@nd bulk PDMS ¢ ppys =
1050+20 m/s) (Table 4.1). In Figure 4.4(b), the solid lines intkctne longitudinal acoustic
phonon propagation parallel to the nanopores. The sounditefor each porosity was found
to be 7380 m/s and 6880 m/s, respectively. These effectiredseelocities are summarized
in Table 4.1.The effective sound velocity decreases asdhasfly increases. Moreover, the
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4.4. Hypersonic modes in PDMS/AAO phononic crystals

“in-plan€ transverse mode anaut-of-plané longitudinal mode for 65% porosity were not
observed. This might be due to a low scattering intensity.

4.4. Hypersonic modes in PDMS/AAQO phononic
crystals

Figure 4.5(a) shows typical BLS spectra for the-plan€ wave propagation in AAO{ =
65%) containing PDMS for, and Fig. 4.5(b) presents BLS spectra for tloeit-of-plané
phonon propagation in AAO with three different porositigsaasimilar g, value. At low
g., the spectra seen in Fig. 4.5(a) display an effective medehavior with a doublet at
+c¢,9, /27, and the sound velocity, of the acoustic brancHy) is found to increase with de-
creasing porosity in agreement with the FDTD calculatidrable 4.3). Atg, > 0.013nnt!,
the spectra belonging to the two highests reveal bending of brancH) and remarkably,
indicate the presence of a second lower-frequency bra&)apparently corresponding to the
interphase-sensitive branc®) Geen in Fig. 4.12(a). Notably, for air-filled AAO of all paie
ties, we observed only one longitudinal and one transvehsmgn with effective medium
sound velocities (Fig. 4.4) in agreement with the theoattohonon dispersion relations in
Fig. 4.12.
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Figure 4.5.: (a) BLS spectra of AAQp(= 65%) infiltrated with PDMS at four different in-
planeq, values. (b) BLS spectra of AAO infiltrated with PDM$ £ 11%, 32%
and 65%) measured at a similar out-of-plapevalue. The BLS spectra are well
reproduced by one or two Lorentzian shapes indicated bydiietlses in (a) and

(b).
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Figure 4.6.: tn-plan€’ (q,) and “out-of-plané (q,) longitudinal phononic branches-g, 5)
in PDMS-filled AAO. The black and red dashed lines repredemtispersion re-
lations for air-filled AAO in both th-plan€ and “out-of-plané (data points in the
light grey area) direction with 32%, while the correspomdsolid lines represent
the effective sound velocities in corresponding PDMS4dilkeAO scaffolds.

Figure 4.6 presents exemplary dispersion curvegq,) in air-filled AAO (branch (),
solid lines) and in AAO containing PDMS (branchdg and @), symbols) with a porosity
of 32%. In the AAO containing PDMS;, obtained from the linear dispersion of phonon
(1) at low g, values (dashed lines) is systematically lower than in 8aefiAAO (Fig. 4.7,
Table 4.2). The softening of mod#)(is the first unexpected finding sineg p s s~3cq.. The
bending of the acoustic modé&)(was only observed when the nanopores contained PDMS,
and its frequency decreased with porosity. An additiomalglané branch @) with clearly
non-acoustic behavior was also observed in AAO containiDiy!B. For the ‘but-of-plané
wave propagation, the BLS spectra of AAO containing PDMS sedfig. 4.5(b) display a
single doublet3) irrespective of the porosity. But at comparable wave vegtibappeared at
much lower frequencies than the doubl&t lfelonging to the th-plané’ phonon propagation
(Fig. 4.5(a)); doublet3) was absent in air-filled AAO. Based on the dispersidg ) displayed
in Fig. 4.6 (light grey area), branci3)(in PDMS-infiltrated AAO is acoustic with a phase
velocity (980 m/s) being slightly slower than in bulk PDMShel “out-of-plané dispersion
included an additional longitudinal acoustic phonBngppearing at much higher frequencies
than branchX) for the “in-plan€ phonon propagation (Fig. 4.6).

The dispersion(q ) for the “in-plan€ propagation of phonons with longitudinal polariza-
tion in air-filled AAO (solid lines) and AAO containing PDMSymbols) 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 (ay-plan€’ (g, ) and (b) ‘out-of-plané (q;) lon-
gitudinal phononic moded{3,5) in AAO containing PDMS. The black, red and
blue solid lines in e represent the dispersion relationsédive AAO withp =
11%,p = 32% andp = 65%, while the corresponding dashed lines represent the
effective sound velocities in corresponding AAO scaffaidataining PDMS. The
branch B) is shown only for AAO withp = 32%.

porosities is shown in Fig. 4.7. In AAO containing PDMS, oaaditudinal acoustic phonon
branch () was observed at low frequencies. The corresponding digpewas linear (dashed
lines) and thus describes phonon propagation in a homogsreftective medium for long
wavelengths\(= 2x/q, ) exceeding the lattice constamtThe slope of the dashed lines yields
¢; =5830 m/s, 4520 m/s and 2720 m/s for porosities 11%, 32% a%d 6spectively, which
are systematically lower than the sound velocity in the esponding air-filled AAO (4.2).
In addition, the disparity (horizontal arrows in Fig. 4.)(acreased with porosity, reaching
about 800 m/s fop = 65%. Finally, the additionalifi-plan€’ branch @) was observed in
AAO containing PDMS for anyl value between 35 and 85 nm.

Table 4.2.: Experimental effective medium velocities inNe®illed AAO.

in-plane(m/s) out-of-planeg(m/s)

PDMS-filled AAO

Model Mode3 Modeb

p=11%
p = 32%
p = 65%

5830 920
4520 870 6910
2720 860
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4. Anisotropic propagation and confinement of high freqyepttonons

4.5. FDTD modeling

The elastic wave propagation in AAO along high symmetrydiomns of the two-dimensional
lattice constituted by the nanopores and the influence oid&located in the nanopores was
simulated by means of numerical band structure calculatismg the Finite Difference Time
Domain (FDTD) method®!

The band structure curves were calculated using a threendior@al unit cell with di-
mensions ¢ x av/3 x 0.1a), which was repeated in the three directions of space airgprd
to the periodic Bloch equations. Thus, the structure wasitafalong thez direction and
periodic in the X, y) plane. The space was discretized in using a mesh intervall ¢q
Azx = Ay = Az = a/30. The equations of elasticity were solved with a time intégrastep
At = Az /4 and a number of time step equal t& 2vhich was necessary tested time for good
convergence of the numerical calculation. An initial ramdpamplitude of the displacement
was applied inside the unit cell. At the end of the time caltioh, the displacement was
recorded and transferred into Fourier series, for varioagawectork. The band structures
were rendered in terms of frequency and function of the melof the wave vector, and
were plotted along the principal directions of propagatbthe 2D irreducible Brillouin zone
(BZ), I'J andI" X of the phononic crystal and in the directid, out-of-plane, parallel to the
cylinders axis.

The displacement field calculation was similar to the disjper curves computation except
that the initial randomly excitation of the displacemensweplaced by a periodic wave source
during a determined time at two specific points of the unik Cehe source generated a quasi
monochromatic wave at the same frequency as the eigenfiegoéthe chosen wave vector.
Because both the wave vector and the frequency were assigrskcific eigenmode was
excited and the displacement field was recorded and highligje properties of the mode.
In those 3D graph representations, the color and the sizkeopoints symbolize the local
displacement while the white color corresponds to a digwent equal to zero (Fig. 4.10 to
Fig. 4.12).

The sound velocitieg 4 10 = 7300 M/S¢ 440 = 3750 m/s and;ppars = 850 m/s were eval-
uated so as to obtain a good fit of the experimental valuesedfithplan€’ effective acoustic
velocities deduced from BLS spectra, assuming mass densitie, .0 = 3970 kg/mi and
prpams = 1045 kg/mi. Note that AAO consists of amorphous alumina containingipo-
rated water and electrolyte anions. Hence, the sound wele@xtrapolated fop = 0 (¢ =
6180 m/s,c; = 3740 m/s in Fig. 4.8) are significantly lower than in crylst& alumina such
as sapphireq = 11320 m/s¢; = 6870 m/s). Moreover, a higher, 4o for the phonon propa-
gation parallel (7830 m/s) and perpendicular (7300 m/shéopores was required to achieve
good agreement with the sound velocity of branBh(Fig. 4.6 and Fig. 4.7). The verified
nanomechanical anisotropy in the AAO membranes is in ling wie internal structure of
the pore walls of AAO, as revealed by SEM, and the anisotrepi&ss occurring during the
anodizatiof,

Figure 4.9(a), (b) shows the band structure of air-filled AgO= 32%; solid black sym-
bols) and AAO p = 32%) infiltrated with low molecular mass poly(dimethytsiane) (PDMS)
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4.5. FDTD modeling

Experiment
. Sapphire AAO
— 12000 O longitudinal [ longitudinal
L - O transverse 1 O transverse
= A\ transverse 2
N
_-;‘ 9000- Theory (only AAO)
Q X longitudinal
[e]
- ] X transverse
[
> A
2 6000 @8
b b LT
o R
R B
>
2 N SRR N
£ 30004 e Qo
-
L X
0

00 01 02 03 04 05 06 07
Porosity

Figure 4.8.: Effective sound velocity ¢ in AAO as a functidrporosity . The experimental and
computed longitudinal sound velocity for empty (open sgsgaiand filled with
PDMS holes (open circles) is indicated in black and red symbespectively.
The experimental shear sound velocity in empty (blue ties)gand filled (inverse
triangles) is compared to the theoretical values indichyeed triangles. All lines
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Figure 4.9.: Theoretical band structures wkplané’ (a) and “out-of-plané (b) phononic dis-
persion curves in AAOg = 100 nm;d = 60 nm;p = 32%) either with air-filled
nanopores (black solid symbols) or containing fluid PDM$ @pen symbols).
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4. Anisotropic propagation and confinement of high freqyepttonons

(@)A' (g =0.01 nm™1, f=7.681 GHz)
Ux

(c)B (gL =0.04 nm™, f=10.09 GHz)

Figure 4.10.: Map of the distributions of the displacemeraif the eigenmodes inside an AAO
unit cell belonging to mode&’, A andB located on the brancHL) shown in
Fig. 4.9(a).

(open red symbols) for wave propagation perpendicular ¢ondmopores (Fig. 4.9(a)), de-
noted by fin-plan€’ wavevectors ¢, in Fig. 4.2(a)) and wave propagation parallel to the
nanopores (Fig. 4.9(b)), denoted byut-of-plané wavevectors ¢, in Fig. 4.2(b)). The two
lowest ‘in-plan€’ branches starting at thE point are longitudinal and transverse acoustic.
Infiltrating AAO with PDMS leads to a significant decrease ltd tongitudinal sound veloc-
ity, ¢, = 27f/q., from 4940 m/s to 4730 m/s, whereas both acoustic branches dige to
their interaction with a flat band at around 8.5 GHz corresipamn to a confined mode in-
side the PDMS cylinders. Increasipgio 65% (Fig. A.5) results in a strong decrease:,of
and an enhancement of the bending at a lower frequency. Moédea longitudinal mode
in air-filled AAO that propagates only through the AAO scédftut not through the empty
nanopores (Fig. 4.10(a)), whereas, in PDMS-infiltrated AA®@deA with the same vector
q. (=0.004 nn!) is spread over both AAO scaffold and the PDMS located in ti@opores
(Fig. 4.10(b)). Since the latter mode senses the PDMS, pagates slower than mod€

in native AAO. Remarkably, mod® with ¢, = 0.03 nnt?!, which is characteristic of the flat
band interacting with the propagating acoustic branctesell confined inside the PDMS
cylinders (Fig. 4.10(c)).

For the ‘but-of-plané propagation, air-filled AAO (Fig. 4.9(b), black symbolsjhebits two
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4.5. FDTD modeling

(a) A" (g, = 0.0075 nm™", f= 7.437 GHz)

U y High
y !
. Low

(b) C (g, =0.0075 nm™1, f=1.376 GHz)
Ux

Figure 4.11.: Map of the distributions of the displacemerfthe eigenmodes inside an AAO
unit cell belonging to mode&” andC located on branche8)and 6) shown in
Fig. 4.9(b).

Table 4.3.: Comparison between the experimental and thealreffective medium velocities
c.s¢ for the “in-plan€’ 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 transverdarizations, whose velocities are
lower than but close to those of bulk alumina. However, tlepelision behavior drastically
changes when the nanopores contain PDMS. The lowest acduatich 8) (Fig. 4.9(b)),
which is essentially longitudinal, penetrates only sligiito the AAO scaffold and is largely
confined to the PDMS cylinders (see Fig. 4.11(b) for the maeteted byC in Fig. 4.9(b)).
Its velocity (about 900 m/s) is close to but slower than thenslvelocity in bulk PDMS. Strik-
ingly, branch B) is absent in native AAO. The highest acoustic brar®h({, = 6550 m/s) is
polarized parallel (along-direction) to the nanopores. Moreover, branghig essentially con-
fined to the AAQ, as indicated by the biased distribution efdlastic field ") in Fig. 4.11(a).
The spatial distribution of the elastic field belonging todeé on branch {) in Fig. 4.9(a) and
to A” on branch ) in Fig. 4.9(b) are distinctly different, thus rationatigi the much slower
slope (4730 m/s) of their-plan€’ longitudinal phonon 1) that propagates also through the
liquid PDMS.
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4. Anisotropic propagation and confinement of high freqyepttonons
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Figure 4.12.: Theoretical band structures of-plan€’ (a) and “out-of-plané (b) phononic
dispersion curves in AACA= 100 nm;d = 60 nm;p = 32%) either with air-filled
nanopores (black solid symbols) or containing fluid PDM$l @pen symbols).
A new branch appears in the calculations only in the preseheghin (5 nm)
rigid PDMS interphase in the nanopores schematically sho\c).

Low molecular mass PDMSW{,, = 980 g/mol) in the proximity of solid surfaces is prone
to surface-induced ordering, resulting in the formatioa ¢tdyered PDMS interphase with re-
duced mobility**®! Thus, FDTD calculations were performed using a refined miodehich
the presence of a 5 nm thick solid PDMS interphase in the prityiof the pore walls with a
finite transverse sound velocity= 100 m/s was assumed. As seen Fig. 4.12(a) for the disper-
sion alongl’J (blue points), this result in the appearances of a new flaidbr@) at 5.1 GHz,
whereas branchlj and its bending retain essentially the same charactayias for the fully
liquid PDMS cylinders. As shown for mode, the displacement fiel@? + Uy2 of branch
(2) with mixed polarization is essentially confined to the PDMt&rphase. The frequency of
this branch depends on the thickness and the transverse gelacity of the PDMS interphse
(Fig. 4.12(c)). A strong evidence of the presence of a PDM& ase at the pore walls is the
additional ‘in-plan€ branch @) with clearly non-acoustic behavior observed in PDMS-ille
AAO for any d value between 35 and 85 nm (Fig. 4.6 and Fig. 4.7). The almatsbfanch
(2) shown in Fig. 4.7 appears in the computed band diagramsgofdEL2 only if the pres-
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4.6. Summary

ence of a thin solid PDMS interphase is used, whereas thiehbria absent if the simulations
are based on models assuming the presence of homogenaadsAIMS cylinders in the
nanopores (Fig. 4.9). An obvious consequence is the suppshtear waves by the solidlike
PDMS interphad&®l, which was included in the calculations through an adjustead fixed
interphase thickne88. As seen in Fig 4.12, the theory predicts the presence of bréiath

(2) (Fig. 4.6) and captures its frequency which increases wyiimd decreases with thickness.
The assingment of the new bran@) §uggests that GHz phononics could serve as a generic
method for the investigation of interphases in the nano@sites.

4.6. Summary

We have applied high-resolution Brillouin spectroscopy éxQAbased nanocomposites con-
taining hexagonal arrays of cylindrical nanopores filletMADMS to demonstrate directional
flow of elastic energy parallel and perpendicular to the mores and phonon localization.
AAO has great potential as a platform for the design of tuadlybersonic phononic systems
with engineered high-frequency phononic properties dettie band gap regions. Increasing
the pore diameted results in an enhancement of bending of the propagation daado a
confined mode inside PDMS cylinders. The proper adjustmiethiedattice constants of self-
ordered AAO and the possibility to deposit a plethora of make covering a broad range of
elastic properties in the nanopores enables tailoring thpggation of the elastic or acoustic
waves perpendicular and parallel to the pores. Moreoversémsitivity of GHz phononics
to the interphase may pave the way for probing interfaci@ractions 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 importancénwhvior a broad variety of in-
dustrial applications cannot be overestimated. Commomdy, are characterized by irregular
structure, and clustering of dispersed filler particles sigpificantly deteriorate their proper-
ties. Up to now, their physics is not satisfactorily undeost, and their design on the meso-
scopic or even molecular scale is still challenging. Howeitevould be an intriguing per-
spective to create designer nanocomposites that exhdxsifgpfunctions related to rationally
generated structural anisotropy or to likewise tailored|ladefined periodicity. Ultimately,
such advanced nanocomposites would show smart behavibmaiisresponsive properties.

Whereas the tailoring of mechanical properties and electmcluctivity of nanocomposites
has received much attention, the lack of control over th@rghology has prevented the sys-
tematic tuning of their phononic properties. The phonoamicddiagram of periodic composite
media can be engineered by the solid or liquid nature of thepoments, the contrast between
their densities and elastic constants, their volume foasti as well as by the symmetry and
morphology of the lattice they constitute. Significant matgions between sound waves and
composite media through which they propagate can occueifrétquency of the former and
the periodic variations in elastic contrast of the lattex aommensurate. Nanocomposites
characterized by periodic elastic contrast variationsamoscopic length scales could enable
highly efficient phonon management in the hypersonic fraquegange. Whereas only few
attempts to adapt concepts for functional phononic bandgaptures to the GHz frequency
range have been reportéd,* 45 26lgredictive understanding of hypersonic systems and their
rational engineering is still immature, despite the patdmtf such systems for a plethora of
applicationg!?8l,

Only a limited effort has been made to explore self-orderé®As a rigid, inorganic scaf-
fold in well-defined model nanocomposité¥: 138 131 This is surprising since, in contrast to
disordered filler/matrix systems, organic/inorganic hylsystems based on AAO combine
well-defined morphology and well-defined anisotropy. AA@sed membrane configurations
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nanocomposites

are ideal model systems for the investigation of hypersqmg@agation, because their peri-
odicity in elastic contrast imposed by the morphology of 4% matches the length scales
required to manipulate sound in the GHz frequency range edaar, directed sound propaga-
tion can be investigated because of the intrinsic anisgtod\AO. Finally, AAO is transpar-
entto UV light and visible light so that Brillouin light scating (BLS)!" 42l a well-established
technique in the characterization of phononic systemsbeaapplied to probe the hypersonic
behavior of AAO-based elastic-contrast nanocomposites.

Poly(dimethylsiloxane) (PDMS) has been widely invesigkds a soft model component in
the investigation of nanocomposites. Nuclear magnetanasce (NMR) spectroscopy? 144
dielectric relaxation spectroscdpf#! and dynamic mechanical analy8é3 revealed that in
nanocomposites consisting of PDMS matrices filled witrcailnanoparticles the filler parti-
cles are surrounded by two or more PDMS layers with resttisegmental mobility and a
glass transitions at higher temperature or lower frequeinag in the bulk. Direct evidence
for modified dynamics in the GHz and THz range characterizegtuced segmental mobil-
ity was evidenced by quasielastic neutron scattétittgThe overall thickness of the PDMS
interphase, as determined by a broad range of methods fkewisie broad range of molecu-
lar weights, was reported to range from 1 to 5 #tf.243-145Molten PDMS with a molecular
weight of~3700 g/mol &50 repeat units) located between two molecularly smootlasue-
faces formed layered structures near the solid interfat@én extremely thin films €5 nm),
entropic repulsion resulted in conformational restrici@f the PDMS molecules was an os-
cillatory function of thickness with a repeat spacing cep@nding to the width of the polymer
molecule. The oscillatory force ranged 7-8 chain width®(alb nm), whereas dynamic force
measurements revealed a hydrodynamic thickness of the litineal layer of 2-3 N4l
Evmenenko et al. evidenced molecular layering for filmsrikmthan 9 nm consisting of
low molecular weight PDMS (M 1000 g/mol) deposited onto a smooth Si wafer by X-ray
reflectivity3¢! In thick films of PDMS with molecular weights of 3780 g/mol aabove, no
layer structure was found to be stable for entropic readmrisnterphases with a thickness of
about a few nm appearéd®

In chapter 4, we have shown that probing the hypersonic ptiegpef PDMS/AAO nanocom-
posites, which can be considered as a model system for narposite materials characterized
by pronounced elastic contrast between its components by EvBals peculiar features in
the GHz frequency range that are not accessible by otheacieaization methods, including
directional flow of elastic energy parallel and perpendictt the nanopores as well as phonon
localization!!3*l NMR investigations revealed that thin films of PDMS with nmitar weights
of the order of 10000 g/mol deposited from diluted solutionso the pore walls of AAO are
arranged in discrete layers characterized by step-wigease in motional freedof.": 148l
Strikingly, in the phononic dispersion diagrams of PDMS@Aelastic contrast nanocom-
posites branches apparently related to the presence of aSFibigrphase at the pore walls
with enhanced elasticity showed up even though the poren®las completely filled with
PDMSH3H

Here we present an in-depth study of the phononic propestid8O-based elastic-contrast
nanocomposites. Liquid poly(dimethyl siloxane) (PDM$&)uld polyethylene glycol (PEG),
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Table 5.1.: Sound velocities and densities of materials
Material a(m/s) ¢ (m/s) p(kg/m?) AZ

AAO 7300 3750 3970
PDMS 1050+ 20 o7& 27.5
PEG 1900 1140 12.4
liquid PVDF 1220 1490  14.9
a-PVDF 2480 775 1900 6.8

“Ref. [127].

®Measured by BLS at room temperature (Z5).

“Measured by BLS at 180C.

IRef. [103].

“Value of PDMS with a viscosity-average molecular weight 6f was deter-
mined using two pycnomieters at 20 124!

fValue of PEG with a molecular weight of 300 and methylatedezhwas deter-
mined at 30°C 1150

9Value of PVDF with a molecular weight of 197000 g/mol was deteed by the
measurement of pressure, volume and temperature &CLE#!

"Value was determined far-pahse of PVDF at room temperatii?!

‘Value of transverse velocity was determined by ultrasoréasarement at room
temperaturé->3

liquid poly(vinylidene difluoride) (PVDF) and solid PVDF weeselected as soft model com-
ponents, the bulk densities and bulk longitudinal soundaigés of which cover a broad
range (Table 5.1). In Table 5.1, the elastic impedance f2) zontrastAZ is defined ag\Z =
pasoCiaso/ pici — 1 wherep a0 andp; are densities of AAO and infiltrate material, whereas
ciaao ande; are velocities of AAO and infiltrate material, respectiveyn the other hand,
liquid PEG has a significantly higher longitudinal bulk vely than liquid PDMS, whereas
the bulk densities are similar. Therefore, it is obvioug PRMS/AAO nanocomposites have
a significantly higher elastic contrast than PEG/AAO namogosites. On the other hand,
liquid PVDF has a significantly higher bulk density than i DMS, whereas bulk longi-
tudinal sound velocities are comparable. Finally, sensialyine PVDF has a significantly
higher bulk sound velocity and a significantly higher bulksiéy than liquid PDMS. Hence,
by comparing PDM§/AAO, PEG/AAO, PVDF/AAO and PVDR,/AAO the influence
of the longitudinal sound velocities and the densities efdbft components infiltrated in AAO
can be systematically elucidated.

Moreover, up to now, AAO-based elastic contrast nanocoitgmbave been considered as
static phononic systems. Using PVDF as a semicrystallingeinaolymer, we finally demon-
strate that the exploitation of first order phase transgtismch as melting and crystallization
allows reversibly modifying the elastic properties and siges of materials residing in the
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Figure 5.1.: Scanning electron microscopy (SEM) imagesADA(a) top view and (b) cross
sectional image.

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

5.2. Sample preparation

As described in Chapter 3, self-ordered AAO was preparedviiitiy Masuda’s two-step an-
odization proces$® 74, Ultrapure aluminum substrates (99.99986= 20 mm, thickness =
500 pum, Goodfellow GmbH) were anodized in 0.3 M oxalic acid at 40Aviodization in
oxalic acid yielded AAO with a lattice constant of about 108.nTo increase the porosities,
the nanopores were widened by isotropic etching in 0.3 Mioxadid at 30C, resulting in

a diameter of 60 nm (Fig. 5.1(a)). Then, the AAO was infiltdatgth poly(dimethyl silox-
ane) (PDMS,M,, = 1350 g/mol, M, = 980 g/mol) or poly(ethylene glycol) (PEG/{,, =
400 g/mol) at room temperature. The PDMS had trimethylsila@8i(CH;);) end groups and
The PEG had hydroxyl (-HO) end groups. Also, two differemids of samples were prepared
for AAO infiltrated with poly(vinylidene fluoride) (PVDF, Alrich, M,, = 180000 g/molM,,

= 71000 g/mol): i) PVDF was infiltrated into the AAO by meltimn AAO, wetting time
10 min. Then, it was cooled down to room temperature at a falekdmin. This sample
showed preferred020) texture, i.e. the020) lattice planes are parallel to the AAO surface
(Fig. 5.7(a)); ii) THe sample was initially prepared in there way as in the first method.
However, the excess PVDF surface film on top of AAO was remauati again the sample
was cooled at a rate of 1 K/min. This sample did not show anfeme texture (Fig. 5.7(a)).
Finally, tetracosane (&Hso, Aldrich-Europe,M,, = 338.66,7;, = 49 - 52°C) was prepared
by melting at 80°C, wetting time 12 h. It was then cooled down to room tempeedfnr BLS
measurements.
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Figure 5.2.: tn-plan€’ (¢, ) and “out-of-plané (¢) longitudinal phononic branche§-@, 5)
in PDMS-filled AAO scaffolds (d = 60 nma = 100 nm). The black and red solid
lines represent the effective sound velocities along thelan€’ (data points in
the unshaded area) andut-of-plané (data points in the light grey area) direc-
tions.

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

In the previous chapter, we studied AAO with a lattice constaof 100 nm, a pore depth
of 20 um and pore diameters ranging from 35 to 85 nm infiltrated with trimethylsilane-
terminated oligomeric PDMS with a molecular weight of 133thgl. Figure 5.2 shows ex-
emplary dispersion relations(q) in PDMS-filled AAO withd = 60 nm,a = 100 nm and

a porosityp = 7d?/(2v/3a*) = 32% for “in-plan€’ phonon propagation perpendicular to the
pore axis (denoted by wavevectpr) and for “out-of-plané phonon propagation parallel to
the pore axis (denoted by wavevectp). The characteristic features of the dispersion rela-
tionsw(q) relevant to the discussion in this chapter can be sumnthagdollows.

(i) The acoustic~q) phonons represented by brarie{f out-of-plané), and by
branchl (“in-plan€’) correspond to PDMS-filled AAO as an effective medium.
However, the PDMS/AAO nanocomposites exhibit differerfeetive medium
sound velocities parallel (bran&hand perpendicular (brand)to the nanopores.

(ii) The group velocity belonging to branch)(becomes almost zero, as is obvious
from its bending at higlg values. This finding indicates localization of brandh (
through the interaction with a flat mode at a frequefiey’.8 GHz.
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(i) Phonon guiding (brancl8) is realized when the nanopores are filled with
PDMS, thus opening a new channel for the flow of the elastioggn& his channel
of phonon propagation becomes inactive in AAO with air pores

(iv) In PDMS-filled AAO, a flat modeZ2) with frequencyf;~5.1 GHz is observed,
which can be attributed to the formation of a PDMS interphaitie reduced mo-
bility on the nanopore walls, as commonly observed in theipmity of smooth
solid surfacel$®® 1371 The interphase-sensitive modd) could be reproduced in
simulations only by using models involving a solid-like P3Nhterphase.

Furthermore, the theoretical band structure calculatitissussed in chapteF8Y that pro-
vided detailed insight into the nature of the above-memttbmodes, by identifying their bi-
ased propagation through the polymer-filled AAO, are sunmadrbelow:

(i) The acoustic dut-of-plané branch 6) propagates mainly through the AAO
scaffold with a sound velocity of 6930 m/s, whereas its cerpart ‘in-plan€
branch () propagates through both the AAO scaffold and the polymeatied in
the nanopores with a slower sound velocity of 4520 m/s, asargd. Hence, the
longitudinal moduli along the two directions differ by 230%

(i) The bending of the acoustic branct) (s due to the interaction with a flat band
f,;~8.5 GHz corresponding to a confined mode inside the PDMSdsis The
frequencyf, depends on the pore diameter and the nature of the matetiaé in
nanopores.

(iif) The acoustic branch3) propagates in the nanopores containing PDMS with a
sound velocity of 980 m/s, which is slower than the soundaiggton bulk PDMS
(1050+£20 m/s).

(iv) The new branch3) is first and foremost sensitive to the transverse velocity
of soundc; and to the thickness of the PDMS interphase at the pore whlls;
increases either by increasingor by decreasing the thickness. The displacement
of the elastic field is essentially confined to the PDMS intelge and polarized
parallel to the nanopores.

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

Like PDMS, low-molecular-weight PEG is an isotropic liq@atdroom temperature. However,
in contrast to PDMS, PEG is characterized by higher longialdsound velocity; and hence
lower elastic contrast to AAO. Therefore, the comparisoPBG-filled AAO and PDMS-
filled AAO allows the elucidation whether high elastic car is required to realize mode
localization as well as directional flow of elastic energyd avhether high elastic contrast is
a prerequisite for the occurrence of interphase-senditi@aches. It is reasonable to assume
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that lower elastic contrast between AAO and a soft comparesnding in its nanopores would
affect the extent of phonon localization, which is repreésdrby the bending of the acoustic

branch () in Fig. 5.2.
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Figure 5.3.: Tn-plan€’ BLS spectrum of (a) PEG- and (b) PDMS-filled AA@ & 60 nm;a
=100 nm) atg, = 0.0167 nm*. The red solid line shows the representation of
the spectra by a sum of up to three lorentzian lines. (c) Thpeedsion relations
for the two longitudinal acoustidf and the flat2) branches. The black solid line
represents the effective sound velocities for-plan€ propagation in the PEG-
filled AAO nanohybrids.

To verify these predictions, we studied thie-plan€ (g,) phonon propagation in AAO
(d ~ 60 nm anda ~ 100 nm) filled with hydroxyl-terminated liquid PEG (Fig 5a3( Three
modes are resolved in the exemplary BLS spectrum seen in Bp)5as indicated by the
Lorentzian contributions. The peak denoted “PEG” with @@rencyf ppo~5 GHz (atq, =
0.0167 nntt) is attributed to the bulk PEG layer remaining on the AAO aoef exploited as
an internal reference sinée z; shows homogeneous acoustic behavior with a sound velocity
arec (=27 fpec/q1) = 1850+30 m/s which is, within experimental error, the longitudina
sound velocity of bulk PEG. This corroborates the notion thigractions between PEG and
AAO surface are hardly discernible. The acoustic bradglagd the very weak flat brancB)(
in the “in-plané€’ directions characterize the phononic properties of PHEdIAAO nanohy-
brids. On the other hand, the bending of the acoustic brabydmnd the strong flat brancR)(
in the “in-plan€’ dispersion diagram are charateristic of the phononic erogs of PDMS-
filled AAO (d = 60 nm,a = 100 nm) as represented in the BLS spectrum shown in Figure

63



5. Tuning and switching hypersonic phononic propertiesngfédance-contrast
nanocomposites

5.3(b) recorded aj, = 0.0167 nnt! as comparison to PEG-filled AAO.

The experimental dispersion relations fan-plan€ phonon propagation in PEG-filled
AAO and, for comparison, PDMS-filled AAO are depicted in F3g3(c). The acoustic branch
(1) and the very weak flat brancB)(are characteristic of the phononic properties of PEGefille
AAQO. On the other hand, the bending of the acoustic brafrhrid the strong flat brancR)
are characteristic of the phononic properties of PDMS/A&Datomposites.

The linear dispersion of branch)(indicated by the straight solid line in Fig. 5.3(c) repre-
sents longitudinal phonon propagation at long wavelengtbbing a homogeneous medium
and its slope yields the corresponding longitudinal sougldaity. In the PEG-filled AAO,
the effective medium velocity, = 5040 m/s is higher than that in PDMS-filled AAO qf=
4520 m/s. Moreover, the bending of brandh &t highq, (red line in Fig. 5.3(c)) is essen-
tially missing in the PEG-filled AAO (Fig. 5.3(c)). Since tliensities of PDMS and PEG
are similar, the reduction of the elastic contragt between AAO and PEG by a factor more
than two compared to the PDMS/AAQO systetpirs = 105020 m/s,cippq = 1900 m/s
already given above) remains as the origin of the signiflgamakened phonon localization
and renders the bending of modpg (veak. The flat branch2j can be interpreted as a lay-
ered interphase mode as mentioned above. It appears at lfigheency compared to ones
observed in the AAO containing PDMS (5 GHz) and becomes vagknas seen in the am-
plitude of peak 2 relatively to peak 1 in the BLS spectra of PEGd PDMS-filled AAO in
Fig. 5.3(a) and 5.3(b). In fact, the formation of a PEG intege in the direct vicinity of
the pore wall is to be expected since the hydroxyl end grofifseoPEG 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,cansider the linewidthl() of
the BLS spectra. The spectral linewidth of BLS is related tagnéissipation of phonon.
Considering that the linewidtk is a function ofg?*54 %5 T can be expressed as= £¢°
where¢ is a dissipation coefficient (or thermal diffusivity for gt)l and can be expressed as
follows:

(r =D, et g r
mpoCp mpo

I'=¢g = (5.1)

wherev is the specific heat ratig,, is the bulk viscosityy, is the shear viscosity, is the den-
sity, mis the mass of a constituent; is the specific heat at constant pressure, the longitudinal
kinematic viscosityD,, = (1, + 37,) /mpo and the thermal diffusivityD = A\ /mpocp. Since

we treat the AAO-polymer nanocomposite as an effective oradiere, it is very difficult to
determine the properties of the polymeric components. Kewéhe dissipation coefficient, in
other words, the phonon lifetime, provides the relevardnmiation to the phonon localization.
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Figure 5.4.: Full width at half maximunij of BLS spectra plotted as a function g@f for
branch (). 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
f[radm?s™']  6.6x10°° 9.23x10° 6.91x10° 1.73x10°

The spectral linewidths of branch)(were plotted as a function of for PDMS/AAO and
PEG/AAO systems as shown in Fig. 5.4. As a reference, theidtbs of air-filled AAO and
bulk PDMS are also plotted. Each dissipation coefficientictviivas derived from the slope
of the best fit, is summarized in Table 5.2. Apparently, thergy dissipation is dependent on
the infiltrate material. In fact, air-filled AAO, bulk PDMS drPEG/AAO nanohybrids have
similar dissipation coefficient, whereas the dissipatioafficient of the PDMS/AAO hybrid
shows one order of magnitude bigger than other polymer/Aa@ohybrids. Consequently,
it is conceivable that these observations could be assaciaith phonon localization and
bending of branchl). Namely, phonons are localized in the pores infiltratechViADMS,
resulting in a shorter phonon lifetime, while phonons ass lecalized in the pores infiltrated
with PEG and travel through the polymer/AAO matrix, resudtin 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 indunsiti@s such as crystallization,
gelation, formation of mesophases in the component rasidimanopores of the AAO scaf-
fold. Correspondingly, its phononic properties and, in fusand structures and acousto-
optical interactions of the nanocomposites are reversiyglified. It is thus an intriguing
perspective to exploit sound propagation modes predortijneonfined to materials located
in the nanopores to monitor phase transitions. From a fuedéahpoint of view, different
infiltrated materials adopting fluid or solid phases camairtverify the origin of the observed
phononic modes in the band diagrams. For a simple proof ofeqan we investigated the
modification of the dispersion for bothr-plan€’ and “out-of-plané sound propagations in
AAO with a =100 nm ando = 30% infiltrated with both poly(vinylidene fluoride) (PVDF)
and tetracosane ((Hs,). PVDF was not only selected as a model component becauke of t
bulk densities and sound velocities of its liquid and seystalline forms (Table 5.1), but also
because crystallization of PVDF inside the nanopores of A&Rich yields the monoclinie
polymorpht®l was intensively studied by wide angle X-ray scattering aifféréntial scan-
ning calorimetry*?”-15710n the other hand, PVDF is representative of the importarsscbf
vinylidene-based fluoropolymers, which may exhibit, depeg on the crystal modification,
ferroelectric propertie85®!

First of all, the dispersion relations of PVDF-filled AAO, weh shows preferred020)
texture, were examined. To verify both the melting and thestadlization temperatures of
PVDF inside nanopores, differential scanning calorimé®$C) measurements were per-
formed. Figure 5.5 shows DSC results of PVDF-filled AAD=F60 nm; Fig. 5.5(a)) and bulk
PVDF (Fig. 5.5(b)). The heating and cooling rates were 10iK/nThe DSC result of bulk
PVDF shown as a reference exhibits a sharp crystallizagak piT . = 135°C in the cooling
scan and a melting peak &t, = 164°C in the heating scan. Compared with bulk PVDF, the
crystallization of PVDF inside nanopores occurs at 105T,,,..; = 120°C), while the melt-
ing occurs afl,, = 168°C. Therefore, the BLS measurements in liquid phase were peefbr
at 180°C, while in solid phase at room temperature.

To analyze the crystal texture of macroscopic ensemblesv@fAPlocated inside AAO,
WAXS measurements in reflection mode using a Philips X' oeRDVdiffractmeter with cra-
dle and secondary monochrometer for Ky was performed. The setup used for WAXS
measurements are schematically shown in Fig. 5.6. In@{i&© geometry,© denotes the
incident angle defined as the angle between the incident bednthe surface of the sample,
while 20 is defined as the angle between the incident and the diftfdstams. In this geom-
etry, only crystal lattice planes oriented parallel to tbeface contribute to the intensity of a
Bragg reflection. The scans were performed in the range ©fdl80°. Figure 5.7(a) shows
the XRD pattern of PVDF located inside AAO, which were prepangthout a thick PVDF
film on the surface of AAO. Th&-20 XRD pattern shows three prominent peaks @téh-
gles of 18.8 ((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 ahbdlk PVDF. Dotted curves
are heating runs, while solid curves are cooling runs. Hgaind cooling rates
are 10 K/min.
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Figure 5.6.: Schematic of the WAXS setup. The AAO was mouirteslich a way that the
long axse of pores were oriented parpendicular to the plafiaetl by incident
beam and detector.
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Figure 5.7.: XRD analysis of PVDF inside AAO. PDVF-filled AAQgpared (a) without a
thick PDVF film on the surface of AAO and (b) with a thick PDVFilon the
surface of AAO.

of PVDF located inside AAO, which were prepared with a thidkH= film on the surface of
AAQO. The ©-20 XRD pattern shows two prominent peaks &t angles of 17.7((100)) and
19.8 ((110)).

BLS measurements were performed at 293 K (PVDF in AAO is sersiialiine, Fig. 5.5(b))
and at 453 K (PVDF in AAO is liquid, Fig. 5.5(b)). Figure 5.8&ows corresponding BLS
spectra recorded at, = 0.0167 nmt. For AAO containing semicrystalline PVDF, the BLS
spectrum displays only a single doublet associated to thgitladinal phononX) that shows
linear dispersion but no bending upgo~0.02 nnt! in the “in-plan€’ experimental band dia-
gram shown in Fig. 5.9(a). On the other hand, although the BleStsum of AAO containing
liquid PVDF also displays a single doublet at almost the s&eguency, the peak became
broader and slightly shifted to the lower frequency. Everutih the sound velocities of liquid
PDMS (AZ = 28) and liquid PVDF AZ = 15) are of the same order of magnitude, the bending
of branch () at highq, is missing in AAO containing liquid PVDF (Fig. 5.9(a)), suak in
the case of PEG-filled AAO. Hence, we assume that the reduictidensity contrast between
AAO and PVDF related to the relatively high density of liqir®YDF (Table 5.1) could be the
origin of the significantly weakened phonon localizatiow aender the bending of modé#)(
weak. It is conceivable that a large contrast of both soutatitgy and density between AAO
and infiltrate materials could be crucial factors for the pdwlocalization.

The BLS spectra representing theut-of-plané phonon propagation change drastically
upon melting of PVDF (Fig. 5.8(b),(c)). Mod8)(at about 6 GHz disappears and a new mode
(4) appears at much higher frequeney20 GHz). The experimental dispersion relations for
those two modes3( 4) appearing in the BLS spectra seen in Fig. 5.9(b) therefaplaly
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Figure 5.8.: BLS spectra of PVDF-filled AAQI(= 60 nm;a = 100 nm) measured at 293 K
(PVDF is crystalline) and at 493 K (PVDF is liquid) (a) fgr = 0.0167 nnt!
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Figure 5.9.: Dispersion relations foin*plan€’ (q.) and “out-of-plané (q;) longitudinal
acoustic modes in crystalline PVDF-filled AAO at 293 K anduid)PVDF-filled

AAQO at 453 K.
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Figure 5.10.: DSC scans of (a) bulkEl;, and (b) G,Hs5, nanostructures in AAO. Dotted
curves are heating runs, while solid curves are cooling.rdesting and cooling
rates are 10 K/min.

very different slopes corresponding to velocities of 3388 and 1060 m/s in the case of
the solid @) and liquid @) PVDF, respectively. At the same time, the sound velocityhef
longitudinal effective medium mod®&) does not change significantly when PVDF residing in
the nanopores transforms from solid (7170 m/s) to liquidL(B81/s).

After the completion of BLS measurements for liquid PVDFefilIAAO, PVDF were crys-
tallized by cooling to room temperature. The resulting talysrientation of PVDF after this
cooling treatment does not show any preferred texture. Mewé¢he dispersion relations of
this semicrystalline PVDF-filled AAO of both ther-plan€ and “out-of-plané phonon prop-
agation show the same behavior as textured PVDF-filled AAQs Thdicates that phonon
propagation is insensitive to the crystal orientation oCH

Next, the dispersion relations of,(5o-filled AAO were examined. &Hsx, is a linear
paraffin which forms a triclinic crystalline pha&® % 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 C,4H50 and G4Hx-filled AAO. The heating and cooling rates were 10 K/min. I th
DSC scan of bulk &Hs, as shown in Fig. 5.10(a), both DSC heating and cooling sdams s
two phase transition temperatures. The first transitionugcat 49.6°C and the second at
53.3°C during the heating scan, while the first transition occti®/a2°C and the second at
41.8°C during the cooling scan. In comparison, the phase transirocess of ¢Hs,-filled
AAO is more complex. As shown in Fig. 5.10(b), the heatingnsshows only one phase
transition temperature at around 48@, while the cooling scan shows multiple peaks.

Bulk C,4H5, shows only one phase transition during hedtfiig®®] while two transitions
during heating occur for odd alkanes (&, ») with n = 23 and n = 28571, The structure
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Figure 5.11.: BLS spectra ofy¢H5-filled AAO (d = 60 nm;a =100 nm) measured at 2C
(CyuHsx is crystalline) and at 90C (C,4Hs, is liquid) (a) forq, = 0.0118 nn!
perpendicular to the nanopores and (b) fpr= 0.0368 nm' parallel to the
nanopores.

changes from crystalline to rotator phase | with pseudo ¢yemxal packing and then to rotator
phase Il with hexagonal packing of the molecules. It couldpbssible that the confined
Cy4Hs50 shows the additional rotator phase I. Furthermore, threesgsh are known to exist
during cooling for G4Hsq. It is known that rotator transitions are inaccessible myheating
but are visible during cooling due to a very large hystesisheating and cooling®?: 16¢l

Similar to PDMS, the structure and dynamics of linear allsainethe chain length range
of tetracosane have been found to be altered in the preséscefaces and interfaces. For
example, surface freezing, i.e., the formation of a moralaf molecules forming a rotator
phase on the surface of the bulk liquid, was reported for tFatpres up to 3 K above the
freezing point!% 6% and surface freezing was also found to modify the wettingaisiei of
tetracosane on silicon oxide surfa¢€8. Moreover, medium-length n-alkanes show modified
phase behavior when confined to nanopores with a diametéoot 40 nnit’* 1721 or discrete
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Figure 5.12.: Dispersion relations fom=plan€’ (q.) and “out-of-plané (q;) longitudinal
acoustic modes in crystalline,Hso-filled AAO at 20 °C and liquid G4Hs,-
filled AAO at 90°C.

nanodroplets, with diameters in the 100 nm ral¢e.

Figure 5.11 shows BLS spectra of AAO filled with the triclinigystalline phase of tetra-
cosane, which were measured at 293 K and 343 K, respectiVdlg. peak appearing at a
frequencyf Cy,H50~5 GHz (atq, = 0.0118 nm?) is attributed to a bulk §&Hs, layer located
on the surface of the AAO. On the one hand, the presence ofsslagier connecting the tetra-
cosane nanorods residing in the pores of the AAO the ensoraplete crystallization of the
latter. The bulk tetracosane layer was utilized as an iateeference showing homogeneous
acoustic behavior with a sound velocity,, ., (= 2rf/q,) = 2850 m/s.

The BLS spectra representing theut-of-plané phonon propagation change drastically
upon melting of G4H5, (Fig. 5.11(b)) as in PVDF-filled AAO. Mode3] at about 5 GHz dis-
appears and a new mod® @ppears at much higher frequeneyl® GHz). The experimental
dispersion relations for those two modé&s 4) in Fig. 5.12 therefore display very different
slopes corresponding to velocities of 3310 m/s and 990 mikercase of the solid4j and
liquid (3) C.4H50, respectively. Consequently, there are three same maicteifethe band
diagrams associated with the crystallization efld;, and PVDF inside the nanopores: (i) the
“in-plan€ dispersion becomes simpler with the single acoustic majleding marginal faster
compared to its counterpart in solid &5, filled-AAO and PVDF (cf Fig. 5.9, blue and red
solid lines in Fig. 5.12), (ii) the Sut-of-plané dispersion is distinguished by the presence of
a new acoustic model) in place of modeJ) and (iii) the sound velocity of the longitudinal
effective medium mode5j does not change significantly when the &5, and PVDF resid-
ing in the nanopores transforms from solid to liquid, for @fhthe changes are 7400 m/s to
7300 m/s and 7170 m/s to 6810 m/s foi,B5,- and PVDF-filled AAO, respectively.
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Figure 5.13.: Theoretical band structure of botim-plang (a) and ‘“out-of-plané (b)
phononic modes for AAO with 30% porosity containing liquid,8s, (red
points) or a solid tetracosane (blue points).

We have calculated the dispersion curves of AAO containitigeeliquid tetracosane with
a velocity of sound; = 1000 m/s or crystalline tetracosang£ 3200 m/s and; = 1600 m/s).
For “in-plan€ sound propagation, the effective acoustic velocitiesathliypes of samples are
similar (5414 m/s for crystalline tetracosane; 4864 m/difid tetracosane) and in agreement
with the experimental sound velocity of mods (5630 m/s, blue and 5200 m/s, red dashed
lines) in Fig. 5.12(a). Based on the elastic field distributithe effective sound velocity is
predominantly determined by the speed of sound in the AAOdw@$ not appear to be the
simple average of the sound velocities in the pure compsndrurther, bending of branch
(1) occurs at around 10.5 GHz for liquid tetracosane and attaP@usHz for crystalline
tetracosane (Fig. 5.13) due to the interactions with a flatpan close analogy to the band
diagram of AAO containing PDMS (Fig. 4.9(a)). For frequeascbelow 20 GHz both the
absence of the flat band in the case of crystalline tetraeoaad its appearance (at lower
g.) upon melting is in agreement with the experimental findi(fgg. 5.12). Moreover, the
higher frequency of this flat band as compared to that of AAGt@iaing PDMS at=8.5 GHz
(Fig. 4.6) reflects the nature of this mode, which is confirethe material residing inside
the nanopores of the AAO scaffold and is therefore modifiethaselastic constant of the
infiltrated material changes.

For “out-of-plané propagation (Fig. 5.13(b)), the trends for liquid tetraaoe are very sim-
ilar to those for PDMS. In particular, the lowest acoustiarwh is essentially a longitudinal
mode confined to the tetracosane located in the nanoporeswélocity close to that of bulk
tetracosane. However, when the tetracosane crystalttiespw velocity acoustic brancl8)
does not exist anymore and we find two branches with velascitigher by about 10% than
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those for in-plan€ propagation. The polarization of the lowest branch is ryairansverse
with a sound velocity of 3150 m/s whereas the polarizatiamehighest branch is mainly lon-
gitudinal with a sound velocity of 6500 m/s. Based on theseataristics, the moded,(5)
found experimentally are identified with the two acoustiartmhes in Fig. 5.12 (blue symbols
in grey area) for AAO containing crystalline tetracosamequialitative agreement with the ex-
periment (Fig. 5.12 gray area), the sound velocity of m&)egmains essentially unchanged
(6600 m/s) when the tetracosane becomes liquid. Therefoystallization of tetracosane is
accompanied by a qualitative modification of the dispersiamves as well as the BLS spectra.
In view of the good quantitative agreement between theodyexiperiment found for theiri-
plané’ propagation of model|), the deviation between the computed and experimenta¢salu
of the sound velocity for thedut-of-plané propagation of modeX) implies nanomechanical
anisotropy in the AAO membranes. In fact, a highgr,o value for the direction parallel to
the pores is required to achieve a good agreement. And thmother important experimental
finding of this work. Since the volume expansion per alumiratom upon anodization of
aluminium causes considerable anisotropic stress in BA@nd recent reports even suggest
that freshly formed alumina flows from the bases of the grgwianopores towards the cell
walls, owing to growth stress and field-assisted plastfltgnisotropic elastic properties of
the AAO scaffold are not unexpected but interesting to béigdr for the first time. Finally,
the vastly different effect of the physical state of the trdited material on theii-” and “out-
of-plan€ phonon propagation in the AAO is an intriguing new findingegke main features
are captured theoretically.

5.7. Summary

Using BLS and model nanocomposites based on self-orderediA#i@ated with soft com-
ponents, we have demonstrated that the hypersonic phopooperties of elastic-contrast
nanocomposites can be tuned by adjusting the elastic sbieaveen AAO and soft or rigid
components located in the nanopores. Peculiar featuredseohanocomposites, including
phonon localization and anisotropic propagation, depenthe elastic contrast between the
AAO and the soft infiltrate components. Moreover, by takidgantage of the possible large or
low elastic contrasts between the AAO scaffold and matefadated in the nanopores, AAO
has great potential as a platform for the design of tunaldesantchable hypersonic phononic
systems with engineered high-frequency acoustic pragsertn contrast to sonic crystals with
macroscopic feature sizes, nanostructured AAO-basedsypie systems, which are not only
mechanically and thermally stable but also transparentUféiand visible light, allow the
facile induction of phase transitions and other types afcstiral transformations with lit-
tle energy consumption and in a well-controlled manner. Repeogress in the fabrication
of three-dimensional AAO architectuf€dl might pave the way for the design of phononic
device configurations operated in the GHz range for mech#filiering, advanced heat man-
agement, acousto-optical switching and for unconventis@@sor configurations. The design
of membrane-based phononic device components based on @&attaightforward, and the
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application of lithographic top-down techniques mightigikierarchical hypersonic architec-
tures, which could be used as hypersonic waveguides and coagding 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 arlttéé material affect hypersonic
phononic properties in nanocomposite media based on aahdrgnium oxide (AAO). AAO
nanohybrid structures have been shown to have great paitasta platform for the design of
tunable and switchable hypersonic phononic propertiesvener, since AAO films studied in
previous two chapters have a polydomain arrangement ofdhesas shown in Fig. 3.6(c),
it is impossible to define the specific propagation directionthe Brillouin zone and investi-
gate a complete phononic dispersion relation. It is delgredbverify the phonon dispersion
relationw(q) along any high symmetry directions in the reciprocal spagee, in addition to
determining the position of complete phononic bandgapel]otvs for studying the detailed
features of the propagation bands.

The progress in phononic crystals, which has been supploytestent advances in nanofab-
rication techniques, has led to functional hypersonic pimombandgap structurd: 43 45 1751
The existence of a phononic bandgap in 3D hypersonic phorepstal&? 4% fabricated by
self-assembling of polystyrene nanospheres, and a 2D $gpierphononic crystal fabricated
by multibeam interference lithographi}, has been demonstrated. These works, however, re-
vealed only a partial bandgap. On the other hand, receiihgek all*”% have demonstrated
the shape-memory effect in a 2D phononic crystal on completaon dispersion relations.
Although they demonstrated the formation of a complete bapdafter the transformation
of the pemmstructure to the?2gg, it was very difficult to reveal it experimentally. However,
these pioneering works have certainly opened the door éocdhncept of phonon management
ranging from heat management to novel acousto-opticatdsvi

A brand new subject “phononics”, which is a new science argineering of the prop-
erties of phonons in nanostructures, has drawn a great fettiention*?®! In recent years,
remarkable progress in controlling the flow of heat is beiraglentoward the development of
functional thermal devices including a thermal dib&e'"®! thermal transist® 181 phonon
waveguid&®? and solid state thermal rectifi&fl. The realization of these functional ther-
mal devices in nanoscale systems would have significantabhgrasociety. Consequently, it
is very important to control both nanoscale acoustic waep@rties and nanoscale thermal
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transport properties. The elastic waves in the hypersoeguency regime can be regarded as
thermal vibration of atoms of a material. Therefore, hypers phononic crystals are promis-
ing building blocks which are capable of controlling the floiheat.

Another promising application is acousto-optical devid&avelength-scale structured ma-
terials with periodical elastic modulus and refractiveardlistribution form simultaneous
complete photonic and phononic bandgBpsTherefore, photonic-phononic dual bandgap
materials could lead to noticeable enhancement of acaystoal interactions, thus resulting
in the fabrication of novel acousto-optical deviégg?,

The feasibility of AAO-based hypersonic phononic crystalsacousto-optical devices is
high. AAO has been considered as a potential material ptatfor 2D photonic crystals and
has been studied in the near-infrared and visible waveteregiong®+-2% A proper selection
of porosity and infiltrate material can lead to a phononicdzmp in AAO-based hypersonic
crystals. Therefore, AAO can be thought of as a photoniaaph@ dual bandgap material.
Moreover, not only lattice constants but also the topdfddyof AAO is readily tunable.

In this chapter, complete phonon dispersion relations ghligiordered AAO are experi-
mentally and theoretically demonstrated. Two types of daspave been investigated: (i)
poly(ethylene oxide)-filled AAO with the lattice constarft@= 200 nm and porosity gp
= 23% andp = 50%; and (ii) PDMS-filled AAO with the lattice constant af= 200 nm
and porosity ofp = 23%. The tunability of complete phonon dispersion refaion re-
sponse to changes in temperature was investigated forgtloyyéne oxide)-filled AAO. The
phonon dispersion relations consisting of multiple praie bands were observed along
both high symmetry directionsX andI'J, while only the first propagation band was observed
for PDMS-filled AAO. Theoretical band diagrams are in goodeggnent with experimental
phonon dispersion relations.

6.2. Experimental

As described in Chapter 3, two sets of highly ordered AAO weep@ared in accordance with
the precedefit: 85 %0 Ultrapure aluminum substrates were anodized in 0.05 Miozaid at
80 V. Anodization in oxalic acid yielded AAO with a latticemstant of about 200 nm. To tailor
the porosity, the initial diameters were widened by isatragiching in 10wt% phosphoric
acid at 30°C. The resulting pore diameters were 100 and 150 nm, respbgtwhich were
revealed with SEM images of the top view of the AAO as shownigq B.1. Representative
SEM images of the top view of AAO with two different porosgip = 7d?/(2/3a%) reveal
excellent uniformity, monodomain crystalline nature aedyow defect in the samples over
a large area. The well-ordered structure with hexagonahgement of cylindrical pores has a
monodomain periodicity of 200 nm. The thickness of the anpdrous alumina was 4@m.
Two different infiltration materials, poly(dimethyl silaxe) (PDMSM,, = 1350 g/molM,,
= 980 g/mol) and poly(ethylene oxide) (PEO, Fullké, = 20000 g/mol,T,, = 63-66°C),
were used in this study. PDMS was infiltrated into AAO at roemperature, 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) imageatve AAO. (a), (b), Top views.
(a) porosityp = 23%, (b)p = 50% for lattice constard = 200 nm. The scale bar
in both images is 500 nm.

Two scattering geometries, which are transmission anccteftegeometries, were the same
as the ones used for chapter 4 and chapter 5 where the statiavevectoq lies parallel
or perpendicular to the pores. The schematic representatithe experimental geometry is
shown in Fig. 6.2. The configuration of the transmission getoyn(Fig. 6.2(a)) ensures that
the scattering wavevectaor, , which is defined by the wavevector of the incident lighend
the scattered light, and the scattering anghe is always perpendicular to the pores, while the
configuration of the reflection geometry ensures thais parallel to the pores. In chapter 4
and chapter 5, AAO films have polydomain structures. Theegfbwas not possible to define
the specific propagation direction. However, since the $asngsed here have a monodomain
structure, any direction off within the Brillouin zone can be experimentally accessed by
simply rotating the sample. The direction@f in the Brillouin zone is here determined by
90 rotation of the sample.

(@) (b)
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Figure 6.2.: Schematics of scattering geometry: (a) trasson geometry and (b) reflection
geometry.
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6. Hypersonic Phononic Crystals based on Highly Orderediawddminium oxide

6.3. Direct observation of complete phononic
dispersion relations

The phononic band structures are essentially based orespagameters including the volume
fractions of the constituent materials (porosity), thédattopology and the density and sound
speed ratios of the constituent materials. Here phasaticarssof PEO were utilized to cause
changes in the phononic properties. Figure 6.3 compareBli&espectra of single crystal
sapphire and AAO recorded along the two principal diredibX and I'J to illustrate the
difference in phonon dispersion relations with the intrctthn of porosity. Sapphire refers to
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Figure 6.3.: BLS spectrum of (a) sapphire recorded at 0.0118 nnt!, (b) AAO with a
lattice constant of 200 nm and a diameter of 100 nng,at 0.0181 nm1! and
solid PEO-filled AAO atg;, = 0.0167 nn1! in I'X direction, and (c) AAO with a
lattice constant of 200 nm and a diameter of 150 nop at 0.0193 nm* and solid
PEO-filled AAO atq, = 0.0167 nm! in I'J direction (c). Here only anti-stokes
sides are represented.
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6.3. Direct observation of complete phononic dispersidexi@ns

a a-Al,03 which has the corundum structure. Although AAO has an anwuplstructure,
we compare the spectrum of monodoamin AAO with that of sapphiorder to understand
the effects of nanostructured periodicity on elastic wak@ppgation. Figure 6.3(a) shows
both the polarized (VV) and the depolarized (VH) BLS specfraapphire recorded af, =
0.0118 nn1l. The BLS spectrum in the VV geometry displays one peak at 2H3, @hich
corresponds to the longitudinal mode (LA) with a sound vigyoaf 11320 m/s, while the BLS
spectra in the VH geometry display two peaks at 11.0 GHz arn@ GRiz, which correspond
to the transverse modes (TA1 and TA2) with sound velocitfés860 m/s and 6870 m/s.

The spectra of AAO differ from that of sapphire. Figure 6)3hd (c) show the VV spectra
of air-filled AAO with a porosity of 23% and 50%, respectivelyhich were recorded af,
=0.018 nnt! andq,; =0.193 nn1! alongI’X andT'J. The position of the longitudinal mode
(2) for both spectra is shifted to a lower frequency due to tleeetese of the effective medium
velocity in porous structure. For 50% porosity AAO, in adalitto mode L), two new modes
(2) and @) corresponding to the higher order propagation bands gblie@onic crystal were
observed. Moreover, Figure 6.3(d) and (e) show the VV spaiftsolid PEO-filled AAO with
porosities of 23% and 50%, respectively, which were reabate;, = 0.0167 nnm! andq, =
0.21 nnr! alongI’X andI'J. There are three modes present in the spectra. The peakiapgpe
at a frequency of 5 GHz in Fig. 6.3(d) is attributed to a bulkCPIlRyer located on the surface
of the AAO. A small additional shift of the longitudinal mod#) to a lower frequency was
observed for both samples, while the high propagation bé2)dand @) were also observed.
All spectra in Fig. 6.3 were fitted with either a single or a tiplé Lorentzian model. The
individual colored line shows the spectral components addines show the superposition of
different spectral components, showing the change in tbaghic properties as the nature of
the infiltrate material is changed.

The experimentally measured phonon dispersion relatiopsrposed onto the theoretical
phonon dispersion diagrams of air- and both solid and liqRED-filled AAO are shown in
Fig. 6.4. We plot the experimental data according to theaaitattering angle and superpose
onto the theoretical dispersion relations that are ploitetthe reduced Brillouin zone. The
theoretical phonon dispersion relations are in good agee¢mith the experimentally mea-
sured phonon dispersion relations. All phonon dispersitetions were measured in the VV
geometry, except the lowest propagation bands, whichatelihe transverse modes measured
in the VH geometry. The phononc dispersion relations shawiig. 6.4 represent different
behaviors of elastic wave propagations in hypersonic alystased on AAO. The bending of
the first propagation band occurs at the same frequency f@ Hltrated with both liquid-
and solid-phase PEO, which approaches asymptotically tblZ &d 10 GHz for liquid and
solid PEO-filled AAO with a porosity of 23%. For a porosity di%, three propagation bands
occur at 5 GHz and 6.5 GHz for liquid and solid PEO-filled AA@gardless of the propaga-
tion direction. This is attributed to the fact that the atastave is localized in the nanopores.
Figure 6.5 shows the same theoretical band structure damegphononic dispersion relations
as Fig. 4.9, and the map of the distributions of the displaggrfield belonging to modE.
Figure 6.5s(b) and (c) indicate that the elastic wave of dw®sd propagation band is essen-
tially localized inside the pores. This is the general propef the elastic waves of multiple
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Figure 6.4.: Phonon dispersion relations. Superposedriexgetal and theoretical phonon
dispersion relations alongX andI'J directions, respectively, for air-filled AAO
with (a) 23% and (b) 50% porosity, liquid-filled AAO with (c8% and (b) 50%
porosity and solid PEO-filled AAO with (e) 23% and (f) 50% psitg. Black dots
represent theoretical dispersion relations in all casédevwpen black squares,
red circles and blue triangles represent experimentaedsspn relations.
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Figure 6.5.: (a) Theoretical band structures of in-planenaim dispersion curves in AA@E
100 nm;d = 60 nm). (b), (c) Map of the distributions of the displacemigrof the
eigenmodes inside an AAO unit cell belonging to médeocated on the second
propagation band in (a).

Table 6.1.: Experimental effective medium velocities; for the “in-plan€’ longitudinal
phonon propagation along boliX andI'J.

sample infiltrate  I'X c.;r (M/s) T['Jc.y; (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 filledpoiymers.

In air- and PEO-filled AAO hypersonic crystals, one effeetiengitudinal mode was cal-
culated from the linear dispersion at laywalues along both'X and I'J directions. Each
effective medium velocity is summarized in Table 6.1. It i@end that infiltrating AAO with
PEO leads to a decrease in the effective medium velocitychwis associated with the de-
crease of the elastic modulus due to a phase transition.s&sisked in chapter 5, when AAO
is infiltrated with solid materials, the effective mediumoa@ty slightly increases compared to
that of air-filled AAO. However, the solid PEO-filled AAO sgsh shows a decrease in the ef-
fective medium velocity. This indicates that PEO is not céetely crystallized from the melt.
Surface and confinement effects of crystallization of PE@Heeen widely investigated. Dif-
ferential scanning calorimetry (DS 185 revealed that nanoparticles fillers such as silica
and alumina suppress the crystallization of PEO. This effeattributed to the high surface
area of the nanoparticles and to the Lewis acid nature of lieesfthat prevents PEO chain

83



6. Hypersonic Phononic Crystals based on Highly Orderediawddminium oxide

reorganization. The interaction between PEO and silicaparticles in the melt phase leads
to less crystallization or the adsorption of amorphous PE@e silica surface. Moreover, the
larger surface area per unit volume increases the interabttween polymer chain and alu-
mina nanoparticles, thus resulting in the restriction efsegmental chain motion of PE&Y

In addition, lower crystallinity of PEO in the nanopores bagn observed®® Consequently,
the suppression of PEO crystallization in nanopores of AABticbutes 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 PHEAfAAO were experimentally
and theoretically examined in order to demonstrate quizkty the complete phonon disper-
sion relations tuned by the nature of the infiltrate matsridllthough partial bandgaps were
observed along eithdrX or I'J for both air- and PEO-filled AAO, a complete bandgap was
not formed. These results indicate that the elastic canbetsveen AAO ¢; = 7300 m/s) and
PEO ¢; = 2050 m/s and; = 1500 m/s for solid and liquid phase, respectively) is siidh.
According to the theoretical dispersion relations of PDMIBd AAO as shown in Fig. 4.9,

a complete band gap is formed. Therefore, PDMS is consideree the most appropriate
infiltrate material for forming the phononic bandgap in hsgmaic phononic crystals based on
AAO.

Figure 6.6 shows the BLS spectra recordegl,at 0.0181 nnm1! andq; =0.021 nnT! along
I'X andI'J directions, which correspond to the magnitude of the westev at the edge of the
first Brillouin zone. There is only a single peak present inhbgpectra. The red solid line
represents the overall fit using a single Lorentzian fit. Hdgap formation occurs, the split
of a single peak into double peaks is observed in the BLS spactin practice, all spectra
recorded at the whole measurgdange from 0.0051 nmt to 0.021 nnt! showed only a
single peak.

Figure 6.7 shows the experimentally measured phonon disperelations of PDMS-filled
AAO (a= 200 nm;d = 100 nm;p = 23%) superposed onto the theoretical phonon dispersion
relations along botf’X andI'J directions. Black dots indicate the theoretical disperse
lations, while open red circles indicate the experimenispersion relations. The effective
medium velocityc. s, at long wavelengths is 5620 m/s and 5630 m/s aloXgandI'J direc-
tion, respectively. The theoretical phonon dispersioatiahs shows the formation of narrow
bandgap with flat lower bands, which indicates the existehtzcalized modes (Fig. 4.10(c)).
This complete phononic bandgap occurs at around 5 GHz witid#nabout 0.1 GHz, which
is indicated by red region. In addition, the bandgap is tmeesassentially at anyinside the
Brillouin zone. The theoretical phonon dispersion relaiare in good agreement with the ex-
perimentally measured phonon dispersion relations. Hewéve bandgap width is so narrow
that it is difficult to resolve the split characteristic of Blspectrum and a few measurement
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Figure 6.7.: Dispersion relations of PDMS-filled AAO withaittice constant of 200 nm and
pore diameter of 100 nm along bdilX andI'J directions.
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points are superposed onto the second propagation band.

6.5. Summary

The hypersonic phononic properties of two-dimensionalnoimic crystals based on highly
ordered AAO with a lattice constant of 200 nm were investidatideally ordered AAO fab-
ricated by pre-molding anodization is a monodomain stmgctdlowing for the direction de-
pendent measurement of its phononic dispersion relatibms.phononic dispersion relations
exhibit the presence of multiple propagation bands, in gapdement with FDTD theoretical
dispersion relation calculations. Despite the fact thatdlastic contrast between AAO and
air is very large, only a partial gap alonX direction is expected for hypersonic phononic
crystals with a porosity higher than 0.23. Moreover, altifoa partial gap along eithéiX

or I'J direction was predicted in both air- and PEO-filled AAO ptioie crystals, these partial
gaps were not observed experimentally. In contrast to PEESHAAO phononic crystals, the
phononic dispersion relations of PDMS-filled AAO exhibietkxistence of a narrow com-
plete bandgap at around 5 GHz due to the larger elastic ctridtedween PDMS and AAO,
which leads to localized modes in the nanopores. There ane saperimental difficulties in
observing both hypersonic complete and partial bandgapyaiigh symmetry directions in
ideally ordered periodic structure. Nevertheless, thegmeresults indicate the possibility of
engineering experimental phonon dispersion relationsHit fBequencies and could suggest
applications in tunable optical and acoustic devices.
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7. Thesis Conclusion

High frequency mechanical properties and elastic waveggaion behavior in various hyper-
sonic phononic crystals have been investigated using t@gbhution Brillouin light scattering
(BLS), which is a powerful tool to probe the dispersion ra@atv(q) at submicron scale. Since
BLS is based on inelastic scattering of the incident lasemibarmally excited phonons prop-
agating through a medium, Brillouin spectroscopic charazagon of the phonon dispersion
relation at hypersonic frequency and elastic propertieimfined geometries has a number
of features. At least besides BLS, pump-probe technique éas bsed as a tool to probe the
phonon dispersion relation in nanostructures. Of coulsg g not to say that everything can
be revealed by BLS. Therefore, it is necessary to examine ¥amus angles.

The field ofphononicss just emerging, and it is important to identify the fundantaé con-
cept and rules that govern the behavior of these matermisel as to hypothesize about their
potential applications. There are several works that BLSkas employed to reveal the pres-
ence of a hypersonic phononic bandgap and the propagati@vioe of elastic waves. How-
ever, as identified in this thesis, there have been no prewases in which anodic aluminium
oxide (AAO) is systematically shown to have a crucial roleriggd hypersonic phononic
crystals in engineering the phononic properties at hypecsioequencies. For instance, the
investigation of reversible switching of phononic propestin the response to temperature in-
vestigated in Chapter 5 would be hardly performed in polynasebl hypersonic phononoic
crystals due to limited thermal stability. Moreover, thedst of the effect of large elastic con-
trast on the dispersion relations characteristics can berbalized in AAO structures due to
the very high intrinsic elastic contrasts of the AAO scatfol

In Chapter 1, the research background of this thesis wasidedcBasic research to seek
complete phononic bandgaps in sonic and ultrasonic regnuéhee background of hypersonic
phononic crystals were described. Although the fabricatigphononic structure should be, in
view of the available knowledge, a straightforward procaedlit is, nevertheless, still missing.
This is due to the requirement imposed on a number of madgafajsical quantities including
the density ratig,, / p;, the velocities ratie;;, /c;; andcy;, /¢y;, and the ratio of the transverse to
the longitudinal velocity ratia,;, /c;;, andc;; /¢;;.1 Moreover, for hypersonic phononic crystals,
one must consider the possibility that the values of thesatifies in nanostructured compos-
ites might differ from their bulk values. | hope this thesig8lwecome part of research on
hypersonic phononic crystals from the view point of expermal science.

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

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

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

In Chapter 4, phononic properties of hypersonic phononistaty based on poly(dimethyl
siloxane) (PDMS)-filled AAO were investigated as a functmfmanopore diametet. In-
creasingd results in an enhancement of bending of the propagation thaedo the presence
of a confined mode inside PDMS cylinders, which leads to ttexaction of longitudinal and
transverse modes for thén“plan€’ phonon propagation. On the other hand, separate elastic
waves propagating in AAO and PDMS cylinders with differemtiisd velocities were observed
for the “out-of-plané phonon propagation. Moreover, PDMS forms a thin solid fayethe
proximity of the pore walls, which causes a localized phanomode in the so-called PDMS
interphase layer. These phenomena are attributed to tfaewonfinement effects of PDMS,
structural anisotropy and are rationalized by FDTD calioites with the spatial distribution
of the elastic field within the PDMS/AAO composite.

In Chapter 5, tuning and switching of hypersonic phononi@proes by varying the elastic
contrast between AAO and infiltrate materials were inveséid. For the ih-plan€ phonon
propagation, particular features of elastic-contrastomamposites, including phonon local-
ization and anisotropy, were shown to depend on the varyasiie contrast between the rigid
and the soft components. Namely, the bending of the lonigilianode () was observed
as the elastic contrast between AAO and infiltrate matebatame larger, thus leading to a
significant degree of phonon localization in the infiltrataterial located in the pores. In con-
trast, for the but-of-plané phonon propagation, the phonon dispersion relationscastsal
with the crystallization of infiltrate materials indicateetpresence of the transverse mode (
and the longitudinal modé), which do not change significantly when the infiltrate mialer
residing in the nanopores transforms from solid to liquid.

In Chapter 6, complete phonon dispersion relations in hgmécgphononic crystals based
on highly ordered AAO were investigated. Ideally ordered@\fAhononic crystals fabri-
cated by pre-molding anodization allowed for the directi@pendent measurements of their
phononic dispersion relations. We observed experimgnth# presence of multiple prop-
agation bands and demonstrated the tunability of completagnic dispersion relations in
response to changes in temperature in PEO-filled AAO. TheDBdlculations are in good
agreement with the experimental phonon dispersion relation addition, the FDTD calcu-
lations indicated that a mid-contrast PDMS/AAO phononigstal shows a narrow complete
bandgap. However, regardless of the contrast between AAOndilirate material, phononic
crystals based on AAO show a partial gap along eitherltkeor the I'J direction in the
first Brillouin zone. As such, PDMS/AAO hypersonic phononigstals with different pore
geometries may be possibly suitable as complete hyperpbnigonic bandgap materials.
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8. Future research

The main result of this thesis is the understanding of elagéive propagation behavior in
nanocomposite media based on a rigid matrix, i.e. selfredl@nodic aluminium oxide
(AAO) in the hypersonic (GHz) frequency regime. This thasevelops solid foundations
of engineering hypersonic phononic properties in periodicocomposites.

AAO has great potential for the development of hypersonmnoimic crystals since it takes
advantage of the large elastic contrast possible betweeAMDO scaffold and the infiltrate
materials located in the nanopores. However, from a thieatqtoint of view, we still need to
recognize the ideal AAO-based phononic structures, whaste lthe large phononic bandgap
for a given contrast in mechanical properties of materigdthough air/AAO hypersonic
phononic crystals have a huge contrast, only partial bgrslggere predicted along tHeX
direction. On the other hand, PDMS/AAO hypersonic phonanystals reveal the presence
of complete bandgaps but the width of phononic bandgapsxareneely narrow. Other fluid
infiltration materials with sound velocities is faster thh200 m/s, e.gpoly(ethylene gly-
col), tetracosane, poly(ethylene oxide) and so on, are stiowe unable form no complete
phononic bandgaps. A possible step towards forming a camplenonic bandgap in AAO-
based hypersonic phononic crystals is using AAO with a laiagéce constant or with differ-
ent pore shapes, such as triangular, square or hexagopaissha

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

In chapters 4 and 5 We have demonstrated the surface-inthtegohase mode for PDMS-
, PEG- and G;H;-filled AAO. The properties of this interphase mode can betlby the
modulation of local elastic properties associated withitheraction between polymers and
pore walls. For example, it was found that the property cénplhase polyisoprene (P1/,,
= 2500 g/mol) layer changes with time after infiltration ofiRtio the nanopores. Figure 8.1
shows the BLS spectra for both tha-plan€ and the ‘obut-of-plané phonon propagation
right after infiltration of PI (black, P1-0) and 14 days aftefiltration of PI (red, PI1-14). The
BLS spectra in Fig. 8.1(a) show two modes which are assignéetteffective medium branch
(1) and the flat interfacial mod@) atq, < 0.008 nnt!, while at higheig, an additional lower
frequency mode Pl is ascribed to the bulk Pl layer remainmthe AAO surface. All resolved
modes besides mod#)(display a blue shift after 14 days. The fact that the souracity of
the Pl modes increased from 2180 m/s to 2790 m/s over tim@ntrast to the constant PEG
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mode in Fig. 5.3(a), suggests the strong surface-inducetthieng of the Pl layer. Consistent
with this finding is the increase of the frequeri¢yf the flat mode (2) from 12 GHz to 16 GHz
after 14 days (Fig. 8.2). Note also that this modgi$ much stronger in Pl-filled AAO than
in PEG-filled AAQ, since it has a comparable intensity witk #ffective medium model)
(cf. Fig. 5.3(a) and 8.1(a)). The sound velocity for the-plan€’ propagation obtained from
the acoustic branch] is 5280 m/s, which is virtually independent of aging. In éidd, the
“out-of-plané phononic properties were modified as shown in Fig. 8.1tjidating a small
shift of all the resolved modes. The origin of this Pl haradens not yet understood. However,
since the pore wall of the AAO scaffold is a highly reactiveface, Pl might be cross-linked
to the pore walls. This could induce a rigid layer in the pnoity of the pore walls.

FDTD calculations can capture this flat mode using a modehiicknvthe presence of a thick
solid interphase layer in the proximity of the pore wallsdasnonstrated in chapter 4. These
flat modes 2) are sensitive to the transverse velocifyand to the thickness of the interphase
layer. Although there are some technical difficulties inamting bothc, and the thickness of
the interphase layer, it is possible to assume a reasorath@éss of the monomer-scale films
by a combination of BLS and the FDTD method. Moreover, the meyend groups also affect
the interaction between the polymer and the pore walls. &tbhez, hypersound phononics has
a potential for the characterization of interphase layetsich is complementary to NMR
since nanocomposite systems are not suitable for NMR expets, and since the amount of
sample material required for BLS is significantly lower.

Another interesting subject for experimental studies ghdrgonic phononic crystals is the
enhancement of phononic properties of AAO nanocomposikeschapter 5, the phononic
properties of AAO infiltrated with solid materials tetraane (G4Hs5o) and poly(vinylidene
fluoride) (PVDF) are studied. When AAO was infiltrated with Ibdl,,H;, and PVDF, the
effective medium velocity increased up4d.0~12% compared to air-filled AAO. However,
if AAO was infiltrated with poly(vinylidenefluoride-triflu@thylene) (P[VDF-TrFE]), there is
a much larger increase in the effective medium velocity.

Figure 8.3 shows some preliminary results on P[VDF-TrFHEgdiAAO with a pore diam-
eter of 60 nm and a lattice constant of 100 nm. Figure 8.3(@yshboth polarized (VV) and
depolarized (VH) BLS spectra of P[VDF-TrFE]-filled AAO rectmd atq, = 0.0167 nnt'.
Although the BLS intensity is very weak due to the low compitebty of the composite
system, there is one mode observed for both VV and VH pol@oizs, corresponding to the
longitudinal and the transverse mode. The phonon dispersiationsw(q) for for the “in-
plan€ and the ‘out-of-plané phonon propagation in P[VDF-TrFE]-filled AAO are shown in
Fig. 8.3(b) and (c). The most intriguing finding is that théeefive medium velocity of lon-
gitudinal and transverse mode increased from 5370 m/s t0 688 and from 2950 m/s to
3810 m/s, respectively, which correspond te&28% increase after infiltrating P[VDF-TrFE]
into the nanopores (Table 8.1). Moreover, these valuesaeclose to those of bulk AAO.

Ferroelectric polymers such as PVDF and P[VDF-TrFE] arenpsong materials for vari-
ous ultrasonic transducer applications due to their stpegoelectric and pyroelectric activ-
ities. In particular, recent improvement of crystallinatitechniques improves crystallinity of
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Figure 8.3.: (a) Polarized and depolarized Brillouin speuotrof P[VDF-TrFE] recorded at
g. = 0.0167 nm'. The phonon dispersion relations of (a) thie-plane’ and
the “out-of-plané phonon propagation in P[VDF-TrFE]-filled AAO. The phonon
dispersion relations (b) for ther-plan€’ and (c) for the ‘but-of-plané phonon
propagation. The black and dark yellow lines represent tggedsion relations
for longitudinal mode in air- and P[VDF-TrFE]-filled AAO, vile correspond-
ing dashed line represents the dispersion relation fostense mode in P[VDF-
TrFE]-filled AAO.

Table 8.1.: Effective medium velocities in air- and P[VDHR-E]-filled AAO.

Material Longitudinal Transverse I'Z
air 5370 2950 6910
P[VDF-TrFE] 6870 3810 7435
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P[VDF-TrFE], thus resulting in a large piezoelectric raspe. The ferroelectric-paraelectric
phase transition of P[VDF-TrFE] occurs Bt = 127°C during heating and . = 127°C upon
cooling, while P[VDF-TrFE] melts at . = 149°. Therefore, polymer chain arrangements of
P[VDF-TrFE] can be tuned by the phase transition. More@@ymer chain arrangements of
P[VDF-TrFE] can also be changed by poling. ConsequentlyDFMTFE]/AAO hybrid sys-
tem has a promising platform for the design of tunable andcéable hypersonic phononic
structures.
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A. Appendix

A.1l. Scattering vector calculation

When the scattering wavevectqris calculated for both the transmission and the reflection
geometries in the case of a film,as a function of the scattering angle is essentially obthaine
from Snell’s law at each boundary and the trigonometric afp@ns. Figure A.1 shows both
the transmission and the reflection geometries for theesaagtwavevector calculation.

A.1.1. in-plane

Consider the scattering wavevector for the transmissiomgéy shown in Fig. A.1(a). Let
the incident and the refraction at the air/film boundary Ispeetivelyo and 3, while v and
o at the film/air boundary, respectively. Geometrically, thal scattering angl® and the

(@) (b) Scattered light
Incident light Reflected light Incident light
: o Reflected light
\(E ! 0 n=1
2 ; e
B-v : o e
Incident direction
q. = .
P Film
q n
q
B-v2
\7: 1
3 Transmitted light
Scattered light 0 Incident direction  Transmitted light

Figure A.1.: Schematics of the scattering geometry: (asirassion geometry and (b) reflec-
tion geometry.

refraction angley at the second boundary can be expressed as

© = B+7y (A.1)
5 = 0-a (A.2)
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A. Appendix

According to Snell’s law, the refraction angbeand the incident angle can be expressed as

1

f = sin! (— sin a) (A.3)
n

(1. T

v = sin —sind | =sin —sin(0 — «) (A.4)

n n
The real scattering angte is expressed from Equations A.1, A.3 and A.4 as

(1. 1

O =0+~ =sin —sina | + sin —sin (0 — «) (A.5)

n n

Consequently, the scattering waveveajtrecomes

dmn (O UL LN
7= 51n(2)— 5 sin {2 {sm (nsmoz) sin {nsm(G oz)}}] (A.6)

The perpendicular component of the scattering wavevegtas then expressed as

gL = q-cos (?) = CoS B {sin1 (% sina) —sin? {% sin(f — a)}H (A.7)

Therefore, the final form of the scattering wavevectoifor the “in-plan€’ is expressed from
Equations A.6 and A.7 as

_ A | Lt (L i1 4 Laingg —
gL =—sin {2 {sm (n sma) + sin {nsm(ﬁ a)}}}
1 1 1
X COS {— {sin_1 (— sin a) —sin~! {—sin(Q - a)}H

2 n n

For the transmission geometry, when= /2, namely the incident angle is half of the scat-
tering angle,

qL = 4%nsin {sin_1 (% sin g)] (A.9)

(A.8)

A.1.2. out-of-plane

Consider the scattering wavevector for the reflection gegnastshown in Fig. A.1(b). Unlike
the transmission geometry, light incident on the upper bawnis only considered. As is the
case with the transmission geometry, let the incident aaddfraction at the air/film boundary
be respectivelyy and 3, while v and¢é at the film/air boundary, respectively. Geometrically,
the real scattering angte and the refraction angle at the second boundary can be expressed
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A.2. Relation between the dispersion relations and laticestants

as

O = 71—fB+7 (A.10)
§ = 1—0—a (A.11)

According to Snell’s law, the refraction angbeand the incident angle can be expressed as

B = sin”! (lsina> (A.12)
n
(1. 1
v = sin —sind | = sin —sin(0 + «) (A.13)
n n

Consequently, the scattering waveve@drecomes

4 4 1 1 1 1
q= %n sin (g) = %n cos {5 sin~*! (E sin a) + 5 sin™! {ﬁ sin(6 + a)}} (A.14)

The parallel component of the scattering wavevegtas then expressed as

_ P\ Lan (Lena) - Lant {1
q =q cos( 5 = g-cos |5 sin —sina 5 Sin nsm(@—i—a) (A.15)

Therefore, the final form of the scattering wavevedpfor the “out-of-plané is expressed
from Equations A.14 and A.15 as

= —— oS | =sin —sin « —sin — sin «Q
9 A i 2S ns 2S ns

1 1 1 1
X €OS {5 sin~! (E sin a) ~ 5 sin~! {E sin(6 + a)H

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

(A.16)

Theoretically, the bending of the acoustic branthdccurs at the intersection with the flat
band confined to the PDMS cylinder8 {(n Fig. 4.9(a) and 4.10(c)) and hence its frequency
should depend only on the pore diamet@nd on the porosity of the AAO scaffold. In fact, the
frequency at which modé) bends should increase from 5.9 GHz to 14.5 GHz when the pore
diameter decreases from 85 nm to 35 nm. As already mentitimethending is not observed
for the narrowest nanopores. Alternatively, the theGriy( Fig. 4.9(b) and Fig. A.5) correctly
predicts the insensitivity of the frequency of mo@} (o the pore diameter (Fig. 4.7(b)) for
AAO containing PDMS. In order to verify the effect of the laé constant on the phononic
behavior and to elucidate the origin of the bending of theiato mode {) and the flat branch
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Figure A.2.: Dispersion relations forir-plan€’ (q.) and ‘out-of-plané (q;) longitudinal
phononic modesl(- 3) in AAO containing PDMS witha.= 65 nm andp = 30%
(green symbols) as well as= 100 nm and = 11% (black symbols). The solid
lines represent the dispersion relations for the corredipgrair-filled AAO.

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

Mode (1) displays only a weak deviation from the pure acoustic sliopkoth AAO ar-
chitectures (dashed lines in Fig. A.2), i.e. the lack of aclkeending does not depend on
lattice constant and porosity; the latter affects only tfiective medium sound velocity (Ta-
ble 4.3). This finding corroborates the notion that the appiadiscrepancy with the theory
might arise from the modified elastic properties of PDMS ruydirs residing in sufficiently
narrow nanopores35 nm) with a high surface-to-volume ratio, within which timepact
of the PDMS/pore wall interface on the modp éhould be significant. On the other hand,
the acoustic brancl8) for the “out-of-plané propagation is found to be insensitive to the
lattice constants and pore diameters over the examinea nanggreement with the theoret-
ical predictions, suggesting that the longitudinal souabeity of the PDMS residing in the
nanopores remains roughly constant. This is consisteht twé fact that mode3) is essen-
tially confined to the PDMS cylinders and does not extend theonAAO scaffold. The flat
branch ) is present in all examined AAQ irrespectively of the pormesand lattice constant
over the examined range.
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A.3. Dispersion relations of sapphire

A.3. Dispersion relations of sapphire

We had discussions on the sound velocities which were exemldar the theoretical phononic
band diagram calculations in chapter 4. Since AAO is desdrds an amorphous structure,
it is necessary to know a sound velocity of an amorphous AAX the experimental data.
In fact, it is very difficult to obtain its value due to the ddfilty of the preparation of barrier
type AAO. Therefore, the extrapolated values from the datave in Fig. 4.8 was first used
for the calculation as the amorphous AAR= 0%), which are 6180 m/s and 3740 m/s for the
longitudinal and the transverse mode, respectively. Hewdkiese values result in a decrease
of the “in-plan€ effective sound velocities in the theoretical phononiadaiagram. Conse-
quently, we focused attention on sapphire, which also sefean aluminium oxide (AD;),

as a reference.

Figure A.3 shows both polarized (VV) and depolarized (VH) B$&ctrum of sapphire
recorded afj = 0.0118 nn1!. Since sapphire is a highly single crystal, a distinct sy
double doublet were observed. As shown in Fig. A.3, one todgial mode was observed,
while two transverse modes were observed. Two transversiesrare degenerate along the
['X direction.

q=0.0118nm" A%

VH

Intensity (a.u.)

/
L) 7F L) v L)

30 20  -10 10 20 30
Frequency (GHz)

Figure A.3.: Polarized (VV) and depolarized (VH) BLS spentraf sapphire recorded gt=
0.0118 nm*.

A more complete knowledge of the phonon propagation can taraal by referring to the
measured dispersion relatiarfq) as shown in Fig. A.4 in the case of thm-plan€ phonon
propagation with longitudinal and transverse polarizatiBigure A.4 shows the phonon dis-
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Figure A.4.: Dispersion relations of both longitudinal ar@hsverse modes in sapphire. The
black squires, circles and triangles represent the lodigiah and two transverse
dispersion relations, respectively, while the correspagdolid, short dotted and
short dashed lines represent effective sound velocities.

persion relations of sapphire. The solid line indicatesldngitudinal acoustic phonon prop-
agation, while both the dotted and the dashed line indidesettansverse acoustic phonon
propagation. The slope of the solid line yields the longitatisound velocity; of 11320 m/s
and the slope of the dotted and the dashed line yields 687@Gnd 5850 m/s for;; and
¢, respectively. These values are in good agreement the d&daed from time of flight
measurement$’l. However, contrary to extrapolated values, the sound itesf the lon-
gitudinal and two transverse modes are too high to obtairmd §bof the experimental values.

A.4. Theoretical band diagram

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

The calculation was performed in the same way as AAO with 32%. When the in-
terphase is introduced in the calculations (with the patarsendicated below) there is no
significant changes in the other dispersion curves. Intimduan interphase with totally arbi-
trary parameters (density, velocities of sound, thickpesl probably change all the results.
Nevertheless it appeared that the new md&jeaésociated with the interphase is mostly sen-
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Figure A.5.: Theoretical band structures of botm-plan€’ (a) and ‘“out-of-plané (b)
phononic modes for AAO with porosity 65 %.

sitive to the transverse velocity of soundand to the thickness: the frequency of moa@g (
increases either by increasingor by decreasing the thickness. Therefore, the thickness wa
chosen arbitrarily, but in a reasonable physical rangegta b nm and the calculations were
performed for different; to find the frequency of mode&) in agreement with experiment.
The main conclusion is the fact that the frequency of m@jlés(mostly sensitive to the thick-
ness and te; and these two parameters act in two opposite directionsfréfaency of mode

(2) does not scale with the diameter of the holes although thesfig can slightly affect the
result.

A.5. Structural studies on macroscopic ensembles of
tetracosane

In order to gain insights into hypersonic phononic progsrof tetracosane ((Hs), wide-
angle X-ray scattering (WAXS) experiments were conducte@€Hs;,-filled AAO samples.
As described in chapter 5,35, was infiltrated into AAO with a diameter of 60 nm, a lattice
constant of 100 nm and 1Q0n thick. The wetting of AAO with G,H5, was done at 80C for
12 hours. For WAXS measurements, surface film gftG, was removed from the samples.
To analyze the crystal texture of macroscopic ensembles 4 nanostructure located
inside AAO, WAXS measurements in reflection mode using aipthiX’ oert MRD diffract-
meter with cradle and secondary monochrometer foKGwas performed. The setup used
for WAXS measurements are schematically shown in Fig. 5r6this ©/20 geometry,©
denotes the incident angle defined as the angle betweendidemt beam and the surface of
the sample, while @ is defined as the angle between the incident and the difttdzams.
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Figure A.6.: XRD analysis of GHs, nanostructure inside AAO. (&) /20 scan. (b)©/20
scan of bulk G,H5q. (c) ©/20 scan of both bulk &Hs, and G,H5, hanostruc-
ture inside AAO. (d)¥ scan representing orientation distributions with resgect
the AAO surface recorded aE2= 29.7 and 35.9.

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

The scans were performed in the range 0f®b60°. Figure A.6(a) shows the XRD pattern
of Cy4H5o-filled AAO. The ©-20 XRD pattern shows two prominent peaks & angles of
35.9 and 44.7. The 2 peak at 44.7 corresponds to aluminium, which is attached to the
pore bottoms. However, the origin of the peak observed & 3§ still unclear. Furthermore,
at lower 2 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 phenoomeis observed when theaxis
is parallel to the pore axis. Figure A.6(b) shows the XRD patté bulk G4Hs,. Bulk tetra-
cosane is a complex system where it shows a number of rotaéses. Figure A.6(d) shows
scans measured at the fixed angle of 2au7d 35.9 shown in Fig. A.6(a). For both systems,
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the orientation distributions show strong intensityat 0°, indicating a preferred orientation
of the corresponding lattice planes parallel to the surédd¢be sample.

Cy4Hs5o is a rather complex system. A tentative look into these tesuiggests that we have,
in the 60 nm pores, a mixture consisting of orthorhombj¢ & major component and of
triclinic Cy4 as minor component. The orthorhombic phase does not forheibulk and was,
up to now, only reported by Landfestet all*”3l. We can assume that,5, was actually
solid under the conditions applied during the BLS measurésneHowever, it is expected
that we have a pronounced texture, as also reported by Haiksdrfor similar systems. It
is reasonable to assume that phononic band structures apéedowith crystal orientation.

Moreover, knowledge of the relevant crystal modificationather limited so that the overall
interpretation of the data is certainly far from being tivi

A.6. Phonon dispersion relations of highly ordered
AAO
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