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Abstract

Disordered crystals and glasses have been subject of debate because of its abnor-
mal behavior on their dielectric and thermodynamical properties. In the following
work a set of two samples consisting on orientationally disordered but translation-
ally ordered crystals have been studied in order to analyze their excess vibrational
modes with respect to the Debye model, also called Boson Peak, at different tem-
peratures. The two materials considered are Pentachloronitrobenzene (PCNB) and
1-Fluoroadamantane (1-FAda) and will be analysed by means of with a THz-Time
Domain Spectroscopy system (THz-TDS). They both present glassy anomalies and
our results show how a minimal amount of disorder in the translationally ordered
lattices gives out the presence of low-energy optic phonons (collective vibrations)
that hybridize with the ordinary acoustic phonons, producing an excess of vibra-
tional states that gives rise to the Boson Peak.
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Chapter 1

Introduction

A perfect crystal is defined by S R Elliott as that on which the atoms (or groups of
atoms or ‘motifs’) are arranged in a pattern that repeats periodically in three dimen-
sions to an infinite extent. Whilst amorphous materials are defined as those who do
not posses this long range order, and are considered to be glasses if these materials
exhibit a glass transition, on which the solid amorphous phase exhibits a more or
less abrupt change on its derivative thermodynamic properties, from crystal-like to
liquid-like. [1]

These disordered structures we call glasses are characterized differently from its
ordered counterparts given the differences they present in some of their measure-
able properties. Some examples could be the specific heat, thermal conductivity or
dielectric absorption, which will be the ones we will essentially discuss in this project.

As a follow-up to the previous work from the Grup de Caracteritzacié de Mate-
rials (GCM) at Universitat Politecnica de Catalunya (UPC), we try to account for
the origin and causes of these features on specific materials. It has been previously
shown by the group the existence of anomalous behaviours on halomethane crys-
tals, giving credit of such results to the freezing-in of atomic disorders shown by
the compound. To continue the research we will try to measure the properties of
"lowly-disordered” materials and try to shed some light into the issue.

The materials studied and measured are two organic crystalline compounds which
exhibit a well known low-dimensional disorder. These are Pentachloronitrobenzene
(PCNB) and 1-Fluoroadamantane (1-FAda), and we must say that both structures
have already been solved recently and studied deeply (see Thomas et al., Tamarit
et al., Cole et al.)[2]-[7]. The fact that these two compounds are crystals makes us
think that we will see no typical glassy behaviours, but the low amount of disorder
in both materials makes them candidates for some anomalies in the thermodynamic
properties with some similarities to the well-known reported for canonical glasses.

Both materials were suspected of possessing these so-called glassy anomalies, and so
as we could see in previous measurements for PCNB [2] and 1-FAda [8], these suspi-
cions were not unfounded. We can clearly see the emergence of the Boson Peak on
PCNB and for 1-FAda. It was shown during the production of this project that the
Boson Peak was also present on its specific heat spectra. In order to translate these



CHAPTER 1. INTRODUCTION

results into saying that both of these materials present an excess on the vibrational
density of states (VDOS) we must verify such results with their dielectric absorp-
tion, in order to ratify them and to determine the origin of the observed phenomena.
Consequently, the aim of this project is to measure and characterize the dielectric
response of both of these crystals and determine the phenomena that govern these
glassy anomalies.

We will further see that these events are in deep relation with the very debated low-
energy optical phonons [9][10][11]. These have been observed via density functional
theory (DFT) on some ordered structures of orientationally disordered crystals and
are clearly the dominant force causing the emergence of an excess on the VDOS.
These phonons are believed to be collective modes that because of the very fact of
being collective, can hybridize with the acoustic phonons and give rise to the peak.
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Chapter 2

Background

In order to understand all of the phenomena and different theories presented regard-
ing the Boson Peak and glassy anomalies we first must understand the foundations
of solid state physics and the thought process that has lead to such debate in the
scientific community when it comes to this topic.

The vibrational density of states (VDOS) is the integral over the Brillouin zone
that goes over all 3N phonon bands, where N is the number of atoms in the cell,
thus describing the distribution by energy of the different vibrational modes that
are present in our lattice. It provides information about the energy of the different
phonons in the material and can be used to identify dominant phonons, compute
thermal conductivity of the material, make judgements on how heat transfers across
an interface of dissimilar materials, among other things. [12]

The VDOS of solids can be measured experimentally using inelastic scattering tech-
niques, such as X-ray and neutron scattering, where the dynamic structure factor
S(q,w) is directly measured. Upon summing over all wavevectors ¢, the VDOS
is obtained. These branches define the different optical and acoustic phonons of
our material and carry a lot of information when dealing with the Boson Peak and
glassy anomalies. In the case of glassy solids, on the lower frequencies we see an
agreement with the Debye law ( w?). The Debye model states that the specific heat
is a consequence of the vibrations of the atoms of the lattice of the solid, with a
continuous range of frequencies that cuts off at a maximum frequency wp, which
is characteristic of a particular solid. This happens though from w = 0 up to a
crossover frequency at which phonons no longer propagate ballistically but start to
feel the mesoscopic disordered structure which causes phonon scattering. The com-
bination of disorder-induced and anharmonic scattering leads through a Ioffe-Regel
crossover into a regime where vibrational modes propagate in a diffusive-like manner
(diffusons). In the frequency range below the Ioffe-Regel crossover, where mean-free
path is still bigger than the half wavelength, and the notion of phonon dispersion is
well defined, we see a ballistic behaviour. [13][14]

At this crossover, the VDOS normalized by w? features a peak which is what we
know as the Boson Peak. On the VDOS spectra (g(w)) we can clearly see the excess
when represented like g(w)/w?, and thus clearly stating the presence of such excess.
The VDOS is directly related to the specific heat, and so we can also measure indi-
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CHAPTER 2. BACKGROUND

rectly the density of states via specific heat measurements, giving us an insight on
the frequency range where we can find the Boson Peak. The VDOS is related to the
specific heat at constant volume C' in the following way:

Oy(T) = kg /O ” <2ZT>2 sinh <QZ:T>_2 g(w)dw (2.1)

We see in both cases that given the w? and the T° dependence for the VDOS and
C', the excess we are looking for is not seen on the spectra described by g(w) and
C, but g(w)/w? and C/T? [15]. For the specific heat, a peak emerges around a
specific temperature, which will translate into a certain energy that can give us an
insight on the frequency of dielectric absorption where we will locate the Boson Peak.

All of these glassy anomalies are also seen on the thermal conductivity, as previously
mentioned [16]. This is a particularly difficult measure to perform and treat, but we
can differentiate glass-like behaviour from crystal-like behaviour. The bell-shaped
spectra is characteristic of ordered structures like crystals and whenever we have an
amorphous material we will see a plateau appearing at a certain temperature range
that coincidentally will be the same as the temperature for the Boson Peak on the
C,/T? spectra [17]. This coincidence is widely debated in several cases [16][9], and
as of now there have been at least one example of some sort of discrepancy between
these two temperatures, which we will see further into the project.

All of these characteristic phenomena of glass-like behaviours are seen on figure
2.1, these are the orientationally disordered phases of Freon 112 and Freon 113 [6],
which are not canonical glasses but orientationally disordered phases.
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(a) Low-temperature reduced specific heat (b) Thermal conductivity as a function
Cp/T3 for F-112 (full red circles) and F-113 of temperature (in log-log scale) for the
(empty circles), exhibiting the Boson Peak glassy and plastic crystalline phases of F-113
at 4.5 K and 5 K, respectively. (empty circles) and F-112 (full red circles).

Figure 2.1: Exhibit of the glassy properties of Freon-112 and Freon-113

Figure 2.1 represents one of the many recorded cases of these glassy features, and
since the first reports of the Boson Peak in the mid 50s, it has been observed in
polymer glasses, amorphous metal alloys, colloidal glasses, jammed packings, pro-
teins, oxides and of course, orientationally disordered organic crystals. [18][19]

12



2.1. VIBRATIONAL MODELS CHAPTER 2. BACKGROUND

In order to understand the terms of the phenomena that govern these character-
istics, we must refer to the different models that are believed to describe the rise of
this peak.

2.1 Vibrational Models

2.1.1 Smearing out van Hove singularity

The different ideas with regards to the following are quite disperse. Initially it was
believed by various groups that the Boson Peak was a mere excess caused by the
presence of Van Hove singularities [20]. Van Hove singularities are those singularities
(non-smooth points) present in the VDOS of a crystalline solid, or also addressed as
critical points in the Brillouin zone (phonon dispersion relation becomes flat, for ex-
ample, at the Brillouin boundary). They can be easily identified from the dispersion
branches and are believed to appear in all amorphous materials by extension of the
Debye model to them. This theory is put into question when analyzing harmonic
FCC lattices, where the disorder can be tuned, and we can clearly see two differ-
entiated peaks, with the Boson Peak appearing at lower frequencies, in addition to
the van Hove singularity.

2.1.2 Fluctuating elasticity model

In other attempts to explain the phenomena, a great step was made when introduc-
ing fluctuating elastic constants in a disordered medium by Schirmacher, Ruocco
and co-workers [21][22]. This model is based on the evaluation of the Green’s func-
tion with a self-consistent Born approximation, assuming that the shear modulus is
spatially heterogeneous. It starts by assuming that the shear elastic modulus fluc-
tuates around the material with an average value, considering it follows Gaussian
statistics. An elastic Lagrangian is then formulated and the Gaussian disorder as-
sumption leads straightforward to the evaluation of the free energy with quenched
disorder and hence to the evaluation of the Green’s function.

On its simplest form, the Green function resembles the one of a damped harmonic

oscillator: |

Gz)= % Gha)= Y —= TS (2.2)

|k|<kp |k|<kp

where z — w + i€ (e — 0), ¢ is the speed of sound, and ¥ is the self-energy which
contains the effect of multiple scattering of the phonons by the disorder in the elastic
modulus. From this expression we can compute the VDOS by using Plemelj identity
23]:

o) = 2 Im(G(2)) (2.3)

This model unveils the deep connection between vibrational modes that constitute
the Boson Peak and the prominence of transverse modes associated with shear elas-
ticity.

13



CHAPTER 2. BACKGROUND 2.1. VIBRATIONAL MODELS

2.1.3 Soft Potential Model

The Soft Potential Model (SPM) [24][25][26][27][28] was the first model of its kind
in this field trying to explain the density of states in glasses. The model predicts
as follows: a set of randomly distributed defects live in a highly anharmonic envi-
ronment, and experience soft mode-type vibrations which add up onto the Debye
phonons thus resulting in the Boson Peak. The assumption of the anharmonic na-
ture of the environment has been shown to not be essential in order for our material
to present an excess on its VDOS. It is worth mentioning though that the SPM was
the first to predict the existence of quasi-localized modes at lower frequencies than
that of the Boson Peak.

The SPM derives from the Standard Tunneling Model, which postulates the ubiqui-
tous existence of small groups of entities, arising as a consequence of some intrinsic
disorder. These small groups can tunnel between two configurations of very similar
energy, and that’s what we call tunneling two-level systems (TLS) [29]. The SPM
and the previous STM have been observed to describe phenomena such as TLS (up-
rise in the C'/T? spectra when T heads to zero,as we will see further), but fails to
describe phenomena observed at milikelvin temperatures and cannot account for all
universal glassy behaviours.

2.1.4 Nonaffine/inversion-symmetry model

In a much more specific context, the nonaffine lattice dynamics formalism is based
on the idea that atoms in an amorphous material do not occupy centers of inver-
sion symmetry [30][31]. This asymmetry produces a residual force on the atoms,
thus producing an additional displacement on the relaxation called the nonaffine
displacement. This displacement provides a negative contribution to the internal
energy of deformation, and it has been shown that there is a correlation between
the Boson Peak height and the degree of inversion-symmetry breaking.

This portrayal closely relates with one of the materials measured, as it has been
demonstrated that 1-FAda does posses centrosymmetric and non-centrosymmetric
phases [8], as we will discuss further. This model, as we can see, depicts a good
unifying framework for both disordered crystals and glasses, which other models do
not contemplate.

2.1.5 The fracton model

In 1982 a simple model to describe the VDOS of a fractal was proposed by Alexander
and Orbach [32]. Starting from the equation describing the relation between the
DOS and the single site Green’s function,

o(A) = —ifmu%(—x +i07)) (2.4)

being P, the Laplace transform of the function giving out a particle position at
time ¢. If anomalous diffusion is assumed, the mean square displacement becomes
the following: (r?(t)) ~ t*@+9) being § the anomalous diffusion index. It is later
obtained after a couple of assumptions that (Py(t)) ~ t~%@+%)  When applying

14



2.1. VIBRATIONAL MODELS CHAPTER 2. BACKGROUND

such results to the previously mentioned Green function for the fluctuating elasticity
model we end up with the following VDOS:

g(w) ~ W2J/(2+5)_1 (25)

This VDOS produces a loffe-Regel crossover from propagating phonons o quasilo-
calized excitations, which are called fractons. These have been widely observed by
THz-TDS systems [33][34], and have been formalized via Taraskin’s work on THz
and IR absorption [35][36][37].

2.1.6 Low-Energy optical phonon hybridization

In the more recent years, and in the case of my group’s research project, the Boson
Peak has been heavily linked to the disorders present in the lattice, thus, the study
of orientationally disordered crystals. The freezing of this molecular disorders seems
to give rise to "glassy features”, including the Boson Peak. It has been proved all
along that the main factors when defining the VDOS on disordered systems are the
low-energy optical phonons of the system [9][10][11], and this optical phonons repre-
sent collective modes on the lattice and are believed to hybridize with the acoustic
phonons. This phenomena could possibly explain the emergence of the Boson Peak
and discredit the universal properties of glasses, as their attributed properties are
not exclusive to them.

On the most recent measurements performed by GCM, a certain derivative of
adamantane was treated, 2-adamantanone [38]. This is an organic orientationally
disordered crystal whose ordered phase was found by means of thermal cycles be-
tween ca. 100 and 220 K, and thus, DF'T calculations were possible for such ordered
phase. From the DFT calculations the VDOS and the dispersion branches from
the material were visualized. As we can see in figure 2.3, the dispersion branches
include at least three very low-energetic optical phonons at around 5meV, and these
are believed to be capable of interacting closely with acoustic phonons, given that
these optical branches are collective modes. This interaction in some way gives out
an excess in the VDOS, the Boson Peak.

15
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Figure 2.2: Calculated full frequency distribution of 2-Adamantanone by means
of Density Functional Theory following the Perdew, Burke, and Ernzerhof (PBE)
approach as implemented in the CASTEP code, using on the fly pseudopotentials.
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Figure 2.3: Calculated dispersion branches along the crystal principal directions
of the reciprocal lattice for the set of lower frequency modes. Indices in abscissas
correspond to symmetry points of the recpirocal lattice.

16



Chapter 3

Materials

The studied materials on this project have both been subject of debate and study
and their structures as well as the stability of the different phases have been settled
completely. First of all, we must say that both of these compounds are organic
crystals that present some kind of built-in disorder on their lattices. They are highly
anisotropic and both present glass-like features in their thermodynamic properties.

3.1 Pentachloronitrobenzene

PCNB is a low-dimensional, highly anisotropic organic crystal that displays layered
structure of parallel rhombohedral (R3) planes, on which the molecules are able to
rotate around a six-fold-like axis. This disposition ends up with two perpendicular
non-zero components on its molecular dipole which we can see on figure 3.1, that
possess highly anisotropic dynamical coupling. The larger dipole component has a
reorientational motion within the (001) plane of the hexagonal structure, and the
small dipole around the ¢ hexagonal axis. Thomas et al.[7] identified the measured
source of disorder on PCNB as the reorientational jumps performed by the NO,
between the 6 possible atomic sites with equal probability (pyo, = 1/6, as seen in
figure 3.1, consequently, chlorine atoms are also disordered with equal probability
of poy = 5/6). It was revealed that within the structure, depending on the contacts
between hexagonal structures given the disorder induced by the jumps, counter-
intuitively, the groups suffered extreme displacements that contribute to the stress
induced on the molecule.

Recent studies performed by GCM at UPC show that the glassy features on PCNB
measurements are caused by the fact that the reorientational motions may freeze
upon cooling or pressurizing [2], resulting in an orientational glass: orientation-
ally disordered phases therefore exhibit a phenomenology that is analogous to that
of structural glass formers. It is worth mentioning that the glassy temperature
of PCNB was measured to be at around 185K, which will be verified within this
project’s results.

The measurements performed previously concerning the specific heat, thermal con-
ductivity and density of states at low-temperature are also displayed on figure 3.3
[2]. The description of the specific heat was determined as:

C, = CrpsT + CpT? + Cyn T° (3.1)

17



CHAPTER 3. MATERIALS 3.1. PENTACHLORONITROBENZENE

Figure 3.1: (a) Unit cell of PCNB crystal. The superposed atoms display occupa-
tional probability. (b) Different PCNB layers with their respective dipoles, defined
by the occupational disorder.

We can see the presence of the aforementioned tunnelling two-level systems at very
low temperatures, and the presence of the Boson Peak at around 4.8K. The specific
heat was adjusted via C,/T vs. T? spectra, and the fitting left no questions about
the different contributions on the specific heat. If we take a look at figure 3.2, we
can see that the fitting taking into account the SPM gives out a much better perfor-
mance, and to consider the fact that the spectra starts at a nonzero value, we must
include a TLS term.

This result not only describes the specific heat of the material but shows the devi-
ation from the original Debye model in a pretty graphic way.
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Figure 3.2: Specific heat data plotted as C,/T vs T? at low temperatures for crys-
talline PCNB, and its consequent fittings.
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In terms of the thermal conductivity, it was firstly believed for PCNB to behave
abnormally, as the usual plateau associated with the Boson Peak appeared at sig-
nificantly higher temperatures than 4.8K (appearance at around 40K). But this
discrepancy was not given more attention as the measure of the thermal conductiv-
ity was started at 5K, thus preventing it from being capable of capturing the plateau
in that given range.

The presence of the Boson Peak at 4.8K on the specific heat measurement gives
out enough information to determine that the expected Boson Peak position on the
dielectric absorption spectra is at about 0.5THz. This suspicion is emphasized by
the Inelastic Neutron Scattering measurements of the VDOS, where we can see a
peak tendency on the g(w)/w? spectrum around 2meV, but the lack of information
of lower energies leaves an interrogant on the matter. We must confirm such suspi-
cions, and determine the exact position of the peak as well as its intensity.

The PCNB sample used in this project has been provided by Sigma-Aldrich (P2205)
and has a purity of > 94%. The purity stated is enough for the measures to be suc-
cessful.
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Figure 3.3: (a) Debye-reduced specific heat data C,/T? for the low-temperature
crystalline phase of PCNB. The dashed curve indicates the Debye coefficient previ-
ously obtained. The upturn of the curve below 1 K is a signature of a quasilinear
contribution to the specific heat ascribed to the existence of glassy TLS. Inset: Spe-
cific heat data Cp(T) showing the jump corresponding to the glassy temperature.
(b) Log-log plot of the thermal conductivity as a function of temperature for PCNB
low-dimensional glassy crystal. For comparison, the orientational glasses of ethanol
(orange solid circles) and CN-cyclohexane (open circles), and the canonical glass of
iso-butanol (green squares), are also shown. (c¢) Vibrational density of states g(w)
for the low-temperature crystalline phase of PCNB derived from INS measurements.
The dashed red curve corresponds to the Debye approximation valid at the lower
frequencies. Inset: Reduced VDOS [g(w)/w?] for the data in the main figure.
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3.2 1-Fluoroadamantane

1-FAda is an adamantane-derived organic crystal of low-dimensional disorder, on
which some glassy anomalies have been observed (as well as in some other adaman-
tane derivatives).

In terms of the structure, 1-FAda presents three different phases. The higher temper-
ature phase, stable from 231 K up to the melting point (525 K), is an orientationally
disordered (plastic phase) centrosymmetric cubic Fm3m(225), Z = 4, in which the
Fluorine atoms are disordered (they can occupy 8 positions with equal fractional oc-
cupancies of pr = 1/8). On the lower temperatures, from 178K and below, 1-FAda
presents an orientationally disordered non-centrosymmetric tetragonal P421c(114),
Z =2.
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Figure 3.4: TR-SHG curves obtained for the phase transition of 1-F-A. Black square,
upon cooling (1 K/min); red spot, upon heating (1 K/ min). The signal ap-
pears/disappears at 178 K and increases with lowering the temperature down to
100 K.

On the temperatures between 178 K < T' < 231K, an intermediate phase was re-
cently discovered by GCM via Second-Harmonic-Generation (SHG) [8]. The req-
uisite to obtain output signal on SHG measurements is for the measured material
to be non-centrosymmetric. A clear margin between the high temperature and low
temperature phases did not fit with the previous assumptions (see figure 3.4), as it
was believed to be a temperature range on which 1-FAda was on its low temperature
phase, and thus, non-centrosymmetric (see in figure 3.5). It was then characterized
as a intermediate temperature phase, its structure being an orientationally disor-
dered centrosymmetric tetragonal P42/nmec (137), Z = 2, in which the F atoms can
occupy only 4 equivalent sites (fractional occupancy of pr = 1/4). The low-T to
intermediate-T phase transition was also identified, and although disorder in the
low-temperature phase is quite similar to the intermediate phase, a second order
phase transition appears from the intermediate phase to the Low T phase, in such
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a way that some symmetry planes disappear and the symmetry of the lattice is
reduced (to a non-centrosymmetric structure).

190 K (b)

Figure 3.5: Crystal structure of 1-FAda. It is clear the centrosymmetry is lost on
the mid temperature (b) to low temperature (a) transition.

As for previous specific heat measurements, we can see in figure 3.6 that there is
an apparent Boson Peak at around 11K. As for thermal conductivity, results are
still a bit sensitive (thus not included), but there is enough evidence to support the
appearance of a plateau at some temperature around 25K, so the glassy behaviour
of the material is pretty clear, though it is this project’s objective to clarify its fea-
tures and just as in PCNB, determine the exact position of the peak as well as its
intensity.

The 1-FAda sample used in this project has been provided by Tokyo Chemical In-

dustry (F0511) and has a purity of > 98%. The purity stated is enough for the
measurements to be successful.
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Figure 3.6: (a) Debye-reduced specific heat data C,/T° for 1-FAda including 2-
Adamantanone and 1-Cyanoadamantane for comparison. We see a clear presence
of the Boson Peak around 12K. (b) Vibrational density of states g(w) for 1-FAda
derived from INS measurements on its low-temperature phase. The red curve corre-
sponds to the Debye approximation valid at the lower frequencies. Inset: Reduced
VDOS [g(w)/w?] for the data in the main figure.
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Chapter 4

Setup and measurement

On this current project a very specific setup was used in order to measure both mate-
rials. The dielectric spectra was obtained via Terahertz Time-Domain Spectroscopy
in the Mori Laboratory at Tsukuba University.

4.1 THz-TDS

THz-TDS has been a scarcely used technology when measuring dielectric properties
of materials, either because its novelty or its time-consuming and sensible measur-
ing. Nevertheless, it constitutes a perfect setup when trying to measure the Boson
Peak on amorphous materials, given its output range.

The basic idea behind this piece of equipment is the asynchronous optical sam-
pling technology. A laser emitter sends a beam which is beamsplit in two before
entering into the main chamber where our sample is placed. One of the beams hits
a power-source-connected semiconductor at a certain intensity and frequency which
by photoemission will give out an emitted electric field consisting of a THz wave.
This THz wave will pass through our sample, thus changing its profile, and will hit
a second semiconductor when exiting the chamber. This second semiconductor is
also being irradiated by the other output beam from the beamsplitter, right after it
has gone through a phase change on the phase-change stage. By the same principles
of photoemission (E o Z—{, E being electric field and J being current), if we conduct
a current measurement we will see as an output the difference of the emitted wave
versus the transmitted wave. As we can control the phase-change stage, a sampling
over different phase changes is done, thus giving out the profile of the transmitted
electric field, from which dielectric properties are extracted.
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Figure 4.1: Asynchronous optical sampling when obtaining THz wave profile. The
delay phase is changed throughout and the measured current depicts the wave profile.
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In our project a THz-TDS (RT-10000, Tochigi Nikon Co.) and a liquid-helium
flow cryostat system (Helitran LT-3B, Advanced Research Systems) were used with
the standard transmission configuration for temperature-dependent measurements
in the frequency range of 0.25-2.25 THz from 13 to 295 K. Low-temperature grown
GaAs photoconductive antennae were used as emitters and detectors of the THz
wave. The THz wave propagation path was enclosed in a dry air chamber within
which dry air flows. Cherenkov radiation from a lithium niobate single crystal was
used as the light source of the THz wave, covering a frequency band of around
0.5-7.0 THz. Asynchronous optical sampling technology was used for the detection.
The THz wave propagation path was purged with dry air. [39]40][36]

/ \Delay stage
s Sample ) 3

THz THz

emitter detector
Femtosecond

Laser

Beam Splltter

Figure 4.2: Schematic of the functioning of the THz-TDS setup.

For this particular setup, the solid state laser was beamsplit several times before
entering the measurement chamber in order for it not to burn down the sample
(output power 10meV), as it is organic. Additionally, in order to reduce diffraction
when electric waves are photoemitted from the semiconductors, a silicon bead is
placed in the opening.

The THz-TDS measurements have been performed with 8192 sampling points for
PCNB and 4096 sampling points for 1-FAda. The electric field (E(t)) measurement
is performed from Ops to 55ps on PCNB and Ops to 28ps on 1-FAda. On both
materials the resulting E(t) are averaged over 30 different measurement runs for the
sample and cell, and 15 different measurement runs for the background.

As for the THz-TDS measurements on heating, the heating rate was 3K/min and
the temperatures range from 13K to 295K with the following temperature steps
(excluding first and last temperatures, 13K and 295K respectively):
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PCNB Temp. | Temp. step
20K-110K 10K
110K-230K K
230K-270K 10K
270K-290K 5K

Table 4.1: Temperature steps table of THz-TDS measurement on heating of PCNB.

1-FAda Temp. | Temp. step
20K-170K 10K
170K-190K 5K
190K-220K 10K
220K-240K 5K
240K-290K 10K

Table 4.2: Temperature steps table of THz-TDS measurement on heating of 1-FAda.

4.1.1 Data Processing

The output displayed by the THz-TDS is the electric field measured from the sample
and the background runs. When obtaining the transmission spectrum of a sample
by transmission type THz-TDS, first the time waveform (reference wave) E,.;(t)
without the sample is inserted and the time waveform (sample wave) Eq,,, (f) (sample
wave of the terahertz pulse wave transmitted through the sample) is measured. Next,
these are subjected to fast Fourier transform to obtain the power spectra for each
frequency (w) of the reference wave and the sample wave.

Epep(t) = Epep(w) = Ere(w)eap(ifyey) (4.1)
Esam(t) = Egum(w) = Egam(w)exp(ibsam) (4.2)
From the amplitude (£;(w)) and phase (exp(i6;)) information obtained by the mea-

surement, the complex amplitude transmission coefficient of the sample is obtained
by the following formula:

= o Eam(w) [ Esam(w)
)= @) ~ (Emf(w)

) exPi(Osam(w) — Oref(w)) (4.3)

On the other hand, when the THz pulse wave is transmitted through the parallel
plate sample having the thickness d, the theoretical value of the complex amplitude
transmission coefficient (t(w)) can be expressed as follows:

. Bumw) 4 (i —1)
t(w) = Bros(w) (ﬁ—i—l)Qexp (z . wd) (4.4)

The complex index of refraction (n2) is determined so that the theoretical complex
transmission coefficient is calculated from equation 4.4. The complex refractive
index and the complex permittivity (é€(r)) then hold this final relation:

7?2 = (n+ik)? = &v) = € + i€’ (4.5)
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being n and x the real and imaginary values of the complex refractive index, and
¢’ and €” the real and imaginary parts of the complex permittivity (which we will
call dielectric coefficients). Once we know how to express the dielectric coefficient
values, then we can proceed to obtain the absorption . This is easily calculable by
just following the simple relation:

2 Y
a(}/): TV - €

) (4.6)

Where v is the frequency, €’ is the imaginary dielectric coefficient, ¢ is the speed of
light and n(v) is the index of refraction. From that point, in order to obtain a more
clear picture of the Boson Peak, as previously stated, we perform a simple division
on a by v?. The fact that we analyze o and not g(v) is because it is essentially
the same. In order to understand how the Boson Peak appears in the THz spectra,
we must consider the following relation derived from the linear response theory for
disordered materials [41][59]:

a(v) = Crr(v) - g(v) (4.7)

Being Crr(v) the coupling coefficient for IR radiation. Thus, the appearance of the
Boson Peak in /1% is obvious [42]. In fact, we could also compare ¢’ with « given
that:

e ~ ak

vk X o

6l/

k Q

With €” being the imaginary dielectric coefficient, o being the absorption, k& being
the wavenumber and v being the frequency. So from both the dielectric coefficient
and the absorbance spectra we can obtain the contribution of the vibrational modes
to the density of states as well as the different relaxations appearing on the system.
With the given variables we can easily characterize the dielectric behaviour of our
measured material on the THz frequency range, as we will see in the results section.

It must be said that given the sensibility of the machinery to changes in thick-
ness of the sample, a uniform and extended measurement throughout all frequencies
measurable is impossible, and thus, in some cases we have performed merges of the
results to give out the full spectra. In other cases, as it will be displayed, some
spectra suffer from heavy noise issues when hitting certain low or high frequencies.
These ranges depend on the intrinsic values of the material, as the forementioned
thickness of the sample.
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4.2 Sample preparation

In this section we will specify on more clearer notes how the samples were treated
and modified, and how the material were processed in order for it to be able to yield
out good spectra in a THz-TDS measurement.

Both PCNB and 1-FAda samples were fabricated so that they could fit the cylin-
drical sample holders of the THz-TDS system and so that they could be attached
to the cryostat that places the sample in the measurement chamber. Photographs
of the system are seen in figure 4.3. PCNB’s sample holders are lem in diameter
and ranged from 1.5mm to bmm deep, thus having enough options when measuring
differently thick samples. For 1-FAda, its sample holders were 2cm in diameter, and
given its size, the samples were glued onto the sample holders with vacuum grease,
which can still perform on low temperatures.

Figure 4.3: (a) Optics system for THz-TDS measurement. (b) Cryostat inserted
into the measuring chamber.

As previously mentioned, it was unclear on the first measurements of PCNB whether
the sample was giving out bad data because of the impurities of the material or
simply because of bad methodology. It was later determined that the inconsistency
came from the broad distribution of far too large grain sizes, which favoured phonon
dispersion when these borders were hit. In order to remedy that, PCNB was care-
fully grounded whilst preventing it from interacting with the media, as it can react
with water or reduce. The samples were prepared on a sample press at a maximum
pressure of 2MPa and with posterior cooling so that the sample didn’t embed onto
the cast.

It was also necessary to determine the sample thickness, which consists the most

determinant variable on THz-TDS measurements, as it defines the frequency range
on which the user will obtain valid spectra. In general, the thicker the sample the
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lower will your starting valid spectra frequency be. So, in order to obtain complete
visibility from 0.25THz up until 5THz, at least three measurements were required
from thicker to thinner samples. It was eventually determined after several mea-
surements that the perfect thickness to determine the Boson Peak on PCNB whilst
not losing too much resolution is 5mm, and in order to show the higher frequency
region, at least a 0.8mm thick sample is needed.

It must be noted that in the case of PCNB, the constant vacuum by the turbo-
molecular pump did produce some mass loss for thinner samples, but not enough
to interfere with the data. The loss of mass in samples is denoted by a darkening
on the sample (probably due to moisture loss) as seen in figure 4.4, which was at
first believed to be some reaction but was later discarded by Raman Spectroscopy of
the samples as well as IR-Spectroscopy. The option of the darkness due to burning
was also discarded, as the laser used does not have enough power to produce such
reactions.

(a) (b)

Figure 4.4: Photographs of PCNB before (a) and after (b) being subject of 24h of
vacuum.

As for 1-FAda, the problems manifested themselves notoriously when trying to mea-
sure samples on vacuum. The sample preparation process was applied similarly to
PCNB, and the atmospheric pressure measurements did not present any problems.
When under vacuum conditions, the high vapor pressure from 1-FAda made the sam-
ple evaporate and thus interfering with the measurements. The solutions available
were nitrogen purging during cooling, or simply fabricating a cast to prevent evap-
oration of the sample, which was the method that yielded out the best results. A
High Density Polyethylene (HDP) cast permitted the measurement of powder sam-
ples in vacuum, but required a much tougher data processing, thus gaining lots of
noise. Nevertheless, the measurements were good enough to observe the absorbance
profile. The cast can be seen in figure 4.5.
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Figure 4.5: HDP cast used to contain powder 1-FAda.
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Chapter 5

Results

In the following pages we will discuss the results obtained for each material and try
to link those results with the previous information on both.

In the case of THz-TDS measurements, as we have discussed previously, we can
obtain the absorbance spectra of both materials for a large range of frequencies as
well as a function of temperature. On the THz-TDS setup, measurements from room
temperature down to 13K were obtained for both PCNB and 1-FAda materials.

5.1 PCNB Results

For PCNB, it was firstly noticeable that the results were not giving out good spectra
because of the grain size of the PCNB crystals, as their large size made scattering
and noise effects increase given that the phonon dispersion is strong when hitting
grain borders. In order to avoid that problem, PCNB had to be grounded to obtain
smoother results.

Measurements of a 4.922mm thick sample and a 1.336mm thick sample at room
temperature were merged to obtain the whole spectra as well defined as possible.
The end result is presented in figure 5.1. As we can see the absorption spectrum
presents three well defined peaks at first glance, located at around 1THz, 2.7THz
and 3.3THz. The profile of the spectrum matches previous measurements of PCNB
on the far-infrared, thus giving a sense of validity to the results [5]. In this previous
study the higher frequency peaks are linked to intramolecular modes caused by the
N Oy group torsions, whereas the lower frequency peak is assumed to be some sort of
libration or torsional motion of the whole molecule about their pseudo-6-fold axis.
These findings will be put into perspective with our own findings and we will be
able to verify such assumptions. It is also worth reporting that the previous data
on PCNB’s glass temperature [2] matches the results obtained, as seen in figure
5.2, where we plot the imaginary part of the dielectric permittivity as a function of
temperature at constant frequency (1THz).
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Figure 5.1: THz-TDS measurement of PCNB at room temperature. On the spectra
we can clearly see the two higher frequency peaks regarding librations and torsions of
the NOy group around 3THz. The lower frequency peak at 1THz which is assumed
to be a group libration is also seen.
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Figure 5.2: Imaginary part of the complex dielectric permittivity vs temperature
for a PCNB heating THz-TDS measurement from 13K up to room temperature
at 1THz on a 2.430mm thick sample. The glassy temperature is appreciated as a
drastic gradient change around 190K.
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In this project we are not interested in the higher frequency modes, as they do
not interact with the Boson Peak, but the 1THz peak does spark some interest as
its nature is still not clear and could provide interesting information to the discus-
sion. It must be said that at such temperatures the Boson Peak could not be seen
on the spectra, even though its expected position was at about 0.5THz (~ 2meV’).

Now, for a more specific visualization of the Boson Peak, a measurement on heating
the 4.922mm thick sample was performed, ranging from 13K to 295K with decreas-
ing heating rates around the PCNB glassy temperature (around 185-190K). The
results are shown in figure 5.3 and 5.4.
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Figure 5.3: Heating THz-TDS measurements of 4.922mm thick PCNB sample from
13K to 295K as a function of frequency. We can clearly see the peak around 1THz
assumed to be due to librational modes, and the presence of the Boson Peak becomes
clear for temperatures down to 270K at around 0.5THz. For heating rates refer to
table 4.1.

From these data we can perfectly locate the Boson Peak at 0.45THz (~5THz) in

agreement with previous inelastic neutron scattering measurements (2meV, 0.48THz),
and its presence can be detected at temperatures around 270K and below. The Bo-

son Peak at room temperature is non detectable because of the activation of the

a-relaxation at around that frequency, which overwhelms the presence of the Boson

Peak. We can also appreciate the presence of the Boson Peak in the dielectric coef-

ficients € and €”, just like we can see in figure 5.4

33



CHAPTER 5. RESULTS 5.2. 1-FADA RESULTS

i
3.0+ s
@
@
w E
]
2.9 -
2.8 T T T T T T T 1
0.0 0.5 1.0 1.5 2.0
v (THz)
0.10 4
:bJ
0.05 +
0.00 d - . - . - .
0.0 05 1.0 15 2.0

v (THz)

Figure 5.4: Real (a) and imaginary (b) parts of the complex permittivity for a
4.922mm thick PCNB sample in heating THz-TDS measurement from 13K to 295K.

5.2 1-FAda Results

The measure of 1-FAda presented a couple of obstacles that have been mentioned
previously as they introduce some noise to the overall measurements.

1-FAda’s vapour pressure has a high value, and when in continuous vacuum pro-
duced by a turbomolecular pump during a considerable period of time, the sample

will end up losing mass and eventually sublimating completely. This problem had
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to be solved either by nitrogen purging or by sealing off the sample with High Den-
sity Polyethylene (HDP). It is known and has been observed in previous results by
Mori’s Laboratory that HDP does not contribute by no means to the spectra at the
measured frequencies, despite it increasing the noise and scattering of the output
signal.

For quick room temperature measurements though, no sealing was necessary, and
we could obtain the spectrum presented in figure 5.5. We can see that the Boson
Peak is smeared out at room temperature, although we would match the absorbance
results with previous measurements on 1-FAda, thus giving once again validity to
the measurement [43]. This result is not surprising, as at this range of temperatures,
just as the case with PCNB, we can have a strong influence of the a-relaxation that
boost the spectra in a way that masks the presence of the Boson Peak. Another
option to describe this could be that in this specific phase of 1-FAda there is no
Boson Peak, which would be surprising, as all of the 1-FAda phases present orienta-
tional disorder. As for the sealed measurements, we could see a great increase of the
noise captured on our results, but via analysis, processing and thorough cleaning
of the data we could obtain a somewhat clear view of 1-FAda’s absorption at room
temperature. The results are displayed on figure 5.5.

1 -1
Wavenumber (cm ) Wavenumber (cm ™)
0 20 40 60 80 100 0 20 40 60 80 100
T T T T T T T T T T T T T T T T
o0 | - 10 | . i
or ] sl 4
= * *
40 F i .t N .o N
T/ﬂ | Tﬂ'\ 6 |- ..“.*.. (y '..'.. ..'.'0. :.. .o‘_
E30- A =) od *
5 5 -
— -~ 4 ™ .
3 20 1 3 | i
2 ~'~’
10 - . -r "o —
b
50 = ; ; ; ; f 0 e I I f f
*
(}r‘\ r\ll,_\ 5k i
N N
= =i IO
= = N VN
i i . . TN
E E Ty,
2 = e .
~ N} “5‘,#‘..
> *
- S &
3 3 S O ol
0 . . ] ) 1 ) ] ) 0 . 1 . 1 . 1 . 1 . 1 .
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0
Frequency (THz) Frequency (THz)
(a) (b)

Figure 5.5: (a) THz-TDS measurement at room temperature of 1.072mm thick 1-
FAda sample . This measurement was made at atmospheric pressure given the high
vapor pressure of 1-FAda. A characteristic peak at 1.35THz is seen in the absorbance
spectrum. (b) THz-TDS measurement at room temperature of 1.5mm thick HDP-
sealed 1-FAda sample. This measurement was performed in vacuum, and we can

see a resemblance to the non-sealed results. In both cases we see no appearance of
the Boson Peak.
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After data processing to eliminate noise as much as possible, our heating measure-
ment of 1-FAda on temperature from 14K to 295K gave out the results seen on figure
5.6. Despite the clear noise of the measurement, we can appreciate a clear presence
of a broad peak at 1THz. This is believed to be, given the previous measurements
performed, the Boson Peak. Given the nature of the heating measurement, we have
no presence of the a-relaxation we noticed on the room temperature measurements,
that prevented the Boson Peak from appearing. In order to verify the validity of the

60

50

a/v? (ecm ' THZ?)

o+————7—"T—T T T T T T T

02 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
v (THz)

Figure 5.6: Heating THz-TDS measurements of 1.5mm thick 1-FAda sample (in
HDP cast) from 14K to 295K as a function of frequency. We can see a clear and
broad peak around 1THz, the Boson Peak. For heating rates refer to table 4.2.

results and see whether we appreciate any changes regarding structural conforma-
tion, the imaginary part of the complex dielectric permittivity is shown as a function
of temperature. The results are displayed on figure 5.7, where we can clearly see the
different phase regions and phase transition temperatures.
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Figure 5.7: Imaginary part of the complex dielectric permittivity vs temperaturefor
a 1-FAda heating THz-TDS measurement from 14K up to room temperature at
1THz on a 1.5mm thick sample (with HDP cast). The different phases as well as
phase transitions are denoted in the graph.
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Chapter 6

Discussion

On a first few notes, we must address the results directly and compare them to the
predictions that were made from the previous measurements.

In the case of PCNB, the Boson Peak was successfully identified at 0.5THz, which
fits the previous measurements that predicted the appearance around 2meV from
inelastic neutron scattering and specific heat results [2]. In that sense PCNB be-
haved accordingly to the predictions, which highlights the solidness of the previous
works as well as the presented results. There are two main points that need to be
discussed extensively apart from the Boson Peak appearance: the 1THz peak seen
on the a/v? spectra, and the fact that the Boson Peak can only be seen on temper-
atures lower than 270K.

For 1-FAda, the Boson peak was identified around 1THz, thus behaving accordingly
to the previous measurements performed by GCM on inelastic neutron scattering
that predicted its position around 4meV.

6.1 PCNB discussion

By means of the results we have seen that for a thick enough sample and a mild
cooling we can obtain a clear evidence of the Boson Peak presented by PCNB on
a frequency range spanning from 0.48THz to 0.43THz. We see for lower temper-
atures a higher associated Boson Peak frequency, whilst this frequency shifts very
slightly to lower frequencies for higher temperatures. This phenomenon is observed
throughout a lot of different THz-TDS measurements and other calculations where
the slight displacement of the Boson Peak is assumed to be caused by either a Morse
Potential model [44] or/and a change in the diffusivity of the system given the tem-
perature change. We will see these phenomenon in both materials.

According to the Morse Potential model, as seen on figure 6.1, when increasing
the temperature (and thus, the energy of the system) our eigenvalues experience a
clear shift from the assumed energy levels with respects to the harmonic potential
eigenvalues. The assumption of this potential model is held as well by the even
clearer shift suffered by the 1THz peak, as its energy level is higher, the shift due
to heating is even bigger (1.15THz to 1.02THz), which matches the model.
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Figure 6.1: (a) Scheme of the Morse potential (blue curve) versus the harmonic
potential (green curve). Instead of having a constant hw separation between levels,
the Morse potential level spacing decreases as the energy approaches the dissociation
energy. (b) Direct comparison of THz-TDS results for a measurement from 13K
and 295K run. We see the clear shift of the whole spectra assumed to be caused by
diffusivity increase and the Morse potential associated with the system.

On the other hand, according to the previous works performed by Zaccone et Bag-
gioli [45], on which taking the assumption that the dynamics of the system are
well-described by an associate Green function, a clear shift towards lower temper-
atures is expected when increasing the diffusivity of the system (in this case, via
heating).

Regarding the behaviour of the Boson Peak itself, we see that its profile and broad-
ness is not consistent throughout the whole measurement. If we compare these re-
sults with other glassy materials measured by the same laboratory [46][39][34][47][36]
we can observe that the broadness is affected by different variables that include the
heating. Thus, this broadness must not be a topic of concern when analyzing the
data. However, what needs to be addressed is the fact that the Boson peak can’t
be seen over 270K, and this is believed to be caused by a strong « relaxation that
gets activated at higher temperatures and gives us this sudden absorption increase.

With the obtained results, the objective of identifying the Boson Peak on PCNB
has been fulfilled. The previous studies performed on the material were predicting
such findings, but no result obtained was valid enough to confirm the presence of the
Boson Peak on the VDOS of due to the limiting value of the lower energy (around
1.5 meV) at which measurements were done by inelastic neutron scattering.

The questions that now emerge on the topic is the origin of such Boson Peak around
2meV. From the many hypothesis presented on the background chapter, only a
few seem to grasp the complexity of this system. The studied material is not con-
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sidered an amorphous solid, given its crystalline condition, there is no apparent
inversion symmetries on the system, and nevertheless there is a clear appearance of
the Boson Peak. It has been seen in other materials such as 2-adamantanone [38]
and demonstrated by theoretical studies [11] that the presence of low-lying opti-
cal phonons may cause an interaction with the acoustic phonons of similar energies
we call hybridization, giving rise to new excess modes that make up the Boson Peak.

In the case of PCNB it has been seen previously that the high energy modes
(~ 13meV) we can see on the dielectric spectra correspond to torsion modes of
the NOy group and librations of the molecule, which are already mainly collective
modes associated with low energies. Then, following such line of thought, the modes
present on the 1THz peak may very much possibly be collective modes as well. In
fact, given the large broadness of the peak and the fact that its broadness does not
change when heating (heating should induce a broadening of the modes by them-
selves), we believe the 1THz peak to be a combination of similar energy collective
modes, which can be perfectly identified between 3 —6meV on the VDOS spectra of
PCNB (3.3¢). In the cases of studied crystals it is believed for disorder to be a main
aspect in the lowering of the energies associated with optic modes [48], and in the
case of PCNB it is of no surprise to have low-energy collective optical modes, as it
is a material that possesses orientational disorder and whose atomic groups present
fairly large displacements from its natural site of lower energy, as shown by Thomas
et al. [7] and Cole et al. [4], which would also contribute to lowering the energies of
such optic modes.

Given the previous evidence and the fact that we already see collective modes at
1THz, we believe there is a possible existence of optic phonon dispersion bands
around the 2meV energy level, which is the energy where the Boson Peak is ob-
served. This gives strength to the hypothesis of optical phonon hybridization in
the case regarding PCNB at least. This possibility of a close interaction between
optic and acoustic modes has been brought up by a few groups as a way of ex-
plaining the emergence of the Boson Peak on an empirically based set of evidence,
on which we can always identify the emergence of glassy behaviours on crystals
that exhibit low-lying optical phonons on the same energy range as their acoustic
phonons. There is also evidence of perfectly ordered phases that continue to exhibit
such glassy properties, that would be the forementioned case of 2-Adamantanone,
for which its ordered phase was obtained and shown to exhibit the emergence of the
Boson Peak on its specific heat, a plateau on its thermal conductivity and presence
of optic phonon bands on the corresponding energies. So we can subtract from the
necessary requirements to observing the Boson Peak the existence of disorder within
our material.

The possibility of the 1THz peak to be a Van Hove singularity was also consid-
ered, but then, if we stood by the theory developed by M. Baggioli and A. Zaccone,
such shift seen when heating would not be characteristic of a Van Hove singularity.
In order to gain a crucial insight on the origin and nature of the Boson Peak, a
simulation approach would be necessary in order to visualize the phonon dispersion
bands and thus confirm the existence of the presumed 2meV optical modes and to
discard the option of the 1THz peak being a Van Hove singularity (by analyzing the
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bands’ gradient, as the Van Hove singularity appears when a band hits null slope).

In addition to the THz-TDS data, a Low-r Raman Spectroscopy was provided
by Ritsumeikan University, which is displayed in figure 6.2. In our case confo-
cal micro-Raman measurements were performed with a depolarised back-scattering
geometry. A frequency-doubled diode-pumped solid-state Nd:yttrium-aluminum-
garnet laser oscillating in a single longitudinal mode at 532nm (Oxxius LMX-300S)
was employed as the excitation source. A homemade microscope with ultranarrow-
band notch filters (OptiGrate) was used to focus the excitation laser and collect the
Raman-scattered light. The scattered light was analysed using a single monochroma-
tor (Jovin-Yvon, HR320, 1200 grooves/mm) equipped with a charge-coupled device
camera (Andor, DU420). [49]
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Figure 6.2: Comparison of THz-TDS absorbance divided by frequency squared spec-
trum of a 4.922mm thick PCNB sample at 13K (blue dots) with Raman suscepti-
bility low-r Raman scattering measurement of 0.8mm thick PCNB sample at room
temperature (red line). VDOS divided by w? obtained from INS measurements is
included on the figure below for comparison.

In the case of Raman Susceptibility (x”), based off different previous works [33] we
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know it is capable of detecting the presence of the Boson Peak when divided by
the frequency. We see in figure 6.2 that the position of the Boson Peak (approxi-
mately 0.5THz) is consistent in both measurements, as for THz-TDS the peak has
been located at 0.5THz with heating measurements, and for Raman scattering, the
Boson Peak is to be located in the shoulder presented at lower frequencies (around
0.45-0.65THz). Then, with this result we can fairly see the true connection of the
Boson Peak with acoustic modes on the lattice, as the position of the Boson Peak
remains the same, whilst all the other peaks are displaced because of its optic na-
ture. Of course, such connection further strengthens our hypothesis of hybridization
with acoustic modes.

6.2 1-FAda discussion

To begin the discussion of 1-FAda results we would like to address the fact that
on the early stages of measurement, when comparing to previous results on other
organic materials, the presence of a Boson Peak at 1THz was expected. Let’s take
the case of glassy glucose [34]: these are both somewhat cyclic organic materials
with similar atoms in respect to molecular mass (Oxygen and Fluorine), so we could
expect for them to behave similarly, minding the gap between both materials and
structures. A clear comparison of both is displayed on figure 6.3. We can see the
tendency of glucose as to where we have the emergence of the Boson Peak, and
clearly, that was a motivational factor contributing to wanting to cool down 1-FAda
and see if the curve profile would behave as expected.
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Figure 6.3: (a) THz-TDS measurement at room temperature of 1-FAda. (b) THz-
TDS heating measurement of glassy glucose. We can see the resemblance of the
spectra at higher temperatures, so we can assume the trend of glucose to be possibly
present in 1-FAda as well.

And so, as seen in the results, such expected behaviour translated into the mea-
surements. The Boson Peak is located at around 1THz and is clearly seen at all
temperatures from 14K to 295K. The fact that at room temperature the Boson
Peak was initially non-observable is due to a long-term a-relaxation that took place
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at those low frequencies, and given the nature of the heating measurement, this
relaxation’s effect eventually decreased. Knowing that the Boson Peak is present
in all temperatures and that it does not seem to show any critical frequency shift
throughout, we must take a look at the phase effects on the measurements.

If we now take a look at figure 5.7 from the previous results chapter, the differ-
ent regions corresponding to the phases of 1-FAda are perfectly defined. These can
present different slopes because of the activation of relaxations when heating, which
depending on its effect will hinder or enhance the permittivity. No apparent anoma-
lous behaviour is noticed on the regions which correspond to the phase change on
the absorbance spectra, thus providing us reasons to believe that the centrosymmet-
ric character of the lattice (which varies from the intermediate temperature phase
to low temperature phase) does not affect in any way to the intensity nor position
of the Boson Peak. The previously mentioned Nonaffine/inversion-symmetry model
then does not fit on the results obtained, as the change in the symmetry of the
lattice should give out a response of some sort on the absorbance spectra.
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Chapter 7

Conclusions

Both 1-FAda and PCNB THz-TDS measurements have been successfully performed
and the output has given a great insight on the dielectric properties of orientation-
ally disordered crystals, as well as universal glassy behaviour.

As far as PCNB is concerned, measurements were compared with previous results
and we can be completely sure of the validity of the THZ-TDS measurement, as
we could find the glassy temperature at around 185K and the spectrum profile
was confirmed with previous far-IR absorption measurements [5]. We have also
demonstrated the existence of an a-relaxation, whose presence was detected at high
temperatures.

More importantly the Boson Peak was located at 0.45THz, thus validating previ-
ous assumptions made by GCM from the INS measurements performed on PCNB.
The height of the peak and its broadness become overshadowed by a larger peak at
1THz, but we can fairly say that the Boson Peak frequency is not strongly corre-
lated with temperature (see Annex 1), as most of the profile shift was related to a
Morse-potential-associated shift. The 1THz peak is believed to be a group of differ-
ent intramolecular modes which add up to create this large and broad peak. It is
believed that, in fact, it corresponds to a group of modes as the profile and broadness
of the peak does not change with temperature, which could only be explained by
the peak being formed by different contributions. Finally, the presence of collective
modes at very low energies was shown to go with the existence of the 1THz peak,
as it is believed by former studies that even the higher frequency modes detected
on our results at 2.3THz already belong to collective-like torsion modes. With such
proof the hypothesis of interaction between collective optical modes and acoustic
modes gains significant strength, but must be confirmed with a clear depiction of
the optical and acoustic branches.

As for 1-FAda, we see that the results match perfectly with the previous specific
heat measurements that predicted a Boson Peak at 1THz, and we now know that is
the exact case for 1-FAda.
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More importantly, we see no dependence on the Boson Peak intensity or shape with
respect to the different phase changes that 1-FAda displays throughout heating. The
lattice centrosymmetricallity does not have any evident effect on collective modes
around 1THz, whereas its consequences are clearly seen on higher frequencies. This
result not only weakens the Nonaffine/inversion-symmetry model as a universal way
of explaining glassy behaviours, but further strengthens the hybridization of low-
energy optical phonons theory, as we do expect to find such low-energy collective
modes on 1-FAda, like it was done to its closely-related compound 2-Adamantanone.

To sum up, this project has provided further proof of the hybridization hypothesis,
as well as a confirmation of previous work performed by the GCM. Additionally, the
idea twinning Van Hove singularity and Boson Peak has been discarded from the
obtained results. We believe that in order to explain such anomalies on a universal
level for disordered solids, the closest depiction at hand has to be the Low-Energy
optical phonon hybridization model.
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Chapter 8
Further work

In order to fully understand the origin of the Boson Peak there is still a need for the
active search of glassy behaviours in atypical disordered materials. The fact that
crystals present a Boson Peak on its spectra already defeats the original meaning
given to the Boson Peak, so by analyzing different materials with specific properties,
it is possible to narrow down the requirements for a material to present a Boson Peak.

In the case of PCNB and 1-FAda it would be interesting to compute the ordered
phases of each, as they can be analysed via DFT, but this milestone does not seem
at all easy. As for ordered phases, we could take a perfect look at the dispersion
branches and determine whether it is the presence of the suspected low-E optical
phonons the source of the excess on the VDOS. To date, this has proven to be the
most appropriate theory for the particular materials studied by the GCM.

To improve our results and analyses we should perform a Low-r Raman Scatter-
ing for both samples, but specially PCNB, as addressing the origin of the 1THz
peak is crucial in order to possibly relating it to the Boson Peak. A Low-r Raman
Scattering measurement was planned during the stay, but given the circumstances
no results were obtained till middle of June. We believe that these data would be
very helpful in describing the universal behavior of disordered materials such as

PCNB and 1-FAda.
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Appendix A

Boson Peak frequency as a
function of temperature on PCNB

From the data obtained on the THz-TDS measurement on heating of a 4.922mm
thick PCNB sample we were able to determine the exact Boson Peak position on
each temperature. This position was obtained via fitting of the imaginary part of the
complex permittivity on a region span from 0.402THz to 0.586 THz, and proceeding
to locate the inflexion point of such region.

The results are the following:
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Figure A.1: Boson Peak frequency as a function of temperature on a 4.922mm thick
PCNB sample.
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