Dissertation
submitted to the
Combined Faculty of Mathematics, Engineering and Natural Sciences
of Heidelberg University, Germany
for the degree of

Doctor of Natural Sciences

Put forward by
Patrick Friebel
born in: Bruchsal

Oral examination: 12.11.2025






THz vibrational dynamics of Liquid Crystals:
from molecular origin to bulk response

Referees: Dr. Laura Cattaneo
Prof. Dr. Peer Fischer






Abstract

The interplay between the macroscopic collective order and the microscopic intra- to in-
termolecular vibrational response of the Liquid Crystal (LC) class of anisotropic molec-
ular systems, is investigated. LCs provide an ideal platform because of their mesophase
behavior, in which their collective arrangement is tunable from isotropic to orientation-
ally and positionally ordered ensembles. The collective dynamics in molecular systems
occur in the terahertz (THz) frequency range; therefore, the LCs are investigated through
linear and nonlinear THz spectroscopic methods. The main LC under investigation is
4-cyano-4’-n-octylbiphenyl (8CB), and is compared to the structurally similar 4-(4’-
n-octyloxyphenyl)benzonitrile (80CB) and trans-4-(4’-n-pentylcyclohexyl)benzonitrile
(PCHb5), allowing the separation of single-molecule and collective contributions from
the vibrational response. THz absorption spectra, measured using linear THz time do-
main spectroscopy (THz-TDS), allow for the identification of intramolecular vibrations
above 3 THz through comparison with single-molecule gas phase DFT calculations. In
contrast, the low-frequency spectrum deviates from the calculations and is associated
with intermolecular interactions. Nonlinear THz Kerr spectroscopy probes the electronic
polarizability and rotational diffusion dynamics of the samples. The transiently induced
birefringence exhibits a signature attributed to resonant driving of the low-frequency
intermolecular modes identified in the TDS spectra.

Das Zusammenspiel zwischen der makroskopischen kollektiven Ordnung und der mikro-
skopischen intra- bis intermolekularen Vibrationsantwort der Fliissigkristall-(LC)-Klasse
anisotroper molekularer Systeme, wird untersucht. Fliissigkristalle bieten eine ideale
Plattform aufgrund ihres Mesophasenverhaltens, bei dem ihre kollektive Anordnung
von isotrop bis hin zu orientierungs- und positionsgeordneten Ensembles kontrollier-
bar ist. Die kollektive Dynamik in molekularen Systemen findet im Terahertz-(THz)-
Frequenzbereich statt; daher werden Fliissigkristalle mithilfe linearer und nichtlinearer
THz-spektroskopischer Methoden untersucht. Der zentrale LC dieser Untersuchung ist
4-Cyano-4’-n-octylbiphenyl (8CB), das mit den strukturell &hnlichen Verbindungen 4-
(4’-n-octyloxyphenyl)benzonitril (80CB) und trans-4-(4'-n-pentylcyclohexyl)benzonitril
(PCH5) verglichen wird. Dies ermdglicht die Trennung von Molekiil- und kollektiven
Beitréagen zur Vibrationsantwort. THz-Absorptionsspektren, gemessen mit linearer THz-
Zeitbereichsspektroskopie (THz-TDS), erméglichen die Identifikation intramolekularer
Vibrationen oberhalb von 3 THz durch den Vergleich mit Molekiil-DFT-Berechnungen in
der Gasphase. Im Gegensatz dazu weicht das niederfrequente Spektrum von den Berech-
nungen ab und wird mit intermolekularen Wechselwirkungen in Verbindung gebracht.
Die nichtlineare THz-Kerr-Spektroskopie untersucht die elektronische Polarisierbarkeit
und Rotationsdiffusionsdynamik der Proben. Die transient induzierte Doppelbrechung
zeigt eine Signatur, die der resonanten Anregung der niederfrequenten intermolekularen
Moden zugeordnet wird, die in den TDS-Spektren identifiziert wurden.
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1. Introduction

Liquid crystals (LCs) offer a unique platform to study systems exhibiting order within
disorder. These materials transition into mesophases (from the greek mesos translating
to middle or intermediate) between the isotropic liquid state and the crystalline state,
which are disordered on one hand and ordered in a neat lattice on the other. They are
liquid phase materials in which the constituent molecules retain their ability to flow, but
additionally they show characteristics typically associated with crystalline systems, such
as macroscopic alignment or positional periodicity along a given axis. LC mesophases
are generated by the (anisotropic) molecular geometries, are classified by the type of
molecular arrangement, and are therefore numerous. Depending on the mesophase, the
molecules create a collective environment that is characterized by a certain extent of
positional and orientational order, or lack thereof. This combination of properties is the
rationale for the name this class of materials carries [1,2].

Given their ability to create order, and to tune this order via phase transitions into
different LC states, they allow the study of the interplay between molecular dynamics
on a microscopic scale and the macroscopic collective environment. In particular, the
molecular scale vibrational dynamics are expected to be influenced by the interaction
with nearest neighbors. This raises questions, such as how are the intermolecular dy-
namics influenced by the collective order? And can these dynamics be driven and tuned
in such a way, that the bulk properties are transiently modified? In this thesis, the
interplay between molecular dynamics and macroscopic collective order will be investi-
gated by means of linear and non-linear spectroscopic techniques in the terahertz (THz)
domain.

THz spectroscopy has emerged relatively recently with the development of ultrafast
laser systems as a unique tool sensitive to weak intermolecular forces. Vibrational dy-
namics in the infrared (IR) regime are confined to specific functional groups of the
molecule and their spectroscopic fingerprint usually falls within a narrow frequency
range. This makes chemical tagging of compounds from simple IR spectroscopy pos-
sible. In the far-IR, which is nowadays referred to as the THz spectrum, this simple
mode assignment technique breaks down. Why is that the case?

Chemical bonds can be described, in first approximation, by an harmonic oscillator
with a given force constant. This picture derives generally from a Taylor expansion
around the minimum of the Lennard-Jones potential describing real interatomic potential
energy surfaces. Stronger bonds are described by steeper potentials. In it’s ground state
the system is steady, and in order to launch an oscillation the ground state wave packet
has to be excited, and the minimum energy required for a quantum harmonic oscillator
is hw. The frequency w of the oscillation encodes the force constant of the harmonic
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CHAPTER 1. INTRODUCTION

oscillator k£ and the reduced mass of the system p by the relation \/k/pu.

This is the simplest possible picture describing intramolecular vibrations, considering
isolated harmonic oscillators. In reality, many more forces are acting on each atom in
the system. When the bonds are strong and the potentials steep, the possible influence
from outside forces and changes to the reduced mass have little influence on the overall
interatomic forces, and the expected shifts to the frequency of the oscillator remain
small. For this reason, in IR spectroscopy, functional groups and the nature of their
vibrations (stretch, bend,...) fall within the same window in the absorption spectrum,
regardless of the details about the rest of the molecule.

The shallower the interatomic potentials are, the lower the frequency of the oscillator.
Once the external forces compete with the internal forces, these outside contributions to
the resulting dynamics can no longer be neglected. This can be illustrated by comparing
the bond-strength of typical intermolecular forces to typical interatomic forces within
the molecules. Vibrational transitions of covalent interatomic bonds are typically found
at mid-IR frequencies. For example, the O-H stretch vibration is located at 3200 cm™!
to 3600 cm ™!, which corresponds to ~0.42eV or ~100 THz. On the other hand, the to-
tal binding energy of intermolecular van-der-Waals potentials can be found, depending
on the system, between 1meV to 70meV, or 0.25THz to 17 THz. This gap in rela-
tive energy scales shows clearly the sensitivity of different bond-types to environmental
perturbations.

In THz spectroscopy, the recorded spectra gain significantly in complexity on one
hand, but on the other hand they can be seen as highly sensitive to the surrounding
environment. This transition from intra- to intermolecular vibrations falls into the low
THz frequency spectrum. It is a gradual one and cannot be marked neatly by a sharp
cutoff frequency that separates intramolecular modes from intermolecular ones. In this
frequency range, both classes of vibrations are present with the lower frequency part of
the spectrum dominated by long range interactions, and the high frequency spectrum
by internal modes [3].

The exact dynamics associated with the THz spectra depend on the nature of the
material. Liquid state materials behave differently to solid state samples, and within
solids, inorganic crystals compared to organic ones. And crystals behave differently
compared to amorphous materials. Each presents a different arrangement of differently
complex smallest units, that manifest in different THz frequency dynamics.

Considering ideal crystals, where a unit cell is periodically arranged over macroscopic
distance, two distinct classes can be considered. Simple inorganic crystals, where the
unit cells consist of few atoms, and complex organic molecular crystals. In both cases
the THz activity can be described as dipole active phonons, meaning lattice vibrations
that couple to electromagnetic radiation through an induced dipole moment. In the first
case, the active THz phonons in these materials are no different from optical phonons
active in other IR frequency bands. For example, Tellurium has various optically active
phonon modes between 2 THz to 4 THz within its unit cell consisting of three atoms, that
can be described with the same concepts as lattice vibrations at higher frequencies [4].

The real advantage of THz spectroscopy is revealed when considering the more com-
plex cases of weakly bonded molecular crystals. The development of THz spectroscopic
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tools has gone hand in hand with the development of computational methods sensitive
enough to understand the complex THz spectra these materials present. The result is a
mature field that is capable of structure identification, competing with x-ray diffraction
techniques. This sensitivity is coupled with other advantages, such as non-invasiveness
and non-destructiveness.

Ideal test cases are molecules that crystallize in different polymorphic structures. Ex-
perimentally it is well-established, that two distinct forms of the same molecular crystal
show significantly different THz spectra, while their mid-IR dynamics show only subtle
differences. For example, L-glutamic acid crystallizes in « or 8 forms, with different
molecular conformations (in dihedral angles), unit cells, and number of hydrogen-bonds
each molecule forms. Both THz spectra show sharp absorption bands, but are overall
distinct as shown in Figure 1.1a, with the clearest difference between the two forms
being the complete lack of distinct features of the o spectrum below 1.5 THz [5]. Similar
things can be said for tartaric acid, which forms molecular crystals in its chiral-L form,
or in a DL-form in 1:1 mixture of D and L enantiomers, among others [6]. Distinct THz
spectra can be found in any complex molecule that forms polymorphs, and can therefore
be used for material analysis application, for example in pharmaceuticals as reviewed by
Zeitler et al. [7,8]. Given the strong sensitivity to the intermolecular potential environ-
ment, it is reasonable to expect the THz spectra to undergo changes with temperature,
simply within the picture of thermal expansion. In fact, there is a strong interplay be-
tween the THz vibrational modes and the anisotropic thermal expansion. The measured
THz spectra broaden and more importantly shift with sample temperature, because in
these systems it is the softening of anharmonic intermolecular potentials that drives the
thermal expansion process. This picture based on an underlying potential energy land-
scape is illustrated in a recent temperature dependent THz spectroscopy study on the
co-crystal TMA-azo [9].

The sensitivity of THz spectra to intermolecular modes includes the direct implication
that the vibrations associated with those modes involve complex movements of more
than one molecule against each other. Ibuprofen has been found to exhibit hindered
translations and rotations mixed with internal vibrations in the low frequency spectrum
that become almost exclusively internal to the molecule above 4.5 THz [10]. Candidate
molecules for organic semiconductor applications received special attention, since their
charge transport performance is depending on the transfer integral between molecule
pairs that have sufficient orbital overlap, for example through m-stacking. These low
frequency inter-molecular motions can modulate this transport probability significantly,
which is a form of electron-phonon coupling and is a process termed as dynamic disorder.
For example, the linear elongated molecule 2,6-(thien-2-yl)anthracene in its crystallized
form presents an anti-parallel sliding motion of two molecules facing each other at 1 THz,
completely disrupting transport capability as outlined by Ruggiero et al. [11-13]. From
these examples, it is apparent, that these low frequency intermolecular vibrations can
have large effects on macroscopic bulk properties.

In order to go beyond sample tagging, and to use THz spectroscopy in vibrational
mode identification and in structure investigations, computational methods are unavoid-
able, given the complexity of the molecules involved. Neat crystals have the advantage
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Figure 1.1.: (a) THz absorption spectra of a- and (-glutamic acid. Data taken from
Ruggiero et al. [5]. (b) THz absorption spectra of amorphous pharmaceutical samples.
Data taken from Sibik et al. [14]. The shaded area represents an extended qualitative
picture of the VDOS band, expected for amorphous systems.

of periodicity in translation of their unit cell, which keeps the computational cost under
control. The typical approach is based on Density Functional Theory (DFT), where pe-
riodic boundary conditions include the long range interactions present on THz scales [3].
The other favorable aspect from a physical perspective, is the relatively narrow width of
those absorption features. The smaller the correlation length over which the vibration
can be sustained, the broader the line width is. In the phonon picture, this can be
described as a limitation of the life time of the phonon by scattering processes.

In the extreme limit, these materials are classified as poly-crystalline or amorphous,
such as glasses. Zeitler at al. show that their THz spectra are characterized by a lack of
any distinct and sharp features and that everything collapses into one broad absorption
band, as for the amorphous molecular samples shown in Figure 1.1b [15,16]. Often, it
is referred to as the vibrational density of states (VDOS), and researches have found
ways to extract information about these systems from it. Well below the the glass
transition temperature of the material, it was found that the VDOS is temperature
independent. In the framework of potential energy surfaces, this indicates that the
system is trapped in a deep minimum. As it is heated across a critical temperature,
the VDOS becomes temperature dependent, indicating anharmonic contributions to the
intermolecular potential energy landscape and is connected to the onset of mobility in
the system [17,18].

Finally, weakly bound systems that exhibit strong disorder and mobility are liquids.
The THz spectra measured in liquids look very similar in shape to amorphous solid
spectra, but have their origin in different dynamics, given the molecular mobility within
the material. The main example for liquids is naturally water, for its prevalence outside
the laboratory. But there is also a deeper connection between water and THz radiation.
The forces associated with the hydrogen bond network are resonant on THz scales,
meaning THz light is a direct probe for the picosecond network dynamics responsible for
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energy dissipation in the water matrix [19]. Beyond the direct access to hydrogen bonds,
also other universal features occur in polar liquids on THz scales. Restricted rotations,
so called librations, occur on THz scales and are a consequence of rotations driven by the
torque exerted on the polar molecules by the external field and the restriction imposed
by the presence of neighboring molecules [20].

Also non-linear THz dynamics have been a subject of study in liquids. Particularly
THz Kerr Effect measurements by Sajadi et al. [19,21-23] have been used to infer the
third order nonlinearities ¥® and the relaxation times connected to rotational diffusion
processes. Furthermore it was possible to extract the polarizability anisotropy on a
molecular level [24,25].

Clearly, there is a wide range of fundamental dynamics playing out on THz scales
that originates from the exact intermolecular relationship within the material and the
degree of long range order. The inherent low photon energy of THz radiation puts it into
resonance with these weakly bonded systems. The vibrational modes connected to these
resonances are often involving multiple molecules, which carries impact on macroscopic
material properties on picosecond time scales. Hence, THz spectroscopy is a sensitive
tool for investigation of intermolecular interactions, across various types of packing and
order on a molecular level, as will be the point of study in this work. As presented in
the opening paragraphs, LLCs are a unique tunable material in this regards. This makes
them, in addition to the obvious technological interest that they carried for decades,
interesting from a fundamental molecular dynamics perspective.

The far-infrared properties of LCs have been studied by various groups, with the
early work originating from the 1970s and 1980s. Evans et al. studied the monomolecu-
lar LC N-(methoxybenzylidene)-4-butylaniline (MBBA) [26] and molecules of the alkyl-
4-cyanobiphenyl (nCB) family [27,28] between 1 THz to 6 THz using early commercial
far-IR spectrometers based on the Fourier Transform Infrared (FTIR) spectroscopy prin-
ciple. They explained the measured spectra by a combination of intramolecular modes
and Poley absorption (rotational oscillations of polar molecules) assigned to the low fre-
quency band. In order to isolate the Poley absorption, they experimented with designing
more rigid molecules that have dipole moments pointing perpendicular to the long axis
of the molecule [29]. Murphy et al. performed similar studies and speculated about the
additional presence of pseudo-lattice modes [30].

In parallel to these linear absorption studies and into the 2000s, research groups started
to exploit new pulsed ultrafast laser systems for investigations of non-linear dynamics
of materials, including L.Cs. Using the Transient Grating technique, Fayer et al. found
for different LC compounds in isotropic and nematic phase reorientational dynamics on
sub-ps time scales. The laser field couples to the molecular polarizability leading to a
coherent librational motion de-phasing within 2 ps [31,32].

Also within this context of non-linear dynamics fall studies based on optical Kerr
effect spectroscopy, with one particular study by Hyun et al. finding a heavily damped
3 THz oscillation [33]. They did not comment any further on this behavior. Furthermore,
Cattaneo et al. observed the ultrafast off-resonant Raman excitation of THz oscillations
from all optical pump probe measurements, similar to optical Kerr effect geometries, in
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CHAPTER 1. INTRODUCTION

which the probe is encoding a bulk phase shift and transmission imposed by the excited
sample [34].

Finally, with new coherent THz sources available, extensive THz-TDS studies were
performed on various LC compounds by Vieweg et al. They were able to determine the
macroscopic refractive indices and absorption coefficients for various nCB materials [35]
and other LCs [36-38] up to 2.5 THz. And from a microscopic perspective they were able
to extract from this data the order parameter S and the polarizabilities on a molecular
level [39,40]. Later, using ultra-broadband THz generation, they extended their inves-
tigations to the high THz frequencies, and compared for the first time with molecular
level DFT calculations, showing a good match at high frequencies, and defining a cutoff
frequency analogous to glassy systems at 1 THz, separating a disordered response from
molecular vibrations [41,42].

In this work, the idea is to focus in detail on the nature of the intermolecular collective
dynamics on the one hand, and the intramolecular vibrations on the other hand, and the
crossover between both regimes. From an experimental perspective, macroscopic and
microscopic properties will be compared in terms of their impact on the measurement.
On the macroscopic scale, changing the LC phase corresponds to tuning the collective
order of the molecular environment. On the microscopic scale, three closely related
molecular species are compared. They differ from each other only by specific functional
groups, which allows to isolate the impact of the molecular composition.

Both linear and nonlinear THz experiments are part of this work. Firstly, linear THz
Time Domain Spectroscopy (TDS) is performed, revealing the THz refractive indices and
absorption coefficients. Secondly, THz induced transient birefringence measurements are
conducted, where the THz takes part as a resonant pump, driving the THz dynamics
coherently. The broad outlook to this work lies in the assessment whether LC material
functionalities can be modified when these intermolecular modes are driven strongly and
resonantly.

This thesis is structured to introduce the main concepts before presenting the results.
Chapter 2 introduces the LC samples under investigation in detail, with a focus on
the molecular properties, the mesophases, and alignment techniques used in pursuit of
sample control. Chapter 3 then discusses the THz techniques used to investigate the
sample. First the methods for generation and detection of pulsed THz radiation are
discussed, before introducing the setup and the intended measurements. The following
Chapter 4 then discusses the sample delivery for providing aligned LCs into the in-
teraction region in the aforementioned setup. Chapter 5 discusses the spectroscopic
results. Finally, Chapter 6 provides concluding remarks and an outlook.
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2. Liquid crystals

Since their discovery in 1888 by Friedrich Reinitzer [43], liquid crystals (LCs) have been
an extensively investigated phase of matter, and have become one of the pillars of the
soft matter world [1,2,44]. They have found numerous applications in science and
technology, due to their electro-optical properties and tunability. These macroscopic
properties emerge from the microscopic geometries on a molecular level. The realm of
molecules and their connected mesophases is wide, and keeps producing new discoveries,
such as ferroelectric nematic LC phases, which have been postulated over 100 years ago,
but discovered in nature only recently [45]. It is this interplay between macroscopic bulk
phase appearance and molecular collective interactions that form the backbone of the
studies presented within this work.

This chapter will lay the foundation for the rest of this thesis, by introducing the
common concepts relevant to LC materials here. Furthermore, the samples of choice
will be presented including the motivation for their selection. As already stated, the LC
set of options is wide ranging and full of exotic behavior. But here, the most commonly
known molecular species act as benchmark systems, bridging the gap between the Liquid
Crystal and THz communities.

2.1. Macroscopic appearance

The macroscopic appearance and behavior in the LC mesophase is closely linked to
the geometries on the molecular level. On the lowest level, LCs can be described as
fluids that possess anisotropic properties across a number of possible observables, such
as in their flow characteristics [46], their interaction with light [47-50], and their ability
to allow for charge transport [51]. All these characteristics on macroscopic scales are
fundamentally emerging from the strongly anisotropic molecular constituents of the LC.

The second factor governing the emergence of collective order is of macroscopic nature.
Essentially, it influences how the forces driving the molecules together are balanced
against the forces counteracting this tendency. Broadly, LCs are categorized in two
classes. Thermotropic LCs undergo phase transitions as a function of temperature.
On the other hand, the lyotropic class of LCs shows macroscopic order as function
predominantly of concentration of amphiphilic molecules in a solvent, forming supra-
molecular structures [52]. Soap is a commonly found example of such systems [53,
54]. Here, the focus is solely on thermotropic systems, since the direct next neighbor
interactions between molecules are the subject of interest.

In the context of thermotropic LCs, the most common cases are [2]:

e clongated rod-shaped molecules that support LC phases in which all molecules are
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Figure 2.1.: Examples of known molecules showing LC behavior: (a) the rod shaped 5CB
molecules packs in the nematic phase, (b) the disc shaped HAT5 molecules arrange in
a column, (c) the wedge shaped RM73/ molecule forms the splay nematic alignment (in
fact, together with its large dipole moment, it is an example of a ferroelectric LC state)
Without Examples: (d) chiral nematic, and (e) smectic C arrangements.

oriented along a common axis called director.

e disk-shaped molecules, extended in two dimensions, often with a degree of rota-
tional symmetry, that preferentially stack in columns.

e chiral (cholecteric) molecules, that align just like the rod-shaped molecules, but
add a twist of certain pitch to the alignment axis.

Figure 2.1 presents examples of molecules and representative molecular arrangements
schematically. Here, all further work is exclusively focused on the rod-like molecules
and their most common LC phases. These thermotropic systems are exclusively in-
vestigated in mono-molecular composition. Mixtures (typical in industry applications,
where desired LC properties are designed) or solutions are not considered. Between the
well known isotropic liquid and the crystalline solid phase, the nematic and smectic A
phases appear as temperature is lowered through first-order phase transitions. Figure 2.2
presents a typical sequence of phase transitions from crystalline to smectic A, nematic,
and finally to isotropic phase, in which the molecules are randomly oriented as in an
ideal liquid.

2.1.1. Nematics

The simplest arrangement that rod-shaped molecules can form is expressed as the ne-
matic phase, in which all molecules retain their ability to flow in all three space dimen-
sions, but point along a common axis. This means, collectively they show no positional
order, as in an ideal fluid, but have a degree of orientational order in one dimension.
The common alignment axis is typically called director and is expressed as a unit vector
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2.1. MACROSCOPIC APPEARANCE
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Figure 2.2.: Sketches of the two LC phases of interest in this work, nematic and smectic
A, between the crystalline and liquid phases in which the molecules are depicted as rods.
The color is visualizing the increase in temperature.

n. It is a macroscopic property expressing the pointing average of all molecules within a
volume element. If the alignment is not actively controlled, it can vary in space, which
gives rise to Schlieren textures (slowly varying director orientation in space, visible in
microscopy ), or even point or line defects (called disclination lines), where the director
is undefined. This can happen when the director approaching this point from differ-
ent directions is forced to make a discontinuous jump. LC defects and their associated
topology is a rich field, that allows the study of other topological systems through anal-
ogy [55]. Figure 2.3a shows a typical nematic Schlieren texture under polarized light
optical microscopy (POM, described in section 4.2.1) when no alignment is imposed, and
panel ¢ shows a homogeneously planar aligned nematic, in which the molecules form one
orientational mono-domain.

The alignment with the director is not perfect and the molecules are driven out of this
ideal alignment by thermal fluctuations. This misalignment of the individual molecules
from their collective average axis is captured by the so called order parameter S ac-
companying the director n at every point in the material volume. For a given angle 6
between molecular orientation and director, the scalar order parameter S is the average
over the volume element of P»(6) and is given by equation 2.1.

5o (1eto=y o

It takes values between 0 and 1, with 0 indicating total rotational disorder and 1 indi-
cating perfect alignment with n (the case of perfect alignment perpendicular to n would
give -0.5). Typical values for nematics are in the range of 0.6 [39].

2.1.2. Smectic LCs

Smectic LC phases posses similar orienatational character as the nematic phase, in that
the molecules point along a common axis. In terms of positional order, the molecules
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Figure 2.3.: Polarized light microscopy images for (a) an unaligned nematic system, (b)
an unaligned smectic A system, (c) an aligned nematic system, and (d) an aligned smec-
tic A system, with the inset focusing onto the conical defects. The arrows in the lower
left corner assign the polarizer, analyzer and lambda plate axes for all panels. The scale
in the lower right corner applies to all panels. See section 4.2.1 for the measurement
principle. 1 represents the LC alignment director for panel ¢ and d.

within a smectic phase are not free to translate in all three space directions. Instead, in
the simplest imaginable smectic phase (smectic A) the molecules show stacking behavior
along the director axis, but no positional order within each layer. It could be imagined
as a stack of two dimensional fluids. In LCs that show both nematic and smectic phases,
the smectic phase is typically found at lower temperatures than the nematic phase. As a
general trend, lower temperature phases show higher degrees of molecular order. While
this smectic A configuration is the one relevant for this work, the next paragraph will
provide examples of other, more complex, smectic phases.

The smectic B phase shows the same stacking behavior of molecules as in smectic
A, with the addition of loose hexagonal packing within each layer. Smectic C is again
similar to smectic A, with a tilt of the director within each layer, meaning the stacking
axis and director vector are no longer parallel. Smectic C* has an alternating tilt from
layer to layer in a chevron pattern. Beyond these examples, even more exotic phases
exist just within the family of smectic alignments.

The smectic layering leads to different defect types that accommodate the molecular
arrangement under external stress. Focal conic defects form because of strain relaxation
reasons, in which the different elastic tensors (splay, twist, bend) maintain the layered
structure [56]. Figure 2.3b shows a smectic A sample without imposed alignment, and
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Figure 2.4.: The order of a smectic A phase 8CB sample probed by X-ray diffraction.
(a) Transmission geometry, normal to the layers, revealing the interlayer liquid like
structure through the diffusive ring. (b) Bragg condition to the layer spacing, revealing
the ordered nature through the sharp Bragg peak. The ring radius s determined by the
intermolecular correlation length, and the Bragg spot position by the layer spacing.

panel d shows a homogeneously planar (from left to right) aligned smectic A cell, with
a zoom in onto the focal conic defects in the inset.

These combinations of positional and orientational order manifest in different ways.
One of the most interesting consequences is their diffraction behavior. Taking the smectic
A phase as an example, depending on the orientation of the LC to the incoming radiation,
it can diffract X-ray diffusively as expected from a liquid, or in the form of a sharp Bragg
peak as from the layers of a lattice. Figure 2.4 shows these two cases measured in hard
X-ray diffraction experiments at the FXE beamline at the EuXFEL facility. In panel
a, a freely suspended 8CB (introduced in detail in the next section 2.2) film is exposed
to 8.9keV photons with its director pointing along the beam propagation direction.
The photons are sensitive to the arrangement within each layer, and are diffracted by a
phase grating of average grating constant given by the intermolecular distances in the
plane of each layer, leading to a symmetric diffraction ring. The width is related to
the intermolecular correlation, or the distribution of distances. Panel b, on the other
hand, is recorded with the sample exposed in grazing incidence. For this purpose, a thin
layer was deposited on a functionalized surface (see sections 2.4 and 4.2.3), imposing
alignment with the director pointing normal to the surface plane. In Bragg condition,
meaning the scattered photons from each layer interfere constructively, a sharp peak
is formed according to the layer spacing. This duality of behaviors, typically found in
liquids or solids, justifies why the term liquid crystal was established in the first place.

In the smectic samples under investigation here, one notable aspect is that the layer
spacing is not equal to the length of the molecular long axis. Specifically talking for
one of the candidates under investigation 8CB, with 3.1 nm it is 1.55 times larger than
the molecule alone [57,58], which corresponds to the size of the 8CB dimer. This points
to one more aspect regarding the intermolecular forces. On top of the expected van-
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der-Waals forces, also dimerization takes place through dipole-dipole interaction (see
section 2.2).

2.1.3. Thermodynamic origin of the LC phases

Phenomenologically, the appearance of the LC phase can be described in terms of ther-
modynamic properties. The Landau-de Gennes description is able to capture the be-
havior in terms of the order parameter tensor of the system in a free energy minimiza-
tion process. The global minimum of such a system is a uniform director field. It is
possible to add temperature dependence into the solution, and the Landau-de Gennes
theory is successful in this context in describing the behavior of LC systems across the
nematic-isotropic phase transition, for example predicting the discontinuous nature of
the transition [1,2,55].

Taking into account strains to the system in the form of bend, splay, and twist dis-
tortions, the elastic free energy can be treated in the Frank-Oseen formalism and is
expressed in terms of n (with the choice that the unperturbed director is pointing along
the z axis) in the form

1 1 1
Felastic = §k11(v . TL)2 + §k22(n . (V X n))2 + 5]{33(71 X (V X n))2 (22)

The term V - n = aa’;” + aa% describes the splay distortion of the nematic field with its
strength ki;. The twits is given by n - (V x n) = %’Zw + % with its strength kop. And

finally the bend of the director field is described by (n x (V x n))? = (%2 4 (%2
and amplitude k33. It is a common choice to set k11 = koo = k33 = k, given that these
constants are of the same order of magnitude in real systems, leading to the elastic free

energy description of

Felastic = %k[(v : Tl)2 + (V X n)Q] (23)

The minimization of this free energy leads to the director field within the volume. Ad-
ditional terms can be added to the free energy, in order to account for more complex
systems. Examples are external fields, surface anchoring, or suspended objects/particles
within the LC. In all these cases, the director field will realign, in order to accommodate
these extra terms.

2.2. Molecular candidates

The molecules selected here represent well known benchmark systems from the perspec-
tive of the LC community. The macroscopic (phase transitions, refractive indices, elastic
constants,...) and microscopic (molecular dipole moments, polarizabilities,...) proper-
ties are reported in literature. Therefore these molecules are reasonable starting points
for bridge building into the THz molecular dynamics field. From a more fundamental
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Figure 2.5.: The molecular structures of (a) 8CB, (b) 8OCB, and (¢) PCH5. 8CB con-
sists of a biphenyl core with attached cyano group and alkyl chain of eight carbon atoms
length. 8OCB contains an additional oxygen atom between biphenyl and alkyl chain.
PCHS has one phenyl ring exchanged for a flexible cyclohexane group, and an alkyl
chain of length five.

perspective, the choice of molecules is also guided by experimental considerations. The
three main targets are shown in Figure 2.5 and receive a detailed discussion. It can be
seen at a glance, that the three molecules are closely related to each other. This resem-
blance of the chosen molecules is by design. The idea is to use the structural similarities
as a comparison point between measurements, and to identify how small changes to the
molecular composition impact on the results. This is intended to help in gaining insight
into the dynamics, from a purely experimental perspective before theoretical support.

2.2.1. nCB family of LCs

From the nCB (4-cyano-4’-n-alkylbiphenyl) family of L.Cs, the sample of highest interest
is 8CB, which is shown in Figure 2.5a. It consists of a biphenyl group ("B”), with
a cyano group attached on one end ("C”), and an alkyl chain of eight carbon atoms
length (”8”) attached at the other end. The chain can vary in length n, and each of
these distinct molecules has its own phase transition properties. Figure 2.6a shows the
phase sequences of the nCB series between two and twelve. 5CB is the first molecule in
the series that shows liquid crystal behavior, and is generally regarded as the benchmark
molecule for LCs. The choice for 8CB, on the other hand, is made because it is the first
to also shows the smectic A phase. This will allow to tune the collective order in more
steps in the experiments. For all nCB samples, the phase transitions occur in an easily
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Figure 2.6.: Phase diagrams showing the phase transition temperatures as function of
alkyl chain length for families of (a) nCB, (b) nOCB, and (¢) PCHn. Data taken from
the vendor Synthon Chemicals [62].

accessible temperature range.

From a molecular dynamics perspective, the nCBs possess a large reported permanent
dipole moment of 4.9D [59] (exp.) to 6.2D [60,61] (theo., gas phase DFT), generated
mostly by the polar cyano group and remains reasonable constant with the alkyl chain
length. The consequence are dipole-dipole interactions between neighboring molecules,
leading to loosely bound anti-parallel dimers, as hinted at above. The biphenyl is rigid
and makes up the backbone of the LC unit, with a torsional angle between the two
phenyl rings. Electronically speaking, it is characterized by delocalized 7 orbitals that
show high degrees of polarizability and allow of m-stacking in principle (favoring charge
transport). On the other hand, the non-planar nature of the two rings counteracts this
tendency. In contrast to the rigid core, the alkyl chain is highly flexible and able to
adapt to the environment.

2.2.2. nOCB family of LCs

80CB (4-(4'-n-octyloxyphenyl)benzonitrile) is structurally highly similar to 8CB, with
the only change being an inserted oxygen molecule between biphenyl core and alkyl chain.
Parallel to the nCB section, Figure 2.5b shows the 8OCB structure and Figure 2.6b shows
the phase transitions as function for various chain lengths in the nOCB series. The added
oxygen is primarily responsible for raising the phase temperatures on a macroscopic level,
and for raising the permanent dipole moment on a microscopic level to 7.3D [63] (theo.,
gas phase DFT). Just as for 8CB, 80OCB is the first in its series to show both the nematic
and smectic phases. Additionally it makes the direct comparison easier, since the chain
lengths are equal between them.
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Figure 2.7.: Refractive indices and birefringence values for select LC samples, as reported
in [64—66]. (a) Refractive indices for 5CB (blue), PCH5 (red), and E7 (multi-molecular
mixture, yellow) across the visible and NIR electromagnetic spectrum, and (b) the re-
sulting birefringence. Furthermore, the birefingence is plotted as function of temperature
difference to the nematic-isotropic phase transition Tyy for (¢) 5CB and (d) PCHS5.

2.2.3. PCHn family of LCs

Finally, PCH5 (trans-4-(4’-n-pentylcyclohexyl)benzonitrile) is the third molecule consid-
ered for the experiments, as presented in Figure 2.5¢, and the related phase transitions
in Figure 2.6c. PCHS5 is similar to 5CB, except for the exchange of one phenyl-ring (at
the alkyl chain end) for a cyclo-hexane group. This group is highly flexible and can
be more seen as an extension of the alkyl chain than a modification of the ring itself.
Electronically speaking, it does not have the delocalized character of a phenyl ring, and
therefore no ability to m-stack, and a similar electronic polarizability, with roughly 40 A’
for PCH5 [40] compared to about 45 A® for 5CB [39] and 50CB [40].

2.3. Optical properties

The highly anisotropic nature of the LC materials translates to anisotropy of bulk prop-
erties, such as in their interactions with light. In its simplest description nematics can
be described as uni-axial crystals, with their optic axis equal to the director. Then
the refractive index along the director corresponds to the extraordinary axis n., and
the refractive index perpendicular corresponds to the ordinary axis n,. Hence, LC are
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birefringent materials, which is a property that makes them highly interesting for tech-
nological applications. Together with their response to external stimuli, discussed in
the next section 2.4, they are able to act as tunable phase shifters. Figure 2.7a and b
give representative examples of refractive indices and birefringence values for common
LC samples. The average (isotropic) refractive index for rod-shaped molecules can be
expressed as 7* = in? + 2n2. Furthermore, their technological usefulness is enhanced
by the fact that they are typically transparent over the entire visible and large parts of
the NIR spectrum.

Within the LC phases the birefringence is highly sensitive to temperature. As the
system approaches the phase transition to the isotropic state, the birefringence drops
dramatically. This is an expression of the thermal energy in the system, competing with
the forces that drive the molecules into collective alignment. Ultimately, the birefrin-
gence is tied to the order parameter S, which is sensitive to temperature. Figure 2.7c
and d show this effect on the examples of 5CB and PCHS5, respectively.

2.4. Response to external stimuli

In addition to these intrinsic properties of LC materials, another heavily exploited prop-
erty in application is the easy tunability of the material through response to external
stimuli. The two most well known cases, which are both used in liquid crystal display
(LCD) applications, are the alignment by application of external electric fields, and the
alignment by imposition of boundary conditions. Both effects will be used for sample de-

livery in the experiments performed in this work, and therefore get dedicated discussions
here [1,2,55].

2.4.1. Electric fields

The anisotropic nature of LCs is also expressed in their dielectric properties. The sus-
ceptibility and polarizability are a reflection of the molecular anisotropic nature and
strong permanent dipole moment. This interaction of the material with the external
influence can be expressed in the context of the free energy of equation 2.3 through the
dielectric coupling.

(n-E)? (2.4)
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with the dielectric displacement D, and the dielectric permittivity e parallel and per-
pendicular to the director. In practice, only the second term generates realignment
through it’s coupling between n and F, and it can be added to the elastic free energy in
equation 2.3.

Over a certain threshold field strength, the alignment along the field vectors becomes
energetically favorable, and the director experiences a torque. This effect is termed
Fréederickz transition. For the example case of an LC confined between two windows
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with planar alignment, and the switching on of an electric field across the cell gap d,
one finds threshold fields E7 in the form

™ Ko
Er=— 2.5
S \/ € — €L (2:5)

Typically, the voltage is applied in the form of high frequency AC fields, because in
the DC case ionic impurities migrate to the electrodes, leading to a current and eventual
heating of the sample across phase transitions. The high frequency (beyond 100 Hz)
ensures that the material experiences an effective constant field on reorientational time
scales.

2.4.2. Boundary effects

The molecular next-neighbor interactions can force alignment on scales spanning macro-
scopic distances, easily up to millimeter domain sizes. These interactions can be ex-
ploited to induce a mono-domain of orientation in the LC sample, by imposition of
alignment at the surfaces. In the framework of the Landau-de Gennes description, it
is expressed by addition of an interaction term. It contains an alignment axis e for
the surface (called the easy axis), and a coupling energy W which parameterizes the
strength of the alignment. Integration over the surface S leads to additional free energy
in equation 2.3 of the form

1
FSurface = _ﬁw/(n : e)ZdS (26)

When the total free energy is minimized, the surface free energy leads to alignment
throughout the bulk.

Experimentally, this is achieved through surface functunalization. Boundary condi-
tions can be imposed by micro-grooved surfaces, leading to planar alignment along the
groves. Typically this is achieved through application of thin polymer layers (such as
poly vinyl alcohol (PVA)), that are then rubbed with a fine cloth. Alternatively, chem-
ical interactions can lead to certain alignments. For example, deposition of a thin layer
of molecules with certain functional groups can interact with the polar heads of the LC
molecules (or other parts of them), imposing perpendicular (homeotropic) anchoring.

Alignment techniques can also be combined. As it happens, most LCDs rely on both
surface and field effects. An LC layer placed between two cross polarizers can block
any light from passing the assembly in the condition of zero applied electric field, if
the surface anchored alignment direction is not turning the polarization. Switching on
a voltage in order to turn the molecules out of this initial configuration can then lead
to light leakage through the second polarizer. Indium Tin Oxide (ITO) is a common
substrate that is both conductive and transparant in the visible spectrum.

31






3. THz methods

The range that comprises the THz electromagnetic spectrum represents one of the two
extreme ends of it. Opposite to the X-ray range, it is characterized by long wavelengths
and photon energies that are comparable to thermal energy at room temperature. For-
mally, THz radiation is defined by the frequency range of 0.3 THz to 10 THz, corre-
sponding to 1000 pm to 30 pm in wavelength, or 1 meV to 40 meV in photon energy.
Efficient and coherent THz sources rely on nonlinear optical processes for generation (or
cryogenic operation, as is the case for quantum cascade lasers QCLs).

THz radiation has the advantage of long wavelengths over all other spectral regions,
from the mid-IR to the extreme ultraviolet, allowing the sampling and resolution of the
full coherent electric field waveform. Therefore, it gives direct access to both amplitude
and phase of the THz light. While there has been work done to extend this advantage
to higher frequencies [67], typically in these conventional regions only intensities are
directly measurable, loosing any absolute phase information.

THz science is a mature field [68-73], with methods for generation and detection that
are numerous and can be picked to suit the given experimental goals. The same is true
for the manipulation of THz light through optical elements. In the following, a general
overview will present the techniques with their advantages and disadvantages, in order to
motivate the choices made for the particular investigation of this work. These techniques
will then be discussed in more detail. Lastly, the experimental setup, and the two THz
measurements performed with this setup will be introduced.

3.1. THz generation, detection, and manipulation

The coherent generation and detection of the THz pulses that interact with the sample
is the foundation for this work. This section is intended to provide all details necessary
to understand the chosen experimental conditions.

3.1.1. THz generation

Most coherent generation mechanisms for THz radiation rely on the employment of
ultrafast optics, since purely electronic techniques are too slow and don’t reach THz
frequencies. There are numerous ways to generate THz radiation, such as photo con-
ductive antennas, which have become the work horse within this field, given their cost
effectiveness [74]. Here, the radiating electric field is generated by a photo current
in a biased semiconductor with sufficiently short carrier lifetimes. Other options are
quantum cascade lasers (QCLs) [75] two color air plasma sources [76, 77|, spintronic
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emitters [78], difference frequency generation (DFG) techniques [79,80] or quasi-phase
matched crystals (such as periodically poled lithium niobate PPLN) [81] for narrow band
THz generation, and linear accelerator facility based sources like FELIX (Nijmegen, the
Netherlands) [82] and FELBE (Dresden, Germany) [83,84].

The following discussion will focus on the optical rectification (OR) technique [85,86]
chosen for this work, for its good compromise between high THz field strength and
broadband THz spectrum achievable for tabletop sources. Transmission spectroscopy
experiments benefit from an extended spectral bandwidth, while nonlinear experiments
require high intensities. OR can provide a means to both. In particular, the discussion
begins with a general description of the optical rectification process, followed by the
particular implementation in this work.

3.1.1.1. Optical rectification

The optical rectification process originates from nonlinearities in the dielectric response
of a material, where the induced polarization of the medium deviates from a purely
linear proportionality with the incident electric field. In this sense, it belongs to the
same class of processes as second harmonic generation (SHG), and other wave mixing
processes [73,87].

It’s typical for these materials to have small nonlinearities and to behave effectively
linear for small electric fields. Hence, they reveal their nonlinear nature once the field
strength compares with the internal interatomic fields. This relation between the po-
larization density P(t) and the incident electric field E(t) is represented by a Taylor
expansion of the form presented in equation 3.1 with the (non-) linear susceptibilities

NG)

P(t) = eo(xE(t) + XD E*(t) + x\PE3(t) + ...) (3.1)

The higher order terms are responsible for generating wave mixing processes and
frequency conversion. The exact details about which processes are dominant depend on
the materials and symmetries used. Finally, the connection between the time-varying
polarization density and the generated propagating electric fields is given in a classical
description by Maxwell’s Equations and the wave equation 3.2.

W PE@W) PP
2 ar M Tge

V2E(t) — (3.2)

Hence, in the far field the radiated electric field is proportional to the second derivative
of the induced polarization in the nonlinear medium. From here, the question remains
how these wave mixing processes lead to coherent THz radiation in practice. Looking at
the second order polarization term P®)(t) = x? E2(t) in equation 3.1, and considering a
two color light field E(t) = Ej cos(wit) + Es cos(wst) for simplicity, one finds terms oscil-
lating with different frequencies. Among them are terms that represent second harmonic
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generation o< cos(2w;t) (SHG), sum frequency generation o< cos((wy + ws)t) (SFG), dif-
ference frequency generation o< cos((w; — we)t) (DFG), and DC terms o< cos((w; — w;)t)
that are called the optically rectified terms (OR).

In the continuous wave (cw) case, the rectified term is naturally neglected, since DC
polarization does not radiate. Only in pulsed applications is it of use. In these cases,
the rectified term follows the pulse envelope, leading to a time varying polarization
density that radiates pulses with frequency bandwidth proportional to the inverse of the
driving pulse time duration. From the frequency perspective, optical rectification can
be understood as an intrapulse difference frequency process, but this formulation will
not be further discussed here.

As is the case for any medium, the conversion mechanism alone is not a sufficient
description of its performance. In practice phase matching considerations are impor-
tant [88,89] and dictate if a x(?) material is suitable for Second Harmonic Generation or
Optical Rectification. Common inorganic materials that are well phase matched at eas-
ily available pump wavelengths are Lithium Niobate (LiNbOg, LN) and Zinc Telluride
(ZnTe). While they deliver wider bandwidth than photoconductive antennas, the im-
provement is modest, and in the case of LN phase matching requires complicated tilted
wave front techniques. Therefore a number of organic crystals have emerged as options.
Across the board they have approximately one order of magnitude higher conversion ef-
ficiencies than their inorganic counterparts, and even larger bandwidths. The downside
is their lower damage threshold and required thermal management, and substantially
increased commercial cost.

3.1.2. THz detection

What makes the THz regime unique, are wavelengths that can be fully resolved. The
retrieved waveforms correspond to the electric fields of the light, hence they make ampli-
tude and phase accessible at the same time. Typical all-optical techniques use geometries
in which the THz beam is overlapped with an ultrashort gate pulse that encodes the
instantaneous electric field value as a function of its relative position in time. The two
most common techniques are based on photoconducitve antennas [90] and Pockels crys-
tals, and both represent in some sense the reverse effect as used for THz generation. In
photo-conductive antennas a total current (carrier lifetime must be much shorter than
a THz cycle) is measured with the THz acting as a bias field. Alternatively, in EOS,
the THz acts as an instantaneous applied voltage over a Pockels crystal, imprinting
a change in polarization onto the gate pulse. The following section will describe this
second technique in more detail, since it is of relevance in this work.

3.1.2.1. Electro optic sampling

The typical scheme to measure THz traces via electro-optic sampling (EOS) [91,92] in-
volves a co-propagating ultrashort gate pulse through an electro-optic material, followed
by a quarter-wave plate, a Wollaston prism, and two balanced photo-diodes detecting
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Figure 3.1.: Electro-optic sampling scheme. The linearly polarized THz and probe pulses
are focused through a common focus in the Pockels crystal (GaP) with variable time
delay. Afterwards, the probe is collimated by a lens, converted to circular polarization by
a quarter waveplate, and split into s- and p-polarization by a Wollaston prism. In the
absence of electric field applied to the crystal, both arms contain the same light intensity.
THz electric fields add additional phase to the probe polarization, leading to an intensity
difference between the final beams.

both outputs. The scheme is based on the Pockels effect in electro-optic crystals, in
which the refractive index is modified as function of the electric field strength present.

The Pockels effect [73,93,94] is a linear electro-optic response of materials and can be
discussed in the framework of anisotropic changes of the index ellipsoid in the presence of
electric fields. In the most general case, it can be expressed through the impermeability
tensor 7;; as

ijl’il'j =1 (3.3)
ij

For the case that the ellipsoid axes match the principle axes, it simplifies to the known
form x3/n? + x3/n3 + x2/n% = 1. The change of the impermeability tensor with applied
electric field n;;(£) can be expanded in a Taylor series, and the first order term is related
to the linear change in refractive index An(E)

i (E) = ni; + Z rijeEr + ... (3.4)
!

where the 7;;;, coefficients are the electro-optic coefficients characterizing the strength of
the response. This tensor in principle has 27 elements, but can be simplified, since it
is symmetric by nature. Furthermore, not all elements are independent, with the exact
form being dictated by the crystal point group of the material. For cubic 43m crystals,
such as the GaP and ZnTe crystals used in this work, the electro-optic tensor simplifies

36



3.1. THZ GENERATION, DETECTION, AND MANIPULATION

down to

Tk =

o O O
o O O O

<
N
=

O O O OO

[a)

<
W~
—

0

e}

T'41 |

The crystals used in this work are optically isotropic n; = ny = ng = ng. This leaves
the electric field modified index ellipsoid equation in the form

SU2 y2 22
4 s+ 2 Feyz + 2rn Byrz + 2ra By = 1 (3.6)

g Ng 0

In order to simplify the response, EOS is typically performed with crystal cuts along the
[110] crystallographic plane, and the pulses propagate perpendicular to it. In order to
solve this case, a coordinate transform is performed into this new reference frame via

0
X=—|[1],v=[(0),2z=—1]-1 (3.7)
1

r= ,z2=Y (3.8)

Assuming the applied THz electric field is polarized along the new x axis, the ellipsoid
equation simplifies to

X2 vy 72
— t =+ = - ra B, XY =1 (3.9)
L L L

In order to bring this equation into a form that allows for easy identification of the
induced refractive indices, the new axes A and B are defined

X+Y Y - X
J— 73::

V2 V2
72 A2 B2

= = —rpFrm,(B*— A =1 3.11
n3+n%+ng T41 TH( ) ( )

A:

(3.10)

which represent axes 45° diagonal to the axes defining the plane of polarization. For the
condition 74 Fra, << =, the effective refractive index of the modified system is

n2o
0
1 3
na =ng+ §n0r41ETHZ (312)
1
np = nNg — §n8r41ETHZ (313)
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The gate pulse, as it co-propagates with the THz pulse through the electro-optic ma-
terial, experiences a birefringent environment proportional to the electric field strength
present. The effect of the THz on the material is assumed to be instantaneous for all
practical purposes, hence the detector response function of this process is fundamen-
tally given by the convolution in time and space of both pulses, as well as the velocity
mismatch.

The induced ellipticity of the probe beam as function of relative time delay in THz
pulse is the read out in a balanced detection scheme. In this scheme, the probe prop-
agates through a quarter wave plate, Wollaston prism, and is then detected by two
balanced photo diodes. In the case of no THz, the probe polarization is turned circular
by the quarter wave plate, split into s and p polarization by the Wollaston prism, and
each beam is detected by one photo diode. In this no THz example, both beams have
equal intensity, and therefore the detected balance signal is Al = 0. If THz light is
present, the detected intensities are out of balance according to equation 3.14.

[O(.UL

Al = I()AQO == 77,37'41ETHZ (314)

By measuring at different time delays, the entire THz field can be sampled and re-
constructed. Equation 3.14 can also be solved for the electric fields and used to extract
the amplitudes in absolute units according to equation 3.15, if the relevant material
parameters of the electro-optic crystal are known.

c AIt)
Erw,(t) = 3.15
TH(?) wndrg L I ( )

3.1.2.2. Gallium phosphide detection efficiency

The generated THz pulses used in this work are spectrally broad compared to other
OR sources, and exhaust the available detection bandwidth of GaP in the EOS scheme.
The detection limit is given by a phonon mode of GaP located at around 11 THz. In
its vicinity in the frequency domain, the refractive index n(w) and the electro-optic
coefficient 741 (w) are modulated. These effects were modeled by Leitenstorfer et al. [95]
and are plotted for the case of a 50 pm thick crystal in Figure 3.2 with the material
parameters for GaP taken from Leitenstorfer et al. [95] and Mankowsky et al. [96].
Panel a shows the refractive index n(w) and extinction k(w) (real and imaginary parts
of the complex refractive index), while panel b shows the electro-optic coefficient r4; (w).
Mathematically, they are expressed by equations 3.16 and 3.17 [97].
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Figure 3.2.: Gallium phosphide material parameters determining the EOS detection effi-
ciency. (a) Real and imaginary part of the refractive index. (b) Electro-optic coefficient.
(c¢) Efficiency based on Fresnel transmission and velocity mismatch. (d) Total detection

efficiency.

n(w) = \/eoo [1 + ( (wro)” = (hwro)” ] (3.16)

hwro)? — (hw)? — thyw

ran(w) = e (1 +C (1 _ M)_l> (3.17)

(tho)z

Consequently, three effects play into the total detection efficiency. The refractive index
dictates the frequency dependent Fresnel reflection strength and the velocity mismatch
with the NIR probe pulse centered at 800 nm wavelength A\, experiencing the group index
ng(Ao). Both effects are expressed in equation 3.18 and plotted in Figure 3.2c, with the
first term representing the Fresnel transmission into the crystal and the second term
representing the averaged electric field over the velocity mismatch [98]. Thirdly, the
electro-optic response of GaP to the THz field is frequency dependent, meaning certain
frequencies could be underestimated.
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Figure 3.3.: Measured and corrected (a) spectra and (b) time traces for 50 nm GaP. The
ringing in the corrected time trace stems from the 8 THz peak in the corrected spectrum,
generated by the minimum in the response curve.

B 2 _clexp(—i2nwd(ng(A,) — n(w))/c) — 1]
Glw) = T —i2rwd(ng(Ne) — n(w))

(3.18)

In total, the detection efficiency of GaP in EOS schemes is expressed as R(w) = G(w)-
r41(w) and is corrected in frequency domain by division Erp,(w) = Fryeasured(w)/G(w) -
r41(w). This total detection efficiency is presented in Figure 3.2d, showing a roll-off
to zero until 8 THz, representing the underestimation of the higher frequencies and the
bandwidth cutoff in these experiments here. In practice, the traces in time should be
Fourier transformed into frequency domain, corrected, and back-transformed into time
domain. The measured and corrected spectra (normalized) are shown in Figure 3.3a,
and the THz traces in time domain are shown in panel b. The underestimation of
spectral content up to 8 THz is evident. Furthermore, the corrected time trace is faster
by an estimated factor 0.97, and was showing a significant amount of high frequency
noise, originating from the fast oscillations in R(w) above 8 THz (Figure 3.2d), which
was suppressed in frequency domain before the back-transformation. The ringing before
and after the main pulse in the corrected time trace stems from the 8 THz peak in the
corrected spectrum, generated by the division of the minimum point in R(w).

This correction will be applied in the THz Kerr analysis in Chapter 5.2, since the exact
THz time trace is of importance there. It will be performed by scaling the THz time axis
by this factor 0.97, with the above analysis serving as justification. The spectroscopy
data of Chapter 5.1 will remain unaffected by the correction, since it is analyzed by

referencing the traces containing the sample information against traces without sample
in the beam path.
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Figure 3.4.: Attenuation properties of all used Si transmission filters. (a) THz traces in
the time domain, referenced against an unattenuated pulse. (b) The resulting frequency
resolved transmission spectrum.

3.1.3. THz attenuation

One key parameter in this work presented here is the scaling behavior of the measured
response with THz field strength. In general, there are many ways in which THz light
can be attenuated [99,100]. One convenient and continuously tunable method is based
on two wire grid polarizers in sequence, but bandwidth is a concern. Another simple
method is to attenuate the pump beam which is driving the OR process in the nonlinear
crystal. But this method also influences the generated frequency content of the THz
pulse, making analysis by amplitude and shape overly difficult. The method chosen
for attenuation in this work is based on insertion of intrinsic Si wafers. Here, attenua-
tion is achieved through simple Fresnel reflection on both Si interfaces. As depicted in
Figure 3.4, intrinsic Si has a flat refractive index across the relevant part of the THz
spectrum (n = 3.42), which leads to reflection loss of the electric field of 70% (50% in
intensity). One drawback is that attenuation can only be controlled in increments of
0.7V, with N being the number of wafers, and fine tuning is not possible. For each
inserted filter, the THz beam accumulates relative delay against the NIR gate pulse of
4 ps, due to the increased optical path length of o = (ng; — 1)d.

3.1.4. THz spectral filtering

Part of the work presented in this thesis explores the measured response of the sample
for different THz pulse shapes. The simplest form of pulse shaping is spectral filtering,
cutting frequency components from the incoming pulses. For this purpose, a set of THz
bandpass filters is available and characterized. In general, the consequences of bandpass
filtering for the transmitted pulse shapes are a narrower spectrum leading to a longer
pulse duration accordingly, and a loss of peak intensity/field strength, since spectral
intensity is simply discarded.
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Figure 3.5.: Selection of available THz transmission bandpass filters as function of fre-
quency, provided by Lepto.

The filters used here (provided by Lepto) [101] are constructed of patterned gold
foil deposited on thin (micrometric) TOPAS foils (section 4.4 for further general THz
properties of TOPAS). This ensures relatively high transmission through the supporting
substrate, with negligible relative time delays for the pulses in the experiment. Each
available filters is characterized through standard THz-TDS and the transmission spectra
are presented in Figure 3.5.

3.2. Experimental realization

The entire THz Setup is depicted in Figure 3.6. It is designed to allow for easy back-
and-forth between TDS (Fig. 3.12) and Transient Kerr measurements (Fig. 3.21). The
following section will introduce the overall setup with the elements relevant to both
configurations. Afterwards, each configuration is discussed in detail in dedicated sub-
sections.

All beams in the setup originate from the same commercial Ti:Sa (titanium doped
sapphire as lasing medium) system. The output is split and frequency converted as
needed through nonlinear processes, and finally recombined in the relevant interaction
regions with variable delay. The initial source is an Astrella-He system produced by Co-
herent, and it delivers pulsed 800 nm light of 35 fs (nominal) duration at 1 kHz repetition
rate. The output polarization of the NIR pulses is p-polarization or horizontal in the
lab frame. The total output power is above 9 mJ and the majority of it (~ 8 mJ) is used
to pump a commercial optical parametric amplifier (OPA) system (TOPAS Prime-He,
Ligth Conversion). It is split off by a 90:10 beamsplitter located right after the Astrella
output port, and the transmitted 10% is available for other applications. A fraction
of this fraction (split off with a pellicle right after the first beamsplitter) is used as a
gate pulse in the THz setup. The targeted THz pulses in the setup are generated from
multiple down conversions of the NIR light propagating towards the OPA.
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Figure 3.6.: Querview over the experimental setup, enabling time domain spectroscopy
(TDS) and THz Kerr measurements with minimal adjustments. The THz pulses (green)
are generated by pptical rectification in the organic crystal DSTMS by pumping with
1.5pum pulsed light (orange). Off-axis parabolic mirrors guide the THz light to the inter-
action regions with the sample and electro-optic crystal (GaP). Broadband attenuation
is achieved by insertion of Si wafers acting as 70% attenuators. For both measurement
types, the same ultrashort 800nm gate pulse (red) is used and measured in standard bal-
anced detection configuration. The gate pulse has vartable delay by retroreflectors on
delay stages, and can be modified in its polarization state by half wave plates. The en-
vironment is encapsulated and purged with dry nitrogen, in order to avoid absorption by
water.

The OPA consists of three stages and is tunable across signal and idler beams between
1.15um to 2.6 pm in wavelength. The output polarizations of the signal is s-polarization
(vertical), and of the idler p-polarization (horizontal). The three stage nature of the
design allows for high conversion efficiency and therefore high pulse energy at the output.
In practice, the peak efficiency sits at 1.3pm, as can be seen from the tuning curve
in Figure 3.7. In terms of pulse duration, it is estimated at 50fs. It has not been
independently measured, since only the THz pulse traces are of importance, which are
intrinsically characterized as part of the experiments. Both the signal beam of the OPA
and the 800 nm beam coming directly from the Ti:Sa laser are guided to the setup via
standard silver optics (red and orange beams in Figure 3.6). The second frequency
conversion from infrared signal beam to final THz pulse is done further downstream,
close to the sample.

The conversion into the THz regime is realized by OR in the organic crystal DSTMS [88,

43



CHAPTER 3. THZ METHODS

2.0r —— Signal === Idler 1

S~
S~
~

S~
S~
~<
~

1.2 1.4 16 1.8 2.0 22 2.4 2.6
Wavelength [um]

Figure 3.7.: Typical tuning curve of the TOPAS-He system in the laboratory. The signal
15 tuned between 1.4nm to 1.55um to drive the optical rectification process in the THz
setup. The colored markers are meant to indicate which signal and idler wavelengths
are generated in tandem, in other words their sum frequency would yield back the input
800 nm wawvelength.

102], as detailed in section 3.1.1. The relatively high conversion efficiency at simple co-
linear phase matching across a broad bandwidth between 1 THz to 7.5 THz makes the
inclusion in the setup straightforward. The DSTMS crystals used in this work have
been purchased from Rainbow Photonics and have a 6 mm open aperture with 600 pm
thickness along the propagation direction. The signal pump beam coming from the
OPA is collimated down to fit this size, and is tuned in wavelength from 1.4pm to
1.5 um, depending on the experiment.! After the IR pump beam propagates through
the DSTM crystal, the residual IR intensity is filtered out by a set of three consecutive
THz-transparent IR-filter foils, in order to avoid any possible damage of the sample and
optics, or even unwanted interaction within the sample.

The OPA pump beam, before entering the OR crystal, is chopped to half the repetition
rate with a 50% duty cycle chopper. Chopping before the OR process, rather than after,
improves the average power experienced by the sensitive organic OR crystals. The
acquisition of the THz experiment is done by referencing against signal without THz
pulses present. In detail, the acquired time traces are measured by the balanced photo
diodes as Virg,—on — VrHs—off, and averaged over 1000 events for each data point. This
eliminates drift of the laser system and offset in voltage, coming from different responses
of photo diode A and B. Furthermore, each measurement is the average of multiple
passes of the delay stage, typically five.

The broadband THz light is best guided through reflective optics. Transmissive optics
suffer from potentially high loss (depending on the material), and chromatic aberration
given the large relative bandwidth, especially within this work. Off-axis parabolic mir-

1.5 pm provides slightly higher THz peak fields, which has been fully optimized for the Transient
Kerr measurements. This difference is hardly an issue, since the relevant parameter, the THz trace
in time, is always fully known through direct measurements via EOS.
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rors (OPM) are the standard choice for these applications. In this setup, the THz is
propagating through a five 90° OPM system. In sequence of beam propagation they
are:

1. A telescope configuration consisting of a 1 inch focal length and 6 inch focal length
OPM, with a focus in between. They pick up the collimated beam, expand it by a
magnification factor 6, and collimate it again. This collimated section contains a
stack of movable Si intensity filters, as described in section 3.1.3. The large mag-
nification ensures tighter focusing afterwards, in order to increase the achievable
field strengths in the sample.

2. The beam is picked up by a third OPM of 2 inch focal length and focused into the
interaction region of the light with the sample.

3. After the sample, the transmitted light is collected by an 4 inch focal length OPM,
which again collimates. These two OPMs before and after the sample have each
a small hole in them to allow for a further probe beam to co-propagate with the
THz optical axis.

4. Finally, the fifth OPM of 2 inch focal length is focusing the THz pulses into the
electro-optic crystal for EOS. It has a hole for the EOS beam to co-propagate with
the THz beam.

As stated towards the beginning of this section, the probe beam originates from a
fraction of the unused Ti:Sa laser light. Right after the pellicle, it is collimated down to
a few millimeter beam size by a telescope, and made to propagate a few meters between
silver mirrors to compensate for the path length of the parallel OPA line, before entering
the setup. There, it enters a corner cube retroreflector on a variable delay stage, followed
by a polarizer (to ensure well defined linear polarization), a A/2 wave plate (to enable
control over the polarization angle),? and finally a lens that focuses the beams into the
interaction region through the holes of the OPMs. The spot size of the probe is on
the order of magnitude 10 pm FWHM, much smaller the the order of 100 pm FWHM
of the THz beams®. Afterwards, the probe is measured in balanced detection condition
as described in the previous section 3.1.2. The switch between TDS and THz Kerr
configurations is done with two flippable mirrors.

Overall, one parameter that commonly requires addressing in THz experiments is the
absorption by atmospheric water. In gas phase, it has multiple absorption lines in the

2Note on the order of polarizer and waveplate: ideally, the polarizer is the last element before the
interaction region, in order to truly ensure a well defined linear polarization. In practice, with
the optics available the beam pointing is strongly affected when rotating the plane of polarization,
negatively impacting the spacial overlap of THz and probe beams, as verified by placing a CCD
camera in the focus position. Therefore, the order is set as described in the main text, with the
polarizer only set with its transmission axis to the incoming polarization, and then the waveplate to
turn afterwards. This has been found to keep the pointing change to a manageable amount, at the
cost of a small but negligible amount of static ellipticity, when moved out of its initial condition.

3Measured by knife edge method
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Figure 3.8.: (a) Absorption spectrum of atmospheric water across the THz frequency
range, taken from the HITRAN database [103]. (b) THz pulses measured as function of
relative humidity (RH).

THz range related to rotational transitions, shown in Figure 3.8a. Therefore, humidity
in the environment has to be controlled. It is standard (and cost effective compared to
vacuum solutions) to purge the volume in which the THz pulses propagate with nitrogen
or dry air. Here, nitrogen is used to purge the volume from the DSTMS crystal to the
GaP crystal for TDS. This volume is enclosed by a box with openings and exits for
all beams used. The humidity level is monitored by Sensirion sensors and typically
kept stable below 3% relative humidity.* This 3% level is chosen as a compromise
between the marginal gains from better relative humidity and the time it requires to
purge further down. Panel b of Figure 3.8 shows THz pulse measurements in humid and
dry environments for comparison.

3.2.1. THz properties

The typical DSTMS generated and GaP detected pulses are shown in Figure 3.9, accom-
panied by the frequency spectrum. The measured traces compare well with published
data, even though in the spectral domain, significantly more intensity is seen in the
higher frequency parts of the spectrum. This is likely due to the shorter than usually
reported pump pulse duration, which is directly responsible for larger bandwidths in
OR processes. Furthermore, the spectral signal has a shoulder between approximately
5.5 THz to 7.5 THz which is still useful for linear absorption spectroscopy, albeit with
larger uncertainty bands given the reduced signal-noise ratio (snr). At the low frequency
end of the spectrum, the generation crystal DSTMS presents an IR active phonon (lattice
vibration mode) at 1 THz, hence everything at and below 1 THz will be neglected.

The experimental setup contains two interaction points in which the THz beam and the

4The laboratory is stabilized to 20 °C, but not humidity stabilized. It can vary between 25% to above
70% depending on the outside conditions and season.
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Figure 3.9.: Typical DSTMS generated THz traces in the THz experiments reported
within this work (a) Normalized THz traces in the time domain. (b) The resulting
normalized frequency spectrum.

probe beam co-propagate through a common focus. In other words, in these two points
the THz pulse can be fully characterized. In the EOS focus for the TDS measurement,
this is a standard part of the protocol. While the shape of the pulse contains important
information for the spectral analysis, the amplitude in physical units is neglected, since
only the relation to the reference matters. The second case of the interaction point with
the sample itself is different, in that characterization of the THz transients in shape
and strength is explicitly required. This means removing the entire sample stage and
replacing it with an EOS crystal. The reasons are twofold: (i) The exact shape of the
traces are necessary in evaluating the dynamics induced in the Kerr response, since they
are governed by the THz driving fields. (ii) For the nonlinear experiments, knowledge of
the absolute value is necessary and measured through EOS, in order to extract physical
system parameters.

Using the formalism presented in equation 3.15, the peak fields in the sample position
are estimated to reach 2 MV cm~!. These values are measured using a thin GaP crystal
of 50 pm thickness, and attenuating the THz beam going into the crystal with six silicon
wafers acting as transmission filters (see section 3.1.3 for details). The directly measured
THz field strength is then calibrated back with the known attenuation factor. These two
steps are necessary in order to keep the electro-optic response of the detection crystal
in the linear regime and prevent saturation. A further aspect to consider is that the
four times thinner GaP has a closer internal reflection signal in the time trace. Hence,
the usable Fourier window is shortened accordingly, and the resolution in frequency
space is reduced significantly. Therefore, as a general rule applied within this work, for
characterization in time domain the thin GaP is used, for evaluation of the spectroscopic
content the thick GaP is used.

The majority of results presented in this thesis have been obtained with the DSTMS
generated THz pulses. One part towards the end makes use of changed pulse shapes.
This is achieved in two ways. Firstly, exchanging the generation crystal, and secondly
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Figure 3.10.: (a) TDS traces measured in the sample position, generated using PNPA
for generation and bandpass filters (b) Corresponding frequency spectra

through further spectral filtering. In terms of crystal, the choice is PNPA, provided by
THz Innovations, and it generates similar yet distinct THz time traces with peak fields
on the same order of magnitude. It is pumped with a slightly detuned OPA signal beam
of 1550 nm, yielding peak field strengths of 1.45 MV cm™. In combination with the
bandpass filters, a significant amount of field strength is lost. The corresponding peak
fields are on the order of 500kV em~! and 100kV em~! for the 3.75 THz and 1.5 THz
filters. Given the nonlinearity of the response, the expected strength of the signal will
be weaker accordingly, and therefore also the snr. The measured THz time traces are
shown in Figure 5.24a and their corresponding spectra are shown in panel b.
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3.3. Time domain spectroscopy
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Figure 3.11.: THz time domain spectroscopy scheme. A THz pulse is transmitted
through the LC sample (planar alignment as depicted - extraordinary axis, or planar
perpendicular - ordinary azis), and measured after propagation though interaction re-
gion. It is referenced against a THz pulse measured without sample in the region.

The TDS configuration setup is depicted in Figure 3.12. It requires the gate beam to
pass through the last OPM and to overlap with the THz beam inside the electro-optic
crystal. Here, it is a 200 pm thick GaP of (110) cut, which gives a good compromise
of phase matched coherence length [73] and temporal cutoff due to multiple reflections
inside the crystal. Both attributes play a role in the data quality for spectroscopy.
While the first effect is represented by a general instrument response function, expressed
as a convolution of the real pulse with a Gaussian representing the walk-off in time,
the second effect limits the available information for the Fourier Transform, since the
data containing the reflection needs to be cut from the measured traces. The general
properties of FFTs dictate that the length of the available time interval is directly
proportional to the resolution in frequency space. Another aspect is the 35fs pulse
duration of the gate, which limits the resolution.

The THz pulse is vertically polarized, while the gate pulse is horizontally polarized.
The gate pulse is on a variable mechanical delay through a Thorlabs delay stage, enabling
the sampling of the THz pulse.

THz-TDS is conceptually equivalent to absorption spectroscopy in any other wave-
length range. The typical mode of operation in any case is to measure the intensity
spectrum of two light beams, one that is transmitted through the sample of interest
and one that acts as a reference. After the optical setup, the light is converted into the
spectral domain, collected, and finally the absorbance is calculated, typically assuming
Lambert-Beers law. The conversion to spectral domain is typically done on the table
top with dispersive optics, such as prisms and gratings. Since in the THz range the
pulses are fully known in time, there is no need for optical treatment and the spectrum
of all THz pulses can be accessed via standard Fourier transformations. In addition, as
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Figure 3.12.: THz Setup for time domain spectroscopy. The optics and beams used for
this measurement technique are highlighted in color, while the unused parts are grayed
out.

already stated above, the full phase information between the two beams allows access
to the refractive index and dispersion of the sample across the spectral range covered by
the THz pulse.®

The standard formulation to calculate TDS spectra out of the measured time traces
is based on Lambert-Beers law for electric fields and is modified to account for reflection
losses that would lead to overestimation of the absorbance [69]. Fresnel loss is only
dependent on the refractive index discontinuity at the sample interfaces, depends only
on the refractive indices and the angle of incidence, and is included with the factor
Tfl(nSample,nInterface,H). This transmission factor simplifies for normal incidence and
for sample-air interfaces, where npgerface = 1. Furthermore, ngampie is an intrinsic result
of the TDS measurement scheme. Here the situation is more complicated, since the
interface with the sample is formed by the cell window. The comparison between the
filled cell and empty reference cell lead to transmission factors at every interface of the
form t; = %, where 7 denotes the interface, and the indices 1 and 2 the medium
through which the beam passes first and second. Finally, with nropas = 1.54 (see
Figure 4.1), the correction factor reads as equation 3.19.

®Note that in the Mid-IR range, spectroscopy often also involves Fourier Transforms. In FTIR (Fourier
Transform Infrared) spectroscopy both beams are interfered, and the resulting intensity recorded as
a function of relative delay. The spectrum is then calculated via Fourier transform of this interference
trace.
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T_ tTOPAS—Sample * tSample—TOPAS _ Nsample (w)(1 + nropas)? (3.19)
tToPAS—Air * LAIr—TOPAS (Nsample(wW) + nTOPAS)?

Any electromagnetic wave propagating through a material will be modified by it’s
dielectric function e(w) = (1 + £(w)) = (n(w) + ik(w))? which contains the material
refractive index n and it’s extinction coefficient x according to Maxwell’s equations [69,

73],

E(w) = Eyexp(ikr) = Eyexp (ZMT) (3.20)
c
= Eyexp (—%) exp (z%r> (3.21)
2 c
Here, « = 2wk/c is the absorption coefficient. The real part of the exponential

represents the amplitude attenuation from absorption, while the imaginary part is the
phase shift experienced by the wave due to its refractive index. When referenced against
the same THz field not propagated through the sample of thickness d, and including the
transmission correction, one gets the following relation.

E ample(w) . ad .
ERT,(OJ) = Texp (—7) exp(i(n — 1)kd) (3.22)
Ap = (n—1)kd (3.23)

Thus, in detail the refractive indices n(w) are extracted from the TDS measurements
from the phase difference Ay, and the absorption coefficient a(w) from the ratio of
spectral amplitudes. Equations 3.24 and 3.25 are the standard relations in TDS between
material parameters and experimental observables.

(w) = Azéw) +1 (3.24)
alw) = —2 In (%T‘l) (3.25)

3.3.1. Practical considerations in TDS data processing

Both the extraction of the phase and the spectral amplitude from the acquired data
come with a few practical difficulties, that need addressing. In this context, this section
details the practical numerical procedures applied to the data presented in this work.
Even though these details are all related to the nature of numerical Fourier transforms,
this section is subdivided in three subsections: absorption calculation, phase retrieval,
and uncertainty band definition [72,100, 104].
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Figure 3.13.: THz filtering. (a) THz electric field trace in time domain, and associated
filter function. (b) The THz spectra obtained by Fourier transformation with and without
filter applied. The interference fringes from inclusion of the reflection are clearly visible
i the ungated spectrum.

3.3.1.1. Absorption calculation

As touched on previously, the major limitation in the data is the co-propagation of
a reflection within the EOS crystal that appears in the time traces with a temporal
shift. Keeping it in the data processing will lead inevitably to interference fringes in
frequency domain, and thus impact negatively on the quality of the results. Therefore,
the reflection must be cut from the trace, which is setting a limit on the time interval
available for the Fourier transform.

A general property of FFT is in their connection between sampling step size and
cutoff from one domain into another. The step size in time domain dictates the cutoff
in frequency domain in the form of the Nyquist frequency. The cutoff in time domain,
on the other hand, which here is set fundamentally by the EOS crystal thickness, leads
to a step size in frequency domain. In other words, the EOS crystal thickness defines a
resolution limit in the spectral domain.

In this work, instead of truncating the array sharply before the reflection and possi-
bly zero-padding the array, the reflection is suppressed by multiplying the array with
a smoothly decaying function that has approached zero by the time the reflection ap-
pears [72]. The strictly ideal choice is a Gaussian function, since in Fourier transforms
the multiplication of two functions in time domain results in a convolution of both
individual Fourier transforms in frequency domain. Gaussians are ideal for such an
application, since their Fourier transform is again a Gaussian, meaning in frequency
domain the result is free of any artificial modulations.

Generally speaking, filter design is a deep field of signal analysis and processing with
sophisticated solutions. In the context of the traces presented here, using simple error
functions yield TDS results without apparent artifacts. Examples of the filter function
and the calculated spectra are shown in Figure 3.13.
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Figure 3.14.: Phase unwrapping corrections. (a) The unwrapped pases of the averaged
THz trace in time, and the individual traces. A phase jump is clearly visible, and marked
by the red circle. This data point is corrected by w. (b) The resulting refractive indices
before and after correction.

3.3.1.2. Phase retrieval

A dedicated and comprehensive review of phase retrieval procedures specifically for THz
applications has been published by Jepsen [104], but this section will provide the proce-
dure as applied to the data within this work. The phases are calculated as the argument
of the complex arrays that are the output of the standard numerical FFT functions.
These numerical phases are returned as values between 0 and 27, hence over the full
spectrum the phase shows numerous discontinuities. In this state the calculated phase
difference Ay between sampling pulse and reference is practically unusable and requires
further processing.

This is a common problem in signal processing and standard functions for phase
unwrapping are easily available in numerical packages. These functions look at the
magnitudes of the phase jumps between points, and add a full 27 shift if a threshold is
overcome. They work well in finely sampled, well-behaved data (continuous, low noise,
etc.), but need checking in case these preconditions are poorly fulfilled. In the THz data
within this work, this is frequently the case (rarely for the averaged traces, few times for
the unaveraged traces per measurement), and these phase jumps are applied manually
for every measurement from which the refractive index is extracted. Typically, it is easily
evident from the final refractive index traces that a phase error is present. An example
of a corrected and uncorrected unwrapped phase and the results for the refractive index
are shown in Figure 3.14.

3.3.1.3. Uncertainty intervals

Uncertainty bands are reported with the absorption spectra and refractive indices ex-
tracted from the TDS measurements. THz spectroscopy is somewhat unusual, in that
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measurements are carried out in time domain, but the sample properties of interest are
given in frequency domain, such as absorption spectra. This means that the statistical
errors have to be propagated through a Fourier transformation. These are linear opera-
tions from a mathematical point of view, and therefore should be possible in principle.
In practice, it is not straight forward, even though work adapting numerical FFT algo-
rithms to include error propagation exists [105]. Unfortunately, these methods are not
standard inclusions in numerical packages and therefore have to be implemented. Hence,
frequently confidence intervals are not reported in THz literature [106].

One way relative uncertainty of THz data is given, is by including the dynamic range
of the experimental apparatus as part of the results. By identifying the noise floor in
the spectral domain, an ”absorption spectrum” is calculated from the reference and
this noise floor level. The result represents the maximally measurable absorption in the
experiment. The parts of the absorption spectra that reach the dynamic range level are
excluded as unreliable [107]. Here, the samples are constructed to be thin enough to fit
their absorption spectra just within the dynamic range of the experimental setup (with
the exception of the sharp high frequency absorption band of 80OCB in Figure 5.2).

Instead, here qualitative uncertainty bands are reported, that are not strictly speaking
providing a quantification in the form of a standard deviation or confidence level. The
bands provide a relative uncertainty across the spectrum and are meant as a guide to
the eye for the relative confidence. Each measured time trace is an average of several
measurements in sequence to provide sufficient statistics. The reported spectra are
calculated with the mean of each THz trace in time. The uncertainty band is formed
by calculating the spectrum for every permutation of reference and measurement trace
before taking the mean. This band represents the total spread of all these results and the
area between its minimum and maximum represents a qualitative confidence interval.
In this work, the uncertainty is plotted as a shaded area behind the bold lines calculated
by the mean if the THz time traces.
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3.4. Density functional theory calculations
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Figure 3.15.: (a) Monomer, (b) dimer, and (c) trimer structures of 5CB, used for the
cluster DF'T calculations. The molecules are colored and the hydrogen atoms are omatted
for improved readability. The structures are picked from the pool of conformers found in
the DF'T computation.

To interpret the measured spectra, theory calculations were performed for comparison
and mode assignment. This was done in collaboration with Prof. Galimberti (Rad-
boud University Nijmegen), who ran the calculations. The analysis of the results was
done in collaboration. As a simplest analogue to the condensed phase experiments,
the calculations consider gas phase single molecules, since a bulk phase description is
computationally expensive and time consuming beyond the limit of this work. The LC
molecular arrangement shows positional (flow) and rotational (order parameter) degrees
of freedom, similar to liquids. As a consequence, simplifications like periodic boundary
conditions, representing unit cells (for example for crystalline systems), lose their cost
advantage, because the box has to contain thousands of molecules in order to give ac-
curate results [108,109]. This single molecule approach is most successfully applied for
MidIR absorption bands, where vibrations of specific molecular functional groups ap-
pear within a similar frequency window, and environmental influences lead to relatively
small effects. In the low THz regime, once the interatomic forces associated with these
low frequency oscillations compete with the intermolecular forces, the spectral response
becomes increasingly complex. The transition from the intramolecular regime to the
intermolecular one cannot be easily identified, and it is reasonable to expect presence
of both types of vibrations across this transition. Nevertheless, gas phase DFT calcu-
lations provide useful comparisons to help interpretation of the measured spectra. In
order to learn about the role of intermolecular effects on the spectra, the single molecule
calculations are extended with dimer and trimer calculations, still in the gas phase.
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3.4.1. DFT basics

Simulating molecular properties with accuracy is challenging, because a full quantum
mechanical description of complex systems is an electronic many-body problem, and
solving the full Schrédinger equation is often not feasible [3,110]. The well known
Hartree-Fock method approaches such systems by assuming (in addition to the Born-
Oppenheimer approximation) that each electron can be treated independently, interact-
ing with a background field representing all other electrons in the system. This means
electron exchange is modeled by ensuring the wave function is fully antisymmetric, while
electron correlations are completely omitted.

Density functional theory (DFT) takes a different approach, where the electron density
p =, |W¥;(r;)| is in the center of the description. Here, the total energy of the system
is given by a functional of the density F'[p], and the potential V' (r) in which the density
lives. The total energy of the system is then given by equation 3.26.

Elp] = Flo + / V(r)plr)dr (3.26)

The challenge is in finding the exact form of the functional, since it is a priori not know.
These days, the choice of functional is numerous and guided by the system under study
and what properties are of interest. The atomic wavefunctions are represented by basis
sets, meaning linear combination of primitive functions which build up the orbitals.
Typically, the atom centered basis sets are constructed from Gaussian functions.

Furthermore, van der Waals forces (dispersion interaction) originate from fluctuations
of the electronic structure, leading to transient weak dipole fluctuations. These forces
are not included in the DFT methods and need to be corrected for, in order to compute
accurate results. Interatomic dispersion energies are calculated separately and added to
the total determined energy.

An accurate result of the electronic energies and potentials is necessary in order to
compute reliable vibrational modes and intensities. The geometries of the systems under
investigations are optimized for their energies with respect to atomic displacement. The
resulting minima of the potential energy surface represent different conformations of the
system. Finally, the quantity of interest is computed for each conformer individually
and averaged with a weighting, typically of Boltzmann distribution form, where every
calculated spectrum is weighted by a probability factor p; = exp(E;/kgT)/Z, with the
partition function Z ensuring normalization.

Once the energetic minimum is found, it is possible to extract the vibrational dynamics
of the system. In order to access the force constants of the oscillator, the interatomic
energy is varied against displacement of the atoms with respect to each other, forming
the Hessian matrix D;;.

L O’F
E 87’10734

(3.27)

Finally, the Hessian is mass weighted and diagonalized. The results are eigenvalues rep-
resenting the frequencies of the oscillator, and eigenvectors representing the vibrational
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Table 3.1.: Number of conformers contributing to each calculated DFT spectrum

System Number of conformations
5CB 27

8CB 264

8OCB 120

PCH5 29

5CB dimer 119

5CB trimer 219

normal modes. The IR intensities I; of the calculated vibrations then depend on the in-
duced dipole during the oscillation. They are calculated by the change in dipole moment
w1 of the system after displacement ¢, along a vibrational normal mode k.
o |?
I, =|— 3.28
: Oq ( )

In general terms, the procedure for calculating vibrational IR intensities through DFT
methods is a four step process.

1. Search of the energetic minima, yielding the conformers and their geometries.
2. Computation of the Hessian matrix D;;.

3. Computation of the eigenvalues and -vectors of D;;, representing the vibrational
frequencies and normal modes.

4. Computation of the intensities I} for each normal mode of each conformer, and
averaging with the appropriate weight.

3.4.2. Computational methods

The DFT calculations for this work are performed using the following procedures [111].
All spectra have been computed with the Gaussianl6 code [112]. An (unconstrained)
conformational search was run using the Gaussview software [113] and the MMFF4 force
field as a first step for all the analyzed cases, imposing an energy window of 3.5 kcal /mol.
From the generated pool of structures, in the case of the single molecule calculations,
all the conformations have been retained for the next step. The number of structures
for each case are reported in Table 3.1.

Afterwards, a geometry optimization at the DFT level for all the selected conforma-
tions is run. All the degrees of freedom have been fully optimized and no specific
packing order/alignment imposed. In the case of the single molecules, the B3LYP
functional [114, 115] augmented with the Grimme D3 dispersion term [116], and the
6-311++G** basis set have been chosen.
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Figure 3.16.: FTIR spectrum of 5CB, once measured in amorphous sample alignment
in a commercial Brucker spectrometer (red), and the calculated unpolarized DFT spectra

As a last step, the spectra for all the optimized structures are computed in double
harmonic approximation at the same level of theory used for the geometry optimiza-
tion. The final spectra have been obtained as a weighted average by the Boltzmann
populations (at 323 K) of the set of computed spectra. The ordinary and extraordinary
components of the IR absorption spectra have been computed projecting the induced
dipole moment respectively on the direction perpendicular and parallel to the static
dipole moment of the molecule.

As a proof of principle, Figure 3.16 shows an unaligned 5CB sample measured for
comparison with the calculated results. Except for some minor expected red or blue
shifts of the modes, the results agree well with each other. The amplitude offset in the
experimental trace is due to reflection loss at the sample interface, which has not been
accounted for.

3.4.3. Cluster calculations

One part of the discussion in the results chapter will consider how the computed spec-
tra look for gas phase multi-molecule clusters, as a toy model approach to including
intermolecular interactions in the compared spectra. This section outlines the approach
taken in detail and Figure 3.15 shows representative structures.

3.4.3.1. Comparison 5CB to 8CB

Firstly, instead of 8CB, the slightly shorter 5CB molecule will act as a test case for this
investigation, due to the computational cost. Figure 3.17a compares absolute intensities
and the mode shapes of the 5CB and 8CB computed single molecule spectra. 5CB
and 8CB have similar total (integrated) intensities per molecule in this spectral region,
which is not surprising, considering that the activity of this region is dominated by
the contributions of the cyano group and the phenyl rings (charges and charges fluxes),
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Figure 3.17.: (a) B3LYP-D3/6-311++G** singe molecule harmonic spectra intensity
for 5CB (blue) and 8CB (yellow). The frequencies have been scaled by a factor 1.075.
The spectra shown here have been obtained as a weighted average by the Boltzmann
populations (at 323 K) of the set of computed ordinary spectra. (b) BLYP-D3 (blue) and
B3LYP-D3 (yellow) 5CB harmonic spectra (6-3114+G** basis set in both cases). The
frequencies are scaled by different factors to match the experimental trace: BLYP-D3 by
a factor 1.1, BSLYP-D3 by a factor 1.075. The spectra shown here have been obtained
as a weighted average by the Boltzmann populations (at 323 K) of the set of computed
spectra.

and these groups are the same between the two molecules. However, the length of the
tail still gives non-negligible effects on the spectra, modulating the spectral appearance,
in particular in the region above 4 THz. The modes of this spectral region are always
delocalized on the whole molecule and the number of CH, units modifies the couplings
between phenyl ring and alkyl chain. In general, the features of 5CB are more narrow
compared to the ones of 8CB. The region below 3.5 THz instead a spectral broadening
in the computed spectra, but not significant changes between 5CB and 8CB. Therefore,
5CB has been considered a good enough model as a compromise for the computational
cost to study the effects of the intermolecular interactions on this region for all the nCB.

3.4.3.2. Dimer and trimer computation

Due to the computational cost, for the 5CB dimer and trimer calculations, the structures
with an energy more than 2 kcal/mol from the global minimum have been discarded.
Furthermore, another change made in order to keep the computational cost under control
is the use of a simpler functional. Figure 3.17b compares the 5CB single molecule gas-
phase harmonic spectra computed with the BLYP functional and the B3LYP functional
(Gaussian16 code [112], 6-3114++G™* basis set, Grimme D3 dispersion term [116]). The
main difference between the two descriptions is a general shift of the modes in the
BLYP spectrum compared to the B3BLYP one. Apart from these, the BLYP functional
and B3LYP functional predictions are similar for the spectral range under consideration.

29



CHAPTER 3. THZ METHODS

(a) (b) (c)
.-l'q—ISO'
g
2,
S 100¢
&=
g
@]
% 50r
©
<
1 2 3 4 5 6 17 1 2 3 4 5 6 7 1 2 3 4 5 6 7

Freq. [THz] Freq. [THz] Freq. [THz]

Figure 3.18.: Full traces of (a) monomer, (b) dimer, and (c) trimer 5CB cluster calcu-
lated harmonic spectra (BLYP-D3/6-3114++G**). In each case the isotropic measure-
ment result is included in the background (light grey) for additional comparison to the
experiment. The computed intensities have been normalized on the strongest mode. The
frequencies have been scaled by a factor 1.1. The spectra shown here have been obtained
as a weighted average by the Boltzmann populations (at 323 K) of the set of computed
spectra.

Therefore, in the case of the 5CB cluster calculations (dimers and trimers), the BLYP
functional has been preferred to the more expensive BSLYP one.

3.4.3.3. Alignment weighting

The full calculated cluster spectra, zoomed out to the full range under investigation,
are shown in Figure 3.18. It is evident, that in addition to the low THz mode, also the
modes at higher frequency change. The comparison of Boltzmann weighted computed
spectra and the experiments above 4 THz get worse with the dimer and trimer clusters.
However, this effect is due to the artificial arrangement of the molecule in the clusters,
due to the gas-phase calculations that do not reflect the molecular order in the bulk
LC condensed phase. The intermolecular arrangement is governed in this system by
the balance between the (anisotropic) Van der Waals intermolecular interactions, the
dipole interactions (that favor an antiparallel configuration), and the ring stacking (that
requires that the rings face each other). In a real bulk LC condensed phase, the molecules
can orient themselves in antiparallel configurations without penalizing the Van der Waals
interaction between the chain, and therefore they preferentially do it even in the isotropic
phase [117].

Unfortunately, in small clusters instead, these three driving forces are competitors.
In the final balance between them, the antiparallel arrangement is partially (dimers) or
totally (trimers) lost for most of the clusters. To qualitatively validate this hypothesis,
instead of using the Boltzmann weights, also average spectra are computed using the
degree of “antiparallelness” as weight. These spectra are presented in Figure 3.19. The
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Figure 3.19.: Boltzmann (blue) and antiparallel weighting (yellow) distributions for the
monomer (a), dimer (b), and trimer (c) cluster calculations at BYLP-D3 level. The
Boltzmann results are given in absolute units, while the antiparallel traces are normalized
to the maximum Boltzmann values. The frequencies are scaled by a factor 1.1.

degree of “antiparallelness” has been defined as
w = exp(—(cos 180° — cos §)) (3.29)
for the dimers and

w = exp(—(cos 180° — cos b)) exp(—(cos 180° — cos #5)) exp(—(cos 180° — cos #3))
(3.30)

for the trimers, where 6; is the angle between the rings of the two molecules. From
Figure 3.19 one can see, that while the low THz mode remains largely unaffected, the
high-frequency (4 THz to 6 THz) components are substantially modified (especially for
the trimer case, since the dimer configuration already approaches the antiparallel ar-
rangement by itself) towards closer resemblance with the original traces.

61



CHAPTER 3. THZ METHODS

3.5. Transient birefringence
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Figure 3.20.: THz transient birefringence scheme. The THz pump and NIR probe beams
co-propagate through the LC sample (LC director along the propagation azis, as depicted)
with variable time delay At. The THz induced birefringence in the sample imprints a
phase shift on the initially linearly polarized (45° to the THz polarization) probe, which
1s detected in balanced detection configuration.

The Transient birefringence scheme is presented in Figure 3.20 and the experimental
configuration [21] is shown in Figure 3.21. Here, the role of the THz beam is that of
a pump pulse. Its purpose is to act as a strong and resonant drive of the dynamics
under investigation. These will then be sampled by the gate, and detected via the
same balanced detection line as in the TDS configuration. Hence, bulk changes of the
LC material in the interaction region and, specifically, their impact on the polarization
state of the NIR probe pulse, are investigated.

In this experimental scheme, the role of the THz pulses propagating through the
sample is changed. Where in the case of the TDS experiment, the THz pulse is a
weak probe that encodes the spectroscopic information, in this experiment it acts as a
strong pump inducing some dynamics in the sample, that is then read out by a probe
as a function of time delay. Therefore, conceptually it is a classical pump-probe scheme,
where the choice of the probe and its readout dictate what dynamical sample information
can be extracted.

Here, the choice is to look at bulk vibrational dynamics, since they are expected to
occur at THz frequencies and since it provides a complementary picture to the informa-
tion extracted form the TDS experiments. With this in mind, the probe is taken from
the TDS EOS line via a flip mirror for rerouting and reused here in order to measure the
sample dynamics directly. Also, the detection of the probe is the same as in the EOS
measurement, where the balanced detection line is used without changes. This allows
for very simple changes between measurement schemes within the same setup.

The THz pump and the NIR probe pulses have the following roles in this experimen-
tal scheme. The THz pulse interacts with the sample and induces some dynamics of
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Figure 3.21.: THz Setup for Transient THz Kerr Effect spectroscopy. The optics and
beams used for this measurement technique are highlighted in color, while the unused
parts are grayed out.

electronic and nuclear nature. Since the target is to investigate the effect of the THz
interaction with the molecules on the macroscopic material response, the choice here is
to measure the induced birefringence, which is read it out via balanced detection of the
probe. In other words, the THz induces transiently a change in the refractive index along
its polarization axis that leads to a birefringence An referenced to the axis perpendicular
to the THz polarization. The probe is most sensitive to this induced birefringence, if its
linear polarization is set 45° to the THz polarization, which leads to changes in phase
Ay (hence ellipticity and rotation) of the co-propagating probe, proportional to An.
The balanced signal AT is related to An by

Al ) . AnwL
— =sin Ay = sin

(3.31)

3.5.1. Rotational diffusion model

In the following, the expected dynamics of these experiments will be discussed in anal-
ogy to already existing THz Kerr models for liquid state samples. The response for
centrosymmetric systems (the case for the LC alignment imposed in this experiment)
can be understood as a third order effect, in which the refractive index is modified by

An = nol(w) = 2‘723)6(‘2 |E(w)|?, which is a consequence of the third order nonlinear

polarizability P®)(t) = y©®) E3(t) of equation 3.1 [87]. In solid state systems, this can be
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understood as originating purely from nonlinear electronic polarizablity. Liquids, due to
their molecular degrees of freedom, can show more complex behavior. Typical models
account for electronic and nuclear processes as independent contributions that are both
generated by the instantaneous electric THz field [21,24].

The electronic effects remain of the same form as expressed above. The process is
described as a x® process that is proportional to E2, (t), which is supposed to represent
the instantaneous electronic polarizability of the system. Here, it is generated from the
ensemble molecular polarizability in the bulk.

The nuclear part is assigned in order to account for relaxation processes of the liquid
medium on time scales longer than the presence of the THz driving field. Typically,
these are related to rotational diffusion processes, in which the molecules are driven out
of equilibrium, and then relax back through rotational Brownian motion. Theoretical
models are using the Langevin equation as a starting point [118,119] (equation of motion
under stochastic forces) to model this behavior, and include dipole and polarizability
interactions in order to account for the THz driving. In practice, this process is expressed
in the form of an exponential decay that contains the relaxation constant after the THz
electric field has driven the system.

The full expression for the induced transient birefringence takes the following form,
where equation 3.32 accounts for the electronic part, and equation 3.33 and equation 3.34
account for the nuclear part on two independent timescales, accounting for the strong
anisotropy of the molecules under investigation [21].

An(t) =n§ Eg, (1) (3.32)
+ ”7—21 B2, (t)e~TO/m (3.33)
+ ”T—Z B2, (t)e~T0/mqdy! (3.34)

In order to separate the individual terms, it is of absolute necessity to know the exact
THz wave form in the interaction region, since F4y, contributes to each term. Here this
is accomplished by independent THz EOS measurements using 50 pm thick GaP crystals
in the sample position, prior to the THz Kerr effect measurements. The measured traces
are then corrected as described in section 3.1.2.

3.5.2. Balanced detection in the context of Kerr geometries

The balanced detection line from the EOS setup is then sufficient to read out the change
in polarization. Only one subtle difference to the EOS configuration requires discussion.
In the EOS setup the unperturbed probe polarization propagates into the waveplate at
vertical or horizontal polarization, which makes the relative settings of the waveplate
and Wollaston clear (as discussed in section 3.1.2), and the photodiode values easy to
interpret. On the other hand, here a balanced settings of the photodiodes could mean
either circular polarization after the waveplate (so 45° to the reference frame of the
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Figure 3.22.: Intensilies measured by each photo diode involved in the balanced detection,
as function of quarter waveplate angle (dots), and the fit to the data by the Jones matriz
formalism (lines). The polarization state is created by a planar aligned 5CB sample in
the beam path.

Table 3.2.: Fxpected and retrieved LC parameters from the ellipsometry fits

Case Thickness d [pnm]  Birefringence An Angle « [°]
expected 23 0.1576 45

fit A 23.966 0.145 30.071

fit B 21.796 0.159 30.071

probe polarization, or horizontal and vertical in the lab frame), or unchanged linear
polarization at 45° (meaning the waveplate is set to have one of its axis coincide with
the polarization direction of the probe, or 45° in the lab frame). It would be intuitive to
keep the relative angles consistent with the EOS setup. On the other hand, the detector
response should be verified. Literature on THz Kerr measurements is often neglecting
this subtlety, and in the cases where it is explicitly mentioned, different sources employ
different techniques (insertion of additional optical elements for compensation [120] or
relying only on the quarter waveplate [121]).

In order to verify the impact of the waveplate setting, the balanced detection scheme is
modeled with the Jones matrix formalism [87]. In this framework, the impact of optical
elements on the polarization state of propagating light can be modeled using 2 by 2
matrices. The polarization state itself is expressed as a complex 2 component vector P,
with each component expressing the x and y direction of the light field. The propagation
of the light through one element is expressed by the multiplication of matrix with vector.
A sequence of optical elements is a chain of matrix multiplications. In this framework, the
balanced detection scheme in its simplest form, is expressed as as propagation through
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Figure 3.23.: Photo diode intensilies modeled for the balanced detection scheme as a
function of quarter waveplate rotation, for (a) vertical linearly polarized incoming light,
and (b) at linear polarization at 45° angle.

a rotated (Rotation matrix R) quarter waveplate ), as expressed below.

Pow = R(0) - Q- R(=0) - Py (3.35)
with
Pin/out = (gx) (336)

Q= ((1) exp(?ﬂ/2)> (3:37)

[ cos(f) sin(f)
R(0) = (— sin(0) 008(9)> (3.38)

The splitting by the Wollaston Prism is handled by selecting either the x or y component
of the calculated polarization vector, and the detection by the photo diodes as taking
the square of this complex number. Scanning the rotation angle 6 is then equivalent to
rotating the waveplate.

In order to test this formulation on the real setup, the polarization state has been set
to an arbitrary value, measured as function of waveplate angle, and used as input for a fit
of this formalism. The polarization state was set by exploiting the known birefringence
of the LC samples. A 23pum thick cell of planar aligned 5CB was set to roughly 45°
angle with the incoming polarization. All parameters in the fit were left free. The results
are plotted in Figure 3.22, where measured data and fit are matching well, visually and
in terms of extracted parameters, as presented in Table 3.2. (note, that the angle of
rotation of the sample is the one parameter not fitting well, which is reasonable, since
the sample was placed visually.)
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Figure 3.24.: The balanced intensity (difference of the intensities between photo diode
A and B) plotted as a function of the polarization state of the light propagating into the
quarter wave plate. The “circular” (in blue) condition denotes the cases, in which the
quarter wave plate 1s set to convert the linear 45° state into circularly polarized light.
The “linear” (in yellow) condition denotes the cases in which the linearly polarized light
18 propagating along one of the axis of the birefringent waveplate, in other words it is left
unchanged. Panel (a) shows the signal behavior for a change in rotation of the initial
polarization, Panel (b) for a change in ellipticity of the initially linearly polarized light.
All curves are the numerical solution of the Jones matriz formalism described in the
main text.

With the model confirmed to be a sufficient description of the balanced detection
scheme, now the focus is on understanding the behavior under different rotation and
ellipticity conditions. Figure 3.23 shows the detected intensities for horizontal and 45 °
polarized light, as discussed above. In panel a, every intersection of intensity A and B
represent circularly polarized light after the waveplate. In panel b, circular and unaf-
fected 45° polarization are alternating at every consecutive intersection. The question
is now how the balanced signal scales with a change of the incoming polarization state
for each of these two possible settings. In Figure 3.24a, the incoming linear polarization
angle is varied, and in panel b the ellipticity is increased.

Therefore, through numerical Jones matrix modeling, the conclusions are the follow-
ing: Case one is sensitive explicitly to the rotation of the probe polarization, whereas
case two is sensitive to the ellipticity of the probe. This realization is valuable, since it
allows the explicit measurements of both cases individually only through the setting of
the rotation of the waveplate in the beam path.

There is one practical consequence to the relative polarization angles of THz pump
and NIR probe in the Kerr geometry. The 45° angle means, that for planar LC align-
ment, always at least one of the two pulses experiences birefringenece when propagating
through the sample, as evidenced by the highly elliptical polarization state after a pla-
nar 5CB sample shown in Figure 3.22. To mitigate this problem, for the purposes of
this work presented here, all samples in the transient birefringence experiments will be
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aligned homeotropically, meaning the extraordinary axis is aligned along the propaga-
tion direction of both beams. As a result, all polarization angles are accessible, because
the sample is optically isotropic, but only the ordinary axis will be investigated, and the
extraordinary neglected. The details about the sample delivery will be discussed in the
following chapter 4. Furthermore, only the induced ellipticity will be measured, since
the rotation measurements give negligibly weak amplitudes.
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4. Sample delivery

Liquid Crystals have the special ability to arrange in mesophases with a particular ori-
entational and positional order, depending on the right conditions, such as temperature.
For the samples presented here, the static alignment is controllable, a key parameter in
the present investigation, as introduced in chapter 2. Since the molecules retain their
macroscopic bahavior of liquid flow, they need to be contained in the interaction region
and actively forced to align along the desired direction. Hence, custom made cuvettes
or cells are needed, fulfilling a number of conditions in order to qualify as suitable.
This chapter will give an overview over the different cells deployed, how the samples are
aligned within the cells, and how their temperature is controlled. Here, each experiment
has different requirements in terms of cell preparation. Both cell types will be discussed
separately.

4.1. Window materials

In order to contain liquid state samples, commercial cuvettes are readily available, but
only compatible with standard spectral regions, such as the UV-Vis experiments. In
order for a window material to be compatible with the intended THz experiments, it
must meet the following requirements:

e THz transparency within the working bandwidth, with a preferably high trans-
mission coefficient.

e NIR transparency in the case of the THz Kerr Effect experiment, and should show
minimal contribution to the acquired data.

e Resistance to the temperature ranges required to reach all LC mesophases of the
samples under investigation.

e Additionally, transparency in the visible range is preferable, because it allows
for inspection of the LC alignment via optical microscopy, before performing the
experiments.

Typical window materials for THz spectroscopy are quartz, diamond, or Silicon Carbide
(SiC) [122]. Quartz, while it is an affordable and commonly available material, does
not cover the full bandwidth of the experiments, since it has a dipole active phonon at
4THz [123], and a non-negligible electro-optic coefficient, making it unsuitable for both
experiments. Diamond is prohibitively expensive, rendering it highly incompatible with
fabrication in large quantities and iterations of different test cell designs. SiC is a good
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Figure 4.1.: Time Domain Spectroscopy results of an isolated TOPAS window. The mea-
surement has been conducted on two perpendicular axis of the same window, in order
to exclude possible birefringence. (Motivated by the appearance under the polarized light
optical microscope. The window itself shows optical activity in the visible spectrum. This
property probably originates from the injection molding manufacturing [125].) (a) Ez-
tracted refractive indices, showing a flat trend at n = 1.545. (b) The corresponding
absorption coefficients, showing no loss within the uncertainty. The inset in panel (a)
shows the raw THz traces, highlighting the high transmission.

candidate, but has only acceptable transmission coefficients, given it’s relatively high
THz refractive index.

4.1.1. TDS window material choice

The material of choice for the TDS experiments here are low density polymers, with glass-
transition temperatures above 100°C. Possible option are Polymethylpentene (TPX),
Polyethylene (PE), Polytetrafluoroethylene (PTFE, Teflon), and Cyclic Olefin Copoly-
mer (COC) [122,124]. The choice is TOPAS, due to its availability in suitable dimensions
and surface quality finishes. The windows are bought in wafers of dimensions of 1 mm
thickness and 10 cm diameter, and cut into square pieces as needed.

TOPAS (ambiguous with the name TOPAS of the commercial Light Conversion OPA
system, Chapter 3) is a trade name of a COC polymer. It has a high THz transmission
value and a flat refractive index (no dispersion) over the entire available THz spectrum.
Furthermore, it is fully transparent in the visible spectral range. Figure 4.1 presents the
TDS results of a TOPAS window, showing a flat negligible absorption loss and refractive
index.

4.1.2. THz Kerr window material choice

The selection of the window materials for the THz Kerr effect measurements presented
challenges, as early measurements with SiC had the signals dominated by the response
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Figure 4.2.: THz Kerr traces for three representative window materials: (a) TOPAS
polymer of 1mm thickness (b) SiC window of 0.5 mm thickness (c¢) SiN membrane of
500 nm thickness. The inset of panel (c) shows the same data on zoomed in scale. (The
improved signal to noise in panel ¢ compared to a and b is due to separate measurements
with improved snr.)

of the window itself, mainly due to the larger window thicknesses compared to the LC
sample layers. The expected traces fall into two possible categories: (i) a phase matched
response, or (ii) response curves generated by large velocity mismatch between THz and
probe pulses, systematically characterized by Sajadi et al. [124].

(i) In the first case, the expected response follows the square of the THz electric field,
and is conceptually equivalent to probing the electronic polarizability of the material.
(ii) The second case is probing the same property, but additionally the relative velocity
mismatch plays a role. It expresses itself as a cross-correlation of both pulses, and for
sufficiently large velocity mismatch, the result is a square shape signal in time, where
for every setting of the relative time delay before entering the sample, the probe pulse
is integrating over the entire THz pulse.

Figure 4.2 shows three such cases, measured in the same setup as the Liquid Crystal
experiment. The TOPAS window material, which is the material of choice for the TDS
experiments, a SiC wafer as an alternative option, and a nanometric SIN membrane.
These traces represent a replication of the findings by Sajadi et al. [124] and confirm the
unsuitability of the first two examples. The TOPAS and the SiN traces, which barely
rises above the noise floor, are examples of velocity matched responses, while the SiC
trace represents the velocity mismatched response. The reason the SiN signal is weak
lies in the thickness of the window compared to all other options. With 500 nm in depth,
it is 3 orders of magnitude thinner than other options available (minimum 500 pm), or
the samples investigated in the experiment itself (100 pum).

SiN membranes are available off the shelf, since they are standard consumables in
TEM microscopy applications. These materials have remarkable strength given their
dimensions, which allows for cell fabrication. They are manufactured by deposition of
nanometric layers of SiN on a silicon wafer, which is locally removed by etching, leaving

71



CHAPTER 4. SAMPLE DELIVERY

(a) (b)
Analyzer Analyzer
\-Plate A-Plate >
Polarizer . . ‘ ) Polarizer 4 )
Color Blrefrlngent Color
Sample
Unpolarized Unpolarized
White Light White Light

Figure 4.3.: Polarized light optical microscopy working principle, consisting of polarizer,
A-plate, and analyzer. For simplicity only the red, green, and blue component of the
visible spectrum and only linearly polarized beams are depicted. (a) POM without bire-
fringent sample, where the green part of the spectrum is fully filtered out, making the
output appear magenta. (b) A birefringent sample adds phase to the beams, shifting the
color spectrum after the analyzer.

a free standing window of solely SiN. This way, they come on a helpful solid and large
Si frame with a small window area, allowing robust handling and processing without
danger of damage to the membrane [126-128].

4.2. LC alignment

In the present experiments, large and aligned mono-domains are desired. Multiple path-
ways are available to achieve this goal. For practical reasons that will be elaborated
in the appropriate sections, in each of the two experiments the alignment is achieved
differently. In the TDS experiments, field alignment is preferred. In the THz Kerr ex-
periments the choice is surface anchoring. In order to characterize the manufactured
samples and alignment, polarized light optical microscopy is performed, and each cell is
checked visually before it is used in the experiments.

4.2.1. Polarized light optical microscopy

Polarized light optical microscopy (POM) is a standard technique for birefringence anal-
ysis (such as for LCs or geology). It is based on a normal transmission microscope design
but includes additional polarizing optical elements along the beam path. The recorded
images reveal the birefringence of the sample by the color of the light transmitted through
the optical system [129].

The general working principle is outlined in the scheme depicted in Figure 4.3. Po-
larizing microscopes include a polarizer before the sample and an analyzer (polarizer in
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extinction orientation to the first polarizer) after the sample, leading to zero transmis-
sion across the visible spectrum in case no birefringent sample is placed in the path.
Secondly, between sample and analyzer, a A-plate is mounted with its optic axis ori-
ented 45° to the polarized light. This optical element is a wave retarder of exactly one
wavelength for only the green component of the visible spectrum, and slightly detuned
in the remaining spectrum. As a consequence, the green light remains unaffected by the
A-plate and is blocked by the analyzer. All other components experience leakage through
the analyzer, depending on their exact retardation. The light exiting the analyzer will
thus appear magenta, indicating no birefringence. In the case a birefingent sample is
mounted in the light path, the retardance of the sample is added to the one of \-plate,
and the total accumulated phase dictates the new color appearing after the analyzer. In
simple terms, the color encodes the birefringence of the sample if the thickness is known,
or the other way around. In order to make quantitative statements, an interference color
chart (also known as Michel-Levy chart) can be consulted.

Here, a quantitative description of the samples in terms of static birefringence is not of
interest. Instead, the quality of the alignment (in terms of direction and homogeneity) of
the samples is checked before placing into the interaction region of the THz setup. Ma-
genta indicates unchanged polarization, meaning isotropic sample, or sample mounted
with one of it’s principle axes along the polarization direction. If the sample is turned
from these initial conditions, the transmitted color spectrum shifts towards yellow or
blue, depending on the direction.

4.2.2. Field effect alignment

Aligning the LCs with electric fields has the advantage that no additional polymer align-
ment layers are introduced in the beam paths. Nonetheless, in order to accommodate
the tighly focused and strongly diverging THz beams, the electrodes need to be rather
far apart. As a consequence, the required applied electric field strength scales up ac-
cordingly.

The alignment conditions for the LC cells used in the TDS experiments are the fol-
lowing: An AC sine voltage at one 1kHz is applied over electrode distances of roughly
2mm. Thus, the electric field strength is on the order of 1V /pum. The electrodes are
standard wires of defined 0.5 mm diameter and placed parallel to each other. The beam
is passing through the electrode gap, perpendicular to the applied electric field lines.
Since the electric field lines define the LC director axis, the THz beam is propagating
always perpendicular to the long axis of the molecules. The polarization state of the
THz beam is one of the degrees of freedom in this configuration, and allows access to
the ordinary and extraordinary refractive indices, depending on the relative cell and
polarization orientations.

4.2.3. Surface anchoring

Imposing bulk alignment through surface anchoring is a standard technique in LC ap-
plications. Once the surface layer is aligned, the collective ordering propagates into the
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bulk via nearest-neighbor interactions. The drawback is in the achievable thicknesses,
since it is not infinitely scalable and alignment can turn out to be rather loose in the
center of particularly thick samples. In the experiments performed here, the cells which
have been treated in this way are 100 pm thick, which still gives reliable alignment as
checked under the polarizing microscope.

Two alignment configurations are possible, planar and homeotropic. For reasons out-
lined in section 3.5, the measurements reported here. which rely on surface anchoring,
are only measured in homeotropic configuration in which the LC director is pointing per-
pendicular to the window plane. The procedure for homeotropic LC alignment is based
on the deposition of DMOAP (N,N-dimethyl-n-octadecyl-3-aminopropyltrimethoxysilyl
chloride). The cell windows are treated in a step wise fashion:

1. UV-ozone treatment: A 15 4+ 30 minute (UV on, then off) cleaning in a UV-ozone
oven of the SiN cell windows as received from the manufacturer.

2. DMOAP bath: 10 min under constant gentle stirring in 2 wt.% solution of DMOAP
in milli-Q water (DMOAP from Sigma Aldrich comes as 42 wt.% solution in
methanol. Therefore 10 g are dissolved in 200 g milli-Q water).

3. Removal from the bath and cleaning of residual DMOAP solution by dipping in
pure milli-QQ water. Careful attention is paid to not leave any wetted surface
intended for the THz investigations when removing from the water bath.

4. Baking for 10 min at 120° C.

4.3. Polymer cell for TDS

The sample cells for the TDS investigation are build from TOPAS polymer, and aligned
through application of AC electric fields. Their diameter, and therefore the sample
thickness, is chosen to be 500 pm, exploiting the dynamic range of the THz spectrometer.
The detailed steps for cell construction are outlined below. First, the substrates undergo
thorough cleaning, in order to avoid contamination. In detail, the cleaning steps are
listed below.

1. Sonication in Alconox soap solution (10g/L) for 30 min.

2. Rinsing in deionized water.

3. Potassium hydroxide (KOH) Base bath for minimum 2 hours (60 g KOH in 200 g
milli-Q water and 800 g ethanol).

4. Sonication in milli-Q water 3 times for 5 min.
5. Sonication in acetone for 10 min.

6. Blow drying with nitrogen.
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Figure 4.4.: Schematic representation of the TOPAS polymer cell design, in (a) top
down view, and (b) side view.

7.
8.

Once

Sonication in isopropanol for 10 min.
Blow drying with nitrogen.

all materials have undergone these steps, the electrode cells are build as described

in the following list. In addition, Figure 4.4 depicts a schematic representation of the
overall geometry as presented in the text.

1.

Cleaning of the electrodes (sonication in isopropanol and wiping with isopropanol
drenched tissue).

Placing of the electrodes on top of window 1 in the geometry described in sec-
tion 4.2.2.

Placing of window 2 on top of the electrodes with a few mm offset along the long
axis of the electrodes. This geometry forms a staircase-like step at the entrance of
the cell, which assists cell filling later on.

Clamping of the structure into fixed position.

Gluing of the structure. Two-component resin is used to fill the empty space
formed between the windows outside of the electrodes. Capillarity makes the resin
fill the entire volume easily, fixing the relative positions permanently.

Soldering of insulated connectors/wires to the exposed electrodes, in order to apply
the electric fields.

Filling of the cell with the sample material. The LC is heated to its isotropic
phase, and picked up with a clean glass capillary. Meanwhile, the cell is heated as
well on a hot plate. The material is deposited at the cell opening, and it enters
the cell through capillarity.
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Figure 4.5.: (a) Photograph of a final TOPAS cell, and (b) A POM image of a smectic
sample contained within the SiN cell.

8. Sealing of the cell. The cell is taken off the hot plate, and once the LC has
thermalized back to room temperature the cell is closed with the same glue that
was used previously.

Figure 4.5 provides photographs of a real life example in panel (a) and a representative
POM image in panel (b) showing the aligned mono-domain nature of the sample in
smectic A phase.

4.4. SiN cell for THz Kerr spectroscopy

The cells, as presented in this section, are optimized for the THz Kerr effect measure-
ments with their negligible window response under the experimental conditions. The
Liquid Crystals are aligned through surface anchoring with DMOAP application as dis-
cussed in section 4.2.3. Figure 4.6 gives a schematic depiction of the cell design, and
contextualizes the cell building description presented here.

In terms of cleaning procedure before construction, no additional steps are taken
beyond the UV-ozone treatment outlined in section 4.2.3, in order to minimize the risk
of damage, given the fragility of the membranes'. The cell construction follows the
outline below.

1. Cutting spacers, intended to define the cell gap or sample thickness, out of polymer
foil of known thickness. In this case it is Mylar, with thicknesses available from
6 pm to 250 pm, with the experiments here conducted using 100 pm, unless specified
differently.

!Construction of planar aligned cells has been tried as well. This procedure requires spin coating
at 6000 rpm, and rubbing of the surface across a cloth. Nevertheless, the survival rate of theses
membranes was remarkably high at about two in three, in the few tests conducted.
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Figure 4.6.: Schematic representation of the SiIN membrane cell design, in (a) top down
view, and (b) side view.

2. Placing the spacers either side of the SiN window 1, with the gap in between
defining the sample volume.

3. Placing window 2 on top of the spacers, rotated 45° around the normal axis of the
window. Since the window is centered on the frame, this rotation is intended to
create the same stair step offset at the cell entrance, as in the TOPAS cell.

4. Application of a light weight. Clamping is not an option, since this type of stress
makes the membranes break easily, even though in any other processing step they
show high resistance.

5. Gluing of the construction from all exposed sides, except the two cell entrances,
with two-component resin.

6. Filling of the cell with the sample material. The LC is heated to its isotropic
phase, and picked up with a clean glass capillary. Meanwhile, the cell is heated as
well on a hot plate. The material is deposited at the cell opening, and it enters
the cell through capillary forces.

7. Sealing of the cell. The cell is taken off the hot plate, and once the LC has
thermalized back to room temperature the cell is closed with the same glue that
was used previously.

Figure 4.7 provides photographs of a real life example in panel (a) and a representative
POM image in panel (b) showing the aligned mono-domain nature of the sample in
nematic phase.
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500pum

Figure 4.7.: (a) Photograph of a final SiN cell, and (b) A POM image of a nematic
sample contained within the SiN cell.

4.5. Temperature and voltage control

One of the key properties under investigation are the behavior of the measured observ-
ables, when the order on a molecular level is tuned. This property is accessible via
temperature dependent phase transitions. Therefore, in addition to sample confinement
and alignment, the sample temperature is controlled over the course of the measurement.
For this purpose, the sample cells are mounted within a temperature controlled sample
stage. This device used here, is commercially available from Linkam as a temperature
stage to be mounted in transmission microscopes [130-132]. On one hand, this intended
function is also used here to characterize the samples in the polarizing microscope, on
the other hand it is additionally mounted vertical in the THz setup, in order to tune the
temperature in the experiment. The probe beam, and especially the THz beam, pass
through the sample and the few mm hole of the heating stage without clipping.

The Peltier plate in the Linkam stage LTS120E is tunable from —25° C to 120 ° C with
a stated stability of 0.01°C. The front and back windows are replaceable in principle,
but have been removed completely for the THz experiments. All transitions are checked
for every sample via POM before measuring. Every time the temperature was set to
a new value during the experiment, the sample was given sufficient time to thermalize
(minimum 5 min).

This commercial stage comes with electrical feed throughs, but all components are not
rated for the fields required here. Therefore, a custom solution has been implemented.
The original Lemo connector was removed, and HV-BNC cable inserted. Inside, the
connections have been split and terminated at easily attachable connection points for
the cell wires. This solution has been tested up to 2.5 kV, well outside the range required.
The entire sample assembly is electrically grounded during operation. Figure 4.8a shows
the sample stage mounted vertically on a manual 3D translation stage on the optical
table, as it is placed inside the THz setup. Panel b shows the inside with a TOPAS cell
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Figure 4.8.: Temperature controlled Linkam stage (a) mounted vertically on the optical
table, and (b) inside view with a mounted sample.

wired to the connectors and mounted over the through hole.
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5. Results & discussion

In this chapter, the main results will be presented and discussed. the first part of this
chapter covers the TDS investigation on the LC samples, and is accompanied by interpre-
tation based on gas phase molecular DF'T calculations. Part two discusses the transient
THz Kerr effect measurements in terms of two aspects: the standard Kerr response and
an additional coherently driven response of the material. A Lorentz oscillator model is
providing a conceptual bridge between this driven signal and some of the spectroscopic
features seen in the first part of this section.

5.1. Time domain spectroscopy

THz-TDS encodes information of the dielectric properties of the samples under investiga-
tion and allows for the extraction of the refractive indices and the absorption coefficients,
as outlined in Section 3.3. Here, the samples of interest are 8CB, 80OCB, and PCHS5,
which share structural similarities, as shown in Figure 2.5. With the sample cell de-
sign, as outlined in Section 4.3, both the extraordinary axis (polarization along the long
molecular backbone) and the ordinary axis (polarization perpendicular) are accessible.

5.1.1. THz refractive indices

The refractive indices spanning the available THz spectrum of 8CB, 80OCB, and PCH5
are reported in Figure 5.1 for both ordinary and extraordinary conditions within the
same panel. The traces are measured for different temperatures, spanning all liquid
crystal phases that each sample possesses. Extraordinary (dashed lines) and ordinary
(bold lines) indices are plotted in the same color, with the extraordinary result lying at
the higher value of both options. The measured conditions are isotropic (red), where
both measurements are equal within the uncertainty as expected, the nematic (yellow)
and smectic (green) LC phases, and a measurement at a temperature corresponding
to the crystalline phase (blue). This temperature setting represents the crystallized
system, although crystallization was not observed under the optical microscope, except
for 8OCB, where the crystal was strongly non-uniform and therefore no measurement
was possible due to scattering.

The retrieved refractive indices are on the order expected for low-density organic ma-
terials, such as polymers like the TOPAS window material of the sample cell. Other ma-
terials can show significantly higher values, such as silicon with n = 3.5. The measured
values fall in the range between n = 1.5 to 1.8, depending on the sample, temperature
and axis. The associated birefringence values fall within the range of An = 0.1 and 0.2,
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Figure 5.1.: Refractive indices of (a) 8CB, (b) 8OCB, and (c) PCH5 as a function of
THz frequency and temperature covering all phases each molecular species shows. The
bold line is the ordinary response, while the dashed line the extraordinary.

which is comparable to the values found in the visible regime. As expected from the
well known visible behavior, the birefingence grows with sinking temperature, reflecting
the change in density and order parameter S induced by thermal disorder.

5.1.2. THz absorption

This section will discuss the absorption spectra for all three molecular species in detail,
as they are the main point of interest here. Particular focus is put on 8CB (and 5CB) as
they represent benchmark system both experimentally and computationally. 8OCB and
PCHS5 receive a shorter discussion on the basis of the analysis performed on the nCBs.
The end of this section will provide a global picture concerning the molecular structure
and its impact on the absorption spectra [93,111].

5.1.2.1. Molecular species

In Figure 5.2a, the isotropic phase of the nCB series is under consideration, where the
system is in a disordered state and behaves liquid-like for the nCB family. Given the
different phase behavior among the nCBs, the isotropic phase is the state all have in
common (see section 2.6), allowing for comparison across the widest range in chain
length. The first thing to notice is that by increasing the chain length, a steady decrease
in absorbance for the whole 1 THz to 7.5 THz region is seen. This is not surprising,
considering that the intensity is measured per unit volume, and a decrease in the number
of molecules per unit volume is expected with increasing chain length due to the pure
steric effect [133,134]. However, the trend is not equal for all the spectral features. To
explain this, the first factor one should consider is that the modes have different origins,
as will be discussed in detail for the computed spectra.

82



5.1. TIME DOMAIN SPECTROSCOPY

(a) —4cB —5cB —8cB —10cB 1(b) —5CB — 80CB — PCH5
& 150f
g
&
3 100}
&=
: %
O
£ " | //”f\r\
A
of .

1 2 3 4 5 6 17
Freq. [THz] Freq. [THz]

Figure 5.2.: (a) Absorption spectra of selected members of the nCB series in isotropic
phase measured by TDS. Since the chosen molecules show different phase behavior, the
1sotropic phase is the only one they have in common. The temperatures are set to 10°C —
20° C above the phase transition. The comparison allows for investigation of the effect of
the alkyl chain length. (b) Absorption spectra of 5CB and PCH5 in the isotropic phase.
The comparison allows to identify the contribution of the core towards the molecules THz
activity while the alkyl chain length is held constant.

Increasing the chain length, the number of CN per unit volume decreases, bringing
a decrease in intensity for those spectral features dominated by the cyano group, thus
between 4 THz to 6 THz. At the same time, the number of CHy groups per unit volume
increases with the chain length, partially counteracting the decreased density, especially
below 3.5 THz, where skeleton modes of the alkyl chains are massively involved. There-
fore, modification of the chain length mainly serves as a tunable parameter affecting the
overall amplitude of the response in the region under investigation. The density of the
material and the number of CHy compete to determine the final integrated intensity.

In the next step, SOCB and PCHS5 are compared to the nCBs, yielding information on
the effect on the absorbance when the molecular core structure is modified. For SOCB
one oxygen atom is inserted between the bi-phenyl core and the alkyl chain, while for
PCH5 one phenyl ring is exchanged with a cyclohexane group. A direct comparison of
all three species is shown in Figure 5.2b in the isotropic phase, where strong changes
in the spectroscopic character are evident. In general terms, the results of all molecules
point to a behavior in which a smooth monotonic increase in the absoption strength is
a universal feature in the low frequency wing of the available THz spectrum, that then,
above roughly 3 THz, reveals distinct features. Each molecules absorptive behavior with
reference to the benchmark nCB series receives a detailed discussion in the following
sections.
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Figure 5.3.: Absorption spectra of 8CB obtained by TDS along (a) the ordinary and
(b) the extraordinary azis. The spectra (colored traces) have been measured for sample
temperatures of 10°C, 26°C, 38°C, and 50°C, corresponding to crystalline, smectic A,
nematic, and isotropic phases. Inset in (a): Estimation of the degree of order S compared
to the intensity of the lowest absorption band. Black line: Harmonic gas-phase computed
spectra. To help the comparison with the experimental data, the computed frequencies
have been scaled by a factor of 1.075 and the intensities normalized on the 5.5 THz peak.

5.1.2.2. 8CB

Figure 5.3 shows the absorption spectra measured in the TDS setup (section 3.3) for
8CB with the THz polarization oriented along the ordinary (a) and extraordinary (b)
LC axis. The traces are measured for different temperatures (colored lines) spanning
all condensed phases presented by the compound. 8CB is of particular interest since
it is the shortest nCB showing both smectic A (21.5°C - 33°C, green solid line) and
nematic (33°C - 40.5°C, orange solid line) phases. Hence, it allows to measure any
possible impact of the molecular ordering on the spectral absorbance. When looking at
the spectra as a function of temperature one can see that the TDS spectra are nearly
identical for the smectic and nematic phases, i.e., where the molecules are in the aligned
LC mesophases. A more substantial difference can be spotted in the isotropic phase (red
solid line), i.e., when the molecules are not aligned.

Looking now at the 8CB extraordinary spectra, one can first observe how it decreases
with sinking temperature, whereas the total intensity between 2 THz to 8 THz increases
in the ordinary absorbance. Given the typical order parameter S of LLC below one (for
nematic and smectic phases S 0.3 - 0.8), as previously introduced [135], the THz pulses
are most likely probing projections of the ordinary axis of molecules slightly misaligned
with the director, giving contributions to the extraordinary absorbance. Compatible
with this, little difference is seen in the lowest temperature extraordinary traces, associ-
ated with the highest order phases (blue and green solid line in Figure 5.3b), and then
an increase for the nematic case (orange solid line). It has been shown extensively that
the smectic phase forms ordered bilayer structures [58], which could possibly contribute
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Figure 5.4.: Absorption spectra of 8OCB obtained by TDS along (a) the ordinary and
(b) the extraordinary azis.

to damping the rotational degrees of freedom. Inside the smectic A phase ordered ar-
rangement, where the biphenyl structures are stacked next to each other, the rotational
modes are more hindered compared to the nematic phase, where there is also the free-
dom for the molecules to be randomly translated with respect to each other along their
long axis.

5.1.2.3. 80CB

The measured TDS absorption spectra are presented in Figure 5.4, with panel (a) pre-
senting the ordinary results as function of temperature, and panel (b) the extraordinary
results. Since the LC phases are relatively high above ambient temperature, it is easy
to get this compound to crystallize. Unfortunately, it was not possible to get it to form
a uniform mono-crystal. In fact, any result was highly amorphous, as evidenced by it’s
opaque nature when inspected visually. Therefore, only the smectic A (green), nematic
(yellow), and isotropic phases are reported (red, this phase has been measured only once,
and included in both plots).

The spectral behavior is significantly modified compared to the nCB benchmark sys-
tems. In the ordinary case the low frequency band is stronger, the distinct absorption
bands at 4.5 and 5.5 THz are affected, and a sharp peak at 7 THz appears. It has to be
noted that relative comparison of the amplitude of this strong 7 THz mode to the rest
of the spectral response in the experimental traces should be done with caution, since it
already exceeds the dynamic range of the TDS setup.

5.1.2.4. PCH5

Figure 5.5 shows the full spectroscopic data set for the PCH5 sample, where it is split
into the ordinary traces in panel (a) and the extraordinary traces in panel (b). Each
panel contains TDS spectra for different temperatures. The isotropic phases at 75°C
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Figure 5.5.: Absorption spectra of PCH5 obtained by TDS along (a) the ordinary and
(b) the extraordinary azis.

(red bold lines) match within the uncertainty as expected for this uniaxial state, and
the absorption grows with the ordered nematic phase measurements at 45 and 25°C in
the ordinary condition, and shrinks in the extraordinary condition accordingly.

5.1.3. Molecular DFT interpretation

Based on single molecule gas phase DF'T calculations, a first interpretation of the mea-
sured spectra is possible. The DFT results, as outlined in Section 3.4.2, are laid over
the experimental results in bold black lines for 8CB, 8OCB, and PCH5 in the respective
Figures 5.3, 5.4, and 5.5. In the following, each case will be discussed in detail separately.

5.1.3.1. 8CB

The computed frequencies have been scaled by a factor 1.075, and the intensities nor-
malized on the strongest mode (5.5 THz of 8CB) to help the comparison with the ex-
periment. Looking at the experimental spectra obtained in 8CB with THz polarization
along the ordinary axis shown in Figure 5.3a, one can recognize four regions that have
been assigned to specific modes thanks to the computational support.

Below 3.5 THz the 8CB molecules show mainly (NCPhe)-Phe-alkyl skeleton modes,
i.e., the CN group is not vibrating. To support this statement, the atom mass of selected
groups of the 8CB molecule is computationally increased to 100 amu (atomic mass
units) and the impact on the absorption spectrum is depicted in Figure 5.6a. When the
atoms with increased mass are contained to the CN group, the corresponding absorption
spectrum below 3.5 THz is almost identical to the unmodified 8CB response (see solid
orange line compared to black). The small shift and change of intensities are due to the
small variation of the modes reduced mass. On the other hand, the spectrum completely
lacks all modes above 3.5 THz, where the CN group plays a dominant role. Further
increasing the number of atoms with heavier mass, like in the cases of CCN (light purple
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Figure 5.6.: (a) Computational deuteration of isolated components of the molecule and
the resulting response when increasing the atomic mass (100 amu), effectively killing
their contributions. When the heavy atoms are contained to the CN group (orange) the
remaining response resembles the low frequency modes. Further increasing the heavy
region to CCN (light purple) and C-(CCN)-C (dark purple) starts to modify also those
modes. (b) Calculated ordinary response (black) and its contributions when polarized
parallel (orange) and perpendicular (purple) to the phenyl rings.

line) and C-(CCN)-C (dark purple line), affects the entire spectrum, including below
3.5 THz, showing the delocalized and collective nature of this mode.

Between 4 THz to 6 THz, the CN group takes part in the vibration. The alkyl chain
skeleton modes are now coupled with the CCN bending and the biphenyl (Phe-Phe)
bending modes. The out-of-plane bending modes tendentially are located at lower fre-
quencies (4 THz to 5 THz) compared to the in-plane bending modes (5 THz to 6 THz)
as indicated by the computed polarized spectra in Figure 5.6b on the direction parallel
(orange curve) and perpendicular (purple curve) to the phenyl rings. Finally, between
6 THz to 8 THz mainly (NCPhe)-Phe-alkyl skeleton modes (no vibrations of the CN
group) can be found.

The comparison between the experimental and the calculated single molecule spectra
shows very good agreement above 3.5 THz. At the same time, the ordered phase exper-
imental spectra above 3.5 THz show only negligible differences (within the experimental
uncertainty), and the differences with the isotropic phase originate from the substan-
tially different alignment, in which all molecules (now pointing in random directions)
contribute according to the projection of their short axis onto the polarization direc-
tion of the THz pulses. Therefore the absorption can be attributed to the ensemble of
individual vibrating molecules, in other words, mainly an intramolecular response.

The situation changes at and below 3.5 THz. One observes a clear reduction in to-
tal intensity with increasing temperature. As presented in section 2.2, the commonly
used orientational order parameter [135] quantifying the degree of alignment is decreas-
ing with rising thermal energy in the LC systems. Here, a linear trend (excluding the
isotropic phase) is found on the integrated intensity of the lowest ordinary mode with
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Figure 5.7.: Terminology used in the discussion. (a) Functional groups of 8CB, and (b)
the planes defined by the biphenyl backbone.

the experimentally-derived order parameter S (see inset in Figure 5.3a). For the exper-
imental extraction of S, we follow the procedure outlined by Vieweg et al. [136], with
further reference to [137,138]: The order parameter S can be expressed as

2 2 5

Te ~ T (5.1)

S

where n, /. are the ordinary and extraordinary refractive indices, n* = %ng + %ng, ais
the mean polarizability, and A~ is the difference between longitudinal and transverse
polarizability components of perfectly ordered molecules. The refractive indices are a
natural result of the TDS measurements presented in section 5.1.1 and are averaged over
the region form 2.8 - 3.5 THz, which is the region of interest for this comparison. The
ratio %7 can be extracted by extrapolation in temperature to 0 K of a finely sampled
data set. Here, the data does not allow for this approach. Therefore, values reported
by Vieweg et al. [136] for 5CB, 6CB, and 7CB are extrapolated to 8CB. This approach
is inherently limited in precision, but sufficient for the purpose of establishing a general
trend in S. For 8CB, % = 0.4 + 0.025 is chosen, with the error accounting for the
uncertainty in the extrapolation. The error of S has been computed by standard error
propagation. Furthermore, it must be stated that this approach has been developed for
the nematic liquid crystals phase, while here it is applied across all mesophases.

This linear trend established in collective order in the lowest frequency mode is ac-
companied by general discrepancies between measurement and gas phase calculation,
as evidenced by the experimental and theoretical traces in Figure 5.3. This points to-
wards an effect of the intermolecular interactions. Interestingly, the peak found at 2 THz
in the computed spectra is almost completely explained by modes pointing out of the
plane of the ring (purple curve in Figure 5.6d). Given the preferential co-facial arrange-
ment of neighboring molecules, in which the biphenyl structures face each other in an
anti-parallel manner [58] to maximize both the dipole-dipole interactions and the 7-m
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stacking, it is reasonable that these modes are most sensitive to intermolecular interac-
tions and that they are modulated by this kind of packing in a condensed phase. This
assumption is qualitatively tested using dimer and trimer calculations at the end of this
section.

Interestingly, for the extraordinary axis the calculations barely predict any absorption,
while the measurements show a clear response. In particular, below 3.5 THz the calcu-
lations predict only one vibrational mode generating dipole fluctuations parallel to the
molecular axis, i.e., active along the extraordinary axis. This mismatch between experi-
ments and calculations is explained by considering the molecules non-perfect alignment
in the LC cell (S # 0), even in the presence of an aligning AC field.

5.1.3.2. 80CB

Analogously to the discussion for 8CB, in the extraordinary axis the calculations predict
negligible activity. All behavior can be attributed to molecules misaligned with the
average director due to thermal noise. Hence, all molecular dynamics will be discussed
in terms of the ordinary axis.

In the case of the 8CB, the cyano group was not taking part in the vibration in the
region between 6 THz to 8 THz. On the other hand, in the case of 8OCB the cyano
group is heavily involved. The strong peak around 7THz is in fact a CCN bending
coupled with torsions around the oxygen and the biphenyl bending mode. These modes
are mainly polarized perpendicularly to the phenyl rings. The region between 4 THz to
5.5 THz presents still CCN bending coupled with torsions around the oxygen and the
Phe-Phe bending modes. However they are mostly polarized parallel to the rings. The
region below 3.5 THz is dominated by (NCPhe)-Phe-Alkyl skeleton modes as in 8CB,
from a gas phase DF'T perspective.

5.1.3.3. PCH5

Just as in the cases above, the DFT calculation predicts hardly any absorption along the
extraordinary axis, and all measured intensity is attributed to projections of the ordinary
axis, due to the order parameter. The ordinary axis contains the direct spectroscopic
information and can be assigned to the molecular dynamics with the computational
input.

While in the case of the nCB series, the two phenyl rings almost lie in the same plane,
in the case of PCH5 they lie at 90° with respect to each other. One observes clear
modification of the absorption behavior in this region. The cyclohexane ring is much
less structurally rigid compared to a phenyl ring, leading to more degrees of freedom for
the molecular skeleton to move. As a consequence, a strong modification of the 5.5 THz
mode and the creation of a valley at 3.2 THz within the broad low-frequency band are
seen. Both of the effects are already well modeled by the isolated molecule calculations,
pointing to the dominant role of the intramolecular interactions. However, especially
in the case of the 3.2 THz band, it is not excluded that also intermolecular effects can
play a role in determining the exact band shape. The mode at 4.5 THz is instead largely
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Figure 5.8.: (a) Calculated spectra for monomer (orange), dimer (light purple), and
trimer (dark purple) of 5CB at BLYP level. A clear shift of the pronounced low frequency
peak towards higher frequency and broader width with increasing molecule number is
visible, indicating an intermolecular response. (b) The low frequency response of selected
members of the nCB series at isotropic phase for comparison with (a)

unaffected within the measurement uncertainty, with a small narrowing as the only
noticeable change. The calculations show that this is due to the balance between two
opposite effects: (i) The missing coupling between the two rings bending modes red
shift the in-plane bending to 4 THz to 5 THz, i.e., the in-plane and out-of-plane modes
are almost degenerate. (ii) The absolute intensity of each mode on average decreases,
possibly, because the missing coupling between the two rings reduces the charge fluxes
responsible for the IR intensity.

5.1.4. Cluster DFT calculations

Lastly, the discrepancy between measurement and calculation below 3.5 THz is under
discussion by comparing calculations with an increasing number of molecules. Past work
attributed the low THz mode to Poley absorption, [28-30] and later to the loffe-Regel
crossover [41] in relation to disordered systems. Here, a much simpler explanation, based
on conventional intermolecular interactions, is presented. 5CB is used as a test molecule,
because it comes with reduced computational cost compared to 8CB, meaning only 27
possible single conformations in 5CB compared to 264 in 3.5 kcal /mol for 8CB.

The computed data show that the intermolecular interactions are responsible for the
blue-shift of the 2 THz modes in the clusters (dimers and trimers) with respect to the
gas phase. These blue shifted modes compare favorably on qualitative terms with the
measured responses shown in Figure 5.8b. While this model is a simplification of the
molecular packing in the condensed mesophases and does not allow quantification of the
extent of the delocalization of the mode and the impact of long-range interactions, it
gives clear indications of the intermolecular character of the mode on display.
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5.1.5. Summary

The THz spectra for all three molecular species investigated are characterized by two
aspects. Firstly, at higher frequencies the spectra are well described by gas phase DFT
calculations and their vibrational modes can be assigned. Therefore, these modes are
interpreted as intramolecular modes. Secondly, the low-frequency mode is deviating
from the calculations for every sample, hinting at its intermolecular nature, which is
supported by the cluster calculations.

Within the context of the research question, the changes in molecular arrangement
have little influence on the overall shape of the observed spectra. At higher frequencies
the modes remain a response of individual molecules, and at lower frequencies the broad
intermolecular peak shows weak modification in amplitude only, most likely related to
changes in density. Overall the samples behave like disordered molecular fluids, with
a broad intermolecular band and intramolecular modes present simultaneously in the
available bandwidth.
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5.2. Transient birefringence

=5
S » wn
T T T

Birefringence An - 10
S

—_
T

S

20.50 20.25 0.00 0.25 0.50 0.75 1.00 125 1.50
Time [ps]

Figure 5.9.: Representative trace as measured in the transient Kerr experiments. The
x-axis represents the time delay between the THz pulse and the ultrashort probe pulse.
The y-azis stands for the ellipticity acquired by the probe, which encodes the transiently
induced birefringence of the sample. The resulting sub-ps transients show oscillatory
behavior, followed by a long range relazation (note that the response has not yet reached
base line by the end of the plot). For reference, the square of the THz electric field, as
measured in the interaction region, is plotted as a shaded area.

The transient birefringence experiments yield traces that qualitatively appear as the
trace shown in Figure 5.9. They are uni-polar sub-picosecond transients with a well-
resolved oscillation and a long range relaxation tail. The maxima of the oscillation
coincide with the points of maximum intensity of the driving THz pulse. In other
words, the maxima found in the transiently induced birefringence are generated by the
square of the THz electric field, as indicated by the green shaded area in Figure 5.9, and
expected from typical THz Kerr experiments [21]. Upon closer inspection, the acquired
traces show a further oscillation superimposed and out of phase with the expected beat
nodes right after the global peak, which will be subject to further discussion in the
concluding parts of this chapter. To complete this qualitative description, the clearly
visible exponential relaxation tail on picosecond time scale following the presence of the
driving field is accompanied by another fast relaxation that is responsible for smearing
out the response between consecutive THz beat nodes. This behavior is qualitatively true
for measurements performed under varying conditions, and in the following, a detailed
discussion of all contributing terms will be presented, and the influence of any scanning
parameters discussed.

5.2.1. Scaling properties

It is instructive to look at the scaling properties of these traces with different tuning
parameters. An overview over the scaling behavior can often lead to intuition about
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Figure 5.10.: Transient THz Kerr response as a function of the driving field strength.
The field strength is controlled incrementally by insertion of Si wafers acting as broadband
transmission filters. (a) Normalized traces of the full time resolved response for the first
four transmission settings, showing the uniform amplitude scaling. (b) Peak value of the
THz Kerr response as function of the peak THz field strength. Both axes are normalized,
and an ideal parabola is drawn in dashed lines as guide to the eye.

the underlying physics from a purely experimental perspective. This is the goal of the
following subsections. The dynamics will be evaluated from three angles. Once, how
does it behave with a change in the driving THz field. Here the natural choice is to
look at scaling with the electric field strength of the pulses inducing the dynamics.
Then, from a macroscopic properties perspective, the unique arrangement of the LC
samples are the ideal platform for material tunability, with the mesophase representing
a change in collective molecular order. And lastly, to gain insight into the microscopic
aspects, changing the molecular species will help elucidate the impact of the molecular
composition and properties on the THz induced dynamics.

5.2.1.1. Scaling with THz field strength

Here, the focus lies on the impact of the driving field on the dynamics. Using Si wafers as
broadband intensity filters (see section 3.1.4), the driving field strength can be attenuated
incrementally by 70% (in Vm™!, or 50% in intensity) per inserted wafer.

The results presented in Figure 5.10 are measured in the isotropic phase of 8CB, but
the conclusions are representative for all samples and their phases. Figure 5.10a shows
the full traces in time for the four highest electric field settings in a normalized fashion.
(Lower field traces have been omitted in order to maintain readability, since the relative
uncertainty becomes graphically dominating. The conclusions hold, regardless.) The
purpose of Figure 5.10a is to show the uniform amplitude scaling at all times during the
evolution. Within the experimental uncertainty, all curves match.

Figure 5.10b completes the picture by presenting the peak of each measured trace
(normalized to the peak of the strongest driven trace) against the normalized THz field
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Figure 5.11.: (a) THz Kerr traces for the three mesophases of 8OCB, and (b) the peak

of the response plotted against mesophase for each molecule for a fized THz field strength.
The dashed line is a guide to the eye.

strength achieved by the Si attenuators (field transmission of the stack of Si wafers). As
a guide to the eye, an ideal square response is added to the plot. Within the error bars,
the measured values match the quadratic behavior, proving the x® nature that would
be expected from a Kerr excitation. (In the follwing discussions, the 100% electric field
setting for 8CB are missing for the nematic and smectic mesophases. At 2MV ecm™!,
the sample showed accumulation effects in terms of full reorientation. All other settings
were not affected.)

5.2.1.2. Scaling with LC phase

As discussed throughout this work, the tuning of the collective order is a key feature of
the LCs under investigation. In an LC medium, this collective order can be tuned via
phase transitions, here as function of temperature.

In Figure 5.11a the responses for the same THz electric field setting are given for all
mesophases of the 8OCB sample under investigation. In general terms, the amplitude of
the response decreases with the more ordered phases and the decrease from isotropic to
nematic is larger than the decrease from nematic to smectic. This holds for all samples
under investigation, as can be seen from Figure 5.11b, where the peak of the response
for a fixed field strength is plotted against the mesophase for each sample.

5.2.1.3. Scaling with molecular structure

Lastly, the molecular composition is also expected to impact the macroscopic Kerr re-
sponse. The three samples introduced in Chapter 2.2 were chosen for their similarity,

making it easier to identify how each structural component impacts on the dynamics
under THz radiation.

94



5.2. TRANSIENT BIREFRINGENCE

(a) —8CB — 80CB — PCHS 3_(b) x

' . ;

= -

=} N

: 52

Q o« 3

g (0]

) = . .
g M |

St . L

m

1 ot { Iso. Nem. ! Sme. ]
02 00 02 04 06 0.8 1.0 PCH5 SCB SOCB
Time [ps] Molecule

Figure 5.12.: (a) THz Kerr traces for all three molecular species under investigation
for a given THz peak field strength in isotropic phase, and (b) the peak of the response
for each phase against the molecule under investigation. Panel b contains the same
information as Figure 5.11b plotted differently. The dashed line is a guide to the eye.

Figure 5.12a shows the isotropic response plotted in absolute units of induced bire-
fringence An. It is noteworthy, that the dynamics are affected predominantly in the
amplitude scaling and show similar amplitude for 8CB and 80OCB, while PCH5 is driven
with half the ampitude. Therefore, it is reasonable to pinpoint the phenyl group as a
major contributor to the amplitude, either in electronic terms (delocalized 7 electrons
versus localized) or in nuclear terms (rigid versus flexible ring). Panel b of Figure 5.12
summarizes this behavior for all phases, by plotting the peak of the response.

5.2.2. Rotational diffusion model

The measured THz Kerr traces are understood within the model of rotational diffusion,
as introduced in section 3.5.1. Figure 5.13 shows a qualitative example, with all three
contributions to the total expression highlighted individually to show their impact on
the dynamics. While the electronic and short lived nuclear processes define the behavior
of the oscillatory response during the presence of the THz electric field, the long lived
response on picosecond scales mainly defines the exponential tail to the dynamics. To
test it’s validity for LC systems, the model in the form of equation 3.32 is fitted against
the experimental data. The E2y (f) trace is measured prior to the Kerr experiment
and used as input, together with the EOS detection efficiency correction, as described
in section 3.1.2. The traces are scaled in time axis by a factor 0.965', the necessity of
which can be seen by the mismatch in overlap of the oscillation peaks in the Kerr data

! Adjusted manually. The exact value would require a more refined correction of the THz traces.
Furthermore, it only accounts for propagation effects in Gap, and not the LC sample. The phase
matching in the LC sample is significantly better compared to GaP, justifying its omission. Leaving
the scaling as a free parameter in the fits leads to optimizations into local minima, that don’t describe
the data properly.
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Figure 5.13.: qualitative response of the THz Kerr model, including the individual terms
of electronic and nuclear responses.

and the unscaled F2y,(t) trace in Figure 5.9. Furthermore, the data in Figure 5.9 has
been plotted with both traces set to time zero in their maximum. For the fits, the THz
trace is shifted by 0.015 ps forward.?

The final fits of the model consist of five free parameters: three amplitudes, describing
the strength of the electronic and the two nuclear terms in An, and two relaxation time
constants, associated with the nuclear (molecular) response. The full fitting function
reads as equation 5.2. Unfortunately, the parameters are not fully independent, and
exhibit some covariance between the parameters, making the fits dependent on the
initial conditions.

antt) = Aa B )+ AL, | B+ 4l [ B0
(5.2)

The additional peak identified as out of phase with the expected EZy, (t) generated
peaks is not accounted for by the model. Therefore, fitting the entire curve would lead
to unreliable results. In order to address this problem, this part of the trace has been
excluded from the optimization. The missing data points are identifiable in the plots
by the lack of plotted error bars. For the same fitting procedure with all points taken
into account, the reader is referred to Appendix A. The final fits are accompanied by he
residuals and reduced x2, values. The extracted parameters are reported in table form.
For each molecular species, all LC mesophases are fitted independently for the highest
THz field strength and compared against each other. The fitted data is normalized to
one for each case, so that the amplitudes in the fit represent the relative strength of each
term in the model contributing to the overall response.

The results for 8CB are plotted in Figure 5.14 and summarized in Table 5.1, for SOCB
in Figure 5.15 and Table 5.2, and for PCH5 in Figure 5.16 and Table 5.3. In quantitative

2Adjusted manually. Leaving the shift as free parameter has led to unstable results.
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Figure 5.14.: Rotational diffusion fits to the 8CB THz Kerr data, for (a) isotropic,
(b) nematic, and (c) smectic mesophases. The top panel reports the residuals and the
reduced x>, . The bottom panel contains the experimental data (black) and the full fit
(red). Additionally, the three individual terms of the model are plotted as shaded areas.
Here, the identified peak out of phase with the THz peaks are excluded from the fits, and
marked by missing error bars.

Table 5.1.: Fit parameters extracted for 8CB for each mesophase.

Mesophase 7y [ps] T2 [ps] Al Af&l)d_ Ar(i)d

Isotropic 0.157+£0.041 2.3+£3.0 0.653+0.036 0.223+0.023 0.058=+0.020
Nematic 0.092+£0.011 3.0£2.3 0.440£0.050 0.461+£0.041 0.06340.008
Smectic 0.106£0.010 2 x 10° 0.639+0.041 0.361+£0.037 0.056+0.003

terms, the model describes the experimental traces quite well, disregarding the excluded
range. The residuals show some remaining systemic deviations of the model within the
fitted range, which is reflected in the 2, values. It can be partly explained by the way
the underlying THz data is corrected for the GaP detection efficiency. Furthermore, it is
likely that the excluded out-of-phase response extends further in time than reflected by
the data selection, skewing the fit results. Furthermore, some fitted values (especially
T) are either meaninglessly large or have large error values.

The slow relaxation term, which gives the least reliable results in the model fit, can be
quantified independently. Since the THz driving field is only present for a limited amount
of time, the decay afterwards takes place completely field-free. Therefore, the time
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Figure 5.15.: Rotational diffusion fits to the 8OCB THz Kerr data, for (a) isotropic,
(b) nematic, and (c) smectic mesophases. The top panel reports the residuals and the
reduced x>, . The bottom panel contains the experimental data (black) and the full fit
(red). Additionally, the three individual terms of the model are plotted as shaded areas.
Here, the identified peak out of phase with the THz peaks are excluded from the fits, and
marked by missing error bars.

Table 5.2.: Fit parameters extracted for SOCB for each mesophase.

Mesophase 7y [ps] T2 [ps] Al Ar(il)d_ Ar(i)d

Isotropic 0.162+0.043 2.4+2.0 0.704+0.036 0.171£0.020 0.07040.015
Nematic 0.071£0.017 1.02+0.19 0.684£0.053 0.262+0.046 0.12340.015
Smectic 0.064+0.011 1.16 £0.23 0.549+0.055 0.337+£0.045 0.11140.012

constant 7y is extracted by a fit of the purely exponential function f(t) = Aexp(—t/m).
The results are summarized in Table 5.4 and plotted in Figure 5.17. Here, the results
are consistent with a 1ps decay for 8CB and 8OCB across mesophases, and 1.2 ps for
PCH5.

Overall, within the uncertainty the dynamics of all molecules are described by sim-
ilar constants within this model. A clear trend universal for all samples is difficult to
identify, other than possibly a decrease of 7, with decreased temperature which could
be interpreted as a stronger damping of this relaxation path. Otherwise, the general
picture is one in which the electronic response is responsible for 60% to 70% of the total
amplitude, while the fast and and slow nuclear response share the rest with roughly 25%
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Figure 5.16.: Rotational diffusion fits to the PCH5 THz Kerr data, for (a) isotropic and
(b) nematic mesophases. The top panel reports the residuals and the reduced 2,4 . The
bottom panel contains the experimental data (black) and the full fit (red). Additionally,
the three individual terms of the model are plotted as shaded areas. Here, the identified
peak out of phase with the THz peaks are excluded from the fits, and marked by missing
error bars.

Table 5.3.: Fit parameters extracted for PCHS for each mesophase.

Mesophase 71 [ps] T2 [ps] Ag Ar(il)d_ Ar(i)d
Isotropic 0.1474+0.024 &89+329 0.622+0.038 0.2794+0.024 0.051+0.013
Nematic 0.110+0.014 8.0=£23.0 0.622+0.039 0.391+0.029 0.056=+0.010

to 35% and 5% to 10%. The fast nuclear relaxation takes place on 100 fs scales, while
the slow relaxation on roughly 1 ps scales.

5.2.3. Discussion of the overall Kerr response

Any interpretation must reconcile the dynamical behavior of the THz Kerr traces with
the scaling behavior for mesophase and molecular composition. Isolated dipoles inter-
acting with the electric field alone are not sufficient to explain the observed dynamics,
neither the amplitude between samples, since these values are not scaling as the Kerr
traces. From the DFT analysis also permanent dipole moments are accessible, which
give similar values of 6.22D for 8CB, 7.18D for 80OCB, and 5.94D for PCH5. The rota-
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Figure 5.17.: FEzponential fits to the THz field free decay for estimation of 1o, for (a)
8CB, (b) 8OCB, and (c¢) PCH5. The data for each mesophase has been offset by a

constant value of 0.15.

Table 5.4.: Slow relaxation constants 1o, extracted from exponential fits to the THz free
region after the main Kerr transients.

Mesophase 8CB 7 [ps] 80CB 73 [ps] PCH5 7, [ps]
Isotropic 0.97£0.15 1.044 £+ 0.045 1.34 +£0.15
Nematic 0.92£0.20 0.942 £ 0.078 1.13+£0.12
Smectic 1.82 4+ 0.63 1.05£0.13

tional diffusion model fitted to the data implies that related quantities are responsible
for the observed behavior. Considering rotational viscosity (inversely proportional to
the diffusion constant) one finds that the viscosity decreases with rising temperature for
PCHS5 [139], potentially explaining the scaling with mesophase. But comparing different
species, the relationship is reversed, where PCH5 (80 mPas [140]) is roughly half the
value for 8CB (150 mPas [141]).

The dominance of the electronic contribution identified by the fits, and the fast sub-
picosecond time scales strongly hint at electronic effects as the major driver. Even
though the electronic contribution has been discussed in terms of polarizability «, and
even though the halving of the Kerr signal for PCH5 is strongly hinting at the lack of
delocalized 7 electrons of the missing phenyl ring, this property alone cannot explain the
observed behavior. Comparing the polarizabilities for all three species, one finds similar
values (40 A® for PCH5 [40] compared to about 45 A® for 5CB [39] and 50CB [40]). In
fact, THz Kerr studies on water have identified the polarizability anisotropy (the differ-
ence in polarizability along the main axis against the polarizability perpendicular) as an
important factor proportional to An oc A« [22,24]. This could be seen as analogous to
the Lorentz-Lorentz equation from classical electrodynamics, which relates the polariz-
ability of a system, consisting of a number N of molecules, to its refractive index [39].
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At 1.5 THz, polarizability anisotropies Aa have been reported from static TDS experi-
ments (only in the nematic phase) of 0.7 x 10724 cm? [40] for PCH5, 0.77 x 10724 cm? [39]
for 5CB, and 0.85 x 1072* cm?® [40] for 5OCB. Furthermore, for the nCB series, a rising
trend with chain length has been reported, where 6CB has a A« of 0.72 x 10~ ¢m?, and
7CB 0.88 x 1072*cm?. On the other hand, the An o A« relationship from static TDS
birefringence implies a decrease in polarizability anisotropy with rising temperature, as
reported in [39] and as expected from the same analysis performed on the refractive
index data plotted in Figure 5.1. For the Kerr traces here, it is rising for mesophases
located at higher temperatures.

The aligned exposure of the samples must play a role when discussing anisotropies.
In the LC mesophases, the alignment director is pointing along the beam propagation
direction. This means, all contributions of the long axis are given by projections due of
thermal disorder, quantified by the order parameter S. This quantity shrinks with tem-
perature in the mesophases, meaning larger projections of the long axis of the molecules
are exposed to the beams. Finally, the isotropic phase, which consistently shows highest
response, could be understood in terms of a rotational average over all molecular orien-
tations. For this phase, all molecular axes are equally accessible on average, whereas in
the aligned mesophases, the LC director is pointing along the beam propagation, effec-
tively hiding the long molecular axis. Also the larger spread of peak values reported in
Figure 5.12b for 8OCB compared to 8CB could be consistent with this picture, given
the higher overall temperatures required to reach the 8OCB mesophases. For perfect
alignment, the anisotropy seen by the beams would originate not from the backbone of
the elongated molecules, but purely from the difference in in-plane polarizability, defined
by the biphenyl plane, and the out-of-plane contribution.

Most likely, the full response is a combination of many effects. On short time scales
electronic polarizabilities dominate, and the long term tail is defined by molecular rota-
tional diffusion processes. The time scale for the fast nuclear relaxation of on the order
of 100fs, as modeled by the fits, stands out as significantly faster than other relaxation
times reported for this class of experiments (typically picoseconds), hinting at the need
for more sophisticated understanding.
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5.2.4. Driven response

In the following, attention will be paid to the out of phase beat node within the oscil-
lating part of the Kerr response. In principle, this response can have its origin in the
sample dynamics, or in systematic effects in the measurement apparatus. The three most
immediate explanations are multiple internal reflection of one of the pulses, possible cell
window responses, and propagation effects, each of which will be discussed individually
in the next paragraphs.

5.2.4.1. Possible technical origins

Internal reflections

Since the experiment is performed in transmission geometry at normal incidence, mul-
tiple internal reflections naturally occur. In principle, two distinct pulses can bounce
within two interfaced layers through Fresnel reflection, either the cell window or the
sample layer itself, and accumulate signal. Using the peak of the Kerr response and the
THz pulse trace as arbitrary time zero references, the possible artifact shows up in the
data at approximately 70fs. Using the refractive indices for the NIR and THz pulses in
the sample and SiN membranes and the nominal thicknesses, the artifact is expected to
appear at the relative times listed in Table 5.5. From these estimations in comparisons
with the real data, it is justified to exclude multiple internal reflections as the culprit
generating the signal.

Table 5.5.: Estimated internal reflection time delays. Values taken from literature are

accompanied by the reference. The time delay is calculated by At = %.

Interaction Thickness d [pm]  Ref. index n Time Delay At [fs]
IR probe in SiN 0.5 2.0 [142] 6.7

IR probe in LC 100 1.55 1030

THz in SiN 0.5 2.7 [124,143] 9.0

THz in LC 100 1.55 1030

Propagation effects
Lastly, propagation effects require discussion. Here, one should distinguish two possibil-
ities. Firstly, velocity mismatch between pump and probe pulses, and secondly, change
of the pump pulse shape as it propagates through the sample. Velocity mismatch can
be quickly discarded, because, as seen in Chapter 4, it leads to a smearing out of the full
oscillatory response, up to a fully washed out square signal in the most extreme cases.
Furthermore, the coherence length I, = ¢/(2vruz|nBions — nruz|) over which both pulses
can be considered to be in phase [73] is orders of magnitude larger than the sample
thickness. For PCH5, for which ngg};g = 1.51 is easily accessible [65], the coherence
length is [, = 1.67 mm.

On the other hand, a change in driving pulse shape has to be taken seriously. Not
because nonlinear effects, such as self phase modulation (SPM) or wave mixing processes
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Figure 5.18.: Measured and fitted (a) absorption coefficient and (b) refractive index for
the nematic phase of 8CB as input into the propagation tests. (c) Reference, sample,
and predicted THz traces after a thick TDS cell. (d) Set of predicted traces as propagated
through the thin Kerr cell from blue (before the sample) to red (after the sample). In a
thin cell the THz pulse shape is negligibly affected.

are expected to be present, since the field strengths are still too weak, but linear absorp-
tion takes place. The sample is oriented with its ordinary axis to the THz polarization
plane, therefore, as described in detail in Chapter 3.3, with depleted frequency content
over the propagation distance, the THz pulse shape can change significantly.

THz time domain techniques are powerful, because they give straightforward access
to absorbance and phase, as discussed in Chapter 3.1.2. This information, extracted
from the TDS analysis, can be exploited in this analysis by using it to model the THz
pulse shape for every propagation step through the sample numerically. This numerical
modeling is based on empirical fits to the absorption curves and the refractive index
data, extracted from the TDS analysis. The absorption is modeled by a sum of four
Lorentz absorption lines, while the refractive index is modeled with the associated dis-
persion curves (although with its own free fitting parameters), as shown in Figure 5.18a
and b. The reference and sample THz traces are the perfect test cases for this approach.
(Even though it’s following circular logic, where the time traces are used to extract
absorbance and refractive index, and those are then used here to calculate back the
trace propagated through the sample. Strictly speaking, this approach is testing for the
quality of the empirical fits.) The sample thickness in the TDS experiments is 500 pm,
while in the THz Kerr measurements it is 100 pm, hence it is possible to reconstruct the
traces after propagation (which have not been measured in parallel), and all positions
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within. The propagation is done numerically, in the following sequence of steps: (i) FF'T
into frequency domain, (ii) application of propagation step for absorption and phase via
Lambert-Beer, (iii) FFT back into time domain. In order to produce an average driving
field that would be seen by the probe pulse after the propagation through the sample,
all modeled time traces within the propagation distance are averaged (with appropriate
fine sampling, and global delay removed via subtraction of the linear phase in frequency
domain, because the THz pulse is velocity matched with the probe pulse propagation.).
The resulting traces after 100 pm sample thickness are only weakly different to the input
traces, as seen in Figure 5.18d. Hence, propagation cannot account for the artifact, and
for the THz Kerr effect analysis the input traces are deemed sufficient.

Cell window response

As discussed in Chapter 4, careful attention was paid on minimizing the response of the
cell window material relative to the desired sample response. While the design based
on SiN membranes has been a good path forward, it is not strictly speaking true that
SiN shows zero response, and should be checked by placing an empty reference cell in
the setup. The measured response is barely rising beyond the noise level, as seen in Fig-
ure 4.2. Additionally, given the solid state nature of the SiN window, it is not expected
to accumulate any delay compared to the THz time trace, that could explain the out of
phase nature of the measurement artifact.

5.2.4.2. Origin in sample dynamics

Since possible technical artifacts are excluded, the response is assumed to be genuine
sample dynamics. The main indication lies in the relative scaling with the LC mesophase.
While the global response is shrinking in amplitude with the lower lying mesophases
(higher order), the out of phase peak is growing comparatively, as is evident from Fig-
ure 5.19 and 5.20, in which the normalized traces are overlaid. This behavior is consistent
for all three molecular species under investigation, which means it is reproducible over
multiple days of measurement and different hand build sample cells. Furthermore, within
each sample measurement run, the beam alignment has not been affected, since only the
temperature was adjusted.

The hypothesis for this behavior reads as follows: The resonant driving field is acti-
vating an IR active vibrational mode when the associated transition dipole moment has
the right orientation with respect to the excitation polarization, as has been discussed
in section 5.1. Therefore, the more ordered mesophases possess a higher fraction of ex-
cited active units. The associated vibrational mode has to influence the birefringence
properties of the sample, otherwise it wouldn’t show up in the Kerr traces, and, if it
is intermolecular, it will involve only a limited number of molecules within a driven
unit, since the response is present (although less strong) in the isotropic phase, where
long range correlations are significantly shorter compared to the ordered LC phases.
The following assumption is that this vibrational mode is primarily associated with the
lowest lying frequency mode found in the TDS absorption spectra, where simple gas
phase assignment has not been possible. If true, this would be a clear demonstration
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Figure 5.19.: The THz Kerr traces for the different thermodynamic phases (isotropic
red, nematic yellow, smectic A green) at the same THz field strength, normalized and
overlapped. The shaded area represents the experimental uncertainty in the form of the
standard deviation of the measurements. (a) 8CB, (b) 8OCB, and (¢) PCH5

that macroscopic material properties can be controlled on ultrashort time scales though
vibrational excitation on the molecular level.

5.2.5. Lorentz oscillator picture of the driven response

The goal is to establish a conceptual bridge between the assigned intermolecular mode in
the TDS spectra, and the coherent bulk response in the resonantly pumped case, in order
to validate the hypothesis stated above. In the following, the signal needs to be isolated
from the rest of the understood Kerr response, modeled in a simplified framework, and
tested by prediction of the response under new conditions.

5.2.5.1. Signal isolation

Since the response is composed of mainly one oscillation, meaning since it is heavily
damped, working with Fourier analytical methods is less practical than in cases where
oscillations are sustained for multiple periods. Instead, in a first order approach, one
can take advantage of the less efficient excitation in the isotropic mesophase and use it
as a pseudo-reference for the two ordered phases. Here, the isolated signal is extracted
from subtraction with the isotropic pseudo-reference. The results for all three tested
molecular species are transient signals as shown in Figure 5.21.

5.2.5.2. Modeled response

The goal is to describe the system in terms of the known absorption spectrum from the
TDS measurements and to drive it with the THz traces measured in the experimen-
tal setup. The simplest yet powerful approach towards this goal is through a Lorentz
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Figure 5.20.: The same data as shown in Fig. 5.19, with a zoom into the region of
interest, highlighting the increased driving of the response under investigation with the
more ordered states. (a) 8CB, (b) 8OCB, and (¢) PCH5
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Figure 5.21.: The isolated coherently driven responses, extracted from the traces shown
in 5.19 by subtraction of the ordered LC phases with the isotropic reference for (a) 8CB,
(b) 8OCB, and (c¢) PCH5. The traces are isolated for both LC phases individually and

normalized to show the dynamics. The shaded are represents the uncertainty as the
standard deviation.
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Figure 5.22.: Fit to the TDS spectra of (a) 8CB, (b) 8OCB, and (¢) PCH5 from sec-
tion 5.1. As an empirical description, a sum of Lorentzian line shapes is fitted to the
absorption spectra (bold black line), as a guide to the eye the individual line shapes are
plotted in gray dashed lines. The lowest lying line (in red highlight) is used as input into
the model with its fitted position and width.

oscillator description, in which the system is assumed as a damped driven classical har-
monic oscillator. While the ordinary absorption in the sample is quite complex, here it
is constrained to the lowest lying band, with the justification that it is the most clearly
intermolecular mode.® The natural frequencies and the damping ratios are taken from
the Lorentz fits associated with this band, which are presented in Figure 5.22. On the
other side of the equation is the driving force, which in principle is proportional to the
electric field, when thinking of a dipole active mode. Given the geometry of the pulse
polarizations with respect to the homeotropic sample alignment, the sample appears
centrosymmetric. Therfore, only higher order terms of the potential energy surface will
be probed, which is accounted for by a square excitation in the driving term. The full
model description is given by equation 5.3.
d*x dx
7 T 26w + wor = Eiyy, (1) (5.3)
In this damped and driven harmonic oscillator equation, ¢ stands for the damping
ratio, which is related to the width I' of the resonance by I' /2wy, and wy is the natural
frequency of the undamped, undriven system. The right hand side of the equation
represents the force term in the form of quadratic driving % = E2,, (1), and the
differential equation is solved numerically.
The justification for the force term set to be proportional to EZy,(t) derives from
the general solution of anharmonic oscillator equations with third order terms in the
1

potential energy surface U(x) = fmwoaz® + smax® (with o small) that leads to the

3Note: Such a clear distinction is a poor description of reality in this frequency range. Yet, for this
simplified picture, it is a sufficient approximation.
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Figure 5.23.: The prediction of the oscillator model, using the lowest absorption band
as input, overlayed on the data presented in Fig. 5.21

following generalized from with arbitrary driving force F'(¢) in equation 5.4.

d*z dx F(t)

— 4 2wy— + wir + ax? = —2 5.4
dtz + f Odt + 0 + m ( )
One way to solve this differential equation is to perturbatively expand the solution
z(t) = > 7 €"x,(t) and insert into equation 5.4. The result is a set of hierarchical

differential equations, with the first and second orders reading as [73]:

d2£L'1 diL‘l 2 F(t)

gz TR Fuhn = (5:5)
d*z dx

dt22 + 2§w0d—; + wizy = —ax] (5.6)

The first equation 5.5 is the well known unperturbed damped driven harmonic oscil-
lator with its known solution that depends on F'(t) and an amplitude depending on w,
wp, and & = I'/2wy. The second equation 5.6 takes the same shape, with the difference
lying in the force term, which is now dependent on the square of the solution z;(t) of
equation 5.5, meaning it’s proportional to Fy,(t).

The results for the three LC systems under investigation are the traces shown in Fig-
ure 5.23. It shows the same experimentally isolated traces as in Figure 5.21 overlapped
with modeled responses (including normalization), and within the uncertainty the be-
havior is reproduced. Note, that no scaling or shifting along the time axis is applied.
The modeled traces capture the dynamics very well, which are a consequence of the
resonant driving of the intermolacular modes assigned from the TDS results.

5.2.5.3. Pulse shape variation

In order to test this model, it is instructive to categorize the inputs to the oscillator
model. On one side of equation 5.3 is the harmonic oscillator term with its natural
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Figure 5.24.: (a) Full PNPA driven THz Kerr responses for isotropic and smectic phases
of 8OCB. (b) The isolated coherently driven response and the model prediction as nor-
malized traces for comparison.

frequency and damping term. This part is a simplified description of the material pa-
rameters inherent to the LC samples under investigation. On the other side is the
external force term, given by the THz pulses, as generated in the setup. In the cases
above, the same force terms has been used, and the material parameters could only be
varied by exchange of LLC sample. The validity of this model hinges on the question,
whether for a given material it can predict its behavior under different resonant driving
conditions.

Applying pure and filtered PNPA driving fields as presented in section 3.2.1 to one
LC system, here confined for simplicity to SOCB, the measured results are significantly
different, allowing for a reliable test of this model. The strong modification between
driving fields comes from the strong sensitivity of the ideal harmonic oscillators to dif-
ferent resonance conditions of the force term. Furthermore, only the isotropic (as the
pseudo-reference) and the smectic A phases are measured (most ordered, strongest driven
signal), and the nematic phase is disregarded in favor of larger statistics in the measured
phases. Figures 5.24 and 5.25 show the total measured responses in panel (a) and the
isolated driven response with the modeled response overlayed in panel (b) for all three
tested driving fields.

Looking at the full PNPA driving first, the overall shape of the total Kerr response
is different, as expected for the changed driving field, and the driven response is signifi-
cantly altered. It is extended longer in time, and undergoes stronger oscillations, as will
be quantified below. It’s worth noting that this difference between isotropic and smectic
A response is the largest effect recorded among all parameters investigated. The isolated
response from subtraction and the results of the driven model are capturing comparable
overall dynamics, even though larger discrapancies remain than in the DSTMS cases.
Similar conclusions hold for the two narrowband cases using bandpass filters to further
shape the driving field.

The 3.75 THz and 1.5 THz responses required significantly more statistics in order to

109



CHAPTER 5. RESULTS & DISCUSSION

1‘2.(3) Isotropic ] (b) ——— Data
g Lot ——  Smectic A 1 _ 1.0k —— Moving Avg. |
&) | E
g 12 os
) | = 00
=] o
& g
Z 1< s
M . '
-0.4 . . . . 4 . ; ! | .
-0.5 0.0 0.5 1.0 1.5 -0.5 0.0 0.5 1.0 1.5
Time [ps] Time [ps]

Figure 5.25.: (a) 3.75THz Kerr responses for isotropic and smectic phases of 8OCB.
(b) The isolated coherently driven response and the model prediction as normalized traces
for comparison. Note: given the large uncertainty, a moving average has been applied
on the isolated trace for improved readability.

make statements about the differences, as reflected in the confidence bands. Yet for
the higher frequency experiment (with higher electric field strengths), a noisy response
could be isolated. The lower frequency response, on the other hand, would require
unfeasibly more statistics, and is just reported ”for completeness” in Appendix B. These
two cases are instructive, since they reflect in one case a resonant driving over many
oscillation periods, and once an off resonant driving (at roughly the FWHM point of
the modeled Lorentz oscillator absorption curve). Focusing the discussion only on the
higher frequency case, one can see subtle changes between the mesophases, mostly in
the out of phase parts of the oscillations.

A few aspects in this analysis deserve discussion. Firstly, the comparison between
experiment and model strictly speaking does not hold. The model is supposed to give
the pure driven response of the system, while the isolated response is extracted from
subtraction with the isotropic phase, which is not free from driven signal. This low level
extraction is a defensible approach, as long as the response only scales in amplitude.
From the analysis of the DSTMS driven experiments, this behavior appears to be a
valid assumption. Furthermore, the subtraction of two normalized traces at time zero
leads to the traces clamped to zero in this point in time. This approach explains both
the subtle offset seen in some of the traces after the response, and a part of the high
frequency modulation in the PNPA driven trace.

One should not overstate the amount of information one can extract from this model.
It’s main purpose is to establish a conceptual bridge between the resonantly driven
response seen in the transient Kerr measurements and the lowest absorption band in the
TDS spectra, which was assigned to mainly intermolecular vibrational modes.

It would be instructive to drive these modes completely off-resonantly, in order to kill
this response, and leave only the typical Kerr traces. For instance, from broadband THz
spectroscopy, these samples are known to have a transparency window between 8 THz to
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12 THz. Performing the same experiment there should not yield any additional driven
features, if the picture presented here is (empirically) valid.

5.2.6. In summary

When the THz acts as a strong pump on these systems, it responds with transient mod-
ulation of the macroscopic refractive index on sub-picosecond time scales, as measured
in the THz-Kerr measurement scheme. Overall, the traces follow a rotational diffusion
model, but include additional effects stemming from the resonant nature of the THz
driving pulses with the intermolecular modes.

Between samples and mesophases, the dynamics remain universal and only differ in
amplitude. This is a reflection of the electronic properties of the systems, which are
expected to dominate on these short time scales. Particularly the electronic polarizability
and its anisotropy are connected with the observations. The scaling of these traces is
thought to be a consequence of the alignment with respect to the beam propagation,
and the orientational order. The two relaxation terms contributing to the measured
response are consistent with the rotational diffusion model. Although 100 fs time scales
are fast for nuclear movement, it is reasonable to expect two constants, reflecting the
strong anisotropic shape of the molecules.

The additional effect seen within the THz Kerr trace appears out of phase with the
expected modulations. Within the Lorentz oscillator model, this response is connected
to the intermolecular modes identified in the TDS spectra, and therefore interpreted
as a coherent driving of these dynamics with macroscopic impact. The underlying dy-
namics must involve a small number of neighboring molecules, since the effect remains
measurable in the isotropic phase.
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6. Conclusions & outlook

The research question motivating this work revolves around the interplay between col-
lective molecular order and the vibrational response of the system. On one hand, how
does the molecular arrangement impact on the THz spectra, which are expected to be
sensitive to intermolecular effects? And on the other hand, does the molecular structure
impact on this relationship? Furthermore, can these long-range intermolecular vibration
be driven resonantly, in order to modify macroscopic bulk properties transiently?

The THz spectra for all three molecular species investigated are characterized by two
aspects. Firstly, at higher frequencies the spectra are well described by gas phase DFT
calculations and their vibrational modes can be assigned. Therefore, these modes are
interpreted as intramolecular modes. Secondly, the low-frequency mode is deviating
from the calculations for every sample, hinting at its intermolecular nature. The low-
frequency trend seen in the cluster calculations supports this assignment.

Within the context of the research questions, the changes in molecular arrangement
have little influence over the overall shape of the observed spectra. At higher frequen-
cies, the modes remain dictated by the response of individual molecules, and at lower
frequencies the broad intermolecular peak shows weak modification in amplitude only,
most likely related to trends in density and order parameter. Overall, the samples be-
have like disordered molecular fluids, with a broad intermolecular vibrational band and
intramolecular modes present simultaneously in the accessible bandwidth of the TDS
experiment. Particularly the lack of distinct change for the smectic phase along the
extraordinary axis (along the layering) is surprising, but most likely an expression of the
inherently disordered arrangement within the layers.

When the THz acts as a strong pump on these systems, it responds with transient
modulation of the macroscopic refractive index on sub-picosecond time scales, as mea-
sured in the THz-Kerr measurement scheme. Overall, the traces follow a rotational
diffusion model, but include additional effects stemming from the resonant nature of the
THz driving pulses with the intermolecular modes.

In terms of the modeled response, the dynamics remain unchanged for different sam-
ples and mesophases, and only differ in amplitude. This is a reflection of the electronic
properties of the systems, which are expected to dominate on these short time scales.
Particularly the electronic polarizability and its anisotropy are connected with the ob-
servations. The scaling of these traces is thought to be a consequence of the alignment
with respect to the beam propagation, and the orientational order. The two relaxation
terms contributing to the measured traces represent rotational diffusion effects of the
model. While the relaxation on 100fs time scales is fast, the presence of a slow and
fast one is reasonable, given the strong anisotropy of the molecules. These dynamics are
known effects in liquids and don’t seem to be connected to the molecular arrangement,
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as presented in the LC mesophases.

The additional effect seen within the THz Kerr trace appears out of phase with the
expected modulations, and importantly increases in relative strength with the more
ordered mesophases. This response is connected to the intermolecular vibrational mode
in the TDS spectra with the Lorentz oscillator model, and therefore interpreted as a
coherent driving of these dynamics with macroscopic impact. A change of driving pulse
leads to responses similar to the toy model prediction, supporting the interpretation as
a real response of the sample. The report of a strongly damped 3 THz oscillation seen in
Raman induced Kerr spectroscopy [33], as mentioned in the introductory chapter, could
have the same origin and supports this observation.

Given the presence of this signal in all mesophases including the isotropic one, with
stronger relative amplitude for more ordered states, the underlying dynamics are thought
to involve a small number of neighboring molecules. The transition dipole moment of the
mode is oriented along the THz polarization direction and the LC mesophases contain
a higher fraction of these units with the correct orientation.

It remains difficult to make definitive statements about the microscopic nature of the
intermolecular modes at THz frequencies. The microscopic descriptions of these broad
low frequency bands depends on the nature of the sample. From a liquid perspective,
Poley absorption or librational modes are generating similar absorption features. Amor-
phous solids on the other hand are described in terms of the VDOS where phonon modes
cannot be sustained over large coherence lengths. In any case, condensed phase molec-
ular dynamics calculations are needed to make definitive assignments. Unfortunately,
in such disordered or loosely ordered systems, such simulations are computationally
expensive.

A full simulation would provide two advantages. Firstly, it would confirm the high-
frequency assignment of the intramolecular modes. Secondly, it would guide the inter-
pretation of the low-frequency intermolecular absorption band. This, in turn, will give
insights into the microscopic nature of the driven response seen in the THz Kerr ex-
periments. While the transient modification of the birefringence on these time scales is
promising, the goal remains to extend this work into more complex systems.

The molecules investigated within this thesis represent LC benchmark systems. They
are well studied, easily available off the shelf, and mostly used as tunable phase shifters
due to their static birefringence. But, beyond these LC systems, there exists a broad
range of more complex molecules presenting different LC mesophase behavior, and there-
fore different collective arrangement. Some have been shown to possess considerable
charge transport properties, along specific directions. While these low frequency modes
often disrupt these properties (dynamic disorder), there are studies reporting enhanced
transport driven by low frequency modes [144]. Identification and exploitation of these
dynamics to create organic ultrafast switchable charge transport materials represents
the ideal outcome of this line of work.

On the path towards this goal, a number of options are available, both in terms
of verification and extension. The connection of the driven nonlinear response, seen
under strong THz fields, to the intermolcular mode implies that a field dependent TDS
study should reveal changes in the absorption line shape with increasing field strength.

114



Initial test measurements have been performed which have shown systematic changes in
amplitude, but they remain inconclusive. So far, reproducibility has not been possible,
due to saturation issues in the detection. These are a technicality, and are solvable
within the existing setup.

From the THz Kerr experiment perspective, driving these modes in fully narrowband
condition would provide mode selectivity. Hence, the toy model could be tested against
specific resonant and offresonant driving conditions. Furthermore, the intramolecular
modes could be specifically targeted, in order to confirm their (lack of) response. Ac-
celerator based facilities are able to provide such bright CEP stable, narrowband, and
tunable THz radiation, such as the TELBE/FELBE accelerators at the Helmholtz Zen-
trum Dresden Rossendorf (HZDR) [83,84].

Structural (nuclear) effects can be isolated from time resolved X-ray diffraction studies.
While Synchrotron sources can provide picosecond pulse durations, Free Electron Laser
(FEL) facilities can reach femtoseconds, making them suitable for such experiments.
The experimental scheme would involve a THz pump pulse, followed by a delayed X-
ray pulse, and its diffracted photons are detected. Depending on the sample, different
diffraction geometries can be chosen, such as the diffusive scattering in transmission or
the Bragg reflection condition, both depicted in Figure 2.4. Here, the challenge lies in
sample delivery, since X-ray radiation leads to photodissociation. this is especially true
for the hard X-rays, if vacuum environments are avoided, since soft X-rays don’t travel
in atmosphere. Typically, samples are refreshed, either through flow or raster sampling.
In any case, the static cell design taken within this work is inadequate and requires new
solutions.

Coupling between vibrational modes leads to energy dissipation in a system. Such cou-
pling pathways are investigated though two dimensional spectroscopy schemes [145]. A
2D-THz experiment could give information, if energy is transferred from an intramolec-
ular mode to the collective mode, or the other way around. Furthermore, different com-
binations of different central frequencies and bandwidths allow to sample a wide range
of modes, including localized MidIR vibrations (compare Figure 3.16). Still within the
original research question, one could ask how the collective molecular arrangement influ-
ences these pathways, and if the branching ratios remain constant for different molecular
order, or if certain arrangements favor different paths.

Alternatively, time resolved THz spectroscopy is used to investigate excited state
dynamics and its influence on THz frequency properties. One class of such experiments
fits into the outlook toward charge transport modification, and would act as a stepping
stone towards this goal. Using ultrafast UV-Vis excitation as a pump, which injects
charges into the system, the THz-TDS spectrum is monitored as function of relative time
delay. By tracking the spectral amplitudes and decay times (or sometimes simply the
peak of the transmitted pulse in time domain), one can infer the complex conductivity of
the system, in an all-optical and contact-free experiment. These types of measurements
have been performed on solid state [146] and liquid samples [147].

The results of the work presented within this thesis are promising, but challenges
remain in the exact interpretation of the intermolecular dynamics on a microscopic
level. Nevertheless, it does represent a stepping stone towards THz control of molecular
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collective dynamics and their macroscopic material properties.
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A. THz Kerr Fits

The THz Kerr traces are fitted by the rotational diffusion model. Whereas in the main
text the driven response is excluded, since it is not captured by the model and therefore
would skew the results, the possibility remains that it does fir. Here, in Figure A.1 for
PCH5, Figure A.2 for 8OCB, and Figure A.3 for 8CB, fit results are presented without
any exclusion of data points. As can be seen by comparison of the main fits and the

residuals, the results are noticeable worse.
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Figure A.1.: Rotational diffusion fits to the full PCH5 THz Kerr data
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APPENDIX A. THZ KERR FITS
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Figure A.2.: Rotational diffusion fits to the full SOCB THz Kerr data
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Figure A.3.: Rotational diffusion fits to the full SCB THz Kerr data
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B. 1.5 THz driven response
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Figure B.1.: (a) 1.5 THz Kerr responses for isotropic and smectic phases of 8OCB. (b)
The isolated coherently driven response and the model prediction as normalized traces
for comparison. Note: given the large uncertainty, a moving average has been applied
on the Kerr traces before signal subtraction for improved readability.
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Figure B.2.: (a) 1.5 THz Kerr responses for (a) isotropic and (b) smectic phases of
8OCB with applied moving average. A clear effect after time zero is visible.
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