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ABSTRACT

The delocalized and correlated nuclear degrees of freedom in the terahertz (THz)
regime strongly influences the room temperature chemical and physical properties
of condensed matter systems, yet detailed understanding of the photo-induced dy-
namics and anharmonicities of the vibrational modes have remained elusive. In
hydrogen-bonded liquids, these information facilitates the development of accu-
rate force field models to aid simulations of biological processes of proteins and
DNAs. In the field of nonlinear phononics, anharmonic lattice vibrations form the
foundation for ultrafast coherent control of material properties, which has become
an indispensable technique in the engineering toolbox for quantum materials. In
this thesis, we demonstrate the development and application of nonlinear 1D THz
Kerr effect (TKE) and 2D THz-THz-Raman (2D-TTR) ultrafast THz spectroscopies,
which are specially designed to induce resonant coherent excitations of the correl-
ative nuclear degrees of freedom in liquids and crystalline solids. By analyzing
the temporal evolution of the nuclear THz-driven dynamics, insights into the exci-
tation mechanisms, nonlinear coupling interactions, and the dominant source(s) of
anharmonicity may be determined. Specifically, we developed a nonlinear imag-
ing method based on the third-order response of electro-optic crystal GaP, which
significantly improved the alignment consistency and the signal strength of 2D-
TTR spectroscopy. Further, we extended an echelon-based single-shot detection
scheme, originally developed in 1D TKE spectroscopy, to 2D-TTR spectroscopy,
which led to up to two orders-of-magnitude reduction in acquisition time. Armed
with these instrument advancements, we measured 2D-TTR spectra of liquid halo-
genated methanes with significantly improved signal-to-noise and a larger temporal
window, which led to the identification of a novel competing sum-frequency THz
excitation pathway. On the other hand, we investigated resonant driven-dynamics of
the phonon-polariton modes in semiconductor LiNbO3, which revealed nonlinear
coupling interactions between two phonon branches that are attributed to mechanical
anharmonicity. In addition, we directly observed photo-induced coherent phonon
wavepackets for the layered semiconductors transition metal dichalcogenide using
1D TKE spectroscopy, which are attributed to the sum-frequency excitation path-
way. These works highlight the rigorous experimental considerations and careful
spectral analysis required to extract essential insight into excitation mechanisms and

anharmonic contributions, while avoiding spectral artifacts due to the instrument
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response function. In order to provide clarity to these often misunderstood spec-
troscopies in the THz regime, this thesis further summaries the theories behind 1D

TKE and 2D-TTR spectroscopies and the lessons we have learned from experimental

realization of these exotic instruments and the analysis of complex spectral features.
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Chapter 1

INTRODUCTION

1.1 Motivation

Spectroscopy has been an indispensable part of numerous research fields for decades,
providing essential characterization capabilities for the physical, chemical, and bio-
logical world [1-8]. Fundamentally, spectroscopies exploit the response of a sample
upon irradiation, so-called light-matter interactions, to determine properties of the
sample. Depending on the energy (or frequency) of the incident photons, distinct
resonant and non-resonant light-matter interactions are dominant, leading to spectro-
scopic techniques that are uniquely sensitive to certain degrees of freedom (DOFs)
of a sample. Specifically in chemistry, the primary interests lie in the nuclear and
electronic DOFs of molecular and solid state systems [9—-11]. A number of impor-
tant elementary motions in chemistry and their corresponding energy scales with
respect to the electromagnetic spectrum are shown in Fig. 1.1, including molecular
rotations in the microwave region [12], chemical bond vibrations in the infrared
(IR) region [13], and electronic excitations (core and valence) at visible and higher
frequencies [14]. Sandwiched in between the microwave and IR regions is the tera-
hertz (THz), or far IR, frequency range (0.1-20 THz, 3-660 cm_l), which is home to
long-ranged, delocalized, intermolecular DOFs that strongly influence the chemical

4 eV 4 meV 4eV 4 keV
| | | | |
| | T | Energy
microwave terahertz IR
g Frequency
107 (Hz)

= E

L .= @"?I;z*’ ‘" [
Q; V (1" (" gm'?l rf%ﬂﬁ/ ‘@

l, -0 — —~ hv
electron molecular | intermolecular  phonon bond electronic core
spin rotation interaction dynamics | vibration excitation electrons

Figure 1.1: The electromegnetic spectrum and the relevant fundamental motions
and resonant excitations in gas, liquid, and solid phase systems.
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and physical properties of condensed matter at room temperature [15-20]. Due to
the fundamental importance of these long-ranged and correlative interactions, THz
science has grown rapidly in the past decade following breakthroughs in THz light

sources suitable for various THz spectroscopies.

1.2 Overview of chapters

In this thesis, we build on previous expertise of the Blake group in THz spectroscopy
to continue exploring elusive correlative interactions in condensed matter. Our goal
is to provide clarity on the experimental implementation and spectral interpretation
of these novel and often misunderstood spectroscopies. The rest of the introduction
section will discuss in detail the nature of the intermolecular DOFs in liquids and
crystalline solids. Emphasis will be placed on describing the current challenges
and potential applications in understanding these under-explored interactions. A
deep dive into the theoretical and experimental considerations of nonlinear ultrafast
THz spectroscopy will be presented in Chapter 2, with a focus on third-order THz
Kerr effect spectroscopy and our home-built 2D THz-THz-Raman spectroscopic
instrument. We will discuss the specific signals that these exotic spectroscopies
are sensitive to and the unique scientific questions they are designed to answer.
Chapters 3 through 6 presents the development and application of nonlinear THz
spectroscopies on real-world samples, including organic liquids and semiconductor
materials. A summary of the current work and a brief discussion of future directions

will be included in Chapter 7.

1.3 Fundamental motions in the terahertz frequency range

Long-ranged, delocalized, intermolecular interactions in molecular and solid state
systems are fascinating, yet elusive, research areas [19, 20]. These features are
particularly impactful to the chemical and physical properties of condensed matter
at room temperature due to their low barriers and excitation energies. Specifically,
the energy required to resonantly excite these interactions are often in the THz regime
(few to 10s of meV), which is comparable to the available thermal energy at room
temperature estimated by the product of the Boltzmann constant and temperature
kp - T (25 meV or equivalent to the photon energy at 6 THz). As a result, the first
excited state of these modes are often readily thermally populated. Further, the
collective and delocalized nature of these intermolecular interactions implies that
the nuclear motions associated with these modes often leads to significant change in

the relative position of atoms and molecules. Thus, these intermolecular interactions
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strongly affects the room temperature equilibrium position of atoms and molecules
in condensed phase systems, which in turn strongly affects the chemical and physical
properties [17, 19, 20].

Liquids

Fundamentally, intermolecular interactions are what distinguishes liquids from
gases, where the intermolecular potential energy surface, which governs the at-
tractive and repulsive forces between molecules, dictates the chemical and physical
properties of the liquid [21, 22]. Intermolecular interactions in liquids are typi-
cally described by the electrostatic pair involved, which also generally implies the
strength of the interaction. From strongest to weakest, intermolecular forces include
dipole-dipole (Keesom force), dipole-induced-dipole (Debye force), and induced-
dipole-induced-dipole (London dispersion) interactions. Of particular interest is the
hydrogen bonding (H-bond) interaction, which is an extreme form of dipole-dipole
interaction involving a hydrogen atom and an electronegative atom, typically N, O,
or F. The H-bond interactions are stronger than typical dipole-dipole interactions and
underlie chemical and biological phenomenons such as protein folding and DNA
structures [23-25], the unusually fast proton mobility in liquid water [26, 27], and
the tetrahedrality of water structures [28]. Due to its fundamental importance in
chemistry and biology, hydrogen-bonding has remained a favorite topic of research
for the past century. Yet despite decades of investigation, the understanding of
H-bonds remains controversial, particularly on the microscopic length-scale and ul-
trafast time-scale, where the quantum-mechanical nature of the H-bond is dominant
[20]. These disagreements have hindered development of accurate water models that
are critical to molecular dynamics (MD) simulations of biomolecular processes [29].
The primary challenge for understanding intermolecular interactions in liquid water,
including H-bond bending (~ 2 THz), H-bond stretching (~ 5 THz), and librational
(hindered rotation) modes (~ 10 — 30 THz), lies in the strong inhomogeneity and
overlapping energy, time, and length scales [16, 30, 31]. As shown in Fig. 1.2,
the H-bond modes that dictate the dynamics of the water network are significantly
broadened in the THz spectra. The extent of the spectral broadening that is caused
by inhomogeneity and nonlinear coupling between H-bond modes remains an open
question to this day. Experiments in the IR regime have utilized individual OD bond
vibrations of dilute HDO in H;O as reporters of the local H-bond environment to
elucidate inhomogeneous lifetimes [33, 34]; while other investigations utilized X-ray

scattering spectroscopy to capture instantaneous snapshots of the atomic positions
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Figure 1.2: H-bond bending, stretching, and libration modes in the THz region. The
THz spectra of water is digitized from [32] and reproduced.

in the water H-bond network to unveil microscopic length-scale information [35].
THz spectroscopy provides an unique perspective as it directly and resonantly probes
the correlative intermolecular modes in question. Recent works have determined
inhomogeneous lifetimes (~100 fs) that appear to be significantly shorter than that
determined by the OD reporter (~ 1 ps) [16], implying that THz spectroscopy may
provide a complementary delocalized picture of the water network as opposed to
the localized picture non-resonant techniques probe [36]. As THz spectroscopies
continue to explore intermolecular interactions in liquids, simulations will be able to
refine their force field models to better describe and match the microscopic structural

and dynamical measurements obtained using THz spectroscopic techniques.

Crystalline solids

THz research on crystalline solids has gain significant attention due to the diverse
quantum phenomena that have energy levels in the THz regime, including phonons
[37], magnons [38], polaritons [39], and many more [40]. While key aspects
of these quantized particles have been explored with various non-resonant optical
spectroscopic techniques, THz science has enabled resonant access to not only
probe, but also strongly drive excitation of these particles [19, 20]. In this thesis,
we will focus on phonons, which are quantized vibrations of the crystalline lattice,
as well as phonon-polaritons, which result from the strong coupling of photons and

optical phonons of similar energy in a lattice.
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Figure 1.3: Atomic motion associated with the A;(TO1) and E(TO) phonon modes
of lithium niobate in the hexagonal unit cell [41]. Displacement vectors obtained
from ab initio calculations by Caciuc et al. [42].

Phonons in the THz frequency range are unique due to the delocalized nature of the
lattice vibrations that involve the movement of most/all atoms in the unit cell, such
as the transverse optical (TO) phonon modes of lithium niobate (LiNbO3) shown in
Fig. 1.3. Consequently, strong excitation of THz phonon modes have the potential
to transiently distort lattice structures, which in turn affects the bulk properties of
the crystal. Research into methods to manipulate material properties through photo-
excited phonon modes and other collective modes in the THz regime has been coined
Nonlinear Phononics [18, 19, 39]. Notable demonstrations of nonlinear phononics
span a wide range of important condensed matter subjects, including switching of
the ferroelectric polarization of LiNbO3 [43, 44], a photo-induced phase transition
of SrTiO3 [45], and enhancing superconductivity in cuprate systems [46], to name
a few. Nonlinear phononics utilizes ultrashort femtosecond (fs) light pulses to
induce material property changes on the ultrafast time scale, which is orders of
magnitude faster compared to material manipulation with electric fields (generally
nanoseconds or slower). Additionally, ordered material states with superconductive
or ferroelectric properties can be induced under conditions far removed from the
thermodynamic transition temperature [44]. Nonlinear phononics, while still in
its infancy, present an important addition to the engineering toolbox for material
structures, especially in the quantum regime. In contrast to emerging static structural
engineering methods, such as Moire heterostructures and nanostructure/morphology
engineering, nonlinear phononics provide a dynamical method, analogous to electric
field or strain, to modify microscopic degrees of freedom in materials and introduce

designed electronic and magnetic properties [19].
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Figure 1.4: Mechanism of nonlinear phononics optical control in a two phonon
mode model system with quadratic-linear coupling. See main text for explanation.

These remarkable feats of precise optical control are achieved by large amplitude
nonlinear excitations of specific phonon modes, where the anharmonicity of the
system rectifies and induces symmetry breaking lattice distortions that alter micro-
scopic interactions and give rise to new material properties and phases [19, 44].
Here, we discuss one particular case of anharmonicity, the quadratic-linear coupling
mechanism, to illustrate the optical control scheme in detail. The quadratic-linear
coupling mechanism describes a system consisting of two phonon modes (Fig. 1.4):
an IR-active phonon, represented by a harmonic potential with coordinate Q;g; and
another phonon mode, with a double-well potential that represents two polarizations
of a material property along the coordinate Q p, such as the ferroelectric polarization.
Specifically, the two phonon modes are nonlinearly coupled with a quadratic-linear
anharmonicity term of the form Q% - Op. If we consider direct excitations to the Qg
mode, it causes oscillation along the harmonic well with a net zero average of the
Qg coordinate, resulting in no net displacement of the atomic structure. However,

through nonlinear coupling, the phonon mode Q p experiences a rectified non-zero

2
IR’

cause the current equilibrium position (yellow circle) to no longer be stable (red

driving force proportional to Q4 ,, which could distort the double-well potential and

circle). As aresult, spontaneous switching of the material property is achieved upon

photo-excitation.
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Despite the simplicity of the above model, it nevertheless illustrates the central
role of anharmonicity in nonlinear phononic schemes. Specifically, the source of
the anharmonicity, the nature of the nonlinear coupling, and the symmetry of the
modes involved lead to selection-rules for the allowable structural distortions. For
example, in centro-symmetric systems, the Q? & - Op term restricts lattice distortions
to maintain the point symmetry of the crystal (Ag symmetry) [19]. The possibilities
substantially broaden if we consider the general third-order anharmonicity Q{R .
QéR - Op in non-central symmetric crystals, where the term is symmetry-allowed
for various combinations of degenerate or distinct phonon modes. In the simple
model above, the addition of anharmonicity to the harmonic potential in the form
of Q?R would also introduce net non-zero displacement along the Qg coordinate.
It is evident that the form of the anharmonicity and the modes involved in the
nonlinear coupling are foundational to understanding and predicting the resulting

photo-induced lattice distortions.

The dominant source of anharmonicity in a material system is also crucial to the
design of precise optical control schemes for nonlinear phononics [39, 47, 48]. All
the anharmonicities described thus far are mechanical in nature, meaning that these
nonlinear terms reside in the potential energy term (V = Vi + Vappy) of the system
Hamiltonian (H = T + V). In other words, mechanical anharmonicity describes
the anharmonic corrections to the harmonic normal mode picture, in which the
phonon modes of a crystal are described by independent harmonic potentials that
are not coupled nor interacting with each other. The introduction of higher-order
terms account for important nonlinearities in the phonon potential energy surface

and couplings between phonon modes.

Another source of anharmonicity, coined electronic anharmonicity, describes non-
linear light-matter interactions when the phonon modes are excited by photons.
Mathematically, electronic anharmonicity are anharmonic contributions to the elec-
tric dipole (/1) and/or polarizability (&) operators that govern the transition proba-
bility of IR- and Raman-active modes. Using IR-active transitions as an example,
in the harmonic limit, we have the familiar harmonic oscillator selection rule of
Av = <1, where transitions can only occur between adjacent energy levels. This
selection rule is relaxed if we consider nonlinear contributions to the dipole oper-
ator, (0 = o + fanhr, Which leads to non-zero transition probabilities for Ay = +2,
Av = £3, and so on. The fundamental difference between mechanical and electronic

anharmonicities is that electronic anharmonicities only affect the excitation process,
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whereas mechanical anharmonicities affect both the excitation process and the sub-

sequent relaxation dynamics. In other words, electronic anharmonicities are only in

play when photo-induced transitions between different phonon states are concerned,

while mechanical anharmonicities remain important after illumination and govern

relaxation lifetimes and meta-stability behaviors. Additionally, the mathematical

forms and symmetry breaking terms that provide the rectified directional force for

lattice distortion are also distinct for the two types of anharmonicities. Thus, charac-

terization of the source and mathematical form of the dominant anharmonicities in

the system is crucial to the development of novel nonlinear phononics applications.
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Chapter 2

FUNDAMENTALS OF NONLINEAR AND
MULTIDIMENSIONAL THZ SPECTROSCOPY

The main focus of my thesis work has been the development and demonstration
of nonlinear ultrafast THz spectroscopic instruments that are capable of detailed
characterization of the low frequency nuclear DOFs, particularly in the field of an-
harmonic vibrational dynamics in condensed matter. In this section, I will detail the
theory behind these nonlinear THz techniques and discuss the unique capabilities
of multidimensional THz spectroscopies. The final sections will be dedicated to
discussions on 2D-THz-THz-Raman (2D-TTR) spectroscopy, which is the specific
type of multidimensional spectroscopy I have worked on during my PhD. I will
attempt to provide a comprehensive overview on the theory behind 2D-TTR spec-
troscopy, the lessons we have learned on the interpretation of 2D spectra, and the

experimental realization of the complex spectroscopic instrument.

Theory of nonlinear light-matter interactions

The treatment of nonlinear light-matter interactions summarized here takes heavy
influences from the excellent tutorial Principles of Nonlinear Optical Spectroscopy:
A Practical Approach (Mukamel for Dummies) by Hamm [1] and the book Nonlinear
Optics by Boyd [2]. The formalism for most spectroscopic theories operate in the
semi-classical limit, in which photons are treated classically as oscillating electric
fields (with frequency w and wavevector k) and the sample systems are considered
to be quantum-mechanical with discrete states. The key observable in spectroscopy
is the macroscopic polarization P(¢) of the system, which is induced by the electric
field E(z) of the incident photons. In nonlinear optics, the macroscopic polarization

is generally expressed as a power series of the electric field strength [2]

P(t) =PV (1) + PP 1) + PP (1) +---

2.1
=Y E@M) + xPEW@)* +xVE@)} +- -] @1

where ¢ is the vacuum permittivity, P (¢) is the n-th order macroscopic polar-
ization, and y is the n-th order susceptibility. In general, the susceptibilities
are tensor quantities that depend on the frequency and polarization of the incident

fields. We also note that in media with inversion symmetry, such as isotropic lig-
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uids and centrosymmetric crystals, the even-order susceptibilities vanish. Further
more, comprehensive tables have been curated in [2] that list all the non-zero ten-
sor elements of the second- and third-order nonlinear susceptibilities for different

symmetry and space groups.

To describe the state-specific quantum mechanical behavior of liquids and solids,
we adapt eq. 2.1 with the density matrix formalism under the so-called interaction
picture [1]. Here, the density matrix p(z) represents a statistical ensemble of the
condensed phase system, which is necessary to extend beyond pure quantum states.
We consider each electric field interaction as an operator that acts on the density
matrix p(¢) at some time ¢, which perturbs and evolves the population and coherences
of p(t). For simplicity, we will first treat only electric dipole interactions, denoted by
the operator fi. Treatment of hybrid techniques that involve both Raman- and dipole-
allowed interactions will be provided later in this chapter. Applying the Liouville
von Neumann equation and omitting the derivation, which can be found in several
spectroscopic textbooks [1], the n-th order nonlinear macroscopic polarization is

given as

P(”)(r):/ dt,,/ dtn_l---/ dt|
0 0 0

E(t—t)E(t—ty—ty1) - E(t —ty—-=11) - R (ty, tp_1, -+ 1 11)
(2.2)

where ¢, is the time difference between the n-th and (n — 1)-th interaction, and
R(”)(tn, tn—1,-- ,11) is the n-th order nonlinear response function, which has the
form

R(n)(tn’ tn—l» Y tl) =

; (2.3)
(=) At + ty 4+ 1) Aoy + - 11, [2(0), p(=00)] -+ )

where p(—o0) is the equilibrium density matrix, [--- ,---] is the commutator, and
(---) is the expectation value. In essence, the response function describes the
temporal evolution of the density matrix after the series of quantum operators are
applied. Itis the quantity that all spectroscopies aim to characterize as it contains the
quantum mechanical insights into a given system, including the energies, dynamics,
and anharmonicities of the various quantum states. We note that there are n + 1
dipole operators for the n-th order response function, where the first n interactions
describe the field interactions that produce the non-equilibrium density matrix and

the final interaction accounts for the detection of the resulting perturbations as an
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emitted electric field. An important limitation is that the final field interaction
needs to transition the density matrix into a population state that does not involve

off-diagonal elements [1].

Most spectroscopies induce a series of light-matter interactions and measure the
emitted electric field, which is directly produced by the induced macroscopic po-
larization P, This is also true for absorption spectroscopies, where the emitted
electric field is out-of-phase and destructively interferes with the incident light field.
As shown in equation 2.2, the nonlinear macroscopic polarization is the convolution
of the product of the incident electric fields and the nonlinear response function

R™. We can therefore rewrite equation 2.2 as
P (1) = IRF(t,ty, tn-r, - ,11) @ R (ty, tpo1, -+ ,11) (2.4)

where the product of the electric fields is denoted as the instrument response function
(IRF) [3, 4], which is only dependent on the experimental setup and not the nature
of the sample. The formulation in equation 2.4 is powerful because it separates
the experimental signals into two distinct components: the IRF, which is sample
independent and can be characterized for a given experimental setup; and the nonlin-
ear response function R, which contains insights about the quantum-mechanical

states of the sample and can be compared directly to theory and simulations.

Nonlinear one-dimensional (1D) THz spectroscopy

One of the primary techniques employed in this thesis is ultrafast nonlinear 1D
THz spectroscopy with an anisotropic probe setup [5—7]. The basic pulse sequence
is shown in Fig. 2.1a, in which an intense THz pump pulse is used to induce a
transient birefringence in the sample that is detected by a time-delayed weak probe
pulse in the form of phase shifts and polarization rotations. It is an extremely
sensitive technique due to the high extinction ratio and near zero background from
the cross-polarized anisotropic probe detection scheme. To resolve the condensed
phase nuclear dynamics that we are interested in across the THz frequency range,
which generally have lifetimes of 100s of femtosecond (fs) to several picoseconds
(ps), ultrafast pulses with a duration of 30-40 fs are employed. The dynamics are
experimentally measured by varying the time-delay between the pump and probe
pulse with time steps of few fs, which trace out the temporal evolution of the
transient birefringence. As such, ultrafast THz spectroscopy measures signals in the
time domain in a phase sensitive manner, allowing direct observation of coherent

dynamics in various samples. The name “1D” refers to the single time variable
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Figure 2.1: Terahertz Kerr effect spectroscopy. (a) Nonlinear THz spectroscopy
with an anisotropic probe detection scheme. The observables measured experimen-
tally are the phase shifts and probe polarization rotation caused by the photo-induced
transient birefringence. (b) Example time domain TKE spectra of liquid bromoform
using 800 nm probe pulses. Signals originated from orientation relaxation (expo-
nential decay) and coherent phonon dynamics (oscillatory) are observed.

scanned in the experiment, in contrast to multidimensional techniques described in

the next section that employ multiple pulses with more than one time variable.

The photo-induced transient birefringence in nonlinear THz spectroscopy can orig-
inate from a number of excited dynamics in the sample, depending on the frequency
content and field strength of the THz pulse as well as the nature of the sample [8,
9]. For liquid systems, even-order nonlinear light-matter interactions vanish due
to inversion symmetry. Thus, the lowest order nonlinear interaction is third-order,
and higher order effects are generally neglected due to the limited field strength
of ultrafast THz pulses. In literature, third-order THz spectroscopy is often call
THz Kerr effect (TKE) spectroscopy [7] due to similarities to optical Kerr effect
spectroscopy that employs optical pump pulses throughout.

The primary nuclear responses in liquids originate from orientational and vibrational
dynamics, which govern the relaxation processes in liquids upon THz excitation [6,
9, 10]. A key feature of experimentally generated ultrafast THz pulses is that
they are single or few-cycle pulses whose electric field has a non-zero average in
time. This is in stark contrast to fs optical pulses that enclose hundreds of cycles
within a pulse envelope, such that the average electric field is considered to be
zero over the entire pulse. The net THz electric field acts on the rotational DOFs
to preferentially align the molecules along the direction of the THz polarization,
thus inducing an anisotropic angular distribution from an initially isotropic liquid
[9]. The relaxation process is directly related to macroscopic viscosity, microscopic
correlation functions, and additional contributions from bath modes of the liquid

system. The orientational response is generally well-modelled by bi-exponential
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decays with unique features added for specific bath modes for the liquid system,

such as contributions from librational motions.

For vibrational dynamics, there are two primary processes to consider [3, 6], namely,

the polarizability-mediated (Raman) process

(@(0)[@(0), p(=00)]) (2.5)

and the electric dipole-mediated (resonant) process

(@(n)[(0), [2(0), p(=00)]]). (2.0)

The final polarizability operator @(¢) describes the anisotropic probe detection pro-
cess, which is analogous to a depolarized Raman scattering process. The dominant
excitation pathway for a vibrational mode depends on the symmetry, frequency, and
anharmonicity of the mode as well as the pulse shape of the THz pulse employed.
Vibrational dynamics typically result in damped oscillatory signals in the time do-
main TKE spectrum, whose oscillation frequency and damping constant provide
insight into the energy and lifetime of THz vibrational modes [5, 6]. A typical time
domain TKE spectrum of liquid bromoform is provided in Fig. 2.1b, where both
orientational (exponential decay) and vibrational (coherent oscillations) responses

are observed.

In solid state systems, third-order signals from phonon or phonon-polariton systems
can be described identically with the Raman and resonant processes. However,
many crystals do not possess inversion symmetry and have strong second-order
effects. Due to the final a/ft) operator, the only possible excitation mechanism is

dipole-mediated and of the form

(@(n)[4(0), p(=00)]). 2.7)

While relatively simple to perform, 1D THz spectroscopy lacks the spectral reso-
lution necessary to unambiguously determine excitation mechanisms of driven dy-
namics and important chemical and physical properties of the system [11]. Despite
having different field strength dependencies, it is often experimentally challenging
to isolate and analyze second- and third-order processes in solids when multiple
phonon modes are excited simultaneously [12, 13]. In addition, the Raman- and
dipole-mediated third-order pathways are difficult to distinguish in 1D THz spec-
troscopy, especially when nonlinear coupling between multiple phonon modes is
involved due to anharmonicity. In simple cases where the coherent phonon dynam-

ics involve a single phonon mode, such as the case of WSe; presented in Chapter
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Figure 2.2: Types of spectral broadening. (Left) Inhomogeneous broadening caused
by an ensemble of vibrational modes, each slightly shifted in frequency due to
variations in the local chemical environment. (Right) Homogeneous broadening,
where the peak width is related to the natural lifetime of the mode through the
uncertainty principle.

6 of the thesis, one can eliminate other possible mechanisms through symmetry
and energy arguments to determine the excitation pathway. However, in complex
cases of phonon coupling, signals from different phonon modes that are excited
through multiple pathways often overlap in the time domain, making it challenging
to isolate and analyze them individually. Further, the limited spectral resolution
of 1D spectroscopy also makes it difficult to distinguish the dominant source of
anharmonicity and spectral broadening. The former hinders the development of
nonlinear phononics methods, which rely on precise understanding of the mathe-
matical form and source of the underlying anharmonicity. The latter refers to two
important mechanisms, namely homogeneous and inhomogeneous broadening, that
contribute to the spectral width of a peak in the frequency domain [11]. A classic
example is the spectrum of liquid water in the THz regime, as shown in Fig. 2.2,
which is incredibly broad and nearly featureless. Homogeneous broadening refers
to the natural linewidth due to the lifetime of a given mode (shorter lifetimes yield
broader peaks); whereas inhomogeneous broadening refers to broadening caused by
an ensemble of vibrational modes that are shifted in oscillation frequency due to
heterogeneity in the local chemical environment. Both mechanisms could be fit to
the 1D THz spectrum of water, but represent two distinct chemical interpretations of
the nature of the liquid water environment. Successful characterization of the chem-
ical environment of water will be a major step forward in assisting the development

of accurate water models for molecular dynamics simulations [14].
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Figure 2.3: Signatures of vibrational coupling in 2D-IR spectra. (Top) A system
with two purely harmonic vibrational modes at different frequencies. The 2D-
IR spectrum shows no off-diagonal cross peaks. (Bottom) With strong nonlinear
coupling between the two modes, clear off-diagonal features will emerge in the
2D-IR spectrum, allowing unambiguous determination.

Multidimensional THz spectroscopy

Multidimensional spectroscopies employ multiple time-delayed pulses to resolve
spectral features from dynamical processes that are ambiguous in 1D spectroscopies,
including spectral broadening, anharmonicities, and excitation mechanisms [11, 15,
16]. Each time variable in the multi-time pulse sequence corresponds to a time axis in
the measured time domain spectrum or, equivalently, a frequency axis in the Fourier
transformed frequency domain spectrum. In effect, multidimensional spectroscopy
improves spectra resolution and reduces spectral congestion by spreading spectral
information onto additional axes. Further, the additional axes allow correlations
between features at different frequencies to be analyzed and assigned to unique
response functions that reveal the precise temporal evolution of the density matrix
after every light-matter interaction. While higher-dimensional spectroscopies have
been demonstrated [17], two-dimensional (2D) spectroscopies are the most common
due to the exponential time scaling with respect to the number of time axes. A well-
established example 1s 2D-IR spectroscopy [11, 18, 19], where cross peak features
emerge when there are correlations or energy exchanges between two vibrational

modes, as shown in Fig. 2.3. We note that the projection of the 2D spectrum onto a
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single frequency axis generally recovers the 1D spectrum.

The particular flavor of 2D spectroscopy I have worked on in my PhD is coined
“2D THz-THz-Raman” (2D-TTR) spectroscopy [3, 20, 21], which is an extension
of the TKE spectroscopy described above. The name reflects the pulse sequence
employed, as shown in Fig. 2.4, which involves two orthogonally-polarized THz
pump pulses and an anisotropic Raman probe pulse that are separated by time
variables 71 and #,. It belongs to the family of hybrid 2D spectroscopies where pulses
of different color (frequency) are employed to probe distinct DOFs of the system [4,
14, 20, 22, 23]. Hybrid 2D THz spectroscopies emerged due to technical challenges
for 2D-THz and 2D-Raman spectroscopies, which were both initially proposed
by theorists to investigate low frequency dynamics and anharmonicities in liquids
[24-28]. Specifically, due to the low conversion efficiency of ultrafast THz pulse
generation, pure 2D-THz spectroscopy—that is analogous to 2D-IR spectroscopy—has
been limited to solid samples with large nonlinear susceptibilities, until very recently
[29, 30]. On the other hand, fifth-order 2D-Raman spectroscopies are hindered by
competing third-order cascade signatures that require complex wavevector matching
schemes to reject [31-33]. Hybrid 2D THz techniques are able to significantly boost
signal strength by replacing one or more THz pulses with more efficient light sources
in the near IR or visible frequency ranges. One example of hybrid 2D THz techniques
is the 2D Raman-THz spectroscopic family, which replaces two Raman interactions
in 2D-Raman spectroscopy with THz interactions, resulting in three time orderings:
2D-TTR (this work), 2D-TRT and 2D-RTT [4, 34]. All three spectroscopies have
now been realized experimentally and applied to water [4], aqueous salt solutions

[34], organic liquids [3], and semiconductor solids [21].

The response functions of 2D Raman-THz spectroscopies have been analyzed in
detail by Hamm and coworkers for the case of a single vibrational mode [35] and that
of two nonlinearly coupled modes [36]. An important difference between the hybrid
2D Raman-THz techniques and “conventional” 2D-IR (and 2D-THz) techniques is
the number of field interactions involved, where the former employs three pulses
(2-in-1-out) and the latter employs four pulses (3-in-1-out). As noted in the theory
section, the final field interaction must result in a population state, which indicates
that hybrid Raman-THz techniques must involve a zero- or two-quanta nonlinear
transition, whereas 2D-IR techniques involve only linear one-quanta transitions.
While higher-quanta transitions may be possible, a pathway involving two one-

quanta and a single zero- or two-quanta transition is the lowest order nonlinear
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Figure 2.4: Pulse sequence and time variables of 2D-TTR spectroscopy. The
polarization of each ultrafast pulse is shown in the circles at the top.

pathway and would likely be dominant in signal strength. Because the zero- and
two-quanta transitions are forbidden in the harmonic limit, hybrid Raman-THz
spectra are significantly more complex than 2D-IR spectra and uniquely sensitive to
the anharmonicities and nonlinear couplings of the excited vibrational modes. The

“resonant” response function of 2D-TTR spectroscopy is given as

SKes (11, 12) o (@(t; +12) [A(11), [2(0), p(=c0)]]) (2.8)

which is determined from the time ordering of the THz (dipole) and Raman (po-
larizability) interactions of the 2D-TTR pulse sequence. We note that the nonlinear
interaction may occur due to electronic anharmonicity in the fi and & operators or
mechanical anharmonicity in the system Hamiltonian, which leads to distinct sets
of possible pathways. Compared to TKE spectroscopy, where both fi interactions
occur at time # = 0, 2D-TTR spectroscopy separates the two interactions by the
experimentally controlled time variable ¢;. By scanning #; and 7, on a 2D grid, the
coherent dynamics are measured along each axis, which reveal the quantum state
the system is in after each field interaction. A 2D Fourier transform on the 2D
time domain spectra further analyzes the correlations between different frequency
components, which correspond to different quantum states. As a result, the 2D
frequency position of a given peak directly reveals the time evolution of the density

matrix for an excitation pathway.

To illustrate the relation between an excitation pathway and the 2D-TTR response, we
provide two example pathways, given two coupled vibrational modes A and B with
frequencies w4 and wp, respectively. Pathway A involves a one-quanta excitation of
mode A in the first THz interaction, followed by a two-quanta nonlinear coherence
transfer from mode A to mode B, and ending with a one-quanta Raman scattering

interaction on mode B. The ladder diagram representation for this pathway is shown
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Figure 2.5: Two example 2D-TTR excitation pathways under the dipole-mediated
response function are shown in (a,b) and (c,d), respectively. The pathways are
shown in (a,c) the ladder diagram representation and (b,d) the double-sided Feynman
diagram representation. (e) The 2D frequency positions of pathway A and B on a
2D-TTR spectra.

in Fig. 2.5a, where interactions with light are represented by blue (THz) and red
(Raman) arrows. Ket and bra side field interactions are typically represented with
solid and dotted arrows, respectively. The quantum states are denoted using |nanpg)
with quantum numbers n4 and ng for modes A and B, respectively, and the state |u)
denotes the virtual state for the Raman interaction. The preferred notation within
the 2D spectroscopy is the doubled-sided Feynman diagram notation [11], as shown
in Fig. 2.5b for the same pathway. In this notation, the arrows again represent field
interactions, with inward and outward arrows corresponding to excitation and de-
excitation processes, respectively. The quantum states are written in full with both
the bra and ket sides, making it convenient to denote bra and ket side interactions
(instead of solid and dotted arrows). 2D-TTR pathways may also involve anharmonic
interactions in a single phonon mode, as demonstrated by pathway B shown in Fig.
2.5c and d. Here, a ket side two-quanta excitation of mode A brings the system to
the coherence state |20) (00|. It is followed by a bra side one-quanta excitation of the
same mode, resulting in the coherence state [20) (10|. The final Raman interaction
acts on the ket side to transition the system back to the population state |10) (10|,

thus completing the Feynman pathway.
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The 2D frequency position of each pathway is precisely determined by the coherence
state the system is in after every field interaction. Specifically, excitation into a
coherence state generates an off-diagonal element of the density matrix that oscillates
and relaxes due to dephasing. The oscillation frequency is determined by the energy
difference between the bra and ket quantum states that are in coherence. This
oscillatory signal, sometimes called a free-induction decay, can be detected in
phase-sensitive spectroscopic techniques, including 2D-TTR spectroscopy. Using
pathway B as an example, the system is in the coherence state |20) (00| after the
first THz interaction, indicating that an oscillatory signal would be observed along
t1 with a frequency of 2w 4. After the second THz interaction, the system is in the
coherence state |20) (10|, which correspond to an oscillatory signal along 7, with
frequency w4. Thus, pathway B corresponds to a 2D peak in the 2D-TTR spectra at
(w1, w?2) = (2wa, wy), as shown in Fig. 2.5e. We note that all other pathways that
generate a 2D peak at (w;, ws) = (2wa, w4) have field interactions with identical
quantum number changes and only differ in the starting population state. In general,
the Feynman pathway presented in Fig. 2.5d would be the dominant contributor to
the (2w, wa) peak because the ground state |00) (00| is more populated than the
first excited population state |10) (10| and any higher excited states. We note that in
certain crystalline solids, symmetry selection rules may forbid a pathway that starts
from the ground state, making the lowest energy symmetry-allowed pathway most

dominant.

The ultimate goal of 2D-TTR spectroscopy is to provide insight into the under-
lying nonlinear coupling interactions and dominant source of anharmonicities in
condensed matter systems. Electronic and mechanical anharmonicities lead to dis-
tinct scenarios in the design of tailored pulses for material manipulation [14, 21,
36, 37], yet distinguishing between the two cases is no easy task. Typically, these
properties are only accessible through careful quantum chemical calculations of the
material, such as Density Functional Theory (DFT) [21], which can be theoretically
and computationally challenging for complex quantum materials or H-bonded lig-
uids. In general, the two types of anharmonicities produce similar spectral features.
Specifically, the commonly observed vibrational overtones, difference frequency
peaks, and higher order features in Raman and IR spectroscopies can be due to
both mechanical and electronic anharmonicities. Extracting these important molec-
ular and material insights therefore require a careful analysis of 2D spectra. As
demonstrated above, 2D-TTR spectroscopy directly reveals the linear and nonlin-

ear transitions induced by each field interaction. In particular, Feynman pathway
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analysis may reveal nonlinear coupling interactions, such as coherence transfers
between two vibrational normal modes, i.e., the [10) — |01) transition in pathway
A. Further, the set of nonlinear transitions that are symmetry-allowed is strongly
dependent on the source of the anharmonicity. A detailed derivation is provided by
Sidler et al. [36], where electronic and mechanical anharmonicities lead to distinct
sets of 2D frequency peaks with different relative intensities. As a result, a simple
calculation yields the expected 2D-TTR spectra from each source of anharmonicity,
which can be compared directly with the experimentally measured 2D-TTR spectra

to determine the dominant source of anharmonicity.

In addition to the dipole-mediated “resonant” 2D-TTR response function, our work
in 2020 [3] has identified a novel polarizability-mediated sum-frequency (SF) THz
excitation pathway in 2D-TTR spectroscopy with a response function that is identical

to TKE spectroscopy, namely,

S3E e (t1,12) o {@(t1 +12) [@(0), p(=00)].) (2.9)

The SF THz pathway is purely linear in polarizability, where each & interaction
induces an one-quanta transition of a Raman-active vibrational mode. THz SF
excitation is induced via a two-photon process, in which the combined energy of the
two photons matches the mode energy. Further, only one time variable separates
the two operators, namely, t = t; + f,, indicating that it is effectively an “1D”
spectroscopic response. Consequently, it is challenging to determine anharmonicity

and nonlinear coupling information from the SF THz excitation pathway.

The resonant and SF THz excitation pathways are competing pathways in nonlinear
THz spectroscopy owing to the unique properties of ultrafast THz pulses, where the
bandwidth of the THz pulse is comparable to the center frequency of the THz pulse.
The bandwidth of an ultrafast pulse is fundamentally governed by the Heisenberg

uncertainty principle,

h
Aw - At > 2 (2.10)

where Aw 1is the pulse bandwidth, At is the pulse duration, and 7 is the reduced
Planck’s constant. In the context of ultrafast laser pulses, the time-bandwidth product
(TBP) is more widely used, which is a rearrangement of the uncertainty principle

with convenient experimental observables,

TBP =Av-At (2.11)
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where Av is the spectral width (full-width-at-half-max, FWHM) in units of hertz
(Hz) and AT is the pulse duration (FWHM) in units of seconds (s). The minimum
value for TBP is dependent on the pulse shape, where Gaussian pulse envelopes
. 2log2
require TBP > —

~ 0.441 (pulses with minimum possible TBP are called
transform-limited pulses). Therefore, for an ultrafast THz pulse with a duration of
~ 150 fs, the minimum bandwidth of the THz pulse is ~ 3 THz, which is comparable
to the center frequency of the THz pulse. Further, THz pulses are generally far from
transform-limited, resulting in significantly broader THz bandwidths in practice.
For example, THz pulses generated from organic emitter crystals typically have a
bandwidth of ~ 10 THz with a center frequency of ~ 4 THz. The experimental
consequences of the unique Aw = w property of ultrafast THz pulses are two-fold.
First, for any sensible frequency of interest at w, there is always substantial power
at w/2. Thus, experiments that employ ultrafast THz pulses to drive coherent exci-
tations must always consider both the resonant (one-photon) and SF (two-photon)
THz excitation pathways. This is in stark contrast to 2D-IR and 2D electronic spec-
troscopies (2D-ES), where ultrafast IR and visible pulses have spectral widths of 10s
of THz and center frequencies of several 100s of THz (Aw < w). As aresult, 2D-IR
and 2D-ES techniques may tailor the frequency of their ultrafast pulses to selectively
induce one of the excitation pathways. Secondly, the broad frequency content of
ultrafast THz pulses relative to their center frequency makes it challenging to im-
plement wavevector matching techniques, such as the BoxCARS geometry, which
is commonly used in 2D-IR and 2D-ES spectroscopies to spatially isolate photons
from distinct nonlinear pathways. Instead, the colinear phase matching geometry is
employed in most THz spectroscopies, where photons from the input beams and all
possible light-matter interactions remain colinear after the sample. Thus, a crucial
aspect of the experimental design of nonlinear THz spectroscopies is the selective
isolation of the desired weak nonlinear signal and the rejection of more intense
background photons. For instance, 2D-TTR spectroscopy achieves sensitive, selec-
tive, and background-free detection of the third-order nonlinear signals by utilizing
a cross-polarized probe detection scheme, which rejects background probe photons
with an extinction ratios of over 100,000, and a differential-chopping scheme with

lock-in detection, which isolates the third-order 2D nonlinear signal.

Our discovery highlights the importance to understand competing sources of signals
in 2D-TTR spectroscopy in order to avoid inaccurate spectral interpretation and
inference. A key difference between the resonant and the polarizability response

functions lie in the temporal extent of each signal. Specifically, both THz pump
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pulses need to interact with the sample at the same time in the polarizability response
function, indicating that the THz SF pathway can only exist in the temporal overlap
region along the #; axes, which is roughly equivalent to the pulse duration of the
THz pulses (0.4-0.6 ps). In contrast, the 71 extent of the resonant response function
is dependent on the spectral width of the excited vibrational mode, which is directly

related to the relaxation lifetime (typically few ps) and inhomogeneity of the mode.

Chapters 4 to 6 include our published works on the application of nonlinear 1D
and 2D THz spectroscopies to various condensed matter systems. Chapters 4 and
5 present the application of 2D-TTR spectroscopy to a liquid system (halogenated
methanes) and a semiconductor solid (lithium niobate), respectively. Specifically,
these works demonstrate considerations of the IRF in equation 2.4, determination of
the dominant response function, and subsequent interpretation of the 2D frequency
spectra to extract insights into nonlinear couplings and source of anharmonicities.
Chapter 6 demonstrate the investigation of driven phonon dynamics for WSe,, an

emerging layered semiconductor material, using nonlinear 1D THz spectroscopies.

Experimental<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>