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Chapter 1

Introduction

“Plus ultra.”
— the national motto of Spain and/or the school motto of Yu-ei high school in a comic

“My Hero Academia” written and illustrated by Kohei Horikoshi.

Humans have grown significantly by overcoming various barriers and limitations.
The practical knowledge and technologies accumulated during this growth process have
been passed on to the next generation, contributing to developing the world’s culture
we live in today. The core of cultural development has relied on science and technology.
Especially in research fields related to light and matter, the development has been
achieved by overcoming limits with the aim of “faster and smaller”. My research is
also on the extension of such goals. This chapter provides historical background on the
development of lasers, ultrafast spectroscopy, and two-dimensional layered materials,

focusing on the position of my Ph.D. research.
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1.1 Ultrafast Laser Sciences

1.1.1 Developments of Laser Technologies

LASER (Light Amplification by Stimulated Emission of Radiation) is a coherent light
source known for its excellent directionality and convergence. The history of lasers be-
gan with the quantum theory of stimulated emission described by Einstein in 1917.[1]
Following this, advancements in theory and technology [2, 3] led to the successful oper-
ation of the first laser emission by Maiman in 1960, using ruby as a media to produce
694.3 nm light.[4] This breakthrough significantly influenced the field of photonics, lead-
ing to rapid advancements and widespread applications, transforming human lifestyles.

After the development of the Kerr effect and Q-switch techniques, the late 1960s
saw the start of ultrafast pulse lasers with the creation of mode-locked nanosecond
pulse lasers using ruby and Nd:Glass. The 1970s introduced high-repetition-rate pi-
cosecond pulse lasers using Nd:YAG and dye media. The development of optical para-
metric oscillators (OPOs) expanded the range of light wavelengths, encouraging spec-
troscopic studies of ultrafast physical and chemical processes in materials. The 1980s
saw the development of femtosecond pulse lasers through colliding pulse mode-locking
(CPM). Various pulse compression and mode-locking techniques advanced, achieving
pulse widths as short as 6 fs by 1987.[5] The 1990s saw the widespread use of self-mode-
locked Ti:Sapphire femtosecond lasers, which were more stable and more accessible to
produce than dye lasers. Advancements in chirped pulse amplification (CPA) enabled
high-intensity amplification wavelength conversion and phase control of femtosecond
pulses.[6] The 2000s were notable for the generation of attosecond pulse trains (250 as)
[7] and single attosecond pulses (650 as) [8] using high-harmonic generation (HHG) in
noble gases by applying intense long-wavelength femtosecond pulses.

In just 40 years since the invention of lasers, ultrafast pulse lasers have reduced
pulse widths by over ten orders of magnitude. This rapid progress has significantly

propelled fundamental research and applications across various fields, including molec-
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ular dynamics, chemical reactions, lattice vibrations, electronic transitions, biological
imaging, medical applications, and laser fabrication. It is worth noting that I have
spent a significant period in the history of ultrafast science during my Ph.D. life. The
contributions of Mourou and Strickland in developing CPA technology and increasing
the intensity of ultrafast pulses were recognized with the Nobel Prize in Physics in 2018.
Additionally, Agostini, Krausz, and L’Huiller, central to advancing HHG and attosec-
ond science, were awarded the Nobel Prize in Physics in 2023. My research journey
began in 2018, aligning with my final year as a doctoral student in 2024. During this
period, it has been striking to see Nobel Prizes awarded for femtosecond to attosecond

science, reflecting the rapid advancements in this field.

1.1.2 Time-Resolved Spectroscopy

Chemical reactions and the movement of electrons and atoms in molecules and solids
happen quickly, ranging from nanoseconds to femtoseconds. The development of ultra-
short pulse light sources is directly linked to the progress of spectroscopic methods
that can visualize these fast physical and chemical processes. Ultrafast time-domain
spectroscopy, based on the pump-probe method explained in Chapter 2, captures the
dynamics of materials by using a pump pulse for excitation and a probe pulse to record
the state after excitation. Since the time delay between pump and probe pulses deter-
mines the intrinsic time resolution, the pulse widths become shorter, and more detailed
time-resolved measurements are possible.

Time-domain spectroscopy started to grow with the introduction of picosecond pulse
lasers in the 1970s. By the late 1970s, techniques like time-domain fluorescence mea-
surements and transient grating spectroscopy were developed, enabling studies of in-
tramolecular energy transport dynamics on picosecond to nanosecond scales.[9, 10]

With the introduction of femtosecond lasers in the early 1980s, it became possible
to observe the dissociation process of isolated molecules in a vacuum (such as ICN, Nal,

Hgl) and molecular vibrations with precise timing of oscillations.[11] In 1999, Zewail was

15



awarded the Nobel Prize in Chemistry as a pioneer of those femtochemistry studies. In
the 1990s, developments of Ti:Sapphire femtosecond lasers and regenerative amplifiers
boosted fundamental research into the ultrafast motion of carriers and optical phonons.
In particular, lattice vibrations of solids (coherent phonons, as detailed in Chapter 3)
such as semiconductors and semimetals were observed, and discussions on the ultrafast
changes in structural phase transitions became common.

Until then, studies into ultrafast dynamics mainly used methods to measure tempo-
ral changes in optical constants like reflectivity and transmissivity of probe light. From
the late 1990s to the 2000s, time-resolved crystal diffraction methods using X-ray and
electron beam pulses as probes became available, allowing direct tracking of structural
changes. Around the same time, time-resolved two-photon photoelectron spectroscopy
using near-ultraviolet light as a probe and time-resolved angle-resolved photoelectron
spectroscopy was developed, enabling direct observation of the changes over time in elec-
tronic states and band structures in photoexcited states. Since the 1990s, time-domain
scanning tunneling microscopy techniques have also advanced, allowing the observation
of temporal local dynamics of atomic structures and electron wave functions on scales
from nanometers to picometers, from nanoseconds to femtoseconds. From the 2000s on-
wards, there have been advancements in more stable and intense fiber ultra-short pulse
light sources, the growth of large-scale free-electron lasers, efficient generation methods
for high-intensity sub-cycle THz waves, and improvements in detector performance.
These advancements have enabled highly flexible time-domain measurements, allowing
observation of various light-induced non-equilibrium states (such as quasiparticle gen-
eration, Floquet states, and photo-induced phase transitions) caused by light-matter

interaction with very high precision in time, energy, and spatial resolution.
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1.2 Transition-Metal Dichalcogenides

1.2.1 Fundamental

@ Metal (M) (O Chalcogen (X)

Figure 1.1: Possible lattice structures of TMDs: (a) hexagonal (H), (b) tetragonal (T), and
(c) distorted tetragonal (T’) structures.

Overviews and History: The extensive physical properties inherent in two-dimensional
(2D) atomic layer materials and their potential in engineering applications propel re-
search in physics, engineering, and other academic fields. This growth in interdisci-
plinary research was initiated by Geim and Novoselov, who exfoliated large-area mono-
layer graphene from layered graphite and discovered unique electronic transport phe-
nomena, leading to the Nobel Prize in Physics 2010 awarded.[12, 13, 14] In addition,
the stacking degree of freedom, such as twisted bi-layer graphene stacked at a specific

“magic angle” of around 1.1°, can surprisingly alter its electronic properties, leading to
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unconventional superconductivity and Mott insulator states, phenomena not present in
monolayer graphene or bulk graphite.[15]

Research interest in 2D layered systems has increasingly shifted towards layered
transition-metal dichalcogenides (TMDs), as shown in Fig. 1.1. TMDs are a family of
2D layered materials, represented by the chemical composition MXy, where M is a tran-
sition metal (such as Mo or W), and X is a chalcogen (S, Se, or Te). Due to their diverse
chemical compositions, crystal structures, and stacking orders, which vary from mono-
layer to bulk or artificial stacks, TMDs display a range of electronic phases involving
semiconductor, a semimetal, superconductor, charge-density-wave (CDW) state, and
topologically nontrivial phases. This versatility in electronic and structural states is
promising for developing the next generation of atomically thin electronic, spintronic,
and optoelectronic applications.|[16]

Initially, research on layered TMDs was prominent from the 1960s to the 1980s.[17,
18, 19, 20, 21] This field saw a revival in the 2010s, driven by the discovery of exotic
electronic phases in the monolayer limit. A significant finding in 2010 was that the
bandgap MoS, shifts from indirect to direct when reduced from multiple layers to a
monolayer.[22] The band gap of semiconductor TMDs varies with chemical composition
and layer number, spanning from about 1 to 2 eV, covering the near-infrared to visible
light regions. Moreover, various monolayer hexagonal TMD semiconductors, including
MoSs, WS,, MoSe,, and WSes, exhibited valley-selective spin polarization [23, 24, 25]
and excitons with large binding energy over 100 meV.[26, 27] This is attributed to the
spatial inversion symmetry breaking and weak screening of Coulomb interactions by

strong confinement effects within the atomic layer.
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Figure 1.2: Lattice structure of MoTes polymorphs: (a) Semiconductor 2H phase (hexago-
nal), (b) Semimetal 1T’ phase (distorted tetragonal, centrosymmetric monoclinic structure),
and (c) Weyl semimetal Ty (distorted tetragonal, non-centrosymmetric orthorhombic struc-
ture).

MoTe; Polymorphs: Generally, research on the fundamental properties and ap-
plications of sulfur and selenium-based TMDs is prominent. However, MoTe,, which
includes tellurium as a constituent element, is particularly notable for its unique poly-
morphic layered structures not seen in other compositions. MoTe, is characterized by
having three different crystallographic phases: 2H (hexagonal), 1T’ (distorted tetrag-
onal: monoclinic), and T4 (distorted tetragonal: orthorhombic), as shown in Fig. 1.3.
The 2H phase is a semiconductor with a bandgap of about 1 eV. The 1T’ phase is a
semimetal at room temperature. However, it undergoes a structural phase transition
to a ferroelectric semimetal when cooled below 250 K due to a change in the interlayer
stacking order. At room temperature, the 2H phase is the most stable structure, and the
1T’ phase is the metastable structure. When grown in a quartz ampoule in solid-vapor
equilibrium during Chemical Vapor Transport (CVT), a 2H structure forms at around
600 °C. A 1T’ structure can be obtained by growing at about 800 °C followed by rapid
cooling. In contrast, the same telluride compound WTe, is in the T4 phase at room

temperature, and the 2H phase is unstable. Therefore, MoTe, is a composition with dis-
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tinctive features in its crystal structure and phonon degrees of freedom. If it is possible
to control the semiconductor and semimetal structures spatially through external stim-
uli, applications in atomically thin phase-change memory are anticipated. The concept
of “Phase Patterning” using light to alter the spatial structure of MoTe, originated from
a 2015 study.[28] Subsequently, structural control between the semiconductor 2H phase
and the semimetal 1T phase has been attempted through various external forces such
as strain, gate voltage-induced electron doping, and electric fields.[29, 30, 31] Moreover,
around the same time, it was theoretically or experimentally shown that the T4 phase
of MoTey; and WTe, is a Weyl semimetal, a topologically nontrivial phase, leading to
active research into topological phase transitions between the semimetal 1T’ phase and
the Weyl semimetal Ty phase.[32, 33, 34, 35] Thus, MoTe, not only exhibits interesting
physical properties due to its structure but has also garnered attention for the possibil-
ity of two types of structural phase transitions: the semiconductor-semimetal transition
between the 2H and 1T’ phases and the topological transition between the 1T’ and Ty

phases.
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1.2.2 Light-Induced Phenomena
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Figure 1.3: (a) Characteristic electron-hole interactions and quasiparticle generations in
layered TMD system. Strong confinement of electrons in an atomic layer leads to suppres-
sion of screening effect, giving rise to large binding excitons. Increasing excitation density
dissociate excitons into electron-hole plasma, exhibiting large band-gap renormalization. (b)
Valley selective spin excitations at K/K’ valleys in a hexagonal structure by circularly polar-
ized light. (c) Weyl semimetal phase, one of the topological phases, in the presence of Weyl
points (monopoles) and Fermi arcs in the momentum space.

One of the primary research directions concerning TMDs involves investigating the ul-
trafast formation of exotic hybridization states between a coherent light source and
various degrees of freedom, such as valley selectivity, excitons, and lattice structures,
depending on the photoexcitation levels. In the late 2010s, a particularly promi-
nent research area in light-matter interactions within TMDs focused on the ultrafast
valley-selective manipulation of exciton energy levels [Fig. 1.3]. This manipulation

is achieved through the valley-selective optical Stark effect and the valley-exclusive
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Bloch-Siegert shift at the K /K’ valleys in momentum space of monolayer (1H) semi-
conductors in the presence of photon-dressed Floquet states, driven by circularly po-
larized light.[36, 37, 38, 39] As well as large binding intralayer excitons, different types
of exciton formations, including interlayer excitons [40, 41, 42], momentum-forbidden
dark excitons [43, 44], and moiré excitons [45, 46], have been identified through opti-
cal response and in momentum space upon photoexcitation. These exciton formations
depend on the layer stacking order, encompassing monolayers, bulk structures, hetero
structures, and twisted configurations. Under intense photoexcitation conditions, ex-
citon dissociations into electron-hole plasmas (a Mott transition) have been observed,
leading to the disappearance of exciton levels accompanied by giant band-gap renor-

malization, which significantly alters the optical response.[47, 48]
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Figure 1.4: Structural phase transition in TMDs between (a) 2H and 1T’ phases: form
semiconductor to semimetal (MoTey) and (b) T4 and 1T’ phases: Weyl semimetal (WSM)
and normal semimetal (17T).

Concurrently, theoretical investigations into the anticipated photo-induced semiconductor-
semimetal phase transition in MoTe; were developing. In 2016, a pioneering theoretical
calculation study by Kolobov et al. [49] predicted that the excitation of several % of
valence electrons to the conduction band could induce a structural phase transition in

MoTe, from semiconductor 2H phase to semimetal 1T’ phase via transient formation of
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metallic 2H* phase with significant lattice distortion [Fig. 1.4(a)]. Following this pio-
neering work, multiple theoretical studies have corroborated similar results.[50, 51, 52]
Despite active discussions in theoretical studies on the structural phase transition pro-
cesses in TMDs, including MoTe,, experimental studies verifying the ultrafast structural
dynamics of TMDs upon ultrashort-pulse excitation by ultrashort pulse were limited,
at least when I started my research activities as an undergraduate student in 2018.
It should be noted that, in 2019, one year after I started my research, the ultrafast
structural phase transition from T4 to 1T" phases of WTey and MoTe,, as shown in
Fig. 1.4(b) was demonstrated through time-resolved electron diffraction and optical
spectroscopy.[53, 54] It was just when the importance of the structure of TMD was
beginning to be recognized.

Therefore, it is crucial to gain insight into the TMD system into what kind of
lattice vibrations are excited, how the crystal structure changes, and how changes in
the lattice system are coupled with the characteristic electronic or quasiparticle states.
This could pave the way for new physical properties related to phonons and structural
phase transitions in TMDs and the discovery of universal and novel physical phenomena
resulting from electron-phonon interactions.

The Hase Group at the University of Tsukuba, where I joined as a Ph.D. student,
has a significant experimental instrument to investigate the time-domain dynamics of
coherent phonons in solids by high-time resolution and has reported numerous light-
induced phase transition phenomena. Additionally, collaboration with the Hada Group
in the same department allows for direct evaluation of structural changes by utilizing
ultrafast electron diffraction instruments. By making the most of such an environment,
I began my long research journey as an undergraduate/graduate student to discover
new non-equilibrium physical phenomena involving structural phase transitions and

phonons in TMDs.
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1.3 Motivation and Structure of This Thesis
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Figure 1.5: Schematic description of the aim of this thesis. Left panel shows experimental
pump-probe methods conceived in this thesis: transient reflectivity change and ultrafast elec-
tron diffraction measurements. Right panel represents the interaction between electron and
lattice systems of MoTes upon photoexcitation.

In this thesis, I am pursuing to gain insight into the photo-excited electron-lattice
system in polymorphic MoTe, from the perspectives of coherent phonons via reflective-
type optical pump-probe spectroscopy [Fig. 1.5]. In particular, my research aims to
clarify the role of electron-phonon interactions upon photoexcitation: how the presence
of photoexcited carriers involves structural phase transitions and how the coherent
lattice motions can modify the electronic and optical properties of materials.

Chapter 2 shows the fundamentals of femtosecond pulsed lasers, experimental meth-
ods, and optical layouts to characterize the coherent phonons and structural dynamics:
transient reflectivity-change and ultrafast electron diffraction measurements.

In Chapter 3, I will detail comprehensively how the coherent phonons in solids are
generated and detected from the perspectives of history, theory, and experiment. In this
thesis, time-domain observation of coherent phonon and its interpretation is essential

to figure out structural changes upon photoexcitation and electronic modulations via
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electron-phonon interactions.

In Chapter 4, I present the comprehensive investigation of photo-induced Tellurium
segregation and how much excitation density can be applied to MoTey; polymorphs:
a semiconductor 2H phase and the semimetal 1T’ phase under various incident laser
conditions to further explore the light-induced structural phase transition in MoTe,
under high-density electronic excitation conditions.

In Chapter 5, I will show the ultrafast coherent interlayer shear lattice vibration
dynamics of 1T — MoTe, at room temperature.

In Chapter 6, I will show how many-body phenomena, such as electron-hole and
electron-phonon interactions in the non-equilibrium regime, can change the electronic
and optical properties of a layered semiconductor 2H — MoTe, in the presence of an
extremely long-lived coherent optical phonon.

In Chapter 7, by making use of the knowledge obtained from the study in Chap-
ter 4, the investigation of ultrafast structural dynamics in 2H — MoTe, under 400-nm
photoexcitation and high-density excitation density (1 ~ 30 mJ/cm?) below damage
threshold has been demonstrated by complementary methods combining the coherent
phonon spectroscopy and ultrafast electron diffraction measurements.

Lastly, I will summarize this thesis in chapter 8. In addition, I suggest the future
outlook from my point of view, where more investigations are expected following this

thesis.
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Chapter 2
Experimental Methods

This chapter introduces the technical descriptions on femtosecond pulsed lasers and
ultrafast methodologies. The first part of this introduction includes the femtosecond
oscillator, regenerative amplifier, and optical parametric amplification (OPA). The sec-
ond part describes the principles of pump-probe measurements used in my studies,
such as transient reflectivity and ultrafast electron diffraction measurements. Finally,
I'll detail the short-time Fourier transform (STFT) analysis process for time-frequency-

domain data evaluation.
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2.1 Femtosecond Laser Sources
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Figure 2.1: Schematic illustration of continuous wave (CW) laser (a) and pulsed laser (b)
and their time evolution of light intensity.

There are currently two main kinds of laser sources: continuous wave (CW) lasers and
pulsed lasers, as shown in Fig. 2.1. CW lasers contain only a single frequency and have
a constant intensity over time. On the other hand, pulsed lasers can emit light with
significantly high intensity in an extremely short time like the flash of a camera. The use
of high-intensity femtosecond lasers is essential for facilitating wavelength conversion
via nonlinear optical effects and for the temporal investigation of ultrafast dynamics
in the electrons and structures of solids, employing pump-probe experiments. In this
section, I will describe the processes involved in generating, amplifying, and altering

the wavelength of femtosecond lasers.
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2.1.1 Oscillator System
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Figure 2.2: (a) Schematic configuration of the cavity structure of a Ti:Sapphire femtosecond-
laser oscillator. (b) Gain spectrum produced by a Ti:Sapphire crystal when excited by a CW
laser and longitudinal cavity modes formed into a comb-like structure, the spacing of which
is determined by the cavity length L.
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In a Ti:Sapphire crystal laser source, broad gain-spectrum light emitted from the crys-
tal excited by a CW laser is confined within a cavity structure by two pairs of mirrors.
When the temporal phases of each light electric field align in the laser cavity, femtosec-
ond pulsed laser can be output. Such a femtosecond laser source are referred to as a
“femtosecond oscillator”. The properties of the oscillator can be understood using the
Fabry-Perot cavity model. Inside the cavity length L, enclosed by two pairs of mirrors
— one being a fully reflective end mirror and the other a partially transmitting output

coupler — under the resonance conditions, the output light spectrum has a comb-like
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longitudinal cavity modes with mode spacing Av as follows:

Av=—. 2.1
v=or (2.1)

where ¢ is the light speed. This Av is also known as the repetition rate of pulsed-
laser output, determined by only L. Furthermore, the light waves of the cavity modes
within the gain spectrum are involved in pulse generation. The more cavity modes
included (smaller intervals between modes, or the longer L), the stronger and shorter
the ultra-short pulses that can be generated.

The operation of aligning the temporal phases of such laser cavity modes is called
“Mode locking (ML)”. There are two types of ML: passive and active. Passive ML
automatically aligns the phases of laser cavity modes without any external operations
within the laser cavity. In contract, active ML involves directly controlling the phase of
light operating devices like acoustic-optic modulators (AOMs) within the laser cavity.
Currently, the most commonly used is passive ML, as is referred to as Kerr-lens mode
locking (KLM). In KLM, the refractive index of the medium changes due to the Kerr
effect when a high-intensity light electric field passes through the medium. The Kerr
effect is a third-order nonlinear optical effect, where the refractive index n of the medium

changes linearly with the light intensity I:

n(I) ~ ng + nal, (2.2)

where ng is the intrinsic refractive index and ns is the nonlinear coefficient. Therefore,
a strong electric field causes self-focusing in the medium, reducing the beam diameter.
This property ensures that only strong pulses with reduced beam diameters due to
the Kerr effect can pass through a slit with small diameter, while the portion of CW
laser, which have weaker intensity and larger beam diameters, cannot. While traveling
back and forth several times within the laser cavity, only the strong light is selectively

enhanced, and the phase of the light is automatically fixed. It should be noted that
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Figure 2.3: Optical layout of a typical femtosecond oscillator using in this study (KMLabs
Chinook-875 Ti:Sapphire oscillator).

it’s necessary to include dispersion compensation systems, such as a pair of prisms to
compensate for pulse width broadening due to group velocity dispersion when passing
through optical elements.

A typical example for optical layout of Ti:Sapphire femtosecond oscillator, KMLabs
Chinook-875 (Kapteyn-Muranane Laboratories), mainly used in this study is depicted
in Fig. 2.3. It generates a broad-spectrum when the Ti:Sapphire crystal is excited by
a CW laser, Millenia eV (Spectra-Physics), output of 4.8 W Nd : YVOy laser at 1064
nm, which is converted to the second harmonic at 532 nm. The Kerr effect occurring
in the Ti:Sapphire crystal plays a role in KLM. A prism pair is placed for dispersion
compensation. By adjusting Prism 2, the pulse width can be adjusted. This oscillator
can produce femtosecond pulses with a central wavelength of 830 nm, pulse width of
~ 30 fs, and repetition rate of 80 MHz. Between Prism 2 and the end mirror, the
wavelengths of light are spatially dispersed. Thus, by placing an iris in this space, the
central wavelength can be varied from approximately 820 nm to 880 nm. However, this

narrows the range of wavelengths in the pulse, broadening the pulse width to 40-60 fs.
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2.1.2 Regenerative Amplifier System
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Figure 2.4: (a) Schematic illustration of the general procedure of chirped-pulse amplification
(CPA) method. Grating pairs are used for the stretching and compression of pulsed light. (b)
Schematic configuration of regenerative amplifier system. Generally, Pockels cells are used for
optical switch.

The femtosecond pulses generated by the oscillator system described in the previous
chapter are not strong enough per pulse to cause wavelength conversion through nonlin-
ear optical effects or high-density excitation phenomena, posing a problem for practical
applications. Here, I will briefly introduce chirped pulse amplification (CPA) and re-
generative amplifiers.

CPA is the most widely used scheme for amplification of ultrashort pulses. The
process of CPA can be described in Fig. 2.4(a). First, the low-peak intensity ultrashort

pulse output from the oscillator is used as seed light. Next, the pulse is temporally
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stretched using a pair of diffraction gratings, reducing its peak intensity. This pro-
cess is called “chirping” of pulses. Then, the intensity of chirped pulse is amplified.
Finally, the pulse width is compressed again using the diffraction gratings, producing
ultra-short pulses with huge-peak intensities. The key feature of CPA is that it al-
lows the amplification of light intensity without damaging optical elements by lowering
the peak intensity with chirped pulses. This groundbreaking method of pulse ampli-
fication through CPA contributes to the understanding and development of various
high-intensity light properties and spectroscopy techniques, including nonlinear optical
phenomena and THz generation and its applications. As a result of such ripple effects,
as introduced in Chapter 1, Mourou and Strickland, who developed this technique, were
awarded the Nobel Prize in Physics in 2018.

A regenerative amplifier is one of the methods in CPA to amplify chirped pulses.
The amplification process is simply described in Fig. 2.4(b). First, from a series of
pulses ranging from tens to 100 MHz, just one pulse is selected and trapped inside the
cavity containing the gain medium. Then, right after the gain energy stored in the
medium reaches saturation from the pulse traveling back and forth, the amplified pulse
is extracted from outside the cavity. By temporally modulating the voltage applied to a
Pockels cell and controlling the polarization characteristics, it is possible to switch the
beam path between trapping the pulse inside the resonator and extracting it outside.
This process allows the energy of a single pulse to be amplified by about 10® to 10°
times. By using such highly amplified femtosecond pulse lasers, wavelength conversion
processes, such as second-harmonic generation (SHG) and optical parametric amplifier

(OPA) can be carried out efficiently.
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2.1.3 Optical Parametric Amplifier (OPA)
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Figure 2.5: (a) Schematic illustration of wavelength conversion process by optical parametric
amplification (OPA) through a nonlinear optical (NLO) crystal. w, and ws denotes pump
light and lower-frequency seed light (signal light after the NLO crystal), respectively. w;q
is the idler light. (b) Light-momentum conservation diagram of OPA process. (c) Energy
conservation diagram of OPA process.

Using high-intensity femtosecond pulsed lasers dramatically enhances the efficiency of
nonlinear optical effects in materials. Consequently, various wavelength conversions can
be efficiently performed. OPA is one such method of wavelength conversion, a second-
order nonlinear optical process that generates two photon energies from one photon
energy, as depicted in Fig. 2.5(a). In this process, intense pump light (photon energy
w,) and weak seed light (ws) are spatially and temporally overlapped and focused at
incident angles that meet the phase matching condition (Fig. 2.5(b)) in a nonlinear
optical crystal (NLO) with broken spatial inversion symmetry. Due to the x(® process
of NLO, the seed light is amplified as a signal light. Furthermore, long-wavelength
idler light (w,q = w, — ws) is also generated, as shown in Fig. 2.5(c). Typically,
broadband near-infrared white light (1.1 ~ 1.6 pm) is used as seed light. When using
800 nm (1.55 eV) from a Ti:Sapphire source as pump light, signal light with a variable
central wavelength of 1.1 ~ 1.6 um (0.78 ~ 1.1 eV) and idler light of 1.6 ~ 2.8 pm
(0.45 ~ 0.77 €V) can be obtained through OPA, as well as residual of the pump light.

Such output can be used for further wavelength conversions, such as second-harmonic
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generation (SHG) or difference-frequency generation (DFG). Therefore, OPA enables

the investigation of excitation and optical responses in broad ranges of photon energy.

2.2 Principle of Pump-Probe Methods
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Figure 2.6: (a) Schematic procedure of general pump-probe method. Variation of pump-
probe time delay 7 facilitated by (b) translational delay stage and (c) scanning delay shaker
(oscillating mirrors).

The pump-probe experiments are the most widely used and powerful strategies for
investigating ultrafast phenomena of matter by tracking changes in various physical

quantities in the time domain. Intense ultrashort laser pulses having a time duration
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from nanosecond (ns: 1072 s) to femtosecond(fs: 107'° s) or sub-fs are used for the
pump-probe measurements. In principle, the pump-probe experiments are carried out
in the following process (Fig. 2.7(a)): at first, an optical pump pulse excites electrons
and lattice on the sample surface; subsequently, a time-delayed probe pulse after the
arrival of the pump pulse passes through the photoexcited sample surface, leading
to the probe intensity change in each time delay. Usually, the time delay in pump-
probe experiments is adjusted by altering the optical path of the pump pulse, using
either a translational delay stage or a modulated delay shaker, as depicted in Fig.
2.7(b). Finally, a transient time response can be obtained as a series of the acquired
probe intensity changes depending on pump-probe time delays. This involves non-
equilibrium properties of matters under impulsive excitation. It should be noted that
the time resolution of the pump-probe measurement is determined by the duration
of the laser pulse or auto-correlation time of the pump and probe pulses, which can
be evaluated by nonlinear correlation using SHG, frequency-resolved optical gating
(FROG) methods, and so on. Shorter laser pulses allow time-resolved tracking of fast
physical phenomena, such as coherent phonon having fine temporal periodicity (e.g.,
10° ~ 10% fs). Various pump-probe experiments depend on what kinds of pump and
probe sources are used and how to detect them. The most straightforward scheme
is an optical pump-probe experiment. This scheme uses the pulsed light for both
pump and probe with transmission and reflection geometries. The observed transient
transmission and reflectivity changes involve the dynamics of photoexcited electron and
phonon generations and relaxations.

To date, various advanced pump-probe experiments have been developed to inves-
tigate more specific physical quantities than that obtained in optical measurements,
such as time-resolved diffraction methods based on electron (UED) and X-ray (tr-
XRD) probe pulses, angle-resolved photoemission spectroscopy (tr-ARPES), scanning-
tunneling microscopy(THz/MIR-STM), and so on.
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2.3 Transient Reflectivity Measurement (Coherent

Phonon Spectroscopy)
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Figure 2.7: (a) Schematic configuration of time-resolved reflectivity change (AR/R) mea-
surement. (b) Optical layout of AR/R measurement using 80 MHz femtosecond-laser oscil-
lator, where HWP is the \/2 wave plat, Pol is the polarizer, BS is the beam splitter, ND is
the neutral-density filter, PD is the Si-Pin photo-detector.

2.3.1 Fundamental

The transient reflectivity measurement is one of the most fundamental optical pump-

probe experiments to investigate ultrafast phenomena of solids such as electron and
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phonon dynamics. The transient reflectivity measurement is a special case for the
probe pulse using light with a reflection geometry, as shown in Fig. 2.7(a). Figure
2.7(b) shows an optical layout of transient reflectivity-change measurement operated at
an 80-MHz Ti:Sapphire laser source (wavelength ~ 830 nm and pulse duration ~ 30 fs),
demonstrated in my study. In the present optical layout, the group velocity dispersion
given by optical elements is first compensated by a prism pair, then the light is split into
pump and probe path. The light intensity is adjusted using a combination of half-wave
plate (HWP) and polarizer (Pol), making the pump light s-polarized and the probe
light p-polarized. The optical-path length of the pump arm is modulated by a delay
shaker (Scan Delay, APE-Berlin), and then the light is focused on the sample using a
parabolic mirror. The probe light is split from the light for the reference signal and
then focused on the sample. Where the pump and probe lights overlap temporally and
spatially, the reflected probe light is focused onto a Si-Pin photo-detector (PD1) with
a +18 V bias. The photocurrent from PD1 (I()) is subtracted from the photocurrent
(Ip) of the reference light on PD2, which has a —18 V bias, taking the difference
AI(t) = I(t)— Iy. To adjust the average value of the differential current being zero, the
reference photocurrent is adjusted by the ND filter. Then, AI(¢) is amplified to a large
voltage signal by an I-V preamplifier (SRS) and connected to an oscilloscope. Using
the driving AC signal applying to the delay shaker as a trigger signal, the synchronized
time-resolved signal of AI(t) is displayed in real-time on the oscilloscope. Finally,

AR(t)/R is given by
AR(t)  AI(t) I(t)—Io
rR I, I,

(2.3)

In general, the measured transient reflectivity change AR/ R in time domain involves
following physical processes:(i) transient electronic response upon photoexcitation; (ii)
electronic relaxation due to various scattering processes in the form of an exponen-
tial decay function; (iii) coherent phonon oscillation in the form of damped sinusoidal
functions. The process of (i) can be seen within sub-picosecond, which is time dura-

tion of optical pulses. The process of (ii) and (iii) can be generally observed for time
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period from several to several hundred picoseconds after photoexcitation. The coher-
ent phonon oscillation can be extracted by subtracting the contributions from (i) and
(i) from the AR/R signal. By fitting the data with a damped oscillation function or
Fourier transform analysis, we can calculate the initial amplitude, frequency, and decay
constant of the coherent phonon signal. The frequency spectrum obtained from the
Fourier transform can be compared with the static Raman spectrum. This comparison
allows us to identify the vibration patterns and symmetries (e.g., A; mode or £, mode)
of the phonons or other quasi-particle mode. Varying laser parameters for pump and
probe light, such as fluence (pump-light intensity), wavelength, or polarization, enables
a deeper understanding of the characteristics of various involved lattice dynamics and
interactions. These include structural phase transitions, electron-phonon interactions,

phonon-phonon interactions, and scattering mechanisms.
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Figure 2.8: Schematic configuration of the layout for an optical experiment using a 100kHz
regenerative amplifier and a wavelength conversion process (OPA and SHG).

For comprehensive investigations under high-density excitation and varying wave-
length conditions, the regenerative amplifier, complemented by wavelength conversion

techniques such as SHG and OPA, is utilized as a laser source, as illustrated in Fig.
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2.8. In the optical layout, a femtosecond oscillator (Mantis, Coherent), serves as the
seed light source for amplification. This oscillator provides an output with a repetition
frequency of 80 MHz, a wavelength of 800 nm, and a pulse duration of ~ 20 fs. A 10-W
532-nm CW light source (Verdil2, Coherent), pumps a regenerative amplifier. The
seed pulse is amplified through the regenerative amplifier (RegA 9000, Coherent) and
a stretcher/compressor (RegA 9840, Coherent). Consequently, an amplified pulse with
a repetition rate of 100 kHz, the central wavelength at 800 nm, the pulse duration of
~ 45 fs, the pulse energy > 6 uJ is output. By utilizing a 5-BBO (Beta Barium Borate)
crystal, a 400 nm is generated via SHG with a pulse width of about 60 fs. Additionally,
an OPA (Coherent model 9850) facilitates the generation of near-infrared (NIR) light
in the variable wavelength range of 1.1 ~ 1.6 pym. The NIR light output from OPA can
be further converted into the wavelength range of 600 ~ 800 nm (a pulse duration of
~ 60 fs) through SHG facilitated by the BBO crystal. Both the 800 nm pulses from
the regenerative amplifier and those obtained through wavelength conversion are then

introduced into a pump-probe optical system, as depicted in Fig. 2.7(b).
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2.3.2 Fast Scanning System
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Figure 2.9: (a) An optical layout for a Michelson interferometer, designed to calibrate the
time axis of acquired time-domain data. (b) Acquired raw time-domain data (displayed in
the upper panel) and the interferometric fringe pattern of a He-Ne laser (with a wavelength
of 632.8 nm) observed during the half cycle of mirror modulation. The inset exhibit a fine
temporal periodic pattern of the fringe, whose periodicity corresponds to ~ 2.11 fs based on
the wavelength of the He-Ne laser. (c) Calibrating data points into time delay based on the
interferometric fringe.

The fast-scanning method is a technique for acquiring time-resolved signals by auto-
matically generating optical delays using a mechanical oscillator, commonly referred to
as a delay shaker. This method synchronizes changes in the probe light current (AI(t))
from Si-Pin photo-detector with the temporal delay modulation caused by the delay

shaker oscillating at around 10Hz, displaying the time-domain signal in real-time on
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an oscilloscope. By accumulating data on the oscilloscope for about 5 minutes, it is
possible to obtain time-domain signals with an exceptionally high signal-to-noise (S/N)
ratio that can reflect changes as small as 10~7. Another significant advantage of this
method is the ease of adjusting the temporal and spatial overlap of the pump and
probe lights while monitoring the time-domain signal on the oscilloscope, a benefit not
available with the traditional translation of the delay stage.

In the transient reflectivity change measurements, the delay shaker scans approxi-
mately 30 ps of time delay with a 9.5 Hz sine wave. Due to the slow scan speed near
the endpoints in the sine wave oscillation, the measured time-domain signals become
temporally distorted [see upper panel of Fig. 2.9(b)]. Therefore, it is necessary to
calibrate the time axis. Fig. 2.9(a) illustrates a Michelson interferometer incorporated
into the optical system for this purpose, using a He-Ne laser as the light source. The
632.8 nm light from the source is split into two paths by a beam splitter (BS). One
path passes through the delay shaker, and the other is the reference light. These two
beams recombine at a half-mirror (HF) and interfere on a photo-detector, maintaining
their spatial overlap. The movement of the delay shaker causes a change in the tem-
poral phase of light, resulting in a temporally varying interference pattern observed on
the oscilloscope as shown in the lower panel of Fig. 2.9(b). One cycle of the observed
interference pattern corresponds to approximately 2.11 fs, equivalent to the time period
of 634.2 nm. This relationship is used to calibrate the time delay for each data point
as shown in Fig. 2.9(c).

It should be noted that while the fast-scanning method is specialized for efficiently
acquiring one-dimensional time-domain data, including coherent phonon signals, it is
not a universal technique applicable to all time-domain spectroscopy methods. For
instance, time-domain measurements using two-dimensional data from CCDs are not
suitable for this method due to the inability of data transfer speeds to keep up with
the modulation frequency of the delay shaker.
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2.4 Ultrafast Electron Diffraction Measurement
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Figure 2.10: (a) Schematic configuration of pump-probe time-resolved ultrafast electron
diffraction (UED) measurement.(b) Optical layout of the UED measurement.

2.4.1 Fundamental

Ultrafast electron diffraction is a method where a ultrashort pulse light is used as a

pump to excite a sample, and an electron pulse is used as a probe to be incident on the

sample. This method measures diffraction images that correspond to the symmetry of

the crystal structure. Therefore, it is a significantly powerful tool for direct observation
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and evaluation of temporal evolution of crystal structure deformations.

In principle, when X-rays or electron beams with wavelengths (or energies) equal
to or less than the spatially periodic lattice planes in a crystal are directed onto the
crystal, scattered waves with an intensity distribution corresponding to that periodicity
are produced, giving rise to a constructive interference. This is referred to as crystal

diffraction, often described by Bragg’s law:
2dsin 0 = n\, (2.4)

where d is the spacing of lattice plane, # is the glancing angle, n is the integer, and A is
the wavelength. When an incident ray with wave vector k is scattered by a scattering

body from ko, the scattering factor (structure factor) F(K) is defined as follows:

F(K)= /Vdv p(r)exp (—2miK -r), (2.5)

where p(r) is electron density in the scattering body , K = k — kg is the scattering
vector of rays, and V' is the volume of the crystal. When K - r is an integer, F'(K) is
significantly enhanced. In the case of the spatially periodic crystal, the axes of a unit
cell can be defined as a1, as, and az. When an atom located in the average position

(r;) in a unit cell, the average position in the entire crystal can be written as follows:
Tuow,; = (Tj) +uaq + vas + was, (2.6)

where u, v, and w are the integers. Since the spatial electron-density distribution

around 7., ; is defined as p; (7 — Ty ;) in a unit cell, the electron density in the entire
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crystal can be written as follows:

peot() = D> (T = Tuvun )

u,v,w  J

- Z ZPJ(T = (rj) —uay —va; —way) (2.7)

u, 0w g
By substituting Eq. (2.7) into Eq. (2.5), scattering factor from the crystal can be
derived as follows:
Fo(K) = / 00 proy(7) exp (—27i K - 7)
v

= Z exp [-2miK - (ua, + vas + was)]

X Zexp [—2mi K - (r;)] /Vdv pj(r)exp (—2miK - r)
= G(K) Z fi(K)exp [-2miK - (r;)]. (2.8)

G(K) denotes Laue’s function, which determines the Bragg’s angle of diffraction in crys-
tallography. More specifically, when K is the reciprocal vector q for the lattice vectors
ai, as, and ag: i.e., qup = hby + kby+1bs, where h, k, and [ are integers, and b,, is a re-
ciplocal vector for each axes satisfying a., - b, = 27, then G(gpn;) becomes a large value.
Consequently, when the scattering vector coincides with a reciprocal lattice vector of the
crystal, the total structure factor Fi, is significantly enhanced, leading to observable

diffraction patterns. The diffraction intensity depends on ., f;(K) exp [-2miK - (r;)].

2.4.2 Set Up

The optical layout used for the UED measurement is illustrated in Fig. 2.10. The laser
sources consist of a 532-nm CW laser (Millennia eV, Nd:YVO4, Spectra-Physics), an
actively mode-locked Ti:Sapphire laser (Tsunami, Spectra-Physics) with an Acousto-

optic modulator (AOM), a 527-nm Q-switched solid-state laser (Empower, Nd:YLF,

45



Spectra-Physics), and a regenerative amplifier (Spitfire Pro XP, Spectra-Physicss).

Initially, the Tsunami is excited by a 532-nm, 5-W CW laser, producing output
at a central wavelength of 800 nm, with a pulse width of 100 fs and a repetition rate
of 82 MHz. Femtosecond pulses are then input into the Spitfire Pro XP regenerative
amplifier, which is excited by a 527-nm, 20-W laser. This results in output with a
central wavelength of 800 nm, a pulse width of 100 fs, a repetition frequency of 1 kHz,
and a pulse energy of 3.5 mJ.

Subsequently, the beam is split by a beam splitter into pump and probe lights. The
pump light is converted to a wavelength of 400 nm using a BBO crystal and then fo-
cused on the sample placed inside a vacuum chamber. The probe light is first focused
through one BBO crystal, and its dispersion caused inside the BBO is compensated us-
ing the birefringence of Calcite. A second BBO crystal generates near-ultraviolet light
at 267 nm, the sum frequency of the fundamental 800 nm and second harmonic 400
nm lights. During reflection off the mirrors, wavelengths other than 267 nm are elimi-
nated, and the light is focused onto an Au photocathode inside the vacuum chamber,
generating electrons through the photoelectric effect. Electrons are accelerated by the
electrostatic field generated between the photocathode, to which a voltage of —75 kV is
applied, and anode, and then directed towards the sample. Electrons diffracted through
the sample are focused onto a CCD camera by the magnetic lens. The CCD finally
captures the images of diffraction patterns. By moving the translational delay stage
and repeating measurements at each time delay, time-resolved diffraction images are

acquired, providing insights into the dynamic structural changes of the sample.
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2.5 Short-Time Fourier Transform (STFT) Analy-

sis
Coherent phonon signal T SWFT spectrogram
A
¢ —
X I
e
Gaussian window function —— t Frequency

Figure 2.11: Schematic procedure of short-time Fourier transform (STFT) method.

In comparison to frequency-domain Raman scattering spectroscopy, coherent phonon
spectroscopy excels in assessing the temporal characteristics of phonon frequency spec-
trum in the time domain. To underscore this advantage, we introduce a method known
as the Short-time Fourier Transform (STFT), as the schematic procedure depicted in
Fig. 2.11. In contrast to that the conventional Fourier transform (FT) outputs the
frequency spectrum across the entire time-domain signal, the STFT can approach facil-
itates the real-time tracking of the frequency spectrum of oscillating coherent phonon
signals in the time domain. This capability allows for the evaluation of transient phe-
nomena, including the generation and relaxation of quasiparticles or structural phase
transitions occurring at extremely early time delays upon photoexcitation.

Here, I will provide an explanation of the Short-time Fourier Transform (STFT)
method used in this study. The FT and inverse F'T' are mathematical operations applied

to any function f, defined by the following equations:

f@ = [arswe 10 = o [ dw e, (2.9

—c0 [e9)
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According to the equations above, f(w) does not depend on time ¢, and f(¢) does
not depend on frequency w. Consequently, in the conventional FT, it is impossible to
simultaneously reconcile information in both the time and frequency domains.

To gain insights into the time evolution of phonon spectra, the STF'T is carried out
based on the following equation, and we can obtain time-frequency 2D spectrograms of
coherent phonon.

(t=m)2 w

I(w, 1) = ‘/_ dt gt —7)f(t)e ™|, gt —7T)xe 2 , 0= NPl

(2.10)

where g(t — 7) is a Gaussian function used as a window function, and w is a full-width
half maximum (FWHM) of the window function. Figure 2.10 shows the schematic pro-
cedure of STFT analysis. We repeat the Fourier transform (FT) of g(t—7) x (AR(t)/R)
having the same data points as AR(t)/R in each delay time 7. The SWFT analysis
method shares similarities with the “wavelet transform”. However, it is essential to
highlight key distinctions among them. Wavelet transform utilizes localized orthogo-
nal basis functions known as “mother wavelets” (such as the Mexican hat function) to
acquire time-frequency domain information of a signal. In contrast, STFT employs non-
localized plane waves (simple FT) as its basis functions. Therefore, strictly speaking,

wavelet transform and STFT are distinct methodologies.
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Chapter 3

Coherent Phonons

(@) Incoherent Phonon (b) Coherent Phonon
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Figure 3.1: Schematic illustration of incoherent (thermal) phonon (a) and coherent phonon
motions (b) in solids.

3.1 Fundamental

Overview Phonons, quantized picture of lattice vibrations, serve as quasiparticles
embodying the spatial translational symmetry of a crystal structure. In general, phonons
manifest as thermal vibrations, resulting in the average atomic positions to randomly
(incoherently) fluctuate. This fluctuation leads to increase the electron scattering rate,
leading to increase of electrical resistance and linewidth broadening of optical or diffrac-
tion peaks. Therefore, the presence of thermal phonons in a equilibrium state hinder
the fundamental characterization of electronic states and the improvement of device
performance. In contrast to incoherent thermal phonons, coherent phonons represent
lattice vibrations that are excited in both time and phase coherently. They can only be

observed in a non-equilibrium state immediately after photoexcitation by an ultra-short

49



pulse laser. In particular, Raman-active optical phonon modes at the zone center are
excited, and their spatiotemporal vibrations modulate various physical quantities such
as electronic states and optical constants over time. This modulation often appears
as damped oscillations with amplitude, frequency, and phase within the pump-probe
signal. The frequency of the time-domain coherent phonon oscillations is consistent
with that detected through frequency-domain Raman spectroscopy. Coherent phonons,
having distinct non-thermal and temporal-evolution features, are expected to induce
ultrafast structural changes or non-equilibrium quasiparticle states driven by transient
atomic displacements. Furthermore, induced coherent atomic displacements are ex-
pected to cause ultrafast structural changes. Additionally, the variation in lattice vi-
bration patterns allows for assessing the time evolution of lattice symmetry changes
associated with photoexcitation. This is an advantage over Raman spectroscopy, which

does not provide information in the time domain.[55]

History To achieve time resolution of optical phonons with terahertz (THz) frequen-
cies, femtosecond time resolution became essential. The development of femtosecond
colliding pulse mode-locked (CPM) dye lasers in the 1980s played a key role to experi-
mentally observe optical-phonon oscillations in time domain.

The foundational research for measuring coherent phonons, referred to as “laser-
induced phonons”, was conducted from the late 1970s to the early 1980s using picosec-
ond lasers for transient grating measurements.[9, 10, 56, 57] Then, acoustic phonons
in the GHz range were measured in the time domain with sub-nanosecond temporal
resolution.

In 1985, a pioneering observation of optical phonons was conducted by a research
group at MIT, USA, using the transient grating method on the molecular crystal
perylene.[58] This milestone event contributed to the proposal and theoretical foun-
dation of coherent phonon generation via the Impulsive Stimulated Raman Scattering
(ISRS) process.[59, 60] In the beginning of the 1990s, time-resolved measurements of co-

herent optical phonon dynamics expanded to include general solid-state crystals, such as
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semiconductors and semimetals, in addition to molecular crystals. Notably, researchers
at RWTH Aachen University in Germany observed the generation of coherent longitu-
dinal optical (LO) phonons in a doped polar semiconductor GaAs.[61], attributed to
impulsive screening of surface electric field (ISSEF) or depolarization effects of surface-
space-charge depletion layer in the presence of photoexcited carriers that drive a polar
LO coherent phonon.[62, 63] Concurrently, researchers at MIT identified the mecha-
nism of displacive excitation of coherent phonon (DECP) excitation in semimetals like
Bi and Sb through time-resolved reflectivity change experiments.[64, 65] By the mid-
1990s to early 2000s, there was vigorous debate over the microscopic theory of coherent
phonon generation mechanisms, leading to the understanding that DECP could be ex-
plained within the resonant ISRS framework.[66, 67, 68] In the 2000s, advancements
of stable Ti:Sapphire lasers and regenerative amplifiers, as well as advanced measure-
ment methods such as time-resolved X-ray diffraction, lead to further understanding
of coherent lattice dynamics. These techniques enabled detailed studies of structural
phase transitions under conditions of high-density photoexcitation.[69, 70, 71] During
the 2000s, optical measurement techniques for coherent phonons had matured, enabling
the elucidation of phonon dynamics and underlying physical mechanisms in various ma-
terials, including phase-change materials [72] and carbon-based materials: e.g., carbon
nanotubes [73, 74, 75, 76|, graphite [77], and diamond [78]. Furthermore, researchers
extensively conducted experiments to control coherent phonon amplitude using multi-
ple excitation pulses for photo-induced structural phase transitions [79, 80, 81] and the
relationship with the Raman tensor [82, 83] for further understanding and applications
related to coherent phonon generation. Additionally, unique physical phenomena in
the time domain, such as the mechanism of quasiparticles like the LO-phonon-plasmon
coupled (LOPC) mode [84, 85, 86, 87, 88] and phonon-polariton in ferroelectrics [89], as
well as the collapse-revival dynamics of coherent phonons under high-density electronic
excitation [90, 91], were discussed. Entering the 2010s, a new mechanism emerged
known as ionic Raman scattering (IRS), driven by high-intensity mid-infrared light.[92]

IRS uniquely excites specific infrared phonon levels of tens of meV without exciting
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the electronic system, thereby efficiently driving Raman-active phonons. The discovery
of IRS, where phonons themselves excite other phonons, marked a significant break-
through, leading to establishment of “Nonlinear Phononics”. The advancement of com-
putational resources has facilitated research that corroborates the coherent phonon
generation processes through first-principles calculations, employing time-dependent
density functional theory (TDDFT).[93, 94] In 2018, another notable development was
the discovery of sum-frequency excitation (SFE) of coherent optical phonon, driven by
a high-intensity THz electric field.[95] Since the electronic excitation are absent here,
the IRS and SFE mechanisms are expected to a possible route that enables ultrafast
control of material properties in the absence of sample damage by heat accumulation.

The history of coherent phonons has thus been a journey of continuous discovery
over the past 40 years. A better understanding of their generation mechanisms is antici-
pated to lead to the realization and application of new non-equilibrium states of matter
with extended coherence times. However, those generation mechanisms remains to be
systematically compiled and explained. The following section aims to comprehensively
classify and introduce the generation and detection mechanisms of coherent phonons.
In writing this chapter, I referred to the following review papers written by respected

predecessors.

e Dhar, et al. [96]: This comprehensive review covers time-resolved vibrational spec-

troscopy from theoretical and experimental perspectives, including discussions on
non-resonant and resonant ISRS mechanisms triggered by photoexcitation with

ultrashort pulses in molecules and solids.

e Merlin, et al. [97]: This advanced review provides a theoretical description of

coherent phonon generation and detection, underpinned by experimental results.

e Kutt, et al. [98]; Dekorsy, et al. [99]; Forst, et al. [100]; Ishioka, et al. [101]: These

fundamental reviews focus on the generation and detection of coherent phonons
investigated prior to 2010. They comprehensively introduce various technical ap-

proaches and experimental studies on measuring coherent phonons.
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e Hase [102]: This review paper summarizes the various scattering mechanisms and

interactions that contribute to the damping of coherent phonons.

e Subedi [103]; Mankowsky, et al. [104]: These review papers discuss nonlinear phonon-

ics driven by the IRS process.

e Caruso, et al. [105]: This comprehensive review theoretically systematizes nearly

all known processes of coherent phonon generation identified up to 2023.

3.2 Driving Forces of Coherent Phonons

In contrast to thermal phonons, coherent phonons are “phase-locked” oscillations of

atomic or lattice vibrations among individual phonon modes. Therefore, the coherent

phonon amplitude Q(¢) can be phenomenologically represented by well-known classical

equations of motion under forced driving conditions as follows:

FQ(j) (t)
W

200) ©)
PO, 9091

2 () —
o2 o TLeT)

, (3.1)

where p* is the reduced lattice mass, Q(j)(t) is a phonon displacement among sev-

eral phonons, v is the dephasing (decoherence) rate of the coherent phonon, €2; is the

phonon frequency, F Qv (t) is the driving force. It should be noted that v includes var-

ious scattering factors, such as electron-phonon, phonon-phonon, and phonon-impurity

scatterings.[106, 107, 108]; the force time of charge-density fluctuations.[109] In gen-

eral, dephasing time of coherent phonon is much longer than its period that v < €;

is always satisfied. According to Eq. (3.1), the solution for QV)(¢) comprises both a

general solution in the absence of F' QY and a specific solution in the presence of F’ QY

The general solution of Eq. (3.1) is represented as follows in the case of 7 < §;:

Qgg(t) = Ae " cos <th — gb0> : (3.2)
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where Qj = 1/Q? — 2, A and ¢q are arbitrary constants of a phonon amplitude and
an oscillatory phase, respectively.

The special solutions in the presence of F?Y would be rather essential to charac-
terize coherent phonon generations. To drive coherent phonons, it is expected to be
necessary to either induce forced oscillation with an external field at frequencies close
to that of the phonons or to apply a slowly varying external or internal field. Based on

the fundamental mechanics, the driving force F QW (t) is defined as follows:

ou

QW _
P = 5o

(3.3)

where U is the arbitrary energy depending on phonon Q) (¢) related to the light-matter
interaction, electron-phonon interaction, lattice potentials, and so on. For example, an

energy induced by light-matter interaction Upy; can be defined as follows:
Upm = —P(t) - E(1), (3.4)

where P(t) is a time-varing polarization of matter under photoexcitation, and E(t) is
external electric field of light. P(t) generally depends on Q(t). An energy induced by
electron-phonon interaction, especially deformation potential interaction, Upp can be

defined as follows:

Upp = — Z = - QU (1), (3.5)

where = is a constant derived from deformation-potential electron-phonon interaction.
By incorporating physical elements corresponding to each generation mechanism of

coherent phonons into the driving force F Q(j), one can efficiently categorize them.

o4



3.3 Generation Mechanisms
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Figure 3.2: Schematic graph describing excited phenomena depending on photon energy.

The generation of coherent phonons is conventionally described by the following pro-
cesses: impulsive stimulated Raman scattering (ISRS), displacive excitation of coherent
phonons (DECP), impulsive screening of the surface electric field (ISSEF), ionic Raman
scattering (IRS), and sum-frequency excitation (SFE). Figure 3.2 classifies excitation
phenomena within solids by energy regions and illustrates the correspondence between
the excitation energy of light used for each coherent phonon generation mechanism. In
cases of photoexcitation where the photon energy is significantly higher than the phonon
energy, the ISRS or DECP processes are generally applicable. It should be noted that
the ISRS process relates to non-resonant electronic excitation, while the DECP process
is a resonant case of ISRS. Conversely, when the photon energy of photoexcitation is
close to that of the phonon energy, the IRS or SFE processes are applicable. In the

subsequent sections, I will elaborate on each of these generation processes.
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3.3.1 ISRS: Impulsive Stimulated Raman Scattering

Qo o VY |g,0)
Phonon Coordination

Figure 3.3: Schematic illustration of ISRS process. (a) Potential energy surface (PES)
depending on phonon coordination. Qg is equilibrium position of the phonon. FE(t) is the
light field of a pulse. |g) denotes electronic ground state. (b) Energy diagram. E(w) is the
broad spectrum of E(t). |g,n) denotes the n-th excitation state of phonon in the absence of
electronic excitation. |i) is the intermediate state. €2 is the phonon frequency.

General Description: The ISRS is characterized as a Raman scattering process that
instantaneously generates optical phonons under femtosecond pulsed laser irradiation.
This model is particularly valid when the media is transparent to light in the absence
of electronic excitation: i.e., F; > hw, where E, is the transition energy or band gap,
and fw is the photon energy. The combinations of two photon energies (e.g., wy and w;
present in the broad spectrum of an ultrashort pulse) are the driving forces of coherent
phonon generations in ISRS. As shown in Fig. 3.7, it is expected to induce sinusoidal
lattice vibrations (Q(t) o sinQt), whose frequencies satisfy the energy conservation
law |wi — wi| & Qphonon and the momentum conservation law g — g & @phonon can be
excited, where k; and k; denote momentum of light. Here, in principle, Raman-active

optical phonon modes like isotropic A, modes or anisotropic £, modes) can be excited.
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Driving Force of ISRS: More specifically, deriving the driving force for the ISRS
provides a clearer understanding of the aforementioned description. For the ISRS is
facilitated by light-matter interaction, the driving force for ISRS can be defined based
on Eq. (3.3) and Eq. (3.4). In the case of nonlinear optics under the use of strong
electric field, the induced polarization P(t) can be expressed in the form of a power

series in the field strength E(t) [110]:
P(t) = Py+ e [XVE(®t) + XD E*(t) + XPE () + -], (3.6)

where P, is the spontaneous polarization, €, is the vacuum permittivity, y™ is the
nth-order nonlinear susceptibility. The photon energy of E(t), assumed here, is in
mid- or near-infrared (> 10*> meV), which is substantially larger than phonon energy
(~ 10' meV). Given that the P(t) and each term of Eq. (3.6) depend on a phonon
displacement Q), both Py and ™ can be expanded in terms of Q) as follows:

, OF ;
1)y = Z0 0) 4 ...
P(QY) = R(0) + 5575 » @ (3.7)
, ox™ .
M QW) = ™ Q) + X 0 4. 3.8
X (Q ) X ( ) 8Q(J) Q(j)zo Q ( )

By substituting Eq. (3.7) and Eq. (3.8) into Eq. (3.6), the induced polarization P(t)

can be rewritten as follows:

P(t) = (PO(O) + %

QW =0

oxW
+ €0 (X(l)(()) + W

Q(j) + .. > E(t)

QW =0

QW 4 ... ) E%(t) + - (3.9)

For simplicity, we will only consider the terms proportional to Q) (¢) and E(t) in the
subsequent discussion. By substituting Eq. (3.9) into Eq. (3.3), the driving force can
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Figure 3.4: (a) Simulated femtosecond pulsed light field E(t) based on Eq. (3.11). (b) E(w)
obtained by Fourier transform of E(t).

be derived as follows:
E2(t). (3.10)

It is essential to consider which components of the driving force expression, derived
in Eq. (3.10), are responsible for driving the phonons. Here, E(t) is assumed to be a

gaussian-shaped electric field as follows:
E(t) = Eyexp(—t*/7?) cos wot, (3.11)

where Fj is the maximum amplitude of electric field, 7 is associated with pulse duration,
hwy is the central photon energy, and A is the Dirac’s constant. For simplicity, the
momentum of light is not considered in E(t) here. The waveform of E(t) based on Eq.
(3.11) is output in Fig. 3.4(a), where 7 = 20 fs and hwy = 1.5 eV. Given that we are
considering photon energy in the mid-to the near-infrared range, which is significantly
higher than the phonon energy range, driving phonons with the first term linear to E(t)
in Eq. (3.10) is quite challenging. Therefore, the first term can be neglected in the ISRS

process. It should be noted that the first term, referred to as “infrared absorption”,
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plays a pivotal role when a light electric field is close to the phonon energy, as described
later in the sections on IRS and SFE processes.

In regard to the second term of Eq. (3.10), I will proceed to organize the expression
of E%(t). The spectral components F(w) is given by the Fourier transform of the E(t)
as follows:

_ Lo exD( —icw N&ex _(w—w) when w
E(W)\/%/—oo dt E(t) exp( t)w\/§ p{ o/ ], h > 0. (3.12)

This Eq. (3.12) indicates that the shorter the pulse duration 7, the broader the spectrum
of E(w) around the photon energy fuwy. The Fourier spectrum of E(t) is shown in Fig.
3.4(b). Based on Eq. (3.12), for simplicity, E(t) can be approximately expressed as
a superposition of cosine oscillations corresponding to each spectral component of the

pulse as follows:

E(t) ~ Z E} cos wyt, (3.13)

k=—o00
where k is an integer, wy, = wy — kA, A is a small amount, Ey = F(wy). By using the

expression of Eq. (3.13), E?(t) can be represented as follows:

E2(t) ~ (Z B}, cos wkt) (Z E cos wﬂf)
k 1

= % Z ELE; [cos(wg — wyp)t + cos(wy + wy)t] . (3.14)
k.l

The high-frequency terms in Eq. (3.14), specifically cos(wy +w;)t, can be disregarded as
they do not correspond to the phonon frequency. In contrast, the low-frequency terms
cos(wg — wy)t that correspond to the phonon frequency: i.e., |w, — w;| = €2; illustrated

in Fig. 3.4(b), become the driving force for the coherent phonon.
For the initially derived driving force in Eq. (3.10), considering that the first term
linear to E(t) and high-frequency term can be neglected, the driving force for ISRS is
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derived as follows:

Q(j>< ) = e OxW

1ses\) = 5T 500) ZEkEl cos(wy, — wy)t = ZRM EpE;cosgt,  (3.15)

QW =0 k1

where @y = wr —wy, and the summation is applied only to combinations of k£ and [ that
satisfy |w| = ;. The ng) x Ox/0Q is referred to as a Raman tensor. The special

solution of Eq. (3.1) for Flgg;(t) can be expressed as follows:

RYELE 3 Pl
Q;SSRS(t) kL kT COS(Wklt—gb&kl), tangzﬁml QQW/ kj2 . (316)
k:l n \/ - @) gt 47202 “hi
sz

The solution of the differential equation is given by summation of the general so-
lution Eq. (3.2) and special solution Eq. (3.16): ie., QU (t) = QY () + QUENS(t).
By assuming initial conditions: i.e., Q¥ (0) = 0 and Qj(O) = 0, the exact solution is

obtained as follows:

Q(j)(t) = Z Fh [cos(dzklt — Gsx1) — € 7" CoS Py i (cos th + tan ¢g sin thﬂ , (3.17)
k.l

Fri (W SIN g gp — ¥ €OS g
tan%:zk,l klN( ki SIN Qs it — Y ¢,kzl). (3.18)

Q; Zk,l F et COS O ki

In this case, among the terms in Eq. (3.17), specific combinations of £ and [ that satisfy

|| & €, significantly enhance the values of Fj; and mainly contribute to the induced
phonon displacement QU (¢). Therefore, the combinations that satisfy |G| = €2, are
only taken into account for simplicity. In the limit of w;, — €;, ¢ converges as
follows.

T
lim tan¢, = £oo, .. dsp — £

Q) —Gp—+0 27 COS ¢s,kl — 0. (319)

By combining Eq. (3.17) and Eq. (3.19), Q(t) can be approximated in the following

60



representation:

' R(j)EkEl
QU@ ~ Y = sin(Q,t). 3.20
QY (1)) ; 24, (€5¢) (3.20)

Therefore, in the ISRS model, a coherent phonon oscillation follow a sinusoidal wave:
e, Q(t) ox sin Qt after the arrival of the light pulse at ¢ = 0. In addition, as indicated
by the expressions in Eq. (3.15) and Eq. (3.20), the magnitude of phonon displacement
depends on R,(jl) or k1 L, both of which are components of the driving force ng;g.
This fact suggests that the use of laser pulse with a shorter pulse duration or a broader

spectrum leads to an enhancement of the induced phonon amplitude proportional to

the intensity of light I(t) ~ |E(t)|?.

Limitation of ISRS: It is worth noted that there is a limitation of coherent phonon
excitations in the ISRS process, as reported by Uchida and co-workers.[111]
According to Eq. (3.20), the phonon displacement in the ISRS model is linear
to the light intensity. Therefore, increasing the light intensity can infinitely increase
the phonon displacement. However, the results shown in Ref. [111] indicate that under
conditions of high-intensity non-resonant excitation, the phonon amplitude exhibits sat-
urating behavior. The saturation of coherent phonon generation can be well described
by considering dressed adiabatic potentials based on Floquet theory. That modified
potential energy surfaces give finite impulsive driving force and upper limit of possible

phonon displacement.
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3.3.2 DECP: Displacive Excitation of Coherent Phonons

(a) (b)

A —~
3
= — le, 1)
E(t) — R e, 0)
LLG — |€7 _1>
[a

Qo Qo(t) 1)

Phonon Coordination

Figure 3.5: Schematic illustration of DECP process. (a) PES depending on phonon coor-
dination. @ is displaced equilibrium position in the presence of electronic excitation. |e)
denotes electronic excited state. (b) Energy diagram. |e,n) denotes the n-th excitation state
of phonon in the presence of electronic excitation. |i) is the intermediate state.

General Description: The DECP model describes how coherent phonons are gener-
ated when a material that absorbs light or is opaque to it undergoes ultrafast electronic
excitation (i.e., £, < hw) from the valence to conduction bands. This model, which
is a resonant case of the ISRS process, was actively developed in the beginning of the
1990s.[64, 65] Briefly and specifically, the DECP model describes photoexcited carrier-
driven coherent phonon generation. When carriers are photoexcited by an ultrashort
light pulse, they immediately influence the lattice potential, caused by the decrease in
valence electrons or changes in spatial charge distributions. Subsequently, as shown in
Fig. 3.5, the equilibrium position of phonon coordination @y = Q(t < 0) immediately
shift to a new quasi-equilibrium position @ that linearly depends on photoexcited
carrier density n(t):

Qo(t) = rn(t), (3.21)
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where x is a constant that is associated with some physical quantities, such as electron-
phonon coupling. Since photoexcitation typically induces uniform carrier generation in
space, phonon displacement should manifest isotropically. Consequently, this leads to
the excitation of coherent phonons, which do not contribute to the reduction of lattice
symmetry, such as lattice vibration modes assigned as A modes. Finally, the dis-
placement of equilibrium position drives coherent phonons with cosine-like vibrations,

characterized by an amplitude of |Qy — Q.

Driving Force of DECP: Phenomenologically, the equation of motion when the
equilibrium position of phonon coordination shifts due to the photoexcited carriers can

be expressed as follows:

20)) ()
PO, 9QU()

ot o 03 [QU(t) — Qp(1)] = 0. (3.22)

After organizing Eq. (3.22), the following expression can be obtained as follows:

200) ()
PQU1) |, 0QU()

o o T BV = Q). (3.23)

By comparing Eq. (3.1) and Eq. (3.22), the driving force of DECP can be expressed
as follows:

) .
Faep = 1w Q2Q0(t) = Wn(t), (3.24)

where W = u*Q?/f associated with deformation-potential electron-phonon interaction
=, as will be explained in detail later. Consequently, the driving force of DECP is
proportional to the density of photoexcited carriers n(t).

It should be noted that FgE(jC)P can also be written based on the energy of Eq. 3.5
[67, 68]:
~QU) OUpp  _

Foper = =555 = = (3.25)

Photoexcited carriers are generated by pulsed laser field. Therefore, time-evolution

of n(t) should be given by the generation-and-scattering rate equation driven by laser
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intensity 1(t):
dn(t)
dt

an(t) = al(t), (3.26)

where « denotes a decay rate of carriers, and a is related to optical response of materials,
such as dielectric functions. When I(t — —o0) = 0 is satisfied, the solution of Eq. (3.26)

can be written as follows:

t

n(t) = aexp(—at)/ dt’ I(t') exp(+at). (3.27)

—00

Assuming the impusive limit, I(t) = d(¢), the carrier scattering can be expressed by

at

n(t) = nge~*, where ny = n(t = 0). Therefore, the special solution of Eq. (3.1) based

on the driving force Eq. (3.24) can be simply derived as follows:

QT () =

ot 3.28
o (a2—2a’y+§2§)e (3:28)

In the same as the procedure being done in the following ISRS section, the solution
of the differential equation is given by summation of the general solution (Eq. (3.2))
and special solution Eq. (3.28): i.e., QU (t) = Qg;) (t) + QPECP(¢). By assuming initial

conditions: i.e., QY (0) = 0 and Qj(O) = 0, the exact solution is obtained as follows:

j Wno —at —t ~ 7oL
QU(t) = i (0f — 200 1 0) e ™ —e 7| cosQt + Q—J sinQ;t || . (3.29)
Given that v, a < Q;, QY(t) is approximated to be following expression:
, W
QU(t) ~ - o (e — e cos yt) . (3.30)

(a2 — 20y + Q2?)

The QU(t) in Eq. (3.30) clearly shows the changes in equilibrium position in the first
term and cosine-like oscillation around the new equilibrium position. Furthermore, the

oscillation amplitude linearly depends on photoexcited carrier density.
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Microscopic Theory: In contrast to the phenomenological description above, the
microscopic theory of DECP based on the quantum mechanical approach has been
developed by Kuznetsov and Stanton, here referred to as KS model.[66] This theoret-
ical framework successfully describes that the photoexcited carriers drive only optical
phonons with zero momentum. Furthermore, this model makes it clear that W in Eq.
(3.24) is associated with the deformation potential. The detailed explanation is omitted
here, but in the KS model, a Hamiltonian is started by assuming a two-level system,

where the electron system and the phonon system are combined:
H = Hy+ Hyy + Hopn, (3.31)

and each term is represented as follows:

[:[el = Z Eakclkcak
a,k

Hyp =Y hQgblbg
q

I:—,el—ph = Z ng(bz + b—Q)CJ&kcak""q

ak,q
= V72 Y g (0 +bog)clyCariq, (3.32)
a,k.q
where €, denotes energy dispersion of Bloch electrons in k space; 1, is the phonon
frequency having a momentum q; o = {¢, v} denotes conduction and valence bands,
respectively; ¢! and ¢ are creation and annihilation operators of electrons, respectively;
bII and by are phonon creation and annihilation operators, respectively; My, and g,
are associated with matrix elements associated with deformation-potential electron-
phonon coupling; V' is the volume of the system. The phonon operator can be written

as following well-known formalism [112]:

N h 7 igr | 1 —ig'r
a(r) = Z 2V, {bqeJr T+ bT_qe q } , (3.33)
q
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where p is the reduced mass density and V' is the volume of the system. The expectation

value of displacement for phonon mode having a momentum q can be represented as

(11g) = <% / d*r a(r)eiq-r> _ 1/%% (3.34)

where Dy is coherent amplitude, satisfying

follows:

Dy = (b +L,) = (bq) + (L, ). (3.35)

By using the commutation relations between the Hamiltonian and phonon operators,

it is possible to derive the following equation of motion for Dy:

9°D,
o

+Q0Dg = =20 > Mipnh i ig (3.36)

ak

where ng ., = <chcak+q> is associated with spacial charge density. Here, assuming
the photoexcitation creates homogeneous carrier distribution, ng ;, should be diagonal:
N = fie(t)0krs. Therefore, only the optical phonon mode (g = 0) is likely to be
excited. Also assuming that the M§ does not depend on k, Eq. (3.36) can be rewritten
as follows:

02D
8t20 +O2Dg = =20 Y MY fa(t)
« k

= 20,V 2 [€°(=N(t)) + €N (1)]
— gQOV‘% (§" = &) N(t), (3:37)

~
w

where N(t) represents the density of electron-hole pairs, and W is associated with
deformation-potential electron-phonon interactions, £V — £¢. The right-hand side of Eq.
(3.37) corresponds to the driving force of DECP, Eq. (3.24), which is phenomenologi-
cally derived.
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Resonant ISRS and DECP: The ISRS and DECP are models applied respectively
to transparent materials without electron excitation and opaque materials with electron
excitation. However, by introducing a characteristic tensor that reflects absorption
effects, DECP can be explained in an extended manner for the ISRS model. To achieve
a unified understanding of the resonant ISRS and DECP; it is effective to consider the
Fourier components of the driving force.

First, the differential equation regarding the driving force in the DECP model can

be expressed as follows using Eqgs. (3.24) and (3.26):

dF(t

% + aF(t) = aWlI(t). (3.38)
By employing Fourier transform for both-handed sides of equation, Eq. (3.38) can be

rewritten as follows:

iIQF(Q) + aF(Q) =aWI(Q)
aW

F(Q) = —==1(9), (3.39)

where € is the frequency. The formalization of Eq. (3.39) was developed by Riffe and
Sabbah [113], here referred to as RS formalization. When the excited charge density has
an infinite lifetime (o = 0), F(2) o< 1(€2)/i€) is purely imaginary. Given that inverse
Fourier transform of I(£2)/i€2 corresponds to ffoo dt’ I(t"), F(t) can be reproduced as

follows:

F(t) / a1, (3.40)

Since I(t) is the pulsed light intensity, F'(t — —o0) = 0 and F(t — +00) = const.
are satisfied. When its Fourier component includes only an imaginary number, F(t)
is a step-function-like force that corresponds to to the change in equilibrium position
induced by photoexcited carriers with an infinite lifetime (o — 0).

Otherwise, Steven, Kuhl, and Merlin developed an advanced ISRS model that in-

cludes virtual and real electronic excitation [68], referred to as SKM model. The Fourier
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component of driving force derived from the SKM model is represented using the com-

plex dielectric function € = €; + i€, where €; and €5 are real numbers as follows:

de;y  2e9

F(Q) x (a — ﬁ) 1(92), (3.41)
where w denotes the photon energy, and ¢; and €5 are evaluated at the central photon
energy of the pulsed light, approximately wy. The first term indicates virtual excitation,
whereas the second term is associated with photon absorption and subsequent electronic
excitation. This relationship explicitly illustrates that F(¢) is directly proportional to
I(t) as evidenced by the first term. In the context of an opaque material, characterized
by the condition de; /dw < €3/€2, the function F'(2) is rendered purely imaginary. In
this case, F(t) gives a step-function-like force consistent with the RS formalization.
Consequently, the SKM model can be successfully applied to the coherent phonon

generations in transparent and opaque materials.

Limitation of DECP: According to the DECP model, the displacement of phonons
is linear with respect to the density of excited electrons N. Thus, increasing the density
of photoexcited carriers through high-density light excitation can infinitely increase the
phonon displacement. However, due to the flattening of the potential energy surface ac-
companying structural phase transitions to different local-minimum metastable states,
the change in the equilibrium position of atoms and relevant optical responses with
respect to N may saturate.[114, 115, 116]

Furthermore, under photoexcitation conditions close to the damage threshold, the
N may become nonlinear with respect to the excitation light intensity, giving rise to
saturation of N. This also gives an upper limit on phonon displacement, frequency
shift, and decay time constant, as well as relevant optical response. [69, 70, 117, 118]
This may be due to nonlinear absorption phenomena in the electronic system, such as
saturable absorption or multi-photon absorption. Such phenomena will be discussed in

detail in Chapter 7.
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3.3.3 ISSEF: Impulsive Screening of the Surface Electric Field

(a) Before (b) Photoexcitation (c) After

le+ L Edcp
Faey © © < :K:T
n-type F o - ©
semiconductor L &
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Surface (depth) Surface Surface
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Figure 3.6: Schematic illustration of ISSEF process in space and energy: (a) Before exci-
tation, (b) Upon photoexcitation, and (c) After excitation in a n-type semiconductor. Edep
denotes static electric field in surface depletion region induced by surface-charge field. Eing
is the screening electric field induced by photoexcited electron-hole plasmas. (d) show the
lattice motion before and after the screening electric field is valid.

General Description: The ISSEF model refers to a generation mechanism for co-
herent phonons, driven by the transient electric fields induced by the non-equilibrium
spatial charge distribution on the surface of a material excited by light. This model is
primarily applied for the excitation of polar longitudinal optical (LO) phonons in po-
lar semiconductors composed of group III-V elements, such as GaAs, GaN, and InAs.
Polar semiconductors are those in which the atomic bonding possesses characteristics
of both covalent and ionic bonds. The strength of the ionic bonding increases with the

difference in electronegativity between the constituent elements.[112] For example, in a
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typical group III-V semiconductor like GaAs crystals, electrons are attracted towards
the As atoms, which have higher electronegativity, resulting in Ga atoms carrying a
positive charge and As atoms a negative charge. Polar phonons refer to lattice vibra-
tions exhibiting a vibrational pattern where the separation distance between pairs of
positively and negatively charged constituent atoms modulates. Such phonons are typ-
ically classified into longitudinal optical (LO) phonon modes. In polar semiconductors
with a Zinc-blende-type structure like GaAs, LO phonons (high-frequency side) and
transverse optical (TO) phonons (low-frequency side) are split at the zone center (I"
point) of crystal momentum. However, TO phonons do not contribute to the change in
polarization.

The generation process of coherent LO optical phonons in the ISSEF model can
be explained in Figure 3.6. Here, we consider an n-type polar semiconductor where
the Fermi level is located close to the conduction band. This kind of semiconductor is
composed of two elements: one positively and the other negatively charged. Initially,
in the equilibrium state of the n-type semiconductor and near its surface, the Fermi
level inside the bulk is pinned due to neutral surface states, as depicted in Fig. 3.6(a).
This leads to the formation of a depletion layer, with negative charges at the surface
and positive charges inside, creating an electric field Edep from the bulk toward the
surface [Fig. 3.6(a)]. Fuep results in band-bending, determining the equilibrium posi-
tion of atoms [Fig. 3.6(d)]. When excited with light above the band gap, electron-hole
plasmas are generated near the surface [Fig. 3.6(b)]. Following the direction of Edep,
the photoexcited electrons and holes drift. This redistributes the charges, with positive
charges near the surface and negative ones inside, thus screening the surface charge
field. The induced screening field Eiq reduces the depletion layer field E’dep, altering
the equilibrium position of atoms and driving LO phonons [Fig. 3.6(c) and (d)]. This
can be understood in a similar way to the DECP model. In DECP, the driving force
was the change in equilibrium position due to the excitation of valence electrons to con-
duction electrons, while in ISSEF it is the spatial electric field and polarization changes

(transient currents, movement of coherent wave packets) induced by inhomogeneously
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photoexcited carriers that alter the equilibrium position.

Driving Force of ISSEF: Briefly, the driving force of ISSEF process is known to be

written as follows:
e*

Fidspp ~ FI%RS,T + P, (3.42)

€0€o0
where €., is the high-frequency dielectric constant, and PN is the induced nonlinear
longitudinal polarization along direction r € {z,y,z}. The PN for example, incorpo-
rates several possible physical components, arising from spatial charge gradients and
separation in the presence of large number of photoexcited carriers in a surface space-

charge field:

P le(j,)rEkEl + X/E;?Zgn,rEkElEm

t t —+o00
+ / dt' J.(¢') + Ne / it / dzy (U )| U ), (3.43)

—00

where ng?T and ng,)r are second- and third-order nonlinear susceptibility along direction

r, J. is a current. Therefore, the first two terms denotes nonlinear polarization; the
third term represents a longitudinal polarization induced by non-equilibrium surge or
drift currents; the fourth term describes the coherent macroscopic motion of electronic

wavepacket.
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3.3.4 IRS: Ionic Raman Scattering
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Figure 3.7: Schematic illustration of IRS process. (a) PES depending on Raman-active
phonon coordination (Qr). Qr denotes the coordination of an infrared-active(IR) phonon.
(b) Energy diagram. A process of QIQRQR denotes the nonlinear phonon-phonon coupling of
IR-active and Raman-active phonon mode.

General Description: IRS is a generation mechanism for coherent phonons driven
by the lattice anharmonicity associated with the large amplitude excitation of infrared-
active phonons.[92] Unlike previously mentioned mechanisms, IRS employs light close
to the energy of the phonons in the absence electronic transitions. The infrared-active
phonons can be excited using far-infrared light resonant with the phonon energy, based
on the principles of infrared absorption. When the infrared-active phonons are driven
by a strong alternative electric field, the lattice undergoes significant distortion and
a equilibrium-position displacement of the lattice potential, resulting in driving new
Raman-active optical phonons in a manner similar to the DECP process, as illustrated
in Fig. 3.7(a). Therefore, the energy level of an infrared-active phonon acts as an inter-
mediate state for Raman scattering, as depicted in Fig. 3.7(b), which is a mechanism
predominantly depending on lattice anharmonicity rather on electron-phonon interac-
tions. This is the reason why this process is referred to as “Ionic” Raman scattering

or “Nonlinear Phononics” in a way analogous to the nonlinear optics. IRS has been
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primarily reported in materials such as perovskite-type transition-metal oxides, which

demonstrates interesting electronic and magnetic properties.[119]

Driving Force of IRS: In the IRS model, the process can be divided into two main
stages: (i) the excitation of infrared-active phonons due to the absorption of the electric
field in the infrared range and (ii) the excitation of Raman-active phonons through a
large amplitude infrared phonon via anharmonic potential. Therefore, the driving force
for infrared-active phonons is the electric field, while for Raman-active phonons, it is
the motion of the infrared-active phonons.

In the case of a cubic structure, the anharmonic lattice potential due to Qg (infrared-
active phonon amplitude) and Qg (Raman-active phonon amplitude) can be defined as

follows.

1 1
V(Qr, @r) = §Q2RQR + §QIQRQIR — a12QrO%R — a0 QRQR + - -, (3.44)

where a;; denotes anharmonic coupling constants. In centrosymmetric crystals, IR
phonons can be classified as having odd-parity, while Raman phonons have even-parity
symmetry. In this case, in Eq. (3.44), only terms with even-parity symmetry have
non-zero values, i.e., QrQ%. By considering the forces due to the lattice potential
(F = —0V/OQIRr or r) from Eq. (3.44) and the electric field F' = Cir E(t) ~ sin Qrt

from Eq. (3.9), the equation of motion in IRS can be expressed as follows.

2
(i) pir (%ﬁw + 27%?;@) + Q%RQIR@)) = a12QrQr + CirE(1),
2
) i (T 2,20 4 020u(0)) = i (3.49)
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3.3.5 SFE: Sum-Frequency Excitation
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Figure 3.8: Schematic illustration of SFE process. (a) PES depending on Raman-active
phonon coordination (Qr) excited by THz pulse. (b) Energy diagram.

General Description: The SFE process involves the excitation of Raman-active lat-
tice vibrations at a frequency double that of the THz electric field.[95] This phenomenon
can be conceptualized as a two-photon absorption process concerning phonon levels. In
the context of the ISRS model, as detailed in Section 3.3.1, SFE involves a virtual level
|i) located between the ground state and the phonon-excited state, as illustrated in
Fig. 3.8. The first observation of coherent phonon generation through SFE using a
THz pump was in diamonds [95], and similar phenomena have been verified in other
solids, such as V03.[120] Like IRS, SFE involves the excitation of phonons without
the accompanying electronic excitation, making it a promising method for manipu-
lating crystal structures by exclusively driving phonons. Furthermore, sum-frequency
ionic Raman scattering (SFE-IRS), a hybridized model for IRS and SFE models, has
been recently proposed theoretically.[121] SFE-IRS produces Raman-active phonons at

twice the frequency of infrared-active phonons generated by infrared absorption.

Driving Force of SFE: The driving force for Raman-active phonons by a terahertz

(THz) pulse E(t) ~ coswry,t, which is close to the phonon frequency, can be expressed
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as follows:

(1)
Fan = O E(t) + € Ox E2(t). (3.46)
8QR Qr=0

The first term is zero and can therefore be ignored due to 0P,/0Qr = 0. Con-
sequently, the second term becomes the driving force for SFE model. Since F(t)? ~

(1 + cos 2wrp,t)/2, coherent phonons are driven when 2wy, ~ (g is satisfied.

3.4 Detection Mechanisms
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Figure 3.9: An overview for detecting coherent phonons.

It is essential to discuss the detection mechanisms of coherent phonons, often even
more than to explore their generation mechanisms. Due to coherent phonon amplitudes

being often less than a picometer (pm) [66, 122], it is significantly challenging to directly
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capture their temporal spatial modulation. Instead, coherent phonons can be visualized
as probe-pulse modulations depending on pump-probe delays, such as changes in light
intensity, diffraction intensity, and photoelectron emissions. Therefore, Understanding
how the real-space movement of atoms influences those changes in probe pulses is crucial
for accurately interpreting experimentally observed coherent phonon signals.

Figure 3.9 present a schematic overview, illustrating how coherent phonons lead to
variations in lattice, electronic states, and optical constants; which level of physical
quantity changes are captured by each time-resolved measurement technique. When
coherent phonons are excited by ultrashort pulses, they result in an immediate shift
in the atomic positions within the crystal structure. This shift, in turn, influences the
energy of Bloch electrons through deformation potential interactions. If photoexcited
carriers are generated, they can inversely impact the lattice system. The modulation
of electronic states by phonons contributes to the alteration of the resonance energy,
leading to temporal changes in optical constants across the entire light energy spectrum.
The following section briefly introduces how each time-resolved detection method can
observe coherent phonon signals, focusing on the change in specific physical quantities

that they measure.

Optical Detection: The use of light as a probe is the most historically established
method for detecting coherent phonons. After the excitation of coherent phonons,
the electronic states are modulated through deformation-potential interactions, which
in turn are reflected in the optical constants. Thus, the optical susceptibility y(w),
depending on the probe photon energy hw, is modulated over time by the phonon
displacement )(t), can be expressed in terms of a higher-order expansion as follows
[112]:

X(w; Q) = xo(w) + % (gZ;)Q—o Q"(1), (3.47)

where xo(w) is the optical susceptibility of the material in the absence of any interac-

tions and 0™y /0Q™ represents the n-th order Raman tensor associated with deformation
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potential (DP) interactions. x(w; @) is dominated by a time-domain oscillation propor-
tional to Q(1).

There are mainly three optical detection methods for observing coherent phonons:
(i)reflectivity /transmittivity change measurements (AR/R and AT/T), (ii) electro-
optic (Kerr-rotation) measurements, and (iii) THz-emission measurements. The method
(i) measures isotropic changes in the intensity of the probe light itself. It is particularly
effective for observing optical phonons in the isotropic A mode, where the Raman ten-
sor has diagonal components.[83] The method (ii) evaluates the birefringence changes
in a medium by measuring changes in the polarization rotation or ellipticity of the
probe light. It allows for the observation of anisotropic £-mode optical phonons, where
the Raman tensor has non-diagonal components. In the method (iii), THz radiation
from a material upon photo excitation is sampled using nonlinear optical crystals or
photoconductive antennas (PCA).[123, 124, 125, 126] It has been shown that coherent

IR-active phonons play a role in the THz emission.

Diffractions: Crystal diffraction methods, such as x-ray or electron diffraction, are
uniquely advantageous for directly evaluating changes in the structural symmetry of
materials within their reciprocal space. The investigation by optical responses often
includes various physical changes, making it challenging to isolate specific structural
variations. In contrast, the crystal diffraction method is beneficial to directly evaluate
temporal atomic motions. Coherent phonons cause temporal modulations in the average
atomic positions within a crystal structure, leading to modulation of the structure factor
F, as evident from Eq. (2.8) introduced in Section 2.4. The use of x-ray or electron
pulses, which are shorter in duration than the period of the coherent phonons, enables
the direct observation of changes in the diffraction intensity.[127, 53] These changes
correlate with the phonon frequency, allowing for an in-depth analysis of their impact

on the crystal structure.
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Angle-Resolved Photoemission Spectroscopy (ARPES): Time-resolved angle-
resolved photoemission spectroscopy (tr-ARPES) is an advanced spectroscopic tech-
nique that enables the direct observation of electron energy and momentum dynam-
ics in materials during photoexcitation. The distinctive feature of this approach is
not only that it allows for the direct experimental visualization of the band struc-
ture, which governs the properties of solids, but also that it enables discussion of the
correspondence with theoretical simulations based on first-principles calculations.[128]
Notably, the recent advancement of frequency-domain tr-ARPES facilitates the ob-
servation of coherent phonons that includes information of electron-phonon-coupling
strength directly. To date, energy modulation in the electronic states, synchronized
with the coherent phonon frequencies, has been observed in various kinds of quantum

materials.[129, 130, 131, 132]

Scanning-Tunneling Microscopy (STM): The time-resolved measurement tech-
nique, as discussed above, monitored the motion of coherent phonons by detecting vari-
ations in macroscopic physical quantities, employing a probe system with a spot size
significantly larger than atomic scale. Recently, a remarkable time-resolved scanning-
tunneling microscopy (STM) has been developed, capable of measuring the dynamics
of coherent phonons at the nanometer scale through the analysis of probe tunneling
currents.[133] Consequently, this innovation enables the exploration of nanoscale coher-
ent phonon physics at an atomic-level spatial resolution, previously observable only at

a macroscopic scale.
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Chapter 4

Photo-Induced Tellurium Segregation in Poly-
morphic MoTe,

To elucidate the mechanisms of structural dynamics, particularly photo-induced struc-
tural phase transitions, it is crucial to verify (1) how much intense light irradiation
MoTe, can withstand and (2) what kind of structure is produced by irradiation above
the damage threshold. This chapter clarified the damage threshold and the structure
and nature of the damage area under various light irradiation conditions for the poly-
morphic structures of MoTe,, namely the 2H and 1T’ structures. The results showed
that the damage threshold of the sample increases when using high-energy light with
a low repetition frequency. Furthermore, coherent phonon oscillations at 3.6 THz,
attributed to Te precipitation, were observed in the damaged area. However, the antic-
ipated structural phase transition from the semiconductor 2H phase to the semimetal
1T’ phase was not observed within the damaged area.

The descriptions in this chapter are based on the research found in T. Fukuda, et
al. Phys. Status Solidi RRL. 16, 2100633 (2022). [134]
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4.1 Motivation and Introduction

Structural polymorphism of transition-metal dichalcogenides (TMDCs), a class of two-
dimensional (2D) layered materials composed of a transition-metal and two chalco-
gens, has been attractive from a fundamental physics viewpoint for the study of non-
equilibrium structural dynamics as well as for memory applications as a phase-change
material [135, 136, 137, 53, 54, 138]. MoTes, a well-known TMDC, is a represen-
tative polytype and exhibits three distinct crystal structures: a semiconducting 2H
(Fig. 4.1(a)), a semimetallic 1T" (Fig. 4.1(b)), and a Type-II Weyl semimetallic Ty
phase [33, 35]. The 2H phase is stable at room temperature (300 K), the 1T’ phase
is metastable at room temperature, and the T4 phase is a low temperature (< 250 K)
polymorph of the 1T phase. Reversible switching between the semiconducting and
metallic phases of MoTe, by illumination with light is of particular interest for the de-
velopment of novel device fabrication methods, such as an atomic scale phase-patterning
technology with the low-dimensional structures for the fabrication of atomically thin
high-performance integrated circuits [28, 139, 140]. Illumination with light also offers
an alternative technique to induce phase transitions over other methods such as tem-
perature [141], electronic doping [16], strain [142]. Theoretical studies suggest that
high-density electronic excitation of the semiconducting 2H phase by light pulses with
photon energy above the band gap can induce a structural phase transition into a metal-
lic 2H* or semimetallic 1T’ phase [49, 50, 51]. However, experimental studies of light-
induced structural phase transitions remain controversial. When a strong continuous-
wave (CW) laser is used, tellurium segregates from MoTe, via photo-thermal or heat-
accumulation effects [143], as surface oxidation in the presence of elevated temperature
even under vacuum conditions [144]. On the other hand, there have been few studies
of light-induced structural phase transitions in MoTe, using femtosecond pulses, for
which photo-thermal effects are expected to be significantly less than the case for CW
laser irradiation since femtosecond electronic excitation occurs before thermal effects

appear [145]. Here, we explore the lattice dynamics of 2H- and 1T'—MoTe, samples
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monitored by coherent phonon spectroscopy under high-intensity irradiation with a 30-
45 fs pulsed laser at ambient conditions (300 K) to gain insights into the possibility of
controlling the structural polymorphism of MoTe, by light in the presence of minimal

thermal effects.

4.2 Experimental Methods
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Figure 4.1: (a) and (b) Lattice structures of a 2H — MoTes and 1T’—MoTey crystals, re-
spectively. (c) and (d) Comparison of the experimental conditions between 80MHz and 100
kHz repetition pulsed lasers, respectively. (e) Experimental procedure of the reflective-type
pump-probe spectroscopy before and after optical sample damage in the present study. (d)
Lattice structure of a 1T’—MoTes crystal.

The flake form MoTe, bulk single crystals used were grown by the flux zone method
for the 2H phase (commercially available from 2D Semiconductors, USA), and chemical
vapor transport (CVT) for the 1T’ phase [146]. The thickness of the samples used
was about 100 um. Based on density functional theory (DFT) simulations, the opti-
cal penetration depth was estimated to be ~ 45 nm for the photon energy of 1.5 eV
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(A ~ 800 nm) and ~ 25 nm for 2.0 eV (A &~ 600 nm) for both the 2H and 1T phases,
which suggests there is negligible photon-energy dependence. Since the sample thick-
ness is much thicker than the optical penetration depth, the effects of the substrate or
the sample thickness dependence are negligibly small in our study. Coherent phonons,
whose generation process is traditionally described as resonant or non-resonant im-
pulsive stimulated Raman scattering (ISRS) [68] or displacive excitation of coherent
phonons (DECP) [65], were detected by a degenerate reflective-type optical pump-
probe technique that uses the same wavelength for the pump and probe pulses. As
shown in Figs. 4.1(c) and (d), we used two types of femtosecond light sources to eval-
uate the resulting photo-thermal and heat-accumulation effects as shown in ): one is
30-fs pulse duration, 830 nm (= 1.49 eV) central wavelength with an 80-MHz repeti-
tion rate from a Ti:Sapphire oscillator, with the other had a duration of 45 fs, 100 kHz
repetition rate, a 800-nm (= 1.55-eV) central wavelength generated with a regenerative
amplifier and an optical parametric amplifier (OPA) to allow variation of the central
wavelength of the light. The OPA generated light between 1200 nm ~ 1600 nm. Both
600 nm (= 1.78 eV) and 700 nm (= 2.06 eV) light is available via second harmonic
generation (SHG) using a BBO crystal under phase-matching conditions. The high
repetition 80-MHz laser delivers femtosecond pulses with an interval of 12.5 ns and
a peak intensity of Iy, ~ 1 GW/cm?. On the other hand, the low repetitive 100-
kHz laser delivers femtosecond pulses with an interval of 10 us and a peak intensity of
L, =~ 102 GW /em?. Tt is noted that the pump and probe light is refocused to a spot
with a diameter estimated to be about 20 ym on the sample surface. Considering that
the rise in photo-induced temperature accumulates on a sub-microsecond time scale,
photo-thermal effects induced by the high-repetition pulsed laser are more significant
than those induced by the low-repetition light source. In contrast, the excitation den-
sity per light pulse of the low repetitive one is more significant than that of the high
repetitive one. As schematically described in Fig. 4.1(e), we performed measurements
of coherent phonon signals to investigate a possible structural phase transition. We

took images of sample surfaces by optical microscopy before and after 10 minutes of
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laser irradiation above the damage threshold without changing the irradiation spot lo-
cation. It is noted that the measurements were conducted under an ambient condition,
and the pump fluence used for before-and-after measurements was set to an intensity
lower than the damage threshold. Photo-induced structural changes can be evaluated
by comparing the phonon spectra and the optical contrasts. The figures used in this

article were generated using Matplotlib [147].
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4.3 80-MHz Excitation
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Figure 4.2: 80-MHz Experiment for 2H — MoTes before and after the damage-threshold
irradiation of F = 0.9 mJ/cm?. (a) Experimental coherent phonon signal subtracted from
time-domain AR/R data before and after sample damage. (b) FT spectra of (a) (c) Optical
microscope image of the sample surface before and after sample damage.
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80 MHz (830 nm) : 1T'-MoTe,
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Figure 4.3: 80-MHz Experiment for 1T°’—MoTes before and after the damage-threshold
irradiation of F = 0.9 mJ/cm?. (a) Experimental coherent phonon signal subtracted from
time-domain AR/R data before and after sample damage. (b) FT spectra of (a) (c) Optical
microscope image of the sample surface before and after sample damage.

First, we show the coherent phonon signals before and after surface damage due
to the use of the 80-MHz pulsed laser with A = 830 nm. To analyze the oscillatory
components of the time-domain signals, we subtracted a background signal derived from
electronic response using the bi-exponential function. The damage-threshold pump
fluence for both the 2H— and 1T" — MoTe, samples was found to be about Fiywmiz) =
0.9 mJ/cm? for the 80-MHz measurements so that the pump fluence used was set to

0.3 mJ/cm?, a value much lower than Finounz). Figures 4.2 and 4.3 show the coherent
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phonon signals, and Fourier transformed (FT) phonon spectra observed in 2H— and
1T — MoTey before and after sample damage. Before laser irradiation, coherent phonon
oscillations from both samples are visible for time ranges longer than 25 ps, indicating
that the scattering terms, such as electron-phonon and phonon-phonon interaction,
are quite small, as expected based on the characteristic low dimensional structure of
TMDCs. From the FT spectra of the coherent phonon signals, we found one A,
mode (5.1 THz) for 2H — MoTe, and four A, modes (2.3 THz, 3.3 THz, 3.9 THz, and
4.9 THz) for 1T" — MoTe,, which are in good agreement with the previous reports of
Raman and coherent phonon measurements on the 2H and 1T’ phases [148, 149, 150,
151, 152, 54, 138]. It is noted that since we carried out the experiment using an isotropic
reflection geometry for coherent phonon detection, anisotropic lattice vibration modes,
such as F modes, are expected to be challenging to detect in our measurements. After
laser irradiation, we observed that a new vibrational mode at 3.6 THz (~ 120 cm™!)
appeared for both samples, accompanied by ablation-like permanent damage patterns
in the form of a black discoloring in optical contrast as can be seen in Figs. 4.2(c) and
4.2(d). The emergent mode at 3.6 THz is considered to be the A; mode of tellurium
(Te) [117, 153, 154, 155, 118] due to tellurium segregation from the MoTe, samples as a
result of surface melting induced by heat-accumulation effects of high repetitive pulsed
laser irradiation. The Te segregation observed to date in coherent phonon spectra
appearing at 3.6 THz has been occasionally observed in other telluride compounds,
such as GeaShoTes [156], ShoTeg [157, 158], CdTe [159], ZnTe [160] as well as static-
measurement studies on MoTey [143]. On the other hand, additional phonon modes
related to the different structural phases were not observed after the laser irradiation:
the 2H-to—1T’ and 1T’-to—2H phase transitions were not observed. Notably, the 2H
phase has an intrinsic vibrational mode at 3.6 THz manifested as the E;, mode [148,
149, 161] and Te also has an E' mode at 4.2 THz [162, 163]. However, as mentioned
above, our detection scheme is, in principle, insensitive to anisotropic lattice vibrations,
so the scenario of Te segregation is the most plausible mechanism to describe our results.

For these reasons, no structural phase transitions and Te segregation with permanent
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sample damage was observed for both 2H- and 1T'-MoTe, samples at < 1 mJ/cm?
irradiation with the use of the high repetition 80-MHz pulsed laser. It should be noted
that the appearance of a 3.6-THz peak has been frequently reported in previous studies
and is considered evidence of a phase transition from 2H to 1T’ phases. However, many
of these peaks likely arise due to Te segregation.[28, 139, 140] Therefore, when discussing
the structural phase transition toward the 1T’ phase based on the appearance of the
3.6-THz peak, it is necessary to carefully check whether other peaks derived from the

1T” phase are also present.
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4.4 100-kHz Excitation

100 kHz (800 nm) : 2H-MoTe,
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Figure 4.4: 100-kHz Experiment for 2H — MoTey before and after the damage-threshold
irradiation of F' = 20 mJ/cm?. (a) Experimental coherent phonon signal subtracted from
time-domain AR/R data before and after sample damage. (b) FT spectra of (a) (c¢) Optical
microscope image of the sample surface before and after sample damage.
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100 kHz (800 nm) : 1TT'-MoTe,
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Figure 4.5: 100-kHz Experiment for 1T°—MoTey before and after the damage-threshold
irradiation of F = 20 mJ/cm?. (a) Experimental coherent phonon signal subtracted from
time-domain AR/R data before and after sample damage. (b) FT spectra of (a) (c) Optical
microscope image of the sample surface before and after sample damage.

Second, we examined the effects of the low repetition 100-kHz pulsed laser with
A = 800 nm. The damage-threshold fluence Fiyu,) for both 2H— and 1T" — MoTe,
samples was found to be between 10 to 20 mJ/cm? for the 100-kHz measurements,
which is surprisingly about ten times larger than the threshold for the high repetition
80-MHz measurements, Finm,) < Fingnz). This observation is considered to be a
result of the reduced heat accumulation effects due to the reduced repetition rate. The

pump fluence used for the coherent phonon measurements was 1 mJ/cm?, a value much
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lower than the threshold Fiy,(ku,), while the pump fluence leading to sample damage
was 20 mJ/cm?. Before laser irradiation, the coherent phonon oscillations and the
associated FT phonon spectra for both samples were similar to those of the 80-MHz
experiments, as seen in Figs. 4.4 and 4.5. After laser irradiation, although the spectral
details are slightly different from those for the case of the 80-MHz experiments, the Ay,
mode of Te segregation (3.6 THz) appears along with permanent damage patterns. As
shown in Figs. 4.4(c) and 4.5(c), no additional phonon modes related to the structural
phases in both samples were observed, . These results suggest that even when using
low- and high-excitation pulsed lasers, Te segregation is inevitable, and light-induced
structural phase transitions between 2H and 1T’ phases are hard to realize under the

current experimental conditions.

4.5 Surface-Damage Characterization
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Figure 4.6: (a) The image of sample surface damage after laser irradiation above the damage
threshold taken by scanning electron microscopy (SEM). (b) Spatial line scan of local chemical
composition (Mo, Te, and O) on the damaged region, as shown in (a), taken by energy
dispersive X-ray spectroscopy (EDX).

As discussed above, Te segregation is considered to be strongly promoted by photo-

thermal effects due to heat accumulation, as can be seen in the observed differences
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in the effects with the pulsed laser repetition rate. Since the samples we used in the
measurement were exposed to air, the sample is thought to be oxidized due to laser
irradiation, leading to the formation of other compounds. A recent investigation has
revealed that molybdenum oxides such as MoOj_, are formed on the surface of MoTe,
due to elevated temperature [144]. We also confirmed oxide formation in the ablation-
like damaged region using scanning electron microscopy and energy-dispersive X-ray
spectroscopy (SEM-EDX) measurements. Figure 4.6(a) shows a SEM image of the
damaged area, where a rippled pattern can be observed. This pattern may be Laser-
induced periodic surface structures (LIPSS) resulting from ablation.[164] Figure 4.6(b)
presents a spatial line scan of the chemical composition in the damaged area conducted
by the EDX measurement. The results indicate that the composition of Mo remains
unchanged while Te decreases and O increases. This suggests oxidation of the sample
and the isolation of Te. The unchanged composition of Mo implies the formation of
Mo oxides, which is consistent with results from previous research. As in the case here,
the remaining Te atoms segregate to form Te-rich regions in the presence of surface
oxidation, forming MoOj_, by laser irradiation. To avoid surface oxidation and Te
segregation, oxidation prevention countermeasures such as surface protection or high
vacuum conditions are required to further investigate and control potential light-induced

phase transitions among the polymorphs of MoTes.

4.6 Photon-Energy Dependence

Table 4.1: Absorption coefficients of the 2H phase (asy) and the 1T’ phase (1) for 800
nm (1.55 eV), 700 nm (1.78 eV), 600 nm(2.06 eV) calculated using DFT simulations.

800 nm (1.55 eV) 700 nm (1.78 V) 600 nm (2.06 V)

ap | 23x107 (m™)  25x 107 (m™!) 4.2 x 107 (m™?)
arp | 23%x107 (m™)  28x 107 (m™Y) 3.6 x 107 (m™})
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Figure 4.7: Photon-energy-dependence degenerate pump-probe measurements on

2H — MoTey with an OPA with variations of wavelength (photon energy) at (a) 700 nm
(1.78 V) light and (b) 600 nm (2.06 eV) light.

From another perspective, using different wavelengths may also play an essential role in
light-induced phase transitions because higher photon energies may exceed the energy
barrier of the free energy landscape [49]. According to a theoretical study, the use of
the critical photon energy of 633 nm (= 1.96 eV) with dense electronic excitation can
lower the potential barrier between the monolayer 2H and 1T’ phases, which is thought
to be also applicable to the bulk crystals.

To test for the effects of the photon energy, we performed reflectivity change mea-
surements using light with central maximums of 700 nm (= 1.78 ¢V) and 600 nm (=
2.06 eV) generated using an OPA. Fig. 4.7 (a) and (b) show the AR/R signals of
2H — MoTe, before and after laser irradiation with a fluence of 15 mJ/cm? for 700 nm,
and 30 mJ/cm? for 600-nm, which are the maximum output for each wavelength for
the OPA. Even with such high fluences, no surface damage was seen in the surface

optical images for the 2H and 1T’ phases. In this experiment, coherent phonons in
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the samples were invisible in AR/R signals except for the initial electronic response
due to the pulse broadening of the OPA light compared with the 800-nm measure-
ments or the wavelength dependence of coherent-phonon responses [165]. Although,
due to the absence of coherent phonons, we cannot evaluate the structural dynamics
under photon energies greater than 1.96 eV (A = 633 nm), which is predicted to be
a critical value for monolayer 2H-to-1T" phase transition [51], the time-domain AR/R
signals from the 600-nm measurement show little change before and after 30 mJ/cm?
irradiation, a value about twice as significant as the damage threshold for 800-nm ir-
radiation. In addition to the repetition rate, the wavelength (photon energy) of the
light source is possibly related to the presence of surface damage or the absence of Te
segregation on the MoTe; samples. In general, the absorption coefficient can explain
the photon-energy dependence of ablation since changes in optical absorption directly
contribute to photo-thermal or heat-accumulation effects. The absorption coefficients
a for 1.55 eV, 1.78 eV, and 2.06 eV photon energies calculated using DFT simulations
are listed in Table 4.1. In both phases, we found the value of the absorption coefficient
of 2.06 eV was more significant than that of 1.55 eV, suggesting photo-thermal effects
should be more significant at 2.06 eV than 1.55 eV. However, it is inconsistent with
our observation that the Te segregation is suppressed for the photon energy of 2.06
eV, which is more significant than 1.55 eV. This indicates that the photo-thermal effect
induced by optical absorption cannot explain the suppression of Te segregation for light
with energies under 2.06 eV. Therefore, a systematic study of the structural dynamics
of MoTe, systems dependent on the photon energy with much higher intensities and

much shorter pulse width is required in the future.
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4.7 Conclusion
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Figure 4.8: A schematic table summarizing the damage-threshold study on repetition rates
and laser wavelength.

Figure 4.8 shows a schematic table summarizing the relationship of the damage thresh-
olds and Te segregation for MoTe, to the repetition rates and laser wavelength.

We have investigated the structural changes induced by high-intensity femtosecond
pulsed light above the sample-damage threshold. Reflective pump-probe coherent-
phonon spectroscopy was carried out using two types of femtosecond pulsed lasers,
a high repetitive 80-MHz with A = 830 nm and a low repetitive 100-kHz light source
with a wavelength range of A = 800, 700, 600, and 400 nm, revealed that Te segregated
on the surface of both phases leading to the observation of the A;(Te) mode at 3.6
THz (=~ 120 cm™!). In addition, ablation-like patterns were observed in the optical
contrast, which is considered to be a consequence of the heat-accumulation effects that
depend on the repetition rate. However, when using higher photon-energy excitation,
the sample damage was significantly suppressed, indicating that Te segregation is also
likely related to the laser wavelength. Our results indicate that even using femtosecond

pulsed light sources, Te segregation makes it difficult to realize the light-induced struc-
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tural phase transitions between the 2H and 1T’ phases. We suggest alternative sample
structures to eliminate surface oxidation, such as oxidation prevention layers, and using
high vacuum or selective photon energies may efficiently suppress Te segregation and

realize the light-induced structural phase transitions.
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Chapter 5
Ultrafast Interlayer Shear Phonon Dynam-

ics in 1T — MoTe,

Interlayer shear phonons in TMDs can change the symmetry of the crystal structure.
This phenomenon is especially significant in the case of MoTe; and WTe,, where the
motion of shear phonons is crucial in the topological phase transition between the
semimetal 1T” phase and the Weyl semimetal T4 phase. This chapter presents the
coherent phonon dynamics of 1T/ — MoTe, at room temperature. This chapter explores
the coherent phonon dynamics of 1T — MoTe; at room temperature, revealing the
existence of the interlayer shear phonon mode, where the phonon mode is infrared
active in the 1T" phase at room temperature, but Raman active in the low temperature
Tq phase (< 250 K). This suggests that electronic excitation transiently induces an
intermediate state between the 1T and T4 phases.

The descriptions in this chapter are based on the research found in T. Fukuda, et
al. Appl. Phys. Lett. 116, 093103 (2020). [138]
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5.1 Motivation and Introduction
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Figure 5.1: (a) Lattice structure of a 1T’—MoTes crystal. (b) Lattice structure of a
Tq — MoTey crystal. (c¢) Raman spectrum of a 1T’—MoTey bulk crystal sample, measured at
room temperature (~ 300 K).

Recent interest in transition metal dichalcogenides (TMDCs) has dramatically increased
owing to the variety of unusual properties stemming from the existence of two-dimensional
van der Waals (vdW) structures, such as graphene. [12, 13, 14] One of the reasons that
drives research in TMDCs is that they intrinsically possess a wide variety of possible
crystal and electronic structures depending on a large number of accessible chemical
combinations between metal (Mo, W, - - - ) and chalcogen (S, Se, Te) atoms, as well as the
accessibility of other phases by low energy photon excitation. [49] These versatile prop-
erties can be useful for further understanding of the fundamental properties of topologi-
cal materials as well as the advancement of high-performance and functional electronic,

optoelectronic, and quantum devices [166, 16, 167], particularly the next generation of
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strain-engineered phase-change materials [142] or phase patterning technology driven
by light.[28] Within the TMDC family, MoTe, has attracted considerable attention
because of its rich structural and electronic phases. MoTe, has three possible struc-
tural phases: the trigonal prismatic 2H semiconducting phase (the most stable at room
temperature: RT), the centrosymmetric monoclinic 1T’ semimetal phase (metastable
at RT), and the lattice symmetry breaking orthorhombic T4 semimetal phase (stable
below 250 K). Among these phases, the 1T and Ty structures are similar, except for
distortions along the a— or b—axes as shown in Fig. 5.1(a) and (b). MoTe, is also known
for being a candidate topological phase material such as a topological insulator (TT) or
a Weyl semimetal (WSM) due to the breaking of lattice inversion symmetry by spe-
cific layer configurations. First-principle calculations and observations of Fermi arcs in
lattice symmetry breaking orthorhombic Tq—MoTe, and similar structure, T4—WTe,,
have led to the establishment and confirmation of the theory of Type-II WSMs with
intriguing carrier transport properties with unusually long lifetimes. [32, 33, 34, 35, 168]

Some groups have recently observed the ultrafast dynamics of coherent phonons and
lattice symmetry switching between the 1T’ and T4 phases, corresponding to a phase
transition from the WSM to the normal semimetal phases. Sie et al. induced shear
displacements using THz pump pulses in the T4 phase of WTe,, which was monitored
by ultrafast electron diffraction.[53] On the other hand, Zhang et al. observed a similar
phenomenon using optical pump-probe reflectivity measurements from extremely low
temperature 4K to near RT [54], corresponding to the low-temperature Tq phase. How-
ever, the related coherent phonons at RT of the 1T’—MoTe, phase have not been well
investigated. Therefore, it remains elusive if photoexcitation of the high temperature
1T’ phase induces a phase transition in MoTe,. It is essential to gain insight into the
photoexcited state at RT and even higher temperatures in TMDCs because of potential

device applications in general temperature conditions.
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5.2 Experimental Methods

Optical pump-probe measurements were carried out using a Ti:Sapphire oscillator op-
erated at 80 MHz, which provided near-infrared optical pulses with a pulse duration of
< 30 fs and a central wavelength of 830 nm (with a corresponding photon energy of
hw ~ 1.5 eV). It should be noted that the continuous heating effect by the 80 MHz
repetition laser is negligibly small, as demonstrated by the phonon spectra shown below
exhibiting the almost identical peak positions as those of previous Raman studies on
bulk 1T°—MoTey . The average fluence of the pump beam was varied from F' = 170
to 680 pJ/cm®. The upper limit of fluence (680 wJ/cm?) was set to prevent surface
damage. The s—polarized pump and the p—polarized probe beams were co-focused
onto the sample to a spot diameter of &~ 16 pym with incident angles of about 5° and
15° for the sample normal, respectively. (See Section 2.3 for detail set up) The optical
penetration depth at 830 nm was estimated to be 50 nm from the complex dielectric
function calculated by density functional theory (DFT) simulations. The delay between
the pump and probe pulses was scanned up to 30 ps [169] by an oscillating retroreflec-
tor operated at 9.5 Hz. The transient reflectivity change (AR/R) was recorded as a
function of pump-probe time delay. The measurements were performed in air at RT.
The figures used in this article were generated using Matplotlib.[147]

The sample used was a small flake of a 1T"—MoTe, single crystal with the c—axis of
the crystal corresponding to the sample normal. The 1T’—MoTe,; bulk crystal was pre-
pared by the chemical vapor transport (CVT) method.[146] Figure 5.1(c) shows Raman
measurements of the 1T’—MoTe, bulk crystal used in this study. Several A, modes

were observed below 300 cm™!

= 9 THz, correponding to previous literatures.[150,
151] The crystal thickness was > 500 pum and strain and/or confinement effects were
negligible.[170] In addition, Raman measurements on our 1T"—MoTe, sample, as shown
in Fig. 5.1(c) indicated no peak at 13 cm™!(= 0.39 THz) and thus confirming that our

sample at RT does not include the Ty phase.
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5.3 Results and Discussions
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Figure 5.2: (a) Fluence dependence of coherent phonon signal observed in the time-domain
reflectivity changes AR/R of 1T'—MoTey . (b) Fourier transform (FT) spectra of (a). (c)
Schematic motion of interlayer shear phonon mode (v; = 0.39 THz) observed in the FT
spectra (b).

Figure 5.2(a) shows the AR/R signals measured for the 1T’—MoTe, phase with sub-
picosecond time resolution for a variety of pump fluences ranging from 170 to 680
uJ/ cm”. Coherent phonon oscillations can be observed up to ~ 25 ps time delay at RT.
The oscillations are not simply sinusoidal, suggesting the existence of multiple phonon
modes driven by charge-density fluctuations, which are traditionally described by reso-
nant impulsive stimulated Raman scattering (ISRS) [67] or by a displacive excitation of
coherent phonons (DECP) mechanism.[65] Under the condition that an opaque sample
absorbs the pump photon, the driving force can be described by the Raman tensor,
which includes both the resonant ISRS and DECP mechanisms. In the following sec-
tion, we will briefly introduce the DECP mechanism. DECP theory describes that the
change in initial phonon coordinate @ (t) is proportional to the photoexcited carrier
density n(t):

Qo (t) = kn(t),. (3.21)

101



Considering the relation AR(t)/R x o, the time evolution of phonon amplitude of
coherent phonon generated by the DECP process should follow the dynamics of pho-
toexcited carrier density n(t).

Figure 5.2(b) shows the Fourier transformed (FT) spectra of the time domain co-
herent phonon signals for 1T’—MoTe; obtained for different pump fluences. According
to the FT spectra, it can be seen that a total of seven different phonon modes can
be observed in the AR/R data. Each phonon frequency has been labeled v; ~ vy
from the lowest to the highest frequency. In detail, 4, = 0.39 THz, v, = 2.34 THz,
vy = 3.34 THz, vy, = 3.88 THz, vs = 4.94 THz, vy = 7.48 THz and v; = 7.90 THz.
In particular, v5 ~ v; modes, which are observed by the present optical pump-probe
method, are consistent with the Raman spectra of the 1T’ phase at RT, as reported
recently by various groups [150, 151, 171, 152] and our Raman measurements in Fig.
5.1(c).

The low frequency v; mode is, however, absent in the Raman spectra of the 1T"
phase at RT, but is characteristic of the Ty phase, which is a low-temperature phase
(< 250 K) of MoTe,. Note that 14 can be assigned to the A; mode in the T4 phase or as
the B, mode in the 1T’ phase, while the v5 ~ 7 phonon modes can be assigned as the
Ay modes in the T4 phase or as the A, mode in the 1T’ phase, according to previous
reports.[150, 151, 152] Observing an infrared-active B, phonon mode in pump-probe
measurements based on resonant ISRS or DECP processes is generally difficult. [67, 65]
In our experiments, this implies that the low frequency v, mode cannot be the B, mode
of the 1T’ phase. Thus, the low frequency 1, phonon observed in the present study is
assigned to the A; mode originating from the T4 phase, as discussed below.

The low frequency vy mode can be considered to be an interlayer shear vibration
mode[54, 53], a mode that is a key to lattice symmetry switching [150, 151] as schemat-
ically drown in Fig. 5.2(c). It can also be seen that the asymmetric shape of the FT
amplitude around v, at low excitation density, as shown in Fig. 5.2(b) at F' < 340
pJ/cm?) implies the existence of splitting of a phonon mode (131 cm™! = 3.93 THz),

which is also characteristic of the Ty phase. Thus, the fact that the low frequency 1,
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mode was observed even at RT suggests the possibility of a transient structural tran-
sition to the T4 phase or a mixture of the two competing 1T’ and T4 phases upon
photoexcitation. In the present study, it was also noted that the 2H phase does not

play a role in the structural phase transition.
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Figure 5.3: (a) A time-frequency-domain spectrogram of Fig. 5.2 at F = 170 pJ/cm?

obtained by Short-time Fourier transform (STFT) analysis. (b) Sliced STFT spectra of (a)
at 7 =0, 10, and 22 ps.

Figure 5.3(a) shows a short-time Fourier transform (STFT) spectrogram [172] for
F = 170 pJ/cm?, a time-frequency-domain representation of Fig. 5.2(a). (See also
Chapter 2) Here, the FWHM of the Gaussian window function was set as 2.0 ps to
eliminate any artifacts due to edge effects while allowing the detection of the low (<
0.5 THz) frequency v; mode. The dominant optical phonon modes and the v; mode
can be seen, and they decay with dramatically different time constants. In particular,
the lifetimes of the v3 ~ v7 modes were found to decay within several picoseconds, a
typical behavior of coherent phonons. However, the v; and v modes persisted beyond
~ 22 ps up to the limit of the time delay of the measurement. To explore this in more

detail, we performed a fit of the time-domain data for F' = 170 uJ/cm? shown in Fig.
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5.2(c) using damped oscillations with the three dominant frequencies vy, v5 and vs:

AR(t)

T Z &eié cos(2mv;t + ;), (5.1)

i=1,2,5

where &; is the amplitude, 7; is the relaxation time, v; is the frequency and ¢; is the
initial phase of the CP. The fit indicates 7, = 21.7 + 1.4 ps, 7» = 9.8 + 0.04 ps and
75 = 3.7+ 0.1 ps. The v; mode exhibits an even much longer lifetime than that of the
vy and v5 modes. It is noted that these relaxation times only weakly depend on the
pump fluence, and therefore, we will not discuss this effect here. The fit also indicates
1 = 27£2° g = 90£1°, and @5 = 96+1°. Considering the value of ¢; obtained above,
the initial phase of the 11 mode is found to be cosine-like, while the other modes, 9
and @5 (= m/2), exhibits sine-like behavior. It can also be seen that the shear vibration
mode (1) exhibits a larger amplitude than that observed in static spectra (Fig. 5.2(b))
just after the excitation by the pump pulse (7 = 0 ps) as seen in Fig. 5.3(b).
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Figure 5.4: (a) AR/R signal including carrier relaxation and the phonon oscillations of the
1T’ phase at F' = 170 pJ/cm?. The dashed line represents the carrier response in the signal.
(b) Time evolution of the STFT amplitudes for v, vs, and v5 modes as a function of the
time delay. The vertical dashed lines represent the peak positions. At represents the time lag
between the 11 and v modes.

Figure 5.4 shows the time evolution of the peak amplitude for the three dominant
modes vy, vy, and vy, shown in Fig. 5.3(a). According to Fig. 5.4(b), the rise time of
the amplitude of the v; mode is the fastest among all the vibrational modes (this is
also the case for the other optical modes, although the data is not shown) just after
excitation. It was also found that the rise of the v; mode coincides with that of the
photoexcited carrier dynamics shown in Fig. 5.4(a) by Eq. (3.21). In addition to
the results in Fig. 5.4, the fact that the 14 mode exhibits displacive behavior (cosine-
like), while the other modes exhibit impulsive behavior (sine-like) indicates the 4 mode
strongly couples with the photogenerated carriers. It is excited preferentially over all
the phonon modes. Thus, under low excitation density (170 puJ/cm?) in which the
lattice temperature rise is negligibly small, photoexcited carriers exert a step function

electrostrictive force on the lattice driving the coherent v; mode, which induces the
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lattice symmetry of 1T’ phase to partially change toward T4 phase.

Based on the relationship between the carrier (electron) relaxation time and the
initial phase of the coherent phonons for simple semimetals (i.e., tanp = I'/Q, where
I is the reciprocal of carrier relaxation time and Q = 27v) [65, 109], Fig. 5.4 also
suggests a different relaxation time as the driving force of three dominant phonon
modes. That is, the shorter the carrier relaxation time 7, the stronger the impulsive
behavior (sine-like). The observation that the displacive-like 1 mode strongly couples
with photoexcited carriers indicates a longer relaxation time on the order of several
picoseconds (See Fig. 5.4(a)), consistent with the relationship discussed. On the other
hand, the other modes exhibit impulsive behavior (sine-like), and therefore, the carrier
relaxation time for the driving force coupled with these modes would be short-lived.
However, more experimental and theoretical work is required to fully understand the

different carrier dynamics in TMDC systems.
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Figure 5.5: Fluence dependence of peak amplitudes normalized by each of the values for
F =170 pJ/cm? obtained from the FT spectra displayed in Fig. 5.2(b). (a) displays that of
v1. (b) displays those from 14 to v7.

Figure 5.5 shows the peak amplitudes versus the pump fluence obtained from Fig.
5.2(b), being plotted for the low frequency vy mode in Fig. 5.5(a) and for the other
optical modes in Fig. 5.5(b). First, for the 15 ~ 17 cases, Fig. 5.5(b) shows that the peak
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intensities (amplitudes) almost linearly increase with increasing pump fluence. This
phenomenon can be understood as a characteristic property of coherent phonons, as
observed for conventional semiconductors and metals.[70, 173, 174] In contrast, the peak
intensity of the 1y mode surprisingly decreased with increasing pump fluence, as seen in
Fig. 5.5(a). This behavior was opposite to that of the characteristic coherent phonon
modes vy ~ 17, suggesting that the v; mode is sensitive to the lattice temperature (7)
[150, 151], as very recently reported by Ref. [54]. Although the amplitude near time
zero (&) increases with excitation fluence, the lattice temperature rise promotes faster
dephasing of the coherent phonons, resulting in the decrease of FT amplitude as shown
in Fig. 5.5(a).[175, 176]

Comparing the measurements taken at ultra-low temperature (7" = 4 K) [54] and
our present measurements at RT, the pump fluence dependence of the T} is expected to
be significantly different. In fact, the maximum pump fluence used by Zhang et al. was
up to ~ 5 mJ/ cm®, while in the current experiments was only 680 wd /Cm2, a fluence
value one order less. Thus, the rise of 7T} in the current study is also expected to be
one order of magnitude less than in the former study. According to two-temperature
model (TTM) calculations [177], the maximum increase in the 7; in the 1T°—MoTey
bulk crystal surface can be estimated to be from 305 K to 321 K for pump fluences
170 to 680 ,uJ/cm2, where the initial temperature was set as 7; = 300 K. This TTM
calculation result shows the pump pulse irradiation results in a rise of AT; ~ 20 K at the
sample surface. Although the phase transition between the 1T’ and T4 phases has been
believed to occur at 250 K, our data strongly suggest that the low frequency v; phonon
in the T4 phase appears upon photoexcitation even at RT. A possible mechanism for
the light-induced structural phase transition from 1T’ to T4 phases is the transient
displacement of the nuclear equilibrium position of the v; mode, which is induced and
stabilized by electron doping via photoexcitation, as has been recently proposed by
Kim et al .[178] The pump-induced temperature rise (A7;) may partly contribute to
the decrease in the peak amplitude [Fig. 5.5(a)| since higher temperature will destroy
the T4 phase.[178]
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Finally, we summarize the time evolution of the observed structural phase transition
between 1T’ and T4 phases, as depicted in Fig. 5.6. Initially, the ground state structure
is in the 1T’ phase at room temperature before the arrival of the pulse. Upon the arrival
of a pump pulse, it generates photoexcited carriers, leading to transient electronic
doping in a photoexcited state. This transient carrier doping effect drives the lattice
inversion symmetry of the crystal structure from the 1T’ to Ty phases or induces an
intermediate structure between these two phases in a displacive manner. Consequently,
the interlayer shear phonon can be detected in the coherent phonon signal, which is only
observable in the Ty phase. After sufficient time has passed, the structure gradually
returns to the ground state 1T" phase as the photoexcited carriers relax.

The transient phase transition between the normal semimetal 1T and the WSM
Tq phases observed in the sub-picosecond time domain is expected to be a critical
phenomenon in controlling the process of the creation and annihilation of Weyl fermions.

It may allow the development of ultrafast phase switching device applications at RT.

Return to
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Figure 5.6: Schematic diagram of the physical processes, describing the phenomena observed
in this study.

5.4 Conclusions

In conclusion, we observed a long lifetime low-frequency shear phonon in the 1T’ —MoTe,
phase even at RT using pump-probe spectroscopy, which was thought to be present in

only the T4 phase below 250 K. The observed behavior implies the existence of a tran-

108



sient phase transition from the normal semimetal 1T’ phase to the Type-II WSM Ty
phase or a mixture between both phases in the ultrafast sub-picosecond time domain.
The STFT analysis revealed that the amplitude of the shear phonon, which is consid-
ered to result in lattice symmetry breaking in the bulk crystal, is primarily induced
just after excitation, caused by a resonant ISRS or DECP mechanism. High fluence
laser irradiation leads the shear phonon mode to decrease in amplitude due to a lattice
temperature rise of ~ 20 K as calculated by a TTM analysis. This study on ultrafast
dynamics in the 1T’ phase agrees with previously reported lattice symmetry switching
between the normal semimetal to the WSM phase, even at RT. Also, it suggests a
new technique to unveil the sub-picosecond time domain creation and annihilation of
Weyl fermions and their thermal dependence, which is expected to lead to new device

applications using topological phase switching.
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Chapter 6
Coherent Optical Response Driven by Non-

Equilibrium Electrons and Phonons in Lay-

ered 2H — MoTe,

Layered transition-metal dichalcogenides (TMDs) are model systems to explore ultra-
fast many-body interactions and various nonlinear optical phenomena. For the appli-
cation of TMD-based optoelectronic devices capable of ultrafast response, it is essential
to understand how characteristic electron-hole and electron-phonon couplings modify
ultrafast electronic and optical properties under photoexcitation. Here, we investigate
subpicosecond optical responses of layered semiconductor 2H — MoTe, in the presence
of an electron-hole (e-h) plasma and a long-lived coherent phonon. Transient reflec-
tivity measurements depending on photon energy reveal that the optical response for
short-time delays (< 1 ps) was significantly modified by band-gap renormalization and
state filling due to the presence of the e—h plasma. Furthermore, octave, sum, and dif-
ference phonon frequencies transiently appeared for the early time delays (< 2 ps). The
emergent multiple phonon frequencies can be described as higher-order optical modula-
tions due to deformation-potential electron-phonon coupling under resonant photoexci-
tation conditions. This work provides comprehensive insights into fundamental physics
and the application of the non-equilibrium quasiparticle generations on TMDs under

time-periodic phonon driving forces.
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The descriptions in this chapter are based on the research found in T. Fukuda, et
al. APL Mater. 12 021102 (2024).[179]

6.1 Motivation and Introduction

Coherent light-matter interactions give rise to exotic non-equilibrium electronic and
structural properties of matter, inaccessible under thermal equilibrium or static stim-
uli conditions. With the development of high-intensity ultrashort pulse light sources
and pump-probe methodologies, a variety of light-induced phenomena: quasiparticle
generations [180, 181], field-driven dressed states [182, 183|, structural phase transi-
tions [184, 173, 185], and high-harmonic generations [186, 187] have been discovered,
leading to the hot topic in the research field of optical and material sciences. The ul-
trafast response of non-equilibrium electronic and structural phases is expected to be
utilized in the development of next-generation optoelectronics capable of operating in
the terahertz (THz) regime, such as optical switching and memory devices.

As well as lightwave driving and photoexcited charges, coherently excited lattice
motion in time and space, here referred to as coherent phonons, plays an essential role
in the formation of non-equilibrium phenomena. The excitation of coherent Raman-
active optical phonons has been described by the following processes: impulsive stimu-
lated Raman scattering (ISRS) [58, 111] and displacive excitation of coherent phonons
(DECP)[65, 68], describing indirect phonon excitations under electronic off-resonant
and resonant conditions, respectively; ionic Raman scattering (IRS) [92] and sum-
frequency excitation (SFE) [95], describing direct excitation of phonons in the absence
of electrons. Due to the presence of electron-phonon interactions and significant lattice
deformations, coherent phonons strongly modulate the electronic and optical proper-
ties of solids in a time-periodic manner, inducing temporal optical response and lat-
tice symmetry changes that can alter electronic or magnetic orders on sub-picosecond
time scales.[114, 188, 53, 119, 189, 126] Therefore, it is essential to further explore the

mechanics of phonon-driven non-equilibrium properties of matter for a fundamental
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understanding as well as applications.

Two-dimensional layered transition-metal dichalcogenides (TMDs) are attractive
systems for the exploration of unique non-equilibrium physics due to the enhancement of
electron-hole and electron-phonon interactions in each atomic layer. To date, ultrafast
studies of TMDs have revealed valley-selective excitations [24, 36, 190], strongly binding
excitons [26], exciton-Mott transitions into electron-hole (e-h) plasmas [47], and sat-
urable absorption effects [191, 192] depending on the photoexcitation conditions. Fur-
thermore, characteristic van-der-Waals (vdW) lattice structures give rise to the presence
of long-lived coherent phonons [193, 138], exciton-phonon interactions[194, 195], THz
emission[196], light-induced charge-density-wave order [197, 198, 199], and lattice sym-
metry switching of topological properties via an interlayer shear displacement.[53, 54]
Although remarkable light-induced phenomena have been demonstrated in TMDs, the
interplay between electrons and the lattice remains elusive. This is because, in gen-
eral, coherent quasiparticle states based on many-body interactions build up within
sub-picosecond time scales .[180, 181] These extremely short time scales make it dif-
ficult to investigate in detail. Nevertheless, gaining insight into the non-equilibrium
dynamics of electrons and coherent phonons is of great importance for exploring novel
functionalities of TMDs and further understanding ultrafast quasiparticle physics.

In this paper, we investigate the ultrafast quasiparticle dynamics of electrons and
phonons in a layered TMD semiconductor 2H — MoTe, with sub-picosecond time res-
olutions. Using transient reflectivity change measurements under resonant conditions,
we capture an extremely long-lived coherent phonon and the associated optical re-
sponse just after photoexcitation (< 2 ps), a period dominated by photoexcited e—h
plasmas and multiple phonon frequency generation. The study of the photon-energy
dependence clarified that the initial optical response can be well described in terms
of resonant energy shifts or modulations driven by electron—hole and electron—phonon

couplings.
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6.2 Experimental Methods
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Figure 6.1: (a) Lattice structure of a 2H — MoTey crystal. (b) Schematic of the band
structure of the bulk 2H — MoTes with indirect (from K to @ valleys) and direct band gaps
(A-gap and B-gap) at the K valley. The lower panels show schematic pictures of electron
energy modulations in the presence of e~h plasma (c¢) and coherent phonon (d) generated by
ultrashort pulsed light. The CB and VB denote conduction and valence bands, respectively.
The AEpgR represents band-gap renormalization (BGR) effects. Q(t) is an atomic displace-
ment by a coherent phonon. AFEpp represents an electronic band energy modulation via a
deformation-potential (DP) electron-phonon interaction proportional to Q(t).

2H — MoTe, has a hexagonal structure that is stacked along the c-axis via VAW inter-
actions [Fig. 6.1(a)], with an indirect band-gap (=~ 0.9 eV) and two direct transitions:
the A-gap (=~ 1.0 eV) and the B-gap (= 1.4 eV) at the K point [Fig. 6.1(b)].[200] A
2H — MoTe; bulk single crystal, commercially available from 2D semiconductors, was

prepared by a flux zone technique with the c—axis of the crystal corresponding to the
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sample normal. (See further sample characterizations by Raman and spectroscopic el-
lipsometry measurements in Supplementary section 6.11.) The thickness of the bulk
crystal was about 100 ym. The optical penetration depth at 830 nm was estimated to
be around 50 nm from the complex dielectric function calculated by density-functional
theory (DFT) simulations. (See also Supplementary section 6.11.) Reflection-type op-
tical pump-probe measurements were conducted using a near-infrared Ti:Sapphire light
source with a repetition rate of 80 MHz under ambient conditions. A central wavelength
of 830 nm (1.49 eV) was used for high-time resolution measurements with a pulse dura-
tion of ~ 30 fs. Photon-energy dependence measurements were conducted using tunable
central wavelengths from 820 nm (1.51 eV) to 880 nm (1.41 eV) with a pulse duration
of ~ 60 fs. The photon energy used in this study is nearly resonant with the B-gap
(1.40 eV) of 2H — MoTe, . The s—polarized pump and the p—polarized probe beams
with the degenerate wavelength were co—focused onto the sample to a spot radius of ~
16 pm with incident angles of about 5° and 15° from the sample normal, respectively.
The delay time t between the pump and probe pulses was scanned up to 30 ps by an
oscillating retroreflector operated at 9.5 Hz. (See further information for pump-probe
set-up in Chapter 2.)

The incident pump fluence F used was in the range of several hundreds of pJ/cm?,

-3

corresponding to an estimated absorption density ne, ~ 10 cm ™3, a value far above the

general Mott density nyor S 1018 em™3.[201, 202, 203] (See also Supplementary section
6.11.) Therefore, an optical excitation nearly resonant with the B-gap introduced a
photoexcited e-h plasma in the conduction bands at the K-point, which is off-resonant
with the A-gap. The upper limit of fluence (F' = 855 uJ/ ch) was set to prevent

surface damage or tellurium segregation in the 2H — MoTe, sample under the use of a

high-repetition 80-MHz light source.[134]
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6.3 Photoexcited Electronic and Optical Properties

in a Semiconductor

In a semiconductor, two physical processes, e—h plasmas and coherent phonons, can
contribute to changes in electronic and optical properties, such as the band structures
and transient optical response. The optical response is the change in the intensity ()
of reflection or transmission probe light from media for each pump-probe delay time
t, corresponding to the time variation of the optical susceptibility x(¢): i.e., Al/Iy ~
Ax/xo, where Iy and xqo are the I(t) and x(t) before photoexcitation, respectively;
Al = I(t) — Iy and Ax = x(t) — xo- In the present study, we observed the optical
response induced by photoexcited electrons and coherent phonons through transient
reflectivity changes AR/R (= Al/I).

When e-h plasmas are generated by a pump pulse above the Mott density, band-
gap renormalization (BGR) by the screening of Coulomb interactions leads to shrinkage
of the band gap (AEggr) between the valence and conduction bands, and state filling
effects contribute to Pauli blocking or optical bleaching under dense electronic excitation
conditions [Fig. 6.1(c)].[202, 47, 204] These effects give rise to significant changes in
the optical response with a resonant photo-energy probe pulse.

When coherent phonons are generated by a pump pulse, the energies of Bloch elec-
trons are temporally modulated via electron-phonon interactions, such as the deformation-
potential (DP) or Frohlich interactions. In general, the resonant energy modulations
via the DP interaction (AEpp) proportional to the coherent atomic displacement Q(t)
induce a temporal change in optical properties [Fig. 6.1(d)].[205, 206, 76, 207, 208]
The optical susceptibility modulation induced by lattice vibrations is well known to be
described by the following expression[112], as also present in Chapter 3 :

X(w; Q) = xo(w) + % (SZ;)Q_O Q"(t), (3.47)
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where xo(w) is the optical susceptibility in the absence of interactions and 9"x/0Q"
denotes the n-th order Raman tensor associated with DP interactions. x(w; @) is domi-
nated by a time-domain oscillation proportional to Q(t), but can also show higher-order
oscillations when the coefficients of 9" x/0Q™ have large values. It should be noted that
we cannot observe the coherent phonon directly because our laser photon energy is

hw ~ 1.5 eV, far from the phonon energy range of only several tens to hundreds meV.

6.4 Time-Domain Reflectivity Change
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Figure 6.2: (a) Schematic of the reflective-type pump-probe setup for bulk 2H — MoTes . (b)
A AR/R signal in 2H — MoTey for an incident fluence of F' = 513 pJ/cm?. The dashed line
represents the electronic response. (c) Coherent phonon signal (AR, /R) after subtracting
the electronic response. (d) The FT spectrum of the coherent phonon signal. A peak in the
spectrum is assigned to the A, mode.

We carried out reflection-type pump-probe spectroscopy for a 2H — MoTe, bulk crys-
tal [Figure.6.2(a)]. The observed time-domain transient reflectivity change AR/R in
Fig. 6.2(b) shows a transient response of the photoexcited e—h plasmas and a coherent
phonon oscillation. After the subtraction of the electronic response and nonlinear arti-
facts using a biexponential decaying function, the coherent phonon oscillation AR, /R
part was extracted, as shown in Fig. 6.2(c). A clear coherent oscillation emerges at

the arrival of the pump pulse and persists for longer than 25 ps, accompanying the
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narrow bandwidth of the A;, mode (v4 ~ 5.15 THz) as shown in the Fourier transform
(FT) spectrum of Fig. 6.2(d). In the present study, DECP is the dominant generation
mechanism for the observed coherent phonon near time delay = 0.0 ps since the photon
energy used is always located above the B-gap (~ 1.40 €V).[65, 68] Under the presence
of photoexcited carriers, the electron—phonon interaction should play an essential role
in the decay of coherent phonons in addition to other phonon scattering mechanisms,
such as phonon-phonon, phonon-impurity, and phonon-defect scattering. [106, 107, 108]
Nevertheless, the observed long-lived A;, mode suggests that the contributions of the
related scattering terms are expected to be small, leading to an electron-lattice sys-
tem that undergoes nearly time-periodic conditions for early time delays: e.g., within
2 ps. The following sections discuss the time- and photon-energy-domain behavior of

the electronic response and coherent oscillations.

118



6.5 The Initial Time-Delay Optical Response
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Figure 6.3: (a) Fluence-dependent AR/ R signals before subtracting electronic response ob-
served for 830 nm (1.49 eV) displayed around 0 ps. (b) Fluence and photon-energy dependence
of the initial AR/R signals. (c) The static reflectance spectrum R around the B-gap (1.4 eV)
and the simulated reflectance spectrum upon photoexcitation around the B-gap, taking into
account the spectrum redshift AFggr. The reflectance is based on the complex refractive
index experimentally obtained by the previous study.[209] (d) Comparison between the initial
AR/R at 300 pJ/cm? and differential curves of the simulated reflectance produced by the
energy redshift of AEggr = —10 meV to — 50 meV, focused onto the blue-shaded area of

(c)-

Figure. 6.3(a) shows the AR/R signals observed for early time delays from —0.2 to
0.4 ps for different excitation fluences before subtracting the electronic response. The
AR/R around the delay = 0.0 ps is dominated by the photoexcited electron system,
exhibiting inversion from positive to negative values with increasing excitation den-

sity. To gain insights into the flipping phenomena, we investigated the fluence and the
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photon-energy dependence of the initial AR/R signals as displayed in Fig. 6.3(b). (See
detailed information for the photon-energy dependent measurement in Supplementary
section 6.11.) The result shows a monotonic increase in the range from 1.41 to 1.51
eV in a manner similar to the previous study.[210] In addition, the AR/R spectra over
the entire photon energy range decrease with increasing pump fluence, resulting in the
AR/ R signal flipping from positive to negative values between 830 nm (1.49 eV) to 850
nm (1.46 eV).

The observed optical bleaching of the reflectivity change in Fig. 6.3(b) results
from state-filling effects in the presence of the e-h plasma as expected for semicon-
ductors with a photoexcitation density in excess of the Mott density.[211] Similar
bleaching features have been observed in other materials around the resonant photon
energy.[47, 212] It should be noted that the observed optical bleaching is irrelevant to a
possible light-induced 2H-to-1T” structural phase transition [49, 50, 51, 52], because the
coherent phonon spectra in 2H — MoTe, show no drastic changes with pump fluence.
Therefore, the lattice symmetry of 2H — MoTe, remains unchanged for photoexcitation
< 900 pJ/cm? in our measurements.[114, 213, 134]

Furthermore, we found that the observed photon-energy dependence of the AR/R
spectra at low pump fluence can be well simulated by assuming band-gap renormaliza-
tion (BGR) in the presence of an e—h plasma. The e~h plasma reduces the single-particle
energy via the screening of the Coulomb interaction, resulting in a band-gap shrinkage
AFEpgr to the same extent as the intrinsic exciton binding energy FEj.[214, 202, 47]
For bulk 2H — MoTe, , AEggr is assumed to be in the range of several tens of meV
since Fj, was estimated to be ~ 70 meV based upon a GW first principle calcula-
tion .[215] To evaluate the BGR effect, we simulated the normalized curves AR/R =
(Ragt — Ruef) / Ryet, Where Ry is the static reflectance derived from experimental optical
constants taken from the previous report by Li, et al. [209] (See also Supplementary sec-
tion 6.11) and R, is the photoexcited reflectance calculated by introducing the A Eggr
to Rper, as shown in Fig. 6.3(c). Fig. 6.3(d) shows that a normalized experimental
AR/ R spectrum taken using an incident fluence of 300 ;J/cm? is well reproduced by a
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series of normalized simulated AR/R spectra when the fact that AEggr = —10 meV
to —50 meV are taken into account. The discrepancies between the data and the sim-
ulations around 1.48 eV may result from a negative offset induced by optical bleaching
effects in the experimental data. Since the value of AFEggr is the same order of mag-
nitude as Ej, the photon-energy dependence of AR/R in our study can be explained
by the BGR effect in the presence of an e—h plasma, as well as the state filling effect
discussed above. To exactly simulate the AR/R spectra and understand the contribu-
tion of the BGR and state-filling effect at high excitation densities, it is necessary to
perform first-principle calculations, including many-body effects, which are out of scope

in the present study.
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6.6 A Time-frequency-Domain Analysis

—Experiment Envelope 7
x2.0 |
0 1 2 '"15 16 17 18 19 20
(b) High
N
T
-l
>
(@]
[
(0]
>
(o
o
Lo
T T = T Low
15 16 17 18 19 20
Delay (ps)
(c) (d)
0.2 A —
ko) — 1.0ps
E ﬁ 19 — 15ps
g £
- é Atg+ Eog®
L ~= 0.1 ST S
= Q *
2 :
2 n
= 7
_100 ! Iél L 11101 ! 15 00 3 4 5 6 7 8
Frequency (THz) Frequency (THz)

Figure 6.4: (a) ARp,/R on F = 627 puJ/cm? and an amplitude envelope function. The
left and right parts show the early (0 ~ 2.5 ps) and the later (15 ~ 20 ps) time regions,
respectively. (b) STFT spectrogram of ARp,/R displayed in (a). (c) Sliced STFT spectra
obtained at 1.0 and 15 ps. The upper ticks represent overtones of the A1, mode. The star-

shaped markers remark satellite peaks around the A, mode, A, £ Eg? modes. The inset
shows the interlayer shear motion of the Eg) mode. (d) Horizontally enlarged sliced STFT
spectra at 1.0 and 15.0 ps around 5 THz normalized by the peak intensity of the A;, mode.
The Ay £ Eg? modes only present in the early time delay.
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We discuss the time-frequency dynamics of the coherent phonon signal AR,,/R on
2H — MoTe;y to figure out transient coherent electron—phonon interactions for early
time delays just after photoexcitation in the presence of the e—h plasma. Figure. 6.4(a)
displays AR,/ R for early (< 2.5 ps) and later time delays. Although the time-domain
signal is mainly dominated by the simple damped harmonic oscillation of the A;;, mode,
a beating oscillation can be seen for early time delays. This amplitude beating implies
the existence of other phonon modes.

We employed a short-time Fourier transform (STFT) analysis for the AR,/ R signal,
as shown in Fig. 6.4(b). (For detailed information on the STFT method, see Chapter 2)
The time-frequency-domain spectrogram shows that additional frequencies transiently
appear evenly spaced for early time delays, while only the A;, mode can be seen for
later time delays. Fig. 6.4(c) shows the two STFT spectra sliced from 1.0 ps and 15
ps, respectively. In the STFT spectrum for a 1.0-ps time delay, overtones of the Ay,
mode up to the 3rd-order: 24;, (2v4 =~ 10.3 THz) and 3A;, (3v4 =~ 15.4 THz) modes
are visible. In addition, we found a zone-center interlayer shear Eg) mode around
vg = 0.8+ 0.2 (THz) in the low frequency region.[216, 149, 161] Furthermore, there
are two satellite peaks besides the A;, mode (5.15 THz) at ~ 4.3 THz and 6.0 THz,
as shown in Fig 6.4(d). The frequency interval between the A;, mode and the satellite
peaks is &~ 0.8 THz, which is in good agreement with vg. The formation of sideband
peaks indicates that the Eg) phonon leads to an amplitude modulation of the reflectivity
oscillation of the v4 frequency: i.e., cosvgt - cosvat o cos(va + vg)t + cos(va — vg)t.
Therefore, the observed satellite peaks around the A;, mode are considered to be the
sum and difference frequencies of the A, and Eg) phonon modes: A, + Eéz).

The following processes have conventionally dictated the couplings of the optical
phonon frequencies: anharmonic nonlinear phonon coupling under large phonon dis-
placement [172, 217, 218, 219], higher-order resonant Raman processes [220, 221, 222,
223] or refractive index modulation induced by coherent phonons [224, 169, 225] under
the harmonic approximation with a small phonon displacement. In the present study,

considering the observed multiple phonon frequencies appear even for the smallest pump
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fluence (57 pJ/cm?) with small oscillatory amplitude, the contribution of anharmonic
phonon-phonon coupling can be ruled out. Therefore, there is expected to be no direct
phonon-phonon coupling between the A;, and Eéz) modes. Since we observe the optical
response via electronic energy band modulations under near-resonant conditions, the
observed multiple phonon frequencies are likely to be explained by the optical-phonon-
induced refractive index modulations or higher-order Raman process in the presence of
electron-phonon couplings. Here, the out-of-plane A;; mode, which dominantly con-
tributes to the time-domain oscillation, is a non-polar phonon. [226] In addition, the
Eg) mode is also considered to be a non-polar phonon since the motion of the interlayer
shear lattice vibration does not induce a charge separation or a macroscopic electric

field. Therefore, the contribution of Frohlich interactions can be ruled out, and only

the DP interactions are considered here.
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6.7 Dephasing Dynamics among Photoexcited Elec-
trons, A Fundamental Phonon, and Multiple
Phonon Modes
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Figure 6.5: (a) Normalized hot-electron thermalization dynamics Ny (t) obtained from the
largest-bandwidth AR/R measurement (F = 627 pJ/cm?) and from a fitting analysis using
a single exponential decay. (b) Normalized amplitude dephasing dynamics of the A;, mode
F(t) obtained from a fitting analysis using a damped oscillation. (¢) Normalized amplitude
dephasing dynamics of the Eé? mode Fg(t) obtained from the STFT amplitude around 0.8
THz and from a fitting analysis using a single exponential decay. (d) Comparison of the
dephasing dynamics of the 241, mode with N (t) and F4(t). The exponential decaying
constant of 2A4;, mode indicates 794 = 3.20 £ 0.11 ps. (e) Comparison of the dephasing
dynamics of Ay Eg) modes with Ng(t), Fa(t), and Fg(t). The exponential decaying

constant of Ay, £ Eg? modes indicate T44+p = 0.87 & 0.04 ps.

Here, we discuss the relationship of dephasing dynamics among the e-h plasmas, A;g,
241, and A, + Eg) modes. We extracted the electronic thermalization dynamics

Na(t), the amplitude-decay dynamics of the Ay, mode F4(t) and the Eéz) mode Fg(t)
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from the time-domain data, as shown in Figure 6.5(a)-(c). The Ny(t), Fa(t), and
Fr(t) were obtained using a fitting function consisting of a single exponential decay
from the largest-bandwidth AR/R measurement, from the AR, /R signal, and from
the peak-area intensity around 0.8 THz in the STFT spectrogram, respectively. The
decay time constants of Nu(t), Fa(t) and Fg(t) can be estimated from the fit to be
Ta = 3.81 £ 0.01 ps, 74 = 9.86 + 0.07 ps and 75 = 1.16 + 0.10 ps, respectively, where
T < Ta < Ta is satisfied. Since the value of 74 obtained from N (¢) is of the same
order as earlier reports [137, 227, 228], the non-equilibrium population distribution
of photoexcited electrons (e-h plasma) is expected to be thermalized by incoherent
electron—phonon scattering toward the conduction-band minima at the K point, and
toward the Q valleys. The oscillation cycles of the phonon driving during the dephasing
time constants are estimated to be v474 = 50.4 &+ 0.8 for the A, mode and vgTE =
0.92 £ 0.23 for the Eg) mode. In light of the vs74 > vg7E, the Ay mode is the main
time-periodic driving force in the present electron-phonon coupled system.

First, we compare dephasing dynamics of the 24;, mode with Ny (t) and Fa(t), as
shown in Fig. 6.5(d). The dephasing time constant of the 24;, mode is estimated to
be 4 = 3.20 £ 0.11 ps that is close to 7 rather than 74. This indicates that the
dephasing of the 24, mode is dominated by electronic thermalization Ny (t). Second,
we compare the Ay, £ Eéz) modes with Ng(t), Fa(t), and Fg(t), as shown in Fig.
6.5(e). Both Ay, £ Eg) modes show the same relaxation dynamics, whose dephasing
time constant is estimated to be 741p = 0.87 & 0.04 ps, which is in good agreement
with 7_g ~ 0.89 ps derived from the relationship of the combined scattering rate
7'y = 75" + 75", This result indicates that the dephasing of the A;, + Eg) modes
is dominated by electronic thermalization N (¢) and the dephasing of the Eg) mode,
FE(t), suggesting the existence of the coupling between the photoexcited carriers and
the Eéz) mode. Interestingly, when the amplitude reaches the maximum value, the rise
time of both the 24, and A, £ Eéz) modes, coincides with that of F4(t). This is
strong evidence that the long-lifetime A;, mode plays a pivotal role in producing the

multiple phonon frequencies. It is noted that the A;;, mode is unlikely to contribute to
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the dephasing of the multiple phonon frequencies since the A;, mode does not lose its

coherence during the early time delay.

6.8 Multiple Phonon Frequencies Depending on Pho-

ton Energy
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Figure 6.6: (a) Photon-energy-dependence ARy}, /R signals for hw = 1.42,1.46, and 1.51 eV.
(b) Sliced STFT spectra at 1.0 ps of coherent phonon signals measured at various photon

energies, 1.42, 1.46, and 1.51 eV. The star-shaped markers represent the A, + Eé? modes.

To further understand the optical properties of the higher-order frequency modes, we
investigated the photon-energy dependence of the time-domain coherent oscillation
AR, /R from 1.41 to 1.51 eV. Note that we do not argue the 3A4;, mode here since
we cannot observe the 34;, mode in photon-energy dependent measurements because
of the broader pulse duration (~ 60 fs), compared to the measurement shown in Fig.
6.4 using a shorter pulse duration (~ 30 fs). Figure. 6.6(a) shows the sliced STFT
spectra of AR,/ R for early time delays (1.0 ps) with various photon energies. These
spectra show significant changes in the oscillatory amplitudes 24, , and A;,+ E5;, modes
depending on photon energy. i.e., those higher-order frequency modes were enhanced
near the B-gap resonance (1.4 eV) but decreased under off-resonance conditions (1.5

eV).
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Figs. 6.7(a) and (b) show the normalized peak intensities of the fundamental A;,
mode and the higher-order frequency modes (24;, and A, £ Eg)) extracted from the
STFT spectra at 1.0 ps for photon energies ranging from 1.41 to 1.51 eV, respectively.
The intensity reduction of the fundamental A;, mode around 1.4 eV is considered to
be a characteristic behavior of optically detected coherent phonon under resonance
conditions[73, 207] The higher-order 2A4;, and A;, £ Eéz) modes indicate a significant
enhancement in intensity near the B-gap (1.4 eV) resonance, as shown in Fig 6.7(b). No-
tably, the intensity reduction of the higher-order frequency modes was more significant
than that of the A;; mode when the photon energy was varied toward off-resonance.
Therefore, the observation of the higher-order frequency modes is strongly triggered

under optical resonance conditions.
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Figure 6.7: Photon-energy dependence on the normalized peak intensity of the A1, mode (a)
and the multiple phonon frequencies (b), respectively. The thick lines in (a) and (b) represent
the fit based on D(w)~! for the A;, mode, and D(w)~2 for the multiple phonon frequencies.

6.9 Probe Intensity Modulations Induced by A Phonon-

Driven Electronic State

The enhancement of higher-order phonon frequencies under near resonance conditions

has been seen in previous reports for both coherent phonon [224, 169] and Raman
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measurements [221, 223|, where the generation mechanism is explained by a second-
order Raman process or optical-phonon-induced refractive index modulation via the DP
interactions. To further explain the observed photon-energy dependence, we introduce
a simple two-level model of the valence and conduction bands at the K-point in the
presence of electron-phonon coupling. Here, we assume the coherent-phonon coupled
time-periodic Hamiltonian H(t) = Hy+ Hg(t), where Hj is a two-level electron system:
i.c., valence and conduction bands, Hq(t) = —hQ(t) is electron-phonon coupling term
under a coherent phonon driving force, h is associated with the diagonal DP electron-
phonon coupling matrix, Q(f) = Qocos (Quut + ¢) is a phonon displacement, Qg is
a phonon amplitude, Q,,(= 27/T) is a phonon frequency, and ¢ is an oscillatory
phase.[112, 128, 229] In this case, we, in particular, consider the phonon amplitude
of the Ajy mode: ie., Q,, = 27vy4,,. Under a weak resonance optical probe pulse,
the complex optical susceptibility without a phonon driving force Q(¢) = 0 is given by
the well-known formalism: the complex optical susceptibility can be represented by the

following expression|[230]:

[Py 1 PP
Xol@) = = T F T (_ eoD(w)) (6.1)

, where |P.,| is the interband dipole moment, ¢, is the vacuum permittivity, D(w) =
h(w—wey )+il, his Dirac’s constant, hw is the photon energy, fiw., is the resonant energy,
and I' is the electronic linewidth. In the presence of coherent lattice vibration, the inter-
band resonant energy can be modulated by the deformation-potential electron-phonon
interaction A Epp proportional to the atomic displacement Q(t): AFEpp = —hoQ(t) and
hwey (1) = hwe, — AEpp, where hg is associated with diagonal deformation-potential
electron-phonon coupling matrix. Therefore, a coherent-phonon coupled optical sus-

ceptibility x(w; Q(t)) can be represented by semi-classical treatment as follows .

PP 1 PP 1

M Q) = R o @) T~ e hw — [wor — Aopp(D]) T

(6.2)
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where Awpp = AFEpp(t)/h.Since an amplitude of phonon-induced electronic energy
modulation hoQy (typically < 10 meV with a sub-picometer atomic displacement of
Qo induced by sub-mJ/cm? photoexcitation [122, 207, 208, 231]) is assumed to be
sufficiently smaller than electronic linewidth I' (2" ~ 100 meV for 2H — MoTe, [200]),
|M(w — wey) + 10| > hoQp is satisfied under the resonant conditions, w ~ w.,. Based on

the relationship, the higher-order expansion by Q(t) is valid for the y(w; Q(t)).

(1) ~ x0(w) (1+[h w0+ |w hOQ(t)+irr+---> ©3)

(W — Wey) + il W — Wey)

The final expression of time-varying optical susceptibility x(w,t) is obtained by rear-

ranging the Eq. (6.3) formula:

hoQo
W — Wey) + i

I

X(@, ) ~ xo(w) Y &(w) cos IQput, &(w) = [h( } +0 ((hoQo)™*) . (6.4)
1(>0)

Since the hoQq is small, the higher-order term O ((hOQO)HQ) can be neglected. The

probe intensity change AT/l is assumed to be as follows.

AL Ax _ x(@,t) = xo(w) (6.5)

Iy X0 Xo(w)

Finally, Using Egs.(6.1), (6.4) and (6.5), the probe intensity change by a coherent

phonon under resonant conditions is represented as follows.

hoQo
D(w)

AI(Q}, t) ~ |:h0Q0

2
20) . ‘
T D) } cos 2Qpnt + -+ -, (6.6)

} cos dnt + [

where D(w) = h(w — wey) + I and the case of ¢ = 0 is considered for simplicity.
It should be note that the expansion to higher-order modulations is carried out in a
similar way as Eq. (3.47).

According to Eq. (6.6), the amplitude of first-order oscillation is proportional to

D(w)™!, and that of second-order oscillation is proportional to D(w)~2. Therefore, the
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D(w)™! and D(w)~? are relevant to first- and second-order Raman processes, respec-
tively. The fits based on D(w)~! and D(w)~? reasonably reproduce the photon-energy
dependence of the amplitude of the A, mode and multiple phonon modes by assuming

the B-gap resonance energy hw., = 1.40 eV, as shown in Fig. 6.7. Here, the abso-

1 -2

lute values of the real part of D(w)™' and imaginary part of D(w)™* were used as fit
functions to simulate the energy dependence having an anti-resonance dip around 1.40
eV. The value of the fit parameter 2I' = 106.4 meV matches well with the order
of the previously reported FWHM of the electronic linewidth at the B-gap. [200] Ac-
cording to the discussions above, the observation of multiple phonon frequencies results
from the specific enhancement of the higher-order Raman process under resonant con-
ditions derived from a two-level time-periodic electronic system modulated by coherent
phonons.

It is worth noting that our result can also be associated with a Floquet-phonon
description.[232] Floquet state is a non-equilibrium steady state driven by temporal
bosonic fields with a frequency €2, such as photons and phonons, forming dressed states
around the original energy level by integer multiples of 2. [182, 183, 233, 229] When
a resonant optical probe is used, optical radiations from the dressed states give rise to
higher-order frequencies of driving fields in time-domain optical responses or Raman
scattering spectra. [233, 229, 223] This interpretation is also applicable to the present
study because we argue the generation of the higher-order phonon frequencies in the
presence of a time-periodic electron-phonon coupling system under optical-phonon fields
with long coherence times: i.e., H(t) = Hy+ Hq(t) = H(t+T). Therefore, 2H — MoTe,
or related TMD materials are expected to be ideal systems to study non-equilibrium
Floquet dynamics and time-crystal-like electronic phases driven by coherent phonon
fields. Further investigations using time-resolved angle-resolved photoemission spec-
troscopy, scanning tunneling microscopy with high-time resolutions, and advanced the-

oretical studies are expected to clarify ultrafast momentum and localized dynamics of

non-equilibrium phonon-driven phenomena in the future.[234, 235, 236, 237, 231]
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6.10 Conclusion

In conclusion, we have experimentally investigated time-domain optical response in the
presence of non-equilibrium quasiparticle states of an e-h plasma and coherent phonons
in a layered semiconductor 2H — MoTe, using reflective pump-probe spectroscopy un-
der near-resonant photoexcitation conditions. The time-resolved reflectivity change
signal (AR/R) simultaneously captured the transient generation of electron—hole and
electron—phonon interactions for early time delays. The photon-energy dependence of
the initial-time response of AR/R and its bleaching with the increase of pump fluence
is attributed to the BGR and state-filling effects by photoexcited e-h plasmas. In ad-
dition to a long-lived coherent A, optical phonon, the emergent multiple frequencies
of the optical phonons: overtones, sum and difference frequencies between the A;, and

E?

29) modes are found to emerge within sub-picosecond time scales by a time-frequency-

domain analysis. Photon-energy dependence measurements demonstrated that mul-
tiple phonon frequencies are strongly enhanced when the resonant photon energy is
used. The enhancement of the multiple phonon frequencies under resonance conditions
can be dictated by the higher-order optical response as a result of resonance energy
modulations between the valence and conduction bands induced by the DP electron—
phonon interaction in the presence of the coherent A;; mode. Our findings pave the way
for a comprehensive description of coherent optical response driven by a photoexcited
electron-phonon system and provide access to the ultrafast switching of electronic band
structures dressed by a long-lived periodic lattice vibration or the device applications

for atomically thin ultrafast electro-phononic modulators.
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6.11 Supplementary
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Figure 6.8: A dataset of wavelength- and fluence-dependence measurements that are used
for Figs. 6.3 and 6.7. The AR/R data in the wavelength range from 820 nm to 880 nm and
in the fluence range from 300 pJ/cm? to 800 pJ/cm? are displayed.

Transient Reflectivity Measurement Depending on Photon Energy: The cen-
tral wavelength (photon energy) was varied by the sweeping of an iris in the laser cavity,
allowing for a wavelength-dependent measurement from 820 nm (1.52 eV) to 880 nm
(1.41 eV) to clarify the behavior of the initial AR/R signal of the sample (see Fig.
2.3 in Chapter. 2). It should be noted that, when applying the wavelength tunabil-
ity in our laser system, the performance of time-resolution and signal-to-noise ratio

decreases due to the pulse-width broadening (~ 60 fs). Figure.6.8 shows the AR/R
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data of the wavelength- and fluence-dependence measurements with band-pass filtering
of 300 Hz ~ 300 kHz. The dataset in the wavelength range from 820 nm to 880 nm
and in the fluence range from 300 uJ/cm? to 800 pJ/cm? was used for Figs 3 and 5
in the main text to discuss the physics underlying the initial optical responses around

zero-time delay and higher-order phonon frequencies.
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Figure 6.9: A series of AR/R data taken from 2H — MoTe; at 830 nm with band-pass
filtering using (a) the bandwidth of 300 Hz ~ 300 kHz and (b) no band-pass filtering (the
largest bandwidth).

The Effects of Band-Pass Filtering: In this study, we have usually used band-
pass filtering with the bandwidth of 300 Hz ~ 300 kHz in the electronic circuits to
detect and get oscillatory data of initial electronic response and the following coherent
phonon signal with high signal-to-noise ratio, as shown in Fig. 6.9(a). In the fast-scan
method we used, the optical path of the pump beam was modulated at ~ 10 Hz by
a delay shaker. The photocurrent signal obtained from the sample was amplified by
a current-to-voltage preamplifier and then integrated into a digital oscilloscope. The
use of a bandpass filter in the preamplifier eliminates the 10-Hz contributions and the
corresponding higher-order harmonic terms induced by the shaker. Without the use

of a bandpass filter in the preamplifier, the magnitude and relaxation time constant
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of the electronic response can indeed be accurately evaluated. However, this unfiltered
condition presents a strong disadvantage: a significant increase in the background noise,
leading to longer integration times (~ 20 minutes per time-domain data), which in turn
increases the risk of permanent sample damage during the measurement. For these
reasons, measurements performed without using a filter are not usually a practical way
to obtain the optical response. In contrast, under filtered conditions with the wide
bandwidth filter (e.g., 300 Hz 300 kHz) used in our study, we can acquire data with
a high signal-to-noise ratio using a shorter integration time (~ 3 minutes per time-
domain data). Furthermore, applying a wide-bandwidth band-pass filter is unlikely to
contribute to significant changes in the magnitude of the electronic response in the time-
domain data despite some variations. Therefore, the results presented in this paper are
uniformly discussed based on experiments with the above filter conditions ranging from
300 Hz to 300 kHz.

On the other hand, we measured time-domain data without a filter at specific wave-
lengths and fluences to accurately determine and compare the relaxation time constants
of electronic responses, as shown in Fig. 6.9(b).

As shown in Fig. 6.10, we have confirmed that the decaying time of electronic
(electron-hole plasma) population dynamics indicates almost constant (3 ~ 4 ps) in
the range of fluence (500 ~ 800 pJ/cm?) and the wavelength (830 nm and 870 nm),
that the order of the values (a few picoseconds) are almost consistent with previous
reports.[137] This fact shows that the decay time of electronic population dynamics
may not be drastically changed by the pump fluence we used and the wavelength in the

range from 830 nm to 870 nm.
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Figure 6.10: Fluence-dependence decay constant of electronic dynamics extracted from
AR/R of the wavelength 830 nm and 870 nm.

It should be noted that we present three different types of datasets here: (1) high
time-resolution measurement (pulse duration ~ 30 fs, wavelength ~ 830 nm fixed,
band-pass filtered) for the investigation of multiple-phonon generation up to higher or-
der, as shown in Fig. 6.9(a); (2) wavelength-dependence measurement (pulse duration
~ 60 fs, wavelength 820 ~ 830 nm variable, band-pass filtered) for the comprehensive
investigation of the initial AR/R signals in the early time delays, as shown in Fig.
6.8; (3) unfiltered measurement (pulse duration ~ 30 fs, wavelength ~ 830 nm fixed,
unfiltered) for the estimation of relaxation constant of electronic response, as shown in
Fig. 6.9(b). In every dataset, the reversal of positive and negative values in early-time
AR/ R signals has been consistently observed. However, one can see that the transition
points between positive and negative values differ slightly between datasets. This is
because the transition point in our measurements is sensitive to various experimental
factors, including the sample’s condition and laser parameters: wavelength, bandwidth,
and focusing condition. Since each dataset was acquired on different days, the varia-
tions of experimental parameters likely contribute to the observed variations in the
transition point. To eliminate those variations depending on experiments, we evaluate
the behavior of initial optical responses only based on the dataset (2), as displayed in

Fig. 6.8, in the main text Figs. 6.3 and 6.7.
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Figure 6.11: Raman spectrum of 2H — MoTes bulk crystal.

Sample Characterization by Raman Spectroscopy: To characterize the sam-
ple, we carried out the Raman measurement using a system (Renishaw InVia Re-
flex) with 532-nm continuous-wave (CW) laser excitation and with Eclipse notch fil-
ter, which enables the measurement up to extremely low Raman shift 10 cm™! re-
gion. The observed static phonon spectrum of our 2H — MoTe, sample is shown in
Fig. 6.11. We found the pronounced first-order Raman modes: Eéz) (27 em™! =
0.81 THz), Ay, (174 cm™' = 5.22 THz), and Ej) (234 em™' = 7.02 THz) except
for Fi, (120 em™! = 3.6 THz) mode.[148, 149, 238, 161, 137] We have also ob-
served small peaks of pronounced double resonance Raman modes arising from the
combination of M—point phonons: 141 cm™! (4.22 THz), 185 cm™! (5.55 THz) and
329 cm~! (9.87 THz) which are assigned as 2TA(M), Eg;)(M) — TA(M), and 2A4,,(M)
or Eéz)(M) + TA(M), respectively, in previous Raman studies.[238, 161] In the present
study based on the pump-probe method, the contribution of double resonance modes at
the M-point (direct gap of > 1.7 eV) can be safely excluded because the near-infrared

~ 1.5 eV pump pulse cannot excite electrons from the valence to the conduction bands

at the M-point.
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Optical Constants of 2H-MoTe; from Experiments and a Calculation In
the main text, we demonstrated the simulation of reflectivity changes AR/R using
an experimental reflectance R data based on previously reported optical constants of
2H — MoTe, by Li, et al. [209] to explain the observed inversion feature of reflectivity
changes AR/ R near-zero time delay around or above B-gap by introducing a band-gap
renormalization (BGR). We certified that the analysis based on the spectroscopic data
from a different 2H — MoTey sample is expected to be valid even in our 2H — MoTe,
sample according to an additional spectroscopic measurement for our sample and a
DFT simulation whose results were in good agreement with the previously reported

spectroscopic data.

Al |B| (A C
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Figure 6.12: Comparison of the experimentally obtained optical constants of 2H — MoTes
between the previously reported spectroscopic result by Li, et al. [209] (Exp.1) and our
spectroscopic result by ellipsometry measurement (Exp.2).

Spectroscopic Ellipsometry Measurements: we compare the experimentally ob-

tained complex refractive indices n = n + ik, where n is the refractive index and & is
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the optical extinction index, between those of Li, et al. [209] and our spectroscopic el-
lipsometry measurement. Our spectroscopic measurement was performed using a J. A.
Woollam M-2000U Ellipsometer with UV-to-NIR spectral range (A = 250 ~ 1000 nm or
photon energy E = 1.24 ~ 4.96 eV) and the probe light focused onto the 2H — MoTe,
sample with spot radius ~ 3 mm and angle of incident AOI = 45° . We assigned the
previously reported spectroscopic result by Li, et al. using an Ellipsometer with spec-
tral range (A = 300 ~ 2100 nm or photon energy F = 0.59 ~ 4.13 eV) and AOI = 70°
as Exp.1, and our result as Exp.2 for comparison displayed in Fig. 6.12. The previ-
ously reported spectroscopic data (Exp.1) clearly shows optical transition energies of
A- B-; A~ and C-gaps (F =~ 1.1, 1.4, 1.7 and 2.5 €V).[209, 200] Our spectroscopic data
(Exp.2) reasonably reproduces the spectral feature of the previously reported Exp.1,
that the B-, A’-, and C-gaps positions of Exp.2 are in good agreement with those of
Exp.1. Based on the comparison above, the optical properties of 2H — MoTe, samples
we used and Li, et al. used are considered to be almost the same, although the val-
ues of n and k are slightly different for each other. The smooth optical spectrum of
Exp.1 is preferred to calculate reflectance spectra and simulate AR/R upon photoex-
citation where the BGR-induced band-gap shrinkage was taken into account instead of

our spectroscopic data with poor signal-to-noise ratio around the B-gap.
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Figure 6.13: (a)The band structure of bulk 2H — MoTe; calculated by the DFT simulation.
(b) The experimental and calculated complex refractive indices.
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A Calculation by Density-Functional Theory (DFT): The electronic structure
of the bulk 2H — MoTe, (Fig. 6.13(a)) was generated using the plane-wave density-
functional theory program VASP 6.[239] Projector augmented waves were used as the
basis.[240] The generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) was used.[241] A value of 400 eV was used for the energy cutoff based on a
convergence study that yielded a tolerance of 1 meV in total energy. An 8 x 8 x 2
Monkhorst-Pack grid was used for Brillouin zone integration. Spin-orbit coupling was
enabled. The band dispersion plots were drawn using the pymatgen library .[242]

Fig. 6.13(b) shows the comparison among experimental (Exp.l and Exp.2) and
Calculated (Calc.) optical constants n and x. The n and & calculated by the DFT sim-
ulation also reasonably well reproduce the spectral feature of the experimental results,
while the optical transition energies of A- and B-gaps were overestimated to be 1.25 eV
and 1.47 eV, respectively, in the calculation. Nevertheless, the calculated spectroscopic

result is comparable with the experimental spectroscopic results.
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Figure 6.14: Comparison of the experimental [209] (Exp.1) and calculation (Calc.) re-
flectance R. (a) Comparison of the reflectance spectra between the experiment (Exp.1) and
the calculation (Calc.) in the spectral range from 0.5 eV to 3.0 eV. (b) The enlarged view
around B-gap (= 1.40 eV) of the experimental (Exp.1) reflectance spectrum. (c¢) The enlarged
view around B-gap (= 1.47 eV) of the calculated reflectance spectrum.
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Reflectance Spectra: the reflectance spectra around were compared around the B-
gap between the experimental spectroscopic data (Exp.1) and the DFT calculation

(Calc). Reflectance R was calculated using the following equation:

n—+ik—1
n+ix+1

2_ (n —1)? + K2
N (n+1)2 + k2

(6.7)

-1
A+l

by substituting complex refractive indices obtained by the experiment or calculation.
Fig. 6.14(a) shows the reflectance spectra obtained by Exp.1 and Calc. with a spectral
range from 0.5 eV to 3.0 eV. In the spectral region < 2.0 eV, the reflectance curves by
the experiment and the calculation show the same behavior. Fig. 6.14(b) and (c) present
the enlarged view of the experimental and calculated reflectance spectrum around the
B-gap (1.40 eV and 1.47 V). Both reflectance curves around the B-gap show the same
spectral appearance, enabling us to analyze the BGR effect embedded in our initial
AR/R spectrum. As mentioned in the previous section, it should be noted that the
B-gap energy obtained by the calculation is overestimated to the extent of &~ 0.07 eV

for the experimental result.
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Figure 6.15: Photon-energy dependence of absorbed density calculated by the incident laser
fluence (F = 57 and 300 pJ/cm?) and the reflectivity curve of 2H — MoTes.

Estimation of the Absorbed Density: The absorbed density n.. is generally

estimated using following equations:

Nexe(cm ™) & ——— . — (6.8)

, where hw (J) is the photon energy, R is reflectance at the photon energy given in
the following Fig. 6.14, F (J/cm?) is the incident laser fluence, and z, cm is the
penetration depth at the photon energy. Based on the equations above, we calculated
the 3D absorbed density in the range of 1.4 to 1.55 eV for the incident laser fluence

= 57 and 300 (uJ/cm?), as shown in Fig. 6.15. The calculation shows that the
absorbed density is almost constant in the photon-energy range used in our study. Its
orders of magnitude are > 10 cm™ being larger than the general Mott density of
< 10'® cm™3. This is because the reflection coefficients and penetration depths in the

range of 1.4 ~ 1.5 eV are almost identical around R ~ 0.5 and z, ~ 50 nm.
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Figure 6.16: (a) Experimental (F = 627 uJ/cm?) and simulated coherent phonon oscilla-
tions of the Ajy mode (v4 ~ 5.15 THz). (b) Comparison of the FT spectra from experiment
and simulation around 5 THz. (¢) Comparison of the FT spectra between the experiment and
simulation around 10 THz.
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Figure 6.17: A comparison of the STFT spectra between experimental and simulated data
for a 1.0 ps time delay.
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Examination of the Ripple-Structure Formation Effects in the Fourier Trans-
form and STFT Analyses: To examine the ripple artifacts due to the FT, we
compared the FT spectra between the experiment and a simulation of the A;, mode
(va = 5.15 THz), as shown in Fig. 6.16. The simulated oscillation Fig. 6.16(a) was
obtained fitting using a single damped oscillator. In the resulting FT spectra, the sum
and difference frequency modes (A, £ E; and 24, ) did not appear in the simulated
oscillation, while they were present in the F'T of the experimental results (Fig. 6.16(b)).
Furthermore, we also compared the SWFT spectra at 1 ps in the same way and found
the same results as those generated from the FT spectra (Fig. 6.17). These observations
underscore that the appearance of combination modes is not an artifact associated with

the Fourier transform process.
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Figure 6.18: (a) A comparison of the envelope of coherent phonon signal (the A1, mode) with
the decaying curves obtained by the STF'T analysis using window widths of w = 1.5 and 3.0 ps.
(b) A comparison of the decaying curves of the Eéz) mode obtained by the STFT analysis
using window widths of w = 0.8 and 1.5 ps.

Evaluation of Dephasing Dynamics of Time-Domain Oscillation in the STFT
spectrogram: We assume that the obtained reflectivity change signal is to be a
damped oscillation, AR(t)/R = yoe " where the yq is a constant, the v(= 1/7ge.) is

the decaying rate and time constant respectively, and the € is the oscillatory frequency,
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substituting into the Eq. (2.10) of the STFT analysis, as was described in Chapter. 2:

(t—7)2

[(W,T) X ’/ dt 67 o2 . yoei(9+i’Y)t . e—iwt

) v 2\12 2
t_<T_7Z(W79*Z"{)O' >:| +i(w—§2—i’y)o‘27+7<w791;17) o4

[o.¢] { 2
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= Yo |e ! - le : dt e 2
—0o0
e _(w—)? 1202 4
/0% . o~ ~~
N € Vo
_ (w—0)?
Iw,7) xe @7 . 7, (6.9)

The Eq. (6.9) indicates that the damped oscillatory signal shows the Gaussian shape
of the peak around the frequency €2 and that peak intensity decreases in the actual
decaying rate v in the STFT spectrogram, suggesting that the decaying rate obtained
from STFT analysis is independent on the window width o.

In the case of our oscillatory data, it is not simply the single-damped oscillatory
function but also includes the step-function-like contribution near zero-time delay. Al-
though the convolution effect of the step-function-like contribution in the STFT analysis
results in the small shift of the rise time of the maximum value near zero-time delay, it
is unlikely to affect the decaying time constant, as shown in the following discussion.

We practically compare the window-width dependence (w = 1.5 and 3.0 ps) of the
Ay decaying curve obtained by the STFT analysis with the envelope of A;, amplitude
obtained by the fitting, as shown in Fig. 6.9(a). Even when a broad window width
w = 3.0 ps that is two times larger than w = 1.5 ps was used, the decaying curves
of the STFT analysis fairly well reproduced the original amplitude envelope function
regardless of the window widths.

We also compare the decay dynamics for the short-lifetime Eéz)

different window-width (w = 0.8 and 1.5 ps), as shown in Fig. 6.9(b). Although

mode using two

the decay curve or the rise time of w = 1.5 ps slightly shifts toward later time delay
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compared to that of w = 0.8 ps, both the decay time constants are almost identical
each other, obtained by a single exponential fitting function ( f(t) = O(¢)- 6_%, where
the O(t) is a Heaviside step function, the ¢, is a rise time of the decaying curves, the
Taec 18 a decay time constant).

As discussed above, it is unlikely to drastically change the decaying time constant
even in the presence of the step-function-like part. Therefore, we can reasonably discuss
and compare the decay time constants for even the small amplitude modes, such as the

observed multiple phonon modes obtained from the STFT analysis.
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Chapter 7
Ultrafast Structural Dynamics of 2H — MoTe,

Under High-Density Excitation Conditions

In the previous chapter, the nature of the optical response due to the interaction be-
tween electrons and phonons under weak photoexcitation conditions was clarified. On
the other hand, to explore the possibility of the expected photo-induced structural
phase transition, it is necessary to investigate under stronger excitation conditions. As
described in Chapter 6, under photoexcitation conditions, not only structural changes
but also various effects of electronic excitation and nonlinear optical phenomena are
involved. Considering this, it is extremely important, both fundamentally and practi-
cally, to experimentally investigate how the excited electronic states affect structural
changes. In this chapter, we examined the impact of high-density photoexcitation on
the electronic states and crystal structure of MoTe; under various excitation levels at a
wavelength of 400 nm using ultrafast time-resolved electron diffraction and transient re-
flection measurements. We also verified whether a phase transition from semiconductor
to semimetal is possible under light excitation conditions below the damage threshold.

The descriptions in this chapter are based on the research found in T. Fukuda, et
al. J. Phys. Chem. 127, 13149-13156 (2023).[191]
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7.1 Motivation and Introduction

Two-dimensional transition-metal dichalcogenides (TMDs) manifest a diversity of elec-
tronic phases—including semiconducting, semimetal, superconducting, and topologi-
cally nontrivial states—determined by their chemical compositions, structural config-
urations, and stacking sequences, extending from monolayer formations to bulk or ar-
tificially engineered stacks.[22, 243, 141, 35, 167, 15] The pronounced confinement of
the Coulomb potential within each atomic layer remarkably enhances electron-hole and
electron-phonon interactions, potentially giving rise to exotic quantum many-body phe-
nomena, such as the emergence of strongly binding excitons, exciton complexes states,
and charge-density-wave states.[26, 244, 245] Furthermore, light-matter interactions in
TMDs facilitate valley-selective electronic excitation, high-harmonic generation, Mott
transitions from excitons to electron-hole plasmas, and structural phase transitions,
depending on the excitation levels.[24, 36, 246, 47, 28, 53] These unique fundamental
electronic and optical properties of TMDs, which exhibit significant degrees of freedom,
show promise for developing next-generation atomically thin electronic, spintronic, and
optoelectronic applications. [16] They also play a pivotal role in advancing funda-
mental quantum computing research. In ultrafast studies, the electron and structural
dynamics under intense photoexcitation conditions are particularly intriguing, offering
insights for potential applications in TMD-based saturable absorbers, nano-lasers, and
phase-change memories. [47, 247, 248, 249, 31|

MoTey, a representative TMD, displays remarkable electronic and structural prop-
erties under dense electronic excitation conditions. It has three structural polymorphs:
the 2H (semiconductor), 1T’ (semimetal), and Ty (type-II Weyl semimetal) phases.
[141, 35] The 2H and 1T’ phases are stable and metastable at room temperature,
respectively, while the Tq phase is a low-temperature (< 250 K) phase of the 1T".
Ultrafast transient spectroscopic measurements have illustrated the structural phase
transition between the 1T” and T4 phases, including the emergence of an intermediate

T* phase.[54, 138, 250] Moreover, theoretical calculations have predicted the 2H-to-
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1T’ phase transition, involving a transient metallic 2H* phase under several percent
of valence electrons excitation. [49, 50, 51, 52] Therefore, it is crucial to investigate
the structural dynamics of 2H — MoTe,; by the experiment, in the presence of photoex-
cited dense electron-hole plasma.[204] However, few experimental studies have been
demonstrated under intense electronic excitation conditions since photothermal and
heat-accumulation effects lead to permanent ablation and tellurium segregation to the
2H — MoTe; sample.[134] Thus, a comprehensive study of the light-induced structural
dynamics of MoTe,y, without sample damage, is needed. In this study, we investigate
the light-induced structural dynamics of 2H — MoTe, across various excitation levels,
employing an excitation wavelength of 400 nm through ultrafast time-resolved electron
diffraction and coherent phonon spectroscopy by transient reflectivity measurements.
Our findings indicate that both saturable absorption and damage induction manifest at
relatively low photoexcitation levels, complicating the phase transition process under

conditions of femtosecond and near-UV photoexcitation.
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7.2 Experimental Methods

Figure 7.1: (a) Micrograph of the ultrathin 2H — MoTes samples on a transmission electron
microscopy grid. (b) Enlarged views of positions 1 and 2 in (a). Time-resolved electron
diffraction measurements were performed at position 1. The red circle indicates the electron
beam diameter (100 pm).

The bulk 2H — MoTe, crystal employed in this study was sourced from HQ Graphene,
Netherlands. For ultrafast transient reflection measurements, a bulk sample was uti-
lized. Typically, samples with thickness below 100 nm are preferred for ultrafast time-
resolved electron diffraction measurements. In this case, the samples were sliced to a
thickness of 40 nm using an ultra-microtome (EM UC6, Leica Microsystems GmbH).
Sliced ultrathin samples were used for static transmission measurements and ultrafast
time-resolved electron diffraction measurements.

As shown in Fig. 7.1, the sample was mounted on a grid designed explicitly for
transmission electron microscopy (TEM). To ascertain the presence of nonlinear optical

effects in the ultrathin 2H — MoTe, sample, we conducted measurements of its static
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transmission at various photoexcitation levels, reaching up to 20 mJ/cm? in an ambient
air environment. Near-ultraviolet (near-UV) light, with a wavelength of 400 nm, was
precisely focused onto the 2H — MoTe; sample placed on the TEM grid, which had
a diameter of approximately ~ 63 pm. We quantified the relative intensities of the
incident and transmitted and reflected light from the sample using a power meter.
Ultrafast time-resolved electron diffraction measurements were conducted on an
ultrathin 2H — MoTe, film of 40 nm thickness, employing a pump wavelength of 400
nm in a vacuum environment. Detailed descriptions of the experimental assembly for
these measurements can be found in Fig. 2.10(b) (Chapter 2) or ref [251]. The pump-
beam diameter was set at 360 pym, and the fluence ranged between 2 ~ 16 mJ/cm?.
The probe electron pulse, with an approximate duration of 1 ps, was accelerated at a
voltage of 75 kV, and the diameter of the electron beam was maintained at 100 pm.
Ultrafast transient reflectivity measurements were carried out on a bulk 2H — MoTe,
sample, utilizing a pump wavelength of 400 nm and a probe wavelength of 800 nm,
under ambient conditions. Detailed information regarding the optical layout for these
measurements is provided in Chapter 2, Figs. 2.7 and 2.8. The 400 nm pump pulse was
efficiently generated via SHG from a S-BBO crystal under phase-matching conditions.
The spot diameter of the pump and probe light is estimated to be ~ 20 pm. The sample
used in the reflection measurement was a bulk 2H — MoTe, sample with a thickness of

~ 100 pm.
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7.3 Static Transmission Under High-Density Exci-

tations
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Figure 7.2: (a) Schematic configuration of static transmission and reflection measurement.
(b) Static transmission and reflection of an ultrathin 2H — MoTey sample. Saturable absorp-
tion occurs at an incident fluence of F = 4 mJ/cm?, as indicated by the red arrow. The
sample was ablated above an incident fluence of F' = 15 mJ/cm?.

2H — MoTey possesses an indirect band gap of ~ 0.9 eV and two direct band gaps
of ~ 1.0 eV (A-gap) and ~ 1.4 ¢V (B-gap) at the K valley.[200] The 400 nm (3.1
eV) excitation photons can excite electrons across almost all momenta in the band
structure.[252] Initially, the static transmission and reflection measurements were con-
ducted in a fluence range up to about 20 mJ/cm?, as shown in Fig. 7.2(a). Figure
7.2(b) illustrates the transmission of near-UV light as a function of incident fluence.
The transmission remained constant for incident fluences of 0 ~ 4 mJ/cm?; however,
it linearly increases for fluences exceeding 4 mJ/cm? due to saturable absorption. An
incident fluence of 4 mJ/cm? at a wavelength of 400 nm leads to ~ 0.4 % excitation of
the valence electrons, assuming an absorptivity of ~ 50 %, a unit cell volume of 74.9 A3,
and 18 valence electrons in the unit cell. The small ablation started from an incident
fluence of 15 mJ/cm? in air. Note that a single pulse of 15 mJ/cm? does not cause

damage. It took several minutes to detect the static transmission with 1 kHz optical
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pulses, suggesting that roughly 100,000 pulses at a fluence of 15 mJ/cm?

are required
to induce minor ablation. Above a fluence of 20 mJ/cm?, a single pulse can ablate the
sample due to air breakdown. Moreover, due to the significant scattering induced by
the ripple structure created by the microtome knife, the static reflectivity exhibited a

much lower value than the transmission. Notably, the reflectivity decreases to zero for

fluences exceeding 4 mJ/cm?, attributable to saturable absorption.
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7.4 Ultrafast Electron Diffraction Measurements
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Figure 7.3: (a) Schematic configuration of ultrafast electron diffraction (UED) measure-
ment. (b) and (c) Electron diffraction and its differential images (after 100 ps) at an incident
fluence of F' = 8 mJ/cm? from an ultrathin 2H — MoTey sample, respectively. Six-symmetric
diffraction spots from the {100}, {110}, and {200} planes are indicated.

We conducted ultrafast time-resolved electron diffraction measurements on an ultra-
thin 2H — MoTe, sample, as depicted in Figure 7.3(a). Ultrafast time-resolved electron
diffraction measurements are pivotal in exploring the photoinduced structural dynamics
of TMDs.[253, 254, 127, 255] In our setup, the electron pulse was oriented perpendicular
to the ab-plane of the 2H — MoTe, sample. The resulting electron diffraction pattern
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from the sample, as illustrated in Figure 7.3(b), prominently displays six symmetric
diffraction spots corresponding to the {100}, {110}, and {200} planes. Figure 7.3(c)
presents the differential electron diffraction patterns after photoexcitation (~ 100 ps),
where a notable decrease in the diffraction intensities from the lower order is observed,
and an even larger decrease from higher orders. These decreases in diffraction intensity
are attributed to the reduction in the Debye-Waller factor, indicative of a tempera-
ture increase. Typically, electronic excitation occurs immediately after photoexcita-
tion (< 100 fs). This is followed by electron-electron and electron-phonon scatterings,
which induce non-thermal atomic displacements within a timeframe ranging from sub-
picosecond to a few picoseconds. The electron-lattice system attains thermalization
after several to 10 ps, involving phonon-phonon scattering — the energy transfer from
high-frequency optical phonon modes to low-frequency acoustic phonon modes. The
temperature rise due to laser irradiation (3 ~ 4 mJ/cm?) was calculated to be in the
range of 220 ~ 300 K, using the density, specific heat, and absorptivity of 400 nm light
for 2H — MoTey; . The Debye-Waller factor using atomic bond length and force con-
stant values derived from the bulk modulus of MoTey; was estimated in Supplementary
section 7.8. The changes in diffraction intensity due to the Debye-Waller factor were
estimated to be around 4 ~ 5 % for the 100 diffraction and 10 ~ 13 % for the 110
diffraction. While the change in the 100 diffraction was slightly underestimated, that

in the 110 diffraction was close to our estimation.
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Figure 7.4: (a) and (b) Temporal variation in the diffraction intensity changes from the
100 and 110 planes in the fluence range F' = 1 ~ 16 mJ/cm?. (c) Fluence-dependence plots
of diffraction intensity changes with the data of (a) and (b) being averaged over the time-
delay range after 100 ps. The figure shows linearly increasing (F = 0 ~ 3 mJ/cm?), plateau
(F =3 ~ 12 mJ/cm?), and reviving up (F > 12 mJ/cm?) regions.

The temporal evolution of the diffraction intensities from the {100} and {110}
planes, under various excitation levels, is depicted in Figs. 7.4(a) and (b), respectively.
The decrease in diffraction intensity ~ 100 ps as a function of incident laser fluence is
comprehensively summarized in Fig. 7.4(c). Notably, the intensity linearly decreases
below an incident fluence of 3 mJ/cm?. This suggests that all absorbed photons is con-
verted into thermal vibrational energy within this fluence range. The observed declines
in diffraction intensities exhibit a plateau region when the incident fluence is in the

range of F' =3 ~ 12 mJ/cm?. This plateau can be attributed to saturable absorption,
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as previously discussed. It is observed that for excitation intensities resulting in greater
than approximately ~ 0.4 % excitation of the valence electrons, 2H — MoTe, does not
absorb additional light. However, at a relatively high incident fluence (16 mJ/cm?), the

system absorbs more light, which could be explained by multiphoton absorption. par
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Figure 7.5: (a) Fast dynamics of electron diffraction from {100} and {110} planes at an
incident fluence of F = 8 mJ/cm?. Exponential decay with a time constant of 12.5 ps is
observed, corresponding to photo-thermal effect via electron-lattice thermalization process.
(b) Fluence dependence of the decay constant.

A marked decrease in diffraction intensities following photoexcitation is observed
within an approximate timescale of ~ 10 ps, as illustrated in Fig. 7.5(a). This duration
aligns with the typical manifestation timeframe for photo-thermal effects. Fig. 7.5(b)
presents the decay constants of changes in the 100 and 110 diffraction patterns as a
function of incident fluence. Notably, the decay time appears to accelerate in the multi-
photon absorption regime. The decay constants in the single-photon and multi-photon
absorption regimes are quantified as 13 4+ 2 and 8 4+ 2 ps, respectively. Such a change
is likely attributable to increased phonon-phonon scattering under conditions of dense
electronic excitation. [256] With an increase in absorbed fluence, particularly in the
multi-photon absorption regime near the ablation threshold in this study, an elevation
in lattice temperature is anticipated due to electron-phonon scattering. Subsequently,
this increase in lattice temperature enhances phonon-phonon scattering, leading to a

quicker lattice thermalization. As a result, the decay time of diffraction intensity is
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observed to quicken with an increase in incident fluence.
In the air experiment, as depicted in Fig. 7.2, the 2H — MoTe, sample underwent

2

ablation at an incident fluence of approximately 15 mJ/cm?*. In contrast, under vac-

uum conditions, the sample exhibited greater robustness, showing damage only above

2 and complete ablation at 30 mJ/cm?). This difference sug-

a fluence of 20 mJ/cm
gests that surface oxidation-assisted photoexcitation or the emergence of air plasma
under high electric fields might induce surface damage in air experiments, lowering the
damage threshold. The peripheral region of the photo-induced damage was examined
using TEM. Notably, the TEM image of this region under vacuum conditions revealed
a marble-like structure. The diffraction pattern obtained from this marble structure,
which resembles polycrystalline tellurium, suggests that extreme near-UV photoexcita-

tion leads to tellurium segregation. This segregation implies that laser ablation may

occur when the segregated tellurium serves as an absorption center.
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7.5 Transient Reflection Measurements
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Figure 7.6: (a) Schematic configuration of transient reflectivity measurement. The 400 nm
(3.1 eV) and 800 nm (1.55 eV) light were used for the pump and probe light, respectively.
(b) Fluence dependent coherent phonon signals extracted from reflectivity changes (AR/R).
(c) A FT spectrum of a coherent phonon signal for F' = 8 mJ/cm?. The inset displays the
lattice vibration motion of the A, mode.

Ultrafast time-resolved electron diffraction effectively measures thermal atomic motions
within the ab-plane of 2H — MoTey; . However, a complementary method is required

to fully understand atomic motions along the c-axis. We addressed this by focusing
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on the coherent phonon dynamics of the out-of-plane A;, lattice vibration mode in
2H — MoTe, , as measured by transient reflectivity measurements (Fig. 7.6(a)), fol-
lowing the discussion in the previous Chapter 6. Coherent phonon signals at various
excitation levels, illustrated in Fig. 7.6(b), were extracted from the observed reflectivity
changes (AR/R) after electronic background subtraction. The oscillation at a frequency
of ~ 5.1 THz corresponds to the A;, phonon mode of 2H — MoTe, , as confirmed by the
Fourier Transform (FT) spectrum in Fig. 7.6(c).[134, 149] The generation of observed
coherent phonons can be described by models such as displacive excitation of coherent
phonons (DECP) or resonant impulsive stimulated Raman scattering (ISRS). [65, 68]
According to these models, electronic excitation by an ultrashort pulse results in dis-
placed quasi-equilibrium atomic coordination, thereby generating fully symmetric A,
coherent lattice vibrations. It is noteworthy that the 400 nm (3.1 eV) pump used in
this study significantly exceeds the direct A-gap energy of (~ 1.0 eV), potentially lead-
ing to electronic excitation from valence to conduction bands. Should structural phase
transitions or lattice symmetry changes occur upon photoexcitation, these would alter
the frequency spectra of coherent phonons. [114, 173] However, no additional coherent
phonon modes were observed beyond the A;; mode after photoexcitation, even under
incident fluences up to 30 mJ/cm?. This suggests that no significant structural phase
transitions or lattice symmetry changes toward other phases occurred under these con-
ditions. Notably, the surface damage and tellurium segregation reported in a previous
study were not evident in the present AR/ R signals approaching 30 mJ/cm? irradiation.
[134] This can be attributed to the greater robustness of the bulk sample compared to

the ultrathin sample used in ultrafast electron diffraction measurements.
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Figure 7.7: Parameters derived from the time-domain fitting employing a damped harmonic
oscillation include: (a) the amplitude, (b) the frequency, and (c) the dephasing time constant
of coherent oscillation.

We performed time-domain fitting of coherent phonons using a simple damped har-

monic oscillation function:
t— 17,
y(t) =0(t —7.) - Eexp (—) cos(2muvt + ), (7.1)
T
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where 6(t) is a step-like error function:

o(t) = ﬁ (7.2)

The dependency of the A, coherent phonon amplitude on the incident fluence is
concisely summarized in Fig. 7.7(a). We observed that the amplitude increases linearly
for incident fluences below 4 mJ/cm?, reaches a plateau between 4 and 15 mJ/cm?,

and then rises again for fluences exceeding 15 mJ/cm?

. This trend, as shown in Fig.
7.7(a), reproduces the observations in Fig. 7.4(c) from ultrafast time-resolved electron
diffraction measurements. According to the DECP model [65], the amplitude of the
observed coherent phonon is expected to increase linearly with the density of photoex-
cited electrons (See Eq. (3.21)). Hence, the plateau observed in the coherent phonon
amplitude alongside the increasing incident pump fluence implies a saturation in elec-
tronic excitation. Specifically, in our study, the phonon amplitude was proportional to
the incident pump fluence at relatively low excitations. However, it became constant
for fluence exceeding approximately 0.4 % excitation of the valence electrons, indicative
of saturable absorption. At exceedingly high excitation levels, multi-photon absorption
may become predominant, increasing phonon amplitude with higher incident fluence.
Figures 7.7(b) and (c) illustrate the fluence dependence of the decay constant 7 and
the Ay, frequency v, as determined from time-domain fitting. Both parameters exhibit

2 and then enter a saturation phase be-

a similar linear decrease up to 5 ~ 10 mJ/cm
yond 5 mJ/cm?. The decrease in 7 suggests the presence of electron-phonon scattering
depending on the absorbed density.[69] Conversely, the redshift in v is attributable to a
softening of the crystal bonds due to increased photoexcited carrier density [117] or the
influence of anharmonic lattice potential.[70] Such saturation behaviors in 7 and v un-
der high-density excitation regimes have been commonly observed in semimetals like Bi

under near-damage threshold photoexcitation conditions.[69] The exact physical mech-

anism behind this nonlinear behavior remains unclear at this point. We hypothesize
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that saturable absorption could suppress changes in 7 and v under high-density exci-
tation scenarios. Further investigation into this phenomenon, possibly through studies

on other materials, is essential for future clarification.

7.6 Discussions

As observed through ultrafast transient reflection measurements, the fluence depen-
dence of the coherent phonon vibration along the c-axis aligns with the thermal vibra-
tion within the ab-plane revealed by ultrafast time-resolved electron diffraction mea-
surements. Ultrafast time-resolved electron diffraction elucidates the isotropic heating
(vibration), while transient reflection measurements highlight the non-thermal coher-
ent A, lattice vibration. This heat generation stems from enhanced electron-phonon
and phonon-phonon scatterings instigated by electronic excitation. Conversely, the
electronic excitation induces the coherent lattice vibration. The underlying physics
inferred from these two sets of observations suggests a linear correlation between the
degree of electronic excitation and the induction of these vibrational effects, consistent
with absorption effects. The occurrence of saturable absorption at an incident pump
fluence of approximately 4 mJ/cm? (corresponding to ~ 0.4% electronic excitation),
coupled with sample damage in the high fluence regime, indicates the challenges in
achieving electronic excitation of a significant proportion of valence electrons solely
through photoexcitation with an ultrashort pulsed laser. Such extensive excitation is
necessary for the 2H-to-1T’ phase transition, as suggested by theoretical calculations.
[49, 50, 51, 52] Additional strategies are required to realize the structural phase tran-
sition further. These include the preparation of a sample encapsulated by hexagonal
boron nitride (h-BN)[257], employing terahertz (THz) pulses, and implementing single-

shot measurement techniques.[258]
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7.7 Conclusions

In this study, we conducted a comprehensive investigation of the light-induced struc-
tural dynamics of 2H — MoTe, under various excitation levels, employing a wavelength
of 400 nm, using ultrafast time-resolved electron diffraction and transient reflection
measurements. Our findings reveal a consistent relationship between the fluence de-
pendences of the vibration observed by both methods regarding absorption effects.
Notably, the amplitudes of non-thermal or fully thermalized phonons are found to be
linearly correlated with the input photoenergy at relatively low incident fluences, reach-
ing up to 3 ~ 4 mJ/cm?. Above an excitation level of approximately 0.4% of the valence
electrons (4 mJ/cm?), the amplitude becomes constant, indicating the onset of the sat-
urable absorption effect. At extremely high excitation levels (above 15 mJ/cm?), an
increase in the amplitude of the phonon was observed, which may be attributed to
multi-photon absorption. Furthermore, we note that photoexcitation at very high flu-
ences (~ 30 mJ/cm?) results in permanent damage to the sample due to tellurium
segregation.

Throughout our experiments, we did not observe an structural phase transition
from the 2H phase to different phases, such as 2H* and 1T’ phases. This suggests
that further investigations under varied photoexcitation conditions (wavelength or pulse
duration) and thermal management strategies is required to truly realize the structural
phase transitions. Characterizations of ultrafast localized electronic and structural
dynamics, such as time-resolved scanning tunneling microscopy [259, 236], would be
effective for a deeper understanding for the mechanism of the structural deformations
in transition-metal dichalcogenide (TMD) materials. The insights gained from this
study are expected to be crucial in advancing the applicability and understanding of
the fundamental optical properties of photodevices based on TMD materials.

Instead of the expected structural phase transitions in the 2H — MoTe, , this study
clearly shows that the coherent and incoherent(thermal) phonon responses linearly

depend on the excited carrier density in the range from linear absorption regime to
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nonlinear absorption regime, such as saturable absorption and multiphoton absorp-
tion. This suggests that information on the excited carrier density can be extracted
by evaluating phonon behaviors. Extending this idea, we also conducted ultrafast elec-
tron diffraction measurements with double-optical-pulse excitation under a saturable
absorption regime.[192] This technique visualizes relaxation dynamics of saturable ab-
sorption (Pauli-block) effects as a consequence of electronic momentum scattering in
the conduction band, whose decay constant was estimated to be around 120 fs close
to the pulse width used. In the future work, semiconductor TMDs are expected to be
utilized as an atomically-thin saturable absorber in pulsed laser oscillator and a model
system to explore nonlinear physics and the momentum scattering phenomena under

high-density excitation regime by advanced instruments, such as tr-ARPES.

7.8 Supplementary

7.8.1 Calculation of Debye-Waller Factor

The temperature increase of the sample is estimated with the incident fluence, absorp-
tivity, specific heat, and density. The absorptivity of a 40-nm-thick MoTe, is estimated
to be 50.8 %. [18] The specific heat and density of MoTe, are 0.218 J/g - K and 7.78
g/cm?, respectively.[260] Thus, the temperature increase with the incident fluence of
3—4 mJ/cm? is estimated to be 220-300 K. The Debye-Waller factor can be expressed

as a function of the mean square displacement (U;) as follows:
D(K) = exp(~872 K[Uj) (7.3)

The isotropic thermal displacement (U) can be calculated using the coefficient of linear
contraction (p), which is derived from the bulk modulus [261], and the atomic distance

(d4 = 2.68A) with the following equation [262]:

kT

[ — B
dap

(7.4)
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where kp and T are the Boltzmann constant and lattice temperature, respectively.
Taking into account the room temperature of ~ 300 K, the temperature rise of approx-
imately 220-300 K corresponded to decreases in the electron diffraction intensity of 4-5

% and 10-13 % of their original values for the {100} and {110} reflections.
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7.8.2 Electron Diffraction Images toward Laser Ablation

Intensity Intensity
1000 1000

Intensity Intensity
1000 1000

800

600

400

200

0

(=]

Intensity
1000

=}

Figure 7.8: Electron diffraction pattern from the 2H — MoTey sample after 1000-shot-laser
irradiation at (a) 20, (b) 24, (c) 26, (d) 28, and (e) 30 mJ/cm?. The sample was gradually
damaged above an intensity of 20 mJ/cm?, and it was completely ablated at 30 mJ/cm?.
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7.8.3 Characterization of Damage Region
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Figure 7.9: (a)Transmission electron microscopy image of the peripheral region of photo-
induced damage. The experiment was performed using JEM-2100 (JEOL Ltd.) at an electron
acceleration voltage of 200 kV. (b) Electron diffraction image obtained from the region shown
in Fig. 7.8. (c) Comparison of the experimental diffraction pattern and the simulated pattern
from the tellurium polycrystal in the space group of C2/m (No. 12).[263]
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Chapter 8
Summary and Future Outlook

8.1 Summary and Conclusion

This dissertation explores the impact of various degrees of freedom within the phonon
system, such as structural changes and electron-phonon interactions, on the formation
of non-equilibrium physical states in the photoexcited state of a polymorphic layered
MoTe,. These studies that presented here shed new light on the ultrafast optoelectronic
phenomena of TMDs and highlight the significance of electron-lattice interactions, a
topic that has been largely overlooked. These findings pave the way for future explo-
ration of novel non-equilibrium states driven by electron-lattice interactions and for
manipulating material properties through coherent phonons.

In Chapter 4, the study reveals that no structural phase transition between the 2H-
and 1T’-MoTe, phases was observed in the damaged region following light irradiation
above the damage threshold. Instead, tellurium segregation was detected, coinciding
with the presence of 3.6-THz coherent phonon oscillation in the time-domain signal. It
was also determined that the repetition rates and photon energy influence the damage
threshold of the incident pump fluence.

In Chapter 5, the study observed a low-frequency coherent shear phonon mode, with
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a frequency of 0.39 THz, in 1T'—MoTey bulk crystal under ambient conditions. This
mode is Raman ”Inactive” in the 1T’ phase but becomes Raman ” Active” in the Ty
phase. The findings suggest that photoexcited carriers, followed by displacively forced
interlayer shear motion, transiently stabilize an intermediate state between the 1T” and
T4 phases.

In Chapter 6, the research demonstrates the observation of an extremely long-lived
coherent A;, phonon in the layered semiconductor 2H — MoTe, . The study utilized
fluence- and wavelength-dependent reflectivity change measurements to detect charac-
teristic modifications in the AR/R spectra during early time delays (< 2 ps). These
ultrafast optical modulations are attributed to coherent quasiparticle states induced by
electron-hole and electron-phonon interactions in the presence of electron-hole plasmas
and the generation of overtones, sum, and difference frequencies of the A;, and Eéz)
phonons.

In Chapter 7, complementary time-resolved methods, coherent phonon spectroscopy,
and ultrafast electron diffraction measurement were performed for evaluating structural
dynamics of 2H — MoTe, under 400-nm photoexcitation and high-density excitation
density (1 ~ 30 mJ/cm?) below the damage threshold. Consequently, from both mea-
surements, we found a saturable absorption effect by which the lattice is irresponsible
from ~ 4 mJ/ecm? (~ 0.4 % electronic excitation) due to the system incapable of ab-
sorbing photons. This fact indicates that it is quite challenging to realize the structural
phase transition from the 2H phase into a transient 2H* phase or the 1T’ phase by sim-
ple optical excitation, which requires several percent of electronic excitation predicted
by theoretical studies.

Finally, this dissertation provides comprehensive experimental insights into the in-
fluence of electronic excitation on both transient and permanent structural changes
in MoTe; polymorphs and, in turn, examines how characteristic long-lived coherent
phonons alter the electronic and optical properties of the two-dimensional materi-
als under various femtosecond-laser conditions, such as wavelength, repetition rate,

pulse width, and excitation density, using complementary time-domain measurement
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methods. Although the expected structural phase transition from semiconductor to
semimetal in MoTey; was not achieved, this work represents a pioneering effort in un-
derstanding the long-lived optical phonon properties of MoTe,, as well as other TMD
compounds. Consequently, this dissertation contributes to a universal physical under-
standing of phonon responses during saturable absorption under high-density photoex-

citation and phonon-driven non-equilibrium states.

8.2 Future Outlook

8.2.1 Light-Induced Manipulation of Structural Polymorphism

I have been studying structural phase transition in MoTe,, and unfortunately, I could
not achieve the desired photo-induced transition from the 2H to the 1T’ phase. How-
ever, recent studies have suggested that using hBN-encapsulated 2H — MoTe, samples
could facilitate such transitions.[257] To achieve this, careful sample design is neces-
sary to reduce surface oxidation and prevent the evaporation of Te. Anisotropic atomic
movement on a two-dimensional plane is also required to achieve the desired result.
For this, excitation by the polarized electric field along the in-plane atomic direction in
the wavelength range from THz to the mid-infrared light is essential. A recent study
has also suggested that electric-field enhancement is effective through patterning gold
antenna structures around the sample periphery.[258] Despite the ongoing exploration
of the semiconductor-to-semimetal phase transition in MoTes, I believe that significant

progress will soon be made.

8.2.2 Exploration of Phonon-Driven Non-Equilibrium State

Further research is essential to advancing our understanding of non-equilibrium states
caused by coherent optical phonon fields. During my doctoral studies, I focused on
the relationship between coherent phonons and electronic states and how they affect

optical constants. This connection has given rise to new non-equilibrium quasiparti-
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cle states, such as valley-selective phonoritons that emerge from interactions among
valleys, photons, excitons, and phonons in TMDs. The energy dispersion relations of
these quasiparticles can be revealed through time-resolved angle-resolved photoelectron
spectroscopy (ARPES) with high energy resolution.[264] Investigating how coherent
phonons can alter material properties at a fundamental level is crucial for developing

future device applications that utilize coherent phonons, such as phononic modulators.

8.2.3 Development of THz Optoelectronics using Ultrafast Phe-

nomena

In device technology, utilizing ultrafast physical phenomena is a significant challenge
for the future. Since the 1980s, researchers have been exploring the ultrafast dynamics
of electrons, lattices, and quasiparticles in the femtosecond time domain. However,
this research has primarily remained within the realm of fundamental research for ap-
proximately 40 years. However, to support the advancements of our rapidly evolv-
ing information society, it is essential to harness these ultrafast phenomena for THz
frequency-driven optical devices. Recently, researchers have developed techniques for
sampling and detecting photo-induced current pulses generated on-chip with picosec-
ond time resolution.[265, 266, 267, 268, 269, 270] Notably, light-induced anomalous Hall
currents, triggered by driven Floquet topological states, have been observed in on-chip
graphene devices.[269] Investigating how non-equilibrium states of materials, including
coherent phonons, contribute to current generation and electron transport under pho-
toexcitation is expected to be directly relevant to developing future device applications

operating at THz frequencies.
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