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Abstract

Quantum coherence is a unique property of quantum mechanics that en-
ables the superposition of quantum states and plays a pivotal role in ad-
vancing quantum technologies, notably quantum computers. Quantum co-
herence has been extensively studied in various fields, including atomic,
molecular, biological, and solid-state materials. In solids, quantum coher-
ence rapidly disappears due to interactions with the enormous quantum
degrees of freedom. In particular, band-to-band electronic coherence is a
remarkably rapid phenomenon occurring within attoseconds to a few fem-
toseconds, leading to a limited understanding of decoherence times and
mechanisms.

In this thesis, I focus on the ultrafast dynamics of quantum decoherence
in an electron—phonon composite system and aim to reveal electronic de-
coherence times and phenomena. We experimentally and theoretically in-
vestigate the ultrafast dynamics of electronic and phononic coherence. We
formulate a quantum mechanical model of the electron—phonon composite
system and study the influence of polarization and excitation intensity of
ultrashort optical pulses, initial phonon state, and dissipation on quantum
coherence.

Furthermore, we measure the electronic coherence in n-type gallium ar-
senide single crystal as a test sample, using the attosecond precision rela-
tive phase-locked double femtosecond pulse excitation method. By vary-
ing the degree of decoherence with temperature, we observe the temper-
ature dependence of the quantum interference fringes. These experimen-

tally observed interference fringes are in agreement with theoretical calcu-



Abstract

lations, allowing the quantitative determination of electronic decoherence
times at different temperatures: 27.8 fs at 10 K, 23.0 fs at 90 K, and 12.9 fs
at 290 K. We discuss the decoherence phenomenon of electronic states as-
sociated with the phonon system. The electronic decoherence phenomenon
is well explained by major scattering between photo-excited and surround-

ing carriers in the conduction bands.
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Chapter 1
Introduction

In this chapter, I review several studies on the quantum coherence of
electron-phonon composite systems in solids and present the main issues

and aims of this study.

1.1 Background

1.1.1 Quantum coherence

Quantum properties, phenomena, and related ultrafast dynamics have
recently attracted worldwide attention, as evidenced by the Nobel Prize in
Physics for quantum entanglement (2022) [1] and attosecond pulses (2023)
[2]. Quantum coherence is also a unique property of quantum mechan-
ics that allows the superposition of quantum states. It is a fundamental
property of quantum physics and plays a key role in many quantum tech-
nologies, such as quantum computing, communication, and sensing. The
identification of coherent quantum behavior and properties has emerged
as a critical issue for the realization of these techniques and has been ob-
served, discussed and published in the past in many quantum systems [3—
12].

Quantum coherence has been extensively studied in solid state, atomic,
molecular, and biological systems [13—19]. It persists for longer lifetimes
in isolated systems such as atoms and molecules [11, 20, 21]. How-
ever, there are numerous quantum degrees of freedom in solids. Any sys-

tem other than the quantum system of interest (or observation) acts as an
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Figure 1.1: A diagram of typical quantum systems and their coherence retention times in
solids.

enormous number of environmental systems. Thus, quantum coherence
rapidly disappears in macroscopic systems, especially in condensed matter
or solids, due to interactions with the environment.

There are many quanta of interest in quantum coherence studies in solids.
The coherence of quantum systems such as electron spin [9, 10, 22-24],
phonons [3, 4, 25-28], and excitons [5, 29-33] have been reported in many
studies, whereas the coherence of (band-to-band) free electrons has been
reported in extremely few studies [34-36]. The spin coherence is in the
nanosecond to millisecond range. In addition, the coherences of phonons
and excitons are in the hundreds of femtoseconds to picoseconds range,
whereas the coherence of free electrons is a few tens of femtoseconds at
best and disappears very quickly.

Therefore, the precise duration of electronic coherence persistence and
the mechanisms governing its collapse in condensed matter systems re-
mains to be definitively determined. The investigation of the persistence
and dissipation of quantum coherence is essential not only for the next

generation of quantum technologies but also as a fundamental problem in
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quantum physics, which seeks to understand the quantum-classical bound-

ary, including the transition between the quantum and classical realms.

1.1.2 Electron—phonon composite system

The physical properties of semiconductors have been studied using a
multifaceted approach that includes electrical, optical, and structural stud-
ies. Gallium arsenide (GaAs) is a highly representative semiconductor ma-
terial in diverse applications ranging from high-speed and high-frequency
devices to electronic and optical technologies [37-39]. In addition, GaAs
serves as an archetypal material for the study of quasiparticle interactions
because of its direct bandgap, which is closely aligned with the energy of
a typical femtosecond laser (~ 800 nm).

Quasiparticle interactions in solid-state materials play an important role
in various physical phenomena, such as non-equilibrium dynamics and
electron transport. Electron—phonon interactions also play an important
role in condensed matter physics, influencing key parameters such as elec-
tron mobility and superconductivity [40—45]. The electron—phonon com-
posite system is one of the prominent coherence systems, and enables the
observation of phonon coherence (referred to as coherent phonons) and

electronic coherence.

i) Phonon coherence

Upon irradiation with ultrashort optical pulses, characterized by a tem-
poral width shorter than the oscillation period of the phonons, the optical
phonons induce in-phase oscillations. These phonons induced by fem-
tosecond optical pulses are called coherent optical phonons (or vibrational
wave packets) [46]. Coherent phonons can be generated by irradiating a

single optical pulse, and the decoherence time of single-mode phonons can
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be evaluated by curve-fit analysis using a damped harmonic oscillator [46,
47].

Coherent phonons are interpreted as the coherence of phonon states [48].
The generation mechanisms of coherent phonons can be classified into two
types according to the electronic transition: impulsive stimulated Raman
scattering (ISRS) [46, 49-52] and impulsive absorption (IA), the latter of-
ten denoted as displacive excitation of coherent phonons (DECP) [46, 53—
55]. The theoretical initial phases of phonon oscillations by each mecha-
nism are different, with ISRS indicating a sine-like oscillation [46, 48-50,
52] and IA indicating a cosine-like oscillation [46, 48, 53, 55]. In the trans-
parent region, the main mechanism generates coherent optical phonons is
the ISRS mechanism [46, 49, 50]. In the opaque region, both mechanisms
can contribute to generating coherent phonons. It is difficult to investigate
the contribution of each mechanism in the opaque region, because it de-
pends on several factors, such as the optical pulse width and the excitation

energy.

ii) Electronic coherence

Interference techniques, in particular coherent spectroscopy and four-
wave mixing (FWM), are well-known methods for assessing the coherence
of electronic systems. FWM experiments to investigate the electronic co-
herence time in GaAs have been reported by the research groups of Shank
[34, 35, 56] and Wegener [36, 57-59]. They evaluated the decay time of
band-to-band excited electrons using the photon-echo technique and sub-
10 femtosecond pulses at room temperature. For instance, Wegener et al.
reported that they used optical pulses with a pulse width of 11 fs and a
time resolution of about 5 fs to evaluate the decay time of electrons that
dissipate in a few-femtoseconds [36]. Subsequently, Cundiff reviews the

free electron relaxation time and briefly describes the pulse bandwidth and
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time resolution concerns of several FWM experiments [32].

These coherent spectroscopy and photon-echo techniques are extremely
useful for evaluating the phase relaxation time. However, further details of
electronic coherence, such as the temporal evolution of oscillation behav-
ior, cannot be investigated because of measurement techniques, time res-
olution, and other factors. Therefore, it is imperative to develop measure-
ment techniques that achieve attosecond precision with short pulse band-

widths to probe the detailed behavior of electronic coherence.

1.1.3 Quantum path interferometry

Our research group has introduced quantum path interferometry for
these problems, especially for the time resolution on the order of at-
toseconds with short pulse bandwidth and for the determination of the
generation mechanism of coherent phonons. This approach is a relative
phase-locked double-pulse excitation technique with attosecond precision.
In this scheme, we observe the coherence of the electronic state via the
coherence of the phonon states (i.e., coherent phonons), which differs
from the conventional FWM method. By precisely controlling the relative
phase of the double pulses, it is possible to read the quantum interfer-
ence information with attosecond precision. Therefore, it is possible to
directly observe the time evolution of the decoherence behavior, i.e., the
disappearance of the interference of the electronic coherence.

The great advantage of this technique is that it allows attosecond time
control, which is a time region shorter than the femtosecond pulse width.
It also allows us to measure the electronic coherence (oscillation) behavior
with attosecond precision, which could not be observed with FWM. More-
over, the obtained quantum interference is a powerful information source,

revealing the quantum path taken by the observed state within the quantum
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system [60, 61]. This is useful for investigating coherent phonon mecha-
nisms.

Previously, our efforts led to the observation of quantum coherence in
GaAs using quantum path interferometry [60, 62]. Notably, the electronic
interference exhibited a longer time duration than the optical interference
of the double excitation pulses. This observation implies the persistence
of electronic coherence in the material, thus confirming our success in de-
tecting its presence [60]. However, the observed shape of quantum in-
terference in GaAs exhibits specific features such as collapse and revival
behavior. It cannot be evaluated by simple curve fitting, as in the case of
coherent phonons. Therefore, the major problem remained to evaluate the
electronic decoherence time from the interference shape.

The elucidation of the electronic decoherence time, a phenomenon in
the ultrafast regime ranging from attoseconds to femtoseconds, will signif-
icantly enhance our understanding of decoherence phenomena in macro-

scopic systems, especially those involving solid-state materials.

1.2 Objective

This doctoral thesis focuses on the ultrafast dynamics of quantum coher-
ence in an electron-phonon composite system and aims to reveal electronic
decoherence times and decoherence phenomena.

The two main objectives of this thesis are as follows.

I. To quantitatively determine the electronic decoherence time at
which dissipation occurs in the ultrafast regime of attoseconds to
few-femtoseconds.

II. To reveal the decoherence mechanism of the electronic coherence

phenomena.



Outline

The crux of this thesis lies in determining how to evaluate the electronic
coherence time by elucidating the coherence properties of electron-phonon
systems and their dependence on quantum path interference. These issues
are complex. We investigate several problems to establish a quantitative
method for determining the electronic decoherence time, e.g., the influence
of the polarization and excitation intensity of the ultrashort optical pulse

and the initial phonon state.

1.3 Outline

This thesis consists of six chapters.

Chapter 1 describes the research background and the objective of this
thesis.

Chapter 2 describes the newly developed theoretical framework eluci-
dating the coherent control of an electron-phonon composite system facil-
itated by the optical pulse’s polarization effects. The microscopic founda-
tion of the electron-phonon interaction within the Raman scattering pro-
cess is integrated into coherent phonon theory by including two terms cor-
responding to the Raman tensor. The theoretical results obtained under
different polarization conditions are discussed.

Chapter 3 describes the quantitative evaluation of the quantum deco-
herence time of an electron-phonon composite system in GaAs as a test
sample using ultrafast quantum path interferometry. Theoretical studies
of coherent phonons and coherent control revealed the profound influence
of the relative polarization angle of the double pump pulses and the elec-
tronic decoherence time on the quantum interference shapes. In particular,
the quantum interference shape obtained at a relative polarization angle of
7 /4 for the pump pulses is expected to allow easy visualization of shape

variations due to changes in the electronic decoherence time. Therefore, in
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this chapter, the intricate relationship between the quantum path interfer-
ence shape and decoherence in terms of the relative polarization angle of
the double pump pulse is studied in detail.

Chapter 4 presents a theoretical evaluation of coherent phonon genera-
tion in an arbitrary initial state. The purpose of this study is to explore
whether temperature and other factors affect the results of quantum path
interference. We define a mixed state as the system’s initial state, con-
sidering the phonon distribution determined by the thermal equilibrium
distribution, and investigate the coherent phonon generation process under
finite temperatures.

Chapter 5 presents a theoretical evaluation of the influence of the optical
intensity of the excitation pulse. The quantum path interference experi-
ments involve the optical interference of double pulses. Therefore, it is
essential to examine how pulse intensity affects quantum interference and
coherent phonon generation. In addition, we attempt to reformulate our
previous theoretical models within the framework of open quantum the-
ory, with a further focus on the decoherence phenomenon.

Finally, Chapter 6 presents the conclusions of this thesis. We discuss the
remaining questions based on the research in the previous chapters. The

overall findings of the research for this thesis’s objectives are presented.
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Chapter 2

Theory for coherent control of longitudinal op-
tical phonons in GaAs using polarized optical
pulses with relative phase locking

In this chapter, we derive a theoretical model for the coherent control
of longitudinal optical phonons in GaAs as test sample, by double-pulse
excitation using a simplified band model and the allowed and forbidden
Raman scattering. The influence of the polarization of the double pulse
and the electronic decoherence time on the quantum interference fringe is

discussed. This work is published in Physical Review B [1].

2.1 Introduction

Coherent control is the technique of manipulating quantum states in ma-
terials using optical pulses [2—4]. This is widely used to manipulate elec-
tronic, vibrational, and rotational states of atoms and molecules [5-9], and
excitons, spins, and phonons in the solid state [10-16]. Optical phonons
can be coherently excited and monitored using ultrashort optical pulses via
transient reflectivity or transmissivity using a pump—probe technique [17-
22]. In this technique, the amplitude of the phonons is controlled using
a train of optical pulses or a pulse-shaping technique [23-27] via con-
structive or destructive interference between the induced phonons. Fur-
thermore, by applying a relative phase of the optical pulses to solid mate-
rials, not only phonon interference but also electronic interference can be

observed via a quantum-path interference [28].
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Chapter. 2

In our previous works, we investigated the coherent control of longitudi-
nal optical (LO) phonons in an n-type GaAs single crystal with a (001) sur-
face using relative phase-locked femtosecond double pulses under parallel
and perpendicular polarization [28, 29]. Using parallel-polarized pump
pulses, we observed fine interference fringes of electronic coherence with
fast oscillations as well as phonon interference for a longer time than for
the optical interference between pump pulses [28]. The generation paths
were distinguished from the interference fringe patterns. By contrast, for
perpendicularly polarized pump pulses, only phonon interference was ob-
served [29].

Coherent phonons in GaAs have been widely studied [18, 20, 24, 30, 31].
There are two processes that contribute to the generation of LO phonons in
GaAs in the opaque regime. The main process for generating LO phonons
in GaAs (especially for n-doped and p-doped samples) is considered to
be the transient depletion field screening [30], which is a type of space
charge field-induced process. The initial field distribution is suppressed by
the opposite drift of the optically induced electrons and holes, and the ac-
companying depolarization field acts as the nonlinear driving term for the
coherent phonons [18]. A stimulated Raman process is another generation
mechanism which is different from the transient depletion field screening
process and is also discussed to contribute for non-doped GaAs [31].

The stimulated Raman process also includes two interactions. One is
a short-range interaction, which is induced by the deformation-potential
interaction, and the other is a long-range interaction, such as the Frohlich
interaction [30, 31]. The creation and annihilation of phonons by light
scattering via the short-range interaction is expressed with dipole-allowed
components in a Raman tensor. An ultrashort optical pulse can induce im-
pulsive stimulated Raman scattering (ISRS) to generate optical phonons.

Furthermore, the long-range interaction can be treated as the dipole-
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forbidden components in the Raman tensor [31, 32]. The dipole-allowed
Raman tensor for LO phonon scattering in a zinc-blende crystal with the
(001) surface is an off-diagonal tensor. Then, the electronic polarization
rotates with an angle of 7/2 during phonon generation. This suggests an
interesting possibility that the electronic states interact with light pulses
differently depending on the polarization direction. It would be possible to
detect this Raman-induced rotation of the electronic polarization through
the ultrafast interferometric pump-probe measurements with polarization-
and delay-controlled double pulses. On the other hand, for the transient
depletion field screening process, the field is perpendicular to the surface,
and an isotropic polarization dependence for generation of the LO phonons
is reported [18, 30].

Theoretical calculations for the generation and detection of coherent
phonons have been performed using several models, in which the lattice
oscillation is treated classically or quantum mechanically [17, 19, 20, 33—
39]. Recently, we developed a quantum mechanical model with classical
optical fields for the coherent control of the amplitude of optical phonons
induced by two pulses and applied this model to GaAs and diamond crys-
tals [28, 29, 40]. In these previous works, the effects of polarization cor-
relation between the two pump pulses were not studied in sufficient detail.
Thus, in the present work, we focus our attention on the problem of the
polarization effects of relative-phase-locked double pulses. As a first step
in this direction, we study theoretically the quantum mechanical aspects of
the interference fringes for the polarization- and delay-controlled double-
pulse excitation of coherent phonons. For the sake of concreteness, we
study the coherent control of LO phonons in a GaAs crystal with the (001)
surface, using a simplified band model and a total Raman tensor that in-
cludes the allowed and forbidden components. The allowed and forbidden

Raman components coexist in GaAs, and their relative contribution can be
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controlled by the doping rate. This makes GaAs an interesting test mate-
rial to evaluate the effects of quantum-path interference. We calculate the
amplitude of the LO phonons and quantitatively discuss the phonon and
electronic interference behaviors depending on the polarization angles of

the pump pulses.

2.2 Model

2.2.1 Hamiltonian

We consider the generation of the LO phonons, which propagate along
the z axis in a GaAs crystal with a (001) surface upon irradiation of two
pump pulses that also propagate along the 2 axis; we identify the [001] axis
as the z axis. The electronic states are assumed to be the electronic ground
state (|g)) and the two-excited-state bands (|e,, k), and |e,, k)), which are
polarized along the x and y axes, respectively, with the wave number £ and
are degenerate in energy. We set the x axis along the [100] crystal axis and
the y axis along the [010] axis. We use a single-electron approximation

in the model. The Hamiltonian of the electron-phonon composite states is

given by
H =H.+ Hy + Her, (2.1
He =¢49) (gl + > ek (lea, k) (ea, k| + ley, k) (ey, K1), (2.2)
k
Hy, = hwb'b, (2.3)

Hep, = ahw Y (lex, k) (ey, k| + |ey, k) (ex, k[) (b7 + )
k

+ Bhwz (’6967 k) <69€7 k‘ + |€y, k> <€y, kl) (b]L + b) ) (24)
k
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where w is the phonon frequency, and ¢, . are the energies of the ground
and excited levels, respectively [28]. The operators b', b are the creation
and annihilation operators for LO phonons at the I'— point, respectively. In
the electron-phonon interaction Hamiltonian H,, the terms proportional
to o and [ represent the respective interactions for allowed and forbidden

Raman scattering, and the total Raman tensor for LO phonons in GaAs is

given by
Rs Rs O
R=1 R, Rs 0 [, (2.5)
0 0 Rg

where R, and Rj are the polarization rates of the allowed and forbidden
Raman scattering, respectively [32, 41]. When the light propagates along
the z axis, only the xz, yy, xy, and yx planes are relevant. The allowed
Raman scattering is due to the deformation-potential interaction, and the
forbidden Raman scattering is due to the intraband Frohlich and Franz-
Keldysh [31]. The values « and /3 are proportional to 12, and Rg, respec-
tively.

Within the rotating-wave approximation, the interaction Hamiltonian be-

tween light and electrons is expressed by

H; = Eq(t) Z (1 le1, k) (gl e ™" + H.c.)
k

+ Ea(t) Y (juk lea, k) (g e @712 4 Hee). (2.6)
k

in which py, is the transition dipole moment, () is the frequency of the
pump pulse, and %15 is the delay between pump pulses 1 and 2. Here, H.c.
represents the Hermitian conjugate terms, and |e;, k) and |eq, k) represent

the excited state determined by the polarization of pump pulses 1 and 2,
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[010]
. Pulse 2 Pulse 1

[100]

Figure 2.1: Electric polarization of pulses 1 and 2 and the crystalline axes, [100] and
[010], which designate the x- and y-directions, respectively. 6 is the angle between the
polarization of pulse 1 and the [100] axis, and ¢ is the angle between the polarization of
pulses 1 and 2. This figure is obtained from Ref. [1].

respectively:

le1, k) = cosO ey, k) +sinf ey, k), 2.7)

lea, k) = cos (0 + @) |ex, k) +sin (0 + @) |ey, k) , (2.8)

where 6 is the angle between pump pulse 1 and the x axis, and ¢ is the
relative angle between pump pulses 1 and 2, as shown in Fig. 2.1. Ey(t)
and F5(t) are the optical electric field of pump pulses 1 and 2, respectively,
and are expressed by F1(t) = Eyf(t) and Es(t) = Eof(t — t12). The

function f(¢) is the Gaussian pulse envelope, which is defined by

t) = ! t 2.9
f()—mexp<—;>, (2.9)

where, ) is the amplitude of the electric field and o is the pulse width.
In this model, we consider the process by which coherent phonons are

generated under resonant excitation to slightly above the band edge of
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GaAs. It should be noted that the band gap depends on the temperature
[42] as well as on the doping rate [43]. We introduce the effective response
function F'(t) phenomenologically, which describes the electronic transi-
tion rate to the energy region relevant to the resonant Raman scattering.

Formally, F'(t) is written as

F(t) = e nesment=nlt/n ) —q.), (2.10)
k

in which i, 1s the effective transition dipole moment from the ground state
to |e;, k) and |e,, k) in the excited states. In actual calculations, we adopt
a simple form,

F(t) oc |uf? exp (=it — T]t]), (2.11)

where (). is the central frequency and I is the electronic phase relaxation
rate in the conduction band. The main origin of the phase relaxation is the
inhomogeneous width in the conduction band as described by the summa-
tion in Eq. (2.10). The Fourier transformation of Eq. (2.11) is a Lorentzian
function Ig(Q) = Ip(T'/7)/((Q — Q.)* + T'?), which corresponds to an
effective density of states relevant to ISRS with a center energy of h{2. and
a bandwidth of Al'.

2.2.2 Transition paths for generating phonons via ISRS
process

We adopt the density-matrix formalism to derive the generation ampli-
tude of coherent phonons by solving the time-dependent Schrodinger equa-
tion with the second-order perturbation. The change of the amplitude, AR,

of the reflectivity is proportional to the expectation value of the LO phonon
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Figure 2.2: Double-sided Feynman diagrams for generating LO phonons by pulses 1 and
2. The red and blue curves illustrate the Gaussian shapes of pulses 1 and 2, respectively.
The open circles mark the time when electronic excitation and de-excitation are induced
by the optical electric field. The solid circle marks the moment when a phonon is gener-
ated. This figure is obtained from Ref. [1].

coordinate, Q = +/h/2w(b + b').

Figure 2.2 presents double-sided Feynman diagrams for the generation
of LO phonons by ISRS with two pump pulses. The initial state in the ket
vector 1s assumed to be the electronic ground state with the zero-phonon

g,0) = |g) ® |0), and the final state is |g, 1) = |g) ® |1). The kets

state,

le1, 0), |€], 1), |e2, 0), |€5, 1) denote the electronic excited states induced
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by pulses 1 and 2 with zero- and one-phonon states, respectively. In Fig.
2.2, t; and 5 denote the times at which the system interacts with the elec-
tric field of the pump pulse, and 7 denotes the time at which the phonon
is created. Photo-excitation and de-excitation processes occur at t; and
to, respectively. Phonon creation is assumed to occur at an arbitrary time
in the electronic excited states ({1 < 7 < t3). Electronic excitation and
de-excitation occur within a pulse in paths 1 and 2, and occur in differ-
ent pulses in paths 3 and 4. For the ISRS, after interacting with the pump
pulses, the final electron—phonon state is |g, 1) (g, 0| or |g,0) (g, 1|. In the
phonon-creation process, the polarization of the electronic state changes
via the allowed Raman components (le,) — |e,) or |e,) — |e;)) but
does not change via the forbidden Raman components (|e,) — |e,) or
le,) — |ey)). When the polarizations of the pulses are taken into account,
the amplitude of the LO phonons is expressed by a coherent superposi-
tion of the contributions from the allowed and forbidden Raman scattering
processes.

The time evolution of the density operator, p°?(t), is given by the second-
order perturbation calculation, and the expectation value of the LO phonon
amplitude is expressed by Tr[Qp°P(t)]. The relevant part of the density op-
erator p°P(t) is written as p°?(t) = p(t)|g, 1){(g, 0| where p(t) is expressed

by the sum for each transition path p;(t) as
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as shown in Fig 2.2. For each path ¢ (i = 1,2, 3, 4), p;(t) is given by

p1(t) = (asin260 + B) Py (1), (2.12)
p2(t) = {asin2 (0 + @) + B} Paa(t), (2.13)
p3(t) = {asin (20 + @) + Bcos p} Pia(t), (2.14)
pa(t) = {asin (20 + o) 4+ fcos o} P (t), (2.15)

in which

Lo ’ —iwt 2 ' "
Pij(t) = 7 (& Z ’/Lk| / dtg/ dtl
k —00 —00

% fz‘(tl)f; (tz)e—%(Ek—hﬂo)(h—tl)e—%|t2—t1| (ethz _ eiwtl) . (2.16)

where (i,7 = 1 or 2), and the envelope functions are f;(f) = f(¢) and
fa(t) = f(t — t1p)e®™h2 In Eq. (2.16), t is the observation time, which is
much later than the time at which the double pulses are irradiated. There-
fore, the upper limit of the integral can be replaced by co. Furthermore,
introducing a pair of variables, (s, u), which are defined as s = (t1+15)/2,
u = ty — t1, the integration over s can be carried out. (Details of the cal-
culation are shown in Appendix A.) Thus, we find that P,;(¢) is given as a

function of the pump—pump delay ¢, as

Py (t) = e L(0), (2.17)
Py (t) = e~ @t=t2) (), (2.18)
Piy(t) = emwlt=t12/2) =itz [ (4 ) (2.19)
Py (t) = e @t—t2/2) itz (g, (2.20)
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except for a common constant factor, and

(u—z)?2 wu

L) =2i [ due 55 sin (UL ei0up(y). 2.21
(x) 2/0 ue sm( 5 )e (u) (2.21)

The above formulas are the central results of the present work. They pre-
dict that the ¢,5 dependence of the phonon amplitude will be composed of
two types of quantum-path interference. One is the temporal interference
expressed by P,;(t), and the other is the geometrical interference given by
the 6 and ¢ dependence in the prefactors of P;;(¢). Note that the amplitudes
of the ISRS using relative-phase-locked double pulses carry the memory
of the phases of the pump pulse by which the electron is excited and de-
excited. This is explicitly exhibited in the phase factors in FP;; shown in
Egs. (2.17)—(2.20). The amplitudes due to paths 1 and 2 do not depend
on the phase factor, {yt12, whereas those from paths 3 and 4 carry the
factor (2yt12, which is imprinted on the electronic coherence. Path 4 may
be called an anomalous path, because this term represents the process in
which the electron is excited by the delayed pulse and de-excited by the
advanced pulse. Therefore, the contribution from path 4 is limited to the
small time-delay region at which the two pulses overlap in the time do-

main.

2.2.3 Transition paths for generating phonons via space-
charge field

A vibronic Raman interaction and a surface space-charge field have
been discussed as a driving force for coherent phonons in semiconductors.
In particular, suppression of a surface space-charge field is the decisive
source term for driving the coherent phonons in III-V semiconductors

[18]. The initial field distribution is suppressed by the opposite drift
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Figure 2.3: Double-sided Feynman diagrams for generation of coherent phonons via sup-
pression of the surface space-charge field. This figure is obtained from Ref. [1].

of the optically induced electrons and holes, and the accompanying
depolarization field acts as the nonlinear driving term for the coherent
phonons [18]. According to this mechanism, the driving term depends
on an optically induced carrier density 7, which is obtained by popula-
tions in the electronic excited state (|e) (e|) in the present model. The
density operators for the population in the electronic excited state with
phonon polarization (|e, 1) (e,0| and |e,0) (e, 1|) can be expressed as:
e, 1) (e, 0 = (vEuchwpyEof (£)e= |e,1) (g, 0]) x |g,0) {c, 0], where ¥
is a strength of interaction and F. is the space-charge field strength.
Figure 2.3 shows double-sided Feynman diagrams of this interaction, in
which 5 > t;. The phonon is created at time t,, at which the electronic
transition occurs via the dipole interaction, and the population in the elec-
tronic excited state is created. The phonon can not be created by the first

interaction at t1, which is different from the impulsive absorption case.
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The density matrix with the second-order perturbation is obtained as

E() 2 . t to
pis () = VEue (—) Sl [ des [ dt £ (0 £5(8)
j . g k /_OO 2/_00 1 1) [ (t2

x eh(en=hf0)(ta=t1) o= Rlta=ta] giwta | 1) (¢ 0| + H.c., (2.22)

where f1(t) = f(t) and fo(t) = f(t — t12)e™*2, The upper limit (t) of
the integral for ¢; and ¢, can be approximately replaced by oo for ¢ > t,.

2.3 Coherent control calculation with polarized pulses

In the actual calculations, we considered a pair of relative-phase-locked
femtosecond pulses (pulses 1 and 2) directed along the z-axis of the (001)
surface of a GaAs crystal. The width of each pulse was o = 30 fs, and
the center energy of each pulse was h{)y =1.55 eV, which is above the
band gap (1.52 eV). The frequency of the LO phonons was set to 8.8 THz
(hw =0.036 eV). The energy of the electronic ground state £, was set
to zero. For the effective response function F'(t), we assumed 2. =
and I" = 0.0455 (fs)~!. This decay constant value corresponds to an en-
ergy of 0.03 eV (hl' = 0.03 eV). The lifetime corresponding to the decay
constant is approximately 22 fs. This may be shorter than the population
lifetimes which are measured by using angle-resolved-photoelectron spec-
troscopy (ARPES) experiments [44, 45] (e.g., population lifetime of 165 fs
at pump-photon-energy of 1.7 eV for p-type GaAs (110) [44]). The previ-
ous ARPERS experiments were not actually measuring the same lifetimes
as what is in the present model. This choice of parameter values also re-
produced the experimental line shape of the fringe pattern in n-GaAs at
90 K for the double-pulse pumping by parallel polarization case [28]. The
electronic coherence in the excited state decays with the decay constant
I' (see details in Appendix B). We could not find a significant shift in an

initial coherent-phonon phase due to the lifetime in the previous single-
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pulse-excitation experiments [28], although the lifetime dependence [46]
is predicted for very short pulse excitation. We neglected the decay of
phonons in this work.

The values of a and 8 depend on the doping rate in GaAs. In intrinsic
GaAs, a ratio of §/a = 6 was used as an example. For n-doped GaAs, the
allowed Raman scattering is negligible.

In the following parts of this section, we show the general features of the
interference fringes in the coherent LO phonon generated by the allowed
and forbidden ISRS processes as a function of the angles 6 and ¢, and the
delay, t15. The amplitude of the LO phonons was obtained by calculating
Tr[Qp(t12)] with equations (2.12)—(2.15) and taking the absolute values.
The electronic and phononic interferences were evaluated from a plot of
the phonon amplitude as a function of the delay ¢, between pulses. The
calculations show that the interference pattern changes depending on the
polarization angle (i.e., 6 or ¢). The results for the typical polarization

conditions are shown in the following subsections.

2.3.1 Parallel-polarized pulses (o = 0)

Figure 2.4 shows the calculated amplitude of LO phonons with 5/a = 6
for parallel-polarized pulses with ¢ = 0 and # = 0 as a function of the
pulse delay, t1,. There is a slow oscillation (~ 115-fs period) owing to
phonon interference and a fast oscillation (~ 2.7-fs period) owing to elec-
tronic interference. Under the parallel-polarized condition (¢ = 0), all
transition paths have the same factor (o sin 26 + [3) of the effect of the Ra-
man tensor according to Egs. (2.12)—(2.15). Then, the interference pattern
is independent of the values o and 3. This means that the interference pat-
terns for intrinsic and n-type GaAs are the same. In fact, the interference

fringes in Fig. 2.4 agree well with our previously reported experimental
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Figure 2.4: (a) Amplitude of LO phonons induced by the parallel-polarized pulses (6 = 0)
as a function of the pump—pump delay, ¢15. (b) Intensity of optical pulses 1 and 2. The
vertical axis is normalized such that the maximum value is 1. This figure is obtained from
Ref. [1].

results for n-type GaAs (001) [28]. In addition, a change of the angle 0,
while keeping the relative angle at O degrees, does not change the interfer-
ence pattern.

The amplitude of the interference fringes with fast oscillations, which in-
dicate electronic coherence, decreased until approximately 50 fs and there-
after increased (i.e., collapse and revival). Electronic coherence is caused

by paths 3 and 4. However, path 4 may contribute only at ¢;5 ~ 0, where
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the two pulses overlap. At longer time delays, only path 3 contributes to
the electronic interference. Then, the amplitude of the phonon oscillation
is given by the absolute value of Py (t)+ Paso(t) + Pi2(t), which is approxi-
, as can be seen from

Egs. (2.16) — (2.20). Note that the rapid oscillation due to the electronic

mately proportional to |1+expliwgti2]+exp[—i§2ot12)

interference appears only through the cross term with the slow component
1 + expliwot ;o] of the phonon interference. Therefore, we attribute the col-
lapse and revival of the electronic interference at about 15 ~ 50 fs as the

result of the destructive phonon interference at a half period.

2.3.2 Orthogonally polarized pulses (p = 7/2)

The interference of the LO phonons generated by the orthogonally po-
larized pulses with ¢ = 7/2 depends on the angle 6.

At the § = 7 /4 orientation

Setting ¢ = 7/2 and 0§ = 7/4 in Egs. (2.12)—(2.15), we find

pi(t) = (a+ B)Pu(t), (2.23)
p2(t) = (—a+ B) Paa (1), (2.24)
p3(t) =0, (2.25)
pa(t) = 0. (2.26)

Therefore, only the slow oscillation due to the phonon interference is ob-
served in this geometry. Then, LO phonons are generated via only paths
1 and 2, and those generated by pulses 1 and 2 interfere constructively for

the forbidden Raman term, and destructively for the allowed component at
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Figure 2.5: Amplitude of the LO phonons induced by the orthogonally polarized pulses
(p = w/2 and § = w/4) as a function of the delay, ¢15. (a) The red and blue curves
show the amplitude of phonons induced by the allowed and forbidden Raman scattering,
respectively. (b) Phonons induced via the total Raman tensor with 5/a = 6. The vertical
axis is normalized such that the maximum value is 1. This figure is obtained from Ref. [1].

each period of the delay, ¢15, as shown in Fig. 2.5(a). These features are
explained as below.

From Egs. (2.23)—(2.26), the density matrix, p(t), is obtained as p(t) =
a(P1(t) — Pys(t)) + B(Pr1(t) + Pao(t)). Therefore, in the allowed and
forbidden Raman scattering, phonons are added and subtracted by pulses

1 and 2, respectively. Thus, the LO phonons induced by the allowed Ra-
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man components by pulses 1 and 2 have opposite phases, such that they
interfere destructively at each half cycle. By contrast, those induced by
the forbidden components have the same phase, such that they interfere
constructively.

Figure 2.5(b) shows the LO phonons induced via the total Raman scat-
tering with 3/a = 6. Only the slow oscillation due to the phonon inter-
ference is found. An interesting feature is found at t;5 = 60 fs, which
corresponds to t15 = mw/w. The phonon amplitude does not decrease to
zero in the destructive interference of phonons. This is because of the con-

tribution of the allowed Raman scattering.

At the 6 = 0 orientation

For ¢ = 7/2 and § = 0, we find

p1(t) = BPi1(t), (2.27)
p2(t) = BPaa(t), (2.28)
ps(t) = Py, (2.29)
pa(t) = aPyy. (2.30)

In this geometry, only phonon interference is induced by the forbidden
Raman scattering, and electronic interference is induced by the allowed
scattering on paths 3 and 4, as shown in Fig. 2.6(a). The amplitude of
the LO phonons induced via forbidden Raman scattering at = 0 is the
same as that at # = 7 /4. By contrast, the amplitude of the LO phonons
induced via the allowed Raman scattering shows interference fringes with
fast oscillation at a frequency of 2(); owing to electronic interference dur-

ing the overlap between pulses. Figure 2.6(b) shows the amplitude of the
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Figure 2.6: Amplitude of the LO phonons induced by the orthogonally polarized pulses
(p = m/2 and 0 = 0) as a function of the delay, ¢15. (a) The red and blue curves
show the amplitude of phonons induced by the allowed and forbidden Raman scattering,
respectively. (b) Phonons induced via the total Raman tensor with 5/a = 6. The vertical
axis is normalized such that the maximum value is 1. This figure is obtained from Ref. [1].

LO phonons induced via both the allowed and forbidden Raman scattering
with 8/a = 6. The interference fringes have a fast oscillation with a fre-
quency of €25. However, the superposition of the results from each Raman
tensor is different from the interference fringes in Fig. 2.6(b), because
there is no contribution from the cross-terms due to the quantum-path in-

terference. Furthermore, Fig. 2.6(a) and (b) show the difference of the
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rapidly oscillating electronic interference fringes. These oscillate at 2€),
for allowed Raman scattering only (Fig. 2.6(a)) and at ) for both allowed
and forbidden scattering (Fig. 2.6(b)). These features can be explained as
below.

In the condition (p = 7/2,0 = 0), the allowed Raman scattering (Fig.
2.6(a)) generates LO phonons via paths 3 and 4. Paths 3 and 4 induce
factors of exp(—i€ot12) and exp(i€2t12), respectively. When the double
pulses overlap at ¢15 ~ 0, the phonon amplitude is roughly proportional

to | exp(—i€ot12) + exp(i€otio)

, resulting in the 2(), oscillation. As the
delay time increases, the contribution of path 4 decreases rapidly, so that
the rapid oscillation disappears. By contrast, the coexistence of allowed
and forbidden Raman scattering induces phonon interference via paths 1
and 2. The contribution for the slow oscillation is treated as a constant
(e.g., denoted as A). The absolute value of the sum |A + exp(—i€ot12) +
exp(ifdoti2)| causes the dominant {2y oscillation because the value of A

(the contribution of the § term) is much larger than unity by assumption.

2.3.3 Pulses with a relative polarization angle of 7 /4

Figure 2.7 shows the calculated amplitude of LO phonons with 5/« =6
for pulses with a relative polarization angle of 7/4 as a function of the
pulse delay ¢1,. The electronic and phonon interference fringes are found
at ¢ = 0 and @ = 7/2. In contrast with the parallel-polarized pulses, the
fringe pattern is slightly dependent on 6. For example, the amplitude of
the electronic interference at t15 ~ 50 fs for § = 7/2 is larger than that at
6 = 0. The interference fringes in this polarization condition can be under-
stood as the superposition of interference by the parallel- and orthogonally
polarized pulses.

In the model, we used the single-electron approximation. This might be
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Figure 2.7: Amplitude of LO phonons induced by pulses with a relative polarization angle
of /4 with (a) § = 0, and (b) § = 7/2. The vertical axis is normalized such that the
maximum value is 1. This figure is obtained from Ref. [1].

reasonable for the ISRS process, and the calculated results well represent
the experimental results for the parallel condition [28]. The multi-electron
effects, for example, the relaxation by electron-electron interactions, might

be considered for an absorption process.
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Figure 2.8: Phonon amplitude as a function of ¢;5 for the space-charge model. The de-
phasing rate I is set to be 0.03 eV. The vertical axis is normalized such that the maximum
value is 1. This figure is obtained from Ref. [1].

2.3.4 Case of the mechanism with space-charge field

Figure 2.8 shows the amplitude of the coherent phonons generated by
the double pulse with parallelly polarized-pulse-excitation via the suppres-
sion of the space-charge field as a function of the pump-pump delay (Z15).
The dephasing rate I" was set to be 0.03 eV. The interference fringe with
a period of 2.7 fs also shows a collapse and revival feature as that via the
ISRS process with a large 5. However, the amplitude of the phonons at
timing when the electronic interference collapse (approximately 60 fs) is
smaller than that via the ISRS process. The interference fringes obtained
for the space-charge fields with I' = 0.03 eV are similar to that for the
ISRS with I' = 0.06 eV (shown in Appendix B). The polarization depen-
dence of the amplitude of LO phonons are same as that for the large 5-case

for the ISRS process because the electron-phonon interaction is isotropic.
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2.4 Summary

We derived a theoretic model for the coherent control of LO phonons in
GaAs (001) by relative-phase locked and polarization-controlled double-
pulse excitation. By considering the impulsive stimulated Raman scatter-
ing processes both for the allowed and forbidden transitions, a variety of
the interference fringe patterns in the delay-time dependence of the LO
phonon amplitude were predicted theoretically. These features are the re-
sults of the quantum-path interference in the time domain working together
with the additional degrees of freedom of the polarization of photons.

In the present work, we adopted a model of GaAs as the simplest test
material in this subject. Since the Raman scattering in solids is directly
related to the microscopic origin of the interactions between the local de-
formations of solids and the electronic structures, the effect of the optical
polarization plays a quite important role in the generation and detection
processes of the coherent phonons. This is especially true in the case of
coherent phonons in materials with asymmetric interaction modes, for ex-
ample, bismuth, which has more than two optical phonon modes and elec-
tronic states and includes Jahn-Teller interactions [47]. The experimental
and theoretical studies of the coherent phonons will be further extended
by taking account of the polarization correlation working with the phase-

locked double pulse excitation method.

Appendix A: The perturbative solution of density operator

We show details of the perturbation calculation of the density operator
in ISRS process and derivation of Egs. (2.16)-(2.20). In the interaction

picture, the time evolution of the electron-phonon composite state |1)(¢))
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1s given by:

i 5(0) = Hr(0)[5(0). (A2.1)

in which [1(t)) = expliHt/h]|¥(t)) and H(t) = eI H(t)e H/h
with a wave function [¢(¢)) in the Schrodinger picture. The equation in

Eq.(A.2.1) 1s formally solved as

1h(t)) = expy {_% /_too I:II(T)dT} |1 (—00)) . (A2.2)

The initial state is assumed as |{)(—oc0)) = |g,0). We calculated the inte-
gral with the second-order perturbative expansion.

The time evolution of the density operator by ISRS is expressed by the
double-sided Feynman diagrams (Fig. 2.2). Here, we describe the calcu-
lation for the path 1 as an example. For convenience, the excited electronic
states are denoted as |ej, k) — |e1) and |eq, k) — |e2). In the case of path
1, the photo-excitation and de-excitation processes of the electronic states
are caused by pulse 1.

At time ¢4, the dipole interaction with pulse 1 induces photo-excitation
process (|g,0) — |e1,0)), and at time 7, the phonon is created (|e;,0) —
|e'1, 1)) due to electron-phonon interaction. By the interaction, polarization
of the electronic state is changed by the terms (|e,) (e,| and |e,) (e.|) or
preserved by the terms (|e,) (e,| and |e,) (e, |). Attime t5, the dipole inter-
action induces the de-excitation process of the electronic state (|e},1) —
|9, 1))-

Then the density operator p;(¢) was obtained as

L B 2 ‘ to t to
p1(t) =i (asin260 + 3) Z ( kh 0) we_“"t/ dT/ dtg/ dty
t1 —o0 —o0

k
X (1) f (ta)e™ 7 (Ex—0) (t2—t) o= lta=trlgiwT |6 1) (g 0], (A.2.3)
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Since the only term involved in the integration of time 7 is ™7, we calcu-

late fttf e™“Tdr and get

EO 2 ‘ t to
pl) = (asin2o-+9) () e Sl [ dna [ an
k — 00 — 0
x f(t1) f(ta)e™ xR0l tamti) =it =l (glots _ ciwti) |g 1) (g0

= (asin26 + B) Pi1(t)|g,1) (9,0] . (A.2.4)
The term a sin 26 + 3 comes from (e, e, ):

e1 e1) = a (sin 6 cosd + sin d cos 0 + B (cos? 0 + sin® 0
1

= asin 20 + . (A.2.5)

At a long time delay ¢ from the pump pulses, the upper limit of the inte-
gral can be replaced by co. We performed the integration by substitution
with t; = s — u/2, ty = s + u/2. Using these parameters, we rewrite the

terms f(t1) f(t2) and ™'z — e ag

1 252 u?
ft)f(t2) = o < — 5, ) , (A.2.6)

exp
wt twt U
eiWiz _ gtWh — 9701Ws gipy <7> (A.2.7)

and get the function Pj;(¢) as a function of s and u:

9 .
Py1(t) = 2iAe™ Z“”Z\ukl / dsexp< 8) s

o0 2 . )
X / du exp (—“—2) e~ R ewugiou =R lul g (%) . (A298)
0 20 2

where A = (Ey/(v/Toh))’. The integration over s is a Gaussian in-
tegral, which gives a common constant (G = +/7/202 exp(—c*w?/8))

for each path. Therefore, we summarize the common constant factor as
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B = AG, which yields the equation

0o 2
Pyi(t) = Be ™! 2@'/0 du exp (—;7) sin (%) e 20U P (1)

= Be "“'L(0). (A.2.9)

Appendix B: " dependence

We calculated the amplitude of LO phonons with 5/a = 6 for parallel-
polarized pulses with ¢ = 0 and # = 0 as a function of the pulse delay
t12 and several I values (hI' = 0.01, 0.02, and 0.06 (eV)), as shown in
Fig. B 2.1. With increasing decay constant I', the electronic coherence
decreased at a faster rate. The electronic interference fringes show the
collapse at time ¢. (= m/w) and revival. The amplitude of the LO phonons

at t. decreases with increasing I'.
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Chapter 3
Ultrafast quantum path interferometry to de-
termine the electronic decoherence time in n-

GaAs

In this chapter, we demonstrate how to measure the decoherence time of
electronic excited states in n-type gallium arsenide crystals as a test sample
using a relative-phase locked double pulse excitation method. The elec-
tronic coherence shows uplifting and splitting in the collapse and revival
of the electronic interference, which is sensitive to temperature, and these
features are well reproduced using a simple quantum mechanical model.
The evaluation and discussion are based on comparative analyses with the-

oretical calculations. This work is published in Physical Review B [1].

3.1 Introduction

Quantum coherence represents a superposition of quantum states and
has been widely studied in atomic, molecular, biological, and solid-state
systems [2—10]. In solid-state materials, any coherence disappears quickly
due to interactions with the environment, and consequently the decoher-
ence time and mechanism are still not well understood.

Optical phonons are often coherently induced by irradiating a crystal lat-
tice with ultrashort optical pulses [11-16]. These can be observed using a
pump-probe method in time-resolved reflection or transmission measure-

ments [17-21]; often called coherent optical phonons, they are a super-
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position of phonon Fock states that can be interpreted as a coherence of
phonon states. During the photoexcitation process, the wave packets of
quantum superpositions are generated via several quantum transition path-
ways, and the evolution of phonon decoherence can be evaluated via the
decay of coherent oscillation in transient reflection or transmission. By
using double-pump pulses, the generated wave packets undergo quantum
interference with each other [22—24]. These quantum interferences can be
manipulated by controlling the polarization and the delay time between
double pulses, which is called coherent control [25-28]. Furthermore, by
applying a relative phase of the optical pulses, not only phonon interfer-
ence but also electronic interference can be observed [29, 30].

In our previous work, we have performed quantum path interferometry
to study the quantum coherence of the electron—phonon composite sys-
tem in n-type gallium arsenide (n-GaAs) single crystals using femtosecond
pulses with relative phase-locking [30, 31]. Under the parallel polariza-
tion of double-pump pulses, both electronic coherence with rapid oscilla-
tion (~ 2.7 fs period) and phononic interference with slow oscillation (~
115 fs period) can be simultaneously observed. Electronic coherence is
also found to have a longer lifetime than the optical interference, and also
shows collapse-revival behavior [30]. In contrast, with orthogonal polar-
ization, only phononic interference is observed in this situation, with no
electronic interference being observed [31].

This interference behavior can be theoretically explained using a sim-
ple quantum mechanical model, consisting of two electronic bands and
a single longitudinal optical (LO) phonon mode, with a classical optical
electric field and the Raman tensor [30, 32]. Theory predicts that uplifting
and splitting will be observable in the collapse and revival of the electronic
interference, when the two pump pulses are at 7/4 relative polarization.

Moreover, this characteristic uplift and splitting width is sensitively de-
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pendent on the decoherence in n-GaAs. This allows decoherence time to
be determined quantitatively from the values of the height and width in the
interference pattern.

In this chapter, we demonstrate the quantitative determination of the
electronic decoherence time in the electron—phonon composite system
(n-GaAs), using ultrafast quantum path interferometry experiments with
relative-phase locking and 7 /4 polarization. Temperature dependence of

the electronic decoherence time 1s also discussed.

3.2 Experimental details

Using a pump-probe method with double-pump pulses, we measure the
transient reflectance from the (001) plane in a single crystal of n-type GaAs
with a thickness of 0.35 mm. The sample is doped with Si at a donor
concentration of 1.0 x 10'® cm ™3, and set in a cryostat.

This experimental setup (Fig. 3.1) uses a Ti: Sapphire laser (KM laser),
producing pulses of width ~ 60 fs at a repetition rate of 94 MHz centered
at approximately 800 nm. Chirped mirrors compensate for the dispersion
in group velocity of the optics. A beam splitter divides the pulse into pump
and probe pulses. The pump pulse is directed into a scan delay driven at
20 Hz to control the pump-probe delay, and a custom-built Michelson-type
interferometer to create double-pump pulses. In this interferometer, we use
a feedback stage (Sigma Tech Co. Ltd.) in the optical path of pump 2 to
control the pump-pump time delay (¢;2) in steps of 300 attoseconds. A
wave plate (A/2) and a linear polarizer placed in each optical path set the
polarization direction and optical intensity before a lens focuses the pump
and probe pulses onto the n-GaAs crystal in the cryostat. A portion of
the double-pump pulses created by the Michelson-type interferometer is

extracted by a beam sampler and introduced into the optical monitor sys-
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Figure 3.1: Optical system for quantum path interferometry. BS: beam splitter, WP:
waveplate, Pol: linear polarizer, PBS: polarizing beam splitter, PD: photodetector.

tem. With this system, interference between pump pulses is also observed
simultaneously during transient reflectance measurements.

Applying the electro-optic (EO) sampling technique, photodetectors are
used to measure the photocurrent of the reflected probe pulse. In this tech-
nique, a polarizing beam splitter separates the reflected probe pulse into a
pair of beams, which are subsequently detected using twin balanced pho-
todetectors. The differential signal detected in balanced photodetectors is
amplified using a low-noise current amplifier and recorded using a digital
oscilloscope. The signals are averaged 4000 times using an oscilloscope to
remove electrical noise.

In this experiment, we set the relative polarized angle of the double-
pump pulses to 7/4. The pump pulse pairs were polarized in the crystal
orientations [-110] and [010], respectively (Fig. 3.2(a)), with both inten-
sities set to 10 mW. In addition, the probe pulse is polarized in the [100]
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Figure 3.2: Quantum path interferometry experiment on the n-GaAs (001) surface. (a)
The relation between the electric polarization of pump 1, pump 2, and probe pulse and
the crystal orientation ([100] and [010]). The red dotted and solid lines show the electric
polarization of pump 1 and pump 2, respectively. The black solid line shows the electric
polarization of the probe pulse. ¢ is the angle between the polarization of pumps 1 and 2,
set to /4. (b) Pump-probe delay dependence of the relative change in transient reflectiv-
ity (AR/Ry) in double-pulse excitation at pump-pump delay time (¢12) of approximately
0 fs under 290 K. (c) Two-dimensional image map of the change in transient reflectance
intensity with pump-probe delay and pump-pump delay, under the 7/4 relative polarized
pump pulse condition, at 290 K. This original figure is Ref. [1], and is plotted with modi-
fications.

direction (Fig. 3.2(a)), with an intensity of 5 mW. To measure temperature

dependence, three cryostat settings are used at 290 K, 90 K, and 10 K.

3.3 Ultrafast quantum path interferometry results

Fig. 3.2(b) shows the transient reflectance (A R/ R,) obtained by double-

pump pulse excitation (12 ~ 0 fs) of n-GaAs sample as a function of
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pump-probe delay at 290 K with the light intensity of about 30 mW. A
non-oscillation background signal was removed. After Fourier transfor-
mation with pump-probe delays ranging from 0.3 to 3.0 ps, the Fourier-
transformed (FT) signals are approximately 7.6 THz and 8.6 THz. These
correspond to oscillations of the longitudinal optical phonon-plasmon cou-
ple (LOPC), and LO phonon mode [12, 16, 33-35], where the LOPC mode
is smaller than that of the LO phonons. The ratio of the LO and LOPC
peaks in the Fourier spectrum depends on the range of the Fourier trans-
form and results from the much shorter lifetime of the LOPC mode com-
pared to the LO phonons. Therefore, we focus only on the LO phonon in
this study.

Fig. 3.2(c) shows two-dimensional image maps of the relative change
in transient reflection (A R/ Ry) against pump-probe delay (¢13) and pump-
pump delay (t12). We vary t15 in steps of 300 attoseconds and measure
the transient reflectance of each pump-pump delay. At a delay time ¢
between pump pulses, we observe two types of oscillations: 1) slow os-
cillation with a period of approximately 115 fs, corresponding to the LO
phonon of GaAs, and; 2) rapid oscillation with a period of approximately
2.7 fs.

To see greater detail of the interference behavior at a pump-pump delay
time of (¢12), Fourier transforms are performed for all pump-pump data
along with the pump-probe delay (e.g., horizontal axis in Fig. 3.2(c)).
Subsequently, we plot the 8.6 THz signal corresponding to the LO phonon
signal versus the pump-pump delay time. Fig. 3.3(a) shows rapid oscilla-
tion via electronic coherence simultaneously with slow interference fringes
due to phononic interference. Moreover, electronic coherence is confirmed
to persist for a longer time than optical interference. The splitting width of
the electronic interference is 15.9 + 0.3 fs. We observe a less pronounced

amplitude suppression in the interference shape near the pump-pump delay
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Figure 3.3: Quantum path interference as a function of pump—pump delay ¢12. (a)-(d)
Measured LO phonon amplitudes as a function of pump-pump delay time ¢15 at (a) 290
K, (b) 90 K, (c) 10 K, and (d) optical interference of pump pulses. (e)-(h) The calculated
LO phonon amplitudes as a function of pump-pump delay time at a relative polarization
angle of /4 for the parameter I': (e) 0.075 fs~1, (f) 0.044 fs—1, (g) 0.035 fs~!, and
(h) theoretical optical interference of pump pulses. Each calculated result reflects the
experimental visibility of optical interference. The vertical axis is normalized by the
maximum phonon amplitude of each data in experiment and theory. This original figure
is Ref. [1], and is plotted with modifications.

time t1o = 0 fs, which is different to our previously reported results under
parallel polarization [30].

Fig. 3.3(a)-(c) shows the measured LO phonon amplitudes (i.e., inter-
ference of quantum coherence) as a function of pump-pump delay time ¢
at 290 K, 90 K, and 10 K conditions. The electronic decoherence time

increases at lower temperatures. By focusing on the quantum coherence’s
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interference shape at a pump-pump delay time around ¢, = 55 fs, a signifi-
cant triangle pattern (due to uplifting of the phonon amplitude and splitting
of the interference shape) is observed with decreasing temperature. This
uplifting of phonon amplitude is a characteristic phenomenon caused by
quantum path interference in the impulsive stimulated Raman scattering
(ISRS) process [30]. Notably, this splitting width is seen to expand as the
temperature decreases, with the splitting widths of the electronic interfer-
ence at 10 and 90 K obtained to be 27.4 and 24.6 £ 0.3 fs, respectively.
Note that we define splitting value as the width of the triangles observed in
the quantum interference shape when the pump-pump delay ¢;5 is around
55-fs. Furthermore, we define the experimental and theoretical uplifting
value as the height from the minimum phonon amplitude to the point where
the electronic interference collapse-revival behavior. Details of the defini-

tion of uplifting and splitting are given in the Appendix.

3.4 Theoretical calculation with decoherence parameter

The theoretical model for the coherent control of LO phonons in GaAs
by double-pulse excitation is derived using the quantum mechanical model
and ISRS process [32], described as follows. This model was derived us-
ing a simplified electronic band model, the phonon state as a harmonic
oscillator, and the electron—phonon interaction taking into account the al-
lowed and forbidden Raman scattering process [21, 36—38]. The Hamil-
tonian model and calculation of the density operator corresponding to the
double-sided Feynman diagrams are described in detail elsewhere [32],
and in the Chapter 2. In this model, the resonant excitation occurs at an
energy slightly higher than the excitation band edge of GaAs, and coherent
phonons are generated. We therefore introduce a phenomenological effec-

tive response function F'(¢) to describe the probability of electron transition
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to the energy region corresponding to resonant Raman scattering. In this
calculation, we use a simplified Lorenz model for the effective response

function

F(t) = 3 e Rexmealt = 0,
k

o |ul? exp (=iQt — Tlt]) 3.1)

where (2. corresponds to the center frequency of the optical pulse and I" to
the decay constant, which is the reciprocal of the electronic decoherence
time.

We calculate the four quantum pathways in optical transition via ISRS
with double-pump pulses. The visibility of optical interference in the ex-
periment (Fig. 3.3(d)) is confirmed to be only approximately 75% of per-
fect interference (100%), so we therefore consider a contribution of 0.75
from the two quantum pathways related to electronic coherence.

Fig. 3.3(e)-(h) shows the calculated LO phonon amplitudes as a func-
tion of pump-pump delay time at a relative polarization angle of /4 while
varying the parameter I'. In these figures, the theoretical results confirm
that the experimental interference shapes are well reproduced. In partic-
ular, the splitting or uplifting of the interference shape shows a similar
change as the decay constant I decreases, i.e., as the decoherence time in-
creases, the feature interference pattern formed becomes more significant
as in the case of the experimental lower temperature.

These results strongly suggest that the splitting and uplifting of the in-
terference shape are dependent upon the decay constant. Moreover, it is
possible to determine the decoherence time in electron—phonon composite
states by comparing the theoretical and experimental splitting widths and
uplifting of phonon amplitudes, whose calculations as a function of the

decay constant are shown in Fig. 3.4.
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Figure 3.4: The relation among the calculated decay constant I', the splitting width, and
the uplifting of the phonon amplitude in the interference shapes at around t15 = 55 fs; (a)
Splitting width where the phonon amplitude reaches a minimum. (b) Uplifting amplitude
at the moment of collapse and revival of the electronic coherence. This figure is obtained
from Ref. [1].

3.5 Discussion on electronic decoherence time

Using the calculated relation between the splitting width or uplifting of
phonon amplitude and the decay constant (Fig. 3.4), the electronic deco-
herence time at each temperature is obtained, shown in Fig. 3.5 with a plot
of decoherence time as a function of temperature. Each decoherence time
was determined by comparing experimental and theoretical splitting and
uplifting values of triangle patterns in quantum interference shape. The
electronic decoherence time is found to be 27.8 £+ 0.5, 23.0 &= 0.3, and
12.9 4 0.3 fs at each temperature of 10, 90, and 290 K, decreasing as the
temperature increases, respectively.

Wegener et al [8, 9, 39, 40] have studied the influence of photoin-
duced carriers on electronic coherence in bulk GaAs (0.6 um layer in

GaAs/Aly 3Gag 7As) using four-wave mixing (FWM) and photon-echo
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Figure 3.5: The decoherence time as a function of temperature. The red and blue dot-
ted lines show experimental decoherence times obtained by uplifting of phonon ampli-
tude and splitting width, respectively. The black dashed line is the relation between the
electronic decoherence time and temperature estimated by the quantum kinetic theory
(Eq. (3.3)). This figure is obtained from Ref. [1].

techniques at room temperature. They report that the electronic decoher-
ence time (7) is 18 fs at a carrier density of 10'” cm ™3, and is dependent

on the photoexcited carrier density n. as

=751+ cné/g, (3.2)

where n. is the sum of the two individual photoexcited carrier densities
(ne = Me1 + Ne2), and 7y 1s the decay constant for scattering by phonons,
and 7y = 100 fs. The coefficient c can be estimated from Fig. 1 in Ref. [8]
tobe 9 x 107 cm/s.

In this study, two types of carriers may contribute to electronic coher-
ence. One is the photoinduced carriers under irradiation by double-pump
pulses, while the other is the carrier density from Si dopants. It is neces-

sary to consider the contribution of both carrier densities to the theoretical
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model in Eq. (3.2).

In Eq. (3.2), the parameter 7y is the decay constant for scattering by
phonons, and c is the coefficient. Here, we consider the meaning of pa-
rameter c. Examination of the unit dimension of Eq. (3.2) shows that the
first terms on the left and right sides are in 1/s. For the second term on the

/3 has a unit in cm~—!. We infer the dimension of ¢ to be cm/s

right side, ne
and interpret it as akin to the group velocity of electrons. Calculating the
group velocity of electrons excited by the optical pulse (1.55 eV) using the
free electron model (F = h*k?/2m,, + E.) at 300 K gives an estimated
group velocity of about 8.4 x 107 cm/s.

Subsequently, we attempt to evaluate the decoherence time due to the
photoinduced and dopant carrier densities by using the modified quantum

kinetic theory in Eq. (3.2), as

Pl = 1 4 o(T) (na(T) + ne(T)Y2. (3:3)

where 79 = 100 fs, and v(7T") is the group velocity of electrons, ny(7) is
the dopant carrier density. n.(7") is the photoinduced carrier density with
double-pump pulses, which was derived using the pulse power at max-
imum interference. Details of each carrier density are given in the Ap-
pendix. The estimated decoherence time with respect to temperature is
shown in Fig. 3.5, in which the estimated values are shown to agree well
with the experimental results. Equation (3.3) can be easily interpreted as
follows. (ng(T) + n.(T))'/? corresponds to the reciprocal of the mean
distance between electrons in the conduction band. v(7") corresponds to
the group velocity of the photoinduced electron in the conduction band.
Consequently, v(T) x (ng(T) + n.(T))'/? corresponds to the reciprocal
of the collision time. Therefore, the decoherence time can be determined

by the collision time for the photoexcited electrons in the conduction band
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in the present condition. The experimentally obtained decoherence time at
10 K is shorter than the estimated values, and there are two possible ex-
planations for this. One is that the free electron model may not explain the
parameter value of v(7') at extremely low temperatures, because the band
structure and effective mass change with temperature. Alternatively, 7
may depend on temperature because the lifetime caused by phonon scat-
tering, such as electron—phonon scattering, varies with temperature. In
actuality, the estimated decoherence time becomes lower and more consis-
tent with the experimental decoherence time at 10 K when 7 is set to a
time shorter than 100 fs. In addition, excitons are generated by electrons
at the conduction band edge as the temperature decreases. Consequently,
the carrier density is expected to decrease, and the electronic decoherence
time should increase beyond the estimated time in this calculation. How-
ever, our experimental result shows a shorter decoherence time at 10 K.
This may be due to the fact that our observations concern electronic coher-
ence at energies beyond the band edge, which are relatively less affected
by exciton generation. Further experiments with various pump power den-
sities, center wavelengths, and temperatures will help to further elucidate

the details of the decoherence mechanism.

3.6 Summary

We investigate the electronic decoherence time in the electron—phonon
composite system (n-GaAs) using ultrafast quantum path interferometry
experiments with relative-phase locked and m/4-polarized double-pulse
excitation. The decoherence time is quantitatively determined from the
uplifting of phonon amplitude, and the split width is obtained with the
help of a quantum mechanical model calculation: 27.8 + 0.5, 23.0 4= 0.3,
and 12.9 + 0.3 fs at 10, 90, and 290 K. The temperature dependence of the
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decoherence time is discussed from the perspective of electron density, and
is reproduced using carrier densities in the conduction band, and the group
velocity of the photoinduced electrons. The derived formulas with elec-
tronic dispersion, photon energy, and intensity will be expected to evaluate
the electronic decoherence time in solids. We also anticipate that the ul-
trafast quantum path interferometry will be used to examine quantitatively

electronic and phononic decoherence times in solids.

Appendix A: Uplifting and splitting of a quantum path in-
terference

In this chapter, we measured the electronic coherence using relative
phase-locked double pump pulses. We also determined the electronic
decoherence time at different temperatures. In particular, we focused on
the distinctive quantum-path interference shape under the 7/4 relative
polarization. This interference shape is a triangular pattern observed at
a pump-pump delay time of about 60 fs. To support the main point, we
present a supplementary figure showing the uplifting and splitting of the
quantum interference shape, as indicated in the main text. In addition, we
provide evidence for a good agreement between our experimental data and
theoretical calculation as a consequence of our analytical approach.

Figure A 3.1 shows the definition of uplift and splitting of the quan-
tum path interference under the /4 relative polarization. We define the
splitting value as the width of the triangles (in red arrows) observed in the
quantum interference shape when the pump-pump delay ¢, is about 60
fs. Furthermore, we define the experimental and theoretical uplift value
as the height from the minimum phonon amplitude to the point where the
electronic interference collapse-revival behavior (in blue arrow).

Figure A 3.2 shows the comparison of the experimental data at 90 K
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Figure A 3.1: The definition of splitting and uplifting in the quantum path interference
pattern. The red and blue arrows correspond to splitting and uplifting. The red dotted line
is the experimentally measured quantum path interference pattern at 90 K. This figure is
obtained from supplementary materials in Ref. [1].
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Figure A 3.2: Comparison of experimental and theoretical quantum interference at 90 K
as a function of pump-pump delay in the form of matching phonon amplitude minima.
The red curve and blue dotted are correspond to the experimental and theoretical results,
respectively. This figure is obtained from supplementary materials in Ref. [1].

by using a theoretical calculation (I' = 0.044 fs—!) from the quantitative

analysis of the electronic decoherence time. It is found that both are fit in

good agreement.
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Appendix B: Doped carrier density

In n-type semiconductors, the occupancy fy(FEy) in the donor level at

temperature 7' is

1
1+ éexp[(Ed — EF)//{}BT] ’

fa(Eq) = (B.3.1)
where F; and Ep are energies of the donor level and Fermi level, g is
the degeneracy factor, and kp is Boltzmann’s constant [41]. The number
of electrons (n,4) occupied in the donor level is ng = Np f4(E,) for the
dopant density of Np. Then, the number of electrons (n') excited to the
conduction band from dopants is n’ = Np — ng.

The electron density (n) in the conduction band is

n = N.exp[—(E, — Ep)/kpT), (B3.2)

where [V, is the effective density state defined by

orm kT \>"?
W—B) . (B.3.3)

N.(T) =2 ( -

Here, m,, is the effective mass of electrons. When the bandgap energy
(E. — E,) is larger than the thermal energy, the electron density in the

conduction band is equivalent to n’ (i.e., the charge neutrality condition):

Np

N, —(E. — Er)/kpT| = . B.3.4
exp[—( 7)/kpT] 1T goxpl—(Bq — Er)/kpT] ( )
Thus the Fermi energy Fr is obtained as
1 1 49Np E.—Eq
Er=F;+ kpT1 ——+ —4 /1 4+ — B.3.5
F a+ kpT'log % + % + N, = ( T ) ( )
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Figure B 3.1: (a) The group velocity, (b) electron density, and (c) bandgap energy versus
temperature in n-GaAs. (b) The solid, dashed, and dotted curves are total carrier density,
dopant carrier, and photoinduced carrier, respectively. The vertical axis in (b) is plotted
as a logarithm with base 10. This figure is obtained from supplementary materials in
Ref. [1].

Using the Fermi energy, the carrier density in the conduction band is cal-
culated.

In this study, we used Si-doped GaAs with a concentration of Np = 10'8
cm 3, and a degeneracy factor of g = 2. The energy of the conduction
band edge (E,) is defined as the band gap energy (£,), assuming that the
top of the valence band (£,) is 0 eV. The bandgap energy is determined as
a function of temperature, F,(T) = 1.519 — 5.408 x 10~* T?%/(T + 204)
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[42]. Furthermore, the bandgap energy is approximately 1.42 eV, which is
larger than the thermal energy (~ 26 meV) at 300 K. The ionization energy
for S1in GaAs is 0.0059 eV [41]. Figure B 3.1 shows the calculated group

velocity, electron density, and bandgap energy as a function of temperature.

Appendix C: Laser intensity and photocarriers

The laser focused spot is approximated as Gaussian function,
\/% exp(—2r?/c?), in which o is the radius of the beam at 1/¢?
times of the maximum intensity. The intensity profile along one axis is
measured using a knife-edge method, and rpwin 1S determined to be
about 25 pym. The power density is estimated to be 86% of the power
irradiated onto the focused area (S = w02, 0 = V2rawam / \/@). The
reflection coefficient used is R = 0.39 [43]. The absorption coefficient at
photon energy of 1.55 eV is determined as a function of temperature, as
a(T) = 36.7T + 9.0 x 10® (cm™!). This is because it has been reported
to show slight fluctuations with temperature [44].

In this experiment, the optical pulse travels through the quartz glass
mounted in the cryostat, so the optical power irradiated onto the sample
is multiplied by the transmittance (7) of the quartz glass (7 = 0.95). Be-
fore accounting for the cryostat, each pump laser power (pump 1, pump
2) 1s 10 mW with a repetition rate of 94 MHz and a central wavelength
of 800 nm (corresponding to 1.55 eV). The maximum pump laser power
is about 30 mW due to the optical interference. Consequently, the num-
ber of photons is estimated to be Iy = 1.29 x 10° photons/pulse. Using
these parameters, the density of photoinduced electrons (n.) per pulse is

determined as

ne(T) = 0.86 (T)(1 — R) 71y/(m0?) (C.3.1)
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Here, we set the quantum efficiency of photoexcitation to be 1.

Appendix D: Estimated decoherence time for photoexcited
electrons from heavy and light holes in valance bands

In this chapter, we evaluated the electron group velocity, which corre-
sponds to the energy difference between the band gap and the photoexci-
tation energy by using a free electron model. In addition, we estimated
the decoherence time based on quantum kinetic theory. Here, we consid-
ered the difference in valance band curvature resulting from the effective
mass of the heavy and light holes [41], and analyzed the influence of the
decoherence time of photo-excited electron from each hole band.

Figure D 3.1 shows the temperature dependence of the estimated deco-
herence times for electrons excited from each hole band. From Fig. D 3.1,
it can be concluded that electrons from heavy holes undergo more efficient
scattering (decoherence) than those from light holes, since electron exci-
tation occurs on the £ > 0 side. Furthermore, the estimated decoherence
time due to electronic excitation from the heavy holes is close to the result
of the electron group velocity, which corresponds to the energy difference
between the band gap and the optical excitation energy as presented in the

main text.
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Chapter 4
Influence of initial phonon states on the gener-
ation of coherent optical phonons

In this chapter, we explore whether the initial state of the system due to
temperature conditions affects the quantum path interference results. We
define a mixed state as the system’s initial state, taking into account the
phonon distribution determined by the thermal equilibrium distribution,
and investigate the generation of coherent phonons under finite tempera-

tures. This work is published in Solid State Communications [1].

4.1 Introduction

Coherent phonon oscillations are a common phenomenon observed in
many ultrafast pump-probe experiments, including those with electron,
optical, and X-ray probe pulses [2—11]. The ultrafast dynamics of opti-
cal phonons, including their lifetimes and frequency chirping, have been
studied using coherent phonons in various materials [12—19].

There are two main mechanisms behind the generation of coherent op-
tical phonons depending on the transition of the optical pulse: impulsive
stimulated Raman scattering (ISRS) [2, 8, 12] under transparent conditions
and impulsive absorption (IA) under opaque conditions, where the prod-
ucts of the latter are often called displacive excitation of coherent phonons
(DECP) [6, 12, 20]. These two mechanisms have usually been treated
separately in theoretical calculations. We have previously developed a the-

ory that treats both the ISRS and IA mechanisms using a simple quantum
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mechanical model. The material system is modeled using two electronic
levels. Shifted harmonic oscillators are assumed for the optical phonons
and a dipole interaction between the system and light (a classical optical
field). The time evolution of the coherent optical phonons is calculated
by solving the quantum Liouville or time-dependent Schrodinger equation
with second-order perturbations. The results replicate experimental obser-
vations well [18, 21, 22].

In previous work [21, 23-25], the initial phonon state was assumed to be
a zero-phonon state, which is a reasonable assumption for high-frequency
phonons and low-temperature conditions. However, under some experi-
mental conditions, non-zero number states might contribute to the coher-
ent phonons. For example, the population ratio P,—;/P,—q is approxi-
mately 0.49 for optical phonons of the Cu-mode in YBay,Cu3zO7_5 (4.5
THz) at room temperature (300 K). It is therefore important to study the
effect of the initial phonon distribution on the dynamics of coherent optical
phonons.

In this chapter, we study the influence of the initial distribution of phonon
states on the generation of coherent optical phonons. We solve the quantum
Liouville equation using two electronic states and phonon basis sets for
the initial phonon states, expressed using a density matrix as a mixed state

under thermal equilibrium conditions.

4.2 Model with initial phonon states

We consider a two-level electronic system and a harmonic oscillator
for the optical phonons at the I'-point (l; = 0). It is assumed that the
electronic excited state is coupled with the optical phonon mode through
a deformation-potential interaction with a dimensionless coupling con-

_>
stant (o« > 0). We approximate the interactions by neglecting the £ -
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Model with initial phonon states

dependence of the coupling constant. In a bulk crystal, the Huang-Rhys
factor (a?) is considered to be small, i.e., a®> < 1. In the present model,
the physical properties specific to the materials (e.g., phase transitions in
superconductivity) are not taken into account.

The Hamiltonian of the electron-phonon composite states is given by

Hy=H.+ Hyy, + Hep, 4.1)
He =¢4g) (9] +ecle) (el (4.2)
Hpp, = hwb'b, (4.3)
Hep = ahw (BT +b) |e) (e], (4.4)

where H, and H,, are the Hamiltonians of the electronic and phonon
states, respectively. H., is the Hamiltonian of the electron-phonon interac-
tion. The parameter w is the phonon frequency, and €, €. are the energies
of the ground and excited levels, respectively. The operators b', b are the
creation and annihilation operators of the phonons, respectively.

Within the rotating-wave approximation, the interaction Hamiltonian be-

tween light and electrons is expressed as

Hy(t) = pBE(t) (e "' |e) (g] + "™ |g) (e]) , (4.5)

where p is a transition dipole moment and () is the frequency of the pump
pulse. FE(t) is the optical electric field of the pump pulse, expressed as
E(t) = Eof(t). The function f(¢) is the Gaussian pulse envelope, which

1s defined as
1 2
f(t) = Jro exp <—§> , (4.6)

where F is the amplitude of the electric field and o is the pulse width.

In our model, we use a density matrix formalism and the quantum Liou-
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ville equation to calculate the time evolution of coherent optical phonons.
A wavefunction |¢(t)) is expanded in the composite system using basis
sets of two electronic states (|g) and |e)) and phonon Fock states of a har-

monic oscillator (|n)):

N

[$(8) =D (ealt) lg,n) + dn(t) le,n)), 4.7)

n=0

where ¢, () and d,,(t) are the time evolution coefficients of the n-phonon
states in the electronic ground and excited states, respectively. N is the
upper limit of the phonon number state. Note that |g, n) is the electronic
ground state in the n-phonon state, i.e., |g,n) = |g) ® |n).

The quantum Liouville equation is expressed as

i o(t) = [H, p(1)), 48)

where H is the total Hamiltonian H = Hy + H/(t) and p(t) is the density
operator p(t) = [1(t)) (x(t)|. Simultaneous differential equations for the
coefficients (c,(t), d,(t)) were obtained by inserting Eq. 4.7 into Eq. 4.8.
The time evolution of the density operator was obtained by solving the
simultaneous differential equations numerically for several initial phonon
distributions. We calculated the expected value of any state related to the
phonon polarization or population. In the present model, both the IA and
ISRS processes coexist and the contributions of both are calculated simul-
taneously.

The initial phonon states were determined from the thermal equilibrium

distribution at temperature 7'

1 hw
pleo0) =3 exo (<1 Y fgun) (gl @9)
n=0
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where kg is the Boltzmann constant and 7 is a partition function: Z =
> exp(—nhw/kgT). The population in the electronic states was as-
sumed to be negligibly tiny because the bandgap energy (. — €,4) is much
larger than the thermal energy.

In the actual calculations, we considered five phonon states (N = 4)
in each electronic state. The phase relaxation effect of electrons in the
electronic excited state was not considered. We set the electron-phonon
coupling constant to o = 0.01. The band gap energy and the vibrational
energy were setto e, — ¢, = 1.4 eV and w = 18.6 meV (= 4.5 THz),
respectively. We also set the parameters o = 30 fs and uEy = v/0.55 (eV
- ), corresponding to a pulse energy of 7.53 (uJ/cm?). We examined the
effect of an initial phonon distribution under resonant excitation conditions
(h€2y = €. — €y).

In addition to these, the effects of pulse width and detuning were exam-
ined, which showed basically the same trends as the previously reported
results with the second-order perturbations, which are described in Appen-
dices A and B.

4.3 Results and discussion of induced coherent phonons

The polarization, population, and variance of coherent optical phonons
were calculated for two possible initial phonon distributions at 10 and 300
K. In this calculation, we focus on changes of phonon amplitudes, and do
not consider the relative displacement of the phonon coordinate between
the electronic ground and excited states.

We evaluated the phonon polarization corresponding to coherent
phonons as proportional to the expectation value of the phonon position

operator ({(Q(t)) = Tr[Qp(t)], Q@ = \/g(b + bT)). For example, the

off-diagonal element between the n = 0 and n = 1 phonon states for
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the electronic ground state in the density operator was obtained using
the coefficients co(t)c;(t) 4+ c¢1(t)ci(t). In contrast, the electronic excited
state was obtained as dy(t)d;(t) + dy(t)dj(t). Hereinafter, the phonon
coherence between the n— and m—phonon states in the electronic ground
and excited states is denoted by L,(n,m) = c,(t)c},(t) + cn(t)ch(t)
and L.(n,m) = d,(t)d},(t) + d,,(t)d (), respectively. Furthermore, the
phonon polarization in the electronic ground and excited states are denoted
by Q4(n,m) = /m Ly(n,m) and Q.(n,m) = /m L.(n,m). Note that
the phonon polarization (@) is the sum of the polarization in each elec-

tronic state, (Q)) = \/g(Qg-l—Qe) =/ 25, (Q4(n, n+1)+Q.(n,n+1)).

4.3.1 Phonon polarization and population

Low temperature case (1" = 10K)

Figure 4.1 shows the calculated time evolution of the phonon polariza-
tion for an initial phonon distribution at 7" = 10 K. The initial distribution
is almost dominated by zero-phonon states in the electronic ground state
(p(—00) =19,0) (g, 0[) at I0 K.

Figure 4.1(a) shows the time evolution of the phonon polarization
(Q¢(0, 1) in the electronic excited state induced via IA and that of ),(0, 1)
in the electronic ground state induced via ISRS. The intensity of Q.(0, 1)
increases as the pump-pulse intensity increases and begins to oscillate.
Only the first oscillation peak (near ¢ = 0) is smaller than the subsequent
oscillation intensities (at ¢ > 110 fs). The intensity of ),(0,1) shows
an oscillation with a slight delay compared with that of Q.(0,1). It is
clear that the oscillation of ().(0,1) is cosine-like and that of (),(0, 1)
is sine-like, and the initial phases are different by 7/2. These features

agree well with experimental results and second-order perturbation theory
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Figure 4.1: The phonon polarization in the electronic ground state (solid curves) and
excited state (dotted curves) as a function of time delay for an initial state at the low-
temperature limit (10 K, p(—o00) = |g,0) (g,0|). (a) polarization between n = 0 and
n = 1 states: L.(0,1) and L,(0, 1), and (b) polarization between n = 1 and n = 2
states: L¢(1,2) and Ly(1,2). This figure is obtained from Ref. [1].

calculations [11, 23, 26].

Figure 4.1(b) shows the calculated phonon polarizations between
higher-order number states (Q.(1,2) and Q,(1, 2)), which were not calcu-
lated using second-order perturbation theory. The amplitude of the phonon
polarization between the one- and two-phonon states is 10° times smaller
than that between the zero- and one-phonon states. The first peak position
shows a shift (approximately 25 fs) compared with that of Q.(0,1). The
phase of the (),(1,2) oscillation is 7 different from that of the (,(0, 1)
oscillation, while the Q).(1,2) and Q.(0, 1) oscillations are in phase.
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Figure 4.2: The phonon population in each phonon number state in the electronic ground
state (solid curves) and excited state (dotted curves) as a function of time delay for the
initial state p(—o0) = |g,0) (g, 0|. The optical pulse used in the calculation is superim-
posed (red solid curve). (a) population at n = 0 state: P.(0) and P,(0), (b) population at
n = 1 state: P.(1) and P,(1), and (c) population at n = 2 state: P.(2) and F,(2). This
figure is obtained from Ref. [1].

Figure 4.2 shows the time evolution of the phonon population in the
electronic ground and excited states (P, (n), P.(n)), where n corresponds
to the phonon number state (|n)). The increase in P,(0) corresponds
approximately to the decrease in P,(0) due to photoabsorption (Fig.
4.2(a)). The populations in the phonon-excited states increase with the

pump-pulse irradiation, and their values are much smaller than those of
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Figure 4.3: The phonon polarization in the electronic ground state (solid curves) and
excited state (dotted curves) as a function of time delay for an initial state of thermal
equilibrium (at 300 K). (a) polarization between n = 0 and n = 1 states: L.(0,1) and
L,(0,1), and (b) polarization between higher two Fock states. This figure is obtained
from Ref. [1].

the zero-phonon state. P.(1) is larger than P,(1), while P.(2) is smaller
than P,(2).

All of the populations show constant values that do not oscillate, while
the polarizations oscillate with the delay time. These results indicate that

the coherent optical phonons correspond to the polarization.
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The room temperature case (7' = 300K)

Figure 4.3 shows the time evolution of the phonon polarization for an
initial phonon distribution at 7" = 300 K. The behaviors of Q,(0, 1) and
(Q.(0, 1) are almost identical to those calculated for the initial distribution
at T' = 10 K, except for the intensity of the oscillation.

The behaviors of Q),(1,2) and Q).(1,2) are also the same as those of
(),(0,1) and Q. (0, 1). The oscillation intensities of ().(1,2) and Q.(0, 1)
are almost the same, while the population of the one-phonon state is half
of that of the zero-phonon state under the initial condition (P,—/P,—g =
0.485). The evolution of the phonon polarization of higher phonon states
shows the same behavior except for the oscillation intensity. The inten-
sity decreases as the number of phonon states increases. Furthermore, the
()4 (n, m) of the higher-order phonon states oscillate in phase.

These features of the oscillation amplitude and behavior are caused by
the phonon generation process via creation and annihilation operators in
phonon Fock states.

When creating phonon polarization, each phonon state (|n)) interacts
with one state above it (Jn + 1)) and one state below it (jn — 1)). How-
ever, the zero-phonon state, unlike the other phonon states, cannot in-
teract with the state below. This may be the reason for the intensity of
phonon polarization (Q.(0,1), ,(0,1)) being comparable with that of
(Qe(1,2), Qy(1,2)), respectively.

Figure 4.4 shows the time evolution of the phonon population in the
electronic ground and excited states (P,(n), P.(n)) under thermal equilib-
rium conditions at 300 K. The population P.(n) of the electronic excited
state increases as the population P, (n) of the ground state decreases by an

almost equal amount. This response is observed only for P,(0) and F.(0)
at 10 K.
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Figure 4.4: The phonon population in each phonon number state in the electronic ground
state (solid curves) and excited state (dotted curves) as a function of time delay for an
initial state of thermal equilibrium (at 300 K). The optical pulse used in this calculation
is superimposed (red solid curve). (a) population at n = 0 state: P.(0) and P,(0), (b)
population at n = 1 state: P.(1) and P,(1), and (c) population at n = 2 state: P.(2) and
P,(2). This figure is obtained from Ref. [1].

4.3.2 The total coherent phonon amplitude

In the previous section, we evaluated the amplitude of coherent phonon
oscillation between selected phonon states. However, in a typical pump-
probe measurement, the oscillation intensity of coherent phonons is mea-
sured without identifying the phonon state. We also calculated the total

amplitude of the photo-induced coherent phonons. Figure 4.5 (a) shows
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Figure 4.5: The time evolution of the total phonon polarization for the electronic ground
and excited states (@4, @¢). The initial phonon distributions are at 10 K (solid line) and
300 K (dotted line). The top (a) and middle (b) panels show the total polarization in the
electronic ground state ((),) and excited state (().), respectively. The bottom (c) panel
shows the sum of the polarization in the electronic ground and excited states (QQ4 + Q).
This figure is obtained from Ref. [1].

the total amplitude of coherent phonons in the electronic ground state
(Q, = 34 _,Q,(n,n + 1)) as a function of time delay. The oscillation
behaviors of (), at 10 K and 300 K are almost the same and sine-like. Fig-
ure 4.5 (b) shows the total amplitude of coherent phonons in the electronic
excited state (Q), = Zizo Qe(n,n + 1)). The oscillation behaviors of ().

at 10 K and 300 K are almost the same and cosine-like. The oscillation
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Figure 4.6: The variance of the total phonon states as a function of time delay. The initial
phonon distributions are at (a) 10 K (solid line) and (b) 300 K (dotted line). Each data is
offset based on the negative delay time: (0.25 x 10~?) for 10 K, (0.65 x 10~?) for 300
K. This figure is obtained from Ref. [1].

amplitude of (). is four times larger than that of (),,.

The phonon oscillation characteristics and amplitudes ((Q)) = Q, + Q.)
at 10 K and 300 K are almost the same (Fig. 4.5 (c)) when we do not
select the electronic state. The oscillation shows a phase shift from cosi-
nusoidal oscillation. These results show that the time evolution of the total
amplitude of coherent phonons can be evaluated well from a calculation

that assumes an initial zero-phonon state.

4.3.3 The fluctuation of coherent optical phonons

The fluctuation of the coherent optical phonons was calculated from the
variance (AQ(t) = (Q(t)?) — (Q(t))?) obtained from the time evolution
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coefficients of each electron-phonon composite state. The variances of the
total phonon state at each temperature (10 and 300 K) are shown in Figure

4.6. The magnitude of the variance is different for thermal conditions
because it depends on the initial phonon distribution.

After pulse irradiation, the variance oscillates periodically at twice the
phonon frequency (2w). The oscillation intensity of the variance (17 x
107%) at 10 K is approximately twice that (6.8 x 107°) at 300 K. These
results indicate that the induced coherent phonons are not in the pure co-
herent state, in which the mean value of the displacement oscillates with
the frequency w without changing the variance, and are instead slightly
squeezed.

A similar oscillation of noise with a frequency of 2w has been reported

in optical pump-probe experiments [27, 28].

4.4 Summary

Theoretical calculations for coherent phonon generation were performed
without perturbations and using a thermal equilibrium phonon distribution
as the initial condition. The time evolution of the coherent phonon ampli-
tude and phonon population was studied for 4.5-THz phonons with initial
conditions of 10 and 300 K. The phonon-state-selected coherent-phonon
amplitudes were found to be dependent on the initial phonon distribution.
In particular, for an initial distribution at 300 K, the oscillation amplitude
between the zero- and one-phonon states was almost the same as that be-
tween the one- and two-phonon states, even though the initial population
ratio of the one-phonon state to the zero-phonon state was 1/2. Further-
more, it was found that the oscillation amplitude of the phonon polariza-
tion did not correspond to the initial phonon distribution, but was closely

related to the creation and annihilation processes of the phonon state. The
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Figure 4.7: The dependence of the pulse width on the phonon amplitude for TA ({(Q.())
in L.) and ISRS mechanism ({Q4(t)) in L,). The solid and dotted curves correspond to
the phonon amplitude in IA and ISRS mechanisms, respectively. The bottom horizontal
axis corresponds to the pulse width (fs), and the top axis corresponds to the pulse width
(T") based on a phonon period of 221 fs. The vertical axis is normalized by the maximum
amplitude in IA. The initial phonon distributions are at 300 K. This figure is obtained
from Ref. [1].

coherent-phonon amplitudes, considering all phonon states without select-
ing phonon levels, were almost the same for the 10 K and 300 K initial
distributions. The variance of the coherent-phonon amplitude was seen to
oscillate with a frequency of 2w, and the oscillation amplitude was about
twice as large for an initial distribution at 10 K than for an initial distribu-
tion at 300 K, indicating a dependence on the initial phonon distribution.
Future improvements to the model to incorporate anharmonic interactions

would be useful.
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Figure 4.8: The time evolution of the total phonon polarization for the electronic ground
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total polarization in the electronic ground state ((),) and excited state (().), respectively.
The initial phonon distributions are at 300 K. This figure is obtained from Ref. [1].

Appendix A: The dependence of the pulse width

We evaluated the pulse width dependence of coherent phonons at 300 K.
Figure A 4.7 shows the dependence of the pulse width on the amplitude
in the expectation value of the phonon coordinate in ISRS and IA. In Fig. A
4.7, the coherent phonon amplitude via the IA mechanism dominates in
the case of an extremely short pulse width (transition-limited condition).
By contrast, the amplitude via the ISRS mechanism reaches its maximum

value at pulse widths of about 60 fs (i.e., about 0.3 T" with respect to the
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phonon period 7' of 221 fs). This result is consistent with the previous
reports using second-order perturbation theory [23].

Figure A 4.8 shows the time evolution of the expectation values of the
phonon coordinate operators via ISRS and IA ((Q,(t)), (Qc(t))) at sev-
eral pulse widths. The pulse widths were set to 10, 60, and 210 fs. In
Fig. A 4.8(a), the initial behavior of coherent phonons via ISRS around a
delay time of O fs shows a more sine-like response as the pulse width is
shortened. This is because it is close to the transition limit of the excited
and de-excited processes of the electronic state in the Raman process. Fur-
thermore, in Fig. A 4.8(b), the amplitude via IA became comparable to the
second periodic oscillation under the pulse width of 10 fs. This is caused
by the sudden electronic transition, where the excited electrons oscillate
on the potential energy surface in the excited state. These results were
also identical to those of the second-order perturbations calculated in the

low-temperature approximation [23].

Appendix B: The dependence of the photoexcitation en-
ergy

We examined the effect of photoexcitation energy on coherent phonon
behaviors at 300 K. The photoexcitation energies were set to 1.30 and 1.45
eV, corresponding to the energies below and above the band gap (1.40 eV).

Fig. B 4.1(a) shows the time evolution of coherent phonons on the ISRS.
The coherent phonon amplitude is slightly smaller under high energy exci-
tation than the resonance of the band gap, and this is because of the effect
of laser detuning [23]. This laser detuning is caused by the contribution
as the term of exp [—IAEt/h| = exp [—i (e. — g, — 7)) t/R]. In low en-
ergy excitation at 1.30 eV, the coherent phonon amplitudes became much

smaller than those under band excitation. By contrast, in Fig. B 4.1(b),
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Figure B 4.1: The dependence of the photoexcitation energy on the coherent phonons
for the electronic ground and excited states. The dotted, solid, dashed curves are corre-
sponded to the excitation energy of optical pulse under 1.30, 1.40, and 1.45 eV, respec-
tively. The top (a) and bottom (b) panels show the total polarization in the electronic
ground state () and excited state (Q).), respectively. The initial phonon distributions
are at 300 K. This figure is obtained from Ref. [1].

the amplitude of coherent phonons on the IA at 1.45 eV is much smaller
than that of resonance excitation. This is also an effect of laser detuning.
Moreover, no coherent phonon oscillations in IA are observed under pho-

toexcitation below band gap energy.
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Chapter 5
Coherent phonon generation with open quan-
tum theory; optical intensity dependence

In this chapter, we explore the influence of laser intensity on coherent
phonons in an electron-phonon composite system from a theoretical point
of view. We calculate the coherent phonons from impulsive stimulated
Raman scattering (ISRS) and impulsive absorption (IA) mechanisms with
a nonperturbative model. In addition, we also attempt to reformulate our
previous theoretical models in the framework of open quantum theory, with
a further focus on the decoherence phenomenon. This work is published

in Solid State Communications [1].

5.1 Introduction

Coherent optical phonons are commonly induced by ultrashort optical
pulses [2, 3], and detected as a transient change in the reflectivity or trans-
missivity of probe pulse by the time-resolved pump—probe method [4-6].
The dynamics of these phonons and electrons in materials have been ex-
tensively studied by various approaches [7-10].

The mechanisms that are responsible for generating coherent optical
phonons can be broadly classified into two main categories, based on the
electronic transition induced by the ultrashort optical pulse: impulsive
stimulated Raman scattering (ISRS) [3, 11-14] and impulsive absorption
(IA), the latter of which is often termed displacive excitation of coherent

phonons (DECP) [3, 15-17]. In the transparent region, the ISRS mecha-
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nism is the primary process that generates coherent phonons [3, 11, 12]. In
the opaque region, both mechanisms can contribute to generating coherent
phonons. The initial phases of the phonon oscillations induced by each
mechanism are distinct, with ISRS exhibiting a sine-type oscillation [3,
11-14] and IA exhibiting a cosine-type oscillation [3, 15, 17]. However,
determining the contribution of each mechanism in the opaque region can
be challenging because the contribution ratio depends on various factors,
such as the parameters of the optical pulse.

In previous works, we applied coherent control to achieve quantum path
interferometry by using relative phase-locked pump pulse pairs at attosec-
ond precision [18-20]. Quantum path interferometry is a powerful tech-
nique for revealing unknown quantum paths in matter. For instance, we
observed electronic coherence and phononic interference in n-GaAs si-
multaneously [18]. Furthermore, by examining the interference shape, we
distinguished whether ISRS or IA primarily contributed to the quantum
path of the observed quantum state. It is revealed that ISRS mechanisms
dominate for quantum paths when electrons are excited near the band edge
in n-GaAs. We also developed a theoretical framework that uses a sim-
plified quantum mechanical model for treating the ISRS and IA mecha-
nisms in a unified manner [18, 21]. The characteristics of the experimen-
tal results can be reproduced by calculations that use second-order per-
turbations, representing the lowest-order interaction with the optical field.
However, the interference pattern deviated slightly from the theoretical re-
sults at high optical intensities because of optical interference between the
double-pump pulses [18]. This result suggests a close relationship among
the higher-order interactions of intense optical pulses, generation of coher-
ent phonons, and quantum path interference.

Indeed, previous studies on coherent phonons in both the transparent

and opaque regions have reported a dependence of the single-pump pulse
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on the optical intensity. For instance, in transparent materials such as di-
amonds, the phonon amplitude exhibits a linear increase up to the pump
intensity of approximately 10 GW /cm? by irradiation with near-infrared
light [22]. In contrast, in opaque regions, the coherent phonon amplitude
either linearly changes or gradually saturates at the maximum pump inten-
sity of up to 0.53 GW /cm? [23]. Additionally, the nonlinear dependence
of coherent phonons under nonresonant excitation by extremely intense op-
tical pulses (around TW /cm?) has been experimentally and theoretically
reported [24].

In this chapter, we present a theoretical study of the dependence of coher-
ent phonon generation on the optical pulse intensity. Specifically, we are
interested in the pulse-intensity dependence of the generation efficiency of
the coherent phonons in accordance with the difference in the generation
mechanisms, namely either by ISRS or IA. This is quite natural because
the transition paths to the final states of the transition differ between the
two processes. Furthermore, we focused not only on the case of single-
pulse excitation but also on the case of double-pulse excitation. Regarding
double-pulse excitation, it will be interesting to see the delay-time depen-
dence of the amplitude of the coherent phonons because at small values of
the delay time, the two optical pulses might overlap temporarily, so that
the effect of the high-intensity excitation will be more pronounced. It will
be shown below that the profile of the generation amplitudes of coherent
phonons for GaAs at low temperatures supports our proposal that the gen-

eration mechanism is ISRS [18].

5.2 Model with open quantum theory

The generation efficiency of coherent optical phonons are examined for

an electron—phonon composite system with two electronic bands and a
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single longitudinal optical (LO) phonon. Ultrashort optical pulses have
a broad spectral width. It is necessary to consider an energy broadening
for electronic excited states. The excited electron band exhibits a continu-
ous level with inhomogeneous broadening of the energy. This broadening
gives rise to dephasing in the excited states. In our previous work [18,
25], this effect was treated simply by introducing a Lorentz function for
the excited state. Note that the shape of the Lorentzian function exhibited
not only the state density but also the effective coupling constants with
the LO phonon. The width of the Lorentzian function was determined
phenomenologically by adjusting the relaxation time of the electronic in-
terference fringe in comparison with experimental data [18].

In the present work, we study the dependence of the coherent phonons on
the intensity of optical pulses, using the quantum master equation approach
to the electron-phonon composite system. We describe the dephasing of
the electronic states in the excited states in terms of the Lindblad equation.
The system Hamiltonian for the electron—phonon composite state [21, 26,

27] can be expressed as follows:

H = Hpn + Ho + Hep, (5.1)
th - hWbTb, (52)
Ha= Y e(kal ar, + Y eclk)af ac, (5.3)

k v=h,l 3
Hep = ) adiw (bl +b)aj ag.c, (5.4)
k

where H;,, H, represent the Hamiltonian of the phonon and electronic
systems, respectively. H,, is the Hamiltonian of the electron—phonon in-
teraction. The parameter w is the phonon frequency, and ¢, (k), ¢.(k) are
the energies of the valence and conduction bands, respectively. £ is the

wavevector of the electron. The operators ay, and ay . are the annihila-
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tion operator for the electrons (fermion) in valence and conduction bands.
Furthermore, the index v refers to the heavy (h) and light hole (/) bands.
The band structure of GaAs has been extensively studied [28, 29]. The
operators b', b are the creation and annihilation operators, respectively, for
phonons (boson) at the I'-point. In general, the wavelength of the optical
pulse exceeds the lattice constant, and the electron-hole pairs generated by
the optical pulse are uniformly distributed around the I'-point. Therefore,
the wavevectors of phonons which can be excited by the optical process are
only those close to the I'-point (¢ = 0). The parameter « is a dimensionless
coupling constant between the electron and phonon states, corresponding
to the diagonal elements of the electron—phonon coupling matrix. In a
bulk crystal, the Huang—Rhys factor (o?) is considered to be small; i.e.,
a? < 1. In our simple model, the effect of transient depletion of field
screening (TDFS) is taken into account in the diagonal elements (forbid-
den Raman scattering) in the electron—phonon coupling matrix [30], while
the depth dependence of the effect is not considered.

Within the rotating-wave approximation, the interaction Hamiltonian be-

tween light and electrons is expressed by

Hi(t)=>" " o E(t)e ™l ay, + He., (5.5)

k v=h,l
where the parameter 1, is the transition dipole moment and (), is the
frequency of optical pulse. Here H.c. represents the Hermitian conjugate

e"Wtay .al . f(t) is the envelope func-

term and corresponds to y; , E*(t)
tion of the pump pulses, expressed as F(t) = Eyf(t) in the single-pulse
case. Moreover, in the case of double-pulse excitation, it is denoted by
E(t) = Eof(t) + Eof(t — t12)e™™2, The time ¢y, is the delay time be-

tween pulses 1 and 2. The function f(¢) is the Gaussian pulse envelope,
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defined as
1 t?
f(t) = Vo P <—§> ; (5.6)

where E is the amplitude of the electric field and o is the pulse width.

In this model, the initial electronic distribution is assumed to occupy the
valence bands based on the low-temperature approximation. Therefore, we
define the electronic ground state as the valence bands are fully occupied;

ie.,|g) = Hkﬂ,a;y |vacy, with |vac) being the vacuum of electron [31, 32].

9)
The state vector |¢)(t)) is expanded in the composite system by using

In addition, the electronic excited state is defined as |e ) = aLcak,,,

basis sets of electronic states (|g) and |ey ,,)) and phonon Fock states (|n)):

B6) =D D> D (eal®) |g,n) + diwn(t) lersm)), (5.7
k v=h,l n

where ¢, (t) and di , () are the time-dependent probability amplitudes of
the n-phonon states in the electronic ground and excited states, respec-
tively. Note that |g,n) is the electronic ground band in the n-phonon
state; i.e., |g,n) = |g) ® |n). Here, we consider the representative ex-
cited state with the wavevector at which the bandgap matches the photon
energy (h€2g = e.(k) —e,(k)). We defined the electronic excited state with

energy broadening for this condition as |e) [18, 25, 26, 30, 33].
In this calculation, the density operator formalism and the quantum mas-

ter equation [34, 35] are used to calculate the time evolution of the density

operator:
i p(t) = [H, p(t)] + ihD(p(1)), (5.8)
D(p(t)) = s [2Lip(0)L] — (LI L. p(0)}] (59)

where H is the total Hamiltonian H = Hy + H/(t) and p(t) is the density
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operator p(t) = |1(t)) (¢(t)]. D(p(t)) is the dissipator. L; and I'; are
the Lindblad operator and decay rate for the electronic and phonon states,
respectively. Dephasing is introduced as a Markovian process described

by the phenomenological Lindblad operator [35, 36]:

Ly = |e) (e, (10.A)
Ly = g) (e, (10.B)
L3 =b'b=n. (10.C)

where index 1 refers to pure dephasing of the electronic excited state, in-
cluding inhomogeneous broadening of the electronic excited bands. Label
2 refers to decay of the electronic excited state. Label 3 refers to pure
dephasing of the phonon state.

The expectation value of the phonon coordinate operator ((Q(t)) =
Tr[Qp(t)], where Q = /h/2Mw (bt + b) and M is the reduced mass
of atoms per unit cell) is calculated from the probability amplitudes ob-
tained by solving the simultaneous differential equation [in Eq. (5.8)].
The coherent phonon behavior corresponds to the density operator’s co-
herence term. Then, the coherent phonons in the IA and ISRS mecha-
nisms are distinguished by the selected electronic states; i.e., (Qa(t)) =
D nm (€& n|Qle,m), and (Qisrs(t)) = >, .. (9, n|Qlg, m), where n,m
are the numbers of phonon quanta.

In the actual calculations, the quantum master equation is applied for the
coherent phonon generation model under a Markov approximation, imple-
mented in the Python package QuTiP [37] for numerical calculations. The
GaAs parameter is the simplest test material for this subject. The electron—
phonon coupling constant is set to o = 0.1. The central energy of the
electronic excited state is set to €. = 1.52 eV, which corresponds to the

center of the optical frequency (2y. The vibrational energy is set to iw = 36

91



Chapter. 5

meV (approximately 8.7 THz). The parameter of the optical pulse is set to
o =30 fs, and p,Ey = 0.46 at a peak power intensity of 0.087 GW /cm?.
The transition strength (ux Eyp) 1s determined from information about the
laser pulse used in our group. Appendix A describes the details of this
parameter.

The initial state of the electron—phonon system is assumed to be an
electronic ground state with zero-phonon (p(—o0) = |g,0) (g,0[). Un-
der the assumption of weak electron-phonon coupling, the phonon states
are set to be two levels (n = 0, 1) for both the electronic ground and ex-
cited states. Furthermore, the decay rate of the dissipator (I';) is set as
I'y = 1/30 (1/fs). Note that the decay rate of I'y depends on the pulse
width, the band structure, and the electron-phonon coupling, among oth-
ers. Additionally, the decay of the electronic excited state (I's) and pure
dephasing of the phonon state (I';) are disregarded in this study because
their respective decay times were as long as pico- to nanoseconds.

An electron in the ground state is excited to |e, 0) and |e, 1) coherently
by a pump pulse (Fig. 5.1). This induces a coherent oscillation of the LO
phonon in the electronic excited state (IA). At the same time, the excited
electron might be de-excited by the same pump pulse from |e, 0) and |e, 1)
to |g,0) and |g, 1) coherently. This results in coherent oscillation of the LO
phonon in the ground state of the electron (ISRS). Because the final state of
the transition in the IA process is band states, the saturation is slow when
the intensity of the pump pulse is increased. However, the final states of
the transition for the ISRS process are the discrete states |g, 0) and |g, 1),
such that they will be easily saturated. This phenomenon of the saturation

of transitions can be termed a blockade of the stimulated Raman process.
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Energy
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Figure 5.1: Schematic of saturation phenomena in the IA and ISRS mechanisms. In the
IA mechanism, coherent phonons are generated by excitation (blue line) from the elec-
tronic ground state in the initial state. In the ISRS mechanism, the generation of coherent
phonons requires an initial electronic excitation to an excited state as the intermediate
state (blue line), which subsequently undergoes electronic de-excitation to return to the
electronic ground state (red line). The IA mechanism requires the blue line path, while
the ISRS consists of both red and blue lines. This figure is obtained from Ref. [1].

5.3 Results and discussion on intensity dependence

5.3.1 Single-pulse excitation

First, we examine the optical intensity dependence of the coherent
phonons induced by single-pulse excitation.

Figure 5.2 shows the time evolution of coherent phonons generated
via each mechanism under resonant excitation (hA{)y = 1.52 eV) at 0.02
GW /cm? of a low pulse intensity. Both mechanisms induced coher-
ent phonons, resulting in phonon oscillations. The ISRS mechanism
(Qisrs(t)) exhibited an oscillation with a slight lag compared with the
IA mechanism (Qr(t)). It is evident that the oscillation of (Qra(t)) is
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Figure 5.2: Time evolution of the expectation value of the phonon coordinate operator
(Q(t)) by the selected electronic states. Red curves and blue dotted lines represent the
amplitudes in ISRS and IA, respectively. 4 and 7. are the positions of the minimum of
the phonon potential of the electronic ground and excited states. This figure is obtained
from Ref. [1].

cosine-like, whereas that of (Qisrs(t)) is sine-like.

Figure 5.3 shows the phonon amplitude through both IA and ISRS as
a function of the pulse intensity. We plot the phonon amplitude as the
absolute value of the phonon oscillation amplitudes. Initially, we inves-
tigate the relationship between the coherent phonon and pulse intensity
under resonant excitation [Figure 5.3(a)]. The phonon amplitudes of both
mechanisms are increased with increasing pulse intensity. In our previous
perturbation calculations for coherent phonons, we obtained numerically
that the generation efficiency via ISRS and IA is proportional to the pulse
intensity [21]. In Figure 5.3(a), a linear variation of the phonon ampli-
tude is exhibited in the region of extremely weak pulse intensity, as in the
perturbation calculations. In addition, the ISRS phonon amplitude exhibits
a nonlinear increase at a substantial pulse power of approximately 0.06
GW /cm? and greater. In contrast, the phonon amplitude via IA exhibits a

slight nonlinear change before 0.4 GW /cm?, followed by substantial sat-
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Figure 5.3: Theoretical phonon amplitude via ISRS and IA mechanisms as a function
of the pulse intensity (GW /cm?). (a): Pulse intensity dependence of coherent phonons
under resonant excitation. (b): Pulse intensity dependence of coherent phonons under
nonresonant excitation. Red curves and blue dotted lines represent the amplitudes in
ISRS and IA, respectively. Phonon amplitude in IA is plotted as an intensity change with
the center of oscillation as the baseline. Note the difference of the scale in the vertical
axis between a) and b). This figure is obtained from Ref. [1].

uration at intensities greater than approximately 1.5 GW /cm? (not shown
here). Next, we examine the pulse intensity dependence under nonresonant
excitation [h€y = 1.20 eV, Figure 5.3(b)]. Note the difference of the scale
in the vertical axis between Fig. 5.3(a) and (b). The ISRS phonon ampli-
tude is changed linearly with increasing pulse intensity. In addition, the
phonon amplitude via IA is observed to be smaller than that of ISRS, and
changed linearly with respect to pulse intensity. The reason for the smaller

amplitude of the IA mechanism is due to the laser detuning effect [21].
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There is a marked difference in the blockade behavior of the oscillation
amplitude between the two mechanisms.

The two reasons for ISRS having a saturation of phonon amplitudes com-
pared with the IA mechanism, as previously mentioned, are as follows.
First, the final state of each mechanism is an electronic continuous state in
IA but a single state in ISRS. In this model, we introduced dephasing—
such as intraband phase relaxation of the electronic excited states—using
the Lindblad operator in a phenomenological manner. The electronic ex-
cited state |e) with the L, dissipator corresponds to a continuous excited
band with corresponding broadening. Thus, the effectiveness of the satu-
ration phenomenon between IA and ISRS is attributable to the final state
being a continuous band or single level. Second, the differences in the
quantum path also affect the saturation phenomenon. In Figure 5.1, we
consider the state vector of the electron—phonon composite system. In the
IA mechanism, coherent phonons are generated by electronic excitation
from the electronic ground state induced by an optical pulse. However,
the ISRS mechanism requires an initial electronic excitation to an excited
state as the intermediate state, which subsequently undergoes electronic

de-excitation to return to the electronic ground state.

5.3.2 Double-pulse excitation

In this section, we apply our model to calculate phonon amplitudes ex-
cited with double pulses as a function of pump—pump delay t5. We ini-
tially assess the behavior of quantum path interference via the IA and ISRS
mechanisms at 0.004 GW /cm? (equivalent to 1 mW) at low pulse inten-
sity (i.e., the linear region in Figure 5.2), wherein perturbation theory is
applicable.

Figure 5.4(a)-(b) shows the phonon amplitude via each mechanism as
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Figure 5.4: Phonon amplitude via ISRS and IA mechanisms as a function of pump—pump
delay t12. (a)-(b): Theoretical quantum path interference results for double-pulse exci-
tation at weak optical intensities (0.004 GW/ cm?) in ISRS and IA. (c)-(d): Theoretical
quantum path interference under higher optical intensity (0.078 GW /cm?) in ISRS and
IA. The red and blue curves represent the phonon amplitude in ISRS and IA, respectively.
Phonon amplitude in IA is determined through the baseline with the center of oscillation.
Vertical axis of each data set normalized with the maximum phonon amplitude in the re-
gion where only phonon interference was observed after around 200 fs. This figure is
obtained from Ref. [1].

a function of the pump—pump delay time (¢,2) under double-pulse exci-
tation. The interference shapes at low pulse intensity are consistent with
those calculated by second-order perturbation theory [18]. A fast oscilla-
tion of the electronic coherence is discernible with a slow oscillation of the
phononic interference. The ratio of the maximum phonon amplitude after
200 fs of pump—pump delay time to the maximum phonon amplitude at O
fs was approximately 1/2.

Figure 5.4(c)-(d) shows the phonon amplitude resulting from the ISRS
and IA process under higher intensity double-pulse excitation (at 0.078
GW /cm?, corresponding to 18 mW) as a function of the pump-pump de-

lay time (¢12). The ISRS interference pattern exhibits a pronounced sup-
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Figure 5.5: Comparison of experimental and theoretical results under double-pulse exci-
tation. (a): Experimental results of n-GaAs in previous work [18]. (b): Theoretical results
under higher intensity in ISRS. Vertical axis of each data set normalized with the maxi-
mum phonon amplitude in the region of only phonon interference. This figure is obtained
from Ref. [1].

pression in phonon intensity at a delay time of O fs compared with low-
power pulse irradiation. In contrast, the interference pattern via IA does
not exhibit shape alteration and remains unchanged compared with the low
intensities. These phenomena indicate a blockage in the linear progression
of phonon amplitude via ISRS because of high-intensity pulses, as inferred
from the calculation of single-pulse excitation.

For comparison, Figure 5.5(a) shows the experimental quantum path in-
terference in n-GaAs in previous work [18], shown with the present calcu-
lation [Fig. 5.5(b)]. The theoretical ISRS interference shape (Fig. 5.5(b))

1s in alignment with the experimental results obtained in previous work.
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It 1s clearly demonstrated in this comparison that the stimulated Raman

blockade is reflected in the experimental data.

5.4 Summary

We performed theoretical calculations for the optical pulse intensity
dependence of coherent phonon generation without perturbative theory.
There is a difference in the blockade behavior of the phonon amplitude in
the ISRS and IA mechanisms in terms of the pulse intensity dependence of
single-pulse excitation. We confirmed that coherent phonons via the ISRS
mechanism exhibited a substantial nonlinear amplitude change at lower
pulse intensities than the IA mechanism. For double-pulse excitation, the
quantum path interference corresponded to the phonon blockade of single-
pulse excitation. The quantum path interference via the ISRS mechanism
exhibited substantial saturation behavior at ca. 0 fs of pump—pump delay,
whereas the A mechanism exhibited almost no saturation behavior. We
interpreted the influence of coherent phonons by a high intensity of optical
pulses as higher-order interactions than second-order. Furthermore, the
difference in the saturation behavior in both mechanisms is attributed to
the distinct transition paths to the final states, and also to the difference in
the final states, whether it is the energy-broadened excited states in 1A, or
a single electronic state in the ground state in ISRS.

We found that theoretical calculations incorporating the transition
strength with the experimental laser parameters well-reproduced the
tendency of the experimental results. These results will provide a more
detailed understanding of coherence phenomena by using quantum path
interferometry and theoretical models. In particular, the quantum path in
a material will be revealed, and ultrafast quantum coherence of electronic

states associated with a phonon system can be further quantitatively and
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qualitatively evaluated.

Appendix A: Determination of transition strength

We present an estimation of transition strength (ux Fy) as a theoretical
parameter. We derived this estimation through the information obtained
from our optical system, which uses a Ti: sapphire laser (KM laser).

We determined the focused diameter of the pump pulse (opwmn) to be
approximately 30 ym by measurements in the one-dimensional direction
via the knife-edge method. When the laser’s intensity distribution is con-
sidered to be a two-dimensional Gaussian function, the effective intensity
of the laser is approximately 86%. The beam spot is given by 72, where
r = \/m opwnM- Lhe optical intensity can be determined from the

Poynting vector:

S=E x H, (A5.1)

S = \/E E?, (A.5.2)
W

where ¢ and @ are the permittivity and permeability, respectively. The
electric field F is the time average of the optical field. The time average of
the square of the optical field of the pump pulse is obtained by integration

over time t:

2 [ele]
Eo

E? =
mo? J_

22 . .
exp (——2) (2 4 e 2100t 4 2200 gy (A.5.3)
ag

oo

We estimated the magnitude of the Poynting vector (S) in accordance with
the laser pulse condition as S = I/7r?f, where I and f are the power of

the pump pulse and repetition rate (94 MHz), respectively. Therefore, S
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and E can be summarized as follows:

—E—g,/E—CEOEg 2 (A.5.4)
E z AS5S
0= \/050 \/camerf ( )

where ¢ is the permittivity in a vacuum, and c is the speed of light, and
we used the relation ¢ = 1/, /Zqpi0.

The transition dipole moment 1, is classically represented as

[ = qr (A.5.6)

where ¢ is the elementary charge and r is the interatomic distance. For
GaAs, the interatomic distance is approximately 0.5 nm.

Finally, we derived the transition strength at a particular optical intensity:

Io

_— A.5.7
ceomr2 f ( )

urEo = gr

i
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Chapter 6
Conclusion

In this chapter, I provide a comprehensive discussion, summarize the
research findings, and provide a general conclusion of the findings for the

objectives of this doctoral thesis.

6.1 Comprehensive discussion

In this study, we experimentally measured the quantum path interference
of an electron—phonon composite system in GaAs as a test material. We
established through several theoretical studies that the experimentally ob-
served phenomena can be analyzed using a quantum mechanical model,
and we experimentally determined the coherence retention time (i.e., the
decoherence time) of the electronic states during interband excitations.
The electronic decoherence time was found to be approximately 12.9 fs
at 290 K, while at a lower temperature of 10 K, it extended to approxi-
mately 27.8 fs. The observed decoherence phenomenon can be understood
as a dephasing result of dissipative processes occurring within the elec-
tronic excited state, especially within the conduction band. In this con-
text, our assumption revolves around the identification of the dissipative
phenomenon as electron scattering. We evaluated the electronic decoher-
ence time by considering the electron density within the conduction band
and the photoinduced electron group velocities. Consequently, we estab-
lished that the temperature-dependent behavior of the electronic decoher-
ence time is primarily due to electron-electron scattering. However, the

estimated electronic decoherence times in the low-temperature region of
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10 - 90 K deviated slightly from the experimental values.

The two main points of discussion are;

I. Is electron-electron scattering the most influential factor contribut-
ing to electronic decoherence among the possible types of electron
scattering ?

II. What is the reason for the gradual discrepancy between experimen-
tal and theoretical times in the low-temperature range of 10 - 90 K
when there is a pronounced agreement between experimental and

theoretical data in the broader range of 90 - 290 K ?

I. Electron scattering time with phonon and impurity

There are several types of electron scattering, and the representative
types are electron-electron, electron-phonon, and electron-impurity scat-
tering. The scattering probability is often determined by Matthiessen’s law,
which is determined by the respective scattering probability distributions.
Matthiessen’s law is that the sum of the scattering rates of the individual
mechanisms determines the overall scattering probability. The electronic

decoherence time used in this study also follows Matthiessen’s law;

7 = 7 u(T) (na(T) + (T, ©.1)

According to Matthiessen’s law, 7y includes various scattering contri-
butions, including electron-phonon, electron-hole, and electron-impurity
interactions, while excluding electron-electron scattering;

1 1 1 1
— = + + o (6.2)

70 Te—ph Te—h Te—im

In addition, we observed electronic coherence via coherent phonons gen-
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erated by electron—phonon interaction in n-GaAs. Therefore, it is mainly
the electron-phonon and electron-impurity scattering that are essential in
Eq. (6.2).

I will review the electron scattering times due to electron-phonon and

electron-impurity interactions.

A) Electron—phonon scattering

In polar semiconductors such as GaAs, the electron-phonon interaction
includes the deformation potential interaction and the Frohlich interac-
tion [1, 2]. Polar LO phonon scattering via the Frohlich interaction is
more influential than scattering via the deformation potential interaction.
Therefore, the electron—phonon scattering of GaAs is dominated by polar
LO phonon scattering. The electron LO-phonon scattering time via the
Frohlich interaction in the I" valley of GaAs is approximately 125 fs by a
simple calculation [2, 3].

There are also theoretical studies of electron-to-one-phonon or two-
phonon scattering in GaAs [4-6]. These studies have reported the
scattering rate (inverse of the scattering time) of electron-phonon scatter-
ing at 300 K as a function of electron energy using ab initio calculations
and other methods.

We used the AMSET [6] in the Python package to calculate the electron-
phonon scattering time via deformation potential (in acoustic phonon) and
polar interaction (in optical phonon). AMSET calculates scattering rates
within the Born approximation using general material parameters. The
differential scattering rate from state |nk) to state |mk + q) is calculated
using Fermi’s golden rule [6].

Figure 6.1(a)-(b) show the temperature dependence of the estimated

electron-phonon scattering time in GaAs. We calculate the electron en-
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Figure 6.1: Estimated electron scattering time as a function of temperature by calculat-
ing AMSET. The used dopant concentration is approximately ~ 3 x 107 cm~3. The
yellow line represents acoustic deformation potential scattering, the red line represents
polar optical phonon scattering, and the blue line represents ionized impurity scattering.
The black line represents the total scattering time for each scattering time according to
Matthiessen’s law; nolta] =5 7'% Figure (b) is an expanded version of the vertical axis
in Figure (a).

ergy dependence of the scattering time at each temperature using AMSET.
We then plot the scattering time at differential energies between the optical
pulse and the conduction band minimum (i.e., AE(T) = €}y — E,(T")) in
Fig. 6.1.

In Fig. 6.1, the scattering of polar phonons is approximately 150 fs at 290
K, and the effect of scattering decreases as the temperature decreases. The
explanation for these reasons can be described as follows [1]. The phonons
have energies of only a few tens of meV. Therefore, most electrons do
not have enough energy for phonon emission at lower temperatures. This
makes the influence of the scattering of the phonon processes negligible at

lower temperatures.
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B) Electron-impurity scattering

There are two types of electron—impurity scattering: ionized impurity
and neutral impurity scattering.

Figure 6.1(a)-(b) show the temperature dependence of the estimated
electron—(ionized) impurity scattering time in GaAs. The impurity scat-
tering time is approximately 400 fs at 290 K. In contrast, in the low-
temperature region, the probability of impurity scattering increases, and
the scattering time can be interpreted as approximately 65 fs. It depends
on electron energy in terms of impurity scattering cross-sections [1, 7].
Consequently, ionized impurity scattering becomes dominant at low tem-

peratures where the electron energy is small.

II. Momentum relaxation time of electron

A simplified overview of electron scattering by phonons and impurities
is described in the section above. In general, the electron scattering time,
which is referred to in the field of electron scattering, corresponds to the
momentum relaxation time (or momentum scattering time). There is also
energy relaxation as a relaxation phenomenon, although the energy relax-
ation time is much longer than the momentum relaxation time. It is con-
ceivable to infer that 7y in Eq. (6.2) is likely to coincide with the average
momentum relaxation time of the electron.

The momentum relaxation time encapsulates the cumulative effects of
all electron scattering processes, including interactions with other particles
such as holes and phonons and scattering due to spatial disorder involving
impurities and defects [1, 8, 9]. Furthermore, it is argued that electron-
electron scattering, exemplified by electron-electron collisions, does not

directly contribute to the electron momentum scattering time under an
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1sotropic parabolic conduction band that does not incorporate umklapp
scattering [8—10]. These arguments are valid because the photoexcitation
energies in this study are near the band edge of the conduction band.

The averaged momentum scattering time depends on the dynamic and
static conditions of the phenomenon [8]. In the static (i.e., equilibrium)
condition, the average electronic relaxation properties can be evaluated by
drift and Hall mobility measurements [11]. In contrast, the average relax-
ation times in the dynamic limit, which are of interest in this discussion,
have been studied using ultrafast coherent spectroscopy.

Several research groups have detailed the (dynamic) momentum re-
laxation times of electrons in n-GaAs [8, 12]. Notable among them are
E. Vallée, F. Ganikhano, and F. Boganin, who delineated the temperature
dependence of momentum relaxation times in n-GaAs using the infrared
time-resolved coherent anti-Stokes Raman scattering (CARS) technique
[8]. They compared the momentum relaxation times obtained by coherent
spectroscopy and Hall effect measurements and reported that the dynam-
ical relaxation times were shorter than those obtained from Hall effect
measurements. Their experimental dopant concentration in n-GaAs 1is
approximately 4.5 x 10'® cm™3, a level lower than the concentration used
in the present study. Hase et al. reported electron relaxation times using
n-GaAs with donor concentrations ranging from 107 to 10'® cm™3 [12].
These reported relaxation times are interpreted as not being significantly
different for either in the electron density regime (due to dopants and

photoexcitation) that we are currently investigating.
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Figure 6.2: Electronic decoherence time as a function of temperature while considering
the temperature dependence of 7. (a): Temperature dependence of dynamic electron mo-
mentum relaxation times adapted from Ref. [8]. We extracted the values and constructed
a graphical representation. Red, blue, and black dots are the positive error, negative er-
ror, and median values, respectively. The red and blue dotted lines, and black lines are
curve-fitted using polynomial functions (degree is 3). (b): Temperature dependence of
the calculated electronic decoherence times. Black dot is the experimental result obtained
by analyzing quantum interference shapes. The red, blue, and black lines are estimated
electronic decoherence times using the positive error, negative error, and median value of
electronic momentum time (7g), respectively.

III. Electronic decoherence time with momentum relax-
ation time of electrons

We incorporated the temperature dependence of the momentum relax-
ation time as 7y parameter into a theoretical model of the electronic deco-
herence time in Eq. (6.1).

Figure 6.2(a) shows the temperature dependence of the (dynamic) elec-
tron momentum time in n-GaAs, as reported by Vallée et al. [8]. In this
case, we extracted three sets of values, including positive and negative er-
ror ranges and the median, from Ref. [8] and then constructed a graphical
representation. We then performed a curve fitting procedure using a poly-
nomial function, which yielded the function 7o(7"). In Fig. 6.2(a), the

electron momentum time is almost constant (about 100 fs) in the temper-
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ature range of 100 - 300 K. In addition, as the temperature approaches 10
K, the electron momentum time decreases to approximately 70 fs. These
trends are very similar to the estimated average electron scattering time
by phonon and impurity scattering, as shown in Fig. 6.1. The temper-
ature dependence of 7y in Fig. 6.2(a) can be interpreted as the electron
scattering is dominated by the interaction with impurities and defects in
the low-temperature region. In contrast, the influence of electron-phonon
scattering (mainly via Frohlich interaction) intensifies with increasing tem-
perature [8].

Figure 6.2(b) shows the estimated electronic decoherence time as a func-
tion of temperature, considering the temperature dependence of 7. The es-
timated decoherence times, as derived from the electron scattering model
in Eq. (6.1), show remarkable agreement over a range of temperatures, in-
cluding 10, 90, and 290 K, compared with the decoherence times obtained
in the present experimental outcome. Thus, it is clear that electron-electron
scattering is the dominant factor influencing decoherence in the tempera-
ture range of 90 - 290 K. However, in the low-temperature region, the
effect of electron-electron scattering is diminished, emphasizing that the
electronic decoherence time is influenced by electron scattering within 7.

These discussions show that electron scattering other than electron-
electron scattering has a temperature dependence, but the electron
momentum scattering time is considered to be about 70 fs at its most
influential temperature of 10 K. In comparison, the electronic decoherence
time is 28 fs at 10 K, indicating that electron-electron scattering has more

influence than any other electron scattering in the present study.
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6.2

Summary of the research findings

This doctoral thesis focuses on the ultrafast dynamics of quantum coher-

ence in an electron—phonon composite system of GaAs as a test material

and aims to reveal electronic decoherence times and decoherence phenom-

€na.

The findings of this study are described as follows.

L.

II.

The quantitative evaluation method for the electronic decoherence
time relevant to the distinctive quantum interference pattern obtained
in n-GaAs by the attosecond-precision relative phase-locked double-
pulse excitation method was conceived.

The electronic decoherence times were quantitatively determined as
27.8, 23.0, and 12.9 fs at 10, 90, and 290 K, respectively. The deco-
herence phenomena can be explained by the electron scattering in-
volving interactions between photoexcited electrons and their envi-
ronment within the conduction band. In addition, electron—electron

scattering is identified as a major decoherence factor.

In addition, incidental results were achieved in this study.

1.

A novel theoretical framework was developed for coherent control
of electron-phonon composite systems using relatively phase-locked
and polarization-controlled double-pulse excitation. The influence
of the electronic decoherence time and the polarization of the dou-
ble pulse on the experimentally observable quantum interference is
clarified.

A comprehensive non-perturbative model was introduced to advance
beyond second-order perturbation calculations. Theoretically, the

generation of coherent phonons and quantum-path interference re-
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main almost unaffected by arbitrary initial states because of the weak
electron-phonon coupling in solid-state materials.

3. A saturation phenomenon in coherent phonons at relatively low pulse
intensity was explained theoretically. This observation strengthens
the contention that the Raman-like quantum path is the dominant
quantum pathway observed in GaAs. Furthermore, the electronic
decoherence is represented by using the dissipator induced by the
excited states, which agrees with the factors identified in these ex-

perimental quantum-path interferometry.

6.3 General conclusion

From the above research findings, the conclusion of this thesis is as fol-
lows:

In this thesis, we explored quantum coherence within an electron-phonon
composite system in solid-state materials. We embarked on an investiga-
tion aimed at understanding electronic coherence and its intricate relation
with decoherence, an ultrafast phenomenon that disappears within a few
tens of femtoseconds. The crux of this endeavor revolved around the cen-
tral challenge of determining the duration of electronic coherence. We
developed a novel approach to quantify the electronic decoherence time
in n-GaAs as a test sample, a semiconductor material. Our investigation
yielded quantitative results for electronic decoherence times 27.8 fs at 10 K
to 12.9 fs at 290 K. The observed decoherence phenomena were attributed
to electron scattering between photoexcited electrons and their environ-
ment within the conduction band. In addition, electron—electron scattering
is identified as a major decoherence factor.

The attosecond precision relative phase-locked double femtosecond

pulse excitation technique revealed distinct quantum interference patterns,
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facilitating the elucidation of the intricate nature of the electron-phonon

composite system. Our results provide invaluable insights into this

field, enabling a discussion and understanding of quantum interference,

electronic decoherence times, and the underlying interactions.
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