Copyright
by
Feng He
2018



The Dissertation Committee for Feng He Certifies that this is the approved version
of the following Dissertation:

COHERENT PHONON DYNAMICS IN SEMICONDUCTORS

Committee:

Yaguo Wang, Supervisor

Raymond L. Orbach

Li Shi

Seth R. Bank

Chih-Kang Shih



COHERENT PHONON DYNAMICS IN SEMICONDUCTORS

Feng He

Dissertation
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements

for the Degree of

Doctor of Philosophy

The University of Texas at Austin

August 2018



Dedication

To my parents and grandparents



Acknowledgements

First of all, I would like to thank my supervisor Dr. Yaguo Wang for her support.
I am very grateful for her trust and guidance in my research and for the opportunities she
provided to work at various laboratories. I would also like to thank my committee
members: Prof. Raymond Orbach, Prof. Li Shi, Prof. Seth R. Bank and Prof. Chih-Kang
Shih for serving as my committee members and providing very valuable feedback on my
research.

In addition, I would like to express my utmost gratitude to Prof. Raymond Orbach
for proving a weekly discussion on my research and all the valuable suggestions. I would
like to thank Prof. Seth R. Bank for giving suggestions from the material growth side. I
thank Prof. Afu Lin for proving Raman scattering set up.

My sincere thanks go to Prof. Wenzhi Wu, who taught me the pump-probe
experiment and shared experimental experiences with me. I would like to thank my lab
mates: Dr. Ke Chen, Xianghai Meng, Jihoon Jeong, Yongjian Zhou, Sarah Cameron and
Madison Facchini for all their help and valuable discussions. I would also like to thank
our collaborators: Nathanal Sheehan, Emily S. Walker and Rodolfo Salas for proving
MBE growth samples for us to measure and Nathanial Sheehan for teaching me the
membrane transfer process. I thank Jason Kim in Prof. Afu Lin’s group for providing

help in Raman scattering and PL. measurement.



I want to express special thanks to Dr. Samual Teitelbaum (Stanford University)
and Dr. Michael Forst (Max Planck Institute) for the discussion of nonlinear phononics
and for sharing their simulation code with me.

Last but not least, I would like to thank my father, Mr. Riyang He and my mother,
Mrs. Zhou Chen for their lifetime support and encouragement. They taught me to be
optimistic and how to deal with difficulties. To all my friends, thank you for being

around, I will not feel lonely.

vi



Abstract

COHERENT PHONON DYNAMICS IN SEMICONDUCTORS

Feng He, Ph.D.

The University of Texas at Austin, 2018

Supervisor: Yaguo Wang

Ultrafast pump-probe spectroscopy is a powerful experimental technique to study
the light-matter interaction and ultrafast dynamics in solids. In many semiconductors,
under ultrafast laser irradiation, phonons (quantized lattice vibrations) with both temporal
and spatial coherence can be generated conveniently. When a stronger laser pulse excites
coherent phonons that induce refractive index change, and thus the reflectivity change of
the materials, the time-dependent phonon dynamics can be detected by a delayed probe
pulse. The generation and detection of coherent phonons provide an opportunity to
understand the fundamental physics between light and matter interaction, as well as a
path to manipulate other physical processes, for applications such as sound amplification

stimulated emission (SASER), phonon mode manipulation, ultrafast phase switching,

superconductivity enhancement and manipulation of magnetisml'5 .
This thesis presents a series of time-resolved studies of coherent phonons in three

semiconductor systems, including bulk CdSe, BioTe3/SbyTes superlattice and GaAs/AlAs
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superlattice. ~ In bulk CdSe, a material extensively studied for quantum dot

photoelectronics, coherent phonons serve as the probe for the reversible ultrafast melting.

In BipTe3/SbaTes superlattice, a material system used for thermoelectrics, the coherent

thermal phonons are excited directly and are found to be selectively filtered in the
superlattice structure compared with bulk materials. In GaAs/AlAs superlattice, a
quantum well structure for photodetectors and lasers, a strong quantum coherent coupling

among different phonon modes is observed. A similar coherent coupling between photons

and phonons has been used to induce and enhance superconductivity6’7 and mimic the

magnetic field®. However, direct observation of nonlinear phonon coupling is rare.

Moreover, a novel technique based on surface plasmon resonance has been implemented

into the pump-probe spectrometer to improve detection efficiency.

Keywords: pump-probe technique, coherent phonon, quantum coherent coupling
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Introduction

Light-matter interaction is not only important in physics, but also belongs to our
daily life. It is the mechanism which governs our perception of colors, the feeling of the
sun on our skin and nowadays our chance to enjoy the high-speed Internet.

To study light-matter interaction and carrier dynamics, the ultrafast pump-probe
spectroscopy is a powerful tool. In the pump-probe experiment, the system under study
is first pumped with a short laser pulse and excited carriers are generated. The excited
carriers will modulate the dielectric function, and thus the refractive index of the
material. Then this change will be probed by a second, less intense laser pulse by
measuring the reflection/transmission change at time delay 7 depending on whether the
material is opaque or transparent as long as the lifetime of the excitations is longer than
the pulse duration.

The interest in the phonons in semiconductors is driven by their important role in
energy transfer. With an ultrafast pulse, the temporal and spatial coherence of phonons
will be generated in the solids. The coherent phonons give an opportunity to understand

the fundamental physics between light and matter interaction and also a path to
manipulate other physical processesl'5 .
In the case of coherent phonons, semi-classical descriptions have been addressed.

Historically, impulsive stimulated Raman scattering (ISRS) was first proposed in the 70s

and has been successfully applied to explain the coherent phonon generation in



9-11

transparent crystals and liquids” . The displacive excitation of coherent phonons

(DECP) was first proposed in 199212 to explain observations in certain opaque materials,
such as Bismuth (Bi), Antimony (Sb), Telluride (Te), etc.,13 which cannot be explained

by ISRS!3. Afterwards, additional experimental results led to theoretical study which

concluded that DECP is just a special case of ISRS, and only matters when the imaginary

part of the Raman tensor dominates'#1©.

This thesis presents the time-resolved studies of coherent phonons in
semiconductors. The work presented here is based on three pump-probe experiments in
semiconductors. The three experiments are conceptually similar: a strong laser pulse
excites coherent phonons and a delayed probe pulse measures the reflectivity change of
the samples as a function of time. Different properties have been pursued from three
different semiconductors. The first experiment shows the thermal reversible ultrafast

melting in bulk CdSe. The second experiment directly measures the coherent thermal

phonons in the BipTe3/SbyTes superlattice and compare with that in bulk BipTe3. And the

third experiment reveals the evidence of quantum coherent coupling in the GaAs/AlAs
superlattice.
This work is presented in the following scheme:
e In Chapter 1, a theoretical background needed for the description of photon
and phonon dynamics and their interactions in quantum mechanics is given.

A description of a bosonic system is presented and the generation and
2



detection mechanisms for coherent phonons are described. A new approach
to understand heat transport in superlattices, i.e. coherent heat transport is
then introduced.

In Chapter 2, the pump-probe technique is described in detail. The
characterization of our experimental systems is discussed first and then two
set-ups with specific experimental steps are presented.

Chapter 3 is dedicated to the measurements of coherent phonons in three
different semiconductor materials. The first section shows the thermal

reversible ultrafast melting in bulk CdSe. The second section directly

measures the coherent thermal phonons in the BixTe3/SbyTes superlattice

and compare with bulk BipTe3. The third section reveals the evidence of

quantum coherent coupling in the GaAs/AlAs superlattice.

Chapter 4 describes the surface plasmon resonance (SPR) technique. The
concept of SPR and the two common configurations with prisms,
Kretschmann and Otto configuration, to generate SPR are briefly
introduced. Then the methods for preparing the samples for SPR and how
SPR is implement into the pump-probe measurement with some of the
results.

The last Chapter summarizes all the results described in this thesis and the

prospective of the research project.



e Finally, a perturbation process as well as the Matlab code for solving

coupled equations of motion are collected in the Appendices.



Chapter 1: Coherent Phonons

At finite temperature, atoms in materials vibrate around their equilibrium
positions with amplitudes that depend on the temperature. They are always in motion and

even at zero temperature, according to quantum mechanics, there will be zero-point

vibrations'”. Since in crystals these vibrations must satisfy periodic boundary conditions

due to the crystal symmetry, atomic vibrations are then collective and can be analyzed in
terms of normal modes. Therefore, phonons are defined as quantized lattice vibrations,
characterized with frequency w, wave vector k, phonon velocity v and lifetime 7.
Usually, the atomic motions at different locations in the crystal are at different stages and
their relative phase is randomized. We can call them incoherent phonons. Under some
special conditions, for example, with impulsive force, the atoms will keep in pace with
their neighbors, or stay in phase; we can then call these atomics motions coherent
phonons because they can now interfere with each other like waves.

There have been a lot of works that report observation of coherent phonons in a

18-21 22-36

variety of transparent and opaque materials

The goal of this chapter is to show physical mechanisms of excitation of coherent
phonons by ultrashort pulses. The first section briefly covers the Bosonic system,
especially the quantum states and quantum coherent coupling between photon and

phonon, which aims to describe phonons as analogous to photons. The second section

5



reveals the generation and detection mechanisms for coherent phonons. The third section
introduces a new approach to understand heat transport in superlattices, i.e. coherent heat

transport.

1.1 BOSONIC SYSTEM

In quantum mechanics, a boson is a particle that follows Bose-Einstein statistics.
Radiation fields (e.g. light) and intermolecular vibrations in a lattice are typical examples
of bosonic system and they can be modeled as a harmonic oscillator. In this section, the

bosonic system is briefly introduced.

1.1.1 Photon System

Classically an electromagnetic field consists of waves with well-defined
amplitude and phase. Such is not the case when we treat the field quantum mechanically.

There are fluctuations associated with both the amplitude and phase of the field due to

Heisenberg uncertainty rules’’. Let us first start with the basic canonical commutation

relations in a system with N photons.

[a,,a,) = [af,af] = o, (1.1)
[, af] = 8

where @y, is annihilation operator and &,t is creation operator, with k = 1,2 ..., N. They

can decrease or increase the number state by single quanta, i.e.

arlng) = \/nklnk - 1), -
atlne) = g + 1l + 1) (1.2)
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where |n;) is the number state basis which satisfies the orthonormality and completeness
such that for k-th mode,

(myng) = 6y, mn €N,

(1.3)
Zlnk>(nk| =1
0

From these, we also have
ak|0k> = O,

1 n 1.4
m) = 7= (@100 (14

where |0},) is the vacuum state for the k-th mode.

If we consider the uncoupled harmonic system, the free Hamiltonian of the
system is given by
(1.5)

N . 1 N 1
Hy= ) oo (afac+z) = ) hoe(met3)
k=1 k=1

Position- and momentum-like operators § and p for each mode are defined as

] :ak+a,t ; :ak—a,t (1.6)
V2 ENG)

Interaction Hamiltonian is very important in a system. It can be linear or

bilinear’’ and can be realized experimentally through a parametric process. The most
p y g p p

general Hamiltonian is

N € N () N 3) (1.7)
H= E g.lal + E grata, + E goatal + h.c.
k=1 k=1 k=1



This Hamiltonian shows three parts and their Hermitian conjugate. The first part is linear
in the field modes, and the corresponding unitary evolution is associated with the
displacement operator. The second part describes the linear mixing of the modes and
shows the number conservation of the quanta, i.e. creation of one mode will annihilate
the other mode. The third part describes the important single and two-mode squeezing.

Nevertheless, for our purpose, a single mode description is enough. The time evolution of

the density matrix is described in terms of the Heisenberg equation37'39

dp(t) i
dt h

(1.8)

[#£(2), p(2)]

where p(t) = |, tX, t| is defined as the density operator for the system, which has a
state vector (in the Schrodinger picture) |, t).
The electromagnetic field in free space is described by the Maxwell equations,

and in the quantization process it’s described by quantum electrodynamics.

1.1.2 Phonon System

The analogy to the harmonic oscillators will not only apply to travelling
electromagnetic waves (photons), but also the quanta of lattice vibrations (phonons),
which are also bosons.

Although photons and phonons are both bosons, they do have some differences.

Table 1.1 shows a simple comparison for photons and phonons from different



aspects40’41. Nevertheless, we still borrow well-known tools from quantum optics to deal
with the phonon system as analogous to the photon system.

Phonons can also be defined by creation and annihilation operators, where we use
b* and b to distinguish from photon operators a1 and @. They also satisfy the canonical

commutation relations [E,EJF] =1.

Phonon Photon
Type-1I composite )
Type of Boson (collective excitations) simple
Propagation media discrete continuous
Interactions highly interactive Interactive in non-linear media,

non-interactive in linear media

Mass massive massless
Macroscopic Wave equation for elastic Maxwell equations
description continuum
Microscopic Schrodinger equation Quantum electrodynamics
description

Table 1.1:  Comparison between phonon and photon (Ref. 41).



1.1.3 Gaussian States

Gaussian states are quantum mechanical states that have Gaussian wave

functions. They all can be dealt with Gaussian Wigner functions®’>°. The states

commonly generated in the laboratory are Gaussian*?, and important examples are

vacuum, coherent, squeezed and thermal, which are discussed as follows:

1.1.3.1 Coherent States

A coherent state |a) is the eigenstate of the annihilation operator & with an
eigenvalue a, i.e.,
dla) = ala), a€C (1.9)
In terms of the number states, they can be written as

® n (1.10)
@) = 71402 ) ——ln)

n!
n=0

An alternative definition is given in terms of the displacement operator D(a) by
applying the displacement field on the vacuum state |0) (a special case of coherent state):
la) = D(a)]0) (1.11)

where
D(a) = explad’ — a*ad] (1.12)

The displacement operator is a unitary operator:

D (a) = D(—a) = D Y (a) (1.13)

10



A field in a coherent state is a minimum-uncertainty state with equal uncertainties
in the two quadrature components. We can also say that the coherent states are the
displaced form of the harmonic oscillator ground states.

Here are some properties of coherent states:

The mean number of bosons in |a) is given by
(ata) = |a|? (1.14)
The coherent state is a minimum uncertainty state so that the variance of quadrature

operator is

L 1 (1.15)
AX¢ = E
where ¢ is the phase of the state |a) and A% is the same with the vacuum state.
The set of all coherent state is a complete set
= (1.16)
Y laxal =1
0
The orthogonal is not satisfied, i.e. two coherent states are not orthogonal:
1 1 1.17
(ala’) = exp [——Ialz——la’|2+a’a* (117
2 2
and
ala)|* = exp[—|a — a'|?] (1.18)

More details and further discussions about the quantum coherent state can be

found in books>’">?,
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1.1.3.2 Squeezed States

We can see that the coherent state has some similarities with the classical states,
while squeezed states show purely quantum features of the system. They are defined as
la, §) = $(§)D()|0) (1.19)

where the § (&) is squeezing operator and is defined as

5© = exp(y a2 5 €at?) (120
and & = re'® is known as squeezing parameter and @ is its phase.
The squeezing operator is also a unitary operator
ST =8 =87) (1.21)
The variance of quadrature operator is
(1.22)

Axy, = %[ezr sin?(¢p — 0/2) + e 2" cos?(¢p — 6/2)]

For example, if ¢ = 0/2, then A%y/, = %e‘zr, and the quadrature fluctuations can be

“squeezed” below the vacuum level at the expense of increased fluctuations.

141

As shown in Fig. 1 (a) is a vacuum state, (b) is a coherent state, where they

both have the minimum uncertainty and a circular contour in the uncertainty quadrature

contour. Moreover, (c) and (d) with the elliptically shaped uncertainty contours are the
. 1
squeezed states. In this case, the areas are the same, ’

Squeezed states have attracted great interest since they can be below the vacuum
level for certain quadrature and can be used to enhance precision measurements. They are

promising for applications to enhance measurement in either phase or amplitude, for
12



example, in measuring gravitational wave. Recently, squeezed states have been used in
quantum information processing, relying on the fact that the squeezed state is related to

quantum entanglement43'45.

@ | ©

(b) (d)

Vi A
e

Figure 1.1  Contour in phase space for Coherent state and squeezed state: (a) vacuum
state; (b) coherent state; (c) and (d) are squeezed states (Ref. 41).

1.1.3.3 Thermal States

Another important example among the quantum harmonic oscillator states is the

thermal states. They are states of the harmonic oscillator which present the thermal boson

population. The mean number of thermal bosons is given by 37,39

1 (1.23)

PN PPN _
(@a)=(fg)=—p5—
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These states describe harmonics oscillators at thermal equilibrium at temperature
T. The inverse temperature 3 is defined as 8 = 1/kgT, where kg is Boltzmann constant.
The density matrix of such a state is

_ exp(—Bwadta) (1.24)
P = Trlexp(—Bwata)]

Where Tr[exp(—Bwata)] represents the trace of exp(—fwata).
In the Fock basis, let |n) such that @td@|n) = n|n), the thermal state then can be

written as
pg = (1 _ e—ﬂw) Z e=B" |n)n| (1.25)
n

The thermal state Wigner function is a Gaussian function centered at the origin of
the phase space, as the vacuum state, however, the thermal Wigner function is broader
than a vacuum state. Moreover, in the case of a vacuum state, the number of bosons in the
harmonic oscillator is zero, while the number in thermal state is given in Eq. (1.23). A
broader quasi-probability distribution means a large variance and hence, noise in the

measurement of § and p. With higher temperature, there is larger noise.

1.1.4 Photon-phonon Quantum Coherent Coupling

Nonlinear optics has had a great impact on modern science and technology. The

interactions between optical and mechanical cavities have attracted great interests in

multiple applications'™. In this cavity, light is coupled through an optical cavity mode
ple app y, g P g P

and confined within this resonator where it excites the mechanical modes, which are
14



usually acoustic modes, of the resonator. Strong coupling usually takes place in the
highly nonlinear region and the coupling rate between two states should dominate over
their own decoherence rate to other channels, normally the local environment. As shown
in Fig. 1.2, if the coherent coupling rate (1, between the optical and mechanical cavity
exceeds both the optical and mechanical decoherence rate k¥ and y, where y =
IkgT/RQ,, with T, and Q,, to be dissipation rate and frequency of the mechanical
oscillator respectively, then the ‘quantum coherent’ coupling can happen between the

optical and mechanical cavity, i.e. the coherent exchange of energy between the optical

field (photon) and the mechanical oscillator (phonon) becomes reversible*047 4831,

Mechanical

environment
o 1|

nm=;’—§'“>0

Optical
environment

kT
n, = Ex 0.01

c

Figure 1.2 A schematic of an optomechanical cavity: an optical cavity with frequency
w. and mechanical oscillator (,, have decoherence rates k¥ and y respectively; the
quantum coherent coupling rate is (.. (Ref. 45)

Fainstein et al. also reported the strong optical-mechanical coupling in a vertical

GaAs/AlAs microcavity for sub-terahertz phononssz. It is likely that there is quantum

coherent coupling between phonon and phonon as well.
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1.1.5 Phonon Squeezed States

Analogous to photon, the phonon state can also be coherent, squeezed, thermal or
a combination of them. The phonon squeezed state has attracted a lot of attention since it
can achieve lower quantum noise. In addition, squeezed phonons have been considered in

various approaches to the ground state of strongly correlated -electron-phonon
problemslg’5 3.1t is proposed that it’s not necessary to look for reduction of the
fluctuation of the lattice amplitude operator below the vacuum level in order to claim the
presence of squeezing in phonons; instead we can measure the corresponding fluctuations

with doubled frequency modes 9294254 The first experiment claiming the detection of

the squeezed phonon modes was done by Merlin’s grouplg. In this experiment, the

squeezed phonon modes were generated in a transparent crystal with an ultrafast pulse of
laser and the Hamiltonian of the system is described by

H =Hy + Hyye
1,2 j
Hine =) gq(b}bT, +bgb_y)
q
where g, is the coupling constant. The measurements were performed by standard pump-
probe measurement and the phonon states were monitored by measuring the transmission

of the probe pulse which is sensitive to the changes in refractive index modulated by the

mean square displacement of the atomic positions. Although, this conclusion was

16



criticized by pointing out the experimental techniques used lacked the determination of

the reference vacuum state variance>-.

1.1.5.1 Second-order Raman Scattering

Hu et al>® proposed a second-order Raman scattering (SORS) process for phonon

squeezing through both continuous wave SORS and impulsive SORS where the
frequency of the modes satisfies w, + w_; = w; — w,. In the impulsive SORS, the
energy transfer from photons to two phonons is instantaneous. The Hamiltonian for this
SORS process is

H = HO + Hip

Hy= ) ho (b*b + ) zhw <b+b + ) (1.27)

1=1,2
Hine = hZ(falazb;rbiq + c.c.)

There are materials in which the first-order Raman scattering is either weak or

prohibitedzo, while the second-order Raman can generate phonon squeezed states. The

squeezing factor is fully determined by the strength of the photon-phonon coupling

constant ¢.

1.1.5.2 Resonant Parametric Down-conversion

A new proposed scheme to generate phonon quadrature squeezing is through a

phonon parametric process, e.g. the process of decaying one LO phonon into two LA

17



modes, where LO stands for longitudinal phonon and LA longitudinal acoustic phonon.

The three-phonon process has been proposed as the main anharmonic scattering
mechanism and also the main phonon decaying mechanism for a long time> 8. Yet due
to the large population of phonons in the material, it’s hard to observe the three-phonon

scattering process directly.

coherent photon
Iak2>, mkz

acoustic phonon
qs N s

optical phonon
qp = _El - -122 =0

coherent photon
I(xk|>9 wk]

acoustic phonon
Jy = -G and 0y = 0

Figure 1.3 A schematic diagram of a three-phonon parametric process. (a) shows the
stimulated Raman process creating a coherent optical phonon by a pair of coherent
photons; (b) shows a three-phonon anharmonic process. Solid line represents photons and
dashed line represents phonons (Ref. 40).

As shown in Fig. 1.3 first a coherent optical phonon w,, which is Raman active

and near the Brillouin zone center can be created by the stimulated Raman scattering
process where the subscripts k; (k;) refers to the higher (lower) coherent photon from the
coherent laser source, secondly the generated pump mode w,, interacts with two lower

acoustic modes wg and w, with the same frequency and opposite wavevector through a

three-phonon process. This process is also called phonon breakdown>’% (see Fig. 1.4).

The two lower acoustic modes can be prepared in a squeezed state with an appropriate

initial state.
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Figure 1.4 A schematic diagram of the decay of a zone center optical phonon with
energy hw, decay into two acoustic phonons with half the energy hw,/2 and opposite
wavevectors +k;. (Ref. 57)

Three-phonon interaction is the lowest order perturbation to the harmonic
Hamiltonian and the dominant anharmonic process in most materials. Teitelbaum et al.
has directly observed anharmonic decay of the photoexcited coherent A;, into target

modes by observation of the buildup of the coherent oscillations of the target modes

using ultrafast diffuse x-ray scattering34’59. They claim this three-phonon scattering

process can be understood as a parametric resonance process and prepare the target

modes in squeezed state. Moreover, they have extracted the anharmonic coupling

constant which is comparable with the first principles calculations®. The Hamiltonian for

the three-phonon system is described as

H =Hy+ Hyp,
1
— t

J
Hine = )" gq(boblbT, + bibeb_y)
q
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1.2 COHERENT PHONON GENERATION AND DETECTION

With an ultrashort pulse interacting with condensed matter, the atoms are excited
coherently, i.e. all the atoms oscillate with a constant phase relation. This enables us to
observe their motions in real-time, instead of just time-averaged mean displacement,
which is reflected as temperature. Moreover, the excitation happens at a well-defined
time zero, when the pump pulse arrives the sample surface, which enables the
investigation of the system relaxation process.

To explain the mechanism of coherent phonon generation, two theoretical
concepts have been proposed; impulsive stimulated Raman scattering (ISRS) and
displacive excitation of coherent phonons (DECP). The former was first proposed in the

70s and has been successfully applied to explain the coherent phonon generation in

transparent crystals and liquidsg'“. The latter was first proposed in 199212 to explain

observations in certain opaque materials, such as Bismuth (Bi), Antimony (Sb), Telluride

(Te), etc.,13 that, at first glance, did not match with ISRS'3. Later on, additional

theoretical and experimental results showed that DECP is just a special case of ISRS, and

only matters when the imaginary part of the Raman tensor dominates'#1©.

Both theories are based on the same general equation of motion for phonons,
describing the time dependent normal mode Q of an atom with mass m as it were driven

by a harmonic oscillator.

a?Q _ dQ ., F
F-}'Z]/E-}-(UOQ—E

(1.29)
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where w, is the frequency of the phonon, y the phenomenological damping constant,
which is introduced to consider multiple decaying mechanisms of the phonon, and F
denotes the driving force due to the electrical field of pump laser pulse. The damping
constant y is related to decaying time 7 by y = 1/7. There are usually phase-destroying

mechanism T, and population decreasing mechanism T; contributions to the decaying

time 7 in a way that38:60

1 1 1 (1.30)

T 2T, T,

Interestingly, Laubereau et. al proposed the ISRS can give the following
information: dephasing time, collective beating, inhomogeneous broadening and phonon

lifetime®!.

The main difference between these two theoretical approaches is in the driving
force. For ISBS, the force is a Delta-function term if the pulse width is much shorter than
the phonon period, and for DECP, the force is like a Heaviside-function via potential shift
in the excited state. Classically, this difference can be illustrated by a pendulum model
(see Fig. 1.5): while the impulsive force in ISBS can be analogous to a sudden kick to the

pendulum, changing its kinetic energy, the force associated with DECP can be analogous

to a quick shift of the suspension point, changing its potential energy62. This analogy is

valid since we can consider the phonon as classical harmonic oscillator.
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Figure 1.5 Two generation models of coherent phonons. (a) and (b) ISBS; (c¢) and (d)
DECP. (a) and (c) show a classical analogue description of pendulum; (b) and (d) show a
time resolved force term (grey area) and displacement (solid line). (Ref. 62)

1.2.1 Impulsive Stimulated Raman Scattering (ISRS)

In the framework of ISRS, phonons are excited by Raman process which is a two-
photon process (see Fig. 1.6). When the incident photons are scattered within a medium,
most of the scattered photons will have the same frequency as the incident photons (ws; =
w;). This type of elastic scattering is called Rayleigh scattering. Meanwhile, there is also
a small amount of inelastic scattering happening where the scattered photons will lose
energy or gain energy and have a different frequency other than w;. This phenomenon

was first observed by C.V. Raman and was thus named Raman scattering. Depending on
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whether the scattered photons lose or gain energy, they are called Stokes or Anti-stokes

Raman scattering respectively.

| I\

n
" Virtual State

Wi Wq
Wi Wy w; Ws .
In) . T
W
19) =t e
ayleigh Stokes Anti-Stokes
Scattering Scattering Scattering
(elastic) :
RalLan
(inelastic)

Figure 1.6 Rayleigh scattering (left), Stokes (middle) and anti-stokes (right) Raman
scattering.

In the Stoke Raman scattering process, a material in state |g) undergoes a
transition to the final state |n) via a virtual state, which is a superposition of many excited
states and may not be coincident with a real state, by absorbing a photon with frequency
w; and emitting a photon with frequency w,;, meanwhile creating a phonon with
frequency w, under the energy conservation law hw, = h(w; — ws). The scattered
photon is called the Stokes line. While in the Anti-Stokes Raman scattering process, the
transition from |n) to |g) via a virtual state with absorption of a photon w; and emission

of a photon w, leads to annihilation of a phonon with frequency w, = w, — w;.
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Normally, the Anti-Stokes line is much weaker than the Stokes line. There are

techniques, such as Coherent Anti-Stokes Raman Scattering (CARS)63, to enhance the

intensity of Anti-Stokes line.
There are two different configurations to generate stimulated Raman scattering.

One is to focus an intense laser w; on the material. If the material possesses Raman active

vibration modes, which means polarizability change can be induced by this vibration®*,

and the laser fluence is over the threshold, stimulated Raman scattering can happen and
coherent emission of photons with frequency w; — w, and w; + w, can be observed,
where w, is the vibration mode frequency. The other configuration is to overlap two laser
beams with frequency and wavevector to be (w,, k1) and (w,, k,) which satisfy energy
conservation hw, = A(w, — w;) and momentum conservation Kyponon = k, — ki Where
wo and Kpponon are the frequency and wavevector for the phonon respectively, then
stimulated Raman scattering can happen and light with frequency w; will be amplified at
the expense of output w, and generate coherent phonon at w, without the requirement of

d65

a threshold™ . For ultrafast lasers, there’s a bandwidth Aw; associated. As long as Aw; >

wy, 1n a single pulse, there would be a large number of pairs of frequency w; and w, that
satisfy hw, = i(w, — w;). Regularly, Aw;~1 eV for femtosecond lasers, while the
vibration modes in the material are on the order of 1~10 meV'.

The two key requirements for ISRS are the existence of Raman active modes in

the material, as well as the shorter pulse duration At than the phonon period wy?!.
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Therefore, in the interaction between the ultrashort laser pulse and the matter, ISRS is an
essential aspect. In the ISRS generated by ultrashort laser pulse, the incoming higher-
frequency photons are coherently scattered into lower-frequency photons, which are still
within the laser bandwidth, in the forward direction (forward-scattering) by creating a
standing wave (Kpponon = 0) and can be detected by a time delayed coherent probe
pulse.

Raman scattering can be treated classically with a model describing the dynamics

of normal coordinate by assuming the polarizability « will vary with the inter-atomic

distance®*%>. The second-order polarizability tensor « is expressed as

Axx Qxy Oyxz (1.31)
a=|%x Qyy dyz
Azx Uzy Oy

and can be expanded in Taylor series with respect to the atomic normal coordinates,

«® = o+ (55)| 00+ (ZQ>

where «a; is the polarizability when the inter-atomic distance is fixed at the equilibrium

00+ (1.32)

position, @ is the normal coordinate of phonon w, and the subscript “0” on the
derivatives indicates expanding at the equilibrium condition. In the harmonic

approximation, higher orders can be neglected, and thus

() = ap + <ZQ)

The polarizability induced by an external optical field E(z,t) (for simplicity, we

0 (1.33)

will only consider linear polarized light propagating in the z direction) is
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P(z,t) = NaE(z,t) (1.34)

where N is the volumetric density of molecules. Thus, the external force is given by

FO = <ZQ)

Inserting the expression of F into the phenomenological equation of motion Eq. (1.29),

(1.35)

|E(z,t)]?

we get

(1.36)

dZQ+2 dQ+ 1 <6a>
az t g Tl =gy 20
where M is the effective mass of the phonon. The elements in the polarizability tensor a

are derived from crystal symmetries depending on the selection rules, and zeros mean the

modes are not Raman active.

Taking the input pulse as a Delta function®, the only important term on the left

side of Eq. (1.36) is the first term, yielding the oscillating velocity induced by the pump
pulse is

d_Q_ 1 <6a> (1.37)

dt ~ 2M\aQ

dt|E(z,t)|?

Equation (1.37) gives damping-free oscillations. If we introduce the phenomenological

damping term, then the solution for the normal coordinate () can be

1 <6a>
2Mwy \0Q/|,

We can see the phonon amplitude is proportional to the laser fluence, and if we

(1.38)

Q) =l

dt|E(z, t)IZl -sin[(w? —y?)t] et

consider a real pulse function, such as Gaussian pulse, it will also be inversely
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proportional to the pulse duration, i.e. the shorter the pulse is, the more atoms will
displace from the equilibrium position, and thus the larger the phonon amplitude is.

From Eq. (1.38), we can see by ultrashort laser pulse, a coherent vibrational wave
in the z direction can be generated and the oscillations are described by a sinusoidal
function, which is a signature generated by an impulsive pulse. We can see later it’s

different in DECP.

1.2.2 Displacive Excitation of Coherent Phonon (DECP)

The DECP was first proposed in 1992 by Zeiger and co-works'? to explain

observations in certain opaque materials, such as Bi, Sb and Te, etc. It was argued that
ISRS is not responsible for the coherent generation in those materials because of two
main findings: (i) the oscillation Q(t) has a cosine dependence instead of sinusoidal
function; (ii) only A;, mode has been observed while the other E; mode has not been

detected, although both of them are Raman active modes 3%

_ /\ /\
\k <]

Asq (longitudinal) E, (transverse)

Figure 1.7 Crystalline structure of bismuth and antimony indicating the directions of
the A4 and E; modes (Ref. 66).

27



Figure 1.7 depicts the two phonon modes in Bi: (left) the fully symmetric A,
mode, which is also referred as the breathing mode, is a longitudinal mode with two
atoms along the body diagonal moving oppositely with frequency around 2.93 THz;

(right) E; mode is a degenerated mode in x-y plane, where the two atoms move
oppositely along the x-axis or y-axis with frequency around 1.5 THZ%®.

In the DECP process, the equilibrium positions of atoms are substantially altered
due to the high-density photo excitation of electrons induced by the pump light (see Fig.
1.8). The electronically excited system then relaxes to a quasi-equilibrium state in a
shorter time scale than it takes for lattice/nuclei return to equilibrium. If the material has

Ai, mode, the nuclei will displace to the quasi-equilibrium coordinate and vibrate

g
coherently around it. DECP requires a significant absorption of the pump to disturb the

electronic system while ISRS doesn’t, and thus phonon amplitude at time zero in DECP

is proportional to the maximum excited electron density.

Later on, it was challenged by Garrett and Merlin!® since the E, mode was

observed in Sb. They claimed DECP is just a special case of ISRS. With a more careful

theoretical study14, Stevens and Merlin demonstrated that there were two separate tensors

responsible for the stimulated Raman scattering, one accounting for the phonon-induced
modulation of the susceptibility and the other for the dependence of the coherent phonon

amplitude on the light intensity. They have the same real part which is associated with the

impulsive generation of phonons, but a different imaginary part14. DECP is inherent to
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metals, semi-metals and narrow bandgap semiconductors and related to inter-atomic

displacement under strong jonization*?.

Excited State

Relavation

Energy

Absurpion Emission

Ground State

LI

Molecular Coordinate Q

Figure 1.8 Illustration of DECP process: excitation and relaxation of the electrons from
an equilibrium coordinate to a quasi-equilibrium coordinate leads to the kick-start of the
lattice vibrations. The dashed lines are the bounded vibrational states (Ref. 107).

In summary, in order to describe the mechanism of coherent phonon generation,

ISBS theory and DECP theory have been proposed. Actually ISBS and DECP are just
two forms of stimulated scattering by phonons14. Both theories are described by two
different tensors that have identical real part but different imaginary part14. Therefore, in

the transparent region, ISRS and DECP are identical mechanisms, while in the absorption
region, i.e. opaque materials, where the imaginary part dominates, the mechanism of

coherent phonon generation is displacive.
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1.2.3 Acoustic Phonon Propagation in Superlattice Structure

The importance of phonons and their interactions in the bulk materials have been
extensively studied. With fast development of the nanotechnology, quantum effects need
to be considered when studying phonon transport in nanostructures. Since dimensional
confinement restricts the phase space of the phonons, it will certainly affect carrier-

phonon interactions in the nanostructures. Semiconductor superlattice structures have

68,69

been widely used and studied, like semiconductor 1asers67, terahertz sources , thermal

electric devices’’ and recently, people are trying to make “phonon lasers”, called

SASER’!,

A superlattice structure is a periodic structure of layers of two or more materials.
Figure 1.9 (a) depicts a finite SL system with acoustic phonons propagating through the
SL perpendicular to the interfaces. The system consists of N periods of alternating layers
of material A with thickness d4 and material B with thickness dg, so the period thickness

is D = d4 + dp. In the elastic continuum model, the phonon dispersion relation is given

by72—75

d d 1+ 62 d d
cos(gqD) = cos (u) cos <a) B) — sin <a) A) sin <a) B) (1.39)
Uy Vg 10) Uy Vg

where § = p,v4/ppVs, p4 and pg are the corresponding mass density and v, and vy are
the sound velocities for phonons along [001] for both media. A plot of Eq. (1.39) is

shown in Fig. 1.9 (b) for a typical superlattice structure (green line). The black curve is
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the dispersion relation of acoustic phonons in effective bulk material considering the
average of two materials composing this superlattice. This modulation of the acoustic
phonon gives rise to two significant features in superlattices: (i) the acoustic phonon
dispersion curve will fold into the first Brillouin zone of the superlattice between — /D
and /D (also call mini-Brillouin zone); (ii) frequency gaps will be created at the center

and edge of the mini-Brillouin zone due to perturbation (see Appendix A). As is the same

76

with the Kronig-Penny model for electrons’”, two degenerate modes exist in the

unperturbed dispersion relation at wavevector tnm/D, where n is an integer. With
modulation of the acoustic phonons, the degeneracy will be remove by creating a gap

with the second term in Eq. (1.39) with the factor §.

mini
w o (folded)

\‘/\:>I zone :
NSL

Figure 1.9 Phonon dispersion: Black curve is phonon dispersion for SL and red line is
acoustic phonon dispersion in effective bulk material considering the average of two
materials composing this superlattice where a is the lattice constant, D is the period
thickness.
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At the zone center and edge, the two eigenmodes are standing waves and can be
labeled by their symmetry, one being odd (4,) and the other even (B,) with respect to
inversion about the middle of each layer (see Fig. 1.8). The A; (lower) mode is Raman

active, however the B, (upper) mode is forbidden®

Black: 1nm GaAs/1nm AlAs Red: 5nm GaAs/5nm AlAs
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Figure 1.10 (a) Schematic finite SL system with alternative layers of A and B. The
thickness for each layer is d4 and dp respectively, so the period thickness is D = d, +
dg. The layer interfaces lay in the x = (x4,x;,) plane, perpendicular to the z axis (x5
axis). The phonons originate in the substrate S, propagate through N periods and are
observed in the detector layer D; (b) Acoustic phonon dispersion curves in two SL
structures with different periodicity calculated from Eq. (1.39). SL with a larger period
introduces more phonon folding and stop bands. (c) Transmission rate for the SLs in (b)
at normal incidence with 30 periods, dips occur at the Bragg reflection condition.

Fig. 1.10 (b) shows longitudinal acoustic (LA) phonon dispersion in two
GaAs/AlAs SL structures with different periodicity calculated with the elastic continuum
model. SL. with a larger period (5/5, red) introduces more phonon folding and stop bands
than that with the smaller period (1/1, black). As shown in Fig. 1.10 (c), the transmission

72,75

rate can be calculated from the transfer matrix and the transmission dips occur for

frequencies that satisfy the Bragg reflection condition.
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1.2.4 Generation and Detection of Coherent Acoustic Phonons

Generation and detection of high-frequency coherent acoustic phonons have been

persistently pursued for decades by researchers in the ultrasonic field and the mechanisms

for generation and detection processes have been studied?0!. Because of the long

wavelength of light, optical probes can only couple to the excitations near the zone center

of the crystal Brillouin zone. Recently several groups have detected terahertz coherent

acoustic phonons with coherent phonon spectroscopy77’78. Coherent acoustic phonons

can be generated with femtosecond laser pulses via launching a strain wave near sample
surface, which is a group of coherent phonons traveling with the same velocity. When a
probe photon is scattered by a phonon, the maximum phonon vector that can be detected
is Kpnonon = 2Kprope (backscattering of probe photon, 2k = 4mn/A, where n is the
refractive index for the wavelength 4), in order to satisfy momentum conservation. This
process is called Stimulated Brillouin Light Scattering (SBLS). If the probe laser has a
short penetration depth, it will only detect the acoustic wave packet after it is reflected at
the interface and travels back to the sample surface. The temporal expansion of the
acoustic echo (At) corresponds to coherence time, which is related to phonon coherence
length, I, = v - At. The difference of time delays when the acoustic wave packet is

detected the first time (7;) and second time (7,) is the round-trip time that the coherent

2L

To—Tq

phonon travels in the sample. Phonon group velocity can be derived as: v =

Eventually the acoustic wave packet will disappear when all phonons are scattered. This
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time constant of phonon amplitude decay is called the coherent phonon lifetime, which is

related to phonon mean-free-path, A = v - 7. In bulk materials, phonons with K, ponon =
2Kp,rope usually have very low frequency and hence are not thermally important. Fig. 1.9

(b) shows acoustic phonon dispersion in two SL structures with different periods
calculated with an elastic continuum model’?’#. In SL, due to phonon folding, many
high frequency phonons also fall into O~2k,.,pe region and hence more coherent
phonons can be generated and detected. Broadband coherent optical phonons up to 2.5

THz have been detected in the InGaN/GaN SL with coherent phonon spectroscopy78.

1.3 COHERENT HEAT TRANSPORT

Phonons are quantized lattice vibrations, characterized with frequency w, wave
vector k, phonon velocity v and lifetime 7. Phonons are major heat carriers in most
crystalline solids. Lattice thermal conductivity is a macroscopic parameter summing over

all phonon modes in the material k, = Y, C,v2t, where C is specific heat and «

represents individual phonon mode”®. Not all phonons contribute to the heat transport

process equally.

For example, in bulk Bi>Tes, phonons with wavelength (A = 2nv/w) from 2 nm

to 6 nm contribute to 60% of the total lattice thermal conductivitygo. Phonons that are

thermally important are called ‘thermal phonons’. Thermal phonons usually mean

acoustic phonons. Optical phonons, even though they are thought to be insignificant in
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most materials to thermal transport because of their small group velocity, can still play a

role by scattering acoustic phononsgl’gz. Similar to other fundamental particles (photons,

electrons), phonons possess both wave-like and particle-like characters. When
considering phonons as lattice waves, they can be called “coherent phonons” if atomic
movements induced by the lattice wave are ‘correlated’. The distance that coherent

phonons can travel before losing their “coherence” is called phonon coherence length83

.. When considering phonons as particles, phonons can be scattered by other particles
(electrons, phonons and defects) or boundaries/ interfaces. The average distance phonons
can travel before being scattered is phonon mean free path 4 = v - . Since lattice wave
cannot extend further after the phonon getting scattered, usually [, is shorter than A. In
bulk materials, where the sample thickness Ly, is much longer than phonon coherence
length [, and phonon mean free path A, phonons are treated as “incoherent” and travel
diffusively, which means atomic movements are random and phonons lose track of their
original directions because of numerous scattering events. In nanostructures, if the
characteristic length L,,,, is comparable to or less than phonon mean free path A,.
Phonons can travel through the material without any scattering, which is called ‘Ballistic
Heat Transfer’. If the characteristic length further reduces to be less than phonon
coherence length [, the wave features of phonons should be considered. In this regime,

d84

coherent heat transport needs to be considered””. However, this has been debated for a

long time since if there is coherent heat transport, then people should observe a decreased

thermal conductivity with increasing temperature due to the dominant Umklapp
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scattering. If the total thickness of the sample is thinner than the mean free path for some
thermal phonons, it is difficult to distinguish between Bragg reflection of simply high
interface phonon transmission and coherent thermal transport. The measured thermal

conductivity would not be the intrinsic thermal conductivity of the SL structure, instead,

it is similar to Si thin film thermal conductivitygs, which is dominated by the surface

scattering, instead of the intrinsic thermal conductivity of bulk Si that is determined by
the phonon dispersion. To really understand the effect of coherence on the SL thermal
conductivity, one would need to observe the ‘bulk’ thermal conductivity of SL and verify
that it decreases with increasing temperature due to intrinsic Umklapp scattering.
Increasing thermal conductivity with increasing temperature always suggests that
extrinsic scattering (defects and surfaces) is dominate. For a perfect infinitely large

crystal, the thermal conductivity is supposed to increase with decreasing temperature to

approach infinity at the low T 1imit®®. Bivas et al..*’ has reported the decreasing thermal

conductivity with the increasing temperature in the TiN/AIScN superlattice with total
thickness of around 240 nm, however, the temperature dependence is still not that strong,
indicating that both extrinsic and intrinsic umklapp processes play some roles.

In the Chapter 4.3, Raman scattering and pump-probe experiments have been
carried out on the GaAs/AlAs superlattice structures. In the GaAs/AlAs superlattice
structure, we can see the decay constant from spontaneous Raman scattering (~4 ps,
incoherent phonons) is smaller than that of the pump-probe experiment (~25 ps, coherent
phonons). This is a very interesting phenomenon since in other materials, like diamond
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and polycrystalline Bi , the decay rate shows the same behavior for the coherent and

incoherent phonons where a coherent anti-stokes Raman scattering (CARS) technique
was used to measure the decay rate for coherent phonons, and therefore they concluded
that the anharmonic decay is the main source of decoherence. However, in our
measurement, the decay time for incoherent phonon is smaller than that of the coherent
phonon which could be because of the insufficient resolution for the Low cut-off Raman
scattering, or because in the superlattice structures, anharmonic scattering is greatly
reduced for coherent phonons due to the selective scatterings paths, and thus the decay
constant is larger. The coherent phonons may have the potential to suppress anharmonic
scattering and increase the phonon coherence time, therefore, it’s promising to introduce

coherent phonons to tailor the thermal conductivity of the SL structures.

1.3.1 Boltzmann Tranport Equation

The Boltzmann Transport Equation (BTE) has been extensively used to study

nanoscale heat transfer when phase coherence is not important79 and phonons can be

purely treated as particles. However, the phase information is not important when the
thermal phonon coherence length can be neglected.
In an equilibrium system, the phonon distribution follows the Bose-Einstein

distribution

1
fo—exp(li_a,T)_1 (1.40)
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Generally, the BTE is described as”’

of Lo0f  (Of
—+v, Vf+ta== (—)
ot g f ov ot collision

(1.41)
where 7, and d are the particle velocity and acceleration rate respectively. The term on
the right-hand side stands for the scattering process, which can alter the phonon
distribution function. There are two types of scattering processes: inelastic processes
(including the Normal process, Umklapp process and scatterings on other carriers, etc.)
and elastic processes (including scatterings on grain boundaries, impurities, etc.). With a

single mode relaxation time approximation, which assumes there is an effective

relaxation time 7,¢¢ for all the phonon modes, the collision term can be written as
eff p

@i Lok (1.42)

at)collision 7'—eff

where T,z is a combination of relaxation time for the dominant scattering processes

1 1 1 1
=—+—4+—+ - (1.43)
Terr Tn Ty T

Under the relaxation time approximation, the system restores its equilibrium distribution
through an exponentially decaying process over a time scale 7,¢r. However, the phonon
dispersion and scattering mechanisms have to be known in advance to perform the BTE

calculation.
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1.3.2 Coherent Thermal Transport in Superlattices

Ballistic phonon transport has been studied extensively over the decades’ .

However, the importance of coherent phonons to the overall thermal transport has only
recently been addressed by two recent experimental studies: a) Luckyanova et 2
reported that thermal conductivity of GaAs/AlAs SLs increases almost linearly with the
total sample length Lg; over a wide temperature range, 30~297 K, which was explained

with coherent thermal phonon transport. The phonons are called “coherent” in their study

because the sample length is shorter than the phonon mean free path (Ls; < A). Even

though similar phenomena have been observed in molecular dynamic simulations”>*%%,

the role of CTP was not mentioned in these studies. B) J. Ravichandran et al.”’
demonstrated a transition region from incoherent heat conduction to coherent phonon
conduction by measuring a minimum thermal conductivity around certain period

thickness dg; in the SrTiO3/BaTiO3 SL, which was attributed to competition between

interface scattering and phonon-folding in the transition region. In fact, the minimum

thermal conductivity has been observed in many other experimentsg7’95 100 1 ater, several

groups conducted molecular dynamics and interfering Monte Carlo studies to further

understand the CTP transport observed in experiments, respectively80’101'103. Very

recently, Latour et al. introduced a criterion to distinguish coherent vs. incoherent heat

conduction, trying to reconcile the disagreements observed in experiments by bringing in
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the concept of temporal and spatial coherence!%*1%_ Even though this picture provides

some guidance for understanding coherent phonon conduction, it fails to interpret some

experimental results. For example, in the GaAs/AlAs SL, [, is estimated to be 1~2 nm®’

and Ay, is about 1 um. Based on Latour’s picture, with dg; = 12 nm > [, thermal
conductivity k should be independent of sample length L. But Luckyanova’s
experimental results showed that k has a strong dependence on sample length L. The
second problem is that Latour defines phonons as “coherent” only when phonon
coherence length [, is greater than the SL period thickness dg;. In Luckynova’s

experiment, phonons are called “coherent” because the phonon mean path A is greater

106

than the sample length L. Recently this year, Hopkins’ group claims even in

Luckyanova’s experiment, incoherent phonon transport should dominate. To provide an
unambiguous picture of coherent phonon transport in SLs, direct measurement of

coherent phonons is necessary.
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Chapter 2: Pump-probe Spectroscopy

In a standard time-resolved pump-probe experiment, one can measure the
reflectivity change or transmittance change depending on whether the material is an
opaque or transparent material with a delay time between pump and probe pulse. An
optical delay stage is put in the probe beam optical path to control the delay time between

pump and probe beams.

©
Pump
=

C)

Detector

Detector

Figure 2.1 Illustration of pump probe dynamics: the pump pulse first excites the
material at time zero, and the probe pulse detects the reflection/transmission change at

time delay T depending on whether the material is opaque (a) and (b), or transparent (c)
and (d).

The basic idea of the pump probe experiment is described in Fig. 2.1. The system
under study is first pumped with a short laser pulse to generate excited carriers; these

carriers will modulate the dielectric function, and thus the refractive index of the
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material. Then this change will be probed by a second, less intense laser pulse by
measuring the reflection/transmission change at time delay T depending on whether the
material is opaque or transparent as long as the lifetime of the excitations is longer than
the pulse duration.

The development of the lasers makes it possible to apply the pump-probe
technique to study lattice vibrations in the femtosecond scale. More importantly, with
ultrafast laser pulse, the solids will sustain lattice vibrations with a high degree of
temporal and spatial coherence which are called coherent phonons.

In this chapter, the characterization of our experimental systems will first be

discussed and then two set-ups with specific experimental steps will be presented.

2.1 ULTRAFAST LASER SYSTEM

Our system consists of a titanium-doped (Ti-) sapphire oscillator (Tsunami,
Spectra-Physics) and a regenerative amplifier (Spitfire ACE, Spectra-Physics).

The oscillator is pumped by a 5 W CW green DPSS laser at 532 nm (Millennia,
Spectra-Physics) and the output laser pulses with a 35 fs pulse width (FWHM), 60 nm
bandwidth, 80 MHz repetition rate and 900 mW average power at 800 nm. The spectrum
of the laser pulse is showed as follows (see Fig. 2.2), measured by the Ocean-Optics
spectrometer. The pulse width can be estimated if the Gaussian pulse is assumed, given

by the uncertainty relation:
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c=A1v
Ac=A1-v+AAv =0

v c
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A A2 (2.1)
Av- At = 0.441
0.441 0.44172
At > =
Av Al-c

where c is the speed of light, 4 is the wavelength and v is the frequency. The estimated

pulse width for a 57 nm bandwidth (see Fig. 2.2) is about 16 fs.

Intensity

720 760 800 840 880
Wavelength (nm)

Figure 2.2 Spectrum of pulses from Tsunami measured by the Ocean-Optics
spectrometer. With a Gaussian Fit, we can get that the FWHM is 57.2 nm with a variance
of 0.3nm.

The amplifier is driven by a Q-switch Nd:YLF solid state laser (Spectra-Physics).

The output laser pulse is at 800 nm, with a 35 fs pulse width (FWHM) and 5 kHz

repetition rate. The average power is 6 W.
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2.2 ULTRAFAST LASER PULSE CHARACTERIZATION

The ultrafast laser pulse is usually very short, on the scale of picoseconds or
femtoseconsd, even attoseconds nowadays. The optical response of a photo-detector is
not fast enough to resolve these pulses. In order to characterize the duration of the

ultrafast lasers, different techniques have been developed, including auto-correlation,

cross-correlation and the frequency-resolved optical gating (FROG) method 7108,

Delay d
Stage BS
Lens BBO Iris
Detector
il 1
< T >

Figure 2.3 Intensity auto-correlator configuration: with the right angle (phase-matching
condition) of the BBO (Beta-barium borate, nonlinear crystal) crystal, the intensity of the
SHG signal is measured by the detector as a function of relative time delay where BS
stands for beam splitter.

Auto-correlation is based on the idea that an ultrafast pulse can sample and check
the temporal correlation trace with itself. In an Intensity auto-correlator (see Fig. 2.3),
one pulse coming in is split into two identical (ideally) pulses by beam splitter (BS) with
optical path differences, and thus the relative delay time of the two pulses is controlled

mechanically by the delay stage. They are then focused and spatially overlapped on a y?
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nonlinear crystal where sum-frequency generation processes ', in this special case,

second harmonic generation (SHG) can happen. With a proper angle (phase-matching

condition64) and a small difference in the optical paths, the detector can record the power

of the SHG as a function of time delay. The dependence of the autocorrelation signal on
the temporal delay is given by

Ly (t) =1, () - I,(t — 1) (2.2)
where 1,(t) = f(t)f*(t) and f(t) is the electric field of the pulse and f*(t) is its
complex conjugate. It’s obvious that if the relative time delay is increased, and therefore
the overlap of the two pulses in the nonlinear crystal is reduced, the mixing product

becomes weaker. Since the photo-detector can only capture the time averaged intensity

signal, the measured signal is therefore!%7,

(Isng (£)) = 1+ 2G,(7) (2.3)

where G,(7) is the second-order auto-correlation function given by

JZ 11t -1 (2.4)

0 === o1

The constant background term ‘1’ in Eq. (2.3) can be eliminated by the nonlinear
experimental setup (see Fig. 2.3), and thus the measured signal (Isy;(t)) is proportional
to G, (7). There is a conversion factor between the actual pulse width At and the FWHM

(full width at half-maximum) At; of the correlation function G,(7) depending on the

pulse shape. For the commonly used Gaussian shape pulse, At = At;/+/2. The auto-
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correlation result (see Fig. 2.4) for the 800nm Gaussian pulse at the sample position

shows the measured pulse width is 222 fs.

Auto-correlation

FWHM=314 fs

Intensity (V)

-1.0 -0.5 0.0 0.5 1.0
Time (ps)

Figure 24  Auto-correlation result for 800 nm Gaussian pulse at the sample position.

Cross-correlation is a way to deal with the correlation between two different
pulses by using a y? nonlinear crystal where sum-frequency generation processes can
happen. Apparently, we need to know one of the pulses to extract information for the
other one. One thing we must know is for both auto-correlation and cross-correlation
techniques, they are independent of the symmetry of the actual pulse, i.e. we can always
get a symmetric signal with respect to its center even for asymmetric pulses, and thus, we
cannot recover the original pulse intensity profile. Moreover, they are also not sensitive
to the phase of the laser field, which disables them from characterizing chirped pulses or
phase-modulated pulses. However, the phase information can be very important for the

narrower pulses (< 50 f's), leading to the development of FROG technique.
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FROG is a technique for ‘complete’ characterization of ultrashort pulses,
measuring not only the energy and duration of the pulses, but also the full spectrum and

the frequency dependent phase information from the FROG algorithm. This technique

has been pioneered by Rick Trebino’s group at Georgia Institute of Technologylog. A

typical set up for a FROG is similar to that of an Intensity auto-correlator (see Fig 2.3)

except the photo-detector is replaced with a spectrometer.

2.3 EXPERIMENTAL SETUP

We’ve basically used two experimental systems to capture different ultrafast
coherent phonon dynamics, one with coherent phonon spectroscopy (CPS) with the
oscillator and the other one with the amplifier. These two systems have they own

advantages and disadvantages.

The CPS system with the oscillator has a very high sensitivity up to 109, so it can

be used to capture small signals with long time averaging, which makes it to be capable
to measure high frequency coherent phonons in superlattice structures. With a mode-
locked Ti: Sapphire femtosecond laser (Tsunami, Spectra Physics), one-color pump-
probe experiment is performed in non-collinear reflection geometry at room temperature.
Both pump and probe pulses have an 800 nm central wavelength, 258 fs pulse width and
76 MHz repetition rate. Pump and probe beams are focused onto the sample surface by a
10x objective lens, with spot sizes (diameter) of 13.38 pm and 6.69 wm respectively. An

optical delay stage is put in the probe beam optical path to control the delay time between
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the pump and the probe beams. The differential reflectivity AR/R is recorded by a Si
detector (DET100, Thorlabs). A lock-in amplifier (model 7265, Singal recovery) with a
chopper working at 2.7 kHz is used to acquire the data. We use the LabVIEW program to

record the data from lock-in amplifier. More averages are needed for detecting high
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Figure 2.5 CPS system with oscillator: In the one-color pump-probe experiment, we
use the polarizer to make the pump and the probe light perpendicular and use another
polarizer in front of the detector to filter out the pump signal.

Meanwhile, since the amplifier system has a pulse energy up to 1 mJ, it can excite

the carriers efficiently so there is no need to average too many passes with sensitivity up
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to 10™*. This unique advantage makes it perfect for some crystals with a very strong

coherent phonon signal, like CdSe and Bi. Using a mode-locked Ti: Sapphire
femtosecond laser (Amplifier, Spectra Physics), the two-color pump-probe experiment is
performed in collinear reflection geometry at room temperature. A second harmonic
generation crystal (Beta-barium borate, BBO) is used to double the photon energy to
3.1eV, after which a band-pass filter is used to block the residue laser beam at 1.55 eV.
Pump and probe pulse have a 400 nm and 800 nm central wavelength respectively, with a
100 fs pulse width and 5 kHz repetition rate. A 15 cm lens is used to focus two beams on
the sample surface, with spot sizes of 245 pm and 60 pm respectively. An optical delay
stage is put in the probe beam optical path to control the delay time between the pump
and probe beams. The difference between the reflected and reference probe beams is
measured by a balance detector (model 2307, Newport). A lock-in amplifier (model
7265, Singal recovery) with a chopper working at 585 Hz is used to acquire the data. In

coorperation with the LabView program, we can record the data from lock-in amplifier.
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Figure 2.6 CPS system with amplifier: The combination of the half wave plate (HWP)
and polarizer can attenuate the laser power. The neutral density (ND) filter in the probe

path we used is 10*; the 800 nm band pass filter can filter out the 400 nm pump pulse; we
also use a white light source and CCD camera to obtain the sample image.
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Chapter 3: Ultrafast Dynamics Studied with Pump-probe
Measurement

In the standard time-resolved pump-probe experiment, one can measure the
reflectivity change or transmittance change depending on whether it’s an opaque or
transparent material with a delay time between pump and probe pulse. An optical delay
stage is put in the probe beam optical path to control the delay time between the pump
and probe beams. The goal of this chapter is to show relevant mechanisms of excitation
of coherent phonons by ultrashort pulses.

In this chapter, I will cover my three projects in three different semiconductor

systems. The first section shows the thermal reversible ultrafast melting in bulk CdSe.! In
the second section, the coherent thermal phonons in the BiyTe3/SboTes superlattice are
directly measured and compare with bulk BiTe3.2 The third section reveals the evidence

of quantum coherent coupling in the GaAs/AlAs superlattice.

3.1 CADMIUM SELENIDE

Cadmium Selenide (CdSe) is a widely used II-IV group semiconductor with a

band gap lying in the solar spectrumlog. Most effort has been devoted to developing high

Wu, W., He, F., & Wang, Y. (2016). Reversible ultrafast melting in bulk CdSe. Journal of Applied
Physics, 119(5), 055701. (Both Wu, W. and He, F. contribute equally. He, F. has performed the
experiments.)
2He,F.,Wu, W, & Wang, Y. (2016). Direct measurement of coherent thermal phonons in Bi2Te3/SbaTe3
superlattice. Applied Physics A, 122(8), 777.
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efficiency solar cells with CdSe quantum dot, which possesses discrete bands for multi-

110,111

carrier excitation , meanwhile, the CdSe quantum dot has an extremely low thermal

conductivity112 due to size effect, leading to lower temperature required for phase

transformation to happen than the bulk. While rare studies talk about light-induced phase

transformation in bulk or nanocrystalline CdSe. In this work 21 transient reflectivity

changes in bulk CdSe have been measured with two-color femtosecond pump-probe
spectroscopy under a wide range of pump fluences. Three regions of reflectivity change
with pump fluences have been consistently revealed for excited carrier density, coherent

phonon amplitude, and lattice temperature.

3.1.1 Reversible Ultrafast Melting in Bulk CdSe

All the experiments were performed in a standard collinear two-color (3.10 eV
pump and 1.55 eV probe) pump-probe scheme. Laser pulses with a 35 fs FWHM are
generated by a mode-locked Ti: sapphire and a maximum pulse energy about 1.2 mJ. The
pump and probe beams are focused onto the sample at normal incidence with diameters
of 80 and 20 m, respectively. The pump beam is modulated by an optical chopper at
500Hz which works with a lock-in amplifier to obtain the signal. The reflected probe
beam is measured with a balance photodetector. The sample under investigation is a bulk
CdSe (5x5x2 mm) polycrystal with a wurtzite structure, and the cleaved surface is

perpendicular to the laser incident direction. At room temperature, the band gap of CdSe
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is 1.74 eV'3, therefore our pump pulse is well above the band gap and is able to excite

free electrons and holes at the surface of bulk CdSe crystal.
Figure 3.1(a) and (b) show the transient reflectivity changes in bulk CdSe under a
wide range of pump fluences. For all the fluences, (—dR/R) demonstrates a positive

sharp peak, after which its feature changes drastically with fluence. At very low fluences,

e.g., 0046 mJ/cm’, (— dR/R) decays exponentially back to its static value. At slightly

higher fluences, e.g. 0.53 and 1.07 mJ/em?, the decay of (—dR/R) clearly shows two

stages: a rapid relaxation first and then a much slower one, with a turning point around 5

ps. At moderate fluences, e.g., 3.8 and 10 mJ/cm?, the turning point still appears around 5

ps, but (—dR/R) experiences a sign change. At highest fluences, (— dR/R) continues to
evolve after the turning point, reaching a minimum value, and then recovers slowly. The
gigahertz oscillations observed here are caused by the interference of the probe light with
coherent acoustic phonons (CAP) generated at the surface and travelling into the sample.
Amplitudes of CAPs can be extracted by fitting the oscillations with damping harmonic

functions.

53



Pump Fluence i Pump Fluence
8 a) F (mJ/em?) 8 b) F (mJ/em?)
——0.046 ! ——0.046
¢ 0.53 el ——0.53
1.07 1.07
. 3.8 «— | 3.8
a4 —10.3 S4r 10.3
= -14.7 z 147
5 2 17.5 22}k 175
? ——19.3 2 19.3
0 e —

Time Delay (ps) Time Delay (ps)

Figure 3.1 (a) Transient reflectivity (—dR/R) signals of bulk CdSe measured under a
wide range of pump fluences. The same transient reflectivity signals within 100 ps are
shown in (b).

The changes of peak values (—dR/R)pmqx, amplitudes of CAPs, and values
around the turning point (— dR/R)s,s with pump fluences have been analyzed. When the
femtosecond pulses interact with semiconductor materials with bandgap smaller than
photon energy, electrons on valence band absorb photons and are excited to conduction
band. Electrons thermalize rapidly through electron-electron (e-e) scattering and reach a
temperature (T,) much higher than lattice temperature (7). Then, electrons transfer
energy to lattice through -electron-phonon (e-ph) scattering, and an equilibrium
temperature is eventually established. The peak values of (—dR/R) are usually
associated with densities of excited carriers, as well as maximum electron temperature
Te max- Since usually e-ph coupling only lasts for several picoseconds, we assume the
electrons finish transferring energy to lattice around 5 ps, and (— dR/R)s,; is associated

to the equilibrium temperature T} .
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All three curves show three distinct regions: (1) For F <1 mJ/cm?,

(—=dR/R)max increases linearly, while (—dR/R)s,s stays at the same value. Data of
CAP amplitude are not available at low fluences. (2) For 1 mJ/cm? < F <
13 mJ//cm?, (—dR/R)pmq, continues to increase but with decreasing rates; CAP
amplitudes increase along the similar trend of (—dR/R)pqax; (—dR/R)sy,s decreases
rapidly, following an error-function like pattern. (3) For F > 13 mJ/cm?, both
(=dR/R)max and CAP amplitudes saturate. (—dR/R)s,s also stops decreasing. We

attribute the reason of saturation of (—dR/R)yq, to the rapidly increasing optical

bandgap at high fluence; CAP amplitudes follow a similar trend because the amplitude of

transient stress generating CAPs is linearly proportional to carrier density“4. The lattice

temperature T; near sample surface can be estimated as: T, =T,+

(1 —-RyF/ (pCp5pump); where T, is room temperature, R, is static reflectivity of CdSe
at room temperature, which is 0.23 at 400 nm, 8, 1S 50 nm!1 , Cp 18 0277 J/(gK),
estimated at 800 K with the formula described!'®. It is a reasonable value to use for high

fluences, since C;, becomes constant at high temperature. T, is estimated to be about 1543
K at 13 mJ/cm?, close to the melting temperature of bulk CdSe, 1541 K. Considering

the fact that probe spot size is smaller than that of pump, the actual lattice temperature

sensed by probe is even higher than estimated 7;. As a result, the saturated feature of
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CAP amplitude observed in Fig. 3.2(b) could be also be caused by melting at high laser

fluences.

As explained earlier, (—dR/R)s,; is related to the equilibrium temperature Tj,.

Bandgap of bulk CdSe also changes with TL“&1 19, E,(T,,) can be estimated as

2 3.1
Eg (T,) = Eq (0) - (TOI:I}: ) G-D

where E;(0) = 1.834 eV is the bandgap at zero temperature. & and f§ are coefficients

fitted with experimental data'®, @ = 4.24 x 107* eV/K and B =118 K. At room

temperature, E; is 1.74 eV. When T, = 1543 K, E;(1543 K) is estimated to be around
1.23 eV, which is smaller than probe photon energy of 1.55 e¢V. Bandgaps sweeping from
above to below probe photon energy agrees with the sign change of (= dR/R)s,s. For

Eyump =13 mjJ/ cm?, further increase of T, is minimal because of melting, and hence no
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Figure 3.2 Change of (a) (—dR/R)max. (b) coherent phonon amplitude, and (c)
(= dR/R)sps with pump fluences. Dashed lines mark three different regions.

further change of (—dR/R)s,s is observed. We want to emphasize that the picture of
optical bandgap sensed by pump pulses114 is still valid here because (—dR/R)max is

usually reached much earlier than e-ph equilibrium. Excepetions are those with lower
fluences, where (— dR/R) 4, happens around 5 ps. However, since effects of T, are not

significant at these fluences, the same explanations still hold.

57



Saturation features (see Fig. 3.2) all suggest that melting happens at Fpypmy =
13 mJ/cm?. Similar saturation features have been reported during the ultrafast melting
process in Pro.sCapsMnO3'?° and GaAs'?'. When pump fluences increases to 22.5
mJ/cm?, after measurement, a small damaged area on sample surface was observed
under the microscope, indicating an irreversible melting process under this fluence.

Even though the melting observed here happens within several picoseconds, the

melting process is purely thermal, not the ‘non-thermal melting’ observed in some

materials'?>!123. The direct evidence is that the estimated T, at 13 mJ/cm? is close to

melting temperature. Non-thermal melting usually happens at laser fluences much higher

than single-pulse melting threshold, usually in ablation rangelzl. Also, during non-

thermal melting process, liquid-phase usually appears at sub-picosecond time scale, much

faster than the time needed for energy transfer from carriers to phonon. Our conclusion is
consistent with MD simulation results in BirTes®! and experimental observations in other

phase change materials' 24123,

As shown in Fig. 3.1, at highest fluences, (—dR/R) continues to decrease to
another minimum point after the turning point, which could be attributed to propagation
of melted region and then starts to recover. Recovery of (—dR/R) at high fluences
indicates that the ultrafast melting is reversible, comparing with the permanent melting

cases where the transient reflectivity deviates further from its initial value at longer time

delay126. Because of the uneven distribution of excited carriers in CdSe sample, T} is
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highest on surface and decreases into the sample. At F > 13 mJ/cm?, right after e-ph
equilibrium, the melted region has lattice temperature above melting temperature.
However, the final state of the melted region is determined by two factors: (1) How long
the lattice temperature stays above melting temperature and (2) how fast heat is extracted

from the melted region due to temperature gradient. According to the MD simulation of

ultrafast laser melting in BipTes®!, isolated droplet-like liquid areas appear first, which

then grow and get connected to form a continuous melted region. If laser fluence is not
enough, heat will be dissipated deeper into the sample quickly, and lattice temperature
will drop below melting temperature before the isolated liquid drops growing into a
continuous melted region. In this case, the isolated liquid drops will recrystallize, and no
amorphous structure could be observed at final state. This picture is consistent with the
reversible melting observed in bulk CdSe. An amorphous structure could be achieved
under relatively low laser fluence, if a thin film of CdSe with thickness less than pump

laser absorption depth is deposited on a substrate with low thermal conductivity, e.g.,

127

glass, or in nanocrystalline CdSe “’, where heat transport is greatly suppressed by

boundary scatterings. Figure 3.1 also reveals a change of sign of (—dR/R) for F >
13 mJ/cm?. As discussed earlier that bandgap of bulk CdSe has a strong dependence on
lattice temperature. (— dR/R = 0) could be understood as a result of lattice temperature
T} at which E;(T}) is slightly higher than 1.55 eV, where interband transition from probe
photon is prohibited and no electrons are left on conduction band for free-carrier

absorption. When laser fluence is below 3.8 mJ/cm?, heat generated in excited region
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transport out of excitation area before lattice temperature reaches T}, so (— dR/R) never

reaches zero.

=0)

v'(ps) at (-dR/R

n
2} /-/'/’-— J
A A 1 A ] A 'l A 1
3 6 9 12 15 18
Pump Fluence (mchm’)

Figure 3.3 The time when (— dR/R) is zero under different pump fluences.

The time delay t* when (—dR/R)~0 is plotted in Fig. 3.3: 7* decreases very
rapidly for fluences above 3.78 mJ/cm? but below 13 mJ/cm?. t* can be approximated

to be the electron-phonon coupling time in bulk CdSe, which is the inverse of energy
transfer rate y from excited electron to phonon. Form the two-temperature model' %3, y is
proportional to g[T,(t) — T, (t)], where g is the electron-phonon coupling factor and T,
is the electron temperature. Before melting happens, g is roughly a constant, and
T,(t) >» T, (t) for most of the time range. So T* is approximately proportionally to 1/T,.
This conclusion qualitatively agrees with fluence-dependent T, ,,,, (approximately

proportional to (—dR/R)mq4,) as shown in Fig. 3.2. When F > 13 mJ/cm?, electron-
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phonon coupling factor becomes smaller due to bond softening effect, and hence t*

increases slightly and saturates at highest fluences when melting happens.
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Figure 34 The time delay 7,_, when (—dR/R) reaches maximum under different

fluences.

As discussed earlier, (—dR/R)pqay is related to T, pay. The time delays when

(—dR/R) reaches maximum values are roughly the e-e thermalization time. Fig. 3.4

shows the 7,_, at different pump fluences. It can be seen that 7,_, first decreases rapidly

and stops decreasing when F is above 1 mJ/cm?. If the curve is fitted with a power

function, 7,_, is proportional to F~

3/4

. The initial decrease of t,_, with pump fluence

comes from stronger carrier-carrier scattering at higher carrier densities, which is

consistent with earlier results'??. The stabilized thermalization time is less than Ips,

which is also consistent with reported values in other materials
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3.1.2 Summary

In summary, we have measured the transient reflectivity changes in bulk CdSe
with a two-color femtosecond pump-probe spectroscopy under a wide range of pump
fluences. Three regions of reflectivity change with pump fluences have been consistently
revealed in excited carrier density, coherent phonon amplitude, and lattice temperature.
For laser fluences from 13 to 19.5 mJ/cm?, ultrafast melting happens in several
picoseconds. This melting process is purely thermal reversible. A complete phase
transformation in bulk CdSe may be reached when the absorbed laser energy can be

localized for a long enough time, as observed in nanocrystalline CdSe.

3.2 BISMUTH TELLURIDE AND ANTIMONY TELLURIDE SUPERLATTICE

Not all phonons contribute to the heat transport equally. Phonons that are
thermally important are called ‘thermal phonons’. Conventionally, we will not consider

the coherence of the phonons in the bulk materials when we calculate the scattering rate

using the Boltzmann equation79. However, in some special material systems, like
superlattices, phase information can be important.
BipTe3/SboTes superlattices can be grown with a metal-organic chemical-vapor

deposition (MOCVD) technique with high-quality interfaces'3!132. Studies have shown

that cross-plane thermal conductivity for BipTe3/SbyTes superlattice is significantly

lower than its bulk counterparts, even lower than its corresponding alloy, making it
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promising for achieving high ZT thermoelectric materials”>. Thermal conductivity

measurements of BipTes/SboTes superlattices have also shown a minimum thermal

95

conductivity around a period thickness of 4~6 nm””, similar to that observed in

SiTiO3/BaTiO3 superlattices”’. Therefore, coherent phonon conduction could also lay
P P P

an important role in BipTe3/SbyTes superlattices.

3.2.1 Coherent Thermal Phonons in Bi;Te3/Sb,Te3

Phonon lifetimes have been extracted from experimental data, with which mode-

wise thermal conductivities have been calculated. Comparing with bulk BixTes, the

estimated mode-wise thermal conductivity of longitudinal acoustic phonons shifts to

higher frequencies, due to constructive coherent phonon interference™?.

Using a mode-locked Ti: Sapphire femtosecond laser (Tsunami, Spectra Physics),
a single-color pump-probe experiment is performed in non-collinear reflection geometry
at room temperature. Both pump and probe pulses have 800 nm central wavelength, 35 fs
pulse width and 76 MHz repetition rate. The pump and probe beams are focused onto the
sample surface by a 72.5 mm lens, with spot sizes of 30 gm and 24 um, respectively. An
optical delay line placed in the pump-beam optical path is used to control the delay time
between pump and probe beams. The difference between reflected and reference probe

beams is measured by subtracting signals from two single detectors (DET110, Thorlabs).
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A lock-in amplifier (model 7265, Signal recovery) with a chopper working at 2.2 kHz is

used to acquire the data. A mechanical shaker was incorporated into the spectrometer for

fast averaging. The sample studied is a BipTe3/SboTes SL grown with the metal-organic

chemical-vapor deposition (MOCVD) technique on GaAs (100) substrates along the c

axis of the films”>*!31133:13% The SL has about 200 periods with a 1 nm BipTes layer and

a 1 nm SbpTe3 layer for each period. A BipTes buffer layer is placed between the SL and

the substrate.

Coherent acoustic phonons can be generated with femtosecond laser pulses via
launching a strain wave near sample surface, which is a group of coherent phonons
traveling with the same velocity. As shown in Fig. 3.5 (a), the strain wave propagates into
the sample, and be partially transmitted/reflected at the interface. When a probe photon
is scattered by a phonon, the maximum phonon vector that can be detected is Kpponon =
2kprope (backscattering of probe photon), to satisfy momentum conservation. This
process is called Stimulative Brillouin Light Scattering (SBLS). If the probe laser has a
shorter penetration depth, it will only detect the acoustic wave packet after it is reflected

at interface and travels back to sample surface. The acoustic wave packet detected in
BipTe3/SboTes superlattice is shown in Fig. 3.5 (b)135 . The temporal expansion of the
acoustic echo (At) corresponds to coherence time, which is related to phonon coherence

length, I, = v - At. The difference of time delays when the acoustic wave packet is

detected first time (7,) and second time (7;) is the round-trip time that coherent phonon
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2L 1t can also be

travels in the sample. Phonon group velocity can be derived as: v = —
274

seen in Fig. 3.5 (b) that the amplitude of coherent phonon decreases after propagating a
longer distance. Eventually the acoustic wave packet will disappear when all phonons are
scattered. This time constant of phonon amplitude decay is called coherent phonon
lifetime, which is related to phonon mean-free-path, A = v - 7. In bulk materials, phonons
with kpponon = 2Kprope usually have a very low frequency and hence are not thermally

important. Fig. 3.5 (c) shows acoustic phonon dispersion in two SL structures with
different periods calculated with an elastic continuum model’?’*. In the SL, due to
phonon folding, many high frequency phonons also fall into the 0~2k,,p, region and

hence more coherent phonons can be generated and detected. Broadband coherent optical

phonons up to 2.5 THz have been detected in InGaN/GaN SL with coherent phonon

spectroscopy’®.
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Figure 3.5 (a) Schematic picture of coherent phonon generation/propagation in bulk;

(b) Acoustic echo measured in BioTes/SbaTe3 SL [Adapted from Ref. 135]; (¢) Acoustic
phonon dispersion in two SL structures with different periods calculated with an elastic
continuum model; the SL with a larger period thickness introduces more phonon folding.

Figure 3.5 (a) shows the transient reflectivity signal measured in BizxTe3/SboTes

superlattice with degenerate CPS, with 800 nm wavelength, 35 fs pulse width for both
pump and probe beam. The sharp decrease around zero-time delay is due to electron
excitation by pump pulse. The decaying background represents electron relaxation,
mainly a result of electron-phonon scattering. The oscillatory component is related to
coherent phonons generated in SL structure. Inset of Fig. 3.6 (a) shows pure coherent
phonon signals after removing electronic signals with a digital high-pass filter. The
complex feature shown in coherent phonon signals comes from superposition of multiple
phonon waves, which makes direct fitting to extract phonon information impractical.
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Instead, the short-time Fourier transform (STFT) method has been applied to the pure
coherent phonon signals to extract phonon frequencies, and to reveal the evolution of
coherent phonons with time. A proper window size has been chosen to achieve
reasonable resolutions in both time and frequency domains. From the frequency axis, two
groups of phonons are clearly shown: acoustic phonons with a frequency below 1 THz,
and optical phonons with a frequency between 1~2 THz, with a gap present between

these two groups of phonons. A similar trend has been observed for phonons in bulk
BizTes%.
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Figure 3.6 (a) High frequency coherent phonons measured in BipTe3/SboTe3 SL. Inset
show coherent phonon signals after removing electronic background; (b) Short-time
Fourier Transform (STFT) of phonon oscillations showing both optical and acoustic
phonons.

STFT amplitudes of a phonon mode at 0.57 THz are plotted in Fig. 3.6(a). A
decaying exponential function is used to fit STFT amplitudes to extract phonon lifetime,

which is about 2.2 ps for phonon at 0.57 THz. Figure 3.6 (b) plots extracted phonon
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lifetimes of both acoustic and optical phonons in BipTe3/SbyTes SL. Lifetimes of

acoustic phonon range from 1 ps to 9 ps; those of optical phonons range from 2.5 ps to

7.5 ps. Acoustic phonons below 300 GHz are not plotted due to large uncertainties. In
bulk BirTes, the previously measured lifetime of the Ajg optical coherent phonon (1.88
THz) is about 5 psSO, which falls into the same range with optical phonon lifetimes

measured in this work. Lifetimes of acoustic phonons are generally shorter than those

calculated in bulk BirTe3®’, due to scattering at SL interfaces.
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Figure 3.7 (a) STFT amplitudes of coherent phonon at 0.57 THz and its exponential
fitting; the extracted phonon lifetime is about 2.2 ps; (b) Phonon lifetimes of longitudinal
acoustic and optical phonons extracted from STFT.
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Figure 3.8 Normalized mode-wise thermal conductivities of longitudinal acoustic
phonons along I'-Z direction. Comparing with bulk BiyTe3, the spectrum of mode-wise
thermal conductivities in BipTe3/SbaTes SL shifts to higher frequencies. The line and the
shaded area are just for eye guidance.
The normalized mode-wise thermal conductivities (see Fig. 3.7) of longitudinal
Cavéra

acoustic phonons along the I'-Z direction, k; , = Cavine) for both bulk BipTe3 and

BipTe3/SbaoTes SL. Phonon velocities of bulk BipTes are derived from dispersion curves
calculated with Lattice Dynamics (GULP136), and phonon lifetimes of bulk BioTe3 are

adapted from Ref. 80, calculated with Normal Mode Analysis (NMA)SO. Specific heat per

phonon mode is approximated as 1/2kp (kg is Boltzmann Constant) because Debye

temperature of both BipTes (155 K)80 and SbpTes (165 K)137 are much lower than room

temperature. Phonon velocities of BixTe3/SbaTes SL are approximated as the same as
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those of bulk BipTe3 at the same frequency, because BipTe3 and SboTes; have very

similar elastic properties138’139. Since the phonon velocity reduction caused by folding

does not depend on phonon frequency, its effect is not reflected in normalized mode-wise

thermal conductivity. In bulk BirTes3, k; , decreases with phonon frequency, while in SL,

K] , spectrum shows a broad peak at intermediate frequencies, with much smaller values
at lowest and highest frequencies. This spectrum shift of k; , in SL has several important

implications: (a) with coherent phonon spectroscopy, only coherent phonons near the

zone center region can be detected (Kpponon = 2Kprobe), While results of bulk BixTes

calculated with NMA include all the k points along I'-Z direction. Successful detection of
high-frequency coherent acoustic phonons in SL is a direct evidence of phonon zone-
folding in SL, which generates new phonon modes near the zone-center region. (b)
Phonon scattering in SL structure is selective, weaker on some modes, while stronger on
others. (c) SL structure can preferably allow propagation of certain coherent phonon
modes, which is a result of constructive interference. Therefore, it is possible to

manipulate CTP in SL structures in a similar way to photons.

3.2.2 Summary
In summary, coherent phonon spectroscopy has been applied to excite and detect

CTP in BixTe3/SbyTes superlattice. Phonon lifetimes have been extracted by exponential

fitting of the decaying STFT amplitudes. Comparing with bulk BipTe3, spectrum of
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mode-wise thermal conductivities of longitudinal acoustic phonons along I'-Z direction in
SL shows a shift to higher frequencies. Our results suggest that it is possible to use SL

structure to manipulate coherent phonon propagation and to tailor thermal conductivity.

3.3 GALLIUM ARSENIDE AND ALUMINUM ARSENIDE SUPERLATTICE

GaAs/AlAs superlattices (SLs) are excellent systems to study coherent phonons%'

28.30.31.140-144 4y panostructured materials since the lattice mismatch is smaller than 0.1%

(5.653 A for GaAs and 5.660 A for AlAs)'*, allowing for the fabrication of high quality
lattice-matched SLs. Raman scattering study of GaAs/AlAs SLs has been established for
a long time®%-73-14% This also attracted attention of heat transport94’106’147'149. Recently,
Chen et al.," also reported the appearance of phonon localization. Perrin et. al.,
investigated the nonlinear response in GaAs/AlAs SLs and even strong optical-
mechanical coupling in a GaAs/AlAs microcavity25 2 In addition, the direct bandgap for
GaAs is 1424 ¢V, AlAs is 3.03 eV at 300 K'*, which is suitable to study for most Ti-

Sapphire femtosecond lasers.
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3.3.1 Sample Information

Sample ID Actual SL period Average T of Ga per Average T of Al per
50 etk GaAs (X nm) X/Y thickness (target) [A] period (target) [A] period (target) [A]
AlAs (Y nm)
: 1/1 18.14 (20) ~18.14/2 (10) ~18.14/2 (10)
2/2 38.75 (40) ~38.75/2 (20) ~38.75/2 (20)
GaAs (X nm) 3/3 59.1 (60) 27.51(30) 31.59 (30)
AT Eick et (o0 mm) 6/6 118.97 (120) 59.83 (60) 59.13 (60)
8/8 157.7 (160) 79.48 (80) 78.22 (80)
GaAs Buffer (150 nm)
14/2 159 (160) 139.47 (140) 19.525 (20)
L. SACLOON Sepeirass 40/1 399 (410) 386 (400) 12.8 (10)

Figure 3.9

(Left) Schematic SL structure; (Right) Sample information with XRD

characterization.

The samples studied are GaAs/AlAs SL sets with different periodicity grown with
molecular beam epitaxy (MBE) by Nathanial Sheehan from Dr. Seth Bank’s group. High
quality SL structures will be grown on GaAs (001). As shown in Fig. 3.9, a 500 nm AlAs
etching layer and a 150 nm GaAs buffer layer are grown on (001) GaAs wafer substrate

for further transferring process. The SLs are prepared from 1 nm/1 nm to 40 nm/1 nm

accordingly with 30 periods. The absorption depth for GaAs at 800nm is 743.2 nm'3!.

Characterization of the period thickness for GaAs/AlAs SL sample sets have been
performed with XRD (see Fig. 3.10), where we can see the significant peaks for SL (0)
SL (-1) and SL (+1). We have also used photoluminescence (PL) (see Fig. 3.11) to
determine the bandgap for different SL samples. Raman spectroscopy has been applied to

73,146

reveal the folded acoustic phonons in these semiconductor SLs. PL and low cut-off

Raman spectroscopy are taken under the help with Jason in Dr. Lin’s lab. In Fig. 3.11(a),

we can clearly see that with decreasing periodicity, the band gap is increasing, which can
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be well explained in quantum mechanics, i.e., the narrower the quantum well is, the

higher the ground state is.
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Figure 3.10 XRD characterization for 8/8 and 8/8 without AlAs releasing layer. The SL
(0) SL (-1) and SL (+1) peaks are shown.
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Figure 3.11 (a) PL of all SL structures: with thinner SL periods, PL has blue shifts; (b)
Low cut-off Raman of all SLs: we can see multiple doublets for SL.

Low cut-off Raman spectra for the sample sets can be seen form Fig. 3.11(b),

aiming to reveal the 2k doublets modes. The GaAs substrate shows no Raman peaks in
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the range of 20-100 em”! while the GaAs/AlAs sample sets all show Raman peaks in this

range.
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Figure 3.12 (a) Raman spectra for sample 3/3; (b) Calculated dispersion curve for LA
phonons within the first mini-Brillouin zone using Eq. (1.39). Marked frequencies are the
2k modes.

To have a better understanding, sample 3/3 is chosen to study. Fig. 3.12(a) shows
the Raman spectra for 3/3 and Fig. 3.12(b) shows the calculated LA dispersion curve for
SL 3/3. By comparing the observed doublets with the computed doublets, we can see they
match. To better match the experimentally observed doublets, further adjustment of the
thickness for GaAs and AlAs will be needed. This Raman spectrum verifies the origin of

the coherent phonons we observed in CPS in Fig. 3.13 is ISBS.
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Figure 3.13 (a) (c) High frequency phonon signals after removing the electronic/thermal
background measured in GaAs/AlAs 6/6 and 8/8 SL; (b) (f) Fourier amplitude spectra of
coherent phonon oscillations for 6/6 and 8/8; (c) (g) Calculated dispersion curve for LA
phonons within the first mini-Brillouin zone using Eq. (1.39).

High frequency phonon signals after removing the electronic/thermal background
are shown in Fig. 3.13 (a)& (d). From the FFT amplitude spectra in Fig. 3.13 (b)& (f), we
can clearly see oscillations in different frequencies. In Fig. 3.13 (c)& (g), the observed

frequencies are compared to the computed dispersion curves for folded LA branch in the

mini-Brillouin zone?’*%72, We used acoustic velocities of 4719ms™’ and 5718ms™ for

GaAs and AlAs respectively15 2. To match the experimentally observed frequencies, we’ll

need to adjust the thickness of GaAs/AlAs layer thickness. In Fig. 3.13 (b), we can
observe four frequency peaks, where two (580.6 GHz and 559.5 GHz) of them are zone-

center modes. The rest two (517 GHz and 633.4 GHz) are ¢ = 2k modes, where k is the
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wavenumber of the probe light. Although from the selection rule, only symmetric modes

are Raman active, the finite number of periods can break the mode symmetry27.
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Figure 3.14 (a) High frequency phonons measured in GaAs/AlAs 6nm/6nm SL; (b)
Short-time Fourier transfer (STFT) of phonon oscillations of a group of acoustic phonon
around 0.5 THz; (c¢) STFT amplitudes of coherent phonon at 0.57 THz and its exponential
fitting; the extracted lifetime is about 41.6 ps; (d) Phonon lifetimes for longitudinal
acoustic (LA) phonons extracted from STFT.

Since from Fig. 3.13(b), we can see that the signal Fig. 3.14(a) comes from the
superposition of multiple phonon modes, which makes direct fitting to extract phonon
information impractical. Instead, a short-time Fourier transform (STFT) method has been
applied to the pure coherent phonon signals to extract phonon frequencies and to reveal
the evolution of coherent phonons with time. A proper window size has been chosen to

achieve reasonable resolutions in both time and frequency domains. From the frequency
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axis, a group of phonons around 0.5 THz are clearly shown. STFT amplitudes of a
phonon mode at 0.586 THz are plotted in Fig. 3.14 (c). A delaying exponential function is
used to fit STFT amplitudes to extract the phonon lifetime, which is about 41.6 ps for
phonon at 0.586 THz. Figure 8(d) plots the extracted phonon lifetimes for LA from STFT
in different GaAs/AlAs SLs we have studied.

A Short-Time Fourier Transform (STFT) was applied to analyze the signal. It has
different choices in ‘FFT length’, ‘Window length’ and ‘Overlap’. The ‘FFT length’ is
usually larger than the ‘window length’ and zeros will be added on both sides of each
windowed data segment, increasing the frequency resolution. The size of the window is
related to the time resolution and frequency resolution, the shorter the window, the higher
the time resolution, but poor frequency resolution. The overlapping size, on the other
hand, is related to the size of the STFT result matrix and can detect changes between
adjacent data frames, but it will increase the computation time.

As shown in Fig. 3.15, (a) gives us the comparison of the Low cut-off Raman
scattering spectrum for the GaAs substrate and the SL 6/6 where the SL 6/6 clearly shows

significantly different doublets features than the bulk GaAs which is in agreement with
other reports60’73’146. With a Lorentz peak fitting (see Fig. 3.15 (b)) and a conversion of

3 5.3

the FWHW w of the fitted peak to the decay time using the relation'? ¢ = —, Ps,we can

extract the decay time as shown in (c). By comparing with the decay constant extracted
from the pump-probe experiment using STFT as shown in (d), we can see the decay

constant from spontaneous Raman scattering (~4 ps, incoherent phonons) is smaller than
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that of the pump-probe experiment (~25 ps, coherent phonons). This is a very interesting

88,89

phenomenon since in other materials, like diamond and polycrystalline Bi , the decay

rate shows the same behavior for the coherent and incoherent phonons where a coherent
anti-stokes Raman scattering (CARS) technique was used to measure the decay rate for
coherent phonons, and therefore they concluded that the anharmonic decay is the main
source of decoherence. However, in our measurement, the decay time for incoherent
phonon is smaller than that of the coherent phonon which could be because of the
insufficient resolution for the Low cut-off Raman scattering, or because in the
superlattice structures, anharmonic scattering is greatly reduced for coherent phonons,
and thus the decay constant is larger. The coherent phonons may have the potential to
suppress anharmonic scattering and increase the phonon coherence time, therefore, it’s
promising to introduce coherent phonons to tailor the thermal conductivity of the SL

structures.
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Figure 3.15 (a) Low cut-off Raman for 6/6 and GaAs substrate, we can observe
significant doublets on the spectrum of 6/6; (b) Lorentz peak fit for 6/6 Raman scattering;
(c) Decay time extracted from (b); (d) Decay constant extracted from STFT; the green
circles are for the close frequencies.

3.3.2 Phonon-phonon Quantum Coherent Coupling in GaAs/AlAs Superlattice

Similar to photon-phonon quantum coherent coupling in the optomechanical
cavities (see Chapter 1.1.4), one phonon mode is also able to couple with another phonon

1,248,154

mode coherently through a nonlinear process as long as the coupling constant

between them is large enough and exceeds the decoherence rate of each phonon mode.
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Misochko et al*2. has observed the amplitude collapse and revival of the coherent

phonons in Bi after entering the high nonlinear region, which they claimed to be
nonclassical states. Although later it was claimed to be caused by the inhomogeneity

excitation of the coherent phonons with the pump and probe beam size to be the

155,156

same , 1t’s still promising to observe the ‘quantum beats’ under very low

temperatures where the decoherence rate is much smaller and introduce two pump pulses

to cancel out the coherent phonon signal which is usually too strong15 7.
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Figure 3.16 (a) Bismuth phonon dispersion relation along the g = (¢/3, ¢, §) direction,
illuminating a decay channel of an A;, mode into a pair of LA modes at g and —q; (b)
ultrafast diffuse X-ray scattering experimental results show the decay of A;; mode in Bi
by the channel shown in (a). The blue (lower) curve shows the relative intensity change
of A;4 mode and the orange (upper) curve shows the relative intensity change in a region
near g = (0.1,0.3,0.3) in the (0,1,1) zone (multiplied by 10). The black lines are
simulations. The dashed line indicates a /2 phase shift between the A, g mode and the
target mode. Detailed information can be found in Ref. 34.

The three-phonon scattering mechanism has been proposed for a long time as the

main anharmonic scattering mechanisms and also the main intrinsic phonon decaying
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mechanism’’~%. However, due to the large population of phonons in the material, it’s

hard to observe the individual three-phonon scattering process directly out of the phonon
bath. Recently, Teitelbaum et al. has directly observed anharmonic decay of the
photoexcited coherent A;, into target modes by observation of the build up of the

coherent oscillations of the target modes using ultrafast diffuse x-ray scattering (see Fig.

3.16)34’59. They claimed this three-phonon scattering process can be understood as a

parametric resonance process and prepare the target modes in a squeezed state. Moreover,

they have extracted the anharmonic coupling constant which is comparable with the first

principles calculations’. This is the first time that people have directly observed the

three-phonon anharmonic decay channel experimentally 50 years since it was

proposed5 738,
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Figure 3.17 (a) Long time run at power 50 mW; (b) STFT for the data in (a) and a clear
collapse and revival trend for multiple frequencies is displayed.
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Since strong optical-mechanical coupling in GaAs/AlAs microcavity has been

observed?, and also the folding of phonon dispersion in SL structures provides more

zone center modes (standing wave with long lifetime even at room temperature) which
enables possibilities to observe a resonant parametric process and even quantum coherent
coupling for the coherent zone center phonons. We have picked the SL 8/8, where the PL
and low cut-off Raman spectrum show the appropriate absorption range and phonon
frequencies for our experiment to study this strong coupling property. To observe the
revolution of the zone center phonons, we have performed a long-time delay
measurement at a relatively high power (see Fig. 3.17 (a)). From the STFT result shown

in Fig. 3.17 (b), we can observe that the FFT amplitude is beating, i.e. collapses and
revives and then collapses and revives again, similar to the Rabi oscillation®® in the two-

34,5758

level system. Similar to the Bismuth case , we propose the strong coupling

channels between zone center phonons with frequency w; and two LA phonons with
frequency w, where w, is the B, zone center mode (standing wave with long lifetime) in

the quantum confined direction (out-of-plane) and wg = 1/ 9 W1 is in unconfined

4

directions (see Fig. 3.22). Compared to the Bi case>*, we have only observed the coherent

zone center mode w; except the resonant parametric modes w, with large wavevector
due to the detection mechanism in pump-probe experiment (Chapter 1.2.4), but our
results show the coherent zone center mode w; is in a stronger coupling region where

there exists coherent energy transfer.

82



To understand more about this coherent energy transfer mechanism, we have
conducted the power dependent CPS for the SL 8/8 and the results are shown in Fig. 3.18
(a) and the corresponding FFT results are shown in (b). The experimental details are
covered in Chapter 2.3. We have subtracted the electron signal and a slowly decaying

thermal background as well as the lowest coherent phonon at around 20 GHz. We have

used the values for GaAs and AlAs!#? to modify the thickness of the SL 8/8 to be 9.62

nm/5 .94 nm which deviates from our XRD thickness results too much.
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Figure 3.18 (a) Power-dependent CPS after extracting its electron signal and a slowly
varying thermal background; (b) FFT results correspondingly; (c) the adjusted phonon
dispersion curve.

We have applied STFT and chosen a Hanning window with a FFT length/
window length/ overlap to be 512/250/200 to analyze Fig. 3.18 (a) and the results (see
Fig. 3.19 (a)) are displayed for 329.6 GHz (B, zone center mode). Since the size of the
window is related to the time resolution and frequency resolution, i.e. the shorter the
window, the higher the time resolution, but poor frequency resolution, and it’s different
than purely performing FFT, we have poor frequency resolution (12.2 GHz) than the FFT

(6.63 GHz). The 329.6 GHz in Fig. 3.19 should correspond to 331.8 GHz in Fig. 4.18 (b).
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From Fig. 3.19 (a), we can see at low powers, e.g. 10 mW and 20 mW, the FFT amplitude
for 329.6 GHz is decaying with a decay constant (similar for these two powers) and we
can barely see the quantum coherent coupling, while at higher powers, the FFT
amplitudes will collapse first and revive again in a later delay time. By comparing 55 mW
and 30mW, the FFT amplitude collapses earlier at a higher power (see Fig 3.17 (b)), 58 ps
at 55 mW 69.6 ps at 30 mW, i.e. larger coupling constant/rate at higher power.

Another interesting phenomenon is the FFT amplitude seems to saturate and not
linear with increasing power which is contradictory to the ISRS mechanism where the
phonon amplitude should increase linearly with the incident intensity. In this way, we’ll

need to explain in the fashion of DECP mechanism.
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Figure 3.19 (a) STFT results for 329.6 GHz; (b) Normalized at first point in (a).
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Figure 3.20 (a) Power-dependent electron signal; (b) Peak value vs. incident power (the
red line is a linear line for eye guidance).

The electron signal is shown in Fig. 3.20 (a) and the peak values are plotted with
power in (b). We can see the peak values are linearly increased with power under 15 mW,

then starts to saturate at higher powers.
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Figure 3.21 Schematic of simplified band structure of SL 8/8 where the smaller band
gap Ej is for bulk GaAs (1.424 ¢V) and Ej for bulk AlAs (3.03 eV). The n = 1 is the first
quantized energy level for the SL which is around 1.5 eV. The 1.55 eV shown in the
figure is our laser photon energy.
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From the PL for SL 8/8 in Fig. 3.11 (a), we can see the energy gap is around
1.5¢V and our pump photon energy (1.55 eV) is slightly larger than it (see Fig. 4.21). The
mechanism for light-matter interaction in the SL is the energy and coherence of photons
will first transfer to the electrons and then the electrons will transfer the energy and
coherence to the phonons in a short time (~hundreds of femtoseconds). SL first absorbs
the incident photons and the excited electron population will increase linearly with
photon number (incident power). Once the density of states (DOS) of electrons in the
energy level n = 1 is fully occupied, no more photons can be absorbed, and the excited
population of electrons saturates. Therefore, the energy transferred from electrons to

phonons is also saturated.

34,5758

Similar to the Bismuth case , we propose the strong coupling channels

between the zone center phonon with frequency w; and two LA phonons with frequency

wo where w, is the B, zone center mode (standing wave with a long lifetime) in the

quantum confined direction (out-of-plane) and wy = 1/ o w1 18 in unconfined directions

4

(see Fig. 3.22). Compared to the Bi case>*, we have only observed the coherent zone

center mode w; except the resonant parametric modes w, with large wavevector due to
the detection mechanism in pump-probe experiment (Chapter 1.2.4), but our results show
the coherent zone center mode w, is in a stronger coupling region where there exists

coherent energy transfer.
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Figure 3.22 Phonon resonant parametric process proposed: zone center mode w; in the
SL coupled to two bulk acoustic modes with half the energy w, and opposite wavevector
+q where a is the lattice constant and D is the period thickness for the SL.

The Hamiltonian of this system is

H=Hy+ Hpy:

Lo
}[0 = flwl <b1 b1 + E)

H,, = hz o1 (b:bIbT, + bibyb_y)
q

(3.2)

where b;r and b, are the annihilation and creation operators for (w,, q) mode respectively
and gy, is the coupling constant between w;iand w,. They can be written in terms of

coordinate Q and momentum P as

1 1 3.3
H = (PR + 020D) +5 (P + 0303) + 00: 0103 e

Therefore, by using the Heisenberg equations of motion from Eq. (1.8), we can

obtain

Q1+ 7101 + 0?Q; = —g01 Q% + f() (3.4)
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where f(t) is for the laser pulse field.
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Figure 3.23 Simulation of mean displacement for w; and w, in the strong coupling
region with the coupling constant to be g,; = 0.1 (a) and go; = 0.08 (b).

By solving the coupled equations (3.4) and (3.5) simultaneously (see Appendix B)

with parameters y; = 0.05ps™! and y, = 0.0125ps~! which are based on the

theoretical three-phonon scattering trend yielding a 1/w? frequency dependence1

52, i

n

addition with gy; = 0.1 and gy, = 0.08, we can produce the mean displacement of w;

and mean square displacement for w,. Figure 3.23 (a) & (b) plot the mean displacement

of w;and the square root of mean square displacement w, in comparison. In comparison

with Fig. 3.19, we can estimate the coupling constant is within the range in 0.08~0.1.

Further detailed fitting processes are needed to determine the exact coupling constant.
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3.3.3 Summary

In summary, we have used coherent phonon spectroscopy to study power-
dependent coherent phonon dynamics in the GaAs/AlAs 8 nm/ 8 nm superlattice
structure. The revolution of FFT amplitude of the B, zone center mode with a frequency
of 329.6 GHz extracted from STFT method has shown a collapse and revival signature
similar to the Rabi oscillation. We propose there is quantum coherent coupling and
coherent heat transfer between w; and w, where the resonant parametric process
happens. Our results suggest that it is possible to use SL structures to manipulate
coherent phonon propagation in the nonlinear region to create the squeezed state. Future
works would be: (i) reconstruct the mean displacement for 329.6 GHz; (ii) fit the
experimental results of 329.6 GHz to get the real coupling constant; (iii) apply an X-ray

diffuse scattering experiment to observe w, along with w; .

89



Chapter 4: Surface Plasmon Enhanced Pump-probe Experiment

Surface plasmon resonance (SPR) has been widely used for gas detection and
biosensing since last decade!%8-163, People are also trying to implement SPR into other

164-171

spectroscopy to enhance the signal to noise ratio and detect the optical properties

76

172'175, especially in the Raman scattering technique 176,

of the materials

In this section, I will first briefly introduce the concept of SPR and the two
common configurations with prism, the Kretschmann and Otto configuration, to generate
SPR, then I will present how we prepare the samples for SPR and how we implement

SPR into our pump-probe measurement along with some results we obtained.

4.1 SURFACE PLASMON RESONANCE

Al e——/ prism

metal/air interface

—

metal/prism interface

Frequency

Wave vector

Figure 4.1 Prism coupling and Surface Plasmon Polariton (SPP) dispersion. Only in the
cone between light line in air and in prism can the excited SPPs have propagation (Ref.
177).
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Similar to the concept of phonons as quantized lattice vibrations, plasmons are
quantized free electron oscillations. It is well known that light can be coupled with free

electrons in a thin metal film. When the light wave vector matches that of free electron

‘gas’ or surface plasmon wave vector (phase matching condition177), resonance occurs

(see Fig. 4.1).
To couple the light into the SP wave in thin metal film, it is necessary to use a
prism or a grating. The most commonly used scheme is called attenuated total internal

reflection, involving tunneling fields of excitation beam to the metal/air interface where

the SPP excitation happensl77. Two possible geometries for prism coupling are possible,

one is the so-called Kretschmann configuration and the other Otto configuration (see Fig.

42).
(a) (b) (©)
Em ke e BT tng :,':'p Sample 3
X 8, s Au 2
F Air I
% Glass 0

Figure 4.2 (a) Kretschmann configuration; (b) Otto configuration; (c) Simplified
multilayer structure for Otto configuration.

The wave vector k, of incident light should satisfy the condition of SPR

excitation as follows!’:
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(4.1)

Em t+ &g
where &p, &, &, are the dielectric constant of the prism, metal and detected materials,
respectively. w is the photon frequency of incident light, which is equal to 2m/4, A is the
wavelength of the incident light. 6 is the incident angle and c is the light speed in
vacuum. The incident angle or wavelength of the probe light can be tuned to satisfy the
condition of SPR. To satisfy Eq. (4.1), the real part of the dielectric constant of the metal
must be negative and its magnitude must be greater than that of the material under
detection. This criterion can be satisfied at interfaces of noble metals (Au, Ag, Al) with
common semiconductors.

As shown in Fig. 4.2 (a) & (b), when the incident angle of probe beam is close to

the SP resonance, dR/d6 becomes very large and a small change of SP resonance angle

will induce large reflectivity changes165 . This character can be used to enhance the

detection of coherent phonons. When coherent phonons travel into the region of the
surface plasmon, the collective oscillation of atoms will modulate the local dielectric
constant and slightly alter the resonance angle of the surface plasmon. Due to the large
dR/dO, reflectivity change from coherent phonons can be greatly amplified. It is

reported that the coherent phonon signals have been enhanced 10~100 times!60-167:169,

By using Fresnel’s equations in a four-layer system (see Fig. 4.2c), the reflectance

for the system is given ag!73:178
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To1 + 123 exp(2ik,,dy) 2

R — 4.2
0123 1 + 1917123 exp(2ik,1dy) (42
where
- T12 + 13 exp(2ik,,d,) (4.3)
1221 1y exp(2ik,,d;) '
and
ky ks
NG 57 2011223 4.4
.. = , Uy = 14, ’
Uy k)Y 9
& Sj
and
2T
kZi = 7 (Sl - 80 Sinz 9)1/2, i = 0111213 (4'5)

Figure 4.3 shows the simulation obtained from the above equations when
considering the air gap to be 1 um, the gold layer to be 40 nm and three different

thickness of our superlattice structures.
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Figure 4.3 Simulation using Fresnel’s equations in a four-layer system (see Fig. 4.2c).
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As mentioned earlier, if coherent phonons are detected through the Stimulated
Brillouin Light Scattering (SBLS) mechanism, only the phonons with wave vectors
kphonon = 0~2kprope can be detected. When using a probe beam to generate surface
plasmon, the detected reflectivity change actually comes from the interference between
the surface plasmon and coherent phonons. Phonon wave vectors are not constrained to
the 0~2k, ope, hence a broader band of CTPs can be detected. Recently, surface
175‘

plasmon has been utilized to detect CTP in gold film up to 17Hz

4.1.1 Kretschmann Configuration

We have performed a pump-probe measurement in the Kretschmann
configuration with 40nm Au thin film at four different incident angles. The reflectivity
change with angle near the SPR angle where mark a is the SPR angle is shown in Fig. 4.4
(b). As shown in the inset of Fig. 4.4 (c), we generate coherent acoustic phonons by
heating the front metal surface with a weakly focused pump beam and detect from the
prism side with a p-polarized probe beam. The pump beam is ~10 times larger than the
probe beam. Fig. 4.4(c) shows the differential reflectivity for four different incident
angles. AR/R shows a sharp change immediately after time zero, which is due to the
excitation of the hot electrons followed by electron-electron and electron-phonon
coupling. The mark a gives the highest peak and mark b and ¢ have almost the same
height. After removing the electronic/thermal background, we’ll see echo-like

oscillations in Fig. 4.4 (d) for mark a and b. These oscillations are believed to be a pump
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induced round trip acoustic strain wave (1D standing wave)169. The calculated velocity of

the acoustic phonons in our Au film is 3.16 km/s using L = 40 nm and t = 25.3 ps

which agrees well with the sound velocity of 3.24 km/s in bulk gold165 .
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Figure 44 (a) Kretschmann configuration; (b) Reflectivity change with angle near
SPR; (c) SPR embedded pump-probe differential reflectivity for a 40 nm Au film at four

different incident angles; (d) Pure phonon signals after removing electronic/thermal
background for position a & b.

4.1.2 Otto Configuration

The Kretschmann configuration, like Fig. 4.5 (a), is better for the pressure sensor

and the semiconductor layer should be relatively thin, while the Otto configuration is
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better for the displacement sensor ®!”_ Our SLs have a range of 60-1200 nm, which

will decrease the sensitivity too much for Kretschmann configuration. In this task, the
Otto configuration (see Fig. 4.5 (b)) will be better to be implemented into our coherent
phonon spectrometer to detect a broad band of CTPs with much higher sensitivity. The
semiconductor samples will be grown with MBE and coated with a 40 nm Au thin film,
then lifted off and transferred to an HF-etched BK7 glass slide. The BK7 glass slide will
be attached to a BK7 prism with a refractive-index matching glue (NOA 65). The whole
block (sample/metal film/ BK7 glass slide /prism) will finally be mounted on a rotary
stage with high resolution to control the incident angle. The pump beam will illuminate
the sample from the top to launch the CTPs, which will travel to the sample/metal film
interface and interfere with surface plasmon generated by probe beam. Reflectivity

change caused by CTPs will be recorded and analyzed.
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Figure 4.5 (a) Kretschmann configuration with the red shallow area between metal and
semiconductor as the SPP; (b) Otto configuration with the red shallow area between
metal and air as the SPP.
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4.2 SAMPLE PREPARATION
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Figure 4.6  Simulation of reflectance vs. incident angle for Kretschmann device with a
25nm Au film.

Since the air gap size in the Otto configuration is not easy to control, we’ve tried
both HF etching on the BK7 glass slide and photo-lithography on SU-8 but both give us a
bad angle dependent reflection signal which we will attribute to the real air gap size is
large due to roughness.

According to our simulation (see Fig. 4.6), we’ve tried to make the Kretschmann
device using thinner SL structures, like 3 nm/3 nm, 6 nm/6 nm and 8 nm/8 nm (short for
3/3, 6/6/, 8/8) with 30 periods. From the simulation, we’ve tried to use a 25 nm Au film

as the metal layer. The following shows the process (see Fig. 4.7).
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Figure 4.7 Process of making the Kretschmann device: (a) apply black wax on the
sample; (b) etch away the AlAs etching layer; (c) lift the membrane with Au deposited
glass; (d) dissolve the black wax; (e) use an optical index matching glue to attach the
glass on the prism.

We first cleave the MBE grown sample into 65 mm x 65 mm pieces, then apply a
small piece of black wax (Apiezon W) onto the cleaved sample, followed with heating at
150°C for around 30 minutes. After the black wax has formed a nice dome shape on the
sample, it is cooled down for 5 minutes until the wax hardens, and then we can use
Xylene and swab to clean the sides and bottom until no more wax is on the sides under

microscope, so the etching layer can be etched (see Fig. 4.8 (c)).
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Side View Top View

AlAs etching layer

Figure 4.8 Side view and top view of the sample after applying the black wax. (a) and
(c) are the scheme; (b) and (d) are for real sample.

After that, we can setup the acid bench to release the epitaxial membrane from the
substrate. It usually takes 5-6 hours to finish etching. While we setup the acid bench, we
can put a dipper in the bench, and put the samples with wax side up into the dipper. Then
we can carefully pour HF (49%) into the HF beaker. Ideally, after the etch is complete,
the wax layer with the membrane will float to the surface and we can handle it carefully
with tweezers. Usually, we will need to jigger the dipper into the acid gently and then the
membrane will release and float if the etch is done. Once the membrane is released,
prepare the the Rinse beaker with water about 6-10 mm from the brim and the dipper is

carefully moved from the Etch beaker to the Rinse beaker, capturing the membrane in the
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dipper and letting it float on the Rinse water. After a minute use tweezers to take the

membrane out, dunk it 3 times, and put it on wipes. We then flip it over and over to make

sure the wipes absorb-dry the sample and use a very light N» spray on each side if

needed. Once the sample is dry, we then pipette a droplet on a clean gold-coated BK7
glass slide onto which we have used e-beam deposition to deposit a 25 nm gold layer, and
use tweezers gently press the membrane/wax with the wax side up on the droplet and use
paper kimwipes to absorb the excess water. After 30 minutes’ waiting for the van der
Waals force to form between the membrane and the gold film, we can pour
Trichloroethylene in the beaker and sink the whole piece into the solvent. After about 20
minutes, the wax will be dissolved, and we can put the membrane/glass into acetone and
rinse. For better bonding, we will leave the glass slide in the hood for 24 hours. To make
the SPR device, we will use index-matching optical glue (NOA 65) to attach glass on the
prism and expose it under UV light for 1 minute. Figure 4.9 shows the SPR device.
Figure 4.9 (a) and (b) are real Kretschmann devices with the 6/6 and 8/8 SL on
top of 25 nm Au film. We can see from the center to the edge of the SL, the color is
different. This could be different thicknesses of the transferred film. A hemicylindrical
prism will help to probe at the same spot on the sample when rotating the stage. From the
PL in Fig. 4.9 (c), the transferred 8/8 SL on glass (red line) shows a red shift compared
with the As-grown 8/8 SL (black line) which can be attributed to the relaxed stress from

the substrate.
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Figure 4.9 Real samples and PL: (a) and (b) are the pictures of the real Kretschmann
devices with 6/6 and 8/8 SL respectively; (c) is the PL for transferred 6/6 and 8/8 SL on
glass and also the As-grown 8/8 SL. The black line is for the As-grown 8/8 SL, the red
line is for the transferred 8/8 SL on glass and the blue line is for the transferred 6/6 SL on
glass.

From Fig. 4.10 (a) and (c), we can see the Kretschmann device with the SL 3/3
and SL 6/6 under the microscope respectively. The color in (a) is yellow which is
basically coming from the Au film under the SL 3/3 since the SL 3/3 is too thin, and the
color in (c) is pink which is from the SL 6/6. The Low cut-off Raman scattering spectrum
for the Kretschmann device with SL 3/3 and SL 6/6 are shown in (b) and (d) respectively
along with their As-grown samples as a comparison. We can see that the doublets feature
smears out in Fig. 4.10 (b) while staying the same in Fig. 4.10 (d). The disappearance of

the doublets feature is coming from the scattering of phonons by the electrons in the Au
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film which broadens the Raman peaks and the resolution

apparatus cannot resolve it.
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Figure 4.10 (a) and (b) are the 3/3 Kretschmann device under microscope (the scale bar
is 60 um) and the Low-cut Raman scattering of it respectively; (c) and (d) are the 6/6
Kretschmann device under the microscope (the scale bar is 50 ym) and the Low-cut

Raman scattering of it respectively.

102



oozl [\(@) ——SL3BwithSPR | -| (b) ——FFTforSL3Bwith SPR 1
—— SL 3/3 without SPR ——FFT for SL 3/3 without SPR
() 16.3GHz
?E: 0.0008 |- E i 1
a
& £
< L .
0.0004 | .
0.0000 l"’Jl s 1 N 1 . 1 " 1 = -. 1 N 1 N 1 N 1 N 1 .-
0 50 100 150 200 002 004 006 008 0.0
Time (ps) Frequency

Figure 4.11 (a) CPS results for the SL 3/3 with and without SPR enhancement; (b) FFT
results for (a).

In order to observe the enhancement of the SPR in the CPS technique, we have
measured both the Kretschmann device with the SL 3/3 and the SL 3/3 membrane
directly using the CPS under the same experimental condition (see Fig. 4.11). In
comparison with the SL 3/3 without SPR, we can see the electron signal (the peak) with
SPR is enhanced, in addition, the coherent phonon with frequency around 16.3 GHz is

amplified.

4.3 EXPERIMENTAL SETUP

The SPR implemented pump-probe setup (see Fig. 4.5) will be similar to our CPS
with amplifier system, except around the sample region, we have pump and probe pulse
hitting on the sample from opposite directions (Front-back configuration). The main
difficulty in this configuration is to overlap the pump and probe pulse. Usually we will

start from 45 degrees which will make sure the probe is normal incident to one of the legs

103



in right-angle prism, then we will find the signal at this angle and set the time delay at the
large signal point, afterwards, we will rotate the stage slowly and tune the pump to

maximize the signal. In this setup, a hemi-cylindrical prism will be better.

&
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* ler Balanced detector
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Figure 4.12 SPR imbedded system: the enlarged sample position will be like Fig. 4.5.
The prism will be put on a rotational stage.

104



Chapter 5: Outlook

In this thesis, I've presented three time-resolved pump-probe studies of coherent
phonons generated in semiconductors. The first experiment was performed using two-
color ultrashort laser to study the thermal reversible melting mechanism by measuring the
coherent phonon dynamics with a variety of pump fluences in bulk CdSe. A complete
phase transformation in bulk CdSe may be reached when the absorbed laser energy can
be localized for long enough time, as observed in nanocrystalline CdSe. In the second

experiment, phonon lifetimes have been extracted by exponential fitting of the decaying

STFT amplitudes of the coherent phonons in the BixTe3/SbyTes superlattice. In

comparison with bulk BipTe3, the spectrum of mode-wise thermal conductivities of

longitudinal acoustic phonons along the I'-Z direction in the SL shows a shift to higher
frequencies. Our results suggest that it is possible to use the SL structure to manipulate
coherent phonon propagation and to tailor thermal conductivity. In the third experiment, I
have used coherent phonon spectroscopy to study power-dependent coherent phonon
dynamics in the GaAs/AlAs 8 nm/ 8 nm superlattice structure. A clear collapse and
revival trend in the FFT amplitude of the zone center mode has been revealed and
quantum coherent coupling and coherent heat transfer between w; and w,, where the
resonant parametric process happens, is proposed. Our results suggest that it is possible to
use SL structures to manipulate coherent phonon propagation in the nonlinear region to

create the squeezed state. We also developed an experimental scheme with the
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implementation of surface plasmon resonance to enhance the signal to noise ratio to
shorten the measuring time.

Furthermore, we demonstrate that our SPR enhanced technique is applicable to
enhance the coherent phonon signal. This opens a new avenue which will be explored in
the near future. For the strong coupling study in SLs, we can explore more: (i) fit the
experimental results of 329.6 GHz to get the real coupling constant; (ii) apply the X-ray
diffuse scattering experiment to observe w, along with w,; (iii) design a microcavity to
investigate the enhancement of the strong coupling; (iv) manipulate the coupling constant

with different period thickness; and (v) prepare the squeezed state in the superlattice.
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Appendices

A. PERTURBATION IN DISPERSION

An exact solution of the Schrodinger equation exists only for a few idealized
problems; normally it has to be solved using an approximation method. Perturbation
theory is applied to those cases in which the real system can be described by a small
change in an easily solvable, idealized system. Hamiltonian of the system can be
generalized as

A=H,+H (A1)
where H, is the for the unperturbed system and H' is the perturbation Hamiltonian which

should be significantly smaller than H,. By applying continuity condition and periodicity

condition’?, we get

wdy wdg\ 1+68%  (wdy\ . [wdg (A2)
cos(gD) = cos (—) cos ( ) — sin ( ) sin ( )
Uy Vg 10) Uy Vg

where § = p,v,/pgVs, since cos(qD) € [—1,1], we can re-arrange Eq. in a perturbed

form
d, d wd wd A3
cos(gD) = cos [w <—A + —B)] —ysin (—A) sin ( B) (A3)
Va Vg Va Up
—5)2
where y = (12:;) and we can treat y sin (wv—dA) sin (a;ﬂ) as small perturbation.
A B

At m-th order Bragg scattering,

q=mn/D = qn (A4)
W= Wy +Awy, /2 (AS5)
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cos [wm (iA dB)] (—1)m (A0)

A VU
where Aw,, is the energy gap and satisfies Aw,,/w,, < 1. Therefore, for normal

incidence and § = 1,

dy, d
) (A7)
Va Vg
With Taylor expansion,
, f"(a) (A8)
f@)=fl@+f@Dk-a)+——k-a)?
Let a = w,, and X = w, and substitute f(x) = cos [ ( )]
dy  dp
cos [wm <Z + U_B)]
= cos [w (dA + d—B)]
™\v,  vg (A9)
A dy, d dy, d
—ﬂ<—"+ B)sm [wm< 4 +—B)]
2 \vy vg vV, Vg
dy , d
~ COS Wy, (Z + vg) <Awm) <% s d_B)Z
2 2 vy Vg
Since sin [a)m (jj + j—B)] = 0, finally we can reduce Eq. (A3) to
dy , d (A10)
_ - coswm(vA+ B) Aoy \2 (d,  dg\?
o= () (08
2 2 vV, Vg

] (wmdA) ] (wmdg)
—ysm Sin
Vg Up

And the energy gap is
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B. MATLAB CODE FOR SOLVING COUPLED EQUATIONS

%% Analytic Solution

[

% oscillator parameters and coupling
om2 = 2*pi*0.33; % optical mode

[

oml = om2/2; % acoustc modes, at resonance

gaml = 0.00;
gam2= 0.05;
g =0.2;

% number of steps and temperature
numsteps=2000;
kT=0.0; % units?!

$initial conditions
x1=0;

v1=0.0;

x2=1;

v2=0;

t1=0;

t2=200;

gau = @(x) -exp(-(x).72/0.02)/0.021;
Fext = gau(linspace(tl, t2, numsteps)); % zeros (1,numsteps) ;

[

% Fext = zeros(l,numsteps);

% run a single mode
[X,F]=coupled modes (oml, om2, gaml, gamZ2, g, [x1, vl, x2, v2], kT,
Fext, tl, t2, numsteps);

delays = linspace(tl, t2, numsteps);
figure(l); clf(); hold all

plot (delays,X(:,3),'b")
plot (delays,X(:,1), ")

(
plot (delays, Fext/3O g')
x1lim ([0, 200])
ylim([- 1.27)

x1 0 = 1*randn(N,1);
vl 0 = 0.1*randn (N, 1) *oml;

X

N

o
|

= l*ones(N,1);
v2 0 = zeros(size(x2 0));
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Xtot = zeros (N, numsteps, 4);

[

% do an equilibration run first
for j=1:N
[X,F]=coupled modes SWT (oml, om2, gaml, 0, g,
x2 0(3), v2 . 0(3)1,...
kT, O*Fext, tl, t2, numsteps);
Xtot(j,:,:) = X;
end

o

for j=1:N
[X,F]=coupled modes SWT (oml, om2, gaml, gamZ,
x2 0(3), v2 . 0(3)1,...
kT, Fext, tl, t2, numsteps);
Xtot(j,:,:) = X;
end

%% plot distribution in phase space

figure(2); axis equal

xmin=min (min (Xtot (:,:,1)));

xmax=max (max (Xtot (:,:,1)));

ymin=min (min (Xtot(:,:,2)/oml)) ;

ymax=max (max (Xtot (:,:,2) /oml));

for j=1:10:numsteps

% j=led;

% plot (wO*QO0(:,3),P0(:,73),".");
plot(Xtot(.,j,l), Xtot(.,j,2)/om1,'.b')
hold on;

plot (Xtot (:,3,3), Xtot(.,j,4)/om2,'.r')
plot (10*f(3),0,'og");1
x1lim([xmin xmax]) ;
pause (.1);

o©

o©

0]
o]
(o}

o©
o©

figure(3); clf

[x1_0(3),

gr

[x1 0O

; vlim([ymin ymax]); hold off; drawnow;

hold all

plot (delays,mean (Xtot(:,:,3),1) mean (Xtot(:,1,3),1),'b")

% plot (delays, var(Xtot( :,3),1)/var(x2 0)-1,"'g")

% plot (delays, mean(Xtot( o, 1), 1) mean(Xtot( ,1,1),1),'b")
plot (delays, var (Xtot (:, ),1)/var(xl 0)-1,'r') % plot DII
x1im ([0 200])

xlabel ('time (ps)');

ylabel ('<0>")
set (gcf, 'units', "inches');
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Coupled mode

function [X, F] = coupled modes(oml, om2, gaml, gam2, g, xinit,
Fext, tl, t2, numsteps)

o©

% parametrically driven oscillators

o©

dt =(t2-tl) /numsteps;
F = sqrt(2/dt*gaml*kT) *randn (numsteps, 1) ;

$ X0 = [x1, v1, x2, Vv2];
X = zeros (numsteps, 4);
X(1,:) = xinit;
x1l = xinit (1) ;
vl = xinit (2);
x2 = xinit (3);
v2 = xinit (4);

for i=2:numsteps
x1 = x1+vl*dt;
X2 = x2+v2*dt;
vl = vl - gaml*vl*dt -oml"2*x1*dt + g*xl*x2*dt;
v2 = v2 - gam2*v2*dt -om2”2*x2*dt + g*xl*xl*dt + F(i)*dt +
Fext (1) *dt;
X(i,:) = [x1, v1, x2, v2];
end
1;

Coupled mode_SWT

function [X, F] = coupled modes(oml, om2, gaml, gam2, g, xinit,
Fext, tl, t2, numsteps)

o

% parametrically driven oscillators

o©

dt =(t2-tl) /numsteps;

$ X0 = [x1, v1, x2, Vv2];
X = zeros (numsteps, 4);
X(1,:) = xinit;
x1l = xinit (1) ;
vl = xinit(2);
x2 = xinit (3);
v2 = xinit (4);

% simple euler's method diff. eq.
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for i=2:numsteps
x1 = x1+vl*dt;
x2 x2+v2*dt;
vl vl - gaml*vl*dt -oml”2*x1*dt -2*g*x2*x1*dt; % re-factor
v2 = v2 - gam2*v2*dt -om272*x2*dt -g*xl*xl*dt + Fext (i) *dt;
X(i,:) = [x1, v1, x2, v2];

plot(x1l, v2/oml,"'.b")

hold on

plot(x2, v2/om2,"'.r")

hold off

o oo oe

o©

o©

5|
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