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Abstract

The atomic motions at different locations in a crystal are usually at random phase. How-
ever, when the atoms receive ultrashort force they can start oscillating at the same time
and become in-phase in the crystal lattices. These lattice vibrations are called coherent
phonons. Single wall carbon nanotubes (SWNTs) and graphene nanoribbons (GNRs)
have been particularly an important material providing a one-dimensional model sys-
tem to study the dynamics and interactions of electrons and phonons. These properties
are known to be very sensitive to their geometrical structure. With rapid advances in
ultrafast pump-probe spectroscopy, it has recently been possible to observe lattice vi-
brations of SWN'Ts in terms of the oscillations of either the differential transmittance
or reflectance corresponding to the coherent phonon oscillations, although the related

phenomena in GNRs are not observed yet.

In this thesis, we develop a microscopic theory for the generation and detection of
coherent phonons for SWNTs and GNRs within an tight binding model and effective mass
theory. We particularly examine the so-called radial breathing mode (RBM) and radial
breathing like mode (RBLM), in SWNTs and GNRs, respectively, in which the tube
diameter and the ribbon width can initially expand or contract depending on the SWNT
and GNR geometrical structure, and depending on the laser excitation energy. We find
that the expansion and contraction of these materials originate from the electron-phonon
interaction of each SWNT and GNR as a function of the one-dimensional wavevectros
of these materials. Based on our calculations, we predict the expansion and contraction

phenomena for different SWNT and GNR structures.

Furthermore, it is known that excitons, or electron-hole pairs bound by Coulomb
interaction, have a large binding energy (up to 1 e€V) so that the excitons can survive

even at room temperature. All optical processes in SWNTs thus should be expressed in

il



terms of excitons. The excitons in SWN'Ts are localized spatially with a typical size of
about 1 nm. Therefore, when we consider the exciton-phonon interactions the coherent
vibrations should occur locally at each site where an exciton is exists. In order to
connect the observed macroscopic oscillations in terms of the differential transmittance
(or reflectance) with the microscopic localized vibrations, we propose theoretically that
the pump-probe spectroscopy can only measure a spatial average of localized coherent
phonon amplitudes in the SWNTs. By taking an average of the calculated amplitudes per
nanotube length, we obtain time-dependent coherent phonon amplitudes that resemble
homogeneous oscillations observed in the pump-probe experiments. We also calculate
the time-dependent absorption spectra as a result of macroscopic atomic displacements
induced by the coherent phonon oscillations and thus reproduce the oscillation feature

of the transmission or reflectance in the pump-probe measurements.
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Chapter 1

Introduction

1.1 Purpose of the study

Low-dimensional nanocarbon materials, such as single wall carbon nanotubes (SWNTs),
graphene, and graphene nanoribbons (GNRs), have been an exciting material to be ex-
plored because of their unique physical properties, which are very promising for future
optoelectronic applications [II, 2, B]. In particular, SWNTs (graphene sheets rolled up
into a seamless cylinder) and GNRs (strips of graphene sheet with ultra-thin width) pro-
vide a one-dimensional (1D) model system for studying the dynamics and interactions
of electrons, photons, and phonons, that strongly depend on their geometrical struc-
ture [4]. With rapid advances in ultrafast pump-probe spectroscopy, it is possible to
probe electronic and vibrational dynamics of solids in real time by measuring the change
in transmittance (AT/T') or reflectance (AR/R) within a pump-probe technique. Oscil-
lations observed in the transmittance or reflectance as a function of probe delay time are
utilizing the so-called coherent phonons, which are collective and in-phase atomic vibra-
tions in solids. Coherent phonons can be generated when the pump pulse width is much
smaller than a typical phonon period. For example, the radial breathing modes (RBMs)
in SWNTs, which correspond to the lattice vibration along the nanotube diameter di-
rection, have a phonon period of about 100—150 fs, thus sub-10-fs pulses are commonly
used to generate the RBM phonons coherently [5]. Recent experiments have given us
some hints that the coherent phonon amplitudes for a particular SWNT strongly de-

pends on the excitation energy [0} [7, [8]. Moreover, it was also noticed that some SWNTs

1



2 CHAPTER 1. INTRODUCTION

might start their coherent RBM vibrations by initially expanding their diameters [§],
while others might start their RBM vibrations by initially shrinking their diameters [9].
However, the systematic behavior related to the SWNT structure is not well-understood
yet. On the other hand, there were no observations on the coherent phonons in GNRs
system, yet we think that coherent phonon behavior in the GNRs is similar to that in

the SWNTs because they share similar uniqueness on their electronic structure.

The purpose of the present study is to understand and to predict theoretically coher-
ent phonon properties in both SWNTs and GNRs. In this thesis, a microscopic theory
for the generation and detection of coherent phonons in SWNTs and GNRs is devel-
oped within the extended tight-binding approximation and effective mass theory. For
SWNTs, we also particularly consider the excitonic effects on the coherent phonon gen-
eration. Since the physical properties of SWNTs and GNRs are characterized by their
geometrical structures, we present the dynamics of coherent phonons in SWNTs and
GNRs with different structures. Based on some special characteristics of each material,

the purpose of this thesis is categorized into two subthemes.

1.1.1 Coherent phonon amplitudes in SWNTs and GNRs

In SWNTs and GNRs, there are several phonon modes that can be coherently excited.
We will particularly focus on the so-called the radial breathing mode (RBM) phonons in
SWNTs and radial breathing like mode (RBLM) phonons in GNRs. The RBM phonons
correspond to the radial oscillations along the nanotube diameter, while the RBLM
phonons correspond to the oscillations along the nanoribbon width. These two modes
are interesting because they are directly related to the change in the SWNT and GNR
electronic properties, i.e. the bandgaps can be modulated by the coherent RBM and
RBLM oscillations. In this thesis, we calculate the RBM and RBLM coherent phonon
amplitudes as a function of laser excitation energy. We also consider different geometri-
cal structures of SWNTs and GNRs, characterized by the nanotube chirality (n,m) and
the number of carbon atom pairs in the ribbon width N,,, respectively. We would like
to understand how the SWNT diameter and the GNR width could change in response
to femtosecond laser excitation. We will discuss that the coherent phonon amplitudes

change the sign depending on the pump excitation energy, and that the phase of oscil-
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lations for each SWNT or GNR is strongly structure-dependent. From this simulation,
we propose a simple rule that determines whether the SWNT diameter and GNR width

initially increase or decrease.

1.1.2 Excitonic effects on coherent phonon dynamics in SWNTs

In 1D materials such like SWN'Ts, a photoexcited electron and a hole can form excitons,
strongly bound by Coulomb interaction. The excitons in SWNTs exist even at room
temperature. Therefore, we should discuss the electron-phonon and electron-photon
interactions in terms of the exciton-phonon and exciton-photon interactions, respectively.
The problem which then arises is that how the excitons will affect the coherent phonon
oscillations. As observed in the experiments, AT/T or AR/R data show oscillating
feature as a function of time, which indicate that the phonon oscillations have the same
phase along the nanotube axis. We can observe such macroscopic oscillations of AT/T
or AR/R because the coherent phonon oscillations modulate the electronic and optical
properties of the SWN'Ts. However, the excitons in SWN'Ts are localized spatially with
a typical size of about 1nm in the direction along the nanotube axis and thus when we
consider the exciton-phonon interactions the coherent oscillations should occur locally
at the exciton sites. We then need to bridge such a gap between the macroscopic picture
of coherent phonon spectroscopy and the microscopic picture of excitons, which will be
discussed by assuming that coherent phonon spectroscopy can only measure a spatial

average of localized coherent amplitudes in the SWNTs.

1.2 Organization of the thesis

This thesis is organized into six chapters. Chapters 1-3 form basic foundations of this
thesis. In Chapter 1, all necessary backgrounds for the thesis are introduced. In Chap-
ter 2, the fundamentals of carbon nanotubes and graphene are reviewed, especially re-
garding the geometrical structure, electronic properties, and vibrational properties. The
electronic structure is considered within the simple tight-binding (STB) and extended
tight-binding (ETB) models. The vibrational properties are calculated by the force

constant model. In Chapter 3, the calculation methods and formulations used in this
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thesis are discussed. The microscopic coherent phonon theory based on some previous
works is reviewed [I0} [IT], and is extended in the present study for SWNT and GNR
systems [12], [13]. The main (original) results of this thesis are presented in Chapters 4
and 5. In Chapter 4, we show the calculation results for coherent phonon amplitudes of
SWNTs and GNRs within the ETB model and effective mass theory [12, [13]. In Chapter
5, we show the recent results of excitonic effects on coherent phonons in SWNTs [14].

Finally, in Chapter 6, a summary of this thesis is given.

1.3 General backgrounds

In this section, we review some important backgrounds that motivate the present work.
We will start with some general concepts on coherent phonon spectroscopy and then

review some recent experimental results related to this thesis.

1.3.1 Coherent phonon spectroscopy

The development of ultrafast, femtosecond laser sources has enabled researchers to study
dynamical properties coupled with lattice vibrations of a wide variety of semiconductor
nanostructures. These lasers are ideal for studying electron and hole dynamics since
scattering times of photoexcited carriers typically span from 10—100 fs in most semicon-
ductors. The most common femtosecond experiment is a pump-probe experiment where
the pump laser pulse creates a nonequilibrium distribution of photoexcited electrons and
holes, while the probe laser pulse is used to trace the change in the dielectric function
due to the carriers and lattice vibrations in the materials.

One can study the relaxation dynamics of nonequilibrium photoexcited carriers back
to equilibrium by measuring the transmission or reflection of the probe pulse as a function
of probe delay time with respect to the pump pulse. The decay of the transmission or
reflection of the probe pulse as a function of delay time from the pump pulse provides
valuable information concerning details of the nonequilibrium carrier dynamics. The

differential transmission AT /T is defined as

AT, T,-T
T T

(1.1)

where 7T is the transmission in the absence of the pump pulse, while 7T} is the transmission
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Figure 1.1 Time-resolved change in transmission (AT /T) of the laser probe pulse as a function
of time delay of probe with respect to the pump pulse for a SWNT system. The oscillations
superimposed on the background electron and hole relaxation dynamics signal are known as
coherent phonons. Inset shows the pump-probe signal after background substraction. To study
the coherent phonons, it is necessary to subtract off the signal of background carrier dynamics
from the raw pump-probe signal and then performs a Fourier transform to calculate the power

spectrum.

with the presence of the pump pulse, measured after a certain time delay At. It should
be noted that depending on the experimental setup of the samples, the measurement
of differential reflectance AR/R might be preferable instead of AT/T. Information
obtained from such experiments includes the electronic structure, scattering rates of
photoexcited carriers, relaxation dynamics and mechanisms, and many-body effects in a
given material [5].

In addition to the carrier dynamic effects, ultrafast pump-probe experiments produce
oscillating signals superimposed on the background carrier dynamics signal. For example,

in Fig. , we show AT/T as a function of time delay of the probe pulse with respect to

Fig. fig/fchl-deltaT.eps
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the time of the pump pulse for a SWNT system. In the raw pump-probe signal shown
in Fig. , we can see oscillating signals in AT'/T superimposed on the background
carrier dynamics (decay) signal. The beating amplitudes come from superposition of
several oscillation frequencies which are close to each other. These oscillations match
one of the phonon modes of the material and are assigned as coherent phonons [0, [15].
A typical phonon mode can be excited coherently because the ultrashort laser pulse
have a duration shorter than the period of the lattice vibration. If we subtract off
the background signal, the oscillation can be seen more clearly as shown in the inset
of Fig. [[.1I Omne can perform a Fourier transforms to calculate the power spectrum
(or intensity), which is proportional to the square of the Fourier coefficient amplitudes.
The power spectrum gives information of the phonon modes that are coherently excited
in the system, whereas the original AT/T data provides the real time information of
the coherent oscillations. The study of these oscillations is then known as coherent
phonon spectroscopy. Coherent phonon spectroscopy thus allows the direct measurement
of excited state phonon dynamics in the time domain and includes information on the

phase of the vibration, the electron-phonon coupling, and the dephasing times [5].

1.3.2 Coherent phonons and incoherent phonons

In early years of the coherent phonon research, the oscillations observed in the differential
transmission and reflectivity data are interpreted in terms of a phenomenological driven
harmonic oscillator [I5]. The evolution of a coherent phonon amplitude @ in the presence

of a driving force exerted by ultrafast laser pulse can be expressed by

9*Q(t)
o2 + 27

QW) | 5y _ F)
o W) = =, (1.2)

where wy is the frequency of the phonon mode, vp is the damping parameter, m is the
mass of the oscillator, and F is the driving force. This force can be fitted as function of
carrier density, temperature, or other parameters of the system. The damping parameter
~p is the inverse of the dephasing time of the coherent phonon mode [16]. However,
at that time it was unclear how the coherent phonons can be generated and how the

oscillations in AT/T should be described quantum mechanically.

Fig. fig/fchl-cohincoh.eps
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Figure 1.2 (a) Femtosecond laser excitation generates electronhole pairs across the gap which
relax and lose energy through phonon emission. These phonons are incoherent phonons and
do not lead to oscillations in the differential transmission or reflection. (b) Coherent phonon
wavepackets as a function of the harmonic oscillator displacement. These are formed from the
superposition of two or more of the eigenstates of the harmonic potential. They oscillate back

and forth in the harmonic potential without broadening.

It was then realized that when an ultrafast optical laser pulse rapidly creates pho-
toexcited electron-hole pairs across the bandgap in a semiconductor, the optical and
and acoustic phonons emitted during the electron-hole relaxation are actually incoherent
phonons and are not related to the oscillations observed in the differential transmission or
reflectivity spectra [10]. In Fig.[I.2|(a) we show an illustration for the incoherent phonons
emitted during the photoexcited carrier relaxation. The incoherent phonons are emitted
at random times and have no distinct phase relationship and thus not responsible for
the oscillations in the pump-probe signal. Instead, the incoherent phonons are respon-
sible for the decay of the background signal. Coherent phonons, on the other hand, are
formed from a coherent superposition of phonon harmonic oscillator eigenstates, i.e. the
states with definite phonon number. If a large number of phonon harmonic oscillator
eigenstates can be excited, then the canonical coherent states can be defined for each

complex number z in terms of eigenstate of harmonic oscillator,

n

Pt = o) = 3 \jme_ZQ|n), (1.3)

where |n) are the eigenstates of the harmonic oscillator.

The coherent phonon states in Eq. (1.3)) are essentially the same as those used in
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quantum optics to describe the quasi-classical photon states of the electromagnetic field.
These states are eigenfunctions of the phonon annihilation operator by for phonons with
wavevector ¢, i.e. by|z) = z|z), and represent minimum-uncertainty Gaussian wavepack-
ets that oscillate back and forth in the parabolic potential without broadening, as illus-
trated in Fig. [1.2[(b). When the amplitude z is large, the coherent phonons will behave
like a macroscopic harmonic oscillator. The idea of quantum mechanical coherent phonon
states can thus explain the oscillations of AT/T. In general, both coherent and inco-
herent phonons can be generated at the same time. That is why a typical AT /T data
consist of an oscillating feature and also a decay feature, corresponding to the generation

of coherent phonons and incoherent phonons, respectively.

1.3.3 Generation mechanism of coherent phonons

Based on the idea of the coherent phonons described above, we might then ask how one
can generate coherent phonons. A simple explanation for the generation of the coherent
phonons is shown in Fig. [1.3|for two prototypical systems [17]: (a) a bulk semiconducting
system (GaAs), and (b) a molecular system. The electron-phonon coupling in GaAs is
weaker than that in the molecular system. Therefore, the electron-phonon coupling is
treated as a perturbation to the electronic states (i.e. band structure) in GaAs, while in

the molecular system we consider the combined electronic-vibrational levels.

GaAs is a polar semiconductor, thus the electrons in GaAs prefer to couple with the
phonons by the polar coupling because the polar coupling is stronger than the defor-
mational electron-phonon coupling. It is then possible to have a depletion region near
the surface of the GaAs sample. The depletion region could come either from surface
states or an externally applied electric field. The energy band diagram for bottom of the
conduction band and top of the valence band are shown in Fig. [I.3(a). Bending of the
bands near the surface lead to a depletion of charge carriers for a certain width from the
surface. This leads to large external electric fields near the surface. Before photoexcita-
tion, in response to the surface depletion field, the Ga and As ions are slightly displaced
by an amount x; and x5 from their equilibrium positions deep within the semiconduc-
tor. After photoexcitation by the pump laser pulse, electrons and holes are photoexcited

which create carriers near the semiconductor surface that can (partially) screen out the
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Figure 1.3 Generation mechanisms for coherent phonons. (a) A conventional polar semicon-
ductor like GaAs. Before photoexcitation by the pump pulse, the surface depletion field cause
the Ga and As ions to be displaced by an amount 7 and x9 from their equilibrium (no depletion
field) position. After photoexcitation, the electrons and holes generated near the surface will
screen the depletion field, causing the Ga and As ions to return to their equilibrium position,
and trigger the coherent phonon. (b) A typical molecule. The combined electronic and vibra-
tional energy levels for the grounds state energy surface and an excited state energy surface
are shown. The ground state and excited state energy surfaces have different minima, and thus
photoexcitation by the pump pulse from the grounds state to the excited state triggers the

coherent phonon and the system wants to move to a new minima.

depletion field. If the photoexcited carriers are created on a fast time scale, the displaced
Ga and As ions want to return to their equilibrium (no depletion electric field) position
and then trigger the coherent oscillation.

A similar situation is shown in Fig. [L.3(b) for a typical molecule. Shown in the
figure are the combined electronic and vibrational states for the ground state and the
first excited state. The pump pulse creates a rapid photoexcitation of an electron from
the ground state energy surface to the excited state energy surface. Since the minimum
in the excited state energy surface is at different point from that in the ground state
energy surface, the rapid photoexcitation to the higher state energy surface triggers the
coherent oscillation.

From these two simple examples, we see that the coherent phonon generation mech-

Fig. fig/fchl-coh.eps.eps
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anism varies depending on the material properties. However, the coherent phonon oscil-
lations in various materials can be explained within the same equations of motion such
like Eq. (1.2). The difference in the generation mechanism between one material and an-
other will particularly contribute to the different form of driving force term in Eq. .
Consideration of such an explicit form of the driving force is actually the main issue of

this thesis, especially for the SWNT and GNR systems.

1.3.4 Coherent phonons in SWNTs and GNRs

SWNTs and GNRs are interesting to be studied as a model system for coherent phonon
generation because they lie between the simple molecular systems and the bulk semi-
conducting systems. In addition, the electron-phonon coupling in these carbon based
nanostructures is not polar like in GaAs. In calculating and modeling the coherent
phonon spectra in carbon nanotubes and graphene, several important effects must be
addressed. These include: (1) electronic structure (needed to determine the electron and
hole states), (2) optical matriz elements (needed to determine what states are excited
by the pump laser pulse), (3) phonon modes, (4) electron phonon matriz elements (to
determine which coherent phonon modes are triggered by the photoexcited electrons)
and (5) the generation and detection mechanisms. Each of these effects will be discussed
further in the later chapters.

In the following, we briefly reviewed some experimental observations of coherent
phonons in SWNTs and also previous theoretical studies which attempt to explain the
coherent phonon properties in SWNTs. The experimental observations for coherent
phonons in GNRs, however, are not available yet till now, and thus it will be shown in
this thesis how the coherent phonon properties in GNRs are predicted similarly to those

in SWNTs.

1.3.4.1 Observation of coherent phonons in SWNTs

Coherent phonon spectroscopy applied to SWNTs has several advantages over other
spectroscopic techniques such as resonant Raman spectroscopy and photoluminescence
spectroscopy |7}, [I8]. In coherent spectroscopy there is no photoluminescence signal or

Rayleigh scattering background. Coherent phonons in an ensemble of micelle suspended
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Figure 1.4 Generation and detection of coherent RBM phonons in SWNTs. (a) Time-domain
transmission modulations due to coherent RBM vibrations in ensemble SWNT solution that
were generated by standard pump-probe spectroscopy without pulse shaping. (b) Fourier trans-

formation of time-domain oscillations with chirality assigned peaks. Reproduced from Ref. [§].

SWNTs have been generated by ultrafast laser pulses and detected using femtosecond
pump-probe spectroscopy. These coherent phonon spectroscopy experiments measure
periodic changes in nanotube optical properties induced by coherent lattice vibrations
and, unlike Raman or photoluminescence spectroscopy, allows one to directly measure
phonon dynamics, including phase information, in the time domain.

Using pulse shaping techniques to create a train of pump pulses resonant with the co-
herent phonon period, it is possible to generate and detect coherent phonons in nanotubes
of a specific chirality in an ensemble sample [8,[18]. These resonant coherent phonon spec-
troscopy experiments provide information on the chirality-dependence of light absorp-
tion, coherent phonon generation, and coherent phonon-induced band structure changes.
The lowest frequency coherent phonons that can be photoexcited in SWNTs using ul-
trafast laser pulses are coherent radial breathing mode (RBM) phonons with phonon
wavevector ¢ = 0 corresponding to a mode in which the diameter of the nanotube peri-
odically expands and contracts.

Actually real-time observation of coherent RBM oscillations is already possible with-
out pulse shaping by applying standard femtosecond pump-probe spectroscopy [6]. How-
ever, we will observe several chiralities in the coherent phonon spectra instead of obtain-
ing detailed information on a specific nanotube chirality. Figure (a) shows trans-

mission modulations of the probe beam induced by coherent lattice modulations, which

Fig. fig/fchl-pulsel.eps
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Figure 1.5 (Left) Time-domain coherent RBM oscillations selectively excited by multiple pulse
trains via pulse shaping with corresponding repetition rates from 6.15 to 7.07 THz. (Right)
Fourier transformations of corresponding oscillations, with their dominant nanotube chirality

(n,m). Reproduced from Ref. [§].

were generated by pump pulses with a pulse width of 50 fs and a central wavelength of
800nm (1.55eV). The time-domain beating profiles reflect the simultaneous generation
of several RBM frequencies from nanotubes in the ensemble with different chiralities,
which are clearly seen in Fig. [1.4(b) with the Fourier transformation of the time-domain
data. Although resonance conditions and mode frequencies lead to the assignment of
chiralities to their corresponding peaks, obtaining detailed information on dynamical
quantities such as the phase information of phonon oscillations becomes rather challeng-
ing. Additionally, if adjacent phonon modes overlap in the spectral domain, this can

lead to peak distortions.

By introducing pulse shaping, multiple pulses with different repetition rates are used

Fig. fig/fchl-pulse2.eps
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to excite RBM oscillations. As shown in Figs.|1.5a)-(d), chirality selectivity was success-
fully obtained. With the appropriate repetition rate of the pulse trains, a single specific
chirality dominantly contributes to the signal, while other nanotubes are suppressed.
For example, by choosing a pump repetition rate of 7.07 THz, we can selectively excite
only the (11,3) as seen in Fig. [[.4(a). Similarly, with a pump repetition rate of 6.69
THz, the (10,5) nanotubes are selectively excited, as seen in Fig. [L.5(b). The accuracy
of selectivity depends on the number of pulses in the tailored pulse train as well as the
distribution of chiralities in the nanotubes ensemble. Furthermore, selective excitation
of a specific chirality also requires the pump energy to be resonant with the correspond-
ing band-to-band transition (in this case the Fyy transition) for each chirality-specific
nanotubes.

The ability to excite single-chirality nanotubes also allows us to perform detailed
studies of excited states of single-walled carbon nanotubes. For example, by placing a
series of 10 nm bandpass filters in the probe path before the detector, we can measure
the wavelength dependence of RBM-induced transmission changes in order to under-
stand exactly how the tube diameter changes during coherent phonon RBM oscillations
and how the diameter change modifies the nanotube band structure. In Fig. [1.6] the
differential transmission is shown for three cases, from top to bottom, corresponding
to probe photon energies above, on, and below resonance, respectively, for selectively
excited (11,3) carbon nanotubes.

Although the transmission is strongly modulated at the RBM frequency 7.07 THz
for all three cases in Fig. [I.0], the amplitude and phase of oscillations vary noticeably for
varying probe wavelengths. Specifically, the amplitude of oscillations becomes minimal
at resonance and, in addition, there is clearly a m-phase shift between the above- and
below-resonance traces. Since the bandgap energy and diameter are inversely related to
each other, and since it is the RBM frequency at which the diameter is oscillating, we
can conclude from this data that the energy of the Fyy resonance is oscillating at the
RBM frequency. Namely, when the band gap is decreasing, absorption above (below)
resonance is decreasing (increasing), resulting in positive (negative) differential trans-
mission. Furthermore, it is also possible to determine the initial response of the SWNT
lattice based on this experiment, i.e. the given nanotube may start vibration by ex-

panding or shrinking its diameter depending on the excitation energy, although more
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Figure 1.6 Differential transmission as a function of time delay at probe wavelengths of 780,
795, and 810 nm for the selective RBM excitation of the (11,3) nanotube. There is a m-phase
shift between the 780 and 810 nm data. These three wavelengths (from the top to the bottom of
the figure) correspond to photon energies above, at, and below the energy of the second exciton

resonance, respectively, of the (11, 3) nanotube. Reproduced from Ref. [§].
observations are needed to clarify such phenomena.

1.3.4.2 Previous theoretical studies

There were a number of theoretical studies previously done regarding coherent phonons
in SWNTs [19] 20, 21}, 22]. However, most of them mainly dealt with molecular-dynamics
simulation to study how the defects in SWN'Ts interact with laser pulses. A particularly
useful theoretical study related to this thesis was done by Sanders et al. who developed
a microscopic theory for the coherent RBM phonon generation [I1]. By using a simple
tight-binding approximation for the electronic states and force constant model for the
phonon dispersion, they calculated coherent phonon intensities for the RBM phonons
of two nanotube families, namely, the type-I [mod(2n + m,3) = 1] and the type-II
[mod(2n + m,3) = 2| semiconducting SWNTs, and found that the coherent phonon

intensity in type-I nanotubes was generally larger than that in type-II nanotubes.

Fig. fig/fchl-pulse3.eps

Fig. fig/fchl-theo.eps
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Figure 1.7 (a) Coherent phonon generation in a (11,0) nanotube by photoexcitation at the
E11 and Ejp transition energies. (b) Coherent phonon generation in (11,0) type-I and (13,0)
type-1I semiconducting nanotubes by photoexcitation at the Fay transition energy. In both (a)
and (b), the upper panel shows the density of photoexcited electron-hole pairs per unit length,
the middle panel shows the coherent phonon driving function, and the bottom panel shows the

RBM coherent phonon amplitude. Reproduced from Ref. [I1].

By calculating the driving force for the coherent phonon generation and solving the
equation of motion like that in Eq. (but without damping term), Sanders et al.
also noticed that some SWNTs start their coherent RBM vibrations by initially expand-
ing their diameters, while others start their RBM vibrations by initially shrinking their
diameters. As shown in Fig. [I.7] these phenomena might depend on the laser excitation
energy, or these may depend on the nanotube chirality. In Fig. [1.7(a), the photoex-
cited carrier density n(t), the coherent phonon driving function S(¢), and the coherent
phonon amplitude Q(t) are plotted for RBM coherent phonons in a (11,0) tube for 50 fs
z-polarized laser pulses with photoexcitation energies of 1.07 and 2.05eV. These en-
ergies correspond to the Fj; and Fa transitions in the (11,0) tube, respectively. The
photoexcited carrier density n(t) determine the strength of the driving force. However,
the coherent phonon driving functions S(¢) and amplitudes @Q(¢) have different signs

in the two cases. This means that for photoexcitation at the Ej; transition in type-I
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nanotubes the tube diameter decreases and oscillates about a smaller equilibrium diam-
eter. On the other hand, the opposite situation is true for photoexcitation at the Foy
transition energy.

Furthermore, a comparison of the coherent phonon motion between different chirality,
i.e. (11,0) type-l and (13,0) type-II nanotubes, is shown in Fig. [1.7(b), but now the
laser energy used to excite the nanotubes is the one that only match the Fy, transition
in each chirality. For the (11,0) tube the pump energy is set to be 2.05eV and for
the (13,0) tube the pump energy is 1.84eV. It can be seen that for the (11,0) tube
the coherent phonon driving function and corresponding coherent phonon amplitude are
positive (indicating initial expansion of the tube diameter), while for the (13,0) tube the
driving function and corresponding coherent phonon amplitude are found to be negative
(indicating initial contraction of the tube diameter. A detailed physical reason for the
excitation energy-dependent and chirality-dependent coherent phonon amplitude is not
yet understood in that work. Such properties will be one of main issues to be discussed
in this thesis, especially to understand the origin of the coherent phonon phenomena,

and to also apply the theory for the graphene nanoribbon systems.

1.3.5 Excitons in carbon nanotubes

In this part we briefly review some historical aspects of the finding of excitons in SWNTs
and how the excitons can affect optical properties of SWNTs. We will also give a general
idea for the excitonic effects on coherent phonon dynamics in SWNTs.

Basically, an exciton consists of a photo-excited electron and a hole bound to each
other by the Coulomb interaction in a semiconducting material. In most semiconductors,
we can calculate the binding energy of an exciton in bulk materials by a hydrogenic
model with a reduced effective mass and a dielectric constant. The resulting binding
energy is typically on the order of 10meV, thus optical absorption to exciton levels
is usually observed only at low temperatures. However, in SWN'Ts, because of its 1D
properties, the electron-hole attraction energy becomes larger and can be as large as
1eV, so exciton effects can be observed at room temperature. Excitons are therefore

essential for explaining optical processes in SWNTs.

Fig. fig/fchl-kata.eps
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Figure 1.8 (a) Optical transition energy as a function of nanotube diameter, known as the
Kataura plot, considered within the STB approximation. The vertical energy axis is simply the
nanotube bandgap [23]. (b) Single particle band gap Ej is not simply the transition energy.

Self energy Y and binding energy FEpq corrections give the true transition energy FEj;.

Pioneering researches on excitons in SWN'Ts originally came from a curiousity that
there always be systematic discrepancies between the calculated single particle bandgaps
and the optical transition energies F;; observed in some experiments [24, 25, 26]. To
explain the observed E;;, much insight has actually been gained from the simple (nearest-
neighbor) tight-binding (STB) model of the single particle band structure of SWNTs [23].
This method predicts the transition energies varying approximately as the inverse of
diameter and having a weak dependence on the chiral angle, as shown in the STB
Kataura plot (energy as a function of diameter) in Fig. |1.§(a). However, experimental
results point out the fact that the single particle approximation is insufficient for an
accurate description of the optical transitions in SWNTs. For example, as has been
reported by Weisman et al., the Ej;; values calculated by the STB model are lower than
those measured in their photoluminescence experiment [26]. They also observed the so-
called family spread, in which nanotubes with the same (2n + m) show a unique pattern

for the smaller diameter.

The electron-electron and electron-hole interactions change the F;; dependence on
diameter significantly. Both the electron-electron and electron-hole interactions are due

to the screened Coulomb interactions. The former describes the repulsive energy, called
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self-energy 3, that is needed to add an additional electron to the system, hence, increases
the band gap. In contrast, the electron-hole interaction gives the attractive Coulomb
interaction, called exciton binding energy FE}q, which lowers the excitation energy. The
overall effect is a blue-shift so that the positive self energy dominates over the negative

exciton binding energy. This is illustrated in Fig. [L.8(b).

The importance of many-body effects in the form of excitonic electron-hole attraction
and Coulombic electron-electron repulsion in SWNTs was discussed extensively in the
context of the so-called ratio problem [24, 25], where the ratio between the second and
first transition energies in semiconducting SWNTs are not equal to two as predicted by
the STB model [23]. Some experiments such as two-photon absorption measurements [27,
28|, then provided strong evidence for the excitonic nature of the lower energy transition.
In particular, a two-photon experiment by Wang et al., which is the first breakthrough
in the nanotube E}q measurements, is described in Fig. , after Ref. [27].

From the theoretical point of view, the importance of excitons in SWNTs was in-
troduced much earlier by T. Ando who studied excitations of nanotubes within a static
screened Hartree-Fock approximation [29]. He especially calculated the dynamical con-
ductivity in SWNTs taking the exciton effects into account. After some experimental
results started to show the rise of excitons, detailed first-principles calculations of the
effects of many-body interactions on the optical properties of SWNTs were then per-
formed [30, BI]. Some descriptions of excitons in nanotubes based on simpler or different

models were also developed [32 [33].

In this thesis, we will use the extended tight-binding (ETB) model to calculate the
exciton energies and corresponding wavefunctions based on the previous work by Jiang
et al [34,35]. The Bethe-Salpeter equation is solved for obtaining the excitation energies
E;; that already include the self energy corrections and the exciton binding energy. The
ETB model includes the curvature effects through the o-7 hybridization that cannot be
neglected for nanotubes of small diameter. Furthermore, exciton-photon and exciton-
phonon matrix elements can be obtained to replace the electron-photon and electron-
phonon interactions as the driving force for the coherent phonon oscillations. It is found
that the excitons in SWNTs are localized spatially with a typical size of about 1nm.

Therefore, when we consider the exciton-phonon interactions the coherent vibrations
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Figure 1.9 Two-photon experiment by Wang et al. [27]. (a) In the exciton picture, the 1s
exciton state is forbidden under two-photon excitation. The 2p exciton and continuum states
are excited. They relax to the 1s exciton state and fluoresce through a one-photon process.
(b) In the simple band picture, two-photon excitation energy is the same as emission energy,
but this case is not observed. (c¢) Contour plot of two-photon excitation spectra of SWNTs. By
comparison with the solid line describing equal excitation and emission energies, it is clear that
the two-photon excitation peaks are shifted above the energy of the corresponding emission
feature. The large shift arises from the excitonic nature of the nanotube optical transitions.
FEh,q is found to be as large as up to 1eV, thus excitons play an important role in the nanotube

optics.

should occur locally at each site where an exciton is generated.

1.3.6 Lineshapes of coherent phonon excitation profile

Another issue related to the presence of excitons in SWN'T5 is regarding the lineshapes of
the coherent phonon excitation profile, i.e. the coherent phonon signal intensity plotted
as a function of several different excitation energies in a given SWNT. It was firstly
noticed by Lim et al. that the coherent phonon excitation profile for a particular mode
shows symmetric double-peak features [7]. They argued that such features are directly
related to the excitonic nature of the SWNT. Furthermore, Sanders et al. also calculated
the coherent phonon intensity within the single particle picture and compared it with

the experimental data. They found a clear difference in the lineshape of the intensity, as

Fig. fig/fchl-tp.eps
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Figure 1.10 Coherent phonon intensity at the RBM frequency as a function of pump-probe
energy for several type-I semiconducting nanotubes at the Foo transition. The experimental
coherent phonon spectra are in the right panel and the simulated coherent phonon spectra
are in the left panel. The upper four curves in each panel are for nanotubes within family
mod(2n +m, 3) = 22 and the lower four curves are for tubes within mod(2n+m, 3) = 25. Each
curve is labeled with the chirality (n,m) and the RBM phonon energy in meV is given on the

plots.

shown in Fig.[I.10] Both theoretical calculation and experimental results show two peaks;
however, the calculation within the single particle picture give asymmetric lineshapes in
the double peak-features, unlike the experimental observations which give symmetric

lineshapes.

The reason why the symmetric double-peak features appear in the coherent phonon
excitation profile can be explained as follows. The generation of coherent RBM phonons
modifies the electronic structure of SWNTs and thus it can be detected as temporal
oscillations in the transmittance of the probe beam. Since the RBM is an isotropic
vibration of the nanotube lattice in the radial direction, i.e. the diameter periodically
oscillates at frequency of wrpwm, this causes the band gap F, to also oscillate at wrpwm
because E, directly depends on the nanotube diameter (roughly E, o 1/d;). As a result,

interband transition energies oscillate in time, leading to ultrafast modulations of optical

Fig. fig/fchl-linel.eps
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Figure 1.11 Schematic dimensionality dependence of coherent phonon intensity as function
of photon energy. Top row: absorption coefficient versus photon energy for 0, 1, 2, and 3-
dimensional carbon structures. Middle row: negative of the derivative of the absorption coeffi-
cient proportional to transient differential transmission. Bottom row: square of the derivative
of the absorption coefficient proportional to the coherent phonon intensity. The absorption

curves have been convoluted to take into account lifetime broadening of the states.

constants at wrpm, which naturally explains the oscillations in probe transmittance.
Furthermore, these modulations imply that the absorption coefficient «(E) at a fixed
probe photon energy F is modulated at wgpy. Correspondingly, the photon energy
dependence of the coherent phonon signal shows a derivative-like behavior. The excitonic
absorption coefficient has a symmetric lineshape with a single peak, the derivative will
give the symmetric double-peak feature, in contrast to the asymmetric shape expected
from the 1D van Hove singularity.

More explicitly, the effect on the absorption a for small changes in the gap can be

modeled by
o Oa(E — EY)
alE — E,) za(E—Eg)—a—E.éEg+..., (1.4)
which gives .
Ja(E — EY)

Since the coherent phonon intensity is obtained by taking the Fourier transform of the

Fig. fig/fch1-line2.eps
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differential transmission, the coherent phonon intensity is thus proportional to the square
of the derivative of the absorption coefficient. In fact, depending on the dimensionality
of the materials, the absorption lineshapes would be different one another.

In Fig. [I.T1] the dimensionality dependence of coherent phonon intensity is shown
schematically. The top row shows the absorption coefficient as a function of photon
energy. The curves are convoluted with a Lorentzian to take into account the linewidths
of the transitions. The middle row shows the negative of the derivative of the absorp-
tion coefficient, which is proportional to the transient differential transmission due to
coherent phonon induced band gap oscillations. The bottom row shows the square of
the derivative of the absorption coefficient, which is roughly proportional to the coher-
ent phonon intensity measured in the experiments. We note that the double-peaked
structure is obtained for the 0D and 1D systems, which are symmetric and asymmetric,
respectively. Based on this argument, in Chapter [5 we will discuss the lineshapes of the

coherent phonon excitation profile calculated by considering the excitonic effects.



Chapter 2

Basics of carbon nanotubes and

graphene

Basic physical properties of single wall carbon nanotubes (SWNTs), graphene, and also
graphene nanoribbons (GNRs), are reviewed in this chapter. The discussion includes a
description of the geometrical structure, electronic properties and vibrational properties
properties of SWNTs and GNRs. An SWNT can be imagined as a single layer graphene
sheet rolled up into a cylinder, while a GNR can be imagined as a strip of single layer
graphene sheet with finite width, therefore their electronic and vibrational structures
are inferred based on those of graphene. The electronic and vibrational structures are
derived within the tight-binding framework and force constant model, respectively. In

addition, excitonic properties of SWNTs are also discussed in this chapter.

2.1 Geometrical structure

2.1.1 Graphene unit cell

Graphene is a single atomic layer of carbon atoms in a two-dimensional (2D) honeycomb
lattice. Graphene is a basic building block for all graphitic materials of other dimen-
sionalities. Several layers of graphene sheet stacked together will form three-dimensional
graphite, where the carbon atoms in each 2D layer make strong sp? bonds and the van
der Waals forces describe a weak interlayer coupling. In 0D, graphene can be wrapped

up into fullerenes (carbon cluster made up by a closed surface like a ball), and in 1D, as

23
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(b)

Figure 2.1 (a) The unit cell and (b) Brillouin zone of graphene are shown, respectively, as
the dotted rhombus and the shaded hexagon. a; and b;, where ¢ = 1,2, are unit vectors and
reciprocal lattice vectors, respectively. The unit cell in real space contains two carbon atoms
A and B. The dots labeled I', K, K’, and M in the Brillouin zone indicate the high-symmetry

points.

a main discussion in this chapter, it can be rolled up to form the nanotubes or it can be

cut in one direction to make a finite width graphene called graphene nanoribbons.
Figure [2.1] gives the unit cell and Brillouin zone of graphene. The graphene sheet

is generated from the dotted rhombus unit cell shown by the lattice vectors a; and as,

which are defined in (x,y) coordinate as

I (ﬁl) Cma (ﬁ,_z) | 21)
2 2 2 2

where a = v/3acc is the lattice constant for the graphene sheet and acc ~ 0.142nm is
the nearest-neighbor interatomic distance. The unit cell consists of two distinct carbon
atoms from the A and B sublattices shown, respectively, by open and solid dots in
Fig. [2.1f(a).

The reciprocal lattice vectors by and by are related to the real lattice vectors a; and
a, according to the definition

a; - bj = 271'(51‘]', (22)

where 6;; is the Kronecker delta, so that b; and by are given by

(L) (L), e

The first Brillouin zone is shown as a shaded hexagon in Fig. [2.1(b), where I' (center),

K, K’ (hexagonal corners), and M (center of edges) denote the high symmetry points.

Fig. fig/fch2-grunit.eps
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2.1.2 Nanotube unit cell

Carbon nanotube forms a periodical structure or lattice, which are non-Bravais lattice.
Referring to the unrolled graphene sheet shown in Fig. 2.2 the unit cell of a SWNT is
limited by two vectors: the chiral vector Cy, and the translational vector T. The chiral
vector is defined as the way the graphene sheet is rolled up. It gives the circumference
of a SWNT. One-dimensional periodicity in the direction of the nanotube axis is then
determined by a vector perpendicular to the chiral vector, which is the translational
vector T.

The chiral vector Cj;, can be written in terms of the unit vectors of graphene a; and
Az,

Cj, = na; + may = (n,m), (2.4)

where (n,m) is a pair of integer indices with n > m, n > 0, and m > 0. Since C,
specifies the circumference of the SWNT, it is straightforward to obtain the relations for

the circumferential length L and diameter d;:

L = |Ch| =aVn®+nm +m?, (2.5)
I 2 2

4 = _:a\/n +nm+m? (2.6)
m m

The chiral angle 6 is the angle between C;, and a;, with values of 6 in the range of
0 < |0] < 30°. Taking the inner product of Cj and a;, an expresion for cosf can be

obtained, thus relating € to the chiral index (n,m),

cosf = Cn-ay _ 2n £ m . (2.7)
Chllail  2v/n? + nm + m?

As can be seen in Fig. the translation vector T is perpendicular to C; and thus

become the tube axis, it can be expressed as
T = tlal + tgag = (tl,tg), (28)

where t; and ¢y are obtained from the condition Cj, - T = 0,

2m—|—n' 2n+m

to = — . 2.9
dR ) 2 ( )

t
1 dn

(2.10)
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Figure 2.2 Geometry of a (4,2) SWNT viewed as an unrolled graphene sheet with the graphene
unit vectors a; and as. The rectangle OPQ’Q is the 1D SWNT unit cell. Total hexagons
covered within this rectangle unit cell is N = 28. OP and OQ define the chiral vector C; and
translation vector T, respectively, whereas the chiral angle 6 is the angle between a; and Cy,.
From the figure, it is obvious Cj, = (4,2) and T = (4, —5). If the site O is connected to P, and

the site Q is connected to Q’, the cylindrical SWNT can be constructed.

Here dp is the greatest common divisor (ged) of (2m+n) and (2n+m) so that ged(ty,t2) =
1. The length of the translation vector, 7', is then given by

T =|T| = V3L/dg. (2.11)

The unit cell of a SWNT is defined as the area covered by C; and T. The area is
given by the magnitude of the vector product of C;, and T. The number of hexagons
per unit cell of the SWNT, Ny, is obtained by dividing the area of the SWNT unit cell

with the area of the hexagonal unit cell in the graphene sheet:

ChxT| 2(n? 2
Ny = 1G0T _ 207+ om ) (2.12)
a; X as dr

All the basic structural parameters of the SWNT are shown in Fig. 2.2l The SWNT
can then be classified according to its (n,m) or 6 value (see Fig. [2.3)). This classification

Fig. fig/fch2-construct.eps
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Zigzag:
0=0"; (n,0); m=0

Chiral:
0'<0<30;(n,m); n#m

Armchair:
0=30"; (n,n); n=m

Figure 2.3 Classification of carbon nanotubes: (a) zigzag, (b) chiral, (c¢) armchair SWNTs.
From left to right, the chiral index of each SWNT above is (5,0), (4,2), (3,3), respectively.
In (a) and (c), orange and red solid lines are intended to emphasize “zigzag” and “armchair”

structures, respectively.

is based on the symmetry of the SWNT. There are three types of carbon nanotubes:
(a) zigzag, (b) chiral, and (c) armchair nanotubes, as shown in Fig. Chiral SWNTs
exhibit a spiral symmetry whose mirror image cannot be superposed onto the original
one. Zigzag and armchair SWNT's have mirror images that are identically the same as the
original ones when we put a nanotube axis in the mirror. The names of of armchair and
zigzag arise from the shape of the cross-sectional ring in the circumferential direction
of the SWNTs. We then have various SWNT geometries that can change diameter,

chirality, and also cap structures, giving rich physical properties of carbon nanotubes.

While the 1D unit cell of a SWNT in real space is expressed by C;, and T, the
corresponding vectors in reciprocal space are the vectors K; along the tube circumference
and K, along the tube axis. Since nanotubes are 1D materials, only Ky is a reciprocal

lattice vector. Ky gives discrete k values in the direction of C,,. Expressions for K; and

Fig. fig/fch2-swnt.eps
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Figure 2.4 The reciprocal lattice vectors K; and Ks, and the Brillouin zone of a (4,2) SWNT
represented by the set of N = 28 parallel cutting lines. The vectors K; and Ko in reciprocal
space correspond to Cp, and T in real space, respectively. The cutting lines are labeled by the

integer angular momentum index pu.

K, are obtained from their relations with C; and T:
C,-Ki=2nr, T -K;=0, (2.13)
Ch'KQZO, T'K2:27T. (214)

It follows,
K,

- Nhex(_thl * t1b2)’ K2 - hex

where by and by are the reciprocal lattice vectors of graphene. In Fig. K; and K,

(mby — nby), (2.15)

are shown for the (4,2) SWNT. The Ny line segments with length of Ky construct the
1D Brillouin zone of the SWNT, which we call as “cutting lines”.
The allowed wave vector k of a SWNT is

K
k:MKy+ﬁE§ (2.16)

where = 0,1,..., Npex — 1 is the “cutting line” index, and £ is in the range of —7 /T <
k < m/T. The length of K; and K, are given by:

2w 2 2T
Ki|="=2, |Ko| =2,
’ 1| L dt’ ’ 2| T

The unit cell of the SWNT contains N, hexagons, then the first Brillouin zone of the

(2.17)

SWNT consists of Ny, cutting lines. Therefore, Ny, parallel cutting lines are related to
the discrete value of the angular momentum g, and the cutting line length K5 determines

the periodicity of the 1D momentum k.
Fig. fig/fch2-bz.eps
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Armchair GNR (aGNR) Zigzag GNR (zGNR)
N

L_UJ

Figure 2.5 Lattice structures and translational unit cells for armchair (aGNR) and zigzag

(zGNR) graphene nanoribbons. The width of the nanoribbons is W.

2.1.3 Nanoribbon unit cell

A single layer graphene nanoribbon (GNR) can be imagined as a strip of single layer
graphene sheet with finite ultrathin width. Since we confine the graphene sheet in one
direction, GNRs can also be considered as 1D materials. Depending on the position
where we cut the graphene sheet, we may have two specific GNR structures: armchair

GNRs and zigzag GNRs, as shown in Fig. 2.5

Armchair ribbons and zigzag ribbons are denoted by N, aGNR and N, zGNR,
respectively, where N, is the number of AB carbon dimers in the translational unit cell.
In zigzag ribbons, the length L of the translational unit cell is a and the width W of the
ribbon is (Ng — 1) %ga where a = 2.49 is the hexagonal lattice constant in graphene.
In armchair ribbons, the translational unit cell length is Vv/3a and the ribbon width is
(Na — 1) 2a. Note that in zigzag and armchair ribbons with the same number of atoms
per unit cell, the area of the unit cells are equal. The k-space properties of GNRs can

be then be derived similarly as those of SWNTs [36], 37|, in which we will also have 1D

Brillouin zone in terms of the cutting lines p depending on the GNR structure.

Fig. fig/fch2-ribbonstruct.eps
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2.2 Electronic properties

The electronic dispersion relations of SWNT's are derived from those of a graphene sheet.
The tight-binding model is reviewed here, starting from a simple tight-binding (STB)
model. In a later section, the extended tight-binding (ETB) model that gives a good
agreement with some optical spectroscopy measurements are described.

The electronic dispersion relations of a graphene sheet are obtained by solving the

single particle Schrodinger equation:
HU(k,r) = BV’ (k, 1), (2.18)

where H = T+ V(r) is the single-particle Hamiltonian, 7" is the kinetic energy operator,
V(r) is the periodic potential, Wb(k,r) is the one-electron wavefunction, b is the band
index, k is the electron wavevector, r is the spatial coordinate, and FE is the energy
eigenvalue. The electron wavefunction W°(k, r, t) is approximated by a linear combination

of atomic orbitals (LCAO) in terms of Bloch functions:

U(k,r,t) = exp (—iE’(k)t/h) Z o, (k,r),
(2.19)

(I)so(k r eXp ZkRus ¢o< - us),

\/_ Z
where E’(k) is the one-electron energy, C? (k) is the Bloch amplitude, ®,,(k,r) is the

S0

Bloch wavefunction, ¢,(r) is the atomic orbital, R, is the atomic coordinate, the index
u=1,..., N, is for all the N, unit cells in a graphene sheet (IN,, = Npex for a SWNT and
N, = N, for a GNR), the index s = A, B labels the two inequivalent atoms in the unit
cell, and the index o = 1s, 2s, 2p,, 2p,, 2p, gives the atomic orbitals of a carbon atom.
The Schrédinger equation for the Bloch amplitudes C? (k) can be written in the

matrix form:

ZHsoso ZEb soso )Cso(k) ’ (220)

where the Hamiltonian Hgys,(k) and overlap Syis(k) matrices are given by:

soso Zexp Zk us_ u's’ /¢ - us Hgbo( - us)dra
(2.21)

s’oso ZGXP Zk us us’ /¢ - u’s ¢0( - us)dr7
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and the index u’ labels the unit cell under consideration. The orthonormality condition
for the electron wavefunction of Eq. (2.19) becomes:

/\Ifb'*(k r,t) 0k, r, t)dr = ZZC”* Saorso(K)C (k) = Sy - (2.22)

To evaluate the integrals in Eq. (2.21]), the periodic potential V' (r) in the single particle
Hamiltonian H of Eq. (2.18)) is expressed by a sum of the spherically-symmetric potentials
U(r — Ryngr) centered at the atomic sites Rygn:

— Z U(r — Ryrgr) . (2.23)

The Hamiltonian matrix Hgys,(k) then contains the three-center integrals that involve
two orbitals ¢ (r — R,y) and ¢,(r — R,;) at two different atomic sites R,y and Ry,
while the potential U(r — R,y ) originates from a third atomic site R,ss. On the other
hand, the overlap matrix Sgyso(k) contains two-center integrals only. Neglecting the
three-center integrals in Hgys,(k), the remaining two-center integrals in both Hgys, (k)
and Syys.(k) can be parameterized as functions of the interatomic vector R = Rys — Ry

and of the symmetry and relative orientation of the atomic orbitals ¢% (r) and ¢,(r):

=/W®meh

/¢ V(T + U (r) + U (r — R)) é(r — R)dr, (2.24)

sumz/@@M@—mm

where ¢, is the atomic orbital energy, t,,(R) is the transfer integral, and s,,(R) is the
overlap integral. A numerical calculation of parameters &,, t,,(R), and s,,(R) defines
the non-orthogonal tight-binding model. Within the orthogonal tight-binding model,
So0(R) is set to zero (unity) for R # 0 (R = 0).

2.2.1 Graphene electronic structure

In the STB model, we neglect the o bonding of C-C atoms and the long-range atomic
interactions in the m bonding for R > acc. The STB model thus has three parameters:
the atomic orbital energy es,, the transfer integral t.,(acc), and the overlap integral
Ser(acc). The transfer and overlap integrals will simply be referred to as t, and s,

respectively.
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To construct the Hamiltonian Hyys,(k) and overlap Sgys,(k) matrices of Eq. ,
consider the nearest-neighbor interactions (R = acc) in the unit cell of a graphene sheet.
The unit cell contains two atoms, A and B, each of which has three nearest neighbors of
the opposite atom type (A and B). The absence of nearest-neighbor interactions within
the same A or B sublattice gives the diagonal Hamiltonian and overlap matrix elements,
Hpxar = Hprer = €2p and Sazar = Serer = 1, independent of the transfer ¢ and
overlap s integrals. For the Ha,p, and Sa,pr matrix elements, the interatomic vectors
R from atom A to its three nearest-neighbors in Eq. are given by (a; + az) /3,
(a1 — 2ay) /3, and (as —2a;) /3. Substituting these vectors into Eq. (2.20)), one can
obtain Harpr = tf(k) and Sarpr = sf(k), where f(k) is the sum of the phase factors
over the nearest neighbors given by

k.a k,a kya kea k,a
f(k) = exp (z%> + exp (—22\/3 2%) + exp <—22\/§ — z%) . (2.25)

The Hprar and Sprar matrix elements are derived in a similar way. The interatomic

vectors R have the opposite signs, giving Hgrar = tf*(k) and Sgrar = sf*(k). The
Schrodinger equation in the matrix form, Eq. (2.20), can be written as

tf(k Ct _(k 1 k b _(k
€2p f( ) Aﬂ‘( ) _ Eb(k) Sf( ) A7r( ) (226)
tf*(k) e Ch. (k) sfr(k) 1 Chr (k)
Solving this secular equation yields the energy eigenvalues:
v ) + tw(k) c _ S2p— tUJ(k)
B (k) = 1+ sw(k) ’ Bl = 1—sw(k) ’ (2.27)

where the band index b = v, ¢ indicates the valence and conduction bands, t < 0, and

w(k) is the absolute value of the phase factor f(k), i.e., w(k) = *(k) f(k):
(k) p f(k), ie., w(k) (k) f(k)

k k k
wk) = \/1 + 4 cos \/32 2% cos %a + 4 cos? %a : (2.28)

According to Eq. , the atomic orbital energy ey, is an arbitrary reference point
in the orthogonal STB model (s = 0), while ey, is a relevant parameter in the non-
orthogonal ETB model (s # 0).

Fitting the dispersion relations of the graphene sheet given by Eq. to the
energy values obtained from an ab initio calculation gives the values of the transfer

integral ¢t = —3.033 eV and overlap integral s = 0.129, and set the atomic orbital energy
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Figure 2.6 The 7 bands of graphene within the simple tight-binding method. In (a), the
energy dispersion is shown throughout the whole region of the Brillouin zone. (b) Near the
K point, the energy dispersion relation is approximately linear, showing two symmetric cone
shapes, the so-called Dirac cones. (c¢) Contour plot of the energy dispersion near the K point.

The tight-binding parameters used here are ez, = 0eV, t = —3.033eV, and s = 0.129.

equal to zero (origin of the energy scale), €2, = 0eV [I]. Fig.[2.6/(a) shows the dispersion
relations of the graphene sheet given by Eq. with the above parameters throughout
the entire area of the first Brillouin zone. The lower (valence) band is completely filled
with electrons in the ground state, while the upper (conduction) band is completely
empty of electrons in the ground state.

Unlike most semiconductors, the band structure of a graphene sheet shows linear
dispersion relations around the K and K’ points near the Fermi level, as can be seen in
Fig. 2.6(b). The electron wavevector around the K point in the first Brillouin zone can
be written in the form k, = Ak, and k, = —47/(3a) + Ak,, where Ak, and Ak, are
small compared to 1/a. Substituting this wavevector into Eq. and making the
expansion in a power series in Ak,a and Akya up to the second order, one can obtain
w = ‘/TEAka, where Ak = \/m is the distance from the electron wavevector to
the K point. Substituting w into Eq. gives the electronic dispersion relations in

the valence and conduction bands:

EY (Ak) = €9, — ? (€9ps —t)a Ak, E°(Ak) =¢eq,+ ? (e9ps —t)a Ak, (2.29)

which are linear in Ak. The linear dispersion relations near the Fermi level suggest
that the non-relativistic Schrodinger equation used for conventional semiconductors with

parabolic energy bands is not sufficient to explain the electrons in a graphene sheet. In-

Fig. fig/fch2-piband.eps
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Figure 2.7 Examples of 1D energy dispersion relations of SWNTSs: (a) armchair (6,6), and
(b) zigzag (10,0) SWNTs. No bandgaps can be seen in (a), thus the SWNT is metallic, whereas

the SWNT in (b) is semiconducting because there is an open gap.

stead, the 7 electrons in a graphene sheet mimic massless particles whose behavior is
described by the relativistic Dirac equation. Furthermore, the linear dispersion relations
increase the mobility of the 7 electrons in a graphene sheet compared to that of conven-
tional semiconductors. In contrast to the 7 electrons, the o electrons fully occupy the
energy band, and therefore do not contribute to the transport properties. Indeed, the o
energy bands lie several eV away from the Fermi level, as obtained by solving Eq.
for the o molecular orbitals. In Fig.[2.6{c), the contour plot of the energy dispersion near
the K point is shown. The energy surface changes from circle to triangle with increasing
distance from the K point, giving rise to the so-called trigonal warping effect [23], which

strongly affects the optical transitions in SWNTs.

2.2.2 Nanotube electronic structure

Now the electronic structure of a SWNT can be derived from the energy dispersion
calculation of graphene in Eq. . As we discussed in Sec. the allowed wave
vectors k (the cutting lines) around the SWNT circumference become quantized. The
energy dispersion relations of the SWNT are then given by the corresponding energy

dispersion relations of graphene along the cutting lines. When the 1D cutting lines

Fig. fig/fch2-dis.eps
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(b)

.
.

\

mod(2n+m,3)=0 mod(2n+m,3)=1 mod(2n+m,3)=2

Figure 2.8 (a) Condition for metallic energy bands is related to the ratio of the length of
vector YK to that of K;. If the ratio is an integer, metallic energy bands are obtained [IJ.
(b) Three possible configurations of the cutting lines in the vicinity of the K point depending
on the value of mod(2n + m, 3). From left to right, the nanotube type is M- (metallic), S1-
(type-I semiconducting), and S2- (type-II semiconducting) SWNT, respectively. The solid lines
represent the cutting lines and the dashed lines indicate the KM directions, which are the

boundaries of the first Brillouin zone of the SWNT.

pKi 4+ kKo /|Ks| of a SWNT in Eq. (2.16]) are superimposed on the 2D electronic energy
dispersion surface of the graphene sheet in Eq. (2.27), N pairs of energy dispersion
relations of the SWNT, E&y (1, k), are obtained:

K T s

For a particular (n,m) SWNT, if a cutting line passes through K or K’ point of
the Brillouin zone of graphene, where the valence and conduction bands touch to each
other, the 1D energy bands of the SWNT have a zero energy gap, therefore, they be-
come metallic. However, if a cutting line does not pass through K or K’, the (n,m) is
semiconducting with a finite energy gap. Figure [2.7] gives two examples of the SWNT
dispersion relations.

As shown in Fig. [2.8(a), if we project the 'K vector pointing toward the K point
onto the K; direction perpendicular to the cutting lines, that can be denoted by I'Y =

'K - K;/vK; - K, we can find:

K 1(@2bi+by) L(tiby — tsby) (2.31)
VK - K| \/%(tlbz — taby) - 5 (t1by — t2by)
o ; m (2.32)

Fig. fig/fch2-class.eps
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Figure 2.9 Nanotubes family classification on the unrolled graphene sheet for the nanotubes
of diameter less than 1nm. The (n,m) indices written in the hexagons represent the chiral
vectors pointing to the centers of the hexagons. Here the chiral vector of a (4,2) SWNT is
shown by an arrow. The dashed lines represent the families of constant 2n + m, n — m, and
2m + n for each family. The magenta, light yellow, and cyan hexagons correspond to the chiral

vectors of M-, S1-, and S2-SWNTs, respectively.

If (2n +m)/3 is an integer, 'K has an integer number of K; components, so that
one of the cutting lines passes through the K point, hence giving a metallic SWNT.
If (2n + m)/3 is not an integer, i.e, the residual is 1 or 2, the K point lies at 1/3 or
2/3 of the spacing between two adjacent cutting lines near the K point, hence giving
a semiconducting SWNT, as shown in Fig. [2.8(b). These three types of SWNTs are
referred to as M-, S1-, and S2-SWNTs, respectively:

M : mod(2n+m,3) =0, (2.33)
S1 : mod(2n+m,3) =1, (2.34)
S2 : mod(2n +m,3) = 2. (2.35)

The S1- and S2-SWN'T's are often written as type-I and type-II semiconducting SWNTs.
There are also other metallicity notations frequently used in the nanotube research com-

Fig. fig/fch2-famnum.eps
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Figure 2.10 Chiral angle () versus diameter (d;) of all SWNT's in the range of 0.5 < d; < 3nm.
Nanotubes of the same family number (2n +m) are connected by lines. Up to d; ~ 1.2nm, the

constant 2n 4+ m nanotubes have similar diameters.

munity depending on the value of mod(n — m, 3) as follows:

mod0 : mod(n—m,3) =0, (2.36)
mod1l : mod(n—m,3) =1, (2.37)
mod2 : mod(n —m,3)=2. (2.38)

With a simple algebra, it can be shown that mod 0, mod 1, and mod 2 SWNTs are the
same as M-, S2-, SI-SWN'Ts, respectively.

In Fig. 2.9, the chiral vectors for M-, S1-, and S2-SWNTs are shown. Within the
triangular graphene sheet, the diagonal lines of each hexagon are connected to the diag-
onal lines of the adjacent hexagons, shown by the dashed lines in Fig. [2.9. These lines
with constant values of (2n + m), (2m + n), and (n — m) are called the family lines.
Especially for the (2n + m) families, the SWNTs which belong to the same (2n + m)
have the closest diameters, compared to the (2m + n) or (n — m) families, as obviously

can be seen in Fig. [2.10]

2.2.3 Density of states and transition energies

The electronic density of states (DOS) or the number of available electronic states for

a given energy interval per carbon atom is especially very important for understanding

Fig. fig/fch2-2nmfam.eps
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Figure 2.11 (a) The dispersion relations and (b) density of electronic states DOS of the (15, 0)
SWNT. The arrows show the allowed optical transitions between the first and second valence
and conduction subbands. (c) The joint density of states (JDOS) of the (15,0) SWNT. The
labels E11 (Ea2) correspond to the transition between EY and Ef (E3 and ES) shown in panel

(b). This figure is adapted from Ref. [3§].

optical properties of materials. The DOS is known to depend on the dimension of the
materials. For parabolic energy bands found in most semiconductors, the DOS rises
as the square root of the energy above the energy bottom FEj in the 3D cases such as
diamond and graphite, g(E) o (E — Ey)'/2. For a 1D system such as SWNT, £ is equal
to the subband edge energy E?, where the DOS magnitude becomes singular, known as
the van-Hove singularity (VHS).

The presence of VHSs in the DOS of SWNTs has a great impact on their optical
properties, a significant enhancement in the SWNT response is observed when the ex-
citation energy for the probe matches one of the VHSs in the DOS in the valence and
conduction bands of the SWNT. For example, optical absorption is strongly enhanced
when the photon energy is in resonance with the allowed transition between two VHSs in
the valence and conduction bands. This enhancement is generally interpreted in terms

of the joint density of electronic states (JDOS) which takes into account the dipole se-

Fig. fig/fch2-dos.eps
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Figure 2.12 The optical transition energies E;; for i = 1,2,3,... and for all possible (n,m)
SWNTs in the range of 0.5 < d; < 2.0nm calculated within the STB model as a function of (a)
SWNT diameter d;, and (b) inverse diameter 1/d;, known as the Kataura plot. Black, red, and
blue dots correspond to M-, S1-, and S2 SWNTs, respectively. The constant 2n + m families
are connected by lines. This figure is adapted from Ref. [3§].

lection rules. The optical transitions should conserve both angular and linear momenta

in SWNTs, thus the transitions are vertical in k-space, as shown in Fig. [2.11|(a).

The optical response of SWNTs is dominated by the VHSs in the JDOS labeled by
E;;. The optical transition energies E;; for i = 1,2,3,... and for all the possible (n,m)
SWNTs are summarized in the so-called Kataura plot [39] as a function of the SWNT
diameter d;. In Fig.[2.12((a), the Kataura plot calculated within the STB model is shown,
in which the transition energies are interpreted as the energy gaps between -th VHSs in
the conduction and valence bands. The same STB Kataura plot is shown in Fig. 2.12](b)

as a function of the inverse SWNT diameter 1/d;, which is more convenient for direct

Fig. fig/fch2-stbkat.eps
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comparison with experiments, since 1/d; is proportional to wrpy. Furthermore, the 1/d;
scale allows us to explore the small d; region (d; < 1.2nm), which has a lower density
of (n,m) indices. As one can see from Fig. 2.12] the E;; energies for M-, S1-, and S2-
SWNTs show distinct behavior. Within the M-, S1-, and S2-types, the E;; energies that

belong to the families of constant 2n 4+ m group together in the Kataura plot.

2.2.4 Extended tight-binding model

Recent E;; measurements by photoluminiscence (PL) and resonance Raman spectroscopy
(RRS) indicate that the STB calculation is not sufficient to interpret the experimental
results. Figures and give the same E;; energies for the same SWNT sample, that
is HiPco SWNTs suspended by SDS surfactant in aqueous solution. The experimental
Kataura plots in Figs. [2.13|(b) and [2.14|(b) differ from the theoretical STB Kataura plot
in Fig. two aspects: in the large diameter limit and in the small diameter limit. In
the large d; limit the ratio of E5, to EY, reaches 1.8 in the experimental Kataura plots,
while the same ratio goes to 2 in the theoretical STB Kataura plot [40], which is called
as the ratio problem. This problem can be understood by means of the many-body
interactions related to the excitons, that will be discussed in Sec. 2.4]

In the small d; limit, the families of constant 2n + m deviate from the mean E;; en-
ergy bands in the experimental Kataura plots, while the family spread in the theoretical
Kataura plot remains relatively moderate [26]. In search for the origin of the family
spread, we reconsider the limitations of the STB model discussed previously. Within
the STB model, the long-range atomic interactions and the effect of the curvature of the
cylindrical surface of a SWNT are both neglected. The long-range atomic interactions
are known to change the electronic band structure of the graphene sheet and SWNTs.
On the other hand, in the presence of the curvature, the 7 orbitals are mixed with the o
orbitals. Furthermore, the o-7 rehybridization suggests that the geometrical structure
of a small diameter SWNT deviates from the rolled up graphene sheet. A geometrical
structure optimization must thus be performed to allow for atomic relaxation to equilib-
rium positions. This in turn affects the E; energies of the small diameter SWNTs. In the

case of GNRs and large diameter SWNTs, however, the ¢ molecular orbitals are irrele-

Fig.|2.13; fig/fch2-pl.eps
Fig.|2.14; fig/fch2-r1s.eps
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Figure 2.13 (a) 2D photoluminiscence (PL) map measured on wrapped HiPco SWNTs sus-

pended by SDS surfactant in aqueous solution [40]. (b) The Kataura plot extracted from the

PL map [26]. The numbers show the constant 2n + m families. This figure is adapted from

Ref. [38].
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Figure 2.14 (a) The resonance Raman spectral density map in the frequency range of the RBM

measured on wrapped HiPco SWNTs suspended by SDS surfactant in aqueous solution[41]. (b)

The Kataura plot extracted from the map in (a).

families. This figure is adapted from Ref. [3§].

The numbers show the constant 2n + m

vant because the surface is flat and thus the ¢ and 7m molecular orbitals are orthogonal

to each other.

Based on the above consideration, the STB model is extended by including the long-
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Figure 2.15 The ETB Kataura plot similar to the STB Kataura plot in Fig.[2.12|as a function

of (a) SWNT diameter d;, and (b) inverse diameter 1/d;. The ETB model takes into account
the long-range atomic interactions, the curvature effects of small diameter SWNTs, and the
optimized geometrical structures of the SWNTs. Black, red, and blue dots correspond to M-,
S1-, and S2 SWNTs, respectively. The constant 2n + m families are connected by lines. This
figure is adapted from Ref. [3§].

range atomic interactions and the o molecular orbitals, and by optimizing the geometrical
structure. The resulting model is referred to as the extended tight-binding model (ETB).
Within the framework of the ETB model, we use the tight-binding parametrization deter-
mined from density-functional theory (DFT) employing the local-density approximation
(LDA) and using a local orbital basis set [42]. The ETB model is calculated in detail by
Samsonidze et. al [43]. We closely follow his approach for the ETB electronic structure
calculation.

Figure [2.15| show the calculated ETB Kataura plot as a function of tube diameter
and inverse diameter. The plot exhibits a similar family spread to the PL and RRS

Fig. [2.15} fig/fch2-etbkat.eps




2.2. ELECTRONIC PROPERTIES 43

15
6 aGNR 7 aGNR 8 aGNR

101 /\
3 5]
>
o2
2
N O-A

1@ e e

-1 0 1 -1 0 1 -1 0 1
k (w/L) k (xL) k (w/L)

Figure 2.16 Electronic energy bands for 6-, 7- and 8-aGNR nanoribbons calculated in the
ETB model.

experimental Kataura plots in Figs. [2.13|(b) and [2.14|(b). The family spread is concluded
to be related to the curvature effect of SWNTs. However, although the family spread
of the ETB model is in good agreement with the PL. and RRS Kataura plots, it still
deviates 200 — 300 meV from the PL and RRS experiments. This deviations originates
from the excitonic many-body effects which will be discussed in Sec.

2.2.5 Nanoribbon electronic structure

The GNR electronic structure depends on the edge shape. In the case of armchair
GNRs (aGNRs), they can belong to one of three families depending on the mod number
mod (N, 3). Similar to the SWNTs with the use of an ETB calculation considering the
long-range interactions but neglecting the curvature effects, we can classify mod 0 and
mod 1 aGNRs as semiconductors and mod 2 aGNRs as metals [37, 44].

Bandstructures for 7 electrons in three representative aGNRs calculated within the
ETB model are shown in Fig.[2.16] The 6-aGNR and 7-aGNR ribbons are semiconduct-
ing with finite band gaps, while the 8-aGNR ribbon is metallic. Armchair semiconducting
nanoribbons have direct gaps that arise from quantum confinement and edge effects and

all the electronic wavefunctions near the band edge are distributed throughout the width

Fig. fig/fch2-agnrelstruct.eps




44 CHAPTER 2. BASICS OF CNT AND GRAPHENE

5 4

Energy (eV)

o
PR

7 zGNR

-1.0 -0.5 0.0 0.5 1.0

k (/L)

Figure 2.17 Electronic energy bands a 7-zGNR nanoribbon calculated in the ETB model.
The lowest seven bands labeled v1...v7 are the valence bands, while the highest seven bands

labeled cl...c7 are the conduction bands.

of the ribbon.

In the case of zigzag GNRs, all of them are metallic and there is no classification into
qualitatively distinct types like there is in armchair nanoribbons. It should be noted,
however, that the localized electronic energy band, which are the so-called edge states,
exists for zGNR in which the c1 and v1 energy bands as shown in Fig. are merged
into degenerate energy bands at the zone boundary region. Since the contribution of
the edge states to coherent phonon amplitudes is not clear yet, we will not discuss
the coherent phonon properties in zGNRs and we will mainly consider the aGNRs in

Chapter

Fig. fig/fch2-zgnrelstruct.eps



2.3. VIBRATIONAL PROPERTIES 45

2.3 Vibrational properties

Phonons in graphene, SWNTs and GNRs have been studied by a number of techniques
including elastic continuum models [45] [46], force constant models |1}, 47, 148, 49} [50] bond
charge models[51], and ab initio methods [52], (53], 54], [55]. Here, we treat phonon disper-
sion relations in planar graphene using a force constant model [47], which we also refer
to as the valence force field model (VFF). We include radial (r) bond-stretching interac-
tions as well as transverse in-plane (¢i) and out-of-plane (t0) bond bending interactions.
The force constants for these interactions are denoted ¢$"), ¢§f), and ¢§Z) respectively
where the integers n = 1...4 label the nearest neighbor atomic shells surrounding each

carbon atom.

We must include at least fourth neighbor interactions to describe the bond twisting
interaction involving a carbon-carbon sp? bond and the four attached carbon-carbon
bonds with a total of six carbon atoms. The most widely separated of these six carbon
atoms are separated by the fourth neighbor distance. We use 12 force constant values
obtained from fits to experimental data [47] keeping up to fourth neighbor interactions.
In graphene, there are two atoms per hexagonal unit cell giving rise to six phonon
branches. The phonon energies fiw(q) and corresponding mode displacement vectors are

obtained by diagonalizing a 6 x 6 dynamical matrix [47].

The graphene phonon dispersion relations are shown in Fig. [2.18|(a) where phonon
energy is plotted along high symmetry lines in the hexagonal Brillouin zone. There are
six phonon modes. The corresponding density of states for the phonon modes in units
of modes per hexagonal unit cell per eV is shown in Fig. 2.1§(b). Near the I' point
(q = 0), there are three acoustic and three optical branches. The lowest acoustic branch
is an out-of-plane transverse mode (ZA) whose energy varies as q°. There are two in-
plane acoustic modes with energies varying linearly as |q|. The lower lying of these two
modes is a transverse acoustic mode (TA) and the higher lying mode is a longitudinal
acoustic mode (LA). The lowest lying optical branch is an out-of-plane transverse mode
(ZO) with a negative g energy dependence at the I point. The remaining two optical
branches are in-plane transverse optical (TO) and longitudinal optical (LO) modes which
are degenerate at the I' point and whose energy dependence is approximately constant

for small values of q. For the I' point LO mode the A and B atoms vibrate parallel to
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Figure 2.18 (a) Graphene phonon energies, hw(q), along high symmetry lines in the hexagonal
Brillouin zone. (b) Phonon density of states in units of phonon modes per hexagonal unit cell
per eV. The high symmetry lines are shown schematically in the inset where the Brillouin zone
has been rotated clockwise by 30°. In (c¢) the mode displacement vectors for the g = 0 in-plane

LO and TO phonons are shown schematically.

the graphene 7 axis (parallel to the bond connecting the A and B atoms) 180 degrees
out of phase with each other. For the I' point TO mode the atoms vibrate out of phase
with each other parallel to the graphene y axis. The mode displacement vectors for the
LO and TO modes are shown schematically in Fig. 2.1§|(c).

The above valence force field model works well for graphene and planar carbon struc-
tures such as GNRs. However, in SWNTs where the curvature effects are important,
special care must be taken to ensure that the force constant sum rule is obeyed [56].
This simply means that the valence force field potential energy terms must be invariant
under rigid translations and rigid rotations of the nanotube about the nanotube axis.
In Ref. [49], Mahan and Jeon pointed out that many calculations in the literature use
force field models that violate the force constant sum rule and fail to reproduce long
wavelength flexure modes predicted by elasticity theory. To remedy this problem in
our calculations, we treat lattice dynamics in carbon nanotubes using a modified va-
lence force field model (MVFF) in which the force constant sum rule is obeyed so that
the force field potentials are invariant under rigid translations and rotations. In our

MVFF model, we include bond stretching, in-plane bond bending, out-of-plane bond

Fig. fig/fch2-grphdisp.eps
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Figure 2.19 Graphene phonon energies, hw(q), along high symmetry lines in the hexagonal
Brillouin zone. Black dots are obtained using the 12 parameter valence force field model (VFF)
described in the text and the solid red curves are the best fit phonon energies for the 7 parameter
modified valence force field model (MVFF). The MVFF fits are optimized for low phonon

energies.

bending, and bond twisting potentials. Our MVFF model for SWNTs has seven force
constants [I1], four due to bond stretching interactions out to fourth nearest neighbor
shells and one each from the remaining three interactions. We obtained force constants
for the MVFF model by fitting our MVFF results for graphene to the ordinary VFF
results shown in Fig. [2.18]|

Figure shows the best fit MVFF results as red solid lines and the VFF model
results as black dots. In the fitting procedure, we gave added emphasis to the low
frequency phonons. In what follows, we will use the VFF model in graphene and GNRs
and the MVFF model for SWNTs. The force constants in our phonon models are,
however, independent of the density of photoexcited carriers and cannot describe phonon
softening observed at high values of the laser fluence, which are not considered in this

work, because we will not discuss the high-frequency optical phonon modes.

Fig. fig/fch2-grphdisp2.eps
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Figure 2.20 Phonon dispersion relations for (a) the (11,0) zigzag SWNT and (b) the (8,6)
chiral SWNT calculated using the modified valence force field model. The acoustic modes are

thick blue lines and the radial breathing mode (RBM) is shown as a thick red line.

Figure shows the computed phonon dispersion relations for the zigzag (11,0)
and chiral (8,6) semiconducting SWNTs. Because of the SWNT screw symmetries, the
phonon dynamical matrix can be block diagonalized into 6 x 6 submatrices each of
which corresponds to a different value of the cutting line index u = 0,..., Nyex — 1. The
coherent phonon active phonon modes are ¢ = 0 modes with nonzero frequency and
cutting line index = 0. The coherent phonon active mode with the lowest frequency is
the radial breathing mode (RBM) which corresponds to the lattice vibration along the
tube diameter direction. In Fig. the p = 0 acoustic phonon branches are shown as
blue lines while the p = 0 branches containing the ¢ = 0 RBM are shown as thick red
lines.

As for the GNR system, we show the phonon dispersion for a representative armchair
GNR in Fig.[2.21] A typical mod 1 semiconducting nanoribbon is the 7-aGNR. In GNRs,
the coherent phonon active mode with the lowest phonon energy is the radial-breathing-
like mode (RBLM) mode at ¢ = 0. Figure shows the 7-aGNR unit cell with 14

carbon atoms, and superimposed on these atoms are vectors proportional to the atomic

Fig. fig/fch2-tbphdisp.eps



2.4. EXCITONIC PROPERTIES OF SWNTS 49

8 TaGNR t 4 .
Radbi
®1 = : : 3
. =1 & & =
S ] o 3
) A 5 0.1
£ 4 ~ oo > c
% 1 I w
< 5] =l ¢ 3
’ S
T A ]
0 I 'I RBLM 00+
j 0.051eV

‘4 2 0 2 4
X (Angstroms)

Figure 2.21 Phonon mode pattern for the RBLM mode (phonon energy 51 meV) in a 7-aGNR
mod 1 semiconducting nanoribbon. The coherent phonon amplitude is proportional to the
ribbon width and increasing amplitude corresponds to ribbon width expansion. The phonon
dispersion relation is shown on the right with the phonon branch containing the RBLM mode
at ¢ = 0 shown as a thick black line. The red lines correspond to out-of-plane modes and the

black lines are in-plane modes.

displacements in the RBLM mode as determined in the valence force field model. As can
be seen in the figure, the RBLM mode represents a periodic expansion and contraction
of the ribbon width. The inset shows the phonon dispersion relations for out-of-plane
modes (red curves) and in-plane phonon modes (black curves). The phonon branch
containing the RBLM mode is shown as a thick black line and the RBLM mode at ¢ = 0
is indicated by a yellow dot. Additionally, the RBLM phonon energy is found to be
51 meV.

2.4 Excitonic properties of SWNTs

Exciton effects in SWNTs are very important due to confinement of electrons and holes
in the 1D system. Though in the previous sections we have seen that the single particle
(electron) model within the tight-binding approximation can partially describe the opti-

cal transition energies, the presence of excitons in the real case cannot be neglected, as

Fig. fig/fch2-agnrphdisp.eps
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is indicated by the large exciton binding energy measured in the experiments [27, 28].
Moreover, the many-body corrections can only be understood by taking into account
the exciton effects. In this section, the methods for calculating the transition energies
in the exciton picture are reviewed and some relevant results will be discussed. The
electron-hole corrections are included via the Bethe-Salpeter equation and the calcu-
lation is again performed within the ETB approximation as the ETB model has been
proven to accurately predict the electronic properties of SWNTs. This framework has
been summarized into an exciton energy calculation package following the work by Jiang

et al. [34] and Sato et al. [57]. The computer program is now maintained in our research

group.

2.4.1 Bethe-Salpeter equation

Exciton is an electron-hole pair bound by a Coulomb interaction and thus localized
either in real space or k space. But in solids, all wave functions are delocalized as the
Bloch wave functions, which are specified by the electron wavevector (k.) or the hole
wavevector (k,). To create an exciton wave function from the electron and hole wave
functions, the electron and hole Bloch functions at many (k.) and (k,) wave vectors
have to be mixed. The mixing of different wavevectors by the Coulomb interaction is

obtained by the so-called Bethe-Salpeter equation [58] (59 34]:

> l(B(ke) — E(k,))d(K., k.)d(k], k,) + K (KK, kck,)]¥" (k. k,) = Q, 0" (k. K]),
ke ko

(2.39)
where E(k.) and E(k,) are the quasi-electron and quasi-hole energies, respectively. The
“quasiparticle” means that a Coulomb interaction is added to the single particle energy
and the particle has a finite life time in an excited state. €2, and U™ are the n-th excited

state exciton energy and corresponding exciton wavefunction.

The mixing term or kernel K (k'k/ k.k,) is given by

K (KK, kk,) = 20s K9 (KK, k.k,) — K* (KK, kk,), (2.40)

cTu) cv) cTvY

with g = 0 for spin triplet states and 65 = 1 for spin singlet states. The direct interaction
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kernel K? for the screened Coulomb potential w is given by the integral
KYKK kk,) = W(klk.kk,)
= [ rdni, (6 e e @), (241)

and the exchange interaction kernel K* for the bare Coulomb potential v is

KUK, dek) = [ v, (V) (ol (00, (1), (242)

where 1) is the single particle wave function.
The quasi-particle energies are calculated from the single particle energy es,(k) by

including the self-energy corrections 3(k):

E(k.) = esp(ke) + X(ke), (2.43)
E(ky) = e5p(ky) + 5(ky), (2.44)
where Y (k) is expressed as
ZW (k4 q)o, (k + q)o ke, (2.45)
ZW (k+ Q). (k + q)uky). (2.46)

In order to obtain the kernel and self energy, the single particle Bloch wave function
x(r) here is approximated by an ETB wave function. The dielectric screening effect is
considered within a random phase approximation (RPA), in which the static screened

Coulomb interaction is given by

V
re(a)’
with the dielectric function €(q) = 1+wv(q)Il(q) that describes effects of the polarization

W= (2.47)

of the m bands. The effect of electrons in core states, o bonds, and the surrounding mate-
rials are all represented by a static dielectric constant «. By calculating the polarization
function I1(q) and the Fourier transformation of the unscreened Coulomb potential v(q),
the exciton energy calculation can be performed. For 1D materials, the Ohno potential
is commonly used for the unscreened Coulomb potential v(q) for 7 orbitals [29]. Af-
ter obtaining the excitation energy §2,,, the exciton binding binding energy FEyq can be

calculated by substracting the quasi particle energy Eqp = E.(k.) — E,(k,) with €y,

Evq = Egp + Q1. (2.48)
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Figure 2.22 Symmetry of an exciton. If both the electron and hole are from the K (or K’)
region (right side of the above figure), the corresponding exciton is an A » symmetry exciton.
If an electron is from the K region and a hole is from the K’ region (left side of the above figure),
the corresponding exciton is an E symmetry. One more case is not shown here, the E* exciton,

which is just an opposite situation of the F exciton.

Here €y, which is the first (lowest) exciton state, is interpreted as the transition energy
E;;, where an electron and a hole lie on the same i-th cutting line with respect to the K
point of the 2D Brillouin zone of graphene. The difference between E; and the single
particle band gap gives the many-body corrections FEy,, which is also the difference

between the self energy and binding energy,

Epp = X — Epg. (2.49)

2.4.2 Exciton symmetry

To discuss the exciton symmetry, wave vectors K for center-of-mass motion and k for

relative motion are introduced,

K=(k.—k,)/2, k=k.+k,. (2.50)
The exciton state can then be denoted as |k,K) and the Bethe-Salpeter equation is
rewritten in terms of K and k. Because the Coulomb interaction is related to the
relative coordinate of an electron and a hole, the excitons in SWNTs can be classified

according to the 2K value in the regions shown in Fig. [2.22]

Fig. fig/fch3-wfzone.eps
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There are three inequivalent regions in the 2D Brillouin zone of graphene, i.e. two
triangle regions around K, K’, and a hexagonal region around the I' point. For SWNTs,
the optical transitions are related to the electron and hole on the cutting lines in the K or
K’ regions. If both the electron and hole are from the K (or K’) region, the corresponding
exciton is an A;, symmetry exciton. The center-of-mass momentum 2K lies in the T
region and k will be around K (or K’) region. If an electron is from the K region and a
hole is from the K’ region, the corresponding exciton is an E symmetry. The momentum
2K lies in the K region. If an electron is from the K’ region and a hole is from the
K region, their 2K lies in the K’ region, and this exciton is an E* symmetry exciton.
The F and E* excitons, which have a large angular momentum for the center-of-mass
momentum, are dark excitons because the photon wave vector is nearly zero. For A
excitons, the electron-hole pair |k., k,) = |k, K) with the electron and hole from the K’
region and | — k., —k,) = —|k, K) with the electron and hole from the K’ region have the
same value for K. Here |k, K) is antisymmetric, whereas —|k, K) is symmetric, under
the C5 rotation. The corresponding excitons are labeled A; and A; excitons, respectively.

The optical dipole moment is defined as
M x P (U|V|T), (2.51)

with (V| and |¥o) denoting the excited and ground states, respectively, and P is the
light polarization vector. The ground state |¥o) has an s symmetry and operator V is
antisymmetric under the Cy rotation. In order to get a nonzero M, |¥) thus should
be antisymmetric, too. Therefore, A; excitons are dark excitons, and only Ay excitons
are bright excitons. Hereafter, only the case of bright excitons is considered because
the optical transitions in coherent phonon generation are related to the optical dipole

transitions of the bright exciton.

2.4.3 Bright excitons

For the bright excitons, the cutting lines k;; near the K point is important to determine
exciton energies Ej;. A triangular region which connects three M points, i.e., M;, M,,
and M, around the K is defined as the 3M triangle as shown in Fig. 2.23] Only in
this region the energy dispersion of the conduction (valence) band for a SWNT has a

minimum (maximum). The remaining region of the Brillouin zone is a hexagonal region
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Figure 2.23 Wave vectors of a (6,1) SWNT nanotube around the K point. The cutting lines
must cross the M;M, line in order to have an E;; within the 3M region. The index p is counted

from the I" point.

which connects six M points around the I' point. In the hexagonal region, the conduction
(valence) bands have a maximum (minimum). This gives a singular joint of density of
states but a minimum electron-photon matrix element at the singular point [60]. Thus
a cutting line will not contribute to the optical absorption at Ej; if the cutting line lies
outside of the 3M triangle. As for example, a (6,1) SWNT shown in Fig. does
not have Fs3 optical absorption because the corresponding cutting line cannot lie within
the 3M triangle. Therefore, F33 is skipped, only FEi;, Es, and FE, are observed in

experiments, though all F;; values can be calculated by theory.

Figure shows the calculated results for the lowest bright exciton states but
different cutting lines k;;, which then give the exciton energies E;;. The results for higher
exciton states on a given cutting line is beyond the scope of the present discussion. The
Kataura plot in figure is given as a function of inverse tube diameter in the range of
0.3 < d; < 3.0nm. The E;; calculation is performed by taking a single constant k = 2.22
which is fitted from the experimental F;; data of the RRS or PL measurements for SWNT
bundle samples. Like the single particle ETB model, the exciton ETB Kataura plot also
shows the 2n + m family patterns, but unlike the single particle picture this excitonic

plot can be adjusted by changing x.

The eight diamond symbols are experimental results for suspended SWNTs given

Fig. fig/fch3-mmm.eps
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Figure 2.24 The bright exciton energy Kataura plot as a function of inverse diameter 1/d;
for k = 2.22. The exciton energies F;; shown here are up to EGSG and Eé\g Black, red, and
blue dots correspond to M-, S1-, and S2 SWNTs, respectively. The eight diamond symbols are
experimental data by Michel et al. (Ref. [61]). The 2n + m family patterns are clearly seen
for smaller diameter SWNTs. The arrows with A (Z) symbols correspond to the near armchair

(zigzag) SWNTs.

by Michel et al. [61] in which they succeeded with an assignment of (n,m) for SWNTs
with diameters of up to 3nm. Although their results are for isolated suspended SWNTs,
and the calculation is for bundles, the calculated results for their assigned (n,m) values

reproduce well all eight points within the environmental effect shifts up to 80 meV [62].

2.4.4 Exciton size

The localized exciton wavefunction is constructed by mixing many k states in which the
mixing coefficients are determined by the Bethe-Salpeter equation. In Fig. M(a), the
wave function for a (20,0) SWNT is shown. The exciton wave function half-width I
indicates the exciton size in reciprocal space. Since the Fourier transformation of this
wave function will also give a similar localized function, the width in real space gives
the exact exciton size or radius, that is the effective distance between an electron and
a hole in the bound electron-hole pair. The exciton size in real space is thus inversely

proportional to [;. To study the wave function size dependence on chirality, the width I

Fig. fig/fch3-exkata.eps
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Figure 2.25 (a) Exciton wave functions in 1D k space for a (20,0) semiconducting SWNT.
The states shown here are for Foy and E33. The wave function half-width [, increases with Ej;.
(b) I for many SWNTs as a function of 1/d;. The cutting line spacing 2/d; is shown by the
solid line for comparison. The dashed lines indicate the corresponding F;; states. The spacing

between F33 and Fy4 is not distinguished clearly.

for the E11 up to Eyy states are calculated for all SWNT's with diameters d; in the same
range as in the exciton energy calculation, 0.3 < d; < 3.0nm, shown in Fig. 2.25] For
comparison, the cutting line spacing 2/d; is also shown in the figure by the solid line. It
is clear that [; is always smaller than the cutting line spacing 2/d;. Because [}, measures
the extended length of a wave function in k space, this result indicates that one cutting
line is sufficient to describe Ej; states. Fig. also implies that the inverse of [, which
is the exciton size in real space, spans around 0.5 — 2.0nm. Later in Chapter 5 we will

particularly consider a (11,0) tube which has exciton size in real space of about 0.9 nm.

Fig. fig/fch3-1k.eps



Chapter 3

Theory of coherent phonon generation

process

In this chapter, we provide the theory of coherent phonon generation process in general
semiconductor nanostructures [10]. We then derive the equation of motion for coherent
phonons in single-wall carbon nanotubes (SWN'Ts) [111, 12} 14] and graphene nanoribbons
(GNRs) [13]. It is found that the coherent optical phonon amplitudes satisfy a driven
harmonic oscillator equation and that the carriers photoexcited by an ultrafast pump
acted as a driving source for coherent optical phonon oscillations via the deformation
potential coupling between electrons (or holes) and phonons. The calculation methods
for electron-photon and electron-phonon interactions, which govern the driving force
of coherent phonons, are also presented in this chapter. We particularly utilize the
tight-binding approximation and effective-mass theory for describing the electronic states

appearing in the interaction processes.

3.1 Phenomenological model of coherent phonons

To explain oscillations observed in the differential transmission and reflectivity data of the
pump-probe experiments, early researchers attributed these phenomena to the coherent
phonon oscillations which phenomenologically follow a driven harmonic oscillator [15].
The evolution of a coherent phonon amplitude ) in the presence of a driving force

exerted by ultrafast laser pulse is governed by the differential equation which follow a

57
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phenomenological driven oscillator model,

0*Q(t) 0Q(t)
ot? ot

F(t)
M,

+ 2 2o = (3.1)

where wy is the frequency of the phonon mode, 7p is the damping parameter, M is
the mass of the system, and F' is the driving force. This force may depend on carrier
density, temperature, and other parameters of the system. The damping parameter yp
is the inverse of the dephasing time of the coherent phonon mode [16]. The dephasing
time comes from a combination of phase-destroying processes and population decreasing
processes, such as anharmonicity and electron-phonon interaction lifetime.

Phenomenological model in Eq. can be solved analytically by using Fourier
transform or Green’s function method with the initial condition that both Q(t¢) and
0Q) /0t are zero before the force F'(t) is applied. The solution is given by [5]

o0

B F(t —7)e ™ sin(y/wi —37)
Qt) = / 7 o dr (3.2)

In this solution, the form of the driving force plays an important role in determining the

—00

oscillator properties. Let us consider two limiting cases of the forcing functions. The

first kind is impulsive force, which has the following form:
F(t) = 16(t), (3.3)

where (t) is a Dirac delta function in time and thus I = [ F(¢)dt is the total impulse

delivered to the oscillator. The second kind is displacive force,
F(t) = Do(t), (3.4)

where 60(t) is the Heaviside step function and D is the force magnitude.

The generation of the coherent phonons depends on the rapid photoexcitation of
electrons and holes by a pump laser pulse. If the pump pulse is not resonant with the
electronic levels, quantum mechanics still allows for the creation of electron and holes for
a short period of time consistent with the time-energy uncertainty principle. These so
called “virtual” carriers adiabatically follow the pump pulse envelope and disappear after
the pump pulse is gone. For a short pulse, this is approximately a Dirac delta function

and corresponds to impulsive excitation. If the pump laser energy is resonant with the
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Figure 3.1 Schematic solution to the harmonic oscillator model for (a) impulsive force and (b)

displacive force. Here vp = 0.1wyg is used.

energy levels of the system, then “real” carriers (electrons and holes) are generated during
the pump pulse. In this case, the carrier density is proportional to the integral of the
pump pulse envelope which is approximately given by a Heaviside step function for a
rapid pump pulse. We can then integrate Eq. to find the solution for each case
(impulsive or displacive model).

By inserting Eq. (3.3) to Eq. (3.2)), we obtain the solution for an impulsive force at

t >0,
Q(t) ;e_mt sin(ty/wg —73). (3.5)

RAEEE:

An typical oscillation due to an impulsive force is shown in Fig. |3.1{a). This is similar
to ringing a bell, where the driving force is applied for only a short time. The solution
shows that an impulsive force starts oscillations about the current equilibrium position,
which will damp out exponentially. An impulsive force results if the femtosecond pump
pulse is not resonant with the conduction and valence band states as is the case in below
bandgap excitation. Because of the uncertainty principle, virtual carriers are created
and the density of these carriers will adiabatically follow the pulse envelope.

On the other hand, by inserting Eq. to Eq. , we obtain the solution for a
displacive force,

Qt) = mlc)ug [1 — e ! (Cos(t\/wg —73) + % sin(ty/wd — 7%))] (3.6)

0o~ 7D

In Fig.[3.1(b), we show an illustrative oscillation due to a displacive force. The situation

is analogous to putting weights on a spring suspended from the ceiling. The weights

Fig. fig/fch3-impdisp.eps
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cause the spring to stretch to a new equilibrium position and if the weights were applied
fast enough, the spring will oscillate around the new equilibrium position. Displacive
forces typically arise when the femtosecond pump pulse has resonant transitions creating
real carriers in the semiconductor as is the case for excitation above the bandgap. How-
ever, due to the broad spectral width for ultrafast pump excitation, there are Fourier
component for excitation both above and below the bandgap and both real and virtual
carriers will in general be created leading to impulsive and displacive contributions to

the coherent phonon generation process.

3.2 Microscopic theory of coherent phonons

The phenomenological oscillator model basically gives the essential physics of coherent
phonons in semiconductors. However it left open the question of exact definition of the
coherent phonon amplitudes. It was found that the key to understanding the micro-
scopic origin of the driven oscillator model for coherent phonon generation is actually to
realize that the coherent phonon amplitude is proportional to the following expectation

value [10],
Qq(t) = (bq + 0Ly, (3.7)

where (bq) and (bT_q> are the expectation values of the phonon creation and annihilation
operators for phonon wavevector q and —q, respectively. It is also known that the
lattice displacement operator u(r) can be expressed in terms of the phonon creation and

annihilation operators,

u(r) =Y % (b + L) (3.8)

where M, is the mass of the system. Therefore the coherent phonon amplitude is pro-
portional to the Fourier components of the displacement.

We should note that the expectation values will vanish in a phonon oscillator
eigenstate and there are also fluctuations defined by (u?) = (bb" + b'b). These phonons
are incoherent phonons in the mode. However, the expectation values do not vanish
for the coherent states given by a coherent superposition of more than one phonon

eigenstate. The canonical coherent states are defined for each complex number z in
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terms of eigenstate of harmonic oscillator,

geoh = |2) = e(sz—z*b)|0> - Z z 'e—z2|n>, (3.9)
n.

hence we coined the term “coherent phonons”. These states are essentially the same as
those used in quantum optics to describe the quasi-classical photon states of the electro-
magnetic field. The coherent phonon states are eigenfunctions of the phonon annihilation
operator by for phonons with wavevector q, i.e. bq|z) = z|2), and represent minimum-
uncertainty Gaussian wavepackets that oscillate back and forth in the parabolic potential
without broadening and thus when the amplitude z is large they behave like a macro-
scopic harmonic oscillator.

To obtain the equations of motion for (bf) and (by), we can use the Heisenberg

equations for the expectation values of operators,

do 1
— = —|H, 0], 3.10
= = 2 [H,0 (310)
where O is any quantum operator. In a simplified system consisting of two electronic
bands (conduction and valence bands) interacting with certain phonon modes, the Hamil-

tonian can be expressed by

H= Zenkc kcnk+2hw b+ D Micq (ba+blg) chice gt (3.11)

nk,q
where the first term is the electron Hamiltonian, the second term is the phonon Hamil-
tonian, and the third term is the electron-phonon interaction Hamiltonian with My  as
the electron phonon matrix element at the electronic subband n for electron wavevec-
tor k and phonon wavevector q. Inserting this Hamiltonian to the Heisenberg equation
and using the definition of coherent phonon amplitude in Eq. , we can obtain the
dynamical equation of motion for the coherent phonon amplitude,

0*Qq(1)

a2 wala(t) = Sq(t), (3.12)

where

2w n
QZM Mg (3.13)

is the driving force of the coherent oscillation (see Appendix |Al for a detailed derivation

of Egs. and (3.13)). Here ny, . = <CLkan—q> is the Fourier transform of the
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electronic density matrix. The electronic density matrix is nonzero only after excitation
with an ultrafast laser pulse. The rapid creation of electrons/holes by the femtosecond

pump pulse changes the forcing function and triggers the coherent phonon oscillations.

Equation is very similar to the phenomenological model in Eq. except
that it is written in momentum space. In fact, because of the Fourier transform relation
between the coherent phonon amplitude and the lattice displacement, we have actually
obtained Eq. from the microscopic model in Eq. (3.12). However there is no damp-
ing term because the anharmonic terms are neglected in the lattice potential. Since the
wavelength of the pump laser is large compared with the spacing between atoms in the
nanostructure, usually the electrons and holes are created in a macroscopicaly uniform
state, which excites only the ¢ = 0 phonon modes. Coherent phonon studies in car-
bon nanotubes and graphene nanostructures have also focused primarily on the ¢ = 0
phonon modes, which include the radial breathing modes (RBMs) in carbon nanotubes
and the radial-breathing-like modes in (RBLMs) in graphene nanoribbons. In addition,
by considering excitonic effects in carbon nanotubes, we may also expect to excite ¢ # 0

modes which will be discussed in later chapter of this thesis.

3.3 Equations of motion for coherent phonons in nan-

otubes and nanoribbons

For a single wall carbon nanotube (SWNT) or graphene nanoribbon (GNR), since we
have several subbands for electronic states and phonon energy dispersion, the notation
of coherent phonon amplitude is slightly more cumbersome. Both electronic structure
and phonon dispersion now have several branches because of zone folding, each of which
is denoted by a cutting line label p and v, respectively (see the discussion on the cutting
line concept in Chapter [2). The equations of motion for coherent phonon modes are
obtained using a microscopic description of the electron-phonon interaction as described
in the previous section. For each phonon mode in the nanotube and nanoribbon, the

coherent phonon amplitude is given as

Quvg(t) = (g + 0y, (3.14)
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where the subscript m labels the six phonon modes in the graphene phonon dispersion
and ¢ is the 1D phonon wave vector of the SWNT or GNR. The full expression for the

equation of motion is

PCminll) 2 (@) Qmalt) = 2D S At ) el ()8

nn' uk

(3.15)
To simplify Eq. (3.15)), we assume that the optical pulse and the distribution of
photoexcited carriers are spatially uniform over the nanotube. The electronic density

matrix is thus diagonal and can be written as [11]

<CIL’,,LL+V,k‘7q<t>ank (1)) = 6w ,n01,000,0 frp (K 1), (3.16)

where f,,(k,t) is the photoexcited carrier distribution in the subband nyu with wavevector
k at time t. We also consider that the only coherent phonon modes that are excited are
the v = 0 and ¢ = 0 modes, whose amplitudes satisfy a driven oscillator equation,

PQRu(t)

S T wmQm(t) = Sn(®), (3.17)
where Qn(t) = Qmoo(t) and w,, = wyoe(q). The driven oscillator equation is solved
subject to the initial conditions @,,(0) = 0 and @Q,,,(0) = 0. Therefore, taking the initial

conditions into account, the driving function S,,(t) is given by

Sit) = =22 57 M) b, 1) — fon(,0)] (3.18)

npk
where f,,(k,t) is the time-dependent carrier distribution function, f,,(k,t) is the initial
equilibrium electron distribution function, and M#(k) = My",_o(k,q = 0).
The coherent phonon driving function S,,(¢) depends on the electron-phonon matrix
elements and photoexcited electron distribution functions. In principle, we could solve
for the time-dependent distribution functions fully by solving the Boltzmann equation

formalism taking photogeneration and relaxation effects into account [11],

Ofun(k,t) _ {Ww(k,t)] N [3fnu(k,t)] . [afw_(“)] (3.19)

ot ot ot ot

where f,,(k,t) is the time-dependent distribution function for electrons (or holes) in
subband (n, ) with wave vector k. The first term on the right-hand side represents

the time rate of change of the distribution functions due to transient photogeneration
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of electron-hole pairs by the pump, while the second term represents the time rate of
distribution change due to scattering or relaxation process by optical phonons. The final
term describes the time rate of change of the distribution functions due to carrier-carrier
scattering.

To simplify the calculations, we introduce a useful approximation as follows. After
photoexcitation, the electron-hole pairs slowly scatter and recombine. Jiang et al. found
that the relaxation times in graphite-related system are on the order of a few picoseconds,
(~5—10ps) [63], which is much slower than either the ultrafast laser pulse or a typical
coherent phonon oscillation period in SWNTs and GNRs considered in this study. The
driving function S,,(¢) in the present case thus rises sharply in a steplike fashion and then
slowly vanishes as the distribution functions f,,(k,t) return to f,,(k,0). We may then
safely neglect slow carrier relaxation effects and retain only the photogeneration term in
the Boltzmann equation. Even if the relaxation effects are considered, these can be taken
into account by simply including a phenomenological decay constant corresponding to
the finite lifetime of photoexcited carriers.

By considering only the photogeneration term in the Boltzmann equation, the net
photogenerated conduction-band electron distribution function f,,(k,t) — f..(k,0) for
any optical transition from the valence band to the conduction band (v — ¢) is equal to
the net photogenerated hole distribution function f,,(k,t) — fy.(k,0) for each value of
wavevector k. In this case we obtain a simplified expression for the driving function in

terms of the conduction band distribution functions,
me b
Som( ZM ) [feu(kst) = feu(k,0)], (3.20)

where
Mb (k) = M#(k) — ME(k) (3.21)
is the net electron-phonon matrix element corresponding to the creation of photoexcited

electrons and holes at the same time.

3.4 Optical transitions and absorption

In order to obtain the time-dependent carrier distribution, we can compute the photo-

generation rate within the dipole approximation using Fermi’s golden rule [64], and thus
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involving the optical (electron-photon) matrix element D" (k) for a transition between
n and n’ within a cutting line . We only focus our attention to light polarized par-
allel to the tube or ribbon axis (let us say z axis) because the optical absorption due
to the parallel polarization is about 5 times greater than that due to the perpendicular
polarization [65].

In the case of parallel polarization, optical transitions can only occur between states

with the same angular-momentum quantum number y. For the photogeneration rate we

find

0 frp(F)
ot

= Ap u(t) Y Dl (k) (ks t) = fur(ks )] 6 (AEL, (k) = hw),  (3.22)

where AE" (k) = |E,u(k) — En (k)| is the k-dependent transition energies and w(t) is

the time-dependent energy density of the pump pulse. The prefactor A; is defined by

8m2e? [ h?
A= —— | — 2
! hnf]Eﬁ (mg) ’ (3.23)

where e is the electron charge, my is the free electron mass, n, is the index of refraction

in the surrounding medium, and Fy, is the pump laser energy. The pump energy density

u(t) in Eq. (3.22)) is related to the pump fluence,

F = /u(t)(c/ng)dt. (3.24)

It can be assumed that the pump beam consists of a train of Ny identical Gaussian
pulses each with an intensity full width at half maximum (FWHM) of 7, which we define
as the pump duration. The Gaussian pulses are equally spaced in time with the time
interval between pulses being T,,s. The peak intensity of the first pulse is taken to
occur at t = 0. To account for spectral broadening, we also replace the delta function in
Eq. by a Lorentzian lineshape with a FWHM of I',.

The optical matrix element for vertical transitions between an initial state |nk) and
a final state |n'k) within a cutting line u is defined as

h A
D, = P - (n'k|VInk), (3.25)
2m0

where P is the unit electric polarization vector of light. The state |nk) corresponds to
the wavefunction W, that can be obtained within the extended tight-binding (ETB)

framework as discussed in Chapter [2l In coherent phonon spectroscopy, a probe pulse
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is used to measure the time-varying absorption coefficient of the carbon nanotube. The
time-dependent absorption coefficient is given by [66]
a(Bt) = Aa 3 [ MG o) = Faks0)] 3 (AL (K) — ) (3:20
nn'p
where the prefactor A, is defined by

AfELng

Ao = cA,

(3.27)

In Eq. , Ay is the same prefactor as that for the photogeneration rate in Eq. ,
A, is the cross-section area of the material (e.g. 7(d;/2)* for a SWNT), and c is the speed
of light in vacuum.

It is important to note that the distribution function f,,(k) and the band structure
E.,,.(k) are time dependent. The time dependence of f,,, (k) comes from the photogener-
ation of carriers described by the equation of motion for the photogeneration rate, while
the time dependence of E,,,(k) comes from variations in the carbon-carbon bond lengths
due to the macroscopic coherent phonon induced atomic displacements in Eq. .
This time-dependent deformation of the nanotube or nanoribbon bond lengths alters
the tight-binding Hamiltonian and overlap matrix elements in the ETB model. To first
order in the lattice displacements, the energies E,,(k) vary with time, however, the
tight-binding wave functions and optical matrix elements Mg} ''(k) do not. In coherent
phonon spectroscopy, excitation of coherent phonons by the pump modulates the optical
properties of the materials giving rise to a transient differential transmission signal. In
our model, we take the theoretical coherent phonon signal to be proportional to the
power spectrum of the transient differential transmission after background subtraction.
We can compute the power spectrum or Fourier transform intensity using some available

numerical packages [67].

3.5 Electron-phonon interaction

As can be seen in Eq. (3.20]), the electron-phonon interaction determines driving force for
the coherent phonon oscillation. The deformation potential electron-phonon interaction
between carriers photoexcited by ultrafast laser pulses and the phonon modes is thus

responsible for the generation of coherent phonons. The electron-phonon interaction is
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expressed by a modification to the tight binding parameters by the lattice vibrations in
SWNTs and GNRs. In modeling the electron-phonon interaction, we use two different
models within the ETB approximation [68] and effective mass theory [69]. The former
one is useful to obtain the microscopic driving force term in Eq. numerically,
while the latter (which is simpler and will be discussed intensively in this work for the
SWNT and GNR systems) is used to analytically analyze the dependencies of coherent
phonon amplitudes on the excitation energy and on the geometrical structure of SWNTs
and GNRs. The results and discussion on coherent phonon amplitudes in SWNTs and
GNRs, especially regarding the radial breathing mode (RBM) and radial-breathing-like
mode (RBLM) that become the main topics of this thesis, will be covered in Chapter [4

3.5.1 ETB electron-phonon interaction

To obtain the electron-phonon matrix elements within the ETB approximation, we

rewrite the ETB electronic wavefunction as follows [68]:

Cs0(n, k) Ze’k Rt¢ o(r —Ry), (3.28)

\Ijn,k r

.3
where n denotes the band index, N, is the number of hexagons in the unit cell, s = A and
B is an index denoting each of the distinct carbon atoms of graphene, and R; denotes
the equilibrium atom positions relative to the origin. Here ¢, denotes the atomic wave
functions for the orbitals o = 2s, 2p,, 2p,, and 2p, at R, respectively.
A lattice vibration with the amplitude of a phonon mode U(R;) will induce a potential
variation oV given by
0V =) vfr—R,—U®Ry)] —v(r—Ry)
(3.29)
~—Y Vu(r—R,)-URy),
R;
where v is the Kohn-Sham potential of a neutral pseudo-atom [42]. The electron-phonon

matrix element for a certain phonon mode is defined by [68]

MIE = (v, ,k,( |5V W, (r))

_ __ZZ 4o (0 K)Cy (1, k) (3.30)

SO S,0

XE K Rtk Rus) 5 (1 ot 0),
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where dm(t',0',t,0) is the atomic deformation potential. To calculate the electron-
phonon matrix element of Eq.|3.30| for each phonon mode, the amplitude of the atomic

vibration U(Ry) for the phonon mode (m, v, q) is defined by
U(Ry) = A (@) V/ T (q) €5 (Ry ) (O (3.31)

where =+ sign is for phonon creation (+) and annihilation (—), respectively, and A, M.,
€., and w are the phonon amplitude, number, eigenvector, and frequency, respectively.
At equilibrium, the phonon number 71 in Eq. (3.31]) is determined by the Bose-Einstein

distribution function n,,,(q) for phonons with a frequency wy,,(q),

1

N () = (3.32)

where T' = 300 K is the lattice temperature at room temperature and kg is the Boltz-
mann constant. For phonon creation, the phonon number 7 = n + 1 while for phonon

annihilation, 7 = n. The amplitude of the zero-point phonon vibration is

Amp(q) = 4| Wh;mj(q)’ (3.33)

and the phonon eigenvector &,,,(R;) is obtained from solving the dynamical matrix in
the phonon dispersion calculation.
The atomic deformation potential dm can be separated into off-site and on-site de-

formation potentials,

om = dmg, + omy, (3.34)

with the off-site and on-site deformation potentials dm, and dm, given by

(5ma = /¢s/,o/(r — Rt’) {V’U(I‘ — Rt’) . U(Rt/)
+VU(I' — Rt) . U(Rt)} ¢370(r — Rt)dr,
(Sm)\ = 5Rt,Rt/ /¢S/,O/(r — Rt’) (335)
x¢ > Vot —Ry) - URp) pyolr — Ry)dr.
R, #Ry

The off-site and on-site atomic deformation potentials are, respectively, the corrections
to off-diagonal and diagonal Hamiltonian matrix elements and both terms are on the

same order of magnitude [70)].
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Figure 3.2 (Left) oy, and (Right) A, as a function of inter-atomic distance. The vertical line

corresponds to 1.42A which is the C-C distance in graphite [68].

When using the Slater-Koster scheme to construct tight-binding Hamiltonian matrix
elements between two carbon atoms [42], the carbon 2p orbitals are chosen to be along or
perpendicular to the bond connecting the two atoms. The four fundamental hopping and
overlap integrals are (ss), (so), (o0), and (wm). We follow the same procedure as was
used to construct the deformation potential matrix elements (¢|Vov|¢). We introduce

the matrix elements,

o (1) = / Bu(E) V() ( — T)dr = 0 (1) (),

) (3.36)
M(T) = / Gu(r)Vo(r — 7)é, (r)dr = Ay (T)1(Ap),

where I(a,) and I(),) are unit vectors describing the direction of the off-site and on-site
deformation potential vectors o, and \,, respectively, and p = pv. The 2p orbital ¢,
(¢,,) is along or perpendicular to the bond connecting the two carbon atoms and 7 is the

distance between the two atoms. From «,, we can also obtain another matrix element,

By(r) = / bu(E)V(x — )6, (xr — 7)dr

) (3.37)
- / 6,(1)V0(r)6,(x + 7)dr = () (5,).

However, the integral in Eq. (3.37)) can be expressed by « terms. In Fig.[3.2] the calcu-
lated values of o, and A, are plotted as a function of inter-atomic distance between two
carbon atoms [68]. At r = 1.42, the bond length between a carbon atom and one of its

nearest neighbors, we have o, ~ 3.2eV/ and |\.-| = 7.8eV/, and |a,,| ~ 24.9eV/.

Fig. fig/fch3-matel.eps
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3.5.2 Effective mass theory

We can also calculate the electron-phonon matrix elements by using effective mass the-
ory. Indeed, considering the effective mass theory allows us to analyze the trend of
coherent phonon amplitudes of SWNTs and GNRs more clearly. Here we derive a spe-
cific Hamiltonian needed to calculate the electron-phonon matrix elements in SWNTs
and GNRs [69] 13]. The results will be shown later in Chapter

The electron-phonon Hamiltonian in effective mass theory for graphene-related sys-

tems basically can be decomposed into the on-site and off-site Hamiltonians,
Hepy = Hon + Hosr (3.38)

The details of the on-site and off-site interactions are given in Appendix [B] following
Sasaki’s work on the deformation-induced gauge field in graphene [71]. We will directly
use the results in formulating the on-site and off-site Hamiltonians. The on-site and
off-site interactions are induced by a lattice deformation which gives rise to a change
in the transfer integral and a change in the potential between A and B atoms in the
graphene unit cell. In order to derive H,, within effective mass theory for SWNTs and
GNRs, we adopt a coordinate system shown in Fig.

The on-site Hamiltonian can be expressed in terms of the divergence of us and ug,
which represent the displacement vector of A-atom and B-atom in the graphene unit

cell, respectively. This Hamiltonian is written as [71]

V- 0
Hon = Jon UB<r) . (339)
0 V - ux(r)

For the discussion of the RBM and RBLM electron-phonon interactions in SWNTs
and GNRs, we rewrite (3.39)) as follows:

= e [ (LW g ()]

where g¢,, denotes the gradient of the atomic potential at r (here we use the constant
gon = 17.0€V as obtained from a first-principle calculation [42]), o is the identity matrix,
and o, is the z-component of the vector of Pauli matrices. Although RBM and RBLM
are optic phonon modes, but on the planar graphene they are actually formed from the

out-of-plane acoustic and in-plane acoustic phonon modes of graphene, respectively. In
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Figure 3.3 Upper panel shows displacements of B-atoms at r; + R, (a = 1,2,3), that is
up(r; + Rg), which give rise to a deformation potential at A-atom of r;. Lower panel shows
local modulations of the hopping integral defined by 67§(r) (a = 1,2,3). In this coordinate
system we have the nearest-neighbor vectors Ry = (0,acc), Re = (—v3/2,—1/2)acc, Rz =
(v/3/2,—-1/2)acc, where acc = a/+/3. Here £ = 3acc/2 is used in Eq. (3.47).

these cases, we have us(r) = ug(r) = u(r). Therefore, Eq (3.40|) can be simplified to be

Hon = GonooV - u(r). (3.41)
Let V - u(r) = upn, we can write Eq. (3.41)) as

gon 0O
Hon = Uph . (342)

0 Yon
In Eq. (3.42), upn is a dimensionless parameter determined by the type of vibrations.
For example, in the case of RBM oscillation in a zigzag nanotube, upy is found to be
2s,./d;, where s, = \/h/2Mgwgrpwm is the phonon amplitude for the RBM [12, [69] and M,

is total mass of carbon atoms in the unit cell.

Fig. fig/fch3-graphenedef.eps
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Next, to derive the off-site interaction Hamiltonian, we start with the fact that the
lattice deformation modifies the nearest-neighbor hopping integral locally as —vyy —
—Y0 + 07§ (r;) (a =1,2,3). The corresponding perturbation of the lattice deformation is
given by

Off - Z Z 670 rl Z—I—a) +( )T E&-a} ) (343)

i€A a=12,3
where ¢ is the annihilation operator for a 7 electron on an A-atom at position r;, and
(cB )T is the creation operator for a 7 electron on a B-atom at position r;, (= r;+R,).
This perturbation gives rise to scattering within a region near the K point of graphene
whose interaction is given by a deformation-induced gauge field A(r) = (A,(r), A,(r))

as

Hoer = vro - A(r), (3.44)

where vp = 3ypacc/2h (~ 10° m/s) is the Fermi velocity and o is the Pauli matrix. The
deformation-induced gauge field A(r) for the off-site interaction is defined from 6§ (r)
(a=1,2,3) as (see also Appendix

wrA(r) = d0) — 5 [230) + 5], (3.45)
wA) = 5 - 5340). (3.46)

The perturbation to the nearest-neighbor hopping integral for the RBM and RBLM

electron-phonon interactions is given by

() = 7 Ra- {ulr + Ry) — ()}, (3.47)

where go is the off-site coupling constant (gox = 6.4eV) and ¢ = 3acc/2 (see the
lower panel of Fig. [3.3). Here the displacement vector of a carbon atom at r in gen-
eral is expressed by u(r) = [u,(r),u,(r)]. Using a Taylor expansion, we approximate

equation (3.47)) as

(1) = 1R {(Re- V)u(e)} (3.48)

Using Ry, Ry, and Rj3 in Flg. [3.3] we obtain the deformation-induced gauge field

of equations (3.45]) and ( as follows:

vpA,(r) = —%ﬁ [aigfﬁa“g;r)}, (3.49)

vpA,(r) = %f[a“gy(r)Jra“ay;r)}. (3.50)




3.5. ELECTRON-PHONON INTERACTION 73

It can be derived that vpA, = 0 for both RBM and RBLM cases [13, 69]. Therefore, the
off-site Hamiltonian can be written as
Goft
0o —
Hot = 020p Ay = Upp p 2 . (3.51)
_ Yoff 0
2

Finally, we can get the electron-phonon Hamiltonian of Eq. (3.38]),

g _goff
Hop=Hon+ Hor =upn | g0 2 | (3.52)
- 9 YJon

To obtain the electron-phonon matrix elements based on effective mass theory, we use

the following two wavefunctions,

oikr [ o=iOK)/2 cikr [ o=iOK)/2
U, = LU, = , 3.53
V28 o ti0(k)/2 V2S | _etio(k)/2 ( )

for conduction and valence states, respectively, where S is the surface area of graphene
and ©(k) is an angle of k = (k,, k,) measured from the k,-axis. Depending on the
geometry of the materials, we may also redefine ©(k) with respect to another reference,
which we will do for the case of SWNT and GNR systems. We will further clarify the
behavior of electron phonon matrix elements for SWNT and GNRs within effective mass
theory in Chapter [l when discussing the excitation- and structural-dependencies of the

coherent phonon amplitudes.



74

CHAPTER 3. THEORY OF COHERENT PHONON GENERATION



Chapter 4

Coherent phonon amplitudes in

SWNTs and GNRs

Using the concepts we have developed in Chapter 3] we are now able to investigate
coherent phonon properties in a variety of graphene systems. In this chapter, we show
and discuss simulation results based on extended-tight binding (ETB) method for the
ultrafast dynamics of laser-induced coherent phonons in single wall carbon nanotubes
(SWNTs) and graphene nanoribbons (GNRs). In particular, we examine the coherent
radial breathing mode (RBM) amplitudes of SWNTs and the coherent radial breathing
like mode (RBLM) amplitudes of GNRs as a function of excitation energy and chirality.
The coherent phonon amplitudes give direct information on initial oscillation phase so
that we can directly know whether the diameter (width) of a given SWNT (GNR) in
the RBM (RBLM) will initially increase or decrease at a certain excitation energy. We
find that the coherent phonon amplitudes are very sensitive to the changes in excitation
energy and are strongly structure dependent. An effective-mass theory for the electron-

phonon interaction gives a physical explanation for these phenomena.

4.1 Coherent RBM phonons in SWNTs

As discussed earlier in Chapter [3] the coherent RBM phonon amplitude () with frequency

w satisfies a driven oscillator equation ((3.17)), which we now rewrite using simpler nota-

1)
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tions (see Ref. [12]),
>*Q(t)
ot?

subject to the initial conditions Q(0) = 0 and Q(0) = 0. Here S(t) is the driving function

FwQ(t) = S(b), (4.1)

which depends on the photoexcited carrier distribution function and is given by
2w ep
S(t) === D  MP(R)fu(k, 1), (4.2)
uk

where MSP(k) is the k-dependent RBM electron-phonon matrix element for the p-th
cutting line (1D Brillouin zone of a SWNT) and §f, is the net photogenerated electron
distribution function with a pump pulse pumping at the E;; transition energy as obtained
by solving a Boltzmann equation for the photogeneration process. The photogeneration
rate in the Boltzmann equation depends on the excitation laser energy [11]; it also
contains the electron-photon matrix element D°P for the case of light polarized along the

tube axis, so that we have the proportionality
0 fu o< |DyPI. (4.3)

For the calculation of electron-phonon and electron-photon interactions, we incorporate
SWNT electronic energies and wave functions obtained from the ETB method [43], and
the phonon dispersions from the force constant model [47].

In a typical simulation, the necessary inputs are the excitation energy, Fjaser, and the
chiral index, (n,m). We will mainly use the (11,0) and (13,0) semiconducting zigzag
nanotubes as examples for discussing the excitation and chirality dependence of the
RBM coherent phonon amplitudes. Though the main examples studied in this work are
semiconducting SWNTs, the theory is also valid for metallic SWNTs. It will be shown
later that the chirality dependence of the coherent phonon amplitude between different
nanotube types has the same origin. For a given excitation energy, we solve Eq.
for a specific SWNT to obtain the coherent RBM phonon amplitude oscillating at the
RBM frequency. We use the same common input parameters for the pump-probe setup
as those used in Ref. [I1], i.e. we excite the RBM phonons with a single 50 fs laser pulse,
where the pump fluence is taken to be 107° J/ cm2, and the FWHM spectral linewidth
is assumed to be 0.15eV. Note that here the pump and probe energies are considered to

be the same. Therefore, this setup should not be confused with an experimental setup
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Figure 4.1 The coherent RBM phonon amplitude @y, for an (11, 0) zigzag tube as a function
of laser excitation energy FEj,e;. For clarity, Qn, is plotted in units of 0.0259. A positive
(negative) sign of the vibration amplitude denotes a vibration whose initial phase corresponds
to an expanding (shrinking) diameter. The absorption coefficient versus Ejnger is shown for

comparison with the @y, behavior.

discussed in Chapter 1 (Fig. [1.6]), in which the probe energy is varied for a constant
pump energy and leads to another type of coherent phonon phase shift related to the
phase change near the resonance.

In this part we also do not consider excitonic effects because we will not discuss
the peak positions or line shapes of the coherent phonon spectra. For such discussions,
the excitonic effects cannot be neglected since the Ej; energies are shifted from those
calculated within a single particle picture [72] 62], and these will be the main subject in
Chapter | In the present chapter, we only explain macroscopic SWNT lattice response
which is homogeneous along the tube axis. Therefore, considering only the electron-

phonon interaction is sufficient.

4.1.1 Excitation energy dependence

Let us firstly discuss excitation energy dependence of the coherent RBM phonon am-
plitudes. In Fig. [1.1, we plot the coherent RBM phonon amplitude @, in an (11,0)

nanotube at an early time, along with the absorption coefficient as a function of FEj.ge,.

Fig. fig/fch4-cpamp1100.eps
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Here @), can be imagined by roughly defining Q(t) = Q,, coswt, where the origin of
time is now indicated by the first maximum (minimum) of Q(¢) found after ¢t = 0 for a
positive (negative) coherent phonon vibration. Therefore, in this definition, @, > 0 and

Qm < 0 correspond to the tube diameter expansion and contraction, respectively.

From Fig. [4.1] we see that the pump light is strongly absorbed at the E;; energies. The
resulting increase in the number of photoexcited carriers increases the coherent phonon
driving function S(¢) in Eq. and thus enhances the coherent phonon oscillation
amplitude near the FEj; transitions. Note that at E;; the amplitude has a negative
sign, indicating that the tube diameter initially shrinks and oscillates about a smaller
diameter, while at Fsy and higher energies (e.g., F33 or Ey4) the tube diameter initially
expands and oscillates about a larger diameter. According to a common concept based
on the Franck-Condon principle, solid lattices usually tend to expand in the presence
of ultrafast carrier photoexcitation since the electronic excited states are anti-bonding
states. When an electron is excited, it will try to find a new equilibrium position at the
minimum of the excited anti-bonding state energy. This minimum energy is located at a
larger coordinate than that of the ground state, and thus the lattice expands. However,
this is not always the case for RBM coherent phonons in the SWNT system, where the

tube diameter can either expand or contract depending on the excitation energy.

In order to understand this phenomenon, we consider the magnitude and phase of
the oscillation amplitude Q(¢) driven by S(t) in Eq. (4.2)). First, since df o |DP| as
in Eq. (4.3), the magnitude of oscillations should be proportional to the product of the

electron-phonon and electron-photon matrix elements:

|Q oc [MP[|DP]. (4.4)

Second, according to Eq. and noting that d f,,(k) is positive for most cases of interest
(i.e. no gain in the system), the initial phase of Q(t) is only determined by the sign of
MSP(k) summed over all cutting lines y and all k points. The unique values of |M®P|
and |DP| for a fixed selection of energy and (n, m) then determines the excitation energy

and chirality dependence of the coherent phonon amplitudes.



4.1. COHERENT RBM PHONONS IN SWNTS 79

,(5)(‘11,‘@% o 7(1‘3)(‘13‘,0)§ .

-1 05 0 05 1 -1 05 0 05 1
k (m/T) k (7/T)

Figure 4.2 RBM electron-phonon matrix elements of (a) (11,0) and (b) (13,0) zigzag nan-

otubes within the ETB approximation.

4.1.2 Chirality dependence

Let us now discuss the type dependence or chirality dependence of coherent RBM phonon
amplitudes by comparing two semiconducting zigzag nanotubes of different families and
types. In Fig. £.2] we plot the electron-phonon matrix elements for RBM coherent
phonons in the (11,0) (type-I) and (13,0) (type-1I) nanotubes as a function of 1D
wavevector k. The k dependence of MP(k) for the RBM phonon is shown for the
first two cutting lines, for Fj; and Ess. As can be seen in the figure, both positive and
negative values of MiP(k) are possible. Also, according to Eq. , if we pump near
the Ej; band edge, the electron distributions would be localized near £ = 0 in the 1D
Brillouin zone of the zigzag nanotubes, for which the k; points for the FE;; energies lie
at k = 0. Therefore, the positive (negative) values of S(t) at the Esy (FE4;) transition
energy are determined by the negative (positive) value of MP(k) near k = 0.

For the two nanotubes, the signs of the electron-phonon matrix elements differ at E;
and FEyy. The reason is that for type-I and type-II nanotubes the E;; and FEss cutting
line positions with respect to the K-point in the 2D graphene Brillouin zone are opposite
to each other [73]. Depending on the cutting line positions relative to the K-point, the
corresponding M;P(k) for a given cutting line is negative in the region to the right of the
K-point and positive in the region to the left [74]. This will be proved in the next section
using an effective-mass theory. From this argument, we predict that the type-I (type-

IT) zigzag nanotubes would start their coherent RBM phonon oscillations by initially

Fig. fig/fch4-elphETB.eps
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Figure 4.3 Electron and hole components of the ETB M*®P shown by solid and dashed lines,
respectively, for (a) (11,0) and (b) (13,0) zigzag nanotubes, as a function of k. The matrix

elements for F1; and Esy are shown in black and red, respectively.

decreasing (increasing) the tube diameter at Fy;, while at Ess the behavior is just the

opposite, as shown in Fig. [4.2]

4.1.3 Analysis by the effective mass theory

Since the electron-phonon matrix element determines the initial lattice response of the
SWNTs, we further decompose M into its electron and hole components for each
SWNT in order to understand which component gives a significant contribution to the
ETB matrix element M. This electron-phonon matrix element for the photo-excited
electron is basically a sum of conduction band (¢) and valence band (v) electron-phonon

matrix elements, which represent the electron and hole contributions, respectively [74],

MP(k) = MP(ke) — M®P(ky)
= (c|Heplc) — (v[Heplv), (4.5)

where H.p, is the SWNT electron-phonon interaction Hamiltonian.

In Fig. [4.3] we plot the electron and hole components of M in the ETB model as a
function of the 1D wavevector k. If we compare the contributions from each component,
we see that in the (11, 0) tube the electron (hole) component gives a larger contribution to
M at Ey; (Eg2). On the other hand, in the (13,0) tube, the hole (electron) component

gives a larger contribution to M at Ey; (Fa2). We can analyze these results within an

Fig. fig/fch4-elphsep.eps
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(a) (11,0 ) (13§0)

Figure 4.4 Cutting lines for (a) (11,0) and (b) (13,0) zigzag nanotubes near the graphene
K-point. Black and red solid lines denote the F1; and Eso cutting lines, respectively, while the
dotted lines correspond to higher cutting lines. The angle ©(k) is measured counterclockwise
from a line perpendicular to the cutting lines, where the positive direction of the line is to the
right of the K-point. Here ©(k) is shown for a k point on the Fa cutting line for both SWNTs.
The difference between the type-1 and type-1I families can be understood from the position of

the Fq1 or Fyy cutting lines relative to the K-point [73].

effective-mass theory. Using the effective-mass theory, we can obtain a simple analytical
expression explaining the sign of the SWNT electron-phonon matrix elements, which can
then be compared with the ETB results.

In a nearest-neighbor effective-mass approximation, the RBM H,, for an (n,m)

SWNT with a chiral angle # and diameter d; can be written as [69],

H _ 257« Gon _QOTHGZBG (4 6)
Poody | gor 36 ’ '
oft @ Gon

where gon (goff) is the on-site (off-site) coupling constant. Here s, = \/h/2Mwgpy is the

phonon amplitude for the RBM, where wgrgy is the phonon frequency and M is the total
mass of the carbon atoms within the unit cell. To obtain M in Eq. (4.5)), we adopt

the following two wavefunctions,

ok [ o102 gk [ o102
‘I]C - 7\IIV = ) 4.7
V25 \ gtiO(k)/2 V2S5 \ _eti®(k)/2 ( )

for conduction and valence states, respectively, which are suitable near the graphene
K-point [69]. In Eq. (4.7)), S is the surface area of graphene and ©(k) is an angle at the

K-point measured from a line perpendicular to the cutting lines (see Fig. |4.4]).

Fig. fig/fch4-cntcutline.eps
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Figure 4.5 RBM electron-phonon matrix elements of (a) (11,0) and (b) (13,0) nanotubes
calculated within the effective-mass theory using gog = 6.4eV. In panels (a) and (b), the
matrix elements near £ = 0 are comparable with the results in Fig. Panel (c) shows the
matrix elements of an (11, 0) nanotube calculated within the ETB model for interactions up to

the fourth nearest-neighbors. The results including fourth nearest neighbors exactly reproduce

the results in Fig. (a).

By inserting the wavefunctions in Eq. (4.7)) into Eq. (4.5)), we obtain

+{c|Heplc) = 7 (—Gofr cos(O(k) + 36) + 2gon) , (4.8a)
t
(V| HepV) = = (o cos(© (k) + 36) — 2cn) (4.8b)
t
and thus
M = % (—2go cos(O(k) + 30)) . (4.9)
t

From Eqs. (4.8a) and (4.8b)), it is clear that the electron and hole contributions to M®P

are simply distinguished by the off-site and on-site interactions. These equations are thus
qualitatively consistent with the results in Fig. [£.3] According to the density-functional
calculation by Porezag et al. [42], we adopt the off-site coupling constant gog = 6.4eV
and the on-site coupling constant g, = 17.0eV, which are calculated for the first nearest-
neighbor carbon-carbon distance [69]. However, g,, has no effect on the electron-phonon
matrix element since it vanishes in Eq. . The more accurate treatment for the
effective-mass theory should consider the asymmetry between the valence bands and the
conduction bands [75]. Within the present model, we do not consider such an asymmetry
since the chirality dependence of the electron-phonon matrix element can readily be
described by the cos(O(k)) term, which will give a positive or negative sign in front of
Goff -
Fig. fig/fch4-elpheff.eps




4.1. COHERENT RBM PHONONS IN SWNTS 83

In Fig. [4.5, we then plot the matrix elements of Eq. for the (11,0) and (13,0)
nanotubes, where the on-site term (g,,) disappears and only the off-site term (gog)
contributes to M. It can be seen that the effective-mass theory (see Figs. [4.5|(a) and
(b)) nicely reproduces the ETB calculation results near k; = 0 (see Figs. [£.2|(a) and
(b)). However, the first nearest-neighbor effective-mass model cannot reproduce the
ETB matrix element results at £ far from k;; = 0. We can see this since at £, and Ea
M® are almost symmetric around M = 0 in Figs. [1.5|(a) and (b) but the M®P are not
symmetric in Figs. [£.2|a) and (b). In Fig.[4.5]c), we show M for the (11, 0) tube within
the ETB model considering interactions up to the fourth nearest-neighbors. Based on
this figure, we consider that the exact M analytical expression at k far from the k;;
should take into account the longer-range electron-phonon interactions. Nevertheless, the
first nearest-neighbor effective-mass theory has already given physical insight into the
k-dependent M*®P, and considering the approximation up to the fourth nearest-neigbors

is sufficient to converge the M*®P values.

For the zigzag nanotubes, Eq. also explains the dependence of M on the
cutting line (or k) position. Let us take the examples in Fig. in which we show the
cutting lines for the (11,0) and (13,0) nanotubes. The FEy cutting line for the (11,0)
((13,0)) tube is to the right (left) of the K-point, giving a positive (negative) cos(O(k))
and thus a negative (positive) M for the FE,y transition. According to Eq. ,
the negative (positive) M corresponds to the initial increase (decrease) of the tube
diameter. In such a way, the chirality dependence of the coherent phonon amplitude is

simply determined by the electron-phonon interaction.

However, we should note that the simple rule does not work well for F33 and Fyy,
as can be seen in Fig. [{.1] For instance, the coherent phonon amplitude at Es3 has the
same sign as that at Eyy although their cutting line positions are opposite to each other
with respect to the K-point. The reason for the breakdown of this simple rule is that
the cutting lines for F33 and Eyy are far from the K-point so that the wavefunctions of
Eq. are no longer good approximations. In this case, the ETB wavefunctions are

necessary for obtaining the coherent phonon amplitudes.
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Figure 4.6 The lattice response of SWNTs with diameters in the range 0.7— 1.1 nm is mapped
onto the unrolled graphene lattice specifiying the tube chiralities (n,m). In this map @, is
expressed in terms of \/m . Red and blue colored hexagons denote the SWNTs whose
vibrations start by increasing or decreasing their diameter, respectively. The laser excitation
energies are selected within the range 1.5 — 3.0eV. For each (n,m) tube, the corresponding
E;; (in eV) found within this energy region is listed on each hexagon with the label E;;. The
calculated results for the (7,4) and (6,6) nanotubes are not shown in this figure because their

EY > 3.0eV and the (6,6) tube gives a negligibly small Q.

4.1.4 Map of the coherent phonon amplitudes

To consider the more general family behavior of the RBM coherent phonon amplitudes,
we recalculate (), using the ETB method for 33 different SWNT chiralities with di-
ameters of 0.7 — 1.1 nm and for photoexcitations at F;; in the range 1.5 — 3.0eV. The
results are shown in Fig. [{.60] Note that in addition to the semiconducting SWNTs, we
also give some results for metallic SWNTs. It is known that the density of states for Ej;
in metallic SWNTs are split into the lower EYZ and higher E!! branches, except for the
armchair SWNTs [23]. Here we consider @, in metallic SWNTs only at EY. The cutting
line for B}, is located to the right of the K-point. We can see in Fig. that all the

metallic SWN'Ts start vibrations by increasing their diameter at EY;. The reason is the

Fig. fig/fch4-cpmaps.eps
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same as in type-II nanotubes, where the cutting lines for the F; transitions are located
to the right of the K-point, giving a negative M (hence a positive @y,) as explained
within the effective-mass theory. On the other hand, at EE, the nanotubes should start
their coherent vibrations by decreasing their diameters. In the case of armchair nan-
otubes, for which Ey = B, we expect that no vibration should occur because the two
contributions from EY and E!} should cancel each other.

For semiconducting nanotubes, we see that most of the type-I (type-II) nanotubes
start vibrating at Ej; by decreasing (increasing) their diameters and at higher energies
by increasing (decreasing) their diameters. In a few cases, e.g., (7,6), (9,5), and (10, 5)
nanotubes, the deviation from this rule might come from the 36 term in Eq. ,
especially for the near-armchair nanotubes where 6 approaches 7w/6. We consider that
in the case of armchair nanotubes, such like the (6,6) nanotube, which is metallic, the

coherent phonon amplitude becomes small because of the trigonal warping effect [23].

4.2 Coherent RBLM phonons in GNRs

In this section, we extend the microscopic theory for generating and detecting coherent
phonons in SWNTs to the case of coherent phonons in GNRs, although there are no
measurements of coherent phonons to date in GNRs. Therefore, our discussion here gives
some predictions of CP behavior in GNRs. As discussed in Chapter 2, we basically can
consider armchair and zigzag ribbons denoted N, aGNR and N,, zGNR, respectively,
where N, is the number of AB carbon dimers in the unit cell. However, the presence of
localized edge state in the zGNR is quite complicated to be taken into account. Therefore
we restrict our discussion here only for coherent phonon amplitudes in aGNRs.

In GNRs there are N, coherent phonon active modes that vibrate in the plane of
the nanoribbon. In all cases, the coherent phonon active mode with the lowest frequency
is RBLM mode in which the nanoribbon width periodically expands and contracts. For
coherent RBLM phonons the ribbon width W (t) is directly proportional to the coherent
phonon amplitude Q(¢) [13]. The RBLM phonon energies are sensitive to the ribbon
width W and scale roughly as the inverse of the ribbon width in accordance with a
simple zone folding expression E = 0.4/W eV with W in units of .

Armchair nanoribbons belong to one of three families depending on the mod number



86 CHAPTER 4. COHERENT PHONON AMPLITUDES IN SWNTS AND GNRS

mod (N, 3). Based on a simple band structure calculation, we classify mod 0 and mod 1
aGNRs as semiconductors and mod 2 aGNRs as metals [37, [44]. Since coherent phonon
spectroscopy gives direct phase information on the coherent phonon amplitude, it is
useful to examine the driving function kernel S(k) as a function of excitation energy and
nanoribbon species. For this purpose, let us write the RBLM electron-phonon interaction

for an aGNR as

g ot
Hep = Uarm Joff 2 3 (410)
T Yon

where gon (gorr) is the on-site (off-site) coupling constant in eV, while wyy, is a ribbon
width- or Ny -dependent phonon amplitude. To obtain the electron-phonon matrix ele-
ment M, we use the same wavefunctions as in ([£.7). The wavefunctions are suitable
near the graphene Dirac K point and thus they can explain well the aGNR lattice re-
sponse especially at relatively low energy Ey; and Es, optical transitions. We then obtain

a formula for aGNR M similar to that for the nanotube case,
MP = —tym (2905 cos O(k)) . (4.11)

Here O(k) is now defined by the angle that k points in the two dimensional Brillouin
zone measured from the line in k space perpendicular to the discrete one dimensional
Brillouin zone (cutting lines) which goes over the K point (hexagonal corner, see Fig. .

Therefore, the driving function kernel can be written as [13]

S(k) = QWR;;LM o | 2905 cos(O(K)) (4.12)

where wgrpry is the RBLM frequency at ¢ = 0. From this equation, we can analyze the
N, and Ej; dependence of the aGNR initial lattice response. First of all, we should note
that gog and .., are always positive, while cos ©(k) can either be positive or nepgative
depending on the value of k at which the F;; transition occurs.

Using this argument, we can classify the aGNR lattice response based on the aGNR
types. For example, let us consider semiconducting mod 0 aGNR and mod 1 aGNRs.
The cutting line position for their Fj; and E optical transitions are just opposite to
cach other. For a mod 0 aGNR, we see that cos ©(k) becomes positive (negative) at

FE11 (Ea), and thus the aGNR starts the coherent phonon oscillations by expanding

Fig. fig/fch4-gnrcl.eps
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Figure 4.7 Cutting lines for (a) mod 0 aGNR and (b) mod 1 aGNRs near the Dirac K point.
To make clear the definition of ©(k), in this figure ©(k) is shown for an arbitrary k at Ei;.
In fact, in the case of mod 0 and mod 1 aGNRs the Fjp; transitions occur at O(k) = 0 and
O(k) = 7, respectively. The difference between the mod 0 and mod 1 aGNRs can be understood

from the position of the E1; or Foo cutting lines relative to the K point.

(shrinking) its width. This can be seen in the illustration of ©(k) in Fig. 4.7 The
opposite behavior is true for mod 1 aGNRs.

We should note that the prediction of expansion or contraction of the ribbon width
is quite ambiguous for mod 2 metallic aGNRs since in metallic aGNRs two cutting
lines are equidistant from the K point and are the lower and higher branches of an Ej;
transition. Both branches contribute to E; and we sum up the matrix elements from
each contribution to obtain M. For example, if the 1D k-points for the lower and
higher branches of Ej; are the same, the matrix elements cancel because cos ©(k) +
cos(m — O(k)) = 0. In this case, the coherent phonon amplitude will be small for the
mod 2 metallic aGNRs as compared to the mod 0 or mod 1 semiconducting aGNRs.
In reality, we have slightly different k-points for the two FE;; branches due to trigonal
warping effects [23]. When trigonal warping effects are included, the resulting nonzero
value of M*®P allows us to determine if the ribbon width initially expands or contracts.
We finally summarize the lattice behavior at Ej; and Fsy transitions for all families of

aGNRs in Table [4.11
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Table 4.1: Initial lattice behavior due to coherent phonon oscillations at E11 and FEs in

aGNRs.

family E Ey

mod 0 expand contract

mod 1 contract expand

mod 2 | expand or contract | expand or contract




Chapter 5

Excitonic effects on coherent phonon

dynamics

In this chapter, we discuss how excitons can affect the generation of coherent radial
breathing modes (RBMs) in the ultrafast spectroscopy single wall carbon nanotubes
(SWNTs). Photoexcited excitons can localize spatially and give rise to an almost periodic
driving force in real space which involves many phonon wavevectors of the exciton-phonon
interaction. The equation of motion for the coherent phonons is modeled phenomenolog-
ically by the Klein-Gordon equation, which we solve for the oscillation amplitudes as a
function of space and time. By averaging the calculated amplitudes per nanotube length,
we obtain time-dependent coherent phonon amplitudes that resemble homogeneous oscil-
lations observed in some pump-probe experiments. We interpret this result to mean that
the experiments are only able to see a spatial average of coherent phonon oscillations over
the wavelength of light in carbon nanotubes and the microscopic details are averaged
out. This interpretation is also clarified by calculating the time-dependent absorption
spectra resulting from the macroscopic atomic displacements induced by the coherent
phonon oscillations. The calculated coherent phonon spectra including excitonic effects
show the experimentally observed symmetric peaks at the nanotube transition energies

in contrast to the asymmetric peaks obtained when excitonic effects were not included.

89
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5.1 Introduction

Excitons should have at least four important effects on the generation and detection of
coherent phonons in SWNTs: (1) the optical transitions will shift to lower energy owing
to the Coloumb interaction between the photoexcited electron-hole pair, [29] (2) the
strength of the optical transitions will be enhanced since the excitonic wavefunctions have
larger optical matrix elements resulting from the localized exciton wavefunctions, [35]
(3) the phonon interaction matrix elements may also change because the electron-phonon
and hole-phonon matrix elements now become exciton-phonon matrix elements, [35] and
(4) in SWNTs, the excitons can become localized along the tube with a typical size of
about 1 nm. [76] This will change which phonon modes can couple to the photogenerated
excitons. Excitons are known to have localized wavefunctions in both real and reciprocal
space, [34] and this should modify the electron-phonon picture of the coherent phonon
generation. Due to the localized exciton wavefunctions, the driving force of a coherent
phonon is expected to be a Gaussian-like driving force in real space for each localized
exciton, whose width is about 1 nm, instead of a constant force considered in the previous
works. [I1, 12] The localized force can be obtained only if we consider the coupling of

excitons and phonons.

The interaction between excitons and coherent phonons will involve many phonon
wavevectors for making localized vibrations and many electron (and hole) wavevectors for
describing these excitons. By applying strong pump light to the SWN'Ts, many excitons
are generated and the average distances between two nearest excitons are estimated to be
about 20 nm. |77, [78] This indicates that the driving force for coherent phonon generation
can be approximated by many Gaussian forcing functions, each of which originates from
an exciton and are separated by the distance between two excitons. Using such a driving
force model also implies that the coherent phonon amplitudes are inhomogeneous along
the nanotube axis. However, since the wavelength of light (~ 500nm) is much larger
than the spatial modification of the RBM amplitudes, the laser light can only probe the
average of the coherent vibrations.

To simulate the exciton effects using coherent phonon spectroscopy, we model the

coherent RBM phonon amplitude @Q(z,t) as a function of space and time using the

Klein-Gordon equation that will be shown to explain the dispersive wave properties.
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The driving forces are localized almost periodically, therefore the calculated coherent
phonon amplitudes of the RBM are no longer constant along the tube axis. However, by
taking an average over the tube length for the calculated coherent phonon amplitudes,
we find that the average amplitude fits the oscillations as a function of time observed in
the experiments. In order to compare our theory directly with experiments, in which the
change of transmittance (AT/T') or reflectivity (AR/R) is measured, we calculate the
time-dependent absorption spectra for macroscopic atomic displacements induced by the
coherent phonon oscillations Q(z,t). The symmetric line shape found in the calculated

spectra is also consistent with the experimental observations.

5.2 Coherent phonon model with exciton effects

In the conventional model for the coherent phonon generation mechanism in semicon-
ductor systems, phonon modes that are typically excited are the ones with phonon
wavevector ¢ = 0. The coherent phonon amplitudes Q.(t) satisfy a driven oscillator

equation, [10} [79]
0*Q.(t)
ot?

where wy is the phonon frequency at ¢ = 0 and S.(t) is a driving force that depends on

+wpQe(t) = Se(t), (5.1)

the physical properties of a specific material. In the case of a SWNT, without considering
the excitonic effects, S.(t) was given by [11], 12]

Set) = =22 5™ MP (k)6 £,k 1), (5.2)

h

where MiP(k) is the electron-phonon matrix element for the p-th cutting line (one-
dimensional Brillouin zone of a SWNT) as a function of the one-dimensional electron
wavevector k and is calculated for each phonon mode at ¢ = 0. The distribution function
0 f* of photo-excited carriers generated by a laser pulse pumping at the FE; transition
energy is obtained by solving a Boltzmann equation for the photogeneration process. [11]

We can see in Egs. and that Q.(t) and S.(t) have a time dependence
only and no spatial dependence when we consider electron-photon (or hole-photon) and
electron-phonon (or hole-phonon) interactions, i.e. we ignored the excitonic interaction
between the photoexcited electrons and holes. We now extend this model by considering

that the exciton effects (exciton-photon and exciton-phonon interactions) give a spatial
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dependence to the coherent phonon amplitude and to the driving force, which we denote
as Q(z,t) and S(z,t), respectively. Here z is the position along the nanotube axis. To
describe the coherent phonon amplitude Q(z,t), we propose using of the Klein-Gordon
equation,

’Qz,t)  ,0°Q(z.1)

o2 - ¢ 022 = S(2,t) — kQ(2,1) (5.3)

where ¢ and k are the propagation speed and dispersion parameter depending on the
SWNT structure, respectively. The Klein-Gordon equation is solved subject to the two
initial conditions Q(z,0) = 0 and Q(z,0) = 0. The exciton-induced driving force Sz, t)
is now given by

Sz 1) = 3 3w Ml (b 0)df(h e (5.4)

wokyq

where ngfph(k7 q) is the exciton-phonon matrix element on the p-th cutting line as a
function of the exciton wavevector k and phonon wavevector ¢q. By using the driving force
expression of Eq. , the amplitude Q(z,t) is dimensionless because the dimension of
S(z,t) is the inverse of time square (instead of length per inverse of time square). Here the
actual coherent phonon amplitudes with units of length can be obtained by multiplying
Q(z,t) with the zero-point phonon amplitude Qg = \/m, where M, is the total
mass of carbon atoms in the nanotube unit cell.

The reason why we adopt the Klein-Gordon equation to explain the exciton-induced
coherent phonon generation in SWNTs is based on a phenomenological consideration.
We generally expect that the coherent RBM phonons are propagating dispersively along
the nanotube axis. Integrating Q(z,t) and S(z,t) over z should give Q.(¢) and S.(¢) in
Eq. which describes the homogeneous vibration observed in experiments. Parame-
ters ¢ and k in the Klein-Gordon equation can then be obtained from the RBM phonon
dispersion, which gives positive ¢ and x values. To obtain this relationship, we consider
the Klein-Gordon equation (5.3) with S(z,¢) = 0 and take a Fourier transform defined
by

Qlq,w) = / /Q(z,t)ei(qz_“’t)dzdt, (5.5)

—00 —00

to obtain

—w?Q + A¢*Q = —kQ. (5.6)
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Figure 5.1 RBM phonon dispersion of a (11,0) nanotube. Theoretical data are represented
by cross symbols, which are calculated using a force constant model as in Refs. [11] and [47].
The solid line shows the fitted RBM dispersion using the Klein-Gordon dispersion relation in
Eq. . The phonon energy, hw is plotted as a function of ¢ in the units of 7/7. Here
T = 0.431nm is the unit cell length of the (11,0) tube.

From Eq. (5.6) we have a dispersion relation for the Klein-Gordon equation,
—w? 4+ 2¢* = —k. (5.7)
The physical solution of Eq (5.7)) for w > 0 is

w(q) = vV c2¢* + k. (5.8)

We can then fit the wave dispersion to the RBM phonon dispersion which is already
available by force constant or first-principle models. [47, B0, 53] We are particularly
interested in the region of ¢ < /T (T is the unit cell length of a SWNT [81]) because this
is the typical size over which an exciton in reciprocal space interacts with a phonon. [34]
35] Fitting the RBM phonon dispersion to Eq. thus gives the values of both ¢
and x to be used in the Klein-Gordon equation. As for the phonon dispersion shown
in Fig. [5.1] which is calculated for a (11,0) tube, we obtain ¢ = 2.545nm/ps and
k = 3147.22ps2. Hereafter, unless otherwise mentioned, we will consider the (11,0)
tube as a representative example for the simulation.

Fig. fig/fch5-RBMdisp.eps
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S(z,t)

L2 2=0 L/2

Figure 5.2 Schematic illustration of the Gaussian impulsive force S(z,t) created by excitons
which align along the nanotube axis with an average separation of d. The force S(z,t) is

symmetric in the circumferential direction.

We can further simplify Eq. by considering that a periodic Gaussian force ap-
pears approximately every 15 — 30nm along the tube axis according to the calcula-
tion of the photoexcited carrier density. For example, by solving for the photo-excited
distribution df using the method described in Ref. [I1], we estimate an exciton den-
sity for a (11,0) tube at an excitonic transition energy Esy = 1.78eV which is about
5.6 x 1072nm~!. This exciton density corresponds to the average separation between
two excitons of about 18 nm. A Gaussian force centered at the exciton position z; is then

approximated by

Siz,1) = Age T 274 1), (5.9)

where 6(t) is the Heaviside step function, A, is the force magnitude obtained from
the product of the exciton-phonon interaction and related factors in Eq. [excitonic
matrix elements are discussed in Appendix|C], and o, is the width of the exciton-phonon
matrix element for a given (n,m) SWNT. A typical value of o, is related to the exciton
size in real space (~ 1nm). The exciton wavefunctions, exciton energies, exciton-photon
and exciton-phonon matrix elements are all calculated by solving the Bethe-Salpeter
equation within the extended tight-binding method as developed by Jiang et al. [34, 135]
The force magnitude thus obtained is on the order of 10® ps~2. For the lowest Es, exciton
state of the (11,0) tube, we obtain o, = 0.9nm and A, = 4.82 x 10 ps™2. The total

driving force used in solving Eq. (5.3)) is a summation of Gaussian forces in terms of

Fig. fig/fch5-excitonforce.eps



5.3. TIME EVOLUTION OF COHERENT PHONONS 95

Eq. ,
N
S(z,t) = Si(z,1), (5.10)
=1

where NV is the number of excitons (and thus the number of Gaussian forces) in a SWNT.
In Fig. [5.2] we show a schematic diagram of a typical model for our simulation. The
driving force S(z,t) has an axial symmetry and is aligned along the nanotube axis with
a separation of d. To avoid any motions of the center of mass, the general force S(r,t)

should also satisfy a sum rule,

o0

/ S(r,t)dr =0, (5.11)

which is automatically satisfied for S(z,t) in Eq. because of the axial symmetry
of the model, as can also be understood from Fig. 5.2} In the present calculation, we
fix d = 18 nm, and there are N = 9 narrow Gaussian forces arranged periodically (thus
L = 144nm). The RBM phonon energy near ¢ = 0 is 37.1 meV, corresponding to a

frequency w = 297 cm™! and a vibration period 7 = 0.112 ps.

5.3 Time evolution of coherent phonons

In Fig. 5.3 we plot the coherent RBM phonon amplitudes Q(z,t) for a (11,0) nanotube
pumped at its Fay transition energy, in which a snapshot is taken for ¢ = 0 to 7y,
where 7; = j7/4. Two different cases are shown in Figs. |5.3(a) and (b), in which the
separation between excitons might be perfectly uniform or slightly random, respectively.
The calculation is done numerically by solving for Q(z,t) from Eq. with periodic
boundary conditions at +1 /2. We can observe some periodic peaks corresponding to each
localized force and these peaks also do not move as a function of time. One might then ask
whether or not such exciton effects correctly describe the coherent phonon oscillations in
SWNTs. This can be answered by considering the average of the inhomogeneous Q(z,t)
per nanotube length.

To clarify that our model can describe homogeneous coherent RBM phonon oscilla-

tions observed in experiments, [7, [8] we define an average of Q(z,t) as follows

mw:%LQ@@@. (5.12)
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Figure 5.3 Time evolution of coherent phonon amplitudes in a (11,0) nanotube for (a) per-
fectly uniform spacing between excitons with an average separation d = 18 nm and for (b) a
slightly random distribution where the center force is shifted by 9nm. Solid lines show snap-
shots of Q(z,t) as a function of z (position along the tube axis) for several different ¢ values with
a time sequence 7; = j7/4, where 7 = 0.112 ps is the fundamental period. Q(z,t) is plotted in
terms of the zero-point phonon amplitude for the (11,0) tube, Qg = 2.59 x 103 nm. Dotted

lines show the force S(z,t) for comparison.

In Fig.[5.4|a), we plot A(t) for the (11, 0) tube considered above. We also include a decay
constant corresponding to the exciton-phonon interaction lifetime of 5 ps to resemble the
experimental results. Interestingly, now the coherent phonon amplitudes, which have
been averaged before, could fit the experimental shape of the homogeneous transmission
oscillation in Figs. [5.4(b). We then interpret that such an experiment cannot observe
the nanoscopic vibration of the exciton effects on the coherent phonon amplitudes, but it
can only observe the averaged amplitudes. Moreover, the definition is important
mathematically to describe the homogeneous coherent phonon amplitudes in experiments
if we are able to recover Eq. from the Klein-Gordon equation (5.3). Indeed, by
integrating both left and right sides of Eq. ,

/Qttdz—/C2szdz:_/ﬁQdZ+/SdZ7
L L L L

Fig. fig/fch5-Quzt.eps
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Figure 5.4 (a) Average of coherent phonon amplitudes per length, A(t), plotted as a function
of time for a (11,0) nanotube (7 = 0.112ps) and shown in units of Qp = 2.59 x 1073 nm. The
dotted line represents the average amplitude for the force distribution shown in either Fig.|5.3(a)
or (b) The solid line represents the average amplitude if a decay constant v = 0.2 ps~*
corresponding to an exciton-phonon interaction lifetime of 5 ps is taken into account. (b) An
example of the transmission oscillation data available for a (13,3) tube measured in a pump-
probe experiment with 7 = 0.162 ps (reproduced from Ref. [§]). The average coherent phonon

amplitude shown in (a) resembles the oscillating feature of the experimental transmission shown

in (b).

and using [, Qudz = Ay, [, kKQdz = KA, [, Q..dz = 0, we can obtain

which is nothing but the driven oscillator model in Eq. (5.1)).

5.4 Propagation of coherent phonons

It is important to note that we have assumed certain distributions of excitons as a
function of z. As shown in Figs. |5.3(a) and (b), we only present the two simplest cases

of the exciton distributions that we can imagine. However, excitons in nature might not

Fig. fig/fch5-Aintegrated.eps
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0z=0.9nm [1\5 =0.03 nm

Force (103 ps‘2)
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Figure 5.5 (a) Driving forces with two different parameters o,(= 0.9nm) > o0, and
0,(= 0.03nm) < o,., which give (b) only localized and (c) localized and propagating wave
components, respectively. For the (11,0) tube in this simulation, we have 0., = 0.045nm. The
propagating wave components in (c) travel with a speed of 1.68 nm/ ps, as indicated by the

slope of the dashed line.

be uniformly spaced and any exciton distributions with random spacing can be possible.
Nevertheless, we expect that our result for the average amplitude A(¢) in Fig. is
approximately constant regardless of the exciton spacing, as far as the average exciton
density remains the same. This can be rationalized by considering a trial solution of the

Klein-Gordon equation,

Q(z,t) = e Mellezwh), (5.14)

which comprises a travelling wave and a decay term with parameter A to be determined.

By substituting Eq. (5.14) into Eq. (5.3) and setting S(z,t) = 0, we obtain
, K
A=iqg+t /= — ¢, (5.15)

where we have assumed w = qc and the sign + is determined for the +2z region. Depend-
ing on whether the value of \/m is real or pure imaginary, respectively, we can
get a spatially localized or propagating solution of Q(z,t). In the presence of a force,
we can solve Eq. using the Green’s function method for a single Gaussian force
S(z,t) = Ayge=*"/2920(t). The solution for Q(z,t) in the region —L/2 < z < L/2 with a

boundary condition, Q(—L/2,t) = Q(L/2,t), is given by
20, AgV/ 21 = [ e 4o/
e T S 0

L g+ x (COS(%Z) X (1= cos(t/eqy + K)))} . (5.16)

n=0

Fig. fig/fch5-gaussdis.eps
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where ¢, = nmw/L. This solution consists of a wavepacket of standing waves weighted
by a Gaussian distribution and a denominator which comes from the phonon dispersion
relation of Eq. . The Gaussian distribution originates from the Fourier transform
of the Gaussian force in real space. In this case, the selection of ¢ is determined by the
Fourier transform of the driving force S(z,t). For a Gaussian force in our model, the ¢
value can be selected for the region 0 < ¢ < 1/0,. If the maximum ¢ = 1/0, is smaller
than ¢. = v/k/c, then Q(z,t) is localized. If 1 /0, is larger than g., then Q(z,t) is divided
into two contributions: 0 < ¢ < ¢. and ¢. < ¢ < 1/0,, in which the former ¢ value gives
the localized wave and the latter part gives the propagating wave. We can then define a
critical parameter o,. = 1/¢. to explain the localization or propagation of the coherent
phonons obtained from the Klein-Gordon equation. It can be further seen that the g.
value is nothing but the critical point the flat dispersion to the linear dispersion in the
RBM phonon dispersion relation as shown in Fig. [5.1]

For the (11,0) tube, we have a critical parameter o,. = (2.545/4/3147.22)nm =
0.045nm. Since in our simulation we already used o, = 0.9nm which is much larger
than o, it is then expected that the coherent phonon is sufficiently localized. To
emphasize this fact, we show two different cases of Klein-Gordon waves in Fig. for
0, = 0.9nm and o, = 0.03nm. Figure (a) shows the two forces with different o,
values, while Figs. [5.5(b) and (c) shows the corresponding coherent phonon amplitudes
that are generated. It can be seen that we obtain localized (propagating) waves by
using o, > 0, (0, < 0,). Intuitively, we can understand from Fig. [5.5(c) that a
faster appearance of an amplitude propagating along the z direction can be obtained
when o, becomes much smaller than o, although some parts of Q(z,t) remain localized
(contribution from 0 < ¢ < ¢.). The propagating wave components in Fig. [5.5|c) travel
with a velocity \/k/q, where ¢ in this case is related to o, directly by ¢ = 1/0,, thus
giving a speed of \/m x 0.03nm = 1.68 nm/ ps.

In contrast, in the case of o, much larger than o, le.g. Fig. [p.5(b)|, we cannot
see any amplitudes along the z direction except in a limited region where the force
exists, i.e. the propagating wave components cannot be observed. Indeed, the actual
RBM dispersion is a bit flatter than the approximation from the Klein-Gordon wave
dispersion (see Fig. . This means that the modes are localized even more. Therefore,

in our case of 0, = 0.9nm, each excitonic force will not interfere with neighboring force
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sites separated by distance d, which indicates that the average amplitude A(t) in Fig.
is not affected by a random separation between every excitonic force. In general, we may
say that the localized vibration is a characteristic of the optical phonon propagation
driven by a localized force because the wavepacket is dominated by ¢ ~ 0 phonons but
the contribution of the group velocity comes from g > ¢.. This optical phonon feature
differs from that of acoustic phonon whose solution is expressed in terms of traveling

waves. [82]

5.5 Coherent phonon spectra

We then calculate the optical absorption spectra as a function of time using the calculated
Q(z,t). It is expected that the inhomogeneous coherent phonon oscillations induce a
macroscopic atomic displacement which modifies the transfer integral and thus modulates
the energy gap. We calculate the absorption coefficient «(FEy,t), where Ey, is the laser
excitation energy, by evaluating it in the dipole approximation using Fermi’s golden rule.
The absorption coefficient at a photon energy Ep, obtained by including exciton effects

is given by [66, [83]

8e?
Fpt) = ——— B PO fr(k,t) 0 (Ey(t) — Ey), 5.17
D) = iy O M PO B B0 = F). (517
where ng_op is the exciton-photon matrix element within the dipole approximation

corresponding to the transition between the initial and final state on the p-th cutting
line, R is the tube radius, mg is the electron mass, and c¢q is the speed of light. The
exciton energy FE;; is now time-dependent because of the change in transfer integral due
to coherent RBM phonon vibrations A(t).

Since the bandgap is inversely proportional to the diameter oscillation (or to the
coherent RBM amplitudes), the time-dependent absorption a(FEr,t) has the same os-
cillating feature as the average amplitude A(t). However, exciton effects acting on the
absorption spectrum will modify the shape of the absorption spectra compared to that
obtained without inclusion of the exciton effects. We should then calculate the time-
dependent absorption for a broad range of excitation energies, for example, within the
range of 0.5 to 2.5eV. By performing a Fourier transformation numerically over this

energy range, we can obtain the RBM coherent phonon spectra as shown in Fig. [5.6]
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Figure 5.6 Fourier transform intensity of the time-dependent absorption coefficient for the
coherent RBM phonon of a (11,0) nanotube as a function of excitation energies. The solid line
represents the coherent phonon spectra which include excitonic effects, showing a symmetric
double-peaked line shape at each transition energy FE;;. The dashed line represents the coher-
ent phonon spectra without excitonic effects, in which asymmetric line shapes were obtained

previously [11].

which include Fi; and FEsy for the (11,0) tube that we consider. The coherent phonon
spectra calculated by including the excitonic effects given in Fig. show double-peaked
structures as a function of the excitation energies, either with or without including the
excitonic effects, as indicated by the solid and dashed lines in Fig. [5.6] respectively.
The reason for the presence of the double-peak features (either symmetric or asym-
metric) in the excitation-dependent coherent phonon intensity can be explained as fol-
lows. The generation of coherent RBM phonons modifies the electronic structure of
SWNTs and thus it can be detected as temporal oscillations in the transmittance of
the probe beam. Since the RBM is an isotropic vibration of the nanotube lattice in
the radial direction, i.e. the diameter periodically oscillates at the RBM frequency, this
makes the band gap E, also oscillate at the same frequency. As a result, interband
transition energies oscillate in time, leading to ultrafast modulations of the absorption
coefficients at the RBM frequency, which is also equivalent to the oscillations in the
probe transmittance, and thus correspondingly, the excitation energy dependence of the

coherent phonon intensity shows a derivative-like behavior. More explicitly, the effect

Fig. fig/fch5-cpspectra.eps
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on the absorption « for small changes in the gap can be modeled by

Oa(FEy, — E°
(B — E,) ~ a(Ey, — E°) — Maﬁjg T (5.18)
g ok,
which gives
Oa(FEy, — ES)

where E, is assumed to be time-dependent, and 6/, here corresponds to a small change
in the bandgap. Since the coherent phonon intensity is obtained by taking the Fourier
transform (power spectrum) of the differential transmission, the coherent phonon inten-
sity is thus proportional to the square of the derivative of the absorption coefficient.
The excitonic absorption coefficient basically has a symmetric lineshape with a single
peak. [30] Therefore, the derivative of the excitonic absorption coefficient will give a
symmetric double-peak feature, in contrast to the asymmetric lineshape expected from
the 1D van Hove singularity (joint density of states). Here the use of the Klein-Gordon
equation which gives nonhomogeneous macroscopic atomic displacements is then also
justified by obtaining the symmetric line shape for the coherent phonon spectra. On the
other hand, in the free carrier model without the excitonic effects, we see an asymmetric
double-peaked structure at each transition with the stronger peak at lower energy and
the weaker peak at higher energy, which originate from the derivative of the asymmetric
lineshape of the absorption coefficient. Moreover it has also been noted in some earlier
works that the transition energy was shifted upward by several hundred meV. |5l 30]
As a final remark, we would like to mention that considering the localized excitons in
this work might be just one possibility that gives the symmetric peak of the absorption
spectrum because the origin of the symmetric absorption lineshape is basically from the
presence of discrete energy levels of excitons in carbon nanotubes. In this sense, if there
are other configurations of excitons in carbon nanotubes, which are not localized, such
cases might also give rise to the symmetric absorption lineshape. This can be an open
issue for future studies. However, we expect that as an initial condition of the system
after the excitation by the pump pulse, the excitons should be localized with a certain

average separation.



Chapter 6

Conclusions

In this thesis, we have discussed theoretical calculation for the coherent phonon prop-
erties in single wall carbon nanotubes (SWNTs) and graphene nanoribbons (GNRs).
Calculations have been performed particularly for the radial breathing modes (RBMs)
of SWNTs and radial breathing like modes (RBLMs) of GNRs. In order to understand
the coherent phonon properties, we need a detailed knowledge of the electronic structure,
optical matrix elements, phonon modes and electron-phonon matrix elements. In this
study, we have developed a microscopic theory for coherent phonon generation which
uses an extended tight-binding model and effective mass theory. Our finding can then

be divided into two parts as follows.

Excitation and structural dependence of coherent phonon ampli-

tudes in SWNTs and GNRs

We found that the coherent RBM (of SWNTs) and RBLM (of GNRs) phonon amplitudes
strongly depend on tube chirality and ribbon type. In addition, we find the phase of the
amplitude (i.e. whether the tube diameter or ribbon width initially expand or contract)
can vary depending on the tube chirality or ribbon type. Comparison of our ETB results
with a simplified effective mass theory provides an explanation of the initial contraction
or expansion of the materials.

Using effective mass theory for the electron-phonon interactions, we can analytically
analyze how the tube diameter and the ribbon width changes in response to femtosec-

ond laser excitation. We found that the initial phase of the coherent phonon oscillation
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depends on the relative position of the Ej; and Fsy cutting lines with respect to the K
point, which originate from the k-dependent electron-phonon interaction. The theoret-
ical prediction will need further confirmation from experimentalists in the near future.
We suggest the use of resonant ultrafast pump-probe spectroscopy with pulse-shaping

technique to clarify our finding in this work for SWNTs and GNRs.

Excitonic effects on coherent phonon amplitudes in SWNTs

SWN'Ts have a special feature in which excitons can exist even at room temperature. We
have shown that excitonic effects modify the coherent phonon amplitudes in SWN'Ts as
described by the Klein-Gordon equation. The localized exciton wavefunctions result in an
almost periodic and localized driving force in space, and thus also give localized coherent
phonon amplitudes. Although the exciton effects make the amplitudes inhomogeneous,
these amplitudes might be difficult to observe in experiments since the long wavelength
of the probe pulse averages over the sample. However, when we define a spatial average
of the localized coherent phonon amplitudes, the average amplitudes can be fitted to the
experimental results.

Moreover, we are able to simulate the experimental observation of a symmetric
double-peak feature of coherent phonon intensity as a function of excitation energy,
which is an obvious signature of the excitonic effects in SWNTs. Therefore, we may say
that the pump-probe experiments on coherent phonons in SWNTs can only observe the
average of the coherent phonon amplitudes induced by the exciton effects. As a side note,
we also predict that the coherent RBM phonons in SWNTs do not propagate within the

timescale of photoexcited carrier relaxation.

XKk

Finally, as the experimental ability to make better samples (i.e. graphene nanorib-
bons and carbon nanotubes of a fixed chirality) improves, we would expect more experi-
ments to confirm our recent theoretical prediction suggested in this thesis. Furthermore,
we also expect that one would be able to generate coherent phonons in that are not
RBM or RBLM, but instead correspond to ¢ # 0 acoustic modes. The study of coherent
phonons in carbon based nanostructures is only in its infancy and the future promises

to be rewarding.



Appendix A

Derivation of coherent phonon

equations of motion

Here we give a detailed derivation for coherent phonon equations of motion ({3.12])

and (3.13). We start with the Hamiltonian defined by

H = H. + Hy, + Hep, (A1)
where
He = Z Enkclkcnka (AQa)
n,k
Hy =) _ heogblba, (A.2b)
q
Hep = Z Mia (bq + bT—q) lek+qcnk’ (A.2¢)
n,k,q

are the electron Hamiltonian, the phonon Hamiltonian, and the electron-phonon inter-
action Hamiltonian, respectively. Here the indices n, k, and q respectively denote the
electronic energy state, electron wavevector, and phonon wavector.

To obtain the equations of motion for coherent phonons, we use the Heisenberg

equation,
dO i
dt h

In this case, the operator O is to be substituted by the phonon annihilation operator bq

[H, O]. (A.3)

and creation operator bg because we define the coherent phonon amplitude Q(t) as

Qt) = (bq + bl ). (A.4)
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Since [He, by| = [He, bg] = 0, for the generation of coherent phonons we can simply insert
the phonon Hamiltonian H, and H,, as the total Hamiltonian H = H, + H,, into the

Heisenberg equation of motion.

Annihilation operator equation

The dynamical equation for the annihilation operator is

Obqy(t) o
T #Hp + Hep, by(1)]- (A.5)

Let us work with each term one by one:

e [, term

Zhwbbb

= hwq[bq, bq]bq
" [Hp»bq] = —hwqbqg (A.6)

o H, term

[Hep, bg] = Z Mﬁ,q’CLkJrq’C”k[bT—q”bQ]

n,k,q’

§ My R an+q’ CnkOq/,—q

n,k,q’

epy Z Mk qCLk_ank (A7>

n,k,q

Inserting Egs. and (| - ) to -, we obtain

Obg (t ,
ng ) - —itigb(t hZMk O q()eme(D) (A.8)

Creation operator equation

Similar to the equation of motion for the annihilation operator, we can obtain the equa-

tion of motion for the creation operator,

oL (1)
5 = ﬁ[Hp + Hep, bl (1)) (A.9)

Work out each term one by one:



o M, term
[H,,bl] = Zhw (bl ber, bl

= hwq|bqs bq] bq
" [Hp, bg] = hwquq

o H, term

epa Z Mk ,q’ an+q’ Cnk [bq ’ b:[;]

n,k,q’

E Mk ,q’ an+q’ an(;q/7q

n,k,q’

Hep,b E qu nk+qcnk

Inserting Eqs. and (| - ) to , we obtain

obl (t)
St zwqu h Z./\/lkq Coierq(D)Cnkc(t).

Coherent phonon amplitude

Now, the coherent phonon amplitude is defined by

Q(t) = (bq + bl ).

We can take the first derivative of the coherent phonon amplitude,

2Q(t) _ %+abiq
ot ot ot [’

107

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

and use the results of the annihilation and creation operator equations in (A.8)) and (A.12)).

We obtain
0
P (0= 3 M)
0+ 305 )
.8Q(t) |

(A.15)
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Taking the second derivative of Eq. (A.15), we now have

Q1) Oby OBl
= — — — A.16

o2 Wa\Tor T ot /- (A.16)
and again we use the results of the annihilation and creation operator dynamical equa-
tions,

02Q(t) .
2 —qu< iwgbg % ZMk —q nk q t)enx(t)
- qubT s ZMk —q nk q an(t)>

= —iwg (—iwq(b () + by (1)) — 2+ ZM Che g )cnk(t)>)
— _20() 2wy ZM (e a(Denk(t)).

By defining ng, , = (cibk_q(t)cnk(t)% we finally obtain

PQq(t) |
ot?

2w
QQq = qZMk ank Q (A.17)

which is nothing but Eq. (3.12)).



Appendix B

Deformation-induced gauge field in

graphene

Here we review how to obtain the off-site Hamiltonian and on-site Hamiltonian given
in Eqgs. and , respectively, within the effective mass theory, as discussed by
Sasaki and Saito [71]. The dynamics of the conducting electrons in graphene materials
are different from those of ideal flat graphene, because in the former case, there are shape
fluctuations, such as effects of cylindrical shape and phonon vibration, that result in the
modification of the overlap matrix elements of nearest-neighbor m-orbitals and of the
on-site potential energy. We refer to the modification of the nearest-neighbor hopping
integral as the off-site interaction and a shift of the on-site potential energy as the on-site

interaction.

Off-site interaction

First we consider the perturbation from the off-site interaction in which only off-diagonal
matrix element has a non-zero value. A lattice deformation induces a local modification
of the nearest-neighbor hopping integral as —vyy — —vyo + d7§(r;) (@ = 1,2,3). The

perturbation #; is defined as

Hi=Y0 3 o) ()il + ()ic,). (B.1)

i€A a=1,2,3
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We also define the Bloch wavefunction with wavevector k,

Z efkeri( (s = A, B), (B.2)
1ES

¥5) = ==
’LL

where the sum on i is taken over the crystal, NV, is the number of the hexagonal unit
cells, and |0) denotes the state of carbon atoms without m-electrons. We use the same
geometrical configuration of graphene as shown in Fig. 3.3

The off-site matrix element of H; with respect to the Bloch wave functions in

Eq. (B.2)) with k and k + 0k is given by

<\Ilk+6k|H |\I/k Z Z 6’}/0 r; fa Z(Sk-ri7

u i€A a=1,2,3

<\I/k+5k|7'[ |\I/k Z Z 570 r; fa * —zék rz—l—Ra)

u i€A a=1,2,3

(B.3)

Here we consider that when dk is small enough compared with the reciprocal lattice
vector, a wavevector k near the K (or K’) point is scattered to the k' = k + dk within
the region near the K (or K’) point. If k is measured from kp, we obtain

<\Iij+k+5k’H “I’kF_H( N Z Z 57(1 r; fa(kF) —idkr; —FO((Sk(S’}/a)

uzeAa 1,2,3

(WEFHEk 97, ket — Z D 07al(rs) fa(kp) e KT + O(6kd7a),

Nu i€cA a=1,2,3
The correction indicated by O(dkd,) in Eq. (B.4)) is negligible when |0k| < |kg|. Sub-
stituting fi(kp) = 1, fo(kp) = e7'5 and f3(kp) = "5 into Eq. (B.4)), we can obtain

—U ) —10k-r;
(WA = 3 {43 —iAj(m)} e

U“ icA | (B5)
(RO = D (AN A e

YoieA

where Ad(r) = (Ad(r), A(r)) is defined by d7§(r) (a = 1,2,3) as

(B.4)

orA2(r) = B (r) — 5 (1A06) + 930)

vpAd(r) = V3 5 (07 (r ) —675(r)) -

Since the diagonal term vanishes, i.e. (UX|H,|U¥) =0 (s = A, B), Eq. (B.5) shows that

(B.6)

H, is expressed by vpo - A4(r) in the effective-mass Hamiltonian. Therefore, the total

Hamiltonian of a deformed graphene near the K point is expressed by

HE + Hy = vpo - (P + AY(r)). (B.7)
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We can see from Eq. (B.7) that the off-site interaction can be included in the effective-
mass equations as a gauge field, A9(r). We call A9(r) as the deformation-induced

gauge field and distinguish it from the electromagnetic gauge field A(r) [71].

On-site interaction

Now we consider the on-site interaction by a defect of the crystal. A lattice deformation
gives rise not only to a change in the transfer integral between A and B atoms but also a
change in the potential at the A (B) atom ¢4 (¢5) which we call the off-site and on-site
deformation potential, respectively. We denote the on-site deformation potential by a
2 x 2 matrix as

o = [ 020 0 . (B.8)

0 qu(I'Z' + Rl)
Using the coordinate system introduced in Fig. [3.3, we denote the displacement vector of
A-atom at r; is ua(r;) and that of B-atom at r; is ug(r;). The deformation potential of
A-atom at r;, ¢a(r;), is induced by the relative displacements of three nearest neighbor

B-atoms from the A-atom (ugp(r; + R,) — ua(r;)) as

a(r) =22 S R, - (up(ri + Ry) — ua(ry), (B.9)

where go, denotes gradient of the atomic potential at r;, and ¢ denotes 3a../2. Here
we assume that |up(r; + R,) — ua(r;)] < ae and that ¢a(r;) depends linearly on the
relative displacement vector.
By expanding ug(r;+Rs) as ug(r;+Ry) = up(r;+R;)+ ((Re—R1)-V)up(r; +Rq) +
- and ug(r; + R3) as up(r; + R3) = up(r; + R1) + (Rs — Ry) - V)ug(r; +Ry) + - - -,
we see that Eq. can be approximated by

Pa(ri) = gonV - up(r; + Ry) + -+, (B.10)

where we have used > _,,3R, = 0. It is noted that a general expression for the
deformation potential, Eq. (B.10)), is valid in the case that ug(r) is a smooth function of
r. When this is not the case, we have to use Eq. (B.9). In the continuous limit, we may

use r to represent the positions of both A and B atoms in the unit cell, then we have
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OA(r) = gonV - up(r) + - - -. Similarly, the deformation potential of B-site of r; + Ry is
given by

¢p(ri + Ry) = > —R,-(ua(ri+ Ry — Rq) — up(r; + Ry)). (B.11)

a=1,2,3
By using us(r;+R; —Ry) = ua(r;) +(R1—Rs) - V)ua(r;)+--- and ua(r;+R; —R3) =
ua(r;) + ((Ry — R3) - V)ua(r;) + - - -, we see that Eq. (B.11)) can be approximated by

¢B(ri + Rl) = gonv : uA(ri) - (B12)

Thus, for the intravalley scattering, we may rewrite Eq. (B.8) using Egs. (B.10) and
[B13) as

B V - ug(r) 0
Hon - gon + Tt . (B]_S)
0 V - up(r)

According to the result of density-functional theory by Porezag et al., [42] we use the

parameter for g, (=17¢V). For the discussion of el-ph interaction of acoustic

s(r) = 2a) ; us(r) (B.14)

and optical

= up(r) — ua(r), (B.15)

o
—~
E
~—
Il

phonon modes, we can rewrite Eq. (B.13)) using the Pauli matrices as

= Jon 50V - (ua(r) + up(r)) + 6.V - (up(r) — ua(r)). (B.16)

Hon 2 2




Appendix C

Exciton-photon and exciton-phonon

matrix elements

Here we describe how to obtain the exciton-photon and exciton-phonon matrix elements,
which are used in Chapter[5] To calculate the exciton-photon and exciton-phonon matrix
elements, we need information of the exciton energies and exciton wavefunctions. The
exciton energy and exciton wave function coefficients are calculated by solving the Bethe-
Salpeter equation as described in Sec. 2.4, All these calculations are performed within
the extended tight-binding (ETB) approximation [84].

Exciton-photon matrix elements

The exciton-photon matrix elements between an excited state | V) and the ground state

|0) in the dipole approximation are expressed as [35]

Mex—op = (Y| Her-op|0), (C.1)
where H_,,, is the electron-photon Hamiltonian. Due to the selection rule for the wave
vector in the parallel polarization, we can write He_op as

Ho_op = Z chltcckv(a + al), (C.2)
K

where Dy is the electron-photon interaction within the dipole approximation for a ver-
tical transition between the initial and final states k, c;f(c (ckv) is the electron creation
(annihilation) operator in the conduction (valence) band, and a' (a) is the photon cre-

ation (annihilation) operator. The exciton wave function |¥g) with a center-of-mass
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momentum Q is expressed as
|\IJ7(3> = Z Zlilc,(k—K)vC;r(cC(k_K)v|O>7 (C3>
Kk

where Z. oy, is the eigen vector of the n-th (n=1,2,...) state of the Bethe-Salpeter
equation. In Eq. , instead of summation over all cutting lines u (one-dimensional
Brillouin zone of carbon nanotubes), we use a single cutting line for any optical transition
under consideration [34], and thus the index p is removed in Eq. (C.3). The exciton-

photon matrix elements for the transition between the excited states | V) and the ground

states |0) are then given by

Mex-op = ) DiZiiorar (C4)
k

Exciton-phonon matrix elements

The exciton-phonon matrix elements Mex_pn between the initial state [V ) and a final

state [W¢,) are expressed by
Mexfph = <qj7(322’Helfph‘\Ijgll>> (C5>

where He_pp is the Hamiltonian for the electron-phonon coupling for the v-th phonon
mode and a phonon wave vector q = Q; — Q> obtained from the momentum conser-
vation. Note that here we slightly modify the notation of the electron-phonon matrix
element compared to that used in Sec. [3.5.1] By taking into account the contribution
from the electron and hole scattering processes simultaneously in the electron-phonon
Hamiltonian, we have

Hooph = 3 [Miiera(©)chs e = Micaerg ()l qpnio] (b +05,),  (C.6)

kqv

where M(c) [M(v)] is the electron-phonon matrix element for the conduction (valence)
band and the operator bf, (by,) corresponds to the phonon creation (annihilation) at

the v-th phonon mode q. Using that Hamiltonian, we then obtain
Mexfph :<\II7(322 ‘Helfph’\I]Téi)
= Z [Mll:,k+q(c)Zflﬁiq)c,(qul)uzﬁé(qul)v
Kk

- Mky,kJrq (V) Z(nk2+Q2)c,kv Zzlkl—ﬁ-Kz)c,(k-i-q)v] )

(C.7)
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For a first-order resonance process, we have Q; = Qo = k. We also just consider v = 0

for the coherent phonon generation. Therefore, the exciton-phonon matrix element in

Eq. (C.7) is simplified as

Mexpn = Y _[Mic(e) = M| Zi. (C.8)

Kk

If we compare the exciton-phonon matrix element in Eq. with the Eq. (3.21),
which is used as the driving force term for the coherent phonon generation, we can see
the difference is only that the exciton-phonon matrix element has a weighting factor
in terms of the wavefunction coefficient Zy. The summation of electron-phonon matrix
elements with exciton wavefunctions makes the driving force localized with a Gaussian
shape following the shape of the exciton wavefunctions. This assumption is considered
in Chapter 5| when we simplify the driving force model considering the excitonic effects
as a Gaussian function multiplied with the step function with a certain force amplitude

that can be obtained numerically.
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Appendix D

Solution to the Klein-Gordon Equation

Here we give a solution to the Klein-Gordon equation in Eq. (5.3]) by using the Green’s

function method. We start with the nonhomogeneous Klein-Gordon equation,

0?Q(z,t) B ,0?Q(2,1)
12 T o

= S(z,t) — kQ(z,1), (D.1)

where we have the driving force in terms of a Gaussian,
S(z,t) = Age = /%720(1). (D.2)

The solution for Q(z,t) in the region —L/2 < z < L/2 with a boundary condition,
Q(—L/2,t) = Q(L/2,t) = 0, can be expressed in terms of Green’s function G(z, 2/, 1),

Q(z,1) // S )G (2,2t —t)dZdE, (D.3)

t~/ 2
G(z,2,t) Zcos qnz) cos(qnz ,)sm( s R), (D.4)
n=0 VG K

where ¢, = nmw/L. Inserting Eq. (D.2) to Q(z,t) above and defining w,, = /c?¢2 + &,

we obtain

_ 24, 2 sin(wy, (t —t'))
) /20% Z . 02— ddt
Q(z, / / c0s(¢nz) cos(q,2") - 2

n

2A n 212 lQnZl —ignz’
. COS (gn? / / 202 4—2e ) sin(w,(t — t')dZ'dt’. (D.5)
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We can do the two integrations in Eq. (D.5|) separately, and thus

A, = t oo -
Wn, 0 .
n=0
A, & 1
Wn Wn,
n=0
20, AN/ 2T e~ 1no2/2
= z ZO [62%% s <cos(qnz) X (1 — cos(ty/c2q2 + li))):| , (D.6)

as we have already seen in Eq. (5.16]).



Appendix E

Calculation programs

There are several programs used to perform the coherent phonon calculation. All the

necessary programs can be found under the following directory in FLEX workstation:
“nugraha/for/00phd/

Hereafter, this directory will simply be referred to as ROOT/ directory. More detailed
explanations about how to use the programs are given in the OOREADME file in each

subdirectory of ROOT.

Coherent phonon amplitude and spectra

Without excitonic effects

Directory: RO0T/coherent/

Main Program: coherent.f

Using coherent.f, we can calculate the coherent phonon amplitudes and spectra of
carbon nanotubes with typical calculation inputs such as (n,m) and pump-probe en-
ergy. The calculation is performed within the extended-tight binding method, without
including the excitonic effects (Chapter {4)).

With excitonic effects
Directory: ROOT/cpexc/
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Main Program: cpexc.f

Same as before, this program calculates the coherent phonon amplitudes and spectra
with typical calculation inputs such as (n,m) and pump-probe energy. The calculation

is performed by including the excitonic effects (Chapter [5)).

Armchair nanoribbon

Directory: RO0T/gnrcp/

Main Program: aGNR.f

We could obtain similar results of coherent phonon amplitudes and coherent phonon
spectra for armchair graphene nanoribbons. Typical calculation inputs now are the
number of A-B atom pairs along the ribbon width and the pump-probe energy. The

calculation is performed within the extended-tight binding method.

Effective mass theory
Directory: RO0T/elphanalytic/

Main Programs: coupling.f90, fit.f90
These programs give the electron-phonon matrix elements within the effective mass the-

ory and also some plotting utilities for the analytical formula given in Chapter

Green’s function solver
Directory: RO0T/fgreen/

Main Program: green.f90

This program calculates coherent phonon amplitudes using Green’s function technique.

The output of amplitude calculation is also used in the cpexc.f program.
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Mathematica notebooks

Directory: RO0OT/math/

Main Programs: coherentphonon.nb, gaussexciton.nb

We also use Mathematica software to simulate the coherent phonon amplitudes in carbon
nanotubes, especially when including the exciton effects. These programs give animations
of coherent phonon amplitudes as a function of time and space. The programs also give
the average spatial amplitudes defined in Chapter 5l The output is then used to calculate

the coherent phonon spectra in cpexc.f program.
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