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Abstract

Carbon nanotube (CNT) is considered as an ideal candidate for next generation nanoelectronics
owing to unusual thermal, electrical, optical and other physical properties. It provides the
opportunity to understand one dimensional (1D) physics. Due to strong electron phonon coupling
in carbon-based nanomaterials, lattice vibrations have a significant effect on the electron
transport properties in CNT. From a realistic point of view, defects such as atomic vacancies,
adatoms, isotopes and impurities are very common during the synthesis of CNTs. Even small
concentration of vacancy changes the phonon properties of CNT significantly. Many studies on
the vibrational propertics of CNT have been performed. However, these works are limited on
pristine CNT only. Here I have performed an in-depth theoretical analysis of the effect of
vacancy defects and curvature on phonon properties of (10,0) zigzag semiconducting carbon

nanotube (ZCNT) and (10,10) armchair metallic carbon nanotube (ACNT).

In the first part of this work, a simple model to calculate the vibrational eigenfrequencies
and eigenvectors for 1D disordered systems is developed using the forced vibrational method,
which is based on the mechanical resonance to extract the pure vibrational eigenmodes and
suitable to treat very large and complex disorder physical system. This model is then used to

study (10,0) ZCNT and (10,10) ACNT with different concentrations of atomic vacancies.

This dissertation reports some unique and interesting findings based on computational
simulations on (10,0) and (10,10) CNTs both in low and high-frequency region. The correction
of force constant parameters due to the curvature effect of CNTs lead to the Raman active E,
mode phonon peaks are at 1576 cm™ and 1581 cm’” for (10,0) and (10,10) CNTs, respectively. A
softening and shifting of the E;, mode towards the low-frequency region are observed with the
increasing of vacancies and curvature of CNTs. For vacancy concentrations of 10% or higher, the
Es, peak has been reduced into a shoulder or it has been completely disappeared. The other high
symmetry point’s peaks in the high-frequency region are also broadened and softened for both
CNTs with the increase of defect density. Vacancy induces some new peaks at low-frequency

rcgion of phonon dcnsity of statcs.

Due to scattering by atomic vacancies, the phonon wave function becomes localized in the

real space. To investigate phonon localization effect with vacancy type defects and curvature of
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CNTs, the mode pattern and localization length for K point in-plane TO mode at Raman D-band
frequency is calculated. Strong localization is observed with variation of vacancy concentration
and curvature of CNTs. With increasing defect densities localization effect shows stronger
confinement. The localization effect is stronger in (10,0) CNT than (10,10) CNT due to curvature

effect.

These findings show the significant impact of vacancy defects on the phonon properties
that strongly affect the electron transport properties of CNT-based nanodevices. These findings
will also open a route towards better understanding the thermal conductivity, specific heat

capacity, electron phonon interaction, resistivity and superconductivity in disordered CNT.
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CHAPTER 1

Introduction

1.1 Introduction

Carbon nanotube (CNT), an allotrope of carbon, is a unique one dimensional (1D)
cylindrical nanomaterial with fascinating and attractive physical propertics. CNT shows
outstanding thermal, electronic and optical properties because of their nanosize which may
vary with their length, diameter and chirality. According to measurements, an individual CNT
has a room temperature thermal conductivity of about 3500 Wm 'K™' with temperature
stability up to 2800°C in vacuum and about 750°C in air [1]. The carrier mobility is found
approximately 10,000 ¢cm*V's™ and electric current density is about 4x10° A/em® [2]. The
optical absorption coefficient of CNT is determined to be equal to ~24 x 10* cm™ [3]. The
tensile strength is of range 3045 GPa [4] and Young’s modulus of 1.8 TPa [5], resulting from
the sp” hybridized covalent bonds formed between the individual carbon atoms. It is highly
flexible and has a large length to diameter ratio [6] with the value of order 10°-10"". CNT can
be scmiconducting or mctallic depending on their chirality. Generally zigzag CNTs arc
semiconductor type and armchair CNTs are metal type. These intriguing physical properties
proof CNT as onc of the most promising multifunctional nanomaterials for numerous
technological applications.

CNT provides exciting possibilities in implementing nanodevices for high-performance,
high-power, and flexible nanoelectronics. CNT-based field effect transistors (FETs) operate
much faster because of ballistic quantum transport of carrier originated from one dimensional
(1D) quantum confinement [7]. The tunability of bandgap of semiconducting CNT is
potentially useful in optics and photonics. With the narrow selectivity in the wavelength of
emission and the ability of detection of light, as well as the possibility of fine tuning through
the nanotube structure have made CNT a perfect material for light emitting diodes (LEDs)
and photo detectors. CNTs possess a wide range of direct bandgaps matching with the solar
spectrum as well as strong photo absorption capability ranges from infrared to ultraviolet,

which make themselves an ideal photovoltaic material. Photovoltaic effect can be achieved
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with ideal single CNT diodes and individual CNTs can form an ideal p-n junction diode [8].
Another benefit is that CNT-based transparent conductive films (TCFs) exhibit a high optical
transparency in a broad spectral range [9] and can be used as conducting as well as
transparent electrodes for hole collection in organic photovoltaic devices [10]. CNT is also a
potential option for large scale interconnects (LSIs) [11]. CNTs are widely used in lithium ion
batteries as electrodes [12]. CNT biosensors exhibit large changes in electrical impedance and
optical properties in response to the surrounding environment [13]. CNTs can be used as
electron guns due to its natural tunneling effect in miniature cathode ray tubes in high-
brightness, low-energy, and low-weight field emission displays (FEDs) [14]. In Figure 1.1
some major applications of CNT are shown. Global CNT market estimates and forecast by
application is demonstrated in Figure 1.2 and the annual number of published papers on CNT
since their discovery until the end of 2010 is presented in Figure 1.3. Due to these versatile
potentialities, CNTs have become an attractive and interesting research area in the field of

nanotechnology and other emerging application fields.

Figure 1.1: Some major applications of CNT in nanotechnology.
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CNTs have emerged in the field of nanotechnology because of their nanosize and unique
physical properties. The fundamental characteristics of CNT comprise its vibrational
properties and phonon spectrum, from which one can derive several physical properties.
Phenomena such as charge [17-19], spin [20], heat transport [21-24], specific heat capacity
[25], infrared and Raman spectra [26-28], electron phonon scattering [29-36] and its related
effects such as resistivity [37] and superconductivity [38] can be understood, in most
situations, only with a detailed knowledge of the phonon spectrum. Especially, many of these
properties are determined by the low-energy phonon excitations. Furthermore, phonons play
an important role in quasiparticle dynamics and electrical transport properties. Optical or
electronic excitations can decay into vibrational excitations or can be scattered by phonons
mnto different states. It has been suggested that the scattering between electrons and the optical
phonon modes greatly affects the high-field ballistic transport properties in CNTs. In CNT, the
electron phonon coupling strongly affects the phonon frequencies, giving rise to Kohn
anomalies and possible soft modes or Peierls distortions [31.39.40]. Moreover, there is
currently a debate on the vibrational origins of superconductivity in CNT [38] and it is the
subtle interplay between phonons and electrons that gives rise to this phenomena. In
technological applications such as CNT-based clectronic devices, thermal properties are of
central importance for understanding and controlling heat dissipation and self-heating effects.
Efficient thermal management is required for ensuring the performance and stability of these
devices. The quantitative understanding and characterization of this effect and other related
phenomena require a detailed knowledge of the vibration and phonon properties of CNT.

A realistic CNT is not defect-free, and it unavoidably contains many kinds of structural
defects and disorders, which can be generated during the growth. CNT obviously cannot
contain higher dimensional defects like line and screw dislocations. The common structural
defects existing in CNT are atomic vacancies. There can be also impurities and adatoms
present in CNT. The vacancy defects found in graphene are more complicated in CNTs
because of circumferential and curvature induced strain. For a given CNT containing atomic
vacancies, the atomic structure around the defect is quite different from that of the perfect
portion. When vacancy disorders occur in CNT, the dangling bonds are created at the vacancy
sites and destroy the original local o-like hybridization around the vacancy by breaking the
local symmetric structure of a perfect CNT [41]. It is natural to expect that even small



concentrations of vacancy defects in CNT nanostructures may lead to specific shifts,
broadenings and additional characteristic singularities in the phonon and electron densities of
states. The loss of thermal conductivity, the increase in electrical resistance and the change in
optical activity can be attributed to atomic vacancy defects. Such phenomena are certainly
crucial to the newly emerging field of nanotechnology, in which low dimensional nanoscaled
materials are synthesized, characterized, and integrated into applications. Therefore, studying
the vacancy defects effect on the vibrational properties of CNT is one of the fundamental

issues for its potential applications.

1.2 Motivation

The synthesis of single wall carbon nanotube (SWCNT) has opened a new era in the
field of nanoelectronics. Due to a strong electron phonon coupling in carbon based low
dimensional materials, lattice vibrations have a significant effect on the electron transport
properties of CNT-based nanoelectronic devices. From a realistic point of view, during the
synthesis of CNT, random atomic vacancies, adatoms, isotopes and impuritics are created.
Among intrinsic defects, atomic vacancies are the most common, existing even in nearly
defect free CNT. This type of inherent vacancy induced atomic disorder undoubtedly would
influence vibrational properties of CNT, because in sp” bonded carbon materials, the behavior
of the phonons, just like the electrons, depends on the atomic structure. Even a small amount
of vacancy type defects in CNT like quasi 1D structure, may alter the vibrational properties
significantly and thus change their electrical transport properties.

In sp” hybridized carbon-carbon bonded family materials the phonon wave function is
considered as delocalized in the crystal system. An atomic vacancy disorder in a crystalline
system may shift the vibrational modes outside of the allowed frequency range of the perfect
crystal [42,43]. These are called localized vibrational modes because the mode energy is
spatially concentrated at the defect sites. When the vibrational modes become localized, the
mean free path of the phonon becomes finite and proportional to the square of the localization
length. These phonons with finite lifetime and finite localization length are the main
contributors to the natural line width of the Raman spectra for a particular crystalline system.
Phonons confined in a 1D system should follow a single trajectory and cannot avoid a

scattering center nor scatter into nearby momentum states due to vacancy defects. These



localized phonons should have significant effects on electron transport of CNT. Especially the
high-frequency optic phonons are more strongly coupled with electrons than to low-frequency
acoustic phonons. CNTs, with their uniquely simple crystal structures and chirality dependent
vibrational and electronic states, provide a 1D playground for studying the dynamics and
mteractions of phonons and eclectrons. Thus the investigation of the defect induced phonon
properties of CNT is of fundamental importance for understanding the electron transport in
CNT-based molecular electronics.

The crystalline disorder shows some special phonon properties in sp® hybridized
carbon systems. For example, strong D-band feature is observed in the Raman spectra which
is generally inactive in perfect CNT and phonons are the main source of Raman spectra in the
literature [44]. The defect induced resonant Raman scattering occurs due to the breakdown of
the crystalline symmetry in CNT by introducing vacancy disorder into the crystal lattice
system through the activation of phonons at interior K points on the Brillouin zone boundary.
To understand these phenomena, the detail knowledge of phonon properties of disordered
CNTs is indispensable.

Many significant contributions have been devoted to the phonon properties of CNT
based on theoretical approaches, including tight binding method [45], first-principle
calculations [30,46,47] and force constant model (FCM) [48] in the previous few decades. Yu
et al. [45] applied tight binding method to investigate phonon properties of CNT with
different chiralitics. They were able to capture part of the curvature induced strain effect of
CNT on its phonon density of states (PDOSs) through the geometry dependence of its matrix
elements, even though their absolute value depend on the intrinsic structure of graphite. In
their pioneering work, Sanchéz-Portal et al. [46] used ab initio density functional theory based
first principle calculation, which combined pseudopotential with the representation of wave
functions by linear combination of atomic orbitals to calculate the force constants of CNT.
Because of the incompleteness of their basis set, the general accuracy of the phonon property
was not quite good. The second group of work using first principle calculation was done by
Dubay et al. [30] on armchair (ACNT) and zigzag carbon nanotube (ZCNT). The calculations
are performed using a plane wave basis set and density functional theory. The improvement
on the high-energy phonen property was obvious. But clear error happened on the low-energy

region where as some inconsistency is found for the intermediate frequency region. Ye et al.



[47] made a systematic first principle ab initio study on the phonon dispersions for a series of
achiral CNT’s by thc supcrccll approach. The calculations were extended to some very small
CNTs to reflect more clearly the curvature effect. They obtained good accuracy on the full
frequency range of PDOS of CNT. First principle calculations are superior in terms of their
predictive capabilities on PDOS of CNT, although sometimes the calculated results give
imaginary frequencies for the acoustic modes of CNTs. The FCM by Saito et al. [48] provided
PDOS with force constants corrected considering curvature effect of CNT by applying
periodic boundary condition (PBC) to the circumferential direction of the CNT. All of the
theoretical experiment discussed above focused mainly on the pristine CNTs only. However,
as far as it is known, the phonon properties of vacancy induced CNTs have been remained
unexplored. A detailed analysis of this problem in realistic systems at the atomic scale is still
lacking. Again, if atomic vacancies are present in a crystal system, the symmetry of elemental
topological arrangements of the crystal system breaks down, which generate more complex
lattice structure. Therefore, the dynamical matrix method requires huge computational
resources. This long computational time and convergence problems with the dynamical
matrix calculations, limit the systems of interest into few number of atoms. Moreover, an in-
depth understanding of the phonon properties of CNT is hindered by an inability to deal with
a large number of carbon atoms. That is why, a larger scale model is essential for complete
understanding of vibrational properties of vacancy defective atomic structures of CNT. It is
thus crucial to build a realistic model to have an intense observation on the phonon properties

of the vacancy disordered CNT.

1.3 Objectives

The purpose of this dissertation is to go through systematically the details of the various
vacancy concentration effects on the vibrational properties of (10,0) semiconductor ZCNT
and (10,10) metallic ACNT. The forced vibrational method (FVM) introduced by Williams
and Marris [49] has been employed for developing a well defined quantitative model to
cstimatc the vibrational propertics of disordered (10,0) and (10,10) SWCNT systems. This
method is based on the principle that a lincar and large disordered mechanical system when
driven by a periodic external force of certain frequency will respond with large amplitudes in

those eigenmodes close to this frequency. This technique has the following advantages:



I.  One can apply this algorithm to a very large, complex as well as disordered system.
This algorithm requires a memory space of order N.
II. It is possible to calculate quite accurately the density of states (DOSs) in both low-
frequency and high-frequency regime.
IMI. The magnitude of the DOS at any frequency can be obtained by sweeping the
resonant frequency.
In the course of this dissertation, the following objectives were achieved:
I. Develop a reliable model based on the FVM technique to determine the vibrational
properties of vacancy disordered (10,0) and (10,10) SWCNTs.
2. Report the effects of vacancy-type defects on the phonon propertics of SWCNTs for
the first time.
3. Report the effects of curvature on the phonon properties of SWCNTS.
4. To quantify the localization properties due to vacancy type defects and curvature is

another important objective.

1.4 Synopsis of Dissertation

CHAPTER II gives an overview of the basic concepts for SWCNT in order to establish a
basis for discussing the obtained results in the later chapters. After introducing the different
types of carbon nanostructures, emphasis is laid on the fundamentals of SWCNT, vibrational
properties of SWCNT and their influences on the Raman spectra.

CHAPTER 111 introduces the used computational technique, which allows calculating the
very large and complex disordered systems.

CHAPTER 1V presents the vibrational properties of vacancy disordered (10,0) ZCNT and
(10,10) ACNT with the aid of the forced vibrational method in detail. This is complemented
by the phonon density of states, typical mode patterns and phonon localization length of
vacancy type disordered SWCNT.

CHAPTER V provides a summary of the most relevant results, combined with an outlook on

possible future research directions.



CHAPTER 11

Fundamentals of Single Wall Carbon Nanotube

2.1 Introduction

This chapter is intended to provide an introduction and overview of the fundamental
concepts of SWCNT. The fundamentals and classification of SWCNT, vibrational properties
and Raman spectra of SWCNT have been discussed that will be useful to understand the

results in the later chapters.
2.2 The sp’-hybridized Carbon Nanomaterials

Carbon is the 15™ most abundant element in the earth's crust, and the fourth most abundant
element in the universe by mass. Carbon is a group IV element with symbol C and atomic
number 6. It is nonmetallic and tetravalent making four electrons available to form covalent
chemical bonds. Carbon is the sixth element, with a ground state electron configuration of
1522522;)2, of which the four outer electrons are valence electrons. Its first four ionization
energies, 1086.5, 2352.6, 4620.5 and 6222.7 kJ/mol is much higher than those of the heavier
group 14 elements. The electro negativity of carbon is 2.5, significantly higher than the
heavier group 14 elements (1.8-1.9), but close to most of the nearby nonmetals as well as
some of the second and third row transition metals. Carbon's covalent radii are normally taken
as 77.2 pm (C-C), 66.7 pm (C=C) and 60.3 pm (C=C), although these may vary depending on
coordination number and what the carbon is bonded to. In general, covalent radius decreases
with lower coordination mumber and higher bond order [50]. Three isotopes occur naturally,
2C and "*C being stable, while 1C is a radioactive isotope, decaying with a half-life of about
5,730 years [51]. The atoms of carbon can bond together in different ways, termed allotropes
of carbon. The best known are graphite, diamond and amorphous carbon. Carbon is capable of
forming many more allottopes due to its valence electron configuration such as
buckminsterfullerene, graphene, CNTs, nanobuds and nanoribbons. The physical properties of
carbon vary widely with the allotropic form. For example, graphite is opaque and black while

diamond is highly transparent. Graphite is soft enough to form a streak on while diamond is
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the hardest naturally occurring material known. Graphite is a good electrical conductor while
diamond has a low clectrical conductivity. Under normal conditions diamond, CNT and
graphene have the highest thermal conductivities of all known materials. All carbon allotropes
are solids under normal conditions, with graphite being the most thermodynamically stable
form. They are chemically resistant and require high temperature to react even with oxygen.
Generally, four valence electrons in carbon tend to interact with each other to produce the
various types of allotrope. When carbon atoms come together to form a crystal, one of the 2s
electrons is excited to the 2p, orbital gaining energy from the neighboring nuclei, which has
net effect of lowering the overall energy of the system. Interactions or bonding subsequently
follow between the 2s and 2p orbitals of neighboring carbon atoms. These interactions or
mixing of atomic orbitals is commonly called the hybridization, and the new orbitals that are
formed are referred to as hybrid orbitals. Figures 2.1 and 2.2 illustrate the formation of the
covalent bond through the hybridization between the carbon atoms in carbon honeycomb
lattice. The sp” hybridization of the singly occupied 2s orbital and two 2p orbitals (e.g. px and
py) leads to a trigonal planar structure, with an in-plane bond between two neighboring carbon
atoms. Additionally, the singly occupied p, orbital of a carbon atom which is perpendicular to
the planar structure bonds with the p, orbitals of neighboring carbon atoms leading to the
formation of a delocalized band, which is half-filled [52]. The existence of multiple flavors of
hybridization in carbon is what leads to the different allotropes shown in Table 2.1. Graphene,
a layer of carbon atoms arranged into a 2D hexagonal lattice, is a single layer of graphite (see
Figures 2.3(a) and 2.3(b)) [53]. CNTs represent rolled-up cylinders of graphene (see Figure
2.3(c)) [54-56]. Fullerene [57] molecules (e.g. Cg) are obtained by wrapping graphene,

combined with the introduction of pentagons into the hexagonal lattice (see Figure 2.3(d)).

Table 2.1: Allotropes of sp” bonded carbon [58].

Dimension 0D 1D 2D 3D

Allotrope Coo bucky ball CNT Graphene Graphite
Structure Spherical Cylindrical Planar Stacked planar
Hybridization sp” sp sp’ sp’

Electronic Semiconductor Metal or Semi- Metal
propertics Semiconductor metal
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A. Electronic structure of a carbon atom in ground state

B. Promotion of one electron from the 2s to 2p, orbital

ok

Is 2s 2p. .
{2 electrons) (2 electrons) (1 electron) (1 electron) (1 electron)

C. Mixing of the 2s, 2p, and 2p, orbitals forming three hybridized sp’ orbitals

Is § 2p:
(2 electrons) (3 electrons) (1 electron)

D. Sigma and Pi bond between two carbon atoms

Figure 2.1: The formation of sigma and pi bonds thorough the hybridization between two
carbon atoms [58].

Figure 2.2: Honey comb lattice structure of carbon atoms [58].
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Figure 2.3: (a) Mono-layer 2D graphene. (b) Three layer graphene or graphite. (¢) CNTs are
rolled up cylinders of graphene. (d) Fullerenes (e.g. Cqo) are molecules consisting of wrapped
graphene [59].

2.3 Overview of SWCNT

The CNTs are synthesized in a large variety of structures. Some of them consist of a single
cylindrical graphene layer, so called SWCNT as shown in Figure. 2.4. Others comprise a
number of coaxial layers, so called multiwall carbon nanotubes. An interesting and essential
fact about the structure of a CNT is the orientation of the six-membered carbon ring (hereafiter
called a hexagon) in the honeycomb lattice relative to the axis of the nanotube as shown in
Figure 2.4. From this figure, it can be seen that the direction of the six-membered ring in the
honeycomb lattice can be taken almost arbitrarily, without any distortion of the hexagons
except for the distortion due to the curvature of the carbon nanotube. This fact provides many
possible structures for carbon nanotubes, even though the basic shape of the CNT wall is a

cylinder.

Figure 2.4: Rolling up of graphene sheet to form CNTs [60].
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Figure 2.5: A graphic displaying a Chirality Map which shows the various types of SWCNTs
that can be formed. The properties are governed by the way in which they are rolled as shown
in the insets [61].

The primary symmetry classification of a carbon nanotube is as either being achiral
(symmorphic) or chiral (non-symmorphic). An achiral carbon nanotube is defined by a CNT
whose mirror image has an identical structure to the original one. There are only two cases of
achiral nanotubes: ACNTs (n,n) and ZCNTs (n,0) as are shown from the Chirality Map of
CNTs in Figure 2.5. The names of armchair and zigzag arise from the shape of the cross-
sectional ring at the edge of the nanotubes. Chiral nanotubes exhibit a spiral symmetry whose
mirror image cannot be superposed on to the original one. We have thus a variety of

geometries in CNTs which can change diameter and chirality [62].

2.4 Structure of SWCNT

It is convenient to specify a general CNT in terms of the tube diameter d;, and
the chiral angle @, which are shown in Figure 2.6. The chiral vector C, is defined in

terms of the integers (n,m) and the basis vectors a; and a, of the honeycomb lattice,
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annéhair
CNT

Figure 2.6: The unfolded SWCNT is shown along with the chiral and translational vector.
The chiral vector OA or €, = na, + ma, is defined on the honeycomb lattice by unit
vectors a; and a;, and the chiral angle 8 is defined with respect to the zigzag axis.
Along the zigzag axis 8 =0°. Also there are shown the lattice vector OB =T of the 1D
tube unit cell, and the rotation angle y and the translation r which constitute the basic
symmetry operation R = (y| 7). By rolling up a graphene sheet (a single layer of
carbon atoms from a 3D graphite crystal) as a cylinder is formed. Shown here is a
schematic theoretical model for a SWCNT with the tube axis OB normal to: The 6=
30" direction (an “armchair” tube) and the 0=0" direction (a “zigzag” tube).

which are also defined in terms of rectangular coordinates. The integers (n,m) uniquely
determine d; and #. The length L of the chiral vector Cj (see table 2.2) is directly
related to the tube diameter 4, The chiral angle € between the Cj direction and the
zigzag direction of the honeycomb lattice (n,0) (see Figure 2.6) is related to the integers
(n,m) in Table 2.2.

The unit cell of the CNT is shown in Figure 2.6 with the rectangle bounded by the
vectors C, and T, where T is the 1D translation vector of the nanotube. The vector T
is normal to C), and extends from the origin to the first lattice point B in the
honeycomb lattice. It is convenient to express T in terms of the integers (7, 72), where
it is seen that the length of T is V3L/d, and dp is either equal to the highest
common divisor of (n, m), denoted by d, or to 3d, depending on whether n-m = 3d,, r
being an integer, or not (sece Table 2.2). The number of carbon atoms per unit cell
n., of the 1D tube is 2N, as given in Table 2.2, each hexagon (or unit cell) of the
honeycomb lattice containing two carbon atoms [63]. The chiral vector €, can be derived

as follows :
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C, =nay + ma,
=na(§x+§y)+ma(§xw~:—y)= ?a(n+m)x+%a(n—m)y 2.1
L=IChI=aJ%(n+m)3+%(n——m)z=a\fn2+nm+m2 %2

The translation vector can be derived as T can be derived as follows:
T = t'l 0‘.1 S tzaz

{2m+n) a __ (2n+m)

dy 1 dp az
(zm+n) (Zn+m) & - EE . 3a -
( + ) ( X 2;}’).’x—zdﬂ(?'n, n)x+2dR(n+m)y 23
— ﬁ o 2 irf, D ﬁ 2 7 \@G-L
|T|—MR\/(m n)2+3n+m)?2= T vn2+nm+m =i 2.4

Since there are 2N carbon atoms in this unit cell, we will have N pairs of bonding m and
anti-bonding ©* electronic energy bands. Similarly the phonon dispersion relations will
consist of 6N branches resulting from a vector displacement of each carbon atom in the unit
cell.

Expressions for the reciprocal lattice vectors K; along the nanotube axis and K; in the
circumferential direction are obtained from the relation R;. Kj = 27d;;, where R; and K are,
respectively, the lattice vectors in real and reciprocal space. Since nanotubes are 1D material,

only K; is a reciprocal lattice vector. K; gives discrete & values in the direction of Cj,. Then we

get:
Cp.Ky =21 25
Cp.K, =0 2.6
T K,=0 27
T.K, =2n 2.8
We get expressions for K and K;:
Ky =~ (=t;by + t;b;) 2.9
K, =~ (mb; —nb,) 2.10

where by and b, are the reciprocal basis vectors of two dimensional graphene plane. In Figure
2.7, we show the reciprocal lattice vectors, Ky and K;. The first Brillouin zone of this quasi 1D
unique material is the line segment WIW'. Since NK;=-f:brt1ib; corresponds to a reciprocal

lattice vector of 2D graphene plane, two wave vectors which differ by NX; are equivalent.



Table 2.2 : Parameters of SWCNT [63]
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Symbol Name Formula Value
Are carbon-carbon 1.42 A (graphite)
distance
a length of unit vector V3a.. 2.46 A
as,a; unit vectors V31 V3 1 in (x,y) cordinates
2'2)%(773)¢
b.b; reciprocal lattice 1 2r (1 2n in (x,p) cordinates
= 1 e _;_1 —
vectors \3 a \\3 a
C, chiral vector Cy =na; + ma, = (n,m) n,m : integers
L circumference  of L =€yl = an? + nm + m? 0<|m|l<n
nanotube
d diameter of L VnZ+nm+m?
nanotube dy = = B a
6 chiral angle V3m 0<|6]| <30°
sinf =
2vnZ + m? + nm
Zn+m
cosf =
2Vn? + nm + m?
- V3m
a =
" ntm
d the highest common
divisor of (n,m)
dy the highest common dp = d if n—mmnot a multiple of 3d
divisor of = 3d if n —mamultiple of 3d
(2ntm2m+n)
T translational vector T =tiaq +t,a; = (t, t,) {1, : integer
of 1D unit cell _2m+n
L=
dg
2Zn+m
2L = d
R
T length of T V3L
=
R
N number of hexagon 2(n? + m? + nm) =
per 1D unit cell Nes dr unit cell
R symmetry vectort R =pa;+qa; = q) p.q : integers'
d=mp=nq,0<p<"/,,0<q<™/,
M mumber of 2=n M=[(2n+m)p+ (2m +n)ql/dg M : integer
revolutions NR = MCy, + dT
R basic symmetry IRl = W|1)
t)]_:)crationst
v rotation operation M ( I.L'L) w: radians
=2 i = —
bl 24 T
T translation operation : dar 7, % : length
N

T(p.q) are uniquely determined by @= mp-nq, subject to conditions stated in table, except for zigzag tubes for which Gy = (n,0), and

we define p=1, g=-1, which gives M= 1.

‘R and |R| refer to the same symmetry operation.




Figure 2.7: The Brillouin zone of a SWCNT is represented by the line segment WW which is
parallel to K;. The vectors Ky and K; are reciprocal lattice vectors corresponding to Cy and T,
respectively.

Since # and £ do not have a common divisor except for unity, none of the N-1 vectors pk;
(where, p = 1, ...., N - 1) are reciprocal lattice vectors of two dimensional graphene plane.
Thus the N wave vectors uK; (0 =0, . . ., N-1) give rise to N discrete k vectors, as indicated
by the N parallel line segments in Figure 2.7, which arise from the quantized wave vectors
associated with the PBC on Gy. The length of all the parallel lines in Figure 2.7 is 2n/T which
is the length of the 1D first Brillouin zone. For the N discrete values of the k vectors, N 1D
energy bands will appear. Because of the translational symmetry of T, we have continuous
wave vectors in the direction of K, for a CNT of infinite length. However, for a nanotube of

finite length L,, the spacing between wave vectors is 2/L, [63].
2.5 Phonon Dispersion Relation and Phonon Density States

The phonon dispersion relations of carbon nanotubes can be understood by zone folding
the phonon dispersion curves for a single 2D graphene sheet. The vibrational properties of
CNT can be calculated within a by tight binding method [45], first principle calculations [30,
46, 47] or force constant model [48]. In this work we concentrate on the well established
fourth nearest neighbors force constant model by Jishi et al. [64]. It was developed and

optimized for graphene and subsequently also adapted to CNT by Saito et al. [48].
2.5.1 Force Constant Model

In the FCM, interactions including as many nearest neighbors in the graphene sheet can be

considered in order to improve the agreement with experiment. In general, the equations of
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motion for the displacement of the /™ atom measured from the equivalent position, u=
(xi,¥i,zi) for N atoms in the unit cell is given by:
Miit; = XK@ (uj— ), (i=1,....,N) 2.11

Where M; is the mass of the i atom and K% represents the 3x3 force constant tensor
between the i™ and the /" atoms. The sum over j in Equation 2.11 is normally taken over only
a few neighbor distances relative to its site, which for a 2D graphene sheet has been carried
out up to fourth nearest neighbor interactions. In a periodic system we can perform a Fourier
transform of the displacement of the i™ atom with the wave number k' to obtain the normal

mode displacement u?.

U= ﬁzq; e‘i(‘?"’*i“"t)us) 219
or

Bip., Ao i(q-Rj—wt

u, _Jw_nzﬂiel(q i—0by,; 2.13

in which the sum is taken over all (Np) wave vectors ¢’ in the first Brillouin zone and R;

denotes the atomic position of the i"

atom in the crystal. When we assume the same
cigenfrequencies w for all u;, that is ii; = —w?u;, then Equation 2.11 can formally written by
defining a 3Nx3N dynamical matrix D(g).

D(quy, =0 2.14

To obtain the eigenvalues w’(q) for D(q) and nontrivial eigenvectors ug£0, we solve the
secular equation det D(q) = 0 for a given g vector. It is convenient to divide the dynamical
matrix (q) into small 3x3 matrices Di‘i(q), (i, j = 1,.....,N), where we denote D(g) by
{D"(q)}, and from Eq. 2.14 it follows that D“(q) is expressed as:

D (q) = (T KU — Mw*(q)1)8;; — 3 K (") ARy 2.15
in which 7 is a 3%3 unit matrix and AR;; = Ri-R; is the relative coordinates of the i atom with
respect to the /™ atom. The vibration of the /™ atom is coupled to that of the /" atom through
the K¥ force constant tensor.

In planar graphene sheet, since there are two distinct carbon atoms A and B in the unit cell,
we must consider six coordinates u; (or 6 degrees of freedom) in Equation 2.15. The secular
equation to be solved is thus a 6x6 dynamical matrix D. The dynamical matrix D for planar
graphene sheet is written in terms of the 3x3 matrices: (1) D*#, (2) D*2, (3) D** and (4) D*®
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for the coupling between (1) A and A, (2) A and B, (3) B and A and (4) B and B atoms in the

various unit cells.

D= (gi’: ‘g;i) 2.16

When we consider an A atom, the three nearest neighbor atoms (as shown in Figures 2.8(a)
and 2.8(b)) are By, B> and B; whose contributions to D are contained in DAB, while the six
nearest neighbor atoms contributions to D that are contained in D** and so on. The remaining
problem is how to construct the force constant tensor KY. First the force constant between an
A atom and a nearest neighbor By atom on the x-axis as shown in Figure 2.8(b) has been
considered. The force constant tensor is given by:

@ 9 0
k@B ={ o0 ¢ o 2.17
0 0 ¢

where, t,iJ,(.l) , t(il)

and ¢g) represent the force constant parameters in the radial (bond
stretching), in plane and out of plane tangential (bond bending direction) of the nearest
neighbors, respectively. The force constant matrices for the two other nearest neighbor atoms,
B, and B; are obtained by rotating the matrix in Equation 2.17.

KA4Bm) = gy itk 4BOY,, (m = 2,3) 2.18
5% N
&8 §

A Aal A | A A
\,\H !B"B
P & A A

(a) (b)

Figure 2.8 : (a) Neighbor atoms of graphene up to 4" nearest nei ghbors for A atom (similar
results can be obtained for B atom). From the 1* to the 4™ neighbor atoms, we plot solid
circles. (b) Force constants between the A and By atom on a planar graphene sheet. Here ¢,
¢4, and ¢, represent forces for the nearest neighbor atoms in the radial (bond stretching), in
plane and out of plane tangential (bond bending) directions respectively. B, and B; are nearest
neighbor equivalent to B,, whose force constant tensors are obtained by appropriately rotating
the tensor for A and B,.



20

where the unitary matrix U, is here defined by a rotating matrix around the z-axis in Figure

2.8(b), taking the B, atom into the B, atom.

cos6,, sinf, 0
U, = (—sinﬂm cos8,, O 2.19
0 0 1
To make the method explicit, the force constant matrix for the B, atom at
[— a/(Z@ s s 0], and U, is evaluated assuming 6, = z?n
O30 V0P -8) o
(ABy) — 1 1 1 1 1
k= 2| Ao - 60) 340 +0P o
0 0 o

and the corresponding phase factor is given by exp[—igq, a/(2V3) + i g, a/2].

Figure 2.9 shows the calculated phonon dispersion curves along with the DOSs for planar
graphene sheet using the FCM [62].

The zone tolding technique is the same as that used in treating the electronic structure of
carbon nanotubes. By superimposing the N cutting lines in the K| extended representation on
the six phonon frequency surfaces in the reciprocal space of the graphene layer (see Figure

2.7). The corresponding 1D phonon energy dispersion relation w}y, for the nanotubes is given

by:
(@) 1600 | N5 Q ey -
a ‘Q g_

1200

T a0 [~A L
38
400 - 7
]
0

r M K r 00  10x10®
state/1C-atom/cm’’

Figure 2.9 : (a) The phonon dispersion curves, plotted along high symmetry directions, for a
2D SWCNT sheet. (b) The corresponding DOSs vs phonon energy for phonon modes in units
of states/] Catom/cm™ x107 [63].
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K. m=1,..,6,
wﬁ;ﬂ=w£"n(qlk—;+uf(1),(ﬂ=0’“_’N_1’and——$<qs$) 2.21

where w}p(g) denotes the 2D phonon dispersion relations for a monolayer graphene sheet, g
is a 1D wave vector, 7 is the magnitude of the 1D translation vector T, and g is a cutting line
index.

According to the zone folding scheme, this procedure yields 6N phonon modes for each
carbon nanotube. The 6(/N/2-1) pairs of the phonon modes arising from the cutting lines of the
indices u and -x, where u=1,...,(N/2-1), are expected to be doubly degenerate, similar to the
case of the electronic sub-bands, while the phonon modes arising from the cutting lines for the
indices #=0 and u=N/2 are non-degenerate. The total number of distinct phonon branches is
3(N+2).

Spikes appear in the PDOSs of the CNT, similar to the spikes Van-Hove singularities
(VHSs) appearing in the electronic DOS (see Figure 2.10(b)), except for the presence of a
much larger number of spikes in the phonon DOS than in the electronic DOS, due to the
larger number of phonon modes relative to the number of electronic bands, and the more
complex structure of the dispersion relations for phonons than for electrons in the graphene
layer.

Figure 2.10 shows the calculated phonon dispersion curves along with the density of
states for (10,10) ACNT using the FCM [63].

0 ¥ ]
0.0 0.2 0.4 0.6 0.8 1.0 0.0 1.0x102
KT/ T states/1C-atom/cm”’

Figure 2.10 : (a) The calculated phonon dispersion relations of (10,10) ACNT. (b) PDOSs of
(10,10) CNT [63].
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2.6. Raman Spectroscopy

Raman spectroscopy has proven to be a powerful technique for probing selected phonons
in SWCNT. Figure 2.11 shows Raman spectra of SWCNT. The Raman G peak measurement
is a three step process (see Figure 2.12). (i) photon absorption leads to the excitation of an
electron hole pair, (ii) relaxation of the electron (or the hole) via emission of a G phonon, and
(iii) electron-hole recombination emits a red shifted photon. double resonance (DR) Raman
scattering 1s a four step process (Figure 2.12), comprising (i) photon absorption, (ii) clastic
defect scattering, (iii) inelastic electron phonon scattering, and (iv) electron hole
recombination plus photon emission. The DR condition is reached when the energy is

conserved in all these steps. Thus DR links the phonon wave vector to the electronic band

structure [65].

0
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Figure 2.11 : Raman spectrum of SWCNT [65].
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Figure 2.12 : Raman scattering process for (a) the G peak (in plane transverse optic (iTO) plus

in plane longitudinal optic (iLO) mode). (b) Phonon double resonance process for the D peak
(intervalley scattering) and (¢) the D' peak (intravalley scattering) [ 58].
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2.7 Vibrational Modes of SWCNT

Carbon nanotubes have many vibrational degrees of freedom because of the large number
of atoms in their unit cells. Achiral tubes of di=Inm diameter have 100-150 phonon branches;
in chiral nanotubes this number can be higher by one or two orders of magnitude. Only a very
small fraction of these phonons is Raman active. The Raman active modes fall into a low-
energy range where radial vibrations are observed, a high-energy range with in plane carbon-
carbon vibrations, and an intermediate-frequency range. The low and high-energy phonons
have received most attention; their Raman signal is very strong and they can be used for
characterizing and studying CNTs as they give information about the tube diameter and
chirality, phonon confinement, the semiconducting or metallic character, optical transition
energies and more.

Carbon nanotubes are structures with particularly high symmetry. This comes from the
underlying hexagonal lattice. The translations of graphene turn into rotational and helical
symmetry operations for nanotubes, because we build the tube by rolling up graphene. The
symmetry of carbon nanotubes was rigorously derived within the framework of line groups
[66,67]. Line groups deal with systems that are periodic in one 1D. They are the equivalent of
crystal space groups for 1D solids. The linegroup treatment is very powerful [68] for an
mtroduction and for applications of the method to carbon nanotubes. From the point group
and the positions of the carbon atoms, we thus obtain a total of 8 Raman active phonons in

achiral and 15 in chiral nanotubes

armchair 2A1, D 2E1, @ 4E2, 2.17
zigzag 2A1, @ 3E1, @ 3E2, 2.18
chiral 3A1 @ 6E1 @ 6E2 2.19

Here A and B modes are nondegenerate, E modes have a twofold degeneracy. The Alg, El,
and E2; representations are Raman active (the subscript g represents achiral tubes). The
totally symmetric modes in achiral tubes are the radial breathing vibration and a high-energy
phonon. In armchair tubes the circumferential eigenvector is Raman active and in zigzag
tubes the axial vibration is Raman active. In chiral nanotubes, the three totally symmetric
modes are the radial breathing mode (RBM) and two high-frequency vibrations. They

resemble the circumferential and axial vibrations, but are, in general, of mixed character. This
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is typical for low-dimensional systems; it originates from the mechanical boundary conditions

(around the circumference in the case of nanotubes) [69-71].
2.7.1 Radial Breathing Mode

The RBM is an important mode for the characterization and identification of specific
nanotubes, in particular of their chirality. Its eigenvector is purely radial by symmetry for
armchair tubes only; these have mirror planes perpendicular to the nanotube axis, and the
RBM is fully symmetric. For all other chiralities n;#n, the eigenvector has a small axial
component, which is largest for zigzag tubes [72-74]. For most practical purposes, however,
thc RBM may be considered purcly radial. RBM is Raman active modc in low-frequency
region (see Figure 2.13).

2.7.2 Tangential Mode

Tangential modes refer to all phonon bands of a nanotube originating from the optical
phonons of graphite. Their eigenvectors are characterized by an out of phase displacement of
two neighboring carbon atoms. The displacement is directed parallel to the nanotube wall,
along the circumference, the axis, or a dircction in between. The tangential modes involve
predominantly the sp® in plane carbon-carbon bonds, which are extremely strong, even
stronger than in the sp® diamond bond. Therefore, these modes have very high frequencies
lying between 1100 cm 'and 1600 cm ' (see Figure 2.13). The Raman active vibrations of the
tangential modes fall into two groups, the high-energy modes (HEM) just below 1600 ¢m™
and the D mode=~1350 ¢cm'. The HEM is also called the G line in the nanotube literature; the
*G” originally stood for graphite and was taken over from the graphite Raman spectrum to
CNTs. Another interesting optical phonon mode is D mode, which originate from defect
induced SWCNT [68]. The name of G' mode is misleading: it is given because in graphite,
this mode is usually the second strongest after the G mode. However, it is actually the second
overtone of the defect induced D mode (and thus should logically be named D'). Its intensity
is stronger than that of the D mode due to different selection rules [75]. In particular, D mode
is torbidden in the ideal nanotube and requires a structural defect, providing a phonon of
certain angular momentum, to be induced. In contrast, G' mode involves a "self-annihilating"

pair of phonons and thus does not require defects. The spectral



Figure 2.13 : Raman-active normal mode eigenvectors and frequencies for a (10,10) CNT.
The red arrows indicate the magnitude and direction of the appropriate carbon atom
displacements, and the eigenvectors shown correspond to the seven most intense modes. The
unit cell (blue atoms) is shown schematically in the upper right-hand corner [28].

position of G' mode depends on diameter, so it can be used roughly to estimate the SWCNT
diameter [77]. In particular, G' mode is a doublet in doublewall CNTs, but the doublet is often
unresolved due to line broadening. Other overtones, such as a combination of RBM+G mode
at ~1750 cm ™', are frequently seen in CNT Raman spectra. However, they are less important
and are not considered here.
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CHAPTER Il

Computational Details

3.1 Introduction

This chapter outlines the numerical algorithm based on forced vibrational method used in

the calculation of the later chapters.
3.2 Normal Modes of Vibration

Let us consider that a set of N atoms are coupled together by linear springs. The equation

of motion of the systems with the scalar displacement of the I™ mass, u; (t) is:
Myl + Sy dypuy () = 0 3
where M, is the mass of /' atom and ¢ is the strength of the spring between the /" and /"

atoms. The displacement can be decomposed as:

w(t) = X0, ()22 ‘}‘_"2 3.2

where @, is the amplitude of the normal mode 4 and ¢;(1) is the displacement pattern or the
polarization vector of the mode A. By putting this value into Equation 3.1

,f @ _

My (22 Qa0 42) + S b 32 010 33
M, (EA 0:(8) "'“‘)) + Xy by X2 Qa0 —‘J-},%} =0 34

Dividing this equation by W , we have:
22020 +Zr dur Ta (D= =0 35

If the amplitude of the normal mode varies as Q;(t) = A;_exp(zwlt) + Bexp(—iw;t), after
two times differentiation the equation of motion becomes:

—wj Ta(Azexp(iwnt) + Brexp(—iw 0))e,(A) + Xy by Ta(Azexpliont) +

3 (1) :
Blexp(—zmat))ﬁ ={ 3.6
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Dividing the Equation 3.6 by ).; A;exp(iw;t) + Byexp(—iw;t) e;(1), we obtain:

e, (1)
X bu J—m = fﬂ;%et @) 3.7

Thus, to find the frequencies and displacement patterns of the normal modes one has to find
the eigenvalues and eigenvectors of an NxN matrix. However, the conventional dynamical
matrix techniques require a large amount of computational time and huge memory space.
These techniques are also limited for perfect system only. Thus, one has to find out another

approach.
3.3 Forced Vibrational Method

The theoretical experiment we have done is based on the work by Williams and Maris
[49]. The methodology they introduced is called FVM. This method is very efficient to find
out the eigenvalues and eigenvectors of a large and complex harmonic physical system with
mass disorder. The fundamental concept is based on the mechanical resonant effect of a
physical system. When a system vibrating with random frequencies is continuously excited
with an external periodic force of a particular frequency, {2 for sufficient time, the system will
respond only with frequencies near f2. Because this algorithm requires a memory space of the
order of N, one can calculate eigenfrequencies and eigenmodes of a very large system.

If the desired lattice dynamical system consists of N number of atoms which are assumed
to be coupled with linear springs with each other and the external force is applied to the
system randomly, the resultant equation of motion will be as follows:

My (t) + X @y up(t) = Ficos(Qt) 3.8
where M, and u, are the mass and scalar displacement of I™ atom respectively. ¢, represents

the force constant between atoms [ and 1. The periodic external force F; is expressed as:

F{ = FG‘\J MICOS((pI) 3.9
where F, is time independent constant amplitude and the phase, ¢, is a random number
distributed uniformly from 0 to 2xn. The scalar displacement is composed of a set of normal

modes according to the following expression:

w (1) = %20 (42 3.10

where Q;(t) and e,;(1) are the amplitude and the displacement of the normal modes (1),
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respectively. To obtain the resonance condition, we have to establish time development
algorithm of equation of motion as follows:

yn+1) =un)+ M{ll Yieuy(n) + FICDS(QTLT)]T 3.11

yn+1) =yn)+u(n)t 312

where the integer n is the number of time steps and total time, = nt . If we take 1 sufficiently

small, then we will get sharp resolution to extract the eigenmodes of the system. The value of
7 must be satisfied the condition 7 < me , where w,, is the maximum frequency of the

system. From the above relation we can also find out the maximum frequency of the given
sample system.
The total energy of the system can be written as the summation of kinetic and potential
energy as follows:
E()=K+U
= %):1 M, () + %El 2w () pyruy (8 343
at first, at time t = 0, all atoms are considered at rest with zero displacement. For t > 0, the
external periodic force, F; is applied to the each atom l. After completion of excitation time t,
it is desirable that the system is in its resonance condition. Thus to obtain the DOSs around
the frequency of the applied periodic force, we have to count the number of the excited
eigenmodes, as the number of excited modes is directly related to the average energy of the
sample system. When we average all possible values of ¢; and use the orthonormality of the

eigenvectors e;(4), the average value of energy (E (1)) becomes as follows:

(E()) = Tl @ 3.14
where g(€) is the PDOSs. Therefore:
_ B{E())
9@ ="y 3.15

In order to obtain the DOS, our task is to compute the average total energy (E). Thus the
DOS is independent of the frequency () of the applied force, but depends on the number of

vibrational modes corresponding to the band of frequencies near the resonant frequency.

To obtain mode pattern of the given sample system, we have to apply the external force,

F, repeatedly to each atom ! over an appropriate time interval T, until the amplitudes of
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several eigenmodes belonging to frequencies close to ) are enhanced enough. After one
repetition of external force to each atom the displacement amplitude will be:
ul® = %M—: Y, F e (DR (Q, wy, T) 3.16

where w; is an eigenfrequency of mode A. Thus the new value of the force will be:
FO =4O p; 3.17
The system is again applied with a new force value F}(U to each atom considering each
atom at rest. This process is repeated again and again until all the modes amplitudes died
except the eigenmodes within the band of resonant frequency for appropriate values of time,
T. After p times repetition the displacement amplitude will be as:

u® = Mi, 33 B e DR®(Q, @, T) 3.18

2sin[3(Q-w)T]sin[5(@+w)T]

b R
1l wy

where h(Q, w,, T) = 3.19

If we choose the value of p sufficiently large, the absolute value of the function h,
expressed by Equation 3.19, will be maximized. Therefore, we will get maximum value of the
displacements of the eigenmodes of the system. The above situation is determined by the
frequency of the modes and is independent of the details of the driving forces, F. Thus, for

sufficiently large p, we can rewrite the displacement amplitude Eq. 3.18 as:

Cey(Ap)

N

where C is a constant factor independent of A. Thus, we can determine the mode pattern for

u® = 3.20
the mode 4.

Now for obtaining the localization length we have to calculate inverse participation ratio

IPR [77]. IPR can be mathematically expressed as:

_ Nl
g z
(N ihual)

where u, , is the displacement of the ™ atom for the eigenmodes, A. There are two particular
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types of phonon modes with special value of JPR. When a mode is localized, only a small

number of atoms vibrate in that localized mode. If the number of atoms is m, that are vibrating

with the localized mode, the vibrational amplitude of each atom is u = % taking the

normalization of the cigenvector. Thus we can obtain inverse participation ratio from this
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relationship and it is IPR = i For the case m=1, we get the absolute localization mode

condition, that is /PR = 1 and only one atom vibrates in that mode. For m=N we get IPR = %
and in this situation all the atoms are in extended eigenmode with the same amplitude,

u= Tlﬁ . Therefore, by obtaining the value of /PR we can get the localization property of an

eigenmode. The range of /PR is between %to 1

Now the relation between localization length and inverse participation ratio is

1
L; o« IPR™z [78]. We can then estimate the localization length of state, A as:
1
Ly _ (IPRo\2
lo, (IPR;) .28
Where L, is the size of the system and /PR, is the average value of IPR; for the special case

of pristine CNT sample.
3.4 Application of Force Vibrational Method to SWCNT

As an example of the application of the FVM to evaluate the vibrational states of the
(10,0) and (10,10) SWCNTs honeycomb lattice has been demonstrated. The system treated
here consists of N atoms which are connected to their nearest neighbors by the linear springs
with force constant strength ¢. As SWCNT honeycomb structure consists of two atoms
(denoted by A and B) per unit cell, the different force directions can be observe for these two
atoms. The force directions and the force constant tensors up to the fourth nearest neighbor
atoms for the A type atoms for both (10,0) and (10,10) SWCNTs are illustrated in the Figure
3.1. In the same way, the force directions for the B type atoms can be determined. The angles
(in degrees) between the central A atom and the different neighbor atoms up to the fourth
nearest neighbor interactions for both (10,0) and (10,10) SWCNTs have been shown in the
Table 3.1. In the same way, the angles for the B type atoms can be determined. The equations
of motion for the (10,0) and (10,10) SWCNTs planar honeycomb lattices using the parameters
listed in Table 3.1 are also demonstrated. Here the equations of motion of (10,0) and (10,10)
CNTs for only first nearest neighbor atoms are derived. The equations can be derived for
second, third and fourth nearest neighbor atoms by the similar way. In the same way, the

equations can be derived for the B type atoms for both (10,0) and (10,10) CNTs.
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Figure 3.1 : A planar graphene sheet. The three shells of the nearest neighbors of the central A
atom is shown by red circle. The directions of radial and tangential in plane force constant
tensors are labeled by ¢, and ¢, respectively. The central A atom and the three B atoms from
the first shell are labeled by 1, 2 and 3. In the similar way, second and third shells are labeled
by the consecutive numbers. For (10,0) ZCNT and (10,10) ACNT only the x and y-axis will
be interchanged [58].
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Table 3.1: The angles (in degrees) between the central A type atom and different neighbors
for (10,0) ZCNT and (10,10) ACNT (only x and y-axis will be interchanged).

)

Al i

number Angle Nearest Angle Nearest
Radial Tangential neighbor Radial Tangential neighbor
1 0 150 -120 |
2 0 30 -60 1
3 0 90 0 1
4 -60 30 2 0
5 -120 150 2 0
6 0 90 2 0
7 0 90 2 0
8 -120 150 2 0
9 -60 30 2 0
10 0 90 0 3
11 0 30 -60 3
12 0 150 -120 3
13 0 131 41 4
14 0 49 A1 4
15 0 169 79 4
16 0 i1 -79 4
17 0 109 -19 4
18 0 1 19 4
g??yﬂf;_ga-mﬁ‘ e T R = -

A
number Angle Nearest Angle Nearest
Radial Tangential neighbor Radial Tangential neighbor
1 0 60 -30 1
2 0 120 -150 1
3 0 0 90 1
4 -150 120 2 0
5 -30 60 2 0
6 90 0 2 0
7 90 0 2 0
8 -30 60 2 0
9 -150 120 2 0
10 0 0 90 3
11 0 120 -150 3
12 0 60 -30 3
13 0 41 131 4
14 0 139 -131 4
15 0 79 169 4
16 0 101 -169 +
17 0 -19 -109 4
18 0 -161 109 4
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The equations of motion for the SWCNT planar honeycomb lattices:
For A type atom in (10,0) CNT (first nearest neighbours):

v (n+ 1) = v,(n) + Myt (w1 — w;)cos(150)° + ¢ (1, — uy)cos(—120)° +

¢t (w2 — 1) cos(30)° + ¢l (wy, — w;)cos(—60)° + ¢l (w3 — u;)cos(90)° +

bk (3 — 1) cos(0)° + Fy cos(On7)]t 323
vy (n+ 1) = vy(n) + M7 o} (uyy — w)sin(150)° + ¢7; (uyy — wy)sin(—120)° +

Pt (w; — wy)sin(30)° + ¢ (wy, — wp)sin(—60)° + ¢t (g3 — w;)sin(90)° +

b (w3 — w)sin(0)° + Fyy cos(nn) ]z 324
v;;(n + 1) = vt(n) + 1“-4!_1 [¢T‘J:(ula1 = ui) + ¢g}_ (u'f,l T ut) =+ qs;‘(u!,z —_ ui) + Q“’gl(ul,z =
wy) + ¢ (w3 — w) + ¢ (w3 — wy) + Fycos(Qn)r 3.95

For A type atom in (10,10) CNT (first nearest neighbours):

v+ 1) = v(n) + Mot (w1 —u,)cos(60)° + bk (w,, —1u;)cos(—30)° +

L (uy, —w)cos(120)° + o (wy, — u)cos(—150)° + ¢ (w3 — u;)cos(0)° +

ok (w3 — w)cos(90)° + Fcos(Ona)|x 3.26
v, (n+ 1) = v,(n) + MY pk (w1 — 1)sin(60)° + ¢ (w1 — wy)sin(—=30)° +

bt (uy, — 1y)sin(120)° + ok (w2 — u;)sin(—=150)° + ¢ (uy 3 — 1;)sin(0)° +

ok (w3 — u,)sin(90)° + F,, cos(Qnt)]r 3.27
Vix (n+1)=nm)+ Ml_l [qb,} (uLl = u[) o ¢§i (ut,x = u,) o+ ¢?1' (us,z - ul) + ¢:15 (uz_z -
w)) + ¢F (w3 — wy) + dg (w3 —uy) + Fycos(Qna) |z 3.28

3.5 Correction of Force Constants

The CNT can be assumed as rolled version of planar graphene sheet. To determine the
phonon dispersion relation and ultimately the PDOs of SWCNT, we have used the force
constants up to fourth nearest neighbors given by Jishi et al. [64]. These values for force

constants are obtained by fitting the 2D phonon dispersion relation over the Brillouin zone as
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Figure 3.2 : (a) Brilluin zone of CNT with high symmetry points (b) Obtaining two
dimensional graphene sheet from cylindrical CNT, chiral vector is along x-axis and
translational vector along y-axis (c) (Top view of CNT) projection of B (filled circle) atom on
xy-plane denoted as B' (unfilled circle) (d) (Side view of CNT) projection of B' (unfilled
circle) on zx-plane denoted as B" (unfilled circle).

determined experimentally, as for example for from inelastic neutron scattering or electron
energy loss spectroscopy measurements along the M direction. In Figure 3.2(a) the Brillouin
zone of CNT with high symmetry points such as I', K and M points are shown.

As CNT is cylindrical in shape, we have to consider the curvature effect on these force
constants. First, we have determined the circumferential length for both CNT from their

absolute value of chiral vectors as follows:

L = |Cy| = aVn? + nm + m? 3.29
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where a is the lattice constant and a = 1.42v/3 = 2.46 A. n, m are integers, 0 < |m| < n. We

also have calculated the translation vectors for both CNTs as follows:
T ] =23 3.30
dg

where dj, is the greatest common divisor of (2n + m) and (2Zm + n).

The product of chiral vector and translational vector is the unit cell of the CNT [62].
After sufficient repetitions of translational vector, the required length of CNT is obtained.
Here we have repeated the translational vector 250 times and got 10,000 carbon atoms for
both (10,0) and (10,10) CNTs.

Now from Figure 3.2(b), it is shown that chiral vector is in the direction of circumference
of CNT and translational vector is in the direction of the axis of the CNT (here it is in the y-
axis direction). After unfolding the CNT we get 2D planar graphene sheet. Its width is same
as the circumferential length of the chiral vector (here it is now in the x-axis direction) and
length is same as the length of repeated translational vector (here it is in the y-axis direction)
of the corresponding CNT.

The change in atomic positions in the flat graphene plane with respect to the curved CNT
wall has been incorporated by explicitly including the change in bond angle on the planar
graphene sheet. To obtain the curvature effect, we have followed the following procedure as
shown in Figures. 3.2(c) and 3.2(d). Let consider, two atoms A and B. The force constant
between them is K as shown in Figure 3.2(c). At first we take projection of B (filled circle) on
xy-plane denoted by B' (unfilled circle). The new value of force constant tensor K is K'. The
rotation angle between K and K' around y-axis is ¢/2. Where ¢ is the angle between A and B
atoms at the center. Then we have taken projection of B' (unfilled circle) on zx-plane denoted
by B"(untilled circle) according to Figure 3.2(d). The new component of K is K". Where K" is
parallel to the direction of the x-axis.

To determine ¢, the angle between A and B at the center, we have to consider the

following equation:

ZTZ-!PE-P;‘lz] 3.31

e =1
¢ = cos [ b
where 7 is the radious of the SWCNT, P; is the i atom which we consider and P; is the j*

nearest neighbor atom. If we consider carbon-carbon bond length 1.42 A, the radious r of

(10,0) ZCNT is found 7190y =3.91A and (10,10) ACNT is found 7(1010) = 6.78 A.
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Table 3.2 shows the distances between 1,2 3™ 4™ nearest neighbours carbon-carbon atoms
m SWCNT without considering curvature effect. Table 3.3 shows the value of angles ¢

between nearest neighbor atoms of (10,0) and (10,10) CNT.

Table 3.2 : The obtained nearest neighbor distances without curvature effect.

Nearest neighbors (PJ) Distances |P; — F}|
1% (Py) 1.42 A
2 (Py) 246 A
3 (P3) 2.84 A
4" (Py) 3.69 A

Table 3.3 : The obtained angles between A and B atoms.

Nearest neighbors (P;) ¢ (10,0) CNT ¢ (10,10) CNT
1% (P,) 20.90° 12.02°
2" (P,) 36.62° 20.90"
3" (P;) 42.54° 24.18°
4" (P, 56.23° )

Table 3.4 : The obtained force constants values taking into account the curvature effect.

Force Jishi et al.[64] Our calculated force Our calculated force
constants constants for (10,0) CNT | constants for (10,10) CNT
KV 365.00 358.95 363.00
2 88.00 83.54 86.54
3 30.00 27.96 29.33
K® -19.20 -16.93 -18.48
K 245.00 240.94 243.65
K@ -32.30 -30.66 31.76
K& -52.50 -48.92 -51.34
K. 22.90 20.20 22.04
K" 98.20 96.57 97.66
K2 -4.00 -3.80 -3.93
K, Y 1.50 1.40 1.47
K -5.80 -5.12 -5.58

The force constants between two carbon atoms are taken from the report by Jishi et al.
[64] and the only interactions up to the fourth nearest neighbor atoms are considerd in this
work. Our calculated force constants considering curvature effect are shown in Table 3.4 for
both (10,0) and (10,10) CNTs. The calculated force constants are found multiplying with
factor cos($p/2).
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3.6 Periodic Boundary Condition

As CNT is cylindrical in shape, we have to apply PBC along the chiral vector direction.
To apply PBC to a matrix, we assume that the last point is connected back to the first point so
that there are no ends (see Figure 3.3). The justification for this assumption is that if we are
interested in the properties in the interior of a structure in a cylindrical crystal system, then
what we have to assume at the boundaries should make no real difference and we could
assume anything to make our calculations simpler.

In Figure 3.4, an unfold zigzag (here we take it for describing (10,0) CNT) CNT with

vacancy defects is shown. After unfolding there are N numbers of lines are found depending

0 1 2 o N N+1

Figure 3.3 : PBC assume that there are no “ends.” Point N is connected back to point | as if
the structure were in the form of a ring making (N+1) equivalent to 1 [79].

%% & %
% %

(@) (b)
Figure 3.4 : (a) Unfolded (10,0) SWCNT (b) Application of PBC.
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of chirality. These lines are numbered in the chiral direction. To obtain PBC along the chiral
vector we have taken first three line (1,2,3) at the end of the line numbered as N. We also
have taken last three lines (N-2,N-1,N) before the line numbered as 1 as illustrated in Figure
4.2. The repeated lines are shown within red rectangle. We repeated first and last three lines
because in applying FVM we have considered force constants up to fourth nearest neighbors.
So that it is sufficient to take three lines at each side. In Table 3.5 A sample matrix is shown
to apply PBC. This matrix represent the atoms of unfolded (10,0) SWCNT of Figure 3.4.

Table 3.5 : Sample matrix element of (10,0) SWCNT of Figure 3.4. Here 1 and 0 represent the
presence of atoms and absence of atoms respectively.

(e B = B e B

1
1
0
1
1
0
1
1
0

— et (D e (D e e D
O e e (O e e (O e
—— D e p— D et — O
O = = D e e (D e e
— D b ik (D ek e (O
O = e (D b ek (D e e
e IR e S R ™ e
e I = B e
— D e e D e — O
D = e D b e D

3.7 Creation of Atomic Vacancies

The atomic vacancy defects are created randomly using percolation theory. Percolation
theory discuss the formation of long range connectivity in random systems. Tt generally refers
to simplified lattice models of random systems or networks and the nature of the connectivity
in them [80]. The percolation model is used here is a lattice, like honeycomb lattice, and
make it into a random network by randomly "occupying" sites (vertices) or bonds (edges)
with a statistically independent probability p (see Figure 3.5). At a critical threshold p,, large
clusters and long range connectivity first appears, and this is called the percolation threshold.
Depending on the method for obtaining the random network, one distinguishes between the
site percolation threshold and the bond percolation threshold. We have considered vacancy

concentrations up to 30%, because the percolation threshold of a site percolation network of
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Figure 3.5 : Example of disorder percolation network of honeycomb lattice [§1].

honeycomb lattice is about 70% [82]. The total number of carbon atoms we have taken for
both (10,0) ZCNT and (10,10) ACNT is 10,000. As both (10,0) and (10,10) CNTs have 40
carbon atoms per unit cell, the total namber of unit cells are taken 250 for both CNTs. The
length of (10,0) and (10,10) CNTs, we have taken here are 61.50 nm and 106.50 nm
respectively, because in modern scaled nanoelectronic devices, ballistic transport of carrier
can be achieved over length typically less than 100 nm [83]. The diameters of (10,0) and

(10,10) CNTs are 0.78 nm and 1.36 nm respectively. Our simulations have been performed
considering PBC along chiral direction.
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CHAPTER 1V

Results and Discussion

4.1 Introduction

In this chapter, the results of the computer experiment on the phonon properties of (10,0)
ZCNT and (10,10) ACNT considering the effects of vacancy type defects and curvature for a
large number of lattices has been presented. The FVM has been applied to describe the
change in the PDOSs due to the vacancy type defects and curvature. To study the nature of
phonon states, the typical mode pattern in the presence of vacancy type defects has been
calculated. This work focuses particularly on the K point iTO mode phonons because of their
importance in the Raman D-band, the dominant feature in the Raman spectra for a defective
crystal system. Moreover, the localization length as a function of vacancy type defect density
has also been computed to study the localization effects caused by vacancy type of disorder.

Figure 4.1 shows vacancy induced SWCNTs considered in this work.

(a) (b)

Figure 4.1 : Vacancy (about 30%) induced defective CNTs. (a) (10,0) semiconducting ZCNT
and (b) (10,10) ACNT.
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I;'igurc 4.2 : Raman active Ey; phonon mode direction at I” point of Brillouin zone of (a) (10,0)
CNT (b) (10,10) CNT (red arrows).

4.2 Phonon Density of States of SWCNT

In this work I have calculated PDOSs of (10,0) ZCNT and (10,10) ACNT using FVM,
considering force constants up to fourth nearest neighbor atoms. It is well known that both
(10,0) and (10,10) CNTs have 2N¥=40 carbon atoms per unit cell, where N is the number of
hexagons per unit cell. Thus both the CNTs should have 6N vibrational degree of freedom and
6N distinct phonon branches. In case of low dimensional material like CNT due to mode
degeneracy, 6N distinct phonon branches do not always exist. For example, in (10,10) CNT
there are only 66 distinct phonon branches with respect to the phonon eigenvectors at the
Brillouin zone center I" point, of which 12 modes are non-degenerate and 54 modes are

degenerate [84]. The iLO and iTO modes, which are the main focus of this work, involve
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predominantly the sp” in-plane carbon-carbon bonds and these bonds are extremely strong,
even stronger than the sp® diamond bonds. Therefore, these vibrational modes have very high
frequencies lying between 1100 ¢cm™ and 1600 cm™'. Among these high frequency in-plane
tangential vibrational modes, the Raman active modes fall into two groups, the G modes just
below 1600 cm™' and the D modes around 1350 cm™'. In CNT the TO phonon mode is the
highest G band phonon modes just opposite to graphene. For (10,0) semiconducting ZCNT
iLO phonon mode and (10,10) metallic ACNT iTO phonon mode are Raman active and they
are responsible for Ey; mode at the Brillouin zone center as shown in Figures 4.2(a) and 4.2(b)
(red arrows) [28,65.85].

The simulated PDOSs of perfect CNTs exhibit 1D VHSs because of confinement effect
originated from the reduced dimensionality and all the characteristic peaks that correspond to
the sp> bonded carbon honeycomb lattice as shown in Figures 4.3(a) and 4.3(b). In this
simulation I have found the E,, mode at 1576 cm ' and 1581 cm™’ for (10,0) and (10,10)
CNTs respectively. Generally the Ez, mode gives a large softening due to curvature effect
[63]. Again the LO phonon mode whose atomic displacement direction is along the axial
direction of CNT is less sensitive to curvature effect and the TO phonon mode whose atomic
displacement direction is along the circumferential direction of CNT is more sensitive to
curvature effect [40]. As the diameter of (10,0) ZCNT is much less than (10,10) ACNT, the
curvature effect is more severe in (10,0) ZCNT compared to (10,10) ACNT.  Thus, it is
reasonable to find the Es; mode at lower frequency for (10,0) ZCNT than (10,10) ACNT. It is
worth to mention here that some previous works found E;; mode for graphene and graphene
nanoribbon at 1590 cm ™' using FVM [86,87]. Moreover, graphene and graphene nanoribbon
have no curvature effect. From the PDOSs of pristine CNTs, it is found that the average high
energy PDOS is less for (10,10) CNT than (10,0) CNT. Due to Khon anomaly in the (10,10)
metallic CNT, the LO phonon modes soften towards the lower frequency range [39,40].

[ also have simulated the PDOS of (10,0) and (10,10) CNTs for a broad range of vacancy
concentrations changes. It is found that vacancy type defects have significant effects on
PDOSs of both CNTs. These results show that the broadening and softening of the PDOSs
peaks as the defect density increases for both CNTs. It is found that E, mode softening effect
is stronger in (10,0) than (10,10) CNT due to curvature effect as illustrated in Figurc 4.4. The

reason behind the shifting of the PDOSs peaks towards the low-frequency region for both
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Figure 4.3 : PDOSs of (a) (10,0) CNT (b) (10,10) CNT with variation of vacancy

concentration over 0% - 30%.

cases can be explained as, with increasing defect densities the numbers of the unsaturated

carbon atoms with some dangling bonds increase. As the bonding strength is weak for the

unsaturated carbon atoms, the PDOSs of CNTs shift down towards low-frequency region from
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high-frequency region. Another significant outcome of this simulation is that the E, peak has
been reduced into a shoulder, or it has completely disappeared for vacancy concentrations of
10% and higher in both cases. This result interprets that when atomic vacancies are present in
a crystal system, after increasing certain value of defect densities the long range periodic
order of that crystalline system is totally perturbed. Moreover, the momentum conservation is
broken down because of breaking the translational symmetry of the crystalline arrangement of
CNTs. That is why it is found that some fine structures are disappeared in high-frequency
region of PDOSs for both CNTs,

Another interesting property that have found in PDOSs of both CNTs is the appearance of
some fine peaks in the low-frequency region with the increase in defect density. Mingo et al.
[88] explained that the presence of defects efficiently scatters longer wavelength phonons.
Recently Sevik et al. [89] found that in spite of increasing vacancy defects, low-frequency
phonons are transmitted quasi ballistically in CNTs. So the fine peaks may be the result of
these facts. Although some fine peaks appear in the low-frequency region with the increase in
defect densitics, the average PDOSs in the low-frequency region has been reduced for both

types of CNTs with increasing defect densities. Mahan et al. [90] have reported that there
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Figure 4.4 : Comparison of softening of Raman active E>; mode of (10,0) and (10,10) CNTs

with increasing defect densities.
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(a) (b)

Figure 4.5 : Vibrational direction of D-band mode at K point of Brillouin zone of defective
(a) (10,0) CNT (b) (10,10) CNT (red arrows).
exists flexural phonon modes in low frequency acoustic PDOS region of the CNT, which
shows the quadratic phonon dispersion relation and recently Ochoa et al. [91] have showed
that a reduction in the value of PDOS ot graphene due to stiffening of the flexural phonon
modes with inducing defects in the sample system. It is predicted that these are the factors

behind the reduction of average PDOSs in the low-frequency region.

4.3 Mode Pattern of SWCNT

In this work, I also have analyzed vacancy defects effect on phonon localization. The

phonon wave function is considered delocalized in carbon-based low dimensional materials.
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Figure 4.6 : Typical mode pattern of (a) pristine (b) 10% vacancy (c) 20% vacancy and (d)
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angstrom unit.
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Figure 4.7 : Typical mode pattern of (a) pristine (b) 10% vacancy (c) 20% vacancy and (d)
30% vacancy induced (10,10) CNT. Each circle denotes an atom and the colors denote the
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If vacancies are present in those crystal system phonons are confined to a particular region.

Due to breakdown of momentum conservation of a periodic arrangement of atoms, phonons

are scattered into other phonon states. In this case phonon wave vectors are no longer good

quantum numbers that means they are localized in real space. To observe localization property

in defective CNT, particularly, emphasis on D-band of phonon modes has given. D mode is

originated from iTO phonon at the K points on the Brillouin zone boundary. Generally D

mode appears if there is any breakdown of the in-plane translational symmetry because of

vacancies or finite size effects, D-band frequency is a strong feature in defective CNT,

because double-resonance scattering process requires defects for momentum conservation. D-

band frequency is also curvature sensitive. It decreases with increasing curvature [92-14]. In
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Figures 4.5(a) and 4.5(b), it is shown the vibrational direction of D-band mode for defective
(10,0) and (10,10) CNTs. Here we sce a strong localization effect and very few atoms are
vibrating (red arrows) near defects. It is also observed that less number of atoms are vibrating
in (10,0) CNT than (10,10) CNT and this implies that the localization effect is stronger in
(10,0) CNT than (10,10) CNT. This also indicates that the localization effect depends on
curvature effect. As curvature softens carbon-carbon bond strength and it can be predicted that
this fact influences on phonon localization in defective (10,0) ZCNT.

To visualize more elaborately the localization effect in defective CNTs, 1 represent the
typical mode pattern of the perfect unfolded CNTs associated with different types of
disordered unfolded CNTs at 1350 cmi'. I use a total of 1000 lattice spaces because the
vibrational modes show strong localization within this range of lattice spaces. Therefore, it is
not necessary to have a large number of lattice spaces. In Figure 4.6 each circle denotes an
atom and the color denotes the displacement. In Figure 4.6(a) mode pattern of perfect (10,0)
ZCNT is shown. Here we see that all modes are almost perfectly distributed all over the lattice
spaces Figure 4.6(b) shows a mode pattern for 10% atomic vacancy. This figure depicts that
when vacancies are induced in the perfect crystal system, all modes are no longer well
distributed. Some modes become localized. Figure 4.6(c) shows the more strong localization
effect with 20% atomic vacancies. In Figure 4.6(d), it is observed very strong localization
with only two or three atoms are vibrating with the largest amplitude in a particular region for
30% defect density. This strong localization is the resultant of the resonant vibration of the
randomly distributed atoms in the percolation network of defective (10,0) CNT. As the centers
of the localized modes change its position with different time development, 1 have applied a
random force to each atom of the crystal system to extract the eigenmodes. Although the
localization center moves with the time development, in all time development it stays
asymmetrically around the atomic vacancies. Here it is observed that localization effect
increases with increasing defect densities and this effect is stronger specially near the
vacancies. I have also calculated mode patterns of (10,10) ACNT, which are shown in Figure
4.7. In Figure 4.7(a), it is observed extended mode pattern for pristine (10,10) CNT sample.
Figures 4.7(b), 4.7(c) and 4.7(d) illustrate a mode pattern for 10%, 20% and 30% defect
densities of (10,10) CNT respectively. Here it is also found that with increasing defect

densities localization effect becomes severe. Simulated values of References 95 and 96 show
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Figure 4.8 : Localization length as a function of defect density for both (10,0) and (10,10)
CNTs.

that thermal conductivity of CNT decreases with increasing vacancy type defects. Their
findings are completely agreed with these findings. As phonons are the carrier of thermal
energy, it is seen that with increasing defect densities phonons are become strongly localized
near vacancy sites, which reduces thermal conductivity. Furthermore, it does not observe any
edge phonon localization as found in some previous works [87] for graphene nanoribbon,
because I have used PBC along the chiral vector direction of CNT. Thus no edge phonon

localization effect is found.
4.4 Localization Length of SWCNT

Finally, T have calculated phonon localization length for (10,0) and (10,10) as a function
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of defect density as shown in Figure 4.8. The simulation performed for X point iTO phonon
mode at ®=1350 cm™ for 10,000 atoms. The Defect density is varied from 10% to 30%. The
filled circles are obtained by averaging over 10 eigenmodes, because the localization Iength
shows large fluctuations in values. To determine the localization length I first obtain an
mverse participation ratio (IPR;). It is previously stated that value of /PR, varies from 1 to
1/N. As the localization length is inversely proportional to the square root of IPR;, it should be
obtained lowest localization length for strong localization. From Figure 4.8, it is clearly
shown that the localization length decreases for both (10,0) and (10,10) CNTs with increasing
defect densities, [ have found localization lengths are larger in value for same defect density
in (10,0) CNT than (10,10) CNT, which is expected due to curvature effect, This simulation
results for localization length are well agreed with the results of the previous works on
graphene, because the characteristics of graphene are transferable to the carbon nanotube [86].
As we know that localized statcs arc obtained mainly when mode energy is spatially
concentrated at the defect sites. There may other factors behind this effect. In optical high-
frequency region, defect induced backscattering effect become significant to create localized
states. The localized states are also comparable to the formation of the island that vibrates at a

different frequency from the rest of the crystal lattice.
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CHAPTER V

Summary and Outlook

5.1 Conclusion

It is carried out an in-depth and systematic numerical experiment on phonon property of
pristine and vacancy induced SWCNTSs. This experiment consists of two types of CNTs,
semiconducting (10,0) ZCNT and metallic (10,10) ACNT. The forced vibrational method
which is very suitable to treat large and disordered crystal system has been attributed to
inspect vibrational eigenmodes of defective CNTs. We have examined the effect of vacancies
and curvature on PDOS as well as on localization effect of CNT.

The simulated PDOS also shows some extraordinary character about PDOSs with respect
to pristine sample in defective situation. We have found strong dependency of Raman active
Es, mode on vacancy type defects and curvature for both types of CNTs. The Esz mode found
from our simulation at 1576 cm™' and 1581 cm™' for (10,0) and (10,10) CNTs respectively.
The Ey, mode shows linear reduction towards lower frequency region with increasing defect
densities and curvature of CNTs. It is found that E,, mode softening effect is stronger in
(10,0) than (10,10) CNT due to curvature effect. Our experimental values shows that for
vacancy concentrations of 10% or higher, the E,, peak has been reduced into a shoulder or it
has been completely disappeared. Some fine structures have been vanished, although some
sharp peaks have appeared with increasing vacancy concentrations. We have found some fine
peaks in the low-frequency region with the increase in defect density in PDOS of both CNTs.

The dependency of the phonon localization effect on vacancy-type defects and
curvature has claborately interpreted with visualizing mode pattern and determining the
localization length at D-band high optical frequency for in-plane transverse optical phonon
mode at the K points of Brillouin zone. We have found reduction of localization length with
increasing defect densities. We have observed a stronger localization effect in (10,0) CNT

than (10,10) CNT due to curvature effect.
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Finally from lattice vibrational view point, these findings are not only important in
fundamental science of CNT, but also in advanced nanoclectronics, where the non-ideal

vacancy induced CNTs affect the electron transport properties significantly.
5.2 Future Outlooks

The model developed in this dissertation has proven to accurately describe the
vibrational properties of disordered 1D SWCNT. At the same time, there have been several
important issues in the field that remain to be addressed. These include further investigation
of many body interactions and electron phonon scattering effects, quantitative analysis of
isotopic, doping, hydrogen passivation defects and specific structural defects such as Stone-
Walse defects in SWCNT samples, and anharmonic effects responsible for the thermal
conductivity in the SWCNT. The effect of phonon localization on the electron localization
can be investigated claborately. From these calculations it was shown that localized
vibrational modes are moving in nature with different time development. A more detailed
study can be performed to determine the exact relationship of localized eigenvectors for

various types of defects with different concentrations.
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