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ABSTRACT
This thesis addresses the optical properties of novel carbon filamentary
nanomaterials: single-walled carbon nanotubes (SWNTs), double-walled carbon
nanotubes (DWNTs), and SWNTs with interior C60 molecules (“peapods”).
Optical reflectance spectra of bundled SWNTs are discussed in terms of their
electronic energy band structure. An Effective Medium Model for a composite material
was found to provide a reasonable description of the spectra. Furthermore, we have
learned from optical absorption studies of DWNTs and C60-peapods that the host tube
and the encapsulant interact weakly; small shifts in interband absorption structure were
observed.
Resonant Raman scattering studies on SWNTs synthesized via the HiPCO process
show that the “zone-folding” approximation for phonons and electrons works reasonably
well, even for small diameter (d < 1 nm) tubes. The energy of optical transitions between
van Hove singularities in the electronic density of states computed from the “zonefolding” model (with γ0 = 2.9 eV) agree well with the resonant conditions for Raman
scattering. Small diameter tubes were found to exhibit additional sharp Raman bands in
the frequency range 500 - 1200 cm-1 with an, as yet, undetermined origin.
The Raman spectrum of a DWNT was found to be well described by a
superposition of the Raman spectra expected for inner and outer tubes, i.e., no charge
transfer occurs and the weak van der Waals (vdW) interaction between tubes does not
have significant impact on the phonons. A ~7 cm-1 downshift of the small diameter,
inner-tube tangential mode frequency was observed, however, but attributed to a tube
wall curvature effect, rather than the vdW interaction.
Finally, we studied the chemical doping of DWNTs, where the dopant (Br anions)
is chemically bound to the outside of the outer tube. The doped DWNT system is a model
for a cylindrical molecular capacitor. We found experimentally that 90% of the positive
charge resides on the outer tube, so that most of electric field on the inner tube is
screened, i.e., we have observed a molecular Faraday cage effect. A self-consistent
theoretical model in the tight-binding approximation with a classical electrostatic energy
term is in good agreement with our experimental results.
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Chapter 1
Introduction

Carbon is perhaps the most amazing element in the periodic table. A variety of
linear combinations of 2s and 2p orbitals, i.e., spx (x = 1-3), allow many different carbon
structures to form (Fig. 1-1). Graphite and diamond are the first two pure carbon solid
state crystalline structures to be discovered. Carbon atoms in the diamond structure are
tetrahedrally bonded to their four nearest neighbors in a sp3 hybridized electronic
configuration. This structure is cubic and therefore isotropic. The structure of graphite
consists of two inequivalent planar layers. Each carbon atom in a plane is bonded to three
nearest neighbors in the plane via sp2 orbitals. Because of the strong in-plane sp2 bonds
and very weak (van der Waals) interlayer bonds, graphite can be considered as a twodimensional structure. The basic unit of this structure then is one layer of carbon which is
called graphene. As we show later in the thesis, the electronic and phonon states of
carbon nanotubes can be seen to originate from states of graphene, as an approximation.
A third solid state form of carbon, i.e., another carbon allotrope is solid C60.
Smalley, Kroto and coworkers discovered a new, all carbon molecule C60 in 1985 [1]. In
a sense, C60 is a perfect nanoparticle. It is a molecular cage made of 60 identical carbon
atoms at the vertices of a truncated, icosahedron that has 12 pentagonal faces and 20
hexagonal faces. It appears as a ~ 7 Å “soccer ball”. These molecules can be assembled
in a cubic structure formed by weak inter-ball (van der Waals) forces. In fact, at room
temperature, the balls are spinning freely about their lattice position. There are other all
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carbon molecules, or “fullerenes” with the formulae C2n, where n ≥ 10 . They are
produced in less quantities and are less studied. C70 is an interesting molecule which can
be thought of as a C60 molecule with an additional “belt” of 10 carbon atoms added to the
equator. We mention this because one can think of C70 as the shortest nanotube.
A few years later in 1991, Iijima discovered “multi-walled” carbon nanotubes
(MWNTs) from arc-discharge produced carbon soot [2]. The MWNT is described as
“quasi one-dimensional (1D)” for the same reason that graphite is “quasi twodimensional (2D)”, i.e., the nested carbon tubes in the multi-walled structure are weakly
coupled (as the layers in graphite) and the properties of the system are essentially that of
an isolated nanotube as shown in Fig. 1-1. About two years later, Iijima et al. made the
observation of single-walled carbon nanotubes (SWNTs), i.e., a very long cylindrical
cage of carbon with only a single wall of C-atoms [3]. “Peapods” [4] and double-walled
carbon nanotubes (DWNTs) [5] were subsequently discovered in 1998 and 2001,
respectively. These structures are also shown in Fig. 1-1. A “Peapod” is a SWNT filled
with C60’s, i.e., C60’s represent the “peas” and the SWNT is the “pod”. The DWNTs
studied in this thesis are made by high temperature heat treatment of peapods. This forces
the C60’s to coalesce into an “inner” SWNT in the DWNT structure. We are interested in
DWNTs because they represent the simplest MWNT system and the tube-tube
interactions in the MWNT structure are best studied in the DWNT (for simplicity).
Carbon nanotubes have attracted tremendous attention since their discovery
because of their unique, perfect 1D structure, unusual physical properties and several
potential applications [6-8]. Some applications include: field emission devices [9],
hydrogen storage [10, 11], carbon-carbon composite materials [12, 13] and nano-
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electronics [14, 15]. However, there are still a lot of unanswered fundamental questions
about carbon nanotubes that need to be addressed before they are handed out to design
engineers for a wide range of applications. In this thesis, we have used optical
experimental techniques to probe the details of the electronic and vibrational states of
nanotube-related systems. Optical methods, such as Resonant Raman scattering,
reflectance and adsorption, have proved to be powerful techniques to study these nanosystems. This thesis deals primarily with the optical properties of SWNTs, C60-peapods,
DWNTs and chemical doping of these materials.

1.1 Structural considerations

1.1.1 Graphite

Graphite, diamond and C60 are natural allotropic crystalline forms of carbon. The
graphite structure as discussed above has C-atoms strongly bonded in layers. The atoms
are arranged in a honeycomb network that contains two different sites, labeled A and B
(Fig. 1-2(a)). These two-dimensionally ordered sheets of hexagonal rings are called
graphene layers. An individual graphene layer can be visualized as an array of joined
benzene rings with all the hydrogen atoms removed. The stacking of the graphene sheets
in graphite is arranged in such a way that the A and A’ atoms on consecutive layers are on
the top of one another, while the B or B’ atoms in one layer are above and below the
center of hexagonal structures on adjacent layers [16]. These distinct planes are arranged
in a Bernal ‘ABAB’ stacking arrangement. The distance between the nearest-neighbor
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carbon atoms within a graphene sheet is 1.421 Å, while the separation between the
neighboring sheets is 3.354 Å.

The graphite crystal structure belongs to the D46h

(P63/mmc) space group, with the in-plane lattice constant a0 of 2.462 Å and the c-axis
lattice constant c0 of 6.708 Å (the spacing between two graphene layer is equal to c0/2 =
3.354 Å) [6].
Carbon atoms in the graphite structure contain two distinct types of bonding
orbitals. One of them is the strong covalent “σ bond” based on spxpy orbitals, and the
other is the weak “π bond” based on interaction of pz orbitals (see Fig. 1-2(b)). The pz
orbitals contribute to both intralayer and interlayer bonding in graphite. Each carbon
atom has three σ bonds and one π bond. Because the in-plane C-C σ bond is very strong,
it is unlikely for the graphite lattice sites to be substitutionally doped by electron donors
or acceptors (except boron). The dopants tend to occupy the interstitial spaces between
adjacent graphene sheets that are bonded by weak van der Waals force or π-bonding.
Entire layers of dopants (i.e., for atoms that want to exchange charge with the graphene
layers) can be intercalated between the graphene sheets, forming “graphite intercalation
compounds”. The same idea also applies to carbon nanotubes, where it is rather difficult
to dope nanotube walls substitutionally but adjacent dopant atoms can provide a charge
transfer mechanism shifting the Fermi energy EF in the nanotube electronic density of
states (DOS). The experimental results on chemical doping of nanotubes are discussed in
Chapter 9.

6

(a)

(b)
Figure 1-2: (a) The crystal structure of graphite [16]. (b) Schematic representations of the
σ bond and π bond in the graphite structure.
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1.1.2 Single-walled carbon nanotubes (SWNTs)

(a) (5, 5)

(b) (9, 0)

(c) (10, 5)
Figure 1-3: Carbon nanotubes can be viewed as rolling up a piece of graphene sheet
into a seamless cylinder joined continuously by two fullerene caps at both ends. The
tubes shown in the figure correspond to (n, m) values of (a) (5, 5), (b) (9, 0) and (c)
(10, 5) [6].
Unlike diamond, where a three-dimensional crystal structure is formed with each
carbon atom covalently bonded to its four nearest neighbors, the C-atoms in nanotubes
are bonded together as in a layer of graphite, where each carbon atom is only bonded to
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its three nearest neighbors. To the extent that the curvature of the nanotube is
insignificant, the C-atom bonding in the tube wall is essentially identical to the intralayer
bonding in graphite. The physical properties of SWNTs can therefore be predicted from a
knowledge of the structure and properties of graphite. We will show that this is true.
The structure of an ideal SWNT can be viewed as rolling up a piece of graphene
sheet into a seamless cylinder with the two ends capped with hemispherical fullerenes of
appropriate diameter (Fig. 1-3) [6]. As we will show, the properties of SWNTs depend on
how the sheet of graphene is “rolled” up to form the tube. The atomic structure of
r
SWNTs can be elegantly specified by a single chiral vector (Fig. 1-4) C h defined by two
r
integers (n, m). The chiral vector C h is defined as
r
C h = n a1 + m a2

,

(1.1)

where a1 and a2 are unit vectors of the hexagonal honeycomb lattice, while n and m are
positive integers [6]. A (n, m) nanotube is formed by folding the graphene sheet into a
r
cylinder so that equivalent atoms at O and A, or B and B’, are connected by C h as shown

in Fig. 1-4 for the case of a (4, 2) tube. The “chiral angle”, θ, is defined formally as the
r
angle between the unit vector a1 and the chiral vector C h . Two limiting cases exist, i.e.,

when m = 0, or n = m, the corresponding chiral angles are θ = 00 or θ = 300, respectively.
Nanotubes with chiral indices (n, 0) (θ = 00) are called “zigzag” tubes. A second general
class of nanotubes called “armchair” nanotubes has indices (n, n). Both the zigzag and
armchair nanotubes have especially higher symmetry than a general “chiral” tube (n, m; n

≠ m). They exhibit a mirror symmetry plane containing the tube axis. All other tubes with
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n≠m correspond to chiral tubules. In fact, it can be shown that a 300 wedge in the (n, m)
space (i.e. θ < 300) suffices to describe all independent (n, m) tubes (Fig. 1-5) [6]. This
fundamental wedge in “(n, m)” space is shown in Fig. 1-5. Most carbon nanotubes are
capped by carbon shells that fit continuously on the ends of the long cylinder. The
number of possible caps containing only hexagons and pentagons that can be used to
close the tube at two ends continuously is listed below each (n, m) pair (Fig. 1-5).
As we shall see, the chirality of the carbon nanotube has a significant impact on
the physical properties of the SWNT. Graphite is a semi-metal with small band overlap
(~50 meV) between the antibonding (conduction) and bonding (valence) bands.
Interestingly, however, a carbon nanotube can be either semiconducting or metallic,
depending on the chiral index (n, m) (see Chapter 2.1). This is a consequence of the
cylindrical boundary condition or seamless joining of a graphene sheet into a cylinder. It
will be shown that armchair nanotubes are always metallic. Also, it is easy to show that
(n, m) nanotubes with n-m = 3 x integer are also metallic. All other general chiral tubes
with n-m ≠ 3 x integer are semiconducting, as are zigzag (n, 0) tubes where n is not a
multiplier of 3.
The nanotube diameter can be calculated from the integers (n, m) using Fig. 1-4.
The result is
dt =

Ch

π

=

3aC −C m 2 + mn + n 2

π

,

(1.2)
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where aC-C is the nearest neighbor carbon-carbon distance (1.421 Å in graphite), Ch is the
r
length of the chiral vector C h . The chiral angle θ (see Fig. 1-4) can also be determined

from (n, m) by

θ = tan −1 [ 3m /(m + 2n)]

.

(1.3)

r
Figure 1-4: Schematic drawing shows how the chiral vector C h = na1 + ma2 is defined on
the planar carbon honeycomb lattice. a1 and a2 are two unit vectors, θ is the chiral angle
with respect to the zigzag axis [6]. The diagram is constructed for a (4, 2) nanotube.
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For an (n, m) tube, the unit cell in real space is defined by a section of the tube
r
r
wall cylinder with length T (n, m) in the tube axis direction, where T (n, m) is the
r
fundamental translation vector along the tube axis and perpendicular to C h (see Fig. 1-4).

The length of the Brillouin zone is 2π/|T|. |T| = a for armchair nanotube, and |T| =

3a

for zigzag nanotube. In general, for any (n, m) tube,
T=

r
3C
dR

=

3d t π
dR

.

(1.4)

Here dR is the greatest common divisor of (2n + m) and (2m + n). For example, consider
a (11, 8) tube: 2n + m = 30 and 2m + n = 27 and dR = 3. We will use these Eqs 1.2-1.4 in
Chapter 2 to discuss the electronic and phonon properties of carbon nanotubes.

Figure 1-5: Possible vectors specified by a pair of (n, m) integers for general nanotubes.
Semiconducting tubes are denoted by solid dots, while metallic tubes are denoted by
encircled dots. Listed below each (n, m) pair is the total number of distinct fullerene caps
that can be used to join the corresponding carbon nanotube seamlessly [6].
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X-ray diffraction and electron microscopy have shown that SWNTs grown by
pulsed laser vaporization (PLV) tend to form bundles [17]. Each bundle can have
hundreds of tubes in an approximate two-dimensional triangular lattice with a lattice
constant of 17 Å (Fig. 1-6). The lattice is “approximate” because, in real bundles, all the
tubes do not have the same chiral index or even the same diameter. In fact, arc-discharge
produced tubes also form large bundles or “ropes”.

(a)

(b)

Figure 1-6: (a) Schematic drawing of a nanotube bundle. (b) High resolution transmission
electron microscope (HRTEM) image of a carbon nanotube bundle [17].

1.1.3 C60 peapods

C60-peapods were first discovered by Smith and Luzzi in 1998 [4]. Later in 2000,
Bandow and coworkers discovered a method to produce large quantities of peapods [18].
In both cases, they worked by modifying bundles of SWNTs. Fig. 1-7 shows the high
resolution transmission electron microscopy (HRTEM) image of a single C60-peapod,
where the C60 molecules are regularly arranged inside the carbon nanotube, forming a
quasi one-dimensional crystal [19]. The average distance between two C60 molecules is
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estimated by electron diffraction analysis to be 0.97 nm [19], which is only 3% shorter
than the C60 - C60 distance in a C60 crystal. This small deviation indicates that the
nanotube wall may have a small effect on the interaction between C60 molecules. Because
the C60 “ball” has a mean diameter of 0.71 nm as determined by nuclear magnetic
resonance (NMR) measurements [20], the host nanotube of a C60-peapod must have a
diameter big enough to accommodate the C60 buckyballs. The C60-SWNT interaction is
strong enough so that the C60’s will not come out when heated to temperatures as high as
8000C in high vacuum. The “tightest” fit of a C60 measured inside the host nanotube
yields a 0.36 nm spacing between the nuclei of C-atoms in the C60 and the nanotube [5].
For comparison purposes, the separation between planes in the graphite lattice is 3.35 Å
[6].

Figure 1-7: High resolution transmission electron microscopy (HRTEM) image of C60peapod [19].

1.1.4 Double-walled carbon nanotubes (DWNTs)

A DWNT is a special class of a multi-walled carbon nanotube consisting of only two
layers of concentric seamless graphene cylinders (see Fig. 1-1). The peapod and DWNT
samples used in this work were synthesized by Bandow and coworkers at Meijo
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Figure 1-8: High resolution transmission electron microscopy (HRTEM) of DWNTs
[19]. Pairs of tube walls can be clearly seen in the phase contrast image.
University of Japan. A typical high resolution transmission electron microscope
(HRTEM) image of a DWNT is shown in Fig. 1-8 [5]. It is found that the spacing
between the pair of nanotubes is roughly a constant, with the inner tube diameter being
0.71 ± 0.05 nm smaller than that of the outer tube. This means the spacing between
inner-outer tube walls is 0.71 nm/2 = 0.335 nm, identical to that of graphite.
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1.2 Organization of this work

The organization of the dissertation is as follows. Ch.1 has provided a brief
introduction to the carbon allotrope “zoo”, in particular structures of the ones we have
studied. In Ch.2, we review the electronic and phonon states of SWNTs. Ch. 3 presents
an introduction to Resonant Raman Scattering from carbon nanotubes and other sp2
related carbons. Ch.4 details some experimental techniques related to this work, such as
carbon nanotube synthesis methods and apparatuses (PLV, CVD and arc-discharge).
Instrumentation used for this thesis work, including several Raman spectrometers and an
ultraviolet / visible / Near infrared spectrometer, are described in Ch.5. In Ch.6 we first
present the optical reflectance studies on various forms of bundles of SWNTs produced
by the electric arc-discharge method: films (precipitated from ethanol), pressed pellets,
and “bucky paper”, then we reported the results of optical absorption studies on thin
films of SWNTs, C60-SWNT peapods and DWNTs. Ch.7 discusses the Raman-active
modes of SWNTs derived from the gas-phase decomposition of CO (HiPCO process).
Raman spectra of two typical samples from five different batches were studied as a
function of the laser excitation energy. The results of Resonant Raman Scattering studies
of DWNTs are presented in Ch. 8, and compared to those of SWNTs and C60-SWNT
peapods. Finally, in Ch. 9, DWNTs are used to study the radial charge distribution on the
positive electrode of a cylindrical molecular capacitor. The outer electrode is a negatively
charged molecular shell of bromine anions. Resonant Raman scattering from phonons on
each shell of the carbon electrode is used to determine the radial charge distribution.
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Chapter 2
Theoretical background about SWNT electronic and phonon states

In this chapter, we summarize the essential theoretical concepts that generate the
electronic and phonon states of SWNTs important to this thesis research. Direct
calculations of these states for carbon atoms in a perfect crystalline tubular structure can
be made, and have been made. However, a fundamental insight into the nanotube
electronic and phonon states can be better obtained from the states of a graphene sheet,
and then applying a cylindrical boundary condition to simulate the nanotube symmetry.
In this way, we get a deeper understanding of the physical origin of these states, how they
are connected with the honeycomb atomic carbon sp2 lattice, and how these states are
modified by wrapping this lattice into a seamless cylinder that has the atomic structure of
the SWNT.

2.1 Electronic Structure and Density of States of SWNTs

A carbon nanotube can be thought of as a seamless cylinder produced by rolling
up a piece of a graphene sheet. One might anticipate curvature-induced strains in the sp2
structure of SWNTs because of their small diameters d. Usually SWNTs are synthesized
with diameters less than 2 nm. It has been found, however, that the electronic structure of
carbon nanotubes in this diameter range can be surprisingly well approximated by “zonefolding” of the corresponding graphene band structure [21], i.e., curvature does not
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matter too much for tubes with diameters 1-2 nm. Of course, the approximation gets even
better, as d → ∞. According to the tight binding model of Wallace for graphene [22], the
low energy electronic states can be approximated by a linear combination of 2s and 2p
orbitals of the carbon atoms. Simple group theory can show that three bonding orbitals
that lie 1200 apart in the graphene plane can be constructed from the 2s, 2px and 2py
orbitals. The linear combinations of these three orbitals are called sp2 hybridized “σ”
orbitals. They contribute to most of the bond strength between the atoms in the sheet. The
fourth carbon atomic orbital, 2pz, extends above and below the graphene sheet
perpendicular to the plane. This orbital is called the “π” orbital. The π orbitals from
adjacent carbon atoms overlap and form a weak π-bond which enhances the in-plane
bonding. The notation commonly used is to designate σ and π states for the bonding
bands, while σ* and π* states for the corresponding anti-bonding states. The orbitals are
shown in Fig. 1-2(b). According to Wallace’s band model, only the π and π* electrons
contribute to the graphene electronic conduction [22] since the σ, σ* states are more than
10 eV away from the Fermi energy EF. The π* antibonding states and the π bonding
states, respectively, form the conduction and valence bands of graphene. In graphite, a
weak interaction between the π orbitals on adjacent carbon layers leads to weak (~40
meV) π-π* band overlap, and the graphite system is therefore called a “semi-metal”. In
graphene, this interaction is missing, and as a result, we call the graphene system a zero
gap semiconductor (no band overlap). It should be reminded that “graphene” really does
not exist in the laboratory, unless we could grow a monolayer-film of sp2 carbon (i.e.,
terminate the deposition). However, “graphene” represents a theoretical simplification for
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graphite and an excellent starting point for a theoretical understanding of carbon
nanotubes.

Figure 2-1: The graphene structure in real space (left) and reciprocal space (right). The
3a a
3a a
, ) , a2 = (
,− ) and
areas within the dashed borders are unit cells. a1 = (
2 2
2
2
π
π
2
2
2π 2π
b1 = (
, ) , b2 = (
,− ) are unit vectors for the real space and reciprocal space,
a
3a
3a a
respectively [23].
Fig. 2-1 shows unit cells of the graphene structure in real space (x, y; left) and
reciprocal space (kx, ky; right) [23]. In real space, there are two atomic sites in the
graphene structure, labeled A and B in the figure. The entire graphene sheet can then be
constructed by tiling the sheet with the dashed primitive unit cell whose boundaries are
defined by the primitive translation vectors a1 and a2. The corresponding reciprocal space
unit cell of graphene is shown to the right in Fig. 2-1, where the reciprocal lattice vectors
b1, b2 are calculated as usual.
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r
The energy dispersion E (k ) of the π and π* electron bands for graphene in
Wallace’s model are calculated in a simple, nearest-neighbor tight binding approximation
[22]. The result is,


 3k x a   k y a 
k a 
2 y 
 cos


E (k x , k y ) = ±γ 0 1 + 4 cos
+
4
cos
 2 
 2   2 





 

1/ 2

,

(2.1)

where γ0 is the overlap integral between nearest-neighbor carbon atoms, and the + and –
signs refer to the π* and π bands, respectively. If we use the coordinates as shown in
Fig. 2-1, the variable ranges for k x and k y are, 0 < k x <

2π 2
2π 1
and 0 < k y <
,
a 3
a 3

respectively. Figs. 2-2(a) and (b) show the two-dimensional (2D) π and π* energy bands
for graphene as calculated from Eq. 2.1 [7]. Fig. 2-2(a) shows the bands as a surface in
the k-space of the 1st Brillouin zone. Fig. 2-2(b) shows the dispersion along high
symmetry directions, e.g., Γ → K , Γ → M and M → K . The labels (Γ, K, M) refer to
the special points as shown in Fig. 2-2(d). It can be seen that the energy gap between π
and π* bands vanishes at the six corners (K points) of the hexagonal Brillouin zone,
where the Fermi energy EF = 0. The K point states, therefore, are most important for
r
electric transport. The constant-energy curves E 0 (k ) in Fig. 2-2(a) are radially

symmetric close to the Brillouin zone center (Γ point) and corners (K points), as shown in
Fig. 2-2(c) and Fig. 2-2(d). In the vicinity of K points in the (kx, ky) plane, the energy
difference between E(kx, ky) and EF can be simplified to ( E − E F ) = ±

3a
γ 0 k − k F [24,
2

25]. This linear dispersion near EF is somewhat unusual, but well understood.
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Figure 2-2: The energy dispersion for 2D graphite with γ0 = 3.013 eV [7]. (a) A 2D graph
shown the energy dispersion throughout the whole region of the Brillouin zone calculated
from Eq. 2.1. (b) The energy dispersion along the high symmetry lines among points Γ,
M and K. (c) A 2D graph of the energy dispersion near the K point of the graphite
Brillouin zone. (d) Schematic electronic energy contour for the bonding band of graphite.
The equi-energy curves are circles near the Γ point (center of the hexagonal Brillouin
zone) and K points, but are straight lines near the M points [26].
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To use these results for graphene to describe the carbon nanotube, we must apply
periodic boundary conditions that simulate the rolling up of a piece of the graphene sheet
to make a seamless nanotube. The periodic boundary condition is
r r
k C (n, m) = 2 pπ

(2.2)

r
where the chiral vector C is defined in Chapter 1. As a result, only certain values of k in

the Brillouin zone on graphene are allowed. It can be seen from Eq. 2.2 that the selected
r r
r
k values are defined by the lines k ⊥ C with k = 2 π p/ C , where p is an integer.

r
Because the length of the chiral vector is C = π d, where d is the tube diameter, the

allowed nanotube k-space line spacing in the reciprocal space of graphene is ∆ k = 2 π
r
/ C = 2/d (see Fig. 2-3(a) and Fig. 2-4(a)). Each of these “lines” give rise to two bands of

the nanotube, one π band and one π* band.
r
For armchair tubes, the applied quantization condition for k (i.e. k = 2 pπ / C ) is
n 3a × k x = 2 pπ (p = 0, 1, 2…). Of course, the k y direction is parallel to the tube axis.

From the perspective of the graphene 2D Brillouin zone (Fig. 2-1), the parallel lines in
the reciprocal space run in the k y direction, and the allowed k x values are given by
k x = 2 pπ /( n 3a ) (p = 0, 1, 2…n). Inserting this condition into the 2D band dispersion

relation for graphene, we obtain the energy dispersion relations E ( n ,n ) (k x , k y ) for an (n, n)

armchair nanotube:
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Tube axis // T
2π /( 3a )

kx

2π 2
a 3

∆k = 2 / d (n, n) = 2π /( n 3a )

r

Direction of quantization // C

(a)

(b)

(c)

Figure 2-3: (a) Reciprocal space for an armchair carbon nanotube. The parallel lines are
along the tube axis. (b) A 2D graph of the energy dispersion near the K point of the
graphite Brillouin zone. (c) The energy band diagram (left) and density of states (right) as
calculated from Eq. 2.3 for a (5, 5) armchair carbon nanotube.
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 k y a 
 pπ   k y a 

E ( n ,n ) (k y ) = ±γ 0 1 + 4 cos
+ 4 cos 2 
 cos

 n   2 
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p = 0, 1, 2…n ,
p

1/ 2

,

(2.3)

where p = 0, 1, 2…n is the π, π* band index. We can see from Eq. 2.3 that the application
of periodic boundary conditions to the 2D graphene energy dispersion relation (Eq. 2.1)
yields the 1D dispersion relations for the nanotube. The line spacing (∆k, see Fig. 2-3) in
the 2D reciprocal graphene space for a (n, n) armchair nanotube is ∆k x = 2π /( n 3a ) ,
and we see ‘n’ lines dividing the distance between the zone center (Γ) and the M-point of
the Brillouin zone (see Fig. 2-3(a) right). Furthermore, we can see that there is always
one allowed k y line that coincides with the Brillouin zone edge that passes through the
K-point as shown in Fig. 2-3. Because the valence band and the conduction band
converge to the Fermi energy at each corner of the Brillouin zone (K point), it follows
directly that (n, n) armchair nanotubes are always metallic. As an example of such a tube,
we show the energy band diagram of a (5, 5) armchair nanotube as calculated from
Eq. 2.3 in Fig. 2-3(c). The energy dispersion for the π, π* bands is shown for the region
between M and Γ. The corresponding electron density of states (DOS) can be derived
from the energy band diagram and is shown adjacent to the band structure in Fig. 2-3(c).
The linear crossing of the energy bands at the Fermi energy that we discussed before in
the context of graphene is therefore responsible for a small constant DOS for the
armchair nanotube which supports metallic conduction. Due to the one-dimensional
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(a)

(b)

(c)

Figure 2-4: (a) Reciprocal space for a zigzag carbon nanotube. The parallel lines are
along the tube axis. (b) A 2D graph of the energy dispersion near the K point for a
semiconducting nanotube. (c) The energy band diagram (left) and density of states (right)
of a (7, 0) zigzag semiconducting carbon nanotube calculated from Eq. 2.4.
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nature of the nanotube structure, sharp van Hove singularities appear in the DOS at
energies associated with band minima or maxima. It is easy to show that at a maxima or
minima with E ~ ak 2 dispersion, the DOS singularity has the functional form
D( E ) ~ ( E − E ' )

−1 / 2

, where E’ is the energy of the particular band maxima or minima.

These van Hove singularities play an important role in Resonant Raman scattering from
nanotubes, as we describe later.
We briefly state the corresponding result for the (n, 0) zigzag nanotube here. The
quantization condition in the tube circumference direction is na × k y = 2 pπ (p = 0, 1,
2…), so the parallel lines in the reciprocal space (Fig. 2-4(a)) run in the k y direction and
the allowed k y values are k y = 2 pπ /(na ) (p = 0, 1, 2…n). Inserting this condition into
the dispersion relation for graphene, we obtain the energy dispersion E(n,0)(kx, ky) for a (n,
0) zigzag nanotube:

E ( n,0)

m


 3k x a   pπ 
 pπ 
 cos
+ 4 cos 2 
(k x ) = ±γ 0 1 + 4 cos


 2   n 
 n 




1/ 2

,

(2.4)

where p = 0, 1, 2…n. The line spacing in the reciprocal space for a (n, 0) zigzag nanotube
is ∆k y = 2π /(na ) . It is easily seen that an arbitrary (n, 0) tube need not have a ky line
passing through the Fermi energy at the K point (see Fig. 2-4(b)). This implies that a (n,
0) zigzag nanotube can be either metallic (when n = 3 x integers) or semiconducting (n

≠3 x integers). The energy band diagram and DOS of a semiconducting (7, 0) zigzag
nanotube are shown in Fig. 2-4(c). Here we see that this tube has an energy gap (Eg) and
the tube is semiconducting. The first pair of van Hove singularities associated with the
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conduction and valence band edges are spaced by Eg and form the fundamental
“semiconducting gap”.
Similarly, it can be shown that for an arbitrary chiral (n1, n2) nanotube, the general
dispersion relation is [6]

E ( n1 , n2 )

m


 mπ n 2 k y a   k y a 
 k a 
 cos
 + 4 cos 2  y 
−
(k y ) = ±γ 0 1 + 4 cos



 2 
n1 2   2 
 n1




1/ 2

,

(2.5)

where m = 0, 1, 2, …n1. The corresponding DOS can also be calculated in the usual
manner.
For the case of semiconducting (either zigzag or chiral) nanotubes, it can be
shown [24, 25] that the distance from the K point to the nearest or second nearest allowed
k-line (c.f., Fig. 2-4) is always 1/3 ∆k or 2/3 ∆k, respectively, where ∆k is the spacing
between allowed k lines imposed by the periodic boundary conditions. This result is true
irrespective of the tube chirality and diameter [24, 25]. The first and second energy band
maxima (-) and minima (+) for the semiconducting tubes can be shown to be
aγ 0
1  3a  2
1
S
E1 = ± 
=±
γ 0 
, when k − k F = ∆k
3
3 2
3d (n, m)
 d (n, m)

(2.6)

and
2aγ 0
2
2  3a  2
S
=±
, when k − k F = ∆k
γ 0 
E 2 = ± 
3
3 2
3d (n, m)
 d (n, m)

,

(2.7)

where we also need the result ∆k = 2/d. Of course, another approach to locate the van
Hove singularities would be to use Eq. 2.5 and find the k-values corresponding to
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(∂E / ∂k ) k * = 0 and compute the energy value E (k *) . The gaps between these mirror
S

image bands is denoted ∆E11 = 2 E1

S

S

S

and ∆E 22 = 2 E 2 .

For metallic nanotubes, there is always an allowed k-line crossing the Fermi
point. The two points that closest to the Fermi (K) point are exactly at a distance ∆k
away. The van Hove singularities are thus overlap and the energy maxima (-) and minima
(+) are
E1

M

 3a  2
3aγ 0
= ±
, where k − k F = ∆k .
γ 0  = ±
3d
 2
d

The energy gap for a metallic tube is therefore ∆E11

M

= 2 E1

M

(2.8)

.

The tube diameter (dt) dependence of the energy separation Eii (d t ) for all (n, m)
nanotubes calculated using γ0 = 2.9 eV is shown in Fig. 2-5. All energy bands have an
approximate E ~ 1 / d t dependence in the diameter range 0.7 < dt <3.0 nm. This is seen
directly in Fig. 2-5 where we plot Eii ≡ ∆E vs 1 / d t .
Because of the trigonal warping effect [8], the parallel lines on both sides of the
first Brillouin zone K point in the reciprocal space are asymmetric for chiral nanotubes.
This asymmetric feature will split the doubly degenerate DOS peaks for metallic tubes,
and broaden the bandwidth of semiconducting tubes [8]. Since zigzag nanotubes have the
biggest asymmetric effect along either K → Γor K → M directions, the width of the
point scattered for each gap Eii(dt) is determined by the contributions from zigzag tubes
as shown in Fig. 2-5.
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Figure 2-5: Diameter (0.7 < dt < 3 nm) dependence of energy separations Eii(dt) for all (n,
m) carbon nanotubes calculated from Eq. 2.5 [27]. Open and solid circles denote
semiconducting and metallic tubes, respectively.
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2.2 Phonon Structure of SWNTs

2.2.1 “Zone folding” approach

The “Zone folding” approach for an electron can be used to get an approximate
idea of the nature of the nanotube phonons. Or one can simply compute the vibrational
bands based on a tubular structure.
Fig. 2-6(a) shows the phonon dispersion relations and phonon density of states
(DOS) curves for the 2D graphene sheet calculated by Jishi et al. [28]. There are three
acoustic modes in the phonon dispersion relations, one out-of-plane mode with a special
k2 dependence of ω(k), an in-plane transverse (bond-bending) mode, and an in-plane

radial (bond-stretch) mode. The two latter acoustic modes have typical linear k
dependence. The other three branches are optical modes: one out-of-plane mode and two
in-plane modes that remain degenerate as we move away from k = 0. The k2 dependence
of ω(k) in the phonon dispersion gives rise to a small constant, while the linear k
dependence gives rise to a linear background to the 2D graphene phonon DOS as shown
in the top of Fig. 2-6(b). As a first-order approximation, the phonon dispersion relations
of a carbon nanotube can be obtained by “zone folding” the phonon dispersion relations
of a 2D graphene sheet. The bottom of Fig. 2-6 shows the phonon dispersion relations
and phonon DOS for a (10, 10) armchair nanotube [7, 29]. Since there are 40 carbon
atoms on the unit circumferential strip of a (10, 10) nanotube, the total degrees of
vibrational freedom are 120, but only 66 distinct phonon branches exist due to mode
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Figure 2-6: (a) Phonon dispersion relations and (b) Phonon density of states (DOS) for
2D graphene sheet (top) [28] and (10, 10) carbon nanotube (bottom) [7, 29].
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degeneracies, of which 12 modes are non-degenerate and 54 are doubly degenerate.
Among these 66 phonon modes, only 15 optical mode frequencies are Raman active, and
9 are infrared active.
The phonon DOS for a (10, 10) carbon nanotube is close to that of 2D graphite
since the phonon dispersion relations for a nanotube are, in principle, obtained by zone
folding of those for graphite. The differences between the phonon dispersions for a
carbon nanotube and those for 2D graphite are related to its one dimensional van Hove
singularities in the optical phonon sub-bands and to its four acoustic modes, namely a
doubly degenerate Transverse Acoustic (TA) mode, a “twisting” acoustic (TW) mode and
a Longitudinal Acoustic (LA) mode, with energies from the lowest to the highest.
Fig. 2-7 shows several Raman active modes that are expected to have significant
intensities for a (10, 10) armchair nanotube based on the calculations involving a bond
polarizability model. The mode displacements, frequencies and symmetries are shown
together for easy comparison. The honeycomb lattice of carbon nanotubes can be
described by the superposition of two sub-lattices consisting of atoms A and B as shown
in Fig. 2-1. The three higher frequency Raman active modes (1585, 1587, 1591 cm-1) are
out-of-phase motions, while the four lower frequency modes (17, 118, 165, 368 cm-1) are
in-phase motions. The out-of-phase motions are similar to the motion of the Raman E2g2
mode of graphite at 1582 cm-1, which correspond to the carbon-carbon bond stretching
motions between the three nearest neighbors in the graphite honeycomb unit cell.
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Figure 2-7: Calculated eigenvectors of the Raman-active modes which show strong
intensity for a (10, 10) carbon nanotube. Only one eigenvector is shown for each doubly
degenerate E1g and E2g mode. The frequencies of these modes are not strongly dependent
on the nanotube chirality [7, 30]. They depend more on tube diameter.

2.2.2 An ab initio method

Several other theoretical calculation methods have also been utilized to calculate
the phonon structure of carbon nanotubes. These techniques include the quantummechanical studies on tight-binding Hamiltonians fitted to graphite properties [31, 32],
effective inter-atomic potentials [33], force constant models [34], non-orthogonal tightbinding [35] and an ab initio method [36]. The performance of different techniques is
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quite different. Direct “zone folding” of the graphene phonon spectrum gives us a good
qualitative picture of the phonon structure of carbon nanotubes, however, it neglects the
curvature effect which causes deviations in the low frequency radial breathing mode
range for small diameter (d) tubes, e.g., d < 1 nm. The force constant model also neglects
the tube curvature effect. Tight-binding approach can give us a more quantitative result,
but it captures only part of the curvature effect through the geometry dependence of the
electronic matrix elements. The absolute values of these matrix elements depend on the
electronic structure of graphite. Model potential can only account for the different
distances between different carbon atoms. The ab initio method is a first-principles
scheme that considers the tube curvature effect so that it has the same degree of accuracy
for both small and large diameter tubes.
The ab initio approach is based on the local-density approximation to the densityfunctional theory, where the core electrons of carbon are represented by a non-local
pseudopotential and the valence electrons are described by the linear combination of
atomic orbitals approximation. The nanotubes are considered as isolated, infinitely long
tubes. Periodic boundary conditions on the tube axis direction are used. The atomic
structures of the tubes were obtained by minimizing the total energy using a dissipative
molecular-dynamics algorithm. Fig. 2-8(a) shows the calculated phonon structure for a
graphene sheet using the nearly square super cell of 112 atoms. The main feature of the
calculated phonon dispersion curves is in good agreement with experimental results for
graphite [37]. The biggest discrepancy is the higher optical bands around 1690 cm-1,
where the peak position is ~1580 cm-1 in the experiment. This disagreement is due to the
use of a minimal sp3 basis in the ab initio calculation. Fig. 2-8(b) shows the calculated
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phonon spectrum of a (4, 4) tube by “zone folding” the graphene phonon structure shown
in Fig. 2-8(a). The results calculated by ab initio approach is shown in Fig. 2-8(c). It is
quite clear that the calculated phonon spectra for the (4, 4) tube using either zone folding
or ab initio method are quite similar. The general agreement between the ab initio results
and zone folding predictions is considerably good. This is the case even for small
diameter tubes, such as a (4, 4) tube in this example, where the tube curvature effect in
the phonon structure is expected to be more significant. The agreement is better for the
higher frequency part and a little worse for the lower frequency part of the spectrum. This
is mainly due to the failure of the zone folding approach in the radial breathing mode and
the bottom two acoustic mode ranges, because it does not take into account the tube
curvature and relaxation effects in the zone folding model. The ab initio method gives
better approximations on the lower frequency range for small diameter tubes. For the
higher frequency phonon modes, both zone folding and ab initio methods agree quite
well with experimental measurements.

2.2.3 Tube-tube interactions

Early theoretical calculations had been put forward for the diameter dependence
of the radial breathing mode (RBM) frequency (ωr) for an isolated SWNT. Various
methods have been used and there is a general agreement that the result does not depend
significantly on the tube chirality but on the diameter d. Furthermore, the functional form
is found to be d=A/ωr, where A is a constant, ωr the RBM frequency and d is the tube
diameter. The following values of A have been reported: 223 cm-1 nm (zone folding
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Figure 2-8: (a) Phonon structure of a graphene sheet based on ab initio calculation. (b)
Phonon structure of a (4, 4) carbon nanotube calculated from “zone folding” of the
graphene phonon spectrum as shown in panel (a). (c) and (d) are phonon dispersion
relations for the (4, 4), and the (10, 10) tubes calculated from ab initio method [36].
method), 218 cm-1 nm (force constant model [28]), 234 cm-1 nm (local density
approximation [38]), 236 cm-1 nm (pseudopotential density functional theory [36]), 227
cm-1 nm (elastic deformation model [39]). It should be noted that the elastic deformation
calculation of Mahan [39] determines an analytical formula for the RBM frequency that
depends only on the diameter and the values of the transverse and longitudinal in-plane
sound velocities of graphite. Mahan’s theory does not take into account the small effects
of the tube wall curvature. Although most of the experimental data obtained so far are
measured on nanotube bundles, none of the above theoretical works have considered the
inter-tube or intra-bundle interaction within the sample. High resolution transmission
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electron microscopy (HRTEM) and X-ray scattering studies have shown that each bundle
contains ~100 tubes well aligned in a triangular (or honeycomb) lattice (see Fig. 1-6(b)).
Although the inter-tube or intra-bundle interaction is thought to be due to a weak van der
Waals force, this interaction is still strong enough to affect the electronic and phonon
structures of carbon nanotubes.
The effect of the inter-tube interaction on the vibration modes of SWNTs was first
reported by Venkateswaran et al [40]. They used a generalized tight-binding molecular
dynamics (GTBMD) scheme to determine the structure relaxation or faceting, within the
nanotube bundle when the sample was subject to an externally applied pressure. The
GTBMD calculations show that the effect of the inter-tube interaction will cause the
theoretically predicted relationship between the radial breathing mode (RBM) frequency
and the tube diameter, ω = A/d, to be upshifted by a nearly constant ~7% for tubes in the
diameter range 0.7 < d < 1.5 nm. For a tube with a diameter close to that of a (10,10)
tube, the correction due to bundling is ~14 cm-1 [40] or slightly higher ~22 cm-1 [41]. The
frequency upshift is due to a tube wall restoring force caused by the tube-tube interaction.
A series of experiments by Dresselhaus and co-workers on isolated tubes lying on a
SiO2:Si substrate arrive at a value of A = 248 cm-1•nm [42]; this value for A includes a
small, but unknown, contribution from the tube-substrate interaction. Raman
spectroscopy provides a quick and convenient way to characterize the diameter
distribution of a nanotube sample based on the RBM frequencies. The relation between
the RBM frequency and the tube diameter is important for such characterizations.
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Chapter 3
Introduction to Raman scattering from carbon nanotubes and other sp2
related carbons

In the previous chapter we have obtained the one-dimensional energy dispersion
relations E(k) and have demonstrated how to locate the van Hove singularities for a
general (n, m) carbon nanotube. Optical transitions between these singularities provide a
wonderful opportunity to “selectively” study a tube of particular diameter if proper laser
excitation energy is used. The power of this “selectivity” is summarized in a Kataura plot
[27] which maps all the relevant optical transitions ∆Eii that can participate in the
resonant Raman Scattering process. In this chapter we first review the conditions of
resonant Raman scattering on carbon nanotubes. Then we will discuss the essential
features of the Raman spectra of carbon nanotubes and other sp2-related carbons.
Theoretical predictions from group theory based on nanotube lattice structure and
symmetries are quite useful to explain our experimental results. We will need these
results to understand our Raman scattering data presented in later chapters.

3.1 Resonant conditions

For Raman Scattering using different laser excitation Elaser, we can evaluate the
integrated Raman intensity I(Elaser ) as a function of Elaser. Based on the theory for
incoherent light scattering [42], the Raman intensity can be calculated as
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2

I ( E laser ) = ∫

( E laser

Mg ( E )
dE
− E − iγ )( E laser ± E ph − E − iγ )

.

(3.1)

In Eq. 3.1, Eph denotes the optical phonon energy, the damping factor γ gives the
inverse finite life time for the scattering process, M represents the abbreviated matrix
element, and g(E) is the joint density of states. The first ( Elaser − E − iγ ) and second
( Elaser ± E ph − E − iγ ) factors in the denominator describe the resonance conditions for
the incident and scattered photons, respectively. The +(-) sign before the phonon energy
Eph applies to anti-Stokes (Stokes) process. The matrix element, M = MiMepMs, is
considered to be independent on the energy E in the small resonance range. Mi, Ms and
Mep are, respectively, the matrix elements for the photon absorption, the photon emission
and the electron-phonon interaction. For carbon nanotubes, the 1D joint density of states
g(E) can be computed by the equation [42]


a C −C E
g ( E ) = Re ∑

 i d t γ 0 ( E − Eii − iγ J )( E + Eii + iγ J ) 

,

(3.2)

where aC-C is the distance between the nearest-neighbor carbon atoms in the carbon
nanotube lattice, γ0 is the tight binding overlap integral,

Eii denotes the ith optical

transition, and γJ accounts for the finite size effect of carbon nanotubes. Substituting
Eq. 3.2 into Eq. 3.1, it can be shown that the Raman scattering will be resonantly
enhanced when the laser excitation energy satisfies the equation Elaser = Eii or
Elaser = Eii ± E ph .
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3.2 Raman Spectra of SWNTs

The number of Raman active modes for a (n, m) carbon nanotube can be
predicted by group theory. Although the total number of phonon modes (= 3N –4, where
N is the total number of carbon atoms in the nanotube unit cell) is quite different for
different nanotubes, the selection rules of group theory indicate that only 15 to 16 phonon
modes (A1g, E1g or E2g symmetries) are Raman active, independent of the tube diameter
and chirality [7]. It is possible that a mode may be too weak to be experimentally
detectable due to its small Raman cross section, although the group theory predicts that
the mode is Raman active.
A Raman spectrum from SWNT bundles taken with 514.5 nm laser excitation is
shown in Fig. 3-1 [43]. Only a few intense Raman peaks can be seen clearly in the figure.
The four bottom panels in the figure indicate the theoretically calculated Raman
intensities for different (n, n) armchair nanotubes, where n = 8, 9, 10 and 11, respectively.
The mode at 186 cm-1 is the radial breathing mode (RBM) with the A1g symmetry
(Ch. 2). This low frequency mode is well-known to be approximately inversely
proportional to tube diameter (dt): ωRBM = A/dt + B, where A = ~223-245 cm–1 • nm and B
= 14 cm–1 considering the tube-tube interaction in nanotube bundles [40, 44]. Raman
scattering provides an easy method to estimate the nanotube diameter.
The mode with frequency at 1347 cm-1 is often called the D-band. The intensity of
the D-band from a carbon nanotube is sensitive to the sample quality. The origin of the
D-band is related to symmetry-lowering effects, such as defects, bending of the nanotube,
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Figure 3-1: The Raman spectrum of a rope of SWNTs taken with 514.5 nm laser
excitation at the power density of ~2 W/cm2. The peaks denoted with “*” are second
order Raman modes. The four bottom panels are the calculated Raman active modes for
(n, n) armchair nanotubes (n = 8, 9, 10 and 11). Strong Raman modes are denoted by
vertical bars, while weak modes are indicated by arrows [43].
the presence of carbon particles, amorphous carbons, etc [42]. The D-band frequency
depends on the laser excitation energy and the nanotube diameter [42].
The Raman features in the frequency range 1550 – 1600 cm-1 are identified with
the tangential stretch modes or so called “T-band”. The T-band can be understood by
“zone-folding” of the graphite phonon dispersion relations. This high frequency
tangential mode usually has the strongest intensity when compared to other Raman active
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phonon modes. Metallic nanotubes have quite different tangential band Raman features
when compared to those of semiconducting nanotubes due to Breit-Wigner-Fano (BWF)
scattering, a phenomenon caused by the interference between discrete phonon scattering
and free carrier continuum scattering [43]. The Raman intensity of the T-band, as well as
the radial breathing band (R-band), depends on how well the laser excitation energy
matches with the condition for Resonant Raman scattering as we discussed in the
previous section. The intensities and frequencies of the T-band, and also R-band, are
sensitive to chemical doping. We will present our experimental results on chemical
doping of nanocarbons in Chapter 9.
Raman spectra have also been reported for chemical-doped SWNTs (Fig. 3-2).
Shown in Fig. 3-2 are the Raman spectra of ropes of SWNTs doped with different
chemicals, i.e., I2, Br2, Rb and K [43]. It can be seen clearly that doping of SWNTs with
Br2 upshifts the high frequency tangential E2g2 mode of the pristine nanotubes by 24 cm-1.
The E2g2 mode downshifts to lower frequency with alkali metal (Rb or K) doping. The
shifting of the high frequency tangential mode of nanotubes is due to the charge transfer
between the nanotube wall and the chemical dopant [43]. In the case of halogen doping,
the electron charge is transferred from the tube wall to the halogens. Losing electrons
stiffens the tangential vibration modes of a carbon nanotube, and thus upshifts the mode
frequencies. The electrons are transferred from the alkali metal atoms to the tube wall for
the case of alkali metal doping. Extra electrons on the nanotube wall cause the tangential
mode frequencies to downshift. The amplitude of the mode shifting is a characteristic
measure of how much charge is transferred between the chemical dopants and the
nanotubes.
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Figure 3-2: Raman spectra for pristine SWNTs, and SWNTs doped with various
chemical dopants [43]. Shown in the figure from top to bottom are: I2 doped SWNTs, Br2
doped SWNTs, pristine SWNTs, Rb doped SWNTs and K doped SWNTs. All the spectra
were taken at room temperature with a 514.5 nm laser excitation. The peaks marked with
an asterisk (*) in the Raman spectra of halogens (I2 and Br2) doped SWNTs are identified
with the harmonic of the fundamental stretching frequency (ωs) of halogen. ωs is equal to
~220 cm-1 for I2 and of ~324 cm-1 for Br2. For Rb and K doped SWNTs, the features near
the high frequency band ~1550 cm-1 are fitted with multi-Lorentzian peaks and an
asymmetric Breit-Wigner-Fano peak. The values in parentheses are the re-normalized
phonon frequencies.

43
3.3 Raman spectra of sp2-carbons

In this section we review the Raman spectra of other sp2–related carbons, e.g.,
highly oriented pyrolytic graphite (HOPG), activated charcoal and amorphous carbon. As
we discussed in Chapter 2, the electronic and phonon structures of carbon nanotubes can
be well approximated through “zone folding” of the corresponding electronic and phonon
structures of a two-dimensional (2D) graphene sheet. Understanding the Raman features
of other sp2 carbons helps us to analyze our Raman data on carbon nanotubes.

3.3.1 Graphite related materials

3.3.1.1 Single crystal graphite and amorphous carbon

The Raman spectra of several forms of graphite have been reported by Tuinstra
and Koenig [45] as shown in Fig. 3-3. It is well known that the Raman features of
graphite depend on the graphite crystal size. For HOPG, the Raman spectrum exhibits a
sharp peak at ~1580 cm-1. This peak is associated with the Raman-active E2g2 mode of
graphite according to group theory calculations. However, more poorly ordered graphite
materials, such as activated charcoal, exhibit two broad bands in the high frequency range
(1000–2000 cm-1), with one band centered at ~ 1580 cm-1 and the other band centered at
~ 1355 cm-1 [45]. The peak at ~ 1355 cm-1 is not present in the highly crystalline HOPG
sample, and is thus believed to be related to the intrinsic disorder of the activated
charcoal (Fig. 3-3(b)). Tuinstra and Koenig have shown that the relative intensity of the
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Figure 3-3: Room temperature Raman spectra for various carbon materials [45]: (a)
HOPG, (b) activated charcoal showing the Raman-active E2g2 mode ~1580 cm-1 and the
disorder-induced peak ~1355 cm-1, and (c) thin film (<250 nm) of amorphous carbon
deposited on glass substrate.
1355 cm-1 peak, compared to that at ~1580 cm-1, is inversely proportional to the crystal
size of the graphite sample. For thin amorphous carbon film (< 250 nm) deposited on a
glass substrate, the two broad bands at ~1350 and ~1580 cm-1 are no longer resolvable.
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There is only a very broad asymmetric band observed in Fig. 3-3(c). On the other hand,
the Raman spectrum exhibits two distinct bands for thick amorphous carbon film (> 250
nm) deposited on a glass substrate, similar to the case of activated charcoal.

3.3.1.2 Graphite intercalation compounds (GICs)

Graphite intercalation compounds (GICs) are formed by the insertion of atomic or
molecular layers of guest chemical species between layers in the graphite host material.
Graphite is a highly anisotropic material where the intraplanar interaction is strong C-C
chemical bonding, but the interplanar force is weak van der Waals interaction, i.e.,
neighboring graphite or graphene sheets are bonded by van der Waals interaction. The
intercalant species usually resides between the 2D graphene sheets because it is difficult
for an intercalant atom to replace the carbon atom substitutionally within the plane. The
graphite can be doped or intercalated with either electron donors or acceptors. For doping
with electron donors, electrons are transferred to the graphite. On the other hand,
electrons are transferred from graphite to the intercalant for the case of electron acceptor
intercalation. Chemical intercalation provides a reliable method to control the physical
and chemical properties of the graphite host material over a wide range via proper
selection of intercalation species and controlling the doping concentration.
Although the intercalation rate and the resulting intercalate concentration depend
strongly on doping conditions, GICs produced under different conditions usually show a
high degree of ordering. The most striking type of ordering is the staging phenomena.
The staging phenomena can be described by a periodic arrangement of n layers of
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graphite or graphene sheets between sequential intercalate layers. The number “n” is
defined as the stage index. For example, for a Stage 3 FeCl3-intercalated graphite
compound, we have a periodic GGGAGGGAGGGA--- structure, where the letter “G”
denotes a graphite layer and “A” represents a FeCl3 layer, i.e., the primitive unit cell
consists of four plane layers: three consecutive graphite layers and one intercalate FeCl3
layer.
Since layers with different geometries or chemical environments in a GIC have
different Raman characteristics, Raman scattering can be used to investigate the
intercalant species and concentration of the compound. For a GIC sample, we usually
have the following different layers: the intercalant layer, the graphite bounding layer
where graphite is directly adjacent to the intercalant, and the graphite interior layer.
Fig. 3-4 shows Raman spectra of several stages of FeCl3-intercalated vapor grown carbon
fibers. Also shown in the figure includes the Raman spectrum of pristine graphite fiber
prior to intercalation [46]. The Raman spectrum of pristine carbon fiber shows only a
peak associated with the E2g2 mode at ~1580 cm-1 as expected. However, for Stage 1 and
Stage 2 GICs, the Raman spectra show an upshifted Raman peak. The upshift of the
Raman E2g2 peak is attributed to the electron charge transfer from the graphite to the
intercalant (FeCl3). Stage 1 GIC has the largest E2g2 peak upshifting sicne more charge
transfer happens in a lower intercalation stage. Each graphite layer is adjacent to two
intercalate layers in Stage 1 GIC, i.e., graphite layers and intercalates are stacked
alternately. On the other hand, only one side of each graphite is adjacent to an intercalate
layer in Stage 2 GIC. For Stage 1 and Stage 2 GICs, the Raman intensity of the E(0)2g2
peak associated with the graphite interior layers vanishes (see Fig. 3-4) because there are
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no interior graphite layers in these two stages of GICs. For Stage 5 GIC, according to the
definition for the stage index, there are three interior graphite layers within each unit cell.
As a result, there are two dominant broad bands in the Raman spectrum (Fig. 3-4). The
first Raman band shows a center peak position roughly identical to that of undoped
graphite fibers (~1580 cm-1). This coincidence suggests that the perturbation of graphite
layers due to the intercalant is largely confined to graphite bounding layers, which
effectively screen the graphite interior layers from the charged intercalant, so the Raman
features of the interior layers are essentially unaffected. The other peak in the Raman
spectrum of Stage 5 GIC originates from the graphite bounding layers, which transfer
electron charge to the adjacent FeCl3 layers.
The relative intensities of Raman peaks associated with the graphite bounding
layers and the graphite interior layers can also provide information on the intercalation
doping stage [47, 48]. As the uptake of the intercalant increases, the relative intensity of
the E2g2 mode associated with graphite bounding layers increases.
In contrast to the case of acceptor GICs, where the frequency of the Raman peak
associated with the graphite E2g2 mode is upshifted, the Raman spectra of donor GICs
exhibit a characteristic downshift in frequency since the electron charge is transferred in
an opposite direction, i.e., from the donor to the graphite layers in this case. Please see
references [46, 47] for more details on this topic.
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Figure 3-4: Raman spectra for several states of FeCl3-interacted vapor grown carbon
fibers (THT = 2900°C) [46]. The bottom panel marked with BDF refers to the Raman
spectrum of carbon fibers prior to intercalation. The dots are from experimental data. The
solid lines are results of curve fitting to the data, while the dashed lines in Stage 5 GIC
show two individual peaks used for the fitting.
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3.3.2 Fullerene materials

In 1990 Kratschmer and co-workers prepared gram quantities of C60 using a
simple arc-discharge method [49]. This discovery greatly stimulates research in this field,
including the study of C60 Raman spectra. It was soon found that the intercalation of
alkali metal atoms into the host crystalline fullerene with a stoichiometry of M3C60 (M =
Rb, K) will change the electronic properties of the host fullerenes and form a conducting
material with relatively high superconducting transition temperature [50].Considerable
efforts have been expended to study the doping induced shift of the C60 intrinsic phonon
vibrational modes. Insulating compositions of alkali metal doped C60, such as M6C60 (M
= Na, K, Rb, Cs), have also been studied by Raman scattering experiments and compared
to the pristine C60.
For pristine C60, because of the high icosahedral symmetry (Ih) of the molecule,
standard group theory predicts that only 10 vibrational modes are Raman active (2Ag + 8
Hg) [51-53]. Among the 10 Raman-active modes, the two strongest modes are the RBMs
with frequency at 492 cm-1 and the tangential pentagonal pinch mode at 1469 cm-1. At
room temperature, the C60 molecules rotate rapidly at a very low frequency (10-40 cm-1)
compared to its intra-molecular vibrational modes. The C60 molecules are orientationally
disordered in solid C60 crystal. The interaction between C60 molecules in a solid C60
crystal is a weak van der Waals force, so Raman features due to crystal effects are also
weak.
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C60 crystal exhibits fcc lattice structure with a lattice constant of 14.17Å. The
experimental Raman spectrum of a solid C60 crystal is shown in the top trace of Fig. 3-5.
The figure also includes Raman spectra from various alkali metal doped C60 compounds
[54, 55]. The Raman spectra of alkali metal doped C60 compounds are quite similar to
those of pristine C60 solid. The main difference between their Raman spectra is a result of
the electron charge transfer from the alkali metal atoms to the C60 molecules. The charge
transfer causes the C60 high frequency tangential mode (1469 cm-1) to downshift. The
degree of shift depends on the ratio of the alkali metal atoms to C60 molecules, i.e., the
concentration of alkali metal atoms. The softening or downshifting of the tangential mode
(1469 cm-1) with alkali metal doping provides a simple method to characterize the
stoichiometry x of the MxC60 sample. The RBM at ~492 cm-1, however, upshifts slightly
with increasing alkali metal doping concentration x. The upshifting of RBM is due to two
competing effects: the charge transfer effect and the electrostatic interaction between C60
molecule and the surrounding charged alkali metal atoms. While the electron charge
transfer from the alkali metal atoms to C60’s downshifts the RBM, the electrostatic
interaction upshifts the RBM of C60. Because the electrostatic interaction gets stronger
with increasing alkali metal doping, it will dominate the Raman structure of the RBM at
higher intercalation stage.
Mode broadening effect for different Hg modes is also observed in Fig. 3-5 for the
metallic phases of M3C60 (M = K or Rb). Raman peaks for M3C60 (M = Na, K, Rb and
Cs) are quite narrow because these samples are in single phase. The broadening effect is
particularly obvious for the Raman spectrum of Rb3C60. It is interesting that Rb3C60
exhibits a relatively high superconducting transition temperature of ~28 K [56]. For both
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Figure 3-5: Room temperature Raman spectra for solid C60, K3C60, Rb3C60, Na6C60,
K6C60, Rb6C60 and Cs6C60. Two Raman-active Ag modes are marked in the figure, as are
peaks from the Si substrate [54, 55].
Rb3C60 and K3C60 samples, the broadening of the Hg–derived modes is attributed to the
electron-phonon coupling [55, 57, 58]. Furthermore, the broadening is predominant
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for the lowest Hg–derived mode at ~270 cm-1. The Raman peak at ~270 cm-1 shows a
typical Breit-Wigner-Fano (BWF) line shape for both Rb3C60 and K3C60 samples. The
asymmetric BWF line shape is due to the coupling between discrete phonons and a lowenergy continuum.

3.3.3 Multi-walled carbon nanotubes (MWNTs)

A multi-walled carbon nanotube (MWNT) is composed of many coaxial concentric
nanotubes. The innermost tube in a MWNT usually has a diameter in the range 0.6-2 nm.
Due to the weak van der Waals interaction between neighboring tubes, the RBMs of
tubes inside a MWNT are theorized to have frequencies 5% higher than those of their
corresponding SWNTs [59]. The upshifting of RBMs in a MWNT is similar to the
bundling effect for SWNTs [41]. The interlayer interaction in a MWNT will decrease the
sharpness of the one-dimensional van Hove singularities in the DOS of a SWNT, and
thus reduce the resonance Raman intensity. Since the innermost and outermost tubes in a
MWNT are adjacent to only one tube layer, and the outermost tube has too large of a
diameter (usually >10 nm), only the innermost tube is expected to have a significant
RBM Raman intensity. Fig. 3-6 shows the Raman spectra of MWNTs taken at different
laser excitation energies [60]. The resonance effect is clearly demonstrated in the figure
for the RBMs of the innermost tubes. For example, the intensity of the peak at 268 cm-1 is
maximized at laser excitation energy E = 2.41 eV. Using the relationship between the
RBM frequency and the tube diameter for a SWNT and the “Kataura plot” (c.f. Fig. 2-5
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Figure 3-6: Raman spectra of multi-walled carbon nanotubes (MWNTs) taken with
different laser excitation energies at room temperature [60].
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in Ch. 2, Ref. [27]), plus a 5% upshift considering the tube-tube interaction with a
MWNT, we can roughly determine the structure indices (n, m) for the innermost tube.
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Chapter 4
Synthesis

In this thesis research, we have studied SWNTs produced by arc discharge, pulsed
laser vaporation (PLV) and chemical vapor deposition (CVD) methods. As an
introduction to this chapter, we review briefly the history of the synthesis of carbon
nanotubes. Carbon fibers of various morphologies, several tens of microns in diameter,
and as long as a few millimeters in length were discovered ~50 years ago [61, 62]. These
fibers have found applications in structural composites. The excitement about carbon
nanotubes essentially stems from the realization that they appeared in many cases to be
almost perfect in structure, i.e., a beautiful monolayer cylindrical shell of sp2 carbons.
Multi-shell or multi-walled carbon nanotubes were first discovered in a carbon soot
produced by a metal-catalyzed arc discharge between graphite rods under a helium
atmosphere [2]. Now it is known that various metals, such as Ni, Co and Fe, in a carbon
or hydrocarbon atmosphere can be used to make SWNTs. The metal, in nanoparticle
form, is thought to act like a solvent for carbon, and the nanotube is viewed as growing
from a carbon saturated particle. Iijima is credited with the discovery of carbon
nanotubes. These tubes were multi-walled carbon nanotubes (MWNTs), i.e., the tube
consists of a series of concentric SWNTs [2]. However, some researchers believe that
Professor Morinobu Endo actually discovered MWNTs in the 1970’s in the center of
vapor phase grown carbon fibers whose outside diameter was on the order of several
microns [63]. The first success in producing a substantial amount of SWNTs was
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achieved by Bethune and coworkers in 1993 using Co as the catalyst [64]. The growth of
higher quantity SWNT soot on the scale of ~50 milligrams per batch was first obtained
by Smalley and coworkers using a pulsed laser vaporation (PLV) method [17]. They used
a Neodymium Yttrium Aluminum Garnet (Nd: YAG) laser to vaporize a carbon target
containing 0.5% atomic percent of Co and Ni. The target was held in a flow of argon in a
tube oven furnace heated to 12000C. Chemical vapor deposition (CVD) method was later
reported by Endo et al. to synthesize multi-walled carbon nanotubes from benzene with
Fe particle as the catalyst [65]. The CVD method for MWNTs has already been improved
to allow mass production. The CVD production of SWNTs came a few years later by H.
J. Dai et al. [66]. They used methane as the carbon source heated at 10000C. The type of
catalyst was found to be able to control the formation of individual or bundled SWNTs. It
is hoped that CVD can also mass produce SWNTs. For general reviews on synthesis of
carbon nanotubes, see references [7, 8].

4.1 Vapor liquid solid (VLS) growth mechanism

The details of the growth mechanism for SWNTs are still being debated. The consensus
is that the growth of single-walled and multi-walled carbon nanotubes proceeds by the
vapor-liquid-solid (VLS) growth mechanism first mentioned in the 1960’s in connection
with micro diameter polycrystalline “whisker” growth [67-70]. Fig. 4-1 shows the
essential steps identified with the VLS process as applied to the growth of Si nanowires
produced by a pulsed laser [71]. Although Fig. 4-1 refers to Si nanowires, the principles
shown there are thought to apply to many nano- and micro-filament systems. The three
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distinct steps of the VLS process are shown in the figure. When the laser beam hits the
Si1-xFex (x ~ 0.1) target, it produces a high density Si/Fe vapor. The Fe component
rapidly condenses into a liquid nanoparticle containing some Si soluble in Fe. Adding
more Si to the Fe:Si particle causes supersaturation and a depression in the melting point
(eutectic) of the Fe:Si alloy. The resulting Fe:Si droplet will initiate filament growth on
the droplet surface by precipitation of the Si. The growth will terminate eventually as the
flowing gas carries the nanoparticle out of the hot growth zone in the apparatus. The
growth of nanotubes by the VLS method can now be understood: a suitable metal particle
(e.g., Fe, Ni, Co, or alloys) must be present together with a carbon or hydrocarbon vapor
and the background growth (furnace) temperature must be high enough to form the liquid
metal-carbon alloy. The source of carbon can be supplied in many ways (e.g., electric arc,
pulsed laser, microwave plasma, hydrocarbon gas, etc.). One interesting point that is not
understood is that larger metal particles d > 10 nm lead to the VLS growth of bundles of
SWNTs (i.e., “ropes”), whereas very small particles d < 4 nm can be used to support the
growth of one tube per particle. MWNTs are grown from larger particles.
Fig. 4-2 shows the schematic of the CVD apparatus used in our group to grow
SWNTs, where the carbon is introduced as methane. The growth process of CVD
involves flowing a carbon:hydrogen (~5%) mixture through a heated quartz tube
containing catalyst metal particles. Other carbon containing gases used in CVD growth of
SWNTs include ethylene, acetylene and carbon monoxide. Catalysts are typically
transition metals, e.g. iron, nickel and cobalt, supported on porous aluminum oxide
(alumina) or SiO2. The choice of the optimal catalysts is not necessary rational. For
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Figure 4-1: Schematic illustration for the VLS growth mechanism of Si nanowires during
a laser ablation process [71]: A (vaporization), B (liquid droplet formation), and C
(precipitation of the solid phase at the particle surface).
example, we studied the effect of Mo added to Fe in the CVD growth of SWNTs using
methane as the carbon source. Our studies show that Mo plays an important role on
lowering the growth temperature and eliminating the need of hydrogen for catalyst
activation [72]. We found that Fe/Mo oxide catalyst could even be active at temperatures
as low as 680 °C with the methane/hydrogen flow rate of 40 cm3/min. However, the exact
role of Mo in the Fe-Mo catalyst is still not understood.
In the following sections, we briefly describe the methods, including arc
discharge, PLV, and HiPCO process, used to make SWNTs studied in this thesis. Also
we briefly describe the synthesis conditions for production of the peapod and DWNTs.
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Figure 4-2: Schematic of chemical vapor deposition (CVD) apparatus

4.2 SWNT synthesis approaches used to make samples for this thesis
research

4.2.1 Arc discharge

Fig. 4-3 shows a schematic of our arc discharge apparatus to produce SWNTs.
The electric arc discharge is maintained by passing a high current between two electrodes
with a gap of several millimeters. A consumable anode (+) and a fixed non-consumable
graphite cathode (-) are used. The current passing through the electrodes is kept constant
(~100 Amperes). A feedback mechanism is used to translate the anode horizontally
between cathode and anode to maintain a fixed gap. This constant gap means the voltage
across the gap will be constant (~ 20 V). The anode is evaporated during the arc
discharge and SWNTs are formed in the plasma.
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Figure 4-3: Schematic of the arc discharge apparatus
Fig. 4-4 shows the arc discharge chamber used by our group [73]. Proper
composition and treatment of the consumable anode is critical for the optimal arc
discharge production of SWNTs. The anodes we used are composed of ~ 4 atomic %
catalyst (Ni/Y) and graphite powder with a proprietary binder. These ingredients are hot
pressed into a mechanically stable anode. The cathode is a fixed non-consumed graphite
electrode. SWNTs are synthesized by a high temperature evaporation of the anode in the
chamber with plasma temperatures in the range of 3000-40000C. An automatic pressure
control system is used to stabilize the gas (He/Ar) pressure inside the chamber via two
solenoid valves, one connected to the gas supply, and the other connected to a vacuum
pump. The chamber is cooled by flowing water between two concentric walls of the
chamber (Fig. 4-4). The voltage in the arc between the electrodes is controlled by an
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automatic electromechanical feedback loop consisting of a motor-driven translation stage,
a motor control module, and an arc welder for the dc power supply. Since the arc voltage
is a function of the distance between the two electrodes, the desired voltage can be
controlled by maintaining the gap between the electrodes via the anode translation. The
current is also set to be constant (~100 Amperes). Since both the arc current and voltage
(by feedback) are constant, the power in the arc is constant and therefore so is the
temperature of the plasma. The nanotubes produced in these conditions have a diameter
distribution in the range 1.2 – 1.6 nm.

Figure 4-4: A picture of the arc discharge apparatus used in our group

4.2.2 Pulsed laser vaporization (PLV)

Fig. 4-5 shows the schematic of our PLV chamber used to produce SWNTs [74].
A pulsed Nd: YAG laser with a fixed pulse repetition rate of 10 Hz is used to vaporize
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the carbon target, which contains either Ni/Co or Ni/Fe alloy at ~ 1 at%. The laser beam
is focused to a spot and scanned across the target via a computer controlled lens. The
focused beam vaporizes both carbon and metal in the target. Just as in the case of the arc
discharge, small droplets of metal-carbon alloy form and act as “seeds” to support the
SWNT growth by the VLS mechanism. Two coaxial quartz tubes are used in the PLV
furnace (Fig. 4-5). A stream of Ar/He gas flows between the two tubes and is heated
before entering the center tube containing the target. The gas flow is used to drive the
SWNT product behind the target before it sticks on the quartz tube walls. The PLV
system can be set to operate at a particular pressure and gas flow rate. SWNTs are
typically grown with a background furnace temperature of 12000C in our system. The
diameter distribution of our PLV synthesized SWNTs is similar to arc discharge
produced tubes, usually in the range 1.2 – 1.6 nm.

4.2.3 High pressure CO CVD method (HiPCO)

It has been realized for sometime that a continuous process is required in order to
produce SWNTs in large quantities. Recently, researchers at Rice University have
developed a continuous gas phase process operating at high pressures using CO as the
carbon feedstock and Fe(CO)5 as the catalyst precursor [21, 75, 76]. Their method,
named “HiPCO” for high pressure carbon monoxide, is really just another VLS approach.
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Figure 4-5: Schematic of our pulsed laser vaporization (PLV) apparatus

Figure 4-6: Schematic diagram of the HiPCO reactor used at Rice University. Shown at
the top is the enlarged gas mixing/reaction zone [76].
The most important feature of the HiPCO process is the “showerhead” or nozzle
that mixes the Fe(CO)5 and CO at the front end of the reactor (Fig. 4-6) [76]. Iron
particles are formed during the thermal decomposition of the Fe(CO)5. They serve as the

64
catalyst solvent for the growth of SWNTs via the VLS mechanism. The source of carbon
is the CO that disproportionates at the Fe particle surface (i.e., 2 CO → C + CO2). The
SWNTs and iron particles are carried out of the reaction zone by the hot gas flow. After
passing through some absorption beds and a molecular sieve, the unused CO is then recirculated back through the showerhead. The HiPCO reactor at Rice University thus
constitutes a closed loop system [76]. The tubes synthesized by HiPCO method have a
wider diameter range (0.6 – 2.5 nm) than what was found in PLV or arc discharge
samples. Of particular interest to this thesis work are the very small diameter tubes, i.e.,
0.6 - 0.9 nm.

4.2.4 Synthesis of C60-peapod and DWNTs

The C60-peapod and DWNT samples studied here were prepared by Bandow et al.
from Meijo University of Japan. Fig. 4-7 shows a flowchart that describes the process to
make C60-peapod and DWNTs from SWNTs . The host SWNTs were first grown at 1200
°C in an oven by the pulsed laser vaporization of a carbon target containing a ~1% Fe-Ni.
Metal catalyst and amorphous carbon were removed by refluxing the PLV soot in HNO3
at 160 °C. Remaining particulates in the HNO3 solution were then centrifugally removed
and the solution above the sediment containing the SWNTs was decanted. Neutral
SWNTs were then obtained by adding distilled water to the sediment and repeating the
centrifugation process several times. SWNTs were “captured” by passing the neutralized
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Figure 4-7: Essential steps for the preparation of C60-peapod and DWNTs. The image is
in courtesy of Shunji Bandow.
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solution through a micron size pore membrane filter. After the tubes build up to a thick
enough film on the filter, the formed film can be removed as a piece of nanotube “paper”.
This paper is referred to as “bucky paper” at Rice University, and this term is now
established. The filtrate was dried and then the SWNTs were heat treated in dry air (420
°C, 20 min.) in order to remove any residual amorphous carbon attached on the nanotube
bundle walls. It was also found that this heat treatment step was essential for opening the
tube ends [18].
DWNTs were prepared from these purified and open-end SWNTs. As a first step,
‘‘peapod’’ structures were prepared by introducing C60 molecules into the preexisting
SWNTs that exhibited a most probable diameter in the range ~1.3–1.4 nm. Peapods are
single-walled carbon nanotubes filled with C60 fullerene peas [4, 5]. This was
accomplished by the diffusion of C60 molecules into the host tubes from the C60 vapor
which was maintained at 400 °C in a sealed and evacuated glass ampoule [18]. The C60’s
were found to form a close-packed chain inside the host tube. Our peapod sample has a
filling factor close to 100%, as estimated from TEM observation [77] and X-ray
diffraction (XRD) profiles [78]. The DWNTs were subsequently derived from the
peapods by heating the C60-peapod at a temperature as high as 1200 °C in vacuum (< 10-6
Torr). Such a high-temperature heat treatment was found previously to induce the
coalescence between C60 molecules, resulting in the growth of a secondary tube inside the
primary tube [5]. Typical high-resolution transmission electron microscopy images of
peapods and DWNTs are shown in Fig. 1-7 and Fig. 1-8 of Chapter 1, respectively. The
unbroken lengths of the inner tube are quite long, typically exceeding several hundred
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nanometers. The two concentric tubes in a DWNT are tightly nested with a spacing (0.36
nm) close to that in graphite [5, 44].
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Chapter 5
Instrumentation used for this thesis work

In this chapter, we briefly describe the main optical spectrometers used in this
thesis research to study the interband absorption and phonons of SWNTs, peapods,
DWNTs, etc. Some of the measurements were made while chemical doping of the sample
was in progress. The focus of this chapter is on the essential features of the equipments
and how they relate to spectra collection. In addition, we discuss the experimental
principles necessary to obtain reliable and quantitative results.

5.1 Ultra-Violet/Visible/Near Infrared (NIR–VIS–UV) Spectrometer: PerkinElmer Lambda 900

A UV/VIS/NIR spectrometer (Perkin-Elmer model: Lambda 900) was used to
study the optical absorption of nanotube-based materials. Some modifications of the
instrument were made in the sample compartment to carry out this thesis research. The
Lambda 900 features a double–monochromator holographic grating system and is
capable of classical transmission, absorption and reflectance measurements. The
instrument is reliable over the wavelength range 180 - 3300 nm (or 0.38 - 6.9 eV). A
closed-cycle helium refrigerator can be inserted in the sample compartment for low
temperature studies down to ~ 10K. The physical size of the cryogenic apparatus presents
no problems for transmission studies. However, reflectance measurements are difficult
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because both incident and reflected beams must be handled, i.e., there are space
limitation problems for the reflection optics.

5.1.1 Basic principles of the Lambda 900 spectrometer

The schematic diagram of the spectrometer is shown in Fig. 5-1 [79]. Several
critical components of the spectrometer are mentioned here. (1) The system has two
radiation sources: a deuterium lamp (DL) and a halogen lamp (HL), which can cover the
ultraviolet (UV) / visible (Vis) and the near infrared (NIR) range, respectively. (2) The
beam radiates from the source and is dispersed by two monochromators, which produce a
quasi monochromic beam exiting the final slit. A certain frequency range of the beam is
thus selected through the rotation of the gratings. (3) The beam coming from the
monochromators is split into reference and sample beams, it can be attenuated according
to the user specification. (4) The Lambda 900 utilizes a double-beam geometry, i.e., a
reference beam and a sample beam. The two beams are generated alternately with a
frequency of 50 Hz by using a chopper assembly, which has four segments, one hole to
let the beam pass, one mirror to reflect the beam, and two dark segments to block the
beam so as to create a dark signal. It is not necessary for the intensity of the two beams to
be equal. Actually, the inequivalence doesn’t matter, since the system can “remember”
the difference between the intensities and then compute the corrected spectrum. (5) Two
detectors are used to collect the radiation from both beams: a photomultiplier (PM) for
the UV/Vis range and a lead sulfide (PbS) detector for the NIR range. (6) The
spectrometer comes with a standard transmission /absorption attachment that can be used
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for both solid and liquid samples. Our home-made reflectance attachment works only for
specular reflectance on solid samples with incident angle θ in the range 50 < θ < 600. For
diffuse reflectance samples, we have an integrating sphere detector which covers the
range 200 - 2500 nm.

Figure 5-1: Schematic of the Perkin-Elmer Lambda 900 UV-Vis-NIR spectrometer [79].
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5.1.2 Double-beam spectroscopy

Quantitative reflectance and transmission spectroscopy can be challenging with a
double-beam instrument. The problems stem from the “inequivalence” of the beams, the
failure to collect all the transmitted or reflected light from the sample, instabilities in the
light source, and poorly chosen “standard” samples used to remove the wavelengthdependence of the source. The Lambda 900 uses double-beam geometry. A simplified
optical path diagram to Fig. 5-1 is shown in Fig. 5-2 in order to illustrate the principle of
the double-beam spectroscopy. A radiation with intensity I0(ω, t) passes through some
transfer optics before it is split by the flip mirror M1 to create two beams: a reference
beam and a sample beam. The reference beam passes through mirrors M2, M4 and M6,
and the sample beam passes through mirrors M3, M5 and M6, respectively (M6 is another
flip mirror). Both beams go through the second set of transfer optics and are then
collected by the detector. As shown in the figure, T0(ω) is the optical coefficient of the
first set of transfer optics, TR(ω) is the transmission of the reference sample, TS(ω) is the
transmission of the sample, and T1(ω) is the optical coefficient of the second set of
transfer optics. From Fig. 5-2, we can see that the radiation intensity at the detector for
sample beam (IS) and reference beam (IR) are,
I s (ω , t ) = I 0 (ω , t )[T0 (ω ) M 1 (ω ) M 3 (ω )Ts (ω ) M 5 (ω ) M 6 (ω )T1 (ω )] ,

(5.1)

I R (ω , t ) = I 0 (ω , t )[T0 (ω ) M 1 (ω ) M 2 (ω )TR (ω ) M 4 (ω ) M 6 (ω )T1 (ω )] ,

(5.2)

and
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respectively. Strictly speaking, the source radiation intensity is not a constant over time.
The two radiation intensities, i.e., one from the reference beam and the other from the
sample beam, are time-dependent, but correlated. Thus we can correct for this fluctuation
in source intensity. Experimental error can come from this source instability: the most
serious problem comes from slow drift. We will show that this time variation of the
source will be negligible in the double-beam configuration. By dividing Eq. 5.1 with
Eq. 5.2, we get,
I s (ω , t ) Ts (ω ) M 3 (ω ) M 5 (ω ) I s (ω )
=
=
I R (ω , t ) TR (ω ) M 2 (ω ) M 4 (ω ) I R (ω )

.

(5.3)

We can see from Eq. 5.3 that the intensity ratio between the sample beam and the
reference beam is no longer time-dependent. The conclusion is based on the assumption
that the sample beam and reference beam are correlated and exhibit the same timedependence. This is a good assumption for our Lambda 900 spectrometer because the two
beams are generated from the same source and are separated in time by 1/50 of a second;
i.e., a 50 Hz separation is created by a chopper and is used to alternately direct the source
energy to the sample and then the reference beam. Eq. 5.3 can be rewritten as,
Ts (ω )  I s (ω )  M 2 (ω ) M 4 (ω ) 
 ,

=
TR (ω )  I R (ω )  M 3 (ω ) M 5 (ω ) 

(5.4)

 I (ω )  M 2 (ω ) M 4 (ω ) 
TR (ω ) .

Ts (ω ) =  s
 I R (ω )  M 3 (ω ) M 5 (ω ) 

(5.5)

or
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Eq. 5.5 shows that, if we know the transmission of the reference sample TR (ω ) , the
sample transmission Ts (ω ) can then be measured by two steps: [1] measuring the two
 M (ω ) M 4 (ω ) 
 without any reference or sample inserted; [2]
beam inequivalence  2
 M 3 (ω ) M 5 (ω ) 
 I (ω ) 
 between the sample beam and reference beam
measuring the intensity ratio  s
 I R (ω ) 

with both reference and sample in place. The above procedures also apply to reflectance
studies. We can see from above that the biggest advantage of the double-beam
configuration is the minimization of the source instability effect by taking the ratio of the
two beams being created simultaneously or alternately within a short time interval.
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M4
Reference beam

Transfer
optics
TO(ω)

M1

Transfer
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M3

TS(ω)

Detector

M5

Figure 5-2: Schematic diagram of the double-beam configuration.
As we discussed above, a reference sample is required for both transmission and
reflectance studies. The perfect standard for transmission is a hole, since it has 100%
transmission, independent of wavelength. For reflectance studies, there is no perfect
standard for the whole wavelength range of our Lambda 900 spectrometer, however,
some high reflectance materials, such as Ag, Au, MgF2:Al, HOPG etc., are stable and
reproducible enough for quantitative calibration over our wavelength range. The
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wavelength calibration of the system is done via the identification of sharp absorption
bands in several standard liquid samples purchased from Perkin-Elmer.
Another important point should be mentioned here is the instrument purging with
N2 gas. Because O2 absorbs radiation in the UV range below 190 nm, and H2O absorbs
light in the wavelength range 1350 – 1450 nm, 1800 – 1950 nm, and 2520 – 3000 nm, the
best accuracy for these spectral ranges requires purging the system with nitrogen.
To summarize, the Lambda 900 was found to have excellent stability and it can
produce accurate and qualitative optical data.

5.2 Fourier Transform (FT) Infrared (IR) and Raman Spectrometer: Bomem
DA3+

A BOMEM DA3+ FT spectrometer equipped with sample compartments for
transmission, reflectance and Raman spectroscopies has been used in this thesis research.
With different light sources (Hg, Quartz and Globar), beam splitters (BK7, CaF2, KBr
and Mylar film) and detectors (InGaAs, InSb, MgCdTe and Si Bolometer), we can cover
the frequency range from 20 cm-1 (Far IR) to 10,000 cm-1 (Near IR) for transmission and
reflectance studies. A Nd: YAG (1.064 µm) laser is used for the Raman excitation,
extending our Raman capability to the IR.
The optical path of the Bomem DA3+ FT spectrometer is shown schematically in
Fig. 5-3 [80]. The heart of the FT spectrometer is a Michelson interferometer that has two
“arms”. The beam from the source is split by the beam splitter S1 into two beams I1 and
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I2. S1 also recombines these beams and sends them to the transfer optics. The inequality
of the optical-path length for the two separated beams, i.e., passing through either a fixed

Michelson
interferometer

Movable mirror

I1
I2

Beam splitter
S1
Iris

Fixed mirror

IR source or Raman
signal

Transfer
Transfer
optics
optics
Flip mirror

Transmission/
Reflectance
compartment

Sample

Transfer
optics

DET

DET

MgCdTe, InSb,
Bolometer

InGaAs

Raman
compartment

Figure 5-3: Schematic optical path diagram of Bomem DA3+ FT-IR and FT-Raman
spectrometer.
mirror or a movable mirror, leads to an interference phenomenon on the detector. The
interference pattern is also called an “interferogram”. The analysis of the interferogram
allows the spectral content of the source (modified by the optical train) to be computed.
The principle of a FT spectrometer is shown briefly here. Let us suppose I 0 is the
monochromatic radiation intensity on the fixed mirror in the interferometer, and γI 0 is
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the intensity on the movable mirror. These two beams need not be equal. The beam
inequivalence is denoted by “ γ ”. The total intensity for these two interfering beams is
given by:
I = I 0 (1 + γ cos

2π

λ

∆) = I 0 (1 + γ cos

ω
C

∆)

,

(5.6)

where ω denotes the light frequency. I0 is the single beam intensity which is proportional
to the source intensity times the transmission function of the source optics. ∆ is the
optical-path length difference between the two beams that pass via either the fixed mirror
or the movable mirror. The computer controls the moving mirror to move at a constant
velocity υ. Setting ∆ = 0 at time t = 0 means that ∆(t) = 2υt. Note that the mirror must
reverse direction periodically. ∆(t) = 2|υ|t for one half of the period, and ∆(t) = -2|υ|t for
the other half. Data in the interferogram is collected for both + and – mirror velocities.
We define the spectral intensity entering the interferometer as the function I (ω ) .
Changing Eq. 5.6 to take into account that we have a source with a spectral content I (ω )
entering the interferometer, we then must compute an integral over ω to determine the
interferogram intensity for a particular path length difference ∆:
∞

I ( ∆ ) = ∫ I (ω ) • (1 + γ cos
0

ω
c

∞

∆ ) • dω = I 0 + γ ∫ I (ω ) • cos
0

ω
c

∆ • dω

.

(5.7)

We define the interference intensity by subtracting I0 from Eq. 5.7 as,
∞

ω

0

c

i ( ∆ ) = I D ( ∆ ) − I 0 = γ ∫ I (ω ) • cos

∆ • dω

.

(5.8)
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Eq. 5.8 shows that the interference intensity i (∆ ) is a Fourier cosine
transformation of the source function I (ω ) . From the theory of Fourier transform, we
obtain
I (ω ) =

2 1
π γC

∫

∞

0

i ( ∆ ) • cos

ω
c

∆ • d∆

.

(5.9)

Eq. 5.8 and Eq. 5.9 together show that the interference intensity i (∆ ) and
spectrum distribution function I (ω ) are one another’s Fourier cosine transform. This is
the basic principle of the FT spectrometer, i.e., we can compute the spectral content of
the radiation I (ω ) from the Fourier transform of the two-beam interference pattern or
interferogram.
If we do a Raman scattering experiment with the FT spectrometer, then I (ω ) is
the Raman spectrum. Likewise, if we do a transmission or reflectance experiment by
placing the sample in the optical path between the interferometer and the detector, we can
extract the transmission or reflectance of the sample by comparing the FT of the
interferogram with and without the sample in the beam.
Fig. 5-4 shows the Raman sample compartment of the Bomem DA3+
spectrometer. The nanotube sample is held at one end of the vacuum sealed Pyrex glass
tube. The dopant, either electronic acceptors or donors (c.f. Chapter 9 - 10), is fixed at the
other end of the glass tube. The temperature of the dopant controls its vapor pressure.
Fig. 5-4(b) shows the schematic optical path. As shown, the laser beam passes through
the back of a 900 elliptical mirror before it reaches the sample (Fig. 5-4(b)). The
backscattered Raman radiation is collected by the elliptical mirror with a 900 deflection to
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the spectrometer. The radiation passes through the interferometer, and then through a
notch filter before it is focused onto a liquid N2 cooled InGaAs detector.

Bandpass filter for
Nd:YAG
Laser beam
90° ellipse

Pyrex reaction
chamber with
sample

(a)

Laser beam
lens

90° ellipse
Entrance
aperture
Sample
(b)
Figure 5-4: Experimental apparatus for the Resonant Raman studies on chemical doping
of nanotubes: (a) image (b) schematic of the essential excitation and collection optics.
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5.3 Visible-Raman spectrometer: Jobin-Yvon HR460

Fig. 5-6 shows the schematic optical diagram of our homemade Raman
spectrometer based on a Jobin-Yvon HR460 [81]. There are two lasers used with this
spectrometer: an Ar ion gas laser (main lines: 488 nm and 514.5 nm) with maximum total
output power of 5W, and a Kr/Ar mixed ion gas laser (main lines: 488 nm, 514.5 nm and
647 nm) with maximum power of 2W. The HR460 spectrometer features a multi-channel
charge coupled detector (CCD) cooled by liquid nitrogen and an interchangeable turret
(76 x 76 mm2) holding two gratings. The spectrometer has a resolution of approximately
2 cm-1 for 514.5 nm laser excitation with an entrance slit width of 50 µm. The optical
path of the spectrometer is briefly described in the following paragraphs.
The incident laser beam is reflected by several plane mirrors before it reaches a
prism (see Fig. 5-6). To remove weak plasma radiation from the coherent laser beam, the
beam is passed through a prism twice and through an aperture (Iris 1) centered to pass
only the coherent radiation. The polarization rotator located between the prism and
Mirror 6 is used for polarized Raman studies by placing the incident electric vector
r
r
parallel or perpendicular to the plane containing the incident ( k 0 ) and scattered ( k s )

photons. We used a cylindrical lens instead of a spherical lens between Iris 1 and the
sample to focus the laser beam onto the sample. Cylindrical focusing creates a stripe of
radiation on the sample that has two benefits: (1) The HR460 monochromator has linear
slits, and (2) the flux (watts/mm2) on the sample with cylindrical focusing is a factor of
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~100 less than that obtained with a spherical lens. The height of the stripe is determined
by the laser divergence and is approximately 2 mm tall due to the long path length
between the laser and sample. The scattered radiation from the sample, including the
Raman scattered light, is collected by a camera lens (f/1.4). The f-number (f/) is equal to
f/D, where f = the focal length and D = the diameter of the lens. The collected light is
inversely proportional to the square of the f/, i.e., I ∝ 1 /( f /) 2 . Compared to normal
optical lenses that usually have f/ > 2, our camera lens is “fast”, which increases the
signal collection efficiency. Shown in Fig. 5-6 is the so-called Brewster-angle
backscattering configuration where the electric vector should be in the incident plane.
This configuration minimizes scattered light at the laser frequency collected by the
camera lens.
Iris 2 is placed between the camera lens and a “super-holographic-notch” filter
(Kaiser Optical Systems, Inc.) to restrict the radiation from the camera lens to the central
~ 75% of the “notch” filter. The notch filter is a thin film sandwiched between two
protective glass plates. Proper tilting of the notch filter relative to the axis of the Raman
scattered radiation allows efficient rejection of the strong Rayleigh scattered light and
thus eliminates the need for a double monochromator and the resulting lower throughput
associated with the 2nd grating. The restriction of the collected light by Iris 2 is required
since the “notch” filter works best when the light passes through its central region. The
“notch” filter is an absorption notch. The transmission and optical density spectra of a
514.5 nm notch filter are shown in Fig. 5-5. The notch is deep (~ 4 orders of magnitude)
and narrow. Tilting the filter with respect to the optical axis of the monochromator
changes the position of the notch (λ0) a little. The notch wavelength λ0 is chosen to be
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slightly less than the laser wavelength λL so that the laser stray light in the Stokes Raman
spectrum is minimized. An optimized notch filter configuration enables us to observe the
true Raman scattered radiation as close to the laser line as ~ 50 cm-1. Working closer than
50 cm-1 to the laser line is not possible with a single grating /notch filter instrument. The
advantage of the single-grating /notch filter spectrograph is the high throughput. The
sacrifices are lower resolution and less stray laser light rejection.
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Figure 5-5: (a) Transmission and (b) Optical density spectra of a super “notch” filter
(bought from Kaiser Optical Systems, Inc.) designed to work for the 514.5 nm laser
excitation. Note that the attenuation of the laser light at ~515 nm by this filter is
measured to be nearly 4 orders of magnitude.
An optional polarization analyzer can be used between the notch filter and the 2nd
lens for polarized Raman studies. Lens 2 then focuses the collimated light from the
camera lens onto the entrance slit of the spectrometer. The diameter (d2) of Iris 2 and the
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focal length (f2) of Lens 2 are properly selected to match the f/ of the instrument (f/ =
5.3), i.e. f 2 / d 2 ≅ 5.3 . Due to the multi-channel CCD detector and excellent light
throughput of the single grating spectrograph, the quality of the spectra acquired by our
HR460 Raman system is very good. In fact, it has a much higher signal-to-noise ratio
than the other two Raman spectrometers used in our group (T64000 and 270M). Most of
the Raman experiments in this thesis research were carried out on the HR460 Raman
system.

Figure 5-6: Schematic of our “home-made” Jobin-Yvon HR460 spectrometer
Fig. 5-7 shows the optical apparatus we used to make in situ Raman studies on
chemical doping of nanotubes (refer to Chapter 10-11). Nanotube samples are fixed at
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(a)
Cylindrical lens

CCD
Camera
lens

Sample

Br2 source

(b)

Figure 5-7: Experimental apparatus for the in situ Resonant Raman studies on bromine
doping of nanotubes. (a) Schematic of the essential excitation and collection optics and
(b) Image of the apparatus used during bromine doping.
one end of a vacuum sealed Pyrex glass tube. The chemical dopant passes down the glass
tube to reach the sample.
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5.4 Micro-Raman spectrometer: Jobin-Yvon T64000

Our triple-grating Jobin-Yvon T64000 Micro-Raman spectrometer is a state-ofthe-art instrument consisting of two monochromators in which the first double
monochromator can be configured either as additive or subtractive. The final
monochromator is a spectrograph with CCD detector. This spectrometer was used
frequently to observe the homogeneity of the de-bundled nanotube samples.
Although there is a large advantage in the spectrum resolution in the “additive”
mode, the light rejection is better in the “subtractive” mode. In the “subtractive” mode,
the double monochromator essentially acts like a narrow, tunable bandpass filter. Our
T64000 spectrometer is configured for the subtractive mode. We describe the optical
train briefly here. Fig. 5-8 shows the optical schematic for the T64000 in the subtractive
mode. The polychromatic radiation entering the slit S1 is dispersed by the grating G1 and
focused onto slit S2 by mirror C1. S2 establishes the “bandpass” or frequency range of
the light in the subtractive mode. The grating G2 and mirror C4 “undoes” the spatial
dispersion and recombines the dispersed radiation onto the slit S3, thereby introducing a
limited frequency range of polychromatic radiation on the entrance slit of the “third
monochromator” or spectrograph. We can see from this discussion that the first two
gratings are used together as a tunable bandpass filter which defines the spectral range of
the instrument. Finally, the radiation passed through slit S3 is dispersed by the 3rd grating
G3, and detected according to wavelength on the CCD detector.
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Figure 5-8: Schematic diagram of the Jobin-Yvon T64000 Micro-Raman spectrometer.
Slits S1 and S3 define the spectral resolution. Slit S2 defines the spectral bandpass. G1
and G2 are used in the “subtractive” mode. G1, G2 and S2 act together as a tunable
bandpass filter [81].
Since the T64000 has three gratings and a long focal length (64 cm), the
spectrometer can have an optical resolution as good as 0.1 cm-1 under optimal conditions.
Another advantage of this instrument is that it can be used in both the “micro” and
“macro” mode. In the micro mode the laser spot size at the sample can be as small as ~ 1

µm in diameter. The macro mode operates much the same way as the HR460 (c.f. Fig. 56). Fig. 5-9(a) shows the confocal microscope “front-end” used in the micro-Raman

configuration. The incident laser beam is “cleaned” by a plasma filter and iris (Fig. 59(a)). Lenses L1 and L2 work together as a spatial filter before the beam is partially
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X-Y Stage
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Figure 5-9: (a) Olympus BX40 microscope “front-end” to the Jobin-Yvon T64000 Raman
spectrometer. A 1 µm spatial resolution is possible. A motorized X-Y stage allows one to
map the sample surface via Raman scattering. (b) Confocal microscope optical schematic.
Lenses L1 and L2 work together as a spatial filter. A beam splitter (BM) is used in the
optical path to reflect the incident beam, and transmit the collected radiation from the
sample. L3 and L4 act like an adjustable confocal aperture.
reflected by a beam splitter (BM).

The beam is focused onto the sample using a

microscope objective lens (100x, 50x or 10x). The back-scattered Raman signal is
collected by the same lens and then passes through the beam splitter BM. An adjustable
confocal aperture between lenses L3 and L4 in the path of the scattered beam allows a
high spatial resolution of ~1 µm at the sample. The beam is then focused by lens L5 onto
the entrance slit (S1) of the T64000 spectrometer (Fig. 5-8). In this mode one can map the
surface of the sample in 1 µ x 1 µ patches according to the Raman scattering intensity at a
selected wavelength, or over a range of wavelengths. A motorized X-Y stage enables us
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to precisely position the focal spot at a desired point on the sample and to systematically
scan a large area of the sample under computer control.
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Chapter 6
Optical studies of SWNTs, peapods and DWNTs

Traditionally, the optical response of solids is described by either a complexvalued optical dielectric function ε~ (ω ) or, equivalently, a complex optical conductivity

σ~ (ω ) = −i

ω ~
(ε (ω ) − 1) . Also, traditionally, one obtains information about these
4π

functions by a combination of optical absorption, reflectance and electron energy loss
measurements. In the ideal situation, we have a thick plane parallel slab for the sample.
Therefore, reasonably routine measurements can be made. However, the approach needed
to obtain ε~ (ω ) for a carbon nanotube is more challenging. In fact, the best we can do is
to obtain a qualitative result. This stems from the challenges of unknown sample
geometry, i.e., the best sample we can make is a thin film of tangled ropes of carbon
nanotubes. There are also surface scattering loss issues; the sample is not a simple flat
plane. Furthermore, the samples contain both semiconducting and metallic tubes, and the
contributions from both of these tube types can be observed in our spectra. In this
chapter, we describe our efforts to explain the optical reflectance of thick films of
SWNTs using an effective medium approximation. As far as we are aware, this work is
the first of its kind. Next in this chapter, we present results on thin films of nanocarbons
where sufficient light is transmitted to allow the optical absorption to be measured.
Optical absorption studies for SWNTs, C60-peapods and DWNTs are carried out and we
are particularly interested to learn how, for example, the “peas” in the “pod” are different
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from what they are in a molecular crystal. Furthermore, to what extent do two, tightly
nested SWNTs interact? Can we observe significant electronic state mixing, or does a
weak van der Waals interaction explain the spectra?

6.1 Reflectance studies on bundles of SWNTs

6.1.1 Experimental detail for reflectance studies

The SWNT material studied here was obtained from CarboLex, Inc. and consisted
of ~50-70 vol % SWNTs. Their nanotubes are produced by the arc discharge method
using 4 at% Ni-Y catalyst. Their properties are described in Ch. 4 (c.f. Section 4.2.1).
During the arc process, an “as-prepared” (AP) soot-like material is deposited on the
cooled walls of the arc discharge chamber, and also a spider web-like material called
“select” (SE) material, can be found attached to the cathode. Normally, Carbolex’s SE
grade material tends to have a higher yield of SWNTs than the AP grade material, as
determined by FT-Raman spectroscopy.
Both AP and SE grade Carbolex materials were found to exhibit the characteristic
T = 300 K Raman spectrum (514 nm excitation) published previously [30], including the
radial breathing mode band with a maximum at 160 cm-1 and the stronger tangential
mode band at ~1592 cm-1 (for a discussion of these modes, see Ch. 2). The average
diameter of these tubes has been shown to be close to that of a (10, 10) armchair tube
(c.f., Eq. 1.1, Ch. 1). Typical high resolution scanning electron microscope (HRSEM)
images have shown that the Carbolex nanotubes are present in bundles, with bundle
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diameters in the range 10-15 nm, i.e., each bundle contains ~100 - 200 tubes. Samples
used in this reflectance/transmission study were in the following forms: (1) pressed pellet
from unpurified SE grade material, (2) “bucky paper” prepared from purified SE grade
material, (3) “bucky paper” prepared from purified AP grade material, and (4) “bucky
paper” prepared from purified AP grade material with high temperature annealing at
1000°C in a vacuum of ~10-7 Torr for 24 hours. The procedure for making “bucky paper”
was described in Ch. 4, Section 4.2.4. All these samples were “optically dense”, i.e., the
transmitted beam intensity passing through the material was much less than 1%. Except
for the 1st sample (SE pellet), the other three samples were chemically treated in order to
remove amorphous carbon and growth catalyst. The purification process used for the
reflectance samples was a little different from the process we use now in our group that
involves either oxidation in air at ~ 400°C, or refluxing in H2O2, followed by refluxing in
boiling HCl [82]. The chemical purification of the material used in the reflectance studies
was accomplished by first refluxing in 4 M H2SO4 for 4 hours followed by dispersion in a
surfactant solution and cross flow filtration to remove particles. Then the purified
SWNTs, in the form of a free standing film (bucky paper), were peeled off from the filter
paper after washing with de-ionized water and ethanol. The 4th sample was degassed at
10000C in high vacuum for 24 hours. Our present purification methods are much more
sophisticated and have benefited from several students and postdoc’s efforts over the past
5 years.
The near-normal incidence reflectivity data were collected for each sample using
a BOMEM Fourier Transform Infrared (FT-IR) spectrometer (0.05-1.2 eV) and a gratingCCD system (1-3 eV). Fig. 6-1 shows the schematic geometry for near-normal incidence.
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The incident angle must be in the range 0° ≤ θ 0 ≤ 10° , otherwise the simple
approximation that polarization is negligible (i.e., rp = rs) will not be accurate.

θ0

*

θr

*

Figure 6-1: Schematic of near-normal incidence. The asterisk (*) indicates light lost by
“surface roughness”. θ 0 = θ r for “specular” reflectance. 0° ≤ θ 0 ≤ 10° should be satisfied
for near-normal incidence.
The sample surface quality is always an important factor for reflectance studies.
For carbon nanotubes, the “smoothest” sample surface we can make is a thin film or
pellet of nanotubes. The surface is rough on the micron and nanometer scales. We
measure the light lost due to the “surface roughness” and correct the data for this loss, as
discussed below.
Fig. 6-2 shows schematically how we measured the correction factor η (ω ) for
lost light. The functions shown in the figure are defined as:

η (ω ) = surface roughness correction factor;
Rs = specular reflection coefficient;
I0 = incident beam intensity.

η (ω ) Rs = the experimental quantity we measured:
I R η (ω ) Rs I 0
=
= η (ω ) Rs
I0
I0

.

(6.1)
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However, the experimental quality we want is Rs, not η (ω ) Rs, because the broad features
associated with free carriers and interband transitions will be disturbed by the presence of
the surface roughness function η (ω ) that varies slowly with ω. The experimental
quantity η (ω ) describes the fractional loss of specular reflection. Therefore, 0≤η (ω ) ≤1.
A perfectly smooth sample has η (ω ) = 1 for all ω (no surface is perfectly smooth;

η (ω ) ~0.95–0.99 for many samples studied in research laboratories). For our studies,
since the nanotube surface is “rough” (Fig. 6-2(a)), the effects of η (ω ) can be addressed
by coating the nanotube surface with a thin layer of Au film (thickness ~ 300 Ǻ). The
surface scattering loss function η (ω ) can be calculated by taking the ratio of the
reflectance of an Au-coated nanotube sample (R1) relative to a smooth Au mirror (R2).
The ratio of the reflected intensities for light reflected off R2 and R1 is:
R Au I 0
I R2
1
=
=
I R1 η (ω ) R Au I 0 η (ω )

.

(6.2)

The reflected beam is collected in a well-defined (not too large) solid angle
(Fig. 6-2); usually the collection optics is f/4. So, in principle, only the specularly
reflected beam is collected and the diffusely reflected beam is largely rejected (not
collected). Shown in Fig. 6-2(c) is a typical schematic surface roughness function η (ω )
similar to what we obtained from our experiments.
Optical absorption spectra on much thinner films of the same materials were
collected in the transmission mode using either a BOMEM DA3+ FTIR spectrometer
with the sample in vacuum for the range 0.05-1.2 eV, or in a Lambda 900 UV/Vis/NIR
spectrometer with the sample at atmospheric pressure for the range 0.4-6 eV (c.f. Ch. 5).
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Figure 6-2: Schematic for “surface roughness” correction. (a) Rough surface (b) Smooth
surface (c) A typical curve of the “surface rougthness” function.

6.1.2 Relations between various optical constants

In order to better understand the analysis of experimental data, we first review the
relations between different optical functions. Then we address how to transform
reflectance data R (ω ) into complex dielectric function ε~ (ω ) , optical conductivity

~
σ~ (ω ) or refractive index N (ω ) .
In the visible and UV ranges, the optical functions are closely related to the

~
electronic band structure of a solid. The different optical functions, e.g., N (ω ) , ε~ (ω ) ,
and σ~ (ω ) , are related to the experimental quantities, such as transmission coefficient

T (ω ) , optical absorption α (ω ) , optical reflectance R(ω ) , or the electron energy loss

1 
 . The relationships below can all be derived from Maxwell
spectrum (EELS) Im − ~
 ε (ω ) 
equations with the assumption that the sample is a plane parallel slab of thickness d with
single surface reflectance R(ω ) . Optical loss and dispersion in the bulk material can be
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~
accounted for by ε~ (ω ) , σ~ (ω ) or N (ω ) . References [83-85] contain the derivations of
the inter-relationships listed in Eq. 6.3 - 6.7. We simply list these relations useful to us
here (Gaussian units),
2
~
N (ω ) − 1
R (ω ) = ~
N (ω ) + 1

(6.3)

,

ε~ (ω ) = ε1 (ω ) + iε 2 (ω ) = N 2 / µ = (n 2 − k 2 + 2nki) / µ
ω ~
(ε (ω ) − 1)
4π
α (ω ) = 2ωk / c

σ~ (ω ) = −i

and

T (ω ) =

,

(6.4)
(6.5)

,

(1 − R(ω )) 2 exp(− dα (ω ))
1 − R(ω ) 2 exp(−dα (ω ))

,

(6.6)
.

(6.7)

Eq. 6.3 applies only for the case of normal incidence. k is the imaginary part of

~

the diffraction function N (ω ) = n(ω ) + ik (ω ) in Eq. 6.6. As shown in Fig. 6-4 for the
case of a parallel slab with thickness d, R (ω ) is defined as the single-surface reflectance,

α (ω ) is the absorption coefficient, and T (ω ) is the total transmission from all
transmitted beams assuming that there is no interference between these beams (Fig. 6-3).

~
The real and imaginary parts of ε~ (ω ) , σ~ (ω ) or N (ω ) are related through the
well-known Kramers-Kronig (KK) [84] relations:

β ' ( w) =
β " ( w) = −

2

π

P∫

2ω

π

+∞

0

sβ " ( s )
ds
s2 −ω 2

+∞

P∫
0

sβ ' ( s )
ds
s2 −ω 2

(6.8)
(6.9)
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where β ' ( w) and β " ( w) are the real and imaginary part of a complex analytical function

β ( w) = β ' (ω ) + iβ " (ω ) . Table 6-1 shows several optical KK pairs that can be
constructed from each other via the KK relations as shown in Eqs. 6.8-6.9.

Figure 6-3: Relations between single-surface reflectance R (ω ) , absorption coefficient
α (ω ) and total transmission T (ω ) for a piece of parallel slab (from ref. [86]).
For the case of reflectance, the complex reflectance function,
~ ~
r (ω ) = E r / E0 = R (ω ) exp[iθ (ω )]

,

(6.10)

describes the change of the electric field amplitude and the change of the phase upon
reflection. According to the KK relations, the amplitude R (ω ) and phase function

θ (ω ) can be shown to be related to each other as [84]
θ (ω ) = −

ω +∞ ln R(ω ' )
P
dω ' ,
π ∫0 ω '2 −ω 2

where “P” denotes the principal value of the integral.

(6.11)
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Table 6-1: Optical pairs that satisfy the
~ ~
r (ω ) = E r / E 0 = R (ω ) exp[iθ (ω )]
is
the

Kramers-Kronig (KK)
complex
reflectance

relations.
function.

~
ε~ (ω ) = ε 1 (ω ) + iε 2 (ω ) , σ~ (ω ) = σ 1 (ω ) + iσ 2 (ω ) , and N (ω ) = n(ω ) + ik (ω ) are the

complex dielectric function, optical conductivity, and refractive index, respectively.
Real part
ln R 1 / 2 (ω )
ε 1 (ω ) − 1
σ 1 (ω )

n(ω )

Imaginary part
θ (ω )

ε 2 (ω )
σ 2 (ω )
k (ω )

From Eqs. 6.3-6.7 and 6.10-6.11, it can be seen that all the optical functions can
be calculated from the normal reflectance function R (ω ) if it is known over the whole
frequency range 0 < ω < ∞ . In practice, to evaluate θ (ω ) using Eq. 6.11, we must first
extrapolate the R (ω ) data to lower and higher frequency using appropriate functions
depending on whether the sample is semiconducting (insulating) or metallic. Generally
speaking, R (ω ) collected in our studies usually covers two decades of frequency and
contains most of the important absorptive contributions to N (ω ) from phonons, free
carriers and interband transitions.
We described above about how to construct other optical functions based on the
reflectance data for the case of near-normal incidence. For non-normal incidence
reflection, the total reflectivity depends on the incident beam polarization and incident
angle. In this case, we can still calculate other optical functions from the optical
reflectance using the above procedures, although the relationships are much more
complex.
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6.1.3 Results and discussion

Fig. 6-4 shows the reflectance spectra of the four different SWNT samples
described above. Also shown in the figure is the corresponding infrared data for a
purified PLV derived bucky paper reported by Ugawa et al. [87]. The data of Ugawa et
al. extend further into the IR range than ours, but do not contain contributions from the
visible or UV range. Although the R (ω ) data has a sample dependence, we can see that
all the data exhibit the same shape with high reflectance in the IR and a reflectivity
“edge” in the range 0.1-0.4 eV. Our samples have statistical mixtures of metallic (~1/3)
and semiconducting (~2/3) nanotubes. The former exhibit a metallic free carrier
absorption at frequencies below the plasma frequency. Both semiconducting and metallic
tubes exhibit interband absorptions that are strongest at energies corresponding to the
splittings between mirror image van Hove singularities (c.f., Ch. 2, Section 2.1).
The shape of the spectrum R (ω ) in Fig. 6-4 is similar to that expected for a Drude
metal whose reflectivity in the IR can be approximated by the Hagen-Rubens relationship
RH − R = 1 −

2ω

πσ H − R

, where σ H − R is the d.c. conductivity [88-90]. The Hagen-Rubens

relationship can be derived in the Drude approximation. It is clear that the metallic tubes
dominate the optical properties of the samples at low frequencies (i.e. hω <1 eV). The
reflectivity “edge” (i.e., where

dR(ω )
is large) should appear near the screened plasma
dω

frequency ω p * ~ ω p / ε ∞ , where the unscreened plasma frequency ω p =
2

4ne 2π
(n =
m*

free carrier concentration, and m* = optical effective mass). The dielectric constant
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stemming from high frequency absorption is ε ∞ . The relation between ω p * and

ε ∞ is

approximate. The true definition is the “zero” of ε 1 (ω ) , i.e., ε 1 (ω p *) = 0 ; ω p * is also
the pole of the longitudinal dielectric function which is the free carrier plasma frequency.
As we will see, an effective medium model for the dielectric function is needed to
describe contributions from both semiconducting and metallic nanotubes. Apparently, the
IR optical response of the nanotube samples is dominated by the free carrier absorption in
the metallic tubes. The structures in the visible and UV regions ω>2.0 eV are identified
with interband transitions between van Hove singularities in the SWNT DOS for both
semiconducting and metallic tubes. We describe these contributions to ε (ω ) in more
detail later.
Our experimental data (Fig. 6-4) has been corrected for “surface roughness” as
described above, and our data covers the range between the asterisk (*) and the cross (+)
marks. The data for frequencies larger than those indicated by the “+” are computed from
the ε1 and ε2 values reported by Pichler et al. using EELS for a PLV-derived bucky paper
(thickness ~1000 Ǻ) [91]. The data below the “*” is due to a “free-carrier” extrapolation
of our data according to the Drude approximation.
Fig. 6-5 shows the real part of the dielectric function (ε1) for each sample
extracted from the Kramers-Kronig (KK) analysis assuming R(ω ) behaves like a Drude
metal for low frequency and as 1/ω4 in the high frequency limit. The KK integral of
Eq. 6.11 (see Appendix) can then be calculated. The integral is computed using
Mathematica (a software from Wolfram Research). The accuracy of the program was
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checked in two ways: by using a Lorentzian-oscillator-generated reflectance, and by
using a real data set.

Figure 6-4: Reflectance of four different samples: bucky paper prepared from AP
material (a) without annealing and (b) after annealing, (c) pressed pellet from SE
material, and (d) bucky paper prepared from SE material. The thin solid curve (e) with
data in the range 0.001-0.4 eV from Ugawa et al. [87] is also shown in the figure for
comparison. The abbreviations SE and AP are described in Section 6.1.
First we used a Lorentzian-oscillator-generated reflectance. Suppose we have the
complex dielectric function ε~L (ω ) = ∑ Li , which is the sum of several Lorentzian
i

oscillators (Li). We calculated the reflectance R L (ω ) = f (ε 1 , ε 2 ) exactly from the model
dielectric function. From the reflectance R L (ω ) , the dielectric function ε~ (ω ) can then
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be calculated using the KK program (see Appendix). The precision of our calculations
was checked by comparing ε~ (ω ) to ε~L (ω ) = ∑ Li .
i

Next, using a real data set, i.e., graphite, from Taft and Philipp’s data [92], we
calculated the real ( ε 1 (ω ) ) and imaginary ( ε 2 (ω ) ) parts of the dielectric function ε~ (ω )
for graphite using our Mathematica KK program. The results ε~ (ω ) were compared to the

ε~G (ω ) calculated by Taft and Philipp also using KK transform (but their program) [92].
In both cases, the difference was ~0.01% between our calculated KK results and
those anticipated from ε~L (ω ) (1) and ε~G (ω ) (2).
Returning to the dielectric function of nanotube samples, our KK transform
results are shown in Fig. 6-5. It can be seen that ε1 has structure at 0.6 eV and 1.2 eV. We
assign these to interband transitions across energy gaps identified with the first and
second pairs of the van Hove singularities (i.e., hν = ∆E11S, ∆E22S) in semiconducting
tubes of our diameter range (c.f. Ch. 2, Section 2.1). We have discussed previously that
these gaps in the DOS exhibit an approximate 1/d behavior, where d = tube diameter.
Also, from the KK ε 2 data (Fig. 6-6), we can observe a very weak and broad feature
centered at 1.8 eV for the top two curves. This feature is assigned to metallic nanotubes
(hν = ∆E11M). Broadening is a result of the diameter distribution. The weak feature at 1.8
eV can be seen more clearly in transmission through thin samples, as shown in Fig. 6-7.
It should be stressed that all the interband absorption structures are broadened by the real
diameter distribution 1.2 < d < 1.5 nm for the arc-discharged tubes. Furthermore, we
observe screened plasma frequency ( ω P * ) for all the samples in the region 0.1 < hω <
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0.4 eV (Fig. 6-5). The exact value is sample-dependent and may depend on the success of
determining the surface roughness correction factor η (ω ) .

Figure 6-5: Real part of the dielectric function, i.e., ε 1 (ω ) , extracted from KK analysis on
reflectivity data for four different samples. The screened plasma frequency, which is
defined as the frequency where ε 1 (ω ) passes zero, is located in the range 0.1-0.4 eV.
Fig. 6-6 shows the imaginary part of the dielectric function (ε2) extracted from the
KK analysis for each sample. Data are offset for clarity. All four samples show similar
behavior. First, we see that ε2 decreases rapidly with increasing frequency in the low
energy range, e.g. E<0.3 eV. This is typical metallic behavior due to free carrier
absorption. Structure due to interband transitions at 0.6 eV and 1.2 eV are clearly
observable. The peaks at ~0.6 eV and 1.2 eV are due to the first two transitions between
the van Hove singularities in the DOS of semiconducting tubes.
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Fig. 6-7 shows optical density spectra of thin SWNT films deposited on quartz
substrates. We also show the optical density spectrum computed from the KK analysis of

Figure 6-6: Imaginary part of the dielectric function, i.e., ε 2 (ω ) , extracted from the KK
analysis on reflectivity data for four different samples. The two marked peaks (~0.6 and
1.2 eV) originated from transitions between the first two van Hove singularity pairs of
the DOS of semiconducting tubes.
the reflectivity of the SE grade bucky paper in the figure for comparison. All three curves
have an obvious peak at ~0.6 eV. The two experimental spectra, either from the Carbolex
arc-discharge SE grade sample or the PLV sample using the Perkin-Elmer spectrometer,
demonstrate a notable peak at ~1.2 eV. In addition, the PLV sample has another obvious
peak at ~1.7 eV. We assign these peaks at ~0.6 eV, 1.2 eV, and 1.7 eV to the interband
transitions between the van Hove singularity pairs in the SWNT one-dimensional DOS. It
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Figure 6-7: Optical density spectra for purified SWNT thin films, as compared to a
calculated curve from the KK analysis on the reflectance spectrum of the SE grade bucky
paper film as shown in Fig. 6-4. The data marked with PLV sample and arc-discharge
sample are experimental data acquired with the Perkin-Elmer Lambda 900 UV/Vis/NIR
spectrometer.
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can be seen that the KK computed results are in qualitative agreement with the
experimental data.

6.1.4 Effective medium approximation (EMA)

6.1.4.1 The effective medium approximation model

Since the SWNT samples used in this study inherently contain a mixture of ~2/3
semiconducting and ~1/3 metallic tubes, the dielectric function, ε(ω),

should

be

analyzed within the framework of effective medium approximation (EMA), in which the
effective dielectric function ( ε ema ) for SWNT bundles can be expressed as the solution to
[87]
f

ε m − ε ema
gε m + (1 − g )ε ema

+ (1 − f )

ε s − ε ema
gε s + (1 − g )ε ema

=0

,

(6.12)

where f is the volume fraction of metallic tubes with dielectric function εm, (1-f) is the
volume fraction of semiconducting tubes with dielectric function εs, and g is the
depolarization factor, which depends on the shape of the particle in the medium. In our
case, the “medium” is air (ε = 1) and we have two needle-shaped particles, i.e., metallic
and semiconducting nanotubes. In this study, a value of g = 0.01 is used for needleshaped particles according to Ugawa et al. [87].
Before we apply the effective medium approximation to our real system, we
investigate the behavior of the effective medium approximation as described by Eq. 6.12
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for a model system containing metallic and semiconducting components [83]. A simple
Drude model was utilized for the metallic component,

εm = ε∞ −

ωp2
ω 2 + iγω

.

(6.13)

In Eq. 6.13, ε ∞ is a constant that represents the electronic core contribution, hω p
is the unscreened plasma frequency assuming ω p >> γ , and γ is related to the damping
in the system. The parameters used for the above Drude model are: ε ∞ = 4, hω p = 2.5
eV, and hγ = 0.1 eV. So, this “metal” is very simple, i.e., no interband transitions.
The semiconducting component was approximated by a simple Lorentzian
oscillator representing a dominant interband absorption across a fundamental energy gap
( hω 0 ),

ε m = ε '∞ −

ω p '2
(ω 2 − ω 0 ) + iΓω
2

.

(6.14)

The parameters we used for the Lorentzian term are: ε ' ∞ = 4, hω p ' = 3 eV, hω 0
= 5 eV, and hΓ = 0.14 eV. Substituting Eqs. 6.13-14 into Eq. 6.12 , we then calculate the
dielectric function ( ε ema ) of the medium with the metallic component fractions: f = 1, 0.8,
0.6, 0.4, 0.2, and 0 (the semiconducting composition has the fraction 1-f). The real and
imaginary parts of the ε ema for various f are shown in Fig. 6-8(a) and (b). The
corresponding real part of the complex conductivity (σ1), and the near-normal reflectance
(R) are shown in Figs. 6-8(c) and (d), respectively. These calculated results show us what
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we might expect if our sample behaves like a simple mixture of metallic and
semiconducting needles.
For f = 1, which corresponds to an intrinsic metallic medium, the curves shown in
Fig. 6-8 describe the behavior of a free electron metal. The point at which the curve of
the real part of the dielectric function (ε1) passes through zero is known as the plasma
frequency, ω p =

4ne 2π
= 2.5 eV/ h in our case. This number is exactly matched with
m*

the zero-crossing point in Fig. 6-8(a). The imaginary part of the dielectric function (ε2)
decreases rapidly to about zero as ω → ω p . This agrees with the theory that an ideal free
electron metal is transparent above the plasma frequency ( ω > ω p ). σ1 is very similar to

ε2 since they are related through Eq. 6.5: σ 1 (ω ) =

ω
ε 2 (ω ) . σ1 and ε2 are related to the
4π

energy loss of the system. The point at which σ 1 (ω ) intersects with the y-axis, σ 1 (0) , is
called the dc conductivity. The reflectance for f = 1 also shows typical metal behavior.
The reflectance approaches unity below the plasma frequency, hω < hω p = 2.5 eV in our
example, however, it decreases rapidly with increasing frequency when hω > hω p .
For f = 0, i.e., when the system is composed of only semiconducting medium, the

ε1 shows typical semiconducting behavior as expected. Two spikes around the energy gap

hω = hω 0 = 5 eV can be clearly observed in the ε1 plot. ε1 shows metallic behavior with
increasing frequency, i.e., a semiconductor responds like a metal for photons of energy

hω > hω 0 , where hω 0 is the energy gap in the semiconducting material. The point where
ε1 passes zero before it goes to positive is also called the plasma frequency ( ω p ’). ε2
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Figure 6-8: The real (ε1) and imaginary (ε2) parts of the dielectric function, the real part
of the conductivity (σ2), and the reflectance (R) of a mixed system calculated from the
effective medium approximation are shown in (a), (b), (c) and (d), respectively. The
mixed system is composed by fraction f (= 1, 0.8, 0.6, 0.4, 0.2 and 0) of metallic
component and 1-f of semiconducting component. See the text for the details of the
calculation and the parameter values.
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demonstrates a symmetric peak centered at the energy gap hω = hω 0 , and it almost
approaches zero for both low and high frequencies. The full width at half maximum
(FWHM) of the ε2 peak is equal to hΓ = 0.14 eV, which is the same as what we input.
This result is reasonable since ε2 is related to energy dissipation. As shown in Fig. 6-8(c),

σ1 is close to zero at low frequencies, and it reaches a maximum at the energy gap

hω = hω 0 . The reflectance for f = 0 also shows semiconductor behavior. The reflectance
presents a peak around the absorption gap hω = hω 0 . At high frequency of hω > hω 0 ,
the reflectance for f = 0 resembles that of a metal.

6.1.4.2 Curve fittings of the R(ω) and ε 2 (ω ) using the effective medium
approximation

We next check whether or not the effective medium approximation (EMA)
applies to our bundled nanotube system. The nanotube samples we studied here contain
metallic and semiconducting tubes. It should be noted that the Drude-Lorentz model
(Eqs. 6.13-14) applies to a 3-dimentional system [83]. As we mentioned in early chapters,
the nanotube is a quasi 1-dimensional system. However, nanotube bundles are 3dimensional. A 1-dimensional tubular system could be successfully described in an EMA
[93]. However, the form of the free carrier contribution might not be well described by a
simple Drude term. However, our samples are bundles of tubes, and a Drude-Lorentz
model seems to provide a good approximation for metallic tubes in the bundles. It has
been widely used by other experimentalists to analyze the optical properties of bundled
carbon nanotube system [87, 94-98]. For the metallic tube, we then use the Drude model
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for the free carriers with one interband transition to describe important absorption at 2
eV:

εm = ε∞ −

2
ωp2
Ω1
− 2
ω (iγ + ω ) (ω − ω1 2 ) + iΓ1ω

.

(6.15)

For semiconducting tubes, we also use the Lorentzian model (with ω p = 0 ) and assume
that there are two interband transitions. The equation for the dielectric function of the
semiconducting component is therefore given by

ε s = ε '∞ −

Ω2

2

(ω 2 − ω 2 ) + iΓ2ω
2

−

Ω3

2

(ω 2 − ω 3 ) + iΓ3ω
2

,

(6.16)

Once all the parameters in Eq. 6.15 and Eq. 6.16 are known, we can then calculate
the effective dielectric function, ε (ω ) , of the mixed system using the effective medium
approximation described by Eq. 6.12 with the depolarization factor g = 0.01 and the
fraction of metallic tubes f = 1/3. By inputting all the variables with initial guesses, we fit
the KK computed ε 2 (ω ) curve for the SE grade bucky paper using Igor (a software from
WaveMetrics Inc.). Fig. 6-9(a) shows reasonable fitting results to ε 2 (ω ) over the range
studied, i.e., 0 < hω < 2.5 eV. The fitting parameters obtained from the optimal
simulation are: ε ∞ = 1.737 , hω p = 0.441 eV, hγ = 0.188 eV, hΩ1 = 2.011 eV,
hω 1 = 2.0 eV, hΓ1 = 1.3 eV, ε ' ∞ = 1.632 , hΩ 2 = 0.2 eV, hω 2 = 0.72 eV, hΓ2 = 0.3 eV,

hΩ 3 = 0.597 eV, hω 3 = 1.346 eV, and hΓ3 = 0.6 eV. The fitting results to ε 2 (ω )
suggest that the metallic tubes have an interband transition centered at ~2.0 eV, and the
semiconducting tubes have two interband transitions centered at ~0.72 and 1.346 eV for
our mixed nanotube system. These results are very close to what we expect on the basis
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Figure 6-9: The dotted lines shown in (a) and (b) are the KK calculated ε 2 (ω ) and the
experimental data R(ω) of the SE grade bucky paper, respectively. The thin solid lines in
(a) and (b) are the fitting results using effective medium approximation. f = 1/3 is used
for the fraction of metallic tubes.
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of band structure and optical transmission measurement. From the above set of fitting
parameters for ε (ω ) , we calculated the corresponding reflectance spectrum REMA(ω).
Fig. 6-9(b) shows that the fit obtained REMA(ω) and the experimental reflectance
spectrum R(ω) are in good agreement above 0.08 eV. Below this energy, the effective
medium approximation fit underestimates the roughness-corrected experimental
reflectance. In summary, the effective medium approximation appears to be a qualitative
fit to our data that is much better in the interband region (E>0.5 eV) than at lower
frequencies where the free carrier absorption dominates. It is also possible that the
surface-roughness correction is not sufficiently accurate, or even correct on firstprinciple, to provide accurate near-normal R(ω) values for E<0.3 eV. In fact, the
nanotube system we are studying is really a 3-component medium: air, metallic SWNTs
and semiconducting SWNTs. This additional complication has been ignored as the
volume fraction of SWNTs is difficult to determine.

6.1.5 Conclusions

We have measured the optical reflectivity and the transmission of various forms
of entangled bundles of SWNTs over the frequency range of 0.05-2 eV. The optical
dielectric functions, ε (ω ) , were calculated through a KK analysis. The computed ε (ω )
shows a weak dependence on the physical form of the sample. Two peaks identified with
transitions between mirror-image 1D singularities in the DOS of semiconducting tubes
were observed at ~0.6 eV and 1.2 eV in the ε 2 (ω ) plots. The real part of the dielectric
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function, ε 1 (ω ) , turns negative in the range 0.1-0.4 eV due to contributions from
metallic tubes in the sample. These results were discussed in terms of the energy band
structure for SWNTs and the effective medium model for a composite material. In this
case, the composite material is a mixture of semiconducting and metallic SWNTs. Our
reflectivity results are compared to recent results on PLV-derived tubes [99]. The
interband transition energies observed in both the real and imaginary parts of the
dielectric function are in good agreement with energy band calculations for typical
semiconducting and metallic nanotubes with the same diameters as we have in our
samples. Optical density measurements on thin films of SWNTs confirm the presence of
these interband transitions identified via KK analysis of R(ω). Our results indicate that
the effective medium theory provides a reasonable description of the experimental
reflectance data on the assumption that our nanotube samples are indeed a mixture of 2/3
semiconducting and 1/3 metallic tubes.

6.2 Optical absorption studies on SWNTs, C60 -peapods and DWNTs

In this section, we present the results of an optical absorption study on SWNTs,
peapods (C60@SWNT) and DWNTs (see Ch. 1 for structural details of these
nanocarbons). A purified SWNT sample served as the “control” experiment, in that the
DWNT and peapod samples were constructed from the same starting SWNT material.
Recall from Ch. 4 that peapods are made by inserting C60 molecules into the central pore
of a SWNT. TEM shows that the C60 inside the tube takes on a close-packed structure
(single-file), and that they just barely fit inside the tubes. The inner tube of the DWNT is
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made by a high temperature coalescence of the C60 peas (Ch. 4). In our study, the outer
tube of the DWNT and the tube containing C60’s both stem from the same control sample
of SWNTs. The secondary (inner) tubes formed inside the host control tubes are found to
have diameters in the range 0.6-0.8 nm based on the simple relationship between the tube
diameter and the radial breathing mode peak position in the Raman spectrum (c.f. Ch. 8).
In this chapter, we will investigate how the internal C60 and the interior tube (in the
DWNT) contribute to the optical spectrum of these nanocomposite materials. The effects
of the insertion of these objects are found to be small. That is, the spectrum of peapods
and DWNTs are well described to the lowest order by the superposition of the spectra of
the constituents. However, we can still detect small changes in the spectrum due to the
van der Waals interaction between a tube and a C60 molecule, or between two nested
tubes in a DWNT.

6.2.1 Experimental details

The SWNTs, peapods and DWNTs used for this study were synthesized by
Bandow et al. (c.f. Ch. 4, Section 4.2.4). The samples were first dispersed in ethanol
using a conventional ultrasonic bath. The suspension was then sprayed onto a quartz
substrate to make a thin film. We found that the best quality films were prepared when
the substrate was kept at 120°C during spraying. The optical absorption spectra were
collected from the films in the transmission mode at atmospheric pressure and room
temperature using our Perkin-Elmer Lambda 900 spectrometer working in the range 0.56.0 eV (c.f. Ch. 5).
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6.2.2 Results and discussion
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Figure 6-10: Absorption spectra of SWNTs, peapods and DWNTs. The notations EiiS or
EiiM (i = 1,2, 3, ..... n), respectively, represent the energy separations between the mirror
image DOS spikes in the one dimensional electronic structure of a semiconducting or
metallic nanotube. The both-side arrows indicated below Eii represent the distribution of
the energy separations due to tube diameter distribution in the sample. Primary and
secondary in the parentheses mean, respectively, the outer tube (same as SWNT) and
inner tube. The peaks with asterisks (*) are assigned to the secondary (inner) tubes in the
DWNT sample.
Optical density spectra for thin films of bundles of SWNTs, peapods and DWNTs
deposited on quartz substrates are shown in Fig. 6-10. The figure is plotted on a log
energy scale for a clearer presentation of the absorption bands in the low energy region.
Absorption bands are slightly distorted and slightly asymmetric due to the log energy
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scale. The notations EiiS and EiiM in the figure represent the transition energy separations
between mirror image van Hove singularities in the DOS of semiconducting tubes and
metallic tubes, respectively (c.f. Ch. 2).
All three samples, SWNTs, peapods and DWNTs, show similar absorption
structures as seen in Fig. 6-10. Three strong and broad optical absorption bands centered
at ~0.68, ~1.20 and ~4.5 eV are clearly visible in the figure for all three samples. The
similarity of the absorption structure indicates that the optical absorption properties of
peapods and DWNTs are mainly due to the primary or “outer” tubes, and the
encapsulated C60 or inner tube makes a relatively small optical contribution to the total
absorption.
From TEM and Raman scattering, we know that the outer tubes of DWNTs and
peapods (the same as the primary tube of SWNTs) have diameters in the range 1.3-1.6
nm. The inner tubes of DWNTs have diameters in the range 0.6-0.8 nm, based on Raman
scattering studies (c.f. Ch. 8). A complete assignment of all the peaks in the optical
density of primary tubes, peapods and DWNTs observed in Fig. 6-10 is listed in Table 62. The assignment can be made according to the diameter-dependence of the ∆Eii. (see

Fig. 6-11). These ∆Eii were calculated according to an optimized tight binding band
model using γ0 = 2.9 eV.
As indicated in Table 6-2, the absorption band centered at ~0.68 is assigned to the
first interband absorption, i.e., E11S, of the primary (outer) semiconducting tubes. Note
that the E11S absorption band observed is somewhat higher than the theoretically
predicted absorption band for the primary tubes (see Fig. 6-11). The disagreement may
originate from the overlap integral constant γ0 = 2.9 eV that we have used, or the small
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changes in the ∆Eii due to the nanotube bundling effects. The value γ0 = 2.9 eV works
reasonably well for higher order transitions (e.g., i>1), as shown in Fig. 6-11. We believe
that the most probable reason for the difference of E11S between experimental and
theoretical results is due to our lack of accounting for the weak inter-tube interaction.
Possibly, the most visible change in the nanotube interband absorption due to the
insertion of C60 or the insertion of an inner tube is in the E11S optical band. For the
primary tubes, the E11S band is centered at 0.677 eV. However, the band positions for
peapods (0.659 eV) and DWNTs (0.645 eV) are downshifted relative to the primary
SWNT peak. The downshift is 0.018 eV (peapods) and 0.032 eV (DWNTs). Liu et al.
reported a downshift of 0.014 and 0.025 eV for the first allowed optical transition E11S of
peapods using optical absorption and electron energy loss spectroscopy (EELS) [100]. To
examine the cause of the downshift of E11S in the peapods and DWNTs, one should
consider the following possible scenarios: (1) The downshift of E11S is caused by the
increase in the tube diameter. After the insertion of C60, or an inner tube, the downshift of
0.018 and 0.032 eV would correspond to a 3% and 5% increase in the outer tube diameter
for the peapods and DWNTs, respectively. Since the Raman radial breathing mode
(RBM) frequency is well known to be inversely proportional to the tube diameter, a 3-5%
increase of the tube diameter means a 3-5% decrease of the RBM frequency, i.e., for a
RBM at 160 cm-1, a 3% increase of the tube diameter will downshift the RBM to 155 cm1

. However, our Raman studies for the same batch of SWNTs, peapods and DWNTs do

not show a detectable downshift of the RBMs for peapods and DWNTs as compared to
the RBM peaks from the control SWNT samples (c.f. Ch. 8). So, the downshift of the
E11S in the peapods and DWNTs can not be simply explained by the increase in the tube
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diameter in response to the insertion of C60’s or an inner tube inside the primary tube. (2)
The downshift of E11S is due to the interaction between the primary tube and the
encapsulant. The downshift in E11S identified with outer tubes has a larger downshift in
DWNTs than for peapods. This is consistent with a stronger interaction between inner
and outer tubes, than between a C60 and an outer tube.
Table 6-2: Summary of the absorption peaks and their assignments from the absorption
spectra of thin films of SWNTs, peapods, and DWNTs deposited on quartz substrates.
The energy transition Eiix, where i = 1, 2, 3 or 4, x = S (semiconducting) or M (metallic),
denotes the ith interband transition of a semiconducting or metallic tube.
Assignment

Primary (outer)
tubes

Secondary (inner)
tubes
C60-related

S

E11
E22S
E11M
E33S
E44S
E11S
E22S

Graphite-related (π→π∗ transition)

Absorption energy (eV)
SWNT
Peapod
0.677
0.659
1.196
1.189
1.666
1.665
2.228
2.229
2.645
2.624

4.497

~3.5
~5.7
4.540

DWNT
0.645
1.192
1.656
2.227
2.553
1.139
2.093
4.525

The band at ~1.20 eV, which has substructure on both sides, can be assigned to
the second interband absorption, i.e., E22S, of the primary (outer) semiconducting tubes.
As can be seen in the figure, this absorption band has weak substructure which can be
identified with the same transition in SWNTs with different diameters. The central peak
positions of this absorption band are almost the same for SWNTs, peapods and DWNTs.
However, the band seems more asymmetric for the DWNT sample. The relative intensity
of the side peak centered at 1.139 eV is highest for DWNTs. Since the calculated value of
E11S for a tube with diameter of 0.7 nm is E11S(d = 0.7 nm) = 1.15 eV, it is tempting to
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assign this 1.139 eV peak to these smaller diameter inner tubes. In fact, another new
weak absorption band appears at 2.093 eV for DWNTs. Again, the inner tubes are
suspected, as E22S(d = 0.75 nm) = 2.1 eV.
Optical absorption that can be assigned to metallic primary tubes is observed at
~1.65 eV (E11M). Some small features observed at ~2.23 eV and ~2.64 eV can also be
assigned to the transitions E33S and E44S of the outer or primary tubes. The peak positions
of these features would not be expected to change significantly between the samples if
they all stem from the same outer tube features. Although the high-order absorption
structures of peapods and DWNTs look very similar to those in SWNTs, the same
absorption bands in the DWNTs and peapods can be seen to be slightly broadened. We
assume that this broadening is the result of a weak interaction between the primary tube
and the interior nanocarbon.
The broad feature at 4.5 eV (Fig. 6-10) can be identified with other π→π∗
transitions in the SWNT, which is not associated with van Hove singularities. This
interpretation is motivated by the observation of similar features in graphite identified
with transitions between the π and π∗ states near the M-point in the Brillouin zone [27,
101, 102]. We assume that remnants of these transitions remain in the nanotube, though
the dimensionality is one, rather than two (graphene), or three (graphite). In other words,
the characteristic splitting between the π and π∗ bands at the M-point in graphite survives
the zone-folding process. It is also possible that small polyaromatic molecules or “nanosheets” of graphite or graphene in our samples make a contribution to the 4.5 eV peak.
However, the SWNT, peapod and DWNT samples have about the same strength for the
optical “M-band”. So, we feel that it is unlikely that the band is due to “nano-junk”.

119

3.0
2.8

2.63 eV
2.6
2.4

2.23 eV
2.2
2.0
1.8

Eii (eV)

1.66 eV
1.6
1.4

1.19 eV

1.2
1.0
0.8

0.66 eV
0.6

Inner tubes

Outer tubes

0.4

d (nm)
0.2

2

1.6

1.2

1

0.8

0.7

0.6

0.0
0.4

0.6

0.8

1.0

1.2
-1

1/d (nm )

1.4

1.6

γ0 = 2.9 eV

Figure 6-11: Tube diameter (d) dependence of the energy separations between mirrorimage van Hove singularities of a carbon nanotube. The data for semiconducting tubes
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Very weak and broad peaks can also be recognized at ~3.5 eV and ~5.7 eV for the
peapod absorption spectrum. It is likely that these peaks are due to C60 molecules
perturbed by the encapsulation. Optical absorption at ~3.6, 4.7 and 5.6 eV are reported
for C60 in a molecular crystal [103]. We find similar peaks in our peapod sample, but they
are broadened relative to those in solid C60, and to those in C60-polymer that consists of
C60 chains [104]. The C60 peak expected near ~4.7 eV is difficult to distinguish here
because it overlaps with the strong “M-point” peak (~4.5 eV). The two structures
centered at ~3.5 and 5.7 eV for peapods are weak and also superimposed on a broad and
strong M-point absorption band. These transition energies are very close to that of solid
C60. It is somewhat surprising that this is the case as there are 12 nearest C60’s in the fcc
lattice and only two in the peapod structure. The two C60 peaks (~3.5 and 5.7 eV) we
observe are definitely broadened relative to their widths in solid C60. This broadening
may be due to either a variation in the intermolecular distance for C60’s inside the
primary tube or another effect of the van der Waals interaction with the tube wall.

6.2.3 Summary

Through this optical absorption study of related SWNT materials (they all share
the same primary tube), we have learned that tubes in DWNTs, and the C60 and SWNT in
a peapod interact weakly. That is, it is approximately correct to say that the spectrum of a
peapod is the superposition of that of the C60 and the SWNT, and the spectrum of the
DWNT is approximately the superposition of the spectra from the inner and outer tubes.
A closer inspection of the spectral details shows us that several examples of small effects
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due to the van der Waals interaction between nanocarbons can be observed. The optical
structure associated with the secondary (or inner) tube supports the view (along with
Raman scattering in Ch. 8) that this tube is also a well-formed example of a SWNT. More
specifically, the optical absorption structure related to the first optical transitions (E11S) of
the host (outer) tubes in the peapods and DWNTs have been found to downshift by 0.018
eV and 0.034 eV, respectively, compared to that of the control primary SWNTs with no
nanocarbon inside. The simple superposition of the absorption features of these various
nanocarbons, C60 and SWNT, indicates a weak interaction between them. In other words,
we find no evidence for new chemical bonds or a significant charge transfer between
these species.
We have also observed optical absorption structure that could be attributed to
both semiconducting and metallic tubes. Even high energy transitions up to the fourthorder optical transitions (E44S) were observed. Although our starting SWNTs include both
semiconducting and metallic tubes, from the present studies it is difficult to tell the
impact of the tube wall conductivity on the optical properties of the encapsulated C60’s or
the inner SWNT. Recently, pressure-dependent studies of the optical absorption spectra
of SWNTs up to 4.1 GPa have appeared in literature [102]. The position and the width of
the first absorption band for metallic tubes (E11M) show a much weaker pressure
dependence compared with the first and second band of the semiconducting tubes (E11S
and E22S bands). Therefore, it would be interesting to continue our studies on peapods and
DWNTs under pressure to investigate how the van der Waals interaction might change
under pressure and whether or not pressure will drive the polymerization of the internal
C60 molecules.
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Chapter 7
Raman study of carbon nanotubes synthesized under high pressure of CO

In 1999, Smalley’s group at Rice University reported a new process route for the
synthesis of bundled carbon nanotubes [21]. This route has been discussed in Ch. 4. The
anachronism for Rice University’s high pressure CO process is HiPCO. The quality of
these SWNTs is quite high, but what made them of interest to us was that HiPCO tubes
have a very wide diameter distribution 0.6 < d < 2.5 nm, and contain tubes as small as a
(5, 5) tube. It was of interest to see whether the wall curvature of a (5, 5) tube poses a
challenge to the simple zone-folding approach to the phonons. It also turned out that the
smallest HiPCO tubes are about the same diameter as those inside our DWNT material.
This coincidence gave us the chance to compare the spectra of a (5, 5) tube in a bundle to
a (5, 5) tube inside a larger ~(10, 10) SWNT.
In this chapter, we discuss the Raman spectra of SWNTs produced by the HiPCO
process. We have carried out experiments on five different as-prepared samples produced
at Rice University in different batches prepared at different reactor conditions (Ch. 4).
Raman results on these samples indicate that the material can be classified into two
categories, (1) normal diameter tubes with Raman spectra similar to that observed
previously for PLV samples and arc-discharge samples, and (2) samples that contain very
small diameter tubes with spectra very different from those previously reported. We have
carried out comprehensive experiments as a function of excitation wavelength at room
temperature on HiPCO tubes to better understand the electronic structure of these smaller
SWNTs. This chapter is organized as follows: In Section 7.1 we describe the
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characterization of the samples we used along with the details about the experiment. In
Section 7.2 we present our results and discuss them in the framework of existing models.
The summary for this chapter is given in Section.7.3.

7.1 EXPERIMENTAL DETAILS

It had been realized for sometime that a continuous process is required in order to
produce SWNTs in large quantities. To meet this challenge, researchers at Rice
University have developed a continuous gas phase process operating at high pressures of
CO. CO is the carbon feedstock and Fe(CO)5 was used as the source of metal to derive
the VLS growth of the nanotubes (c.f. Chapter 4) [21, 75, 76].
All the samples studied here were synthesized from HiPCO process and initially
characterized by high resolution transmission electron microscopy (HRTEM). The
HRTEM results indicated that all the five HiPCO samples were reasonably free from
amorphous carbon. The SWNTs were found to be in the form of long ropes containing
tens to hundreds of tubes. The samples were also characterized by combustion in a
thermogravimetric analyzer (TGA) via heating to 1000 0C in air at a rate of 5 0C/min in a
100 sccm flow of dry air. This “ash analysis” amounts to the controlled oxidation of the
sample. The carbon is converted to CO/CO2 and the weight of the sample at 1000 0C is
considered to be due to the metal/metal oxides/metaloxycarbides left in the sample. In
this case, the metal is Fe, which was introduced as a carbonyl during the HiPCO growth.
From our TGA data, we estimated that the metal content is ~35 wt% for sample #31D
and ~12 wt% for sample #67CB. Raman scattering experiments were carried out in the
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Brewster-angle backscattering geometry for the following laser excitation lines: argon
488 nm (2.54 eV); krypton 514.5 nm (2.41 eV), 647.1 nm (1.92 eV); and Nd: YAG 1064
nm (1.17 eV). The Raman spectra were collected at room temperature in air using a
HR460 single grating monochromator (JY-ISA) with a liquid nitrogen cooled CCD
detector. A cylindrical lens was used to focus the laser beam to a stripe on the sample to
reduce the power density at the sample. Mercury lamp lines were also recorded to ensure
true spectral peak positions of the bands. The Nd-YAG-excited Raman spectra were
collected in the true backscattering geometry using a Fourier Transform-Raman
spectrometer (BOMEM DA3+).

7.2 Results and discussion

Samples from five different HiPCO batches were studied (sample ID #’s: 24D,
31D, 36CS, 52CS, 67CB). Based on the nature of the Raman spectra, as observed with
four different laser excitation frequencies, the samples could be divided into two classes
that either (1) exhibited spectra quite similar to that observed previously for laser-derived
material from Rice University or arc-discharged material from Carbolex Inc. [30] or (2)
exhibited Raman spectra different from what previously reported. As we shall see below,
the results presented here are consistent with our understanding of the resonant Raman
scattering process and phonon modes in SWNTs. Class (1) is typified by
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Figure 7-1: Room temperature Raman spectra of HiPCO samples #31D and #67CB with
laser excitations of 488, 514, 647, and 1064 nm in the range 50–3000 cm-1. The peaks
marked with * are Hg calibration lines. The inset in (b) shows the spectral range 400–
1400 cm-1 for sample #67CB recorded with 1064 nm laser excitation.
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the results for sample #31D, and class (2) by sample #67CB. Raman spectra of the other
samples are quite similar to one or the other of these samples and will not be shown here.
Figs. 7-1 (a) and (b) show the room temperature Raman spectra (40–3000 cm-1) of
samples #31D and #67CB respectively for laser excitations of 2.54 (488 nm), 2.41 (514
nm), 1.92 (647 nm), and 1.17 eV (1064 nm). The observed features in the Raman spectra
can be assigned based on earlier studies [30]. The low frequency bands identified as the
radial breathing mode (A1g symmetry) for the SWNT appear as sharp bands below 400
cm-1. The band observed around 1275 cm-1 for 1.17 eV excitation energy is the disorder
induced D band. This band is dispersive; i.e., it shifts to higher frequency as the
excitation energy increases. The origin and dispersion of this band have been the focus of
attention recently and are currently understood as arising due to a double resonance
phenomenon [105-107]. The bands observed near 1590 cm-1 are identified as the
tangential C–C stretching mode features (A1g , E1g , and E2g symmetry). The features of
frequencies in the range 1600–3000 cm-1 are identified with two-phonon-scattering
processes [108]. Since the nanotube is a “one-dimensional solid,” these features arise
from the creation of two phonons with equal and opposite crystal momentum; i.e., q1 + q2
≈ 0. The relative intensities and peak positions of these high energy features depend on
the excitation laser frequency. The broad band observed at ~2540 cm-1 with excitation
wavelength 1064 nm shifts to ~2686 cm-1 for excitation with 488.0 nm as shown in
Fig. 7-1. It is almost exactly twice that of the D band feature at ~1275 cm-1 (excitation
1064 nm). Hence, it is identified as a higher order peak of the D-band [109]. Since the Dband is commonly found in other carbons as well [110], we will not discuss it any further.
For the purpose of this chapter, we will focus our attention on two bands—low frequency
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radial breathing modes and the high frequency tangential modes. In the case of sample
#67B, we observe new modes in the range 500–1200 cm-1 as shown in the inset in Fig. 71(b). The origin of these modes will be discussed later.

Table 7-1: Tube diameter calculated from the radial breathing mode frequencies. The
tube diameters were calculated from the formula ωr = 223.75/d + 14, where ωr is the
radial mode frequency and d is the tube diameter. Eii is the energy separation between
1D nanotube DOS singularities that satisfies the resonant Raman scattering condition;
the index s means semiconducting and m means metallic.
Excitation
488 nm

HiPCO 31D
ωr (cm-1)
d (nm)
2.46
105
1.54
159
1.32
184
1.20
201

Eii
--E44(s)
E33(s)
E33(s)

514 nm

186
265
379

1.30
0.89
0.61

E33(s)
-----

647 nm

195
225

1.24
1.06

E11(m)
---

1064 nm

159
263
276

1.54
0.90
0.85

E22(s)
-----

ωr (cm-1)
184
203
228
245
260
305
355
190
210
229
249
265
269
313
184
196
222
254
265
285
299
393
263
272
303
327
334

HiPCO 67CB
d (nm)
1.32
1.18
1.05
0.97
0.91
0.77
0.66
1.27
1.14
1.04
0.95
0.89
0.88
0.75
1.32
1.23
1.08
0.93
0.89
0.83
0.79
0.59
0.90
0.87
0.77
0.71
0.70

Eii
E33(s)
E33(s)
E11(m)
E11(m)
E11(m)
----E33(s)
E11(m)
E11(m)
E11(m)
E11(m)
E11(m)
--E11(m)
----E22(s)
E22(s)
E22(s)
E22(s)
------E22(s)
E22(s)
E22(s)
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Fig. 7-2 shows the low frequency, 50–500 cm-1, region for the two samples. The
frequencies of these radial bands change as the excitation laser frequency is changed
because the transitions involved in the resonant scattering have a spacing which is
inversely related to the tube diameter [30]. Furthermore, the frequency of the singlewalled carbon nanotube radial mode is also inversely related to the tube diameter. The
upper horizontal scale in the figure correlates the radial breathing mode frequency with
the individual tube diameters (d) via ωr = 223.75/d + ω0, where ω0 = 14 cm-1 is an
estimate for the correction to the breathing mode restoring force due to tube–tube
interactions within a bundle [40, 108]. The tube diameters calculated using this
expression are listed in Table 7-1, and it can be seen that sample #31D has tube diameters
in the range 0.61–2.46 nm. The radial mode frequencies for sample #67CB (Fig. 7-2(b))
are significantly upshifted relative to those in #31D. The calculated tube diameters are in
the range 0.59–1.32 nm (c.f. Table 7-1), indicating that tubes with smaller diameters are
present in this sample. Another notable feature to be seen in the upper diameter scale in
Fig. 7-2(b) is that a significant fraction of the tubes in sample #67CB have diameters less
than 1 nm, i.e., they are smaller than an (8, 8) tube.
The tangential C–C stretching mode features are not directly sensitive to the tube
diameters (cf. Fig. 7-3). These bands are observed, as expected, in the range 1450–1650
cm-1. For sample #31D, these bands have shape and position typical to those reported for
SWNTs produced by PLV and arc-discharge methods [30, 108]. The tangential mode
spectra obtained for laser excitations 488.0, 514.5, and 1064 nm can be well fitted to the
same set of Lorentzians [111]. The tangential mode spectrum obtained with laser
excitation
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Figure 7-2: Low frequency room temperature Raman spectra of HiPCO samples #31D
and #67CB on an expanded scale to show the details of the radial breathing mode.
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nm is qualitatively different, with a broadening of the tangential band towards lower
frequencies, which can be well fitted by the superposition of two Lorentzian peaks and
one Breit–Wigner–Fano (BWF) peak [43] given by

 ω − ω0
1 +
qΓ
BWF (ω ) = I 0 
 ω − ω0
1 + 
 qΓ





2





2

,

(7.1)

where ω0 and Γ are the peak position and full width at half maximum, respectively, for
the Lorentzian lineshape function. q is a measure of the coupling strength between the
phonon mode and the electronic continuum. In the limit of large q, the above equation
reduces to a Lorentzian. The BWF peak lineshape is observed when the coupling between
discrete phonon modes and continuum modes, such as conduction electrons, is
significant. The BWF peak position is usually displaced in frequency from the uncoupled
value, with the displacement depending on the strength of the coupling between the
discrete phonons and continuum modes.
For sample #67CB, the broadened tangential bands of the metallic tubes are not
excited at 647.1 nm, as they were for sample #31D (Fig. 7-3(a)). However, at
higher excitation energies associated with 488 and 514.5 nm excitation (Fig. 7-3(b)), the
characteristic “metallic” tangential bands can be observed. Furthermore, the broadening
of the metallic tangential modes for sample #67CB is more distinct than in the 647.1 nm
excitation spectra of sample #31D. As seen in Fig. 7-3(b), the 647.1 and 1064 nm excited
tangential bands can be well fitted by three Lorentzian peaks; however, the 488 and 514
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Figure 7-3: The tangential mode region of the room temperature Raman spectra of
HiPCO samples #31D and #67CB. The spectra in this region were fitted to Lorentzian
and BWF lineshapes. The thin dotted lines are Lorentzian peaks, and the thick solid lines
are BWF peaks.
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nm excited tangential bands were found to be best fitted by two Lorentzian peaks and one
BWF peak, as was found for 647.1 nm excitation of sample #31D.
Fig. 7-4 shows the theoretical calculations of the spacing Eii between onedimensional (1D) van Hove singularities vs. tube diameter d by Kataura et al [27]. The
tight binding calculations are made for a transfer integral γ0 = 2.90 eV. Optical transitions
between these singularities are involved in the resonant Raman scattering process which
occurs when Elaser = Eii. This resonance occurs for both semiconducting (S) and metallic
(M) tubes. Fig. 7-4 is very helpful in understanding the experimental data. From Fig. 7-4,
we can see which diameter tubes can be resonantly excited by a specific laser excitation.
In the case of sample #31D, for example, the 488 nm excitation can resonantly excite
E44(s) (for d = 1.54 nm) and E33(s) (for d = 1.32 nm, 1.20 nm), the 514.5 nm excitation can
resonantly excite E33(s) (for d = 1.30 nm), the 647.1 nm excitation can resonantly excite
E11(m) (for d = 1.24 nm), and the 1064 nm excitation can resonantly excite E22(s) (for d =
1.54 nm). For sample #67CB, both the 488 nm and the 514.5 nm excitations can
resonantly excite both semiconducting (with energy gap E33(s) in our case) and metallic
tubes (with energy gap E11(m)). However, the 647.1 nm and the 1064 nm excitations can
only resonantly excite semiconducting tubes (with energy gap E22(s)). This explains why
sample #31D exhibits “metallic” tangential modes on the 647.1 nm excitation and why
#67CB exhibits “metallic” tangential modes on the 488 nm and the 514.5 nm excitations.
The detailed results are listed in Table 7-1. For semiconducting tubes, the coupling
between discrete phonon modes and the underlying continuum modes is not found to be
important, suggesting that the Raman-active continuum is of electronic origin (rather than
a two-phonon Raman continuum); therefore we have used Lorentzian lineshapes
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exclusively. However, for metallic tubes, we observe a strong coupling between discrete
tangential phonon modes and the underlying continuum modes. This gives rise to strong
asymmetry

in

the

peak

known

as

a

BWF

resonance.

As

previously

described by Dresselhaus and co-workers, the BWF resonance is the signature of the
excitation of metallic nanotubes, with an enhanced electron–phonon interaction probably
responsible for the downshift and/or broadening of the bands relative to their position in
the semiconducting tubes [111]. The fitting results are shown in Figs. 7-3(a) and (b). The
tubes with diameter d = 1.32 nm (corresponding to 184 cm-1 in Table 7-1) in sample
#67CB have been resonantly excited by 647 nm excitation. We expect these tubes to be
metallic (see Fig. 7-4) based on the Kataura [27] plot and therefore to exhibit a BWF
lineshape ~1500 cm-1. However, a symmetric line is observed instead. We presume that
the tangential band is dominated by smaller semiconducting tubes excited via

hω L = E 22 . A plausible reason could be that the peak at 184 cm-1 is very weak as seen
S

from Fig. 7-2(b), consistent with a small fraction of such diameter tubes in the sample
and a weak BWF peak in Fig. 7-3(b).
We finally turn back to the Raman spectrum in Fig. 7-1(b) excited with 1064 nm
infrared radiation. It is clear from the inset in Fig. 7-1(b) that there is a significant number
of new Raman modes present in the frequency range 500 < ω < 1200 cm-1 not present in
the other spectra of sample #67CB (Fig. 7-1(b)), or in any of the spectra observed for
#31D (Fig. 7-1(a)). Earlier experiments [30] reported weak peaks at intermediate
frequencies between 500 to 1200 cm-1. Theoretical calculations by Saito et al. [112] on
nanotubes show that the Raman peaks in the intermediate frequency range, i.e., 500–1200
cm-1, can be activated in short tubes. They show that the lowering of the nanotube
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symmetry in finite length tubes can lead to the appearance of many Raman active modes
of A1g symmetry in the range 500– 1200 cm-1. Recent experiments by Alvarez et al. [113]
have shown that some of these intermediate phonon modes are dispersive, i.e., the
frequencies of these modes depend on the excitation energy. They suggested that the
monotonous excitation energy dependence of the frequencies in the intermediate range
indicates that the frequencies of these lines do not depend on the semiconducting or
metallic character of nanotubes and hence are chirality-independent. They assigned the
modes below and above 860 cm-1 to first order Raman modes and to subtractive
combination modes, respectively. The energy dependence of the modes was attributed to
a Fermi resonance process [113]. In our experiments, since the intermediate modes are
clearly seen only with 1064 nm excitation, it is difficult to say whether the modes are
dispersive in our case. However, our results indicate that these Raman-allowed
intermediate frequency modes are associated with semiconducting tubes whose Raman
cross-section might be enhanced by the strong curvature of tubes with diameter d < 1.0
nm. These modes are not observed for larger tubes. We therefore propose that these
modes are activated by strong curvature. That is, the Raman cross-section for these
intermediate frequency modes may exhibit an inverse diameter relationship.
Another interesting point between the Raman T-bands of samples 31D and 67CB
is that, except with the 1064 nm excitation, sample 67CB tends to have lower T-band
frequency (~2-7 cm-1) than sample 31D (Fig. 7-3). Since sample 67CB has overall
smaller tube diameter, the downshift of the Raman T-band in sample 67CB indicates that
the frequency of the Raman T-band may weakly depend on tube diameter, i.e., smaller
diameter tubes have lower (~2-7 cm-1) T-band frequency.
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7.3 Summary

In conclusion, we have presented our Raman results on SWNTs made by the
HiPCO process in this chapter. It turns out that the “zone-folding” phonon approximation
works reasonably well for tubes even with diameters less than 1 nm. The optical
transition energies computed from the simple “zone-folding” electronic model (Kataura
plot, γ0 = 2.9 eV) match reasonably well with the conditions for resonant Raman
scattering on small diameter tubes. Our Raman studies were carried out on five samples
from five different batches as a function of the laser excitation wavelength. Three of
these samples exhibited Raman spectra similar to those found for SWNTs made by PLV
or arc-discharge methods. The other two samples were found by Raman scattering to
contain a significant fraction of tubes with diameter <1.0 nm. Our studies show that
spectra recorded with 1064 nm for the sample having a significant fraction of smaller
diameter tubes exhibit strong bands present between 500 and 1200 cm-1. We suggest that
phonon modes with these frequencies arise due to the enhancement of Raman crosssection for small diameter tubes. Furthermore, sample 67CB tends to have lower T-band
frequency. This suggests that the Raman T-band frequency may weakly depends on tube
diameter. For small tubes with diameter <1.0 nm, the T-band frequency downshift ~2-7
cm-1 compared to that of tubes with diameter ~1.4 nm. Further theoretical work is
necessary for a complete and thorough understanding of these results.
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Chapter 8
Resonant Raman scattering studies on SWNTs, peapods and DWNTs

In this chapter, we present the results of Raman scattering studies on singlewalled carbon nanotubes (SWNTs), C60-peapods and double-walled carbon nanotubes
(DWNTs). To the best of our knowledge, there has not been a resonant Raman scattering
study of DWNTs before this work. We will present our Raman results on the DWNTs in
this chapter and compare them with those of SWNTs and peapods (C60@SWNT) used to
prepare the DWNT samples. DWNTs are a special case of multi-walled carbon nanotubes
(MWNTs) consisting of only two, rather than many (~3–50), concentric seamless
graphene cylinders [104, 114]. Thus, DWNTs provide an excellent new opportunity to
study the Raman scattering from a simple pair of weakly coupled tubes. Also, the inner
tubes are very small in diameter (~0.6-0.9 nm). Normally, an insignificant number of
these small tubes can be found in most SWNT samples prepared by either arc-discharge
or pulsed laser vaporization (PLV) methods (c.f. Ch. 4). For the case of HiPCO samples
studied in the previous chapter, we also have small diameter tubes as small as a (5, 5)
tube, but the small tubes in the HiPCO sample form bundles that contain tens to hundreds
of tubes. In the DWNT, on the other hand, the small diameter inner tube is nested in a
bigger outer tube. We can therefore study the coupling by comparing our results with the
HiPCO spectra. Also, we have learned from the optical absorption studies (Ch. 6) that the
interaction between an inner tube and an outer tube in a DWNT is a weak van der Waals
force. We considered that it would be interesting to study how the van der Waals
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interaction will affect the Raman spectra of the inner and also the outer tubes, and it
would also be interesting to see whether we can observe any difference in the Raman
spectra between a (5, 5) inner tube nested inside an outer tube and a (5, 5) small tube
residing in a nanotube bundle. The “Kataura plot” is an important tool summarizing the
electronic transitions between van Hove singularities of carbon nanotubes [27]. However,
a lot of simplifications have been made in obtaining the plot and it needs to be checked
experimentally. This can be done via resonant Raman scattering. A key parameter used to
obtain the Kataura plot is the C-C tight binding integral (γ0 = 2.90 eV). We will discuss
in this chapter whether γ0 = 2.90 eV is consistent with the results of the resonant Raman
scattering on DWNTs and whether or not the simple one-parameter description of the
states breaks down for small diameter (inner) tubes.

8.1 Experimental details

The SWNT, peapod and DWNT samples used in this study were prepared by
Bandow et al. at Meijo University of Japan (c.f. Ch. 4). All samples are in the form of
“bucky paper” that is optically thick for the Raman studies. Raman scattering spectra
were collected at room temperature in air in the Brewster-angle back scattering geometry.
Raman scattering was excited in the visible using a mixed gas Ar-Kr ion laser giving
output at 488.0 nm (2.54 eV), 514.5 nm (2.41 eV), 647.1 nm (1.92 eV), and in infrared at
1064 nm (1.17 eV) with a Nd:YAG laser. The Raman spectra with visible excitation
energies reported here were measured using a Jobin Yvon HR460 single-grating
monochromator equipped with a liquid nitrogen cooled charge-coupled array detector and
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a holographic notch filter (Kaiser Optical Systems, Inc., Ann Arbor, MI, USA). The
sample was in the form of a loosely compacted pellet. To avoid laser damage to the
sample, all visible Raman data were taken at low laser power density (~2 W cm-2)
focusing the radiation to a ~0.1 mm x 1 mm stripe with a cylindrical lens. The laser was
incident at 45° to the substrate and the scattered was light collected in back scattering to
minimize stray light. No polarization analyzer was used, hence both perpendicular and
parallel polarized light were collected. For accurate determination of Raman peak
positions, lines from several atomic spectral lamps (Hg and Ar) were used for spectral
calibration. The Nd-YAG-excited Raman spectra were collected at room temperature in
the true backscattering geometry using a FT-Raman spectrometer (BOMEM DA3+).

8.2 Results

8.2.1 Radial breathing mode region

Spectra from the low frequency region (80–400 cm-1) taken with 488.0, 514.5,
647.1, and 1064 nm excitations are shown in the four panels of Fig. 8-1. In all the panels,
the top, middle, and bottom spectra refer, respectively, to DWNTs, peapods, and primary
SWNTs. A remarkable difference in the spectra between 250 and 400 cm-1 can be
observed for all excitation wavelengths except 488 nm. In this frequency range, only very
weak, or no Raman features are observed for both SWNTs and peapods, yet the DWNT
sample exhibits several new peaks. Below 250 cm-1, the line shape of the strongest band
observed near ~160 cm-1 shows some sensitivity to the excitation wavelength. However,
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the shapes of these lower frequency bands are essentially independent of whether we
consider the response of peapods, DWNTs, or SWNTs. This indicates two main points:
(1) The bands should be identified with the vibrational features of the primary (outer)
tubes and (2) These primary tube Raman features are not strongly influenced by the
presence of either the fullerenes (‘‘peas’’) or the secondary tubes inside these primary
tubes. Of course, we can reach this conclusion only because the three samples are all
derived from the same SWNT material.
It is clear from Fig. 8-1 that the Raman bands detected in the frequency range
between ~250 and ~400 cm-1 for DWNTs must be associated with the radial breathing
modes of the secondary (or inner) tubes [5]. Theoretical calculations have been put
forward for the diameter dependence of the radial breathing mode frequency (ωr) of an
isolated single-walled carbon nanotube. Various theorectical approaches have been used,
and there is a general agreement that the result does not depend significantly on the
chirality of the tube (only on the tube diameter d) (c.f. Ch. 2, Section 2.2.3). Furthermore,
the functional form is found to be ωr = A/d+B, where A is a constant, ωr is the RBM
frequency, d is the tube diameter, and B is the correction constant accounting for tubetube interactions between SWNTs in a bundle. Various values of A have been reported in
the range from 218 cm-1•nm to 234 cm-1•nm [28, 36, 38, 39]. The effect of tube-tube
interactions on the breathing mode have also been considered, and for a tube with
diameter close to that of a (10,10) tube, the correction parameter B due to bundling is [40]
~14 cm-1 or slightly higher [41] ~22 cm-1. On the other hand, the theory published to date
does not take into account the small effects of the tube wall curvature, i.e., admixture of
sp3 character into the electronic wave functions and the C-C force constant. A series of
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experiments by Dresselhaus and co-workers on isolated tubes lying on a SiO2:Si substrate
arrive at a value of A = 248 cm-1•nm [42]; this value for A includes a small, but unknown,
contribution from the tube-substrate interaction. It should be recognized that the present
samples are in the form of bundles of DWNT. Therefore, there are two tube-tube
interactions that can slightly shift the effective value of the radial breathing mode: outer
tube-outer tube interactions and outer tube-inner tube interactions. The latter has not been
calculated. To analyze the RBM data for our DWNT samples, we adopt a simple view.
We neglect the small effect of the tube-tube interactions and simply take the mean value
for A from all the work cited above, i.e., A = 234 cm-1•nm. If instead we were to have
chosen the lowest and highest value of A, there would be only a ~±5% change in A and
therefore a 5% uncertainty in diameter values calculated from the observed DWNT RBM
frequencies. The results for d using this relation are summarized in Table I. From the
table, the RBM frequencies imply that the diameters for primary tubes are roughly in the
range ~1.3–1.6 nm, and those for the inner (secondary) tubes in DWNTs are considerably
small, as expected, and are in the range ~0.6–0.9 nm. The difference between the mean
diameters

of

the

external

(primary)

and

internal

(secondary)

tubes

is

∆d = d ext − d int ≈ 0.7 nm. This value for ∆d is consistent with the π-electron cloud
thickness (t~0.34 nm), suggesting that the inner tubes are tightly nested inside the
primary (external) tube.
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8.2.2 Tangential mode region

Raman scattering from the tangential carbon atom vibrations (T-band) is normally
detected at ~1592 cm-1 for typical SWNTs with d~1.4 nm. The line shape of this band
depends on the excitation laser energy [30], and has been shown to exhibit a broad band
when excited in the red (~1.9 eV or 647.1 nm), and narrower features for other typical
excitation frequencies such as 488 nm (2.55 eV) and 514 nm (2.42 eV). The broad Tband excited at ~1.9 eV has been identified with scattering from metallic tubes, and the
narrower T-bands with semiconducting tubes [30]. The metallic tube Raman scattering
resonates at ~2 eV because this is the spacing between the first pair of van Hove
singularities in metallic tubes in this diameter range. The line broadening of the Raman
band has been assigned to Fano resonance arising due to electron-phonon coupling [43].
The Lorentzian (L) and Breit-Wigner-Fano (BWF) Raman line shape functions
are given by
L(ω ) =

I 0Γ
(ω − ω 0 ) 2 + Γ 2

 ω − ω0
1 +
qΓ
BWF (ω ) = I 0 ' 
 ω − ω0
1 + 
 qΓ

(8.1)





2





2

(8.2)

where ω0 and Γ are the peak position and full width at half maxima for the Lorentzian
line shape function. The asymmetry of the BWF function depends on a coupling
parameter (1/q) which is a measure of the strength of the interaction between the phonon
and the conduction electrons (in metallic tubes). In the limit 1/q→ 0, the BWF function
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Figure 8-1: Radial breathing mode Raman spectra for SWNTs, DWNTs, and C60-SWNT
peapods using different excitation energies of 488.0 (a), 514.5 (b), 647.1 (c), and 1064 (d)
nm. The peak positions are marked on the respective spectra.
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becomes a Lorentzian. In this context, we expect a Lorentzian line shape when the
electron-phonon coupling is small (semiconducting SWNTs) and a BWF line shape when
1/q is large (metallic tubes).
In Fig. 8-2, we show the Raman spectra in the high-frequency region 1450–1650
cm-1 that contain the SWNT T-bands. The four panels refer to the excitation wavelengths
(488, 514.5, 647.1, and 1064 nm). In each panel the DWNT, peapod, and primary SWNT
spectra appear on top, middle, and bottom, respectively. Our experimental results for
SWNTs (Fig. 8-2) are also in agreement with the previously reported results, as
evidenced by the broad tangential bands observed with 647.1 nm excitation and narrow
tangential bands detected with 488, 514.5, and 1064 nm excitation. In the latter
(semiconducting) case, the T-band line shape is well represented by the superposition of
Lorentzian components of semiconducting tube modes. On the other hand, the Raman
spectra acquired with the 647.1 nm excitation are well fitted by the superposition of two
different line shapes: several symmetric Lorentzian components and an asymmetric BreitWigner-Fano component [43]. The fits of Lorentzian and BWF line shapes to the data are
shown in Fig. 8-2 as the sum of the contributions (dotted line) and the individual
contributions (dash-dotted line). It should be recalled that the BWF peak position is close
to the renormalized phonon frequency ( ω ) (renormalized via the coupling of the phonon
to the electronic states), and not the discrete (uncoupled) phonon mode ( ω ). In Fig. 8-2,
the renormalized and the uncoupled phonon frequencies [30] are indicated inside and
without parentheses, respectively. The details of the analysis of these components are
described in the next section.
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Table 8-1: Tube diameters estimated from radial breathing mode (RBM) frequencies. The
tube diameters were calculated from d = 234/ωr (as explained in the text), where d is the
tube diameter (nm) and ωr, the RBM frequency (cm-1). The data with * and + are for
peapods and SWNTs, respectively. The data for DWNTs are indicated without mark. The
diameters for primary tubes are in the range of ~1.3–1.6 nm, and for secondary tubes in
DWNTs of ~0.6–0.9 nm.
Excitation
488 nm

647 nm

Primary
tubes
d
ωr
162 1.44
182 1.29

Secondary
tubes
d
ωr
304 0.77
384 0.61

162*
180*

1.44*
1.30*

----

----

162+
179+

1.44+
1.31+

----

----

169
174

1.38
1.34

283
286
290
298
303
325
368

0.83
0.82
0.81
0.78
0.77
0.72
0.64

144*
179*
165+
176+

1.62*
1.31*
1.42+
1.33+

----

----

----

----

Excitation
514 nm

1064 nm

Primary
tubes
d
ωr
150 1.56
166 1.41
172 1.36
185 1.26
151* 1.55*
167* 1.40*
176* 1.33*
185* 1.26*
149+ 1.57+
166+ 1.41+
176+ 1.33+
186+ 1.26+
161 1.45
176 1.33
185 1.26

Secondary
tubes
d
ωr
267 0.88
321 0.73
385 0.61

162*
179*
160+
177+

1.44*
1.31*
1.46+
1.32+

----

----

----

----

314
335
342

0.75
0.70
0.68

----

----

----

----
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8.3 Discussion

Due to the one-dimensional nature of the SWNT, the electronic density of states
(DOS) exhibits pairs of van Hove singularities located approximately equidistant above
and below the Fermi energy [115]. In a tight binding energy band model, the energy
separation of these DOS singularities can be connected with tube diameter d via the
nearest-neighbor C-C tight binding integral γ0. The pioneering work for calculating the
energy separations between mirror-image DOS singularities (Eii) as a function of d was
carried out by Kataura et al. [27] and is shown in Fig. 8-3 as a plot of Eii vs. 1/d. It is
evident that this inverse relationship between Eii and d is almost linear. Each point in the
Kataura plot represents the calculation for a particular symmetry (n, m) tube. The dark
and open symbols, respectively, represent metallic and semiconducting tubes. The lowest
three sets of data are particularly useful because they are well separated from the other
higher Eii data. E11S, E22S, and E11M refer to the spacing between singularities in
semiconducting (s) and metallic (m) tubes; the subscript ii (i = 1,2) refers to the lowest (i
= 1) and next highest (i = 2) separation between filled valence bands and empty
conduction bands. The results of these calculations are very helpful to explain the
experimental results of resonant Raman scattering in SWNTs. The resonance occurs for a
particular diameter tube when the laser energy matches the separation between a
particular pair of mirror image DOS singularities. Fig. 8-3 shows the diameter
dependence of Eii using the value for γ0 = 2.90 eV (based on Ref. [27]), where Eii for the
metallic tubes are indicated by the solid circles, and Eii for the semiconducting tubes by
the open circles. From the pattern of symbols in the figure, it is easy to see that a simple
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Figure 8-2: Raman scattering spectra for the tangential mode region. The excitation
energies are indicated in each panel. Lorentzian components associated with the primary
semiconducting tubes are indicated by the thin dotted lines, and those with the secondary
tubes in DWNTs are indicated by the thick dotted lines in (c) and (d) (see text). The
asymmetric Breit-Wigner-Fano (BWF) Component is also represented by the thick dotted
line in (c) and (d), where the coupling parameter (1/q) between the discrete phonon mode
and continuum modes, determining the asymmetry of the line shape, was fixed at -0.35
[from Rao et al. (Ref. [43])]. The numerical values in the parentheses are the
renormalized phonon frequencies of the BWF lines (see text). The thin solid line in (c) is
a sum of thin dotted Lorentzian components and the BWF component, which is similar to
the spectra taken for SWNTs and peapods.
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1/d relationship exists between the tube diameter and Eii for the three lowest pairs of
mirror image DOS spikes. As the energy spacing Eii increases with decreasing d, the
chirality (n, m) of the tubes spreads the results of Eii vs. 1/d into bands of results.
Eventually these bands merge into a continuum (Fig. 8-3). We can use the RBM
frequencies to estimate the range of d values for our samples (see Table I). There must be
two ranges when we consider DWNTs. The ranges for the primary (outer) and the
secondary (inner) tubes are indicated by the region between thick vertical bars of Fig. 83. Horizontal lines in Fig. 8-3 indicate the laser photon energies that we have used to

excite the resonant scattering.
As can be seen from Fig. 8-3, the 488 nm and the 514.5 nm excitation energies
match well with the third largest Eii spacing of the primary semiconducting tubes E33S
(open circles located just above the solid circles). Therefore, for these excitations,
resonant Raman scattering from primary semiconducting tubes should occur. On the
other hand, for secondary tubes, the 488 nm and the 514.5 nm excitations are seen to be
unsuitable for resonant enhancement; only the smaller secondary tubes (d~0.7 nm) inside
the DWNTs are likely to exhibit resonant Raman scattering for the 514.5 nm excitation
via the second-Eii branch for semiconducting tubes (E22S). Therefore, the Raman
scattering spectra recorded for the RBM bands [Figs. 7-1(a) (488 nm) and 7-1(b) (514.5
nm)] and the tangential mode [Figs. 7-2(a) (488 nm) and 7-2(b) (514.5 nm)] vibrations
are expected to be quite similar. The new features in the range 250–400 cm-1 are therefore
identified with new RBM bands associated with the smaller diameter secondary tubes
produced by peapod coalescence.
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The T- bands in DWNT are found to be slightly broadened relative to the SWNT
T- bands. It is worth noting here that the RBM features associated with the primary tubes
are not modified significantly by the presence of fullerenes (peapods) and internal tubes
(DWNTs), indicating a small interaction between the host tubes and these ‘‘dopants.’’
This further indicates that only a very small charge transfer could take place between the
primary tube and the C60 or interior tube. Alkali metal or bromine doping of the SWNTs
significantly modifies the vibration features of SWNTs due to the electron charge transfer
from dopants to SWNTs (for K and Rb) and vice versa (for Br2) [43]. Apparently, the
charge transfer between tubes in a MWNT, or in this case, the DWNT, is not strong
enough to be easily observed by Raman scattering. Intense tangential bands observed
with 488 nm, 514.5 nm and 1064 nm excitations are all detected with peak positions near
1593 cm-1 with satellite peaks located at lower frequencies. They are most probably
associated with the primary semiconducting tubes, and the satellite peaks at lower
frequencies are identified by the zone folding of the phonon dispersion of a graphene
sheet due to the cyclic boundary condition of the SWNT [116].
In the case of 647.1 nm excitation, the Raman scattering from the primary (larger
diameter) metallic tubes should be enhanced due to resonant scattering involving E11M
(solid circles, see Fig. 8-3). In addition, the largest secondary semiconducting tubes in
DWNTs should exhibit resonant Raman scattering using E22S . This is the origin of the
new intense RBM band at ~290 cm-1 in Fig. 8-1(c) that is identified with the secondary
(inner) tubes in the DWNTs corresponding to d~0.8 nm (see Table I). Also for 647.1 nm
excitation, the Raman-active tangential mode band for SWNTs and peapods can be well
represented by the superposition of two Lorentzian lines [thin dotted lines in Fig. 8-2(c)]
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and one BWF line (thick dotted line). The latter BWF line should be associated with the
primary metallic tubes. The renormalized phonon frequencies of the BWF lines [1541
cm-1 (peapods), 1547 cm-1 (DWNTs), and 1546 cm-1 (SWNTs)] are significantly
downshifted relative to the most intense Lorentzian T-band associated with the primary
semiconducting tubes (~1593 cm-1). It is interesting that this renormalized frequency is
significantly lower (~5 cm-1) for the peapod sample. Perhaps, this signals a weak charge
transfer between the C60 molecules and the nanotube. Using 647.1 nm excitation, there is
significant intensity in a Lorentzian line at ~1593 cm-1 for all three samples. Thus, it
should be associated with the primary tubes. However, according to Fig. 8-3 only very
large primary semiconducting tubes can fit into the scheme of Fig. 8-3 via E33S.
For DWNTs with 647.1 nm excitation, a new Lorentzian component can be
observed as indicated by the thick dotted line centered at 1587 cm-1 in Fig. 8-2(c),
together with the contribution from the primary tubes (thin solid line; sum of two
Lorentzians and one BWF line). From Fig. 8-3, a ~0.8 nm diameter secondary
semiconducting tube should exhibit resonant Raman scattering via E22S . Therefore, the
new T-band peak detected for DWNTs might be associated with small secondary
semiconducting tubes with d ~0.8 nm. The vibrational frequency of this smaller diameter
tube is ~7 cm-1 less than that of the larger diameter semiconducting tubes. This
observation is consistent with the results of the spectral analysis of the 1064 nm excited
Raman spectrum, as described next. It is important to note that the diameter dependence
of the T-band is expected on theoretical grounds to be very weak for sp2 bonded SWNTs.
An experimental observation of this weak dependence has not been reported to date.
Furthermore, the T-band shifting observed in small diameter tubes present
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Figure 8-3: Tube diameter (d) dependence of the energy separation [Eiix , x = s
(semiconductor), or x = m (metal)] between mirror image spikes of van Hove
singularities. The solid circles are for metallic tubes and the open circles are for
semiconducting tubes. All data points are based on the work of Kataura et al. (Ref. [27]),
but here we set the tight binding integral, γ0 = 2.90 eV. The primary (external) and
secondary (internal) tube diameters existing in the samples occupy the region between the
thick vertical lines.
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in HiPCO samples (compared to that of big diameter tubes (Ch. 7)) is not as big as what
we observed here for the inner tubes of DWNTs. This bigger downshift of ~7 cm-1 for the
inner tube T-band is assumed to come from two additive effects. One is due to the smaller
diameter of the inner tube, compared to that of the outer tube. The other is associated
with the van der Waals interaction between the inner and outer tubes in a DWNT.
Although HiPCO samples also contain small diameter tubes with size similar to the inner
tubes of DWNTs (~0.6-0.9 nm) we have studied here, there are some fundamental
differences between these two systems (HiPCO and DWNT). For HiPCO samples, the
tubes form bundles via van der Waals interaction. In the case of DWNT, on the other
hand, the inner tube is nested inside a bigger primary or host tube and is coupled via a
stronger van der Waals interaction than via the tube-tube interaction in a bundle. Due to
the different geometries for these two systems, the stronger van der Waals force further
downshifts the T-band Raman spectrum of the inner tube of a DWNT.
From the RBM band detected at around 335 cm-1 for DWNTs with 1064 nm
excitation [see Fig. 8-1(d) and Fig. 8-3 for γ0 = 2.90 eV], we can say that the resonant
Raman scattering from ~0.7 nm diameter secondary tubes (see Table I) is taking place. A
new Lorentzian component at 1584 cm-1, as shown in Fig. 8-2(d) by the thick dotted line
is observed. Since the resonant enhancement of the Raman scattering at the 1064 nm
excitation is identified with secondary semiconducting tubes, the peak at 1584 cm-1 can
be attributed to the secondary semiconducting tubes with ~0.7 nm. The frequency of this
transverse phonon peak from the secondary tube is also downshifted by ~7 cm-1 as
compared with that from the primary tube. Again, we suppose that this downshift of the

153
T-band Raman features for the small inner tube is due to van der Waals interaction
between the inner and outer tubes.
Finally, we discuss the appropriateness of the value γ0 = 2.90 eV used in the
present analysis. According to the analysis of previous optical absorption spectra [27,
101], the value γ0 = 2.75 eV was obtained after consideration of a possible exciton effect
which upshifts the lowest optical interband transition energy of semiconducting tubes
(E11S) due to the additional transition to the excitonic band. However, this exciton effect
should be absent in the metallic tubes. As a consequence, the exciton transition only
modifies E11S , and increases the optical absorption peak by only ~0.08 eV for d~1.3 nm
tubes [101]. If we take into account the proposed exciton effect, the values for E11S are
perhaps upshifted by ~10%. Even after correcting for this effect, the modification of the
resonant condition results in only a small effect in the secondary tubes studied with the
1064 nm excitation. Therefore, it does not have much impact on the results presented
here. In addition, it should be noted that it is necessary to use γ0 = 2.90 eV in order to
explain the resonant enhancement of Raman scattering from metallic tubes by 647.1 nm
excitation.

8.4 Summary

The room temperature Raman scattering spectra on SWNTs, peapods and
DWNTs using 488, 514.5, 647.1, and 1064 nm excitation energies were collected and
analyzed. Through this study, it is roughly correct to say that the Raman spectrum of a
DWNT can be approximated by the simple superposition of the Raman spectra from a
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small diameter (~0.6–0.9 nm) inner tube with a big diameter (~1.3–1.6 nm) outer tube.
Similar to what we have learned from the optical absorption studies on DWNTs (Ch. 6),
where the weak van der Waals interaction does not have significant impact on the optical
transitions of the inner and outer nanotubes, the van der Waals force also does not alter
the Raman spectrum of the outer tube of a DWNT noticeably. A downshift of the inner
tube Raman T-band as big as ~7 cm-1 was observed in DWNTs. This downshift must
associate with the small diameter of the inner tube and the van der Waals interaction
between the inner and outer tubes. Other weak Raman features were also found. The
primary metallic tubes with d~1.3–1.6 nm exhibited asymmetric BWF type Raman
scattering lines with 647.1 nm excitation and the renormalized phonon frequencies of
these BWF lines are in the range of 1541–1547 cm-1. These frequencies are considerably
smaller than the phonon frequencies of semiconducting tubes (~1590–1594 cm-1). This
downshift can probably be explained by the effect of conduction electrons screening of
the C-C interaction. Finally, resonant Raman study shows that the value of the nearest CC tight binding integral γ0 = 2.90 eV appears to explain the resonant scattering of even the
small, inner diameter tubes.

155

Chapter 9
Chemically doped double-walled carbon nanotubes: cylindrical molecular
capacitors

In this chapter, we describe an interactive study (theory and experiment) of the
chemical doping of DWNTs. The theory of the charge distribution between inner and
outer tubes was addressed by Prof. Vincent Crespi’s group at the Physics department of
Pennsylvania State University. In this study, a pair of concentric carbon nanotubes
(CNTs) is used to determine the radial charge distribution on the positive electrode of a
cylindrical molecular capacitor. The outer electrode is a negatively-charged molecular
shell of bromine anions, and the inner two nanotubes represent the other plate of the
capacitor. We have used resonant Raman scattering from the phonons on each shell
(tube) of the carbon electrode to determine the radial charge distribution. At the heart of
the analysis is the use of previous results that document the shift of the T-band with
movement of EF. Described below will be found the details of the experimental results
and the highlights of Crespi et al.’s self-consistent tight-binding model. Theory and
experiment together confirm the observed molecular Faraday cage effect, i.e., most of the
positive capacitor charge resides on the outer CNT, screening the inner CNT from the
charge on the outer electrode.
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9.1 Introduction

Nanometer-scale capacitive charging effects are familiar from studies of Coulomb
blockade in quantum dots. However, it is difficult to resolve the detailed radial charge
distribution within a capacitive nanostructure. Using bromine-doped double-walled
carbon nanotubes, we resolve the radial charge distribution within the positive electrode
of a multilayered molecular capacitor. Unlike other materials, which have normal threedimensional bonding, the layers of a carbon nanotube are very weakly coupled and so
maintain distinct resolvable vibrational modes, even when they are in intimate electrical
contact. As is well-known from the study of doped solid C60 and graphite, the high
frequency Raman-active vibrations of sp2 carbon are sensitive to chemical doping [6,
108, 117]. The carbon-carbon bond length contracts for donor doping and expands for
acceptor doping. For example, continuous doping-induced bond length changes have
been observed in electrochemically intercalated graphite-H2SO4 compounds via neutron
diffraction [118] and Raman scattering [30].

This doping-induced behavior is also

present in single-walled carbon nanotubes, as revealed by Raman scattering [43]. The
double-walled nanotube is the latest addition to a growing list of well-ordered all-carbon
structures [5], following fullerenes, multi-walled carbon nanotubes, single-walled carbon
nanotubes (SWNTs) [3], nanohorns [119] and peapods [4, 5]. Resonant Raman scattering
has been proved to be a powerful technique to study both SWNT and DWNT systems [5,
30, 44, 120]. The diameter selectivity of resonant Raman scattering in carbon nanotubes
[30] allows a properly chosen excitation wavelength to probe just the inner or the outer
shell in a double-walled carbon nanotube (DWNT). Previous reports indicate that
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bromine can either chemically dope SWNTs and MWNTs [43] or form a C-Br complex
[121].

9.2 Experimental details

The DWNTs studied here were made by Bandow et al. via a high temperature
heat treatment of peapods (C60@[n,m]) where the C60 peas coalesce to form the DWNT
(n’,m’)@(n,m) (c.f. Ch. 4, Section 4.2.4). The two tube shells in a DWNT are tightly
nested with a spacing (0.36 nm) close to that in graphite [5, 44].
In this work, in situ Raman spectra of bundled SWNT and DWNT samples during
Br2 doping were acquired through the walls of sealed glass ampoules connected to a
liquid Br2 source (c.f. Fig. 5-11 and Fig. 5-14). Unpolarized spectra were collected at
room temperature in the backscattering geometry, using 1064 nm radiation and a Bomem
DA3+ FT-spectrometer (2 cm-1 resolution) or 514.5 nm radiation and a JY-ISA HR460
single grating monochromator with a CCD of 2 cm-1 resolution (c.f. Section. 5.5). A
“super-notch” filter was used to attenuate the scattering light below ~100 cm-1. Small
pieces of DWNT or SWNT “bucky paper” were vacuum-sealed in a rectangular Pyrex
glass tube connected to a bulb of frozen Br2 (Fig. 5-14). Doping occurred as the Br2
warmed slowly to room temperature. A SWNT comparison sample came from the same
starting material used to synthesize the DWNTs.

158
9.3 Experimental results from resonant Raman scattering

Fig. 9-1 shows evolution of the 1st-order unpolarized resonant Raman scattering
spectrum of the SWNT comparison sample during Br2 doping exposure. Consistent with
previous band structure calculations [26, 27], the incident photon energy EL = 1.16 eV
resonates only with electronic transitions between the second van Hove singularities E22
in primary semiconducting tubes [27, 44]. The peak at ~177 cm-1 is identified as the
dominant radial breathing mode (RBM). Using the expression ωRBM (cm-1) = 234/d(nm)
[44], this peak corresponds to a diameter of d = 1.32 nm.
The SWNT Raman bands in Fig. 9-1 shift up and decrease in intensity with
increasing exposure to the Br2 vapor, as seen previously [43]. At saturation doping
(bottom spectrum), the Raman peaks have disappeared, consistent with a decrease in the
Fermi energy sufficient to depopulate the resonant electronic states. Freezing the Br2 in
the attached bulb with liquid N2 reverses the doping and restores the Raman lines of the
pristine material.
The Raman spectra in Fig. 9-2 show the low frequency radial breathing modes
(Fig.1(a)) and the high frequency tangential (T) modes (Fig. 9-2(b)) for the pristine and
bromine-doped DWNT samples. The spectra were collected with a Bomem DA3+
spectrometer (1 cm-1 resolution). Consistent with previous Raman results [44] and band
structure calculations [26, 27], the incident photon (1064 nm) can resonate with E22s in
the outer semiconducting tubes and E11s in the inner semiconducting tubes
simultaneously, where Eii is the energy difference between filled and empty van Hove
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Figure 9-1: Time evolution of Raman scattering spectra of the SWNT comparison
sample using 1064 nm laser excitation: (a) shows the low frequency radial displacemen
modes and (b) shows the high frequency tangential displacement modes. Spectra were
taken at 10 minute intervals.
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singularities in the electronic density of states [6]. In the pristine DWNT sample, three
low-frequency and three high-frequency radial breathing modes are observed and
assigned to the most dominant outer (d ≈ 1.45, 1.33 and 1.26 nm) and inner tubes (d ≈
0.75, 0.70 and 0.68 nm) using the expression ωRBM (cm-1) = 234/d [cm-1•nm] [44]. Our
choice of proportionality constant 234 cm-1 nm averages over several reported values
[44]. Small changes in vibrational frequencies due to sp2/sp3 hybridization in the smalldiameter tubes would induce small deviations from this 1/d form, without affecting the
main conclusions of this work. The frequencies of the radial breathing mode in the
pristine DWNT sample observed with 488, 514, 647 and 1064 nm excitation indicate that
the inner and outer tubes have diameters in the ranges (0.6 < d < 0.9 nm) and (1.3 < d <
1.6 nm). Although the radial breathing modes of the outer tube are extinguished by
bromine doping, those identified with the inner tube are essentially unaffected by doping.
Note that we do not see the 260 cm-1 peak that we reported earlier in bromine saturation
doped SWNT bundles [43]. In the present work we took ~100 spectra, one every few
minutes during an in situ experiment. The time evolution of the radial breathing band
shows that as it begins to upshift with bromine doping, the intensity drops quickly. We
proposed that the extinction of the outer tube radial breathing band is due to the loss of
resonance in the scattering process via the depression of the Fermi level by the bromine.
This depopulates the initial valence band states participating in the E22s transitions. A
Lorentzian line shape analysis of the 1064 nm T-band spectra (Fig. 9-2(b)) also supports
the conclusion that most of the charge is transferred from the bromine shell to the outer
layer of the DWNT. For convenience, a single Lorentzian represents the three unresolved
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Figure 9-2: Unpolarized Raman scattering spectra (T = 300K) of DWNTs using 1064 nm
laser excitation: (a) the low frequency radial displacement modes and (b) the high
frequency tangential displacement modes. The thin solid line is the fit to the spectrum.
The Lorentzian components are represented by dashed thin lines.
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tangential modes in the strongly curved inner tube (1581 cm-1) [108] and the outer tube
(1590 cm-1). After bromine doping (Fig. 9-2), the inner tube T-band remains at 1581 cm-1,
whereas the outer tube T-band vanishes (consistent with the results for the SWNT
comparison sample).
The effects of bromine doping on the Raman T-bands of the inner and outer
carbon nanotubes can also be observed with 514.5 nm excitation (Fig. 9-3). The radial
breathing mode region is omitted here because the stretching vibration frequency of
bromine at ~320 cm-1 overlaps with the radial breathing frequencies of the inner tubes.
The data shown in Fig. 9-3 were collected using a JY-ISA HR460 spectrometer (2 cm-1
resolution). The upper pair of spectra (i.e., pristine and doped) show the SWNT
comparison sample; the lower pair show the DWNT sample. The detailed structure in the
T-band of the SWNT sample is better resolved with 514.5 nm excitation and can be fitted
to a sum of four Lorentzians. The T-band spectrum of the doped SWNT sample can be fit
well by a simple 18 cm-1 rigid upshift of the pristine sample spectrum. We can fit the
DWNT T-band spectra similarly: the pristine DWNT spectrum can be fitted by a
superposition of a relatively weak, unresolved T-band Lorentzian at 1580 cm-1 for the
inner tube, plus the same four Lorentzians used to fit the 514.5 nm SWNT spectrum.
After bromine doping, the T-bands change intensity, shift and become very weak (note
the 40x scaling of the data). To fit the doped DWNT T-band spectrum, consistent with
the analysis of the 1064 nm results, we simply superimpose the 1580 cm-1 Lorentzian
band for the inner tube with an outer tube T-band represented by the four-line fit to the
undoped SWNT spectrum, but rigidly upshifted by 16 cm-1. The T-band and radial
breathing band analyses indicate that positive charge on the carbon electrode of our
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Figure 9-3: Unpolarized Raman scattering spectra (T = 300K) of DWNTs and SWNTs
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cylindrical capacitor is being deposited almost completely on the outer tube of the
double-walled pair. Freezing the liquid bromine in the attached bulb with liquid N2 only
partially reverses the doping. The T-band partially downshifts to 1603 cm-1 (compared to
1592 cm-1 in pristine material), consistent with previous Raman scattering [43] and
resistivity results [122] on bromine-doped SWNTs. Note that we did not try to reverse the
doping completely; the sample remained at ~27 0C while the bromine vapor was
cryopumped. Sample heating would most likely drive ωT closer to 1592 cm-1.
Interestingly, for alkali metal doping of SWNTs, some groups have reported an initial
small upshift of the T-band frequency, followed by the expected downshift [123]. Our
bromine-SWNT system has a monotonic increase in the T-band frequency over the entire
doping range.

9.4 Tight binding calculation

We model the doped double-walled nanotube as a three-layer cylindrical capacitor
with the bromine anions forming a shell around the outer nanotube. The total energy
contains three terms: the band structure energy of the inner and outer tubes and the
electrostatic energy of the tri-layer charge distribution:

E = ∑ Eiinner (k ) + ∑ Eiouter (k ) +E es
i ,k

.

(9.1)

i ,k

The index i labels the occupied bands of the inner or outer tubes; the states are labeled by
wavevector k. Ees is the electrostatic energy. For simplicity, the one-dimensional
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electronic band structures were calculated in a one-orbital tight-binding model with rigid
bands and a nearest-neighbor π overlap parameter γ0 of 2.90 eV [27]. This model ignores
several effects, including the small 1/R2 curvature-induced bandgap of n ≠ m tubes and
deviations from the rigid band model upon doping. However, the model captures the
primary physical effects relevant here, namely: (1) the distinction between metallic and
large-bandgap semiconducting tubes, (2) the radial dependence of the bandgap in tubes
with (n-m) mod 3 ≠ 0, and (3) the cylindrical electrostatics. The smallest-diameter tube
we consider has a d = 0.63 nm, approaching the size where σ*-π* hybridization becomes
relevant [124]. Sub-band filling is relatively modest at low doping levels, so a rigid band
approximation should provide a reasonable starting point for the essential physics.

9.4.1 Derivation of the electrostatic energy E es

To evaluate the electrostatic potential energy, we assume that the positive excess
charge on each nanotube is uniformly distributed in an infinitely thin wall with a radius
equal to the nuclear radius of that tube; smearing the charge distribution radially should
induce only a higher–order correction. In the limit of thin shells, the classical expression
for the electrostatic energy of a triple-walled cylindrical capacitor (Fig. 9-4) is derived
here.
Suppose that ninner and n are, respectively, the density of excess holes per unit
cell length for inner tube and for both tubes (i.e., nouter = n − ninner is the density of holes
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per unit cell length for the outer tube). The radial dependence of the electric field between
the inner and outer tubes depends only on the charge on the inner tube
E1 (r ) =

ninner 1
•
2πε 0 L r

,

(9.2)

Bromine
Inner tube

RBr
Rinner

Outer tube

Router

Figure 9-4: Schematic illustration of the charge distribution for a bromine-doped doublewalled carbon nanotube. Rinner, Router and RBr are the radii for the inner, outer and bromine
shells, respectively.
where ε0 is the permitivity of free space; L is the unit cell length of the outer tube. On the
other hand, the electric field between the outer tube and bromine shell depends on the
total excess charge density on the inner and outer tubes,
E 2 (r ) =

n

1
2πε 0 L r
•

.

(9.3)

The electrostatic energy between the inner and outer tubes can thus be calculated
to be
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2

2
R
1 ninner
1
ln( outer )
E = ε0 ∫
E1 ( r ) dV =
AllSpace
2 2πε 0 L Rinner
2
1
e

.

(9.4)

Similarly, the electrostatic energy between the outer tube and the bromine shell is

R
1 n2
E =
ln( Br )
2 2πε 0 L Router
2
e

.

(9.5)

Summing the above two terms (Eqs. 9.4 and 9.5) together, we obtain the total
electrostatic energy:
E es =

R
R
1 e2
1 e2
2
ninner
n 2 ln( Br ) .
ln( outer ) +
Rinner
2 2πε 0 L
2 2πε 0 L
Router

(9.6)

We fix the charge per unit length in the Br shell (i.e., a theoretical dopant
coverage with an attendant average charge per Br atom), and we minimize the total
energy E (Eq. 9.1) with respect to the remaining free variable (ninner).

9.4.2 Theoretical calculation results from the total energy minimization
process

We consider the tightly nested inner and outer tubes with diameters in the range
(0.63 < d < 0.79 nm) and (1.3 < d < 1.5 nm), close to the experimental diameter
distribution [44]. We analyze the following specific DWNTs (n,m)@(n’m’), where the
metallic

tubes

are

in

boldface:

(5,5)@(10,10),

(5,5)@(13,7),

(8,2)@(14,6),

(6,4)@(10,10), (6,4)@(11,9), (8,0)@(12,7), (7,3)@(12,8), (7,2)@(13,6), (8,1)@(16,2),
and (9,2)@(11,11). Two physical effects act in concert to segregate most of the holes in
the carbon electrode onto the outer nanotube. First, the bandgaps of the smaller-diameter
tubes tend to be larger, so they empty last. Second, the cylindrical geometry preferentially
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Figure 9-5: Calculated number of holes per Å on the inner tube versus the total number of
holes on the double-walled pair. Metallic tubes are in boldface. Alternation of grey and
black curves is solely for clarity in distinguishing adjacent curves.
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raises the electrostatic potential at the inner tube, thereby lowering the valence bands
associated with the inner tube. In fact, only the charge on the inner tube affects the
potential difference between the two layers. As more electrons leave the inner tube, the
potential difference between the nanotubes increases. The electric field inside the inner
nanotube is zero by Gauss’ law.
In Fig. 9-5 we display the results of our total energy minimization calculation.
Two families of curves for ninner vs n are obtained, one when the inner tube is
semiconducting, and the other when the inner tube is metallic. The vertical scale (ninner)
in Fig. 9-5 is a factor of ten smaller than the horizontal scale (n), i.e., our calculations
show that most of the net positive charge on the DWNT electrode appears on the outer
tube, in agreement with the experimental results. The lower family of curves in Fig. 9-5 is
associated with two nested semiconducting tubes, except for the (6,4)@(10,10) and
(9,2)@(11,11) systems, which have an inner semiconducting tube and an outer metallic
tube. In this family of curves, the outer tubes are doped first and the charge on the inner
tube is zero until the Fermi energy EF cuts the first valence band in the inner tube and a
cusp appears. For the case of the (6,4)@(10,10) tube, the first change in slope in Fig. 9-5
is around n ≈ 0.14 holes/Å, where EF first cuts the valence band of the inner (6,4) tube,
and the next slope change occurs around n ≈ 0.21 holes/Å, when EF reaches the second
valence band of the outer metallic (10,10) tube.
Within the second (upper) family of curves in Fig. 9-5 all the inner tubes are
metallic. The (5,5)@(10,10) and (5,5)@(13,7) are metallic pairs, so both tubes are doped
simultaneously. For the (8,2)@(14,6) pair, the outer tube is semiconducting and the inner
tube is metallic. Even though the inner tube dopes first in this case, the charge
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distribution rapidly begins to favor the outer tube once new sub-bands become occupied
and electrostatic effects begin to dominate. For the metallic (5,5)@(10,10) and
(5,5)@(13,7) DWNTs, as EF approaches the second valence band of the outer tube at n ≈

0.22 holes/Å, a cusp appears, while for the (8,2)@(14,6) pair the change in slope occurs
at a smaller value of n ≈ 0.0126 holes/Å when EF cuts the first valence band of the outer
tube. Although some of these tubes are really small-gap semiconductors due to curvatureinduced hybridization, the electrostatic effects dominate and therefore the small
curvature-induced gap would have only a small effect on the overall charging behavior.

9.5 Discussion

The degree of charge transfer between the dopant (bromine) and the DWNT may
be defined by the quantity f, the charge per host carbon atom transferred to the dopant.
We can estimate f in the present case using the relation ∆ω( cm-1) ≈ 460*f obtained
previously for the f-dependent upshift of the Raman-active E2g2 modes (~1582 cm-1)
observed during the electrochemical charging of graphite-H2SO4 [43]. For the saturation
doped DWNT-bromine system, we observe a ~ 16 cm-1 upshift of the T-band in the outer
tube relative to its counterpart in the undoped system (Fig. 9-3). Consistent with our tight
binding model, we assume that ~ 90% of these holes are located on the outer tube. Then
we have 0.9*f ≈ 1/29, or f ≈ 1/26, i.e., saturation bromine doping creates one hole in the
DWNT per 26 carbon atoms, or 0.6 holes/Å. We also then conclude that EF is depressed
by 1.2 eV to 1.4 eV (depending on (n,m)), uncovering states at the top of the third
valence band of the semiconducting outer tubes. As a result, resonant Raman scattering
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from these outer tubes using 514.5 nm (or 2.41 eV) excitation should be dramatically
reduced, in agreement with experiment. Theory (i.e., less than 10% of the charge residing
on the inner tube) predicts a 1-2 cm-1 upshift of the inner tube T-band. This is at the limit
of our experimental resolution and may not be observable.
Similar issues of charge distribution have arisen in higher stage index (n>3)
graphite intercalation compounds (GICs), where the bounding carbon layers adjacent to
the charged intercalate layers are thought to contain most of the compensating charge.
For example, optical reflectance studies of potassium-GICs, showed that ~90% of the
charge in the carbon layers was on the two bounding layers, and only 10% on the interior
carbon layers [125]. This charge distribution in flat sp2 carbon is similar to that obtained
here in a double-tube cylindrical geometry, even though the electronic band structure for
cylindrical graphene is very different from that of planar GICs. The electrostatics also
differ: for GICs, the electric field is constant “between” each layer, whereas in the present
cylindrical geometry the electric field is zero inside the inner tube and changes as 1/R
between the layers. Recent results on DWNTs with BN outer walls and C inner walls
[126] should exhibit a similar interplay of electrostatics and band filling, with an
electrostatic favoritism to doping the outer layer.

9.6 Conclusion

In this chapter, we have investigated the charge distribution in a molecular, threelayer capacitor consisting of a negatively charged molecular Br2 shell and a positively
charged DWNT. Studies of the charge transfer sensitive Raman active phonons on both
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the inner and outer tubes reveal that the net charge primarily resides on the outer tube,
even when the outer tube is semiconducting and the inner tube is metallic.
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Appendix
A Mathematica program to compute several optical functions from the
experimental reflectance data

This appendix includes a computer program using Mathematica (version 4.0 and above)
~
to calculate the following complex optical functions: refractive index N (ω ) , dielectric
function ε~ (ω ) , and conductivity function σ~ (ω ) from the experimental reflectance data
R (ω ) . The calculation is based on the interdependence of these optical functions
described by Eqs. 6.3-6.5 and 6.10-6.11 (c.f. Ch. 6). Note that R(ω ) is supposed to be
known over the entire spectral region from zero to infinity ( 0 < ω < ∞ ) in order to
evaluate the phase θ (ω ) using the Kramers-Kronig (K-K) relationship (Eq. 6.11). In the
ideal situation, if the reflectivity can be taken as constant outside of the optical absorptive
bands, the requirement for R(ω ) over the entire frequency region doesn’t cause any
problem since a constant reflectivity gives no contribution to θ (ω ) . In general, however,
since the reflectivity is not a constant even at the highest and lowest frequencies of the
measurement, a proper extrapolation of the reflectance data to both lower and higher
frequency regions would be required. Extrapolation can be done according to either the
Drude formula (Eq. 6.13) or Lorentzian formula (Eq. 6.14) depending on whether the
material studied is semiconducting (insulating) or metallic. Usually, high frequency
extrapolation is more important due to the wider frequency range. A reasonable
extrapolation for high frequency extrapolation is given by
ω 
R = R1  1 
ω

m

.

(A.1)

where R1 and ω1, respectively, denote the reflectivity and its corresponding highest
frequency measured; the exponent m=4 if the frequency extrapolated is above the valence
electron plasma frequency ω p according to the Drude formula, however, a more flexible
m is fitted in order to give the best agreement with the experiment data at the upper limit.
At the beginning of the program, you will be asked to specify the name of your data file,
the upper and lower frequency limits of the data, the number of data points you want to
compute for your output files, and the exponent m (Eq. A.1) for the high frequency
extrapolation. It is assumed that the X-values are energies given in eV. The X-values
don’t need to be equally spaced since the program will do extrapolation on the input data
at first.
The output of the program includes 7 text files: reflectivity.txt, refraction1.txt,
refreaction2.txt, epsi1.txt, epsi2.txt, sigma1.txt, and sigma2.txt. All output files have two
columns: column1 is the X-values in eV unit, and column 2 is the Y-values.
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Mathematica code:
Print[InputForm["This kk program calculates e1[x], e2[x], sigma1[x], sigma2[x], n[x] and k[x]
from reflectivity R[x], where w0 < x < w1. Their relations are described by
(1) r[x] = (R[x]^(1/2) )(e^(theta[x]I)),
(2) n0[x] = n[x] + k[x] I = (1 + r[x])/(1 - r[x]),
(3) ef[x] = e1[x] + e2[x] I= n[x]^2,
(4) sigma[x] = sigma1[x] + sigma2[x] I = - x (ef[x] - 1)/(4Pi) I."]]
e1::usage = "e1[x] is the real part of the dielectric function"
e2::usage = "e2[x] is the imaginary part of the dielectric function"
sigma1::usage = "sigma1[x] is the real part of the conductivity"
sigma2::usage = "sigma2[x] is the imaginary part of the conductivity"
Off[NIntegrate::inum]; Off[NIntegrate::ncvb]; Off[NIntegrate::slwcon]; Off[General::spell]
Off[General::spelll]; Off[General::stop];
SetPrecision[x, 6]; SetPrecision[y, 6]; SetPrecision[theta1, 6]; SetPrecision[theta2, 6];
SetPrecision[theta, 6]; SetPrecision[r, 6]; SetPrecision[n0, 6]; SetPrecision[n01y, 6];
SetPrecision[n01x, 6]; SetPrecision[refraction11, 6]; SetPrecision[refraction21, 6];
SetPrecision[refraction1, 6]; SetPrecision[refraction20, 6]; SetPrecision[refraction2, 6];
SetPrecision[epsi11, 6]; SetPrecision[epsi1, 6]; SetPrecision[epsi21, 6]; SetPrecision[epsi2, 6];
SetPrecision[sigma11, 6]; SetPrecision[sigma1, 6]; SetPrecision[sigma21, 6];
SetPrecision[sigma2, 6]; SetPrecision[alph0, 6]; SetPrecision[alph, 6];
SetPrecision[alph0, 6]; SetPrecision[t, 6];
w0 = Input["Plese input the energy region of your data file, lowest energy (eV)"];
w1 = Input["Plese input the energy region of your data file, highest energy (eV)"];
data = ReadList[InputString["Plese input your file name"], {Number, Number}]
R = Interpolation[data, InterpolationOrder->2];
theta1[x_?NumberQ] = -x NIntegrate[Log[R[y]/R[x]]/(y^2 - x^2), {y, w0, w1}]/Pi
order = Input["Please input the order of high energy extrapolation n, where
R[w]=R[w1](w1/w)^n, in general, n=4"]
theta2[x_?NumberQ] = -x NIntegrate[Log[(R[w1](w1/y)^order)/R[x]]/(y^2 - x^2), {y, w1,
Infinity}]/Pi
theta[x_?NumberQ] = theta1[x] + theta2[x]
r[x_?NumberQ] = (R[x]^(1/2))(E^(Re[theta[x]]I))
n0[x_?NumberQ] = (1 + r[x])/(1 - r[x])
a=Input["Plese input the energy region you want to calculate, lowest energy (eV)"];
b= Input["Plese input the energy region you want to calculate, highest energy (eV)"];
points= Input["Please input the number of points you want to compute for your graphes"];
c = (b - a)/(points -1); d=1;
<<Graphics`Graphics`
n01=Table[{x, N[n0[x]]}, {x, a, b, c}]
n02=n01 . {0, 1}
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n0x=n01 . {1, 0}
n0x=Re[n0x]
refraction11=Re[n02]
refraction21=Im[n02]
refraction20=Im[n02]
refraction1=Re[n01]
refraction2=Transpose[{n0x, refraction20}]
Write["reflectivity.txt", OutputForm[TableForm[data, TableSpacing -> {0, 3}]]]
Close["reflectivity.txt"]
data=Interpolation[data, InterpolationOrder->2]
Plot[data[x], {x, a, b}, ImageSize -> 600, PlotLabel->"Original data", FrameLabel -> {Photon
Energy : eV, Reflectance}, Frame -> True]
Write["refraction1.txt", OutputForm[TableForm[refraction1, TableSpacing -> {0, 3}]]]
Close["refraction1.txt"]
refraction1=Interpolation[refraction1, InterpolationOrder->2]
Plot[refraction1[x], {x, a, b}, ImageSize -> 600, PlotLabel->"K-K Calculation",
FrameLabel -> {Photon Energy : eV, Refraction : n}, Frame -> True]
Write["refraction2.txt", OutputForm[TableForm[refraction2, TableSpacing -> {0, 3}]]]
Close["refraction2.txt"]
refraction2=Interpolation[refraction2, InterpolationOrder->2]
Plot[refraction2[x], {x, a, b}, ImageSize -> 600, PlotLabel->"K-K Calculation",
FrameLabel -> {Photon Energy : eV, Refraction : K}, Frame -> True]
epsi11=(refraction11)^2-(refraction21)^2
epsi1=Transpose[{n0x, epsi11}]
Write["epsi1.txt", OutputForm[TableForm[epsi1, TableSpacing -> {0, 3}]]]
Close["epsi1.txt"]
epsi1=Interpolation[epsi1, InterpolationOrder->2]
Plot[epsi1[x], {x, a, b}, ImageSize -> 600, PlotLabel->"K-K Calculation",
FrameLabel -> {Photon Energy : eV, Dielectric Function: Real},
Frame -> True]
epsi21=2 refraction11 refraction21
epsi2=Transpose[{n0x, epsi21}]
Write["epsi2.txt", OutputForm[TableForm[epsi2, TableSpacing -> {0, 3}]]]
Close["epsi2.txt"]
epsi2=Interpolation[epsi2, InterpolationOrder->2]
Plot[epsi2[x], {x, a, b}, ImageSize -> 600, PlotLabel->"K-K Calculation",
FrameLabel -> {Photon Energy : eV, Dielectric Function: Imaginary},
Frame -> True]
sigma11=n0x epsi21/(4 Pi)
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sigma1=Transpose[{n0x, sigma11}]
Write["sigma1.txt", OutputForm[TableForm[sigma1, TableSpacing -> {0, 3}]]]
Close["sigma1.txt"]
sigma1=Interpolation[sigma1, InterpolationOrder->2]
Plot[sigma1[x], {x, a, b}, ImageSize -> 600, PlotLabel->"K-K Calculation",
FrameLabel -> {Photon Energy : eV, Conductivity: Real},
Frame -> True]
sigma21 = -n0x (epsi11 - 1)/(4 Pi)
sigma2=Transpose[{n0x, sigma21}]
Write["sigma2.txt", OutputForm[TableForm[sigma2, TableSpacing -> {0, 3}]]]
Close["sigma2.txt"]
sigma2=Interpolation[sigma2, InterpolationOrder->2]
Plot[sigma2[x], {x, a, b}, ImageSize -> 600, PlotLabel->"K-K Calculation",
FrameLabel -> {Photon Energy : eV, Conductivity: Imaginary},
Frame -> True]
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