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B Abstract The unusual structure and properties of carbon nanotubes are presented,
with particular reference to single-wall nanotubes (SWNTSs) and nanotube properties
that differ from those of their bulk counterparts. The atomic structure; electronic struc-
ture; and vibrational, optical, mechanical, and thermal properties are discussed, with
reference made to nanotube junctions, nanotube filling, and double-wall nanotubes
(DWNTs). Special attention is given to resonance Raman spectroscopy at the single
nanotube level. The status of current research in this field is assessed and opportunities
for future research are identified.

INTRODUCTION

The very small size of carbon nanostructures, their many unique physical phenom-
ena, and simplicity in having only one chemical element, which allows physical
properties to be calculated in detail for comparison with experiment, combine to
give carbon nano-structures a special role in nanoscience. These systems provided
numerous examples of theoretical predictions, often made before the experiments
were done, and then the theories were tested in detail and improved once ex-
perimental results became available. Because of their unique properties, carbon
nanostructures, and carbon nanotubes in particular, have many potential applica-
tions, and some of these could have significant impact on grand challenges of the
twenty-first century.

At this early stage in nanoscience development, model systems pertinent at the
small length scales that define nanoscience (lengths less than 30 nm) and where
quantum effects are dominant are needed. The smaller the systems, the more likely
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it is that quantum effects will play an increasingly important role. Because carbon
nanotubes are found down to length scales of 0.4 nm, which is very small even in
the realm of nanostructures, the structure and properties of carbon nanotubes are
of particular interest. Model systems at the nanoscale are especially important for
providing new ideas and concepts for what may be possible for more complex sys-
tems of small size. Complex systems are becoming of increasing interest now that
we have calculational capabilities to handle detailed simulations for such systems.
One of the grand challenges of the next few decades will be to advance the fron-
tiers of nanoscience knowledge, to discover new exciting nanoscale phenomena,
to develop new interesting materials systems, and to apply these advances toward
addressing the societal challenges of the next generation. These challenges include
producing the next generation of electronic and optoelectronic devices, bridging
the gap between the inorganic world and that of living systems, and contributing
new materials and technologies that can be utilized in gaining sustainable energy
security for a growing worldwide population.

Carbon nanotubes are tubular structures typically of nanometer diameter and
many microns in length. They are unusual because of their very small diame-
ters, which can be as small as 0.4 nm and contain only 10 atoms around the
circumference, and because the tubes can be only one atom in thickness. The
aspect (length/diameter) ratio can be very large (greater than 10*), thus lead-
ing to a prototype one-dimensional system. These structures were first observed
by Endo in connection with synthesizing vapor-grown carbon fibers of increas-
ingly smaller diameters (1) and by lijima (2) in the soot produced in the arc-
discharge synthesis of fullerenes, thereby attracting much attention to this work.
The early structures were all of the multiwall morphology, consisting of coaxial
cylinders arranged in a “Russian doll” configuration. The name multiwall nan-
otube (MWNT) is restricted to nanostructures with outer diameters of less than
15 nm, above which the structures are called carbon nanofibers and possess prop-
erties somewhere between carbon fibers and MWNTs (3). Because of the many
interesting and often unexpected properties that carbon nanotubes exhibit, they
have been extensively studied in the past decade, both in terms of the fundamen-
tal nanoscience revealed by these nanostructures and their potential for device
applications.

The widespread recognition that MWNTs with very large aspect ratios could be
synthesized led to consideration of the properties of the basic building blocks of the
MWNTs, namely, a single cylinder with one atom thickness in the radial direction,
later called a single-wall carbon nanotube (SWNT). The remarkable electronic
properties calculated for these SWNTs [they could be either semiconducting or
metallic depending on their geometry (4-6), as described below] attracted much
interest. As a result of this stimulating environment, shortly after the 1991 paper of
Ilijima on MWNTs (2), SWNTs with small (~1 nm) and uniform diameters were
synthesized in 1993 using arc-discharge methods with transition metal catalysts
(7, 8). Crystalline ropes of SWNTSs, with each rope containing tens to hundreds of
tubes of approximately the same diameter closely packed into a triangular lattice,
were synthesized in this early work. Subsequently, SWNTSs have been synthesized
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by a variety of methods, including arc-discharge, laser ablation, and vapor phase
methods; within a few years, the synthesis technology had progressed to the point
that sufficient amounts of SWNT samples could be provided for study of their
fundamental properties (9). As in other fields of nanoscience, carbon nanotubes
have provided, and continue to provide, a wonderful opportunity for the fruitful
interaction between experiment, theory, and simulation, as is evident from the
references cited within this review.

In this review, we first briefly summarizes the structure and notation used to
describe carbon nanotubes. The next section is devoted to the electronic properties
of SWNTs and how these properties are related to their geometry and structure.
The influence of structural defects, such as pentagons and heptagons, is also dis-
cussed, as is the possibility of fabricating nanotube-based junctions of different
geometries and their implications on nano-electronics. Then vibrational proper-
ties of nanotubes are reviewed, starting with the vibrational modes of SWNTs,
particularly, how they are related to (and in what way they differ from) those of
graphite. Raman spectroscopy of nanotubes is discussed in some detail, as this
technique has been extensively used to probe the vibrational properties of nano-
tubes. The section on photophysics discusses the achievements of using light to
study carbon nanotubes in the context of nanotube photophysics. We further dis-
cuss the exceptional mechanical and thermal properties of carbon nanotubes, and
these exceptional properties are related to the strong in-plane carbon-carbon bonds,
probably being the strongest atomic bonds found in nature. Filled SWNTs and
double wall nanotubes (DWNTs) are examined, and we conclude with remarks
about the many unanswered issues about nanotubes waiting to be resolved, as well
as giving an outlook on future developments in this field.

STRUCTURE AND NOTATION

This section provides a brief introduction to the unusual structural properties of
SWNTs, emphasizing their unique one-dimensional attributes that set them apart
from other materials systems.

A SWNT can be described as a single layer of a graphite crystal rolled up into
a seamless cylinder, one atom thick, usually with a small number (perhaps 10-40)
of carbon atoms along the circumference and a long length (microns) along the
cylinder axis (11). A carbon nanotube is specified by the chiral vector Cy,,

C, = na; + ma, = (n, m), 1.

which is often described by the pair of indices (n, m) that denote the number of
unit vectors na; and ma, in the hexagonal honeycomb lattice contained in the
vector C;. As shown in Figure 1, the chiral vector C; makes an angle 6, the
chiral angle, with the so-called zigzag or a; direction. The vector C;, connects
two crystallographically equivalent sites O and A on a two-dimensional graphene
sheet where a carbon atom is located at each vertex of the honeycomb structure
(12). The axis of the zigzag nanotube corresponds to § = 0°, whereas the so-called
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Figure 1 The unrolled honeycomb lattice of a nanotube. When we connect sites O
and A, and sites B and B’, a nanotube can be constructed. The vectors OA and OB
define the chiral vector C; and the translational vector T of the nanotube, respectively.
The rectangle OAB’B defines the unit cell for the nanotube. The figure is constructed
for an (n, m) = (4,2) nanotube (10).

armchair nanotube axis corresponds to & = 30° and the nanotube axis for so-called
chiral nanotubes corresponds to 0 < 6 < 30°. The seamless cylinder joint of the
nanotube is made by joining the line AB’ to the parallel line OB in Figure 1. The
nanotube diameter d; can be written in terms of the integers (1, m) as

d, = Cp/m = V3ac_c(m* + mn + n*)"?/x, 2.

where ac_c is the nearest-neighbor C—C distance (1.421 Ain graphite), C, is the
length of the chiral vector C;, and the chiral angle 6 is given by

6 = tan"'[v3m/(m + 2n)). 3.

Thus, a nanotube can be specified by either its (n, m) indices or equivalently by
d, and 0. Next, we define the unit cell OBB’A of the one-dimensional nanotube
in terms of the unit cell of the two-dimensional honeycomb lattice defined by the
vectors a; and a, (Figure 1).

In Figure 2, we show (a) the unit cell in real space and (b) the Brillouin zone
in reciprocal space of two-dimensional graphite as a dotted rhombus and a shaded
hexagon, respectively, where a; and a, are basis vectors in real space and b, and
b, are reciprocal lattice basis vectors. In the x, y coordinates shown in Figure 2,
the real space basis vectors a; and a, of the hexagonal lattice are expressed as a; =
(v/3a/2,a/2) and a, = (v/3a/2,a/2), where a = |a|| = |a,| = 1.42 x /3 =
2.46 A is the lattice constant of a graphene or two-dimensional graphite layer.
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Figure 2 (a) The unit cell, containing sites A and B where carbon atoms are located,
and (b) the Brillouin zone of a graphene or two-dimensional graphite layer are shown
as the dotted rhombus and the shaded hexagon, respectively. a; and b; (i = 1,2) are
basis vectors and reciprocal lattice vectors, respectively. The high symmetry points, I,
K, and M are indicated (13).

Correspondingly, the basis vectors b; and b, of the reciprocal lattice are given
by by = (27/~/3a,2n/a) and b, = (27 /~/3a, =27 /a), corresponding to the
graphene lattice constant of 477 /+/3a in reciprocal space. The direction of the basis
vectors b; and b, of the reciprocal hexagonal lattice are rotated by 30° from the
basis vectors a; and a; of the hexagonal lattice in real space, as shown in Figure 2.

To define the unit cell for the one-dimensional nanotube, we define the vector
OB in Figure 1 as the shortest repeat distance along the nanotube axis, thereby
defining the translation vector T,

T =tna; + ha, = (11, 1), 4.
where the coefficients #; and f, are related to (n, m) by
= Q@2m+n)/dg
th = —(2n+m)/dg, 5.

where dp is the greatest common divisor of (2n + m, 2m + n) and is given by

4 d if n —m is not a multiple of 3d
k= 3d if n—m isamultiple of 3d,

where d is the greatest common divisor of (n, m). The magnitude of the translation
vector T = |T| is |T| = V3L /dgr, where L is the length of the chiral vector
C), = md, and d, is the nanotube diameter. The unit cell of the nanotube is defined
as the area delineated by the vectors T and Cj. The number of hexagons, N,
contained within the one-dimensional unit cell of a nanotube is determined by the
integers (n, m) and is given by
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N =2(m* + n* 4+ nm)/dg. 7.

The addition of a single hexagon to the honeycomb structure in Figure 1 corre-
sponds to the addition of two carbon atoms. Assuming a value ac_¢c = 0.142nmon
a carbon nanotube, we obtain d; = 1.36 nm and N = 20 for a (10,10) nanotube.
Because the real-space unit cell is much larger than that for a two-dimensional
graphene sheet, the one-dimensional BZ for the nanotube is much smaller than the
BZ for a single two-atom graphene two-dimensional unit cell. Because the local
crystal structure of the nanotube is so close to that of a graphene sheet, and be-
cause the BZ is small, BZ-folding techniques have been commonly used to obtain
approximate electron and phonon dispersion relations for carbon nanotubes with
specific (n, m) geometrical structures.

Whereas the lattice vector T given by Equation 4 and the chiral vector C, given
by Equation 1 determine the unit cell of the carbon nanotube in real space, the
corresponding vectors in reciprocal space are the reciprocal lattice vectors K, along
the nanotube axis and K in the circumferential direction, which gives the discrete
k values in the direction of the chiral vector Cj,. The vectors K; and K are obtained
from the relation R; - K; = 27 §;;, where R; and K;; are the lattice vectors in real
and reciprocal space, respectively, and K| and K, therefore satisfy the relations

Ch-K1=27'[, T-K1=0,

Ch~K2=0, T'K2:27T. 8.
From Equation 8 it follows that K; and K, can be written as
1 1
K; = ﬁ(_fzbl + b)), Ky= N(mbl — nby), 9.

where b; and b, are the reciprocal lattice vectors of a two-dimensional graphene
sheet given above. The N wave vectors uK; (u = 0,---, N — 1) give rise to N
discrete k vectors in the circumferential direction. For each of the y discrete values
of the circumferential wave vectors, a one-dimensional electronic energy band ap-
pears, whereas each p gives rise to six branches in the phonon dispersion relations.
Because of the translational symmetry of T, there are continuous wave vectors in
the direction of K for a carbon nanotube of infinite length. However, for a nanotube
of finite length L,, the spacing between wave vectors is 277 /L, and quantum effects
associated with the finite nanotube length have been observed experimentally (14).

ELECTRONIC PROPERTIES OF CARBON
NANOTUBES AND JUNCTIONS

The nanometer dimensions of the carbon nanotubes together with the unique elec-
tronic structure of a two-dimensional graphene sheet make the electronic properties
of these one-dimensional carbon nanotube structures highly unusual. The aim of
the present section is to review the relation between the atomic structure and the
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electronic and transport properties of SWNTs. The rich interplay between the
structural and electronic properties of carbon nanotubes gives rise to new physical
phenomena and the possibility of novel nanoscale device applications.

As shown in the previous section, a SWNT is geometrically just a rolled up
graphene strip. Its structure can be specified or indexed by its circumferential
periodicity and its chiral vector (C,) in terms of a pair of integers (n, m). Early
theoretical calculations (5, 6, 13) have shown that the electronic properties of
the carbon nanotubes are very sensitive to their geometric structure. Although
graphene is a zero-gap semiconductor, theory has predicted that carbon nanotubes
can be either metals or semiconductors with different size energy gaps, depending
very sensitively on the diameter and helicity of the tubes, i.e., on the indices
(n, m). The physics behind this sensitivity of the electronic properties of carbon
nanotubes to their structure can be understood within a zone-folding picture. The
electronic structure of the two-dimensional graphene layer near the Fermi energy
is given by an occupied 7w band and an empty 7* band. These two bands have
linear dispersion in E (k) near the K point and, as shown in Figure 3, meet at
the Fermi energy, which goes through at the K point in the BZ, thus identifying
graphite as a zero-gap semiconductor. The Fermi surface of an ideal graphite sheet
consists of the three corner K points alternating with the three corner K’ points.
When forming a tube, owing to the periodic boundary conditions imposed in the
circumferential direction, only a certain set of k states of the planar graphite sheet

j
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K K K K K
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Figure 3 (Top) Tight-binding electronic band structure of graphene (a single basal
plane of graphite) showing the I', M, and K high symmetry points. (Bottom) Allowed
k-vectors of the (5,5), (7,1), and (8,0) tubes (solid cutting lines) mapped onto the
two-dimensional graphene Brillouin zone.
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is allowed. The allowed set of k’s, indicated by the cutting lines shown in the lower
part of Figure 3, depends on the diameter and helicity of the SWNT (15). Whenever
the allowed ks include the K (or K’) point, the system is a metal with a nonzero
density of states at the Fermi level, resulting in a one-dimensional metal with two
bands showing a linear dispersion E versus k dependence. When the K point is
not one of the allowed states, the system is a the semiconductor with an energy
gap that increases as the tube diameter decreases. It is important to note that the
states near the Fermi energy for both metallic and semiconducting tubes are all
from states near the K or K’ points, and hence their transport and other electronic
properties are related to the properties of the states on the allowed cutting lines.
For example, the conduction band and valence bands of a semiconducting carbon
nanotube come from states along the line closest to the K point.

SWNTs are exceptional materials insofar as they can be metallic or semicon-
ducting in accordance with the following rules: (n, n) tubes are metals; (n, m) tubes
with n —m = 3, where j is a nonzero integer, are very tiny-gap semiconductors;
and all SWNTs withn—m = 3 j£1 are large-gap (~1.0eV ford, ~ 0.7 nm) semi-
conductors. Strictly within the zone-folding scheme, the n —m = 3 j tubes would
all be metals, but because of tube curvature effects, a tiny band gap opens up when
Jj # 0 (Figure 4). Hence, carbon nanotubes come in three varieties: large-gap,
tiny-gap, and zero-gap systems. The (n, n) tubes, also known as armchair tubes,
are always metallic within the single-electron picture, independent of curvature,
because of their symmetry (Figure 4). As the tube diameter d, increases, the band
gaps of the large-gap and tiny-gap varieties decrease with a 1/d, and 1/d” depen-
dence, respectively. Thus, for most experimentally observed carbon nanotubes, the
gap in the tiny-gap variety, which arises from curvature effects, would be so small
that, for most practical purposes, all the n — m = 3 tubes can be considered as
metallic at room temperature because their thermal energy is sufficient to excite
electrons from the valence to the conduction band. Thus, in Figure 3 a (7,1) tube
would be metallic, whereas a (8,0) tube would be semiconducting; the (5,5) arm-
chair tube would always be metallic. Such a zone-folding picture, based on the
tight-binding approach (5, 6, 13), is expected to be valid for larger diameter tubes
(d; > 1 nm), and this has been experimentally confirmed (16).

Ab initio pseudopotential local density functional (LDA) calculations (18, 19)
indeed revealed that sufficiently strong hybridization effects between o and 7w
states can occur through tube curvature effects in small-diameter nanotubes, and
these hybridization effects significantly alter their electronic structure. For exam-
ple, the (5,0) tube, which is predicted to be semiconducting in the zone-folding
scheme, has been shown to be metallic by ab initio calculations (20, 21). Unusual
properties have also been found in ultra-small diameter SWNT's (diameter approx-
imately 0.4 nm). These ultra-small diameter SWNTs are produced experimentally
by confining their synthesis to occur inside inert AIPO4-5 zeolite channels (with an
inner diameter of approximately 0.73 nm) (22), thus leading to a narrow-diameter
SWNT distribution, restricted to only three possible SWNTs: (3,3), (4,2), and
(5,0). These ultra-small diameter SWNT's have been reported to exhibit a variety
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Figure 4 Electronic densities of states for (5,5), (7,1), and (8,0) nanotubes showing
van Hove singularities characteristic of one-dimensional systems. The (5,5) armchair
nanotube is metallic for symmetry reasons. The (7,1) chiral tube displays a tiny gap
owing to curvature effects, but will display a metallic behavior at room temperature.
The (8,0) zigzag tube is a large-gap semiconductor (17).

of unusual properties, such as superconductivity for an all-carbon system (23).
Furthermore, the unit cell for such ultra-small diameter SWNTs is small enough
to permit detailed and accurate ab initio calculations of their electronic structures
(24, 25).

Many low-temperature transport measurements (14, 26-29) have been made
on SWNTs in an attempt to understand their electronic properties. These results
have been interpreted in terms of single-electron charging and resonant tunneling
through the quantized energy levels of the nanotubes. In addition, there have also
been atomic resolution low-temperature scanning tunneling microscopy (STM)
and scanning tunneling spectroscopy (STS) studies, which directly probe the re-
lationship between the structural and electronic properties of carbon nanotubes
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(30, 31). From measurements of the orientation of the carbon rings relative to the
nanotube axis and of the tube diameter d,, the geometric structure of the nanotube
was fully deduced. Measurement of the normalized conductance in the STS mode
was then used to obtain the local density of states (LDOS), and the experimental
results were in very good agreement with theoretical predictions.

However, carbon nanotubes often exhibit defects such as pentagons, heptagons,
vacancies, or dopants that drastically modify their electronic properties. The elec-
tronic properties of defective nanotube-based structures are, of course, more com-
plex than those for infinitely long, perfect nanotubes. The introduction of defects
into the carbon network is thus an interesting way to tailor its intrinsic properties
to create new potential nanodevices and to propose new potential applications for
nanotubes in nano-electronics.

Because carbon nanotubes are metals or semiconductors, depending sensitively
on their geometrical structures, they can be used to form metal-semiconductor,
semiconductor-semiconductor, or metal-metal junctions. These junctions have
great potential for applications because they are of nanoscale dimensions and
are made entirely of a single chemical element. In constructing this kind of on-
tube junction, the key is to join two half-tubes of different helicities seamlessly
with each other, without too much cost in energy or disruption in structure. The
introduction of pentagon-heptagon pair defects into the hexagonal network of a
single carbon nanotube can change the helicity of the carbon nanotube and fun-
damentally alter its electronic structure (17, 32-35). Both the existence of such
atomic-level structures and investigations of their respective electronic properties
have already been carried out experimentally (36, 37).

The defects, however, must induce zero net curvature to prevent the tube from
flaring or closing. The smallest topological defect with zero net curvature is a
pentagon-heptagon pair, which can be treated as a single local defect because it
creates only topological changes (but no net disclination). Such a 5/7 pair will
create only a small local deformation in the width of the nanotube and may also
generate a small change in the helicity, depending on its orientation in the hexagonal
network.

Joining a semiconducting nanotube to a metallic one, using a pentagon-heptagon
5/7 pair incorporated in the hexagonal network can be the basis of a nanodiode
(or molecular diode) for nano-electronics. An example of such a diode struc-
ture is the junction of a semiconducting (8,0) nanotube that has a 1.2 eV gap
in the tight-binding approximation and a (7,1) tube that is a metal (although a
small curvature-induced gap is present close to the Fermi energy). Nanotube junc-
tions thus can behave as nanoscale metal-metal junctions, metal-semiconductor
Schottky barrier junctions, or semiconductor heterojunctions with novel proper-
ties, and these different types of junctions can serve as building blocks for nanoscale
electronic devices.

Recently, the electron beam of a transmission electron microscope has been
used to irradiate nanostructures locally to introduce defects that can be useful
for device applications. Covalently connected crossed SWNTs have thus been
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created using electron beam welding at elevated temperatures (38, 39) to pro-
duce molecular junctions of various geometries (“X,” “Y,” and “T” junctions),
and these junctions are found to be stable after the irradiation process. To study
the relevance of some of these nanostructures, various models of ideal molecular
junctions have been generated. The presence of heptagons plays a key role in the
topology of nanotube-based molecular junctions. The flexibility of the nanoscale
design and the availability of both semiconducting and metallic nanotubes enable
a wide variety of configurations. Junctions between semiconducting and metallic
nanotubes can act as diodes. Junctions between two crossed nanotubes can act
as rectifiers, and Y-, T-, or X-junctions provide more exotic configurations for
nanoscale devices. Although a number of early nanotube-based devices have al-
ready been demonstrated, the production and integration of nanotube components
into reproducible device structures present many challenges. Several major steps
toward nanotube-based circuitry have, however, been achieved: An array of field-
effect transistors has been made by selectively burning-off metallic nanotubes in
SWNT ropes (40), and field-effect transistors based on single nanotubes have been
assembled by several research groups into the logic circuits that are building blocks
of computers (40—42), showing promise for future developments in nanocircuitry.

PHONON PROPERTIES AND RAMAN
SPECTROSCOPY OF CARBON NANOTUBES

Phonons denote the quantized normal mode vibrations that strongly affect many
processes in condensed matter systems, including thermal, transport, and me-
chanical properties. Phonons play an important role as a carrier of thermal en-
ergy in thermal conduction processes and in thermodynamic properties, such as
the heat capacity, and as an important scattering process for bringing electrons
into equilibrium with the lattice in various electron transport phenomena, such
as electrical conductivity, magneto-transport phenomena, and thermo-electricity.
The vibrational spectra also determine the speed of sound, elastic properties of
solids, and their mechanical properties. Phonons, through their interaction with
electrons, can also mediate interactions and pairing between electrons, giving rise
to superconductivity. These topics are particularly interesting in one-dimensional
systems because of the van Hove singularities that one-dimensional systems ex-
hibit in their density of states (see Figure 4). These phenomena are even more
interesting in SWNTs, which allow these one-dimensional effects to be studied in
detail.

Because a SWNT can be considered to be a two-dimensional graphene sheet
that has been rolled up seamlessly, the electron dispersion relations of SWNTs
are typically related to those of two-dimensional graphite (a graphene sheet), as
is discussed above. A similar procedure is generally applied to obtain the phonon
dispersion relations and phonon density of states for SWNTs from those of the two-
dimensional graphene sheet (10), as is illustrated, respectively, in Figure 5a,b for a
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Figure5 (a) The calculated phonon dispersion relations of an armchair carbon nano-
tube with (n, m) = (10,10). The number of degrees of freedom is 120 and the number
of distinct phonon branches is 66 (10). (b) The corresponding phonon density of states
for a (10,10) nanotube (43). (¢) The corresponding phonon density of states for a
two-dimensional graphene sheet (10).

(10,10) SWNT. The large amount of sharp structure in the phonon density of states
in Figure 5b for the (10,10) SWNT reflects the many phonon branches and the one-
dimensional nature of SWNTs relative to two-dimensional graphite. The phonon
density of states for two-dimensional graphite shown in Figure 5c is obtained by
summing the one-dimensional phonon density of states for many SWNTs (10, 43).
In addition to the longitudinal acoustic (LA) and transverse acoustic (TA) modes,
there are two acoustic twist modes for rigid rotation around the tube axis, which
are important for heat transport and charge carrier scattering. Also important for
coupling electrons to the lattice are the low-lying optical modes at the center of
the BZ ¢ = 0. These modes include one with E, symmetry expected at ~17 cm™!
(the squash mode), one with E; symmetry expected at ~118 cm™!, and one with
A symmetry (radial breathing mode, RBM) expected at ~165 cm™~! for a (10,10)
SWNT (10). Of these three low-energy phonon modes, it is only the RBM, where
all the carbon atoms are vibrating in phase in the radial direction, that has been
studied experimentally. The RBM is unique to SWNTs and does not occur in
other carbon systems. The radial breathing mode has been of great importance in
identifying the presence of SWNTs in samples containing other carbon materials
and in determining SWNT diameters d;, as discussed below, and measurements of
the RBM have become a standard method used for the characterization of carbon
nanotubes.
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Raman Spectroscopy

The Raman spectra of SWNTs have been particularly valuable for providing de-
tailed information on the vibrational modes of SWNTs (44), for characterizing
SWNT samples (43, 45), and for revealing a variety of unique phenomena in one-
dimensional systems (15, 46). The first report on the Raman spectra of SWNTs
(45) showed that, despite the large number of branches in the SWNT phonon
dispersion relations (see Figure 5a), the Raman spectra for a SWNT bundle (see
Figure 6) only exhibit two dominant features, namely, the RBM out-of-plane vi-
brations, at 186 cm~! for laser excitation energy Ejer = 2.41 eV and a SWNT
diameter distribution of 1.36 &= 0.20 nm, and the tangential (in-plane vibrations)
band in the range from 1520-1620 cm~' (see Figure 6 inset). Because of the strong
connection of this tangential band to the corresponding mode in two-dimensional
graphite, this higher frequency band for SWNTSs is commonly called the G-band.
Other lower intensity features, discussed below, also provide important and unique
information about SWNTs.

The strong and nonmonotonic dependence of the SWNT Raman spectra on the
laser excitation energy E,qr established Raman scattering to be associated with a
resonance process for the excitation laser energy Ensr With the optical transition
energy E;; between van Hove singularities in the valence band and conduction
bands (see Figure 4) (45). Because of the very small diameters of SWNTs (~1 nm),
the joint density of states for this optical process exhibits van Hove singularities
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Figure 6 Experimental Raman spectrum taken with 514.5 nm (2.41 eV) laser exci-
tation from a SWNT bundle sample with a diameter distribution d, = 1.36 = 0.20 nm.
The inset shows an expanded view of the spectra in the 1480—-1700 cm™! range (45).
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with very large magnitudes (see Figure 4), giving rise to very large enhancements
in Raman intensity and allowing the observation of spectra from one individual
SWNT that is in strong resonance with Ejager (47).

Figure 6 indicates that the G-band feature for SWNTSs consists of two features:
one peaked at 1593 cm™' (G™) and the other peaked at 1567 cm™! (G ™). The
G feature is associated with carbon atom in-plane vibrations along the nanotube
axis, and its frequency wg+ is sensitive to charge transfer from dopant additions
to SWNTs (up-shifts in wg+ for acceptors and downshifts for donors). In con-
trast, the G~ feature is associated with in-plane vibrations of carbon atoms along
the circumferential direction of the nanotube, and its line-shape is highly sensi-
tive to whether the SWNT is metallic (Breit—Wigner—Fano line-shape) or semi-
conducting (Lorentzian line-shape) (48, 49). Whereas the most intense peaks at
1593 cm™! and 1567 cm™! arise from phonons with A and E; symmetries, the
smaller intensity features at 1526 cm™! and 1606 cm™! are associated with E;
symmetry phonons. Phonons with A, E|, and E, symmetries can be distinguished
from one another by their behavior in polarization-sensitive Raman experiments
(50, 51).

Also commonly found in the Raman spectra in SWNT bundles is the D-band
feature with wp at 1347 cm~! in Figure 6, stemming from the disorder-induced
mode in graphite, and its second harmonic, the G’-band (not shown) occurring at
~2wp, both associated with a double resonance process (52). Both the D-band and
the G'-band are sensitive to the nanotube diameter and chirality and therefore have
been very important in revealing much new physics about carbon nanotubes from
single nanotube studies, as discussed below. Study of the D-band and G’-band
features have been very important for studying trigonal warping effects in SWNTs
and in quantitatively measuring the effect of trigonal warping on the dispersion
relations for electrons (53, 54) and for phonons (55).

Returning to Figure 6, the weak feature at 116 cm™" may be due to a low
frequency E| symmetry SWNT mode that is not observed in graphite, whereas the
mode at 376 cm™~! is likely to be the second harmonic of wrpm. The broad weak
feature at 857 cm™! is identified with the out-of-plane optical, transverse optical
(TO) mode that is infrared (IR) active in two-dimensional graphite, whereas the
feature at 1736 cm ™! is identified with its second harmonic. Both the 857 cm~! and
the 1736 cm~! features are commonly seen in SWNT bundles and at the single
nanotube level, and these features are attributed to a double resonance process
(56). The intermediate frequency feature at 754 cm™! is a very special mode that
arises in nanotubes because of the special properties of one-dimensional phonons
(C. Fantini et al. unpublished).

Because of the sharp van Hove singularities occurring in carbon nanotubes
with diameters less than 2 nm (see Figures 4, 5), the Raman intensities for the
resonance Raman process can be so large that it is possible to observe the Raman
spectra from one individual SWNT (47), as shown in Figure 7, where the differ-
ences in the G-band spectra between semiconducting and metallic SWNTs can
be seen at the single nanotube level. Because of the trigonal warping effect (54),
every (n, m) carbon nanotube has a different electronic structure and therefore also

1
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Figure7 Raman spectra from a metallic (top) and a semiconducting (bottom) SWNT
at the single nanotube level using 785 nm (1.58 eV) laser excitation, showing the radial
breathing mode (RBM), D-band, G-band, and G’-band features, in addition to weak
double resonance features associated with the M-band and the iTOLA second-order
modes (56). Insets on the left and the right show atomic displacements associated with
the RBM and G-band normal mode vibrations (15). The isolated carbon nanotubes
are sitting on an oxidized silicon substrate that provides contributions to the Raman
spectra, denoted by *, which are used for calibration purposes (47).

has a unique density of states (see Figure 4). Therefore, the energies E;; of the
van Hove singularities in the joint density of states for each SWNT are different,
as shown in Figure 8, for all (n, m) nanotubes in the diameter range up to 3.0 nm
and for E;; up to 3.0 eV. In this so-called Kataura plot (Figure 8), we see that for
small-diameter SWNTs (d; < 1.7 nm) and for the first few electronic transitions
for semiconducting and metallic SWNTSs, the E;; values are arranged in bands
whose width is determined by the trigonal warping effect (54). A general chiral
semiconducting SWNT will have van Hove singularities (vHSs) in the E},, E3,,
E3S3,. .. bands, whereas a chiral metallic SWNT will have two vHSs in each of the
E {"11 ,E % ,- .. bands. The tight binding approximation provides quite reliable values
for the E;; energies for the vHSs for SWNTs with diameters in the 1.0-2.0 nm
range (to an accuracy of better than 20 meV) (16). The Raman effect provides a
determination of E;; values, either by measurement of the relative intensities of the
RBM for the Stokes (phonon emission) and anti-Stokes (phonon absorption) pro-
cesses or by RBM-relative Raman intensity measurements for the Stokes process
for many SWNTs (47, 60). The frequency of the RBM is used to determine the
diameter of an isolated SWNT sitting on an oxidized Si surface using the relation
wrem (cm™!) = 248/d, (nm), and from a knowledge of the (E;;, d;) values for
an individual SWNT (Figure 8), the (n, m) indices for that SWNT can be deter-
mined from the Kataura plot. However, the linear relation wrpy = 248/d; seems
not to apply in the case of very-small-diameter SWNTs (d; below 1 nm), where
both experimental results (16, 61) and ab initio calculations (62) show that the
RBM frequency does not exhibit a simple dependence on d,. For small-diameter
SWNTs, the hexagons become distorted, and because this distortion depends on
chiral angle, a 6 dependence for wgrpym is expected for small d; SWNTs (62).
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Figure 8 Calculated (58) energy separations E;; between van Hove singularities
i in the one-dimensional electronic density of states of the conduction and valence
bands for all possible (2, m) values versus nanotube diameter in the range 0.5 < d, <
3.0 nm, using a tight-binding method with a value for the carbon-carbon energy overlap
integral of yp = 2.9 eV for making this plot (54, 59). Semiconducting (S) and metallic
(M) nanotubes are indicated by crosses and open circles, respectively. The subscript
i = 1denotes the index of the lowest energy of a singularity in the joint density of states.

Systematic experimental work is still needed for determining the wrpm depen-
dence on (d;, 6) for small-diameter SWNTs. Whereas resonance Raman scattering
is usually a sensitive spectroscopic technique, single nanotube spectroscopy shows
how resonance Raman scattering spectra can be used on mesoscopic systems as
a technique for structural determinations. Resonance Raman spectroscopy at the
single nanotube level not only can determine the (n, m) indices from study of the
RBM frequency and intensity, but studies of other features in the Raman spectra
also provide valuable information not obtainable from SWNT bundles (60) or by
using other characterization techniques.

Measurements on the G-band at the single nanotube level show that this feature
is a first-order process, with the frequency wg+ essentially independent of d; or
chiral angle 6, while wg- is only dependent of d; and not on 6. Such diameter-
dependent measurements can be done only at the single nanotube level, and the
results can be used along with many other measurements to corroborate (n, n)
assignments carried out on the basis of the RBM feature (47). Single nanotube
measurements of the D-band and G’-band features show these features to be
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connected to a double resonance process (63), with special properties associated
with the van Hove singularities of the SWNTs (53, 64—66). Measurements of the
D-band and the G’-band frequencies at the single nanotube level provide unique
information on the chirality and diameter dependence of wp and wg and can be
used to measure the trigonal warping effect in the electron and phonon disper-
sion relations of SWNTSs, providing information not readily available using other
experimental techniques (60). Measurements of wp and wg for special semicon-
ducting SWNTs, where the incident photon is in resonance with one vHS (e.g., E 24)
and the scattered photon is in resonance with another vHS (e.g., E 353) is a special
Raman effect that can be observed for very special SWNTs. These observations are
particularly useful for corroborating specific (n, m) assignments made by the RBM
mode, as well as for corroborating the (n, m) assignment procedure itself (60).

The corresponding measurements for metallic SWNTSs provide definitive in-
formation about the magnitude of the trigonal warping effect in the electronic
structure of SWNTSs because of the strong coupling of electrons and phonons un-
der strong coupling conditions (53). Furthermore, changes in the Raman spectra
can be used to probe and monitor structural modifications of the nanotube sidewalls
that come from the introduction of defects and the attachment of different chemical
species. The former effect can be probed through analysis of the disorder-induced
Raman modes (e.g., the D-band assigned in Figure 7b) and the latter through the
upshifts/downshifts observed in the various Raman modes owing to charge transfer
effects (67). The ability to use a gate (68), an externally applied potential (P. Corio
et al., unpublished), or a tunable laser (70; C. Fantini et al., unpublished) to move
the vHS for an individual SWNT into and out of resonance with the laser offers
great promise for detailed studies of the one-dimensional physics of SWNTSs using
resonance Raman spectroscopy.

Raman spectra of carbon nanotubes, particularly at the single nanotube level,
have been especially rich. Because of the simplicity of the geometrical structure of
nanotubes, detailed analysis of the Raman spectra has yielded much information
about the phonon dispersion relations, such as information about their trigonal
warping (55). This information was in fact not yet available for two-dimensional
graphite, but could be studied in nanotubes because of their one-dimensionality.
Thus, studies on carbon nanotubes are revealing much important information about
the electrons and phonons in two-dimensional graphite through studies on carbon
nanotubes at the single nanotube level, where the orientation of the wave vector can
be explicitly probed, in contrast to the situation in two-dimensional graphite, which
only allows measurements to be made as a function of the magnitude of the wave
vector (55). For example, the trigonal warping of the phonon dispersion relations
about the K (and K”) point of the BZ cannot be probed directly in graphite because
k vectors in all directions are simultaneously probed, whereas for SWNTs, the
unique vector along the tube axis is probed, allowing the anisotropy of the phonon
dispersion relations to be directly probed in SWNTs and thereby related to the
phonon dispersion in two-dimensional graphite (55). Furthermore, Raman studies
at the single nanotube level have shown how phonon dispersion relations along
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symmetry axes can be probed for nanoscale systems (71) for which conventional
inelastic neutron scattering experiments (72) cannot be carried out.

PHOTOPHYSICS OF CARBON NANOTUBES

Together with resonance Raman spectroscopy, a variety of optical techniques, such
as IR spectroscopy, absorption measurements, fast-optics, and photo-luminescence,
have provided powerful means for identifying unusual properties associated with
carbon nanotubes.

Near-IR spectroscopy can be used for a quantitative evaluation of the carbona-
ceous purity of bulk quantities of as-prepared SWNTs in a solution-phase (73),
which is important for practical applications. Far-IR spectroscopy has been used
to study electrons in SWNTs, giving information about plasmons and about the
unusual tiny gaps occurring in quasimetallic SWNTSs owing to curvature effects
(74) (see above).

Time-domain photoelectron spectroscopy studies using fast-optics also pro-
vide information about electrons, such as the lifetime for the excited states and
the strength of the electron-phonon coupling in SWNTSs (see Figure 9). Exper-
imental pump-probe results on SWNT bundles show that electron-phonon scat-
tering is associated with a long scattering time of approximately 15 ps (76). The
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Figure 9 Time dependence of the photoelectron intensity during and after femtosec-
ond laser generation of “hot” electrons in SWNT ropes (75). Electrons monitored by
this trace are 30 meV above the Fermi level. The fast and slow components, respec-
tively, correspond to internal thermalization of the laser-heated electron gas and to its
equilibration with the lattice, i.e., by cooling.
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lifetime of electrons excited to the 7 * bands is found to decrease continuously from
130 fs at 0.2 eV down to less than 20 fs at energies above 1.5 eV with respect to
the Fermi level (75, 77). Generally, the E;; vHSs in the electronic joint density
of states (JDOS) shown in Figure 8 are responsible for the unique optical prop-
erties observed in SWNTs. Owing to the diverging character of vHSs in these
one-dimensional systems, one expects to find a very large resonant enhancement
of the corresponding photophysical process, and such enhancement can be very
strongly confined in energy, appearing almost as if the transitions to excited states
were in a molecular system. The observed decrease in the lifetime of excited elec-
trons as their energy increases relative to the Fermi level should lead to a significant
lifetime-induced broadening of the characteristic vHSs in the density of states, so
that optical effects related to the confinement of electrons into vHSs should be
stronger for the lower energy vHSs in the JDOS.

Raman spectroscopy, optical absorption, and photoluminescence have all been
used to determine E;; energy values, which led to the development of theoretical
models to describe the nanotube electronic structure for excited states. State-of-
the-art optical measurements provide access to the electronic transition energies
E;; at the single nanotube level. Stokes versus anti-Stokes Raman signals at the
isolated SWNT level with a single laser line allow the determination of E;; within
+10 meV precision for SWNTs sitting on a Si/SiO, substrate (43, 67, 78). The
precision of this assignment using Stokes versus anti-Stokes Raman measurements
depends on the determination of the shape of the resonance window (Raman inten-
sity as a function of excitation laser energy Ej.sr). Resonance Raman experiments
with a tunable laser system provide such a resonance window and give E;; with
high accuracy (~=£3 meV). The resonance window could change for samples with
different environments (substrates) and sample preparation methods, and system-
atic work should be carried out to study these environmental factors and to increase
the precision in the E;; determination.

Optical absorption and emission measurements on carbon nanotube samples
show peaks corresponding to E;; values for individual (n, m) SWNTs, with
linewidths of ~25 meV corresponding to the room temperature thermal energy
(79-82). The observation of the E 131 energy gap for semiconducting SWNTs
is possible by measuring photoluminescence, and interesting three-dimensional
plots can be constructed (see Figure 10) that show the spectral interdependence
of the absorption and emission energies. The intense peaks, indicating strong
optical absorption at a given E;; and emission at E;;, are related to one spe-
cific (n, m) SWNT. The limitation for photoluminescence is related to systems
where nonradiative electron-hole recombination readily occurs, so that light emis-
sion from metallic SWNTs or from SWNTs in bundles cannot be observed. For
such samples, resonance Raman experiments could be alternatively used for E;;
determinations.

The accurate E;; photophysical measurements at the single nanotube level made
possible the determination of the inaccuracy of the simple nearest-neighbor tight
binding (TB) model to describe the E;; energies, as shown by different optical
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Figure 10 Fluorescence intensity versus excitation and emission wavelengths for
SWNTs in an SDS (sodium dodecyl sulfate) suspension (79). Each peak corresponds
to absorption/emission of a single (n, m) SWNT.

absorption and photoluminescence data (80—82). Resonance Raman experiments
on HiPco bundle samples (d; ~ 1.0 £0.3 nm) (81) and Stokes versus anti-Stokes
experiments on isolated SWNTs with diameters smaller than 1 nm (16) show
some deviations between experiment and TB theory, the disagreement being more
important for smaller diameter SWNTs (d; below 1.1 nm) owing to the nanotube
curvature effect. The experimental values for E5, were indeed found to be lower
than the TB E5,, but the measured E3, appear not to be more than 20 meV lower
than TB values for SWNT's with diameters down to 0.83 nm (16). However, such an
analysis depends on the (n, m) assignment that is usually obtained from the relation
between the RBM frequency and the nanotube diameter, and both experimental
(16, 61) and ab initio calculations (62) show that such a dependence is not simple
for small-diameter SWNTs.



Annu. Rev. Mater. Res. 2004.34:247-278. Downloaded from www.annualreviews.org
Access provided by Universidade Federal de Minas Gerais on 08/25/15. For personal use only.

UNUSUAL PROPERTIES OF SWNTs 267

Optical measurements at the single nanotube level also provide precise infor-
mation about many-body effects, which change the electronic transition energies
in semiconducting SWNTs differently for different energy levels. The many-body
effects depend on the effective masses of electrons and holes, and the effective
masses are energy dependent. The one-electron TB model can account only for
an averaged many-body effect, and the value yp = 2.90 eV can be seen as the
best value for an average description of the electronic levels involved in optical
absorption and Raman spectroscopy (approximately 1 eV from the Fermi level).
However, the yy parameter obtained by transport measurements near the Fermi
level, for example, is usually smaller than 2.9 eV (83). The recent optical ab-
sorption and emission (photoluminescence) experiments, as in Figure 10, show
a considerable change in the E 1Sl gap energy with respect to TB results used for
optical experiments (10). A value of 1.7 for the average ratio of E3,/E, (79) has
been reported, which is smaller than the average value of 2.0 predicted by the TB
model. [Average values are used because E2S2 /E 151 depends on (7, m) at the single
nanotube level.] Detailed many-body calculations are in progress to account for
these experimental observations (84).

More detailed TB models have been proposed, such as a TB model accounting
for up to third-neighbor interactions (85) or considering different wave-function
overlaps between the three first-neighbors of a given carbon atom (86). This second
model has been shown to give better agreement with the E 252 / EIS1 data obtained
by optical absorption and photoluminescence experiments (81, 87).

However, inconsistent results were obtained when comparing E;; obtained from
different experiments. The experimental results for the various photophysics ex-
periments were developed using samples prepared in different ways and measured
under different experimental environments (solutions, substrates, etc.). Fluores-
cence spectra from individual SWNTs with identical structure were found to ex-
hibit different emission energies and linewidths, and these differences are attributed
to defects or differences in local environment (88, 89). Systematic studies using
similar samples prepared under similar experimental conditions are necessary for
developing a clear model for the photophysics of SWNTs. Experimental results on
free-standing SWNTs (90) may provide a good strategy for avoiding environmental
effects on these nanometer-sized materials.

Interesting information can be obtained using cross-polarized light or even
circularly polarized light in absorption/emission studies, such as in the measure-
ment of the asymmetry between the valence and conduction bands for individual
SWNTs with respect to the Fermi level (51) and the chirality handedness (left
and right) of carbon nanotubes (91). Experiments with cross-polarized light and
circularly polarized light propagating along the nanotube axis directions are, how-
ever, technically challenging, in part because optical transitions induced by light
polarized perpendicular to the tube axis are much weaker owing to the antenna
effect. Although Raman experiments provide evidence for transitions involving
cross-polarized light (51), such transitions have not yet been reported in absorp-
tion experiments.
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SWNTs are also promising for ultra-small optical device applications. For ex-
ample, induced band-gap luminescence (92) owing to the recombination of electron
and hole carriers and photoconductivity (93) have both been observed at the single
isolated nanotube level. The research done thus far indicates that many novel and
interesting new phenomena can be probed in carbon nanotubes by photophysics
studies because, for such nanometer scale systems, the massless light turns out to
be the only probe that does not strongly perturb the electronic states of the sys-
tem. Nevertheless, to gain detailed understanding, systematic experimental and
theoretical studies using multiple optical techniques have to be undertaken.

MECHANICAL PROPERTIES OF NANOTUBES

Because the carbon-carbon chemical bond in a graphene layer is probably the
strongest chemical bond known in nature, carbon nanotubes are expected to have
exceptionally good mechanical properties, with significant potential for applica-
tions in the reinforcement of composite materials.

Some of the important parameters characterizing the mechanical properties of
carbon nanotubes include their elastic constants, Young’s modulus, Poisson ratio,
response to deformation in the elastic regime, tensile and compressive strains, yield
mechanism and strength at failure, toughness, and buckling when bent. One of the
unusual features of nanotubes is that they simultaneously combine widely varying
length scales: Their length can be macroscopic, up to millimeters, whereas their
diameters are on the nanoscale. Furthermore, for SWNTs, the physical thickness of
the nanotube shell (one carbon atom in thickness) is ill-defined (19, 94-96), leading
to different definitions of nanotube parameters by different research groups.

The manipulation of nanoscale objects is a difficult and challenging task; how-
ever, a number of direct experimental measurements of the Young’s modulus Y
of nanotubes have appeared in the literature. The first study reporting the mea-
surement of the Young’s modulus of MWNTSs was based on the correlation of the
thermal oscillation amplitude of the free ends of anchored nanotubes as a func-
tion of temperature (97). Calculations show that the Young’s modulus of isolated
SWNTs does not depend much on nanotube diameter or chiral angle and has a
value of approximately 1 TPa, corresponding to the asymptotic limit reported for
carbon fibers (3), whereas Y for MWNTs decreases somewhat with increasing
d,. It is expected that tensile strength results for different nanotube samples will
depend on the concentration of different types of defects, experimental elastic pa-
rameters, and synthesis techniques. Despite the very high Young’s modulus for
carbon nanotubes, atomic force microscopy (AFM) measurements (98) indicate
that nanotubes can bend into loops without breaking, testifying to their flexibility,
toughness, and capacity for reversible deformation. Small-diameter SWNTSs can
be elongated by ~30% before breaking (99, 100), and values for the breaking
strength of 55 GPa have been reported (101). It is believed that SWNTs accommo-
date large strains by forming dislocations with a Stone-Wales 5/7/7/5 pair (102)
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at the core of the dislocation. On compression, MWNTSs show reversible buck-
ling as a mechanism for accommodating large strains. These Stone-Wales defects
trigger the fracture of nanotubes (102). Tensile strength experiments performed
on MWNTs showed that they break at the outermost layer, with the inner layers
being pulled out like a sword from its sheath, and somewhat smaller values for the
tensile strength were found for MWNTs (101).

Under bending stress, MWNTs bend by stretching in the outer arc and by
compression in the inner arc. For nanotubes with diameters d; < 12 nm, the ef-
fective bending modulus was found to have a value of approximately 1 TPa (103).
However, for MWNTs of larger diameters, the effective bending modulus drops
dramatically to values of approximately 100 GPa. High-resolution transmission
electron microscopy (TEM) images of such large-diameter nanotubes reveal rip-
pled or buckling distortions along the inner arc of bent nanotubes (103—105), thus
providing a mechanism for strain-relaxation. From these experiments, it is con-
cluded that MWNTs, although difficult to stretch axially, are easy to bend laterally
and they can reversibly withstand large lateral distortions.

Determining the actual strength of nanotubes from simulation is a challenging
task owing to the widely varying scales involved in fracture, both in the time and
length domains. Owing to computational limitations, simulations are normally too
short to span the macroscopic timescale relevant in fracture experiments. Atomistic
calculations indicate that chiral tubes have a lower yield strain than either zigzag
or armchair nanotubes (106).

THERMAL PROPERTIES

Although the thermal properties of carbon nanotubes, including their specific heat,
thermal conductivity, and thermopower, are quite special (19), the thermal proper-
ties of SWNTSs have not been as extensively studied as the electronic, mechanical,
or phonon properties of SWNTs, in part because the techniques for making such
studies are still under development (107—110). The thermal properties of carbon
nanotubes display a wide range of behaviors that stem from their relation to the cor-
responding properties of a two-dimensional graphene layer and from their unique
structure and tiny size.

At high temperatures, the specific heat of individual nanotubes should be sim-
ilar to that of two-dimensional graphene, with the effects of phonon quantization
becoming apparent at lower temperatures for SWNTs of small diameter (<2 nm),
where a linear T dependence of the specific heat is expected. The excitation of
specific low-frequency optical phonon modes is expected to be observable as
anomalies in the temperature dependence of the specific heat. To study the intrin-
sic thermal conductivity and thermoelectric power of nanotubes, measurements
must be made at the single nanotube level. Such measurements are technically
very difficult to make. Therefore, work in this area is just beginning to appear in
the literature.
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The thermal conductivity of graphite is generally dominated by phonons and
is limited by the small crystallite size within a sample. The apparent long-range
crystallinity of nanotubes and long phonon mean free path led to the speculation
that nanotubes would behave like a heat pipe (104) with a longitudinal thermal con-
ductivity that could possibly exceed the in-plane thermal conductivity of graphite,
which, together with diamond, has the highest thermal conductivity of known ma-
terials. The reason for the very high thermal conductivity follows from the very
high velocity of sound on the basis of kinetic theory arguments and relates to the
very high Young’s modulus of carbon nanotubes (as discussed above). Measure-
ments of the temperature-dependent thermal conductivity «(7') for an individual
MWNT (14 nm diameter) (111) show very high values of x (more than 3000
W/mK), but only comparable to graphite (in-plane). It is believed that smaller
diameter tubes (probably individual SWNTSs) will be needed to exhibit thermal
conductivities greater than that of graphite. For the 14-nm-diameter MWNT that
was measured, the maximum in «(7') at room temperature is indicative of sig-
nificant phonon-phonon scattering. Furthermore, the slope of 2.0 at low T for a
log-log plot of «(T') versus T indicates that a 14-nm MWNT still behaves like a
two-dimensional system. The small diameter of SWNTs causes phonon quanti-
zation, which should be observable in the heat capacity and in the thermal con-
ductivity at low T. The restricted geometry of the nanotubes suppresses the peak
in the thermal conductivity and moves it to higher temperatures compared with
graphite, reflecting the fact that phonon-phonon scattering should be suppressed
in a one-dimensional system because of the unavailability of states into which to
scatter (112, 113). This effect has already been observed in the 14-nm MWNT
measurements (111).

The thermal expansion of a SWNT bundle has been measured using X-ray
diffraction techniques (114), and the results are consistent with expectations based
on graphite, which has an exceedingly small in-plane thermal expansion coefficient
but a large inter-planar expansion coefficient. The measurements show almost no
thermal expansion along the nanotube axis (—0.15 £ 0.20 x 1073/K) direction,
but a value of 0.7540.25 x 1073/K is found for the expansion along the SWNT
diameter direction in the temperature range 300-950 K. The value for the temper-
ature dependence of the intertube gap is 4.2 & 1.4 x 1075/K for a SWNT bundle,
which is larger than 2.6 & 1.4 x 107°/K for graphite, with a significantly larger
anharmonicity shown for SWNTs relative to graphite. The very tiny thermal ex-
pansion coefficient of the tube diameter reflects the strong in-plane C—C bonds in
nanotubes.

Thermopower (TEP) measurements have been of substantial interest to nano-
tube research. Most TEP measurements have been done on SWNT bundles with
random orientations leading to phenomena dominated by intertube interactions,
rather than the intrinsic behavior of individual SWNTs. Much attention has focused
on the sensitivity of the TEP to exposure to oxygen and other gaseous species
(115, 116) because oxygen adsorption causes SWNTs to become p-type and to
yield quite high TEP values. This high sensitivity of the TEP to gas adsorption has
potential for use as a gas sensor (117). However, for quantitative measurements of
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the T dependence of the intrinsic TEP of SWNTs, the removal of adsorbed gases is
essential because the thermopower is sensitive to charge transfer effects and to the
motion of the Fermi level, which can potentially be used to characterize SWNTs.
TEP measurements on individual SWNT bundles and individual SWNTSs are now
in progress. By measuring the TEP and electrical conductance at the same time, de-
tailed studies of low-temperature universal conductance fluctuations and Coulomb
blockade phenomena were carried out by P. Kim (private communication). The
results show that the TEP follows in detail the universal conductance fluctuations
observed in the conductance, in accordance with the Mott formula. The effects of
the Coulomb blockade and of electron-electron interaction can be seen in metallic
SWNTs. The TEP of semiconducting SWNTSs appears to be qualitatively different
from that for metallic SWNTs (P. Kim, private communication).

Thermal measurements at the individual nanotube level are expected to have
a major impact on the direction of future studies on the thermal properties of
nanotubes, allowing more detailed measurements of intertube contributions to the
thermal conductivity and to the TEP, the tube diameter dependence of various
thermal processes, differences in behavior of thermal processes in semiconducting
and metallic SWNTs, the role of optical phonons in thermal processes, and the
effect of specific adsorbed gases and dopants on the thermal and thermoelectric
properties of nanotubes. The study of quantum thermal phenomena at low temper-
atures should be especially interesting regarding studies of the effect of individual
selected phonons on thermal properties.

FILLED TUBES AND DOUBLE-WALL NANOTUBES

A remarkable property of nanotubes is the possibility of filling their hollow
cores with guest species to generate very-small-diameter one-dimensional quan-
tum wires embedded within a carbon nanotube shell. The spatial confinement of
these quantum wires often leads to crystalline arrangements not found in the bulk
(118). One particularly interesting quantum wire thus formed comes from filling
a SWNT with a linear array of Cg fullerene molecules to form what is called a
peapod (119-122).

The filling of nanotubes is usually accomplished by using a mild acid to open
the nanotube ends and to fill the inner core of the nanotube with metals or with
molecular species by exploiting the capillary properties of nanotubes (123) or a
charge transfer mechanism. Thus, the hollow cores of nanotubes provide a host
material for the synthesis of many new and novel materials. This research is still
at an early stage, although many novel materials have already been synthesized
and their structures have been identified by high-resolution transmission electron
microscopy (HRTEM) studies (118). Raman spectroscopy has also provided a
powerful tool for studying the electronic and vibrational properties of nanotubes
filled with Cg( and other organic species (124, 125).

Of all these systems, the Cgp peapods have been the most extensively studied
(119-122), in part because when annealed in vacuum to temperatures of ~1200°C,
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the Cgo molecules within the hollow core of the SWNT are transformed into an
inner tube to form a DWNT, as investigated in some detail using joint systematic
HRTEM and Raman spectroscopy with several different laser excitation energies
(124, 126). Because of different nanotube diameters of the inner and outer tubes of
the DWNTs and the relatively weak coupling between tubes, the radial breathing
mode spectra from the inner tubes can be observed separately from those from
the outer tubes (see Section 5, above). Of particular significance is the very sharp
Raman features (less than 1 cm™' linewidth) observed for the inner tube of the
DWNTs, showing that the intertube interactions are very weak and that the hollow
core of a nanotube provides an ideal environment for studying the vibrational
spectra for nanotubes in the quantum limit (127).

DWNTs are especially interesting for detailed studies of tube-tube interactions
because of the possibility of carrying out studies of the individual constituents
of the DWNTs at the single nanotube level. Thus, DWNTs can be considered as
model systems for understanding the more complex behavior of MWNTs, which
are likely to be used in a variety of applications requiring more rugged performance
than SWNTs can provide.

CONCLUDING REMARKS

The field of carbon nanotube research is remarkable in terms of the unique physical
properties of the carbon nanotubes, some of which are reviewed in this chapter. In
most subfields of condensed matter physics, experimental results have led the way
and theoretical explanations have followed to give the subfield a firm foundation.
However, in the case of research on carbon nanotubes, theoretical predictions have
often led experimental investigations. This situation is directly related to the diffi-
culty in synthesis of sufficient quantities of pure and well-characterized materials
for detailed, systematic experimental investigations and to the fundamental nature
of SWNTs as an attractive prototype system for the theoretical investigation of
one-dimensional phenomena.

Although extensive experimental study of carbon nanotubes is quite recent,
progress in the experimental aspects of this field since 1996 has been rapid, en-
couraging theorists to develop more sophisticated models regarding all aspects of
carbon nanotube behavior. Despite this rapid progress, the field is still at arelatively
early stage of development, from both an experimental and theoretical standpoint.
Thus, in writing this review article, the authors have attempted to focus on those
models and measurements that are likely to stand the test of time and will help to
guide future developments in this field.

Currently, it is not clear whether the applications of carbon nanotubes will
be sufficient to ensure long-term interest in carbon nanotube—based materials.
Because of the unique properties of SWNTs there are great expectations that
practical applications will eventually be developed. However, because of their use
as a prototype one-dimensional materials system for theoretical and experimental
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studies, it is likely that scientific interest in carbon nanotubes will continue to be
a focus of materials research for some time into the future.
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