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Abstract. A brief overview will be given of the unique structure and properties of carbon nanotubes
(diameters ~ 1.3 nm). The remarkable electronic properties of carbon nanotubes relate to predictions and
observations that these structures can be either semiconducting or metallic, depending on their geometry.
Resonant Raman scattering along with scanning tunneling microscopy/spectroscopy have provided a pow-
erful characterization tool for probing the one-dimensional (1D) density of electronic states of the carbon
nanotubes, while also providing important information on the structure and lattice vibrational modes in

these unique 1D nanostructures.

PACS. 78.30.Jw Organic solids, polymers

1 Introduction

Carbon nanotubes are highly ordered clusters which dis-
play remarkable electronic properties, that arise from the
special properties of their one-dimensional (1D) density of
states. Early calculations [1-3] in 1992 indicated that car-
bon nanotubes could be either semiconducting or metallic,
depending on their diameter and the orientation of the car-
bon hexagons of the honeycomb structure of the cylindrical
tubes with respect to the nanotube axis (see Fig. 1) [1-3].
These remarkable electronic properties are now beginning
to be confirmed experimentally, both by scanning tunnel-
ing microscopy and by resonant Raman scattering studies.
In this paper we review the present status of this field of
nano-cluster science.

The single wall carbon nanotubes (SWNT) can be con-
sidered as a very large molecule or a molecular cluster.
Because of the large aspect ratio (length to diameter) of
carbon nanotubes, the energy levels associated with the de-
gree of freedom along the nanotube axis direction are very
closely spaced, which for most applications can be consid-
ered as a quasi-continuum, while the number of allowed
k vectors in the circumferential direction is small. There-
fore the quasi-continuum of states along the nanotube axis
can be described in terms of a 1D density of states. Be-
cause the lengths of the nanotubes are in the micrometer
range, the discreteness of the levels associated with the
nanotube direction (quantum dot limit) has been demon-
strated in elegant transport measurements on an individ-
ual SWNT [5].
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Fig. 1. Schematic models for single-wall carbon nanotubes.
(a) an “armchair” (n,n) nanotube, (b) a “zigzag” (n,0) nano-
tube, and (c) a “chiral” (n, m) nanotube (n # m) [4].

2 The 1D density of states

It is convenient to discuss the remarkable electronic prop-
erties of the single wall nanotubes in terms of their
electronic density of states. Assuming these states form
a quasi-continuum, theoretical calculations provide the
general form for the 1D density of states [6,7]. This gen-
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Fig. 2. Electronic 1D density of states (DOS) per unit cell of
a 2D graphene sheet for two (n,0) zigzag nanotubes: (a) the
(10,0) nanotube which has semiconducting behavior, (b) the
(9,0) nanotube which has metallic behavior. Also shown in the
figure is the density of states for the 2D graphene sheet (dotted
line) [9]. £11 is the smallest energy difference between two sin-
gularities in the density of states that spans the Fermi level at
Er=0.

eral framework is shown in Fig. 2 for a semiconducting
[Fig. 2(a)] and a metallic [Fig. 2(b)] nanotube. Although
the results are shown here explicitly for zigzag nano-
tubes [see Fig. 1(b)], the general framework is common to
all semiconducting nanotubes [Fig. 2(a)] and all metallic
nanotubes [Fig. 2(b)].

The 1D density of electronic states in Fig. 2 show sharp
features associated with the (E — Ey;)~/? singularities
which occur at Ey;, the energy of each subband edge i. The
results in Fig. 2 further show that the metallic nanotubes
have a small, but non-vanishing 1D density of states at
the Fermi level Er (which is at E =0 in Fig. 2). This non-
vanishing density of states is independent of energy until
the energies of the first subband edges of the valence and
conduction bands are reached. We denote the energy sepa-
ration between the valence subband edge ¢ and conduction
subband edge j by &;;, so that £11 denotes the smallest
possible energy separation that spans the Fermi level. In
contrast, for a 2D graphene sheet (dotted curve) corres-
ponding to a nanotube of infinite diameter, the 2D density
of states is zero at the Fermi level (where E = 0 in Fig. 2),

and varies linearly with energy, as we move away from the
Fermi level.

In contrast to the behavior of the 1D metallic nano-
tubes, the density of states for the semiconducting 1D
nanotubes is zero throughout the bandgap, as shown in
Fig. 2(a), and in this case the bandgap energy E; is equal
to the energy difference £11 between the two singularities in
the 1D density of states that span the Fermi level. Because
of the occurrence of these singularities in the 1D dens-
ity of states, high optical absorption is expected when the
photon energy matches the energy separation between an
occupied electron band edge state and one that is empty.
This high absorption probability occurs not only at the
band gap &1 for the semiconducting nanotubes, but also
at higher energies (such as £33). Calculations [8] show that
transitions have a much higher probability to occur when
i=j in &;;, in comparison to transitions for which 7 # j.
Transitions &;; (i = j) between subband edge states can
occur for both semiconducting and metallic nanotubes.

Comparing the density of states curves for metallic and
semiconducting nanotubes in Fig. 2, we see that the small-
est energy separation between subband edge states for the
metallic nanotube (9,0) is much larger than that for the
semiconducting (10,0) nanotube [10-12]. Here each tube
is denoted by a pair of indices (n, m), which, respectively,
specify the number of a; and ay lattice vectors of the 2D
honeycomb lattice that are contained in the chiral vector
or “roll-up vector”, which defines the geometry of each
cylindrical nanotube [6, 7]. The actual nanotubes shown in
Fig. 1 correspond to (n,m) values of: (a) (5, 5), (b) (9, 0),
and (c) (10, 5), respectively. With increasing nanotube
diameter, the number of energy subbands increases and
the spacing between the singularities in the 1D density of
states decreases, as does the value of &;; for given i, and the
magnitude of E, for semiconducting nanotubes.

The condition that a nanotube is metallic is that n —
m = 3¢ where ¢ is an integer [6], as shown in Fig. 3. Here
we see that 2/3 of the possible single wall nanotubes that
can be formed are semiconducting, and the remaining 1/3
are metallic. Thus a (10,10) carbon nanotube (diameter
d; = 1.375 nm) is metallic, while the (11,9) nanotube of al-
most the same diameter (diameter d; = 1.377 nm) is semi-
conducting and is predicted to have very different elec-
tronic properties.

The two experiments which have thus far provided the
most valuable information about the 1D electronic dens-
ity of states are scanning tunneling spectroscopy (STS),
and resonant Raman scattering experiments, while high
resolution transmission electron microscopy (TEM) and
scanning tunneling microscopy (STM) studies have been
most informative regarding structural information, show-
ing that single-wall carbon nanotubes can indeed be con-
sidered as rolled up seamless cylinders of flat graphene
sheets of sp? bonded carbon atoms organized into a honey-
comb structure (see Fig. 1).

The most promising direct technique for carrying out
sensitive measurements of the electronic properties of in-
dividual nanotubes is high resolution scanning tunneling
spectroscopy (STS) because of the ability of the tunneling
tip to sensitively probe the electronic density of states of
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Fig. 3. The carbon nanotubes (n,m) that are metallic and
semiconducting, respectively, are denoted by open and solid
circles on the map of chiral vectors (n,m). All possible chi-
ral vectors Cj, = naj; +mas are specified by the pairs of in-
tegers (n,m) for general carbon nanotubes, including zigzag,
armchair, and chiral nanotubes. According to theoretical calcu-
lations, the encircled dots denote metallic nanotubes, while the
small dots denote semiconducting nanotubes [13].

an individual single-wall nanotube [10, 11, 14] or the outer-
most cylinder of a multi-wall nanotube [15], due to the
exponential dependence of the tunneling current on the
distance between the nanotube and the tunneling tip. With
this technique, it is further possible to carry out both STS
and STM measurements on the same individual nanotube,
and therefore to measure the nanotube structure concur-
rently with the STS electronic spectrum [15].

In early pioneering STM/STS studies, more than nine
individual multi-wall nanotubes with diameters d; rang-
ing from 1.7 to 9.5 nm were examined. Topographic STM
measurements were made on the same nanotubes to ob-
tain the maximum height of the nanotube relative to the
gold substrate, thus determining the diameter of each indi-
vidual nanotube [15]. Then switching to the ST'S mode of
operation, current—voltage (I vs V) plots were made on the
same region of the same nanotube as had been just char-
acterized for its diameter by the STM mode of operation.
These early results provided evidence for both metallic
and semiconducting outer walls for their multi-wall nano-
tubes [15]. The results for all their semiconducting nano-
tubes showed a linear dependence of their energy gaps on
1/dy, consistent with the predicted functional form [6, 7].

Subsequently, more detailed low temperature atomic
resolution STM/STS experiments were carried out on
single-wall carbon nanotubes [10, 11]. By taking the images
under atomic resolution conditions, the characterization
of individual single-wall nanotubes could be made, yield-
ing both their diameters and chiral angles [or equivalently
their (n,m) indices] [10]. Measurements of dI/dV in the
STS mode, yielded the 1D density of states (which is pro-
portional to dI/dV) for both metallic and semiconducting
nanotubes. The results of the various STM/STS stud-
ies [10,11,15] are consistent with many of the theoretical
predictions: (1) that about 2/3 of the nanotubes are semi-
conducting, and 1/3 are metallic; (2) that the density of

states exhibits singularities that are characteristic of the
expectations for 1D systems; (3) that the band gap E,
for the semiconducting nanotubes is proportional to 1/d;
with Ey = 2ypac.c/dy, thus yielding a value for the nearest
neighbor overlap integral o (or transfer integral) of 2.7 eV
from the STS data [10], in good agreement with theoretical
predictions, where ac.c is the nearest neighbor carbon-
carbon distance; and (4) that the density of states near
the Fermi level is zero for semiconducting nanotubes, and
non-zero for metallic nanotubes [10, 11]. These density of
states curves are also important for explaining the quan-
tum effects observed in the resonant Raman experiments
on carbon nanotubes discussed below.

3 Resonant Raman spectroscopy

Resonant Raman spectroscopy has become an important
technique for providing information on the electronic dens-
ity of states, insofar as the resonant Raman process is
sensitive to the electronic structure through the electron-
phonon interaction. The singularities in the 1D density of
states (Fig. 2) give rise to a large Raman signal, for both
semiconducting and metallic nanotubes, when the laser ex-
citation energy for Raman scattering corresponds to an
energy &;; for which there is strong optical absorption due
to the large value of the joint density of states (see Fig. 2).
Since a given sample of single wall nanotubes has a distri-
bution of nanotube diameters (£10%) and therefore also of
(n,m) values, a given laser excitation energy &, will result
in a large cross section only for those single wall nanotubes
for which &, = &;;. Thus the resonant Raman process is
selective of only those carbon nanotubes that have (n,m)
values which give rise to energy differences &;; that fall
within the narrow linewidth of the laser energy &r,.

We now discuss the various features of the resonant Ra-
man spectra and the information they provide about the
carbon nanotube structure and properties. A typical Ra-
man spectrum for a single wall carbon nanotube sample
is shown in Fig. 4. This spectrum is unique among carbon
based materials and has several interesting features. At low
frequency shifts, we see a strong feature at 186 cm !, which
is identified with the radial breathing mode, where all car-
bon atoms in the nanotube vibrate in phase in a radial
direction relative to the nanotube axis. The strong doublet
feature with resolved peaks at 1567 and 1593 cm ™! corres-
ponds to the superposition of several Raman-active C-C
tangential modes, related to the F»,, Raman-active mode
in a graphene layer [17], as shown in the inset to Fig. 4. The
highly dispersive mode near 1347 cm™! in the spectrum
taken at 514.5 nm (Fig. 5) is identified with the disordered
D-band process which is observed in all disordered car-
bons. The other weak features in the spectrum have been
attributed to finite size effects related to the development
of an electric dipole moment for a nanotube that is small
in length compared to A, the wavelength of the excitation
laser [18].

One reason why the Raman spectra of all carbon nano-
tubes have these common spectral features arises because
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Fig. 4. Experimental Raman spectrum [16] taken with 514.5
nm laser excitation from a sample consisting primarily of
single-wall nanotubes with diameters d¢ in the range 1.2—1.4 nm,
prepared by the laser vaporization technique.

of another unique property of single wall carbon nano-
tubes, namely that the number of Raman-active modes is
the same for any nanotube with a given type of symmetry.
For example, all chiral nanotubes have 15 Raman-active
mode frequencies, with symmetries (4A+5E; +6E5), in-
dependent of their diameter or chiral angle. Thus, although
the number of normal modes increases as the diameter
of the nanotube increases, the number of Raman-active
and infrared-active modes remains the same for nanotubes
with the same symmetry (see Fig. 1). This remarkable
property about carbon nanotubes allows us to compare the
Raman spectra of different nanotubes easily. Specifically,
this property allows us to study the dependence of a par-
ticular vibrational mode on nanotube diameter, thereby
providing important information about the physical prop-
erties of the single wall carbon nanotubes, as discussed
below.

Theoretical calculations [8,19] suggest that many of
the mode frequencies are highly sensitive to the nanotube
diameter, while others are not. Figure 6 shows the cal-
culated dependence of the frequency of the Raman-active
modes of armchair nanotubes on the nanotube diameter,
expressed in terms of their (n,n) indices [20]. These cal-
culations show that the low frequency A;, radial breath-
ing mode is strongly dependent on nanotube diameter,
while the high frequency modes near 1580 cm ™! are not.
Similar diagrams can be constructed for the Raman-active
modes for zigzag and chiral nanotubes [6, 20]. Direct calcu-
lations [19] show that the frequencies of the radial breath-
ing mode depends inversely as the nanotube diameter, and
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Fig. 5. Experimental room temperature Raman spectra for
purified single-wall carbon nanotubes excited at five different
laser excitation wavelengths. The laser wavelength and power
density for each spectrum are indicated, as are the vibra-
tional frequencies (in cm™!) [16]. The equivalent photon ener-
gies for the laser excitation are: 1320 nm — 0.94 ¢V; 1064 nm
— 1.17eV; 780 nm — 1.58 €V; 647.1 nm — 1.92 eV; 514.5 nm —
2.41eV.

is independent of the chiral angle because all the carbon
atoms in the nanotube vibrate in phase in a radial direc-
tion. Direct experimental evidence that the radial breath-
ing mode frequency is dependent on the nanotube diam-
eter comes from studies of the resonant Raman spectra by
measuring these spectra at a number of laser excitation en-
ergies &1, as shown in Fig. 5. As discussed above, resonant
enhancement in the Raman scattering intensity from car-
bon nanotubes occurs when the laser excitation frequency
corresponds to a transition between the sharp features in
the one-dimensional electronic density of states, as illus-
trated in Fig. 7 for the armchair nanotubes (8,8), (9,9),
(10,10), and (11,11) [16].

Since the energies of these sharp features in the density
of states are strongly dependent on the nanotube diam-
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Fig. 6. The armchair index n vs mode frequency for the
Raman-active modes of single-wall armchair (n,n) carbon
nanotubes [16]. The nanotube diameter d; can be found from
the (n,m) indices from the relation di = v/3ac.c(m?+n?+
nm)l/ 2z

eter, a change in the laser frequency brings into resonance
a carbon nanotube with a different diameter. For example,
Fig. 7 suggests that the (10,10) armchair nanotube would
be resonant at a laser frequency of 1.28 €V, while the (9,9)
nanotube would be resonant at 1.42 €V (assuming the low
~o value used in this figure). However, armchair nanotubes
with different diameters have different vibrational frequen-
cies for the A;, radial breathing mode (see Fig. 6). By
comparing the various Raman spectra in Fig. 5, we see
large differences in the vibrational frequencies and inten-
sities of the strong A;, radial breathing mode, consistent
with a resonant Raman process involving nanotubes of dif-
ferent diameters. Detailed analysis of experimental studies
of the radial breathing mode have been carried out in terms
of these models by several research groups, yielding results
consistent with these predictions. For this reason, meas-
urements of the radial breathing mode frequencies have
also been used to estimate the diameter distribution of the
carbon nanotubes for actual samples of single wall carbon
nanotubes [21-23].

The dependence of the high frequency C-C tangen-
tial mode on laser excitation energy &, is very different
from that for the radial breathing mode described above.
The very weak dispersion of the Raman-active phonon
bands near 1580 cm ™! is reflected in the great similarity
of the Raman spectra of Fig. 8 for spectra obtained [24]
in the high frequency range (14001700 cm~1!) with differ-
ent laser lines from 0.94 < &1, < 3.05€V. From Fig. 8 we see
that the spectra obtained for &, in the ranges 0.94-1.59 eV
and 2.41-3.05€V are quite similar. Analysis of such spec-
tra (e.g., the inset to Fig. 4) shows that the resonant band
contains a number of Lorentzian components, which arise
both from the variety of modes that are resonant in the
phonon frequency range 1500-1630cm ™" (see Fig. 6) and
from the distribution of tube diameters in the sample. The
reason why the spectra appear so similar over this wide

, T r .
«—2.22 —

(11,11) .

Density of states

Energy (eV)

Fig. 7. Electronic 1D density of states (DOS) calculated in
a tight binding model for (8,8), (9,9), (10,10), and (11,11) arm-
chair nanotubes assuming vy = 2.3 V. Wavevector conserving
optical transitions can occur between singularities in the 1D
density of states, such as v; — ¢; and v2 — c2, etc. These op-
tical transitions are responsible for the resonant Raman effect
shown in Figs. 5 and 8 [16, 24].

range of &, is the very small dispersion of the Raman-
active modes in the 1500-1630cm™' range [6-8]. For &,
in the ranges of 0.94-1.59¢eV and 2.41-3.05¢eV, the reso-
nant Raman process for single wall carbon nanotubes in
the diameter range between 1.2-1.4nm involves mostly
&2 and &3z transitions for predominantly semiconduct-
ing nanotubes. However, for the range of £, between 1.7—
2.2 eV, where the resonant Raman process includes also
metallic carbon nanotubes, the spectrum looks completely
different [16, 24], as is seen for example, in Fig. 8, where the
spectrum obtained with &, = 1.92 €V is shown in more de-
tail than in Fig. 5 [16].

It is found that the fitting to the spectrum for &, =
1.92eV (and for many other spectra taken in the 1.7-
2.2 eV range) can be done by superimposing four additional
Lorentzian lines to the features found in the Raman band
taken at 2.41 6V (outside the 1.7-2.2¢€V range). The fre-
quencies of these four, broad additional peaks are: 1515,
1540, 1558 and 1581 cm ™!, and these peaks are identified
with metallic nanotubes and dominate the spectrum taken
at 1.92eV. The presence of Lorentzian components com-
mon to the spectra in the 2.41-3.05 €V range, may be due
to semiconducting nanotubes resonant in this range, or
may also be a characteristic feature of metallic nanotubes.
The special features in the Raman spectra for the metallic
nanotubes are likely due to the interaction of the conduc-
tion electrons with the lattice vibrations.

Calculations of the 1D density of states for carbon
nanotubes with diameters in the 1.2-1.4nm range and
~Yo = 3 €V, which is a good approximation for graphite [25],
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Fig. 8. Raman spectra of the tangential, high frequency C-C
stretching modes of single-wall carbon nanotubes obtained
with different excitation energies &1, [24].

give excellent agreement with a detailed analysis of the
dependence of the four special features of the resonant
Raman spectra on &, in the 1.7-2.3€V range [26]. This
work thus identifies the £1; transition for metallic nano-
tubes as the resonant process associated with these four
special spectral features. The value of vy = 2.95€eV which
emerges from this fitting procedure is in good agreement
with the determination of g from scanning tunneling spec-
troscopy measurements on single wall carbon nanotubes.
The small downshift of g relative to crystalline graphite
(70 = 3.18 eV) may be related to small differences in lattice
constant and nanotube curvature.

4 Concluding remarks

The remarkable electronic properties of single wall car-
bon nanotubes, allowing them to be either semiconducting
or metallic depending on purely geometrical factors, are
shown to be related to the properties of the individual
1D cluster. Since the carbon nanotube dispersion relations
(both electron and phonon) are well explained by Bril-
louin zone folding of the relations for a graphene sheet, the
perturbations relating to the nanotube curvature and the
interactions between adjacent nanotubes in a crystalline
array of nanotubes are small. Resonant Raman scattering
and scanning tunneling spectroscopy provide direct evi-
dence for the 1D density of states, first predicted theoretic-
ally, and clearly distinguish metallic from semiconducting
nanotubes. Finer details associated with nanotube chiral-

ity, tube-tube interaction, and the exact symmetry of the
nanotubes is not sensitively probed by Raman experiments
carried out thus far. Further work may in the future show
effects related to the singularities in the 1D phonon density
of states.
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