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A review is presented of the resonance Raman spectra from individual isolated single-wall carbon
nanotubes (SWNTs). A brief summary is given of how the measurements are made. Why the
resonance Raman effect allows single-carbon nanotube spectra to be observed easily and under
normal operating conditions is summarized. The important structural information that is provided
by single-nanotube spectroscopy using one laser line is discussed, and what else can be learned
from tunable laser experiments is reviewed. Particular attention is given to the determination of
the nanotube diameter and of the energy of its van Hove singularities E i i . Applications of single-
nanotube spectroscopy are emphasized, such as measurements of isolated SWNTs connected with
circuit-based samples and of isolated SWNTs mounted on an atomic force microscope tip. A critical
assessment of the opportunities and limitations of the resonance Raman method for structural (n1m)
identi� cation is presented. The trigonal warping effect, which is central to the (n1m) identi� cation in
resonance Raman spectroscopy, is discussed in simple terms, and the importance of this effect in
nanotube science and applications is reviewed.
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1. INTRODUCTION

Because of the coupling between electrons and phonons
under resonant conditions, phonons or lattice vibrations
provide a sensitive probe of the remarkable electronic
structure of single-wall carbon nanotubes (SWNTs),

¤Author to whom correspondence should be addressed.

which can be either semiconducting or metallic, depend-
ing on their diameter and chirality.11 2 Because of this
strong electron-phonon coupling, resonance Raman spec-
troscopy is a selective characterization probe and is sen-
sitive only to those nanotubes that are in resonance with
the incident or scattered photon in the Raman process.

Because of this selective resonance effect, Raman spec-
troscopy has played an important role in characteriz-
ing the diameter distribution of SWNT bundles and has
provided a probe that can distinguish between metallic
and semiconducting nanotubes within a nanotube bundle.3

Although resonance Raman spectroscopy has provided
an important characterization tool for the diameter dis-
tribution of SWNT bundles, the main focus of this arti-
cle, however, is in measuring the Raman spectrum from
one individual nanotube. Single-nanotube spectroscopy
opens up new possibilities for scienti� c spectroscopic
studies and for the use of Raman spectroscopy as a
structural characterization tool for individual SWNTs,
so that other nanotube properties can be investigated
at the single-nanotube level. Furthermore, understanding
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single-nanotube behavior gives new, detailed insights into
the behavior of SWNT bundles, which have been pro-
posed for use in various practical applications.

As explained in Section 2, the observation of reso-
nance Raman spectra in carbon nanotubes (see Fig. 1)4

arises from the very large density of electronic states that
occurs in this one-dimensional nanostructured system at
certain well-speci� ed energies (see Fig. 2a). What is spe-
cial about single-nanotube spectroscopy is that the unique
connection between the geometrical structure of a nan-
otube and its electronic structure allows us to determine
the geometrical structure of a nanotube at the single-
nanotube level through the resonance Raman effect, as
discussed in Section 2.

The main features of the Raman spectra (see Fig. 1a)
are the radial breathing mode, where all of the atoms are
moving in phase in the radial direction, and the G-band
modes, which stem from the fundamental Raman-active
mode in graphite. In addition, strongly dispersive modes,
denoted by the D-band and its harmonic G0-band, are
observed in carbon nanotubes, and these features are also
observed in graphite and sp2 carbons, along with lower
intensity features, some of which are strongly dispersive
and others that are weakly dispersive or nondispersive.

The structural determination provided by the reso-
nance Raman effect allows us to study the dependence
of each Raman feature on the nanotube diameter and
chiral angle, as well as to obtain information about the
intensity, linewidth, and polarization properties of each
Raman feature; its dependence on laser excitation energy;
and � nally the connection between Raman spectra at the
single-nanotube level and the corresponding Raman spec-
tra normally observed for single-wall carbon nanotube
bundles.

Section 2 presents the basic concepts behind the use
of single-nanotube spectroscopy for structural character-
ization of a single nanotube, and in Section 3, exper-
imental details are presented for carrying out Raman
spectra on individual nanotubes. Details of the structural
characterization determination are given in Section 4.
Some examples of the use of single-nanotube spec-
troscopy in conjunction with other experiments are given
in Section 5, and � nally some of the unique properties of
the Raman spectra of isolated carbon nanotubes are pre-
sented in Section 6, together with the relation between
spectra for isolated SWNTs and those for SWNT bundles.

2. BASIC PHYSICAL CONCEPTS

A SWNT can be considered to be a single atomic layer
of 2D graphite (called a graphene sheet) rolled up into
a seamless cylinder. The structure of each nanotube is
uniquely described by two integers 4n1 m5, which refer to
the number of Ea1 and Ea2 unit vectors of the 2D graphene
lattice that are contained in the chiral vector, ECh

D nEa1
C

mEa2, which spans the circumference of each nanotube.2
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Fig. 1. (a) Raman spectrum from one nanotube taken over a broad
frequency range, using Elaser D 785 nm D 1058 eV excitation, showing
the radial breathing mode (RBM), the D-band, the G-band, and the
G0-band. Second-order modes are also observed but are not discussed
in this review. The features marked with * at 303 cmƒ1 , 521 cmƒ1, and
963 cmƒ1 are from the Si/SiO2 substrate5 and are used for calibration of
the nanotube Raman spectrum. The Si line at 303 cmƒ1 can be identi� ed
as the second-order 2TA mode. (b) Atomic force microscope (AFM)
image of the sample, showing isolated single-wall nanotubes grown from
the vapor phase.6 The small particles are iron catalyst particles. The inset
shows the diameter distribution of this sample (dt D 1085 § 0062 nm)
based on AFM observations of 40 SWNTs.4 Reprinted with permission
from Ref. 4, A. Jorio et al., Phys. Rev. Lett. 86, 1118 (2001). © 2001,
American Physical Society.

The chiral vector ECh together with the translation vector
ET along the nanotube axis and normal to ECh de� ne the
unit cell of the nanotube. Furthermore, from the 4n1 m5

indices, one can directly determine the nanotube diameter
dt and the chiral angle ˆ. Using a convenient calcula-
tional method (to be discussed below), we can then calcu-
late for each 4n1 m5 nanotube the electronic energy bands,
the density of electronic states,21 7 as well as the ener-
gies of the so-called van Hove singularities in the density
of states, where the density of states is very high (see
Fig. 2a). Because of the so-called trigonal warping effect
of the constant energy contours of 2D graphite shown in
Figure 2b, there is a weak dependence of the electronic
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Fig. 2. (a) The 1D electronic density of states vs. energy (measured
from the Fermi level) for several metallic nanotubes of approximately
the same diameter, showing the effect of chirality and trigonal warping
(see text) on the van Hove singularities in the density of states: (10, 10)
(armchair), (11, 8), (13, 7), (14, 5), (15, 3), and (18, 0) (zigzag). Only the
DOS for the conduction � ¤ band are shown; the mirror image of these
plots gives the electronic density of states for the valence � band.81 9 The
calculations are based on a simpli� ed tight binding approximation (see
text), assuming the energy overlap integral is ƒ0 D 209 eV and the wave
function overlap integral vanishes, s D 0 (Ref. 2). (b) Plot of the 2D
equi-energy contours of 2D graphite, showing trigonal warping effects
in the contours, as we move away from the K-point in the K–â or
K–M directions. The equi-energy contours are circles near the K-point
and near the center of the Brillouin zone. But near the M points on the
zone boundary, the contours are straight lines that connect the nearest
M points.81 10 Reprinted with permission from Ref. 11, R. Saito et al.,
Phys. Rev. B 64, 085312 (2001). © 2001, American Physical Society.

energy levels of SWNTs on the chiral angle ˆ, as well
as a much stronger dependence on the nanotube diameter
dt, which determines the number of carbon atoms in the
circular cross section of the nanotube shell, and this shell
is one atom in thickness.2

The weak dependence of the electronic energy bands
of SWNTs on the nanotube chiral angle ˆ relates to the
wave vector k along the nanotube axis and to the 3-fold
symmetry of the electronic dispersion relations of 2D
graphite about the K-point of the 2D graphene Brillouin
zone (see Fig. 2b), where the graphene valence and con-
duction bands are degenerate, forming a zero band-gap
semiconductor.2 Very close to the K-point, the graphene
electronic energy bands exhibit circular constant energy
contours, but as we move away from the K-point, a trig-
onal warping effect becomes apparent,81 11 as shown in

Figure 2b. This trigonal warping effect is responsible for
the unique spectrum of singularities in the density of
states of the conduction and valence bands for each 4n1 m5

SWNT (Fig. 2a), when the energy bands of the graphene
lattice are zone folded to form the energy bands of the
SWNTs.21 8 This chirality dependence stems from the
dependence of the direction of the nanotube axis on the
4n1 m5 indices, thus leading to one-dimensional lines cut-
ting the constant energy contours differently, depending
on the 4n1 m5 indices. The existence of the band degener-
acy at the K-point and the presence of trigonal warping
effects in graphite are based on symmetry considerations.
These properties of the graphite electronic structure are
general and are not speci� c to the calculational method
used, whether it is based, for example, on � rst-principles
approaches or on � tting experimental data to symmetry-
based parameterized dispersion relations, as have been
successfully used for many years in describing the elec-
tronic structure for graphite.12

The chirality dependence of the van Hove singulari-
ties81 9 in the 1D electronic density of states (DOS) of the
conduction band, where the energy is measured relative to
the Fermi energy, is shown in Figure 2a for several metal-
lic 4n1 m5 nanotubes, all having about the same diameter
dt (from 1.31 nm to 1.43 nm), but having different chi-
ral angles: ˆ D 0�, 8.9�, 14.7�, 20.2�, 24.8�, and 30.0�

for nanotubes (18, 0), (15, 3), (14, 5), (13, 7), (11, 8),
and (10, 10), respectively. The plot shows that as the chi-
ral angle is varied from the armchair nanotube (10, 10)
(ˆ D 30�) to the zigzag nanotube (18, 0) (ˆ D 0�), a split-
ting due to the trigonal warping effect (see Fig. 2b) devel-
ops in all of the singularities in the DOS.81 9 This splitting
increases with decreasing chiral angle: it is zero for ˆ D
30� and reaches a maximum for ˆ D 0�. Since the peak
energies in the DOS (see Fig. 2a) are unique for each
4n1 m5 value, the interband transition energies Eii between
the ith singularities in the valence and conduction bands
are also unique. Here the integer i denotes a particular
singularity in the joint DOS (JDOS), and i increases as
the magnitude of the energy Eii increases relative to the
Fermi level EF . A plot of Eii , where the singularities in
the JDOS occur, is presented in Figure 3a as a function
of nanotube diameter dt (Ref. 13). The resonance Raman
effect is observed ideally when the incident or scattered
photon energy is equal to Eii . Plots of Eii versus dt are
used extensively in single-nanotube Raman characteriza-
tion studies to make the 4n1 m5 identi� cations of individ-
ual isolated SWNTs. In practice, many Raman spectra are
taken under preresonance conditions, when the incident or
scattered photons are several meV or more away from Eii .

As can be seen in Figure 3a, the trigonal warping effect
causes a spread of the interband energies Eii between the
singularities in the JDOS for nanotubes with the same
diameter dt . The existence of a spread in Eii at con-
stant dt is a general effect arising from the symmetry
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of nanotubes and is not connected with any speci� c cal-
culational scheme, though the speci� c energies Eii and
the magnitude of the spread both depend on the calcu-
lational technique. From the above discussion, we con-
clude that each nanotube 4n1 m5 has a unique set of inter-
band energies Eii denoting the energy differences between
the ith van Hove singularities in the conduction and
valence bands. And, conversely, if one interband energy
Eii and a nanotube diameter dt are speci� ed (Fig. 3a),

Fig. 3. (a) Calculated13 energy separations Eii between van Hove sin-
gularities i in the 1D electronic density of states of the conduction and
valence bands for all 4n1m5 values versus nanotube diameter (004 <

dt < 300 nm), using a value for the carbon-carbon energy overlap inte-
gral of ƒ0 D 209 eV and a nearest-neighbor carbon-carbon distance of
aCƒC D 1042 Å (Refs. 8 and 14). Semiconducting (S) and metallic (M)
nanotubes are indicated by crosses and open circles, respectively. The
index i in the interband transitions Eii denotes the transition between the
van Hove singularities, where i D 1 is closest to the Fermi level taken
at E D 0. (b) The three Raman spectra (solid, dashed, and dash-dotted
curves) come from three different spots on the Si substrate, showing
the presence of only one resonant nanotube and one RBM frequency
for each of the three laser spots. The RBM frequencies (widths) and
the 4n1m5 assignments for each resonant SWNT are displayed. The
303 cmƒ1 feature comes from the Si substrate and is used for calibration
of the SWNT spectra taken at Elaser D 1058 eV (Ref. 4). Reprinted with
permission from Ref. 4, A. Jorio et al., Phys. Rev. Lett. 86, 1118 (2001).
© 2001, American Physical Society.

then its corresponding unique 4n1 m5 can in general be
identi� ed, except for a possible energy degeneracy, which
could occur when the energy Eii value occurring for more
than one tube is less than the experimental resolution
(§5 meV).

It is well established2 that the 4n1 m5 indices are cru-
cial to the nanotube electronic structure. Most striking
is the distinction between metallic and semiconducting
nanotubes, namely the SWNTs for which —n ƒ m— D 3q

are metallic, and those for which —n ƒ m— D 3q § 1 are
semiconducting, where q is an integer.11 2 Thus we see
that two-thirds of the bands in Figure 3a correspond to
semiconducting nanotubes (S) and one-third to metallic
nanotubes (M). Nevertheless, it has proved dif� cult to
measure (n1 m) experimentally and then to carry out prop-
erty measurements on the same SWNT. We explain in
Section 4 how the resonance Raman spectra from one
isolated nanotube (as shown in Fig. 1a and Fig. 3b) can
conveniently provide a determination of (n1 m).

As stated above, a large enhancement in the Raman
signal occurs in the resonance Raman effect, when the
incident or scattered photon is in resonance or nearly
in resonance with a singularity in the 1D JDOS of
the SWNT, allowing the observation of a well-resolved
Raman signal from an individual SWNT as shown in
Figure 3b. This � gure shows three Raman spectra in the
low-frequency radial breathing mode region, taken for
three different isolated SWNTs, each within a different
light spot, about 1 Œm in diameter, on a sample of iso-
lated SWNTs, such as the one shown in Figure 1b. It is
noteworthy that the intensity of the Raman signal from
a strongly resonant tube, such as the (11,11) SWNT in
Figure 3b, is comparable to that from the Si substrate,
even though the SWNT signal comes from only a small
fraction of the number of C atoms relative to the num-
ber of substrate Si atoms (C/Si ¹ 10ƒ6) within the optical
beam. This high sensitivity for SWNTs in resonance with
the incident photon is the basis for the ability to observe
a Raman spectrum from a single nanotube.

Having shown in Figure 3b that the resonance enhance-
ment effect is suf� ciently large to allow observation of
the Raman spectrum from an individual isolated SWNT,
we now summarize the necessary ingredients for carrying
out an 4n1 m5 determination from the measured Raman
spectrum. From the experiment on isolated SWNTs on
a Si/SiO2 substrate, the radial breathing mode frequency,
—RBM, is used to obtain the nanotube diameter according
to the relation21 3

—RBM
D �=dt (1)

Theoretical determinations have been made of the pro-
portionality constant � based on density functional the-
ory (� D 234 § 2 cmƒ1 nm),151 16 whereas for SWNTs
on the Si/SiO2 substrate used in single-nanotube spec-
troscopy studies, � was experimentally found to be
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248§ 5 cmƒ1 nm by the measurement of —RBM on a
large number (42) of isolated semiconducting and metallic
SWNTs on a Si/SiO2 substrate in the process of making
a self-consistent evaluation of their 4n1 m5 indices.4 Fur-
thermore, —RBM is not found to be dependent on the chiral
angle ˆ to the accuracy of the measurements17 and of the
force constant calculations.18

In addition to determining dt, it is necessary to have an
experimental value for Eii in order to determine 4n1 m5
from Figure 3a. The evaluation of Eii can be carried
out in various ways and to various degrees of accuracy,
but the important concern is to obtain suf� cient accu-
racy to be able to distinguish the dt and Eii values of
a given 4n1 m5 tube from those of another 4n01m05 tube.
The procedures that have been successfully used for the
determination of Eii are further discussed in Section 4.
The assignment of the 4n1 m5 values for dt and Eii also
depends on theoretical calculations of Eii and dt for spe-
ci� c 4n1 m5 SWNTs. For these calculations a symmetry-
based model is used with � tting parameters for the elec-
tronic structure of 2D graphite that are adjusted to give a
self-consistent interpretation of optical experiments, with
particular emphasis given to the Raman spectrum from
single nanotubes because of the high (5 meV) resolution
of these experiments.

Because of the large anisotropy of the crystal structure,
most models for the electronic structure of graphite start
from a two-dimensional approximation, treating the intra-
planar interaction between the 2s, 2px, 2py atomic orbitals
to form strongly coupled bonding and antibonding trigonal
orbitals. These trigonal orbitals give rise to three bonding
and three antibonding ‘-bands separated by ¹10 eV in
the two-dimensional graphite band structure. In these mod-
els, the weakly coupled pz atomic wave functions corre-
spond to two � -bands, which are degenerate by symmetry
at the six Brillouin zone corners at points K and K 0 (see
Fig. 2b), through which the Fermi level passes. A large
number of calculations of the dispersion relations of the
two-dimensional graphite electronic structure have been
made with many calculational techniques and with various
degrees of accuracy.12 The various band models con� rm
the following features: (1) The 2D Fermi surface is located
near the degenerate K and K 0 points of 3D graphite. (2)
The widths of the � -bands in the vicinity of the K-point
are much less than the separation between the � -bands and
that between the bonding and antibonding‘ -bands. There-
fore two-dimensional band models involving only � -bands
have been applied extensively to the qualitative interpreta-
tion of much experimental data relevant to the electronic
structure of graphite near the Fermi level.

3. EXPERIMENTAL DETAILS

High-quality isolated SWNTs were grown on a slightly
oxidized silicon substrate containing catalytic iron
nanoparticles, with a chemical vapor deposition (CVD)

method. An example of the isolated SWNTs grown by
the CVD method is shown in Figure 1b. The use of a
slightly oxidized substrate is appropriate for low charge
transfer between the nanotube and the substrate, and it is
in fact such substrates that are used for transport mea-
surements of SWNTs.7 Although the interaction between
the SWNTs and the substrate is expected to be weak, the
van der Waals force between a nanotube and the substrate
is suf� cient to keep the nanotube in position so that it
can be located on a Si substrate containing lithographic
markers. The CVD process generates isolated SWNTs
with diameters ranging from about 1 to 3 nm, according
to atomic force microscopy (AFM) characterization (see
inset to Fig. 1b). The density of SWNTs per Œm2 can be
controlled during the growth process, basically through
control of the time of growth. Sonication of SWNT bun-
dle samples in solution can also form isolated SWNTs,
but the sonication method is less appropriate for single-
nanotube spectroscopy studies, since small bundles per-
sist after sonication, and some introduction of nanotube
defects and nanotube fracturing occurs through the soni-
cation process itself.

Resonance Raman spectra from isolated SWNTs can be
measured in the 100 cmƒ1 to ¹3000 cmƒ1 spectral range
with standard commercial micro-Raman spectrometers
and lasers including systems connected with central user
facilities. In our work, we measured the Raman spectra
from isolated SWNTs with a Renishaw (1000B) spec-
trometer, a Kaiser (Hololab 5000R) single-monochromator
micro-Raman spectrometer, and a Dilor XY triple-
monochromator micro-Raman spectrometer, using a back-
scattering con� guration for all measurements and 50£,
80£, and 100£ objective lenses.

Relatively high laser powers can be used to probe
isolated SWNTs because of their unusually high ther-
mal conductivity,19 their excellent high temperature sta-
bility, and their good thermal contact with the substrate.
A triple monochromator is ideal for the Raman mea-
surements while the excitation laser line is tuned con-
tinuously, but the acquired intensity drops substantially
when compared with the intensity obtainable from a
single-monochromator spectrometer. We have measured
the Raman spectra from over 200 isolated SWNTs, using
discrete lines from an Ar-Kr laser and a continuous range
of excitation energies from both a Ti:sapphire and a
dye laser. We have observed stable nanotube Raman sig-
nals for laser powers impinging on the substrate up to
40 mW into a 100£ objective. We usually use laser pow-
ers of about 10–20 mW in our measurements, although
measurements have been carried out successfully with
laser power levels down to 1 mW.

In the process of measuring the Raman spectra from
isolated SWNTs on a Si/SiO2 substrate with a � xed laser
energy Elaser , we focus the laser spot on the substrate sur-
face, and we scan the sample until we observe the Raman
signal from an isolated SWNT. The Raman intensity from
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SWNTs is usually buried under the noise, except for a few
4n1 m5 SWNTs for which the resonance with the given
Elaser occurs strongly for the electronic states con� ned
within the van Hove singularities. The observation of the
weak Si feature at 303 cmƒ1 (see Fig. 1a) is a useful
guide for knowing whether the radial breathing Raman
mode from an isolated SWNT can be measured. Samples
with a high nanotube density (more than 1 SWNT/Œm2)
guarantee that the search for resonant nanotubes will not
be so tedious, but a low-density sample (less than 1
SWNT/Œm2) guarantees that one will not get a Raman
signal from two or more SWNTs within the same light
spot. For various experiments of interest, we have used
samples with a variety of nanotube densities, ranging from
low-density samples (¹0.4 SWNT/Œm2) to higher-density
samples (¹10 SWNT/Œm2).

Since the resonance Raman intensity from isolated
SWNTs is a maximum for incident and scattered light
polarized along the tube axis, it is helpful to optimize
the signal by using a ‹=2 wave plate to rotate the polar-
ization of the incident and scattered light.20 Attention to
the polarization of the light is important for carrying out
quantitative studies of the Raman intensity.

The Raman features are analyzed by a Lorentzian � t
of the spectra, with the exception of the lower-frequency
G-band feature for metallic SWNTs, denoted by Gƒ,
which is observed to have a Breit–Wigner–Fano (BWF)
lineshape. Though it is known that the D and G0 bands
appear in the Raman spectra of graphite-like materials
through a double resonance process,211 22 where inhomo-
geneous broadening occurs, we use the Lorentzian � t as
an approximation to estimate the behavior of the D and
G0 bands.

4. STRUCTURAL 4n1 m5
CHARACTERIZATION OF SWNTs

From Section 2 we concluded that the determination of
the structural 4n1 m5 indices of a SWNT depends on the
experimental measurement of the nanotube diameter dt

and the energy Eii of the van Hove singularity in the
JDOS, exploiting the unique relation between 4n1 m5 and
4dt1Eii5 through the electronic structure of SWNTs on
4n1 m5 (Ref. 2). As stated above, the determination of
dt follows from measurements of —RBM from the Raman
spectra and the use of Eq. (1). The determination of Eii

can, in principle, be carried out simply by using a tun-
able laser to bring Elaser into perfect resonance with Eii,
where the maximum intensity in the Raman spectrum
occurs at Eii

D Elaser . In practice, such a tunable laser
system has thus far only been applied in one instance to
single-nanotube Raman spectroscopy studies,23 and even
in this case the measurements were made over only a
small energy range (¹0.15 eV) with the use of a tunable
Ti:sapphire laser.23

Even though a tunable laser may not be available for
most user groups, it is still possible to � nd isolated
SWNTs for which an 4n1 m5 determination can be made,
provided that the nanotube is within the resonant window
of a single available laser excitation line, which in prac-
tice is satis� ed for Elaser within ¹ §0.1 eV of an interband
transition for that nanotube. From the measured —RBM and
the use of Eq. (1), the nanotube diameter dt is found, and
the i index in Eii can be found from Figure 3a. How-
ever, an accurate determination of the value of Eii is more
challenging.

One method for determining the magnitude of Eii

directly requires measurement of both radial breathing
mode spectra for the Stokes and anti-Stokes processes.241 25

This procedure is very sensitive to Eii , even when the —RBM

values for two or more SWNTs are very close to each
other. We illustrate such a case with the semiconducting
tubes 4121 15 and 4111 35 shown in Figure 4a and b,
respectively. Even though it is not possible to distinguish
between the two tubes from their measured —RBM values,
the ratio of the anti-Stokes to Stokes intensities IAS=IS for
their radial breathing modes is very different, as seen in
the experimental traces in Figure 4, and this large differ-
ence in IAS=IS at the energy Elaser is then used to sensi-
tively (to 10 meV accuracy) determine the energy Eii by
a � tting process, as done in the lower panels of Figure 4,
to get the calculated and measured IAS=IS ratios at the
energy Elaser to agree. As shown in Figure 4, although the
tubes (12,1) and (11,3) have very similar dt values, they
have very different experimental ES

22 values of 1.587 eV
and 1.554 eV, respectively, as deduced from the procedure
described.24

The Eii determination for an isolated nanotube can
be carried out even more simply by using a single-laser
excitation energy Elaser when the nanotube is in approx-
imate resonance with Elaser , by (1) measuring the inten-
sity of the radial breathing mode, (2) calculating the Eii

values of various candidate 4n1 m5 nanotubes with sim-
ilar dt values, as determined by the frequency of the
radial breathing mode, and (3) then making a comparison
between the relative RBM intensities of the test SWNT
with the intensities of other SWNTs whose 4n1 m5 indices
have previously been determined (and consequently their
experimentally determined dt and Eii values have also
been matched to calculated values). When this very sim-
ple method is used for the 4n1 m5 identi� cation, we nor-
mally check the tentative 4n1 m5 assignment by consider-
ing the characteristics of the other features in the Raman
spectra, such as the G-band and the G0-band, that are sen-
sitive to 4n1 m5.17 If the 4n1 m5 values of every nanotube in
the sample must be found, then a tunable laser is needed
to provide a resonant excitation energy for each nanotube,
so that a complete 4n1 m5 Raman characterization can be
carried out for each SWNT.

In the one example where a tunable laser was used
to measure Eii by tuning Elaser through the resonance
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Fig. 4. (a) Resonance anti-Stokes (AS) and Stokes (S) spectra for a
(12,1) semiconducting SWNT on a Si/SiO2 substrate, using 1.579 eV
(785 nm) laser excitation (upper panels) and the predicted JDOS (heavy
line) and resonant windows for the RBM mode in the anti-Stokes (solid
line) and Stokes (dashed line) processes for the (12,1) SWNT (lower
panel). (b) As in (a), except that the data are for the (11,3) SWNT. The
energy ES

22 in (a) and (b) in the lower panels is varied to obtain the
experimentally measured IAS=IS ratio given in the upper panels of (a)
and (b), where the AS spectra are normalized by the Boltzmann factor
for easy comparisons of the relative AS and S intensities. The laser
excitation energy (Elaser D 10579 eV) is indicated by the vertical solid
lines in the two lower � gures.

frequency (Fig. 5), not only was Eii measured, but an
experimental determination was also obtained for the
spectral pro� le of the 1D JDOS for an individual SWNT
near a van Hove singularity. This spectral pro� le gives
direct evidence for the sharp singularities in the JDOS,
showing how it is possible to get suf� cient intensity to
observe a Raman spectrum from just one nanotube.23

Many physical properties, such as transport, optical,
and mechanical properties, are very sensitive to the spec-
tral pro� le of the electronic DOS, but the pro� le is dif� -
cult to measure directly, because probes, such as scanning
tunneling microscopy (STM) tips,26 interact too strongly
with the nanotube, thereby broadening the van Hove sin-
gularities (from less than 1 meV to more than 10 meV)
and consequently broadening the DOS that is probed by

Fig. 5. Raman intensity versus laser excitation energy Elaser for —RBM D
17306 cmƒ1 peak in the Stokes (S) and anti-Stokes (AS) Raman pro-
cesses of an isolated (18, 0) SWNT, where the AS intensity is normal-
ized by exp4È—RBM=kBT5 to facilitate comparisons with the S pro� le.
The solid circles and squares represent two different Elaser runs on the
same SWNT sample. The line curves indicate the resonant Raman win-
dows predicted from Eqs. (2) and (3), with Eii

D 10655 eV, âr D 8 meV,
and âJ D 005 meV. The upper inset compares the theoretically predicted
S and AS resonant windows. The lower inset plots the JDOS pro� le for
the two lowest energy van Hove singularities for one isolated 4181 05

SWNT with âJ D 005 meV (Ref. 23). Reprinted with permission from
Ref. 23, A. Jorio et al., Phys. Rev. B 63, 245416 (2001). © 2001, Amer-
ican Physical Society.

scanning probe methods.26 It is for this reason that the
measurement of the pro� le of the JDOS by a weakly inter-
acting probe is so important.

The JDOS spectral pro� le and the 4n1 m5 value of the
SWNT were determined by measuring the resonant S and
AS Raman spectrum for this nanotube for many differ-
ent frequencies, thus obtaining a reliable determination
of Eii (to §3 meV) as well as of the parameters of the
spectral pro� le (Fig. 5). The experiments were carried out
on a sample containing lithographic markers, so that as
Elaser was tuned, the microscope focus could always be
brought to the same nanotube. The RBM integrated inten-
sity I4Elaser5 is a function of Elaser and can be evaluated
from the JDOS g4E5 according to

I4Elaser5 D
Z ²²²²

M

4Elaser ƒ E ƒ iâr54Elaser § Eph ƒ E ƒ iâr5

²²²²
2

£ g4E5dE (2)

in which the � rst and second factors in the denominator,
respectively, describe the resonance effect with the inci-
dent and scattered light, where the C (ƒ) applies to the
AS (S) process for a phonon of energy Eph, whereas âr

gives the inverse homogeneous lifetime for the resonant
scattering process and includes contributions from many
processes, such as internal relaxation, possible vibronic
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phonon structure in Eii , temperature broadening effects,
and coupling with the radiation � eld. The matrix element
in Eq. (2) for the scattering process M D MiMepMs is
considered, for simplicity, to be independent of E . Here
Mi, Ms, and Mep are, respectively, matrix elements for the
electron-radiation absorption, the electron-radiation emis-
sion, and the electron-phonon interaction, and the JDOS
g4E5 can be approximated within the one-electron theory
by the asymmetric pro� le

g4E5 D Re

"
X

i

aC–CE

dtƒ0

p
64E ƒ Eii

ƒ iâJ54E C Eii
C iâJ5

#

(3)

where aC–C
D 00142 nm is the nearest-neighbor distance

between carbon atoms, ƒ0 is the tight binding energy over-
lap integral, and âJ is introduced as a measure of the effect
on the width of the JDOS singularity for the Eii electronic
transition of the nanotube � nite length and of the � nite
size of the laser beam on the nanotube, re� ecting a � nite
number of effective wave vectors along the tube length.
To some extent âJ depends on the characteristics of the
individual SWNT but should have approximately the same
value from one tube to another, assuming that the laser
spot on the tube is less than its length. The i in front of âj

in Eqn. (3) is not a van Hove singularity index, but instead
is a complex unit imaginary. The value of ƒ0 D 2090§0002
eV provides a good � t to a large body of experimental opti-
cal and Raman data.41 27 The sum over i takes into account
the different van Hove singularities of one SWNT (see
Fig. 2a), being very important for metallic tubes when the
trigonal-warping-induced splitting is small.

Experimentally, a � t of the data points in Figure 5
determines the values of the � tting parameters in Eqs. (2)
and (3), showing that âr (¹8 meV) is most sensitive to
determining the FWHM linewidth of the spectral features,
but that the very small value of âJ (¹0.5 meV) gives rise
to the very strong intensity enhancement (¹1000) asso-
ciated with the sharp 1D van Hove singularities in the
JDOS g4E5. Once the parameters in Eqs. (2) and (3) are
found, the spectral pro� le of the JDOS can be plotted, as
in the inset to Figure 5, where g4E5 is seen to be highly
asymmetric and to have very sharp singularities. Measure-
ments of the S and AS spectra over the whole resonance
window (¹100 meV) of the nanotube yield the Eii value
more accurately (to 5 meV) than when a single laser line
is used (¹10 meV accuracy). Further measurements of
the pro� le of the electronic density of states are needed
to determine whether the pro� le is the same for semicon-
ducting and metallic tubes and to establish in more detail
the functional form for g4E5.

The reliability of the 4n1 m5 assignment using reso-
nance Raman spectroscopy depends on the accuracy of
the experimental determination of the nanotube diameter
and of the Eii value24 as well as the use of a theoretical
model to relate dt and Eii to 4n1 m5.91 281 29 We comment

on each of these issues separately. The determination of
the nanotube diameter depends on knowing the propor-
tionality constant � , in —RBM D �=dt, accurately. For the
isolated SWNT resonance Raman spectroscopy studies we
have chosen to place the SWNTs on a slightly oxidized
smooth silicon wafer substrate to minimize the interac-
tion between the SWNT and the substrate, as discussed in
Section 3. For these experimental conditions, the propor-
tionality constant � was determined to have a reliability
of 248§5 cmƒ1 nm through a self-consistent � tting of the
4n1 m5 indices initially for 42 SWNTs4 and subsequently
for over 100 other SWNTs.301 31 The second ingredient,
the experimental determination of Eii , is described above
in Section 4.

The third ingredient in the � tting procedure is a theo-
retical model to relate 4n1 m5 to Eii. Since � rst-principles
band structure calculations are often not accurate enough
to model detailed experimental data that are available for
graphite and SWNTs near the Fermi level, symmetry-
based (Slater–Koster-type) models are most often used to
� t experimental data quantitatively.12 A similar approach
has been taken to interpret the Raman spectra of SWNTs
at the single-nanotube level. Up to now, the simplest ver-
sion of the symmetry-based models has been used, namely
taking the nearest-neighbor transfer integral t as a � tting
parameter and setting the nearest-neighbor overlap inte-
gral s D 0 (Ref. 2). This approximation makes the valence
and conduction bands for SWNTs symmetrical relative to
the Fermi level, which is quite different from these for
graphite.2 It should be mentioned that the Slater–Koster
approach uses normalized wave functions and in this sense
differs somewhat from the tight banding model in general.
Exciton effects and effects due to nanotube curvature have
not yet been included in symmetry-based models.

For the 4n1 m5 identi� cation based on the radial breath-
ing mode in the resonance Raman spectra, a symmetry-
based Slater–Koster type model has been used with band
parameters, based on rolling a 2D graphene sheet to form
a nanotube, but modi� ed to � t the resonance Raman
experiments under consideration. The experimental deter-
mination of the nearest-neighbor transfer integral t (or
of the energy overlap integral ƒ0 of the Slater–Koster-
type Slonczewski–Weiss–McClure model, in the com-
monly used notation for graphite12) is based on analysis
of the Raman spectra themselves.141 171 22 In this analysis,
the distance between nearest carbon atoms aC–C D 00142
nm in SWNTs is based on transmission electron micro-
scopic (TEM) measurements, leading to the values —t— D
ƒ0

D 2090 eV for SWNTs (since s D 0 in the present
approximation, we can write ƒ0 D —t—), which should be
compared with ƒ0 D 3013 eV for graphite.12 This ƒ0 value
for SWNTs is found to describe a number of other optical
experiments well, such as, for example, optical absorp-
tion studies on SWNT bundles,32 the asymmetries in the
S versus AS Raman measurements on SWNTs,241 33–35

the oscillatory behavior of the RBM spectral moments,36
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the oscillation in the dispersive D-band frequencies for
SWNT bundles,37 and the unusual G-band38 and G0-
band39 spectral features. In fact, all of the information
provided by the G-band, D-band, and G0-band Raman
features regarding nanotube diameter and chirality can be
used to corroborate the 4n1 m5 assignment proposed by
the analysis of the RBM feature.17 However, scanning tun-
neling microscopy/spectroscopy (STM, STS) experiments
are better described with the ƒ0 ¹ 206 eV value,7 and the
origin for the different ƒ0 values likely stems from both
the different electron excitation states that are involved in
the two experiments and the simpli� ed form that has been
used thus far for the Slater–Koster approximation to the
electronic energy band structure for SWNTs.

Further experimental work is needed, such as
joint STS/STM and TEM and Raman spectroscopy
measurements on the same physical 4n1 m5 nanotube, to
improve our modeling capabilities. It is expected that the
symmetry-based models can then be re� ned by intro-
ducing at least one more nonzero � tting parameter, by
accounting for differences in the participating electronic
states, and by taking account of curvature effects explic-
itly. In these symmetry-based models, the numbers of
terms used in the Fourier expansion of the energy bands
(or of the phonon dispersion relations) depends on the
amount and accuracy of the available experimental data
that are used in the � tting of the energy levels (or the
phonon dispersion relations). Furthermore, the present
models based on graphitic � -bands are expected to work
better for SWNTs with diameters larger than ¹1.0 nm
and to become less valid as dt decreases. When accurate
� rst–principles calculations become available for speci� c
4n1 m5 SWNTs, the results of these calculations can be
used to further re� ne the parameters of the Slater–Koster
symmetry-based models, which are applicable for SWNTs
of any 4n1 m5, whether or not � rst-principles calculations
have been carried out for that particular 4n1 m5. With the
current synthesis techniques for carbon nanotubes, a very
large distribution of diameters and chiral angles is con-
tained within a particular SWNT bundle sample, and the
Slater–Koster model is the only technique currently avail-
able for modeling this large number of different SWNTs.

5. JOINT STUDIES AT THE
SINGLE-NANOTUBE LEVEL

In this section we discuss how the resonance micro-
Raman characterization tools for the 4n1 m5 identi� cation
of individual isolated SWNTs can be further used for the
study of other properties of individual SWNTs on the
single-nanotube level, either involving different experi-
mental techniques or for the applications of SWNTs in
nanodevices. One serious challenge in performing more
than one experiment on the same SWNT is to localize the
tube spatially so as to be able to return to the same nano-
tube many times and to provide a physical environment

and a spatial localization procedure for the nanotube that
is compatible with both carrying out the properties mea-
surement and the Raman characterization measurement.

One direct method for � nding a speci� c nanotube and
for then using resonance Raman spectroscopy for the
characterization of that nanotube, and later returning to
the same SWNT that will later be used for other studies,
is to prepare a lithographically marked sample on the
same Si/SiO2 substrate, where a low density of SWNTs is
deposited. The � rst measurement could be the structural
4n1 m5 characterization by Raman spectroscopy, and sub-
sequent measurements could then be made on the same
nanotube, with the use of either Raman spectroscopy or
another experimental technique. For example, one study
that made use of a lithographically marked sample was
the study of the radial breathing mode on the same
nanotube with different laser lines.23 Other examples of
this approach might be Raman measurements of different
Raman features on the same nanotube, perhaps at differ-
ent Elaser lines, at different temperatures, and under other
conditions.

The next example involves a simple technique for mak-
ing � duciary markers that allows easy return to the same
physical nanotube. Figure 6 shows a simple experimen-
tal procedure for spatially localizing a particular SWNT
with the use of markers made on the substrate with a
diamond tip, as shown in the optical image (50£) of
Figure 6a. AFM images can be taken on such a sam-
ple to describe the surface and to identify the presence
of isolated SWNTs (see Fig. 6b). The density of isolated
SWNTs deposited on the Si substrate can be controlled by
the catalyst formation and by timing the SWNT growth
procedure. A very low density of isolated SWNTs on the
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Fig. 6. (a) An optical image of a Si/SiO2 substrate with markers made
by a diamond scribe. (b) An AFM image of a nanotube, located near the
edge of one marker, located near one isolated SWNT that is probed by
resonant Raman spectroscopy. (c) G-band Raman spectra of the isolated
SWNT shown in (b) for various laser excitation energies (and equivalent
wavelengths) provided by a DCM dye laser.40 Reprinted with permission
from Ref. 40, A. Jorio et al., Braz. J. Phys. 32, 921, (2002). © 2002,
American Physical Society.
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surface of this sample (Fig. 6b) makes it easy to iden-
tify the tube that is resonant with Elaser . Raman spectra
were taken at the position of the isolated SWNT shown in
Figure 6b, close to the diamond marker. Figure 6c shows
the G-band Raman spectra from this SWNT, obtained
with different laser lines from a DCM dye laser. With
the use of the diamond marker, it was possible to always
return to the same SWNT and to � nd the Eii0

40 Therefore,
the use of a low-nanotube-density sample with diamond
markers on the substrate makes it relatively easy to ana-
lyze the same isolated SWNT with different techniques,
that is, AFM and Raman spectroscopy.

We now give an example of a situation for which the
nanotube experiment requires its own sample holder, such
as an AFM experiment. In this example, suppose that the
goal of this experiment might be the characterization by
TEM, AFM, and Raman spectroscopy of the same SWNT
(which is to be used for an AFM tip). Figure 7a shows an
optical image (100£) obtained from a Si AFM tip con-
taining a SWNT at the edge (upper left inset shows a
TEM image of a Si-SWNT AFM tip, taken from Ref. 6).
Figure 7b shows Raman spectra obtained by focusing the
laser at the edge of an AFM tip on which a SWNT is
mounted. From the RBM frequency —RBM, we can obtain
the nanotube diameter (dt

D 248=—RBM).4 The interband
electronic transition energy Eii involved in the resonant
Raman scattering process of the measured SWNT can also
be obtained, since the Raman intensity is proportional to
the JDOS.231 24 For the SWNT spectra shown in Figure 7b,
resonance with this nanotube was found with an Ar:Kr
laser, with laser excitation energies Elaser

D 2018, 2.41,
and 2.54 eV. For this nanotube, the resonance occurs near
Elaser D 2041 eV, where —RBM D 196 cmƒ1 is clearly mea-
sured (dt

D 248=196 D 1027 nm), and the SWNT at the
AFM tip was assigned as the 4161 05 SWNT.4
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Fig. 7. (a) The optical image of a Si-SWNT AFM tip. One isolated
SWNT is attached to the edge of the Si tip by the procedure discussed
in Ref. 6. The upper left inset shows a TEM image of another Si-SWNT
AFM tip, taken from Ref. 6. (b) SWNT G-band Raman spectra obtained
with three laser lines focused at the edge of the Si tip shown in the
optical image (a). The inset shows the corresponding RBM frequency
region for the three laser lines used for the G-band spectra.40 Reprinted
with permission from Ref. 40, A. Jorio et al., Braz. J. Phys. 32, 921
(2002). © 2002, Brazil Physical Society.

6. UNIQUE ASPECTS OF
SINGLE-NANOTUBE SPECTROSCOPY

Up to this point we have focused on the unique prop-
erties of the RBM of carbon nanotubes because of the
importance of the RBM in the use of Raman spectroscopy
for the structural characterization of carbon nanotubes.
This phonon mode, which is associated with the coherent
atomic breathing motions of all the carbon atoms in the
nanotube in the radial direction, is also special to carbon
nanotubes and is not observed in other carbon forms. In
this section, we brie� y consider all of the other dominant
features in the Raman spectra.

Many of the unique properties of carbon nanotubes rel-
ative to graphite and other sp2 carbons stem from the
1D aspects of the structure of nanotubes and from the
nanotube curvature. In this section we review why the
1D aspects are so important for distinguishing carbon
nanotubes from graphite and how this leads to many
of the unique phenomena observed in the Raman spec-
tra of SWNTs. In Sections 2 and 4, we reviewed the
effect of low dimensionality in producing singularities
in the electronic DOS, resulting in unique strong reso-
nance effects for all features in the Raman spectra because
of the strong coupling between electrons and phonons
under these strong resonance conditions. In this section
we emphasize the strong resonance effects for the most
intense Raman features.

6.1. Symmetry Considerations

The 1D aspects of small-diameter nanotubes also give rise
to a small number of quantized parallel wave vectors (cut-
ting lines) making an angle ” D � =6 ƒ ˆ with the KK 0

direction in the Brillouin zone (see Fig. 8), so that ” D 0
for armchair 4n1 n5 tubes and ” D � =6 for zigzag 4n1 05

tubes. For zigzag nanotubes, for example, the number of
cutting lines is equal to the number of carbon atoms in
the circumferential direction. Thus, as the diameter of the
nanotubes increases, the number of cutting lines increases
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Fig. 8. The dependence of the trigonal warping effect of the van Hove
singularities on the nanotube chirality. The three bold lines near the K

point denote three possible quantized k vectors in the hexagonal Bril-
louin zone of graphite for metallic (a) armchair and (b) zigzag carbon
nanotubes. All chiral nanotubes with chiral angles —ˆ— µ � =6 have cut-
ting lines for their quantized k vectors with directions making a chiral
angle ˆ measured from the bold lines for the zigzag nanotubes.
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proportionally, and their spacing decreases, giving rise to
diameter-dependent effects on all Raman features sensi-
tive to the resonance with the electronic states near a
van Hove singularity. Along the tube axis, the wave vec-
tors remain continuous, as in a graphene sheet. Because
of the trigonal warping of the constant energy contours,
the spacing between the intersections of these constant-
energy contours with adjacent cutting lines will depend
on chirality as well as on diameter, as discussed in Sec-
tions 2 and 4.

The resulting dependences of nanotube properties on
nanotube diameter and chirality apply to all important
features of the Raman spectra of carbon nanotubes. The
diameter and chirality-dependent effects related to these
symmetry considerations can only be studied quantita-
tively at the single-nanotube level under properly con-
trolled conditions.171 31 What is seen for SWNT bundles is
an average over the contributions from the 4n1 m5 nano-
tubes contained in the SWNT bundle sample, yielding
effects different from those for graphite, but also dif-
ferent from those for isolated SWNTs, as summarized
subsequently (see Section 6.3). For example, individual
isolated nanotubes exhibit sharp Lorentzian lineshapes,
with (FWHM) linewidths down to 4 cmƒ1 (or down to
3 cmƒ1 after deconvolving the instrument function) for the
radial breathing-mode, whereas SWNT bundles typically
show a broad radial breathing-mode spectrum re� ecting
the superposition of the many nanotubes that are within
the resonant window (¹0.1 eV) for a given laser line.42

Thus by making measurements over many laser lines
(see Fig. 9) and modeling the 4n1 m5 values for Eii that
could be expected for each Eii , based on an Eii ver-
sus dt plot, as shown in Figure 3a, oscillations can be
observed in the frequency where the maximum intensity
of the radial breathing mode occurs for a given SWNT
bundle as a function of Elaser (Ref. 36). A comparison
is shown in Figure 9 between experimental observations

Fig. 9. Frequency of the maximum intensity of the radial breathing
mode for excitation with various lasers of different Elaser values, as mea-
sured (°) and as calculated (�) (including an 8.5% upshift in frequency
associated with intertube coupling).36 Reprinted with permission from
Ref. 36, M. Milnera et al., Phys. Rev. Lett. 84, 1324 (2000). © 2000,
American Physical Society.

of SWNT bundles with many laser lines and calcula-
tions based on 80 SWNTs in a bundle with an average
tube diameter of 1.38 nm. In analysis of the experimen-
tal data for the SWNT bundles, it is common to use a
sum of Lorentzian lines to approximate the many SWNTs
contributing to each observed feature. Such an approxi-
mation cannot give direct information on the number of
tubes contributing to the Raman signal on the diameter
distribution of the SWNT bundle sample, since differ-
ent SWNTs are excited at different relative intensities for
each Elaser value. The Kuzmany group has shown how to
analyze such data properly to yield the diameter distri-
bution in SWNT bundle samples.361 41 In this analysis, a
model for the resonance Raman effect is used that consid-
ers an Eii dependence on 4n1 m5, following the concepts
illustrated in Figure 3a, and a small natural linewidth
(¹3 cmƒ1), is used, as is observed for the radial breathing-
mode features.42 Thus, Figure 9 shows direct evidence
from SWNT bundles for the importance of van Hove sin-
gularities in the Raman spectra for the radial breathing
mode. For example, the oscillation peaking near 2.0 eV in
Figure 9 is associated with the EM

11 singularities for metal-
lic nanotubes, whereas the band from 2.2–2.6 eV per-
tains to the ES

33 and ES
44 singularities for semiconducting

SWNTs. From Figure 9 we can see that for this SWNT
bundle the metallic window for the EM

11 transition (refer-
ring to the range in EM

11 in Fig. 3a that is in resonance with
all of the nanotubes in the SWNT bundle) extends from
1.7 to 2.2 eV (Ref. 36), in agreement with prior determi-
nations of the metallic window.43 It should be noted that
for a � xed nanotube diameter, the width of EM

11 in Fig. 3a
is ¹150 meV for SWNTs with a diameter of 1.4 nm.
Observations of the RBM spectra at the single-nanotube
level can be employed directly to explain in detail the
observations made on SWNT bundles with the use of
many laser lines, as in Figure 9.

6.2. G-band Features

The G band for isolated carbon nanotubes is domi-
nated by two high-intensity peaks (see Figs. 10a and
10b) denoted by GC (upper frequency —C

G feature asso-
ciated with carbon atom displacements along the nan-
otube axis) and Gƒ (lower frequency —ƒ

G feature asso-
ciated with atomic displacements in the circumferential
direction).441 45 The upper frequency peak —C

G is always
close to 1591 cmƒ1, showing no signi� cant dependence
on diameter, with some small spread of the data points
that may be due to chirality-dependent effects11 asso-
ciated with the trigonal warping of the constant-energy
contours E4k5.311 441 45 Experiments at the single-nanotube
level show that the splitting between the frequency of the
upper and lower G-band peaks provides a determination
of dt through the relation

—ƒ
G

D —C
G

ƒ =d2
t (4)
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where D 4707 cmƒ1 nm2 for semiconducting tubes and
79.5 cmƒ1 nm2 for metallic nanotubes.38 Whereas the
determination of the form of Eq. (4) that expresses the
diameter dependence of the G-band frequency —ƒ

G4dt5 and
the evaluation of the coef� cient are greatly aided by
measurements on individual nanotubes, the results, thus
obtained, can be used to account for G-band observations
on SWNT bundle samples. The spread in the experimen-
tal data for both —C

G and —ƒ
G at constant dt relative to

Eq. (4) in Figure 10c is likely due to the spread in the Eii

bands at constant diameter, as shown in Figure 3a, and
is related in a fundamental way to the nanotube chirality
(see Fig. 8). Other factors contributing to the spread in
Figure 10c may include contributions from G-band fea-
tures associated with E1 and E2 symmetries, and how
well the resonance condition is satis� ed. It is important
to mention that the Gƒ feature for semiconducting tubes
and the GC feature for both semiconducting and metal-
lic tubes are well described by a Lorentzian lineshape,
whereas the Gƒ feature for metallic tubes is much broader
because of the coupling between the conduction electrons
and the phonons, induced by the curvature of the nano-
tubes. This coupling is observed to be much stronger for
the case of SWNT bundles than for isolated SWNTs.
For both isolated SWNTs and SWNT bundles, the broad
Breit–Wigner–Fano lineshape for the Gƒ feature helps to
provide an easy method for distinguishing semiconduct-
ing (Fig. 10a) from metallic (Fig. 10b) nanotubes.

The strong polarization effects observed experimentally
for both the RBM and G-band features of the resonance
Raman spectra emphasize the importance of monitoring
the polarization alignment with respect to the nanotube
axis when doing 4n1 m5 characterization on individual car-
bon nanotubes.46 Also, checking the linewidths of Raman
spectra is often helpful for testing whether the experimen-
tal Raman system is working well. It should also be men-
tioned that the linewidths for the GC feature are signi� -
cantly smaller at the single-nanotube level, going down to
6 cmƒ1, as compared with ¶15 cmƒ1 for SWNT bundles.
And since the electron-plasmon coupling that gives rise to
the BWF lineshape is weaker in isolated SWNTs than in
SWNT bundles, smaller linewidths are observed for the
Gƒ feature for isolated SWNTs than for SWNT bundles.42

Finally, for special 4n1 m5 values, when using a speci� c
Elaser excitation energy, it is possible for the incident pho-
ton to be in resonance with one Eii value (for example,
ES

44) and for the scattered photon to be in resonance with
another Ei0 i0 value (for example, ES

33). Under these cir-
cumstances, unusual G-band pro� les are observed. Such
a situation is extremely sensitive (at the meV level) to the
4n1 m5 identi� cation and provides a sensitive corrobora-
tion for a given 4n1 m5 assignment.38

6.3. D-band and G0-band Features

Other Raman features observed in SWNT bundles that are
clari� ed by observations at the single-nanotube level are
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Fig. 10. (a and b) Pro� les of the G-band spectra at the single-nanotube
level for three semiconducting (a) and three metallic (b) isolated individ-
ual nanotubes whose 4n1m5 indices are determined by analysis of their
RBM spectra. The frequencies for —C

G and —ƒ
G are indicated in cmƒ1 for

each nanotube, along with the corresponding linewidths in parentheses.
(c) Dependence on the reciprocal nanotube diameter 1=dt of —C

G and
—ƒ

G for both semiconducting nanotubes (solid circles) and metallic nan-
otubes (open circles). The open squares indicate that a peak near ¹1580
cmƒ1 is sometimes observed in the Raman spectra for metallic SWNTs.38

Reprinted with permission from Ref. 38, A. Jorio et al., Phys. Rev. B 65,
155412 (2002). © 2002, American Physical Society.

the two highly dispersive bands (see Fig. 1a) referred to
as the disorder-induced D-band (1250 < —D < 1450 cmƒ1)
and its second-order G0-band (2500 < —G0 < 2900 cmƒ1,
where —G0 ’ 2—D), which is observed whether or not dis-
order is present. In � rst-order Raman scattering experi-
ments, in general, the phonon frequency does not depend
on the laser excitation energy (as, for example, for the
RBM band and the G-band in carbon nanotubes). In
contrast, the D-band and G0-band are special because
the frequencies of these modes depend strongly on the
laser excitation energy, indicating that these bands are
highly dispersive. The origin of this strongly dispersive
behavior31 171 47 in both graphite and SWNTs has been
explained by a double resonance Raman mechanism211 22

involving a second-order scattering process. The Raman
intensity enhancement responsible for the strong intensity
of the D-band and G0-band modes in graphite and in car-
bon nanotubes is a resonance with both an intermediate
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state and either the initial or � nal states, thus yielding
a double resonance process, with strong electron-phonon
coupling. This strong dispersion has been exploited in
the case of carbon nanotubes, allowing us to use phonon
frequency measurements, which can be made with high
precision, to provide detailed information about the elec-
tronic structure, which is not easy to obtain by other
experimental techniques.

In the case of nanotubes, the quantized wave vectors kii ,
where the Eii singularities in the joint electronic density
of states occur, play a fundamental role in determining
the resonance process, as is clearly seen by comparing
the chiral angle dependence of the phonon frequency —D,
shown in the upper left panel of Figure 11a, with the cor-
responding kii vector dependence on chiral angle, shown
in the lower panel of Figure 11a. As a result of this chi-
rality dependence, it is possible to observe a D-band and
a G0-band signal from different 4n1 m5 SWNTs, using the
same laser excitation energy Elaser but with different Elaser–
Eii energy separations, indicating that the spectral features
will be observed under different preresonance conditions.
In the lower panel of Figure 11a, the circles denote the
predicted 4n1 m5 indices that can be resonant, and the
stars within the circles denote the SWNTs that were actu-
ally observed in the single-nanotube Raman spectroscopy
experiments carried out to date.301 37 The good agree-
ment between the upper and lower panels in Figure 11a
shows that the ˆ dependence of —D in SWNTs can be
explained in terms of the relation between the wavevector
—kii

— for electrons and the wavevector q for the phonons
to which electrons are strongly coupled by the double
resonance process.211 22 We use the relation —q— ¹ 2—kii

—
between the kii vectors for the electrons and the q vectors
for the phonons (which comes from the double resonance
process22) to provide information about the dependence of
the D-band and G0-band frequencies on nanotube diame-
ter and chirality, or equivalently on the 4n1 m5 indices of a
particular nanotube. We can use this information for many
purposes, such as, for example, to predict the basic D-
band and G0-band lineshapes for individual 4n1 m5 tubes
and then to compare these predictions with experimental
observations, as illustrated below.

For most of the semiconducting tubes, the G0-band
shows a single Lorentzian peak, as illustrated in the lower
left panel of Figure 11b for the 4171 75 SWNT. However,
there are some special SWNTs that show a two-peak line-
shape, as illustrated in the upper left panel of Figure 11b
for the 4151 75 SWNT. These different G0-band pro� les
can be understood by analyzing the resonant process of
Elaser with the singularities in the JDOS shown in the
right panels of Figure 11b, keeping in mind that the quan-
tized states kii determine the G0-band frequencies —G0 . By
examining the JDOS, we see that for the 4151 75 SWNT,
the laser excitation energy Elaser (incident photon) is res-
onant with ES

44, whereas Elaser–EG0 (scattered photon) is
resonant with ES

33, where each of the two resonances can
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Fig. 11. (a) Measured D-band frequencies as a function of chiral angle
ˆ of semiconducting SWNTs for which Elaser is in resonance with the
ES

44 interband transitions (upper panel) and the distance —kii
— to the K-

point for electrons in the 2D Brillouin zone of graphite (see Fig. 2b),
associated with the Eii van Hove singularities, plotted as open circles
versus ˆ for the possible resonant tubes (lower panel) and as stars over
the open circles for the experimentally observed tubes in the upper panel.
(b) G0-band pro� le (left) and joint density of electronic states (right)
for the 4151 75 and 4171 75 semiconducting SWNTs. The vertical dashed
lines at 2.41 eV and 2.08 eV are for the incident and scattered photons,
respectively. The horizontal double arrows denote the resonant windows
for the incident and scattered photons. All frequencies (linewidths) are
in units of cmƒ1. (c) As in (b), except that the data are for the (20,5) and
(27,3) metallic SWNTs.371 48 Reprinted with permission from Ref. 37,
A. G. Souza et al., Phys. Rev. B 65, 035404 (2002). © 2002, American
Physical Society.
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be considered as an independent scattering process. Then,
the two peaks observed for the G0-band for a 4151 75

SWNT arise from resonance processes involving both k44

(upper frequency component) and k33 (lower frequency
component). The possibility of observing an effect, where
the two phonons resonant with different Eii van Hove sin-
gularities are distinct in frequency, is related to the very
strong dispersion of the G0-band.

In contrast, the G0-band pro� le in the lower left panel
of Figure 11b has a single Lorentzian peak because only
the incident photon is resonant for this SWNT. In fact,
it is just this pro� le that allows the identi� cation of this
tube as a 4171 75 SWNT, since the singularity ES

33 is too
far from the energy of the scattered photon to allow the
resonance process to occur. From the measured radial
breathing-mode frequency —RBM

D 148 cmƒ1, there are
two likely 4n1 m5 candidates for the identi� cation of this
tube, namely, the 4171 75 and 4161 85 SWNTs. The (16, 8)
option is eliminated from the assignment because the ES

33

energy would give rise to a strong resonance with the
scattered photon, and two peaks in the G0-band lineshape
would then be expected. On the basis of this argument,
we conclude that the proper 4n1 m5 assignment for this
—RBM D 148 cmƒ1 SWNT is 4171 75.

Two peaks in the G0-band spectrum can also be
observed for metallic tubes (see the upper left panel of
Fig. 11c), but the explanation of this effect for metallic
SWNTs is based on a different physical mechanism than
for semiconducting SWNTs. For some metallic SWNTs,
single Lorentzian peak pro� les are observed experimen-
tally, as shown in the lower left panel of Figure 11c. The
two peaks in the G0-band for metallic tubes are associated
with the splitting of the electronic states ãEM

ii due to the
trigonal warping effect, being zero for armchair SWNTs
and a maximum for zigzag SWNTs (see Fig. 2a). We
show in Figure 11c the case of the 4271 35 SWNT, where
each component of the EM

ii pair is resonant with either the
incident or the scattered photon, so that two peaks will
be observed in the G0-band at the single-nanotube level
for this SWNT. For semiconducting SWNTs, two reso-
nant van Hove singularities correspond to two electron
wavevectors of different magnitudes, such as k33 and k44,
which in turn form two phonon wavevectors of different
magnitudes, giving rise to a two-peak Raman G0-band.
In contrast, for metallic nanotubes, the two resonant van
Hove singularities correspond to two electron wavevec-
tors of the same magnitude but of opposite sign, and a
two-peak structure in the Raman G0-band is also observed
in this case, thus, the 4201 55 SWNT is observed to have
a G0-band with a Lorentzian lineshape with one peak for
Elaser D 2041 eV excitation, in agreement with its JDOS,
as shown in Figure 11c (lower right), where it is seen
that the only resonance is for the incident photon with the
lower EM

22 component.
By measuring these splittings ã—G0 in the Raman spec-

tra for SWNTs with different chiralities, it is possible to

determine the dependence of ã—G0 on the splitting ãEM
ii

of the EM
ii pair due to the trigonal warping effect, which

is calculated from the 4n1 m5 values for each nanotube.
From these data, a linear relation is obtained between
ã—G0 and ãEM

ii , with a zero intercept and a slope of
108 § 5 cmƒ1/eV. Measurements of —G0 as a function of
Elaser on SWNT bundles yield a slope for ¡—G0 =¡Elaser

D
106 cmƒ1/eV (Ref. 49). The connection between this
result on SWNT bundles and the measurement of the
slope of ã—G0 versus ãEM

ii on isolated metallic SWNTs
has recently been explained as resulting from phonon
anisotropy around the K point.50

Not only the radial breathing mode, but also the D-band
and G0-band exhibit a dependence of their resonant fre-
quencies on nanotube diameter. But for the dispersive D-
band and G0-band, this effect is complicated by the chi-
rality dependence of —D and —G0 as discussed above. This
complication is shown in Figure 12a, where the D-band
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Fig. 12. (a) D-band frequencies as a function of reciprocal diameter
for individual SWNTs, using Elaser D 2041 eV laser excitation. The data
are classi� ed in terms of the Eii interband transition with which the res-
onance occurs, including metallic and semiconducting SWNTs. (b) Plot
of [ N—D4Eii)], the observed D-band frequencies averaged over all tubes
resonant with a given interband transition Eii versus the corresponding
reciprocal of the average diameter Ndt of the tubes. In this plot N—D and
Ndt, for the average over the isolated SWNTs, and N—D and Ndt , for the

average within SWNT bundles, are both included. Data are shown for
Elaser in resonance with the ES

55, ES
44, ES

33, and EM
22 interband transitions

in the JDOS. The line is a � t to the data, showing that the D-band fre-
quencies extrapolate (on average) to the graphene (2D graphite) value
when 1= Ndt ! 0. The solid triangles in (b) stand for D-band frequencies
in three different SWNT bundles with different average diameters.49–52

Reprinted with permission from Ref. 49, M. A. Pimenta et al., Braz.
J. Phys. 30, 423 (2000). © 2000, Brazil Physical Society.
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frequency —D for isolated SWNTs is plotted versus 1=dt

for different singularities Eii in the JDOS (for both semi-
conducting (S) and metallic (M) tubes), where the SWNT
diameter was determined for each nanotube with the
empirical equation —RBM

D 248=dt that is established for
isolated SWNTs on a Si substrate.4 Although these data
do not show a de� nitive pattern for the dt dependence of
—D , we can see that —D for isolated SWNTs, in the D-
band spectra taken with Elaser D 2041 eV laser excitation,
have values lower than —D for 2D graphite (1355 cmƒ1

taken from Ref. 53, as shown by the solid diamond in
Fig. 12). We can further see that the data points seem
to extrapolate roughly to the 2D graphite value when
dt ! ˆ, that is, 41=dt5 ! 0. However, when these data
points are appropriately averaged, the measurements at
the single-nanotube level become very useful for under-
standing the corresponding dependence of —D on tube
diameter in SWNT bundles. The spread in the data points
in Figure 12a is associated with the chirality dependence8

that spreads out the kii states as a consequence of the trig-
onal warping effect in the double resonance process, as
shown in Figure 11a.30

To compare the results at the single-nanotube level with
those for SWNT bundles and to gain an understanding
of the mechanisms responsible for the D-band frequency,
we average over the chirality-dependent—D data shown in
Figure 12a for a given interband transition Eii , over which
the dt values show only a small variation. We denote the
resulting averages by Odt4Eii5 and O—D4Eii5, respectively,
and we then plot these pairs of points in Figure 12b for
i D 31 41 5 for semiconducting tubes and i D 2 for metal-
lic SWNTs, using the same symbols as in Figure 12a.
The results for the dt dependence of the D-band fre-
quencies then give a simple linear dependence of O—D

on 1= Odt , that is, O—D
D 135408 ƒ 1605= Odt (nm), as shown

in Figure 12b. We also obtain very good agreement in
Figure 12b between the O—D results for isolated tubes and
the corresponding N—D results for SWNT bundles mea-
sured with the same Elaser , where the three solid triangles
in Figure 12b denote N—D for three SWNT bundle samples
with different Ndt as given in Refs. 49–52. The results of
Figure 12b show that O—D4Eii5 for isolated SWNTs and
N—D for SWNT bundles both increase when dt increases,

and the two data sets yield the same functional form. It is
also signi� cant that the diameter dependence of —D is the
same, within experimental error, for semiconducting and
metallic tubes. The results shown in Figure 12b give the
big picture of —D as a function of dt over a broad range
of dt, and the overall decrease in —D with decreasing dt

is due to the softening of the spring constants associated
with nanotube curvature for the D-band vibrations.

Within one interband transition, ES
44, for example, the

D-band frequency has a tendency to increase when the
diameter decreases30 because, except for the trigonal
warping effect that spreads out the electronic transitions,
Eii is proportional to —kii

—, which in turn is proportional to

1=dt ,
2 where —kii

— is the magnitude of the quantized wave
vectors measured from the K-point in the 2D graphite
Brillouin zone. This behavior is the opposite of the aver-
aged results shown in Figure 12b, where the lowest ener-
gies Eii correspond to the smallest-diameter nanotubes.
Since the nanotube diameter range for one Eii is not so
large for a given SWNT bundle sample, —D within a sin-
gle Eii branch is determined by the magnitude of the kii

states,30 which dominates over the curvature effect for a
limited dt range. When we jump from one singularity Eii

to another Ei0 i0 , the spring constants then become domi-
nant, thus yielding the progression O—D4ES

555 > O—D4ES
445 >

O—D4ES
335.

If the same approach is applied to the G0 band, which
appears at about 2—D , the � t to the experimental data
leads to O—G0 D 270801ƒ3504= Odt (nm). Both the frequency
intercept at 1= Odt

! 0 and the slope for the G0-band data
are consistent with the corresponding D-band behavior.
The G0-band frequency of 2D graphite is 2710 cmƒ1

(taken from Ref. 53), which is close to 2708.1 cmƒ1, and,
furthermore, the slope of 35.4 cmƒ1 nm for the G0-band
is very close to twice the D-band slope of 16.5 cmƒ1 nm.

Further experimental results support the above interpre-
tation of the D-band dependence on the force constant and
on kii states. The G0-band under compressive strain has a
large variation (23 cmƒ1/GPa) in comparison, for exam-
ple, with 5.8 cmƒ1/GPa for the G-band and 8.0 cmƒ1/GPa
for the RBM.54 The large pressure coef� cient for the G0-
band can be attributed to the summation of two effects.
First, the compressive strain increases the spring con-
stants, resulting in an upshift of the G0 band. Second,
a compressive strain also upshifts the energy Eii of the
quantized states, which turns out to increase the magni-
tude of kii , thus also contributing to an increase in the G0-
band frequency.55 It is also interesting to observe that the
slope ¡ N—D=¡41= Ndt5 for the D-band is very close to that for
the M -band feature near 1750 cmƒ1, for which the slope
is (ƒ1800 cmƒ1 nm for the MC feature and ƒ1607 cmƒ1

nm for the Mƒ feature). The M -band feature has also
been attributed to a double resonance mechanism,56 but in
this case the phonons are close to the â -point rather than
the K-point, as for the D-band phonons.

One of the unique features of the D-band and the G0-
band spectra of SWNT bundles is a step or oscillatory
behavior491 511 57 superimposed on the linear Elaser depen-
dence of both —D and —G0 that is characteristic of graphite
and sp2 carbons. This oscillatory effect is shown for
the G0-band in Figure 13a, but the corresponding effect
also appears in a plot of —D versus Elaser for SWNT
bundles,49 and the oscillatory behavior is also related to
the oscillations in Fig. 9 observed for the RBM. The devi-
ation from a linear dispersive behavior is clearly seen in
Figure 13b, where the points are obtained after subtrac-
tion of the linear solid-line � t to the experimental points
in Figure 13a. The oscillatory behavior in Figure 13b is
identi� ed with quantum effects associated with the strong
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Fig. 13. (a) Dependence on the laser excitation energy of —G0 for the
dominant second-order Raman feature for SWNT bundles. In contrast to
most sp2 carbons, where —G0 depends linearly on Elaser , the correspond-
ing plot for SWNT bundles shows a superimposed step-like or oscil-
latory behavior near 2.0 eV and 2.5 eV for SWNT bundles.49 (b) The
oscillatory component of (a) obtained after subtracting the linear back-
ground given by —G0 D 2420 C 106Elaser in (a). (c) Plot of the Elaser

dependence of the oscillations in the resonant electron wavevector kii

after normalization to the length of the basis vector b of the reciprocal
lattice of 2D graphite and after subtraction of the linear background. For
each Elaser value, the kii values for each resonant SWNT are calculated,
and Nkii represents an appropriate weighted average.37 The strong corre-
spondence between the Elaser dependence of —G0 for phonons and Nkii for
electrons provides strong support for the identi� cation of each oscillation
with a particular interband transition between van Hove singularities in
the JDOS.37 Reprinted with permission from Ref. 37, A. G. Souza et al.,
Phys. Rev. B 65, 035404 (2002). © 2002, American Physical Society.

coupling between the electrons and phonons under res-
onance conditions, expressed by the relation —q— ’ 2—kii

—
already given. Speci� cally the peak in —G0 versus Elaser in
Figure 13b near 2.0 eV is identi� ed with the EM

11 inter-
band transition for metallic nanotubes, and the peak near
2.5 eV is identi� ed with the ES

33 and ES
44 transitions for

semiconducting nanotubes, thus showing the importance
of the 1D electronic structure of SWNTs as a basis for
the physical origin of the D-band and the G0-band spec-
tra. The plot, in Figure 13c, of the energy dependence of
the wavevector at the van Hove singularities —kii

— normal-
ized to the length of the basis vector b in the Brillouin
zone, shows the same energy dependence for electrons as
Figure 13b shows for phonons. The physical basis for this
step or oscillatory behavior in Figure 13a was explained
by the coupling between electrons and phonons under res-
onant conditions,37 and these resonant conditions depend
on both the diameter and the chirality of the nanotubes,
as elucidated at the single-nanotube level in Figure 13b
and c. The additional constraints imposed on energy and
momentum conservation for each Eii band in Figure 3a
give rise to the oscillatory behavior that is superimposed

on the overall large dispersion of the G0-band frequency
as the resonance wavevector moves farther and farther
away from the K-point in the Brillouin zone. An inde-
pendent theory by Kürti et al.58 that considers the double
resonance process in light of the van Hove singularities
has also been able to explain the anomalous oscillatory
dispersion that is observed in SWNT bundles.49

7. SUMMARY

This review of single-nanotube Raman spectroscopy
emphasizes that the lineshape (frequency, intensity and
linewidth) for every Raman feature depends sensitively
on the nanotube 4n1 m5 structure because the experi-
ments are carried out under resonance conditions between
the excitation photons and the singularities in the joint
density of electronic states, thereby providing a close
link between geometric structure, the electronic structure,
and the phonon dispersion relations for carbon nanotubes
at the single-nanotube level. While the radial breathing
mode is the most sensitive for determining the 4n1 m5
indices or, equivalently, the nanotube diameter and chiral-
ity, the other Raman features are independently sensitive
to 4n1 m5 and can corroborate the 4n1 m5 identi� cations
made with the radial breathing mode.

The Raman structural characterization experiment was
shown to be easily compared with other characterization
techniques for individual carbon nanotubes, insofar as it
is a room-temperature measurement and is noninvasive,
with a relatively weak interaction between the incident
and/or scattered photons, and the electron/phonon system.
Since the resonance Raman effect is only weakly inter-
acting with carbon nanotubes, this probe results in only
small perturbations to the electronic and phonon systems
in comparison with other structural probes that are sen-
sitive at the nanometer scale. Since Raman spectroscopy
is a gentle probe of the electronic structure, the pro� le
of the singularities in the joint density can be studied
quantitatively. Study of the pro� le of the density of elec-
tronic states and of the trigonal warping of the phonon
frequency contours in wavevector space remain at the cut-
ting edge of future fundamental research in this � eld. On
the practical side, future research is expected to focus
on joint experiments using more than one experimental
technique to permit other physical measurements, such as
transport, mechanical properties, and thermal properties,
to be done at the single-nanotube level. The availability
of such experimental information can then be used further
to improve the theoretical models employed in the 4n1 m5

identi� cation based on resonance Raman spectroscopy.
A number of unresolved issues remain for future inves-

tigation, such as the effect of the nanotube-substrate
interaction on the Raman spectra, the effect of different
defects, impurities, vacancies, etc. on the D-band spectra,
and the dependence of the Raman intensities of the vari-
ous spectral features on sample preparation conditions.
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