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ABSTRACT

A review is presented on the observation of the resonant Raman
spectra from one isolated single wall carbon nanotube, focusing
on the important structural information that is provided by single
nanotube spectroscopy including the (n, m) determination of the
individual tubes. The special sensitivity of the radial breathing
mode to the (n, m) determination is emphasized, and the cor-
roboration of this (n, m) assignment by diameter- and chirality-
dependent phenomena in other Raman modes, such as the G-band,
D-band, and G'-band features is also discussed. The significance
of single nanotube spectroscopy for future nanotube research in
general is briefly reviewed.

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 (SWNTSs), which
are one atom in thickness, a few tens of atoms in
circumference, and many micrometers in length, and can
be either semiconducting or metallic, depending on their
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diameter and chirality.>? Resonance Raman spectroscopy
has played an important role in the characterization of
carbon nanotubes, both in terms of the diameter distribu-
tion in SWNT bundles (an ensemble of different tubes with
different diameters and chiralities) and whether a nano-
tube is metallic or semiconducting.® The possibility of
obtaining a Raman spectrum from one nanotube opens
new possibilities for a detailed study of the Raman spectra
from SWNTSs and for the use of Raman spectroscopy as a
structural characterization tool for SWNTSs, as is discussed
in this review.

The observation of Raman spectra from just one
nanotube* is possible because of the very large density of
electronic states (number of states, AN, per energy range,
AE) that occurs in this one-dimensional nanostructure at
certain well-specified energies dependent on the unique
geometric structure of each SWNT. When the incident or
scattered photons in the Raman process are in resonance
with an electronic transition between the valence and
conduction bands at these special energy states, E;, the
Raman signal becomes very large as a result of the strong
coupling which occurs between the electrons and phonons
of the nanotube under these resonance conditions.

These resonance conditions allow us to obtain a large
Raman signal enhancement, and, thus, to observe, on the
single nanotube level, each feature of the carbon nanotube
Raman spectrum that is normally observed in SWNT
bundles.® The possibility of single nanotube spectroscopy
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FIGURE 1. (a) Raman spectrum from one nanotube taken over a broad frequency range using Ejser = 785 nm = 1.58 eV excitation and
showing the radial breathing mode (RBM), the D-band, the G-band, and the G'-band. Second-order (2") modes are also observed, but are
not discussed in this review. The features marked with an asterisk (*) at 303, 521, and 963 cm™! are from the Si/SiO, substrate® and are used
for calibration of the nanotube Raman spectrum. (b) AFM image of the sample showing isolated single wall nanotubes grown from the vapor
phase.” The small particles are iron catalyst particles. The inset shows the nanotube diameter distribution of this sample (dt = 1.85 4= 0.62 nm)

based on AFM observations of 40 SWNTs.

allows us to study the dependence of each Raman feature
on nanotube diameter and chirality (chiral angle), as well
as to obtain information about the intensity, line width,
and polarization properties of each feature, its depen-
dence on laser excitation energy, and finally, the connec-
tion between spectra at the single nanotube level and
Raman spectra normally observed from SWNT bundles.

Since the observation of the Raman spectrum from one
nanotube depends on a resonance between the incident
or scattered photon with an electronic transition, E;;,® the
resonance process is highly selective of particular SWNTS,
since each SWNT, characterized by two integer indices (n,
m), has a unique set of such electronic transitions ener-
gies, Ej;. Since the geometrical structure of each nanotube
(namely its diameter, d;, and the orientation of the
hexagons of carbon atoms with respect to the nanotube
axis, denoted by the chiral angle 6) is intimately connected
to these same indices (n, m),»2 we can consider each set
of (n, m) indices to define a unique giant molecule, and
every distinct molecule to have its own unique electronic
and Raman spectrum. Resonance Raman spectroscopy at
the single nanotube level thus becomes a structural
characterization tool, as in molecular spectroscopy, that
can distinguish each molecular species through its unique
Raman spectrum.

The isolated SWNTs used in these single nanotube
Raman experiments were prepared by a chemical vapor
deposition method on a Si substrate containing nanom-
eter-sized iron catalyst particles. Since the Si substrate
forms a thin SiO, surface coating, the interaction between
the SWNTSs and the substrate is expected to be weak. Since
the nanotubes nucleate and grow from well-isolated
catalyst particles, nanotube bundles are not formed.
Figure 1b shows an atomic force microscopy (AFM) image
of a sample with a high SWNT concentration (6 + 3
SWNTs/um?), shown here for easy visualization. The inset
to Figure 1b shows the wide diameter distribution of the
SWNT samples (1 < di < 3 nm) typically used in these
studies. For quantitative studies at the single nanotube

level, dilute samples with SWNT densities of <1 SWNT/
um? are used to ensure that the actual Raman spectra are
for an individual isolated carbon nanotube and that the
various features observed in the spectrum come from one
and the same resonant nanotube.

Resonance Raman spectra in the 100—3000 cm™
spectral range from these individual isolated SWNTs are
taken with a readily available Raman microprobe instru-
ment, such as a Renishaw Raman Microprobe (1-um laser
spot), using laser excitation with ~10 mW power, such as
Ejaser = 514.5 nm = 2.41 eV, readily obtainable from an
argon ion laser. The Raman spectrum shown in Figure 1a
was taken with a Kaiser micro-Raman spectrograph
operating at Ej,ser = 785 Nm = 1.58 eV. Relatively high laser
powers can be used to probe isolated SWNTs without
substantial heating effects because of their unusually high
thermal conductivity,® their excellent high-temperature
stability and robustness (up to ~30 mW on 1 um?), and
their good thermal contact to the substrate.

The basic theory allowing the observation of Raman
spectra from one nanotube and the use of these spectra
for structural (n, m) determination at the single nanotube
level is discussed in section 2, whereas section 3 reviews
how the radial breathing mode feature is used to deter-
mine (n, m) and to give the profile for the van Hove
singularity in the joint density of states. The corroboration
of the (n, m) assignment by the diameter- and chirality-
dependent features in the G-band, D-band, and G'-band
are reviewed in section 4, whereas section 5 concludes
the Account and sets the importance of single nanotube
spectroscopy in a larger context.

2. Basic Theory

A single wall carbon nanotube 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
(n, m), which refer to the number of ; and &, unit vectors
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FIGURE 2. (a) 1D electronic density of states (DOS) vs energy (measured from the Fermi level) for six metallic nanotubes of approximately
the same diameter, where the density of states denotes the number of quantum states per energy range. The plots for the six tubes with
different (n, m) values show the effect of chirality and trigonal warping (see text) on the van Hove singularities in the density of states. The
(20, 10) (armchair) tube has no trigonal warping effect and the (18, 0) (zigzag) tube has the maximum effect. Only the densities of states for
the conduction sz* band are shown; the mirror image of these plots gives the electronic DOS for the valence 7z band®%® within the tight
binding approximation,? assuming the energy overlap integral is v, = 2.9 eV and the wave function overlap integral vanishes s = 0. (b) Plot
of the 2D equienergy contours of 2D graphite, showing trigonal warping effects in the contours, as we move away from the K point in the
K—T or K—M directions. The equienergy contours are circles near the K point and near the center of the Brillouin zone, where no trigonal
warping is present. But near the M points on the zone boundary, the contours that connect the nearest M points are straight lines and show

very large trigonal warping effects.?

of the 2D graphene lattice that are contained in the chiral
vector, Eh = na; + ma,, which spans the circumference
of each nanotube.? From the (n, m) indices, one can
calculate the nanotube diameter d;, the chirality or chiral
angle 0, the electronic energy bands, and the density of
electronic states,? as well as the energies of the interband
transitions Ej;(n, m) between the so-called van Hove
singularities in the valence and conduction band density
of states, as shown in Figure 2a, where the intensities in
the density of states is very high. Because of the trigonal
warping effect of the electronic energy bands of 2D
graphite shown in Figure 2b, there is a weak dependence
of the electronic energy levels of SWNTSs on chiral angle
0, as well as a much stronger dependence on nanotube
diameter d;, which determines the number of carbon
atoms in the circular cross-section of the nanotube shell,
one atom in thickness.?

The weak dependence of the electronic energy bands
of SWNTSs on chiral angle 6 relates to the 3-fold symmetry
of the electronic dispersion relations about the K-point
of the 2D graphene Brillouin zone (see Figure 2b), where
the graphene valence and conduction bands are degener-
ate, forming a zero-band gap semiconductor.? Away from
the K-point, the graphene electronic energy bands exhibit
a trigonal warping effect,® as shown in Figure 2b, and 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 (n, m) SWNT
when the energy bands of the graphene lattice are zone-
folded to form the energy bands of the SWNTs.2° The
chirality dependence of the van Hove singularities®© in
the 1D electronic density of states (DOS) of the conduction
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band, where the energy measured relative to the Fermi
energy, is shown in Figure 2a for several metallic (n, m)
nanotubes, all having about the same diameter d; (from
1.31 to 1.43 nm), but having different chiral angles: 6 =
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 chiral angle is varied from the
armchair nanotube (10, 10) (¢ = 30°) to the zigzag
nanotube (18, 0) (¢ = 0°), a splitting due to the trigonal
warping effect (see Figure 2b) develops in all of the
singularities in the DOS,°% and this splitting due to
trigonal warping increases with decreasing chiral angle.
Since the peak energies in the density of states (see Figure
2a) are unique for each (n, m) value, the interband
transition energies, E;j;, are also unique. For carbon nano-
tubes, interband transitions are strongly favored when the
photon energy excites an electron from the ith peak in
the valence band density of electronic states to the ith
peak in the conduction band density of states, corre-
sponding to vertical transitions in the extend zone (2D
graphene). The peak energies, Ej, give rise to a unique
set of singularities in the joint density of states (JDOS) for
each (n, m) value, where E;; occurs at twice the energy of
the singularities shown in Figure 2a. A plot of the singu-
larities in the JDOS denoted by E;; is presented in Figure
3a as a function of nanotube diameter d..!! Reliable values
of Ej; are obtained by the tight binding approximation for
0.7 < d¢ < 2.3 nm.

As can be seen in Figure 3a, the trigonal warping effect
causes a spread of the interband energies, E;, between
the singularities in the JDOS for nanotubes with the same
diameter d;. Here the integer i labels the singularities in
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FIGURE 3. (a) Calculated™ energy separations E; between van Hove singularities J in the 1D electronic density of states of the conduction
and valence bands for all (n, m) values vs nanotube diameter 0.4 < d; < 3.0 nm, using a value for the carbon—carbon energy overlap integral
of o = 2.9 eV and a nearest neighbor carbon—carbon distance ac—c = 1.42 A% Semiconducting (S) and metallic (M) nanotubes are
indicated by crosses and open circles, respectively. The index 7 in the interband transitions Ej; denotes the transition between the van Hove
singularities, with / = 1 being closest to the Fermi level taken at £ = 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) in cm™ and the (n, m) assignments for each resonant SWNT are displayed. The
shoulder at 225 cm~! and the 303 cm™! feature come from the Si substrate and are used for calibration of the SWNT spectra.*

the JDOS and their energies relative to the Fermi level Eg.
From the above discussion, we conclude that each nano-
tube (n, m) has a unique set of interband energies, Ej,
denoting the energy differences between the ith van Hove
singularities in the conduction and valence bands, and
conversely, if one interband energy, E;, and a nanotube
diameter, d;, are specified, then its corresponding unique
(n, m) can in general be identified, except for a possible
but rare energy degeneracy for one transition energy Ej
value occurring for more than one tube.

It is well-established? that the (n, m) indices are crucial
to the nanotube electronic structure. Specifically, the
SWNTs for which |[n — m| = 3q are metallic, and those
for which |n — m| = 3g + 1 are semiconducting, where g
is an integer.>?2 Thus, we see that two-thirds of the bands
in Figure 3a correspond to semiconducting nanotubes (S),
and one-third are metallic (M). Nevertheless, it has proven
difficult to measure (n, m) experimentally and then to
carry out property measurements on the same SWNT. We
explain in the next section how the resonant Raman
spectra from one isolated nanotube (such as shown in
Figure 1a and in Figure 3b) can conveniently provide this
information. As stated above, every possible nanotube
denoted by (n, m) has a distinct electronic and vibrational
spectrum, so that there is a one-to-one relation between
(n, m) and the singularities in the 1D joint electronic
density of states.? As stated in the Introduction, a large
enhancement in the Raman signal occurs in the resonance
Raman effect, when the incident or scattered photon is
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 figure shows three different Raman spectra in the
low-frequency radial breathing mode region taken for
three different isolated SWNTSs, each within a different
light spot ~1 um in diameter, on a sample of isolated

SWNTSs, such as in Figure 1b. It is noteworthy that the
Raman intensity 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 number of substrate Si atoms (C/Si ~10-6) within the
optical beam. This high sensitivity for SWNTSs in resonance
with the incident photon is the basis for research on the
Raman spectra from a single nanotube. In the next
section, we explain how Raman spectra at the single
nanotube level can be used to carry out the (n, m)
identification for that resonant SWNT.

3. Structural (n, m) Characterization

The determination of the geometrical structure of a
nanotube in terms of the indices (n, m) depends on
finding the nanotube diameter and transition energy, E;,
in accordance with the so-called Kataura plot, shown in
Figure 3a. All features of the Raman spectra (Figure 1a)
are sensitive to (n, m), including the radial breathing mode
(in which all the carbon atoms are moving in-phase in
the radial direction), the G-band (where neighboring
atoms are moving in opposite directions along the surface
of the tube as in 2D graphite), the dispersive disorder-
induced D-band, and its second-order related harmonic
G'-band. Although all four of these Raman features in the
SWNT spectra are sensitive to (n, m), it is the radial
breathing mode (RBM) that is most sensitive, and it is
therefore the RBM that is used to make the initial (n, m)
identification, which can then be corroborated by exami-
nation of other spectral features, as discussed below.
We first discuss how the RBM provides a convenient
method for the determination of both d; and E;; from the
Kataura plot of Figure 3a, thereby yielding the (n, m)
identification. Regarding the determination of d;, the RBM

VOL. 35, NO. 12, 2002 / ACCOUNTS OF CHEMICAL RESEARCH 1073



Single Nanotube Raman Spectroscopy Dresselhaus et al.

frequency, wrsm, has been shown to depend linearly on
the reciprocal of the nanotube diameter d; according to
the relation??3

Wgam = 0/d; (@Y)

and to be independent of chiral angle 6, as has been
shown experimentally® and by both force constant®® and
ab initio calculations.** Theoretical determinations have
been made of the proportionality constant o based on
density functional theory (o = 232 4+ 10 cm™ nm),!4%5
whereas for SWNTs on the Si/SiO, substrate used in the
experimental single nanotube spectroscopy studies, a is
experimentally found to be 248 + 2 cm™ nm by the
measurement of the RBM on a large number (42) of
isolated semiconducting and metallic SWNTs in the
process of making a self-consistent evaluation of their (n,
m) indices.*

Regarding the determination of Ej, if a tunable laser
could be tuned to bring E.r in perfect resonance with
Eii (which would then be detected as the Ej,er Value where
the maximum intensity in the Raman spectrum occurs),
then a simple measurement of wgrgw (yielding d;) to
identify the index i in E;; (see Figure 2a) would be sufficient
to determine (n, m). In practice, such a tunable laser
system has thus far been applied only to single nanotube
Raman spectroscopy studies over a small energy range
(~0.15 eV),'® and an (n, m) determination could then be
made accurately.

However, this experiment with a tunable laser went
much further and provided an experimental determina-
tion of the spectral profile of the 1D joint density of states
(JDOS) for a single wall carbon nanotube near a van Hove
singularity, thereby giving direct evidence for the sharp
singularities in the JDOS, and showing how it is possible
to get sufficient intensity to observe a Raman spectrum
from just one nanotube.'® The JDOS spectral profile and
the (n, m) value of the SWNT were both determined by
measuring the resonant Stokes (S) and anti-Stokes (AS)
Raman spectrum for this nanotube for many different
frequencies, thus obtaining a reliable determination of Ej;
to 3 meV as well as the parameters of the spectral profile
(Figure 4). The experiments are carried out on a sample
containing lithographic markers, so that as Ej,s is tuned,
the microscope focus can always be brought to the same
nanotube. The RBM integrated intensity [(Ejser) iS @
function of Ejer and can be evaluated from the joint
density of states g(E) according to

I(Elaser) =
“9(E) dE (2)

M
f‘(Elaser —-E- irr)(EIaser + Eph —E—il)

in which the first and second factors in the denominator,
respectively, describe the resonance effect with the inci-
dent and scattered light, where the + (—) applies to the
AS (S) process for a phonon of energy Epn, and T, gives
the inverse homogeneous lifetime for the resonant scat-
tering process and includes contributions from many
processes, such as internal relaxation, possible vibronic

1074 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 35, NO. 12, 2002

anti—Stokes Stokes
1000 h
/o
2 i
e 500 | P .
5 o;’.P
o LA
3 .
2 e
£ 500 ; 0
8 250 | .
= i \
i LN
v
0 0 ]
160 165 170 175 160 165 170 175
Elaser (eV) Elaser (eV)

FIGURE 4. Raman intensity vs laser excitation energy Ejser for the
wrem = 1736 cm™! peak in the Stokes (S) and anti-Stokes (AS)
Raman processes of an isolated (18, 0) SWNT, where the AS intensity
is normalized by exp(hwrem/ksT) to facilitate comparisons with the
S profile. The line curves indicate the resonant Raman windows
predicted from egs 2 and 3, with £; = 1.655 eV, I, =8 meV, and T';
= 0.5 meV. The upper inset compares the theoretically predicted S
and AS resonant windows. The lower inset plots the JDOS profile
for the two lowest energy van Hove singularities for one isolated
(18, 0) SWNT with 'y = 05 meV.16

phonon structure in E;;, temperature-broadening effects,
and coupling with the radiation field. The matrix element
in eq 2 for the scattering process M = M;M¢,M;s is for
simplicity considered to be independent of E. Here M;,
Ms, and Mg, are, respectively, matrix elements for the
electron-radiation absorption, the electron-radiation emis-
sion, and the electron—phonon interaction, whereas the
JDOS profile g(E) can be approximated within the one-
electron theory by the asymmetric profile

ac_cE
9(E) =Re| ¥ ®)
I dt?’o\/[(E —E; —iT)(E + E; +iT)]

where ac_c = 1.42 A is the nearest-neighbor distance
between carbon atoms, y, is the tight binding energy
overlap integral, and T is introduced as a measure of the
effect on the width of the JDOS singularity for the Ej
electronic transition of the nanotube finite length and of
the finite size of the laser beam on the nanotube, reflecting
a finite number of effective wave vectors along the tube
length. To some extent, T'; depends on the characteristics
of the individual SWNT, but should have approximately
the same value from one tube to another. Values of y, =
2.90 £ 0.02 eV and I'; = 0.7 £ 0.3 meV provide a good fit
to a large body of experimental data. The sum over i takes
into account the different van Hove singularities of one
SWNT (see Figure 3a).

Experimentally, a fit of the data points in Figure 4
determines the values of the fitting parameters in eqs 2
and 3, showing that I', is most sensitive to determining
the fwhm (full width at half-maximum intensity) line
width of the spectral features, but that the very small value
of T'; (~0.7 meV) gives rise to the very strong intensity
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FIGURE 5. (a) Resonance anti-Stokes (AS) and Stokes (S) spectra for a (12, 1) semiconducting SWNT on a Si/SiO, substrate using 1.579 eV
(785 nm) laser excitation (upper panels) and the predicted joint density of states (heavy line) and resonant windows for the RBM mode in the
anti-Stokes (solid line) and Stokes (dotted line) processes for the (12, 1) SWNT (lower panel). Part (b) is the same as in (a), except that the
data are for the (11, 3) SWNT. The energy Efz in (a) and (b) in the lower panels is varied to obtain the experimentally measured /as//s 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.

enhancement (~1000) associated with the sharp 1D van
Hove singularities in the joint density of states g(E). Once
the parameters in eqs 2 and 3 are found, the spectral
profile of the JDOS can be plotted, as in the inset to Figure
4, where g(E) is seen to be highly asymmetric and to have
very sharp singularities, with a width of <1 meV. Mea-
surements of the Stokes and anti-Stokes spectra over the
whole resonance window of the nanotube yield the E;
value more accurately (to 3 meV) than when using a single
laser line (~10 meV accuracy).

Many physical properties, such as transport, optical,
and mechanical properties, are very sensitive to the
spectral profile of the electronic density of states, but the
profile is difficult to measure directly, because probes,
such as scanning tunneling microscopy (STM) tips,Y’
interact too strongly with the nanotube, thereby broaden-
ing the van Hove singularities (from <1 to >10 meV), and
consequently also broadening the density of states that
is probed by scanning probe methods.’

Even though a tunable laser is not generally available,
nevertheless, an (n, m) determination for an isolated
SWNT can in most cases be made if a nanotube is within
the resonant window of a single available laser excitation
line, which in practice is satisfied for Ejaeer Within ~+0.1
eV of an interband transition for that nanotube. From the
measured wgsm and use of eq 1, the nanotube diameter,
d;, is found, and the i index in E;; can be found from Figure
2a. The more challenging measurement is the determi-
nation of the value of Ej.

One method to determine the value of E; directly
requires measurement of both the Stokes and anti-Stokes
radial breathing mode spectra.'®!° This procedure is very
important when the wggy values for two or more SWNTs
(or consequently the d; values for two or more SWNTSs)
are very close to each other, as happens, for example, for
the semiconducting tubes (12, 1) and (11, 3) shown in

Figure 5a and b, respectively. The use of eq 1 for these
tubes yields d; values very close to one another so that it
is not possible to distinguish between them from the
measured d; values. However, the ratio of the anti-Stokes-
to-Stokes intensities, 1xs/ls, for the radial breathing mode
is very different for the two nanotubes, as seen in Figure
5, and this large difference in Ixs/ls is then used to
sensitively (to 10 meV accuracy) determine the energy E;
of the resonant van Hove singularity in the joint density
of states (lower panels in Figure 5).18 This determination
is done by calculating the experimental E{®* that would
produce the measured las/ls ratio. The (n, m) is deter-
mined as the best fit of the measured d; and E;*' to the
predicted d; and E;; values for a given (n, m) (lower panels
in Figure 5), thereby providing an experimental determi-
nation of the (n, m) indices unambiguously. This is
illustrated in Figure 5 above for the tubes (12, 1) and (11,
3), which have very similar d; values but very different
experimental Ej, values of 1.587 and 1.554 eV, respec-
tively, to be compared to their corresponding theoretical
values of 1.585 and 1.564 eV.

In practice, the (n, m) index characterization for
isolated nanotubes can be simply carried out by using a
single laser excitation energy E.er Wwhen the nanotube is
in resonance with Ej.sr, making use of the intensity of the
radial breathing mode, the calculated E;; values of various
candidate (n, m) nanotubes, and a comparison between
the relative RBM intensities of the test SWNT and the
intensities of other SWNTs whose (n, m) indices have
previously been determined (and consequently, also their
experimentally determined d; and E;; values have been
matched to calculated values.) If the (n, m) 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 (n, m) Raman
characterization can be carried out for each SWNT.
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FIGURE 6. (a) Measured D-band frequencies as a function of chiral angle 6 of semiconducting SWNTSs for which Ejaer iS in resonance with
the Ef4 interband transitions (upper panel) and the distance |k;| to the K point for electrons in the 2D Brillouin zone of graphite (see Figure
2b), associated with the £;; van Hove singularities, plotted as open circles vs 0 for the possible resonant tubes (lower panel) and as stars over
the open circles for the experimentally observed tubes in the upper panel. (b) G'-band profile (left panel) and joint density of electronic states
(right panel) for the (15, 7) and (17, 7) SWNTSs. The vertical dashed lines at 2.41 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 (line widths)
are in units of cm™., (c) Same as in (b), except that the data are for the (27, 3) and (20, 5) metallic SWNTSs.

4. Corroboration of the (n, m) Assignments

Every one of the other features in the Raman spectra from
individual SWNTs, namely the G-band, the D-band, and
the G'-band, are sensitive to (n, m) and, therefore, can be
used to check the (n, m) assignment discussed in Section
3, although none of these features is as sensitive to (n, m)
as the radial breathing mode. Thus, the other features are
used for corroborating (n, m) and to check for possible
blunders that could have been made in the initial (n, m)
identification implied by the RBM feature.

As shown by recent measurement, the difference in the
G-band line shape between metallic and semiconducting
nanotubes can be observed at the single nanotube level
for nanotube diameters <2.2 nm,? thus providing a direct
validation on the difference (n — m). The G-band is
dominated by two higher-intensity peaks (see Figure 1a)
denoted by G™ and G~. The splitting between the fre-
quency of the upper and lower G-band peaks provides a
determination of d, through the relation wg = wg — 6/d2
where ¢’= 45.8 cm™! nm? for semiconducting tubes and
79.5 cm™ nm? for metallic nanotubes.?® The strong
polarization effects observed for the RBM and G-band
features point to the importance of monitoring the
polarization alignment with respect to the nanotube axis
when doing (n, m) characterization.?! Finally, for special
(n, m) values, when using a specific Ejuer €xcitation, it is
possible for the incident photon to be in resonance with
one Ej; value (for example, Efm) and for the scattered
photon to be in resonance with another E; value (for
example, E§3), and unusual G-band profiles are then
observed. Such a situation is extremely sensitive (at the
meV level) to the (n, m) identification and provides
sensitive corroboration for a given (n, m) assignment.?
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Other Raman modes that can be used to further
corroborate the (n, m) identification are the dispersive
bands (see Figure 6) (the disorder-induced D-band and
the second-order G'-band). In Raman experiments in
general, the phonon frequency does not depend on the
laser excitation energy (as, for example, for the RBM band
and the G-band). The D-band and G'-band are special,
because they change in frequency when the laser excita-
tion energy changes; i.e., these bands are dispersive. The
origin of this dispersive behavior®22 in both graphite and
single wall carbon nanotubes??2* has been explained by
a double resonance Raman process involving a second-
order scattering process and a Raman intensity enhance-
ment due to the resonance with both an intermediate state
and resonance with either the initial or final states, thus
yielding a double resonance process, giving rise to a
special electron—phonon coupling. In the case of nano-
tubes, the quantized wave vectors k;; play a fundamental
role in determining the resonant process, as is clearly seen
when we plot the chiral angle-dependence of wp, as shown
in the upper left panel of Figure 6a. The corresponding
kii in the lower panel of Figure 6a denote the wave vectors
for the confined electronic states in the van Hove singu-
larities. In the lower panel of Figure 6a, the circles denote
the predicted (n, m) indices that can be resonant, and the
crosses denote the SWNTs that were actually observed in
the Raman experiments carried out to date. The good
agreement between upper and lower panels in Figure 6a
shows that the 6 dependence of wp in SWNTs can be
explained in terms of the relation between |k;| for
electrons and g for phonons to which electrons are
strongly coupled by the double-resonance process. The
similar patterns, as a function of chirality 6 for the electron
wave vectors kj; and the observed wp phonon frequencies,
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tell us that the (n, m) assignment is reliable, for otherwise
wp(#) and k;; would not be correlated with each other as
they indeed are.

The large dispersion of the G'-band mode is important
for providing information about the electronic structure
of the nanotubes. Since the double-resonance process is
constrained by the van Hove singularities in the 1D SWNT
JDOS, the G'-band profile is strongly dependent on the
electronic structure and then can be used to corroborate
the (n, m) assignment for a resonant SWNT. The G'-band
for most of the semiconducting tubes shows a single
Lorentzian peak, as in the lower left panel of Figure 6b.
However, some SWNTs show a “two peak effect”, as in
the upper left panel of Figure 6b. These different G'-band
profiles can be understood by analyzing the resonant
process of Ejxer With the singularities in the JDOS shown
in the right panels of Figure 6b, keeping in mind that the
quantized states k;; determine the G'-band frequencies wg'.
By examining the JDOS we see that for the (15, 7) SWNT,
Ejaser (incident photon) is resonant with Ef‘14 and Ejaser —
Ec (scattered photon) is resonant with E§3 in a resonance
that occurs as two independent processes. Then, the
double peak observed for (15, 7) arises from resonance
processes involving ka4 (Upper frequency component) and
kss (lower frequency component).

The G'-band profile in the lower left panel of Figure
6b has a single Lorentzian peak, because only the incident
photon is resonant. It is just this profile that, indeed,
allows the identification of this tube as (17, 7), since the
singularity E§3 is too far from the energy of the scattered
photon to allow the resonance to occur. From the
measured wrgm = 148 cm™%, there are two likely (n, m)
candidates for this tube, namely, the (17, 7) and (16, 8)
SWNTs. The (16, 8) is eliminated from the assignment,
because the E§3 energy would give rise to a strong
resonance with the scattered photon, and two peaks in
the G'-band would then be expected. We thus conclude
that the wrew = 148 cm~! SWNT here corresponds to (17,
7).

The “two peak” effect in the G'-band spectrum is also
observed in metallic tubes, as can be observed in the lower
left panel of Figure 6¢c. Some single Lorentzian peak
profiles are also observed. The two peaks in the G'-band
for metallic tubes are associated with the splitting of the
electronic states AE!Y' due to trigonal warping effects,
being zero for armchair SWNTs and a maximum for zigzag
SWNTs (see Figure 2a). Since different electronic energies
occur for each component of the AEi'}" pair (see Figure
3a), different k;; vectors will result, thereby giving rise to
different phonon wave vectors g for the G' band phonons
and, finally, to different ws values denoted by Awg, as
observed in the lower left panel of Figure 6c for the (27,
3) nanotube. The (20, 5) SWNT has a G'-band with a single
Lorentzian line shape for Ej.ser = 2.41 eV excitation, in
agreement with its JDOS, for which the only resonance is
for the incident photon with the lower E?i" component, as
shown in the figure. This is not the case for the (27, 3)
tube, where a two peak effect in the G'-band profile is
observed experimentally, in agreement with the calculated

JDOS for this tube. Armchair tubes (n, n) do not show
trigonal warping-induced splittings in E:\i" [see, for ex-
ample, the (10,10) tube in Figure 2a], so that the (15, 15)
tube, which is predicted to be resonant with Ejsr = 2.41
eV, should show a G'-band with a single Lorentzian line
shape, in good agreement with experiment.

By measuring these splittings, Awg in the wg profiles
for SWNTs with different chirality, it is possible to
determine the dependence of Awe on AEY. The linear
relation observed experimentally for Awg Vs AE!}" gives
an independent determination of 108 + 5 cm~*/eV for the
dispersion of wg as a function of Ej.sr, even though the
measurements are all made using one laser line.?> The
agreement between this determination of the dispersion
of we VS Ejaser With direct measurements of wg for SWNT
bundles as a function of Ej.sr gives further corroboration
for the (n, m) structural determination of these SWNTs
using resonance Raman spectroscopy.

Conclusions

A brief review of single nanotube Raman spectroscopy is
here presented, emphasizing in particular how such
spectra can be observed and the use of these spectra for
the structural (n, m) determination of individual nano-
tubes. The special high sensitivity of the radial breathing
mode feature for the structural determination is empha-
sized, but the use of diameter- and chirality-sensitive
aspects of the other spectral features, such as the G-band,
D-band, and G'-band, allow corroboration of the (n, m)
assignments made by analysis of the RBM feature. Single
nanotube spectroscopy opens up a variety of research
opportunities that have been largely unexplored until now,
including understanding in detail the diameter- and
chirality-dependence of the Raman spectra from SWNT
bundles, and the use of Raman structural (n, m) charac-
terization of isolated SWNTSs that can then be investigated
for their diameter- and chirality-dependent mechanical,
elastic, optical, transport, thermal, and emission proper-
ties. Finally, Raman spectra of carbon nanotubes at the
single nanotube level provide a model system for studying
the special characteristics of Raman spectroscopy of 1D
systems.
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