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The use of Raman spectroscopy as a characterization tool for individual single wall carbon
nanotubes is briefly reviewed. New physical phenomena occurring at the single nanotube
level are discussed, with special emphasis given to the use of resonance Raman scattering
for the structural determination of (n,m) for individual nanotubes, based on diameter and
chirality dependent phenomena associated with the radial breathing mode, the G-band
and the G′-band features. Examples are given to show how single nanotube spectroscopy
provides insight into the use of Raman spectroscopy for the characterization of nanotube
bundles and for the study of new physical phenomena occurring at the single nanotube
level.
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INTRODUCTION

The ability to carry out Raman scattering studies at the single nanotube level and
to use such spectra to identify the (n,m) structural indices for an individual nanotube
opens up many new possibilities for the discovery of new physical phenomena never seen
before in any system, for understanding how the Raman spectra from single wall carbon
nanotube (SWNT) bundles are related to the constituent SWNTs in the bundle, and
for using the Raman characterization technique to carry out studies of other physical
properties of SWNTs of known (n,m) values at the single nanotube level. The use of
Raman spectroscopy for determining nanotube diameters and for distinguishing between
metallic and semiconducting SWNTs is well known from measurements on SWNT bundles
[1]. In the present review, we focus on the wealth of additional information provided by
spectroscopy at the single nanotube level.

The (n,m) integers are conventionally used to specify the number of unit vectors ~a1

and ~a2 in the graphene honeycomb structure that constitute the chiral vector (or roll-up

vector) ~Ch = n~a1 + m~a2 corresponding to the nanotube circumference [2]. Once (n,m) is
known, the nanotube diameter dt and chirality, or the orientation of the carbon hexagons
with respect to the nanotube axis, can be specified [2]. Raman spectra of the radial
breathing mode, whereby each carbon atom in the nanotube vibrates in phase in the
radial direction, give a direct measure of dt, because the radial breathing mode frequency
ωRBM, is given by the relation ωRBM = α/dt, where α is found to be 248 cm−1nm, based

Mat. Res. Soc. Symp. Proc. Vol. 706 © 2002 Materials Research Society

Z7.1.1
https://doi.org/10.1557/PROC-706-Z7.1.1 Published online by Cambridge University Press

https://doi.org/10.1557/PROC-706-Z7.1.1


on measurements of many SWNTs at the single nanotube level [3].
The electronic properties of SWNTs are remarkable insofar as they can be either metal-

lic (when m−n = 3q and q is an integer) or semiconducting (when n−m = 3q±1). Raman
spectroscopy can be used to distinguish between metallic and semiconducting tubes, be-
cause of the very different spectral lineshapes observed for metallic and semiconducting
SWNTs with diameters less than 2 nm [1].

Single Nanotube Raman Spectroscopy

The large density of electronic states for one-dimensional (1D) systems at van Hove sin-
gularities [see Fig. 1(b)] and the strong electron-phonon coupling in carbon nanotubes
under resonance conditions allows observation of the Raman spectra from one individual
single wall carbon nanotube [see Fig. 1(d)], when the incident or scattered photon is in
resonance with an interband transition Eii between the i-th 1D van Hove singularities in
the electron density of states of the valence and conduction bands. The enhancement of
the Raman signal coming from the resonance between the excitation photon and these
singularities in the joint density of states (JDOS) can be very large, so that in some cases
the Raman intensity from one nanotube can be as large as that for the silicon substrate
on which the nanotubes lie [see Fig. 1(e)], even though there is a 108 ratio of Si/C atoms
within the laser excitation beam of 1µm diameter [see inset to Fig. 1(d) where the radial
breathing mode features for 3 different SWNTs are shown].

Such large enhancement factors arise from the highly 1D nature of the electronic den-
sity of states of carbon nanotubes with diameters less that ∼2 nm. Figure 1(d) shows
that each feature in the Raman spectra of SWNT bundles can now be observed at the
single nanotube level. These features include the non-dispersive radial breathing mode
(RBM) which is not present in other sp2 carbons, and the non-dispersive G-band feature,
which is also present in sp2 carbons and has many properties for nanotubes that are
both similar to and distinct from the G-band features in other sp2 carbons. The RBM
and G-band processes are both first-order Raman processes, for which the resonance can
be with either the incident or the scattered photon. Also seen in the Raman spectra
in Fig. 1(d) are the highly dispersive disorder-induced D-band and its second harmonic
G′-band, for which the mode frequencies show a strong dependence on the laser excita-
tion energy (for the G′-band measured in SWNT bundles, ∂ωG′/∂Elaser = 106 cm−1/eV).
Investigations of these spectral features at the single nanotube level reveal many inter-
esting details about the dependence of each feature in Fig. 1(d) on nanotube diameter,
chirality, metallic vs. semiconducting behavior. In addition, such phonon spectra provide
an astonishingly sensitive probe of the unique electronic structure of single wall carbon
nanotubes. Furthermore, study of the Raman spectra at the single nanotube level allows
investigation of new physical phenomena, particularly phenomena about the resonance
Raman effect that have never been observed before in any physical system.

Raman spectroscopy is not normally a tool in solid state physics for the structural char-
acterization of crystalline solids, but for the case of 1D carbon nanotubes, the observation
of the Raman spectra from an individual nanotube can be used to provide a definitive
identification of the nanotube structure through determination of its (n,m) indices. This
is another remarkable and unique property of carbon nanotubes. The physical principle
that is employed in the (n,m) determination makes use of the fact that because of the
trigonal warping effect of the equi-energy contours around the K and K′ points in the 2D
Brillouin zone [Fig. 1(a)], each (n,m) nanotube has a unique set of singularities [Fig. 1(b)],
at energies Eii in the JDOS [Fig. 1(c)], where each Eii value is plotted for the indicated
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Figure 1: (a)Plot of the 2D equi-energy contours of graphite, showing trigonal warping
effects, as we move from the K point in the K −Γ or K −M directions. The equi-energy
contours are circles near the K point and near the center of the 2D Brillouin zone. But
near the zone boundary, the contours are straight lines which connect the nearest M points
[4, 5]. (b)The density of electronic states for a semiconducting (10,0) and a metallic (9,0)
SWNT showing the van Hove singularities. The dotted curves show the corresponding
density of states for 2D graphite [2]. (c) Calculated [6] energy separations Eii(dt) between
van Hove singularities i in the 1D electronic density of states of the conduction and valence
bands for all (n,m) SWNTs vs. nanotube diameter for 0.4 < dt < 3.0 nm, using a value for
the carbon-carbon energy overlap integral of γ0 = 2.9 eV and a nearest neighbor carbon-
carbon distance aC−C = 1.42 Å [4, 7]. 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, with i = 1 being closest to
the Fermi level. (d) Raman spectrum from one nanotube taken over a broad frequency
range using Elaser = 785 nm = 1.58 eV excitation, and showing the radial breathing mode
(RBM), the D-band, the G-band, second order features and the G′-band. The features
marked with ‘*’ at 303 cm−1, 521 cm−1 and 963 cm−1 [8] are from the Si/SiO2 substrate
and are used for calibration. The inset shows the RBM feature for 3 different SWNTs in
comparison to the Si feature at 303 cm−1. (e)AFM image of the sample used for single
nanotube spectroscopy showing isolated SWNTs grown from the vapor phase [9]. The
small particles are iron catalyst particles. The inset shows the diameter distribution of
this sample based on AFM observations of 40 SWNTs on a Si/SiO2 surface [3]. (f)Anti-
Stokes and Stokes spectra for a (12,1) SWNT identified from the corresponding calculated
intensities shown below, based on energy difference between Elaser and ES

22 [10].
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range of nanotube diameters dt. Each point on a ES
ii band in Fig. 1(c) corresponds to

a different semiconducting nanotube, and each metallic nanotube has a pair of points
on each EM

ii band in Fig. 1(c) because of the trigonal warping effect [4], except for arm-
chair (n, n) SWNTs for which the trigonal warping effect goes to zero. Resonance Raman
scattering allows determination of these energies Eii and the corresponding wave vectors
kii where these van Hove singularities occur, because the energy differences Eii between
the i-th van Hove singularities in the valence and conduction bands control the resonant
condition of the SWNT with the laser excitation energy Elaser. The determination of
Eii by the Raman experiment, in turn, provides a determination of the (n,m) indices of
the nanotube in resonance with Elaser. The Eii value is most directly determined (to an
accuracy of ∼10 meV) from measurement of the Stokes and anti-Stokes radial breathing
mode intensities as shown in Fig. 1(f) [10]. Here we see the anti-Stokes and Stokes spec-
tra for a (12,1) SWNT, which is identified by reproducing the measured intensity ratio
by fitting the energy of the ES

22 singularity in the JDOS. When the Stokes/anti-Stokes
measurements are made with a tunable laser, then Eii can be determined to a resolution
of 3 meV [11]. The tunable laser study also allows measurement of the profile of the joint
density of states near one of its characteristic 1D singularities, showing that the width of
the 1D singularities in the density of states is less than 1 meV, thereby explaining how
it is possible to get a sharp Raman signal from a nanostructure as small as one SWNT.
When characterizing many SWNTs for their (n,m) values, the measurements are made in
the simplest way, by measuring the radial breathing mode frequency (ωRBM) and intensity
(IRBM) using one laser line. Such a measurement is sufficient to determine (n,m) in about
90% of the cases. For a more precise (n,m) determination, either the Stokes/anti-Stokes
intensity ratio can be used [10], or measurements can be made of the properties of other
Raman features that are sensitive to diameter and chirality, some of which are summa-
rized below. Because of the high sensitivity of the electronic, transport, vibrational and
other nanotube properties to the structural (n,m) indices, this non-destructive, readily
available resonance Raman characterization technique is expected to have a significant
impact on current basic research on carbon nanotubes generally, because now it will be
possible to study many properties at the single nanotube level as a function of diameter
and chirality by combining resonance Raman spectroscopy with other measurement tech-
niques [12]. A few examples of the richness of this newly emerging field of single nanotube
spectroscopy are presented in this brief review.

Connecting Single Nanotube and Bundle Spectra

Figure 2 gives three examples of what single nanotube spectroscopy tells us about the
spectra of SWNT bundles. Measurements of the radial breathing mode at the single
nanotube level yields a relatively narrow Lorentzian line [see Fig. 2(a)]. A determination of
the coefficient α = 248 cm−1nm in the relation for the nanotube diameter, dt = 248/ωRBM

is found by RBM measurements on many nanotubes in conjunction with a determination
of their (n,m) indices [3]. The spectrum for the SWNT bundle in contrast shows a
superposition of Raman signals from all tubes resonant with Elaser = 1.58 eV. Spectra at
other Elaser values would be needed to obtain the diameter distribution in a typical SWNT
bundle sample, since only a fraction of the SWNTs in the bundle are in resonance with a
given Elaser line.

As another example of what can be learned by single nanotube spectroscopy, we con-
sider the G-band feature. The difference in lineshape of the G-band feature between
metallic and semiconducting SWNTs can be easily seen at the individual nanotube level
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Figure 2: (a) RBM Raman spectra for one isolated nanotube and for SWNT bundles.
(b)Splitting of the G-band frequency showing the diameter dependence of the circumferen-
tial and axial mode frequencies ω+

G and ω−
G for metallic and semiconducting SWNTs [13]. (c)

G′-band data for ωG′ for a SWNT bundle sample taken from Ref. [14]. (d) Same ωG′ vs. Elaser

data as in (c), after subtracting the linear dispersion 2420 + 106Elaser. (e) Calculated first
moment k̄ii for all possible resonant tubes as a function of Elaser after subtracting the linear
dispersion −0.03 + 0.20Elaser, and normalizing kii to b, the magnitude of the basis vector in the
2D reciprocal graphene lattice [15].
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[16]. It is only at the single nanotube level that the dependence of the G-band frequency
on nanotube diameter dt can be measured quantitatively [see Fig. 2(b)], where it is seen
that ω+

G for vibrations along the nanotube axis is independent of dt and is the same for
semiconducting and metallic SWNTs. On the other hand, the frequency for the vibra-
tions in the circumferential direction ω−

G show a C/d2
t dependence, where the value of C

is nearly twice as large CM = 79.5 cm−1nm2 for metallic SWNTs as for semiconducting
SWNTs (CS = 47.7 cm−1nm2) [13]. Furthermore, no chirality dependence is observed for
ω±

G, so that their measurement does not provide a sensitive determination of (n,m). On
the other hand, one use of the dt dependence of ω−

G is for the analysis of Raman spectra
from SWNT bundles in the estimation of the mean diameters for semiconducting and
metallic nanotubes contained in the bundle. For individual SWNTs in resonance with
the incident Elaser, measurements of ω±

G can be used as an internal check on the diameter
determination made by analysis of the radial breathing mode [17]. Another application
of the dt dependence of the ω−

G measurement is for estimating dt for SWNTs that are in
resonance with the scattered photon, so that the radial breathing mode would not in this
case be in resonance with Elaser, and there is therefore no RBM spectrum available for an
(n,m) identification.

Polarization effects are very important for Raman intensity measurements because of
the strong polarization effect of SWNTs in aligning the optical E field with the SWNT
axis. This effect can also be used to align SWNTs along the polarization direction of
Elaser [18], and this procedure is very important for comparing the intensities of specific
features in single nanotube spectroscopy experiments on different SWNTs. Polarization
experiments made on two SWNTs that lie close (less than an optical wavelength away)
to each other on the substrate, but have different spatial directions for their axes, show
anomalous polarization effects. For such tubes, the complete suppression of the Raman
intensity for the polarization perpendicular to each of the tubes is not observed because of
the complicated form of the antenna effect that is produced in this case. Such observations
at the single nanotube level clarify the physical phenomena occurring in polarization
experiments done on SWNT bundles where the effect of the local optical field due to
the antenna effect of each nanotube must be considered in interpreting the polarization
spectrum.

The third example concerns the very large dispersion of the G′-band frequency ωG′ as
a function of Elaser for a SWNT bundle [14]. This example involves the highly dispersive
features of the Raman spectra from isolated SWNTs associated with the D-band and the
G′-band. The origin of the disorder-induced Raman peak (D-band) which is observed
around 1350 cm−1 for laser excitation energy Elaser = 2.41 eV [1, 16, 19] in both graphite
and single wall carbon nanotubes [20, 21] has been explained by a double resonance Ra-
man process [21]. This double resonance process in graphite is a second-order scattering
process, and a Raman intensity enhancement occurs due to resonance with both an in-
termediate state and a second resonance occurring with either the initial or final states,
thus yielding a double resonance process for which the phonon wave vector at resonance is
twice the electron wave vector (q ' 2k) [20, 21]. For SWNTs, the van Hove singularities
sensitively determine the kii wave vectors for the resonance condition [20].

After subtracting the strong linear dependence of ωG′ on Elaser, that is also observed
with approximately the same large magnitude as for other sp2 carbons [see Fig. 2(c)],
an oscillatory component unique to the ωG′(Elaser) dispersion for SWNTs remains, as
shown in Fig. 2(d). The physical basis of these oscillations stems from the special role
of the singularities of the 1D JDOS in the electronic structure of SWNTs in the double
resonance mechanism for the G′ band as it applies to SWNTs [22]. The general dispersive
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nature of ωG′ as a function of Elaser arises from the double resonance process in sp2 carbons
[21]. In the basic second-order scattering process for the G′-band in the sp2 carbons, an
electron with momentum k near the K-point in the 2D Brillouin zone (a) is excited by the
incident photon. (b) This electron is then scattered to an intermediate state k + q state
and (c) finally is back-scattered to the k state to recombine with a hole. If two of three
intermediate states correspond to real electronic states in the energy dispersion E(k), the
Raman intensity is enhanced by two factors in the denominator of the intensity formula,
thereby constituting the double resonance Raman process. For the G′-band process, two
phonons of wave vector q and −q are emitted in the second-order Stokes scattering process
[20].

In addition to the double resonance process for sp2 carbons, the singularities in the 1D
electronic JDOS govern the specific nanotubes in the SWNT bundle that are in resonance
with Elaser, namely SWNTs that have Eii singularities close in energy to Elaser. The kii

wave vector corresponding to each Eii value will strongly couple to a phonon with wave
vector q ' 2kii. For a SWNT bundle, each Eii band for metallic or semiconducting
SWNTs [see Fig. 1(c)] gives rise to an oscillatory behavior in the ωG′ vs. Elaser dispersion
curve, with the oscillation centered at 1.9 eV associated with EM

11 interband transitions and
the oscillation centered at 2.5 eV associated with the ES

33 and ES
44 interband transitions

which lie too close together in energy to be separated in Fig. 2(d). For each SWNT in
the bundle, resonance is possible with either the incident photon, the scattered photon
or the intermediate state kii + q resulting from the phonon scattering event in the double
scattering process. By considering all possible SWNTs in the SWNT bundle that can
contribute to each of the EM

11 , ES
33 and ES

44-bands, the calculated curve shown in Fig. 2(e),
is obtained. The behavior in Figs. 2(d) and 2(e) arises from the detailed dependence of
the kii values on nanotube diameter (ωG′ decreases as dt decreases) and on chiral angle,
and both of these effects have been calculated [15, 23].

From these studies of the dependence of the G′-band feature on nanotube diameter
and chirality at the single nanotube level, together with gaining an understanding of
the role of the van Hove singularities in the double resonance process, we learn that the
G′-band for SWNT bundles is diameter selective in accordance with strong resonances
with transitions between van Hove singularities. We further learn that not all SWNTs
contribute resonantly to the G′-band at every Elaser value, as occurs for graphite and
sp2 carbons. Studies at the single nanotube level also provide an explanation for the
oscillatory behavior superimposed on the strong linear behavior of ωG′ vs. Elaser observed
for SWNT bundles [15].

Unique Effects in Isolated SWNTs

In this section we give four examples of new phenomena in resonant Raman spectroscopy
that have been observed for the first time in carbon nanotubes. All of these examples
depend strongly upon selecting SWNTs with special (n,m) values which exhibit unique
phenomena. The good agreement between predictions and experimental observations for
each of these examples thus provides independent confirmation of the (n,m) assignment,
made primarily from analysis of the RBM feature.

The first example involves the dependence of the Stokes and anti-Stokes intensities
for the radial breathing mode on a tunable laser excitation energy, as shown in Fig. 3(a).
Here the relative intensities of the anti-Stokes to Stokes features are not governed by
the Boltzmann factor alone, but also by the difference in energy between the van Hove
singularity and the laser line. By using a tunable laser source, the radial breathing mode
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Figure 3: (a)Raman intensity vs. laser excitation energy Elaser for the radial breathing
mode (ωRBM = 173.6 cm−1 peak) in the Stokes and anti-Stokes Raman processes of an
isolated (18,0) SWNT, where the anti-Stokes intensity is normalized by exp(h̄ωRBM/kBT )
to facilitate comparisons with the Stokes profile. The curves indicate the predicted reso-
nant Raman windows. The upper inset compares the theoretically predicted Stokes and
anti-Stokes resonant windows. The lower inset plots the JDOS profile for one isolated
(18, 0) SWNT [11]. (b)G′-band profile (left panel) and joint density of electronic states
(right panel) for the (15,7) and (17,7) SWNTs. The incident photon for Elaser = 2.41 eV
is resonant with ES

44 for both the (15,7) and (17,7) SWNTs. The scattered photon at
Elaser − EG′ ≈2.08 eV is resonant with ES

33 for the (15,7) SWNT, but not for the (17,7)
tube. 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 [15, 22]. (c) RBM and the G-band Raman spectra for three
isolated semiconducting SWNTs with similar diameters (dt ∼ 1.61 nm) that are resonant
with the laser (Elaser = 2.41 eV) at three different spots on the sample. The shoulder
observed to the right side of the RBM spectral feature comes from the Si substrate [13].
(d) Linear fit for several SWNTs of the ∆ωG′ phonon splitting (experiment) vs. the elec-
tronic ∆EM

22 splitting (calculated) due to the chirality-dependent trigonal warping effect
in metallic SWNTs. The inset is the G′-band profile for a (27,3) SWNT showing the
two-peak structure associated with the trigonal warping effect [22, 23].

Z7.1.8
https://doi.org/10.1557/PROC-706-Z7.1.1 Published online by Cambridge University Press

https://doi.org/10.1557/PROC-706-Z7.1.1


of the (18,0) SWNT was measured as it moved through its resonant window, allowing
measurement of the profile of the van Hove singularity in the joint density of states for
this SWNT. The upper inset to Fig. 3(a) shows the shift in the windows for the Stokes
and anti-Stokes processes and the lower inset shows the van Hove singularities in the joint
density of states associated with the EM

11 interband transitions. Measurement of the full
profile of the radial breathing mode provides a determination of EM

11 for this nanotube to
an accuracy of ∼3 meV.

The second example shown in Fig. 3(c), illustrates how the G-band spectrum can in
some special cases be used more directly to confirm the (n,m) identification for some
special range of SWNT diameters where Elaser for the incident photon happens to be in
resonance with one Eii van Hove singularity in the JDOS and Elaser−EG for the scattered
photon is in resonance with another Eii for the same SWNT [13]. An example of such
a situation occurs for Elaser = 2.41 eV, where a few special tubes with dt ' 1.61 nm
show resonance of the incident photon with ES

44 and of the scattered photon with ES
33.

It should be pointed out that these two processes are independent and involve different
electron-hole pairs for each process, occurring at different Eii singularities. The special
(n,m) nanotubes exhibiting this effect for a given laser excitation energy Elaser can be
predicted theoretically. The experimental observation of this effect is in terms of unusual
relative magnitudes of the main lower and upper components (ω−

G and ω+
G) of the G-band

feature, as well as an exceptionally strong intensity for the E2 symmetry component of
the G-band, which is generally very difficult to observe, but can be seen in Fig. 3(c) at
1557 cm−1 [13].

The large dispersion of the G′ band allows observation of new physical phenomena, not
seen in other physical systems. For example, for the case of semiconducting nanotubes,
it is possible at the single nanotube level for the incident photon to be resonant with the
ES

44 singularity for that SWNT and the scattered photon to be resonant with ES
33. This

effect can occur for a very special subset of SWNTs that can be predicted theoretically.
The experimental manifestation of this phenomenon in semiconducting tubes appears as
a two peak structure in the G′-band spectra, as shown in the top of Fig. 3(b). Also shown
in the figure are the energies of the van Hove singularities in the joint density of states for
ES

44 and ES
33, as well as Elaser and Elaser −EG′ . This special subset of SWNTs that exhibit

this effect is strongly dependent on their (n,m) assignments [12]. The excellent agreement
between experiment and theory as to which semiconducting SWNTs show this two peak
structure [such as the (15,7) SWNT shown in the top of Fig. 3(b)] and which SWNTs do
not, [the (17,7) SWNT shown in the bottom of Fig. 3(b)] gives strong confirmation for the
method used to obtain the (n,m) assignments from analysis of the radial breathing mode
feature. The presence or absence of the two peak structure can then be used as a method
for distinguishing between two (n,m) identifications when the nanotube diameters for the
two choices of (n,m) are very close to one another [15, 22].

For the Raman spectra for metallic SWNTs at the single nanotube level, the splitting of
the singularities in the electronic JDOS due to the trigonal warping effect [see Fig. 1(a)] [4]
can be measured quantitatively by measuring the corresponding splitting in ωG′ denoted
by ∆ωG′ , and associated with each of the two components in the splitting of the electronic
states ∆EM

ii for metallic nanotubes, where ∆EM
ii is zero for armchair SWNTs and is

a maximum for zigzag SWNTs. Since the different electronic energies occur for each
component of ∆EM

ii in the trigonally split singularities in the JDOS [4], different kii-
vectors will result, thereby giving rise to different q values for the G′ band phonons and
finally different ωG′ values will be obtained, thus resulting in the two peak structure ∆ωG′

shown in the inset to Fig. 3(d). By measuring these splittings ∆ωG′ in the ωG′ profiles
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for SWNTs with different chiralities, it is possible to determine the dependence of the
experimental ∆ωG′ on the calculated ∆EM

ii , as shown in Fig. 3(d) [23]. The linear relation
observed experimentally for ∆ωG′ vs. ∆EM

ii for various SWNTs gives an independent
determination of 108± 5 cm−1/eV for the dispersion of ωG′ as a function of the excitation
energy Elaser, even though the measurements on the various SWNTs are all made using
one laser line [22, 23]. This result is also important for understanding the relation between
single nanotube spectroscopy and the Raman spectra obtained from SWNT bundles. The
consistency of these two determinations of the dispersion of ωG′ vs. Elaser gives further
support for the method used for the (n,m) determination, since the (n,m) identification
of each SWNT measured in Fig. 3(d) sensitively determines its ∆EM

ii value.

Conclusion

In conclusion, single nanotube spectroscopy opens up many new research directions, lead-
ing to the discovery of many new physical phenomena, resulting in a better understanding
of what is actually observed in the Raman spectroscopy of SWNT bundles, and providing
a basis for using Raman characterization to carry out quantitative studies of the depen-
dence of other physical phenomena (e.g., transport, mechanical, thermal properties) on
nanotube diameter and chirality at the single nanotube level.
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