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From combined Raman spectroscopy and electron diffraction studies on several freestanding single-walled
carbon nanotubes �SWNTs�, we define Raman criteria which correlate the main features of the Raman spec-
trum �radial breathing mode and G modes� and the optical transition energies with the structure of the SWNT
under investigation. On this basis, we discuss the possibilities to determine the �n ,m� indices of an individual
SWNT from a single wavelength Raman experiment. We show the efficiency of this approach in assigning the
�n ,m� structure of different individual nanotubes including all types of achiral SWNTs. Finally, the limits and
the accuracy of the method are discussed.
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I. INTRODUCTION

For a long time, Raman spectroscopy has been widely
used to derive information on the structural, vibrational, and
electronic properties of single-walled carbon nanotubes
�SWNTs�. To this aim, several Raman experiments were per-
formed on SWNT bundles, ensembles of individual SWNTs,
individual and spatially isolated SWNTs. Radial breathing
mode �RBM� and G modes are the two main features of the
Raman spectrum of SWNTs.

The RBM frequency ��RBM� depends on the SWNT di-
ameter �for a review see Ref. 1�. Experimental results in the
literature, regarding different kinds of SWNTs, fit well the
RBM frequency vs diameter relation �RBM=A /d+B �d is
the tube diameter�. The factor B is usually associated to en-
vironmental effects �bundling, surfactant used for nanotubes
dispersion, substrate� and then is expected to be zero for
negligible environmental effects.

The features of the longitudinal optical �LO� and trans-
verse optical �TO� G modes �line shape and frequency of
each component� depend on tube diameter and chirality.2,3

Consequently, information about the G modes can only be
derived with a good accuracy from Raman experiments per-
formed on individual and index-identified SWNTs. So, in
spite of the investigations performed on a large number of
supposedly individual SWNTs,4 only recently the features of
G modes of few semiconducting5 and metallic6 SWNTs have
been measured from experiments performed on individual,
spatially isolated, index-identified freestanding SWNTs. The
frequencies of G modes can be compared with the most re-
cent predictions about the diameter and chirality dependence
of G-mode frequencies calculated by DFT method using
adiabatic2,3 and nonadiabatic assumptions.3

The measurement of the excitation profile of RBM gives
information on the resonance transition energies �ER� of
SWNTs �see Refs. 7–10�. Associated to the evaluation of the
diameter of SWNTs �from the RBM frequency vs diameter
relation�, the knowledge of the experimental ER allows to
identify the �n ,m� structure of the SWNTs from the compari-
son with the optical transition energies calculated in different
tight-binding approaches.7–10 Excitation profiles on ensemble
of individual SWNTs give a precise �n ,m� assignment from

the geometrical pattern recognition between the experimental
and a calculated resonance chart,11,12 in agreement with pho-
toluminescence studies.13 By contrast, when the measure-
ment of a single SWNT is done by using a single wave-
length, wrong �n ,m� assignment has been reported, as
discussed in Ref. 14. This procedure then requires more ac-
curate criteria including the main features of the Raman
spectrum �RBM and G modes� for the indexation of a single
individual nanotube measured with a single laser excitation
energy.

A few years ago we developed an approach combining
Raman spectroscopy and electron diffraction �ED� experi-
ments on individual, spatially isolated, and freestanding
SWNTs.15 This approach allowed us to measure, in air and
room temperature, the RBM and the G-modes features, as
well as to evaluate with a good accuracy the transition ener-
gies of few individual semiconducting and metallic index-
identified freestanding SWNTs.5,15,16 The optical transitions
of individual index-identified freestanding SWNTs have also
been measured by Rayleigh scattering17 and RBM excitation
profiles.18 It should be emphasized that the Raman5,18 and
Rayleigh17 results are in very good agreement,16 although
related to independent measurements on individual index-
identified freestanding SWNTs prepared in different ways.
From these results, we can define Raman criteria enabling to
identify, in most cases, the structure of a SWNT from its
Raman features only, without the need of such techniques as
electron diffraction, Rayleigh scattering or tunable Raman
microscopy. The �n ,m� assignment by using a single excita-
tion wavelength can sometimes be unambiguous or lead to
two or three possibilities for the �n ,m� indices. In this paper,
these criteria are used to �n ,m� assign individual SWNTs,
their domain of validity and the limits of the method are
discussed.

II. RAMAN CRITERIA TO IDENTIFY INDIVIDUAL
FREESTANDING SINGLE-WALLED CARBON

NANOTUBES

Combined electron diffraction and Raman experiments
have been performed on individual freestanding SWNTs as
follows:15 �i� two kinds of freestanding SWNTs are used:
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nanotubes suspended between electrodes15 or across holes of
a membrane.19 �ii� Before the Raman experiments, overview
transmission electron microscopy �TEM� images are re-
corded in order to determine the position and orientation of
nanotubes. �iii� Raman spectra are measured on those located
nanotubes at fixed excitation energy in the �� �� configura-
tion �� means that the laser �scattered� polarization is along
the tube axis�. With these experimental conditions, the mea-
surement of a Raman signal in the RBM range by using a
short acquisition time �typically 10 s� means that the excita-
tion laser energy is in �quasi� coincidence with the transition
energy of the tube under investigation.5,16 �iv� The �n ,m�
identification of the tubes for which a Raman signal was
measured is obtained from electron diffraction.20 It must be
noted that ED and high-resolution TEM �HRTEM� imaging
permit also to know unambiguously if the Raman experi-
ments were performed on individual nanotubes, double-
walled nanotubes, or small bundles. In this section, the pre-
sented results were obtained on SWNTs identified from their
diffraction patterns.20

A. RBM frequency vs diameter relationship

The first Raman experiments, at the single nanotube level,
were performed on individual and spatially isolated SWNTs
prepared on a silicon substrate by a chemical vapor deposi-
tion �CVD� method21 following the pioneer study of Dues-
berg et al.22 performed on small bundles. Subsequently, a lot
of investigations were performed on ensemble of individual
nanotubes such as: SWNTs wrapped with surfactant and dis-
persed in aqueous solution,7–9 and carpetlike freestanding
SWNTs prepared by alcohol-assisted23 or water-assisted
�supergrowth�24 CVD method. In all these investigations, the
identification of the �n ,m� indices of the tubes was obtained
by comparing the Raman resonance energies, derived from
the measurements of the excitation profile of the RBM, and
the transition energies calculated in the framework of differ-
ent tight-binding approaches.

From the first experiments performed on individual and
spatially isolated SWNTs on a silicon substrate, a famous
relation �RBM=248 /d was obtained21 and used in a large
number of studies to derive the tube diameter from the mea-
surement of �RBM. It must be pointed out that �i� this relation
has been demonstrated to lead to wrong �n ,m� assignments
and �ii� that it is not valid for freestanding SWNTs. From
investigations performed on ensemble of individual SWNTs
prepared in different ways, the relation �RBM=A /d+B was
found but with many different values of A and B factors
�depending on the kind of investigated nanotubes and envi-
ronmental conditions�.14,25 Recently, the �RBM=227 /d rela-
tion was derived from Raman experiments performed on a
dense forest of long SWNTs, vertically aligned from a silicon
substrate, grown by the water-assisted CVD method.14

In contrast to all these previous investigations, our
method allows to measure the RBM frequencies of precisely
identified �n ,m� SWNTs. In this way, independently on any
modelization of nanotube electronic properties, the �RBM vs
diameter relationship

�RBM =
204

d
+ 27 �1�

was found for in air individual freestanding SWNTs in the
1.3–3 nm diameter range.15 Equation �1� is displayed on Fig.
1 with previous experimental results �black squares�. This
plot includes recent data from Débarre et al.18 �Fig. 1, blue
dots� obtained on the index-identified freestanding �16,4� and
�13,10� metallic SWNTs. Figure 1 also displays the recent
measurement of a �10,10� SWNT �Fig. 1, red square� identi-
fied from ED �see also Fig. 3�. For this latter SWNT, the
RBM was measured at 178 cm−1. The good agreement be-
tween all sets of independent data must be emphasized and
shows the reliability of the �RBM vs diameter relationship
when the SWNTs are suspended in air. As suggested in Refs.
14 and 26, the additional term can be understood as due to
the interaction between the suspended tubes and surrounding
air27 �the discussion about the effect of air is beyond the
scope of this paper�. In the following, we use this relation to
derive the diameters of in air freestanding SWNTs from the
measurement of their RBM frequencies.

B. Line shape of the G modes

In Fig. 2, we compare the G-mode range of the Raman
spectra measured on the �11,10� semiconducting SWNT �Fig.
2, top� and the �15,6� metallic SWNT �Fig. 2, bottom�. These
tubes have close diameters: 1.42 nm for the �11,10� and 1.46
nm for the �15,6�. As expected for �� �� spectrum of a chiral
tube,28–30 the G band displays two components, each of them
is assigned to a A symmetry mode. In the �11,10� semicon-
ducting tube, the profile of each component is narrow and
symmetric �Fig. 2, top�. The high-frequency mode at
1591 cm−1 is assigned to LO mode and the low frequency at
1566 cm−1 to TO mode. By contrast, in the �15,6� metallic
tube, a broad low-frequency mode is found at 1566 cm−1

and a narrow high-frequency mode is located at 1591 cm−1.
In agreement with theoretical works,2,3 the high-frequency
mode is assigned to the TO mode and the low-frequency
mode to the LO mode, the opposite of semiconducting nano-

FIG. 1. �Color online� RBM frequency vs inverse diameter for
nanotubes identified by electron diffraction �black squares from
Ref. 15, red square for the �10,10� SWNT, blue circles from Ref.
18�. Black line: �RBM= 204

d +27 from Ref. 15.

MICHEL et al. PHYSICAL REVIEW B 80, 245416 �2009�

245416-2



tubes. The softening �with respect to the LO mode of semi-
conducting SWNT� and broadening of LO component of me-
tallic tubes are related to a Kohn anomaly at the � point of
the Brillouin zone3 and resonance between phonon and
electron-hole pairs.31 In terms of characterization, the line
shape of the low-frequency component clearly identifies the
semiconducting or metallic character of the tube under inves-
tigation. For achiral nanotubes, only one G mode of A1g sym-
metry is Raman active.28,29 This component is assigned to
the TO mode for armchair SWNT and to the LO mode for
zigzag SWNT. Figure 3 displayed the RBM �inset� and G
modes ranges measured on the �10,10� SWNT. In agreement
with theoretical predictions, only a single component is mea-
sured on the G-mode range of the �10,10� SWNT and as-
signed as the TO G mode.3 This component is sharp, sym-
metric, and located at high frequency: 1598 cm−1. Note that
the profiles of G modes of chiral and armchair metallic
SWNTs are in agreement with those measured by Wu et al.6

on metallic SWNTs identified from their optical transitions
measured by Rayleigh scattering. As a result, the number of
component for the G band is also a criterion for the identifi-
cation of a SWNT. Examples of identification of chiral and

achiral SWNTs will be presented in the next section.
Concerning the diameter dependence of the TO G mode

of semiconducting SWNTs, we compare in Fig. 4 our experi-
mental data measured on semiconducting SWNTs with the
recent calculations of Piscanec et al.3 The good fit of the data
by the Piscanec’s predictions �red solid line in Fig. 4� can be
used to confirm the diameter of a semiconducting tube from
the measurement of its TO G-mode frequency, especially for
small diameters where the diameter dependence is signifi-
cant. In Fig. 4, black filled triangles represent data measured
on semiconducting tubes not identified by electron diffrac-
tion. The diameters of these tubes were derived from Eq. �1�.
Their TO mode frequencies are in good agreement with re-
sults measured on identified SWNTs and with the calculated
frequencies. In the following, the �n ,m� indices of these
tubes will be identified by applying our Raman criteria. Fi-
nally, as expected from calculations,3 the frequency of the
LO component of all semiconducting SWNTs investigated in
this work �located around 1591 cm−1� does not depend on
diameter.

Until now, the G modes of index-identified metallic
SWNTs have been measured on the �15,6�, �19,16�, and
�10,10� SWNTs. The frequencies of the LO component of the
�15,6� and �19,16� metallic SWNTs are found at 1566 and
1575 cm−1, respectively. The agreement between the experi-
mental �Fig. 4, blue dots� and calculated �Fig. 4, blue line�
frequencies in a nonadiabatic approach3 is reasonable. The
frequencies of the TO G mode for these metallic SWNTs are
systematically found around 1590 cm−1 as predicted in a
nonadiabatic approximation. These experimental findings ob-
tained on index identified metallic SWNTs, support the fact
that both curvature and dynamic �nonadiabatic� effects
should be taken into account to correctly describe the
G-mode frequencies for metallic SWNTs. Indeed, when the
nonadiabatic effects are not considered, the frequencies of
both TO and LO modes are significantly downshifted �of
about 20 cm−1�, in the diameter range investigated �see Figs.
16 and 19 in Ref. 3�.

FIG. 2. �Color online� G-mode range of the Raman spectrum of
two individual nanotubes with close diameters: semiconducting �11,
10� �Elaser=2.41 eV� and metallic �15, 6� �Elaser=1.7 eV�. The two
tubes are identified from their diffraction patterns. Inset: corre-
sponding RBMs.

FIG. 3. �Color online� G-mode range of the Raman spectrum of
the �10,10� armchair SWNT. Inset: corresponding RBM �Elaser

=1.92 eV�.

FIG. 4. �Color online� Red �blue� line: diameter dependence of
the TO �LO� component of the G band for semiconducting �metal-
lic� nanotubes calculated by Piscanec et al. �Ref. 3�. Red �blue�
dots: semiconducting �metallic� nanotubes identified from their
electron-diffraction patterns. Black triangles: the diameters for
tubes labeled 1–8, were obtained from their RBM frequency by
using the relation �Ref. 15�: �RBM= 204

d +27 �the �n ,m� indices of
these tubes are given in Table I�.
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C. Optical transitions

The detection of a signal in the RBM range by using a
short acquisition time �typically 10 s� means that the excita-
tion laser energy is in �quasi� coincidence with the transition
energy of the tube under investigation. We have been able by
this way to derive the transition energies of few identified
individual SWNTs, with error bars of about 30 meV corre-
sponding to the average width of the RBM excitation profiles
measured for individual freestanding SWNTs.18 More pre-
cisely, Raman experiments5,15 ��including those of Débarre et
al. �Ref. 18�� and Rayleigh experiments17 allow us to mea-
sure the first metallic transition �E11

M � and the third �E33
S � and

fourth �E44
S � semiconducting transitions for a few index-

identified SWNTs in the 1.3–3 nm range. The good matching
between the experimental data and the rigidly shifted transi-
tion energies �Eii

N� calculated in the framework of a nonor-
thogonal tight-binding formalism32 lead to the so-called nor-
malized Kataura plot �the procedure is described in detail in
Refs. 5, 16, and 26�. This procedure has been extended to the
second metallic transition �E22

M � thanks to the Rayleigh data
available.17 This normalized Kataura plot is the key tool to
identify the �n ,m� structure of an individual SWNT from the
knowledge of its diameter �derived from its RBM frequency�
and its Raman resonance energy.

We claim that the use of these Raman criteria allow in
many cases, the identification of individual SWNTs and, in
most cases, the exclusion of wrong indexation. In the next
section, we illustrate the efficiency of this approach to index
the structure of several carbon nanotubes. We focus on three
examples: �i� the �n ,m� identification of chiral SWNTs, �ii�
the indexation of zigzag semiconducting and metallic
SWNTs, and �iii� the identification of nanotubes in bundle.

III. IDENTIFICATION OF THE STRUCTURE OF
INDIVIDUAL FREESTANDING SWNTS

A. Identification of individual SWNTs

In Fig. 5 �top�, we show the Raman spectrum of a nano-
tube in resonance with the 2.41 eV excitation energy. A
single RBM is located at 174.6 cm−1 giving a diameter of
1.38 nm for this SWNT �according to Eq. �1��. The G-mode
line shape is the one of a chiral semiconducting nanotube
with two narrow components located at 1563 cm−1 �TO� and
1590 cm−1 �LO�. The frequency of the TO mode confirms
the diameter of the tube �see Fig. 4�. Because the RBM and
G modes were detected in few seconds at the 2.41 eV exci-
tation �step �iii� of our procedure�, the optical transition of
the semiconducting tube under investigation is very close of
2.41 eV. More precisely, the stronger intensity of the Stokes
component with respect to the anti-Stokes component �Fig.
5, gray line, corrected by the Bose factor� suggests that this
resonance energy is slightly lower than 2.41 eV. Regarding
the diameter of this semiconducting tube �1.38 nm�, the in-
volved transition is the third excitonic transition. The diam-
eter and the laser energy �2.41 eV� are reported on our nor-
malized Kataura �red filled triangle in Fig. 5�. A good
matching between these features and those of the �12,8� tube
�red square in Fig. 5� is found, leading to identify the tube

under investigation as the �12,8� SWNT. A careful examina-
tion of this region of the Kataura plot rules out other assign-
ments.

By using the same procedure, we have been able to iden-
tify all the tubes which appear in Fig. 4 �black triangles�. The
possible �n ,m� assignment, in a reasonable diameter/energy
ranges are given in the Table I. The line shape of the TO
modes, associated to the presence of two components, leads
to the conclusion that the tubes are chiral and semiconduct-
ing. The frequencies of the G modes are another confirma-
tion of the diameter. The small difference in the frequencies
of RBM assigned to same tubes �see, for example, tubes 1
and 2 identified as �13,6�� gives an idea about the accuracy of
the measurements �estimated at �1 cm−1� for a single free-
standing SWNT as discussed in Ref. 33. For tube 5, the
�19,2� and �20,0� are both acceptable if only the �ER ,�RBM�
couple is considered. The G-mode line shape with two com-
ponents eliminate the �20,0� leading to an unique index as-
signment as �19,2�. Taking into account the uncertainty in the

1.2 1.4 1.6 1.8 2.0
1.8

2.0

2.2

2.4

2.6

EN ii
(e
V)

Diameter (nm)

ES33
EM11

ES44
(12,8)

-200 -150 150 200

In
te
ns
ity
(a
rb
.u
ni
ts
)

Raman shift (cm-1)
1500 1550 1600 1650

FIG. 5. �Color online� Top: RBM Stokes and anti-Stokes located
at +174.6 and −174.6 cm−1, respectively �left� and G mode �right�
ranges of the Raman spectrum of an individual freestanding SWNT
in resonance with Elaser at 2.41 eV. The gray line shows the anti-
Stokes spectrum normalized by the Bose factor. Bottom: normal-
ized Kataura plot �Refs. 5, 16, and 32�. Black stars, open and filled
squares are for calculations of the first transition of metallic tubes,
the third and fourth transitions of semiconducting tubes, respec-
tively. Red symbols are related to the energy transition of the �12,8�:
open large square is for calculation and filled triangle is for
experiment.
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RBM frequencies and transition energies, the possibilities for
the �n ,m� indexes of tube 6–8, are given in Table I. Privi-
leged identification can be extracted �indices with bold char-
acters� from the G-mode line shape and from the intensity of
the signal. For instance, the TO/LO intensity ratio remains to
be described accurately and thus definitive single index as-
signment cannot always be drawn.

B. Identification of individual zigzag SWNTs

We now turn to examples where only a single component
is measured in the G-mode range. Figure 6 displays the Ra-
man spectra of two suspended SWNTs in close resonance
with the 2.41 eV excitation energy. The RBM of these tubes
are located at 132.2 and 135.1 cm−1 giving diameters close
to 1.94 and 1.89 nm, respectively. The line shape of G band

consists in a single narrow component for one �Fig. 6 left,
top� and a single, slightly asymmetric and broad component
for the other one �Fig. 6 left, bottom�. The presence of a
single G mode unambiguously states that the both tubes in-
vestigated are achiral. Reporting the diameter and the exci-
tation energy of each tube on the normalized Kataura plot
�see Fig. 6, right�, we observe that only two achiral zigzag
tubes are present in this diameter-energy range. With regards
to the specific line shape of G modes, we assign the first one
to the semiconducting zigzag �25,0� SWNT �E44

S predicted at
2.411 eV� and the second one to the metallic zigzag �24,0�
SWNT �E22

M− predicted at 2.493 eV�.
Combined with the line shape of G mode measured on the

armchair �10,10� SWNT �Fig. 3�, the line shapes of G mode
of �24,0� and �25,0� SWNTs display the intrinsic Raman re-
sponses of the three types of achiral SWNTs.

C. Identification of SWNTs in bundle

Figure 7�a� shows the TEM image of a long nanostructure
suspended across different gaps between electrodes. We have
measured the Raman spectra of this long nanostructure in the
regions I and II, indicated by arrows on Fig. 7�a�. The RBM
and G-mode ranges of the Raman spectra measured in these
two areas are displayed in Fig. 7 in panels �b� and �c�, re-
spectively.

In region I, ED experiment unambiguously identified this
individual tube as a �19,16� metallic SWNT �diameter
�2.37 nm�. G modes were measured in the Raman spectrum
excited at 2.41 eV �Fig. 7�b��. The metallic line shape of G
modes is well fitted by two Lorentzians: a broad component
located at 1575 cm−1 �LO mode� and a narrow line at
1591 cm−1 �TO mode�. Using the diameter dependence of
the LO mode of Ref. 3, the predicted value of the diameter is
around 2.4 nm in agreement with ED. In region I, no RBM
was measured. For this excitation energy, the resonance con-
dition is then achieved only for the outgoing light scattered
by the G modes. As shown on the normalized Kataura plot of
Fig. 7�b�, we confirm the 2.41 eV laser excitation is close of

TABLE I. �n ,m� assignment of the nanotubes of the Fig. 4. In each case, experimental values
�dRBM, Elaser� are compared with calculations �Eii

N , d�n,m��. dRBM is derived from the frequency of the radial

breathing mode and d�n,m� is calculated from the usual relation �d=1.42
�3�n2+m2+nm�

� �. Transition energies �Eii
N�

are calculated in a nonorthogonal tight-binding formalism �Ref. 32� and normalized to the Raman results �see
details in Refs. 5 and 16. For tubes 6–8 �n ,m� indexes in bold characters are preferred index assignments but
the other possibilities cannot be totally ruled out �see text�.

Label on
Fig. 4 n, m indexation

�RBM

�cm−1�
dRBM

�nm�
Elaser

�eV�
Eii

N

�eV�
d�n,m�
�nm�

Tube 1 �13,6� 181.5 1.32 2.41 2.444 1.317

Tube 2 �13,6� 179.2 1.34 2.41 2.444 1.317

Tube 3 �12,8� 174.6 1.38 2.41 2.433 1.365

Tube 4 �16,5� 164.0 1.49 2.41 2.454 1.487

Tube 5 �19,2� 156.5 1.57 2.41 2.378 1.572

Tube 6 �16,8� or �17,6� 151.0 1.64 2.41 2.458 or 2.470 1.657 or 1.618

Tube 7 �14,12� or �18,7� 143.6 1.75 2.41 2.414 or 2.350 1.765 or 1.749

Tube 8 �17,9� or �14,12� 141.5 1.78 2.41 2.331 or 2.414 1.790 or 1.765

FIG. 6. �Color online� Left: G-mode range of the Raman spec-
trum of a �25,0� zigzag semiconducting SWNT �top� and a �24,0�
zigzag metallic SWNT �bottom�. The indexes are derived according
to the criteria presented in this work. Inset: corresponding RBMs.
Right: corresponding region of the normalized Kataura plot �Refs.
5, 16, and 32�. Blue stars, blue triangles, and blue dots: E22

M for
armchair, zigzag, and chiral metallic SWNTs, respectively. Black
squares and black filled squares: E33

S and E44
S for semiconducting

chiral SWNTs, respectively. Black triangles and black filled tri-
angles: E33

S and E44
S for semiconducting zigzag SWNTs. Green tri-

angle and green filled triangle: theoretical points for the �24,0� and
the �25,0�, respectively. Red triangles: �d ,ER� parameters from Ra-
man measurements. The horizontal green line at 2.41 eV corre-
sponds to Elaser.
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the resonance with the outgoing light scattered by the G
modes

Elaser − ��Gmode = E22
M ��19,16�� ,

where ��Gmode is the G-mode phonon energy.
As shown in Fig. 7�c�, a different Raman spectrum has

been measured in the region II at 2.41 eV. A strong single
RBM at 153 cm−1 is measured. Assuming this tube as indi-
vidual, its diameter is found close to 1.62 nm using Eq. �1�.
On the other hand, the G-mode profile is close to the one
measured on semiconducting tubes, with two dominant nar-
row lines located at 1572.5 and 1593 cm−1 �Fig. 7�c��. How-
ever, the presence of a weak broad band, located at the same
position than the LO mode of the �19,16� tube �solid green
line in the Fig. 7�c�� suggests the presence of a bundle in the
region II. The TO component of the �19,16� tube is very
likely merged with the LO component of the semiconducting
tube. In summary, we evidenced by Raman spectroscopy that
the �19,16� metallic tube is bundled with a semiconducting
tube in region II.

Reporting the couple �d ,ER� of this tube, namely �1.62
nm, 2.41 eV�, on the normalized Kataura plot, we find that
the transition energy is redshifted of about 60 meV with
regard to the transitions energy calculated for the individual
tubes located in the same region of the Kataura plot, namely
�17,6� and �16,8�, SWNTs �Fig. 7�c�, left�. This redshift con-
firms that the experiment in region II was performed on a

bundle. Indeed, Raman18,34,35 and Rayleigh36 experiments
carried out on individual tubes and bundles showed that the
interaction between the tubes in small bundle �2–3
tubes�18,35,36 redshifts the transition energies of SWNTs com-
pared to their individual form by a value of about 50 meV.37

In summary, we showed that the analysis of the profile of
the G modes and the transition energy can evidence the bun-
dling. �n ,m� assignment of the tubes forming the bundle will
be done and discussed in the next section.

D. Discussion

We discuss in this section the possible sources of error in
the �n ,m� assignment of tubes using our approach and the
consequences if the Raman criteria are not fulfilled. On one
hand, the methodology presented here is limited by the ac-
curacy of Eq. �1� and of the normalized Kataura plot. One
can find some cases where SWNTs are not spaced enough to
give an unambiguous indexation between two tubes �see, for
instance, Table I�. However, the G-modes profile allows to
discriminate the chiral or achiral character as illustrated in
the previous section, thus reducing the number of possibili-
ties for the �n ,m� indices. The method presented here should
then not be taken as universal to determine the �n ,m� indexes
in all cases but the consistency between RBM, G mode, and
ER should allow to rule out wrong indexation in a single
wavelength Raman experiment in a large majority of the
cases.

On the other hand, sources of error can be separated be-
tween extrinsic factors such as environment, doping, experi-
mental conditions, and intrinsic factor related to the nano-
structure itself �e.g., like bundling�. These points are
discussed in the following.

In the previous section, from the analysis of the G modes
and the transition energy, we have shown the presence of a
bundle in region II of Fig. 7�a�. The two possible semicon-
ducting tubes that form the bundle have slightly different
diameters: 1.618 nm �RBM predicted at 153.1 cm−1 from
Eq. �1�� and 1.657 nm �RBM predicted at 150.1 cm−1� for
the �17,6� and the �16,8�, respectively. Consequently, as we
measure a RBM at 153 cm−1 we propose to identify the
bundled semiconducting tube as the �17,6� SWNT. However,
if Eq. �1� �established for individual tubes� leads to an under
estimation of the diameter of tubes forming the bundle, we
cannot rule out definitively the �16,8� tube. Moreover, from
the Raman data only, the possibility that other nonresonant
�at 2.41 eV� SWNTs is part of this bundle cannot be dis-
carded. The Raman experiment has been completed by TEM
imaging performed on the two regions of Fig. 7�a�. A single
�19,16� SWNT is observed in region I and is suspended in
the other regions. In region II, TEM imaging confirms that
this tube is bundled with another one. The measurement by
ED of the equatorial line of the bundled part shows the co-
existence of two diameters: 2.35�0.05 nm associated to the
�19,16� metallic tube and 1.64�0.05 nm in complete agree-
ment with the preceding conclusion. This example shows
that indexation from Raman spectroscopy could sometimes
be possible but we believe that TEM analysis is necessary to
ensure that another nonresonant nanotube is not present in

FIG. 7. �Color online� Panel �a�: �left� TEM image of a long
nanostructure suspended between electrodes. The blue arrows indi-
cate the two regions �I and II� were Raman spectra have been re-
corded �scale bar is 1 �m�. �right� HRTEM images of regions I and
II �the amorphous carbon which appears in the images is deposited
during TEM analysis�. Scale bars are 5 nm. Panel �b�: the RBM and
G-mode ranges of the Raman spectrum measured in the area I of the
nanotube �19,16� as identified by ED and corresponding Kataura
plot �red and black stars are for calculations�. The green horizontal
line corresponds to Elaser. The blue arrow corresponds to ��Gmode.
Panel �c�: Raman spectrum obtained in the area II. Kataura plot:
black and red squares are for calculations and red triangle for ex-
periments. The blue arrow corresponds to the difference between
Elaser �2.41 eV� and E44

S ��17,6��.
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the bundle or to distinguish between a bundle of SWNTs and
small multi-walled carbon nanotubes .35,37

Environmental effects play a major role in the disparity of
the results about G modes of metallic SWNTs found in the
literature.3 As shown previously, the profile of the LO G
mode of individual metallic SWNT is broad and asymmetric.
It is usually described by a Breit-Wigner-Fano �BWF�
profile.6 However, the shift of the Fermi level related to the
doping of individual metallic SWNTs leads to a significant
narrowing of the LO G mode because of the decreasing of
the resonance between the phonon and the electronic
excitations.38,39 For instance, the narrowing and upshift of
the BWF component of the LO mode reported in Ref. 40
measured on a tube lying on a silicon substrate is due to an
accidental doping of the SWNTs under investigation. Then, a
knowledge and the control of the environmental conditions is
important in the �n ,m� assignment of SWNTs.

Another possible source of errors is related to experimen-
tal conditions. Figure 8 �left� displays the RBMs measured
for an individual SWNT suspended over a hole on a silicon
membrane at the 2.41 eV excitation energy. Two measure-
ments were performed for two different values of the power
density impinging on the nanotube. The spectrum taken with
a power of about 15 kW /cm2 �blue line� shows a RBM lo-
cated at 126 cm−1. The diameter derived from the usual re-
lation is close to 2.05 nm. Reporting this diameter and the
2.41 eV energy in the corresponding region of the Kataura
plot �Fig. 8, right� shows that this nanotube can be assigned
as the �18,12�. The G-mode range of the Raman spectrum
confirms this assignment �not shown�. For a measurement

performed at 60 kW /cm2 on the same nanotube the RBM
frequency is downshifted to 117.6 cm−1. This downshift is
attributed to the heating of the tube by the laser. More strik-
ing is the narrowing of the RBM under heating: the FWHM
is 12 cm−1 for the lowest power density and 8.5 cm−1 for
the highest power density. We can explain this result by a
redshift of the transition energy under laser-induced heating
as previously reported in the literature.41 The heating induced
by the laser causes the transition energy to be lowered of a
few meV leading to a better achievement of the resonance
condition and consequently, a narrowing of the RBM
linewidth.42 This example shows that measurements at the
single nanotube level require a perfect control of the experi-
mental conditions.

Finally, to determine unambiguously the �n ,m� indices of
a SWNT, all the criteria discussed above must all be fulfilled
together. If one of the criteria is not consistent with the other
ones it means that the tube investigated is in bundle, doped,
or simply that it is not a SWNT.

IV. CONCLUSION

Based on combined Raman and experiments data, we
have stated several Raman criteria which allow the Raman
identification of semiconducting and metallic freestanding
SWNTs at room temperature and in air from a single wave-
length Raman experiment. In order to illustrate the efficiency
of this approach we have reported the �n ,m� identification of
individual chiral and achiral freestanding SWNTs and the
identification of tubes organized in a small individual bundle.
This study emphasizes the ability and the difficulties of the
resonant Raman spectroscopy as a metrological method for
the characterization of carbon nanotubes. Concerning the G
mode of metallic SWNTs, our measurements support the de-
scription of the Raman spectrum of these nanotubes in a
nonadiabatic theory. Further improvements of the method
could be obtained by studying, for example, the 2D mode
behavior as a function of �n ,m�.
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