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Abstract

A review is presented on the resonance Raman spectra from one isolated single wall carbon nanotube. The reasons why it
is possible to observe the spectrum from only one nanotube are given and the important structural information that is
provided by single nanotube spectroscopy is discussed. Emphasis is given to the new physics revealed by the various phonon
features found in the single nanotube spectra and their connection to spectra observed for single wall nanotube bundles. The
implications of this work on single wall carbon nanotube research generally are also indicated.
 2002 Published by Elsevier Science Ltd.
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1 . Introduction diameter [3]. In some cases, chirality-dependent behavior
is also observed.

Much has been written about the remarkable electronic An important recent breakthrough in carbon nanotube
properties which allow a single wall carbon nanotube research has been the observation of Raman spectra from
(SWNT) one atom in thickness, a few tens of atoms in just one isolated single wall carbon nanotube (SWNT) [4].
circumference, and many microns in length, to be either The observation of Raman spectra from just one nanotube
semiconducting or metallic, depending on its diameter and is possible because of the very large density of electronic
chirality [1,2]. Phonons provide a sensitive probe of the states close to the van Hove singularities of this one-
electronic structure through the coupling between electrons dimensional structure. When the incident or scattered
and phonons in this one-dimensional system. Furthermore, photons are in resonance with an electronic transition
this coupling gives rise to highly unusual Raman spectra, between van Hove singularities in the valence and conduc-
when the photon involved in the Raman process is in tion bands, the Raman cross-section becomes very large
resonance with an electronic state in this highly one- due to the strong coupling which occurs between the
dimensional material. Since the electronic states are highly electrons and phonons of the nanotube under these reso-
sensitive to the diameter of the nanotube, the resonance nance conditions.
Raman effect is likewise highly sensitive of the nanotube This strong resonance condition allows us to obtain

large signal enhancement and thus to observe, on the single
nanotube level, each feature of the carbon nanotube Raman

q spectrum that is usually observed in SWNT bundles [3].American Carbon Society Medal Award Lecture, Lexington,
The possibility of single nanotube spectroscopy allows usKY, July 2001.
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Fig. 1. (a) Raman spectrum from one nanotube taken over a broad frequency range usingE 5785 nm51.58 eV excitation, and showinglaser

the radial breathing mode (RBM), the D-band, the G-band, and the G9-band. Second-order modes are also observed, but are not discussed in
21this paper. The features marked with ‘*’ at 303, 521 and 963 cm are from the Si /SiO substrate [5] and are used for calibration of the2

nanotube Raman spectrum. (b) AFM image of the sample showing isolated single wall nanotubes grown from the vapor phase [6]. The small
particles are iron catalyst particles. The inset shows the diameter distribution of this sample based on AFM observations of 40 SWNTs [4].

properties of each feature, its dependence on laser excita- (derived from the graphite-like in-plane mode), the dis-
tion energy, and finally the connection between spectra at order-induced D-band, and its second-order harmonic (the
the single nanotube level to Raman spectra normally G9-band). In connection with each Raman feature, the new
observed from single wall carbon nanotube bundles. A physics that has been found by study of that particular
survey of present knowledge of each of these features is feature is discussed under appropriate sub-headings (see
one of the goals of this review article. Table 1).

Of particular interest are the many new physical phe- The isolated SWNTs used in these single nanotube
nomena that have been discovered through observation of Raman experiments were prepared by a chemical vapor
the Raman spectrum from one isolated nanotube, and a deposition method on a Si substrate containing nanometer
survey of these new phenomena is the other main goal of size iron catalyst particles. Since the substrate is oxidized
this review. The most important of these is the use of to form a thin SiO surface coating, no significant charge2

resonance Raman spectroscopy to yield the geometrical transfer is expected between the SWNTs and the substrate.
structure of one isolated individual SWNT. The back- Since the nanotubes nucleate and grow from well isolated
ground which explains how this is possible is presented in catalyst particles, nanotube bundles are not formed. Fig. 1b
this introductory section. The following sections summa- shows an atomic force microscopy (AFM) image of a
rize present knowledge about the most important features sample with a high SWNT concentration (663 SWNTs

2in the single nanotube Raman spectra shown in Fig. 1a: the permm ) for easy visualization. Most nanotubes are
radial breathing mode (RBM), the tangential G-band individual SWNTs, but a few of them are entangled with

Table 1
Vibrational modes observed for Raman scattering in SWNTs

21Notation Frequency (cm ) Symmetry Type of mode
aRBM 248/d A In phase radial displacementst

D-band |1350 – Defect-induced, dispersive
bG-band 1550–1605 A, E , E Graphite-related optical mode1 2

G9-band |2700 – Overtone of D-band, highly dispersive
a RBM denotes radial breathing mode.
b The related 2D graphite mode hasE symmetry. In 3D graphite, the corresponding mode is denoted byE2g 2g2
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¢each other, showing a ‘Y’ shape or a tube crossing. The ma , that spans the circumference of each nanotube [2].2

inset to Fig. 1b shows the wide diameter distribution of the From the (n, m) indices, one can calculate the nanotube
SWNT samples (|1,d ,3 nm) typically used in these diameterd , the chiral angleu, the electronic energy bandst t

studies. Resonance Raman spectra in the 100 to|3000 and the density of electronic states [2,8], as well as the
21cm spectral range from these individual isolated SWNTs energies of the interband transitionsE (n, m) between theii

are taken with a readily available Raman microprobe van Hove singularities in the valence and conduction band
instrument, such as a Renishaw Raman Microprobe (1-mm density of states shown in Figs. 2a and 3 and summarized
laser spot), using|1 mW laser power, and laser excitation, in Table 2.
such asE 5514.5 nm52.41 eV. The Raman spectrum The weak dependence of the electronic energy bands oflaser

shown in Fig. 1a was taken with a Kaiser micro-Raman SWNTs on chiral angle relates to the 3-fold symmetry of
spectrograph operating at a laser excitation energy of 1.58 the electronic dispersion relations about the K-point of the
eV. Relatively high laser powers can be used to probe 2D graphene Brillouin zone (see Fig. 2b), where the
isolated SWNTs because of their unusually high thermal graphene valence and conduction bands are degenerate,
conductivity [7], excellent high temperature stability, and forming a zero band gap semiconductor for a 2D graphene
their good thermal contact to the substrate. Although sheet (a single basal plane layer of the graphite lattice) [2].
SWNTs can withstand high incident power levels (|30 Away from the K-point, the graphene electronic energy

2mW on 1 mm ) without damage, most spectra are taken bands exhibit a trigonal warping effect [11–14], as shown
with low power levels (1–10 mW). in Fig. 2b, and this trigonal warping is responsible for the

Because of the trigonal warping effect shown in Fig. 2b, unique energy bands for the conduction and valence bands
there is a weak dependence of the electronic energy levels for each (n, m) SWNT, when the energy bands of the
of single wall carbon nanotubes (SWNTs) on chiral angle, graphene lattice are zone folded to form the energy bands
as well as a much stronger dependence on nanotubeof the SWNTs [11]. The chirality dependence of the van
diameterd , which determines the number of carbon atoms Hove singularities [11,15] in the 1D electronic density oft

in the circular cross-section of the nanotube shell, one states (DOS) of the conduction band (where the energy is
atom in thickness [2]. The structure of each nanotube is measured relative to the Fermi energy) are shown in Fig. 3
uniquely described by two integers (n, m), which refer to for severalmetallic (n, m) nanotubes, all having about the

¢ ¢the number ofa and a unit vectors of the graphene same diameterd (from 1.31 to 1.43 nm), but having1 2 t
¢ ¢lattice that are contained in the chiral vector,C 5 na 1 different chiral angles:u508, 8.98, 14.78, 20.28, 24.88, andh 1

Fig. 2. (a) Calculated [9] energy separationsE (d ) between van Hove singularitiesi in the 1D electronic density of states of the conductionii t

and valence bands for all (n, m) values versus nanotube diameter 0.4, d , 3.0 nm, using a value for the carbon–carbon energy overlapt

˚integral of g 52.9 eV and a nearest neighbor carbon–carbon distancea 51.42 A [10,11]. Semiconducting (S) and metallic (M)0 C–C

nanotubes are indicated by crosses and open circles, respectively. The indexi in the interband transitionsE denotes the transition betweenii

the van Hove singularities, withi 5 1 being closest to the Fermi level. (b) Plot of the 2D equi-energy contours of graphite, showing trigonal
warping effects in the contours, as we move from the K-point in the K2G or K2M directions. The equi-energy contours are circles near the
K-point and near the center of the Brillouin zone. But near the zone boundary, the contours are straight lines which connect the nearest
M-points [11,12].
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30.08 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)
(u5308) to the zigzag nanotube (18, 0) (u508), a splitting
develops in all of the singularities in the DOS, and this
splitting increases with decreasing chiral angle, giving rise
to a unique set of singularitiesE for each (n, m) value.ii

This trigonal warping effect consequently causes a
spread of the interband energiesE (d ) between theii t

singularities in the joint density of states (JDOS) for
nanotubes with the same diameterd , as shown in Fig. 2a.t

Here the integeri denotes the singularities in the JDOS as
the energy relative to the Fermi levelE increases. ThusF

each nanotube (n, m) has a unique set of interband energies
Fig. 3. The 1D electronic density of states versus energy (mea-

E denoting the energy differences between theith vaniisured from the Fermi level) for several metallic nanotubes of
Hove singularities in the conduction and valence bands.approximately the same diameter, showing the effect of chirality
And, conversely, if one interband energyE and aon the van Hove singularities: (10, 10) (armchair), (11, 8), (13, 7), ii

nanotube diameter are specified, then its corresponding(14, 5), (15, 3) and (18, 0) (zigzag). Only the densities of states
unique (n, m) indices can be identified.for the conductionp*-band are shown; the mirror image of these

plots gives the electronic density of states for the valencep-band It is well established [2] that the (n, m) indices are
[15] within the tight binding approximation, and assuming the crucial to the nanotube electronic structure. Specifically,
overlap integral to bes50 [2]. SWNTs for whichun 2mu5 3q are metallic and those for

Table 2
aParameters for carbon nanotubes

Symbol Name Formula Value
]Œ ˚ ˚a Length of unit vector a5 3a 52.46 A, a 51.42 AC–C C–C

] ]Œ Œ3 1 3 1S] ]D S] ]Da , a Unit vectors , a, , 2 a x, y coordinates1 2 2 2 2 2

C Chiral vector C 5na 1ma ;(n, m) (0# umu# n)h h 1 2
]]]

2 2ŒL Length of C L5uC u5a n 1m 1 nmh h

d Diameter d 5 L /pt t

]Œ3m p
]]]] ]u Chiral angle sinu 5 0# uu u#]]]

2 2 6Œ2 n 1m 1 nm
]Œ2n 1m 3m

]]]] ]]cosu 5 , tanu 5]]]
2 2 2n 1mŒ2 n 1m 1 nm

bd gcd(n, m) d if (n 2m) is not a multiple of 3dbd gcd(2n 1m, 2m 1 n) d 5HR R 3d if (n 2m) is a multiple of 3d
bT Translational vector T5 t a 1 t a ; (t , t ) gcd(t , t )511 1 2 2 1 2 1 2

2m 1 n 2n 1m
]] ]]t 5 , t 5 21 2d dR R

]Œ3L
]T Length of T T 5 uTu5

dR

2 2Number of 2(n 1m 1 nm)
]]]]N hexagons in the N 5

dRnanotube unit cell
a In this tablen, m are integers andd, d , t , t and N are integer functions of these integers.R 1 2
b gcd(n, m) denotes the greatest common divisor of the two integersn and m.
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which un 2mu5 3q61 are semiconducting, whereq is an theory for many physical properties, since calculations of
integer [1,2]. Nevertheless, it has proven difficult to the physical properties of SWNTs as a function of
measure (n, m) experimentally and then to carry out nanotube diameter and chirality are usually expressed in
property measurements on the same SWNT. We explain in terms of their (n, m) values.
Section 2 how the resonance Raman spectra from one
isolated nanotube can conveniently provide this infor-
mation. As stated above, every possible nanotube denoted2 . Radial breathing mode
by (n, m) has a distinct electronic and vibrational spectrum,
so that there is a one-to-one relation between (n, m) and In Section 2.1, we discuss our present knowledge of the
the singularities in the 1D joint electronic density of states characteristic properties of the radial breathing mode
[2]. In the resonant Raman effect, a large enhancement in (RBM) for single nanotube Raman spectroscopy [3], and
the Raman signal occurs when the incident or scattered in Section 2.2, we discuss how the RBM is used to
photon is in resonance with a singularity in the 1D joint determine the (n, m) indices. The spectral profile of the
density of states (JDOS) of the SWNT. JDOS, which relates closely to the resonant enhancement

What is special about the resonance Raman effect in that is possible in single nanotube spectroscopy, is dis-
isolated SWNTs is the structural information that is cussed in Section 2.3.
provided by the single nanotube spectra, as discussed in
Section 2. Normally the resonance Raman effect just gives 2 .1. Characteristics of the radial breathing mode
spectral information about phonons, electrons, and the
electron–phonon interaction, but not structural information Fig. 4 shows three Raman spectra in the radial breathing
directly. But in the resonance Raman process for SWNTs, mode spectra region taken for three different isolated
every (n, m) nanotube is in resonance with a unique SWNTs, each within a different light spot, about 1mm in
interband energyE (n, m), as shown in Fig. 2a, so that for diameter, on a sample of isolated SWNTs, such as the oneii

the case of this particular 1D system, resonant Raman shown in Fig. 1b.
spectra can also yield structural information through Since the radial breathing mode frequency,v ,RBM

identification of the (n, m) indices for isolated SWNTs. depends linearly on the reciprocal nanotube diameterdt

Once (n, m) is known from measurements made on the [3], each (n, m) nanotube in a sample with a wide diameter
radial breathing mode feature, Raman studies on isolated distribution, such as in Fig. 1b, will have a different RBM
carbon nanotubes can be carried out to understand in detail spectrum. By placing the isolated carbon nanotubes on a
the dependence of all the features shown in the spectrum slightly oxidized silicon substrate, it is possible to also
of Fig. 1a on diameterd , chiral angleu, laser excitationt

energyE , and other parameters. From such knowledge,laser

the spectrum of SWNT bundles can be explained, and by
comparison to the spectra measured on SWNT bundles, the
effect of nanotube–nanotube interactions can be deduced.

In addition, resonance Raman studies on SWNTs show
many new phenomena not yet observed in other physical
systems [16–18], and much activity is now in progress in
this research area. Resonance Raman characterization of
the (n, m) indices for one nanotube is important for future
scientific studies of SWNTs, insofar as many physical
properties, such as transport, optical, mechanical, and other
properties, that depend sensitively on the (n, m) indices [2],
can now be studied systematically at the single nanotube
level. The (n, m) characterization provided by resonance
Raman spectroscopy [4] is a general, rapid (|1 min per
spectrum), nondestructive technique that operates at am-
bient temperature (|300 K) and pressure conditions, and
uses readily-available Raman characterization instrumen-
tation. By using well established lithographic marking

Fig. 4. The superposition of three Raman spectra (solid, dashed,techniques on an isolated SWNT sample, it is possible to
and dash–dotted curves) come from three different spots on the Si

always return to the same nanotube on the oxidized silicon substrate, showing the presence of only one resonant nanotube and
substrate, thereby allowing systematic physical property one RBM frequency for each of the three laser spots. The RBM
measurements to be carried out on structurally character- frequencies (linewidths) and the (n, m) assignments for each

21ized isolated nanotubes. Such systematic studies will allow resonant SWNT are displayed. The 303-cm feature comes from
detailed comparisons to be made between experiment andthe Si substrate and is used for calibration purposes [4].
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obtain Raman spectra from the silicon substrate, and these Nevertheless, an (n, m) determination can in most cases
be made if a nanotube is within the resonant window of aSi Raman lines are used for accurate calibration of the
single available laser excitation line, which in practice isfrequency and of the scattering intensity of the Raman
satisfied for E within |60.1 eV of an interbandspectra for the individual carbon nanotubes. Since the laser

transition for that nanotube. From the measuredv andlineshape of the RBM feature for a single nanotube is a RBM

use of Eq. (1), the nanotube diameterd is found, whichsimple Lorentzian line with a linewidth (FWHM) of 4–10 t
21 determines thei index in E from Fig. 2a. In many casescm at room temperature the peak frequency can in most ii

21 there is only one (n, m) value that has both a diametercases be determined to|1 cm . Fig. 4 shows that under
close to the measuredd value, determined from thevfavorable resonance Raman conditions, the RBM intensity t RBM

measurement, and is also within the resonant window offrom only one nanotube is comparable to that of the silicon
E , as shown in Table 3. For illustrative purposes, thisspectral features from the quasi-3D Si film substrate, laser

Mtable lists the nanotubes in resonance withE and withbecause of the large 1D resonance Raman enhancement 11
SE within the resonant window ofE 51.58 eV, whereeffect in isolated nanotubes. 22 laser

Mthe superscript inE distinguishes between metallic (M)The frequency of the RBM, as stated before, varies as 11

and semiconducting (S) nanotubes, and the subscriptii51/dt

11 denotes the lowest energy interband transition in the
v 5a /d , (1)RBM t joint density of states (JDOS). We note that for each

metallic nanotube (other than armchair nanotubes which
and for the Si /SiO substratea is experimentally found to2 are all metallic), there are two resonances corresponding to21be 248 cm nm for isolated SWNTs. Furthermore,v MRBM E in the joint density of states [11]. In Table 3 are listed11is independent of chiral angleu, as has been shown by both the various (n, m) nanotubes that were identified in the
force constant [19] and ab initio calculations [20,21]. At a Msample shown in Fig. 1b to be in resonance with theE 11fixed E value, the RBM linewidth is found to increase Slaser and theE interband transitions. The table shows their22with increasing nanotube diameter [16] and as the energy measuredv values and their identified (n, m) indices,RBMdifference uE 2E u between E and the resonant M Slaser ii laser as well as their predictedv and E and E valuesRBM 11 22interband energyE increases. The smallest linewidths are,ii [4]. The good agreement achieved between the predicted
as expected, obtained under fully resonant conditions and observedv and E values using in Eq. (1) andRBM iiwhereE 5E . Although it is clear from inspection thatlaser ii g 52.9 eV for this type of sample confirms the validity of0the intensity of the RBM feature depends onE , onlaser the (n, m) assignments. Other features in the single
whether a nanotube is semiconducting or metallic, and on nanotube spectra (see Fig. 1a) provide additional confirma-
extrinsic factors such as the length of the nanotube, the tion of the (n, m) assignments, as discussed elsewhere in
alignment of the nanotube with the laser optical electric this review article.
field, no detailed studies of these properties have yet been Returning now to Fig. 4, two of the three spectra,

21made, nor has the intensity dependence ond andu beent namely those withv 5148 and 164 cm come from aRBMinvestigated in detail. Mresonance ofE 51.58 eV with E , and the thirdlaser 11
21

v 5237 cm spectrum is associated with a resonanceRBM
S2 .2. Determination of (n, m) indices with E . In each case, the (n, m) values obtained by this22

method are given in Fig. 4 and are also listed in Table 3.
The determination of (n, m) by resonance Raman In cases where two nanotubes have radial breathing

21scattering depends primarily on the determination ofE mode frequencies within|1 cm of each other, a moreii

using the unique relation betweenE and (n, m) shown in accurate and more direct method to determine the (n, m)ii

Fig. 2a, sinced is found directly fromv 5 248/d . indices should be used [23]. One method that determinest RBM t

The determination ofE is most conveniently carried out E directly requires measurement of both the Stokes andii ii

by measurement of the radial breathing mode feature, anti-Stokes radial breathing mode spectra [23,24]. In this
though other features (such as the G-band, D-band and case,v is once again used to determined and toRBM t

G9-band) in the resonance Raman spectrum are often used designate the transition branchi in E (see Fig. 2a). Theii

to confirm the (n, m) assignment made from analysis of the ratio of the anti-Stokes to Stokes intensities for the radial
RBM spectrum. If a tunable laser were available to be breathing mode for a given resonant nanotube can then be
tuned toE (which could be detected as theE value used to sensitively (to 10 meV) determine the energyE ofii laser ii

where the maximum intensity in the Raman spectrum the resonant van Hove singularity in the joint density of
occurs), then a simple measurement ofv (yielding d ) states [23], thereby providing a unique identification of theRBM t

to identify the index i in E (see Fig. 2a) would be (n, m) indices. When the anti-Stokes to Stokes intensitiesii

sufficient to determine (n, m). In practice, such a tunable are exactly equal to the Boltzmann factor at the measure-
laser system has thus far only been applied to single ment temperature forv , then E is in exact reso-RBM laser

nanotube Raman spectroscopy studies over a small energy nance withE , resulting in very large intensities for all ofii

range (|0.15 eV) [22], as described in Section 2.3. the features in the Raman spectra, as shown in Fig. 5 for a
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Table 3 is needed to provide a resonant excitation energy for each
Possible (n, m) and their calculatedv and E values in theRBM ii nanotube, so that a complete (n, m) Raman characterization
resonant window 1.48#E #1.68 eV for E 51.58 eV, whereii laser can be carried out for each SWNT.

M SE 5E for metallic SWNTs andE 5E for semiconductingii 11 ii 22

SWNTs (see Fig. 2a)
2 .3. Spectral profile of the joint density of states

21 a M b(n, m) d u v (cm ) Et RBM 11

(nm) (8) (eV) Measurement of the spectral profile of the 1D joint(calc.) (exp.)
density of states (JDOS) for a single wall carbon nanotube

(18, 6) 1.72 13.9 144.4 144(2) 1.49 1.40 near a van Hove singularity gives direct evidence for the
(19, 4) 1.69 9.4 146.8 – 1.53 1.42

sharp singularities in the JDOS, thereby showing how it is
(20, 2) 1.67 4.7 148.3 – 1.55 1.42

c possible to get sufficient intensity to observe a Raman(21, 0) 1.67 0.0 148.8 148(5) 1.56 1.43
spectrum from just one nanotube [22]. To determine the(15, 9) 1.67 21.8 148.8 – 1.51 1.46
JDOS spectral profile, the (n, m) value of the nanotube is(12,12) 1.65 30.0 150.3 151(3) 1.50
first determined reliably by measuring the resonant Stokes(16, 7) 1.62 17.3 153.0 154(5) 1.57 1.49

(17, 5) 1.59 12.5 156.4 156(6) 1.62 1.51 and anti-Stokes Raman spectrum for this nanotube. The
(13, 10) 1.59 25.7 156.4 156(1) 1.58 1.55 spectral profile of the JDOS is determined by using many
(18, 3) 1.56 7.6 158.8 158(1) 1.66 1.52 laser energies over a narrow energy range, as is provided
(19, 1) 1.55 2.5 160.0 160(3) 1.68 1.54 by a tunable laser. The experiments are carried out on a
(14, 8) 1.53 21.1 162.0 161(1) 1.65 1.58 sample containing lithographic markers, so that as the laser
(11, 11) 1.51 30.0 164.0 164(1) 1.63

energy is tuned, the microscope focus can always be
(15, 6) 1.49 16.1 166.7 165(1) 1.72 1.62

brought to the same nanotube. The RBM integrated(16, 4) 1.46 10.9 170.4 169(1) 1.79 1.64
intensity I(E ) is a function of E and can belaser laser(17, 2) 1.44 5.5 172.7 174(1) 1.81 1.65
evaluated from the joint density of statesg(E) according to(18, 0) 1.43 0.0 173.5 176(1) 1.83 1.65

S d the theory for incoherent light scatteringE 22

(14, 1) 1.15 3.4 215.1 210(1) 1.50
I(E )laser(10, 6) 1.11 21.8 223.1 – 1.51

2(9, 7) 1.10 25.9 224.9 – 1.48 g(E)
]]]]]]]]]]5E M dE(11, 4) 1.07 14.9 232.2 229(1) 1.60 U U(E 2E 2 iG )(E 6E 2E 2 iG )laser r laser ph r(10, 5) 1.05 19.1 236.1 237(2) 1.54

(12,2) 1.04 7.6 238.2 – 1.66 (2)
(8,7) 1.03 27.8 240.3 239(2) 1.61

in which the first and second factors in the denominator,(11,3) 1.01 11.7 244.7 – 1.57
respectively, describe the resonance effect with the inci-

S SResonance withE and E is also possible under these33 44 dent and scattered light, where the1(2) applies to the
conditions, but these resonant SWNTs are not listed in this table. anti-Stokes (Stokes) process for a phonon of energyE ,phThe experimentally observedv values are also listed, alongRBM while G gives the inverse lifetime for the resonantrwith the number of times (between parentheses) each (n, m) was

scattering process, and the matrix element for the scatter-found for a particular experiment on a particular sample [4]
a ing processM 5M M M is considered to be independentBold face indicates thosev observed to have a relatively i ep sRBM

of E in the small energy range of the resonance. HereM ,large intensity. i
b MTwo E values are given for each crystalline chiral (n, m) M and M are, respectively, the matrix elements for the11 s ep

SWNT because of the trigonal warping effect, but armchair (n, m) electron-radiation absorption, the electron-radiation emis-
nanotubes have only oneE value. Bold face indicatesE valuesii ii sion, and the electron–phonon interaction, while the JDOS
predicted to have large intensities. profile g(E) can be approximated by

c In this particular experiment there was an ambiguity between
(20,2) and (21,0) in the (n, m) assignment. a EC–C

d ]]]]]]]]]g(E)5Re O ]]]]]]]]Each semiconducting nanotube, such as those in resonance F G
i d g [(E 2E 2 iG )(E 1E 1 iG )S S t 0œ ii J ii Jwith E , has only oneE value.22 22

(3)

(14, 8) nanotube in resonance withE . For this situa- wherea is the nearest-neighbor distance betweenlaser C2C

tion, the resonance is so strong that even the anti-Stokes carbon atoms,g is the tight binding energy overlap0
21feature for the G-band at about 1580 cm can be clearly integral, andG is introduced as a measure of the effect ofJ

seen (see inset to Fig. 5c). the finite nanotube size and the national lifeline on the
In practice, the (n, m) index characterization for isolated width of the JDOS singularity for theE electronicii

nanotubes can be simply carried out by using a single laser transition. The sum overi takes into account the different
excitation energyE when the nanotube is in strong van Hove singularities of one SWNT (see Fig. 3).laser

resonance withE . If the (n, m) values of every Experimentally, a fit of the data points in Fig. 6laser

nanotube in the sample must be found, then a tunable laser determines the values of the fitting parameters in Eqs. (2)
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Fig. 5. (a–c) Resonance anti-Stokes and Stokes spectra for a (14, 8) metallic SWNT on a Si /SiO substrate using 1.579 eV (785 nm) laser2
21 21excitation. The peak at 303 cm comes from the Si substrate and is used for calibration purposes, whilev for the tube is 161 cm . TheRBM

anti-Stokes spectra are shown after correcting for the Boltzmann factor exp(E /kT ) to permit easy comparison to be made between theph

Stokes and anti-Stokes spectra. (d) 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 (14, 8) SWNT. (e) Predicted resonant window for the G-band in the region where the
resonance is with the incident photon. The van Hove singularity at 1.580 eV is a very strong resonance, while the singularity at 1.642 eV is
too far from E (vertical dashed lines) for the incident photon and also too far fromE 6E for the scattered photon to contributelaser laser G

significantly to the G-band spectra shown. The tail in (e) for the anti-Stokes intensityI is due to the resonance with the scattered photonAS
M(E 2E 51.445 eV) which comes from the van Hove singularity at 1.642 eV, andE 50.197 eV is associated with the G-band phonon [23]11 G G

(see Section 3.2).

and (3), showing thatG is most sensitive to determining strongly with the nanotube, thereby broadening the vanr

the FWHM linewidth of the spectral features, but that the Hove singularities (from less than 1 meV to more than 10
very small value ofG (|0.5 meV) gives rise to the very meV), and consequently also broadening the density ofJ

strong intensity enhancement (.1000) associated with the states that is probed by scanning probe methods [14].
sharp 1D van Hove singularities in the joint density of
statesg(E). Once the parameters in Eqs. (2) and (3) are
found, the spectral profile of the JDOS can be plotted, as in 3 . G-band
the inset to Fig. 6, whereg(E) is seen to be highly
asymmetric and to have very sharp singularities, with a 3 .1. Introduction
linewidth of less than 1 meV. Measurements of the Stokes
and anti-Stokes spectra over the whole resonant window of The G-band in carbon nanotubes occurring in the 1500–

21the nanotube yield theE value more accurately (to 3 1605-cm range is basically derived from the Raman-ii

meV) than when using a single laser line (|10 meV allowed optical modeE of 2D graphite by two zone2g

accuracy). Many physical properties, such as transport, folding the 2D graphene Brillouin zone into the 1D
optical, and mechanical properties, are very sensitive to the nanotube Brillouin zone, noting that only modes withA,
spectral profile of the electronic density of states, but the E , and E symmetry are Raman active for single wall1 2

profile is difficult to measure directly, because probes, such carbon nanotubes [2,3]. The G-band is thus an intrinsic
as scanning tunneling microscopy tips [14], interact too feature of carbon nanotubes that is closely related to
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Fig. 6. Raman intensity versus laser excitation energyE forlaser
21the radial breathing modev 5173.6 cm peak in the StokesRBM

and anti-Stokes Raman processes of an isolated (18, 0) SWNT,
where the anti-Stokes intensity is normalized by exp("v /k T )RBM B

to facilitate comparisons with the Stokes profile. Circles and
squares indicate two differentE data sets taken on the samelaser

SWNT sample. The line curves indicate the resonant Raman
windows predicted from Eqs. (2) and (3), withE 51.655 eV,ii

G 58 meV, and G 50.5 meV. The upper inset compares ther J

theoretically predicted Stokes and anti-Stokes resonant windows.
The lower inset plots the JDOS profile for one isolated (18, 0)
SWNT with G 50.5 meV for the two lowest energy van HoveJ

singularities.

2vibrations in all sp carbon materials. The most important
aspect of the G-band is the characteristic Raman lineshape

Fig. 7. (a,b) Profiles of the G-band spectra for three semiconduct-(see Fig. 7) which differs in accordance with whether the
ing (a) and three metallic (b) nanotubes whose (n, m) indices are

nanotube is semiconducting or metallic, an intrinsic prop- determined by analysis of their RBM spectra. The frequencies for
1 2erty of the nanotubes, allowing one to readily distinguish v and v are indicated for each nanotube along with theG G

between metallic and semiconducting nanotubes. As in corresponding linewidths in parentheses. (c) Dependence on
2 1 2other sp carbons, the G-band in SWNTs is not dispersive reciprocal nanotube diameter 1/d of v and v for botht G G

and its frequency is not sensitive toE . This property semiconducting nanotubes (solid circles) and metallic nanotubeslaser

(open circles). The open squares indicate that a peak near|1580helps to distinguish features in the harmonics and combi-
21cm is sometimes observed in the Raman spectra for metallicnation modes that are associated with the non-dispersive

SWNTs [16].G-band, from those associated with the highly dispersive
D-band and G9-band features discussed in Section 4. In
Section 3.2 we briefly summarize some of the most cally show two dominant Lorentzian features [19] with

21important properties of the G-band spectra, while in 6–15 cm (FWHM) linewidth at room temperature, the
Sections 3.3–3.5, several important new physical concepts lower frequency component associated with vibrations

2that were discovered through study of the G-band spectra along the circumferential direction (v ), and the higherG
1in isolated SWNTs are reviewed. frequency component (v ) attributed to vibrations alongG

the direction of the nanotube axis. In contrast, the Raman
3 .2. General G-band properties spectra for metallic nanotubes [Fig. 7(b)] also have two

dominant components with similar origins, but in this case,
1The most dramatic features of the G-band spectra are the the upper frequency componentv has a LorentzianG

characteristic differences between the G-band spectra for lineshape that is almost as narrow as that for the semicon-
2metallic and semiconducting nanotubes, shown in Fig. 7. ducting nanotubes, but the lower frequency componentvG

Isolated semiconducting nanotubes (Fig. 7a) characteristi- is a very broad Breit–Wigner–Fano line (see Fig. 7b), with
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a strong coupling to a continuum identified with surface graphite-derived modes with the circumferential G-band
plasmons [25], as discussed further in Section 3.4. mode, and thereby to weaken the bonds and lower the

Experimental polarization studies on SWNT bundles force constants in the circumferential direction, and, in
[26] show that the G-band for a general chiral nanotube fact, lower the symmetry of the SWNTs relative to that for
consists of six vibrational modes ofA1E 1E symmetry the graphene lattice structure. Because of the dependence1 2

along each of the two orthogonal (the axial and circum- of the bond directions on chiral angle, a dependence of the
ferential) directions [2], consistent with theoretical predic- polarization parameters on chiral angleu is expected, and
tions, as discussed in Section 3.3. Knowledge of the this effect can only be measured at the single nanotube
number of modes is important for the lineshape analyses level. Since curvature effects become more prominent as
that are used to carry out detailed studies of the G-band the nanotube diameterd decreases, a dependence of thet
properties. Because of the antenna effect (see Section 3.3),polarization parameters ond is also expected. Since thet¢the strongest coupling of theE-field of the laser excitation Raman lineshapes and therefore the scattering mechanism

¢to the nanotube occurs for the opticalE-field along the for metallic and semiconducting tubes are different from
nanotube axis, and the most intense modes are found one another, it is expected that the polarization parameters
experimentally to be those with A symmetry. It is the will depend on whether the tubes are semiconducting or
curvature of the nanotube which admixes a small amount metallic. The detailed dependence of the polarization
of interplanar graphene modes into the SWNT circum- parameters ond and E has not yet been investigatedt laserferential modes, thus lowering their C–C force constants for SWNT bundles.
and mode frequencies, as discussed in Section 3.5 and Polarization studies at the single nanotube level [29] are1shown in Fig. 7c, where it is seen thatv shows nodG t attractive from two standpoints. Firstly, the geometrical2 22dependence, whilev has a strongd dependence, thatG t ¢alignment of the opticalE-field relative to the nanotube
differs according to whether the nanotubes are semicon-

axis can be done more directly. Secondly, investigation of
ducting or metallic. A dependence of the Raman

the detailed polarization behavior of single nanotubes with
lineshapes and intensity on chiral angle was predicted

known (n, m) can be carried out.theoretically [13,27,28], and was also observed experimen-
Detailed polarization measurements on individualtally, as is discussed in Section 3.4, but a detailed study at

SWNTs are also expected to be sensitive to the depolariza-the single nanotube level has not yet been carried out.
tion or antenna effect which refers to the tendency of theStudies of the dependence of the Raman G-band lineshape
nanotubes themselves to create a strong local dipole field,and intensity ond , E , laser intensity, andE 2E att laser laser ii so that the optical electric field seen by the nanotube is thethe single nanotube level also need to be carried out.
vector sum of the applied field and the local field due toWhereas the linewidths for the semiconducting
the nanotube antenna. Since the local dipole field is verynanotubes do not vary much with diameter, the linewidth
strong, nanotubes act like polarizers by effectively aligningfor the circumferential mode for metallic nanotubes in-
the applied optical electric field along the nanotube axis.creases very substantially with decreasingd , reflecting thet
This antenna effect has been shown to be highly effectiveincreased Breit–Wigner–Fano coupling, as discussed in
for metallic nanotubes [30], and the antenna effect hasSection 3.4. Recent studies have shown that the G-band
been studied in detail for a single nanotube or a very thinlinewidths are not sensitive to chiral angleu, or to E 2laser

nanotube bundle containing only a few nanotubes, asE .ii

shown in Fig. 8 [30]. In this work, Duesberg et al. showed
that the Raman spectra from a metallic SWNT are strongly3 .3. Polarization and antenna effects
suppressed when the light is polarized perpendicular (a 5i

908 in Fig. 8) to the nanotube axis [30].From a theoretical standpoint, zone-folding of the
Polarization measurements at the single nanotube levelgraphene sheet to form a nanotube gives rise to Raman-

show that also for isolated semiconducting nanotubes theactive modes withA1E 1E symmetry [2] in both the1 2

longitudinal (along the tube axis) and transverse (in the component polarized normal to the nanotube axis is
circumferential) directions, in addition to a large number completely quenched due to the antenna effect [29].
of modes with E , E , . . . symmetry, which are not However, two nanotubes whose axes intersect at some3 4

Raman-active [2]. Experimental polarization studies on angle, each create their own dipole fields, so that the
nanotube bundles [26], with an average nanotube diameter polarization component normal to one of the nanotube axes
d .1.85 nm and withE 52.41 eV, have verified the no longer is completely suppressed. As a consequence oft laser

presence of these six modes (three axial and three circum- the strong antenna effect in isolated SWNTs, measure-
ferential modes). These studies have given explicit values ments of the dependence of the intensity of a particular
for the polarization parameters, namely for the mode feature in the Raman spectrum as a function of diameter
frequencies and relative intensities, for each of these six and chiral angle should be carried out with the polarization
modes for this particular sample [26]. Curvature of the along the most favorable angle with respect to the
nanotubes is expected to admix some out-of-plane nanotube axis of the SWNTs whose lengths should exceed
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lineshape. Furthermore, the SWNT bundle results show
that the frequency of the BWF lower frequency feature for
metallic tubes decreases asd decreases, while its line-t

width increases and its intensity increases [16,25]. Similar
effects have been observed for metallic tubes at the single
nanotube level, but no detailed studies at the single
nanotube level of the BWF parametersv , G , andBWF BWF

I have yet been carried out as a function of theBWF

variables expected to affect the BWF lineshape, which
include u, d , E , laser excitation intensity,E 2E ,t laser laser ii

and temperature.
Calculations using a bond-polarization model [13] indi-

cate that the lineshape of the G-band for semiconducting
nanotubes should be highly sensitive to the nanotube
chirality, since the relative intensities of the various G-
band components are expected to exhibit a strong depen-
dence on chiral angle as shown in Fig. 9. The dependence
on chiral angle of the bond orientations provide the
physical reason why the lineshape for the G-band should
show a strong dependence on chiral angle. Such chirality-
dependent effects cannot be easily studied on SWNT
bundles and require measurements at the single nanotube
level. Evidence for a chirality dependence of the relative
intensities of the axial and circumferential components of
the G-band in semiconducting tubes from the work of Yu
and Brus [24] is shown in Fig. 10, where spectra are
presented for six different thin bundles (containing only a
very few tubes), with presumably only one of the tubes
resonant at the two different laser excitation energies that

Fig. 8. Raman spectra from a thin SWNT bundle where a metallic were used in this work. In Fig. 10a only the higher
nanotube is resonant withE 51.96 eV. The spectra were takenlaser frequency axial vibrational feature is seen, Fig. 10f shows
with the VV configuration for various anglesa between the axisi equal intensities for the higher and lower frequency
of the bundle and the polarization of the incident laser beam, as
depicted in the inset. Fora 5 08 anda 5 1808, the polarization ofi i

the incident radiation is parallel to the axis of the SWNTs
determined from SFM images with an accuracy of6108 [30].

the wavelength of light, and should be longer than the light
spot size.

3 .4. Lineshapes for metallic and semiconducting
nanotubes

The lineshapes of the G-band for semiconducting (S)
and metallic (M) nanotubes are qualitatively different. This
difference in Raman lineshape is used to readily dis-
tinguish between semiconducting and metallic nanotubes,
and this lineshape difference is particularly evident at the
single nanotube level for tubes with diametersd ,1.7 nm.t

Experiments for SWNT bundles show that the upper and Fig. 9. The calculated chirality dependence for the intensities of
lower frequency phonon features are both Lorentzian for the G-band LO and TO modes for single wall carbon nanotubes,
semi-conducting tubes, but for the metallic tubes the upper based on a bond-polarization model [13]. In this figure LO and
frequency mode is also Lorentzian, while the lower TO, respectively, refer to vibrations along the nanotube axis and
frequency mode has the Breit–Wigner–Fano (BWF) in the circumferential direction.
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splitting appears to be qualitatively different in magnitude
for metallic and semiconducting nanotubes. In Fig. 7c it is

1seen thatv is independent ofd and is the same forG t
2semiconducting and metallic SWNTs, whilev is stronglyG

dependent ond and is well fit to the functional formt

2 1 2
v 5v 2# /d (4)G G t

21 2where#547.7 cm nm for semiconducting nanotubes
21 2and #579.5 cm nm for metallic nanotubes. At the

single nanotube level, no chirality dependence for the
1 2G-bandv andv mode frequencies is found experimen-G G

tally, nor is # found to depend onE . Therefore it islaser

convenient to use Eq. (4) to obtain an approximate
determination ofd for those SWNTs where the RBMt

feature is not observed. Polarization studies tell us that for
measurements carried out on randomly aligned nanotubes
in SWNT bundle samples, the spectra are dominated by
modes of A symmetry, and the antenna effect, that is

Fig. 10. Raman spectra of semiconducting SWNTs in six different responsible for a strong enhancement of the axialA
21thin bundles (a–f) in the range 1300–1800 cm . The excitation symmetry mode relative to the other modes, is most

wavelength is 457 nm (2.71 eV) for the spectra in (a), (c), and (d) pronounced at the single nanotube level.
and 442 nm (2.80 eV) for the spectra in (b), (e), and (f). A laser Analysis of the G-band spectra at the single nanotube2excitation intensity of 40 kW/cm was used for these experiments. 1 2level shows that the effect of curvature on the (v 2v )21 G GThe inset to part (a) shows a magnified view of the 1417-cm

splitting is generally larger than that introduced by theD-band Raman peak [24].
zone folding effect [31] for the nanotube diameter range
that is commonly studied. At present, there is no detailed
theoretical model for the magnitudes of#, nor is there an
explanation for the different# values for semiconducting

2features, and the other traces show various intermediate and metallic nanotubes, though the 1/d dependence ist
intensity ratios, with Fig. 10c showing a spectrum most compatible with the weakening of the C–C force constants
similar to that obtained from typical SWNT bundles through admixture of weak interplanar graphite modes
containing many SWNTs. through the nanotube curvature effect.

3 .5. Diameter dependence of vG

4 . D-band and G9-bandCalculations using the bond-polarization model, consi-
dering atomic interactions up to fourth nearest neighbors

4 .1. Overviewshow that the eigenvectors for the G-band modes have
vibrations either along the nanotube axis or perpendicular

The D-band and G9-band features are both observed into it, with G independent of chiral angle for nanotubes of
the Raman spectra of semiconducting and metallic SWNTsapproximately the same diameter [13,27], thereby justify-
at the single nanotube level as seen in Fig. 1a. Theing the analysis of the experimental data forv in terms ofG

1 2 frequency of the disorder-induced D-band (1250,v ,v and v as is done in Fig. 7. Considering that long DG G
211450 cm ) and of its second-order overtone G9-banddistance force constants contribute to the normal mode

21 2(2500,v ,2900 cm ) in the Raman spectra of sp -vibrations, the nanotube system looks like a homogeneous G9

bonded carbon materials has been known for many yearscylinder, and the curvature effect is predicted to result in a
to exhibit a strongly dispersive behavior as a function ofsplitting of the G-band modes.
laser excitation energy (1.0,E ,4.5 eV) [32,33]. TheAs has already been pointed out, the two most important laser

strong linear dispersionv (E ) of the D-band frequencyfeatures in the G-band profile for SWNTs are associated D laser
21with phonons of A symmetry. The experimental spectra in v (E ) in graphite (53 cm /eV), and of its second-D laser

6 21Fig. 7a for semiconducting SWNTs show a clear difference order overtone G9-band (10 cm /eV), has been iden-
1 2in the (v 2v ) splitting between the axial and circum- tified with a resonance process between a phonon and anG G

ferential modes from one semiconducting nanotube to electronic transition between linearly dispersivep andp*
1 2another. Inspection of Fig. 7b shows that the (v 2v ) states [34–37]. The double resonance model shown in Fig.G G
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11 in particular [34,36,38] accounts for the observed
dispersion of the D-band and the G9-band as a function of

2photon excitation energyE in graphite and in splaser

carbons. In Section 4.2 a single extension of this model to
account for the special properties of the D-band and
G9-band of isolated SWNTs is presented.

The Raman spectra taken on SWNT bundles indicate
that the D-band and G9-band features have dispersion

2relations that are generally similar to those in other sp
carbons, but also show some distinct characteristic be-
haviors that are special to nanotubes. A very interesting
aspect of the Raman spectra for SWNT bundles is the
observation of a step or oscillatory effect in the D-band

Fig. 11. (a–d) Four different D-band double resonance Stokes dispersion relation (see Fig. 12a,b) [39], an effect not
2processes in graphite which all involve second-order, one-phonon present in other sp carbons. One objective of Raman

emission processes. For each process, the dashed lines denote thespectroscopy studies at the single nanotube level is to gain
elastic scattering process and small black dots denote the resonant

an understanding of this effect, and this topic is discussedpoints. (e,f) The corresponding G9-band processes which involve
in Section 4.3, in connection with the dependence of thesecond-order, two-phonon emission processes. The dashed lines of
D-band and G9-band features on the SWNT electroniceach figure for the D-band process become an inelastic phonon
structure. In Section 4.4, diameter and chirality-dependentemission process, and thus only the (a) and (d) processes, shown
D-band and G9-band effects, observed at the singleas (e) and (f) with appropriate modification, are possible in

two-phonon processes [38]. nanotube level, are discussed, with particular reference to

Fig. 12. (a) Dependence on the laser excitation energy ofv for the dominant second-order Raman feature for single wall carbon nanotubeG9
2(SWNT) bundles. In contrast to most sp carbons wherev depends linearly onE , the corresponding plot for SWNT bundles shows aG9 laser

superimposed step-like or oscillatory behavior near 2.0 and 2.5 eV for SWNT bundles. (b) The oscillatory component of (a) obtained after
subtracting the linear background given byv 524201106E in (a). (c) Plot of theE dependence of the oscillations in the resonantG9 laser laser

electron wave vectork after normalization to the length of the basis vector b of the reciprocal lattice of 2D graphite and after subtractingii

¯the linear background. For eachE value, thek values for each resonant SWNT are calculated, andk represents an appropriate weightedlaser ii ii

¯average [41]. The strong correspondence between theE dependence ofv for phonons andk for electrons provides strong support forlaser G9 ii

the identification of each oscillation with a particular interband transition between van Hove singularities [41].
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explaining the anomalous behavior of the D-band and Raman intensity for a Stokes form. These four resonant
G9-band dispersion relations for carbon nanotube bundles. conditions for the D-band in graphite can be expressed by:
New physical phenomena related to the resonance Raman

(a) E (k)5E ,i Lprocess itself can be seen in the G9-band spectra of
E(k1q)5E (k)2"v (q),individual nanotubes under special circumstances, involv- i ph

S Sing a double resonance process with both theE andE E (k)5E(k1 q),33 44 f

interband transitions [18], and this is discussed in Section (b) E (k)5E ,i L4.5 in connection with the strong resonant enhancement
E(k1q)5E (k)2"v (q),i phthat occurs through the 1D JDOS, utilizing the strong
E (k)5E(k1 q),dispersion of the G9-band as a function ofE . This two flaser (5)

(c) E (k)5E ,peak G9-band effect can be used to confirm independently i L

the (n, m) structural characterization carried out through E(k1q)5E (k),i

analysis of the radial breathing mode feature, as discussed E (k)5E(k1 q)2"v (2q), andf ph
in Section 2.2. The G9-band feature is attractive for a

(d) E (k)5E ,i Lvariety of fundamental investigations of the special prop-
E(k1q)5E (k),ierties of the electronic structure of SWNTs, utilizing their

21 E (k)5E(k1 q)2"v (2q),very large dispersion (106 cm /eV in SWNT bundles f ph

[39]), allowing frequency shifts to be observed invG9

in which the bold face denotes the existence of an actualthrough the resonance Raman effect which can directly
electronic state which satisfies the resonant condition. Theprobe the detailed properties of the electronic structure.
anti-Stokes process (phonon absorption) is related by time-
reversal symmetry to the Stokes processes, shown in Fig.
11. For the G9-band (v .2v ) which is a two-phononG9 D4 .2. Mechanism responsible for the D-band and G9-band
process, the elastic scattering process denoted by a dashed
line in Fig. 11a–d is replaced by an inelastic phononIn contrast to the RBM and G-band features in the
emission process. Therefore, only cases (a) and (d), andRaman spectra for SWNTs which relate to the zone center
shown in Fig. 11e,f, are possible for the double resonanceof the Brillouin zone and are non-dispersive (i.e., the
processes for the G9-band. The phononq vector for bothRaman shift is independent of laser excitation energy),
the D-band and the G9-band resonance processes is relatedboth the D-band and G9-band features relate to the region
to the resonant electronk vector by the relationuqu . 2ukunear the K-point of the 2D graphite Brillouin zone and are
wherek is measured from the K-point in the Brillouin zonehighly dispersive, showing a strong dependence ofv andD
[38].v on the laser excitation energy for SWNT bundles. TheG9

Since the D-band in graphite involves scattering from aphysical origin of the D-band and G9-band features in the
defect which breaks the basic symmetry of the grapheneRaman spectra in isolated SWNTs is based on the double

2sheet, it is observed in sp carbons containing vacancies,resonance mechanism which is operative for graphite
impurities, or other symmetry-breaking defects. On the[36,40], but is modified in SWNTs by the 1D van Hove
other hand, the second-order G9-band does not require ansingularities that dominate the electron density of states.
elastic defect-related scattering process, and is observableThe double resonance effect in graphite occurs when both

2for defect-free sp carbons. The special properties of thethe initial (or final) state and the scattered intermediate
electronic structure of SWNTs enter the double resonancestate are actual electronic states.
process through van Hove singularities occurring in theIn the Stokes (phonon emission) D-band process for
electronic statesE (k), E (k), andE(k 1 q), which give risei fgraphite, an electron with momentumk and energyE (k) isi
to singularities in the joint density of states at theEiiexcited by the incident laser photon in an electron–hole
interband transitions. In this way it is possible to gainpair creation process. The electron is then scattered by
sufficient Raman intensity to produce strong D-band andemitting a phonon with momentumq to the state with
G9-band features in the Raman spectra from one isolatedmomentumk 1 q and energyE(k 1 q), as indicated in Fig.
semiconducting or metallic nanotube. Experimentally,11a,b. The electron is then scattered back tok [E (k)] tof
semiconducting and metallic nanotubes which are inrecombine with a hole. In the one-phonon emission
resonance with the incident photon generally exhibit D-process shown in Fig. 11a–d, one of the two scattering
band and G9-band features at the single nanotube level, inprocesses (k → k 1 q, or k 1 q → k) is inelastic with the
addition to the RBM and G-band features.emission of a phonon, and the other is an elastic scattering

process associated with a defect (dashed lines in Fig. 11).
Thus we can expect four different double resonance 4 .3. General D-band and G9-band properties
Raman processes for the D-band, as shown in Fig. 11a–d
schematically, to make important contributions to the One of the unique features of the D-band and the
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G9-band spectra of SWNT bundles is a step or oscillatory
behavior [39,42,43] superimposed on the linearElaser

dependence of bothv and v that is characteristic ofD G9
2graphite and sp carbons. This effect is shown for the

G9-band in Fig. 12a, but also appears in the corresponding
plot of v versus E . The deviation from a linearD laser

dispersive behavior is clearly seen in Fig. 12b, where the
points are obtained after subtraction of the linear solid line
fit to the experimental points in Fig. 12a. The oscillatory
behavior in Fig. 12b is identified with quantum effects
associated with the strong coupling between the electrons
and phonons under resonance conditions. Specifically the

Mpeak near 2.0 eV is identified with theE interband11

transition for metallic nanotubes and the peak near 2.5 eV
S Swith the E and E transitions for semiconducting33 44

nanotubes, thus showing the importance of the 1D elec-
tronic structure of SWNTs in the physical origin of the
D-band and the G9-band spectra. The physical basis for
this step or oscillatory behavior was explained by the
coupling between electrons and phonons under resonance
conditions, which depends on both the diameter and
chirality of the resonant nanotubes, as elucidated at the
single nanotube level.

9The dependence ofv and v on d and u, areD G t

presented in Section 4.4. Whilev and v have uniqueD G9
2values for a givenE in sp carbons, the behavior forlaser

SWNTs is quite different, and a given value ofE canlaser

result in a range ofv andv values depending on theD G9

nanotube diameterd (Fig. 13) and chiral angleu (Fig. 14),t
Fig. 13. The calculated values ofuk u as measured from theiias is discussed in Section 4.4. Bothv andv are, in fact,D G9 SK-point in the Brillouin zone for interband transitionsE (a) and33found to decrease asd decreases, as would be expectedt SE (b) for electronic states in isolated SWNTs in resonance with44both from the effect of nanotube curvature on the softening
E 52.41 eV. Theuk u values are normalized to the reciprocallaser iiof these mode frequencies and from the electron–phonon lattice vector lengthb for graphite, and numerical values for the

interaction discussed in Section 4.4. Furthermore, the slopes≠(uk u) /bu /≠(1 /d ) are given for the two upper figures (a)ii t
values ofv andv are found to be larger for metallicD G9 and (b). D-band frequencies for isolated SWNTs, as a function of

SSWNTs than for semiconducting SWNTs of the same reciprocal diameter 1/d , that are in resonance with the (c)E andt 33
Sdiameter [17], suggestive of a somewhat different scatter- (d) E interband transitions. (e) and (f) plot the same variables as44

in (c) and (d), respectively, except that the data are for theing mechanism for semiconducting and metallic nanotubes,
G9-band. Values for the slopes of≠v /≠(1 /d ) and ≠v /≠(1 /d )but a detailed understanding of these differences requires D t G9 t

are given for the four lower figures.additional research. No systematic experimental or theoret-
ical study of the D-band and G9-band linewidths has yet
been carried out. parameters, such as the linewidth and intensity as a

A random D-band intensity variation is observed from function ofE , would also be expected to yield interest-laser

one nanotube to another, consistent with the identification ing experimental and theoretical results.
of the D-band in carbon nanotubes with defects. To date
there has been no systematic study of the various depen-4 .4. Nanotube diameter and chirality-dependent effects
dences that influence the D-band and the G9-band inten-
sities. The (n, m) dependences of the mode frequencies,vD

The laser excitation energyE is expected to in- andv are interesting in their own right, because of theirlaser G9

fluence many aspects of the D-band and the G9-band curious dependence on chiral angleu and nanotube
Raman features, but theE dependence ofv andv diameter, which relates to the electronic mechanism givinglaser D G9

has so far only been studied systematically for SWNT rise to the D-band and the G9-band features in the Raman
bundles. In view of the interesting quantum mechanical spectra. What we mean by diameter and chiral angle
effects that are observed in theE dependence of dependence for SWNTs is that different nanotubes withlaser

v (E ) andv (E ), systematic study of other Raman differentd andu values will be resonant at the sameED laser G9 laser t laser
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dependence ofuk u /b is shown in Fig. 14(c) and (d), whereii

k is the electron wavevector measured from the K-pointii

corresponding to the singularityE in the joint density ofii

states andb is the length of the basis vector in the
reciprocal lattice of 2D graphite. The similarity between
the u dependence ofv and uk u /b is consistent with theD ii

connection between the resonant electronic statek and theii

wavevector of the phonon that is emitted in the D-band
process. The similarity of theu dependence ofv and ofD

v suggests that the mechanisms responsible for theG9

D-band and G9-band scattering are related. Finally, the fact
that theu dependence ofv for those nanotubes that showG9

no D-band feature and is consistent withv for nanotubesG9

that do show D-band scattering intensity indicates that the
mechanism responsible for the G9-band in SWNTs does
not depend on the presence of defects, as is also the case

2for other sp carbons.
The nanotube diameter dependence ofv is shown inD

Fig. 13, for E 52.41 eV, where each point correspondslaser

to a different SWNT in resonance withE . Here it islaser

seen that thed dependence is different for each subbandt
S SE and E (Fig. 13c and d, respectively), but for each33 44

individual subband,v shows a linear dependence on 1/dD t
0,iaccording tov 5v 2b /d with slopesb that differD D i t i

according to whichE is in resonance withE . The factii laser

thatv |2v (d ) andv (d ) show the same dependenceG9 D t G9 t

on E indicates that a similar physical mechanism isii

responsible for the D-band and the G9-band features in the
Raman spectra for individual SWNTs (see Fig. 13e,f).
When plotted over a large range ofd , a simple picture fort

the d dependence ofv andv emerges, which in turnFig. 14. D-band frequenciesv (u ) as a function of chiral angleuD t D G9

of the tubes for which the laser energy (E 52.41 eV) is clarifies the relation betweenv (d ) for SWNT bundleslaser D t
S Sresonant with theE (a) andE (b) interband transitions in the and isolated SWNTs. The diameter dependence of SWNT33 44

JDOS. The distanceuk u from the K-point in the 2D grapheneii bundles and of isolated SWNTs both show a 1/d depen-t
0Brillouin zone for the electronic states corresponding to the van dence and an extrapolation ofv to v for a grapheneS S D DHove singularities in the JDOSE (c) andE (d), respectively, 2133 44 sheet in the limitd →`. The value ofb516.9 cm nmtfor the various nanotubes measured in (a) and (b). In (c) and (d), 0provides a good fit tov 5v 2b /d for typical SWNTD D tuk u is normalized tob, the length of the reciprocal lattice basisii bundles. Preliminary measurements indicate thatb forvector of the 2D graphite lattice. Figures (e) and (f) are the same

Mmetallic nanotubes (i.e., for theE interband transitions)as in (a) and (b), respectively, except that the data are for the 11

is greater than for the semiconducting nanotubes (i.e., forG9-band. The solid (open) squares in (e) and (f) denotev (u ) dataG9
S SE and E transitions) [17], but this needs furtherfor tubes where the D-band is (not) observed in the Raman 33 44

spectrum [41]. quantitative study. Because of theE ~ 1/d dependence,ii t

resonances within a givenE transition occur at higherii

E values as the tube diameter decreases. For this reasonlaser

value, thus giving rise to a range ofv and v values, the dispersion relationsv (E ) and v (E ) areD G9 D laser G9 laser
2whereas for sp carbons and graphite there is a singlev sensitive to nanotube diameter. Once the lower diameterD

9and a singlev value for a givenE . In Fig. 14 we limit of the sample is reached, resonances are made withG laser

show thatv andv both have a dependence on chiral the next higher lyingE , starting with the largestdD G9 ii t

angle u for nanotubes with a similar diameter, whereas nanotube in the SWNT bundle. Thev versusE curveslaser

v andv do not show any significant dependence on thus show step-like decreases, as each new interbandRBM G

u. Furthermore, Fig. 14 shows that the detailed dependence transition comes into play (see Fig. 12b). This diameter-
of v andv on chiral angle depends on which interband dependentv andv behavior competes with the linearD G D G9

transitionE is involved in the resonance Raman process. v and v versusE dependence, that relates to theii D G9 laser

To identify the origin of theu dependence ofv andv , double resonance phenomena associated with the K-pointD G9
S 2we plot v (u ) in Fig. 14(a) for theE transitions and in of the Brillouin zone of sp carbons, to give rise to aD 33

SFig. 14(b)d for theE transitions. The correspondingu step-like or oscillatory behavior, superimposed on the44
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2linear dispersion relation that is observed for almost all sp isolated individual nanotubes, most of the spectra are
carbon materials [17]. The observations of the oscillatory single Lorentzian lines. However, in some cases a two-
behavior inv and v versusE in Fig. 12a,b were peak structure has been observed for isolated SWNTsD G9 laser

Mmade for resonance withE for metallic nanotubes within whose (n, m) indices have been identified from analysis of11
S S their radial breathing modes [18]. Fig. 15a shows such aSWNT bundles, and withE andE for semiconducting33 44

two-peak structure in the experimental G9-band profile fornanotubes within these same bundles [17]. By considering
a (15,7) nanotube excited byE 52.41 eV. From the (n,this diameter and chirality-dependent behavior at the single laser

m) indices determined from the radial breathing modenanotube level, the features observed experimentally can
S Sanalysis, theE and E interband transitions can bebe explained quantitatively [41], and the mechanism 44 33

calculated, and the results are shown on the right, where itresponsible for this oscillatory behavior can be identified
Sis seen that theE transition is within the resonantwith a resonance Raman process that is highly sensitive to 44

window for the incident photonE 52.41 eV), while thethe van Hove singularities in the electronic density of laser
SE transition is within the resonant window for thestates. 33

scattered photon (E 2E .2.4120.3352.08 eV). TheThe identification of nanotube properties that show a laser G9

two-peak structure in the G9-band can be observed whencharacteristic chirality dependence is interesting at present,
the double resonance process in Fig. 11e occurs for thebecause of the need to find ways for self assembling

Sincident photon with theE transition, and in Fig. 11fnanotubes of the same chiralities in the growth process. 44
Soccurs for the scattered photon with theE transition. TheThe u dependence ofv and v might find some 33D G9

strong G9-band dispersionv (E ) in SWNTs allowsinteresting applications in this connection. G9 laser

sufficient resolution of the splitting in the phonon fre-
quencyv to observe the two peaks associated with eachG9

4 .5. Two-peak structure in the G9-band of the (e) and (f) double Raman resonance processes in
Fig. 11. Verification of the proper identification of this

In the observation of the G9-band Raman spectra from physical process comes from the excellent agreement

Fig. 15. G9-band phonon profile (left panels) and joint density of electronic states (right panels) for (15, 7) and (17, 7) SWNTs. The
G9-band profile for the (15, 7) tube has two peaks, indicating that the resonance is occurring with both the incident and scattered photons, as

Sdepicted in the joint density of states display (right panel). The incident photon with energyE is resonant withE for both the (15, 7)laser 44
Sand (17, 7) SWNTs. The scattered photon is resonant withE for the (15, 7) tube, but not for the (17, 7) tube. The vertical dashed lines33

representE 52.41 eV andE 2E ¯2.08 eV for the incident and scattered photons, respectively. The horizontal double arrows denotelaser laser G9

the resonant windows for the incident and scattered photons. The numbers in parentheses denote the linewidths, and all frequencies and
21linewidths are in units of cm [18].
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between theory and experiment regarding the special (n, m) STM experiments and to the different approximations
values where the two-peak spectrum is expected, and the made in the tight binding calculations for the scanning
other (n, m) values where the G9-band resonance occurs tunneling spectra and for the resonance Raman process.
with only a single transition, as is the usual case for the Further work is needed to clarify this point.
G9-band profile. The two-peak G9-band resonance process The single nanotube spectra provide valuable infor-
is explicitly illustrated in Fig. 15a for a (15, 7) nanotube, mation about every feature of the Raman spectra for

Swhere the incident photon is in resonance withE and the individual nanotubes, including both the non-dispersive44
Sscattered photon is in resonance withE . In contrast, we Raman-allowed radial breathing mode and the tangential33

show in Fig. 15(b) the spectrum for a (17, 7) nanotube, G-band mode also present in graphite, as well as the
Swhere the incident photon is clearly in resonance withE , D-band and its second-order G9-band which are highly44

Swhile E is clearly outside of the resonance window for dispersive in graphite. The information provided by the33

the scattered photon. Having made a correct identification disorder-induced D-band and by the symmetry-allowed
for those (n, m) nanotubes which should exhibit this G9-band is expected to be particularly informative about
two-peak Raman effect and those nanotubes which should the resonance processes giving rise to these features in the
not, for a collection of 16 different nanotubes, we can then Raman spectra for nanotubes. Of particular interest are the
turn around and use the presence or absence of the two- many D-band and G9-band phenomena that are shown to

S Speak phenomenon of the G9-band with theE and E be dependent on nanotube diameter and chirality.33 44

transitions as an internal check on the (n, m) assignment of Another aspect of single nanotube Raman spectroscopy
a given nanotube from its RBM spectrum (see Section is its use as a probe of many aspects of the electronic
2.2). Such internal consistency checks are important for structure associated with the 1D singularities in the joint
establishing confidence in the utilization of single nanotube density of states. In this connection several new effects
spectroscopy as a reliable method for SWNT structural about the electronic structure or about the resonance
characterization and for studying new quantum-based Raman effect have been observed for the first time. The
phenomena in carbon nanostructures. use of single nanotube spectroscopy for the (n, m) charac-

terization of individual nanotubes enables one to consider
other experiments, such as transport, optical properties,

5 . Summary mechanical properties, and thermal properties to be carried
out at the single nanotube level to study their dependence

In this review, we have emphasized the role that the van on nanotube diameter and chirality in a systematic way.
Hove singularities in the 1D density of electronic states
play in making possible the observation of Raman spectra
of the phonon modes from one isolated carbon nanotube, A cknowledgements
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