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Raman spectroscopy on one isolated carbon nanotube
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Abstract

The use of Raman spectroscopy to elucidate the vibrational and electronic structure of single wall carbon nanotubes
is reviewed. The special role played by single nanotube spectroscopy in the (n,m) structural characterization of
individual nanotubes and in the elucidation of the spectra of nanotube bundles is emphasized. © 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Single wall carbon nanotubes are important
nanostructures because of the new nanoscience
concepts they have introduced. Some of these new
concepts have been illuminated through Raman
spectroscopy studies at the single nanotube level,
and this is the focus of this review.

Raman spectroscopy provides an important
characterization tool for carbon-based materials,
showing different characteristic spectra for sp?, sp?
and sp carbons, as well as for disordered sp?
carbons, fullerenes and carbon nanotubes. In
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particular, the Raman spectra for single wall
carbon nanotubes (SWNTSs) are unique, distinctive
and different from the spectra for other carbons,
because of the strong enhancement of the Raman
effect when the laser excitation energy is in
resonance with interband transitions between
sharp singularities in the 1D electronic density of
states in the valence and conduction bands of the
nanotubes [1]. Raman spectroscopy thus provides
unique information about both the vibrational and
electronic properties of SWNTs.

Each SWNT is characterized by two integers
(n, m), which specify the number of unit vectors d;
and d; in the graphene honeycomb structure [2].
These (n,m) indices also constitute the chiral
vector (or roll-up vector) Q?h = nd, + md, corre-
sponding to the nanotube circumference, and these
two indices determine the nanotube diameter
and chirality, or the orientation of the carbon
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hexagons with respect to the nanotube axis. The
electronic properties of SWNTs are remarkable
insofar as they can be either metallic (when m —
n = 3¢q, where ¢ is an integer) or semiconducting
(when n—m = 3g+1), depending simply on the
nanotube geometry [3].

In this paper we review how the Raman effect
provides unique information about the vibrational
and electronic properties of SWNT bundles and
how the observation of individual nanotubes, not
only provides unique and important information
about the vibrational and electronic properties,
but also determines the structural (r, m) properties
of individual nanotubes [4]. This information is
further used to determine, to high resolution, the
profile of the density of states near a singularity in
the electronic joint density of states [5]. Because of
the high sensitivity of the electronic, transport,
vibrational and other nanotube properties to the
structural (n,m) indices, this non-destructive,
readily available characterization technique is
expected to have a significant impact on current
basic research on carbon nanotubes. In this paper
we also discuss the relation between the spectra of
SWNT bundles and the spectra for single isolated
SWNTs.

2. Raman spectra from SWNT bundles

Raman spectroscopy in SWNTs exhibits a new
physical phenomenon, called diameter-selective
resonance Raman scattering, whereby only those
(n,m) nanotubes, that have interband transitions
that are within the resonant window of the
excitation laser Ej,s,, exhibit Raman spectra that
are intense enough to be observable. Of particular
significance is the radial breathing mode (RBM) as
in Fig. 1, which is a feature unique to carbon
nanotubes relative to other sp” carbons, where all
the atoms in the nanotube are vibrating in phase in
the radial direction. Since the RBM frequency
wgrpMm 18 proportional to the inverse nanotube
diameter (1/d;), Raman spectroscopy has become
a characterization tool for the determination of the
SWNT diameter for the small subset of SWNTs
that are in resonance with Ej,e [1]. By measure-
ment of wgrpm for many laser energies Ejug, the
diameter distribution of the nanotubes in a
particular SWNT bundle can be found, and in
this way Raman spectroscopy has become a
dominant characterization method for the nano-
tube diameter distribution. Raman spectroscopy
can also be used to distinguish between metallic
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Fig. 1. (a) Raman spectrum from one nanotube taken over a broad frequency range using Ej,ser = 785 nm = 1.58 eV excitation, and

showing the RBM, the D-band, the G-band, second-order features and the G'-band. The features marked with %’ at 303, 521 and
963 cm~! [6] are from the Si/SiO, substrate and are used for calibration of the nanotube Raman spectrum. (b) AFM image of the
sample showing isolated SWNTs grown from the vapor phase [7]. The small particles are iron catalyst particles. The inset shows the
diameter distribution of this sample based on the AFM observations of 40 SWNTs [4].
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and semiconducting nanotubes because of their
different G-band lineshapes [1].

The highly dispersive D-band and its second
harmonic G’-band, which are commonly seen in
sp? carbons, are also observed in SWNT bundles,
except that superimposed on the linear dependence
of wp and wg on Ejuger, Which is characteristic of
sp> carbons, is an oscillatory feature in SWNT
bundles [8]. This behavior can be explained from
studies at the single nanotube level [9].

3. Single nanotube spectroscopy

The very large density of electronic states for 1D
systems at their van Hove singularities and the
strong electron—phonon coupling under resonance
conditions allows observation of the Raman
spectra from one individual SWNT when the
incident or scattered photon is in resonance with a
valence to conduction band interband transition
E; between van Hove singularities. As shown in
Fig. 1, these isolated nanotube spectra exhibit all
the Raman features normally observed in SWNT
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bundles. The presence of Raman lines from the
substrate allows a calibration to be made of the
Raman intensities of each feature in the single
nanotube spectrum (see Fig. 1). Near resonance, the
intensity of the features from an isolated nanotube
can be as large as the features from the Si substrate.

The analysis of all resonance Raman effects has
been greatly aided by the introduction by Kataura
et al. of a plot [see Fig.2(a)] of the interband
transitions E;; as a function of d, for all values of
(n,m) [10], showing that each (n, m) nanotube has a
unique set of Ej; transition energies, which is
physically due to the trigonal warping effect of the
constant energy contours for a graphite sheet
[11,13]. The resonance Raman effect using one
laser line allows determination of an Ej; value to
about 10 meV accuracy from measurement of the
relative intensities of the RBM Stokes and anti-
Stokes components [14], while the nanotube
diameter is found from the RBM frequency, as
mentioned above. Thus using the Kataura plot
relating each (n,m) nanotube to its E; value, we
can determine the (n,m) values of individual
nanotubes from their Ej; values [4].

HOPG 1581(13)

semiconducting |(|1592(10)

SWNT

1568(8)

Intensity

metallic 1588(21)
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1450 1550 1650
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Fig. 2. (a) Calculated [10] energy separations E;(d,) between van Hove singularities i in the 1D electronic density of states of the
conduction and valence bands for all (n, m) values vs nanotube diameter 0.4 <d; <3.0 nm, using a value for the carbon—carbon energy
overlap integral of y, = 2.9 eV and a nearest neighbor carbon—carbon distance ac—¢c = 1.42 A [11,12]. Semiconducting (S) and metallic
(M) nanotubes are indicated by crosses and open circles, respectively. The index 7 in the interband transitions Ej; denotes the transition
between the van Hove singularities, with i = 1 being closest to the Fermi level. (b) G-band spectra for highly oriented pyrolytic graphite
(HOPG), an isolated semiconducting nanotube and an isolated metallic nanotube. The frequencies (linewidths) for each of the
characteristic features are given, including the asymmetry parameter 1/g for the Breit-Wigner—Fano line at 1554 cm~!.
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The self-consistent identification of (r,m) for a
large number of nanotubes, based on the relative
intensities of the radial breathing mode for
SWNTs lying within the resonant window of
Elser +0.1 €V, yields the proportionality factor
=248 cm~! nm in the relation wrpm = /d,.
This value of o then forms the basis for subsequent
(n, m) identification of isolated SWNTs on Si/SiO,
substrates [4]. The actual width of the van Hove
singularities in the electronic density of states
was determined from measurement of the depen-
dence on the Stokes and anti-Stokes intensities on
Ej,; over the resonant window of an individual
SWNT [5].

We have used the (n,m) indices of an isolated
SWNT, thus determined, to study the dependence
of each of the features [see Fig. 1(a)] of the single
nanotube spectra (including their frequencies,
linewidths and intensities) on nanotube diameter
d,, chiral angle 0, and laser excitation energy Ejser
and intensity. Some of the features, such as the
dependence of wg on d; [15] and the appearance of
a double peak structure in the G’-band [16],
provide an internal check on the (n, m) assignment,
that was made by the analysis of the RBM [4], as
discussed above. These two phenomena are,
however, interesting in their own right. For
example, the G-band in isolated nanotubes shows
two strong features [see Fig. 2(b)], with the higher
frequency component wf;, being essentially inde-
pendent of d; and the lower frequency component
wg decreasing in frequency, in accordance with
wg = o, —€/d?> where € =477 cm ' nm* for
semiconducting nanotubes and ¥ = 79.5 cm~! nm?
for metallic nanotubes [15].

By carrying out measurements at the single
nanotube level the wg(d;) dependence is clearly
revealed and helps to understand the G-band
lineshape of SWNT bundles, which have a
distribution of nanotube diameters, but do show
two dominant features whose spacing depends on
the mean diameter of the SWNT bundle [1]. The
insensitivity of wf to d; could be understood in
terms of vibrations along the nanotube axes where
the bond lengths are not dependent on nanotube
curvature and hence not on d,. In contrast,
vibrations associated with wg are with bonds in
the circumferential direction, and these are ex-

pected to show mode-softening effects due to the
admixture of out-of-plane graphite modes arising
from nanotube curvature, which increase as d;
decreases according to an inverse d? dependence.
Likewise, the complex structure of the RBM band
for an SWNT bundle can be understood in terms
of a superposition of simple Lorentzian contribu-
tions at the single nanotube level, but weighted
appropriately by the number of each (n,m)
nanotube in resonance with Ejg, by each tube
length in the light spot, and by a resonance profile
factor that depends on the energy separation
Elyser — Ei.

Moreover, observations at the single nanotube
level also allow new physics to be investigated,
such as can be observed through the large
dispersion of the G’-band with Ej.g,, permitting
the observation of resonance of the incident
photon Ej,s; With one van Hove singularity (e.g.,
E§4) and the scattered photon Ejer — hoog with
another van Hove singularity (e.g., E3S3). For
nanotube bundles, it is often difficult to separate
contributions from resonances with the incident
and scattered photons, but these distinctions can
much more easily be observed at the single
nanotube level.

Observations for SWNT bundles are also
valuable because they allow study of the dispersive
D-band and G’-band effects in SWNT bundles,
which show superposition of an oscillatory com-
ponent due to resonance of Ej,s, With specific van
Hove singularities on top of the linear wp and wg
dependence on Ej, associated with sp> carbons
[see Fig.3(a)]. On the other hand, the detailed
explanation of the oscillatory components asso-
ciated with the SWNT van Hove singularities
[Fig. 3(b)] requires an understanding of the specific
phonon g-vector which are in resonance with the
electron wave vectors k; at the van Hove
singularities for nanotubes in a given electronic
transition Ej; [see Fig. 3(c)]. Each nanotube with
an E; within the resonant window of a particular
Epsr excitation energy corresponds to specific
phonon g¢-vectors and their corresponding fre-
quencies wp(d;) and wg(d;) which depend on the
nanotube diameter. Resonance Raman spectro-
scopy at the single nanotube level has thus worked
hand in hand with the spectroscopy of SWNT
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Fig. 3. (a) Dependence on the laser excitation energy of wg for the dominant second-order Raman feature for SWNT bundles. In
contrast to most sp? carbons where wg depends linearly on Eig, the corresponding plot for SWNT bundles shows a superimposed
step-like or oscillatory behavior near 2.0 and 2.5eV for SWNT bundles. (b) The oscillatory component of (a) obtained after
subtracting the linear background given by wg = 2420 + 106E,s in (). (c) Plot of the Ej,sr dependence of the oscillations in the
resonant electron wave vector k;; after normalization to the length of the basis vector b of the reciprocal lattice of 2D graphite and after
subtracting the linear background. The strong correspondence between the Ej,sr dependence of wg for phonons and ki for electrons
provides support at the single nanotube level for the identification of each oscillation with a particular interband transition between
van Hove singularities, as is observed for nanotube bundles [17].
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Raman spectroscopy as a characterization tool for
individual nanotubes is expected to open up many
new opportunities for the exploration of the
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