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ABSTRACT

We present results from resonant Raman spectroscopy on the graphite-like G band by mea-
suring Raman spectra on isolated single wall carbon nanotubes (SWNTs). We discuss the
GG-band lineshape dependence on nanotube diameter and chirality, as well as polarization
studies related to the antenna effect. Symmetry selection rules, dipolar and multipolar an-
tenna behaviors are discussed. Spectra at the single nanotube level are related to spectra
observed from SWNT bundles.

INTRODUCTION

Raman scattering is well known as an important technique to characterize the different
forms of carbon materials.[1] Recently, the resonant Raman scattering (RRS) technique has
been shown to provide a powerful tool for studying and characterizing single wall carbon
nanotubes (SWNTs), first for SWNT bundles [2] and recently for isolated SWNTs.[3, 4, 5, 6]
These carbon-made cylinders with nano-metric diameters exhibit two main features in the
first-order Raman spectra: the radial breathing mode (RBM) and the tangential mode vi-
brations (forming the so-called G band). The resonant Raman spectra of the RBMs (A (A;,)
symmetry) provide an easy and quick determination of the tube diameter distribution present
in SWNT bundles [2] or the (n,m) identification of an isolated SWNT.[3] The G band is
related to the graphite Raman-active Fy,, mode, but in SWNTs the G band appears to be
a more complex spectral feature, composed of six modes, two of each of the symmetries:
A (Ayy), By (Eyy) and Ey (Eyg).[2] The splitting of the Eyy, graphite mode into many peaks
for SWNTs is due to the zone folding of the graphite 3D Brillouin zone into the 1D SWNT
Brillouin zone, and due to the lowering of the symmetry through nanotube curvature, thus
distinguishing the axial and circumferential directions, and giving us important information
about the confinement of the phonon structure in this 1D material. The G-band spectra for
graphite, for one semiconducting SWNT and for one metallic SWNT are shown in Fig. 1(a).
Another important characteristic of the G-band feature is the difference in lineshape between
metallic and semiconducting SWNTs [2], as shown in Fig. 1(a), allowing the use of resonance
Raman scattering for materials characterization.
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Figure 1: (a) The G-band for graphite, one semiconducting SWNT and one metallic SWNT.
(b) RBM and G-band Raman spectra for three semiconducting isolated SWNTs.(c) Fre-
quency vs. 1/d, for the two most intense G-band features (wz and wg) from isolated SWNTs.

So far, most of the experimental results on the G-band spectra of SWNTs come from
SWNT bundles. Although there have been a considerable number of studies on the G-band
feature regarding the difference in behavior between metallic and semiconducting nanotubes,
and regarding the dependence of the G band spectra on polarization scattering geometries [2],
very little is known about the dependence of the G-band spectra on nanotube structure, i.e.,
on diameter d; and chiral angle 6, or about their polarization behavior at the isolated SWNT
level. Studies of the d; dependence of the G-band mode frequencies were previously per-
formed for both semiconducting [7] and metallic [§] SWNTs contained in bundles. However,
since the SWNT bundles often exhibit a distribution of tube diameters (more than 10 %),
and very few different bundles have been measured so far (only 3 samples of SWNT bundles
with different d; distributions) [7, 8], the results were not definitive. Chirality information
is obviously not provided by bundle measurements. The general polarization behavior of
aligned SWNTs in bundles is determined by the “depolarization” (or “antenna”) effect,
whereby light scattering is suppressed for light polarized perpendicular to the tube axes.[4]

We summarize here the resonant Raman spectra of the graphite-like G band obtained
from 62 isolated SWN'Ts, including the G’ band lineshape dependence on nanotube diameter
and chirality, as well as polarization studies, revealing not only the usual dipolar antenna
effect, but also multipolar antenna behavior. We relate results at the single nanotube level
to spectra observed from SWNT bundles.

EXPERIMENTAL DETAILS

In this work we only discuss isolated SWNTs resonant with the incident light, so that all
the SWNT Raman features appear in the single nanotube spectra, and we can then use
the tentative (n,m) assignment from the RBM, D-band and G’-band Raman features to
analyze the G-band spectra systematically.[3, 5, 6] The use of a very dilute sample (~
0.4SWNT/um?) is important to be sure that when we observe, for example, the RBM
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feature and the G band in the same laser spot, both of these features come from the same
SWNT. By imaging the sample with atomic force microscopy, good spatial isolation between
SWNTs is observed, although a very few of them (< 10%) are found to be close enough
to each other to be illuminated in one laser spot (~ 1 um) at the same time. Results from
the Raman spectra from 62 different isolated SWNTs (46 semiconducting and 16 metallic
SWNTs), resonant with the incident laser light, are summarized here.

Isolated SWNTs were prepared by a chemical vapor deposition method on a Si/SiOs
substrate.[3] The Raman spectra were obtained using two Raman systems: a single monochro-
mator Renishaw 1000B spectrometer equipped with a cooled CCD detector and notch filters,
and a Kaiser Optical System, Hololab 5000R: Modular Research Micro-Raman Spectrograph.
The Raman spectra were collected in a back scattering configuration by a microscope using
a 100x objective (laser spot ~ 1 um). Three laser lines [514.5nm (2.41eV) and 488.0 nmn
(2.54€V) from an Ar ion laser, and 785 nm (1.58eV) from a Ti:Sapphire laser| were used to
obtain the Raman spectra from both metallic and semiconducting SWNT's over the diameter
range present in the sample (0.9 < d; < 3.0nm). Polarization studies were performed using
a \/2 plate situated close to the sample, to rotate both the incident and back-scattered light.

RESULTS AND DISCUSSIONS

Figure 1(a) shows the G band for graphite, a semiconducting SWNT, and a metallic SWNT.
The Raman spectrum from graphite exhibits a single Lorentzian peak at 1581 cm™!, corre-
sponding to the FEy,, symmetry mode. For SWNTs, this band splits into several features
due to the 1D quantum confinement of the phonons. In the case of semiconducting SWNT's
four Lorentzian-shape peaks are observed, with the two most intense features shown at
wg = 1568cm™! wh = 1592c¢cm™'. For metallic SWNTSs, the lower frequency feature wg
exhibits a Breit-Wigner-Fano (BWF) lineshape. The asymmetric SWNT lineshape has pre-
viously been used to fit some Raman bands for the metallic forms of various sp? carbons
(e.g. alkali-metal graphite intercalation compounds, K3Cgy and carbon aerogels).|8]

Figure 1(b) shows the RBM and the G-band Raman spectra for three semiconducting
isolated SWNTs. The G-band spectra are typical of SWNT bundles [2], but the spectra for
isolated nanotubes exhibit much smaller line widths (9 cm ™! compared to 20 cm™! in SWNT
bundles). The spectra are displayed, from top to bottom, according to increasing RBM
frequency (wrsnm), i-€., according to decreasing SWNT diameter (d;). The G-band linewidth
does not exhibit a diameter dependence for this d; range.

In Fig. 1(c) we plot the frequency vs. 1/d; for the two most intense G-band features (wg
and w¢;) from isolated SWNTs studies.[9] Filled circles are for semiconducting tubes and
open circles are for metallic tubes. The upper frequency wg does not show a d; dependent
behavior, but always appears at about 1591 cm ™! for the SWNT d; range of the SWNTs in
our sample. This is in agreement with several different resonance Raman measurements on
SWNT bundles.[2] The lower frequency wg mode, however, shows a diameter dependence
that can be very well fit with a simple equation wg = wt — Cs/dZ, with the constants Cg =
47.7cm™'nm? for semiconducting SWNTs and Cs = 79.5cm™'nm? for metallic SWNTs.[9]
The diameter dependence of the G-band modes presented in Fig. 1(c) can be used to analyze
the dispersion of frequencies of the G-band in SWNT bundles, as well as the average diameter
distribution.

Previous polarization studies show that the two most intense G-band features wg; and

& are composed of A and E; symmetry modes.[11] Molecular dynamics (von Karaman
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force) method [15] shows that the splitting between wg and w¢; can be explained as due to
a lowering of the symmetry, thereby distinguishing the axial and circumferential directions.
The force constants for the w; modes with atomic vibrations along the circumferential
direction are strongly dependent on nanotube curvature, while the force constants for the
w¢; modes, where the atomic vibrations occur along the tube axis direction, would not depend
on d;. The curvature results in an out-of-plane component for the circumferential vibrations,
which lowers the frequency. Note that at the I'" point of graphite, the in-plane vibrations
have a frequency of 1580 cm™!, while the out-of-plane vibration appears at about 860 cm™".
Regarding metallic SWN'Ts, the observation of the BWF coupling only for the low frequency
mode can also be understood based on circumferential vs. axial atomic vibrations, where
the out-of-plane component for the circumferential vibrations is responsible by the electron-
phonon coupling.[8] The extra downshift of the BWF peak in metallic SWNTSs, compared
to semiconducting SWNTs, is attributed to the phonon-plasmon coupling in the metallic
SWNTs, and it increases by increasing the nanotube curvature.|8]

Recent ab initio calculations of the vibrational properties of SWNTSs lead to the conclu-
sion that the phonon eigenvectors can only be differentiated in the axial and circumferential
directions in the case of the high symmetry achiral SWNTs, but in the case of chiral SWNT,
the atomic bondings (i.e. chiral angle) drive the direction of the atomic vibrations.[10]
However, the dispersive/non-dispersive behavior of the wg/wg peaks in the G band of both
metallic and semiconducting SWN'Ts clearly show, from an experimental point of view, that
wg and wg exhibit different behaviors from each other, and that nanotube curvature is more
important than nanotube chirality for determining wg and wg.

We also studied the polarization dependence of the resonance Raman spectra for several
other isolated single wall carbon nanotubes (SWNTs). Each isolated SWNT acts as a
dipolar antenna, polarized along its tube axis. For light polarized parallel to the tube axis,
the strong resonance effect is seen to break the symmetry selection rules, and symmetry-
forbidden modes can be seen in the Raman spectrum.[2] When the light is not polarized
parallel to the tube axis, the constituent G-band mode symmetries can then be identified.
Figure 2(b) shows the increase in relative intensity for the highest and lowest frequency modes
[indicated by arrows in Fig.2(b)] when the incident and scattered light become polarized
perpendicular to the tube axis (¢ = 90°). This result is in agreement with group theory
predictions for the Es modes and with previous polarization studies on SWNT bundles.[11]

Unusual G-mode intensity behaviors are observed rarely, and can be seen when the
polarized Raman signals are obtained from two or more isolated SWNTs that are close to
each other, or even cross each other, so that they can be illuminated at the same light spot.
Such unusual G-mode intensity behaviors are illustrated in Figs.2(c) and (d) and suggest
a complex multipolar antenna pattern. Different unusual G-band intensity polarization
behaviors were observed for different light spots with two resonant SWNTs. This result
indicates that different nanotubes with different spatial arrangements (different origin and
axes orientations) give different multipolar antenna patterns. The identification of this
unusual polarization behavior with the presence of more than one SWNT within the same
light spot is confirmed by measuring the polarization behavior of SWNT samples with a
larger density of tubes on the Si/SiO, substrate. In such larger density samples, unusual
behaviors of this kind are observed more often. More work is necessary to understand
this complicated multipolar antenna effect. The usual dipolar antenna effect can provide
the orientation of an isolated SWNT, and the understanding of this multipolar antenna
behavior may give us a powerful tool for the spatial characterization of tubes that are close
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Figure 2: (a) (VV) G-band Raman spectra from one light spot on the sample, taken with
different angles ¢ (see text). (b) The same spectra as (a) but with normalized intensity.
(c) RBM spectra from a different spot on the sample than (a) and (b). (d) (VV) G-band
Raman spectra from the same light spot as (c), taken with different angles ¢. The peak

frequencies are displayed in cm™!.

to each other.

These results can explain contradictory experimental results in the literature about po-
larization Raman studies on carbon nanotube bundles. Some papers on thin aligned SWNT
bundles show that the polarization dependence of the Raman signal exhibits the simple
dipolar antenna behavior.[12] Other works on aligned multi-wall carbon nanotubes [13] and
semiconducting SWNTs in bundles[11, 14] show a polarization behavior consistent with
bond-polarization theory [15], where different symmetry modes exhibit different polarization
behaviors. The depolarization effects can be suppressed by the local electric field from other
graphitic layers or by neighboring SWNTs.

CONCLUSION

In summary, we present here resonance Raman spectra on the graphite-like G' band for
isolated SWNTSs, showing the G band lineshape dependence on nanotube diameter. The
dispersive /non-dispersive behavior of wg/w{ can be understood based on the circumferen-
tial /axial direction for the atomic vibrations. We also present polarization studies showing
that symmetry selection rules can be observed for light almost crossed to the nanotubes,
and that the usual dipolar antenna behavior is suppressed when two nanotubes are reso-
nant in the same light spot. These results explain contradictory experimental results in the
literature about polarization based Raman experiments on SWNT bundles.
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