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ABSTRACT

Resonant Raman spectra of individual single-walled carbon nanotubes (SWNTs) and thin SWNT bundles have been acquired by scanning
confocal Raman microscopy. The position of several Raman modes was followed in dependence of the diameter-dependent radial-breathing
modes (RBMs) and the excitation energy. For semiconducting nanotubes a systematic shift of one of the bands between 1650 and 2100 cm-1

is observed with decreasing nanotube diameter and attributed to a combination mode of the G-band and the RBM.

Since their discovery by Iijima and Ichibashi in 1993,1 single-
walled carbon nanotubes (SWNTs) have received consider-
able attention in the fields of fundamental research and
technological applications.2,3 This is mainly due to the fact
that SWNTs are molecular wires that can be either metallic
or semiconducting, depending on their symmetry and diam-
eter. Raman spectroscopy has proven to be a sensitive tool
for studying the vibrational and electronic properties of
carbon nanotubes.4 For example the frequency of the radial
breathing mode (RBM) in the region of 100-350 cm-1 is
found to be inversely proportional to the diameter of the
nanotube.4-8 Moreover, the shape of the so-called G-band
between 1500 and 1600 cm-1 allows to distinguish between
semiconducting and metallic nanotubes. The metallic nano-
tubes exhibit an additional band at about 1550 cm-1, which
originates from the coupling of the electronic continuum to
the tangential atomic vibrations, and can be fitted with a
Breit-Wigner-Fano (BWF) line shape.9-11

In the frequency range between 1650 and 2100 cm-1, two
additional weak Raman bands can be observed in SWNTs.12-16

The spectral positions of these bands shift upon excitation
with different laser frequencies. Since this could be due to
selective excitation of nanotubes of different diameter, these
modes were tentatively explained as the combination modes
ωG + ωRBM and ωG + 2ωRBM of the RBM and the
G-band.12-14 On the other hand, Raman bands in the same
frequency range could also be observed in highly oriented

pyrolytic graphite (HOPG) and graphite whiskers, and were
explained by combination modes of the G-line and acoustic
phonons.17

A detailed study of the origin of these bands in SWNT
ensembles is difficult because bulk SWNT samples usually
exhibit a broad variation of nanotube diameters and hence a
broad distribution of RBMs and possible combination modes.
The spectral selection using different excitation energies, on
the other hand, might not only resonantly enhance Raman
scattering of nanotubes within a certain diameter range, but
is also sensitive to the phonon dispersive behavior of
SWNTs.18

To overcome the problem of ensemble averaging, the
method of Raman microscopy has been introduced where
isolated bundles and even single SWNTs can be investigated
individually.15,19 With this method it was even possible to
determine the (n,m) indices of the chiral vector of isolated
nanotubes by the anti-Stokes/Stokes resonant Raman intensity
ratio of the RBM.20,21

In this paper, we combine spatial and frequency selection.
We used scanning confocal Raman microscopy together with
atomic force microscopy (AFM) to overcome sample aver-
aging by investigating isolated SWNTs and thin SWNT
bundles which show only one single RBM. In addition, we
used two different laser wavelengths to selectively excite
semiconducting or metallic nanotubes and also to determine
the effect of different excitation energy upon the investigated
Raman bands.

The SWNTs produced by the arc discharge method were
purchased from Carbolex (Lexington, USA). The nanotubes
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were deposited on a chemically modified Si3N4 membrane
with gold markers to address the same SWNTs in the Raman-
and atomic force microscope. Confocal Raman images and
spectra were acquired at room temperature using Ar-Kr laser
lines of 514.5 nm (2.41 eV) or 647.1 nm (1.92 eV). An
inverted Zeiss microscope equipped with a piezo scanner
and a high numerical aperture microscope objective (100×,
NA ) 0.9) was used for addressing different SWNTs.
Typically 1 mW of circularly polarized light was focused
down to a diffraction-limited spot size (fwhm<500 nm),
resulting in an excitation power of the order of 800 kW/cm2

in the center of the spot. To record an image, the sample
was raster scanned through the excitation spot, and the G-line
of the Raman light was detected in back reflection with an
avalanche photodiode. The spectra were taken with a liquid
nitrogen cooled charge-coupled device (CCD) behind a 500
mm single grating spectrograph. The spectral resolutions of
the Raman systems for 300 and 1800 grooves/mm gratings
are about 8 and 1.5 cm-1, respectively.

Figures 1a and b show two typical Raman images of the
same sample area that were acquired using excitation
wavelengths of 514.5 (a) and 647.1 nm (b), respectively. The
spectra A/B in Figure 1c were also taken with different
excitation energies and result from the same bundle as
marked in the corresponding AFM picture in Figure 1d. Due
to selective resonant enhancement,7,22 the Raman image in
Figure 1a originates mainly from the semiconducting nano-
tubes, because the laser energy is in resonance with the
electronic transition energyE44

S for nanotubes in the diam-
eter range between 1.9 and 1.5 nm and withE33

S for
nanotubes between 1.5 and 1.2 nm.7 The diameter distribution

of the carbon nanotubes used in this experiment was
estimated to be 1.47( 0.25 nm based on the relation:
ωRBM ) 248 cm-1/d (nm).7 For example the Raman spectrum
A in Figure 1c was taken from a bundle with a height of 2.7
nm as judged from the corresponding AFM profile. This
spectrum shows three resolved RBMs consistent with at least
three different semiconducting nanotubes within the bundle.

Figure 1b shows a Raman image of the identical sample
area but acquired with an excitation wavelength of 647.1
nm. This image results mainly from metallic nanotubes
because the excitation energy (1.92 eV) is in resonance with
the electronic transitionE11

M for metallic nanotubes between
1.2 and 1.4 nm. On the other hand, this energy is also in
resonance with the transitionE33

S of relatively thick semi-
conducting nanotubes between 1.6 and 1.8 nm, which would
show an RBM frequencyωRBM ) 155-138 cm-1. However,
the spectrum B in Figure 1c, which was taken at the same
position as A, shows a single RBM frequency of 184 cm-1,
consistent with a resonantly excited metallic tube within the
same bundle. The appearance of the broad BWF line centered
at 1556 cm-1 further supports this assignment.9-11

This example shows that it is possible to perform selective
Raman spectroscopy of metallic and semiconducting nano-
tubes within thin bundles of SWNTs. To reliably study the
diameter-dependent combination modes of the G-line and
the RBM, only those thin nanotube bundles which exhibit
single RBM lines were further investigated. In principle,
intertube interaction within a given bundle could shift the
RBM frequency by up to 10 cm-1.8 However, this would
alter only the diameter distribution as determined from the
RBMs but not the coupling between the G-band and the
measured RBMs as discussed below.

Figures 2 and 3 show Raman spectra of SWNTs excited
with laser wavelengths of 647.1 and 514.5 nm, respectively.
All of these spectra exhibit a single narrow RBM in the range
of 140 to 200 cm-1, the D-band at∼1343 cm-1, and the
G-band around∼1590 cm-1. The measured line width are
between 3 and 12 cm-1 for the RBM and 6-12 cm-1 for
the sharp component of the G-band at 1590 cm-1, which is
consistent with Raman measurements on individual tubes as
has recently been shown.23

Spectrum A in Figure 2 (λex ) 647.1 nm) was recorded
from a SWNT which was only 1.5 nm in height and might
therefore result from a single nanotube. The Raman spectrum
however does not show the characteristic BWF line at the
low-frequency side of the G-line, even though the excitation
energy was 1.92 eV. Since the RBM frequency (154 cm-1)
is consistent with a tube diameter of 1.6 nm, we assume that
this particular tube is semiconducting. The Raman spectra
(B-D), however, can be associated with resonantly excited
metallic SWNTs that show the BWF line, the relative
intensity of which is dependent on the bundle thickness.24

The enlarged spectra in the frequency range between 1700
and 2200 cm-1 show the additional weak phonon modes P1
and P2, which peak at about 1750 and 1940 cm-1. These
modes were tentatively assigned to the combination modes
ωG + ωRBM and ωG + 2ωRBM between the RBM and the
G-band.12-14 However, it can be seen that these bands do

Figure 1. Spatial and frequency selection of carbon nanotubes.
Raman images (a), (b) and Raman spectra A, B were acquired under
excitation wavelengths of 514.5 and 647.1 nm, respectively.
Therefore the Raman spectra A and B in (c) correspond to the
scattering from semiconducting and metallic nanotubes within the
same SWNT bundle (thickness∼ 2.7 nm) marked in the corre-
sponding AFM image (d).
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not show a systematic shift similar to the respective RBM
frequency, which is a first indication that the bands P1 and
P2 are not combination modes as suggested before.

Figure 3 (λex ) 514.5 nm) shows Raman spectra of several
individual SWNTs and thin SWNT bundles acquired with a
respective excitation energy of 2.41 eV, which again show
only a single RBM. All of those spectra do not show the
BWF line, which is characteristic for metallic tubes, and are
attributed to semiconducting SWNTs. The enlarged part
shows again two distinguishable phonon bands P1 and P2
which are now shifted to about 1740 and 1990 cm-1,
respectively. Again, no systematic shift of these bands can
be seen for different tube diameters. On the other hand, a
third band denoted as P clearly evolves from P1. The position
of this band clearly follows the expected frequency evolution
for ωG + ωRBM, as marked by the vertical arrows. Therefore,
we attribute this band to the combination mode of the G-line
and the RBM.

The results are summarized in Figure 4 where the peak
positions of the phonon bands between 1650 and 2100 cm-1

are plotted as a function of the inverse nanotube diameter
for both excitation energies. It can clearly be seen that
phonon modes P1 and P2 do not show a systematic
dependence on the nanotube diameter, which would be
expected if these bands were combination modes of the
G-line and the RBM as predicted before.12-14 The expected
frequency for the combination mode of the G-line and the
RBM is shown by the solid line in Figure 4, which displays

the relationωC ) ωG + ωRBM for a value ofωG ) 1590
cm-1. Obviously the solid triangles which represent the

Figure 2. Raman spectra recorded using an excitation energy of
1.92 eV. The spectra A to D represent different SWNTs with the
RBM frequencies of 154, 170, 184, and 194 cm-1 and with the
bundle thicknesses of 1.5, 4.1, 2.7, and 3.9 nm, respectively. On
the left-hand side of each spectrum, the RBM frequencies are
shown. The combination modesωG + ωRBM and ωG + 2ωRBM

should appear at the positions labeled by vertical arrows.

Figure 3. Raman spectra of thin nanotube bundles recorded with
the excitation energy of 2.41 eV. The spectra A to D correspond
to different SWNTs with the RBM frequencies of 154, 170, 182,
and 190 cm-1 and with the bundle thicknesses of 3.2, 5.0, 2.8, and
3.9 nm, respectively. The vertical arrows mark the positions of the
combination modesωG + ωRBM and ωG + 2ωRBM, respectively.

Figure 4. Phonon modes P (triangles), P1 (hollow symbols), and
P2 (solid symbols) excited with 647.1 nm (squares) and 514.5 nm
(circles) at different inverse nanotube diameters, as determined from
the RBM frequency. The solid line shows the expected frequency
of the combination modes as calculated with the relationωC )
ωG + ωRBM.
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position of the resolved combination modes P of the
semiconducting nanotubes follow this dependence.

In general, the Raman signal is not only enhanced by
resonance conditions with the incident but also with the
scattered photon. However, only the resonance condition with
the incident light will enhance all Raman signals of a given
SWNT23 and hence contribute to the combination mode.
Therefore the combination mode of the semiconducting
SWNTs was always observed at the sum frequencyωG +
ωRBM, as can be seen from Figure 3. On the other hand, the
diameter-dependent combination modes could not be directly
observed in the Raman spectra of the metallic nanotubes.
Based on the RBM, the combination mode should appear
near the phonon mode P1 of the metallic nanotubes and could
possibly not be resolved.

The origin of the phonon modes P1 and P2 is not clear at
present and should be subject of further theoretical investiga-
tions. It is noted that at least the phonon mode P2 changes
with excitation energy. This “dispersive behavior” could
already be seen, for example, for the D-band in graphite,
and was explained by double resonant Raman processes.25,26

Furthermore, the energies of phonon modes P1 and P2 are
slightly different from one bundle to another, which might
be due to different intra bundle interactions. The difference
could also result from different chiralities of the nanotubes,
as it has been recently theoretically predicted that, for
example, the D-band frequency in SWNTs depends not only
on the tube diameter but also on their (n,m) indices.26-28

In summary, the combination mode between the G-line
and the RBM has been identified in isolated SWNTs and
small bundles by confocal Raman microscopy in combination
with AFM. The diameter-dependent combination mode was
clearly observed in the semiconducting nanotubes but not
in the metallic nanotubes. The phonon modes P1 and P2,
which had been assigned to be combinations modes so far,
did not show a systematic dependence on the tube diameter
and need to be reassigned in the future.
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