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High-Energy Phonon Branches of an Individual Metallic Carbon Nanotube
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We present excitation-energy dependent Raman measurements between 2.05 and 2.41 eVon the same
individual carbon nanotube. We find a change in the Raman frequencies of both the D mode
(63 cm�1=eV) and the high-energy modes. The observed frequencies of the modes at � 1600 cm�1

as a function of laser-energy map the phonon dispersion relation of a metallic tube near the 	 point of
the Brillouin zone. Our results prove the entire first-order Raman spectrum in single-wall carbon
nanotubes to originate from double-resonant scattering. Moreover, we confirm experimentally the
phonon softening in metallic tubes by a Peierls-like mechanism.
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proof as to which model is correct is thus essential for
future work on carbon nanotubes.

tation energy can be mapped on the phonon dispersion
relation of the excited tube. Our results clearly show the
Raman spectroscopy is a simple and yet powerful
method to study the structural and electronic properties
of carbon nanotubes. The tube diameters are calculated
from the frequencies of the radial breathing mode (RBM)
[1–3]. If the high-energy mode (HEM) between 1500 and
1600 cm�1 has an explicit Breit-Wigner-Fano profile, it is
usually taken as an indication for the metallic character
of the tube [4,5]. The defect concentration in the sample is
estimated from the intensity ratio of the disorder-induced
D mode to the HEM or to a second-order mode [6,7]. It
was even attempted to determine the chiral indices
(n1; n2) of isolated tubes by combining the information
given by the RBM and the HEM [3,8,9].

Despite this extensive use of Raman spectroscopy on
carbon nanotubes, the interpretation of the Raman spec-
tra is still subject to controversial discussion involving
two conceptually different models based on single-
resonance and double-resonance scattering. The applica-
tions described above were developed for the more
conventional single-resonance model [1–4,8,9], although
neither of these effects has yet been verified by indepen-
dent experimental techniques. The double-resonance
model [10,11], on the other hand, leads to different con-
clusions about the properties of the investigated nano-
tubes. For example, a small D=HEM ratio does not
neccessarily indicate a low defect concentration, but the
presence of semiconducting or metallic R � 1 tubes
[10,12]. The frequency of the RBM is not only determined
by the tube diameter, but also by the excitation energy.
Furthermore, while so-called metallic Raman spectra
originate (as in the single-resonance picture) from only
metallic tubes, the so-called semiconducting spectra
might come from both semiconducting and metallic
tubes. In addition, a double-resonance process in carbon
nanotubes would allow the investigation of the phonon
dispersion relations by changing the excitation energy, as
has been attempted for graphite [13]. An experimental
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The unambiguous signature of defect-induced, double-
resonant Raman scattering is the laser-energy dependence
of the Raman frequencies, since at each laser energy
different phonon modes with large wave vectors are
selected. On the other hand, as long as the experiments
are performed on tube ensembles, i.e., many tubes of
different chirality are simultaneously excited, it is diffi-
cult to rule out one of the models experimentally. Any
dependence of the Raman spectra on excitation energy is
in the single-resonance model explained as a result of
exciting different tubes when changing laser energy [1]. In
contrast, in the double-resonance model this dependence
is interpreted as a process originating from each of the
excited tubes and, consequently, predicted also for a
single, isolated tube. Therefore, the obvious experimental
discrimination between the two interpretations is found in
laser-energy dependent Raman measurements on one iso-
lated tube.

The Raman experiments on isolated or nearly isolated
nanotubes that have been reported so far do not comprise
any laser-energy dependent study on the same isolated
nanotube [8,9,14]. Very recently, Jorio et al. [15] pre-
sented Raman spectra of the same isolated tube at 2.41
and 2.54 eV, where they did not find any frequency shift.
This investigation, however, was performed for only two
laser energies less than the phonon energy apart.

In this Letter, we address the current discussion of
whether the Raman process in carbon nanotubes is single
or double resonant, and hence involves only 	-point
phonon modes or phonons with large wave vectors.
We present Raman spectra recorded from the same
specific isolated (or nearly isolated) nanotube at five
different laser wavelengths between 2.05 and 2.41 eV.
The D mode shifts by about 63 cm�1=eV; at the same
time also the HEM changes in shape and frequency
significantly with varying laser energy. We show that
the frequencies of the HEM as a function of exci-
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validity of the double-resonance Raman process for a
single tube.

Carbon nanotube samples were prepared from HiPCo-
grown tubes with a typical diameter distribution of
1:05� 0:15 nm [16,17] on a Si substrate. In Fig. 1 we
show an atomic-force microscopy image of an 6�
6 �m2 area of our sample. Single tubes or thin bundles
consisting of just a few tubes are dispersed on the sub-
strate with an average density of 0.5 tubes per �m2.
Raman measurements were performed using a micro-
scope on a Dilor XY 800 triple spectrometer equipped
with a charge-coupled device. The tubes were excited
with a dye laser and an Ar-Kr laser. To avoid damage of
the tubes, the laser-power density on the sample was kept
below 40 �W=�m2. The Raman frequencies were cali-
brated using the emission lines of a neon lamp. We mea-
sured the tube (or very thin bundle) indicated in Fig. 1,
which could be specified with the help of the electrode
marker. By averaging cross sections along the tube axis
we obtain a value of 2.8 nm, indicating the presence of
probably 2–3 tubes. When the sample was moved by
0:5–2 �m with respect to the laser spot, the Raman signal
vanished. The laser was polarized parallel to the tube axis
in order to obtain the maximum Raman signal; in per-
pendicular polarization the signal disappeared, in agree-
ment with experimental and theoretical work [18–21].
The RBM signal (Fig. 2 left) was very weak in general
and overlapped with the second-order acoustic spectrum
of Si; above 2.38 eV laser energy we were not able to
detect the RBM. Nevertheless, between 2.05 and 2.18 eV
we found a weak RBM peak at 200 cm�1 and a second
one at 249 cm�1 which was slightly upshifted at 2.05 eV.
Thus we can safely assume that at each of our five differ-
ent laser energies the signal came from the same 1–2
tubes. The experiment was repeated on a second spot
with similar results.
FIG. 1. Atomic-force microscopy image of a 6� 6 �m2 area
of the sample. Several isolated tubes or very thin bundles are
dispersed on the substrate. The white circle indicates the
investigated tube close to the four vertical electrodes.
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In Fig. 2 we show the Raman spectra of the tube
indicated in Fig. 1 excited with laser energies between
2.05 and 2.41 eV. The D-mode frequency increases with
increasing excitation energy. Clearly, also the two HEM
peaks change considerably in frequency and shape. The
HEM exhibits a metallic line shape at 2.05 eV; i.e., the
peak at 1550 cm�1 is large in intensity and strongly
broadened toward lower frequencies. At higher laser en-
ergies the linewidth and intensity decrease; the frequency
increases, until the line shape has semiconducting char-
acter at 2.38 and 2.41 eV. In Fig. 3 (left) we plotted the
peak positions as a function of excitation energy. The
frequency of the upper peak first decreases and then
increases again, while the frequency of the lower peak
on average increases with laser energy. This observation
of excitation-energy dependent Raman frequencies in the
same nanotube provides clear evidence for the double-
resonance process in carbon nanotubes, as we will discuss
below in detail.

The double-resonance process, as suggested for the
first-order Raman spectra of carbon nanotubes, is a
fourth-order process involving elastic scattering of the
electrons by defects [22]. This allows, in contrast to the
single-resonance model, phonons with large wave vectors
to contribute to the scattering. Therefore, the otherwise
rather restrictive double-resonance condition [23] can
be fulfilled at any laser energy above the fundamental gap.
The characteristic of defect-induced, double-resonant
scattering is the dependence of the Raman frequencies
on excitation energy for an individual tube [11].

In contrast, the single-resonance interpretation as-
sumes that the Raman spectra result from conventional
first-order scattering by only 	-point modes. The term
‘‘resonant’’ is used only if the laser energy matches a
singularity in the electronic density of states (DOS).
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FIG. 2. Raman spectra of the same tube recorded at different
laser energies (given next to the spectra). The spectra are scaled
to about the same amplitudes and offset vertically. The vertical
solid lines indicate the frequencies of the D mode and the HEM
peaks in the spectrum taken at 2.05 eV.
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FIG. 4. Experimental D-mode frequency as a function of
excitation energy (dots) and calculated values for the (8,8) tube
(triangles). The solid (dashed) line is a linear fit to the experi-
mental data (theory). Inset: Relative Raman intensity (peak
area normalized to laser power, integration time, and spec-
trometer sensitivity) of the HEM as a function of laser energy.
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FIG. 3. Left: High-energy mode frequencies as a function of
excitation energy. The solid and dashed lines are a guide to the
eye to sketch the proposed resemblance of the phonon disper-
sion relation of a chiral and an achiral metallic tube, respec-
tively. Right: Calculated high-energy phonon frequencies of
the (8,8) tube as a function of laser energy (top axis) and of the
double-resonant phonon wave vector (bottom axis); dashed line
as on the left. The relation between laser energy and phonon
wave vector is not linear.
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According to this model, the Raman frequencies of an
individual tube are independent of the excitation energy
but the Raman signal vanishes with the laser being less
resonant with the singularities in the electronic DOS.

In order to understand the different phonon frequencies
(Fig. 3, left) within the single-resonance model, one
would have to assume that the tube in Fig. 1 comprises
five different nanotubes and coincidentally each of the
five laser wavelengths selects one of the tubes by exactly
matching the singularities in the electronic DOS. This
appears unlikely, in particular, in view of the almost
constant RBM frequencies. Second, the frequency of the
HEM would change according to the dependence of
the 	-point phonon frequencies on the tube diameter. As
the optical-phonon frequencies decrease with decreasing
tube diameter [24,25], a monotonic downshift of the
HEM frequencies with increasing excitation energy is
expected. Third, the Raman intensity should not vary
significantly. These predictions from the single-resonance
model are obviously in disagreement with our experimen-
tal results shown in Fig. 3 and the inset to Fig. 4.

To discuss our results following the double-resonance
model, we calculated the energies for optical transitions
at the singularities in the electronic DOS by the tight-
binding approximation including third-nearest neighbors
[26]. For the range of diameters and laser energies in our
experiments we found the optical transitions of predomi-
nantly metallic tubes, most of which are R � 3 tubes.
This is in agreement with the observation of the D mode
and the prediction of double-resonant D-mode scattering
only for R � 3 tubes [10]. Let us therefore assume that in
our experiment a particular metallic tube is excited and
087402-3
that the laser energy is in the vicinity of a singularity in
the electronic DOS. In this case, the double-resonant
phonon wave vectors contributing to the HEM are near
the 	 point (but still large compared with the wave vector
of light). In metallic tubes the upper phonon branch with
band index m � 0 (longitudinal mode in achiral tubes)
was proposed to drop below the second m � 0 branch
(transversal mode) in a Peierls-like transition [25]. When
moving away from the 	 point, this longitudinal branch
exhibits a strong overbending up to � 1600 cm�1. In
achiral tubes, the two optical-phonon branches cross
near the 	 point; in chiral tubes, they have the same
symmetry, and an anticrossing of the branches occurs.
The double-resonant phonon wave vector increases with
increasing laser energy as long as the optical transitions
take place within the same electronic bands [11]. Fol-
lowing this interpretation, we expect a change in the
HEM frequencies, that corresponds to the phonon disper-
sion relation. A metallic spectrum is then observed at
lower excitation energies (with the phonon wave vectors
closest to the 	 point); at higher laser energies the spectra
appear more semiconductinglike, as seen in Fig. 2. There-
fore, the HEM frequencies as a function of laser energy in
Fig. 3 (left) map the dispersion relation of the two optical
m � 0 phonon branches of a particular metallic tube. This
is indicated by the lines; the bands either cross or exhibit
an anticrossing, depending on the chirality of the tube.

The intensity of the HEM peaks (inset of Fig. 4) de-
creases by a factor of � 10 with increasing laser energy
further supporting our model [11]. As in single resonance,
the Raman intensity depends in the double-resonance —
among others—on how close the laser energy is to the
singularities in the electronic DOS, which is included in
the full integration of the Raman cross section. The
087402-3
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difference between the two models is that in single reso-
nance a systematic decrease of intensity implies constant
frequencies (exciting the same tube), whereas an intensity
decrease in double-resonance occurs simultaneously with
a continuous frequency change.

To illustrate our model, we show in Fig. 3 (right) and
Fig. 4 the Raman frequencies calculated for an (8,8) tube
within the double-resonance [11]. We used a phonon dis-
persion relation as described in Ref. [24], which we
modified to obtain the drop of the longitudinal phonon
frequency at the 	 point. The bottom axis in Fig. 3 (right)
indicates the average value of the phonon wave vectors
contributing to the Raman signal, thus indicating the
phonon dispersion. We find an excellent qualitative
agreement with the experimental results. Note that the
calculated frequencies depend on the chirality and di-
ameter of the tube and on the approximations for the
electron and phonon dispersions, thus an exact correspon-
dence of the absolute frequencies is not expected.

The weak metallic shape of the HEM in our spectra is
in accordance with a recent explanation by Jiang et al. for
the metallic spectra, which is based on strong interaction
of phonon and plasmon modes [5]. They showed that the
metallic line shape is much stronger in nanotube bundles
than in isolated tubes. Their model also required large
phonon wave vectors, which were ad hoc introduced,
whereas our interpretation additionally gives a physical
reason for the predominance of the non-	 point modes.

Finally, we discuss the laser-dependent shift of the D
mode. Although the presence of the D mode in carbon
nanotubes is now widely accepted as being due to a
double-resonant process, there is still some discussion as
to whether the shift and the diameter dependence of the D
mode originate from the double resonance [14,27]. Since
so far the D-mode shift has been observed only in bulk
samples, some interpretations implicitly ascribe the fre-
quency shift to a diameter and chirality selective process
in inhomogeneous bulk samples [27]. As for the HEM,
the single-resonance picture predicts no excitation-
energy dependence of the D mode in an individual tube.
In contrast to this prediction, we find an frequency shift
of 63� 2 cm�1=eV for our tube (Fig. 4), which is in good
agreement with the shift of 40–75 cm�1=eV predicted by
double-resonance theory [10]. Moreover, from the double-
resonance model follows the same diameter dependence
of the D mode as reported in Ref. [14], i.e., the D mode on
average increases with increasing diameter [10].

In conclusion, we presented experimental proof of the
double-resonance process as the origin of the Raman
spectra in carbon nanotubes by excitation-energy depen-
dent Raman measurements on individual nanotubes. As
predicted by double-resonance theory, we found that both
the D mode and the HEM frequencies in the first-order
Raman spectra depend on excitation energy. The D mode
of the particular tube in our experiments shifted by
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63 cm�1=eV; the HEM frequencies, following the
double-resonance model, resemble the optical-phonon
branches of a metallic tube near the 	 point.

As a consequence, a ‘‘metallic’’ HEM in the Raman
spectra indicates metallic nanotubes in the sample, while
a ‘‘semiconducting’’ HEM can originate from both semi-
conducting and metallic tubes. Moreover, a small inten-
sity of the D mode can indicate both a low defect
concentration in the sample or scattering by semiconduct-
ing tubes. Finally, the RBM frequencies should depend on
the laser energy as well. The shift is negligible as long as
the laser energy is near the singularities in the electronic
DOS, but may amount to several wave numbers otherwise.
In principle, the double-resonance process allows the
experimental determination of the phonon dispersion re-
lations of carbon nanotubes, if the chirality and elec-
tronic structure of the investigated tube are known
independently. This will remain a challenging task for
future work on carbon nanotubes.
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