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Longitudinal Optical Phonons in Metallic and Semiconducting Carbon Nanotubes
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We analyze the high-energy Raman modes, G* and G, in a pair of one metallic and one semi-
conducting nanotubes. By combining Rayleigh scattering with Raman resonance profiles of the radial
breathing mode and the high-energy modes, we show that the observed G~ and G* peaks can originate
from longitudinal optical phonons of different tubes. The G~ peak is the longitudinal mode of the metallic
tube; it is broadened and downshifted due to strong electron-phonon coupling in the metallic nanotube.
The G* peak is due to the longitudinal mode in the semiconducting tube. This result resolves an ongoing

debate in the literature.
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Raman spectroscopy is a well-established optical
method for the characterization of carbon nanotubes
[1,2]. While the defect induced D mode offers a tool to
estimate the quality of a nanotube sample, the diameter
distribution can be obtained from the diameter dependent
radial breathing mode (RBM). Because of the unique
electronic band structure of carbon nanotubes the exact
atomic structure—given by the chiral indices (n;, n,)—can
be obtained from the RBM in conjunction with the excita-
tion energy [3]. Even without a detailed (n;, n,) assign-
ment, the presence of metallic nanotubes in a sample can
be detected on the basis of the shape of the high-energy
modes (HEM) in the Raman spectrum [4-6]. Between
1540 and 1600 cm™!, the Raman spectrum of a typical
carbon nanotube sample—containing a large variety of
chiral indices—shows two characteristic HEM features
which are commonly referred to as G~ (lower frequency)
and G* (higher frequency). Compared with the RBM the
high-energy modes are less diameter dependent and the
resonance windows are up to a magnitude wider.
Therefore, the HEM is often formed by overlapping signals
of different tubes. While both features appear as reason-
ably sharp peaks when mainly semiconducting nanotubes
are resonantly excited (full width at half maximum:
FWHM ~10 cm™!), the G~ peak is broadened and down-
shifted when mainly metallic nanotubes are in resonance
[7]. In the following we use the terms metallic G~ and
semiconducting G, when referring to a broad and a nar-
row G~ peak, respectively. In the case of semiconducting
nanotubes, G™ and G~ are attributed to the LO and TO
phonon, respectively, where LO refers to the axial (longi-
tudinal optical) and TO to the circumferential (transverse
optical) displacement of the atoms [8,9]. For metallic
nanotubes, the assignment of the G~ and G* Raman peaks
to the TO and LO phonons is still under debate with con-
tradicting conclusions appearing in the literature [8—15].
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Two different models have been developed for the de-
scription of the peculiar line shape of the high-energy
Raman modes (G~ and G") in metallic carbon nanotubes.
The first model [10] proposed phonon-plasmon interac-
tions as the origin of the metallic line shape. According
to this model, the linewidth increases with the thickness of
the nanotube bundle. The G~ and G* features were as-
signed in Ref. [10] to the TO and LO phonon, respectively,
as in semiconducting tubes. More recent models attribute
the broadening of the metallic G~ to strong coupling
between the LO phonon and electronic excitations
[9,11,12]. This coupling causes a dramatic softening of
the LO frequency and a broadening of the Raman line. As a
result, the frequency of the LO phonon drops below the
frequency of the TO phonon in metallic nanotubes
[9,11,12]. This theory explains the metallic G~ and, in
particular, the large Raman linewidth as an intrinsic prop-
erty of a single metallic tube and is consistent with recent
experiments on free-standing metallic nanotubes and on
graphene [13,16]. In this model—due to the strong
electron-phonon coupling—the LO frequency is below
the TO frequency, and consequently the G~ peak is as-
signed to the LO phonon. In some Raman measurements
on what were presumed to be single metallic nanotubes,
the G* peak has been reported at 1590 cm™! [17-19].
Consequently this peak would have to be assigned to the
TO phonon in metallic tubes. However, the TO phonon in
metallic tubes is expected to have a similar frequency to
that of the TO mode in semiconducting tubes, which is
below 1590 cm™! [9,12]. The question therefore arises
how to assign the G peak at 1590 cm™!.

In this Letter we show that the presence of a G* peak at
~1590 cm™! in a typical “‘metallic” Raman spectrum
often indicates the presence of an additional semiconduct-
ing nanotube. We performed Rayleigh and resonant Raman
measurements on a pair of one metallic and one semi-
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conducting carbon nanotube forming a small bundle freely
suspended in air. By varying the excitation energy we
observed a changing line shape for the high-energy G*
and G~ Raman modes. We see a broad metallic G~ peak at
1540 cm™! and a narrow G* peak at 1590 cm™! with
maximum Raman intensities at different excitation ener-
gies. Including results from Rayleigh scattering experi-
ments and radial breathing mode (RBM) Raman spectra,
we can relate the peak at 1540 cm™! to the longitudinal
mode of the metallic tube which is broadened due to the
strong electron-phonon coupling, while the peak at
1590 cm™! originates from the semiconducting tube.

Rayleigh and resonant Raman scattering experiments
were performed on a pair of one metallic and one semi-
conducting nanotube a side-product of single-nanotube
growth. The nanotubes were grown in a chemical vapor-
deposition process using CoMo-doped mesoporous silica
catalyst particles. To minimize possible interactions with
the environment [20] tubes were grown across a 100 um
wide slit with the growth direction defined by the gas flow
in the furnace [21]. Raman measurements were performed
on a confocal micro-Raman setup (Dilor XY800; objec-
tive: X100; NA: 0.8); the spectra were recorded with a
charge coupled device. The Raman excitation energy was
varied between 1.87 and 2.15 eV using a tunable dye laser.
To prevent laser induced heating, we limited the laser
power to = 200 uW [22,23]. All spectra were normalized
to laser power and integration time. In order to correct the
Raman intensities for the system response, we normalized
each spectrum to the intensity of the Raman signal of CaF,
(321 cm™ ). Rayleigh-scattering measurements were per-
formed using a white-light source and detected in a dark
field geometry as described in Ref. [24] The detection
range was between 1.24 and 2.76 eV. In both experiments
we located the tubes by scanning the laser or white-light
focus along the slit until a bright scattering spot was seen,
indicating the presence of freely suspended tubes.

In Fig. 1 we plot the Rayleigh spectrum of our nanotube
sample. The spectrum shows three peaks at 1.937, 2.055,
and 2.206 eV. Considering tube diameters between 1 and
2.5 nm, there is no single nanotube with three transitions
predicted in this energy range. Therefore our sample must
consist of a small bundle of two or more nanotubes. We
will show below that it is indeed a pair of nanotubes, one
semiconducting and one metallic.

Figure 2(a) shows the HEM Raman spectra for all
excitation energies. The spectra show two peaks, a broad
peak (metallic G™) at 1540 cm™! (FWHM = 48.5 cm™ ')
and a narrow peak (G') at 1590 cm™! (FWHM =
5.6cm™ ). In addition, a small shoulder at 1580 cm ™' is
seen. In the Raman spectrum excited at 2.04 eV [Fig. 2(b)]
both G~ and G are present. Because of the metallic G~
peak this spectrum would typically be assigned to a me-
tallic nanotube [7,17,19,25]. While the broad peak (G™)
has its maximum intensity at 1.94 eV excitation energy, the
narrow peak (G*) appears only at excitation energies
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FIG. 1 (color online). Rayleigh-scattering spectrum of a pair of
nanotubes. Peaks at 1.937 and 2.206 eV are assigned to the lower
EY~ and upper E}* transition of the first optical transition in the
metallic (12,3) tube. The peak at 2.055 eV originates from the
third optical transition E3; in a semiconducting tube.

above this energy. This implies that the G~ and G* peaks
originate from different nanotubes with different resonance
energies, confirming the conclusion from the Rayleigh
experiment that we have at least two tubes. In the following
we show that the spectrum in Fig. 2(b) can easily be
explained if only the broad peak (G7) is related to a
metallic tube, whereas G* originates from a semiconduct-
ing tube.
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FIG. 2 (color online). (a) High-energy mode Raman spectra
for excitation energies in the range of the Rayleigh-scattering
maxima of Fig. 1 (1.87 to 2.12 eV). G~ and G* show different
resonance conditions with a maximum Raman intensity at
1.95 eV excitation energy for G™. (b) Spectrum obtained at
2.04 eV excitation energy; such a spectrum would typically be
called a “metallic” Raman spectrum. Peaks are labeled by the
associated phonon, LO or TO, where the superscript S indicates
the semiconducting and M the metallic nanotube. (c) The exci-
tation energy 1.94 eV meets only the resonance condition of the
metallic nanotube; the G* peak is not observed.
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In addition to the HEM spectra, we collected Raman
spectra of the radial breathing mode at each excitation
energy. We observed two RBM peaks at 217 cm™!
(RBM,) and 140 cm™! (RBM,), corresponding to the
two nanotubes. Both RBM features go through resonance
(Fig. 3), with RBM; (RBM),) having its maximum intensity
at excitation energy similar to that of the G~ (G™) mode.
From the correlation of resonance energies we conclude
that the G~ feature originates from the same tube as RBM;
and G* from the same as RBM,. In Fig. 3 we plot the
intensities of both RBM peaks as a function of excitation
energy. Fitting a Raman resonance profile to the data yields
transition energies E;; of 1.937 eV for RBM; and 2.04 eV
for RBM, [26]. These energies match the energies of the
two lower peaks in the Rayleigh spectrum in Fig. 1.

In order to assign the RBMs, and thus the high-energy
G~ and G* peaks, to particular chiral indices (n;, n,) we
identify the RBM frequency and its corresponding Raman
resonance energy in an experimental and theoretical
Kataura plot [2,3,27,28]. The Kataura plot in Fig. 4 shows
theoretical data based on a nonorthogonal tight binding
model from Ref. [29] and experimental values (X symbols)
from Ref. [27]. Our results for RBM; and RBM, are
marked by crosses in Fig. 4. The transition energies of
nanotubes depend on the nanotube environment, whereas
the RBM frequencies hardly change [3,30,31]. Assuming
negligible deviation of the RBM frequency and a redshift
(159 meV) of the transition energies in our sample com-
pared to the data in Fig. 4, we assign RBM, to the metallic
(12,3) tube. Although we cannot assign the second nano-
tube to a specific (n, n,) chirality, its RBM frequency and
resonance energy clearly show that it is semiconducting
(see Fig. 4).
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FIG. 3. Raman intensities of the radial breathing modes RBM,
(circles) and RBM, (triangles) as a function of excitation energy.
Open symbols are used when no nanotube signal was observed
due to the overlapping signal from the atmosphere (sharp lines
for small Raman shifts, see RBM spectrum in the inset). Fitting a
Raman resonance profile to the data yields the transition energies
EY~ for RBM, (metallic tube) and E3; for RBM, (semiconduct-
ing tube). The vertical dashed lines indicate the fitted optical
transition energies.

As a consequence of the (n;, n,) assignment, we can
relate the high-energy modes G~ and G to metallic and
semiconducting tubes, respectively, independent of as-
sumptions concerning the line shape of G~ and G*. This
result confirms previous experimental results and theoreti-
cal predictions about a strongly broadened and down-
shifted LO phonon in metallic nanotubes [9,12,13,15].
Furthermore, we show that the sharp peak at 1590 cm™!
(G*) is related to a semiconducting nanotube. We can
exclude the possibility that this peak originates from the
TO phonon of the same metallic tube as the G~ mode
because of the different resonance conditions for the G~
and G™ features.

Furthermore the frequency of the G* peak is higher than
expected for the TO phonon in metallic nanotubes. The
frequency of the TO mode in metallic tubes is expected to
be similar to that in semiconducting tubes [9,12].
Experimental results on isolated semiconducting nano-
tubes show that the TO phonon frequency for nanotubes
with diameters similar to our tubes (1.1 and 1.8 nm) is
~1570 cm™ !, thus lying well below 1590 cm ™! [32]. Only
for nanotubes with large diameters (d > 5 nm) does the
TO frequency approach 1590 cm™!.

Therefore, a line shape like that of Fig. 2(b) with both a
broad and downshifted metallic G~ and an additional G*
peak located at 1590 cm ™! can best be explained by the
presence of at least one metallic and one semiconduct-
ing tube. Even if only the metallic line shape as shown in
Fig. 2(c) is observed and the experiment is limited to a
small number of excitation wavelengths, we cannot ex-
clude the possibility that the sample contains an additional
semiconducting nanotube that does not benefit from reso-
nant enhancement. It seems that often a “metallic” spec-
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FIG. 4 (color online). Kataura plot containing theoretical data
by Popov et al. [29] (open and closed circles) and experimental
data (X symbols) from Ref. [27]. Theoretical data are upshifted
by = 300 meV according to Ref. [29]. Results from this work,
RBM;, and RBM,, are given by crosses. Considering screening
effects RBM; is assigned to the metallic (12,3) tube. RBM,
cannot be assigned to a particular nanotube but certainly origi-
nates from a semiconducting tube excited resonantly into the
third E%; or forth E3, optical transition.
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trum like that in Fig. 2(b) arises from a small bundle
instead of a single metallic nanotube [15,17,19,25]. In
larger diameter metallic tubes, the G~ is less downshifted,
and the spectrum will be more similar to that of semi-
conducting tubes [9,12].

After assigning the observed high-energy modes to LO
vibrations, the question arises whether we can observe the
TO phonons as well. In fact, the G* peak (LO of the
semiconducting tube) shows a small shoulder [see Fig. 2
(b)], which we fit to a weak peak lying 9 cm™! below
the principal G* feature. For a semiconducting nano-
tube with a diameter of 1.8 nm, as in our experimental
sample, theory and experiment predict the TO phonon
frequency 10 to 20 cm™! below the LO frequency
[9,12,32]. Therefore we assign the shoulder of the G*
peak to the TO phonon in the semiconducting nanotube.
When only the metallic nanotube is in resonance [Fig. 2(c)]
we cannot resolve a TO peak next to the G~ peak. The
reason for the absence or very weak intensity of the TO
peak might be that the (12,3) tube is close to a zigzag tube
for which the TO phonon is Raman forbidden by symmetry
[33].

Finally we want to make a remark on the defect in-
duced Raman mode (D mode) which has not been in-
vestigated systematically in this work. We recorded the
D mode spectrum at an excitation energy of 1.999 eV
where both nanotubes are observed [Fig. 2(a)]. This
spectrum showed no signal of the D mode, which agrees
with our general experience on separated nanotubes in
solution.

In conclusion, we presented Raman and Rayleigh-
scattering experiments on a pair of one metallic and one
semiconducting nanotube. With the assistance of the radial
breathing Raman mode and Rayleigh-scattering spectra we
assigned the high-energy Raman modes, a broad G~ peak
at 1540 cm™! and a sharp G* peak at 1590 cm™! to the
metallic and semiconducting nanotube, respectively.
Considering theoretical predictions we show that both
peaks, G~ and G*, originate from the LO phonon, with
G~ in metallic and G in semiconducting tubes. We con-
clude that in a spectrum with a downshifted G~ —indicat-
ing a small diameter metallic nanotube—the presence of
the G* peak at 1590 cm ™! indicates an additional semi-
conducting nanotube. Our experiments thus clearly favor
the strong electron-phonon coupling of the LO mode in
metallic nanotubes over the phonon-plasmon coupling
model.
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