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ABSTRACT

We analyze the dependence of the second-order G’-band profile on their (n,m)
indices by measuring the resonance Raman spectra of several semiconducting
and metallic isolated tubes. We show that this profile is very sensitive to the
electronic structure, thus making it possible to get structural (n, m) information
and to probe the splitting of the van Hove singularities in the electronic density
of states arising from the trigonal warping effect.

INTRODUCTION

Resonance Raman scattering (RRS) has been established as a powerful tech-
nique to investigate single-wall carbon nanotubes (SWNTs), providing valuable
information about their electronic density of states (DOS)[1]. The recent ob-
servation of Raman spectra from just one SWNT has provided a new scenario
in their study, whereby the Raman spectral properties has been successfully
applied to determine the (n,m) indices.[2] Furthermore, single nanotube spec-
troscopy has allowed us to observe at the single nanotube level each feature
appearing in the usual Raman spectrum for SWNT bundles. This possibility
allows us to study the dependence of each feature on nanotube diameter d; and
chiral angle 6, or equivalently on the SWNT (n,m) indices.|[3]

The Raman spectrum of SWNTs is relatively simple, where the main fea-
tures are the radial breathing mode (RBM), the tangential G-band modes, the
disorder-induced D-band, and the corresponding second-order G’-band.[1] Sin-
gle nanotube spectroscopy has revealed that behind each spectral feature there
are large amounts of new physical phenomena concerning their dependence
on diameter and chirality. This work deals with the second order G’-band.
Both the D-band and its G’-band overtone appear in the phonon spectra of
sp? carbon-based materials and their frequencies are dependent on the laser
excitation energy Fj.... as a consequence of a double resonant process involving
electron and phonon states close to the boundary of the Brillouin zone.[4, 5]
The D-band is characteristic of disordered materials, while the G’-band is an
intrinsic spectral feature of the graphite lattice.[4] Noteworthy is the fact that
both the D-band and G'-band frequencies wp and wpg are strongly dependent
on the electronic structure of the nanotube and wp and wpe can be used as a



probe to obtain information on the electronic structure. This is the goal of the
present work.

EXPERIMENT

The isolated SWNTSs were grown using the chemical vapor deposition method
(CVD) on a Si/SiO, substrate and the details of the process are reported
elsewhere.[6] Raman spectra from each isolated SWNT were obtained by scan-
ning the sample in steps of 0.5 ym under a controlled microscope stage. The
spectral excitation was here provided by an Ar ion laser, using the 514.5 nm
laser line (2.41eV) and with a power density of ~ 1 MW /cm?. The scattered
light was analyzed with a Renishaw spectrometer 1000B, equipped with a cooled
charge coupled device (CCD) detector.

RESULTS AND DISCUSSION

The D-band and G'-band in SWNTs

Earlier studies in SWNTs bundles showed that the GG’-band exhibits a disper-
sion behavior quite different from that for other sp? carbon materials.[7] An
oscillatory behavior was observed[7]| superimposed on a linear wg vs. Ejg, de-
pendence, characteristic of graphite. This oscillatory behavior arises from the
1D electronic structure of the SWNTs. Studies at the single nanotube level
have shown that both the D-band and G’-band frequencies (we ~ 2wp) show
different values at the same laser excitation energy, thus exhibiting a depen-
dence on (n,m) indices. This chirality dependence of wp is shown in Fig. 1(a),
where wp data are plotted for 11 SWNTs with similar diameters vs. the chiral
angle # as determined by their (n,m) assignment, for which FEj, is resonant
with Ej,. The D-band and G’-band in graphite has its origin in a double res-
onance process, for which a large number of states with phonon wave vectors
satisfying ¢ = 2k ( where k is the electron wave vector) contribute to the D-
band spectra. In the case of nanotubes, the quantized wave vectors k; play a
fundamental role in determining the resonant process, as is clearly seen, when
we plot the k; in terms of the chiral angle dependence of wp(f) as shown in
Fig.1. In Fig. 1(b) the open circles denote the predicted (n,m) indices that can
be resonant and the stars over the open circles denote the SWNTs we actually
observed in the Raman experiments. The good agreement between Figs. 1(a)
and (b) shows that the wp(f)dependence in SWNTSs can be explained in terms of
the relation between |k;| for electrons and ¢ for phonons to which electrons are
strongly coupled by the double resonance process.[8] Through this agreement,
we establish that, in the case of SWNTSs, the double resonance is restricted to
ki; states corresponding to the van Hove singularities. It is interesting to note
that the quantized k; vectors for the possible tubes for which £}, is resonant
with Fj,r=2.41 €V are not random as a function of chirality, but k;(#) indeed
exhibits subband-like behavior. The similar pattern as a function of chirality
for the k;; and the observed wp(f) frequencies tell us that the (n,m) assignment
is reliable, for otherwise wp(f) and k; would not be correlated with each other
as they are. The importance of k; in the interpretation of the G'-band spectra
is further discussed below.
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TWO PEAK EFFECTS IN THE G'-BAND
Semiconducting tubes

Figure2 (left panels) shows three G-band spectra for different isolated SWNT's
with their respective (n,m) assignments implied by the RBM properties.[2]
The G’-band in (a) and (b) are tubes for which El,., is resonant with F}, and
in (c) with EJ,. The G'-band for most of the tubes show a single Lorentzian
peak, as in (b) and (c). Some SWNTs show a “two peak effect” as in (a).
The G’-band profile can be understood by analyzing the resonant process of
FElaser With the singularities in the joint density of states (JDOS) shown in the
right panels, keeping in mind that the quantized states k; determine the G’
band frequencies. By examining the JDOS we see that for the (15,7) SWNT,
FElaser (incident photon) is resonant with EJ, and Fj,,.. — E¢ (scattered photon)
is resonant with Ej,. It should be emphasized that this resonance occurs as
two independent processes. Then, the double peaks observed for (15,7) arise
from the resonance processes involving k4 (upper frequency component) and
k33 (lower frequency component). Furthermore, one can use the G'-band dis-
persion measured in bundles (106 cm!/eV) to estimate the predicted splitting
by multiplying 106x (E}, — F3;) = 34cm ™! for the (15,7) SWNT. The observed
splitting in (a) is 35cm™"', in very good agreement with the prediction.

The G'-band profile in Fig.2(b) and (c) has a single Lorentzian peak because
only the incident photon is resonant. For the (17,7) tube [as identified below],
the singularity Fj3; is too far from the energy of the scattered photon to allow
the resonance to occur. The analysis of the G’-band profile can impose further
restrictions to make the (n, m) assignment from the RBM analysis more reliable.
For wrpy=148 cm™', there are two likely (n,m) candidates, namely, the (17,7)
and (16,8) SWNTs. The (16,8) is eliminated from the assignment because the
E3, energy would give rise to a strong resonance with the scattered photon,
and two peaks in the G’-band would then be expected, so we conclude that the
wrem=148 cm~! SWNT here corresponds to (n,m) = (17,7). For tubes resonant
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with Ey,, there are 8 (9) tubes predicted to exhibit a double peak (single peak),
and we observed 4 (4) of them. No exceptions to the predictions of double
(single) peaks were found.

Interesting is the case of the (18,1) SWINT, for which F).., is resonant with
E3;. Actually, all the tubes resonant with Ej, are predicted to exhibit only
one peak because the Fj, interband transition is far from the scattered photon
energy for all possible (n,m). For tubes resonant with Ej,, among all 10 tubes
predicted to exhibit a single peak, we observed 5 of them.

Metallic tubes

The metallic tubes we studied in this experiment were all measured for the res-
onance of Ej,.,=2.41 eV with the E% singularities. Due to the trigonal warping
effect, each van Hove singularity for a metallic nanotube is predicted to exhibit
a splitting, depending on its chirality. The magnitude of this splitting varies
from zero for armchair nanotubes (n,n) [n integer| to a maximum splitting for
metallic zigzag nanotubes (n,0) [n = 3p, p integer].[9] Using the analysis pre-
sented above, a double peak effect in the G’-band profile is expected also for
trigonal warping. First, all the armchair nanotubes (n,n) are predicted to ex-
hibit a G’-band profile composed of a single Lorentzian line, since there is no
trigonal-warping-based splitting for armchair tubes and the energy difference
between subband resonances E) and E}{ is very large. One tube, (15,15) is
predicted to be resonant with F,,=2.41eV and we did indeed observe this
particular nanotube, whereby the G’-band has a single Lorentzian lineshape
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centered at 2680 cm~! and 31cm™! in linewidth. Figure3 shows the G’-band
profile for two metallic SWNTSs tentatively assigned as (18,9) (upper panel)
and (27,3) (lower panel). The (18,9) has a G'-band with a single Lorentzian
line shape in agreement with its JDOS, for which the only resonance is for the
incident photon with the lower EJ7 component. This is not the case for the
(27,3) tube where the same two peak effect in the G'-band profile is observed,
in agreement with the calculated JDOS for this tube.

Among the 17 metallic SWNTSs predicted to be observed in resonance with
2.41 eV, we did observe 8 of them consisting of 3 metal-1 and 5 metal-2 SWNTs.[10]
We found that the splitting observed in the G’-band is linearly correlated to the
splitting AE2] and a fit to the experimental data leads to Awg = (108 +6)AEL.
This slope, which is in a very good agreement with the observed G’-band dis-
persion in SWNT bundles (106 cm ! /eV), provides a direct measurement of the
G'-band dispersion using measurements with only one laser line.

Finally, the agreement between the predictions and observations allows us
to conclude that the origin of both the D-band and G’-band in semiconducting
and metallic (metal-1 and metal-2) SWNTs is due to the same basic mechanism
that stems from resonance with the quantized k;; states. Our experiments do
not confirm the prediction made by Maltzusch et al.[11], where only metal-1
SWNTs are predicted to exhibit the G’-band feature. Our experimental results
are, however, consistent with the predictions by Kiirti et al.[12] who found the
calculated D-band intensity to have a maximum when a van Hove singularity
is in resonance with either the incident or scattered photon.

CONCLUSIONS

In summary, we have studied two-peak effects in the second-order G’-band
in individual single-wall carbon nanotubes, including both semiconducting and
metallic SWNTs. Although some of the G'-band profiles show single Lorentzian



peaks, some of the tubes show a two-peak structure. In semiconducting tubes,
the double peak is identified with the superposition of two independent res-
onant processes, whereby one singularity (F3,) is resonant with the incident
photon (E7,), and the other(E3;) involves the scattered photon. In the case of
metallic tubes, a similar two peak effect is observed, but now the resonant pro-
cesses occurs with the two components of the same singularity £/, arising from
the trigonal warping effect. By combining the role of the confined electronic
states k; in determining the phonon frequencies wg, we show that the G'-band
profile gives confirmatory structural information about the (n,m) assignment,
provides a method to probe the electronic trigonal warping effect in metallic
tubes quantitatively, and yields the G’-band dispersion of 108+ 6 cm™'/eV using
only one laser line.
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