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Raman characterization of electronic transition energies of metallic single-wall carbon nanotubes
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Using a confocal micro-Raman system, spectra showing the splitting of optical transitions due to trigonal
warping effect are presented for metallic single-wall carbon nanotubes (SWNT’s). Our results indicate that the
intensity variations between different optical transitions can be attributed primarily to the differences in the
magnitude of the electron-phonon coupling matrix elements. Our approach will allow the study of the magni-
tude of electron-phonon matrix elements as well as quantum interference effects between different transitions

in metallic SWNT’s.
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Optical characterization methods such as photolumines-
cence excitation (PLE) and resonance Raman spectroscopy
(RRS) provide powerful tools for characterizing the struc-
tures and studying important properties of single-wall carbon
nanotubes (SWNT’s), such as the optical transition energies
and vibrational modes frequencies.!> The optical transition
energies E;; obtained by these experimental studies have
been successfully reproduced by using the extended tight-
binding (ETB) method, including geometrical structure
optimization,>* and by further applying many-body (MB)
logarithmic corrections® with empirical parameters.® Except
for armchair nanotubes, two different optical transitions for
metallic SWNT’s are expected due to the trigonal warping
effect, one with a lower transition energy E}}; and a second
with a higher transition energy EII‘/I .7 Although many experi-
mental data are available for E}|; from previous Raman
studies,*® transitions associated with E)],; were not observed
in these Raman studies, and this has remained an open ques-
tion. A recent work has reported EllviH transitions using Ray-
leigh scattering and has attributed the lack of observations of
E)y transitions in previous Raman experiments to different
electron-phonon coupling strengths for EY, and EM,
transitions.” However, no experimental evidence is given for
the difference in electron-phonon coupling strengths for EIIV{ L
and EM, transitions.

In this paper, we report the observation of E}}} optical
transitions for metallic nanotubes and show that the Raman
signal intensity variations for the radial breathing mode
(RBM) between different optical transitions provide a good
match with the predictions of the ETB model, which in-
cludes excitonic effects and different coupling strengths for
EY, and EM,; transitions. The slight downshifts of the ex-
perimental transition energies for some observations are ex-
plained in terms of environmental effects.!®!!

Figure 1 is the commonly used “Kataura plot,” where the
optical transition energies E;; for different (n,m) structural
indices are plotted against the RBM frequency (wggp). The
solid circles and squares (data points) are calculated by the
ETB+MB model, where blue circles correspond to semicon-
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ducting SWNT’s and red squares correspond to metallic
SWNT’s. These calculations match the experimental data for
SDS-wrapped SWNT’s very well.>® The 2n+m=const fami-
lies are denoted by the solid lines and the 2n+m family
numbers are also indicated on Fig. 1. Due to the trigonal
warping effect, the family lines are split into two branches
for each 2n+m metallic SWNT family.>” The lower- and
higher-energy branches correspond to the E}}; and EY}; tran-
sitions, respectively.?

Previous resonant Raman studies used the RBM signal
and the optical transition energies associated with them to
identify the (n,m) structural indices of SWNT’s.% Recently,
the electron-phonon matrix elements for RBM’s were calcu-
lated by the ETB model, and it was shown that the electron-
phonon coupling matrix elements for these unreported EIIV{H
transitions are weak !> and that the quantum interference
effects might also hinder the observation of EIIV{H
transitions.'>!# Our present observations of such optical tran-
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FIG. 1. (Color online) ETB+MB calculations of the optical tran-
sition energies versus wgrpy. The blue circles and the red squares
are semiconducting and metallic SWNT’s, respectively. The
2n+m=const families are denoted by solid lines and the 2n+m
family numbers are also indicated. The yellow diamonds are experi-
mental EIIV{H and EIIV{L optical transition energies.
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sitions from individual metallic SWNT’s confirm that the
lack of their previous observation is due to the small magni-
tude of their electron-phonon matrix elements and show fur-
ther that the experimental RBM intensities conform to pre-
dictions based on ETB theory.

Individual SWNT’s are grown on a SiO, substrate by
chemical vapor deposition (CVD) in methane at 900 °C us-
ing iron nanoparticles as the catalyst.”> The as-grown
SWNT’s are analyzed with a confocal micro-Raman setup
with a 50X objective (NA=0.8). The laser spot size is about
1 um?. Raman spectra are taken at 16 different laser excita-
tion energies Ej., from 1.56 eV to 2.61 eV generated from
an argon ion laser and a dye laser (R6G and DCM dye). At
most of these 16 Ej,, values, Raman spectra were taken
over a 40 um by 20 wm spatial area at a 0.5 wm by 1 um
spacing, resulting in 1701 spectra at each laser energy. A
unique-shaped feature on the sample is used as a marker to
identify the same spatial area at every laser excitation ener-
gies. As a result, about 150 SWNT’s with diameters smaller
than 1.5 nm were found in this spatial region, which ensures
that the density of SWNT’s is low enough, so that each Ra-
man spectrum is essentially the spectrum of an individual
SWNT or only a few SWNT’s at most. This spatial mapping
method allows us to follow and identify each nanotube, re-
garding its spatial position, and the method is particularly
useful for recognizing when a particular SWNT goes in and
out of resonance and for obtaining a resonance profile of
each SWNT as a function of Ej,,.'*'7 We do not find any
influence of the iron nanoparticles to the Raman spectra of
the SWNT. Since the repeatability of the microscope stage is
better than 0.5 um, the resolution of the spatial mapping
(0.5 um by 1 wm) determines the accuracy of the spatial
position of nanotube. The RBM signals from the SWNT’s
are recorded simultaneously with the Raman signal from the
Si, which is used for calibration. When the RBM signals at
the same frequency appear at the same location at two dif-
ferent E),, values, we conclude that the signals are coming
from the same physical SWNT.!® Figures 2(a) and 2(b) show
such RBM signals at the same frequency (240 cm™') at the
same location at two different E),, (2.54 €V and 2.16 eV,
respectively).

By varying E,., and compiling the RBM intensities ob-
tained at each different E,,, we obtain an interesting two-
peak resonance window for this SWNT [see Fig. 3(a)]. Since
no semiconducting SWNT’s with wgpy=240 cm™! are reso-
nant at any of the laser energies used, we determine that this
is a metallic SWNT (see Fig. 1). The red circles represent the
experimental integrated RBM intensity of this SWNT. The
black curve shows the calculated resonance profiles for the

integrated RBM intensity for both EM  and EM,; transitions

obtained from time-dependent third-order perturbation
theory:
s 1
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FIG. 2. RBM signals at the same spatial position at two different
laser excitation energies (a) 2.54 eV and (b) 2.16 eV. The
wrpm=240 cm™! feature appears in both spectra.

where E, is the laser excitation energy, M35, M, and M,
(X=L,H) are the transition matrix elements for the sponta-
neous emission, electron-phonon scattering, and light ab-
sorption processes, respectively, Ey;, is the RBM phonon en-
ergy, I is the broadening factor, and C includes all the other
factors.'® The effective masses m; and my arise from the
integration of the electron joint density of states, assuming
that the transition matrix elements are independent of the
wave vector in the range of reciprocal space contributing to
the Raman intensity.'® It should be noted here that optically
excited states in SWNT’s are excitonic in nature.!>?° How-
ever, we restrict Eq. (1) to noninteracting excitations, since
the exciton-photon and exciton-phonon transition matrix el-
ements are not yet available in the literature. The interference
between the E)}; and E}};; transitions is not considered since
EYiy-EY|is large compared to I" and E,p, for the SWNT’s we
have investigated.

From the optical transition energy of the highest-intensity
RBM peak and the RBM frequency, the SWNT in Figs. 2
and 3(a) is determined to be a (10,4) SWNT (see Fig. 1).
ETB calculations for the (10,4) SWNT give the effective
mass ratio m; /m;p=0.46 (Ref. 21) and the matrix element
ratios M /MB3,=MS /M55,=1.25 (Refs. 22 and 23) and
M} /M$=3.75 (Ref. 12). We then find a ratio of 7.26 be-
tween the integrated intensities of the E)}; and EM peaks,
as shown by the blue diamonds in Fig. 3(a). In order to fit the
black curve from the above equation with our experimental
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FIG. 3. (Color online) The resonance profile for (a) (10,4)
SWNT, (b) (18,0) SWNT, and (c) (15,3) SWNT. The red circles
are the experimental integrated RBM intensities. The SWNT inten-
sities were calibrated against that of the 520-cm™" Si peak. The blue
diamonds are calculations using ETB+MB theory, and their hori-
zontal positions correspond to the resonance energy. Regarding the
intensity of the (10,4) SWNT, if we match the E)}, and EM; re-
sults, we can then see that the experimental and theoretical results
agree well (see text). The black line is the calculated RBM reso-
nance profile using Eq. (1). The blue drop lines indicates the EIIV{L
and EIIV{H values used for the calculated resonance profile. Note that
the EIIVI1L and EIIV{H differ from the peak center by E,/2 for the
Stokes process. The experimental points are downshifted by
72 meV from the theoretical predictions for the (10,4) SWNT. All
SWNT’s show I'=35 meV.

data points, one needs to adjust the broadening factor I' and
to make an overall downshift of both E}}, and E}}};. We can
see that both the energy splitting between E)]; and E}j,
(0.35 eV) and their integrated intensity ratio agree well be-
tween theory and experiment. There is, however, a downshift
of 72 meV between the experimental results for both E}},
and E}};; when compared to the theoretical predictions. Since
both EY}, and E!};; downshift by the same amount, we be-
lieve that the energy downshift is due to the different dielec-
tric environment for our SWNT’s as compared to SDS-
wrapped SWNT’s.!%!1 The presence of other SWNT’s can
cause an inhomogeneous dielectric environment even on the
same substrate. The curve fitting gives rise to I'=35 meV for
all the three SWNT’s shown in Fig. 3, which is also compa-
rable to I values obtained in previous experiments.®?*23 The
close match in the RBM intensity between the matrix ele-
ment calculation and the experimental result indicates that
the different intensities of the two resonances are due to dif-
ferences in the matrix elements. Note that the ratio in the
total optical matrix elements including the effective mass
correction (my M& M3 /m MY,M35,=0.72) is much closer
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TABLE I. The comparison of E}}, and E}; transition energies
between theory and experiment for metallic SWNT'’s.

ETB+MB Theory Experiment
n m EIIV{L (eV) EIIVIlH (eV) EIIVIlL (eV) El;/{H (eV)
10 4 221 2.56 2.14£0.02¢  2.48+0.07°
13 4 1.92 2.18 1.95+0.07°  2.16+0.07°
15 3 1.81 2.05 2.04+0.022
14 5 1.81 1.99 2.00+0.07°
18 0 1.70 1.94 1.655¢ 1.94+0.022

#Full resonance profile is obtained for these transitions.

PThese transitions are observed only at one excitation energy. The
error is derived from the noise level and using the resonance profile
with I'=35 meV. The noise level is about 10% of the RBM signal
intensity at the maximum of the resonance profile.

‘Result from Ref. 24.

to 1 than the ratio in the electron-phonon coupling matrix
elements (M} /M};=3.75). Thus, the electron-phonon cou-
pling matrix elements dominate the difference in the intensi-
ties for this particular case.

In Table I we list data for two other metallic SWNT’s in
addition to three metallic SWNT’s shown in Fig. 3, for
which we have observed the E}};; resonance. For the (10,4)
and (13,4) nanotubes, we are able to detect the resonant
Raman signal at both the E}}, and E}},; energies, whereas for
the rest of the nanotubes, we were not able to examine the
EM, resonance due to the lack of a laser excitation source.
However, their E}],; resonances are detected in our study,
which has historically been much harder to see than the E}},
resonance signal. For the (10,4) nanotube, we have laser
energies available to carry out the resonance profile determi-
nation as discussed above, but with the (13,4) nanotube, due
to the unavailability of appropriate excitation sources, we are
not able at present to obtain a resonant profile to compare
with theory. As we can see from the table, the energies at
E}}}; match well with the ETB+MB calculations for all the
data points, which are indicated by yellow diamonds in the
Kataura plot in Fig. 1.

It was surprising to us that our ETB theory predictions
based on noninteracting electrons and matrix elements that
do not include excitonic effects explicitly can reproduce the
experimental intensity so well for the (10,4) SWNT pre-
sented in this work. We are now accumulating more data to
determine whether the match is accidental or whether it also
applies to other SWNT’s with different (n,m) indices or in
different environments.

In summary, we present the observation of the optical
transition corresponding to EIIV{H for metallic SWNT’s. The
integrated RBM intensities associated for the E};; transitions
are much lower than for E}}, transitions and the observed
intensities conform to predictions of ETB theory. A good
signal-to-noise ratio is required to observe the weak E)ly
transitions. We achieved a strong enough signal in this work
by taking the Raman spectrum of individual SWNT’s with a
high efficiency confocal micro Raman system. The observa-
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tion of EY]; and E}}; transitions from the same SWNT fur-
ther validates ETB theory. The experimental method pre-
sented in this work will allow an experimental determination
of the magnitude of electron-phonon coupling matrix ele-
ments for individual SWNT’s and of the quantum interfer-
ence effects between E}}; and E}}; transitions that have been
predicted for metallic SWNT’s.!314
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