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First and second optical transitions
in single-walled carbon nanotubes: a resonant Raman study
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Resonant Raman spectroscopy was performed to study electron—phonon coupling in single-walled carbon
nanotubes separated in solution. By varying the excitation energy from 1.26 eV to 1.93 eV we obtained
radial breathing mode resonance profiles of the first and second optical transitions E,, and E,, of the (9,1)
and (8,3) tubes. We observe up to 16 times stronger Raman intensities for the E,; transitions which can
mostly be attributed to a two times broader linewidth of the E,, transition. Comparison of the matrix ele-
ment ratio M ,,/M,, to theoretical predictions on the electron—phonon coupling show a deviation of a
factor 1.7 which might be associated with the change of the exciton—photon matrix element.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Raman spectroscopy plays an important part in the research of carbon nanotubes. It is used to distinguish
metallic from semiconducting tubes [1] and for probing the diameter distribution in a sample [2]. Reso-
nant Raman scattering even enables the determination of the chiral indices (»,,#,) of nanotubes present
in a sample [3, 4]. Despite the wide use of this technique there remains a lack of knowledge about the
Raman cross section. The fact that the cross section of the radial breathing mode (RBM) strongly de-
pends on the chiral indices makes the determination of chiral abundances, which is crucial regarding
selective growth and (#,,n,) separation, very difficult.

The first approaches to measure the Raman cross section of the RBM in carbon nanotubes was to
collect resonance profiles and to determine the maximum Raman intensities [S—8]. To obtain the relative
cross sections it was necessary to assume a uniform diameter distribution. More recently Yin et al. [9]
and Shreve et al. [10] determined the electron—phonon matrix elements by measuring the Raman intensi-
ties of the first and second order RBM. This technique is free of assumptions concerning chiral index
distributions in a given sample but depends on the phonon dispersion, which is based on predictions.
Detailed theoretical predictions on the electron—phonon coupling strength or the Raman intensity were
realized using ab initio [11] or modified tight-binding models [8, 12, 13] including excitonic effects in
more recent work [13]. To compare theoretical predictions to experimental results we looked for experi-
mental values which are independent on prior assumptions about the (7,,7,) distribution. Raman intensi-
ties excited resonantly into the first and second optical transitions of nanotubes with the same chiral
index (n,,n,) provide a basis for such a comparison.

* Corresponding author: e-mail: telg@physik.tu-berlin.de, Phone: +49 30 314 22 083, Fax: +49 30 314 27 705
" Present address: Dept. of Electrical Engineering, Columbia University, New York, NY 10027, USA

IMWILEY

D InterScience® )
27 biscaven touetning anear © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim




Original

Paper

phys. stat. sol. (b) 244, No. 11 (2007) 4007

In this paper we report on Raman measurements of the radial breathing mode of nanotubes separated
in solution. We compared Raman intensities of particular semiconducting nanotubes when exciting reso-
nantly into the first and second optical transition. We observe an up to 16 times stronger signal when
exciting resonantly into the first transition. It can be shown that this difference is mainly due to different
lifetimes of E,, and E,,. We find that the Raman matrix elements are similar for £, and E,,. By com-
parison to theoretical predictions of the electron—phonon coupling ratio M,,/M,, we find the results to
deviate by a factor of 1.7. One possible explanation for this deviation is a 1.3 times larger exciton—
photon coupling in case of the E|, transition than in E,,.

2 Experimental

We performed resonant Raman spectroscopy on single-walled carbon nanotubes ultrasonically dispersed
in D,0. To prevent the HIPCO-type nanotubes from rebundling they were enclosed in sodium dodecyl
sulfate micelles [14]. Using tunable laser systems we varied the excitation energy from 1.26 eV to
1.46 eV and from 1.72 eV to 1.93 eV. These energy regions were chosen in order to resonantly excite the
first and second optical transition of the (9,1) and (8,3) nanotube [6]. Stokes and anti-Stokes radial
breathing mode spectra were collected using a Dilor XY800 triple-monochromator setup in backscat-
tering geometry. Subsequently spectra were normalized to the intensity of the Raman signal from CaF,
(326 cm™), the Bose—Einstein occupation number and the inverse phonon energy. After this normaliza-
tion the measured Raman intensities are proportional to the square of the Raman susceptibility.

3 Results and discussion

In Fig. 1 we show four contour plots with the corrected Raman intensities as a function of excitation
energy and Raman shift. In each plot the resonances of the RBM of a number of tubes appear. By com-
parison to recent work it can be shown that each plot contains the resonance of at least the (9,1) and the
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Fig. 1 (online colour at: www.pss-b.com) Contour plots of the RBM spectra normalized as described in
the text. The plotted intensities are proportional to the Raman susceptibility. Upper plots contain anti-
Stokes (a) and Stokes (b) Raman spectra excited resonantly via E,,. Lower plots show anti-Stokes (c) and
Stokes (d) spectra in resonance with E,,.
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Fig. 2 (online colour at: www.pss-b.com) RBM resonance profiles of the E|, (left) and the E,, (right)
transition for two nanotube types, the (9,1) anti-Stokes (a) and Stokes (b), and the (8,3) anti-Stokes (c). In-
tensities of the E,, resonance profiles are scaled by the given factor with respect to the corresponding E,,
profiles. For better comparability the width of the energy intervals is the same for all plots. Graphs are the
best fits of Eq. (1) to the experimental data. Fitresults are given in each plot. M is proportional to M in-
cluding the remaning constants c.

(8,3) nanotubes [5, 6], see labels in the figure. While plot (a) and (b) show the anti-Stokes and Stokes
spectra with resonant excitation into the first optical transitions (£),), plot (c) and (d) show the anti-
Stokes and Stokes spectra when exciting resonantly into the second optical transitions (E,,). In order to
gain resonance profiles we fitted each RBM with a Lorentzian profile. Plotting the area of the Lorentzian
as a function of excitation energy £, yields a resonance profile as shown in Fig. 2.

In Fig. 2 we compare the resonance profiles of the E,, (left) and the E,, (right) of the (9,1) and (8,3)
nanotube. At first glance the large intensity difference between the first and second transition is apparent.
The maximum Raman intensities of the E,, transitions are up to 16 times larger than the intensities of the
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corresponding E,, transitions. From this result one might be tempted to deduce a stronger electron—
phonon—coupling or absorption in case of E;,. An indication that this is not the case is given by the
slopes of the resonance profiles. Obviously the slopes of the E,, resonance profiles are much steeper than
those of the E,, profiles (the relative scale of the energy axes is the same for all plots in Fig. 2). This
corresponds to a change in the line width of the underlying electronic transition. In order to extract the
linewidth 7~ and the matrix elements (M) of the absorption and the electron—phonon coupling we fit the
following expression to the resonance profiles [15],

c MP
E2 [(Elaser _E‘i[)2 +F2/4] [(E]

laser

[(Ejper) = M

~hw—E,) +I°/4]

aser

Fitting with this expression also yields the transition energy E,, where ii denotes the involved subbands,
hw is the phonon energy, and ¢ contains remaining constants. The fit results (Fig. 2) show that in fact
the Raman matrix elements M of E,, and E,, are similar. The strong intensity difference is mainly due to
the change in /7, which is approximately twice as large for E,, as for E|,. I is the imaginary part of the
electronic transition energy E, and thus related to the lifetime of the transition. The observed change in
I can be interpreted as longer lifetimes of excitations in the first excitonic state — a result which is also
known from time resolved measurements [16]. We do not give absolute values for the lifetime since a is
affected by inhomogeneities in the sample like the formation of small bundles and varying tube length.
Differences in the sample quality might also be the reason for deviations between our results and result
from Satishkumar et al. [8]. They observed twice larger intensity ratios /,,//,, and an accordingly smaller
line width of E|,. Interestingly, their values for /7~ of the second optical transitions do not differ signifi-
cantly from our results. Apparently the (shorter) lifetime of the E,,-exciton is much less affected by
environmental changes.

In the following section we compare our results to predictions from theory. Most publications which
provide theoretical predictions of Raman intensities or electron—phonon coupling strength are based on
the free-particle picture, so they do not include excitonic effects [11, 12]. In Ref. [13] the Raman intensi-
ties are calculated including excitonic effects, however, only results on E,, are given. The authors of
Ref. [13] show that the exciton—photon matrix element M = depends only on diameter, not on chiral
angle. Therefore we can assume the ratio M ;_ /M to be approximately constant at least for a lim-
ited diameter range. Second, the behavior of the exciton—phonon matrix elements M in Ref. [13]
shows hardly any deviation from results based on the free-particle picture. With these assumptions we
compare our experimental results on the matrix elements (M =M2_ M, ) to predictions on the
electron—phonon coupling strength based on the free-particle picture. Deviations might then be associ-
ated to changes in the exciton—photon coupling between £, and E,,.

Popov et al. [12] calculated Raman intensities of E;, and E,, for a large number of chiral indices
(n,,n,) using a nonorthogonal tight-binding model in the free-particle picture. In order to compare our
results to those in Ref. [12] we calculated the ratio of the electron—phonon matrix elements from
Ref. [12] lell_ph/ 2 o and from the matrix elements resulting from our measurements M,,/M,,. In
case of the (9,1) nanotube this ratio is 0.65 which is 1.76 times smaller than our experimental result
(1.14). For the (8,3) M /M, is 0.50, which is 1.67 times smaller than our result (0.8). For both
nanotubes M, /MZ is ~1.7 times larger in the experimental results than predicted. One possible
explanation is that the deviation is due to changes in the exciton—photon matrix elements M __ . This
would imply a ratio M _ /M2 of 1.3 (V1.7).

4 Conclusion

We studied the Raman intensities exciting resonantly into the first and second optical transitions. We
observed strong intensity differences between the two transitions which are mostly due to the smaller
linewidth of the E,; transition. Comparison to results from Ref. [8] show deviations only in the linewidth
of E,, implying this transition to be more sensitive to environmental effects. We find that the matrix
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elements vary only slightly between E,, and E,,. By comparing the ratio of the matrix elements to theo-
retical predictions on the electron—phonon coupling we find a deviation of 1.7, which might be associ-
ated with a 1.3 times larger exciton—photon coupling for £, compared to E,,.
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