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Photoselective resonance Raman scattering from laser ablation grown single-wall carbon nanotubes is
demonstrated to be consistent with a response from tubes with all geometrically allowed helicities. This
information is drawn from an analysis of the resonance scattering by combining ab initio calculations for
the mode frequencies with evaluations of the resonance cross sections for isolated tubes. The resonance
excitation was found to exhibit an oscillatory behavior. To match the experiments and the calculations,
the frequencies obtained from the latter must be up-shifted by 8.5% on the average. This stiffening is
ascribed to the tube-tube interaction in the carbon nanotube bundles.

PACS numbers: 78.30.– j, 63.20.Dj, 78.66.Qn
Single-wall carbon nanotubes (SWCNTs) have an ex-
tended spectrum of interesting physical properties. This
spectrum is not yet fully explored but it covers, among
others, unusual mechanical properties, quantum-size ef-
fects in the electronic properties, photoselective reso-
nance scattering in Raman experiments, and attractive
catalytic and electrochemical behavior. Some of these
properties have been analyzed in single-tube experiments
where details of the geometric structure of the tubes
can be determined. In general, this is not possible and
tubes with different diameters and different helicities are
packed into bundles and contribute as such to the experi-
mental response. In the early days of research work on
SWCNTs, a dominance of (10,10) armchair tubes was
anticipated [1,2] but Raman scattering always revealed
a rather large number of peaks for the radial breath-
ing mode (RBM) which was difficult to understand from
scattering of predominantly (10,10) tubes. In addition re-
cently scanning tunneling microscopy [3], high resolution
electron microscopy [4], and detailed Raman analyses of
the RBM [5,6] demonstrated that many more helicities
with different diameters are dispersed in the samples.
Theoretical evaluations of ground state energies of the
tubes did thus far not come up with any preferred tube
geometry so that, even for a rather narrow range of di-
ameters, as determined, e.g., from electron microscopy,
a continuous distribution of tubes among the helicities
must be expected. For the classical tube material as it
was described in Ref. [1], the diameter distribution al-
lows for more than 60 different tubes if all geometrically
possible helicities are included. Under these conditions it
remained a puzzle why the Raman response of the RBM
is still dominated by a well-expressed fine structure as
it would be expected for a discrete set of helicities for
the tubes.

The crucial role of the RBM for the analysis of
SWCNTs originates from the fact that its frequency scales
with the inverse of the tube diameter D. This leads even-
tually, together with the similar scaling of the electronic
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transition energies, to a well-expressed photoselective
resonance scattering in Raman experiments. Both effects,
the scaling with 1�D and the photoselective resonance
scattering, have been reported in several papers [7–10]
and the line shape of the RBM was repeatedly reported
to exhibit a fine structure. However, for a quasicontinu-
ous distribution of diameters a smearing out of all fine
structure is expected.

In this Letter we demonstrate the following: (i) The
observed structures in the optical absorption and the fine
structure in the Raman response for the RBM are in
detail consistent with contributions from all geometrically
allowed tubes in a certain diameter range. (ii) The Raman
response of the RBM exhibits an oscillatory behavior with
respect to the excitation energy. This oscillation refers
to the frequency at maximum intensity and to the maxi-
mum intensity itself and is a result of the superimposed
resonance scattering from the Van Hove singularities of
the various tubes. (iii) The fine structure of the Raman
response is at least semiquantitatively retained from
ab initio calculations on isolated tubes, combined with an
evaluation of the resonance cross section. (iv) The abso-
lute values for the evaluated peak positions must be up
scaled on the average by 8.5% to match the experiments
which is considered as a quantitative evidence for the
strong interaction of the individual tubes in the bundle.

The SWCNTs used in this work were grown from a
two beam laser desorption process described previously
[1]. According to the original analysis and many later
works on related materials, the average diameter of the
tubes is around 1.38 nm which corresponds to a (10,10)
armchair species. Slightly lower values were reported
from electron microscopy. For the optical transmission
experiments, thin films were prepared by peeling the
tubes from a microporous filter with a scotch tape af-
ter they had been suspended and filtered from a solution
of alcohol with a surfactant.

For the Raman excitation, a large number of different
lasers were used, extending from the deep blue (2.7 eV)
© 2000 The American Physical Society
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to the infrared (1.16 eV). Since any purification process
was observed to result in a smearing out of fine structure in
the Raman response due to a broadening of the individual
peaks, the tubes were measured as prepared from the laser
ablation. Raman excitation was performed in high vac-
uum with the excitation power kept below 1 mW to avoid
heating by the laser beam. Analysis was performed with a
Dilor xy system as described previously [5]. The response
of the spectrometer was calibrated using the resonance be-
havior of the F1g mode of Si [11].

The number of different laser lines used to record the
Raman response in the spectral range of the RBM was
large enough to follow the rather rapid but still con-
tinuous development of the spectra at least in part of
the energy range under investigation. This change of
the spectra with excitation energy is so fast that Stokes
and anti-Stokes recorded spectra or any weak heating
of the sample by the laser resulted in a different line
shape as a consequence of the different electronic and vi-
bronic states involved. Selected recorded spectra are pre-
sented in Fig. 1(a). Except for the multipliers indicated,
the intensities of the spectra are comparable. There is
a well-expressed fine structure in the spectra as it has
been observed previously several times. The change of
this fine structure appears rather chaotic at a first glance.
However, watching in detail reveals that the intensities
and line positions change periodically with the laser en-
ergy. There are at least two transitions to very low inten-
sity around 800 nm and around 600 nm. Each time the
transition to low intensity is passed the peak position of
the response switches to a lower value. To better charac-
terize this oscillatory behavior, the positions of the peaks
are plotted versus the excitation energy in Fig. 2. The
value of the periodicity is approximately 0.6 eV.

As stressed above there is no good reason to make a se-
lected group of tubes responsible for this particular behav-
ior. We thus evaluated the response from all tubes in the
relevant diameter range. Since the observed peaks in the
spectra extended from about 145 to 220 cm21, 80 differ-
ent geometrically allowed tubes must be considered. The
joint density of states (JDOS) for all these tubes was evalu-
ated using the zone folding technique. To save computer
time the dispersion relations for the chiral tubes was ex-
panded in a Taylor series up to quadratic order in k. The
resulting JDOS exhibited the typical Van Hove singulari-
ties for all chiralities. For the comparison with the experi-
ments the ppp matrix element g0 was varied between
2.5 and 3.1 eV. A value of 2.9 eV was found to yield
best agreement.

Relevant for the resonance Raman scattering are the first
and second resonance transitions in the case of the metallic
tubes and the second, third, and fourth resonance transition
in the case of the semiconducting tubes. Whereas the low
energy transitions exhibit the well-known uniform scaling
with the diameter [12], this is not so for the higher transi-
tion. As a consequence the superposition of all contribu-
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FIG. 1. Raman response for the radial breathing mode of
single-wall carbon nanotubes as excited with different lasers (a)
and calculated response for 80 different tubes (b). Relative
intensities in (a) are calibrated from the resonance of the F1g
mode in Si. Scaling factors are multipliers for the as-measured
(calculated) spectra.

tions to the overall JDOS smears out for almost the whole
energy range and eventually the JDOS of the graphene
sheet is obtained. This is demonstrated in Fig. 3(a) where
the superposition of the 80 JDOS was weighted with a
Gaussian distribution of the diameters with a mean value
and a variance of D � 1.35 nm and s2 � 0.01 nm2, re-
spectively. Only for the low energy part of the super-
position a structure is retained. This is demonstrated in
Fig. 3(b). Under the well-justified assumption that the
resonances between Van Hove singularities in the density
of states dominate the JDOS and thus the optical absorp-
tion, the resulting pattern can be compared directly with
the optical transmission of a thin film. As demonstrated in
the figure this comparison is very satisfactory for energies
including the whole visible spectral range.

For the evaluation of the Raman response we pro-
ceed similarly. The RBM frequencies for the armchair
and zigzag tubes were calculated using the Vienna
1325
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FIG. 2. Peak position of the radial breathing mode for exci-
tation with various lasers: �≤, � as measured; �±, � as
calculated with an 8.5% up-shift in frequency.

ab initio simulation package (VASP) as reported pre-
viously [13]. From these results the frequencies for
the chiral tubes were determined by interpolation from
n � �239 2 5�n 2 m��n��D�n, m�. The average dis-
tance between frequencies is less than 1 cm21 but the
evaluated frequencies are slightly clustered. The result still
confirms the quasicontinuous distribution of the modes.
Each frequency was broadened with a Lorentzian line of
width 4 cm21 and the peak intensity I0 was evaluated
from the JDOS g�e� according to [14]

I0 �

Ç Z g�e�de

�h̄vi 2 e 2 ih̄a� �h̄vs 2 e 2 ih̄a�

Ç2

. (1)

The above relation anticipates that all transition matrix
elements are only weakly dependent on energy. vi and vs
are the frequency of the incident and the scattered light,
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FIG. 3. Added joint density of states for all geometrically al-
lowed nanotubes with radial breathing mode frequency between
145 and 220 cm21 (noisy line) and joint density of states for
the graphene sheet (dashed line) (a). Comparison between the
added joint density of states (calc) and an absorption spectrum
(exp) in the low energy range of the graphene band (b).
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and h̄a is the width of the electronic states for which
0.01 eV was found to be appropriate. With these values
the contributions from all tubes were again weighted with
the same Gaussian line as used above and the result was
summarized to yield the calculated line shape. This shape
reproduces the experimental data very well in the follow-
ing sense: (i) The fine structure in the Raman line is re-
tained; (ii) it changes dramatically with the selected laser
energy vi; and (iii) the calculated positions for maximum
intensity change periodically with the laser energy. The
peak intensities change periodically as well but quantita-
tive comparison needs the evaluation of matrix elements.

Considering the calculated results for excitation with all
laser lines, the peak positions for the Raman response can
be evaluated and thus allows a direct comparison with
the experimental results from Fig. 2. The open circles
and the dashed line are the calculated data. However, all
calculated frequencies were uniformly up-shifted by 8.5%.
The overall match between experiment and calculation is
now very good and even the oscillations with the laser
energy are rather well reproduced by the latter.

The requested up-shift is definitely beyond any error
in the calculation and has thus an intrinsic origin. It is
a consequence of the packing of the tubes into bundles.
Since the calculations were performed for isolated tubes,
the up-shift of about 8% is safely assigned to a strong
intertube interaction due to van der Waals forces.

The main parameters entering the evaluation are the
ppp matrix element g0, the excited state lifetime 1�a, the
width of the Lorentzian lines GL, and the parameters for
the Gaussian function. The latter are pretty well-defined
for our samples from electron microscopy and x-ray
analysis. GL determines the fine structure for the cal-
culated spectra and is as such independent of other
parameters. g0 and a are crucial and not independent.
They are very sensitive to peak position and peak height.
A 5% change in g0 can lead to a 10 cm21 shift in the
peak position of the RBM mode in a particular spectrum.
However, what counts is the average shift for all peak
positions evaluated. In fact, from plots such as Fig. 2,
a quantitative error in the form of a root mean square
deviation of the experiment from the calculation can be
defined as a function of the frequency scaling factor. We
have varied both g0 and a in certain ranges and found a
minimum error of 1.2% for the frequency scaling factor
of 1.085. From the distribution function used for the fit
only 4% of the tubes are (10,10).

Explicit examples for a calculated line pattern as com-
pared to the experiments are depicted in Fig. 4. The good
agreement between calculated and observed line shapes
is evident, in particular for the higher energy excitation.
Again, the agreement required an up-shift of the calcu-
lated spectra by 3%, 8%, and 13%, respectively, for the
three spectra presented.

The remaining discrepancies in Figs. 2 and 4 are
natural and due to the simplifications used in the model.
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FIG. 4. Comparison between observed � � and calculated
� � pattern for the radial breathing mode for excitation with
three different laser lines.

The periodicity in the resonance excitation is considered
as a consequence of the periodicity in the Van Hove
singularities.

A rather strong interaction for SWCNTs in a bundle
was recently predicted theoretically [15] and also claimed
from the observation of a large pressure coefficient for the
RBM [16]. From a most recent calculation based on a
molecular dynamical generalized tight binding model [17]
and from a pair potential approach [18], a 7% and an
11% up-shift, respectively, of the RBM frequency due to
the tube-tube interaction was found in excellent agreement
with our results. Also, the optimum values obtained in this
work for g0 and a are in very good agreement with results
from Ref. [9].

In summary, the analysis for the Raman response of
the RBM in SWCNTs demonstrates that in laser ablation
grown material all geometrically allowed helicities are
present. Since from the 80 tubes considered in the
calculations only four are armchair and six are zigzag,
the response from the chiral tubes dominates the spectra
and in turn will dominate all experiments carried out on
bulk SWCNT material. The observed results are straight-
forwardly extrapolated to SWCNTs prepared by other
techniques.
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