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The resonance behavior and the dispersion of the G8 line in double-wall carbon nanotubes were investigated
by multifrequency Raman scattering. Using a large number of laser lines for excitation, the dispersion for the
response from the inner tubes and from the outer tubes was found to be 85 and 99 cm−1/eV, respectively. The
reduction of the dispersion for the inner tubes is a consequence of their high curvature and suggests a flattening
of the phonon dispersion at theK point in the Brillouin zone. The frequency position for the G8 line of the
inner tubes for a given laser energy was likewise strongly reduced as compared to values expected from tubes
with standard diameter. This was again assigned to the strong curvature of the small-diameter inner tubes.
Finally, the G8 line scattering cross sections for the outer tubes and for the inner tubes revealed resonances
according to the transitions between the corresponding Van Hove singularities. The response from the inner
tubes was particularly strong, in good agreement with the expected resonance enhancement resulting from their
high curvature.
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I. INTRODUCTION

Single-wall carbon nanotubessSWCNTsd have been at-
tracting considerable interest for a number of years as they
are very good examples for one-dimensional systems on the
one hand and exhibit a high application potential on the other
hand.1–3 Recently, particular attention has been dedicated to
double-wall carbon nanotubessDWCNTsd. Such systems are
of special interest if the inner shell tubes are grown from
fullerenes encapsulated into the primary outer shell tubes
sso-called peapods4d.5 On heating to temperatures as high as
1250 °C, the fullerenes in the peapods transform into inner
shell tubes with a high degree of perfectness.6

Peapod grown DWCNTs are exceptional for several rea-
sons. Normally, peapods are obtained from SWCNTs with
mean tube diameters between 1.3 and 1.5 nm. Since the in-
tertube distance in the DWCNTs is about 0.35 nmsthe inter-
layer distance in graphited, the diameters of the inner shell
tubes are around 0.7 nm, coming close to SWCNTs grown in
zeolites.7,8 The diameter distribution of the inner tubes is
expected to follow roughly the distribution of the outer ones,
except for a cutoff below 0.5 nm.9 This cutoff is a conse-
quence of the rather large size of the fullerenes which cannot
enter tubes with diameters smaller than about 1.2 nm.

Referring to applications, DWCNTs share the advantages
of multiwall tubes in a sense that they are rather stiff and
properties from the two shells average out. Conversely, they
still have some advantages of SWCNTs, e.g., small diameters
and low weight. For fundamental research, the very small
radii of the inner tubes are of particular interest. Additionally,
the unit cells become small enough to allow for application
of density-functional calculations. Such calculations are in-
deed necessary to describe the physical properties as a con-
sequence of the high curvature of the narrow tubes.

One of the famous and important properties of the
SWCNTs is their electronic structure. Due to the one-
dimensional nature of the tubes, the electronic density of

states is jammed into Van Hove singularitiessVHSsd. Within
a simple tight-binding approximation, optical transitions are
between VHSs symmetric to the Fermi level. The transition
energies for semiconducting and metallic tubes are assigned
asEii

S andEii
M, respectively. In a linear approximation, these

energies scale with 1/D, whereD is the tube diameter.10 In a
refined description, the trigonal warping of constant energy
contours and the influence of the chirality must be
considered.10 Symmetry-adapted nonorthogonal tight-
binding calculations yield more precise results with lower
transition energies and a stronger deviation from a 1/D law
since tube curvature is included.11 In addition, the exact val-
ues for the electronic energies are modulated by excitonic
effects, particularly for the lowi transitions12 and by the
effect of bundling or dressing with surfactants. Finally, and
certainly of particular importance for very small inner shell
tubes, the influence of the curvature must be considered ex-
plicitly. If the tube diameters become significantly lower than
1 nm, characteristic differences in the electronic structure as
compared to tight-binding results were reported from
ab initio calculations.13

A plot of the transition energies versus tube diameter for
all geometrically allowed tubes, known as the Kataura plot,14

is very helpful and important to understand optical and reso-
nance Raman effects. The plot depicted in Fig. 1, with the
inverse tube diameter used on the abscissa, is based on cal-
culations by Popov.11 The calculated energies from this work
were subsequently scaled to match the experimental ones of
Fantini et al.15 and Weisman and Bachilo16 sobtained from
HiPco tubes dispersed in aqueous solution and wrapped in
SDSd. The scaling factors for each transition and SWCNT
type smetallic as well as semiconducting type I and IId de-
pended linearly on the inverse tube diameter. The horizon-
tally hatched area marks the range of laser energies used in
our experiments. The vertically hatched areas mark the di-
ameter distribution of the outersleftd and inner tubessrightd,
respectively.
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Raman spectroscopy has been demonstrated in numerous
experiments to be a key analytical technique for the investi-
gation of SWCNTs. The resonance enhancement for transi-
tions between VHSs makes the technique particularly ap-
pealing. Four characteristic Raman modes are known: The
radial breathing modesRBMd around 180 cm−1, the defect
line sD moded around 1350 cm−1, the graphitic mode around
1590 cm−1 sG moded, and the overtone of the D mode
around 2700 cm−1 sG8 or D* moded.

For all lines, the frequency depends on the tube diameter.
This dependence is rather strong and scales as the inverse
tube diameter for the RBM whose frequency increases with
decreasing diameter.17,18 The frequencies for the other Ra-
man lines also depend on the inverse diameter, however they
decrease with decreasing tube diameter.19,20

Additionally, the line position depends also on the energy
of the exciting laser. This holds at least for the RBM, the D
line, and the G8 line and is known as dispersion of the Ra-
man modes. The origin of the dispersion is characteristically
different for the RBM response on the one side and for the D
and the G8 lines on the other side. In the former case, it is
related to a photoselective resonance scattering which re-
quires a distribution of tube diameters in the sample. In con-
trast, in the case of the D line and the G8 line, the response
comes from phonons related to theK point in graphene, or
from phonons close to this point.21,22 A double resonance
scattering process was found to be the origin of the
dispersion,22 similarly to what has been reported for
graphene,21 and the magnitude of the effectsshift in line
position versus change in excitation energyd is determined by
the slope of the phonon dispersion near theK point in
graphite.23

Double resonance Raman scattering is well known in
resonance Raman theory. It was recently applied to under-

stand the D line in SWCNTs in a quantitative manner.22–24To
satisfy energy and momentum conservation, scattering by an
impurity must be included into the overall Raman process for
the D line. For the double resonance leading to the G8 line,
the process is similar but no contribution from a defect is
required, rather a second phonon takes care for momentum
conservation. The principle of this mechanism as it is oper-
ating for the two-phonon process is depicted in Fig. 2.

The figure depicts contours of equal energy at two neigh-
boring K points of the graphene band structure. The parallel
lines are the allowedk states for ans8, 4d tube. The two full
drawn arrows depict two examples for particular strong reso-
nance enhancementsstriple resonanced.23 For the arrowsad
the primary electron-hole excitation meets a transition be-
tween two VHSssingoing resonanced. The scattering fromK
to K8 by the phonons"Vq,qd ends on an eigenstate of the
tube which is in general not a VHS. Backscattering by the
phonons"Vq,−qd takes the electron back to its originalk
value but at an energy 2"Vq below the eigenstatesfor Stokes
scatteringd. The final recombination is therefore nonresonant.
For the outgoing resonancefvector sbdg, the primary
electron-hole excitation is nonresonant, scattering is to a
SWCNT state on theK8 position, and backscattering is into
the VHS on theK position. As far as the incoming light is
concerned, the difference in energy between the two reso-
nances is as large as 2"Vq=0.33 eV, whereq is salmostd the
wave vector of theK point phonon. An alternative but less
efficient triple resonance occurs if the electron is scattered to
the VHS on theK8 side and either the primary excitation or
the final recombination is nonresonant. In all cases, two tran-
sitions are in resonance whereas the third transition is off
resonance. In addition, for the triple resonance, of the ingo-
ing and outgoing resonance, two VHSs are involved. Double
resonance may as well occur between any two appropriate
states on the twoK points. It does not need the VHSs. This
means the expected resonance profiles may be rather broad.
The theory for double resonance scattering for the G8 line is
more complicated than the theory for the D line, since the
two-phonon density of states for theK point derived phonons

FIG. 1. Transition energies vs inverse diameter of SWCNTs
sKataura plotd, based on calculations by PopovsRef. 11d sopen
symbolsd. The calculated energies were scaled to fit the experimen-
tal results of Fantiniet al. sRef. 15d sfilled symbols forE22

S andE11
M d.

The E11
S branch was taken from Weisman and BachilosRef. 16d.

The hatched areas assign the energy range used for excitation of
Raman spectrashorizontallyd and the tube diameter ranges for outer
sleftd and inner tubessrightd. The widths of the vertical bars are the
FWHMs of the assumed Gaussian distributions.

FIG. 2. Double resonance scattering for the Raman response of
the G8 line in SWCNTs. Closed curves: equal energy contours of
the graphene band structure, parallel lines: allowedk states for an
s8, 4d tube. Full drawn arrows represent double resonance scattering
processes for the incomingsad and for the outgoingsbd light where
Van Hove singularities are involvedstriple resonanced. The dashed
arrow represents also a triple resonance but with less efficiency.
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has to be considered. As a consequence of the zone folding,
many branches can contribute.

Whereas considerable investigations have been dedicated
to the RBM analysis in the DWCNTs,6,25 very little has been
reported on the G line response26 and almost nothing is
known about the D and G8 lines. The D line response is
important since its intensity is related to the number of de-
fects in the tubes. Since the RBM response from the inner
shell tubes exhibits unusual narrow lines,6 the relative con-
centration of the defects must be small and only a weak D
line response is expected. On the other hand, small tube di-
ameters enhance the electron-phononse-phd coupling27

which raises Raman intensities. Unfortunately, the D line of
SWCNTs exhibits a structured profile24 as a consequence of
the resonance from the VHSs and the warped energy con-
tours. Since the diameter dependence of the D mode fre-
quency is rather small,19 the contributions from inner and
outer shell tubes overlap in general and are not easy to sepa-
rate. Therefore, in this contribution we concentrate on the
behavior of the G8 line where the separation between re-
sponse from the inner tubes and outer tubes is twice as high
as for the D line. Since the G8 line response is independent
of any defect concentration and the inner tube response still
gains from enhanced e-ph coupling, a strong signal from the
inner tubes is expected.

The response from the outer and from the inner tubes was
indeed found to be well separated. In fact, the separation was
more than twice as strong as expected from results reported
previously for the diameter dependence of this mode as ana-
lyzed from individual SWCNTs.19 Peak resonances were dif-
ferent for the two-tube species but could be correlated to
ingoing and outgoing resonances of the light with respect to
VHSs. The resonance cross section was strongly enhanced
for the inner shell tubes but explicit evaluation of the en-
hancement was difficult due to secondary effects such as a
shielding of the inner tubes by the outer onessantenna ef-
fectd.

II. EXPERIMENT

Nanotubes were purchased from Nanocarblab and filled
with C60 fullerenes as reported previously.28 The diameter
distribution of the starting material was determined from Ra-
man analysis and revealed for the peak and for the variance

of a Gaussian distribution the valuesD̄=1.45 nm ands
=0.1 nm, respectively. The resulting mats of bundled pea-
pods were vacuum annealed at 800 K to get rid of any non-
encapsulated C60. Measurements of the filling ratio using
bulk sensitive electron-energy-loss spectroscopy29 and Ra-
man spectroscopy30 revealed a maximum C60 occupancy of
about 80%. This is very close to the theoretical limit of 95%
expected for the tubes used. Under these conditions, the ab-
solute filling of the outer tubes with inner shell tubes which
means the ratio of carbon atoms in the outer tubes to the
carbon atoms in the peas is 0.28. Of course this ratio remains
after the transformation to the DWCNTs. After the 800 K
annealing, the peapods were subjected to a high-temperature
annealing at 1250 °C and subsequently slowly cooled to
room temperature. The resulting DWCNTs exhibited very

narrow Raman lines for the RBM down to 0.4 cm−1.6 Con-
trol experiments were performed with slightly smaller tubes
grown by laser ablation and purchased from Tubes at Rice.
Diameter distribution, again as determined from first and
second moments of the RBM response in Raman experi-

ments, was given byD̄=1.35 nm,s=0.1 nm. Preparation of
the DWCNTs was performed as described above. The
smaller tube diameter certainly leads to a smaller fraction of
DWCNTs relative to the unfilled tubes in these samples as
compared to the fraction in the Nanocarblab material but
otherwise the results were the same.

Raman spectra were recorded for laser lines extending
from 1.83 to 2.71 eV at ambient conditions using a Dilor xy
triple spectrometer with a back thinned and blue enhanced
CCD detector. Since the lines of interest here were rather
broad, normal resolution was used. The system was cali-
brated for intensities with Si powders/250 mmd. The inte-
grated intensity of the Si first-order phonon mode was di-
vided by the incident laser power and then scaled to the Si
Raman cross section reported by Renucciet al.31 with a fac-
tor f. To obtain the Raman cross section of the G8 mode, its
integrated intensity was divided by the incident laser power
and then scaled with the same factorf. This procedure cor-
rects for the spectrometer/detector sensitivity and thev4 de-
pendence of the Raman process.

III. RESULTS

Figure 3 depicts the response of the G8 mode for the three
basic materials under investigation: pristine SWCNTs, pea-
pods, and the resulting DWCNTs, all recorded for the same
starting material and the same laser excitation. The response
from the pristine material and from the peapods exhibits a
smooth line profile with a quasi-Voigtian shape. Looking into
details, flat structures and a weak asymmetry can be ob-
served. Such structures could originate from theA1sLd
branch for metallic tubes which is known to be dramatically
downshifted due to e-ph coupling.20 Also, the peak position

FIG. 3. Raman response of the G8 line in various carbon nano-
tube materials as exited with a 488 nm laser. Top: pristine nano-
tubes, center: peapods, bottom: DWCNTs. Dashed lines are Voi-
gtian fits. All spectra are normalized to equal height.
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of the lines is modulated and located at 2696 and 2699 cm−1

for the pristine material and the peapods, respectively. The
linewidths are about 45spristine tubesd and 43 cm−1 spea-
podsd. In the case of the DWCNTs, a clear shoulder has
developed at the low-frequency side of the G8 response from
the outer tubes. This shoulder is assumed to originate from
the G8 line of the inner shell tubes. From the Voigtian fits,
the line positions for the lower- and higher-frequency peak
are at 2640 and 2697 cm−1, respectively, with widths of 55
and 54 cm−1. Since the G8 line is known to exhibit a char-
acteristic resonance profile, it was certainly interesting to
check for such profiles in the peapods and in the DWCNTs.

Results for excitation with various lasers are depicted in
Fig. 4 for the peapods. The response exhibits the expected
result. The G8 line shifts continuously downwards without
any dramatic change of its shape. Even though intensities are
not yet calibrated, a noticeable drop in the cross section can
be expected from the noisy spectra for red laser excitation.

Details of the dispersion and of the resonance excitation
can be obtained from a fit of all spectra to Voigtian lines and
making use of the calibration of the spectrometer. Results for
both the dispersion and the resonance cross section are de-
picted in Fig. 5. The dispersion exhibits on the average a
straight line with a slope of 96.2 cm−1/eV. On top of this
line, an oscillatory behavior of the response can be seen, as is
well known for the pristine tubes.23 The slope of the line is
slightly smaller than the slope obtained for pristine tubes
reported to be 110s3d cm−1/eV.23

To obtain the cross section for second-order scattering
udxsvd /dQu2, the spectra were calibrated as described above.
No additional correction for absorption was included, since it
is not well enough known. The cross section obtained in this
way is continuously increasing with increasing laser energy
with a very broad hump around 2.1 eV, a shoulder around
2.5 eV, and an onset of a peak value at 2.7 eV. Any correc-
tion for absorption would only lead to a further increase of
the cross section with increasing light energy, since the ab-
sorption of bucky paper is continuously increasing with the
latter. Thus, the scattering volume is decreasing with increas-
ing energy. The pattern obtained is very similar to the re-

sponse from the outer shell tubes in the DWCNTs and will
therefore be described in more detail in the discussion of the
latter results.

The response of the G8 lines in the DWCNTs is depicted
in Fig. 6 as excited for various lasers. Again clear evidence
can be seen for the dispersion effect of both lines and for a
resonance behavior which differs for the response from the
two concentric shells. In the case of green and yellow laser
excitation, the response from the inner tubes is stronger than
the response from the outer tubes, even though the concen-
tration of carbons in the inner tubes per volume is only about
28% of the concentration of carbons in the outer tubes. Even-

FIG. 4. Raman response of the G8 line in peapods as recorded
with various lasers indicated in the figure in nmseVd. All spectra
are normalized to equal height.

FIG. 5. Dispersionscirclesd and Raman cross sectionstrianglesd
of the G8 line in peapods. The straight line indicates the linearized
response. The dashed line along the experimental points is a guide
for the eye and demonstrates the oscillatory behavior.

FIG. 6. Raman response of the G8 lines in DWCNTs as recorded
with various lasers indicated in the figure in nmseVd. All spectra
are normalized to equal height.
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tually, for excitation with deep red light, the spectra become
very weak and the intensity from the inner tubes G8 line
drops again to below the response from the outer tubes G8
line. This indicates a rather sharp resonance profile for the
inner tubes as compared to the outer tubes.

Like in the case of the peapods, a fit of Voigtian lines to
the spectra reveals the dispersion. Figure 7 shows the result
for the peak positions as a function of laser energy for both
shells. As expected, the relations are quasilinear in both cases
with a superimposed oscillation. This oscillation is out of
phase for the two shells. In addition, there is a noticeable
difference in the slope of the lines. For the outer tubes, we
find 99.1 cm−1/eV, whereas the G8 line for the inner tubes
yields 85.4 cm−1/eV. This difference is significant as the
RMS error as depicted from the figure is much smaller than
this difference. In fact, the real error is still considerably
lower, since the oscillatory behavior has not been considered
in the evaluation of the error.

Figure 7 also depicts the difference in mode frequency for
the two G8 lines as evaluated from the straight line to straight
line distance at 2.41 eV excitation energy. The obtained dis-
tance is much larger than the distance evaluated from the
relation

n̄ = 2708.1 − 35.4/D. s1d

This relation was derived from a diameter-dependent evalu-
ation of line shifts in individual tube experiments19 for tubes
with diameters between 1.25 and 2.5 nm at 2.41 eV. The
above equation yields 2684 cm−1 for the outer tube G8 fre-
quency in very good agreement with the result of 2684 cm−1

from the DWCNT experiments reported here but much too
high valuess2658 cm−1 as compared to 2628 cm−1 observed
hered for the inner tubes. The dash-dotted line in the figure
indicates the position of the G8 mode for the inner tubes as

predicted from Eq.s1d if the same slope is assumed, as was
observed for the inner shell tubes.

Evaluation of Raman intensities is not a trivial task and
needs a careful calibration and alignment of the experiments.
Even then, results may be dressed with a substantial error. If
two lines from the same spectrum are compared, these prob-
lems are almost excluded and results almost free of error can
be expected. The results of Fig. 6 are very suggestive to
proceed with the analysis in this form. Peak intensities were
obtained from the line fit analysis and the results are shown
in Fig. 8. The graph shows a clear maximum at 2.34 eV with
an asymmetric energy distribution on the left and on the right
side of the peak. No correction for the different amounts of
carbon in the two shells was performed since this would only
yield a different scale on the ordinate. The peak is expected
to be close to the energy where the resonance cross section
for the inner tubes has a maximum. At low energies, the
response from the inner tubes drops much faster than the
response from the outer tubes. In contrast, at high energies
the ratio between scattering from inner and outer tubes ap-
proaches a constant value.

More detailed information can be drawn from an evalua-
tion of the scattering cross section for the two shells explic-
itly. Looking at the cross section of the inner tubes in Fig. 9,
we recognize immediately the dramatic enhancement as
compared to the outer tubes. This enhancement is up to a
factor 5 for the corresponding peak positions around 2.3 eV.
Also, the resonance is rather narrow and peaks at 2.35 eV as
expected from Fig. 8. At the high-energy end of the profile, a
second peak appears around 2.65 eV. At the low-energy side,
the cross section approaches zero. The overall recorded en-
hancement of the resonance is about 25. The scattering cross
section of the outer tubes is different from the cross section
of the inner tubes but very similar to the result obtained for
the peapods in Fig. 5. It is continuously increasing with in-
creasing laser energy and exhibits several broad humps or
shoulders around 2.15, 2.5, and 2.65 eV. These humps as
well as the peak and the shoulder observed for the inner
tubes are expected to be correlated to the resonance transi-
tions between the VHSs. The overall enhancement of the
cross section for the outer tubes is about 4.

FIG. 7. Dispersion of peak positions for the G8 mode of the
outer supper graphd and innerslower graphd tubes in a DWCNT
system. The dashed lines are guides for the eye to demonstrate the
oscillatory behavior. The arrow assigns the distance between outer
and inner tube frequency at 2.41 eV. The dash-dotted line is the
linearized dispersion expected from individual tube experiments
sRef. 19d if the same slope is assumed as it was observed for the
inner shell tubes.

FIG. 8. Peak intensity ratio of inner tube response divided by
outer tube response as a function of laser excitation for the G8
modes of DWCNTs.
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IV. DISCUSSION

The above findings are interesting on mainly three points:
The strongly enhanced e-ph coupling for the inner shell
tubes, the resonance profiles for the two concentric shells,
and the deviation of the dispersion for the inner tubes from
results known so far.

A. Enhanced electron-phonon coupling

Enhancement of e-ph coupling with increasing curvature
in carbon cages was already observed fromab initio calcu-
lations in fullerenes.32,33The increasing contribution of thes
bonding to the interaction between the carbon atoms is the
reason. Results in the same direction were obtained for the
nanotubes. Even though such results were evaluated for the
e-ph coupling in the conduction band27 or exhibit a strong
dependence on chirality,34,35 they can be expected to provide
qualitative information on the relation between coupling and
tube diameter. From an extrapolation of the e-ph coupling
constants evaluated in Ref. 27, the latter are about 1.6 times
higher for the tubes with diameter 0.7 nm as compared to the
tubes with 1.45 nm. Since the e-ph coupling enters to the
fourth power into the Raman intensity for a two-phonon pro-
cess, intensities from the inner shell tubes can be expected to
be eight times higher as compared to the intensities from the
outer shell tubes. The enhancement of the cross section ob-
served experimentally is not quite as high. This may be due
to a partial shielding of the inner tubes by the outer tubes or
by field-induced charges which generate a depolarization
field36 santenna effectd. A first experimental evidence for the
enhanced e-ph coupling was already obtained from the
strongly enhanced Raman response reported for the RBM
modes.6 The experimental demonstration of the enhancement
of the e-ph coupling is important for the characterization of
the inner shell nanotubes. Since these tubes are highly
defect-free, any response from the D line should be very
weak unless enhanced e-ph coupling raises the scattering
cross section.

B. Resonance profiles for the two concentric shells

The resonance profile for Raman excitation in SWCNTs is
determined by transitions between VHSs as they are plotted
in Fig. 1. Since Fig. 1 is based on dispersed HiPco tubes
wrapped with SDS, it is not straightforward to apply it to
DWCNTs. In fact, Fantiniet al.15 reported that the transition
energies of HiPco tubes in bundles are about 75 meV below
the corresponding energies of the SDS wrapped tubes. For-
tunately, the resonances we are discussing for the G8 lines
are rather broad. This means the results of Fig. 1 still provide
valuable information for the interpretation of the data. This
holds in particular since curvature effects, which are relevant
for the small diameter inner tubes, are included in the calcu-
lation. Also, it must be kept in mind that the cross sections
we are discussing here refer to the overall material consisting
of many different tubes. It is not the cross section of a single
nanotube itself. For the assignment of the observed reso-
nances, ingoing as well as outgoing light must be considered,
since for the high frequencies under consideration the differ-
ence in transition energy can be as high as 0.33 eV.

Starting with the analysis of the inner shell tubes and
comparing the resonance positions with the data of Fig. 1,
we can assign the resonance at 2.3 eV to the transitionsE22

S .
In addition, ingoing resonances forE11

M transitions contribute.
According to Fig. 1, the resonance can be rather broad, up to
1 eV, which is indeed the case. Thus, according to the con-
dition of the experiment, the resonance is determined by the
distribution of tube diameters rather than by the widths of the
transitions between VHSs. The resonance at 2.65 eV fits to
the transitionE22

S for the outgoing photons. In this case, the
excitation energy has to be about 0.33 eV higher than the
resonance transition. This is exactly the case for the shoulder
in the cross section. The overall background in the cross
section comes from the conventional double resonance and
from the less efficient triple resonance which does not in-
volve two VHSs.

For the outer tubes, we can correlate the broad low-energy
hump around 2.15 eV with the resonance at theE33

S transition
for the incoming photons. The shoulder at 2.5 eV fits well to
the E33

S transition for the outgoing photons, whereas the
structure at highest energys2.65 eVd matches well with the
ingoing E44

S transition. The broadening and smearing out of
the resonances is not surprising. Particularly for the outer
tubes, it originates not only from conventional double reso-
nances but also from the increasing influence of the chiral
angle on the transition energies with increasing folding in-
dex, as can be seen from Fig. 1.

C. Dispersion of the G8 line for the high curvature inner tubes

The difference in the G8 line dispersion between inner
shell and outer shell tubes is of particular interest. This dif-
ference refers to the slope of the dispersion as well as to the
absolute line positions. Since the former is a replica of the
phonon dispersion around theK point, a flattening of this
dispersion with increasing curvature must be concluded from
the smaller value of the inner tubes dispersion.

Concerning the absolute value of the downshift observed
for the inner tubes G8 lines as compared to the outer shell

FIG. 9. Raman cross section for the G8 line of the inner
ssquaresd and outer tubesstrianglesd. The measured response was
corrected for the different amounts of carbon in the two shells.
Arrows mark the mean transition energies as depicted from Fig. 1.
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positions, we must keep in mind that Eq.s1d was derived
from single tube experiments with diameters between 1.25
and 2.5 nm. The leading constant of 2708 cm−1 is the fre-
quency for the G8 mode in graphite. As the experiments in
Ref. 19 demonstrate, curvature decreases all high-frequency
optical modes. This is consistent withab initio calculations
for the G mode as a function of diameter20 where a dramatic
and nonlinear decrease of the mode frequency was found for
tubes with diameters,1 nm. Thus, the discrepancy between
the results from the linearized decrease given by Eq.s1d and
from the inner shell tubes is understandable from the small
tube diameter. The influence of high curvature has been re-
ported also for the RBMs, but due to the low frequency of
the latter it is only a few wave numbers and difficult to
observe.25 In the case of the G8 mode, the relative deviation
from linearity is about the same, but due to the high fre-
quency it comes out between 20 and 30 cm−1 sdepending on
the exciting laser usedd and is therefore easily detectable.
Calculation of the downshift is unfortunately difficult since
theK point phonons of all branches and of all tubes contrib-
ute.

Because of the folding of the graphite Brillouin zone into
the nanotube zone and because of the nanotube curvature,
the G band in nanotubes contains several modes with differ-
ent symmetries. The tangential modes that are Raman active
exhibit A, E1, and E2 sA1g, E1g, and E2g for symmorphic
groupsd symmetries.37 Assuming that the whole optical
branch is modulated by curvature in the same way, we can
scale theK point frequencies to theG point modes for large
tube diameters and thus reveal a mapping of the former on
the tube diameters. The mapping was performed in two
ways. In the first attempt, only the transversalE2 modes were
considered as the main contributors to the G8 line. In a sec-
ond attempt, the average frequency at theG point of all
branches was considered and used to map the position of the
G8 line as a function of tube diameter. The mapping was
done such that the calculatedE2sTd frequency at D
=1.5 nm was scaled to the experimental G8 position of the
outer tubes for 2.41 eV excitation. The averaged values were
scaled the same way.

The diameter dependences of the Raman frequencies in
Fig. 10 were fitted withn̄=A+B/D. For theE2sTd and aver-
aged G mode branches, we getn̄G=1662s6d−62s6d /D and
n̄G=1626s7d−53s6d /D, respectively. For the scaled G8 fre-
quencies, we get n̄G8=2766s9d−103s9d /D and n̄G8
=2753s11d−90s11d /D. A mapping for the other excitation
energies gave similar results.

The good agreement between observedsasterisksd and
calculatedsopen symbolsd results justifies the interpretation
of the discrepancy between single tube experiments and the
results reported here as due to curvature effects as well as the
down mapping procedure. Interestingly, a simple diameter
scaling in Eq.s1d with diameters as calculated fromab initio
DFT sRef. 25d does not give the correct behavior. In contrast,
since DFT yields higher tube diameters as compared to the
tight-binding values, the G8 line frequencies would upshift

toward the line from the outer tubes as compared to the re-
sults from Ref. 19.

V. SUMMARY

In summary, we have reported detailed experimental re-
sults for the Raman line position and intensity for the G8 line
in DWCNTs. The response appears as a double-peaked band
with a characteristically different resonance cross-section
profile. Both components of the band exhibit the expected
dispersion but the value of the inner shell tubes is lower
s85.4 cm−1d as compared to the value of the outer shell tubes
s99.1 cm−1d. The superimposed oscillatory behavior has op-
posite phase for the two tube systems. The downshift in fre-
quency between the G8 line from the inner tubes and from
the outer tubes is significantly larger than expected from
measurement on conventional diameter tubes. This is dem-
onstrated to be a consequence of the strong curvature of the
inner shell tubes. Finally, the scattering cross section reveals
the nature of the triple resonance from the VHSs.

Note added in proof.Recently, a spectrochemical analysis
of DWCNTs was reported, where the spectroscopic behavior
of the G8 line in pristine and doped DWCNTs is discussed.38
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FIG. 10. Comparison of calculated and observed G8 line fre-
quencies. Bullets and full squares are G line frequencies as calcu-
lated from Dubayet al. sRef. 20d for theE2sTd branch and as aver-
aged for all branchessthe error bars depict the standard deviationd.
The circled points were used for the scaling. The open symbols are
the scaled frequencies for the G8 line. The two asterisks represent
the experimental results for the outer and inner tubes at 2.41 eV.
The lines are fits as described in the text.
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