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We measure resonant Raman scattering from 11 individual C60-derived double wall carbon nan-
otubes with inner semiconducting (6,5) tubes and outer metallic tubes. The Raman spectra show
the radial breathing mode (RBM) of the inner and the outer tubes simultaneously in resonance
with the same laser energy. We observe that an increase in the RBM frequency of the inner tubes
is related to an increase in the RBM frequency of the outer tubes. The Raman spectra also contain
a sharp G− feature that increases in frequency as the nominal diameter of the outer metallic tubes
decreases. Finally, the one phonon second-order D band mode shows a two way frequency splitting
that decreases with decreasing nominal wall to wall distances. We suggest that the stress which
increases with decreasing nominal WtW distances is responsible for the observed hardening of the
frequencies of the RBM, D an G− modes of the inner (6,5) semiconducting tubes.

I. INTRODUCTION

Double wall carbon nanotubes (DWNTs) exhibit op-
tical and vibrational properties that are similar to those
of single wall carbon nanotubes (SWNTs) but their dou-
ble wall structure makes them more mechanically and
thermally robust [1]. Depending on the metallic (M)
or semiconducting (S) nature of their inner and outer
tubes, DWNTs can have four possible configurations,
S@S, S@M, M@S, M@M, each of which is expected to
have particular properties suitable for different electronic
device applications.

Possible techniques for fabricating DWNTs include
chemical vapor deposition (CVD) [1, 2] or the filling
of SWNTs with fullerenes that coalesce and form inner
tubes upon heat treatment [3, 4]. Both types of DWNTs
are studied in the present work and are inter-compared.
In the case of C60-derived DWNTs (denoted by C60-
DWNTs), the coalescence of fullerenes at high temper-
ature (>1200◦C) forms inner tubes with diameters (dt)
close to that of C60 [4]. According to Bandow et al., un-
der prolonged heat treatments the initial diameters of the
inner tubes can increase in order to adjust the wall to wall
(WtW) distances and minimize the energy of the system
[4]. Also, by using high resolution Raman spectroscopy,
Pfeiffer et al. [5–8] and Kuzmany et al. [9], observed
that the inner tubes of C60-DWNTs can be contained in-
side outer tubes with different diameters where smaller
WtW distances increase the inter-tube interaction and
upshift the RBM of the inner tubes. CVD-DWNTs and
C60-DWNTs have been shown to have different optical
properties that are believed to originate from differences
in the WtW distances and the degree of crystallinity of

the inner tubes. For instance, on one hand, a quenching
of the photoluminescence (PL) signal has been observed
in C60-DWNTs and attributed to inter-tube interactions
[10]. On the other hand, in CVD-DWNTs, a strong PL
from the inner semiconducting tubes has been recently
observed [11].

To the best of our knowledge, most spectroscopic ex-
periments on DWNTs have been performed on bundles
or solution-based samples, so that it has been inherently
difficult to use Raman spectra to investigate which inner
(n,m) tubes are actually contained inside the variety of
observed outer (n’,m’) tubes. In order to quantitatively
determine which specific inner and outer tubes actually
form each DWNT, one must perform experiments on in-
dividual DWNTs [12]. Therefore, in the present work
individual C60-DWNTs have been dispersed on a sub-
strate and studied independently. Here we report a brief
comparison between CVD-DWNT and C60-DWNT bun-
dles and a detailed study of 11 individual isolated C60-
DWNTs with inner semiconducting (6,5) tubes and outer
metallic tubes.

II. EXPERIMENTAL DETAILS

We used a CVD method to synthesize the CVD-
DWNT bundles used in this study. The high purity of our
CVD-DWNT bundles relative to residual catalyst parti-
cles and SWNTs has been confirmed by diamagnetic sus-
ceptibility [13, 14] and Raman spectroscopy experiments
[15], respectively. The C60-DWNT bundles used herein
were fabricated by reacting C60 and SWNTs under vac-
uum at 600◦C for 24h. The starting SWNT material
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dependence of the ωRBM , ωG− and ωD frequencies on
DWNT nominal inner tube diameter and WtW distance.

After studying the large area Raman maps of the Si
substrate, on a few occasions (∼<5%), it was possible
to find locations on the Si substrate that showed two
RBM modes, simultaneously in resonance with the same
Elaser. These pairs of RBMs come from two nanotubes,
one with a small diameter (∼0.7nm) and another one
with a large (∼1.3nm) diameter. The observation of these
RBM pairs (see Fig. 2(c)) suggested that we had found
a resonance with the inner and outer tubes of the same
DWNT. However, although the probability is low, a rope
of 2-3 DWNTs could also generate a pair of RBMs if
the inner and outer tubes of two different DWNTs hap-
pen to be in resonance with the same Elaser. Therefore,
in order to confirm that the two observed RBMs were
indeed coming from the same DWNT, we verified that
only one DWNT was being illuminated by the laser spot.
This verification consisted of three steps whose results
are shown, for the same DWNT, in Fig. 2:

(1) We used AFM (atomic force microscopy) to check
that the DWNT is completely isolated and far away from
the other tubes on the substrate (See Fig. 2(b)). The
inset in Fig. 2(b) shows the Au grid used to mark and
record the location of each individual DWNT.

(2) We checked that the height of the DWNT as mea-
sured by AFM corresponds to the diameter of the outer
tube of the DWNT as deduced from its low frequency
RBM. Figure 2(d) shows the AFM height profile of our
DWNT. The difference between the measured Raman
and AFM outer tube diameter estimates is ∼0.1nm.

(3) Finally we scan the same spot in the sample with
multiple laser lines in order to eliminate the presence of
additional nanotubes that might not have been in res-
onance with the initial laser energy. Figure 2(c) shows
the RBM region of the Raman spectrum coming from
one isolated DWNT taken with Elaser=2.11eV. The same
spot on the substrate was also scanned with 9 different
laser energies (2.33, 2.16, 2.14, 2.12, 2.10, 2.07, 2.05, 1.92
and 1.60 eV) and no additional RBMs coming from other
nanotubes were detected.

Performing AFM and acquiring Raman spectra with
many Elaser on isolated DWNTs is feasible [12] but
also experimentally challenging. While attempting to in-
crease the throughput of the above mentioned technique,
we discovered that it is also possible to use less AFM
time and only one laser line and still be almost certain
that we are in resonance with the inner and outer tubes
of the same DWNT. We now describe a new procedure
that allowed us to detect 11 isolated C60-DWNTs.

First we used one laser line (2.08 or 2.10eV) to find
as many spectra as possible containing two simultane-
ous RBMs (see Fig. 3) that matched the expected in-
ner and outer tube diameters of the individual DWNTs
present in our sample (see Fig. 4). By plotting the low
frequency RBM (large diameter tubes) vs high frequency
RBM (small diameter tubes) for each spectrum, we found
that the frequencies of most of the simultaneously de-

tected RBM pairs (80%) were correlated (see Fig. 5(a)).
We know a priori that if the two simultaneously reso-
nant RBMs do not correspond to the same DWNTs we
should observe random low frequency RBM vs high fre-
quency RBM relationships. Therefore, the trend followed
by the simultaneous RBM pairs plotted in Fig. 5(a) sug-
gests that each RBM pair is indeed coming from the inner
and outer tubes of a single isolated DWNT. Thus, if the
observed pair of RBMs fits the trend in Fig. 5(a), then
the pair is identified as most likely coming from the same
isolated DWNT and the pair is then retained; otherwise
the spectra are discarded in this analysis.

The Kataura plot in Fig. 3 shows that, when using
Elaser=2.08 and 2.10eV, we excited the ES

22 transitions of
(6,5) inner semiconducting tubes and the EM

11 transitions
of outer metallic tubes mainly from family 2n+m=33.
The Kataura plot was calculated within the ETB (ex-
tended tight binding) framework [17], including many-
body corrections, fitted to the RRS (resonance Raman
scattering) data from sodium docecyl sulfate-wrapped
HiPCO (High Pressure CO conversion) SWNTs [18]. We
find that such a Kataura plot (Fig. 3) which is based
on prior studies on SWNTs [17], is accurate enough for
the qualitative identification of the (n,m) assignment for
small diameter tubes within DWNTs. Although the re-
lationship between ωRBM and dt for the inner tubes and
outer tubes of DWNTs is not expected to be the same
as it would be for isolated SWNTs, we approximate the
nanotube diameters for both the inner and outer tubes
of DWNTs in this work by using the SWNT-based RBM
relation ωRBM = 218.3/dt + 15.9 [14], because there are
no experimental or theoretical ωRBM vs dt relationships
presently available for the inner and outer tubes that con-
stitute the four different kinds of DWNT configurations
(S@S, S@M, M@S, M@M) as mentioned above. Also,
nanotube-substrate van der Waals interactions are known
to induce radial deformations that can upshift the ωRBM

of large diameter SWNTs [19]. However, in this work we
assume that nanotube-substrate interactions have a neg-
ligible effect on the ωRBM of each of the two layers of
our DWNTs because (a) the dt of the outer tubes is rel-
atively small (1.3nm), (b) the deformation of the outer
tube is reduced by the presence of the inner tube and (c)
because, to a first order approximation, the inner tube is
shielded and not affected by the substrate.

Based on the SWNT-based RBM relation mentioned
above, we find that the ωRBM values for the 11 DWNT
specimens experimentally measured in this work yield
nominal inner (outer) tube diameters in the 0.69-0.73nm
(1.28-1.35nm) range. The nominal WtW distances for
these 11 C60-DWNTs are calculated by subtracting the
nominal dt of the inner tubes from the nominal dt of
the outer tubes obtained by the above procedure, yield-
ing nominal WtW distances in the 0.58-0.65nm range.
In Fig. 5(a) we plot the measured ωRBM of each inner
tube vs. the ωRBM of its corresponding outer tube for
the 11 measured tubes. All the inner tubes in this work
are assigned to (6,5) nanotubes and we observe that their
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FIG. 2: (a) Raman spectra for the RBM region for CVD-DWNT and C60-DWNT bundles (Elaser=2.13eV). (b) Atomic Force
Microscope (AFM) image of one individual, isolated DWNT. Inset: Silicon substrate with Au markers showing the location
of the DWNT. (c) Raman spectra for the RBM Raman region (Elaser=2.11eV) for an isolated individual C60-DWNT and
(d) Atomic Force Microsope (AFM) height profile of the individual, isolated DWNT shown in (b) with the RBM spectrum
shown in (c). The vertical lines connecting (a) and (c) show that the ωRBM of the prominent tube diameters observed in the
C60-DWNT bundles coincide with the ωRBM of the inner and outer tubes of the isolated C60-DWNTs.

measured ωRBM values upshift with increasing measured
outer tube ωRBM values (Fig. 5(a)). Similarly, the mea-
sured ωRBM of the inner tubes upshift with decreasing
nominal WtW distance as shown in Fig. 5(b) and in qual-
itative agreement with the results in Refs. [5–9].

Because of the strong carbon-carbon bond and their
small dt, we do not expect the actual diameter of the
inner tubes to decrease to the values given by the SWNT-
based RBM relation. Instead, the observed hardening
of the measured ωRBM as the nominal WtW distance
decreases corresponds to a minimal change in actual inner
tube dt and provides an indirect measure of the stress
that is felt by the inner tube. All the eleven inner tubes

shown herein are Type II semiconducting (6,5) tubes but
the outer tubes that surround them vary somewhat in
diameter and can be identified with a few different (n,m)
values from one another, but certainly far less than 11
different values.

1. Dependence of ωG− on inner tube ωRBM and wall to
wall (WtW) distance.

The tangential G-band modes in carbon nanotubes can
be TO (transverse optic) and LO (longitudinal optic).
The frequencies of the LO and TO modes vary with the
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FIG. 3: Kataura plot of the resonant transition energies vs.
RBM frequencies for SWNTs based on the extended tight
binding model [17]. The location on the plot of the mea-
sured DWNT RBMs are marked with triangles. The laser
energies (2.08 and 2.10 eV) chosen to excite DWNTs with in-
ner semiconducting and outer metallic tubes are marked with
horizontal lines. The vertical lines denote the ranges of ωRBM

measured for the inner and outer tubes.

degree of confinement, curvature and chiral angle of each
particular (n,m) nanotube and the intensities of the TO
and LO modes are sensitive to the angle formed between
the nanotube axis and the polarization of the incoming
light [20]. For semiconducting nanotubes, the LO mode
(G+ band) is a bond stretching mode with little diameter
dependence and the TO mode is a bond bending mode
whose frequency decreases with decreasing nanotube di-
ameter (G− band) [21]. Also, the G− band of isolated
semiconducting tubes (S-SWNTs) generally has a smaller
FWHM linewidth than that of metallic tubes [22].

Since the inner tubes of our DWNTs are semiconduct-
ing, their spectra show sharp G− features that are easy
to fit unambiguously with a Lorentzian lineshape. If we
correlate ωG−, the frequency of the G− band, to the low
frequency RBM (corresponding to the inner tube) in our
spectra for DWNTs, we observe an increase in ωG− as
ωRBM for the inner nanotube increases (see Fig. 5(c)).
This behavior is opposite to the well-documented diam-
eter dependence of the G− (LO) mode in S-SWNTs [16].

We explain this observation in the following way. We
know from Fig. 5(b) that DWNTs whose inner tube show
an upshifted ωRBM tend to have smaller nominal WtW
distances. A smaller nominal WtW distance implies a
higher degree of inter-tube interaction and a higher stress
felt by both the inner and outer tubes of an individual
DWNT. Therefore, we expect the observed hardening of
the G− frequency with increasing inner tube ωRBM (see
Fig. 5(c)) to be caused by the increased stress that the
outer and inner tubes exert on each other in the case of
DWNTs as the WtW distances decrease. Experimen-
tally, although not shown explicitly in this work, the
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FIG. 4: (a) RBM-band and (b) D-band and G-band regions
of the Raman spectra corresponding to five different DWNTs
whose inner and outer walls are simultaneously in resonance
with the same laser line Elaser= 2.10eV. Vertical lines in (a)
denote outer M tubes and inner S (6,5) tubes and the dark
vertical line denotes a Si Raman feature. The vertical lines in
(b) denote D-band and G-band features (see text).

intensity of the G− band is not observed to show any
significant dependence on the nominal WtW distance.

Finally, we expect the G+ region of our DWNTs to con-
tain a contribution from the LO mode of its S inner tube
and the TO mode of its M outer tube. Unfortunately,
the G+ of the inner tubes and the G+ of the outer tubes
from our DWNTs overlap so that we can not distinguish
the separate contributions made by each of the tubes and
we were not able to study possible correlations between
G+ frequency and the ωRBM of the inner nanotube.

2. Dependence of ωD on inner tube ωRBM and wall to wall
(WtW) distance.

The D band is a one-phonon second-order band that
appears when the translational symmetry of a nanotube
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FIG. 5: (a) Correlation between the ωRBM of the inner and outer tubes of the same C60-DWNT. All the inner tubes for the
11 C60-DWNTs in this figure are (6,5) tubes. (b) Correlation between the WtW distance of each DWNT with ωRBM for its
inner tube. An increase in the ωRBM of the inner tubes is accompanied by a decrease in the nominal WtW distance. (c) Plot
of ωG− vs ωRBM for the inner tube of each DWNT. An upshift in ωG−results from a decrease in the nominal WtW distance
and increased inter-tube interaction. (d) The ωD1 for each component of the D-band vs ωRBM for the inner tube of each of
the 11 DWNTs. The splitting of the D-band into ωD1 and ωD2 decrease as ωRBM of the inner tube increases with decreasing
nominal WtW distance. Note that ωD2 remains almost constant while ωD1 increases.

is broken. In the case of SWNTs, the D band can be fit
with one Lorentzian and, like the G− mode, the D band
softens with decreasing nanotube diameter [16]. The
lineshape of the observed D band from our DWNTs (see
Fig. 4 (b)) can be fit with one low (ωD1) and one high
(ωD2) frequency Lorentzian which can be correlated with
the inner (lower frequency) and outer (higher frequency)
tubes of each DWNT. A factor that contributes to the
splitting of the D-band in this collection of DWNTs
is the diameter dependence of ωD which makes the
splitting more evident for larger nominal WtW distances
between inner and outer tubes (see leftmost part of
Figs. 5(b) and (d)). As shown in Fig. 5(d), we observe
that when the ωRBM of the inner tube increases, ωD1

upshifts, probably due to a decreased WtW distance
that results in an increasingly stressed inner tube.
Finally, although not shown explicitly in this work,
the intensity of the D-band components (D1 and D2)
do not show a dependence on the ωRBM of the inner tube.

IV. CONCLUSIONS

In this work we obtained the Raman spectra of 11 iso-
lated C60-DWNTs all with inner semiconducting (6,5)
tubes but with different outer metallic tubes by search-
ing for RBM pairs that were simultaneously in resonance
with the same Elaser and that matched the expected in-
ner and outer tube diameters of individual DWNTs. In
this collection of isolated C60-DWNTs we observed that
the ωRBM of the inner (6,5) semiconducting tube hard-
ens as the diameter of the outer metallic tube decreases.
We also measured an increase in ωG− with decreasing
wall to wall distances and attributed the upshift of ωG−

to the stress felt by the inner tubes of the DWNTs due
to increasing inter-tube interaction. Finally, we noted
that the D band mode splits into two components where
the lower frequency component ωD1 is related to the in-
ner tube and hardens with decreasing nominal WtW dis-
tances. The upper frequency D-band component ωD2

related to the outer tube is independent of the nominal
WtW distance. In the future we expect to use the same
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technique to find specimens with the remaining three
DWNT configurations and compare their optical prop-
erties as the intertube distances are varied.
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