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Double-walled carbon nanotubes (DWCNTs) provide the
simplest system for studying the interactions between layers

in multiwalled carbon nanotubes. Among the different physical
interactions, coupled vibrations of the system formed by the
inner and outer layers can be studied by Raman spectroscopy. Up
to now,mainly the Raman spectra of ensembles ofDWCNTs have
been measured (see ref 1 and references therein) and only limited
information has been derived from isolated DWCNTs.2�5 Re-
cently, Raman experiments have been performed to study the
collective breathing modes in a single individual multiwalled
carbon nanotube (MWCNT) characterized by high-resolution
transmission electron microscopy (HRTEM).6 In the latter
paper it is concluded that the interlayer coupling in MWCNTs
modifies the breathing modes of the individual layers. In the pre-
sent work, such coupling is evidenced in the case of a DWCNT.

The combination of transmission electron microscopy (TEM),
electron diffraction (ED), and resonant Raman spectroscopy on
an individual suspended (free-standing) nanostructure is the
ultimate method to determine unambiguously the structural

parameters, optical transitions, and the Raman-active phonons.
This approach has been successfully used to determine the radial
breathing mode (RBM) and the G bands features, as well as to
evaluate the transition energies of individual, achiral and chiral,
semiconducting, and metallic index-identified suspended single-
walled carbon nanotubes (SWCNTs)7�13 and also to identify the
Raman fingerprint of graphene.14 Combined Rayleigh scattering
and ED experiments have also allowed determination of the
optical transitions of individual index-identified SWCNTs.15

In order to study in detail the Raman spectrum of DWCNTs,
we follow the same approach as the one developed for
SWCNTs.7 We show that for a complex system such as a
DWCNT (more complex than SWCNT) the complementarity
of the information provided, on one hand from TEM and
electron diffraction and on the other hand from Raman
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ABSTRACT: We perform transmission electron microscopy,
electron diffraction, and Raman scattering experiments on an
individual suspended double-walled carbon nanotube
(DWCNT). The first two techniques allow the unambiguous
determination of the DWCNT structure: (12,8)@(16,14).
However, the low-frequency features in the Raman spectra
cannot be connected to the derived layer diameters d by means
of the 1/d power law, widely used for the diameter depen-
dence of the radial-breathing mode of single-walled nanotubes.
We discuss this disagreement in terms of mechanical coupling between the layers of the DWCNT, which results in collective
vibrational modes. Theoretical predictions for the breathing-like modes of the DWCNT, originating from the radial-breathing modes
of the layers, are in a very good agreement with the observed Raman spectra. Moreover, the mechanical coupling qualitatively
explains the observation of Raman lines of breathing-like modes, whenever only one of the layers is in resonance with the laser
energy.

KEYWORDS: Double-walled carbon nanotubes, Raman spectroscopy, breathing-like modes, electron diffraction, transmission
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experiments, is essential to evidence the coupling between the
layers of an individual DWCNT. The observation of this coupling
and a better understanding of these vibrations are also important
for characterization purposes because Raman spectroscopy is
widely used to characterize the structure of carbon nanotubes.

The first signature of mechanical coupling between the two
layers of a DWCNT is seen in the low frequency range of the
Raman spectrum where the in-phase and the counterphase radial
breathing modes of both layers, the so-called breathing-like
modes (BLMs), are dominant.16,17 The mechanical coupling
depends on the interlayer distance and diameter. First, for an
interlayer distance larger than 0.4 nm, a weak interaction between
both layers is expected independently of tube diameter.16

Assuming an interlayer distance close to 0.34 nm, two coupling
regimes were theoretically found as a function of the tube dia-
meter: for outer tube diameters smaller than 2 nm, the vibrations
of the inner and the outer tubes are independent. In this weak
coupling regime, the in-phase BLM, at low frequency, and the
counterphase BLM, at high frequency, tend to the RBM of the
outer and inner tubes, respectively. With respect to the RBM of
the corresponding SWCNT, only an upshift is expected depend-
ing on the interactions between the tubes. On the contrary, in the
strong coupling regime, for outer tube diameter larger than 2 nm,
the BLMs are collective breathing vibrations of both layers.16

The investigated long individual suspended DWCNT was
synthesized by chemical vapor deposition (CVD) directly onto a
Si3N4 TEM grid with holes (2 μm in diameter). The details of the
newmethod used to prepare individual suspendedDWCNTs are
reported in ref 18.

Resonant Raman scattering measurements were carried out
using a Jobin Yvon T64000 spectrometer equipped with a liquid-
nitrogen-cooled silicon CCD detector. The scattered light was
collected through a 100� objective (N.A. = 0.95) using a back-
scattering configuration. In all the measurements, both incident
and scattered light polarizations are along the nanotube axis ( ) )

polarized Raman spectrum). Incident excitations from Ar+ and
Kr+ lasers were used: 488 nm (2.54 eV), 514.5 nm (2.41 eV),
568.1 nm (2.18 eV), and 647.1 nm (1.92 eV). In order to avoid
heating effects, the laser power impinging the sample was kept
below 50 μW.

TEM images and ED patterns were recorded in a FEI Titan
microscope operating at 80 kV and within short acquisition times
(less than 5 s for ED) to reduce damage induced by electron
irradiation.

Figure 1 shows the investigated DWNT placed across holes of
the grid. This configuration minimizes the effects (upshift of the
Ramanmodes and downshift of the optical transitions) caused by
tube�tube interactions within a rope, tube�substrate interac-
tions for tubes deposited on a substrate, and tube�surfactant
interactions in measurements on ensembles of DWCNTs wrap-
ped in surfactant. The structural data derived from TEM and ED
for the DWCNT (Figure 1) can be summarized as follows: the
nanotube is longer than 30 μm (Figure 1a). The HRTEM image
(Figure 1b) clearly allows one to identify this tube as a DWCNT
and shows the presence of a certain quantity of amorphous
carbon on its surface. TEM measurements at different holes of
the grid also confirm that the structure of the tube is conserved
along its length. Due to the vibration of the nanotube under the
electron beam, it was impossible to derive the diameter of each
layer with a good accuracy from the HRTEM image. Moreover,
we note that the HRTEM technique is very sensitive to the
orientation of the tube with respect to the electron beam and

to the defocus conditions.19 Therefore, the atomic structure of
a nanotube can be obtained by HRTEM only under particular
observation conditions, which limits the use of this technique for
such studies.20 Electron diffraction does not have these limiting
factors and is therefore the most reliable technique to obtain the
nanotube's atomic structure.

The ED patterns contain structural information about the
DWCNT. First, the diameters of the two layers can be derived
from the equatorial line analysis. The equatorial line oscillates
with two periods related to the average radius of the DWCNT for
the shorter period and to the interlayer distance for the higher
period.21 Unfortunately, the latter information is not available
with a good accuracy in our case due to the presence of the beam
stop whichmasks the equatorial line on one side of the diffraction
pattern. Consequently, the value obtained for the average dia-
meter is found to be 1.9 nm with an error bar estimated at 10%.
The second information concerns the chiral angles. They are
derived from the two pairs of hexagons which appear on the
diffraction pattern (layer-lines). First, the appearance of two pairs
of hexagons immediately rules out the presence of an achiral layer
in the DWCNT. The analysis of the layer-lines, using a procedure
which takes into account the distances between the different
layers,22,23 provides accurate information about the chiral angle
of each layer. The derived values are 23.4� and 27.7�, with an
error bar of (0.2�. Considering these values as a starting point
for the indexation of the DWCNT, we compute all the possible
(n,m) tubes that have chiral angles of 23.4� and 27.7� within the
error bars. For de 2.5 nm, this leads to six possibilities for chiral
angles (23.4 ( 0.2)� and four possible indices for chiral angles
(27.7 ( 0.2)�, giving 24 different indices for the DWCNT.
Keeping in mind that the difference of the two diameters in a
DWCNT should be close to 0.68 nm, only two pairs of indices
are possible: (8,7)@(15,10) and (12,8)@(16,14). The former
DWCNT can be ruled out because it disagrees with the average
diameter derived from the equatorial line analysis. Moreover,
using the recently developed technique by Deniz et al. for the
analysis of the ED patterns of multiwalled nanotubes,24 we con-
clude that the investigated tube corresponds to (12,8)@(16,14).
Furthermore, this identification of the atomic structure is con-
firmed by the comparison of the experimental and the simulated
ED pattern, as displayed in Figure 1c. The diameters of these
chiral nanotubes are respectively din = 1.36 nm and dout =
2.03 nm in agreement with the estimation provided by the
HRTEM images. We note that each layer of this DWCNT is
semiconducting, the inner being of type I (mod(n � m;3) = 1)
and the outer being of type II (mod(n � m;3)=2).

Figure 2 displays the low frequency region of the Raman
spectra of the (12,8)@(16,14) DWCNT for different laser

Figure 1. (a) Low magnification TEM image of the suspended nano-
tube on the Si3N4 grid, the scale bar is 4 μm. (b) HRTEM of the same
DWCNT, the scale bar is 3 nm. (c) Experimental (left) and simulated
(right) diffraction pattern of the (12,8)@(16,14) DWCNT.
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excitation energies EL. AtEL = 2.41 eV (Figure 2, top), two strong
components are observed at 133 cm�1 (full width at
half-maximum, fwhm = 6.5 cm�1) and 186 cm�1 (fwhm =
3 cm�1), respectively. At EL = 2.18 eV, only the component at
133 cm�1 is observed with a very low intensity. Finally, the two
peaks are retrieved at almost the same frequencies and fwhm
when the excitation is tuned at 1.92 eV. At this energy, the fwhm
are also comparable to those observed at 2.41 eV, i.e., 6 cm�1 for
the low frequency peak and 3 cm�1 for the high frequency peak.

Normally, the diameters of the inner and outer tubes are
derived from the BLM frequencies using ωRBM vs d established
for SWCNTs.2 The frequency of the counterphase BLM mea-
sured on the (12,8)@(16,14) DWCNT can be compared to that
of the RBM measured on the (12,8) SWCNT.10 The RBM
frequency of the (12,8) SWCNT is located at 174.6 cm�1,
downshifted by about 11 cm�1 with respect to the counterphase
BLM of the DWCNT. This shift is a clear signature of interlayer
interaction.More generally, the experimental frequencies of both
BLMs can be compared to those predicted from the ωRBM vs d
relationships derived from experiments on suspended individual
SWCNTs. For individual suspended index-identified SWCNTs
in air, two different relations were proposed, namely,ωRBM,1(d) =
228/d (nm) for tubes free of any environment (except air)13 and
ωRBM,2(d) = 204/d (nm) + 27.7 The difference between the
two relations is tentatively assigned to the presence of amor-
phous carbon around the tubes. All other empirical relations
proposed for individual SWNTs wrapped in a surfactant give
values betweenωRBM,1(d) andωRBM,2(d). The RBM frequencies
of the (12,8) and (16,14) individual SWCNTs evaluated from
the latter relations are given in Table 1.

Both relations ωRBM(d) underestimate the frequencies of
the BLMs (Table 1). Considering the ωRBM,1(d) relation, the

interaction between the layers upshifts by 20 cm�1 the in-phase
and counterphase BLM. On the other hand, by considering the
relation ωRBM,2(d), an upshift of about 5 cm�1 (respectively
9 cm�1) for the in-phase (respectively counterphase) BLM is
found. A precise description of the role of the coupling be-
tween the tubes, especially as a function of the tube diameters
and interlayer distance, requires additional measurements on
several index-identified DWCNTs. An important result is that all
ωRBM(d) relations established for SWCNTs do not work for
this DWCNT.

The Raman data can be compared to the predictions of a
theoretical model for calculation of phonons in DWCNT,16,17 in
particular concerning the diameter dependence of the BLMs. In
this context, we use the theoretical predictions of ref 16. In this
model, the shift of the BLMs with respect to the RBM frequency
of the individual inner and outer layers (given by ωRBM(d) =
228/d (nm) for each independent layer), is calculated by taking
into account the van der Waals interactions between the layers.
According to Figure 4 of ref 16, the mode at 186 cm�1 corres-
ponds to a diameter of the outer tube close to 2.02 nm in very
good agreement with the diameter of the (16,14). From the same
figure, the in-phase mode is predicted at 123 cm�1, lower than
the measured one. A better agreement with experiment is
achieved by calculating the shift of the frequencies of the BLMs
with respect to the frequency of the RBMs by considering two
different relations for the RBM frequency of each independent
layer, namely, ωRBM(d) = 228/d (nm) for the inner tube and
ωRBM(d) = 204/d (nm) + 27 for the outer tube. The presence of
amorphous carbon around the outer tube justifies to consider
such a relation. With this assumption, for an outer tube diameter
of 2.02 nm, the frequency of the counterphase mode frequency is
calculated at 186 cm�1 and that of the in-phase mode around
136 cm�1, in better agreement with the experimental values.

The major drawback of measurements on a single suspended
index-identified carbon nanotube is probably the difficulty to
obtain statistical information. However this approach is the only
one that permits information to be obtained about the G band. In
the ) ) configuration, two modes with A1 symmetry are expected
to be Raman active for semiconducting chiral SWCNTs. There-
fore, the G band displays two components: G� andG+ associated
with the TO and LO phonons, respectively. Figure 3 shows the G
band measured on the (12,8)@(16,14) DWCNT at different
laser excitation energies. At 2.54 eV, where no BLM is observed, a
strong G band signal is detected because at this energy the
nanotube is in resonance with the outgoing light scattered by the
G modes. We note that only a single G� band is observed at this
energy. At 2.41 and 2.18 eV, the G band is composed of three
components located at 1590, 1570, and 1564.5 cm�1, the latter
being very weak at 2.18 eV. Finally, at 1.92 eV only the G+ band
at 1589 cm�1 is detected with a small component around
1570 cm�1. With respect to the G modes measured on semi-
conducting SWCNTs, it is reasonable to assign the components
at 1570 and 1564.5 cm�1 to the TOmodes of the outer and inner
tube, respectively, and consider the G+ band as a superposition of
the LOmodes of both tubes. These conclusions are based on the
following considerations: (i) The diameter dependence of the
TO phonon modes in semiconducting SWCNTs has been mea-
sured8 and well-described theoretically (see, e.g., ref 26). For
SWCNT with diameters ≈1.3 and ≈2.0 nm, the TO modes
appear at ≈1565 and ≈1573 cm�1, respectively. In ref 10, the
TO component directly measured on the (12,8) SWCNT was
reported at 1562.5 cm�1. These frequencies are close to the G�

Figure 2. Low frequency range of the Raman spectra of the (12,8)@
(16,14) DWCNT measured at three excitation energies (for top to
bottom: 2.41, 2.18, 1.92 eV).

Table 1. Calculated RBM Frequencies from Two Different
Relations ωRBM,1(d) = 228/d (nm) and ωRBM,2(d) = 204/d
(nm)) + 27 (see text)

(n,m) d, nm ωBLM,exp, cm
�1 ωRBM,2(d), cm

�1 ωRBM,1(d), cm
�1

(12,8) 1.36 186 177 167.5

(16,14) 2.03 133 127.5 112.5
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components measured on the DWCNT. (ii) For SWCNTs with
diameter g1.4 nm, the frequency of the LO phonon is mea-
sured at about 1590 cm�1, independently of the diameter. This
explains why no splitting of the LO bands coming from the inner
and the outer tube is observed in the investigated DWCNT.
Then taking the results for SWCNTs as a reference, by contrast
to RBMs, no significant shift of the G modes due to the inter-
action between the layers is measured in the (12,8)@(16,14)
DWCNT.

To understand all these results, we use, as commonly done
in the literature for individual MWCNTs,6,2 the Kataura plot
calculated for SWCNTs within a nonorthogonal tight-binding
model (NTB)29 and corrected with a rigid upshift to agree with
the transitions measured on well identified SWCNTs.9 The use
of such a Kataura plot is validated by the fact that measurements

of the transition energies on DWCNTs only display slight shift
with respect to the transition energies in the corresponding
SWCNTs.27,28 The Kataura plot is represented in Figure 4 and
the transition energies for the third and fourth semiconducting
transitions of the corresponding (12,8) and (16,14) SWCNTs
are denoted by gray dots. It must be pointed out that the dia-
meters of the inner and outer layers (indicated by vertical gray
lines in Figure 4) cannot be derived from any RBM versus dia-
meter relation but are obtained by ED as discussed previously.

At 2.54 eV, no transition is expected for the two tubes, which
explains why no BLM is detected. At 2.41 eV, the laser energy is
very close to the E33 transition (2.43 eV) expected for the (12,8)
inner tube. By contrast no transition is expected at this energy for
the (16,14) outer tube. It must be emphasized that the incoming
resonance of the inner tube at 2.41 eV explains the observation of
G modes of the inner tube at 2.54 eV (outgoing resonance). At
2.18 eV, the laser energy is close to the E44 = 2.17 eV transition
energy of the (16,14) outer nanotube. Finally, at 1.92 eV the
difference with the E33 = 1.85 eV of the (16,14) is small enough
to assume that the outer tube is in incoming resonance at this
energy.

The examination of the resonance conditions for the investi-
gated DWCNT on the basis of the Kataura plot yields conclu-
sions that disagree with experiment. Indeed, at 2.41 and 1.92 eV
excitation energies, only one tube of the DWCNT is in resonance
though we measure two distinct BLMs. The disagreement is
resolved by considering a mechanical coupling between the two
layers. In that case, only the optical resonance of one tube is
necessary to observe the response of the coupled system.30 This
mechanical coupling has already been reported for individual
bundles12 and, for the first time, is directly evidenced in the case
of a DWCNT. Qualitatively, if one layer is in resonance, the
coupling can induce the observation of all BLMs of the DWCNT
and a relatively small intensity of the mode assigned to the non-
resonant layer is expected. To take into account the coupling
between the layers is the only way to explain coherently the
majority of the present results. Nevertheless, this coupling does
not explain the absence of the counterphase mode at 2.18 eV
(Figure 2). We emphasize that the use of the Kataura plot to

Figure 4. Normalized Kataura plot: open (black) symbols, transition energies formetallic (semiconducting) SWCNTs; gray symbols, transitions for the
(12,8) and (16,14) SWCNTs; horizontal lines, laser excitation energies used in this work.

Figure 3. G band of the (12,8)@(16,14) DWCNT measured at four
excitation energies (from top to bottom: 2.54, 2.41, 2.18, 1.92 eV). Inset:
zoom of the G� band in the 1550�1585 cm�1 frequency range. The
spectra are fitted with Lorentzian.
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identify the structure of each layer in a DWCNT by means of the
resonance energy and the BLM frequencies is not straight-
forward.

In conclusion, we presented a detailed Raman study of an
individual suspended index-identified DWCNT. The indepen-
dent structural identification of the investigated DWCNT al-
lowed us to compare the Raman results to previous experimental
data and theoretical predictions. We showed that the Raman
features obtained at different excitation energies on the (12,8)@
(16,14) DWCNT can only be understood in a coherent way by
considering the coupling between the two concentric layers. This
coupling plays a major role for the conditions for observation of
the modes in a Raman spectrum excited at a given laser energy as
well as for the frequencies of the in-phase and counterphase
BLMs. In terms of characterization, we can conclude that the
identification of the indexes of the layers in a DWCNT from
the Raman spectra should be done by considering a possible
mechanical coupling between the layers.
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