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Although carbon nanotubes have been successfully incor-
porated into nanodevices such as single electron transis-
tors,[1,2] logic gates,[3] biosensors[4] or interconnects,[5] much
work still needs to be performed in order to fully comprehend
their electronic structure, and thereby their transport proper-
ties, down to the nanometer scale, as stated by Bourlon et al.
recently in the case of multi-walled carbon nanotubes.[6] In
this respect, Scanning Tunneling Microscopy (STM) and Scan-
ning Tunneling Spectroscopy (STS) appear to be ideal tech-
niques to deliver such detail because of their extreme spatial
resolution coupled with analytical ability. For instance, STM
has been successfully used to determine the structural proper-
ties (diameters and chiral indices) of single-walled carbon
nanotubes (SWNTs) and to compare their electronic structure
from STS spectra with theoretical predictions.[7,8] More re-
cently, the properties of multi-walled carbon nanotubes
(MWNTs) have also been investigated using STM and STS[9]

showing the presence of an interlayer interaction. To achieve
a better understanding of the electronic structure of MWNTs,
it is now important to study carbon nanotubes with a known
and controlled number of walls. Double-walled carbon nano-
tubes (DWNTs) are the perfect model system, as they are the
smallest multi-walled nanotubes and, therefore, have the sim-
plest electronic structure amongst all MWNTs.

In recent years, several techniques have been used to
synthesize double-walled carbon nanotubes. Arc-discharge
methods have been used but the samples contain catalyst par-
ticle and traces of amorphous carbon.[10,11] CVD methods
involving different catalysts, such as iron particles[12–14] or
Mg0.9Co0.1O solid solutions[15] are also suitable methods of
synthesizing DWNTs. These techniques usually lead to a mix-
ture of SWNTs, DWNTs and wider tubes, displaying a broad

range of diameters. A more original synthesis method consists
of a structural change of C60 peapod structures (i.e., chains of
fullerenes inserted into single walled carbon nanotubes) to
double-walled carbon nanotubes.[16,17]

The structural properties of double-walled carbon nano-
tubes have been investigated by high resolution transmission
electron microscopy (HRTEM),[18–23] Raman spectrosco-
py,[16,24,25] and first principle theoretical calculations.[26] These
works all show that the interwall spacing varies from 0.34 nm,
close to the interlayer distance in graphite (0.335 nm), to
0.42 nm. The electronic structure of DWNTs has also
attracted interest. For instance, a few experimental studies
involving Raman spectroscopy,[24,25] or HRTEM combined
with I(V) measurements,[18] or NMR spectroscopy,[27] have
been undertaken in order to link the electronic and transport
properties of DWNTs to their structural parameters. The elec-
tronic structure of DWNTs bundles has also been investigated
by photoelectron spectroscopy,[28] revealing van der Waals in-
teractions between the tubes in a bundle. Many theoretical
studies have also been performed recently,[26,29–38] confirming
the presence of an interwall interaction and investigating its
effect on the electronic structure,[30,35,36] the transport proper-
ties[32] and the mechanical properties[37,38] of double-walled
nanotubes. In this paper, we report the study of the structural
and electronic properties of double-walled carbon nanotubes
deposited on a gold substrate using both STM and STS. The
influence of the inner shell on the electronic structure and the
transport properties of double-walled carbon nanotubes is dis-
cussed.

The structural properties of double-walled carbon nano-
tubes were determined using HRTEM and atomically
resolved STM. As shown on Figure 1, the HRTEM images we
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Figure 1. a) HRTEM image of a bundle of double-walled carbon nano-
tubes; b) HRTEM image of a triple-walled carbon nanotube (indicated by
the white arrow) next to a DWNT.



obtained show clean double-walled carbon nanotubes, with
little contamination by amorphous carbon. Outer diameters
varying between 1.9 nm and 2.6 nm have been measured.
According to our measurements, the interwall spacing varies
between 0.30 and 0.54 nm which is in good agreement with
results published in the literature.[18–23] The presence of triple-
walled carbon nanotubes has also been observed, as indicated
on Figure 1b.

Atomically-resolved STM images have been obtained for
more than 20 tubes and an example is presented on Figure 2.
The diameter of this tube has been determined as the average
of ten measurements extracted from different height profiles.
Figure 2b displays an example of height profile that shows the
diameter of the tube is 2.06 ± 0.05 nm. For the outer wall of
this tube, we have also been able to estimate the chiral angle
at 21° using the method proposed by Wildöer et al.[7] The chi-
ral indices corresponding to these values are (19,11). Other
tubes were analyzed using the same method and we measured
diameters varying from 1.5 to 2.9 nm, which are consistent
with the HRTEM results presented above and with the data
previously reported in the literature,[18–23] with chiral angles
varying between 4 and 30°.

One might also note a discrepancy between the diameter
(2.06 nm) and the height (between 0.4 and 0.5 nm) mea-
sured on the profile extracted from the STM image
(Fig. 2b). This effect has recently been discussed by Park et
al.[39] and has been attributed to two main factors: the geo-
metrical convolution between the STM tip and the nano-
tube, and the different tunneling distances between the
STM tip and the gold substrate or the double-walled nano-
tube. In our opinion, the convolution effect is negligible
with regard to the differences in terms of tunneling distance
for several reasons. Firstly, the use of a blunt STM tip
(which would be the main reason for a prominent convolu-
tion effect) would lead to a large overestimation of the
tubes’ diameter.[40] Consequently, the results of the STM
measurements would not be consistent with the values ob-
tained during the TEM experiments. Secondly, according to
the model proposed by Tersoff and Hamann,[41] the tunnel-
ing current is dependent on the local density of states
(LDOS) in the vicinity of the Fermi edge. As these LDOS
are different for the gold substrate and the DWNTs, the
tunneling distances should not be identical in our experi-
mental condition (constant current imaging).[40]

In terms of periodicity, both the image (Fig. 2a)
and its Fast Fourier Transform (FFT – Fig. 2c) dis-
play a hexagonal lattice. One might notice that the
hexagons appear elongated along the tube’s cir-
cumference. This distortion has previously been re-
ported for multi-walled carbon nanotubes[9] and is
associated with small changes of the tip-sample ar-
rangement, due to the tube’s morphology. The
height profile (Fig. 2d), recorded along the dashed
line on the image (Fig. 2a), exhibits a lattice pa-
rameter of 0.25 ± 0.01 nm.

The lattice parameter we measured (0.25 nm) is
consistent with the results previously reported for
larger MWNTs.[9] However, it doesn’t correspond
to the interatomic distance observed for single-
walled carbon nanotubes (0.14 nm).[7,8] This behav-
ior is similar to the one evidenced by the STM
images of highly oriented pyrolytic graphite
(HOPG)[42] for which only one half of the carbon
atoms on the surface are observed. The STM pat-
tern of HOPG results from both the stacking of
the graphene sheets and the presence of an inter-
layer interaction. Two non-equivalent carbon sites
are observed on the surface: one is located above a
carbon atom of the underlying graphene sheet (site
A) and the other is not (site B). Whereas the inter-
layer interaction does not affect the electronic
states which appear in the vicinity of the Fermi
edge for the carbon atoms in sites B, it results in a
depletion of electronic states around the Fermi lev-
el in the case of the carbon atoms located on sites
A. Therefore, the STM images of HOPG show the
lattice corresponding to the carbon atoms located
in sites B,[42] which exhibit the largest density of
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Figure 2. a) Atomically resolved STM image of a DWNT (Vsample= 130 mV, Itun=
130 pA), the chiral angle is represented on the image; the black symbols (star and dia-
mond) correspond to the location of the STS measurements presented on Figure 3;
b) height profile recorded along the solid line on Figure 3a; c) plot of the Fast Fourier
Transform (FFT) for this image highlighting the hexagonal symmetry of the lattice, the
dashed circle corresponds to a lattice spacing of 0.25 nm; d) Height profile, plotted
along the dashed line on the image (Figure 2a), showing a lattice spacing of 0.25 nm.



states (DOS) at the Fermi level. In the case of DWNTs, al-
though HRTEM results show that there is no systematic cor-
relation between the atomic positions in the neighboring
shells,[21] the observation of a 0.25 nm lattice parameter shows
that the carbon atoms can be locally arranged according to
the AB stacking observed for HOPG. Furthermore, the modi-
fication of the surface electronic states confirms the presence
of an interwall interaction similar to the one observed in
HOPG.

Finally, it is important to note that, despite the acid treat-
ment, we have not observed any trace of functionalized
groups, such as –OH or –COOH, on the atomically resolved
images of double-walled carbon nanotubes. This is not surpris-
ing if we consider that the STM tip is a local probe and that
only a small fraction of the tubes’ surface has been imaged
with atomic resolution. Furthermore, impurities such as amor-
phous carbon or remaining catalyst particles are more likely
to be attached to functionalized fractions of the nanotubes
than to the unmodified parts analyzed here. Hence, it would
be difficult to obtain clear atomically-resolved images of the
functionalized areas of the nanotubes.

In order to investigate the electronic structure of DWNTs,
STS measurements have been performed on different loca-
tions for more than 10 tubes. The normalized differential con-
ductance ((V/I) (dI/dV)), corresponding to a spectrum of the
local density of states, has been plotted for each tube. As an
example, on Figure 3a and b, we show typical curves obtained
for the tube presented on Figure 2. The symbols (star and dia-
mond) on the STM image (Fig. 2a) correspond to the location
of the I(V) measurement.

Both tunneling spectra exhibit two main bands located
between –0.95 V and –0.18 V and between +0.17 V and
+0.90 V for the curve on Figure 3a; and between –0.75 V and
–0.18 V and between +0.17 V and +0.75 V for Figure 3b. For
both curves, the gap separating these contributions has been
estimated at 0.35 eV. Several extra features, such as peaks or
shoulders, are present with opposite energies in both the filled
states (i.e., at negative sample bias voltage) and the empty
states (i.e., at positive sample bias voltage), as indicated on
the curves. Furthermore, for both spectra, the presence of a
non-zero density of states is observed in the vicinity of the
Fermi edge, indicative of metallic behavior.

We must highlight that a finite DOS has been observed for
all the double-walled nanotubes we have studied using STS.
Even if the number of tubes we analyzed is not sufficient to per-
form statistical calculations, this result confirms previous re-
ports showing that DWNTs can exhibit metallic behavior.[18,27]

Since STM and STS are sensitive to surface states and
(n – m) is not a multiple of 3 for the outer shell of the tube
presented in Figure 2, the presence of a non-zero DOS at the
Fermi level was not expected for the STS spectra on Figure 3.
This inconsistency shows that the influence of the inner tube
has to be considered in order to explain the results obtained
with STS for DWNTs. In this respect, a detailed analysis of
the tunneling spectra has been undertaken.

The energy of the Van Hove singularities for a (19,11) semi-
conducting tube has been estimated using the relation pro-
posed by Charlier and Lambin.[43] In this model, the Van
Hove singularities arise at:

E1 = ± (ac-c)c0/d, E2 = ± 2(ac-c)c0/d, E3 = ±4(ac-c)c0/d...

where + or – determines whether the singularity belongs to
the conduction or valence band, ac-c is the interatomic spacing
in a nanotube (0.142 nm), c0 is the C–C tight-binding overlap
energy (chosen at 2.7 eV as proposed by Wildöer et al.[7]) and
d is the diameter of tube.

According to this model, the Van Hove singularities should
be observed at ± 0.19 eV, ± 0.37 eV and ± 0.73 eV for a sin-
gle-walled carbon nanotube with a diameter of 2.06 nm. As
highlighted by dashed lines on Figure 3, these values corre-
spond to some of the peaks and shoulders observed on the
spectra obtained experimentally.

A possible explanation for the presence of the other fea-
tures may be the fact that they arise from the inner tube. The
diameter of the inner shell can be estimated by subtracting
the double of the interwall distance (0.35 nm) to the diameter
of the outer shell (2.06 nm). In our case, we expect the diame-
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Figure 3. a) Normalized differential conductance (V/I dI/dV) plot
recorded at the point represented by a star on the STM image (Fig. 2a);
b) Normalized differential conductance (V/I dI/dV) plot recorded at the
point represented by a diamond on the STM image (Fig. 2a). The loca-
tion of the Van Hove singularities for a semi-conducting shell with a di-
ameter of 2.06 nm (resp. 1.36 nm) is represented by the dashed (resp.
dotted) lines.



ter of the core tube to be close to 1.36 nm. If this inner tube
were metallic, the equation E1 = ± 3(ac-c)c0/d[43] would be val-
id for determining the energy associated with the first Van
Hove singularities. For a 1.36 nm diameter metallic shell, the
first Van Hove singularity would be observed at ± 0.85 eV;
peaks corresponding to these values are observed on the
curve presented on Figure 3a but not on the curve shown on
Figure 3b. In the case of a semi-conducting inner shell, the en-
ergy associated with the Van Hove singularities would be esti-
mated by the equations: E1 = ± (ac-c)c0/d, E2 = ± 2(ac-c)c0/d,
E3 = ± 4(ac-c)c0/d... as previously described.[43]

For a 1.36 nm semi-conducting tube, the first two Van Hove
singularities should be observed at ± 0.28 eV and ± 0.56 eV,
features which are indeed observed on both curves and high-
lighted by dotted lines on Figure 3. Hence, we believe the inner
wall of this double-walled tube corresponds to a semi-conduct-
ing single-walled nanotube with a diameter close to 1.36 nm.

This analysis, however, doesn’t explain the presence of
extra features, such as the peaks observed at ± 0.45 V on Fig-
ure 3a. They could correspond to a localized defect on the
inner tube or the back side of the outer shell or to the occur-
rence of additional Van Hove singularities due to a loss of
degeneracy in double-walled tubes compared to single-walled,
as highlighted in a recent study involving Raman spectrosco-
py.[25] In that case, these contributions may still be present on
Figure 3b, but they would not be resolved from the peaks cor-
responding to the Van Hove singularities arising aroun-
d ± 0.37 eV for the outer tube.

To summarize, the measurements we performed show that
the Van Hove singularities of both the inner and the outer
shells can be observed for double-walled carbon nanotubes
during STS measurements. In the particular case we present
here, both shells appear to be semi-conducting whereas the
STS spectra display a non-zero DOS at the Fermi level, typi-
cal of a metallic nanotube. This result is consistent with the
results reported by Kociak et al.[18] who determined the chiral
indices of both shells of a DWNT using TEM, showed this
tube constituted of two semi-conducting SWNT and recorded
I(V) curves typical of metallic behavior.

The origin of the behavior we observe during the STS study
of DWNTs, i.e., the finite DOS at the Fermi edge and the
presence of the Van Hove singularities of both shells on the
tunneling spectra, is still unclear. In our opinion, both effects
arise from an interaction between the p systems of the walls,
as previously observed for MWNTs[9] and modeled in the case
of DWNTs.[30,35,36] The hypothesis of an intershell interaction
is also supported by the periodicity of 0.25 nm on the STM
images of the DWNTs, similar to that observed on STM
images of graphite, and due to an interlayer interaction, as
discussed earlier. Due to this interaction, the electronic struc-
ture of the DWNTs cannot be described as independent wave
functions corresponding to the inner and outer shells, but by a
convolution or combination of states arising from both shells,
with an interaction term also included. The electronic struc-
ture and the transport properties of DWNTs have been
debated for more that a decade. Early theoretical work from

Saito et al.[29] demonstrated that double-walled carbon nano-
tube containing at least one metallic shell exhibit a metallic
behavior, a prediction which we could confirm during the
STM/STS study of a different DWNT.[44] Furthermore, several
experimental studies, using techniques such as I(V) measure-
ments coupled with HRTEM,[18] Raman spectroscopy[45] or
Nuclear Magnetic Resonance[27] and the STM/STS results
reported here, show the presence of a finite density of states
at the Fermi edge for DWNTs constituted of two semi-con-
ducting single-walled carbon nanotubes. More recent theoreti-
cal studies have shown that this interaction induces a redistri-
bution of electronic states to the inter-tube region,[30] states
similar to the interlayer states observed for graphite around
the Fermi edge,[46] and that it can induce metallicity for
DWNTs constituted of semi-conducting SWNTs.[35,36] Even if
those theoretical studies are limited to zigzag or armchair
shells and need confirmation for chiral systems, we can as-
sume that the STS results are characteristic of the electronic
states resulting from the interwall interaction and therefore
exhibit contributions from both shells and from the density of
states appearing at the Fermi edge.

Another interesting point is the lattice registry between the
two shells and its relation with the interwall interaction. For
instance, Charlier and Michenaud have used Density Func-
tional Theory in order to determine the optimal intershell dis-
tance at approximately 0.34 nm and also showed that some
stacking sequences are energetically favored.[26] More re-
cently, Kolmogorov and Crespi proposed a potential based on
a Lennard–Jones approach in order to account for the regis-
try-dependence of the intershell interaction.[47,48] This K–C
potential was introduced in a DFT calculation and the authors
demonstrated that the double-walled carbon nanotube’s ge-
ometry, in particular the lattice registry between the shells,
influences the energy barriers for sliding or rotating a tube
with respect to the other.[48] In a slightly different approach,
Bellarosa et al. mapped the potential energy distribution of
carbon nanotubes embedded in or embedding three widely
studied carbon nanotubes and showed that some combina-
tions of chiral indices are energetically favored.[49] In a similar
manner, the K–C potential has been used to determine the in-
terlayer potential of double-walled carbon nanotubes and it is
found that for a given set of chiral indices (n,m) of the inner
tube, the optimum outer tube is described by the chiral indices
(n+9, m) or (n+10, m).[50] As a consequence, the most prob-
able chiral indices for the inner shell of the double-walled car-
bon nanotube studied in this paper would be (11,9) and
(11,10) whose properties, extracted from the work of Akai
and Saito,[51] are reported in Table 1.

In the case of the (11,9)@(19,11) DWNT, the interwall dis-
tance would be 0.35 nm whereas it would be 0.32 nm for the
(11,10)@(19,11) system, both in the range determined from
the HRTEM measurements (0.30–0.54 nm). Furthermore, for
both the (11,9) and (11,10) tubes, the Van Hove Singularities
are predicted to arise at energies of ± 0.27 eV and ± 0.52 eV,
which are within experimental error from the experimental
values.[44] It is therefore not possible to determine which of
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these two candidate solutions is the most likely to correspond
to the inner wall. However, as previous HRTEM experiments
demonstrated, there is no systematic correlation between the
chiral angle of both shells.[21] Moreover, the energy difference
between the energetically favored couple of chiral indices and
the other cases is smaller than 5 meV/atom.[50] For these rea-
sons, one cannot exclude the other possible candidates from
being the inner tube in this double-walled nanotube, such as
the tubes described by the indices (15,4), (14,6), or (12,7) for
example. To fully confirm the correlation between the STS
spectra and the chiral indices of both the inner and the outer
tube, one would have to perform HRTEM, atomically
resolved STM imaging and STS on the same double-walled
carbon nanotube.

We now discuss the consequences of the interwall inter-
action on the conduction in multiwalled carbon nanotubes.
The pathway of electrons through a multi-walled carbon
nanotube with a contact on the outer wall is still uncertain.
Early results suggested that the current is confined to the out-
ermost layers.[52] However, more recently, an intershell con-
ductance attributed to tunneling through orbitals of nearby
shells has been reported.[53] Furthermore, Collins et al.[54,55]

have estimated the contribution of the different shells by pro-
gressively thinning multi-walled carbon nanotubes. Their orig-
inal technique allowed them to demonstrate a flow of current
through the inner shells. Due to the electronic interaction, the
electronic structure of multi-walled carbon nanotubes is not
simply the sum of a number of isolated single-walled tubes.
One has to consider the tube as complex system of interacting
shells to fully investigate their transport properties. In particu-
lar, the charge transfer to the interwall spacing evidenced by
Miyamoto et al.[30] probably facilitates the tunneling of elec-
trons between neighboring shells. Furthermore, due to the
interwall interaction and the charge transfer, the transport
properties of a shell in a MWNTs will be different from the
properties of an isolated SWNT with the same diameter and
chirality. We are currently performing a theoretical study
based on DFT calculations, in order to investigate the nature
of this interaction, as well as its consequences, and possibly
help determine whether the conduction in MWNTs is driven
by a Luttinger liquid behavior[56] or by Coulomb blockade.[57]

In summary, we studied the structural properties and the
electronic structure of double-walled carbon nanotubes using
HRTEM, STM and STS measurements. The HRTEM mea-
surements allowed us to check the number of walls in the
DWNTs and to estimate their diameter and interwall spacing.
Atomic resolution imaging was achieved for a number of

tubes and allowed us to determine the diameter, the chiral
angle and the periodicity of the outer shell; these results also
allowed us to determine the chiral indices of this outer wall.
During STS experiments, the Van Hove singularities of both
the outer and the inner shell could be observed on the nor-
malized differential conductance curves. The STS results also
showed that the double-walled carbon nanotube presented
here consist of two semi-conducting single-walled carbon
nanotubes and exhibits a finite density of states near the Fer-
mi level in the overall measurement. The behavior, we be-
lieve, is related to the presence of an interwall interaction
which results in an accumulation of electronic states in the in-
ter-tube region, at energies close to the Fermi level. This inter-
action also induces a modification of the periodicity of the
STM image (0.25 nm) with regard to the results obtained for
single-walled carbon nanotubes. Moreover, lattice registry
effects are discussed and attempts of identifying the chiral in-
dices of the inner shell have been made on the basis of pre-
vious theoretical studies. The characterization of this interwall
interaction and its consequences, in particular for the case of
chiral shells is an area that needs much further study and this
work presents direct experimental evidence as to the impor-
tance of their effect which has a profound influence on the
optoelectronic properties of nanowires.

Experimental

The double-walled carbon nanotubes used in this work have been
purchased from Carbon Nanotechnologies Incorporated. Prior to the
experiment, the nanotubes have been acid treated (reflux in HNO3,
1 mol.L–1 for 24 hours) and oxidized in air at 250 °C in order to re-
move most of the catalyst and amorphous carbon particles. The puri-
fied DWNTs were then dispersed in 1,2-dichloroethane (1 mg mL–1)
and sonicated for 2 hours before TEM and STM experiments were
performed. To prepare the STM sample, 2–3 drops of the sonicated
dispersion were deposited on a gold (111) surface. The sample was
then mounted on a sample plate and introduced into the Ultra High
Vacuum Scanning Tunneling Microscope (UHV-STM).

The STM and STS experiments were performed at room tempera-
ture in a commercial UHV-STM (Omicron VT Multiscan STM)
equipped with a SEM column. Electrochemically-etched tungsten tips
have been used for this study. During the experiments, the base pres-
sure in the UHV chamber was 2 × 10–11 mbar. STM images were
recorded in constant current mode with the sample biased in the range
–0.3 V to 0.3 Vand the tunneling current kept at 100 pA. The STM im-
ages were processed and analyzed using the WSxM package (WSxM
free software available for download at http://www.nanotec.es). The
STS measurements were carried out as follows, the position of the
STM tip was locked on selected locations of the STM image and I(V)
curves were recorded for sample bias varying between –1.00 V and
+1.00 V. After the experiment, normalized differential conductance
(V/I dI/dV) curves were extracted using the WSxM package.

The HRTEM experiments were carried out on a Philips
CM200 TEM (200kV accelerating voltage, LaB6 source) fitted with a
Gatan Imaging Filter (GIF2000). The microscope was calibrated
immediately prior to the irradiation experiment and changes in the
microscope lenses were kept to a minimum when switching to the
nanotubes. Calibration was again verified against the graphite (002),
resulting in a measurement error of ± 0.05 Å.
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Table 1. Chiral angles, diameters and energetic positions of the first Van
Hove singularities of the (11,9) and (11,10) single-walled carbon nano-
tubes, most probable candidates for being the inner tube of the double-
walled carbon nanotube presented here.

Inner Tube Chiral Angle Diameter 1st VHS 2nd VHS

(11,9) 26.7° 1.356 nm ±0.27 eV ±0.52 eV

(11,10) 28.4° 1.422 nm ±0.27 eV ±0.52 eV
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