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The electronic conductance of networks of chemical vapor deposition grown double-wall carbon nanotubes
comprising two populations of inner- and outer-wall diameter was measured by mechanically controllable
break-junction methods. Two discrete conductances, 0.24G0 and 0.91G0 �G0=2e2 /h�, with nonideal corre-
sponding transmission coefficients of 0.12 and 0.45, respectively, were identified as those of the lowest-energy
metallic subbands in outer walls. High-bias injection was dominated by two discrete conductance values for a
wide range of excitation energy.
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I. INTRODUCTION

Carbon nanotubes have attracted interest due to their po-
tential nanoscale electronic-device applications. They are
graphitic cylinders of nanometer-scale diameter and
micrometer-scale length; this topology, combined with the
absence of defects on a mesoscopic scale, gives rise to un-
common electronic properties of individual single-wall nano-
tubes �SWNT�, which, depending on their diameter and
chirality, can be metallic or semiconducting.1,2 The landmark
paper of Frank et al.3 provided evidence for ballistic conduc-
tion in pristine freely suspended multiwall carbon nanotubes
�MWNT�. Subsequent research has confirmed ballistic trans-
port in MWNT bundles at room temperature4–8 and that the
ballistic conduction in nanotubes is the result of a high de-
gree of structural integrity and a low level of inelastic scat-
tering. The ballistic conductance regime is governed by the
Landauer-Büttiker equation9

G = G0���T��, �1�

where G0=2e2 /h �G0
−1=12900 �� is the conductance quan-

tum and T�� is the transmission probability of an electron
going from channel � to channel �, with � and � represent-
ing the excited bands involved in the transport.10,11 The con-
ductance of series one-dimensional �1D� ballistic wires with
an arbitrary number of contacts and scattering centers is
given by

G = G0�� �gj�−1�−1
, �2�

where the summation is over the number of wires in series
and gj is the conductance of wire j.12

Theory predicts two conductance channels for an indi-
vidual metallic SWNT with ideal contacts and unity trans-
mission coefficient, resulting in a conductance G=2G0

3.
However, the theoretical value of 2G0 for SWNTs may not
be observed in each shell of a MWNT, resulting in conduc-
tance values lower than 2G0 in an experiment; the interwall
interaction is likely to reduce the conductance values below

2G0, as described by Sanvito et al.13 The double-wall carbon
nanotube �DWNT� is the archetypal system for elucidating
the role of interwall interactions in MWNTs.

This investigation is devoted to quantum conductance
studies of networks comprising individual chemical vapor
deposition �CVD�-grown DWNTs of well-defined inner and
outer diameter. The aim is to elucidate interwall interaction
effects on the transport properties in DWNTs. The dispersion
in diameter and interwall separations for this CVD-grown
DWNT sample is superior to that of DWNTs produced by
the C60-SWNT coalescence method14 used in our previous
study8 and is therefore closer to the ideal of a completely
phase-pure DWNT sample.

The mechanically controllable break-junction �MCBJ�
methods used have the advantage of easing the sample
preparation using milligram quantities of material and con-
ductance sampling for a statistically large number of
nanotubes.8 No chemical modification, other than exposure
to the atmosphere, or exposure to harsh chemical environ-
ments is required for sample preparation hence there is a
high degree of confidence that the measurement probes the
intrinsic electronic structure.

Some electrical measurements on MWNT �Refs. 6 and 7�
show that the conductance can be quantized in units of 1G0;
by immersing MWNT at the tip of a bundle into liquid metal
mercury with an almost ideal contact, Frank et al.3 observed
odd multiples of G0 and noninteger conductance values, such
as G=0.5G0. A complete description of the quantized trans-
port requires consideration of the interwall interaction, as in
the case of graphite, however other phenomena have been
evoked in the literature.15,16 Other experiments on SWNTs
and MWNTs have demonstrated ballistic transport with con-
ductance steps at even multiples of G0,6,7 and the realization
of negligibly small contact resistances. The results reported
by Kong et al.5 and Urbina et al.6 have shown that two
channels for electron transport exist in a metallic SWNT, as
predicted theoretically. Many explanations have been given
for the one open channel in SWNTs and the G=1G0 values
in MWNTs, invoking interwall interactions,3 an opaque �
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channel,16 and antiresonance with edge states in inner
tubes.17 In particular, Choi et al.16 have given an explanation
for the 1G0 conductance value in metallic SWNT by means
of a model based on an ab initio nonlocal pseudopotential
conductance calculation for nanotubes with one end im-
mersed in a jellium metal. In nonideally contacted nanotubes
the transmission coefficients may be less than unity �the con-
ductance less than 2G0� due to backscattering and imperfect
contacts. Point defects and surface contaminants can also
depress the conductance by �G0=1 for a 1.4-nm-diameter
SWNTs.18 The work of Poncharal et al.4 reported values of
0.6G0 and 0.8G0 as the most frequently observed noninteger
values of the conductance from protruding bundles. Re-
cently, we have observed similar results in pristine, free-
standing SWNT and DWNT systems at room temperature,8

and concluded that SWNTs are two-channel ballistic conduc-
tors with a transmission coefficient of 0.88. We have also
suggested these DWNTs, produced by the coalescence
method, are approximately one-channel ballistic conductors
with additional field- and temperature-dependent two-
channel contributions.8 Interpretation of the coalescence-
produced DWNT conductance data was limited by the large
dispersion in inner- and outer-wall diameter and interlayer
separation.

II. EXPERIMENT

Two characteristics of DWNT structure are known: the
lattice structure of inner and outer walls are not correlated,
i.e., the lattice of the outer tube is incommensurate with that
of the inner �although some commensurate tubes are also
known�; and that the difference between the radius of the
inner and outer tubes is about 3.6 Å, independent of the
circumference of the DWNT.19 Raman spectroscopic radial
breathing mode �RBM� analysis and direct TEM imaging of
the DWNTs used in this study revealed four diameters: 0.77,
0.90, 1.43, and 1.60 nm, that correspond to DWNT structures
with inner-to-outer diameter ratios 0.77:1.43 and 0.90:1.60.20

The difference between the radius of the inner and outer
walls of the DWNTs is: �R1= �1.43−0.77� /2=0.33 nm
=3.3 Å and �R2= �1.60−0.90� /2=0.35 nm=3.5 Å, respec-
tively, in agreement with the results of Bandow et al.19 De-
tails of the DWNT synthesis and characterization can be
found in Ref. 20.

The peak position of van Hove singularities �EvHS� in the
1D density of states for all nanotube diameters, dt, in the
range 6–18 Å relative to the Fermi energy �EF� from the
tight-binding calculation of Saito et al.21 are plotted in Fig. 1.
Van Hove singularities occur at the energy corresponding
with the bottom of a subband. In this figure the 0.77, 0.90,
1.43, and 1.60 nm diameters extracted from RBM analysis
are plotted as shaded ranges of diameter that correspond to
an error in the observed RBM frequency, that is, typical for a
Raman spectrometer, namely, �4 cm−1; the DWNT diam-
eter pairings of 0.77:1. Possibilities for combining semicon-
ducting and metallic nanotubes to compose the DWNT struc-
tures used in 43 and 0.90:1.60 are differentially shaded.
Clearly the ranges of diameter for the inner and outer DWNT
walls span both metallic and semiconducting band structures
therefore there are four this study.

The MCBJ methods used in this study are detailed in Ref.
8: an 8-bit method centered on a electromechanical relay and
a 16-bit method based on a conventional scanning tunneling
microscope �STM�. The higher-resolution STM-based MCBJ
was in the low-bias regime and the relay-based MCBJ
method for high-bias measurements; in both cases conduc-
tance histograms were composed from the accumulated data
of 30 measurement cycles �i.e., 3�104 data points�. The
STM-based MCBJ method offers the possibility of a limited
range of elevated temperature and the use of several counter-
electrode materials, such as thin-film Au, liquid Hg, and
highly oriented pyrolitic graphite �HOPG�.

III. RESULTS AND DISCUSSION

A conductance histogram �bin size=0.01G0� obtained
from the STM-based MCBJ method with a HOPG counter
electrode and bias across the DWNT network of V
=0.2 mV is given in Fig. 2. The 	1G0 conductance peaks
observed in data obtained from measurements performed un-
der the conditions described above using the three electrode
materials used in this study are highlighted in Fig. 2. The
significance of this 	1G0 range of peaks is that the values
can give an indication of the intrinsic number of channels
supported by an individual wire if the 	1G0 peaks are due to
series combinations via Eq. �2�. Clearly values of conduc-
tance expected from low-membered series combinations of
one-channel wires �0.50G0 ,0.33G0 ,0.25G0 , . . .� or two-
channel wires �0.66G0 ,0.50G0 ,0.40G0 , . . .� could account
for most of the fractional conductance values commonly ob-
served in this system. However, the 0.74G0, 0.84G0, and
0.92G0 values cannot be readily explained in terms of a low-

FIG. 1. EvHs-EF versus nanotube diameter for dt=6–18 Å
�from the tight-binding calculation in Ref. 21.� Open circles refer to
semiconducting subbands and closed circles to metallic subbands.
Dotted horizontal lines refer to injection energies corresponding to
the bias voltages used in this study: V=2 mV, V=0.1 V, V
=0.3 V, V=0.8 V, V=1.5 V, and V=3.0 V. Shaded ranges of dt

are centered on the four diameters extracted from RBM analysis of
the DWNT sample; the limits are fixed by the assumption of
�4 cm−1 in the Raman signal.
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membered series model of integer-channel wires. A simple
interpretation of the complete range of conductance peaks
requires a correspondence between those conductance values
due to parallel combinations of quantum resistors and those
values that arise from series connections of the same quan-
tum resistance values via Eqs. �1� and �2�. The challenge is
to account for the range of observed conductance peaks in
Fig. 2 in terms a simple model, in particular, the fractional
	1G0 conductance values common to all measurements in-
dependent of counter-electrode material.

Numerical modeling was used to calculate the most prob-
able network configurations of quantum resistors in series
and parallel combinations by calculation of the conductance
of: �i� n-membered series connections of individual wire
conductance g, where n is a positive integer randomly gen-
erated with a normally distributed probability �centroid=1,
standard deviation=1�; and �ii� p-membered parallel connec-
tions of individual wire conductance g, where p is a positive
integer randomly generated with a normally distributed prob-
ability �centroid=1, standard deviation=1�, via Eqs. �1� and
�2�. Peaks in the histograms of frequency versus conductance
with 0.01G0 bin size were identified for those values with
greater than 1% probability of formation by assuming an
equal probability of a series or parallel combination spanning
the electrodes for 104 closed-open measurement cycles.

The distribution of conductance peaks in Fig. 2 was in-
vestigated with reference to the model. The distribution of
the 
1G0 features clearly points to noninteger values of in-
dividual wire conductance. The 0.93G0, 1.85G0, 2.69G0 se-
ries of peaks suggests a 1–3 parallel wires of conductance
0.93G0. There is evidence for the two-membered series com-
binations of the 0.93G0 at 0.46G0 �although this is feature
was not resolved�. The distribution of peaks 
0.93G0 also
suggests the possibility of a parallel combination with
�0.2G0 wire �e.g., 1.13G0=0.93G0+0.2G0�; the presence of
such a wire is supported by the strong feature at �0.2G0.
The possibility of two discrete conductances in the network
was therefore introduced to the model by allowing equal
probability of either being selected. Optimal agreement of
experimental data with the values determined by the model
was achieved for the two discrete conductances 0.24G0 and
0.91G0; the values generated by the model are marked by
dotted vertical lines in Fig. 2. There is high degree if confi-
dence in this result since it accounts for the 
1G0 features,
has good agreement with five of the six conductance peaks
that are common to all measurements �the feature at 0.83G0
can has a greater than 1% creation probability when the stan-
dard deviation in the distribution of parallel connections is
increased from one to three�, and clustering of expected
peaks at �0.2G0, �0.3G0, �0.5G0, and absence of features
at �0.4G0 corresponds with maxima and minima in the ex-
perimental data. No other choices of either a single-channel
number or two-channel numbers have given this quality of
agreement. Furthermore agreement with 
1G0 features is
very sensitive to the choice�s� of discrete conductance.

The values of the two discrete conductances extracted
from the analyses described for the complete range of bias
used in this study referred to above and below are given in
Table I. The interpretation of the discrete conductance values
in Table I was made with reference to Fig. 1. In the STM-
based MCBJ method the bias is constant throughout the
closed-open MCBJ cycle, whereas the circuit configuration
used in the electromechanical relay-based MCBJ is such that
V increases with time during a closed-open MCBJ cycle.
Conductance data obtained using electromechanical relay-
based MCBJ method can be therefore viewed as comprising
contributions from subbands of energy lower than the maxi-
mum injection energy eV.

The electromechanical relay-based MCBJ was used to in-
vestigate the bias dependence of the conductance. The con-
ductance histogram obtained for V=0.1 V is given in Fig.
3�a�. In agreement with our previous report concerned with
DWNTs produced by the coalescence method, the increase in
bias level is accompanied by the appearance of a broad fea-
ture centered at �3G0.8 Careful analysis of the distribution
of conductance peaks, using the modeling method described
above, revealed optimum correspondence with that distribu-

FIG. 2. Conductance histogram for the DWNT sample obtained
from the STM-based MCBJ method with a HOPG counter electrode
�bin size=0.01G0�. The frequency of conductance value Gi is de-
fined by H�Gi�=Ni /N�Gi, where Ni is the data points in voltage-bin
number i accumulated from all closed-open cycles, N is the total
number of data points, and �Gi is the conductance bin size. High-
lighted 	1G0 peaks are common the conductance data from several
counter-electrode materials: thin-film Au, liquid Hg, and HOPG.
Vertical dotted lines represent the conductance values with greater
than 1% probability of formation through series and parallel com-
binations of the discrete conductances 0.24G0 and 0.91G0 calcu-
lated using the model described in the text.

TABLE I. Discrete conductance values extracted from the data in Figs. 2–4 using the analyses described
in the text.

V �V� 0.0002 0.1 0.3 0.8 1.5 3.0

G /G0 0.24 0.91 1.50 3.76 4.75 5.01

0.91 3.00 3.60 5.30 7.34 7.94
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tion due to series and parallel combinations two discrete con-
ductances 0.91G0 and 3.0G0; the values generated by the
model are marked by dotted vertical lines in Fig. 3�a�. Simi-
larly; in Fig. 3�b� the discrete conductances extracted in the
same way for V=0.3 V are 3.60G0 and 1.50G0.

The range of metallic and semiconducting subbands em-
braced by the inner- and outer-wall diameters present in the
sample is such that there is a possibility of both conductivity
types in both walls of both DWNT diameter pairings. The
lowest-energy semiconducting subbands occur in the outer
and inner walls at EvHs-EF energy �0.3 and �0.5 eV, re-
spectively. Conductance data gleaned from the V=0.2 mV
and V=0.1 V bias values therefore can be attributed to me-
tallic conduction in states close to EF in metallic outer walls.
Ideal metallic inner and outer DWNT walls are expected to
each contribute two conductance quantum units giving a to-
tal conductance of 4G0 per DWNT.16 If the two discrete
conductance values observed at mV bias are due to contribu-
tions from the two populations of DWNT diameter pairings
in the sample, then clearly metallic conduction is nonideal;
assuming the 0.91G0 and 0.24G0 discrete conductance values
are due to outer-wall conduction, these correspond to trans-
mission coefficients of 0.45 and 0.12, respectively. The
emergence of 3G0 discrete conductance value at V=0.1 V is

unlikely to be the result of significant injection into the first
semiconducting subband at �0.3 eV of the outer wall of a
semiconducting outer-wall/metallic inner-wall DWNT given
the difference in injection energy and EvHs. The most likely
explanation for this feature is bias-dependent injection with
contributions of �1G0 from a metallic outer wall and 2G0
from a metallic inner wall as we previously postulated for
coalescence-produced DWNT networks.8

In the absence of bias-dependent injection we would ex-
pect the V=0.2 mV �Fig. 2� and V=0.1 V �Fig. 3�a�� con-
ductance histograms extracted from the two MCBJ methods

(b)

(a)

(c)

FIG. 4. Conductance histograms obtained using the electrome-
chanical relay MCBJ method for: �a� V=0.8 V, �b� V=1.5 V, and
�c� V=3.0 V. Vertical dotted lines represent the two discrete con-
ductance values �the higher two values� and series combination of
these discrete values �the lower value�.

(b)

(a)

FIG. 3. Conductance histograms obtained using the electrome-
chanical relay MCBJ method for: �a� V=0.1 V and �b� V=0.3 V.
Vertical dotted lines represent the conductance values with greater
than 1% probability of formation through series and parallel com-
binations of the discrete conductances: �a� 0.91G0 and 3.00G0, �b�
3.60G0 and 1.5G0, calculated using the model described in the text.
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to be identical. The 0.91G0 discrete conductance is common
to both while the other identified discrete conductance values
shifts from 0.24G0 to 3.0G0 in this bias range. It is difficult
to state whether a signal from a 0.24G0 subband remains in
the V=0.1 V conductance histogram since 	0.25G0 features
are not fully resolved.

The �1G0 conductance is ubiquitously observed in large
diameter MWNT systems in which the outer walls are effec-
tively metallic; we therefore conclude this value is due to the
metallic outer-wall population of DWNTs. Possible explana-
tions for the this result were first pointed out by Frank et al.
and subsequently by many other authors.15,16 Two different
interpretations try to link the “missing” conductance quan-
tum either to the interface resistance and contact defects in
the system or to the splitting of the double degenerate me-
tallic level. In the first case, we should expect the transmis-
sion coefficient to be a random variable varying in the range
0.3–0.74. However, as we have found a value G�1G0 in all
histograms at room temperature and for small electrical ex-
citation, and not a range of G values, we propose that this
result is due to lifting of the degeneracy in the metallic band.

The conductance histograms for V=0.8, 1.5, and 3 V are
characterized by the emergence of a conduction peak at 2G0

and three broad 
2G0 peaks comprising two discrete con-
ductances �the upper two values� and series combination of
the discrete values �the lower value�; the two discrete con-
ductances and the series combination are marked by dotted
vertical lines in Fig. 4. We attribute the higher discrete con-
ductances and 2G0 features that emerge for V
3 V as being
due to the enhanced probability of semiconducting outer-
wall/semiconducting inner-wall and metallic outer-wall/
semiconducting inner-wall DWNTs and excitation into
higher level metallic and semiconducting subbands contrib-
uting to the network conduction for EvHs-EF
3 eV, Fig. 1.
Exact mapping of the high-bias conductance data onto the
current-carrying subband distribution will require a single-
phase DWNT population.
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