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Abstract. The electrical properties of various forms of car-
bon nanotubes are presented with particular emphasis placed
on individual multi-wall and single-wall tubes. After a brief
survey of the electronic structure of single-wall carbon nano-
tubes, electronic transport mechanisms are overviewed in re-
lation with the dimensionality of the carbon system. Typical
quantum aspects of low temperature electronic conduction for
low dimensionality encountered in some carbon nanotubes
are discussed.

PACS: 71.15.Fv, 71.20.Tx, 72.80.Rj, 73.23.-d

It was recently shown [1, 2] how the wealth of information
provided by electrical resistivity measurements obtained on
carbons and graphites helps improve our understanding of
conduction mechanisms in solids. This is particularily true
when quantum aspects of conduction are considered. Among
the results of measurements available for the large variety of
carbon forms, those recently performed on carbon nanotubes
have significantly contributed to this situation.

Carbon nanotubes (CN) are fascinating mesoscopic sys-
tems on which the various aspects of electronic structure and
quantum transport can be tested. To the low dimensionality
of these systems is associated specific band structures from
which results unusual transport properties, which are further
accentuated by their small dimensions with respect to the var-
ious electronic characteristic lengths (Sect. 1.2.1). This is in
addition to the fact that their parent carbons and graphites
exhibit various aspects of conduction which cover a large
spectrum of solid state conduction.

Even in the higher temperature range where we can ap-
proach the transport properties by means of semiclassical ap-
proximations, the behavior is odd as compared to typical 3D
metals and semiconductors. Indeed, in addition to the effects
of small dimensions and low dimensionality, one has to con-
sider the specific properties of carbons and graphites relative
to typical conductors:

– thesemimetallic behaviordue to the presence of a small
density of electrons and holes, which has a drastic effect

on the band structure and on the scattering mechanisms
inherent to small Fermi surfaces [3]

– the possibility ofintercalation, and to a lesser extent,dop-
ing, and its effects.

At low and ultralow temperatures, specific effects show up
in the propagation and scattering of charge carriers revealing
quantum effects at the macroscopic scale. These effects are
magnified in the presence of weak disorder. Thesequantum
aspects of conductionare revealed by theweak localization
effects andCoulomb interactionand theuniversal conduc-
tance fluctuationsin the quasi-ballistic regime.

In order to interpret electronic transport results we need to
know about the electronic distribution and some characteris-
tic lengths describing the regime of propagation and electron
collision events. In CNs this means that we must have a model
for the Fermi surface and the order of magnitude of the vari-
ous characteristic lengths. Besides, the defect structure is an
essential ingredient, since its presence is necessary to gener-
ate quantum interferences, when applicable.

There is now experimental evidence that multi-wall car-
bon nanotubes (MWNT) are 2D electrical conductors, while
infinitely long single-wall nanotubes (SWNT) exhibit 1D
conduction. Oddly enough, for the latter case we are facing an
exceptional physical system; a 1D conductor without Peierls’
distortion. Whether single- or multi-wall, we will show below
that there is a lot of interesting physics in these systems.

The results of measurements on CNs have revealed so
far three interesting pieces of information. MWNT behave as
an ultimate carbon fiber. At high temperature their electrical
conductivity may be described by means of a semiclassical
model similar to that applicable to graphene layers in the
bulk material. At low temperature they reveal 2D quantum
transport features, some of them similar to that previously ob-
served on graphite (weak localization) and some new aspects
which can only be observed in its mesoscopic form (univer-
sal conductance fluctuations). In addition, SWNTs behave as
pure quantum wires, which if limited in length may reduce
to a quantum dot. So, each type of nanotube has its own fea-
tures which are strongly dependent on the dimensionality of
the system.



80

In the following, we shall make a clear distinction when
considering conduction in multi-wall (Sect. 2.1) or single-
wall (Sect. 2.2) carbon nanotubes. Indeed, it is found that to
a given dimensionality is associated specific band structures
and quantum transport aspects at low temperature.

1 Theoretical frame

1.1 Electronic structure

Carbon nanotubes have extraordinary electrical properties
which derive from the well-known hybridization process of
carbon bonds, their unique quasi-one-dimensional nature, and
their cylindrical symmetry, that could lead to ideal elec-
trical connectors in future technology [4]. Microscopically,
a nanotube consists of one (single-wall [5, 6]) or more (multi-
wall [7]) coaxial cylindrical rolled-up graphene sheets, sep-
arated by approximately the interlayer distance of graphite
(0.34 nm). The size distribution is0.8–3 nm diameter for
single-wall nanotubes and2–30 nmdiameter for multi-wall
nanotubes, both being generally microns in length, and also
often observed in bundles [8, 9].

With the notion of helicity introduced by Iijima [7], the
electronic properties of carbon nanotubes have been stud-
ied extensively in many theoretical works [10–15]. All these
calculations lead to one important conclusion: the electronic
properties of the nanotube should vary in a periodic way from
metallic to semiconductor as a function of both the diam-
eter and the helicity. Using Fig. 1a, the chirality and the tube
diameter of any graphene tubule can be specified in terms of
the chiral vectorCh = na1+ma2 which connects two crystal-
lographically equivalent sites on a 2D graphene sheet [11].

The construction in Fig. 1a shows the chiral angleθ with
respect to the zigzag direction (θ = 0) and the unit vectors
a1 anda2 of the hexagonal honeycomb lattice. The armchair
tube (Fig. 1a) corresponds toθ = 30◦ on this construction. An
ensemble of possible vectors specified by pairs of integers
(n,m) denoting the vectorCh = na1+ma2 is given in Fig. 1b.
In the (n,m) notation, the vectors (n,0) denote zigzag tubes,
the vectors (n,n) denote armchair tubes and all the other vec-
tors (n,m) wheren 6=m 6= 0 correspond to chiral tubes [11].

From a theoretical standpoint, single-wall tubes are inter-
esting as examples of a one-dimensional periodic structure
along the tube axis. Confinement in the radial direction re-
sults from the monolayer thickness of the tubule. Unless the
tube diameter is extremely small, its band structure some-
what resembles that of graphite. The main difference between
graphite and the tubule lies in the periodic boundary condi-
tions. A graphite sheet is regarded as an infinitely extended
system, and an artificial periodic boundary condition is im-
posed on a macroscopic scale. This results in the usual Bloch
wave functions labeled with wave vectors in the first Brillouin
zone. For a tubule, while the boundary conditions along the
tube axis are the same as for graphite, the periodic boundary
condition is imposed for a finite period along the circum-
ference and allows only a few wave vectors to exist in the
circumferential direction. This results in Bloch wave func-
tions with discretely selected wave vectors.

Figure 2 illustrates band structures for zigzag and arm-
chair conformations where theC−C bond is, respectively,
parallel and perpendicular to the tube axis. 2D graphite is

Fig. 1. a The vectorsAA′ or Ch = na1+ma2 on the honeycomb lattice de-
fined by unit vectors,a1 anda2, and the chiral angleθ with respect to the
zigzag axis.b A graphite sheet that, when rolled up in such a way as to su-
perimpose the origin (0,0) on a given hexagon in the sheet, a nanotube will
result with the properties indicated in the edge of each hexagon:large dots
and small bullets, denoting metallic (or narrow band gap semiconductor)
and moderate band gap semiconducting behavior, respectively [11]

a zero-gap semiconductor with bonding and antibonding
π bands, degenerate at theK -point zone corner of the 2D
hexagonal Brillouin zone. When a tubule is constructed from
a graphite sheet, the periodic boundary condition along the
circumference allows wave vectors in certain directions in the
Brillouin zone of graphite. For a (n,0) zigzag tube, the verti-
cal lines are found to cross the points which divide the straight
line of doubledΓ −M into n parts. Therefore, if a verti-
cal line crosses theK point, namely, ifn is a multiple of 3,
the tubule might be a metal (Fig. 2a). However, the degen-
erate point is actually moved from theK point to positions
slightly away from the 2D hexagonal Brillouin zone edges,
because the electron transfer is enhanced in the circumfer-
ential direction due to the curvature of the tube surface. The
band structure of the (12,0) zigzag tube exhibits an energy
gap of 8 meV at theΓ point, characterizing a narrow-gap
semiconductor, not a metal. Following the derived rule, if
n is not a multiple of 3, the zigzag tube possesses a wider
band gap. The band structure of the (11,0) zigzag tubule ex-
hibits an energy gap of0.8 eV at theΓ point, characterizing
a moderate-gap semiconductor (Fig. 2b). In these two band
structures, bands higher than the Fermi level (EF) are anti-
bondingπ bands. Bondingπ bands are located at energies
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Fig. 2. Band structures of a (12, 0) zigzag tubule (a), a (11, 0) zigzag
tubule (b), and a (6,6) armchair tubule (c). The X point has a wave number
near π

3aC−C
in the zigzag symmetry, and near π√

3aC−C
in the armchair one;

whereaC−C is the nearest-neighborC−C distance (1.42Å)

lower than the Fermi level, while bondingsp2 σ bands ap-
pear at energies lower than−2.5 eV and mix weakly withπ
bonding states.

The other special class of tubules: the armchair ones, al-
ways exhibit a metallic behavior. Figure 2c shows the band
structure of an armchair nanotube. The set of wave vectors
which are allowed by periodic boundary conditions for an
(n,n) armchair tube always contains theK point for all n,
because the line crossing theΓ point always crosses the
K point. Although the enhancement of the electron transfer
along the tubule circumference moves the degenerate point,
the latter always remains on the allowed line. Figure 2c
presents the band structure of the (6,6) armchair tubule,
showing two bands crossing the Fermi level at the same wave
vector, exhibiting a metallic nature.

All other nanotubes are chiral tubes which electronic
properties depend on their respective (n,m) characteristic.
Figure 3 illustrates the DOS of two chiral nanotubes com-
pared to the DOS of a (10,10) armchair tube of approxi-
mately the same diameter (∼ 1.35 nm). The chiral (14,5)
nanotube exhibits a metallic behavior, while the DOS of
(16,2) presents a gap of∼ 0.65 eV. When compared to the
(10,10) tube, the DOS of the metallic chiral tubes does not
significantly differ. Our calculations illustrate that van Hove
singularities remains sharp and distinctive with a chiral geom-
etry, very much like in the armchair or zigzag wrappings.
Although the 1D real space unit cell of a general chiral nano-
tube is often one order of magnitude larger than the unit
cell of an achiral tube (i.e. the unit cell of (11,9) contains
1204atoms while it contains only40 for the (10,10)), the
DOS shape does not contain many weak spikes uniformly dis-
tributed in energy as previously expected [16]. These results
are in complete agreement with the Van Hove singularities
(energy threshold for an electronic sub-band caused by the
quantum confinement of electrons in the radial and circum-
ferential directions of the nanotube) recently observed [17] in
the experimental DOS for both chiral and achiral nanotubes.

In summary, single-wall nanotubes are thus categorized
into three classes: the first class consists of metallic tubules
(armchair tubes), the second of semiconducting ones with
narrow band gaps (1

3 of the possible zigzag and chiral tubes),
and the third of semiconducting ones with moderate band

Fig. 3. One-dimensional electronic densities of states of metallic (14, 5) and
semiconducting (16,2) chiral nanotubes, compared to the DOS of metallic
(10,10) achiral nanotube. The Fermi level is positioned at the zero energy.
Tight-binding calculations with Slater-Koster hamiltonian are based on the
2p valence orbitals of carbon

gaps (23 of the possible zigzag and chiral tubes). The band gap
is tunable by choosing the nanotube structure. It may be sur-
prising that the calculated electronic structure can be either
metallic or semiconducting (Fig. 1b) depending on the choice
of (n,m), although there is no difference in the local chemi-
cal bonding between the carbon atoms in the tubules, and no
doping impurities are present.

All the calculated results [10–15] for the 1D electronic
structure show that for small diameter single-wall graph-
ene tubes (including chiral ones, Fig. 3), about1

3 of the
tubules are metallic (or narrow band gap semiconductor), and
2
3 are semiconducting, depending on the tube diameterDφ

and the chiral angleθ. In terms of the integers (n,m), the tube
diameterDφ is given by

Dφ = Ch

π
=
√

3aC−C

√
m2+mn+n2

π
, (1)

whereac−c is the nearest-neighborC−C distance (1.42Å),
and the chiral angleθ is given by

θ = tan−1
[ √

3n

(2m+n)

]
. (2)

Metallic conduction in a single-wall nanotube is achieved
when

n−m= 3q, (3)

whereq is an integer. Tubules satisfying (3) are indicated in
Fig. 1b as large circles, and these are metallic (or narrow band
gap semiconducting) nanotubes. The small circles in the same
figure do not satisfy (3) and correspond to wider gap semicon-
ducting tubules.

Metallic 1D energy bands are generally unstable under
a Peierls distortion. However, the Peierls energy gap obtained
for the metallic tubules is found to be suppressed by in-
creasing the tube diameter, so that the Peierls gap quickly
reaches the zero-energy gap of 2D graphite [11, 13]. Thus, if
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finite temperatures or fluctuation effects are considered, such
a small Peierls gap can be neglected. It is also of interest to
note that as the tube diameter increases, more wave vectors
are allowed for the circumferential direction, the tubules be-
come more two-dimensional, and the semiconducting band
gap disappears [10, 11].

Recently, two teams of experimentalists [17, 18] used
scanning tunneling microscope probes at low temperature
to test these theoretical predictions, by measuring electronic
structure (density of states) and physical structure (the nano-
tube diameter and helicity), confirming the one-dimensional
nature of conduction in single-wall nanotubes.

1.2 Electronic transport

1.2.1 Characteristic lengths, resistance and transmission.
The way in which we envisage transport properties depends
crucially on the geometric dimensions of the samples with
respect to three main characteristic lengths in the conductor.
These characteristic lengths with their subtle aspects are of
paramount importance in order to understand, even qualita-
tively, electron propagation in such tiny entities as CNs.

Theelastic mean free path:

Lel= vFτel (4)

which is directly related to the time of flight between two
elastic collisions,τel, is due to collisions with stationary im-
purities. Through these collisions, electrons exchange mo-
mentum but retain their phase memory.

Thephase-coherence length, is the distance that an elec-
tron travels before its initial phase is destroyed:

Lφ =
√

Dτφ (5)

WhereD is the diffusion constant. Expression (5) shows that
the motion between two phase-randomizing collisions is dif-
fusive.

TheFermi wavelength, which is related to the kinetic en-
ergy of electrons at the Fermi level:

λF= 2π

kF
(6)

is almost temperature insensitive for metals, but for semicon-
ductors and semimetals, it may vary widely with temperature.
Thus for carbons and graphites the two last characteristic
lengths are temperature sensitive.

To these three main lengths one should add theinelastic
mean free path, L in which is the distance that an electron trav-
els between two inelastic collisions, such as electron-phonon
or electron-electron collisions. Since, except for some spe-
cific situations [19], inelastic collisions destroy the phase co-
herence, the inelastic mean free path is generally equal to
the phase coherence length. Note too that, while there is an
exchange of momentum in an electron-phonon collision, in
an electron-electron collision, momentum is conserved after
collision. Electron-electron collisions are phase-randomizing
collisions that do not affect the electron free path.

One should also consider thethermal length:

LT =
√

hD

kT
(7)

which is of interest when discussing transport in mesoscopic
systems (Sect. 2.1), themagnetic length:

Lφ =
√

h

qB
(8)

and thecyclotron radius:

Lc= hkF

qB
(9)

which should be taken into account in the presence of an ap-
plied magnetic field,B.

For macroscopic samples, i.e. samples with dimensions
much higher than these characteristic lengths, and at high
enough temperatures, we do not have to worry about the
phase of the electron waves. Inelastic collisions are dom-
inant, mainly through electron-phonon interactions, where
the phase memory of electrons is lost together with their
momentum. We are in the situation of diffusive motion de-
scribed in Sect. 1.2.3 and the regime is ohmic. If the tem-
perature is lowered, the inelastic mean free path increases
and, eventually, becomes much larger than the elastic mean
free path. Through elastic collisions, electrons loose momen-
tum but not their phase memory. Interferences may show up
in the electronic system generating weak localization effects
(Sect. 1.2.4), whatever the geometrical dimensions of the
sample. Thus, quantum effects are observed in a macroscopic
sample, which is the case for bulk carbons and graphites.
When, in addition, the sample has dimensions comparable
to the main characteristic lengths described above, additional
quantum effects may show up in the presence of a magnetic
field in the form of Aharonov-Bohm oscillations and univer-
sal conductance fluctuations.

At low temperatures, in a metal sample of very small di-
mensions, though larger than that of the atom, it may happen
that the phase-coherence length (5) becomes larger than the
dimensions of the sample. In a perfect crystal, the electrons
will propagate ballistically from one end of the sample and
we enter into aballistic regimewhere the laws of conductivity
discussed below Sect. 1.2.3 no more apply. The propagation
of an electron is then directly related to the quantum probabil-
ity of transmission across the global potential of the sample.

However, static defects will scatter electrons elastically
in a real crystal. We are then in a situation where electrons
do not loose memory of the phase contained in their wave
function and thus propagate through the sample in a coher-
ent way. Electrons in a given state interacting with the same
impurity experience the same phase shift and the geometri-
cal configuration of impurities will thus have a direct effect
on electron propagation. This happens inmesoscopic systems
such as CNs (Sect. 2.1.2).

1.2.2 Semimetallic behavior.Pristine HOPG is a semimetal
with an equal and relatively small density of electrons and
holes, while some carbons are narrow-gap semiconduc-
tors [20]. Carbons and graphites have also generally two types
of charge carriers in small densities. The semimetallic be-
havior of graphites, due to their small Fermi surfaces, have
a dramatic effect on the band structure and on the scattering
mechanisms:
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– at low temperatures, the charge carrier system is fully
degenerate. When the temperature increases, the carrier
distributions become partially degenerate and the param-
eters of the band structure and Fermi surface, and thus the
carrier densities, become very sensitive to temperature,

– owing to these small Fermi surfaces, electron-phonon
scattering is particularily weak leading to very high carrier
mobilities. We have previously introduced [2] the concept
of the ineffectiveness of phonon scatteringin graphites.
This results in unusually high inelastic relaxation times
which allows the observation of quantum interferences
and mesoscopic regime at much higher temperatures than
in metals. Also, weak electron-phonon interaction associ-
ated to weak disorder allows the observation of electron-
electron scattering, which can hardly be observed in other
types of solids.

– weak electron-point defect scattering associated to large
Fermi wavelengths. From Raleigh’s law it is known that
point defect scattering depends dramatically on the scat-
tered wave wavelength. This is the case for electrons.
We have previously discussed the electron-phonon inter-

action in the particular case of pristine graphite [2, 21]. It
was shown that, contrary to 3D metals, the quasi-2D elec-
tron and hole systems in semimetallic graphites do not in-
teract with the same class of phonons. This reason leads to
the ineffectiveness of phonon scattering. For small Fermi sur-
faces, like those characterizing semimetals, in order to satisfy
energy and momentum conservation requirements, electrons
and holes are scattered through large angles by low energy
subthermal phonons, except at very low temperatures. The
limit is determined by a characteristic temperature:

θ∗ = 2kFvsh

kB
(10)

The subthermal phonons are of lower frequencies than the
thermal phonons which dominate at the temperature consid-
ered and are thus less numerous and the resulting electron-
phonon scattering is less effective, even for large angle scat-
tering.

For graphite, the velocity of sound in the graphene planes,
vs∼ 2.1×106 cm/s, is one order of magnitude higher than in
metals, whilekF, the Fermi wave vector, is orders of magni-
tudes smaller than in ordinary metals. The result is thatθ∗ is
much smaller than the Debye temperature of 3D metals and,
a fortiori , of the in-plane Debye temperature of graphite.

The very high charge carriers mobilities observed in
graphites is also due to the very low effective masses in
some directions and the low dimensionality of the electronic
system.

1.2.3 Semiclassical transport in the diffusive regime.For
a given group of charge carriers the Drude electrical conduc-
tivity is expressed:

σ = q2Nτ
m∗

(11)

whereq is the electronic charge,N is the charge carrier dens-
ity, τ the relaxation time andm∗ the carrier effective mass.
The mobility which describes diffusive motion is expressed:

µ= vd

E
(12)

In a naive way, one may imagine the mobility, which is de-
fined as the drift velocity,vd, of the charge carriers per unit
electric field, E, as expressing the easiness with which the
carriers move in the crystal lattice.

Equation (11) for diffusive motion apply for macroscopic
systems, i.e. of dimensions larger than the characteristic
lengths defined above, whatever their dimensionality.

If there are electrons and positive holes, as in pristine
graphites, the contribution of each type of carriers should be
taken into account. In that case, the total electrical conductiv-
ity (σ) is given by the sum of the partial conductivities,σj , of
each group of charge carriers,j :

σ =
∑

j

σj (13)

When there is more than one scattering mechanism,s,
experienced by electrons and when the relaxation times de-
scribing these scattering events,τs, are of the same order of
magnitude, then the total relaxation timeτ is a combination
of theseτs and is given by Matthiessen’s rule, which is ex-
pressed:

1

τ
=
∑

s

1

τs
(14)

provided the various types of scattering may be considered
as independent and the associated relaxation time isotropic.
These assumptions are only partly true in many systems in-
cluding graphites.

The main contributions to the classical scattering mechan-
isms in metals consist in an intrinsic temperature dependent
idealrelaxation time, which is mainly due to electron-phonon
interactions, and an extrinsicresidual temperature indepen-
dent term due to static lattice defects.

When a magnetic field is applied to a conductor carrying
an electrical current its resistance increases due to the effect
of the Lorentz force on the charge carriers. This is the so-
calledmagnetoresistanceeffect. The fractional change in the
resistance caused by the application of an external magnetic
field is expressed:

∆%

%0
= %H −%0

%0
(15)

where%H and%0 are the electrical resistivities with and with-
out magnetic field respectively. At low magnetic fields, the
magnetoresistance depends essentially on the carrier mobili-
ties.

However, an inverse effect, i.e. a decrease of resistance
with increasing magnetic field,negative magnetoresistances,
have been observed in pregraphitic carbons by Mrozowski et
al. [22] as well as in other forms of carbons (Sect. 1.2.4).

1.2.4 Quantum interferences.In the presence of weak dis-
order, one should consider an additional contribution to the
residual resistivity due toweak localizationresulting from
quantum interference effects and/or that due toCoulomb in-
teractioneffects. These quantum effects, though they do not
generally affect significantly the magnitude of the resistivity,
introduce new features in the low temperature transport ef-
fects. So in addition to the semiclassical ideal and residual
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resistivities of carbons discussed above, we must take into
account the contributions due to quantum localization and in-
teraction effects. These effects were found to confirm the 2D
character of conduction in turbostratic carbons [23] (includ-
ing MWNTs) and acceptor GICs [24, 25].

In the same way, experiments performed at the meso-
scopic scale in CNs revealed quantum oscillations in the
electrical conductance as a function of magnetic field, the so-
called universal conductance fluctuations (UCF).

The quantum interference phenomenon leads to an in-
creased backscattering probability with respect to the semi-
classical value and thus to a larger resistivity. This effect
which tends to localize electrons through increasing backscat-
tering is calledweak localization. It gives rise to characteristic
resistivity variations with temperature and magnetic field.

When the temperature decreases, the inelastic lifetimeτin
due to electron-phonon or electron-electron interactions in-
creases. As a result, the number of sequences leading to con-
structive inteferences increases and backscattering is more
efficient. This results in an increased resistivity as the tem-
perature is decreased. When the temperature increases, the in-
verse situation occurs and when electron-phonon or electron-
electron interactions are so numerous that the inelastic life-
time, τin, is of the order ofτel, the electron looses its phase
memory after each collision and we are back in the semiclas-
sical situation.

It was demonstrated that when amagnetic fieldis ap-
plied to a sample it decreases the effect of the constructive
interferences. This effect is more pronounced for longer se-
quences. The magnetic field reduces the backscattering prob-
ability tending to restore the semiclassical resistivity and thus
leads to a decrease of the measured resistivity. One speaks
aboutnegative magnetoresistance. This effect has nothing to
do with the conventionalpositive magnetoresistancewhich is
generally observed in electrical conductors and was defined
above Sect. 1.2.3. In the case of positive magnetoresistance,
the Lorentz force due to the magnetic field deviates electrons
from their initial path and increases the resistivity in the ap-
plied electric field direction.

The limit of weak disorder, which is also the condition
for the Boltzmann approximation to hold, implies that the
electron mean free path,L, should be large compared to its
wavelength, i.e.:

kFL � 1 (16)

wherekF is the Fermi wave number. When these two terms
are of the same magnitude, we are in a situation of strong
disorder and strong localization.

In a 2D system, when this last condition is fulfilled, and
whenτel� τin, the correction to the classical conductivity is:

δσ2D =− q2

2π2h
ln
{
τin

τel

}
(17)

and if:

τin = aT−p (18)

we get:

δσ2D =− p

2

q2

π2h
ln

{
T

T0

}
(19)

The requirement thatτel� τin allows the electrons to ex-
perience many elastic collisions leading to constructive inter-
ferences before they are inelastically scattered and loose their
phase memory.

2 Experimental findings

2.1 Multi-wall nanotubes

2.1.1 Diffusive transport.At high temperature, MWNTs be-
have much like bulk graphite [26] and can be described, in
the thermodynamic limit, by means of semiclassical models
describing diffusive motion Sect. 1.2.3. At low temperature,
weak localization effects are observed as for the case of bulk
graphites, but in addition when the temperature and sizes are
low enough to realize mesoscopic conditions, specific quan-
tum effects are observed (UCFs).

The electrical resistivity of carbon-based materials de-
creases with increasing structural perfection. Generally, the
differences observed between samples are more pronounced
when the heat treatment temperature (HTT) varies within one
class of carbon-based materials than they are between various
classes for samples heat treated at approximately the same
HTT.

Samples ofhigh structural perfectionexhibit resistivi-
ties lower than a few10−6 Ωm. In that case observed re-
sistivities may be described using the semimetallic graphite
band model. Around room temperature, the charge carriers
are scattered by defects and phonons. Contrary to metals,
where the highly degenerate electron system is temperature
insensitive and only the mobility varies with temperature, in
a semimetal like graphite, because of the very small carrier
densities, these are also very sensitive to defects and tempera-
ture. This is exactly the situation in MWNT.

In Fig. 4, we report on measurements of the temperature
dependence of the zero-field electrical resistivitivity [27]. It
may be seen that, above2 K, the temperature dependence
of the zero-field resistivity of MWNTs is governed by the
temperature dependence of the carrier densities and may
be described by the simple two-band (STB) model derived
by Klein [28] for electrons,n, and holes,p, densities in
semimetallic graphite:

n= CnkBT ln

{
1+exp

{
εF

kB

}}
(20)

and

p= CpkBT ln

{
1+exp

{
∆− εF

kBT

}}
(21)

whereεF is the Fermi energy and∆ is the band overlap.Cn
andCp are the fitting parameters.

A value of∆∼ 4 meV is obtained for the band overlap,
with the Fermi energy right in the middle of the overlap. This
value of the overlap has to be compared to that of40 meV
for crystalline graphite. The difference was ascribed to the
turbostratic stacking of the adjacent layers which should re-
duce drastically the interlayer interactions, like in disordered
graphite. The smaller overlap implies also that, within the
frame of the STB model, the carrier density is 10 times
smaller than in graphite.
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Fig. 4. Electrical resistance as a function of the temperature at the indicated
magnetic fields for a bundle of nanotubes. Thedashed linesseparate three
temperature ranges (see text), while the continuous curve is a fit using the
two-band model for graphite (see inset) with an overlap of3.7 meV and
a Fermi level right in the middle of the overlap [26]

2.1.2 2D localization and universal conductance fluctua-
tions.The particular geometry and the varying defect struc-
ture of carbon fibers have allowed the observation of quantum
transport effects in these materials. These were first ob-
served by Piraux et al. [24] in intercalated acceptor carbon
fibers, then on pristine fibers [23] and more recently on
nanotubes [27]. The observed negative magnetoresistance in
pristine carbon fibers, which is one of the signatures of the
two-dimensional (2D) weak localization, was attributed to the
turbostratic layers.

Weak localization effects were also observed on individ-
ual multi-wall carbon nanotubes (MWNT) [27]. In Fig. 5 we
present the temperature dependence of the conductance for
one of the carbon nanotubes measured respectively in a mag-
netic field of7 T and14 T. The measured multi-wall carbon
nanotube had a diameter of about20 nm and a total length
of the order of1µm. In zero magnetic field, a logarithmic
decrease of the conductance at higher temperature, followed
by a saturation of the conductance at very low temperature,
was observed. The saturation occurs at a critical tempera-
ture,Tc= 0.3 K at zero magnetic field, which shifts to higher
temperatures in the presence of a magnetic field. The data
in Fig. 5 show also that there is an additional contribution
to the magnetoconductance of the carbon nanotube which is
temperature independent up to the highest temperature in-
vestigated, including in the logarithmic temperature variation
range. This magnetoconductance was ascribed to the forma-
tion of Landau states predicted by Ajiki et al. [29]. Both
2D weak localization and “Landau level” contributions to the
magnetoconductance can be separated as illustrated in Fig. 5.

The temperature and field dependences of the nanotube
conductance were interpreted consistently in the frame of the
theory for 2D weak localization that we previously discussed
(Sect. 1.2.4). Owing to the very small dimensions of the sam-
ple, the samples were found to be close to the mesoscopic
regime in the lowest temperature range.

As may be seen from Fig. 6, reproducible aperiodic fluc-
tuations appear in the magnetoconductance with temperature
independent peaks and valleys positions with respect to mag-
netic field. In Fig. 7, we present the temperature dependence
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Fig. 5. Electrical conductance as a function of temperature at the in-
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the contributions to the magnetoconductance of the Landau levels and the
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of the peak-to-peak amplitude of the conductance fluctua-
tions for three selected peaks as well as the rms amplitude
of the fluctuations, rms[δG]. The amplitude of the fluctua-
tions are constant in the lower temperature range, then de-
creases slowly with increasing temperature following a weak
power law. The turnover in the temperature dependence of
the conductance fluctuations occurs at a critical temperature
T∗c ≈ 0.3 K, which, in contrast to theTc values characteristic
of weak localization effects, is independent of the magnetic
field (Fig. 7). This behavior was interpreted in terms ofuni-
versal conductance fluctuations(UCF) previously observed
in mesoscopic weakly disordered metals and semiconductors.
In such systems, where the size of the sample,L, is smaller
or comparable to bothLφ, the phase-coherence length, and
the thermal diffusion lengthLT, elastic scattering of elec-
tron wave functions generate an interference pattern which
gives rise to a sample-specific, time-independent correction
to the classical conductance. An applied magnetic field, by
tuning the phase of the electrons, can modify the interference
pattern, and hence the correction to the conductance. The uni-
versal character of the phenomenon (UCFs) stems from the
fact that the amplitude of the fluctuationsδG has a univer-
sal value: rms[δG]≈ q2/h as long as the sample sizeL is
smaller thanLφ and LT. When the relevant length scale,Lφ
or LT, becomes smaller thanL, the amplitude of the observed
fluctuations decreases due to self-averaging of the UCF in
phase-coherent subunits. The amplitude of the universal con-
ductance fluctuations (for mesoscopic 2D systems) decreases
as a weak power lawT−α whereα depends on dimensional-
ity and limiting diffusion length,Lφ or LT (α= 1/2 for a 2D
system withLφ < L, LT).

So, in spite of the small diameter of the MWNT compared
to the Fermi wavelengths of the charge carriers, the cylin-
drical structure of the honeycomb lattice gives rise to a 2D
electron system for both weak localization and universal con-



86

Fig. 6. Magnetic field dependence of the magnetoconductance at different
temperatures [27]

ductance fluctuation effects. Both the amplitude and the tem-
perature dependence of the conductance fluctuations are con-
sistent with the universal conductance fluctuations models ap-
plied to the particular cylindrical structure of nanotubes [27].
At high temperature a behavior similar to that known for bulk
graphites was observed. This is in contrast to what was very
recently observed on single-wall nanotubes.

2.2 Single-wall nanotubes

Although experiments on individual multi-wall nanotubes
did detect a variety of novel electrical properties, including
2D quantum interference effects due to weak localization
and universal-conductance fluctuations, they did not illustrate
any one-dimensional quantum effects, essentially because the
diameters of the nanotubes were too large (or the tempera-
ture too high to detect them). In addition, the experimental
results from MWNTs are difficult to analyze due to simul-
taneous contributions of concentric nanotubes with different
diameters and chiralities.

Experiments performed in Delft on individual single-wall
nanotubes [30] have confirmed their one- dimensional nature.
They appear to behave as a genuine coherent quantum wires,

Fig. 7. Temperature dependence of the amplitude ofδG for three selected
peaks (see arrows in Fig. 6) as weil as rms[δG] [27]

or quantum dots if the length of the tube is reduced. Although
nanotubes are very much longer than they are wide, the fi-
nite length of then tubes still limits the number of allowed
wavectors along the nanotube axis. This gives rise to discrete
energy states, which can be determined by measuring the con-
ductance as a function of the voltage. For a nanotube3µm
long, the Delft group [30] found that discrete states near the
Fermi level are separated by about0.4 meV. This value is con-
sistent with a “particle-in-a-box” energy separation between
levels of a3-µm-long 1D tube:

∆E= hvF

2L
∼ 0.6 meV (22)

where the Fermi velocity is estimated tovF∼ 8.1×105 ms−1,
andL is the nanotube length.

Coulomb charging effects have also been observed in this
1D system. The energy needed to add an electron to a single-
wall nanotube is2.6 meV, energy needed to overcome the
Coulomb repulsion between electrons. Coulomb charging oc-
curs when the contact resistance is larger than the quantum
resistance (RK = h

e ∼ 26 kΩ) and when the total capacitance
C of the object is so small that adding a single electron costs
a significant charging energy:

Ec= e2

C
∼ 2.5 meV (23)

whereC ∼ 3×1017 F is estimated as the geometrical self-
capacitance of a3-µm-long tube. At low temperature, that is
kBT� Ec, the current is thus blocked (Coulomb Blockade)
and will flow only when a threshold bias voltage will be ap-
plied (Vbias>

e
2C ).

The electrical properties of individual bundles (ropes) of
single-wall nanotubes have also been measured [31]. Peaks
were also observed in the conductance as a function of
the gate voltage that modulated the number of electrons in
the rope. These results were interpreted in terms of single-
electron charging and resonant tunneling through the quan-
tized energy levels of the 1D single-wall nanotube composing
the rope. Although the close-packing of individual SWNTs
into ropes does not change significantly their electronic prop-
erties, recent calculations [32] show that the interaction be-
tween tubes in a rope could induce a pseudogap of about
0.1 eV at the Fermi level. This pseudogap strongly modifies
many of the fundamental electronic properties, thus predict-
ing a semimetal-like temperature dependence of the electrical
conductivity. The existence of both electron and hole charge
carriers would lead to qualitatively different thermopower
and Hall-effect behaviors from those expected from a normal
metal.

Since nanotubes are typically a few microns long, electri-
cal contacts can be made by modern lithography techniques.
Single-wall carbon nanotubes thus provide a unique system
for studying single-molecule transistor effects, in which an
electrode (Vgate) close to the conducting nanotube is used to
modulate the conductance [33].

Unfortunately, the group of Delft could not establish the
structural (n,m) parameters of the samples, so a direct link to
a theoretical simulation was not possible. The next step will
be to achieve this link, so that quantum transport measure-
ments (current-voltage characteristics) from a perfectly char-
acterized (n andm are known) single-wall nanotube can be
compared to a theoretical calculation.
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3 Conclusion

In the present paper, we show that the low temperature
electrical transport in a multi-wall carbon nanotube is gov-
erned by typical electron interference effects occuring in dis-
ordered conductors of reduced dimensionality. Despite their
very small diameter, the cylindrical structure of the honey-
comb gives rise to a two-dimensional electrical conduction
process. The temperature and magnetic field dependences of
both the weak localization effects and the universal conduc-
tance fluctuations can be explained consistently in terms of
existing theoretical models, provided the typical cylindrical
geometry of the carbon nanotube is taken into account.

On the other hand, due to the structural symmetry of
the single-wall nanotubes, the electronic wavefunction may
extend over the entire tube, thus confirming their one-
dimensional nature. Recent electrical transport measure-
ments [30] on individual SWNTs show that conduction seems
to occur through well separated, discrete electron states that
are quantum-mechanically coherent over long distances.

Multi-wall and single-wall carbon nanotubes are found
to be interesting systems where different quantum aspects of
conduction are observed, mostly due to their low dimension-
alities and small dimensions. In order to tailor their electronic
properties, and consequently the type and range of conductiv-
ities, doping and/or intercalation will certainly lead to intense
research in the next few years.
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