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Abstract. After a short presentation on the preparation and structural proper-
ties of multiwall carbon nanotubes (MWNTs), their outstanding electronic, mag-
netic, mechanical and �eld emitting properties are reviewed. The manifestation of
mesoscopic transport properties in MWNT is illustrated through the Aharonov{
Bohm e�ect, universal conductance 
uctuations, the weak localization e�ect and
its power-law temperature/�eld dependences. Measurements of the Young's modu-
lus of individual nanotubes show the high strength of tubes having well-graphitized
walls. Electron spin resonance (ESR) measurements indicate the low-dimensional
character of the electronic states even for relatively large diameter tubes. The con-
ducting nature of the tubes, together with their large curvature tip structure, make
them excellent electron and light emitters suitable for applications.
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1 Introduction

With the discovery of multiwall carbon nanotubes (MWNTs) by Iijima in
1991, a new era has started in the physics and chemistry of carbon nano-
structures [1]. After the synthesis of single wall carbon nanotubes (SWNTs)
in 1993 by Bethune and coworkers [2] and by Iijima et al. [3], the main stream
of carbon research shifted towards the SWNTs, especially through the devel-
opment of an e�cient synthesis method for their large scale production by
Smalley and colleagues [4]. Nevertheless, multiwall carbon nanotubes present
several complementary attractive features with respect to SWNTs, both for
basic science and for applications. For example, one advantage of MWNTs is
that they can be grown without magnetic catalytic particles, which are cer-
tainly disturbing for magnetic, and probably for transport measurements, as
well. The larger diameter of the MWNTs enables us to study quantum inter-
ference phenomena, such as the Aharonov{Bohm e�ect, in magnetic �elds ac-
cessible in the laboratory, while study of the same phenomenon would require
600T �elds in the case of SWNTs. The Russian-doll structure allows better
mechanical stability and higher rigidity for the MWNTs which is needed for
scanning probe tip applications. Even for making nanotube composites, for
which the �rst step is the chemical functionalization of the tube walls, the
multiwall con�guration is more advantageous, since e�cient load transfer can
be achieved without damaging the sti�ness of the internal tubes.

The chapter is organized as follows. First we will brie
y review the produc-
tion methods for MWNTs. Since the control of sample quality is a condition
sine qua non for all studies, we present the puri�cation and the structural
characterization of the nanotubes. Di�erent methods for �lling the hollow
interior of the nanotubes with a variety of elements is described. The longest
section of the chapter is devoted to the transport properties of MWNTs, since
these properties are really spectacular, and most of the mesoscopic transport
phenomena can be studied on this system. The magnetic properties are in-
vestigated with the electron spin resonance (ESR) technique and the �nger-
prints of low-dimensionality are investigated. The �eld emission properties
of MWNTs, which allowed the �rst application of these structures in 
at
panel displays, are studied for individual nanotubes. Light emission follows
the discussion on electron emission. This phenomenon is presented not only
in the �eld emission con�guration, but also by using an STM tip for electron
injection. The mechanical properties of MWNTs (as compared to SWNT
ropes) are also discussed. A review of the role of the defects, deformations,
and mechanical manipulation of MWNTs is also presented.

2 Production methods and puri�cation

Carbon nanotubes are produced in several di�erent ways. One method relies
on a carbon arc where a current on the order of 70 to 100A passes through a
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graphite rod (which serves as the anode) to a graphite cathode in a He atmo-
sphere [1,5,6]. In the arc process, a rod-shaped deposit forms on the cathode
as shown in Fig. 1. This deposit has a hard grayish outer shell, which houses a
soft deep black material. This material consists of �ne �bers (typically 1mm
in length and a fraction of a mm in diameter), which under high resolution
transmission electron microscopy (HRTEM) are revealed to be dense bun-
dles of MWNTs [6]. Production rates are reasonably high: several hundred
mg of raw material is produced in about 10 min. The material is quite het-
erogeneous and consists of MWNTs with a rather large dispersion in their
outer and inner diameters. The MWNTs are typically 10nm in diameter and
are on the order of 1m long. The tubes tend to be very straight (when not
stressed, of course). Besides MWNTs, this method also produces rather large
amounts of graphitic material in the form of multilayered fullerenes (or car-
bon onions) and amorphous carbon which covers the nanotubes. Puri�cation
steps are often employed [7,8] with varying degrees of success.

Fig. 1. Scanning Electron Microscope image of the (a) rod-shaped deposit on the
cathode and of (b) a zoomed part of a deposit, which shows the heterogeneous
character of the as-grown nanotube soot [8]

For the sake of completeness, we mention that a variation of this synthe-
sis method can be used to produce SWNTs (with diameters of the order of
1 nm), by replacing the graphite anode with a hollow graphite tube which is
�lled with graphite powder containing powdered transition metal (i.e., Fe, Co,
Ni,) and/or rare earth metal (Y, Lu, Gd) catalysts, and other metals as well
(i.e., Li, B, Si, Sn, Te, Pb,...) [2,12]. This method was originally discovered by
Bethune and co-workers [2] and by Iijima and co-workers [3]. A method which
holds much promise was subsequently introduced by Smalley and coworkers
[4], and involves the laser ablation in a He atmosphere of a graphite target
which is impregnated with a transition metal catalyst. The material which is
produced by this process is very rich in long bundles of SWNTs. Subsequent
puri�cation steps allow this material to be re�ned (through the elimination
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of other graphitic particles) to \bucky paper", which is a dense mat of pu-
ri�ed SWNTs, and this bucky paper is used for many physical properties
measurements.

Other, less exotic, nanotube production methods are based on the thermal
decomposition of hydrocarbons in the presence of a catalyst (for a review,
see Fonseca et al. [13]). These methods [14] are most closely related to tra-
ditional carbon �ber production schemes, which have been known for a long
time [15,16]. There have been several adaptations to nanotube production,
involving a hydrocarbon (i.e., acetylene, methane) and very small catalyst
particles (i.e., Co, Cu, Fe) supported on a substrate (silica, zeolite) [17{
19]. At elevated temperatures, the hydrocarbon decomposes on the catalyst,
whereby long nanotubes are spun from the particle (Fig. 2). These methods
produce an impressive variety of nanotubes [20], many of which are regu-
larly coiled, forming long helices [21]. This helix-forming feature indicates
the presence of defects (non-hexagonal units) in the graphitic structure [22].
The method is relatively simple to apply and produces nanotubes in large
quantities. Thus, vapor phase growth is of interest, since large quantities of
nanotubes are necessary for many applications, such as making composite
materials.

Fig. 2. On the left, a scanning electron (SEM) micrograph of MWNTs prepared
by catalytic decomposition of acetylene, and, on the right, an ordered array of
nanotubes deposited on pre-designed lithographic structures [23]

A further advantage of the gas phase growth method is that it enables
the deposition of carbon nanotubes on pre-designed lithographic structures
[23], producing ordered arrays, a dense forests of aligned nanotube �lms on
surfaces (Fig. 2) which can be used in applications such as thin-screen tech-
nology, electron guns, etc.

No matter which type of carbon nanotubes we are dealing with, the �rst
step in the study of carbon nanotubes is technological: their puri�cation. Pu-
ri�cation steps, that are commonly performed, may consist of controlled ox-
idation, chemical treatment, �ltration and other procedures, each with their
advantages and disadvantages. The very �rst puri�cation method consisted
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of burning the raw soot in air. Since the non-nanotube graphitic structures
are less resistive to oxidation, they will burn �rst. This method resulted in a
relatively pure nanotube soot, but nevertheless with damaged tube walls and
tips, and resulted in losing about 99wt% of the material [24]. It is possible to
save a much larger percentage of tubes by using surfactants and then succes-
sive �ltrations [25]. A liquid-phase separation of nanotubes and nanoparticles
was performed by �ltering a kinetically stable colloidal dispersion consisting
of the carbon material in a water/surfactant solution, thus allowing extrac-
tion of the nanotubes from the suspension, while leaving the nanoparticles in
the �ltrate. Further puri�cation was accomplished by size-selection through
controlled 
occulation of the dispersion. Final separation yields as high as
90% in weight were obtained without any damage to the tube tips or tube
walls following the 
occulation separation process. The result of this separa-
tion is seen in Fig. 3. An interesting side-product of this puri�cation method
is a large quantity of polyhedral, onion-like carbon particles, which are inter-
esting nanostructures in their own right.

Fig. 3. Scanning electron (SEM) micrographs of a MWNT deposit (top) and
MWNTs after puri�cation (bottom right) and as a `side-product' of onion-like car-
bon nanoparticles (bottom left) [7,8]
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3 Crystallographic Structure

3.1 Crystallographic structure as seen by HRTEM

For fundamental studies and for some applications, one is looking for \per-
fect" nanotube structures, which means well-graphitized nanotube walls, with
a level of defects as low as possible. High resolution transmission electron mi-
croscopy (HRTEM) provides valuable information about the nanotube qual-
ity prepared by di�erent synthesis methods. The MWNTs grown by the arc
discharge method have generally the best structures, presumably due to the
high temperature of the synthesis process. It is likely that during the growth
process, most of the defects are annealed. In the HRTEM image these rolled-
up graphene sheets appear as straight lines (see Fig. 4). Each nested graphite
cylinder has a diameter which is given by two integers m and n, the coe�-
cients of the lattice vectors a1 and a2 in the chiral vector Ch = na1 +ma2
which describes the way the graphene sheet is rolled-up, and relates to the
helicity of the nanotube [26,27], and is described elsewhere in this volume
[28,29]. The diameter dt of the (n;m) nanotube is given by

dt = a(m2 +mn+ n2)1=2=�: (1)

The interlayer spacing in MWNTs (0.34 nm) is close to that of turbostratic
graphite [16,30]. Since nanotubes are composed of nearly coaxial cylindri-
cal layers, each with di�erent helicities, the adjacent layers are generally
non-commensurate, i.e., the stacking cannot be classi�ed as AA or AB as
in graphite [16,30]. The consequence of this interplanar stacking disorder
is a decreased electronic coupling between the layers relative to graphite.
MWNTs also have structural features which are di�erent from the well-
ordered graphitic side-walls: the tip, the internal closures, and the inter-
nal tips within the central part of the tube, called the \bamboo" structures
(Fig. 4). The structure of the tips is closely related to that of the icosahedral
fullerenes [31], where the curvature is mediated by introducing pentagons
(and higher polygons) into the structure, while maintaining essentially the
sp2 electronic structure (i.e., 3 bonds) at each carbon atom site. A variety of
tip structures are commonly observed [32], and an usual feature is that the
tubules within the MWNT often close in pairs at their tips. The tips play
an especially important role in the electronic and �eld emission properties
of nanotubes. There has been considerable debate concerning the structure
of MWNTs, i.e., whether in fact the tubules close on themselves or if nan-
otubes sometimes are scrolled [21] (i.e., whether one or more of the sheets of
graphite that are rolled have two edges). This interpretation followed analysis
of HRTEM and electron di�raction studies of nanotubes which revealed that
the number of di�erent chiral angles which are observed in a MWNT are
usually less than the number of tubules. Anomalous layer spacings are also
observed (at least for catalytically grown tubes). This would be the case if one
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Fig. 4. HRTEM images of MWNTs grown by the arc-discharge method, showing
the well graphitized wall, the tip and the \bamboo" structure [9{11]

sheet produced several cylindrical layers in the tube. However, the consen-
sus viewpoint from many HRTEM studies appears to favor the Russian doll
model, since there has been little evidence for the edges which should result
from graphene scrolls. However, nanotubes morphologies may vary consid-
erably with the production method. This is especially true for catalytically
grown nanotubes. If the growth conditions are not adjusted properly, then
poorly graphitized walls result, and tubes with so-called co�ee-cup structures
form (see Fig. 5).

There can be other types of defects which are more di�cult to visualize
like point defects in planar graphite, consisting of vacant sites (Schottky de-
fects) and displacements of atoms to interstitial positions (Frenkel defects).
These are quite costly in energy due to the strength of the broken bonds,
but these defects can be introduced by high energy electron irradiation [33].
Ultrasonic treatment may also produce defects in MWNTs [34] and SWNTs
[35], which become more susceptible to chemical attack after being subjected
to high intensity ultrasound treatment. Defective structures also result after
severe chemical attack (i.e., in hot nitric acid and oxidation at elevated tem-
perature) which has the e�ect of destroying the tips and hence provides a
method to open the tubes.
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Fig. 5. HRTEM images of MWNTs produced by the decomposition of acetylene
using a Co/silica catalyst, (i) at 720�C and (ii) at 900�C. All scale bars are 10 nm
[7]

3.2 Filling of carbon nanotubes

The hollow interior of carbon nanotubes naturally presents us with an op-
portunity to �ll the nanotube core with atoms, molecules, or metallic wires,
thereby forming nanocomposites with new electronic or magnetic properties.
In early approaches, electrodes composed of carbon impregnated with the
�lling material were used [36,37]. This resulted in a large variety of �lled
graphitic structures, metallic carbides, but with relatively low yield. Loiseau
and collaborators [38] realized that a minute quantity of sulfur present in
the graphite/metal mixture helps to wet the surface of the cavity, so that
the tubes �ll up over micron distances with a high yield [20]. Nanowires of
various elements (or their sul�des) were formed by this method, including
transition metals (Cr, Ni, Co, Fe), rare earth metals (Gd, Sm, Dy) and co-
valent elements (Ge, Se, Sb). Figure 6 displays a nanotube with a crystalline
wire of Ge inside the core [38,20].

Other approaches to �lling the hollow core involved the exploitation of
nanotube capillarity [39]. This procedure for �lling nanotubes may involve a
chemical method, using wet chemistry [40]; or (b) a physical method, where
capillarity forces induce the �lling by a molten material [41{43]. In the wet-
chemistry method, the nanotubes are re
uxed in a nitric acid bath in order
to open their tips. When a metal salt is simultaneously used in the bath, it
is possible to obtain oxide or pure metal particles by a subsequent anneal-
ing process. Also, the metal/salt solvent bath can also be used on previously
opened tubes. However, the drawback of this method is that it requires chem-
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Fig. 6. HRTEM image of a MWNT �lled with crystalline Ge. Waiting for Loiseau
[38,20]

ical manipulation over a long time to open nanotubes containing various tip
structures, \bamboo" closures and various numbers of SWNT constituent
layers. Furthermore, the reduction of the metal salts inside the tubes does
not give a continuous wire, but rather yields metallic blobs. This can be
observed in Fig. 7 in the case of a nanotube �lled with silver [43].

In the physical method, the nanotubes are �lled by �rst opening them,
for example, by heating them in air to oxidize the nanotube tips preferen-
tially, and the opened tubes are then submerged in molten material [41{43].
Studies of �lling nanotubes with liquid metals have shown that only certain
metals will enter the nanotubes and that the metal surface tension is the de-
termining factor [37,43]. Further studies along these lines have demonstrated
that the capillary action is related to the diameter of the inner cavity of the
nanotube. This was explained in terms of the polarizability of the cavity wall,
which is related to the radius of curvature, through the pyramidalization an-
gle (bond-bending angle) and the polarizability of the �lling material [43].
The �lled nanotubes with di�erent metals o�er exciting structures for future
electronic studies. In the following sections, we focus on a review of electri-
cal and magnetic measurements that have been performed on arc-discharge
grown MWNTs, which show good structural order and their purity is well
controlled.
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Fig. 7. HRTEM of a carbon nanotube whose inner cavity is �lled with silver par-
ticles (lattice fringes correspond to [111] planes of Ag, with a lattice spacing of
0.23 nm). The tube cavity is �rst �lled with molten silver nitrate that is subse-
quently reduced to metal by electron irradiation, in situ, in the electron microscope
[43]

4 Electronic Properties of Multiwall Carbon

Nanotubes

The electronic and electrical properties of low-dimensional conductors are an
exciting area of research. Very rich phase diagrams have been predicted. Since
a small set of 1-D modes is su�cient to describe the low-energy electronic
properties of carbon nanotubes, they are considered prototype 1-D molecu-
lar conductors. This is particularly true for single-wall nanotubes (SWNTs).
Many interactions are especially strong in 1-D. The Coulomb interaction,
for example, cannot e�ciently be screened, leading to a strongly correlated
electron gas, called a Luttinger liquid, whose low-energy excitations are long-
range density waves. In Luttinger liquids a pseudo-gap develops for the con-
ventional quasi-particles. Because multi-wall nanotubes (MWNTs) consist of
several coaxially arranged SWNTs, one may expect that MWNTs do not
qualify as 1-D conductors. However, there is now convincing evidence that
Luttinger-liquid-like features are present in MWNTs too [44]. Moreover, the
electric current introduced into a MWNT from the outside is con�ned to
a large extent to the outermost SWNT [45,46]. In this respect, studying
MWNTs is somewhat similar to studying transport in large diameter SWNTs.
This is interesting because SWNTs of diameters similar to the outer diame-
ter of a typical MWNT (20nm) have not yet been observed. Large diameter
nanotubes have speci�c advantages: they favor low-ohmic contact and allow
investigation of quantum-interference phenomena in a magnetic �eld, such as
the Aharonov{Bohm e�ect. This is not possible in SWNTs, because a huge
magnetic �eld of order 1000T would then be required. This section focuses
on the electrical and electronic properties of MWNTs with an emphasis on



224 Forr�o and Sch�onenberger

electrical measurements. Though quite a variety of experimental results are
available today, very fundamental questions remain unanswered, partly be-
cause of con
icting results. For example, at present we do not know with
certainty the electronic ground state of carbon nanotubes. Do quasi-particles
in the sense of Fermi liquid theory exist or is the ground state a correlated
many-body state (charge-density wave)? May it be possible that supercon-
ducting or ferromagnetic 
uctuations are present, and a�ect the ground state?
To what extent are carbon nanotubes (SWNTs and MWNTs) ballistic quan-
tum wires? Because it is impossible to discuss all available data in depth, we
focus on a few representative measurements by which the present picture of
the electronic properties of MWNTs can be illustrated. The selections made
by the authors is biased by their own research. The presentation is therefore
neither complete, nor balanced.

This section is structured as follows. Section 4.1, written in a form acces-
sible to any scientist with a basic background in condensed matter physics,
provides additional introductory material to help the reader understand the
chapter, and more detailed reviews can be found in Refs. [47,48]. Section 4.2
brie
y reviews recent work regarding electrical transport in MWNTs (see
also Ref. [44]). This section has been added for those interested in entering
this �eld of research. Next, we mention in Sect. 4.3 important results re-
garding transport in �lms, assemblies and ropes of MWNTs. We emphasize
the measured positive Hall coe�cient and brie
y mention recent results on
the thermopower. Most of the text is concerned with measurements on single
MWNTs (Sect. 4.4). This section is further divided into parts on: 1) electri-
cal transport in zero magnetic �eld (temperature and gate-dependence of the
resistance), 2) magnetotransport (magnetic-�eld-dependence), and �nally, 3)
spectroscopy, highlighting density-of-state features in carbon nanotubes. The
chapter ends in Sect. 4.9 with a discussion of the most pressing issues.

4.1 Multiwall Nanotubes in Relation to Graphene Sheets

A multi-wall carbon nanotube (MWNT) is composed of a set of coaxially
arranged single-wall carbon nanotubes (SWNTs) of di�erent radii [1]. The
distance between nearest-neighbor shells corresponds, within a good approx-
imation, to the van-der-Waals distance between adjacent carbon sheets in
graphite (3:4�A) [16]. The outer diameter of MWNTs depends on the growth
process. It is typically of order 20 nm for arc-discharge grown tubes, but can
attain values exceeding 100nm for some CVD-grown MWNTs. (The term
nano�ber is reserved for multiwall nanotubes in the diameter range 10{100nm
[16].) Transmission electron microscopy has shown that these large diameter
tubes contain a considerable amount of defects (see Fig. 5), though examples
of MWNTs with lower defect densities have been demonstrated [16]. Car-
bon shells are often not continuous throughout the tube. For this reason, we
will focus only on electrical measurements obtained from arc-discharge grown
MWNTs which have been demonstrated to be highly graphitized [7,9].
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Nanotubes are a special class of fullerene molecules, namely those that
are quantum wires with 1 -dimensional (1-D) translation symmetry. SWNTs
are the simplest of these objects. A SWNT can be constructed from a slice of
graphene (a single planar sheet of the honeycomb lattice of graphite) rolled
into a seamless cylinder, i.e., with all carbon atoms covalently bound to three
neighbor carbons. A large number of such foldings are possible. In fact, each
graphene lattice vector (called a wrapping or chiral vector) de�nes a unique
nanotube [47]. Regarding electronic properties, SWNTs can be further classi-
�ed as being either semiconductors or metals [49{51]. If all wrapping vectors
would be realized with equal probability, 1=3 of the SWNTs would be metallic
and 2=3 semiconducting. Assuming that neighboring shells do not interact,
the electronic properties of MWNTs would be similar to a set of independent
SWNTs with radii in the range of a few nanometers to � 10 nm. Though the
coupling strength between adjacent shells might be low, it possibly cannot
be neglected altogether [52]. For this reason, a much richer band structure
might be expected. Graphite is, in fact, an excellent example for demon-
strating the importance of the weak inter-plane coupling for ground-state
properties. Graphite is a semimetal, and the �nite density-of-states (DOS) at
the Fermi energy can be traced back to the three-dimensional crystal struc-
ture with �nite interplanar coupling which leads to a small band overlap of
40meV [16,47]. MWNTs are interesting because they allow us to study the
transition from the SWNT single molecule to the behavior of the macro-
scopic crystal (graphite). MWNTs are mesoscopic, in-between the single-wall
nanotube molecules and planar graphite. In this respect, MWNTs play the
same role as carbon onions play to fullerene research [16,29,53]. An imme-
diate question arises now: are the electronic properties of MWNTs closer to
graphite or do MWNTs rather behave as a set of independent SWNTs? In
order to be able to discuss the electrical measurements of MWNTs, it is useful
to brie
y highlight the important electronic properties of the two reference
systems: graphite and ideal SWNTs.

Starting with graphite, we will �rst review the band structure of a single
layer of graphite, called a graphene sheet. The carbon atoms in a graphene
sheet form a planar hexagonal lattice, the honeycomb lattice. Each carbon
atom is covalently bound to three neighbor carbons by sp2 molecular or-
bitals. The fourth valence electron, an atomic pz state, hybridizes with all
other pz orbitals to form a delocalized �-band. It is important to recognize
that the unit-cell of graphene contains two carbon atoms. Hence, the �-band
has to accommodate two electrons per unit cell. In the case of an even num-
ber of valence electrons, a material can in general be either a metal or a
semiconductor. The system that is realized depends on the speci�c form of
the overlap integral. Figure 8 shows the result of a simple tight binding calcu-
lation [54]. It is seen that the bonding � -band is always energetically below
the antibonding �? band for all wavevectors, except at the corner points of
the Brillouin zone boundary (the K points), where the band splitting is zero
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by the symmetry of the honeycomb lattice [47]. With regard to band over-
lap, graphene is very unusual. Theoretically, all bonding states will be �lled
up to the corner points, which coincide with the Fermi energy EF . Since the
density-of-states (DOS) is zero at EF , graphene is not a true metal. However,
it also not a true semiconductor, because there is no excitation gap at the K
points. Graphene can thus be characterized as a zero-gap semiconductor or
as a zero-DOS metal.

E

kx ky

K
K'

Fig. 8. Tight-binding dispersion relations of the �- (lower half) and �? (upper
half) bands of graphene. The energy is expressed in units of the nearest-neighbor
C-C overlap integral 
0 ' 3:0 eV and measured relative to the Fermi energy EF for
neutral (undoped) graphene [55]

The insight into the band structure of graphene allows us to calculate the
Drude resistivity. In the vicinity of EF , the electron states can be approxi-
mated by E = �~vF jkj, where k is the 2-D-wavevector measured with respect
to the two independent Brillouin corner points [56]. Energies are measured
relative to the charge neutrality level, and the Fermi velocity is taken to be
vF = 106m/s [54,57{59]. For the electron density-of-states (DOS), we obtain
n2D(E) = 2E=�(~vF )

2. Using the Einstein equation �2D = e2n2DD, which
relates the conductivity �2D to the di�usion coe�cient D = vF le=2 and the
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electron density, we obtain for the energy-dependent conductivity �2D(E)

�2D(E) =

�
2e2

h

�
E

~vF
le , (2)

where le is the carrier scattering length. In order to be able to calculate the
equilibrium sheet conductivity �2D at a �nite temperature (T ), the exact po-
sition of the Fermi level needs to be known. Without any doping, EF = 0.
For a real graphene surface a �nite doping is unavoidable due to adsorbates
causing partial charge transfer. In this more realistic situation, the Fermi level
will be either below (hole doping) or above (electron doping) the neutrality
point. Two cases have to be distinguished: the high- and low-temperature
limits, de�ned by kT � jEF j and kT � jEF j, respectively. For the latter
(either strongly doped, or su�cient low temperature) �2D is given by Eq. 2
with E replaced by jEF j. Note, that the mean-free path is in general T -
dependent, due to electron-phonon scattering, for example, thus le increases
with decreasing T and approaches a �nite zero-temperature value, only de-
termined by static disorder. The equation therefore predicts true metallic be-
havior for the temperature-dependent resistance, i.e., the electric resistance
should decrease with decreasing temperature due to the gradual suppression
of electron-phonon scattering. In the high-temperature limit (kT � jEF j,
i.e., low doping or ideal graphene) �2D is given (up to a numerical factor of
order 1) by Eq. 2 with E replaced by kT . That �2D / T re
ects the fact
that the carrier density is proportional to T . Also this equation predicts a
metallic temperature-dependence of the resistance provided that le / T�p

with p � 1. This condition is always met, except for highly disordered sam-
ples for which le is a constant over a substantial temperature range. The
resistance of such `dirty' samples should display a R(T ) / T�1 dependence.
Unfortunately, there are no measurements for the electric sheet resistance
of graphene, since graphene is a theoretical object. In contrast, there is an
extensive source of literature for graphite (including graphitic �bers and tur-
bostratic graphite) [15,16]. Graphite consists of a regular A-B-A-B stacking of
graphene planes. There is a weak interplane coupling of order � � 10 meV,
which results in semimetallic behavior and a band overlap of 40meV. Most
importantly, graphite develops a �nite DOS at EF and is therefore a metal.
The sheet conductivity is approximately given by Eq. 2 with E replaced by �
(if kT � �). We therefore expect a metallic temperature-dependent resistiv-
ity for crystalline graphite in the temperature range kT � �. Figure 9 shows
the measured temperature-dependence of the electric resistivity �(T ) for dif-
ferent forms of carbon �bers [15]. The upper curves correspond to disordered
pregraphitic carbons while the ones with lower � correspond to highly graphi-
tized samples. Because we will be discussing arc-discharge grown MWNTs in
this chapter, arc-grown graphitic �bers (graphite whiskers [16,60]) provide
a good reference material. Both arc-grown and single crystalline graphite
display a metallic �(T ), i.e., the resistivity decreases with decreasing temper-
ature T . From the typical value of 5� 10�6
m (100K) for the resistivity, a
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Fig. 9. Electrical resistivity � as a function of temperature T for di�erent form
of graphitic �bers taken from Ref. [15]. The higher up the curves, the larger the
disorder. The curve with the lowest resistivity corresponds to crystalline graphite

sheet resistance R2 of R2 = 1:5 k
 is deduced. Taking Eq. 2 with E replaced
by � � 10meV, we obtain a scattering length of le = 600nm. Because the
zero-temperature resistivity of single-crystalline graphite can be more than an
order of magnitude lower, large mean-free paths for scattering le > 1�m are
possible. Based on this consideration we can expect that carbon nanotubes
may be 1-D ballistic conductors, provided that nanotubes of structural qual-
ity similar to single-crystalline graphite can be obtained. For the uppermost
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curve in Fig. 9, corresponding to highly disordered carbon �bers, the mean-
free path is only of order 1:5nm. In such disordered materials the graphene
planes have a high density of structural defects as well as random stacking
(turbostratic graphite) [16], and the interplane coupling is reduced to � � 0.
The properties of disordered carbon �bers are therefore very well approxi-
mated by a set of independent sheets of `dirty' graphene. For the comparison
with MWNTs we should memorize the following two observations: 1) disor-
dered graphite is characterized by a resistance upturn at low temperatures
(localized behavior) with a typical sheet resistance of R2 � 100k
, and 2)
crystalline graphite is characterized by a metallic R(T ) with R2 � 1 k
 [61].

Next, we will brie
y discuss the electronic properties of the other reference
compound, that is of a perfect single-wall carbon nanotube. A SWNT is ob-
tained from a slice of graphene wrapped into a seamless cylinder. The periodic
boundary condition around the nanotube circumference causes quantization
of the transverse wavevector component. Let us denote the wavevector along
the tube direction by k and the transverse component by k?. The allowed
k? are spaced by 2=dt, where dt is the tube diameter. The 1-D band struc-
ture can now easily be constructed using for example the 2-D tight-binding
band structure E(kx; ky) of graphene, shown in Fig. 8. Each k? within the
�rst Brillouin zone gives rise to a 1-D subband (1-D dispersion relation) by
expressing E as a function of k for the given k?. Hence, a set of subbands
Ek?(k) is obtained. A large diameter tube will have many such subbands,
while a small diameter tube has only a few. It turns out that both metallic and
semiconducting nanotubes are possible. A nanotube is metallic if and only if
the K points belong to the set of allowed k-vectors. In the k � p scheme, the
eigenfunctions in the vicinity of the K points are approximated by a product
of one of two fast oscillating graphene wavefunctions 	K(r), changing sign
on the scale of interatomic distances, and a slowly varying envelope function
F (r) [58]. The periodic boundary condition leads to the following condition
for 	K [62]:

	K(r +L) = 	K(r) exp(i2��=3) ; (3)

where L measures the length around the tube circumference and � = 0;�1,
depending on the wrapping or chiral vector [55]. Taking for the slowly varying
function F a plane wave (free electrons) and noting that F should cancel the
phase factor in Eq. 3, we obtain the condition

k? =
2

dt
(n� �=3) n = 0;�1;�2; : : : (4)

for the allowed transverse wavevectors. The approximate 1-D dispersion rela-
tions, valid in the vicinity of EF , can now be derived using E(k) = �~vF jkj.
Explicitly:

En(k) = �E0

p
(n� �=3)2 + (kdt=�)2 (5)
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with E0 = 2~vF =dt. These approximate dispersion relations are shown in
Fig. 10. As can be seen, there are metallic (� = 0) and semiconducting (� =
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Fig. 10. Approximate dispersion relations (left) for the 1-dimensional electronic
energy bands and the corresponding density-of-state (right) of metallic (a), and
semiconducting (b), single-wall carbon nanotubes close to the Fermi energy. The
energy scale is in units of E0 = 2~vF =dt

�1) nanotubes. The bandgap of a semiconducting tube is Eg(dt) = 2E0=3,
which is inversely proportional to the tube diameter. We obtain 0:68 eV for
a tube with d = 1:3nm. Since MWNTs have rather larger diameters of order
20 nm, the corresponding bandgaps are only Eg � 44meV. We mention, that
the set of 1-D subbands in Fig. 10 needs to be duplicated because the K and
K 0 points which are equivalent in the absence of a magnetic �eld are both in
the �rst Brillouin zone [47,55]. Furthermore, the crossing at the Fermi energy
between the bonding and antibonding states need not necessarily be at k = 0
[47]. The Fermi level crossing for zig-zag (n; 0) tubes, which can be metallic



Multiwall Nanotubes 231

or semiconducting, is at k = 0. In contrast, the level crossings are found at
k = �2�=(3a0) for armchair (n; n) tubes. Armchair tubes are always metallic.
For all metallic nanotubes, the Fermi energy intersects two 1-D branches with
positive velocity (right-movers) and two with negative velocity (left-movers)
[47]. This corresponds to two 1-D modes (not counting spin) leading to a
quantized conductance of G = 4e2=h for an ideal nanotube. Figure 10 also
shows the corresponding density-of-states (DOS), which are characterized by
sharp features (van Hove singularities) at the onset of subbands. The ob-
servations of these singularities in, for example, tunneling spectroscopy, is a
direct proof for the presence of a 1-D band structure. This has indeed been
observed in SWNTs using scanning-tunneling spectroscopy at low tempera-
tures [63,64]. Since MWNTs consist of tubes with larger diameters (dt), we
need to understand how the van Hove singularities develop if dt approaches
values comparable to the mean-free path le. The picture sketched above is
valid if le � dt (1-D-ballistic transport). In contrast, if le � dt transport is 2-
D-di�usive and the density-of-states should closely resemble that for graphene
without any singularities. If, on the other hand, le is of the same order as
dt, transport is neither fully 2-D-di�usive, nor 1-D-ballistic. In this regime,
the characteristic subband features in the DOS are still present, albeit con-
siderably broadened. One expects to see broadened peaks in the DOS with a
mean level spacing of the 1-D subbands given by

�Esb = E0=2 =
~vF
dt

� 33meV (dt = 20nm); (6)

where E0 = 2~vF =dt.
For a metallic nanotube, two subbands are occupied at EF . Consequently,

the electric conductance G is predicted to be G = 4e2=h, provided the com-
plete wire is ballistic. We not only require le � dt, but in addition ballistic
transport requires that le � L, where L is the length of the electrically con-
tacted nanotube segment. More precisely, ballistic transport requires that
backscattering must be absent altogether, taking into account both the nan-
otube together with the electric contacts. This condition is very hard to sat-
isfy in the laboratory [44]. Important for MWNTs is the question of how the
band structure might change due to inter-tube coupling. This question has
only recently been addressed [65{67]. However, the main consequence of the
low-energy properties can simply be guessed. It is convenient to consider only
two tubes which couple only weakly to each other. If one is semiconducting
and the other is metallic, it is obvious that the low-energy properties are just
determined by the metallic one, with no modi�cations in the DOS around
zero energy. If the two tubes are metallic, the situation is expected to be more
complicated. However, in practice it is most likely that the two tubes have
di�erent chiralities. For example, one tube could be of the armchair type and
the other a zig-zag one, to mention an extreme case. Because the zero-energy
bands cross at di�erent k points for the two tubes, hybridization is very
weak around EF and the total DOS is just the sum of the two. Strong band



232 Forr�o and Sch�onenberger

structure modi�cations are only expected for tubes of similar chiralities [66].
We should keep in mind, however, that this picture is not valid, if the tubes
are relatively strongly doped such that EF is shifted either into the valence
or conduction bands. For a comparison of results obtained for SWNTs with
MWNT studies, the following three aspects of SWNTs should be emphasized:
1) an ideal SWNT is either a metal or a semiconductor with a considerable
band gap, 2) the band structure consists of a set of 1-D-subbands, leading to
van Hove singularities in the density-of-states, and 3), the electrical conduc-
tance G is quantized in units of 4e2=h, provided that backscattering is absent
altogether.

4.2 Electrical Transport in MWNTs: A Brief Review

A remarkable variety of physical phenomena have been observed in electrical
transport. The �rst signature of quantum e�ects was found in the magne-
toresistance (MR) of MWNTs. Song et al. studied bundles of MWNTs [68],
while Langer et al. was able to measure the MR of a single MWNT for the
�rst time [69]. In both cases a negative MR was observed at low tempera-
tures indicative of weak localization [70{73]. From these MR experiments, the
phase-coherence length l� was found to be small, amounting to < 20nm at
0:3K, in strong contrast with the ballistic transport theoretically expected for
a perfect nanotube. However, evidence for much larger coherence lengths in
SWNTs was provided by the observation of zero-dimensional states in single-
electron tunneling experiments [74,75], and in other experiments discussed
below.

Recently, a pronounced Aharonov{Bohm resistance oscillation has been
observed in MWNTs [46]. This experiment has provided compelling evidence
that l� can exceed the circumference of the tube, so that large coherence
lengths are possible for MWNTs too (see also [76]). Since the magnetic-

ux modulated resistance is in agreement with an Aharonov{Bohm 
ux of
h=2e, this oscillatory e�ect is supposed to be caused by conventional weak-
localization for which the backscattering of electrons is essential. In essence,
as in the work of Langer et al. [69], 2-D-di�usive transport could explain the
main observation reasonably well.

The Aharonov{Bohm experiment provides a convincing proof that the
electric current 
ows in the outermost (metallic) graphene tube, at least at
low temperatures T < 70K. Presumably, this is a consequence of the way in
which the nanotubes are contacted. In general, electrodes are evaporated over
a MWNT, and the electrodes therefore contact the outermost tube preferen-
tially. Since it is essentially only the outermost tube that carries the current,
large diameter single graphene cylinders can now be investigated. Recently,
proximity-induced superconductivity was found in weak links formed by a
bundle of SWNTs in contact with two superconducting banks [77]. Further-
more, spin transport also has been considered. Here, a MWNT was contacted
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by two bulk ferromagnets (e.g., Co) and the electrical resistance was mea-
sured as a function of the relative orientation of the bulk magnetization in
the two ferromagnetic contacts [78]. A resistance change of order 10% was
found, from which the authors estimate the spin-
ip scattering length to be
> 130nm. All the striking results mentioned above were obtained by contact-
ing a single nanotube with the aid of micro- and nano-structured technologies.

Alternative approaches for contacting nanotubes have been developed as
well. For example, Dai et al. [79] and Thess et al. [80] have measured the volt-
age drop along nanotubes using movable tips, and Kasumov et al. have de-
veloped a pulsed-laser deposition method [81]. Furthermore, scanning-probe
manipulation schemes were developed [82{84], and recently is has been shown
that SWNTs can directly be synthesized to bridge pre-patterned structures
[85]. Still another elegant method allowing one to contact a single MWNT
electrically has been used by Frank et al. [45], whereby a single nanotube
extending out of a MWNT �ber (a macro-bundle) is contacted by gently im-
mersing the �ber into a liquid metal (e.g., mercury). Immersing and pulling
out the nanotube repeatedly is claimed to have a cleaning e�ect. In partic-
ular, graphitic particles are removed from the tubes. After some repeated
immersions, an almost universal conductance step behavior is observed, with
steps close to the quantized value G0 = 2e2=h. From these experiments, the
researchers conclude that transport in MWNTs is ballistic over distances on
the order of > 1�m. This is a very striking result because the experiments
were conducted at room temperature. At present, it is not clear why the
conductance is close to G0 instead of the theoretically expected value of 2G0.

4.3 Hall-E�ect and Thermopower in assembled Nanotubes

Already in 1994, Song et al. studied the electronic transport properties of
macro-bundles of MWNTs with diameters tens of �m [68]. The authors mea-
sured the temperature-dependence of the resistance R, its change in magnetic
�eld B and the Hall e�ect. Above 60K, the magnetoresistance (MR) is pos-
itive, i.e., R increases with magnetic �eld; they however also found that a
pronounced negative MR peak develops at low temperatures. This negative
MR-dependence is suggestive of weak localization (WL). WL is an inter-
ference correction to the Drude resistance of a metal. WL primarily lowers
the di�usion coe�cient D due to constructive interference of mutually time-
reversed quasiclassical electron trajectories in zero magnetic �eld. Because
only trajectories of lengths shorter than the phase-coherence length l� can
participate, su�ciently low temperatures are usually required. For T < 10K,
the conductivity � was found to show a ln(T ) dependence. This is in agree-
ment with 2-D-WL theory, so that l� < dt, where dt is the diameter of a
typical MWNT within the bundle. This relatively short coherence length
suggests a small mean-free path for scattering from static disorder, imply-
ing that the MWNTs are fairly disordered. This is further supported by the
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temperature dependence of the measured conductance G = R�1. This tem-
perature dependence of the conductance, as well as of the Hall coe�cient, are
shown in Fig. 11, where G is shown to be proportional to T over a remark-

Fig. 11. The Hall coe�cient RH (left scale) and the conductance (right scale) vs
temperature T taken from Song et al. [68]

ably large temperature range of 50� 300K. Below � 50K the T -dependence
weakens to �nally turn into a logarithmic dependence, characteristic of 2-D-
WL. From the theoretical models, which have been developed for graphite
in Sect. 4.1, a linear G(T ) is predicted for the conductance of disordered
graphene. In this case, le is mostly determined by scattering from static dis-
order, and therefore le is only weakly T -dependent. This yieldsG / T because
of the energy dependent density-of-states (DOS) of graphene. The cross-over
at 50K suggests metallic behavior which can be either due to intertube cou-
pling (like in graphite) or due to doping, thus shifting EF away from the
neutrality point. Because the change of the Hall coe�cient RH from � 0
(high T ) to a pronounced positive value (low T ) coincides with the `
atten-
ing' in G(T ), the nanotubes in Fig. 11 are most likely slightly (hole) doped.
From the cross-over temperature (� 50K), the Fermi energy is estimated to
be � �4meV. Using the theoretical DOS for graphene, the sheet doping level
is found to be n2D = 1:5� 109 cm�2, which has to be compared to the bulk
doping level of n3D = 6� 1018 cm�3 obtained from RH . If the material would
be homogeneous and densely packed then n2D = n3DdIp , where dIp = 3:4�A
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is the interplane distance of graphite. Under these assumptions, we obtain
n2D = 2� 1011 cm�3 from RH , which is more than two orders of magnitude
larger than the previous estimate. Though appearing to be inconsistent, this
disagreement can easily be resolved. The apparent inconsistency is caused
by the assumption of complete �lling. Moreover, we know today that most
of the electric current in transport measurements is con�ned to the outer-
most metallic SWNT at low temperature [45,46]. Hence, the volume fraction
cannot exceed dIp=dt � 50, thus resolving this apparent inconsistency.

From �ts of the low-T conductance to WL theory, Song et al. could give
estimates for several important parameters. For example, they obtained R2 �
6 k
 for the sheet resistance, D � 50 cm2/s for the di�usion coe�cient and
le � 5 nm for the mean-free path. The main results of this work, a positive
RH suggesting hole doping and interference corrections at low T , have both
been con�rmed later by Baumgartner et al. with measurements on oriented
MWNT �lms [86].

We have added the following discussion, to emphasize the question of
doping in carbon nanotubes. This has recently received quite some attention,
in particular, regarding research on SWNTs. The Hall coe�cient clearly sug-
gests hole doping (of unknown origin). Much more evidence for hole doping is
emerging now from other work. The thermoelectric power S has been found
to be positive and approximately linear in T at low T , both for SWNT
and MWNT ropes [87{89]. The linear temperature dependence of the ther-
mopower suggest metallic behavior. The substantial positive value of S of
order 40� 60�V/K at 300K initially posed a serious problem, since S should
vanish, if EF lies at the charge neutrality-point, as theoretically expected (for
graphite S � �4�V/K). However, these �ndings of a substantial positive S
are in agreement with the above-mentioned positive Hall coe�cient, suggest-
ing unintentional hole doping. If we assume that EF is considerably shifted
into the valence band, then the large magnitude of S can easily be understood.
Assuming, for simplicity, an energy-independent scattering length, but tak-
ing the DOS to be that of graphene, then S is interestingly exactly given by
the standard textbook formula for free electrons, i.e., S = ��2k2T=(3eEF ).
From the measured value of S one derives �0:14 eV which amounts to a dop-
ing level of n2D = 5� 1010 cm�2. This level may appear to be large, but if
we express the doping in terms of the elementary charge (e) per unit tube-
length, there is on average only one e per 300nm (assuming a SWNT with
d = 2nm). Most recently, it has been shown that the magnitude and even
the sign of S can be changed by annealing the nanotubes in vacuum. It is
believed that such a treatment removes oxygen, which may act as the dopant
[90{92]. Nanotubes might be more sensitive to enviromental conditions than
initially believed. Clearly more work is needed to understand the nature of
the doping and of the doping level.
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4.4 Electrical Transport Measurement Techniques for Single

MWNTs

Electric measurements on single multi-wall carbon nanotubes (MWNTs) have
been performed in three ways: (1) metallic leads are attached to a single tube
supported on a piece of Si wafer with the aid of microfabrication technology
[46,69,81,93]; (2) the end of a macrobundle of MWNTs, �xed on an move-
able manipulator, is steered above a beaker containing a liquid metal (e.g.,
mercury) and the MWNTs are then gently lowered into the liquid metal.
Accordin to this method, a single MWNT makes contact to the liquid metal
�rst, enabling conductance measurements to be made on a single nanotube
[45], as shown in Fig. 12, and (3) a scanning-tunneling microscope can be
used to measure the local electronic density-of-states by measuring the bias-
dependent di�erential conductance while the tip is positioned above a single
MWNT.
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Fig. 12. (a) Schematic diagram of a contacting apparatus. The �ber is moved into
the liquid metal, while the conductance G is measured. Taken from Frank et al.

[45]. (b) Transmission electron micrograph of the end of a nanotube �ber with one
single MWNT extending far out from the �ber [45]

Because lithography is now widely used for contacting nanotubes, we
discuss the lithographic approach in detail in the following. A droplet of a
dispersion of nanotubes (NTs) is used to spread the NTs onto a piece of ther-
mally oxidized Si. Then, a PMMA resist layer is spun over the sample. An
array of electrodes, each consisting of two or more contact �ngers together
with their bonding pads, is exposed by electron-beam lithography. After de-
velopment, a metallic �lm (mostly Au) is evaporated over the structure and
then lifted o�. The sample is now inspected by either scanning-electron mi-
croscopy (SEM) or scanning-force microscopy (SFM) and the structures that
have one single nanotube lying under the electrodes are selected for electric
measurements. An example of a single MWNT contacted by four Au �ngers
is shown in Fig. 13. Since the success of this contacting scheme works by
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1 µm

Fig. 13. Scanning-electron micrograph of a single multi-wall nanotube electrically
contacted by four Au �ngers from above. The separation between the inner two
contacts is 2 �m [94]

chance, it is obvious that the yield is low. There are many structures which
have either no or several NTs (nanotubes) contacted in parallel. Since a large
array of more than 100 structures can readily be fabricated, however, this
scheme has turned out to be very convenient.

Alternatively, it is also possible to �rst structure a regular pattern of
alignment marks on the substrate. After adsorbing the NTs, the sample is
�rst imaged with SEM or SFM in order to locate suitable NTs. Having noted
the coordinates of the designated nanotubes aided by the alignment marks,
the electrodes can be structured directly onto the respective NTs with high
precision. This improves the yield at the cost of an additional lithography
step. Let us emphasize that the Au electrodes are evaporated directly onto
the nanotubes. The reverse scheme is also possible. Here, electrode structures
are made �rst and the NTs are adsorbed thereafter. In this scheme (nanotube
over the contacts), the contact resistances are typically found to be large
(> 1M
). It was only with the aid of local electron exposure directly onto
the NT-Au contacts that this resistance could be lowered to acceptable values
[95]. In contrast, the contact resistance Rc can be surprisingly small in the
former scheme (nanotube under the contacts). Rc is of order 0:1 : : :20 k
 with
an average of 4 k
 [44]. Rc has been determined by comparing the 2-terminal
(R2t) with the 4-terminal (R4t) resistance according to Rc = (R2t �R4t)=2.
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An `ideal' contact is de�ned to have no backscattering and to inject elec-
trons in all modes equally. Electrons incident from the NT to a contact will
then be adsorbed by the contact with unit probability. Because the contact
couples to both right and left propagating modes equally, Ohm's law should
be valid in this limit. It is important to realize that for ideal contacts, R4t

cannot contain any nonlocal contributions, i.e., contributions to the resis-
tance that arise from a NT segment not located in between the inner two
contacts. Any sign of non-locality points to the presence of non-ideal con-
tacts. Conceptually, it is very hard to image that the Au-electrodes provide
an ideal contact to a metallic nanotube, because the electronic properties
change abruptly from something which is more like a semimetal (well within
the nanotube) to a high-carrier density metal well within the metal contact.

In order to con�rm the ballistic 1-D nature of an ideal metallic nanotube
in transport measurements, ideal contacts (no backscattering) are required.
Only then, will the conductance be quantized and equal to G = 4e2=h. [96].
Since the metallic electrodes are extended and it is very likely that the cou-
pling from the metal to the tube is not uniform, metal-tube tunneling occurs
at many di�erent spots simultaneously. Unfortunately, models for such con-
tacts are not yet available. The interpretation of the measured resistance
would be much easier, if we were able to intentionally choose the strength
of the coupling at the contacts. If this were possible, one could fabricate 4-
terminal devices with low-ohmic contacts for the outer two contacts (placed
as far apart as possible) and very weak-coupling (non-perturbing) contacts
for the inner two. R4t of such a device would then give the real intrinsic
nanotube resistance caused by scattering in the tube. In particular, R4t = 0
for the ballistic ideal metallic NT. Furthermore, a high-ohmic contact (a true
tunneling contact) can be used for tunneling spectroscopy from which the
density-of-states in the tube can be derived.

Until now, lithographically fabricated contacts are only accidentally high-
ohmic. However, an elegant non-invasive measurement of the electrostatic
potential is possible with scanning-probe microscopy in which a tip is used
to probe the potential along a biased nanotube [97]. In addition to allowing
for more than just two contacts, electrostatic gates can be added to supported
NTs enabling one to tune the carrier concentration (Fermi energy). A metal
electrode (not in direct contact with the NT) or the substrate itself can
serve as a gate. In the later case, which is preferred by most researchers, a
degenerately-doped Si substrate is used and the isolation between the gate
and the NT is provided by a thin oxide layer with a thickness of 0:1� 1�m.

4.5 Electrical Measurements on Single MWNTs

Figure 14 shows the characteristic dependence of the equilibrium electric re-
sistance R on the temperature T for a single MWNT with low-ohmic con-
tacts, where it is shown that R(T ) increases with decreasing T . This decrease
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Fig. 14. Four-terminal equilibrium electric reistance R vs T of a single arc-grown
MWNT with a contact separation of 300 nm [98]

is rather moderate and distinctly di�erent to what was found in macrobun-
dles and �lms, discussed in Sect. 4.3, see Fig. 11, where is was found that
R�1 = G(T ) / T . In contrast,R(T ) in Fig. 14 cannot be expressed as a simple
power-law, so that if we would try to write G / T�, then � would range from
0:07 (100K) to 0:19 (0:4K). Hence, the T dependence for a single MWNT is
weaker as compared to macro-bundles. According to our previous discussion
(Sect. 4, Sect. 4.1), the non-metallic looking behavior of Fig. 14 could be taken
as a sign that MWNTs are similar to highly disordered graphite (see Fig. 9).
This is, however, not true. Taking R(300K) = 6 k
, the sheet resistance and
the resistivity are found to be R2 = 1:3 k
 and � = 0:4�
m, respectively.
Here, we have used again the fact that R is determined by the outermost
metallic SWNT [46]. Only arc-grown graphitic �bers or single-crystalline
graphite have shown such low resitivities. But contrary to MWNTs, these
`clean' materials display a metallic R(T )-dependence: the resistance decreases
with decreasing temperature. Based on R2 we conclude that single arc-grown
MWNT are highly graphitized with a low degree of disorder, comparable to
that of single-crystalline graphite, and, that the resistance increase must be
a characteristic feature for this tubular one-dimensional form of graphite.
The low-T resistance of MWNTs di�ers also from SWNTs. Measurements
on SWNTs almost always display Coulomb blockade (CB) behavior below
� 10K [74,75]. In this regime of single-electron tunneling, the whole NT
acts as an island weakly coupled to the environment, i.e., with contact re-
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sistances larger than the resistance quantum R0 = h=2e2 = 12:9 k
 [99]. For
low applied voltages, R is exponentially suppressed once kT � Ec, where
Ec = e2=2C is the single-electron charging energy of the NT with capacitance
C with respect to the environment. A typical value is Ec � 1meV for a 1�m
long nanotube segment. Figure 14 is representative for all measured MWNTs
with low-ohmic contacts. Coulomb blockade is not observed. According to
theory, 2=3 of the tubes should be semiconducting with a substantial band
gap (even for MWNTs) of order Eg � 40meV for a 20nm diameter tube.
This band gap should give rise to an exponential temperature-dependence,
according to R(T ) / exp(kT=2Eg) which has never been observed. MWNTs
have many tubes in parallel, from which it is clear that the metallic ones will
take over at low temperatures. Because the electrodes are in contact with the
outermost shell, the outermost metallic NT dominates. If the outermost tube
happens to have a gap, a larger contact resistance might be expected because
the electrons would have to tunnel from the electrode through the semicon-
ducting tube into the �rst metallic NT. This also has not been observed until
now. Of all MWNTs contacted from above (i.e., with metal evaporated over
the NT), appreciably high-ohmic contacts are rare (only 10%) [44]. A pos-
sible explantion could be that the NTs are doped, either intrinsically or due
to charge transfer from the metallic contact.

A metallic gate allows study of the dependence of the nanotube con-
ductance on the carrier concentration. Gate sweeps are also important for
providing a convincing proof of Coulomb blockade (CB). If G(T ) is deter-
mined by CB at low T , then G should be periodic in the gate voltage Vg with
a period given by e=C. Figure 15 shows two such gate-sweeps for a single
MWNT at 0:4K, one for zero magnetic �eld, the other in a transverse �eld of
B = 2T. Here G is strongly modulated by Vg with rms-
uctuations of order
0:3G0 around an average value of 0:8G0. Coulomb blockade would result in a
periodic modulation with a period in Vg estimated to be 50mV. But the 
uc-
tuations in Fig. 15 occur rather on a scale of 1V. One might argue that the
NT splits into a sequence of smaller islands at low T , which would give rise
to a 
uctuation pattern with a larger characteristic voltage scale. This pic-
ture is quite similar to strong localization for which an exponential resistance
increase would be expected at low T , which is not observed. We therefore
conclude that CB is not relevant for MWNTs with low-ohmic contacts down
to 300mK.

It is remarkable that G > G0 for certain Vg in Fig. 15. The observed
pattern re
ects the quantum states in this nanotube segment approaching
the 0D limit. The pattern is aperiodic because of random scattering, and the
NT behaves like a chaotic cavity. The 
uctuation is suggestive of so-called
universial-conductance 
uctuations (UCF) [100{102].

The upper curve in Fig. 15 demonstrates that the pattern is completely
changed in a magnetic �eld of 2T. Because the two curves show no correla-
tions, the so-called correlation �eld Bc < 2T. This allows us to estimate the
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Fig. 15. Conductance of a 300 nm single MWNT segment at T = 0:4K as a function
of gate voltage applied to the degenerately doped Si substrate. The nanotube is
spaced from the back-gate by a Si-oxide layer 400 nm in thickness. Lower (upper)
curve is measured in zero (2T) magnetic �eld. The upper curve is o�set vertically
by e2=h for clarity [98]

phase-coherence length l� which must be > 100nm. Hence, this 300nm NT
segment is certainly 1-D with respect to quantum coherence and even close
to 0D (quantum dot). Let us estimate the expected mean level spacing �E0D

for an ideal NT quantum dot of length L. If spin-degeneracy is removed, then
�E0D = hvF =(4L), amounting to 3meV for L = 300nm. One now needs to
know the leverage factor �Vg=�EF which we estimate to be 100. Hence, 0D
features should show up in the gate-dependence on a voltage scale of order
0:3V, which is indeed the case.

These measurements also allow us to estimate the mean-free path le. Be-
cause strong localization is not observed, we conclude that the localization
length lloc > l�. With lloc � Nle, whereN � 4 is the number of modes, we see
that le > 20nm, so that the mean-free path is of the same order as the diam-
eter of the MWNTs. Hence, there is elastic scattering leading to the interfer-
ence patterns at low temperature, but this scattering is not strong enough to
localize the electron states in the MWNT. This result, that MWNTs are not
free of elastic scattering (there is some disorder), has to be contrasted with
work of Frank et al. [45]. Figure 16 shows the measured conductance G of a
�ber of MWNTs while lowering this �ber continuously into a liquid metal (see
also Fig. 12). In Fig. 16 we see that G increases in steps of magnitude close
to the quantized conductance G0 = 2e2=h. Each step is due to an additional
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MWNT coming into contact with the liquid. The nearly equal conductance
of � G0 for each MWNT, that makes contact with the liquid Ga, has been
taken as evidence for quantum ballistic transport. This e�ect is very striking,
since the experiments in Fig. 16 were done at room temperature. Why the
measured G is only one-half of the expected quantized conductance for an
ideal metallic NT is not understood at present [103]. The measured G � G0 is
also in disagreement with other transport measurements on nominally similar
MWNTs. For example, the NT in Fig. 14 has a room temperature resistance
of only 6 k
 which corresponds to � 4e2=h. Values for the two-terminal con-
ductance of up to 4G0 have been found at room temperature [44]. This is
not unexpected because higher subbands contribute to the conductance at
room temperature, too. Recall, that the mean-level spacing is only 33meV for
dt = 20nm. The result of Frank et al. can be summarized as follows: the mea-
sured resistance is a contact resistance, which is quantized and the intrinsic
NT resistance, determined from the depth-dependence, is small. The latter
is in contrast to recently published length-dependent intrinsic resistances of
4 k
/�m [44] and � 10 k
/�m [97], respectively.
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Fig. 16. Conductance G at room temperature measured in the apparatus shown
in Fig. 12 as a function of depth of immersion of the nanotube �ber into liquid
gallium. As the nanotube �ber is dipped into the liquid metal, the conductance in-
creases in steps of G0 = 2e2=h. The steps correspond to di�erent nanotubes coming
successively into contact with the liquid [104]

To support ballistic transport over micrometer distances, Frank et al.

came up with another interesting experimental observation. Large electric
currents of order 1mA can be driven through MWNTs without destroying
them. Based on the electric power and bulk heat conductivity for graphite, the
NT is expected to evaporate due to the large temperature rise. But no melting
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is observed. This observation of large current densities may however not be
taken as a proof for ballistic transport. Rather, it shows that dissipation is
largely absent (which is an exciting fact by itself). In fact, large currents of the
same magnitude can be passed through lithographically contacted MWNTs
without destroying them, although these MWNTs have been proven not to
be quantum-ballistic [44]. An interpretation of this phenomena is di�cult
because it occurs in the non-linear transport regime for applied voltages much
larger than the subband separation [105]

4.6 Magnetotransport

φ/φ0

En,0/E0

1

10.50-1 -0.5

n=1 n=0 n=-1

Fig. 17. Cuto� energy En;0 of 1-D-subbands for a (metallic) SWNT as a function
of magnetic 
ux � through the tube. The band structure is periodic in parallel
magnetic �eld with a period given by the magnetic 
ux quantum �0 = h=e. Both
En;0 and � and plotted in dimensionless units

We �rst discuss the magnetoresistance (MR) in a parallel magnetic �eld
B. This case is very appealing because the e�ect of B on the wavefunction
can easily be described. The magnetic 
ux � through the nanotube gives
rise to a Aharonov{Bohm phase modifying the boundary condition of the
transverse wavevector k? (Eq. 4) into:

k? =
2

dt
(n+ �=�0 � �=3) n = 0;�1;�2; : : : (7)
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�0 is the magnetic 
ux quantum h=e and � = 0;�1 [62,106]. Similarly, the
index n in the approximate 1-D dispersion relation of Eq. 5 is changed into
n+�=�0. It then follows that the cut-o� energy En;�(�) for the subbands is:

En;�(�) = E0

����n+ �

�0
� �

3

���� : (8)

This relation is shown in Fig. 17 for � = 0. The band structure is periodic in
parallel magnetic �eld with the fundamental period given by �0. The drawing
corresponds to a metallic tube, for which the cuto� energy is zero for � = 0.
Because � and the scaled 
ux appear as a sum in Eq. 8, a metallic tube is
turned into a semiconducting one depending on the magnetic 
ux �=�0 and
vice versa. At half a 
ux quantum �=2�0 the band-gap reaches its maximum
value of E0, corresponding to 65meV for a SWNT with dt = 20nm. If, as
claimed before, a single nanotube dominates transport in a MWNT, a peri-
odic metal-insulator transition should be observed as a function of parallel
�eld at low temperatures.

The dependence of the electric resistance of MWNTs in a parallel mag-
netic �eld has been studied by Bachtold et al. [46] and Fig. 18 shows results
of a typical magnetoresistance (MR) measurement. If we adhere to the notion
that the measured resistance in MWNTs is due to the outermostmetallic NT,
R is expected to decrease because of the appearance of a gap. However, on
applying a parallel magnetic �eld B, the resistance rather sharply decreases.
It is therefore clear that this e�ect must have another origin than the band
structure modulation that we have just discussed. This decrease is associated
with the phenomenon of weak localization (WL) [70{73].

Weak localization originates from the quantum-mechanical treatment of
backscattering which contains interference terms, which add up construc-
tively in zero magnetic �eld. Backscattering is thereby enhanced, leading to
a resistance larger than the classical Drude resistance. Because the interfer-
ence terms cancel in a magnetic �eld of su�cient strength, WL results in
a negative MR. However, for the speci�c geometry of a cylinder (or ring),
the WL contribution is periodic in the magnetic 
ux through the cylinder,
with half the AB (Aharonov{Bohm) period h=2e [107]. Indeed, in Fig. 18 the
resistance has a second maximum at B = 8:2T. From this �eld value, a di-
ameter of dt = 18nm is obtained for this MWNT. As was demonstrated by
Bachtold et al. [46], the MR agrees with the Altshuler, Aharonov and Spi-
vak (AAS) theory [108], only if the current is assumed to 
ow through one
of outermost cylinders with a diameter corresponding to the independently
measured outer diameter of the NT. It is therefore most likely that only
one cylinder actually participates in transport. The conclusion that only one

graphene cylinder carries the current can only unambiguously be drawn from
the analysis of the low-temperature MR data (T < 20K). We emphasize that
it is not possible to relate the resistance maxima at �8:2T to a magnetic

ux of h=e, because a tube diameter would then result which is larger than



Multiwall Nanotubes 245

18

12

6
-15 -10 -5 0 5 10 15

R
(k

Ω
)

B(T)

ΓΓ '

B

Fig. 18. Electrical resistance R as a function of parallel magnetic �eld B (see inset
showing electron orbit). Arrows denote the resistance maxima corresponding to
multiples of h=2e in magnetic 
ux through the nanotube taking the outer diameter
[44]

the actually measured outer diameter. The observation of a pronounced h=2e
resistance peak proves that backscattering is present. The NTs therefore do
not exhibit ballistic transport.

In a parallel magnetic �eld, resistance maxima should occur periodically.
The onset of the second resistance peak, which is expected at B = 16:4T is
clearly seen in Fig. 18. From this measurement, a phase coherence of l� � 200nm
is estimated in good agreement with the estimate given before [44].

Next, we will consider the MR in a perpendicular �eld, for which the
MR has been extensively studied [44,68,69,76,109{111]. A negative MR is
found for a transverse B �eld, in agreement with weak-localization theory
[70{73]. Further support for the importance of interference contributions to
the transport properties comes from the observation of non-local e�ects in
multi-terminal devices [44],

A typical magnetoresistance (MR) measurement is shown in Fig. 19. On
applying a transverse magnetic �eld, the resistance decreases (negative MR),
in agreement with WL theory. Aperiodic 
uctuations are observed superim-
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Fig. 19. Four-terminal magnetoresistance of a MWNT in a perpendicular magnetic
�eld for di�erent temperatures. The voltage probes are separated by 1:9 �m. Dashed
curves show �ts using one-dimensional weak-localization (1D-WL) theory. Note,
that the curves are not displaced vertically for clarity [44]

posed on the negative MR background, and these 
uctuations are assigned to
universal conductance 
uctuations (UCFs). This MR can only be �tted with
1D-WL theory, i.e., l� > �dt (dt = 23nm). Best �ts to theory are shown
in Fig. 19 by the dashed lines, and a very good agreement is found. As
a cross-check, UCF amplitudes deduced using l� agree with the observa-
tion. An example is given by the vertical bar in Fig. 19 which corresponds
to the expected UCF amplitude at 2:5K. Let us estimate the phase coher-
ence length l� at 2:5K. The resistance peak at zero �eld corresponds the a
conductance change of �G = �2:2� 10�5 S. From �G � �(2e2=h)l�=L we
obtain l� � 500nm. This particular example shows a rather large l� and cor-
respondingly a surprisingly large di�usion coe�cient D and mean-free path
le. These later parameters can be obatined from the l� vs T relation for de-
phasing by quasi-elastic electron-electron scattering (Nyquist noise dephasing
[112]) which is the dominant source of phase-randomization at low temper-
ature [44]. One obtains D = 450� 900 cm2/s and le = 90� 180nm. Again,
this mean-free path is in agreement with the condition that lloc > l� from
which le > 100nm follows.
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Another �nding in Fig. 19 worth mentioning is that weak localization re-
sults in an increase of the electric resistance at low temperatures, but this
is not the only contribution to the resistance increase. For large magnetic
�elds �GWL ! 0 but the resistance is still seen to be strongly temperature
dependent. Here we note that the curves in Fig. 19 are not displaced for clar-
ity, but rather a temperature-dependent background resistance is observed
and this e�ect is usually associated with electron-electron interaction. While
WL primarily enters as a correction to the di�usion coe�cient, the carrier-
carrier interaction suppresses the single-particle DOS. For a di�usive wire for
which the coherence length (the thermal length) is larger than the width but
smaller than the length, theory predicts a temperature dependence for the
conductance correction �Gee / T�1=2 [113{115]. Knowing �GWL(T ), one can
then plot G(T )� �GWL(T ) as a function of

p
T .

It turns out, however, that this relation does not hold [70{73]. The in-
terference and interaction corrections �GWL and �Gee are derived by WL
perturbation theory and are therefore assumed to be small. But exactly this
assumption is not valid here. One therefore needs to treat the interaction
exactly.

This is indeed possible in 1-D, using bozonization techniques. Carbon
nanotubes are predicted to become so-called Luttinger liquids (LL) in which
a pseudo-gap in the quasi-particle DOS opens at low energy [116{120]. A per-
fect ballistic LL cannot be distinguished from the perfect Fermi liquid quan-
tum wire in an equilibrium transport measurement whereby G is just quan-
tized to 2e2=h (for one mode). However, with backscattering, G is renormal-
ized. In the so-called strong backscattering limit (low T limit) G / T� with
a weaker T -dependence at higher temperatures. For a SWNT � � 0:3� 0:8,
while � can be reduced to lower values in MWNTs due to the enhanced
screening by multiple shells [121]. Though R(T ) in Fig. 14 does not follow a
power law, the temperature dependence of R is not inconsistent with LL the-
ory. This dependence is expected for a LL in the weak-backscattering limit.
LL theory includes the electron-electron interaction. In addition, scattering
has been incorporated into the theory. However, the dependence on magnetic
�eld has not yet been treated. It would be very interesting to see whether
such a `complete' theory could explain the measured MR, which can sur-
prisingly be �tted quite well with theoretical results from WL perturbation
theory based on Fermi-liquid quasi-particles [44,46,61,62]

4.7 Spectroscopy on Contacted MWNTs

Figure 20 shows a di�erential current-voltage characteristic (dI=dV ) mea-
sured on a single MWNT, using an inner contact which by chance was high-
ohmic. This particular tunneling contact had a contact resistance of 300 k
,
whereas the other contacts had resistances� 10 k
. The measured spectrum
agrees surprisingly well with predicted spectra based on simple tight-binding
calculations for a metallic NT [106,122,123]. Firstly, there is a substantial
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Fig. 20. Di�erential (tunneling) conductance dI=dV measured on a single MWNT
using a high-ohmic contact (300 k
) at T = 4:2K [44]. This spectrum qualitatively
con�rms the DOS expected for a metallic nanotube in which the wave vector is
quantized around the tube circumference leading to 1D-subbands. Positive (nega-
tive) voltages correspond to empty (occupied) nanotube states

DOS at the Fermi energy, i.e., at V = 0, so that the NT is metallic. Sec-
ondly, the almost symmetric peak structure, appearing as a pseudo-gap is
caused by the additional 1D-subbands in the valence band (V < 0 ) and
conduction band (V > 0) with threshold energies of order � 50meV. At the
onset of the subbands, van Hove singularities are expected. The spectrum
in Fig. 20 agrees remarkably well with scanning-tunneling measurements of
Wild�oer et al. for SWNTs [63,64]. But because of the di�erence in tube diame-
ter, the energy scales are quite di�erent. These subbands should be spaced by
2E0 = 4~vF =dt = 150meV for the MWNT in Fig. 20 which has dt = 17nm.
The measured spacing of 110mV is in reasonable agreement with this esti-
mate. The observation of van Hove features in dI=dV demonstrates that the
mean-free path le cannot be much shorter than the nanotube circumference.
If le < �dt, all 1-D band structure features would be expected to be washed
out. The observed spectrum in Fig. 20 nicely demonstrates that the unusual
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band structure e�ects of NTs are also found for MWNTs. In most cases,
however, the measured spectral features are not as sharp.
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Fig. 21. Tunneling dI=dV spectra measured on a single MWNT using a high-ohmic
contact for di�erent magnetic �elds B applied parallel to the tube [124]. Note, that
the spectral features shift in a magnetic �eld (lines are a guide to the eyes for two
well discernible peaks), and that there is a pronounced anomaly at V = 0. All
curves are vertically displaced for clarity [124]

Furthermore, the prevailing dI=dV spectra display a pronounced zero-bias
anomaly on a smaller energy scale of 1� 10meV. Such a tunneling spectra
is shown in Fig. 21. These spectra are highly structured. The observed peaks
are associated with broadened van Hove singularities due to the 1-D-band
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structure. This assignment is strongly supported by the observed peak-shifts
in a parallel magnetic �eld B. The peaks are seen to move up and down with
B in accordance with the Aharonov{Bohm e�ect. According to Fig. 17, the
total peak shift amounts to E0=2, corresponding to 39meV for this MWNT
(dt = 17nm). The measured, shifts are somewhat smaller, � 22meV. With
the exception of small voltages, i.e., for jV j < 25meV, the mean peak spacing
is � 25meV, in agreement with the maximum peak shift. In addition to
the peaks, there is a pronounced zero-bias anomaly (ZBA). At V = 0 the
conductance is strongly suppressed, independent of B. This suggests that a
pseudo-gap opens for low-energy quasi-particles. This �nding must be related
to the measured resistance increase at low temperature, as shown in Figs. 14
and 19.
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Fig. 22. Normalized di�erential tunneling conductance dI=dV � T�� vs scaled volt-
age eV=kT measured on a single MWNT using a high-ohmic contact. The inset
displays the equilibrium conductance as a function of temperature T on a log-log
plot. The straight line corresponds to � = 0:36 [95]

Figure 22 shows a detailed analysis according to Bockrath et al. [125]
of a zero-bias tunneling anomaly measured on a MWNT for di�erent tem-
peratures. The ZBA anomaly exhibits power-law scaling, i.e., dI=dV / V � if
eV � kT and dI=dV / T� if eV � kT . Such a dependence is in agreement
with Luttinger liquid models [126]. Similar anomalies have recently been ob-
served by Bockrath et al. for SWNTs [125]. Their measurement and analysis
provide the �rst demonstration of Luttinger liquid (LL) behavior in carbon
NTs.
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The LL liquid theory describes the interaction with a single parameter g
[126]. The non-interacting Fermi-liquid case corresponds to g = 1 and 0 < g <
1 is valid for a LL with repulsive interaction. The parameter g is determined
by the ratio of the single-electron charging energy to the single-particle level
spacing and has been estimated to be g = 0:2� 0:3 for SWNTs [120]. Because
a MWNT consists of several shells, one might expect that the inner shells
strongly screen the long-range Coulomb interaction leading to g ! 1, i.e.,
to an e�ectively non-interacting Fermi liquid. However, it has recently been
shown that g is only weakly modi�ed and theoretically only scales with

p
N

where N is the number of shells participating in screening [121]. Although
there about 20 shells, the e�ective N is expected to be smaller and is only of
order 1. LL behavior is therefore expected for MWNTs, too. Regarding the
exponent �, one distinguishes `bulk' from `end' tunneling. The measurement
in Fig. 22 corresponds to bulk tunneling for which � = (g�1 + g � 2)=8 [120].
From the experiment � � 0:36, which relates to an interaction parameter
of g = 0:21. The same value was obtained by Bockrath et al. for SWNTs
[125]. Currently, more evidence for LL liquid behavior in nanotubes (including
MWNTs) is appearing [98,127{129].

4.8 Spectroscopy using Scanning Tunneling Probes

The individual tubes in a MWNT have helicities, described by the (n;m)
indexes, and the electronic structure calculations [28,47] for the SWNTs are
also valid for the individual nanotubes in MWNTs. In principle, one can �nd
metallic, or semimetallic nanotubes, if n �m = 0, modulo 3 is satis�ed, or
else the individual tubes are semiconducting, if n � m 6= 3q, q = 0; 1; : : : .
There seems to be some commensurability e�ect in play between the di�er-
ent layers, since the number of chiral angles observed in HRTEM is lower
than the number of cylinders forming the MWNT [21]. Theoretically it has
been predicted than even in the case of metallic layers, the nested nature
of the tubes of di�erent chiralities may introduce gaps or pseudo-gaps in the
density of states in a similar way, as happens in the case of SWNTs organized
in a bundle [130]. This is in contrast with graphite, where the interlayer inter-
action between the zero-gap semiconducting graphene layers creates a �nite
density of states at the Fermi level, making graphite metallic.

The electronic structure can be measured very reliably by STM. This
technique was used to image the chirality and to measure the local density
of states for SWNT [63,64]. The lateral con�nement of the electronic states
due to the tubular structure causes symmetric singularities in the DOS, which
also help to identify the tube chirality, since there is a reliable correspondence
between the peak positions, diameter and chiral indexes. Carroll and cowork-
ers have measured the local density of states (LDOS) of multiwall carbon
nanotubes for di�erent tube diameters scanning along the tube axis towards
the tips (see Fig. 23) [131]. Scanning far from the ends, the measurements
show the outer layer of the tubes indicate a conducting character consistent
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Fig. 23. Measured carbon nanotube di�erential conductances, proportional to the
local density of states, along various positions near the tip (scans at B,C,D locations
on the nanotube) and far from the tip (scan A) of a multiwalled carbon nanotube.
The sharp peak near the Fermi level of the uppermost trace demonstrates the
existence of a localized tip state [131]

with a graphitic-like density of states at low bias and symmetric singularities
with respect to zero bias, due to 1-D quantum con�nement. At the nanotube
tip, the STM spectra show a localized state, whose position and width varies
depending on the nanotube tip structure. Calculations have shown that the
strength and the position of these states with respect to the Fermi level de-
pend sensitively on the relative positions of the pentagons and their degree
of con�nement at the tube ends.
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4.9 Discussion of the Main Issues

From the previous discussion, four basic issues emerge, which need further
attention in the future: (1) Why does transport appear to be ballistic in one
experiment and di�usive in another? (2) What is the origin of scattering? (3)
What causes hole doping and what is the energy of the doping level in single
MWNTs? (4) What is the ground-state of carbon nanotubes?

Let us brie
y discuss these questions. Electric transport measurements on
single MWNTs give con
icting results. While Frank et al. [45] �nd ballistic
transport, there is convincing evidence for di�usive transport from other ex-
periments [44,46,68,69,97]. It is important to emphasize that the estimates for
the mean-free path le from the latter experiments vary substantially, from
le � 1 nm to le > 100nm. Taken this fact into account, the �rst question
should be rephased to read: what is the reason for the large variation of
scattering lengths that are observed in experiments on single MWNTs? This
question immediately leads to the second question. What is the origin of
the scattering? Are MWNTs defective, is the band structure modi�ed by
intertube hybridization, are there inclusions, or is the scattering caused by
adsorbates? What is the role of the substrate on which the nanotubes re-
sides in experiments using micro-fabrication? Arc-discharge grown MWNTs
appear to be essentially defect-free in TEM micrographs. Furthermore, there
is no evidence for bond defects from electron-spin resonance.

From the experiments and the discussion in this section the electronic
intertube coupling is expected to be relatively weak. It is therefore believed
that scattering is related (at least partly) to the issue of doping. MWNTs
(and SWNTs) are found to be hole-doped in experiments on �lms and macro-
bundles. Though the origin of the unintentional doping is not known yet, the
apparent doping level can be changed in SWNTS if the nanotubes are heated
to only 200 �C in high-vacuum [91]. This suggests that (part) of the doping
might be caused by species present in air (for example by oxygen). Until now,
the doping-level has not been speci�ed in any experiment on a single MWNT.
We need to �nd a way to quantify the doping level in the future.

The fourth question, �nally, is a very intricate one: What is the ground-
state of carbon nanotubes? A lot of measurements (e.g., magnetotransport)
can be described by either non-interacting or only weakly interacting quasi-
particles using theories like weak-localization based on the Fermi liquid (FL)
hypothesis. On the other hand, clear deviations from FL behavior has been
observed too. The suppression of the quasi-particle density of states, ob-
served in tunneling spectroscopy on single MWNTs (and SWNTs), suggests
that nanotubes may develop a Luttinger liquid (LL) state. The ground-state
question has become an even more exciting issue, because signatures for in-
trinsic superconductivity have recently appeared [132].
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5 Magnetic properties

The magnetic properties of carbon nanotubes can be e�ectively monitored
by the electron spin resonance (ESR) technique which has been intensively
used to study the electronic properties of graphitic and conjugated materials
[133]. This method has several advantages: it has a very high sensitivity,
it responds only to the paramagnetic signal (unless static measurements are
made, which are usually dominated by the large diamagnetic response), and it
can distinguish between di�erent spin species, e.g., localized and conduction
electron spins. Three di�erent quantities are determined by ESR: (1) the
g-factor, which depends on the chemical environment of the spins via spin-
orbit coupling (and also the hyper�ne interaction); (2) the linewidth, which
is governed by the spin relaxation mechanism; and (3) the intensity of the
signal, which is proportional to the static susceptibility.

For MWNTs we are mainly interested in the ESR response of the con-
duction electrons. The conduction electron spin g-factor is determined by the
spin-orbit splitting of the energy levels in the presence of a magnetic �eld
[134,135]. In the case of degenerate bands (as in graphite at the K point),
theory predicts that spin-orbit coupling, which removes the degeneracy, in-
duces a large g-shift which varies inversely with temperature. This is exactly
what is observed in graphite when the magnetic �eld is perpendicular to the
plane, allowing large orbital currents, thereby increasing the spin-orbit cou-
pling. When the magnetic �eld is parallel to the planes, orbital currents are
suppressed, and a small g-shift, nearly independent of temperature, is ob-
served. When the Fermi level is shifted away from the K point by doping,
degeneracy and the g-shift anisotropy disappear. (Despite this understanding
of the variation of the g-shift, a rigorous theory is still missing in graphite
due to the complicated band structure near the point of degeneracy.)

Using this qualitative description for graphite, one can speculate about the
g-factor for carbon nanotubes. When the magnetic �eld is parallel to the tube
axis, nearly the same value is obtained for the g-factor as is found in graphite
when the �eld is in the plane, except at a �eld for which the cyclotron radius
equals the geometrical radius of the nanotubes. Such �elds (typically 1T and
greater) are higher than those used in X-band spectrometers (�9GHz).

When the magnetic �eld is perpendicular to the tube axis, orbital cur-
rents cannot completely close, as in a plane, and we can therefore expect a
smaller g-shift than in graphite. A decrease of this g-shift with decreasing
tube diameter is then expected. Some of these predictions are indeed realized
in MWNTs [136]. The average observed g-value in MWNTs is 2.012, as com-
pared to 2.018 in graphite, and the g -factor anisotropy is lower in MWNTs
than in graphite.

Spin relaxation in metals and semimetals depends also on the spin-orbit
coupling. More precisely it is the modulation of the spin-orbit coupling by
lattice vibrations that causes spin relaxation. It can be shown, that in the
framework of the Elliott theory [135], and when the spin relaxation time is
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proportional to the momentum relaxation time, and is governed by phonon
scattering, the linewidth increases with increasing temperature. Opposite to
this expectation, in graphite the linewidth increases when the temperature
decreases. This behavior in graphite is attributed to motional narrowing over
the g value distribution. Because of the semimetallic nature of graphite, the
density of states at the Fermi level is low, and hence the spin susceptibility
is low, and is in the 10�8 emu/g range at room temperature [133]. We have
seen that the g-factor in MWNTs, a local property, is very close to that of
graphite. In the following subsections we will see how the spin relaxation and
spin susceptibility are modi�ed in MWNTs relative to graphite. Changing
the dimensionality from 2-D to 1-D is expected to signi�cantly modify the
principal ESR characteristics. First, we have to understand what kind of ESR
signal should be expected in a 1-D system.

5.1 Spin relaxation in quasi-1-D systems

Extensive studies of the conduction electron spin resonance (CESR) linewidth
(�H) in isotropic metals have shown that the dominant process in the spin-
lattice relaxation time (T1) is the spin-
ip scattering of conduction electrons
by acoustic phonons. The same scattering process gives the momentum re-
laxation time �R measured by the electrical resistivity. Elliott has derived
[134,135] a relation between the two relaxation times:

T1 � �R=(�g)
2 (9)

where �g is the di�erence in g-factor between graphite and the free electron
value, which re
ects the strength of the spin-orbit coupling constant. Since
(�g)2 is of the order of 10�4{10�6, Eq. 9 indicates that one in every 104{106

scattering events contributing to the resistivity gives a spin-
ip, and hence
the CESR linewidth can be written as

�H = 1=
T1 � (�g)2=�R: (10)

For the majority of isotropic metals, T1 is too short to give an observable
CESR linewidth at room temperature. Beuneu and Monod [137] have ver-
i�ed the Elliott relation for most of the metals. It is well-known that the
Elliott relation is violated for quasi-one-dimensional metals, such as TTF-
TCNQ [138], where the linewidth does not show strong correlation with the
spin-orbit coupling. Materials with similar �g and conductivity values as
TTF-TCNQ, have quite di�erent CESR linewidths and their T1 values lie
well below the universal curve established by Beuneu and Monod [137]. It
is presently believed that the source of this disagreement lies in the low-
dimensionality of these compounds [139]. In a strictly 1-D system the Fermi
surface consists of two points at kF and �kF . The possible scattering events
are thus limited to those with q � 0 (forward) and q � 2kF (backward) mo-
mentum changes. The former process has a very small weight (even including
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3-D phonons), while the latter process, reversing spin and momentum, is
forbidden by time reversal symmetry. Hence to account for the observed �-
nite ESR linewidth of quasi 1-D conductors, one has to include inter-chain
scattering, because every process which could make the system resemble an
isotropic metal, will broaden the line.

5.2 Spin relaxation in carbon nanotubes

Isolated SWNTs, without inter-chain interactions, seem to be the ultimate 1-
D conductors. Application of the ideas developed in Sect. 5.1 should result in
a very narrow and very saturable ESR line, since most of the spin-relaxation
channels are switched o�. Surprisingly, no conduction ESR signal has been
observed in SWNTs until now. One reason for the absence of an ESR line
for the conduction electrons in SWNTs might be the strong electron-electron
correlation, giving rise to the so-called Luttinger liquid (LL) character of
the 1-D electronic system. The ground state of a LL would be antiferro-
magnetic, which is ESR silent at resonance �elds close to that expected for
non-interacting electrons. However, there might be a less attractive reason
for the absence of a CESR signal in SWNTs, and this is the presence of
magnetic particles, which serve as catalysts for the SWNT synthesis, and
afterwards remain in the actual SWNT samples as impurities. Because of
the long carrier mean free path, and because of the even longer spin dif-
fusion length, even a small concentration of magnetic particles can relax
the conduction electrons very e�ciently, causing the line to be unobservably
broad. Although the MWNTs are less 1-D in comparison to SWNTs, (i.e., the
MWNTs should rather be approximated by a quasi-1-D system, because of
their multilayered structure and larger diameters), we believe that some signs
of low-dimensionality are still present regarding the spin relaxation behavior.

Evidence for low dimensional behavior can be recognized in Fig. 24, where
the ESR signal is plotted for MWNT soot with di�erent MWNT densities:
the upper signal is recorded for a dense thick MWNT �lm, while the lower
one is the signal of MWNTs dispersed in para�n. The ESR linewidth for the
upper trace is 32G, while for the lower trace, it is only 8G. This demonstrates
that when the phase space is increased by bringing the individual nanotubes
into better contact with each other, the spin-relaxation increases like in a
quasi-1-D conductor when hydrostatic pressure is applied [140]. This behavior
is speci�c to nanotubes and it is contrary to what happens in graphitized
carbon blacks. Indeed, with carbon black particles or �ne graphite powder,
increasing the contact between grains increases the motional averaging of
the g-factor anisotropy which decreases the linewidth. We believe that the
di�erent behavior of the nanotubes is the �ngerprint of their mesoscopic
nature.

The temperature dependence of the ESR linewidth, shown in Fig. 25, is
also unusual. In graphite �H increases with decreasing temperature, and
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Fig. 24. The CESR signal of MWNTs for samples with di�erent MWNT densities
measured at 300K as a function of the magnetic �eld. The intensities are not
to scale. The upper signal is recorded for a dense MWNT thick �lm, while the
lower one is the signal of MWNTs dispersed in para�n. The narrowing linewidth
with decreasing MWNT density is a �ngerprint of low-dimensional spin-relaxation
phenomena [141]

passes through a broad maximum. This \anomalous" temperature depen-
dence of �H in graphite was ascribed to the same phenomena that is re-
sponsible for the observed temperature dependence of the g-factor. In the
case of highly puri�ed MWNTs, this close correspondence between the two
quantities breaks down as T falls below 100K. Whether the decoupling of the
two quantities at low temperatures is once again the sign of low-dimensional
e�ects would require that detailed calculations of the spin and momentum
relaxation be carried out for MWNTs.
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Fig. 25. The temperature dependence of the CESR linewidth and the g-factor for
a highly puri�ed thick �lm of MWNTs. The distinct temperature dependence for
these two quantities might be also characteristic for single wall carbon nanotubes
[141]

The spin susceptibility �s for MWNTs is derived from the ESR signal
strength by numerical integration. Above 40K (Fig. 26), we �nd a tempera-
ture independent (Pauli) susceptibility �s = 7� 10�9 emu/g. In comparison,
for powdered graphite, we �nd �s = 2�10�8 emu/g, consistent with reported
values between 1{4�10�8 emu/g [133,142]. The Pauli behavior indicates that
the aligned nanotubes are metallic or semi-metallic. For free electrons, the
Pauli susceptibility is given by �s = �2BN(EF ) where �B is the Bohr magne-
ton and N(EF ) is the density of states at the Fermi level. The measured sus-
ceptibility for MWNTs (Fig. 26) gives N(EF ) = 2:5� 10�3 states/eV/atom.
This density of states is comparable to that of graphite [142]. Estimating
the carrier concentration n given by n = EFN(EF ) and taking the Fermi
energy EF for the MWNTs to be equal to that of graphite (200K) gives
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n � 4� 1018 cm�3. Although this estimate is very crude, it is, however, con-
sistent with Hall measurements for the same sample [143], which gives an
upper limit of n = 1019 cm�3. This low carrier density is consistent with the
MWNTs being semimetallic.

Fig. 26. The temperature dependence of the ESR susceptibility of highly puri�ed
MWNTs [141]

ESR measurements are also suitable for characterizing the defects in car-
bon nanotubes by their appearance in the Curie-tail (see Fig. 26). It is sus-
pected that arc-grown MWNTs contain a high defect density that modi�es
their electronic properties [143]. Among these defects, vacancies and inter-
stitials can generate paramagnetic centers that can be detected by ESR.
Pentagon-heptagon pair defects can also be present in the lattice. The low
temperature upturn of �s(T ) closely follows a Curie law (solid line, Fig. 26),
and is thus a signature of localized spins, arising either from the localization
of the carriers or from impurities. In either case, the Curie-tail corresponds
to 1:3� 10�5 spins/C atom. This means that arc-grown MWNTs contain a
very low density of paramagnetic defects. No substantial modi�cations were
observed in the Curie-tail after annealing the sample at 2800�C.
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Summarizing the magnetic properties seen by ESR, the MWNTs show
a mesoscopic nature in their spin relaxation. The expected manifestation
of strong electron-electron correlations by an enhanced spin susceptibility
is absent. Instead, MWNTs exhibit a �s(T ) dependence similar to that of
graphite. MWNTs prepared by the arc-discharge method are very pure. This
fact does not apply to catalytically grown MWNT samples, which have a
higher defect density, and the observation of an ESR signal is precluded by
the magnetic impurities left behind in these samples even after puri�cation
of the soot.

6 Field and light emission

It was very early realized that carbon nanotubes are e�cient �eld emitters
[37]. Field emission from individual MWNTs was demonstrated by attaching
a nanotube to a conducting wire and observing the current after applying a
negative potential to the wire [144]. Also high electric currents were found
to produce emission electrons from carbon nanotube �lms above which an
extracting grid was placed [145]. From the latter studies, it was concluded
that carbon nanotube �lms could be used as �eld emission guns for technical
applications, such as 
at panel displays [145,146]. Five years after the ini-
tial concept was demonstrated, Samsung Advanced Technology Institute is
already manufacturing a prototype of a color display, ready to commercialize
this concept [37].

When studying the �eld emission properties of MWNTs, it was noticed
that together with electrons [37], light is emitted as well [147]. This light
emission occurred in the visible part of the spectrum, and could sometimes
be seen with the naked eye. Since MWNTs are excellent scanning probe tips,
their light emitting property should �nd application in Scanning Near-�eld
Optical Microscopy. In our opinion the electron and light emission proper-
ties are very important features of carbon nanotubes. The electron emitting
characteristics of thin �lms for large scales applications are treated by Ajayan
and Zhou [37]. Here we present the essential characteristics of the coupled
electron and light emission properties of individual MWNTs.

6.1 Field emission

Field emission results from the tunneling of electrons from a metal into vac-
uum under application of a strong electric �eld. The tunneling mechanism is
described in the WKB approximation for emission from metal surfaces which
leads to the well known Fowler{Nordheim equation:

I = �E2

e� exp(��=Ee�) (11)

where, � is a constant related to the geometry, Ee� is the e�ective �eld at the
emitter tip, and � is a constant which is proportional to the work function.
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The electric �eld at the nanotube tip depends on the applied nanotube to grid
voltage, the nanotube radius, and the nanotube length. Ee� can be as much
as 1200 times higher than E0, which is the grid to cathode voltage divided by
the grid to cathode distance, so that �eld emission is readily achieved even
for relatively low applied potentials.

The �eld emission of individual nanotubes was studied by Bonard and
coworkers [7,148] in order to extract the parameters and �ne details of the
electron emission process. Their experimental con�guration is shown in Fig. 27,
which displays a typical I-V curve for a single MWNT (in this case an
opened MWNT). Most single MWNT emitters, closed as well as opened
MWNTs, are capable of emitting over an incredibly large current range. In
this study, the maximal current that was drawn from one nanotube was
0.2mA, and MWNTs can reach 0.1mA routinely and repeatedly. This rep-
resents a tremendous current density for such a small object, and is actually
quite close to the theoretical limit where the tube should be destroyed by
resistive heating [144].

Fig. 27. (a) A single MWNT mounted on the tip of an etched gold wire. (b)
Optical micrograph of the experimental set-up for �eld emission: the gold wire is
�xed on a support, and placed 1mm above the cylindrical counter-electrode. (c)
I-V characteristics for a single opened MWNT [8,148]

The �eld emission study of individual tubes shows also the importance
of the tip structure (Fig. 28). Keeping the same parameters for opened and
closed MWNT, the turn-on voltage for the opened MWNT is considerably
higher, which suggests that the localized states at the dome-structured tip
play an important role in the �eld emission process, so that nanotubes cannot
be considered as ordinary metallic emitters. This conclusion is supported by
the systematic deviations from the Fowler{Nordheim model (Eq. 11) observed
at high emission currents. Furthermore, the energy spread of the emission
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Fig. 28. I-V characteristics for a single closed and opened MWNT, and the corre-
sponding TEM micrographs of typical NT tips[7]

from nanotubes is very narrow (about 0.2 eV). This energy spread is typi-
cally half that of metallic emitters. These observations strongly suggest that
the electrons are not emitted from a metallic continuum as in usual metallic
emitters, but rather from well-de�ned energy levels, corresponding to local-
ized states at the tip. Actually, the �t of the energy spread pro�le of the
emitted current gives quite a narrow band of levels rather than a discrete
energy level, but the shape of the intensity pro�le leaves no doubt that the
emission does not happen from a metallic continuum. The broadening of the
localized state might be due to interaction with the continuum [145].

In fact, theoretical calculations and STM measurements on SWNTs and
MWNTs show that there is a distinctive di�erence between the electronic
properties of the tip and the cylindrical part of the tube [131]. For MWNTs,
the tube body is essentially graphitic, whereas SWNTs display a character-
istic DOS [63,149] that re
ects their one-dimensional character. In contrast,
the local density of states at the tip exhibits sharp localized states that are
correlated with the presence of pentagons, and most of the emitted current
comes from occupied states just below the Fermi level.

The major factors that determine the �eld emission properties of the tube
are the tip radius and the position of these occupied levels with respect to
the Fermi level, which depends primarily on the tip geometry [131,150] (i.e.,
the tube chirality and diameter as well as the presence of defects). Indeed,
only tubes with a band state just below or just above the Fermi level are
good candidates for �eld emission. It is worth noting that the presence of
such localized states greatly in
uences the emission behavior. At and above



Multiwall Nanotubes 263

room temperature, the body of the MWNTs behave essentially as graphitic
cylinders. This means that the carrier density at the Fermi level is very low,
i.e., on the order of 5�1018 cm�3, which is 3 orders of magnitude lower than
for a metal. Simulations show that the local density of states at the tip [131]
reaches values at least 30 times higher than in the cylindrical part of the
tube. Therefore, the �eld emission current would be far lower without these
localized states for a geometrically identical tip, since the emission depends
directly on this carrier density. The tip structure also strongly in
uences the
energy and intensity of the localized states, which could explain the superior-
ity of closed, well-ordered tips relative to opened or disordered MWNTs (see
Fig. 28). Another complementary explanation for this observation is that the
coupling of the tip states to the metallic body states is probably far better for
closed MWNTs, leading to an increased electron supply and thus to higher
emitted currents.

6.2 Light emission coupled to electron emission

A rather unexpected behavior linked to the electron �eld emission was the
observation of light emission as described above [147]. This light emission
occurred in the visible part of the spectrum, and could sometimes even be
seen with the naked eye. This light emission is not the luminescence due to
resistive heating, which was observed by Rinzler et al. on opened nanotubes
[144], and was attributed to an unraveling of carbon chains at the tip of the
tube.

A typical experimental con�guration for the electron/�eld emission is
shown in Figs. 29(a) and (b). The optical luminescence was induced by the
electron �eld emission, since it was not detected without an applied potential
(and thus emitted current). Furthermore, the emitted light intensity followed
closely the variations in emitted current, as can be seen in Fig. 29(c), where
the emitted current and emitted light intensity were simultaneously measured
[147].

The results in Fig. 29(c) demonstrate that the light emission is directly
coupled to the �eld emission. The narrowness of the luminescence line (Fig. 30)
and the very small shift of the photon energy of the luminescence peak as the
emission current varies show that the luminescence is not coming from black-
body radiation or from current-induced heating e�ects, but rather that the
photons are emitted following transitions between well-de�ned energy levels.
Actually, the dependence of luminescence intensity Ip on the emitted current
Ie can be reproduced by a simple two-level model [147], where the density
of states at the nanotube tip is simply represented by a two level system,
with the dominant emission level at energy E1 below or just above the Fermi
energy, and a deep level at E2 < E1. When an electron is emitted from the
deep E2 level, it is replaced either by an electron from the tube body, or by
an electron from level E1 dropping down to �ll the empty state at E2 thereby
provoking the emission of a photon. From the Fowler{Nordheim model, the
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Fig. 29. Optical images of the experimental set-up for observing the �eld emission
and the associated observed luminescence during �eld emission from an individual
multiwall nanotube (a), and a multiwall carbon nanotube �lm (b). The simultane-
ously emitted light intensity and current density as a function of time for a MWNT
�lm (c) [147]

transition probability D(E) can be evaluated for each level, and in the frame-
work of this two-level model, we can write Ie � D(E1), and Ip � D(E2). It
appears that Ip varies as a power of Ie with an exponent that depends on the
energy separation between the levels [151], and this exponent is � 1.51{1.65
for the photon emission energies observed here (typically 1.8 eV, as seen in
Fig. 30). This prediction regarding the dependence of Ip on Ie compares well
with the experimental observations.

6.3 Light emission induced by STM

Another type of light emission was observed in MWNTs by Coratger et al.
[152] who observed light emission by injecting electrons by Scanning Tunnel-
ing Microscopy (STM) into multiwall carbon nanotubes. The photon yield
varied from tube to tube, but it was constant all along the tube. This is
illustrated in Fig. 31, where a low resolution STM image shows a bundle
of MWNTs, and while the STM topological image was taken, the photon
map was recorded. The photon image shows that the emission yield depends
probably on the diameter and chirality of the scanned tube, but not on the
position of the STM tip along the tube. Simultaneous topographic STM im-
ages and photon spectroscopy scans show emitted photon wavelengths in the
600{1000nm range (see Fig. 32), in good agreement with the �eld and light
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Fig. 30. Variation of the total emitted intensity as a function of emitted current.
The solid line is a power law �t of the experimental data for Ip vs Ie on a semilog
plot, which yields an exponent of � = 1:4 � 0:2 for Ip � I�e . Inset: Spectra of
the �eld emission-induced luminescence for an individual MWNT at an emission
current of 20A [8]

emission data described above. The emission characteristics are independent
of the substrate and of the material of the STM tip.

The STM induced-light emission in MWNTs could not be explained by
models previously developed for light emission from metal and semiconduc-
tor surfaces, based on a radiative plasmon recombination mechanism, or from
small fullerene molecules like C60 [53,153]. The origin of the experimental ob-
servation that the light wavelength and intensity are independent of the STM
tip position might be explained as follows. It was suggested [152] that the
large mean free path of the electrons injected into the MWNTs is associated
with an e�cient resonant coupling of the localized tip states to a continuum
of states. The following scenario is proposed to explain this light emission
behavior. Electrons are �rst injected into the extended states of the outer
shell. Large numbers of these electrons 
ow towards the substrate, but a
fraction of the electrons spreads all over the tube in a quasi-ballistic way, like
in a large molecule. Some of these electrons are trapped for a short time in
localized states at the nanotube tip, where they are resonantly coupled with
extended states, and occasionally decay into a neighboring localized state
situated approximately 2 eV below the Fermi energy by emitting a photon.
The population di�erence between the two quasi-localized states comes from
the V-shape band structure of the graphene layer so that states higher in en-
ergy are more populated than those situated near the Fermi energy. Indeed,



266 Forr�o and Sch�onenberger

Fig. 31. (a) STM topography (Vsample=2.1V, Ii = 50 nA) and (b) photon mapping
of a MWNT bundle recorded simultaneously. Only three nanotubes in the MWNT
bundle show signi�cant light emission. The maximum rate of emitted photons is 15
counts per second per tube [152]

recent transport experiments show that the coherence length is exceptionally
large in carbon nanotubes even at room temperature [154]. Di�erences in the
emitted light characteristics probably re
ect the large variety of possible ge-
ometric structures in the nanotube tip, and such experiments could perhaps
o�er a characteristic probe for the localized tip states in combination with
Scanning Tunneling Spectroscopy.

7 Mechanical properties

It is becoming clear from recent experiments [154{161] that carbon nan-
otubes (CNTs) are ful�lling their promise to be the ultimate high strength
�bers for use in materials applications. There are many outstanding problems
to be overcome before composite materials, which exploit the exceptional
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Fig. 32. Emission spectra of three di�erent MWNTs acquired under similar experi-
mental conditions. Dotted lines highlight position of the background. Spectrum A is
one of the most recently observed and shows a peak at about 800 nm (Vsample=2V,
I = 50 nA). Spectra B and C were obtained on two di�erent nanotubes with the
same Pt-Ir tip during another experiment (Vsample=2.05V, I = 35 nA). In spectrum
B, a peak at 900 nm is found, while in spectrum C, another peak centered at about
710 nm is also revealed. For the three spectra, the exposure time is 5 minutes [152]

mechanical properties of the individual nanotubes, can be fabricated. Arc-
discharge methods are unlikely to produce su�cient quantities of nanotubes
for such applications. Therefore, catalytically grown tubes are preferred, but
these generally contain more disorder in the graphene walls and consequently
they have lower moduli than the arc-grown nanotubes. Catalytically grown
nanotubes, however, have the advantage that the amount of disorder (and
therefore their materials properties) can be controlled through the catalysis
conditions, as mentioned before. As well as optimizing the materials prop-
erties of the individual tubes for any given application, the tubes must be
bonded to a surrounding matrix in an e�cient way to enable load transfer
from the matrix to the tubes. In addition, e�cient load bearing within the
tubes themselves needs to be accomplished, since, for multi-walled nanotubes
(MWNTs), experiments have indicated that only the outer graphitic shell can
support stress when the tubes are dispersed in an epoxy matrix [162]. In this
section, a few basic measurements are presented on individual MWNTs with
di�erent levels of disorder. The very promising SWNT ropes also present sev-
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Fig. 33. (a) 3-D rendition of an
AFM image of a SWNT bun-
dle (or an individual MWNT)
that adheres to an alumina ultra-
�ltration membrane, leading to a
clamped beam con�guration for
mechanical testing. (b) Schematic
representation of the measure-
ment technique. The AFM applies
a load, F , to the portion of nan-
otube with a suspended length of
L and the maximum de
ection �
at the center of the beam is di-
rectly measured from the topo-
graphic image, along with L and
the diameter of the tube (mea-
sured as the height of the tube
above the membrane) [158]

eral problems, which are reviewed by showing mechanical measurements on
ropes of di�erent diameter.

7.1 Young's modulus of MWNTs

The AFM technique for mechanical properties measurements developed by
Salvetat and collaborators enabled characterization of the moduli of SWNT
bundles [158] and MWNTs, both arc-grown and catalytically grown [159], to
be carried out [158,159]. Brie
y, the method involves depositing CNTs from a
suspension in a liquid onto well-polished alumina ultra-�ltration membranes
with a pore size of about 200nm (Whatman anodisc). By chance, CNTs oc-
casionally span the pores and these can be subjected to mechanical testing
on a nanometer length scale. The attractive interaction between the nan-
otube and the substrate acts to clamp the tubes to the substrate. Contact
mode AFM measurements under ambient conditions are used to collect im-
ages of the suspended CNTs at various loading forces. Figure 33 shows an
AFM image of a SWNT bundle suspended across a pore and a schematic
representation of the mechanical test set-up. The maximum de
ection of the
CNT into the pore as a function of the loading force can be used to ascertain
whether the behavior is elastic. If the expected linear behavior is observed,
the Young's modulus (E) can be extracted using a continuum mechanics
model for a clamped beam con�guration. The suspended length of the CNT,
its de
ection as a function of load and its diameter can all be determined
from the images, thereby enabling the modulus to be deduced. One great
advantage of the AFM technique employed by Salvetat et al. [158] is its sim-
plicity. There is no need, for example, to use complex lithographic techniques
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Fig. 34. Correlation between the
measured Young's modulus of
MWNTs with the amount of dis-
order present within the graphitic
walls. Ranges of measured mod-
uli for three di�erent types of
MWNTs are plotted against an
arbitrary scale of increasing dis-
order. The sketch represents arc-
discharge grown, and catalytically
grown MWNTs at 720�C and at
900�C, respectively [163]

for suspending and the clamping tubes [156]. The surface forces between
the CNTs and the alumina membrane are su�ciently high to maintain the
clamped beam condition for the majority of MWNTs that were tested. In
addition, the nanotubes are never exposed to electron radiation during the
measurement, which would be the case for TEM studies [155,160]. Electron
radiation will induce defects, if the energy of the electrons is high enough, and
thereby alter the material properties of the CNTs. The relative ease of sample
preparation for this AFM method enables a high measurement throughput,
thereby allowing measurement of a variety of CNTs synthesized under di�er-
ent conditions and to compare the results systematically. For MWNTs grown
by the arc-discharge method, it was found that the average value of the elastic
modulus (or Young's modulus) E is 810� 410GPa, which is consistent with
the in-plane elastic constant of graphite, c11 = 1:06TPa [15]. The authors did
not �nd a signi�cant correlation between the elastic modulus and the diam-
eter of the tube [159]. Furthermore, no apparent di�erence was found in the
elastic modulus between annealed and unannealed nanotubes. This suggests
that point defects, if present at all, do not alter the mechanical properties of
MWNTs.

7.2 Disorder e�ect

AFM measurements of the mechanical properties of arc-grown MWNTs and
MWNTs catalytically grown at di�erent temperatures have been compared,
and the results show that the Young's modulus for the catalytically grown
MWNTs are lower than for arc-grown MWNTs [7]. These data are sum-
marized in Fig. 34, with a sketch correlating the elastic modulus with the
amount of order/disorder within the nanotube walls. As one might expect,
the Young's modulus of the MWNTs decreases as the disorder within the
walls increases. Arc-grown MWNTs, which contain very few defects, have
a modulus comparable with the high values that are measured for an indi-
vidual SWNT [158]. The moduli of catalytic MWNTs can vary, depending
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on their structure. Those, which have a highly defective kind of stacked cof-
fee cup structure (see Fig. 5, part ii), have a very low modulus. The other
catalytic MWNTs, grown at a lower temperature, showed a higher degree
of order within the tubes and consequently had slightly higher moduli. The
uncertainty of the measured values in this case was large. This could be due
to greater uncertainties in the measurement technique, since the catalytic
MWNTs were usually curved, making the continuum beam approximation
less valid.

7.3 Comparison with SWNTs

Although the elastic moduli for single wall nanotube (SWNT) bundles (also
known as ropes) were expected to be higher than for MWNTs, it has been
demonstrated that shearing e�ects due to the weak intertube cohesion gives
rise to signi�cantly reduced moduli compared to individual SWNTs [158].
This is due to the fact that the SWNTs are held together in the rope by the
same van der Waals forces that are acting between the 2D graphene layers,
and these weak van der Waals forces make turbostratic graphite [16] a very
good lubricant. The reduced bending modulus of these SWNT bundles is a
function of the rope diameter because the magnitude of the shear modulus
varies as the ratio of the length to the rope diameter. An individual SWNT

Fig. 35. Dependence of the apparent Young's modulus (Eapp) on the diameter
of SWNT bundles measured using AFM. The untreated bundles are represented
by open circles and the irradiated bundles by �lled squares. The diameter of the
individual SWNTs is in the 1.4 nm range [163]
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has an elastic modulus of about 1TPa, but this falls to around 100GPa for
bundles 15 to 20nm in diameter, as shown in Fig. 35.

In order to use nanotubes as a reinforcement in composites, there are two
main challenges to address: (1) to establish strong bonding between the CNTs
and the surrounding matrix, and (2) to create cross-links between the shells of
MWNTs and also between the individual SWNTs in SWNT bundles, so that
loads can be homogeneously distributed throughout the CNTs. To exploit the
excellent mechanical properties of the individual SWNTs, both of these goals
should be achieved without compromising the mechanical properties of the
individual SWNTs too drastically. E�orts are in progress to address these
problems using post production modi�cation of CNTs via chemical means
and controlled irradiation [7].

To produce cross-links between the shells in SWNTs of SWNT bundles,
the sp2 carbon bonding must be disrupted to sp3 bonding, so that dangling
bonds are available for cross-linking. Since the sp2 bonding is the essence of
the CNT strength, this must not be disrupted to such a degree that the prop-
erties of the individual SWNTs in SWNT bundles are degraded. A \gentle"
way to produce cross-linking is by controlled electron irradiation. In Ref. [7]
the SWNT bundles were exposed to 2.5MeV electrons with a total radiation
dose of 11Curie/cm2 after synthesis. A theoretical estimation of the number
of displacements that this energetic electron dose produces suggests that the
irradiation will create about 1 defect per 360 carbon atoms [164]. AFM mea-
surements of the elastic modulus of irradiated SWNT bundles are shown in
Fig. 35, along with similar measurements of non-irradiated SWNT bundles.
Within the errors of the measurement technique, no increase in the elastic
modulus of the bundles could be clearly identi�ed. The Young's modulus was
still found to decrease with increasing bundle diameter in a similar way as
that found for the non-irradiated bundles. However, the irradiation treatment
does not appear to have compromised the strength of the individual SWNTs
either, since the smaller diameter bundles have quite high elastic moduli. In
addition, it was noticed that the irradiated bundles were more di�cult to dis-
perse in ethanol, and the morphology of the sample under AFM examination
showed that the irradiated bundles exhibited a higher degree of aggregation.
Taken together, these data suggest that the radiation treatment produced
more bonding between the tubes, but this additional bonding was not suf-
�cient to produce enough cross-links within the bundles to reduce shearing
e�ects and produce bundles with higher Young's moduli. Future e�orts will
concentrate on optimizing the chemistry and irradiation doses to improve the
mechanical properties of SWNT bundles and MWNTs.

7.4 Deformation of MWNTs

There is some contention about whether the elastic modulus of MWNTs
varies as a function of nanotube diameter. Poncharal et al. [160] have sug-
gested the formation of a rippling mode on the surface of bent MWNTs with
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Fig. 36. High-resolution TEM image of a bent nanotube grown by the arc discharge
method (radius of curvature 400 nm), showing the characteristic wave-like ripple
distortion. The amplitude of the ripples increases continuously from the center of
the tube to the outer layers of the inner arc of the bend [160]

diameters greater than about 15nm, leading to a reduction in the measured
modulus. However, a strong dependence of the measured modulus on the
diameter was not observed in previous AFM measurements [159]. It is con-
ceivable that the measurement of the modulus is force dependent and the
transition to the rippling mode is not reached with the loading forces used
in the AFM experiments. The TEM data in Fig. 36 obtained at large loading
force show a rippling with a period of 15 nm on the compressed side of a
statically bent MWNT, but the bent MWNTs in typical TEM experiments
showing such phenomena have rather high curvatures [160] (much higher
than typical curvatures seen in the AFM experiments). Interestingly, the rip-
pling e�ect has also been observed on the compressed sides of catalytically
grown MWNTs [7]. Figure 37 shows a high resolution AFM image of a cat-
alytic MWNT (grown at 720�C) lying across a pore, the edge of which can
be seen on the left of the image. The image clearly shows rippling only on
the right-hand side of the tube, the direction in which the CNT is bent, and
the ripple in this case has a period of roughly 16nm. These ripples are not
perpendicular to the tube axis but are inclined at approximately 30�, making
the CNT left-handed. This rippling could arise from the surface forces, which
constrain the CNTs on the membrane. However, rippling can also arise when
the tubes are loaded in the AFM. Rippling on the upper, compressed side of
these MWNTs has also been observed as the imaging force is increased. Non-
linear behavior in the loading/unloading characteristics of the catalytic tubes
was frequently noticed. This also contributes to the uncertainties in measur-
ing moduli on these kinds of MWNTs by the AFM method. It is conceivable
that the onset of rippling will occur at lower curvatures, i.e., lower forces, in
tubes with a higher amount of disorder.
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Fig. 37. 3-D rendering of a high resolution AFM image of a catalytic MWNT,
grown at 720�C, and suspended on an alumina ultra-�ltration membrane (the 0,
254, 508�A refer to the z axis). Rippling is observed on the inner side of the natural
curvature of the MWNT, with a periodicity of about 16 nm (shown by the white
arrows), inclined at 30� to the tube axis [7]

Because of the Russian doll structure of the MWNTs and because of the
high strength of the sp2 bonds, one would think that a nanotube shell cannot
be easily pealed o� from a MWNT. However, it is quite possible that a single
tube can be stripped o� under axial stress. This has been observed in the
experiments of Ruo� and coworkers [165] by �xing the ends of a MWNT to
two AFM tips and measuring the elongation of the nanotube, while pulling
until the tube broke. The tensile strength was found to be at least an order of
magnitude lower than expected, assuming a homogeneous stress distribution
over all carbon shells of the multiwall tube. But because the support only
made contact to the outside of the MWNT, it is the outermost shell which is
mainly stressed. Ruo� and coworkers [165] found that above the tensile limit,
the outermost tubes rupture �rst, followed by a sudden and large elongation.
From TEM images, these researchers conclude that the ruptured outer shell
then slides over the inner tubes, which then in turn bear the load [16,37].

To conclude this section on the measurement of mechanical properties, it
was demonstrated that the Young's modulus is very high for individual, and
well graphitized carbon nanotubes. Their high strength makes them promis-
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Fig. 38. Sequence of transmission
electron microscope (TEM) im-
ages of a MWNT, showing the
sharpening of the MWNT tip by
applying current pulses with an
STM tip [166]

ing candidates in reinforcement applications. There are many problems re-
maining to be overcome before composite materials can be fabricated, which
re
ect the exceptionally good mechanical properties of the individual nan-
otubes. As well as optimizing the material properties of the individual tubes,
the tubes must be bonded to a surrounding matrix in an e�cient way to en-
able load transfer from the matrix to the tubes. To improve their mechanical
properties, the nanotube surfaces should be functionalized, and cross-linking
should be generated between the SWNTs within and between the ropes.

8 Summary

In summary, we again emphasize the very rich physics encountered in the
study of multiwalled carbon nanotubes. In this chapter we gave, at best, a
snap-shot of the present status of this rapidly changing �eld. As an illustration
of the enormous potential of the multiwalled carbon nanotubes in basic and
applied science, we present the manipulation of MWNTs of the Zettl group
at Berkeley [166] of which we have become aware during the writing of this
chapter. Describing their breakthrough, best summarizes the rapid progress
of this �eld. They managed to peel a MWNT and to sharpen its tip at `will'
by using Joule heating applied via an STM tip in a transmission electron
microscope (Fig. 38). The outer, supporting shortened cylinders reinforce the
stability of the nanotube. This gives the possibility to improve considerably
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the resolution of a scanning probe tip. By attaching the STM tip to the inner-
most nanotube when the outer layers were peeled o�, they have created an
extremely low-friction nanoscale linear bearing and a constant force nano-
spring. We believe that in the future such manipulations of MWNTs will
revolutionize nanoscale architectures and studies at the nanoscale.
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weak localization, 214, 232, 233,
244{247, 253

weak localization
{ logarithmic dependence, 234
{ low-T conductance, 235
{ magnetoresistance, 244
{ WL theory (2D), 233
whiskers
{ carbon, 22
{ graphite, 12, 17, 18, 227
{ iron, 22
{ nonmetals, 22

WKB approximation, 260
work function, 287
WS2, 80
WS2
{ nanotubes, 62
WS2 nanotube, 81

x-ray absorption spectroscopy (XAS),
172, 174

x-ray absorption spectroscopy (XAS)
{ SWNTs, 186
x-ray electron spectroscopy (XES), 183
x-ray emission spectroscopy (XES)
{ graphite, 177
XES, 173

Young's modulus, 20, 62, 87, 103, 268,
269, 273, 298

Young's modulus
{ MWNTs, 268

zero gap semiconductor, 16
zigzag nanotubes, 4{6, 137
zone folding, 23
zone-folding, 210
ZrO2, 71


