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We report equilibrium electric resistanceR and tunneling spec-
troscopy (dI/dV ) measurements obtained on single multiwall nan-
otubes contacted by four metallic Au fingers from above. At low
temperature quantum interference phenomena dominate the magne-
toresistance. The phase-coherence (lφ) and elastic-scattering lengths
(le) are deduced. Becausele is of order of the circumference of the
nanotubes, transport is quasi-ballistic. This result is supported by
a dI/dV spectrum which is in good agreement with the density-
of-states (DOS) due to the one-dimensional subbands expected for
a perfect single-wall tube. As a function of temperatureT the re-
sistance increases on decreasingT and saturates at≈ 1 − 10 K for
all measured nanotubes.R(T ) cannot be related to the energy-
dependent DOS of graphene but is mainly caused by interaction
and interference effects. On a relatively small voltage scale of or-
der ≈ 10 meV, a pseudogap is observed indI/dV which agrees
with Luttinger-Liquid theories for nanotubes. Because we have
used quantum diffusion based on Fermi-Liquid as well as Luttinger-
Liquid theory in trying to understand our results, a large fraction of
this paper is devoted to a careful discussion of all our results.

73.61.Wp, 72.15.Gd, 73.20.Fz, 73.20.At

1 Introduction

In recent years carbon nanotubes have suprised us with re-
markable properties which are neither present in graphite nor
in diamond [1]. Nanotubes are ideal model systems for the in-
vestigation of low-dimensional molecular conductors whose
electronic properties are largely determined by molecularor-
bitals that are extended along the whole conductor similar to
metals. The length-to-diameter ratio can exceed105 for the
smallest diameter tubes (>∼ 100µm in length and≈ 1 nm in
diameter). A carbon nanotube is obtained from a slice of
graphene sheet wrapped into a seamless cylinder. Depending
on the specific realization (the wrapping vector), the nanotube
may be a true one-dimensional metal with a non-vanishing
density-of-states at the Fermi energy or a semiconductor with
a gap. This is in marked contrast to the two-dimensional
graphene sheet which is a zero-gap semiconductor. By com-
bining metallic and semiconducting tubes, either in their in-
trinsic or doped forms, the whole span of electronic compo-
nents ranging from wires, bipolar devices to field-effect tran-
sistors may be embodied in nanotubes. A striking field-effect
has already been demonstrated at room temperature [2]. On
the fundamental side, a perfect metallic nanotube is supposed
to be a ballistic conductor in which only two one-dimensional
(1d) subbands (modes) carry the electric current [3]. Because
of the relatively low carrier concentration as compared to or-

dinary metals like Au, strong correlations due to Coulomb in-
teractions are expected [4,5].

Nanotubes can be fabricated in two basic forms: either as
single-wall cylinders (SWNT = single-wall nanotube) or as
wires that consist of a set of concentrically arranged cylin-
ders (MWNT = multi wall nanotube). Furthermore, both
forms may be present as single wires or packed into ropes.
A remarkable variety of physical phenomena have been ob-
served in electrical transport to date. The first signature of
quantum effects were found in the magnetoresistance (MR)
of MWNTs. Songet al. studied bundles of MWNTs [6]
while Langeret al. was able to measure the MR of a sin-
gle MWNT for the first time [7]. In both cases a negative MR
was observed at low temperatures indicative of weak localiza-
tion. However, the phase-coherence lengthlφ was found to be
small amounting to only<∼ 20 nm at0.3 K, in strong contrast
with the ballistic transport with only2 modes theoretically ex-
pected for a perfect nanotube. Evidence for much larger co-
herence lengths in SWNTs was provided by the observation
of zero-dimensional states in single-electron tunneling exper-
iments [8,9]. Recently, a pronounced Aharonov-Bohm resis-
tance oscillation has been observed in MWNTs [10]. This ex-
periment has provided compelling evidence thatlφ can exceed
the circumference of the tube so that large coherence lengths
are possible for MWNTs too, see also [11]. Because the
magnetic-flux modulated resistance agreed with an Aharonov-
Bohm flux ofh/2e the effect is supposed to be caused by con-
ventional weak-localization for which backscattering of elec-
trons is essential. In essence, as in the work of Langeret al.
[7], 2d-diffusive transport could explain the main observation
reasonably well. The Aharonov-Bohm experiment lead to a
convincing proof that the electric current flows in the outer-
most (metallic) graphene tube only, at least at low tempera-
turesT <∼ 70 K. Presumably, this is a consequence of the way
in which the nanotubes are contacted. Electrodes are evap-
orated over the MWNT and therefore contact the outermost
tube preferentially. Because it is only the outermost tube that
carries the current, large diameter single graphene cylinders
can now be investigated. Very recently, proximity induced
superconductivity was found in weak-links formed by a nan-
otube in contact with two superconductig banks [12].

All these striking results mentioned were obtained by con-
tacting a single nanotube with the aid of micro- and nanos-
tructuring technologies. Alternative approaches have been de-
veloped as well. For example, Daiet al. and Thesset al.
have measured the voltage drop along nanotubes using mov-
able tips [13] and Kasumovet al. have developed a pulsed-
laser deposition method [14]. Furthermore, scanning-probe
manipulation schemes were developed [15] and recently is has
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been shown that SWNTs can directly be synthesized to bridge
pre-patterend structures [16]. Still another elegant method al-
lowing to electrically contact a single MWNT has been used
by Franket al. [17]. The nanotube, which is attached to a
tip, is contacted by immersing it into a liquid metal like mer-
cury. Immersing and pulling out the nanotube repeatedly is
claimed to have a cleaning effect. In particular, graphiticpar-
ticles are removed from the tubes. After some repetitions,
an almost universal conductance close to the quantized value
G0 := 2e2/h is measured. From these experiments the re-
searchers conclude that transport in MWNTs is ballistic over
distances of the order of>∼ 1µm. This is very striking be-
cause the experiments were conducted at room temperature.
At present it is not clear why the conductance is close toG0

instead of the theoretically expected value of2G0.
Our results, which were obtained on similarly arc-produced

MWNTs, appear to be in strong contradiction to the ballis-
tic transport of Franket al. [17]. It is one aim of this pa-
per to address this contradiction by quantifying the degreeof
backscattering (or diffusivness) observed in our samples due
to static disorder. As will be demonstrated, the discrepancy is
much weaker than originally thought. It turns out that our nan-
otubes may be regarded quasi-ballistic conductors, at least at
low temperature. At room temperature the degree and source
of backscattering is difficult to quantify. But because the mea-
sured resistances are in quite good agreement with theoreti-
cally predicted values backscattering must be relatively weak.

The fabrication of reliable electric contacts to single car-
bon nanotubes has been an issue of great attention dur-
ing recent years and quite some progress has been made
[8–20]. The same remark is appropriate for the quality of
the nanotubes. The electric contact resistance of SWNTs and
MWNTs, which were adsorbed on a prestructured electrode
pattern, were found to be large, in the MΩ range [8,11,18].
The contact resistance can be reduced by local electron-beam
irradition enabling to select a single nanotube for measure-
ment [18]. If the contacts are high-ohmic, they determine the
measured two-terminal resistance. Under such circumstances
four-terminal measurement schemes are usually applied in or-
der to measure the intrinsic resistance. The first four-terminal
resistance measurements on single MWNTs were realized by
Ebbessenet al. [19]. All kind of temperature dependences
were found. Since resistivities at300K varied by six or-
ders of magnitude, from5 · 10−6 to 6Ωcm, this was taken
as evidence that nanotubes can be metallic or semiconducting.
However, these results suffer from possible damage caused by
the method used to structure the devices (ion-induced deposi-
tion using a metalorganic precursor gas). Much lower con-
tact resistances can be obtained if the contacts are evaporated
directly onto the nanotubes. Our own record is presently at
Rc

<∼ 100Ω. Note, that we define the contact resistance by
Rc := (R2t−R4t)/2, whereR4t denotes the four-terminal re-
sistance (outer contacts are used for current source and drain,
whereas the two inner ones serve to measure the voltage drop)
andR2t denotes the two-terminal resistance measured using
only the two inner contacts.

At this point an important remark has to be made. If we
assume that the nanotubes are indeed nearly perfect, for the

sake of the argument, say ballistic, a quantized resistanceis
expected providing the contacts are ideal (no backscattering
off the contacts). For the nanotube with two propagating
modes the resistance would then equalh/4e2. This resis-
tance is known to be a pure contact resistance which orig-
inates from distributing the current carried by a few modes
into many modes of a macroscopic reservoir [21]. Hence,
once the original goal to lower apparent contact resistances
(i.e. Rc) has been achieved, we end up measuring in ei-
ther two- or four-terminal configuration the same Landauer-
Büttiker [22,23] quantized contact resistance. Because the
distinction between two- and four-terminal resistance disap-
pears for ideal contacts, one could equally well step back to
the original two-terminal configuration in this situation.In re-
ality contacts are not expected to be perfect: most importantly,
the contact is abrupt and therefore everything else then an adi-
abatic widening which is realized in semiconductor split-gate
point contacts [24]. Hence, we expect that each contact at-
tached to a nanotube will inevitably induce some degree of
backscattering. In such a realistic case, it is difficult to relate
the measured resistance with either the ‘intrinsic’ resistance
or the one that would be measured if the contacts were ideal.
For the experiments we are going to discuss,Rc is in the range
of 1 to 10 kΩ. Because this is comparable with the quantized
resistance of an ideal nanotube, one should keep in mind that
absolute resistance values may be off by a factor≈ 2. In the
next section we will come back to this point and report recent
room temperature resistance values.

Because we are reporting electric transport measurements
for MWNTs, we would like to bring the differences and sim-
ilarities between MWNTs and SWNTs to the reader’s atten-
tion. Since the electrical current of contacted MWNTs has
been demonstrated to flow through the outermost carbon tube
at low temperatures [10], experiments using MWNTs also ad-
dress a single shell. The main difference is the diameter of
the respective graphene cylinders. SWNTs have a typical di-
ameter of≈ 1 − 1.5 nm while our MWNTs have diameters in
the range10 − 20 nm. This one order of magnitude differ-
ence in diameter relates into an order of magnitude difference
in energy scale. For a semiconducting nanotube, tight-binding
calculations predict a gap of order0.1 eV for a10nm diameter
tube, whereas for a SWNT the gap is of order1 eV [25]. This
energy scale is also roughly valid for the energy separation
between the first conduction and valence subbands above and
below the Fermi level for metallic tubes. Differences in elec-
tric resistance due to either semiconducting or metallic behav-
ior are expected to be more pronounced for SWNTs because
of the larger energy scale. In fact, these differences were ob-
served with tunneling spectroscopy on SWNTs at low temper-
ature [26].

If a SWNT is adsorbed on a substrate with metallic con-
tacts, the nanotube has been found to closely follow the con-
tour of the surface [27]. Because the metallic contacts have
a finite thickness, the SWNT is strongly bent just at the edge
of the contacts. These bending defects have been suggested
to be one reason for the very high-ohmic contacts found in
SWNTs contacted in this way [27]. This also suggests that all
kinds of local deformations like bends, kinks, and twist will
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cause some elastic backscattering, hence will destroy the ex-
act quantization of the resistance valid for an ideal nanotube
with transmission probabilityt = 1. Because all surfaces ex-
hibt in general some roughness on the nm-scale (except for
atomically flat well prepared substrates) it is hard to imagine
that electric transport is ballistic for SWNTs adsorbed on a
substrate. Here MWNTs (and also ropes of SWNTs) are ad-
vantageous, because the outer electrically measured tube is
supported by10 − 20 additional tubes inside which enhance
the tube’s ridgidity. Computer simulations show that SWNTs
may even collapse due to adhesive forces, whereas MWNTs
are hardly deformed [28]. Furthermore, highly transparent
contacts are presuambly easier to achieve in case of MWNTs
because the larger diameter results in a larger contact areafor
electric contact fingers of a given width [29].

There are other reasons which are in favour of MWNTs.
Large diameter carbon nanotubes have been predicted to have
a larger mean-free pathle for elastic scattering for a given de-
fect density assuming a two-band tight-binding model with
fluctuating diagonal and off-diagonal matrix elements [30].
The varianceσ of these matrix elements describes the strength
of the disorder. The mean-free path is found to be proportional
to the diameterd as long as the subband separation is larger
than the energy broadening due to scattering. This relates into
the condition thatσ < C/

√
d whereC is a constant.

As mentioned before, Franket al. have suggested that
transport in MWNTs is ballistic over micrometer distances
even at room temperature. But in our opinion, no direct
measurement of the elastic-scattering length exists for either
MWNTs and SWNTs. Due to the high contact resistances,
transport in SWNTs is largely dominated by single-electron
tunneling effects [8,9]. Here, charge transport is dominated
by the contacts and the Coulomb energy related to adding (re-
moving) electrons to (from) the nanotube as a whole. Trans-
port within the nanotube is of little significance for the exter-
nally measured resistance. Spectroscopy allows to access dis-
crete0d-states whose width can be used as a measure for the
dephasing rate (but not for the rate of elastic scattering).Us-
ing this method, SWNTs have been demonstrated to be phase-
coherent conductors over large distances> 1µm at low tem-
perature<∼ 1 K [8].

SWNTs have an additional disadvantage: their large curva-
ture turns all nanotubes into semiconducting ones except for
armchair nanotubes. This curvature effect can safely be ne-
glected for MWNTs. In contrast, for MWNTs one may have
to take a weak hybridization of electron states from neighbor-
ing tubes into account. Because of the different diameters,the
respective graphene lattices can never match up commensu-
ratly. Hybridization is therefore expected to be small. Note
however, that in transport of MWNTs the energy landscape of
an neighbouring nanotube acts as a random potential. Taking
an intertube overlap energy of0.25 eV we estimate (based on
the work of White and Todrov [30]) thatle can still exceed
1µm for nanotubes with a diameter of30 nm.

With regard to electrical measurements in magnetic fields,
orbital effects cannot be studied in SWNTs because extremely
high magnetic fields would be required. In contrast, a mag-
netic field of12T is enough to induce a magnetic flux ofh/2e

in a MWNT with outer diameter15 nm. For this reason, valu-
able information can be obtained from magnetotransport ex-
periments of MWNTs in parallel and perpendicular field. The
Zeeman energy splitting due to the magnetic moment of the
electrons can of course be observed both in single and multi-
wall nanotubes. From measurements of the Zeeman energy
of SWNTs the gyromagnetic ratiog was found to be very
close to the free electron value, i.e.g = 2 [8,31]. Finally,
the larger size of MWNTs (and SWNT ropes) facilitates their
handling [32] and imaging by conventional scanning electron
microscopy (SEM).

This brief advertisement for MWNTs should make clear
that the structure and large diameter of MWNTs can be ad-
vantageous for the studying of certain electrical properties of
carbon nanotubes. From a theoretical point of view, single-
wall nanotubes are the model systems of choice. However,
since MWNTs do behave as single tubes at low temperature,
theories are equally well applicable to MWNTs.

A perfect metallic nanotube (also the large diameter ones)
has two1d-subbands at the Fermi energyEF originating from
theπ andπ⋆ bands of graphene. The graphene bands inter-
sect exactly at the corner points of the Brillouin zone, known
as theK points. In the vicinity of these points the energy
of the bands are given byE(~k) = ±h̄vF |~k − ~K|, where the
Fermi velocityvF is ≈ 106 m/s [33]. Due to the two avail-
able subbands atEF , nanotubes should ideally have a con-
ductance ofG = 4e2/h = (6.4 kΩ)−1. No clear evidence for
this universal (independent of size and wrapping) conductance
for metallic tubes have been found to date. Frank et al. find
values close to2e2/h and sometimes even some pre-plateaus
at e2/h [17]. There are also no systematic measurements on
single nanotubes from which both the elasticle and the de-
phasing lengthlφ can be extracted with the exception of the
the pioneering work by Langeret al. [7].

This work intends to fill this gap. Values forle and lφ
have been deduced from measured interference effects such
as weak localization (WL) and universal conductance fluctua-
tions (UCF). We use conventional theories developed for dif-
fusive transport appropriate for wires containing many con-
ducting channels and discuss the shortcomings of this ap-
proach at the end.

Long-range Coulomb interaction of electrons in a one-
dimensional wire (few conducting modes only) should
strongly modify the Fermi liquid picture of quasi-particles.
An appropriate effective description is believed to be given
by the Luttinger liquid (LL) model [5,34,35]. There is now
striking evidence for LL-like behavior in SWNTs [36]. What
about MWNTs? Can electron-electron interaction be ac-
counted for by conventional Fermi liquid theory or do we have
to use the LL-picture for MWNTs too?

2 Experimental, Results and Discussion

2.1 Contacting single nanotubes

Single multiwall carbon nanotubes (MWNTs) are contacted
using conventional nanofabrication technology. A dropletof
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a dispersion of arc-produced nanotubes (NTs) in chloroform
is used to spread the NTs onto a piece of thermally oxidized
(400nm) Si(100) substrate. Then, a PMMA resist layer is
spun over the sample. An array of electrodes, each consisting
of four contact fingers together with bonding pads, is exposed
by electron-beam lithography. After development, a120nm
Au film is thermally evaporated in a high-vacuum chamber.
After lift-off, each structure of the array consists of fourthin
and narrow Au fingers (≈ 100 − 200 nm in width) that end in
bonding pads. We emphasize that no adhesion layer like Cr
or Ti has been used. This ensures that no magnetic impurities
are introduced. The sample is now inspected by SEM and the
structures that have one single nanotube lying below all four
electrode fingers are selected for electric measurements. An
example of a single MWNT contacted by four Au fingers with
separation350nm (center-to-center) is shown in Fig. 1. Since
the success of this contacting scheme works by chance, it is
obvious that the yield is low. There are many structures which
have either no or several NTs contacted in parallel. However,
since a large array of more than100 structures can readily be
fabricated, this scheme has turned out to be very convenient.
Alternatively, it is also possible to first structure a regular pat-
tern of alignment marks on the substrate. After adsorbing the
NTs, the sample is first imaged with SEM in order to locate
suitable NTs. Having notified the coordinates aided by the
marks, the electrodes can be structured directly onto the re-
spective NTs with high precision. This improves the yield at
the cost of an additional lithography step.

FIG. 1. Scanning-electron microscopy image of a single mul-
tiwall nanotube (MWNT) electrically contacted by four Au fingers
from above. The separation between the contacts is350 nm cen-
ter-to-center.

Let us emphasize that the Au electrodes are evaporated
directly onto the nanotubes. Previously, we have been us-
ing the reverse scheme in which the electrode structures are
made first and the NTs are adsorbed thereafter. In this latter
scheme (nanotube over the contacts) the contact resistances
were found to be large (>∼ 1 MΩ). 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 [18].In
contrast, surprisingly low contact resistances (≈ 5 kΩ) are ob-
tained with the former scheme (nanotube under the contacts).

It is also important to note that our Au-NT contacts are not
long-term stable at room temperature. The contacts between
Au fingers and NT are lost after a period of typically1 − 2
weeks. Hence, it is important to measure the samples imme-
diately after fabrication.

Only samples in which a single NT is contacted are selected
for conventional equilibrium resistance measurements. Anad-
ditional selection criterion based on contact resistanceshas
been applied too: we require that all contact resistances are
<∼ 10 kΩ at room temperature. All NTs satisfying these se-
lection criteria appear to be metallic, because the resistance
is found to saturate in the limit of low temperatures. It is
quite plausible that a semiconducting tube may never yield
low-ohmic contacts due to the formation of a Schottky barrier.
If this hypothesis is true we possibly throw away the semicon-
ducting tubes and retain only the metallic ones for measure-
ment. However, we are puzzled by the observation that of all
contacted single NTs80% have at least two low-ohmic con-
tacts over which a two-terminal resistance<∼ 10 kΩ is mea-
sured. Hence, one could conjecture that80% of our MWNTs
are apparently metallic. This contradicts the expectationthat
2/3 of all NTs are semiconductors provided all diameters and
chiralities are present with equal probability.

From a large number of MWNTs, each with four low-ohmic
contacts, the average contact resistance is3.8 kΩ with a stan-
dard deviation of5 kΩ at room temperature (Rc ranges from
100Ω to 20 kΩ). With our increase of experience in fabricat-
ing contacts,Rc could be lowered gradually. Our most recent
batch shows values in the range of100Ω to 1 kΩ. In this limit
of very low-ohmic contactsR2t ∼ R4t, as expected for nearly
ideal contacts. An ideal contact is defined to have no backscat-
tering and to inject electrons in all modes equally. Electrons
incident from the NT to the 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 thatfor
ideal contactsR4t cannot contain any nonlocal contribution,
i.e. contribution to the resistance that arise from a NT sege-
ment not located in between the inner two contacts. Any sign
of nonlocality points to the presence of nonideal contacts.

Let us emphasize again the distinction betweenRc :=
(R2t −R4t)/2 and the quantized conductance of an ideal NT.
Theoretically, the conductance of an ideal NT is quantized:
G = 4e2/h. The origin of this resistance can be traced back to
the interface between the two-mode wire and the ideal macro-
scopic contact. In this respect it is purely a contact resistance
[21]. This quantized resistance should not be confused with
Rc. In the limit of an ideal NT with ideal contactsRc = 0,
butR2t = R4t = h/4e2.

There are also samples which by chance have just one rela-
tively high-ohmic contact, i.e.Rc = 0.1 − 1 MΩ. Such sam-
ples are used for tunneling spectroscopy. The voltage de-
pendent differential conductance is measured on this contact.
Because this contact resistance is1 to 2-orders of magnitude
higher than the resistance of the NT, most of the applied volt-
age drops locally at the contact. Such measurements give in-
formation on the local electron density-of-states and are com-
plementary to the transport experiments. It would be highly
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desirable to develop a scheme that allows the controlled fab-
rication of both low and high-ohmic contacts to the same NT.

Finally, we mention that a single high-ohmic contact has
occasionally been used as a gate electrode. However, the re-
sistance of our metallic nanotubes could barely be modified
by the gate voltage, indicating that Coulomb blockade is ab-
sent. This is presumably due to the other low-ohmic contacts
that couple the NT strongly to the environment.

2.2 Temperature dependent resistance

Four-terminal electrical resistancesR have been measured
as a function of temperatureT in a He-3 system down to
T ≈ 0.3 K. The resistance always increases with decreas-
ing temperature and saturates around1 − 10 K. A typical
example is shown in Fig. 2 (the dashed line corresponds to
h/2e2 = 12.9 kΩ). The increase from room temperature is
moderate amounting to a factor<∼ 2−3. This together with the
low-temperature saturation is taken as evidence for the metal-
lic nature of the MWNTs. Non-metallic behavior is char-
acterized by a diverging resistance forT → 0 as observed,
for example, for semiconductors and in more exotic transport
regimes like variable-range hopping and strong localization.
We emphasize that not only is the temperature dependence of
R(T ) similar for all samples, but the absolut resistance values
also fall into a relatively narrow range ofR4t ≈ 2 − 20 kΩ,
quite different to the original results of Ebbessenet al. [19].
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FIG. 2. Typical temperature dependent electrical resistance
R(T ) of a single MWNT measured in a four-probe configuration,
i.e. the current is passed through the outer contacts and voltage is
measured over the inner ones. The dashed line corresponds tothe
resistance quantumh/2e2.

The resistance increase at low temperatures is markedly dif-
ferent to what is known from (HOPG) graphite [37]. There,
the resistivity decreases with decreasing temperature as com-
monly associated with metallic behavior. The decrease is
caused by the suppression of electron-phonon scattering at
low temperature. Although nanotubes are composed of the
same graphene sheets, theR(T )-dependences are different.
Where does this difference come from?

In trying to understand the temperature dependence ofR,

we first consider the simplest possible model. We will com-
pare the absolute measured resistance values with an expres-
sion for the classical Drude resistance taking one graphene
cylinder and assuming2d-diffusive transport, i.e. assuming
le ≪ πd. We thereby completely disregard the quantization
of the wavevector around the tube circumference leading to
1d subbands. The electron states have energyE = ±h̄vF |~k|,
where~k is the 2d-wavevector measured with respect to the
two independent Brillouin corner points. The Fermi energy
is taken to beEF = 0 and a reasonable value for the Fermi
velocity vF = 106 m/s is assumed [8,33]. For the electron
density-of-states (DOS) we obtainn2d(E) = 2E/π(h̄vF )2.
Using the Einstein equationσ2d = e2n2dD, which relates
the conductivityσ2d to the diffusion coefficientD = vF le/2
and the electron density, the energy-dependent conductivity is
found to be∝ E. To obtain the equilibrium sheet conductivity
σ2d at finite temperature the energy has to be replaced bykT .
The equation now reads:

σ2d ≈
(

2e2

h

)

kT

h̄vF
le (1)

Due to the vanishing electron DOS forE → 0, the resis-
tance of a graphene sheet increases with decreasing temper-
ature followingR(T ) ∝ T−1. Although a resistance increase
is observed, the increase is not compatible with aT−1 depen-
dence. Moreover,R(T ) saturates below≈ 4 K. This satu-
ration could be explained by a finite overlap with additional
graphene cylinders giving rise to a narrow band of width∆
at the Fermi energy as in graphite. In the limitkT < ∆ a
constant DOS would develop. Now,kT has to be replaced by
∆ in the above equation forσ2d. Let us put in numbers in
order to estimate the mean-free pathle. Taking from the ex-
perimentsR = 10 kΩ, contact separationL = 350 nm, tube
diameterd = 20 nm and∆ = 4 K (as suggested by theR(T )
saturation), we obtainle ≈ 13µm. This large mean-free path
violates the assumption that diffusion is2-dimensional. Even
more serious,le ≫ L. The only way to reconcile this model
with the requirementle <∼ L is to assume that a large number
(30) of graphene cylinders carry the electric current equally.
We know from the Aharonov-Bohm experiments that this is
not the case [10]. We therefore conclude that the specific
temperature dependence ofR cannot be related to the energy-
dependent DOS of graphene.

Within this simple Drude picture, the discrepancy can be
resolved if we take into account the band-structure modifica-
tions imposed by the periodic-boundary condition along the
circumference of the cylinder leading to1d-subbands. In con-
trast to graphene, for which the DOS tends to zero forE → 0,
the DOS is constant in an relatively large energy window cen-
tered around the Fermi energy. This energy window is given
by the subband separation∆Esb. Instead of the hypotheti-
cal and small hybridization energy,∆Esb should be inserted
in the previous equation. With∆Esb = 100meV, typically
valid for the outermost cylinders of our MWNTs, one arrives
at a mean-free path ofle ≈ 50 nm, which is of order of the
circumference of the tube. This number is of reasonable mag-
nitude and in agreement with magnetoresistance measurement

5



(see Sect. 2.4). This argument suggests that electron transport
in MWNTs is not2d-diffusive, but rather one-dimensional.
Most importantly, it demonstrates that the1d-subbands need
to be considered in MWNTs as well.

The classical1d-Drude resistance due to static-disorder
alone predicts a temperature-independent resistance. Temper-
ature dependences can be caused by other scattering mech-
anism, like electron-phonon and electron-electron scatter-
ing. In a first approximation we assume that electron-
phonon scattering does not contribute significantly to momen-
tum relaxation in carbon nanotubes. Since otherwise, R(T)
should decrease with decreasing temperature as observed for
graphite. It is known however that electron-electron inter-
action can contribute significantly toR in nanoscaled de-
vices at low temperature. In the limit of a piece of metallic
wire which is weakly coupled to the environment, i.e. with
Rc ≫ RQ (RQ = h/2e2 = 12.9 kΩ is the resistance quan-
tum), Coulomb blockade turns the system into an insulating
state [38]. This is the case, ifkT ≪ Ec, whereEc = e2/2C
is the single-electron charging energy of the island (wire). The
capacitanceC′ per unit length for our MWNTs is estimated
from the expression of the geometric capacitance valid for an
infinite conducting cylinder with diameterd supported above
a conducting backplane at distancea ≫ d:

C′ = 2πǫ0ǫr (ln(4a/d))−1 (2)

Taking a = 400nm (thickness of the SiO2), ǫr = 4.7,
a nanotube diameter ofd = 20 nm with electric contacts
spacedL = 200 nm apart (from edge-to-edge), the single-
electron charging energy amounts toEc = 5 meV. There-
fore, Coulomb blockade is expected to be relevant already
for T <∼ 60K. As one can see from Fig. 2 this indeed agrees
with the onset of the resistance increase. It is therefore tempt-
ing to associate the resistance increase with charging effects
(electron-electron interaction). True Coulomb blockade (CB),
which would cause an exponential increase ofR, is however
not observed. We have also not found a significant gate ef-
fect characteristic for CB. We believe that this is due to the
relatively low-ohmic contacts. In the opposite limit of a wire
which is rather strongly coupled to the environment, CB the-
ory predicts deviations from the classical conductance with
moderate temperature and voltage dependences (power-laws)
[39]. In this limit it is not possible to separate the part that is
charged from the environment. A unified treatment is needed.
In case of a1d-wire such a model is provided by the Luttinger
liquid (LL) theory [5,34,35]. Recently, zero-bias anomalies
have been observed in SWNTs with power-law dependences
in agreement with LL theory for nanotubes [36]. This experi-
ment provides clear evidence that long-range Coulomb inter-
action can dominate the low energy excitations of NTs. Be-
cause we observe similar anomalies (see Sec. 2.5) Coulomb
interaction must be considered in order to understandR(T )
of MWNTs, too.

Summarizing this discussion, we have shown that the tem-
perature dependence of the resistance cannot be related to the
specific DOS of graphene. It is most likely caused by electron-
electron interaction and (as will be shown) by interference

contribution that are dominant at low temperature. This con-
clusion is supported by magnetoresistance measurements dis-
cussed below in Sect. 2.4.

2.3 Aharonov-Bohm oscillations in parallel field

The dependence of the electrical resistance of MWNTs in
magnetic field has been studied both for parallel and perpen-
dicular field. The parallel field case has recently been pub-
lished [10]. For completeness we summarize the main re-
sults in this section. Figure 3 shows a typical magnetore-
sistance (MR) measurement. On applying a fieldB the re-
sistance decreases. This decrease is associated with the phe-
nomenon of weak localization (WL) [40]. WL originates from
the quantum-mechanical treatment of backscattering which
contains interference terms adding up constructively in zero
field. Backscattering is thereby enhanced leading to a re-
sistance larger than the classical Drude resistance. Because
the interference terms cancel in magnetic field of sufficient
strength, WL results in a negative MR. However, for the spe-
cific geoemetry of a cylinder (or ring), the WL contribution is
periodic in the magnetic flux through the cylinder with period
h/2e [41]. Indeed, in Fig. 3 the resistance has a second max-
imum atB = 8.2 T. From this field a diameter ofd = 18 nm
is obtained for this MWNT. As was demonstrated by Bach-
told et al. [10], the MR agrees with the Altshuler, Aronov
and Spivak (AAS) theory [42] only, if the current is assumed
to flow through one or at most two metallic cylinders with
a diameter corresponding to the measured outer diameter of
the NT. It is therefore most likely that only one cylinder actu-
ally participates in transport. This may not be too suprising if
we consider the strong anisotropy in conductivity for graphi-
tized compounds and the fact that the electrodes are in di-
rect contact with the outermost NT only. The conclusion that
only onegraphene cylinder carries the current can only unam-
bigously be drawn from the analysis of the low-temperature
data (T <∼ 20K). We emphasize that it is not possible to relate
the resistance maxima at±8.2T to a magnetic flux ofh/e, be-
cause a tube diameter would then result which is larger than
the actually measured outer diameter. The observation of a
pronouncedh/2e resistance peak proves that backscattering
is present in our MWNTs. The NTs are thereforenotballistic.

In parallel magnetic field resistance maxima should occur
periodically. Up to now, only the first period could be ob-
served, which is little evidence for a periodic phenomena.
However, in Fig. 3 the onset of the second resistance peak
is clearly seen. The resistance increases again at14 − 15 T.
The maximum is expected atB = 16.4T (see arrows), which
is unfortunately beyond the field range of our magnet.

We can use Fig. 3 to estimate the phase-coherence length.
The zero-field resistance peak has a full width at half maxi-
mum of2∆B ≈ 2 T. ∆B roughly corresponds to a flux quan-
tumh/e within an area bounded by the wire diameter and the
phase-coherence lengthlφ. From this conditionlφ ≈ 200nm
is obtained. As a test for consistency the WL correction to
the conductanceδG is compared with the measurement. For

6



18

12

6
-15 -10 -5 0 5 10 15

R
(k

Ω
)

B(T)

ΓΓ '

B

FIG. 3. Electrical resistanceR as a function of magnetic field
B of a MWNT aligned parallel toB. Arrows denote the resistance
maxima corresponding to multiples ofh/2e in magnetic flux through
the nanotube taking the outer diameter. The contact separation is
350 nm.

1d-WL δG is of order(2e2/h)lφ/L. TakingL = 350nm and
lφ = 200nm we obtainδG = 4.4 · 10−5 S, which is in very
good agreement with the measured conductance change of
δG = 4.6 · 10−5 S. From MR measurements in prependicu-
lar field similar coherence lengths are extracted. This willbe
discussed in the next section.

2.4 Interference effects in perpendicular field

Possible reasons for the measured resistance increase at low
temperature (see Fig. 2) are interference corrections (WL)and
electron-electron interaction effects. In order to quantify these
contributions an extensive investigation of the magnetoresis-
tance (MR) in perpendicular magnetic field was conducted.
We note from the start that the conventional WL theory for
diffusive transport is used in the analysis of our experiments
[40].

We begin with a measurement that proves the presence of
interference contributions. Figure 4 shows the four-terminal
resistance of a MWNT measured atT = 2.5 K. Three distinct
features can be seen: in the first place, the resistance is largest
atB = 0. Secondly, there are aperiodic resistance fluctuations
away from zero magnetic field, which are reproducible. And
thirdly, the MR is asymmetric in field, i.e.R(−B) 6= R(B).
All there features point to the presence of quantum interfer-
ence. The resistance maximum atB = 0 is caused by weak
localization as already mentioned in the previous section.The
aperiodic fluctuations can be assigned to direct interference
contributions and are known as universal-conductance fluctu-
ations (UCF) [43]. These fluctuations depend on the specific
scattering potential. They disappear if one would average over
an ensemble of otherwise similar NTs. Particularly interesting
is the third observation. By virtue of the reciprocity theorem
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FIG. 4. Four-terminal magnetoresistance of a MWNT in perpen-
dicular field measured at2.5 K. The contact separation is350 nm.
The observed asymmetry is related to one of the voltage probes
which was high-ohmic.

[23] a two-terminal resistance must be symmetric in magnetic
field. But a four-terminal resistance, as the one measured
in Fig. 4, may be asymmetric. The asymmetry arises if the
voltage measured over the two inner contacts contains non-
local contributions from parts of the wire that do not reside
in between the two contacts over which the voltage is mea-
sured. For such non-local contributions to occur (a hallmark
of mesoscopic physics [44]) two conditions need to be met:
1), the phase-coherence length should be large enough, and
2), the voltage probes should not behave ideally in the sense
that all electrons incident from the NT to the contacts are ab-
sorbed with probability one. Indeed, the contact resistance of
one voltage probe was relatively high-ohmic for this sample.
Its resistance was≈ 150 kΩ, whereas the other contacts had
<∼ 10 kΩ. When the temperature was increased above20 K
(not shown), the asymmetry as well as the aperiodic oscilla-
tions disappeared, whereas the resistance maximum at zero
field remained present, although with lower magnitude. Ex-
actly this dependence is expected oncelφ ≪ L.

The MR in Fig. 4 provides a convincing demonstration that
quantum-mechanical interference terms strongly contribute to
the electrical resistance of carbon nanotubes at low tempera-
ture. Let us emphasize that non-local contributions are pro-
hibited if all contacts are low ohmic (ideal). This is because
electrons that arrive at the contacts are scattered with high
probability into these where they are randomized. Hence, in-
terference effects are terminated at ideal contacts. All MR
measurements (also four-terminal ones) should therefore be
symmetric in magnetic field. Any asymmetry is a signature
of a ‘bad’ contact. Indeed, if all contacts are low-ohmic the
resistance is found to be symmetric inB whether a2-terminal
or 4-terminal measurement is conducted.

An example is provided by Fig. 5 which shows the (4-
terminal) MR of a MWNT for two temperatures (2.5 and
12 K). We mention that the two curves are not displayed verti-
cally for clarity. This sample differs from the previous exam-
ples in the contact geometry. The two inner voltage contacts
are now separated byL = 1.9µm, instead ofL = 0.35µm
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FIG. 5. Four-terminal magnetoresistance of a MWNT in per-
pendicular field for two temperatures. The voltage probes are sep-
arated by1.9 µm. Dashed curves show fits using one-dimensional
weak-localization theory. Inset: deduced phase-coherence lengthlφ
as a function of temperatureT .

before. The MR of this NT has been measured for several
temperatures and carefully analyzed in order to extract the
phase-coherence length [45]. On applying a magnetic field
the resistance again decreases in agreement with WL. Aperi-
odic fluctuations are superimposed and are assigned to UCF.
The MR is compared to1d-WL theory, i.e.lφ > πd. We note,
that our measurements cannot be fitted by2d or even3d WL,
which was find to describe the MR of NTs in previous work
[6,7,46,47]. The phase-coherence lengthlφ is therefore larger
than the diameter in our case (d ≈ 23 nm for the NT of Fig. 5).

Phase-randomization is caused by all kinds of inelastic scat-
tering. At low temperature, however, electron-phonon scat-
tering can be neglected andlφ is determined by electron-
electron interaction. Assuming diffusive transport, the phase-
relaxation timeτφ is related tolφ by lφ = (Dτφ)1/2 where
D is the diffusion coefficient. It has been pointed out that
τφ has to be distinguished from the energy-relaxation time
τee due to electron-electron scattering [48]. The latter is de-
termined by scattering processes that transfer energies ofor-
der kT , whereas the phase of the wavefunction can already
be randomized by quasi-elastic scattering events with energy
transfers≪ kT . For this reasonτφ < τee in general. The
temperature range over which the last equation holds is par-
ticularly large in1d. At the lowest temperatures dephasing is
always determined by quasi-elastic scattering. A cross-over
occurs atkT ∼ h̄/τee(T ). Above this temperature the differ-
ence betweenτφ andτee disappears. To compare the mea-
surements with predictions, we use the1d-WL theory which
adequately takes dephasing by quasi-elastic scattering into ac-
count [48,49]. The correction to the conductanceδG for a
wire of widthw is given by:

δG = −0.62
e2

h̄L

(

1

l2φ
+

w2

3l4m

)−1/2

(3)

Here, lm(B) is the magnetic length given byl2m = h̄/eB.
There are two important points to make: 1), our wire is not
planar but actually a cylinder, so thatw = d cannot be as-
sumed. 2), the discussion in Sect. 2.2 has shown that the
mean-free path for elastic scattering may be of order of the
circumference of the NT. In this case flux-cancellation due to
intersecting closed electron trajectories have to be considered
[50]. For these two reasons we treat the widthw as an addi-
tional parameter (in addition tolφ) and mention thatw turns
out to be≈ d/2. Best fits to theory are shown in Fig. 5 by
dashed lines. A very good agreement is found. As a cross-
check, UCF amplitudes deduced usinglφ agree with the ob-
servation. An example is given by the vertical bar in Fig. 5
which corresponds to the expected UCF amplitude at2.5 K.

There are two other subtleties we would like to mention
here. The equation for1d-WL predicts a divergence forδG
in the zero-temperature limit for whichlφ → ∞ is expected.
However, this would only be true for an infinite long wire.
The above equation is actually only valid if the length of the
wire≫ lφ, because the localization correction saturates in the
limit of 0d [51]. The second subtlety is due to the electric
contacts which, if low-ohmic, limit the effective length ofthe
wire due to dephasing. Oncelφ ∼ L substantial dephasing
will be caused by the contacts [48,52]. Both cases predict a
saturation of the resistance increase due to weak localization,
as observed inR(T ).

Dephasing by the contacts can be incorporated in to the
theory by taking the additional electromagnetic fluctuations
of the external circuit into account. The equation forδG is
thereby modified. In order to extract the ‘intrinsic’lφ from the
measurements we have used such a modified1d-WL equation
[45].

The temperature dependent coherence length is shown in
the inset of Fig. 5.lφ is of order of a few100 nm in agree-
ment with the value obtained in the previous section using a
qualitative argument. Below10 K, lφ scales with temperature
according tolφ ∝ T−1/3 as expected from the theory which
predicts

lφ =

(

DGDLh̄2

2e2kT

)1/3

(4)

for dephasing by quasi-elastic electron-electron scattering
[40,53]. Here,GD is the Drude conductance due to elastic
scattering only. This equation allows us to extract the dif-
fusion coefficientD from the magnitude oflφ. We obtain
D = 450 . . .900 cm2/s. The large range is mainly due to er-
rors in determining the Drude conductance. With a Fermi ve-
locity of vF = 106 m/s the elastic-scattering length is found
to bele = 90 . . . 180nm. le is indeed very large and the val-
ues are consistent with the estimate in Sect. 2.2 based on
the absolute resistance value. Becausele >∼ πd, transport
in our MWNTs should be classified asquasi-ballistic [54]
rather than diffusive.lφ(T ) only follows theT−1/3 depen-
dence up to20 K. Above, lφ decays faster, approximately as
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∝ T−1/2. Two possibilities can account for this: 1), electron-
phonon interaction may set in, or 2), the transition toτφ = τee

may occur. Both scenario are compatible with the observed
temperature dependence within this limited temperature inter-
val. Because there is no clear signature for electron-phonon
scattering in the temperature dependence of the resistancefor
T ≤ 300K, we prefer the latter possibility. This is supported
by the temperature (20 K) for which the transition occurs.
Taking D = 700 cm2/s and lφ(20 K) = 230 nm gives a de-
phasing time ofτφ = 0.76ps corresponding to an energy un-
certainty of≈ 10 K in rough agreement with20 K. Hence, for
T > 10 − 20 K dephasing by quasi-elastic electron-electron
scattering is no longer dominant becauseh̄/τee > kT . There
are not enough data points available to extract the temper-
ature dependence ofτee. The dependence is also expected
to change oncele is no longer the shortest scattering length
(clean limit). For the sake of the following consideration let
us extrapolatelφ to room temperature (RT) using the observed
T−1/2 dependence. We then obtainle−e = 60 nm at RT as
an upper bound. It is therefore justified to say that MWNTs
are not (quantum) ballistic at room temperature on a length
scale of1 µm. There is substantial electron-electron scatter-
ing on a much shorter length scale. We believe that this con-
clusion is valid not only for our MWNTs but for all tubes of
high-quality for which scattering by static defects is not the
dominant scattering mechanism at RT. Althoughlee is ≪ L
at RT, its effect on the electric resistance is not obvious. If
for example Umklapp-processes are suppressed even at RT,
electron-electron scattering does not change the resistance be-
cause the total momentum is conserved in the course of scat-
tering. Hence, it may still be possible that the resistance is
close to the expected quantized value.
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FIG. 6. ConductanceG at zero magnetic field as a function of
temperatureT for the measurement shown in Fig. 5. Filled squares
correspond toG at B = 0 and open circles toG − δGWL with
δGWL the contribution to the conductance from weak localization.
The dashed horizontal line is the conductance expected for an ideal
metallic carbon nanotube. The arrow points to the measured room
temperature value.

Weak localization results in an increase of the electrical re-
sistance at low temperatures. This is not the only contribu-
tion to the resistance increase, as can be seen from Fig. 5.
For large magnetic fieldδGWL → 0 but the resistance is still
seen to be strongly temperature dependent. This temperature-
dependent background resistance is usually associated with
electron-electron interaction. While WL primarily entersas
a correction to the diffusion coefficient, the interaction sup-
presses the single-particle DOS. Furthermore, interaction ef-
fects are enhanced by disorder. For a diffusive wire for which
the coherence length (the thermal length) is larger than the
width but smaller than the length, theory predicts for the con-
ductance correctionδGee ∝ T−1/2 [55]. KnowingδGWL(T )

one can plotG(T )−δGWL(T ) as a function of
√

T . Contrary
to our expectation, the predicted temperature dependence is
not observed. For this reason,G(T ) has been plotted in a
log-log representation in Fig. 6. Filled symbols correspond
to the measured conductance for zero field, whereas the open
symbols represent the conductance after subtractingδGWL.
This plot is instructive. At low temperatures (T <∼ 4 K) G
saturates. In the range4 ≤ T ≤ 40K the dependence fol-
lows approximatly a power lawG ∝ T p with a small expo-
nentp ≈ 0.1 − 0.2. Unfortunately, no data points were mea-
sured between50 K and RT. But the measured data points
show a slight negative curvature around10 − 40 K suggest-
ing a possible saturation at high temperatures, which would
come close to the expected conductance of a perfect NT, i.e.
4e2/h. This is – at least qualitatively – theG(T ) dependence
expected for a Luttinger liquid with some degree of backscat-
tering [56]. The exponentp = 0.1− 0.2 is however relatively
low and may indicate that the strong backscattering limit isnot
reached. Note, that for this sample the absolute value ofG is
surprisingly close to the quantized conductance2G0 = 4e2/h
expected for a perfect single-wall nanotube. That the actually
measured room temperature conductance is larger than2G0

is not too surprising for the following two reasons: 1), at RT
it is possible that additional graphene cylinders contribute to
the measured conductance and not only the outermost shell,
as inferred from Aharanov-Bohm measurements at low tem-
peratures. 2), even if we stick to just one single tube higher
subbands have to be considered. The contribution to the con-
ductance of a1d-subband with a threshold energyE1 is read-
ily estimated to beG0exp(−E1/kT ). This has to be multi-
plied with the number of available subbands, which is four for
the first higher (lower) subbands [57]. Hence, the total contri-
bution to the conductance is8G0exp(−E1/kT ), whereE1 is
of order50 − 60 meV. From this expression the conductance
of a single20 nm diameter perfect nanotube is estimated to be
rather3 G0 instead of2G0 at RT.

2.5 Tunneling spectroscopy

Figure 7 shows a differential current-voltage characteristic
(dI/dV ) measured on a single MWNT using an inner con-
tact which by change was high ohmic. This particular tunnel-
ing contact had300 kΩ whereas the other contacts had resis-
tances≪ 10 kΩ. The measured spectrum agrees surprisingly
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FIG. 7. Differential (tunneling) conductancedI/dV measured on
a single MWNT using a high-ohmic contact (300 kΩ) atT = 4.2 K.
This spectra confirms to the DOS expected for a metallic nanotube
in which the wave vector is quantized around the tube circumfer-
ence leading to1d-subbands.δE denotes the sharpness of the the
observed van-Hove singularities. Positive (negative) voltages corre-
spond to empty (occupied) nanotube states.

well with predicted spectra based on simple tight-binding cal-
culations for a metallic NT [57,58]. Firstly, there is a sub-
stantial DOS at the Fermi energy, i.e. atV = 0, so that
the NT is metallic. Secondly, the almost symmetric peak
structure, appearing as a pseudogap is caused by the addi-
tional 1d-subbands in the valence (V < 0) and conduction
band (V > 0) with threshold energies of order≈ 50 meV.
At the onset of the subbands van-Hove singularities are ex-
pected. The spectrum in Fig. 7 agrees remarkably well with
the scanning-tunneling measurements of Wildöeret al. for
SWNTs [26]. But because of the difference in tube diameter
the energy scales are different. While the distance beween the
two first-order subbands∆Esb is found to∆Esb = 1.8 eV for
a SWNT with diameterd = 1.3 nm, we found a smaller value
of 0.12eV. This is reasonable, since∆Esb should be propor-
tional tod−1 [25,58]. According to this relation, a diameter
of 19 nm is predicted for our MWNT in good agreement with
the measured outer diameter ofd = 17 nm. This is another
independent proof of the conjecture that the electric contacts
probe the outermost tube of a MWNT. Moreover, the observed
occurence of1d-subbands indI/dV shows that the motion of
electrons in our NTs cannot be regarded as2d-diffusive but
must be ballistic on the scale of the tube diameter.

The van Hove singularities are broadened by thermal
smearing as well as scattering. The limiting factor is scat-
tering becausekT ≪ δE ≈ 10 meV for the measuring tem-
perature which wasT = 4.2 K. An alternative estimate for
the scattering mean-free length can now be given. The1d-
subband can only develop as a pure eigenstate ifle ≫ πd. If
we relate the scattering time toδE we obtainle <∼ 150nm.
This relatively large elastic-scattering length supportsthe
previous quantitative WL analysis which predicted similar

lengths, i.e.le = 90 . . . 180nm. These two consistent results
convincincly establish that (our) MWNTs are quasi-ballistic
conductors.

The observed spectrum in Fig. 7 nicely demonstrates that
the peculiar bandstructure effects of NTs are also found for
MWNTs. We have to emphasize, however, that a spec-
trum with sharp van-Hove singularities in close agreement
with tight-binding calculations has only been observed on
one sample until now, although several MWNTs have been
studied. The prevailing spectra display a pronounced zero-
bias anomaly on a smaller energy scale of1 − 10 meV. For
larger energies, they resemble Fig. 7 in the sense that a peak-
structure develops indI/dV on the scale of the subband sep-
aration (0.1eV) which may be associated with (broadened)
van-Hove singularities.
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FIG. 8. Differential tunneling conductancedI/dV measured on
a single MWNT at different temperaturesT displaying a pronounced
zero-bias anomaly on a relatively small voltage scale as compared to
Fig. 7. Inset: log-log representation ofdI/dV vs. T for V = 0.
The dashed-dotted curve displays the power-lawdI/dV ∝ V α with
α = 0.36 deduced from the inset.

A typical zero-bias anomaly (ZBA) is shown in Fig. 8 for
six temperatures ranging from2 − 20 K. We note, that the
full dI/dV displays a slight asymmetry in voltage and the
data in Fig. 8 correspond to the symmetric part. A suppres-
sion of the tunneling DOS is expected for a strongly corre-
lated electron gas [59]. Similar anomalies have recently been
observed by Bockrathet al. for SWNTs [36]. Their mea-
surement and analysis provide the first demonstration for Lut-
tinger liquid (LL) behavior in carbon NTs due to long-range
Coulomb interactions. The LL liquid theory describes the in-
teraction with a single parameterg [59]. The non-interacting
Fermi-liquid case corresponds tog = 1 and0 < g < 1 is valid
for a LL with repulsive interaction. The parameterg is deter-
mined by the ratio of the single-electron charging energy to
the single-particle level spacing and has been estimated tobe
g = 0.2 − 0.3 for SWNTs [35]. Because of the larger diam-
eter of MWNTs,g may even approach a value of≈ 0.35 for
a single shell of diameter30 nm. However, the exact value is

10



difficult to estimate because the assumption of a single shell
may be wrong in case of a MWNTs. Though contributing
little to transport, the inner shells of a MWNT may strongly
screen the long-range Coulomb interaction leading tog → 1.
It may be quite possible that the single-particle likedI/dV
spectrum of Fig. 7 is due to such a screening effect. Pres-
suambly, this is also the reason why a single particle like DOS
has been measured on SWNTs in good contact to a Au sub-
strate [26], although LL effects should be most prominent in
unscreened SWNTs on an insulating substrate.

LL theory predicts power laws both for the voltage and
temperature dependence, i.e.dI/dV (T, V = 0) ∝ T α and
dI/dV (T = const, V ) ∝ V α if eV ≫ kT [59]. The expo-
nent α is related tog, explicitly α = (g−1 + g − 2)/8 for
tunneling into the bulk appropriate in our situation [35]. A
power-law withα ≈ 0.36 is deduced fromdI/dV (T, V = 0);
see the inset of Fig. 8. For comparison with the observed
dI/dV -voltage dependence, the dashed-dotted curve∝ V 0.36

has been plotted. The agreement with the measurements is not
perfect, but taking into account the above mentioned asymme-
try quite satisfactory. The asymmetry is possibly caused by
bandstructure effect.α = 0.36 corresponds tog = 0.21. The
same value was obtained by Bockrathet al. [36]. This ex-
act agreement has presumably no significance because we use
single MWNTs whereas they have used SWNT ropes. On the
other hand, the agreement may indicate that the same physics
is responsible for the ZBA. One has to keep in mind that the
single-particle DOS can be suppressed for other reasons like
the presence of two-level and multi-level systems. However,
we have not observed temporal fluctuations characteristic for
such multi-level systems. Furthermore, the observed ZBA
is not of magnetic origin, because we observe no significant
change in a perpendicular magnetic field up to12 T.

3 Critical discussion

Because resistivities were reported in previous studies us-
ing films of NTs we first like to make a comparison with these
results. A typical value determined for the resistivityρ is
10−3 Ωcm [6,47,60]. Using the resistance that we have been
measuring and the knowledge that the electric current flows
through the outermost cylinder of the MWNT, we estimate
ρ ≈ 10−6 Ωcm. This large difference indicates that the vol-
ume fraction of conducting NTs in thin-film samples is low.
For this reason, it is not possible to compare the thin-film
results with measurements on single NTs, because extrinsic
effects (like intertube hopping) most likely dominate the re-
sistance of thin-film samples.

For all measured MWNTs we find a resistance of order
10 kΩ at low temperature and a similar temperature depen-
dence. The resistance increases by a factor≈ 2 − 3 if the
temperature is lowered from RT to a few K. In addition, inter-
ference effects show up at low temperatures indicative for the
presence of backscattering. In interpreting these resultswe
have extensively used conventional weak-localization (WL)
theory. This theory relies on diffusive transport in2d, i.e. le
is implicitly assumed to be much smaller than the cirumfer-

ence of the NT. It may appear as a contradiction that using
this theoryle turns out to be larger thanπd so that a cen-
tral assumption for the validity of the theory is not met. In
one example, tunneling spectroscopy has revealed a spectral
density that agrees with bandstructure calculations for which
le > πd is required. Furthermore, comparing the typically
measured resistance value with a Drude expression compa-
rable values forle are found. These additional results give
us confidence in the magnitude ofle. MWNTs are therefore
rather ballistic than that they are diffusive. Strictly speaking,
they arequasi-ballistic. However, we do not think that this
conclusion contradicts the observed interference corrections,
because interference effects have also been seen in split-gate
quantum-point contacts (QPC) which are the prototype bal-
listic device [61]. In order to obtain the quantized conduc-
tance, theory assumes that the1d-subbands in the constriction
of the QPC are adiabatically coupled to states of the reser-
voirs on either side leading to zero backscattering [62]. In
real devices perfect adiabaticity is never possible. Still, nice
quantized conductance plateaus can be observed and the QPC
appears to be ideal. However, if the temperature is lowered
enough resonances appear in particular in the vicinity of sub-
band thresholds. The conductance vs. gate dependence ap-
pears more and more ‘messy’ the lower the temperature. This
is because of the increase in phase-coherence length which
can lead to pronounced interference contributions in the re-
sistance due to residual random potential fluctuations. Loosly
speaking one may state that the QPC appears much more ideal
at higher temperatures. The same may be true for NTs. Let us
denote the mean fluctuation of the (self consistent) potential

by δEd ∼
√

δ2V . The appropriate energy-scale with which
to compareδEd is the thermal energykT [56]. If kT ≫ δEd

scattering is weak and the system appears ideal. The conduc-
tance would be quantized if backscattering can be neglected
all together. In contrast, if the temperature is lowered such
thatkT < δEd the strong scattering regime is entered and res-
onances and the like are expected. Qualitatively, this is what
we observe.

We note, that even at low temperature backscattering cannot
be very strong. Based on the theoretically expected ideal con-
ductance, the total transmission probability at low temperature
is still reasonably large amounting to≈ 0.5. This has to be the
case, because we have never observed a transition to strong lo-
calization. The source of the remaining scattering is not clear.
The electric contacts are certainly not ideal, even if apparently
low ohmic. Scattering at the contacts alone is not sufficientto
cause the aperiodic resistance fluctuations (UCF) seen at low
temperatures. Therefore, there is some weak backscattering
inherent to the MWNTs. This is also supported by compar-
ing the resistances measured on one specific NT for differ-
ent contact spacings. The resistance is larger for larger con-
tact separations. The relatively large transmission probability
and elastic-scattering length together with a disorder potential
smaller than the subband separation (as suggested by Fig. 7)
point to the high quality of the MWNTs that we are using.

Although the nanotubes are nearly ideal, the interference
corrections (WL and AAS) can nicely be fitted by the tradi-
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tional theories despite the fact that the theories are rigorously
speaking no longer valid. The large range of (approximate)
validity of the theory, which to us came as a surprise, is pos-
sibly just related to the the well accepted universality of in-
terference corrections both in magnitude and magnetic-field
dependence. For the case of magnetoresistance in perpendic-
ular field, we can imagine that the resistance corrections re-
semble weak localization even for few transport modes only.
In contrast, for the parallel field case there is a serious prob-
lem. On the one hand, the AAS correction is based on time-
reversed trajectories due to scattering along the circumference
of the tube, which requiresle <∼ πd. This is just the op-
posite of what we have infered before. On the other hand,
if we assume that the electronic structure has to be treated
one-dimensionally, the bandstructure is predicted to be peri-
odically modulated with periodh/e if the interior of a carbon
NT is threaded by a Aharonov-Bohm flux [57,63]. A metallic
nanotube would be turned into a semiconducting one with a
considerable band-gap of order0.1 eV. Although the magne-
totransport experiments in parallel field have been performed
for much lower temperatures, a transition to an insulating state
has never been observed [10]. This is puzzling, sincedI/dV
(Fig. 7) suggest that MWNTs can be described by the simple
tight-binding bandstructure. This is a problem which deserves
more attention in the future. Until now, magnetoresistance
anddI/dV have been measured on different NTs. It would be
highly desirable to obtain a complete set of data for one NT in-
cludingdI/dV , R(T ), and MR in parallel and perpendicular
field.

Finally, we like to mention another point which need to be
addressed by theory. For quantum wires fabricated from semi-
conducting heterostructures it is well known that backscat-
tering is reduced if a perpendicular magnetic field of suffi-
cient strength is applied [24]. In the limit of large fields,
1d-subbands are formed which are localized along the edges,
so-called edge-states [64]. Because modes at opposite edges
propagate in different directions (are chiral) the suppression is
very effective leading to the ideal quantization as observed in
the integral quantum Hall-effect. For NTs it has been shown
that the wavefunctions of NTs are shifted to the sides in per-
pendicular magnetic field, so that edge states are formed [25].
In MWNTs this occurs already for a relatively low magnetic
field of order1 T, because the magnetic lengthlm =

√

h̄/eB
at 1 T is lm = 26 nm and therefore comparable to the (outer-)
diameter of our MWNTs. We think it is important to the-
oretically study how the formation of edge-states influences
backscattering in the presence of weak disorder. A first treat-
ment of this problem concludes that the MR should be positive
[65], but this is not observed.

Similar to SWNTs, MWNTs are nearly ideal conductors
with only two occupied1d-subbands. Because the long-range
Coulomb interaction is expected to be strong, the Luttinger
liquid (LL) picture is presumably the adequate description.
This is supported by the observed zero-bias anomaly as well
as the temperature-dependent conductance which cannot be
accounted for by conventional Fermi liquid theory. We think
that MWNTs are LL with some degree of (weak) disorder.

Assuming good (ideal) contacts theory predictsG → 2G0

[66,56] if kT ≫ δEd andG → 0 in the opposite limit, pro-
vided the wire is infinitely long [56]. SinceδEd ≈ kT at RT,
G <∼ 2G0. Let us assume for the argument thatG = 2G0 at
RT. This conductance corresponds to the two subbands at the
Fermi energy. As has already been mentioned, the higher sub-
bands also contribute toG at RT. Actually, one would rather
expect to measure a conductance ofG ≈ 3G0 instead of
2G0. Let us now look at the average room temperature re-
sistance values of recently measured MWNTs with very good
contacts, i.e. R2t ≈ R4t to within 20 %. For a contact
separation of350 nm we obtainRa = 3.2 ± 1.6 kΩ whereas
Rb = 9.6 ± 2 kΩ for a separation of1.9µm. Note, that there
is a length dependence of order4 kΩ/µm. Extrapolating these
two values to zero contact separation givesR(0) ≈ 2 kΩ cor-
responding to6G0. This is larger than3G0 and suggests that
more than one tube contributes to the conductance at RT. The
most important remark we like to make here is concerned with
the results of Franket al. [17]. who claim a universal conduc-
tance ofG0 for similar MWNTs at RT. This is definitely in-
consistent with our observation. Because we find a nanotube
conductance which islarger by a factor6, our MWNTs can-
not be blamed to be more dirty or more disordered. Actually,
one may conclude the opposite. At present, we cannot offer a
solution for this discrepancy.

To support ballistic transport over micrometer distances,
Franket al. came up with another interesting experimental
observation. Large electric currents can be driven through
MWNTs without destroying them. Based on the electric
power and bulk heat conductivity for graphite the NT is ex-
pected to evaporate due to the large temperature rise. But this
is not observed. This observation may however not be taken
as a proof for ballistic transport. Rather it shows that dissipa-
tion is largely absent (which is an exciting fact by itself).We
precisely know that our NT arenot ballistic but still we are
also able to pass large currents of similar magnitudes (mA)
through our MWNTs. An interpretation of this phenomena is
difficult because it occurs in the non-linear transport regime
for applied voltages much larger than the subband separation.

4 Conclusions

The reported study of electric transport of single MWNTs
gives rise to results which appear to be in contradiction. For
example, the observation of an Aharanov-Bohm effect with
periodh/2e suggests diffusive transport on the scale of the cir-
cumference of the nanotube, i.e.le <∼ πd. On the other hand,
we have observed adI/dV spectrum which agrees with tight-
binding models assuming the existence1d-subband. This just
suggests the opposite, i.e.le >∼ πd. A large elastic-scattering
length is also derived when comparing the measured resis-
tance with a simple Drude-type equation. All our results can
therefore be consistent only ifle is of the order of the circum-
ference; not very much larger, but also not very much smaller.
Transport has therefore to be characterized asquasi-ballistic.
What remains to be determined is the source of backscatter-
ing which at present is not known. Possible sources are static
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potential fluctuations due to adsorbates on the outer surface of
the MWNT or potential variations caused by a partial wave-
function overlap between states of the outermost and next in-
ner graphene cylinder.

There is a second ‘contradiction’ inherent to our presenta-
tion. On the one hand, we have extensively used theories like
weak-localization which are based on Fermi liquid (FL) hy-
pothesis. On the other hand, the observed suppression of the
single-particle of states (the ZBA) suggests that NTs may de-
velop a Luttinger liquid (LL) state. It is quite uncomfortable
to describe experiment A with FL theory and experiment B
with LL theory. This is only justified because of a lack in
theories which can be applied to analyse the measured data.
If Luttinger liquid is the correct description for NTs we need
to know how the observed quantum interference corrections
have to be described. Is there something similar as weak-
localization in the LL picture? What happens in a magnetic
field?
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