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Carbon nanotubes are one of the most interesting
recently studied nanocarbon objects [1]. A nanotube
can be represented as a graphene sheet folded along a
certain crystallographic direction with a diameter of 1
to 30 nm. Single�wall nanotubes (SWNTs) and multi�
wall nanotubes (MWNTs) embedded into each other
are known. The SWNT diameter is usually smaller
than 2 nm, while the MWNT diameter is larger than
2–3 nm and reaches several tens of nanometers. The
single�wall nanotubes are usually purer and their
length is equal to the mean free path of the carriers,
which is much larger than their diameter. The multi�
wall nanotubes are dirtier. The individual nanotubes of
both modifications are of great interest in the investi�
gation of quantum transport in the one�dimensional
limit. Depending on their perfection degree, the bal�
listic mode [2, 3] and the weak localization mode [4]
can be observed in them, while the transition to the
strong localization mode is observed in the “dirtiest”
nanotubes [5].

Owing to cylindrical topology, the quantum�inter�
ference phenomena of the carriers can be studied in
the nanotubes in a magnetic field parallel to their axes.
The flux quantization in the nanotube leads to magne�
toresistance oscillations as the longitudinal magnetic
field increases (the Aharonov–Bohm effect). In the
ballistic mode, the period of oscillations in the flux is
�c/e [6, 7]. In the weak localization mode, it is �c/2e
[8] as has been observed earlier on the “dirty” metal
cylindrical films [9] and theoretically predicted [10].

The factor 1/2 appears due to interference on direct
and inverse trajectories. An interesting unstudied
problem is the character of quantum interference
under conditions close to the transition to the strong
localization region. This region manifests itself on the
nonmetal MWNTs and is characterized by the so�
called zero anomaly—a dip of the differential conduc�
tivity G = dI/dV at low bias voltages V [11]. In this case,
the scaling relations are observed,

(1)

This behavior was explained in terms of the Luttinger
liquid [12] and, recently, by the inelastic cotunneling
processes on the high�resistance contacts in the
MWNTs [13]. An alternative explanation employed
the Coulomb blockade of the carriers in separate tun�
nel�bound MWNT segments [14].

This behavior was experimentally observed at low
temperatures preceding the transition to the strong�
localization mode, with an exponential decrease in the
conductivity decreasing the temperature below 1 K
[5]. Therefore, it is attributed to the manifestation of
disorder at low temperatures due to defects, impuri�
ties, or dislocations. We note that the effect of disorder
is in this case much stronger than in the weak localiza�
tion mode. This work was initiated by the circum�
stance that the Aharonov–Bohm effect in this region
has not been studied either theoretically or experi�
mentally.

G V � kT( ) Vα
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The multiwall nanotubes under investigation were
grown at Ecole Polytechnique, Palaiseau, France, by
the CVD method in Al2O3 nanopores [15]. The outer
diameter of the nanotubes D ≈ 20 nm was determined
by the pore diameter, and its length L ≈ 1 μm, by the
Al2O3 layer thickness. The nanotube orientation was
determined by the nanopore orientation; i.e., they
were normal to the Al2O3 layer surface. The measure�
ments were performed on two samples chosen with
respect to their resistance, which contained individual
nanotubes with a low contact resistance [5]. The resis�
tance of both samples at room temperature was about
10 kΩ and increased by more than two orders of mag�
nitude during cooling to liquid�helium temperatures.
The resistance was measured by the two�probe
method. The current through the sample was set by a
computer�controlled current source, while the voltage
across the sample was measured by a nanovoltmeter.
The magnetoresistance of the sample was measured in
the Bitter magnet at Laboratoire National des Champs
Magnétiques Intenses, Grenoble, France, in magnetic
fields up to 32 T directed along the MWNT axis. The
minimum attainable temperature was 1.2 K.

Figure 1 presents the differential conductivity
G(V) = dI/dV(V) of sample no. 1 as a function of (a)

voltage at T = 1.5 K and (b) temperature under the
conditions of linear current–voltage characteristics. It
is seen that G(V) is a constant up to a certain voltage
V = V0 ≈ 3 mV, and then it increases with the voltage
according to power law (1) with the exponent close to
1.6. Correspondingly, the low�temperature resistance
of the samples measured at low currents (at V < V0)
increases with the temperature also by the power law
with the same exponent of 1.6 (see Fig. 1b).

Figure 2 illustrates the magnetic�field dependences
of magnetoresistance measured at different tempera�
tures and a current of 1 nA corresponding to the volt�
age V < V0 across the sample. At T = 1.2 K, magnetore�
sistance oscillations are clearly seen against the back�
ground of its monotonic increase. The oscillations
were reproduced in the sweep R(H) with increasing
and decreasing magnetic field. They were also repro�
duced as the magnetic field direction was changed by
180° (H  –H) (Fig. 3). It follows from Fig. 3 that
the R(H) dependence has an absolute maximum at
H = 0. It is also seen that the oscillation amplitude
decreases rapidly as the temperature increases, and the
oscillations are almost unseen at T > 3 K.

The oscillation amplitude also decreases with
increasing current (voltage) through the sample when
the voltage across the sample is higher than V0. The
oscillations almost disappear at currents larger than
10 nA (see Fig. 4).

Now we discuss the results. The subtraction of the
monotonic background (Fig. 5) allows us to follow
more than one and a half period of the magnetoresis�
tance oscillatory part on both sides of H = 0. This anal�
ysis yields a period H0 of about 18 T. The calculation
with the use of this value and the flux quantum �c/e
gives a nanotube diameter of 17.2 nm, which is close to
the measured value 20 ± 3 nm. On the contrary, the

Fig. 1. Differential conductivity of MWNT sample no. 1
versus the (a) bias voltage at 1.5 K and (b) temperature at a
current of 1 nA corresponding to the linear region of the
current–voltage characteristic. The dashed curve is a
power function with an exponent of 1.6.

Fig. 2. Magnetoresistance R(H) of nanotube no. 2 at dif�
ferent temperatures from (top) 1.2 to (bottom) 4.5 K in the
magnetic field H directed along the nanotube axis. The
measurement current was 1 nA and corresponded to the
linear region of the current–voltage characteristic at all
temperatures.
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calculation with the use of the flux half�quantum
�c/2e gives an effective diameter of 12 nm, which dif�
fers considerably from the measured diameter. We
note here that the MWNT shell makes a contribution
to the Aharonov–Bohm oscillations [16, 17]. There�
fore, the observed magnetoresistance oscillations cor�
respond to the flux quantum per nanotube cross sec�
tion. This conclusion is also confirmed by the positive
monotonic magnetoresistance background and the
absolute minimum of the R(H) curve at H  ±0. In
the case of weak localization, which determines the
magnetoresistance oscillation period in the flux as
�c/2e, the negative magnetoresistance background is

observed and the R(H) curve has a maximum at H 
±0.

The experimental result demonstrates a fairly non�
trivial pattern. Under conditions close to strong local�
ization, the period of observed Aharonov–Bohm
oscillations in the flux is twice as large as that under
weak localization conditions; i.e., it is the same as that
in the ballistic mode. The Aharonov–Bohm effect
under strong and near�strong localization conditions
has not been theoretically analyzed. We may suppose
qualitatively that under the transition to strong local�
ization when the mean free path of the carriers
remains longer than the nanotube perimeter, the car�
riers can undergo almost ballistic motion along the
perimeter, and this determines the magnetoresistance
period in the flux �c/e. At the same time, the longitu�
dinal motion with decreasing temperature exhibits the
transition to one�dimensional localization, determin�
ing the increase in the resistance with decreasing tem�
perature.

A similar phenomenological model of longitudinal
transport on the defect�containing MWNTs was qual�
itatively considered in [14]. According to that model,
the nanotube at low temperatures can be considered as
a series chain of high�conductivity segments separated
by the tunnel barriers formed by impurities, inclu�
sions, etc. The increase in the nanotube resistance
with decreasing temperature is determined by the bar�
rier height and the possibility of the Coulomb block�
ade of the carriers, while the quasiballistic mode
occurs inside the conducting segment. This model
agrees qualitatively with our experiment. At low tem�
peratures and low bias voltages, if the segment length
and the mean free path of the carriers are longer than
the nanotube perimeter, then the carriers in a mag�

Fig. 3. Magnetoresistance R(H) of nanotube no. 2 at T =
1.2 K for the parallel and antiparallel directions of the
magnetic field.

Fig. 4. Magnetoresistance R(H) of nanotube no. 2 at T =
1.2 K and different measurement currents from (top) 1 to
(bottom) 10 nA. The transition to a nonlinear mode
occurred at a current of about 3 nA.

Fig. 5. Oscillatory part of the magnetoresistance of nano�
tube no. 2 after the subtraction of the monotonic part
determined by the second�order fitting polynomial of H.
The curve is the function ΔR = –Acos(2πH/H0) with two
independent fitting parameters A = 260 kΩ and H0 = 17.6 T.
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netic field can undergo ballistic motion along the
perimeter, which determines the oscillation period
�c/e despite the high barrier�induced longitudinal
resistance of the nanotube. As the temperature or the
bias voltage increases, the carriers overcome the barri�
ers more efficiently and simultaneously undergo effi�
cient scattering. When the length of the carrier phase
breaking becomes shorter than the nanotube perime�
ter, the Aharonov–Bohm oscillations are not
observed.
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