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Abstract. We investigate the effects of magnetic and electric fields on electron wavefunction interactions
in single walled carbon nanotube bundles. The magnetoresistance measurements performed at 4.2 K and
the dependence of the data upon the electric field reveal good agreement with weak localization theory.
An electrical field conditioned characteristic length is associated to ohmic-non ohmic transition, observed
below 85 K, in current voltage characteristics. This length results equal to the average bundles diameter
just at T ∼= 85 K, indicating that 2D-3D crossover is responsible for the observed conductance transition.

Among the theories and the models [1–5] conceived to give
account for experimental data in terms of electron wave-
functions properties and interactions in low-dimensional
systems the weak localization (WL) theory [6] occupies a
role which has been relevant and productive. WL theory
has been successfully used for explaining the properties
of disordered metallic [7] and semiconducting films [8] as
well as aggregates of carbon nanotube bundles [9,10]. The
theory assumes that inside the inelastic scattering length
Li = (Dτi)1/2 > l0, where D is the electrons diffusion
constant, τi the inelastic scattering time and l0 the elas-
tic mean free path, the electrons are elastically scattered
by impurities preserving the coherence of their wavefunc-
tions along a coherence diffusion length Lϕ = (Dτϕ)1/2

with τϕ the dephasing time of the electron wavefunction.
As a result of elastic scattering, electrons covering a two
time reversed paths interfere with themselves giving rise
to a decrease in the electrical conductivity σ. External
fields and temperature affect the electron wavefunction
coherence and cause a change in σ [11]. WL theory also
predicts that σ depends on the sample dimension d: de-
pending on whether the value of the ratio d/Lϕ is lower or
greater than the unity, respectively 2 or 3 dimensional (2D
or 3D) effects can be evidenced. In this paper we intend
to demonstrate that, for a system of single walled carbon
nanotubes (SWCNT), the WL theory can provide a sat-
isfactory explanation of the effects generated by external
magnetic and electric fields.

Aggregates of SWCNT bundles have been deposited in
our laboratory on Si-SiO substrates and aligned along the
current direction by dielectrophoresis techniques [12]. On
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the substrates, prior to the deposition, we patterned four
gold contacts acting as current and voltages electrodes
as shown in the scanning electron microscope (SEM) im-
age of Figure 1a. The distance between the two voltage
probes (the internal ones) is lV = 5 μm while the distance
between the two current electrodes is lc = 60 μm. The
average diameter of each SWCNT is dSWCNT = 1.2 nm
and the diameter of the bundles, measured by SEM is
dB = 80±20 nm. The SWCNT bundles had lengths rang-
ing in the interval (1–10) μm and the SEM analysis evi-
denced that the bundles were indeed deposited in the form
of aggregates bridging the contact pads. Three layers of
bundles in the direction perpendicular to the substrate
surface, corresponding to a sample thickness of approx-
imately 250 nm, have been detected by SEM (Fig. 1b).
The measurements herein reported are very typical of a
set of a dozen samples that we investigated. The SWCNT
network resulting by the deposition and alignment on the
substrate were previously characterized by electrical mea-
surements in a wide temperature range [13]. Moreover,
Joule heating contribution due to bias current has been
calculated and experimentally evaluated as negligible for
all measurements presented here [13].

The temperature measurements in the range (4–300 K)
were performed by thermally anchoring the samples to the
cold finger of a high vacuum cryocooler while the magneto
resistance (MR) measurements were performed keeping
the samples in He liquid bath inside a cryostat equipped
with a 6 T superconducting magnet. The magnetic field
B is oriented parallel to the substrate surface and per-
pendicular to the current direction. In Figure 2a we plot
the normalized MR = [R(B) − R(0)]/R(0) vs. B, where
R(B) and R(0) are the sample resistances measured with
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Fig. 1. SEM images of our samples (a) the four gold probe
configuration and (b) details of our single-walled carbon nan-
otube (SWCNT) bundles aggregates contacting the gold elec-
trodes: each bundle is represented by a single white filament in
the photos with a diameter of the order of 100 nm. Also well
visible are the junctions between the bundles.

and without the external magnetic field respectively, ob-
tained with different dc bias currents at T = 4.2 K. The
negative MR observed below 3 T is indicative of 2D weak
localization regime [9] and is given by
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where e is the electron charge, � is the Planck constant
over 2π, Ψ the di-Gamma function. The data fitting (con-
tinuous curves in Fig. 2a) gives a constant value for
Lϕ = (Dτϕ)1/2 = 30 nm at low bias current with a de-
crease when the bias current increases above 10 μA; the
typical error bars for the MR data in Figure 2a range be-
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Fig. 2. (a) MR vs. B for different bias current. The lines are fits
to the data using equation (1); (b) inset: MR vs. B at different
bias current in superfluid He4 bath. Main: fitting parameter
of equation (1) Lϕ (full squares) and τϕ (empty circles) as a
function of the bias current.

tween one fifth (±0.001) and one half (±0.0025) of the
small ticks spacing. These errors are not relevant for the
fittings indeed because we see that the theoretical curves
are right on the top of the experimental data. In Figure 2b
we report, for each value of the bias current, the values of
Lϕ used for the fit and the corresponding value of τϕ , ob-
tained assuming D = 50 cm2/s [9]. Its value results higher
than the elastic scattering time τ0 = 10−15 s estimated by
literature data [9] in agreement with the condition for WL
which requires τϕ > τ0. This condition is further satisfied
if a lower D value is assumed as in the case of semiconduc-
tor, bundles and network of SWCNT. At T = 4.2 K the
condition for MR upturn, given by gμBB/kBT > 1 [11]
(with μB the Bohr magneton, g = 2 the gyromagnetic
ratio and kB the Boltzmann constant), is B ∼= 3 T, con-
sistent with the experimental result shown in Figure 2a.
The dependence of MR on the bias current suggests an
influence of external electric field on the phase coherence.
Possible interpretations based on Joule heating effects can
be refused by measuring the sample in a superfluid 4He
bath. The inset of Figure 2b shows the MR vs. B measure-
ments at different bias currents performed on a different
sample at T = 1.7 K. The very high thermal conductivity
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Fig. 3. (Color online) I-V characteristics at different temper-
atures. The intersection between the straight lines is represen-
tative of the method used for the determination of V ∗ = F ∗lc
in equation (2); inset: three of the I-V curves of the main panel
clearly showing that the ohmic-non ohmic transition persists
at T = 50 K and disappears below T = 95 K. (b) Temperature
dependence of the diffusion length L∗

F obtained from equa-
tion (2). The horizontal dashed line is at the value of L∗

F when
T = 85 K and represents the 2D-3D crossover boundary.

of 4He in the superfluid state (He II) would remove all the
possible thermal energy generated by Joule heating if it
exists. This same qualitative behaviour as that observed in
Figure 2a, confirms the external driving force, provided by
the electric fields associated with the bias current, as the
only cause of the MR increase at fixed magnetic field; this
phenomenon had been predicted [14], however, evidence
of it had not been reported so far.

The effect of an electric field on the localization of elec-
trons was investigated biasing the samples, in zero mag-
netic field, with a dc current and recording the current-
voltage (I-V ) characteristics at different temperatures; the
experimental results obtained in this case are shown in
Figure 3a. Increasing the current, a transition between an

ohmic (I∼V ) to a non-ohmic (I∼V 2) regime is clearly ob-
served at low temperature with a crossover voltage V ∗. In-
creasing the temperature, V ∗ increases and the non-ohmic
regime is confined at higher current and disappears when
T > 85 K. A coherence diffusion length is associated to
the external electric field F in weak localization regime
and is given by [14]:

LF =
(

�D

eF

)1/3

. (2)

The substitution of F ∗ = V ∗/lc inside this expression al-
lows to obtain the temperature dependence of L∗

F which
gives the lower limit of the diffusion length for ohmic be-
haviour. This dependence is reported in Figure 3b where
the value L∗

F = 93 nm is obtained for T = 85 K. This value
is of the same order of dB suggesting that the ohmic-non
ohmic transition is strictly connected to the dephasing
scattering of the charge carriers wavefunction with the
bundle walls when L∗

F
∼= dB . The condition L∗

F
∼= dB also

characterizes the 2D-3D WL crossover with T ∼= 85 K the
crossover temperature in agreement with data reported
by other authors [9,10,15–17]. In Figure 3b we also show
that L∗

F follows quite closely a 1/T dependence which is
represented by the continuous curve in the figure.

This ohmic-non ohmic crossover has been deeply in-
vestigated by conductance (G = 1/R) vs. T measure-
ments and different bias currents at B = 0. Figures 4a
and 4b show the experimental data obtained at low cur-
rent (I = 0.5 μA) and at high current (I = 100 μA)
respectively. In both the figures experimental data have
been fitted with the theoretical curves obtained for 2D
and 3D weak localization theory [6,18]:
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where G0 is the zero temperature limit conductance ob-
tained assuming only elastic scattering by impurities, S
and l are the surface section and the length of the sample
respectively and a temperature dependence of the coher-
ence diffusion length Lϕ = aT−p/2 is assumed.

The value I = 0.5 μA polarizes the sample in the
ohmic-non ohmic transition region observed below 85 K
in the I-V characteristics of Figure 3a. Biasing the sample
with I = 100 μA, the ohmic region is explored without any
crossing between the two regions. As a result, at low bias
the data of Figure 4a are well fitted by the 2D WL curve
for temperature below 85 K and with the 3D WL curve
for T > 85 K. At high bias current, on the other hand,
the 3D WL curve represents the best fit of the data over
the whole temperature range (4–250 K). Fit procedure
using 1D model [6] were unsuccessful with any reasonable
value of the fitting parameters. These results are in agree-
ment with the temperature dependence of L∗

F shown in
Figure 3b which suggests a 3D regime at high bias when
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Fig. 4. (a) Conductance vs. temperature measurements for
I = 0.5 μA. The lines are fit to the data using equations (3a)
(dashed line) and (3b) (continuous line) in the range (4−85) K
and (85–300) K respectively; (b) same as (a) but with I =
100 μA and equation (3b) fitting the data in the whole tem-
perature range.

L∗
F < dB and a 2D regime at low bias when L∗

F > dB.
The 2D-3D crossover observed in Figure 4a is due to the
increasing temperature in an otherwise 2D regime. At high
bias, the already established 3D WL regime does not al-
low any temperature dependence crossover. The exponent
p for the 2D model, obtained by the fitting procedure, is
p = 2.12 which indicates an electron-electron scattering
process in the non-ohmic region [11,19,20]. The electron-
electron scattering is favoured by the lowering of the di-
mensionality which increases the interaction probability
between the carriers [6,11]. We also note now that the
two above expressions (3a) and (3b) are derived under
the assumption that the average lifetime for inelastic scat-
tering depends on the temperature according to the rela-
tion τi ∝ T−p. Thus, using p as a fitting parameter for
the G vs. T data it is possible to obtain information on
inelastic scattering. We have seen that the data of Fig-
ure 4a return p ∼= 2 which is the exponent expected for
electron-electron scattering [20]; L∗

F is related to the time
by L∗

F =
√
Dτi ∝ T−p/2 which, for p = 2 gives L∗

F ∝ T−1

in agreement with Figure 3b.

Fig. 5. Sketch of our aligned bundles systems illustrating the
2D to 3D transition: the big cylinders on the top picture rep-
resent the bundles which are in turn filled with single walled
nanotubes. When the phase coherence length is larger than the
diameter of the bundles (left) the electron will move only along
the bundles axes and on the surface of the bundle (the poten-
tial to leave the surface of the bundle is relatively high): only
two coordinates are necessary to localize the electrons. Instead,
when the phase coherence length is smaller than the size of the
bundles (right) the charge carriers are free to move in the di-
rection along the bundles axes and all around a planar section
of bundle between the nanotubes (the inter nanotube poten-
tial is low). Three coordinates would be necessary to localize
the electrons, two on the plane and one for the axis: a typical
3D path is shown in the figure.

Our data show that the dimensional crossover is gov-
erned by L∗

F and takes place when L∗
F
∼= dB � dSWCNT.

This suggests that most of the dissipative processes are
due to the bundles-bundles interface in agreement with the
hypothesis that the highest potential barriers are localized
there [21]. The SWCNT-SWCNT interfaces inside each
bundle, on the other side, present a much lower energy
barrier which can be crossed by carriers with minor effect
on transport properties [22]. When L∗

F ≥ dB the electrons
are confined on the bundle surface moving along the tube
axis (see the sketch of Fig. 5 on the left part) which is the
current bias direction but their wavefunction is expected
to be correlated along the tube surface. Any correlation
length presents, in this case, two components which are
the tube axis direction and the eccentric anomaly angle
(2D). Nevertheless, when dSWCNT < L∗

F < dB electrons
move inside the bundles (see Fig. 5 on the right) and the
low potential energy interfaces between the inner SWCNT
allow a third component of the correlation length along the
bundle radius (3D).

In conclusion, within the framework of WL theory
we have shown that the phase coherence is affected by
external electric field and temperature and we have il-
lustrated how a 2D-3D WL crossover can be induced in
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SWCNT bundles aggregates by temperature and bias cur-
rent variation.
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