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Abstract. Electric transport properties and magnetoresistance (MR) of the array of metallic
single-wall carbon nanotube bundles irradiated by the electron flux with the energy close to
1 MeV or Co® gamma quanta have been investigated within the temperature range T =
1.8...200 K and in the magnetic fields up to 5 T. The power-law behavior of the conduction
vs temperature was observed within the range 50 to 200 K, which is typical for conduction
of quasi-one-dimensional systems in the model of the electron gas as the Luttinger liquid.
The change in power exponent o with the radiation dose and its deviation as compared to o
for the non-irradiated samples is related with changing the number of conduction channels
in the bundles as a consequence of the radiation defects appearance. At the temperatures
below 50K, the Mott three-dimensional hopping conduction is realized. Using the
measured dependence of conduction on the temperature and electric field, the density of
electron states in the vicinity of the Fermi level, which participate in the hopping charge
transport, and the localization length of charge carriers in these states have been
determined. These parameters determining the hopping mechanism of the charge transport
are noted to depend on the radiation dose. The magnetoresistance in the Mott-type hopping
conduction region was negative in the whole range of magnetic fields, while at the large
fields an upturn to the positive change was observed. The mechanisms both of the negative
and positive MR components are discussed.
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1. Introduction

In recent years, the charge transport in carbon nanotube
(CNT) arrays in electric and magnetic fields has been
intensively investigated because of its importance for
possible applications of these structures in nano-
electronics and sensors [1, 2]. These studies have been
carried out using various types of CNT arrays (carbon
nanotubes bundles, aligned fibers, networks, films, mats,
etc.), and there was found that the electrical properties
strongly depend on morphology of arrays and the quality
of contacts between individual nanotubes (see, for
example [3-7]). In fact, since CNT arrays are formed by
randomly distributed nanotubes, the contacts play the

role of insulating barriers along the conduction path.
Therefore, the conduction mechanism acquires the
character relevant for disordered materials the
mechanism of variable range hopping and tunnel
mechanism or the fluctuation induced tunneling. Both of
these mechanisms of charge transport have been
observed in the oriented arrays of the single-wall
nanotube (SWCNT) bundles and aligned SWCNT fibers
at temperatures below 50 K [4]. In the SWCNT network,
the hopping conduction was observed within the wide
temperature range from 4 up to 300 K [6].

In the case when the role of contact barriers is
diminished, the phenomena inherent to individual CNT
nanotube, being a quasi-one-dimensional conductor, are
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observed. These are the quantum corrections to conduc-
tivity due to the weak localization [8] and Luttinger
liquid behavior [9]. The Luttinger liquid conductivity
mechanism was observed in the oriented and non-
oriented arrays of the SWCNT bundles within the tempe-
rature range 20 to 200 K [3]. The temperature depen-
dence of conductivity, which is characteristic for contri-
bution of the quantum corrections to conductivity under
the conditions of weak localization of charge carriers,
was found in the arrays of aligned multi-wall CNT [10].

The transport properties of CNT arrays depend on
the defectiveness extent that may be changed, for
example, by radiation treatment. In practice, the
influence of various irradiation types on the charge
transport in the CNT arrays is still poorly known.
Modification of functionality of the metallic SWCNT
[11] and changes of the Luttinger liquid conductivity in
the arrays of bundles of the metallic SWNTs under the
Co® y-radiation have been investigated in [12].

In this paper, we present the charge transport
properties of the array of the metallic SWCNT bundles
irradiated by the electron flux with the energy close to
1 MeV or Co® gamma quanta. Mainly, our attention was
paid to low temperatures where the conduction, as a
consequence of the random spatial location of nanotubes,
was caused by hops of charge carriers. The parameters
characterizing the transport properties, such as the
density of electronic states in the vicinity of the Fermi
level g participating in the charge transport and the
localization length of charge carriers in these electron
states &, have been determined. These parameters are
noted to depend on the radiation doze and used to explain
features of the magneto-transport in the structures under
study. The discussion on possible types of radiation
defects and the dependence of gg and & parameters on the
radiation dose will be published later.

2. Samples and experimental details

We investigated the samples consisted of compressed
SWNTSs powder containing bundles. The original powder
was compressed at the room temperature by applying the
uniaxial pressure of 1 GPa. The powder was provided by
Cheap Tubes Inc. Company, USA, and contained 90% of
SWCNT having metallic conductivity with the tube
diameters of 1.1 and 2 nm, and with initial bundle lengths
within the range 5...30 pm.

According to the results of Ref. [13], the structures
formed at the above pressure were bundles mainly
oriented in the plane perpendicular to the axis of the
applied pressure. Nanotubes are bound together by weak
van der Waals forces. The high-resolution electron
microscopy images show the structure consisting of
twisted and crossed bundles that form a SWNT array
with a large number of inter-tube contacts.

The samples to measure the dependences of the
resistance on the temperature and the applied electric or
magnetic field had the electric contacts fabricated by
silver paste applied to the sample surface cut out of the
structure. Irradiation of the samples was carried out at

300 K in the hydrogen ambient at the normal atmo-
spheric pressure. The y-radiation dose was varied up to
1.7-10" rad, the fluence magnitude of the high-energy
electrons was chosen in the range of 3-10" up to
610" e/cm’. Measurements of the electric transport
under weak electric fields were carried out using the dc
regime (~ 10pA). In measurements at high (heating)
fields, the pulsed regime was used with the applied
voltage pulse duration ~ 100 ns. In the magnetoresistance
(MR) measurements, the magnetic field strength up to
5 T was used.

3. Experimental results and discussion

The measured temperature dependences of conduction
for the samples with different kinds and doses of
irradiation manifest the similar behavior. Shown in Fig. 1
with both axes in the logarithmic scale are curves for the
cases of irradiation by the high-energy electrons with the
fluences of 3-10'"* and 6-10'* e/cm® (samples S1 and S2,
respectively) and 7-irradiation with the dose of
1.7-10" rad (sample S3).
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Fig. 1. The conductance (G) vs temperature (7) dependences of
the carbon nanotube bundles in the double logarithmic
coordinates; the solid line corresponds to the power function
G ~ T* (a), and vs the reciprocal temperature to the Y% power in
the range 1.8 up to 50 K (b).
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It is seen that within the range 50 to 200 K the
results are well described by the power dependence
G ~ T° (the solid line in the figure), the power exponent
equals to 0.24, 0.3, and 0.53, respectively. This behavior
of conduction in the weak electric field is typical for
conduction of the quasi-one-dimensional systems in the
model of the electron gas as the Luttinger liquid, which
differs as compared to the Fermi model by the presence
of Coulomb interaction resulting in correlated movement
of charge carriers [9]. The change of the power exponent
o with the irradiation dose and its deviation as compared
to a = 0.42 for the non-irradiated samples [12] is related
with changing the number of the conduction channels in
the CNT bundles as a consequence of appearance of
radiation defects.

In the low temperature range from 50 down to
1.8 K, the conduction quickly decreases with lowering
temperature, and the temperature dependence bears well

pronounced exponential character G = G, exp(~T/T,)"* .

It is indicative of the variable range hopping (VRH)
conduction mechanism described by the Mott law [14].
The characteristic temperature 7; is determined by the
independent of energy density of electron states in the
vicinity of the Fermi level, which participate in the
charge carriers transport, gr, and the localization length
of electrons in these states, , that is, T, = C; / (kBgFg3) )

where Cy is the constant. Note, the localization length in
CNT is generally considered as anisotropic. Then, the
localization length is geometrically averaged over
directions along and transverse to the nanotube axis [15].

The data shown in Fig. 1 enable to estimate the
values of Ty: 1874, 1677, and 2346 K for the samples S1,
S2 and S3, respectively. To determine the localization
length, one needs to know the density of states g which,
as it is known, depends on structure morphology and
should be determined separately for each sample. For this
purpose, we carried out measurements of the hopping
conduction under the conditions of heating charge
carriers by the applied electric field. The obtained
dependences of the current in the sample on the electric
field strength are depicted in Fig. 2.

It is seen that at the electric field strength higher
than approximately 100 V/cm the dependences measured
at different temperatures practically coincide. It is
indicative of the fact that at these field strengths the
hopping conduction is defined only by heating the charge
carriers in the electric field. The current J vs the electric
field strength E dependence in this case is as follows

E 0.25
bl E(] =

J= exXp _(FO CE

EgFC.>4

Here, e is the electron charge, Cr — constant.

As one can see in Fig. 2, this dependence describes
well the experimental results with the characteristic field
E, values equal to 5.8-10%, 5.2-10°, and 1.4-10° V/cm for

the samples S1, S2 and S3, respectively. Using the
obtained values of E, and T, one can calculate the
localization length of charge carriers:

akp T
¢ =%

ek,

Cr

T

, where a =

The published papers give different values for the
constant a. We determined the values of the localization
length and density of the electron states for the samples
S1, S2 and S3 by using the values of Cr=9.6 and
Cr=18.5[16, 17]. They are listed in the table.

Note, the obtained values of the localization length
within the range 8 to 10 nm are typical for the strong
localization of charge carriers. Both the density of states
and localization length manifest dependence on the
radiation dose and type, which may be interpreted as a
dependence on the kind and amount of created radiation
defects.
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Fig. 2. Current vs electric field strength dependences for the
sample S1 at different temperatures (a) and the current vs
reciprocal value of the electric field to the V4 extent for different
samples in the electric field range corresponding to charge
carriers heating up (b).
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Sample | Ty, K Ey, Vicm {, cm g5 eViem™ b n c m Ceac
S1 1874 5.8-10° 9.31-107 5.9-10" 0.018 | 1.48 | 0.0066 2.01 0.0042
S2 1677 | 5.2:10° 1.08:10°° 4.2-10" 0.010 | 1.34 | 0.0065 1.91 0.007
S3 2346 1.4-10° 8.2-107 6.9-10" 0.015 | 1.31 0.0045 1.96 0.003

Fig. 3. Dependence of the relative magnetoresistance on the
magnetic field at 4.2 K. Solid lines — fitting by the formula (1).

Now we consider the transverse magnetoresistance
that is observed under the conditions of hopping con-
duction. Fig. 3 illustrates the dependence of the relative
MR of the samples (R(B)— R(0))/R(0) on the magnetic
field B measured at 4.2 K, where R(0) and R(B) are the
electrical resistance measured in zero field and at a given
field B, respectively.

We can see that MR is negative in the whole range
of magnetic fields, while at the large fields an upturn to
the positive change is observed.

In analysis of the experimental data on the Mott
kind hopping conduction in the magnetic field, we
assumed the resistance changes to be caused by two
contributions. They describe different mechanisms that
influence on the electron wave function in the
localization regime when a magnetic field is applied [18]:

R(B)-R(0)

R(0)

As shown in Fig. 3, the measured MR is well fitted
by Eq. (1) in the whole range of data. The values of n, m,
b and c obtained by fitting are reported in Table.

The negative contribution into the magneto-
resistance with the exponent n =1 is usually explained
by interference of the electron wave functions. However,
our values of n considerably differ from unity
(n = 1.38...1.41). It cannot be explained by now within
the frames of known theories.

=—bB" +cB". (1

The positive component of hopping magneto-
resistance is usually related with shrinkage of the envelop
wave function for the localized electron state in the
magnetic field. The accompanying reduced wave
function overlap results in a decrease of the hopping
probability. For this mechanism of MR, the VRH theory
predicts a quadratic dependence of MR on the magnetic
field at low fields, when the magnetic length is larger and
of the order of the localization length. In our case, this
condition is satisfied. The obtained value of the
parameter m is close to 2. A small deviation from 2 may
be caused by contribution of the spin-polarization
mechanism, which is explained by accounting for the
Zeeman splitting of the energy band in the Fermi level
vicinity, where the hopping conduction occurs. In fact, it
accounts for the double filled localized states and
dependence of the hopping probability on the
polarization extent of the spin part of the wave function
in the magnetic field.

For MR related with the electron wave function
shrinkage mechanism, the parameter C in (1) is given by
[4, 18]:

24 3/4
czﬁ-@j , @)
o \T

where o0 = 0.00248 [4], e and 7 are the electron charge
and the reduced Planck constant, respectively, and
T=4.2K is the temperature of measuring the magneto-
resistance.

The values of C,,. calculated by (2) are presented in
the table. It can be seen that they coincide by the order of
magnitude with the values of C obtained by fitting the
experimental data by using the expression (1).

4. Conclusion

In summary, we report the electrical and magneto-
transport measurements of the array of metallic single-
wall carbon nanotube bundles irradiated with the flux of
fast electrons or Co® gamma quanta. For the
temperatures below 50K, the low-field conduction
shows the temperature dependence that is characteristic
for the Mott three-dimensional hopping conduction.
Using the measured dependence of conduction on the
temperature and electric field, the energy density of
electron states in the vicinity of the Fermi level, which
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participate in the hopping charge transport, and the
localization length of charge carriers in these states have
been determined. They manifest variation with changing
the radiation dose or irradiation type, which may be
interpreted as changes of the kind and amount of
radiation defects. In the Mott-type hopping conduction
region, MR is negative in the whole range of magnetic
fields, while at the large fields an upturn to the positive
change is observed. The positive component may be
explained by shrinkage of the localized electron envelop
wave functions. At the same time, the negative
component nature cannot be explained within the frames
of existing theories and requires further studies.
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