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bstract

lectrical conductivity measurements on novel materials composed of bundles of Mo6S3I6 and Mo6S4.5I4.5 nanowires pressed in a sheet form,
n the frequency range from 10 Hz to 1 MHz for temperatures between 4 K and 330 K, are reported. Temperature dependence of the quasistatic

lectrical conductivity show similar dependence at higher temperatures as expected for three-dimensional variable range hopping mechanism with
ecreasing electrical conductivity as temperature decreases. Below 50 K the electrical conductivity becomes completely temperature independent.
t seems that at lower temperatures fluctuation-induced tunnelling mechanism dominates in these nanostructured materials.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Nanostructured materials and devices are important for fun-
amental research and applications because they provide a link
etween molecular and solid state physics, and have potential to
each far higher device densities compared to traditional semi-
onductor technology. One kind of nanostructured materials
s one-dimensional nanowires and nanotubes. Much effort has
ocused on carbon nanotubes, but up to now it has been proved
ifficult to synthesize them in a way that produces identical
anotubes in bulk. Recently, after systematic study of syn-
hesis conditions in the ternary molybdenum–sulphur–iodine
ystem we discovered a new class of one-dimensional mate-
ials, with the formula Mo6C9−xHx (C: chalcogen, H: halo-
en, 3 < x < 6), which appears to surpass many of the short-
omings of carbon nanotubes. One of the members of this
roup is material with formula Mo6S3I6, where x = 6.1 It
as obtained by direct synthesis from the elements in a

ealed, evacuated quartz ampoule. Material is composed of
dentical small-diameter nanowires, weakly bound in bundles

y van der Waals forces in a hexagonal packing arrange-
ent. The individual nanowires are best described as one-

imensional Mo–S–I cluster polymers, composed of Mo6 octa-
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edral clusters, connected by bridging anions, which are above
ach face and corner.2 This structure leads to tunable elec-
ronic, chemical and mechanical properties. The nanowires
n the other hand, are joined together into bundles very
eakly with van der Waals forces, explaining their excep-

ional dispersion characteristics3,4 and remarkable tribological
roperties.5 The straightforward one-step synthesis and simple
solation procedure clearly means that scaling up can be per-
ormed, suggesting a great technological advantage over exist-
ng materials. With further investigations of synthesis param-
ters we found a new member of that class with a formula
o6S4.5I4.5. Most of the work on the field of transport prop-

rties of this type of materials (Mo–S–I nanowires) is published
lsewhere.6

The aim of this work is to study the temperature and fre-
uency dependence of the dc electrical conductivity in the sheet
ormed bundles of Mo6S3I6 and Mo6S4.5I4.5 nanowires and
o compare results of both materials. We present quasistatic

easurements of the temperature dependent electrical conduc-
ivity obtained on Mo–S–I nanowires in a dc measuring field
nd measurements of conductivity at low frequencies between
0 Hz and 1 MHz. It was found that two-channel electrical con-
uctivity mechanism could be responsible for a temperature

rossover from variable range hopping dominated temperature
ependence to the nearly independent tunnelling conductiv-
ty. Such crossover was observed also in some other nanowire
ystems.7,8

mailto:daniel.vrbanic@fkkt.uni-lj.si
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.125


976 D. Vrbanic et al. / Journal of the European Ceramic Society 27 (2007) 975–977

F
t
o

2

T
a
m
t
o
w
5

t
s
t
K
v
b
m
(
f
i

s
d
a
t
d
t
a
s
d
w
σ

t
o
s

F
s
4

3
t
p
i

i
i
m
t
i
f
5
t

bundles of Mo6S4.5I4.5 nanowires. Very similar frequency and
temperature dependence was observed in conductivity; however,
small deviations observed in the temperature range denoted by
arrow in Fig. 4 could be an indication for the existence of the

Fig. 3. Schematic model of two parallel conductivity channels. σ1 represents
ig. 1. Image of bundles of Mo6S3I6 nanowires taken by SEM: the majority of
he material has a fur-like appearance, with individual needles having a diameter
f about 50–500 nm and a wide range of lengths up to 5 mm.

. Experimental results and discussion

Samples of Mo–S–I nanowires were prepared in a sheet form.
he thickness of sheet was 40–50 �m and lateral dimension was
bout 9 mm × 6 mm for samples that were used in conductivity
easurements. The orientation of bundles of nanowires within

he sheet was approximately isotropic. Material is composed
f identical small nanowires (approximately 1 nm in diameter)
hich are bound in larger bundles having a diameter of about
0–500 nm and a wide range of lengths up to 5 mm (Fig. 1).

Electrodes were pressed on both sides of the sample. Con-
acts were made by silver paste. No difference was observed if
ilver paste electrodes were replaced with gold or copper elec-
rodes. Quasistatic electrical conductivity was performed by the
eithley 617 programmable electrometer on samples dried in
acuum. Frequency dependent measurements were measured
etween 10 Hz and 1 MHz by using a HP 4284A Precision LCR
eter. The experimental variations of the electrical conductivity

σ) were measured in the temperature range from 4 K to 330 K
ollowing the standard four probe method, with the typical heat-
ng/cooling rate of 30 K/h.

It was found that the temperature dependence of the qua-
istatic conductivity can be well described by the three-
imensional variable range hopping law (3D VRH),9 down to
bout 50 K temperatures. In strongly disordered systems, the
emperature dependence of electrical conductivity is generally
escribed with σV = σ0·exp(−(T0/T)β. For β = 1/4, the conduc-
ion mechanism is the 3D VRH. The existence of 3D inter-
ction behaviour in conductivity of Mo–S–I nanowires does
uggest a role for 3D disordered regions between their bun-
les and within bundles. Below 50 K conductivity could be
ell described with the fluctuation-induced tunnelling ansatz:
T = σ0·exp (−T1/(T2 + T)).
In Fig. 2, the conductivity is plotted as a function of the
emperature for different frequencies. Temperature dependence
f the electrical conductivity measured between 330 K and 4 K
how similar dependence at higher temperatures, as expected for
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m
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ig. 2. Electrical conductivity for paper sheet form of Mo6S3I6 bundles mea-
ured at several frequencies between 10 Hz and 1 MHz in temperature range
–330 K.

D VRH mechanism with rapidly decreasing electrical conduc-
ivity as temperature decreases, but it becomes completely tem-
erature independent below 50 K, where dominates fluctuation-
nduced tunnelling conduction.

The two-channel mechanism involving VRH and fluctuation-
nduced tunnelling could be represented in the equivalent circuit
n Fig. 3. At higher temperature above 50 K VRH channel is a

ain conductive path since its resistivity is much smaller than
hat of the tunnelling channel which remains nearly temperature
ndependent. However, on cooling its resistivity increases much
aster than the resistivity of the tunnelling channel and below
0 K it exceeds greatly the resistivity of the tunnelling channel,
hus making the tunnelling channel the primary conductive path.

We repeated experiment with the same conditions also on
ariable range hopping mechanism and σ2 indicates tunnelling. At higher tem-
eratures (T > Troom) dominates first channel which is governed by the 3D VRH
echanism while the second channel governed by the tunnelling mechanism

akes over at lower temperatures (below 50 K).
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Fig. 4. Temperature dependence of the conductivity on Mo6S4.5I4.5 nanowires
sheet at several frequencies between 10 Hz and 1 MHz in temperature range
4–330 K. The arrow denotes changes in a slope indicating possibly a third con-
ductivity mechanism.
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ig. 5. Temperature dependence of the electrical conductivity for single bundle
f Mo6S3I6 nanowires fitted to 3D VRH ansatz down to about 50 K where
rossover to a nearly saturated behaviour takes place.

hird conducting mechanism in this particular nanowire system.
t should be pointed out that the crossover to tunnelling mecha-
ism takes place at same temperatures as in the case of Mo6S3I6
anowires.

In order to answer the question whether the tunnelling takes
lace between the bundles or is intrinsic property of nanowires
ithin bundle we conducted measurements of the electrical con-
uctivity on a single isolated bundle of Mo6S3I6 nanowires.

Temperature dependence of the electrical conductivity was

erformed also on a single bundle of the Mo6S3I6 nanowires.
he data were fitted to 3D VRH down to about 50 K
here crossover to a nearly saturated behaviour takes place

Fig. 5).
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9

Ceramic Society 27 (2007) 975–977 977

Experiments performed on a single bundle showed rather
imilar crossover temperature behaviour of the electrical con-
uctivity suggesting that the tunnelling takes place either within
he nanowire or between the nanowires within the bundle rather
han between bundles of nanowires.

. Conclusions

In this paper, transport properties of Mo–S–I nanowires,
ressed in a sheet form were measured below 1 MHz in the tem-
erature range between 4 K and 330 K can be described with the
elp of combination of two parallel channel model: hopping and
unnelling. The conductivity measurements extended down to
he quasistatic experimental time scale agree qualitatively with
heoretical results based on 3D hopping conduction mechanism.
trong increase of conductivity with temperature above 50 K is
lear indication that 3D VRH mechanism is playing a key role
n conduction at these temperatures.

Suggested two-channel mechanism with VRH and
uctuation-induced tunnelling described well the observed data
n Mo6S3I6 nanowires, however, small deviations observed in
ase of Mo6S4.5I4.5 nanowires indicate that the third mechanism
ay play an important role in this nanowire system.
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