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It has been possible to grow PbS nanowires of diameter 1.2 nm within the crystal channels of Na-4 Mica.
These nanowires exhibit a semiconductor to metal transition at �300 K as the temperature is lowered. Gen-
eration of pressure around 3 GPa on these wires due to a thermal expansion mismatch of Na-4 Mica and PbS
phases is believed to cause this transition. A nonlinear voltage current characteristics at different temperatures
is ascribed to the formation of nanojunctions between the metallic phases and not transformed PbS regions.
The semiconductor-metal transition at 300 K is accompanied by a transition from a low to a high dielectric
constant. The large value of dielectric constant shown by the nanocomposites is explained as arising due to the
Rice-Bernasconi mechanism of dielectric polarizability in broken one-dimensional conductors.
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INTRODUCTION

One-dimensional nanostructures have received consider-
able attention in recent years because of the interesting
physical properties exhibited by them.1–8 Metallic as well as
semiconducting nanowires were grown by either using a
template or under suitable chemical environment.9–11

We have recently shown that metallic �silver� nanowires
can be grown within the crystal channels of fluoro-
phlogopite mica.12 The composites exhibit ultrahigh dielec-
tric permittivity which can be explained on the basis of
Gorkov-Eliashberg13 and Rice-Bernasconi14 theoretical mod-
els. The model of Gorkhov and Eliashberg deals with the
calculation of the electronic susceptibility of a macroscopic
system of discrete energy levels. They had followed up the
work of Kubo15 who showed that a metallic particle of very
small diameter would have discrete electronic energy levels.
Their theoretical prediction was that the electronic polariz-
ability of the latter should be enormously large as compared
to the polarizability estimated on the basis of elementary
electrostatics. However, several carefully conducted experi-
ments to confirm the above prediction proved futile.16,17 This
was ascribed to the canceling effect of the depolarization
field due to the spherical geometry of the particle.14 The
Rice-Bernasconi model, on the other hand, is based on the
presence of quasi-one-dimensional metals consisting of inter-
rupted strands. Discretization of electronic energy levels is
ensured in such a situation, but the difficulty associated with
a depolarization field is removed. PbS is an important semi-
conducting material which is used in infrared detectors.
We have grown PbS nanowires of diameter �1.2 nm in
the channels of a high-charge density sodium fluoro-
phlogopite mica of the chemical composition
Na4Mg6Al4Si4O20F4 ·x H2O.18 These nanowires exhibit a
semiconductor to metal transition at a temperature around
300 K. The details are reported in this paper.

EXPERIMENT

The synthesis of the mica of the above-mentioned com-
position and commonly referred to as Na-4 mica was done

by the sol-gel method. The precursors used were
Al�NO3�3 ·9 H2O and Mg�NO3�2 ·6 H2O and tetraethylortho-
silicate. These were dissolved in ethyl alcohol and the solu-
tion stirred for 3 h. The amounts taken were such that a target
composition 3 MgO·Al2O3·2 SiO2 could be achieved after
gelation and calcination. The gel was dried at 373 K and
calcined at 748 K for 12 h. The gel powder was ground and
mixed intimately with an equal amount of NaF powder. The
mixture was heated at 1163 K for 18 h in a platinum crucible
under ordinary atmosphere. The reaction products were first
washed with de-ionized water and then with saturated boric
acid. These were subsequently washed with 1 M NaCl to
saturate all exchange sites with Na+. After again washing
with de-ionized water the solid was dried at 333K for 3 days.
The Na-4 mica powder sample was subjected to a Pb2+2Na+

ion exchange reaction by immersing 2 g of powder into 25
ml of 0.4 �M� Pb�NO3�2 to which 0.5 M NaCl solution was
added. The reaction was carried out over a period of 4 weeks
at 303 K with intermittent shaking. The ion-exchanged pow-
der was separated from the solution by a centrifuge. The
former was then heated in H2S environment at 673 K for 1 h.
This led to the formation of PbS wires within the nanochan-
nels of Na-4 mica. The method of synthesis ensures that PbS
is formed only within the crystal channels of Na-4 mica be-
cause of the presence of Pb2+ ions in them. There is no
possibility of PbS being present on the surface of Na-4 mica.
The melting point of PbS is 1387 K which is more than
double the temperature used for the sulphidation treatment
�673 K�. Hence the probability of PbS evaporating during the
treatment is very low. From the molecular formulas of Na-4
and PbS we have calculated the weight ratio between PbS
and mica to be �0.63.

The x-ray diffraction pattern of the composite was re-
corded in a Rich Seifert x-ray diffractometer 3000P �Ahrens-
burg, Germany� using Cu K� radiation. The microstructure
was studied by a JEOL model JEM 2010 transmission elec-
tron microscope �TEM�. For this the specimen was ground in
an agate mortar so that fine powders were produced. A small
amount of this powder was taken in a test tube filled with
acetone. The test tube was placed in an ultrasonic bath for 20
min to obtain a fine dispersion of the powder. One drop of
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this dispersion was then placed on a carbon-coated grid �sup-
plied by Polaron, UK�. Acetone evaporated within few min-
utes, and the grid was mounted in the electron microscope
chamber.

For electrical resistivity measurements specimens of 1 cm
diameter and 1 mm thickness were prepared by compacting
the powder at room temperature with a pressure of
20 tons/cm2. In order to avoid any grain boundary effect on
the measured electrical properties the compacted specimen
was subjected to a sintering treatment at 973 K for 1 h in a
nitrogen atmosphere. Silver paste supplied by B.V. Col-
loiden, Netherlands, was applied on both the faces of the
sintered samples to serve as electrodes. Voltage-current char-
acteristics were measured at different temperatures using a
Keithley 617 Electrometer. Dielectric measurements were
also carried out in the frequency range from 1 kHz to 1.5
MHz by a Hewlett-Packard impedance analyzer �HP 4192A�.
It should be mentioned that the resistance behavior of the
composites studied here is determined solely by PbS because
the resistance of the pristine mica is several orders of mag-
nitude higher than that of the composite. This should be evi-
dent from Figs. 4 and 5 as shown below.

RESULTS AND DISCUSSION

Figure 1 shows the x-ray diffractogram of the Na-4
sample in which PbS has been grown. It is evident that both
Na-4 mica and PbS are present in the composite. A close
examination of the peak intensities for PbS phase indicates
that these bear a relation with respect to each other which is
different from that given in the Data Handbook for randomly
oriented powder of the same phase. For instance, the �311�
peak has higher intensity than those obtained for �200� and
�220� peaks, whereas the data handbook shows �200� and
�220� to be 100% and 57% lines, respectively, and �311� to
be 35%. This implies that PbS crystals have grown within
the mica channels with the axis of the crystals aligned par-
allel to the channel. In such a situation the �200� and �220�
planes will contribute much less to x-ray diffraction than the
�311� plane. The TEM results as discussed below are consis-
tent with the above observation.

Figure 2�a� is a dark field image of the transmission elec-
tron micrograph of the sample. The bright lines represent the

nanowires, and it is evident that many of the nanowires have
break—gaps—some of these are indicated by the arrows G.
Figure 2�b� is the electron diffraction pattern corresponding
to Fig. 2�a� which is typical of all the composites. The inter-
planar spacings �dhkl� calculated from the diffraction spots
are summarized in Table I and are compared with ASTM
values for PbS. It is evident that the values are in satisfactory
agreement, confirming that PbS single crystalline nanowires
have formed. We have marked the �hkl� values to the diffrac-
tion spots in Fig. 2�b�. The diameter of the nanowires is
estimated from Fig. 2�a� to be �1.2 nm. This is consistent
with the interlayer spacing in Na-4 mica.15 In Fig. 3 we show
dark field images of two grains which exhibit that some of

FIG. 1. X-ray diffractogram of PbS nanowires grown within
Na-4 mica: ��� Na-4 mica and �O� PbS.

FIG. 2. �a� Dark field image of TEM micrograph for PbS/Na
-4 mica nanocomposite showing break gaps in PbS nanowires
within a mica grain. �b� Electron diffraction pattern of micrograph
corresponding to �a�.
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the nanowires are continuous between the grains �shown by
arrow C� whereas the rest have discontinuities at the grain
boundary. The lines have been drawn in the figure to denote
the grain boundary. From the x-ray diffractogram of Fig. 1
we determined the average particle size of Na-4 crystallites
using Scherrer’s equation.19 This was found to be 44 nm. It
can therefore be concluded from the micrograph of Fig. 2�a�
that there are ruptured PbS strands of length �20 nm present
within the mica-4 grains. It is probable therefore that in the
present specimen system there is a percolating fraction of
nanowires which will participate in electrical conduction.

In Fig. 4we show the variation of log10� as a function of
inverse temperature for a specimen of compacted Na-4 mica.
It is evident that the resistivity varies from 1010 to 1012 � cm
in the temperature range 370–307 K. The resistivity of pris-
tine mica is several orders of magnitude higher than those of
the composites containing PbS as shown below.

Figure 5 shows the variation of resistivity as a function of
temperature for the composite of Na-4 mica and PbS nano-
wires. The resistivity was estimated from the slope of
voltage-current characteristics measured at low voltages. It is

evident that there is a transition from semiconducting to me-
tallic behavior at around 300 K as the temperature is low-
ered. Measurements were carried out on two different
samples prepared by identical procedure as mentioned
above. The results—viz., the resistivity values, the transition
temperature, and dielectric constant values �reported
below�—were reproducible to within 2%. The temperature
variation of electrical resistivity for a semiconductor should
follow a relation20

� � exp�Eg/2kT� , �1�

where Eg is the band gap and k the Boltzmann constant. We
have therefore plotted loge� against T−1 using data for tem-
peratures higher than 300 K in Fig. 6. The line in this figure

TABLE I. Comparison of interplanar spacings dhkl obtained
from electron diffraction pattern of nanocomposite with standard
ASTM data.

Observed �nm� Standard PbS �nm�

0.203 0.2099�220�
0.179 0.1790�311�
0.172 0.171�222�
0.136 0.1362�331�
0.112 0.114�511�
0.108 0.1048�440�

FIG. 3. Dark field TEM image of two grains of mica containing
PbS nanowires.

FIG. 4. log10� as a function of inverse temperature for a Na-4
specimen �compacted powder�.

FIG. 5. Resistivity variation as a function of temperature for
PbS/Na-4 mica nanocomposite.
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is the theoretical fit and a value of Eg=0.32 eV is extracted.
This value pertains to PbS.17 It may be mentioned here that
the quasi-one-dimensional semiconductors exhibit a band
gap similar to that of their bulk counterpart.21 The transition
to a metallic state is ascribed to a pressure-induced one. This
pressure is generated because of the mismatch of thermal
expansions of mica and PbS phases. The values are 80
�10−6 /K and 19�10−6 /K, respectively.22 Taking the bulk
modulus value of PbS to be �12.7�1010 Pa,19 we calculate
a pressure of �3.1 GPa which is effective when the sample
is cooled from 673 K to room temperature. It may be men-
tioned here that a structural transition has been observed ear-
lier in the case of PbS nanoparticles subjected to a hydro-
static pressure of the order of 6 GPa.23 The resistivity change
was explained as arising due to a decrease of energy band
gap with increasing pressure. It is therefore concluded that in
our sample system the semiconductor-metal transition is
brought about by a high-pressure effect caused by the ther-
mal mismatch of the nanotemplate �Na-4 mica� and the PbS
nanowire grown within the channels of the former.

In Fig. 7 is shown the voltage-current characteristics of
the sample at different temperatures below 300 K.. The
curves are nonlinear but symmetrical �with respect to volt-
age�. This is due to the presence of an array of metal-
semiconductor junctions. The portion of PbS within a mica
grain will be subjected to high pressure and therefore un-
dergo a semiconductor-metal transition whereas the portion
at the interface between grains �shown by C in Fig. 3� will
not experience any high pressure and therefore retain its
semiconducting characteristics. The current flow I is given
by24

I = IO�exp�eV/kT� − 1� , �2�

where IO is the saturation current, e is the electronic charge,
and V is the applied voltage. For small voltage the above

equation reduces to I= IOeV /kT which will show a lowering
of resistivity as the temperature is reduced.

However, there is a change of slope in the �-T plot at
temperatures below �240 K. We explain this as follows.

The calculated value of intrinsic resistivity of PbS �Ref.
19� at 300 K is � 100 � cm. The value measured by us at
this temperature for the semiconducting state of PbS is, how-
ever, of the order of 4�104 � cm. This means there is a
discrepancy of the order of �102. This arises because of the
small number of percolative paths of PbS nanowires existing
in these composites as already mentioned above. Evidently,
the areal fraction covered by these nanowires will be
�0.005. Taking the diameter of a nanowire to be equal to 1.2
nm as pointed out before, it turns out that the number of
nanowires which are percolative in our system is �3.5
�109. The areal fraction covered by ruptured PbS nanowires
�as pointed out in Fig. 2�a�� will therefore be �0.995. There-
fore after the transition has occurred these nanowires will
control the electrical behavior. These nanowires will have
two types of junctions—one at the interface between the
grains and the other within the grain at the ruptured portion.
The change of slope in the resistivity temperature plot there-
fore occurs when the effect of the intragranular junction be-
comes dominant.

Figure 8 shows the variation of dielectric constant as a
function of temperature for a PbS/Na-4 mica nanocompos-
ite. The values shown in the figure were obtained from the
high-frequency �1.5 MHz� dielectric measurements. There is
a sharp transition in dielectric constant at around 300 K. A
giant dielectric permittivity around 280 is found at lower
temperatures whereas a value of �21 is recorded at tempera-
tures higher than 300 K. This is explained as arising due to
metallic strands formed as a result of the seimiconductor-
metal transition in PbS. For the one-dimensional metallic
system it was earlier shown that the dielectric constant is
given by14

FIG. 6. loge� vs T−1 for PbS/Na-4 mica nanocomposite at tem-
peratures above 300 K: ��� experimental data and �solid line�
straight line fitting.

FIG. 7. Voltage-current characteristics of PbS/Na-4 nanocom-
posite at temperatures below 300 K: �O� 297 K+270 K, ��� 240
K, �*� 208 K, ��� 183 K, and ��� 133 K.
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� �
1

2
�lOqS�2, �3�

where lO is the average length of a metallic strand and qS is
the Fermi-Thomas screening wave vector of the conduction
electrons. For metallic densities qS�a−1 where a is the in-
teratomic distance of the metal phase. Taking a�0.59 nm
�Ref. 22� and putting lO�20 nm �this value is estimated
from the electron micrograph in Fig. 2�a��, we estimate a
value of ��570. The estimated value is of the same order as
that measured. However, there is a quantitative discrepancy.
This could be due to the fact that not all the grains containing

the PbS nanowires contribute to polarizability enhancement
because of the random alignment of the grains and therefore
the nanowires with respect to the direction of the applied
electric field. Also, there is a distribution of grain sizes
within the sample, thereby implying that there are grains
smaller than 20 nm which could have a larger influence on
the dielectric response of the composite samples.

In summary, PbS nanowires of diameter 1.2 nm have been
grown within the crystal channels of Na-4 mica. A semicon-
ductor to metal transition has been observed at a temperature
around 300 K. This has been ascribed to the generation of a
pressure �3 GPa on PbS nanowires due to thermal expan-
sion mismatch of Na-4 mica and PbS phases, respectively.
Voltage-current characteristics at different temperatures be-
low 300 K show nonlinear behavior. This arises due to the
formation of nanojunctions between the metallic phases and
the untransformed regions of PbS nanowires. A transition
from a high value ��280� to a low one ��21� of dielectric
constant was found at a temperature of 300 K. This is con-
sistent with a semiconductor to metal transition in the case of
PbS.The high value of dielectric constant exhibited by the
nanocomposites is a consequence of the Rice-Bernasconi
mechanism of dielectric polarizability in broken one-
dimensional conductors.
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