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Nanometer-sized iron particles with diameters in the range 5.5–11.1 nm were grown within a silica
gel by an electrodeposition method. Electron diffraction measurements show that some of the iron
particles were oxidized to Fe3O4 . dc resistivity measurements over the temperature range 110–300
K show a T 21/4 variation indicating a variable range hopping transport. ac conductivity over the
frequency range 100 Hz–2 MHz show an overlapping large polaron tunneling mechanism to be
operative. The dielectric modulus spectra as a function of frequency were analyzed on the basis of
a stretched exponential relaxation function. The values of the exponent b as extracted from this
analysis were in the range 0.38–0.46. The activation energies corresponding to the maximum of the
imaginary part of the dielectric modulus were in the range 0.13–0.20 eV. These are ascribed to an
electron tunneling mechanism. © 1999 American Institute of Physics. @S0021-8979~99!01522-4#

I. INTRODUCTION

Nanocomposites have attracted considerable attention in
recent years because of useful and unusual properties exhibited by them.1–3 Several physical and chemical methods have
been reported for the preparation of such materials.4–12 An
electrodeposition method has been found to be effective in
synthesizing nanocomposites involving a metallic phase.12
We have used this method to grow nanometer-sized iron
particles within a silica gel matrix. Electrical conduction
shows an interesting behavior. We report on the details in
this article.
II. EXPERIMENT

Two gels with target compositions 10 FeCl3 •90 SiO2
~mol %! and 15 FeCl3 •85 SiO2 ~mol %!, respectively, were
prepared. The starting materials used were anhydrous FeCl3 ,
tetraethylorthosilicate, ethyl alcohol, and distilled water. A
measured amount of FeCl3 was dissolved in distilled water
and ethyl alcohol and the solution was stirred in a magnetic
stirrer. Tetraethylorthosilicate with half the volume of distilled water and ethyl alcohol was added to the latter solution
and one drop of concentrated HCl was added. The pH of the
resulting solution was found to be ;5. Stirring of this solution was continued for 3 h. A transparent sol was obtained.
The latter was kept in a flat bottomed petri dish in ordinary
atmosphere for two weeks for gelation. Gel pieces of size ;5
mm35 mm31 mm were obtained after this process. These
were crushed in a mortar to an approximate size of 5 mm.
The powder had a faint yellow color.
For electrodeposition a polished iron cathode of dimension 2.5 cm32.5 cm31 mm and iron anode having dimension 3 cm31 cm31 mm were used. A thick gel paste was
prepared by mixing 10 mg of the gel powder synthesized as
a!
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described above with 0.2 c.c. of distilled water. The cathode
surface was coated with this paste. After placing the anode
on the surface of the gel paste the electrodeposition was carried out at two different voltages viz., 10 and 20 V, respectively. The voltage was kept on for a typical duration of 20 s.
The deposition current increased from a few microamperes
to ;1 A indicating the formation of metallic channels within
the gel. By changing the position of the anode formation of
metal phase was brought about within the entire gel mass.
On completion of the electrodeposition the gel mass turned
black. The gel was dried in a flow of hot air at 333 K for a
few minutes. The gel powder was then scraped off the cathode surface. The powder thus collected was kept in a vacuum
chamber at 373 K for 30 h. Taking this powder in a mold and
applying a pressure of 3 tons/cm2 for 30 min pellets of area
;0.7 cm2 and thickness ;1 mm were prepared.
The microstructure of these powders were studied by a
JEM 200 CX transmission electron microscope. Details of
specimen preparation have been described elsewhere.13
Electrical measurements were carried out on pellet
specimens coated on opposite faces by silver paint supplied
by Acheson Colloiden BV Holland. dc resistance of the
specimens was measured over the temperature range 110–
300 K by a Keithley 617 electrometer. The ac impedance
was measured over the frequency range 100 Hz–2 MHz using a Hewlett Packard HP 4192A impedance analyzer.
III. RESULTS AND DISCUSSION

Figure 1~a! shows the transmission electron micrograph
of the specimen with composition 15 FeCl3 , 85 SiO2 , and
subjected to an electrodeposition voltage of 20 V. Figure
1~b! is the electron diffraction pattern obtained from Fig.
1~a!. The diffraction rings indicate the presence of crystalline
phase ~s! in the specimen. The interplanar spacing d hkl values were calculated from diameters of these rings and the
results are listed in Table I. It is evident from this table that
the particles seen in Fig. 1~a! are comprised of the a iron.
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FIG. 2. Histogram of particle size obtained from Fig. 1~a!.

FIG. 1. ~a! Transmission electron micrograph for specimen No. 1; ~b! electron diffraction pattern obtained from ~a!.

Some lines corresponding to Fe3O4 indicate that some of the
iron particles have been partially oxidized. These results are
typical of all the three samples studied. Shown in Fig. 2 is
the histogram of iron particles as obtained from Fig. 1~a!.
The line in this figure is the theoretical curve drawn by leastsquares fitting of the experimental data to a log-normal distribution function.14 In Table II we have summarized the
values of median diameter x̄ and geometric standard deviation s as extracted by the above fitting to the histograms of
different specimens. It is evident from this table that the
median diameters of iron particles in the present series of
specimens have values in the range 5.5–11.1 nm. The diameters depend on the concentration of iron ions in the precursor gel as well as the voltage used for electrodeposition—the
TABLE I. Comparison of interplanar spacings d hkl obtained for specimen
15 FeCl3 •85 SiO2 subjected to 20 V electrodeposition treatment with standard ASTM data.
ASTM
Observed
~nm!

a-Fe
~nm!

0.203
0.174
0.144
0.118
0.110
0.101
0.091

0.20266

Fe3O4
~nm!
0.1712

0.14332
0.11702
0.1092
0.10134
0.09064

particle size decreasing with an increase in iron concentration or an increase in the applied voltage. This has been
previously explained as arising due to the dielectric breakdown model ~DBM! being operative in this system.15,16 The
model was used in the case of growth of copper in a liquid
electrolyte15 and silver in a gel medium.16 The same explanation holds in the present specimens because experimental
conditions are similar in all the cases.
Figure 3 shows the variation of logarithm of resistivity
as a function of T 21/4 for different specimens ~T being the
temperature!. It is evident all the specimens exhibit a linear
variation. In this figure the points represent the experimental
data and the solid lines are the theoretically fitted curves to
the equation governing the variable range hopping model
viz.,

r 5 r 0 exp

S D
T0
T

1/4

~1!

,

where, r is the resistivity, r 0 the preexponential factor and
T 05

8b c x 3
.
f N~ EF!k

~2!

In the above equation b c is a dimensionless number having a
value 1.5,17 x is the tunneling constant,18 f is a proportionalTABLE II. Summary of median diameter x̄ and geometric standard deviation s for different specimens.

Specimen
No.

Composition

Electrodeposition
voltage
~V!

1
2
3

15 FeCl3 85 SiO2
10 FeCl3 90 SiO2
10 FeCl3 90 SiO2

20
20
10

Median
diameter
x̄
~nm!

Geometric
standard
deviation
s

5.5
9.5
11.1

1.6
1.4
1.6
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TABLE III. N(E F ) values for different specimens calculated from dc resistivity data.

FIG. 3. Variation of logarithm resistivity as a function of T 21/4; specimen 1
~d!; specimen 2 ~n!; specimen 3 ~j!.

ity constant, N(E F ) is the density of states in the vicinity of
the Fermi level, and k is the Boltzmann constant. It is evident
that in the present specimen system the electrical resistivity
is controlled by a variable range hopping mechanism over
the entire temperature range of measurement, viz., 110–300
K. Usually a composite of nanosized metal particles and an
oxide phase exhibit a T 1/2 variation in this temperature
range.19 This has been shown to arise due to an electron
tunneling mechanism between neighboring metallic islands.
In the present system there being a distribution of metal particle diameter in the range 2–16 nm the activation energy for
tunneling should also vary over a wide range. The expression
for activation energy f is given by20

f5

S

D

1
1.44 2
2
eV,
e r ~ r/2 ! 1p

~3!

where, r is the particle diameter, p is the separation between
the particles both expressed in nanometers, and e is the dielectric constant of the gel medium. Using the values of p
52 nm and the median diameter x̄ for different specimens
we obtain activation energy values of 0.18 eV ~for r
52 nm) and 0.06, 0.04, and 0.03 eV, respectively. In this
calculation we have taken p – r which is a reasonable assumption. The total resistivity of any specimen can therefore
be written as

r5

(i v i r 0i e f /kT ,
i

~4!

where, i represents the effective resistance elements arising
due to different activation energies f i , k the Boltzmann constant, r 0i the preexponential factor, v i the weight factor, and
T the temperature. We can write to a first approximation
from Eq. ~4!:

r 5 r 01 exp~ f 1 /kT ! 1 v 2 r 02 exp~ f 2 /kT ! ,

~5!

Specimen
No.

N(E F )
~eV21 c.c.21!

1
2
3

6.831018
6.731018
1.131019

where f 1 refers to the activation energy due to the median
diameter and f 2 that due to particles with diameter ;2 nm.
Typical values for v 1 and v 2 are 0.78 and 0.22, respectively.
Taking r 01. r 02 because the preexponential factor is more or
less constant for a particular volume fraction of metal,18 it
can be seen from Eq. ~5! that the temperature variation of
resistivity will be controlled by the second term. Thus a variable range hopping mechanism will be preferable for the
localized carriers.19 It should be mentioned here that the
nanocomposites of the present series can be described as a
disordered system with a density of states function near the
Fermi level21 denoted by N(E F ) as shown in Eq. ~2!. Taking
f 51, b c 51.5 and calculating the value of the tunneling constant x (;0.22 A0 – 1 ) from the equation

x5

A

2m f
,
h2

~6!

where, m is the electron mass, f the barrier height
~5ionization potential-electron affinity! the values of N(E F )
were calculated for different specimens. These are summarized in Table III. It is evident that the density of states is of
the order of 1019 eV21 c.c.21. Multiplying it with kT r where
T r is the room temperature ~300 K! we obtain values of the
total number of states for the three specimens as 1.731017,
1.731017, and 2.731017/c.c., respectively. From the electron micrographs of the specimens it is found that the number of iron particles is ;531017/c.c. This is of the same
order of magnitude as the total number of states estimated
above. It is therefore concluded that the variable range hopping conduction mechanism controlling the dc resistivity
variation as a function of temperature occurs due to the localized density of states near the Fermi level of a disordered
medium formed by the iron nanoparticles.
Figure 4 shows the variation of ac conductivity as a
function of frequency at different temperatures for specimen
No. 1. The points represent the experimental data. This is
typical of other specimens. These data were fitted to the following equation viz.,

s t 5 s dc1A v s ,

~7!

where, s t is the measured ac conductivity, s dc the dc part of
the conductivity, A a constant, v the angular frequency, and
s the frequency exponent. Shown in Fig. 5 is the variation of
s obtained by the above procedure as a function temperature
in the case of specimen No. 1.
A number of theories have been proposed to explain the
ac conductivity behavior in amorphous materials using the
concept of localized states.22,23 The nature of variation of s in
our specimens indicate that the overlapping large polaron
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FIG. 5. Variation of s as a function of temperature for specimen No. 1.

FIG. 4. Variation of ac conductivity as a function of frequency for specimen
No. 1 at different temperatures; ~j! 306.5 K, ~n! 266.8 K, ~m! 244.7 K, ~s!
238.5 K, and ~d! 217.3 K.

s~ v !5
tunneling ~OLPT! mechanism is operative here. According
to this model22 the polaron hopping energy W H is given by

~10!

~8!

W H 5W HO ~ 12r p /R W ! ,

s512

where r p is the polaron radius and R W is the tunneling distance. R W can be written as
R W5

FS D
J

G HF S D

1
W HO
1
1
ln
2
1
4a
vt0
kT
4a
8 a r p W HO
1
T

ln

W HO
1
2
vt0
kT

G

8 a R W 16W HO r p /R W kT
,
~ 2 a R W 1W HO r p /R W kT ! 2

~11!

where e is the electronic charge and N 8 (E F ) is the density of
states at the Fermi level.
The ac conductivity data for the specimens were fitted to
Eqs. ~9!, ~10!, and ~11! using a, W H , r p , t 0 , and N 8 (E F ) as
parameters. The solid lines in Fig. 4 are the theoretically
fitted curves. Table IV summarizes the values of the parameters obtained at different temperatures. These values have
been calculated for a frequency 10 kHz. In order to get an
insight into the physical mechanism responsible for the polaron tunneling we obtain the total number of states at room
temperature by multiplying N 8 (E F ) with kT r where T r is
300 K. This is found to have a value ;2.531021/c.c. for
specimen No. 3 and ;3.431021/c.c. for specimen No.1.

2

1/2

~9!

.

4
vRW
p4 2
e ~ kT ! 2 @ N 8 ~ E F !# 2
2 ,
12
2 a kT1W HO r p /R W

In this equation a is the spatial extent of the polaron, t 0 is
the characteristic relaxation time and is of the order of the
inverse phonon frequency, k the Boltzmann constant, and T
the temperature.
The expressions for ac conductivity s~v! and frequency
exponent s are as follows:

TABLE IV. Values of a, W H , r p , t 0 , and N 8 (E F ) as extracted by least-square fitting of s ~v! to OLPT model.
Specimen
No.

Temperature
~K!

a
(A0 – 1 )

WH
~eV!

rp
(A0 )

t0
~s!

N 8 (E F )
~eV21 c.c.21!

1

306.5
267
245
238.0
217.0

0.34
¯
¯
¯
¯

0.48
¯
¯
¯
¯

1.2
¯
¯
¯
¯

5.0310213
¯
¯
¯
¯

1.431023
1.531023
1.731023
1.731023
1.931023

2

298.5
280
261
240
209

0.36
¯
¯
¯
¯

0.46
¯
¯
¯
¯

1.3
¯
¯
¯
¯

5.0310213
¯
¯
¯
¯

1.031023
1.131023
1.231023
1.231023
1.431023
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From the chemical compositions of the gels used we
have calculated the iron ion concentrations for these specimens as 2.631021 and as 3.631021/c.c., respectively. It is
evident therefore that the iron ions form the polaronic sites in
these cases. For the hopping to take place iron ions must
exist in two valence states, e.g., Fe21 and Fe31 . We have
tried to confirm the presence of Fe21 ions in the original gel
powder ~before the electrodeposition step! by dissolving the
latter in a solution made of 1:1 H2SO4 and HF, respectively,
in nitrogen atmosphere. Orthophenanthroline was dissolved
in ethyl alcohol and added to the solution. This did not produce any blood red coloration thereby indicating the absence
of Fe21 ions.24 We have already reported earlier in this article that Fe3O4 phase forms on the nanosized iron particles.
Variable valence iron ion sites are thus provided by Fe3O4
phase and the gel matrix, respectively. It should be pointed
out that Fe3O4 contains both Fe21 and Fe31 ions.25
Last, we have investigated the dielectric modulus spectra
of the present series of samples and analyzed the data in
terms of stretched exponential relaxation.26
The dielectric modulus M * is defined as
M * 5M 1 1 j M 2 5

1
,
e*

~12!

where e* the complex dielectric permittivity is given by

e *5 e 11 j e 2 .

~13!

We write the Kohlrausch–Williams–Watts ~KWW!
stretched exponential relaxation function F(t) as27
F ~ t ! 5exp~ 2t/ t R ! b ,

~14!

where t R is the conductivity relaxation tune and b the exponent. It can be shown that the real and imaginary parts of M *
are given by

S

M 1 ~ v ! 5M s 12
m

M 2 ~ v ! 5M s

m

g

i
(
2
i51 11 ~ v l i t R !

vg l t

i t R
,
(
11
v
l it R !2
~
i51

D

~15!

~16!

where
M s5

1
ea

~17!

and
l i5 t i / t R ,

~18!

t i being multiples of t R and are selected to cover a suitable
range of (t/ t R ) in which F(t) has an appreciable time dependence. Equations ~15! and ~16! were fitted to the experimental dielectric modulus data by a least-square method. The
details have been reported earlier.28 Figure 6 shows the normalized plots of both real and imaginary parts of dielectric
modulus as a function of frequency for specimen No. 3 at
different temperatures. It should be noted that v 0 is the angular frequency at which M 2 has the maximum value. The
points in this figure represent the experimental data and the
lines are the theoretical fits to Eqs. ~15! and ~16!. The agree-

6839

FIG. 6. Real and imaginary parts of dielectric modulus as a function of
frequency for specimen No. 3; ~.! 251.0 K, ~m! 239.7 K, ~h! 225.9 K, ~,!
209.4 K, ~s! 186.6 K, ~d! 173.6 K.

ment between the two is remarkable. This is typical of the
dielectric modulus data for the other specimens.
The b values for the different specimens were extracted
by the procedure described earlier.28 These are summarized
in Table V. It is evident that as the particle size is reduced
the value of b also tends to decrease. This implies that the
distribution of relaxation times becomes wider as the particle
size becomes smaller. It is also interesting to note that the
curves and data for different temperatures in the normalized
plots overlap perfectly over the entire frequency spectrum.
This is indicative of the fact that the value of b does not
change with temperature. This means the distribution function for relaxation times in the case of all the specimens does
not change with temperature.
In Fig. 7 the logarithm of v 0 is plotted as a function of
inverse temperature for specimen No. 3. Evidently the data
fall on a straight line. From the slope of this line we have
calculated the activation energy for the mechanism concerned. The activation energy values for different specimens
are listed in the last column of Table V. The values are seen
to vary between 0.20 and 0.13 eV as the particle size is
increased from 5.5 to 11.1 nm. From a previous discussion
we recall that an electron tunneling mechanism between metallic islands will cause an activation energy ;0.2 eV if the
particle diameter is ;2 nm. From the histogram of specimen
No. 1 ~Fig. 2! it is evident that a sizable fraction of particles
have diameters ;2 nm. We have estimated from Eq. ~3! that
TABLE V. Summary of the values of stretched exponential parameter b and
activation energy for dielectric dispersion for different specimens.
Specimen
No.

b

Activation energy
~eV!

1
2
3

0.3860.006
0.4860.005
0.4660.003

0.20
0.14
0.13
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1

FIG. 7. The logarithm of v 0 is plotted as a function of inverse temperature
for specimen No. 3.

the values of r are necessary to obtain the activation energy
values of 0.14 and 0.13 eV for specimens 2 and 3, respectively. These are found to be 3.4 and 3.7 nm, respectively.
The histograms of these specimens also show a distribution
covering these sizes.
In summary, we have synthesized iron-silica gel nanocomposites by an electrodeposition method. The metal particle sizes vary from 5.5 to 11.1 nm depending on the gel
composition and the voltage applied. The dc resistivity over
the temperature range 110–300 K shows a variable range
hopping transport. The ac conductivity measured over the
frequency range 100 Hz–2 MHz indicates that an OLPT
mechanism is operative. The Fe21 and Fe31 sites are provided by the Fe3O4 phase and the gel matrix. The dielectric
modulus dispersion study shows values of KWW exponent b
in the range 0.38–0.46. This arises due to the electron tunneling mechanism between the metal particles.
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