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Iron nanoparticles with a shell of Fe3 O4 phase with a total diameter of 5.3 nm have been grown
within a silica gel matrix in the percolative configuration by suitable reduction followed by
oxidation treatments. dc electrical resistivity measurements were carried out in the temperature
range 80–300 K. The resistivity of the nanocomposites was found to be about 7 orders of magnitude
lower than that of the reference gel. The electrical conduction has been explained on the basis of a
small polaron hopping mechanism. The activation energy in the case of the composites was
calculated from experimental data to be about one-fifth that for the reference sample. An interfacial
amorphous phase is believed to cause such reduction in resistivity. The effective dielectric constant
of this phase was estimated to be about four times that of the reference glass. Magnetization
measurements on these specimens were carried out in the temperature range 5–300 K both in zero
field cooled and field cooled states. A peak in the magnetization at ⬃120 K was ascribed to an
order–disorder 共Verwey兲 transition. Another peak at ⬃55 K was explained as arising due to a spin
glass like disorder at the interface between the ferromagnetic iron ores and the ferrimagnetic Fe3 O4
shell. A loop shift was observed as a result of the spin freezing below this temperature. © 2002
American Institute of Physics. 关DOI: 10.1063/1.1454197兴

I. INTRODUCTION

to be orders of magnitude less than that of the precursor gel.
The electrical properties are controlled by the interfacial
amorphous phase. We have also carried out magnetic measurements on these samples over a wide temperature range.
The magnetic behavior is controlled by the interfacial interaction between the ferromagnetic iron and ferrimagnetic
Fe3 O4 at around 50 K. The Verwey transition12,13 at around
120 K is also exhibited by the nanoscale Fe3 O4 phase. The
details are reported in this article.

Nanomaterials have occupied the center stage in physics
research in recent times because of challenges thrown up by
them both in theoretical understanding and practical
applications.1–7 Nanostructured materials have the characteristic feature of a large volume fraction of grain boundaries.
Therefore the latter represent an ideal opportunity to study
the structure and dynamics of thin films in confined
geometries.8 Molecular dynamics simulations of silicon grain
boundaries have resulted in the conclusion that a confined
amorphous equilibrium structure exists in those regions.9,10 It
is expected that in suitably engineered nanostructured materials it should be possible to observe physical properties different from that of their bulk counterparts. Recently, we have
shown in nanocomposites comprising copper oxide within a
silica gel the electrical conductivity arises due to the presence of an amorphous phase at the boundaries of the nanosized oxide layers.11 The electrical conductivity was found to
be about 6 orders of magnitude higher than that of the reference gel in which nanostructure was not developed. We have
now been able to synthesize a silica gel with a microstructure
such that nanoparticles of iron with a shell of Fe3 O4 around
them form a percolative path. Electrical resistivity is found

II. EXPERIMENT

The target gel composition for the preparation of the
present set of samples was 55 Fe2 O3 , 45 SiO2 共in mole %兲.
The rationale behind the high percentage of Fe2 O3 was to
ensure that the gel after a reduction treatment produced a
metallic percolation configuration. The precursors used were
FeCl3 and tetraethylorthosilicate. A solution was prepared by
mixing 60 ml of ethyl alcohol, 10 ml of distilled water, and
23.174 g m of FeCl3 . This was stirred for 20 min. Another
solution was made by mixing 90 ml of ethyl alcohol, 15 ml
of distilled water, and 1 ml of HCl and stirring it for 20 min.
The latter solution was added to 26.2 ml of tetraethylorthosilicate and the mixture stirred for 1 h. The first solution
containing FeCl3 was now added to the last one with tetraethylorthosilicate and the mixture was stirred for 1 h. The
resultant sol was left undisturbed for 2 weeks for gelation.
The gel was subjected to a reduction treatment in hydrogen
at 923 K for 1/2 h. The gel powder was taken in a graphite
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mold with a diameter of 1 cm and then hot pressed at 923 K
for 5 min by a sintering press DSP 25ATS manufactured by
Dr. Fritsch Sondermaschinen GmbH. The mold chamber was
evacuated to a pressure of ⬃7.0⫻10⫺3 Torr and the applied
pressure was 2.4 MPa. Electrical measurement on the sample
showed a metallic conduction indicating a percolation of the
iron particles—the size of the latter was found from electron
microscopic investigations to be on the order of 5.3 nm 共see
below兲. This is consistent with the results reported by us
earlier in iron–silica nanocomposites.14
The gel powders reduced at 923 K for 1/2 h were subsequently heat treated in ordinary atmosphere at temperatures varying from 573 to 973 K for a duration of 1/2 h. This
was done to generate an oxide layer on the iron nanoparticles. The resultant powders were hot pressed by the procedure described in the previous paragraph. For intercomparison of the electrical resistivity of different nanocomposites a
reference sample was prepared by hot pressing the gel powder subjected to a heat treatment at 1123 K for 2 h in ordinary atmosphere.
The microstructure of different samples was investigated
using a JEM 200 CX transmission electron microscope. Details of the specimen preparation have been described
elsewhere.15
For measurement of dc resistivity the sample surfaces
were first of all ground with 800 mesh size SiC powder. Two
opposite faces of the sample were coated with silver paste
supplied by Acheson Colloiden B. V. Holland. dc electrical
resistances were measured by a 617 Keithley Electrometer
over the temperature range 80–300 K under a vacuum of
⬃10⫺2 Torr.
Magnetic measurements were carried out on different
samples in the temperature range 5–300 K using a commercial superconducting quantum indifference device magnetometer with an applied magnetic field up to 12 kOe.
III. RESULTS AND DISCUSSION

Figure 1共a兲 is the transmission electron micrograph for a
specimen subjected to a reduction treatment at 923 K for 1/2
h. Figure 1共b兲 is the electron diffraction pattern obtained
from Fig. 1共a兲. Table I summarizes the values of interplanar
spacings as obtained from the diameters of the diffraction
rings. It is evident that the major phase present is ␣-Fe because the most intense diffraction peak is observed in our
diffraction pattern viz., 0.203 nm. Some amount of Fe3 O4 is
also present. This arises due to a fast oxidation of the smaller
iron particles in ordinary atmosphere. This has been found
earlier also.16 Figure 2共a兲 shows the transmission electron
micrograph for a specimen obtained by hot pressing the gel
powder first reduced at 923 K for 1/2 h followed by an oxidation treatment at 573 K for 1/2 h. Figure 2共b兲 is the corresponding electron diffraction pattern. In Table II the values
of interplanar spacings estimated from the diffraction ring
diameters are summarized and compared with standard
ASTM data. It can be concluded from this table that Fe3 O4
has grown around the iron nanoparticles in this specimen
causing the appearance of most of its diffraction lines. This is
typical of the other specimens subjected to different oxida-

FIG. 1. 共a兲 Transmission electron micrograph for specimen subjected to a
reduction treatment at 923 K for 1/2 h. 共b兲 Electron diffraction pattern obtained from 共a兲.

tion treatments. Figure 3 shows the particle size distribution
in this specimen. The points represent the experimental data
and the line the theoretical fit to a log-normal distribution
function.15 Such analysis was carried out for all the specimens. Table III summarizes the values of median diameter x̄
and geometric standard deviation  extracted by this analysis
for the different samples. It is seen from this table that the
median diameter deduced from electron micrographs decreases as the oxidation treatment of the gel powders is increased. This arises due to the formation of the Fe3 O4 shell
around the nanoparticles of iron as the oxidation treatment is

TABLE I. Comparison of interplanar spacings d hkl with standard ASTM
data for specimen prepared by reduction of gel at 923 K for 1/2 h.
ASTM
Observed
共nm兲

␣-Fe
共nm兲

0.203
0.181
0.162
0.141
0.129
0.119

0.202 68

Fe3 O4
共nm兲

0.1614
0.143 32
0.1279
0.117 02
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FIG. 3. Histogram of oxide-coated iron particles obtained from Fig. 2共a兲.

FIG. 2. 共a兲 Transmission electron micrograph for specimen prepared by hot
pressing of gel powder first reduced at 923 K for 1/2 h. followed by oxidation treatment at 573 K for 1/2 h. 共b兲 Electron diffraction pattern obtained
from 共a兲.

enhanced. This in effect reduces the diameter of the iron
core. The density of Fe3 O4 is lower than that of Fe in the
electron micrograph so we can observe only the iron particles.
Figure 4 shows the variation of dc electrical resistivity as
a function of inverse temperature for different specimens.
The resistivity variation with respect to temperature is also
shown for the reference sample 共gel兲 for comparison. It is
evident that the resistivity for the reference gel-derived silica
glass containing Fe2 O3 is about 7 orders of magnitude higher
TABLE II. Comparison of interplanar spacings d hkl with standard ASTM
data for specimen prepared by hot pressing of gel powder reduced at 923
K/1/2 h following by oxidation treatment at 573 K/1/2 h.
ASTM
Observed
共nm兲
0.253
0.220
0.185
0.139
0.129

␣-Fe
共nm兲
0.202 68
0.1433
0.1170

Fe3 O4
共nm兲
0.251
0.220
0.1838
0.1349
0.1310

than that of the specimens in which the Fe– Fe3 O4 core–
shell nanostructure forms a percolative network. The latter
conclusion is based on the fact that the oxide nanolayer was
induced to a percolative configuration of metallic iron nanoparticles by subjecting them to an oxidation treatment. It has
been shown earlier that dc conductivity in sol–gel derived
glasses in the system Fe2 O3 – SiO2 arises due to small polaron hopping between Fe2⫹ and Fe3⫹ sites.17 The expression of resistivity in this model is given by18

⫽

kTR
exp共 2 ␣ R 兲 exp共 W/kT 兲 ,
 0 e 2 C 共 1⫺C 兲

共1兲

where  0 is the optical phonon frequency, ␣ ⫺1 the radius of
wave function localization, R the average hopping distance,
C the ratio of Fe2⫹ concentration to the total Fe ion concentration, k the Boltzmann constant, and W the activation energy. The latter is given by19

TABLE III. Median diameter x̄ and geometric standard deviation  for
different samples as extracted by fitting to a log-normal distribution function.

Specimen
No.
1
2
3
4
5
6

Heat treatment schedule
for gelpowder before hot
pressing
Reduced at 923 K/1/2 h
Reduced at 923 K/1/2 h
⫹Oxidized at 573 K/1/2
Reduced at 923 K/1/2 h
⫹Oxidized at 673 K/1/2
Reduced at 923 K/1/2 h
⫹Oxidized at 773 K/1/2
Reduced at 923 K/1/2 h
⫹Oxidized at 873 K/1/2
Reduced at 923 K/1/2 h
⫹Oxidized at 973 K/1/2

Median
diameter
x̄
共nm兲

Geometric
Standard
deviation


5.3
4.9

1.4
1.4

4.6

1.4

4.4

1.4

4.2

1.4

4.1

1.4

h
h
h
h
h
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FIG. 4. Variation of dc electrical resistivity as a function of inverse temperature for different specimens: 共䊊兲 reference sample, 共䊊兲 specimen No. 2,
共䉭兲 specimen No. 3, 共*兲 specimen No. 4, and 共䊐兲 specimen No. 5.

W⫽W H ⫹W D/2
W⫽W D

for

for T⬎  D/2 ,

共2a兲

T⬍  D/4 ,

共2b兲

where W H is the hopping energy, W D the disorder energy,
and  D the Debye temperature. W H represents the Coulombic energy needed by the electron at the localized state of the
transition metal 共TM兲 ion to overcome the barrier to hop to
the nearest localized state. W D the disorder enerty arises due
to the variation of local arrangements of the TM ions.
The high temperature portion of the resistivity temperature variation in the case of reference sample was fitted to
Eq. 共1兲 using C, ␣, R, and  o as parameters. The activation
energy W was calculated from the slopes of log  versus lT
plots. The least square fit is shown by the solid line in Fig. 4
and the extracted parameters are given in Table IV. The
value of  D is given by  D ⫽h  0 /k. Using the value of  0
extracted from the least square fitting we calculate a value of
 D ⫽577 K. This is consistent with the fact that a constant
slope has been obtained at temperatures higher than  D /2 i.e.,
289 K in the case of reference sample. We have fitted the low
temperature data of the latter by Eq. 共1兲 and obtain the values
C⫽0.999, ␣ ⫽0.89, R⫽13.3 Å, and W⫽0.03 eV. Evidently,
the latter is the disorder energy, because the slope pertains to
data for temperatures lower than  D /4, i.e., 144 K. A large
TABLE IV. Parameters extracted by fitting resistivity
Fe–Fe3 O4 – SiO2 gel nanocomposites to Mott’s model.

data

Specimen
No.

W
共eV兲

␣
共Å⫺1兲

R
共Å兲

C

0
共s⫺1兲

Reference
2
3
4
5

0.39
0.08
0.08
0.07
0.06

0.95
0.89
0.86
0.87
0.86

4.7
4.7
4.8
4.9
4.8

0.99
0.99
0.99
0.99
0.99

1.2⫻1013
1.3⫻1013
1.2⫻1013
1.1⫻1013
1.3⫻1013

of

value of R in this temperature range is consistent with the
variable range hopping conduction mechanism.
The experimental data for specimens 2, 3, 4, and 5 were
also fitted to Eq. 共1兲 using C, ␣, R,  0 and W as parameters.
The fitted curves are shown as solid lines in Fig. 4 and the
extracted parameters are listed in Table IV. It is seen that the
value of C for all specimens 共including the reference sample兲
is rather large viz., close to unity. This means in all these
specimens the major portion of iron ions has a valency state
Fe2⫹ . This is because the electrical measurements were carried out under vacuum in which case the fraction of lower
valence iron ions would increase. The value of ␣ for all
specimens is near unity, which is to be expected for small
polaron hopping conduction. The activation energy for hopping in the case of reference sample is 0.39 eV, whereas for
the different nanocomposites the value is much less viz., almost 1/5 that of the reference sample. The value decreases as
the Fe3 O4 shell thickness is increased. The trend of data
obtained therefore indicates that the interfaces between the
nanoscale shells of Fe3 O4 constitute an amorphous phase
different from that of the precursor gel-derived glass. It
should be mentioned here that we have checked the possibility of the Fe3 O4 shell contributing to the conduction process
of the nanocomposites. It is known that Fe3 O4 exhibits a
sharp change of electrical resistivity by nearly 2 orders of
magnitude at around 120 K.12,13 This has been ascribed to an
order–disorder transformation of the cations on the octahedral sites. In the present set of samples, magnetic measurements at low temperatures 共see below兲 do indeed show the
presence of this transformation. However, our electrical resistivity data do not exhibit any such change. The effect of
the Fe3 O4 layer on the measured electrical resistivity of the
present set of nanocomposites has therefore been ruled out.
We have considered another possibility of electrical conduction in the present case. The metal particles with their
oxide layers around them could contribute to electrical transport by an electron tunneling mechanism. The activation energy for such tunneling is given by20

⫽

冋

册

1
1.44 1
⫺
eV,
 r r⫹s

共3兲

where r and s are the radius of the metallic grain and the
separation between grains, respectively, expressed in nanometers and  is the dielectric constant of the intervening medium. Taking r⫽2.45 nm, s⫽5.30 nm 共data from Table III
for specimen No. 2兲, and ⬃14.2 共for Fe3 O4 兲21 an activation
energy  ⫽0.027 eV is calculated. This is much smaller than
the experimentally determined activation energy from the
slope of log  versus 1/T plot viz., 0.08 eV. Such discrepancies were found between the estimated and experimental values for other specimens also in the case of the electron tunneling mechanism.
We have also explored the possibility of the simultaneous presence of some percolating clusters of metallic iron
and iron particles separated by Fe3 O4 layers. As reported
earlier such a configuration leads to a variation of log  as a
function of T ⫺1 , which shows a maximum at around 200
K.22 No such feature was observed in the present set of data.
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TABLE V. Estimated effective dielectric constant for interfacial amorphous
phase in different nanocomposites.

Specimen
No.

p
关calculated from
Eq. 共3兲兴

Reference
2
3
4
5

4.9
23.8
23.3
26.1
31.1

On the basis of the above discussion we rule out the
effect of any electron tunneling contribution or a combination of percolating metallic chain and electron tunneling
mechanism.
To get some insight into the nature of the interfacial
amorphous phase we estimate the effective dielectric constant of this phase by the following procedure. According to
the Austin–Mott model the activation energy W is approximately equal to half the polaron hopping energy.19 We can
then write
W⫽e 2 /4 p r p ,

共4兲

where  p is the effective dielectric constant and r p the polaron radius. The latter can be written as19
r p⫽

冉冊

R
共  /6兲 1/3.
2

共5兲

We estimated r p from Eq. 共4兲 using the R values deduced
from a previous analysis. Thereafter from Eq. 共3兲 using the
experimental W values we calculated the values of  p for
different specimens. We summarize the values of the effective dielectric constant  p as deduced by this method in
Table V. It is evident that the interfacial amorphous phase
has a much larger dielectric constant than the precursor silica
glass phase. This is consistent with the results reported earlier involving nanophase copper oxide interfaces.11 The increase in  p is however more drastic in the present series of
samples. The amorphous phase envisaged here consists
largely of Fe3 O4 , which has a dielectric constant of ⬃14.2.
It appears therefore that the effective dielectric constant is
around 60% higher in this interfacial phase. It is likely that
the growth of Fe3 O4 by oxidation of percolating iron particles will subject the Fe3 O4 layers to a high pressure. The
effect of high pressure on the dielectric properties of glasses
is known.23 It appears therefore that a high density interfacial
amorphous phase has been generated in the samples. However, this needs to be substantiated by other characterization
techniques like x-ray photoelectron spectroscopy and Mossbauer spectroscopy.
Figure 5 shows the variation of magnetization as a function of temperature in both field-cooled 共FC兲 and zero FC
共ZFC兲 states, respectively, for specimen No. 5. The specimen
was FC at a magnetic field of 1 kOe. It is evident both the
ZFC and FC data show a peak at around 120 K. This had
been reported earlier as arising out of an order–disorder
transformation.12,13 More specifically below this transition
temperature the cations on the octahedral sites start getting

FIG. 5. Variation of magnetization for specimen No. 4 in ZFC and FC states
as a function of temperature: 共䊉兲 ZFC; and 共䊊兲 FC.

ordered, thus bringing about a lowering of the magnetization.
As discussed earlier this transition has not shown any effect
on the electrical resistivity behavior in the present set of
specimens.
The ZFC curve in Fig. 5 also shows a hump at around 55
K indicating a peak in the magnetization value near that
temperature. The FC data in this temperature range show a
constant value. Also, the FC specimen shows a loop shift at
temperatures below 100 K. This is given in Fig. 6 for specimen No. 5. It has been discussed earlier20 that due to an
exchange interaction between the ferromagnetic core of the
nanometer-sized iron particles and the oxide surface with
spin glass-like magnetic disorder below a certain

FIG. 6. Variation of loop shift as a function of temperature for specimen
No. 5.
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FIG. 7. Magnetic hysteresis loop for specimen No. 3 at 20 K.

FIG. 8. Variation of coercivity H C for different specimens as a function of
temperature.

temperature—in this case around 55 K—the surface spins are
frozen and these favor the ferromagnetic 共iron兲 core of the
composite particle being magnetized in the field cooling direction. This leads to a loop shift as observed in the present
investigation. It should be noted that the magnitude of the
loop shift is lower than that reported in the case of nanocomposites prepared by the electrodeposition method.16 The
Fe3 O4 layer in the present study was prepared by a controlled oxidation treatment at a fairly high temperature,
whereas in the earlier study the layer formed at the ambient
temperature due to the reactive nature of the ultrafine iron
particles. Therefore in the present system the iron core diameters are quite small and the effect of spin glass order at the
interface between ferro- and ferrimagnetic phases on the extent of loop shift has also been found to be small. This is
confirmed by our observation that the magnitude of loop
shift becomes smaller in specimens subjected to higher oxidation treatments. The above results are typical of all the
specimens studied here. It is to be noted that the FC and ZFC
curves overlap at a temperature ⬃213 K. This is thus the
blocking temperature T B . From the data of specimen 4 we
estimate a blocking temperature of 300 K. From the expression of T B we get23
T B⫽

K ⬘V
,
25k

共6兲

where K ⬘ is the effective anisotropy constant, V the volume
of the ferromagnetic particle, and k the Boltzman constant.
The ratio of the T B for the above two specimens is 1.2. This
is in satisfactory agreement with the ratio of the cubes of the
particle diameters of the specimens concerned viz., 1.2.
Figure 7 is a typical hysteresis loop 共M versus H兲 for
specimen No. 3 taken under the ZFC condition at 20 K. The
coercivity is seen to ⬃370 Oe. It is evident that the value is
much higher than that of bulk iron. Such an increase is ascribed to the nanometer size of the iron particles.16 In Fig. 8
is shown the variation of coercivity as a function of tempera-

ture for different specimens. It is seen that the coercivity
value increases as the temperature is lowered. The theoretical
expression for the temperature dependence of coercivity H C
for nanosized ferromagnetic particles is given by23
H C ⫽H CO关 1⫺ 共 T/T B 兲 1/2兴 ,

共7兲

where H CO is the coercive force at T⫽0 K, T the temperature of measurement, and T B the blocking temperature above
which superparamagnetism sets in. We have least square fitted the experimental data at different temperatures to Eq. 共6兲
using H CO and T B as parameters. The solid lines are the
theoretical fits and the points represent the experimental data.
In Table VI the extracted parameters are summarized for
different specimens. The decrease in T B as the oxidation
treatment of the iron particles is increased is consistent with
the fact that such treatment reduces the diameter of the iron
core. It should be noted that the coercivity shows a maximum at around 40 K for specimen No. 5. The iron core
diameter is the least in this specimen. No satisfactory explanation is available at this stage for this behavior.
In summary, we have grown composites of iron core
with a Fe3 O4 shell of nanometer dimensions by suitable reduction and heat treatments in a silica gel matrix. The resistivity of the nanocomposite was found to be about 7 orders
of magnitude lower than that of the reference gel. This is
ascribed to the presence of an interfacial amorphous phase
between the Fe3 O4 shells. Magnetization measurements over
TABLE VI. Extracted values of H CO and T B for different specimens.
Specimen
No.

H CO
共Oe兲

TB
共K兲

2
3
4
5

485
482
458
522

522
328
289
281

J. Appl. Phys., Vol. 91, No. 7, 1 April 2002

a wide temperature range showed an order–disorder transition at ⬃120 K. Another magnetization peak at around 55 K
was explained as arising due to a spin glass-like disorder at
the interface between the ferromagnetic iron core and the
ferrimagnetic Fe3 O4 shell.24
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