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The alternating current electrical conductivity of a gel-derived glass of composition
55Fe,05-45510, (mol%) was measured over a frequency range of 100 Hz to 6 MHz.
The gel was subjected to a reduction treatment at 923 K for %2 h and subsequently
heated in ordinary atmosphere at a temperature 773 K for Y2 h to grow a Fe-core
Fe;0, shell nanostructure with a median diameter of 6.2 nm. This formed a percolative
network within the silica gel. Mossbauer spectra confirmed the presence of Fe;0, in
the nanoshell. Electrical measurements were also carried out on these nanocomposites
at different frequencies and temperatures. Isothermal electrical modulus data for both
reference and treated glass systems were analyzed using both the CKO and CK1
Kohlrausch-related frequency response models. Reference-glass shape parameter
values, estimated by fitting the experimental data to the KO model at several
temperatures, were found to be ~0.32. Here, the KO model led to much better fits than
the K1 did. However, for the treated core—shell-structured nanocomposite material,
both models yielded good fits with consistent but different shape parameter estimates:
very close to 2 for the KO model and !5 for the K1 model. In accordance with the
structural measurements and with axiomatic topological considerations that predict a
shape-parameter value of '3 for one-dimensional motion and Y% for two-dimensional
motion, it appears that the ~0.32 value is consistent with one-dimensional motion

of charge carriers along the narrow channels of the interconnected iron-rich
three-dimensional phase of the reference glass. Further, although the K1-model

5 estimates for the treated material also indicate the presence of one-dimensional
charge motion at the two-dimensional interface between the two interconnected
phases of the reference glass, the 2 KO estimates for the same material suggest an
effective charge-motion dimension of 2. Importantly, comparison of the high-frequency
dielectric constant estimates for the KO reference glass and the K1 treated one

clearly leads to the new but physically plausible conclusion that the bulk
frequency-independent dielectric constant of about 30 is independent of the treatment.

. INTRODUCTION

Physical properties of nanostructured materials have
received much attention in recent years.'"® Nanocrystal-
line materials are characterized by a large number of
interfaces. The structure and properties of silicon thin
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films were, in fact, analyzed on the basis of a confined
amorphous equilibrium phase.’” Surface-controlled struc-
ture transformation in nanoparticles has also been re-
ported.® In some recent experiments, we have grown
composites of Fe-Fe;0, core—shell nanostructure within
a silica gel, the nanophase having a percolative configu-
ration.” The electrical conductivity was found to be dras-
tically different from that of the precursor gel. The prop-
erty was ascribed to an interfacial phase. Conductivity
dispersion as a function of frequency has been used to
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study the structure of various glass systems and their
conduction mechanisms.'®'>

Recently, we applied a new data analysis method'*~">
to study the system composed of copper-core copper-
oxide shell nanocomposites.'® Two Kohlrausch-related
frequency response models were used to analyze the
complex electrical conductivity data for the interfacial
amorphous phase in this system. The analysis was carried
out for both the precursor reference glass and for the
glass containing the core—shell nanostructure. Complex
nonlinear-least-squares data fitting showed that the shape
parameter [3, was consistent with the values %3 and %5 for
the reference glass and the nanocomposite glass, respec-
tively. In the present paper, we report results of an in-
vestigation of nanocomposites containing Fe—Fe;0,
core—shell structures grown within a silica gel matrix. To
shed some light on the structure of the interfacial phase
we have not only studied the Mossbauer spectra of these
materials but have also analyzed their frequency re-
sponse behavior in detail, as discussed herein.

Il. EXPERIMENTAL DETAILS

The composition of the gel used in our work was
55Fe,05-45Si0, (mol%).

FeCl; and tetraethylorthosilicate were taken as precur-
sors; 23.174 g FeCl; was mixed with 60 ml ethyl alcohol
and 10 ml distilled water. The solution was stirred for
20 min. A second solution was prepared by adding
26.2 ml tetraethylorthosilicate to 90 ml ethyl alcohol,
15 ml distilled water, and 1 ml HCI. After stirring for
1 h, the two solutions were mixed and stirring continued
for another hour. The solution thus prepared was allowed
to gel for two weeks. The gel was then reduced in hy-
drogen at 923 K for 2 h. The gel powder was packed in
a graphite mold with a diameter of 1 cm and then hot
pressed at 923 K for 5 min in a sintering press DSP
25ATS, supplied by Dr. Fritsch Sondermaschinen
GmbH (Stuttgart, Germany). The mold chamber was
evacuated to a pressure of ~7.0 x 107> Torr, and the pres-
sure applied was 2.4 MPa.

The resulting sample showed metallic conduction, in-
dicating that the iron particles formed a percolative net-
work. This was, however, not true for the reference glass,
as discussed below. Electron microscopic investigation
(described later) showed the average diameter of iron
particles to be 5.3 nm. The reduced gel powders were
subjected to heat treatment in ordinary atmosphere at
temperatures in the range 573-973 K for % h. This pro-
duced an oxide layer on the nanoparticles of iron. These
powders were then hot pressed following the procedure
described above. The resulting sample constituted the
core—shell nanocomposite.

The reference sample was prepared by first heating gel
powder at 1123 K for 2 h at ordinary atmosphere and

then hot pressed. Microstructural studies were carried out
using a JEM 2010 transmission electron microscope (To-
kyo, Japan). Specimen preparation details have been de-
scribed earlier."” For electrical measurements, the speci-
men faces were vacuum-coated with gold electrodes. The
impedance was measured over the frequency range 100
Hz to 6 MHz using a Hewlett Packard HP 4192A im-
pedance analyzer (Tokyo, Japan). Measurements were
carried out over the temperature range of 120-440 K.

Mossbauer spectra of the nanocomposites were re-
corded in a conventional spectrometer operating in con-
stant acceleration mode having 1024 channels. The spec-
trometer was calibrated with a pure natural iron foil of
15 pum thickness. A 10 m Ci °’C, in Rh matrix was used
as the radioactive source. The spectra were fitted to
Lorentzian lineshapes by least-squares.

lll. STRUCTURAL RESULTS

Figure 1 is a transmission electron micrograph for the
reference sample. It is seen that the microstructure
consists of two interconnected phases, the darker one
indicating the iron-rich phase. The latter has a width of
~5.5 nm. Figure 2(a) shows the electron micrograph for
the specimen reduced in hydrogen at 923K for 2 h and
then heat treated at 773K for Y2 h. Figure 2(b) is the
electron diffraction pattern taken on the particles seen in
Fig. 2(a).

The interplanar spacings were calculated from the
angle of diffraction determined from the spots. The

FIG. 1. Transmission electron micrograph for the reference glass
sample.
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FIG. 2. (a) Transmission electron micrograph for specimen reduced at 923 K for '2 h followed by heat treatment at 773 K for 2 h. (b) Electron
diffraction pattern from particles seen in (a). (c) Transmission electron micrograph of Fe core—Fe;O, shell structure. (d) High-resolution lattice

image of a Fe core-Fe;0, shell nanocomposite.

d,;, values are given in Table I. The results indicate the
presence of Fe and Fe;O, phases in the particles having
core-shell structures. Figure 2(c) is a typical micrograph
of a core of Fe of diameter 7.5 nm and shell of Fe;0,
of thickness 1.2 nm. In Fig. 2(d), we show the high
resolution lattice images of the core—shell structure.
Three sets of planes are seen. The lattice spacing of these
planes are measured as 0.26 nm [Fe;0, (102)], 0.23 nm
[Fe;0, (112)], and 0.19 nm [Fe;0, (210) and Fe (110)].
These confirm the presence of Fe and Fe;0, in the com-
posite particles. Figure 3 gives the histogram of compos-
ite particles. The points represent the experimental

TABLE I. Interplanar spacings d,,, obtained from electron diffraction
pattern of nano-core—shell composite particles. The Miller indices of
planes are shown within parentheses.

djy» ASTM (nm)

d,,, observed (nm) a—Fe Fe;O,
0.202 0.2026(110)
0.178 0.1712(422)
0.112 0.1121(642)
0.109 0.1092(731)
0.100 0.1013(220)
0.096 0.0969(751)
0.090 0.0906(222)

1706

data, and the line is the theoretically fitted log-normal
distribution function. The median diameter and the geo-
metric standard deviation extracted from this fitting are
6.2 and 1.2 nm, respectively.

Figure 4 shows the Mossbauer spectra obtained for
the nanocomposite with a core—shell structure. The spec-
tra could be fitted to two sextets and a doublet. The
parameters extracted by such fitting are summarized in
Table II. The sextet I with H,,, ~ 492 KOe is attributed
to the A(tetrahedral) site of Fe;O, and sextet II with
H,,. ~ 460 KOe is attributed to the B(octahedral) site of
Fe,0,.'® The central doublet is attributed to the presence
of Fe** component in a silica support.'® In our case, with
the core—shell nanoparticles forming within a silica gel,
both the Fe** ions at the interface of the nanoshell and
the silica contribute to this Mossbauer doublet.

IV. FREQUENCY RESPONSE DATA FITTING,
ANALYSES, AND CONCLUSIONS

A. Fitting models

Reference-glass and core—shell nanocomposite data
sets were first analyzed by the KO Kohlrausch frequency
response model and then by the K1 one.'*”"> The KO
model is derived by direct Fourier transformation to the

J. Mater. Res., Vol. 21, No. 7, Jul 2006
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FIG. 3. Histogram of composite particles shown in Fig. 2(a).
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FIG. 4. Mossbauer spectra from the nanocomposite with core—shell
nanostructure.

frequency domain of time-domain stretched-exponential
response, given by

t \Bo
w-w L]

To

where B, (0 < By = 1) is the stretching parameter and 1,
is the characteristic conductivity relaxation time. For
conductive systems ¢(7) represents the correlation function
of the mobile charge carriers. KO-model response, ex-
pressed at the complex modulus level, may be written as
Myo(w) = Myo(o) + iMiy(w) = iwe ly(w) , (2)
where M(w) = l/e(w), € is the complex dielectric
permittivity, and €, is the permittivity of vacuum. The

TABLE II. Mossbauer parameters extracted from Fig. 4 data.

Isomer  Quadrupole Internal
shift splitting magnetic Relative
(mm/s) (mm/s) field (KOe)  intensity (%)
Sextet 1 0.36 0.05 492 23
Sextet IT 0.66 0.05 460 57
Central doublet 1.17 2.86 20

quantity /y(w) is the normalized KO complex resistivity
response function satisfying /,(0) = 1 and [y(») = 0.
The expression for the K1-model frequency response is
similar to that of Eq. (2) with /,(w) replaced by /,(w) but
is indirectly, rather than directly, derived from stretched-
exponential temporal response and involves a (3, shape
parameter with 0 < B, < 1.!3715-202!

The KO and K1 models both involve the parameters
Pac» the direct current (dc) value of the complex resis-
tivity p (w); Ty, the characteristic relaxation time of the
model; and the 3, or B, shape parameters. Data fitting
with the KO or K1 model requires the addition of a par-
allel component representing the full high-frequency lim-
iting dielectric constant, €., for the KO model and €p.,
for the K1 one. Here €., is the high-frequency-limiting
dielectric constant for the pure dielectric without mobile
charge. In addition, fitting with the K1 model leads to an
estimate of a mobile-charge effective dielectric constant
€10, 80 for such fitting €., = €., + €p... The composite
models that include the parallel capacitative component
are designated CKO and CKI.

B. Fitting results

Parameter values estimated from fitting complex ex-
perimental frequency-response data sets to the CKO and
CK1 models are summarized in Table III. Because the
data are noisy and of limited range, fitting results were
not all found to be entirely consistent. For each tempera-
ture, the table includes estimates of the percentage rela-
tive standard deviation of the fit residuals, 100Sg; a value
of 1 is excellent. In addition, for each temperature, sev-
eral different estimates of the dc resistivity py. are in-
cluded in Table III and are discussed below.

For the reference data, the most consistent parameter
estimates were obtained from CKO fits of the M"(w) part
of the full data at the complex modulus level rather than
from full complex-least-squares fitting at this level.
Fits using the CK1 model (not shown) were far inferior
to those presented for the CKO, but they did suggest
that €-,., values were appreciably less than unity, so
one expects that €., = €., for the CKO results shown in
Table III. Note that, as expected, both p,. and 7, decrease
in magnitude as the temperature increases, and the aver-
age value of 3, is about 0.32.
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TABLE III. Parameters estimated by fitting experimental data with the CKO and K1 CK1 models. For the reference glass, only CK0-M" fit results
are shown, and those for the nanocomposites are complex-M data-fit ones. p,, quantities shown in parentheses are o'(w)-fit estimates and those

in brackets are dc measurement ones.

Temperature _6
10 Pdc
Specimen (K) Model 100Sg (ohm cm) [ €por €, To (8) Bo or B,
Reference glass 417 CKO 1.12 4.28 28.3 1.9 x 107 0.303
(3.62)
[3.8]
428 CKO 1.48 2.63 30.4 6.4 x 107° 0.309
(2.50)
[2.7] .
437 CKO 0.95 2.00 30.9 44 x 10 0.343
(2.09)
[2.2]
Core-shell 123 CKO 4.30 0.0737 63.1 6.7 x 1077 0.479
Nanocomposite CK1 4.13 0.0742 243 30.6 54.9 2.7 %1078 13 F
(0.0745)
[0.0419]
133 CKO 2.60 0.0315 574 2.5 % 1077 0.513
CKl1 2.25 0.0316 21.0 315 52.5 9.8 x 107 Y5 F
(0.0314)
[0.0319]
143 CKO 3.46 0.0185 56.4 1.6 x 1077 0.513
CK1 3.19 0.0185 21.8 29.6 514 6.0 x 107 Y5 F
(0.0184)
[0.0210]

Results were quite different for the core—shell
nanocomposite material, as presented in the bottom sec-
tion of Table IIl. Here we show fit results for the full
complex M(w) data, using both the CKO and the CKIl
models. Although the overall fit relative standard devia-
tions are comparable for the two situations, the CK1 ones
were consistently somewhat smaller than the CKO ones.
Again, the temperature dependences of both p,. and 7,
were as expected, but the 3, estimates closely approxi-
mate a value of 0.5. In contrast, CK1 fits with (3, free to
vary all led to estimates very close to Y3 so they were
fixed at '3 (designated as '3 F in the table), the semi-
universal Composite Universal (CUN) model.”*?! These
fit results were thus slightly improved and made more
consistent. In agreement with all previous fits using the
KO and the K1 models, the T, estimates are here much
smaller for the latter than for the former model.

Note that the average €., value of the reference glass is
very close to that of the average nanocomposite core-
shell €., quantity. Thus, it appears that the likely value
of the latter is about 30, and it seems virtually indepen-
dent of the presence of different mobile-charge behaviors
since it arises from the dipolar response of the basic
material. Although this important result is what one
would expect, it has not been previously verified for
reference and treated materials.

Although the Sy values presented in Table III provide
global estimates of the goodness of fit for the different
materials and temperatures, it is useful to show how the

data vary with frequency for all these conditions and
include point-by-point fit estimates. Figures 5 and 6
show such results for the M'(w) fits of Table III. Fit
estimates are shown by the open circles and crosses in
these figures. When the center of such a symbol falls
exactly at an equivalent data point (the small solid
circles), the fit is virtually perfect. As shown, such agree-
ment is appreciably better for the reference-data results

-2 -
:"\
a i
o))
O 244
+0
' +———— Ref. data
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FIG. 5. Log-log plots of M"(w) reference-glass data and M"(w) fit
points using the CKO model with 3, free to vary. Only every fifth data
point is shown, and the 428 and 437 K curves have been shifted to the
right on the log(w) axis by the amounts listed on the graph. Here and
hereafter, w, is 1 rad/s.
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FIG. 6. Log-log plots of M"(w) core—shell data and M"(w) fit points
following from full complex M(w) fits, using the CKO model with 3,
free to vary and the CK1 model with (3, fixed at /3. Only every seventh
data point is shown, and the 428 and 437 K curves have been shifted
to the right on the log(w) axis by the amounts listed on the graph.

of Fig. 5 than those for the core—shell data of Fig. 6. To
minimize overlap and clutter, only every fifth data point
is shown in Fig. 5 and every seventh one in Fig. 6, and
the two higher temperature curves are shifted to the right
by 0.5 and 1 units, respectively, on the log frequency
axis.

Although M(w) data sets include the effects of €.,
those involving just o’(w) do not when electrode polari-
zation effects are negligible.”*** Therefore, it is impor-
tant to include o'(w) data and fitting results as well as
those for M"(w). Figures 7 and 8 present such ¢'(w)
results, where again only every fifth point is shown for
the reference data and only every seventh one for the

58
1| —— Ref.cta
O O O CKeA it
e | Data line: 408K

I L) l ) l LI
4 5 6

IOg1D(COfO)n)

FIG. 7. Log-log plots of o, = ¢'(w) reference-glass data and o’ (w) fit
points following from fits of these real-part data sets, using the CKO
model with B, = Y3. Only every fifth data point is shown. Here and
hereafter, o, = 1 mho/cm.

s (oM data
4|0 D Dookofit
+ — oKt

5 6 7

log, (& o)

FIG. 8. Log-log plots of o,. = 0'(w) core—shell data and o'(w) fit
points following from fits of these real-part data sets using the CKO
model with 3, free to vary, and from full complex M(w) fits using the
CK1 model with 3, fixed at 5. Only every seventh data point is
shown.

core—shell data. The Si values of these fits are compa-
rable to, but somewhat larger than, those shown for the
modulus fits in Table IIl. The data sets of Fig. 7 are
appreciably more irregular than those of Fig. 8, and that
for the 408 K reference data is so much so that no ad-
equate fits were obtained.

Since the low-frequency region of the data of
Fig. 7 have not reached a flat plateau approximating
04. = 0'(0), no good estimate of this quantity or its
inverse pgy. can be obtained from the graphical behavior
shown. However, estimates of pg. are a part of CKO and
CKI1 fits, and it may also be estimated from direct dc
measurements. When electrode-polarization effects are
present, however, dc measurements are likely to yield
inaccurate estimates, as are fitting of the entire frequency
response with a model that does not take account of such
effects.

Table III shows for each temperature three different
estimates of p,.. The top ones for each temperature are
those following from M" fits; the ones below, in paren-
theses, are from CKO and CK1-model fit estimates of p’;
and the bottom ones, in brackets, are from direct dc
measurements. Although it appears possible that a small
amount of electrode-polarization effects is present, par-
ticularly for the 417 K reference-glass response, its in-
fluence seems less for the ¢’(w) fits than for the M"(w)
ones.

Therefore, we have used the p,. estimates from the
former fits to calculate activation energies for To,e,
the appropriate quantity following from the Nernst—
Einstein equation and from the K1 model. For the refer-
ence glass, the result was 0.47 + 0.06 eV, and for the
core—shell we found 0.18 = 0.01 eV, a much smaller
value.
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C. Analysis and conclusions

The average value of 3, of about 0.32 for the reference
glass suggests that the charge motion occurs along one
dimension where one would expect a value of exactly
15221 From the electron micrograph of Fig. I, it is
evident that the iron-rich phase has an interconnected
configuration; the width of this phase is 5.5 nm. The
conductivity in this glass was earlier ascribed to a small
polaron hopping between Fe** and Fe* sites.” Such hop-
ping takes place along the narrow channels of the iron-
rich phase. Therefore, the {8, ) value of ~0.32 is consis-
tent with one-dimensional motion of the charge carriers.

The electron micrograph of Fig. 2(a) indicates that the
iron-core particles with Fe;O, shells formed along the
perimeter of the iron-rich phase of the reference glass.
These particles therefore form a two-dimensional struc-
ture at the interface between the iron-rich and iron-
deficient phases, respectively, of the reference glass. The
values of (3, of about %4 and of (3, of '3 for the core—
shell-structured nanocomposite suggest, ambiguously,
that charge motion may occur in this two-dimensional
structure with both or only one of these two dimensions
being appropriate for motion.?® Data extending to appre-
ciably higher frequencies would be required to confirm
which type of motion is actually dominant but it is note-
worthy that the KO model reaches its final power-law
slope of ¢’(w) much quicker than does the K1 one.*'
Thus, for the present limited-range data, it seems that the
two-dimensional B0 = V% results should be taken to rep-
resent the actual situation better than the K1-fit one.

The activation energies determined from log py./T
versus 1/T plots as extracted from the alternating cur-
rent (ac) resistivity analysis for the reference glass and
the core—shell nanocomposite glass were 0.43 + 0.05 eV
and 0.12 + 0.01 eV, respectively. It should be noted that
the temperature ranges used for the estimation of activa-
tion energies were 300—450 K and 100-250 K for the
reference and the core—shell nanostructured glass, re-
spectively.

Electrical conduction in both these materials arises due
to a small polaron hopping between Fe** and Fe’* sites.’
That electrons are the charge carriers in the present set of
systems was confirmed by blocking electrode measure-
ments in which current as a function of time was found
to be invariant with silver used as electrodes. This,
coupled with the fact that the values of dc resistivity as
obtained from dc measurements and those obtained from
ac measurements were in reasonable agreement, substan-
tiates that only electronic transport causes the dc conduc-
tion.

The difference in the activation energy arises due to a
difference in the effective dielectric constant as experi-
enced by the hopping charge in the two materials. In the
reference glass, the effective dielectric constant is ~30

whereas in nanocomposite it is ~60, as found from the
CKO and CK1 model fits discussed above. According to
the Austin-Mott model,** the activation energy W can be
written as

2
e

= , 3

de,r, )
where e is magnitude of the electronic charge, €, the
effective dielectric constant, and r,, is the polaron radius.
Substituting the above values of €, in Eq. (3), we Oesti—
mate the values of r, equal to about 0.3 A and 0.5 A for
the reference glass and nanocomposite glass, respec-
tively. It is thus likely that the polaron radius increases in
the interfacial amorphous phase as compared to that in
the reference glass. The higher values of €, and r,, in the
nanostructured glass contribute to a drastic reduction in
the activation energy for polaron hopping.

In summary, ac electrical conductivity of a gel-derived
iron-silicate glass was measured. Iron core—iron oxide
shell nanocomposites was grown within the glass matrix,
and ac electrical properties were studied. Mossbauer
spectra confirmed the presence of Fe;O, in the
nanoshells. Electrical conductivities of both the glass
systems were analyzed using both the CKO and CKI1
Kohlrausch-related frequency response fitting models
and suggested the presence of interesting and potentially
important differences in charge motion between the ref-
erence and treated materials.
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