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Abstract (10Li,0-20Ge0,-30Zn0—-(40-x)Bi,0O5—xFe,0;
where x = 0.0, 3, 6, and 9 mol%) glasses were prepared. A
number of studies, viz. density, differential thermal analysis,
FT-IR spectra, DC and AC conductivities, and dielectric
properties (constant ¢, loss tan 6, AC conductivity, o,c, over
a wide range of frequency and temperature) of these glasses
were carried out as a function of iron ion concentration. The
analysis of the results indicate that, the density and molar
volume decrease with an increasing of iron content indicates
structural changes of the glass matrix. The glass transition
temperature 7, and onset of crystallization temperature T
increase with the variation of concentration of Fe,O3 referred
to the growth in the network connectivity in this concentra-
tion range, while glass-forming ability parameter AT decrease
with increase Fe,O3 content, indicates an increasing con-
centration of iron ions that take part in the network-modi-
fying positions. The FT-IR spectra evidenced that the main
structural units are BiO3, BiOg, ZnO,4, GeOy,, and GeOg. The
structural changes observed by varying the Fe,O3 content in
these glasses and evidenced by FTIR investigation suggest
that the iron ions play a network modifier role in these glasses
while Bi,03, GeO,, and ZnO play the role of network
formers. The temperature dependence of DC and AC con-
ductivities at different frequencies was analyzed using

S. M. Salem (X)) - A. G. Mostafa - S. M. Salem -

S. A. El-badry

Department of Physics, Faculty of Science, Al Azhar University,
Nasr City, Cairo 11884, Egypt

e-mail: shaabansalem@gmail.com

E. M. Antar

Department of Radiation Protection and Dosimetry,
National Center for Radiation Research & Technology,
AEA, Nasr City, Cairo, Egypt

Mott’s small polaron hopping model and, the high temper-
ature activation energies have been estimated and discussed.
The dielectric constant and dielectric loss increased with
increase in temperature and Fe,O3 content.

Introduction

Glasses containing bismuth oxide have received increased
interest due to their manifold possible applications [1, 2].
These glasses were found to be efficient X-ray absorbers
and also considered for use in scintillation detectors for
high energy physics [3]. The large polarizability and small
field strength of Bi** in oxide glasses makes them suitable
for optical devices such as ultra fast all-optical switches,
optical isolators, optical Kerr shutter (OKS) and environ-
mental guidelines. Despite the fact that Bi,O; is not a
classical glass former, in the presence of conventional glass
formers (such as B,03;, PbO, SiO,, etc.) it may build a
glass network of [BiO,] (n = 3, 6) pyramids [4]. In these
glasses iron exists in two valence states and electrical
conduction occurs by hopping of polaron from Fe*" to
Fe** sites. In the process of hopping, the electron disorders
its surrounding, by moving neighboring atoms from their
equilibrium positions causing structural defect in the glass
network named small polaron. In other words, small
polarons are charge carriers trapped by self-induced lattice
distortion. Transport of polarons occurs via phonon assis-
ted hopping.

The mobile ionic species in a solid conductor move
rapidly through a framework which is formed by other
atoms of lattice. This ability of a material to allow move-
ment of ionic species through it can be estimated by
detailed study of transport properties like conductivity,
diffusion, etc. The ionic conductivity of glasses has been
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widely investigated in recent decades [5, 6] and special
attention has been devoted to lithium conducting glasses
due to their applicability as solid state electrolytes in lith-
ium cells. The factors that are believed to control the
magnitude of conductivity in glasses are associated with
the composition of the glass network in addition to the
binding energies holding the charge carriers in their equi-
librium sites and the migration barriers that the carriers
face during their transfer [7]. Several models [8, 9] have
been advanced to understand the influences of the terms
such as type of bonds and charge carriers, polarization in
the glass, concentration and mobility of charge carriers to
the overall conduction. ZnO is a wide band gap semicon-
ductor and has received increasing research interest. Recent
advances have generated more investigations into its
application for electronic and optical devices. Furthermore,
ZnO can be made a versatile material with broad applica-
tions through a proper doping process such as transparent-
conducting electrodes (doped with group IIIB, fluorine, and
aluminum), piezoelectric as well as ferroelectric layers
[10]. The present study is focused on studying the effect of
Fe,03 on Li,0-GeO,-Zn0O-Bi,05 glass system, by means
of the density, differential thermal analysis DTA, FT-IR
spectroscopy, DC conductivity, and dielectric properties
(constant ¢, loss tan §, AC conductivity, .., over a wide
range of frequency, and temperature). It is for the first time
that the Fe,O5; doped Li,O-GeO,—Zn0O-Bi,05 glasses has
been investigated for DC and AC conductivities and
dielectric properties over a wide range of frequency and
temperature.

Experimental

The (10Li,0-20Ge0,-30Zn0—(40-x)Bi,O3—xFe,O5; where
x = 0.0, 3, 6, and 9 mol%) glasses, were synthesized by
following melt-quenching technique using analytical grade
GeQ,, Bi,03, Fe,03, Zn0O, and lithium carbonate. The well
ground mixture of chemicals in appropriate weight ratios
were taken in porcelain crucible and melted in electrical
furnace at a constant temperature in the range 1,250 K for an
hour. The melt was quickly quenched by pouring on to a
stainless steel plate and covering with another stainless steel
plate and the random pieces of samples thus formed were
collected. Density, d, at room temperature was measured by
following Archimedes principle. The carbon tetrachloride,
CCl, was used as an immersion liquid. The molar volume
(Vm), concentration of iron ions, N (cm73), was calculated
using the formula: N = dPN,/100A, N4 is Avogadro’s
number, P the weight percentage of atoms, A, is the atomic
weight, and d is the density. The thermal behavior was
investigated using a Shimadzu DTA-50 differential thermal
analysis. The temperature and energy calibrations of the
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instrument were performed using the well-known melting
temperatures and melting enthalpies of high purity tin, lead,
and indium supplied with the instrument. Samples in the
form of powders weighing around 20 mg were sealed in
platinum pans in an atmosphere of dry nitrogen at a flow of
30 mL/min and scanned from room temperature to above
the exothermic peak at heating rate 10 °C/min. The values
of the glass transition temperature, T, and the peak tem-
perature of crystallization T}, were determined using the
software supplied with the apparatus. Infrared spectra of the
powdered glass samples were recorded at room temperature
in the range 450—1,500 cm ™' using a spectrometer (Perkin-
Elmer FT-IS, model 1605). These measurements were made
on glass powder dispersed in KBr pellets. The DC conduc-
tivity measured by means of two-probe method, which
appropriate for high resistance materials. Silver painted
electrodes were pasted on the polished surface of the sam-
ples then situated between two polished and cleaned copper
electrodes. The current is monitored by means of a Picom-
eter over temperature range 315-700 K with heating rate
2 K/min, constant voltage source 18.9 V, and a home-made
furnace. The AC conductivity (o,.) has been studied using
alternating current measurements, and analyzing their
dependence on temperature and frequency. The real
dielectric constant &', AC conductivity (o,.), and dielectric
loss tangent (tan ¢) were measured in the temperature range
(315700 K) and over frequency range of (0.12-100 kHz)
using a RCL bridge system model [Stanford Res. Model:
SR-720].

Results and discussion
Density and DTA

Density determination is an effective method to detect
variations in glass structure due to composition or prepar-
ing conditions. Some of the most important information
that is possible to draw from this measurement is the
degree of structural compactness, the modifications of
the geometrical configuration of the glassy network, the
coordination change of the former ions and the variation of
dimensions of the interstitial holes [11]. Thus, Table 1
show that the density decreases 5.43 to 5.16 gm/cm® with
the increase of Fe,Os; concentration in the glass. This
indicates that the glass structure becomes less tightly
packed with increasing Fe,O3 concentration. These trends
can be explained rather simply as the replacement of
heavier cation Bi by lighter one Fe. Also this result is due
to the fact that Fe,O; plays the role of the modifier and
introduces excess structural free volume [12].

Differential thermal (DTA) investigations were con-
ducted on the as cast (10Li,O-20GeO,—30ZnO—(40-x)
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Table 1 Chemical composition 3 3 50 3 o o
and physical properties x (mol%) d(gcem ) Vi (cm’ /mol) N x 107" (cm™) R (A) p (A) Wye (V)
of (10L¥20—20G602—3OZI‘10— 0 543 43.12 N _ B 0.99
(40-x)Bi,03—xFe,03; where
x = 0.0, 3, 6, and 9 mol%) 3 5.31 42.37 4.26 6.16 2.48 0.95
glasses 6 5.28 40.79 8.86 4.83 1.94 0.91

9 5.16 40.13 13.5 4.19 1.69 0.88

Bi,O53-xFe,05; where x = 0.0, 3, 6, and 9 mol%) glasses.
The DTA scans exhibit endothermic peaks in the range
(498-590 °C) selected as the glass transition temperature,
T,. Crystallization processes taking place in the glass
matrix are marked by exothermic peaks 7}, in the range
(610-655 °C) for all glass samples, the glass transition
temperatures, T, and the onset crystallization temperature,
T, registered for glasses obtained in our glass system
shifted to higher temperature with the gradual increase of
Fe,;O3 content. Figure 1 shows the compositional depen-
dence of the glass transition temperatures 7,, the onset
crystallization temperature 7y and the difference between
Ty and T, (AT = T — T,). With increasing Fe,O3 content,
the value of Ty and T, increase, while AT decrease, this
compositional dependence of T, can reveal a transforma-
tion of the glass structure referred to the growth in the
network connectivity. The presence of iron atoms leads to a
densification of the Bi,O; glass matrix [13]. The glass-
forming ability parameter AT, has been frequently used as
a rough estimate of the glass formation ability or glass
stability. These results apparently indicate that, with the
growing presence of Fe,O; in the glass network iron ions
mostly increase the cross-link density and enhance the
mean bond strength. The decreasing nature of the glass-
forming ability parameter AT with increasing of Fe,O3
indicates an increasing concentration of iron ions that take
part in the network-modifying positions.

Temp. T, and T,("C)
(T-T,) CO)

Fe203 mol%

Fig. 1 The composition dependence of the glass transition temper-
atures T, onset crystallization temperature Ty and (AT = Ty — Ty)

FTIR spectra

The infrared spectra of glassy samples have been investi-
gated to obtain the information on the structure and
arrangement of building structural groups with respect to
each other and type of bonds present in the glass. Figure 2
shows the FTIR spectra of (10Li,O-20GeO,~30ZnO-
(40-x)Bi,0O3—xFe,O5 where x = 0.0, 3, 6, and 9 mol%)
glasses. The spectra were discussed on the basis of the
method given by Tarte [14, 15] and Condrate [16, 17] by
comparing the experimental data of glasses with those of
related crystalline compounds. In this case the infrared
absorption spectra of Fe,O5 [16, 18] and «-Bi,O3, Bi,O3
[18-20] oxides in crystalline phase were used. In FT-IR
spectra, the characteristic vibrations of FeO, groups in pure
Fe,0j3 and ferrite compounds are ~ 660 and ~ 625 cm ™,
while for FeOq they are at ~580-550 and ~470 cm™'
[18, 19]. For «-Bi,O3, absorption bands were identified at
~595, 540, 510, 465, 425, and ~380 cm™' characteristic
to the vibrations of Bi—O bonds of BiOg polyhedra, while
in Bi,O3 spectra absorption bands were identified at ~ 840,
620-540, 470, and 350 cm™" characteristic to the vibra-
tions of Bi—O bonds of BiO5 polyhedra [19]. Due to the
fact that the characteristic bands of the investigated glasses
were found below 900 cm™', it was decided to represent
the FT-IR spectra only in the region 400-1,200 cm™".
In Fig. 2 the absorption bands were observed for the
sample free Fe,03 at ~410, 442, 472, 532, 600, 720, 750,
870, 953, 1020, and 1100 cm™'. The bands observed at
~410, 442, 472, and 532 cm ™! which are due to the Bi—O
bending vibrations in BiOg units [21] and there is a small
shoulder near 600 cm™' that was ascribed to the Bi—O~/
Bi—O—Zn stretching vibration in the BiOg units [22]. The
band at ~720 cm™' assigned to Ge-O-Ge stretching
vibration in GeOg units while the band at ~750 cm™!
ascribed to Ge—-O bonds vibrations in GeO,4 units [23-26].
At 870 cm™' appears a band due to Bi—O vibration in
distorted BiOg units [27]. The band at ~953 cm~! can be
assigned to Ge—O-Ge stretching vibrations in GeO, units
while the band at ~ 1,020 cm™! assigned to the Ge-O
stretching vibrations in GeO, units [28, 29]. The band at
~1,100 cm™! can be due to the Bi-O-Bi or Bi-O-Ge
linkage vibrations [26].

The adding of Fe,O; in the glass matrix produces some
change in the FT-IR spectrum, which can be observed by
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Fig. 2 Infrared absorption spectra of (10Li,0-20GeO,-30ZnO-
(40-x)Bi,03—xFe,03 where x = 0.0, 3, 6, and 9 mol%) glasses

the appearance of a new band at ~452 cm™' due to the
vibrations of Fe—O bonds of FeOg units [18, 19]. This band
remains unchanged in all compositional range. There is a
slight increase in the relative area of the tow bands at
~870 and 1,020 cm_l, which ascribed to stretching
vibrations in GeO, and BiOg units, respectively, with
increase iron content in the glass matrix, which can be due
to the contribution of the vibrations of Fe—O bonds of FeOg
units [30-32]. Further increase of Fe,Os content causes
increase in the relative area. On the other hand, the relative
area of BiOg units increases with the increasing of Fe,O3
content, while the relative area of GeOg units is nearly
constant. The increase of these relative areas is probably
due to the decrease in the number of non-bridging oxygen
atoms once with the increasing of iron ions content.
However, the decrease in the number of non-bridging
oxygen atoms would increase the connectivity of the glass
network. This decrease in the connectivity of the glass
network with the increase in Fe,O5 content is reflected in
the increase of the T, and T, The structural changes
observed by varying the Fe,O3 content in these glasses and
evidenced by FTIR investigation suggest that the iron ions
play a network modifier role in these glasses and both
Bi,03 and GeO, play the role of network formers.

DC conductivity

The temperature dependence of DC conductivity for amor-
phous semiconductors containing transition metal ions, such
as Fe*" and Fe> " for the small polaron hopping conduction,
is usually expressed by the Austin—Mott equation [33]:

g = (0,/T) exp(=W/KT) (1)

where, 6, = (v,Ne?R?/kT)C(1 — C) exp(—2aR) is the pre-
exponential factor depending on the separation between

@ Springer

-1 -1
lnch(Q .m’)

0.0021 0.0024
1mK!

0.0015 0.0018 0.0027 0.0030

Fig. 3 Temperature dependence of DC conductivity, gy, as a func-
tion of reciprocal temperature for (10Li,O-20GeO,—30Zn0O-(40-x)
Bi,O3—xFe,O3 where x = 0.0, 3, 6, and 9 mol%) glasses

the conduction carriers, v, is the Debye frequency for a
given solid (~ 10" Hz), « is the decay parameter of the
wave function of the electron in the low valence state
(C = Fe’'/Fe) is the ratio of concentration of TMI
(transition metal ions) in the low valence state to the total
concentration of the TMI, R is the average hopping distance
(=1/N)', W is the activation energy, e is the electronic
charge, K is Boltzmann constant and 7 is absolute
temperature. The conductivity data above a typical
temperature (T < 0p/2), where non-linearity is observed in
Fig. 3 are fitted with Eq. 1 by least-squares method and the
best fit parameters are shown in (Table 2). The small
polaron hopping model predicts an appreciable departure
from the linear curve of log ¢ against 1/T at a temperature
0p/2, where Op (Debye temperature) is defined by the
relation hv, = kOp. Figure 3 shows the variation of
logarithm of DC conductivity of (10Li,0O-20GeO,-30ZnO—
(40-x)Bi,0O3—xFe,O3 where x = 0.0, 3, 6, and 9 mol%)
glasses as a function of inverse temperature 7. It is observed
that ¢ increases smoothly with increasing temperature,
indicating temperature-dependent activation energy, W,
characteristic of small polaron hopping (SPH) conduction
mechanism in TMO glasses. Assuming a strong electron
phonon interaction, Austin and Mott [33] showed that the
activation energy W is the result of polaron formation of
binding energy W, and an energy difference W which
might exist between the initial and final sites due to variation
in the local arrangements of ions, i.e., W = Wy + Wp /2 for
T > (0p/2) and W = Wp, for T < (0p/4) where Wy is the
polaron hopping energy and Wp, the disorder energy arising
from the energy difference of the neighbors between two
hopping sites. The polaron hopping mechanism adiabatic
or non-adiabatic can be estimated [34] from a plot of log &
against W at different experimental temperatures T
for (10Li,0-20Ge0,-30Zn0O—(40-x)Bi,O3—xFe,O5; where
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Table 2 Physical properties and Polaron hopping parameters of
(10Li,0-20Ge0,-30Zn0—(40-x)Bi,O3—xFe,03 where x = 0.0, 3, 6,
and 9 mol%) glasses

x ve x 10° Wy g N(Ep) x 102"
mol%) (57 V) (eV-'m™3)

0 1.98 - 15.81 - -

3 2.00 0.61 17.76 1.32 29.51
6 2.02 0.63 21.88 2.78 30.57
9 2.04 0.65 24.48 441 31.44

x = 0.0, 3, 6, and 9 mol%) glasses (inset of Fig. 3). It is
expected that the hopping will be in the adiabatic regime if
the temperature estimated 7, from the slope of such a plot is
close to the experimental temperature, otherwise the
hopping will be in the non-adiabatic regime. It is clearly
seen that the experimental slope is different from the
expected slope —1/2.303kT, indicating that the hopping in
the present system was non-adiabatic. This non-adiabatic
conduction mechanism is further confirmed from the
calculation of the polaron bandwidth J,

J > (2kTWH/n)1/4(hv0/7r)l/2f0r adiabatic hopping and

J< (2kTWH/7r)1/4(hvo/7r)l/2for non — adiabatic hopping,

where J is the polaron bandwidth related to the electron
wave function overlap on the adjacent sites [35]. The values

of (2kTWy /m)"* (hv, /7)"/? varies from 0.050 t0 0.051 eV at
300 K for all the glass concentrations. The values of
J independently estimated from the relation [36],
J~ SN(Er)/(68p)°]"/%, varied from 1.19 x 1073 to
2.88 x 1073 eV depending on the concentration. J values
satisfy J < (ZkTWH/n)1/4(}‘iv0/n)1/2 which confirms the
conduction of the glass of the present system as well as the
Fe;03;-PbO-Bi,0; glasses [37] to be non-adiabatic SPH.
The polaron hopping energy Wy can be calculated from the
relation [38] given by

Wi = (¢ /42,)(1/ry — 1/R) (2)

where W, is the polaron binding energy and (1/e,) =
(1/exo) — (1/&,), and &, and &, are the static and high-
frequency dielectric constant of the glass, respectively,
Using Wy, rp, and R values, we estimated &, = 15.81-24.48
(Table 2) which were comparable to those for Fe,O;—
Bi,05-PbO glasses [37]. We discuss the polaron hopping
parameters using the values of R, Wy, and J. The polaron
radius r, for a non-dispersive system of frequency v, is
given by [39].

rp = 1/2(n/6N)'"? (3)

The density of states at the Fermi level can be estimated
as follows [36].

N(Eg) = 3/4nR*W (4)

The values of N(Eg) are reasonable for localized states.
We estimate the optical phonon frequency, v, using the
experimental data from (Table 1), according to hv, = kfp
h is the Plank’s constant. The Debye temperature 0p was
estimated by T > 6p/2, 0p of the present glasses was
obtained to be 980-952 K. The values of small polaron
coupling constant yp, which is a measure of the electron—
phonon interaction, were also evaluated for the present
lasses using the formula Yp = 2Wy/hv, [40]. The estimated
value of y, is 29.51-31.44 (Table 2), the value of y, >4
usually indicates a strong electron phonon interaction [41].

Dielectric constant

The plot of dielectric constant, & versus frequency for
(10Li,0-20Ge0,-30Zn0—(40-x)Bi,O3—xFe,05; where x =
0.0, 3, 6, and 9 mol%) glasses is shown in Fig. 4, at 315 K.
It can be noticed that the ¢ decreases with increase in fre-
quency and increases with increase in temperature. These
measured ¢ values of the present glasses are in agreement
with the reported &’ values for similar glass system [37]. The
dielectric constant of a material is determined by electronic,
ionic, dipolar and space charge polarizations. Out of these,
the space charge contribution depends on the purity and the
perfection of the glass samples. Its influence is in general
negligible at very low temperatures and noticeable in the
low frequency region. With the gradual increase of the, the
values ¢, tan 9, and ¢ are found to increase at any frequency
and temperature and activation energy for ac conduction is
observed to decrease; this is an indication of an increase in
the space charge polarization. Such increase is probably due
to the presence of higher concentration of Fe,O5 ions in the

O 0.0 Fe,0,

O 30 Fe,0,

A 60 Fe,0,

v 9.0 Fe,0,

. N —A
- . A
21k S TN
18 ~ e
15 1 1 1 1 1 1 7777?&
5 6 7 8 9 10 11

Lnf(Hz)

Fig. 4 Plots of ¢ versus In f for (10Li,0-20Ge0,-30Zn0O—(40-x)
Bi,O3—xFe,03 where x = 0.0, 3, 6, and 9 mol%) glasses at 315 K
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Fig. 5 A comparison plot of variation of dielectric constant with tem-
perature at 1 kHz for (10Li,0-20GeO,—30ZnO—(40-x)Bi,O3-xFe,03
where x = 0.0, 3, 6, and 9 mol%) glasses. Inset shows the compositional
dependence of dielectric constant, ¢ for glass samples at 1 kHz and 315 K

glass network that act as modifiers and generate bonding
defects in the glass network. The defects thus produced
create easy path ways for the migration of charges that
would build up space charge polarization and facilitate to an
increase in the dielectric parameters as observed [42-44].
The temperature dependence of dielectric constant, &
of (10Li,0-20Ge0,-30Zn0O—(40-x)Bi,O3—xFe,05 where
x = 0.0, 3, 6, and 9 mol%) glasses is shown in Fig. 5, at
1 kHz. The value of ¢ is found to exhibit a considerable
increase at higher temperatures. The increase of & with
increase in temperature is usually associated with the
decrease in bond energies [45]. That is, as the temperature
increases two effects on the dipolar polarization may occur;
(i) it weakens the intermolecular forces and hence enhances
the orientational vibration, (ii) it increases the thermal
agitation and hence strongly disturbs the orientational
vibrations. The dielectric constant becomes larger at lower
frequencies and at higher temperatures which is normal in
oxide glasses and, is not an indication for spontaneous
polarization [46]. This may be due to the fact that as the
frequency increases, the polarizability contribution from
ionic and orientation sources decreases and finally disap-
pears due to the inertia of the ions. Inset of Fig. 5, shows
the variation of dielectric constant with the concentration
of Fe,0O3; measured at 1 kHz. The parameter ¢’ is observed
to increase with the concentration of Fe,Os. It is evident
that the dielectric constant, ¢ increases with increase in
Fe,Oj3 concentration. It may be attributed to the increase in
electronic contribution to the total polarizability [47]. The
compositional dependence of dielectric constant is very
much similar to that of AC conductivity. The temperature
dependence of dielectric constant, ¢ and loss tan 6 for the
sample containing 6 mol%, are shown in Figs. 6 and 7 at
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Fig. 6 Variation of dielectric constant with temperature at different
frequencies for x = 6 mol%
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Fig. 7 Variation of dielectric loss with temperature at different
frequency for x = 6 mol%

different frequencies, as representing examples of the
present glass system. The value of ¢ and tan ¢ is found
to increase at higher temperatures especially at lower
frequencies. The increase in dielectric constant of the
sample with increase in temperature is usually associated
with the decrease in bond energies. The dielectric constant
becomes larger at lower frequencies and at higher tem-
peratures which is normal in oxide glasses and, is not an
indication for spontaneous polarization [48]. This may be
due to the fact that as the frequency increases, the polar-
izability contribution from ionic and orientation sources
decreases and finally disappear due to the inertia of the
ions. It can be seen that the ¢ increases with increase in
temperature and at high temperatures it increases more
rapidly. This behavior is typical to the polar dielectrics in
which the orientation of dipoles is facilitated with rising
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Fig. 8 A comparison plot of variation of In (g,) with 1/7 measured at
1 kHz for (10Li,0-20GeO,-30ZnO—(40-x)Bi,O3—xFe,0O5; where
x = 0.0, 3, 6, and 9 mol%) glasses. Inset shows the plot of log o,
versus activation energy for conduction

temperature and there by the dielectric constant is
increased. At low temperatures, the contribution of elec-
tronic and ionic components to the total polarizability will
be small. As the temperature is increased the electronic and
ionic polarizability sources start to increase [49].

AC conductivity

The temperature dependence of o(w) conductivity in
(10Li,0-20Ge0,-30Zn0—(40-x)Bi,O3—xFe,05; where x =
0.0, 3, 6, and 9 mol%) glasses has been depicted in Fig. 8, at
1 kHz. Inset of this figure shows a plot of log ¢ against W at
315 K. The value of AC conductivity ¢ is found to increase
at higher temperatures especially at lower frequencies. From
these plots, the activation energy for conduction in the high
temperature region over which a near linear dependence of
log o, with 1/T calculated and presented in Fig. 9, and
(Table 3). When a plot is made between log a(w) versus
activation energy for conduction (in the high temperature
region) a near linear relationship is observed (inset of
Fig. 8); further, the variations of the conductivity (at 315 K)
and the activation energy for conduction, with the concen-
tration of Fe,O3 show an opposite trend (Fig. 10). These
observations suggest that the conductivity enhancement
is directly related to the thermally stimulated mobility of
the charge carriers in the high temperature region. The
temperature dependence of AC conductivity o(w) for
x = 6 mol%, has been depicted in Fig. 9, at different fre-
quencies. Inset of this figure shows the temperature depen-
dence of frequency exponent, s. Solid line is a fit to CBH
model. The values of ¢, tan § and also AC conductivity are
found to increase at any frequency and temperature with
increase in the concentrations of Fe,Os;. In the studied

0.0015

0.0018 0.0021

amx?!

0.0024 0.0027 0.0030

Fig. 9 Plots of In(g,) versus 1/T for x = 6 mol%, at different
frequencies. Inset shows the temperature dependence of frequency
exponent, s. Solid line is a fit to CBH model

Table 3 Electrical parameters of (10Li,0-20GeO,-30ZnO—(40-x)
Bi,03—xFe,O3 where x = 0.0, 3, 6, and 9 mol%) glasses

x (mol%) Wie (eV) Wy (V) RJR R, (A) S Ing, (Qm)~'
0 0.99 - - - 0.82 2.86
3 0.97 0.986 0.343 2.11 0.98 2.53
6 091 0.927 0.345 1.67 .11 2.22
9 0.88 0.897 0.347 1.45 0.85 1.98

glasses iron ions (both Fe*" and Fe*") occupy octahedral
positions, act as modifiers and create bonding defects.
The defects thus produced create easy path ways for the
migration of charges that would build up space charge
polarization leading to an increase in the dielectric parame-
ters. The frequency dependent conductivity o,.() increases
approximately linearly with angular frequency w:

Coe = 0; — 6o = AT (5)

where s(7) the frequency exponent, gq. is the DC conduc-
tivity and o, = Ao®™ and o, is the total conductivity,
which is actually the measured factor in an AC, experiment.
The low frequency region is dominated by the DC
conductivity while the high frequency part presents power
law behavior. The frequency exponent s values were
calculated calculated at a high frequency limit from the
slopes of In ¢, vs. In F plots. Figure 11 shows log o,
versus log F plots obtained for the sample containing
6 mol%. From Fig. 11, it is observed that the frequency
dependent of conductivity shows two distinct regimes,
within the measured frequency window, (i) the low
frequency plateau region and (ii) high frequency disper-
sion region. The plateau region corresponds to frequency
independent conductivity oq4.. For the present glasses, the

@ Springer
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Fig. 10 The variation of log g(w) and the activation energy for
conduction as function of Fe,O5 content
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Fig. 11 The plot of AC conductivity, In (o,.), versus In (F) for
sample containing x = 6 mol%. Solid lines are the best fits to Eq. 5

frequency exponent, s, values were determined at a high
frequency limit to belying between 1.11 and 0.82 in the
studied system. (Table 3), indicates no systematic variation
of s with composition. However, the decreasing trend of
s with temperature can be noticed. This kind of variation of
s with temperature has been observed in different TMI/alkali
doped borate [50] and phosphate [51] glasses. The observed
variation of s with temperature may be due to different
contributions from conducting and dielectric losses at differ-
ent temperatures [50, 51]. There are theoretical models [45,
52-54] which predict the temperature dependence of
frequency exponent, s, such as simple quantum mechani-
cal tunneling QMT, temperature-dependent QMT and
correlated barrier hopping (CBH) models. The distinction
between lattice and carrier responses is that they correspond
to intrinsic and extrinsic processes, respectively, due to
some impurities or injected carriers as a result of the

@ Springer

existence of transition metal ions. According to Elliott [55]
the correlated barrier hopping (CBH) model was proposed
and was applied to the chalcogenide glassy semiconductors
as well as to oxide glasses [55]. In this model the bipolaron
has been proposed to interpret the frequency dependent
conductivity. This model was successful in explaining many
temperature-dependent conductivity results at low temper-
ature. However, it does not explain the high temperature
behavior particularly in the low frequency range. This
theory was extended to high temperature by assuming a
single polaron hopping [56], where it produces more
satisfactory results. In this respect ac conductivity given
for correlated narrow-band limit for random sites and single
polaron hopping [53] as:

Gac(®) = (1/24)7360¢ (R, /R)° (6)
the hopping distance R,, at frequency w is given by;
R, = & /me, [Wy — KT In(1/w1,)] (7)

where e is the electronic charge, ¢ is the dielectric constant,
&, 1s the dielectric constant of free space, Wy, the maximum
barrier height, 7, is the Debye relaxation time is of the order
107"% 5 [41], and K is the Boltzmann constant. On applying
Eq. 6 to the experimental AC conductivity data it was found
that the factor (R,/R) is in the range (0.343-0.347 A) as a
function of composition and frequency for the present
system, see (Table 3), These results indicate a hopping
distance R, (1.45-2.11 A), up to 315K, using the
permittivity data when the exponent s, is active, i.e., for
frequencies above 1 kHz,. (Table 3) collects the obtained
results. On the contrary, the frequency dependent
conductivity in the CBH model can be expressed in terms
of the frequency exponent s, as:

S =1— 6KT/[Wy — KT In(1/wr,)] 8)

In the CBH model electrons in charged defect states would
hop over the coulombic barrier of height W, given as;
W = Wy — [ve? /meoeR], where y is the number of electrons
to hop (y = 1 for single polaron case and y = 2 for the
bipolaron case), and e the electronic charge. As shown
inset of Fig. 9, it is noted that s decrease with temperature.
This suggests that the correlated barrier hopping
conductivity (CBH) is dominant in ac conductivity
mechanism of the present glass system.

The composition dependence of log o,. and activation
energy W, is shown inset of Fig. 10. The activation energy
is found to decrease while the AC conductivity increases
with increase in Fe,O3 content this result is accord with
that obtained from DC conductivity as shown in (Fig. 12).
Since the AC conductivity is associated with the migration
of polaron between Fe*" and Fe®" ions with the distribu-
tion in hopping distance it seems that increase in Fe,O3
content decreases the distance between Fe ions. Such
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Fig. 12 Effect of Fe,O3 content on dc conductivity, o, and activation
energy, W. Lines are drawn as guides for the eye

decrease in the distance between Fe ions enhances the
probability of electron hopping and increases the ac con-
ductivity and decreases the activation energy for conduc-
tion [57]. On the other hand, increase of conductivity with
the increase of Fe,O3 content in the glass system is a
manifestation of increasing concentration of mobile elec-
trons, or polarons, involved. Based on quantum mechanical
tunneling model, N(Ef) is the density of the energy states
near the Fermi level have been evaluated from dc con-
ductivity data and values obtained are presented in
(Table 2). The value of N(Eg) obtained ~10?' eV~! cm ™,
such values of N(Eg) suggest the localized states near
the Fermi level are responsible for conduction. Further,
the value of N(EF) is found to increase gradually with the
increase of Fe,O; content, indicating an increase in the
degree of disorder in the glass network. When a plot is
made between log ,. versus activation energy for con-
duction, a near linear relationship is observed inset of
Fig. 8, the near linearity between the conductivity and the
activation energy suggests the conductivity enhancement is
directly related to the increasing mobility of the charge
carriers. Since the Li* ions are more mobile than all the
other ions (like Fe ions) can be regarded as virtually
immobile with in the time window of hopping processes of
the alkali (Li™) ions [58]. Therefore, the contribution to the
conduction for the present glasses in the high temperature
region can be mainly considered due to monovalent lithium
ions.

Conclusions

Glasses of (10Li,0-20Ge0,-30ZnO-(40-x)Bi,O3-xFe,05
where x = 0.0, 3, 6, and 9 mol%) glasses, were prepared
and investigated by Differential thermal analysis DTA,
density, FT-IR spectroscopy in order to obtain information

about their structure and to point out the role of each com-
ponent of the glass system in the forming of the glass net-
work, dielectric constant ¢, loss tan 6 and AC conductivity
0. over a moderately wide range of frequency and tem-
perature, and frequency exponent s. The density and the
molar volume are decreasing monotonous with the increasing
of the iron content in all compositional range. The DTA
results evidenced that, the value of the glass transition
temperature 7, and glass-forming ability parameter AT have
been observed to decrease with increase in the concentration
of Fe,03. These results apparently indicate that, with the
growing presence of Fe,O; in the glass network iron ions
mostly occupy network-forming positions, increase the
cross-link density and enhance the mean bond strength. The
decreasing nature of the glass-forming ability parameter
AT with increasing of Fe,O5 indicates an increasing con-
centration of iron ions that take part in the network-modi-
fying positions. The FT-IR spectra evidenced that the main
structural units are BiO3, BiOg, ZnOy4, GeOy4, and GeOg. On
the other hand FeOg structural units can be observed but the
presence of FeO, structural units cannot be excluded. The
temperature dependence of AC and DC conductivity at high
temperatures has been explained using Mott’s small polaron
hopping model. The AC and DC conductivity increased and
activation energies decreased with increase of Fe,O; con-
tent at all frequencies. Based on these results it is concluded
that iron ions, enhances the electronic motion. The fre-
quency dependent conductivity has been explained by cor-
related barrier hopping model as the frequency exponent,
s values due to CBH model agreed with the experimental
values of s. Both ¢ and tan ¢ increased with increase in
temperature and Fe,O3 concentration.
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