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Semiconducting oxide glasses of compositions xFe,05.(40-x)PbO.60B,0; have been prepared by the standard melt-
quenching technique over the range 0 <x <20) (x is in mol%). The amorphous nature of the samples was ascertained using
X-ray diffraction patterns. The structural changes in these glasses have been investigated by IR spectroscopy. The values of
characteristic glass transition temperature (7,) have been found from differential scanning calorimetry (DSC) traces and
corresponding specific heat capacity (C;,) was also estimated. It is found that the density of these glasses decreases but glass
transition temperature increases as Fe,O; content is increased. The change in both the density and molar volume was
discussed in terms of the structural modifications that take place in the glass matrix upon replacing PbO by Fe,O; The dc
conductivity of these samples was measured in the temperature range 473-623 K. In this temperature range, the dc
conductivity increases from 10~ to 10* S/m with increasing Fe,O; content due to electron hopping from Fe(II) to Fe(III)
ions. The values of the theoretical optical basicity of these glasses have also been determined.
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1 Introduction

Oxide glasses containing transition metal ions show
interesting electrical properties arising from the fact
that transition metal ion can exist in more than one
valence states in glasses'. Some of the transition
metals that fulfill this condition are Ti, V, Cr, Fe, Co,
Ni and W. The conductivity, in general, is controlled
with the hopping of small polarons or electrons
between the localized states®. Lead oxide (PbO) is
unique in its influence on the structure of glasses.
When PbO is added to network forming oxide
glasses™, it acts both as a network modifier and
network former depending upon its concentration in
the glass. Unconventional novel oxide glasses based
on PbO have recently been attractive materials of
research as heavy metal oxide glasses (HMO),
nonlinear optical materials and as glass ceramic
superconductor  materials®®.  Such interesting
properties of these glasses are mainly due to the high
polarizability and the relatively low field strengths of
Pb cations as compared to other conventional glass
formers such as SiO, and GeO,. The broad infrared
transmission is a consequence of the small field
strengths and relatively large masses of the
components of the glasses containing heavy metal
oxide”'® such as PbO. B,O; is one of the most
common glass former. According to Krogh-Moe'", the
structure of vitreous B,0; consists of a random

network of boroxol rings and BO; triangles connected
by B-O-B linkages. Mozzi and Warren'? found that
the addition of other oxides causes a progressive
change of the boron atom of coordination number
from 3 to 4 and results in the formation of various
cyclic units like diborate, triborate or tetraborate
groups. At low modifier content, the BO, units are
grouped to form tetraborate units. By increasing the
content of other oxides in borate glasses, the BO,
unites are predominantly associated with diborate
groups. At higher concentration of the modifier, the
formation of BOj; units with non-bridging atoms is
reported"”. It was found in earlier studies that it acts as
network modifier as well as a network former'*".
Glasses containing Fe’* ions are found to have a high
electrical conductivity at room temperature and these
glasses may find useful applications as a sensor in
magneto resistance effect. In the conduction of these
glasses, a valence change, Fe** —Fe®* + e takes place
between two Fe ions in the glass. Hence, it was
expected that when the iron oxide glasses were melted
with reducing materials like Pb, redox reaction in the
glass melt produces glasses with relatively high
content of Fe** jon, which may have high conductivity
if the activation energy of these glasses does not
change. It has been reported that Fe** ion can only be
sixfold coordinated in glasses'®, therefore, acting as a
modifier, while Fe®" ion exists in both tetrahedral and
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octahedral environments. Further, the valency of the
Fe ions determines the covalency of the Fe-O bond
and reflects the effect of the ionic radius of the Fe
atom on the Fe-O bond length. Thus, both the
coordination geometry and the valency of the Fe ion
determine its structural role. On the other hand, the
high polarizability of the Pb** ion has an essential
effect on the glass forming ability of the Pb atom. It
has been reported that in Pb-silicate glasses, PbO
plays the role of glass modifier'” when the PbO
concentration is below 40%, while for higher PbO
concentration it acts as a glass former. The
conductivity of borate glasses containing sufficient
amount of a transition metal oxide, such as Fe,Os, is
mainly carried out by polarons'™'. During
preparation of such glasses some Fe’* ions are
reduced to Fe** ones. The electron transfer could be
ascribed as a small polaron hopping process from Fe**
to Fe’* ions. The electrical properties of these glasses
show a semiconducting behaviour and depend greatly
on the type and concentration of the transition metal
oxide as well as on the type of the host glass matrix.
The characteristics features of the polaronic hopping
conduction in Fe,03;-PbO-B,0; glasses, in which the
formation of non-bridging oxygen ions is expected,
have been studied. In the present work, lead borate
glasses doped with Fe,Os have been prepared in order
to study the effect of Fe,O; on the several physical
properties such as glass transition temperature (75),
density and molar volume, IR spectra and the dc
electrical conductivity mean spacing (R) and polaron
radius (7).

2 Experimental Details

xFe;0;.(40-x)PbO.60B,0; (0 < x < 20) glasses have
been prepared from analytical reagent grade
chemicals Fe,O;, PbO and H3;BO; The mixture of
these chemicals was melted in porcelain crucibles by
putting it in an electrical muffle furnace at about
1473 K in air for about 30 min. The melt was swirled
frequently to assure homogeneity. The melt was then
quickly poured onto a stainless steal plate and pressed
with another stainless plate to get the coin shaped
samples of 1-2 mm thickness. Thus, the glasses
obtained were apparently homogeneous and partially
transparent. X-ray diffraction (XRD) patterns of the
glass samples were recorded using Rigaku X-ray
diffractometer. Differential Scanning Calorimetry
(DSC) of the samples was performed using a TA
DSC-Q10 model with the heating rate of 10°C/min.
The density of these glasses was measured at room
temperature using Archimedes’s principle with xylene

as the immersion liquid. The molar volume was
estimated using the relation V,=M/d, where d is the
density and M is the molecular weight of the
multicomponent system which is determined as:

M= XFeZO3 ZFeZO3 + XPbOZPbO+ XB203 ZB203

where the Xp o, Xpo and Xy, are the mole

fraction of constituent oxides i.e. the proportion of
oxide atoms that contribute to the glass system and
Zye 0, Zro and Zg  are the molecular weights of

the different oxides. The theoretical optical basicity
(Ay) of the given glasses has been calculated using
the following relation:

Ap= XFe2O3 A(F6203)+XpboA(PbO)+ AXE,‘ZO3 A(B203)

where A(Fe,03), A(PbO) and A(B,0;) are the optical
basicity values assigned to the constituents oxides.
Here the values of A(Fe,O3) =1.02, A(PbO) = 1.18
and A(B,0;) = 0.425 have been taken from the
literature. The IR transmission spectra of these glasses
in KBr pellets were recorded using Perkin Elmer
Spectrophotometer in the wave number range 600-
1600 cm™". The concentration of Fe ion, N (cm™), was
estimated® using the equation N = (dPN,)/(Aw.100)
where d is the density of the glass sample, P the
weight percentage of atoms, N, the Avogadro
constant and Ay the atomic weight. The mean spacing
(R) between Fe ions was determined” using the
relation R = (N4n/3)™"”. The polaron radius for a non-
dispersive system” is calculated by the relation Ip =
1/2 (1/6)"” R. Further, the density of states at Fermi
level N(EF) is calculated in terms of activation energy
(W) as given20 by the equation N(EF) =3/(4nR*W). To
measure the dc conductivity, samples in the form of
slices of nearly lmm uniform thickness were ground
and polished to obtain parallel surfaces and these
parallel surfaces of annealed samples were coated
with colloidal silver paint as an electrode material
were used to measure dc conductivity in the
temperature range 473-623 K. Before measuring the
dc conductivity, each sample was annealed at 473 K
for 2 h. Further, a constant voltage of 50 V was
applied across the sample and the circulating current
was measured by using a Keithley 6485 picoammeter.
To minimize the polarization effects, current was
passed only for a short period (less than 30 s at a
time).
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3 Results and Discussion

3.1 X-ray diffraction

XRD patterns are found to be similar for all the
samples have been taken which are found to be
similar and the typical XRD patterns for x = 0 and
x = 20 are shown in Fig. 1. Perusal of Fig. 1 shows
two broad humps only suggesting thereby the glassy
nature of synthesized samples with no traces of
crystalloid. The study indicates that all the added
amount of Fe,0; (at least up to x = 20) has entered the
glass network.

3.2 Differential scanning calorimetry (DSC)

DSC traces were taken for all the samples at a
heating rate of 10°C/min. The glass transition
temperature (7T,) and specific heat (C,) of the present
glasses were determined by these DSC traces. The
softening of the glass structure occurs at glass
transition temperature (7). DSC helps to determine
the glass characteristics temperature, such as glass
transition temperature (7,), onset crystallization
temperature (7y) and liquids temperature (77). These
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Fig. 1 — XRD patterns of two samples of the present glasses

thermal parameters are important for a qualitative
estimation of the thermal stability and forming ability
of glasses”’. The observed values of T, are presented
in Table 1. The composition dependence of glass
transition temperature of the present glasses is shown
in Fig. 2. Both T, as well as C; increase with increase
in Fe,O3; content and this is consistent with network
strengthening. It is known that addition of Fe,O; can
also improve durability very markedly*>*. Because
this oxide can act both as an intermediate and a glass
modifying oxide and can be present in both the Fe®*
and Fe’* states in the glass network. The replacing of
B-O-B bonds by more durable B-O-Fe** or B-O-Fe**
bonds with increasing Fe,O; content, Fe** ions
provide the greatest durability and also increase in 7.

3.3 Density and molar volume

The measured values for all the samples are
presented in Tablel and the composition dependence
of the density of these glasses is shown in Fig.3. Fig.3
shows that the glass density (d) decreases with
increase of Fe,O; concentration in the glass. This
indicates that the glass structure becomes less tightly
packed with increasing Fe,O3 concentration.

The molar volume of the glass systems, changes
with Fe,O; content in a specific manner as shown in
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Fig. 2 — Variation of T, with Fe,O3 (mol%) content of
the present glasses

Table 1 — Glass transition temperature (7,), specific heat (C,,), density (), molar volume (Vy), Fe-ion concentration (N),
mean spacing (R) and polaron radius (r,) of xFe,05.(40-x)PbO.60B,05 glasses

X T, C, d

(mol %) X) (/g.°C) (g/em’)
0 737 0.638 4.98
4 741 0.652 4.45
8 744 0.879 4.26
12 761 0.904 4.17
16 768 0.934 4.04

20 777 1.129 3.94

VM R N rp
(cm®/mol) (1078 cm) 10*' em™ (1078 cm)
26.32 0.0 0.0 0.0
28.88 5.6 2.14 2.26
29.57 4.4 3.74 1.77
29.60 3.8 5.52 1.53
29.92 3.3 7.32 1.33
30.03 3.1 9.07 1.25




208 INDIAN J PURE & APPL PHYS, VOL 48, MARCH 2010

Fig. 3. It increases with increasing Fe,O; content. The
change in molar volume depends on the rate of
change of both density as well as molecular weight.
The density and molar volume values indicate that
Fe,O5 in these glasses is acting partly as network
modifier and partly as network former.

3.4 Theoretical optical basicity

The theoretical optical basicity (Ay) of the
xFe;0;.(40-x)Pb0O.60B,0; (0 < x < 20) glasses has
been calculated using the following relation™.

Ath = )(1;6203 A(F6203)+Xpb0 A(Pb0)+ XB203 A(BzOg)
(D

here A(Fe,03), A(PbO) and A(B,Os;) are the optical
basicity values assigned to the constituents oxides and
Xte0,> Xpvo and Xy -, respectively which are the

equivalent fractions of the different oxides i.e. the
proportion of oxide atoms that contributes to the glass
system. Here the values of A(Fe,03) =1.02, A(PbO) =
1.18 and A(B,0O3) = 0.425 have been taken from the
literature™. The calculated values of Ay, of the given
glasses are presented in Table 2. In general, the
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Fig. 3 — Variation of density and molar volume with Fe,O;
(mol%) content of the present glasses

optical basicity is nothing but the basicity of a glass in
terms of electron density carried by oxygen.
Many physical and chemical properties of oxidic
media in the molten state have been related to the
basicity. From Table 2, it is found that the optical
basicity increases with increase in Fe,O; content.
This is explained more clearly according to the
relation’;

A= 1.67[1=(1/0?)] .2

here oy’ is the oxide ion polarizability. From Eq. (2),
it is clear that the basicity increases with decrease in
polarizability. Moreover, B,O; possesses a low oxide
ion polarizability, high O1s binding energy and hence
low optical basicity.

3.51IR spectra

Figure 4 shows the IR spectra of lead-borate
glasses containing iron as a function of Fe,0O;
compositions. The IR spectra of borate glasses occurs
mainly in three regions: the absorption bands between
1200-1600 cm™ which arise from borate units in
which boron is connected to three oxygen atoms (both
bridging and non-bridging types), second bands are
those which lies between 800-1100 cm™ which is due
to boron in tetrahedral oxygen coordination and third
absorption bands in the range 650-750 cm™" are due to
the manifestation of B-O-B bending. Perusal of Fig. 4
shows that all glass samples show great similarity in
general shape of their absorption spectra. In the
present glass system, a broad band at 800-1100 cm™'
is found in each glass, due to stretching vibration of
BO, tetrahedron®’ . Also another broadband in the
range 1200-1600 cm™ is found in each glass which is
due to the stretching vibration of B-® (® represents
non-bridging oxygen) bonds in borate triangular units.
A broad band in the region 650-750 cm™' is also
found in each sample due to the bending of B-O
linkages.

Table 2 — dc conductivity (o) at two different temperatures, log G, activation energy (W), density of states N(Eg) and theoretical optical
basicity (Ay,) of xFe,05.(40-x). Pb0O.60B,0; glasses

x logoy G373 G473 14 N(Ep) An
(mol%) (S/m) (S/m) (S/m) eV) 10* eV em™)

0 5.21 1.92x107° 1.30x107® 0.33 0.0 0.563
4 3.65 5.67x107° 7.47x1078 0.43 3.16 0.576
8 1.49 1.41x107% 4.20x107° 0.85 3.30 0.588
12 2.44 3.17x1077 4.52x107° 0.84 5.18 0.600
16 2.80 7.82x1077 1.11x10™ 0.84 7.91 0.610
20 3.03 9.83x107’ 1.52x107* 0.84 9.55 0.620
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Fig. 4 — IR spectra of the present glasses

3.6 Electrical conductivity

Figure 5 shows the temperature dependence of dc
conductivity of the xFe,05.(40-x)PbO.60B,0; glasses.
The linear relationship between the logarithm of the
dc conductivity (log o, ¢ measured in S/m) and
inverse of temperature (1000/7, T measured in K)
with a negative slope indicates that temperature
dependence of the dc conductivity follows in the
studied temperature range, the well-known Arrhenius
law given by the following equation:

6 = cpexp (—W/kT) ...(3)

where o, is the pre-exponential factor, k the
Boltzmann constant and W is the activation energy for
conduction. The values of the dc conductivity at 473
and 623 K and the calculated values of W and logo,
are presented in Table 2. Perusal of the data presented
in this Table 2 and Fig. 5, shows that dc conductivity
increases with rise in temperature. Further, it is
observed that dc conductivity increases with increase
in Fe,O5: PbO ratio keeping B,O; constant for all
compositions whereas the activation energy first
increases from x=0 to x= 8 and thereafter, becomes
constant. The transport of electrons in the transition
metal oxide glasses (TMO) is usually termed as small
polaron hopping between Fe ions under different
valence states. In the present glasses, it is expected
that the dc conductivity may have contribution in the

-3
18 *x0 ox8 mx=16
lalre,, AX4 ax=12 0x20
5 1 baa ity
: A, t
o . A t
g * o o 4, N ] 2 :
(7)) -6 1 ® e * o L A 1
\g e o s . A A
_8’ -7 1 A A 4 A4, AN L4 [ ] -
[ ]
84 ** e 04, A Loa A .,
.
¢ o
-9 - ¢
'10 T T T T T
1.58 1.68 1.78 1.88 1.98 2.08
10%T (1/K)

Fig. 5 — Variation of log & versus 10° T™" of the present glasses

form of electronic conductivity due to electron
hopping from the lower valence state to the higher
valence state’. In Fe,0;-PbO-B,0; glasses, both
Fe,O; [Ref. 32] and PbO [Refs 33, 34] enter the
structure in two forms: as a network former and/or a
network modifier. It is well known that Fe,Os acts as
a glass modifier at low concentrations while at higher
concentration it acts partially as a network former™.
The average distance R between Fe** and Fe'" ions is
calculated from the relation:

R = (N4w/3)"" ..(4)

where N is the concentration of iron ions per unit
volume, which can be calculated from batch
composition and the measured density. The calculated
average distance R is shown in Table 1. It is obvious
that increasing Fe,O; concentration causes a decrease
in the distance between the iron ions. Next, using the
average distance values R, as given in Tablel, the
polaron radius r, may be calculated using the
formula™®:

r,=1/2 (m/6)"” R ...(5)

where r, was found to be between 2.26x107* cm and
1.25x107® cm and are presented in Tablel. Moreover,
W is expressed in terms of density of states at Fermi
level N (Ep) as follows®"®:

N (Ep) = 3/(4nR* W) ...(6)

The value of N (Ef) so obtained lies in the range
3.16x1072'-9.55x107*! eV~ cm™ as presented in Table
1 with the estimated W and R-values. The values of N
(EF) are reasonable for localized states. The density of
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Fig. 6 — Variation of logc at two different temperatures versus W
of the given glasses

states at Fermi level increases with increasing Fe,O3
content. The nature of polaron hopping mechanisms
(adiabatic or non-adiabatic) of these glasses could be
estimated by various experimental aspects. If graph is
plotted between logarithm of conductivity at a given
experimental temperature and the activation energy
and if it is linear, hopping is adiabatic®®*’. If there is
any deviation of linearity (non-linear), the hopping is
supposed to be non- adiabatic*' ™. Such plots of logo
versus activation energy at a given experimental
temperature are obtained for all these glasses as
shown in Fig. 6. These plots deviate considerably
from the straight-line pattern indicating a
non-adiabatic hopping mechanism (Fig. 6).

4 Conclusions

The semiconducting behaviour of the present
glasses was understood by hopping of small polaron
between Fe ions under different valence states. XRD
pattern indicates that the given glasses are amorphous
in nature. The characteristic glass transition
temperature (7,) increases but density decreases with
increasing F,O; content. The change in both the
density and molar volume is correlated with the
structural modifications that take place in the glass
matrix upon replacing PbO by Fe,O; The IR spectra
exhibit  the  characteristics  bands  features
corresponding to B-O-B and BO™ vibrations. The dc
conductivity increases with increase in the ratio of
Fe,0;:PbO whereas activation energy first increases
up to x= 8 and thereafter, becomes constant in xFe,Os.
(40-x) Pb0O.60B,0; glasses, which is possible due to
the increasing contribution of the -electronic
conductivity. The conduction of the present glasses
was confirmed to be a non-adiabatic hopping of small

polaron between Fe’* and Fe’ ions in the glass
network. The theoretical optical basicity increase with
increasing in Fe,O; content.
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