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Abstract

Semiconducting oxide glasses of the system Fe2O3–Bi2O3–Na2B4O7 were prepared by a press-quenching method.

Their DC conductivity was measured in the temperature range of 300–473K. In this temperature range, the DC

conductivity increased from 10�9 to 10�5 Scm�1 with increasing Fe2O3 concentration. Bi2O3 acted as a reducing agent

for redox reaction during glass synthesis and affected the conductivity. Mössbauer results revealed that the relative

fraction of Fe2+ increases with an increasing Fe2O3 concentration. The conduction mechanism was found to obey the

non-adiabatic small polaron hopping model, and was mainly due to hopping between Fe-ions in the glasses. The small

polaron coupling gp was calculated and found to be in the range of 17.06–26.25. For varying glass compositions,

hopping mobility and carrier density were calculated and their values were in the range of 3.66� 10�8–8.17� 10�5

cm2V�1s�1 and 1.29� 1017–5.04� 1018 cm�3 at 400K, respectively.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

During the last two decades, many binary and
ternary transition metal oxide (TMO) glasses have
been studied because of their interesting semicon-
ducting properties. Semiconducting behavior in
e front matter r 2005 Elsevier B.V. All rights reserve
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these glasses is due to the hopping of ‘polarons’
from the higher to the lower valence states of the
transition metal ions [1–4]. Strong electron–pho-
non interaction is considered to be responsible for
the formation of small polarons in these glasses [5].
The data of the temperature dependence of
conductivity in these TMO glassy systems, like
NiO–V2O5–TeO2 [6], BaO–CaO–Fe2O3–P2O5 [7],
V2O5–P2O5 [8], V2O5–Bi2O3–BaTiO3 [9], V2O5–
MnO–TeO2 [10] V2O5–SnO–TeO2 [11], Fe2O3–
V2O5–P2O5 [12], V2O5–Sb2O3–TeO2 [13], etc., were
d.
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explained by using the ‘small polaron’ hopping
(SPH) model based on the strong electron–lattice
interaction in the high temperature regime (above
the Debye temperature) [14,15].

It was reported that it is possible to form a glass
using Fe2O3 ions with a concentration ranging
between 15 and 20mol% [16]. Therefore, it sounds
relatively difficult to prepare a glass using high
concentration of Fe2O3 ions. In our endeavor to
obtain Fe-ion-containing-glasses of high conduc-
tivity, we were interested in the Fe2O3–Bi2O3–Na2-
B4O7 system. This is because its glass formation
region and its maximum range of Fe2O3 concen-
tration were expected to expand further, consider-
ing that B2O3 is a good glass network former and
Bi2O3-containing-glasses could be formed without
other conventional network formers by rapid
quenching [2,3,17].

In this study, Fe2O3–Bi2O3–Na2B4O7 glasses
were prepared by the press quenching technique,
and the DC conductivity was measured to
elucidate the conduction mechanism.
2. Experimental

Glass samples were prepared from the reagent
grade chemicals Fe2O3 (99.9), Bi2O3 (99.9) and
Na2B4O7 (99%). The chemicals in appropriate
properties (Table 1) were mixed uniformly. The
mixture was melted in the temperature range of
1150–12201C depending on the compositions for
1 h. The melt was press-quenched between two
copper blocks. Glass samples of about 1mm thick
and with an area of 4 cm2 were prepared. X-ray
diffraction (XRD) of the samples wrerecorded
using a XRD – 6000 Shimadzo. The thermal
Table 1

Chemical composition and physical properties of Fe2O3–Bi2O3–Na2B

Glass no. Composition (mol%) W

Fe2O3 Bi2O3 Na2B4O7 (eV

1 5 20 75 0.89

2 10 15 75 0.83

3 15 10 75 0.78

5 20 5 75 0.62
behavior was investigated using a Shimadzu DSC-
50 differential scanning calorimeter (DSC). The
densities of the samples were estimated using
Archimedes principle with acetone as an immer-
sion liquid. The concentration of iron ion,
N(cm�3), was calculated using the formula:
N ¼ dpNA=ðAw � 100Þ, where d is the density of
the sample, p the weight percentage of atoms, NA

the Avogadro’s constant and Aw the atomic
weight. The Fe2+/(Fe2+ +Fe3+) ratio (C) was
determined by Mössbauer spectral analysis at
room temperature in a transition geometry em-
ploying 57Co in a rhodium matrix as the radio-
active source. The results obtained were analyzed
using a computer program based on the Lorentz-
ing distribution. Electrical measurements were
carried out using a Keithly electrometer (Model
485). Silver paste electrodes were deposited on
both faces of the polished samples. The absence of
barrier layers at the contacts was confirmed by
linear I–V characteristics. The DC conductivity of
the as–quenched glasses was measured at tempera-
tures between 300 and 473K.
3. Results and discussion

3.1. Characterization

From the XRD studies it is observed that
homogenous glasses were formed for Fe2O3

concentration between 5 and 20mol%. The
XRD patterns of present glasses, which is shown
in Fig. 1, indicate a glassy behavior with a broad
hump at about 2y ¼ 301. No peak corresponding
to Fe2O3 is observed, which indicates that Fe2O3

has completely entered the glass matrix.
4O7 glasses

d R Tg ln s(400K)

) (gcm�3) (nm) (K) (Sm�1)

3.757 0.394 677.2 �7.53

3.706 0.388 678.6 �6.94

3.638 0.382 680.5 �6.44

3.587 0.375 682.7 �5.77
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Fig. 1. XRD for different glass compositions.
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Fig. 2. Temperature dependence of DC conductivity, s, for

different glass compositions. The solid lines are calculated by

using the least-squares technique.
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Fig. 3. Effect of Fe2O3 concentration on DC conductivity, s, at
T ¼ 443K and activation energy W, for different glass

compositions .
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The glass transition temperature (Tg) of the
present glasses was determined by DSC with a
heating rate of 10 1Cmin�1 (Table 1). A relatively
small change of Tg (677.2–682.7K) was observed
due to an increase in Fe2O3 concentration in the
Bi2O3 sites [16,18]. This indicates that when Fe2O3

is substituted for Bi2O3, the Fe–O–Bi and Bi–O–Bi
bonds are broken and new bonds such as the
Fe–O–Fe bonds are probably formed. This leads
to an increase of Fe2O3 concentration in the
glasses, which causes an increase in their electrical
conductivity and thermal stability [18].

Table 1 shows that the glass density (d)
decreases with the increase of Fe2O3 concentration
in the glass. This indicates that the glass structure
becomes less tightly packed with increasing Fe2O3

concentration. These trends can be explained
rather simply as the replacement of heavier cation
( Bi) by lighter one (Fe) [18,19].

3.2. Electrical conductivity

Fig. 2 shows the variation of the logarithm of
DC conductivity of Fe2O3–Bi2O3–Na2B4O7 glasses
as a function of inverse temperature (T). As shown
in Fig. 3, the conductivity of the glasses increases,
while the activation energy decreases with increas-
ing Fe2O3 concentration in the glass. This is
consistent with the behavior of many other TMO
glasses [3–8], where electrical conduction arises
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from the hopping of electrons or polarons between
mixed valence states [17,19]. At high temperatures
(T4yD=2, where yD is the Debye temperature),
the conductivity data of the present glasses can be
interpreted in terms of the phonon-assisted hop-
ping model given by Mott and Davis [20], namely

s ¼ ðso=TÞ exp ð�W=kT Þ, (1)

where so ¼ no Ne2R2 C(1�C) exp (�2 a R)/kT, no
is the longitudinal optical phonon frequency, R is
the average distance between the transition metal
ion (TMI)), a is the inverse localization length of
the s-like wave function assumed to describe the
localized state at each site, C ( ¼ Fe2+/SFe) is the
fraction sites occupied by an electron (or polaron)
and therefore is the TMI concentration in the low
valence state to the total TM ion concentration,
and W is the activation energy of the hopping
conduction. There is no exact formula to deter-
mine C for TMO glasses with transition metal ion.
Therefore, used the value of C as shown in
Table 1, which was estimated from the Mössbauer
spectral. Those values have the same order of
magnitude as compared with Fe2O3 doped Bi2O3–
B2O3 glasses [18]. The experimental data of
conductivity, above a typical temperature yD/2
(where non–linear behavior is observed as shown
in Fig. 2), are fitted with Eq. (1) by the least-
squared method. The best fit parameters are
shown in Tables 1 and 2. The small polaron
hopping model predicts an appreciable departure
from the linear curve of log s against 1/T at
temperature yD/2.

Assuming a strong electron-phonon interaction,
Austin and Mott showed that [21]

W ¼ WH þ WD=2 forT4yD=2;

¼ WD forToyD=4;
(2)
Table 2

Polaron hopping parameters of Fe2O3–Bi2O3–Na2B4O7 glasses

Glass no. yD (K) no (� 1013 s�1) WH (eV) rP

1 752 1.566 0.86 0.

2 766 1.595 0.81 0.

3 786 1.637 0.75 0.

4 816 1.699 0.60 0.
where WH is the polaron hopping energy, and WD

is the disorder energy arising from the energy
difference of the neighbors between two hopping
sites.
The increase in DC conductivity with increasing

Fe2O3 concentration, as indicated in Fig. 2,
is attributed to the decrease in the average distance
R between Fe2+ and Fe3+ ions. It has been pre-
viously reported [3,4,18] that in Fe2O3-doped
Bi2O3–B2O3 the DC conductivity is electronic
and strongly depends on the average distance R.
The average distance R is calculated from

R ¼ ð1=NÞ
1=3, (3)

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 Fe2O3

concentration cause a decrease in the distance
between the iron ions. Assuming that the con-
ductivity is due to electron hopping from Fe2+ to
Fe3+, then decreasing R from 0.394 to 0.375 nm, it
is reasonable to expect an increase in DC
conductivity. At the same time, the activation
energy appears to increase with increasing distance
between the iron ions. This result suggests that the
DC conductivity is controlled by electron hopping,
and depends on the distance R [2,3,6,7].
The values of the activation energy and the

average distance R are illustrated in Table 1. In the
range of measurements, W depends on the site-to-
site distance R. This result shows that there is a
prominent positive correlation between W and R

of transition metal ions. This agrees with the
results suggested by Sayer and Mansingh [22],
Killias [23], Austin and Garbert [24], delineated
(nm) ep N(EF) (� 1021 eV�1 cm�3) gp

159 22.49 4.538 26.25

156 24.18 5.046 24.52

154 26.58 5.710 22.13

151 33.86 7.545 17.06
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the dependence of W on the Fe–O–Fe site
distance.

Fig. 4 shows the electrical conductivity, s, and
the fraction of reduced transition metal ion C, as a
function of Fe2O3 concentration in the present
glasses. Fig. 4 shows that the electrical conductiv-
ity, s, for the present glasses, is within an order of
magnitude of that of iron borate glasses [2,3,18].
Since the electrical conduction in iron borate
glasses is assumed to be due to electron hopping
from Fe2+ to Fe3+ sites [18]. Also, it is clear that
C increases with increasing Fe2O3 concentration; a
similar behavior is shown for the electrical
conductivity results. This indicates that the me-
chanism of electrical conductivity of present glass
samples were understood by SPH between iron
ions under different valance states [6,7].

The optical phonon frequency no, in Eq. (1), was
estimated using the experimental data from Table
1, and according to the formula kyD ¼ hno (where
h is Plank’s constant) [3,23]. To determine no for
all different compositions, the Debye temperature
yD was estimated by T4yD=2 (Eq. (2)). yD of the
present glasses was obtained to be in the range of
752–816K, which are nearly the same values as
that of V2O5–P2O5 [25] and alkaline silicate glasses
[26]. Thus, these estimated yD values are physically
reasonable. The calculated values of yD and no are
summarized in Tables 1 and 2.
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Fig. 4. The DC conductivity, s, at 343K and TM ion ratio, C,

for different glass compositions.
Moreover, W is expressed in terms of the density
of states at Fermi level N(EF) as follows [20]:

NðEFÞ ¼ 3=4pR3W (4)

we obtained N(EF) ¼ 4.538� 1021–7.545�
1021 eV�1 cm�3, as shown in Table 2 with the
estimated W and R values (Table 1). The values of
N(EF) are reasonable for a localized states.
The nature of polaron hopping mechanism

(adiabatic or non-adiabatic), of all these glasses,
can be estimated from a plot of logarithm of the
conductivity against activation energy at fixed
experimental temperature T [5,15]. It is expected
that the hopping will be in the adiabatic regime if
the temperature estimated Te, from the slope of
such a plot, is close to the experimental tempera-
ture T. Otherwise the hopping will be in the non-
adiabatic regime. In this way, hopping at higher
temperatures is inferred to be in the adiabatic
regime for the vanadate glasses with conventional
glass formers [6]. From the plot of log s against W

for the present glasses (Fig. 5), the estimated
temperatures (shown within parenthesis) obtained
from the slopes, are quite different from the
experimental temperature (shown outside the
parenthesis). Fig. 6 presents the effect of Fe2O3

concentration on the pre-exponential factors
obtained from the least squares straight line fits
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Fig. 5. Effect of activation energy W, on DC conductivity, s, at
T ¼ 443K for different glass compositions.
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of the data so. The figure indicates a decrease in so
with Fe2O3 concentration from 5 to 20mol%.
From the above results, we conclude that the
conduction mechanism in the present glasses is due
to non-adiabatic hopping of the polarons [5,15].
This non-adiabatic conduction mechanism is
further confirmed from the calculation of the
polaron bandwidth (J) from the following relation
[27]:

and

J4
2kTWH

p

� �1=4
hvo

p

� �1=2

ðadiabaticÞ

Jo
2kTWH

p

� �1=4
hvo

p

� �1=2

ðnon-adiabaticÞ;

(5)

where J is the polaron bandwidth related to the
electron wave function overlap on the adjacent
sites. The 4 and o are for adiabatic and non-
adiabatic hopping, respectively. The values of
(2kTWH/p)

1/4 (huo/p)
//2 varies from 0.0507 to

.0533 eV at 400K for all glassy compositions.
The values of J, independently estimated from the
relation; J ¼ e3½NðEFÞ�3p�

1=2, are found to be in the
range of 0.022–0.035 eV depending on the con-
centration (Fe2O3 ¼ 5–20mol%). These values of
J are much smaller than those estimated from the
right-hand side of Eq. (5) confirming non-adia-
batic hopping conduction for these glasses.
Next, using the average distance values R, given

in (Table 1), polaron radius rp can be calculated
using the formula [28]

rp ¼
p
6

� �1=3 R

2
, (6)

where rp was found to be between 0.151 and
0.159 nm (Table 2) for values of R ranging between
0.375 and 0.394 nm (Table 1). The polaron
hopping energy given by WH ¼ Wp/2 is expressed
by Sayer et al. [29]

WH ¼ Wp=2 ¼
e2

4�p

� �
1

rp
�

1

R

� �
, (7)

where 1/eP ¼ 1/eN�1/eo, and eo and eN are the
static and high-frequency dielectric constant of the
glass respectively, and eP the effective dielectric
constant. The values of rp, , eP and WH are given in
Table 2.
The values of small polaron coupling constant

gp, which is a measure of electron–phonon inter-
action, is given by the formula gP ¼ 2WH=hno
were also evaluated for the present glasses [15].
The estimated value of gp is in the range of
17.06–26.25 (Table 2), which is larger than those
for V2O5–Bi2O3 glasses doped with BaTiO3

(7.05–7.60) [30,31]. Such large values give an
indication of a strong electron phonon interaction
of the present glasses [6,7,15].
Finally, the hopping carrier mobility m is

expressed for non-adiabatic hopping conduction
as [15],

m ¼
eR2

kT

� �
1

_

� �
p

4WHkT

� �1=2

J2 expð�W=kTÞ,

(8)

where m values were calculated for T ¼ 400K with
the data of W, R, J and WH given in Tables 1 and
2. The hopping carrier concentration Nc, is then
obtained using the well–known formula s ¼ eNcm.
Table 3 show these results, which indicate that m
values increase with increasing Fe2O3 concentra-
tion. m values were evaluated to be between
8.17� 10�5 and 3.66� 10�8 cm2V�1 s�1 and Nc

values between 1.29� 1017 and 5.04� 1018 cm�3,
being in the same order as those for NiO–V2O5–
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Table 3

Hopping carrier mobility, m, and carrier density, Nc, of

Fe2O3–Bi2O3–Na2B4O7 glasses

Glass no. m (cm2V�1 s�1) (400K) Nc (cm
�3) (400K)

1 3.66� 10�8 5.04� 1018

2 1.99� 10�7 3.60� 1018

3 8.25� 10�7 2.74� 1018

4 8.17� 10�5 1.29� 1017
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TeO2 glasses [6]. Because the localization condi-
tion for hopping electrons was given by
m50.01 cm2V�1 s�1[15], these small m values
confirmed that hopping electrons in the present
glasses are localized mainly at iron sites, corre-
sponding to the strong electron–lattice interacting
the large gP [6].
4. Conclusions

Glasses in the system Fe2O3–Bi2O3–Na2B4O7

were prepared using the press-quenching technique
from the glasses melts and the DC conductivity
was investigated. The conduction of the present
glasses was confirmed to be due to primarily non-
adiabatic hopping between Fe2+ and Fe3+ ions in
the glass network. The small polaron coupling gp
was large (17.06–26.25). The estimated hopping
mobility was in the range of 3.66� 10�8–8.17�
10�5 cm2V�1 s�1. The carrier density was estimated
to be between 1.29� 1017 and 5.04� 1018 cm�3 at
400K. The principal factor determining conduc-
tivity was the polaron hopping mobility in these
glasses.
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