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The ac conductivity and electric modulus formalism of bismuth silicate glasses containing manganese with com-
positions xMnO2·(60 − x)Bi2O3·40SiO2, (x = 0, 5, 10, 15 and 20) have been studied in the frequency range
10−1 Hz to 1 MHz and temperature range 583 K to 703 K. The ac conductivity is found to increase with an in-
crease inMnO2 content. The frequency dependent conductivity formanganese doped bismuth silicate glassy sys-
tem shows a single plateau for sampleswith x=0 and 5, but for glasses with x=10, 15 and 20, the temperature
and frequency dependent conductivity shows a double plateau in the whole temperature range 583 K to 703 K.
The observed dispersive behavior of ac conductivity of bismuth silicate glasses containing manganese is
discussed in the framework of Jonscher's universal power law fitted to the experimental data of samples showing
single as well as two plateau regions. The results show that the ac conductivity increaseswith the increase in the
frequency of applied field. Further, it is observed that small polaron conduction mechanism is more or less suit-
able to explain the conduction in the present glass samples with x=10, 15 and 20 in the high frequency region.
However, the temperature dependent behavior of the frequency exponent s for glass samples with x = 0 and 5
seems to follow CBH conduction mechanism. The electrical relaxation is rationalized using the electric modulus
formulation in the presently studied glasses at all the temperatures. The values of activation energy for dc con-
duction (EA) and electric modulus (ER) were estimated. For glass sample with x=0 and 5, the activation energy
associatedwith electricmodulus is almost equal to that of the dc conductivity at the low frequency range,where-
as for glass samples with x=10, 15 and 20, the values of ER are equal to the activation energy due to dc conduc-
tion in the high frequency region.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Glasses containing transition metal oxides (TMO) show semicon-
ducting properties due to the presence of more than one valance state
of the transition metal ions [1–9]. These glasses are technologically im-
portant due to their remarkable applications in switching and electro-
chromatic devices, fuel cells, solid state batteries, chemical sensors,
etc. [10–16]. The charge transport in these glasses is believed to take
place by hopping of electrons from the low valence state to high valence
state of transition metal ions [1,2], for example, in glasses containing
manganese, the electronic conduction occurs due to the hopping of a
3d electron from the Mn2+ to Mn3+ ion. The introduction of TMI, like
manganese, to the bismuth silicate glasses is expected to improve
their electrical and dielectric features. The conductivity of bismuth sili-
cate [17,18] and manganese borate glasses [19,20] has been reported
by many researchers, but there is hardly any report available in litera-
ture on electronic transport ofmanganese bismuth silicate glass system.
The objective of the present study is to analyze a comprehensive

overview of the electrical properties like ac conductivity and dc conduc-
tivity along with electric modulus formulation in manganese modified
bismuth silicate glasses as a function of frequency and temperature.

2. Material and methods

Glass samples having compositions xMnO2·(60 − x)Bi2O3·40SiO2,

(x = 0, 5, 10, 15 and 20) were prepared using standard melt-
quenching technique. The appropriate amounts of these chemicals
were thoroughly mixed in an agate pestle–mortar. Silica crucible con-
taining the mixture was put in an electrically heated muffle furnace
and the temperature was raised slowly to a temperature between
1000 and 1150 °C depending on the composition. The temperature
was maintained for 1 h and the melt was shaken frequently to ensure
proper mixing and homogeneity. The melt was then poured onto a
stainless steel block and was immediately pressed by another similar
block, at room temperature. The amorphous nature of sampleswas con-
firmed by the absence of any sharp peak in the X-ray diffraction (XRD)
patterns of the synthesized glass samples, recorded by using Rigaku
Table-Top X-Ray Diffractometer. The prepared glass samples were cut
into small pieces of rectangular shapes with thickness ~ 1 mm and

Journal of Non-Crystalline Solids 423–424 (2015) 1–8

⁎ Corresponding author.
E-mail address: rajeshpoonia13@gmail.com (R. Punia).

http://dx.doi.org/10.1016/j.jnoncrysol.2015.05.021
0022-3093/© 2015 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Journal of Non-Crystalline Solids

j ourna l homepage: www.e lsev ie r .com/ locate / jnoncryso l

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnoncrysol.2015.05.021&domain=pdf
http://dx.doi.org/10.1016/j.jnoncrysol.2015.05.021
mailto:rajeshpoonia13@gmail.com
http://dx.doi.org/10.1016/j.jnoncrysol.2015.05.021
http://www.sciencedirect.com/science/journal/00223093
www.elsevier.com/ locate/ jnoncrysol


their surfaces were smoothed and polished. For electrical measure-
ments, both sides of the samples were coated with the silver paint so
that they serve as electrodes. Conductivity measurements were carried
out using Alpha-A High Resolution Dielectric, Conductivity, Impedance
and Gain Phase Modular Measurement System (Novo control Technol-
ogies GmbH & Co. KG) in the frequency range of 10−1 Hz to 1 MHz
and temperature ranging from 583 K to 703 K. The fitting of experimen-
tal data was done using linear and non-linear curve fitting modules of
origin Pro 8.6 software and errors in different parameters have been es-
timated by fitting.

3. Results and discussion

3.1. Alternating current (AC) conductivity

The total frequency dependent conductivity (σ′(ω)), of different
glass compositions 40SiO2–(60 − x)Bi2O3–xMnO2 with x = 0, 5, 10,
15 and 20, measured in temperature range 583 K to 703 K and frequen-
cy range 10−1 Hz to 1 MHz, is found to increase with an increase in
MnO2 content. The frequency dependent conductivity of glass samples,
presented in Fig. 1 at any particular temperature (683 K), is character-
ized by two regions: (i) a plateau region and (ii) dispersion region for
glass samples with x = 0 and 5. But for higher manganese content i.e.
x=10, 15 and 20, it shows an additional plateau region at intermediate
frequencies as shown in Fig. 1. The appearance of this additional plateau
occurs not only at 683 K but at all the studied temperatures for glass
samples with x = 10, 15 and 20. The width of the additional plateau is
observed to decrease with increase in MnO2 content. It is not an unex-
pected result in heterogeneous glasses like the present ones, as this sec-
ond plateau is due to the heterogeneity (difference) in conductivities of
manganese and silicate networks. This type of behavior of conductivity
is also reported for other ionic glasses and ceramics having different
phases [21]. Electrical conductivity in the present glasses increases
with the increase in temperature as a result of the increase in drift mo-
bility of the thermally activated charge carriers [22,23].

In general, the ac conductivity of hopping charges for many semi-
conducting amorphous materials exhibit Jonscher's power law [6,24,
25]:

σ 0 ωð Þ ¼ σdc 1þ ω
ωH

� �s� �
ð1Þ

whereσdc is dc conductivity,ωH is crossover frequency separating dc re-
gime (plateau region) from the dispersive conduction and s is frequency
exponent that lies between 0.5 and 1 [25,26]. The experimental data of

glass samples with x = 0 and 5 are observed to obey single Jonscher's
power law at all the temperatures. The typical fitting of Eq. (1) with ex-
perimental data for glass samples with x=5 is shown in Fig. 2. For glass
samples with x=10, 15 and 20, where an additional plateau is also ob-
served at intermediate higher frequencies, the ac conductivity cannot be
accounted for by Eq. (1) only, rather two such formulae have been used
in different frequency regions to explain the presence of two relaxation
mechanisms [27]. The ac conductivity curve is, therefore, bifurcated into
two parts and the experimental data of both parts are independently
fitted with Jonscher's power law. In both regions the experimental
data of conductivity show good fitting with the Eq. (1). Thus single
Jonscher's power law is fitted to the experimental ac conductivity data
of the present oxide glasses in both bifurcated regions of low as well
as high frequencies for glass samples with x = 10 and 15. The values
of σdc,ωH, and s have been obtained for low and high frequency plateau
regions independently, wherever observed.

The fitting of single Jonscher's power lawwith experimental data in
low and high frequency regions for glass samples with x = 10 and 15
were similar and typical curves for a glass sample with x = 10 are
shown in Fig. 3. For experimental data of sample with x = 20, as
shown in Fig. 4, the first plateau does not seem to be complete in the
studied frequency range, rather it appears that might appear at still
lower frequencies and hence for this sample, single Jonscher's power
law was applied for high frequency plateau region. The appearance of
the second plateau in the intermediate/high frequency range in glass
compositions with x = 10, 15 and 20 exhibiting heterogeneous struc-
tures with different phases, may be due to the Maxwell–Wagner effect.
TheMaxwell–Wagner effect is generally observed in the heterogeneous
system where the difference in conductivity of the two phases is very
high [21,28]. In the present system, the MnO2 is added in the bismuth
silicate matrix. Generally, silicate glasses are insulators but MnO2 is
semiconducting and hence there is a large difference of conductivity
in manganese and silicate networks/phases [29,30]. So, the second pla-
teau is observed in the glass sampleswith highermanganese concentra-
tion, wherein MnO2 rich phase is expected to be formed.

If the conduction occurs via a defect mechanism then at a given in-
stant only a fraction (n) of the total charge carriers (N) are mobile,
which is given by [6,31]

n ¼ N exp −Gf

kT

� �
¼ N exp

Sf

k

� �
� exp −Hf

kT

� �
ð2Þ

Fig. 1. Compositional variation of total ac conductivity (σ′(ω)) of xMnO2·
(60 − x)Bi2O3·40SiO2 glass system at 683 K.

Fig. 2. Measured total ac conductivity (σ′(ω)) versus frequency curves for
xMnO2·(60 − x)Bi2O3·40SiO2 with x = 5 at thirteen different temperatures. The
solid lines in the figure are the best fits obtained from fitting of experimental data
with Jonscher's power law.
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