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Abstract The main aim of the present work is to study the
conducting properties of lithium borate glasses with Gd3+

ions. The Gd2O3-containing lithium borate glass system was
prepared by conventional quenching method. The impedance
data of prepared glasses were analysed to get insight of con-
ductivity and conduction process. The conductivity of present
glass system is governed by mobile Li+ ions. Scaling shows
that the conduction phenomenon is compositionally
dependent.
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Introduction

The glasses have become an invaluable material for mankind
due to their ubiquitous presence in the surrounding. Glasses
have diverse application such as material for bottles and win-
dow to science and engineering fields [1]. Glasses containing
lithium as modifier are of great interest because of their po-
tential applications in solid-state batteries [2]. Among all other
glass systems, lithium borate glasses are interesting to study
due to known borate anomaly [3]. When lithium content in-
creases in lithium borate glasses, no monotonic changes occur
in the physical properties of these glasses but exhibit maxima
or minima in their properties. It is also observed that the con-
ductivity of these glasses increases with increase in Li+ con-
tent [4]. Impedance spectroscopy is basic and a very important
tool to study the electrical properties of glasses [5]. Impedance

spectroscopy provides the essential impulse for the develop-
ment of solid electrolytes for the battery applications [6–8].
Though researcher developed better solid electrolytes from the
advent of it, the research on this is still continued to expand.

Due to growing demands of light-emitting materials in UV
and visible region, a great deal of attention paid to the rare
earth-containing glasses [9]. This attention is mainly due to
their unique combination of partially filled 4f shell and
completely filled 5s25p6 electron shells [10]. Among all rare
earths, gadolinium is interesting to study because it does not
show any absorption or luminescence in visible and infrared
region [11]. Earlier, we have reported the spectroscopic prop-
erties of Gd3+-containing lithium borate glasses, and the result
signifies its importance as narrowband UV light source [12].

Enormous amount of work has been reported on electrical
properties of lithium borate glasses [13–17]. Electrical con-
ductivity is also reported for rare earth-containing glasses, but
no systematic work is done on Gd3+-containing lithium borate
glasses [18–20]. Therefore, present work deals with electrical
properties of Gd3+-containing lithium borate glasses. In this
paper, we report the effect of Gd3+ on conduction mechanism
of lithium borate glasses. In particular, we studied the electri-
cal conductivity, relaxation properties, modulus scaling and
conductivity scaling behaviour which are further correlated
with physical properties.

Experimental

The general formula of glass series is given by 27.5
Li2O-(72.5-X) B2O3-X Gd2O3. The glass samples used for
the present study are prepared by convention glass quenching
technique as describe in the study of Ramteke and Gedam
[12]. The obtained samples were cut grounded in desired
shape for impedance measurements. Parallel faces of glass
samples were coated with silver paint so that they can form
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contact with silver electrode of sample holder. Impedance
measurements were carried out for all glass samples as a func-
tion of temperature by using high-resolution dielectric
analyser (Novocontrol Make) in the wide range of frequency.
The obtained data were analysed to study the electrical prop-
erties of Gd3+-containing lithium borate glasses.

Result and discussion

The impedance data of glass samples is plotted as in the
Nyquist diagram of Fig. 1 for different temperatures.
Figure 1 shows the single semicircle followed by straight line.
The intercept of the semicircle on X-axis represents the bulk
impedance. An inclined straight line is observed in the lower
frequency region that may be due to electrode polarization
[21]. By using the values of bulk impedance and geometrical
dimension of samples, the conductivity of samples was deter-
mined at different temperatures. The conductivity of glasses
plotted against the temperature for all glass samples is shown
in Fig. 2. It is observed from this figure that the conductivity of
glasses increases with the increase in temperature in accor-
dance with the Arrhenius relation:

σ ¼ σ0exp −Ea=kBTð Þ ð1Þ

where Ea is the activation energy, σ0 is the pre-exponential
factor, kB is the Boltzmann constant and T is the temperature.

Figure 3 highlights the variation of conductivity and acti-
vation energy for different concentrations of Gd3+ ions at
573 K. It is observed that with the increase in Gd3+, conduc-
tivity of glasses decreases and activation energy increases. In
the present glass system, Li+ concentration is kept constant
and Gd is added at the cost of B2O3. The observed decrease

in conductivity is mainly due to the decrease in available va-
cant sites for Li+ ions.

These results can be understood on the basis of physical
properties of glass system reported earlier [12]. As reported,
the addition of Gd2O3 at the cost of B2O3 increases density
and molar volume of these glasses. The direct replacement of
B2O3 by Gd2O3 ions changes boron to oxygen ratio, and BO4

−

structural units get profited. These profited BO4
− polymerized

the glass network along with increase in compactness of glass
structure [12]. These structural changes decrease the pathways
for mobile Li+ ions; therefore, conductivity of glasses de-
creases. Higher molecular weight and large atomic radius of
Gd3+ ions also hinder the movement of Li+ ions [5], and
hence, conductivity decreases. Thus, the physical properties
of the present glass system elucidate the variation of conduc-
tivity and activation energy.

To find the relation between conduction and relaxa-
tion process, we further analyse the electric modulus
data. Figure 4 depicts the progress of M′ (real part of
electric modulus) with frequency for 1.5 mol% Gd2O3

at different temperatures. Other glass samples in the
present study also show the similar variation for M′.
At low frequency, M′ is nearer to zero due to lack of
restoring forces for mobile Li+ ions and reaches to max-
imum due to relaxation process [5, 7, 22].

The imaginary part (M″) parameters show (Fig. 5) a slight-
ly asymmetric peak at each temperature which is approximate-
ly centred in the dispersion region of M′. The long distance
mobility of Li+ ions is given by the left hand side region of the
peaks, whereas confined motion of Li+ ions in the potential
well is given by the right hand side of the peaks. These tran-
sition peaks indicate that the mobile Li+ ions make the transi-
tion from long range to short range mobility [22]. Similar
qualitative behaviour is observed for other glass samples.Fig. 1 Impedance plot for glass containing 1.5 mol% Gd2O3

Fig. 2 Variation of conductivity with temperature
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Frequency fp which corresponds to M″max defines condition
ωcτ=1 where relaxation time (τ) is 1/2πfp [7, 22]. The calcu-
lated value of relaxation time τ is plotted against 103/T as
shown in Fig. 6, and it is observed from this figure that it
follows the relation given by τ=τ0exp(Ea(τ)/kBT) where τ0 is
the pre-exponential factor and Ea(τ) is the activation energy for
the conductivity relaxation [5, 7]. The activation energies are
calculated from slope of fitting lines of Fig. 6 and depicted in
Table 1 and compared with the Ea of DC conductivity (Fig. 3).
Similarity in the values of Ea(DC) and Ea(τ) indicates that the
ions have to overcome the same barrier during conduction and
relaxation [5, 7, 22].

To study the effect of composition and temperature on con-
duction process, it is necessary to study the scaling behaviour

of modulus and conductivity data. A master plot of theM″/M″

max vs. log (f/fmax) is shown in Fig. 7 for 1.5 mol% Gd2O3

glass sample. The curves show high degree of superimposing
leading to the same master curve behaviour at different tem-
peratures. This behaviour indicates that the dynamical pro-
cesses are temperature-independent. Similar qualitative be-
haviour is observed for other glass samples. Figure 8 shows
the result of normalised plot where Log (σ′/σdc) is used as the
Y-axis parameter and log (f/σdcT) as the X-axis parameter for
1.5 mol% Gd2O3 glass as a representative in which data for
different temperature overlap on single master curve. From
Figs. 7 and 8, it is confirmed that dynamic processes occurring
at different frequencies need almost the same thermal activa-
tion; therefore, conduction mechanism is independent of

Fig. 3 Variation of conductivity
and activation energy with Gd2O3

Fig. 4 Variation of real part of electric modulus (M′) with frequency and
temperature for 1.5 mol% Gd2O3 glass sample

Fig. 5 Variation of imaginary part of electric modulus (M″) with
frequency and temperature for 1.5 mol% Gd2O3 glass sample
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temperature [23]. To study the effect of composition on con-
ductivity, Y-axis is scaled with log (σ′/σdc) and X-axis with log
(fx/σdcT) as shown in Fig. 9. Non-overlapping of data is in
good agreement with previous argument that the addition of
Gd2O3 decreases the conductivity of glasses due to decrease in
available vacant sites.

Conclusions

The analysis of conductivity and its mechanism in Gd3+-con-
taining lithium borate glasses leads to the following
conclusions:

1. The conductivity of prepared glasses decreases with the
increase in Gd3+ ions.

2. The Li+ ions are the main charge carriers, and Gd3+ ions
do not contribute to the conductivity.

3. Li+ ion has to overcome the same barrier during conduc-
tion as well as relaxation.

4. Scaling elucidates that the conduction phenomenon is
compositionally dependent rather than temperature
dependent.

Fig. 6 Variation of relaxation time with temperature

Table 1 Ea(dc) and Ea(τ)
values for glass samples
of present study

mol% Gd2O3 Ea(τ) Ea(DC)

0 0.3791 0.3899

0.5 0.3938 0.4049

1 0.4058 0.4165

1.5 0.4207 0.4276

2 0.4428 0.4614

Fig. 7 Imaginary part of the electric modulusM″/M″max as a function of
Log f/fmax for 1.5 mol% Gd2O3 glass sample

Fig. 8 Conductivity scaling data of 1.5 mol% Gd2O3 glass sample for
different temperatures

Fig. 9 Scaling data for different mol% Gd2O3-containing glasses at
573 K
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