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ABSTRACT 
 
The glass ceramics of various compositions 60SiO2.(40- x)Bi2O3.xFe2O3 with x = 0, 1, 2, 3, 4 and 5 were prepared 
by annealing the as prepared glasses at temperature ~50oC above the glass transition temperature (Tg), in the 
electrically heated furnace and then hold the temperature constant for one hour. The ac conductivity of different 
compositions of iron doped bismuth silicate glass ceramics were studied in the wide temperature range 533 K to 713 
K and frequency range 10-1 Hz to 1MHz. The temperature and frequency dependent conductivity was found to obey 
Jonscher’s power law all the compositions and found to increase with increase in Fe2O3 content. Various 

parameters like dc conductivity (dcσ ), cross -over frequency (Hω ) and frequency exponent (s ) were estimated 

from theoretical fitting of experimental data of ac conductivity with Jonscher’s power law, which showed very good 
agreement for all the compositions. Enthalpy to dissociate the cations from original site to a charge compensating 
center (Hf) and enthalpy of migration (Hm) had also been estimated. The conductivity data were analyzed in terms of 
different theoretical models to determine the possible conduction mechanism. Analysis of the conductivity data and 
the frequency exponent ‘s ’  showed that the correlated barrier hopping  of electrons between Fe2+ and Fe3+  ions in 
the glass ceramics  was suitable to describe the conduction mechanism for ac conduction. The temperature 
dependent dc conductivity were analyzed using the theoretical variable range hopping model (VRH) proposed by 
Mott which describe the hopping conduction in disordered semiconducting glass in low temperature range. The 
various polaron hopping parameters were also calculated. Greave’s VRH model was found to be in good agreement 
with experimental data. 
_____________________________________________________________________________________________ 
 

INTRODUCTION 
 

Oxide glasses containing transition metal ions (TMIs) such as Ti, Fe, and V etc. are of great interest because of their 
semiconducting properties [1-12]. The semiconducting properties of these glasses arise from the presence of TMI in 
multivalent states and electrical conductivity in general is controlled by hopping of electrons or small polarons from 
low valence state to high valence state of transition metal ion [13-14] e.g. in glasses containing iron, the electronic 
conduction occurs is due to the hopping of a 3d electron from the Fe2+ to Fe3+ ion. These glasses are also interesting 
due to their technological applications in electrical and optical memory switching devices [1,7], cathode materials in 
battery [15] and in field of tunable lasers, solar energy converetors, fiber optics telecommunication devices[16]. 
Glasses containing iron are found to have high electrical conductivity at room temperature and are find useful 
applications as a sensor in magneto-resistance effect [17].The addition of TMI, like iron, to the bismuth silicate 
glasses is expected to improve their electrical and dielectric features. The conductivity of bismuth silicate [18-21] 
and bismuth iron glasses [22- 25] has been studied in detail by many researchers, but there is hardly any report on 
electronic transport of iron bismuth silicate glass ceramics The aim of the present paper is to probe the frequency 
and temperature dependence of ac conductivity of iron doped bismuth silicate glass ceramics and to understand the 
conduction mechanism. 
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MATERIALS AND METHODS 
 

The glass compositions 60SiO2.(40- x)Bi2O3.xFe2O3 with x = 0, 1, 2, 3, 4 and 5 were prepared using the standard 
melt quenching technique as reported elsewhere [26]. The thermal stress of the prepared glass samples were 
removed by annealing them for 8 hours at temperature about 400oC and then cooled to room temperature. Based on 
the DSC data, the glass ceramics of these samples were prepares by annealing the as prepared glasses at temperature 
~ 50oC above the glass transition temperature (Tg), in the electrically heated furnace and then hold the temperature 
constant for one hour. The samples were allowed to cool normally and were taken out from the furnace at the room 
temperature. The crystalline nature of prepared  glass ceramics was confirmed by the presence of sharp peaks in X-
ray diffraction patterns of the powdered samples recorded by using a Rigaku Table-top X- ray diffractogram with 
CuKα  radiation( λ=1.54Ao). For electrical measurements, samples were cut into small size and polished, both sides 
of the samples were coated with a thin layer of silver paint to serve as electrodes. The conductivity measurements 
were carried out by using Alpha-A high Resolution Dielectric, Conductivity, Impedence and Gain Phase Modular 
Measurement System Novocontrol Technologies GmbH & Co. KG in the frequency range 10-1 Hz to 1MHz ranging 
the temperature range 533 K to 713 K. The fitting of experimental data was done using linear and non-linear fit 
modules of Origin Pro 8.6 software. 
 

RESULTS AND DISCUSSION 
 
3.1 AC conductivity 
The ac conductivity of  different glass ceramic compositions 60SiO2.(40-x)Bi2O3.xFe2O3 with x = 0, 1, 2, 3, 4 and 5  
has been  studied in temperature range 533 K to 713 K and  frequency range 10-1 Hz to 1MHz, show similar 
frequency and temperature dependence. it is found to increase with increase in Fe2O3 content. The compositional and 
frequency dependent conductivity (σ' (ω)) goes on increasing with increase in Fe2O3 content for the studied 
frequency range at any particular temperature. A typical graph showing variation of σ' (ω) with frequency at 673 K 
is shown in Fig.1.The similar trend is observed by some other researchers [23,24] and for glass compositions of 
presently studied glass ceramics compositions. The variation of σ' (ω) with frequency in case of glass samples with x 
= 3, 4 and 5 shows double plateau for temperatures above 633K, 573K and 493K respectively, whereas such plateau 
is not obtained in any studied glass ceramics samples. Perusal of data presented in Fig.1 shows that the 
crystallization of glass compositions σ' (ω) shows an increase for compositions with x = 0, 1, 2 and 3 whereas it 
remains almost same for ceramics compositions with x = 4 and 5. The frequency dependent conductivity (σ' (ω)) of 
glass ceramics samples, presented in Fig.1, is characterized by two regions: (i) a plateau region and (ii) dispersion 
region. Plateau region is observed at low frequencies, where random distribution of the charge carriers via activated 
hopping give rise to a frequency-independent conductivity. With increase in temperature, width (frequency range) of 
this region goes on increasing. The curves are flat in low frequency region as the conductivity values approximately 
correspond to σdc. On the other hand, dispersive region is observed at higher frequencies, where σ' (ω) shows high 
dependence on frequency and increases with increase in ω. The conductivity graph become more dispersive with 
increase in frequency and tend to merge in high frequency regime as the width of dispersive region decreases with 
increases in temperature exhibiting the weak temperature dependence. 
 
The changeover of conductivity is shifted towards higher frequencies with increase in temperature because mobile 
ions acquire more thermal energy and cross the barrier more easily [25]. In other words, when temperature is 
increased the dispersion starts at higher frequency. Generally, ac conductivity behavior is analyzed using Jonscher’s 
power law [11, 12, 20, 21,30-32],                  

'( ) 1
s

dc
H

ωσ ω σ
ω

  
 = +  
   

                                                            (1) 

 
where σdc  is the (frequency independent) dc conductivity, ωH  is crossover frequency of the charge carriers ions 
separating dc regime (plateau region) from the dispersive conduction and  s ’is frequency exponent that lies 
between 0.6 and 1 [31,33]. The exponent s  is attributed to the interaction between the charge carrier ions with the 
frame work carrying the balancing charge and its smaller value signifies higher degree of modification [29]. The 
values of σdc,  ωH  and s  are obtained by the fitting of the experimental data of frequency dependent conductivity (σ' 
(ω)) measured at different temperatures with Eq. (1).As  shown in Fig.2, the experimental data fitted with Jonscher’s  
universal power law (Eq.1) for glass ceramic composition with x = 5, gives very good fitting with best parameters 
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fit, R2, in the range  0.9914 – 0.9992 and error factor of least square fit, Chi2, lying in the range of 1.0574 × 10-14 – 
9.824 × 10-16and is observed to be obeyed in all the presently studied glass ceramic compositions. So, ac conduction 
in the presently studied glass ceramic compositions may be attributed to hopping mechanism and is found to be 
consistent with the observed in many other semiconducting glasses [11, 21, 29, 30, 34]. The increase in electrical 
conductivity with the increase in temperature is due to the increase in drift mobility of the thermal activated charge 
carriers [28, 35]. 

Fig.1 Compositional and frequency dependence of total ac conductivity (σ' (ω))  of glass ceramics system  60SiO2.(40-x)Bi2O3.xFe2O3  at 
T= 673 K 

 
When the conduction occurs via defect mechanism then at a given instant only a fraction (n) of total charge carriers 
(N) are mobile, which is given by [11,36]  
 

                       exp exp expf f fG S H
n N N

kT k kT

     
= − = × −     

     

                                       (2)   

 
where Sf, Hf and Gf are entropy, enthalpy and free energy, respectively, to dissociate the cation from its original site 

next to a charge compensating centre. The crossover frequency ( Hω ) and dc conductivity ( dcσ ) are given by [36]  
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Fig.2  Measured total ac conductivity (σ' (ω))  of glass ceramic compositions 60SiO2.(40-x) Bi2O3.xFe2O3 with x = 5 ,shown as a function of 

frequency at ten different temperatures. The solid line in the figure are the best fits obtained from fitting of experimental data with 
Jonscher’s power law 

                                                        

 
Fig.3 Linear fit of log (σdc T ) versus 1/T glass ceramics compositions 60SiO2.(40- x)Bi2O3.xFe2O3  where σdc is dc conductivity and T is 

absolute temperature 
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Fig.4 Linear fit of log Hω   versus 1/T glass ceramics compositions 60SiO2.(40-x)Bi2O3.xFe2O3  

where Hω  is crossover frequency and T is absolute temperature 

 

From Eqs (3) and (4)   it is clear that the slopes of plots of log ( dcTσ ) and log Hω  versus 1/T would be 

f mH H+ and mH respectively. The slopes of plots log (dcTσ ) and log Hω  versus 1/T shown in Figs.(3) and (4) 

are estimated using linear fitting. Both the plots show linearity for all the compositions 60SiO2.(40-x)Bi2O3.xFe2O3. 

The values of f mH H+ and  mH  as calculated from the slopes are presented in Table 1. Perusal of the data 

presented in Table 1,shows that  fH > 0, for all glass ceramic samples, and therefore, on addition of Fe2O3 to  

bismuth silicate glass ceramic system, it is found that number of mobile charge carriers at any instant becomes less 
than total number of charge carriers [11].Whereas, the conductivity of glass ceramic samples is observed to increase 
with increase in Fe2O3 content (as shown in Fig.1). The increase in conductivity may either be due to increase in 
mobility of charge carriers on addition of Fe2O3 or increase in number of mobile charge carriers.  

 
TABLE. 1. Enthalpy to dissociate the cation from its original site next to a charge compensating center (H f), enthalpy of migration (Hm)  

of  60SiO2.(40-x)Bi2O3.xFe2O3 of glass ceramic with different values of x 
 

Parameters   x = 0     x =1     x =2    x =3   x =4    x =5 
Hf+Hm(eV)(±0.001eV)  0.995 0.967 0.910 0.826 0.837 0.818 
Hm (eV))(±0.001eV) 0.919 0.839 0.725 0.578 0.748 0.773 
Hf  (eV) (±0.001eV) 0.076 0.128 0.185 0.248 0.089 0.045 

 
3.1.1. Variation of Frequency Exponent and Conduction Mechanism 
The conduction mechanism in any material could be understood from the temperature dependent behaviour of 
frequency exponent (s ). To interpret the electrical conduction mechanism in the materials, various models based on 
classical hopping of charge carriers over barrier, quantum mechanical tunneling and the overlapping large-polaron 
tunneling, [37-42] have been proposed on the basis of variation of frequency exponent with temperature and 
frequency. The temperature dependence of frequency exponent (s ), obtained from fitting of experimental data with 
Eq.(1))  is shown in Fig. 5. 
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Fig.5. The variation of frequency exponents (s) for different 60SiO2.(40-x)Bi2O3.xFe2O3 glass ceramics compositions are shown as a 
function of temperature, obtained from fitting of experimental data of total ac conductivity with  Jonscher’s power law 

 
The variation of ‘s ’ with temperature correlates the ac conductivity mechanism as discussed below [20] 
(1) If ‘ s ’ depends upon frequency but is independent of temperature then the conduction mechanism can be 
explained by the quantum mechanical electron tunneling theory. 
(2) If ‘ s ’increases with increase in temperature, then the conduction process can be explained with the small 
polaron quantum mechanical tunneling theory whereas if ‘ s ’ decreases at first, reaching a minimum and increases 
thereafter with increase temperature then it can be explained by large polaron quantum mechanical tunneling model. 
(3) If ‘ s ’ decreases with temperature then it follows correlated barrier hopping (CBH) conduction mechanism.  
It is noted that for all glass ceramic samples, frequency exponent ‘s ’ decreases with increase in temperature. In the 
present glass ceramic system, CBH conduction mechanism is predominant. The Correlated Barrier Hopping (CBH) 
model, proposed by Elliot, [38-41] has also been applied to glassy semiconductors. In this model, the charge 
transport occurs between localized states due to hopping over the potential barriers and for neighboring sites at a 

separation R, the coulomb wells overlap, resulting in lowering of effective barrier height from mW  to W , which for 

single electron hopping is given by 

                                                       
2

'm
o

e
W W

Rπε ε
= −                                (5) 

Where mW  is barrier  height at infinite site separation, 'ε  is dielectric constant of material, oε  is the permittivity of 

free space and R is the distance between two hopping sites. The maximum barrier height, mW  is also called polaron 

binding energy. The ac conductivity and frequency exponent, ‘s ’ as per this model are given by [ 26,35] 
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where N is the concentration of the charge carriers, oτ is relaxation time and Rω  is the hopping length at frequency 

ω . It is clear from the Eq.(7) that s decreases with increase in temperature, which is consistent with the behavior of 
‘ s ’ ( obtained from fitting of experimental data with the Eq.(1) Jonscher’s universal power law as shown in Fig.6) 
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Fig.6 The variation of frequency exponent (s) for different 60SiO2.(40-x)Bi2O3.xFe2O3 glass ceramics compositions are shown as a 

function of temperature 
 
This suggests that the conductivity behavior of iron doped bismuth silicate glass ceramics can be explained using 
CBH model. Similar type of variation of ‘s ’ with increase in temperature has also been reported by Pike [43], 
Elliott [38] and Springett [44] in different glass ceramics containing transition metal ions (TMIs). The observed 
variation of ‘s ’ with temperature may be due to different contributions from conducting and dielectric losses at 

different temperatures[45, 46].The values of maximum barrier height (mW  ) and relaxation time (oτ ) have been 

estimated from the fitting of frequency exponent (obtained from the fitting of  '( )σ ω with Jonscher's power law) 

with CBH model (Eq. (7)) by keeping 2ω π=  MHz (i.e 1MHz) and are listed in Table 2.Perusal of data presented 

in Table 2, it is observed that mW  decreases with increase in   Fe2O3  content. The values of band gap energy 

estimated from the optical data lies between 2.88 and 3.40 eV and it also decreases with increase in Fe2O3 content. 
The variation in values of activation energy and band gap energy are in accordance with the decrease in values of 
barrier height at infinite separation. 

 

Table 2. Maximum barrier height at infinite separation ( mW ) and relaxation time ( oτ ) estimated from fitting of Eq.(5.4),  

Concentration of Fe –ions (N), Mean spacing between Fe-ions (R), Polaron radius (rp), Activation energy (W), Band gap energy(Eg),  
Density of states at Fermi level (N(Ef)) and inverse localization length (α) of glass ceramics compositions 60SiO2.(40-x)Bi2O3.xFe2O3with 

different values of x 
 

Physical Parameters x = 0 x = 1 x = 2 x = 3 x = 4 x = 5 
Wm (eV) 0.619 0.490 0.273 0.325 0.443 0.359 

oτ (µs) 
0.184 0.690 29.993 14.542 786.600 9.451 

N (× 1021cc) ---- 0.349 0.704 1.063 1.429 1.801 
R(Å) ---- 14.192 11.236 9.797 8.877 8.219 
rp(Å) ---- 5.719 4.528 3.948 3.577 3.312 
W (eV) 0.942 0.914 0.857 0.773 0.784 0.765 
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3.2.DC conductivity 
The dc  conductivity ( σdc ) of 60SiO2.(40-x)Bi2O3.xFe2O3 glass ceramics compositions is obtained from the fitting of  
the experimental data of frequency dependent conductivity  (σ' (ω)) at  different temperatures with Jonscher’s  
power law (Eq.1)  is shown in Fig. 7 and it is observed to lie in the range from 10-8 to 10-6 S cm-1. Further, the 
frequency dependent conductivity curves (as in Fig.2) are characterized by well-defined plateau, where the 
conductivity is identical to the dc conductivity. Both the values of the dc conductivity, one obtained by fitting with 
Eq. (1) and the other from plateau of σ' (ω) versus ω plot, are almost the same.  

 
Fig.7 Variation of dc conductivity versue reciprocal of temperature for different glass ceramics compositions 60SiO2.(40-x)Bi2O3.xFe2O3 
 
The inverse temperature variation of dc conductivity follows the Arrhenius relation [28] 

                                             exp[ ]dc o
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kTσ σ= −                         (8) 

 

where oσ is the pre-exponential parameter which depends on semiconductor nature, W  denotes the thermal 

activation energy of electrical conduction, and k is Boltzmann's constant. The variation of log dcσ  with 1000/T is 

shown in Fig. 7 for compositions with x = 0, 1, 2, 3, 4 and 5. The activation energy (W ) is calculated from the slope 

of linear fit of log dcσ  versus 1000/T plot. The values of activation energies (W ) are presented in Table 2 for all 

the samples. The activation energy is observed to decrease indicating thereby the increase in conductivity with the 
increase in concentration of Fe2O3. The activation energy corresponds to the trap level located below the conduction 
band. It is observed that band gap energy decreases with the increase in concentration of Fe2O3. The decrease in 
activation energy is found to be consistent with decrease in band gap energy on increasing Fe2O3. 

 

The concentration of iron ions (N) has been estimated using the following relation [12] 
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where  d is the density, 
2 3Fe OM is molecular weight of  Fe2O3,  

2 3Fe OW is weight fraction of  Fe2O3 and AN  is 

Avogadro's number. The correlation between N and mean spacing between any two Fe-ions (R) is generally 
described [12] as 

                                         

1
31

R
N
 =   

                                           (10) 

Using above relations, the polaron radius (pr ) is given by [12]  

                                       

1
31

2 6pr R
π =   

                                        (11) 

The density of states,  ( )FN E , for thermally activated electron hopping near the Fermi level is calculated by the 

relation [12]   

                                            ( ) 3

3

4FN E
R Wπ

=                              (12) 

 
and its values are of the order of 10 20 eV-1 cm-3, as given in Table 2, which are reasonable for localized states 
[27,47]. 
 

The calculated values of W, N, R, rp and N (Ef) have been calculated using Eqs. (9),(10), (11) and (12) respectively 
and are listed in Table 2. These values are in the range as reported by many other researchers [11,12,20,21]. Perusal 
of the data presented in Table 2 shows that the activation energy (W) decreases with increase in conductivity, which 
is an expected result. The increase in conductivity and decrease in (W) with TMI content in the glass system may be 
attributed to decrease of the polaron hopping distance, R increases with increase in Fe2O3 content. A similar 
conclusion has been made by other researchers [48,49]. This may be due to the fact that in the present system the 
mole percentage of SiO2 is constant and smaller Fe3+  ions replaces bigger Bi3+ ions. 
 
3.2.1.Variable range hopping (VRH) model  
N.F. Mott and E.A. Davis   [41] has proposed a variable-range hopping (VRH)  conduction, generally used to 
explain three dimensional (3-D) VRH in bulk disordered semiconductors, in low temperature range. However, 
Greaves [50] suggested the applicability of Mott's VRH in high temperature region with some modifications. 
 

It is observed that plots of  logdcσ  versus T -1/4 (shown in Fig. 8) give better linear fit (with linearity ~0.9998) in 

comparison to the respective Arrhenius plots (logdcσ  versus 1000/T ), which shows linearity ~0.9988. 

 
The Mott’s VRH model is suitable for explaining the dc conductivity data of the present oxides glass at high 
temperature. Based on Mott’s VRH model [51] with modifications as suggested by Greaves [50]; the dc 
conductivity for 3-D case is given by 
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Where α is the inverse localization length of s- like wave function has been estimated from the slope of  log σdc vs T-

1/4  graph by taking Bo = 2.1 in Eq. (15)[50]. The calculated values of α ( i.e. from Eq.15 ) lies in the  range 0.585 to 
0.841 which are in very good agreement with those suggested by Murawski et al.[52] for oxide glasses. It is 

observed that the enquality α-1 < pr < R is found to hold in the whole studied temperature range, so the polaron 

theory is applicable [52] to the present glass compositions. 
 

Fig.8. Plot of log σdc vs T-1/4 for glass ceramics compositions 60SiO2.(40-x)Bi2O3.xFe2O3. 
Where symbols represent experimental data and solid lines represents the linear fit. 

 
CONCLUSION 

 
The temperature dependence of ac and dc conductivity of studied glass ceramics compositions 60SiO2.(40-
x)Bi2O3.xFe2O3 with x = 0, 1, 2, 3, 4 and 5   were analyzed in  the frame work of Jonscher’s power law and variable 
range hopping model of Mott and Greave in the wide temperature range 533 K to 713 K and  frequency range 10-1 
Hz to 1MHz. It is observed that conductivity was found to increase with increase in Fe2O3 content. Various 

parameters like dc conductivity (dcσ ), cross –over frequency (Hω ) and frequency exponent (s ) had been 

estimated from theoretical fitting of experimental data of ac conductivity with Jonscher’s power law, which showed 
very good agreement for all the compositions. On addition of Fe2O3 in bismuth silicate glass ceramics system, the 
number of mobile charge carriers, at any instant was found less than the total number of charge carriers and the 
mobility of charge carriers was observed to increase with increase in Fe2O3 content. It was found that the correlated 
barrier hopping model was suitable to describe the conduction mechanism of present studied glass ceramic system, 
whereas, other models such quantum mechanical tunneling model and over lapping of large polarons model did not 
agree with the ac conductivity data  and its frequency exponent of iron doped bismuth silicate glass ceramics. So, for 
the presently studied glass ceramics compositions Greaves VRH model was found to be in good agreement with the 
experimental data. 
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