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Abstract  

Glasses with nominal composition 70Bi2O3-30Fe2O3 and 10A-60Bi2O3-30Fe2O3 (mol%); 

(A=Ba, Sr and Ca) were prepared by the conventional melt quenching technique. X-ray 

diffraction (XRD) and Differential scanning calorimeter (DSC) confirm the amorphous 

nature of the glass samples. The iron-bismuth glasses show good solubility of alkaline earth 

elements ions. In temperatures range of 310 - 450 K, the dc conductivity of the glass samples 

containing alkaline earth elements enhanced. Glass sample containing Sr shows interesting 

electrical properties. All glass samples showed a transition from negative to positive Seebeck 

coefficient, this means that the conduction is mixed of electrons and holes charge carriers. 

The conduction mechanism of all samples obeys non-adiabatic small polaron hopping model 

of electron between iron ions. The calculated small polaron coupling constant, (γp) was found 

to be in the range of 10.25–17.28. Also, the calculated hopping mobility (μ) and carrier 
density (Nc) of glasses were in the range of 4.65× 10− 7- 4.11× 10−3(cm2V−1s−1) and 

0.029-10 (× 101 7cm−3) at 333 K, respectively. 
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1. Introduction 

Recently multicomponent oxide glasses containing transition and/or heavy metal oxides 

attracted a considerable attention due to its possible applications. Among the heavy metal 

oxides, Bi2O3 has attracted much attention because of its high optical properties such as 

density, IR transmission and polarizability so Bi2O3 is used as layers for optoelectronic 

devices [1, 2]. Transition metal ions addition such as (Fe) to glasses lead to interesting 

electrical properties with promising technological applications in electronic and optical 

devices [3]. The addition of Fe2O3 to the bismuth glasses is expected to get better electrical 

properties  The electrical conductivity mechanism of iron-bismuth glasses was studied by 

several authors [4-6] which described by the small polaron hopping (SPH) model between 

ions present in different valance states where electron hopping from low Fe2+ to high valance 

Fe3+ sites [7, 8]. The electrical conductivity strongly depends locally upon the interaction of 

an electron with its surroundings and the distance between the Fe-ions [9]. 

The glasses with ionic conductivity attract much scientific attention because of their potential 

applications such as solid-state batteries, memory devices and sensors [10]. Recently, M.G. 

Moustafa et. al [3], studied the electrical transport properties of iron bismuth glasses and 

revealed that, Fe2O3 played a significant role in the electrical conduction enhancement. 

Bi2O3-Fe2O3 glasses containing alkaline earth elecments conductivity consist of ionic and 

electronic conduction. Ideally, the motion of alkaline earth ions and electrons are not 

dependent of each other [11, 12]. Shangjie Chu [13], investigated the effect of the alkaline 

earth elements addition on the electrical conduction for Bi0.9A0.1FeO3 (A=Ca, Sr and Ba) 

ceramics synthesized by solid state reaction method. The substitution of alkaline earth 

elements like Ba, Sr and Ca have a great impact on  structural, thermoelectric and electrical 

properties of iron-bismuth glasses [14]. 

In this work, glasses of 70Bi2O3-30Fe2O3 are synthesized by using the conventional melt 

quenching technique. The effect of alkaline earth (Ba, Sr and Ca) doped iron bismuth glasses 

on the structural, thermoelectrical and electrical properties were investigated. 

 

2. Experimental 

Glasses of 70Bi2O3-30Fe2O3 and 10A-60Bi2O3-30Fe2O3 (mol%); (A=Ba, Sr and Ca) were 

prepared by the conventional melt quenching technique from reagent grade Bi2O3 (99 % , 

Loba Chemie), Fe2O3 (99.9 %), BaCO3 (99% , Koch-Light Laboratory Ltd), SrO (99.9% , 

Sigma Aldrich) and CaCO3 (99% , Koch-Light Laboratory Ltd). They are designated as 

BBFO, BSFO and BCFO for the corresponding Ba, Sr and Ca doped BFO (Bi2O3-Fe2O3) 

glass samples, respectively. The powder mix-up was heated in a platinum crucible for 30-40 

minutes to insure complete homogeneity in electric furnace at 900-1280 ºC. After casting in 

stainless steel mold, the melt quickly pressed by another thick stainless-steel plate at room 

temperature to obtain around 2.0 mm in thickness opaque glasses.  

The amorphous nature of the glasses was checked by Siemens D5000 X-ray diffractometer 

with nickel-filtered Cu Kα radiation under accelerating voltage of 40 kV and current of 30 

mA. The collected diffraction data was over a 2θ range of 5° to 60° at a scan rate of 3 degree 

per second. Thermal analysis was performed in the temperature range from room temperature 

to 850 K using differential scanning calorimetry NETZSCH DSC 204, with heating rate 10 

K/min. The glass samples densities (ρ) were measured at room temperature by Archimedes 

method using Toluene as the immersion liquid, the measurement was performed 3 times. 



Glass samples were grinded and polished with emery paper to obtain parallel surfaces of ~ 

1.5 mm thickness. Silver paste electrodes deposited on both faces of the polished samples. 

The DC conductivity of the glass samples was measured at temperatures between 310 and 

450 K using Picoammeter type KEITHLEY 485. Hewlett Packard 34401A multimeter in 

temperature range 300-480 K was used for thermoelectric power measurements. 

 

3. Results and discussion 

Fig. 1 shows the X-ray diffraction (XRD) patterns of the 70Bi2O3-30Fe2O3 and 10A-60Bi2O3-

30Fe2O3 (mol%); (A=Ba, Sr and Ca) glass samples. It is observed that the quenched samples 

exhibit broad humps without any crystalline peaks which indicate the amorphous nature of 

the glass samples. Fig. 2 shows, differential scanning calorimetry (DSC) curve of BFO 

sample with glass transition temperature (Tg) at 742 K followed by two exothermic 

crystallization peaks TC1 = 770 K and TC2 = 805 K. The thermal stability factor (ΔT = TC2 -

Tg) usually employed to estimate the glass stability. The approximately large ΔT value (63 K) 

estimated from DSC data indicates high thermal stability of this glass. 

The densities of the glass samples were measured by Archimedes method using the following 

equation [15, 16]:  𝜌 = 𝜌L × 𝑊a 𝑊a − 𝑊 L
                                                       (1) 

where Wa is the quenched glass sample weight in air, WL was the glass sample weight in 

Toluene and ρL was the Toluene density at room temperature, which was 0.866 g/cm3.The 

molar volume Vm of the glass samples can be calculated according to the following equation 

[16]: 𝑉𝑚 =  Mρ                                                                   (2) 

where M is the total molecular weight and ρ is the glass sample calculated density. The 

densities of the glass samples increased in the order of BCFO<BSFO<BBFO<BFO, with 

increasing molar weight of the alkaline-earth ions while molar volume shows opposite 

behavior, Fig. 3 and Table 1. 

3.1. Seebeck Coefficient Measurement 

By measuring the thermoelectric power, Seebeck coefficient (S) was estimated when a 

temperature gradient was applied to both sides of the glass samples. The equation was 

described as S = ΔV/ΔT, where the major charge carrier becomes holes for a positive (+) S 

and the major charge carrier becomes electrons for a negative (-) S [17].  

From Fig. 4, all glass samples showed a transition from negative to positive Seebeck 

coefficient “ S ”, this means that the conduction is mixed of electrons and holes charge 

carriers. Thermoelectric power measurements were used to determine the fraction of reduced 

transition metal ion ratio, C = Fe2+ /Fetotal ,by the methods described by Heikes et al [18, 19]. 

It has been demonstrated that the Seebeck coefficient and obeys the following relationship 

which depends on the ratio of high to low valence state of iron [18, 19]: 



S = 
𝐾𝑒  ln (

𝑐1−𝑐) = 
𝐾𝑒  ln (

𝐹𝑒2+   𝐹𝑒3+ )                                        (3) 

Table 1 shows the C values for the present glass samples which estimated by using S. 

3.2. Dc electrical conductivity 

3.2.1. Conductivity and activation energy 

Fig. 5 shows the variations of DC conductivity (σ) of glass samples as a function of 
reciprocal of the absolute temperature (T). It is clearly seen that a linear temperature 

dependence up to a certain temperature θD/2 (θD: Debye temperature). The activation energy 

(W) is temperature dependent and can be calculated from the slope of the linear fitting of the 

conductivity curve at higher temperature according to the following formula: 

σ = σₒ exp(-W⁄kBT)                                            (4) 

where σₒ is the pre-exponential factor, kB is the constant of Boltzmann’s and T is the absolute 
temperature. It is observed that σ smoothly increases with temperature, indicating a 

semiconducting nature of glass samples. The DC conductivity of the alkaline earth added 

glasses is always higher than that of bismuth-iron glasses with higher conductivity value for 

BSFO sample. 

Fig. 6 illustrates the DC conductivity and activation energy variation as a function of alkaline 

earth metals. A general trend observed in this figure, is that the conductivity at fixed 

temperature (333 K) tends to be increased with alkaline earth elements addition and the 

maximum value observed with sample containing strontium while the opposite trend can be 

observed for the activation energy values. Such behavior arises from the polarons hopping or 

electrons between mixed valance states [11, 12, 20]. The experimental conductivity data 

above θD/2 were fitted with SPH model proposed by Mott [21]. The activation energy values 

are found to be 0.562 eV, 0.355 eV and 0.569 eV for BAFO (A = Ca, Sr and Ba) glass 

samples, respectively. The enhancement of conductivity and activation energy reduction 

agree with transition metal ion ratio values calculated from thermoelectric power 

measurements. The ionic conduction of the added alkaline earth elements could play a 

significant role in conductivity enhancement. 

 

3.2.2 Nature of conduction mechanism 

The hopping conductivity in (TM) oxide glasses was investigated by Mott [21]. Due to the 

strong interaction between electrons and optical phonons,  small polaron created at enough 

higher temperatures [22]. In non-adiabatic hopping regime, where the electron has a low 

opportunity of making the transfer during each excitation the DC conductivity of the nearest 

neighbor hopping at high temperatures T > θD/2 is expressed as the following by  

σ = ʋₒ Ne2R2C (1-C) exp(-2αR) exp(-W/kBT)                              (5) 

where ʋₒ is the optical phonon frequency which measured from the electrical conductivity 

data according to the relation (kB θD = h ʋₒ) the values of ʋₒ are listed in Table. 1, α is the 
tunneling factor, N is the density of transition metal ion, R is the mean distance between Fe 

ions, e is the electronic charge and C is the fraction of reduced Fe ion (C = Fe2+/ƩFe),  



The pre-exponential factor σₒ in Eq. 4 can be expressed as 

σₒ = ʋₒ Ne2R2C (1-C) exp(-2αR)                                              (6) 

According to Austin and Mott [23] model for strong electron–phonon interaction, the 

hopping conduction activation energy is given by; W =  W𝐻 +  𝑊𝐷2       for T > θD/2                                                    (7) 

W= WD                 for T > θD/4                                                (8) 

Where WH (=Wp/2) is the hopping energy and WD is the disorder energy which defined as 

the difference of electronic energies between two hopping sites Fe+2 ↔ Fe+3. 

WD = (e2/ɛₒɛs R) L                                                           (9) 

Where ɛs is the static dielectric constant and L is a constant of factor 0.3. The values of WD 

were calculated found to be in the range of 0.11-0.25 eV. 

In the adiabatic hopping regime, the electron makes transitions backward and forward several 

times during excitation between hopping sites Fe+2 ↔ Fe+3. In this case αR in Eqs. 5 and 6 
becomes negligible [21-23], then the σ and the σₒ in Eqs. 5 and 6 were expressed as the 

following: 

σ = ʋₒ N e2 R2 C (1-C) exp (-W/kBT)                                                      (10) 

and 

σₒ = ʋₒ N e2 R2 C (1-C)                                                             (11) 

The of polaron hopping mechanism nature (adiabatic or non-adiabatic) can be obtained from 

a plot of ln σ against activation energy W at fixed experimental temperature T. If the 

temperature estimated Te, from the slope of such a plot is close to experimental temperature 

T, the hopping conduction will be in the adiabatic regime. Otherwise it is expected that the 

hopping will be in the non-adiabatic regime. 

Fig. 7 shows the relationship between lnσ versus W for all glass samples at fixed temperature 
(333K). The estimated temperature (Te = 247 K) calculated from the slope of the plot is differ 

than the temperature chosen (T = 333 K) confirming that the conduction mechanism in the 

present glass samples is due to non-adiabatic SPH of electrons [3].  

3.2.3 Activation energy and mean distance between Fe ions relation 

The concentration of Fe ions per unit volume, N (cm-3) in the glass samples was calculated 

using the density by the relation [24] N = 2 N𝐴 (FW ρ
MW

)                                                                    (12) 

where NA is the Avogadro number, Fw is the weight fraction of Fe2O3 and Mw is the 

molecular weight of Fe2O3 and ρ is the density of the sample. The mean distance R between 
Fe ions in the glass samples was calculated from 



𝑅 =  (1𝑁)13
                                                                     (13) 

The values of R and N are given in Table 1. 

3.2.4 Nature of small polaron hopping (SPH) conduction  

In small polaron hopping (SPH) conduction, the polaron bandwidth (J) obeys [25]: 

𝐽 > (2kTWHπ )14  (ħʋₒπ )12
        (adiabatic)                                            (14) 

𝐽 < (2kTWHπ )14  (ħʋₒπ )12
        (non-adiabatic)                                     (15) 

The limiting values of (J) calculated from the right-hand side of the equation (14) or (15) at 

fixed temperature (333K) is in the range of 0.015 – 0.018 eV depending on sample 

composition. Therefore, the condition for the existence of (SPH) is content dependance. 

For adiabatic hopping conduction, WH, is given using J as 

W – WD/2 ≃ WH = Wp /2 =W`p /2 – J                                                  (16) 

Where Wp is the polaron binding energy, W`p is the maximum polaron binding energy and 

WH depends on R [26]. 

Otherwise, for non-adiabatic hopping conduction, WH, is given by 

W – WD/2 ≃ WH =W`p /2                                                               (17) 

Using the values of WD and W, we obtained WH in the order of (0.30-0.55) eV. These values 

are close to W values for the present glass samples. 

Next, by using the mean spacing between the Fe-ions, R, in Table. 1, the polaron radius (rp) is 

given by relation:  

𝑟𝑝 = 𝑅2 (𝜋6)13                                                                          (18) 

The values of R and 𝑟𝑝 are described in Tables 1 and 2. 

N(EF) is the density of states at Fermi level can be estimated in term of W as [27, 28]. N(EF) = ( 34𝜋𝑅3 𝑊 )                                                                   (19) 

The values of N(EF) for the present glass samples are listed in Table 2. It is clear that, the 

density of states N(EF) is the order of 1021 (eV-1cm-3). The values of N(EF) are reasonable for 

the localized states [27, 29]. 

The small polaron coupling constant γp, is representing the electron-phonon interaction. The 

values of (γp) given by 



𝛾𝑝 =  2 𝑊𝐻ℎ 𝜐𝜊                                                                 (20) 

were also calculated for the glass samples[7]. The evaluated values of γp are listed in Table. 

2. The values of γp > 4 for all glass samples usually indicate a strong electron–phonon 

interaction [29]. From results listed in Table 2, we can deduce that the γp has minimum value 

at the highest conductivity sample (BSFO). 

The hopping carrier mobility 𝜇 in the non-adiabatic hopping mechanism is given by the 

following equation[23] . 

μ = (eR2kT ) (1ħ) ( π4WHkT)12 J2 exp (− WkT)                                          (21) 

Also, the carrier density (Nc) values was calculated from the relation[30] . 

σ = Nc e μ                                                              (22) 

The values of μ and Nc for the glass samples at 333 K are listed in Table. 3. Because the 

localization condition for hopping electrons is μ < 0.01 (cm2V-1s-1) [22, 28, 31] , the results 

show that electrons in the present glass samples are localized at the Fe-ion sites. Also the 

constant Nc ∼ 1017 indicates that the conductivity of glass samples is determined by hopping 

mobility[27]. 

We will now apply the law suggested by Greaves [32] as a modification of Mott's variable 

range hopping (VRH) model [23], Greaves's VRH model could be applied at intermediate 

temperature (below θD/2). The expression for the DC conductivity (σ) according to Greaves’s 
VRH model is given by formula: 𝜎 𝑇12 = 𝐴 exp (− 𝐵𝑇14 )                                                            (23) 

where A and B are constants and B is given by 

𝐵 = 2.1 ( 𝛼3𝑘𝐵 𝑁(𝐸𝐹))14
                                                           (24) 

Fig. 8 shows the plot of ln(σ T1/2) versus T-1/4. A good fit of the experimental data to formula 

(23) in the intermediate temperature range, suggesting that Greave’s VRH may be valid in 
this glass samples over the entire temperature range. Table 4 shows the values of parameters 

A and B from these curves. In addition, we can apply formula (24) to calculate the factor α. 
The values of α and N(EF) are reasonable for the localized states [23, 33]. 

  



4. Conclusion 

Glasses of 70Bi2O3-30Fe2O3 and 10A-60Bi2O3-30Fe2O3 (mol%); (A=Ba, Sr and Ca) were 

prepared by the conventional melt quenching technique. From the XRD results all the glass 

samples were fully amorphous in nature. Density (ρ) was found to increase with decreasing 
the molar volume (Vm). Dc conductivity increased with the addition of alkaline earth 

elements with BSFO maximum value. The conductivity enhancement and activation energy 

reduction agree with transition metal ion ratio values calculated from thermoelectric power 

measurements. The DC electrical conductivity in the glass samples was due to non-adiabatic 

small polaron hopping (SPH) model of electron between Fe-ions. The electron–phonon 

interaction coefficient, (γp) was calculated and found to be in the range of 10.25–17.28. The 

nearly constant of carrier density (Nc) ~ 1017 cm-3 indicates that the conductivity is 

determined by the hopping mobility. 
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Table 1 Composition and physical properties of glass samples.  

 

Code 
Nominal composition 

(mol%) 
ρ ±0.01 
(g/cm3) 

Vm ±0.1 
(cm3/mol) 

N × 1022 

(cm-3) 
R 

(nm) 
θD ±1 
(K) 

W ±0.01 
(eV) 

lnσ ±0.01 
(S/m) (333K) C 

ν0 ±0.01(× 
1013 Hz) 

BFO 70Bi2O3-30Fe2O3 7.6 49.2 1.72 0.387 740 0.662 -16.40 0.242 1.54 

BBFO 60Bi2O3-10BaO-30Fe2O3 6.4 53.6 1.45 0.410 735 0.569 -15.27 0.259 1.53 

BSFO 60Bi2O3-10SrO-30Fe2O3 5.9 57.3 1.33 0.421 676 0.355 -10.35 0.357 1.41 

BCFO 60Bi2O3-10CaO-30Fe2O3 5.6 59.5 1.27 0.429 727 0.562 -14.97 0.319 1.51 



Table 2 Small polaron hopping parameters of glass samples. 

Code rp (nm) N(EF) (× 1021eV-1 cm-3) γp ±0.01 

BFO 0.1561 6.20 17.28 

BBFO 0.1653 6.08 15.08 

BSFO 0.1699 8.98 10.25 

BCFO 0.1728 5.38 14 

 
Table 3 Hopping carrier mobility and density of glass samples at 333 K. 

Code μ ±0.2 (cm2 V-1 s-1) Nc ±0.01 (× 1017 cm-3) 

BFO 4.65 x 10 -7 10.009 

BBFO 1.50 x 10 -4 0.097 

BSFO 4.11 x 10 -3 0.487 

BCFO 6.86 x 10 -4 0.029 

 

Table 4 Parameters for Greaves variable—range hopping conduction for glass samples. 

 

  

Code A ±0.1 (Ω-1m-1K 1/2) B ±0.2 (K1/4) α ±0.01 (Å-1) 

BFO 36.85 210.54 3.78 

BBFO 48.46 258.13 4.93 

BSFO 50.53 248.30 5.33 

BCFO 36.72 206.44 3.51 



 

Figure captions 

Fig. 1. Room-temperature XRD for the glass samples. 

Fig. 2 DSC for BFO glass. 

Fig. 3 Density and molar volume for the glass samples. 

Fig. 4 Seebeck coefficient versus T for the glass samples. 

Fig. 5 The dc conductivity (ln σ) versus inverse temperature (T-1) for the glass samples. 

Fig. 6 dc conductivity (ln σ) versus activation energy (W) at fixed temperature (333 K) for 

the glass samples. 

Fig. 7 Effect of activation energy (W) on dc conductivity (lnσ) at fixed temperature (333K) 
for the glass samples. 

Fig. 8 Relation between ln (σT1/2) and T -1/4 for the glass samples. 

  



Figures 

 

Figure 1 



 

Figure 2 



 

Figure 3 



 

Figure 4 



 

Figure 5 



 

Figure 6 



 

Figure 7 



 

Figure 8 



Figures

Figure 1

Room-temperature XRD for the glass samples.



Figure 2

DSC for BFO glass.



Figure 3

Density and molar volume for the glass samples.



Figure 4

Seebeck coe�cient versus T for the glass samples.



Figure 5

The dc conductivity (ln σ) versus inverse temperature (T-1) for the glass samples.



Figure 6

dc conductivity (ln σ) versus activation energy (W) at �xed temperature (333 K) for the glass samples.



Figure 7

Effect of activation energy (W) on dc conductivity (lnσ) at �xed temperature (333K) for the glass samples.



Figure 8

Relation between ln (σT1/2) and T -1/4 for the glass samples.


