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Abstract 
This paper reports on different physical and optical properties of Nd3+-doped bismuth borate 
glasses. The glasses containing Nd3+ in (25 − x)Bi2O3:20Li2O:20ZnO:35B2O3:xNd2O3 (where x = 1, 
1.5, 2 mol%) have been prepared by melt-quenching method. The amorphous nature of the glasses 
was confirmed by X-ray diffraction studies. The physical parameters like dielectric constant, re-
fractive index, ionic concentration, oxygen-packing density, inter ionic distance, polaronradius, 
reflection loss, energy gap, molar refractivity, molar polarizability, electronic polarizability, opti-
cal basicity and field strength are computed. On the basis of the measured values of the density 
and refractive index, the Nd3+ ion concentration in glasses, the polarizability of oxide ions and 
optical basicity were theoretically determined. The theoretical value of average electronic polari-
zability and oxide ion polarizability were calculated by using Lorentz-Lorenz formula. Theoretical 
optical basicity of the glasses is evaluated based on equation proposed by Duffy and Ingram. The 
metallization criterion has also been calculated on the basis of refractive index and energy gap. 
The large value of metallization criterion indicates that the glass materials are insulators. The re-
sults obtained predict the nature of bonding in the present glasses and provide basis for develop-
ing new nonlinear optical material. 
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1. Introduction 
Bismuth oxide (Bi2O3) based glasses for their high polarizability has fascinated much attention of glass re-
searchers because of their nonlinear optical properties which have importance for the development of optical in-
formation processing technology [1]-[5]. Hence there has been an increasing interest in the synthesis, physical 
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properties of heavy metal oxide (HMO) glasses. Bismuth glass is one of the most important amongst the heavy 
metal oxide. 

Recently many researchers study glasses as switching and memory devices, superior insulators and dielectrics. 
Thus glass becomes an ordinary electronic material [6] [7]. 

Recently, Dimitrov and Komatsu [8] have investigated the polarizability approach of numerous oxide glasses 
by estimating the electronic oxide ion polarizability, optical basicity and metallization criterion based on the re-
fractive index and energy gap. Since the optical nonlinearity is the cause of electronic polarization of the glass 
upon exposure to intense light beams, polarizability is the most important properties which govern the nonli-
nearity response of the glass. That is why knowledge of the state of polarization of ions in different crystalline 
and amorphous materials is of significant interest. 

The aim of the present study is to prepare the Nd3+-doped bismuth borate glass with different Nd2O3 concen-
trations and to study the effect of Nd2O3 content on various physical parameters such as density, molar volume, 
and refractive index. In addition the optical basicity and polarizability were theoretically determined. Glass con-
taining neodymium oxide has been used because of its high hardness and excellent chemical durability [9] [10]. 

2. Experimental Techniques  
Sample Preparation  
The following Nd3+-doped bismuth borate glass system (25 − x)Bi2O3:20Li2O:20ZnO:35B2O3:Nd2O3 (where x = 
0, 1, 1.5, 2) have been prepared by melt-quenching method. Analytical reagent grade chemical used in the 
present study consist of Bi2O3, Li2O, ZnO, B2O3 and Nd2O3. They were thoroughly mixed by using an agate pes-
tle mortar. 

Then melted at 1060˚C by an electrical muffle furnace for 2 hours, After complete melting, the melts were 
quickly poured in to a preheated stainless steel mould and annealed at temperature of 350˚C for 2 hours to re-
move thermal strains and stresses. Every time fine powder of cerium oxide was used for polishing the samples. 
The glass samples so prepared were of good optical quality and were transparent. The chemical compositions of 
the glasses with the name of samples are summarized in Table 1 ZnLiBiB (Nd)-Represents Nd3+-doped Zinc 

Lithium Bismuth Borate glass specimens.  

3. Results and Discussion 
3.1. XRD Measurement 
Figure 1 presents the XRD pattern of the samples shows no sharp Bragg’s peak, but only a broad diffuse hump 
around low angle region. This is the clear indication of amorphous nature within the resolution limit of XRD in-
strument. 

3.2. Physical Properties 
Density and molar volume measurements 

Density is an effective tool to explore the degree of structural compactness modification of the geometrical 
configurations of the glass network. The density of all glasses was measured by using Archimedes principle with 
xylene as immersing liquid. The relation used is 

( ) [ ]3gm cm a a b bW W Wρ ρ= − ×                             (1) 

 
Table 1. Chemical composition of the glasses.                                                     

Sample Glass composition (mol %) 

ZnLiBiB (Nd0) 25Bi2O3:20Li2O:20ZnO:35B2O3 

ZnLiBiB (Nd1) 24Bi2O3:20Li2O:20ZnO: 35B2O3:1Nd2O3 

ZnLiBiB (Nd1.5) 23.5Bi2O3:20Li2O:20ZnO: 35B2O3:1.5Nd2O3 

ZnLiBiB (Nd2) 23Bi2O3:20Li2O:20ZnO: 35B2O3:2Nd2O3 
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Figure 1. X-ray diffraction pattern of Bi2O3:Li2O:ZnO:B2O3:Nd2O3 glasses.           

 
where aW  is the weight of glass sample in air, bW  is the weight of glass sample when immersed in xylene 
and bρ  is the density of xylene (0.86 m/cm3).  

The molar volume of the glass samples can be calculated from following expression: 

T
m

MV
ρ

=                                       (2) 

where ρ is the density of the sample and MT is the total molecular weight of the multi-component glass system 
given by  

2 3 2 3 2 2 2 3 2 3 2 3 2 3Bi O Bi O Li O Li O ZnO ZnO B O B O Nd O Nd OTM X Z X Z X Z X Z X Z= + + + +            (3) 

where 
2 3Bi OX , 

2Li OX , ZnOX , 
2 3B OX , 

2 3Nd OX  are the molar fraction of the constituent oxides and 
2 3Bi OZ , 

2Li OZ , ZnOZ , 
2 3B OZ , 

2 3Nd OZ  are the molar weights of the constituent oxides.  
Refractive index measurement  

Refractive index is another important property to be considered with respect to the optical features of glass. 
Therefore, a large number of researchers have carried out investigations to ascertain the relation between refrac-
tive index and glass composition. The refractive index was measured by using an Abbe refractometer. 
Reflection loss  

The reflection loss from the glass surface was computed from the refractive index using Fresnel’s formula 
[11] 

( )
( )

2
1
1L

n
R

n
 −

=  
+  

                                   (4) 

where n is the refractive index. 
Molar refraction 

The molar refraction, (Rm) of the glass samples were calculated using the formula which is well known as 
Volf and Lorentz-Lorenz formula [12]  

( )
( )

2

2

1

2m m

n
R V

n

−
= ×

+
                                 (5) 

where n is the refractive index of the glass sample, ρ is the density and M is the molecular weight of the glass 
samples. M/ρ is called the molar volume, (Vm).  
Energy gap 

According to duffy the energy gap is given by [13] 
2

0 12 m
g

m

R
V

E
 
− 

 
=                                   (6) 
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Molar electronic polarizability  
The molar refraction is related to the structure of the glass and it is proportional to the molar electronic pola-

rizability of the material (αm) according to the relation [14] 

2.52
m

m
R

α =                                         (7) 

Dielectric constant 
The dielectric constant was calculated using refractive index of the glass [15] 

2є n=                                           (8) 

where n is the refractive index.  
Optical dielectric constant  

The optical dielectric constant of the glass [16]. 

( ) 2d є 1 1
d

tp n
p
= − = −                                     (9) 

where є is the dielectric constant. 
Electronic polarizability  

The electronic polarizability was calculated using the formula [17]. 

( )
( )
2

2

3 1

4 2e
V

n

A n
α

−
=

Π +
                                    (10) 

where AV is the Avogadro number.  
Oxide ions polarizability 

The electronic polarizability of oxide ions has been calculated using the equation proposed by Dimitrov and 
Sakka [18]. 

( ) ( )22

1

OO 2.52
n m

i
R

Nα α −−

− = −  
∑                                 (11) 

where iα∑  In the above equation is molar cation polarizability and 2O
N −

 is the number of oxide ions in the 
chemical formula. The molar cation Polarizability (α) values of Li+, B3+, Zn2+, Bi3+ and Nd3+, ions are respec-
tively αLi = 0.042 Å3, αB = 0.002 Å3, αZn = 0.283 Å3, αBi = 1.508 Å3 and αNd = 2.546 Å3. 
Ionic concentrations 

The ionic concentrations of the glass samples are determined using the following relation [19]. 

( ) ( )( )
( ) ( )3 Avogadro s number glass density

ions cm mol% of rare earth ions
Average molecular weight

N = ×
’

           (12) 

Polaron radius 
The polaron radius was calculated using the formula [20] 

1
31

2 6pR
N
Π = × 

 
                                     (13) 

where N is the number of neodymium ions per unit volume.  
Inter-ionic distance 

Inter-ionic distance of the glass samples is given as [20] 
1
31

iR
N

 =  
 

                                      (14) 

where N is the number of neodymium ions per unit volume.  
Field strength  

The field strength was calculated using the formula [21]  
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( )3
2F cm
p

Z
R

 
=   
 

                                   (15) 

where Z is the thickness of the samples. 
Oygen packing density  

The oxygen packing density of the glass samples were calculated using the following relation [22].  

O.P.D. 1000n
M
ρ = × 

 
                                   (16) 

where ρ the density of desired glass samples, M is the molecular weight of the sample and n is the number of 
oxygen atoms in the composition. 
Optical basicity  

The optical basicity addresses the ability of oxide glass in contributing the negative charges in the glass ma-
trix. In other words it defines the electron donating power of the oxygen in the oxides glass. The theoretical opt-
ical basicity can be calculated by the equation proposed by duffy and Ingram [23] 

1 1 2 2 3 3 4 4th X X X XΛ = Λ + Λ + Λ + Λ                               (17) 

where 1 2 3 4, , , , , nX X X X X  are equivalent fraction based on the amount of oxygen each oxide contributes to 
the overall glass stoichometry and 1 2 3 4, , , , , nΛ Λ Λ Λ Λ  are basicities assigned to the individual oxides. The 
values of optical basicity of each oxide are: Λ (B2O3) = 0.42, Λ (Bi2O3) = 1.19, Λ (Li2O) = 1.00, Λ (ZnO) = 0.82, 
Λ (Nd2O3) = 1.33.  

The measured density, molar volume and refrective index of Nd3+ doped zinc lithium bismuth borate glass 
samples for different concentrations are shown in Table 2. Based on the measurement of density, molar volume 
and refrective index various physical parameters e.g. electronic polarizability, ionic concentrations, polaron ra-
dius, molar refraction, Inter-ionic distance and field strength, etc. are calculated and are also listed in Table 2. 

The density increases with the addition of content of Nd2O3 into the network. This indicates that replacing 
Bi2O3 by addition of small amount of Nd2O3 results in the increase in the average molecular weight of oxide 
ions in the glass. The molar volume depends on both the rate of change of density and molecular weight. How-
ever, when the Nd2O3 concentration is increased the increasing rate of molecular weight is greater than that of 
density. It may be assumed that the increase in Nd2O3 concentration at the expense of Bi2O3 cause the opened 
glass network structure.  

Thus the increase in density (ρ) & electronic polarizability (αe) is due to higher molecular weight of Nd2O3 
compared to that of Bi2O3. 

In the present glass sample refractive index also increases with the increase in electronic polarizability. 
[Figure 2] of oxide ions as a result of increase in the non-bridging oxygen to bridging oxygen ratio. 

Oxygen packing density is another important parameter in explaining the structure of glass. The increase of 
oxygen packing density may cause a decrease of molar volume and hence an increase of mass density of these 
glass samples. 

It is clear from Table 2 and Figure 3 that the optical basicity increases linearly when Bi2O3 is replaced by 
Nd2O3 Increasing basicity results in increasing negative charge on the oxygen atom and thus, increasing cova-
lency in the cation-oxygen bonding. Also it has been found that the value of optical basicity increases with in-
crease in refractive index [Figure 4]. 
Insulating nature  

Based on the theory of metallization of condensed matter explained by Herzfeld, refractive index turn to be 
infinite in the condition of Rm/Vm = 1 from the Lorentz-Lorenz equation. This is in accordance to the metalliza-
tion of covalent solid materials [24]. Dimitrov and Komatsu explained on predicting the nature of solids which 
is metallic or non-metallic based on the condition of or Rm/Vm < 1 (non metal) and Rm/Vm > 1 (metal). Subtract-
ing by 1 gives the metallization criterion (M)  

1 m

m

R
V

M


=


− 
                                       (18) 
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Figure 2. Variation of electronic polarizability with refractive index.                     
 
Table 2. The physical properties of Bi2O3:Li2O:ZnO:B2O3:Nd2O3 glasses.                                           

Physical properties ZnLiBiB (Nd 0) ZnLiBiB (Nd 01) ZnLiBiB (Nd 1.5) ZnLiBiB (Nd 2.0) 

Refractive Index (n) 1.860 1.888 1.889 1.891 

Density (ρ) ( )3gm cm  3.2 3.4 3.9 4.02 

Thickness (Z) 0.235 0.233 0.255 0.256 

Average molecular weight M (g) 163.121 161.826 161.172 160.530 

Rare earth ions concentration (N) 1.182 1.265 2.186 3.016 

Dielectric Constant (є) 3.46 3.56 3.57 3.58 

Optical Dielectric Constant 
d
d

tp
p

 2.46 2.56 2.57 2.58 

Molar Volume (Vm) ( )3gm cm  50.975 47.596 41.328 39.933 

Reflection losses (RL) 9.042 9.454 9.469 9.498 

Molar refractivity (Rm) 22.965 21.936 19.062 18.448 

Energy gap (Eg)  3.811 3.726 3.105 2.789 

Polaron radius Rp (Å)  6.039 5.813 5.805 5.789 

Inte rionic distance (Ri) (Å) 9.458 9.246 7.7054 5.570 

Electronic polarizability (αe) 0.1788 0.1829 0.1830 0.1833 

Field strength (F) 0.162 0.168 0.264 0.329 

Optical basicity (Λ) 0.7834 0.7853 0.7862 0.7872 

Molarpolarizability (αm) 24 310 cm−×  9.113 8.705 7.564 7.321 

Oxide ions polarizability ( )( )2O

nα −  Å3 3.769 3.574 3.051 2.935 

Oxygen packing density (OPD) 43.12 46.22 53.23 55.09 

Metallization criterion (M) 0.5495 0.5391 0.5388 0.5380 

 
The small value of M means that the width of both valence and conduction bands become large, resulting in a 

narrow band gap and increased the metallicity of the solid [Figure 5]. 
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Figure 3. Variation of optical basicity with Nd2O3 concentration. 
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Figure 4. Variation of optical basicity with refractive index.                     
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Figure 5. Variation of metallization criterion with energy gap.         
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4. Conclusion 
The Nd3+-doped zinc lithium bismuth borate gasses were prepared at various doping concentrations of Nd2O3 
and characterized for their physical properties. The density and refractive index increases with an increase in 
concentration of Nd2O3. The other two properties of polarizability and optical basicity also rise over the doping 
concentration. Increase in optical basicity results in increasing ability of oxide ions to donate electrons to sur-
rounding cation. This suggests that the present glasses are more basic. The electrons polarizability shows a gen-
eral trend of increase with increase in refractive index. The metallization parameter values of the present glasses 
are found to be less than one, and thus they exhibit insulating behaviour. 
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