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A B S T R A C T 

A theoretical analysis has been done on some physical parameters like electro–negativity, 
average coordination number, glass transition temperature etc. which plays an important role in 
the glass formation and stability of glassy alloys. These parameters are calculated for Ge–Bi–Se 
amorphous system with variation in Bi content. The Ge–Bi–Se system, with two combinations 
viz: Ge10BixSe90-x and Ge20BixSe80-x (x = 3, 6, 9, 12, 15 atomic %), is found to be in accordance 
with the earlier researches. The addition of Bi to Ge-Se glassy alloys supposed to vary linearly 
the whole category of physical properties. During studies to develop a material combination 
useful for phase change optical recording, smooth linear changes were observed with increase in 
Bi content. 

Keywords: Average Coordination Number, Electro–negativity, Lone Pair, Chalcogenide                   
Glasses. 

 

INTRODUCTION

As it has been a well established fact 
that chalcogenide glasses have a number of 
potential technological applications such as 
memory switching, inorganic photo resist, 
xerography, IR detection and transmission 
etc.1,2. The amorphous chalcogenide can be 
classified into the elemental, binary, ternary, 
etc., and the alloys can be divided into 
stoichiometric (GeSe2, Bi2S3) and non-
stoichiometric compositions (S–Se, Bi–Se). 
For the elements, the sequence of S, Se, and 

Te shows that bonding changes from 
molecular, covalent, to metallic. Among 
these three elements, only Se is available as 
amorphous films and glassy ingots at room 
temperature. The glassy structure is the 
simplest, consisting mainly of 
entangled−Se−Se−chains. For ternary alloys, 
we can envisage several kinds of systems: 
the chalcogen mixture S–Se–Te, the anion-
mixed system such as Bi–S–Se, and the 
cation-mixed system such as Ge–In–Se3,4. 
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But there is a lot of scope left even today, in 
the understanding of electronic states in the 
chalcogenides. It was suggested by earlier 
investigators that chalcogenides were very 
well suitable for a number of applications 
due to absence of rigidness in structure5. The 
addition of Bi in Ge-Se based glasses 
usually broadens the IR region of 
transparency as well as increase the 
chemical durability. To study the optical 
band gap, some researchers analysed the 
absorption spectra of thin films of Bi based 
compositions. It was reported that the 
optical band gap decreased sharply from 
2.10 eV to 1.65 eV with the increase in the 
Bi contents from 0 to 10 atomic %6,7.  

In the present work, we have 
shortlisted Ge–Bi–Se glasses to study the 
compositional variation on physical 
properties. We have taken two combinations 
viz. Ge10BixSe90-x and Ge20BixSe80-x (x = 3, 
6, 9, 12, 15 atomic %) to analyse various 
physical properties, viz.: average 
coordination number, lone pair, mean bond 
energy etc., by varying Bi content in all 
compositions as well as by fixing the Ge 
content 10 atomic % and 20 atomic % and 
hence by effectively decreasing The Se 
content so as to check the viability of 
material for optical recording devices. 

 
Electro – Negativity  

It is well known that there should be 
a smooth connection in bond strength and 
glass formation8. The tendency of glass 
formation increases with increase in bond 
strength values. For smooth glass formation, 
the elements having more than 90% covalent 
character are more promising. The study of 
electro–negativity is very useful to 
understand many basic properties of 
materials used in various combinations. 

The electro–negativity has been 
defined using different approaches by 
different investigators. Most commonly 
predicted approach is given by Linus 

Pauling, which explains the electro–
negativity as the power of an atom or 
molecule to attract electron towards it. It is 
well known that electro–negativity given by 
Allred–Rochow may be treated as a measure 
that determines the values of the 
electrostatic force exerted by the effective 
nuclear charge on the valence electrons9. 
The value of the effective nuclear charges 
may be estimated using Slater's rules. The 
higher the nuclear charge, the more likely it 
may attract electrons. However, Slater's rule 
is partly empirical and also Allred–Rochow 
electro–negativity is no more rigid than 
the Pauling Electro–negativity. 

Electro–negativity of the 
composition is nothing   but the geometric 
mean of all the constituents of that particular 
composition. To make the alloy ionic in 
character, Bi may be used as dopant in Ge-
Se system. We have studied electro–
negativity using two well known scales viz, 
the Pauling scale and the Allred–Rochow 
scale. The value of electro–negativity 
according to the two scales is given in Table 
1. It is clear from figure 1 and 2 that values 
of electro–negativity in both the scales 
decreases with increase in concentration of 
Bi from 3 to 15 atomic %, while it is seen to 
be decreasing with increase in Ge content 
from 10 to 20 atomic %. 

 
 Average Coordination Number 

For the multi-component glasses, the 
average coordination number <Z> is 
calculated using standard method10 for both 
the composition of Ge–Bi–Se system, <Z> is 
given by 

Ge Bi SeN N N
Z

  

  

 


   
Where α, β and γ are the atomic 

percentage of Ge, Bi and Se respectively and 
NGe(4), NBi(3), NSe(2), are their respective 
coordination number11,12. From the  
calculated values of average coordination 
number, as shown in figure 3 for both 
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Ge10BixSe90-x and Ge20BixSe80-x systems 
values of <Z> increase with increase in 
concentration of Bi from 3 to15 atomic %.  

 
Lone Pair Electron 

It was predicted by L. Pauling13, that 
increase in the lone pair electron is 
responsible for the decrease in the strain 
energy in the system and structures as large 
number of lone pair favours glass formation. 
The lone pair can be calculated using the 
relation as mentioned below 

 
L V Z 

 
Where <Z> is the average 

coordination number and V is the valence 
electron.  

According to Zhenhua14, the number 
of lone pair electrons must be greater than 
2.6 for binary system and greater than 1 for 
ternary system. In the ternary system Ge-Bi-
Se studied here the lone pair is found to be 
greater than 1 as shown in figure 4.The 
number of lone pair is found to be 
decreasing with the increase in the Bi 
content from 3 to 15 atomic % in both the 
combinations. But, as in case of electro–
negativity, the lone pair electrons are also 
found to be on lower side for Ge20BixSe80-x 

as compared to Ge10BixSe90-x system. This 
may be attributed to the interaction between 
Bi ion and lone pair of electrons of bridging 
Se atom. So the present system under 
investigation can be obtained in amorphous 
glassy state. It is also well known that the 
system with large number of lone-pair 
electrons constitute a stable state. 
Chalcogenides with lone pair are also 
characterized by flexibility. This flexibility 
of bonds causes these atoms to immediately 
form amorphous network. 

 
Molecular Weight and R – Parameter  

For both the compositions 
Ge10BixSe90-x and Ge20BixSe80-x, the 
variation of molecular weight M with 
bismuth content is depicted in figure 5. The 

values of molecular weight for both the 
compositions of Ge–Bi–Se system are 
calculated by using the molecular weight 
72.61, 208.98, 78.96 in gm/mole for Ge, Bi 
and Se respectively. The molecular weight 
in the two compositions is found to be 
increasing with the increasing atomic % of 
Bi from 3 % to 15 %. As atomic % of Se is 
decreasing while atomic% of Ge is 
increasing in Ge20BixSe80-x as compared to 
Ge10BixSe80-x, so the value of molecular 
weight M is on lower side for Ge20BixSe80-x. 

R parameter plays a crucial role in 
analysing the results for further 
investigations. In the present study, we are 
emphasising on chalcogen rich combinations 
comprising of various materials. For a 
system to be chalcogen rich the value of 
parameter R should be greater than one and 
hetero-polar as well as chalcogen- chalcogen 
bonds should be present. The value of R 
parameter can be calculated using the 
relation given below: 

( )

( ) ( )

CN Se
R

CN Ge CN Bi



 


  
Where α, β and γ are atomic frictions 

of Ge, Bi and Se respectively. 
As mentioned in figure 6, the values 

of R for Ge10BixSe90-x are found to be 
decreasing from 3.551 to 1.765 for x = 3 to 
15 atomic %, but still these are well greater 
than one, so this combination is well placed 
in the category of ‘chalcogen rich’. In case 
of next combination Ge20BixSe80-x, R goes 
on decreasing from 1.730 to 1.040 for x=3 
to 15 atomic %. These are comparatively on 
lower side in comparison to the first 
combination. The comparison between the 
two compositions indicates that the value of 
R goes on decreasing as we increase 
concentration of Bi from 3% to 15% in both 
the compositions. This shows that our 
system is more or less chalcogen rich for 
both the composition taken here15.  
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Overall Mean Bond Energy and Glass 
Transition Temperature 

Overall mean bond energy <E> is 
another important property of chalcogenide 
glasses which may influence the glass 
transition temperature Tg. The glass 
transition temperature is important 
characteristic for the amorphous glassy 
alloys as it is a transition temperature 
between the amorphous state and the 
crystalline state. It has been investigated 16 

that the value of Tg should not only be 
related to connectedness of the network 
which in turn is related to <Z>, but also to 
overall mean bond energy between the 
atoms of the network. 

One of the most promising approach 
to determine the glass transition temperature 
Tg was given by the Tichy and Ticha17,18. 
They have predicted an impressive 
correlation between the mean bond energy 
<E> and glass transition temperature Tg as 
given below 

311[ 0.9]gT E   
 

Where <E> is overall mean bond 
energy in eV/atom and Tg is in Kelvin. 

For GeαBiβSeγ system, where (α + β 
+ γ) = 1, in selenium rich systems (as R>1) 
both the heteropolar bonds and the 
chalcogen-chalcogen bonds are present. 
According to Tichy and Ticha16, 17 the 
overall mean bond energy for the GeαBiβSeγ 
system is given by the relation 

c rmE E E  
 

Where Ec denotes overall 
contribution towards bond energy arising 
from strong heteropolar bonds given as 

4 3c Ge Se Bi SeE E E   
 

and Erm denotes contribution arising 
from weaker bonds that remains after the 
strong bonds have been maximized.  

2 4 3
rm Se SeE E

Z

  


  
  
   

It is quite clear from figure 7 and 
figure 8 that the value of <E> and Tg is 
found to be increasing with the increase in 
the Bi content for both the combinations 
Ge10BixSe90-x and Ge20BixSe80-x studied here. 
The values of <E> and Tg are found to be on 
higher side for the composition Ge20BixSe80-

x than for Ge10BixSe90-x. 
 

CONCLUSIONS 

Increase in the Bi content leads to 
the expected variation in various physical 
parameters, calculated theoretically, viz. 
average coordination number, electro–
negativity, lone pair, overall mean bond 
energy, glass transition temperature etc., 
vary linearly for the two combinations  
Ge10BixSe90-x and Ge20BixSe80-x (x = 3, 6, 9, 
12, 15 atomic %)  of Ge–Bi–Se amorphous 
systems. The electro–negativity and lone 
pair, are found to be decreasing with the 
increase in the Bi content from 3 to 15 
atomic % in both the combinations. It is 
clear from the values of lone pair that the 
system forms a stable state alloys. It is 
observed that Ge-Se-Bi glassy system for 
both the combination is chalcogen rich as 
the value of parameter R >1. The results 
here clearly depict variations in overall 
mean bond energy and glass transition 
temperature with increasing the content of 
Bi from 3 to 15 atomic %. Hence the above 
discussed results confirm that Ge–Se based 
amorphous systems has good glass forming 
ability hence both the combinations may be  
good for optical storage media. 
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Table 1. Values of Electro–negativity 

 

Element Pauling Allred–Rochow 

Ge 2.01 2.02 
Bi 2.02 1.67 
Se 2.55 2.48 
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Figure 1. Variation of Electro–negativity (Pauling Scale) 
with Bismuth atomic % (a-Ge10Se90-xBix, b-Ge20Se80-xBix) 

 

Figure 2. Variation of Electro–negativity (Allred-Rochow) 
with Bismuth atomic % (a- Ge10Se90-xBix, b-Ge20Se80-xBix) 
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Figure 3. Variation of Average Coordination Number 
with Bismuth atomic % (a-Ge10Se90-xBix, b-Ge20Se80-xBix) 

 

Figure 4. Variation of Lone Pair with Bismuth atomic %  
(a- Ge10Se90-xBix, b-Ge20Se80-xBix) 
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Figure 5. Variation of Molecular Weight with Bismuth 
atomic % (a- Ge10Se90-xBix, b-Ge20Se80-xBix) 

 

Figure 6. Variation of Lone Pair with Bismuth atomic %  
(a- Ge10Se90-xBix, b-Ge20Se80-xBix) 
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Figure 7. Variation of overall mean bond energy with Bi 
content (a- Ge10Se90-xBix, b-Ge20Se80-xBix) 

 

Figure 8. Variation in glass transition temperature with 
Bi content (a- Ge10Se90-xBix, b-Ge20Se80-xBix) 




