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Abstract Decreasing the band gap of a material due to

metal impurities has been approved through several stud-

ies, and this subject is considered as a major area of interest

within the optoelectronic applications. Indium-based

chalcogenides have been considered good candidates in

nonlinear optics due to their ability to transmit in the in-

frared region. Hence, Ge18Se82 has been alloyed with In.

The nature of the chemical ordering of amorphous samples

of Ge18Se82-xInx (x = 0, 2, 4 and 6) have been system-

atically studied. The aim of present investigation is to

understand the role of chemical composition and mean-

coordination number in determining their structural and

physical properties. The compactness, d, of alloyed sam-

ples has been calculated from their measured densities, and

values obtained have been interpreted using the topological

model proposed to describe the atomic arrangements in

these alloys. The variation of the glass transition tem-

perature, Tg, with the average coordination number, Z, has

been investigated. The compositional dependence of the

mean atomic volume, Vm, has also been determined. The

free volume percentage, FVP, in Ge18Se82-xInx amorphous

samples and their fragility indices, m, have been deter-

mined to examine the relationship with the mean-coordi-

nation number. We have also analyzed the obtained results

on the basis of average single bond energy and

electronegativity.

1 Introduction

Chalcogenide multicomponent glasses have attracted sig-

nificant attention due to their remarkable optical properties

and technological applications [1, 2]. They are considered

as typical glasses for infrared applications [3, 4] and pro-

vide good candidates for photo-structural optical recording

[5], acousto-optic devices [6, 7] and advanced IR optical

fibers [8]. They also provide solid-state physicists with new

solutions for the challenging fundamental problems that

relate to the possible technological applications for these

glasses [7, 9]. The Ge–Se–In system is of special interest in

view of the fact that it forms glasses over a wide domain of

compositions extending to about 60–90 at.% of Se atoms

and about 15 at.% In, with the Ge atoms as remainder [10–

13]. Therefore, it is considered as a suitable model system

for the investigation of the variation of certain physical

properties with composition or equivalently with the av-

erage coordination number [1, 14].

Since the addition of a third alloying element has pro-

nounced effect on the structural and physical properties, we

propose in this paper to study the role played by metallic

indium on the covalently bonded Ge–Se glasses. Several

authors have studied the optical and electrical properties of

the formed ternary compounds. Through investigations,

researchers have shown the effect of In addition on the

structural, physical, electronic, optical and thermal prop-

erties of the Ge–Se glasses which create both compositional

and configurational disorders in this system [13, 15–18]. So

far, however, there has been little discussion about the re-

sults of the compactness of the structure of these glasses, the

variation of glass transition temperature, the free volume

percentage FVP, the value of the fragility index m and the

other related parameters. Therefore, in the current study, the

chemical bond approach has been used to explain the
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correlation between the above-mentioned parameters and

the coordination number in the present glassy system, and

the observed behavior is interpreted as an indirect evidence

of the behavior of their chemical nature [19].

2 Experimental method

Bulk Ge18Se82-xInx glasses (0 B x B 6) have been pre-

pared by the conventional melt-quenching technique. The

samples were prepared from a mixture of high purity Ge,

Se, and In (99.999 %). The elemental constituents of the

desired stoichiometric ratios have been sealed in evacuated

quartz ampoules (&10-3 pa) and heated in an electric

furnace at 300 �C for 2 h. Afterwards the temperature of

the furnace has been raised to 1000 �C for 15 h with fre-

quent shaking to homogenize the melt. The quenching has

been done in ice-cooled water. The ingots have been

confirmed to be amorphous using X-ray diffraction (XRD).

The homogeneity of the compositions has also been con-

firmed through density measurements. On the other hand,

the composition of the final glassy alloys has been deter-

mined using energy-dispersive X-ray spectroscopy (EDX).

The thermal behavior has been investigated using a dif-

ferential thermal analyzer (Shimadzu DTA-50). The glass

transition temperature for samples has been obtained by

heating them at heating rate 10 �C/min.

Density measurements on as-prepared samples have

been performed by the Archimedes method using distilled

water as the immersion liquid. The density, q, has been

calculated from the formula,

q ¼ W0

W0 �WL

� �
qL ð1Þ

where W0, WL and qL are, respectively, the weight of the

sample in air, the weight of the sample in liquid and the

density of the reference liquid. The error in the density

measurement, and consequently in the compactness, has

been estimated to be less than ±1 %. The compactness, d,
has been calculated using the formula [20–22]

d ¼
Ri

CiAi

qi
� Ri

CiAi

q

Ri
CiAi

q

ð2Þ

where Ci, Ai, qi and q are the atomic fraction, the atomic

weight and the atomic density of the ith element of the

glass, and q is the measured density. The compactness d is

a measure of the change in the mean atomic volume Vm due

to chemical interactions of the elements forming the net-

work of a given solid [23].

The polaron concept has been studied in both ordered

and disordered solids. For the polaron to be small, the

polaron radius, rp, must be greater than the radius of the

atom, on which the electron is localized, but less than the

distance, r, separating these sites. The polaron radius has

been determined from the relation [24].

rp ¼
1

2

p
6N

� �1=3
ð3Þ

where N is the number of In atoms per unit volume which

could be calculated using the Naster–Kingery formula [25,

26]. Moreover, the polarons should decrease in size as the

number of atoms increases.

N ¼
qglassPNA

AW� 100
ð4Þ

where qglass is the glass density, NA is Avogadro’s number,

AW is the atomic weight of the In (in grams), and P is the

weight percentage of In in the glass matrix. In addition, the

average spacing of In–In in the glass was calculated from

r ¼ 1

N

� �1=3
ð5Þ

3 Results and discussion

The densities of the investigated compositions, their cor-

responding compactness values and their respective aver-

age coordination numbers are summarized in Table 1. The

calculation of the coordination number, Z, values as sug-

gested by Phillips [27], requires the knowledge of the co-

ordination number values of each element constituting the

alloy. For the Ge–Se–In system, the values of the coordi-

nation number of Ge and Se generally respect the 8-N rule

with Z for Ge = 4 and for Se = 2. Nevertheless, for In

atoms the results obtained by different authors indicate that

it is still a subject of controversy. The value of Z for In = 3

is obtained from extended X-ray absorption fine-structure

(EXAFS) measurements from the In K-edge [28]. The

values of the coordination number for the investigated

compositions have been determined using the following

formula [29, 30].

Z ¼ 4� 18þ 2 82� xð Þ þ 3 xð Þ½ �=100 ð6Þ

The composition variation of the compactness d char-

acterized by Z for glasses under study is given in Table 1.

Figure 1 shows the variation of glass transition tem-

perature, Tg, with elements percentage in Ge18Se82-xInx.

We observe that the greater the In content, the larger the Tg
values, while an opposite behavior is obtained for Se

content. In spite of the presence of many factors that in-

fluence the Tg obtained for the glasses under study, it is

interesting to relate Tg with Z. The dependence can be

expressed as Tg = f(Z) in case of adding an element with

coordination number greater than 2 to the binary glass.
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Therefore, an increase in the Tg values is obtained with

increasing additive element percentage (cf. Table 2).

Hence, we interpret the variation of Tg observed with in-

creasing In content due to the dependence of Tg on the

connectivity which is in agreement with Saiter et al. [31].

Figure 2 shows the density of the glassy system Ge18-
Se82-xInx at room temperature as a function of Se and In

concentrations. The density increases with increasing In

content and decreasing Se content as well. The density, q,
and the molar volume, Vm, of glasses are governed by both

the atomic mass and the structure of the components. By

knowing the chemical compositions of our glasses, the

density variation could be attributed to a change in their

structural units’ arrangement.

The molar volume, Vm, for studied glasses (i.e., the

volume occupied by 1 g—molecule of the glass) has been

calculated using the following formula [32].

Vm ¼ 1=q

� �X
i

xiMi ð7Þ

where xi represents the atomic fraction of component i, Mi

is its atomic mass, and q represents the experimentally

determined density. The values determined for Vm are

listed in Table 2. Figure 3 shows the variation of Vm with

the Se and In contents. The increase in Vm is observed with

increasing In and decreasing Se percentages. By comparing

our results with Saffarini et al. [32], we conclude that the

variation of Vm is achieved as a result of new arrangement

in the basic structural units.

The free volume percentage (FVP) in the glass has been

calculated using the relation,

FVP ¼ Vm � VTð Þ
Vm

100% ð8Þ

where VT is the theoretical molar volume. The calculation

of VT for the compositions Ge18Se82-xInx has been per-

formed using the following additive formula.

VT ¼ 18V Geð Þ þ 82� xð ÞV Seð Þ þ xV Inð Þ ð9Þ

where V Geð Þ;V Seð Þ and V Inð Þ are the atomic volume of

elements Ge, Se and In. The obtained results are shown in

Table 1 Values of densities, q,
compactness, d, and
coordination number, Z, of the

four glassy compositions

Sample composition Density q (g cm-3) Compactness d Z

Ge (%) Se (%) In (%)

18 82 0 4.416 -0.0982 2.36

18 80 2 4.432 -0.1040 2.38

18 78 4 4.461 -0.1070 2.40

18 76 6 4.497 -0.1087 2.42

405 420 435 450 465
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82

Tg (K)

Se
 %

0

2

4

6

In %

Fig. 1 Effect of varying both the Se and In percentages on the glass

transition temperature

Table 2 Values of molar volume, Vm, the concentrations of In atoms

per unit volume, N, the average spacings of In atoms, r, the small

polaron radii deduced from the density, rp, and the glass transition

temperatures, Tg, for the four studied compositions

Composition Vm (cm3) N 9 1022

(cm-3)

r (Å) rp (Å) Tg (K)

Ge18Se82 17.62 – – – 404.4

Ge18Se80In2 17.72 2.027 3.667 1.478 439.8

Ge18Se78In4 17.77 2.060 3.648 1.470 455.8

Ge18Se76In6 17.78 2.094 3.628 1.462 466.9

4.40 4.42 4.44 4.46 4.48 4.50

76

78

80

82

 (g cm-3)

Se
 %

0

2

4

6

In %

Fig. 2 Densities of the four compositions as a function of both Se

and In concentrations
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Fig. 4. The observed behavior has been confirmed earlier

by Kumar et al. [33], in which they found that at lower

concentration of In (\8 at.%), In atoms replace Se atoms in

these compositions as their chemical bond parameters at

higher concentration might enter into GeSe4=2 tetrahedra

by adopting Ge–In bonds [33]. According to Sharda et al.

[10], it is concluded that the compositional dependence of

FVP of their data is caused by the mechanical and chemical

thresholds, respectively.

In order to establish the interdependence between the

chemical compositions and the physical properties of the

studied ternary Ge–Se–In compounds, the values of the

glass density, q, the molar volume, Vm, the small polaron

radius, rp, the average space, r, of the In atoms and the

glass transition temperature, Tg, for the four compositions

are determined and shown in Tables 1 and 2. As seen, q
and Vm depend on the In concentration. The changes in Vm

may be due to the change in the composition structure that

might have been caused by the variation in interatomic

spacing. This could be attributed to the change in the

number of bonds per unit volume in the glassy network.

As shown in Table 2, the Vm values of the ternary

compositions are higher than those of the binary Ge18Se82
glass. From the changes in the molar volume Vm, it is clear

that the corresponding structural units with its surrounding

space increase by introducing In into the glassy composi-

tion. It has also been observed that the glass transition

temperature Tg increases with increasing In content (cf.

Tables 2, 3). This may indicate a tendency for stronger

bonding in In-rich glasses. This can also be correlated with

the increasing value of the mean bond energy with In

content (cf. Table 3).

The fragility index or steepness index, m, has been

evaluated using the formula [34, 35]

m ¼ d log10 sð Þ
d

Tg
T

� � jT ¼ Tg ð10Þ

and it presents the dependence of the relaxation time s on

temperature around Tg. The procedures outlined earlier [20,

21] have been used to determine the values of m for the

investigated compositions. The determination of the

fragility index, m, requires a mathematical expression for

the relaxation time s. In the present work, the Tool–Nar-

ayanaswamy–Moynihan (TNM) expression has been

15.92 15.94 15.96 15.98 16.00 16.02

76

78

80

82

Vm

Se
 %

0

2

4

6

In %
Fig. 3 Molar volume as a function of varying the Se and In

percentages

Fig. 4 Free volume percentage as a function of average coordination

number

Table 3 Values of lone-pair electron (L); total number of mechanical

constraints (Nt), constraints due to bond-stretching forces (Na) and

bond-bending force (Nb); cohesive energy (CE) Kcal/mol; the

parameter R; mean bond energy hEi eV/atom; glass transition

temperature (Tg
th) K; theoretical band gap (Eg

th) eV; heat of atomiza-

tion (Hs) Kcal/g atom; Hs/Z average single bond energy; and

electronegativity (v) for the four compositions studied in detail

x L Na Nb Nt CE R hEi
(eV)

T th
g Kð Þ Eth

g eVð Þ Hs Hs=Z v

0 3.28 1.18 1.72 2.90 46.37 2.28 2.29 431.56 1.77 56.71 24.03 2.44

2 3.24 1.19 1.76 2.95 46.81 2.05 2.34 448.36 1.73 56.88 23.89 2.43

4 3.20 1.20 1.80 3.00 47.26 1.86 2.41 465.61 1.70 57.05 23.77 2.41

6 3.16 1.21 1.84 3.05 47.74 1.69 2.45 483.30 1.66 57.22 23.65 2.40
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chosen to be used from the different expressions in the

literature [34–36]

s ¼ s0exp
xDh�

RT

� �
exp

1� xð ÞDh�
RTf

� �
ð11Þ

where Dh� is the apparent activation energy, R is the ideal

gas constant, xð0\x\1Þ is the nonlinearity parameter, and

Tf is the fictive temperature which depends on the cooling

rate q applied to the material; it is a characteristic pa-

rameter for the material. The fictive temperature can be

calculated from

Tf ¼ DTg=2
� �

þ Tgmin ð12Þ

where DTg is the width of the glass transition range and

Tgmin is the temperature of the beginning of the glass

transition. Moynihan [36] has proposed an experimental

way to determine the value of Dh* from the variation of Tf
with q

dln qð Þ
dð1=Tf Þ

¼ �Dh�

R ð13Þ

A simple formula of m can be obtained by introducing

Eq. (11) into Eq. (10) [34]

m ¼ Dh�

RTf ln 10ð Þ ð14Þ

Hence, knowing values of Tf ;Dh�, and according to

Eq. (14), the value of the fragility index, m, can be

evaluated [34].

The dependence of m on Z is shown in Fig. 5. It is

interesting to note that upon further increase in Z, the

formation of three-dimensional network structures almost

freezes the molecular mobility. Therefore, a drastic

decrease in the fragility index has been obtained with the

attainment of the strongest composition at the meantime.

The value of Z of the glassy system is assumed to be

comprised of two types of constraints: the first being the

bond-stretching constraint (Na) and second the bond-

bending constraint (Nb). The value of Na is given by Z/2

and Nb is given by 2Z - 3 for a Z-coordinated system. The

total number of mechanical constraints per atom (Nt),

therefore, is equal to the sum of bond-bending and bond-

stretching constraints. The optimum condition for glass

formation according to Phillips and Thorpe [37] occurs

when Nt equals the degree of freedom number (Nd), i.e.,

when Nt = Nd = 3. The value of Z for this condition has

been suggested to be 2.4, where a transition from floppy to

rigid mode takes place in the glassy system. The values of

Na and Nb are given in Table 3, and both of them increase

with increasing In content. Hence, an increase in the total

number of mechanical constraints from 2.90 for x = 0 to

3.05 for x = 6 is also obtained. The values of Z for ternary

glass system Ge18Se82-xInx have been observed to be

greater than the binary composition Ge18Se82 (=2.36).

Addition of 4 at.% In causes an abrupt change in Z value to

2.4, and with further addition of In, Z increases. According

to Phillips and Thorpe [37], at Z = 2.4 there is rigidity

percolation and a transition from two-dimensional struc-

tural network to three-dimensional structural network takes

place.

The number of lone-pair electrons has been calculated

using the formula [38, 39]:

L ¼ V � Z ð15Þ

where L and V are the number of lone-pair electrons and

valence electrons, respectively. The number of lone-pair

electrons (L) is assumed for a binary system to be

L[ 2.62 and for a ternary system L[ 1 [38, 39]. It has

been observed that the number of lone-pair electrons is

[1 for all compositions, and it decreases with increasing

In concentration in the glassy system. This may be due

to In ion interaction with the electrons of the bridging

Se atoms. The presence of lone-pair electrons aids to

stabilize the glass formation and to lower the strain on

the glassy network. The availability of lone-pair elec-

trons makes it easy to form bonds and extend network

[40].

The cohesive energies have been calculated using the

chemical bond approach (CBA) [41]. This implies that the

atoms of one type combine more favorably with atoms of

different types and that the bonds are formed in the de-

creasing bond energy sequence until all the available va-

lences of the atom are satisfied. The bond energies of

heteropolar bond (EA–B) have been calculated using the

Pauling relation [42]:
Fig. 5 Fragility variation of the four glassy compositions with the

mean-coordination number
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EA�B ¼ EA�A � EB�Bð Þ0:5þ30 vA � vBð Þ ð16Þ

where EA–A and EB–B are the homopolar bond energies and

vA and vB are corresponding electronegativities. Assuming

that the bond energies are additive, the cohesive energy has

been calculated using the relation [41]:

CE ¼
X
i

CiEi ð17Þ

where Ci is the distribution of the chemical bonds and Ei is

the energy associated with the corresponding bond. The

values of CE are listed in Table 3. The results indicate that

the CE increases with increasing In content.

The parameter R signifies the deviation from the

stoichiometric composition and indicates the ratio of co-

valent bonding possibilities of chalcogen species (Se) to

the non-chalcogen species (Ge and In) [15, 41]:

R ¼ bNSe

aNGe þ cNInð Þ ð18Þ

where a, b, c are the atomic fractions and Z Geð Þ ¼ 4,

Z Seð Þ ¼ 2 and Z Inð Þ ¼ 3 are the coordination numbers of

Ge, Se and In, respectively. Although as the In content

increases, the value of R decreases. It has also been ob-

served that Ge18Se82-xInx glass system lies in the R[ 1

domain (cf. Table 3). The domain R[ 1 indicates that the

system is chalcogen rich.

The value of glass transition temperature is not only

related to the conjugation of the glassy network, i.e., av-

erage coordination number, but also related to the quality

of the conjugation, i.e., the mean bond energy between the

atoms forming the glassy network [23, 43]. Tichy–Ticha

[23, 43] has proposed a method for the calculation of mean

bond energy hEi which is given by

hEi ¼ Ec þ Erm ð19Þ

where Ec is the total contribution toward bond energy

originating from strong bonds and Erm is the contribution

originating from weaker bonds that remains after the strong

bonds have been maximized.

For GeaSebInc system (where a ? b ? c = 1), there are

two cases: one the chalcogen (Se) rich, i.e., R[ 1 and

second chalcogen poor, i.e., R\ 1. Since our system is

chalcogen rich, therefore the treatment given in references

[15, 23, 41, 43] has been used to calculate E.

The values of homopolar, i.e., 37.60 kcal/mol,

44.00 kcal/mol and 29.83 kcal/mol for Ge–Ge, Se–Se and

In–In, respectively, and heteropolar bond energies, i.e.,

49.40, 54.01 and 35.07 kcal/mol for Ge–Se, Se–In and Ge–

In, respectively, are calculated using Pauling’s relation

(Eq. 16). The calculated values of mean bond energy have

been found to be increased with the addition of In content

and are given in Table 3. The values of mean bond energy

have been used to calculate theoretically the glass transi-

tion temperature (T th
g ) [15, 41] using the relation,

T th
g ¼ 311½hEi � 0:9�. The values of T th

g are listed in

Table 3 and found to increase with increasing indium

content. This may be due to the increase in the quality

connectivity in the glassy network as envisaged from the

mean bond energy.

The band gap for the compositions under investigations

has also been computed theoretically using the relation

given in Ref. [44] and obtained values are listed in Table 3.

Figure 6 shows the relationship between theoretically cal-

culated physical parameters such as mean bond energy E,

glass transition temperature ðT th
g Þ, theoretical band gap

ðEth
g Þ and average single bond energy Hs/Z as a function of

increasing In content. The values of theoretical band gap

decrease with the increasing content of indium which may

be correlated with the decrease in average single bond

energy in the system (cf. Fig. 6).

Further, the average heat of atomization (Hs) for a

compound is a straight measure of the cohesive energy and

thus for the average bond strength. The average heat of

atomization (Hs) and average single bond energy (Hs/Z) are

calculated using the relation given in Ref. [41, 45, 46] and

are listed in Table 3. The values of Hs have the similar

behavior as the cohesive energy where both increase with

increasing In content, whereas Hs/Z decreases. Moreover,

the decrease in theoretical band gap has also been sup-

ported by the decrease in electronegativity values with

Indium content. Electronegativity has been calculated us-

ing Sanderson’s principle [47]; i.e., electronegativity of an

alloy is the geometric mean of electronegativity of its

constituent elements. It is apparent from Table 3 that band

gap decreases as electronegativity decreases with the in-

creasing content of Indium.

Fig. 6 Plot showing the variation of theoretically calculated some

physical parameters with In content
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4 Conclusions

On the basis of the determined physical parameters pre-

sented here, we have seen that In atoms are threefold co-

ordinated with Se atoms in Ge–Se–In glassy alloys. By

adding In to the Ge–Se binary system, we change the

mean-coordination number of the alloys by varying the

number ratio of Ge/Se atoms. An increase has been ob-

served in the density, the molar volume and the glass

transition temperature values with increasing In content.

The quality connectivity dependence has been confirmed

from the compositional dependence of glass transition

temperature for the system under study. Theoretically,

band gap has been calculated and found to depend on In

content, and the variation in it has been correlated with the

average single bond energy and electronegativity. The goal

of our next investigations is to enhance our understanding

of Ge–Se–In system by several experimental parameters.
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