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ABSTRACT

The effect on the physical properties viz. averag@dination number, number of constraints, craekihg density,
molecular weight, fraction of floppy modes, Loné-pdectron, mean bond energy, glass transition gerature
etc., with the variation in Gallium content has bestudied theoretically in the present article BBSes.Ga
(x=2 to 16 at. %Yylassy alloys. Tichy-Ticha approach has been usextudy the glass transition temperature and
mean bond energy. It has been found that almoshalparameters, studied here, except moleculaghtgfraction

of floppy modes, Lone-pair electron ath@ parameter Rere increased with the increase in Ga content.
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INTRODUCTION

During the recent past, the chalcogenide glassestadied by a number of researchers as they ayanteresting
materials for reversible phase change optical dbogr devices [1-4]. Ever since the reversible shiitg
phenomenon in certain types of chalcogenide glassesfirst reported [5], a lot of attention has megven to
characterization and improvement of the properdfeshalcogenide glasses in particular the mateealsbiting the
switching phenomenon. It is well known that the gghahange can be reversibly switched between tlephious
and crystalline state and find applications in iitadate optical recording [6, 7].

The investigation of composition dependence of oweiproperties of chalcogenide glasses has beeeased
during last decade. As selenium exhibits the unigueperty of reversible phase transformation ansb al
applications like photocells, xerography, memoryiteling etc., it seems attractive, but pure selenibas
disadvantage like short life time and low photosstarity. To overcome this problem, some impuritgras like Ge,
In, Bi, Te, Ga, Sb, Ag, etc. can be used to makeyslwith Se, which may enhance sensitivity, crijizi@ion
temperature and reduce ageing effects [8, 9].

The compositional dependence studies on glassysallere reported for Ge-Se, Ge-Se-Te, Ge-Se-II5&Bi Ge-
Se-As, Ge-Se-Sh, Ge-Se-Ag, [10-16]. Ge atoms attoas modifiers thus they strengthen the averagel by

cross-linking the Se chain structure, thereby eoimanthe properties like glass transition temperaand resistivity
[17, 18]. Ge-Se system is a widely studied systathglass formation in this system occurs predontipam alloys

enriched with Se and containing 0-25 at % of Gedif\oh of third element like Ga to Ge-Se expands gtass
forming region and also creates compositional amfigurational disorder in the system as well aduie large
effect on their structural, physical, optical, ¢tenic and thermal properties [19].
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In the present work, we have incorporated Gallinnthe Ge-Se alloy for the compositions belongingsgSey.
«Ga (x=2, 4, 6, 8, 10, 12, 14, 16 at. %). The additmhthird element used to create compositional and
configurational disorder in the material with resp® the binary alloys [12]. It has been estaldithat physical
properties in this system are highly compositiopetelent [20, 21]. The variation of properties hasrbdiscussed
on the basis of their compositions. The presenepé&pconcerned with the theoretical predictiorttad physical
parameters related to composition, viz. coordimatiamber, constraints, cross-linking density, f@aciof floppy
modes, molecular weight, lone-pair electron, meandbenergy and the glass transition temperaturé&SagSes,.
«Ga, alloys.

THEORETICAL STUDIES AND DISCUSSION

Average Coordination Number & Bonding Constraints

According to J. C. Phillips it may be valuable tmsider the transitions between z = 2.4 and 2.6Raright of the
constraint — counting argument originally propoged amorphous covalent materials [22]. Phillips gabhe
mechanical-constraint counting algorithms to explglass forming tendencies. The strongest covdiertdes
between nearest neighbours serve as Lagrangiarh@gmieal) constraints defining the elements of |cstalicture
(building blocks). Constraints associated with theaker forces of more distant neighbours must béngically
broken leading to the absence of long-range onder.well known Phillips—Thorpe approach is based¢amnparing
the number of atomic degrees of freedom with theher of inter-atomic force field constraints. lethumber of
degrees of freedom is greater than the number métints, the network is “floppy”; conversely,tife network
becomes over-constrained, stressed-rigid structwitbspercolate throughout the entire network. Aatiag to
Phillips, the tendency of glass formation wouldnb@ximum when the number of degrees of freedom Bxagtials
the number of constraints.

For the composition GgSey.Ga, the average coordination number (Z) was calcdldtg using the standard
method [23]

7 = aNg, + bNg .+ cNg,
a+b+c

where a, b and c are the at. % of Ge, Se and Geatdgely and N, Nse Nga are their respective coordination
number [24]. The calculated values of average doatidn number for GgSe.Ga (X=2 to 16 at. %) system are
listed in table 1. It is clear from fig 1 that vekiof Z increase from 2.42 to 2.56 with increaseoincentration of Ga

from 2 to 16.

2.60

2.56
N 252
2.48

2.44 A

2.40

Gaat. %

Fig. 1. Variation of Average Coordination Number with Gallium at. %
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The glassy network are influenced by mechanicalstamts (N, associated with the atomic bonding and an
average coordination number Z which is also relébed.,. There are two types of near-neighbor bondinge®iia
covalent solids; bond-stretching-(forces) and bond-bendinf-(forces) [25].

The number of Lagrangian bond-stretching constsgier atom is

Ne=2/2
And, of bond-bending constraints is

NBZZZ—S

For the case when allandf constraints are intact and no dangling ends @xite network, equation implies that
the optimum mean coordination number is 2.40 wigcknown as the regiditty percolation thresholdgltly over-
coordinated or under-coordinated structures are comiducive to glass formation and, upon coolingdldo
crystalline solids. M. F. Thorpe [26] pointed obat the number of floppy modes per atom, f, iseatccurately
described by the mean-field constraint count adogrtb the relation,

F=3- I\lon(z)

This led to the realization that a glass network b&come spontaneously rigid wher+ 0, defining afloppy to
rigid phase transitioj27].

The total number of constraints is given by
Ncon: Nu + N|3

The values of iy, along with Z for Gg,Sey.,Gg, are given in table 1. Fig. 2 depicts the variatibiN.,, with Ga at

%. Here N, increase from 3.05 to 3.40 with increase in G®atvhich shows in our composition that the number
of constraints I,, acting on the network are balanced by the numbeegrees of freedom N available from the
atoms in the network. This means that networkastestically rigid, no stress is present i.gN Ng.

35

3.4

3.3 4

Ncon

3.2 A

3.1 A

2.4 2.45 25 2.55 2.6

Fig. 2: Variation of number of constraintswith Ga at. %

The cross-linking density(X) is equal to the averagordination number of cross linked chain legsabordination
number of initial chain [28].
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X=Ne—2

The values of cross linking density (X) and molecwieight (M) are shown in table 1. From fig. &itlear that the
value X increase with increase in Ga content. Fsp@ws the variation of M with Ga content.

15

1.4 A

1.3 A

1.2 A

1.1 A

Fig. 3: Variation of cross-linking density with Ga content

77.60

77.20 A

76.80 -

76.40 -

76.00
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12
Gaat. %

Fig. 4: Variation of Molecular weight with Ga content

According to Thorpe, the uncoordinated network hgwinite fraction of zero frequency normal viboats modes
termed as floppy modes in absence of weak longerémges. The fraction of floppy modes availablainetwork
is given by
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f=2-2%
6

The values of f are listed in table 1. It has bebserved from the table and fig. 5 that the valuebecomes more
and more negative (-0.017 to -0.133) with increéas€@a content from 2 to 16 at. %. This shows that system
becomes more and more rigid, which correspondsstmag tendency for making glass [29].

Gaat. %

4 8 12 16 20
-0.02 4

-0.04 -

-0.06 -

-0.08 -

-0.1 A

-0.14

Fig. 5: Variation of fraction of floppy modeswith Ga content

Lone pair electronsand glass forming ability

The view point proposed by Pauling [30], increasmthe number of lone-pair electrons decreasesttiagn energy
in a system and structures with large numbers é-pair electrons favors glass formation. The nunolbéone—
pair of electrons is calculated using the relafRi]

L=V-Z

where L is the number of lone pair electrons, ‘this valance electron and Z is the average cooidmatumber.
The results of Lone-pair electron for {g®e0.,Ga system are tabulated in table 1.Variation of loag-plectrons
with Ga content is shown in fig.6.

It is clear from the variation of lone-pair electsothat with the increase of Ga content, the nunobéone—pair
electrons decreases continuously indSenxGa system. This behaviour is caused by the interadtetween the
Ga ion and lone-pair electrons of bridging Se atdhe role of lone-pair electrons in the glass fdiaomadecreases
by this interaction. A simple criterion was propdd®y Zhenhua for a binary system and ternary systenfor a
binary system the number of lone-pair electronstrhadarger than 2.6 and for ternary system it rbastarger than
1. This is clear from the table 1, that the valokkne-pair electrons for G§Sey.Ga, system varies from 2.56 to
3.12, concludes that the present system under suekhibiting good glass forming ability.
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5.60

5.50 4

5.40 4

1 530 -

5.20 -

5.10 -

5.00

Fig. 6: Variation of Lone-pair electronswith Ga content
Deviation from the stoichiometery of compaosition

The parameter R that determines the deviation fetaichiometry is expressed by the ratio of conteand
possibilities of chalcogen atoms to that of nonlobgen atoms. For GeSeyo.Ga, system, the parameter R is given

by [32, 33]
_ bCN( S¢
aCN(Gg+ cCN Ga

1.8 A

1.6 A

@ 14 -

1.2 A

0.8

Gaat . %

Fig. 7: Variation of parameter R with Ga content

where a, b, ¢ are atomic frictions of Ge, Se andr&pectively. The values of R are mentioned inet& The
threshold at R=1 (the point of existence of onlteh@polar bonds) marks the minimum selenium coraémthich a
chemically ordered network is possible without reteetal bond formation. For R>1, the system is obgén rich
and for R<1, the system is chalcogen poor. Fromigt is clear that our system is chalcogen @cid turning
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towards chalcogen poor with the increase in contérgallium in the system (after x = 14 at. %). Timajor
limitation of this approach is that it does not @aat for molecular interactions, which play a vitale in the
relaxation process in the glass transition region.

Mean Bond Energy And Glass Transition Temperature

There are many properties of chalcogenide glaskeshvare related to overall mean bond energy <Exofding to

Tichy and Ticha, the value of glass transition temapure should not only be related to connectedoésbe

network which is related to Z, but should also blated to the quality of connections, i.e., the mband energy
between the atoms of the network. The overall nieard energy for the GgSeyo..Ga system is given by

<E>=E +E,

where E is overall contribution towards bond energy agsirom strong heteropolar bonds ang, E contribution
arising from weaker bonds that remains after ttengtbonds have been maximized.

For Gg SeGa system, where (a + b + ¢) = 1, in selenium ricstays (R>1) where there are heteropolar bonds and

chalcogen-chalcogen bonds
Ec = 4aEGe— Se+ 3CESe C

and

£ - 2b—-4a- 3c c

m Se- S¢
Z

denotes the average homopolar bonding energy. dliew of g E, and <E> are given in table 2. It is clear from
fig. 8 that <E> increases with increase in conegiun of Ga from 2 to 16 at. % .

3.20

3.10 A

3.00 A

2.90 A

2.80 A

2.70 A

<E> ev/atom

2.60 A

2.50 A

2.40

0 4 8 12 16 20
Gaat. %

Fig. 8: Variation of overall mean bond energy with Ga content
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Fig. 9: Variation of glasstransition temperature T4 with Ga content

An impressive correlation of mean bond energy withss transition temperaturg Was illustrated by Tichy and
Ticha by the relation

T,=311< E>-0.9]

The values of Jcorresponding to <E> is mentioned in table 2 dmvariation of T with Ga content is shown in
fig. 9, which is clearly depicting the rise in gasansition temperature with increasing the cantéiGa due to rise
in mean bond energy of the glassy system.

Tablel
Ge|Se|Ga| Z Neon X f M (g/mol) L
20| 78| 2| 242 3.0 105 -0.047 77.51 3/12
20| 76| 4| 244] 31 1.1 -0.038 77.33 3.p4
20 | 74 6 246 3.15 1.15 -0.050 77.14 2/96
20 | 72| 8| 248/ 32 1.2  -0.06f 76.96 2.88
20| 70| 10| 250 3.2 1.2p -0.0843 76.77| 2/80
20 | 68| 12| 252 33 1.3 -0.100 76.59 272
20 | 66| 14| 254 333 13p -0.117 76.40 2/64
20 | 64| 16 | 256 | 34 | 1.4 | -0.13¢ 76.22 2.5€
Table2
a b c R Ec Erm <E> Tqy
Ge | Se | Ga eV/atom | eV/atom | eV/atom (K)
20| 78| 2| 181 1.885 0.552 2.437 47796
20| 76| 4| 1.65 2.055 0.469 2.524 505.02
20 | 74| 6| 151 2.224 0.388 2.612 532.650
20| 72| 8| 1.38 2.394 0.308 2.702 560.39
20 | 70| 10| 1.27 2.564 0.229 2.793 588,68
20 | 68| 12| 1.17 2.734 0.151 2.884 617,36

2C | 66 | 14 | 1.0 2.90¢ 0.07¢ 2.97¢ 646.4:
20 | 64| 16| 1.00 3.073 0.000 3.073 675)84
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CONCLUSION

The addition of Ga to Ge-Se glassy alloys leadshi@mnge in the physical properties. As it is cleant various

figures and tables given above that almost alpdrameters, mentioned above, except molecular Wéiglstion of

floppy modes, Lone-pair electron and the paramiterere increased with the increase in Ga contdm. gositive

values of R confirm the alloys as chalcogen rictiaug = 16 at. %. The values of lone-pair electrsihhew god glass
forming ability of present glass system. The resalso show that mean bond energy <E> is propattittnglass
transition temperature and both increases withritr@ase in content of Ga.
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