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Chemical order, molecular clusters, and topological transitions in chalcogenide network glasses
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A simple variant of the chemically ordered covalent network model, in which the presence of homopolar
bonds are also considered, explains a maximum in physical properties in Ge-As-S chalcogenide network
glasses observed close to a mean-coordination number of &t9om&.60, which was originally thought to be
due to a topological transition connected with a change in the dimensionality of the network. The model
reproduces the observed trend in the extremum as a function of Ge:As ratio with good accuracy, and in the
process helps to identify and explain related instances found in the literature. Also, the physical significance of
topological thresholds in the context of glass forming ability of materials is posited.
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This Brief Report focusses on several aspects of somexistence of Tanaka transition and chemical threshold. This
recent data on chalcogenide network glasses, which bearsituation has been rectified, recently, by Aitken and co-
on a long-standing issfié concerning the existence of a to- workers who have systematically investigated three series of
pological transition proposed by Tanakaand chemical GgAs,S; . glasses, wherg, y, (1—x—Yy) are the atomic
threshold based on the chemically ordered covalent networgercentages of Ge, As, and S. The difference between the
model (COCN), both of which are predicted to occur around glasses in the three series is in terms of their Ge:As ratio,
(ry=2.67. which are 1:2, 1:1, 2.5:1. The coordination numbefGe,

In chalcogenide glass literature, commonly, three differenAs, and S are 4, 3, and 2, respectively, and therefore, the
topological thresholds are discussed, around which mangnean coordination of atoms can be calculated using the for-
physical properties such as molar volubfeMossbauer site  mula
intensities’ and electrical switching field have been found
to vary anomalously. These thresholds are rigidity percola- (ry=4x+3y+2(1—x-vy). (1)
tion threshold, Tanaka transition, and chemical threshold. Ri-
gidity percolation threshold: Phillips and Thorpe proposedin their study, when molar volume, thermal expansion coef-
the constraint counting theoty;**which predicts a floppy to  ficient, and Raman intensitiesare plotted agains{r), a
rigid transition at(r)=2.40, in a random covalent network, broad maximum is seen centered aroymyl=2.60. More
assumed to be the case in chalcogenides. Physically,)at precisely, they find that as Ge:As ratio decreases, the maxi-
=2.40, the network is supposed to be optimally coordinatednum in molar volumegFig. 1 of Ref. 2, shifts from an(r)
to yield the best glass in the system. Both macros¢opicd  of 2.64 to 2.60. They suggéstthat this extremum pertains
microscopié¢* evidence is available for the random covalentto the Tanaka transition, although it is also recognized that
nature of a chalcogenide network. For example, in Ge-As-Séhis maximum varies with Ge:As ratio. Furthermore, these
glasses, the glass transition temperafligghas a universal compositional dependencies are attributed to the presence of
dependence ofr) in the range 2.€&(r)=<2.50; and beyond arsenic containing molecular clusters. Interestingly, in this
that due to chemical effect$y exhibits a composition- data there is no signature of a rigidity percolation(g}
specific behavior. Tanaka transition: Since chalcogens have-a2.40.
propensity to form low-dimensional structures, applying con-  This raises several important questiofs; If the extre-
straint theory to a two-dimensional chalcogenide networkmum occurring at(r)=2.60, is indeed Tanaka transition,
embedded in three-dimensions, Tanaka sh&wrelpossibil- ~ why is it shifted from the theoretically predicted value of
ity of a topological transition from two-dimensions to three- (r)=2.67?;(2) how does one reconcile with the observed
dimensions aroundr)=2.67. Chemical threshold: It is the shifting of this extremum to lowe(r) values as Ge:As ratio
stoichiometric composition in the system, in which only het-decreases?3) in general, glasses near the Tanaka transition
eropolar bonds are present and therefore, it is the glass withre not good glass formers, then why do the extremum com-
maximum chemical order. In V-V(e.g., As-Sg¢ and IV-VI  positions in the Ge-As-S glasses nearly lie in the middle of
(e.g., Ge-Sp systems, chemical threshold occurs (@)  their glass forming region in the ternary phase diagram?
=2.40 (AsSe) and 2.67 (GeSg, respectively® In a IV-  (Fig. 6 of Ref. 2
V-VI (e.g., Ge-As-Seglass system, it is suppogethat the In this article, we concentrate on the variation of molar
threshold can occur, anywhere in the tie line joining®&  volume with (r) (other properties can be similarly ex-
and GeSg which is betweerr)=2.40 and 2.67 depending plained, and explicitly show that the extremum occurring
on the atomic concentration of the elements. around(r)=2.60 is due to a “peculiar” chemical threshold,

However, in a majority of the glass systefiS;">thus far,  in which chemical order coexists with arsenic homopolar
chemical threshold has been found pretty close(td  bonds. We present calculations, which considers the presence
=2.67, perhaps owing to the way the compositional tie lineof arsenic molecular clusters and reproduce the observed
were chosen, and it has not helped in clarifying the i¥stie  trend in the chemical threshold as a function of Ge:As ratio.
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Also, we argue that chemical threshold and Tanaka transitiorrage coordination to understand the evolution of physical

have a common origin. Furthermore, we explain how theproperties is a mean-field approach. In this tradition, we take

topological thresholds bear upon the general question dhe average of the three units, which is Ags This is close

glass forming ability of these materials. to As;S,, in which of the three bonds emanating from each
Let us first qualitatively understand the property variationarsenic atom, one is an AsAs bond*’ Using this logic in

in the Ge-As-S glasses. Towards this we use Boolchand'&gAs S, _,_, glasses, of the possibleyAs bonds, on the

model® to describe glass networks on the basis of specifi@veragey of them would be homopolar and therefore, only

molecular fragments. Raman spectroscopic measuremerttse remaining § bonds would be available to satisfy the

suggest the presence of the following molecular driiia  valence requiremerfdof S. Expressed mathematically,

the glass: Ge($)4, AS(S0)3, ASISs, As,S;. Of these

Ge(S)»)4 and As(S)y)s units aid in forming an extended 2(1-x—y)=4x+3y—y; 2

network. In the As(g,) s network, rigidity percolation and

chemical threshold coincide &t)=2.40; and in Ge($). which on rearrangement, gives

they occur separately 4t)=2.40 and 2.67, respectively. 3x+2y=1. &)
On the other hand, the molecular clusters of,3$(r)
=2.50) and AsS;((r)=2.57) affect only the chemical or-  Using this we now calculate the chemical threshold in

der. It is thus obvious that in the present system, chemicaéach of the three series of @s,S, .
order is possible ar)=2.40, 2.50, 2.57, and 2.67. In gen-  (A) x:y=2.5:1. That isx=2.5y. Substituting this in Eq.
eral, molar volume displays a minimum near the rigidity per-(3), we gety=2/19. Using Eq.(1), we find that this corre-
colation and a maximum near the chemical thresAdltiis sponds ta(r)=2.63.

means that in Ge-As-S system, molar volume would indeed (B) x:y=1:1. So,x=y and inserting this in Eq(3), we
have a broad maximum in the range 240 )<2.67, but the gety=1/5. This is equivalent to afr)=2.60.

relative concentrations of the different molecular units would (C) x:y=1:2. That is,x=0.5y. Substituting this again in

vary depending on the Ge:As ratio, and the peak value of thigq. (3) givesy=2/7. This pertains tqr)=2.57.
broad maximum would shift accordingly: The peak would lie  Thys, through these calculations we explicitly show that
closer to(r)=2.67 when the atomic concentration of Ge is the maximum in the plot of molar volume vers(r is due
greater than As, and if it becomes less than that of As it igo chemical ordering that is accompanied by arsenic cluster-
likely to move towardgr)=2.40. Also, it is understandable jng. This also fairly well reproduces the experimentally ob-
that the first-order chemical ordering effectg@t=2.40 and  served shift in the extremum to lowér) values as Ge:As
2.50 would overwhelm the second-order rigidity percolationratio decreases. The above bond counting procedure which is
effects at(r)=2.40, and consequently, the effect of rigidity a simple extension of the COCN model, to take into account
on molar volume would not be visible. the presence of homopolar bonds, also clarifies a
Presently, we shall quantitatively comprehend the obrontroversy! which is several years old, concerning the pos-
served chemical threshold. By definition, chemical thresholdibjlity of a chemical threshold &t )=2.50 in IV-VI alloys:
is the CompOSition at which all the bonds are heterOpOIarM0|ar volume measurements on theng7X g|ass System’
This condition would be satisfied when the valence requirereveal a maximum atr)=2.50, and it had been suggested
ments of the chalcogen is completely met by Ge and Aghat this anomaly could be due to As clustering. Following
atoms. But in the present Ge-As-S glasses there is an addhe same arguments that were used for Ge-As-S glasses the
tional complication borne out of detaile@e and AK-edge  condition[Eq. (2)] for chemical threshold can be written as
x-ray absorption fine-structure spectroscopy that they have(1—x)=3x—x. Solving which we gek=0.50, which in-
As homopolar bonds at low and intermediate levels of sulgeed corresponds {o)=2.50. The above model also helps

phur deficiency, which is supposedly reflected in the formays to rationalize other similar instances in the
tion of molecular clustefs’ of As,S; and AgS, which are  |iteraturel6-2223

made of As—As and As—S bonds.’ While it seems that  As mentioned earlier, the propo&dbr a rigidity transi-
lack of sulphur alone forces the formation of-AsAs bonds,  tjon at(r)=2.67, by Tanaka, for a two-dimensional network
a look at the relevant bond enerdfitin the system and afew s based on the constraint counting theory. For pedagogical
other experimental resulfssuggests a deeper explanation: yajue we shall now derive it for Ge-As-S glasses. The fol-
The bond energy of GeS (551 kJmol')>As—As |owing is the formula for counting the constraiffton the
(382 kImol 1)>As—S (379.5 kJmol*), which defines atoms when their coordination numbeis greater thanr

the order of the probablllty of bond formation. From this we _ 1), Wherend is the covalent network dimension, which in
can see that As homopolar bonds are at least as probable @ present case is assumed to be 2.

the As heteropolar bonds. As a result of which in arsenic

containing chalcogenides, even stoichiometric compounds n.,(r,ng)=(r/2)+(1/2)(ng—1)(2r—ngy),r=ng—1 (4)
such as AsS; and AsTe; (which have sufficient chalcogen

conten} have arsenic homopolar bontfsin view of the The two terms on the right-hand side of the above equa-
above facts, we propose the following model: In the Ge-As-Sion correspond to ther and 8 constraints in the valence
system, as mentioned previously, Raman spectroscopy hésrce field models! Using Eq.(4), we calculate the con-
revealed the presence of AsS, AsS, o, AsS, ,s molecular — straints on Ge, As, S as 5, 7/2, and 2, respectively. Therefore,
units?® Now, in the COCN model where one considers av-the total number of constraints per atom inGgS,  yIs,
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Neo GBAS,S; _x—y) =XXNeo(Fge) +Y X Neo(T ag) dimensional fractal morphology neér)=2.70, while den-
sity goes through a minimutharound(r)=2.67.
F(1=X=Yy)XNeo(rg) 5 By definition, in any system, good glass formers are to be

found near the rigidity percolation threshold; and poor glass
S0, Nco(GEAS,S, x-y)=5X+7/y+2(1-x—y). The  formers near the chemical threshold and hence, Tanaka tran-
network is supposedly optimized when theg, equals the sjtion is also found among poor glass formers. In this sense,
embedding dimension, which is 3. This leads to the equatiomanaka transition isiot exactlyanother rigidity percolation
_ threshold. The above definitions hold true in Ge-rich
6x+3y=2, ®  system&22but fail in As-rich system&*?’ as we find in the
from which the Tanaka transition fory=2.5:1, 1:1, and Present Ge-As-S glass system that glasses near the chemical
1:2, can beshown to occur universally, using E6l), at thre_sr?old are found in the mmjdle c_)f their glass forming
(ry=2.67. This result as such proves that the occurrence cﬁehg'o_ alnd v(;/e be“e_\;e(;h_at :L‘_'S IS maml_;l/_r:dute_to _theAunlL)Jsua(lj
the Tanaka transition is independent of the chemical constittf gtrgrlrﬁz a?rth?er cphoesrlniecallr':hrefhgl?jpi\ré hoi’n&éblgr b?)-n dassire
ents, cor]trars}/ to suggested explanation for the experiment%Pr/esem which interrupts Iong—rangé ordering of atoms. Also
o_bs_ervatlor?.' _Recently, the present ff‘“‘hor showed tha.‘t " inlike Ge, As has a lone pair of electrons. Lone-pair inter-’
gidity percolation threshold can be Sh'fteq from the pr?d'Ctecgction among the As homopolar bonds and with those from
value of (r)=2.40, due to noncovalent interactions in the yo chajcogen causes the formation of a lone-pair electronic
network in some tellurium containing chalcogenide and 0xyyanq apove the bonding band. This lone-pair band acts as a
ide glasse&™*® A similar shift of the Tanaka transition is gi,ctyral buffer and prevents the excitation of electrons from

unlikely in the case of the strongly covalent Ge-As-S glassesye honding band, which otherwise would lead to easy rear-
The reason for a maximum in molar volume when there 'Srangement of the bonds, and consequently lead to

maximum chemical order, is the following: Consider the Sto'crystallizationz.s
ichiometric compositions of Gg&nd AsS;. These are lay- In conclusion, we suggest a modification to the chemi-

ered compounds, with covalent bonding in the layer and vaggy ordered covalent network model to include homopolar
der Waals bonds between the layers. In glasses of nonstgynqs and accurately understand chemical ordering in Ge-
ichiometric compositions, this arrangement is marred by the\q_ s and other As-rich chalcogenide glass systems. Some-
presence of homopolar bonds, which affects the gap betwegy,o ago, Thorpe suggesfédhat presence of rings in the

the layers and consequently the molar volume decreasegyomic network could shift the percolation threshold. Per-

Therefore, in IV-VI and IV-V-VI chalcogenide glassy alloys, pang arsenic molecular clusters play a similar role and the
the transition from a two-dimensional to three- d'mens'onalextremum composition arour{d)=2.60 can also be under-
network around(r)=2.67 is likely to be accompanied by 504 in terms of constraint theory.

chemical ordering; and as to which of the two aspects is
discerned depends on the experimental technique: For ex- | express my gratitude to Dr. P. Thiyagarajan and Dr. V.

ample, in GegSe _, glasses, the composition dependence ofMeenakshi for their encouragement. IPNS is funded by the
anomalously large low-energy Raman scattering intensitied)S DOE under Contract No. W-31-109-ENG-38 to the Uni-

indicate$® a percolative transition from two- to three- versity of Chicago.
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