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Ge and As x-ray absorption fine structure spectroscopic study of homopolar bonding,
chemical order, and topology in Ge-As-S chalcogenide glasses
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(Received 14 March 2001; published 23 August 2001

The coordination environments of Ge and As atoms IRASES, ,_, glasses withx:y=1:2, 1:1, and 2.5:1
and with wide-ranging S contents have been studied with Ge ang-ddge x-ray absorption fine structure
spectroscopy. The coordination numbers of Ge and As atoms are found to be 4 and 3, respectively, in all
glasses. The first coordination shells of Ge and As atoms in the stoichiometric and S-excess glasses consist of
S atoms only, implying the preservation of chemical order at least over the length scale of the first coordination
shell. As-As homopolar bonds are found to appear at low and intermediate levels of S deficiency, whereas
Ge-Ge bonds are formed only in strongly S-deficient glasses indicating clustering of metal atoms and violation
of chemical order in S-deficient glasses. The composition-dependent variation in chemical order in chalcogen-
ide glasses has been hypothesized to result in topological changes in the intermediate-range structural units.
The role of such topological transitions in controlling the structure-property relationships in chalcogenide
glasses is discussed.
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[. INTRODUCTION scopic studies have clearly indicated the presence of ho-
mopolar bonds in the atomic structure of nonstoichiometric
The physicochemical properties of chalcogenide glasseshalcogenide glassés® Homopolar bonding may result in a
in the system Ge-As-S,Se have been studied intensively imiolation of the chemical order in the structure with cluster-
the last 20 years because of their technological importance iimg of the constituent atontsSuch clustering of constituent
the field of optical devices? The chalcogenide glasses have atoms would have important influences on the nature and
also been used as model systems for studying the influena@imensionality of the intermediate-range structural units in
of topological constraints on the compositional variation ofthe glass. A systematic study of the bonding environment and
various physical properties in covalently bonded amorphoushemical order in chalcogenide glasses over a wide compo-
materials>* It has been argued on the basis of the theory ofition range andr) values is therefore needed in order to test
constraint counting that the physical properties of thesehese hypotheses. We report here the results of a detailed Ge
glasses would be predominantly controlled by the averagand As K-edge x-ray absorption fine structuf€XAFS)
coordination numbefr), irrespective of their actual chemical spectroscopic study of the local coordination environments
compositions’* The Ge, As, and &e atoms in a of Ge and As atoms in Ge-As-S glasses. Three series of
GegAs,(S,Se) - glass are 4, 3, and 2 coordinated, re-GgAs,S, _,_, glass compositions witk:y=1:1, 2.5:1, and
spectively. Therefore the average coordination nunieor 1:2 and with{r) values ranging between 2.351 and 2.975
such a glass can be written @9 =4x+3y+2(1-x—y). A have been studied. We also report the Ge EXAFS results for
simple counting of the bond length and angle constraints o number of S-deficient binary Ge-sulfide glasses in order to
the total number of degrees of freedom available to a mole omake a structural comparison between these and the
three-dimensionally connected atoms shows that the systeBrdeficient ternary glasses.
of atoms would undergo a rigidity percolation type of tran-
sition at (r)=2.43* Detailed studies of the compositional
dependence of elastic, thermodynamic, transport, and elec- Il. EXPERIMENT
tronic properties in chalcogenide glasses indicate that some
properties indeed show such a transition(gf~2.4, al-
though another important transition or extremum is almost The Ge-As-sulfide glasses were prepared by melting mix-
always present afr)~2.67>° The latter transition has re- tures of the constituent elemer{ts99.9995% purity, metals
cently been speculated to be a manifestation of a topologicdlasi. These mixtures were contained in evacuated
phase transition in the chalcogenide glass structure. Accord10 © Torr) flame-sealed fused-silica ampoules and were
ing to this model, forr)=<2.7, the topological dimensional- melted in a rocking furnace at1200 K for at least 24 h.
ity D of the glass structure iss2 whereas foKr)>2.7 the  Cylindrical glass rods were obtained by quenching the am-
glasses are characterized by a three-dimensionally connectedules in water followed by annealingrfa h at therespec-
structure, i.e.p=3° tive glass-transition temperatures. The nominal compositions
However, these topological arguments do not take intaf the GeAsS glasses studied here are shown in Fig. 1 and
account the differences between the characters of variowme also listed in Tables |, I, and Ill. The compositions of
homopolar and heteropolar bonds and the degree of chemictilese glasses have also been denoted in this paper in terms of
order in the chalcogenide glass structure. Recent spectr6% S in excess of stoichiometry” which corresponds to the

A. Sample preparation
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FIG. 1. Ternary plot of the G&s,S,_,_, glass compositions
investigated in this study.

metric composition, i.e., GAs,S,, . 1 5, (see Tables |, I, Il

and V).

B. EXAFS spectroscopy

1. Data collection

PHYSICAL REVIEW B4 104202

beam currents between 150 and 300 mA. A230) mono-
chromator was used with the focusing mirror tuned to reject
higher harmonics. All samples were finely ground to pow-
ders and were mounted on mylar tapes on the sample holder
of a liquid-nitrogen-cooled cryostat. Sample temperatures
were maintained within a range of 80—90 K in order to lower
the effect of the thermal Debye-Waller factor on the signal.
The EXAFS data were collected in the transmission mode in
energy steps of 2 eV. lonization chambers filled with mix-
tures of nitrogen and argon gases were used as detectors for
measuring the incident and transmitted x-ray beam intensi-
ties. Synthetic AsS;, AsS, GeS, and GgSrystals were used

as model compounds.

2. Data analysis

The Ge and AK-edge EXAFS data have been analyzed
using the standard software packagesBrook and
EXCURV92 developed by the Daresbury LaboratdtyThe
i , . .EXBROOK package has been used to subtract a linear back-
percentage amount of S in a glass in excess of the Sto'Ch"b‘round in the preedge region and a quadratic background in
the postedge region from the raw absorption spectra. The
EXAFS oscillations are subsequenij-weighted and fitted
using the nonlinear least squares fitting routinExcurv92,
based on the curved-wave theory of EXAESThe three
structural parameters that are varied in order to obtain the
best fit are{i) the radial distanc® of the neighboring atoms

All Ge and AsK-edge (11103 and 11867 eV, respec- around the central photoexcited Ge or As atofin) the
tively) EXAFS spectra were collected at beam line X10C atnumber N of the neighboring atoms around the central
the National Synchrotron Light Source at Brookhaven Na-atom within a shell of radiu®, and (iii) the Debye-Waller
tional Laboratory with electron-beam energy of 2.5 GeV andfactor 252

TABLE I. Ge and AsK-edge EXAFS structural parameters for,88,S,_,_, (x:y=1:1) glasses.

First coordination shell

%S in excess of stoichiometry

Composition Ns Rs (A) 203 (R? N, R, (A) 202 (R?Y

GeK-edge

Gep 1344501355734 4.0 2.21 0.012 0.0 +57.7
Gey 1784S0.175%.650 4.0 2.20 0.012 0.0 +6.1
Gey.1827S0.185%0.636 4.0 2.20 0.014 0.0 0.0
G&y 20AS0.200%.600 4.0 2.20 0.015 0.0 —-14.3
Gy 224Sp 225 550 4.0 2.22 0.012 0.0 —-30.2
Gey.250°4S0.250%0.500 4.0 2.22 0.009 0.0 —42.9
Gey 276ASp 27550450 3.4 2.22 0.010 0.6 2.46 0.005 -53.3
Gey 30030650400 3.0 2.23 0.006 1.0 2.47 0.004 -61.9
Gey 320 32550350 25 2.23 0.012 15 2.47 0.004 -69.2
As K-edge

Gey 13013550734 3.0 2.25 0.014 0.0 +57.7
Gey.7144S0.175%.650 3.0 2.25 0.015 0.0 +6.1
Gey.18S0.185%0.636 3.0 2.27 0.009 0.0 0.0
G 20AS0.20650.600 25 2.23 0.010 0.5 2.46 0.005 -14.3
Gey 225ASp 22550550 1.8 2.26 0.005 1.2 2.46 0.005 -30.2
Gey 256AS0 25630500 1.2 2.22 0.005 1.9 2.45 0.005 —-42.9
Gey 2747S0.275%.450 0.0 3.0 2.43 0.011 —53.3
G 308AS0.3050.400 0.0 3.1 2.44 0.012 -61.9
Gy 3247Sp.325% 350 0.0 3.1 2.43 0.008 —69.2

&The subscripts S anxldenote structural parameters corresponding to S and Ge/As neighbors, respectively.
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TABLE Il. Ge and AsK-edge EXAFS structural parameters for,B38,S, , , (x:y=2.5:1) glasses.

First coordination shéll %S in excess of stoichiometry
Composition Ns Rs (A) 202 (AY N, R, (A) 202 (R?

GeK-edge

Gey 158S0.06630.790 4.0 2.20 0.007 0.0 +102.6
Gy 20AS) 08830.690 4.0 2.20 0.008 0.0 +20.0
G&y 2540 10030650 4.0 2.20 0.009 0.0 0.0
Ge&y 25670 10530 638 4.0 2.20 0.007 0.0 -5.0
G&y 26201070626 4.0 2.21 0.009 0.0 —-10.0
Gey 27 ASy 1150 612 4.0 2.21 0.009 0.0 -15.0
Gy 25AS0 11550 508 4.0 2.21 0.010 0.0 —-20.0
Gey.30AS0 1260 550 3.2 2.22 0.009 0.9 2.44 0.013 -34.4
Gey 35AS0 1450500 2.6 2.22 0.007 1.5 2.46 0.011 —46.2
As K-edge

Gey 158S0.06630.790 3.0 2.26 0.007 0.0 +102.6
Gy 22250 08850.690 3.0 2.25 0.014 0.0 +20.0
G&y 2540 10030650 3.0 2.24 0.013 0.0 0.0
Gy 2560 10550 638 2.7 2.25 0.007 0.3 2.48 0.012 -5.0
Gey.26AS0 100,626 1.7 2.23 0.008 1.3 2.46 0.012 —-10.0
Gey 27 ASy 11550 612 1.3 2.24 0.009 1.7 2.46 0.011 -15.0
Gy 250 11550 508 0.9 2.23 0.007 2.1 2.45 0.013 -20.0
G325 1260 550 0.0 3.0 2.43 0.014 —34.4
Gey 35S0 14530.500 0.0 3.0 243 0.014 —46.2

#The subscripts S anxidenote structural parameters corresponding to S and Ge/As nearest neighbors, respectively.

The calculated electron scattering phase shifts for As-SS deficiency(Figs. 2 and 3 The corresponding Fourier
Ge-S, and Ge-As atom pairs were tested by fitting the Ge antansforms are shown in Figs. 4 and 5. The fitting of the Ge
As EXAFS spectra of the model compounds and proved tand As EXAFS spectra yields first-shell coordination num-
be adequate without further refinement. It should be noted imers of 4 and 3 for Ge and As atoms, respectively, in these
this regard that Ge and As backscatterers cannot be diSti@asses(Tables | and II. This result is consistent with tetra-
guished by EXAFS due to the similarity in their electronic hedral and trigonal pyramidal configuration for the coordina-
structures. The nonstructural fitting parameters include thgon polyhedra of Ge and As atoms, respectively. However,
amplitude factor that corrects for amplitude reduction resulty,ore interestingly, the first shell of both Ge and As atoms is
ing from events such as multiple excitations and the imagizond to change from one consisting solely of S atoms in

nary part of the potentgal]r%that is @ measure of the mean fregxcess—S—containing glasses to one consisting of an increas-
path of the photoelectrort. These parameters have been op—ing fraction of X atoms(X=Ge, A3 in S-deficient glasses.

timized by fitting the EXAFS spectra of the model com- ;
pounds and have been treated as transferable constants Ol'}e Ge-S and Gé bond lengths in these glasses vary over

analysis of the glass spectra. It is important to note that th narrow range of 2.20-2.23 and 2.46-2.47 A, respectively
Debye-Waller factor and the coordination number are correl12Ples I'and Il. The As-S and AsX bond lengths are found
lated quantities in EXAFS data analysis and the quality ofl® "ange between 2.23-2.26 and 2.43-2.47 A, respectively.
the fit can be kept unchanged by varying both the quantitied "€S€ bond lengths do not show any significant composi-
simultaneously over a limited range. The related uncertaintional variation and are fairly typical of the Ge-sulfide and
ties in the coordination numbers of Ge and As atoms in thes@s-sulfide binary crystalline phas&it must be noted that

glasses are found to be of the order-0f0.2 or less. similar electronic structures of Ge and As backscattering at-
oms do not allow them to be distinguished directly by
IIl. RESULTS EXAFS. However, with increasing S deficiency the Xs-
bonds are always the first metal-metal bonds to appear at the
A. GeASS -y (xiy=1:1 and 2.5:]) glasses lowest S deficiency level in these glas¢@ables | and I).

Thek3-weighted experimental Ge and Ksedge EXAFS  On the other hand, GE-bonds begin to form at a much
spectra and the theoretical fits for the two series othigher S deficiency level only when the first coordination
GeAs, S,y glasses withx:y=1:1 andx:y=2.5:1 are shell of As atoms consists solely o atoms. This result
shown in Figs. 2 and 3. These spectra show clear signs aflearly implies that the A% and GeX bonds in these
progressive change in the local coordination environment oflasses are exclusively between the same atom types, i.e.,
Ge and As atoms in these glasses as a function of increasirigey are As-As and Ge-Ge bonds. This compositional varia-
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TABLE lll. Ge and AsK-edge EXAFS structural parameters for,88,S, , , (x:y=1:2) glasses.

First coordination shéll %S in excess of stoichiometry
Composition Ng Rs (A) 202 (A? N, R, (A) 202 (R?

GeK-edge

G&y 117AS0.2350.650 4.0 2.20 0.011 0.0 +11.0
Gey 12870 25030 625 4.0 2.21 0.011 0.0 0.0
Gy 13850 2650600 4.1 2.20 0.010 0.0 -10.0
Gy 1382S0 27630586 4.0 2.20 0.008 0.0 —-15.0
Gey 15640 30050 550 4.0 2.20 0.009 0.0 -26.7
Gey 15AS 30550 538 3.6 2.20 0.007 0.6 2.46 0.013 -30.0
Gey 1650 33550500 3.2 2.21 0.008 0.7 2.44 0.013 —40.0
Gey 18850 36750450 3.2 2.20 0.010 0.9 2.43 0.012 -50.9
Ge&y 20620 40030.400 3.3 2.21 0.009 0.9 2.44 0.008 —60.0
Ge&y 21AS0 43530 350 2.4 2.21 0.008 1.6 2.45 0.013 -67.9
As K-edge

Ge&y 08PSo.17550.737 3.0 2.26 0.006 0.0 +68.1
Gey 117AS0.23550 650 3.0 2.26 0.009 0.0 +11.0
Gey 1287S0 25030.625 3.0 2.25 0.007 0.0 0.0
Gy 13S0 260,600 2.3 2.23 0.008 0.6 2.48 0.008 -10.0
Gy 138850 27650 586 2.4 2.24 0.010 0.8 2.48 0.010 -15.0
Gey 156850 300550 15 2.23 0.011 1.4 2.47 0.013 —-26.7
Gey 1550 30550 538 15 2.22 0.010 15 2.46 0.012 -30.0
Gey 16625032030 520 1.1 2.23 0.012 2.0 2.45 0.013 -35.0
Gey 167750 33530 500 0.8 2.21 0.005 2.2 2.46 0.010 —40.0
Gey 18AS0 36730.450 0.0 3.0 2.43 0.014 -50.9
Ge&y 206AS0.40030.400 0.0 3.0 2.43 0.011 —60.0
Ge&y 21ASy 43550 350 0.0 3.0 2.45 0.010 -67.9

&The subscripts S anxldenote structural parameters corresponding to S and Ge/As nearest neighbors, respectively.

tion of the atomic makeup of the first coordination shell offrom a large distribution of interatomic distances in the sec-
Ge and As atoms in these two series of glasses is shown iond shell that is consistent with the associated relatively
Figs. 6 and 7. large Debye-Waller factors of-0.020+0.005A? for this

A second shell of Ge/As next-nearest neighbors has beeshell. As the structural data corresponding to the second shell
fitted to the Ge and As EXAFS spectra of some ternaryare not available for all glasses and, moreover, are only semi-
glasses only when it is found to have at least 95% probabilityquantitative at best, these will not be discussed in any further
of being statistically significant, according to the criterion of detail in this paper.
Joyner, Martin, and Meehafi The fitting of this second shell
yields metal-metal next-nearest-neighbor distances of
~3.41+0.03 A and is found to have no significant effect on
the fit parameters of the first coordination shell. These metal- The k3-weighted experimental Ge and Ksedge EXAFS
metal distances are consistent with the Ge-Ge and As-Aspectra and the theoretical fits for the,88,S, ,_, glasses
distances in crystalline Ge and As sulfidddowever, the with x:y=1:2 are shown in Fig. 8. The corresponding Fou-
second-shell coordination numbers derived from this fittingrier transforms are shown in Fig. 9. The fitting of the EXAFS
are found to vary between 0.70 and 2.30 and are thereforgpectra shows that the first-shell coordination numbers and
substantially underestimated. This discrepancy may aris&eAs)-S and GeAs)-X distances in these glasses are similar

B. GgAs S, (x:y=1:2) glasses

TABLE IV. Ge K-edge EXAFS structural parameters for,Gg , binary glasses.

First coordination shéll %S in excess of stoichiometry
Composition Ns Rs (A) 203 (R? Nge Rge (A) 20%, (AY
Ge&y 40 .60 2.7 2.2Q0) 0.010 1.3 2.48) 0.011 —25.0
Gey 057 2.8 2.213) 0.011 14 2.4%) 0.013 —33.7

&The subscripts S and Ge denote structural parameters corresponding to S and Ge nearest neighbors, respectively.

104202-4



Ge AND As X-RAY ABSORPTION FINE STRUCTURE.. .. PHYSICAL REVIEW B 64 104202

T T . ——
T T — T T [ T T T [ T T [ T T T [ T T 7

+57.7% \/W\J/WMM& +57.7%
”
00% \/\/WWPM“‘W e

-14.3% \/\//\/\/W’MMV -14.3%
\/\/\/A\/\W‘V -30.2%

) -30.2% =
X N’
Tz MX ™
-42.9% e -42.9%
53.39% -53.3%
. -61.9%
-61.9%
-69.2%
2 -69.2 %
P DO U A S ORI YA T S TSN EN N S SO S ENT ST S S L P T T T S S ENNO N AN ST SO HN S ST SO NN SN SO S SO SRS S |
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
(a) Wave number k (angstrom'l) (a) Wave number, k (angstrom )
L A A B A B T U L T T I L B
+102.6% | \/\/MW“M‘%
LY
+20.0% ; +20.0%
0.0% ) Y 0.0%
-5.0% Wl -5.0%
) v -10.0% = 3 YA ". ol -10.0%
= =
o o
~ -15.0% 4 h -15.0%
% 220.0% T4 -20.0%
; W [
A -34.4% -34.4%
-46.2% -46.2%
PSRN Y YOS SN T AN T ST T T ST S NN SO SN SO SO S NN T SO W | P ISR P T S I S ST KT SRR N SRS | :
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
(b) Wave number k (angstrom™) (b) Wave number, k (angstrom ™)

FIG. 2. k3weighted Ge K-edge EXAFS spectra of FIG. 3. k®weighted As K-edge EXAFS spectra of
GeAs,S, .y glasses witha) x:y=1:1 and(b) x:y=2.5:1. The =~ G8AS,S; -y glasses witha) x:y=1:1 and(b) x:y=2.5:1. The
%S in excess of stoichiometry for each glass composition is indi%S in excess of stoichiometry for each glass composition is indi-
cated alongside each spectrum. Solid lines represent experimengted alongside each spectrum. Solid lines represent experimental
data and dashed lines correspond to least-squares fits obtained usf@fa and dashed lines correspond to least-squares fits obtained using
EXCURVO2 EXCURV92

to those in the previous two series of glasses discussed abogéasses compared to that in the,88,S, ,_, glasses with
(Table Ill). However, there are important differences in thex:y=1:1 and 2.5:1. Although the initial S deficiency in this
compositional variation of the first-shell coordination envi- series of glasses leads to the formation of As-As bonds, the
ronments of Ge and As atoms in these relatively As-richGe-X bonds begin to form at a S-deficiency level where the
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FIG. 4. Magnitudes of the Fourier-transform of tkiéweighted FIG. 5. Magnitudes of the Fourier-transform of tkiéweighted
Ge K-edge EXAFS spectra of Ga&s, S, _,_, glasses with(@) x:y As K-edge EXAFS spectra of G&s,S,_,_, glasses with(a) x:y
=1:1 and(b) x:y=2.5:1 with various levels of S in excess of =1:1 and(b) x:y=2.5:1 with various levels of S in excess of
stoichiometry. Solid lines represent experimental data and dashestoichiometry. Solid lines represent experimental data and dashed
lines correspond to least-squares fits obtained uskayRvo2 lines correspond to least-squares fits obtained uskayRvo2

average first-shell environment of As atoms consists-df5  coordination environment of S and As around As atoms in
As and~1.5 S atoms. This is in contrast with the case of thethe As-rich glasses. Any further increase in S deficiency in
previous two series of glasses where Xsbonds appear only these As-rich glasses results in the progressive increase in
when each As atom is bonded to three other As atoms. Thisoncentration of both the G¢-and AsX bonds in the first
result possibly implies the stabilization of a mixed first-shell coordination shells of Ge and As atoms. This compositional
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FIG. 8. k3-weighted(a) Ge and(b) As K-edge EXAFS spectra

of GgAs,S, _,_, glasses withk:y=1:2. The %S in excess of sto-
ichiometry for each glass composition is indicated alongside each
spectrum. Solid lines represent experimental data and dashed lines
correspond to least-squares fits obtained usXURVo2

variation of the local coordination environments of Ge and

FIG. 7. Compositional variation in the atomic make-up of the AS atoms is shown in Fig. 10. In this regard it is interesting

first coordination shell of Ge and As atoms in ,88,S, _y

to compare the effect of S deficiency on the coordination

glasses withx:y=2.5:1, as derived from fitting the Ge and As environment of Ge atoms in these ternary Ge-As-S glasses
K-edge EXAFS data. Solid lines through the data points are guidewith that in the S-deficient binary Ge-S glasses. The

to the eye only.
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nation environment is found to consist of a mixture of S and
Ge atoms in the right proportion as demanded by the chemi-
cal composition indicating the preservation of chemical order
in these glasse@able V).

IV. DISCUSSION

The Ge and AK-edge EXAFS results reported here in-
dicate that the first-shell coordination numbers of Ge and As
are 4 and 3, respectively, in all glasses irrespective of com-
position. However, the coordination environments of Ge and
As atoms show gradual and systematic changes as a function
of glass composition. The Ge and As atoms in the stoichio-
metric and excess-S-containing 8e,S, _,_, glasses in all
three compositional series are found to be bonded only to S
atoms forming Gegand AsS polyhedra. This result auto-
matically implies the presence of S-S homopolar bonds in
excess S-containing glasses. This hypothesis is corroborated
by the results of a previous study based on Raman spectros-
copy that showed the appearance of a vibrational band at

FIG. 9. Magnitudes of the Fourier-transform of tkkéweighted ~490 cm ! corresponding to S-S stretching vibration in Ge-
(@ Ge and(b) As K-edge EXAFS spectra of G&s,S, .y glasses  ag.g glasses with excess®SOn the other hand, the initial
with x:y=1:2 with various levels of S in excess of stoichiometry. i ,ctural response to S deficiency in all Ge-As-S glasses is
Solid lines represgnt exp(_erimentgl data and dashed lines correspomhnd to be the formation of As-As homopolar bonds. The
to least-squares fits obtained USEGLURV92. first-shell coordination environment of Ge atoms in the two

series of GAs,S, _,_, glasses withk:y=2.5:1 and 1:1 do
retical fits for two S-deficient Ge-sulfide glasses are shown imot show any evidence of metal-metal homopolar bonding
Fig. 11. The corresponding Fourier transforms are shown imntil all the As-As bonds are exhausted in the structkigs.
Fig. 12. The fitting of the Ge EXAFS spectra yields a first-6 and 7. Such a structural scenario leaves Ge atoms with the
shell coordination number of 4 for the Ge atoms in thesepossibility of the formation of Ge-Ge homopolar bonds only
binary glasse¢Table V). Moreover, the average Ge coordi- in the highly S-deficient glasses in these two series. This

Fourier Transform (arb. units)

(b} Radial Distance (angstrom)
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the formation of As-As and Ge-Ge bonds in S-deficient
glasses, may have strong topological consequences. For ex-
ample, within the experimental resolution, the Ge and As
EXAFS spectra of the stoichiometric &s,S, | glasses
in all three series do not show any evidence of metal-metal
-25.0% distances corresponding to homopolar bonding or edge-
shared Gegtetrahedra. Therefore the atomic structure of
these glasses is likely to consist predominantly of a fully
three-dimensional network of corner-sharing @&frahedra
and AsS$ trigonal pyramids. However, in glasses with excess
S, the formation of S-S bonds may eventually stabilize low-
-33.7% dimensional rings of S atoms in spatial association with the
interconnected three-dimensional network of Gafd AsS
polyhedra® On the other hand, in the two series of
GegAs,S, -y glasses with:y=2.5:1 and 1:1 glasses each
As is found to be bonded to three other As atoms at high-
enough S deficiency whereas each Ge may still be bonded to
Wave number, k (angstrom ™) nearly all S atoms. This result implies a clustering of As
FIG. 11. k3-weighted GeK-edge EXAFS spectra of binary atoms in the form of corner-sharing AsAsigonal pyra-
GeS;_« glasses. The %S in excess of stoichiometry for each glassids, possibly arranged in corrugated sheets much like in
composition is indicated alongside each spectrum. Solid lines reperystalline Ast® Such guasi-two-dimensional sheets of As
resent experimental data and dashed lines correspond to leagitoms will be interspersed with three-dimensional networks
squares fits obtained USiEXCURv92 of corner-sharing G&8,Ge,_,) tetrahedra in these glasses.
At low and intermediate levels of S deficiency the As atom
result, to our knowledge, provides the first direct evidence irclusters in these glasses can mimic the topological changes
favor of an inhomogeneous distribution or clustering ofthat are observed in the atomic structures of various
network-forming atoms and violation of chemical order in S-deficient crystalline phases of As sulfide. For example, the
chalcogenide glasses. This should be contrasted with the castichiometric AsS; crystal has a two-dimensional sheetlike
of binary S-deficient Ge-sulfide glasses where chemical orstructure of cross-linked AgSpyramids that changes into
der is clearly preserved over a length scale corresponding tmolecular AgS, and AsS; structures with a moderate in-
at least the nearest-neighbor distances around Ge atoms. crease in S deficiency. By the same token one could expect
Formation of bonds between like atoms imposed bythat for GgAs,S, _, glasses with intermediate S defi-
chemical order as evidenced in the formation of S-S bonds igiency, where the As atoms are coordinated to a combination
excess-S-containing glasses or imposed by thermodynam@ S and other As atoms, the molecular,8sand/or AsS;
constraints, as seen in the avoidance of As-Ge bonds and imits can be energetically stabilized in the glass structure.
The present As EXAFS results cannot distinguish between
discrete molecules and a continuous network on the basis of
the local coordination environment of As alone. However,
the thermodynamic stabilization of a mixed average coordi-
nation environment of 1.5 As and 1.5 S atoms around each
As atom as has been observed in the As-richASgS, ,
glasses withx:y=1:2 at intermediate levels of S deficiency
is completely consistent with the formation of /&5 molecu-
lar clusters. In fact, a recent Raman spectroscopic study has
clearly shown that As-As homopolar bonding indeed results
in the formation of discrete AS;-based molecular clusters
especially in As-rich Ge-As-S glasses at intermediate levels
of S deficiency corresponding to)~ 2.6
Thus, the physical properties of chalcogenide glasses will
be strongly dependent on the nature and relative abundance
of these molecular, two-dimensional sheetlike, or three-
S S S dimensional network-based intermediate-range structural
0 2 4 6 8 10 units in the glass. In this scenario the percolation of rigidity
Radial Distance (angstrom) in a chalcogenide glass structure may not be described solely
FIG. 12. Magnitudes of the Fourier-transform of the ON the basis a single value of the average coordination num-
k3_Weighted GeK-edge EXAFS spectra of Qsl—x g|asses with ber <r> For eXample, if a two-dimensional atomic cluster is
various levels of S in excess of stoichiometry. Solid lines represen@mbedded in a three dimensional space then the constraint-
experimental data and dashed lines correspond to least-squares figunting formalism yields a value @f)~2.67 for rigidity
obtained usingExCuRv92. transition® This value ofr) should be contrasted with that of

K x(k)

2 4 6 8 10 12 14 16

Fourier Transform (arb. units)
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2.40 corresponding to the case when the embedded atoméoordinated, respectively. Ge and As atoms are found to be
cluster is three-dimensional. Therefore, instead of a singl®onded only to S atoms in the stoichiometric and S-excess
transition one could expect the presence of multiple extremaglasses, indicating preservation of chemical order. The
in the compositional variation of the physical properties ofS-deficient Ge-As-S glasses on the other hand, show forma-
chalcogenide glasses, governed by the structure and topologipn of metal-metal homopolar bonds that are exclusively
or the effective dimensionality of the percolating structuralbetween As atoms, especially at low and intermediate S de-
unit(s) in question. It should also be noted that the degree oficiencies. Ge atoms take part in metal-metal bonding only at
homopolar bonding and chemical order in a chalcogenidéntermediate to high levels of S deficiency. Such clustering of
glass structure are likely to depend significantly on the naturéike atoms and violation of chemical order has been argued
of the constituent elements themselves. For example, a rée result in topological changes of the intermediate-range
cent Ge and As EXAFS study of Ge-As-Te glasses hastructural units in ternary Ge-As-S glasses as a function of
shown the existence of Ge/As-Ge/As homopolar bonds eveaomposition. These structural and topological changes are
in excess Te-containing glasses with)~2.4 whereas this likely to result in extrema in the compositional variation of
study shows the presence of only Ge-S and As-S heteropoléne relevant physical properties of these materials at non-
bonds in the Ge-As-S glasses with simigrvalues'® Thus,  unique composition-dependefm} values. This scenario ren-
the nature of the chalcogen atom plays a key role in controlders the concept of a universal, singlg) value

ling the chemical order and the concept of a universality in({r)=2.4)-based rigidity transition untenable, at least in the
(r) values associated with structural and/or topological tranease of chalcogenide glasses in the ternary Ge-As-S system.
sitions loses its meaning. On the other hand, the observed
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