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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

S. Sen, C. W. Ponader, and B. G. Aitken
Glass Research Division, Corning Incorporated, Corning, New York 14831

~Received 14 March 2001; published 23 August 2001!

The coordination environments of Ge and As atoms in GexAsyS12x2y glasses withx:y51:2, 1:1, and 2.5:1
and with wide-ranging S contents have been studied with Ge and AsK-edge 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.

DOI: 10.1103/PhysRevB.64.104202 PACS number~s!: 61.43.Fs, 61.43.Dq, 61.25.Mv, 61.10.Ht
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I. INTRODUCTION

The physicochemical properties of chalcogenide glas
in the system Ge-As-S,Se have been studied intensivel
the last 20 years because of their technological importanc
the field of optical devices.1,2 The chalcogenide glasses ha
also been used as model systems for studying the influe
of topological constraints on the compositional variation
various physical properties in covalently bonded amorph
materials.3,4 It has been argued on the basis of the theory
constraint counting that the physical properties of th
glasses would be predominantly controlled by the aver
coordination number̂r&, irrespective of their actual chemica
compositions.3,4 The Ge, As, and S~Se! atoms in a
GexAsy(S,Se)12x2y glass are 4, 3, and 2 coordinated, r
spectively. Therefore the average coordination number^r& for
such a glass can be written as^r &54x13y12(12x2y). A
simple counting of the bond length and angle constraints
the total number of degrees of freedom available to a mol
three-dimensionally connected atoms shows that the sys
of atoms would undergo a rigidity percolation type of tra
sition at ^r &52.4.3,4 Detailed studies of the composition
dependence of elastic, thermodynamic, transport, and e
tronic properties in chalcogenide glasses indicate that s
properties indeed show such a transition at^r &'2.4, al-
though another important transition or extremum is alm
always present at̂r &'2.67.5,6 The latter transition has re
cently been speculated to be a manifestation of a topolog
phase transition in the chalcogenide glass structure. Acc
ing to this model, for̂ r &<2.7, the topological dimensiona
ity D of the glass structure is<2 whereas for̂ r &.2.7 the
glasses are characterized by a three-dimensionally conne
structure, i.e.,D53.6

However, these topological arguments do not take i
account the differences between the characters of var
homopolar and heteropolar bonds and the degree of chem
order in the chalcogenide glass structure. Recent spe
0163-1829/2001/64~10!/104202~10!/$20.00 64 1042
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scopic studies have clearly indicated the presence of
mopolar bonds in the atomic structure of nonstoichiome
chalcogenide glasses.7–9 Homopolar bonding may result in
violation of the chemical order in the structure with cluste
ing of the constituent atoms.9 Such clustering of constituen
atoms would have important influences on the nature
dimensionality of the intermediate-range structural units
the glass. A systematic study of the bonding environment
chemical order in chalcogenide glasses over a wide com
sition range and̂r& values is therefore needed in order to te
these hypotheses. We report here the results of a detaile
and As K-edge x-ray absorption fine structure~EXAFS!
spectroscopic study of the local coordination environme
of Ge and As atoms in Ge-As-S glasses. Three series
GexAsyS12x2y glass compositions withx:y51:1, 2.5:1, and
1:2 and with ^r& values ranging between 2.351 and 2.9
have been studied. We also report the Ge EXAFS results
a number of S-deficient binary Ge-sulfide glasses in orde
make a structural comparison between these and
S-deficient ternary glasses.

II. EXPERIMENT

A. Sample preparation

The Ge-As-sulfide glasses were prepared by melting m
tures of the constituent elements~>99.9995% purity, metals
basis!. These mixtures were contained in evacua
(1026 Torr) flame-sealed fused-silica ampoules and w
melted in a rocking furnace at;1200 K for at least 24 h.
Cylindrical glass rods were obtained by quenching the a
poules in water followed by annealing for 1 h at therespec-
tive glass-transition temperatures. The nominal compositi
of the GeAsS glasses studied here are shown in Fig. 1
are also listed in Tables I, II, and III. The compositions
these glasses have also been denoted in this paper in term
‘‘% S in excess of stoichiometry’’ which corresponds to th
©2001 The American Physical Society02-1
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percentage amount of S in a glass in excess of the stoic
metric composition, i.e., GexAsyS2x11.5y ~see Tables I, II, III,
and IV!.

B. EXAFS spectroscopy

1. Data collection

All Ge and As K-edge ~11 103 and 11 867 eV, respec
tively! EXAFS spectra were collected at beam line X10C
the National Synchrotron Light Source at Brookhaven N
tional Laboratory with electron-beam energy of 2.5 GeV a

FIG. 1. Ternary plot of the GexAsyS12x2y glass compositions
investigated in this study.
10420
io-

t
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beam currents between 150 and 300 mA. A Si~220! mono-
chromator was used with the focusing mirror tuned to rej
higher harmonics. All samples were finely ground to po
ders and were mounted on mylar tapes on the sample ho
of a liquid-nitrogen-cooled cryostat. Sample temperatu
were maintained within a range of 80–90 K in order to low
the effect of the thermal Debye-Waller factor on the sign
The EXAFS data were collected in the transmission mode
energy steps of 2 eV. Ionization chambers filled with m
tures of nitrogen and argon gases were used as detector
measuring the incident and transmitted x-ray beam inte
ties. Synthetic As2S3, AsS, GeS, and GeS2 crystals were used
as model compounds.

2. Data analysis

The Ge and AsK-edge EXAFS data have been analyz
using the standard software packagesEXBROOK and
EXCURV92 developed by the Daresbury Laboratory.10 The
EXBROOK package has been used to subtract a linear ba
ground in the preedge region and a quadratic backgroun
the postedge region from the raw absorption spectra.
EXAFS oscillations are subsequentlyk3-weighted and fitted
using the nonlinear least squares fitting routine inEXCURV92,
based on the curved-wave theory of EXAFS.11 The three
structural parameters that are varied in order to obtain
best fit are:~i! the radial distanceR of the neighboring atoms
around the central photoexcited Ge or As atom,~ii ! the
number N of the neighboring atoms around the cent
atom within a shell of radiusR, and ~iii ! the Debye-Waller
factor 2s2.
TABLE I. Ge and AsK-edge EXAFS structural parameters for GexAsyS12x2y (x:y51:1) glasses.

Composition

First coordination shella %S in excess of stoichiometry

NS RS ~Å! 2sS
2 ~Å2! Nx Rx ~Å! 2sx

2 ~Å2!

Ge K-edge
Ge0.133As0.133S0.734 4.0 2.21 0.012 0.0 157.7
Ge0.175As0.175S0.650 4.0 2.20 0.012 0.0 16.1
Ge0.182As0.182S0.636 4.0 2.20 0.014 0.0 0.0
Ge0.200As0.200S0.600 4.0 2.20 0.015 0.0 214.3
Ge0.225As0.225S0.550 4.0 2.22 0.012 0.0 230.2
Ge0.250As0.250S0.500 4.0 2.22 0.009 0.0 242.9
Ge0.275As0.275S0.450 3.4 2.22 0.010 0.6 2.46 0.005 253.3
Ge0.300As0.300S0.400 3.0 2.23 0.006 1.0 2.47 0.004 261.9
Ge0.325As0.325S0.350 2.5 2.23 0.012 1.5 2.47 0.004 269.2

As K-edge
Ge0.133As0.133S0.734 3.0 2.25 0.014 0.0 157.7
Ge0.715As0.175S0.650 3.0 2.25 0.015 0.0 16.1
Ge0.182As0.182S0.636 3.0 2.27 0.009 0.0 0.0
Ge0.200As0.200S0.600 2.5 2.23 0.010 0.5 2.46 0.005 214.3
Ge0.225As0.225S0.550 1.8 2.26 0.005 1.2 2.46 0.005 230.2
Ge0.250As0.250S0.500 1.2 2.22 0.005 1.9 2.45 0.005 242.9
Ge0.275As0.275S0.450 0.0 3.0 2.43 0.011 253.3
Ge0.300As0.300S0.400 0.0 3.1 2.44 0.012 261.9
Ge0.325As0.325S0.350 0.0 3.1 2.43 0.008 269.2

aThe subscripts S andx denote structural parameters corresponding to S and Ge/As neighbors, respectively.
2-2
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TABLE II. Ge and AsK-edge EXAFS structural parameters for GexAsyS12x2y (x:y52.5:1) glasses.

Composition

First coordination shella %S in excess of stoichiometry

NS RS ~Å! 2sS
2 ~Å2! Nx Rx ~Å! 2sx

2 ~Å2!

Ge K-edge
Ge0.150As0.060S0.790 4.0 2.20 0.007 0.0 1102.6
Ge0.222As0.088S0.690 4.0 2.20 0.008 0.0 120.0
Ge0.250As0.100S0.650 4.0 2.20 0.009 0.0 0.0
Ge0.258As0.103S0.638 4.0 2.20 0.007 0.0 25.0
Ge0.267As0.107S0.626 4.0 2.21 0.009 0.0 210.0
Ge0.277As0.111S0.612 4.0 2.21 0.009 0.0 215.0
Ge0.287As0.115S0.598 4.0 2.21 0.010 0.0 220.0
Ge0.321As0.129S0.550 3.2 2.22 0.009 0.9 2.44 0.013 234.4
Ge0.357As0.143S0.500 2.6 2.22 0.007 1.5 2.46 0.011 246.2

As K-edge
Ge0.150As0.060S0.790 3.0 2.26 0.007 0.0 1102.6
Ge0.222As0.088S0.690 3.0 2.25 0.014 0.0 120.0
Ge0.250As0.100S0.650 3.0 2.24 0.013 0.0 0.0
Ge0.258As0.103S0.638 2.7 2.25 0.007 0.3 2.48 0.012 25.0
Ge0.267As0.107S0.626 1.7 2.23 0.008 1.3 2.46 0.012 210.0
Ge0.277As0.111S0.612 1.3 2.24 0.009 1.7 2.46 0.011 215.0
Ge0.287As0.115S0.598 0.9 2.23 0.007 2.1 2.45 0.013 220.0
Ge0.321As0.129S0.550 0.0 3.0 2.43 0.014 234.4
Ge0.357As0.143S0.500 0.0 3.0 2.43 0.014 246.2

aThe subscripts S andx denote structural parameters corresponding to S and Ge/As nearest neighbors, respectively.
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The calculated electron scattering phase shifts for As
Ge-S, and Ge-As atom pairs were tested by fitting the Ge
As EXAFS spectra of the model compounds and proved
be adequate without further refinement. It should be note
this regard that Ge and As backscatterers cannot be di
guished by EXAFS due to the similarity in their electron
structures. The nonstructural fitting parameters include
amplitude factor that corrects for amplitude reduction res
ing from events such as multiple excitations and the ima
nary part of the potential that is a measure of the mean
path of the photoelectron.12 These parameters have been o
timized by fitting the EXAFS spectra of the model com
pounds and have been treated as transferable constan
analysis of the glass spectra. It is important to note that
Debye-Waller factor and the coordination number are co
lated quantities in EXAFS data analysis and the quality
the fit can be kept unchanged by varying both the quanti
simultaneously over a limited range. The related uncerta
ties in the coordination numbers of Ge and As atoms in th
glasses are found to be of the order of6 0.2 or less.

III. RESULTS

A. GexAsyS1ÀxÀy „x:yÄ1:1 and 2.5:1… glasses

Thek3-weighted experimental Ge and AsK-edge EXAFS
spectra and the theoretical fits for the two series
GexAsyS12x2y glasses withx:y51:1 and x:y52.5:1 are
shown in Figs. 2 and 3. These spectra show clear sign
progressive change in the local coordination environmen
Ge and As atoms in these glasses as a function of increa
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S deficiency ~Figs. 2 and 3!. The corresponding Fourie
transforms are shown in Figs. 4 and 5. The fitting of the
and As EXAFS spectra yields first-shell coordination nu
bers of 4 and 3 for Ge and As atoms, respectively, in th
glasses~Tables I and II!. This result is consistent with tetra
hedral and trigonal pyramidal configuration for the coordin
tion polyhedra of Ge and As atoms, respectively. Howev
more interestingly, the first shell of both Ge and As atoms
found to change from one consisting solely of S atoms
excess-S-containing glasses to one consisting of an incr
ing fraction of X atoms~X5Ge, As! in S-deficient glasses
The Ge-S and Ge-X bond lengths in these glasses vary ov
a narrow range of 2.20–2.23 and 2.46–2.47 Å, respectiv
~Tables I and II!. The As-S and As-X bond lengths are found
to range between 2.23–2.26 and 2.43–2.47 Å, respectiv
These bond lengths do not show any significant comp
tional variation and are fairly typical of the Ge-sulfide an
As-sulfide binary crystalline phases.13 It must be noted that
similar electronic structures of Ge and As backscattering
oms do not allow them to be distinguished directly
EXAFS. However, with increasing S deficiency the As-X
bonds are always the first metal-metal bonds to appear a
lowest S deficiency level in these glasses~Tables I and II!.
On the other hand, Ge-X bonds begin to form at a muc
higher S deficiency level only when the first coordinati
shell of As atoms consists solely ofX atoms. This result
clearly implies that the As-X and Ge-X bonds in these
glasses are exclusively between the same atom types,
they are As-As and Ge-Ge bonds. This compositional va
2-3
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TABLE III. Ge and AsK-edge EXAFS structural parameters for GexAsyS12x2y (x:y51:2) glasses.

Composition

First coordination shella %S in excess of stoichiometry

NS RS ~Å! 2sS
2 ~Å2! Nx Rx ~Å! 2sx

2 ~Å2!

Ge K-edge
Ge0.117As0.233S0.650 4.0 2.20 0.011 0.0 111.0
Ge0.125As0.250S0.625 4.0 2.21 0.011 0.0 0.0
Ge0.133As0.267S0.600 4.1 2.20 0.010 0.0 210.0
Ge0.138As0.276S0.586 4.0 2.20 0.008 0.0 215.0
Ge0.150As0.300S0.550 4.0 2.20 0.009 0.0 226.7
Ge0.154As0.308S0.538 3.6 2.20 0.007 0.6 2.46 0.013 230.0
Ge0.167As0.333S0.500 3.2 2.21 0.008 0.7 2.44 0.013 240.0
Ge0.183As0.367S0.450 3.2 2.20 0.010 0.9 2.43 0.012 250.9
Ge0.200As0.400S0.400 3.3 2.21 0.009 0.9 2.44 0.008 260.0
Ge0.217As0.433S0.350 2.4 2.21 0.008 1.6 2.45 0.013 267.9

As K-edge
Ge0.088As0.175S0.737 3.0 2.26 0.006 0.0 168.1
Ge0.117As0.233S0.650 3.0 2.26 0.009 0.0 111.0
Ge0.125As0.250S0.625 3.0 2.25 0.007 0.0 0.0
Ge0.133As0.267S0.600 2.3 2.23 0.008 0.6 2.48 0.008 210.0
Ge0.138As0.276S0.586 2.4 2.24 0.010 0.8 2.48 0.010 215.0
Ge0.150As0.300S0.550 1.5 2.23 0.011 1.4 2.47 0.013 226.7
Ge0.154As0.308S0.538 1.5 2.22 0.010 1.5 2.46 0.012 230.0
Ge0.160As0.320S0.520 1.1 2.23 0.012 2.0 2.45 0.013 235.0
Ge0.167As0.333S0.500 0.8 2.21 0.005 2.2 2.46 0.010 240.0
Ge0.183As0.367S0.450 0.0 3.0 2.43 0.014 250.9
Ge0.200As0.400S0.400 0.0 3.0 2.43 0.011 260.0
Ge0.217As0.433S0.350 0.0 3.0 2.45 0.010 267.9

aThe subscripts S andx denote structural parameters corresponding to S and Ge/As nearest neighbors, respectively.
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Ge and As atoms in these two series of glasses is show
Figs. 6 and 7.

A second shell of Ge/As next-nearest neighbors has b
fitted to the Ge and As EXAFS spectra of some tern
glasses only when it is found to have at least 95% probab
of being statistically significant, according to the criterion
Joyner, Martin, and Meehan.14 The fitting of this second shel
yields metal-metal next-nearest-neighbor distances
;3.4160.03 Å and is found to have no significant effect o
the fit parameters of the first coordination shell. These me
metal distances are consistent with the Ge-Ge and As
distances in crystalline Ge and As sulfides.13 However, the
second-shell coordination numbers derived from this fitt
are found to vary between 0.70 and 2.30 and are there
substantially underestimated. This discrepancy may a
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from a large distribution of interatomic distances in the s
ond shell that is consistent with the associated relativ
large Debye-Waller factors of;0.02060.005 Å2 for this
shell. As the structural data corresponding to the second s
are not available for all glasses and, moreover, are only se
quantitative at best, these will not be discussed in any furt
detail in this paper.

B. GexAsyS1ÀxÀy „x:yÄ1:2… glasses

Thek3-weighted experimental Ge and AsK-edge EXAFS
spectra and the theoretical fits for the GexAsyS12x2y glasses
with x:y51:2 are shown in Fig. 8. The corresponding Fo
rier transforms are shown in Fig. 9. The fitting of the EXAF
spectra shows that the first-shell coordination numbers
Ge~As!-S and Ge~As!-X distances in these glasses are simi
TABLE IV. Ge K-edge EXAFS structural parameters for GexS12x binary glasses.

Composition

First coordination shella %S in excess of stoichiometry

NS RS ~Å! 2sS
2 ~Å2! NGe RGe ~Å! 2sGe

2 ~Å2!

Ge0.40S0.60 2.7 2.20~0! 0.010 1.3 2.45~0! 0.011 225.0
Ge0.43S0.57 2.8 2.21~3! 0.011 1.4 2.43~4! 0.013 233.7

aThe subscripts S and Ge denote structural parameters corresponding to S and Ge nearest neighbors, respectively.
2-4
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to those in the previous two series of glasses discussed a
~Table III!. However, there are important differences in t
compositional variation of the first-shell coordination en
ronments of Ge and As atoms in these relatively As-r

FIG. 2. k3-weighted Ge K-edge EXAFS spectra o
GexAsyS12x2y glasses with~a! x:y51:1 and~b! x:y52.5:1. The
%S in excess of stoichiometry for each glass composition is in
cated alongside each spectrum. Solid lines represent experim
data and dashed lines correspond to least-squares fits obtained
EXCURV92.
10420
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glasses compared to that in the GexAsyS12x2y glasses with
x:y51:1 and 2.5:1. Although the initial S deficiency in th
series of glasses leads to the formation of As-As bonds,
Ge-X bonds begin to form at a S-deficiency level where t

i-
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sing

FIG. 3. k3-weighted As K-edge EXAFS spectra o
GexAsyS12x2y glasses with~a! x:y51:1 and~b! x:y52.5:1. The
%S in excess of stoichiometry for each glass composition is in
cated alongside each spectrum. Solid lines represent experim
data and dashed lines correspond to least-squares fits obtained
EXCURV92.
2-5
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average first-shell environment of As atoms consists of;1.5
As and;1.5 S atoms. This is in contrast with the case of
previous two series of glasses where Ge-X bonds appear only
when each As atom is bonded to three other As atoms. T
result possibly implies the stabilization of a mixed first-sh

FIG. 4. Magnitudes of the Fourier-transform of thek3-weighted
Ge K-edge EXAFS spectra of GexAsyS12x2y glasses with~a! x:y
51:1 and ~b! x:y52.5:1 with various levels of S in excess o
stoichiometry. Solid lines represent experimental data and da
lines correspond to least-squares fits obtained usingEXCURV92.
10420
e

is
l

coordination environment of S and As around As atoms
the As-rich glasses. Any further increase in S deficiency
these As-rich glasses results in the progressive increas
concentration of both the Ge-X and As-X bonds in the first
coordination shells of Ge and As atoms. This compositio

ed

FIG. 5. Magnitudes of the Fourier-transform of thek3-weighted
As K-edge EXAFS spectra of GexAsyS12x2y glasses with~a! x:y
51:1 and ~b! x:y52.5:1 with various levels of S in excess o
stoichiometry. Solid lines represent experimental data and das
lines correspond to least-squares fits obtained usingEXCURV92.
2-6
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FIG. 6. Compositional variation in the atomic make-up of t
first coordination shell of Ge and As atoms in GexAsyS12x2y

glasses withx:y51:1, as derived from fitting the Ge and AsK-edge
EXAFS data. Solid lines through the data points are guides to
eye only.

FIG. 7. Compositional variation in the atomic make-up of t
first coordination shell of Ge and As atoms in GexAsyS12x2y

glasses withx:y52.5:1, as derived from fitting the Ge and A
K-edge EXAFS data. Solid lines through the data points are gu
to the eye only.
10420
variation of the local coordination environments of Ge a
As atoms is shown in Fig. 10. In this regard it is interesti
to compare the effect of S deficiency on the coordinat
environment of Ge atoms in these ternary Ge-As-S glas
with that in the S-deficient binary Ge-S glasses. T
k3-weighted experimental Ge EXAFS spectra and the th

e

es

FIG. 8. k3-weighted~a! Ge and~b! As K-edge EXAFS spectra
of GexAsyS12x2y glasses withx:y51:2. The %S in excess of sto
ichiometry for each glass composition is indicated alongside e
spectrum. Solid lines represent experimental data and dashed
correspond to least-squares fits obtained usingEXCURV92.
2-7
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retical fits for two S-deficient Ge-sulfide glasses are show
Fig. 11. The corresponding Fourier transforms are show
Fig. 12. The fitting of the Ge EXAFS spectra yields a fir
shell coordination number of 4 for the Ge atoms in the
binary glasses~Table IV!. Moreover, the average Ge coord

FIG. 9. Magnitudes of the Fourier-transform of thek3-weighted
~a! Ge and~b! As K-edge EXAFS spectra of GexAsyS12x2y glasses
with x:y51:2 with various levels of S in excess of stoichiomet
Solid lines represent experimental data and dashed lines corres
to least-squares fits obtained usingEXCURV92..
10420
in
in
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nation environment is found to consist of a mixture of S a
Ge atoms in the right proportion as demanded by the che
cal composition indicating the preservation of chemical or
in these glasses~Table IV!.

IV. DISCUSSION

The Ge and AsK-edge EXAFS results reported here i
dicate that the first-shell coordination numbers of Ge and
are 4 and 3, respectively, in all glasses irrespective of co
position. However, the coordination environments of Ge a
As atoms show gradual and systematic changes as a fun
of glass composition. The Ge and As atoms in the stoich
metric and excess-S-containing GexAsyS12x2y glasses in all
three compositional series are found to be bonded only t
atoms forming GeS4 and AsS3 polyhedra. This result auto
matically implies the presence of S-S homopolar bonds
excess S-containing glasses. This hypothesis is corrobor
by the results of a previous study based on Raman spec
copy that showed the appearance of a vibrational ban
;490 cm21 corresponding to S-S stretching vibration in G
As-S glasses with excess S.8 On the other hand, the initia
structural response to S deficiency in all Ge-As-S glasse
found to be the formation of As-As homopolar bonds. T
first-shell coordination environment of Ge atoms in the tw
series of GexAsyS12x2y glasses withx:y52.5:1 and 1:1 do
not show any evidence of metal-metal homopolar bond
until all the As-As bonds are exhausted in the structure~Figs.
6 and 7!. Such a structural scenario leaves Ge atoms with
possibility of the formation of Ge-Ge homopolar bonds on
in the highly S-deficient glasses in these two series. T

nd

FIG. 10. Compositional variation in the atomic make-up of t
first coordination shell of Ge and As atoms in GexAsyS12x2y

glasses withx:y51:2, as derived from fitting the Ge and AsK-edge
EXAFS data. Solid lines through the data points are guides to
eye only.
2-8
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result, to our knowledge, provides the first direct evidence
favor of an inhomogeneous distribution or clustering
network-forming atoms and violation of chemical order
chalcogenide glasses. This should be contrasted with the
of binary S-deficient Ge-sulfide glasses where chemical
der is clearly preserved over a length scale correspondin
at least the nearest-neighbor distances around Ge atom

Formation of bonds between like atoms imposed
chemical order as evidenced in the formation of S-S bond
excess-S-containing glasses or imposed by thermodyna
constraints, as seen in the avoidance of As-Ge bonds an

FIG. 11. k3-weighted GeK-edge EXAFS spectra of binar
GexS12x glasses. The %S in excess of stoichiometry for each g
composition is indicated alongside each spectrum. Solid lines
resent experimental data and dashed lines correspond to l
squares fits obtained usingEXCURV92.

FIG. 12. Magnitudes of the Fourier-transform of th
k3-weighted GeK-edge EXAFS spectra of GexS12x glasses with
various levels of S in excess of stoichiometry. Solid lines repres
experimental data and dashed lines correspond to least-square
obtained usingEXCURV92.
10420
n
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the formation of As-As and Ge-Ge bonds in S-deficie
glasses, may have strong topological consequences. Fo
ample, within the experimental resolution, the Ge and
EXAFS spectra of the stoichiometric GexAsyS12x2y glasses
in all three series do not show any evidence of metal-m
distances corresponding to homopolar bonding or ed
shared GeS4 tetrahedra. Therefore the atomic structure
these glasses is likely to consist predominantly of a fu
three-dimensional network of corner-sharing GeS4 tetrahedra
and AsS3 trigonal pyramids. However, in glasses with exce
S, the formation of S-S bonds may eventually stabilize lo
dimensional rings of S atoms in spatial association with
interconnected three-dimensional network of GeS4 and AsS3
polyhedra.15 On the other hand, in the two series
GexAsyS12x2y glasses withx:y52.5:1 and 1:1 glasses eac
As is found to be bonded to three other As atoms at hi
enough S deficiency whereas each Ge may still be bonde
nearly all S atoms. This result implies a clustering of A
atoms in the form of corner-sharing AsAs3 trigonal pyra-
mids, possibly arranged in corrugated sheets much like
crystalline As.16 Such quasi-two-dimensional sheets of A
atoms will be interspersed with three-dimensional netwo
of corner-sharing Ge~SxGe42x) tetrahedra in these glasse
At low and intermediate levels of S deficiency the As ato
clusters in these glasses can mimic the topological chan
that are observed in the atomic structures of vario
S-deficient crystalline phases of As sulfide. For example,
stoichiometric As2S3 crystal has a two-dimensional sheetlik
structure of cross-linked AsS3 pyramids that changes int
molecular As4S4 and As4S3 structures with a moderate in
crease in S deficiency. By the same token one could ex
that for GexAsyS12x2y glasses with intermediate S defi
ciency, where the As atoms are coordinated to a combina
of S and other As atoms, the molecular As4S4 and/or As4S3
units can be energetically stabilized in the glass structu
The present As EXAFS results cannot distinguish betw
discrete molecules and a continuous network on the bas
the local coordination environment of As alone. Howev
the thermodynamic stabilization of a mixed average coo
nation environment of 1.5 As and 1.5 S atoms around e
As atom as has been observed in the As-rich GexAsyS12x2y
glasses withx:y51:2 at intermediate levels of S deficienc
is completely consistent with the formation of As4S3 molecu-
lar clusters. In fact, a recent Raman spectroscopic study
clearly shown that As-As homopolar bonding indeed resu
in the formation of discrete As4S3-based molecular cluster
especially in As-rich Ge-As-S glasses at intermediate lev
of S deficiency corresponding tôr &;2.6.15

Thus, the physical properties of chalcogenide glasses
be strongly dependent on the nature and relative abund
of these molecular, two-dimensional sheetlike, or thr
dimensional network-based intermediate-range struct
units in the glass. In this scenario the percolation of rigid
in a chalcogenide glass structure may not be described so
on the basis a single value of the average coordination n
ber ^r&. For example, if a two-dimensional atomic cluster
embedded in a three dimensional space then the constr
counting formalism yields a value of^r &;2.67 for rigidity
transition.6 This value of̂ r& should be contrasted with that o
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st-
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2.40 corresponding to the case when the embedded at
cluster is three-dimensional. Therefore, instead of a sin
transition one could expect the presence of multiple extre
in the compositional variation of the physical properties
chalcogenide glasses, governed by the structure and topo
or the effective dimensionality of the percolating structu
unit~s! in question. It should also be noted that the degree
homopolar bonding and chemical order in a chalcogen
glass structure are likely to depend significantly on the na
of the constituent elements themselves. For example, a
cent Ge and As EXAFS study of Ge-As-Te glasses
shown the existence of Ge/As-Ge/As homopolar bonds e
in excess Te-containing glasses with^r &;2.4 whereas this
study shows the presence of only Ge-S and As-S heterop
bonds in the Ge-As-S glasses with similar^r& values.10 Thus,
the nature of the chalcogen atom plays a key role in cont
ling the chemical order and the concept of a universality
^r& values associated with structural and/or topological tr
sitions loses its meaning. On the other hand, the obse
differences between Ge and As in the propensity of homo
lar bond formation in Ge-As-S glasses as a function of
Ge:As ratio indicate that chemical composition would a
be a critical factor in determining the onset of these structu
and topological transitions.

V. SUMMARY

The Ge and As EXAFS results show that Ge and As
oms in ternary GexAsyS12x2y glasses are always 4 and
ys
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coordinated, respectively. Ge and As atoms are found to
bonded only to S atoms in the stoichiometric and S-exc
glasses, indicating preservation of chemical order. T
S-deficient Ge-As-S glasses on the other hand, show for
tion of metal-metal homopolar bonds that are exclusiv
between As atoms, especially at low and intermediate S
ficiencies. Ge atoms take part in metal-metal bonding only
intermediate to high levels of S deficiency. Such clustering
like atoms and violation of chemical order has been arg
to result in topological changes of the intermediate-ran
structural units in ternary Ge-As-S glasses as a function
composition. These structural and topological changes
likely to result in extrema in the compositional variation
the relevant physical properties of these materials at n
unique composition-dependent^r& values. This scenario ren
ders the concept of a universal, singlêr& value
(^r &52.4)-based rigidity transition untenable, at least in t
case of chalcogenide glasses in the ternary Ge-As-S sys

ACKNOWLEDGMENTS

The authors thank M. L. Powley, D. H. Crooker, and L.
Cornelius for their technical assistance with the prepara
of the glass samples used in this study. S.S. and C.P.
wish to thank the staff at the beam line X10C for their va
able technical assistance with EXAFS data collection. T
National Synchrotron Light Source is supported by the U
Department of Energy, Division of Materials Sciences a
Division of Chemical Sciences.
ury

n,

ct.
1A. B. Seddon, J. Non-Cryst. Solids184, 44 ~1995!.
2U. Senapati, K. Firstenberg, and A. K. Varshneya, J. Non-Cr

Solids222, 153 ~1997!.
3J. C. Phillips, J. Non-Cryst. Solids34, 153 ~1979!.
4M. F. Thorpe, J. Non-Cryst. Solids57, 355 ~1983!.
5A. K. Varshneya, J. Non-Cryst. Solids273, 1 ~2000!; W. A. Ka-

mitakahara, R. L. Cappelletti, P. Boolchand, B. L. Halfpap,
Gompf, D. A. Neumann, and H. Mutka, Phys. Rev. B44, 94
~1991!; M. Tatsumisago, B. L. Halfpap, J. L. Green, S. M. Lin
say, and C. A. Angell, Phys. Rev. Lett.64, 1549 ~1990!; B. L.
Halfpap and S. M. Lindsay,ibid. 57, 847 ~1986! R. Aravinda
Narayanan, S. Asokan, and A. Kumar, Phys. Rev. B54, 4413
~1996!.

6K. Tanaka, Phys. Rev. B39, 1270~1989!.
7A. Ibanez, E. Philippot, S. Benazeth, and H. Dexpert, J. N

Cryst. Solids127, 25 ~1991!.
8B. G. Aitken and C. W. Ponader, J. Non-Cryst. Solids256&257,

143 ~1999!.
9P. E. Lippens, J. C. Jumas, J. Olivier-Fourcade, and L. Aldon
t.

.

-

J.

Non-Cryst. Solids271, 119 ~2000!.
10N. Binsted, S. J. Gurman, and J. C. Campbell, SERC Daresb

Lab. EXCURV092 Program~1992!.
11S. J. Gurman, N. Binsted, and I. Ross, J. Phys. C17, 143 ~1984!.
12A. M. Edwards, M. C. Fairbanks, R. J. Newport, S. J. Gurma

and E. A. Davis, J. Non-Cryst. Solids113, 41 ~1989!.
13G. Dittmar and N. Schafer, Acta Crystallogr., Sect. B: Stru

Crystallogr. Cryst. Chem.31, 2060~1975!; T. Ito, N. Morimoto,
and R. Sadanaga, Acta Crystallogr.5, 775~1952!; N. Morimoto,
Mineral. J.1, 160~1954!; H. J. Whitfield, J. Chem. Soc. A1970,
1800.

14R. W. Joyner, K. J. Martin, and P. Meehan, J. Phys. C20, 4005
~1987!.

15B. G. Aitken and C. W. Ponader, J. Non-Cryst. Solids274, 124
~2000!.

16P. M. Smith, A. J. Leadbetter, and A. J. Apling, Philos. Mag.31,
57 ~1975!; D. Schiferl and C. S. Barrett, J. Appl. Crystallogr.2,
30 ~1969!.
2-10


