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Atomic structure and chemical order in Ge-As selenide and sulfoselenide glasses:
An x-ray absorption fine structure spectroscopic study
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The nearest-neighbor coordination environments of Ge and As atoms,As&& ., glasses withx:y
=1:2 and 1:1 and in GasASy.308(S,Se) 535 sulfoselenide glasses with wide-ranging Se contents have been
studied with Ge and AK-edge extended x-ray absorption time spectra spectroscopy. The average coordination
numbers of Ge and As atoms are found to be 4 and 3, respectively, in all glasses. The compositional makeup
of the first coordination shells of Ge and As atoms indicate that chemical order is largely preserved in
stoichiometric and Se-excess 88,5 _,_, glasses. On the other hand, chemical order is found to be
strongly violated in the case of Se-deficient&g,Se _,_, glasses where the chalcogen deficiency is entirely
taken up by the formation of As-As homopolar bonds at low and intermediate levels of Se deficiency. The Ge
atoms take part in homopolar bonding only in strongly Se-deficient glasses indicating clustering of As atoms.
In the case of sulfoselenide glasses the distribution of S and Se atoms in the first coordination shells of Ge and
As atoms is found to be random, signifying a chemically ordered chalcogen “sublattice.” It is shown that the
intermediate-range structural and topological aspects of such compositional variation of chemical order may
play a central role in controlling properties such as the molar volume of chalcogenide glasses.
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[. INTRODUCTION (-exces$ nonstoichiometric glasses, especially in binary
Ge-S, Se, or As-S, Se systefid.Recent structural studies
The structure-property relationships in Ge-As chalcogenwith Raman spectroscopy and Ge and l®dge extended
ide glasses have received a great deal of research attentionsifray absorption fine-structure spectrosca@XAFS) have
recent years:” The nonlinear variation in physical properties indicated a more complex picture of structure-property rela-
with composition in these glasses has been variously asionships in ternary Ge-As-S glasses. These studies have
cribed to rigidity percolation, topological phase transition, shown that the covalent network structure of stoichiometric
and chemical bonding effects® According to the topologi-  and S-excess Ge-As-S glasses is chemically ordered and con-
cal models the physical properties of chalcogenide glasse§gts of comer-sharing GgSetrahedra and AsStrigonal
are expected to be controlled by the average coordinatioByr,Cm"dS with S-S homopolar bonds in the S-excess glasses.
number(r) rather than the actual chemical composition of i, vever the structure of S-deficient glasses with low and
the glas$:’8 Phillips was the first to suggest, on the basis of. ;

the counting of bond length and bond angle constraints, tha{ytermedlate levels of S-deficiency show a violation of

. chemical order where the deficiency of S is entirely taken up
the glass-forming tendency of covalently bonded glasseB the formation of As-As homonolar bonfidhe Ge atoms
such as chalcogenides would be maximized w{ror- 2.4 y P '

Subsequently, it was shown by Thorpe that a system 0|f)articipate ?n homopolar bonding only after all As atoms are
3-dimensionally connected atoms would undergo a rigidityX"2usted in homopolar bond formation. Such a strong clus-
percolation type of transition at the same average coordind€"ng ©of As atoms may result in low-dimensional
tion numbef Such a transition can be manifested through dntérmediate-range structural units such as sheets of AsAs
maximum in properties such as bulk modulus of binary ortrigonal pyramids similar to that_ characteristic of crystalline
multicomponent glasses when the conditioh=2.4 is sat- AS. In fact, Raman spectroscopic results have shown conclu-
isfied by the glass composition. Previous studies have showsively that such As-As homopolar bonding results in the for-
that the compositional dependence of elastic, thermodymation of molecular AgS; units in S-deficient Ge-As-S
namic, transport, and electronic properties in binary and mulglasses, especially in As-rich compositionst was also
ticomponent Ge-As-S, Se glasses indeed shows signaturesgifown in that study that the formation of such molecular
a transition atr)~2.4*° However, the existence of another units rather than the rigidity percolation phenomenon is re-
extremum af(r)~2.67 in the compositional variation of a sponsible for observed maxima in physical properties, par-
number of physical properties of Ge-As-S, Se glasses hatcularly that of the thermal expansion. It should be noted in
often been observeéiTanaka recently speculated that suchthis regard that the degree of chemical ordering in chalco-
an extremum ar)~2.67 corresponds to a transition in the genide glass structure also depends critically on the nature of
topological dimensionalityD of the glass structure with the chalcogen atom. For example, Ge andKAsdge EXAFS

<2 for(r)<2.7 andD =3 for (r)>2.7* On the other hand, studies have shown that, in Ge-As-Te glasses, Ge/As-Ge/As
structural models based on chemical ordering have correlatdtbmopolar bonds exist even in excess Te-containing compo-
physical property variations with the formation of Ge/As- sitions, whereas such bonds in Ge-As-S glasses are observ-
Ge/As (S/Se-S/Sehomopolar bonds in chalcogen-deficient able only in S-deficient compositioh$One may argue that
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the topology or average coordination number of a glassnonics. All samples were finely ground to powders and were
rather than its actual chemical composition can in fact beuniformly spread on mylar tapes on the sample holder of a
come more important for glasses in the Ge-As-Se system du@uid-nitrogen-cooled cryostat. Sample temperatures were
to the similarity in the electronic structures and bonding ofmaintained within a range of 80—90 K in order to lower the
Ge, As, and Se atoms. However, to the best of our knowleffect of thermal Debye-Waller factor on the signal. The EX-
edge, there has been no report in the literature of any detaile®lFS data were collected in the transmission mode with an
study of the short-range structure and chemical ordering inergy resolution of 2 eV. lonization chambers filled with
ternary Ge-As-Se glasses. In this paper we report the resultsixtures of nitrogen and argon gases were used as detectors
of such a study, based on Ge and Kedge EXAFS spec- for measuring the incident and transmitted x-ray beam inten-
troscopy, of the local coordination environments of Ge andsities.

As and chemical ordering in ternary Ge-As-Se and quater-

nary Ge-As-S-Se glasses. The ternary glasses are from two 2. Data Analysis

compositional series of the type (#e&,Sq_,_, with xiy The Ge and AK-edge EXAFS data have been analyzed
=1:1 and 1:2, Wh|Ch were Selected SO as to be able to d|uS|ng the Standard Software packagexBROOK and
rectly compare these results with our recently published_ EXexcurvez developed by the Daresbury LaboratbtyThe
AFS data on the analogous Ge-As-S glassBlse composi-  exgrook package has been used to subtract a linear back-
tions of the quaternary glasses can be represented by thgound in the pre-edge region and a quadratic background in
formula G@ 15ASo 50d St Sehs3s, With Se/(Se-S) atomic  the post-edge region from the raw absorption spectra. The
ratios ranging from 0.2 to 0.8. As the corresponding sulfideexAFS oscillations are subsequeniy weighted and fitted
glass Gg15AS0 3085 538 Was previously shown to contain a ysing the nonlinear least-squares fitting routinExcurvoz,

high concentration of molecular AS; groups, an additional  pased on the curved-wave theory of EXAFShe electron-
objective of the present study was to determine whethegcattering phase shifts for As-Se, Ge-Se, As-S, Ge-S, and
analogous A{S,Sey species were present in the corre- Ge/As-Ge/As atom pairs, as calculated BCURV92, were
sponding sulfoselenide glasses as well as in the selenide engsted by fitting the Ge and As EXAFS spectra of the
member. In addition, a quaternary sulfoselenide glass O,f\szs%, As,S;, AsS, GeS, GeS and GeSg crystals, and
composition Gg10ASo 2005.5605&.140 WaS made in order to  proved to be adequate without further refinement. It should
study the ordering behavior, if any, of S and Se atoms in &e noted in this regard that the similar atomic numbers of

chalcogen-excess composition. Ge, As, and Se make their backscattering amplitudes and
phase shifts similar. Thus these atoms are practically indis-
[l. EXPERIMENT tinguishable from one another as backscatterers in EXAFS

spectroscopy. Furthermore, the similar atomic sizes of Ge,
As, and Se result in similar heteropolar Ge-Se, As-Se, and

The Ge-As-Se and Ge-As-S-Se glasses investigated ifomopolar Ge/As-Ge/As bond lengths, which in turn makes
this study were prepared by melting mixtures of the constituthe distinction on the basis of bond lengths rather difficult.
ent element$=99.9995% purity, metals bagisThese mix- However, detailed Ge and Séedge EXAFS spectroscopy
tures were flame sealed in evacuated (&0orr) fused of GeSe_, glasses by Zhou, Paesler and Sayers has shown
silica ampoules and subsequently melted in a rocking furthat Ge-Se and Ge-Ge bond lengths are indeed distinguish-
nace at~900 K for at least 24 h. Cylindrical glass rods were able and remain fairly constant (2.368.005 and 2.425
formed by quenching the ampoules in water, followed by+0.020 A, respectivelyover a wide range ok values'®
annealing for 1 h at the respective glass transition temperasuch a difference in Ge-Se and Ge-Ge bond lengths was also
tures. The nominal compositions of the glasses studied heisbserved by Choi, Gurman and Davis in amorphous
are listed in Tables I-1Il. The compositions of these glassege,Seg _, thin films by Ge and S&-edge EXAFS spectros-
have also been denoted in this paper in terms of “%&e  copy, where the Ge-Se and Ge-Ge bond lengths~&37
Set S) in excess of stoichiometry” which corresponds to theand 2.45(+0.03 A respectively*® Usually the three struc-
percentage amount of Ser, Set S) in a glass in excess of tural parameters that are varieddRCURV92 in order to ob-
the stoichiometric composition, i.e., (¥&,(Se,S),;15  tain the best fit aréi) the radial distanc® of the neighbor-
(see Tables I-I) ing atoms around the central photoexcited Ge or As atoim,

the numberN of the neighboring atoms around the central
B. EXAFS spectroscopy atom within a shell of radiu®, and (iii) the Debye-Waller

factor 20%. The nonstructural fitting parameters include the
amplitude factor which corrects for amplitude reduction re-

All Ge and AsK-edge(11103 and 11867 eV, respectively sulting from events such as multiple excitations and the
EXAFS spectra were collected at beam |liK48B at the imaginary part of the potential which is a measure of the
National Synchrotron Light Source at Brookhaven Nationalmean free path of the photoelectrbnThese nonstructural
Laboratory. The stored electron-beam energy was 2.58 Gearameters have been optimized by fitting the EXAFS spec-
and typical beam currents were between 150 and 300 mA. £a of the model crystalline compounds and have been treated
weak link channel-cut $111) crystal was used as the mono- as transferable constants for analysis of the glass spectra.
chromator. The second crystal was bent to detune the incMoreover, in light of the above discussion, the Ge-Se and
dent beam by 25% at 10 keV in order to reject higher harGe-Ge/As distances for all glasses have been kept constant to

A. Sample preparation

1. Data collection
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FIG. 1. k3-weighted(a) Ge and(b) As K-edge EXAFS spectra FIG. 2. k3-weighted(a) Ge and(b) As K-edge EXAFS spectra
of GgAs,Sg_,_, glasses withx:y=1:1. The %Se in excess of of GgAs,Sg_,_, glasses withx:y=1:2. The %Se in excess of
stoichiometry for each glass composition is indicated alongsidestoichiometry for each glass composition is indicated alongside
each spectrum. Solid lines represent experimental data, and dashedch spectrum. Solid lines represent experimental data, and dashed
lines correspond to least-squares fits obtained uskayRrvo2 lines correspond to least-squares fits obtained uskayRvo2

As,Seg crystals, although the mean As-Se distances in these
their observed values in binary (R _, glassedi.e., 2.365  crystals(2.38—2.40 A turn out to be slightly shorter than the
and 2.425 A, respectivelyn our analyses of the Ge EXAFS mean As-As distanc€.44 A).1° Therefore, it is practically
data. This procedure has allowed us to determine the numbétpossible to distinguish between As and Se backscatterers
of Se and Ge/As atoms in the first coordination shell of thein the first coordination shell of the As atoms and only the
Ge atoms in a self-consistent fashion. In contrast with theaverage nearest-neighbor distances have been extracted for
case for Ge no such systematic study of the variation ofAs from the fitting of the As EXAFS data. It is important to
As-Se and As-As/Ge bond lengths has been reported in theote that the Debye-Waller factor and the coordination num-
literature for binary AgSe _, glasses. Neutron-diffraction ber are correlated quantities in EXAFS data analysis and the
studies as AsSe glass show that the average As-Se bondguality of the fit can be kept unchanged by varying both the
length is~2.43 A® This bond length is similar to the typical quantities simultaneously over a limited range. The related
As-As/Ge bond lengths observed in chalcogenide glasseancertainties in the coordination numbers of Ge and As at-
Strongly overlapping ranges of As-Se and As-As bondoms in these glasses are found to be of the order@flL5 or
lengths have also been observed in the case g6é&sand less.
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FIG. 3. Magnitudes of the Fourier transform of tkk&éweighted FIG. 4. Magnitudes of the Fourier transform of tkéweighted
(@ Ge and(b) As K-edge EXAFS spectra of GasSe_,_, (8 Ge and(b) As K-edge EXAFS spectra of GAs,Se.
glasses withx:y=1:1 with various levels of Se in excess of sto- glasses withx:y=1:2 with various levels of Se in excess of sto-
ichiometry. Solid lines represent experimental data, and dasheighiometry. Solid lines represent experimental data, and dashed
lines correspond to least-squares fits obtained uskayRvo2. lines correspond to least-squares fits obtained uskTywRv92.

nation number of 4.8 0.1 for Ge atoms in all glass€ables
) ) ) I and Il). This result is consistent with a tetrahedral configu-
A. GeAS,Sq -y (Xiy=1:1 and 1:) glasses ration for the coordination polyhedra of Ge atoms. Moregin—
Thek3-weighted experimental Ge and Ksedge EXAFS terestingly, the nearest-neighbor coordination shell of the Ge
spectra and the theoretical fits for the two series ofatoms in all glasses is found to consist solely of Se atoms
GegAs,Se _y glasses withx:y=1:1 andx:y=1:2 are except for the most Se deficient glasses in each series where
shown in Figs. 1 and 2. The corresponding Fourier transit consists of a mixture of Se and (X=Ge,As) atoms
forms are shown in Figs. 3 and 4. The Ge EXAFS spectrdTables | and Il and Fig. )5
were fitted following the procedure described in Sec. Il, The coordination number and average nearest-neighbor
where the nearest-neighbor Ge-Se and Ge-Ge/As distancdistance for As atoms in these glasses, as obtained from fit-
for all glasses were kept constant at 2.365 and 2.425 Aing the As EXAFS spectra, are found to be insensitive to
respectively. This fitting yields an average first shell coordi-whether the nearest-neighbor atoms in the fitting process are

Ill. RESULTS
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TABLE |. (a) Ge K-edge EXAFS structural parameters for &8,Sg _,_, (x:y=1:1) glasses.(b) As K-edge EXAFS structural
parameters for GAs,Sg _,_, (x:y=1:1) glasses.

@

Composition First coordination shéll %Se in excess of stoichiometry

Nse  Rse(A) 203, (A? Ny Re (A) 202 (A?)

Ge&y.15AS0 15058700 4.1 2.365) 0.012 0.0 - = - — — +33.33
Gy 1650 1656 665 40  2.365) 0.012 00 - - +14.29
Gey.18S0.1859 636 4.1 2.3@5) 0.012 0.0 - —— - — = 0.0
Ge&y.200AS0.20059.600 41 2.365) 0.012 00 ——— - — = —14.29
G&y.228AS0 22558 550 4.0 2.365) 0.012 00 ——— - — = —30.16
Gey.250AS0.2505€.500 4.0 2.365) 0.012 00 ——- - —— —42.86
G&y 275AS0,27558 450 3.5 2.3@5) 0.012 0.6 2.4p) 0.012 —53.25
(b)
Composition First coordination shellSe/Ge/A$” %Se in excess of stoichiometry
N R(A) 202 (A?

Gey.156AS0.15058. 700 3.0 2.410) 0.010 +33.33
Gey.167AS0.16758.666 3.0 2.417) 0.010 +14.29
G&y.18AS0.1859 636 3.1 2.418) 0.013 0.0
G&.200S0.20059 600 3.0 2.410) 0.013 —14.29
Gey.2267S0.2255 550 3.0 2.420) 0.014 —30.16
G&y.256AS0.25058 500 3.0 2.430) 0.014 —42.86
G&y 275AS0, 27558 450 3.1 2.440) 0.011 —53.25

&The subscripts Se anddenote structural parameters corresponding to Se and Ge/As nearest neighbors, respectively.
PThese structural fit parameters are independent of the nature of the nearest neighbors of As atoms, within the limits of statistical signifi-
cance.

chosen to be either Se ¥r(X=Ge,As), or any combination procedure results in a coordination number of2401 for
of the two. The fitting yields a first shell coordination num- Ge atoms in these glass@&ble Ill). Furthermore, the Ge-S
ber of 3.0:0.1 for As in all glasses, consistent with a trigo- and Ge-Se bond lengths are found to be independent of the
nal pyramidal configuration for the coordination polyhedraS/(St+ Se) ratio of the glass and have values of 2.21 and 2.36
of As atoms(Tables | and IJ. On the other hand, the average A, respectively, except for the glass with the highest S/(S
nearest-neighbor distance for As atoms within each glass se-Se) ratio which has a slightly longér2.38 A) Ge-Se
ries remains nearly constant at 2.40—2.41 A for glasses withond(Table I11). This result may imply the presence of some
excess and stoichiometric Se contents but starts increasir@e-X bonds in the highest-containing glass, consistent with
progressively in Se-deficient glasses to up to 2.43-2.44 Ahe finding in a previous study that nearly 10% of the nearest
with decreasing Se conteriFig. 6). As mentioned previ- neighbors of Ge atoms in the pure sulfide end member
ously, the average As-Se nearest-neighbor dista(@88—  Ge, 15/ASg 305 538 9lass of this series are in fadt atoms>
2.40 A) in As-selenide crystals tend to be slightly shorterThe average number of nearest-neighbor S atoms around
than the As-As nearest-neighbor distantzd4 A).!° There-  each Ge in this series of sulfoselenide glasses follows a trend
fore, the increase in the average nearest-neighbor distancsinilar to that expected from a random substitution of Se by
for As atoms in Se-deficient G&s,Se _,_, glasses is con- S (or vice versa around Ge atomgFig. 9). Since the Ge
sistent with the formation of A¥bonds in glasses with even atoms in these glasses show predominantly heteropolar
the lowest levels of Se deficien¢yables | and IJ. bonding to S and Se nearest neighbors, the chemical compo-
sitions of these glasses mandate that, on average, each As
atom be coordinated te-1.5 As atoms and 1.5 S and/or Se
B. Gey 150,304 S,S90.538 glasses atoms. Such a constraint has been used to fit the As EXAFS
Thek3-weighted experimental Ge and Ksedge EXAFS  spectra of these glasses which yields remarkably consistent
spectra and the theoretical fits for the four chalcogenAs-S, As-Se, and As-As bond lengths of 2.23-2.25, 2.33—
deficient sulfoselenide glasses in this series with $/68) 2.35 and 2.44-2.45 A, respective{Jable lIl). Moreover,
ratios of 0.2, 0.4, 0.6, and 0.8 are shown in Fig. 7. Thethe average number of S nearest neighbors around each As
corresponding Fourier transforms are shown in Fig. 8. Thettom in these glasses, when plotted as a function of the
Ge EXAFS spectra were fitted with a mixed shell of S andS/(S+ Se) ratio, clearly indicate a random substitution of Se
Se nearest neighbors around Ge atoms, where the Ge-Se dmd S in the coordination polyhedra of As atorfiSig. 9).
Ge-S distances were allowed to vary freely. Such a fittingSimilar random substitution of Se by S in the glass structure
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TABLE Il. (a) Ge K-edge EXAFS structural parameters for ,88,Se _,_, (x:y=1:2) glasses(b) As K-edge EXAFS structural
paramaters for GAs,Se _,_, (x:y=1:2) glasses.

@

Composition First coordination shéll %Se in excess of stoichiometry
Nse Rse(®)  205.A» N, RA) 205 AY
Ge&y.106AS0 20058700 4.0 2.365) 0.012 0.0 - = - — +40.0
Gy 124AS0 2558 625 4.1 2.365) 0.012 00 - — - = 0.0
G&y.13AS0.27658 586 41 2.3@5) 0.012 0.0 - — _ ~15.0
Gey.148S0 28658 571 4.0 2.3@5) 0.012 0.0 - = - — —20.0
GQ)A148ASOA29§Q)A555 40 2365) 0012 OO - - _250
Gy 15AS0 305 538 4.0 2.365) 0.012 00 - —-30.0
G&.1607S0.32058 520 41 2.3@5) 0.012 0.0 - - = —35.0
Gey 167450.33858 500 4.0 2.365) 0.012 00 ——— - = —40.0
Gey 184S0 3658 454 4.0 2.365) 0.012 00 - — - = —~50.0
G&y 20820 40058 400 3.6 2.365) 0.012 0.5 2.4(5) 0.012 —60.0
G&).22AS) 44058 333 2.1 2.365) 0.012 1.9 2.45) 0.012 —-70.0
(b)
Composition First coordination shelSe/Ge/A¥’ %Se in excess of stoichiometry
N R(A) 202 (A)
Ge&y.100AS0 20058700 3.0 2.4Q4) 0.010 +40.0
G&.128AS0, 25058 625 3.1 2.4Q6) 0.010 0.0
Gey.138\S0.27659 586 3.0 2.4@6) 0.014 —15.0
G&y.14ASy 28659 571 3.0 2.4@6) 0.014 —20.0
Gey.146AS0.20658 555 3.0 2.412) 0.014 —25.0
Gey.154S0.30859 538 3.1 2.414) 0.014 —30.0
Gey 166240 32058520 3.0 2.416) 0.014 —-35.0
GQ).lGASOBf‘}‘SQ).SOO 30 2418) 0014 _400
Gey.18/AS0.36558 454 3.0 2.429) 0.014 —50.0

&The subscripts Se anddenote structural parameters corresponding to Se and Ge/As nearest neighbors, respectively.
®These structural fit parameters are independent of the nature of the nearest neighbors of As atoms, within the limits of statistical signifi-
cance.

has also been observed in the chalcogen-excesautomatically requires the formation of Se-Se homopolar
Gey.100AS0.200%0.56056.140 0lass. In this glass the average bonds in the excess Se containing glasses. In fact the forma-
nearest-neighbor coordination environment of the (@s)  tion of Se-Se homopolar bonds has indeed been observed in
atoms consists of 3.2.4) S and 0.80.6) Se nearest neigh- previous Raman spectroscopic studies on binary Ge-Se
bors, thus maintaining the S:Se ratio of 4:1 of the bulk comglasses with excess $2.

position. The corresponding G&s)-S and GéAs)-Se bond On the other hand, in the case of Se-deficient glasses, the
lengths are found to be 2.22.24) and 2.362.4) A, respec-  progressive increase in the average nearest-neighbor dis-
tively. tances for As atoms suggests that the structural response to

Se deficiency in Ge-As-Se glasses is the formation oXAs-
IV. DISCUSSION homopolar bondgTables | and Il and Fig.)6 In contrast, the

The analyses of the Ge and Ksedge EXAFS spectra of Ge EXAFS spectra do not show any evidence of the forma-

the GeAs selenide and sulfoselenide glasses reported hei@n of GeX homopolar bonds in glasses with low or inter-
indicate that Ge and As atoms are always four- and thregnediate levels>-50% of Se deficiency(Tables I and Ii
coordinated, respectively, in all glasses regardless of compénd Fig. 5. This result implies that As-As bonds are always
sition. The atomic makeup of the nearest-neighbor shells dhe first metal-metal bonds to appear at low Se-deficiency
Ge and As atoms, however, changes with composition. Thivels in these glasses. Gebonds begin to form only at
Ge atoms in the stoichiometric and excess Se containingigh levels of Se deficiencyTables | and Il and Fig.)5 In
GeAs,Se -y glasses in both compositional series arefact, the corresponding compositions of the Se-deficient
found to be bonded only to Se atoms forming GeBely-  glasses in each series where the XGbends first becomes
hedra. The lack of variation in the nearest-neighbor distancedetectable by EXAFS imply that these bonds begin to form
for As atoms in the stoichiometric and excess Se-containingnly when all As atoms are exhausted in As-As homopolar
glasses also indicate predominantly heteropolar bonding witbonding (Tables | and IJ. This result provides strong evi-
the formation of AsSg polyhedra. Such chemical ordering dence in favor of an inhomogeneous distribution or cluster-
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% Se(S) in excess of stoichiometry FIG. 6. Compositional variation in the average distances be-
tween As and its nearest-neighbor atoms inA3Se _,_, glasses
with x:y=1:1 (squareps and 1:2(circles, as derived from fitting
the AsK-edge EXAFS data.

Ge-Se(Ge-S) , kJ/mol and their formation will be less preferred with respect
to that of As-As bonds with an enthalpy of 201.0 kJ/mol. It
must be noted in this regard that the bond enthalpies have
been defined to be positive in this study and therefore, bonds
form in the sequence of decreasing entha&fpgimilar phe-
nomena such as As clustering and the avoidance oKGe-
bond formation until all As atoms are exhausted in As-As

Number of atoms in the first shell of Ge
%)
T

Lr Ge-Ge/As | homopolar bonding have also been observed in previous Ge
/ and As EXAFS studies of GAs,S, ,_, glasses withx:y
/ =1:1 and 2:5:1(Ref. 5 (Fig. 5. However, these studies
0o | b-osses@—g———a have also shown that the Ge atoms in S-deficient
80 -60 40 -20 0 20 40 60 80 GgAs S,y glasses withx:y=1:2 behave differently

from glasses withx:y=1:1 and 2.5:1. Homopolar G%-
bonds in GgAs, S, ,_ glasses withx:y=1:2 become de-
FIG. 5. () Compositional variation in the atomic makeup of the tectable at intermediate levels of S deficiency as a result of
first coordination shell of Ge atoms in @, Se _,_, (open sym-  thermodynamic stabilization of a mixed average coordina-
bols) and GgAs,S,_,_, glassegfilled symbol$ with x:;y=1:1, as  tion environment of 1.5 As and 1.5 S atoms around each As
derived from fitting the Ge&K-edge EXAFS data. The data for sul- aton? (Fig. 5). Previous studies based on Raman spectros-
fide glasses are taken from Ref. 5. Solid lines through the datgopy have shown that such a coordination environment for
points are guides to the eye oni) Compositional variation in the ~ As atoms can be attributed to the formation of,8s mol-
atomic makeup of the first coordination shell of Ge atoms inecules in these glasség_he present results on Se-deficient
GeAs,Se -y (open symbolsand GgAs,S, -y glassedfiled  GgAs Se_,_, glasses with:y=1:1 and 1:2 do not reveal
symbolg with x:y=1:2, as derived from fitting the G&-edge  any such peculiarity in the clustering behavior of chalcogen
EXAFS data. The .data for sulfide glasses. are takenl from Ref. 53toms or any indication of the formation of molecular
Solid and dashed lines through the data points are guides to the Y&, Se, species(Fig. 5). The latter result is consistent with
only. the observed rapid decrease of the thermal expansion coeffi-
cient of the Gg15/ASp.30d S+ Se)y 535 Sulfoselenide glasses
ing of As atoms and violation of chemical order in Se- with increasing Se concentration, indicating the progressive
deficient Ge-As-Se glasses. Such a preference of formatioreplacement of molecular AS; species in S-rich glasses by
of As-As bonds over Ge-As or Ge-Ge bonds in Se-deficienstructural elements with higher connectivity in their Se-rich
glasses is completely consistent with recent calculations oéinalogs’? The apparent lack or low concentration of molecu-
enthalpies of bonds between Ge, As, and Se afdrmikese lar As,Se, species is also consistent with the fact that the
calculations indicate that Ge-Se, As-Se, and Se-Se bongsonounced local maximum near a chalcogen deficiency of
have similar enthalpies of 234.0, 227.2, and 227.0 kJ/moB0% in the magnitude of the thermal-expansion coefficient
respectively, and will have no significant energetic prefer-of Ge-As-S glasses is only weakly expressed in the corre-
ence of formation over one another. On the other hand, theponding selenide glass&sOur results also indicate that, in
enthalpies of Ge-Ge and Ge-As bonds are 186.0 and 196®ntrast with the case of clustering of As atoms in Se-

%Se(S) in excess of stoichiometry
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FIG. 7. k>-weighted(a) Ge and(b) As K-edge EXAFS spectra Radial distance (angstrom)

of Gy 15ASy 30 S,Se) 535 glasses with varying Se/(S€5) ratios
indicated alongside each spectrum. Solid lines represent experimen-
tal data and dashed lines correspond to least-squares fits obtain&g
Using EXCURV92

FIG. 8. Magnitudes of the Fourier-transform of tkéweighted
Ge and (b) As K-edge EXAFS spectra of
Gy 15AS) 304 S,Se) 535 glasses with varying Se/(S€5) ratios in-
dicated alongside each transform. Solid lines represent experimental
deficient GgAs,Se _,_, glasses, the distribution of S and data and dashed lines correspond to least-squares fits obtained using
Se in the first coordination shell of Ge and As atoms is ranEXCURvo2
dom in both S,Se-excess and -deficient sulfoseleniBe&p
9). It should be noted in this regard that previous studiestructural probe. Thus it can be argued that the presence of
based on GeK-edge EXAFS spectroscopy indicate that Se-Se bonds in excess Se containing glasses and that of
chemical order is largely preserved in binary Ge-Se/SAs-As bonds in glasses with low and intermediate Se defi-
glasses® However, a recent neutron-diffraction study hasciency levels as evidenced in this study can have important
claimed violation of chemical order and presence of ho+topological effects on the intermediate-range structure of
mopolar Ge-Ge and Se-Se bonds in the stoichiometric 5eSé¢hese glasses. For example, within the experimental resolu-
glass®® tion, the Ge and As EXAFS spectra of the stoichiometric
The strongly constrained local coordination environmentsGeAs, Sg _,_, glasses in both series do not show any evi-
of Ge, As, and S/Se atoms in these glasses allow one tdence of Ge/As-Ge/As homopolar bonding. Therefore the
extrapolate the structural aspects to the intermediate range atomic structure of these glasses is likely to consist predomi-
spite of the short-range nature of EXAFS spectroscopy as mantly of a fully three-dimensional network of corner-sharing
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TABLE Ill. (a) Ge K-edge EXAFS structural parameters forGeAsy s30d S+ Se) 535 glasses(b) As K-edge EXAFS structural para-
maters for Gg15ASg 304 S+ Se)y 538 glasses.

(@

Composition (Se/SeS) atomic ratio First coordination shéll
Nse Rse (A) 205, (A?) Ns Rs (A) 205 (A?)
0.8 3.2 2.361) 0.010 0.8 2.200) 0.010
0.6 2.5 2.361) 0.010 1.5 2.200) 0.010
0.4 1.5 2.367) 0.010 2.5 2.209) 0.010
0.2 0.8 2.385) 0.012 3.2 2.2(5) 0.010
(b)
Composition (Se/SeS) atomic ratio First coordination shéll

Nse Rse(A) 203, (A) Ns Rs(A) 204(R» N, R, (A) 205 (A?

0.8 15 2.361) 0.010 - === - — = 15  2.446) 0.010
0.6 1.0 2.361) 0.010 0.5 2.28) 0.010 15 248 0.010
0.4 0.6 2.387) 0.010 1.0 2.20) 0.010 1.5 248) 0.010
0.2 0.3 2.345) 0.012 1.2 2.2®) 0.010 1.5 248) 0.010

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

GeSgq tetrahedra and As$érigonal pyramids. However, in  Ge coordination tetrahedra in these glasses. The nature and
glasses with excess Se, the formation of Se-Se bonds maglative abundance of such intermediate-range structural
result in low-dimensional structural units such as chains owunits in chalcogenide glasses may exert an important control
rings of Se atoms embedded in a three-dimensional networin their physical properties, especially those that are strongly
of GeSg and AsSeg polyhedra. Similarly, in the Se-deficient dependent on the topological aspects of atomic packing such
GeAs,Se _, glasses the clustering of As atoms mayas molar volume. For example, the presence of low-
eventually lead to the formation of corner-sharing AgAs dimensional intermediate-range structural units such as
trigonal pyramids, possibly forming low-dimensional sheet-chains or rings of Se atoms in Se-excess glasses and
like intermediate-range structural units resembling the strucisheets” of As atoms in Se-deficient glasses would be ex-
ture of Crysta”ine A§4 Such structural units will be inter- pected to lead to an increase in molar volume of these
spersed with three-dimensional domains of corner-sharingjasses with respect to that of a stoichiometric glass. In this
scenario one can expect a local minimum in the molar vol-

: , ume of binary As-S/Se or ternary e, S/Sg _,_, glasses
4.00 L X -, Xy
at the stoichiometric composition to be superimposed on the
350 [ . main trend of decreasing volume with increasing average
g | | coordination number or decreasing Se concentration. The ex-
B 0 istence of such a local minimum in molar volume near the
E st . stoichiometric composition has indeed been observed experi-
g i L Ge ) mentally ir_n binary As-S/Se glasses, ternary,8%Sg
g - /AS glasses withx:y=1:1 and 1:2, and ternary Si-x-y
S 1m0 - ¥ ! 4 glasses withx:y=1:1, 1:2, and 2.5:31?225Sych a topo-
] \{ logical argument can not be extended directly to As-free
= L B . .- . .
g o0 \f\ glasses such as binary Ge-S/Se compositions since, in con-
“ sk ﬁ ] trast with As-As bonds, the formation of Ge-Ge bonds in the
' \ S/Se-deficient G&S/Se), glasses is not likely to result in
o0 - 70‘2 0’4 0‘6 018 : low-dimensional structural units. In fact the experimental

molar volume of G S/Se), glasses show a local maximum
at the stoichiometric Ge(S/Sggompositior2® This behavior
FIG. 9. Compositional variation in the number of S nearestc@n be related to the presence of a significant concentration

neighbors in the first coordination shell of Ge and As atoms inOf €dge-shared Ge(S/Septrahedra in this glass as has been
G155 30d S, S€) 535 glasses with varying Se/(SeS) ratios, as shown in a recent GK-edge EXAFS spectroscopic stutfy.
derived from fitting the Ge and Ak-edge EXAFS data. Solid lines The concentration of these structural units is maximized in
correspond to the expected number of S nearest neighbors aroufide stoichiometric composition and may lead to low-
Ge and As in the case of a random distribution of S and Se atoms ilimensional intermediate-range structural units with less ef-
these glasses. ficient packing compared to corner-shared tetrahedra. How-

Se/(Se+S)
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ever, such topological arguments can become inadequate jggs which show the formation of AS; molecules, espe-
explaining the compositional trends for elastic and thermatially in glasses with Ge:As1:2. The Ge and As EXAFS
properties of chalcogenide glasses that are not directly reesults also show that chemical order is preserved in the chal-
lated to the topology but depend more on the bond strengtBogen “sublattice” of the Gg;5/ASp 308 (S,S€) 535 Sulfos-

and connectivity or average coordination number. elenide glasses where the average numbers of S and Se at-
oms in the coordination shells of Ge and As atoms follow a
V. SUMMARY random distribution. The formation of chalcogen-chalcogen

. . bonds in chalcogen-excess glasses and that of As-As bonds
Th? present Ge and AS. .EXAFS results indicate that_, e, chalcogen—delgcient glassegs with low and intermediate lev-

spective of glass composition, Ge and As atoms are invarlg, - chalcogen deficiency are expected to result in low-

ably four and three-coordinated, respectively, in termMangimensional intermediate-range structural units. The topo-

GeAs,Sa -y and quaternary GRsASoss (S.S€hsss | gical consequences of such structural units can be

glasses. Chemical order is preserved in st0|ch|ometr|e an portant in explaining the compositional variation of prop-

Se-excess glasses where_ Ge and As atoms predominan ties such as molar volume in these glasses.

form heteropolar bonds with Se atoms. On the other hand,

metal-metal homopolar bonds are formed almost exclusively
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