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Abstract

The structure of GgSb S0, GesShiSss and GesShisSs: glasses was investigated by neutron
diffraction (ND), X-ray diffraction (XRD), extended-ray absorption fine structure (EXAFS)
measurements at the Ge and Sb K-edges as wellnaarRscattering. For each composition, large scale
structural models were obtained by fitting simuétansly diffraction and EXAFS data sets in the
framework of the reverse Monte Carlo (RMC) simuwatitechnique. Ge and S atoms have 4 and 2
nearest neighbors, respectively. The structurehefd glasses can be described by the chemically
ordered network model: Ge-S and Sb-S bonds areyalywaferred. These two bond types adequately
describe the structure of the stoichiometric glatdle S-S bonds can also be found in the S-rich
composition. Raman scattering data show the preseh&e-Ge, Ge-Sb and Sb-Sb bonds in the S-
deficient glass but only Ge-Sb bonds are needdd thiffraction and EXAFS datasets. A significant
part of the Sb-S pairs has 0.3-0.4 A longer borsfadce than the usually accepted covalent bond
length (~2.45 A). From this observation it was inée that a part of Sb atoms have more than 3 S

neighbors.



Introduction

Chalcogenide glasses have received a broad attedhtie to their superior optical properties, such as
their wide transparency window in the mid-infrarathge, high linear and nonlinear refractive indices
or unique photosensitivity [1]. Their tunable passioptical properties make them suitable for
extensive optical usage, such as IR lenses, ofilmals or waveguides [2] optical fiber amplifiers,
sensors or lasers [3].

With the growth of the market in the field of cagim vision assistance, the 2020-2025 IR market
prospects of Nippon Electric Glass highlight theelepment of Ge-Sb-S lenses selected for their low
toxicity compared to other commercial chalcoger@teses based on arsenic and selenium. This Ge-
Sb-S system also has a significant interest iffiéhé of sensors and nonlinear optics for theireexked
transparency and their high nonlinear refractiviein[4, 5].

The physicochemical properties of glasses are mi@ted by their atomic structure associated with the
bonding nature (chemical bonds, structural motiis #aeir arrangement).

Several structural models of network glasses haea Iproposed over the decades since the early work
of Zachariasen [6]. The most popular among thenttedopologically ordered network model [7 - 9]
(TONM) and the chemically ordered network model] [(DONM).

Chalcogenide glasses are essentially covalentlpexiad networks. In glasses consisting of elements
from the 14-15-16 groups of the periodic tablecfsas Ge-Sb-S glasses) the total coordination numbe
of the elementsN;) mostly follows the Mott-rule [11]: it equals teN8 whereN is the number of the
valence electrons of the element (see e.g Ref. dbd] references therein). According to the TONM
both homonuclear and heteronuclear bonds are allamel the physical properties of the glass are
determined by the mean coordination number (whihhe concentration weighted sum of the
coordination numbers of the elements). In contrastthe CONM there are bond preferences:
heteronuclear bonds are favored against homonubtasls. As a consequence of the CONM model
the glass structure is a network of building blogisuctural units). For an M-X-Ch glass, whereX,
and Ch denotes the element from group 14, 15 amésifectively, these structural units are typically
MChy, and XChy,. According to the CONM model Ch-Ch bonds can hentbonly in Ch-rich (over-
stoichiometric) compositions, while M-M, M-X or X-Konds are present only in chalcogen deficient
glasses.

There are several experimental techniques thahegmto determine the structure of a glass, suck-as
ray diffraction (see e.g. Ref. [13] and referentesrein), neutron diffraction (often with isotope
substitution, e.g. Ref. [14]), extended X-ray apsion fine structure (EXAFS, e.g. Refs. [15, 16]),



Raman scattering (see e.g. Refs. [17, 18]) or aucieagnetic resonance (NMR, see e.g. Refs.
[19 - 22]). A correct description of a three (or reocomponent system usually requires utilizatibn o
several experimental data sets together. The reWosite Carlo simulation technique [23] was applied
successfully to generate three dimensional particidigurations compatible simultaneously with data
sets obtained by various experimental techniquess. Method has already been applied to the study of
the structure of Ge-Sb-Te and Ge-Sbh-Se glasse®(geRefs. [12, 24]), but there is no similar mepo
about Ge-Sb-S glasses.

The structure of Ge-Sb-S glasses was investigatdqusly by XRD [25 - 28], ND [29, 30], EXAFS
[25, 28] and Raman spectroscopy [31 - 37]. Thesults were interpreted mostly in the frame of the
CONM: the main building blocks of the network a@&e[S/;] and [Sb$/;] units as showed e.g. in Refs.
[25, 29 - 31, 34 - 36]. S-S bonds were found iricB-compositions [31, 34]. Ge-Ge, Ge-Sb or Sb-Sb
bonds were reported in S-deficient samples [27; 33] and in stoichiometric compositions as well
[25, 34], which shows some chemical disorder.

In this paper we report on a complex structuraksgtigation of Ge-Sb-S glasses. Three samples with
approximate composition @&hS;00-% (X~ 10, 12, 13) were investigated by ND, XRD and EXAES
Ge and Sb K-edge as well. The reverse Monte Caeihhad was applied to fit the four experimental
data sets simultaneously. The obtained atomic gordtions were used to determine the short range

structural parameters: bonding preferences, bastdrities and coordination numbers.

Experimental

Glass synthesis and characterization

The GeeShi S, GesShi Sss and GesShisSs: glasses were prepared by the conventional mehajue
method from a mixture of high-purity elemental gamum, antimony and sulfur purified by
distillation. The sealed silica ampoules were slolated and homogenized in a rocking furnace for
12 h at high temperature (850°C). Then, the ampouwl#gh melt were quenched into water, and
annealed near glass transition temperatures. igagsti compositions and their densities are present
in Table 1.

Table 1. Mass and number densities of the inveastigglass compositions.

Nominal composition Composition Mass densityNumber density Ty (x2°C)
(+0.01 g/cnl) (atoms/K)

GexShieSrc Gelg.7Shy sS70 ¢ 3.01 0.03715 266

Gex3Shy2Sse Ge3:Shy1./Ses: 3.17 0.03692 342

GexShisSs1 Ges Shiz:Se1 3.36 0.03716 313




X-ray diffraction measurements

X-ray diffraction structure factors were measurédbeamline P07 of Petra Ill (Hamburg, Germany).
Samples were ground and filled into quartz capédi(wall thickness 2@m, diameter 2 mm). The
energy of incident radiation was 82.9 ke =(.1496 A). Scattered intensities were recordedaby
Perkin-Elmer 1621 type area detector. Sample-teatiet distance and detector angle was determined
by measuring a CeOstandard. Raw data were corrected for backgrowattesing. The resulting
intensities were integrated using the Fit2D progi{&8] and corrected for Compton scattering and
fluorescence.

Neutron diffraction measurements

The neutron diffraction experiment was carried authe 7C2 liquid and amorphous diffractometer of
LLB (Saclay, France). The wavelength of neutrons W&24A. Powdered samples were filled into
vanadium sample holders (wall thickness 0.1 mmmdiar 5mm). Raw data were corrected for
detector efficiency, background and multiple scatte

EXAFS measurements

Ge K-edge EXAFS spectra were measured in fluorescemode at beamline P65 of the Petra llI
source. Powdered samples were mixed with celludgk pressed into tablets. The absorption of the
pellets was around above the selected absorptiga. édonochromatic radiation was obtained by a
Si111 double crystal monochromator. The Sbh K-edgAES data were recorded at the same beamline
in transmission mode, using a Si311 double cryastalochromator.

x(K) curves were obtained using the Viper program.[8&3w y(k) signals were first forward Fourier-
transformed using a Kaiser-Bessel window. The tegut-space curves were back transformed using a
rectangular window over 1.1-2.4 A and 1.1-3.3 AGw# and Sbh-edge data, respectively.

Raman scattering

Raman spectra were collected using LabRam HR80Gil{&lalobin-Yvon) spectrometer at room
temperature using 785 nm laser excitation. The paiehe laser was reduced with optical density

filters to avoid possible photoinduced changes.

Reverse Monte Carlo simulations

The reverse Monte Carlo simulation technique [83n inverse method to get large three dimensional
atomic configurations consistent with experimepaltheoretical) data. It can be used in principit

any quantity that can be expressed directly froenatomic coordinates, such as structure factora fro
diffraction (ND or XRD) measurements or EXAFS datts. Over the past three decades the RMC



method has been successfully applied to a wideecadn of systems, from molecular liquids (e.g.
Refs. [40, 41]), through metallic and covalent géss (e.g. Refs. [42, 43]) to disordered crystalline
materials (e.g. Refs. [44, 45]).

In the RMC modeling the partial pair correlatiomdtions (PPCF)(;(r)) are calculated from the
generated particle coordinates. The partial strecfactors §;(Q)) are related to the PPCFs by

equation (1):

Sij(@—-1= 411Qp° fooo r(g:;(r) — 1)sin(Qr)dr. 1)

HereQ is the modulus of the scattering vector ants the average number density. The XRD and ND

total structure factors can be expressed with &émegb structure factor§;(Q) as:
S(Q) = Ticjwi;" (@)S;;(Q). )
w;” N denotes the X-ray and neutron scattering weidtas X-rays it is given by equation (3):

cicifi(@)f(Q)
Yijcicifi(Qfj@)’ (3)

WLXJ-(Q) =(2-6;)
HereJd; is the Kronecker delt&; denotes the atomic concentratif(Q) is the atomic form factor. The
neutron weight factors are:

CiC]'bib]'

Zijcicjbibj,
whereb; is the coherent neutron scattering length.

The experimental X-ray absorption coefficient iseerted into the EXAFS signgkk) as a function of

the wavenumbek of the photoelectron,(K) is related to the PPCFs by [46]:

xi(k) = X 4mpoc; [ r2yy (ki) gy () dr (5)

Herei refers to the absorber atopj(k,r) is the photoelectron backscattering matrix, whgores thek-

space contribution of ptype backscatterer at distancérom the absorber atom. Elementsygk,r)



matrix were calculated for each pair by the FEFF8.4 program [47].

During the simulations particles are moved arousmadomly in the simulation box to minimize the
differences between the experiment&{Q), yexs(K)) and RMC model$nod Q). xmodK)) curves. The
undeniable advantage of this method is that theraxgntal data sets are fitted simultaneously aed t
obtained final particle configurations are compatilwith all of the input data (within their
experimental uncertainties).

The quality of the fits may be compared via thgiodness-of-fit'R-factor) values:

JZ-(S (Q)=Sexp(@D)
R: i\ °?mod\¥i exp\{i (6)
[Zistate

whereQ; denote the experimental points.

Further physical and chemical properties, such essity, preferred bond angles, or coordination
numbers can be taken into account. From the fioafigurations structural characteristics (partiairp
correlation functions, nearest neighbor distanaesyage coordination numbers etc.) can be calcllate
The Ge and Sb EXAFS data sets and the two (XRDNibgstructure factors for each composition
were fitted by the RMC++ code [48]. The simulatlmoxes contained 10000 atoms for the test runs and
25000 atoms for the final runs presented heraalm@onfigurations were obtained by placing thenado
randomly into the simulation box and moving themusad to fulfill the minimum interatomic distance

(cutoff) requirements. The cutoff distances arenshin Table 2.

Table 2. Minimum interatomic distances (cut-offppked in simulation runs (in A)

Pair Ge-Ge Ge-Sb Ge-S Sb-Sb Sb-S S-S
Bond is allowed 2.25 2.35 2.0 2.7 2.25 1.95
Bond is forbidden 2.75 2.9 - 3.15 - 2.9

Dedicated simulation runs were carried out to deitee which bond types are required to get
reasonable fits. A bond type was excluded by usiaff values higher than the expected bond
distance. The Ge-S and Sb-S bonds were alwaysedlonvaccordance with the CONM, where these
bonds are preferred. In the final models Ge-Ge 3im&b bonds were forbidden in all compositions.
Ge-Sb bonds were allowed only for the S-deficiearhgle.The S-S bonds were forbidden in the S-
deficient and the stoichiometric composition, bigrevnecessary in the S-rich glass. An additional

constraint was used to avoid the relatively higleantainty ofgss (which originates from the small



number of S-S pairs, and the moderate weights eggkepce 0f)ssin the measurements): the S-S bond
length was constrained to be around 2.05 A [49].

Some additional coordination constraints were asaggplied to avoid unrealistically low coordination
numbers (2 or less for Ge, 1 or O for Sb and (Bfor

The number of accepted moves was typically arou@e 10. Thes parameters, which influence the
tightness-of-fit [23, 50], were reduced graduallyidg the simulation runs, resulting in a progreski
improving fit to the target curves. Finalvalues were 1-2 x I0for the diffraction data sets and 1-2 x
10° for the EXAFS data sets.

The average coordination numbels)(were calculated from the PPCFs by integratingntip to the
minimum between the first and second coordinatiphese. The uncertainties of the average
coordination numbers were estimated by dedicateallation runs in which coordination constraint
was used for the value of the investigated averagedination number to force it to be higher or
lower.

The different test models were classified accordmgheir R-factors which were compared to tRe

factors of the unconstrained model.

Results and discussion

Raman scattering spectroscopy analyses

The Raman spectra of the investigated glassedarensin Fig. 1. For these germanium based glasses,
three main vibration bands are present at 338a869405-430 cfhin agreement with Ge$jlass [10].
The strongest at 338 ¢htan be associated with thvg(A;) symmetric stretching mode of [Ge$
tetrahedron. The shoulder at 369 tan be associated to thg(Ac1) "companion" mode of the;
mode, often linked to the vibrations of tetrahel@aS, ;] bound by their edges [51]. The broad band
located between 405-435 enis related to the stretching vibration ofG®-S-Ge$ structural units
where tetrahedra are connected by their cornersotimer vibration modes of [Ggg units. The
antimony presence in germanium based glasses isdheeemergence of a vibration band around
302 cni'. This band has previously been associated witlvithration of the [Sb§ trigonal pyramids
[31, 52]. Because of the over-stoichiometry in subf the GeySh;0Sroglass, the vibration mode of the
S-S bonds is observable at around 473 evhich can be associated with S-S dimers or sniins
connecting two tetrahedral or trigonal units anthi® presence ofg3ings whose main vibration bands
are centered at around 151, 218 and 473[63].

In case of the S-poor @Sh;Ss; glass, the Raman spectrum shape in the low frequemge (150-



260 cm') is linked to the formation of homonuclear bon®8,[54]. Firstly, the Raman band at
254 cnit is the signature of Ge-Ge bonds in structuraltiesticontaining fewer than four S atoms
around Ge of Ge(Si3.-Ge-GegyGe(Sby type [10]. The band at 208 cntould be related to the
vibration of bonds linking two dissimilar elemeriike Sb-Ge [54]. Finally, the Raman band at
163 cni* can be connected with vibrations of Sb-Sb bondsamtein films prepared by pulsed laser
deposition [55].

RMC investigations

The measured total structure facto8Q)), andk’-weighted, filtered EXAFS curvesy(K)) of the
investigated glasses are plotted in Figures 2 andVv8del configurations were obtained by
simultaneous fitting of the four experimental datts for each composition. Various models were
tested to determine the necessary bond types. @&SSb-S bonds are found to be required in all
compositions. In addition, S-S bonding in686,0S;0 and Ge-Sb bonding in GSh:Ss; are also
needed to get adequate fits. The simulated cutvesned by applying the most appropriate models are
presented in Figures 2 and 3.

The observed bond type requirements are in totetemgent with the predictions of the CONM.
According to the Mott-rule the G&Sb.Sgs glass is nearly stoichiometric; thus the structofehis
glass can be described by G@&d Sb$building blocks, which share their S atoms. Thember of S-

S pairs is undetectably small, similarly to the iens of Ge-Ge, Ge-Sb or Sb-Sb pairs.

The S excess in an S-rich glass results in theaappee of S-S bonds, as it is found in the.SlaS7o
glass. The lack of Ge-Ge, Ge-Sb and Sbh-Sb pattistructure of this glass is also consistent tiiéh
CONM.

The GesSh;3Ss; glass is chalcogen poor, according to the Mo#-rilihus, beside Ge-S and Sb-S bonds
some Ge-Ge, Ge-Sb or Sb-Sb bonds must be fornfetfiicthe bond requirements of the elements. S-
S bonds are not expected in this composition irGB&M. Indeed, simulations showed that S-S bonds
are not required to get adequate fits. The negeskBe-Ge, Ge-Sb and Sb-Sb bonds was tested one by
one. It was found that the quality of the fits igngficantly better when Ge-Sb pairs are presethijev
allowing Ge-Ge or Sb-Sb pairs does not reduceRtfectors of the data sets. Ge-Sb bonds were also
found in S-deficient Ge-Sb-S glasses earlier [27].

Partial pair correlation functions are shown inufg4. Theg;(r) curves for the allowed bond types
have sharp peaks in the 2.0<Ar < 3.0 A region. Positions of the first peaks (therage nearest

neighbor distances) are collected in Table 3.



Table 3. Nearest neighbor distances (in A) in theisd Ge-Sb-S glasses. (The S-S bond lengths are
constrained!) The uncertainty of distances is ugua0.02 A.

Glass composition

Pair Ge&xcShieSrc Ge3ShirSss GeeShisSs1
Ge-Sb - - 2.61
Ge-S 2.23 2.22 2.23
Sh-S 2.45 2.45 2.45
S-S 2.05 - -

The first coordination shell of Ge atoms containat@ms in GgSh;oS7o and GesSh2Sss, while in
GeeShisSs: glass S and Sb atoms can be found around Ge aldrasGe-S and Ge-Sb coordination
numbers were obtained by counting particles up .® & and are listed in Table 4. The total
coordination number of Gé&Nge = Ngesb+ Ngeg IS 3.8, 3.96 and 3.96 for @S eS70, G&3Shi»Ses and
GepShisSs1, respectively. These values, which were obtaisigldout any coordination constraints, are

very close to 4, the value predicted by the Mokt-ru

Table 4. Coordination numbers of the investigatedses obtained by RMC simulation without any
coordination constraints. The allowed bonds wereSG8b-S, S-S for the @GS S glass, Ge-S, Sb-

S for the GgSh,Sss glass and Ge-Sbh, Ge-S, Sb-S for thesSia:Ss1 composition. Uncertainties of
the coordination numbers are shown in parenthéSesthe Sb-S partials the coordination numbers are

calculated without and with ‘long bonds’ as well.)

Glass composition

GexcShiSrc Gex3ShioSss GeeShi3Ss1
Ngece 0 0 0
Ngest 0 0 0.29 (+0.15)
Noos 3.8 (-0.2 +0.6) 3.96 (+0.1) 3.67 (-0.140.2)
Nshce 0 0 0.57 (1025)
Nspbst 0 0 0
Neps 2.62/3.26 (-0.45+0.3) 2.64/3.16 (-0.25+0.4) 1.7/2.87 (-0.8 +0.2)
Nsce 1.06 (-0.05+0.15) 1.41 (+0.05) 1.55 (-0.05+0.1)
Nt 0.36/0.45 (+0.05) 0.46/0.55 (+0.05) 0.37/0.62 (-0.15+0.05)
Nt 0.58 (+0.2-0.4) 0 0
Nce 3.8 3.96 3.96
Nst 2.62/3.26 2.64/3.16 2.2713.44
Ng 2.00/2.09 1.87/1.96 1.92/2.17

The first coordination shell of Ge atoms does rwitain Ge atoms, but there are well-defined Ge-Ge

distances in the second coordination shell. §&h&dr) curves have a pronounced peak around 3.5 A.

A smaller peak at 2.8 A is also present, which @strsignificant in the stoichiometric &80;,Sss

composition. By analyzing the configurations, therser distance can be identified as the distarice o



Ge-Ge pairs in edge-shared Gé&trahedra (see Figure 5). The peak around 3.Bramns Ge-Ge
distances of corner- and edge-shared GeBahedra as well. The ratio of Ge atoms paditng in

edge-shared units is around 42 — 48 %, in the ceitipos investigated.

The environment of Sb atoms contains only S atom$GeSh oS, and GesSh,Sss, while in
GeeShisSs: glass S and Ge atoms can be found around Sb aftmdotal coordination number of Sb
(Nsp = Nspce+ Nspg — counting Sb-S pairs up to 3.1 A — is 3.26, 3ah@l 3.44 (in the same order as
before, see Table 4). The values of the S-richsaoidhiometric glasses are close to the value predli
by the Mott-rule (3), the difference is higher tbe S-deficient glass.

Sb-Sb pairs sharing two common S atoms (edge sh&it& units) can be found in all glasses. The
ratio of Sb atoms participating in these unitsiighie 5% - 11% range.

The S atoms are connected only to Ge and Sb atonGekSh ,Sss and GeeShisSs;, while in
GexoShioSro glass S-S pairs are also present. The S-S paies eeeinted up to 2.2 A to calculate the
Nss coordination number. The total coordination numtife® atomsNs = Nsge + Nssp+ Nss ) is 2.09,
1.96 and 2.17 for the three glasses (in the sauher @s before). Overall, it can be concluded that i
ternary Ge-Sb-S glasses the atoms mostly obey tierMle.

The Ge-S bond distance (2.22-2.23 A, see Tables 3)niilar to those found earlier in binary Ge-S
systems (2.21-2.23 A e.g. by ND [56], by ND andhhémergy X-ray diffraction measurements [49] or
by pulsed ND [57]). In ternary Ge-Sbh-S glasseshsijglonger values were estimated from single
measurements earlier: 2.255 A by EXAFS [25], 2.2ByAXRD [27], 2.24 A by ND [30], and 2.24 A
by EXAFS [28].

The Ge-Sb bond distance is 2.61 A. Earlier in GesSilasses Ge-Sb bond length were found 2.765 A
by EXAFS [25], 2.65 A by XRD [27]. 2.64 A Ge-Sb lbdistance was reported for Ge-Sb-Se glasses
by RMC method with EXAFS, ND and XRD measuremeffy.|

The first peak of the Sb-S PPCF is around 2.45 Wiclwis lower than that found in Ge-Sb-S by ND
(2.48 A) [30], but similar to the value observedEBYAFS for Sb-S systems (2.45-2.46 A) [58].

The shape of thgspgr) PPCF is somewhat surprising: behind the main peakeen 2.3 A and 2.6 A
there is a second peak between 2.6 A and 3.1 ANEheaverage coordination numbers for the main
peak are 2.62, 2.64 and 1.7 for,688,0S70, GesSh,»Sss and GesShisSs;, respectively. For the second
region these values are (in the same sequence)@%%and 1.17. It often happens that small peaks

shoulders are present after the well-defined maakpn the PPCFs of RMC-generated models of

10



covalent glasses (see e.g thedr) curves in Figure 4). However, the ratios of theordination
numbers corresponding to long and normal bondsuswally significantly lower, than the values of
Nsbs-iong/ Nsbs-norma(Which are 0.24, 0.20 and 0.69).

Dedicated simulation runs were performed to dewitlether the second peak in tipgdr) curves is a
simulation artifact or a real feature of the glasswestigated. In one series of these runs a awairdn
constraint was applied to eliminate the second pealas required thaisp{r) = 0 between 2.65 A and
3.05 A. TheR-factors of the Sb EXAFS data sets increased by(®0% for the three compositions.

The position of the second peak is around 2.80-A.8bhis value is close to the expected distance of
possible Sb-Sb pairs. In another series of test tong Sb-S bonds were forbidden, but Sb-Sb pairs
were allowed, moreover the Sb-Sb coordination numlas constrained to be significant (from 0.2 up
to 1.0). The quality of the fits did not improvleR-factor of the XRD data set increased significantly
In a third test run the Sb EXAFS data set was @ahigind only the two structure factors (ND and XRD)
and the Ge EXAFS data sets were fitted togethethitncase in the 2.6 Ar < 3.0 A region a broad
shoulder appeared in tigepdr) curve, as it is shown in Figure 6.

The presence of the long Sbh-S bonds can be intetpmnsidering the structure of crystallineSb
The structure of crystalline &8 contains parallel (S8), chains, which are linked to form crumpled
sheets. Sb atoms are distributed over two diffezgydtallographic sites [59 - 61]. One shows aoinig
SbS pyramid with the Sb atom at the vertex. This pyicais slightly distorted; the interatomic Sh-S
distances are 2.52, 2.54 and 2.54 A. The othergfdtie Sb atoms is in the form of Sbdistorted
square pyramids (with the Sb atom slightly below llase center). The interatomic Sb-S distances in
the Sbg pyramids are 2.46, 2.68, 2.68, 2.85, 2.85 A.

The broad distribution of Sb-S bond distances msgy Ge-Sb-S can originate from the combined
presence of SBSand Sb§units. The higher coordination number of Sb atsmggests the same. The
combination of Sb$Sand Sb$ (and Sbg units was observed (by X-ray absorption spectpgrc
earlier in glassy SI%:-As,Ss-Tl,S systems as well [62].

Conclusions

The structure of three Ge-Sb-S glasses (an S-pod®-rich and a stoichiometric) was investigated by
Raman scattering, ND, XRD and EXAFS measurementheaGe and Sb K-edges. Diffraction and
EXAFS data sets were fitted simultaneously by RNt@utation method for each composition. It was
shown that constituents mainly obey the Mott-rul¢ & part of Sb atoms may have more than 3 S
neighbors. The structure of these glasses candmzilded by the CONM: Ge-S and Sb-S bonds are the

11



most preferred; S-S bonds are not needed in theoBgnd the stoichiometric glass. Raman scattering
data show the presence of Ge-Ge, Ge-Sb and Sb+#lis ho the S-deficient composition but only Ge-
Sb bonds are needed to fit diffraction and EXAF&skts. Sb-Sb and Ge-Ge bonds can be eliminated
suggesting that the corresponding coordination rexslare below the sensitivity of diffraction and
EXAFS data (~0.3). Long Sb-S bonds were observedliGe-Sb-S glasses. It is proposed that the
presence of these bonds is connected withs Sin8s that may exist in this system similarly e@.
crystalline SkS;.
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Figure 1. Raman spectra of £580,0S70, G&3Sh2Sss, and GesShy3Ss; glasses.
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Structural model's of GeSbS glasses consistent with multiple datasets are constructed
Structure of these glasses can be described by the chemically ordered network model
Ge and S atoms obey the Mott-rule and have 4 and 2 nearest neighbors, respectively
Long Sb-S bonds were observed, suggesting that SbSs units may exist in this system



