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Abstract
The structure of (Gel/dGaSs)o2s and (Gedosd GaSs)o.17 glasses was investigated by Raman

scattering, high energy X-ray diffraction and exted X-ray fine structure (EXAFS) measurements at
the Ga and Ge K-edges. The reverse Monte Carlolation technique (RMC) was used to obtain

structural models compatible with diffraction andAFS datasets. It was found that the coordination
number of Ga is close to four. While Ge atoms havg S neighbors, Ga binds to S as well as to Ga
atoms showing a violation of chemical ordering irSGaS; glasses. Analysis of the corner- and

edge-sharing between [GgF units revealed that about 30% of germanium atpausicipate in the

edge-shared tetrahedra.

1. Introduction
Sulfide glasses are pivotal for optical applicasidrecause of their unique properties such as a larg
transparency window in the visible and mid-infraratige extending to the wavelengths far beyond
those of oxide glasses, a low phonon energy, highat and nonlinear refractive indices or
photosensitivity [1-4]. The passive optical propetof these glasses can be tailored by their at@mi
compositions, and applicability of gallium-basedsgles can be further enhanced by rare earth doping
into the glassy network. As active optical medmeyt could be used as source of radiation in differe
utilizations such as mid-IR fiber lasers, opticaldifiers and upconverters [5-8].

It has been found that glasses containing galltam dissolve relatively larger amounts of rare

earth elements than other chalcogenide glasse%][9Fhis phenomenon seems to be related to their
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local electronic and molecular structure inducedh®yaddition of Ga [12]. Therefore, it is cruciat
further applications to understand their structprabperties properly.

The mean coordination number, which is the sumth& coordination numbers of the
constituents weighted by their concentration, hasgaificant impact on the physical and chemical
properties of a glass [13-15]. In glasses congjstinelements of group 14, 15 and 16 the coordnati
numbers of the components follow the 8-N Mott r{ile], where N is the formal chemical valence (e.g.
Ge-As-Se [17], Ge-As-Te [18], Ge-Sb-Te [19]). Howgwlasses containing a group 13 component
can deviate from this rule as the coordination bers of Ga or In can be four or even higher instead
of threefold coordination predicted by the Motte{J20- 22]).

Fourfold coordinated Ga atoms were also obsemegitious crystalline gallium chalcogenides
(e.g. [Gag] tetrahedra in crystalline G& [23], Ca(Sr,Ba)Ggs, [24], [GaSeg] tetrahedra in G&e
[25], and GaSe [26]). These investigations alsacated that a certain number of the chalcogen atoms
can be three or fourfold coordinated [24, 26].

Another characteristic property of a glassy nekwsrits chemical order: while some systems
behave as a random covalent network without clegfiepential bonding (e.g. Ge-As-Se [27]), others
can be better described with the chemically ordertsvork model [28], in which bonds with higher
bond energy are preferred (e.g. Ge-As-S [29]). Adiog to the latter, chalcogen atoms bind
preferentially to metal (Ga) or metalloid (Ge, Ad¢pms. (Metal and metalloid atoms will be denoted
with M throughout the paper.) Considerable amoudrdhalcogen-chalcogen or M-M bonds exist only
in chalcogen rich or chalcogen poor compositioaspectively.

Ge-Ga-Ch (Ch=S, Se or Te) glasses were the fdcsmsveral studies in recent years [12, 21, 30-
44]. These investigations mostly agree that therdination numbers of Ge and Ga are four. The
propensity of forming various bonds was also ingased to verify the validity of chemically ordered
network model. According to that model, [GeCand [GaCh] tetrahedral units are connected together
by corner-sharing or edge-sharing in stoichiometampounds, supplemented by chalcogen chains or
rings in chalcogen-rich systems or by [Gle(Ga)-(Ga)GeGh ethane-like units in chalcogen-deficient
systems. It should be noted that if Ga is fourfadordinated then compositions along the
(GeCh)x(GaChg)1.x tie line are in fact in deficit of chalcogen.

In Te-rich Ga-Ge-Te systems, Raman spectroscopyayXdiffraction (XRD), neutron
diffraction (ND) and extended X-ray absorption fsteucture (EXAFS) measurements combined with
simulations have shown tetrahedral arrangementndrdbe and Ga, and Te coordination number
significantly higher than two [30]. They found onhegligible amount of M-M bonds in these
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chalcogen-rich compounds.

Ge-Ga-Se systems were investigated by severapgrand methods, for example by Raman
scattering [31-34], X-ray diffraction and IR sp@&dtopy [35], X-ray photoelectron spectroscopy
(XPS) [32, 33], EXAFS [33], NMR spectroscopy [3#gutron diffraction and EXAFS measurement
combined with reverse Monte Carlo (RMC) simulatieohnique [21]. Ge and Ga atoms were found to
be fourfold coordinated [21, 31, 33-35]. The averagordination number of selenium atoms was
found to be higher than two in several studies 22, 34], but twofold coordinated Se-atoms were
reported by Golovchak et al. [33]. The chemicalidayred network model seems to be more or less
valid in these compounds as reported in Refs. 331 33], but significant amount of M-M bonds were
found even in Se-rich systems by Pethes et al. [P1¢ Ge-Ge, Ge-Ga and Ga-Ga bonds are hardly
distinguishable by Raman measurements, but EXAF&suarements combined with diffraction
investigations and RMC suggest that Ge-Ga bondspeeterred among the M-M bonds in these
glasses.

There are a lot of experimental studies devotdtdcstructure of Ge-Ga-S glasses. These works
also use several different methods such as Rantar3gt 39], XAFS [40], neutron diffraction [41],
EXAFS [42], XRD and Raman [43], 2D micro-Raman [4Bhey have all found that Ge and Ga atoms
are equally fourfold coordinated, [GASand [Geg] tetrahedral units are cross-linked via bridging
sulfur atoms, M-chalcogen bonds are preferable(J&Ge)-(Ga/Ge)sp ethane-like units were
observed to form as a consequence of the sulficielety, but the type of the M-M bonds is uncertain
The latter can either be Ge-Ge [41], Ga-Ga [43];Gaeor Ga-Ga [44], but it is found to be
indistinguishable by most papers. Simultaneoustexé® of a small amount of M-M and S-S bonds
was reported indicating some chemical disorder 837 41]. Triply coordinated S atoms were found by
Masselin et al. [44].

In this work we investigate (G@g7{(GaSs)o.25and (Gedo s GaSs)o.17 glasses using Raman-
spectroscopy, X-ray diffraction and EXAFS measumaisieLarge scale structural models are obtained
by fitting EXAFS and diffraction data sets simukaunisly with the RMC simulation technique [45, 46].
Bond preferences (especially the type of M-M bondsprdination numbers and nearest neighbor
distances for Ge, Ga and S atoms, formation ottheer- and edge-sharing tetrahedra are analyzed in
detail.

2. Experimental



2.1 Sample preparation

For synthesis of (Gek dGaSs)o.25 and (GeS)osdGaSs)o.17 glasses, high purity (5N) germanium,
gallium and sulfur were used. Despite of the pusitghe commercial material, sulfur can be polluted
by water and carbon. Therefore, sulfur was addiignpurified by distillation. Then, the proper
quantities of the chemical reagents were placailita tubes and sealed under vacuum. The batch was
slowly heated and homogenized in a rocking furrface8 h at 950°C. Glass rods were obtained by
cooling the silica tubes with alloys in water. Thesere then annealed near the glass transition
temperature for 2 hours. Several glass discs afitabanm thickness and 15 mm in diameter were cut
from the annealed rods. The composition of eachpkamas analyzed by means of scanning electron
microscopy with an energy-dispersive X-ray analyg@xford Instruments). The obtained values

agreed with the nominal composition within £0.3/at.

2.2 Measurements

The investigated glass compositions and their tiessare given in Table 1. Density was determined
by means of a Mettler Toledo XS64 system measutiagveight of the samples in air and water. The
accuracy of the density values is +0.005 g/cm

X-ray diffraction (XRD) measurements were carrigdtlee BW5 wiggler beamline [47] of
HASYLAB, DESY (Hamburg, Germany). The energy of mohromatic synchrotron radiation was 85
keV (L = 0.146 A). Powder samples were placed into thalesl (20um) quartz capillaries with outer
diameter of 2 mm. The cross section of the incider@m was 1x2 mm Scattered intensities were
recorded by a Ge solid state detector. Raw date e@rected for background, polarization, absorptio
and Compton scattering. X-ray diffraction structtaetors are shown in Figs. 1 and 2.

EXAFS spectra of powdered glasses were recordéuieaSAMBA beamline of SOLEIL. The
EXAFS measurements were performed in transmisgidlu@arescence modes, at room temperature for
Ge K-edge and a liquid \cryostat was used for Ga K-edge. Raw intensitieseveonverted inty(k)
curves by the Viper program [48]. Raxk) data (see Figure 1) were filtered in two stepst K (K)
was forward Fourier-transformed into r-space usni§aiser-Bessel windows£1.5). Thek-range of
transformation was 1.85A- 12.8 A* for the Ga edge and 1.85'A 14.5 A for the Ge edge. The
resultingr-space data were backtransformed using a rectangiddow between 0.85 A and 2.6 A.
Backscattering amplitudes and phases needed tol@i@dhe model curves were obtained by the Feff
program [49].

The Raman scattering data were recorded at ambeemperature on glass samples by an

4



HR800 (Horiba—Jobin-Yvon) unpolarized confocal mi¢taman spectrophotometer with 785 nm laser
diode at room temperature using low power dengtgduced Raman intensity of glasses Raman
spectra were calculated considering the followiggationl,edw) = I(w)w /[n(w) + 1] [36, 50]. The
term I(w) represents the experimental Raman intensity ptlsation, and(w) is the Bose—Einstein
factor, defined as(w) = (exp[@:w/KT)—1])—1, wheréi is Planck’s constant.

3. Reverse Monte Carlo simulations

The reverse Monte Carlo simulation technique isaméwork for combining the information content of
various experimental datasets (e.g. neutron difrac X-ray diffraction and EXAFS) with prior
physical and chemical knowledge (density, valemm®d angles). RMC works with a large atomic
configuration (typically 10000-100000 atoms), whishmodified by random atomic moves according
to the following scheme:

0. Generation of starting configuration: it can eitbera completely random set of points in a box,
a crystalline model or the result of a previouswation (RMC, molecular dynamics)

1. Move an atom at random and check whether the miminmieratomic distances (cut offs) are
violated. Discard the move if the cut offs are satisfied and generate a new move.

2. If the cut offs are satisfied then calculate pagair correlation functions, model diffraction and
EXAFS curves, coordination numbers, bond angleridigions or any other quantity of
interest.

The Snod model structure factor can be obtained fromghpartial pair correlation functions by

the following equations:

§(Q)= 1+ 5 [rsircrlo, ()~ Jr @

Sa(@)= 2w (Q)s;(Q) 2)

i<j
(In case of neutron diffraction the; weighting factors do not depend @nthus summation is
carried out in real space and the resulting tadé gorrelation function is transform&i,oq in a

way similar to Equation 1.)

For EXAFS first they;; ‘partial EXAFS curves’ are calculated accordingetguation 3:



Xij (k): 47[pcj.|.r2yij (k’r)gij (r)dr (3)

Herei is the index of the absorbing components the number density; is the concentration
of atoms typg andy;(kr) is thek- andr-dependent response function gftgpe backscatterer.
y(k,r) matrix can be obtained by dedicated programs asdkff [49].

They'meamodel EXAFS curve is obtained by summing the paEMAFS curves:

X:nod(k): ZXij (k) (4)

For details of fitting EXAFS data with RMC we refer[51].
3. The new model curves, coordination numbers etccangpared to the experimental curves
and target coordination numbers (coordination gairgs). A move is always accepted if the
general agreement gets better. Otherwise it ispaedewith a probability between 0 and 1
[46].
4. Go back to step 1.
Due to equations 1 and 3 the pivotal quantitiestheepartial pair correlation functions. Unless no
specific constraints are used higher order coimglatsuch as bond angles, dihedral angles or the
presence of various local motifs (e.g. ‘ethane likés’) cannot be subtracted reliatitpm the model
configuration. For example, it has been shown that the stru¢aater of amorphous Si can be equally
fitted with 100% and 0% tetrahedral coordinatio][30n the other hand, the average coordination
number is close to 4 in the latter, obviously ndrygical case as well. The reason is very clearlewhi
the existence of Si-gj tetrahedral units belongs to the realm of manyybaatrelations the average
coordination number is directly related to the mairelation function of amorphous Si.
We note that this is not a drawback of RMC: anyhudtdepending merely on diffraction or EXAFS
meets this fundamental limitation. A great advaataRMC is that by using various constraints (e.g.
on coordination numbers) this limitation can béeast partly overcome.
Model configurations were generated by fitting sitawseously the Ge and Ga K-edge EXAFS datasets
and the XRD structure factor for each compositigntie RMC++ code [46]. The simulation boxes
contained around 20000 atoms.
Dedicated runs were carried out to decide whichdbiypes are needed to get reasonable fits.

Ge-S and Ga-S bonds were allowed in every testatemAllowing S-S bonds led to unrealistic bond
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lengths in the test runs; therefore S-S bonding fwdsdden by further modeling. The absence of S-S
bonds is also in line with the composition of tlaenples, which are on the GeSaS; tie-line. It also
follows from the compositions that if Ge is foudatoordinated and S is twofold coordinated then the
average coordination number of Ga can be higher 3hanly if M-M bonds exist. Ge-Ge, Ge-Ga and
Ga-Ga bonds were allowed in different combinatitmsheck their influence on fit quality. (A bond is
forbidden if the corresponding cutoff is higherritthe expected value of the bond length - e.g. 475
vs. 2.45 A for Ge-Ge pairs.) The applied minimuteiatomic distances are presented in Table 2.

The o parameters used to calculate the RMC cost fung¢tiéhwere reduced in three steps to
the final values of 5- IO for XRD and of 1-10 for the EXAFS data sets in every simulation rutee
number of accepted moves was around 2-3-10

Some ‘background’ coordination constraints wergagk applied to avoid unrealistically high
coordination numbers (such as 7 or more neighbarsGe and Ga, 4 or more neighbors for S) or
segregated atoms (atoms with zero neighbors).

The resulting models were assessed by comparewgRKkfactors to the corresponding values of
a reference model. In the reference model every Mdvid was allowed and only the ‘background’
coordination constraints were applied. The cumwdatelative R-factorR.), which is the average of
the relative R-factorsR(investigated model(reference model)) of the data sets [27], was used

compare the different models. TRgof the reference model is 1, by definition.

4. Results and discussion

4.1. Raman scattering spectroscopy analyses
The Raman spectra of the two Ga-Ge-S glasses {§6&aS3)0.25 and (Ge9osdGaSs)o.17) (see
Fig. 3) can be compared in first approach to £5gl8ss which has been often reported in previous
studies [53- 55]. Their spectra are dominated leyptitesence of a broad band composed of a main peak
at 342 cm'related to the; symmetric stretching modes of [GePtetrahedra and a shoulder observed
at 370 crif, whose origin remains controversial. Usually iagsigned ta®;(A%) companion mode of
thevi(A1) mode and more rarely is related to vibrationtetahedra sharing edge [55]. Indeed, the 370
cm® and 405 crit were also attributed to splitting of molecular raad(F,) due to intermolecular
coupling [53]. The band at 433 €nis classically assigned to vibrations okfSe-S-Ge§;] units
where the tetrahedra are connected by their comensgs or other extended structures [36, 56].

The relative weights of Ge and Ga suggest thatdfvthe frequencies of normal vibrational

mode of [Gag can be expected in the vicinity of those of [@eBtrahedral and was proposed to be
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located at 350 cthvi(A;) and 390 cii vs(F,) or v%(A;) [36]. Ishibashi et al. [57] measured low
resolution spectra of RS-g& glasses (R =Ca, Sr, Ba) and proposed a differssigament based on
analysis ofa-GaSs, SrGaS; and BaGg5, crystals. The main peak at 233 tmf a-GaS; phase is in
good agreement with our spectrum peaking at 237 and 390 cril. In 0-GaS; the[GaS]] tetrahedra
are linked by corners and S atoms present two-daldl three-fold coordination and the main peak is
attributed to the stretching vibration of [Gh&trahedra\s[GaS)](A1); vibrations of the sulfur anions)
and 390 crif to the deformation vibratiofvs [GaS)(F»)) [58]. The SrGgS, crystal with [Gag] corner
and edge sharing tetrahedra presents two main pe&80 and 357 cihrelated tovs vibration modes
of two [Gag] T4 connected by edge arng(Ga-S-Ga) of [Gag connected by corners, respectively. The
BaGaS, crystalis a 3D framework with only [GaBcorner sharing and the 303 ¢peakis attributed

to vq [GaS] (F,) deformation mode. Based on their assignmentstese reference crystals, they
associated for RS-G%; glasses a band at 318 tnip thevy [GaS] (F») or vs [GaS] edge-sharing and
358-378 crit to (Ga-S-Ga) deformation mode of [Gh&rners sharing.

The lack of resolution in this range of the spattimakes difficult precise assignments. Nonetheless,
was effectively shown that moderate substitution G%S; to Ge$ glass-former leads to the
restructuring of band intensities in the 340-435'aange [37]. An obvious widening of the dominant
peak at 342 cihis clearly visible for composition with highest ammt of gallium, related to the
presence of vibrational modes of [GaBStetrahedra. The shoulders at 370"cand 433 cnl both
decrease in intensity, while a component around @86 grows with increasing G& concentration
(see Figure 3).

The two glasses studied in this work present &ideh sulfur if we consider that Ga and Ge
atoms are mainly inserted into tetrahedral sitekthos, the S-deficit is compensated by the foromati
of [SsGe(Ga)-Ge(Ga)sh entities as proposed by previous studies [57¢ Te-Ge vibrational mode is
located at 258 cthand the shift of the lower frequency peak from 268" to 268 cnt is related to the
introduction of GgSs. Thus, according to Raman analysis, it can be assgapthat the formation of Ga-
Ga or Ga-Ge bonds is preferred over Ge-Ge bonds.

4.2. RMC investigations

4.2.1. Unconstrained simulations

The measured XRD structure factors &laveightedy(k) curves of the investigated compositions are

shown in Figs. 1-2. Various model configurationgevebtained by the simultaneous fit of the three



experimental data sets for each composition. Sinoums showed that the experimental data sets can be
properly fitted when Ge-Ge and Ge-Ga bonds areidddm and only Ga-Ga bonds are allowed.
(Hereafter this model will be called as the *finedbdel.) Model curves are presented also in Figh. 1
The presence of the other two M-M type bonds dilemhance the quality of the fits. The lowRy
values for the models with less allowed bond tygearly indicate that the eliminated bond types-(Ge
Ge, Ge-Ga, S-S bonds) are not needed to get cemisiabdels (even if some Ge-Ge and Ge-Ga bonds
may survive due to the inherently probabilisticuratof RMC).

In the unconstrained simulation runs, the coottibmanumbers of the atoms wdree, and only
the above described ‘background’ coordination camsts were applied. Partial pair correlation
functions calculated for the ‘final’ model are shown Fig. 4. The average coordination numbers
obtained by the application of this model are giwerable 3. For both sulfide glasses, it was found
that germanium and sulfide atoms mostly obey tin i8de, and their total coordination numbers are
near four and two, respectivelNde=3.94 and 4.07Ns=2.03 and 2.15 for (Gefp s{GaSs)o.17 and
(Ge9)o.71dGaSs)o 25compositions). The average coordination numberatifugn atoms was also close
to 4, though with a somewhat higher uncertaihy:£3.67 and 3.85).

4.2.2. Constrained simulations

The above results already strongly suggest thas @aurfold coordinated and Ga-Ga bonds exist & th
compositions investigated. However, due to the lamnsicattering properties of Ge and Ga, changes of
Ge-S and Ga-S coordination numbers may compensate @her increasing the uncertainty of Ga-
related short range order parameters. This effect be minimized by constraining the total
coordination number of atoms. Therefore, in thetrs¢ap, coordination constraints were used. Ge, Ga
and S atoms were forced to have 4, 4 and 2 neightespectively, in line with the results of the
unconstrained ‘final’ model. It was required thatleast 95% of the atoms satisfy these constraints.

Different models (see Section 1) could be testéd #hese simulation runs. M-M bond types
were investigated in every possible combinatiothecase of the (Gefg 7GaSs)o 2s5ample. A model
without M-M bonds was also tested. But in this mpdgllium atoms were forced to be threefold
coordinated. Since in this model only Ge-S and Gm&ds are allowed, the fourfold coordinated Ge
and twofold coordinated S atoms imply that the agercoordination number of Ga must be 3 due to S
deficiency.

The cumulative relative R-factorBJ of different models are compared in Table 4.dsviound

that regardless the use of coordination constrab@stR. values were given by models in which Ge-
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Ge and Ge-Ga bonds aret allowed. On the other hand, in case of constramedels the elimination

of Ga-Ga bonds resulted in about 20% increase satR.. Fits of Ga K-edge data with and without
Ga-Ga bonds are compared in Fig. 5. From thesestigagions, it is concluded that Ga-Ga bonds (and
Ga-Ga bonds only) are necessary to get reasontshle f

The uncertainty of the average coordination nundfegallium was determined in the case of
the ‘final’ model by another series of simulationns. In these calculations, three coordination
constraints were applied: the coordination numldr&e and S atoms were forced to be 4 and 2,
respectively, whileNgaca Was constrained to different values. Since onhgdhtypes of bonds were
allowed (Ge-S, Ga-S, Ga-Ga), the above constraists determine the total coordination number of
gallium. It was found for both compositions thag thhodel curves fit the experimental data propédrly i
Ngac&0.7 £0.4 and resulting total coordination numbeGa isNg=3.7 £0.3.

The nearest neighbor distances are shown in Talibe the different compositions. The Ge-S
and Ga-S distances agree with the literary vald@s4p]. Due to the lower concentration of Ga, the
uncertainty of Ga-Ga bond length is somewhat higher

The second and third coordination shells arouedggrmanium atoms have been investigated in
detail. A series of simulation runs were carried with the ‘final’ model and coordination constresn
for Ge and S (to have 4 and 2 nearest neighbgpectisely). The simulation box contained 7000
atoms. 30 different starting configurations wergted to reduce statistical error and estimate erter
uncertainties. The final configurations were anatyfor the number of edge-sharing [GgSunits as
well as for the distances between the centers gé-stiaring (ES) and corner-sharing (CS) germanium
centered tetrahedra. It was found that 27(-3+6)% 3(+2)% of Ge atoms can be found in edge-
sharing blocks in the (GelgdGaSs)o2s and (GeHos{GaSs)o.17 COMpositions, respectively (see
Table 6).

The relevant Ge-Ge distances are presented ir6Fighere their distribution is shown for the
corner- and edge-sharing pairs separately. Focdheer-sharing Ge-Ge pairs, the relative frequeafcy
this Ge-Ge pair distances has a peak arounds 3.6 A. This value is a little bit longer than@eS
(3.44 A [59] and 3.5 A [60]) and Ge&aS; (3.47-3.53 A [40]) glasses. The distribution of #dge-
sharing Ge-Ge distances has a peak around 2.9 Aaawtond one at 3.35-3.4 A, separated by a
minimum at 3.1 A. The first value is similar to vilvaas found in the Gg(As,Ga)¢Sss System [41], in
crystalline Geg [61], and in Gegglasses [59, 60]. The third coordination shelluah Ge atrge-ce
= 3.5 A found in earlier publications [40, 59, 60kses to decompose a shorter ES (3.4 A) and a

longer CS ( = 3.6 A) distances in our simulation models. Tt peak of edge-sharing Ge-Ge
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distances may be caused by differences in the oatonment of the participating Ge atoms (e.g on
of the Ge atoms connects to an ethane-lik&§Gag] unit).

The effect of the sulfur deficiency is investigatoy the connections of the sulfur atoms: if they
are participating in edge-share connections or onlgorner-share relations. It was suggested tiat t
S-deficiency can be compensated by the formatioedge linkages between [(Ge/Ga)Sunits [40].
The participation of the sulfur atoms in edge ligs in our samples are presented in Table 6. It was
found that the number of sulfur atoms which conneat edge-sharing Ge or Ga based units is not
higher in the more sulfur deficient (G8&s(GaSs)o2s composition (14%) than in the
(Ge9)osdGaSs)o17 sSample (16%). This suggests that the higher salddiciency is compensated by
the M-M bonding.

4.2.3. Comparison with other Ge-Ga-Ch glasses
The total coordination numbers of Ge, Ga and Cmatm various Ge-Ga-Ch glasses are collected in
Table 7. Germanium atoms were found to be fourtmdrdinated in every Ge-Ga-Ch glass. In the
moderately S-deficient Ge-Ga-S glasses, similanlfthe Ge-Ga-Se and Ge-Ga-Te glasses, gallium
atoms do not obey the 8-N rule; their total cooation number is close to four. While the M-elements
behave similarly, the coordination numbers of cbgéns strongly differ in these glasses. In case of
sulfur, the coordination number is very close totm selenides and tellurides it is around 2.2-2.3
Besides the coordination number of chalcogensiégeee of chemical ordering is also different
in Ge-Ga-Ch glasses. Ge-Ga-S glasses can be dmbdnba chemically ordered network model in
which Ge-Sand Ga-$onds are preferred. However, as the coordinationber of gallium is higher
than three the investigated glasses are sulfucidafi which leads to the appearance of the M-M
bonds, for example in jpGa-Gag,] ethane-like units (see Figure 7). (It follows frathe sample
composition that for glasses lying along the &€6%S; tie-line if Nges=4 andNsgetNscs=2 then
Ngas=3. AS Noa=NgastNcaca=3+Ncaca the excess coordination of Ga and the amount ®fGh-Ga
bonds increase together. The presence of the M-Midan these samples is a consequence of the
chalcogen deficiency.) This is in contrast with Ga-Se glasses where M-M bonds were reported even
in Se-rich compositions, suggesting a less ordastdiork structure [21]. For example in the slightly
Se-rich GgyGaypSep the Ge-Ga coordination number is as hightag5. As a consequence of the large
amount of M-M bonds the Se-Se coordination numbealso high [(D.97). (We note that the latter
value within the uncertainty agrees withebkin the strongly Se-rich binary GSe; glass [22].)
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5. Conclusions

(GeSQ)o7dGaSs)o2s and (Gedo s GarSs)o17 glasses were investigated by Raman scatterindy hig
energy X-ray diffraction and extended X-ray absorpfine structure measurements at the Ge and Ga
K-edges. Reverse Monte Carlo simulation techniqas wsed to obtain large scale structural models
by fitting the three experimental data sets sirmdtausly. It was found that most of the gallium adom
are fourfold coordinated, while germanium and sudtoms follow the Mott’s rule and have 4 and 2
nearest neighbors, respectively. Sulfur deficienicthese two compositions implies the presence of M
M bonds. The type of these bonds was systematizalBstigated. It turned out that germanium atoms
have only sulfur neighbors and participate in [G#Structural units. In contrast, Ga-Ga homonuclear
bonds are required for a good fitting the experitakedata, therefore gallium atoms can be found in
[SsGa-Gag] ethane-like structures as well. Connectivity betw [Geg,] structural units has been
studied and Ge-Ge distances in corner- and edgesdlhetrahedra have been determined. About 30%
of germanium atoms were found in edge-shared tedirah

Acknowledgments

This work was supported by ADEME-French Environmand Energy Management Agency. Authors
are thankful to the platform SIR-ScanMAT of Univiggyf Rennes 1 for technical assistance in Raman
spectroscopy. I. Pethes and P. Jovéri were sughbit®©TKA (Hungarian Basic research Fund) Grant
No. 083529.

12



References

[1] J.S. Sanghera, I.D. Aggarwal, Active and passchalcogenide glass optical fibers for IR
applications: A review, J. Non. Cryst. Solids. 2%6999) 6-16. do0i:10.1016/S0022-
3093(99)00484-6.

[2] A. Zakery, S.R. Elliott, Optical properties aagplications of chalcogenide glasses: A review, J.
Non. Cryst. Solids. 330 (2003) 1-12. doi:10.10jt3jcrysol.2003.08.064.

[3] K. Tanaka, Optical nonlinearity in photonic gées, J. Mater. Sci. Mater. Electron. 16 (2005)-633
643. doi:10.1007/s10854-005-3738-6.

[4] J.-L. Adam, X. Zhang, eds., Chalcogenide GlasBeeparation, Properties and Applications,
Woodhead Publishing Limited, Cambridge, 2014.

[5] L.B. Shaw, B. Cole, P.A. Thielen, J.S. Sanghéf. Aggarwal, Mid-wave IR and long-wave IR
laser potential of rare-earth doped chalcogenidesggfiber, IEEE J. Quantum Electron. 37
(2001) 1127-1137. d0i:10.1109/3.945317.

[6] T. Schweizer, D.W. Hewak, D.N. Payne, T. JengerHuber, Rare-earth doped chalcogenide glass
laser, Electron. Lett. 32 (1996) 666—667. doi:189461:19960430.

[7] V. Moizan, V. Nazabal, J. Troles, P. HouizatL.JAdam, J.-L. Doualan, et al., ¥rdoped GeGaSbS
glasses for mid-IR fibre laser application: Syntbeand rare earth spectroscopy, Opt. Mater.
(Amst). 31 (2008) 39-46. doi:10.1016/j.0ptmat.2003005.

[8] F. Charpentier, F. Starecki, J.L. Doualan,d®adi, P. Camy, J. Troles, et al., Mid-IR luminesoe
of Dy** and Pt* doped GgGexShisS(Se)s bulk glasses and fibers, Mater. Lett. 101 (201B) 2
24. doi:10.1016/j.matlet.2013.03.062.

[9] B. Frumarova, J. Oswald, P. Krecmer, M. FrumarCerny, V. Smrcka, Synthesis and physical
properties of the system (G8&-(GaSs).0:XPr glasses, Opt. Mater. (Amst). 6 (1996) 217-223.
doi:10.1016/0925-3467(96)00029-8

[10] B.G. Aitken, R.S. Quimby, Rare-earth-doped tieoimponent Ge-based sulphide glasses, J. Non.
Cryst. Solids. 213-214 (1997) 281-287. doi:10.180622-3093(96)00672-2

[11] Z.G. Ivanova, V.S. Vassilev, E. Cernoskova, @ernosek, Physicochemical, structural and
fluorescence properties of Er-doped Ge-S-Ga glags@&hys. Chem. Solids. 64 (2003) 107-110.
doi:10.1016/S0022-3697(02)00266-4.

[12] J. Heo, J.M. Yoon, S.-Y. Ryou, Raman specwpgranalysis on the solubility mechanism of La3+
in GeS-GaS; glasses, J. Non. Cryst. Solids. 238 (1998) 115-1dt3:10.1016/S0022-
3093(98)00577-8.

13



[13] J.C. Phillips, Topology of covalent non-crytee solids I: Short-range order in chalcogenide
alloys, J. Non. Cryst. Solids. 34 (1979) 153-18&1i:1d.1016/0022-3093(79)90033-4.

[14] M.F. Thorpe, Continuous deformations in randoetworks, J. Non. Cryst. Solids. 57 (1983) 355
370. doi:10.1016/0022-3093(83)90424-6.

[15] K. Tanaka, Structural phase transitions inlobgenide glasses, Phys. Rev. B. 39 (1989) 1270-
1279. doi:10.1103/PhysRevB.39.1270.

[16] N.F. Mott, Electrons in disordered structuresidv. Phys. 16 (1967) 49.
doi:10.1080/00018736700101265.

[17] S. Sen, B.G. Aitken, Atomic structure and clwahorder in Ge-As selenide and sulfoselenide
glasses: An x-ray absorption fine structure spsctopic study, Phys. Rev. B. 66 (2002) 134204.
doi:10.1103/PhysRevB.66.134204.

[18] P. Jovari, P. Lucas, Z. Yang, B. Bureau, |b&@a, B. Beuneu, et al., Short-Range Order in Ge-As-
Te Glasses, J. Am. Ceram. Soc. 97 (2014) 1625-1882.0.1111/jace.12823.

[19] P. Jovéri, I. Kaban, J. Steiner, B. Beuneu,S&héps, M. Webb, Local order in amorphous
GeShTes and GeSpres, Phys. Rev. B. 77 (2008) 035202. doi:10.1103/Pky&R/77.035202.

[20] M. Guignard, V. Nazabal, A. Moreac, S. Chenajpurath, G. Boudebs, H. Zeghlache, et al.,
Optical and structural properties of new chalcatelylasses, J. Non. Cryst. Solids. 354 (2008)
1322-1326. doi:10.1016/j.jnoncrysol.2007.01.104.

[21] I. Pethes, R. Chahal, V. Nazabal, C. Prestipf Trapananti, C. Pantalei, et al., Short raogker
in Ge-Ga-Se glasses, J. Alloys Compd. 651 (2018}584. doi:10.1016/j.jallcom.2015.08.039.

[22] I. Kaban, P. Jovari, T. Petkova, P. PetkovSfoilova, W. Hoyer, et al., Structure of Ge$e and
GeSe-In glasses, J. Phys. Condens. Matter. 22 (2010%2@® doi:10.1088/0953-
8984/22/40/404205

[23] J. Goodyear, G.A. Steigmann, The crystal stmecofa-GaS;, Acta Crystallogr. 16 (1963) 946—
949. doi:10.1107/S0365110X63002565.

[24] M. Nazarov, D.Y. Noh, H. Kim, Structural andnhinescent properties of calcium, strontium and
barium thiogallates, Mater. Chem. Phys. 107 (2008) 456-464.
doi:10.1016/j.matchemphys.2007.08.012.

[25] D. Lubbers, V. Leute, The crystal structurefeGa,Se;, J. Solid State Chem. 43 (1982) 339-345.
doi:10.1016/0022-4596(82)90250-X.

[26] N.C. Fernelius, Properties of gallium selengilegle crystal, Prog. Cryst. Growth Charact. Mater
28 (1994) 275-353. do0i:10.1016/0960-8974(94)90010-8

14



[27] I. Pethes, |. Kaban, R.P. Wang, B. Luther-[@ayiP. Jovari, Short range order in Ge—As—-Se
glasses, J. Alloys Compd. 623 (2015) 454-459. Qdia16/j.jallcom.2014.11.002.

[28] J. Bicerano, S.R. Ovshinsky, Chemical bondragph to the structures of chalcogenide glasses
with reversible switching properties, J. Non. Cry&tlids. 74 (1985) 75-84. doi:10.1016/0022-
3093(85)90402-8.

[29] S. Sen, C.W. Ponader, B.G. Aitken, Ge and Aayabsorption fine structure spectroscopic study
of homopolar bonding, chemical order, and topolagyGe-As-S chalcogenide glasses, Phys.
Rev. B. 64 (2001) 104202. doi:10.1103/PhysRevB @4R202.

[30] I. Voleska, J. Akola, P. Jovari, J. Gutwirth, Wagner, T. Vasileiadis, et al., Structure, elauic,
and vibrational properties of glassy@ae1Ters: Experimentally constrained density functional
study, Phys. Rev. B. 86 (2012) 94108. doi:10.110@RevB.86.094108.

[31] P. Nsmec, B. Frumarova, M. Frumar, Structure and prigerdf the pure and Prdoped
GesGaSeo and GeGaSes glasses, J. Non. Cryst. Solids. 270 (2000) 137-146
doi:10.1016/S0022-3093(00)00066-1.

[32] K. Maeda, T. Sakai, K. Sakai, T. Ikari, M. Mzar, D. Tonchey, et al., Effect of Ga on the stuuet
of Ge-Se-Ga glasses from thermal analysis, RamaiXB®$ measurements, J. Mater. Sci. Mater.
Electron. 18 (2007) S367-S370. doi:10.1007/s108549238-0.

[33] R. Golovchak, L. Calvez, E. Petracovschi, Rur@&au, D. Savytskii, H. Jain, Incorporation of Ga
into the structure of Ge-Se (glasses, Mater. Cherhys.P 138 (2013) 909-916.
doi:10.1016/j.matchemphys.2012.12.084.

[34] AW. Mao, B.G. Aitken, R.E. Youngman, D.C. Kamsan, S. Sen, Structure of Glasses in the
Pseudobinary System gme-GeSae: Violation of Chemical Order and 8-N Coordinatinle, J.
Phys. Chem. B. 117 (2013) 16594-16601. doi:10.30210017k.

[35] T. Petkova, P. Petkov, S. Vassilev, Y. Nedestauctural investigations of ternary chalcogenide
glasses, Surf. Interface Anal. 36 (2004) 880—88810.1002/sia.1791.

[36] C. Julien, S. Barnier, M. Massot, N. Chbani, Gai, A.M. Loireau-Lozac’h, et al., Raman and
infrared spectroscopic studies of Ge-Ga-Ag sulfitlsses, Mater. Sci. Eng. B. 22 (1994) 191-
200. doi:10.1016/0921-5107(94)90243-7.

[37] A. Tverjanovich, Y.S. Tveryanovich, S. LoheidRaman spectra of gallium sulfide based glasses,
J. Non. Cryst. Solids. 208 (1996) 49-55. doi:106/80022-3093(96)00415-2.

[38] Y. Ledemi, S.H. Messaddeq, |. Skhripachev,.LS.Ribeiro, Y. Messaddeq, Influence of Ga

incorporation on photoinduced phenomena in Ge-&dagasses, J. Non. Cryst. Solids. 355

15



(2009) 1884-1889. d0i:10.1016/j.jnoncrysol.20090@46.

[39] V. Nazabal, P. Bimec, A.M. Jurdyc, S. Zhang, F. Charpentier, H. bhe¥, et al., Optical
waveguide based on amorphous'Hloped Ga—Ge—Sbh—S(Se) pulsed laser depositedilthi f
Thin Solid Films. 518 (2010) 4941-4947. doi:10.191€.2010.03.030.

[40] A.M. Loireau-Lozac’h, F. Keller-Besrest, S. iazeth, Short and medium range order in Ga-Ge-S
glasses: An X-ray absorption spectroscopy studyam and low temperatures, J. Solid State
Chem. 123 (1996) 60—67. doi:10.1006/jssc.1996.0152.

[41] A.C. Hannon, B.G. Aitken, Neutron diffractiostudies of the structure of Ge-based
multicomponent sulphide glasses, J. Non. Cryst. idSol 256-257 (1999) 73-77.
doi:10.1016/S0022-3093(99)00321-X.

[42] J.H. Song, Y.G. Choi, J. Heo, Ge and Ga K-eHYAFS analyses on the structure of Ge-Ga-S-
CsBr glasses, J. Non. Cryst. Solids. 352 (2006}428. doi:10.1016/j.jnoncrysol.2006.01.013.

[43] C. Lin, L. Calvez, H. Tao, M. Allix, A. MoréacK.H. Zhang, et al., Evidence of network demixing
in GeS-GaS; chalcogenide glasses: A phase transformation studgolid State Chem. 184
(2011) 584-588. doi:10.1016/j.jssc.2011.01.018.

[44] P. Masselin, D. Le Coq, A. Cuisset, E. Bychk®@patially resolved Raman analysis of laser
induced refractive index variation in chalcogenglass, Opt. Mater. Express. 2 (2012) 1768.
doi:10.1364/OME.2.001768.

[45] R.L. McGreevy, L. Pusztai, Reverse Monte CaB8onulation: A New Technique for the
Determination  of Disordered  Structures, Mol. Simull (1988) 359-367.
doi:10.1080/08927028808080958.

[46] O. Gereben, P. Jovéri, L. Temleitner, L. PaszA new version of the RMC++ Reverse Monte
Carlo programme, aimed at investigating the stmectd covalent glasses, J. Optoelectron. Adv.
Mater. 9 (2007) 3021-3027.

[47] R. Bouchard, D. Hupfeld, T. Lippmann, J. Neainfl, H.B. Neumann, H.F. Poulsen, et al., A
Triple-Crystal Diffractometer for High-Energy Symokron Radiation at the HASYLAB High-
Field Wiggler Beamline BW5, J. Synchrotron Radiats (1998) 90-101.
doi:10.1107/S090904959701457X.

[48] K. V Klementev, Extraction of the fine structufrom x-ray absorption spectra, J. Phys. D. Appl.
Phys. 34 (2001) 209-217. doi:10.1088/0022-3727/302

[49] A.L. Ankudinov, B. Ravel, J.J. Rehr, S.D. Cadson, Real-space multiple-scattering calculation

and interpretation of x-ray-absorption near-edgecstire, Phys. Rev. B. 58 (1998) 7565-7576.

16



doi:10.1103/PhysRevB.58.7565.

[50] R. Shuker, R.W. Gammon, Raman-Scattering Sele®kule Breaking and the Density of States in
Amorphous Materials, Phys. Rev. Lett. 25 (1970)-225. doi:10.1103/PhysRevLett.25.222.

[51] M. Winterer, Reverse Monte Carlo analysis sfeaded x-ray absorption fine structure spectra of
monoclinic and amorphous zirconia, J. Appl. Phys8 8(2000) 5635-5644.
doi:10.1063/1.1319167.

[52] O. Gereben, L. Pusztai, Structure of amorphgrmiconductors: Reverse Monte Carlo studies on
a-C, a -Si, and a -Ge, Phys. Rev. B. 50 (1994) 6418143. doi:10.1103/PhysRevB.50.14136.

[53] G. Lucovsky, J.P. DeNeufville, F.L. Galeen8tudy of the optic modes of G#% .70 glass by
infrared and Raman spectroscopy, Phys. Rev. B. 99741 1591-1597.
doi:10.1103/PhysRevB.9.1591.

[54] G. Lucovsky, F.L. Galeener, R.C. Keezer, RGeils, H.A. Six, Structural interpretation of the
infrared and Raman spectra of glasses in the aieyem GeSi, Phys. Rev. B. 10 (1974)
5134-5146. doi:10.1103/PhysRevB.10.5134.

[55] S. Sugai, Stochastic random network model @ma@d Si chalcogenide glasses, Phys. Rev. B. 35
(1987) 1345-1361. doi:10.1103/PhysRevB.35.1345.

[56] B.G. Aitken, C.W. Ponader, Physical properteesd Raman spectroscopy of GeAs sulphide
glasses, J. Non. Cryst. Solids. 256 (1999) 143-ddi810.1016/S0022-3093(99)00324-5.

[57] T. Ishibashi, H. Takebe, K. Morinaga, GlassrRimg Region and Structure of Vitreous RS;&a
(R=Ca, Sr, Ba), J. Ceram. Soc. Japan. 111 (208)3. doi:10.2109/jcersj.111.308.

[58] G. Lucazeau, J. Leroy, Etude vibrationnellend®@a2S3, Spectrochim. Acta Part A Mol. Spectrosc.
34 (1978) 29-32. d0i:10.1016/0584-8539(78)80181-0.

[59] P. Armand, A. Ibanez, H. Dexpert, E. Philipp8hort and medium range order in germanium
sulfide glasses: a low temperature X-ray absorpsj@ctroscopy study, J. Non. Cryst. Solids.
139 (1992) 137-145. doi:10.1016/S0022-3093(05)86815

[60] E. Bychkov, M. Miloshova, D.L. Price, C.J. Baore, A. Lorriaux, Short, intermediate and
mesoscopic range order in sulfur-rich binary glasse Non. Cryst. Solids. 352 (2006) 63-70.
doi:10.1016/j.jnoncrysol.2005.11.002.

[61] G. Dittmar, H. Schafer, Die Kristallstrukturorn H.T.-Ge$, Acta Crystallogr. Sect. B Struct.
Crystallogr. Cryst. Chem. B31 (1975) 2060-2064:1bi1l107/S0567740875006851.

[62] J. Li, AtomEye: an efficient atomistic configtion viewer, Model. Simul. Mater. Sci. Eng. 11
(2003) 173-177. doi:10.1088/0965-0393/11/2/305.

17



composition density (g/cth atomic density (at/A
(GeS)o7dGaSs)oos | 2.955 0.03857
(GeS)osdGaSs)oar | 2.891 0.03787

Table 1 Investigated compositions and their densities.

pair Ge-Ge Ge-Ga Ge-S Ga-Ga Ga-S S-S
allowed bond 2.35 2.35 2.00 2.45 2.05 --
forbidden bond 2.75 3.1 -- 3.1 -- 3.15
Table 2 Minimum interatomic distances (cut offs) of th&e&lient atom pairs in Angstrom.

Nge-s Ns-ce NGa-s Ns-Ga NGaca | Nce NGa Ns
(GeS)o.7dGaSs)0.25 | 4.07 1.36 3.56 0.79 0.29 4.07 3.85 2.15
(GeS)osdGaSs)0.17 | 3.94 1.51 3.32 0.52 0.35 3.94 3.67 2.03

Table 3 N; coordination numbers anbl; total coordination numbers obtained by RMC for the

‘unconstrained’ ‘final’ model.

allowed M-M bonds Rxrp Rce ExaFs Rca Exars Re
Ge-Ge, Ge-Ga, Ga-Ga

‘unconstrained’ 0.0521 0.1429 0.0959 1
(reference model)

Ga-Ga ‘unconstrained] 0.0348 0.1433 0.1020 0.91
Ge-Ge, Ge-Ga, Ga-Ga 0.0641 0.1315 0.1648 1.29
Ge-Ge, Ge-Ga 0.0599 0.1098 0.2144 1.38
Ge-Ge, Ga-Ga 0.0492 0.1156 0.1656 1.16
Ge-Ga, Ga-Ga 0.0628 0.1356 0.1465 1.23
Ge-Ge 0.0519 0.1034 0.1918 1.24
Ge-Ga 0.0546 0.1299 0.1688 1.24
Ga-Ga 0.0466 0.1353 0.1232 1.04
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None (Ns:=3) 0.0733 0.1633 0.1100 1.23

Table 4 Goodness of the fit values (R-factors) of the stigated models. Ge, Ga and S atoms were
forced to have 4, 4, and 2 neighbors respectivdig values of the reference model in which all M-M
bonds were allowed and coordination constraintewet applied, and ‘final’ model (‘'unconstrained’
model with Ga-Ga bonds allowed) are also showrtdonparison.

rce-s(£0.02) Ica-s(£0.02) I'ca-Ga(£0.03)
(683)0_746895‘3)0_25 2.215 2.275 2.61
(GeS)osdGaSy)orr | 2.22 227 264

Table 5 Nearest neighbor distances of the investigatedsgtam Angstrom.

Ge atoms S atoms
(GeS)osdGaSs)o.17 30 (£2) 16.2 (+1.0)
(GeS)o.7dGaSs)o.25 27 (-3+6) 14.3 (-1.3+2.1)

Table 6 The ratio of Ge and S atoms patrticipating in eslgared units (in percent). The uncertainties

are determined by 30 simulation runs applying déifi¢ starting configurations.

Ge-Ga-Te Ge-Ga-Se Ge-Ga-S
Nge 3.8 4.0 4.0
NGa 4.1 4.0 3.85
Nch (Ch=Te,Se,S) 2.25-2.36 2.25-2.3 2.0

Table 7 Comparison of the total coordination numbers dfedent Ge-Ga-Ch glasses. Ge-Ga-S from
present work, Ge-Ga-Se from [21], and Ge-Ga-Te flata [30]
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Figure Captions

Figure 1 X-ray diffraction structure factor, arid weighted, filtered Ge and Ga K-edge EXAFS spectra
(open symbols) and fits for the ‘final’ model (Ig)eof (Ge%)o.79dGaSs)o.25 SAMple.

Figure 2 X-ray diffraction structure factor, arid weighted, filtered Ge and Ga K-edge EXAFS spectra
(open symbols) and fits for the ‘final’ model (Is)eof (Ge%)o.sdGaSs)o.17 Sample.

Figure 3 Raman spectra of the crystaline-GaS; GeS, (GeS)o7dGaS:)ozs and
(Ge9)osdGaSs)o17 glasses at 785 nm laser excitation. All curvesnarenalized to the intensity of the

strongest band.
Figure 4 Partial pair correlation functions for the ‘finaliodel of (Ge®os{GaSs)o.17 Sample.

Figure 5 Ga K-edge EXAFS fits of (GeRk 74dGaS3)0.25 Sample with and without Ga-Ga bonds. (a)
Ga-Ga bond is allowed, Ge-Ge and Ge-Ga bonds abedéen; (b) Ge-Ge and Ge-Ga bonds are
allowed, Ga-Ga bond is forbidden. In both cases@eand S atoms were forced to have 4, 4 and 2

neighbors respectively.

Figure 6 Relative frequency of pair distances in edge-sh@&S) and corner-shared (CS) Ge8nits.
(Solid line: (Ge9)o s GaSs)o.17 dashed line: (Gep 7((GaSs)0 25 composition.)

Figure 7 A part of the 'final' model configuration of th&€S), 75(GaS3)0.25 cCOmposition obtained by
RMC simulation. Ge, Ga and S atoms are represditegtay, purple and yellow balls, respectively.
(Atomic configuration is visualized by AtomEye prag [62].) Some [$5a-Gag] and edge-shared
[GeSy7] units are highlighted with red and blue lines.
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Structural models of GeS5aS; glasses consistent with XRD+EXAFS data are created
Chemical order is respected but Ga-Ga bonds asemreaused by S-deficiency.
The coordination number of Ga is 3.7+0.3.

The frequency and geometry of corner/edge-shafiaed|,] units were determined.



