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The local environment of arsenic atoms in vitreous samples of the system Sb,S;—As,S;-TI,S
has been studied by EXAFS at the AsK-edge. The crystalline compound Tls ¢As15S2s5 3 Situated
within the zone of glass formation of the Sb,S;-As,S;-TI,S phase diagram was used as
reference compound in order to derive appropriate phase and amplitude functions. The
structure parameters determined were the number of first neighbours Nas s, the arsenic-
sulphur distance, Ras s, and the Debye-Waller factor, cas s. The influence of the glass-forming
antimony sulphide Sb,S; and the glass-modifying thallium sulphide TI,S on the As,S; host

matrix has been shown.

1. Introduction

There is currently increasing interest in chalcogenide
glasses owing to their optical properties (transparency
in the infrared, optical fibres) and their applications in
informatics (electronic switches, optical memories)
[1-8]. Besides the optical properties determining their
technical applications, the mechanical and thermal
properties of these glasses are of equally high import-
ance, because they determine the possibilities to
handle and machine these materials.

However, optical and mechanical properties are
not always coupled to the same structural para-
meter. Some properties, like electronic conductivity
or infrared transparency, are influenced by short-
range order, whilst others like hardness, thermal stab-
ility or elasticity, are rather determined by long-range
order.

Although chalcogenide glasses nowadays belong to
the most currently studied materials with regard to
possible applications in the domain of optics, there is
still little known about the relationship between com-
position or structure, on the one side, and their prop-
erties, on the other. Several models have been de-
veloped, the bases of which vary from disordered
lattices to molecular clusters, in order to describe the
relationship structure—properties [9—13]. Which of
these models gives the best results depends on the type
of glass considered. In the case of the binary system
Sb,S;—As,S3, especially, two different hypotheses are
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discussed controversially: (i) a complete phase separ-
ation with pure Sb,S; and As,S; phases, and (ii) a
single-phased disordered lattice where arsenic is ran-
domly substituted by antimony.

Kawamoto and Tsuchibashi [14] pointed out that
infrared and X-ray scattering spectra of glasses of the
system Sb,S;—As,S; were a simple superposition of
the spectra of the pure Sb,S; and As,S; phases. How-
ever, in order to explain the results of experiments
where glasses were dissolved in concentrated hydro-
chloric acid, they suggest the presence of As—S—Sb
bridges connecting the two phases. They propose
a glass morphology with a continuous As,S; lattice
containing isolated domains of the Sb,S; phase.
A similar model has been established by White et al.
[15] who explain the fact that molten arsenic-rich
phases cannot be recrystallized, by the low diffusion
rate of antimony in the As,S; phase. The antimony
atoms remain thus isolated and prevent the formation
of the As,S; lattice. Tichy et al. [16] found a linear
relation between the optical gap and the concentra-
tion of As,S; in the glass. They proposed considering
compounds of the Sb,S;—As,S; system as an ideal
solid solution of microstructural unities of As,S; and
Sb,S;.

Bychkov and Wortmann [17] studied the system
Sb,S;—As,S; by !2!Sb Méssbauer spectroscopy.
They found a linear decrease of the isomer shift
with decreasing concentration of Sb,S;, which was
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interpreted as an increase of the Sb—S bond lengths
with decreasing antimony concentration. From their
results, they suggested the formation of a disordered,
glass-like network where arsenic is randomly sub-
stituted by antimony.

In this paper, we report the results of a study of the
Sb,S3—As,S3-TI,S system by extended X-ray absorp-
tion fine structure (EXAFS) spectroscopy at the ar-
senic K-edge. As the number of intense synchrotron
radiation sources dedicated to X-ray absorption ex-
periments has increased during recent years, EXAFS
has become a powerful tool in the fields of crystallog-
raphy and material science. It allows determination
of the number of neighbours of the absorbing atom,
the bond lengths between absorber and neighbours,
and it gives information on the distribution of the
bond lengths due to structural or thermally induced
disorder.

In contrast to As,S; and Sb,S;, which are both
glass-forming compounds, TI,S is a glass-modifying
compound. EXAFS allows it to be decided whether
the As,S; and Sb,S; phases are completely separated
or whether arsenic is randomly substituted by anti-
mony. In the first case, EXAFS at the AsK-edge would
show a rather composition-independent distribution
of As-S distances, mainly caused by thermally in-
duced vibrations, while in the second case the presence
of As—S—As, as well as As—S—Sb bridges, should mod-
ify the distance distribution, depending on the anti-
mony concentration.

2. Experimental procedure

The amorphous samples were synthesized in two
steps. First the binary sulphides Sb,S;, As,S; and
T1,S were prepared by direct reaction from
stoichiometric mixtures of the elements in evacuated
tubes (p = 10~ 3 Pa). Then, mixtures of these binary
sulphides were heated in evacuated tubes up to about
1173 K for 1h under permanent shaking, and then
quenched in a mixture of water, ice, and salt. Finally,
the glasses were kept for 2d at a temperature 50 K
below that of their respective glass transition temper-
ature, in order to stabilize the glasses. This procedure
minimizes mechanical strain caused by quenching.

X-ray diffraction with CukK, radiation revealed
that all samples were amorphous. The diffraction
patterns showed no sharp and intense Bragg reflec-
tion, but several scattering fringes. Additionally, the
thermal properties of the samples, like the glass
transition temperature, T, the crystallization temper-
ature, T., and the melting temperature, T, were
measured by differential thermal analysis, which also
proved that the synthesis led to amorphous com-
pounds (Table I).

EXAFS data at the arsenic K-edge were recorded
using the synchrotron radiation of DCI storage ring in
Orsay. The beam line was equipped with a Si (311)
double monochromator. The second monochromator
crystal was slightly mistuned in order to suppress
harmonics. The samples were finely ground, sieved to
5 um and then homogeneously dusted on to Kapton
adhesive tape.
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TABLE I Thermal properties of the vitreous compounds of the
ternary system Sb,S;—As,S;—T1,S. The glass transition temper-
ature, T, the crystallization temperature, T, and the melting
temperature, T, were measured. The two last temperatures (T and
T,) were not determined for arsenic-rich vitreous compounds.
These compounds cannot easily be recrystallized [15]

Samples Sb,S;  As,S;  TLLS T, T, T
(%) (%) (%) (K) (K) (K)
1A 75 25 0 494 549 765
2A 50 50 0 486 614 687
3A 25 75 0 484 - -
4A 0 100 0 481 - -
5A 0 90 10 442 - -
6A 0 80 20 426 - -
7A 0 72.8 27.2 415 - -
8A 0 60 40 405 497 549
9A 0 50 50 397 447 576
20A 65 15 20 470 533 670
21A 50 30 20 466 568 627
22A 35 45 20 463 - -
23A 20 60 20 455 - -
24A 5 75 20 439 - -
30A 40 20 40 432 472 658
31A 20 40 40 420 496 574
32A 10 50 40 411 502 536

3. Data analysis

The data were evaluated on a micro-computer using
Michalowicz’s EXAFS program [18]. The EXAFS
signal was extracted from the rough data in the fol-
lowing way: (i) a spline polynome simulating atomic
absorption was fitted to the pre-edge part of the
spectrum, extrapolated to the whole energy range
covered by the spectrum and then subtracted from the
rough data, (ii) the EXAFS signal y(E) was calculated
using the method of Lengeler—Eisenberger [19], (iii)
E,, the ionization threshold energy of the photo-
electron, was chosen in the vicinity of the inflection
point of the main absorption step (11 864 V).

Up to this point, the EXAFS signal, y (Fig. 1), is
given as a function of energy, x(E). In order to turn to
a spectrum being a function of wave vectors k, x (k), we
may use the relation

2 2(E—Ey) |V?
k= [—mﬂ }(12 0)} (1)
with m, the electron mass, h Planck’s constant, E the
kinetic energy of the out-going photoelectron, and E,,
the ionization threshold energy.
This leads to a spectrum of the form

_ k) — (k)
(k) — po(k)

with p(k) the experimental absorption spectrum, i (k)
the base line, and p, (k) the atomic absorption. The
spectrum (k) was cut off smoothly below 25 and
above 130 nm ! using a Kaiser window (t = 2.5) and
then weighted by multiplying it with k*. This new data
set allows us to turn from the reciprocal space of
wavevectors to real space by means of Fourier trans-
formation, leading to a new spectrum directly scaled
in distances (nm) . From this spectrum we may now
select a range of interest. In our case we filtered out the

x(k) )
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Figure 1 EXAFS signal of the vitreous compound 3A (25%
Sb,S;3-75% As,S3).

intense peak present in the spectra of all samples,
representing the first coordination sphere of sulphur
atoms around the absorbing arsenic atom. With this
peak filtered, we have seven independent parameters,
Ning, according to Shannon’s theorem

2 Ak AR
Ning = —— (3)

Thus, six parameters may be refined independently
from each other. The numerical refinement is based on
the general theoretical expression describing the
EXAFS signal within the approximations of plane
waves and single scattering

N;

) = — 83 Xy

X fi(m, k) sin[2kR; + @;(k)] ()

A

with i representing the ith sphere of neighbours, N; the
number of neighbours in the ith sphere, R; the distance
between absorber and the ith sphere, o; the Debye—
Waller factor describing structural disorder (distribu-
tion of distances around a mean value, existence of
different sites or defects in local stoichiometry) as well
as disorder due to thermally excited phonons. I' is
a constant related to the mean free path of the out-
going photoelectron, n is a parameter allowing to
adjust the mean free path at k values below 30 nm !
and 53 is a general scale factor. ®;(k) and f;(r, k) are,
respectively, phase and amplitude functions of the
back-scattered photoelectron and may be taken from
tables such as those of Teo and Lee [20] or McKale
et al. [21] or may be derived experimentally from
reference compounds.

The experiments and the analysis of the data were
made with great care.

4. Results and discussion

4.1. Choice of the reference compound

One of the most important points of an EXAFS study
is the proper choice of the reference compound, in
order to determine appropriate phase and amplitude

functions ®;(k) and f;(m, k) for the each pair of ab-
sorber and neighbour atom to be studied.

In the ternary system Sb,S;—As,S;—TI,S, four crys-
talline compounds can be found, which may serve as
reference compounds: As,S; [22], Tls.6As;5S,5.3
[23], TIAsS, [24], and Tl3AsS; [25] (Fig. 2). In all
four cases, the crystal structures, atomic positions and
bond lengths are well known from X-ray diffraction.

Arsenic is always found in a pyramidal environment
AsS;E consisting of three nearest neighboured sul-
phur atoms and the lone pair of As 4s? electrons,
usually denoted E. In Tl3AsS;, arsenic occupies only
one crystallographic site with three equal As—S distan-
ces 0of 0.223 nm [25]. In As,S;, arsenic is found on two
different sites with As—S bond lengths varying from
0.224 t0 0.231 nm and a mean R,,_g of 0.228 nm [22].
There are also two crystallographically different ar-
senic sites in TIAsS,, with bond lengths varying
from 0.208-0.232 nm and R,y = 0.225nm [24]. In
Tl5 ¢As;5S,5.3 we have to deal with five different
arsenic sites with As—S distances varying from 0.216—
0.252 nm and R, g of 0.229 nm [23].

Envelopes of the EXAFS signal [26] were deter-
mined for all compounds. These functions were then
compared to the envelopes of the EXAFS signal of
several amorphous samples. Best agreement between
the envelopes of the EXAFS signal of amorphous and
crystalline compounds was found for Tls gAs;5S,5 3.
This result might be surprising, because Tls As;5S55 3
seems to be less apt as a reference compound due to its
rather complicated crystalline structure with five dif-
ferent arsenic sites. Tls ¢As;5S,5 5 1S, however, the
only crystalline compound, which is well situated
within the zone of glass formation and not on its
boundaries, like As,S; or TIAsS, or outside, like
TI15AsSs.

Tls ¢As;5S,5 3 was thus chosen as reference com-
pound.

4.2. Crystalline compounds (system
A3283*les)

Let us first consider the crystalline compounds.

Table II gives the results of the refinement of the

As,S,

Zone of glass formationy Tls 6 AS15553

TI;AsS,

Sb,S, TS

Figure 2 Zone

of glass formation in
Sb,S3—As,S;-TL,S, together with some of the crystalline com-
pounds found within this ternary system.

the ternary system
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TABLE II Results of the refinement of the parameters Na s, Ras—s, Gas—s» and Eq of the crystalline compounds using the phase and
amplitude functions of the reference compound. The corresponding values determined by X-ray diffraction are given in parentheses

Crystalline Nass Gass Rass AE, Fit (x 103)
compounds (+0.4) (£ 0.0010 nm) (#+ 0.001 nm) (+09¢eV)

As,S; 3.0 0.0065 0.229 (0.228) —-22 11.7
TIAsS, 32 0.0096 0.229 (0.225) —-0.5 1.7
T13AsS; 33 0.0066 0.226 (0.223) —04 10.7

EXAFS spectra of the three crystalline compounds
As,S;, TIAsS, and Tl3AsS;, using the phase and am-
plitude functions of Tls 4As;5S,5.35. Good agreement
is found for As,S; between the values derived from
EXAFS and the results of X-ray diffraction, given in
brackets. Stronger deviations between the two data
sets are found for TIAsS, and TI;AsS;. This can be
explained by the somewhat shorter As—S distances
in these compounds as compared to As,S; and
Tls5 ¢As;5S,5 3, giving bonds of more covalent charac-
ter. The phase and amplitude functions of the refer-
ence compound are thus less apt for these two samples
than for As,S;, where bond lengths and bond charac-
ters are more similar to those of Tls cAs;5S;5 3.

When the number of nearest neighbours N is fixed
at 3, the fit leads to somewhat lower Debye—Waller
factors, o, for Tl1AsS, and TI;AsS5, while the distances
remain unchanged (Table III). As it is known that
arsenic generally obeys the “8-N rule [27-32], which
means that its coordination number is given by the
number of electrons needed to fill the valence shell, the
parameter N was fixed at 3 for all samples to be
discussed in this paper, supposing a pyramidal envi-
ronment of the AsS;E type for all compounds.

A further result which can be derived from the study
of these few crystalline compounds is the correlation
between local disorder and the Debye—Waller factor,
o, which will be helpful for the interpretation of the
results obtained for the amorphous samples.

Fig. 3 shows the Fourier transforms of all four crys-
talline compounds. The first intense peak reflects the
first shell of neighbours, while the second less-intense
peak at 0.3-0.4 nm is due to the next nearest neigh-
bours. These may be thallium, sulphur or arsenic at
very different distances from the absorber atom, so
that the evaluation of the Fourier transforms will be
restricted to the first peak. As can be seen from Fig. 3,
the amplitude of this peak varies considerably from
one compound to another. These variations must be
due to different Debye—Waller factors, o, because the

TABLE III Results of the refinement of the parameters Raq s,
Cass, and E, of the crystalline compounds with N,y fixed at
3. The phase and amplitude functions are those of the reference
compound

Crystal- Gaqs Rass AE, Fit (x 10%)
line com- (+ 0.0006 nm) (£ 0.001 nm) (£ 0.9 eV)

pounds

As,S; 0.0066 0.229 —22 11.8
TIAsS,  0.0093 0.229 —0.5 1.7
TI13AsS;  0.0059 0.226 —04 13.8
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F(R)

Figure 3 Fourier transforms of the crystalline compounds (A)
AsyS3, (——-) Tls 6As15S,5. 3, (M) TIAsS,, and (——) TI3AsSs.

number of nearest neighbours has been fixed at 3 for
all compounds. The Debye—Waller factor is in-
fluenced by bond strengths and atomic mass both
numbers determining the phonon spectrum. The bond
strength, in turn, is influenced by the bond length.
A further important factor is the more or less broad
distribution of bond lengths, depending on the num-
ber of crystal defaults and on the number of different
kinds of nearest and next-nearest neighbours. In par-
ticular, this last factor allows the variations of the
amplitudes of the Fourier transform in Fig. 3, to be
explained. The most intense peak is found for TI;AsSs,
where all three sulphur neighbours surrounding the
arsenic atom are at the same distance from the
absorber and all three are bound to only one arsenic
atom giving three non-bridging bonds As-S.

In As,S;, the As—S bonds are homogeneous in so
far as all three sulphur neighbours are bound to two
arsenic atoms giving three sulphur bridges As—S—As.
However, the distribution of As—S distances between
0.224 and 0.231 nm leads to a slightly reduced peak
intensity as compared to Tl3AsS;. A still lower peak
intensity is found for Tls ¢As;5S,53 owing to the
distribution of the As—S distances on the five different
crystallographic arsenic sites, and the lowest intensity
of TIAsS, can be explained by the fact that, besides
a distribution of As—S distances, we have to deal with
two different kinds of bonds, two sulphur bridges
As—S—As and one non-bridging bond As—S per atom.
The changes of the Debye—Waller factor can be at-
tributed to variations of distance distribution around
a mean value.

The study of these crystalline compounds shows
that all crystallographic details are well enough
reproduced by EXAFS when the phase and amplitude



functions of Tl ¢As;5S,5 5 are used. This justifies our
choice of the reference compound and lets us conclude
that the environment of the arsenic atoms will be
equally well reproduced for the amorphous samples.

4.3. Amorphous compounds

Let us now turn to the amorphous samples. Fig. 4a
shows the positions in the phase diagram of all sam-
ples studied in this work. Amorphous samples are
denoted by numbers followed by “A”, while crystalline
samples are given with their chemical formula. The
samples are situated in the binary systems As,S;—
TI,S and Sb,S;—As,S; as well as in the ternary system
Sb,S;-As,S;-T1,S on lines corresponding to con-
stant concentrations of 20 and 40 mol % TIL,S, as is
shown schematically in Fig. 4b.

The results obtained for all amorphous samples
with N refined are gathered together in Table IV. The
number of first neighbours is equal or close to
3 (3 £ 0.2) for all amorphous compounds, the mean
As-S distance varies between 0.228 and 0.230 nm.
This shows that even in amorphous compounds,
arsenic obeys the “8-N” rule. N may thus be fixed to
3 as for the crystalline samples. This allows to deter-
mine Debye—Waller factor o with higher precision,

Sb,S,

(a)

As,S;

Sb,S, TS

(b)
Figure 4 Schematic diagrams of the ternary system Sb,S;—

As,S;-T1,S showing the compositions of all amorphous samples
studied in this work.

because o and N are correlated. The results found for
N =3 are given in Table V. The As—S distances re-
main unchanged with respect to the case where N is
refined because these two parameters are uncor-
related. Fig. 5 shows the simulation of the EXAFS
oscillations of sample 32A, using the phase and ampli-
tude functions of Tls ¢As;sS,5 3 and fixing N _gat 3.

All results discussed here refer to the data set with
N =3.

4.3.1. The binary system As,;S;—TI,S

The Fourier transforms of several amorphous samples
are shown in Fig. 6. Fig. 7 gives the variation of the
Debye—Waller factor with sample composition. The
Debye—Waller factor increases with increasing con-
centration of T1,S, leading to more and more reduced
intensities of the first Fourier transform peak. The
interpretation of this behaviour follows the one given
above for the crystalline compounds. The T1-S bonds
are of more ionic character and thus much longer than
the As—S bonds. The glass-modifying compound T1,S
breaks the As—S—As bridges by forming As—S~°... TI*®
units, where 9 is the partial charge of the ions. The
As—S distances in these units are shorter than those in
the As—S—As bridges. The number of sulphur bridges
As—S—As decreases and the number of non-bridging
bonds As—S increases when the thallium concentra-
tion is raised. The compound TIAsS, with two non-
bridging bonds per arsenic atom marks the limit of the
zone of glass formation. The environment of the
arsenic atom thus becomes more and more inhomo-
geneous when the thallium concentration is raised
with longer As—S bonds in the bridges and shorter
As—S distances in the non-bridging As—S bonds. This
leads to an increase of the Debye—Waller factor and to
a decrease of the Fourier transform amplitude. As the
number of shorter terminal bonds increases when we
reach the limit of the zone of glass formation, we
should expect a reduction of the mean As—S bond
length when going from vitreous compound As,S;
(0.230 nm) to sample 9A (0.228 nm). The results given
in Table V show that there is effectively a trend to
shorter bonds when the thallium concentration is
raised. Our interpretation of the EXAFS spectra is in
agreement with the results of Heo et al. [33] obtained
by XPS and infrared spectroscopy, who also found an
increasing number of non-bridging bonds when the
thallium concentration is increased.

4.3.2. The binary system Sb;S;—As.S;

Fig. 8 shows the dependence of the Debye—Waller
factor on the Sb,S; concentration. In contrast to the
glass-modifying thallium sulphide, the introduction of
the glass-forming antimony sulphide into the As,S;
host matrix leads to a decreasing ¢ with increasing
concentration of the introduced substituent.

In the preceding section, we attributed the raising
Debye—Waller factor to the increasing numbers of
broken As—S—As bridges and non-bridging As—S
bonds. Here we attribute the effect not to broken
As—S—As bridges but rather to a random substitution
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TABLE IV Results of the refinement of the parameters Nucs, Racs, Oass, and Eq of the amorphous compounds using the phase and

amplitude functions of the reference compound

Amorphous Nass Gass Rass AE, Fit (x 10%)
compounds (£ 0.3) (£ 0.0008 nm) (+ 0.001 nm) (£ 0.6¢V)
1A 2.8 0.0061 0.229 —0.6 21.6
2A 3.0 0.0068 0.229 —0.6 7.5
3A 32 0.0078 0.229 —04 1.5
4A 3.1 0.0078 0.230 —0.5 3.0
SA 3.1 0.0082 0.230 —0.5 1.1
6A 3.1 0.0085 0.229 —20 33
7A 3.0 0.0085 0.229 —15 2.6
8A 3.1 0.0090 0.229 —-03 1.1
9A 3.0 0.0091 0.228 —19 3.1
20A 32 0.0082 0.228 — 1.1 14.2
21A 2.9 0.0070 0.229 —0.5 6.6
22A 3.0 0.0077 0.229 —0.5 1.1
23A 3.1 0.0079 0.229 —04 1.7
24A 3.1 0.0086 0.230 —-02 0.8
30A 2.8 0.0074 0.228 —03 9.5
31A 2.8 0.0075 0.228 —02 12.5
32A 3.0 0.0085 0.229 —04 0.6

TABLE V Results of the refinement of the parameters Raqs, Gass,
and E, of the amorphous compounds with N, g fixed at 3. The
phase and amplitude functions are those of the reference compound

Amor-  Gueg Rags AE, Fit (x 10%)
phous (+0.0005nm) (£ 0.001 nm) (£ 0.6¢eV)
com-
pounds
1A 0.0066 0.229 —0.5 23.6
2A 0.0068 0.229 — 0.6 7.5
3A 0.0075 0.229 —0.5 24
4A 0.0077 0.230 —0.5 3.2
SA 0.0080 0.230 —0.5 14
6A 0.0083 0.229 —-2.0 34
7A 0.0085 0.229 —15 2.6
8A 0.0089 0.229 —-03 1.3
9A 0.0090 0.228 —1.9 3.2
20A 0.0069 0.228 0.0 98.7
21A 0.0072 0.229 —0.5 6.7
22A 0.0076 0.229 —0.6 1.2
23A 0.0076 0.229 —04 23
24A 0.0083 0.230 —-03 1.4
30A 0.0078 0.228 —02 10.6
31A 0.0081 0.228 —-02 14.8
32A 0.0085 0.229 —0.5 0.6
0.2 4
0.1
% 09
x E
-0.15
-0.2 -
L e e L B
40 60 80 100 120
K{nm™)

Figure 5 (M) Experimental and (——) calculated EXAFS spectrum
of the amorphous compound 32A (10% Sb,S;-50% As,S;
—40% T1,S). The calculation is based on the phase and amplitude
function of the reference compound Tls As;5S;5 3.
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Figure 6 Fourier transforms of several amorphous samples of the
As,S3-TI1,S system: (——) 4A, (A) 5A, (——-) 6A, (H) 9A.
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Figure 7 Variation of the Debye—Waller c,,_g factor with com-
position in the system As,S;—TI,S.

of arsenic by antimony leading to As—S—Sb bridges.
As the Sb—S bonds are more ionic and therefore some-
what longer than the As—S bonds, one may expect, as
explained before in the As,S;—TI,S system, a slight
shortening of the As—S bonds involved in these
bridges. As can be seen from Table V, there is indeed
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Figure 8 Variation of the Debye—Waller 64,5 factor with com-
position in the system As,S;—Sb,Ss.

a tendency to shorter As—S bonds in going from
As,S3 (0.230 nm) to sample 1A (0.229 nm). These re-
sults are in agreement with the !2'Sb Mdssbauer spec-
troscopy measurements of Bychkov and Wortmann
[17]. They found an increasing Sb—S distance in the
Sb,S;—As,S; system when the antimony concentra-
tion was raised and concluded also a random substitu-
tion of arsenic by antimony. From both Bychkov and
Wortmann’s and our work it may be concluded that
As—S—Sb bridges lengthen the Sb—S bonds involved in
bridges while they have the inverse effect on As—S
bonds. This behaviour is confirmed by other tech-
niques such as XAS at the SbLy and SK-edges
[34, 35], and '2!Sb Mdssbauer, infrared and Raman
spectroscopies [36, 37].

4.3.3. The ternary system Sb,S;-As,S;—TI.S
Several samples within the ternary system Sb,S;—
As,S;-T1,S with TI,S concentrations of 20 and
40 mol % were studied. Fig.9 shows the Fourier
transforms of several samples containing 20 mol %
T1,S. Fig. 10 shows the dependence of the
Debye—Waller factor on the Sb,S; amount contained
in the host matrix for both concentrations of thallium
sulphide. As already observed in the As,S;-TI,S, the
higher amount of TL,S leads to higher Debye—Waller
factors due to the increased numbers of broken
As—S—As bridges and non-bridging As—S bonds. The
Debye—Waller factors decrease in both cases when
antimony is introduced. The increasing antimony con-
centration leads thus to a gradual formation of
As—S—Sb bridges and diminishes the number of non-
bridging As—S bonds. This should lead to a shortening
of the mean As—S distance, as explained in the preced-
ing sections. The results in Table V show that there is
effectively a tendency to shorter As—S distances when
the antimony concentration is raised. A recent EXAFS
study at the SbL;-edge [34] showed, however, that in
contrast to the binary system Sb,S;—As,S;, the anti-
mony coordination number in the ternary system can
be higher than 3. The hypothesis of a simple substitu-
tion of arsenic by antimony is therefore not valid in
the case of the ternary system.

F(R)

0 0.2 0.4 0.6 0.8 1.0
R (nm)

Figure 9 Fourier transforms of several amorphous samples of the
Sb,S3—As,S;-TL,S system with a constant T1,S concentration of

20 mol %: (——) 21A, (W) 23A, (-——) 6A.
.A“.
0.0085 4 "
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Figure 10 Variation of the Debye—Waller c,,_g factor with com-
position in the Sb,S3;-As,S;-T1,S system with T1,S concentrations
of (@) 20 and (A) 40 mol %.

5. Conclusion

The EXAFS study of amorphous samples of the zone
of glass formation of the ternary system Sb,S;—
As,S;—TI1,S shows that the environment of arsenic is,
in all cases, of the pyramidal AsS;E type with As—S
distances varying from 0.228-0.230 nm.

Thus, arsenic obeys the “8-N” rule even in these
compounds of rather complicated structure, where the
next-nearest neighbours may be sulphur, antimony or
thallium. It therefore seems to be justified to fix the
number of nearest neighbours to 3 during the fitting
routine, in order to obtain Debye—Waller factors of
higher precision. This increased precision allows us to
extract from the EXAFS data more reliable results on
the local order around the arsenic atoms.

In this way it could be shown that the introduction
of the glass-modifying thallium sulphide, T1,S, into
the As,S; host matrix breaks the As—S—As bridges
and leads to non-bridging As—S bonds. Higher Debye
—Waller factors and lower Fourier transform ampli-
tudes reflect this increased disorder. The opposite ef-
fect may be achieved by introducing the glass-forming
antimony sulphide, Sb,S;. In this case As—S-Sb
bridges are formed. The decreasing Debye—Waller fac-
tor and As—S distance with increasing antimony con-
centration confirm the model of random substitution
of arsenic by antimony in the Sb,S;—As,S; system
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rather than the model of completely separated pure
As,S; and Sb,S; phases.

The study of the ternary system shows that both
competitive effects — breaking of As—S—As bridges by
thallium and formation of As—S—Sb bridges — occur
simultaneously. As the ratio between bridging and
non-bridging bonds influences the mechanical and
thermal properties of the compounds, the variation of
the Sb,S; and T1,S concentrations offers the possibili-
ty to synthesize glasses with predetermined properties.
Our conclusions on all vitreous systems were con-
firmed by other techniques such as XAS at the SbLy;
and SK-edges [34,35], and '?!Sb Méssbauer [36],
infrared and Raman spectroscopies [37].
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