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a b s t r a c t

The structure of As3Se5Te2 infrared optical glass was investigated by X-ray and neutron diffraction as
well as extended X-ray absorption fine structure measurements at the As-, Se- and Te K-edges. The five
datasets were modelled simultaneously by the reverse Monte Carlo simulation technique. Experimental
data could be fitted satisfactorily by allowing As–Se, As–Te and Se–Te bonds only. It was revealed that
the affinity of As is much higher to Se than to Te. The nearest As–Se distance is similar to that found in
other vitreous As–Se based alloys, while the As–Te bond length is 0.02–0.04 Å shorter in As3Se5Te2 than
in binary As–Te glasses.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

As–Se–Te glasses are extensively used in optical fibres [1,2] in
he mid-infrared region (2–12 �m). The composition As3Se5Te2
roved to be especially promising due to its relatively low attenu-
tion (0.5 dB/m between 6.5 �m and 9.5 �m). Besides its excellent
ptical properties, this alloy also possesses appropriate thermal sta-
ility and chemical resistance. The above favourable combination
f properties makes it suitable for practical applications such as
nfrared sensors in chemistry [3,4], biology [5,6], medicine [7–9]
r telecommunication and space optics [10–12]. Indeed, alloying
he As–Se glasses with Te shifts the multi-phonon absorption to
onger wavelengths and simultaneously increases the glass forming
bility and resistivity against crystallization (As3Se5Te2 shows no

rystallization when heated at rates between 5 K/min and 20 K/min
13]).

Both Se and Te form binary glasses with As over a wide compo-
ition range. AsxTe100−x alloys can be vitrified for 20 ≤ x ≤ 60 [14],

∗ Corresponding author. Tel.: +36 1 392 25 89; fax: +36 1 392 25 89.
E-mail address: jovari@sunserv.kfki.hu (P. Jóvári).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.08.154
while As–Se glasses can be obtained from pure Se up to ∼55 at.% As.
In the As–Te system most physical properties (e.g. hardness, glass
transition temperature) evolve monotonously with composition
while non-monotonous composition dependence can be observed
in As–Se glasses where the above properties reach the maximum at
the stoichiometric composition (As2Se3). This discrepancy is caused
by the entirely different bonding preferences governing the two
systems. In As–Se glasses the prevailing factor is the minimization
of the number of homonuclear bonds. There is no such tendency
in the As–Te system where As–As and Te–Te bonding is significant
over the whole glass forming region [15].

In spite of their potential applications, the structure of glassy
As–Se–Te alloys has not yet received much attention. In the
present study, we report the results of a detailed investigation
on As3Se5Te2 glass by X-ray and neutron diffraction as well as
extended X-ray absorption (EXAFS) measurements at the As, Se
and Te K-absorption edges. The five datasets were modelled by the

reverse Monte Carlo simulation technique [16–18]. Resulting par-
ticle configurations were analysed in terms of nearest neighbour
distances, coordination numbers and bond angle distributions. The
results are compared with the short range order parameters of
binary As–Te and As–Se glasses.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jovari@sunserv.kfki.hu
dx.doi.org/10.1016/j.jallcom.2009.08.154
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Table 1
Cut off distances obtained by test simulation runs.

While the presence of As–Se and Te–Se bonds is rather triv-
ial, the lack of As–As bonds does not necessarily follow from the
simple chemical considerations. It was shown, for example, that
As–As bonds exist in As–Te glasses even at 20 at.% As concentration,
0 P. Jóvári et al. / Journal of Alloy

. Experimental and modelling

.1. Sample preparation

Raw materials of high purity (99.999%) were used for glass preparation, which
s described in detail elsewhere [19,20]. Selenium and arsenic were purified of
emaining oxygen and hydrogen with the volatilization technique by heating them,
espectively at 240 ◦C and 290 ◦C under vacuum for several hours. As for tellurium,
he oxide surface layer was dissolved in liquid HBr. After these treatments, the
equired amounts of Te, As and Se were sealed in a silica tube under vacuum and
he mixture was distilled and then maintained at 700 ◦C for 12 h in a rocking furnace
o ensure a good homogenization of the liquid. Then the ampoule was quenched in
ater. The glassy alloy obtained was annealed near the glass transition temperature

Tg) to remove mechanical stresses produced on cooling.

.2. Measurements

The high energy X-ray diffraction measurement was carried out at the BW5
xperimental station [21] of HASYLAB. Powdered sample was placed into a thin
alled (20 �m) quartz capillary of 2 mm diameter. The energy of the radiation was

09.5 keV (� = 0.113 Å). Raw data were corrected for background scattering, detector
eadtime and variations in detector solid angle [22].

The neutron diffraction experiment was carried out at the 7C2 liquid and amor-
hous diffractometer (LLB, Saclay). Powder sample was filled into a thin walled
anadium can (5 mm diameter, 0.1 mm wall thickness). The wavelength was 0.72 Å.
aw intensities were corrected for empty instrument background, scattering from
mpty sample holder, multiple scattering [23], absorption [24] and detector effi-
iency.

As, Se and Te K-edge extended X-ray absorption fine structure (EXAFS) data were
ecorded at the beamline X1 of HASYLAB. Finely ground powder of As30Se50Te20

as mixed with cellulose and pressed into tablets. The transmission of the tablets
as about 1/e around the absorption edges. Intensities were recorded by ionization

hambers filled with Ar/N2 mixtures.

.3. Simulation details

RMC [16–18] offers a framework for generating large scale structural models
ompatible with experimental data (diffraction and EXAFS). Available structural
nformation can also be incorporated into the models in the form of minimum
nteratomic distances (cut offs), coordination number and bond angle constraints.
he usage of constraints makes it possible to test structural hypotheses in a rather
traightforward manner. This way it was shown, for example, that the experimen-
al data on amorphous Ge2Sb2Te5 cannot be interpreted without Sb–Ge and Ge–Ge
onds [25,26]. It should be noted that there is no other simple scheme that can
irectly combine diffraction and EXAFS measurements either in real or reciprocal
pace. For details of the simultaneous fitting of diffraction and EXAFS datasets and
he use of coordination constraints, we refer to some recent papers [15,18].

In the present work, simulation boxes contained 12,000 atoms. The density of
toms in the simulation box was 0.0332 Å−3. This value was obtained by interpolat-
ng the number densities of As30Se70 and As30Te70 [14].

. Results and discussion

To check which types of bonds are present in the glassy
s3Se5Te2, several test runs were carried out with different cut off
istances. Finally, it was found that only As–Se, As–Te and Te–Se
onds are needed to get reasonable fits and reasonable coordina-
ion numbers (NAs ≈ 3, NSe ≈ 2 and NTe ≈ 2). Threefold coordination
f As and twofold coordination of Se are in agreement with NMR
ata collected from AsxSe1−x glasses [27]. Moreover, allowing other
ypes of bonds (by lowering the corresponding minimum inter-
tomic distances in the model below the covalent bond length) did
ot improve the quality of fits but often resulted in an artificial

crosstalk’ between different pair correlations. For example, when
e–Se bonding was also allowed, NSe increased to about 2.4 and NAs
ecreased to about 2.3. The reason for this is that As and Se pos-
ess rather similar X-ray and photoelectron scattering power due to
heir close electron numbers. The difference of their neutron scat-
ering lengths is also moderate (bAs = 6.58 fm, bSe = 7.97 fm [28]),

hich makes it hardly possible to distinguish between them. As a

esult, RMC produces configurations in which As and Se are mixed
n a completely random way. This information deficiency can be
vercome only by applying an additional constraint in the simula-
ion. In the present case, it was achieved by increasing the minimum
Type of pairs Te–Te Te–As Te–Se As–As As–Se Se–Se

Cut off [Å] 3.1 2.4 2.4 3.1 2.1 3.0

Se–Se distance from 2.1 Å to 3 Å. As it could be done without any
worsening of the fits, and the resulting coordination numbers agree
very well with the 8-N rule [29], it is reasonable to assume that our
model is realistic. We mention here that models compatible with
the 8-N rule could also be obtained by allowing Te–Te bonding.
However, as the number of Te–Te pairs in the test RMC simulation
runs was rather low (NTeTe ≈ 0.4) and the fits were not improved,
they have not been considered further.

Minimum interatomic distances used in the simulation allowing
only As–Se, As–Te and Te–Se bonds are listed in Table 1. Fits and
partial pair correlation functions obtained by the simulation run are
shown in Figs. 1 and 2, while the coordination numbers and bond
lengths are summarized in Table 2. The Nij coordination numbers
(the average numbers of j type atoms around an i type atom) are
defined by the following equation:

Nij = 4��cj

∫ R

0

gij(r)r2dr (1)

Here � is the number density, cj is the concentration of j type atoms,
and R is the upper limit of the coordination sphere, which is in
each case the minimum of the corresponding partial pair correla-
tion function. Ni, the average total number of neighbours of type I
atoms is given simply by the following sum:

Ni =
∑

j

Nij (2)
Fig. 1. Fit of neutron- and X-ray diffraction data obtained by simultaneous fit of the
five experimental datasets.
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ig. 2. Fit of the three EXAFS datasets obtained by simultaneous fit of the five
xperimental datasets.

here the As–As coordination number NAsAs is as high as 1.05 ± 0.2
15].

Comparison of the ratio of Se and Te concentrations
0.5/0.2 = 2.5) and the ratio of NAsSe and NAsTe (2.57/0.53 ≈ 4.8)
eveals that Te and As tend to avoid each other.

The As–Se distance obtained in the present work is 2.41 Å. This
alue agrees well with the findings of some experimental stud-
es on binary As–Se glasses (2.40–2.43 Å) [30–32]. The As–Te bond
ength is 2.55 ± 0.02 Å, which is somewhat shorter than the As–Te
istance in binary AsxTe100−x alloys (2.58–2.59 Å for x ≥ 34) [15].
n the other hand, Se–Te bond length is 2.60 Å, which is longer

han the mean Se–Te distance observed in binary Se–Te glasses
2.54–2.56 Å) [33,34].

It is to be emphasized that the average coordination numbers
f As, Se and Te were obtained without applying coordination con-
traints. Thus NAs, NSe and NTe are determined by the experimental
ata and the minimum interatomic distances. Their small deviation
rom the 8-N values (3, 2 and 2, respectively) suggests that in the
resent case the error of Ni coordination numbers is in the order of

few percent.

In general the uncertainty of Nij coordination numbers extracted
rom an atomic configuration generated by RMC can be estimated
y additional simulation runs. In these runs Ni values are fixed as
onstraints and the system is perturbed by forcing a selected k–l

able 2
oordination numbers (Ni and Nij) and nearest neighbour distances (rij , in Å) obtained by
hat each atom satisfies the 8-N rule and there are only As–Se, As–Te and Se–Te bonds. Th

NTe NAs NSe NTeAs NTeSe NAsSe

2.01 3.10 2.03 0.79 1.22 2.57
2 3 2 0.75 1.25 2.5
Fig. 3. Partial pair correlation functions obtained by the simultaneous modelling of
the five measurements (only As–Se, As–Te and Se–Te bonds were allowed).

coordination number to deviate from its initial value by ıNkl. The
response to the perturbation is usually twofold: (i) some Nij values
change to satisfy the constraint imposed on Ni coordination num-
bers; (ii) some fits start to get worse or some unphysical features
appear on one or more partial pair correlation functions. Then ıNkl
can be considered as the uncertainty of Nkl. A similar procedure was
applied in [35] to estimate the error of some coordination numbers
in Co43Fe20Ta5.5B31.5 metallic glass.

The above scheme can be used if the number of free Nij values
is greater than the number of fixed Ni coordination numbers. This
condition is satisfied for most multicomponent alloys. In our case,
however, satisfactory fits and partial pair correlation functions can
be obtained by allowing only three types of bonds (As–Se, As–Te,
Se–Te). Thus only NAsSe, NAsTe and NSeTe differ from zero. NSeAs, NTeAs
and NTeSe can be obtained from these by the following relation:

Nji = cj

ci
Nij (3)

If we assume that NAs = 3, NSe = 2 and NTe = 2 then NAsSe, NAsTe and
NSeTe are already uniquely determined and can be obtained from
NAs, NSe and NTe by simple linear algebraic manipulations. These
values are compared with the results of our unconstrained simula-
tion run in Table 2. The excellent overall agreement suggests that
our basic assumptions – (i) the 8-N rule is obeyed; (ii) there are
only As–Se, As–Te and Se–Te bonds in the alloy – are satisfied by
the majority of atoms. In principle, there is no reason to believe that

in the present case the uncertainty of Nij values is much higher than
that of Ni coordination numbers. Therefore, the double of the max-
imum deviation from the 8-N rule (2 × 0.1 = 0.2) can be regarded as
a conservative estimate of the uncertainty of Nij values.

unconstrained RMC simulation. Values in bold have been determined by assuming
e uncertainty of rij values is about ±0.02 Å.

NAsTe NSeTe NSeAs rTeAs rTeSe rAsSe

0.53 0.49 1.54 2.56 2.60 2.41
0.5 0.5 1.5 – – –
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ig. 4. A schematic network structure accounting for all bonding preferences in
lassy Te2As3Se5.

The absence of Te–Te bonds means that on a microscopic scale
e atoms are distributed homogeneously over the network. Both
s–As and Se–Se partial pair distribution functions have the first
eak around 3.7 Å corresponding to the second neighbour As–As
nd Se–Se distances. The mean Se–As–Se angle is equal to 101◦. The
econd neighbour distance is shifted to about 4 Å when tellurium
toms are embedded in the network (Fig. 3). This distance is also in
greement with Te–As–Te angle equal to about 100◦.

A schematic model accounting for all the above findings is
hown in Fig. 4. The lone pairs (two for Se/Te, one for As) are
ot represented. This network scheme possesses the proper stoi-
hiometry and can be viewed as such sequences connected to each
ther. The basic units are As(Se, Te)3 pyramids connected directly
r via chalcogene atoms. Note that in the first situation the bridg-
ng chalcogene is rather Se than Te considering the higher affinity of
s to Se. This structural model explains the higher glass transition

emperature compared to the glasses strictly based on Se and Te.
oreover, this sketch shows that Te atoms have to be well diluted
nto the network to agree the above structural findings. These
esults are in fair agreement with NMR studies of Se–Te glasses,
hich have shown that Se and Te atoms are almost perfectly ran-
omly distributed [36]. It is also very coherent with the physical

[
[
[
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properties of that technical glass. First, its optical transmission is
larger in the mid-infrared than for equivalent As–Se glasses due to
the larger mass of tellurium atoms spreading homogeneously over
the network. Second, As3Se5Te2 present no crystallisation peaks.
Indeed, it is well known that in glasses containing tellurium, micro-
crystals originate from short sequences of Te atoms which play the
role of nucleating agent [2].

4. Conclusions

The structure of glassy As3Se5Te2 was investigated by fitting
simultaneously five experimental datasets by the reverse Monte
Carlo simulation technique. Good fits could be obtained by allow-
ing As–Se, As–Te and Se–Te bonds only. It was found that all
atoms satisfy the 8-N rule (NAs = 3, NSe = NTe = 2 within experimen-
tal uncertainties). It was also revealed that the affinity of As is much
higher to Se than to Te. Chalcogenide atoms bond preferentially to
As, and Se–Te bonds are formed only after saturating all valences of
As. The nearest As–Se distance is similar to that found in other vit-
reous As–Se based alloys, while the Te–As bond length in As3Se5Te2
glass is 0.02–0.04 Å shorter than in binary As–Te glasses. Finally, the
simulation leads to a glass network built up of As(Se, Te)3 pyramids
in which Te atoms homogeneously substitute Se in good agreement
with the thermal and optical properties of this technical glass for
infrared application.
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