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a b s t r a c t

The structure of Ge20SexTe80−x (x = 5, 10, 15, 20) glasses has been investigated by X-ray and neutron
diffraction as well as Ge and Se K-edge extended X-ray absorption fine structure (EXAFS) measurements.
Experimental datasets have been fitted simultaneously by the reverse Monte Carlo simulation technique.
It has been found that all components obey the 8-N rule. Se binds preferentially to Ge. At x = 20, exper-
imental data can be fitted without Se–Te bonding, but Se–Se bonds appear, and the Te–Te coordination
eywords:
morphous materials
tomic scale structure
eutron diffraction
-ray diffraction
XAFS

number starts to increase. These observations show that though Se and Te are completely miscible in the
liquid and in the solid phases the presence of Ge induces nanoscale phase separation.

© 2011 Elsevier B.V. All rights reserved.
R optics

. Introduction

Though selenium and tellurium are in the same group of the
eriodic table, their ability to form glasses is completely different.
elenide glasses are very common and stable against crystallisa-
ion, presenting large glass-forming domains, whereas tellurium
lloys often need a very fast quenching such as splash cooling in
rder to be amorphous [1,2]. Tellurium alloys, especially those of
he ternary system Ge–Sb–Te exhibit pronounced changes of opti-
al and electrical properties occurring on reversible crystallization
f amorphous thin layers. These glasses, particularly the Ge2Sb2Te5
omposition, deposited as active layers, are widely applied in the
igital Versatile Disk (DVD) technology [3,4]. Due to the essen-

ial technological interest, the structure and physical properties
f these glasses have also been intensively investigated during
he past decade [5–7]. According to a recent investigation Te-rich
e–Ge–Cu alloys are good candidates for obtaining high perfor-

ance thermoelectric materials [8].
The transparency of the chalcogen based glasses is governed by

ultiphonon absorption involving several phonons which interact
t once to produce vibrational modes absorbing in the far-infrared
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spectral domain. The position of the IR cut-off is determined by the
atomic weight of the chalcogen and the bond strength of the glass
network. Due to the tellurium weight, glasses exclusively based on
this heavy element are very exciting materials for far infrared appli-
cations. Driven by the Darwin mission [9] of the European Space
Agency (ESA) as well as a mid-infrared sensing technology [10–13],
an active research is currently conducted on new compositions that
could be drawn into optical fiber. Within this framework, it has been
recently demonstrated that telluride glasses with high stability and
favourable optical properties could be fabricated either by alloy-
ing with Ge and Sb [14], Ge and Ga [15], Ge and I [16] or Ge and
As [17,18]. The Ge–Se–Te alloys have also been studied for their
optical properties [19]. Since the substitution of tellurium with
selenium results in the deterioration of optical properties (mul-
tiphonon absorption) only low Se-content glasses can be applied
in IR optics. The impact of a small addition of Se to binary Ge–Te
glasses has been recently investigated [20].

Though the Ge20Te80 binary compound is a poor glass former
that can be vitrified only by very fast cooling, Te-rich ternary
Ge20SexTe80−x alloys possess much better glass forming ability and

a broad supercooled liquid region (112 K for x = 5) [20]. Alloys with
40 < x < 60 demix in the liquid state and it is not possible to obtain
homogeneous glasses by classical melt quenching. Glass forming
ability becomes excellent on the Se-rich side of the tie line. Due to
the complexity of this system, little is known about the structural

dx.doi.org/10.1016/j.jallcom.2011.02.032
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jovari@mail.kfki.hu
dx.doi.org/10.1016/j.jallcom.2011.02.032


L. Rátkai et al. / Journal of Alloys and Co

Table 1
Density of Ge20SexTe80−x glasses.

Ge20Se5Te75 Ge20Se10Te70 Ge20Se15Te65 Ge20Se20Te60

Density 5.48 5.41 5.35 5.28
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ackground of glass formation and demixing. The aim of the present
tudy is to determine short range order parameters (coordination
umbers, bond lengths) and find relation between changes in glass

orming ability and short range order in Te-rich Ge20SexTe80−x
lloys. For this purpose we carried out X-ray diffraction, neutron
iffraction and Ge and Se K-edge EXAFS measurements. Experi-
ental datasets have been fitted simultaneously by the reverse
onte Carlo simulation technique [21] and partial pair correlation

unctions, coordination numbers and nearest neighbour distances
ave been obtained from the resulting atomic configurations.

. Experimental

.1. Sample preparation

Ge20SexTe80−x glasses (with x = 5, 10, 15 and 20) were prepared by putting the
igh purity chemical reagents Te (5N), Se (5N) and Ge (5N) in the appropriate stoi-
hiometry into a silica tube, which was then sealed under vacuum. For this structural
tudy, the chemical reagents were not further purified before being introduced into
he silica set-up. The ampoules with alloys were placed into a rocking furnace at
50 ◦C for typically 10 h. Then, the batch is homogenized at about 450 ◦C during 4 h
efore quenching in water, annealed at 150 ◦C (3 h) and, finally, cooled down slowly
o the room temperature. The amorphous character of the glasses was checked by X-
ay diffraction using a Philips PW3710 diffractometer operating with Cu K� radiation
� = 1.5418 Å).
.2. Measurements

Density of the alloys was determined by the Archimedian technique, by measur-
ng the weight of sample pieces in air and water. The estimated error of the density
alues (Table 1) is around ± 0.01 g/cm3.

Fig. 1. X-ray- and neutron diffraction structure factors as well as Ge
mpounds 509 (2011) 5190–5194 5191

Neutron diffraction experiments were carried out at the 7C2 diffractometer
(Laboratoire Léon Brillouin, CEA-Saclay). Samples were filled into vanadium contain-
ers (diameter 6 mm, wall thickness 0.1 mm). The wavelength of incident neutrons
� was 0.721 Å. Raw data were corrected for detector efficiency, background and
incoherent scattering.

High-energy X-ray diffraction (XRD) measurements were performed at the BW5
experimental station [22] of the DORIS III positron storage ring (HASYLAB, Ham-
burg,). The energy of incident photons was 100 keV (� = 0.124 Å). Powder samples
were placed into thin walled (20 �m) quartz capillaries with outer diameter of
2 mm. The cross section of the incident beam was 1 mm × 1 mm. Scattered intensi-
ties were measured by a MAR345 imaging plate detector (2300 × 2300 pixels, with
pixel size of 150 �m × 150 �m). Twenty measurements were carried out on each
sample. Samples were illuminated for 20 s in each measurement. Comparison of
scattered intensities did not reveal any radiation induced structural change. The
sample-detector distance was 45 cm permitting a range of the diffraction vector
Q = 4�sin(�)/� (� is half the scattering angle) up to ∼18 Å−1. The sample-to-detector
distance and tilt of the imaging plate relative to the beam path were determined by
measuring LaB6 standard. Raw 2D intensity was corrected for background, and the
result was integrated to Q-space using the software package FIT2D [23]. The Q-space
intensity data were corrected for polarization, sample absorption, fluorescence, and
Compton scattering using standard procedures described in [24]. X-ray and neutron
diffraction structure factors are shown in Fig. 1.

Ge and Se K-edge EXAFS experiments were carried out at the beamline X of
HASYLAB. Spectra were measured in transmission mode using fixed exit double-
crystals Si(1 1 1) and Si(3 1 1). The intensities before and after the sample as well
as after the reference samples were recorded by three ionization chambers filled
with a mixture of Ar/Kr (∼10% absorption), Ar (∼50% absorption) and Kr (∼100%
absorption), respectively. The X-ray absorption cross sections �(E) were converted
to �(k) by using the program VIPER [25]. Ge and Se K-edge �(k) curves are shown
in Fig. 1.

3. Reverse Monte Carlo simulation

Calculations were carried out with the new rmc++ code [26].
Simulation boxes usually contained 20,000 atoms. Minimum inter-
atomic distances (cut-offs) for Ge–Ge, Ge–Se, Ge–Te, Se–Se, Se–Te

and Te–Te pairs were usually 3.2 Å, 2.1 Å, 2.4 Å, 3.1 Å, 2.3 Å and 2.5 Å,
respectively, excluding both Ge–Ge (dGe–Ge≈2.45 Å) and Se–Se
(dSe–Se≈2.30 Å) bonds for 5 ≤ x ≤ 15. In case of Ge20Se20Te60, Se–Se
bonding had to be allowed to get a good fit of experimental datasets.
On the other hand, for Ge20Se5Te75 and Ge20Se20Te60 the introduc-

and Se K-edge EXAFS k3�(k) curves of Ge20SexTe80−x glasses.
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Fig. 2. Experimental data (dotted line), model curves (solid line) and their difference (green curves) obtained by the simultaneous fitting of X-ray- and neutron diffraction
structure factors and Ge and Se K-edge EXAFS k3�(k) curves of Ge20Se15Te65.

Table 2
Coordination numbers Nij in Ge20SexTe80−x glasses. Total coordination numbers of Ge and Se were constrained (see text for details).

NGeSe NGeTe NSeGe NSeSe NSeTe NTeGe NTeSe NTeTe NGe NSe NTe
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to 2.3 Å. Fit quality did not improve, the resulting coordination
number (0.29) was just around the detection limit and the Se–Te
bond length was around 2.70 Å. This value is much longer than
the Se–Te distance (∼2.60 Å) found either in other Ge20SexTe80−x

Table 3
Nearest neighbour distances rij (in Å) and in Ge20SexTe80−x glasses. The uncertainty
of rij values is around 0.02 Å.
Ge20Se5Te75 0.50 3.55 2.00 0.00 0.
Ge20Se10Te70 0.68 3.30 1.35 0.00 0.
Ge20Se15Te65 1.10 2.89 1.46 0.00 0.
Ge20Se20Te60 1.55 2.33 1.55 0.50 0.

ion of Se–Te bonding did not improve the quality of the fits, and
he corresponding cut-off could be raised to 3.1 Å. Besides cut-offs,
oordination number constraints were also applied (see the next
ection). EXAFS spectra were fitted simultaneously with diffrac-
ion datasets. Backscattering factors needed to calculate model �(k)
urves from the partial pair correlation functions were calculated
y the feff8.4 code [27]. For details of simultaneous fitting of EXAFS
nd diffraction measurements we refer to a recent paper [26]. Fig. 2
hows the typical quality of fits obtained by modelling simultane-
usly four experimental datasets.

. Results and discussion

The structure of glassy Ge15Te85 was investigated recently by
iffraction techniques and EXAFS [28]. Experimental data were fit-
ed by reverse Monte Carlo simulation without using coordination
onstraints. It was found that the average coordination number of
e is very close to 4 and the Ge–Ge coordination number is below

he detection limit (∼0.3). Thus it was concluded that the covalent
etwork is built up of GeTe4 tetrahedra linked to each other directly
r via a bridging Te atom. On the basis of this previous work, it is
easonable to assume that Ge is fourfold coordinated in Ge20Te80
nd Ge20SexTe80−x alloys as well. For this reason each Ge atom was

orced to have 4 neighbours (Se or Te) in the models. Se atoms had
o have 2 neighbours (Ge or Te for x = 10, 15, Ge for x = 5 and Ge or
e for x = 20). On the other hand, no such coordination constraint
as applied to Te atoms. The reason for this extra freedom is that in

ome glasses the coordination number of Te does not obey the 8-N
0.95 0.00 1.18 4.05 2.00 2.13
0.94 0.09 1.05 3.98 2.00 2.08
0.89 0.12 1.02 3.99 1.99 2.03
0.78 0.00 1.24 3.88 2.05 2.02

rule [29]. For example in Ga11Ge11Te78 the average coordination
number of Te was 2.39 ± 0.2 [28]

Partial pair correlation functions are shown in Fig. 3 while coor-
dination numbers and nearest neighbour distances are given in
Table 2 and Table 3. It can be observed that NTe, the coordina-
tion number of Te is close to 2 over the whole concentration range
investigated. As NTe was not constrained, the above result strongly
suggests that the 8-N rule is valid for Te in Ge20SexTe80−x glasses as
well. The average number of Ge atoms around a Te atom, NTeGe, is
close to 1 for x = 5 (0.95 ± 0.15) meaning that the structure is mainly
built up of GeTe4 tetrahedra connected by Te–Te dimers. On the
other hand, NSeGe = 2.0 shows that selenium atoms directly bridge
tetrahedra centred on Ge. We note here that Se–Te bonding in
Ge20Se5Te75 was tested by decreasing the minimum Se–Te distance
rGeSe rGeTe rSeSe rSeTe rTeTe

Ge20Se5Te75 2.36 2.60 − − 2.74
Ge20Se10Te70 2.35 2.60 − 2.60 2.73
Ge20Se15Te65 2.37 2.59 − 2.60 2.71
Ge20Se20Te60 2.38 2.62 2.30 − 2.71
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Fig. 3. Partial pair correlation functions of Ge20SexTe80−x glasses obta

lasses or in vitreous As3Se5Te2 [30]. Therefore, we believe that at
ow concentrations Se binds predominantly to Ge. NTeGe decreases
o 0.89 ± 0.15 for x = 15 to the benefit of NTeSe which increases to
.12 in agreement with substitution of Se to Te in the dimers. Up
o x = 15, Ge is replaced by Se around Te atoms. As a result, the
um of NTeGe and NTeSe is equal to 1 (within the uncertainty of
odelling). At x = 20, NTeSe (and NSeTe) drops to zero and NTeTe

ncreases to 1.24 ± 0.15. ‘Zero’ means here that the Se–Te cut-off
an be increased to 3.1 without changing fit quality. Another impor-
ant feature is the appearance of Se–Se bonds (NSeSe = 0.50 ± 0.3). It
s noteworthy that without Se–Se bonding the R-factor of the fit of
e K-edge EXAFS data was 290% higher. The R-factor in the rmc++
rogramme is defined by the following equation:

√∑
(�calc − �exp)2
= √∑
�2

exp

(1)

here �calc and �exp are the calculated and experimental EXAFS
urves and summations run over all experimental points.
y reverse Monte Carlo simulation of diffraction and EXAFS datasets.

Since Te–Se coordination numbers are rather low, dedicated test
runs were carried out to judge their significance in Ge20Se10Te70
and Ge20Se15Te65. In these runs, the average Te–Se coordination
number was changed (by steps of ±0.3) using appropriate con-
straints and the resulting R-factors were compared. It was found
that Te–Se bonding is necessary to get reasonable fit of Se K-edge
EXAFS data in the case of Ge20Se10Te70. For this alloy, the R-factor
of Se EXAFS fit increased with 70% upon eliminating Te–Se bond-
ing. For Ge20Se15Te65 the corresponding change was much smaller
(∼12%) which strongly questions Te–Se bonding in this composi-
tion. Nevertheless, the mean Se–Te distance rSeTe is 2.60 Å, which
is equal to the Se–Te distance found in Ge20Se10Te70 and in glassy
As3Se5Te2 [30]. For this reason, we believe that Se–Te bonding does
not vanish in Ge20Se15Te65.

Our results clearly indicate that at around x = 20 the number of

Se–Se and Te–Te bonds start to increase which may be regarded
as the first step towards demixing. Se and Te are completely mis-
cible in each other in the liquid as well as in the solid state where
they form an isomorphous system [31]. Therefore demixing should
be caused by the difference of Ge–Se and Ge–Te interactions. At
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= 5, NGeSe is 0.50 ± 0.2 and NGeTe is 3.55 ± 0.2. Both NGeSe and
GeTe change monotonically with Se concentration. At x = 20 NGeSe

s as high as 1.55 ± 0.2, while NGeTe is equal to 2.33 ± 0.2. If Se
nd Te could replace each other in a completely random way in
e20SexTe80−x glasses then NGeSe (NGeTe) should be proportional to

he concentration of Se (Te) atoms and NGeTe/NGeSe should be equal
o cTe/cSe. In the case of Ge20Se20Te60, NGeTe/NGeSe is ∼1.5 ± 0.4
hile cTe/cSe is 3 which indicates that Ge strongly prefer Se to Te.

his result has to be correlated with the infrared transmission of
hese glasses. It extends up to 20 �m for pure tellurium GeTe4 com-
osition and is reduced to about 18 �m for Ge20SexTe80−x because
f the Ge–Se bonds which give rise to a multi-phonon vibrational
bsorption band located at 19 �m.

Ge–Te nearest neighbour distances (2.59–2.62 Å, Table 3) agree
ell with the values found in Ge2Sb2Te5 [32], Ge15Te85 and
e20I7Te73 [28]. The Ge–Se bond length is 2.35–2.38 Å, while the
e–Se distance in glassy GeSe2 and glassy GeSe4 was found to be
.37 Å in recent works [33,34]. Plausible values of the bond lengths
ogether with the good quality of the fit (Fig. 2) show that our mod-
ls are realistic and the partial pair correlation functions can be
eliably separated by fitting four datasets simultaneously and using
easonable coordination constraints.

. Conclusions

The structure of Ge20SexTe80−x (x = 5, 10, 15, 20) alloys has been
nvestigated by X-ray and neutron diffraction as well as extended
-ray fine structure (EXAFS) measurements. Experimental datasets
ave been fitted simultaneously by the reverse Monte Carlo simu-

ation technique. The first noteworthy result is that in alloys with
ower Se concentration the structure can be described as essen-
ially built up of GeTe4 tetrahedra connected to each other by Te–Te
imers. Se preferentially binds to Ge for all compositions investi-
ated. For x ≤ 15, the fits of experimental data are not improved by
llowing Se-Se bonds. On the other hand, at x = 20 Se–Se bonds had
o be considered to give a good account for the experiments. Simul-
aneously, experimental data can be fitted without Se–Te bonding
nd the Te–Te coordination starts to increase. These observations
ay be regarded as the first step towards demixing and show that

e and Te try to avoid each other in the presence of Ge which leads
o a nanoscale phase separation.
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