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New quaternary chalcogenide GexSb40�xS50Te10 (x = 10, 20 and 27 at.%) and GexSb40�xS55Te5 (x = 20 and
27 at.%) glasses have been synthesized and the compositions have been characterized applying prompt
gamma-ray activation analyses, neutron diffraction, and material density measurements. Using the
experimental data, the basic physical parameters, such as average atomic volume, packing density, com-
pactness, average coordination number, number of constrains, average heat of atomization and cohesive
energy, of the synthesized glasses are evaluated and the results are discussed in a function of glass
composition.
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1. Introduction

Chalcogenide glasses have unique properties for potential appli-
cation in the field of infrared optics, fiber optics, memory devices,
inorganics photoresists, and antireflection coatings [1–6]. These
glasses are low phonon energy materials, and are transparent for
light in the visible and mid-infrared region. The position of the
infrared multi-phonon absorption edge follows the Szigeti rela-
tionship [7], thus glasses with heavier atoms and weaker atomic
bonding transmit light to longer wavelengths. For example, in
the short optical pathlengths of micron-scale the sulphide based
glasses, such as As2S3, have a transparent window from the mid-
visible (�500 nm) to �8 lm. Also, selenide glasses, such as Ge–
As–Se based compositions, have transparent windows from �0.7
to �14 lm, while quaternary Ge–As–Se–Te compositions have also
a wide range of transparency from �2 lm up to �20 lm. They
show continuous change of physical properties with the chemical
composition.

It is well known that Te atom is much heavier than S atom and
the introduction of small amount of Te into the glass leads to sta-
bilization of the glass structure and to a reduction of the phonon
energies [8]. Due to the transparency in the infrared spectral region
ll rights reserved.
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and the high refractive index and photosensitivity, telluride glasses
from quaternary systems are potential candidates for integrated
optics. In recent years the number of papers dealing with such tel-
luride glasses has increased [9–16], which reflects the growing
interest in these materials. Still, there is no comprehensive study
of the influence of Te substitution for S on the structure and prop-
erties of the glasses belonging to the quaternary Ge–Sb–S–Te
system.

Another aspect in the studies of Ge–Sb–S–Te alloys is the prox-
imity of Sb and Te in the periodic table, which is the reason for Te
and Sb to resemble each other. One has to be very careful in mod-
elling because the small difference between Sb and Te sometimes
cannot be distinguished. This problem represents still another rea-
son to perform a systematic study across a family of alloys and to
avoid basing conclusions on distinguishing between these atoms.
Moreover, Te based glasses could be very interesting for the pro-
duction of optics devices for the far infrared, thanks to their low
phonon character due to the high atomic weight of Te.

In this paper we present results on the evaluation of some phys-
ical properties of a new quaternary telluride system, synthesized
by us, based on Ge–S glasses with addition of Sb and partial substi-
tution of Te for S. The basic parameters, namely material density,
packing density, average atomic volume, compactness, coordina-
tion number, number of constrains, cohesive energy, and heat of
atomization in dependence on glass composition, are considered.

http://dx.doi.org/10.1016/j.jnoncrysol.2009.08.028
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Calculations of these parameters are made on the basis of the den-
sity and composition measurements on these glasses. Knowing the
values of the glass density, average atomic volume, and coordina-
tion number one can predict the glass transition temperature and
the optical band gap of the glasses applying the Tichy–Ticha ap-
proach [17,18]. The average heat of atomization is related to the
photon energy [19], at which the optical absorption coefficient of
the material is 104 cm�1 and, therefore, it correlates with the opti-
cal bandgap energy of the material.
2. Experimental

2.1. Glass synthesis and density measurement

The bulk glasses with composition of GexSb40�xS50Te10 (x = 10,
20 and 27 at.%) and GexSb40�xS55Te5 (x = 20 and 27 at.%) were syn-
thesized from 5 N purity elements by the conventional melt-
quenching method. The synthesis was performed in a rotary fur-
nace, as the glass components of a proper composition were placed
in quartz ampoules, which was evacuated (10�3 Pa). The ampoules
were heated up to 950 �C with a rate of 2.5 �C/min and were kept at
this temperature for 24 h, rotating the furnace for homogeneous
melting. Ending the process, the ampoules were pulled out and
sharply dropped to room temperature, quenching in air. Finally,
the bulk glasses were taken from the ampoules.

The density of the synthesized materials, q, was measured by
applying Archimedes method using the hydrostatic weighing in
toluene. For each composition the measurement was repeated four
times and the obtained q values were averaged. The q values are
determined with an accuracy of ±0.01 g/cm3 from the relation,

q ¼ qtolWair=ðWair �W tolÞ; ð1Þ

where Wair and Wtol are the weight of the sample in air and in tol-
uene, respectively. The averaged density for each composition is gi-
ven in Table 1. The material density decreases with increasing the
Ge content or with decreasing the Te content.
2.2. Measurements of composition and structure of the synthesized
glasses

Information about the composition of the glasses and their
structure was obtained from the prompt gamma-ray activation
analyses (PGAA) and the neutron diffraction (ND) measurements
at the 10 MW Budapest Research Reactor. The ND measurements
were performed on a ‘PSD’ neutron diffractometer with a mono-
chromatic wavelength of k0 = 1.068 Å [20]. The diffraction spec-
trum of the powdered material was measured in a momentum
transfer range of Q = 0.45–9.8 Å�1. Each powdered glass with a
weight of about 2–3 g was put in a cylindrical vanadium sample
holder of 8 mm diameter, 50 mm height and 0.07 mm wall thick-
ness. The correction and normalization procedures utilized to ob-
tain the total structure factor S(Q) from the measured pattern are
described in our previous work [21].
Table 1
Composition of Ge–Sb–S–Te glasses for synthesis, composition of the synthesized Ge–Sb–

Composition of Ge–Sb–S–Te glasses for synthesis (at.%) Measured q (g/cm3)

Ge Sb S Te

10 30 50 10 4.29 ± 0.01
20 20 50 10 3.95 ± 0.01
27 13 50 10 3.74 ± 0.01
20 20 55 5 3.76 ± 0.01
27 13 55 5 3.54 ± 0.01
By analysing the PGAA data, the Ge, Sb, Te, and S components of
the glasses were determined with relative uncertainties being
within 2–3%. The obtained results are summarized in Table 1. As
is seen, the glass compositions are well-correlated with those pre-
liminary calculated for the glass synthesis.

From the neutron diffraction measurements of the Ge–Sb–S–Te
specimens the experimental spectra of the total structure factor
S(Q) were derived. The results are presented in Fig. 1. The peaks
are broad and with a wavy character being typical for an amor-
phous material. In each curve the peaks are situated around 1.1,
2.1, 3.6, 5.6, 7.4 and 9.0 Å�1 along the Q axis. With increasing the
Ge content, the intensity of the first peak increases, whereas the
second peak broadens and its intensity decreases.

Further, we applied direct Fourier transformation (FT) for the
S(Q) data analysis to calculate the reduced distribution function,
G(r), as:

GðrÞ ¼ 2
p

Z Qmax

o
Q ½SðQÞ � 1� sin Qr dQ : ð2Þ

Fig. 2 shows the G(r) functions calculated from the S(Q) data using
Eq. (2). Due to the relatively low value of Qmax = 9.8 Å�1 in the pres-
ent experiment, the r-space resolution is rather low,
Dr ¼ 2p

Qmax
� 0:6 Å, therefore the partial atomic pair distances are

not resolved, as they overlap in the detected broad peaks. The main
peaks appear around 2.3, 3.6, 4.4 and 5.4 Å and they correspond to
the 1st, 2nd and 3rd coordination spheres, as it is indicated by ar-
rows in Fig. 2.

The total atomic pair correlation function, g(r), which character-
izes the one-dimensional average atomic pair correlation, was cal-
culated from the simulation of the experimental S(Q) data by
applying the Monte-Carlo method with MCGR program [22]. The
MCGR method is a one-dimensional version of the reverse
Monte-Carlo (RMC) modelling [23]. The relation between G(r)
and g(r) functions are expressed as:

GðrÞ ¼ 4pqr½gðrÞ � 1�; ð3Þ

where q is the measured glass density presented in Table 1. The
simulation procedure allows for atomic movements in order to
minimize the difference between model and experimental S(Q) val-
ues. The starting model for atomic configuration in the MCGR sim-
ulation was built up with a box containing 10 000 atoms and with a
half-box length of 35.5 Å, the atoms having a completely random
distribution. We used a cut-off constraint of 1.1 Å for each atomic
pair and no further constraints were considered. From Fig. 1 it is
well seen that the MCGR simulation curves (solid line) describe well
the experimental data (empty circles).

Fig. 3 shows the gMCGR(r) functions for three Ge–Sb–S–Te
glass compositions. The coordination spheres are indicated by
arrows using a similar system of notation as introduced in
Fig. 2. In the 1st coordination sphere two distinct peaks appear
at �2.3 and �2.8 Å, which can be related to the Ge–S and Sb–
Te first neighbour distances, respectively [24–26]. The Ge–Ge
first neighbour distance is expected around 2.4 Å [25,26] but it
S–Te glasses and their density, (q).

Composition of synthesized Ge–Sb–S–Te glasses, measured by PGAA (at.%)

Ge Sb S Te

9.4 ± 0.3 29.7 ± 0.6 50.2 ± 0.8 10.7 ± 0.2
19.4 ± 0.5 19.5 ± 0.5 50.6 ± 0.8 10.4 ± 0.2
25.4 ± 0.7 13.3 ± 0.4 51.1 ± 0.8 10.2 ± 0.2
19.2 ± 0.5 19.3 ± 0.5 56.1 ± 0.8 5.4 ± 0.1
25.2 ± 0.7 13.1 ± 0.4 56.4 ± 0.8 5.3 ± 0.1
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Fig. 1. Compositional dependence of the neutron diffraction structural factor S(Q):
measured data (circles) and data calculated by the MCGR simulation method (solid
line) for the studied Ge–Sb–S–Te glasses. The curves are shifted vertically for clarity.
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Fig. 2. Reduced distribution function G(r), calculated by Fourier transformation
from the S(Q) data in Fig. 1, for the amorphous Ge–Sb–S–Te system. The curves are
shifted vertically for clarity.
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Fig. 3. Atomic pair correlation function gMCGR(r), calculated by MCGR simulation of
the S(Q) data in Fig. 1, for the amorphous Ge–Sb–S–Te system. The curves are
shifted vertically for clarity.

Table 2
Literature data of the constituent elements in the synthesized glasses.

Property Ge Sb S Te

Density (g/cm3) [27] 5.323 6.697 2.07 6.24
Coordination number [28,29] 4 3 2 2 or 3
Bond energy (kcal/mole) [30] 37.6 30.2 50.9 33.0
Atomic mass (g atom) [27] 72.64 121.76 32.06 127.60
Atomic radius (Å) [27] 1.25 1.45 1.00 1.40
Heat of atomization (kcal/g atom) [31,32] 77.71 62.63 66.10 46
Electronegativity [27] 2.01 2.05 2.58 2.1

Table 3
Elemental composition, molecular weight (M), packing density, average atomic
volume (Va), and compactness (d) of the synthesized chalcogenide glasses.

Composition,
measured by PGAA

M
(g mole)

Packing density
(�1022 atom/cm3)

Va

(cm3/
mole)

d

Ge9.4Sb29.7S50.2Te10.7 72.74 3.55 16.96 �0.01841
Ge19.4Sb19.5S50.6Te10.4 67.33 3.53 17.04 �0.04448
Ge25.4Sb13.3S51.1Te10.2 64.04 3.52 17.13 �0.07263
Ge19.2Sb19.3S56.1Te5.4 62.32 3.63 16.58 �0.03950
Ge25.2Sb13.1S56.4Te5.3 59.10 3.61 16.70 �0.06356

V. Pamukchieva et al. / Journal of Non-Crystalline Solids 355 (2009) 2485–2490 2487
is not resolved in the spectra. The subsequent atomic neighbour
distances are in good agreement with those indicated in Fig. 2.
3. Calculation of some physical parameters of the synthesized
glasses

On the basis of the results obtained from the density and com-
position measurements, for each glass composition we evaluated
the molecular weight (M), packing density, coordination number
(Z), number of constraints (Ns), average atomic volume (Va), com-
pactness (d), average heat of atomization (Hs), and cohesive energy
(CE) values. We calculated these physical parameters using litera-
ture data [27–32] for each constituent element, summarized in Ta-
ble 2. The calculation results are presented in Tables 3–5.

Using the ratio N�q/M, where N is the Avogadro’s number and M
is the molecular weight, the packing density of the glasses is calcu-
lated, the values of which are given in Table 3. As is seen, the pack-
ing density decreases with increasing the amount of Ge atoms at
constant amount of Te atoms.

The average atomic volume (Va) was determined from the den-
sity data by the equation,

Va ¼
1
q
X

i

xiAi; ð4Þ

where Ai is the atomic weight of the ith component and xi is the
atomic percentage of the same element. The compactness (d) of
the glassy structure was calculated according to the formula [33]:

d ¼
P

iðxiAiÞ=qi �
P

iðxiAiÞ=qP
iðxiAiÞ=q

; ð5Þ

where xi, Ai, and qi are the atomic fraction, atomic weight and the
atomic density of the ith element of the glass and q is the measured
density of the glass. The Va and d are given also in Table 3.

The average coordination number Z is defined by the expression
[34]:

Z ¼ 4XGe þ 3XSb þ 2XS þ 2XTe; ð6Þ

where X is the molar fraction of the constituent elements. The coor-
dination number Z characterizes the electronic properties of semi-
conducting materials, and shows the bonding character in the
nearest-neighbour region [35]. Determination of Z allows the esti-
mation of the number of constraints Ns, which represents a sum
of the radial and angular valence force constraints [36] and for a
material with a given coordination number Z it can be calculated
by Eq. (7).



Table 4
Coordination number (Z), number of constraints (Ns), cohesive energy (CE), and heat of atomization (Hs) of the synthesized glasses, calculated taking into consideration the two-
fold and the possible three-fold coordination of Te atoms.

Glass composition 2-Fold coordinated Te atoms 3-Fold coordinated Te atoms Hs (kcal/g)

Z Ns CE (eV/atom) Z Ns CE (eV/atom)

Ge9.4Sb29.7S50.2Te10.7 2.48 3.20 1.944 2.59 3.48 1.891 64.01
Ge19.4Sb19.5S50.6Te10.4 2.58 3.45 2.028 2.68 3.70 2.013 65.52
Ge25.4Sb13.3S51.1Te10.2 2.63 3.58 2.228 2.74 3.85 2.228 66.54
Ge19.2Sb19.3S56.1Te5.4 2.58 3.45 2.148 2.63 3.58 2.117 66.57
Ge25.2Sb13.1S56.4Te5..3 2.64 3.60 2.207 2.69 3.72 2.204 67.50

Table 5
Bond energy, EA–B, and covalent character, Cc, of the possible heteropolar chemical
bonds.

Type of chemical bonds EA–B (kcal/mole) Cc (%)

Ge–S 53.50 92.20
Te–S 47.90 94.40
Sb–S 47.63 93.22
Ge–Te 35.47 99.80
Ge–Sb 33.75 99.96
Sb–Te 31.64 99.94
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Ns ¼ ð5=2ÞZ � 3 ð7Þ

Although, in Eqs. (6 and 7) the coordination number of Te is
given to be equal to 2, in the literature it has been reported [25]
that three-fold coordinated Te atoms are also possible. Despite
the fact that the percent of three-fold coordinated Te is supposed
to be small (�17%) in the reported ternary Ge–Sb–Te alloys [25],
we considered both possible coordination number of Te atoms,
i.e. 2 and 3, in the calculations of Z and Ns values for our quater-
nary Ge–Sb-(S,Te) system. As it is seen from Table 4, the calcu-
lated values are close but in the case of two-fold coordinated Te
atoms, the Z and Ns values remain constant with increasing the
Te content, while for the three-fold coordination of Te the Z and
Ns values increase with increasing the Te atoms.

Based on the chemical bond approach, where the bond energies
are assumed to be additive, we estimated the cohesive energy (CE)
by summarizing the bond energies over all the possible chemical
bonds expected in the glasses. The bonds are formed in strict se-
quence decreasing their bond energy until all the valences of the
atoms are saturated [37]. According to the Pauling relationships
[38] the covalent bond energy EA–B between atoms A and B and
the degree of covalency, Cc, of these bonds can be derived from
the expressions:

EA-B ¼ EA�AEB-Bð Þ1=2 þ 30 xA � xBð Þ2 and

Cc ¼ 100 exp � xA � xBð Þ2=4
h i

; ð8Þ

where EA–A and EB–B are the single-bond energies and xA and xB are
the electronegativities of atoms A and B, respectively, and they are
taken from Table 2. The calculated values of these parameters are
presented in Table 5. According to the chemical bond ordering,
the covalent bond energy EA–B decreases with increasing the degree
of covalency Cc. Determining the bond energies (EA–B) and the per-
cent of each possible chemical bond in the composition, and taking
into account the chemical bond ordering, the cohesive energy (CE)
values were calculated (Table 4). The difference of the CE values
for 2- and 3-fold coordinated Te atoms is negligibly small.

In the case of binary semiconductor material, formed from
atoms A and B, for room temperature and atmospheric pressure
conditions the heat of atomization (Hs) can be determined as:

HsðA-BÞ ¼ DH þ 1=2 HA
s þ HB

s

� �
; ð9Þ
where DH is the heat of formation and HA
s and HB

s are the heat of
atomization of atom A and B, respectively, and correspond to the
average nonpolar bond energy of A–A and B–B chemical bonds
[39]. In most cases the heat of formation of chalcogenide glasses
is unknown. Even for those few glasses, for which the heat of forma-
tion DH is known, its value does not exceed 10% of the heat of atom-
ization and, therefore, it can be neglected [40,41] and Hs(A–B) can
be determined as:

HsðA-BÞ ¼ 1=2 HA
s þ HB

s

� �
: ð10Þ

For a ternary system AaBbCc, the average heat of atomization
can be calculated as [42]:

Hs ¼ aHA
s þ bHB

s þ cHC
s

� �
=ðaþ bþ cÞ: ð11Þ

For a multi-component semiconductor system the same consid-
eration can be applied [42]. Therefore, we calculated the average
heat of atomization Hs of the glasses synthesized by us using the
Hs values of constituent elements given in Table 2. The results
are presented also in Table 4.

4. Discussion

The neutron diffraction measurements have revealed that the
synthesized glasses are fully amorphous, as evidenced from the
lack of characteristic Bragg peaks of a crystalline phase and the
wavy character of the curves of the structural factor S(Q) (Fig. 1).
At first glance, the curves in Fig. 1 are similar to each other suggest-
ing similarity of the glass network structure. However, in the fine
details slight changes may be observed. The sharpening of the first
sharp peak in Fig. 1 is an evidence for medium range ordering in
the structure of these glasses. As was mentioned above, the distinct
peak, appeared at �2.3 Å in Fig. 3, is associated with the Ge–S first
neighbour distance, while the distinct peak at �2.8 Å is associated
with the Sb–Te first neighbour distance [24–26]. As it was also
mentioned, the Ge–Ge first neighbour distance, expected around
2.4 Å [25,26], is not resolved in the spectra. In order to get more
information on the local structure, the partial atomic correlation
functions should be calculated by computer modelling with RMC
simulation, which is beyond the scope of this paper.

Any changes in the glass density are related to the change in the
atomic weight and volume of the elements constituting the sys-
tem. Since the atomic radiuses of Ge and Sb are close to each other
and the atomic mass of Ge is much smaller than that of the Sb atom
(Table 2), changing the composition by increasing Ge content at
the expense of Sb content results in a decrease of glass density (Ta-
ble 1). Due to the stronger influence of glass density than the effect
of atomic size, the packing density also decreases by increasing the
Ge content (Table 3). Highly cross-linked network with a three-
dimensional organization yields low packing density, which con-
tributes to a further decrease of the packing density of these
glasses. For our glassy system, by substituting Te for S atoms and
increasing the amount of Te atoms, the glass density increases
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and the packing density decreases due to the much larger mass and
atomic radius of the Te atoms.

The compactness (d) is a measure of the normalized change of
the average atomic volume due to chemical interactions of the ele-
ments forming the network of a given glass and, therefore, is asso-
ciated with the free volume and flexibility of this network [17]. The
compactness can have negative values and implicitly the glasses
possess larger free volume and flexibility. Consequently, d is more
sensitive to changes in the structure of the glass network than to
the average atomic volume. The glasses investigated here have
the highest compactness at the smallest amount of Ge and at a con-
stant amount of Te or at the smaller amount of Te and at a constant
amount of Ge (Table 3). It is evident that both Va and d values are
affected by the interaction between the constituent elements and
the connectivity of a glassy network. The stability of the network
depends on the atomic arrangements; the stronger the chemical
bonds and the shorter the bond length, the smaller the average
atomic volume and the larger the compactness of the network.

On the basis of the average number of bonds/atom, Z, and the
average number of valence bonding stretching and bending con-
straints/atom, Ns, the chalcogenide glasses can be organized into
three different categories according to the constrain theory [43]:
(i) floppy, or under-coordinated glasses with Z < 2.4 and Ns < 3;
(ii) optimally-coordinated or ideal glasses with Z = 2.4 and Ns = 3;
(iii) stressed-rigid and over-coordinated glasses with Z > 2.4 and
Ns > 3. In accordance with that, the glassy compositions studied
by us are over-coordinated and stressed-rigid, as the values of Z
are larger than 2.4 and the Ns values are larger than 3 (Table 4).
In general, glasses with Ns either being larger or smaller than 3,
have a highly defective structure. The possible existence of three-
fold coordinated Te atoms will make these glasses even more
over-coordinated and stressed-rigid.

From the bonding energy values (EA–B in Table 5) it follows that
Ge–S bonds with the highest possible energy are expected to be
formed first, followed by the Te–S and Sb–S bonds till saturation
of all available valence of S and Te is achieved. There are still some
unsaturated bonds of Sb, which must be bonded through formation
of homopolar Sb–Sb bonds, being defects in the glass structure. The
cohesive energy CE values have a tendency to increase with
increasing the Ge and decreasing the Te contents (Table 4). It
should be mentioned that the chemical bonds approach neglects
dangling bonds and other valence defects, as well as van der Walls
interactions. We suggest that consideration of these factors would
lead to a further increase of the CE values by formation of much
weaker links than regular covalent bonds.

In the case when the content of Te is kept constant and the con-
tent of Ge gradually increases, the amount of GeS4/2 tetrahedral
unit increases at the expense of SbS3/2 pyramidal units, replacing
the weaker Sb–S bonds with the stronger Ge–S ones. This in turn
increases the cohesive energy CE as observed (Table 4). In the
opposite case when the content of Ge is kept constant and the con-
tent of Te increases, the two-fold coordinated Te atoms replace S
atoms in the GeS4/2 tetrahedral and SbS3/2 pyramidal units, and
form [SbS3–xTex] mixed pyramidal and [GeS4–xTex] mixed tetrahe-
dral units. As a consequence, the replacement of the stronger
Ge–S and Sb–S with the weaker Ge–Te and Sb–Te bonds causes
lowering of the cohesive energy. Supposing that three-fold coordi-
nation of Te atoms exists, the cohesive energy for all the composi-
tions studied becomes smaller as it can be seen from the
comparison of the CE values in Table 4. Assuming the possibility
that the Te atoms in the glasses are with three-fold coordination
means that the formed glassy structure has to be even more defec-
tive and unstable.

The average heat of atomization (Hs) is also a measure of the
cohesive energy and it represents the relative bond strength, which
in turn is correlated with the energy gap of isostructural semicon-
ductors. According to Ref. [44], for overconstrained materials with
higher connectivity (3 6 Z 6 4) the energy bandgap depends much
more strongly on Hs than for glasses with lower connectivity
(2 6 Z 6 3). As is seen from Table 4, these glasses are with lower
connectivity (2 < Z < 3) and the parameter Hs/Z is almost constant
independently on composition. Therefore, the average heat of
atomization Hs would have a negligible effect on the bandgap en-
ergy values.

The results in Table 5 point out that these glasses possess pre-
dominantly covalent bonds, supported by the fact that the constit-
uent elements in the investigated glasses have close values of
electronegativity (Table 2). It is reasonable to suggest that the
covalent network of these glasses will be the decisive factor deter-
mining their various properties.

5. Conclusions

New amorphous quaternary telluride glassy materials have
been synthesized with composition of GexSb40�xS50Te10 (x = 10,
20 and 27 at.%) and GexSb40�xS55Te5 (x = 20 and 27 at.%). It has
been shown that in the amorphous glasses the 1st coordination
sphere is related to the Ge–S and Sb–Te first neighbour distances
of 2.3 and 2.8 Å, respectively. From the measured composition
and density of these glasses the physical parameters, namely pack-
ing density, average atomic volume, compactness, coordination
number, number of constrains, cohesive energy, and heat of atom-
ization have been evaluated. These parameters are well-correlated
with the network-terminating role of Ge and/or Te atoms.
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