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Compositional behavior of refractometric parameters and refractive index dispersion for (Ag2S)x(As2-

S3)100�x glassy alloys in Ag–As–S system were studied. Nonlinear compositional dependences of density
and refractive index were revealed. Chemical bond ionicity as well as average coordination number and
molar refraction versus silver content variation in the glassy alloys were estimated.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Chalcogenide glassy semiconductors which contain silver are
applied as ion selective membranes, sensors and solid-state power
sources [1–8]. They are characterized by high transparency, the
possibility of synthesis of materials with a broad range of physical,
chemical and optical parameters by variation of type and propor-
tion of anionic and cationic components in the alloys. The increase
of silver content in silver-containing glassy semiconductors of Ag–
As–S system leads to significant changes in their properties that
cause the interest towards the studies of compositional behavior
of the parameters of these glasses. Structural, electrical, and dielec-
tric parameters of (Ag2S)x(As2S3)100�x glassy alloys change most
rapidly at x � 5–7 mol%, while at x > 8–10 mol% the alloys are char-
acterized by high ionic conductivity [3–6].

Accordingly, the main attention in previous papers was focused
on the measurements of electric characteristics, while the optical
properties have been investigated insufficiently.

In this paper, compositional behavior of density, refractive in-
dex as well as molar refraction of (Ag2S)x(As2S3)100�x glassy alloys
for x = 0–20 mol% was studied.
2. Experimental

Glasses in Ag2S–As2S3 system were prepared by direct synthesis
of extra pure elemental components in evacuated (�1.5 � 10�3 Pa)
quartz ampoules. The ampoules with initial substances were
heated up to 600 �C at 30–40�/h rate and kept at this temperature
ll rights reserved.

x: +380 312 233 341.
).
for 8 h. Then the temperature was increased to 950 �C, the am-
poules were kept at this temperature for 2–2.5 h and then cooled
down to 600 �C at 100�/h rate with subsequent sample quenching
in air.

The glass samples were obtained in ampoules in the shape of
1 cm high cylinders, 1 cm in diameter, their mass being 3–3.5 g.
A characteristic conchoidal fracture was the visual evidence for
the glass nature of the samples obtained.

The obtained (Ag2S)x(As2S3)100�x glasses with Ag2S content up
to x = 20 mol% appeared to be optically transparent in the visible
spectral range. The homogeneous structure of the samples was
confirmed by X-ray and microstructural studies. The density of
the glasses was determined by hydrostatic weighing in toluene
with the relative error of 0.5%.

Spectrometric studies of transmission spectra were carried out
using a LOMO MDR-3 grating monochromator. The refractive index
dispersion was measured by prism technique in the spectral range
0.6–12 lm. From 0.6 to 0.84 lm a LOMO MDR-3 monochromator
was used while in the infrared range an IKS-21 spectrometer was
used [9]. The refractive index in the spectral range under investiga-
tion was determined within the error of ±1 � 10�3.
3. Results

Fig. 1 shows the transmission spectra of (Ag2S)x(As2S3)100�x

glassy alloys with x = 0, 5, 10, 15 mol% measured at room temper-
ature. It is seen that with Ag2S content increase the transmission
spectra shift towards longer wavelengths, the slope of the spectra
in the range of the optical absorption edge becomes less steep and
the transmittance value in the transparency range decreases.

http://dx.doi.org/10.1016/j.optmat.2012.09.004
mailto:studenyak@dr.com
http://dx.doi.org/10.1016/j.optmat.2012.09.004
http://www.sciencedirect.com/science/journal/09253467
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Fig. 1. Transmission spectra of (Ag2S)x(As2S3)100�x glassy alloys. Fig. 3. Dependences of the refractive index at k = 5 lm (1) and density (2) on Ag2S
content in (Ag2S)x(As2S3)100�x glassy alloys.

Fig. 4. Compositional dependences of molar refraction in (Ag2S)x(As2S3)100�x glassy
alloys: crystalline ionic refraction Rci, ‘‘glassy’’ refraction Rg, normal covalent
refraction Rnc, and experimental refraction Rexp.

298 O.I. Shpak et al. / Optical Materials 35 (2012) 297–299
The refractive index dispersion for (Ag2S)x(As2S3)100�x glassy al-
loys with x = 0, 3, 5, 10, 15, 20 mol% is presented in Fig. 2. It should
be noted that the refractive indices were calculated using a well
known formula.

n ¼ sinðuþ dÞ
sinu

ð1Þ

where u is the refractive angle of the prism, d is the deflection angle
of the beam while passing through the prism. In the spectral range
under investigation the refractive index dispersion is observed
which slightly varies in the infrared spectral range and essentially
increases with the approach to the optical absorption edge of the
glasses (Fig. 2).

Compositional dependences of the refractive index and density
for (Ag2S)x(As2S3)100�x glassy alloys with 0 6 x 6 20 are shown in
Fig. 3. It is seen that with the increase of Ag2S content both the
refractive index and the density nonlinearly increase with upward
bowing. The molar refraction Rexp(x) was determined using the val-
ues n and q (Fig. 3) according to the formula

RexpðxÞ ¼
lðxÞ
qðxÞ �

n2ðxÞ � 1
n2ðxÞ þ 2

ð2Þ

where l is molar mass. The compositional dependence of the molar
refraction Rexp(x) are shown in Fig. 4. Refraction is caused by a
purely electronic process and its variation with composition reflects
the change of the effective size of the electron shells of the alloy
atoms. Therefore, incorporation of small Ag atoms in the alloys
structural network leads to the refraction decrease (Fig. 4).
Fig. 2. Dispersion of the refractive index for (Ag2S)x(As2S3)100�x glassy alloys.
4. Discussion

According to the dispersion theory, the spectral dependence of
the refractive index n(k) can be expressed as follows [10]:

n2ðkÞ � 1 ¼
X

Sik
2
i 1� ðki=kÞ2
h i

ð3Þ

where Si and ki are the strength and the wavelength of the oscillator,
respectively. If the electronic subsystem is replaced by the equiva-
lent number of identical independent oscillators, Eq. (3) can be
written as [11]

n2ðkÞ � 1 ¼ S0k
2
0 1� ðk0=kÞ2
h i

ð4Þ

where S0 and k0 are the average values of the oscillator strength and
wavelength, respectively. Using the Kramers–Kronig relations, it
was shown that S0 can be replaced by a product of two parameters
[12]

S0 � EdE0 ¼ ðhc=e2Þ ð5Þ

where E0 ¼ hc=ek0 (h is the Planck’s constant, c is the speed of light
in vacuum, e is the electron charge), Ed is the dispersion energy of
the refractive index.

Taking into account Eqs. (4) and (5), Wemple and Di Domenico
obtained an expression to describe the dispersion of the refractive
index:



Table 1
Dispersion parameters E0 and Ed, degree of bond ionicity fi, average coordination
number Nc, and b parameter for (Ag2S)x(As2S3)100�x glassy alloys.

Glass E0 (eV) Ed (eV) b fi (%) Nc

As2S3 4.87 23.43 0.30 0.41 4.21
(Ag2S)3(As2S3)97 4.83 23.38 0.31 0.43 4.03
(Ag2S)5(As2S3)95 4.75 23.12 0.31 0.45 4.01
(Ag2S)10(As2S3)90 4.05 22.52 0.31 0.48 3.91
(Ag2S)15(As2S3)85 3.51 21.94 0.32 0.51 3.70
(Ag2S)20(As2S3)80 2.94 21.32 0.32 0.54 3.61
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n2 � 1 ¼ E0 � Ed

E2
0 � E2 ð6Þ

The oscillator energy E0 roughly corresponds to the maximum of the
imaginary part of the dielectric constant and can be identified with
an average energy transition from the valence band to the conduc-
tion band. The dispersion energy Ed determines the dielectric con-
stant dispersion in nonmetallic nonmagnetic solids and is related
by a simple expression to the cation coordination number Nc, anion
valence Za and the number of effective valence electrons Nv per
anion

Ed ¼ bNcNvZa ð7Þ

where b is a parameter depending on the bond ionicity degree:
b = (0.26 ± 0.04) eV for ionic compounds and b = (0.37 ± 0.04) eV
for covalent materials. Using the relation between Ed and the ionic-
ity degree fi [12]

Ed � 60 nð1� fiÞ½ �1=2 ð8Þ

where n = 1/2, one can determine the fi value. The ionicity degree,
evaluated according to Eq. (8) and Phillips relation [13] as

f F
i ¼ ðe� n2Þ=ðe� 1Þ ð9Þ

where e is dielectric permittivity, is the evidence for mixed (cova-
lent and ionic) nature of chemical bonds of the alloys under inves-
tigation (Table 1). The values of fi determined by different
procedures are quite close to each other and show the increase of
ionicity with the silver content increase in the alloys. Taking into
account the mixed covalent-and-ionic nature of the chemical bind-
ing, we used the equation

b ¼ 0:26f i þ 0:37ð1� fiÞ ð10Þ

to determine the parameter b. Based on Eqs. (7) and (10), the
parameter Nc was calculated which is quoted in Table 1. The disper-
sion parameters E0 and Ed were determined by linearization in the
coordinates n2ðkÞ � 1 ¼ f ðk2Þ

It should be noted that glasses in the Ag2S–As2S3 system repre-
sent a combination of polar and nonpolar trigonal structural units
of AsS3/2 and Ag+S�AsS3/2 type and this causes the variation of fi

and Nc. Silver ions crosslink the groups of pyramids in double lay-
ers, the chemical binding within the layers is ionic-and-covalent
while the chemical binding between the layers is of Van-der-Waals
type, forming dipoles and quadrupoles: S3/2AsS�Ag+, S2/2AsS�Ag+

and Ag+S�AsS3/2 [2,3]. Incorporation of silver in the mainly cova-
lent-bound structural network of the initial glass leads to the for-
mation of structural fragments (clusters containing Ag+–S� ion
bond or complexes containing Ag impurity atoms and the matrix
atoms and that are apparently formed on surfaces within the struc-
tural fragments or in the intermolecular space) [1,4]. The increase
of Ag2S content leads to the reduction of the total area of the
boundary surfaces and to an intense ‘‘matching’’ of the structural
fragments, i.e. the process of their accumulation and consolidation
takes place resulting in an decrease of the average coordination
number and in an increase of the bond ionicity degree.

The comparative analysis of the compositional dependences of
the experimental refraction Rexp(x) and the calculated refraction
for different schemes of chemical binding using the crystalline
covalent refraction Rcc, normal covalent refraction Rnc, crystalline
ionic refraction Rci, atomic refraction Ra as well as ‘‘glassy’’ refrac-
tion Rg [13,14] enables one to conclude on the prevailing type of
chemical binding in the materials under investigation. The most
View publication statsView publication stats
realistic schemes of the chemical binding, taking into account the
experimental data on the chemical structure of the alloys under
investigation (e.g. [15]), were systems with refraction Rci, Rnc, and
Rg. However, taking into account the mixed ionic-and-covalent
binding type, we proposed a combined scheme for the composi-
tional behavior of Rexp(x) where the ‘‘glassy’’ refraction is chosen
for As and S atoms and crystalline ionic refraction is taken for Ag
atoms with the account of the change of the ionicity degree with
the concentration of the latter. Thus, based on this scheme, using
optimal polynomial method [14] and considering linear behavior
of the experimental molar refraction Rexp(x), we obtained the addi-
tive values of atomic refractions for Ag (14.7 cm3/mol), As
(12.5 cm3/mol) and S (7.1 cm3/mol) that according to the additive
principle enable the refraction value for any composition of this
system to be calculated.

5. Conclusions

Glasses in Ag2S–As2S3 system were obtained and their struc-
tural properties were studied. The refractive index dispersion of
(Ag2S)x(As2S3)100�x glassy alloys with x = 3, 5, 10, 15, 20 mol%
was measured in the spectral range 0.6–12 lm. The spectral
dependences of refractive indeces are well described in the frame-
work of Wemple and Di Domenico model. The dispersion parame-
ters, the degree of bond ionicity, and the average coordination
number for (Ag2S)x(As2S3)100�x glassy alloys were calculated. Based
on the compositional dependences of the density, the refractive in-
dex, and the molar refraction, the values of additive refraction for
the atoms being contained in the alloy composition were obtained.
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