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Abstract. The results of investigating different parameters (T, p , H, Eg, n.., €, tgd) of glasses in
Ge-Sb-Se system have been given. The values of structural-sensitive molar IR polarization F
have been calculated and its concentrational dependence has been constructed. The polarity of
chemical bonds has been estimated. It has been shown that with increasing the content of
Sb,Ses in the composition of the glasses the polarity of Sb-Se bonds rises. Within the limits of
free volume conception the formation energy (E;) and the volume (77,) of microcavities have
been calculated. E;, and V), are structural-sensitive parameters of glassy materials.

It has been shown that the inflection is observed in concentrational dependences of investi-
gated and calculated parameters of (GeSe,),(SbrSes3);_«x glasses in the vicinity of x = 0.60. It
testifies to the structural changes in the glasses while changing the composition.

The structure of (GeSe,)(SbySes);_x glasses is mainly determined by structural units GeSey)p
and SbSes), to be statistically distributed into matrices. The increase of Sb,Se; content in
GeSe, is accompanied by a gradual transition from tetrahedrally co-ordinated structural
units in glassy GeSe,, to trigonally co-ordinated — in Sb,Ses.
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1. Introduction

As known [1], some correlation exists between a local
structure of the glass and its physical and chemical prop-
erties, including the dielectric ones. Since the latter are
determined by those kinds of the polarization to be formed
in the substance under the action of the electric field hav-
ing a certain frequency, they bear the information on the
interaction between particles in the solid. Therefore, the
study of polarization properties of glasses allows one in
some cases to estimate the polarity of chemical bonds, to
establish the type of a chemical interaction between com-
ponents and kind of structural units, to reveal a mutual
influence of structural units different in the composition
and symmetry and to make a conclusion about the char-
acter of their distribution [1-3]. A combined study of
polarization, physical and chemical properties and vi-
bration spectra of the materials under study can give a
more thorough and real information on the structural —
chemical character of atoms and units.

In the paper, the results of investigating some physi-
cal-and-chemical, thermodynamic and polarization prop-
erties of Ge-Sb-Se glasses (GeSe,-Sb,Se; section) have
been presented, on the basis of which the interpretation
of glass structures is given.

2. Experimental part

The glasses were synthesized in vacuum quartz tubes from
super-pure elementary components in accordance with
the methods given in [4]. The characteristic tempera-
tures of thermal effects (glass-formation 7, crystalliza-
tion T, and melting 7,,) were determined based on the
data of differential-thermal analysis, conducted with the
help of a high-sensitive set-up [5] at heating rate ~0.08 K/s.
The accuracy of the temperature determination made up
0.5 K.

The density of glasses (p) was determined by the
method of hydrostatic weighing in toluene and the
microhardness (H) was measured by using the device
PMT-3 while loading the indenter of 20 and 50 g. The
measurement error made up: p — 0.5%, H — 5-10%.

The gap band E, was determined from the measure-
ments of a spectral dependence of the fundamental absorp-
tion edge in accordance with the procedure given in [4].
While doing this the Urbach rule (o = agexpl (hv—hvy)) is
obeyed in a wide spectral region. The spectral resolution
isnot more than 103 eV.

The refractive index n was determined at room tem-
perature by the prism method. Over the range of wave-
lengths A from 3 up to 11-12 um for (GeSe,),(SbaSes)
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glasses the refractive index dispersion is practically ab-
sent. The determination accuracy of n made up 0.001.
The static value of the refractive index (n..,) was deter-
mined by the formula [6].
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where n; and n, are the refractive indices at ; = 5 um and
AQ5: 10 wm.

The permittivity (€) and dielectric loss tangent (tgd)
were measured by the resonance method [7] over the range
of frequencies of 10°~10% Hz within the temperature inter-
val from 170 K up to 7. The measurement errors made up:
£—3%, tgd— 10%.
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3. Results and discussion

The results of measurements are given in Fig. 1. The
concentrational dependences of studied parameters of
glasses of GeSe,-Sb,Se; system are of monotonic charac-
ter, which is indicative of the absence of fundamental
reconstruction of chemical bonds between the components
while going from one structural region to another one.
The study of dielectric properties of (GeSe;),(SbrSes) 1«
glasses over the range of frequencies of 10°-108 Hz has
shown the absence of permittivity dispersion (over the
temperature range from 170 K to T) and the decrease in
tgdwith increasing the frequency. The study of tempera-
ture dependences £and tgé of glasses the results of which
are given in Fig. 2 have shown that over the temperature

Fig. 1. Concentrational dependences of Tg, H, p (a) and Eg, ne, € (at frequency 105 Hz) () of (GeSe»)y(SbaSes);_y glasses.
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Fig. 2. Temperature dependences € (a) and tgd (b) at frequency 105 Hz of (GeSe,),(Sb,Ses);_x glasses. x, mol.%: I — 0.7; 2 — 0.6; 3 —

0.5, 4-0.4; 5-0.3.
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region of 7' < T, for all the samples ¢ is practically con-
stant and at temperatures close to 7 of respective glasses
eand tgd grow noticeably. When repeating heating-cool-
ing cycles, the character of the &(T) dependence does not
change, which testifies to the absence of crystallization
effect in the glasses of the given system.

The absence of the permittivity dispersion and its weak
dependence of the temperature (over the range of 7'< T)
testify to the fact that the value of €in glasses of GeSe,—
Sb,Se; system is mainly determined by electron and in-
frared polarizations [8]. The time of their determination
is very small and makes up ~ 10715 and 1073 s, respec-
tively. The shift of electrons and ions with these kinds of
the polarization is merely of elastic character. Even at
high frequencies they manage to watch the change in the
electric field. Inside the dielectric the irrevocable energy
absorption does not take place. The low values of tgé for
the glasses under study (tgd depending on the composi-
tion at 7= 300 K at the frequency of 10° Hz has the value
of 104-1073) testify to this fact.

Over the region of temperatures 7, a considerable
increase in €and tgd (Fig. 2) is observed. Such a behavior
of dielectric parameters may be connected both with a
partial orientation of dipole structural units in the glass
and with the polarization conditioned by the interaction
of the field with charge carriers [8]. In the region of glass-
formation temperatures the mobility of the glass matrix
increases and, as a result, the orientation of structural
units forming it becomes easier. However, the main con-
tribution to the increase in e is made by another compo-
nent which is conditioned by the transitions of charge
carriers between charged defect centers. The similar re-
sults have been obtained while investigating the glasses
in GeS,-As,S; and GeS,-Sb,S5 systems [8] isotypical by
the composition with the glasses of GeSe,-Sb,Se; system.

As the permittivity of the studied materials is deter-
mined by elastic kinds of the polarization, it is connected
with microscopic parameters within the framework of the
Lorenz-Lorentz local field model by the equation [2]

%
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Here e is the electron charge; ¢ is the velocity of light;
v,;1s the wave number which corresponds to the frequency
of lateral optical vibrations; m; is the reduced mass of
structural elements of i-type whose number is equal to N;
in the volume unit; Ze;* is an effective charge of the cen-
tral atom of i-type structural element. The formula (2) is
given for the substances which contain several kinds of struc-
tural units. The magnitude N;[2] may be presented as:

N;=N4px;lA, 3)
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where N 4 is the Avogadro number; p is the density; 4 is
the average molar mass; x; is the mole fraction of the
element which is the central one in the i-type structural ele-
ment. By grouping macro- and microscopic parameters in
the left and right parts of the equation (2) we will get

3A(e —n2)
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where F; =47nN 40;/3. As it is seen from the equation (2)
the polarization ¢; depends on Z;e;* and v;;.

And as effective charges are determined by the type of
a chemical interaction and local structure, they give the
possibility of watching the structural-chemical transfor-
mations that take place in the glasses when changing the
ratio of components in their composition. Therefore (in
accordance with (4)), the value of molar infrared polari-
zation F is also structural-sensitive, its concentrational
dependences for glasses of Ge—Sb—Se system are given in
Fig. 3.

It is seen that the magnitude Fincreases with increas-
ing the content of antimony in the composition of glasses
and Fis observed to considerably increase in the regions
of compositions x < 0.60. While increasing the concen-
tration of Sb,Se; the electronic component of the polari-
zation determined by the formula [9] also increases:
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The increase of the electronic contribution to total
polarization testifies to increasing the average dimen-
sions of electron shells of atoms while going from GeSe,
to Sb2$e3.
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Fig. 3. Concentrational dependences of Fand E), for (GeSe»)(Sb,Ses); _«
glasses.
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The fact that the values of € in Ge-Sb-Se glasses are
much higher than in similar alloys of Ge-As-Se(S) system
with respect to the composition [10, 11] draws the atten-
tion (in Ge-As-Se system the value of €is within the limits
0f 7.34-10.2, and in Ge-As-S system it is 5.3-7.25). This
may be related with a considerable magnitude of the dy-
namic effective charge on antimony and selenium atoms.
By using experimentally determined ¢, n., and p in ac-
cordance with the Szigeti formula [10] the values of ef-
fective charges in the fractions of the electron charge per
unit of valency, i.e. ionicity degrees of Sb-Se bonds have
been calculated:

i= J97tc2vOM (e— nfo) ©6)

(2 +2)> Nzjzpe?

Here vj is the frequency of valency vibrations of Sb-Se
bond; M is the reduced mass of a pair of atoms; N is the
number of dipoles in 1 cm? of the glass equal to the number
of chemical bonds; z; and z, are valencies of atoms. To
calculate the value of i we have used the value vy = 187 cm™!
determined from the study of Raman spectra of Sb-Se glasses
[12]. The similar band is obtained while investigating IR
transmission spectra of crystalline and amorphous Sb,Ses
[13]. This band accounts for the vibration of Sb and Se at-
oms in SbSejs), trigonal pyramids. The results of calcula-
tions testify to the fact that with increasing the content of
antimony in the composition of (GeSe,),(Sb,Ses);_« glasses
the polarity of Sb-Se bonds increases steadily from 0.22
up to 0.41. The value of polarity of Ge-Se bonds in ac-
cordance with [10] is equal to 0.18 and does not practi-
cally depend on the composition of glasses. A good cor-
relation of our data with the results of [14] should be
mentioned. The magnitude i for crystalline Sb,Ses, cal-
culated according to the Batsanov method [9] makes up
0.43.

The concentrational dependence of ionicity degree of
Sb-Se bonds is similar to the dependence F of the compo-
sition (Fig. 3). AtInthe case a considerable change in the
infrared polarization and polarity of bonds (as well as
the dielectric constant) Fig.1b)) is observed over the re-
gion of compositions x < 0.60.

It was mentioned above that the value of molar infra-
red polarization is sensitive to the change in the struc-
ture. In an ideal system with several kinds of nonexciting
each other structural units an additive dependence of F
on the composition should take place. The interaction
between structural units, which results in the change of
polarization ¢ (as well as Ze* and v,) conditions the dec-
lination from a linear course on “F-composition” dia-
gram. In case of a stronger interaction of structural ele-
ments, which results in a deep reconstruction of chemical
bonds between components (for example, the formation
of a new compound) a singular point should appear on
“F-composition” diagram [2].

Since both permittivity and gap band are determined
by the short-order structure of the material there exists a
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definite interconnection between them. Moss has shown
that there exists the relationship between magnitudes &€
and E, in crystalline semiconductors [3]:

1/€? = const-E, (7

However, in the works of many authors it was proved
that this relationship is true for glassy materials as well.
Besides, there is the connection between the magnitude
E, and atomization enthalpy H 4 of glasses (Eg = a(H 4 —b),
where g and b are constants [3]). Then the relation 1/e2 ~ H 4
is valid. And since H 4 is determined by the kind of struc-
tural units, which form the glass matrix, the dependences
“property-atomization enthalpy” bear a certain infor-
mation on its local structure [1]. Based on this one may
consider that the diagrams “103/&> — E,” and “T, - E;”
given in Fig. 4 also possess informational possibilities
with respect to the structure of glasses and its change
while varying the composition. Like concentrational
dependences of physical and chemical parameters and
polarizations they do not reveal extreme points.

The study of IR transmission spectra of non-crystal-
line Sb,Sesz 1 GeSe, has allowed one to establish [13, 3]
that SbSe;/, trigonal pyramids and tetrahedrons GeSey»
are the main structural units which form their matrix.
The intensive absorption band with the maximum at 180-
185 cm ™! accounts for the vibrations of Sb-Se bonds and
the vibrations of Ge-Se —at 260 cm™!. For the glasses of
GeSe,-Sb,Ses section a two-mode character of IR spec-
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Fig. 4. Diagrams "10%¢? - E," and "T, - E," of (GeSey),(SbySe3); «
glasses.
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trais revealed. They have two absorption bands over the
region of indicated frequencies whose intensity depends
on the ratio of components in the composition of glasses.
The concentrational dependence of infrared polariza-
tion F (Fig. 3) is of monotonic character. This testifies to
the fact that when introducing Sb,Ses into GeSe, and
increasing its quantity a gradual change of the structure
from tetrahedral (based on GeSey)») to trigonal one (based
on SbSe;) takes place. A negative declination from a
linear course on “F - composition” diagram testifies to a
statistic character of the distribution of GeSey; and SbSes
structural units.

The change in the structure is accompanied by a con-
siderable change in all studied parameters (Fig. 1). The
gap band E, decreases from 2.20 eV for GeSe; glass to
1.57 eV for (GeSe,) 30(SbaSes)g 79 glass. Such a depend-
ence of E, on x does not need special explanations, since
the values of E, obtained correlate with the values of the
gap band of crystalline GeSe; (E,* = 2.30 V) and SbySes3
(Eg* =1.17€V)[16]. Besides, such a dependence of E, on
the composition agrees well with the values of strength of
single bonds energies (234.5 kJ/mole for Ge-Se and
213.5 kJ/mole for Sb-Se [1]). Depending on the composi-
tion of the glasses and respective to the change in E, and p,
a statistic refractive index 7., changes as well (Fig. 1). The
increase in the content of Sb,Ses; in the composition of
glasses is accompanied by the increase in 7., (from 2.301 for
GeSe, glass to 2.903 for (GeSe,) 30(SbaSes)g.70 glass).

The transition from tetrahedral (GeSe,) to trigonal
(Sb,Ses3) structure of glasses as it is seen in Fig. 1a, is accom-
panied by a considerable decrease in their microhardness
and glass-formation temperature. Such a behavior of the
concentrational dependences of H and T}, testifies to the
decrease in the connectivity of glass matrix with increas-
ing the antimony concentration in the composition of
glasses.

The connectivity of glass matrix within the frame of
free volume theory [17,18] is connected with the availabil-
ity of a considerable quantity of microcavities (“holes”) of
atomic or molecular dimensions in their volume. These
microcavities are characterized by the volume ¥, and the
formation energy Ej,. The analysis of experimental data
shows [18] that the processes of formation and migration
of microcavities are mainly connected with the deforma-
tion of the glass matrix as a result of thermal fluctua-
tions. The formation energy and volume of microcavities
may be estimated from the relations 18]:

Ej=3kT,; 8)
Vi=3kT,/H. ©)

Here k is the Boltzmann constant. As numerical in-
vestigations of silicate, borate and chalcogenide (in As-S
and As-Se systems) glasses with the growth of the connec-
tivity of the glass matrix have shown, the formation en-
ergy of microcavities increases and their volume decreases
[18,19]. Silicate and borate glasses possess the smallest
volume (4-8 E3) for which a three-dimensional matrix
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structure is characteristic [18]. The volume of micro-
cavities is some times larger for glassy As,S; and As,Ses,
which are mainly characterized by a random two-dimen-
sional matrix structure [19].

The volume of microcavities in (GeSe,)4(SbrSes);_x
glasses is within the limits from 10.7 to 12.5 E? and in-
creases with increasing the content of Sb,Se; in the com-
position of glasses. The magnitude £}, is within the limits
of (1.80-2.75)-1020 J and decreases with the growth of
Sb,Se; concentration (Fig. 3). Such a course of concentra-
tional dependences of Ej, and V), testifies to the increase
in the connectivity of the matrix of Ge-Sb-Se glasses while
going from GeSe, to Sb,Ses.

As the study of glassy alloys in Ge-Sb-Se system has
shown the concentrational dependences of measured and
calculated parameters are of monotonic character that
testifies to a gradual character of reconstruction of glasses
from tetrahedral to trigonal one. However, the bend is
practically observed on all the diagrams “property—com-
position” over the range of 30-40 mol.% of Sb,Se;. With
the content of Sb,Ses higher than 40 mol.% the concentra-
tional dependence is stronger for the majority of param-
eters. This may be conditioned by the fact that effective
charges on antimony atoms are larger than in germa-
nium atoms. Due to this the exciting action of SbSe;),
trigonal pyramids on the structure of glasses is much
higher than that of tetrahedral GeSey, structural units.

4. Conclusions

As a result of investigations it has been ascertained that
dielectric properties of GeSe,-Sb,Se; glasses are mainly
determined by electron and infrared polarizations. The
analysis of concentrational dependences of physical-and-
chemical and calculated structural-sensitive parameters
(F, Ej, V}) has allowed one to assume a microheterogenic
model of a local structure of glasses. The structure of
(GeSe,)x(Sb,Se3) 1« glasses is mainly determined by
GeSey, and SbSes); structural units which are statisti-
cally distributed into their matrices. The increase in the
content of Sb,Se; in GeSe; is accompanied by a gradual
transition from tetrahedrically co-ordinated structural
units in glassy GeSe, to trigonally co-ordinated — in
Sb,Ses;. The results obtained agree well with the data of
refractometric study and vibrational spectroscopy.
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