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INITIATION AND GROWTH CRAZES IN POLYMER COMPOSITES

T.G. MAMEDOV, M.A. KURBANOQOV, A.A. BAYRAMOV,
F.F. YAHYAYEV, A.F. NURALIYEV
Institute of Physics Azerbaijan National Academy of Sciences
AZ-1143, H. Javid ave., 33, Baku

A literature review of craze initiation and growth of crazes in polymer materials including composite one are presented in
paper. There is a discussion concerning of mechanical properties of crazed material in paper. There is a proposed idea about new
method of initialization crazy centers by the use of electric discharge plasma.

Keywords: polymer, crazes, composites, initiation, growth, electric-discharge plasma.
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1. BACKGROUND

Crazes, which are crack-like defects in polymers
approximately 0,5 um wide consisting of a web of highly
strained micro fibrils, have been a subject of investigation
for the past 30 years [1]. One reason for such widespread
interest is the fact that these defects are likely sites for
crack initiation and often cause brittle failure of an
otherwise ductile polymer. Crazing is even more
prominent as polymers find their way into applications
where they are replacing metals. Many of these new
service environments contain craze accelerating agents
such as solvents, high stresses, high temperatures, and
high humidities [2].

In [3] tensile drawing of the films based on high-
density polyethylene in the presence of physically active
liquid environments via the mechanism of delocalized
solvent crazing is shown to be accompanied by the
development of an open-porous structure in the polymer.
Depending on the tensile strain, volume porosity of the
samples can achieve up to ~ 55 vol. %, and the
parameters of the porous structure (diameters of pores) lie
within the nanoscale interval.

The formed nanoporous structure in the solvent-
crazed samples is characterized by a highly developed
surface and appears to be thermodynamically unstable; as
a result, the concomitant relaxation processes lead to a
partial or complete disappearance of porosity.

The effective approach providing stabilization and
long-term service life of the solvent-crazed samples based
on high-density polyethylene is proposed, and this
approach involves a maximally complete removal of
solvent from the volume of the polymer samples and their
subsequent annealing.

This approach makes it possible to prepare the open-
porous materials based on polyolefines with stable
characteristics, and these materials present an evident
practical interest.

In [4] the effect of preliminary orientation of an
amorphous glassy PET via its uniaxial tensile drawing
above the glass transition temperature on the deformation
behavior during subsequent tensile drawing in the
presence of adsorptionally active environments has been
studied.

The tensile drawing of the reoriented PET samples
with a low degree of preliminary orientation (below
100%) in the presence of liquid environments proceeds
via the mechanism of solvent crazing; however, when a

certain critical tensile strain is achieved (150% for PET),
the ability of oriented samples to experience crazing
appears to be totally suppressed. When the tensile
drawing of reoriented samples is performed at a constant
strain rate, the craze density in the sample increases with
increasing the degree of preliminary orientation; however
when the test samples are stretched under creep
conditions, the craze density markedly decreases.

This behavior can be explained by a partial healing
and smoothening of surface defects during preliminary
orientation and by the effect of entanglement network.
The preliminary orientation of polymers provides an
efficient means for control over the craze density and the
volume fraction of fibrillar polymer material in crazes.

Crazing is a form of localized plastic deformation
[5]. Crazes are often mistaken for cracks because of their
similarities: they form perpendicular to the principal
stress direction, they act as mirrors by reflecting light off
of their surfaces, and they fracture if a high enough stress
is applied.

The major differences between a craze and a crack
are as follows: the craze face is covered by a web of
micro fibrils which bridge the craze surfaces and enable
the craze to carry some load, and intersecting crazes
continue to grow, independent of one another instead of
joining together [6]. Crazing has been described in
literature as a "tortured plastic How with a large humber
of voids" [6], "plastic deformation without significant
lateral contraction™ [6], "highly non-uniform deformation
zones" [7], and "unstable local plastic deformation
accompanied by volume expansion” [5].

To visually show crazing, the image was taken from
the literature [8] (Fig. 1): image is a transmission electron
micrograph of a polystyrene (PS) craze with clearly
defined microfibrils spanning the two craze surfaces [8].

It has already been stated that crazing is an
important process to consider in designing and using a
frameless aircraft transparency, especially in a military
application where the extreme environments and loading
requirements can produce very high stresses.

The goals of this dissertation are to (a) characterize
the craze growth behavior of polycarbonate as a function
of stress level, (b) model the residual mechanical
properties of polycarbonate at various craze levels and
strain rates, and (c) determine if the total surface area of
crazing is the sole factor in residual properties, or if the
crazing stress plays a role.
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Fig. 1. Micrograph of single polystyrene craze with clearly
defined fibrils [8]
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Fig. 2.

The majority of the literature discusses single craze
initiation and growth, as illustrated in (b) and (c). This
dissertation concentrates on the effect of bulk craze
density on the mechanical properties of polycarbonate, as
illustrated in (d). The bulk craze density growth rate
exponentially increased as a function of stress, while the
time to reach stable craze initiation decreased
exponentially with increasing stress. Increasing the bulk
craze density affected the properties related to fracture
much more than the elastic or yield properties. For
example, the vyield stress and elastic modulus were
insensitive to the presence of crazing while the failure
strength and ductility decreased significantly with
increased crazing.

2. CRAZE INITIATION

Many papers have been published in an attempt to
explain the initiation of crazes [9,10], but there is still no
universally accepted model for this mechanism. One
difficulty in gaining insight to the initiation process is the
size scale of crazes. It is believed that the first step is one
of main chain motion and the formation of nano voids that
are precursors to crazes. These voids are of the order of
30 nm and often form at stress concentrations like surface
flaws or contaminant particles, although this is not always
the case [9]. The process of these voids developing into
the planar bands called crazes is not well understood. It
has been postulated that the stress distribution in the

The main steps to attain these goals are to:

1. Develop and validate a technique to measure the
craze density of transparent polymers,

2. Characterize the craze growth behavior of
polycarbonate at various crazing stresses,

3.  Develop a quantitative model of the residual
mechanical properties of crazed polycarbonate in terms of
crazing amount, crazing stress, and strain rate, and

4. Correlate the results to craze microstructure.

Many aspects of polymer crazing are presented in
the literature. They are illustrated in fig. 2 as cavitations,
craze initiation, single-isolated craze growth, and bulk
craze density growth.

b)
S
d)

| region of one void causes the formation of more voids
nearby, perpendicular to the maximum principal stress
direction [10].

In [11] the results on biaxial critical stresses for
craze initiation on the surface of cylindrical specimen of
glassy polymers have been examined. A new
interpretation is presented for the trend of crazing stress
near pure shear state in the second quadrant of principal
stress space which was observed in air at elevated
temperatures. That is, an increase in the tensile stress for
crazing with an increase in the magnitude of the
compressive stress is interpreted not to be followed by a
decrease in the dilatational stress but by development of
shear yielding. On the basis of this interpretation, a new
empirical criterion for craze initiation is proposed by
considering the stress concentration due to surface
scratch.

The theoretical crazing locus accorded with the
previous experimental results, except for the data near the
shear yield locus in the second quadrant, which were
considered to be affected by shear yielding. It was also
indicated in the calculation that the shape and direction of
surface scratch exert a considerable influence on the trend
of biaxial crazing stress.

In [12] existing criteria for craze initiation are
reviewed, and their limitations are discussed. The most
obvious problem is that they are formulated simply in
terms of principal stresses, making no provision for the
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known effects of small inclusions and surface
imperfections. To solve this problem, a new criterion is
proposed, which is based on linear elastic fracture
mechanics. Craze initiation is treated as a frustrated
fracture process rather than a yield mechanism.
Calculations show that the strain energy release
rate, Gy(nasc), required to generate a typical 20 nm thick
nascent craze, is less than 1Jm? This explains why
flaws less than 1 um in length are capable of nucleating
crazes at stresses of 20-30 MPa. Subsequent craze
propagation is dependent upon two flow rates, one
relating to fibril drawing at the craze wall and the other to
shear yielding at the craze tip. Under biaxial stress, the
second principal stress o, affects craze tip shear yielding
but not fibril drawing. This model is used in conjunction
with the von Mises yield criterion to derive a new
expression for the crazing stress a(craze), which provides
a good fit to data on visible crazes obtained by Sternstein,
Ongchin and Myers in biaxial tests on cast PMMA
[Sternstein SS, Ongchin L, Silverman A. Appl Polym
Symp 1968;7:175; Sternstein SS, Ongchin L. Polym Prepr
Am Chem Soc Div Polym Chem 1969;10:1117;
Sternstein  SS, Myers FA. J Macromol Sci Phys
1973;B8:539].

3. CRAZE GROWTH

Growth can be broken up into two components: (1)
craze tip advancement and (2) craze thickening or
widening [13]. Craze tip advancement probably occurs
through the formation of more voids from the stress
concentration at the tip. Craze thickening involves the
drawing of craze fibrils from bulk polymer [14]. For a
fibril to elongate, the polymer chains in the fibrils must
experience a combination of chain scislsion and reptation
[15].

The crazing rate in polymers is dependent on several
factors. Some of the known factors are stress,
temperature, humidity, molecular weight, and molecular
orientation. It is commonly accepted that crazing can only
occur in the presence of local tensile stress. The
magnitude of stress is an important factor in craze
behavior. The time to craze initiation decreases with the
stress increase making it a viscoelastic property like creep
[6]. Also, at low-tensile stresses or strain rates, fewer
crazes form, but those that do could grow to larger sizes.
In contrast, in conditions of higher tensile stresses or
strain rates, many smaller crazes form [6]. To illustrate
the load-bearing characteristics of a craze, it has been
found that crazes in PC can reach strains as high as 200%
before fracture [6].

Several stress or strain based craze initiation criteria
have been developed. Stemstein and Ongchin [16]
produced a stress criterion based on the biaxial loading of

a polymethyl methacrylate (PMMA). Their craze
envelope is defined by
B(T)
o, =A(T) - 1)

Il

where o, = |01 —02| is the flow stress being twice the

maximum shear stress where o; and o, are of opposite

sign. |y =0y + o, + o3 is the first stress invariant, and A
and B are temperature-dependent constants [16]. One

problem with this criterion is that the use of |O'l —0'2|

implies the direction of maximum shear stress, but crazes
form perpendicular to the maximum principal normal
stress.

Gent [17] developed a craze initiation criterion
based on the assumption that the dilatational stress at a
flaw increases the free volume and decreases the local T,
of the material to the temperature of testing, making the
stress-softened material unprotected from cavitation.
Gent's model is given by

%=%[ﬂ(Tg ~T)+P] ©

where: o is the critical applied tensile stress, g is the
hydrostatic pressure coefficient of T, T is the test
temperature, P is the applied hydrostatic pressure, and « is
the stress concentration factor relating the applied stress
to the micro-stress at the flaw tip.

Crazing has already been categorized as a
viscoelastic deformation process like creep and stress
relaxation involving multiple localized deformation sites
instead of bulk deformation. A theory has been developed
in an attempt to describe creep and stress relaxation
properties as thermally activated rate processes [2]. It is
possible that this theory could also apply to craze growth
since similar changes in the polymer must occur in both
crazing and creep, only to a smaller degree.

The theory begins with the Arrhenius equation, as
shown in equation (3), which generally describes how the
temperature affects the frequency of thermally activated
processes, such as chemical reactions.

V=v,eXp _ad ®)
0 RT

where v is the frequency of the chemical reactions, vq is a
constant, AH is the activation energy required to
overcome the potential energy barrier for a given process,
R is the gas constant, and T is the absolute temperature.
For crazing, the energy barrier comes from the
requirement of the polymer molecules to slide past other
chains (via reptation) and to undergo conformational
changes.

Building on the Arrhenius equation, a model was
developed to describe the effect of an applied stress on a
thermally activated rate process [2]. The applied stress is
believed to produce changes in the potential energy
barrier in a way that decreases the height of the barrier in
the direction of flow, enhancing reptation and
conformational changes necessary for crazing.

The changes to the potential energy barrier are
shown in fig. 3.

The Eyring equation was developed to describe the
strain rate in the direction of the applied stress in a
thermally activated deformation process. The Eyring
equation that applies when the term va/RT is large is



T.G. MAMEDOV, M.A. KURBANOV, A.A. BAYRAMOV, F.F. YAHYAYEV, A.F. NURALIYEV

de 1 (
_z_eoexp _

4
dt 2 ®

AH — vaj
RT

de
where E is the strain rate, e, iS a constant, v is an

activation volume, AH, R and T are defined as above, and
o is the applied stress. This equation mathematically
models the changes in the energy barrier due to an applied
stress. The more contemporary criteria include effects of

stress, strain, temperature, molecular weight, and
entanglement density.
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Fig.3. Effect of applied stress to the potential energy
barrier of a thermally activated rate process [2].

4., EFFECT OF MOISTURE

Extensive research has been performed to determine
the effect of solvent exposure on the craze behavior of
polymers [9, 13, 18-20]. The time for polymer crazes to
initiate decreases in the presence of some vapors or
liquids. Two possible explanations for this relationship
are that the small molecules of the solvent weaken the
intermolecular forces of the polymer chains and the
surface energy is lower in the presence of the liquid [9,
19-21]. The general conclusions for the first explanation
are that the liquid diffuses into flaws and plasticizes the
polymer, making it vulnerable to cavitation [22]. For the
second possible explanation, the reasoning is that
lowering the surface energy makes void formation easier

[9].

The most widely accepted theory of craze initiation
and growth in the presence of a solvent is called the
meniscus instability model. It was developed by Argon
and Salama [13,14,23]. The principle of meniscus
instability is the phenomenon that occurs with a climbing
liquid in a capillary tube. In a craze, the material in the tip
is plastically deformed and acts as the liquid in the
meniscus model. The surface energy of the interfaces
governs the instability. The interfacial surface energy
decreases if a solvent enters the craze and replaces the air,
causing the instability to increase and the craze to grow at
a higher rate. This explanation agrees with experimental
evidence.

Craze thickening can also be explained with
meniscus instability [13]. The model describes a region of
material a few nanometers thick between the fibrillated
and bulk polymer. A series of menisci are formed in this
region from negative hydrostatic tension. This process

describes the formation of surface drawn fibrils. Craze
growth kinetics are related to the magnitude of the
hydrostatic tension.

This study will not consider the typical organic
solvents that have been frequently cited [9, 13, 18-20, 21,
22]. The assumption is that exposure to common craze
accelerating solvents will be limited in application, and
that their effects are already well documented. This study
will concentrate on the effect of moisture on the craze
behavior of polymers. Previous research has concluded
that moisture produces changes in the crazing rate similar
to organic solvents, but to a lesser degree [19,24, 25].

Arnold [19] studied the effect of water absorption on
the strength of poly(methyl methacrylate) (PMMA). She
found that the failure stress decreased after being
immersed in water, similar to the effect of exposure to
ethylene glycol. Another observation reported by Arnold
was that craze initiation was longer for samples that were
immersed in water for longer amounts of time prior to
loading. Two possible reasons for this behavior are that:
1) during the long immersion times, the absorbed water
blunts the flaws, or 2) the surface eventually develops
compressive stresses, making it more difficult for crazes
to form.

Josserand, et al. [24], studied the effect of moisture
on the fracture of PMMA. They found that the diffusion
of water into PMMA is governed by Fick’s law, but state
that the time to diffuse into the fibrils could be much
faster than the time to saturate the bulk polymer since the
craze fibrils have such a large surface-to-volume ratio. In
their study, water behaved like a plasticizer by lowering
the glass transition temperature (T,), tensile modulus, and
yield strength of the polymer. They found that the lifetime
of a craze fibril immersed in water was three orders of
magnitude lower than that in dry air.

Notomi et al. [25] found similar results for PS and
styrene/acrylonitrile  (SAN). They concluded that the
absorption of moisture decreased the stress required for
crazing, causing increased amounts of crazing compared
to dry polymers.

5. EFFECT OF MOLECULAR WEIGHT

One of the most important factors affecting craze
behavior is intermolecular entanglements. Entanglements
refer to the interaction between long polymer molecules
which limit chain mobility. In contrast to cross linking, no
primary chemical bond exists at the entanglement point.
The ability of a polymer to form entanglements depends
on molecular weight. Each polymer has a critical
entanglement molecular weight (M), below which the
chains are too short to entangle. If the modulus of the
rubbery plateau in a modulus/temperature plot is not a
function of molecular weight, then it can be assumed that
the entanglement molecular weight is also independent of
the bulk molecular weight [5].

The entanglement density is defined as the number
of entanglement points per unit volume. PC has a high
entanglement density due to its stiff molecules containing
benzene rings in the chain backbone.

Many recent studies have determined that
entanglements play a dominant role in craze resistance.
To form the microstructure of a craze, the polymer must
undergo entanglement loss, either by chain scission or
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disentanglement [7]. Ishikawa found that the critical stress
to initiate crazing is directly proportional to molecular
weight. He related this finding to the fact that the melt
viscosity increases with increased molecular weight due
to a greater amount of intermolecular interactions. He
concluded that crazing involves disentanglement due to
the slippage of polymer molecules from the high
dilatational stresses present [5].

McLcish [7] also determined that entanglements
play a role in crazing from the fact that critical molecular
weights have been found below which stable crazes
cannot form. These critical craze molecular weights are
on the same order of magnitude as the entanglement
molecular weight. The model developed by McLcish
consists of a segment of a long polymer chain anchored
on a growing craze fibril. As the fibril grows, it pulls on
this chain segment forcing the lons polymer chain to
disentangle along its contour. The expression for this
model is given below by

1
M n
c ¥ O-ydO(T )M_(SEJ 1—1d (%)

where S; is the bulk crazing stress, oyq is the yield
stress for molecules of entanglement molecular weight
M., M is the molecular weight, & is the critical local
deformation rate, ¢ is the local strain rate at the critical
stress, n is a scaling parameter, and /7 is the surface
energy for a disentanglement-dominated craze. Iy is
defined as

2
I, =;/+W£(Mﬂj dv, (6)

‘90 e

where v is the van der Waals surface energy, w is the
contribution of single entanglement length to the
disentanglement dissipation, v, is the entanglement
density, and d is the spatial separation of linked
entanglements. The authors claim that, since PC has a
high entanglement density, y is negligible and S, = M**.

Plummer and Donald [26], looked at shear
deformation and crazing of PC that was aged for various
amounts of time at 130°C. They defined the localized
shear deformation as deformation zones (DZ). They found
the following relationships:

(1) A transition from DZ's to crazing occurs with
increasing temperature.

(2) Critical strain for craze initiation does not
depend on aging time.

(3) The DZ/craze transition temperature is inversely
proportional to aging time.

(4) The critical craze strain increases with molecular
weight at a given temperature just above the transition
temperature.

(5) The transition temperature is independent of
molecular weight and weakly dependent on temperature
in higher temperature regions.

(6) Decreasing the strain rate lowers the critical
strain for craze initiation and the transition temperature.

The authors noted that the crazes in low molecular
weight material became unstable at low strain rates near
the T, by forming cracks soon after initiation. They
measured the craze extension ratio, Ac4y, and found it to
be constant along the length of the craze. They concluded
that craze widening, which involves the formation and
extension of fibrils, is brought about by drawing the bulk
polymer instead of by fibril creep. If fibril creep occurred,
then the extension ratio of the fibrils formed first would
eventually be greater than the newly formed fibrils. Also,
for PC, which has a high entanglement molecular weight,
experimental evidence shows a molecular weight
dependence of crazing. Since disentanglement is expected
to depend on molecular weight while chain scission and
shear flow are not, they believe that PC exhibits
disentanglement-dominated craze growth.

6. MECHANICAL PROPERTIES OF CRAZED

MATERIAL

The crazing literature concentrates on the initiation
and growth of crazes, but is incomplete in the area of
determining the effect of crazes on the mechanical
properties of polymers. One obvious reason for this void
is the absence of a universally accepted technique to
measure the amount of crazing on a polymeric sample.

One attempt to predict the effect of crazing on the
mechanical properties of polystyrene (PS) was presented
by Tang and coworkers [27]. They used the finite element
method (FEM) to predict the elastic modulus in the craze
fibril direction (E;), the elastic modulus perpendicular to
the fibril direction (E), the shear modulus (Gg,), and
Poissoirs ratio (vy,) of crazed PS. In their model, they
could only consider uniform, low density crazes due to
software limitations. Specifically, Tang, et al., found that
crazed polymers have lower strength since crazes have a
lower modulus and higher porosity than the undamaged
bulk polymer. They found that E; decreased significantly,
v, and Gy, decreased slightly, and E, were not affected.
These results show that the properties perpendicular to the
crazes are most affected, which could be expected. For
this reason, all of the results reported in this dissertation
are in the direction perpendicular to the craze surfaces.

7. DIFFERENTIAL SCANNING CALORIMETRY

DSC is a thermal technique commonly used to
measure transitions in polymers like the glass transition
temperature and melting temperature [28]. In its most
common uses, polycarbonate is an amorphous
thermoplastic with a glass transition temperature around
145°C.

The free volume theories used to explain the
physical aging process of polymers indicate that when
aging occurs, the free volume in the polymer decreases.
With lower free volume there is a decrease in molecular
mobility which leads to changes in mechanical properties
of the polymer and an increase in the glass transition
temperature [8, 29]. This occurs because the polymer
needs to reach a higher temperature to produce large scale
molecular motion when less free volume is available for
chain movement. Thus, changes in the T, provide
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important information for the detection of physical aging,
and DSC was used to measure shifts in the Ty,

A general description of the DSC technique is given
by considering the meaning of each of the three words: 1)
Calorimetry implies the measurement of heat capacity
(Cp); 2) Scanning implies that a temperature range is
being scanned, making sure to include the desired
transition temperature; 3) Differential describes the
process since it looks at the difference between the heat
capacity of an empty pan and the heat capacity of a
pan/sample combination [30].

The glass transition is seen as a characteristic jump
in the heat capacity. This is because the heat capacity in
the rubbery state (above T) is larger than the heat
capacity in the glassy state (below Tg). The rubber has a
larger heat capacity since it includes rotational,
vibrational and conformational contributions while the
glass heat capacity only includes contributions from
rotations and vibrations (fig. 4). The absence of
conformational energy in the glass is due to the fact that
below the glass transition, the conformational changes of
the polymer are negligible since the energy level is too
low to permit the cooperative motion of a large number of
chain segments [30].

Cp(T)

rubber

Endotherm —»

glass

T >
g Temperature
Fig. 4. Conceptual graph of DSC scan.

8. INITIALIZATION CRAZY CENTERS BY THE
USE OF ELECTRIC DISCHARGE PLASMA
The aim of this work was to investigate how the

crystallization of polymer—piezoelectric ceramic matrix

composites under the action of the electric discharge
plasma [31]. For this purpose, we used the electric
discharge that arises in an air medium bounded by
insulators, i.e., in the metal-insulator-gas medium—
composite-metal structure, and allows one to modify
uniformly the composite throughout the volume. Taking
into account that the development of this discharge is
attended by the formation of accelerated electrons and
ions, the generation of recombination radiation, the
appearance of gaseous products, and electron—ion surface
effects, it is necessary to optimize the conditions for the
crystallization of composites under the action of the
electric discharge plasma.

The crystallization under the action of the plasma of
the electric discharge initiated by a high sinusoidal
voltage was performed in several stages. At the first stage,
the composite was heated to the melting temperature. At
the second stage, the composite was held under the
discharge at this temperature for 5-10 min. At the third
stage, the composite was cooled (in the presence of the
discharge) to the crystallization temperature of the
polymer phase at a rate of 0.5-4.0 K/min in order to vary
controllably the chemical and physical structures of the
polymer matrix.

We assume that method of the action of the plasma
of the electric discharge creates more uniform distribution
of crazes in polymer. So, our method has advantage over
other methods.

5. CONCLUSION

There have been presented in paper a literature
review of craze initiation and growth of crazes in polymer
materials including composite one. There is a discussion
concerning of mechanical properties of crazed material in
paper. A proposed idea about new method of initialization
crazy centers by the use of electric discharge plasma is
discussed.
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Numerical modeling of vortex lattice in external magnetic field in two-band superconductor using modified Ginsburg-Landau

(GL) theory is conducted. Results of simulation experiments

for a two-band superconducting films LiFeAs near the critical

temperature in perpendicular magnetic field are presented and it was shown quasi-hexagonal character of vortex lattice.
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1. INTRODUCTION

The discovery of superconductivity in Fe-based
compounds initiated new period of investigations. In
study [1], authors discovered superconductivity in
LaOFeP with the critical temperature T.=4K. The same
group of researchers found superconductivity in
compound LaO,,F,FeAs transition at temperature reach
the 26 K [2]. After this a series of oxypnictides
LaOMPn, where (M=Mn,Fe,Co,Ni,) and (Pn=P,As,Sb)
were synthesized. The critical temperature T, reached a
saturation value of 56K in SmO.,FFeAs [3].
Furthermore, it was shown that BaFe,As, non-oxyde
compound with antiferromagnetic ordering of Fe spins
also becomes superconducting at T.=38K under partial
substitution of Ba by K [4], [5]. Another class of Fe-based
superconductors is the type 111 compounds, for example
LiFeAs [6] and NaFeAs [7]. Fe-based superconductors of
the type 11 is the FeSe [8], which critical temperature
T.=8K. Superconductivity in oxypnictides occurs in Fe
planes (see [9], [10]).

Similar to cuprates, Fe-based compounds becomes
superconducting on doping of parent antiferromagnetic
state. As mentioned in [11], a layered crystal structure of
Fe based compounds similar to the high-T. cuprates.
However, significant discrepancies have been observed
between the Fe-based superconductors and cuprate
superconductors. For example, d-wave superconductivity
was realized in cuprate compounds, but an s+-type order
parameters has been proposed for Fe-based
superconductors [12]. Another peculiarity of Fe-based
compounds related with multiband character of
superconducting state [13], [14]. One of widely
investigated Fe-based superconductor is the LiFeAs.
Unusual superconductivity in these compounds is related
with two distinct energy gap associated with different part
of the Fermi surface. The smaller gap (A; =1.5 meV)
originates from hole like carriers residing on two

Foc = [d°r(F, +F, +F, +H?/87)

where
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cylindrical Fermi surface sheets, while the strong gap (A;
=2.5 meV) originates from the electron like carriers [15],
[16]. Two-band characteristic of the superconducting state
in LiFeAs is clearly evident in the recently performed
specific heat measurement [17] and from first principle
calculations [18].

The very recently investigation of vortices in LiFeAs
using scanning tunneling spectroscopy was conducted in
[19]. Zero-field measurements confirms existence two
superconducting gap in this compound. Image of vortices
in a wide field range from 0.1 T to 11T obtained using
tunneling conductance at the Fermi energy. A
quasihexagonal vortex lattice at low field contains domain
boundaries which consist of alternating vortices with
unusual coordination number of 5 and 7. However,
theoretical analysis of vortex lattice in two-band
superconductor LiFeAs was not conducted. In the present
study, the vortex lattice structure in external magnetic
field in the framework of a two-band GL equations is
conducted and obtained results applied to LiFeAs
compound. Previously, time independent two-band GL
equations were successfully used to study the physical
properties of recently discovered superconductors such as
magnesium diboride (MgB2) [20, 21] and nonmagnetic
borocarbide compounds (Y(Lu)Ni2B2C) [22,23]. Firstly
we will drive time-dependent GL equations for two-band
superconductors. Secondly we apply these equations for
numerical modeling for vortex nucleation in the case thin
superconducting film of two-band superconductor LiFeAs
with perpendicular external magnetic field. We could use
the modified forward Euler method for numerical
experiments. Finally, a conclusion remarks will be made.

2.  TIME-DEPENDENT GL EQUATIONS FOR
TWO-BAND SUPERCONDUCTORS
The GL free energy functional for an isotropic two-
band superconductor can be written as follows [20-23]:

o))
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mi are the masses of electrons belonging to different
bands (i = 1, 2); ai = yi(T — Tci) are the quantities linearly
dependent on the temperature; Bi and yi are constant
coefficients; € and €1 describe the interaction between the
band order parameters and their gradients, respectively; H
is the external magnetic field; and @, is the magnetic flux

quantum. In Egs. (1) and (2), the order parameters \Pl,Z

¥,

2
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are assumed to be slowly varying in space. Minimization

procedure of the free-energy functional yields the GL
equations describing the two-band superconductors. For
an isotropic superconductor in the case (not limiting the
generality) of A = (0, Hx, 0), the time-independent GL
equations take the following form:

hZ d2 2 d2 XZ
—+(———)‘P +o, (T, +&¥, +&6(—— )‘P2+[9’1‘Pf:0 (4a)
4m, "dx? dx® I,
/N G d>  x? s
——— (=), ta,(T)¥, +e¥, + & -—)¥, + BV, = (4b)
4m2 (dX2 Is4) 2(T) 1(dX IS4) 1 ﬂZ 2
[
where | = _he is the so-called magnetic length. In the r (2 +i %@\y = _i (6a)
2eH Yot om0
general case the signs of the parameters of interband 5 %6 F
interactioné and &, in Eqgs. (4a) and (4b) can be [L(=+i—9)¥, =——— (6b)
arbitrary. These signs are determined by the microscopic ot h oY,
nature of the interaction of electrons belonging to oA 16F
different bands. If the interband interaction vanishes then O, (E +Vg) = —55 (6¢)
Egs. (4a) and (4b) transform into the usual GL equations
with the critical temperatures Tcl and Tc2. In the general . .
Here we use notations similar to [24]. In Egs. (6) ¢

case (irrespective of the sign of €), the superconducting
transition takes place at a temperature Tc, which is higher
than both Tcl and Tc2 and is determined by the following
equation [20-23]:
&
_Tcz) =

(rc _Tcl)(Tc
172

Time-dependent equations in two-band Ginzburg-Landau
theory can be obtained from Egs. (1-3) in analogical way
to [24]:

2

(®)

means electrical scalar potential , I'; , -relaxation time of

order parameters‘V, ,, o, -conductivity of sample in

two-band case. Choosing corresponding gauge
invariance, we can eliminate scalar potential from system
of equations (6) [24]. Under such calibration and
magnetic  field in form, I:|:(0,0,H) without any

restriction of generality, time-dependent equations in two-
band Ginzburg-Landau theory can be written as

2 2 2 2 2
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where is

$2(F)

— . 2 . .
¥, (F) =|¥,,|ex(idy,) Mo (T)=2W,,|" is density of

superconducting electrons in different bands, expressions
for whichs are presented in [20-23] with so-called
natural boundary conditions

phase of order parameters

1 27iA 27iA
— (V-0 46, (V-0 L =0, (8)
4m1 (DO (DO
1 27iA 27iA
— (V- Y, +g(V- Y, tn=0, (8b)
{4m2( AR A
(ﬁx,&)xﬁ:ﬁoxﬁ (8c)
First two conditions correspond to absence of
supercurrent through  boundary of two-band
superconductor, third condition corresponds to the

contiunity of normal component of magnetic field to the
boundary superconductor-vacuum.

In this study we introduce unconventional scales to
non-dimensionalize the time-dependent two-band G-L
system of equations. As shown in [20-23], temperature
dependence of some physical quantities becomes
nonlinear in contrast to single-band G-L theory. It is well
known that, G-L parameter x for  single-band
superconductors is temperature independent, while in
two-band G-L theory x grows with decreasing of
temperature [20-23].  This implies about possibility
changing of type of superconductivity with lowering of
temperature. It means that dynamics of order parameters
in two-band superconductors differs from those of in
single-band superconductors.

APPLICATION OF TiME-DEPENDENT
TWO-BAND GL EQUATIONS TO THIN
SUPERCONDUCTING FiLM

3.

constant magnetic field. We also consider that the
superconductor is rectangular in shape. In this case our
two-band GL model becomes two-dimensional [20-23].

The order parameters ¥, and ‘¥, varies in the plane of

the film, and vector potential A has only two nonzero
components, which lie in the plane of the film. Therefore,
we identify the compuational domain of the

superconductor with a rectangular region Qe R?,
denoting the Cartesian coordinates by x and y, and the x-
and y- components of the vector potential by A(x,y) and
B(x,y), recpectively. Before modeling we use so-called
bond variables [25] for the discretization of time-
dependent two-band G-L equations

W (x, y) =exp(x] A, y)dS)

V(x,y) = explx] B(x,7)d7) ©)

Such variables make obtained discretized equations
gauge-invariant. For spatially discetization we use
forward Euler method [26]. In this method we begin
with partitioning  the computational domain

Q= [0, pr ] X [0, Nyp] into two subdomains, denoted

by €2,, and €, ., such that

Q,,=Q |i+j=2n and ), =Q i+j=2n+l (10)
For i =0,..... ;pr,jzo, ..... ;Nyp, where pr =N, +1,
N_yp = Ny +1.

For numerical calculations in two-band GL theory
we assume that the size of superconducting film is
404x404, where A London penetration depth of

We consider a finite homogeneous film of a two- external magnetic field on superconductor [20-23]:
band superconductor of uniform thickness, subject to aI
. 47e* n,(T) n,(T)
2 0.5
AT =— =+ 25 (n(T)n,(T)) ™ + =) (11)
C m, m,
Under modeling we also introduce another dimensionless parameters
U G Vi,  ~ A gt A F(Y12, A)
r ZZ;\P”:T A= \/_;F(\PLZ,A)z - 5 ; 5 (12)
1.2)0 AH V2 ag |‘P1’0| +ay |lP2,0|

Expressions for W,

magnetic field Hc are presented in [20-23]. The
calculations were performed for the following values of
parameters: T, = 18 K; Tcl =4.6 K; Tc2 = 11.55 K,

2
_ & _ 0175, £ =0.0976, 71™ _ 333, These

YEUS ¥2M,

parameters were used for the calculation of angular
dependence of upper critical field of two-band
superconductor LiFeAs [26].

and for thermodynamic

12

For solving of corresponding  discretized GL
equations we will use method of adaptive grid [27].
Results of numerical modelling presented in Fig. 1. We
assume that the sample, which is initially in a perfect
superconducting state, is cooled through T, in the absence
of applied magnetic field, and then a magnetic field of
an appropriate strenght is suddenly turned out.
Mathematically it means that, the initial state is achieved

by letting | ¥, (Y)|=1, A, (X)=0 forall Xe Q.
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Fig. 1. A quasi-hexagonal vortex lattice for two-band
superconductor LiFeAs (numerical result in this study,
for experimental data see [19])

In Figure 1, we present a a contour plot of
superconducting electrons. GL parameter for sample is
the k=5 . We can observe a partial hexagonal pattern ,
yet we do not observe the physically exact hexagonal
pattern, as expected of homogeneous samples with
uniform thickness. In some places of vortex lattice
(Fig.1) coordination number chamges as 5 or 7 instead
exact hexagonal case 6. Similar results obtained very
recently in  experimental study for two-band
superconductor LiFeAs [19] Calculations also confirms

In the end of this paragraph it is useful to note
about magnetic field distribution of vortex in two-band
superconductors. As shown in [28] structure of magnetic
field in section of vortex in two-band superconductor has
nonsymmetric angular character. As result their
interaction force between them and total energy of
superconductor with such vortexes differs from single
band one. In high density vortex lattice effects of
influence of nonsymmetric angular dependence becomes
crusial. Detail analysis of influence of asymmetric
character of sectional magnetic field distribution on the
parameters of hexagonal vortex pattern is the object of
future investigations.

4. CONCLUSIONS

In this study we obtain time-dependent GL equations
taking into account two-band character of the
superconducting  state.  Furthermore, we perform
numerical modeling of vortex lattice structure in external
magnetic field in two-band superconducting films
LiFeAs using GL theory. It was shown that the vortex
lattice configuration in the mixed state depends upon
initial state of the sample and that the system does not
seem  to yield hexagonal pattern for finite size
homogeneous samples of uniform thickness with the
natural boundary conditions. On the other hand, the time-
dependent two-band GL equations lead to the expected
quasi-hexagonal structure.
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the existence of Meissner state in thin film of two-band

superconductor. It means that at fixed Ginzburg-Landau

parameter x and external magnetic field H <H_ no

nucleation of vortexes of external magnetic field.
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COMPOSITE DIELECTRIC PROPERTIES WITH
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The results of experimental investigation of temperature frequency dependences of dielectric constant and dielectric losses of
composites PE+x-vol% TlInSe, (1<x<10) in temperature interval 300-450K and frequency one 25Hz-1MHz are given in work.The

influences of aluminum nanoparticles on

composite

dielectric

properties  90-vol%PE+7-vol%TlInSe,+3-vol%Al,

80-vol%PE+10-vol%TlInSe,+10-vol%Al; 90-vol%PE+3-vol%TIInSe,+7-vol%Al are investigated.

Keywords: aluminum nanoaddition, dielectric constant, composites PE+x-vol%TIInSe,

PACS: 72.80.Tm, 77.22.Ch, 72.20.—i, 61.72.—y 1

INTRODUCTION

Introduction into crystallizing polyolefines of
different disperse fillers in definite quantities can lead to
the change of permolecular structure, crystallinity, macro-
molecule orientation degree, polymer defect structure. As
a result their electro-active (electret, pieso-electric,
antistatic) dielectric and electro-physical, sensor and other
properties have the essential changes [1-4].

Moreover, it is expected the decrease of spherulite
sizes for polyethylene, the change of crystallinity and
crystallite sizes, formation of different functional groups
and permolecular formations. The improvement of
electro-active properties of polyethylene of low density
and high one (PELD and PEHD) at introducing of fillers
is mainly connected with two circumstances: filler
particles play the role of structure formation center and
polymer frontier layer filler has the special structure of
saturation by trap centers with different values of
activation energy in which electrons stabilize [3].

It is necessary to note that in the dependence on
nature, size, form, distribution character of filler, obtained
polymer composition can be current-conducting, antistatic
or dielectric one.

By these reasons the conclusions of different authors
differ relatively revealing nature of these or that electro-
active properties of composites at polyolephine filling by
different piezo-fillers [1-11].

It is known that triple semiconductor compound
TlinSe, has  high coefficient of photo-and
tensosensitivity and switching properties with memory
[9-11]. The composites on its base have the well electret
properties [12].

However, their dielectric, electro-physical, physic-
mechanical and peculiarities of interphase phenomena in
the system of polymer-semiconductor are little-studied.
The study of these questions would serve the formation of
new electro-active composite materials with controlled
properties.

The aim of the given work is the study of dielectric
properties of compositions on the base of PEHD with
semiconductor filler TlInSe, (AE 1,2eV). The
compound TlInSe, has the essential flexibility, tensile
strength and high tensosensitivity. The specific electric
resistance of TlInSe, is 10°—10* Om'm [7].

14

EXPERIMENTAL PART

The samples are obtained by hot pressing from
mixture powder and TlInSe, filler with dispersivity up to
50 um. The polymer and filler powders are mixed on
laboratory mill at room temperature, then the samples of
thickness 150-200 um between two Al foils are obtained
from mixture by hot pressing (at 10" Pa, temperature 443
and 473K with further hardening at 273K). The
calculation of ¢ dielectric constant values is carried out by
formulae from [13] as statistic mixture:
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=N

3

1+ (1)

&,
(‘91 _82)_

where ¢ and & are dielectric constant values of
components of polymer and filler correspondingly, v is
filler part in mixture. We obtain ¢ value [7] at ¢; = 14,1
for filler and ¢, = 2,3 for PE. The loss tangent tgo and
dielectric constant are measured by the bridge E7-8 at
heat rate # ~ 2,5K/min. The errors at calculation ¢and tgo
are 5 and 12% correspondingly.

RESULTS AND THEIR DISCUSSION

The obtained experimental results are given on
fig.1a. As it is followed from fig.la with increase of
TlInSe, additions in composite content ¢ increases, but
change character of dielectric constant in investigated
composites is similar.

It is seen that with increase of TlInSe, content in
compositions on PE base ¢ value increases and the some

additional increase of its values is observed on
dependence ¢(7) (fig.1la) at polymer softening
temperature.

The calculations by formulae (1) of ¢ values are
given in table. From the table it is seen that results (fig.1a)
satisfactory agreeing with experiment are obtained at low
values of filler degree. At relatively high values of filler
degree in calculation and experimental data of dielectric
constant ¢ the some divergence is observed. Such
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Fig.1. The temperature dependences: a) dielectric constant (") and b) dielectric losses tgo (T) of PE/ TlInSe,
composites at filler content, %; 1-0; 2-1; 3-3; 4-5; 5-10

Table.
TlInSe, 0% 1% | 3% 5% 10%
n 2.2 22 |233 2.42 2.65
Epe
eks 2.1 23 |26 2.85 3.6
Epe

The temperature dependence tgd(7) of compositions
on PE base at different filler content TlInSe, are given on
fig.1b. From these data it is seen that with increase of
TlInSe, content in compositions up to 10% vol. in
temperature interval 350-420K the dielectric loss
maximums which can be connected by melting of
polymer matrix in composite are observed. Besides
dielectric losses have two maximums: the first is in
temperature interval 320-345K and the second one is in
temperature interval at 350-380K for compositions on PE
base (fig.1b). Moreover, for compositions on PE base the
second maximum of dielectric losses is weakly expressed.
The increase of second peak intensity on dependences tgd
(7) shows that dielectric losses at high temperatures are
caused by essentially charge movement in filler, and also
by accumulation in interphase boundary and decay in tgé
values is observed after exhaustion.

Further, the insignificant increase tgé at high
temperatures is result of conducting increase of general
system after polymer matrix melting. The frequency
dependences of dielectric constant of compositions
PE+TIlInSe;, are investigated. The investigation results are
given on fig.2a. In interval 0-1MHz as it is followed from
the picture, the maximum at frequency 100kHz is
observed for composites 3 vol.% and 10 vol.% TlInSe, on
curves ¢(o). Further, the insignificant decrease of
dielectric constant is observed with frequency increase up
to 10°kHz. Beginning from 10*kHz the dielectric constant
increases from 18,34 up to 20,64 for composition 10

|vol.% TlInSe, and for composition 3vol.%TlinSe,, the
dielectric constant increase from 18,8 up to 21,05 takes
place in the same frequency interval.

In whole, the analogous change character g(w) is
observed for composite 5 vol.% TIlInSe,, i.e. with
frequency increase from 25 up to 100 kHz the dielectric
constant increases from 22,87 up to 26,86. The dielectric
constant decreases up to 23,56 with further frequency
increase up to 10* kHz, with further frequency increase up
to 10° kHz takes place the increase ¢ from 23,56 up to
26,68 for composites 10 vol.% and 3 vol.% TIlInSe,.
However, in investigated frequency interval the dielectric
constant of composite 5 vol.% TlInSe, is more than
composites 10 vol.% and 3 vol.% TlinSe,. The frequency
dependence of dielectric constant is firstly investigated in

composites PE+ T1InSe, with aluminum nanoparticle,
i.e. for composites

90vol.%PE + 7vol.%TIInSe, +3vol.%Al;
90vol.%PE +3vol.%TlInSe, + 7vol.%Al;
80vol.%PE +10vol.%TlInSe, +10vol.%Al;
90vol.%I10 +5vol.%T1InSe,, +5vol.%Al;

In interval 25MHz-1 composites with aluminum
nanoparticles are also obtained by above mentioned
technology. As it is followed from fig.2b in whole
investigated range takes place the insignificant decrease ¢
with frequency increase. The weakly-expressed maximum
at frequency 200Hz is observed. The some exclusion is
the composite 90vol%PE+5vol.%TlInSe,+5vol.%Al for
which takes place the & increase in frequency interval
100kHz-1mHz.

15



COMPOSITE DIELECTRIC PROPERTIES WITH NANOADDITIONS OF ALUMINUM PARTICLES

£
4
bE
3
]
1
20 -

i} 1000 10000

a)

100000 1000000

v, Hs

§O00D 1 B v, Hs

b)

Fig. 2. The frequency dependence of dielectric constant of composites: a) PE +xvol%TlInSe, (1-x=10; 2-x=3; 3-x=1; 4-x=5),
b) xvol.% PE+xvol.%TIlInSe, + yvol.% Al (1-x=7, y= 3; 2-x=10, y=10; 3-x=3, y=7; 4-x=5, y=5)
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Fig.3. Frequency dependence of dielectric constant tgd(v) of composites: a) PE+xvol.% TlInSe; (1-x=1; 2-x=10;
3-x=5; 4-x=3) and b) PE + xvol.% TlInSe, + yvol.%Al (1-x=3, y=7; 2-x=7, y= 3; 3-x=5, y=5; 4-x=10,

y=10).

In whole, with addition of aluminum nanoparticles
into composite content, their dielectric constant stays
practically constant in whole investigated frequency
range, i.e. the dispersion in spectrum &(w) doesn’t
observed. The investigation results of dielectric losses of
composites PE+ TlInSe, in dependence on frequency in
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range 25Hz-1MHz are given on fig.3 from which it is
followed that for composite PE+1vol.% TlInSe, at
100Hz and 500Hz the deep maximums are observed,
between them at frequency 200Hz the bright maximum is
observed, after 500Hz firstly strongly increase and in
frequency change from 1000Hz up to 100KHz the



moderate one are observed, further the strongly tgé
increase is observed. For composite PE+3vol.%
TlInSe,the maximum at frequency 100Hz is observed, the
deep minimum at 200Hz, in range 200-1000Hz the
maximum is strong one, in range from 1000Hz up to
100KHz is moderate tgd increase and further the strong
tgd increase are observed. It is necessary to note that for
composites with x=5; 10 the tgd analogous changes are
observed, i.e. for these composites the weak maximums
are revealed at frequency 100Hz, deep minimum at
200Hz and further tgd increase are observed.

The investigations are carried out on composites
PE+ TlInSe, with aluminum nanopartcles. As it is

followed from fig.3b for all investigated composites
tgd(v) the dependence has similar character, i.e. at small
frequencies for composites PE+5vol.%
TlInSe,+5vol.%Al, PE+10vol.% TIlInSe,+10vol.%Al the
maximum decrease at frequency 200Hz is observed, the
minimum at 500Hz, further increase up to 100KHz and
insignificant decrease up to 1MHz are observed. For
composites PE+3vol.% TIInSe,+7vol.%Al; PE+7vol.%
TlInSe,+3vol.%Al at low frequencies (25-100Hz) the
weak and further strong increase are observed, the
maximum at 200Hz and deep minimum at frequency
500Hz are observed. It is necessary to note that tgd
change takes place analogously to other composites.
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It is revealed that uncontrolled defects appearing at crystal obtaining and their treatment, strongly influences on AgGaSe,,
single crystal photo-electric properties obtained by Bridgman methods and electron processes taking part in forbidden band of single
crystals, depend not only on light intensity and on sample perfection.

It is established that residual photo-conduction (RPhC) observation and its damping in AgGaSe, single crystals stimulated by
light with different wave lengths are well explained on the base of known barrier model.

Keywords: damping of residual photo-conduction, uncontrolled defects.

PACS: 72.20.Dp, 72.20.-i, 81.10.Fq

INTRODUCTION

As it is known the semiconductor material properties
are very sensitive to the smallest crystallization violations.
The so-called uncontrolled defects are formed at
semiconductor obtaining and sample treatment in crystal
forbidden band that doesn’t give the possibility to control
the crystal growth process.

All these circumstances lead to the fact that crystals
obtained and treated by different methods are different
ones by their physical properties.

The last one makes difficult the understanding of the
processes taking part in AgGaSe, single crystals
especially at study of photo-electric properties.

In order to reveal the influence of such defects on
photo-electric properties of investigated single crystals,
the comparative investigations connected with some
AgGaSe, photo-electric properties obtained at different
technological conditions are carried out. The given article
is dedicated to this problem.

The development of different storage units, storage
elements of information accumulation on the base of
semiconductors nowadays is the actual problem in
connection with increasing requirements of computer
engineering and automatics.

The optolectronic storage devices and photo-electric
storage elements, i.e. devices which have the possibility
of recording and storage of information given in the form
of light signal, allows us to read information recorded on
them by photo-electric or other type method many times
without its elimination or distortion present the big
interest. They are reversal ones, i.e. they allow us to
delete the recorded information and to return in the initial
state [1,2]. From this point of view the residual photo-
conduction (RPhC) and its damping being the one of the
most  interest photoelectric  effects in  different
semiconductor substances present the essential interest
which includes in the fact that the high conductance saves
in the sample during long period and it can be damped in
necessary moment [3,4].
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EXPERIMENTAL
DISCUSSION

The samples of AgGasSe; single crystals of two types
obtained by chemical transport reaction and Bridgman-
Stockbarger methods are used for investigation of photo-
electric properties. In first case the samples aren’t treated
by additional mechanical treatment, in second case the
polishing method is applied for obtaining of necessary
forms and dimensions. The polishing is carried by
following way: firstly the one side is polished by M30,
M14 and M10 powders. Later, the sample is polished on
cambric by diamond pasta by grain diameter in micron
and polymicron. Further the other side is polished in the
same sequence. After this the samples are polished up to
necessary thickness. The samples are unsticked with the
help of benzine and washed by alcohol. The average
dimensions of the investigated crystals are 4x1,6x0,8
mm? (obtained by chemical transport reaction) and 6x4x3
mm?® (obtained by Bridgman-Stockbarger method). The
silver pasta, aquadag and indium are used as contacts. For
current measurements the same electric scheme is applied
that in  photo-conductions investigations.  All
measurements are carried out at 120K in metallic cryostat
with vacuum by ~10° mm Hg order at condition that
sample supply voltage is in the limits of VACh linear
region.

MJIP-2, VSU-2 device is used in the capacity of
monochromator. The incandescent lamp CH 8 serves the
light source for stationary excitation. The light focuses on
samples with the help of lens, the excitation intensity
change is carried out by platinum attenuator and change
of monochromator entrance slit width. The value of
stationary photo-current is registered by recorder through
amplifier.

The photocurrent relaxation curves in AgGaSe,
single crystals taken after switching off and on the
monochromatic light from proper absorption region at
different values of incident light intensity are shown on
fig.1.

RESULTS AND THEIR
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Fig.1. The relaxation curves of RPhC of AgGaSe, single crystals A = 1,80eV.

The photocurrent relaxation curves in AgGaSe,
single crystals taken after switching off and on the
monochromatic light from proper absorption region at
different values of incident light intensity are shown on
fig.1.

The light intensity changes with monochromator
entrance slit change. As it is seen the current slowly
achieves its maximal value at low intensity after light
switching on and decreases with time; the stationary
photocurrent state is observed in some time. After light
switching off the photoresponse decay takes place by law
slower than simple exponential one and relaxes to
different one from dark, new quasi-stationary value, i.e.
RPhC in single crystals is observed. The image sensitivity

! increases with intensity increase and also growth velocity

and photo-current decay correspondingly at light
switching on and off. Thus, at small light intensity the
establishment of stationary current value requires long
time which decreases with intensity growth.  As
investigations show RPhC multiplicity (the relation of
conductance in RPhC state to dark conduction) strongly
depends on both the intensity and light wave length. As it
is seen from the figure at small illumination dozes RPhC
value linearly increases and at big dozes the saturation
takes places. By other words at enough big duration and
light intensity the RPhC multiplicity doesn’t depend on
intensity.
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Fig.2. The damping kinetics of residual conduction at different wave lengths (T=120K).

The RC damping kinetics at different light wave
lengths is presented on fig.2. These curves are obtained
by following way. The sample is taken in cryostat and
treated by illumination of proper light by wave length
A=0,68 mcm enough long time (20 minutes) at
temperature 120K and further, it is endured in darkness up
to achieving of stationary state (5 minutes). The RPhC
level achieved by this is presented by o, region on
figure. Later, the sample is illuminated by light with wave

IIength A=0,80 mcm. As a result the conduction strongly

changes and when the photo-current achieves its
stationary light value, the light is switched off and the
cycle is repeated at other light wave lengths.

As it is seen from the figure, the curve character
strongly depends on wave length of incident radiation.
The light with wave lengths lying in region 0,80-
0,95mcm leads to both photo-current increase and
damping of residual conduction. For wave lengths more
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than 1 > 0,95a only RPhC damping is observed. It is
necessary to note that the photo-current increase has
“flare” character (curves 5-7) after light switching on of
wave length 2=0,925 mcm and this “flare” character
becomes the immediate one with increase of photon
energy and finally, disappears at wavelength where only
damping of residual conduction is observed.

In order to destroy the state with RPhC, it is enough
to heat the crystal up to 400K and cool it in darkness.
RPhC state and its damping can be repeated on the one
and the same crystal many times.

It is necessary to note that the average value of
multiplicity of proper RC is value ~10% and decreases
with electric field increase and temperature increase. The
RC observation only in AgGaSe, single crystals obtained
by Bridgman-Stockbarger (RPhC in samples obtained by
transport reaction is absent), its damping by IR-light and
other experimental facts allow us to suppose that RC is
connected with the presence of macroscopic potential
barriers in the sample caused by semiconductor
heterogeneity, consisting from regions of different
resistance: low-resistance (LR) and high-resistance (HR)
spacely separating the current carriers [2].

At this it is supposed that formed non-equilibrium
carriers (electrons) accumulate in low-resistance region
and create the additional conduction, holes are in high-
resistance region and are captured by deep recombination
centers after illumination of barrier region by proper light.
The electron life time strongly increases because of
introduction of slow recombination channel and the
residual conduction is obtained.

IR damping of RPhC also can be explained on the
barrier model language. The non-equilibrium carriers
absorbed IR quantum save the energy enough for barrier
overcoming and rapidly recombine with holes on centers
in high-resistance region and RPhC damping is observed
similar to IR damping, only here the residual conduction
plays the role of phonon level.

The obtained experimental data show that RPhC
spectrum in A < 0,68 mcm region correlates with PhC
spectrum and in wave length interval 0,68-1,5mcm RPhC
damping is observed where usual positive impurity RC is
observed in PhC spectrum. The RC damping region
totally coincides with spectral dependence of IR damping
of proper and negative PhC in investigated samples
obtained by method of transport reaction. Such result
gives us the foundation to propose that the potential
barriers between high-resistance and low-resistance
regions appeared in the samples obtained by Bridgman-
Stockbarger (we propose that in our case the
heterogeneity is connected with growing up or treatment
of the crystal) are directly connected with the presence of
T-centers icreasing its sensitivity in both sample groups
with similar energy from valence band top [5,6].

The damping effect only for wave lengths bigger
than 0,68mcm is connected with the fact that quantum
energy in this case is very small one, in order to cause the
transitions leading to PhC increase and the curve form is
defined by the ratio of velocities of excitation processes
and PhC damping carrying out at the given light wave

length .

Usually the excitation process takes place with big
velocity causing the maximum appearance at switching
on of additional illumination and minimum at its
switching off.

The “flare” character of photocurrent at light
switching on 1,0-0,90 mcm propably is caused by hole
photo-ionization from centers [8]. As in AgGaSe, single
crystals the levels are symmetrically situated relatively to
forbidden band middle: Evr = Ecr then crystal radiation
by light with smaller energy E<Evr into RC state causes
simultaneous electron transitions from impurity level into
conduction band and from valence band to impurity level.
The positive current in the jump form is observed in the
moment of impurity light switching on whereas excited
electrons into C-band recombine with free holes through
S-centers because of exhaust of capture levels and RC
damping caused by the filling of 7 — centers by electrons
appears in some time. The recombination process velocity
increases with the light wave length increase and
photocurrent “flare” character correspondingly has the
immediate character. The photocurrent “flare” character
totally disappears and only the RPhC damping is
observed (it is supposed that small levels E< 0,6 eV are
totally filled by electrons and deep levels E>0,6 eV are
filled by holes) when IR beams by wave lengths 0,6mcm
excite the electrons from the valence band on slow 7 —
levels in high-resistance introductions and holes
appearing at this, are “immediately” captured by S-levels
where rapidly recombine with free photo-electrons. The
supposed model also allows us to understand the fact that
RPhC value practically doesn’t depend on excitation level
higher definite light intensity. Indeed, after ample
illumination by weak light the filling of levels in low-
resistance introductions up to some value corresponding
to barrier height which defines the RPhC maximum value
and consequently, the further intensity increases don’t
influence on RPhC value.

It can be proposed that RPhC damping mechanism
by electric field and temperature increase is connected
with overcoming of macroscopic potential barriers [9,10].

CONCLUSIONS

The residual conduction and its damping in
AgGaSe, samples obtained by Bridgman method at 120K
is firstly observed. It is shown how excitation and
damping of residual conduction stimulated by the light
with different wave lengths are explained on the base of
known barrier model.

It is established that damping effect observation of
only wave lengths bigger than 0,68 pm is connected with
the fact that quantum energy in this case is extremely
small one in order to cause the transitions leading to PhC
increase.

It is established that RPhC value practically doesn’t
depend on excitation level higher the definite light
intensity and damping mechanism by electric field and
temperature increase is connected with overlapping of
macroscopic potential barriers.
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THERMAL EXPANSION AND ISOTHERMAL COMPRESSIBILITY OF InGaTe,
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The investigation results of temperature dependences of thermal expansion coefficients and isothermal compressibility of

InGaTe, triple compound crystallizing in tetragonal syngony with space symmetry group Dii having the parameters  of elementary

cell a=8,463A; ¢=6,981A and chain structure are given in the given work. It is revealed that in investigated temperature interval
80-350K the anomalies in dependencies §(T)and y (T) aren’t observed.

Keyword : isothermal compressibility ,band structure, vibrational contour

PACS: 43.35.Bf; 61.20.Gy; 82.60.Lf

INTRODUCTION
The existence of triple compounds A" B" X}'are

already informed in works [1,2]. By decryption of crystal
structure TISe it is revealed that in the content of the
given phase the thallium atoms have the alternative
valence, i.e. the half of thallium atoms have the
univalence and other part of atoms have the trivalence and
chemical formulae TISe can be written in the following
form:
TISe — TI'TI**Se,.

Further, with exchange of trivalent TISe by trivalent
elements of third group the new class of semiconductor
compounds of type A"B"X}' are obtained and

investigated. InGaTe, is structural analogue of the
compounds of above mentioned types crystallizing in
tetragonal syngony with chain structure. At InGaTe,
formation the external electron configurations of two

tellurium atoms 2(5 2 5p*), because of one 5p* indium
electron and three 4 s* 4 p* gallium ones are constructed

up to neutral configuration 2(5 s 5 p°).

The elementary cell InGaTe, has the two formula
units. In crystal lattice InGaTe, the univalent In atoms are
surrounded by eight Te atoms whereas trivalent Ga atoms
are in tetrahedral surrounding of Te atoms and form the
atom chains (Ga;Te,?) prolonged along optical axis c.

Nowadays the some properties and electron spectrum
[3-5].

The band structure calculation of the given phase
shows that valence band InGaTe, consists of three
subbands. The low subband consisting of four bands is far
from rest ones by wide energy gap by order — 6eV. The
theoretic-group analysis shows that these low valence
bands are situated near -10+-11eV are bind to 5s-states
of Te.

The following group from four valence bands
situated on energy level near -5eV is originated from
mainly s-states of In and Ga atoms. The rest big group
from ten bands by 5 eV thicknesses is originated from p-
states of In, Ga and Te atoms.

The aim of the given work is the investigation of
temperature dependence of thermal expansion coefficient
(TEC) and isothermal compressibility (IC) InGaTe,.
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EXPERIMENTAL PART

For investigation of thermal expansion coefficient
and isothermal compressibility InGaTe, the samples are
obtained by following way. At synthesis InGaTe, the
elements by pureness In-000, Ga-99, 996, Te-0.067% are
used. The ampoules firstly are refined by mixture HF of
distillated water. After chemical refining the ampoule
evacuated up to 0, 0133 Pa are put into stove at 1000°C
on 24 h after it is cooled, filled by high-purity elements.
For melt homogenization the mixture is endured 24 hours
at temperature 970°C. During synthesis process the
ampoules are often shaken out with the aim of best
mixture of component parts. Further, the ampoule with
substance with rate 1,33mm per hour is transferred from
high-temperature band into crystallization one with
corresponding temperature 700°C. After cooling up to
room temperature the obtained crystals are treated by X-
ray analysis. It is revealed that compound InGaTe,
crystallizes in tetragonal syngony is monophase one with
lattice parametersa =8,463(7) A ¢ =6,981(8) A These
values are well agree with data [5] where a=8,4124,
c=6875A.

For measurement of temperature dependencies of
thermal  expansion  coefficient and  isothermal
compressibility InGaTe, the installation is used by us,
described in work [6]. The principal scheme of extension
registration developed in work [6] consisting of generator
oscillating loop and high-frequency amplifier on one
transistor has some disadvantages. In particular, there is
no reliable agreement between scheme output and outputs
of numerical measuring devices and negative influence of
sinusoidal oscillations on the work of numerical
frequency meters.

That’s why for elimination of these disadvantages
the additional transformer of sinusoidal oscillations into
numerical one is introduced into scheme. It consists of
three elements «and - not». The first element of micro-
scheme is carried out as threshold one and amplifier the
output of which is numerical one. Further, the signal
passes through two elements «u - He» and finally formed
it comes on input of numerical frequency meter. In system
of extension registration (fig.1) all capacitor are mica
ones (excluding paper one C?), transistor T ~KT361B and
also stabilitron KC447A, micro-scheme K555JIA3 with



any other blade letters. The resistors of MJIT- 0,25 type.
The supply voltage is 14V. The oscillations frequencies
are measured by frequency meters of U3- 33 type.

The measurements on installation are carried out in
following consequence: for heating on investigated
sample which can have any geometric form (the samples
of cylindrical form with diameter 5mm and length 30mm)
along whole length round to round the constant wire by|

diameter 0,1mm with silk isolation is bifilar rounded.
Further, its surface is covered by thin layer of glue Bd-2
that is promoted to slow and uniform temperature change
of all sample parts. The sample temperature is measured
at 77,3-400K by cuprum-constant thermo-couple. For
measurement reliability we take three pairs of thermo-
couples which are glued to upper, middle and lower
sample parts.
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Fig.1. Principal scheme of registration system of sample change.

RESULTS AND THEIR DISCUSSION

KTP InGaTe, investigation is carried out in
temperature interval 80-350K. the results are given on
fig.2a. As it is followed from fig.2a with temperature
increase from 80 up to 230K KTP increases and froml
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|further temperature increase stays practically constant.

The insignificant structure is observed at temperature
198K on dependence (7). The other anomalies in 6(7)
dependence aren’t observed.
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Fig.2. Temperature dependencies of thermal expansion coefficients (a) and isothermal compressibility (b) InGaTe,.

The investigation results of IC InGaTe,coefficient are
given on fig.2b. As it is seen, IC increases with the
temperature increase from 80 up to 350K. The
insignificant structure is observed on curve ¥, (T) at
temperature 198K. The other anomalies aren’t observed
on y, (T) dependence.

The analysis of obtained results shows that at low
temperatures in difference from Grunayzen law KTP
strongly increases. Such dependence is revealed for other
crystals [7]. So for explanation of inclinations from
Grunayzen law at low temperatures the study of
physicochemical crystal properties is paid more attention.
Thus, for obtained results the Grunayzen known
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expressions are necessary improved. KTP connection
with other thermodynamical values can be defined taking
under consideration the dependence of Grunayzen
C
5:7 V7/T +

coefficient on temperature
=5
% oT ), Vv

here E is internal energy, V is molar volume, C, is

thermal capacity at constant volume, y; is isothermal
compressibility coefficient. From the given expression as

oT
obtained. Grunayzen constant plays the essential role at

the private case [67’) =0 Grunayzen formulae is
\

construction of theory of solid bodies and bonds the
thermodynamic parameters [8]. As it is followed from
formulae y  characterizes the unharmonicity of

interacting forces, because other values in right side of
expression are obtained from harmonic approximations.
This formulae can be used by someone when the
¥ = const expression can be accepted. As it is above

mentioned, the chemical formulae InGaTe, can be written
in the form In*(Ga™Te,) then In and Ga atoms take two
different crystallographic positions. In compounds of this
type between ions the relatively weak chemical bond is
observed. Probably, KTP increase including IC takes
place in the direction of chain between In* Te, ions.
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Maleic Anhydride—Octene-1-Vinylbutyl Ether terpolymer has been synthesized via the radical terpolymerization method in
order to prepare a new matrix for synthesis of CdS and ZnS nanocrystals. CdS and ZnS nanocrystals were separately synthesized in
N,N-dimethylformamide solution of terpolymer through the reaction of thiourea with cadmium chloride and zinc chloride.
Synthesized nanocomposites were characterized using several methods like Energy dispersive X-ray analysis and Transmission
Electron Microscopy to obtain the proof results of nanocrystal formation. According to the results obtained with Transmission
Electron Microscopy investigation the sizes of these nanoparticles do not exceed 5 nm.
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1. INTRODUCTION

Nanotechnology deals with materials or structures
in  nanometer scales, typically ranging from
subnanometers to several hundred nanometers. One
nanometer is 10° micrometer or 10° meter.
Nanotechnology is a new field or a new scientific domain.
On nanometer scale, materials or structures may possess
new physical properties or exhibit new physical
phenomena. Nanomaterials attract many scientists and
engineers due to their unique electronic, mechanical,
thermal, chemical properties associated with their size.
There may be many more unique physical properties not
known to us yet. These new physical properties or
phenomena will not only satisfy everlasting human
curiosity, but also promise new advancement in
technology [1].

Nowadays sulphide semiconductors with nanometer
size dimensions have been the focus of many researchers
due to their specific properties. Therefore CdS
nanocrystals are very interesting for several researchers
because of their variety of applications such as photonic
materials. CdS  nanocrystals are  well-studied
semiconductors because of their stability, easy
preparation and distinct band gap that helps to detect a
number of optical phenomena [2,3].

Many useful methods have been used for preparing
II-VI group sulphide semiconductor nanoparticles, such
as colloidal chemistry method, sol — gel method, inverse
micelle method, in situ synthesis and assemble on
polymer template.

The most significant method is in situ synthesis and
assembly of sulphide semiconductor nanocrystals on
polymer. It is realized by loading metal ions uniformly on
polymer and then reacting metal ions with S* ions to form
sulphide nanoparticles [4].

In this paper Maleic anhydride—Octene 1-Vinylbutyl
Ether terpolymer (TPL) has been used as template for
synthesis of CdS and ZnS nanoparticles. Novelty of this
work is the first time use of the TPL as the matrix for
synthesis of CdS and ZnS nanocrystals.

The goals of the present work are following: a)
obtaining new matrices for synthesis of CdS and ZnS
nanocrystals; b) synthesis of CdS and ZnS nanocrystals in
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TPL matrix and the prove of the formation of
nanocrystals in the TPL. The advantage of the obtained
material is the use of this material in solar cell and
semiconductor fabrication.

2.
2.1.

EXPERIMENTAL
Materials and methods

All the chemicals were of analytical reagent grades.
Maleic anhydride (MA) was purified before use by
recrystallization from benzene and by sublimation under
vacuum. Octene-1 (OC), Vinylbutyl ether (VB), and butyl
acetate (BA) were distilled before use.
Azobisisobutyronitrile  (AIBN) was purified by
recrystallization from ethanol.

Energy Dispersive X-ray analysis (EDX) have been
carried out with EDX RONTEC Quantax analytical
device.

Transmission Electron Microscopy images have
been taken with FEI TECNAI G2 20 X-TWIN
Transmission Electron Microscope using 200 kV voltage.
The TEM specimens were prepared by dripping the
droplets of the N,N-dimethylformamide solution of
terpolymer / CdS and terpolymer / ZnS nanocomposite
onto the carbon coated copper grid.

2.2. Preparation of Maleic anhydride-Octene-1-
Vinylbutyl ether terpolymer (TPL)

First of all TPL was synthesized. Synthesis process
was free radical terpolymerization method. The process
was performed in butyl acetate solution in the presence of
AIBN as an initiator.

9.8 g of MA (0.1mole), 4.85 ml of VB (0.05 mole),
5.85 ml of OC (0.05 mole), and 0.2 g of AIBN was
thoroughly dissolved in 50 ml of butyl acetate and poured
into ampule.

Then this ampule was immersed into glycerine bath
and temperature was raised to 80°C. Heating was
continued for 4 hours. Thermostat was used for
stabilization of the temperature. After 4 hours TPL was
precipitated from solution with isopropyl alcohol, washed
several times, and dried in vacuum.
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2.3. Synthesis of CdS and ZnS nanocrystals in
previously formed TPL template

Apparatus for CdS and ZnS nanocrystal synthesis in
previously synthesized TPL was assembled using
following parts:

Three-necked round bottom flask (500 ml), reflux
condenser, water bath, stirrer, thermometer, heater, stand
and clamps. 1.0 g of TPL was dissolved in 100 ml of
N,N-dimethylformamide (DMF) to form a polymer
solution at room temperature. Then 0.48 g of CdCl, x 2.5
H,0 (2.1 x 10 mole) was added to the polymer solution
and this solution was stirred vigorously in a three necked
round bottom flask. The temperature was raised slowly to
90°C and the mixing was continued for 4 hours. After 4
hours 0.76 g of thiourea (0.01 mole) in DMF was then
injected into the reaction flask using a syringe with
vigorous stirring. The reaction was continued for another
1 hour, and a yellow clear solution was obtained which
indicated the formation of CdS nanocrystals. The same
process was performed for ZnS nanocrystal synthesis, too.

3. RESULTS AND DISCUSSION
3.1. Energy dispersive X-ray (EDX) analysis

EDX is an analytical technique used for the
elemental analysis or chemical characterization of a
sample. It relies on the investigation of an interaction of
some source of X — ray excitation and a sample [5].

This method has been used for elemental structure
characterization of TPL / CdS and TPL / ZnS
nanocomposite. It can be seen in the EDX spectrum for
TPL / CdS that there are carbon, nitrogen, oxygen, sulfur,
chlorine, and cadmium in the sample (figure 1). Spectrum
of TPL / ZnS (figure 2) shows results for carbon,
nitrogen, oxygen, sulfur, chlorine, and zinc. Carbon and
oxygen are the elements from terpolymer matrix.
Nitrogen is not expected element in this case. The origin
of nitrogen participation in the sample is AIBN. That is an
initiator. When it decomposes it gives the radicals with
cyanide groups which contain nitrogen in it. These
radicals begin the radical polymerization process and
remain in the macromolecule.

Peaks of cadmium, zinc and sulfur are the evidences
of CdS and ZnS formation in the matrix.

CdCl, x 2.5 H,O and ZnCl, x 2.5 H,O were used as
the precursors in this process. Some parts of the
precursors may remain unreacted in the system and that is
the reason of observation of the peak of chlorine in the
spectrum.

3.2. Microscopic characterization

Transmission Electron Microscopy is the most
useful microscopy method in nanotechnology. This is a
microscopy technique whereby a beam of electrons is
transmitted through an ultra thin specimen, interacting
with the specimen as it passes through. An image is
formed from the interaction of the electrons transmitted
through the specimen.
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Fig. 1. Energy Dispersive X-ray spectrum of TPL / CdS
nanocomposite.

CNO

1

Fig. 2. Energy Dispersive X- ray spectrum of TPL / ZnS
nanocomposite.

The presence of nanoparticles in polymer matrix can
be easily proven with Transmission Electron Microscope.

Figure 3 and figure 4 show TEM images of CdS and
ZnS nanocrystals. These images are in 50 nm scales and
they are the evidences of participation of CdS and ZnS
nanoparticles in polymeric matrix. It can be deduced from
the images that the sizes of the synthesized nanocrystals
do not exceed 5 nm and that is expected size. It is obvious
that the physicochemical properties of the nanoparticles
improve with decreasing of the size. And the obtained
sizes are quite good to get unique properties.

Fig. 3. TEM image of the CdS nanocrystals.
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Fig. 4. TEM image of the ZnS nanocrystals.

4. CONCLUSIONS

In the present work TPL was synthesized via radical
terpolymerization method. Then this terpolymer was used
as the matrix in CdS and ZnS nanocrystal synthesis
process. CdS and ZnS nanocrystals were synthesized

through the reaction of cadmium chloride and zinc
chloride with thiourea.

EDX results show that synthesized sample consists
of carbon, nitrogen, oxygen, sulfur, chlorine, cadmium
and zinc.

TEM images of the obtained nanoparticles show that
the sizes of these nanoparticles do not exceed 5 nm. This
is an expected size for nanocrystals obtained with this
method.

According to obtained results it is easy to say that,
the synthesis method used in this paper is useful for
nanoparticle synthesis purpose and can be used as the
industrial method in the future.
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The calculation results of optical functions: imaginary and real parts of dielectric constant, main index of refraction and its
imaginary part , reflection coefficient and imaginary part of reverse value of complex dielectric constant, real and imaginary parts of
optical electric conduction of InGaSe, compounds at e||c and e_Lc polarizations in energy intervals 0-12eV, are given in the work.
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The semiconductor compound InGaSe, is related to
tetragonal syngony of Djﬁ group, elementary cell has two

formula units, lattice constants a=8.0511 A, c=6.3174 A,
chalcogenide parameters x=0.1636. In crystal lattice
InGaSe, the univalent atoms are surrounded by eight Se
atoms, whereas trivalent Ga atoms are in tetrahedral
surrounding of Se atoms and form the atom chains

(Ga;Se;?) prolonged along optical C axis.

In scientific literature there are information about
structure investigation and properties of triple compound
InGaSe, [1-5]. However, there is no information about
investigation of InGaSe, optical properties. In this
connection in the given work the calculation results of
optical functions of given phase are given.

The optical functions InGaSe, are calculated by
known technique given in [6]. At obtaining of spectral
dependence of imaginary part of complex dielectric
constant we use the relation:

5(E)= 25 X Sl Ma (k)| S(E.()- E,(K)-E).

keBZ vic
1)
where

e-M,(k)=e- jl//:k (PX=inV Jyy (r)dr -

This integral is taken over the volume of crystal
elementary cell and means the matrix element of impulse
operatorp =—izV; v and ¢ indexes number the states of

valence band and conduction band, correspondingly; e is
unit factor of polarization. At summation over Brillouin
zone in (1) the elementary cell of reverse lattice is divided
on 64 equal volume parts and in them occasionally k-
points are chosen. About 3000 points are taken, as a result
of which the histogram is obtained. N constant is defined

from the condition of histogram normalization
2 2

JEg. (EME =2 2 =2 . ATNET where ®, is
5 ' 2P 20 m,

plasma frequency for electrons; n, is average electron
density in crystal.
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The histogram is constructed with the step 0,2eV
and covers all interband transition v— ¢ with energy up to
12eV. Beginning with small structure in histogram near
12eV the g(E) dependence is extrapolated by known

formulae & (E)j ,,,~E . The transitions from lowest

bands having Se-5s origin are partially into investigated
spectral region. These bands are situated far away and as
our investigations show the widening of spectral region
and introduction of big energy transitions from these
bands in high states of conducting bands doesn’t lead to
contributions in dielectric constant significantly differing
from extrapolation.

The real part of dielectric constant is defined from
integral dispersion relation of Kramers-Kroning:

gr(E)=1+3Pngi(E )
Ty E°-E

Here the integral is designated by P symbol in meaning of

the main value.

The calculation results of above mentioned spectral
functions of InGaSe, compound for e|lc and elc
polarization are given on fig.1la and 1b. As it is seen from
fig.1a in interval 1.85 — 3.05eV the calculative curves
rapidly increase up to maximum. According to these
figures the maximum of the main peak in &(E) spectrum
at e||c (fig. 1a) polarization is at energy 2.55eV and at eLc
(fig. 1b) 2.75 eV in g(E) spectrum in both polarizations
the maximums of the main band which we connect with
transitions from upper part of valence band into lower
conducting bands are at 3.5eV. In g;(E) spectrum at elc
polarization there are four peaks with energies 4.25, 5.55,
5.95 and 6.45eV. At e||c polarization the additional peaks
are situated at energies 4.05, 5.08 and 5.75eV, but they
are weakly expressed, mainly the last ones.

The maximum value ¢ at polarization e|c is equal
24.9 and at 14.95; such difference is character for chain
crystals by InGaSe, type with strong anisotropy. The limit
value &(E=0) is equal to 9.5 at polarization e||c and 9.1
atelc.
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Fig.1. The spectral dependence of (g;) imaginary and (g,) real parts of dielectric constant of InGaSe, compound for ¢||c (a) and

for eLc (b) polarization.

The optical functions of the given phase are
calculated with the use of value of real and imaginary
parts of dielectric constants of InGaSe,. The main
refraction index (refraction real component) is defined by

the formulae:
1 5
n:\/z(gr'F gr2+gi2)’

The energy dependence of the main refraction index
is given on fig.2a. As it is followed from fig.2a at e||c
polarization the n(E) dependence has the maximum at
energy 3.2eV (n=3.87) up to energy 12eV.

The clear expressed maximum (n=3.92) and further
decrease n is observed on n(E) spectrum at eJ_cI

4,5 7

3,5 -

elc

o 1 2 3 4 5 &6 7 B 9% 10 11 12 13

Ipolarization. For the givven polarization at energy 8.65eV
(n=0.71) is revealed the insignificant structure.

The spectral dependence of the imaginaty part of
refraction index of InGaSe, compound at e|lc and elc
polarizations is carried out on fig.2b. As it is followed
from fig.2b at e|lc polarization the clear expressed
maximum and in further energy k decreases from 2.99 up
to 0.99 is revealed on k (E) spectrum. In case of elc
polarization the maximum revealed at e||c polarization
makes double. The first maximum is revealed at 3.68eV,
the second maximum is revealed at 4.58eV. Between
these maximums at 4eV the clear expressed minimum is
revealed. Beginning from energy 4.58eV, k decreases up
to energy 8.65eV and after it strongly increases.

e||c

E
0 1 2 3 4 5 & 7 8 5 10 11 12 13

b)

Fig.2. Energy dependence of refraction main index n(E) (a) and imaginary part of refraction coefficient k (E) (b) of InGaSe,

compound for e||c and for eLc polarization.

The reflection coefficient at normal light falling is
defined by formulae:

o (n=1) +k?
(n+1) +k?’

The spectral dependence of reflection coefficient of
InGaSe, compound for e||c and e_Lc polarizations is given
on fig.3a. As it is seen from fig.3a R(E) spectrums at e||c
polarization the two maximums at 3.54eV and 8.27eV
energies correspondingly and minimum at energy 6.09eV
appear. After second maximum the reflection coefficient
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decrease up to 12eV is observed. At elc polarization on
R(E) spectrum two clear expressed maximums at 3.68eV
and 4.58eV energies and minimum at 4.1eV energy are
observed, R(E) decrease takes place up to energy 8.4eV
and further its increase takes place.

The characteristic function of electron energy losses
is defined by the following way:

elc

a)

05

04

0.2

The spectral characteristic of imaginary part of
reverse value of complex dielectric constant (Im(— g*l))

is presented on fig.3b. From this it is seen that at e||c and
elc polarizations the change character I, is similar one,
i.e. I, weakly increases with energy increase. With
further energy increase up to 12eV the strong increase
reverse to increase of complex dielectric constant takes
place.

b)

Fig.3. The spectral dependence of reflection coefficient R(E) (a) and imaginary part of reverse value of complex dielectric constant
I, (b) of InGaSe, compound for e||c (a) and for eLc polarizations.
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Fig.4. The spectral dependence of real (a) and imaginary (b) of o, (E)optical electric conduction of ¢, (E) InGaSe, compound for

ellc and eLc polarizations.

The real and imaginary parts of optical electric
conduction are defined with the help of following
formula:

&

30

The results of their calculation are given on fig.4. As
it is followed from fig.4a at e||c polarization on &, (E)
spectrum the only one clear expressed maximum at
3.54eV energies is observed.

With further energy increase firstly the strong
energy decrease up to 6.63eV takes place and later the
relative weak decrease o, (E)takes place.
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At eLc polarization on o, (E) curve at 3.68eV and

4.58eV energies two maximums are observed and
between these maximums at energy 4.1eV is observed
and in this case after second maximum decrease o (E)
up to 12eV takes place.

The dependence o, (E) at ellc and eLc polarizations

is given on fig.4b. In this case the change character & (E)

for both polarizations is similar one, i.e. at e|c
polarization the clear maximum is observed at energy
2.7eV and at elc polarization the maximum is observed
at energy 3.2eV. In both cases o, (E) decrease up to
8.2eV is observed and further the relative moderate
increase  of electric  conduction is  observed.
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