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THE LOW-FREQUENCY DIELECTRIC PROPERTIES OF BENZENE-
BROMOBENZENE SYSTEM
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The complex dielectric constants of benzene-bromobenzene system at frequency 3 MHz in temperature region from
20°C up to 100°C, which overlap the liquid phase, solid phase and phase between lines of liquidus and solidus, are measured
by resonance method. The thermodynamic values characterizing the dielectric relaxation process are calculated.

Keywords: dielectric spectroscopy, dielectric constant, dielectric properties of benzene —bromobenzene solutions.

PACS: 61.20. —p; 77.22. —d; 77.22.Gm;

1. INTRODUCTION

The investigation of dielectric properties can
significantly add the results of physicochemical
analysis that allows us to reveal such peculiarities of
molecular thermal motion which can’t be revealed
with the help of usual technique. Thus, the most total
state diagram can be constructed on the base of
temperature-concentration  dependence  of &,
equilibrium  dielectric  constant of  benzene-
bromobenzene system than the diagram by data of
thermal analysis [1]. The correctness of this diagram
is confirmed by data of nuclear-magnetic resonance
(NMR) [2].

2. EXPERIMENTAL PART

The  dielectric  constants of  benzene—
bromobenzene system in temperature interval from
20°C up to 100°C at frequency 3 MHz and
bromobenzene content in mole fractions 0,086; 0.175;
0,267; 0,361; 0.459 and 0,64 are measured. The

dielectric constants &' and absorption indexes €” on

waves of lengths 4.0 and 2,14 cm at bromobenzene
content in mole fractions 0,175; 0,267; 0,361 and 0,64
are also measured in the same temperature interval.

The measurements at frequency 3 MHz are
carried out by resonance method. The error of values
doesn’t exceed 1%. &' and &'’ values are measured in
micro-wave region by Poly method [3] in liquid phase
and by method of short-circuit line [4] at more low
temperatures. &' error is 1-2%, &" is not more 3-5%.
All measurements are carried out at continuous
cooling with velocity 0,1 deg/min. The physical
constants of refined compounds are well agreed with
data giving in reference [5].

The temperature dependence
equilibrium dielectric constant &, for six solutions of
benzene-bromobenzene system are shown in fig. 1.

curves of

The jump changes of &, are clearly revealed in all
curves. The dependence of temperature on
concentration corresponding to these jump changes in
limits of test accuracy coincides with state diagram
(fig. 2) obtained with the help of thermal analysis [6].

&
+ 50

-100 50

0 t.°C

Fig. 1. Temperature dependence of equilibrium dielectric constant ¢, of benzene —bromobenzene solutions at bromobenzene
content in mole fractions: 1 —0,086;2 —0,175;3 -0,267; 4 —-0,361; 5—0.459: 6 — 0,640.
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The equilibrium dielectric constant &, increases
by jump the value of which increases with the
decrease of polar component concentration in points
of crystallization beginning. This jump is absent on
curve 6 (fig. 1) which corresponds to eutectic
concentration. From state diagram it is seen that the

jump of equilibrium dielectric constant &, is caused by
transition of benzene in solid phase. In this case
benzene dielectric constant value is greater than value
&, corresponding to liquid phase because of density
increase. The benzene crystallization continues with
further temperature decrease and composition of
liquid phase is added by bromobenzene. The
heterogeneities appeared by such way in system
bromo-benzene should decrease &, in comparison with
values which are expected on the base of data for
temperatures higher liquidus line.

The consideration of fig. 1 allows us to
emphasize the two temperature region in which
molecules of bromo-benzene have definite
orientational freedom. In this connection the
temperature dependences of dielectric coefficients of
investigated solutions on the waves of lengths 4,0 and
2,1 cm are measured, where the main absorption
region should be observed [7].

&' and &" values for the solution with content of
bromobenzene in molar fractions on the wave of the
length 4,0 are shown in fig. 2. From fig. 2 it is seen
that the changes in the form of fractures are revealed
at the pass through the point of crystallization
beginning on the curves. The dispersion below
liquidus line significantly shifts to the side of more
low frequences and the small symmetric distribution
of relaxation times near the most probable relaxation

time 7 increasing with temperature decrease.

i ] i

£ E E
+30
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Fig.2. The temperature dependences of dielectric constant
&"and electric absorption index ¢ of benzene -
bromobenzene solution in molar fractions 0,267 on
the wave length of 4,0 cm.

The frequency dependences in liquidus-solidus
interval is found from Cole - Cole equation [8]:

E0— €

1—-a (1)

e¥*=¢'—ig" =t + ——1=¢
* 1+iwtg

where &y is high-frequency dielectric constant, a is
parameter of relaxation time distribution, w is circular

frequency, i = v— 1.

a = 0 higher liquidus line. The times of dielectric
relaxation are defined by Cole -Cole graphical method
[8].

The activation of dielectric relaxation process
can be studied in detail with the help of theory of
reaction absolute velocity [9]. In this theory the
connection between dielectric relaxation time and
activation thermodynamic parameters is established:

h

B exAF_hexAHex(AS) )
W= P gr =g P Rr “P T3 )

where AF, AH, AS are free energy, enthalpy and
entropy of activation correspondingly, /& is Plank

constant, k is Boltzmann constant, R is gas constant, T
is absolute temperature.
AF value is calculated by the equation:

AF = 2,303 RT Ig (2,0810" 7,T) ~ (3)

The activation entropy A4H is found from

inclination of /g (7yT) dependence on T according to

equation:

AH = 2,303 R L9l @)
d (1/T)

The activation entropy of A4S activation is found
from the equation:

AF = AH - TAS (5)

The activation free energy stays the same as in
liquid phase because of big growth of AH and 4S.

The observable effects can’t be explained by the
only one concentration change, i.e. the relaxation
times in liquidus-solidus not higher values
corresponding electric concentration but they exceed
the values for pure bromobenzene (fig. 3). From
dielectric measurements it is followed that at
temperatures below liquidus line the volume parts
taken by liquid phase are characterized by high
molecule order the kinetic behavior of which is
essentially differ from the one observed in liquid state
higher liquidus line.

3. CONCLUSION

The dependence of equilibrium and complex
dielectric constants of hypoeutectic solutions of
benzene-bromobenzene system on temperature and
concentration is studied. The dielectric relaxation
times are obtained.

The relaxation of bromobenzene molecules in liquidus
- solidus interval where they are in liquid solution is
characterized by solid state values.
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ELECTRONIC STRUCTURE OF THE Ge VACANCIES IN GeSe LAYERED
SEMICONDUCTOR
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'G.M. Abdullayev Institute of Physics of Azerbaijan NAS
2Azerbaijan Technical University

The electronic structure of the cation vacancies in GeSe is evaluated using the self-consistent Green’s function method
in bases sets of Linear Combinations of Atomic Orbitals (LCAO).The energy states in energy gaps, their origin, orbital
content and resonances due to the localized defects are discussed.

Keywords: electronic structure, Green’s function method, vacancies, LCAO.
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Various defects in crystals play an important role
in their physical and chemical properties as
thermodynamic, electrophysical, optical and kinetic
behaviour of semiconductors. At values of
temperature and concentration of charge carrier at
which many semiconductor devices work, electronic
properties of semiconductors especially sensitive to
character of various defects and their concentration.
The electronic structure of shallow impurities can be
described by means of the effective-mass theory [1].
In case of strongly localized defects, the radius of
wave function of the defect states appears less or the
order of the lattice constant and the effective-mass
theory not suitable. Self-consistent Green’s function
method has been shown [2-5] to be a powerful tool for
studying deep-level impurities, electronic structure of
point defects and semiconductor surfaces.

In this paper, we have calculated the electronic
structure of the ideal Ge(Vg,) vacancies in GeSe using
the self-consistent Green’s function scattering-
theoretical method. Due to the strong anisotropy of the
chemical bonds and their physical properties, the
GeSe- type A'VB"! crystals have attracted considerable
interest [6-11], especially for their potential
applications in electronic devices. In the perspectives
of fabricating a non-toxic and low-cost photovoltaic
system, A"BY! type crystals has recently received
considerable interest as a potential solar cell material.
Physical properties of these compounds are suitable
for photovoltaic and nanoquantum-well device
applications. GeSe layered compounds crystallize in

the D;: space group of orthorhombic symmetry, with

eight atoms in the unit cell. In this structure Ge(Se)
atom is surrounded by six Se(Ge) atoms, three at a
short distance with the interatomic directions almost
perpendicular to each other and three at a somewhat
larger distance [12].

Let H’ be the perfect crystal Hamiltonian, U be
the defect potential and H =H+U is the one-electron
Hamiltonian for the perturbed system. The one-
particle Green’s operator G’ defined by

G"(E) = 3ijnm(E—H° +ig)™ (1)

and the Green’s operator G is defined by
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G(E)=lim(E—H + ig)” @)

in terms of H are related by Dyson’s equation
G=G'+G'UG (3)

This equation can be solved formally to obtain
G=(-G’U)y' G° (4)

The eigenvalue of H’ correspond to the poles in
G°(E), while H has eigenvalue at energies for which
has eigenvalue and at energies where (/-G'(U)”
has poles in the energy gaps.
From the above equations we obtain,

[1- GE) U]¥=0 5)

where ¥ is wave function of the perturbed system.
Bound states correspond to the =zeros of the
determinant

D(E) = Def|| -G°U| =0 (5)

If ¥expand in any complete orthonormal set of
states @,, equation (6) becomes a set of linear
algebraic equations

Det[6,,—(G'U),;1=0 ()

Since a potential U is strongly localized in a
nearby of defect, if localized functions to use as a
basis set, the order of a determinant of (6) will be
determined by the number of nearest-neighbors for
which U, is nonzero.

The change in the density of states within the
band continua is given by

et

3
where

NE)= —arctg [Im D(E) /Re D(E)]
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The change in the charge density arising from redistributions in the valence bands is given by the equation

v
0

Apy =["1p(E) - p" (E)JE =%Im [T 1u-0-6"®U1i6" (E)ME ©)

p"(E) = — (2/m)ImG"(E)

where Eyis the top of the valence bands. This equation
expresses the change in the charge density Apy
through perturbation potential U.

The total change in the charge density is given
by the relation

Ap =Ap, + Z|'//i><‘//i|

where ¥; are wave functions of the occupied discrete
states in the energy gaps.

For self- consistency, the calculation is first done
with a trial U. As a trial potential U it is chosen
pseudo potential of the vacancy atom equal in
magnitude but opposite in sign [13]. The induced
change in the charge density is then calculated from
equations (10). This charge density is used to obtain a
new U in the local- density approximation and
calculation is repeated until self-consistency is
achieved. The exchange-correlation effects are
considered using the Perdew- Zunger scheme [14] as
parametrized by Ceperley and Alder. In the charge
distribution calculations the irreducible Brillouin zone
(BZ) was sampled with 64 k- points using the
Monkhorst- Pack [15] scheme. Since neutral defect
does not create long-range Coulomb potential, the
defect potential is screened completely. As seen from
fig. 1, after the self-consistency the defect potential is
effectively screened and localized within the space in
radius 4.4 a.u., i.e. smaller, than distance up to
nearest-neighbors, equal 4.8 a.u.

In order to calculate the Green’s function of the
ideal crystal, at first we carried out a band structure
calculation to determine the energies and Bloch
functions by pseudo potential method in plane-wave
basis. In our calculations were used non-local ionic
pseudopotentials built up in the scheme suggested by
Bachelet at al. [13]. Good convergence has been
obtained for the band structure calculation with the
choice of a kinetic energy cut-off at 16 Rydberg.

In order to represent G°(E) and U in matrix form,
we used a localized basis set consisting of s, p and d
functions centered on the central site and the six
nearest neighbors. The radial functions were chosen to
be Slater orbitals [16]. Radial functions with Ag, =1.5,
Ase =1.52 were used for s functions and with Ag, =1.8,
Ase =1.83 were used for p and d functions. To test
convergence the calculations were repeated with
additional radial functions, but the results were not
essentially changed. We have computed the matrix
elements of G’(E) and U in reciprocal space. For this
purpose, we expand the localized orbitals in plane
waves. Fourier transform of the Slater orbitals easily
derived in an analytical form. Once the expansion
coefficients are known, all matrix elements can be
calculated in plane- wave representation.

(10)

, P(E) = = (2/m) ImG(E)

Point group Cj;, of the cation vacancies consists
of: {E}, identical element; {o,}, reflection plane
perpendicular to the x axis, passing through vacancy
(the axis are chosen as in [17]). Group- theoretical
analysis shows that all defect states not degenerate and
are either symmetric, or anti-symmetric with respect
to the mirror plane.

18 -
16 -
14 -
12
10 -

u{r), au.

L= N R O T |

r.a.u.
Fig. 1. Screened perturbing potential of Vg, defect.

In fig. 2 we show the calculated charge density
of the ideal crystal. The vacancy introduces a
repulsive potential corresponding to the removal of an
anion or cation potential; as a result states shift to
higher energies. The upper valence bands give rise to
bound states in the fundamental band gap at Ey + 0.31
for V.. The lower valence bands about -12 eV give
rise to localized state at Ey + 0.31 for Vg,. Localized
states in the fundamental band gap for both Vg, are
empty. Analyzing the character of defect-related wave
functions, we find the states in the fundamental band
gap to be anti-symmetric while the state at Ey + 0.31 is
symmetric.

Analysis of the wave functions and charge
density associated with the localized states of cation
vacancies (fig. 3) reveals that the states in the
fundamental gap consist primarily of p- like orbitals
centered on the nearest neighbors, whereas the state at
about Ey, +0.31 consist primarily of s- like orbitals
centered on the nearest neighbors and can be
characterized as back bonds of the three nearest-
neighbour atoms. It is consistent with the fact that the
upper valence bands originate mainly from the anion
and cation p- states, whereas the lower valence bands
originate primarily from anion s- states [7, 17].

The cation vacancy is surrounded by three low-
coordinated anion atoms; two in the first layer and one
in the second layer. The atomic structure of cation
vacancy maintains the Cy, symmetry. Wave functions
of all deep levels exponentially decay at removal from
vacancy. Symmetry and origin of these defect states
can be qualitatively explained in terms of LCAO
models.
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® -Ge

In LCAO models of an ideal crystal [17], using
atomic orbitals centered on every atoms it is
constructed hybrid orbitals, directed along bonds of
the nearest neighbors of the given atom. From this
orbitals, then form bonding and anti-bonding orbitals,
which give rise to the valence and conduction bands,
respectively. For the crystal containing vacancy, the
nearest neighbors of vacancy cannot create bonding
and anti-bonding orbitals and these orbitals remain
"dangling". As a first approximation one would expect
that, localized states are linear combinations of these

m-5Se

Fig. 2. Charge density in the (010) plane (in electrons per bulk unit cell) for GeSe.

"dangling hybrids". Actually, our calculations show,
that the localized states are primarily a linear
combination of these "dangling hybrids".

Except the localized states in the fundamental
gap, within the band continua there are defect-induced
resonances and anti-resonances. Features at Ey + 0.31
eV for Vg, are determined by own nature of defect
potential and therefore are resonances. From analyzing
the wave functions we find that resonances also
consisting mainly of p- states centred at the three
neighbours.

p

/

*-Ge

H-Se

Fig. 3. Charge density in the (010) plane (in electrons per bulk unit cell) associated with the Ge -vacancy.
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In accordance with our calculations in [8] it is
shown, that presence of cation vacancies in GeSe

cause p- type conductivity and formation of impurity
states in fundamental band gap.
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The temperature dependences of the thermopower of Bi,Sr,CaCu,0x and Bi,Sr,Ca ¢Zn, 4Cu,Ox were studied in the
temperature range of 77-320 K. It is shown that zinc atoms partially occupy the place of calcium in the CaO planes in the
initial matrix. The critical temperature of the transition to the superconducting state for both samples was 7,.=78 K. The
obtained experimental data on the thermopower are analyzed on the basis of a two-band model. It was shown that a partial

replacement of the element Ca by zinc leads to a decrease in

the width of the forbidden zone. The calculations performed in

the framework of the two-band model are in satisfactory agreement with the experiment.

Keywords: superconducting material, thermal power, two-band model

PACS:74.25.Fy; 74.72 Hs

1. INTRODUCTION

Despite the many studies on HTSC, the nature of
superconducting pairing and the mechanisms of
scattering of charge carriers in the normal state are
still not completely clear. It is also known that the
temperature of the superconducting transition 7, in
layered HTSCs significantly depends on the degree of
doping and reaches its maximum value at the optimum
doping value. The introduction of impurities in HTSC
leads to a change in the electron system and, as a
consequence, to a change in the microscopic
parameters of the superconductor.

The study of the thermal power allows us to
directly determine the type of conductivity, identify
the mechanisms of scattering of charge -carriers,
determine the degree of their degeneration, calculate
such important band parameters as the band gap &,, the
effective mass of charge carriers m*[1]. The
magnitude and sign of the thermal power in bismuth-
based (including yttrium, mercury, and thallium)
HTSC cuprates are mainly determined not by the
number of CuO, planes, but by the -carrier
concentration in these planes, which can be changed
by replacing the basic substance atoms with different
elements or by doping with oxygen [2- 4].

1}

Wm’w;

|

1

In this work, we investigated the effects of the
zinc element on the thermal power of Bi,Sr,CaCu,Ox
and Bi,Sr,CagZny4Cu,Ox in the temperature range
77-320 K.

2. EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

The studied samples were prepared by the
method of solid-phase synthesis, the stoichiometric
proportions mixing highly pure powders Bi,0;,
CaCO;, SrCO;, ZnO and CuO. Samples were
annealed for 10 hours at 840° C temperature, and then
cooled by 1.5° C/min speed up to room temperature.

X -ray diffraction analysis was performed on
Brucker -D8 advance at room temperature with a
resolution of 4(26) =0.05" in the 5°< 26 < 80 interval.
The obtained results are shown in fig. 1. As can be
seen, additional peaks are observed on the
diffractogram with the introduction of the zinc
element. Some structural parameters of the studied
samples were determined from the data of X -ray
structural analysis. The space group of the lattice
parameter and the volume of the unit cell of the
sample Bi,Sr,CaCu,O, are: sp. gr. orthorhombic
Pnnn; a =5,396, b =5,395, ¢ =30,643, V =892.06 A°,
respectively.

BizSr: Cag g Zng s Cuz0,

| i .
‘If J'EHMM"“ WﬂWN~w'MWMW~u

BixSr CaCu,0,

5 10 0 30 40

50
2 Theia - Scale

60 To 80

Fig. 1. The X-ray diffractogram of Bi,Sr,CaCu,0Ox and Bi,Sr,Caj ¢Zn, ,Cu,0x
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The Bi,Sr,Cag¢Zng4CuyOx sample consists of
two phases: orthorhombic Pnnn with lattice
parameters a=5,429, b=5,431, ¢=30,840, V=909.31 /f3,
and tetragonal 14/ mmm with lattice parameters,
a =3.8097, ¢ =24.607, V =357.14 A°. According to the
intensities of the diffraction peaks, the tetragonal
phase prevails.

If we take into account the data of the lattice
parameters Bi,Sr,ZnCu,O4 equal to 14 a =3.797 A;
b =24.577 A; V =354.42 A’ it can be seen that the
lattice parameters decrease when the calcium element
is replaced with zinc. This is due to the fact that zinc
atoms do not fully occupy the corresponding places of
the calcium element. Therefore, in the studied
compositions, additional diffraction peaks are
observed that do not correspond to the initial
composition of Bi,Sr,CaCu,O,. On the other hand,
zinc has a smaller ionic radius than calcium (1.04 4
and 0.83 4, respectively). When Ca is replaced by Zn,
the crystal structure deforms, similar to that arising
under external pressure, as a result of which the lattice
parameter decreases [5].

The thermal power was measured by the
standard four-contact method in a zero magnetic field.
Electrical contacts were applied with indium. The
fig. 2 shows the results of the temperature
dependences of the thermal power of the studied
samples. As can be seen, the temperature dependences
of the thermal power pass through a maximum before
the phase transition. In both cases, the thermal power
value decreases with increasing temperature. The
character of the S(7) curves for both studied samples
is the same and indicates the hole type of conductivity
in the studied temperature interval. However, there is
a clear tendency to change the sign of conductivity
with increasing temperature. This indicates that two
types of charge carriers are involved in conduction;
both holes and electrons. To explain the temperature
dependence, we used the Xin model [6].

=}

p!
/
{

7

Thermal power (uV/K)

L] T
200 300

Temperature (K)

Fig. 2. The temperature dependences of thermal

power of Bi,Sr,CaCu,0x (1) and
BiQSrQCa%ZnOACuzOX (2)

The two-band model of Xin is based on
structural-zone calculations, which suggest that the
metallic conductivity is due to Cu -O planes, and the
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Bi -O zone (Bigp-O,,) affects the Fermi energy E; and
the Fermi surface of the HTS material. In the Bi-O
planes, electron conductivity takes place, while hole
conductivity dominates in the Cu-O plane. A decrease
in the valence state of Bi'" to Bi’*® leads to an
increase in the electron conductivity in the Bi-O plane,
while the oxidation of Cu®" to Cu®™® increases the hole
conductivity of the Cu -O planes.

As is known, in the case of two types of charge
carriers, S can be represented as:

o o
—S, + LS (1)
o,+0,

g =
c,+0,

where S, and S, are thermal power due to holes and
electrons; g, = epu,, 0, = engl, Uy, iy, p, N — are the
conductivity, mobility, and concentration of holes and
electrons, respectively. This formula is fairly general
and independent of the specifics of the mechanism for
the appearance of the thermal power [1].

If we assume that the metallic conductivity of the
valence band is inversely proportional to temperature,
i.e. 0 ~1/T, and the conductivity of electrons in the
conduction band is a classical semiconductor type

o~ exp (-E./kT) )

Then the thermal power in some approximation
can be expressed as

S=AT + (B2 + CT) exp (-A/T) (3)

where the parameter A depends on the contribution of
mobile holes from the Cu-O planes, B and C are
constant. Note that the increase in the value of the
parameter A is due to a decrease in the hole
concentration, which in turn depends on the oxygen
content in these samples. Regarding the parameter 4,
we can say that it depends on the energy gap between
the Bi-O and the conduction band.

Calculations of thermal power were carried out
on the basis of relation (3). The obtained data are
presented in the fig. 2 by solid lines in comparison
with the experimental curves S(7). The parameters
used in the calculations for these studied samples were
respectively equal: for Bi,Sr,CaCu,Ox
(A=0,3 MkV/K?, B=-0,5 mk V/K?, C=0,2 and 4 =545),
and for Bi,Sr,CagZngsCu,0x (4 = 0,36 mk V/K?,
B= -0,45 mk V/K* C =0,2 and 1 =520). As can be
seen, the value of the parameter A increases in the case
of substitution by the element Zn. Note that the
parameter A is associated with the contribution of
mobile holes in the Cu —O planes. Thus, in this case,
an increase in the value of the parameter A in
Bi,Sr,Cag ¢Zn, 4Cu,Ox indicates a decrease in the hole
concentration. As can be seen from the fig. 2, the
calculations performed are in satisfactory agreement
with the experiment.

The calculated values of the coefficient A for the
studied samples also differ. Since 4 depends on the
energy gap, its decrease is due to a decrease in the
width of the forbidden band. We believe that this may
be due to the presence of Bi,Sr,Caj ¢Znj 4Cu,Ox in the
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sample compared with Bi,Sr,CaCu,Ox slightly greater
number of defects, which leads to a decrease in the
width of the forbidden zone. Note that the critical
temperature of the transition to the superconducting
state according to the resistivity data for both samples
was T, =78.2 K. This is due to the fact that Zn atoms
partially occupy the place of calcium in the CaO
planes in the original matrix.

On the other hand, a change in the lattice
parameters leads to a significant change in the SC
parameters due to a change in the distances between
the superconducting planes and dielectric blocks, as
well as due to the redistribution of the charge between
them. As can be seen from fig. 2, with inclusion
element Zn, the value of thermal power decreases.
Note that the resistance of the samples may increase

either by increasing the number of defects or by
decreasing the density of charge carriers. It is possible
that in this case both mechanisms take place. The
replacement of Ca by Zn leads to the formation of
defects in the crystal structure of the sample.

3. CONCLUSION

The replacement of Ca with Zn leads to the
formation of defects in the crystal structure of the
superconducting Bi,Sr,Cag ¢Zng 4Cu,Ox. The
experimental data on the thermal power are analyzed
on the basis of a two -band model and was shown that
a partial replacement of the element Ca by Zn leads to
a decrease in the width of the forbidden zone.
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THE SEMICONDUCTORS WITH DEEP TRAPS IN STRONG ELECTRIC AND
MAGNETIC FIELDS

E.R. GASANOYV, Sh.G. KHALILOVA
G.M. Abdullayev Institute of Physics of Azerbaijan NAS
131, H. Javid ave., Baku, Azerbaijan, AZ 1143

The energy radiation with different values of radiation frequencies takes place in the semiconductors with definite deep
traps and both signs of charge carriers in electric and magnetic fields. The values of electric field strength at magnetic one

‘uiH > C are defined for each case. The sign of the scattering constant of charge carrier is defined. The analytical

expressions for the parameters of recombination and generation of charge carriers [))I are found. The current oscillation

theory is constructed in linear approximation. The values of (w,, W, w3 ) frequency and (£, E,, E5) strength of the electric
field are well agree with existing experimental data. The given semiconductors can be used at the preparation of generators

and amplifiers.

Keywords: semiconductors, impedance, ohmic resistance, frequency, Coulomb barrier.
PACS: 72.70.m, 72.70.+m, 73.40.Gk, 73.40.Jn, 73.40.Mr, 73.43.Jn.

1. INTRODUCTION

The current oscillation theory in semiconductors
with deep traps and two types of charge carriers is
described in works [1-5]. The following constants
ﬁy _ dlny+U ,3 _ dlny+u+

T dln(EZ) T dl (3)
the positive ones in the given works.

are taken as

However, below we will show that ,Bf: can be
negative values in the dependence on scattering
character of charge carriers and ﬁl constants stay

positive ones.

In this theoretic work we will construct the
oscillation current theory in the semiconductors with
concrete deep traps and two types of charge carriers in
strong electric Vg > S and magnetic uyHy > C
fieldsat B} < 0.

The drift velocity of charge carriers v is defined
by formula vq = pyEy where 4 are mobilities of
holes and electrons, Ej is strength of constant electric

field, Hy is strength of external magnetic field, S is
velocity of sound in the crystal.

For ﬁ_),_/ constants we obtain the analytical

expressions as the functions of electric fields,
magnetic fields, oscillation current frequencies.

2. SEMICONDUCTOR MODEL AND TASK
MAIN EQUATIONS

The electrons (and also holes) at the existence of
J

ano

+ divj_ =y_(0)n,_N.

Here and further j; are flux densities of
electrons and holes, j_(g) is radiation value of
electrons by double negatively charged traps in the
absence of electric field. It can be called the
coefficient of thermal generation coefficient. y_(E) is
coefficient of electron capture by singly negatively

electric field receive the energy of eFEyl order (e is
positive elementary charge; [ is length of electron free
path).

That’s at existence of electric field the electrons
can overcome Coulomb barrier of singly charged
center and recombine with this center.

Besides, as a result of heat transfer process, the
electrons can regenerate from impurity centers (from
deep traps) to the conduction band. The capture
process decreases the electron number and transfer
process increases it in conduction band.

The number of holes increases because of
electron capture by deep traps from valence band and
decreases because of the electron capture by the holes
from deep traps. The different probabilities of
generation and recombination lead to carrier
concentration change in the crystal. We will mind that
the semiconductor with carriers of both signs, i.e.
electrons and holes with concentrations n_ and 7,
correspondingly. Besides, the negatively charged deep
traps with Ny concentration from which N is
concentration of singly negatively charged traps and
N_ is concentration of double negatively charged
traps

Ny = N,.N_ (1)

The continuity equation for the electrons in the
semiconductors with above mentioned types of the
traps has the form:

on_

- ]/_(E)Tl N = (at Vrec (2)

I
charged traps at the presence of electric field.

y_(E) = y_(0) at E=0.

In (2) the unknown constant 14 having the
concentration dimension, is defined by the following
method. At the absence of electric field and under
stationary and equilibrium conditions,

131, H. Javid ave.., AZ-1143, Baku 13
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. an_ _ _ . The electron flux density at the presence of electric
ie. ( at Irec = 0 and y_(E) =y-(0) we obtain and magnetic fields is determined by the expression:
from (2):
noN,
M= "o

j= = —nu(E, H)E + nuy_(E, H)[Eh] — ny,(E, H)R(ER) — D_Vn + D;_[Vnh] — D,h(Vn_h)  (3)

-

Here h is unit vector along magnetic field, D, = Ter Uy, T, ;= T %)2 [6]
u(E,H) is ohmic electron mobility, pq_(E, H) is B e - 3 "SHo
Hall electron mobility, i, (E, H) is focused electron C is speed of light in the crystal, T is temperature

mobility, D_,D;_,D, are ohmic, Hall, focused in energy units. Besides, we will consider the crystals
electron diffusion coefficients correspondingly. For  the sizes of which satisfy to following relations:

the simplifying of big calculations we consider the

case when the carriers have the effective temperature. Ly K Ly, L, KLy

Then diffusion coefficient is:

| The continuation equation for the holes has the form:

) . on_
% + divj, = )/+(E)n1+N+ — v+ (0)n N_ = (%)"QK @

Jr = nyppy (B, )E + nypy, (E, H)[ER] — nypio (B, HYR(ER) — D,V + Dy [Vnh] — D, h(Vn_h)

0
— - n+
At E =0, vy, =y,:(0), ny, o
0
[
As a result of recombination and generation in AN_ on, on_
non-stationary conditions the number of single and ot - ot Jrec — ( ot rec (5)

double negatively charged traps changes (the general

concentration of traps stay constant). The change of  The external electric field is directed along X axis and
the number of double negatively charged traps by the  magnetic field is directed along Z axis.

time defines the change of the number single Suppose that:

negatively charged traps by the time has the form:
|

ny(t) =nd +Any (7 t), N_(7t) = N +AN_(7t), E(F,t) = E, + AE(/, 1) (6)

I
The inclination of magnetic field from equilibrium Let’s linearize the equations (2) and (4) taking into
value is equal to O as we consider the longitudinal  consideration (6) and introduce the following
oscillations. (0) sign meaning the equilibrium value of  character frequencies:

corresponding values we will not write.
|

v_ =y_(Eg)Noy, vy =y, (0)N?, vi =y, (Eo)No, V- =y_(Eo)n+y-(v)n,_,
vy =y, (0ny + vy, (Egdny,

. . . [
and designate the numerical constants defining the scattering) photonsﬁ]f = —0,8. We will consider that

dependences on electric field y (Eo) and p (Eo) BY < 0 in following theoretical calculations.

v dinys(E) i . dinpy(Eo) At absence of recombination and generation of

By = W; By =2 Tdin(EZ) (1) carriers the condition of quazi -neutrality means that

the number of electron changes is equal to the number

ﬂl is dimensionless parameter, ﬁr can have the ~Of hole change, ie. An_ = An, . At presence of

- = recombination and generation of charge carriers the

condition of quazi-neutrality means that total current
charge carrier scattering. In [7] it is shown that ,Bl = doesn’t depend on coordinates but depends on time.

—0,8 at scattering on optical and acoustic (mixed

negative sign, i.e. ,83: < 0 in the dependence on

div »= ediv (—} - >= 0 8)
] i

14
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. Aftq linearizatioq of equations .(2),.(4), (8) we d An” + d;LAn;L = d4AJ
will obtain the equation for electric field of the " " " v (1D
following type: b_An + b,An, = bA]

AE = a,A] + a;An_ + azAn, 9) d_An'+d, An, =0 .
. b_An'+ b,An, =0

where a4,a,,a3 are constant values depending on
oscillation  frequency, character  frequencies, . ' . .
equilibrium values of charge carrier concentration, From solution (11) we obtain An_ and An,.

electric and magnetic fields and numerical multipliers ~ The wave vectors we find from dispersion equation:

BY. BY . Because of big coefficients ay ,do, dg we

write only the solution scheme. d-by+b_dy =0 (13)
Let’s divide the functionals Any (7, t) ,  We write (10) in the following form:

AN_(7,t) , AE(7,t) to parts proportional to '

oscillation current 4] in external circuit: An, (7 t) = ;%_1 A{F eilkj—T) 4 An:{_ g -iwt (14)

Any (P t) = An'iei(kf_wt) + Anj et (10) where k; is dispersion equation root (13).

A]i are constants are defined from following boundary

The analogous divisions we make for AN_, AE. conditions:

After simple algebraic calculations from (2, 4, 8, 9)

taking int iderati 10), ill obtain t L
mg into COl’lS'l eration (10), we will obtain two Ani(O) — 52A], Ani(l:x) — 5+xA] (15)
equation systems: - -

After it we calculate the impedance Z:

AV 1 Ly _
7= i A—]fo E(x,t)dx = ReZ + JmZ (16)
ReZ U_
—=x{1+¢ l(cosaf -1+ —ﬂsinal + ¢, (cosa) —
ZO wﬁ+
evsxﬁ (”*) sina — (1 + —)[ + ——sina]p,} (17
+ H—ﬁ# ﬁ_l:wli +
Imz 2 5 2
Z [Bn+v+u+ﬁ+ (1 + ) —Bn_v_u_pY (1 + %) + % (Z—i) cosa ] (18)

Here § = 83 + 62 + S-er + 85 ,v = (u_+py)Eo, Zo = e 0o

o5 00 = e(n_p_ +nyuy), Sis

sample cross-section.

u
_ 2Lyv_ + . _ 2n_v_w3
0 = (n+v+,8++nv ”,Bl’),no—n++n_ , P = nwa,BV
nokyv2<1+ ) - 0T
“+
24 v, w3 2(4,2 2 4 2,,2 piH
= = w*(Wft+vi)tw tvivi ,x, =—>1,k,=—
% oWty 9.3+ , W1 ( $) + 5 Xy c yTL
[
We use the following known expressions of  negative sign. The impedance imaginary part ImZ
mobilities in strong magnetic field: can have any sign. Adding to R ohmic resistance from
1 c equation solution:
2
ue(H) = ()% <5 e = V27 Rez
i - H - i +R=0 (19)
Uy = [10 [9] ImZ | R
~ m
2t 7 Mt = +1=0 (20)
Zo Zo

When the current oscillations in external chain begin
so the sample Volt-ampere characteristics becomes we will find the electric field at which the current
linear one. The real part of impedance ReZ has the  oscillations in circuit takes place.

15
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From (18) let’s express ! through SY. RZLZ = @, + O,sina + d,cosa (23)
24,2 0
n_v_ w +v
BY = ==Y e | .
nyvipy we+vz Using (23) we obtain 5, and BY by the
following way:
ImZ  evSBH x
then = zﬁ EED200sa (22)
0 # @, = 0, D; = 0, then we easily obtain:
Rewrite (17) in the following form:
2
2 b=
'BY — X-ZI- 'By _ X (1+w2)
+ vi(o v-\]2 P v-vy V2
A+[1+w(v_+w)] A—( Wy +ﬁ+1)
_2ngviax, py _ 2nv_axy, . w* o
t T e s T T ngwbpen T W .
wi = o* + w? (W2 +v3) + v2v?

. . ﬁ Analytical expressions for current oscillation
Equating the ratios BY from (21) and (24) we frequencies and for electric field show that constants

obtain the following equations for the definition of
current oscillation frequency in circuit.

2

3402 =
Vi oy =y (25)

The analysis of solution of equation shows that
the roots of equation (25) have the following form at
v_ > vy

Y3 :—2]]71(\/54'1), Y2=ZVT_+(\/§_1)' Y1= 1

(26)
. mZ R .
From equation [mz + =2 = 0 we obtain:
Zo Zg
R, is resistance of capacity or inductive character
R,y 2
cosa = — 22— (-£)2 (27)
Zo evs X4

oo . . Rez
Substituting cosa from (27) into equation BN +
0

R
P 0 we obtain the expressions for electric field at
0
the presence of current oscillation in circuit.
IRy |u 1
Eq(wy) = E; = DIl os
R|B*|us evé
4Ryl u 1 wv_
2 =k

"~ R|BH|u- evsv,
3. CONCLUSION

In above mentioned semiconductors the waves
with frequencies wq < w, < w3z at electric fields
E; < E, < Ej are excited (fig.1).
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of charge carrier scattering constants ,Bf: have the
negative sign. -

At current oscillations the resistance of negative
character appears in the chain if R = |R], :—+ ~ 10,

:—_ ~10,ev8~1071. Then we have:
N

E;~103V/cm, Ey~4-103Y /o ;
E3~6 : 103 V/cm
These values are well agree with existing

experiments. The corresponding current oscillation
frequencies have the following values:

V5-1 1
(1)1~3 b 107 . (1)2""’_' 109_ .
CeK
V5+1 1
(4)3"" * 109_
2 cex
It means that the high-frequency current

oscillations, i.e. high-frequency radiation of energy
from above mentioned semiconductor takes place. The
magnetic field is defined from inequality uy H > C.
For the definition of region of electric field change
and current oscillation frequency at further increase of
electric field one can construct the nonlinear theory.

E A

> 0

® o, o,

Fig.1. The dependence of electric field on current oscillation
frequency.
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TRANSPORT PROPERTIES OF SOLID SOLUTION (AgSbTe;)ys(PbTe).»
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The temperature dependences of the electrical conductivity and thermal power (AgSbTe,)os(PbTe)q, have been studied
in the temperature range of 80-550 K. The temperature dependence of the electrical conductivity passes through a maximum
in the region of 200K. A sharp jump in the temperature dependence of the thermal power in the region of 400 K was also
found. The X-ray structural analysis show, that (AgSbTe,),s(PbTe)o, has a face-centered cubic structure with a lattice

constant a=6.1390A

Keywords: thermoelectric material, thermal power, electrical conductivity, crystal structure

PACS: 72.20.Pa, 74.25.F
1. INTRODUCTION

AgSbTe, is a promising p-type thermoelectric
material operating in the middle temperature range.
Deviation from stoichiometry and the introduction of
impurities are widely used in the study of AgSbTe,,
since this makes it possible to find more suitable
compositions for practical application [1-3]. One of
the most attractive thermoelectric materials is
AgPbmSbTe,,,,, which can be considered as a
combination of PbTe and AgSbTe, in the form
(AgSbTe,)(PbTe),,. These compounds are called
LAST-m (lead antimony silver telluride). LAST-m
compounds have several distinctive properties, which
make these compounds attractive. First, both AgSbTe,
and PbTe crystallize in the structure of the cubic
lattice, which allows obtaining a series of solid
solutions. For LAST-m compositions, Vegard's law is
satisfied depending on the lattice constant-
composition. On the other hand, these compounds
have an unusually low thermal conductivity of the
lattice. Finally, LAST-m materials are thermally stable
until they melt (<1200 K) [4].

Note that the study of (AgSbTe,)x(PbTe);x
compositions is also interesting in that both AgSbTe,
and PbTe crystallize in the structure of the cubic

e e s

10 0 0 1

lattice, which allows obtaining a series of solid
solutions. And this makes it possible to obtain
compositions with different concentrations, which
affects the electrical properties.

This paper presents the results of the study of
structural and transport properties
(AgSbTe,)s(PbTe)o, in the temperature range of
80-550 K.

2. EXPERIMENTAL RESULTS AND
DISCUSSION

The studied samples were obtained by fusing the
initial components in sealed quartz ampoules with an
exposure of 10 hours to 100 K above the melting point
with further slow cooling at a rate of 1 K/min. to room
temperature.

The obtained results of X-ray diffraction analysis
of (AgSbTe,)os(PbTe)y, are shown in fig. 1. X- ray
diffraction analysis was performed on a BRUCKER-
D2 PHASER diffractometer. According to the results
of X- ray structural analysis (AgSbTe,)qs(PbTe)o,, it
has a face-centered cubic lattice with a lattice constant
a=6.13904, and corresponds to the space group
Fm3m.

i il 5
o — e e et N

50 Ll e 2Theta

Fig. 1. The X-ray diffractogram of (AgSbTe,),s(PbTe),
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Electrical measurements were carried out by the
four-probe potentiometric method in the temperature
range of 80-550K. Potential contacts were deposited
with indium. Temperature and temperature gradient
were controlled by copper-constantan thermocouples.
The sign of the thermal power over the entire
temperature range studied is positive, which indicates
a hole conduction mechanism. According to the
measurements of the Hall effect, the concentration of
charge carriers of (AgSbTe,)os(PbTe),, was
p=3.7-10"% cm>.

The temperature dependences of the resistivity
and thermal power of the investigated sample are
shown in fig. 2 and fig. 3, respectively.

It was found that the temperature dependence of
the electrical conductivity passes through a maximum
in the region of 200K. Further, in the temperature
range 200-400K, the value of electrical conductivity
decreases. However, in the region of 400K, the value
of electrical conductivity decreases sharply, then
passing through the minimum begins to grow.

Three areas can be distinguished in the
temperature dependence of the thermal power: a) the
constancy of the thermal power value in the region of
100-300 K; b) an increase in the thermal power value
in the temperature ranges 300- 400K and above
450K; c) a sharp jump in the temperature dependence
of the thermal power in the region of 400K. A
comprehensive analysis of the transport properties
suggests that acceptor levels are located near the
ceiling of the valence band. Electron capture at these
levels leads to an increase in the concentration of
holes, as a result of which the value of electrical
conductivity increases (temperature range up to
200K). Further, in a rather wide temperature range of
200— 400K, strong scattering of charge carriers on
acoustic phonons takes place, as a result of which the
value of electrical conductivity decreases with
increasing temperature. A sharp jump in the
temperature dependences of the thermal power and
electrical conductivity at 400K is due to the presence
of the second phase Ag,Te.

The ternary compound AgSbTe, crystallizes in a
face-centered cubic structure of the NaCl type, in
which the Ag and Sb atoms are disordered in the
places of Na. At the same time, both Ag'-Ag" atoms
and Sb>*-Sb’" atoms can be located adjacent to each
other. Energetically more beneficial are the Ag™-Sb>*
location. According to [5], AgSbTe, contains regions
ordered and disordered by Ag and Sb atoms. Such
structural disorder can lead to precipitation of the

Ag,Te phases, which strongly influences the
temperature dependences of transport coefficients.
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3. CONCLUSION

A sharp jump in the temperature dependences of
the thermal power and electrical conductivity at 400K
is due to the presence of the second phase of Ag,Te,
due to the energetically more favorable arrangement
of Ag" -Sb3" atoms with temperature.
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PHOTOSENSITIVITY FEATURES OF ELECTROPHOTOGRAPHIC LAYERS OF
CdInGaS,
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G.M. Abdullayev Institute of Physics of Azerbaijan NAS
131, H. Javid ave., Baku, AZ 1143

The quantum yield of CdInGaS, electrographical layrers without Au impurity and with it in region (300 — 1000nm) is
investigated, as result of which the photosensitivity and quantum yield in spectrum visible part increase.

Keywords: photographic materials, electrophotographic layer, layered semiconductor

PACS: 68.20; 72.20

The compounds of A" BY, A" B," C,"' [4-7] type
and others from which Cy4l,G,S, is considered in the
present work in electrophotography (EPh) along with
chalcogenide glasses [1-3]. Their monocrystalline
samples are grown by us by gas-transport method. The
have p-type conduction with E,= 2,56 eV. At room
temperature they have dark resistivity 10'° Om-cm and
relative photosensitivity >10° at 10’lux. The
photosensitivity increases with Au impurity: > 5-10°.

The maximum of intrinsic photosensitivity is at
460nm on curves of photocurrent spectral distribution
and additional maximum at Au impurity appears at
590nm. The absorption edge corresponds to 470 nm.

The investigation of absolute quantum yield of
internal photoeffect of EPh layers on CdInGaS, base
in spectrum region (300 —1000nm).

The measurement of quantum yield in the
substances with low mobility is carried out by the one
of two methods: method of transient photoconduction
and EPh method. The one of the main advantages of
EPh method is the posibility of high field formation
(of order 10°V:cm™) whereas the samples with
metallic electrodes begin to decade at fields
1,5:10°V-cm™ and lower than this value.

The ion contact forms at measurement in EPh
mode on layer surface situated on conducting
substrate. The investigation task in layers with electric
charge marked on their surface is unweighted because
of the strong electric field presence the discharge
photocurrent achieves the saturation value and this
fact allows us to easily define the quantum output of
internal photoeffect.

The penetration depth of surface charge field
marked on the semiconductor layer with low
conductivity can be equal to significant part of layer
thickness and even whole layer thickness. In the case
of field penetration to the whole layer thickness the
free carriers are eliminated from the layer and the
charge for the surface charge compensation
accumulates in the substrate. In this case the layer
behavior is well described by the model of double
electric layer of constant thickness (plane capacitor).
Analogically this layer can be considered in the case
of incomplete penetration of surface charge field
introducing the thickness formed at electrification of
barrier layer (effective thickness) instead of the
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geometric one. We can easily ascertain calculating the

capacitance of formed barrier layer C = , where

dé
df|
0=0(x) is space charge density, V=V(x) is layer
potential. The potential distribution as charge
functions is given by Poison equation which has the
form in one- D case:

d?V _ 4ns o
dx? E
where E is dielectric constant. Taking into
consideration that electric field is equal to zero out of
the barrier layer and on the its boundaries
dv dv . .
el I oy 0, and integrating (1)

taking into consideration these boundary conditions

s ef
charge density of barrier layer is defined by only
immobile charges. The last expression is analogous to
the expression for the capacity of plane capacitor.

If we consider EPh layer as the homogeneous
semiconductor having the strongly defined conduction
and valence bands, then the considerable displacement
of free carriers on whole layer thickness by the surface
charge field leads to the band bend which distributes
on whole layer thickness and forms the potential
barrier between surface and screening charges. The
barrier appearance plays the important role on layer
dark characteristics increasing on 2-3 orders the layer
resistance. The surface charge sign influences on
potential relaxation time and the layer thickness
efficiency, i.e. on value of limiting potential.
However, the photocarriers don’t overcome this
barrier, as the photoinjection of electron-hole pairs
takes place inside the barrier. The pairs are rapidly
divided by barrier strong field which has the value of
3-10° V/ecm order. The carriers of one sign drift to
surface charges and neutralize them and carriers of
other sign pass through the layer up to approaching
screening charges and also neutralize them.

The quantum yield of photogeneration of charge
carriers 7] is determined as the ratio of Az charge
number generated by the light in the layer to AN
number of absorbed light quantums. At layer lighting

if one consider that volume

we obtain C
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by monochromatic light AV surface potential decay is
An-e

expressed by the formula AV - From here
4= dn _ ave )
n AN e-AN @

where c is layer capacitance, e is elementary charge.

Knowing AV, ¢, e and AN one can calculate the
spectral distribution of quantum yieldn,; by the
formula (2).

EPh layers are prepared by dispersion of
CdInGaS, crystal powder in polymer binder and by
deposition of obtained suspension on metallic
substrates. Before the fixing in sprinkling installation
these substrates are unoiled by solvents, etched and
preserved in acetone. The thickness of obtained layers
is 20-40 pm and their main properties are study on
electrometric installation with vibrating electrode near
layer surface. The layer charging is carried out in
corona discharge. The layer light characteristics are
measured at exposure through shutter with the use of
incandescent lamp and neutral filters. The source of
monochromatic light is graduated by radiation
compensated thermoelement PTH-30.

The layers at both polarities charge up to initial
potential (600-700V) with its dark half-decay (1-2
min) at optimization of doping, thermotreatment,
powder dispersion of photosemiconductor and its
weight concentration. CdInGaS, layers with Au
impurity have the value of integral sensitivity
0,4-0,9 lux'-sec’! with low residual potential < 30 V.
In these layers the spectral sensitivity defined by the

_(1 2, 1-1
S, = (Lz't)ﬂ_l ,cm™J" covers
V2

formula

all spectrum visible part.

The layer quantum yield on base of CdInGaS, in
the binder without Au impurity and with it calculated
by formula (2) is shown in fig. 1. In the layers from
undoped photosemiconductor the quantum yield
rapidly increases as the quantum energy becomes
enough for formation of electron-hole pairs and it is
equal to ~0,85 almost up to 500nm.

At further increase of wave length the quantum
yield decreases because of non photoactive radiation

absorption of layer binder material (fig.l1 a). The
sensitivity in sensitization absorption band appears in
CdInGaS, layers with Au impurity and value of
quantum yield achieves 1 and covers the wide region
in spectrum visible part (fig. 1 b).

n

1.0+
b
0.5+
a
u_ | 1 1 |
400 600 800 1000
2.,nm

Fig.1. The spectral distribution of EPh layer quantum yield
on CdInGaS, base without Au impurity (a) and with
it (b).

We showed earlier [8-10] that the complex of
photosensitivity phenomena the results of which gives
the possibility to show the character of electron
transitions in scheme form with three types of local
centers (r and S are recombination centers and t is
attachment level) in forbidden band, is observed in
several crystals of A"B"C,Y" class including
CdInGaS,. Because of big difference of cross-section
values of electron and hole capture r are centers being
sensory centers: they rapidly capture non-main
carriers and slowly capture the main ones that leads to
strong  monopolarity and  high values of
photosensitivity.
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The dependence of electron mobility on their surface density in a semiconductor quantum well is studied. The modified
Poschl-Teller potential is used as the confining potential in the quantum well. It is shown that the dependence of electron
mobility on their surface density is close to linear. Comparison of the obtained theoretical results with experimental data
shows that the modified Poschl-Teller potential represents the confining potential in GaAds/Al,Ga;_,As quantum well

properly.

Keywords: quantum well, Poschl-Teller potential, mobility.
PACS: 73.63.-b; 73.63.Hs

Semiconductor quantum well is the quantum film
in which the motion of the charge carriers is not
restricted in two directions (let us assume the
Cartesian coordinates in these directions x and y) but
in one direction (the z -axis). Theoretical study of
transport phenomena in electron gas in semiconductor
quantum wells requires to choose the shape of the
confining potential in the z -direction. Since the actual
shape of this potential is unknown [1], different
models are used in theoretical researches. In scientific
literature, the most used models are the square well
potential [1] and the parabolic well potential [2]. In
real crystals the energy of electrons depends on z and
height of potential is finite quantity. The flaw of
square well potential is that this model does not
consider z dependence; parabolic model considers this
dependence but its value tends to infinity at large
distances.

In recent years the modified Poschl-Teller
potential has been used as the confining potential in
quantum wells [3-5]. This potential has a shape
between square well and parabolic well models,
depends on z and gets finite value at large z (fig. 1).

In the present paper dependence of the mobility
of electrons on their surface density in a quantum well
with the modified Poschl-Teller potential is studied.
This potential can be written as [6]:

h2a?

2m

U(z) = A(1 + Dtanh?az, 1 > 0

(1
Since in x and y directions motion is not

restricted, dispersion law of electrons with potential
(1) is as follows:

h2(k2 + k2)
E(kx,ky) = E/LN + #

h2a?

2m

— 2
Ev=5-[MA+1D)-A-N)T @
Here m is the effective mass of conduction
electrons, k, and k, are the projections of wave vector
of electrons, respectively in x and y directions,

N=0,1,2, ... is the number of energy levels (N<'1).

,r:r T T T T T T T
=3 — _
—2
—3
—]

Fig. 1. Different models of confining potential: 1- square
well, 2- parabolic, 3- modified Poschl-Teller
potential (L - width of the quantum well).

Wave function of the electrons with energy spectrum (2) is given as:

elkxxtkyy) ro(A—1)r(2A-N+1)

1

YN 2y e, () =

[ L,L,
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Here 7(x, y, ) — coordinates of the electron, L, Here & = hk/m is the electron velocity. If we
L,, L; —dimensions of the sample in the respective take into account (4) in equation (5) and convert the
directions, P/{V—a (tanhaz) are the Legendre summation over k, and k,, into an integral, we get:
functions [6]. - e?h? oo afo PP

The analysis of the results of most experiments J = 52 2J_, (_ E) T(E)k(kE)dkxdky (6
performed in quantum films shows that electrons e the 1 ) . |
occupy the states with the lowest energy (N = 0), We can  write .t ¢ last expression In polar
namely the average energy satisfies the relation —coordinates (k ¢) and integrate over angle ¢:

&< h?a?/2m. So we can take parameters of the

. _ _ > th — 9 N
potentialas A =1, N = 0. . . j= e ZEfw(_ﬂ)T(e)k?,dk:O.E %
Let us assume the case that the electric field is 2mm 0 e
directed along the quantum film. Then in order to find
the mobility, Boltzmann kinetic equation can be used. Here o is conductivity. When electrons are

We are going to wuse the relaxation time located in parabola with the lowest energy (N =0) for
approximation. In the absence of magnetic field and  the chemical potential of electrons we get:
temperature gradient the distribution function of

lect be written as follows [7]: _ h?a? mhin)
electrons can be written as oeows [ 1 ( =— + kOTln [exp (kaT) 1] (8)
flhe ky) = fo(&) + - T(DEVr foe) &)

Here ky—Boltzmann constant, T - the temperature
of the crystal, n — the surface density of electrons.

Note that E; 9 =( h2otr2 m) is the minimum of the
parabola with the lowest energy. Let us take origin as
field, @ &)=(Var+ Vp+ v,-)f1 is the total relaxation the minimum of the parabola and consider new
variables as below:

Here fy(¢) is the isotropic part of the

distribution function, E -the intensity of the electric

time due to different scattering mechanisms, Vai, Vpz,

and V; are scattering rates due to acoustic and € h2a? h2k? n = ¢ h*a? ©)

X =—— = =
piezoacoustic  phonons and  impurity ions, koT — 2mkoT — 2mkoT’ koT — 2Zm koT

respectively. These rates were calculated in [4] and

[5]. When the distribution function of electrons is Then electron mobility u = //ne can be written

as:
known (4) mobility can be derived from the ekoT poo XM
expression for current density along the quantum film: H="72 fO e 1+1)? 7(x) xdx (10)
> - At low temperatures, the main mechanism of the
j=—2e ka'ky vf (kx’ ky ) ©) scattering is the scattering by impurity ions. In this

| case mobility of electrons becomes:

1

2 2 X — 2 —
x%(koT) o e [ 1 I2(kt)de 2
= e3a’nn; fO (1+ex—1)2 fO €2(k,tV1—tZ x“dx a1
Here, k = (\/2mko T/R)x"/2,1(k,t) = [ @2 (1 — Tanh[az]?) dz,t = .-

¥, - the static permittivity, n; - surface density of ions in the quantum well, ¢ = |k2 - k1| - the magnitude of
the difference of two-dimensional wave vectors of the interacting electrons, €(k, t) is dielectric function [4,5]:

e(Q) =1+ 2me? |1 (1)2 w (_1 + %) — M fo (@) (12)

2
h2yq |2 \a (1 _2> 2m
a
[
2 . . . .
6)) _ a ) crystals. The reason is that in bulk impurity
Here (Z) T dz2 lnF(z) - ngamma - ooiconductors concentrations of electrons and ions

h2a? have the same order of magnitude, while in the
2m ) " quantum film it is possible to increase the surface
occupation probability of the lowest energy state  density of electrons compared to surface ion density
(k=0). sufficiently. For example, in heterostructure Al,Ga;.

From (11) dependences of mobility on the  Ag/GaAs number of electrons in quantum well
temperature, the surface density of impurity ions and (GaAs) increases by one or two orders of magnitude
clectrons can be investigated. In quantum wells  pecayse of the electrons coming from the environment
dependence pf t'he mobility ' of electrons on their (Al,Ga,As) [8,9]. Since the ions in the AlGa As
surface density is sharply different from the bulk part of the heterostructure are far from the electrons in

function, T'(z) -gamma function, fO(

23



M.M. BABAYEYV, X.B. SULTANOVA, M.Q. ABBASLI

GaAs quantum well, their influence on scattering of
electrons is insignificant, consequently increasing of
surface density of electrons causes significant increase
of mobility.

Let us compare obtained theoretical results with
experimental ones [8] in n —type GaAs/Al,Ga;As
quantum well. In this experiment, the electron
mobility is measured in the interval of the surface
density of electrons . = (1 + 8)-1015 m 2. At these
values of electron surface density at low temperatures
(T<20K) electrons are strongly degenerate, then 7
(reduced chemical potential) and k can be written as
n = 2xhn/mk,T and k = v2mn , respectively.

Let us calculate mobility numerically at 7=12 K
in which experiment is performed. Values of used
parameters [10]: m =0.067m, (here m, —free electron
mass), p=5.3-103 kg/m3, =129, E;=7.4eV,
e14=0.16C/m’.

In order to find parameter o of the modified
Poschl-Teller potential we use the fact that the factor
before tanh® oz function (1) is equivalent to the depth
A of the quantum well [5]; when 4 =1:

h2a?

m

=A (13)
In the experiment [8] the proportion of GaAs in
Al,Ga;As film is x=0.3. If we take into account
that band gaps of the AlAs and GaAs are 2.23eV and
1.52¢V, respectively [10], at x=0.3 for the band gap of
the Al,Ga;. As we get Eg= 1.52(1-x) +2.23 x= 1.73
eV. Then Al,Ga;As and GaAs films have band gap
difference of AEg=0.21¢V. The depth of n -type
quantum well is equal to the difference of the
minimums of the conduction bands in heterojunction.
From scientific literature [11] it is known that this
difference can approximately be found from the
condition 420.7-AEg. Then from expression (13) for
the parameter of the potential, we get a=3.6 - 10*m™.
We will use this value of a in numerical calculations.
The dependence of mobility on the electron
surface density has been calculated at the different
values of the surface density of the ions and given in
fig. 2(a). As seen from the figure the dependence of

electron mobility on their surface density is close to
linear dependence.

In fig. 2(b) the comparison of the obtained
theoretical results with experimental ones [8] is given
at n,:6X1014m'2. From this figure, we can see that
obtained theoretical results fit well with experimental
results. Based on this, we can conclude that the
modified Poschl-Teller potential represents confining
potential in GaAs/Al,Ga; A quantum well properly.
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Fig. 2. (a) Dependence of electron mobility on their surface
density at: 1-n= 2x10"m?%; 2- n=4x10"“*m?; 3-
n=6x10""m>; 4- n; =8x10" m%; 5- n; =10"° m?;
(b) Comparison of experimental and theoretical
results at n=6x10""m?; line - theoretical, dots -
experimental results.
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The photoluminescence spectra of Ni_Zn,Fe,0, ferrite nanopowders with different Zn contents were studied. The
experiments were carried out at 300K, spectral lines were used to excitation luminescence: Xe-lamp with the wavelength 280
nm, 290 nm, 300 nm, 325 nm, 350 nm, 375 nm, 388 nm, 400 nm, 425 nm, and also YAG Nd laser (A= 532 nm). The obtained
spectra were interpreted in the framework of the proposed model in [1] for Fe;O,, a structural analogue of Ni;_,Zn,Fe,0,

ferrites.

Keywords: ferrites, photoluminescence, nanopowders, sublattice

PACS: 41.20 Gz; 42.72 Ai
1. INTRODUCTION

In this study, the results of experimental
investigations of the effect of magnetic inhomogeneity
on the luminescence spectra of NijZnFe,0, ferrite
nanopowders with different concentrations of Ni and
Zn. It is known that Ni,_,Zn,Fe,0, ferrites are still of
great scientific interest because of the high practical
relevance, as shown by an unrelenting amount of
scientific publications. The characteristic features of
these ferrites [2] is the presence of two magnetic
sublattices bound by indirect exchange interaction (the
dipole interactions between the atoms of each of the
sublattices are much smaller than the exchange
interaction between the atoms of different sublattices).
Another feature of the studied ferrite compositions is a
gradual (with the concentration of zinc) conversion of
the inversed spinel structure into the normal spinel
structure without changing symmetry, but there is a
transition from the ferromagnetic to antiferromagnetic
ordering. It is known that nickel-zinc ferrites having a
spinel structure are widely used in the field of modern
radio engineering, nanoelectronics, automation, data
processing and transmission systems, and also for the
development of wvarious functional elements.
Therefore, obtaining these materials and studying their
optical properties in a wide range of wavelengths is of
scientific interest. The studies of Mdssbauer [3, 4]
spectra showed that there is a weak magnetic phase [5]
in nanopowders of magnetite a structural analogue of
Ni,«ZnFe,0, ferrites with the grain size about from
15 to 45 nm. The parameters of this phase could not
be determined because of the low intensity of the
respective peaks and impossibility of their separation
from the intense peaks of iron ions of the A and B
sublattices. Therefore, the weak magnetic sublattice
parameters are not defined.

From this point of view, the main purpose of
studying the photoluminescence processes of Ni;.
ZnFe,04 (x=0; 0.25; 0.4; 0.5; 0.6; 0.75; 1) excited by
sources with different wavelengths is to investigate of
magnetic excitations, optical properties and weak
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magnetic phase parameters in the nano-powders of
these materials.

2. SAMPLES PREPARATION

The Niy_,Zn,Fe,04 nano-powders, where x = 0;
0.25; 0.4; 0.5; 0.6; 0.75; 1 were synthesized by the
method of high-temperature sintering of high purity
NiO, ZnO and Fe,O; compounds followed by
annealing for 2 hours at 960° C [6]. The particle sizes
of the nanopowders of all the compositions were about
20- 40 nm. The quality of nanopowders was
monitored by X-ray diffractograms and optical
methods. It is shown that lattice distortions resulting
from deviation from stoichiometry have little effect on
Raman spectra. Detailed X-ray studies of the
formation of Ni,_,Zn,Fe,0, ferrite films have shown
that the process of their formation, as pointed in [7],
goes through three stages: at the first stage ZnFe,O, is
obtained, while part of NiO and Fe,O; remain in the
free state; in second stage the process of including
Ni*" ions in the ZnFe,0, lattice begins and compound
with an excess of Ni content are formed against
stoichiometry; in the third stage the composition
compound is finally formed. All observed changes are
in good agreement with changes in the content of Fe®"
cations [8] in the compositions of Ni;_,Zn,Fe,0, films.

We note that it was established in [9] that the
most homogeneous composition of ZnFe,0y,
accompanied by the largest incorporation of Fe ions
into the ZnO structure, is achieved when using a-
Fe,0; powders. A significantly smaller amount of Fe
is included into the ZnO structure in samples obtained
on the basis of FeO and Fe;0,.

The spatial symmetry group of Ni,ZnFe,O,
corresponded to Fd3m. However, all Ni,_Zn,Fe,0,
ferrite compositions, except ZnFe,O,, referring to
normal spinel (x = 1), have a reverse spinel structure, a
good idea of which for the NiFe,O,4 case (x = 0) can
be seen in fig. 1 in [10, 11, 12, 13]:
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@ Ee* (T; & Oy, sites)
@ Ni** (0, sites)
¢ O

Fig.1. The unit cell of the inverse spinel lattice of NiFe,04: Fe*"-cations (red) are distributed equally across tetragonal (7))
and octahedral (0,) lattice sites, while Ni**-cations (green) occupy O}, sites. An antiferromagnetic coupling between
the 7, and O, sites compensates the magnetic moments of the Fe*"-cations, why only the Ni**-cations account for the

net macroscopic magnetization of 2 zp/fiu [10]

3. RESULTS AND DISCUSSION
3.1. EXPERIMENTAL DETAILS

The luminescence spectra of all synthesized Ni;.
ZnFe,0O, nano-powders compositions were studied
on LS-55 spectrometer with a Monk-Giddison
monochromator at room temperature in the 300-700
nm wavelength range. The following symbols were
used on the fig. 3: A, B, C, etc. - luminescence spectra
when excited from the Xe source: 280 nm (4.427 eV),
290 nm (4.275 eV), 300 nm (4.132 €V), 325 nm (3.814
eV), 350 nm (3.542 ¢V), 375 nm (3.306 eV), 388 nm
(3.195 €V), 400 nm (3.099 eV), 425 nm (2.917 €V); q,
b, etc. - compositions: x = 0; 0.25; 0.4; 0.5; 0.6; 0.75;
1 respectively. The numbers 1, 2 and etc. in table 1
denote the energies and wavelengths of electronic
transitions  averaged over the  investigated
compositions. The top lines of the table cell are nm,
the bottom lines- eV.

The luminescence spectra of all synthesized Ni;.
ZnFe,0O, nano-powders compositions were also
investigated on the Confocal Raman Spectrometer, 3D
Confocal Laser Microspectroscopy System
Nanofinder 30 (Tokyo Instruments, Japan). The
source of excitation is the YAG Nd laser (4 =532 nm),
with the possibility of changing the radiation power
from 0.1 mW to 10 mW. These studies revealed the
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presence of a photoluminescence band in the region of
600-1000 nm, with a maximum at 822 nm, the
intensity of which depended on the composition. The
maximum band of this photoluminescence is
practically independent on the power of the exciting
radiation.

3.2. DISCUSSION

Ni-Zn ferrites exhibit red photoluminescence
within excitation by xenon lamp radiation at 393 nm
at room temperature. The emission spectrum is
composed of a several groups of sharp lines in the
range of about 530-710 nm with the most intensive
line at 612 nm. The photoluminescence excitation
spectra of emission lines at 587 nm, 612 nm and 700
nm have evidently similar structure. They are
composed of broad band in the range of 250-320 nm
with maximum at about 275 nm and a series of sharp
lines in the range of 350-550 nm with the most
intensive at 363 nm, 393 nm and 466 nm [1].

Fig. 2 shows the approximate band structures of
the Fe;O4 nanoparticles, as estimated by our
photoluminescence measurements. A near-infrared
peak is observed at ~840 nm (1.47 eV), which can be
attributed to the electron traps on the tetrahedral site,
that are associated with the oxygen vacancies. Their
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mutual correlation is beyond doubt, as mentioned
earlier, is a consequence of the exchange processes
between Fe’* and Fe’* ions. It should be note that a
similarity of this maximum is also performed in the
photoluminescence spectra of the authors, for instance

[1, 14]. For the following interpretation of the
obtained results, we used the scheme of the energy
bands of the Fe;O4 nanoparticle systems, published in

[1]:

1 Absorption
| Radistive

Fig. 2. The schematic of the energy bands of the Fe;O, nanoparticle systems [1]

PAA-Fe;0, photoluminescence measurements
(PAA-hydrophilic coatings) when illuminated with
407 nm laser light (3.05 eV), published in [1],
revealed three main peaks in the spectral range of
10-5000 nm: about 540 nm, 690 nm, and 840 nm.
Similar photoluminescence spectra were obtained
using 449 nm (2.76 eV) radiation for excitation. The
photoluminescence spectra contained two main peaks:
at 550 nm (2.10 eV) and 674 nm (1.84 V) for the
PAA-Fe;0, samples, whereas for the Fe;sO4 samples
only one peak was observed at 674 nm (1.84 V) [1].
In the present study, all these peaks were also
observed.

According to [1], the photoluminescence peak
near 550 nm (2.30 eV) is explained by the radiative
recombination of mobile electrons from 1, —e,
(2.2 €V) at the octahedral site. A much weaker peak at
~ 690 nm (1.79 eV) corresponds to recombination of
trapped electrons from the octahedral site to O (2p) at

27

the tetrahedral site. In addition, from [14], it is
possible to see the intensity of the emission bands at
541.94 and 518.93 nm, which changes with increasing
Zn/Ni substitution. Obviously, these intensities
increase with increasing Zn content, except for x =0.5.
This can be explained as follows: 1) based on the
analysis of MAUD with increasing concentration of
Zn*" and leaving Ni’" cations in the structure, Zn>"
ions occupy tetrahedral sites and transfer Fe'" to
octahedral sites, 2) these changes lead to a decrease in
the structural isotropy of the synthesized nano-
crystals, with the exception of the NijsZngsFe,Oq4
nano-crystals, 3) nano-crystals have the highest
saturation magnetization among the synthesized nano-
crystals and have structural isotropy in the tetrahedral
regions, 4) the capture of half of the tetrahedral sites
by Zn®" ions and the rest by Fe'" ions leads to a
decrease in the transitions of Fe’™ ions in tetrahedral
sites.



Intensity/arbitrary

Sh.A. AHMADOVA, T.G. NAGHIYEYV, Sh.N. ALIYEVA, A.A. SADIGOVA, T.R. MEHDIYEV

Wavenumber/ nm

350 400

T

450
P
D

T PE SN TIPS DU N PR |

LA B R R L B N L B R

\F
|

(
[
{

’_’l\/\-’ b
!

Intensity/arbitrary

Intensity/arbitrary

£

U

el L \\_\ NS

au g T
3 4|5 6|7

350

§ljllllllllll reet

400
Wavenumber/ nm

450

Wavenumber!/ nm

ad

3

-
»
S

T

w

N

)
TTTTTT

|2A3n451

400

450 500
Wavenumber/ nm

Wavenumber/ nm
500 550

g

_...
R&
T

g

500 550 600
Wavenumber/ nm

Intensity/arbitrary

Intensity/arbitrary

Intensity/arbitrary

Wavenumber/ nm
350 400 450 500
- " /’/-/ "‘V"'\I I'e
b 1"/ n 1 ]
b //"E/HV-—\ f ]
: IJ 1 1 ¢ :
of //h/ WU"‘\ [ Be
E 1 -] L L L 7
: AT T
E T, : i3
3 /f"\/"‘\/"" c 3
: 1—/ 1 n 1 :
3 ) WS
- —t .
L 1 I/J\M—-\ a
E /./ 3 |4fs (6|7 3
350 400 450 500
Wavenumber/ nm
Wavenumber/ nm
400 500 600 700

:

T

-
dalad

LA RSREL ARARE DS |

2

©
TPl C DR DR I |

T

o
dadol

T T Iy

o
PRI AT Y

Wavenumber/ nm

Wavenumber/ nm

550 600

T

F

L.

A AS S I ARARERAEARSASRS]

?

n 1 i

550 600
Wavenumber/ nm

Intensity/arbitrary

Intensity/arbitrary

Intensity/arbitrary

Wavenumber/ nm
400 450

18

/\/ ‘a\v\a

-\_

N

V.
{
[

AN

N
\
7
(4
/

|}

Sf
L
!

CC 1
F\
L3

1901

P

NS
b2t
7
EEA

-
1 2
v-l/aa 5

F o
F~t
oo

400 450

Wavenumber! nm

Wavenumber/ nm
500 600

i

LRSS RS S LRSS BN UNE Ba ne

;

PRDC TN (PEPETUE (T 01

T

f

T

T

T

T

12 34567

500 600 700

Wavenumber/ nm

Wavenumber/ nm

550 600

LI I B % B I I B IR I B IR 1 B I | R I

3 4
L

L !

550 600
Wavenumber/ nm

Fig. 3. Photoluminescence spectra of Ni_Zn,Fe,0, nanopowders (A, B, C, D, E, F, G, H, I - luminescence spectra when
excited from the Xe source: 280 nm, 290 nm, 300 nm, 325 nm, 350 nm, 375 nm, 388 nm, 400 nm, 425 nm
respectively)
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Table 1.

Comparison the results of [1] work and obtained from our investigation of energies and wavelengths of
electronic transitions of photoluminescence spectra of Ni;_Zn,Fe,O, ferrite nano-powders

Experimental
data [1]

407 nm
3.05 eV

Our 332 372 396 406 421 446 461 486 496 522

Investigation 3.734 3332 | 3.3 | 3.053 | 2945 | 2779 | 2.689 | 2.551 | 2,499 | 2.375
(nm, eV)

Experimental
data 1] 540 ] ] ] ) 690 840
407 nm 23 1.8 1.47
3.05eV
Our Investigation 548 558 598 628 636 683 873
(nm, eV) 2.262 2.222 2.073 1.974 1.949 1.81 1.42
- - - - - 682.8 873
YAG Nd laser
(A= 532 nm)
a b
$000 4 .w A A A A A A A A
2 2504 I —o—prFC,O‘
- s = 3 f&’:‘, —s—PSIFe,0,
g ’ » 2004 £ 1% ——SIPSFe0,
£ ; 1 g > ==
- 6050 250 s » f o %t ——Beads/FeO
i 5000 4 200 s S 1504 }f ' g 1‘ ——r-F€ 0,
o -
s 4000 4 A a ) '}!‘
T 30004 ° 7S il "_ i -
g e x ""/- 1 e g
# ;3 X -
£ ] f2acie % \ Rama
- RS S,
of . b
T v T Y g 40 -
400 500 €00 700 800 900 1000 1108 500 600 700 800 900
Wanvenumbert cm Wavelength / nm

Fig.4. Nig4Zny¢Fe,0, thin film (a) [15] and Fe;04 (b) (840cm™) [1] to the maximum of oxygen vacancies is indicated by a
red arrow. The blue color indicates the components of the photoluminescence spectrum of Nig4Zng¢Fe,O4
nanopowders, and the red color indicates a maximum of 873 cm’ in the Raman spectrum of Nig4Zng¢Fe,O, thin

films (a)
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Comparing the results obtained with the known
studies [1, 15], we note that, with a common
similarity, they contain information on previously
unrecorded electronic transitions, as well as the
dynamics of the change in the luminescence spectra
with a change concentration in the composition.

3. CONCLUSION

The photoluminescence spectra of Ni;_Zn,Fe,0,
nanopowders (x=0; 0.25; 0.4; 0.5; 0.6; 0.75; 1) were

studied at various energies and excitation powers. The
transition energies are determined and a tentative
interpretation is given.
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SIMULATION SPATIAL STRUCTURE OF AMYLOID BETA-PEPTIDE (31-35)
DETERMINED BY MOLECULAR MECHANIC METHOD
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The spatial structure and conformational flexibility of Amyloid f -peptide (31-35) have been investigated by molecular
mechanic method. It is revealed that this molecule can exist in several stable conformational states. The energy and
geometrical parameters for each of low-energy conformations are obtained. The conformationally rigid and labile segments

of this molecule were revealed.

Keywords: Amyloid f- peptide (31-35), Alzheimer's disease, spatial structure, function, conformation, pentapeptide

PACS: 36.20.Ey; 87.15.Aa; 87.15.He

1. INTRODUCTION

The amyloid f- peptide (ABP) is known to cause
the activation of apoptotic cascades, leading to
neuronal death in Alzheimer's disease (AD) [1-4].
Amyloid - peptide (ABP), a major protein component
of the plaques, is a 3943 amino acid peptide derived
from a larger transmembrane protein, amyloid
precursor protein (APP). It is well established that
APBP possesses neurotoxic activity. ABP neurotoxicity
has been associated to peptide self-aggregation, which
leads to the formation of amyloid-like fibrils and
eventually to neuronal cell death through apoptosis.
Some recent studies confirmed that Af (31-35), i.e.
IIGLM, (Ile-Ile-Gly—Leu—Met), which is a shorter
sequence of APP, can also induce apoptosis in the
cortical and hippocampal neurons as Af (25-35) does
has also been demonstrated in neuronal PC 12 cells
and rat cerebellar granule cells [1-4]. In work [2] are
used X- ray diffraction and electron microscopy to
investigate the structure of the assemblies formed by
Ap (25-35) peptides and of various length sequences.
In this article it is proposed that the tachykinin- like
Ap (31-35) peptide is a turn exposed at the Ap
oligomer surface where it could interact with the
ligand- binding site of the tachykinin G- protein-
coupled receptor [2].

A synthetic fragment (31-35) of f- amyloid
peptide was used in cultured cortical neurons to
examine whether this smaller sequence could trigger
apoptotic degeneration in vitro by  using
morphological, biochemical and flow- cytometric
examinations. On the other hand, it is known that this
Ab derived pentapeptide although not exhibiting
aggregation phenomena, is able to determine a large
number of toxic effects, including the activation of
apoptotic pathways in cultured cortical neurons [4].
Here, in order to gain more insight into the mechanism
of spatial formation of Af (31-35) peptide in nonpolar
solution, which particularly stabilizes a-helical
conformation, we studied the secondary-structural
elements of the Ap (31-35) peptide in vacuum and

131, H. Javid ave., AZ-1143, Baku
ANAS, G.M.Abdullayev Institute of Physics
E-mail: jophphysics@gmail.com
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polar solution by molecular mechanics simulations.
The o -helical environment around Met35 was
completely abolished as indicated by circular
dichroism (CD) -spectroscopy [5]. The study of the
conformational properties of Af peptides in their
soluble form constitutes a basic approach to design of
molecules with "anti-amyloid" activity and to develop
anti- Alzheimer therapies. The diversity of biological
functions of peptide molecule is undoubtedly
connected to its conformational properties. The
determination of conformational particularities of
biologically active peptide molecules is a necessary
stage in the study structured-functional relationships
of these molecules. It is difficult to predict the active
peptide conformation, which realized in complex with
the receptor, since most of small linear molecules
exist in aqueous and other environments as set of low-
energy conformations with comparative stability. In
order to elucidate the mechanism of action of the
peptide the investigation of the native three
dimensional structure is necessary that first of all
requires the information about of the full set of low
energy and consequently the potentially and
physiologically active conformations of this molecule.
The major aim of the present article is the
investigation of the three-dimensional structure and
conformational flexibility for Af (31-35), with the
purpose of getting insight into basic structural
requirement that determine ligand-receptor interaction.
The conformational properties of Af (31-35) peptide
molecule have been investigated by molecular
mechanic method, which allow to determine a whole
set of energetically preferred conformers of peptide
molecule.

2. METHOD
Molecular mechanics (MM) study of Ap (31-35)
conformation  involves  multistaged  extensive

computations of even-increasing fragments, with a set
stable forms of each preceding step used as a starting
set in the next step. Only those conformations are
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retained whose energies are smaller than some cut-off
values. The sequential method was used, combining
all low-energy conformations of constitutive residues
[5]. The conformational potential energy of a
molecule is given as the sum of the independent
contributions of nonbonded, electrostatic, torsional
interactions and hydrogen bonds energies. The first
term was described by the Lennard-Jones 6-12
potential with the parameters proposed by Scott and
Scheraga. The electrostatic energy was calculated in a
monopole approximation corresponding to Coulomb's
law with partial charges of atoms as suggested by
Scott and Scheraga. An effective dielectric constant
value ¢=1 for vaccum, ¢=4 for membrane environment
and ¢=80 for water surrounding is typically used for
calculations with peptides and proteins, which create
the effects of various solutions on the conformations
of peptides by MM method [5]. The hydrogen bond
energy is calculated based on Morse potential
Bonding lengths and angles are those given by Corey
and Pauling [6] and are kept invariable; the @ angle of
the peptide bond was fixed at 180°. The torsional
energy was calculated using the value of internal
rotation barriers given by Momany et al [7].
Computations were carried out on the computer using
universal programs complex [8]. The dihedral rotation
angles were counted according to the [IUPAC-IUB [9].
Symbols are wused to represent the regions of
conformational space situated around backbone
dihedral angles values (¢, ) are: R (¢, =-180"-0"),
B (p=-180-0", y=0-180"), L (¢, w=0-180)and P
(¢p=0-180", w=-180"-0"). Rotamer 1, 2, 3: side chain
bonds y,= 60", 1807, -60 respectively. Each
conformational state of a residue is characterized by
X!
angle regions (B, R, L or 1), n is the number of a
residue in the sequence and subscripts 1, j ,... specify
the position of the side chain y;, y»..., respectively, so
that i or j =1 corresponds to the angle y (y; or y,) in
the range 0 to 120°; a value of two corresponds to the
angle 120" to -120° and three to -120" to 0.

where X characterizes the backbone ¢

3.  RESULTS AND DISCUSSION

Conformational study of the pentapeptide AP
(31-35) was carried out in three stages, in each of
which were used results of preceding stage. In turn,
stages are divided on consecutively decided structured
problems. The first stage of calculation included
consideration of conformational possibilities of
dipeptide fragments Ile-Ile and Leu -Met according to
the calculation scheme. Calculations of fragments
were conducted for the reason reducing a number of
possible initial variants for pentapeptide. But the
initial variants of the small fragments were formed on
the base of low-energy conformations of the
corresponding monopeptides. The optimal backbone
forms in the relative 0-5 kcal/mole energy interval of
the pentapeptide Ile-lle-Gly-Leu-Met-NH, are
presented in Table 1. Then on the base low-energy
conformations of the fragments were calculated the
stable conformations of the pentapeptide with the C-
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terminal amide group NH,. The variants for
pentapeptide were taken into account conformational
particularities of both dipeptides and Gly
monopeptide. Besides, in initial variants of the
pentapeptide were taken different orientations of the
side chains in peptide chain depending on the type of
20 backbone forms. Only a-helical conformations of
these forms with different intermolecular interactions
are entered in the interval of relative energy 0-3
kcal/mole. Other low-energy conformations belong to
the 11 backbone forms (tablel).

The energy contributions of all calculated types
of interactions of preferred conformations of the
pentapeptide Ile-Ile-Gly-Leu-Met-NH, are shown in
table2 [11].

In the a- helical global conformation carbonyl
group of backbone of Ilel is very approach with NH
group of Met 5 that favours a forming the efficient
interactions between them, which promotes shaping
the hydrogen bond. It is necessary to note that the
essential energy contributions of specific interactions
between residues Ilel and Leu4 are stabilize factor of
the conformational stability of these conformations.
The molecular model of the preferred conformation of
pentapeptide Af (31-35) is represented in the fig. 1.

The spatial model of pentapeptide were built in
HyperChem 8.01 [10]. The electrostatic interactions
are eliminated between N- and C-terminal groups that
is reflected on the value of energy contribution of the
interresidue interactions of the residues. As a result of
the calculation for this pentapeptide most favored
turns out to be only one conformation with completely
turned form of chains. In this conformation C-
terminal pentapeptide does not prevent a formation
stable intermolecular hydrogen relationship between
side chains of the therminal residues. The energy of
intra- and interresidues interactions of three stable
conformations of the Ile-Ile-Gly-Leu-MetNH,
pentapeptide is presented in Table 3.

Other optimal conformations are not important
for the collecting with the receptor. The values of
dihedral angles of the lowest energy conformations of
the Af (31-35) pentapeptide are presented in table 4.

Then possible expect that the most probable
biologically active conformation for Apf (31-35)
pentapeptide is conformation with the form of the
frame RRRRR, stabilized by intramolecular hydrogen
bond between backbone atoms of Ilel and Met5.

Thus, the conformational study of Af (31-35)
pentapeptide enabled the estimation of the role of each
of the substituted residues in the structure formation
have been carried out. The comparison of specific
features of low-energy conformations of pentapeptide
revealed general structural criteria of this molecule,
which may be necessary for their biological activity.

To summarize, the results of the theoretical
conformational analysis of AB (31-35) combined with
the data on their biological activity indirectly
supported by physicochemical data allow an
assumption that, when binding to receptor, this
pentapeptide prefer the conformation with a alpha-
helical structure.



SIMULATION SPATIAL STRUCTURE OF AMYLOID BETA-PEPTIDE (31-35) DETERMINED BY MOLECULAR...

Table 1.

The optimal backbone forms in the relative energy interval of the pentapeptide Ile-Ile-Gly-Leu-Met-NH,.
No Backbone The relative energy interval ( kcal/mole)
- form
0-1 1-2 2-3 3-4 4-5 >5
1. BBBBB - - - - 2 79
2. BBRBB - - - - 2 79
3. BBRRR - - - - 3 78
4, BBRBR - - - - 5 76
5. BRBBB - - - 2 8 71
6. BRRBB - - - - 1 80
7. BRBRR - - - 2 2 77
8. BRRRR - - - - 1 80
9. RBBBB - - - 1 2 78
10. RBRRR - - - - 1 80
11. RBBRR - - - 2 2 77
12. RBBBR - - - 1 2 78
13. RRBBB - - - - 2 79
14. RRRBB - - - 2 2 77
15. RRBRR - - - 2 1 77
16. RRRRR 7 2 2 - 1 71
17. BBPBR - - - 1 - 79
18. RBLBB - - - 1 1 78
19. RRPRR - - - 1 - 79
20. RBPBR - - - 1 2 77

Table 2.

Energy contributions of all calculated types of interactions of preferred conformations of the pentapeptide
Ile-1le-Gly-Leu-Met-NH,.

e . Energy contributions (kcal/mole) E,
Conformation
Eup Eq Etor. Eabs.

1. R3R3RR»R3:, -22.1 4.1 3.0 -15.0 0

2. R3:R3,BR3;R3, -18.2 4.3 1.8 -12.0 3.0
3. R3:B2»BR3R3, -18.0 43 1.8 -11.9 3.1
4. B R3,BBBs; -19.2 4.0 3.4 -11.9 3.1
5. B1,B1,PBxR3; -19.0 3.8 34 -11.8 3.2
6. R»,B,LB3;B3; -19.3 4.2 34 -11.7 33
7. B»R3;BR3;R3; -18.5 4.2 2.9 -11.4 3.6
8. R;,B,,BB3;B3; -17.0 4.0 1.8 -11.3 3.7
9. R»R»PR3R;, -17.2 4.4 1.6 -11.2 3.8
10. R»B1:BR3;R» -17.1 43 1.8 -11.1 3.9
11. B12R»BRxR2, -17.2 4.2 2.1 -11.0 4.0
12. R»B1:,PBxuR3, -17.6 3.8 2.7 -11.0 4.0
13. R3,R3,BB3;B3; -16.5 4.2 2.0 -10.3 4.6
14. B»B»BB3;B3; -16.2 3.8 2.0 -10.4 4.6
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Fig. 1. The molecular model of lowest conformation of Ile-lle-Gly-Leu-MetNH, Af (31-35) pentapeptide: a) secondary
structure — o -helix turn shown in yellow thick line, b) in balls and cylinders. Hydrogen bond is shown dashed line.

Table 3.
The energy of intra- and interresidues interactions of the stable conformations of the Ile-Ile-Gly-Leu-

MetNH, pentapeptide. I- R,yR3,RR,,R3; 2- B22R32BB32B22; 3- B22R32BB32B22

Ile' Ile? Gly’ Leu? Met®
1 0.8 2.8 2.0 3.7 2.8
2 0.3 2.7 22 2.8 0.1
3 0.2 25 -1.3 3.0 0.0
1.6 0.7 -1.1 2.5
0.3 0.8 -1.3 0.0 Ile?
0.3 0.7 -1.7 0.1
1.2 0.7 0.7
1.2 0.5 -0.9 Gly’
1.2 -1.2 0.5
-1.0 3.7
-0.7 22 Leu*
0.7 -1.6
2.1
2.5 Phe’
2.4
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SIMULATION SPATIAL STRUCTURE OF AMYLOID BETA-PEPTIDE (31-35) DETERMINED BY MOLECULAR...

The values of dihedral angles of the lowest energy conformations of the Af (31-35) pentapeptide.

Lowest-energy conformations
Aminoacid Dihedral angle
R2»R3:RR%R3; | B2R32BB32B22 | B22R32BR32R32
[0) -71 -148 -146
W -52 147 139
® 177 179 179
Ile 11 -61 185 178
12 184 186 185
13 177 169 168
14 184 187 186
[0) -70 -92 -106
W -34 -59 -58
® -181 179 184
Ile 11 -61 -59 -58
%2 183 186 187
13 177 173 174
14 184 189 189
[0) -59 -80 -82
Gly W -39 91 95
® -177 177 189
[0) -81 -108 -98
W -63 107 -60
® -173 182 174
Leu 11 175 197 -56
%2 64 172 176
13 60 191 186
14 58 180 180
[0) -92 -121 -120
W -52 141 -60
® -181 181 181
Nle 11 -60 -60 -61
%2 180 181 180
13 180 181 180
14 181 180 180
Eora(kcal/mole) -15.7 -11.87 -11.39

4. CONCLUSION

Thus, on the basis of conformational studies of
amiloid B-peptide (31-35) molecule it has been
suggested that the biologically active conformation of
this peptide at its receptor is turned structure in
solution. The obtained data allow one conclude that, in

Table 4.

structures, where is formed a beta-turn at the N-
terminal segment and residues have only one local
minimum. The investigation results therefore indicate
that a concrete type of the S-peptide (31-35) structure
will essentially depend on the conditions under which
the given molecule functions.
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SYNTHESIS AND CHARACTERIZATION OF THE BiTe;.xSexI
SOLID SOLUTIONS SERIES

ZIYA S. ALIEV"?
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131, H. Javid ave., AZ1143 Baku, Azerbaijan
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Nowadays, the bismuth tellurohalides and their derivatives are one of most studied and required materials in the
condensed matter physics community thanks to giant-spin orbit Rashba-type spin-splitting in their free-electron-like surface
states. This work describes the synthesis and characterization of the BiTe,_,Se,I solid solutions series based on the BiTel,
which is known as a giant- Rashba semiconductor. The existence of the BiTe, Se,l solid solutions series (y; and y;)
experimentally confirmed by powder X-ray diffraction (PXRD) and scanning electron microscope equipped with energy
dispersive X-ray spectrometer (SEM-EDS). Phase diagram of the system were plotted based on experimental data from

Differential Thermal Analysis (DTA).

Keywords: phase diagram; materials synthesis; bismuth selenoiodide; bismuth telluroiodide; solid solutions

PACS: 81.20.-n, 81.30.Bx

1. INTRODUCTION

Since the existence of giant three-dimensional
(3D) bulk Rashba-type spin splitting has recently been
reported in the polar layered non-centrosymmetric
BiTel [1-2], the bismuth containing tellurohalides
became one of the much more attractive materials in
condensed matter physics [3-6]. These materials have
been reported to have a strong spin-orbit interaction
effect that reveals new paths for the realization of
spin-based electronic devices based on them. On the
other hand, sulfo- and selenohalides of a group 15
metals have been intensively studied over the last four
decades due to their intriguing ferroelectric,
piezoelectric and semiconducting properties [7-11].
The growing interest to these materials steams from
their intriguing electronic properties which make them
perspective source materials for spin-based electronics
and ferroelectric, thermoelectric, photovoltaic, etc.,
devices [1, 2, 9-11].

The rational design and elaboration of such
ternary or quaternary new phases, in particular, solid
solutions having a non-centrosymmetric crystal
structure and variable chemical compositions by
cation and anion substitutions is of significant interest
from the point of view optimized properties.
Considering increasing interest to this class of
materials, the thorough investigation of phase
diagrams for the respective element systems is of
particular importance to find proper starting
composition for the elaboration of materials with
optimized properties [13-14].

Here, we present the experimental study of the
phase BiTel - BiSel system. This study can shed light
on the chemical design of the new phases with
variable compositions based on the starting
multifunctional compounds of the systems namely,
BiTel and BiSel.

The ternary compound BiTel was found in the
Bi,Te;-Bil; system. This system includes only this
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ANAS, G.M.Abdullayev Institute of Physics
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compound melts congruently at 828 K and crystallizes
in a hexagonal system with space group P3ml and
lattice parameters a =4.3392(1), ¢ =6.854(1) 4 and
z =1 [15]. Another starting compound, BiSel was
reported along the quasi-binary Bi,Se;-Bil; system
that has been investigated by different authors so far.
The literature data on this binary system until 2004
were reviewed by Oppermann [16]. This compound
melts incongruently at 818 K and crystallizes in the
SbSI-type orthorhombic crystal system with space
group Pnma and lattice a = 8.697(2), b = 4.221(1),
c=10.574(2) A and z =4 [17].

2. EXPERIMENTAL PART

2.1. Synthesis

Starting BiSel and BiTel were synthesized from
the elements of a high purity grade (not less than
99.999%) in sealed (~10~ Pa) silica ampoules at 850
K. Synthesis processes of the compounds performed
in a split tube furnace by a specially designed method
that takes into account of the high volatility of iodine.
The syntheses were performed in an inclined three-
zone furnace, with two hot zones kept at 850 K,
whereas the temperature of the cold zone was 400 K.
After the bulk of the iodine reacted, the ampoules
were relocated such that the products melted at 850 K.
The melts were stirred at these temperatures by
slightly shaken of ampoules and then cooled in the
furnace. Because of BiSel melt by peritectic reactions,
it was further annealed at 770 K for 250 h in order to
complete homogenization. All the considered samples
along the BiSel- BiTel (total mass = 0.5g) were
prepared from preliminary synthesized ternary
compounds. After melting, the alloys were annealed at
730 K for two weeks.
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2.2. Analysis

DTA, PXRD, and SEM-EDS techniques were
employed to test the purity of the synthesized starting
compounds and analyze the alloys. Thermal analysis
was carried out using a NETZSCH 404 F1 Pegasus
system from room temperature up to1000 K with a
heating rate of 10 K min™. Temperatures of thermal
effects were taken from the heating thermograms. The
PXRD patterns were recorded on a Bruker DS
ADVANCE diffractometer with Cu-Ka,; radiation
within the range of 2 8 = 5° +75°. The microstructures
and equilibrium compositions for the some selected
samples were determined by Tescan Vega 3 SBH
scanning  electron microscope equipped with
ThermoScientific UltraDry Compact EDS Detector.

3.  RESULTS AND DISCUSSIONS

The phase diagram of BiSel-BiTel system was
plotted based on the DTA, PXRD and SEM data of
the equilibrated alloys (fig. 1). The system was found
to be non-quasi-binary. Apparently, this section is
represented by the liquidus surface of the B-phase in
the wide range of composition (0-75 mol% BiTel).
The f- phase appears here due to this section is a
qausi-binary part of the Bi,Te;-BiSes;-Bil; system. The
p- phase is a continuous solid-solution area of the
Bi,Se;-BiyTes system and can be shown as Bi,Se;  Te,
(0< x <1) [18]. The detailed investigation of the phase
relationships of the different phases, including that -
phase along the Bi,Te;-BiSe;-Bil; system is under
investigation and will be published soon. In the
subsolidus region, two wide solid-solution areas were
revealed based on BiSel (y;) and BiTel (y;). The
primary crystallization of the y, -phase based on the

TK

750

700

BiTel occurs in the BiTel-rich part of the system. A
horizontal line at 760 K reflects the invariant
transition reaction (U) L + B <> y; + y, that leads to the
formation of biphasic y, + y; area in the subsolidus
region. The expansion of this biphasic area was
measured to be 30-45 mol% BiTel at 760 K. The
existence of these mono- and biphasic areas along this
section were confirmed by PXRD and SEM
micrographs (figs. 2 and 3 a-c). Fig. 2 displays the
PXRD patterns of the selected alloys along the BiSel-
BiTel section. Evidently, the PXRD patterns of alloys
#1 and #2 are qualitatively similar to BiSel, whereas
the patterns of samples #5, #6 and #7 are entirely
composed by diffraction peaks of BiTel. On the other
hand, it was observed that upon increasing the BiTel
content in both the y,- and y,- phases, there is
negligible sifting in the peak positions on respective
XRD patterns (alloys #1, #2 and #5, #6, #7) towards
smaller angles. This fact is typical for the systems
containing wide solid-solutions areas, and further
confirms the existence and homogeneity areas of the
y;- and y,- phases. The PXRD patterns for the alloys
#3 and #4 display their biphasic content with clearly
observed diffraction peaks typical for both starting
BiTel and BiSel (distinguished by black triangles and
blue circles in fig. 2, respectively). The phase
constitutions of the BiSel- BiTel alloys are further
confirmed in SEM micrographs of the alloys #2, #4
and #5 (figs. 3 a-c). Obviously, mono- and biphasic
microstructures were observed in the SEM images for
the alloys #2, #5 and #4, respectively. The
microstructure of the alloy #4 (fig. 3 b) displays
clearly co-crystallized y;. and p,- phases whereas,
alloys #2 and #5 (Figs. 3 a, ¢) were found to be single
phase according to pure yp;. and p,- phases,
respectively.

830

BiSel 20 40

60 80
mol% BiTel

BiTel

Fig. 1. The phase diagram of the BiSel — BiTel system
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Fig. 2. PXRD patterns for different alloys in the BiSel- BiTel section: #1, 10 mol % BiTel; #2, 20 mol %; #3, 30 mol %; #4,
40 mol %; #5, 50 mol %; #6, 60 mol %; #7, 80 mol

L G R A
SEM HV; 20.0 kV 00 mm VEGA3 TESCAN|
SEM MAG: 6.14 kx Det: SE 200 pm

SEM HV: 20.0 kV WD: 15.00 mm VEGA3 TESCAN
SEM MAG: 19.6 kx Det: BSE 500 ym

SEM HV: 20.0 kV WD: 15.00 mm
SEM MAG: 19.6 kx Det: BSE 500 pm

Fig. 3. SEM micrographs of the selected alloys #2 (a); #4 (b) and #5 (c) in the BiSel- BiTel section
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4. CONCLUSION

The phase equilibrium in the BiSel- BiTel
system was studied experimentally, shown that it is a
non-quasi-binary one and features by wide solid
solution areas based on the starting BiSel and BiTel
compounds, respectively. The obtained data collected
in this work, provides very valuable information for

optimizing the synthesis and growth conditions of
newly obtained materials. Particularly, the considered
system is of significant importance in terms of the
rational design of new BiTeSe,l solid solutions (y,-
phase), which are expected to exhibit Rashba type
spin splitting in the electronic structure similar to
undoped BiTel, which is known as a giant- Rashba
semiconductor.
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