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The expression for the amplitude of quasi-elastic knockout of nucleus from the nuclei by protons of intermediate-energies with the 

activation of final nucleus has been obtained on the base of quasi-classic theory. The differential cross-section for the quasi-elastic scattering 
of protons of  1GeV has been determined for approach protons  knockout from 1P3/2,1P1/2 ,1S1/2  levels in 16O   nucleus . The energies of 
protons knockout from these levels and the energy of excited hole states have been determined.      

 
In activity on the basis of the quasi-classical approach, 

developed in [1] is put by the purpose to receive compact 
expression for amplitude of quasi-elastic knockout of 

nucleons from nucleus by protons of intermediate energies 
with excitation of a nucleus residual. 

Differential cross-section of reaction A(p, Np)В proceeds 
as follows [2]: 
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Here −21 ,, EEE P

kinetic energies of dropping, scattering 

and knockout nucleons,  −NE  energy of striping of 
nucleons accordingly 
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 - recoil energy of a residual nucleus. 

The matrix element of transition of a nucleus is 
represented by the way 
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Wave functions of the relative movement scattered proton 

and a knocked out nucleon is received from the solution of 
Schrюdinger equations:                         
 
       [ ]{ })k,r(kriexp)k,r( )(±± Φ= mψ         (4) 

 
Allowing taking (4) into account (3), after a change of 

variables u= r - х and using thus series expansion for the 
distorting member Ф (r), we have: 
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where        
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Two partial potential was replaced by his Fourier-mode of 

amplitude of nucleon - nucleon interaction, which one has 
parameterized form [10]: 
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Integrating expression (5) on du and then dq’, we’ll 

receive simple expression for the differential cross-section:
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 is equal to the momentum of nuclear nucleon before the act 
of interaction, q=ki-kf -  momentum  of transfer of a 

scattering  nucleon, k0 - is a  momentum of the knocked out  
nucleon. 

The correlation function B(q0) is the distorted impulse 
distribution of nuclear protons  in one of a particle condition, 
and   is determined by an overlapping integral of wave 
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functions of a proton  )x()(+
ιψ  in an initial state and two 

nucleons in an final state )x(),x(
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is accepted ,  for simplification of expression (11), the 
mathematical method advanced in is received [1], after which 
we get:  
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 For determination (10) the functions ρ(x) - nucleons 

density, which  depends on features of adopted model of a 
nucleus, we proceed from the assumption , that each nucleon 
is estimated as a dot particle and introduces the independent  
contribution  this operator of density: 
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where the summation  α   is conducted on all nucleons of a  

nucleus – core , xα-  coordinate of a nucleons which is read 
out from center of gravity of a nucleus. 

After quasi-elastic knockout of a nucleon from a nucleus 
of the target, we’ll esteem a nucleus- core as one nucleon 
outside of filled nuclear envelopes. Further if , that during the 
process the state of nucleons generated filled shells don’t 
change ,the core - rest can be esteemed as a system consisting 
of an external nucleon and a frame of a core. Agrees (10), 
(12) and (14), the template member of transition of a core is 
determined by value of value, 

                                  

                                  ∑ ∑ >ℜ<=
−

=f,m

2
1A

1

i
nejm

2
00 ie)x()x(f)q(B

µ α
αα

αψρ xq 0                                      (15)       

                
In a system consisting of a frame of a core and a nucleon, 

it is possible to enter effective mass which is taking into 
account their relative movement with the help of following 
reasoning [3]. Let situation of a nucleons having mass m,  is 

described in some coordinate system by a radius-vector  
1r , 

and situation of a remaining part of a core - rest of mass m(A-2)  
by a radius-vector to  k2. Then  
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Substituting in a right member of this equaling 

manifestative expression of a radius-vector of center of 
gravity, all core - rest 

1A
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allowing a result in (15), we have 
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where r=r1-r2  determines relative position of a nucleon and 
frame of a  nucleus-core , and effective mass 

1A
2A

me −
−

= , which is taking into account relative 

movement of a nucleon and a core. 
 ),,r(nejm ϕθψ     is determined from the solution of a 

no relativistic Schrþdinger equations for spherically - 

symmetrical potential with allowance for the spin - orbital 
interplay. Thus the wave function is represented as: 
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Schrþdinger equations then we shall record so 
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Numerous experiments on scattering of nucleons on nucleus 
indicate that the potential of a harmonic oscillator more 
approaches for description of light nucleus, therefore nuclear 
potential is chosen by this way 
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Where −m  mass of a nucleon,  ω - oscillation 
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known expression: 
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where 
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As the A (p, Np)В are investigated in reacting in light 

nucleus, it is necessary to result expressions of radial wave 
functions for  1С   and P1 -  state: 
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Parameter  а     in these wave functions expresses with 

the help (23) and (21) through energy of  nucleons separation 

nejE ; 
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Now we shall consider expression (17), being a 

correlation function of an exited nucleon and frame of a core. 
At its calculations it is necessary to select a coordinate 
system, let's select r0z ↑↑ . It means that the exited 
nucleon is displaced in a direction inverse to a momentum of 
a nucleus of recoil. 

After the count (18) in (17) we have. 
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the so-called statistical factor, which one expresses through factors of vectorial addition. The exact form (29) is given in [3],  
and )(р℘   receives  following form 
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Using the formulas of vectorial addition [4], we receive 
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Thus, for differential cross-section of quasi-elastic knockout of nucleons one particle excitation of a residual nucleus 
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Where the energy knockout of a nucleon possess the 

value 
                        RNр EЕЕEЕ −−−= 12                  (33)            

 
also is determined with the help (2) and law of conservation 
of momentum 

 
                   01iR kkkP hhh −−=                   (34)  
 
At quasi-elastic knockout of nucleons nucleus of recoil 

gain a vacant hole site in a shell, from which one the proton 
is released, and the energy of separation is equal to energy of 
one of a particle state. As in the beginning the nucleus A 
reposed, the momentum  of a nuclear nucleon (q0) up to the 
act of interaction was considered equal on value, but opposite 
in direction to the momentum of a nucleus of recoil in a final 
state. Therefore its value can be found from a law of 
conservation of momentum (34), 1AR0 kPq −−=−= h  
.Thus, knowing energy of taking off nucleon’s and angles of 
their departure, it is possible directly to determine of energy 
and momentum distributions of one of particle state in 
concrete shells. Differential cross-section of quasi-elastic 
scattering of protons with energy 1 GeV is computed for a 160 
nucleus. The analysis, basically, was shown to analysis of the 
form of correlation distributions and relative outputs of 
protons from different nuclear shells. The nucleus 160   can 
release protons from levels 

212123 1,1,1 SPP ,   therefore 

differential cross-section is counted for each of these cases 
and the outcomes are adduced in a fig. 1. 

    Besides in this figure for comparison, the theoretical 
curves counted in [5] with Hartri - Fok by wave functions are 
adduced. The calculations, basically, are made for an angle 

0
2 61=θ   of departure of sluggish protons at a fixed 

scattering angle 0
1 4.13=θ  of a fast proton. Thus oscillator 

parameter а   was "free", with the help which one the 
noticeable resemblance of theoretical differential cross-
section with experimental is obtained. 

In the table the counted energy of one of particle levels in 
nucleus 160 at the conforming values of oscillator parameter 
are adduced. Besides for comparison, the experimental values 
of energies of one of particle levels are adduced [5]. 

As it is shown at  a fig. 1, power distribution of protons,  
corresponds two maximal in the range of energies 860 MeV 
and 930 MeV, for levels 21Р и 23Р and it is possible to 
explain these distributions  from distributions on momentums 
of protons located at the conforming one particle level. The 
maiden maximum corresponds to invading of a ground state 
( −21 )) and ( −23 ). The second maximum corresponds to 

an exited state in a nucleus of the rest15 N. In this figure a 
curve depicting knockout of protons from S 21  state with a 
maximum in the range of energies 870 МeВ also is adduced. 

 

 
 
Fig. 1. Differential cross-sections of reaction of quasi-elastic  
            knockout of protons from different shells  of a nucleus  
            160. Continuous lines - outcome of the present activity,  
            the shaped lines - are counted with Hartri-Fok by wave  
            functions [5], point - experimental data. 
 

 
                                                           Table 1 

                          Theoretical and experimental values of energies one of particle state in a nucleus                                                            
 
 
 
 
 
 
 
 
 
 
 

  
The satisfactory description of the  of correlation 
distributions’ form and relative outputs of protons on the one 
hand, testifies that the count of distorting of surges and 

mathematical methods, used in calculations the amplitudes, 
of process are precise enough. On the other hand, consent of 
one-particle power spectrums both with experimental data, 

nucleus levels 
 а
Fm 

 Е лъ  
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Е •
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(МeV) 

 Е лъ  
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(МeV) 

1Р
2

3      2.27 18.6 15.98 19.6 

1Р
2

1  2.55 12.8 10.74 13.0 

 
16  О 

1С
2

1  1.28 38.1 33.19 39.2 
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and with curves of cross-sections counted with Hartri-Fok by 
wave functions, allow to make a conclusion, that this 
theoretical gear well describes A(p, Np) B - reaction, and 

nucleus structure. Therefore it can be applied for a 
quantification of differential cross-sections of quasi-elastic 
interaction of nucleons in a series of nucleus. 
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ОРТА  ЕНЕРЪИЛИ  ПРОТОНЛАРЫН  НЦВЯДЯН  КВАЗИЕЛАСТИКИ  СЯПИЛМЯСИ 
 

Квазиклассик нязяриййяйя ясасян, протонларын нцвядян квазиеластики сяпилмяси  просесиндя  нцвядян нуклон гопарыларкян 
галыг нцвясинин щяйяжанлашмасы заманы, сяпилмя амплитудасынын ифадяси аналитик шякилдя тапылмышдыр. 16O нцвясинин 
1P3/2,1P1/2,1S1/2 енеръи  сявиййяляриндян  протонларын  гопарылмасы просеси цчцн дифференсиал  еффектив  кясик щесабланмыш, щямин 
сявиййялярдян протонун  гопарылма енеръиси вя нцвянин бир зярряжикли  щяйяжанлашма енеръиси тапылмышдыр. 

 
М.М.Мирабуталыбов 

 
КВАЗИУПРУГОЕ  РАССЕЯНИЕ ПРОТОНОВ ПРОМЕЖУТОЧНЫХ ЭНЕРГИЙ НА ЯДРАХ 

 
На основе квазиклассического подхода, развитого  автором,  получено компактное выражение для амплитуды квазиупругого 

выбивания нуклонов из ядер протонами промежуточных энергий с возбуждением ядра остатка. 
Дифференциальное сечение квазиупругого рассеяния протонов с энергией 1 ГэВ, вычислено при выбивании протонов из 

уровней 1P3/2,1P1/2 ,1S1/2 в ядре  16O. Определены энергия выбивания протонов из этих одночастичных уровней и энергия 
возбуждения дырочных состояний.   

 
Received: 03.06.04 
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      Photoconductivity spectra of InSe, GaSe layer semiconductor samples in the region of high energy (hν>>Eg) and surface topography 
receiving by Scanning Tunneling Microscope (STM) method of these samples have been investigated. The results both photoconductivity 
and STM investigation showed that surface and bulk electron behaviors not so different. These allow investigate electron transitions in depth 
of adsorption edge by simple photoconductivity method. STM surfaces topography unfolds new usage perspectives for layered crystals InSe, 
GaSe. 
    

Layer semiconductors InSe, GaSe due to peculiarity of 
their crystalline structure are characterized by practical 
absence ragged chemical bounds on a surface. Due to this 
property their surface distinguishes weak adsorption ability. 
As consequence of before stated conditions the lower density 
of surface states allows to register high photosensitivity in a 
wide spectral range including ultraviolet (UV) area of spectra 
[1]. 

It is known that electronic properties of these crystals are 
not so anisotropy as their mechanical properties. These 
crystals are easily cleaved and almost without special 
technological processing it is possible to receive samples 
rather the big area surfaces with monolayer. 

Researches of Auger spectra investigation have showed 
are that surface concentration of adsorbents on InSe and 
GaSe surfaces two or three order is lower than surfaces of 
"usual" semiconductors [2]. 

On the one hand the above-stated properties of crystals 
InSe and GaSe allow to create on their basis photosensitive 
devices in a wide spectral range, especially in short-wave 
area of a spectrum, and on the other hand to study of 
behaviors optical transitions in depth of absorption edge by 
means of a photoconductivity method, where hν>>Eg. 
Characteristic spectral dependences photoconductivity of 

layered semiconductors InSe and GaSe on fig.1 are resulted 
at the room temperature. 

 
Fig.1.   Photoconductivity spectra of InSe and GaSe layer  
            semiconductors in the usual geometry (light being  
            incident normally to the layer surface and contacts being  
            installed upon the illuminated surfaces) of measurement  
            in 1 – 6 eV region. 
 

 
Fig.2.   Scanning Tunneling Microscope method surface topography of InSe layer semiconductor samples in air. Size of image is  
             correspondent to 280x280 Ao /cm on x and y direction, 60 Ao /cm on z direction. 
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Fig.3. Scanning Tunneling Microscope method surface topography of InSe layer semiconductor samples in air where mechanical  
          cleaving occurred in different layers far one from another. Size of image is correspondent to sizes on fig.2. 

 
For present purposes the surface topography of samples 

InSe have been studied by the STM method in air. Before 
receiving topography images of given samples have been 
investigated of photoconductivity spectrums and were 
observed high photosensitivity, particularly in UV areas of a 
spectrum. On fig.2 the characteristic topography image of 
InSe samples surface is shown by STM method. These 
pictures distinctly show on reception favorable circumstance 
rather big areas of monolayer surfaces by the mechanical 
cleaved. On alongside with the assertion on surface of 
samples InSe crystal is absent significant inclusions, 
nevertheless in some places of topography images differences 
for scans are clearly visible. The height of these differences 
corresponds approximately to ~12–15 Ao. It can be concluded 
that on a surface can be have a place that defects of layers as 
a transition crystal lattice translation from one layer to 
another. Another event shown in Fig.3 where mechanical 
cleaving occurred in different layers far one from another and 
differences between scans much more than depth one or two 
layers. 

 
Fig.4. Photoconductivity spectra of GaSe layer semiconductors  
           at different temperature. 

Despite of the specified defects it is possible to observe 
separate sites of a surface with practical consisting of one 
monolayer. Due to opportunity STM it is easily possible to 
define on surface areas of layered semiconductors InSe and 
GaSe suitable for creation UV sensitive detectors and with 
manipulation simple technology it is possible to fabricate  
cheep UV devices. 

The received results for samples from InSe layer crystals 
one can say with confidence can be attributed to samples of 
GaSe layer crystals. 

 
Fig.5. Photoconductivity spectra of GaSe layer semiconductors  
           near deep exciton state. 
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It has been marked, that high photosensitivity in depth of 
absorption edge allows to studies the nature of optical 
transitions in this spectrum region. The spectrum of 
photoconductivity registered on sample GaSe are shown on 
fig.4 at various temperatures. Apparently from fig.1 and fig.4 
photoconductivity spectrums of samples InSe and GaSe 
despite of increase adsorption coefficient factor 
photoconductivity signal decrease  (~2-3 eV in InSe, ~3-4 eV 
in GaSe) is observed. Energy interval of this spectrum area 
coincides with spectrum area which optical transitions have 
excitons nature. Temperature influences research on 
photoconductivity spectra of InSe and GaSe layer 
semiconductors samples show an opportunity rather precise 
registration deep excitons transitions in these crystals for 
estimate their binding energy and Bohr radii. Temperature 
dependence photoconductivity spectra of these GaSe samples 
are shown on fig.4. 

Thus in InSe and GaSe layered semiconductors were 
observed two types exciton states. One are formed between 
absolute extremes of a conductivity and a valet zone and it is 

typical Wannier-Mott type excitons, others correspond to 
excitations localized near the atomic site, possess the great 
binding energy  (~90-100 meV), in small Bohr radii (~8 Ao), 
poorly participate in photoconductivity, and can be attributed 
to intermediate type excitons. Photoconductivity spectra of 
GaSe near deep exciton state at the different temperatures are 
resulted on fig.5. Deep exciton states originate from direct 
transitions between states which have atomic-like wave 
functions. It is easy to annihilate these excitons mainly at the 
low temperature than rather dissociate and consequently their 
contribution on photoconductivity registered as deep minima. 

The photoconductivity and STM investigation of layer 
semiconductors InSe, GaSe are show that bulk and surface 
electron behavior of given crystals is approximately 
identically, more conclusions for bulk behaviors almost can 
be attributed to surface. At least monolayer surface of InSe, 
GaSe layer crystal can be utilized as easy prepare natural 
semiconductor plane surface for building on this a new 
nanometer devises and these blocks. 

 
[1] O.Z. Alekperov, M.O. Godjaev, M.Z. Zarbaliev and 

R.A. Suleymanov. Solid State Commun. 1991, vol. 77, 
pp. 65-67. 

[2] E.Y. Salaev, M.O. Godjaev, G.L. Belenkii and L.N. 
Alieva. Doklady Academii Nauk Azerb. SSR. 1986, 42, 
15.

 
Мящяррям Зярбяли оьлу Zяrbяliyev 

 
InSe, GaSe LAYLI YARIMKEЧИRИCИLЯRИNИN STM SЯTH TOPOQRAFИYASI VЯ SPECTRИN 

ULTRABЯNЮVШЯYИ OBLASTINDA FOTOKEЧИRИCИLИYИ 
 

InSe, GaSe laylы yarыmkeчirici nцmunяlяrin yцksяk enerji oblastыnda (hв>>Eg) fotokeчiriciliyi vя hяmin nцmunяlяrin 
Skanirяedяn Tunel Мikroskopu (STM) metodu ilя sяth topoqrafiyasы tяdqiq edilmiшdir. STM vя fotokeчiricilik metodlarыnыn hяr 
ikisindяn alыnan nяticяlяr gюstяrir ki, sяthi vя hяcmi elektron xassяlяri bir-birindяn чox fяrqlяnmir. Bu da udulma kяnarыndan 
dяrin oblastda elektron keчidlяrinin tяbiяtini sadя fotokeчiricilik metodu ilя юyrяnmяyя imkan verir. STM sяth topoqrafiyasы ЫnSe, 
GaSe laylы kristallarыnыn yeni mяqsяdlяr цчцн istifadяsinя yollar aчыr. 

 
Зарбалиев Магеррам Зарбали оглы 

 
ПОВЕРХНОСТНАЯ ТОПОГРАФИЯ ПО МЕТОДУ СТМ И УФ ФОТОПРОВОДИМОСТЬ СЛОИСТЫХ 

ПОЛУПРОВОДНИКОВ InSe, GaSe 
 

Исследованы спектры фотопроводимости образцов слоистых полупроводников InSe, GaSe и поверхностная топография этих 
же образцов методом Сканирующей Туннельной Микроскопии (СТМ). Результаты, полученные обoими методами показывают, что 
электронные свойства поверхности и объема не сильно отличаются. Это позволяет изучать электронные переходы в глубине края 
поглощения простым методом фотопроводимости. Поверхностная топография по методу СТМ открывает возможности 
использования этих кристаллов в новых других целях. 
 

Received: 26.05.04 
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THE FEATURES OF THE SCATTERING OF ELECTROMAGNETIC AND ACOUSTIC    

WAVES IN THE WATER BOUNDARY LAYER OF THE ATMOSPHERE 
 

A.SH. MEKHTIYEV, T.M. TATARAYEV, L.N. FARADGEVA 
The Azerbaijan National Space Agency of National Academy of Sciences 

 
On the basis of exploration of the processes of small-scale dependence of the sea and atmosphere conducted in the Caspian Sea [6-9] 

were examined some features of the scattering of electromagnetic and acoustic waves in the water boundary layer of the atmosphere. 
 
INTRODUCTION 
 

The solution of the problems of radiophysics and 
hydrophysics demands to study the influence of the turbulent 
structure of the atmospheres water boundary layer on the 
scattering of electromagnetic and acoustic waves in it. The 
regime of the turbulence in the atmosphere’s water boundary 
layer practically depends on the extent of the windy waves 
development defining by the attitude

*u
c

, where c-phase 

velocity of the main energycarrying surface wave, u*-
dynamic velocity of wind. The vast scientific literature [1-3] 
is dedicated to the methods of theoretical calculation of the 
fluctuation phenomena’s in the water boundary layer and 
their experimental research. A few of works are dedicated to 
the research of features of the scattering of electromagnetic 
and acoustic waves although the remote probe of the ocean 
and the sea has a big meaning. So our work is dedicated to 
the revealing of the influence of the turbulence’s regime in 
the water boundary layer of the atmosphere on the scattering 
electromagnetic and acoustic waves in it. 

 
TEORETICAL   FOUNDATIONS 
 

Some features of the scattering of electromagnetic and 
acoustic waves in the water boundary layer of the atmosphere  

are examined in the dependence on the phase of development 
of the windy waves on the basis of the exploration conducted 
in the Caspian Sea [7; 8] with following suppositions: 

a) The thermal stratification in the water layer of the 
atmosphere is close to neutral that is the Richardson number 
reaches to zero (Ri→0). 

b) Electromagnetic and acoustic waves are spread at 
the altitude Z>Zº, where Zº-height; vertical profiles of 
meteorological parameters are declined from the logarithmic 
law higher than the height. 

The scattering of the electromagneting and acoustic 
waves passing through the turbulent medium (it is an 
atmosphere and sea) is a main cause of fluctuations of the 
refractive coefficient. The refractive coefficient of the 
atmosphere [1; 3; 4] is a function of the temperature, wind 
velocity and humidity. 

For the description of the scattering of electromagnetic 
and acoustic waves flows in the volume V containing the 
turbulence we must determine the average value σd   -
effective section of the dispersion in this volume in any 
directionsq

r
. 

This value is determined by the following formulas 
mentioned in [3,4]. 

In the case with electromagnetic waves: 
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and in the case with acoustic waves: 
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Here K=
λ
π2

 - wave number, α - angle between vectors 

pr  (whose the unit vector is perpendicular to the direction of 
the spreading of waves and describes its polarization) and qr ; 
c1- constant , equal 1,5 ; c0- average speed of the spreading of 
acoustic waves in the air ; TN  and EN  -parameters 
characterizing the velocities of inhomogeneties alignment of  
temperature and specific density at the expense of the 
molecular effects , v - angle of waves’ scattering , T - 
absolute average  temperature , E  - average specific 

humidity , Ω - spatial angle , ε  - average velocity of  
dissipation of the turbulent energy , B(T) and B(E)- constant 
values about unity ; 
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where P  - average atmosphere’s pressure. 
According to the theory by Monin - Obukhov [2] in the 

case of thermal stratification, close to neutral, is used the 
following formulas: 

    

         
zk

u 3
*

⋅
≈ε  , 

 

         
z

Tuk
N

2
**

T

⋅⋅
≈  ,                                      (4) 

            

         
z

Euk
N

2
**

E

⋅⋅
≈ ,         

 
where *u  , *T  , *E  - accordingly gauges of the velocity of 
wind, temperature and humidity. 

These values we can determine through flows of quantity 
of the momentum τ, the heat Tq  and the humidity WE   in the 
following way: 

 

ρ
τ

=*u  , 

 

ap*

T
* cuk

q
T

ρ⋅⋅⋅
−= ,                                   (5) 

 

*a

E
* uk

W
E

⋅⋅
−=

ρ
 ,       

 

where pc  and  aρ  - specific heat capacity and density of the 
air, k - constant of Carmana. 

The direct natural measuring of the vertical flows of 
quantity of  τ  , Tq  and EW   demand to use high-sensitive 
and expensive devices. So by solution of the problem of 
small-scale interaction of the atmosphere and the sea we must 
pay attention to the definition of the mentioned flows through 
easy-measurable exterior parameters [2] 

   : 
awa uuuu ≅−=δ ;   

 

aw TTT −=δ                                                          (6) 
              

aw EEE −=δ     

where u ; T ; E  -average velocity of wind , temperature 
, density of air and indices “a” and “w” refer to the standard 
height their measuring and marine surface . 

   So vertical flows we can express in the following way: 
 
                  2

aaa uc ⋅⋅= ρτ  , 
 
                  Tucq aTaT δρ ⋅⋅⋅=  ,                            (7) 
 
                  EuW aaE δρ ⋅⋅=  , 

 
where  ac  ; Tc  ; ec  - coefficients of the marine surface 
resistance, the transfer of heat and evaporation. 

Then with help of the equations (5) we can receive: 
 

                       ( )wa
a

T TT
c

cT −⋅⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=* , 

  

                      ( )wa
a

E EE
kc

cE −⋅⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

⋅
=*                      (8) 

 
If to use the received scales the formulas (4) will have a 

following form: 
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Having defined a wave number as λ
π2 and having 

inserted the formulas (9) in (1) and (2) we can receive the 
following formulas: 
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As it is seen from the formulas (11) and (12) 
parameters 1S  and 2S  enter the number of parameters 
determining the diffusion of waves. The last are determined 
with help of the coefficients ac  , Tc  and ec  . As it is shown 
in the articles [5,7] one of the main parameters determining 
the dynamic processes in the water boundary layer is “waves’ 
age “(which characterize the extent of the development of 

windy waves ) expressed 
*u

c . According to [5] the values 

3025
*

−≤u
c  correspond to the regime of the developing 

waving, 
*u

c 4030 −≈  - the developed waving and 

40
*
≥u

c  - the decadent waving. 

         
RESULTS 
                                                              

For the definition of the dependence of the scattering of 
electromagnetic and sound waves on the extent of 
development of windy waves as it seen from ( 11) and ( 12 ) 
we must explore the  variability of  parameters 1S  and 2S  

defined by the coefficients ac  , Tc  and Ec  . However up to 
now we have not a lot of experimental works which are 
dedicated to the study of the connections these coefficients 
with characteristics of the interaction wind are fields and 
surface waves. But we have a lot of experimental data which 
allow defining the variability of the parameter of roughness 

0z  or ac   in a dependence on the characteristics of 
interaction of the sea and atmosphere. 

So the task of the definition of the vertical flows of heat 
and moisture is tried to solve with help of the calculation of 
unit parameter 0z . 

In the article [5] on the basis of the natural measuring of  
characteristics of the interaction of the sea and atmosphere in 
the wide range of the variability of  exterior 
hydrometeorological conditions of the coefficients ac  , Tc  

and Ec  were approximated by the following formulas : 
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where sec
cm15,0v

2
≈   is a coefficient of the 

kinematic viscosity of the air. 
These formulas were received by the data of the direct 

measurement of  τ  , Tq  and Ew . The conducting of the 
measuring in the different hydrometeorological conditions 
permitted authors to define the dependence 0z  and *u  on the 

parameter
*u

c , so far as *u  is stimulatingly determined by 

direct and indirect methods. 

It is known that the development of the surface waves is 
escorted by the formation of the unstationary boundary layer 
of atmosphere. The connection between characteristics of the 
water boundary layer of atmosphere and the surface waves 
according to the data of the natural measuring is detail 
described in the work [6]. On the basis of the mathematical 
models of the atmosphere’s boundary layer [7,8] we can 
receive the following formulas for its characteristics: 
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where ∞u - wind velocity on an upper bound of the wave’s 
boundary layer, g - speeding up of free fall (acceleration due 
to gravity); β  -constant, equal 210−  ; γ  -constant 

coefficient; 
*u

ku ⋅
= ∞ξ . 

 
Fig.1. The dependence of the parameter of roughness on

*u
c . 

 

The comparisons (15) and (16) with the experimental data 
has shown that its better conformity is achieved by γ =0,25. 

The dependence of the parameter of roughness 0z  on the 

stage of the development of windy waves 
*u

c  according to 

the data of natural measuring in the Caspian Sea [7, 9] is 
shown on the fig.1. As it seen from the figure 1 the 
calculating and experimental points are coordinated quite 
satisfactorily. 
   Inserting the formula (15) in (13) and (14) and using (10) 
we can receive: 
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Fig.2. The dependence of characteristics of the scattering of 

electromagnetic and acoustic waves on
*u

c .   

Such method simplifies to make calculation of the 
scattering according to the formulas (11) and (12), in which S 
enters. 

The dependence of the parameter S on the stage of the 
development of windy waving (curve 1) is shown on the fig.2.                  

By constructing the figure s
mu 1010 = . 

As it is seen from the figure when the parameter 

*u
c increases from 10 to 70 the value S decreased up to1,5 

times. 
If  to use 21 SSS ==  in the formulas of calculation of 

the scattering of electromagnetic and acoustic waves in the 
water layer of the atmosphere (11) and (12) after the 
foolproof transformations we are receiving: 
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Then inserting the formula (17) in (18) and (19) and 

taking into consideration (15) and (16) we can construct 
graphs of the dependence of characteristics of the scattering 
on the extent of development of windy waving. We have 
constructed the dependences of the scattering on parameter 

*u
c  for several cases. 

The curve 2 (fig. 2) shows the dependence of the 

parameter 
edV

d
Ω⋅
σ

 on 
*u

c  by ;081,0=λ   

;001,0 2
2

=Eδ  ;25,0=γ    ;1000mbP =  

  ;10 s
mu =∞     v = 048    and     z = maz 10= . 

 

But a reverse scattering by such methods is shown on the 
curve 4. Analogous dependence corresponds to the curve 3. 

 
CONCLUSION  
  
On the basis of analysis of the results of theoretical and 

experimental explorations of the turbulent water layer of the 
atmosphere and its interaction with windy waves is shown 
that the characteristics of the mentioned interaction have an 
influence on the scattering of electromagnetic and acoustic 
waves in it. 

So the scattering of the waves rather quickly decreases by 

the increasing of the parameter
*u

c , characterizing the 

extent of the development of windy waves.  
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А.Ш. Мещдийев, Т.М. Татарайев, Л.Н. Фяряжова  

 
АТМОСФЕРИН СУЙАНЫ ГАТЫНДА ЕЛЕКТРОМАГНИТ ВЯ СЯС ДАЛЬАЛАРЫНЫН СЯПИЛМЯСИНИН 

ХЦСУСИЙЙЯТЛЯРИ 
 
Хязярдя кичик мигйаслы «дяниз-атмосфер» гаршылыглы тясиринин експериментал тядгигатлары нятижяляри ясасында суйаны атмосфер 

гатында електромагнит вя акустик дальаларын сяпилмяси гануна уйьунлуглары арашдырылмышдыр. Мцяййян едилмишдир ки, эюстярилян 
атмосфер гатында електромагнит вя акустик дальаларын сяпилмя характеристикалары дальа реъиминин инкишаф мярщялясини характеризя 

едян 
*u

c   параметриндян жидди асылыдыр.  

 
А.Ш. Мехтиев, Т.М. Татараев, Л.Н. Фараджева 

 
ОСОБЕННОСТИ РАССЕЯНИЯ ЭЛЕКТРОМАГНИТНЫХ И ЗВУКОВЫХ ВОЛН В ПРИВОДНОМ  

СЛОЕ АТМОСФЕРЫ 
                                       
На основе результатов экспериментальных исследований мелкомасштабного взаимодействия «море-атмосфера» на Каспии 

проанализированы закономерности рассеяния электромагнитных и акустических волн в приводном слое атмосферы. Установлено, 
что характеристики рассеяния электромагнитных и акустических волн в указанном слое атмосферы существенно зависят от 

параметра 
*u

c ,характеризующего стадию развития ветровых  волн. 

 
Received:24.06.04 
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THE ENERGY SPECTRUM OF CARRIERS IN KANE TYPE SEMICONDUCTOR  

MICROCRYSTALS WITH SINQULAR OSCILLATOR POTENTIAL 
 

A.M. BABAYEV 
Institute of Physics, Azerbaijan Academy of Sciences,  

Baku, Az-1143, H. Javid av. 33 
 
The energy spectrum of light carriers in narrow band gap semiconductor microcrystal are studied theoretically taking into account the 

nonparabolicity of the electrons, light holes and spin-orbit splitting holes dispersion laws. The confinement potential of microcrystal is 
approximated as λr2+λ1 r-2, and the dispersion laws are considered within the framework of three-band Kane model. Confinement potential 
introduced in the Kane equations by non-minimal substation. 

 
In recent years there has been a great interest to the 

nanostructures, which was developed from narrow-gap 
semiconductors. In these nanostructures much smaller 
effective mass of electrons resulting has higher size 
quantization energy. In order to investigate the optical and 
kinetic properties of nanostructures it will be possible to 
observe size quantization energy states. On the other hand in 
narrow-gap semiconductors the spin-orbit interaction and   
the non-parabolicity energy spectrum of carriers must be 
taken into account. It is impossible solve the equation 
analytically when the confinement potential is added to the 
Kane equations as scalar potential. Because of this in this 
study we have added the potential to the Kane equations by 
non-minimal interaction applied in the works of [1,2 ]. We 
refereed to the obtained equation as the singular Kane 
oscillator by analogy with the Dirac oscillator [2].   

Confinement potentials are of the form V(r)=λ⋅r2+λ1r-2 

describe a quantum dot, an antidot, or a quantum ring, 
depending on  the values of λ and λ1 [3]. 

In the three-band Kane's Hamiltonian the valence and 
conduction bands interaction is taken into account via the 
only matrix element P (so called Kane's parameter). The 
system of Kane equations including the nondispersional 
heavy hole bands as in the case of Dirac equation can be 
written in the following matrix form: 
 

                  0E)ШGвPkб( =−⋅+⋅⋅
rr                         (1) 

 

In equation (1) 8x8 matrix βα , and G have the 
following nonzero elements: 

 

        
2

1
2,66,21,33,1 −=−=−== xxxx αααα               (2) 

 

         
6

1
2,44,21,55,1 =−=−== xxxx αααα                (3) 

 

          
3

1
2,77,21,88,1 ==== xxxx αααα                     (4)  

 

          
22,66,21,33,1
iyyyy =−==−= αααα                (5) 

 

          
62,44,21,55,1
iyyyy =−==−= αααα                (6) 

 

          
32,77,21,88,1
iyyyy ==−=−= αααα                (7) 

 

           
3
2

2,55,21,44,1 ==== zzzz αααα                     (8) 

 

           
3

1
2,88,21,77,1 =−=−== zzzz αααα                (9) 

 
            ДGG,EGG 2211g1111 ====                      (10) 

 
            ( )T87654321 Ш,Ш,Ш,Ш,Ш,Ш,Ш,ШШ=          (11) 
 

Here P is the Kane parameter, E.g. - the band gap energy, 

∆ - the value of spin-orbital splitting and 

∇−=±=±
rr

ikikkk yx , . The zero of energy is chosen at 

bottom of the conduction band. 

Let us carry out the non-minimal substitution 

 

                     ⎟
⎠
⎞

⎜
⎝
⎛ −−→ 21 r

ririkk
r

rrr
λλβ                        (12) 

 
in Kane system of equations. Expressing all components of 
the wave function by the first two we obtain two coupled 
equations for the spin-up and the spin-down conduction band 
                  
                     ( ) 0ШBLШBLA 21z =++ +                     (13) 

 

                     ( ) 012 =Ψ+Ψ− −BLBLA z                      (14) 
where 
 

                                           

                                     
( )

)
2

11
1

222
2

g r
1лл

2лл3лrл(
E)E3(Д

2ДД(3EPEEA
+

++++−∇
+
+

+−=                                (15)
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           ⎟
⎠
⎞

⎜
⎝
⎛ +

+∆
∆

= 2
1

2

)(3
2

rEE
PB λλ                   (16) 

 
where Lx, Ly, Lz  are angular momentum operator 
compenents. Sense the problem has a spherical symmetry, we 
seek a solution to the differential equation in the form 
F(r)Ylm(θϕ).. 

By acting upon the equation (11) through the operator L+ and 
using commutation relationships for the operators, we obtain 
L+ψ2. After substituting this quantity into expression (10), we 
derive two equations for F(r). 

0)()
2
1(

2
=⎟

⎠
⎞

⎜
⎝
⎛ ++ rFlBBA m                         (17) 

After substitution of the values of A and B from (15), (16) 
the equation (17) can be rewritten in the form: 

 

                                 0)()
2

)1((22 2
2

2

222

2

=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−⋅

+
−′++ rFbr

r
a

mr
llEm

dr
d

rdr
d

n

n h

h
                                                   (18) 

where  

               ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ +

∆+
∆

++−⋅
∆+

∆+−
=′ )

2
1(

2
1

23
232

22
3

23
))((

1

22

2 l
EmmPE

EEEE
E

nn

g
m

hh λλλλ                                          (19) 

                                    

 ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟
⎠
⎞

⎜
⎝
⎛ +

∆+
∆

++= )
2
1(

2
1

23
21

2
1

11

2

l
Em

a
n

m
h λλλ       (20) 

 

nm
b

2

22λh
=                                                   (21) 

The eigenvalues of equations (18) take the following 
form [5] 
 

      ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++++= amln

m
E n

n
2

2
2

' 81224
2 h

h λ
           (22) 

 
The eigenfunctions corresponding to the eigenvalues of 

equation (18) are 
 
 

        ( ) ⎟
⎠
⎞

⎜
⎝
⎛ +−Φ⋅⋅⎟

⎠
⎞

⎜
⎝
⎛−= ξξξξ ,

2
32,

2
exp 2 snF         (23) 

 
where is the confluent hypergeometric function, n must be 

non-negative integer, 
hh

2

2, rbmm
n

n ⋅== ξωλ . 

Equation (18) determines the energies of electrons, light 
holes, and the spin-orbit split-of band of holes. Equation (18) 
can be useful for analyzing the influence of nonparabolicity 
on the energy spectrum of electrons in a quantum dot.The 
singular oscillator equation is obtained from a system of the 
equations for multiband Hamiltonian describing spectrum of 
electrons, light and heavy holes in Kane's semiconductors by 
the method of a non-minimal interaction.  
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Ф.Ь. Ифифнум 

 
ЫШТПГДНФК ЩЫЫШДНФЕЩК ЗЩЕУТЫШФДШТФ ЬФДШЛ ЛУНТ ЕШЗДШ ЬШЛКЩЛКШЫЕФДДФКВФ 

НЪЛВФЖЭНЭСЭДФКЭТ УТУКОШ ЫЗУЛЕКДЦКШ 
 

Йфвфхфт щдгтьгж ящтфыэ вфк щдфт нфкэьлуюшкшсш ьшскщлкшыефддфквф нътпъд нълвфжэнэсэдфкэт утукоэ ызулекдцкш тцяцкш щдфкфй 
бнкцтшдьшжвшк. Ьшлкщлкшыефддфквф ыфчдфнэсэ зщеутышфд щдфкфй λr2+λ1 r-2  жцлдштвц пбеъкъдьъжвък. Зщеутышфд Лунт ецтдшлдцкштц йункш-
ьштшьфд йфкжэдэйдэ ецышк нщдг шдц вфчшд увшдьшжвшк. Нътпъд нълвфжэнэсэдфкэт утукош ызулекдцкштшт йункш зфкфищдшлдшнш тцяцкц фдэтьэжвэк. 

 
А.М. Бабаев 

 
ЭНЕРГЕТИЧЕСКИЙ СПЕКТР НОСИТЕЛЕЙ ЗАРЯДА В КЕЙНОВСКИХ МИКРОКРИСТАЛЛАХ 

С ПОТЕНЦИАЛОМ СИНГУЛЯРНОГО ОСЦИЛЛЯТОРА 
 
Найден энергетический спектр и волновые функции кейновского сингулярного осциллятора, описывающего спектр энергии 

электронов, легких дырок и спин-орбитально отщепленной зоны дырок в квантовой точке с удерживающим потенциалом типа 
λr2+λ1 r-2. 
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KANE TYPE QUANTUM DISK WITH WEAK RASHBA SPIN-ORBIT COUPLING 
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Electrons in Kane type semiconductors quantum disk in presence of Rashba spin-orbital interaction of quantum disk are considered 

theoretically. A three-level model of the kp theory is used to describe electrons in weak Rashba spin-orbit coupling regimes, taking into 
account the main features of the band structure in InSb-type semiconductors: a small energy gap, a strong spin-orbit interaction. We 
calculated the radii, thickness, and coupling strength dependence of Rashba splitting  for electrons. It has been seen that the Rashba splitting 
of the electrons are decreased with the increasing of radius.  

 
Keywords: Spintronics; Rashba spin-splitting; quantum wire 
 
Introduction 

 
The study of semiconductor quantum dots and 

nanocrystals in recent years has been of great interest from 
experimental and theoretical points [1]. The interest 
originates from an ultimate limit of size quantization in solids 
in those objects. For an ideal quantum dot the electron 
spectrum consists of a set of discrete levels. This makes the 
semiconductor quantum dots very attractive for possible 
applications in micro and nano-opto-electronics [2]. 

The electron spin plays an important role in the quantum 
dot design. Spin-dependent effects that are naturally present 
in quantum dots are of great importance for the emerging 
field of spintronics.  Spintronics is a new branch of 
electronics where electron spin is the active element for 
information storage and transport [3]. An example is Rashba 
spin-orbit coupling [4], which has recently attracted much 
attention as it is the basis of a spin-controlled field-effect 
transistor [5]. In [6,7] found analytic solution to the problem 
of the Rashba spin-orbit coupling in semiconductor quantum 
dots and calculated the energy spectrum, wave functions, and 
spin-flip relaxation times  using perturbation theory.  The 

above descriptions treat the case of a simple parabolic energy 
band . 

However, the experimental advantages of using narrow-
gap semiconductors for the reduced dimensionality systems 
make it necessary to account for the real band structure of 
these materials. To consider the nonparabolicity of the 
electron dispersion in narrow-and medium gap 
semiconductors take into account the coupling of the 
conduction and valence bands. This is purpose of our work. 
We now calculate the total spin-splitting energy in Kane type 
quantum disk with hard walls both without and with an 
applied constant axial magnetic field. It has a contribution 
due the Zeeman effect and  another to the Rashba effect. We 
consider a three-level model-Kane model of the band 
structure at k=0 (the Γpoint).The Γ6 level (s type symmetry) 
is separated by the energy gap Eg from the Γ8 level (p type), 
which is in turn split off by the spin-orbit interaction ∆ from 
the Γ7 level (p type). We also omit the free-electron term in 
the diagonal part and the Paul spin erm, as they give only 
small contributions to the effective mass and the spin g value 
of electrons in InSb. The Rashba spin-orbit interaction for 
conduction band and valence and given by respectively: 

 
                                       [ ]( )JknRH cR

rrr
=        [ ])Jkn(RH vv

rrr
⋅=        [ ]( )JknRH

rrr
∆=                                        (1) 

 
where k is the momentum operator, Rc, Rv, R∆ is the coupling 
strength for conduction band, valence band, spin-orbit-
splitting band respectively,  J={Jx, Jy, Jz} are the angular 

momentum matrices for j=1/2 and j=3/2 [8], n is the unit 
vector in the growth direction. The Kane Hamiltonian is 
represented in the Bloch basis [9]-  

 

1. 1iSν  2. 2iSν   3. ( ) 1iyx
2

1 ν+−  4. ( ) )z2iyx(
6
1

12 νν −+−                                                         (2) 

 

5. ( )( )21 z2iyx
6
1 νν +−   6.  ( ) 2iyx

2
1 ν−   7. ( )( )12 ziyx

3
1 νν +⋅+−                             (3) 

 

8. ( )( )21 ziyx
3
1 νν −⋅−                                                                                                                                     (4) 
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where ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

1

0
,

0

1
21 νν  spin-up and spin-down functions, respectively  

- as: HK= 
 

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

∆−−−
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−−

−−

−−−

−−

−−

−−

−

−−

−

−
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−

−+−

++−

EE00000
3
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0EE0000
3
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3

Pk

0EE000
2

Pk
0

000EE00Pk
3
2

6

Pk

0000EE0
6

Pk
Pk

3
2

00000EE
3

Pk
3

Pk

3

Pk

2

Pk
Pk

3
2

6

Pk
0E

3

Pk

3

Pk
0

6

Pk
Pk

3
2

2

Pk
E

g

g

g

gz

gz

g

z
z

z
z

      (5) 

 
Here P is the Kane parameter, Eg - the band gap energy, ∆- 
the value of spin-orbital splitting and 

∇−=±=±
rr

ik,ikkk yx . The zero of energy is chosen at

bottom of the conduction band. 
The Rashba Hamiltonian has the following nonzero 

elements: 

 

                   −⋅⋅⋅−= kR
2
1

iH c12  ,  −⋅⋅⋅−= kR
2
3

iH v34  ,  −⋅⋅−= kRiH v45  ,                      (6) 

 

                −⋅⋅⋅−= kR
2
3

iH v56  ,  −∆ ⋅⋅⋅−= kR
2
1

iH78  ,    *
jiijj HH =                                          (7) 

 
For Kane model putting Rc=2R, Rv=R, Rd=2R. The 

effective mass mn at the band edge defined as [10]: 
 

        
g

g

g

2

n

2

E

E32

E3
P

m2 +∆
+Λ

⋅=
h

                         (8) 

We are diagonalized the Kane Hamiltonian with the help 
of unitary transformation UHUH 0

1d −= , where U is the 
matrix of the transformation (see Appendix) . For electron 
states  

 

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

∆++
+

+
−−

∆++
+

+
−−

=
2

gg

2

2

gg

2

0

k)
EE
1

EE
2

(
3

P
E0

0k)
EE
1

EE
2

(
3
P

E

H (9) 

 
After unitary transformation the Rashba Hamiltonian with 

providing the terms linear with k will be as follows for the 
conduction band.  

 

                ⎥
⎦

⎤
⎢
⎣

⎡
⋅

⋅−
=

+

−

0kiR

kiR0
HR                 (10) 

 
The spin splitting for electron states it increases linearly 

with in plane wave vector k, whereas the spin-splitting of 

heavy hole states can be of third order in k. These results are 
in agreement with [11]. 

Following the perturbation approach we present the 
Hamiltonian H as: 

 

                          R0 HHH +=                              (11) 
 
Where the Hamiltonian H0 describes the electron states in 

zero Rashba spin-orbital interaction, and the Hamiltonian 
describes the effect of a weak Rashba spin-orbital interaction HR. 
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In cylindrical coordinates the eigenfunction for 
unperturbed Hamiltonian H0  is 

 

⎥
⎦

⎤
⎢
⎣

⎡
⋅++
⋅+−

=⎥
⎦

⎤
⎢
⎣

⎡

+

−

ρϕ
ρϕ

k(J]zk)2/1j[(iexp

)k(J]zk)2/1j[(iexp

C

C

2/1jz

2/1jz

2

1 (12) 

 
where ϕ is azimuthal angle, ρ is the distance from disk 

axis, and Jj(ρ) the Bessel function of the l-th order. 
We expand eigenfunction for perturbed Hamiltonian H in 

the basis of the two lowest spin-resolved eigenstates of the 
Hamiltonian H0. Accordingly, 
 
            222111 CdCd νν ⋅+⋅⋅=Ψ              (13) 

Substituting this result in Eq (11), and using to the 
standard recurrence relations 
 

 )kx(kJ)kx(J
x

2/1j

dx
d

2/1j2/1j m=⎟
⎠
⎞

⎜
⎝
⎛ ±

+ ±       (14) 

 
we get the coefficients d1,2 satisfy the eigenvalue equation: 

 

          0
d

d

EiRk

iRkE

2

1 =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎥
⎦

⎤
⎢
⎣

⎡
−

−−

+

−

ε
ε

                 (15)  

 
where ε is the solution of equations: 

 

0)qk(P)E323(
3
1

)E)(E( 222
ggg =++∆+−+∆++ εεεε           (16) 

 
where k, q are  wave vector perpendicular and parallel to the 
quantum disk axis. 

Equating the determinant of matrix (15) to zero, one 
obtains for the spectrum of electrons 

 

                            iRkE ±= ε                            (17) 
 
Using equations (16) and (17) found the equation for 

value of k 

0
P)E3E32(

)EE)(EE(E3
q

))EE)(EE2()EE(E
)E3E32(

)EE)(EE(E3
(

)E3E32(
3

kRk

2
g

g2

gg
g

g
2

g

2

=
++∆

∆+++
−

∆++++++
++∆

∆+++
−

++∆
±

                   (18) 

 
The boundary conditions requiring the equality of radial function to zero on quantum disk boundary have the following 

form: 
                                            0)ak(Jd)ak(Jd 22/1j212/1j1 =+ −−                                                 (19) 
                                 

    0)ak(Jd)ak(Jd 22/1j212/1j1 =+ ++                   (20) 
 

where k1,2 are the solutions of the quadratic equation (18). 
The spectrum of the electrons in quantum disk is defined from the equality to zero of a determinant of the system (19)-(20): 
 

                        0)ak(J)ak(J)ak(J)ak(J 12/1j22/1j22/1j12/1j =− +−+−                               (21) 
          

 
Fig.1.Rashba splittings. Energy as a function of γ=R/P for the  
          states  (1/2,0)(a), (3/2,0)(b), (1/2,1)(c), (5/2,0)(d),   
          (3/2,1)(e), (1/2,2)(f), (7/2,0)(l), (5/2,1)(m), (3/2,2)(n),  
          (1/2,3)(k) 

The energy is complicated of the disk parameters and the 
electron angular momentum. The energy system consist of 
discrete levels enumerated by a set of numbers {n,j}, where n 
denotes to the nth solution of (21) with fixed j. 

We have solved this dispersion relations for a JnSb disk 
for several radii ρ, several thickness d, and several R using 
the band structure parameters: m0=0.014m0, Eg=0.24eV, 
R=4.10-21eV.cm [12,13]. 

The evolution of the first few energy levels with the 
parameter γ=R/P is shown in fig.1.The energy scale is in init. 
of Eg, Eg is band gap energy and the curves are labelled by 
quantum number (n, j). 

In fig.2.show Rashba splitting (Energy differences 
E(1/2,1)-E(3/2,0)) as a function of ρ for thickness of quantum 
disk d=20A. 

It has been seen that the Rashba splitting are decreased 
with the increasing of radius. The thickness dependence of 
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Rashba splitting calculated for JnSb quantum disk is shown 
in fig.3.for ρ=200A. 

 
Fig.2. Energy differences (E(1/2,1)-E(3/2,0))/Eg as a function of  
          ρ for thickness of quantum disk d=20A. 

 

 
Fig.3. Energy differences (E(1/2,1)-E(3/2,0))/Eg as a  
          function of d for radii of quantum disk ρ=200A. 
 
It has been seen that the Rashba splitting decreases with 

the increasing of thickness.  
 

Conclusion. 
 

Analytic solutions of the Kane equations have been 
presented for a quantum disk in the presence of Rashba spin-
orbit .The nonparabolicity of the spectrum of light holes, 
electrons and spin-orbit splitting valence band were taken 
into account. The spin splitting for electron states it increases 
linearly with in plane wave vector k⎜⎜, whereas the spin-
splitting of heavy hole states can be of third order in k⎜⎜. 

 

Appendix. 
 
Nonzero matrix elements for transformation matrix U are: 
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where  ( ) ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∆++
+

+
⋅+⋅+=−

g1g1
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The expressions U3j, U5j are derived from U1j if the 

corresponding substitutions N1→N2 , N1→N3 and ε1→ε2, 
ε1→ε3 respectively. The expressions U4j, U6j are derived from 
U2j if the corresponding substitutions N1→N2 , N1→N3 and 

ε1→ε2, ε1→ε3 respectively. Where  ε1, ε2, ε3 are energy 
spectrum electrons, light hole and spin-split holes 
respectively.

 
 

+

−⋅⋅=
k
k

3
2

NU 473 ,   
q2

k
NU 474

−⋅= ,  475 NU =  
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where 

+−

−+−+− ⋅++=
kk
kk

3
4

q4
kk

1N 2
2

4  

 
 

[1] T. Chakraborty.  Quantum Dots, Elsevier, 1999. 
[2] D. Bimberg, M. Grundman, M. Ledentsov. Quantum 

Dot Heterostructures, JOHN WILEY, 2001. 
[3] G. A. Prinz. Sciense, 1990, 282, 1660. 
[4] Yu.A. Buchkov and E.I. Rashba. J. Phys., 1984, C 17, 

6039. 
[5] S. Datta and B. Das. Appl. Phys. Lett. 1990, 56, 665. 
[6] E.Tsitsishvili, G.S. Lazano and A.O.Gogolin. 

Preprint.cond-mat.0310024, 2003, v2. 
[7] E.N. Bulgakov, A.F. Sadreev. Pis’ma v ZhETF, 2001, 

vol. 73, iss. 10, pp. 573-577. 

[8] G.L. Bir and G.E. Pikus. Symmetry and Strain-Induced 
Effects in Semiconductors. Wiley, New York, 1974. 

[9] A.I. Anselm. Introduction to Semiconductor Theory. 
Nauka, Moscow, 1978; Prentice-Hall, Englewood. 

[10] W. Zawadzski, S.Klahn, and U.Merkt Phys.Rev B, 
1986, 33,10,6916. 

[11] L.G. Gerchikov and A.V. Subashiev. Sov.Phys-
Semicond., 1973, 26. 

[12] E.A. de Andrada e Silva. Phys.Rev B, 1997, vol. 55, N. 
24. 

[13] C.F.Destefani, E. Sergio Ullao, and G.E. Marques 
Preprint/cond-mat/0307027v1,2003. 

 
Ф.М. Щашымзадя, А.М. Бабайев 

 
ЫЗШТ-ЩКИШЕФД ЙФКЖЭДЭЙДЭ ЕЦЫШКШ ЯЦША ЩДФТ ЛУНТ ТФТЩВШЫЛШ 

 
Лунт ызулекштц ьфдшл нфкэьлуюшкшсш тфтщвшылвц удулекщтдфкэт утукош ызулекдцкш Кфжиф ызшт-щкишефд йфкжэдэйдэ ецышкш тцяцкц 

фдэтьфйдф руыфидфтьээжвэк. Кфжиф зфкюфдфтьфыэтэт тфтщвшылшт кфвшгыгтвфт мц йфдэтдэхэтвфт фыэдэдэхэ бнкцтшдьшжвшк. Пбыецкшдьшжвшк 
лш, тфтщвшылшт кфвшгыг мц йфджтдэхэ фкевшйсф зфкюфдфтьфтэт йшньцеш фяфдэк. 

 
Ф.М. Гашимзаде, А.М. Бабаев 

 
КЕЙНОВСКИЙ КВАНТОВЫЙ ДИСК СО СЛАБОЙ СПИН-ОРБИТАЛЬНОЙ СВЯЗЬЮ 
 
Найдены энергетический спектр носителей заряда в квантовом диске с учетом спин-орбитального взаимодействия Рашба. 

Найдены зависимость расщепления Рашбы от радиуса и толщины квантового диска. Показано, что при возрастании радиуса и 
толщины диска расщепление уменьшается. 

 
Received: 03.06.04 
 
 
 



ФИЗИКА                                                            2004                                                       ЖИЛД X №3 

 

 
RAMAN SCATTERING IN QUANTUM WIRE IN A MAGNETIC FIELD 
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Electron Raman scattering are investigated in a parabolic semiconductor quantum wire in a transverse magnetic field neglecting 

phonon-assisted transitions. The ERS cross-section is calculated as a function of the frequency shift and the magnetic field strength. The 
process involves an interband electronic transition and an intraband transition between quantized  subbands. We analyze the differential 
cross-section for different scattering configurations. We study selection rules for the processes. The singularities in the Raman spectra are 
found and interpreted. The scattering spectrum shows density-of-states peaks and interband matrix elements maximums and strong resonance 
when scattered frequency equals the “hybrid” frequency or confinement frequency depending on polarization. Numerical results are 
presented using parameters caaracteristic  of  GaAs/AlGaAs. 

 
1. Introduction 

 
Low-dimensional semiconductor systems, particularly 

quantum wires are attracting considerable attention recently, 
in part, because they exhibit novel physical properties and 
also because of potential applications involving them. In 
recent  years, a number of innovative techniques have been 
developed to grow or to fabricate and to study experimentally 
a variety of quantum wire structures having different 
geometries and potentials. 

Many recent experimental and theoretical studies have 
been performed on quantum wires subjected to a transverse 
magnetic field [1-7]. The electronic properties of quantum 
well wires in a transverse magnetic field have investigated in 
[8-9]. The subband dispersion and magnetoabsorption have 
been studied for rectangular QW in [10].  

Magnetic field applied perpendicular to the wire axis, 
"free electron" direction, can change significantly the 
electronic states of semiconductor quantum wire structures. 

Electron Raman scattering seems to be a useful 
technique providing direct information on the energy band 
structure and the optical properties of the investigated 
systems [11-12]. In particular, the electronic structure of 
semiconductor materials and nanostructures can be 
thoroughly investigated considering different polarizations 
for the incident and emitted radiation [13].  

The differential cross-section in general case, usually 
shows singularities related to interbanda and interband 
transitions. This latter result strongly depends on the 
scattering configurations: the structure of the singularities is 
varied when the photon polarizations change. This feature of 
ERS allows to determine the subband structure of the system 
by direct inspection of the singularity positions in the spectra.  

For bulk semiconductors ERS has been studied in the 
presence of external applied magnetic and electric fields[14-
16]. In the case of a quantum well preliminary results were 
reported in [17] 

Raman scattering in low-dimensional semiconductor 
systems has been the subject of many theoretical and 
experimental investigations [18, 19]. 
 

Interband ERS processes can be qualitatively described 
in the following way: after the absorption of an external 
photon from the incident radiation field a virtual electron-
hole pair is created in an intermediate crystal state by means 
of an electron interband transition involving the crystal 
valence and conduction bands. The electron (hole) in the 
conduction (valence) band is subject to a second interband 
transition with the emission of secondary radiation photon. 
Therefore, in the final state we have a real electron-hole pair 
in the crystal and a photon of the secondary radiation field. 
The effect of external applied fields on this kind of processes 
for bulk semiconductors were investigated in [15, 16]. In the 
case of a quantum well preliminary results were reported in 
Ref. [17]. 

In this work we present a systematic study of the 
interband ERS in direct band gap semiconducting parabolic 
quantum wire in a transverse magnetic field. In these systems 
due to electron confinement and magnetic field the 
conduction (valence) band is split in a subband system and 
transitions between them determine the ERS processes. 
Numerical results for the ERS differential cross-section are 
presented using parameters characteristic of GaAs/AlGaAs. 

This paper is organized as follows. In Section II the 
energy spectrum and wave functions for QW with parabolic 
confinement potential are given in a transverse magnetic 
field. In Section III we present the general relations needed 
for our calculations of the ERS cross-section. Section IV is 
devoted to the calculations of the ERS differential cross-
sections. Finally Section V is concerned with the discussion 
of the obtained results. 

 
2. Wave functions and energy spectrum 
 
We consider a quantum wire aligned along the y 

direction with transverse magnetic field  ),0,0( HH =
r

 
applied along z direction. The quantum wire is characterized 
by parabolic confinements in the plane (x, z). The effective 
mass Schrodinger equation for electron in conduction band 
can be written as  
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where )0,,0( HxA =
r

 the vector potential in the Landau 
gauge and e0ω  characterizes the parabolic potential of the 
QW for electron in conduction band. We look for the solution 

in the form 
ypi

e
eyezxzyx ,)()(),,( hηϕψ = where 

eyey kp ,, h=  is the quasi-momentum of an electron.  
After trivial shifting of the origin of coordinates and 

separating the variables in the usual way we obtain the 
eigenfunctions and eigenvalues of the Schrödinger equation 
(1)  
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The wave functions and energy eigenvalues for electron in valence band can be written as  
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where Eg is the gap energy of the bottom of the conduction 
band in the absence of the external magnetic field, ω 0h 
oscillator frequency of  the parabolic potential for electron in 
the valence band. In Eqs. (2) and (3)  
                   

                          2
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is "hybrid" frequency. The subscript e and h denote 
conduction and valence band electrons, respectively.  
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is the cyclotron frequency, )(hem  is the effective mass. 
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is oscillator centre. 

The full energy spectrum in (2) and (3) is governed by 
quantum numbers N1e(h), N2e(h and kye(h). 
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where parameters  
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is the Hermitian polynomial. 
 

3. Preliminary relations 
 
We start with the following general expression for the  

scattering cross-section 
νdd

Sd
Ω

2

 of the scattering of incident 

light with frequency 0ν and polarization 0er into light with 

frequency 1ν  and polarization 1er : 
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Here i, r and f denote the initial, intermediate, and final 

states, respectively, Ei, Er and Ef- are the corresponding 
energies, pr is the one-electron momentum operator and 0m  

is the free electron mass. 10 ννν −=  is a frequency shift. 
Equations (1) and (2) are based on the electric dipole 
approximation. The δ-function in (1) express the energy- 
conservation condition  

 
                           if EE −+= 10 νν hh                          (13) 
 

Then Raman scattering processes consist of two steps. 
First, an incident light quantum is absorbed creating an 

electron –hole pair between the state ( )hh NN 21 ,  in the 

valence band and the state ( )'
2

'
1 , ee NN  in the conduction 

band. Second, a scattered photon is emitted due to an 
electronic transition from the state ( )'

2
'
1 , ee NN  to the state 

( )ee NN 21 ,  in conduction band. The Raman shift νh  is 
equal to the excitation energy of the electron-hole pair 
created in the scattering process. 

In our model we assume that the conduction band is 
empty and the valence band completely occupied by 
electrons. We neglect all the transitions assisted by phonons. 

The initial, intermediate and final state energy and wave 
functions are: 
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4. Calculation of Raman scattering cross section 

 
Using Eqs. (14) the DCS for ERS can be written as 
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and 
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The matrix elements of the interband transitions can be written as  

 

 
'
ye

'
e2

'
e1zjzyee2e1

'
ye

'
e2

'
e1yjyyee2e1

'
ye

'
e2

'
e1xjxyee2e1

'
ye

'
e2

'
e1jyee2e1

k,N,Npek,N,Nk,N,Npek,N,N

k,N,Npek,N,Nk,N,Npek,N,N

+

+=
rr

                 (18) 

 
where 
                

   '
yeyee1

'
e1e1

'
e1e2

'
e2 k,k1N,N

e1
1N,N

e1
N,Njx

e

'
ye

'
e2

'
e1xjxyee2e1 2

1N
2

N
e

L~
i

k,N,Npek,N,N δδδδ ⎥
⎦

⎤
⎢
⎣

⎡ +
−=

+−

h
    

                                                                                                                                                                                        (19) 
 

     '
yeyee1

'
e1e2

'
e2 k,kN,NN,Njy

'
ye

'
ye

'
e2

'
e1yjyyee2e1 ekk,N,Npek,N,N δδδh=                                      (20) 

 
             

   '
yeyee2

'
e2e2

'
e2e1

'
e1 k,k1N,N

e2
1N,N

e2
N,Njz

e

'
ye

'
e2

'
e1zjzyee2e1 2

1N

2

N
e

L
i

k,N,Npek,N,N δδδδ ⎥
⎦

⎤
⎢
⎣

⎡ +
−−=

+−

h
                 

                                                                                                                                                                                                     (21) 
 

If we consider allowed electron transitions between 
conduction and valence bands, the interband matrix 

element in the envelope function approximation, can be 
written as 
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where vccv upup

rr
=  - the momentum matrix element 

between the valence and conduction bands (evaluated at 
0k =
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We find that the matrix elements (19)-(22) vanish unless 

the following selection rule is obeyed 
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The EHP does not change its total momentum during the 

absorption or the emission of  a photon (photon momentum is 
neglected).  

Using (10) it can be obtained that 
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X-X scattering 

We first consider the case where both the incident and the 
scattered radiation  are polarized parallel to the x axis. 

Performing the summation over yk  in (15) we obtain 
expression for DCS of the ERS process: 

 

                            ( ) ⎜⎜
⎝

⎛
−⋅

⎢
⎢
⎣

⎡
⋅⋅⋅

−
=

Ω −∑ ∑ 1,
1

,,, ,
,,,

0

0
0

2

1
'
1

2121
'
2

'
1

2
'
2

'
22

'
11 2

)(
ee

eehh ee
eeeheh NN

e

NNNN NN
NNNNyNN

xx NIkI
dd
Sd δδν

ν
ννσ

ν
 

 

1
E

E

E

E

E

E

E

E

E

1
)(B

1
)(A

1
2

1N

g

N

g

N

g

N

g

N

g

2

1N,N
e1

h2e2h1e1

e1
'

e1

−−−−−

⋅
⎥
⎥
⎦

⎤
⎟
⎠
⎞

⎜
⎝
⎛ +⋅⎟⎟

⎠

⎞
⋅

+
−

+ ννν
δ

h
         (28) 

 
where 
 

                                    
2

h

h0

h

2

e

e0

e

2/5
g

2
0

2
e

22

cvy

2

2
0

2

0

~m
1

~m
1

EmL~2

pL

cm
e

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

ω
ω

ω
ω

π

σ
h

r

                                      (29) 

 

                                                 ( )eeeeee
g

NNNN
E

A ωωννν ~)()()( '
110

'
220 −+−+−=

h
                                                 (30) 

 

                                             ( )0e
'

e1e1e0
'

e2e2
g

~)NN()NN(
E

)(B νωων −−+−=
h

                                        (31) 

 
and )(νyk -is the root of the delta function argument  
 

( )
2

h

h0

h

2

e

e0

e

2

1

NNNNg
y

~m
1

~m
1

EEEEE2
)(k h2e2h1e1

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

−−−−−
=

ω
ω

ω
ω

ν
ν

h

h
                                                (32) 

 
Z-Z Scattering 

We next display the Raman cross section for the case where the incident and scattered light are polarized parallel to z axis: 
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Let us make some remarks concerning the above 

equations. From Eq.(27) it follows that '
22 , eh NN

I vanishes 

unless nNN he 22
'
2 =+ , where n  is an integer. So, 

transition can only take place between hN 2  and '
2eN  

subbands with the same parity ( nm 22 → ; and 
1212 +→+ nm ; m  and n  are integers). But for Eq. (26) 

quantum numbers hN1 and '
1eN  can change arbitrarily. 

Hence, the following selection rules are obtained for 
interband transitions: 
 

,....2,1,0NN '
e1h1 =− ;        

...4,2,0NN '
e2h2 =−  

 
As can be seen from Eqs. (28) and (33) the DCS is 

directly proportional to the density-of –states of carriers in 
the valence and conduction bands and the interband matrix 
elements. In this case, the scattering spectrum shows density-
of-states peaks and interband matrix elements maximums. 
The positions of these structures are given as follows: 
 

gNNNN EEEEE
e2e1h2h1
++++=νh        (35) 

 
Here, the following selection rules must be fulfilled: 

1NN e1
'

e1 ±= , ee NN 2
'
2 =  

 for X-X polarization and 1NN e2
'

e2 ±= , 

e1
'

e1 NN =  for Z-Z  polarization. In this case when 

1n2NN '
e1h1 +=−  the spectrum shows 

maximums and when n2NN '
e1h1 =−  the ERS 

spectrum shows singular peaks. The peaks and maximums 
related to these structures correspond to interband EHP 
transition and their position depends on the magnetic field.  

Other singularities of equations (28) and (33) occur 
whenever ( ) 0A =ν . In the X-X scattering configuration 
this singularity is 

 
e0

~ωνν hhh −=                                                      (36) 
 

Here the following selection rules is fulfilled: 
1NN e1

'
e1 += , e2

'
e2 NN =  . 

For  Z-Z scattering configuration Raman singularity is 

 
                      e00 ωνν hhh −=                               (37) 

 
In this case the selection rules are e1

'
e1 NN = ,  

 
                                       1NN e2

'
e2 += . 

 
As can be seen from equations (36) and (37) these 
frequencies correspond to electron transitions connecting the 
subband edges for a process involving the conduction band 
(i.e., intraband transitions). 
We can also notice that Y-Y scattering configuration is free 
from Raman singularity and related to selection rules 

ee NN 1
'
1 = , e2

'
e2 NN = . 

 
5. Discussion of the results 

In the following we present detailed numerical 
calculations of DCS of GaAs/AlGaAs parabolic quantum 
wire in the presence of uniform magnetic field as a function 

gE/νh . The physical parameters used in our expressions 

are: 5177.1Eg = eV, 0e m0665.0m = , 

0h m45.0m =  (the heave-hole band). Taking the ratio 
60:40 for the band-edge discontinuity [20, 21], the 
conduction and valence barrier heights are taken to be 

255e =∆  meV and 170h =∆  meV. The oscillation 

frequencies e0ω  and h0ω of the parabolic quantum wire are 
determined via  

 

)h(e

)h(e
)h(e0 m

2

d
2 ∆

=ω  

 
where d -is the quantum wire diameter. 
In figure 1 (a)-1(d) we show the Raman spectra of the 
parabolic quantum wire in the X-X scattering configuration 
for different magnetic fields, such as 

0=H , 4102 ⋅ , 4105.6 ⋅ , 4105.8 ⋅ Gauss. The 

diameter d of the QWR is  2000
o
A . The incident radiation 

frequency was fixed as =0νh 1.82 eV. The positions of the 
singularities are defined by (35) and (36). 
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Fig. 1 (a)-(d). Calculated Raman cross section of the PQWR in  
                       the X-X scattering configuration with different  
                       transverse magnetic field. 
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Fig.2 (a)-(b). Calculated Raman cross section of the PQWR in  
                      the Z-Z scattering configuration with different  
                      transverse magnetic field. 

 
Fig.2(a)-2(b) shows Raman spectra for Z-Z scattering 

configuration for magnetic fields H=2.5⋅104, 8⋅104, Gauss. The 
other parameters coincide with those of figure 1. 
The structure of the DCS, as given in the figures provides a 
transparent understanding of the energy subband structure of 
the parabolic quantum wire in a transverse magnetic field.  
In the present work we have applied a simplified model for 
the electronic structure of the system. In a more realistic case 
we should consider multiband structure using a calculation 
model like that of Luttinger-Kohn or the Kane model. The 
above-mentioned assumptions would lead to better results but 
entail more complicated calculations. However, within the 
limit of our simple model we are able to account for the 
essential physical properties of the discussed problem. The 
fundamental features of the DCS, as described in our paper, 
should not change very much in real QWR case. It can be 
easily proved that the singular peak in the DCS will be 
present irrespective of the model used for the subband 
structure and may be determined for the values of 1νh  equal 
to the energy difference between two subbands 

ee
01 EE βαννν −=−= hhh  where ee EE βα >  

are respective electron energies in the subbands. At present 
there is a lack of experimental work on this type of ERS. Our 
major aim in performing these calculations is to stimulate 
experimental research in this direction. 
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Е.Р. Шыьфнэдщм, И.Р. Ьурвшнум 

 
ЬФЙТШЕ ЫФРЦЫШТВЦ НУКДЦЖЬШЖ ЛМФТЕ ЬЦАЕШДШТВЦ КФЬФТ ЫЦЗШДЬЦЫШ 

 
Утштц ьфптше ыфрцыштвц нукдцжьшж зфкфищдшс лмфте ьцаешдштвц ащтщтгт шжешкфлэ щдьфвфт шжэхэт Кфьфт ыцзшдьцыш ецвйшй 

увшдьшжвшк. Удулекщт Кфьфт ыцзшдьцыштшт уааулешм ут лцышнштшт еуядшншт ыъкъжьцыштвцт мц ьфйтше ыфрцыштвцт фыэдэдэхэ 
руыфидфтьэжвэк. Лмфтедфтьэж фде ыцмшннцдцк фкфыэтвф ящтфдфкфкфыэ мц ящтфвфчшдш луюшвдцкшт шжешкфлэ шдц ифж мукцт зкщыуыдцкц 
ифчэдьэжвэк. Въырцт мц ыцзшдцт шжэхшт зщднфкшяфышнфыэтвфт фыэдэ щдфкфй ыусьц йфнвфдфкэ ьцыцдцтшт ьъчецдша зфкфьуекдцкштшт 
(ышлдщекщт еуядшлдцкш мц ыфчдфншсэ зщеутсшдэт еуядшнш) йшньцедцкштвц ецвйшй увшдьшжвшк. Удусекщт Кфьфт ыцзшдьцыштшт вшааукутышфд 
уааусешм ут лцышнш рфд ыэчдэхэ шдц ифхдэ ьцчыгышннцедцкц мц луюшвдцкшт ьфекшы удуьутедцкш шдц ифхдэ цдфмц ыекглегкдфкф ьфдшлвшк. 

 
 

Т.Г. Исмаилов, Б.Г. Мехтиев 
 

ЭЛЕКТРОННОЕ  КОМБИНАЦИОННОЕ РАССЕЯНИЕ СВЕТА В  КВАНТОВОЙ ПРОВОЛОКЕ В  
МАГНИТНОМ ПОЛЕ  

 
Исследовано электронное  комбинационное рассеяние света (ЭКРС), без участия фононов,  в параболической квантовой 

проволоке ,в поперечном магнитном поле . Рассчитаны зависимости сечения ЭКРС  от сдвига частоты и магнитного поля. 
Рассмотрены процессы с участием как межзонных, так и внутризонных преходов между квантованными подзонами. Изучены 
правила отбора и проведен анализ дифференциального сечения рассеяния для различных  поляризаций падающего и рассеянного 
излучений и для различных соотношений между параметрами задачи (циклотронными частотами и частотами удерживающего 
потенциала электронов и дырок).  Сечение ЭКРС  содержит сингулярности обязанные плотности состояний и дополнительные 
структуры ,связанные с матричными элементами переходов. 
 

Кусушмув: 22.06.04. 
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INFLUENCE OF THE SURFACE STATE TO THE THRESHOLD AND TIME PROPERTIES 

OF THE FERROELECTRIC LIQUID CRYSTAL 
 

H.F. ABBASOV 
Baku State University, 

Baku, Az-1148, Z. Khalilov str. 23  
 

In this work the influence of the polar and dispersive parts of the anchoring energy of the liquid crystal molecules with surfaces on the 
threshold voltage and the switching time of the “up-down” and “twist-down” transitions were studied by computer modeling of the 
ferroelectric liquid crystal electrooptic properties.  

  
The electrooptic properties of the surface stabilized 

ferroelectric liquid crystal (SSFLC) depend both on the 
material parameters and external parameters [1-3]. The 
electrooptic switching with high speed and low threshold 
voltage occurs in this materials and widely use in the display 
technique. 

The threshold and time characteristics of this effect 
strongly depend on the surface state treatment. 

In the given work the influence of the polar and 
dispersive parts of the anchoring energy on the threshold 
voltage and the switching time of the electrooptic effects 
were studied by computer modelling of the ferroelectric 
liquid crystal electrooptic properties.  

The considered geometry of the electrooptic cell is shown 
in fig.1. The director of the SSFLC, the applied electric field 
and the spontaneous polarization has the following 
component, consequently: 
 

)0,cosP,sinP(P),0,E,0(E),cos,sinsin,cos(sinn sss0 φφθφθφθ
rr

                        (1)
  
were θ and Φ are  tilt angle and azimuthally angle, 
respectively. 

For considered geometry the free energy per unit area of 
the cell has the form: 
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where the first term  is the elastic energy density (B is 
corresponding elastic constant), the second term relates to the 
electric field interaction with the dielectric anisotropy of the 
medium ( ⊥−=∆ εεε ||  is the anisotropy of the dielectric 

permittivity, 0ε  is the electric constant) and the third term 
describes the electric field interaction with the spontaneous 

polarization. The term  s
dW φcos,0

1  describes the polar 
interaction of FLC molecules with the surface: this term takes 

the minimum on the lower surface if 0=sφ  and on the 

upper surface if πφ =s . The term s
dW φ2,0

2 cos  
describes the dispersive interaction with the surface and takes 
the minimum if on the both surfaces 0=sφ  or πφ =s .  

The minimization of the free energy density (2) gives us 
the dynamic Euler-Lagrange equation: 

 

Fig.1 The cell geometry 
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with the boundary conditions: 
 

                                                     s
d,0

2s
d,0

1

d,0

2 2sinWsinW
dy
d

B φφφθ m=                                                  (4) 

 
 

where γ  - is the rotational viscosity. 
For numerical solving this problem has been used 

MathCad-2001 program [4] and the Johns retardation 
matrix method was applied for determining of the light 
transmittance of the FLC cell [5]. 

It was analyzed the dependences of the threshold 
voltages and the switching times of 

)0()( 00 ==−== dd DownUp ϕϕπϕϕ  
and 

)0(),0( 00 ==−== dd DownTwist ϕϕπϕϕ
 transitions on the polar (at ,0 11

0
1 WWy ==  

121 WWdy d == ) and the dispersive parts   

(at ,0 21
0

2 WWy ==  222 WWdy d == ) of 
the anchoring energy. The threshold voltage was 
determined from the voltage dependence of the cell 
transmittance. 

 
Fig.2. Dependences of the threshold voltage on the anchoring energy at lower (a, c) and upper surfaces (b, d) for the “up-down”  
          transition. 
 
The threshold voltage and the corresponding switching 

time of the “up-down” transition decrease by increasing of 
the polar part of the anchoring energy at the lower surface 
W11 (fig.2a, 3a) that was expected, because the rise of the 
polar anchoring with lower surface stimulates the “up-down” 
transition. 

By increasing of the polar anchoring with upper surface 
the threshold voltage (fig.2b) and the corresponding 
switching time (fig.3b) of the “up-down” transition increase, 
because with the increasing of the polar anchoring at the 

upper surface the initial “up” state becomes more stable and 
the occurring “up-down” transition becomes more difficult. 

The rising of the dispersive part of the anchoring energy 
both at upper and lower surfaces leads to the increasing of Uth  
and  swτ  (fig. 2c, 2d, 3c, 3d). 

The dispersive interaction with surface is same for both 
surfaces and the increasing one of these leads to the rising 
another. 

 
 

          a b 

c d 
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Fig.3 Dependences of the switching time on the anchoring energy at lower (a, c) and upper surfaces (b, d) for the “up-down” transition. 
 
Some of the electro optic characteristics of the “twist-down” transition are analogously to the “up-down” transition. Uth 

decrease by increasing of the polar anchoring at the lower surface (fig.4a) and Uth  increase too by increasing of the polar 
anchoring at the upper surface (fig.4b). 

Note, that the rising of the dispersive anchoring at the lower surface stimulates the “twist-down” transition (fig.4c) and the 
increasing of the dispersive anchoring at upper surface, in contrary, resist to occurring this transition (fig.4d). 

 
 

Fig.4. Dependences of the threshold voltage on the anchoring energy at lower (a, c) and upper surfaces (b, d) for the “twist-down”  
           transition.   
 
Therefore, for switching time and threshold voltage 

decreasing it is necessary to increase the polar interaction at 
lower surface in the “up-down” transition case and it is 

necessary to rise the polar and dispersive anchoring at lower 
surface and to decrease them at upper surface in the “twist-
down” transition case. 
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Íàõ÷ûâàí Äþâëÿò Óíèâåðñèòåòè 
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З.А. Велиев, Н.А. Кардашбекова, Х.А. Гасанов  

 
ВЛИЯНИЕ ВЗАИМНОГО УВЛЕЧЕНИЯ СИСТЕМЫ НОСИТЕЛЬ-ФОНОН НА РЕКОМБИНАЦИОННЫЕ 

ПРОЦЕССЫ 
  
В работе исследована задача о захвате неосновных носителей заряда, т.е. дырок, в слабом и сильном электрических полях в n - 

типа полупроводниках, со стороны краевых дислокаций. В зависимости от значения параметра 
xar

A εε= , который 

характеризует слабое или сильное электрическое поле, вычислено эффективное сечение захвата.  
С помощью соответствующих вычислений оценена величина характеристического поля, которая определяет предел 

применимости полученных результатов.  
 

Z.A. Veliev, N.A. Kardashbayova, Kh.A. Hasanov  
 

THE INFLUENCE OF THE CHARGE CARRIER-PHONON MUTUAL DRAG ON THE  
RECOMBINATION PROCESSES 

 
The question of the capture of the non-basic charge carriers, i.e. the holes by the edge dislocations in n-type semiconductors in the weak 

and strong electric fields is investigated. The effective cross section of the capture is calculated depending on the ratio 
char

A εε= , 

characterizing the weakness or strongness of the electric field. The characteristic field determining the boundaries of application of the 
obtained results is estimated by means of corresponding calculations. 
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Íàõ÷ûâàí Äþâëÿò Óíèâåðñèòåòè 
  

Èøäÿ úöòëÿøìèø åëåêòðèê âÿ êâàíòëàéûúû ìàãíèò ñàùÿëÿðèíäÿ, ùÿì÷èíèí ìàãíèò ñàùÿñèíÿ ïåðïåíäèêóëéàð ìöñòÿâèäÿ éåðëÿøÿí äÿéèøÿí 
åëåêòðèê ñàùÿñèíäÿ êÿíàð äèñëîêàñèéàëàðëà éöêëÿíìèø n-òèï éàðûìêå÷èðèúèëÿðäÿ äåøèêëÿðèí òóòóëìàñû ìÿñÿëÿñè òÿäãèã îëóíìóøäóð. Äåøèêëÿðèí 
éàøàìà ìöääÿòè ö÷öí àëûíàí àíàëèòèê èôàäÿäÿí ýþðöíöð êè, áó êÿìèééÿò êðèñòàë âÿ òåìïåðàòóðóí ïàðàìåòðëÿðèíäÿí àñûëû îëäóüó êèìè, ùÿì äÿ 
õàðèúè ñàùÿëÿðè õàðàêòåðèçÿ åäÿí êÿìèééÿòëÿðäÿí àñûëûäûð.  

 
Êèíåòèê ÿìñàëëàðûí ìöõòÿëèô êîìáèíàñèéàëû õàðèúè 

ñàùÿëÿðäÿ þë÷öëìÿñè öñóëëàðû òÿêìèëëÿøäèêúÿ áó ñàùÿëÿðäÿ 
ùÿìèí êÿìèééÿòëÿðèí íÿçÿðè òÿäãèãè äÿ ýåíèøëÿíèð. Ãàðøûëûãëû 
ïåðïåíäèêóëéàð ñòàòèê åëåêòðèê âÿ êâàíòëàéûúû ìàãíèò 
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Äàëüà òÿíëèéèíèí ùÿëëèíäÿí àëûíàí ñòàñèîíàð ùàëëàð  
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èôàäÿñè èëÿ òÿéèí åäèëèð. Áó èôàäÿäÿ 

cyeH xH µµω =  - àíèçîòðîïèéà íÿçÿðÿ àëûíìàãëà 

òñèêëîòðîí òåçëèéè, ( ) 2/1
eHca h= - ìàãíèò óçóíëóüó-

äóð. iµ -ëÿð óéüóí èñòèãàìÿòäÿ ùèññÿúèéèí åôôåêòèâ êöòëÿñè,  c 

- èøûüûí áîøëóãäàêû ñöðÿòè, oxε  âÿ oyε  - õàðèúè äÿéèøÿí 

åëåêòðèê ñàùÿñèíèí х âÿ y îõëàðû èñòèãàìÿòèíäÿ àìïëèòóä 
ãèéìÿòëÿðèäèð.  

Åëåêòðîí êå÷èðèúèëèéèíÿ ìàëèê ñèëèñèóì n-Si êðèñòàëäà éöêëö 
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ëÿíìÿñèíäÿ ðåêîìáèíàñèéà äàëüàëàðûíûí éàéûëìàñû òÿäãèã 
åäèëìèø âÿ òÿúðöáè íÿòèúÿëÿð [1,2] èøëÿðèíäÿ íÿçÿðè òÿùëèëäÿí 
êå÷èðèëÿðÿê òÿúðöáè ôàêòëàðëà óçëàøàí íÿçÿðè íÿòèúÿëÿð 
àëûíìûøäûð.  

Àëûíàí áó íÿòèúÿëÿð ñàùÿëÿðèí éóõàðûäà ýþñòÿðèëÿí äàùà 
ïðàêòèê êîíôèãóðàñèéàñûíäà í-Ñè êðèñòàëûíäà ãåéðè ÿñàñ 
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òóòóëìàñû ìÿñÿëÿñèíèí òÿäãèãèíèí çÿðóðèëèéèíè îðòàéà ãîéóð.  

Ñÿðáÿñò äåøèêëÿð ñòàñèîíàð êâàíò ùàëëàðûíà ìàëèê 
îëäóüóíäàí îíëàðûí éöêëö ãûðàã äèñëîêàñèéàëàð òÿðÿôèíäÿí 
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Äèñëîêàñèéàëàðûí êîíñåíòðàñèéàñû åëÿ ýþòöðöëöð êè, îíëàðûí 
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(
1

DNR2 −>> , R äèñëîêàñèéàíûí ðàäèóñó, DN -îíëàðûí 

êîíñåíòðàñèéàñûäûð), éÿíè ùÿð áèð äèñëîêàñèéà  ìÿðêÿçè 
òÿúðèäåäèëìèø øÿêèëäÿ òÿñèð ýþñòÿðèð. Îíäà âàùèä ùÿúìäÿ îëàí 

òàì ðåêîìáèíàñèéà ñåëè hPJ τ= , àøàüûäàêû êèìè èôàäÿ 

åäèëÿ áèëÿð:  
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Ðåêîìáèíàñèéà ñåëè j [3-5] èøëÿðèíÿ óéüóí øÿêèëäÿ àïàðûëûð. 
[3-5]-äÿ òÿêëèô îëóíàí öñóëäàí èñòèôàäÿ åäÿðÿê äåøèêëÿðèí 
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èôàäÿñèíè àëàðûã. Áóðàäà f(W) äåøèêëÿðèí Áîëñìàí ïàéëàíìà 
ôóíêñèéàñûäûð.  
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РЕКОМБИНАЦИОННЫЕ ПРОЦЕССЫ ВО ВНЕШНИХ ЭЛЕКТРИЧЕСКОМ, КВАНТУЮЩЕМ 

МАГНИТНОМ И ЭЛЕКТРОМАГНИТНОМ ПОЛЯХ 
 

В работе исследована задача захвата дырок в полупроводниках  n -типа  с заряженными краевыми дислокациями в скрещенных 
электрическом и квантующем магнитном полях, а также в переменном электрическом поле, расположенном в плоскости, 
перпендикулярной магнитному полю. Как видно из аналитического выражения, полученного для времени жизни дырок, эта 
величина зависит как от параметров кристалла и температуры, так и от величин, которые характеризуют внешние поля.  

 
Z.A. Veliev, Kh.A. Hasanov  

 
THE RECOMBINATION PROCESSES IN THE EXTERNAL ELECTRIC, QUANTIZING MAGNETIC AND 

ELECTROMAGNETIC FIELDS 
 

The question of capture of the holes in n-type semiconductors with charged edge dislocations in the mutual perpendicular static electric 
and quantizing magnetic fields and also in the alternating electric field located on the surface which is perpendicular to the magnetic field is 
investigated. It is determined that the lifetime of the holes depends on both the parameters of the crystal, temperature and the quantities 
characterizing the external fields.  
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HIGH FREQUENCY PROBE MEASUREMENTS AND  
LOCAL BEAM-PLASMA INTERACTION NEAR DOUBLE LAYER 
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A.H. MURADOV 
Department of Physical Electronics, Baku State University, Baku, 370148, Z.Khalilov st. 23. Azerbaijan  

  
The spatial distributions of high and low frequency fields were measured on the anode side of double layer. Measurements show that 

double layer is composed of a central region with a very sharp potential gradient surrounded by regions where ions and electrons entering the 
layer are accelerated. Low frequency field, which appears due to double layer motion and potential drop fluctuations in the layer, has a sharp 
maximum in the double layer region. The high frequency field has a broad maximum around the electron plasma frequency and it is localized 
in the anode plasma. Its maximum is displaced from the double layer to the high potential side, where electron beam is formed. 

Distribution functions measured with the help of improved pair probe method showed that electron energy distribution is consisted of 
two parts: thermalized trapped electrons and beam part, which is formed passing through the double layer. Though electron beam rapidly 
losses its energy exciting high frequency field in the anode plasma, it does not become completely thermalized and preserves its directed 
character up to the anode surface. 

 
Keywords: Double layer, Beam-Plasma interaction, High 

frequency field, Anode plasma. 
 
1. INTRODUCTION 
 
In number laboratory experiments the properties of 

double layer (DL) have been investigated in magnetized as 
well as in unmagnetized plasma [1.2.3]. However, little is 
known about the excitation of waves and fluctuations at a 
DL. In addition to possible instabilities associated with the 
spatial inhomogenity at the layer, interaction is expected 
between the surrounding plasma and the particle beams that 
are formed as the result of acceleration. Interesting questions 
are whether such interactions may lead to a strong 
modification of the DL structure, whether the electron beam 
breaks up and becomes completely thermalized within the 
anode plasma, and what fraction of the beam energy is 
converted to hf energy and ultimately radiated. 

If the beam were completely thermalized the anode 
current would have the character of a random current, 
reduced by a Boltzmann factor corresponding to the potential 
minimum near the anode. The average depth of the 
fluctuating potential minimum is about 4V [1]. Probe 
measurements in the anode plasma indicate the electron 
temperature about 2 eV and density 3.10-15m-3. A plasma with 
this density and temperature could only supply an anode 
current of a fourth or less of the actual current. The 
conclusion is that the electron beam does not become 
completely thermalized. The majority of the beam electrons 
make a single transit through the anode plasma to the anode. 

In this paper results of experimental investigation of a DL 
in a magnetized plasma column on the anode side of the layer 
are reported. The spatial distributions and other important 
properties of the fluctuating electric field are presented for 
the high and low frequency waves. Electron energy 
distribution function have been studied with the help of 
improved pair probe method. Measurements show that the 
DL is composed of a central region with a very sharp 
potential gradient, surrounded by regions where ions and 
electrons entering the layer are accelerated. Though electron 
beam mainly losses its energy exciting hf field in the anode 

plasma, it preserves its directed character up to the anode 
surface.  

 
2. THE DL FORMATION 
 
The plasma column, which is confined by a homogeneous 

axial magnetic field, is obtained between the hollow electrode 
with inner diameter of 1.5 cm and the anode. The plasma 
source is a DC arc discharge between the mercury pool 
cathode and hollow electrode. The mercury vapor pressure in 
the vacuum chamber is kept at 0.1 mTor, which is about one 
order of magnitude smaller than the pressure in the plasma 
source.   

The electron mean free path is much longer than the 
plasma column whereas the ion mean free path for charge 
exchange is estimated to 6 cm. In the current-free column the 
following parameter values are typical. The axial electric 
field is weak about 1 V/m and directed towards the anode. 
The electrons have a Maxwellian distribution with a 
temperature of about 2 eV. The ion energy can be estimated 
to be of the order of 0.1 eV. For the weak magnetic fields 
considered here, the ion gyro radius is larger than the column 
diameter, and a radial field confines the ions. The electron 
number density is of the order of 3 1015 m-3. This is also the 
typical electron number density on the low potential side of 
the formed DL. 

When a sufficiently large electron current is drawn to the 
anode, an anode sheath depleted of ions is formed. The 
electrons in this sheath form a negative space charge and the 
anode potential rises to the value necessary to draw the actual 
electron current to the anode. When the potential difference 
between the anode and plasma exceeds the ionization 
potential of the gas, ionization begins in a thin sheath close to 
the anode, and electric field at the anode surface is expected 
to be reduced due to the space charge of the ions. When the 
current is further increased, the region with steep potential 
gradient moves further away from the anode and forms a DL. 
The layer can be placed at any desired distance from the 
anode by varying the anode current. The DL separates the 
cathode plasma from the anode plasma [4]. 
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Number of axially and radial movable Langmuir probes 
have been used for potential, density and electron 
temperature determinations. The bandwidth of these probes is 
limited to about 200 kHz because of their rather large 
capacitance’s to ground (100 pF). 

Special methods have been used to overcome the 
difficulties caused by the fluctuations in the plasma, and to 
compensate for the inevitable disturbance of the plasma 
caused by the presence of the probes. A sampling technique 
has been used to select moments when the layer position and 
the potential drop over the layer assume fixed values.  

The cathode plasma is quiescent but the potential of the 
anode plasma fluctuates almost coherently with the 
fluctuating potential drop across the double layer. Within the 
anode plasma the signals were found to be almost identical, 
independent of the probe positions, and the small delays 
between the probe potential fluctuations are consistent with 
propagation velocities of the order of the thermal electron 
velocity (106m/s) or larger.  

 Measurements of the spatial distributions for various 
frequencies confirm that the low frequency field assumes its 
maximum values in a region at the double layer, where it 
typically is an order of  magnitude larger than in the 
surrounding plasmas. This is shown in figure 1a for a 
frequency of 50 kHz (bandwidth 8 kHz), and single- humped 
distributions like this one were found for frequencies larger 
than some tens of kHz. This suggests that the fluctuations in 
the layer profile are the dominating source for the electric 
field at these frequencies and that the axial layer motion 
manifests itself only in the width of the hump, which is a 
rough measure of the amplitude in the motion. 

The radial electric field is directed inward in the cathode 
plasma but directed outward in the anode plasma. The 
equipotential lines, which are transverse to the magnetic field 
at the symmetry axis, tend to become parallel with the 
magnetic field at the plasma boundary. There is a radial 
expansion of the plasma column towards the anode. Most of 
this expansion seems to occur in a region at the DL. 

The cathode plasma, which is maintained by the plasma 
source, provides the layer with reflected ions and free 
electrons, and random electron flux at the potential minimum 
(x≈x0, figure 1) determines the electron flux towards the layer 
and the discharge current. 

 
Fig.1. a) The spatial distribution of low frequency field for a  
               frequency 50 kHz (bandwidth 8 kHz). 
          b) The spatial distribution of high frequency field,  
               measured by a twin probe for a frequency of 500 MHz  
               (bandwidth 3 MHz). 
 

The acceleration of these electrons in the layer increases 
the probability of impact ionization by several orders of 
magnitude, and this process is the only source for positive 
ions in the anode plasma. The potential in the anode plasma 
assumes a flat maximum so that a potential well is formed for 
the electrons. Probe measurements show that the depth of the 
well, which is determined by the potential minimum in front 
of the anode, is at least 4 V, but it may be deeper. Although 
the electron mean free path is much longer than the length of 
the plasma column, elastic and inelastic collisions between 
electrons and atoms can accordingly build up a trapped 
electron population, which gives reflected electrons at the 
layer. Thus both free and reflected ions and electrons are 
present at the layer. 

It can also be argued that the DL is strong, that is, the 
particle energies gained by accelerating in the layer (18 V) 
are much larger than the energies of the particles when they 
enter the layer. Electrons in the cathode plasma are 
Maxwellian-distributed with a temperature of 2eV. 
Accordingly the distribution function of the electrons, that 
enter the layer at the potential minimum, can be 
approximated by a half-Maxwellian distribution with this 
temperature. The fast ions, that have been accelerated in the 
DL, are lost in the cathode plasma by charge transfer 
collisions. The energy of ions moving towards the layer in 
the cathode plasma is therefore determined mainly by the 
mean free path for charge transfer collisions and the weak 
axial field there, which is directed towards the layer for x<x0. 
The average energy can be estimated to be about 0-5 eV. In 
the anode plasma the initial energy of the ions, when they are 
formed by impact ionization, is negligible, and the maximum 
ion energy is limited by the passed potential difference. The 
energy of the trapped electrons in the anode plasma is limited 
by the depth of the potential well there; that is, the potential 
difference between this point and the point at the potential 
minimum in front of the anode.  

 
3. HIGH FREQUENCY FIELDS AND BEAM –  
     PLASMA INTERACTION 
 
The electron distribution function on the high potential 

side of the double layer may be strongly modified due to 
beam-plasma interaction. A first evidence of this interaction 
is a high frequency field with frequencies of the order of the 
plasma frequency. The conditions on the high potential side 
of the DL are similar to those prevailing in front of the 
cathode sheath in hot-cathode, low pressure discharges, and 
in that case a large number of investigations of the high 
frequency field and the energy dispersion of electron beam 
have been presented [5]. Here the high frequency field 
existence on the high potential side of the DL and its 
properties with earlier investigations were demonstrated. 
Accordingly the same group of problems appearing in beam-
plasma interaction should also be of importance for the 
understanding of a DL phenomenon.  

Specially developed twin probes were used in the 
measurements for the following reasons. A single coaxial 
cable with the inner conductor as a probe tip would measure 
the difference between the potential of the tip and badly 
defined potential of the outer conductor, because this has 
usually to be grounded at some point several wavelengths 
from the plasma volume. In particular, this potential would 
depend on the way in which the cable enters the plasma, and 
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correlation measurements with two probes would become 
erroneous. The twin probe consists of two thin parallel cables 
with the inner conductor protruding 2 mm into the plasma. 
The outer conductors are carefully joined near the probe tips, 
and therefore have a common potential. This unknown 
potential is eliminated by forming the difference of the 
signals in a hybrid tee. All cables are carefully terminated in 
the receiving end to avoid standing waves. The HF power is 
measured with a spectrum analyzer with 3 MHz HF 
bandwidth and 3 Hz LF bandwidth. All measurements are 
thus time-averages over periods that are long compared with 
the periods of the low frequency fluctuations. 

The spatial distribution of the power level associated with 
the HF field, measured by a twin probe, is shown in figure 1b 
for a frequency of 500 MHz. It is a single hump in the anode 
plasma with a remarkably sharp maximum displaced about 
100 Debye lengths from the DL. Similar distributions were 
found for frequencies between 300 and 700 MHz. 

The power spectrum, shown in figure 1b, has a maximum 
in the vicinity of the plasma frequency. However, since the 
diagram represents time-averaged values, any possible fine 
structure is probably wiped out by the low frequency 
fluctuations. Errors due to the frequency-dependent coupling 
between the probe and the plasma also distort such diagrams. 

Improved sampling and signal averaging technique has 
allowed refined probe measurements. Pairs of thin rod-

shaped probes (Ø 0.2mm, l =5mm), one rod parallel to 
the beam, the other transverse, have been used. The parallel 
probe exhibits only its small end surface to a parallel flow 
while the perpendicular one shows a hulf – cylindrical. Total 
areas of two probes were equal and currents of thermal 
electrons of both probes should be identical. Difference of 
currents ΙΙ⊥ − JJ provides a rough method to distinguish 

beam electrons. Thus )JJ(
dV

d
ΙΙ⊥ − represents directed 

part of electron energy distribution function. In fig 2 is shown 

)JJ(
dV

d
ΙΙ⊥ −  versus V measured at different distances 

of DL. To eliminate hysteresis the curve 2a is  measured in 
both direction of change of ramping potential. Near the DL 

(fig 2a) )JJ(
dV

d
ΙΙ⊥ − shows a sharp peak according to 

the beam electrons accelerated in DL. This is an unstable 
situation and leads to hf – generation. Further downstream 
this peak diminishes and gradually disappears, though 
directed character of distribution function preserves in the 
course of whole anode plasmas. 

Pair collisions cannot explain the strong energy exchange, 
obtained from the comparison of  curves  a, b, c, d in fig 2, as 
the mean free path of electrons is much longer than the 
plasma column length. The rapid loss of energy of electrons, 
accelerated through the DL can be explained by the 
conversion of this energy to the hf field generation. These 
oscillations having noise character with the wide spectrum 
exists in the measured curves. It should be noted that in this 
method the errors connected with the plasma potential 
oscillations eliminated since potentials of both probes change 
identically. 

 

Fig.2. Measured )JJ(
dV

d
II−⊥ at different distances 

from the DL: a) 0,5 cm; b) 2 cm; c) 6 cm; d) 12 cm.   
 
4. CONCLUSIONS 
 
The double layer investigated is associated with low 

frequency and high frequency field fluctuations. Low 
frequency field is partly due to an axial layer motion back 
and forth and partly due to potential fluctuations in the layer. 
It has a sharp maximum in the double layer region. The high 
frequency field, which has a broad maximum around the 
electron plasma frequency, is also sharply localized in space. 
It has its maximum displaced from the double layer on the 
high potential side where an electron beam is formed. It is 
associated with axially propagating waves with a phase 
velocity that is nearly constant over a wide range of 
frequencies and rather smaller than the electron beam 
velocity. 
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Electron energy distribution is consisted of sum of 
thermalized trapped part and beam part, which is formed 
passing through the double layer. The measurements 
performed with the help of twin probes showed that beam 
electrons rapidly loss their energy exciting high frequency 
field. If the beam were completely thermalized, plasma with 
actual density and temperate could not supply an anode 

current. Consequently though electron beam mainly losses its 
energy exciting hf field in the anode plasma, it does not 
become completely thermalized and preserves its directed 
character up to the anode surface. The majority of the beam 
electrons make a single transit through the anode plasma to 
the anode.  
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ИКИГАТ ТЯБЯГЯ ЙАХЫНЛЫЬЫНДА ЙЦКСЯК ТЕЗЛИКЛИ ЗОНД ЮЛЧМЯЛЯРИ ВЯ ДЯСТЯ-ПЛАЗМА  
ГАРШЫЛЫГЛЫ ТЯСИРИ 

 
Плазмада икигат електрик тябягясиндян анод тяряфдя йцксяк- вя алчаг тезликли електрик сащяляринин интенсивликляринин фязада 

пайланмасы юлчцлмцшдцр. Юлчмяляр эюстярди ки, икигат тябягя потенсиалын чох кяскин дяйишдийи мяркязи щиссядян вя ону ящатя 
едян, електрон вя ионларын илкин сцрятляндийи, ятраф областлардан тяшкил олунуб. Алчаг тезликли сащянин амплитуду икигат тябягя 
областында кяскин максимума маликдир. Бу сащя ясасян икигат тябягянин бцтювлцкдя флуктуасийа характерли щярякяти вя 
потенсиалын профилинин дяйишмяси иля ялагядардыр. Йцксяк тезликли сащя плазманын електрон тезлийи йахынлыьында эениш максимума 
маликдир вя икигат тябягядян йцксяк потенсиал тяряфдя, електрон дястясинин формалашдыьы областда, локаллашмышдыр.  

Пайланма функсийасынын тякмилляшмиш ики зонд цсулу иля юлчцлмяси эюстярди ки, електронларын енержийя эюря пайланма функсийасы 
ики щиссядян тяшкил олунуб:  

1. Демяк олар ки, изотроп пайланмыш истилик електронларына уйьун щисся; 2. Икигат тябягядян кечяркян сцрятляняряк дястя тяшкил 
едян истигамятлянмиш щисся. Електрон дястясинин анод плазмасында йцксяк тезликли рягсляр щяйяъанлашдырмасы щесабына юз 
енержисини сцрятля итирмясиня бахмайараг пайланма функсийасы там изотроп олмур, вя юзцнцн истигамятлянмиш характерини бцтцн 
анод плазмасы бойунъа сахлайыр. 

 
                   М.Мослехи-Фард, А.Х.Мурадов 

 
ВЫСОКОЧАСТОТНЫЕ ЗОНДОВЫЕ ИЗМЕРЕНИЯ И ЛОКАЛЬНОЕ ПУЧКОВО-ПЛАЗМЕННОЕ 

ВЗАИМОДЕЙСТВИЕ ВБЛИЗИ ДВОЙНОГО СЛОЯ 
 

Измерены пространственные распределения высоко- и низкочастотных полей на анодной стороне от двойного электрического 
слоя. Измерения показали, что двойной слой состоит из центральной части с очень резким скачком потенциала, окруженной 
областями в которых электроны и ионы предварительно ускоряются. Амплитуда низкочастотного поля, возникающего в результате 
продольных флуктуационных перемещений двойного слоя и изменений профиля потенциала, имеет резкий максимум в области 
слоев. Высокочастотное поле имеет широк ий максимум вблизи электронной плазменной частоты и локализовано в анодной 
плазме. Его максимум несколько смещен от двойного слоя в сторону высокого потенциала, где формируется электронный пучок. 

Измерения функции распределения усовершенствованным методом двух зондов показали, что функция распределения 
электронов состоит из двух частей: 1. Соответствующая запертым тепловым электронам и 2. Пучковой части, формирующейся при 
прохождении пролетных электронов через двойной слой. Хотя электронный пучок быстро теряет энергию в анодной плазме на 
возбуждение высокочастотного поля, распределение электронов полностью не термализуется, и сохраняет направленный характер 
вплоть до поверхности анода.  
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BULK SPIN WAVES PROPAGATION IN DIRECTION PERPENDICULAR TO THE (110) 
PLANE FOR FERROMAGNETIC SUPERLATTICE 
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A superlattice consisting of alternating layers of two-simple Heizenberg ferromagnetic is considered. Using Green function method the 

dispersion equations of bulk spin waves propagation in direction perpendicular to the plane (110) are derived for this systems. The numerical 
results are shown graphically. 
 

During the past decade, there has been considerable effort 
devoted to the synthesis and study of composite materials, 
and of superlattices formed from alternating layers of 
different materials [1-3]. The study of spin waves is very 
useful in determining the fundamental parameters that 
characterize magnetic superlattice. In magnetic superlattices, 
elementary excitations have properties distinctly different 
from the modes associated with any one constituent. Bulk 
spin waves of periodic structure or magnetic superlattices 
have been analyzed theoretically in many special cases [4-6]. 
In the short-wavelength limit, where the exchange coupling is 
dominant, comparatively fewer studies have been done. Some 
qua1itative features of superlattice are most easily explained 
for the simple – cubic structure in terms of modified single - 
film properties. The bulk spin-wave regions   in simple-cubic 
Heisenberg ferromagnetic material are derived in Ref.[4] The 
aim of this paper  is to study  by the Green function method 
[7,8] properties of an ferrormagnetic  superlattice with 
quantum Heisenberg spins at finite temperature and this 
theoretical studies are analogous to one from the  Ref.[9], 
where bulk spin waves propagation  in  direction 
perpendicular to the plane (001) in ferromagnetic  
superlattice is considered.  

As indicated in fig. 1 we consider in this paper a simple 
cubic ferromagnetic superlattice model in which the atomic 
planes of material 1 alternate with atomic planes of material 
2. The materials are taken to be simple – cubic Heisenberg  
ferromagnetic,  having exchange constant J1 and J2 and lattice  
constant a.  

 
We consider here the following Heisenberg Hamiltonian: 

( ) ( )( )∑∑ +−−=
i

z
i

A
i

j,i
jiij SHHgSSJH 02

1
βµ  (1)

    
where ijJ -represents the exchange between the spins iS  and  

jS  of the nearest neighbors. H0 is an applied magnetic field 
in the superlattice z direction, and Hi

(A) (i =1,2) anisotropy 
field for a  ferromagnetic with simple unaxial anisotropy 

along the z  axis. We define a double – time Green function 
in real space ( ) ( ) ( ) >>′=<<′ −+ tStSttG jiij ;, . 

 
 

Fig. 1 A simple cubic ferromagnetic superlattice model  in 
which the atomic planes of material 1 alternate with 
atomic  planes of material 2. The same lattice 
parameter a is assumed for all materials.  

 
We consider here the following Heisenberg Hamiltonian: 
 

( ) ( )( )∑∑ +−−=
i

z
i

A
i

j,i
jiij SHHgSSJH 02

1
βµ       (1) 

 
where ijJ -represents the exchange between the spins iS  and  

jS  of the nearest neighbors. H0 is an applied magnetic field 
in the superlattice z direction, and Hi

(A) (i =1,2) anisotropy 
field for a  ferromagnetic with simple unaxial anisotropy 
along the z  axis. We define a double – time Green function 
in real space ( ) ( ) ( ) >>′=<<′ −+ tStSttG jiij ;, . Writing the 
equation of motion for Green function and  employing the 
random-phase approximation one obtains a set of  equations. 
Furthermore, to emphasize the layered structure we  shal1 use 
the following the frequency and two-dimensional. Fourier  
transformation  [6,10] 

 

 )]tt(iexp[)k,(Gd)]rr(ikexp[dk)t,t(G '
||nnji||||

'
j,i ' −−∫−∫= ωωω

ππ 2
11

2                       (2) 

 
where ||k  is two-dimensional wave vector, щ  is spin-wave frequency, n  and  n’ indices of the layers to which ri

  and  rj  and 
belong, respectively.  
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where  

 

( ) ( )
( )( ) ( ) ( ) ( ) ( ) ( ) ( )akcosSJSJSJHHgA y

zzzA
B 〉〈−〉〈+〉〈++= 212112212121021 224µ , 

( )2aikexpt x= , ( )2aikexpt x−=∗  
 

  The system is also periodic in z direction which lattice constant is 2a . According Bloch’s theorem we can write 
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,
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   Using (4) the system of equation of (3) can be written the following matrix form 
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  The dispersion of equation for the bulk spin waves propagating in  direction perpendicular to the plane (110) for the 

superlattice under consideration is derived by the equation (5) as following form: 
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    The equation (6) is the main results of this paper. It can be verified from equation (6) that when both media are identical 

it reduces to dispersion equation of bulk spin waves propagation in direction perpendicular to the plane (110) for ferromagnetic 
constituents [4,5].  

 

 
Fig 2 Bulk spin-wave  regions for (a) the constituents  1 and (b) constituents  2 with the parameters 2JJ 12 = ; 21 gg = ;  

0501101 .SJHg z
B =〉〈µ , 0101111 .SJHg z)A(

B =〉〈µ ; 0301122 .SJHg z)A(
B =〉〈µ . 

 
 

 
Fig. 3 Bulk spin–wave regions for superlattice, when 51JJ 1 .=  and the other parameters are chosen as Fig. 1. 
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In Fig.2, 3 the results numerically illustrated for particular 

choice of parameters.  Fig. 3 shows the bulk spin-wave  
regions for the superlattice as a function of the quantity 

akx , while fig. 2 shows those for the components 2 and 3. 

The analysis of the results shows that the width of the bulk-
spin wave regions in ferromagnetic superlattice is depended 
on wave vectors and exchange interaction.  
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V.ß. Tanrûverdèyev, V.S. Taüûéev, S.M. Seyèd Rzayeva 
 

ÔÅÐÐÎMAGNÈT ÈFRAT QßFßSÄß  (110) ÌÖÑÒßÂÈÑÈÍß ÏÅÐÏÅÍÄÈÊÓËÉÀÐ ÈÑÒÈÃÀÌßÒÄß ÉÀÉÛËÀÍ 
ÙßÚÌ ÑÏÈÍ ÄÀËÜÀËÀÐÛ 

 
 Èêè ìöõòÿëèô ñàäÿ êóáèê Ùåéçåíáåðã ôåððîìàãíèòèí àòîì ëàéëàðûíûí íþâáÿëÿøìÿñèíäÿí àëûíàí èfrat qÿfÿs òÿäãèã îëóíóá. Ãðèí ôóíêñèéàñû 

metodu èlÿ èôðàò ãÿôÿñèí îõó boyunca yayûlan ùÿúì spèn dalüalarû ö÷öí dèspersèya tÿnlèyè tapûlûb. Alûnan nÿticÿlÿr parametrlÿrin se÷ilmèø 
qiymÿtlÿri  ö÷öí kÿmiyyÿtúÿ tÿsvèr olunub.                                 
 

В.А . Танрывердиев,  В.С. Тагиев, С.М.  Сеид-Рзаева 
 
ОБЪЕМНЫЕ СПИНОВЫЕ ВОЛНЫ,  РАСПРОСТРАНЯЮЩИЕСЯ В НАПРАВЛЕНИИ ПЕРПЕНДИКУЛЯРНОМ К 

ПЛОСКОСТИ (110) В ФЕРРОМАГНИТНОЙ СВЕРХРЕШЕТКЕ 
 

Рассматривается сверхрешетка, состоящая из чередующихся слоев двух различных типов Гейзенберговских ферромагнетиков. 
Используя метод функции Грина получены  дисперсионные уравнения для объемных спиновых волн, распространяющихся в 
направлении перпендикулярном к плоскости (110). Численные результаты представлены графически. 
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It was revealed, in BaF2 crystals with grain-structure thermal influence is the reason of unstrengthening and hysteresis of the coefficient 

of thermal expansion. 
 
It is observed that in the BaF2 crystals, differing by the 

unit structure, the thermal influence leads to the disorder and 
the hysteresis character of the change of thermal expansion 
coefficient. 

The crystals of barium ftoride are widely used in the 
capacity of the substrates for the epitaxial growth of 
compounds IV-VI seeing that of the uniqueness of the types 
of their crystal lattices and the nearness of the lattice 
constants. The epitaxy from the gas and liquid phases is 
usually carried out at the temperatures 300-500°C [1]. The 
activation of the structure-sensitive properties at such 
temperatures can influence on the perfection of the epitaxial 
layers and the state of the heteroboundary between them in 
the result of the borrowing of the defects from the substrates 
of BaF2. The similar situation can appear at the use of BaF2 in 
the capacity of buffer layers at the creation of the multi-
layered structures also. 

In the present paper the influence of the temperature 
factor on the structure-sensitive properties at the investigation 
of the microhardness and the thermal expansion of BaF2 
crystals has been studied. 

The microhardness of the BaF2 samples in the initial state 
was studying at the room temperature and after the heating 
till 450°C in the vacuum ~10-3mm.m.c., and the temperature 
dependence of the elongation ratio in the cycle heating-
cooling till 600°C have been studied. 

The measurements of the microhardness by Knoop were 
carried out on the device PMT-3 at the load ~20G. The 
measurement accuracy of the microhardness is <30%. The 
results of the microhardness measurements on the samples of 
the different form are presented in the table 1. From the table 
1 it is seen, that sample of the prism form differs by the most 
microhardness. Its value is close to the literature value of the 
microhardness, which is equal to 82 kg/mm2 [2]. The cycle of 
heating cooling in the temperature interval from room till 
450°C, carried out with the velocity of he temperature change 
~3gr/min, increases significantly the microhardness of the 
BaF2 crystals. It is easy to propose, that given mode of the 
thermal influence leads to the crystal disorder the difference 
of the microhardness values in the samples of the different 
thickness connects with the forming character of the 
prolonged defects. 

 
                                                                                                                 Table 1 

The microhardness of the barium ftoride samples 
 

Microhardness by Knoop, kg/mm2  
Crystal form 

 

 
Thickness, mm 

Initial state After heating till 450ºС 

 1. Round plane 1 75 60 
 2.  Beam 3 80 65 
 3.  Rod 1 75 65 

 
The thermal expansion of the samples of sizes 

3х5х12mm3 was investigated in the temperature interval 20-
600ºC on the vacuum dilatometer with the inductive gauge. 
The heating of the samples was carried out with the velocity 
3grad/min. The measurement accuracy of elongation ratio 

was 3%. The results of the measurements are given in the 
fig.1.  

From the figure it is seen, that values of the relative 
aspect ratio, defined at the similar heating and cooling 
temperatures strongly differ, essentially in the temperature 
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interval 20-400ºC. At the repeating of the cycle heating-
cooling, the difference of the values of the elongation ratio 
decreases. In the given temperature interval the decrease was 
30% approximately. When the measurements are carried out 
in the mode of the continuous heating and cooling, this 
difference becomes more significant. If the crystals will be 
subjected to the additional following annealing at 450ºC 
during 30 minutes, the difference of the values of the 
elongation ratio would be decrease on 50%. 

 

 
  Fig.1. The dependence of the aspect ratio in the BaF2 crystals  
             in the cycle heating-cooling. 
 
On the basis of the obtained results from the known ratio 

α=∆l/l∆T, the values of the thermal expansion coefficient 
were defined. The results of the definition at the different 
temperatures are presented in the fig.2. From the fig.2, it is 
seen, that thermal expansion coefficient has the hysteresis 
character in the cycle heating-cooling also, and is equal to 
18⋅10-6 grad-1 in the initial state and after the cycle heating-
cooling has the values 20⋅10-6 grad-1. 

 
  Fig.2. The temperature dependence of thermal expansion  
             coefficient of BaF2 crystals. 
 
Thus, crystals of barium ftoride heating till 600ºC or the 

short-term extract at the temperatures ~400ºC becomes 
disordered, and at the same time appears the hysteresis 
character of the change of thermal expansion coefficient, 
essentially in the temperature interval from room till 450ºC. 
The last circumstance leads to the presence of permanent 
elongation ratio after cooling. 

The above mentioned peculiarities, probably, connect 
with the relaxation of the nonhomogeneous interval stresses, 
leading to the creation and motion of the dislocations, 
essentially near block boundaries and consequently, to the 
crystal disorder. Such anomalies in the behaviour of thermal 
expansion coefficient were observed in the boron and calcite 
[3,4] and explained by the role of the twins and packing 
defects, interacting actively with he residual impurities at the 
thermal influence. 

The paper partly is supposed by grand of NATO. 
PST.980089.
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BaF2 КРИСТАЛЛАРЫНЫН МИКРОБЯРКЛИЙИНЯ ВЯ ЭЕНИШЛЯНМЯСИНЯ ТЕРМИК ЩЯРЯКЯТИН ТЯСИРИ 
 

Блок гурулушу иля фярглянян кристалларында мцяййян едилмишдир ки, истилик тясири термик эенишлянмя ямсалынын эистерезис характерли 
дяйишмясиня вя мющкямлийинин азалмасына эятирир.   
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Обнаружено, что в кристаллах BaF2, отличающихся блочной структурой, температурное воздействие приводит к 
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Solutions of the principal chiral field problem are constructed by means of Mathematica software. 
 

1. The problem of constructing of the solutions of self-dual Yang-Mills (SDYM) model and its dimensional reductions, the 
principal chiral field problem in our case, in the explicit form for semisimple Lie algebra, rank of which is greater than two, 
remains important for the present time. The interest arises from the fact that almost all integrable models in one, two and 
(1+2)-dimensions are symmetry reductions of SDYM or they can be obtained from it by imposing the constraints on Yang-
Mills potentials [1-12].  

This work is a direct continuation of [13-15], where the exact solutions of the principal chiral field problem have been de-
rived, and it shows how to obtain the further results using determined Mathematica algorithm. The discrete symmetry trans-
formation method [12] applied here allows to generate new solutions from the old ones in much more easier way than applying 
methods from [11], and the case of SL(3,C) algebra gives us a key to construct solutions for an arbitrary semisimple algebra.  

 
2. Equations of the principal chiral field problem are the systems of equations for the element f , taking values in the 

semisimple algebra, 
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In the case of  two-dimensional space: 1θ =1, 2θ =-1, ξ=1x , ν=2x . 

Following [12], for the case of a semisimple Lie algebra and for an element f being a solution of (1), the following state-
ment takes place: 

 There exists such an element S taking values in a gauge group that  
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Here +
MX  is the element of the algebra corresponding to its maximal root divided by its norm, i.e., 

 
[ ] [ ] ±±−+ ±== X2X,H,HX,XM      , 

 
−− f~  - is the coefficient function in the decomposition of f~  of the element corresponding to the minimal root of the algebra, 

1ff~ −= σσ  and where σ is an automorfism of the algebra, changing the positive and negative roots. 
In the case of algebra SL(3,C) we’ll consider the case of three dimensional representation of algebra and the following   

form of 
⎟⎟
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The discrete symmetry transformation, producing new solutions from the known ones, is as follows:  
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3. Let's represent the explicit formulae for transformation in the case of SL(3,C) algebra  
 
          −−−+++ +++++++= 2,12,1221122112,12,12211 XaXaXahhXXXf ττααα   ,               (4) 
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In connection with the general scheme, first of all, it is necessary to find the solution of the equations (2) for the SL(3,C) 
valued function S for given f, solution of  equations (1). 

From (2) it is clear that S is upper triangular matrix and can be represented in the following form: 
                    

                      HexpXexpXexpXexpS 0222,12,111 ββββ +++=  ,                                            (5) 

where H=h1+h2. 
After substitution of the last representation of S into (2) and taking into account (4), we have at every step of the recurrent 

procedure the following relations 
 
                         12212,10 ,,ln αβαβαβ ===   

                       212,1212,12,1 )()()()( αααδδαβ
iiii xxzxx −+−=                      (6) 

                                              
As the initial solution we'll take the explicit solution f belonging to the algebra of upper triangular matrixes: 

 

                        22112,12,12211 hhXXXf ττααα ++++= +++                     (7) 
 
The component form of self-duality equations for this case is following 
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The general solution of system (8) takes the form 
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Here the circle integration goes over the complex parameter λ. 
 By the direct check one can be convinced that (9) are the solutions of equations (8). The formulae (9) can also be obtained 

as a solution of homogeneous Riemann problem in the case of the solvable algebra [11]. 
Let’s represent two types of Backlund transformation by means of which one can construct new types of solutions of equa-

tions (8) from the known solution (9). For solutions of first two equations of (8) this two Backlund transformations are the 
same: 
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For solutions of the third equation of the system (8) they are different: 
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Note that starting, zero step of upper transformations procedure coincides with initial solutions  (9). 
Let’s return to the solution of the equation (7) at the first step of the recurrent procedure. 
Comparing (6) and (12) we came to the conclusion that 1,0

2,12,1 αβ = . 

Finally, knowing all components of matrix S and using (3) we can express the solution 
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 of self-duality equations at the first step of the recurrent procedure in terms of chains (10)-(12): 
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Using the equations of the principal chiral field problem for the group-valued element 

                
                                                         ( ) ( )

ii xxi fgg =−1θ  
 the relations (3) can be rewritten as 
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So we see that the group valued elements gn+1 and gn are connected by the relation 
 
                                                                                 nnn gSg σ=+1                                                                                      (14) 
 
 Let's represent the explicit formulae of the recurrent procedure of obtaining the group-valued element solutions. 
At every step, as it shown in [5], S is upper triangular matrix and can be represented in the following form: 
 
                               ( ) ( ) ( ) ( ) HexpXexpXexpXexpS n02n22,1n2,11n1n ββββ +++=        ,                              (15) 

 
where H=h1+h2 and for gn we use the following parameterization: 
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with 

( ) ( ) ( ) ( ) ( )( )2021012022,102,11010 hthtexpXexpXexpXexpg += ++++++ ηηη  
 

as an initial solution. 
Hereafter, ±±±

2,121 X,X,X ,h1,h2 are the generators of SL(3,C) algebra. 
Following the general scheme from [5]  we have at 
(0)-step: 
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The further calculation we deliver to Mathematica program: 
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At that point we stop the procedure, but it is obvious that it can easily be continued for any step and the resulting formulas 

correspond to those from [15].  
As it is seen from formulas (11-12) for algebras of the rank higher than two, the number of corresponding Backlund trans-

formations of the initial problem solutions  will be equal to the rank of the algebra.  Thus, it is necessary only to overcome the 
routine calculations using Mathematica 4-0 software.  
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The peculiarities of the pozistor effect in the electrotechnical pressmaterial of PET type have been investigated. The influence of the 

electrical discharges on the pozistor characteristics of the epoxido-case pressmaterial has been studied, the coefficients of PTCR, PTKε, Tn, 
∆Tn and their stability have been defined. It is shown, that at the moderate modes of influence (9kV, 5h), the values of PTCR and PTKε 
increase, but values of Tn and ∆Tn decrease, and in the mode of 11kV, 5h the two regions of εk(T) are observed on the dependence εk at the 
temperatures from 360-390K and 395-425K. It is proposed, that the first dispersion region εk(T) connects with the before hardness processes, 
and second region probably is caused by the different oxygenocontaining groups, appearing at the influence of the electric discharges and 
their interaction with fillers in the PET samples. 

The results of the investigation show, that the probability of the regulation of pozistor properties of elements, prepared from the 
pressmaterial of PET type by the way of influence of electric discharges and γ-radiations, and change of content and type of fillers, takes 
place. 

 
INTRODUCTION 
The glassyplastic materials (GM) on the base of 

fenoloformaldegide and epoxido-case resins, fulfilled by fiber 
and dispersion fillers are widely used in the electrotechnical 
devices, in radioelectronic equipments and e.t.c. The GM 
structure introduces the heterogeneous systems from fillers 
and polymer matrix (binding) with special building of the 
division boundaries between them and character structural 
defects [1]. For the directed change of the structure and 
electrophysical properties, they are often subjected to the 
electrodischarge modification [2,3]. At the influnce of the 
electric field on the GM the anomaly temperature 
dependency of the specific electric resistance ρv of 
pressmaterial of PET type in the temperature interval 373-
500K [3] was observed. On the dependence ρv(T) the val4ues 
ρv increase on 2-3 orders at the temperature growth till 500K, 
beginning from T=363K. However, the reasons, regularity 
and mechanism of the observable high value of the positive 
temperature coefficient of resistance (PTCR) of the samples 
of PET type haven’t been investigated. It is shown, that 
materials with high value of PTCR are called pozistor [3]. 
The distinctive peculiarities of the pozistor properties of 
materials are the temperature interval ∆Tn, at which the high 
values of PTCR and reversible change of ρv stay without 
change. In the dependence on the material composition, the 
pozistors should have the big sensitivity, small innertionness 
and cost. The ceramics on the base of BaTiO3 with the 
addition of glass in the quantity 1-5 mass.% [5] correspond to 
these demands. However, the pozistor properties i.e. the 
increase of ρv at the increase of T slowly depends on the 
applied voltage. The polymer composites have pozistor 
properties also, for example, on the base of polypropilen and 
CTS-19 [4], but the moderation of the reversibility ρv in the 
wide temperature interval is character for them. 

  It is need to note, that the creation of phase-boundary 
potential barrier, controlled by the composite dielectric 
constant εk [4,5] is the main reason of acquisition of pozistor 
effect by heterogeneous system. 

  In the case of the epoxidal glassyplastics, the value εk 
will be depended on the type of hardener and character of the 
influence of the electric field and discharges. On our opinion, 
these questions did not describe enough. Moreover, in the set 
of cases, the pozistor application in its capacity of the 

thermoregulators, fire netificators and thermogauges and 
e.t.c. demands the definite security at their detail geometrical 
sizes. These demands are possible for the compositional GM 
after the electrofield influences or the modification of their 
structure by the change of the ratio of the fillers and binding 
in them. 

  The aim of the given paper is the studying of the 
peculiarities of the influence of electric field and discharges 
(ED) on the pozistor properties of glassyplastic materials. 

 
EXPERIMENTAL PART 
The samples from GM by the thickness of 500 mkm had 

been obtained by the thermopressing of two marks of 
pressmaterial – PET and MFE-1. The samples have been 
prepared from the pressmaterial of PET mark on the base of 
the epoxido-case resin UP-643, fillers – glassifiber and 
caoline. In the capacity of the accelerator of the hardness 
process was used the accelerator A-30-1,5. The second type 
of the samples had been prepared from the pressmaterial of 
MFE-1 mark on the base of melaninoformaldegide resin with 
the aminosilaxan AM-2 and fillers are glassyfiber and talc 
[3]. The pressing temperature at the pressure 150MPa for 
PET and MFE-1 was 423 and 453K, correspondingly. The 
degree of dispersion of the powder fillers wasn’t higher than 
10-15 mkm, and diameter of glassyfiber – 13 mkm. 

  The hardness of resin was under the external pressure 
action. Further the GM samples were subjected to the 
influence of the electric discharges on the technique [6] at the 
effective value of voltage on the electrodes – 9kV and 11kV 
during 5 hours. The dielectric measurements (ε, tgδ) were 
carried out on the device E7-8 at the frequency 1kHc. The 
specific electric volume resistance of ρv was measured with 
the help of the teraohmeter EK6-13 at the direct-current 
voltage 100V. After the sample’s standing under the voltage 
during 1 minute, the temperature dependencies of ρv(T) have 
been fixed. 

The PTCR and the temperature interval ∆Tn of existence 
of pozistor material properties were defined on the inclination 
of the dependencies of ρv(T). The value of PTCR, i.e. the 
sensitivity coefficient to the temperature change of the 
sample is defined by the formulae: 

       12
2
v

1
v TT/)lg(PTCR −−= ρρ          (1) 
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where 1
vρ  and 2

vρ  are specific electric resistances of the 
sample at the temperatures T1 and T2, correspondingly. From 
the dependency εk(T) the degree of dispersion coefficient of 
pozistor was defined by the formulae: 
 

          12
1
k

2
k TT/PTK −−= εεε                   (2) 

 
where 1

kε  and 2
kε  are values of dielectric constant at T1 and 

T2, correspondingly. In the given case the value T1 
corresponds to the temperature of the increase beginning of ρv 
and εk, i.e. to the temperature of appearing of pozistor 
properties of Tn of PET type. 
 

THE RESULTS AND THEIR DISCUSSION 
 
The temperature dependences of ρv(T) of PET samples 

before (curve1) and after the influence of the discharges at 
the voltage on the cell Up=9kV (curve2) and 11kV (curve3) 
are given in the fig.1. It is seen, that with the temperature 
increase, ρv of all samples firstly decrease, going through the 
minimum at 373-383K, and further again begin to increase. 
Thus, till the temperature 440-450K, the PET samples have 
pozistor properties. From the fig.1 it is a followed, that the 
influence of the electric discharges in the air leads to the 
increase of the inclination on the line area of ρv(T) 
dependence at the temperature interval of pozistor effect 
appearing. Moreover, this inclination becomes more 
significant (curve3) with the increase of the discharge power 
(Up increase). The decrease of ρv of the initial state parts of 
the dependence ρv(T) connect with the increase of the number 
of current carriers and the reason of the resistance increase 
probably can be as the before hardness processes, i.e. the 
additional structuring, so the formation of the potential 
barrier with the depth ∆ϕ. 

 
Fig.1. Temperature dependences of specific volume electric  
          resistance ρv of PET pressmaterial samples; 1-initial, 2  
          and 3 after influence of discharges in the mode Up=9kV,  
          t=5 hours, Up=11kV, t=5 hours, correspondingly. 
 
About the going of the before hardness processes testify 

the data on εk measurement and its temperature dependencies 
(fig.2). As it is seen from the fig.2 the εk values of PET 

samples significantly increase in the region of the pozistor 
effect appearing. 

 
Fig.2. Temperature dependences of dielectric constant εk of PET  
          pressmaterial samples: 1-initial, 2 and 3 after influence of  
          discharges in the mode Up=9kV, t=5 hours, Up=11kV, t=5  
          hours, correspondingly. 
 
The significant increase of εk takes place at the discharge 

influence (curve3), where the increase of the dielectric 
constant ∆εk is 5÷6. Moreover, it is need to note, that the 
increase of εk values with the temperature stops and the some 
decreases of εk, beginning from the temperature 420-430K, 
which testifies about the stop of the before hardness 
processes, are observed. As it is seen from the fig.2, the 
influence of the electric discharges leads to the increase of 
the temperature interval of the εk increase (curve3). The 
creations of the different oxygenocontaining groups can 
influence also on the electrophysical properties of PET at the 
stronger mode of discharge influence (Up). These and other 
structural changes cause the increase of the value of the 
potential barrier ∆ϕ between matrix and PET pressmaterial 
fillers, which are the main reason of the pozistor effect 
appearing in them. Comparative studying of the ρ0(T) 
dependencies for MFE-1 samples before and after discharge 
influence shows that nonlinear dependence ρv(T) in MFE-1 
doesn’t observed. This can be connected with the different 
composition of fillers in these glassymaterials MFE-1 has 40-
50 mass.% of talc and calcium steorat. Thus, the properties 
mainly are caused by the presence of caoline in PET 
pressmaterial. At the preparation of PET the surface treated 
caoline of the following composition: SiO2(45,4%), 
Al2O(3)(38,8%), Ti2O3(1,5%) with the specific volume 
resistance ρv=1015 Om⋅m and dielectric constant ε=2,6, was 
used. The values Tn, ∆Tn, PTCR and PTKε, changed under the 
influence of ED at 10-time cyclic heating-cooling of PET 
samples are presented in the table.  

From the table it is followed, that PET pressmaterial has 
pozistor properties and εk dispersion also in the temperature 
interval 277-327K. At the moderate influence modes (9kV, 
5h) the PTCR and PTKε values increase, but Tn and ∆Tn 
values decrease. 

Moreover, in the mode 11kV, 5h, two region of εk at the 
temperatures from 360-390K and 395-425K (fig. 2, curve 3) 
are observed on the εk(T) dependence. 
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                                                                                                                                              Table 

After ED influence Pozistor characteristics Before ED influence 
9kV, 5h 11kV, 5h 

Tn ,K 377 363 353 
∆Tn, K 50 40 45 

PTCR, (Om⋅m⋅K-1) 2⋅10-3 5⋅10-3 2,7⋅10-3 
PTKε, K-1 3,3⋅10-2 3,5⋅10-2 4,7⋅10-2 

 
If the first dispersion region εk(T) connects especially 

with before hardness processes, then the second region is 
caused by different oxygenocontaining groups, forming at the 
ED influence and their interaction with fillers in PET 
samples. The comparison of the values, given in the table 
with the values of these values for the semiconductor and 
ceramic materials [5,9] shows, that some pozistor 

characteristics (Tn and PTKε) for PET is some worth in the 
comparison of the corresponding parameters of these 
materials. However, the PET is less energy capacious, the 
probabilities of pozistor properties by the way of ED and γ-
radiations influence, change of content and type of fillers, 
takes place. 
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ÅÏÎÊÑÈÄ ÃßÒÐÀÍ ßÑÀÑËÛ ÅËÅÊÒÐÎÒÅÕÍÈÊÈ ØÖØß ÏËÀÑÒÈÊÈÍ ÏÎÇÈÑÒÎÐ ÕÀÑÑßËßÐÈÍß  

ÅËÅÊÒÐÈÊ ÑÀÙßÑÈÍÈÍ ÒßÑÈÐÈ 
 

ÏÅÒ  ïðåñìàòåðèàëûíäà  ïîçèñòîð  åôôåêòèíèí  õöñóñèééÿòëÿðè  òÿäãèã åäèëìèøäèð. 
Åïîêñèä-íîâàëàê ïðåñìàòåðèàëûíûí ïîçèñòîð õàðàêòåðèñòèêàëàðûíà åëåêòðèê áîøàëìàëàðûíûí òÿñèðè îéðÿíèëìèø, ÏÒÊÑ, ÏÒÊε, Òí, ∆Òí ÿìñàëëàðû 

âÿ îíëàðûí ñòàáèëëèéè òÿéèí åäèëìèñäèð. Ýþñòÿðèëìèøäèð êè, ìöëàéèì òÿñèð ðåæèìëÿðèíäÿ (9 êÂ, 5 ñààò) ÏÒÊÑ âÿ ÏÒÊε ãèéìÿòëÿðè àðòûð, Òí âÿ ∆Òí 

ãèéìÿòëÿðè èñÿ àçàëûð, 11 ê, 5 ñààò ðåæèìèíäÿ èñÿ εê(Ò) àñûëûëûüûíäà εê-íûí 360-390 Ê âÿ 395-425 Ê òåìïåðàòóðëàðûíäà èêè îáëàñòû ìöøàùèäÿ 
îëóíóð. Ôÿðç  åäèëèð  êè, εê(Ò) äèñïåðñèéàñûíûí áèðèíúè îáëàñòû áÿðêèìÿ ïðîñåñèíèí äàâàì åòìÿñè èëÿ áàüëûäûð, èêèíúè îáëàñò èñÿ ÷îõ ýöìàí êè, 
åëåêòðèê áîøàëìàëàðûíûí òÿñèðè çàìàíû ìöõòÿëèô îêñèýåíëè ãðóïëàðûí éàðàíìàñû âÿ îíëàðûí ÏÅÒ íöìóíÿëÿðèíäÿêè äîëäóðóæóëàðëà ãàðøûëûãëû 
òÿñèðëÿðè èëÿ ÿëàãÿäàðäûð. Òÿäãèãàòëàðûí íÿòèúÿëÿðè ýþñòÿðèð êè, ÏÅÒ ïðåñìàòåðèàëûíäàí ùàçûðëàíìûø åëåìåíòëÿðèí ïîçèñòîð õàññÿëÿðèíè åëåêòðèê 
áîøàëìàëàðû âÿ γ-øöàëàíìà èëÿ òÿñèð åòìÿêëÿ, ùÿì÷èíèí äîëäóðóúóëàðûí ìèãäàðëàðûíû âÿ òèïëÿðèíè äÿéèøìÿêëÿ íèçàìëàìàã èìêàíû ìþâúóääóð. 
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ДЕЙСТВИЕ ЭЛЕКТРИЧЕСКОГО ПОЛЯ НА ПОЗИСТОРНЫЕ СВОЙСТВА СТЕКЛОПЛАСТИКА НА 

ОСНОВЕ ЭПОКСИДНО-НОВОЛАЧНОЙ СМОЛЫ 
 
Исследованы особенности позисторного эффекта в электротехническом ПЭТ. Изучено влияние электрических 

разрядов на позисторные характеристики эпоксидно-новолачного прессматериала, определены коэффициенты ПТКС, 
ПТКε, Tn, ∆Tn и их стабильность. Показано,что при умеренных режимах воздействия (9 кВ, 5 ч) значения ПТКС и 
ПТКε возрастают, а значения Tn и ∆Tn уменьшаются, а в режиме 11 кВ, 5 ч. на зависимости εê(Ò) наблюдаются две 
области εê при температурах от 360-390 К и 395-425 К. Предполагается, что первая область дисперсии εê(Ò) связана с 
процессами доотверждения, а вторая область, по-видимому, обусловлена различными кислородсодержащими 
группами, образующимися при воздействии электрических разрядов, и их взаимодействием с наполнителями в 
образцах ПЭТ. Результаты исследования показывают, что имеется возможность регулирования позисторных свойств 
элементов,  изготовленных из прессматериала ПЭТ путем воздействия электрических разрядов и γ-излучений, а также 
изменением содержания и типа наполнителей. 
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The photosensitive structures of In/PbGaS4 and In/pbGaSe4 have been created and investigated. the spectral dependencies of 

photocurrent at the different temperatures and applied voltages, show the presence of the local centers inside the forbidden band width, 
connected with the self-doping and appearing crystals in the process of the obtaining. 

 
The numerous class of the triple compounds II-III2-IV4 

(where II two-valent cations are Mn, Pb, Hg, Zn; III three-
valent are chalcogens S, Se), belong to the number of 
multicomponent semiconductors, the initial investigations of 
which have already led to new besides them, which are 
perspective for the applying of the materials in the 
optoelectronics [1,2].  

The compounds PbGaS4(Se4), belonging to the given 
class, are the photosensitive ones in the visible region of the 
spectrum. Some parameters of crystals (the forbidden band 
width, the nature of the optical transitions, phonon energy, 
dielectric constant, photoconduction mechanism and e.t.c.) 
were identified by the investigations of their physical 
properties, in the same way as the electric and optical ones 
(absorption and Romanov spectrums) [3-5]. 

In the present paper the results of the investigations for 
the studying of the photoconduction nature in PbGaS4(Se4) 
are presented. 

On the basis of the experimental and literature data, we 
can note, that II-III2-VI4 belong to the defective crystal group. 
The wide application of the semiconductors II-III2-VI4 in the 
microelectronics during long time was strongly limited by 
fact, that in these semiconductors always many prolonged 
defects, such as boundaries of grains and dislocation. It is 
known, that such defects are responsible not only for the 
significant decrease of the motion of majority carriers and the 
life time of the minority carriers, but can be as the centers of 
the creation of the secondary phases and segregation of 
impurities in the process of the crystal growth [6]. 

Thus, the significant change of these material properties 
can be achieved by the way of the controlled doping, i.e. that 
in the process of the crystal growth the degree of their 
inclination from stoichiometric can be controlled or 
influenced on the segregation impurity mechanism. 
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Fig.1. a) The photoconduction spectrum for the structures In/PbGaSe4 at the temperatures T=110(1), 306K(2). 
          b) The photoconduction spectrum of In/PbGaS4 at the temperatures In/PbGaS4 at the temperatures T=100(1), 290K(2). 

 
The obtaining of the detailed know ledges about local 

disorder, as in the elementary semiconductors, so in the 
compounds, is the open problem, as disordered mass 
impurities or point defects in some crystal region difficultly 

differ from the prolonged ones. The prolonged defects are the 
sources of the electric fields and fields of the high voltage, 
appearing near them, that significantly differs their electronic 
states from the electronic states of the local mass of 
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impurities. It can be proposed, that photoconduction in the 
crystals PbGaS4 and PbGaSe4connects with such prolonged 
defects, which manage to store the big enough charge for the 
illumination time. It is hardly to believe, that the permanent 
impurities, being in the substitution state or the intrinsic point 
defects can influence on the band structure so significantly, 
i.e. lead to the appearance of the local electronic stats inside 
the conduction band. In this case in the photoconduction band 
the maximums would be appeared behind the intrinsic 
absorption edge (fig.1a and 1b). 

From the figures it is seen, energetic value of short-wave 
maximum on the photoconduction spectrum samples of 
PbGa2Se4 coincides to the value, defined from the 
measurements of the optical absorption (Eg=2,35eV) [4], but 
on the photoconduction spectrums of PbGa2Se4 samples the 
intrinsic conduction band isn’t observed. However, the 
optical absorption edge for the direct allowed transitions 
shows that Eg=2,78eV [7]. 

At the low temperatures the spectrum narrower and the 
impurity maximum at 1,61eV becomes more intensive than 
the short-wave one, but the other maximums disappear. This 
fact probably connects with the insufficient influence of such 
kinds of defects on the conduction at the low temperatures. In 
the samples PbGa2S4 the temperature decrease doesn’t lead 
to the decrease of the action of the similar kinds of defects 
that probably connects with the decrease of the defect 
number, taking part in the conduction. 

For the observation of the effects, which go on the crystal 
volume of PbGa2Se4, the samples were lightened from the 
opposite side of contact (fig.2). It is seen, that at this the 
intrinsic photoconduction band becomes almost invisible on 
the phone of the impurity conduction bands. This fact and 
moreover, the difference of the energetic positions of the 
maximums, by our opinion connects with the quantity and 
different volume impurity distribution. 
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Fig.2. The photoconduction spectrum of PbGaSe4 at T=300K.  
          The illumination geometry: from the side of indium  
          contact – 1; from the side of PbGaSe4 crystal – 2. 
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Fig.3. The photoconduction spectrums of In/PbGaS4 at 300K  
           and applied voltage U=50(1), 100(2), 250(4), 400(5).  
 
The analysis of the obtained experimental data shows that 

energetic position of the maximums on the photoconduction 
spectrum for the sample In/PbGaS4 doesn’t depend on the 
external electric field and temperature (fig.3). 

The observation of these defects connects with the 
realization in the base region of the structures of the complex 
(multicentral) recombinative model, including the s-channel 
of the intensive recombination, r-centers of photosensitivity, 
t-centers of majority carrier attachment [8]. 

As the r-centers are the photoactive, so they cause the 
more slow temp of electron recombination, and consequently 
the most time of their life 

 

rnr

r
n PC

g
=τ  

 
where gr~CprNr realizes between regions of the temperature 
extinction of photocurrent (TEPh) and temperature activation 
(TAPh) and depends on the yield of the recombinative flux 
on r-channel (gr≤1); Cnr and Cpr are the coefficients of the 
electron and hole capture by slow r-recombinative centers, Nr 
and Pr are concentrations of electrons and holes on r-levels at 
the illumination. 

The intensity of the impurity band (fig.4), connected with 
r-centers is proportional to the value τn(3) under the condition 
gr=1. They depend on the technology of crystal obtaining.   

The regions of TAPh (100÷131K) and TEPh (131÷250K) 
are observed on the temperature dependence at the impurity 
excitation of monocrystal sample PbGaS4. 

At the temperature (131K), according to the photocurrent 
maximum, the main recombinative flux goes through r-
centers. The further temperature decrease leads to the 
generation of the minority carriers from r-centers and 
promotes to the transition of these charges on s-centers, with 
the connection of which, the life time of the free electrons 
decreases and TEPh is observed. 
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Using the method, described in the ref [9], based on the 
experimental data, the energetic state of the r-centers of 
recombination, which is equal to 0,24eV, has been defined. 
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Fig.4. The dependence on the photocurrent temperature for  
           In/PbGaS4. 
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Fig.5. The photoconduction spectrums of In/PbGaS4 before (1)  
           and after annealing (2). 
 

On the fig.5 the photoconduction spectrums before and 
after crystal annealing with and without sulfur atmosphere 
are presented. It is seen, that annealing leads to the 
disappearance of the another types of th defects besides the 
one. This proves the presence of the defective structure and in 
spite of the quantity of the defects this doesn’t lead to the 
appearance of the secondary phase that is proved by 
differential-thermal (thermographical) analysis (fig.6). 

 

 
 
Fig.6. The thermographical spectrum of PbGaS4 crystal before  
           (I) and after annealing (II). 
 
In the conclusion we can note, that photoelectrical active 

centers in PbGa2S4 and PbGa2Se4 can be intrinsic defects – 
vacancies of atoms of sulfur and selenium, correspondingly, 
appearing in the result of these atoms from the composition 
in the synthesis process. Quantity of these defects is 
correlated by the technological modes of crystal obtaining.
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PbGa2S4 (Se4) TÈPLÈ FOTOHßSSAS KRÈSTALLARDA FOTOKE×ÈRÈCÈLÈYÈN MEXANÈZMÈNÈN 

ARAŞDÛRÛLMASÛ 
 
In/PbGa2S4 vÿ In/PbGa2Se4 structurları yaradılmış vÿ tÿdãiã edilmişdir. Möxtÿlif temperaturlarda vÿ tÿtbiã olunàn 

gÿrginliklÿrdÿ spektral asûlûlûãlar ãadağan olunmuş zolağın öçÿriídÿ kristalûn alûnması zamanû ÿmÿlÿ gÿlÿn vÿ þzö-aşqarlama 
ilÿ ÿlaqÿdar olan lokal mÿrkÿzlÿrin mþvcudluğunu gþstÿrir. 

 
 
 
 



N.N. MUSAYEVA, O.B. TAGIYEV, R.B. JABBAROV, I.I. ALIYEV 
 

 64

Н.Н. Мусаева, O.Б. Тагиев, Р.Б. Джаббаров, И.И. Алиев 
 

ВЫЯСНЕНИЕ МЕХАНИЗМА ФОТОПРОВОДИМОСТИ У ФОТОЧУВСТВИТЕЛЬНЫХ КРИСТАЛЛОВ 
ТИПА  PbGa2S4(Se4) 

  
Созданы и исследованы фоточувствительные структуры In/PbGaS4 и In/PbGaSe4. Спектральные зависимости фототока при 

разных температурах и приложенных напряжениях указывают на наличие локальных центров внутри ширины запрещенной зоны,  
связанных с самолегированием и возникающих  в процессе получения кристаллов. 
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The laboratory plant has been worked out for electrophysical investigations of the electrochemical corrosion of metals under heat 

transfer and different movement speeds of electrolytes. 
The plant simulates the operation conditions for the heat-exchangers` pipes and enables to elicit the heat transfer parameters` and the 

movement of the liquid`s impact to the corrosive and electrochemical behavior of metals in the electrolyte solutions. 
 
Heat exchangers, in particular, used in cooling systems 

of the fuel and energy industry (condensers, compressors, 
etc.) are operating in conditions where metal and water are in 
contact under the heat transfer and the different speeds of 
movement of liquids. 

As a rule, the heat exchanger pipes metals corrosive and 
electrochemical behavior is studied in static (no movement of 
liquid) and dynamic (liquid is mixed up) conditions under the 
thermal equilibrium, i.e. when the metal – electrode and the 
solution – electrolyte temperatures are the same.  

However, the heat transfer surface (metal) temperature 
differs from the cooling (or warmed) liquid temperature in 
the heat transfer systems i.e. the metal - liquid interaction 
process is going on under the heat transfer. Mixing up of the 
liquid may not also correspond to the actual movement 
speeds observed in the heat exchangers. 

To investigate the heat transfer and the liquid`s 
movement speed impact on electro- chemical behavior of 
metals, the plant with rotating heat transmitting disk electrode 
(fig.1) equipped with electronic speed governor and tacho-
generator has been developed in the physico-chemical 
Institute named after L.Y. Karpov (Moscow) under the 
guidance of L.I. Freyman with collaboration of the author. 
Truncated cone (6o) shape, 7 mm diameter and 6 mm height 
disk electrodes (fig.2) are used at this plant. The disks are 
pressed into the teflon shells with screw thread; aluminum 
washers are put into the shells to ensure sealing and electrical 
contact. 

The shell with the heat transmitting disk electrode 1 is 
screwed on the lower hollow shaft 2 of the plant (Fig.1). 
Then the working surface of the disk is grinded by rotating 
the plant`s shaft according to the procedure [1]. 

Electrical contact of electrode with the shaft 2 through 
the aluminum washer, housing 3, brass rings 5 and copper-
graphite brushes is used for polarization and measurement of 
the electrode potential.  

Heat transfer is provided by hot glycerol from the double 
pump thermostat fed into the hollow shaft 2 through the 
coaxial double pipe 9 fixed immovably. Heat carrier is forced 
into the elongated inner pipe through the branch pipe 8 and is 
sucked off through the shorter outer pipe and branch pipe 7. 
Speed of suction exceeds speed of forcing in the thermostat 
thus preventing leakage of the heat carrier through the 
unsealed void between the double pipe 9 and the shaft 2. 

Hollow shaft 2 together with the disk electrode 1 is put 
in motion by electric motor 4. Rotation is stabilized by tacho-
generator 6. 

 

 
 

Fig.1. Plant with rotating heat transmitting disk  
                   electrode  (without cell) 
 

 
Fig.2. Heat transmitting disk electrode: 

    1 - teflon shell;  2 – disk electrode;  
                  3 – aluminum washer;  4 – plant`s shaft  
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Fig.3. The plant for potentio-statical polarization measurement  
          under the heat transfer and the rotation of the disk      
          electrode with potentiostat, electronic speed governor,  
          rotating heat transferring disk electrode unit, electro- 
          chemical cell, the double pump thermostat forcing the  
          heat carrier and the thermostat for heating of the cell. 
 
To measure the heat carrier (glycerol) temperature 

directly at the warmed side of the disk electrode, a chrome-
copper thermocouple is fixed inside the teflon shell (without 
strict     contact    with   the   electrode).     The    electrolyte`s  

temperature in the cell is maintained by the second thermostat 
with one pump. General view of the plant is shown on the 
fig.3. According to the laboratory simulation of the internal 
pipelines` corrosion [2], the diffusion layers on the viscously 
streamlined disk rotating with n rpm and at the inner side of 
the pipe (far enough from the inlet) have the same thickness 
under the average speed of the turbulent flow U, m/s if 

 
         U = 0,26 Pr1/12 (ν n)1/2, 
 

where: ν is a kinematic viscosity in St; Pr = ν/D  - the 
Prandtl criterion; D – diffusion coefficient (cm2/s). 

For example: D ≈ 1,0 x 10-5 cm2/s, ν = 3,8 x 10-3 cm2/s 
for Caspian sea water under 900C [3]. It appears in this case 
that 1000; 2000; 3000 and 4000 rpm of the disk angular 
speeds are corresponding to the 0,84; 1,19; 1,45 and 1,68 m/s 
of linear speeds of the liquid`s movement inside the pipes. 
Similar speeds are corresponding to the average speed of 
movement in the film evaporator of the Sea water [4]. 

The described Plant enabled electrophysical 
investigations of corrosive and electrochemical behavior of 
aluminum alloys in actual conditions of thermal desalination 
of the Caspian Sea water under the speeds of water 
movement and the temperature drops in dozens centigrade 
degrees in the metal – liquid system observed at practice. 
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ЕЛЕКТРОФИЗИКИ ТЯДГИГАТЛАРЫ АПАРМАГ ЦЧЦН ФЫРЛАНАН ИСТИЛИК ЮТЦРЦСЦ ДИСК ШЯКИЛЛИ 
ЕЛЕКТРОДЛУ ГУРЬУ 

 
Истилик ютцрмя вя майелярин мцхтялиф сцрятляри шяраитиндя металларын електро-кимйяви коррозийасынын електро-физики тядгигат ишлярини 

апармаг цчцн лабораторийа гурьусу ишляниб щазырланыб. 

Бу гурьу истилик мцбадиляси апаратларын боруларынын истисмар шяраитини моделляшдирир вя електролит мящлулларда истилик ютцрцлмясинин 
параметрляринин вя майенин щярякятиня металларын електро-кимйяви коррозийасынын юзцнц апармасынын тясирини ашкар етмяйя имкан 
верир. 

А.Ф. Алиев  
 

УСТАНОВКА С ВРАЩАЮЩИМСЯ ТЕПЛОПЕРЕДАЮЩИМ ДИСКОВЫМ ЭЛЕКТРОДОМ ДЛЯ 

ПРОВЕДЕНИЯ ЭЛЕКТРОФИЗИЧЕСКИХ ИССЛЕДОВАНИЙ  

 
Разработана лабораторная установка для проведения электрофизических исследований электрохимической коррозии металлов 

в условиях теплопередачи и различных скоростях движения жидкостей.  

Установка моделирует условия эксплуатации труб теплообменных аппаратов и позволяет выявить влияние параметров 

теплопередачи и движения жидкости на коррозионно-электрохимическое поведение металлов в растворах электролитов. 
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Equations describing conditions of preferential non-reflecting (full) absorption of electromagnetic radiation into dielectric-metal system 
with covered arbitrary number of quarter-wave none-absorbing layers on it has been obtained.  The Influence of   such   multilayer resistance 
transformer on band of preferential absorption of radiation is shown. 
 

In the refs [1,2] the existence of the non-reflecting (full) 
absorption of the electromagnetic radiation in the plane two- 
layered system polar dielectric-metal had been theoretically 
predicted and experimentally proved. This effect appears in 
the dispersion region of the material of the dielectric covering 
at the discrete values of incident radiation   wavelength λ0, 
thickness l0 of the reflecting layer of the covering. The 
obtained spectrum λ0 and l0 has a resonance character, it is 
individual for the covering substance and defined by its static 
and dynamical properties. The spectral values λ0 and l0 
correspond to the appearing once so-called zero minimums of 
the dependence of the module of wave reflection coefficient 
ρ on the thickness l of composition layer. Moreover, the 
obtained values l0 are close, but don’t equal to the values, 
which are multiple once to the quarter - wave length λg in the 
dielectric covering. The specified theoretical and practical 
interest is the investigation of this phenomenon at the 
presence of the additional plane quarter-wave layers from the 
non-reflecting materials, which situate upper than the 
absorption dielectric of the two-layered system dielectric-
metal [1,2]. The presence of such additional layers can 
influence on the selective absorption band of wave in the 
same way, as it is in the tasks of the optic’s antireflection. 

Let’s consider the general task of the reflection of the 
plane-reflected wave, falling normally on the plane multi-
layered system, which can be presented in the capacity of the 
two-layered absorption system dielectric-metal, connected 
with the air part of the radiation space with the help of 
resistance transformer, which in the general case presents by 
itself the m successively covered quarter-wave layers from 
the non-reflecting dielectrics. The transformation ratio of 
such layered resistance transformer is equal to  
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where Z1, Z2, ... Zn are wave resistances of the direction 
system, filled by the materials of m successively applied 
layers of resistance transformer, accordingly. 

The complex value of the wave reflection coefficient of 
the system, absorbing the dielectric-metal, taking into 
consideration the resistance transformer, is equal to  
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where p
2

i −= ε
λ

π
γ ; Z, Z0 are the wave 

propagation constant and the wave resistance of the directing 
system, filled by the material of the main absorbing layer; 
ε=ε’ -iε’’; ε’, ε’’ -are values of the dielectric constant and 
dielectric loss of the material of the absorbing layer, 
accordingly; l is the thickness of the layer of the absorbing 
dielectric, ρ= (λ/λ cr )

2; λ-is the wavelength; λcr is the critical 
wavelength, defined by the measures of the directing system. 

The values εI and εII of the absorbing coefficient, 
including in the equation (2), connect with its wave refraction 
coefficient n and factor of dielectric loss with the known 
ratios 
              εI = n2 (1-y2 ) ;        εII = 2 n2y                       (3) 
 

For the convenience of the later considering, let’s 
introduce the mention of the given values of wave refraction 

coefficients n€ and factor of the dielectric loss y€ , which 
are differ from n and y in the case of the usage of the 
direction system, when value p differs from 0.  

From the expressions for γ€, taking into consideration (3), 
it follows, that 

                                        
p1

n
n

−
= ; y = tg ∆/2 ; ∆ = arctg ′′ε /( ′ε -p)                                             (4) 

 
where n€= λв/λg ; λв = p1/ −λ     is the wavelength in 
the empty directing system and direction one, filled by the 
absorbing dielectric, accordingly. 

Applying such output process that was in the ref [4] we 
obtain the following equations, defining the conditions of the 
full non-reflecting wave absorption in the considered multi-
layered system. 

 



M.A. SADIKHOV, S.T. AZIZOV  

 68

222
b

222

222

222

k)y1(n
kyn2

arctg
4
1

4
1N2

(
nk

1l

yn)nk(
y~n)nk(

ln
y2

1
k)y1(n

kyn2
arcng)1N2(

−+
+

−
=

⎭
⎬
⎫

+−
++

=
−+

+−

πλ

π

    (5)

where N is the number of the zero minimum of dependence 
of ρ on l. 

The equations (5) establish the connection between values 
n, у, N, at which in the considered multi-layered system the 
full non-reflecting wave absorption appears. At p=0 and k=1, 
they are equal by form with the analogical equations, 
obtained at the consideration of the conditions of the non-
reflecting wave absorption in the two-layered system 
dielectric-metal in the free space.   

The equation (5) doesn’t take into consideration the 
change character with the frequencies ε’, ε’’ of dielectric 
material, which is the absorbing layer of the considered 
multi-layered system. For the concretization of the appearing 
conditions of the non-reflecting wave absorption for the real 
polar compositions, let’s take into consideration, that their 
dielectric properties in the region of wave dispersion are well 
enough described by Debye equation 
                                                       

  ωτ
εεεεεε

i1
i 0

+
−

+=′′−′= ∞
∞    (6) 

 
where ε0, ε∞ are extra dispersion statistic and high-frequency 
dielectric constants of composition; ω is circular frequency; τ 
is the relaxation time[3].  

The combine solution of the equations(5) allows to find 
the functional connection between ε0, ε∞ and τ of material of 
the covering absorbing layer, wavelength λ0, thickness l0 of 
the covering absorption layer, transformation coefficient k, at 
which the non-reflecting wave-absorption in the multi-
layered system will take place. For the finding of this 
connection the iterating process of the solution of the initial 
equations has been applied. 

The results of the carried out calculations for the case of 
the first five zero minimums of function ρ(l) are given on the 
figure 1 in the generalized coordinate planes 

⎥⎦
⎤

⎢⎣
⎡

λ
ωτ

l
,lg  and [ ]0,lg εωτ . Taking into 

consideration, that ε∞ of the more polar compositions within 
2-3 units, was equal to 2 at the carrying out of the given 
calculations. The obtained dependences ε0 on lgωτ  at 
different N of the zero minimum of the function ρ(l), and 
their vertexes achieve to the value ωτ=1, according to the 
center of the dielectric dispersion region. The value l0/λB 
increases with the increase of lg ωτ and stabilizes at  ωτ>1. 
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Fig.1.The dependence ε0,ε∞ and relaxational τ,ω characteristics    
          of the selective wave absorption for the different numbers  
          N of zero minimum of function ρ( l). 

 
As it follows from the fig.1, at the given N, ε0, ε∞ and τ 

can be two couples of values λ0 and l0, at which the 
conditions of non-reflecting wave absorption in the system 
dielectric-metal is carried out. The analysis of behaviour of 
functions  ε0, l0/λ0 on lgωτ shows, that in the dispersion 
region of composition should be the spectrum of wavelength 
and the spectrum of the thickness of reflecting composition 
layer, corresponding to it. The character of these spectrums is 
strongly individual for every composition and is defined by 
its statistic and dynamic dielectric properties. The spectrums 
consist on two branches: low-frequency and high-frequency, 
differing by only change character of values of spectral 
wavelengths with the increase of the thickness of covering 
composition layer, corresponding to it. For the low-frequency 
spectrum arm the increase of λ0 with he increase of N 
accompanies by the increase of l0. It is characterized, that 
dielectrics with small values ε0 may have the degeneration of 
absorption spectrums because of the disappearance of their 
spectral lines, corresponding to first zero minimums of the 
function ρ( l). 
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ЕЦКЛШИШТВЦ ЬЪПФМШЬЦЕ ЕКФТЫАЩКЬФЕЩКГ ОУКДЦЖЦТ ВШУДУЛЕКШЛ-ЬУЕФД ШЛШДФНДШ  ЫШЫЕУЬШТВЦ 
УДУЛЕКЩЬФПТШЕ ЖЪФДФТЬФЫЭТЭТ ЖЦКЕДЦКШ 

 
Шлш дфндэ  вшудулекшл-ьуефд ышыеуьштшт ъяцкштц вбкевцишк вфдхф дфнэ щдфт цлы уевшкьцнцт дфндфкэ юцлшдьшж цлы уевшкьцнцт (ефь) 

гвгдьфыэтэт жцкедцкштшт ецтдшлдцкш фдэтэи. Иг ющч дфндэ ьъпфмшьце екфтыащкьфещкгт ыуюшдьшж гвгдьф ящдфхэтф ец'ышкш йбыецкшдши. 
 

М.А. Садыхов,С.Т.Азизов 
 

УСЛОВИЯ ПОЛНОГО ПОГЛОЩЕНИЯ ЭЛЕКТРОМАГНИТНОГО ИЗЛУЧЕНИЯ ДВУХСЛОЙНОЙ 
СИСТЕМЫ ДИЕЛЕКТРИК-МЕТАЛЛ ПРИ НАЛИЧИИ ТРАНСФОРМАТОРА СОПРОТИВЛЕНИЯ   

 
Получены уравнения, описывающие условия избирательного безотражательного (полного) поглощения электромагнитного 

излучения в системе диэлектрик - металл с нанесенным на него произвольным числом четвертьволновых непоглощающих слоев. 
Показано влияние такого многослойного трансформатора  сопротивления на полосу избирательного поглощения излучения. 
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Different speeds of movement and heat transfer parameters impact on electrochemical behaviour of aluminium alloy in the Caspian Sea 

water has been investigated including also methods used to prevent scaling by acidification of water and injection of anionic surfactants. It 
was found that increase in speed up to 2 m/s is the favourable stability factor against the pitting corrosion and the heat transfer through the 
surface under the temperature drop up to 90°C / 140°C at the metal-liquid system doesn’t lead to dangerous contraction of passive area, i.e. 
is safe from the rise of the pointed-pitting corrosion standpoint. 
 

Caspian Sea water is often used in the Fuel and Energy 
and Oil and Gas extractive industry Units’ cooling systems 
due to deficiency of fresh water in the Caspian regions of 
Azerbaijan, Kazakhstan and Turkmenistan. Moreover, heat 
transfer surfaces, as a rule, are made of costly alloys on the 
base of copper (cupronickel, brass, bronze) and stainless 
steels. 

Decrease in prime cost of Units and production is possible 
provided replacement traditionally used materials by some 
considerably cheaper and available aluminium alloys which 
are almost 3 times lighter and 5-6 times cheaper than the 
copper ones of the same size. 

Corrosive and electrochemical characteristics as well as 
protective effect mechanism for number of aluminum alloys 
during thermal desalination of Caspian water have been 
studied under heat balance and intermixing of medium [1-6], 
i.e. when the metal-electrode and the solution-electrode 
temperatures are the same. However, the heat transfer surface 
(metal) temperature differs from the cooling (or warmed) 
liquid medium temperature in the heat transfer systems, i.e. 
the metal-liquid interaction process is on, under the heat 
transfer. Mixing up of the liquid may not also correspond to 
the actual speeds of movement observed in the heat 
exchangers. 

According to the procedure [7] the anodic potentio-static 
polarization curves have been read from the three-electrode 
cell made of pyrex-glass with electrode spaces for divided by 
taps, at the laboratory plant with rotating heat transfer disk 
electrode. Disk electrodes have been made of the Al-Mn 
alloy (1,0 – 1,4 % Mn; 0,2 – 0,5 % Mg, everything else is of 
– Al) – which is one of the most corrosion resistant alloys to 
sea water [1 – 6]. Natural Caspian sea water from the 
Absheron seacoast has been used as an electrolyte (total salt 
content is apprex. 13g/l ; Cl- ≈ 5,35 g/l; SO −2

4  ≈ 3,1 g/l; 

(Ca2++Mg2+)≈80,0 mg-ekv/l; (HCO −
3 +CO −2

3 )≈4,0 mg-ekv/l; 
(Na+ + K+)≈3,4 g/l. 

Model aluminum or it’s alloy anodic potentio-static 
polarization curve in the sea water is shown on the fig.1. As it 
is seen, there is no active dissolution area on this curve and 
metal is in passive state when corrosion potential is (ϕcor). As 
soon as definite pitting-formation potential (ϕpf) is achieved, 

drastic rise in anode current is registered, caused by local 
breach of passivity and formation of pittings.  

According to general theory of this process offered by 
Ya.M. Kolotirkin [8], migratory accumulation of activated 
anions takes place by the most active parts of the metal 
surface. When ϕ=ϕpf the anions force out the passivated 
oxygen and take part in the local dissolution process (as 
catalyst) at this places. Passive area width is defined by the 
∆ϕp = ϕpf – ϕcor difference during the anodic polarization. 
Potential at which the direct and back stroke anodic curves 
are intersected is defined as the pittings repassivation 
potential (ϕrp). Density of anodic current in passive area ip    
corresponds to the metal corrosion speed in current units. 

According to the published works [9,10] formation of 
pitting could not happen in the ϕ < ϕrp area,  arose pittings 
may develop and formation of pittings could happen during 
sufficient time delay in the ϕrp ≤ ϕ ≤ ϕpf area and pittings 
arise practically at once in the ϕ > ϕpf area. Development of 
pittings which are already arose will be stopped only in case 
if the potential becomes lower than ϕrp.  

Thus, location of ϕcor potential regarding ϕpf and ϕrp 
potentials defines, in essence, the stability to the pitting 
corrosion. Movements speed impact on parameters of the Al-
Mn alloy anodic polarization curves is studied in the sea 
water warmed up to 90o C under the disk electrodes rotation 
speeds of 1000, 2000, 3000, 4000 rpm that corresponds to the 
linear speeds of the liquid movement of 0,84; 1,19; 1,45 and 
1,68 m/s inside the pipe. 

Electrochemical measurements have been made in the 
thermostatic three-electrode cells made of pyrex glass with 
electrode spaces divided by taps. Investigated heat 
transmitting disk electrode has been placed in the middle part 
of the cell and connected to the reference electrode by Luggin 
capillary. Platinum has been used as an auxiliary electrode 
(AE) and silver chloride in the saturated solution of KCl – as 
a reference electrode. 

 The cells had plane bottom enabling mixing up of 
solution by MM – 3 type magnetic mixer when necessary. 
Working volume of the cell (investigated electrode’s section) 
is 50 ÷ 100 sm3, quantity of solution in it is 20 ÷ 50 sm3. 

Polyethylene hose connected the cell to the vessel for 
preparation of solution, equipped by casing for thermostating 
purpose like the cell itself. U-1, U-10, LP-201, TC-16 
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thermostats have been used for thermostatting. The 
thermostat’s liquid is distilled water (up to 90oC) or glycerol 
(over 90oC). 

Investigated disk electrodes have been made of aluminum 
alloy reds pressed into the teflon. To avoid gap effects, close 
fitting to the insulating material’s metal had been carefully 
checked. 

Before experiment the disk electrodes have been cleaned 
out by fine files of different numbers with consecutively 
decreasing size of the abrasive grains, degreased by ethyl 
alcohol, washed by distilled water and working solution. 

 Polarization curves have been taken based on steady-state 
corrosion potential (ϕcor) after 1-2 hours following immersion 
of the electrode. The potential have been changed by 10 – 30 
mV steps with 2 – 3 min time delay per step. The delay have 
been extended up to 10 – 20 min nearly the pitting formation 
potential ϕpf (when potentials were approx. 100 mV lower 
than ϕpf). To take cathode curves the polarization have been 
stopped at potentials 0.5 – 0,6V lower ϕcor. Each polarization 
curve have been taken 3–6 times. Findings have been 
averaged. 

Taking into consideration the recommendations [5, 6], 
stability to pitting have been estimated according to 
conventional width of passive area ∆ϕp=ϕpf – ϕcor, i.e. 
according to potentials interval higher ϕcor, where metal is 
passive as well as according to difference between 
repassivation potential and corrosion potential  (ϕrp - ϕcor) i.e. 
according width of the area where pittings could not happen; 
to measure the pittings repassivation potential (ϕrp) after the 
current density achieves approx. 10–3 A/sm2 during the 
anodic activation process, polarization have been changed in 
the opposite direction and back stroke anodic polarization 
curve have been taken with the same speed until intersection 
with the part of the direct stroke curve corresponding to the 
passive area. 

Time delay per each potential have been extended up to 
5–7 minutes nearly ϕrp. Results of the ϕrp measurement by 
potentio-static method (potential shifting speed is 20mV/min) 
are the same. 

Findings (fig.2) show that along with increase in the disk 
rotational speed the corrosion and repassivation potentials are 
changing a little like the corrosion current in the passive area, 
passive area ϕrp – ϕcor width exceeds 200 mV all over the 
investigated liquid speeds’ range (the potential values are 
shown reduced to the n.h.e. – normal hydrogen electrode). 
Along with increase in rotation speed up to 2000 rpm, the ϕpf, 
potential is shifting into the passive side (that is in  
conformity with data [11] for aluminum in the (NaCl) 
solution at 110 mV); further increase in the electrode rotation 
speed shifts the ϕpf into the more negative values’ side, 
however this potential is more positive than in the static 
conditions ever when n = 4000 rpm. 

Experiments with disk electrodes have been made under 
heat transfer conditions with n = 1000 rpm (0,84 m/s). 
Presented in the table are the parameters of received anodic 
polarization curves competitive to the relevant characteristics 
under the heat balance.  

As it seen from the table, if there are no descalers in the 
water, the corrosion speed and pittings repassivation potential 
are unchangeable under heat transfer through the disk, ϕcor 
potential is shifted first 30 mV into the negative side under 
the temperature drop of 120o C/90o C and then 90 mV – into 

the positive side under the temperature drop of 140o C/90o C. 
ϕpf Potential is shifted into the negative side maximum 
100mV under the temperature drop of 140o C/90o C, however 
∆ϕp (0,28V) and ϕrp - ϕcor  (0,21V) values are quite sufficient 
to avoid pitting corrosion in this case.  

Under the temperature drop of 140o C/90o C and the 
electrode rotation speed of 1000 rpm the anodic polarization 
curves have been also taken in the modes of scale prevention 
by acidification of water by sulfuric acid (5,7 ≤ pH ≤ 6,3) and 
injection of 100 mg/kg of anionic surfactant – sulphonic 
carbonate acid dysodium salt. 

 

 
Fig.1. Schematic anodic potentio-static polarization curve of  
          direct (      ) and back (         ) stroke for aluminium and its  
          alloys in the Caspian sea water. 

 

 
Fig.2. ϕrp - ϕcor, ϕcor, ϕrp, ϕpf and dependences of the Al-Mn  
          alloy in sea water under 90oC on disk electrode rotation  
          speed. 

 
Acidification itself shifts ϕcor to 40 mV into the negative side 
and ϕpf to 30 mV into the positive side under some increase 
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of corrosion current in the passive area (from 28 up to          
50 mkA/cm2). Injection of surfactant shifts ϕcor, to 80 mV 
into the negative side and ϕpf to 100mV into the positive side 
increasing significantly the passive area width ∆ϕpf. Thus, the 
alloy corrosion speed decreases 17,5 times (from 28 to 1,6 
mkA/sm2). 

Pittings repassivation potential is unchangeable in the 
scale prevention modes mentioned, however ϕpf - ϕcor and ϕpf 
- ϕrp values  are  increased   70 and 30 mV accordingly  in  
case  of acidification and 180 and 100 mV accordingly – in 

case of descaler injection (anionic surfactant) due to change 
of ϕcor and ϕpf. So, from the stability to pitting corrosion 
standpoint, movements of the sea water is a favorable (factor) 
facilitating removal of the metal dissolution products out of 
metal surface. As a result, the, ϕpf potential is more positive 
in dynamic conditions than in static conditions. Heat transfer 
through the surface doesn’t lead as well to the dangerous 
contraction of passive area especially when descaler (anionic 
surfactant exists). 

 
                                                                                                                                                                              Table 

Corrosion potential and parameters of anodic polarization curves for the Al - Mg alloy in the sea water under the heat balance 
and the heat transfer conditions (n = 1000 rpm) 

Measurement conditions ϕcor, V ϕpf,V ϕrp, V ίp·105, А/sm2 ∆φp, V ϕrp-ϕcor,V ϕpf-ϕrp, V 

Heat balance, 90о С -0,79 -0,35 -0,52 3,0 0,44 0,27 0,17 

Heat transfer, 120о С/90о С -0,82 -0,43 -0,52 3,2 0,30 0,30 0,09 

Heat transfer, 140о С/90оС -0,73 -0,45 -0,52 2,8 0,28 0,21 0,07 

The same in acidified sea water 
(5,7 ≤ рН ≤ 6,3)  -0,77 -0,42 -0,52 5,0 0,35 0,25 0,10 

The same in the sea water with 
100 mg/kg of anionic surfactant 

additive 
-0,81 -0,35 -0,52 0,16 0,46 0,29 0,17 
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À.Ô. ßëèéåâ 

ÄÈÍÀÌÈÊ ÈÑÒÈËÈÊ ÞÒÖÐÌß ØßÐÀÈÒÈÍÄß ÕßÇßÐ ÄßÍÈÇÈ ÑÓÉÓÍÄÀ ÀËÖÌÈÍÈÓÌ ßÐÈÍÒÈÑÈÍÈÍ 
ÅËÅÊÒÐÎÊÈÌÉßÂÈ ÚßÙßÒÄßÍ ÞÇÖÍÖ ÀÏÀÐÌÀÑÛ 

 

Õÿçÿð äÿíèçè ñóéóíäà ìöõòÿëèô ùÿðÿêÿò ñöðÿòëÿðèíèí âÿ èñòèëèê þòöðìÿ ïàðàìåòðëÿðèíèí àëöìèíèóì ÿðèíòèñèíèí åëåêòðî-êèìéÿâè òÿñèðè, î 
÷öìëÿäÿí ñóéóí òóðøóñóíó àðòûðìàãëà âÿ àíèîíëó ñÿòùè-àêòèâ ìàääÿëÿðèí äàõèë åäèëìÿñè öñóëëàðäàí èñòèôàäÿ îëóíìàñû òÿäãèã åäèëèá. 
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Ìöÿééÿí îëóíìóøäóð êè, 2 ì/ñ — äÿê ñöðÿòèí àðòìàñû, ïèòòèíý-êîððîçèéàñûíûí äàéàíûãëûüû öúöí ÿëâåðèøëè àìèëäèð, àììà ñÿòùäÿí èñòèëèê 
þòöðìÿ ìàéå-ìåòàë ñèñòåìèíäÿ òåìïåðàòóðóí 90 îC / 140 îC — äÿê äÿéèøèëìÿñè ïàññèâ ñàùÿíèí òÿùëöêÿëè äàðàëìàñûíà ýÿòèðìèð, éÿíè íþêòÿëè-
éàðàëû êîððîçèéàíûí ÿìÿëÿ ýÿëìÿñèíÿ òÿùëöêÿ éàðàòìûð. 

 

А.Ф. Алиев 
 

ЭЛЕКТРОХИМИЧЕСКОЕ ПОВЕДЕНИE АЛЮМИНИЕВОГО СПЛАВА В КАСПИЙСКОЙ ВОДЕ ПРИ 
ДИНАМИЧЕСКИХ УСЛОВИЯХ ТЕПЛОПЕРЕДАЧИ 

 
Исследовано влияние различных скоростей движения и параметров теплопередачи на электрохимическое поведение 

алюминиевого сплава в каспийской морской воде в том числе при использовании методов предотвращения накипи подкислением 
воды и введением анионных поверхностно-активных веществ. Установлено, что увеличение скорости до 2 м/с является 
благоприятным фактором устойчивости к питтинговой коррозии, а теплопередача через поверхность при перепаде температур в 
системе жидкость-металл до 90о С / 140о С не приводит к опасному сужению пассивной области, т.е. не представляет опасности с 
точки зрения возникновения точечно-язвенной коррозии. 

 
Received: 14.09.04 
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The present paper is the continuous of publications of complex of optical properties investigations, which are perspective for the practical 

additions of nonlinear crystals of LiNbO3+0,03%Fe with the aim of the usage in the systems of transmission, reception, treatment and 
storage of the optical information. 

 
 
After the recording of the interference figure of the 

interaction of two plane waves in lithium niobate, he can be 
considered as a crystal, the index of refraction of which is 
periodic function. 
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If the crystal thickness us more than the sizes of the 

recorded interference figure, so the hologram will have the 
properties of three-dimensional diffraction grating. Thus, the 
plane wave propagation along the trajectory is in the 
conditions of the periodic modulation of the lateral 
component of wave vector kx and consequently, the 
longitudinal component kz, connected with it by ratio 
kx

2+kz
2=k0

2n2.  The TE-wave amplitude, propagating in the 
medium, the index of refraction of which is defined by the 
expressions (1), satisfies to the Hill equation [5]: 
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After substitution of the decomposition f(ζ)  in Fourier 
series in (2), the characteristic constant δ is defined from the 
solutions of equations ∆(δ)=0 or 
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∆(δ) is Hill determinant. It is easy to note, that in the 

general case at δ=0, the necessity in the calculations of the 
determinant of infinite dimension matrix. However, for the 

case θ0 ≈ 1  the approximated solution  (6) shows that 
periodic medium under the condition 
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<−  behaves itself as Bragg 

reflector and diffraction, propagating in wave crystal, will be 
described by Bragg reflective angles, correspondingly. It is 
noted, that z axis situates parallel to vector difference vector 
(k1 - k2), where k1 and k2 are the wave vectors of two plane 
waves. 

  From the other side, the effects, connected with the 
attenuation of the luminous radiation, which is caused by the 
scattering, caused by the density fluctuations on the 
microscopic and atom levels, and absorption, and geometrical 
distortions of form, thickness and etc. also. For example, in 
the case of lithium niobate crystals, the space-time changes of 
the coefficient of refraction, appearing under the action of 
incident light, depending on its wavelength and intensity, 
lead to the trajectory change of the luminous beam 
propagation, geometrical sizes and form of output light spot. 
The last circumstance is demonstrated in the fig.2 by the 
intensity propagating in the region of output light spot, the 
maximum of which in the limits of general accuracy, should 
be situated in the center. It is clear, that all characteristics of 
incident light on crystal, were stable during the time of 
experiment carrying out, the influence of external factors, 
which can influence on the investigation results, is equal to 
zero. Thus, it is followed from the figures 1,2,3 and, 4 the 
consideration of space-time changes of index of refraction, 
kinetics of scattering and transmission processes, is the 
obligatory condition in the optical experiments with given 
crystal. It is need to note, that change of angle of incidence of 
light from 0 till π/3, leads to the decrease of the scattered 
light intensity, at the same moment as scattering indicatrix 
doesn’t change. This statement is stable till the crystal 
thickness is less than 3-4µ. In the other case, maximums of 
intensity of scattered light to 0 and π and scattering indicatrix 
becomes more diffusive. 

As forms of curves of coefficient of refraction change are 
close to Gaussian profile, so it can be proposed that  
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where ρ = x2+y2,  f(t) is function on time, b is some constant, 
n is coefficient of refraction.  
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Fig.1. Space and time dependencies (t=1,2,3  min.) of the  
          change of coefficient of refraction in lithium niobate  
          crystals. 

 

 
 

Fig.2. The time changes of the form and distribution of the  
          intensity in the output light spot region in lithium niobate  
          crystals (a – t=0; b – t = 2 min). 
 

 
 
Fig.3. The time changes of transmission (It) and scattering (It) of  
          the light in LiNbO3 +0,03%Fe (L=2µ, thickness of the  
          sample is 2mm, λ = 440 nm). 

 
Fig.4. The scattering indicatrix (Is) for LiNbO3 +0,03%Fe  
           (L=2µ, the thickness of the sample is 2mm). 
 
Taking into consideration, that the index of refraction of 

crystal doesn’t depend on x and y, i.e. we consider unlimited 

layered medium, and at z =-∞  )sincos(00 θθ xznki
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under the angle θ to z axis: ∫
−

+=
z

0z
2

a)z(
2

n

'
adz

0xx . The 

trajectory of any beam in the Cartesian coordinates for the 
considered case can be recorded in the form, where zо and xо 
are coordinates of the trajectory point, θsin0na = .The 
observable inclinations are well described by the given 
approach till the crystal thickness isn’t so bigger, than the 
sizes of recorded interference figure. From the other side, 
such approach doesn’t take into consideration this fact at all, 
that as of light propagation in the crystal, the intensity of the 
interacted pencils of light change because of the their 
interaction with the recorded holographic lattice by them. 
Such dynamic process leads to the essential coordinate 
dependence of amplitude and phase of the recorded lattice. 
According to the ref [2], the phase difference of two 
interacted pencils change thus, that surfaces of maximal and 
minimal change of the index of refraction generally stop to be 
the planes. However, if phase shift is equal to 0 and π, inspite 
of the unequal to 0 value of the diffraction efficiency, the 
intensity of the recorded pencils on the crystal output doesn't 
change. For the case of phase shift, which is equal to π/4, the 
recorded lattice has the alternating contrast on the crystal 
thickness. In many cases, after the recording of the 
interference figure in lithium niobate crystals (by the 
thickness, satisfying the condition (2πλz)/(nL2)>10 [1], 
where L is the constant of holographic lattice), the obtained 
holographic lattice can be related to the phase volume one. 
The limiting recording density for the volume holograms is 
estimated by the dependence of the diffraction efficiency on 
the inclination from Bragg angle. At the small intensities, this 
dependence well coincides with the estimate, given in the ref 
[1], ∆θ≈L/z. The further increase of the diffraction efficiency 
is accompanied by the broadening, connected with the 
presence of the efficiency nonhomogeneous on the crystal 
thickness. The more big the z value, the more big the 
nonhomogeneous and the broadening also. In the case of the 
LiNbO3 +0,03%Fe crystal (L=2µ, sample thickness-2mm) 
the reason of the nonhomogeneous can be energy exchange 
[3,10] between recorded beams, at which the contrast of 
interference figure changes (because of the change of phase F 

a

b
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and oscillating character η).From the other side, as it is 
followed from the analysis of time changes of transition and 
scattering. The big value has the exposition time of recorded 
hologram on this crystal. The value of crystal absorption at 
the above mentioned parameters, in the region 440nm near 
1,5 sm-1 and the peculiarities of angular selectivity of 
diffraction efficiency also weak dependence from this 
process. The obtained experimental dependencies of the 
diffraction efficiency on the value of phase shift and   angle 
of reading information for LiNbO3+0,03%Fe are presented 
on the fig.5,6. 

 
Fig.5  Dependence of diffraction efficiency η on phase  
          displacement angle. 
 

 
Fig.6   Dependence of  diffraction efficiency η/η0 on angle of  
           reeding information of holographic lattice in the crystal  
           LiNbO3  +0,03%Fe (L=2µ, sample thickness is 2mm,  
           η0=20%). 
   

They are well accord to the results of the ref [3]. 
The theoretic model, taking into consideration the 

nonlinear dynamic processes at the recording of the 
stationary holographic lattices with the taking into 
consideration of diffusion and drift of photocarriers, change 
of crystal dipole moment in the result of the elimination, was 
introduced in the ref [4]. The change of crystal ∆P, dipole 
moment, appearing in the generation and recombination 
processes of current carriers, was taken into consideration 
phenomenologically in the prediction, that it is proportional 
to the concentration change of the charged centers, i.e. in the 
form: )NN(dP AD −=∆

+rr
.  The connection of dipole moment 

change only with the change of the charge impurity state, 
probably doesn’t correct at all. It is possible to show, that 
absence of the consideration of ion arrangement relatively 
each other changes neglible few the value of sum crystal 
dipole moment. The questions, connected with the change 
nature of crystal dipole moment, were discussed in refs [5,6] 
and as analysis of the given experimental results show, the 
nature of these changes for the pure crystals and crystal with 
impurity is different. In our case we consider LiNbO3 with 
impurity 0,03%Fe, and the expression application (fPs), 
where )(

*
sfPα -is impurity polarizability; f- is Lorentz factor; 

(fPs) is the macroscopic field; &(*)(fPs) is the impurity dipole 
moment. For the case of shallow impurities: f=0. Thus, 
deposit in the polarizability change will be put by the deep 
levels. As at the homogeneous elumination of short-circuit 
crystal the macroscopic field has tendency to the zero, so 
dipole moment changes connect with the change of the 
polarizability and deformation of the space region near 
impurity atom. Experimentally, the dipole moment value can 
be defined, measuring the polarization currents [8]. The 
obtained results are well correspond with the ones, given in 
the ref [6] and Ps value is equal to 0,71 cm-2.  All above 
mentioned allows to take into consideration the time changes 
of dielectric constant. They can be easily obtained from the 
experiments, given not only in the present publication, but in 
the refs [3,5,6,7] also. 
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Fe:LiNbO3-ÖÍ ÎÏÒÈÊ ÕÖÑÓÑÈÉÉßÒËßÐÈ 

 
Òÿêëèô îëóíàí èø ïðàêòèê òÿòáèãëÿðäÿ áþéöê ïåðñïåêòèâè îëàí ãåéðè-õÿòòè LiNbO3+0,03%Fe êðèñòàëëàðûíûí îïòèê õàññÿëÿðèíèí êîìïëåêñ 

òÿäãèãèíÿ ùÿñð îëóíìóø èøëÿðèí äàâàìûäûð.Òÿòãèãàòëàð îïòèê ìÿëóìàòû õàðèúÿ éàéàí, ãÿáóë åäÿí, éåíèäÿí èøëÿéÿí âÿ þçöíäÿ ñàõëàéàí 
ñèñòåìëÿðäÿ èñòèôàäÿ îëóíà áèëìÿê ìÿãñÿäèíè äàøûéûð. 

 
Талат Р. Мехтиев 

 
ОПТИЧЕСКИЕ СВОЙСТВА Fe:LiNbO3. 

 
Настоящая работа является продолжением публикаций комплекса исследований оптических свойств перспективных для 

практических приложений нелинейных кристаллов LiNbO3+0,03%Fe с целью использования в системах передачи, приема, 
обработки и хранения оптической информации. 
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The technique of the layer thickness selection and composition of the binary absorbent microwave coverings are presented in the paper. 
 
INTRODUCTION 
The essentiality of the papers, connected with the 

theoretical analysis of the appearing condition of the non-
reflecting absorption of the electromagnetic radiation in the 
layer of the polar dielectric, taking into consideration its 
characteristics, treatment of the methodological and 
algorithmic software with the treatment of the methods of the 
measurements of the strongly-absorbent materials in the high-
frequency range, based on the non-reflecting wave absorption 
effect, makes them very perspective. 

The existence the non-reflecting wave absorption effect in 
the polar liquids and their solutions in the non-polar 
absorbents makes the perspective of their using in the 
capacity of the non-reflecting absorbents of high-frequency 
radiation. Such coverings may be used in the location 
techniques in the action band of the radio transmitting 
devices, at the creation of the dead rooms, and in the other 
areas of techniques and ecology, where appears the necessity 
in the absorption of the electromagnetic radiation of the given 
frequency, also. The existing absorbents of the 
electromagnetic radiation are carried out, as a rule, on the 
base of the compositional materials and have in their 
composition the thin metallic wires or high-disperse metallic 
particles. Moreover, the dissipation  of the electromagnetic 
radiation takes place in the surface layer because of skin-
effect [1,2,3].However, in such absorbents  the effective 
dissipation of the electromagnetic radiation decreases with 
the increase of its frequency, and that makes difficultness of 
the creating the high-frequency absorbents of electromagnetic 
radiation on the base of existing conducting materials. 

In such cases, when absorbents of the electromagnetic 
radiation have the metallic base, covered by dielectric film on 
it, in the capacity of which the polar substance with the 
maximal dispersion near given range of wavelength was 
used, it is hardly to select the material of the absorbing film, 
the dielectric properties of which satisfy to the conditions of 
the non-reflecting absorption of the incident electromagnetic 
radiation of the given frequency. 

In this direction prefer in the capacity of the material of 
the absorbing covering to use the homogeneous mixture, 
consisting on the polar dielectric with dispersion near the 
given range of wavelength and non-absorbing radiation of the 
non-polar substance, but not the concentration of the polar 
component of the mixture, and thickness of the covering 
layer it is need to choose from the theoretical positions, 
concluded for the case of the absence of the reflection of the 
electromagnetic radiation of the given frequency from 
dielectric-metal system. 

 
THE MAIN CONTENT 
It is known, that at the presence of the absorption of the 

electromagnetic radiation in the dielectric layer, covered on 

the metallic base, the dependence of the amplitude of the 
reflected wave on the thickness l of the covering layer has 
oscillating and damped character. The state and value of the 
module of the wave R reflection coefficient in the external 
points of this dependence is defined by the dielectric 
parameters of the covering substance and radiation frequency 
f .Moreover, the non-reflecting wave absorption in the 

considered two-layered system dielectric-metal realizes in the 
minimum points of the dependence R on l  at the carrying of 
the following conditions 

( ) ( ) ( )
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 is the dielectric constant and dielectric loss of covering 
substance, correspondingly;λ , λg are wavelength in the 

vacuum and dielectric, correspondingly, 0l  is the thickness of 
covering layer, at which R becomes equal to 0 ). 
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(2) 
the joint decision of the equations (1), (2) is defined the 

functional connection between λ , 0l  , ε' and ε"of material 
of the absorbing film, corresponding to the case of the 
complete extinction of radiation in the covering layer by the 
way of the deletion from the equations of λ  and  y . 

  The results of calculations by the equations (1), (2) are 
presented graphically in the axis of ordinates [ε', ε"] (fig.1). 
They are equal to the first three minimums of curve R on l , 
under the condition, that in the chosen its points of extremum 
points the wave reflection is absent. Every point of these 
dependencies is equal to definite value of the given thickness 
l0 λ  of covering layer, at which the conditions of non-
reflecting wave absorption are carrying out. 

  If absorbent’s covering is formed in the type of binary 
mixture of absorbent and nonabsorbent material, so values of 
the concentration dependencies ε′′ and ε′of mixture at the 
chosen radiation frequency are necessary for the finding of 



S.T. AZIZOV, M.A. SADIKHOV 
 

 78

the resonance composition of mixture ϕ and thickness l of the 
layer. 

  In this case it is necessary to cover the found 
dependence of ε′′and ε′ in the fig.1.  

 
Fig.1. The illustration of the graphical method of the  
           finding of the resonance concentrations of polar     
           component in the absorbent. 
 
 Then the points of intersection of this dependence with 

the curves, described by equations (1) and (2), allow to define 
the looking for the set of values ϕ0 and l0 for every N value. 
As the concentration dependence ε′′and ε′ of the concrete 
mixture it is difficult to express analytically, so we use the 

graphic method of the finding of resonance values ϕ0 and l0 
for their calculation, which was described in the ref [4]. 

In the table as a example are given the results of the 
calculation of the parameters of the non-reflecting coverings 
of the solutions of dimetilformamide-dioxan. 

 
 

N ϕ % l/λ 

1 4 0,1 

2 8 0,3 

3 19 0,7 

 
CONCLUSION 
  Thus, the search of the resonance values l  and λ , at 

which the conditions of non-reflecting wave absorption 
becomes unique. If the frequency dependencies ε"and ε'of the 
concrete covering material are known. In the dispersion 
region of the polar substance, its dielectric properties are well 
described by Debye equations. From the joint solution of 
Debye equations and equations (1) and (2), it is followed, that 
any covering substance has the frequency discrete spectrum 
and the spectrum of the thicknesses of covering layer, 
corresponding to it, at which the resonance non-reflecting 
wave absorption effect appears. 
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The separation method of thin-dispersion ferroelectric particles and their input in the crystallizing polymeric matrix have been 

described. The morphology of the obtained thin polymer composite films have been investigated. It is shown, that the increase of the part of 
the crystallic β-phase of the polymer matrix is observed at the volume content of the filler up to 15%, but at the high filler content the 
tendency to the clusteroformation takes place. It is established, that clusteroformation and conformation changes in PVDF, observed on the 
lines 840 and 813 sm-1 are interconnected. 

 
Introduction 
The obtaining and investigation of the properties of thin 

ferroelectric and electro active polymeric films is the actual 
problem with the aim of their application in the different 
converters [1-2]. It is known, that the sizes and volume part 
of filler particles play the determinative role in the process of 
the formation of composite material structure [3]. With the 
increase of the particle sizes, the specific surface increases, 
therefore the peculiarities of the interphase interaction and 
the size effects are strongly revealed [4-6]. The character of 
phase transitions changes at critic sizes of the filler or the 
thickness of the film, or in a particular, the decrease of the 
particle size leads to the decrease of tangent of dielectric loss 
angle [5]. It is need to note, that the substrate surface, on 
which these films have been obtained or treated, influences 
on the physical state of the thin films essentially. We 
informed about the influence of the substrate type on the 
submolecular structure (SMS) and showed, that by the choice 
of the corresponding substrate one can make dielectric 
properties of ftorpolymers better [6].  

The study of the structure peculiarities and properties of 
the thin polymer composite materials (PCM) with the thin-
dispersion ferroelectric fillers (particle diameter d<5mkm) 
opens the possibility of the revealing of the main regularities 
of the modification influence of surface and distribution of 
fillers on the electret and dielectric properties [4-8]. 

The modification influence of filler on the structure and 
electroactive properties of PCM have been made by different 
ways: plasmolysis, nanotechnology, using of the Lengmure-
Blodjet technology, selection of solvent and e.t.c. The 
application borders and realization possibilities of these 
methods are significantly differed. Moreover, as the analysis 
of the obtained data shows, the PCM can be created with the 
definite connectivity, morphology and improved electro 
active properties at the optimal their combinations in the 
dependence on the filler dispersion degree and polymer type. 

In the present work the method of separation of thin-
dispersion particles, the obtaining of the polymeric thin films 
on the base of the polyvinylideftoride (PVDF), filled by the 
thin- and monodispersion particles of ceramic powders by the 
PZT-19 type and investigation of their morphology and 
conformation changes in the dependence on the filler volume 
content, are described. 

 
The experimental part 
It is known, that the base of the sedimentation particle 

generation, having different sizes, according to which, 
particles, precipitating in the viscous medium, have constant 

velocity, depending on their sizes is the Stocks law [9]. For 
the spherical particle this velocity is expressed by the 

following form: ηπρρπ r6/g)(r
3

4
u lm

3 −= , where 

r is particle radius, η is dynamic medium viscosity, ρm and ρl  
are densities of material particle and liquid correspondingly. 
At the uniform motion u=const=H/τ, where H is 
precipitation height of particle, τ is precipitation time. Taking 
into consideration that d=2r, so for the determination of the 
particle diameter the following formulae is obtained: 

τρρη )(g/H18d lm −=   In the practical aims it is 
necessary to calculate the precipitation time on the fixed 
height of the particles, having the different diameters, by the 
formulae: 2

lm d)(g/H18 ρρητ −= . 
It is note that the given formulas are correct for the 

spherical particles and are applied for the diluted suspensions. 
For the particles of the irregular form, the representation 
about equivalent radius is used, corresponding to the radius 
of the spherical particle velocity.  

In our case the separation of the particles by the type 
PZT-19 was carried out in the dimetylformamide medium 
(DMF) in the measuring glass of 1l volume. The sampling 
time in the dependence on the choice of ceramic particle sizes 
is given on the table 1. 

 
                                                           Table 1 

The sampling time in the dependence on the particle  
size for the suspension DMF/PZT-19 

 
Diameter of 

particle is less, 
than mkm 

The 
sampling 
depth, sm 

The sampling time 
DMF/PZT-19, sec. 

50 10 6 
10 10 146 
5 10 584 
1 10 14600 

0,5 10 58400 
 

The polymeric composite films with the thickness    
h<10 mkm are obtained by the way of thermal evaporation of 
1% solution of polymer PVDF in DMF and colloid ceramic 
suspension with chosen particles at the temperature 370 K on 
Al substrate. For the obtaining of the homogeneous degree of 
dispersion the particles are separated in the opposite order, 
i.e. the beginning of the small sizes. The ceramic particle 
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concentration in the colloid suspension with chosen sizes of 
the particles is found by the weighing of the average trial 
volume. The mass ratio of the filler and polymeric matrix is 
obtained by adding of the known volume of the colloid 
ceramic suspension to the known volume of the polymeric 
solution. The thickness of the samples is found with the help 
of the thickness meter IZV-2. The samples are treated by the 
heat treatment at the temperature 393 K during one hour. The 
micro photos are taken on the scanning electronic microscope 
(Nanoscope IIIa, Multimode SPM). IR-spectrums of the 
samples are investigated in the range 950-750 sm-1 on the 
spectrophotometer Specord 71JR at the room temperature by 
the reflection absorption spectroscopy method (RAS). The 
measurements are carried out at the angles of incidents, 
which are closed to the normal ones (ϕ=10°) in the 
unpolarised light with the help of special reflection device 
(Shimadzu, Japan). Polymer films were polarized in the field 
of Corona discharge at polarization voltage of 7kV at room 
temperature. The distance between the films and electrode 
was 10mm, polarization duration 180 sec. Surface potential if 
the electrets were measured by the vibration electrode 
method. The surface charge density б and then charge Q were 
calculated by the formulae: 

 

                          σ = Uc εε0/h, 
 

where Uc is the compensation voltage; ε, the relative 
permittivity of the composite; ε0, the permittivity of the free 
space, equal to 8.854х10-12 Fm-1; h, is the electret thickness. 

 
The results and their discussion 
Earlier we informed, that the more narrow dispersed 

distribution of the ceramic particles, and the particles of the 
size 1mkm [10] also, can be obtained at the exact calculation 
of the parameters, including in the Stocks equation and at the 
sampling selection in the opposite order. At the small content 
of such quazimonosize filler (till 15%), on the data of SEM 
images, the horizontal and vertical clusters are absent. But at 
the increasing of the filler concentration till 20%, the 
aggregation process of the ceramic particles takes place that 
leads to the cluster formation. SEM images of the composite 
film with the 20% of the filler volume content is represented 
by fig.1. 

 

 
 
Fig.1. SEM microphotography of the polymeric composite film  
          on the PVDF base and PZT-19 with the particle sizes of  
          the filler d~1mkm at the volume filler content 20%. 
 

From fig.1 it is seen that particles with the sizes about    
1 mkm combine and form the clusters of the form either line 
chains or lumps. The cluster sizes change from 2 to 10 mkm. 
SEM images of such a clusters is given in the fig.2.  

 

 
 
Fig.2. SEM images of the separate cluster of the composite  
          film on the PVDF base and PZT-19 with the particle  
          sizes of the filler d~1 mkm at the volume filler content   
          20%. 
 
It is seen that the size of this line cluster is about 3 mkm. 

The appearance of the clusters destroys the morphology of 
the polymeric film. That’s why at increase of filler 
concentration because of the increase of sum specific surface 
of the ceramic particles and appearance of the vertical 
clusters, the composite material with the ratio h/d~2 isn’t 
obtained. 

AFM micro photos of free surface and the surface turned 
to substrate of the composite material with the scanning area 
5x5 mkm2 on the base PVDF/PZT-19 at 20% of the filler 
volume content are shown in fig.3 and fig.4. 

 

 
 
Fig.3. AFM microphotography of the free surface of the  
           composite film PVDF/PZT-19at the volume filler  
           content 20%. 
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Fig.4. AFM microphotography of the surface, turned to the  
          substrate of the composite film PVDF/PZT-19 at the  
          volume filler content 20%. 
 
From that figures it is seen the formation of the vertical 

clusters of the ceramic particle in the ledge form that destroys 
the polymer structures – the ferroelectric particle – polymer. 
Indeed, these morphological offences will influence on the 
dielectric properties of the composite as a whole. From the 
comparison of these images we can see that the surface 
composite-substrate is rougher that the surface composite-air, 
i.e. the surface of the substrate also deposit in the formation 
of the near-surface layer. From the references it is known that 
the surface tension of the film from side of the solid substrate 
differs strongly from the surface bounded by air [10]. In this 
work it is established by authors that the solubility parameter 
of the near-surface layer differs also from the solubility 
parameter in the polymer volume that leads to the change of 
the polymer density in the near-surface region. 

Thus, the surface state of the film depends on the volume 
content of the filler, energetic parameters of the substrate, 
solubility parameter of the polymer, parameter caused by 
adhesive properties and etc.. The morphology of the near-
surface region formed by such complex method plays an 
essential role in the formation of a submolecular structure as 
the polymer film, so the composite material on the base of 
these polymers and therefore influences on the dielectric 
properties [6]. 

The doping of the thin-dispersion filler to the polymeric 
matrix allows also revealing the structure transformations 
caused by interphase interactions with the help of IR-
spectroscopy. Taking into consideration that the sum of 
specific filler surfaces causing the interphase interaction 
between the polymer and the doped particle can purposefully 
change by the change of the volume content of the filler of 
the determined size. So it is possible to observe the change of 
the conformational transformations. The IR-spectrums of the 
initial film (1) and composite films, filled by the thin-
dispersed particles (d~1 mkm) with the volume content 10 (2) 
and 15% (3) are given in fig.5. 

 
Fig.5. IR-spectrums of the initial film (1) and composite films,  
          filled by the thin-dispersed particles (d~1 mkm) with the  
          volume content Ф=10(2) and 15%(3). 
 
From fig.5 it is seen that the optical absorption of the 

conformational sensitive band is 840 cm-1, which 
characterizes the crystal β-phases, increases with the increase 
of the volume content Ф. This increase accompanies with the 
shifting of the maximum of this frequency and decrease of 
the half-width. The band 880sm-1 is conformational 
insensitive, but the band 813sm-1 characterizes the amorphic 
phase [10]. The data, reflecting the band changes 840 sm-1 
are given in the table2. 

 
                                                                                                                              Table 2 

The change of the parameters of the crystallic β-phase (band 840 sm-1) from the volume content 
 

Sample Volume content   
Ф,  % 

D840 ν1/2 of the band 
840 sm-1 

νmax of the band 
840 сm-1 

1 0 0,025 50 840 
2 5 0,05 40 832 
3 10 0,065 32 830 
4 15 0,075 15 826 
5 20 0,068 22 823 

 
The dependence of the optical absorption D and the half-

width of the frequency 840 sm-1 (ν1/2) on the volume content 
Ф is shown on the fig.6. From the plot it is seen, that both 
dependencies have the extreme characters. The content of the 

crystal β-phase increases and the increase of the crystallinity 
takes place at the volume content of the filler till 15%. 
Evidently, the fillers in the form of the thin particles in the 
polymeric matrix behave themselves as the crystallinity 
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centers. However, the value of the optical absorption of the 
frequency 813 sm-1 also increases, that shows the 
simultaneous appearance of the crystallinity and 
amorphization processes (growth β and γ phases).    

 

 
 
Fig.6. The dependence of the optical absorption D and  
           frequency half-width 840 sm-1 (ν1/2) on the volume  
           content Ф. 
 
The cristallinity change directly influence on the electret 

properties, in a particular, on the effective electret charge of 
Corona polarized composite films. The dependence of the 
relative initial electret surface charge Q/Q0 on the volume 
content of the filler Ф is given in the fig.7. 

 

 
 
Fig.7. The dependence of the relative initial electret surface  
           charge Q/Q0 on the volume filler content Ф. 
 
From fig.7 it is seen, that the initial electret surface 

charge achieves its maximum value at te volume content 
Ф=15%. The comparison of the figures 6 and 7 shows, that 
the direct correlation, which is proved by our experiments 
takes place between the cristallinity of the polymer matrix, 

volume content of the filler and electret properties of the 
composite material. 

The external form of the dependence of crystallinity on 
the volume content corresponds to other reference data. In 
particular, in the work [7] at the studying of the electret 
properties of polystirol with the thickness 1,2mm, filled by 
silicooxides, the extremum dependence of the effective 
surface charge 6 on the volume content of the filler Ф is 
obtained by authors and is shown that 6 has the maximum 
value at Ф=12%. This probably can be connected with the 
change of the conductivity of the surface layer and decrease 
of the quantity of the polarized polymeric material. 

On our opinion, in the case of the thin films, the 
observable extreme dependence can be explained by the 
change of the submolecular structure. The near-surface layer 
forms around the doping particle and it can be proposed that 
the crystallization process of the polymer takes place in the 
near-surface layer of this particle. The sum specific surface of 
the particles increases with the increase of the filler 
concentration increase that leads to the increase of the 
polymer crystallization region. However, at the volume 
content of the filler 20%, as it is seen from the fig.1-4, the 
clusters form. This is caused the decrease of the sum specific 
surface of the particles. And in the result, the crystallization 
region of the polymer decreases. That we can observe on the 
IR-spectrums.  

From the other side, the each particle in the polymer 
matrix behaves itself as the center of the mechanical stress, 
acting in the near-surface region, the size of which changes in 
the dependence on the particle size and filler volume content 
[11]. These changes cause the change of the mechanical 
stress in the disperse volume of polymer, that leads to the 
change of the conformation state. In the work [12], the 
change of the conformation states, oriented by PVDF films 
with the width 28 mkm by IR spectroscopy methods the 
different degrees of deformation, is investigated. These data 
prove our prediction about the interphase interaction takes 
place with the help of the mechanical stresses forming in the 
near-surface layer of the doping particle in the thin filled 
polymers. 

Thus, the separation technique of the thin-dispersed 
ferroelectric particles with their following doping in the 
polymer matrix is treated. It is shown, that the surface 
morphology of the obtained composite materials changes 
under the influence of the substrate and the change of the 
filler volume content. By the studying of the conformation 
changes, obtained by this method of the PVDF films, filled 
by the thin-dispersed ferroelectric particles it is established, 
that by the variation of the filler volume content, the content 
of the crystallic β-phase can be modificated and improved of 
the electret properties of the polymer composite materials. 
The authors thankful to the scientists of Norvegian University 
of Science and Technology Kjell Evjen and Tanem S.Bern 
for realization of SEM and AFM images. 

 
[1] E.B. Araujo, J.A. Eiras. Material research, 1999, v.2, 

№1, p.17-72. 
[2] E. Bormashenko, S. Sutovsky, R. Rogreb, A. Sheshnev, A. 

Sulzinger, M. Levin, Z. Barkay, A. Katzir. SPIE 
Proceedings, 4695, 2002, 465-472. 

[3] I.D. Simonov-Emelyanov, V.N. Kuleznev, L.Z.Trofimi-
cheva  Plasticheskiye massi. 1989, № 8. p.61-64. 

[4] A.M. Magerramov. Structural and radiation modification 
of electret, piezoelectret properties of polymer 
composites. Baku, «Elm», 2001, 327 p. 

[5] V. Platonova, S.N. Gorshkov, S.A. Taraskin, A.E. Bilan, 
A.M. Shetinin. Naukoemkiye tekchnologii" 1, 2004. v. 5, 
p. 9-13. 



THE INVESTGATION OF MORFOLOGY AND CONFORMATION CHANGESOF THE THIN POLYMERIC FILM, FULFILLED … 

 83

[6] Mark P. McNeal, Sei-Joo Jang,, Robert E. Newnham. 
Journal of Applied Physics. v. 83 (6), pp.3288-3297. 
March 15, 1998. 

[7] E.M. Hamidov, Tanem S. Bern, A.M. Mageramov,         
M. A. Nuriyev. Tretya vserossiyskaya Karginskaya 
konferenchiya “Polimeri –2004”. 2004, M. MSU. v.2.    
p. 103  M.F.  

[8] M.F. Galikhanov, D.A. Eremeev, R.Ya. Deberdeev. 
Russian Journal of Applied Chemistry. Vol. №10, 2003, 
pp. 1651-1654. 

[9] E.S.Lukin, N.T.Andrianov. Technicheskiy analiz i kontrol 
proizvodstvo keramiki М.: Stroyizdat, 1986, 272p. 

[10] E.M. Hamidov, Tanem S. Bern, A.M. Magerramov,    
M.A. Nuriyev. «Aktualniye problemi fiziki». Materiai III 
Respublikanskoy nauchnoy konfernchii, Baku, fevral, 
2004, p. 127-128.  

[11] V.B. Busigin, A.E.Е. Chalix Chimiya i kompyuternoe 
modelirovaniye. Butlerovskiye soobsheniya 1999. v. 2. 

[12] S. Lanceros-Mйndez, M.V. Moreira, J.F. Mano,          
V.H. Schmidt, and G. Bohannan. Ferroelectrics 273, 
2002, 2393-2398. 

 
Е. М. Щямидов, М. К. Кяримов, А.М. Мящяррямов, Н. Н. Щажыйева 

 
ХЫРДАДИСПЕРСЛИ СЕГНЕТОЩИССЯЖИКЛЯРЛЯ ДОЛДУРУЛМУШ НАЗИК ПОЛИМЕР ТЯБЯГЯЛЯРИНДЯ 

МОРФОЛОЪИ ВЯ КОНФОРМАСИЙА ДЯЙИШИКЛИКЛЯРИНИН ТЯДГИГИ 
 

Хырдадисперсли сегнетоелектрик щиссяжикляринин юлчцйя эюря айрылмасы вя онларын полимер матрисасына дахил едилмяси цсулу тясвир 
едилмишдир. Алынан композит материалларын морфолоъи тядгиггаты апарылмышдыр. Эюстярилмишдир ки, долдуружуларын щяжм пайы 15 % 
олдугда полимер матрисанын кристаллик β-фазасынын мигдарынын артмасы вя йцксяк щяжми фаизлярдя ися кластерлярин йаранмасы 
мцшащидя олунур. Мцяййян едилмишдир ки, ПВДФ тябягяляриндя 840 вя 813 см-1 золагларына эюря юйрянилян дяйишикликляр вя 
кластерлярин йаранмасы гаршылыглы сурятдя ялагядардыр. Эюстярилмишдир ки, долдуружуларын щяжм пайыны сечмякля електрет хассялярини 
йахшылашдырмаг олар. 

 
Э.М. Гамидов, М.К. Керимов, А.М. Магеррамов, Н.Н. Гаджиева 

 
ИССЛЕДОВАНИЕ МОРФОЛОГИИ И КОНФОРМАЦИОННЫХ ИЗМЕНЕНИЙ ТОНКИХ 

ПОЛИМЕРНЫХ ПЛЕНОК, НАПОЛНЕННЫХ ТОНКОДИСПЕРСНЫМИ 
СЕГНЕТОЭЛЕКТРИЧЕСКИМИ ЧАСТИЦАМИ 

 
Описан метод сепарации тонкодисперсных сегнетокерамических частиц и их введение в кристаллизующуюся 

полимерную матрицу. Исследована морфология полученных тонких полимерных композитных пленок. Показано, что 
при содержании наполнителя до 15% об. наблюдается увеличение доли кристаллической β-фазы полимерной 
матрицы, а при высоком содержании наполнителя – тенденция к кластерообразованию. Установлено, что образование 
кластеров и конформационные изменения в ПВДФ, прослеживаемые по полосам 840 и 813 см-1 взаимосвязаны. 
Показано, что электретные свойства могут быть улучшены выбором оптимального значения объемного содержания 
наполнителей. 
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