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The spectrum of surface vibrations on GaSe exited by the optical method of attenuated total reflection (ATR) has been studied 
theoretically. The ATR spectra have been calculated for the geometry when the normal to the crystal surface is perpendicular to the cleavage 
plane. The frequency-wavevector dispersion determined by positions of the ATR spectrum minima at various angles of incident light within 
frequency range 214<ν<254 cm-1 consists of two branches. The lower branch (ν<245 cm-1) corresponds to the surface mode of type I (real 
mode) or type II (virtual mode) depending on the wavevector value. The upper branch (ν>245 cm-1) corresponds to the type II surface mode. 
The results of the calculation have been compared with experimental data obtained by other methods. The calculated dispersion relation at 
small and large values of the wavevector agrees with experimental data of infrared and Raman spectroscopy.  
  

1. Introduction 
 
In papers [1,2], spectra of the Raman scattering (RS) in 

GaSe films were investigated. In high-frequency region 
(240<ν<320cm-1), the RS peaks were observed at the 
frequencies of ν1=245cm-1, ν2=254cm-1 and ν3=309cm-1. For 
the peaks at ν2 and ν3, the RS intensity decreases with the 
film thickness, whereas the intensity of the peak at ν1 remains 
almost invariable. It was explained by a great contribution of 
surface vibrational states to the RS cross-section at the 
frequency of 245cm-1. In papers [3,4], the peak near of 
245cm-1 in the spectra of infrared absorption was observed 
owing to thin metal (Al) layer evaporated on GaSe films. 
Generally, the study of surface modes by Raman and infrared 
spectroscopy methods is difficult because of weak intensity 
of the scattering [5]. A sensitive and relatively easy technique 
to study the surface phonon-polaritons on crystals is the 
method of attenuated total reflection (ATR). By the ATR 
method a measurement is made of the reflection spectrum of 
electromagnetic wave incident on the boundary surface of 
two media (prism-spacing layer) which is a plane of total 
internal reflection. The presence of a crystal at a distance 
from this plane involves a violation of the total reflection 
condition. As a result, the reflection spectrum has sharply 
defined minima which correspond to the light absorption due 
to surface phonon-polaritons [5].  

For the present, the ATR spectroscopy of surface modes 
in GaSe has not been done. Theoretical study made in the 
present paper shows that the ATR spectroscopy method can 
substantially supplement the results of papers [1-4]. In GaSe, 
the ATR method will also allow observations of the surface 
modes of type II (so-called 'virtual excitation' surface 
polaritons having no analogue in isotropic crystals).  

 
2. Reflection Spectra 
 
The reflection coefficient of light R has been calculated 

by the method used in paper [6] for uniaxial crystals in 
accordance with conventional experimental set-up. The prism 
region and the region of the crystal involved are assumed to 
be semi-infinite along the z-axis (this axis is perpendicular to 
the crystal surface and the prism base). The x-axis is brought 
into coincidence with the plane of light incidence. The case 
of p-polarized light (i.e. when light is polarized in the plane 
of incidence) has been considered because the interaction 
with surface phonons does not occur in s-polarization [5]. 

The light absorption only by the crystal has been taken into 
account. 

 
Fig.1. The frequency dependence of the light reflection  
           coefficient R when the light incidence angle is equal to  
           (1) 200, (2) 230, (3) 250 and (4) 280.  

 
Fig.2. The frequency dependence of the light reflection  
           coefficient R when the light incidence angle is equal to  
           (1) 300, (2) 320, (3) 400 and (4) 600.  
 
An expression for R has been found from the solution of a 

system of equations for the electric field vectors of incident 
and reflected waves on the prism-spacing and spacing-crystal 
boundaries. The expression for R has very comber some form 
(it is similar to that obtained in paper [6]). Numerical 
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calculations of the ATR spectra have been made for the most 
conventional geometry of experiments when the normal to 
the crystal surface is perpendicular to the cleavage plane. It is 
known that the GaSe crystals are easily cleaved parallel to the 
layers (the C axis of the highest symmetry is perpendicular to 
the cleavage plane). For calculations, the values of the 
transverse νTO and longitudinal νLO optical phonon 
frequencies, the damping constant γ and the high-frequency 
dielectric constant ε∞ of GaSe given in Table 1 have been used.  

 
                                                                                Table 1. 

Values of the transverse νTO and longitudinal νLO optical phonon 
frequencies, the damping constant γ and the high-frequency 

dielectric constant ε∞ for the directions parallel and perpendicular to 
the optical axis C of the GaSe crystals [7]. 

 
 ||C ⊥C 

νTO (cm-1) 237 213.5 
νLO (cm-1) 245.5 254.7 
γ (cm-1) 2.8 3 
ε∞ 5.76 7.44 

 
A thickness of air spacing between the prism and the crystal 
surface is taken to be 2.5 µm. The dependence R(ν) has been 
calculated for various angles of light incidence ϕ. In 
experiments, a set of silicon prisms (εSi =11.6) with different 
base angles is often used to obtain the ATR spectra over a 
range from 18 to 60° [8]. The calculated reflection spectra are 
shown in figures 1 to 2. 

 
3. Discussion 
  
In figure 1, it is seen that the reflection spectrum has two 

minima if ϕ<30°. When the angle of light incidence ϕ 
increases, then the depth of minima changes, and their 
position shifts towards the region of higher frequencies. At 
ϕ=28° these minima have comparable depth. If ϕ>30°, the 
R(ν) dependence has one minimum (fig. 3).  

Points on figure 3 corresponds to the position of the R(ν) 
minima depending upon the reduced wavevector of surface 
polariton κ=qx/2πν. The relation between κ and the angle of 
light incidence ϕ is expressed by the formula 

             

ϕεκ sinSi=  
 

In figure 3, it is seen that there are two dispersion 
branches. If κ<1.5, the lower branch corresponds to a surface  
mode of type II (virtual mode) because within the frequency 
range 214<ν<237 cm-1 the dielectric constant component εz is 
positive and greater that κ2 (the z-axis is parallel to the C 
axis). If κ>1.5, the lower branch corresponds to a surface 
mode of type I (it is a real mode because εz<0): at κ=2 its 
frequency reaches the value of 244cm-1 (the further change of 
the frequency is small). The upper branch corresponds to the 
type II surface mode (εz<κ2 within the frequency range from 
246 to 254cm-1): if κ>1.6, the vibrations corresponding to this 

branch vanish (according to [5], the point where εz=κ2 and 
εx=0 is a stop point for the vibrations). The region of small 
wavevectors (κ<1) corresponds to the radiative surface 
modes studied in papers [3,4]. In figure 3, the frequency 
value of 245cm-1 is shown by dashed line. When κ<1, the 
dashed line corresponds to the film mode observed in paper 
[3]. At κ>>1 (in papers [1,2] the measurements were made 
for this region), the dashed line corresponds to the peak ν1 
observed in the RS spectra. From figure 3, it follows that the 
calculated dispersion curve agrees well with the experimental 
data available at small and great values of κ. The present 
paper to be a stimulus for setting up experiments on GaSe by 
the ATR metod. Results of such experiments will make the 
comparison in intermediate region of the wavevector values 
possible.  

 
Fig. 3. The dispersion curve of surface polaritons. The points  
            correspond to minima of the R(ν) dependence given in  
            figures 1 and 2. Solid lines show the frequencies of  
            transverse νTO and longitudinal νLO optical phonons in  
            the directions parallel and perpendicular to the optical  
            axis C of the GaSe crystals. The dashed line corresponds  
            to the experimental data available at small (κ<1) and  
            great (κ>>1) values of the reduced wavevector κ.  
 
 
4. Conclusion  
 
The spectrum of surface vibrations on GaSe excited by 

the optical method of attenuated total reflection has been 
calculated. It is shown that the dispersion curve has two 
branches. One of the branches corresponds to the surface 
mode of type II (virtual mode). The other branch corresponds 
to the surface mode of type II or to the surface mode of type I 
(real mode): it depends on the wavevector value of surface 
polaritons. Results of the calculation agree well with 
experimental data obtained by other optical methods.   
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Надир Б. Мустафаев 

 
GaSe КРИСТАЛЫНДА СЯТЩИ ПОЛЙАРИТОНЛАРЫН СПЕКТРИ 

 
Лайлы GaSe кристалларында ишыьын там дахили гайытмасыны позма методу иля щяйяжанландырылмыш сятщ рягсляринин спектри нязяри 

жящятдян тядгиг олунуб. Спектрин щесабланмасы, кристал сятщинин парчаланма мцстявисиня тясадцф етдийи щал цчцн апарылмышдыр. 
Ишыьын дцшмя бужаьынын мцхтялиф гиймятляриндя гайытма спектриндя мцшащидя олунан минимумларын вязиййятиня эюря мцяййян 
едилмиш дисперсийа асылылыьы 214<v254 см-1 тезлик диапазонунда ики яйридян ибарятдир. Алт яйри (v<245 см-1), дальа векторундан 
асылы олараг йа I тип (реал), йа да ки, II тип (виртуал) сятщ модасына мцвафигдир. Цст яйри (v>245см-1), II тип сятщ модасына аиддир. 
Алынан нятижяляр башга методларла апарылмыш тяжрцбялярин нятижяляри иля мцгайися едилмишдир. 

 
Надир Б. Мустафаев 

 
СПЕКТР ПОВЕРХНОСТНЫХ ПОЛЯРИТОНОВ В КРИСТАЛЛАХ GaSe 

 
Теоретически исследован спектр поверхностных колебаний в GaSe, возбуждаемых оптическим методом нарушенного полного 

внутреннего отражения (НПВО). Расчет спектров НПВО проведен для геометрии, когда нормаль к поверхности кристалла 
перпендикулярна плоскости скола. Дисперсионная зависимость, определенная по положению минимумов спектра НПВО при 
различных углах падения света, в диапазоне частот 214<ν<254 см-1 состоит из двух ветвей. Нижняя ветвь (ν<245см-1) 
соответствует, в зависимости от величины волнового вектора, поверхностной моде типа I (реальная мода), или же типа II 
(виртуальная мода). Верхняя ветвь (ν>245 см-1) относится к поверхностной моде типа II. Результаты расчета сопоставлены с 
экспериментальными данными, полученными другими методами.  
 

Received:12.09.03 
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THE SPECTRUMS OF INFRARED REFLECTION AND COMBINATIONAL DISPERSION  

OF LIGHT IN OXIDE-SULPHIDE OF LANTAN CRYSTALS 
 

G.I. ABUTALYBOV, I.I. ABDULLAYEV, S.A. LOZITSKIY, A.A. MAMEDOV 
Institute of Physics Azerbaijan National Academy of Sciences 

H.Javid av.,33, Baku 1143 
 

The frequencies of normal fluctuations of a crystal La2O2S, active in spectra of combinational dispersion of light are determined. The 
dispersion method of the analysis of spectra of reflection determines frequencies and constants of attenuation longitudinal (TO) and cross 
(LO) phonons, is calculated the imaginary part complex of dielectric permeability (ε"). 

 
For realization of a number of physical researches and 

creation of devices on a basis oxide-sulphide rare-earth of 
elements is necessary the knowledge of such characteristics 
as width of lines of optical transitions, speed non-radiative 
relacsation, structure electron - oscillatory spectra. A basis 
for understanding of processes electron - oscillatory 
interaction and first investigation phase of dynamics of a 
crystal lattice is that information about single-phonon 
processes, which follows from optical oscillatory spectra of 
crystals. 

The basic information on dynamics of a crystal lattice can 
be received at research single-phonon's of spectra of infra-red 
reflection and combinational dispersion of light. In single-
phonon's processes of infra-red reflection participate phonons 
with a wave vector к<103sm-1, while at edge of a Brilljuen 
zone к ≈108sm-1. It gives the basis to carry out classification 
of fluctuations, active in the given processes, assuming k=0. 
Thus usually consider, that the equivalent atoms of a crystal 
distinguishing on a vector primitive compilations, change in 
phase in all primitive cells. Thus, the cell participates in 

fundamental fluctuations everyone primitive equally and at 
the analysis of types of fluctuations of a crystal it is possible 
to be limited only it to one consideration. The primitive cell 
lantan oxide-sulphide contains 5 atoms, that defines 15 
fluctuations, from which three concern to acoustic (mixture 
of a cell as whole, the frequencies of these mixtures are close 
to zero), and stayed 12 fluctuations concern to optical. 

The complete oscillatory representation of group D3d will 
be, consist of the following not resulted representations: 

    
                   Г=3A2u+2A1g+3Eu+2Eg                          (1) 
 

from which acoustic fluctuations:  Гaк = A2u+Eu 
The information on the stayed types of fluctuations can be 

received from spectra of combinational dispersion. (In these 
spectra the fluctuations A1g and Eu) are active. Tensor of 
combinational dispersion for various types of fluctuations 
looks like: 
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where: a, b, c, d - not zero tensor components  of 
combinational dispersion. The spectra of combinational 
dispersion of light were raised by lines argon laser λВ = 476,3 
and 488,0 nm in 90° geometry and were registered at room 
temperature with the help double monochromator ДФС - 24, 
with the sanction it is not worse 1sm-1. The radiation argon 
laser has sufficient intensity in a continuous mode for 
supervision active in spectra of combinational dispersion of 
light of fluctuations. In a fig. 1 the spectra of combinational 
dispersion of light for crystals La1,95Nd0,05O2S  are given at 
various directions of polarization of falling and absent-
minded light, and in tab.1 of frequency of normal 
fluctuations. 

For crystals with spatial group 3
d3D  the circuit of 

dispersion XX and YY, agrees tensor of combinational 
dispersion, are identical, therefore was to lead researches in 
one of these geometry enough. In geometry YY by rules of 
selection all normal fluctuations of crystals Ln2O2S should be 
shown. For identification of normal fluctuations of a class Еg 
it is enough to investigate a spectrum of combinational 
dispersion in XZ of geometry, that unequivocally defines a 
low-frequency style of a class Еg (tab. 1). In geometry XY the 
high-frequency style of a class Еg is shown. The spectrum of 
combinational dispersion in ZZ of geometry unequivocally 
defines frequencies of normal fluctuations of a class A1g.

 
                                                                                                                                                                         Table 1 

Frequencies of normal fluctuations in spectra of combinational dispersion of light. 
 

Crystal 
 

ν1(A1g),sm-1 ν2(A1g),sm-1 ν3(Eg),sm-1 ν4(Eg),sm-1 

La1,95Nd0,05O2S       193       402      110       352 
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Fig. 1  Spectra of combinational dispersion of light of a crystal. 
           La1,95 Nd0,05O2S at Т=293К λВ = 488,0 nm. 
The collateral maxima in spectra of combinational 

dispersion specify an error of orientation of crystals, and also 
discrepancy of exhibiting of samples during measurement. 
The polarized spectra of infra-red reflection were received by 
us with the help longwave infra-red spectrometer ИС АН 
USSR - ДВИКС. The experimental installation for research 
of optical properties of materials in longwave area of a 
spectrum represents one-beam spectrometer with difraction 
lattice assembled on the circuit Cherny-Terper. The optical 
circuit spectrometer is submitted in a fig. 2. 

 
Fig. 2. Spectrometr’s optical circuit. S1, S2– sources (globar and   
           mercury lamp accordingly); М1,М6–flat mirrors; М2–М5,    
           М7–М9–spherical mirrors; М10 – ellipsoid  mirror; R1,R2  
           and R3–reflecting filters; Т– passing filter; S1′, S2′- entran- 
           ce and target crack; Cn -  modulator; G - diffraction lattice 
           tice; Д – ; detector (Goley’s cell ) 1,5–flat mirrors of a prefix  
           ИПО–22;2, 4, 4′-toroidal mirrors; 3 - location of a sample. 

 

Essential difference spectrometer ДВИКС from industrial 
(HITACHI) ФИС- 21 is the presence in last of intermediate 
focus (prefix ИПО- 22 ЛОМО in tray branch spectrometer). 
The quantity of substance necessary for experiment, has 
decreased approximately in 40 times, thus became to possible 
research of reflection and missing  of samples of the small 
sizes 4 х 5 mm2 at an irradiation them monochromatic light. 
In quality of polarizator were used aluminium polyethylene 
lattices. 

 
Fig. 3. The polarized spectra of infra-red reflection of monocrystals 
            La1,95Nd0,05O2S at 293К for Е ⊥С  (1) and Е ⎢⎢С (2)    
            polarization. 

 
We carried out measurements with the sanction not worse 

1,5 sm-1, with an error of definition of reflective ability it is 
not worse 3 %. In a fig. 3 the spectra of reflection of 
monocrystals La1,95Nd0,05O2S  in Е⊥С and Е ⎜⎜С geometry . 
One of the basic tasks of mathematical processing of spectra 
of reflection is the reception from them of function complex 
dielectric of permeability: 

 

( ) ( ) ( )ωεωεωε ''' i+=     (3) 
 

as it characterizes interaction of electromagnetic radiation 
with substance. The decision of the put task is searched or 
with the help dispersion of the attitudes Kramers-Kroning, or 
on the basis of model dispersion oscillator. 

Elementary mathematical formula of a parity Kramers-
Kroning allows to present factor of mirror reflection as: 

 

( ) ω
ωω

ωω
π
ωωθ d

)(Rln)(Rln2

0
2
i

2
ii

i ∫
−
−

=
∞

               

                                                                                              (4) 
Using the formulas 
 

                   ( ) ( ) ( )ωωω iknn* +=  
                                                                                              (5) 

                   ( ) ( ) ( )ωεωεωε ''' i−=
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( ) ( )( ) ( ) ( ) ( )( )ωωθωωω 22 RcosR21R1n +−−=   ;              (6) 
 

( ) ( ) ( ) ( ) ( ) ( )( )ωωθωωθωω 2RcosR21sinR2k +−= ;           (7) 

( ) ( ) ( )ωωωε 22' kn −= ;          (8) 
 

( ) ( )ωωε kn2 ⋅=′′ ,           (9) 
 

where n∗(ω) – complex parameter of refraction ; R(ω) – 
reflective ability of a crystal; k(ω) – the parameter of 
absorption, is possible to receive a spectrum ε’(ω), ε”(ω) – 
from a spectrum R(ω).   

Knowing dependence dielectric permeability from 
frequency, we receive cross frequencies of phonons ωТО as a 
maximum of function ε′′(ω), and frequency ωLO 

longitudinal phonons, as maxima of function - ( )( )ωε1Im . 
In a method Kramers-Kroning there is a mistake at 

calculation of integral (4), as the spectrum of reflection is 
measured only in the limited area, therefore integral is 
calculated not from 0 to ∞, and from ωнижн to ωверх. The 
elementary approach for reception θ(ωi) is the acceptance 
R=const outside area of integration [1].  

The dispersion oscillator method allows to pick up 
parameters which are included in expression 

( ) ∑
=

∞ −−
+=

N

1n tn
22

tn

tn

ig

S

ωωω
εωε ;                 

                                                                                            (10) 
where Stn –intensity; ωtn and gtn –frequency and constant 
of attenuation n's cross (ТО) fluctuations; ε∞ - the 
contribution of high-frequency electronic fluctuations, so that 
a deviation of a settlement spectrum of reflection from 
experimental was minimal [2]. 

For the analysis of complex spectra of the reflection 
consisting of close located strips of residual beams the 
expression for ε(ω), containing frequencies TO and LO 
phonons [3, 4] is used: 
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∞ +−
+−
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N
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22
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i
i
ωγωω
ωγωω
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                                                                                            (11) 
Using expression for R(ω): 

( ) ( )
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ω ,   (12) 

minimize criterion function ( )∞εγωγωδ ,,,,
nnnn LOLOTOTO  

     ( ) ( )( )
2M

1j
jрасчjэксп RR∑

=

−= ωωδ      (13) 

where М –number of experimental points; Rэксп.(ωj) –
experimental factor of reflection on frequency ωj ; 

Rрасч.(ωj) –factor of reflections counted on the formulas 
(11) and (12). 

The value ωТО, ωLO, at which the minimum of criterion 
function (13) is reached, corresponds to frequencies cross and 
longitudinal phonons.  

The interaction phonons results to frequency dependences 
γТО, γLO, ωТО, ωLO. In a method dispersion oscillator these 
values are considered constant, that results in a mistake of 
account of frequencies of fluctuations and optical 
characteristics. 

In our case (fig. 3) distance on a scale of frequencies 
between oscillators is more than attenuation of each of them, 
therefore application of a method dispersion oscillator does 
not result to essential errors in definition of parameters these 
oscillators [5]. 

The oscillators’ parameters were defined with the help of 
the program ЕОДА [5]. The basis of the program ЕОДА is 
made by the subroutine FUMILI. Its algorithm represents a 

method of the short matrix second made 
km

2

xx ∂∂

∂ δ
 [6]. The 

minimum is reached or on border of a range of definition, or 
in points of the decision of system of the equations 

 

0
ix

=
∂
∂δ , X4n-3=ωTon, X4n-2=γTon, X4n-1=ωLOn , 

                                                                                      (14) 
    X4n=γLOn ,  X4N+1=ε∞ ,  n=1,2, ……,N,  
 
where N – number of oscillator. 

By the form of spectrum of reflection it is possible to 
define parameters Хi with accuracy 10 % for and up to 50 % 
for γ and to take them as initial approach. The successful 
choice of initial approach excludes hit in a local minimum. At 
the large root-mean-square deviation it is necessary to use the 
designed oscillators’ parameters and ε∞ for the following 
approach. The process of calculation of oscillators’ 
parameters ε∞ also is considered completed, if values к+1 –s’ 
approacsimates’ coincides with settlement (k –s’) to with 
some small positive size εps. The analysis of spectra of 
infra-red reflection by a method dispersion oscillator has 
allowed to define values of frequencies ν(Г) for longitudinal 
TO and cross LO of fluctuations and parameters γТО and γLO, 
describing processes of attenuation oscillator (tab. 2), and 
also dispersion of dependence of an imaginary part complex 
dielectric permeability in various polarization of falling light 
(fig. 4). 
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                                                                                                                                          Table 2 
Frequencies of normal fluctuations and constants of attenuation oscillators in spectra of infra-red  

reflection of light in crystals La1,95Nd0,05O2S 
 

Crystal Polarization ν (г) νТО, sm-1 νLO,sm-1 γТО γLO ε∞ 

 
     E ⎢⎢C 

ν5(A2u) 
ν6(A2u) 

414 
241 

562 
304 

12 
6,4 

27 
13 

5,31  
 
La1,95Nd0,05O2S 

 
     E ⊥ C 

ν4(Eu) 
ν8(Eu) 

325 
198 

488 
221 

11 
3,1 

15 
3,6 

7,17 

 

 
Fig. 4. Spectra of an imaginary part of complex permeability of a crystal La1,95Nd0,05O2S   at  293К  for  Е ⊥С  (1) and  Е ⎢⎢С (2) polarization 

 
We found vectors of mixtures of atoms at normal 

fluctuations. 
In a fig. 5 they are given for active in spectra of infra-red 

absorption and combinational dispersion of optical styles. 
Really, the atoms La participate in all fluctuations. The 
reference of various fluctuations of the same symmetry on 

frequencies was carried out on the basis of the following 
reasons. In fluctuations ν6 and ν8 groups of atoms 
incorporated in parallelogram La2O2 go as whole (along an 
axis Z for ν6 and in a plane XOY for ν8), and thus connection 
S - La, weakest participates only in these fluctuations. 

 

 
  

Fig. 5. Vectors of displacement of atoms at normal fluctuations of a crystal  La2O2S 
 
Therefore it is natural to assume, what exactly these 

fluctuations will be low-frequency. From a fig. 5 follows, that 
the fluctuations ν7 result in prompting much greater dipolar 

moment, than ν8. It will be coordinated with much more LO - 
TO splitting for ν7 in comparison with ν8. 
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Let's note, that in all these fluctuations does not 
participate is sulphur. It explains affinity of frequencies of 

fluctuations La2O2S and isostructure connection of La2O3. 
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Щ. И. Абуталыбов, И. И. Абдуллайев, С.А. Лозитский, А.А. Мяммядов 

 
ЛАНТАН ОКСИСУЛФИДЛЫ КРИСТАЛЛАРЫНДА  ИНФРАГЫРМЫЗЫ ГАЙЫТМА ВЯ ИШЫЬЫН КОМБИНАСИОН 

СЯПИЛМЯСИ 
 
Комбинасион сяпилмя спектрляриндя La2O2S кристалынын актив олан нормал рягслярин тезлийи тяйин едилмишдир. Гайытма   

спектрляриндян дисперсион анализ методу иля, узунуна (ТО) вя ениня (ЛО) фононларын тезлийи вя сюнмя ямсалы тяйин едилмиш, 
диелектрик нцфузлуьунун (ε″) хяйали щиссяси щесабланмышдыр. 

 
Г.И. Абуталыбов,  И.И. Абдуллаев,  С.А. Лозицкий,  А.А. Мамедов 

 
СПЕКТРЫ ИНФРАКРАСНОГО ОТРАЖЕНИЯ И КОМБИНАЦИОННОГО РАССЕЯНИЯ СВЕТА В 

КРИСТАЛЛАХ ОКСИСУЛЬФИДОВ ЛАНТАНА 
 
Определены частоты нормальных колебаний кристалла La2O2S, активные в спектрах комбинационного рассеяния света. 

Методом дисперсионного анализа спектров отражения определены частоты и константы затухания продольных (ТО) и поперечных 
(LO) фононов, вычислена мнимая часть комплексной диэлектрической проницаемости (ε´´).         

 
Received:12.09.03 
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PHOTOOXIDATION OF DONOR MOLECULES ON THE SURFACE OF BN 
 

N.H. HASANOV, M.A. MEHRABOVA 
Radiation Problems Institute of Azerbaijan National Academy of Sciences,  

370143, Baku,   H. Javid av. 31 a., Azerbaijan Republic  
 

It has been provided photochemical reactions with participation of photoadsorbed O2 on the surface of hexagonal BN. It has been found 
that the region of photoadsorption specter is the same with the photooxidation one. The photoadsorption and photooxidation processes take 
place on the same photoactive center of solid and both of these processes occurs owing to photoexcitation of this center. The NO forms 
during photooxidation processes, which do not takes place only in the absence of light. The life time of excited oxygen is lower than that of 
the oxygen photoadsorption centers by an order of magnitude. The initial velocity of photoadsorption of H2 decreases with increase of 
concentration of one of the reagents. 

 
Key words: Photoadsorption, boron nitride, hole centers, photooxidation, donor molecules. 
 
The photochemical processes with participation of H2, O2, 

CH4 and etc. for more of oxides and alkaline halloid 
compounds have been investigated [1-3]. But А3В5 type 
compounds haven't been examined as a photocatalytic active 
object earlier. The results of investigations of photochemical 
reactions with participation of photoadsorbed O2 on the 
surface of disperse samples of hexagonal boron nitride are 
given in this work. 

The object and method of investigations were described 
in [4]. The products of photooxidation were analysed by 
mass-spectroscopic, manometric and thermodesorption (TD) 
methods. The pressure of used donor gases H2, C2H6, CH4 
was P~l Pa. 

Two possible variants of photooxidation reactions were 
established. In first case BN was radiated by light with 
mixture of donor gases H2, C2H6, CH4, and O2. In second 
case O2 preliminarily photoadsorbed on the surface of BN 
and then this system was radiated in the presence of donor 
gases. In first case the reaction of oxidation takes place with a 
constant velocity up to a complete use of compounds. The 
second reaction takes place with decrease of donor gas 
pressure. In this case the more preliminarily photoadsorbed 
oxygen the more the absorbed gas quantity (fig. 1). 

By the TD analyze method was determined that the 
quantity of O2, remaining on the surface decreases with 
absorbed donor gas one (fig. 2). 

Under the heating from the TD spectrum disappear zones, 
corresponding to molecules with a small binding energy. 
Then heating up to 7OOK temperatures show that absorbed 
donor molecules can't excreted to gas phase, but only the 
products of there photooxidation (H2O, CO2 and etc.) have 
been observed. This means that photooxidation of donor 
molecules takes place owing to repited photoexcitation 
preliminarily photoadsorbed O2. The first stage of 
photooxidation is photoadsorption of O2 (1) and the second 
one is repeated photoexcitation of unactive O2.  In dark (2): 

 
                 K + O2 + hν1 → O2 + K           (1) 
                 K + O2 + hν2  →  O2* + M  →  product + К    (2) 
 
where К is photocatalysator, M is donor gas in gas phase, O2 
and O2* are unactive and active forms of photoadsorbed O2, 
hν1 and hν2 are corresponding energies of light. 

The region of photoadsorption spectrum is the same with 
the photooxidation one. To our mind this means the 
photoadsorption and photooxidation processes take place on 

the same photoactive center of solid and both of these 
processes occurs owing to photoexcitation of this center. 

 
Fig. 1. The barogramms of photooxidation of H2 (1), CH4 (2)  
           and C2H6 (3) at the same quantity of preliminarily  
           photoadsorbed O2 (

2OP∆ = 5,7⋅10-2 Pa) 

 

 
 
Fig. 2. TD-spectrums of photoadsorbed O2 before (1) and after  
            (2, 3, 4, 5) the photooxidation of С2Н6. 
 
TD spectrograms indicate forming also of NO during the 

photooxidation processes, which do not take place only on 
the absence of light. As a result of these processes take place 
partly oxidation on the surface of BN. 

The life time of excited photoadsorbed oxygen has been 
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estimated from dependence of initial velocity of 
photoabsorption of H2 on it pressure in value at the constant 
quantity of preliminarily photoadsorbed O2, which is lower 
than that of the oxygen photoadsorption centers by an order 
of magnitude. 

The dependence of initial velocity of photoabsorption of 
H2 on the quantity of preliminarily photoadsorbed O2 has 
been investigated. The initial velocity decreases with increase 
of concentration of one of the reagents. The dependence is 

explained by a partial adsorption of photoadsorbed oxygen on 
the hole centers which are the photoadsorption centers for H2 
and blocks their for H2 adsorption. 

Thus observed effect is the result of addition of two 
processes: decreasing of photoadsorption velocity from 
blocking of some centers and increasing of photoabsorption 
velocity from increasing of concentration of photosorbed and 
photoexcitated O2. 
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БН СЯТЩИНДЯ ДОНОР МОЛЕКУЛЛАРЫНЫН ФОТООКСИДЛЯШМЯСИ 

 
Фотоадсорбсийа олунмуш О2 молекулунун иштиракы иля щексагонал гурулуша малик нитрид борун сятщиндя фотокимйяви реаксийалар 

апарылмышдыр. Мцяййян едилмишдир ки, фотооксидляшмя еффектинин спектрал тясир областы фотоадсорбсийанын спектрал областы иля цст-цстя 
дцшцр. Фотоадсорбсийа вя фотооксидляшмя просесляри бярк жисмин сятщиндя ейни мяркязлярин фотощяйяжанланмасы щесабына баш 
верир. О2 молекулунун фотоадсорбсийасы вя О2 постсорбсийа олунмуш системин шцаланмасы заманы ТД–спектрдя НО-йа уйьун 
золаг ашкар олунмушдур. Фотоадсорбсийа олунмуш О2-нин актив формасынын йашама мцддяти фотоадсорбсийа мяркязляринин 
йашама мцддятиндян бир тяртиб кичикдир. 

 
Н.Г. Гасанов, М.А. Мехрабова 

 
ФОТООКИСЛЕНИЕ ДОНОРНЫХ МОЛЕКУЛ НА ПОВЕРХНОСТИ НИТРИДА БОРА 

 
Проведены фотохимические реакции с участием фотосорбированного O2 на поверхности гексагонального BN. Определено, что 

спектр действия эффекта фотоокисления тот же, что и для фотоадсорбции. Процессы фотоадсорбции и фотоокисления происходят 
на одних и тех же фотоактивных центрах твердого тела за счет фотовозбуждения этих центров. При адсорбции O2 непосредственно 
в момент облучения, а также при последующем облучении системы с постсорбированным кислородом в ТД спектре появляется 
NO. Время жизни возбужденной формы фотоадсорбированного на порядок меньше времени жизни центров фотоадсорбции для 
кислорода. Начальная скорость фотопоглощения H2 уменьшается с увеличением концентрации одного из реагентов. 

 
Received: 10.07.03  
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(Эе2С3)1-х (ЭеС)х БЯРК МЯЩЛУЛЛАРЫН ЕЛЕКТРИК ХАССЯЛЯРИ 
 

А.Я. НЯБИЙЕВ, Щ.Р. ГУРБАНОВ 
АДПУ, Ц.Щажыбяйов, 34 

 
Эе2С3-ЭеС системиндя Эе2С3 ясасында тяркиби 1, 2, 3, 4 мол% ЭеС олан бярк мящлул нцмунялярин електриккечирмясинин вя 

термо-е.щ.г.-нин температурдан асылылыьы юйрянилмишдир. Мялум олмушдур ки, бярк мящлул нцмунясиндя ЭеС-ин мигдары артдыгжа 
онларын електриккечирмяси дя артыр вя гадаьан олунмуш золаьын ени ися азалыр. Термо-е.щ.г.-си ися температур артдыгжа 
ганунауйьун олараг азалыр. Термо-е.щ.г.-нин ишарясинин дяйишмясиня эюря нцмунялярдя кечирижилийин типи мцяййян едилмишдир. 
Бцтцн тяркиб нцмуняляри ''п''- тип кечирижилийя малик олмушдурлар. 

 
Эе2С3-ЭеС системиндя Эе2С3 бирляшмяси вя онун 

ясасындакы бярк мящлул сащясиндяки яринтилярин 
електриккечирмя вя термо-е.щ.г.-си юйрянилмишдир. Бу 
мягсядля (Эе2С3)1-х (ЭеС)х–дя х=0,00; 0,01; 0,02; 0,03 
вя 0,04 тяркибли яринтиляр айрыжа синтез едилмиш вя 900К 
температурда 250 саат мцддятиндя дямлямяйя 
гойулмушдур.  

Електрофизики хассяляри юлчмяк цчцн алынмыш 
нцмуняляр хцсуси щяндяси формайа (узунлуьу л=8-10 мм, 
диаметри д=4-6 мм) салынмышдыр.  

Эе2С3 бирляшмясинин вя онун ясасындакы 1, 2, 3, 4 мол% 
ЭеС тяркибли яринтилярин електриккечирмясинин температур  
асылылыьы график олараг шякил 1(а)-да верилмишдир. Гадаьан 
олунмуш золаьын ени вя електриккечирмянин тяркибдян 
асылы олараг дяйишмяси ися шякил 1(б)-дя эюстярилир. 

 

 
 
Шякил 1(а). Эе2С3-ЭеС бирляшмясинин вя онун ясасындакы  
            1, 2, 3, 4 мол%  ЭеС тяркибли яринтилярин електриккечир- 
            мясинин температурдан асылылыьы 1- Эе2С3; 2 -1 мол%  
           ЭеС;3 -2 мол% ЭеС;4-3 мол% ЭеС;5-4 мол% ЭеС. 

                  (б). 1, 2, 3, 4 мол% ЭеС тяркибли яринтилярин гадаьан  
            олунмуш золаьын ени вя електриккечирмянин тяркибдян  
           асылылыьы. 
 
ЭеС бирляшмясинин бярк мящлул сащясиндя 4 мол%-я 

гядяр артмасы иля Эе2С3-цн електриккечирмясинин 300К-
дя тяхминян 100 дяфядян чох артмасына сябяб олур. 
Гадаьан олунмуш золаьын ени ися Эе2С3 цчцн 
∆ΕТ=2,24еВ олдуьу щалда, 4 мол% ЭеС тяркибли нцмуня 
цчцн азалараг 2,08 еВ олур. 

Електриккечирмянин гиймяти ися тядгиг олунан яринтиляр 
цчцн температурдан  асылы  олараг (300-1000К 
интервалда) артыр. ~Т=300÷480 К температур интервалында 
електриккечирмя нисбятян аз дяйишир вя бу щал ашкар 
кечирижилик областына уйьун эялир. Т>500К гиймятляриндя 
ися температурун артмасы иля електриккечирмя кяскин артыр. 
Бу температур интервалы ися мяхсуси кечирижилик областына 
уйьун эялир. Щяр ики температур областында лэσ∼(103/Т) 
асылылыг графикиндян истифадя едяряк бярк мящлул яринтиляри 
цчцн гадаьан олунмуш золаьын ени щесабланмышдыр. 
Ашаьы температур областында (ашкар кечирижилик областы) 
гадаьан олунмуш золаг цчцн алынмыш гиймятляр 
∆Ε0=0,29÷0,36еВ олуб, активляшмя енеръисинин гиймятиня 
уйьун эялир. Гадаьан олунмуш золаг цчцн мяхсуси 
кечирижилик областында щесабланмыш гиймятляр кифайят 
гядяр бюйцк олуб, 2,02-2,24 еВ интервалында дяйишир. Бу 
гиймятляр, Эе2С3 бирляшмяси вя онун ясасындакы бярк 
мящлул сащясиндяки яринтиляр цчцн гадаьан олунмуш 
золаьын ени щесаб едиля биляр. (∆ΕТ=2,02÷2,24 еВ) 

(Эе2С3)1-х (ЭеС)х бярк мящлулунда х=0,01; 0,02; 
0,03; 0,04 гиймятляриня уйьун эялян яринтилярин термо-
е.щ.г.-нин температур асылылыьы шякил 2-дя верилмишдир. 
α∼ф(Т) асылылыг графикиндян эюрцндцйц кими термо-е.щ.г.-
нин 300÷1000К температур интервалында дяйишмясини ики 
температур интервалына бюлмяк олар. Биринжи температур 
интервалы ∼300÷500К, икинжи температур интервалы ися 
∼530÷1000К-я уйьун эялир. Ясас компонентин (Эе2С3) 
вя онун ясасындакы яринтилярин тядгиг олунан бцтцн 
температур интервалында термо-е.щ.г.-си температурун 
йцксяк гиймятляриндя (∼Т≥900К) термо-е.щ.г.-нин 
гиймяти температурунун артмасы иля аз да олса артмаьа 
доьру мейл едир. 

(Жл2С3)1-х(ЭеС)х бярк мящлул сащясиндя 300К-дя 
термо-е.щ.г.-нин х≥0,00 гиймятляриндя (х=0,00÷0,04) 
азалыр. α-нын тяркибдян асылы олараг беля азалмасы 
електриккечирмянин эюстярилян тяркибдя артмасы иля 
ялагяляндириля биляр. Бу йарымкечирижилярдя термо-е.щ.г.-
нин електриккечирмядян асылы олараг дяйишмяси иля изащ 
олуна биляр. Эюстярмяк лазымдыр ки, бу ганунауйьунлуг 
бцтцн температур интервалында (300÷1000К) сахланылыр. 

Яринтилярдя кечирижилийин типи (н вя йа п- олмасы) термо-
е.щ.г.-нин ишарясинин дяйишмясиня эюря тяйин едилмшидир. 

Мцяййян едилмишдир ки, щям Эе2С3 вя щям дя онун 
ясасындакы бярк мящлул сащясиндяки нцмуняляр ''п''-тип 
кечирижилийя маликдир вя бу тядгиг олунан температур 
интервалында дяйишмир. Буна сябяб Эе2С3 бирляшмясинин 
кристал гяфясиндя Эе+3 ионун (Эе+3=1,034 Å) Эе+2 иону 
иля (Эе+2=0,65 Å) явяз олунмасыдыр. Башга сюзля, явяз 
олунан атома нисбятян, явяз едян атомун оксидляшмя 
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дяряжясинин бир ващид аз олмасы ''п''-тип кечирижилийин 
алынмасына сябяб олур. 

 
Шякил 2. Эе2С3-ЭеС бирляшмясинин вя онун ясасындакы 1, 2,  
            3, 4 мол% ЭеС тяркибли яринтилярин термо е.щ.г.-синин  
            температурдан асылылыьы 1- Эе2С3; 2 - 1 мол%;  
            3 - 2 мол% Эес; 4 - 3 мол% ЭеС; 5 - 4 мол% ЭеС. 

Термо-е.щ.г.-нин ЭеС-ин бярк мящлул сащясиндя 
артмасы иля азалмасы електриккечирмянин тяркибдян асылы 
орлараг дяйишмяси иля вя кечирижилик зонасындакы 
йцкдашыйыжыларын артмасы иля изащ олуна биляр. 
Електриккечирмянин вя термо-е.щ.г.-нин температурун 
артмасы иля дяйишмя характери ганунауйьун 
(йарымкечирижиляр цчцн) олуб, ейни заманда 
йцкдашыйыжыларын консентрасийасынын температурдан асылы 
олараг дяйишмяси иля ялагядардыр. 

∆Ε-нин тяркибдян асылы олараг дяйишмяси Эе+3 вя Эе2+ 
атомларынын ион радиусларын мцхтялиф олмасы (рЪе

+3=1,034 
Å; рЭе

+2=0,65 Å) вя ейни заманда кристал гяфяс 
сабитляринин тяркибдян асылы олараг дяйишмяси иля 
ялагяляндириля биляр. 

Беляликля, ЭеС бирляшмясинин Эе2С3-цн 
електриккечирмяси вя термо-е.щ.г.-ня бярк мящлул 
сащясиндя эцжлц тясир етдийини демяк олар. 

 
 

[1] К.А.Гшнайднер. Сплавы редкоземелных металлов. М., 
Мир, 1965. 

[2] Н.Х.Абрикосов,Л.В.Шелимов. Полупроводниковие матери-
али на основе соединений АЫВБЫВ. М., Наука, 1975.

 
  

А.А. Набиев, Г.Р. Гурбанов 
 

ЭЛЕКТРИЧЕСКИЕ СВОЙСТВА ТВЕРДЫХ РАСТВОРОВ (Ge2S3)1-x(GeS)x 
 
Изучена температурная зависимость термо-эдс и электропроводности образцов твердых растворов системы Ge2S3-GeS на 

основе Ge2S3 с содержанием GeS 1, 2, 3, 4 mol %. 
Обнаружено, что с увеличением содержания GeS в твердом растворе электропроводность растет, а ширина запрещенной зоны 

уменьшается. Термо-эдс с увеличением температуры уменьшается с определенной закономерностью. При изменении полярности 
термо-эдс был определен тип проводимости образцов. Во всех изученных образцах обнаруживается p-тип проводимости. 

 
A.A. Nabiyev, G.R. Gurbanov 

 
ELECTRICAL PROPERTIES OF SOLID SOLUTIONS  (Ge2S3)1-x(GeS)x 

 
Temperature dependence of thermal electromotive force and electric conduction of solid solution’s samples of Ge2S3 – GeS 

systems on Ge2S3  - bases with 1, 2, 3, 4 mol % contain of GeS has been studied. 
It has been revealed that with increase of GeS contain in solid solution’s electric conduction increases, while forbidden area 

thickness decreases. Thermal electromotive force decreases with the increase of temperature due to the regularities. At the 
change of polarity of thermal electromotive force the conductivity type of samples were determined. 

In all studied samples the p - type of conductivity has been revealed. 
 
Received: 26.06.03 
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POSSIBLE MASSES OF PROGENITORS OF DIFFERENT TYPE NEUTRON STARS 

 
A.O. ALLAKHVERDIEV, F.K. KASUMOV, S.O. TAGIEVA 

National Academy of Sciences of Azerbaijan, Physics Institute,  
Baku 370143, Azerbaijan Republic 

 
An attempt to establish the mass of progenitors of different types of neutron stars having different degrees of activity by examining of 

the environments of supernova remnants connected to these neutron stars is done. It is found that there is no reliable relation between the 
mass of the progenitor star and the degree of activity (or passivity) of the neutron star. The S-type supernova remnants without point sources 
located in less dense media and their progenitors may be less massive stars compared to the progenitors of the neutron stars considered here. 

 
1. Introduction 

 
What does the type (or the activity) of a neutron star 

depend on? The activity depends on parameters of neutron 
stars. The most important ones among these parameters are 
magnetic field, spin period, and maybe mass of the neutron 
star. These parameters must depend on the mass of the 
progenitor star and it is important to know, whether the 
progenitor was single star or entered into binary system. If 
progenitor was in binary system, then the masses and the 
separation of the two components must be important [1]. 
Number of the neutron stars in binary systems is very small, 
and as the binary parameters change at SN explosion, so it is 
difficult to check if the pulsar phenomenon depends on the 
progenitor star being in a close binary system or not.  

Today, various different types of single neutron stars 
having very different physical properties are known; these are 
classical PSR-s, dim radio quiet neutron stars (DRQNSs) 
which are the type of neutron stars having very low 
luminosity in the X-ray band and have no detected radio 
radiation, anomalous X-ray pulsars (AXPs) and soft gamma 
repeaters (SGR-s) (see [2] for review). Do the neutron stars 
with different physical properties have progenitors with 
different masses? This question was asked before in [3]. In 
this work, we examine the environments of the SNRs 
connected to different types of neutron stars and also of the 
S-type SNRs in which no sign of any kind of neutron star is 
seen. We discuss masses of the progenitors of these SNRs 
and neutron stars. We have approached the problem through 
4 independent ways: we have examined surface brightness 
(Σ) - radius, Σ - age, and radius-age graphs as well as the 
observational data about density in the shock fronts and in the 
ambient media of the supernova remnants. We have also 
examined the environments of C- and S- type supernova 
remnants in which no point source has been observed.   
 

2. Environments of SNRs and the types of the point  
     sources connected to these SNRs 
 
In Table 1, data of various types of neutron stars and 

SNRs are listed. The data of PSRs are taken from [4], and the 
data of AXPs and DRQNSs are taken from [5]. In this table, 
names of the point sources in the SNRs, ages, radio 
luminosities (at 1400 MHz) of these neutron stars and their 
distances are represented. In Table 2, data of the SNRs, 
which the neutron stars represented in Table 1 are connected 
to, as well as data of some nearby S- and C-type SNRs 
(without observed point sources and for which information 

about the environments, ages, explosion energies are 
available) are listed. 

The data of the SNRs are taken from [6] and [7]. In this 
table, Galactic coordinates, names, morphological types in 
radio and X-ray bands, radio surface brightness, diameter, 
and distance values of the SNRs as well as the OB-
associations in which they are located and distances of these 
OB associations are given. In Table 2, explosion energies, 
ages, density in the shock waves of the SNRs, and data about 
the surrounding medium are also represented [7].  

Various data about the density in the medium around SN 
explosion sites and in the shells of the SNR-s are given in 
Table 2. By examining these and some additional data we can 
get some information about the progenitor masses. Then we 
can check if there is a relation between progenitor masses and 
the types (different activity or total passivity) of neutron 
stars. For some of the SNRs average values of number 
density of particles in front of and just behind the shock front 
in the shell are given in Table 2 in the first part of the 12th 
column. In the same column, after the density of the shock 
wave, the existence of HI clouds around SNRs are 
represented (the densities of these clouds are also given, if 
available). If there is a bubble around the SNR it is also 
written (also its density if possible). In Table 2, we have 
listed only those SNRs which have reliable distance, age and 
density values and after carefully examining PSR-SNR 
connections we have selected reliable pairs (Table 1). 

Three of the AXPs are connected to Galactic SNRs, 
whereas none of the SGRs were found to have reliable 
connections with Galactic SNRs. SGR 0526-66 may be 
connected to a SNR in LMC [7]. In [3] it is claimed that the 
SNRs connected to AXPs (and also SGRs) are located in a 
dense medium. They present a figure (SNR age versus SNR 
radius) to show that the media of the SNRs connected to 
AXPs and SGRs are denser than the media of all the other 
SNRs, on average. Theoretically found average constant 
density lines are also included in this figure to show the 
evolution of the SNRs (with the same explosion energy) 
evolving in different media which have different (constant) 
densities [3]. 

The SNRs which are at the same age have different 
radius values depending on the density of the medium [8]. In 
actuality, it is known that the explosion energy values vary in 
a wide range, about 3 orders of magnitude (e.g. kinetic 
energy of Crab SNR is ~ 1049 erg, [9], whereas kinetic energy 
of Cas A SNR is >1051 erg, [10]. In the Galaxy, the 
interstellar medium is inhomogeneous and has a cloudy 
structure. The observational parameters of SNRs strongly 
depend on the characteristics of the surrounding matter.  
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                                                                                                                               Table 1. Data of the Point Sources of the SNRs 

Source 
Type      Point Source Name l,b (SNR) 

 
Characteri
stic         
 Age (kyr) 

  Log L1400 MHz d (kpc) Progenitor  
     Star 

J 1801-2451 R 5,27-0,9 15 1,05 4,5   
J 1803-2137 R,X 8,7-0,1 16 2,25 3,5     O8-B1 
J 1811-1926 X 11,2-0,3 24   5 O 
J 1846-0258 X 29,7-0,3 0,72   5,7 O 
J 1856+0113 R 34,7-0,4 20 0,89 2,8 O 
J 1930+1852 R,X 54,1+0,3 2,9 0,17 5   
J 1952+3252 R,X 69,0+2,7 107 0,6 2   
J 2229+6114 R,X 106,3+2,7 10 0,97 5,5   
J 2337+6151 R,X 114,3+0,3 41 1,04 2,8     O9-B3 
J 0205+6449 R,X         130.7+3,1 Nit. 5,38 -0,3 3,2     O8-B1 
J 0534+2200 R,O,X,G 184,6-5,8 1 1,75 2   
J 0835-4510 R,O,X,G 263,9-3,3 20 2,31     0,45   
J 1124-5916 R,X         292,0+1,8 Ox. 2,9 0,46 6    O8-B1 
J 1119-6127 R 292,2-0,5 1,6 1,65 7,5    B2-B3 
J 1341-6220 R 308,8-0,1 12 2,11 8   
J 1513-5908 R,O,X,G 320,4-1,2 1,7 1,25 4,2    B0-B2 

R
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sa
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e 
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ng
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-R

ay
 P
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J 1646-4346 R 341,2+0,9 40 1,67 6,8   
RX J 2020.2+4026 78,2+2,1   <-0,1 1,5    O8-B1 
CXO J 2323+5848 111,7-2,1 Ox.   <1,18 3 massive O 
RX J 0007.0+7302 119.5+10 Ox.   <-0,2 1,4    B1-B3 
RX J 0832-4300 260,4-3,4 Ox. 7,9 <0,08 2 O 
1E 1207.4-5209 296,5+10     11, ~10 <-0,4 (4800MHz) 1,8    B1-B3 
1E 161348-5055 332,4-0,4 8,1,  8 <0,1 (1500 MHz) 3,7 O 

D
R

Q
N

S
s 

CXOU J 0617+2221 189,1+3,0       <2 (327 MHz) 1,5   
AXP 1E 1841-045 27,4+0,0 4,7 <1,5 6,5 O 
AXP J 1845-0258 29,6+0,1 5--8   11 O A

X
P

s 

AXP 1E 2259+586 109,1-1,0 200 <0,3 5    B0-B2 

  

  Notes: 
R=Radio Pulsation, O=Optical Pulsation, X=X-Ray Pulsation  
G=Gamma-ray Pulsation, T= Thermal X-Ray Radiation  
CXOU J 0617+2221: DRQNS candidate  

 
All of these should be taken into account while analyzing 

possible masses of progenitors of neutron stars and density of 
the matter in the environments of SNRs. Following [3], we 
have constructed similar SNR radius versus age diagrams 
including the average (constant) density lines as presented in 
[3]. Figure 1, SNR radius vs. age diagram for S- and C-type 
SNRs which are connected to PSRs and single strong X-ray 
pulsars is displayed using the ages of SNRs (see Table 2) and 
the characteristic ages of pulsars (see Table 1), separately. In 
Figure 2, SNR radius vs. age diagram for the SNRs which are 
connected to AXPs and DRQNSs is displayed, again using 
the ages of SNRs (see Table 2) and the characteristic ages of 
AXPs and DRQNSs (see Table 1), separately. In Figure 3, 
SNR radius vs. SNR age diagram for S- and C-type SNRs 
(for which no point source has been observed) is displayed. 

 
3. Reliability of the positions of the SNRs in the Age-  
    Radius diagram 
Positions of the SNRs connected to PSRs and single 

strong X-ray pulsars are represented in figure 1. F-type SNRs 

are included in Table 1, but we did not show the positions of 
them in the figures; we want to examine the ambient medium 
of the SNRs through which the SNR's shell expands. The 
uncertainty in the age values of SNRs are represented with 
error bars in Figure 1. The real age of PSRs is given as  

⎟
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where P and P
•

 are the spin period and time derivative of the 
spin period, and n is the braking index. For n = 3 and P0 <<P, 
τ is the characteristic age which is close to the real age of the 
PSR. For all of the SNRs in figure 1, characteristic ages of 
the pulsars connected to them are known and the positions of 
the SNRs using the τ values are shown in figure 1 by (+) 
sign.

                                



POSSIBLE MASSES OF PROGENITORS OF DIFFERENT TYPE NEUTRON STARS 

17 17

                                                                                              
                                                                                                                                                         Table 2. Data of the SNRs 
 

Σ d R OB dOB E0 Age Density 
Type l,b Name 

Ty
pe

 
(R

ad
io

) 

Ty
pe

   
  

(X
-R

ay
) 

( 10-22 ) (kpc) (pc) assoc. (kpc) (1051 erg) (kyr) (cm-3) 
5.27+0.9   F                   
8.7+0.1 W30 S   59 3,5 22,9     1--4 30 0,03 
11.2+0.3   C   2069 5 2,9     <0,24 2 MC,MS 
29.7-0.3 Kes75 C   1672 6,7 2,9       1   
34.7-0.4 W44 C C 366 2,8 12,5     ~10 10--20 1-6, MC 
54.1+0.3   F F 334 5 1,2           
69.0+2.7 CTB80 ?   28 2 23,3     10     

106.3+2.7   ? C 6 5,5 30,4     0,7 <100 
in HI bubble, 
MC 

114.3+0.3   S   2 2,8 28,7 CasOB5 2,3   10—20 0,1, low 
Nit.130.7+3.1 3C58 F   1104 3,2 2,9     0,2-0,4 0,8   
184.6-5.8 Crab F   44720 2 1,8     0,1-0,3 1 low 
263.9-3.3 Vela C   40 0,45 16,7     10--20 11 high 
Ox.292.0+1.8 MSH 11-54 C C? 235 6 7,2       <1,6   
292.2-0.5   S   35 7,5 18,9     10     
308.8-0.1   C?   38 8 28,5           
320.4-1.2 RCW89 C   74 4,2 21,4     10--20 1,7 very high 

R
ad

io
 P

ul
sa

rs
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nd
 S

in
gl

e 
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ng

 X
-R

ay
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341.2+0.9   C   6 6,8 18,5           

78.2+2.1 DR 4 S   142 1,5 13,1 CygOB1 1,3   5—10 
in cavity, 
MC, >1 

Ox.111.7-2.1 Cas A S   163744 3 2,2     30 0,32 high 

Ox.119.5+10 CTA1 S C 7 1,4 18,4     0,3 15 
0,01-0,02, H1 
cl. 0,5-1,MC 

260.4-3.4 Puppis A S   65 2 16       3,4 
0,4-3, cl,100-
180 

296.5+10 PKS 1209 S   12 1,8 20,1     >0,2-2 10 
0,1-0,2, 
H1cl~10 

332.4-0.4 RCW 103 S   421 3,7 5,4       1—3 
MS,MC>100
0 

D
R

Q
N

Ss
 

189.1+3.0 IC 443 C   119 1,5 9,8 Gem1 1,5   1—5 

10-20, 
cl.100, MC 
10000 

27.4+0.0 4C 0471 S   564 6,5 3,7       2 low 
29.6+0.1   S   90 11 8,1       <8   A

X
P

s 

109.1-1.0 CTB 109 S   38 5 20,4     10-100 3~10 
0,25, cl. 

20 

0.9+0.1   C   423 8 9,3       1--7 
<0,001, 

MC 

6.4-0.1 W28 C C 265 2,5 17,5     4~10 ~50 

0,1-0,23, 
MC~10000,
MS 

42.8+0.6   S C 8 6 21       10 low 
74.0-8.5 Gyg.Loop S   9 0,8 22,3     0,17 5--10 H1 Cloud 4 
116.5+1.1   S   4 3,5 35,3       10--40 low 
132.7+1.3 HB 3 S C 11 2,3 26,8     3,1 21 high 

315.4-2.3 RCW 86 S   42 2,7 16,5 CirOB1 2,5 6--7 9,5 
0,2-0,3, in 
cloud 

326.3-1.8 MSH15-56 C   151 2 11     ~10 10 0,1, medium 
327.1-1.1   C   33 6,5 17     ~13 7   W

ith
ou

t P
oi

nt
 S

ou
rc

es
 

327.6+14 SN 1006 S   32 2 8,8     10 1 
0,02,  0.1,  
0,4 
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Fig.1. SNR –s connected to PSRs and single strong X-ray pulsars 
 

 
Fig.2. SNR-s connected to AXP-s and DRONS-s. 
 

 
Fig.3. The S- and C-type SNR-s without point sources. 
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Fig.4. Surface Brigthness - Age 
 

 
Fig.5. Surface Brigthness-Radius 
  
Examining only the radius vs. age diagrams using an 

average value of explosion energy and constant density 
values for the ambient media does not give us enough 
information about densities of the ambient media. We have 
also constructed surface brightness (Σ) vs. age (Figure 4) and 
Σ vs. radius diagrams (Figure 5) of the SNRs in order to get 
more information about the densities. We have also collected 
observational density values of the ambient media of the 
SNRs (see Table 2) and we have compared these density 
values with the positions of the SNRs in Figures 1-5.  
Although, independent age measurements are not available 
for all the SNRs, we have also shown the positions of the 
SNRs using the SNR's age (if it is known) by (X) sign in 
Figure 1.  

When we take into account the morphological types in 
the radio band (see Table 2) of the SNRs given in Figure 1, 
we see that, in general, the C-type SNRs are evolving in a 
denser medium compared to the S-type SNRs. On the other 
hand, when we compare the density values corresponding to 
the positions of the SNRs in Figure 1 (i.e. the position of the 
SNR with respect to the constant density lines for expansion 
in a homogeneous medium) with the observationally found 
density values given in Table 2, we see that there are 
considerably large differences. It must be noted that, the 
observed density values correspond to the actual density 
values of the shell and the ambient medium depending on the 
diameter value of the SNR. The density values of the shell 
and the ambient medium change, because the medium is not 
homogeneous. The density values also change with respect to 
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the diameter if the progenitor is an O-type star; in such a 
case, the SNR (during its initial phase) expands inside an HII 
region formed by the O-type progenitor or inside a bubble, 
i.e. in a low-density medium. So, if the SNR is expanding 
inside a HII region, i.e. in a low density medium, it does not 
necessarily mean that the surrounding medium is not dense. 
If the SNR is in a star formation region where molecular 
clouds, OB associations are present, then the SNR will be in 
a dense medium and this may be an evidence for the 
progenitor being a massive star. 

 
3.1 The SNRs connected to PSRs and single strong X- 
       ray pulsars 
 

As seen from Figure 1, SNRs Kes 75 and G11.2-0.3 are 
expanding through the densest media. There is no 
observational density data available for Kes 75 (Table 2). The 
SNR G11.2-0.3 is seen to be in a region in which there are 
molecular clouds and this SNR interacts with these clouds. In 
Figures 4 and 5, Σ-age and Σ-radius graphs for all the S- and 
C-type SNRs given in Table 2 are shown. As seen from these 
figures, SNRs Kes 75 and particularly G11.2-0.3 are 
expanding in dense media the progenitors of these SNRs may 
be O-type stars.  

The positions of SNR W44 in Figures 1, 4 and 5, and the 
observational density of W44 given in Table 2 show that this 
SNR is expanding in a dense medium. So, the progenitor of 
SNR W44 and PSR J1856+0113 (which is connected to this 
SNR) may be an O-type star. As displayed in Figure 1, C- 
type SNR MSH 11-54 is expanding in a less dense medium 
compared to the media of the SNRs discussed above. The age 
of the PSR connected to this SNR is greater than the age of 
SNR MSH 11-54 (see Tables 1 and 2) and the uncertainty in 
the PSR's age is less than the uncertainty in the SNR's age. If 
the PSR and the SNR are connected genetically having an 
age of 2.9 kyr then, there is no contradiction between the 
positions of this remnant in Figure 2 and Figures 4, 5. There 
is no observational data directly available about the density of 
the ambient medium of MSH 11-54 (Table 2). SNR MSH 11-
54 is an Oxygen-rich SNR; the progenitor of MSH 11-54 
may be an O8-B1 type star.  

As seen from Figure 1, the SNR RCW 89 is expanding in 
a very low density medium. On the other hand, observational 
data show that this SNR is in a very dense medium (Table 2). 
What is the reason for this contradiction? As seen in Table 2, 
the explosion energy of this SNR exceeds 1051 erg. So the 
progenitor may be B0-B2 type star.  SNR G292.2-0.5 is 
situated in a very low density medium (Fig.1). There is no 
observational data about the density.  PSR J1119-6127 is 
projected on the center of this SNR that the connection 
between the PSR and the SNR is most probably true [11]. 
Progenitor of this pair may be a B2-B3 type star in a low 
density environment.  From Figure 1, we can conclude that  
SNR G114.3+0.3 is expanding in a low density medium and 
this is roughly in agreement with the observational density 
data given in Table 2. The positions of this remnant in 
Figures 4 and 5 also give evidence for this SNR to be 
expanding in a very low-density medium. The progenitor of 
this SNR may be an O9-B3 type star. 

The position of SNR W30 in Figures 4 and 5 is in 
accordance with the position of this SNR in Figure 1, but 
contradicts with the observational low density value given in 
Table 2. It is not possible to get rid of the contradiction by 

changing the distance and age values of this remnant. We can 
suppose that either the actual density of the ambient medium 
of W30 is larger than the observed density value (Table 2) or 
the explosion energy of this SNR is higher than the value 
given in Table 2. Progenitor of the pair W30-J1803-2137 
may be an O8-B1 type star.  

 
3.2 The SNRs connected to AXPs and DRQNSs 
 

In Figure 2, radius-age diagram of the SNRs connected 
to AXPs and DRQNSs is represented. Observed density data 
on SNR G27.4+0.0 and the positions of this SNR and SNR 
G29.6+0.1 in Figures 2, 4 and 5, show that the progenitors of 
these AXP-SNR pairs may be O-type stars. Among the AXP 
- SNR pairs, the most well examined one is 1E 2259+586 -
SNR G109.1-1.0 (CTB 109) pair. As seen from Figure 2, this 
SNR (similar to Puppis A) is in a less dense medium 
compared to all the other SNRs which are connected to AXPs 
and DRQNSs. On the other hand, the ambient density of this 
SNR given in Table 2 and the positions of this remnant in 
Figures 4 and 5 do not confirm this result. If we take into 
account large energy of supernova explosion we can 
confidently say that the progenitor is a B0-B2 type star. 

Next we will examine the SNRs connected to DRQNSs. 
Among the SNRs which are connected to DRQNSs, the 
densest ambient medium belongs to SNR RCW 103 as seen 
in Figure 2. The density in the ambient media of this SNR 
given in Table 2 and the data of this remnant shown in 
Figures 4 and confirm this result; SNR RCW 103 is 
expanding in a dense medium that its progenitor may be an 
O-type star. As seen in Figure 2, the next densest medium is 
the one in which SNR DR4 (which is connected to a 
DRQNS) is located. Again, the density data of this remnant 
given in Table 2 and the location of this remnant shown in 
Figures 4 and 5 do not contradict with this result. As seen in 
Table 1, this SNR is associated with Cyg OB1 that its 
progenitor may be an O8-B1 type star. Next we will examine 
the SNRs (connected to DRQNSs) which are in less dense 
ambient media. The age of SNR G260.4-3.4 (Puppis A) is 3.4 
kyr, whereas, DRQNS RX J0822-4300, which is connected 
to Puppis A, has a characteristic age of 7.9 kyr. In Figures 4 
and 5, we have adopted an average age value of 5.7 kyr for 
this remnant. There is a contradiction between the position of 
Puppis A in Figure 2 and value of the ambient medium 
density given in Table 2 (and also the positions of the 
remnant in Figures 4 and 5). It must be noted that Puppis A is 
an Oxygen-rich SNR like SNRs CasA and CTA 1. Cas A is 
in a dense medium and the thrown out mass was calculated to 
be ~4 solar mass [12]. As seen from the figures, the 
progenitor of SNR CTA 1 may be a massive B-type star. The 
density of the ambient medium of SNR Puppis A is in 
between the densities of the ambient media of SNRs Cas A 
and CTA 1, so the progenitor of Puppis A may be an O-type 
star. Since, the SNRs connected to AXPs are not in less dense 
media compared to Puppis A, in principle we can assume that 
the progenitors of AXPs and DRQNSs are often O-type stars. 

 
3.3 The SNRs without observed point sources 
 

Now let us examine the S- and C-type SNRs for which 
no point source has been observed (Table 2). As most of the 
PSRs are connected to C-type SNRs (in most of the cases 
PSRs create pulsar wind nebula), the C-type SNRs for which 
no point source has been observed most probably include 
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PSRs. As seen from Figure 3, C-type SNR W28 has the 
largest ambient density. The ambient density value of W28 in 
Table 2 and the positions of the SNR in Figures 4 and 5 
confirm this result. 

Similar to W28, the C-type SNR MSH 15-56 is in a 
dense ambient medium as seen from Figure 3. Its ambient 
density data (Table 2) and its positions in Figures 4 and 5 
show that this SNR is in a medium which has a density value 
a bit less than the density in the ambient medium of W28. 
Progenitors of W28 and MSH 15-56 may be massive O-type 
stars. The third densest ambient medium may belong to SNR 
G0.9+0.1 (see Figure 3). So, we can confidently say that this 
SNR has large explosion energy and is expanding in a HII 
region which was created by its progenitor. This fact supports 
the idea that the progenitor of this SNR may be an O-type 
star.  

As seen in Figure 3, the SNRs expanding in less dense 
media are SN1006, Cygnus Loop and G116.5+1.1 which are 
S-type SNRs. The positions of these 3 SNRs in Figures 4 and 
5 also confirm this result. From Figures 3, 4 and 5, after 
examining the ambient media of S- and C-type SNRs (in 
which no point source has yet been found) we see that, on 
average, the C-type SNRs are expanding in denser media 
compared to the S-type SNRs.  

 
4 Discussion and Conclusions  
 

As is well known, average density values of the media, 
presence and sizes of HII regions, and the masses of OB stars 

are related with each other. Therefore, examining the average 
density of the media around the SNRs, the density in the 
shock wave, chemical abundances of the SNRs, and the 
existences of the OB associations in the regions of the SNRs 
we may roughly estimate the types of the progenitor stars. 
Possible types of the progenitor stars of the SNRs which 
contain neutron stars are given in the last column of Table 
1.The progenitors of all the SNRs (except the S-type SNRs 
without point sources) discussed above are expected often to 
be O-type stars with different masses. At the end of their 
evolution massive B-type stars often must give birth to S-
type SNRs in which it is difficult to detect point sources in 
radio and X-ray bands even if these SNRs are located at small 
distances. Since, the number of F-type SNRs is small and as 
F-type SNRs do not have shells (i.e. we can not put them in 
our figures for comparison), we can not discuss the density of 
their ambient media. But we know that the ambient medium 
of the Crab PSR has a low density and nearby the PSR there 
is no young open cluster. Therefore, the progenitor of Crab 
PSR may be a massive B-type star, rather than an O-type star.  

Our investigations show that the type of activity (or 
passivity) of a neutron star practically does not or slightly 
depends on the mass of the progenitor star on the main 
sequence. So, it is necessary to examine the idea of 
connection of the type of activity to the parameters of binary 
systems (similar to the idea of the connection of the origin of 
PSRs to close binary systems as claimed in [1].  
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Ц.Щ. Фддфрмуквшнум, А.Й. Йфыэьщм, Ы.Щ. Ефхэнумф  

 
ЬЪЧЕЦДША ЕШЗДШ ТУНЕКЩТ ГДВГЯДФКЭТ ЦСВФВДФКЭТЭТ ЬЪЬЛЪТ ЛЪЕДЦДЦКШ 

 
Ьъчецдша флешмдшнц ьфдшл тунекщт гдвгядфкэ шдц путуешл ифхдэ щдфт шакфе нутш гдвгя йфдшйдфкштш црфец увцт ьършеш фтфдшя увцкцл, 

тунекщт гдвгядфкэт цсвфвдфкэ щдфт гдвгядфкэт лъедцдцкштш ецншт уеьцнц сцрв пбыецкшдьшжвшк. Пбыецкшдьшывшк лш, цсвфв лъедцдцкш шдц 
тунекщт гдвгядфкэт флешмдшнш фкфыштвф уешифкдэ ишк фыэдэдэй нщчвгк. Шюштвц тбйецмш ьцтиц щдьфнфт Ы- ешздш шакфе нутш гдвгя йфдэйдфкэ вфрф 
ыункцл ьършевц нукдцжьшждцк мц щтдфкшт цсвфвдфкэтэт лъедцдцкш ифчэдфт тунекщт гдвгядфкытsыт цсвфвдфкэтэт лъедцыштвцт фя щдф ишдцк. 

 
А.О. Аллахвердиев, Ф.К. Касумов, С.О. Тагиева 

 
ВОЗМОЖНЫЕ МАССЫ ПРЕДШЕСТВЕННИКОВ НЕЙТРОНЫХ ЗВЕЗД РАЗНОГО ТИПА 

 
Анализируя окружающую среду остатков сверхновых, связанных с нейтронными звездами, сделана попытка установить массу 

предшественников нейтронных звезд различных типов, имеющих разные степени активности. Установлено, что не существует 
надежной зависимости между массами предшественников и степенью активности (или пассивности ) нейтронных звезд. Остатки 
сверхновых S-типа, не содержащие точечные источники, находятся в менее плотной среде, и их предшественники могут быть 
менее массивными, чем предшественники остальных типов нейтронных звезд. 
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MOLECULAR DYNAMICS OF NEUROMEDIN NmU-8 NEUROPEPTIDE 

 
N.A. ISAKOVA, I.N. ALIEVA, N. M. GOJAYEV 

Baku State University, 
Z. Khalilov str.23, AZ 1073/1, Azerbaijan 

 
Molecular dynamics simulations were performed for neuromedin NmU-8, the regulatory peptide isolated from porcine spinal cord. A 

single NmU-8 molecule was modeled in vacuum as well as in water. In the latter case it was surrounded by 264 SPC water molecules and a 
periodic boundary condition was applied. A large flexibility of the Tyr1-Phe4 amino acids sequence was observed in vacuum in contrast to 
water simulation. The Arg5- Asn8 backbone can adopt only a limited number of conformations, while the side chains may populate all three 
major rotamers. 

 
Introduction 
 
Neuromedin U-8 (NmU-8)  is regulatory peptide initially 

isolated in 1985 from porcine spinal cord and then found in 
variety of mammals, birds, and reptile [1-5]. Besides its roles 
in smooth muscle contraction (human ileum, urinary bladder, 
rat stomach etc) NmU-8 has also been implicated in 
hypertension, blood flow in intestine, and neurotransmission. 
NmU-8 is present in nerves throughout the Gl-tracts, 
corticotrophs within the anterior and lobe of rat and human 
pituitary glands, parafollicular cells in rat thyroid gland, and 
in various regions of brain (spinal cord, hypothalamus, 
substantia nigra, hippocampus, amygdala). Low levels of 
NmU-8 are also found in human adipose tissue lymphocytes, 
and spleen. NmU-8 has a primary structure as follows: Tyr1-
Phe2-Leu3-Phe4-Arg5-Pro6-Arg7-Asn8. In our previous paper, 
the theoretical conformational analysis method was employed 
to study the global conformational structure of the NmU-8 
octapeptide [6]. Twelve types of stable conformations with 
significantly different values of dihedral angles are possible. 
The following study [7] was shown that substitution of the L-
amino acid with corresponding D-amino acid at the various 
position leads to the formation of two possible binding sites 
to neuromedin NmU-8 receptors. One of them, the N-
terminal fragment Tyr1-Phe4 has an extended backbone form, 
another C- terminus capable forms β-turn on the Arg5-Asn7 
tetrapeptide fragment. A molecular conformation is largely 
determined by its environment, so the aim of this present 
work is the study the differences in the conformation of the 
NmU-8 neuropeptide in a vacuum and in aqueous 
environment using a molecular dynamics method. 

  
Computational method 
 
Molecular dynamics (MD) simulations were performed 

for NmU-8  neuropeptide in  vacuum as well as in water 
solution using modeling package [8]. MD is widely applied 
to the study of biological systems, providing insight into the 
structure, function, and dynamics of biological molecules 
[9,10]. A wide range systems have been treated, from small 
molecules to proteins, in vacuum and in the presence of 
solvent [11, 12]. Molecular dynamics simulations generate 
trajectories of atomic positions and velocities and some 
general thermodynamic properties. MD involves the 
calculation of solutions to Newton’s equations of motions. 
Often an MD trajectory will become trapped in a local 
minimum and will not be able to step over high energy 
conformational barriers. Thus, the quality of the results from 
a standard MD simulation is extremely dependent on the 

starting conformation of the molecule. So, the twelve 
structures, including the best and the worst of the  calculated  
structures from [6] were used as starting conformations for 
molecular dynamics simulations ϕ, ψ and χ1 angles were 
analyzed for changes in conformation. Runs were performed 
for 300ps at 300K. The total length of the simulation depend 
on the system being studied and the type of information to be 
extracted. For example, in simulations of biological system a 
time step of 1 femtosecond is commonly used. To ensure that 
information about the highest frequency in the system is 
retained, generally the bond stretching frequency of water, 
the trajectory has to be recorded at an interval no larger than 
4 femtoseconds. The length of the simulation (after 
equilibration) has to be long enough to enable the slowest 
modes of motion to occur. The force field parameters were 
those of the all atom version of AMBER by Cornell et al 
[13]. The total number of the water molecules was 264. A 
harmonic force towards the center of the sphere was added to 
atoms when they moved out of the sphere. The nonbonded 
cutoff distance was 12Å. The time step was 0,5fs. The 
program Hyper. Chem. 7.01 [14] was used for the MD 
simulations. All of the simulations were carried out for 2⋅106 
to 1⋅107 steps. 

  
Results and discussion  
 
MD runs, using the 12 starting structures of NmU-8 from 

[6] were shown the significant differences in the 
conformations of the molecule in a vacuum and in an 
aqueous environment. Structures from the last 15ps of the run 
were energy-minimized and two of these are shown in Fig1. 
Corresponding changes of the potential energy and dihedral 
angle values are presented in Table 1. MD simulations show 
that the NmU-8 molecule backbone can adopt only a limited 
number conformations while the sidechains of the residues 
may populate all three major rotamers. A large flexibility of 
the Tyr1-Phe4 amino acids sequence was observed in vacuum 
in contrast to water simulation. The Arg5-Asn7 tetrapeptide 
fragment was found to be rigid in the conditions studies. 
Changes in intramolecular energy during simulations in water 
were negligible; they did not exceed 10-15 kJ/mol for NmU-8 
molecule. At the same time, the molecule interaction energy 
was much higher due to the flexibility of the Tyr1-Phe4 part 
of the NmU-8. Interactions between aromatic side chains of 
the Tyr1, Phe2 and Phe4 amino acids make the largest 
contributions to the global energy of the simulated molecule. 
Undoubtedly this contribution is overestimated in the vacuum 
approximation. The proline residue at position 6 makes an 
angle to the plane of the cycle and is seen to fluctuate by 
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±30° about a mean position during the molecular dynamics 
simulations. The backbone structure comprises a type II β-
turn formed by residues Arg5- Pro6- Arg7- Asn8 contains a 
hydrogen bond between Arg5 CO and Asn8 NδH. Now 
consider the conformational properties of each amino acid 
residue in detail. The molecular dynamics simulations 
revealed the possible deviation by ±120° from the optimal 
values of ϕ angle for Tyr1 in vacuum as compared to ±20° in 
water. The deviations of ψ for Tyr1 by ±80° from its optimal 
values are allowed in all calculated structures in vacuum and 
water environment. The low energy changes of χ1 and χ2 for 
Tyr1 from 166 to 182° and from 70 to 89°, respectively, are 
possible. As can be seen from Table 1 of the Phe2 and Phe4 
side chains are close to the minima of the torsional potential 
χ1=60,180° and χ2=90°. The deviations by ±20° from 
minimal values are possible for χ1 angle. The rotation of the 
χ2 angle for Phe2 and Phe4 is considerably limited due to the 
effective interactions between the Phe2 and Phe4 amino acids. 

The mobility of the backbone and side chain of the Leu3 
is more restricted as compared to preceding residues of 
NmU-8 in vacuum as well as in water. In contrast to water 
simulations, where the ϕ angle for Leu3 may be changed by 

±20° from its optimal value, it is very mobile in vacuo. The 
possible deviations of ψ angle for Leu3 in the later case are 
±40°. Calculated results indicate that χ1-χ4 angles for Leu3 
have a noticeable conformational flexibility. All side chains 
angles (Leu3) were seen to be well-defined around 180° 

throughout  the  runs. 
As can be seen from Table1. the mobility of the Arg5- 

Asn8  amino acids stretch is considerably limited. So, the 
flexibility of ϕ and ψ angles of residues in the 5th and 7th 
positions is limited by 10° as compared to the preceding part 
of NmU-8. This fact can be explained due to the important 
role of these residues in the formation of β-turn. 

Each ϕ angle varied about a single value, close to one of 
the set of possible angles calculated from molecular 
mechanics energy minimization [6]. The run with the high 
energy starting structure had an initial ϕ angle for Arg5 
around -60° which, during the run flipped to a value around -
120°.   The χ1 angles of Arg5 and Arg7 were seen to vary 
between all 3 rotamers (-60, 60 and 180°) in the 5 runs while 
that for Asn8 (χ1) had only values around -60° and 60°. 

 

 
             NMU-8                         a)                                                
    B3B3B2R1B2RB3R32  (eeefefe)         

   NMU-8                               b)                                               
   B3B3B2R1B2RB3R32  (eeefefe)    
 
Fig.1  Computer-optimized structures of the NmU-8 neuropeptide in vacuum (a) and water (b). The initial conformation was an extended  
           structure [6]. 
 
The potential energy changes during the MD  simulations 

were examined (Fig 2). As can be seen, during the global 
sampling stage the potential energy rapidly decreased from 
2000 to 337 kJ/mol. During the MD the energy changed 
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frequently and sometimes even experienced dramatic 
changes, suggesting the sampling of a fairly conformational 

space.The lowest energy obtained was –84 kJ/mol and 
corresponded to state of NmU-8  as shown in Fig.1 (b). 

 

a) 
 

b) 
Fig.2. Energy of the NmU-8 neuropeptide during an MD simulation: a) in vacuum b) in water 
 
Conclusion 
 
We have carried out detailed analysis of the flexibility of 

the NmU-8 neuropeptide molecule by employing the 
molecular dynamics method. The foregoing results and 
discussion lead to the following conclusions:  
(I). molecular dynamics simulations in vacuum as well as in 
aqueous solution confirm the considerable flexibility of the 
Tyr1 -Phe4- sequence of NmU-8 neuropeptide; 

(II).  the turn conformations on  Arg5- Asn8 seqment of 
NmU-8 similar to the type II β-turn were more stabilized in 
water, with the predominant  hydrogen bond between  Arg5 
NH and Arg7 C'O than the extended conformations. 

The determined structure may be used as the basis for the 
design of further peptidic and/or non- peptidic selective 
antagonists.
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                                                                                                                                                                              Table 1.  
The permissible ranges of values (in degrees) of ϕ, ψ, χ1-χ4

    dihedral angles of   NmU-8 neuropeptide under MD 
simulations in vacuum (upperline) and water (under line) 

 
Amino 

acid residue 
ϕ ψ χ1 χ2 χ3 χ4 

Tyr1 -63 to 160 
43 to  83 

54 to 210 
120 to 140 

166 to182 70to89 181 - 

Phe2 -25 to -110 
-90 to -105 

120 to 140 
140 to 160 

150 to176 
160 to182 

90(±5) - - 

Leu3 -60 to -117 
-90 to -105 

80 to 110 
97 to 105 

195 171 192 180 

Phe4 -83 to -105 
-90 to -107 

-23 to -60 
-30 to -45 

60(±5) 89(±2) - - 

Arg5 -110 to -129 
-125 to -129 

144 to 157 
150 to 150 

192 180 179 180 

Pro6 - -82 to -90 
-87 to -92 

- - - - 

Arg7 -120 to -125 
-122 to -125 

101 to 110 
101 to 110 

-60 180 180 180 

Asn8 -90 to -92 
-90 to -92 

-60 to -66 
-60 to -66 

-52 -80 180 - 
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НЕЙРОМЕДИН НмУ-8-ИН МОЛЕКУЛЙАР ДИНАМИКАСЫ 
 

Донузун онурьа сцмцйцндян алынмыш тянзимляйижи пептид нейромедин НмУ-8-ин молекулйар динамика цсулу иля конформасийа 
мцтящярряклийи юйрянилмишдир. НмУ-8 цчцн щесабламалар молекулун юлчцляри верилмякля вакуумда вя су мцщитиндя апарылмышдыр. II-
ъи щалда пептид 264 СПЖ-су молекулундан ибарят дцзбужаглы гутуйа салырлар. Мцяййян едилмишдир, ки Н-ужлу Tyr1- Phe4 
фрагментинин мцтящярряклийи вакуумда вя су мцщитиндя гейри-мцяййян гурулуша маликдир. Ясас зянжирин Arg5- Asn8 фрагменти 
мящдуд сайда конформасийа щалында олмасына бахмайараг, йан зянжирляр бцтцн мцмкцн щалларда ола билирляр. 

 
Н.А. Исакова, И.Н. Алиева, Н.М. Годжаев 

 
МОЛЕКУЛЯРНАЯ ДИНАМИКА НЕЙРОМЕДИНА NmU-8 

 
Методом молекулярной динамики изучена конформационная подвижность нейромедина NmU-8, регуляторного пептида, 

выделенного из спинного мозга свиньи. Расчет молекулярной динамики NmU-8 проводился в вакууме и в условиях явно заданных 
молекул воды. В последнем случае пептид помещали в прямоугольный ящик с 264 молекулами SPC- воды с наложенными 
периодическими граничными условиями. Установлено, что благодаря подвижности N- концевого фрагмента Tyr1- Phe4 пептид 
имеет неупорядоченную структуру в вакууме и в водном растворе, а фрагмент Arg5- Asn8 основной цепи  принимает ограниченное 
число конформационных состояний.  
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GREEN FUNCTION METHOD IN A FERROMAGNETIC SUPERLATTICE 
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The expression of Green function for different layers in a ferromagnetic superlattice is derived by the recurrence relations technique. The 
elementary unit cell of the superlattice under consideration consists of alternating layers of two simple-cubic Heisenberg ferromagnets. The 
results are illustrated numerically for a particular choice of parameters 

 
In the past few years, there has been growing interest in 

the magnetic properties of artificially layered structures. With 
the advance of modern vacuum science, in particular the 
epitaxial growth technique, it is possible to grow very thin 
films of predetermined thickness, even of a few monolayers 
[1-3]. Superlattice structures composed of two different 
ferromagnetic layers (Fe/Co, Fe/Cr, Fe/Ni, Co/Cr, Dy/Gd 
etc.) have already been artificially fabricated. They have 
potential applications in magnetic information technology. 
Green’s function method interface rescaling technique 
transfer matrix formalism as well as recurrence relations 
technique is used for their studies [4-6]. Green function 
method is the most useful among these methods. The 
physical characteristics, such as spectrum of magnons, the 
temperature dependence of magnetization, magnetic 
susceptibility and others of magnetic layered structures are 

obtained using Green function method [7,8]. The 
investigation of Green function in SLs is not new, but many 
earlier papers considered only the case the SLs composed of 
two different ferromagnetic or antiferromagnetic atomic 
layers [9,10]. J. Mathon derived the exact local spin-wave 
Green function in an arbitrary ferromagnetic interface, 
superlattice and disordered layer structure in ref. [11]. 

As indicated in fig1. we consider in this article a 
superlattice in which the elementary unit cell  n1 layers of 
material 1 alternate with n2 layers of material 2. Both material 
are taken to be simple-cubic Heisenberg ferromagnets, 
having exchange constant J1 and J2 and lattice constant a. 
The exchange constant between constituents is J. The 
expression of Green function for different layers in the 
superlattice under consideration is derived by the recurrence 
relations technique. 

 
Fig.1. The elementary unit cell of SL consisting N different simple-cubic Heizenberg antiferromagnetic materials. The same lattice  
           parameter a is assumed for all the materials.  Antiferromagnetic layers consist of nj  (j=1,2,…,N) atomic layers. The layers  
           are infinite in the direction perpendicular to the axes z. 

 
The Hamiltonian of the system can be written in the form 
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where the first term describes exchange interactions between 
the neighbouring spins and the last terms include the 
Zeeman’s energy and magnetic anisotropy energy. The axis z  

of the coordinate system is normal to the film interfaces [001] 
and external field H0 is assumed to be parallel to the axis z.  

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

simple uniaxial anisotropy along the z axis.  
 Employing the equation of motion for the Green function 
( ) ( ) ( )〉〉′〈〈=′ −+ tS;tSt,tG jij,i  one obtains the following 

equation after two dimensional Fourier transform [9]
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here, n is the index of an atomic layer and )k( ||γ  is defined 
as follows ( )akcosakcos5.01)k( yx|| +−=γ . Equation (2) 

are valid in the low-temperature limit and random-phase-
approximation (RPA) has already been done.  
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The equation (2) can be solved by recurrence relations 
technique [12] to relate the Green functions for interface 
layers of the elementary unit cell 
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where L1
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θ1 and θ2 are defined by the expression  
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For ( ) 1b 21 > , ( ) ( )( )2121 coshb θ= , and one replaces  

( )( )21nsin θ  by ( )( )21nsinh θ  for ( ) 1b 21 >  and 

( ) ( )( )21
n

nsinh1 θ−   for ( ) 1b 21 −< .  The matrix 
elements of T is given by the following expression 
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the matrix elements T21, T22 and Y11, Y12, Y22  by replacing all 
subscript 1 by 2, 2 by 1 in  - T21, T22 and Y11, Y12, Y22, 
respectively.      

The system is also periodic in the z direction, which 
lattice constant is ( )annL 21 += . According to Bloch’s 
theorem we can write [13,14] 



V.A.TANRIVERDIYEV 

28 

  [ ] ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

′

′

′+

′++

n,0

n,1
z

n,nn

n,1nn

G

G
LiKexp

G

G

21

21    (8) 

 

 The expression of Green function ( )||n,1 k,G ω′  and 

( )||n,0 k,G ω′  are obtained by using equation (3) and (8). 
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The Green’s function for all layers of elementary unit of 

superlattice are related with  ( )||n,1 k,G ω′  and ( )||n,0 k,G ω′  
by reccurence relation technique. Using (4), (5) and (8) one 
can calculate the Green’s function for different layers in 
elementary unit cell of the superlattice  under the consideration. 

Green function for the left-hand ( )1n =′  and right-
hand ( )1nn =′   layers of components 1 in elementary unit 
cell of the superlattice  have the form  
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Green function for the bulk layers ( )1nn2 1 −≤′≤   of components 1 in elementary unit cell of the superlattice  has the 

form  
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Fig.2. Bulk spin – wave dispersion graphs for [001] propagation  
          with parameters 2JJ 12 = ; 21 gg = ; 
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Green function for the left-hand layer ( )1nn 1 +=′ , the 

bulk layers ( )12n1nn2n1 −+≤′≤+ and  right-hand layer 

( )2nnn 1+=′   of components 2 in elementary unit cell of the 

superlattice  are obtained by replacing all subscript 1 by 2, 2 
by 1 and ( )1nnn +′→′  in  the Green’s function for the same 
layers of components 1 in elementary unit cell of the 
superlattice, respectively.  

For numerical illustration of our result we consider the 
spin wave dispersion-curve of the superlattice under 
consideration. As known the spin-wave spectrum is obtained 
from the poles of Green function. fig 2(a) shows the bulk 
spin-wave dispersion curves of the component 1 and 2 for a 
particular choice of parameters, while fig.2(b) shows the 
spin-wave dispersion curves of the superlattice.  In the 
frequence range, where z1k  and z2k are real, the 
superlattice dispersion curve exhibits broud pass bands and 
narrow stop bands. The pass bands are narrow and the stop 
bands are broud where at least one of the wave vectors is 
complex. 
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ФERROMAGNИT  ИFRAT QЯFЯSДЯ ГРИН ФУНКСИЙАСЫ  METODU 
 
Rekurenс яlaqяlяr metodu иlя  ferromagnиt иfrat qяfяsиn мцхтялиф лайлары цчцн Грин функсийасынын ифадяси тапылыб. Baxыlan иfrat 

qяfяsin elementar юzяyi   ики mцxtlиф садя кубик Щейзенберг тип ferromaqnit layларын нювбяляшмясиндян   tяшkиl olunub. Alыnan 
nяticяlяr  parametrlяrin seчilmиш qiymяtlяri  цчцн kяmiyyяtжя  tяsvиr olunub. 

 
В. А. Танрывердиев 

 
МЕТОД ФУНКЦИЙ ГРИНА В ФЕРРОМАГНИТНОЙ СВЕРХРЕШЕТКЕ 

 
С помощью техники рекуррентных  соогношений  найдены выражения функции Грина для различных слоев ферромагнитной 

сверхрешетки. Элементарная ячейка расматриваемой сверхрешетки  состоит из чередующихся слоёв двух  различных простых 
Гейзенберговских ферромагнетиков. Результаты проиллюстрированы   количественно  для  выбранных  значений  параметров. 
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THE DIFFUSE PHASE TRANSITION IN HTSC AND THE MAGNETIC FIELD INFLUENCE 

ON IT 
 

S.A. ALIEV, S.S. RAGIMOV, V.M. ALIEV  
Institute of Physics National Academy of Sciences 

H.Javid ave.33, Baku-1143, Azerbaijan 
 
The results of electrical properties of bismuth (2212, 2223), yttrium (123), YBa2Cu2.87Fe0.13O7-y, and La2-xSrxCuO4 crystals in the 

superconducting phase transition (SCPT) region are interpreted within the framework of the theory of diffuse phase transition (SPT). The 
parameters of PT, characterizing the region and the degree of diffuse of SC transition are determined: T0, aB, L(T), dL/dT, 2∆T* and   
2∆T*/T0 at different values of a magnetic fields (B).  

It was shown that in HTSC the supercoducting PT, without “premature” decreasing region of ρ(T) and α(T) has the diffuse character. 
The SC transitions take placed under the mSCP/mNP=exp[aB(T-T0)] law, and under magnetic field (B) strongly increased the diffuse 
degree. It was founded the most probably defects, which stipulate the diffuse of PT in HTSC and the reason leading to rise of degree of 
diffuse in magnetic field. 

 
The study of processes take placed near by and in range 

of phase transformations (FT) is one of developing directions 
of solid-state physics. The interest to this, widely 
investigated, direction has increased after discovering high 
temperature superconductors (HTSC). One of actual 
questions of the given direction is the study of regularity of 
transition of one of coexisting phases in other, detection of 
classification FT, namely in what extent the transition is 
pointy or blurred. For this purpose the calculations of 
arguments FT is necessary, by which one are possible are to 
reveal the range and extent of diffusion FT. Such problems 
are reviewed in [1-4] for crystals Ag2Te, Ag2Se and 
AgFeTe2, having structural FT. In particular, in [2,3] at study 
of electrical and thermal properties Ag2Te and Ag2Se near by 
and in range FT were observed a number of a feature. For 
interpretation of the obtained data the theory blurred FT was 
involved [5-7]. Proceeding from the theoretical reasons, the 
procedure of determination of masses coexisting in range FT 
of phases (mα, mβ), by data, which were, calculated the 
parameters of FT, defining range and extent of diffusion FT. 
It was shown, that the electronic processes, which are flowing 
at FT, by virtue of them on many smaller inertness effect, 
than thermal processes, are most responsive to a subtle 
structure FT and can be applied for determination of 
parameters FT, irrespective of their origin. The given 
procedure was used for study FT in bismuth HTSC [8-9], 
where is shown, that SC FT in them have blurred nature. 
Under of an external magnetic field the diffusion hardly 
increases, the asymmetry FT and etc. feature occurs. 

 With the purpose of generalization and developments 
obtained in works [8-9] of result in whole for HTSC it is 
necessary to increase number considered HTSC, to expand a 
range of magnetic and electrical fields, to involve the data of 
crystalline samples etc. It to allow to reveal regularity of 
transitions SFT - NF, influencing on these transitions of 
external factors, to study variations take placed in range of 
"premature" decreasing of specific receptivity (ρ) in HTSC, 
to determine range and extent of diffusion FT in wide-spread 
HTSC, and also influencing on them of an anisotropy, related 
by layered crystalline structure of HTSC. Therefore in the 
given work is analyzed the electrical properties of specific 
receptivity ρ(В,Т) and thermal power α(В,Т) in range FT 
most widely investigated HTSC: YBa2Cu3O7-δ [10],  
YBa2Cu2.87Fe0.13O7-δ  [11],  in directions B|| to a plain (ab) 
and B⊥(ab); Bi1.72Pb0.34Sr1.83Ca1.97Cu3.13O10+δ (2223) and 

Bi2Sr2CaCu2O10+δ (2212) and La2-xSrxCuO4 (214). The 
experimental data are interpreted within the framework of the 
theory DFT [5-7] on procedure offered in [2, 3]. 

 
Theory and procedure of determination of parameters FT 

 
The theory DFT in solids is reviewed in [5-7]. With this 

purpose was used the theory DFT in condensate systems, 
founded on the introducing of a function of inclusion L(T), 
describing a relative part of phases in range of their 
coexistence. It is supposed that, if thermodynamic potentials 
of α and β- phases to designate through Фα and ФβФ, the 
thermodynamic potential Ф(Т) in range FT can be 
introduced by 

  
                 Ф(Т) = Фα (Т) + ∆Ф •L(Т)                             (1) 
 
Where ∆Ф(Т)=Фβ(Т)-Фα(Т). In a case, when FT take 

placed in ∆Т=Т2-Т1(Т2>T1) interval, the function L(T) 
should fit asymptotic conditions 
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According to the theory DFT, for a function L(T) is 

obtained 
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Where Т0- temperature, at which mass of both phases are 

quantitatively equal, a – temperature dependent constant 
describing extent of diffusion FT, depending from a volume 
of possible fluctuations, and also energy and temperature FT. 
Informative the derivative L(T) on temperature is also 
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defining temperature speed of phase transformations in each 
transition point. Allowing, that L(T) characterizes a relative 
part of phases in range FT, it can be determined and under the 
data of masses of each phase (mα, mβ)  by 
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From the joint solution (3) and (5) follows 
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gives straight, the interception which with a temperature axis 
corresponds to Т0, and slope ln y/∆T  - to a temperature 
constant - a. 

In works [2-4] enabling, that in region of FT a 
temperature change of a differential - thermal analysis DTA 
and electrical properties of Ag2Te and Ag2Se in region of FT 
are related by, basically, quantitative change of α and β 
phases, the parameters of FT were determined: a, Т0, L(T), 
dL/dT and change of some thermodynamic parameters in 
FT region. For this purpose it was necessary to achieve a 
linear temperature variation nearly and in FT region. Then 
from a beginning up to the end of transition the interval of ∆Т 
may be to divide into equal intervals and corresponding 
values of investigated effects to refer to suspected phases, for 
example 

 
     ∆Ту=Ту,α(1-mβ/mα)+∆Ту,β(mβ/mα)              (7) 
 
If by analogy Ag2Te and Ag2Se to accept for one phase 

normal (NF), and for other superconducting (SCF), the 
offered procedure can be applied and for HTSC. Then the 
conforming masses will accept values mnf and mscf.  

 
Discussion of obtained results 

 
In a fig.1 are submitted the ρ(Т,В)  and α(Т,В) 

dependencies for a crystalline sample Bi2Sr2CaCu2O7+δ 
(2212)  and ρ(Т,В)  for a crystalline sample 
Ag(Bi1.72Pb0.34Sr1.83Ca1.97Cu3.13O10+δ (2223), investigated in 
[12] up to magnetic fields 12 Т. For analysis are involved the 
data of  [10], in which ρ(Т,В) of crystalline YBa2Cu3O7-δ are 
investigated up to 5 Т (fig. 2а), the data [11] in which ρ(Т,В)  
of YBa2Cu2.87Fe0.13O7-δ  is investigated in a direction В||(ab) 
of plain and В⊥ (ab), accordingly up to 5 Т and 4 Т, and 
also La2-xSrxCuO4 (214) [13]. For each of introduced curves 
ρ(Т,В)  and α(Т,В) in FT region the masses msf and 
mnf are found, the relations ln(mnf/msf) from Т are 
constructed and are determined Т0 and aB at different values 
of a magnetic field. In a fig. 3(а) are presented the 
characteristic dependencies of ln(y,T)  only for 
YBa2Cu2.87Fe0.13O7-δ in a case B||(ab)  plain. It is shown, 
that in all reviewed HTSC crystals with increasing of B the 
value Т0 and aB hardly decreases. From the data of a fig. 3а 

are seen, that the temperature dependencies of distribution of 
coexisting phases (in FT region), by excepting of high 
temperature part of transition corresponding to "premature" 
region of ρ(Т), are well layed on straight  ln (mscf/mnf =у, 
Т). But the dependencies of ln(y,T) and in high 
temperature region also is linear, but with other slope 
independent of value B. The values of a on this segment 
(аsf) on the order are less, than in a main segment SCFT 
(а0) at В=0. In a fig. 3b are shown the  aB /а0  dependencies 
from a magnetic field. As is seen the strong decreasing of a is 
occurred at weak fields. The data analysis are shown, that this 
segment of B corresponds to ranges of the lower critical field 
Вс1, at which one is always watched a fracture of communal 
dependencies of a critical field Вс(Т) from Т. From the 
obtained here results it may be to conclude, that for reviewed 
HTSC the superconducting phase transformation, irrespective 
of value of a magnetic field, is realized under the law mscf/mnf 
= ехр[aB(T-T0)], where a  aB - temperature-dependent 
constant for each crystals depending only on value B. It 
means, that the process of despairing of SC electronic pairs 
(or process of formation of vortex currents) in a magnetic 
field is realized by the indicated exponential law. 

 
Fig. 1. Temperature dependencies of specific resistance (а),  
            thermal power (в) of Bi-SC (2212) at В: 1 - 0; 2 - 0.1;  
            3 – 0.2; 4 - 0.5; 5 - 0.9; 6 - 2.2 Т and Bi (2223) (с) at В:  
            1- 0; 2 - 0.01; 3 - 0.05; 4 - 0.1; 5 - 0.2; 6 - 0.5; 7 - 1; 8 –  
            2; 9 - 3; 10 - 5; 11 - 7; 12 - 9; 13 - 12Т. 
 
It should be noted, that on a segment of "premature" 

decreasing of ρ(Т) of FT also is realized by the exponential 
law mscf/mnf = ехр [asf (T-T0s)], but with the data аsf and Т0sf, 
intrinsic to this region. It confirms opinion that the 
mechanism of pairing on a segment of "premature" 
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decreasing of resistance differs from the mechanism of a 
main segment of SC transition.  

 
Fig. 2. Temperature dependencies of specific resistance of  
           YBa2Cu3O7-δ (а)  at В: 1 - 0; 2 - 1; 3 - 2; 4 - 4; 5 - 5Т  
            [10], YBa2Cu2.87Fe0.13O7-δ   at В||(ab)   В: 1 - 0; 2 - 1;  
            3 – 2; 4 - 3; 5 - 4; 6 - 5Т and В ⊥ (ab)  В: 1 - 0; 2 - 1;  
            3 - 2; 4 - 3; 5 - 4Т [11]. 

 
Fig. 3. Temperature dependence of mass distribution lny (a) in  
            YBa2Cu2.87Fe0.13O7-δ   In a case B || (ab) at В: 1 - 0;  
             2 –1; 3 - 2; 4 - 3; 5 - 4Т and dependence of a tempera- 
             ture constant аВ (b) from a magnetic field: 1-Bi (2212);  
             2 - Bi (2223); 3 - Y (123); 4 - YBa2Cu2.87Fe0.13O7-δ       

                  B|| (ab) and 5 - YBa2Cu2.87Fe0.13O7-δ   B⊥ (ab). 
 
According the data of  aB and Т0 for each dependencies 

ρ(В,Т) and α(В,Т)  were calculated a inclusion function  L 
(T) and temperature speed FT  dL/dT. In fig. 4 are shown the 

dependencies L (T) and dL/dT only for bismuthic (2223) 
HTSC at different values B. These characteristic and for 
remaining HTSC crystals data visually demonstrate a 
diffusing of SC phase transition in HTSC and influencing on 
them magnetic fields. It follows that according to the theory 
[5-7] at point FT tangent to inflection point L (T) there 
should be a vertical axis, and in a case DFT tangent will 
derivate a definite angle with a vertical axis, depending on 
value a. The calculations shows, that for the reviewed crystals 
the value of this angle reaches up to 45º.  The rate of change 
of a function dL (T) /dT according to the theory DFT is 
figured by a curve with a final maximum at Т0 (as in a fig. 4), 
where as for point FT she can aspire in this point to infinity. 
For the quantitative characterize of diffusion FT it may be to 
use a half-width of a curve dL/dT i.e. interval ∆Т*, counted 
from Т0, in which  dL/dТ decreases twice as contrasted to 
with maximum rating dL/dТ (∆Т*) = 1/2, from which one, 

with allowance for (4) follows: ∆Т*=
BB a

76.1

a

3arcch
=    

or, allowing the left and right party from Т0 we shall receive 
2∆Т*=Т1-Т2 = 3.52/аВ .  Then in the formulas (3) and (4) in a 
place a using 3.52 / (Т1-Т2) it is possible to calculate L (T) 
and dL/dT for region of diffusion IF. The calculations shows, 
that to an interval 2∆Т* there corresponds variation of a 
function L (T) from value 0.15 (at Т1) up to value 0.85 (at 
Т2). In a fig. 4 these regions are indicated with broken lines, 
the values which one coincides with counted on the data an 
aB. It is expedient to enter into the table the value of the most 
relevant parameters for all reviewed HTSC at different values 
of a magnetic field. In particular: ∆ТST  - interval of 
temperature of SC phase transition (without region of 
"premature" decreasing ρ); ТК (В) - critical temperature; Т0 
(В) temperature at which one mSF=mNF; aB- temperature 
constant; dL/dT at Т0;  2∆Т*  - interval of diffusion of SCFT 
and 2∆Т*/Т0  - relative value of region of diffusion FT. Let's 
remark, what there is a tendency - than above temperature 
SCFT, the more FT interval ∆ТST, therefore and region of  
diffusion FT, but ratio 2∆Т*/Т0  excludes such relation and 
demonstrates an extent of diffusion FT temperature-
independent of transition.  

 
Fig. 4. Temperature dependencies of include function L (T) and  
            its derivative dL/dT for Bi (2223) at В: 1 and 1 ' - 0; 2  
            and 2 ' - 0.1; 3 and 3 ' - 0.2; 4 and 4 ' - 2; 5 and 5 '- 12Т.  
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From the reduced data follows, that among reviewed 
HTSC yttrium have the least diffusion SCFT, the 
replacement of Cu0.13 atoms by Fe0.13 atoms does not result in 
noticeable variation of diffusion FT. In a direction В⊥ (ab), 
J|| (ab) region of diffusion hardly extends, as enhances 
influence a magnetic field on an extent of diffusion in it. The 
data on La2-XSrXCuO4 (Х=0,15; 0,16; 0,18) demonstrate, that, 
despite of rather low extreme temperature, in them the 
diffusions SCFT are higher, than in yttrium HTSC. For 
comparison in the table are brought the data for classic SC 1 
kind of stannum (Sn) at different values of a current density 
(j), flowing through it [14]. As is seen, in Sn the value of аi, 
though and on three orders it is more than in HTSC, but SC 
transition is not pointy, and the diffusion increases with 
increase of a current density, which one acts to an identically 
external magnetic field. From these data also follows, that the 

degree of diffusion of FT in SC- І of a kind, approximately 
one order is less, than in HTSC (in relative units 2∆Т*/Т0). 

 Concerning the nature of defects resulting in to diffusion 
in SCFT in HTSC in absence of a magnetic field is possible 
to indicate on a non-uniformity, related by deviation from a 
stoichiometry of multicomponent structures, defect or excess 
of oxygen etc. imperfection. In case of bismuthic HTSC the 
presence of other phases (2201, 2212, 2223) is possible. 
Probably in bismuthic HTSC these factors cause a high scale 
of diffusion of FT. The defects resulting in to strong diffusion 
SCFT in a magnetic field, undoubtedly, are conditioned by a 
vortex state of SC- ІІ  kind, in which one, since very weak 
fields, are spontaneously arisen vortex currents. At further 
increasing of B the dimensions of vortexes and value of a 
flow of a magnetic field, which one they carry out, remains 
invariable, but quantity of vortexes is increased, forming 
similarly to atoms of a crystal an exact lattice, which leads to 
increase of diffusion degree of SCFT. 

                                                                                                                                                                                   The table 
The title of HTSC В,Т ∆ТСП 

К 
ТК(В), 
К 

Т0(В), 
К 

аВ,К1 dL/dT 
At 

∆Т=0 

2∆Т*(В) 
К 

0T

T2
∗∆

 

YBa2Cu3O7-δ 
(123) [10] 

0 
1 
2 
5 

1.1 
3.5 
6 
11 

91.4 
88 

85.8 
80 

91.8 
89.3 
87.75 
83.75 

6 
1.25 
1.1 

0.75 

1.5 
0.31 
0.28 
0.19 

0.6 
2.8 
3.2 
4.7 

0.0065 
0.03 
0.036 
0.05 

YBa2Cu2.87Fe0.13O7-δ 
B|| (ab),B⊥J 
J⊥ (ab)   [11] 

0 
1 
3 
5 

1.5 
2.7 
4 

4.5 

79 
77.3 
75.5 
74.5 

79.85 
78.6 
77.5 
76.75 

5 
2.9 

1.94 
1.36 

1.25 
0.72 
0.49 
0.34 

0.7 
1.2 
1.8 
2.6 

0.0088 
0.0153 
0.023 
0.034 

YBa2Cu2.87Fe0.13O7-δ 
B⊥ (ab), B⊥J , 
J ||(ab)   [11] 

0 
1 
2 
4 

7 
17 
20 

27.3 

78 
68 
62 

52.7 

79.5 
73.4 
69.6 
63.9 

1.2 
0.64 
0.43 
0.25 

0.30 
0.16 
0.11 
0.08 

2.9 
5.5 
8.2 
14 

0.0365 
0.075 
0.118 
0.22 

Ag(Bi1.72Pb0.34Sr1.83 
Ca1.97 Cu3.13O10+δ) 

(2223) 
[12] 

0 
0.5 
2 

12 

10 
28 
38 
62 

107 
85 
72 
45 

109.5 
107 
106 
90 

0.4 
0.18 
0.12 
0.05 

0.1 
0.045 
0.03 

0.012 

8.8 
19.6 
29 
70 

0.08 
0.23 
0.27 
0.78 

Bi2Sr2CaCu2O10+δ 
(2212) 

0 
0.5 
2 

12.5 
27 
32 

80 
65 
60 

86.5 
83.5 
82.5 

0.3 
0.24 
0.2 

0.075 
0.06 
0.05 

11.7 
14.7 
16 

0.13 
0.18 
0.19 

La1.85Sr0.15CuO4 
La1.84Sr0.16CuO4 
La1.82Sr0.18CuO4 

- 
- 
- 

10 
5.4 
4.6 

40 
40 

36.75 

41.75 
41.25 
37.30 

0.65 
0.8 

0.43 

0.16 
0.2 

0.11 

5.6 
4.8 
7.6 

0.13 
0.12 
0.2 

Sn 
[14] 

10µA 
20µA 
40µA 

0.0038 
0.0045 
0.006 

3.721
2 

3.72 
3.718 

3.722 
3.721 
3.719 

2.088 
1.75 
1.382 

522 
436 
345 

0.00266 
0.00315 
0.0042 

0.0007 
0.00085 

0.001 

 
[1] .S.A.Aliev, F.F.Aliev, G.P.Pashaev, Neorganicheskie 

Materiali, 1993, 29, 1073. 
[2] S.A.Aliev, F.F.Aliev, Z.S.Gasanov. FTT, 1998, 40, 1693. 
[3] S.A.Aliev, Z.S.Gasanov, Z.F.Agaev, R. Guseynov. Izv. 

NAN of Azerbaijan, ser. Phys, mat.and tech. nauk 5, 
2002,  76. 

[4] S.A.Aliev, Z.S.Gasanov, S.M.Abdullaev. J. Physica 
(Azerbaijan), 2002, 3, 24. 

[5] B.N. Rolov. Diffusion of phase transformations, Riga 
1972, 311p. 

[6] B.N.Rolov, V.E.Yurkevich. Physics of diffusion phase 
transformations, Print. the Rostov University, 1983, 
319 p. 

[7] B.N.Rolov. Izv. AN.Lat.SSR, ser. Phys. and tech. nauk, 
1983, 4, 33. 

[8] S.A.Aliev, S.S.Ragimov, V.M.Aliev.  Izv.NAN of 
Azerbaijan, ser. Phys, mat.and tech. nauk, 2002, 2, 67. 

[9] S.A.Aliev. J. Physica (Azerbaijan), 2002, 4,32. 
[10] U.Welp, W.K.Kwok, G.W.Grabtlee. Phys. Rev. Lett., 

1989, 62,1908. 
[11] M.D. Lan, I.Z. Lin and al. Phys. Rev. B, 1993, 47, 454. 
[12] G. Crasso, F. Marti and al. Physica C, 1997, 281, 271. 
[13] Migaki Oda, Naoki Momono and Masayuki Ido. 

Supercond. Sci. Technol., 2000, 3,57. 
[14] Low temperature  physics, under edit. A.I.SHalnikov, 

Moscow, 1959, 612p. 
 



S.A. ALIEV, S.S. RAGIMOV, V.M. ALIEV  

 34

S.А. Ялийев, С.С. Рящимов, В.М. Ялийев 
 

ЙТИК-ДЯ ФАЗА КЕЧИДЛЯРИНИН ЙАЙЫЛМАСЫ ВЯ ОНЛАРА МАГНИТ САЩЯСИНИН ТЯСИРИ 
 
Бисмут (2212, 2223), иттриум (123), YBa2Cu2.87Fe0.13O7-δ, вя La2-xSrxCuO4 кристалларынын ифраткечирижи фаза кечиди областында (ИКФК) 

електрик хассяляринин нятижяляри йайылмыш фаза кечиди (ЙФК) нязяриййяси ясасында изащ едилмишдир. Магнит сащясинин (Б) мцхтялиф 
гиймятляриндя ИК кечидлярин йайылма дяряжяляри вя областларыны характеризя едян  Т0, аВ, L(T), dL/dT, 2∆Т* и 2∆Т*/T0  кими ФК 
параметрляри тяйин едилмишдир. Эюстярилмишдир ки, ЙТИК-дя ифраткечирижи ФК  вахтындан яввял азалма областыны нязяря алмадыгда 
йайыныг характерли олур, сащянин (Б) тясири алтында йайыныглыг дяряжяси артыр вя m СПФ/ m НФ = ехр[aB(T-T0)]  гануну иля баш верир. ЙТИК-
дя ФК-нин йайыныглыэыны тямин едян дефектляр вя магнит сащясиндя йайыныглыг дяряжясини артыран сябябляр эюстярилмишдир.  

 
С.А. Алиев, С.С. Рагимов, В.М. Алиев 

 
РАЗМЫТИЕ ФАЗОВЫХ ПЕРЕХОДОВ В ВТСП И ВЛИЯНИЕ НА НИХ МАГНИТНОГО ПОЛЯ 

 
Результаты электрических свойств висмутовых (2212, 2223), иттриевых (123), YBa2Cu2.87Fe0.13O7-δ, и La2-xSrxCuO4 кристаллов в 

области сверхпроводящего фазового перехода (СПФП) интерпретированы в рамках теории размытых фазовых переходов (РФП). 
Определены параметры ФП, характеризующие область и степень размытия СП переходов: Т0, аВ, L(T), dL/dT, 2∆Т* и 2∆Т*/T0 при 
различных значениях магнитного поля (В). Показано, что в ВТСП сверхпроводящие ФП, без учета области “преждевременного” 
уменьшения ρ(Т) и α(Т),  носят размытый характер, СП переходы,  происходят по закону m СПФ/ m НФ = ехр[aB(T-T0)] и под 
действием  В сильно возрастает степень размытия. Обоснованы наиболее вероятные дефекты, обуславливающие размытие ФП в 
ВТСП и причина, приводящая к возрастанию степени размытия в магнитном поле. 
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THERMODYNAMICS OF QUANTUM WIRES WITH A PARABOLIC POTENTIAL IN 
TILTED MAGNETIC FIELDS 

 
   G.B. IBRAGIMOV 

Institute of Physics Azerbaijan National Academy of Sciences 
H. Javid av.,33, Baku 1143 

 
The magnetic susceptibility, specific heat and entropy of parabolic quantum wires in tilted magnetic fields is studied. The dependence of 

the magnetic susceptibility, specific heat and entropy on the magnitude of the magnetic field and the direction of the magnetic field, and 
parameters of a parabolic wells is shown explicitly. 

 
During the past three decades, the physics of low-

dimensional semiconductors has become a vital part of 
present –day research. Low - dimensional structures allow the 
study of a variety of new mechanical, optical,, and transport 
phenomena. In this context, one dimensional systems have 
been of particular interest for past decade [1-8]. 

The improvements of the semiconductor growth 
techniques have offered the possibility to obtain low-
dimensional semiconductor structures with any desired well 
shapes. One of those structures is the so-called parabolic 
quantum well. Theoretically, parabolic confining potentials 
are very attractive, since the spectrum and wave functions of 
one-electron states have a simple analytical form, it is 
possible to derive explicit analytical expressions for the 
different physical parameters.  

The magnetic field is an interesting additional parameter, 
since it can be applied experimentally in a well-controlled 
way and modifies fundamentally the electronic structure. The 
application of a magnetic field to a crystal changes the 
dimensionality of electronic levels and leads to a 
redistribution of a density of states. The magnetic field is 
assumed to be tilted with respect to the normal, it serves to 
add an extra confining potential to the initial confinement, 
gives rise to two different kinds of Landau level indices, and 
causes a dramatic change in the energy spectrum, leading to 
so-called hybrid magnetoelectric quantization. 

As is known, thermodynamic properties is very important 
aspect for a low – dimensional electron gas [9-12]. This paper 
reports the thermodynamic properties of electrons in 
parabolic quantum wires in tilted magnetic fields. We 

consider the transport of an electron gas in a Q1D electron 
quantum wire structure as treated in [5, 6], in which a Q1D 
electron gas is confined by two confinement frequencies ω1 
and ω2 in the x and z directions, respectively, and the 
conduction electrons are free along only one direction (y 
direction) of the wire. Considering the magnetic field 
transverse tilt direction, H=(Hχ, 0, Hz) with the Landau gauge 
A=(0, xHz-zHχ,0), the eigenvalues Enl(ky) are written as  [5,6] 
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It is known that all of the thermodynamic properties of a 
system can be obtained as derivatives of the free energy of 
system. The free energy of the nondegenerate electron gas is 
[13] 
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Summing geometric series in (2) we have
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Magnetic susceptibility is determined by the formula [9] 
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where i,j=1,2; H1=Hx; H2 =Hy; V is the volume of the crystal. 
The components of the magnetic susceptibility are 
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where 
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The specific heat is given as  [10] 
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After some manipulation one obtains

                                        
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Ω
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Ω
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ Ω
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Ω
= −−

TKTK
sh

TKTK
shNKC

BBBB
B 2222

222
2

112 hhhh
                                     (7) 

 
The entropy  ( )VTFS ∂∂−=  [13], can be calculated from (3) to give 
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Thus, expressions for the magnetic susceptibility, specific 
heat and entropy of parabolic quantum wires in tilted 
magnetic fields have been obtained. As seen from 
expressions (5), (7) and (9), the components magnetic 
susceptibility, specific heat and entropy depend on the 

magnitude of the magnetic field and the direction of the 
magnetic field, and parameters of a parabolic wells ω1,2. The 
typical diagrams of this dependence are given in a fig. 1-2.  

 

 
Fig. 1. а. Magnetic-field dependence of the  components of the magnetic susceptibility (
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Fig.2.а. Magnetic-field dependence of the specific heat (
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The magnetic-field and angle (ϑ ) dependence of the  
components on the magnetic susceptibility are shown in  

Fig.1a and Fig.1b, respectively. Figures 2a and 2b show the 
specific heat per electron in units of KB. 
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Щ.Б. Ибращимов 

 
МЕЙЛЛИ МАГНИТ САЩЯСИНДЯ ПАРАБОЛИК ПОТЕНСИАЛЛЫ КВАНТ НАГИЛЛЯРИН ТЕРМОДИНАМИКАСЫ 

 
Мейлли магнит сащясиндя йерляшмиш параболик потенсиал чухурлу квант нагиллярдя магнит гаврайыжылыьы, ентропийа вя хцсуси истилик 

тутуму юйрянилмишдир. Магнит гаврайыжылыьынын, ентропийанын вя хцсуси истилик тутумунун магнит сащясиндян, онун мейл бужаьындан 
вя квант чухурун параметриндян асылы аналитик ифадя алынмышдыр. 

 
Г.Б.Ибрагимов 

 
ТЕРМОДИНАМИКА КВАНТОВОЙ ПРОВОЛОКИ С ПАРАБОЛИЧЕСКИМ ПОТЕНЦИАЛОМ В 

НАКЛОННОМ МАГНИТНОМ ПОЛЕ 
 
Изучена магнитная восприимчивость, энтропия и теплоемкость электронного газа в квантовой проволоке, образованной 

потенциалом параболической ямы, помещенной в наклонное магнитное поле.  Найдены  аналитические  зависимости 
теплоемкости, энтропии и компонент тензора магнитной восприимчивости от величины и направления магнитного поля и 
параметров ям. 
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THE STUDING OF THE INFLUENCE OF THE ULTRA HIGH FREQUENCY (UHF) 
FIELD ON THE PROCESSES OF THE DRYING AND  

FERMENTATION OF THE TOBACCO LEAVES 
 

N.N. GADJIEVA, M.Z. VELIDJANOVA, E.S. DZHAFAROV 
Institute of Radiation Problems of Azerbaijan National Academy of Sciences 

Baku-1143, H. Javid av., 31a.  
 

The influence of the UHF field on the processes of the drying and fermentation of the tobacco leaves has been studied. The changes, 
accompanying these processes were controlled by the spectrophotometric and derivatographic  methods. It is shown, that the qualitatively 
ecological pure product with the given color and afterhumidity can be obtained by the changing of the UHF field, powers of UHF generator 
and prolonged treatment. 

 
Introduction 
  

The photo- and thermochemical reactions play very 
important role in the processes of the drying and 
fermentation of the tobacco leaves [1]. The progression of 
these processes under the standard conditions, which are 
characterized for the usual fermentation factories, connects 
with the some difficulties, that negatively influence on the 
product quality. 

That’s why we begin the search of the new methods of 
the drying and fermentation, deprived of these disadvantages. 
One of these methods is the dielectric heating of the tobacco, 
because the advantage of the dielectric heating reveals 
strongly on the materials with the low heat conduction and 
heat-resistant properties, as the tobacco is [2]. 

The influence on the tobacco leaves as the dielectric of 
the electromagnetic (HF and UHF) fields would allowed the 
progression of the photo- and thermochemical reactions not 
only on surface, but in the full volume. However, the method 
of the dielectric heating of the kiptongo in the aim of the 
intensification fermentation process doesn’t give the 
welcome effect, as the fermentation progresses only in the 
think subsurface levels [3]. 

The welcome high effectiveness and accelerations of the 
fermentation process were achieved by the UHF field 
treatment of the tobacco leaves. One of the advantages of the 
UHF method is that UHF field besides local thermal 
influence initiates also the probability of the uniform 
progression of the photochemical reactions of the separate 
ferments, which gives the opportunity to obtain the 
qualitative products with the minimal ecological pollutions. 
[4,5]. 

As well known, the chemical composition of the tobacco 
leaves, changes the color and becomes uniform and 
approaches to the one-color, the green disappears at the 
fermentation. The one of the main reasons of the most counts 
of green in the tobacco leaves is the residual chlorophyll. The 
high residual content of the chlorophyll leads to the 
significant storage of the substances, with the negative 
properties, which limit the action of the ‘positive’ 
components in the tobacco [2]. That’s why it is possible to 
follow the process of the fermentation and tobacco quality on 
the changing of the dark-green color in the tobacco leaves 
and on the chlorophyll decomposition correspondingly. 

  In the given paper the influence of the high-frequency 
electric field on the processes of the drying and fermentation 
of the tobacco leaves has been studied. The changes, 

accompanying these processes were controlled by the 
spectrophotometric and derivatographic methods. 

   
The experiment part 
 

The  UHF drying and fermentation of the tobacco green 
leaves were carried out on the laboratory installation “UHF 
tobacco” on the method, written in [5] in details. The 
parameters of the treatment (the frequency of the UHF field, 
the power of UHF generator, the length of the light of the 
ultraviolet (UV) rays, treatment time) change in the such 
manner that it is possible to obtained the dry tobacco leaves 
with the yellow shadows. The choosing of the spectral range 
400-700nm is caused that the absorption band of the residual 
chlorophyll states at λ=665nm. As the control experiments 
show, the photoradiation of the tobacco leaves in this spectral 
region doesn’t worse the quality of the ready product and the 
quantity of the resin doesn’t increase. 

By the way of the investigation object were choosen 
about 100 samples of the tobacco green leaves of the 
different types (Samsun, Trapezond, Ostralis and Imun), 
grown in Azerbaijan. 

The UV absorption spectrums of the alcoholic drawing of 
the tobacco have been obtained by the method [5] in the 
spectrophotometre Specord UV VIS. The derivatographic 
analysis was carried out on the devatograph MOM-4 (the 
heating velocity 5K min-1. 

 
The results and their discussion 
 

The alcohol extract of the tobacco leaves gives the 
absorption in the visual spectral region at the wave length 
λ=665nm this band is connected with the residual 
chlorophyll [6]. The intensity of this band characterises the 
quantity of the residual chlorophyll in the dark-green tobacco 
leaves and its change can be used as the coefficient of the 
acceleration of the chlorophyll’s decomposition at the high-
frequency electric field action. 

The absorption spectrums of the alcohol extract 
unfermented (green) and the tobacco leaves of Trapezond 
type, tormented by the UHF field are given on the fig. 1. It is 
clear, that if the tobacco quality is worse (the big content of 
chlorophyll, the fermentation of the low level), so it absorbs 
more at λ=665nm. 

The observable dependence between spectral 
characteristics (intensity, optical density) and the residual 
chlorophyll of the dark-green color, and the taste parameters 
(taste-B and aroma-A) also has the line character and allows 
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to define and control the change of the qualities of the 
tobacco leaves, tormented by the UHF field with the help of 
the express-method [6]. 

 
Fig.1. The absorption spectrums of alcohol extracts from  
          tobacco by Trapezond type in the visual region:  
          1. initial (green, unfermented) 
          2 . UHF tormented (fermented)   
 

The objective criterion for the fact establishment and 
fermentation level of tobacco can serve exothermic effect, 
characterising the intensity of the heat transfer at the different 
processes, and the burning process also [7]. As the DT 
investigations showed the exoeffect is observed at the 
temperature T~340K (fig.2). As it is shown from the fig 2 
(curve 1) the given exoeffect is observed weakly in the green, 
unfermented tobacco samples. The deep of the exopeak 
increases (curves 2, 3) with the increase of the fermentation 
degree, that connects with the tobacco heat transfer. The 
comparison of the dates on the tobacco heat transfer, 
fermented under the isothermic conditions and the constant 
humidity of the material shows that the deep of this exoeffect 
gives the possibility to establish the tobacco fermentation 
degree. 

 
Fig.2. Thermogramms of tobacco leaves, UHF tormented, dried  
          (1), unfermented, dried (2), green (3)  
 

The humidity of the tobacco leaves is the one of the main 
parameters, which strongly influences on the fermentation 
process and the quality of the ready product accordingly [2]. 
The tobacco fermentation is usually carried out at the optimal 
humidity and temperature. The humidity deflection from the 
optimal value (~14%) leads to the undesirable circumstances. 
The dry tobacco loses elasticity, becomes brittle, and the 
excess by moist raw material goes mouldy easily. 

Among wide spread methods of the regulation of the 
tobacco humidity is the method of the standartization of the 
humidity by the way of the standartization in the drying 
board [1]. 

The UHF drying allows to obtain the dry tobacco leaves 
with the given humidity, moreover the needed time for this 
process decreases till the minimum. 

As the DT- investigations show the green untormented 
tobacco leaves at T~403K are characterised by the strong 
exoeffect, which is caused by the presence of the big amoubt 
of humidity. As a result of the UHF drying the endopeak 
intensity decreases and its maximum shifts to the low 
temperatures (on ∆T~30K) till T~373K. The humidity of the 
tobacco leaves after UHF drying can be controlled by the 
endopeak intensity (fig2). 

The taste qualities of the tobacco leaves, tormented by the 
UHF field become better, and it is shown by the 
spectrophotometric and taste of the aroma (A) and taste (B). 
The values of these estimates and the values of the residual 
humidity after the UHF drying are given in the table. 

 
Rating in points to 20 ball system № Sample 
Adeg. Aspectr B deg. Bspectr 

Afterhu- 
midity 
% 

1 Initial 
unfermented 
tobacco of 
Samsun type 

 
13.2 

 
13.0 

 
13.4 

 
13.2 

 
18.2 

2 UHF 
tormented 
tobacco of 
Samsun type 
 
a) third kind 
b)second kind 
c)first kind 

 
 
 
 
 
17.0 
19.0 
19.2 

 
 
 
 
 
17.2 
18.9 
19.1 

 
 
 
 
 
16.9 
19.1 
18.8 

 
 
 
 
 
17.0 
19.0 
18.7 

 
 
 
 
 
16.4 
15.2 
14.5 

So, changing the frequency of the UHF field, power of 
the UHF generator and the duration we can obtain the dry 
tobacco leaves with the given color and the afterhumidity and 
later choose the optimal mode of the UHF drying and 
fermentatio 
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ИФРАТЙЦКСЯКТЕЗЛИКЛИ (ИЙТ) САЩЯНИН ТЦТЦН ЙАРПАГЛАРЫНЫН ГУРУДУЛМАСЫ ВЯ 
ФЕРМЕНТЛЯШДИРИЛМЯСИ ПРОСЕСЛЯРИНЯ ТЯСИРИРИ ТЯДГИГИ 

 
ИЙТ сащянин тцтцн йарпагларынын гурудулмасы вя ферментляшдирилмяси просесляриня тясири юйрянилмишдир. Бу просесляр заманы 

йаранан дяйишикликляря спектрометрик вя дериватографик методларла нязарят едилмишдир. ИЙТ сащянин тезлицини, ИЙТ – эенераторунун 
эцжцнц вя емал мцддятини дяйишмякля верилмиш чаларлы вя галыг рцтубятя малик еколоъи жящятдян тямиз вя кейфиййятли мящсул 
олмаьын мцмкцнлцйц эюстярилмишдир. 

 
Н.Н. Гаджиева, М.З. Велиджанова, Э.С. Джафаров 

 
ИЗУЧЕНИЕ ВЛИЯНИЯ СВЕРХВЫСОКОЧАСТОТНОГО (СВЧ) ПОЛЯ НА ПРОЦЕССЫ 

СУШКИ И ФЕРМЕНТАЦИИ ЛИСТЬЕВ ТАБАКА 
 

Изучено влияние СВЧ – поля на процессы сушки и ферментации листьев табака. Изменения, сопровождающие эти процессы 
контролировались спектрографическим и деривафотрографическим методами. Показано, что варьируя частоты СВЧ – поля, 
мощности СВЧ – генератора и продолжительности обработки можно получить качественный экологически чистый продукт с 
заданной окраской и остаточной влажностью. 
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THE SPECTRAL DISTRIBUTION OF THE PHOTOSENSITIVITY OF THE  
TWO-COMPONENT ELECTROPHOTOGRAPHICAL LAYERS OF TRIGONAL Se/CdInGaS4 

 
N.I. IBRAGIMOV, V.G. AGAYEV, N.B. SOLTANOVA 

Institute of Physics, Azerbaijan National Academy of Sciences, 
Baku Az-1143, H.Javid av., 33,  Azerbaijan 

The two-component electrophotographical (EP) layers of the trigonal Se/CdInGaS4 in connecting with optimal EP parameters 
(UH=300V, τ1/2=40s, Sint..=0,13Lk-1⋅s-1) at the relation 1:1 of components and with spectral region of photosensitivity till λ≥800nm are 
obtained.  

  
Earlier the electrophotographical (EP) layers on the base 

of the trigonal Se and the compound CdInGaS4 in the 
connecting [1-3] were investigated by us. The measures of 
the main electrophotographical parameters show that layers 
from the trigonal Se have high light sensitivity (0.6Lk-1⋅s-1 in 
the visible region of the spectrum), but they have the low 
initial potential the layers from the trigonal Se in the 
connecting charge positively till the surface potential ≤250V, 
have the high velocity of dark slump, the half-slump time 
~35s.The small value of the initial potential of the layers 
from the trigonal Se is caused by the respectly low specific 
resistance of the photosemiconductor (107Ohm⋅cm). The EP 
layers on the base Cd InGaS4 in the connecting have the low 
light sensitivity (0.003Lk-1⋅s-1), but they charge till the initial 
potential Uh=1000V. 

Taking into consideration above mentioned, the obtaining 
of the two-component EP layers, which will be combine the 
high light sensitivity of layers on the Se base and the big 
initial potential of the layers from CdInGaS4 is very 
interesting. 

The used by us the compound CdInGaS4 had the specific 
resistance ρ≈1010Ohm⋅cm in the darkness, the ρ decrease on 
3 points was observed at the lightening by the white light 
(200 Lk).  

  The trigonal Se was obtained from the initial material by 
the mark Osch 17-4 by the preliminary thermotreatment  in 
the quartz ampoules (p<10-4mmHg) at 700°C during 3 hours, 
the quick cooling of the melt firstly till 250°C, later in the 
running water and crystallization at 210°C during 40 hours. 
The specific resistance of the trigonal Se, obtained by the 
such manner in the darkness was ≈107Ohm⋅cm and it 
decreased on the 3 points at the lightening by the white light 
(200 Lk). 

The layers of the 3 types were obtained by the method of 
the dispergation in the connecting: substrate –CdInGaS4 - 
trigonal Se(I); substrate - trigonal Se - CdInGaS4 (II); 
substrate - the mixture of trigonal Se and CdInGaS4 at the 
different rates of the components (III). 

The layers of I type were obtained by the following 
manner. The substrate from the aluminum foil by the 
thickness 150mkm was skimmed, poisoned and conserved. 
The layer of emitted in the spherical mill CdInGaS4 in the 
connecting from the polyvinylbutyral, dissolved in the ethyl 
alcohol, by the thickness 15-20mkm, was carried on the 
substrate by the method of swimming roller. The middle size 
of the semiconductor particles was 15mkm. The trigonal Se 
in the connecting by the thickness 5-10mkm after drying on 
in the usual conditions during one hour crushed by the such 
manner was carried on the first layer.  

The layers of II type were obtained by this method, but in 
the beginning the substrate was covered by the layer from the 
tetragonal Se in the connecting (20-30mkm), later the 
CdInGaS4 on the first layer was carried on the first layer in 
the connecting by the thickness 5-10mkm. 

The layers of III type were obtained by the carrying on 
the ready substrate of the mixture of two semiconductors in 
the connecting by the thickness 25-30mkm. Moreover 
CdInGaS4 and the trigonal Se firstly were crushed till the 
middle size of particles 15mkm differently, later the joint 
crushing of the components in the different weight rate was 
carried out in the spherical mill with the addition of the 
connecting and the obtained dispergant was carried on the 
substrate. All layers were drying on the usual conditions at 
the room temperature. 

The charging of the layers was carried out in the corona 
discharge (+7kV). The measurement of the main EP 
parameters was carried out on the electrometric installation 
with the oscillating electrode on the surface layer [4]. The 
light characteristics of the EP layers were measured by the 
exposuring through photoshutter with the use of the 
incandescent lamp and neutral photofilters. The illumination 
intensity was 125Lk, the exposuring time was variated by the 
photoshutter. . 

The spectral distributing of the photosensitivity (Sλ) of 
the EP layers was defined in the interval λ=400÷900 nm with 
the use of the monochrometer of the spectrophotometer 
VSU2-P. The source of the lightening was graduated by the 
radiated compensated thermoelement PТН - 30.  

The integral light sensitivity of the EP layers is defined 
by the velocity of slump of the potential at the lightening. 
The integral light sensitivity is characterized by the 
exposuring time t (in s) in the case of the constant 
illumination intensity L (in Lk), during of which the surface 
potential decreases in two times: 
 

           
2
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⎛
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 , Lk-1⋅c-1                      

(1) 
 
The defined photosensitivity is called integral one. 
The illumination intensity at the defining of the spectral 

photosensity of the EP layers is measured in the energetic 
unit (Vt/m2) or number of the incident quantum on the unit 
area of the surface layer in the time unit: 
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The parameters of the EP layers of I type seemed in the 

following manner: the initial potential UH was 180 and 870 V 
of the makeup and subjected to the annealing at 160°C 
during 1 hour, accordingly; dark half-slump time τ1/2 was 4 
and 15s, the integral sensitivity Sint, calculated by (1), till the 
annealing was 0.04, after 0.08 Lk-1⋅s-1, the residual potential 20 
and 60V, correspondingly. 

The high velocity of the dark relaxation of the surface 
potential is observed on the initial area of the slump curve, as 
much as measured just after charging UH=870V, later 5s 
UH=600V. This reflects on the dark half-slump time 
correspondingly. Thus, measured just after charging τ1/2=15s, 
later 5s is equal 25s. 

The measurements show that layers of II type have UH, 
which is equal to 225 and 700V, but τ1/2 =5 and 20s till and 
after annealing at 160°C (1 hour). The light sensitivity of 
these layers is smaller, than the layers of I type have and it is 
equal 0,032 and 0,027 Lk-1⋅s-1 till and after annealing. Thus 
the some slump of the integral light sensitivity is observed 
with the annealing, and the increase is observed in the 
photoreceptors with the surface layer of their trigonal Se in 
the connecting (I type). 

The light sensitivity of the one-layer photoreceptors from 
CdInGaS4 in the connecting with the annealing decreases, but 
the light sensitivity of the trigonal Se layers in the connecting 
increases. This explains the resolving of the defects in the 
particles of the trigonal Se during annealing, as Se has the 
low fusing point, and the annealing at 160°C can provide the 
given process. In the case of CdInGaS4, having the high 
fusing point (950°C), the annealing at 160°C can’t change 
the structure of the particles mainly. 

The investigations of the photoreceptors of I and II types 
show that the dominating role in the forming of the EP 
parameters play the outside sublayer, accessible to the light. 

The parameters of the layers of III type depend on the rate 
of the components and temperature of the following 
annealing significantly. Thus, the initial potential and the 
time of its dark half-slump of the layers with the different 
rate CdInGaS4/Se increase with the annealing, achieving 
maximal value at Tan≈160-170°C. UH and τ1/2 decrease with 
the following growth Tanl,. The integral light intensity Sint of 
these layers increases strongly with the growth Tanl (fig.1), 
saturating at Tan≥180°C. 

 

 
Fig.1. The dependence Sint of the layers of III type on Tan at  
           the different content of the trigonal Se (1- 0; 2- 10;  
           3- 30; 4- 50; 5- 75; 6- 100% Se). 
 
The dependences of the initial potential (UH), half-slump 

time (τ1/2), integral light sensitivity (Sint) and the residual 
potential (Ures) from the content of trigonal Se in the layers of 
III type after annealing at 170°C(1 h) are presented on the fig 
2, 3. It is seen, that the monotone change of all EP 
parameters is observed. The initial potential and the half 
slump time decrease with the growth of content of the 
trigonal Se in the layer (fig.2). Moreover the essential 
increase of the integral light sensitivity is observed with the 
growth of Se content (from 0.003 Lk-1⋅c-1 for the layers from 
CdInGaS4 till 0.6 Lk-1⋅c-1 for the layers from the trigonal Se). 
At the same time the residual potential decreases from 300 
till 10V. The analysis of the dependence of the parameters of 
the EP layers from the trigonal Se content allows to establish 
that the most optimal EP parameters have the layers with the 
rate 1:1. 

 
Fig.2. The dependence UH and τ1/2 of the layers of III type from  
          the content of the trigonal Se(Tanl=170°C, 1h). 
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Fig.3. The dependence Sint and Ures of the layers of III type on       
           the content of the trigonal Se (Tan=170°C, 1h) 
 
The results of the measurements Sλ, calculated by the 

formula (2) are given on the fig.4. It is seen, that Sλ of the 
layers from the trigonal Se is more big than Sλ layers from 
CdInGaS4 in the region λ=400÷900 nm (in 4÷2 times in 
dependence on λ). The photosensitivity of the two 
component layers of the trigonal Se/CdInGaS4 (at the rate 
1:1) in the given interval λ is smaller, than for the layers 
from the trigonal Se have, but the significantly bigger, than 
for layers from CdInGaS4 have. However, the interesting 
peculiarity is observed: the photosensitivity of two-
component layers is higher in region λ>650 nm, i.e. Sλ goes 
in the long-wave region of the spectrum. 

In the process of the unit dispergation CdInGaS4 and the 
trigonal Se the crushing of the both components was carried 
out and it is possible the enrichment of the surface of the 
separate scorns of the more solid CdInGaS4 by Se. The last 
one leads to the sensibilization of the CdInGaS4 
photosensitivity during the annealing and to the increase of 
the light sensitivity of the EP layers. Moreover the crystals of 
the both semiconductors, rounded by the connecting 

substance lay on the substrate statistically uniformly with the 
alternation of the particles of that or another semiconductors 
at the carrying of the layer. The two electrographical layers 
form, the one in the matrix of the another, i.e. the two-layer 
photoreceptor is formed as a fact. Each of the separate layers 
carriers  in the deposit in the parameters of such system. 

 

 
Fig.4. The spectral dependence  Sλ of the layers on the base:  

the pure  trigonal Se(1), pure CdInGaS4 (2) and mixture  
of the trigonal Se/ CdInGaS4 at the components’ rate 1:1  

                  (Tan.=170°C, 1h).     
 
 
The above mentioned, we notice, that the two-component 

photoreceptors of the trigonal Se/ CdInGaS4 in the connecting 
with the optimal EP parameters (UH=300V, τ1/2=40s, 
Sint.=0.13 Lk-1⋅c-1) at the rate of the components 1:1, the 
photosensitivity of which is till ≥800 nm are obtained.
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Н.И. Ибращимов, В.Н. Аьайев, Н.Б. Солтанова 

 
ТРИГОНАЛ Se/CdInGaS4 ИКИКОМПОНЕНТЛИ ЕЛЕКТРОФОТОГРАФИК ЛАЙЛАРЫН 

 ФОТОЩЯССАСЛЫЬЫНЫН СПЕКТРАЛ ПАЙЛАНМАСЫ 
 

Оптимал електрофотографик (ЕФ) параметрляря (Uи= 300 B, τ1/2=40 с, Sинт=0,13 Лк-1(с-1) вя λ≥800 нм-я гядяр спектрал фотощяс-
саслыьа малик олан, ялагяляндирижидя компонентлярин 1:1 нисбятиндя тригонал Se/CdInGaS4 икикомпонетли ЕФ лайлар алынмышдыр. 

 
Н.И. Ибрагимов, В.Г. Агаев, Н.Б. Солтанова 

 
СПЕКТРАЛЬНОЕ РАСПРЕДЕЛЕНИЕ ФОТОЧУВСТВИТЕЛЬНОСТИ ДВУХКОМПОНЕНТНЫХ  

ЭЛЕКТРОФОТОГРАФИЧЕСКИХ СЛОЕВ ТРИГОНАЛЬНОГО Se/CdInGaS4 
 

Получены двухкомпонентные электрофотографические  слои тригонального Se/CdInGaS4 в связующем с оптимальными ЭФ па-
раметрами (UH=300 В, τ1/2=40c, Sинт.=0,13Лк-1(c-1) при соотношении компонент 1:1 и со спектральной областью фоточувс-
твительности до λ≥800 нм. 
  

Received: 25.09.03 
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In this work the temperature dependences of the thermoelectromotive force and the thermal conductivity in Ag2 Te have been analyzed 

at next approaches the elektron spectrum dispersion law, the charge carries scattering mechanizm, Debay model of fonon spectrum and 
Kallarvay thery of the relaxation time. 

 
The telluride of argentum (Ag2Te) is respected to 

compounds by the type Ag2 IXVI (X-Te, Se, S), having the 
polimorphysm property [1], caused by the content of the big 
amount of intrinsic defects [2] - metal atoms in the interstices 
and vacancies in the lattice points of crystals. The number of 
these defects increases with the temperature increase and at 
the given temperature T the disorder of the cation sublattice 
appears with the simultaneous reconstruction of the close 
lattice of chalcogen, that leads to the phase transformation 
(PT). The excess or lack of each of the components leads to 
the according change of defects concentration [3]. The 
investigation of the temperature dependence of the 
thermoelectromotive force (α0) and thermal conductivity (χ), 
is the one of the methods of the revealing and studying of the 
defects nature and interphonone processes, especially at the 
low temperatures. That’s why their combined investigation 
represents the special interest.  

The given paper is devoted to the investigation α0 and χ 
Ag2Te of the stoichiometric composition and compositions 
with the excess Te and Ag in the temperature interval 
3÷300K. 

 

 
Fig.1. The temperature dependences of thermoelectromotive  
          force α0(1) ∆-0.25; 0-0.75 at % Te; •-0.25 at Ag. The  
          solid lines are calculated. 
 
The samples had been obtained by the unit technology [4, 

5]. The experimental and calculated data are given on the 
figures 1-2. From the fig. 1 it is seen, that α0(T) for p-Ag2Te 

increases linearly up to T≤45K, later the sign p changes on n. 
At T≈80 and 270K the maximums of the dependence α0(T) 
appear. The analysis has been carried out for the revealing of 
the dependence α0(T) taking into consideration the dispersion 
law of the electronic spectrum and mechanism of scattering 
on the ion impurities and acoustic phonons [4]. 

From the fig. 1 it is seen, that α0(T) for n-Ag2Te is 
characteristics for the semiconductors with the one kind of 
the carriers of current in the degenerate state and Kein’s 
dispersion law [5]. From the analysis α0(T) in the p- and n-
Ag2Te it is established, that Ag atoms in the Ag2Te create the 
small donor levels [5], and Te atoms create the acceptor 
levels [6], situating from the bottom of the conduction band 
on the distances (7⋅10-5T⋅K-1-0.002) and (7⋅10-5T⋅K-1-0.030) eV, 
accordingly. 

 
Fig.2. The temperature dependences of the thermoconductivity  
          χ(T): •-0.25 at % Ag. The solid lines are calculated by  
          the formulae (1), where 1 - stoichiometric composition,  
          which A=6.64⋅102c-1K-4 
          2 - with the excess Te 0.1 at % A=6.64⋅102c-1K-4 
          3 -with the excess Te 0.1 at % A=9.96⋅102c-1K-4 
          4 - with the excess Te 0.15 at % A=6.64⋅102c-1K-4  
 
The experimental results χ(T) for the five samples Ag2Te 

are given in the fig. 2. As it is shown for all samples χph has 
maximum at ~10K; in the interval  20-80K the dependence 
χph (T) for the stoichiometric composition has the form χ~T-

1,2; the excess of Te and Ag decreases the value of χph on the 



THEMOLEKTRICAL AND THERMAL CONDUCTIVITY IN Ag2Te 

 45

law χph ~Tα. The going throw the maximum of χph(T) is 
caused by the phonons scattering on the crystal boundary and 
defects, and relatively weak temperature dependence in the 
interval 20-80K and decrease of the exponent  α in the 
dependence on the deflection of Ag2Te from the 
stoichiometric is connected with the presence in Ag2Te of the 
intrinsic defects and increase of their concentrations at the 
presence of excess of Ag and Te atoms. 

For the approving of the such quality conclusion and 
quantity estimation of defects concentrations, it is need the 

obtained results combine with the existing theoretic models 
of thermal conductivity in the solid bodies. In the given case 
the excess atoms of Te and Ag can be considered as point 
defects of Raileigh type. According to the Kallarvay theory 
[7], takes into consideration the phonon scattering on the 
boundaries, point defects and phonons (processes of transfer 
and normal processes), the temperature dependence of 
thermal conductivity is calculated by the Debay model of 
phonon spectrum in the approximate relaxation time by the 
following formulae:
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where ( ) ( ) 42
/k22/G

−= hh υπ , υ - mean velocity, 
Χ=ħω/KT, ω - phonon frequency, τ-1=τ-1

R+τ-1
N, τR τN - 

relaxation times of the resistive and normal processes. 
τR

-1=τ-1
pp+τ-1

b+τ-1
pd  where τ-1

pp , τ-1
b , τ-1

pd - relaxation times 
of phonon processes of the transfer, boundary and phonon-
defect scattering accordingly. The following dependences of 
the outside relaxation times from X and T are as follows [8],  

 
τ-1

pp=AX2T4e-θ/aT; τ-1
B=υ/L. 

 
τ-1

pp=BX4T4; τ-1
N=cxnT4. 

 
Here L=0,2 cm, the effective size of the crystal. The 
parameters A, c, a, n and θ had been defined by the method 
of the shortest squares numerically by the way of the 
comparison of the expression (1) with the experimental 
curves χ(T). As at the breath of the stoichiometric in Ag2Te 
the changes of the fluctuating density ∆δ/δ aren’t 
mentionable, so the scattering on the point defects appears 

only at the mass change 
M
M∆

. At this approximation we 

write according with [8]. 
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where V0 - volume of the elementary cell, n - number of 
atoms in the elementary cell, M  - middle mass of crystal 
atoms, ∆Μ - mass variation at the exchange of the main atom 
on the impurity atom, N - atom concentration of impurities 
(in the respect of the volume of atoms number of crystal). We 
obtain parameter B from the following expression. 
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Trimming parameters (A, C) were taken from the work 

[8], calculated for Li⋅F and a=11.53, N=1.23 from the work 
[9], calculated by the methods of the shortest squares. 

The results of the calculation χ(T) are given in the fig.2 in 
the form of the solid lines, in comparison with the 
experimental data. As it is seen, the curve χ(T), which has 
more stoichiometric composition Ag2Te goes lower than 
calculated curve. This shows that the argentum telluride has 
the big amount of the intrinsic defects. From the fig.2 it is 
seen, that these data are suitable for the curve, calculated for 
Ag2Te with the impurities concentration 7⋅1019cm-3. Later it 
is seen, that calculated curves χ(T) always go throw higher 
than experimental ones with the increase of Ag and Te 
content, as the divergence increases with the Te and Ag 
excess. 

The experimental curves aren’t parallel to the calculated 
ones, i.e. with the temperature increase the scattering 
probability increases, as such deflection in the samples with 
Te excess, is more big than with the Ag excess. 

This is connected with the phonons’ scattering on the 
carriers of the current. That’s why this type of the scattering 
is more effective on the p-type samples. 

Thus, the analysis of the experimental and calculated data 
on α0(T) and χph(T) approves that argentum telluride is the 
defect material, and Te and Ag excesses play roles of 
acceptor and donor centers. 

  The authors are thankful to the academic M.I.Aliyev for 
the usifull discussions and notes. 
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Ф.Ф. Ялийев, М.А. Кяримов, Ф.М. Щашымзадя 

 
Аg2Te КРИСТАЛЫНДА ТЕРМОЕЛЕКТРИК ВЯ ИСТИЛИК ХАССЯЛЯРИ 

 
Мягалядя Аg2Te  кристалында термоелектрик вя истиликкечирмя ямсалларынын температур асылылыглары уйьун олараг: електрон спектри 

цчцн дисперсийа гануну вя йцкдашыйыжылар сяпилмя механизмляри, еляжядя Катавей нязяриййяси ясасында фонон спектринин дебай 
моделиндя релаксасийа мцддяти нязяря алынмагла изащ олунмушдур. 

 
Ф.Ф. Алиев, М.А. Керимов, Ф.М. Гашимзаде 

 
ТЕРМОЭДС И ТЕПЛОПРОВОДНОСТЬ В Аg2Te 

 
В работе анализированы температурные зависимости термоэдс α0(Т) и теплопроводности χ(Т) Аg2Te в рамках теории: с 

учетом закона дисперсии электронного спектра и механизмов рассеяния носителей тока, также дебаевской модели фононного 
спектра в приближенном времени релаксации согласно моделью Каллавея. 
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In this paper on the data of thermomagnetic coefficients and electron component of thermoconductivity the temperature dependence of 

Lorentz number L is defined in n-Pb0.8Sn0.2Te. It is shown, that experimental value L(T) in the interval 40-250K is less than its standard 
Zommerfield’s value. It is established that lowered value L is caused by the inelastic electron-electron collisions. 
 

During investigation of the thermomagnetic effects in 
HgSe, PbTe and HgTe, with the degenerative electron gas 
[1,2,5,6] the set of the pecularities which wasn’t accepted in 
the framework of the existing theories was observed. 
Particularly, it was observed, that maximums of the 
dimensionless field of the transversal Nernst-Ettingsgausen 
effect (N-E) Ey and Rigi-Leduc (R-L) (-SH) shift to the big 
values (uH/c>1) but at the elastic character of scattering they 
should go through the maximum at uH/c=1. These experiments 
were explained after theoretical discussion of the question about 
inelasticity [3-5]. It was shown, that in the case of inelastic 

interaction of carriers of charge it wasn’t allowed to carry out 
the unit relaxation time for all processes. But with it all the 
unequilibrium part of distribution function can formally 
express through functions, playing the role of relaxation time. 
Such two functions should be carried out: the one for the 
isothermic effects, the second for the addition for the 
distribution functions, connected with the gradient 
temperature. In the case of the interelectron interaction at the 
absent of the magnetic field the unequilibrium part of 
distribution function can be introduce in the following form:   
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where V  and E are velocity and energy of the electron, f0 is 
Fermi’s function, ϕ is electrostatic potential, µ is Fermi’s 
energy. The values of relaxation times τ1 and τ2 are energy 
functions (the concentrations of the ionized impurities are 
equal to electron concentrations). Here τ1 is connected with 
the momentum relaxation and scattering on the small angles 
don’t influence on the τ1. The function τ2 is caused by 
relaxation of energy beam near Fermi’s surface if the energy 
changes on the value of kT order at the collision.  

The interelectron collisions don’t change spontaneously 
the electric current, their role is the redistribution of the 
energy between collising carriers. At the calculation of the 
mobility it can be limited by the first summand in the 
expression (1) and in the case of the high degeneration 
consider E=µ. The energy redistribution is insignificantly at 
this, the interelectron collisions don’t influence on the value 
τ1(E-µ), and on the mobility, accordingly. 

At the calculation of the thermoelectromotive force, 
thermoconductivity and thermomagnetic effects, when the 
second member of the expression (1) is significant, it isn’t 
allowed to consider E=µ, but it is need to consider the blured 
distributions of the step function. The flux of the hot and cool 
electrons moves to meet someone and the energy redistribution, 
between fluxes influences strongly on the heat effects [7] in 
the conditions of the observing of these facts. From this it is 
followed, that interelectron collisions can influence on the 
thermoelectric and thermomagnetic effects, the analytic 
expressions for which include the values τ2 and E/ ∂∂τ . 
That’s why the complex investigation of the field, temperature 
and concentration dependences of the thermoelectromotive 
force and thermomagnetic effects can give the additional 
information about inelasticity of scattering. 

The measurement of the coefficients was carried out: 1) 
the thermoelectromotive force α; 2) transversal effect N-E;  

3) the magnithermoelectromotive force ∆α; 4) effect of M-R-L; 
5) effect R-L; SH; 6) electroconductivity σ; 7)Hall R 
coefficient. 

The results of the experiment are analised on the base of 
the above mentioned theory, considering the inelastic 
character of the scattering, in compliance which 
thermomagnetic coefficient have the following expression at 
the strong degeneration of the current carriers:   
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where Ey=k0HQ⊥/e . 

From (1-5)  it is followed, that ratio L/L0, noticing the 
inelasticity degree, can be defined on the dependences ∆æ, 
∆α, Ey and SH from the intensity of the magnetic field, by the 
формула value, according maximum is dependences 
Ey(uH/c) and SH(uH/c) (as it was mentioned in the case of 
elastic scattering the maximums are equal to (uH/c)=1, but in 
the case of the inelastic scattering the maximums are equal to 
uH/c>1, moreover L/L0 is defined as (uH/c)=L/L0 and with 
the help of the defined ratios between different 
thermomagnetic effects, as for example: 
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The character data about dependence ∆æ(H) and two 

theoretical curves, calculated on the expression (1) at L/L0=1 
and L/L0=0,69, obtained from the limit value ∆æH→∞ at 100K 
are given on the fig.1. 

 
Fig.1. The dependence ∆æ on uH/c for the sample with  
           u=9.6⋅1018cm-3 at 100K curve 1 - L/L0=1; 2 - L/L0=0.69. 

 
The dependences Ey(uH/c) and -SH(uH/c)  at 300K in the 

comparison with the theoretical curves are given on the fig.2. 
It is seen, that the 300K the experimental data are good agree 
for curve, calculated at L/L0=1, and maximums Ey and SH are 
equal to uH/c. 

 

 
Fig.2. The dependence Ey and –SH on uH/c with              
           n=1.16⋅1018cm-3 at 300K. 
 
The values L/L0, obtained by the different methods for 

формула n-Pb0.8Sn0.2Te are given in the table 1. Thus, on the 
data ∆æel.  and thermomagnetic coefficients the temperature 
dependence of Lorentz number L is defined in n-Pb0.8Sn0.2Te. 
It is shown, that experimental value L(T) in  
the interval 40-250K is less than its standard Zommerfield 
value. It is established that lowered value L is caused by the 
inelastic electron-electron collisions. 

Author thanks to professor S.A. Aliyev for useful 
discussion and notes.  
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                                                                                                                                                      Table 1. 
 
The value of share of inelasticity of electron scattering (L/L0) in n-Pb0.8Sn0.2obtained by different calculated methods. 
 

L/Lo № 
samp 

Т, K n⋅10-18,  
сm-3 

U, сm2⋅ 
⋅V-1s-1 

∆æ∞ ∆æ 
(uH/c) 
      

∆α 
(uH/c) 

          

SH 
(uH/c) 

 

 

1 15 
21 

30,4 
104 
118 
205 
16 

23,6 

2,5 3.000 1,01 
0,81 
0,61 
0,59 
0,57 
0,55 
0,99 
0,72 

1 
0,8 

0,55 
0,6 
- 

0,6 
1 

0,8 

1 
0,79 
0,6 

0,52 
- 

0,62 
1 

0,76 

1 
- 
- 

0,60 
- 

0,6 
1 
- 

1 
- 
- 

0,60 
- 
- 
- 
- 

2 90 
102 
122 
204 
16 

27,6 

1,16 4.000 0,58 
0,58 
0,55 
0,53 
0,96 
0,79 

0,5 
0,5 
- 

0,5 
1 

0,8 

0,53 
0,52 

- 
0,52 

1 
0,85 

0,54 
0,55 

- 
0,55 

1 
- 

- 
- 
- 
- 
1 
- 

3 41,3 
84 

205 
300 

9,6 3.200 0,74 
0,68 
0,67 

0,75 
0,69 
0,66 

0,74 
0,65 
0,65 

- 
0,67 
0,66 

1 

- 
0,65 

- 
1 
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n-Pb0.8Sn0.2Te ТЕРМОМАГНИТ ЩАДИСЯЛЯРИ 

 
Ишдя n-Pb0.8Sn0.2Te кристалынын термомагнит ямсалларынын вя истиликкечирмя ямсалынын електрон компонентинин гиймятиня эюря L 

Лоренс ядядинин температурдан асылылыьы мцяййян едилмишдир. Эюстярилмишдир ки, температур 40÷250 К интервалында L(T)–нин тяжрцби 
гиймятляри онун стандарт зоммерфелд гиймятиндян кичикдир. Мцяййян едилмишдир ки, L-ин беля кичик гиймятляр алмасы гейри-еластики 
електрон-електрон тоггушмалары иля баьлыдыр. 

  
Э.И. Зульфугаров 

 
ТЕРМОМАГНИТНЫЕ ЯВЛЕНИЯ В n-Pb0.8Sn0.2Te 

 
В работе по данным термомагнит коэффициентов и електронной составляющей теплопроводности определена температурная 

зависимость числа Лоренса L в кристалле n-Pb0.8Sn0.2Te.  Показано, что экспериментальное значение L(T) в интервале 40÷250К 
меньше его стандартного зоммерфельдского значения. Установлено, что заниженное значение L обусловлено неупругими 
электрон-электронными столкновениями.  
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ON THERMOMAGNETIC TRANSDUCERS OF IR RAYS  
ON THE BASE OF CdxHg1-xTe 

 
E.I. ZULFUGAROV 

Institute of radiation Problems of Azerbaijan National Academy of Sciences 
31a, H.Javid av., Baku - 1143 

 
Thermomagnetic properties of the solid solution of CdxHg1-xTe (0≤x≤0.3) and possibilities of creation of non cooled trancducer on the 

basis of them using traverse effect of Nernst-Ettingsgausen are studied. The analysis of the influence of the main physical parameters of the 
sensitive element on the main characteristics of the thermomagnetic transolucers is carried out.  It is established, that as the sensitive element 
of infrared receiver from the investigated solid solutions the more suitable is the composition Cd0.2Hg0.8Te. Moreover, it is observed that 
electronic irradiation (with the integral doze ~5.6⋅1017 El/cm2) at 300K leads to the increase of the specific sensitivity in two times. 

 
The solid solutions CdxHg1-xTe are widely used as the 

sensitive element of cooled phototransducers in infrared-
range [1]. In this direction the big successes have been 
achieved, the kinds of the receivers of the infrared rays have 
been created and are used. Moreover, the perspective of he 
uncooled warm transducers and receivers of the infrared rays 
on the base narrow-band semiconductors and on the base of 
Cd mercury, telluride system (CMT) [1-2] takes place. The 
thermomagnetic receivers of the infrared rays are one of the 
differences of the warm receivers of the infrared rays, having 
the defined advantages in respect of others. The set of the 
unique properties of the CMT system promote to the creation 
the same transducers on their base. Particularly, he minor 
effective mass of the electron, and their high mobility, low 
lattice thermoconductivity as conscience are caused by this. 
Therefore, the necessity of the study of the thermomagnetic 
properties of CMT and observing the probability of the use 
them as the sensitive elements in the uncooled 
thermomagnetic transducers of the infrared rays, based on he 
transversal effect Nernst-Ettingsgausen (N-E) effect, appear. 

The given paper is devoted to the technical development 
of the thermomagnetic infrared transducers and the methods 
of the improving their technical characteristics. Unlikethe 
photoelectric gauges the thermomagnetic transducers don’t 
ask for the additional power sources, and the cooling and 
thermostable systems also.  

The action principle of thermomagnetic transducers is 
caused by the appearing of the temperature drop in the 
semiconductor in the direction of thermal radiation at the 
thermal absorption. At the action of the transversal magnetic 
field on the faces of the samples the N-E field appears, the 
value of which is caused by the thermal flux.  

 
Fig.1. Construction of receiver of the infrared rays on N-E effect. 
 
The most simple table of such transducers is given on the 

fig.1. This transducer includes the heat-eliminating core1, the 
sensitive element 2, the metallic contacts 3, screen 4, and the 

glass window 5. The sensitive element is situated between 
magnet fields before the radiation source. The filter 8, is 
situated between element situating in the focus of the mirror 
6 and the calibration lamp 7.  

The main characteristics of the thermomagnetic 
transducers on the base of N-E effect are: 

specific sensitivityδ: 
ж

BQ

S
W
у ⊥==
ε

δ                                 (1) 

thermomagnetic quality ZTµ: 
( )

S
BQZ

ж

2
⊥=                       (2) 
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2
1

4
1

4
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ж ρc
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kT4
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D −
+

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

=
ρ

δ
            (4) 

inertialness τ:                      
ж

4,0 2cd
=τ                  (5) 

 
where εy – N-E field; W/S is radiation power, adsorbed by the 
unit surface of the gauge; d is the thickness of the sensitive 
element; æ, ρ, c are coefficients of heat conduction, specific 
resistance and specific heat capacity accordingly. As it is 
seen, the main physic parameters of the semiconductor, 
defining the suitableness of the material for this purpose, are N-
E coefficients, heat conduction and resistances. From the 
expression (1) it is followed, hat for the creation 
thermomagnetic transducer of the infrared rays with the high 
sensitivity it is necessary to choose the material with the low 
формула, with the big value of N-E coefficient. In [2] it is 
shown, that thermomagnetic force Q⊥B goes through 
minimum, the N-E coefficient achieves the big values in the 
materials with he high value of mobility ratio Un/Up>>1 
outside the area of the intrinsic conductivity. From the 
expression (2) it is followed that for the creation of the 
transducer with he high quality there are need the materials 
with the low thermoconductivity with he high value Q⊥, and 
with the low resistance also. Thus, if Q⊥ increases because of 
the participation of the carriers of II type in the conductivity, 
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but ρ increases and Z falls. Sluggishness of the receivers is 
defined by the thermoconductivity and the thickness of the 
sensitive element (5). For the creation of the low inertial 
receivers it is need the sensitive element with the minimum 
thickness with the high æ. From the expression (4) it is 
followed, that detective property can be grown because of the 
high specific sensitivity δ and electroconductivity. Thus, the 
carried out analysis show, that demands to the materials for 
the thermomagnetic infrared transducers are different. The 
materials with the high δ, but a little bit worse exponents F, 
D, τ are used for the creation of the measurements of the 
thermal flux, with the high F are used for the creation of 
detectors of infrared rays, and with the high ZTµ – for the 
energy transducers.  

The solid solutions of CMT have the low lattice thermo- 
conductivity, small effective mass and high mobility of the 
electrons. The crystals of CMT can be obtained as by n-, so 
by p-type of conductivity and changed its parameters at 
external action (temperature, pressure, radiation, magnetic 
and electric field, e.t.c.). The unique properties of the CMT 
crystals are in the base of the using in the quality as the gauge 
of the thermomagnetic transducers of the infrared rays. 

The investigation of the transversal N-E effect was carried 
out on the swarm of the samples with x=0÷0.3 at 300K with 
the purpose of the definition of the ways of the practical use 
of the solid solutions of CMT. Because of the mixed 
conductivity the temperature and magnetic-field dependences 
of the value Q⊥B have the maximums. The problem is the 
observing the conditions, when these maximums are equal to 
T room and not high B. The maximum Q⊥B can be shifted, 
changing the ratio of concentrations of the electrons and 
holes in the initial material. The dependence curve of the 
specific sensitivity δ of CMT samples from the composition 
(fig.2; B=1Tl) was obtained. As it is seen, the dependence 
achieves the maximum value at x=0,2. The obtained results 
show the probability of the use of CMT solid solutions 
(0.15≤x≤0.25) as the sensitive element in the devices on the 
detection of the radiation object, based on the N-E effect.  

The comparison of the value of specific sensitivity of 
gauge on the base CMT with x=0,2 
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B107.2δ  [2, 3] shows the perspectivity 

of CMT (0.15≤x≤0.25) in the quality as the sensitive element 
in the installation on the detection of the radiation object. 

According to the theory the value of thermomagnetic 
force Q⊥B can increases, increasing the ratio between 
concentrations n/p [2]. There are several methods of the 
influence on the ratio n/p (thermal treatment, doping, 
inclination from the stoichiometric). In the case JnSb-NiSb 
and Cd3As2-NiAs the above mentioned methods of the 
treatment lead to the to a change for the worse of δ [4], that is 
connected with the high initial electron concentrations in 
them (~2⋅1017 and 6⋅1018cm-3). The longed temperature 
annealing of CMT crystals (0≤x≤0.25) at 180-200°C in the 

pores of mercury leads to the  insignificant increase of δ [5, 
6]. The later relieving, lightening, doping don’t leads to the 
significant increase of δ. This is caused by the difficulty of 
the influence on the ratio of electrons and holes in it.  

As it was mentioned in the work [7], the irradiation by the 
electrons at 10K and 20K don’t influence of the significant 
influence on the parameters of the receivers of the infrared 
rays on the base Cd0.2Hg0.8Te. Such conclusion is the 
consequence of the influence of the small doze and low 
radiation temperature. It is no need to create the enough 
quantity of the radiation defects (RD), which are stable 
higher than radiation temperature that can lead to δ increase 
at such conditions. As it was shown in work [8] the electron 
irradiation leads of the increase of the electron concentration 
in the CMT crystals.   

The results of the detailed investigation of the influence 
of the electron irradiation on the specific sensitivity δ are 
given on the fig.2, from this it is followed, that 
(Φ=5.6⋅1017cm-2) goes through maximum at 0.15≤x≤0.25 at 
the electron radiation. These results show that the irradiation 
by electrons at 300K by the energy 4MeV in the doze interval 
(4÷7) ⋅1017cm-2 of CMT crystals with p>>n and pUp≥nUn, 
used earlier in the photo- and thermomagnetic receivers, as 
the sensitive element in the installations on the detection of 
radiation object, based on the N-E effect, leads to the increase 
of δ  in 2 times. 

 
Fig.2. The dependence of specific sensitivity on composition of  
           thermomagnetic transducer on the base CMT. The doze  
           of irradiation 1 – 0; 2 - 5,6⋅1017 el/cm2.  
 
The obtained results are explained that CMT in the 

conductivity always participate holes and electrons with the 
different concentrations and mobility at the same time. 

The electron irradiation leads to the increase of n, which 
is followed by the according increase of N-E coefficient. 
Indeed, the last leads to the increase, as the phonon spectrum 
isn't sensitive to the electron irradiation. 

It is known the several types of the thermomagnetic 
transducers on the base of N-E effect. The most simple from 
them it was described in the work [4]. This receiver includes 
the heat-conducting core, sensitive element, metallic contacts, 
screen and glass window. 

The sensitive element is situated between magnet poles 
before radiation source. The filter is situated between 
calibration lamp and element, situating in the focus of the 
mirror. The most original construction of N-E receiver is 
used for the detection of the location of the radiation source. 
The construction of this receiver is ipresented on the figure 3. 
The front surface of the element turns back and closes by the 
thin glass (or quartz) window 8. The sensitive element 1 is 
situated between 4 and 5 magnet poles. The electromotive 
force of N-E appearing on the side faces of the sensitive 
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element, is taken by the contacts 6 and given on the focusing 
installation. The action principle of this receiver of heat 
radiation is based on the temperature drop, appearing in the 
sensitive element at the decrease of the infrared rays. The N-
E electric field appears at the action of magnetic field B. The 
fall point of the infrared beam on the working solid moves 
from the area of the one magnet to the area of another at the 
moving of the radiation source. Moreover, the output signal 
changes the polarity going through  «dead point– O » (where 
B=0), but the signal value increases with the increase of the 
inclination of the fall point of the radiation in respect of 
«dead point» of the sensitive element. The output signal 
changes and thus the transmission of the radiation source is 
fixed with the inclination of source beam in respect of «O» 
point. Such devices can be used in the industry, for example, 
in the control systems with the help of the infrared beams, 
especially on the heat tube mill. 

 

 
Fig.3. Construction of receiver IR radiation on the N-E effect  
           for detection of the location of source radiation. 1-  
           sensitive element (working body); 2 – source of IR  
           radiation; 3 – lens; 4,5 – magnet; 6 – contacts; 7 – heat  
           conducting core; 8 – glass window.  
 
  The thermomagnetic N-E effect is used for the creation 

of the amplifier of the direct current also. For this it is used 
the hybrid thermoelectric-thermomagnetic transducer of the 
intensity on the Peltie and N-E effects, including Peltie 
thermoelements of n and p branches Bi2Te3 and the sensitive 

thermomagnetic element from JnSb-NiSb. The action 
principle of the transducer is: the constant voltage of such 
polarity, that the heat will generate on the contact, is given on 
the thermoelement. The generating heat creates the 
temperature gradient on the sensitive element in the direction 
of y axe. The field N-E appears at the appearing of the 
magnetic field on the sensitive element in the direction, 
transversal to dT/dy. Moreover, the ratio of the output signal 
to the input signal can be estimate by the ratio: 
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where α1 is the electromotive force of the thermoelement, æ1 
is its thermal conduction, Z is thermoelectric quality, l is 
common length of the sensitive element in the direction of 
the output signal, d is thickness in the direction of heat flux. 

Because of α, æ and Z aren’t almost depend on Bat the 
room temperature till B=1Tl, so output intensity becomes 
proportional to QB. That’s why the one more important 
demand to the such devices is the linear change of 
thermomagnetic force (QB) of the sensitive element from the 
B induction, which leads to the line changing V2 from B. 

As it was above mentioned, the specific sensitivity δ for 
CMT crystals have linear character. The creation of the 
sensitive element from the semiconductor solid solution 
CdxHg1-xTe (0.15≤x≤0.25) allows to increase significantly of 
the amplification factor in the hybrid transducers on Peltie’s 
and N-E effects (fig. 3), consideringly. Such transducers can 
be used in the measuring technics for the amplify of the weak 
electric signals. 

Thus, it is established, that CdxHg1-xTe (with 
x=0.15÷0.25) can be used as in the sensitive element in the 
thermomagnetic receivers of the infrared rays. The electronic 
irradiation (with the integral doze ~5.6⋅1017el/cm2) of CMT 
crystals (with x=0.15÷0.25) at 300K leads to the increase of 
the specific sensitivity of the receivers of the infrared rays in 
two times.  
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Е.И. Зцлфцгаров  
 

CdxHg1-xTe КРИСТАЛЛАРЫ  ЯСАСЫНДА ИГ ШЦАЛАРЫН ТЕРМОМАГНИТ ЧЕВИРИЖИЛЯРИ 
 

Мягалядя CdxHg1-xTe  кристаллары  ясасында  дцзялдилмиш ИГ (инфрагырмызы) шцаларын  термомагнит  гябуледичиляринин дцзялдилмяси 
вя онларын иш принсипиндян данышылыр. 

CdxHg1-xTe кристалларынын 300К температурда ениня Н-Е (Нернст-Еттингсгаузен) еффекти юлчцлмцшдцр. Мцяййян олунмушдур ки, 
Cd0.2Hg0.8Te кристаллары  ИГ гябуледижиляри цчцн даща  йарарлыдыр. Беля ки, Г⊥Б максимуму мящз  х=0,2  кристалларында ян чох олур. 

Мягалядя  щярякятдя олан обйектляри ашкар едян ИГ гябуледижинин  гурулушу  вя иш принсипи щаггында да мялумат верилир. 
 

Э.И. Зульфугаров  
 

О ТЕРМОМАГНИТНЫХ ПРЕОБРОЗОВАТЕЛЯХ ИК ИЗЛУЧЕНИЯ НА 
ОСНОВЕ CdxHg1-xTe 

 
Исследованы термомагнитные свойства твердых растворов и возможности создания на их основе неохлаждаемых 

преобразователей ИК излучения, основанных на поперечном эффекте Нернста-Эттингсгаузена. Проведен анализ влияния основных 
физических параметров чувствительного элемента на основные характеристики термомагнитных преобразователей. Установлено, 
что в качестве чувствительного элемента ИК приемника из исследованных твердых растворов наиболее подходит состав . Наряду с 
этим выявлено, что электронное облучение (с интегральной дозой) при 300К приводит к возрастанию удельной чувствительности 
ИК приемника в два раза. 
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MATHEMATICA SOFTWARE IN INTEGRATION OF CHIRAL FIELD MODEL 

 
M.A. MUKHTAROV 
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370602 Baku, F.Agaev str.9, Azerbaijan 

 
The Mathematica algorithm for recurrent procedure of integration of the principal chiral field problem is presented.  

 
1.  Mathematica is the world's only fully integrated 
environment for technical computing. First released in 1988, it 
has had a profound effect on the way computers are used in 
many technical and other fields. In this article we show the 
application of this powerful tool to solution of the principal 
chiral field problem.  
 
The principal chiral field problem may be written in the form: 

      η
−

ηξ
−

ξ −== fggfgg 11 ,                            (1) , 

where g and f  are respectively, group and algebra-valued 
functions, 
which are solutions of the principal chiral field problem 

     ( ) ( ) [ ]ηξξηξ
−

ηη
−

ξ ==+ fffgggg ,2,011               (2) 

In the case of ),2( CSL algebra these equations can be solved 
completely for the following initial condition [1]: 
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The result of integration of the system (3) can be expressed in 
terms of chains of solutions of the following system of linear 
equations 

][2][]1[
][2][]1[
nnn

nnn
α+α=+α−

α−α=+α

ηη

ξξ
                       (4) 

which are nothing more than Backlund transformations. 
The solutions of (4) in the explicit form are presented in [2]. 
The discrete symmetry transformation allows carrying out the 
recurrent procedure of finding the solution of (2) 

nnn wgSg =+1  
The solutions are expressed in terms of chains (4) starting from 
the 0-step (3). 
We are using the following parameterization of the group 
element: 

)][()][()][(1
−+

+ βα= XnExphntExpXnExpgn  
 2. Below one can find the Mathematica program of the first 
two steps of recurrent procedure.  
The input is written in Bold style, the results – in Normal. 
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3. The last expression is nothing more than 
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Using the expressions for the group-value elements and the relations (1), one can easily come to final expressions for the algebraic 
solutions, presented in [1]: 
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where ( )aDetn  are the minors of order n of the following matrix: 
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Here ( )aDn
~

 denotes that in the last row of the corresponding matrix the indices of ][ia have been increased by one. 
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Klein Paradox in Modified Dirac and Salpeter Equations 

 
Nina Kevlishvili, Giorgi Piranishvili 
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1. Introduction 
  It is well known, that Dirac equation in central symmetry field has unusual properties, like the 
leak of particle through the infinite wall, that means oscillation of solution in asymptote, for infinitly 
increasing potential, when the interaction is the zero component of Lorenz-vector. This unusual property 
is known as Klein Paradox [1]. The same lack has two particle Dirac equation [2,3]. 
  By considering quarks and antiquarks the problem is being tried to solve by introducing additional 
scalar interaction [4,5]. So let us  consider Dirac equation  

( ) ( ) )()( xVExmp Ψ−=Ψ+ βα rr                                                  (I) 
with infinitly increasing potential  

∞=
∞→

)(lim rV
r

 

there wave function is represented as spinor  
( )
( ) ⎟⎟

⎠

⎞
⎜⎜
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⎛
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Ω
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′mlj
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we get radial equations  
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( ) 0

0

=−−+−

=+−−+

AmVEB
rdr

dB

BmVEA
rdr

dA

χ

χ

                                                   (II) 

there  

( ) ( ) ( ) ( ) ( ) ( )
4
111 −+−+=== jjllrrbrBrrarA χ  

After obvious transformations the equations (2) will look like  

( )( ) 02 22
22

2

=−−+− AmVEA
rdr

Ad χ  

When ∞→r , the second term can be neglected  

( ) 0)( 2
2

2

=+ rAV
dr

rAd                                                                (III) 

The sign “+” shows, that there are no bound states. That means,  the Klein Paradox takes place.  
  On the other hand, if we consider scalar potential in 4-space the Dirac Equation will look like  

( )( )( ) )()( rErrSmp rrrr
Ψ=Ψ++ βα                                                   (IV) 

After the transformation of corresponding radial equations we will get equation  

( ) ( ) 0)( 2
2

2

=− rArS
dr

rAd                                                          (V) 

which has bound states and is free of Klein Paradox. 
  As a rule there are considered potentials containing both fields  

( ) ( ) constbarbVraSU =+= ,                                            (VI) 
In this case the existing of Klein Paradox depends on the correlation between two constants. 
  Besides that particular importance has equal mixture of scalar and vector potentials, which 
excluses spin-orbital interaction in Dirac equation [3,5] and Klein Paradox in two particle Dirac equation 
[2,3,6]. 
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  It would be natural to check the existing of this problem in field’s quantum theory equations. I 
mean Bethe-Salpeter (BS) equation. There is an opinion that only vector interaction is not recommended 
here either because of Klein Paradox. But this fact is not proved yet. For example, in case of quark’s 
confinement in hadrons the situation is not clear. There is not necessary to introduce an additional scalar 
field, it actually exists as potential’s fourth component. 
  In last years a lot of works discused 3-dimensional relativistic equations which are results of BS 
equation’s different reductions. 3-dimensional equations are interesting because they give us possibility to 
study quarkonium spectrum for different potentials. The great attention is paid to the formulation where 
by means of one particle mass rushing to infinity the problem reduces to Dirac equation of one particle in 
external field [7]. But in our opinion, not eveything is clear there. The information about second 
quantization could not be lost when we make one particle heavier. For instance, if we use 3-dimensional 
Kernel in BS equations the problem reduces to Salpeter equation which differs from two-particle Dirac 
equation in interaction term which contains projecting operator only on positive and only on negative 
frequencies. In this case this projecting operator is the only relict of second quantization. 
  In the 80-s was supposed, that equations of field’s quantum theory must be free of Klein Paradox 
[3,6]. So Salpeter equation was studied from this point of view [8,9] by Krolikowski and Turski. But final 
conclusions were made based on Dirac modified equation, which is the result of making one particle 
infinitly heavy. 
  For example, the author of work [8] was studing the following Salpeter equation: 
 

                         ( ) ( )( ) ( ) ( )( ) ( ) ( )[ ] ( ) 02
22

1
11 =ΨΠ−+−−+− rrVpmpmpE rrrrrr βαβα                          (1) 

 
where ( )prΠ  is above mentioned projectiong operator: 
 

                                         ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )ppppp rrrrr
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2121                                           (2) 
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are projecting operators on poitive and negative frequences for free spinors. They are nonlocal integral 
operators in coordinate space. 
  In the limit when ∞→== mmm 21  the kernel of this integral representation (Bessel function) 
becomes local ( )rr ′−

rrδ  function and the equation (1) becomes local either. After this it is not difficult to 
determine asymptotic behaviour of wave function when ∞→r . It will exponentialy fall for increasing 
potential V(r). 
  Turski considered the case of tending one particle’s mass to infinity. Then equation (1) reduces to 
modified Dirac equation for light particle motion in “projected’ field: 
 

                            ( ) ( )[ ] )()( rErrVpmp rrrrr
Ψ=ΨΛ++ +βα                                              (3) 

 
  The author showed, by means of above mentioned integral representation and asymptotic 
restrictions on wave function and potential, that modified Dirac equation is free of Klein Paradox. 
  We consider, that all such statements are scanty because they are based on approximations and 
simplified assumptions about potential’s behaviour. One is clear from these works,  if modified Dirac 
equation is free of Klein Paradox the same is true for Salpeter equation. 
  In the following we consider our problem in momentum space and show that modified Dirac 
equation (3) has discrete spectrum if such spectrum has Schrödinger equation for the same potential V(r). 
This statement is equivalent to absence of Klein Paradox, by our opinion. 
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2. Dirac Modified Equation in Foldy-Wouthausen Representation 
  Consequently, we learn Dirac modified equation (3). If we act on this equation with projecting 
operator ( )pr±Λ  in succession we get the following equations: 

[ ] ( ) ΨΛ=ΨΛ+− ++ VpmpE rrr )( βα                                                  (4) 
and  

0=ΨΛ=Ψ −−                                                                 (5) 
By using these equations (4) will look like: 

[ ] ΨΛΛ=ΨΛ+− +++ VmpE )( βα rr                                                    (6) 
 Consequently, we have a problem of proper value with following hermitian Hamiltonian 

++ ΛΛ++= VmpH βα rr                                                          (7) 
It is convenient to use Foldy-Wouthausen’s transformation[11]: 
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For the transformed Ψ=Ψ iS
FW e  function we get the following equation 
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It is natural to represent FWΨ  as a two component spinor  
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Then equation (10) will give us the following system: 
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 The second equation does not have untrivial solutions, so far as  0, =−≠ χω pE  
 Now we can calculate the matrix structure of the right side of the equation (12) in evident form. After 
simple transformations we get 
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3. The Radial Form of Modified Dirac Equation  
  Let us analyse the equation (13) by angles. For this purpose we can use basis of spherical spinors 
[12]: 

p
pnnpfp ppjlm r

r
rrr

=Ω= )()()(ϕ                                         (14) 

where mjlΩ  functions satisfy following equation 
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  In explicit form this functions are expressed by spherical harmonics and corresponding Klebsh-
Gordon coefficients: 
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Therefore, if we express ( )kpV
rr

−  potential as series of spherical harmonics 
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and insert everything mentioned above in the equation (13) and use properties of orthogonality the 
equation will not  depend on angles. So we get the following radial equation  

( ) ∫
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where ( )kp,χ  is an additional factor, which is the result of projecting operator’s existing: 
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Equation (18) is our main result. 
 
 
 
4. Properties of Radial Equation Spectrum 
  The kind of spectrum of radial (integral) equation (18) depends on the properties of it’s kernel, 
which now contains FW-factor ( )kp,χ  together with radial component of potential. Just this factor 
expresses nonlocality of effective potential. 
  First of all let us discuss some properties of ( )kp,χ  factor: 
1) It loks like the sum of two members factorized by  p and k variables. This can be important by studying 
various factorized potentials. 
2) When k=p (on the energetical surface in scattering problem) 1=χ . 
3) It is positive-definite and bounded when ∞→kp, . 
4) It has not any singularity for physical values of variables. 
5) To reach the nonrelativistic limit in equation (18) it is enough to expand it into a series of 2p  and 2k . 
This operation does not affect the smallness of  ( )kpvl ,  potential. 
  Based on the properties mentioned above we can answer our main question – does Klein Paradox 
take place or not? 
  It is clear, that integral equation (18) without ( )kp,χ  is Salpeter spinless equation’s radial form in 
momentum space. As it is known [10,13] Salpeter spinless equation for unlimited, increased potential has 
confinement type solutions – only discrete spectrum. Because of above mentioned properties of ( )kp,χ  
the kernel of equation (18) is Fredholm-Smith type.  It is multiplied on limited nonsingular function, 
according to well known theorem [14,15] the kernel remains Fredholm-Smith type and therefore the 
spectrum of equation(18) will be only discrete if Schrödinger (or spinless Salpeter) equation has discrete 
spectrum for the same potential. 
  In our opinion, this conclusion is equivalent to absence of Klein Paradox in modified Dirac (and 
Salpeter) equation. 
  It is strange that in our equation (13) remains dependent on orbital momentum only. That means, 
projecting operator +Λ separates spin-orbit coupling. 
  By introducing additional scalar interaction the same result is obtained for equal mixture of scalar 
an vector potentials. 
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  Consequently, all above mentioned results can be naturally obtained be considering vector 
potential only. That is why it is not necessary to introduce the scalar potential artificially. 
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High sensitive and durable roentgen-detectors were created on the basic of semiconductor crystals TlInSe2. The dose sensitivity of 

created roentgen-detectors was 1.1⋅10-10÷5.9⋅10-9 A/R⋅min⋅V in the range of the measured power E=0.75÷78.0R/min. The registered range of 
the X-rays energy was 10÷50keV. The detectors delay time was 3÷5s and the working voltage is 10÷20V. The ratio of coefficients of 
roentgenosensitivity after and prior to lithium intercalation amounts to 2÷4. It was shown that dependence of roentgenocurrent ∆Ir on 
radiation dose E is described as: ∆Ir ~ Eα, where α = 0.5÷1.1 at 25÷50 keV for pure TlInSe2 and α = 0.65÷1.5 for TlInSe2 <Li+>. 

 
The research of electric; photoelectric and roentgen-dozimetric characteristics of semiconductive single crystals TlInSe2, 

belonging to material class of TlMeX6
2 (Me-In, Ga; X-S, Se, Te) [1-9], showed; that they have a high sensitivity to the X-ray 

irradiation. 
Single crystals TlInSe2 were obtained by the following way [10]. Thallium; indium and selenium; taken in the 

stechiometric ratio 1:1:2 were charged in the quartz ampoule by the diameter 16 mm and the length 100mm (the selenium 
excess from stechiometric made 0,4 mass %).  The ampoule is pumped out up to the pressure 1.3.10-3 Pa and is soldered. 

The compound TlInSe2 was synthesized by the direct melting of initial components by the method of the double-
temperature synthesis with the use of the vibrating mixing at the temperature on 50-70° higher than the fusing temperature 
(Tfus=1040K) during 3-4 hours. For the homogenizing obtained alloys were annealed at the temperature, equal to 2/3 of the 
fusing temperature Tan=693K during 200 hours. The single-phasing of obtained alloys was controlled by the method of 
diffirentional-thermal (DTA) and roentgenophase analysises (RPA). 

DTA was carried out on the device NTR-92, allowing to fix the temperature of phase transformations with accuracy 
±3÷5K. The heating rate made 2-4K/min. The temperature was controlled by the thermocouple Pt-Pt/Rh; graduated by the 
reference substance in the range 472-1560K DTA results showed; that the compound TlInSe2 melts congruently at 1040K. 
Thermodynamic parameters of the compound TlInSe2 were determined by the measurements data of EMF concentration 
chains, composed of alloys of Tl-In-Se system: Gibs standard free energy of the formation ∆Go

298=-180 kJoule/mole; standard 
enthalpy of the compound formation: ∆Ho

298 =-190 kJoule/mole; the enthalpy of the compound melting: ∆Hm =40 kJoule/mole. 
The RPA was realized on the device DRON-3 at the radiation CuKα. RPA results shows, that TlInSe2 crystallizes in the 
tetragonal lattice of TlSe (space group 14/mcm) with parameters: a=8.002Å; b=7.015Å; z=4. 

For the growth of large single crystals obtained polycrystals TlInSe2 were plunged into the special ampoule, pumped out up 
to 10-3Pa and placed in the double-chamber furnace. Single crystals were grown by Bridgemen method from the melt at the 
rate of the crystallization front transformation 0.6 mm/hour with the following cooling of obtained crystals with the rate 
5K/min. 

Samples of sizes (2.0x0.8x0.2)mm3 were prepared on the base of obtained chained single crystals TlInSe2, which were split 
off along the direction [001]. 

Contacts to them were applied by indium melting on the crystal surface and provided by the ohmity of voltampere 
characteristics (VAC) up to the electric intensity ≤200V/cm. The electric field was applied along the direction [001], and the X-
ray radiation was directed perpendicularly to the crystal surface. Measurements were carried out at 300K; and the voltage was 
taken in limits of the linear part of VAC. The device URS-55A with the tube BSV-2 served the X-rays source. 

X-rays intensity was registered at the measurement by means of the current variation on the tube at each given value of the 
accelerating potential on it. Absolute values of X-rays doses were measured by the crystal dosimeter of DRGZ-02 type. 

The detector roentgenosensitivity was determined by the formula:  
 

EV
J

k
s

r

⋅
=

∆
  , 

where ∆Jr=Jr-Jd ; 
Jd is the dark current; Jr is the current in the sample at the X-ray irradiation; E is the X-ray power; Vs is the supply voltage 

(the working voltage). 
The dose sensitivity of studied detectors on the base of crystals TlInSe2 made 1.1.10-10÷5.9.10-9Amin/R.V in the range of the 

measured power E=0.75÷78.0R/min. The registered range of the X-rays energy made 10÷50keV. The detectors delay time 
made 3÷5s; and the working voltage Vs=10÷20Volt. 

Suggested by us X-rays detectors on the base of crystals TlInSe2 yield in the sensitivy to the detectors on the base of single 
crystals CdS (approximately on one order); but they have a number of advantages. Firstly; at low dose rate studied detectors 
had much lesser time of response, than CdS. Secondly; saturation sings up to dose rates in 100R/min and the fatigue effect are 
absent in our detectors. 
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So, X-rays detectors on the base of TlInSe2 is quick-response, miniature; uncooled (works at the room temperature) crystal 
detector with the stable and reproducing dosimetric characteristics.  

Preliminary researches showed, that doping of TlInSe2 crystals in some cases leads to the considerable improvement of 
operating characteristics of roentgen-detectors. Thus the task of the gain in the roentgen-detectors sensitivity by means of 
intercalation of single crystals TlInSe2 is put in the present work.  

The sampler TlInSe2 were intercalated with lithium ions by the method of pulling electric field. The intercalation degree j.t. 
(j is the current density, t is the intercalated time) amounted to 15-20 Coulomb.cm-2. 

Roentgendosimetric characteristics of the pure and lithium-intercalated TlInSe2 single crystals were investigated. Electric 
field was applied along [110] -direction and amounted to 10 Volts. Compared to pure single crystal, this intercalated single 
crystal is more sensitive to roentgen  radiation. The ratio of coefficients of roentgenocurrent (K) after and prior to intercalation 
to 2÷4. 

Dependence of   roentgen current on dose rate at various X-radiation hardnesses (from 25 to 50 keV) was interesting in 
TlInSe2 and TlInSe2 <Li+> single crystals. It was shown that dependence of roentgenocurrent ∆Jr on radiation dose E is 
described as: 

                                         ∆Jr~Eα 

 
where α=0.5÷1.1 at 25÷50keV for pure TlInSe2 and α=0.65÷1.5 for lithium-intercalated single crystal.  

The operation by the roentgendosimetric parameters of the studied ternary single crystals due to intercalation gives 
perspective for the use of these objects as sensitive roentgendetectors. 
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РЕНГЕНОДЕТЕКТОРЫ НА ОСНОВЕ TlInSe2 <Li+> 

 
На основе полупроводниковых кристаллов TlInSe2 созданы высокочувствительные рентгенодетекторы. Дозовая 

чувствительность созданных  рентгенодетекторов  составляла     
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1.1⋅10-10÷5.9⋅10-9 А/Р⋅мин⋅В при дозах облучения E = 0.75÷78.0 Р/мин. Энергия рентгеновского излучения составляла 10÷50  кэВ. 
Инерционность детекторов составляла  3÷5 с, а рабочее напряжение 10÷20 В. Отношение коэффициентов 
рентгеночувствительности после и до интеркалирования литием составляло 2÷4. Показано, что зависимость рентгенотока ∆Ir от 
дозы облучения E носила степенной характер: ∆Ir ~ Eα, где α=0.5÷1.1 при 25÷50 кэВ для TlInSe2   и   α= 0.65÷1.5   для  TlInSe2 <Li+>. 

 
 

С.Н. Мустафаева, Е.М. Кяримова, М.М. Асадов, Р.Н. Кяримов 
 

TlInSe2 <Li+> ЯСАСЫНДА РЕНТГЕНДЕТЕКТОРЛАР 
 
Йарымкечириъи  TlInSe2   кристаллары ясасында йцксяк щясаслыьа малик олан рентген детекторлары щазырланмышдыр. Шцаланма дозасы 

Е=0.75÷78.0 Р/дяг олдугда  рентгендетекторларын доза щясаслыьы  1.1⋅10-10÷5.9⋅10-9 А/Р⋅дяг⋅В  олмушдур. Рентген 
шцаланмасынын енержиси 10÷50  кеВ-дир. Бу детекторларын яталятлилийи 3÷5 с, ишчи эярэинлийи ися 10÷20 В – дир. TlInSe2   кристалларынын 
литиум ионлары иля интеркалйасийасындан сонра вя яввял рентген щяссаслыьынын ямсалларынын нисбяти 2÷4 олмушдур. Тяйин едилмишдир ки, 
рентген ъяряйанынын ∆Ir шцаланма дозасындан Е асыллыьы цстлц функсийа иля характеризя олунур :  

∆Ir ~ Eα, бурада TlInSe2 цчцн 25÷50 кэВ- дя  α =0.5÷1.1 вя   TlInSe2 <Li+> цчцн ися α =0.65÷1.5 олмушдур. 
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Abstract In this work the humidity-voltaic effect, i.e. generation of open-circuit voltage (Voc) in metal 
(Cu, Ag, Au)-Porous silicon structures under humid exposition is discovered. Besides, influence of 
porosity of free-standing PS and humidity on optical and electrical properties of films were investigated.  
  Relatively to the optical and electrical properties of free-standing PS films the next main results were 
received. (a) The  rising of film porosity (from 30% to 90%) results in both the increase of band gap of PS 
films (from 1.4 to 1.9 eV) and resistivity (from 2x104 to 4x104 Ω cm), (b) The resistivity of films along 
pores approximately two tenth as large as than  that in across direction, (c) The band gap of films in 
humid ambient in the range of 55-95 %RH increases from 1.6 to 1.8 eV. The observed  porosity-
stimulated and humidity-stimulated changes optical and electrical characteristics were interpreted on the 
base model including the quantum confinement of  charge carries in the PS microcrystallites and chemical 
activity of PS surfaces. 
  Formation of open-circuit voltage up to 450mV, 280mV and 200mV for Au-PS, Cu-PS and Ag-PS 
structures under humidity or hydrogen exposition is observed. It is suggested that the humidity-voltaic 
effect, i.e. generation of Voc in humid atmosphere is mainly caused by splitting of water and hydrogen 
molecules on surfaces of Ag, Cu or Au catalyst and hydrogen diffusion from humid ambient to metal-PS 
interface. Approximately the linear increase of Voc  depending on the average porosity of PS films is 
established. Generation of Voc (up to 550 mV) have been also observed on dipping of Au-PS structures in 
different hydrogen-containing solutions (ethanol, benzine, sodium tetraborate pentahydrate etc.). These 
results open the perspective for using of metal-PS structures as both gas (hydrogen) detectors and mini 
hydrogen cells. 
 

1. Introduction 
 
  The discovery of visible photoluminescence from porous silicon (PS) has attracted considerable interest 
due to its potential application in the development of silicon-based optoelectronic devices. However, the 
origin of  photoluminescence in PS is still controversial. A few models are suggested for explanation 
mechanism of photoluminescence. According model proposed by Canham [1] radiative recombination of 
electron-hole pairs occurs within nanometer silicon wires and their energy gaps become larger than that of  
bulk Si (quantum confinement effect). This model modified by Koch et al. [2] suggests that electron-hole 
pairs are photo-excided in nanometer silicon particles and radiatively recombined via Si intrinsic surface 
states. Another model [3] suggests that luminescence from PS was caused by some special luminescence 
materials, such as SiHx complexes, polisilanes, or SiO2 rather than an intrinsic property of nanometer Si. 
A third model believes that excitation of charge carriers occurs in nanometer silicon particles and the 
photoexcitated carriers transfer into the luminescence centers (defects and impurities) in the surrounding 
SiOx layers [4]. 

 
  In general, main models proposed for explaining the origin and mechanism of visible 
photoluminescence in PS can be divided on three groups. The first group comprises an intrinsic effects in 
nanometer Si, whereas the second group of model is related with processes proceeding an external 
surfaces of nanocrystals, i.e. on surfaces of PS. These processes are determined with composition and 
structure of materials on PS surfaces. The third group combines models of the first and second group. The 
structure of PS is characterised by an extremely large surface aria to volume ratio (up to 103m2cm-3). It is 
known that surface bonds, in particular Si-H and Si-O bonds play an important role in regulating of 
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electrical, optical, luminescence and gas sensing propertiesof PS. These properties of PS are very 
sensitive to humidity of ambient. Investigations of optical properties of the free-standing PS films can 
promote understanding mechanism of photoluminescence. The optical and electrical characteristics of 
free-standing films depending on porosity are rarely considered [5]. Xu et al. [6] have measured evolution 
of the optical absorption of free-standing PS films during thermal oxidation in air and decreasing of the 
gap have explained due to the Si-O bond formation. Sagnes et al. [7] have measured the absorption 
spectra of the free-standing PS films with porosities in a range of 45-79 % and observed a blue-shift of 
curves with an increase of the porosity. As far as our knowledge goes, data on effect of humidity on 
optical absorption spectra of free-standing PS films are absent in literature.  
 
  It is noting that the gaseous environment exerts influence on electrical and photoluminescence 
characteristics of PS and metal-PS structures. The composition and optical property changes of PS caused 
by hydrogen and oxygen diffusion are considered [8,11]. Numerous gas and humidity sensors based on 
PS have been presented  [12,13]. Humidity-stimulated changes of I-V characteristics and generation of 
open-circuit voltage in Ag-PS and Cu-PS Schottky-type structures have been observed [14,15]. These 
changes are attributed to penetration of hydrogen from humid ambient and diffusion via porous silicon 
surfaces to metal-PS interfaces.   It will be noted that the response and recovery time of PS based gas 
sensors is limited by diffusion coefficient of gas atoms and molecules along inner PS surfaces. Therefore 
knowledge of diffusion parameters of atoms influencing on gas-sensing characteristics of PS is very 
important for fabrication of gas sensors with the low response and recovery times. 
 
  In this work the optical and electrical properties of free-standing PS films in dependency on porosity and 
humid exposition were investigated. Humidity (hydrogen)-stimulated open-circuit voltage generation in 
metal (Au, Ag, Cu)-PS structures is discovered and mechanism of this phenomenon was discussed. 
Besides data on diffusion coefficient of hydrogen on PS surfaces, determining the response characteristics 
of gas sensors were determined. 
 
2. Experimental Procedure 
 
  PS films were formed by anodization of (111)-oriented n-type silicon wafers (0.01 Ω.cm) in HF-ethanol 
solution at constant current density under the white light illumination. The PS films were then detached 
from the Si substrates by electropolishing [8]. The free-standing PS films were characterized by porosity, 
thickness, resistivity and optical measurements. Free-standing PS films of thickness 5-20 µm and 
porosities of P= 30-90 % were analysed in this work. 
 
  The transmission spectra of free-standing PS films were measured from 300 to 1000 nm at room 
temperature by using ‘UV/VIS Lambda 2S’ (Perkin Elmer) spectrometer. Resistivity measurements were 
performed along and across of pores. Optical and electrical measurements of PS films were examined on 
the normal room conditions (T=300 K, 40 %RH) and in the measuring cell at different ambient humiditiy 
(water vapour) in the range of 40-95 %RH. The relative humidity (RH) in cell was measured by using 
‘Extech-444701’ Hygro-Thermometer.  
 
  This investigation focuses on the analysis the transmission spectra and resistivity in dependency on both 
porosity of PS films (for normal room conditions) and relative humidity of ambient (for PS films with 
given porosity). Time-dependence transmission spectra and resistivity under humidity exposition in cell 
were measured after succsessive 5- or 10-min cycles of humid exposition. 
 
  The absorption coefficient (α) is deduced from transmission spectra by solving α in the equation [8] 
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Here R is reflectivity and d is the effective sample thickness. 
 
The next values n=1.42 and R=0.03 were recieved for the refractive index and the reflectivity from 
experimentally measured the interference spectrum of free-standing PS film. This value of the refractive 
index is close to n=1.33 measured in [7]. 
 
  Metal-PS structures and Au-PS-Si structures have been fabricated by evaporation of Au, Ag or Cu film 
onto the PS surface at room temperature using electron-beam  evaporation technique. The thickness of 
metal film (80-160 nm) was measured during evaporation by using ‘Deposition Controller’ (Inficon, 
Leybold). In or In/Ga alloy was used as ohmic contact to PS layers . The current-voltage characteristics, 
humid-stimulated voltage generation in metal-PS structures were examined in the measuring cell at 
different ambient humidity (water vapour, hydrogen or oxygen). Humidity-stimulated voltage (Voc)  
between the open contacts  to metal film and PS under gas exposition (moisture, hydrogen or oxygen) or 
on dipping of metal-PS structure in hydrogen-containing solution (ethanol, benzine, sodium tetraborate 
pentahydrate etc) is directly measured using ‘Thurlby’ 1503 Digital Multimeter. 
    
  The photosensitive properties of metal-PS structures were analysed by measurements of current-voltage 
characteristics in dark, day-light and under illumination by a tungsten-halogen lamp (150 mW/cm2). All 
investigated structures showed very slight photosensitiveness. Value of the open-circuit photovoltage in 
day-light and under tungsten-halogen lamp illumination was about of 1-3 mV. Therefore most of 
humidity-sensitive measurements have been performed at day-light illumination. 
 
3. Results and Discussion 
 
  Measuring of transmission spectra at room conditions (T=300 K, 40 %RH) was carried out for free-
standing PS films with porosity of 46%. Fig. 1 shows the absorption coefficient spectrum for PS film with 
thickness of 8 µm and porosity of 46%. Analysis of measured curves of absorption coefficient (α) versus 
photon energy (hν) for PS films with porosity in range of 30-90 % showed that spectra displayed 
behavior expected for the direct semiconductors 
 

                                                  α2(hν)2=A(hν-Eg)                                                                   (2) 
 
Here Eg is energy gap and A is constant. Absorption coefficient curves for PS films discovered a 
continuous blue-shift with increase of porosity in range of 30-90 %.  
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Figure 1. Optical absorption spectrum of PS film of P= 46 % porosity (40 %RH). 
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Figure 2. Energy gap of PS films in dependency on porosity (40 %RH). 

 
  Fig. 2 shows the energy gap in dependency on porosity of the free-standing PS films, determined from 
extrapolution of high energy part of (α - hν) spectra. Near linear increase of band gap from 1.4  to 1.9 eV 
with rising of porosity of PS films in the range of 30-90 % is observed. 
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Figure 3. Resistivity of PS films (1) along and (2) across of pores (40 %RH). 

 
  Fig. 3 presents resistivity along and across of pores for free-standing PS films with porosity in a range of 
45-78 %. Increase of resistivity with increase of porosity is observed for both directions. The data on 
resistivity - porosity dependence (Fig. 3) correlate with increase of energy band gap of PS films with 
rising in porosity (Fig. 2). Lower low values of resistivity across of pores can be related with presence of 
low-porosity layer along PS film - Si substrate interface. 
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Figure 4. Energy gap of PS film in dependency on relative humidity (P=68 %). 
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  Fig. 4 presents the energy band gap of PS films (with porosity of 68%) in dependency on relative 
humidity. These data were received from optical transmission measurings carried out after exposition of 
PS film in humid ambient for 30 min. As it is seen from Fig. 6, Eg – RH dependence, similarly energy gap 
versus relative humidity curve (Fig. 2), shows nearly linear increasing of energy gap. 
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Figure 5. Reverse I-V characteristics of Au-PS structure in humid ambient (1) 45 %RH,  

(2) 70 % RH, (3) 83 % RH, (4) 90 %RH and (5) 99 % R H (T=300K). 
 

   Data on Fig. 2 and Fig. 4 concerning increase of the energy gap in dependency on porosity of PS films 
and humidity respectively, can be explained by a model including the quantum confinement of carriers in 
the PS microcrystallites and the formation of the Si-H bonds on pore surfaces in humid atmosphere. 
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Figure 6. The open-circuit voltage - relative humidity dependence for Au-PS, Cu-PS and  

Ag-PS  structures (T=300K). 
 

  Below it is presented data on humidity-sensitive properties of metal-PS structures. 
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Figure 7. The open-circuit voltage versus the porosity of porous silicon  (90%RH). 

 
  The typical reverse I-V  characteristics of Au-PS structure in air ambient at 45 %RH, 70 %RH,  83 
%RH,  90 %RH and  99 %RH at room temperature are presented in Fig. 5. Increase of  reverse currents 
with rising of the relative humidity have been observed. The value of  the current at 90 %RH (for 2V) 
increases in comparison with that at 45 %RH (for 2V) by factor 12. 
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Figure 8. The open-circuit voltage in dependency on duration of exposition in humid ambient (70 % RH) 
for Au-PS structure (323 K). 

 
  The humidity-voltaic effect i.e. generation of a voltage between contacts to metal film and PS layer 
under humidity exposition is discovered  for metal-PS structures. Fig. 6 illustrates the open-circuit voltage 
in dependency on the relative  humidity for one of such Au-PS structures. It is seen that the Voc 
approximately linearly increases from 15 mV to 450 mV with rise of the relative humidity from 51 %RH 
to 95 %RH. The humidity-sensitivity of Au-PS structure estimated from curve of  Fig. 6 is about 10 
mV/(%RH). Data on formation of Voc in humid for Cu-PS and Ag-PS structures have been also presented 
in Fig. 6 [14,15]. Increasing of Voc for Ag-PS, Cu-PS and Au-PS Schottky-type junctions (200, 280 and 
450 mV respectively) correlates with values of work function of Ag, Cu and Au (4.4, 4.6 and 4.8 eV 
respectively). 
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Figure 9. The temperature dependence of the effective diffusion coefficient of hydrogen in PS  (for 70 

%RH). 
 

   Formation of the open-circuit voltage in Au-PS structures is not observed under pure oxygen gas 
exposition. Contrary to oxygen, exposition under pure hydrogen gas (about of 0.5 atm) results in 
generation of open-circuit voltage ( up to 490 mV). These results suggest that the humidity-stimulated 
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formation of the open-circuit voltage is mainly caused by hydrogen component of water molecules.  It 
will be noted that  generation of the open-circuit voltage have been  also observed on dipping of Au-PS 
junctions in different hydrogen-containing solutions (440 mV  for ethanol (C2H5OH), 500 mV for benzine 
(C5H12 – C16H34), 550mV for sodium  tetraborate pentahydrate (Na2B4O7 5H2O)  etc). 
 
  Data on generation of open-circuit voltage in Au-PS and Cu-PS structures  with different porosity in 
humid ambient (90%RH) were presented in Fig. 7. For both structures nearly linear rising  of Voc  (up to 
600 mV for Au-PS structure)  with increase of porosity was observed. Herewith values of Voc for Au-PS 
structure are more than those for Cu-PS structures. 
 
  It will be noted that the response time i.e. duration of reaching of the most value of Voc after placing of 
Au-PS structure in humid atmosphere depends on temperature. For example, data on influence of 
exposition duration in humid air atmosphere (70 %RH, T=323 K) on the open-circuit voltage of Au-PS 
structure are presented in Fig. 8. An increase of temperature from 323K to 353K is accompanied by 
decrease of response time of Au-PS structure from about 2 min to 40 s.         
    
  For Au-PS structures just as Ag-PS and Cu-PS structures [14,15] we suppose the next model of 
humidity-stimulated diffusion of hydrogen and generation of the open-circuit voltage. Before discussion 
of Voc generation mechanism we consider briefly the peculiarities of Au-PS structure forming by 
electron-beam evaporation of Au on PS layer. Gold atoms deposit primarily on external surface of PS 
layer at the initial stage of evaporation. Herewith the high-speed gold atoms penetrate also in pores with 
deposition predominantly onto bottom of pores and formation the numerous inner Au-PS junctions [16]. 
Then, as Au film thickness on external surface of PS layer increases, pores are fully closed  by Au film. 
For this two-step model of formation of Au-PS structure, Au film on the external surface of PS layer 
plays role of catalytic membrane layer which splits water and hydrogen molecules and transmits small 
hydrogen atoms or ions (protons). If hydrogen is accepted as a donor impurity in PS [17], then adsorption 
and  dissolution of the water molecules on surface of Au film due to interaction with the Au surface, 
subsequent penetration of hydrogen ions (protons) through Au film, diffusion via inner pore surfaces and 
reaching the Au-PS interfaces is accompanied by separation of charges and origin of the open-circuit 
voltage across Au-PS interfaces. 
 
  Data on Voc - RH dependence (Fig. 6) shows that value of the open-circuit voltage is determined by 
quantity of water molecules in air ambient i.e. by quantity of hydrogen. Other than for given RH the 
velocity of Voc rising on Au-PS Schottky-type barriers (Fig. 9) is determined by  diffusion coefficient of 
hydrogen via inner porous silicon surfaces. On fulfilling these conditions the effective diffusion 
coefficient of hydrogen on PS surfaces may be estimated from Voc - t curve [9,15]. Data on the effective 
diffusion coefficient of hydrogen along PS surfaces for temperature range of 323-353 K for 70 %RH were 
presented in Fig.9. The temperature dependence of the effective diffusion coefficient of hydrogen on the 
PS surfaces is described as 
 

                             ⎟
⎠
⎞

⎜
⎝
⎛−= −

kT
xD 25.0exp103.1 2                                                     (3) 

 
  One can conclude that the activation energy (0.25 eV) finding in this work is rather related with the 
energy necessary for diffusion of hydrogen via a net of Si-H bonds on PS surfaces. There is reason to 
beleive that hydrogen in Si-H bonds is not electrically active state. On splitting of Si-H bonds, hydrogen 
migrates across PS surfaces as H+ ions (protons) with further trapping in Si-H bonds. Herewith the 
diffusion process of hydrogen across PS surfaces consists of series of  successive three-step acts (splitting 
of Si-H bonds, migration of hydrogen ions on PS surfaces  and trapping of hydrogen by Si-H bonds).  To 
put the other way round, activation energy determined in this work is  rather related with   the  energy 
necessary for splitting of Si-H bonds and migration of hydrogen across PS surfaces.                                      
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4. Conclusion 
   
  It is shown that the band gap of free-standing PS films increases from 1.2 to 1.9 eV with rising porosity 
(from 30 to 90%), that is attiributed to quantum effect arisen at special confinement of charge carries in 
nanometers-size crystallites and chemical activity of PS surfaces. 
 
  The generation of the open-circuit voltage in metal-PS interfaces in humid atmosphere  is discovered. 
Comparative data  on values of open-circuit voltages forming in Au-PS (450mV), Cu-PS (280mV) and 
Ag-PS (200mV) Schottky-type junctions correlate with work  functions of Au, Cu and Ag metals. The 
humidity sensivity of Au-PS structures is about 10mV/(%RH). It is supposed that humidity-stimulated 
generation of Voc is mainly caused by hydrogen diffusion  from metal surface to metal-PS interface. 
  The effective diffusion coefficient of hydrogen via pore surfaces of PS (for 70%RH)  in the range of 
323-353 K increases from 2.9x10-8 to 1.3x10-7 cm2/s. Generation of Voc ( up to 550 mV) have been also 
observed on dipping of Au-PS structures in different hydrogen-containing solutions (ethanol, benzine, 
sodium tetraborate pentahydrate etc). Data of this work indicate on possibility for using metal-PS 
structures as both gas (hydrogen) sensors and mini hydrogen cells. 
 
Acnowledgement  

This work supported by  Yildiz Technical University (grant no: 23-DPT-07-01-02) is deeply appreciated.  
 
References 
 [1] L. T. Canham, Appl. Phys. Lett., 57 (1990) 1046. 
 [2] F. Koch, V. Petrova, T. Muschik, A. Nikolov, V. Gavrilenko, Mater. Res. Soc.   
      Symp.Proc., 283 (1993) 197. 
 [3] M. S. Brandt, H. D. Fuchs, M. Stutzman, J. Weber, M. Cardona, Solid State Commun., 81   
      (1992) 307. 
 [4] G. G. Qin and Y. Q. Jie, Solid State Commun., 86 (1993) 559. 
 [5] O. Bisi, S. Ossicini, L. Pavesi, Surface Science Reports, 38 (2000) 1-126. 
 [6] D. Xu, G. Guo, L. Gui, Y. Tang, G. Qin, Pure Appl. Chem., 72 (2000) 237.  
 [7] I. Sagnes, A. Halimaoui, G. Vincent, P. A. Badoz, Appl. Phys. Lett., 62 (1993) 1155. 
 [8] T. D. Dzhafarov,  B. Can,  J. Mater. Sci. Lett., 19 (2000) 287. 
 [9] G. B. Abdullaev, T. D. Dzhafarov, Atomic Diffusion in Semiconductor Structures,  
      (New  York:  Harwood Academic Publishers) 1987. 
[10] R. Rerino in: L. Canham (Ed.),  Properties of Porous Silicon  (London: INSPEC) 1998.        
[11] G.Gracium,  S. Bercus,  M. Flueraru,  L. Matica ,  C. Dafinci,  V. Grecu ,   J. Molecular   
       Structure    410/4111 (1997)  129.  
[12] Z.C. Feng, R. Tsu  (Eds),   Porous Silicon (Singapore: World Scientific)1994. 
[13] A. Foucaran,  F. Pascal-Delannay,  A. Grani,  A. Sackda,  P. Combette,  A. Boyer,  
        Thin  Sol. Films,  297  (1997) 317. 
[14] T.D. Dzhafarov,  B. Can Omur,  Z.A. Allahverdiev,  Surf. Sci.  482-485 (2001) 1141. 
[15] T.D. Dzhafarov,  C. Oruc, B. Can Omur, Z.A.Allahverdiev,   J. Phys. D: Appl. Phys. 

  35 (2002) 3122. 
[16] C. Baratto, G. Sberveglieri,  E. Comini,  G. Faglia, Sensors and Actuators, B68 (2000)   
         74. 
[17] D.N. Goryachv,  L.V. Belyakov,  O.M. Sreseli, G.  Polisskii, Semicond. 32  (1998) 529. 
 



ФИЗИКА                                                          2003                                                     ЖИЛД IX №3,4 
 

 

Модель виртуального кристалла в применении к слоистым полупроводникам 

типа TlGaSe2. 
С.Г.Абдуллаева* , Т.Г. Мамедов* , Р.А. Сулейманов** 

* Институт Физики НАН Азербайджана AZ-1143, Баку, пр. Г.Джавида, 33 
**Бакинский Государственный Университет 

 

1. Введение 

 Известно что, в ряде случаев образование твердых растворов двух изоструктурных и 
изоэлектронных соединений приводит к таким же изменением в зонной структуре каждой из 
компонент, что и соответствующее давление. Под «соответствующим» подразумевается такое 
давление, которое приводит к таким же изменением параметров элементарной ячейки, что и 
изменение состава. Поскольку твердый раствор, строго говоря, не является просто 
«деформированным» идеальным кристаллом, описанный выше подход в литературе носит 
название модели виртуального кристалла [1].  
 Если применимость такой модели к кристаллам кубической структуры кажется вполне 
оправданной, то в случае кристаллов слоистой структуры справедливость модели виртуального 
кристалла требует специальных доказательств. В то же время, результаты  влияния двух типов 
внешнего воздействия-давления и изменения состава могут существенно дополнить друг друга и 
дать новую информацию об особенностях зонной структуры.    

Слоистые полупроводники TlGaSe2, TlGaS2 и TlInS2, являющиеся объектами исследований 
настоящей  работы, кроме сложной кристаллической структуры обладают еще одной важной 
особенностью: согласно имеющимся данным [2-10], по крайней мере, в двух из них,   TlGaSe2 и 
TlInS2 надежно идентифицированы структурные фазовые переходы (ФП), происходящие как с 
температурой, так и с давлением. Последнее затрудняет интерпретацию экспериментальных 
данных  в рамках проверки справедливости модели виртуального кристалла в случае 
полупроводников типа  TlGaSe2. Ниже будет показано, что анализ всей совокупности имеющих 
данных о влиянии давления, температуры и изменения состава в твердых растворах  TlGaS2хSe2(1-х) 
позволяет утверждать, что и в случае кристаллов изучаемого типа, несмотря на сложность 
строения элементарной ячейки и происходящие под давлением и с температурой ФП модель 
виртуального кристалла остается справедливой.  

 
2. Поведение ширины запрещенной зоны в твердых растворах  TlGaS2хSe2(1-х)  

 Полупроводники  TlGaSe2, TlGaS2 и TlInS2 кристаллизуются в слоистой структуре и, 
согласно имеющимся данным имеют моноклинную решетку при комнатной температуре и 
атмосферном давлении [4,11-13]. Параметры элементарной ячейки указанных кристаллов таковы 
(см. напр. обзор 4), что их можно рассматривать как кристаллы квазитетрогональной сингонии. 
Более того, из-за отсутствия анизотропии ряда физических свойств в плоскости слоев эти 
кристаллы можно рассматривать и как кристаллы гексагональной сингонии [14,15]. Наибольшее 
количество работ было посвящено изучению ФП в кристаллах указанного семейства. По крайней 
мере, в случае кристаллов TlGaSe2 и TlInS2 ФП с температурой надежно идентифицированы [2,3]: 
при Ti=216K в  TlInS2  и Ti=120K в TlGaSe2 происходит ФП в несоизмеримую фазу, а затем при 
дальнейшем понижении температуры в соразмерную сегнетоэлектрическую фазу (Tс=202K в  
TlInS2  и Ti=107K в TlGaSe2). Имеющиеся исследования [4-10] свидетельствуют, что и с ростом 
гидростатического давления в кристаллах типа  TlGaSe2 возможны ФП.  
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Рис.1. а-спектры поглощения TlGaS2хSe2 (1-х) , зарегистрированные при падении 

неполяризованного света перпендикулярно плоскости слоя при Т=6К.  х: 1-0; 2-0,1; 3-0,3; 4-
0,4;5-0,5; 6-0,6; 7-0,7; 8-0,8; 9-1; б-зависимость энергетического положения прямой 
экситонной зоны кристаллов TlGaS2хSe2 (1-х) от состава х при Т=6К [16]. 

 

 
Рис.2.  Температурная зависимость энергетического положения линий поглощения прямых 

экситонов в кристаллах TlGaS2хSe2 (1-х).  x:  1-0; 2-0,4; 3-0,5; 4-0,6; 5-1.[16] 
            
 TlGaSe2 и TlGaS2 образуют непрерывный ряд твердых растворов и на рис.1а показаны 
спектры экситонного поглощения, зарегистрированные при 6К в кристаллах    TlGaS2хSe2(1-х) с 
0≤х≤1. В TlGaSe2 пики поглощения соответствуют экситонным состояниям, связанным с двумя 
зонами. В TlGaS2хSe2(1-х) с х≥0,1 наблюдается лишь один ярко выраженный пик поглощения, 
соответствующий образованию прямых экситонов [16]. Из рис.1б видно, что зависимость от 
состава энергетических положений экситонных состояний, Еэхс(х), является с большой точностью 
линейной. Подчеркнем, что описанные выше пики поглощения соответствуют прямым 
экситонным переходам. В [16] предполагается, что природа переходов в TlGaS2хSe2(1-х) с х<0,1 и 
0,1≤х≤1 можеть быт различной. Этот вывод основывается на различном поведении с температурой 
энергетических положений экситонных состояний в кристаллах  TlGaS2хSe2(1-х) с х<0,1 с одной 
стороны и с х≥0,1 с другой (рис.2). Мы покажем в разделе 4, что различное поведение Еэхс(Т) в 
кристаллах TlGaS2хSe2(1-х) с х<0,1 не связана c различной природой экситонных состояний, и будем 
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полагать, что зависимости Еэхс(Т), показанные  на рис.2, соответствуют экситонным состояниям 
единой природы. 
 

3. Влияние давления на зонную структуру кристаллов TlGaSe2. 
Модель виртуального кристалла 

Результаты влияния гидростатического давления на край оптического поглощения 
кристаллов TlGaSе2, TlGaS2 и TlInS2  при комнатной температуре приведены на рис.3. Как видно  
из рис.3 поведение барического коэффициента dEg/dP при давлениях Р<0,5 ГПА практически 
одинаково для всех трех кристаллов. С повышением давления поведение dEg/dP меняется и 
становится существенно различным в разных кристаллах. Мы не будем рассматривать поведение 
dEg/dP при больших давлениях ( этот вопрос подробно рассмотрен в  [17,18] ) и обсудим природу 
изменений ширин запрещенных зон кристаллов типе TlGаSе2 при малых  (Р<0,5 ГПА) давлениях. 
Отрицательность барического коэффициента, описывающего поведение ширины запрещенной 
зоны,  свойственно для всех кристаллов со слоистой структурой. Это связано, по-видимому, с тем, 
что наиболее важные особенности формирования зонной структуры являются общими для всех 
слоистых кристаллов.  

 
Рис.3. Зависимости энергетических зон от давления, определенные из поведения спектров 

поглощения кристаллов   TlGaS2 (1), TlInS2 (2) и TlGaSe2 (3) с давлением при Т=300К [6]. 
 

Эти особенности заключаются в том, что потолок валентной зоны и дно зоны 
проводимости слоистого полупроводника расщепляются при учете взаимодействия между 

слоями  [19],  и  приложение гидростатического давления ведет к росту такого расщепления и к 
итоговому уменьшению Eg. В то же время, сжатие отдельных слоев, ведет к росту Eg. По 
указанной  причине слоистые кристаллы описываются деформационными потенциалами D║ и D┴  
имеющими разные знаки. В [19] обобщены результаты влияния давления на зонную структуру 
многих слоистых кристаллов и показано, что деформационные эффекты в них  можно описать на 
основе простой модели, согласно которой изменение ширины запрещенной зоны можно описать с 
помощью простого выражение: ∆Eg= U┴D┴+2U║ D║. 

В [17,18,20] определены величины D║ и D┴ для кристаллов типа TlGaSe2: D┴ =11.9 эВ, D║ 
=-7.3 эВ  Воспользовавшись значениями деформационных потенциалов и рассматривая изменение 
параметров элементарной ячейки при переходе от TlGaSe2 к  TlGaSn2 (cм.табл.) как эффективное 
сжатие TlGaSe2 , можно сделать вывод, что такое “сжатие” TlGaSe2 должно вести к росту Eg на 
величину ~0,4эВ, что приводит к величине очень близкой к экспериментально определенной. 
Таким образом, модель виртуального кристалла оказывается справедливой для системы твердых 
растворов TlGaS2хSe2(1-х). Связано это, по-видимому, с тем, что, как и в кристаллах типа А3В6 , 
замена анионной подсистемы (GaSхSe1-х) приводить к таким изменениям параметров 
элементарной ячейки, которые можно рассматривать как макроскопическую деформацию 
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кристаллов как целого. Подчеркнем, что такой подход оказывается неоправданным в случае 
замены катионной подсистемы в слоистых кристаллах группы  А3В6 [21].  

 

 
Рис.4. Температурные зависимости коэффициентов  теплового расширения  для кристаллов TlGaS2  

и  TlGaSe2 в направлениях: параллельном (1)  и перпендикулярном (2) плоскости слоев 
[22,23] 

 

 
 
Рис.5. Температурная зависимость энергетического положения экситонной линии в спектрах 

поглощения кристаллов TlGaSe2 [25] 
  
 

4. Температурное поведение ширин запрещенных зон в TlGaS2хSe2(1-х) 
 Хотя, как было показано выше в разделе 2,3 аналогия «давление-изменение состава» 
оказывается справедливой и для кристаллов  TlGaSe2 -TlGaS2, существуют экспериментальные 
факты, которые, на первый взгляд, противоречат такой аналогии. Действительно, на рис.2 
приведены зависимости от температуры положений экситонных пиков поглощения в ряду  
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TlGaS2хSe2(1-х) . Бросается в глаза резкое отличие в поведении Еэхс(Т) в TlGaSe2 с одной стороны и 
в твердых растворах   TlGaS2хSe2(1-х) с х≥0,1 с другой. В  TlGaSe2 зависимость Еexc(Т) обычная - она 
объясняется обычным уменьшением с ростом температуры ширины запрещенной зоны 
проводника. В TlGaS2хSe2(1-х)  с х≥0,1 и в самом TlGaS2 наблюдается необычный для 
полупроводников рост Еg с повышением температуры. Известно, что рост  Еg с температурой при 
низких температурах в полупроводниках бывает обусловлен вкладом теплового расширении в 
изменение Еg. Можно было бы предположить, что разное поведение Еg с температурой в  TlGaSe2 
и TlGaS2 обусловлено различием в тепловом расширения этих кристаллов. Такое различие 
действительно наблюдается (рис.3), однако простая оценка вклада теплового расширения в 
изменение Еg с температурой в  TlGaSe2 и TlGaS2 , основанная на кривых теплового расширения 
должен был бы приводит к росту Еg с температурой. При этом в TlGaSe2 этот рост должен быть 
даже большим, чем в TlGaS2. Этот вывод заставляет на первый взгляд, усомнится в одинаковой 
природе экситонных состояний в TlGaSe2 с одной стороны и в TlGaS2хSe2(1-х)  X≥ 0.1 c другой, а, 
следовательно, и в правомочности сделанных выше выводов о справедливости модели 
виртуального кристалла. Для разрешения этого противоречия необходимо учесть, что с 
понижением температуры в TlGaSe2 происходит структурный ФП и при Т<120K  кристалл 
переходит из парафазы в несоразмерную фазу, а затем при   Т<100K в соразмерную сегнетофазу. 
Известно, что согласно  имеющимся данным с ростом содержания серы в кристаллах TlGaSexSe2(1-

x) температура ФП смещается в сторону более низких температур, а при х~0,2 признаки ФП  в 
TlGaSexSe2(1-x)   вообще не наблюдаются[24].Таким образом, существенное различие в поведении 
Еехс(Т)  в TlGaSe2   c одной стороны и в TlGaS2хSe2(1-х)  (х≥ 0.1) другой связано с тем, что в 
исследуемой области температур TlGaSe2 находится в другой фазе, в которой роль электрон-
фононного взаимодействия существенно выше. Дополнительным доказательством в пользу 
сказанного являются эксперименты, в которых удалось проследить за поведением экситонного 
поглощения в TlGaSe2 в широкой области температур [25] (рис.5). Видно, что при низких 
температурах вплоть до Т~120К  Еехс смещается в сторону более низких энергий, затем при 
Т>120К начинает смешаться в сторону больших энергий, как и в случае кристаллов   TlGaSexSe2(1-x) . 
 В заключении можно указать, что и в кристаллах  TlInS2, в которых надежно 
идентифицированы ФП, аналогичные происходящим в TlGaSe2, поведение Еехс(Т)  в области 
существования низкотемпературной сегнетофазы, аналогично поведению Еехс(Т)  в TlGaSe2. 

5.Заключение 
 Сравнение результатов влияния гидростатического давления на край поглощения слоистых 
полупроводников TlGaSe2, TlGaS2 и TlInS2 с результатами изменений, происходящих в 
экситонных спектрах при образовании твердых растворов TlGaSexSe2(1-x) , показывает, что 
изменения энергетической зонной структуры при образовании твердого раствора можно с 
большой точностью уподобить эффективной деформации кристаллов типа  TlGaSe2. Таким 
образом, несмотря на сложную кристаллическую структуру, модель виртуального кристалла в 
случае замены Se↔S остается справедливой и для кристаллов типа  TlGaSe2. Этот вывод остается 
верным даже с учетом происходящих в кристаллах семейства TlGaSe2 фазовых переходов. 
Причиной справедливости модели виртуального кристалла в случае кристаллов типа  TlGaSe2 
служит на наш взгляд тот факт, что принципы формирования электронной зонной структуры и её 
изменения с изменением давления остаются общими для широкого класса полупроводников, 
имеющих слоистую структуру.           
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Abstract

It is known that self-adjoint operators, which belong to a certain class of operators for
the discrete series representations of the quantum algebra suq(1, 1), may serve as Hamil-
tonians of some physical systems. These operators are expressed in the canonical basis
by Jacobi matrices. The problem of diagonalization of these operators (eigenfunctions,
spectra, overlap coefficients, etc.) is solved for a wide class of such operators by using
their connection with the theory of q-orthogonal polynomials.

1. Introduction

It is well known that all eigenvalues of self-adjoint operators are real. This mathematical
fact has been vital for formulating one of the fundamental constructive postulates of quantum
mechanics: the variables used for describing a dynamical system in quantum mechanics are
represented by self-adjoint operators; the values, which a given variable can take, correspond to
observable physical quantities and they are found as eigenvalues of the associated self-adjoint
operators (see, for example, [1]). So, the study of explicit instances of relevant self-adjoint
operators, related to particular physical systems, is of clear interest. To be more specific,
we refer to recent studies in quantum optics (see [2] and references therein), where it was
shown that many models, such as Raman and Brillouin scattering, parametric conversion and
the interaction of two-level atoms with a single mode radiation field (Dicke model), can be
described by interaction Hamiltonians, which are certain self-adjoint difference operators from
representations of the quantum algebra suq(2).

In this paper we wish to discuss yet another self-adjoint difference operators, which may
serve as Hamiltonians of some physical systems. They belong to a certain class of operators
for the discrete series representations of the quantum algebra suq(1, 1) and can be expressed
in the canonical basis by a Jacobi matrix. We show that the problem of diagonalization
of such operators (eigenfunctions, spectra, overlap coefficients, etc.) is solved by using the
connection of these operators with the theory of q-orthogonal polynomials. The point is that
an orthogonality measure for a family of q-orthogonal polynomials, associated with a certain
Hamiltonian operator, determines a spectrum of this operator and its spectral decomposition.

It is essential to note that our study of Hamiltonian-type operators was first started in [3]
and [4], and then has been developed in [5–7]. In particular, in [7] we considered examples of
Hamiltonians for physical systems in non-commutative world (see in this connection [8]).

A summary of what the remaining sections contains is as follows. Section 2 gives some
useful results on the quantum algebra suq(1, 1) and its discrete series representations. In sec-
tion 3 we detail general properties of those Hamiltonian-type operators, which are operators
of the discrete series of the algebra suq(1, 1). In sections 4 and 5, some examples of Hamil-
tonians with bounded continuous spectra are studied. Section 6 is devoted to Hamiltonians
with bounded discrete spectra.
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Throughout the sequel we always assume that q is a fixed positive number such that q < 1.
We extensively use the theory of q-special functions and notations of the standard q-analysis
(see, for example, [9]). In particular, we assume that

[a]q :=
qa/2 − q−a/2

q1/2 − q−1/2
, (1.1)

where a can be a number or an operator.

2. The algebra suq(1, 1) and its discrete series representations

The classical Lie algebra su(1, 1) is generated by the elements Jcl
0 , Jcl

1 , Jcl
2 , satisfying the

relations
[Jcl

0 , Jcl
1 ] = iJcl

2 , [Jcl
1 , Jcl

2 ] = −iJcl
0 , [Jcl

2 , Jcl
0 ] = iJcl

1 .

In terms of the raising and lowering operators Jcl± = Jcl
1 ± iJcl

2 these commutation relations
can be written as

[Jcl
0 , Jcl

± ] = ±Jcl
± , [Jcl

− , Jcl
+ ] = 2Jcl

0 .

The discrete series representations T+
l of su(1, 1) with lowest weights are given by a positive

number l and they are realized on the spaces Ll of polynomials in x. The basis in Ll consists
of the monomials

gl
n(x) = {(2l)n/n!}1/2xn , n = 0, 1, 2, 3, · · · .

Assuming that this basis consists of orthonormal elements, one defines a scalar product in Ll.
The closure of Ll leads to a Hilbert space, on which the representation T+

l acts.
We consider an explicit realization of the representation operators Jcl

i , i = 0, 1, 2, in terms
of the first-order differential operators:

Jcl
0 = x

d

dx
+ l , Jcl

1 =
1
2
(1 + x2)

d

dx
+ lx , Jcl

2 =
i

2
(1 − x2)

d

dx
− ilx . (2.1)

Then

Jcl
0 gl

n = (l + n)gl
n, Jcl

+ gl
n =

√
(2l + n)(n + 1)gl

n+1, Jcl
− gl

n =
√

(2l + n − 1)ngl
n−1.

In some physical models a Hamiltonian is represented by the self-adjoint operator Jcl
0 −Jcl

1 .
For instance, the n-dimensional harmonic oscillator in nonrelativistic quantum mechanics is
governed by the Hamiltonian

H(x) =
~ω
2

n∑

k=1

(
ξ2
k − d2

dξ2
k

)
= ~ω

[
n∑

k=1

a+(xk) a(xk) +
n

2

]
,

where x = {x1, x2, · · · , xn}, the dimensionless variables ξk =
√

mω/~xk, k = 1, 2, · · · , n,
and the annihilation and creation boson operators a(xk) = 1√

2
(ξk + d/dξk) and a+(xk) =

1√
2
(ξk − d/dξk), respectively, satisfy the Heisenberg commutation relations

[a(xk), a+(xj)] = δkj , k, j = 1, 2, · · · , n.

The dynamical symmetry algebra for this model is known to be the Lie algebra su(1, 1) with
the generators

J0(x) =
1
2

n∑

k=1

a+(xk) a(xk), J1(x) =
1
2

n∑

k=1

a2(xk), J2(x) =
1
2

n∑

k=1

[a+(xk)]2. (2.2)
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One readily verifies that, for example, the n-dimensional Laplace operator ∆ =
∑n

k=1 d2/dξ2
k

in terms of the su(1, 1)-generators (2.2) is just 2[J1(x) − J0(x)] − n/2. Hence, the problem
of funding spectrum and eigenfunctions of the Laplace operator ∆ in this n-dimensional
Euclidean space is equivalent to that of the operator J1(x) − J0(x).

Now we return to the realization (2.1). It is not hard to show that the eigenfunctions of
the operator Jcl

0 − Jcl
1 are of the form

[Jcl
0 − Jcl

1 ] ηl
λ(x) = λ ηl

λ(x) , (2.3)

ηl
λ(x) = (1 − x)−2l exp

(
2λx

x − 1

)
. (2.4)

The quantum algebra suq(1, 1) and its irreducible representations are obtained by defor-
mation of the corresponding relations for the Lie algebra su(1, 1) and its irreducible represen-
tations. The algebra suq(1, 1) is defined as the associative algebra, generated by the elements
J+, J−, and J0, which satisfy the commutation relations

[J0, J±] = ±J±, [J−, J+] =
qJ0 − q−J0

q1/2 − q−1/2
≡ [2J0]q , (2.5)

and the conjugation relations J∗
0 = J0, J∗

+ = J−.
We are interested in the discrete series representations of suq(1, 1) with lowest weights.

These irreducible representations will be denoted by T+
l , where l is a lowest weight, which

can be any positive number (see, for example, [10]). These representations are obtained by
deforming the corresponding representations of the Lie algebra su(1, 1).

As in the classical case, the representation T+
l can be realized on the space Ll of all

polynomials in x. We choose a basis for this space, consisting of the monomials

f l
n ≡ f l

n(x) := cl
n xn, n = 0, 1, 2, · · · , (2.6)

where

cl
0 = 1, cl

n =
n∏

k=1

[2l + k − 1]1/2
q

[k]1/2
q

= q(1−2l)n/4 (q2l; q)1/2
n

(q; q)1/2
n

, n = 1, 2, 3, · · · , (2.7)

and (a; q)n = (1 − a)(1 − aq) . . . (1 − aqn−1). The representation T+
l is then realized by the

operators

J0 = x
d

dx
+ l, J± = x±1[J0 ± l]q . (2.8)

As a result of this realization, we have

J0 f l
n = (l + n) f l

n, J+ f l
n =

√
[2l + n]q [n + 1]q f l

n+1, (2.9)

J− f l
n =

√
[2l + n − 1]q [n]q f l

n−1. (2.10)

We know that the discrete series representations T+
l can be realized in a Hilbert space, on

which the conjugation relations J∗
0 = J0 and J∗

+ = J− are satisfied. In order to obtain such a
Hilbert space, we assume that the monomials f l

n(x), n = 0, 1, 2, · · ·, constitute an orthonormal
basis for this Hilbert space. This introduces a scalar product 〈·, ·〉 into the space Ll. Then we

3



close this space with respect to this scalar product and obtain a Hilbert space, which will be
denoted by Hl. The Hilbert space Hl consists of functions (series)

f(x) =
∞∑

n=0

bnf l
n(x) =

∞∑

n=0

bncl
nxn =

∞∑

n=0

anxn,

where an = bncl
n. Since 〈f l

m, f l
n〉 = δmn by definition, for f(x) =

∑∞
n=0 anxn and f̃(x) =∑∞

n=0 ãn xn we have 〈f, f̃〉 =
∑∞

n=0 an ãn/|cl
n|2, that is, the Hilbert space Hl consists of

analytical functions f(x) =
∑∞

n=0 an xn, such that

‖f‖2 ≡
∞∑

n=0

|an/cl
n|2 < ∞.

It is directly checked that for a function f(x) ∈ Hl we have qcx d
dx f(x) = f(qcx). Therefore,

taking into account formulas (2.8), we conclude that

qJ0/2 f(x) = q
1
2
(x d

dx
+l) f(x) = ql/2 f(q1/2x) , (2.11)

J+ f(x) =
x

q1/2 − q−1/2

[
qlf(q1/2x) − q−lf(q−1/2x)

]
, (2.12)

J− f(x) =
1

(q1/2 − q−1/2)x

[
f(q1/2x) − f(q−1/2x)

]
. (2.13)

3. Hamiltonian operators and q-orthogonal polynomials

We are interested in spectra, eigenfunctions and overlap functions for operators in the
representations T+

l , which correspond to elements of the quantum algebra suq(1, 1) of the
form

H := qp J0(J+ + J−) qp J0 + f(qJ0), p ∈ R, (3.1)

where f is some polynomial (or function). These operators have the following properties:

(i) They are representable in the basis (2.6) by a Jacobi matrix.
(ii) They are symmetric operators.
(iii) They are not necessarily self-adjoint operators.

Recall that a Jacobi matrix is a matrix, with all entries vanishing except for those which occur
on the main diagonal and on two neighboring (upper and lower) diagonals.

Note that in the case (iii) a symmetric operator has self-adjoint extensions. These ex-
tensions can serve as Hamiltonian operators. However, finding of self-adjoint extensions is a
complicated problem in the each particular case.

The most important example of the operators of the form (3.1) is

H(p) := qpJ0/4(J+ + J−)qpJ0/4, p ∈ R.

For these operators the following theorem is true [11].

Theorem 1. If p > 1, then the operator H(p) is bounded and has a discrete simple
spectrum. Zero is a unique point of accumulation of the spectrum. If p < 1, then the closure
H(p) of the symmetric operator H(p) is not a self-adjoint operator and it has deficiency indices
(1,1), that is, H(p) has a one-parameter family of self-adjoint extensions. These extensions
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have discrete simple spectra. If p = 1, then H(p) has a continuous simple spectrum, which
covers the interval (−b, b), b = 2/(q−1/2 − q1/2).

This theorem describes spectra of the operators H(p) and does not explain how to find
eigenfunctions. To find them, one can employ the theory of q-orthogonal polynomials.

There exist close relationship between the following directions, which we exploit to study
Hamiltonian-type operators:

(i) the theory of symmetric operators L, representable by a Jacobi matrix;
(ii) the theory of orthogonal polynomials;
(iii) the theory of classical moment problem

(see [12] and [13]). Let us describe briefly this relationship. Let L be a closed symmetric
operator on a Hilbert space H. Let e1, e2, · · · be a basis in H such that

Len = an en+1 + bn en + an−1 en−1.

Let |x〉 =
∑∞

n=0 pn(x)en be an eigenvector of L with the eigenvalue x, that is, L|x〉 = x|x〉.
Then

L |x〉 =
∞∑

n=0

[ pn(x)anen+1 + pn(x)bnen + pn(x)an−1en−1] = x

∞∑

n=0

pn(x)en.

Equating coefficients of the vector en, one comes to a recurrence relation for the coefficients
pn(x):

an pn+1(x) + bn pn(x) + an−1 pn−1(x) = x pn(x).

Since p−1(x) = 0, then setting p0(x) ≡ 1, we see that this relation completely determines the
coefficients pn(x). Moreover, pn(x) are polynomials in x of degree n. If coefficients an and bn

are real, then all coefficients of the polynomials pn(x) are real and they are orthogonal with
respect to some positive measure µ(x). If the operator L is self-adjoint, then this measure is
uniquely determined and ∫

pm(x)pn(x)dµ(x) = δmn,

where the integration is taken over some subset (possibly discrete) of R. Moreover, the
spectrum of the operator L is simple and coincide with the set, on which the polynomials are
orthogonal. The measure µ(x) determines the spectral decomposition of the operator L (for
details see [13], Chapter VII).

If a closed symmetric operator L is not self-adjoint, then the measure µ(x) is not deter-
mined uniquely. Moreover, in this case there exist infinitely many measures, with respect to
which the polynomials are orthogonal. Among these measures there are so-called extremal
measures (that is, such that a set of polynomials {pn(x)} is complete in the Hilbert space L2

with respect to the corresponding measure). These measures determine self-adjoint extensions
of the symmetric operator L.

On the other hand, with the polynomials pn(x), n = 0, 1, 2, · · ·, the classical moment
problem is associated [12]. Namely, with these polynomials (that is, with the coefficients
an and bn in the corresponding recurrence relation) positive numbers cn, n = 0, 1, 2, · · ·, are
related, which enter into the classical moment problem. The definition of classical moment
problem consists in the following. One looks for a measure µ(x), such that

∫
xndµ(x) = cn, n = 0, 1, 2, · · · , (4.1)
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where the cn, n = 0, 1, 2, · · · are some positive numbers and integration is taken over some
fixed subset of R. There are then two main questions:

(i) Does exist a measure µ(x), such that relations (4.1) are satisfied?
(ii) If such a measure exists, is it determined uniquely?

If the answer to the first question is positive, then the numbers cn, n = 0, 1, 2, · · ·, are those,
which correspond to a particular family of orthogonal polynomials. Moreover, a measure µ(x)
then coincides with the measure, with respect to which these polynomials are orthogonal.

If a measure in (4.1) is determined uniquely, then we say that we deal with determinate
moment problem. It is the case when the region of integration is bounded. If there are
many measures, with respect to which relations (4.1) hold, then we say that we deal with
indeterminate moment problem. In this case there exist infinitely many measures µ(x), for
which (4.1) takes place. In the second case the corresponding polynomials are orthogonal with
respect to all these measures and the corresponding symmetric operator L is not self-adjoint.

Thus, we see that one can study the operator L by investigating the corresponding sets
of orthogonal polynomials and their moment problems. To illustrate that, we confine our
attention below to certain examples of Hamiltonian-type operators.

4. Hamiltonians with bounded continuous spectra

In this section we are interested in the operator

H1 :=
a

2
qJ0 − b − 1

2
(q1/4J+ + q−1/4J−) qJ0/2 (5.1)

of the discrete series representation T+
l , where

a = (q1/4 + q−1/4) b, b = (q1/2 − q−1/2)−1 .

The representation operator (q1/4J+ +q−1/4J−)qJ0/2 is bounded. Since J0 has the eigenvalues
m = l, l + 1, l + 2, · · ·, the operator qJ0 is also bounded (recall that 0 < q < 1). Thus, the
operator H1 is bounded. It is easy to check that H1 is a self-adjoint operator since

H1 f l
k = βk f l

k − αk f l
k+1 − αk−1 f l

k−1 ,

where

αk :=
1
2

{
ql+k+1/2 [2l + k]q [k + 1]q

}1/2
, βk =

(q1/4 + q−1/4)ql+k − 2
2(q1/2 − q−1/2)

.

The constants a and b in (5.1) are chosen in such a way that in the limit as q → 1 the operator
H1 reduces to the su1,1-operator Jcl

0 − Jcl
1 (see formula (2.3)).

Eigenfunctions of the operator H1,

H1 ξl
λ(x) = λ(q) ξl

λ(x) , (5.2)

and its spectrum can be found by using the explicit realization (2.8) for the generators J0 and
J±. Indeed, from formulas (2.11)–(2.13) it follows that

H1 f(x) =
b

2x
q(2l−1)/4 [(1 − q(1−2l)/4 x)2 f(x) − (1 − ql/2 x)(1 − q(l+1)/2 x) f(qx)] (5.3)

for an arbitrary function f(x). It is thus natural to look for the eigenfunctions ξl
λ(x) of the

operator H1 in the form

ξl
λ(x) =

(αx; q)∞ (βx; q)∞
(γx; q)∞(δx; q)∞

, (5.4)
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where (a; q)∞ =
∏∞

r=0(1 − aqr). Since (a; q)∞ = (1 − a)(aq; q)∞ by definition, we have

ξl
λ(qx) =

(1 − γx)(1 − δx)
(1 − αx)(1 − βx)

ξl
λ(x; q) . (5.5)

Substituting (5.4) and (5.5) into (5.3), one gets

H1ξ
l
λ(x) =

b

2x
q(2l−1)/4

{
(1−q(1−2l)/4x)2 − (1−ql/2x)(1−q(l+1)/2x)

(1 − γx)(1 − δx)
(1 − αx)(1 − βx)

}
ξl
λ(x).

This equation can be written as

H1 ξl
λ(x) =

b

2
q(2l−1)/4 Ax3 + Bx2 + Cx + D

(1 − αx)(1 − βx)
ξl
λ(x), (5.6)

where the constant coefficients A,B,C, and D are equal to

A = q1/2(q−lαβ − qlγδ),

B = q1/2[ql(γ + δ) − q−l(α + β)] + (1 + q1/2)ql/2γδ − 2q(1−2l)/4αβ,

C = αβ − γδ + 2q(1−2l)/4(α + β) − (1 + q1/2)ql/2(γ + δ) − q1/2 (ql − q−l),

D = γ + δ − α − β + (1 + q1/2)ql/2 − 2q(1−2l)/4.

It is clear from (5.6) that the ξl
λ(x) is an eigenfunction of the operator H1 if the factor in front

of ξl
λ(x) on the right-hand side of (5.6) does not depend on x. It is the case if

A = 0, B = αβD, C = −(α + β)D . (5.7)

Then eigenvalues of the operator H1 on the right-hand side of (5.6) will be equal to λ =
q(2l−1)/4D/2(q1/2 − q−1/2). Requirements (5.7) are equivalent to the following three relations
between the parameters α, β, γ, δ:

αβ = q2lγδ, (q1/2−l − αβ)(α + β) = (ql+1/2 − αβ)(γ + δ) − (1 + q1/2)q−l/2(ql − q−l)αβ,

(ql − q−l)(q1/2 − q−lαβ) = [α + β − (1 + q1/2)ql/2](γ + δ − α − β).

From these relations it follows that

α = ql/2, β = q(l+1)/2, γ = q(1−2l)/4 eiθ, δ = q(1−2l)/4 e−iθ,

where θ is an arbitrary angle. Consequently, the eigenfunctions of the operator H1 are equal
to

ξl
λ(x) =

(ql/2x; q)∞ (q(l+1)/2x; q)∞
(q(1−2l)/4eiθx; q)∞ (q(1−2l)/4e−iθx; q)∞

, (5.8)

and the corresponding eigenvalues are

λ ≡ λ(q) = (1 − cos θ)/(q−1/2 − q1/2) .

The eigenfunctions (5.8) are in fact the generating functions for the continuous q-Laguerre
polynomials

P (α)
n (y|q) = (q(2α+3)/4e−iθ; q)n(q; q)−1

n q(2α+1)n/4einθ

×2φ1(q−n, q(2α+1)/4eiθ; q−n−(2α−1)/4eiθ ; q; q−(2α−1)n/4e−iθ),
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where y = cos θ and 2φ1 is the basic hypergeometric function, defined by formula (1.2.14) in
[9]. In order to make this evident, one needs to represent (5.8) in the form

ξl
λ(x; q) =

(q2l−1/2ax; q)∞(q2lax; q)∞
(ql−1/4eiθax; q)∞(ql−1/4e−iθax; q)∞

, (5.9)

where a = q(1−3l)/2. Consequently, due to formula (3.19.11) in [14], the desired connection is

ξl
λ(x) =

∞∑

n=0

qn(1−3l)/2 P (2l−1)
n (cos θ|q) xn =

∞∑

n=0

qn(1−3l)/2

cl
n

P (2l−1)
n (cos θ|q) f l

n(x),

where cos θ = 1 − (q−1/2 − q1/2)λ.
Thus, we have proved that the eigenfunctions ξl

λ(x) are connected with the basis elements
f l

n(x) by the formula

ξl
λ(x) =

∞∑

n=0

pn(λ)f l
n(x), (5.10)

where the overlap coefficients pn(λ) are explicitly given by

pn(λ) = q(1/4−l)n(q; q)1/2
n (q2l; q)−1/2

n P (2l−1)
n (1−(q−1/2−q1/2)λ|q). (5.11)

To find a spectrum of H1, we take into account the following. The self-adjoint operator H1

is represented by a Jacobi matrix in the basis f l
n(x), n = 0, 1, 2, · · ·, with nonvanishing entries

αk and βk. As is evident from (5.10), the eigenfunctions ξl
λ(x) are expanded in the basis

elements f l
n(x) with the coefficients (5.11). According to the results of Chapter VII in [13],

these polynomials pn(λ) are orthogonal with respect to some measure dµ(λ) (this measure is
unique, up to a multiplicative constant, since the operator H1 is bounded). The set (a subset
of R), on which the polynomials are orthogonal, coincides with the spectrum of the operator
H1 and dµ(λ) determines the spectral measure of this operator; the spectrum of H1 is simple
(see Chapter VII in [13]).

We remind the reader that the orthogonality relation for the continuous q-Laguerre poly-
nomials P

(2l−1)
n (y|q) has the form

1
2π

∫ 1

−1
P (2l−1)

m (y|q)P (2l−1)
n (y|q) w(y)dy√

1 − y2
=

(q2l; q)n q(2l−1/2)n

(q; q)∞(q2l; q)∞(q; q)n
δmn,

where

w(y) =

∣∣∣∣∣
(eiθ; q1/2)∞(−eiθ; q1/2)∞

(ql−1/4eiθ; q1/2)∞

∣∣∣∣∣
2

, y = cos θ

(see formula (3.19.2) in [14]). Therefore, the orthogonality relation for the overlap coefficients
(5.11) is ∫ 2q1/2/(1−q)

0
pm(λ)pn(λ)ŵ(λ)dλ = δmn, (5.12)

where

ŵ(λ) =
1
2π

(q; q)∞(q2l; q)∞

√
1 − q

λq1/2

w(1 − q−1/2(1 − q)λ)√
2 − q−1/2(1 − q)λ

. (5.13)

Consequently, the spectrum of the operator H1 (that is, a range of λ) coincides with the finite
interval [0, 2q1/2/(1 − q)]. The spectrum is continuous and simple. The continuity of the
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spectrum means that the eigenfunctions ξl
λ(x) do not belong to the Hilbert space Hl. They

belong to the space of functionals on Ll, which can be considered as a space of generalized
functions on Ll. We have thus proved the following theorem.

Theorem 2. The self-adjoint operator H1 has the continuous and simple spectrum, which
covers the finite interval [0, 2q1/2/(1 − q)]. The eigenfunctions ξl

λ(x) are explicitly given by
(5.8) and they are related to the basis (2.6) by formula (5.10).

As we remarked at the beginning of this section, the operator H1 represents a q-extension
of the su1,1-operator Jcl

0 −Jcl
1 . In the limit as q → 1 the finite interval [0, 2q1/2/(1− q)] of the

eigenvalues of the operator H1 extends to the infinite interval [0,∞). So if one puts cos θ = qµ,
then limq→1 λ(qµ) = µ.

Besides, it is known that the continuous q-Laguerre polynomials P
(α)
n (y|q) have the fol-

lowing limit property limq→1 P
(α)
n (qλ|q) = L

(α)
n (2λ) (see [14], formula (5.19.1)). Thus, the

coefficients of the series expansion (5.10) in x of the eigenfunctions ξl
λ(x), cos θ = qµ, coincide

with the coefficients of the corresponding expansion of the su1,1-eigenfunctions ηl
µ(x) (see

(2.4)) in the limit as q → 1.
There exists another, more complicated, one-parameter family of self-adjoint operators,

closely related to H1. They are defined as

H
(ϕ)
1 :=

a

2
qJ0 − b − qJ0/4 [cosϕ · J1 − sinϕ · J2] qJ0/4,

where 0 ≤ ϕ < 2π, J± = J1 ± iJ2 and a, b are the same as in (5.1). These operators are
bounded and self-adjoint. Repeating the same reasoning, as for the operator H1, we arrive at
the following theorem.

Theorem 3. The eigenfunctions of the operator H
(ϕ)
1 are

ξl
λ(eiϕx; q) =

(ql/2 eiϕx; q)∞ (q(l+1)/2 eiϕx; q)∞
(q(1−2l)/4 ei(θ+ϕ)x; q)∞ (q(1−2l)/4 e−i(θ−ϕ)x; q)∞

,

where λ = (1 − cos θ)/(q−1/2 − q1/2). Its spectrum is simple and covers the interval [0, c],
where c = 2q1/2/(1 − q). The corresponding eigenvalues λ are the same as for H1.

The operators H
(ϕ)
1 are q-extensions of su1,1-operators Jcl

0 − cosϕJcl
1 + sin ϕJcl

2 .

5. More Hamiltonians with bounded continuous spectra

This section deals with eigenfunctions ξl
λ(x; ϕ) and eigenvalues of a one-parameter family

of the self-adjoint operators

H(ϕ) :=
1
2
(q1/4J+ + q−1/4J−) qJ0/2 +

cosϕ

q−1/2 − q1/2
qJ0 (6.1)

of the representation T+
l of the algebra suq(1, 1): H(ϕ) ξl

λ(x; ϕ) = λ ξl
λ(x; ϕ). Using the rela-

tions (2.11)–(2.13) we find that

H(ϕ)f(x) = c(x−1 − 2q(2l+1)/4 cosϕ + ql+1/2x)f(qx) − c(x−1 + q1/2−lx)f(x),

where c = (q(2l−1)/4)/2(q1/2 − q−1/2). By using this expression we find (details are given in
[15]), that the eigenfunctions of H(ϕ) are

ξl
λ(x; ϕ) =

(axeiϕ; q)∞(axe−iϕ; q)∞
(bxei(θ−ϕ); q)∞(bxei(ϕ−θ); q)∞

, λ =
cos(θ − ϕ)

q−1/2 − q1/2
,
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where a = q(2l+1)/4 and b = q(1−2l)/4. A relation between the eigenfunctions ξl
λ(x; ϕ) and the

basis functions f l
n(x) is now an easy consequence of the generating function

(aeiϕt; q)∞(ae−iϕt; q)∞
(ei(θ−ϕ)t; q)∞(ei(ϕ−θ)t; q)∞

=
∞∑

0

Pn (cos(θ − ϕ); a|q) tn

for the q-Meixner–Pollaczek polynomials Pn(y; a|q), defined (see [14], section 3.9) as

Pn(cos(θ + ϕ); a|q) = a−n e−inϕ (a2; q)n

(q; q)n
3φ2

(
q−n, aei(θ+2ϕ), ae−iθ a2, 0 ; q, q

)
.

Thus

ξl
λ(x;ϕ) =

∞∑

n=0

q(1−2l)n/4

cν
n

Pn(cos(θ − ϕ); ql|q)f l
n(x).

To find a spectrum of the operator H(ϕ), we note that the q-Meixner–Pollaczek polynomials
Pn(cos(θ − ϕ)) ≡ Pn

(
cos(θ − ϕ); ql|q) are orthogonal and the orthogonality relation has the

form
1
2π

∫ π

−π
Pm(cos(θ − ϕ))Pn(cos(θ − ϕ))wϕ(cos(θ − ϕ))dθ =

(q2l; q)n

(q; q)n
δmn,

where

wϕ(cos(θ − ϕ)) = (q; q)∞(q2l; q)∞

∣∣∣∣∣
(e2i(θ−ϕ)); q)∞

ql(ei(θ−ϕ)); q)∞(qleiθ; q)∞

∣∣∣∣∣
2

(see formula (3.9.2) in [14]). This orthogonality relation can be written as

∫ b

a

(q; q)n

(q2l; q)n
Pm(λ(q−1/2 − q1/2))Pn(λ(q−1/2 − q1/2)))ŵ(λ)dλ = δmn,

where

ŵ(λ) =
wϕ(λ(q−1/2 − q1/2))(q−1/2 − q1/2)

sin(ϕ − θ)
, a =

− cos(π + ϕ)
q−1/2 − q1/2

, b =
cos(π − ϕ)
q−1/2 − q1/2

. (6.2)

Therefore, we may formulate the following theorem:

Theorem 4. The operator H(ϕ) has continuous and simple spectrum, which completely
covers the interval (a, b), where a and b are given by (6.2).

Continuity of the spectrum means that the eigenfunctions ξl
λ(x; ϕ) do not belong to the

Hilbert space Hl. They belong to the space of functionals on the linear space Ll, which can
be considered as a space of generalized functions on Ll.

The classical limit (that is, the limit q → 1) has sense only for the operator

H(π/2) = 1
2(q1/4J+ + q−1/4J−)qJ3/2.

When q → 1 the operator H(π/2) tends to the operator J
(cl)
1 : limq→1 H(π/2) = J

(cl)
1 . In this

limit the basis elements (2.6) turn into the basis elements gl
n(x) of the representation space

for the Lie algebra su(1, 1) and the eigenfunctions ξl
λ(x; π/2) of H(π/2) into the eigenfunctions

ξl
λ(x) := (1 + ix)−l−iλ(1 − ix)−l+iλ
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of the operator J
(cl)
1 . They are related to the eigenfunctions of the operator J

(cl)
0 as

ξl
λ(x) =

∞∑

n=0

(
n!

(2l)n

)1/2

P (l)
n (λ; π/2) f l

n(x) ≡
∞∑

n=0

P (l)
n (λ; π/2)xn ,

where P
(l)
n (λ; π/2) are the classical Meixner–Pollazcek polynomials, defined by the formula

P (l)
n (x; ϕ) :=

(2l)n

n!
einϕ

2F1(−n, ν + ix; 2l; 1 − e−2iϕ), l > 0, 0 < ϕ < π.

The Meixner–Pollazcek polynomials in the expression for ξl
λ(x) are a limit case of the corre-

sponding q-Meixner–Pollazcek polynomials (see [14], section 5.9).

6. Hamiltonians with bounded discrete spectra

In this section we consider the operator

H2 = q3J0/4(J+ + J−)q3J0/4 −
(
[J0 − l]q ql/2 + [J0 + l]q q−l/2

)
q3J0/2

(note that this operator depends on the index l of the representation T+
l ). It acts on the basis

elements (2.6) by the formula

H2 f l
k = ak+1f

l
k+1 + akf

l
k−1 − q3(l+k)/2dkf

l
k, (7.1)

where

ak = q3(l+k)/2−3/4
√

[k]q [2l + k − 1]q, dk = [k]q q(l−1)/2 + [2l + k]q q−(l−1)/2.

By using this action it is easy to check that H2 is bounded self-adjoint operator. We look for
eigenfunctions of the operator H2 in the form

χl
λ(x) =

∞∑

k=0

Pk(λ)f l
k(x) .

The equation

H2 χl
λ(x) =

∞∑

k=0

Pk(λ)H2f
l
k(x) = λ

∞∑

k=0

Pk(λ) f l
k(x)

and the formula (7.1) lead to the following recurrence relation for the polynomials Pk(λ),
which after simple transformations can be written as

−qk+l [(1−qk+1)(1−q2l+k)]1/2Pk+1(λ) − qk+l−1 [(1−qk)(1−q2l+k−1)]1/2Pk−1(λ)

+ (qk − q2k+2l + q2l+k−1 − q2k+2l−1) Pk(λ) = (1 − q−1) λPk(λ). (7.2)

Upon making the substitution

Pk(λ) = [(q2l; q)k/(q; q)k]1/2 q−lk P ′
k(λ)

in this recurrence relation, one derives the equation

−qk (1 − q2l+k) P ′
k+1(λ) − qk+l−1 (1 − qk)P ′

k−1(λ)
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+(qk − q2k+2l + q2l+k−1 − q2k+2l−1) P ′
k(λ) = (1 − q−1) λP ′

k(λ).

This is the recurrence relation for the little q-Laguerre (Wall) polynomials

pk(qy; q2l−1|q) = 2φ1(q−k, 0; q2l; q; qy+1) = (q1−2l−k; q)−1
k 2φ0(q−k, q−y; − ; q; qy−2l+1)

with qy = (1 − q−1)λ. Thus, we have P ′
k(λ) = pk(qy; q2l−1|q), qy = (1 − q−1)λ, and, conse-

quently,
Pk(λ) = [(q2l; q)k/(q; q)k]1/2q−lk pk(qy; q2l−1|q). (7.3)

This means that eigenfunctions of the operator H2 are of the form

χl
λ(x) =

∞∑

k=0

q(1−6l)k/4 (q2l; q)k

(q; q)k
pk(qy; q2l−1|q) xk, qy = (1 − q−1)λ.

To sum up the right-hand side of this relation, one needs to know a generating function

F (x; t; a|q) :=
∞∑

n=0

(aq; q)n

(q; q)n
pn(x; a|q) tn (7.4)

for the little q-Laguerre polynomials

pn(x; a|q) := 2φ1(q−n, 0; aq; q; qx) = (a−1q−n; q)−1
n , 2φ0(q−n, x−1; −; q;x/a). (7.5)

To evaluate (7.4), we start with the second expression in (7.5) in terms of the basic hyperge-
ometric series 2φ0. Substituting it into (7.4) and using the relation

(q−n; q)k/(q; q)k = (−1)kq−kn+k(k−1)/2(q; q)n/(q; q)k(q; q)n−k,

one obtains that

F (x; t; a|q) =
∞∑

n=0

(−aqt)nqn(n−1)/2
n∑

k=0

(x−1; q)k

(q; q)k(q; q)n−k
(q−nx/a)k. (7.6)

Interchanging the order of summations in (7.6) leads to the desired expression

F (x; t; a|q) = Eq(−aqt) 2φ0(x−1, 0; −; q; xt), (7.7)

where Eq(z) = (−z; q)∞ is the q-exponential function of Jackson.
Similarly, if one substitutes into (7.4) the explicit form of the little q-Laguerre polynomials

in terms of 2φ1 from (7.5), this yields an expression

F (x; t; a|q) =
Eq(−aqt)
Eq(−t) 2φ1(0, 0; q/t; q; qx). (7.8)

Using the explicit form of the generating function (7.7) for the little q-Laguerre polyno-
mials, we arrive at

χl
λ(x) = (q(2l+1)/4x; q)∞ 2φ0(q−y, 0; − ; q; qy−(6l−1)/4x), (7.9)

where, as before, qy = (1 − q−1)λ. Another expression for χl
λ(x) can be written by using

formula (7.8).
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Due to the orthogonality relation

(q2l; q)∞
∞∑

k=0

q2lk

(q; q)k
pm(qk; q2l−1|q) pn(qk; q2l−1|q) =

q2ln(q; q)n

(q2l; q)n
δmn (7.10)

for little q-Laguerre polynomials (see formula (3.20.2) in [14]), spectrum of the operator H2

coincides with the set of points qn/(1−q−1), n = 0, 1, 2, · · ·. This means that the eigenfunctions

χl
λn

(x), n = 0, 1, 2, · · · , λn = qn/(1 − q−1), (7.11)

constitute a basis in the representation space. We thus proved the following theorem.

Theorem 5. The operator H2 has a simple discrete spectrum, which consists of the points
qn/(1 − q−1), n = 0, 1, 2, · · ·. The corresponding eigenfunctions χl

λn
form an orthogonal basis

in the space Hl.

We conclude this section by calling attention to the circumstance that operators with
bounded discrete spectra, representable by a Jacobi matrix, are important for studying fam-
ilies of q-orthogonal polynomials and their dual properties. A detailed discussion of several
examples of such type can be found in [16].
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SEARCH FOR THE MIXED STATES  OF STRONG INTERACTION MATTER-- 
PHASE TRANSITION AT LOW TEMPERATURE. 

           
O.B. Abdinnov,N.S.Angelov,B.Z.Belashev,Ya.G.Guseynaliyev, 

M.K.Suleymanov,A.S.Vodopianov . 
 

Abstract 
 

The experimental results on some centrality depending characteristics   of hadron-nuclear and nuclear-nuclear 
interactions at high energies demonstrate the regime changes.   Appearance of the strong interaction matter's mixed 
states is considered as a cause of the regime changes. These states are predicted by QCD for temperatures less than 
critical  ones for deconfinement of strong interaction matter . These conditions could be obtained in the   energy regions 
covered by the beams at GSI, Dubna and AGS facilities.   The effects of a percolation cluster formation, apparition of  
the   diquark condensate and critical nuclear transparency are considered as the phenomena connected with the mixed 
states. It is supposed that the   results of the analysis of  these effects depending on the centrality  could give an 
information on the mixed states. 
 

1. Introduction. 
 

One of  the important experimental methods to get the information on the changes of states of nuclear matter 
with increasing its baryon density is to study the characteristics of hadron-nuclear and nuclear-nuclear interactions 
depending on centrality of collisions (Q) at high energies. There are some results obtained in these experiments for the 
interactions of  π -mesons, protons and nuclei  with nuclei at energies less then   SPS’ energies which demonstrate the 
existing of the regime changes in these dependencies . We want to demonstrate some of  them and before it is necessary 
to note that in the different experiments the values of Q are defined by the different ways. Therefore it is very difficult 
to compare the presented results on Q-dependencies in the different papers .  
 

1.1. Experimental results on the centrality dependencies. 
 

1.2 The interactions of  the π--mesons. 
 
        In fig. 1 is shown the Q-dependence of event number for π- 12C - interactions at the momentum 40 GeV/c. To 
determine the Q a number of protons with momentum less then 1.0 GeV/c was used. The figure was obtained from 
papers [1]. The point of regime change is observed in this dependence at the values of Q ~ 3-4 was used to select the 
events with total disintegration of nuclei(or central collisions). 
 

1.3 The interactions of  the protons. 
 

 In fig. 2 are shown the average values of pseudorapidity  η = -log((tg(θ/2)) for s-particles (the particles with  β 
> 0.7) depending on the number of  g-particles (the particles with β≤0.7) for p+Em reactions at the moment  P0 = 4.5; 
24.0; 50.0; 67.0 and 200.0 GeV/c. So in this work the Q was defined as the number of g-particles. This  figure was 
obtained from the paper [2]. The dashed line in the figure corresponds to the cascade-evaporation  model calculation . 
There are the points of regime   change    in   these   distributions.  As we could see the  cascade - evaporation  model   
calculations   can’t numerically describe these distributions. 
 
 

 
Fig.1.Np–dependence of the events’ number for π- 12C - interactions  at the momentum 40 GeV/c. 

 



 

 
Fig.2 Average values of pseudorapidity ηc=-log(tan(θ/2) ) for s-particles depending on the  
         g-particles for pEm-reactions . The dashed line correspond to the cascade evaporation  
         model calculation. 
 
The preliminary integrated K0

s  yield in p+Au reactions at 18 GeV/c versus the number of slow particles 
emitted in the event is show in next figure (fig.3). The number of slow particles Q was used as the Q. We could also see 
the points of regime change in this figure. The figure was obtained from paper [3]. 
 

 
           Fig.3. The preliminary integrated KS

0 yield in p+Au reactions at 18 GeV/c versus  
                     the  number of slow particles emitted in the event as measured by E910.  
 
                                         1.4  The interactions of the nuclei. 
 
          Fig . 4 shows the Q-dependencies of events’ number for dC, 4HeC and 12CC interactions at the momentum 4.2  A 
GeV/c . The number of  all protons in an event was used as the Q. We could see the points of regime changes in this 
figure. It is also seen that for all considered interactions the forms of distributions are nearly similar.  
 
                   Fig.4.  The Q-dependencies  of events’ number  for dC, 4HeC and 12CC 
                               interactions at the  momentum of  4.2  A GeV/c 
 
         In fig. 5 the average multiplicity of  relativistic charged particles depending on Q are shown for the 28S14 + Em -- 
reactions at the energies of 3.8 and 14.6 GeV per nucleon. To determine the Q  a number of charged projectile 
fragments (Zf) were used. The figures were obtained from the paper [4]. The points of regime change are observed in 
these dependencies. These points were used by the authors  to select the central collisions events. 
 
                 Fig.5. The average multiplicity of  the relativistic charged particles depending 
                          on Q for the 28S14 + Em -- reactions at the energies of  3.8(a) and  



                          14.6 GeV(b) per nucleon.  
 
       The Nh

B-dedendences (Nh
B is a number of h-particles with emitted angle θ>900) of the average multiplicity <ns

F>  
of s-particles (  with emitted angle θ<900) for C12Em reactions at the momentum 4.5 GeV/c  are shown in fig . 6. The 
figure  was obtained from paper [5]. The number of Nh

B are used as the Q. We could also see the point of regime change 
in this distribution.  

 
                Fig.6. The Nh

B- dependencies of the average multiplicity <ns
F>  of s-particles   

                           for C12Em reactions at the momentum 4.5 GeV/c .  
 
Thus the demonstrated figures show that there are  the points of regime change for the behavior of the 

centrality dependencies for some characteristics of hadron -- nuclear and nuclear -- nuclear interactions . Prof. Zinovyev  
offered to us to consider the appearance of the mixed  states of nuclear matter as a reason of these results. He directed  
our attention  to the some predictions of QCD. 
            Before then to continue the discussion we want to note that in paper [6] it was found that the experimental 
results on transverse mass spectra of kaons produced in central Pb+Pb (Au+Au) interactions show an anomalous 
dependence on the collision energy. The inverse slopes of the spectra increase with energy in the low (AGS) and high 
(RHIC) energy domains, whereas they are constant in the intermediate (SPS) energy range. They argued that this 
anomaly is probably caused by  a modification of the equation of state in the transition region between confined and 
deconfined matter and they were writeen that this observation may be considered as a new signal, in addition to the 
previously reported anomalies in the pion and strangeness production, of the onset of deconfinement located in the low 
SPS energy domain. 
 
                                             2. Prediction of QCD for mixed states. 
 

QCD predicts that at high energy density, hadronic matter will turn into a plasma of deconfined quarks and 
gluons [7]. It is expected  that  the temperature of hadron mutter T  will be  
Т > Tс ≅ 150-200 MeV and  µB  will be µB >µB c ( µB increases with the barion charge). It is a new phase of nuclear 
matter. The Tс could be reached at energies of SPS, RICH and LHC.  

In fig. 7 are shown the dependence of the values of  T on the values of µB for the simple QCD model -- the 
phase diagram ( from review [8]). There are three phases in this diagram. The first phase correspond to the values  of T 
< Tс  and µB  <µBc  which are named the phase of hadron matter. The second phase is  the phase  of  diquark  condensate  
at Т<Tс   and µB >µBc. The third phase is the quark gluon plasma  one at Т>Tс and µB >µB c.  

To explain the above mentioned results we consider the possibility of phase transition at Т<Tс in the system 
with high barion density (at high µB). In such systems the neighbouring nucleons could form the percolation cluster and  
neighbouring quarks could form the diquarks (fig.8). So these systems are a mixed system (MS) of pressed nucleons 
(clusters) and diquarks which could appearance at  energies of GSI, Synchrophasotron  (Nuclatron) and AGS. 

Experimental information  on the conditions of appearance of the MS could give the  possibilities to fix  the 
onset of the deconfinement which are important for forth   separate the   effects connected with deconfinement of strong   
interaction matter   from another effects.  
 
                                     3. Experimental possibilities to search signal on mixed states. 
 

The regime changes  which were above shown could be better  points to appearance of MS in the high energy 
interactions, but they are not enough  to assert it. For full confirm the appearance and existing  of the MS it  is necessary 
to get the additional experimental information because to explain the appearance the regime changes could be used  
many another ideas which don’t included the MS and the accompanied  effects.  

What  could experimental information been got to confirm the appearance of MS? 
              
                                                  Fig.7 The phase diagram. 
 
                                            Fig.8. Physical picture of  MS formation. 
 
            Let us discuss the experimental possibilities to get the signal on the MS. First of all we have to answer on one 
question, what experimental observable effects could the MS be accompanied? It is been clear that the first effect is a 
cluster formation (in the result of percolation), the second effect could be the appearance of meson condensation (which 
could form as the result of  hadronisation of diquarks). As we have already noted  three phase of hadronic matter are 
consider in review [8] which would correspond to the succession of insulator, superconductor and conductor in atomic 
matter in the phase diagram. The succession of superconductor will correspond to the MS and therefore the MS 
appearance could be accompanied  with high transparency of nuclear  matter. Here it is necessary to note that above 
mentioned  effects would be had direct relation to the MS  only in this case if they appearance as  critical 
phenomena at some values of Q. It is the more important request. 



 
4. The main points of the proposal 

 
        1. The MS could be form at low temperature which could  be reached at energies of  building GSI’s motions. 
        2.The MS could form and  decay at the some  critical values of  Q, therefore it could be the reason of the 
appearance of regime changes in the behaviour of the events’ characteristics depending on Q. 
        3.The  processes of  MS formation could be accompanied by  the effects of percolation cluster formation , 
appearance of meson condensate  and  the high transparence of the nuclear mutter. These effects could be used as the 
signals on MS.  
        There are some experimental results which could be consider as the confirmations of the existing these effects and 
as a basis to their forth investigations in the new experimental possibility. 
  
                        5. Percolation cluster production in interaction of high energy nuclei.   
 
                                        5.1 Percolation cluster as the sours of fragments. 
 

There are many papers in which the processes of nuclear fragmentation [9] and the processes of central 
collisions  [10] are considered as a critical phenomena and are offered to use the percolation approach to explain this 
phenomena. We have used some ideas from these works to experimental search a  signal on percolation cluster. We 
suppose that in  hadron-nucleus and  nucleus-nucleus collisions the percolation cluster could appear on the some critical 
values of Q and would decay into  fragments and free nucleons. The number of clusters and  the number of fragments 
would increase with Q in the interval less then the critical values of Q (for MS formation) and then their values would 
decrease with the increasing Q into the central collisions. It could lead to the regime change in the behavior of different 
characteristics of events  depending on Q and the number of fragments. We believed that if  the percolation cluster  
exist   and if it is  a sours of fragments so the influences of nuclear fragments on the behaviour of the events' 
characteristics depending on Q  could have a critical character.  
 To test this idea we the behaviors of  the events’ number  depending on Q have been studied by us. The values 
of Q  ware determined  in two variants.  In the first variant the values of Q were determined as a number of protons 
emitted in a event and in second variant as a number of protons and fragments emitted in ones. We have used 20407 
12CC  events  at the momentum of  4.2 A GeV/c [11]. The experimental data were compared with the simulation data 
coming from the  quark-gluon string model (QGSM) without the nuclear fragments [12].  We want to note that  the 
behavior of the events’ number depending on Q determined for both variants have to be similar if there are not a 
percolation cluster and they would be differ if the percolation cluster is exist as a fragments source.  
 The distributions of events’ number depending on Q are shown in fig.  9a,b . The empty starlets corresponds to 
first variant of Q-determination, the full starlets correspond to second ones( the fragments were included). It is seen that 
for the cases then the fragments numbers were included to determine Q the form of the distributions sharply changes 
and has  two steps structure (full starlets in figure 9a).  
 In fig. 9b are shown the Q-dependencies of the events’ number coming from the QGSM. The empty starlets 
correspond to the without the stripping protons cases and the full starlets correspond to the cases with the stripping 
protons. It is seen that the form of the distribution strongly differ from the experimental one  in fig. 9a. There is no two 
steps structure in this figure. Therefore  we could assure that observed difference connects with fragments influence. 
This result 
 
            Fig.9. The distributions of events’ number depending on Q for the 12CC  events   
                      at the momentum of 4.2 A GeV/c ; a)the experimental data b) the simulation  
                      data.  
 
demonstrate that the influence of nuclear fragmentation processes in the behavior of the events’ number depending on Q  
has a critical character.  
 To explain this result we could suppose that it could be connect with the existence of percolation cluster. It is 
possible that with increasing Q the probability of cluster formation grows but further increasing the Q ( in the region of 
high Q) leads to the big cluster decay on nuclear fragments and then free nucleons. It could be reason of the  observed 
the two step structure in the distributions. The first step connected with the formation of percolation cluster and second 
one with its decay(fig.10). The GSI results on multifragment production at high energy nucleus-nucleus interaction 
could give the additional confirmations for it [13]. So in fig. 11a,b are shown the mean multiplicity of intermediate 
mass  fragments produced  in nucleus-nucleus collisions at GSI energies as a function of Zbound (the last fixes the 
centrality of collisions). It is seen that the mean multiplicity of fragments is maximum in the region of first step. 
 
                                Fig.10   Physical picture of interaction. 
 
Fig.11a  Mean multiplicity of                      Fig.11b. Left panel: Mean multiplicity of 
intermediate mass  fragments                      intermediate mass  fragments as a function 



as a function of Zbound  for the                      of Zbound  for the reaction 238U on  197Au  
reaction Au+Au at E/A=400,                      (circles), 197Au  on 197Au  (squares) and 129Xe   
600,800 and 1000 MeV.                              On  197Au(triangles) at E/A=600 MeV. Right 
              panel: the same data after normalizing both  
                                                                     quantities with respect to the atomic number 
                                                                     Zp of the projectile.    
 
 
          So the experimental results obtained in the interactions of  π-mesons, protons  and nuclei with nuclei at high 
energy demonstrate that the influence of nuclear fragmentation processes in the  behavior of the event’s number 
depending on Q has also a critical  character. It could be explained with the existence of percolation cluster and with 
appearance of MS of nuclear matter.  
 

             5.2 Anomaly pick in angular distribution of protons.  
 
            The existing of percolation cluster could explain the experimental results on the angular distributions of emitted 
protons in π-12C -interactions at momentum 40 GeV/c[14]. In this experiments the angular distributions of protons (with 
the momentum less then 1.0 GeV/c)   were  
   
Fig.12 Angular distributions of protons emitted in π-12C -interactions at momentum  40 GeV/c. 
 
studied in the events with total disintegration of nuclei (or central collisions).  This distribution are shown in fig. 12. It 
is seen the anomalous peak in this distribution. The result on the angular distributions of protons emitted in π-12C -
interactions at momentum 5 GeV/c [15] confirm the existing of anomalous peak (fig.13). Many years we could not 
explain this result. Now we think that it could connect with formation and decay  of the percolation cluster. 
 

6. Meson condensate in nucleus-nucleus collisions at high energies. 
 
          The another accompanied effect for the  processes of  MS formation could be the effect of meson condensate 
appearance as the result of diquark hadronisation. The idea on meson condensate formation was predicted [16] many 
years age. But up to now there are no the experimental results direct confirm this idea. It mainly connects by the absent 
the setup which could high accuracy  measure the slow π0 -mesons’ characteristics a long time. Now there are  setup 
TAPS  [17] which can measure the slow π0 -mesons’ characteristics with high accuracy. When we analyzed some 
results from this setup [17] we found the results which could be interesting for the experimental search the meson 
condensate. In these papers the temperature of the slow  π0 -mesons were defined as a slop of the  spectrums which are 
shown in the  fig.14a-c. It were found one temperature for interactions of light nuclei  and two temperature for the 
heavy  ions’ ones.  

It is very interesting the result at low mt  the behavior of the spectrums differ from the exponential law(from 
these figures). We think that some part of these deviation could connect with the meson condensate . It increase with 
mass of the interactions nuclei and depend on centrality(fig.14a-c). The last is an main argument confirm that observed 
deviation could connect with the meson condensate. 
        We think to study the behaviour  of the f(mt,y) depending on mass of colliding hadrons and nuclei and  on the 
centrality of collisions and the number of fragments  could give the information  on the meson condensate.  
 
         
               Fig.13 Angular distributions of protons emitted in π-12C -interactions at the momentum  5 GeV/c. 
 
                          7. Nuclear transparency at high energy hadron-nuclear and  
                                                nuclear – nuclear interactions 
 
       The else one accompanying effect of the MS formation process could be high critical nuclear transparency  which 
could connect  with the appearance of the superconductor  property of nuclear matter in MS. As we have noted (in 
section 3) when the MS appearance the conduction of nuclear environment sharply increase and matter is getting the 
superconductor  properties because of that the nucleons mast be  bound in the result of nucleon and quark percolation in 
this system. It could led critical violation of the angular  correlations of particle production .  

 
8. Conclusion. 

 
          Thus  the  experimental results obtained in the energies region less then  SPS energy on hadron-nuclear and 
nuclear-nuclear interactions demonstrate the existing of regime changes in the behaviour of events’ characteristics  
depending on centrality. The appearance of the stronginteraction  matter mixed states are discussed as a reason of it. 
The percolation cluster formation , appearance of meson condensate and high critical  nuclear transparency are 



considered as the accompanied effects of the mixed systems.   Some experimental results obtained in different 
experimental groups could be considered as the confirmations on the being of percolation cluster and  meson 
condensate. But for full confirm the formation of mixed systems it is necessary to forth investigation of these effects 
and their connections with mixed systems.  
 
Fig.14a Transverse-mass spectra of π0                             Fig.14b Transverse-mass spectra of π0 
      and η-mesons in the covered rapidity                        and η-mesons for Au+Au interactions at 
      intervals ∆y near midrapidity.                                    0.8 A MeV. 
 
    Fig.14c. Transverse-mass spectra of  π0 and η-mesons for Au+Au interactions at 0.8 A MeV. 
              a) in noncentral  collisions; b) in central collisions.    
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Адсорбсийа изотермляри Adsorbed isotherm Адсорбционнaя изотерма 
Адсорбсийа инэибитору Adsorption inhibitor Адсорбционный ингибитор 
Адсорбсийа индикатору, 
тязйиги юлчян жищаз 

Adsorption indicator Адсорбционный индикатор 

Адсорбсийа потенсиалы Adsorption potential Адсорбционный потенциал 
Адсорбсийа гаты Adsorption layer Адсорбционный слой 
Адсорбсийа жяряйаны Adsorption current Адсорбционный ток 
Адсорбсийа, жисимлярин цз 
тябягясиндя майе вя 
газларын удулмасы 

Adsorption Адсорбция 

Азеотропийа Azeotropy Азеотропия 
Азеотроп дестилля етмя Azeotropic distillation Азеотропная дистилляция 
Азеотроп гарышыг Azeotropic mixture, 

azeotrope 
Азеотропная смесь 

Азеотроп нюгтяси Azeotropic point Азеотропная точка 
Азимут Azimuth Азимут 
Азимутал квант ядяди Azimuthal quantum 

number 
Азимутальное квантовое число 

Азимутал эеомагнит еффекти Azimutal geomagnetic 
effect 

Азимутальный геомагнитный 
эффект 

Азот Nitrogen Азот 
Нитрат туршусу Nitrogen acid Азотная кислота 
Азотлу термометр Nitrogen thermometer Азотный термометр 
Айсберг, полйар дянизлярдя 
цзян буз даьы 

Iceberg Айсберг 

Акво-ион Aquo-ion Акво-ион 
Йени иглим мцщитиня 
уйьунлашма 

Acclimatization, 
acclimation 

Акклиматизация 

Акумулйатор Accumulator Аккумулятор 
Аклин Acline Аклина 
Аклин яйриси Aclinic line Аклиническая кривая 
Адамын аклин охшары  Acline twin Аклиновый двойник 
Акселерометр Accelerometer Акселерометр 
Аксиал мода Axial mode Аксиальная мода 
Аксиал симметрийа Axial symmetry Аксиальная симметрия 
Аксиал вектор Axial vector Аксиальный вектор 
Архимед аксиомасы Archimedes’s axiom Аксиома Архимеда 
Сонсузлуг аксиомасы Axiom of infinity Аксиома бесконечности 
Сечки аксиомасы Axiom of choice Аксиома выбора 
Кясилмязлик аксиомасы Axiom of continuity Аксиома непрерывности 
Паралеллик щагда аксиома Axiom of parallels Аксиома о параллельных 
Айрылыг аксиомасы Separation axiom Аксиома отдельности 
Пеано аксиомасы Peano’s axiom Аксиома Пеано 
Сай, щесаб аксиомасы Countability axiom Аксиома счетности 
Аксиоматизасийа Axiomatization Аксиоматизация 
Чохлуьун аксиоамтик 
нязяриййяси 

Axiomatic set theory Аксиоматическая теория множеств 

Цчбужаг аксиомасы Triangle axiom Аксиома треугольника 
Аксонометрик пройексийа Axonometric projection Аксонометрическая проекция 
Аксоплазма Axoplasm Аксоплазма 
Активляшдирижи. фяаллашдырыжы Activator Активатор 
Щяддиндян артыг 
активляшдирилмиш эярэинлик 

Activation overvoltage Активационное перенапряжение 

Активатик анализ Activation analysis Активационный анализ 
Активатик потенсиал Activation potential Активационный потенциал 
Активасийа Activation Активация 
Активасийа Activation Активирование 
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Активляшдирилмиш адсорбсийа Activated adsorption Активированная адсорбция 
Активляшдирилмиш щал Activated state Активированное состояние 
Активляшдирилмиш комплекс 
(топлу) 

Activated complex Активированный комплекс 

Активляшдирилмиш кюмцр Active carbon Активированный уголь 
Актив гравитасийа кцтляси Active gravitational mass Активная гравитационная масса 
Актив зона Core Активная зона 
Актив молекул Active molecule Активная молекула 
Актив эцж Active power Активная мощность 
Эцняшдя актив област Solar active region Активная область на Солнце 
Актив кечирижилик Conductance  Активная проводимость 
Актив гяфяс Active lattice Активная решетка 
Актив тяркиб щиссяси Active component Активная составляющая 
Актив мцщит Active medium Активная среда 
Актив схем Active circuit Активная схема 
Актив турбин Impulse turbine Активная турбина 
Актив маддя Active substance Активное вещество 
Актив мцгавимят Pure resistance Активное сопротивление 
Актив щал Active state Активное состояние 
Активлик, фяаллыг Activity Активность 
Ионларын активлийи Ion activity Активность ионов 
Оптик активлик Optical activity Активность оптическая 
Сятщи активлик Surface activity Активность поверхностная 
Термодинамик активлик Thermodynamic activity  Активность термодинамическая 
Актив азот Active nitrogen Активный азот 
Актив щидроэен Active hydrogen Активный водород 
Актив газ Active gas Активный газ 
Актив ион Active ion Активный ион 
Актив метал Active metal Активный металл 
Актив протуберанс, Эцняш 
сятщиндя кюзярмиш газ 
кцтляляри 

Active prominence Активный протуберанец  

Актив тябягя Active layer Активный слой 
Актив пейк Active satellite Активный спутник 
Актив мяркяз Active center Активный центр 
Актив електрод Active electrode Активный электрод 
Актив елемент Active element Активный элемент 
Актин Actin Актин 
Актиниум Actinium Актиний 
Актиноид Actinoid Актиноид 
Актиноид сыхма Actinide contraction Актиноидное сжатие 
Актинометр, Эцняш 
шцаларынын интенсивлийини юлчян 
жищаз 

Actinometer Актинометр 

Актинометрийа Actinometry Актинометрия 
Актиноуран Actinouranium Актиноуран 
Актомиозин Actomyosin Актомиозин 
Акустика, сяс бящси Acoustics Акустика 
Акустик-магнит-електрик 
еффекти 

Acoustomagnetoelectric 
effect 

Акустикомагнитоэлектрический 
эффект 

Акустиметр Acoustimeter Акустиметр 
Акустик голографийа Acoustic holography Акустическая голография 
Акустик тутум Acoustic capacitance Акустическая емкость 
Акустик линза Acoustic lens Акустическая линза 
Акустик кцтля Acoustic mass Акустическая масса 
Акустик мода, дяб, адят Acoustic mode Акустическая мода 
Акустик якс ялагя Acoustic feedback Акустическая обратная связь 
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Акустик тез тясир алтына 
дцшмяк 

Acoustic compliance Акустическая податливость 

Акустик систем Acoustic system Акустическая система 
Акустик тезлик Acoustic frequency Акустическая частота 
Акустик бору Acoustic pipe Акустическая труба 
Акустик характеристика Acoustic characteristic Акустическая характеристика 
Акустик дальалар Acoustic waves Акустические волны 
Акустик рягсляр Acoustic oscillation Акустические колебания 
Акустик кцляк Acoustic wind Акустический ветер 
Акустик щцндцрлцк юлчян Acoustic altimeter Акустический высотомер 
Акустик детектор Acoustic detector Акустический детектор 
Омун акустика гануну Acoustic law of Ohm Акустический закон Ома 
Акустик зонд Probe microphone Акустический зонд 
Акустик импеданс Acoustic impedance Акустический импеданс 
Акустик интерферометр Acoustic interferometer Акустический интерферометр 
Акустик сясляр гарышыьы Acoustic labyrinth Акустический лабиринт 
Акустик Ом Acoustic ohm Акустический Ом 
Акустик дяйишдирижи апарат Acoustic transformer Акустический преобразователь 
Акустик дяринлийи юлчян Acoustic depth sounding Акустический промер глубины 
Акустик резонанс Acoustic resonance Акустический резонанс 
Акустик сигнал Acoustic signal Акустический сигнал 
Акустик спектр Acoustic spectrum Акустический спектр 
Акустик филтр Acoustic filter Акустический фильтр 
Акустик елемент Acoustic element Акустический элемент 
Акустик еффект Acoustic effect Акустический эффект 
Акустик юлчмя Acoustic measurement Акустическое измерение 
Акустик хяйал Acoustic image Акустическое изображение 
Акустик мцгавимят Acoustic resistance Акустическое сопротивление 
Акустооптик модулйасийа, 
сясин бир тонундан диэяриня 
кечмя 

 Acoustooptic modulation Акустооптическая  модуляция 

Акустооптик мцщит Acoustooptical medium Акустооптическая среда 
Акустооптик елемент Acoustooptical element Акустооптический элемент 
Акустооптик еффект Acoustooptical effect Акустооптический эффект 
Акустооптик кянарачыхма Acoustooptical deflection Акустооптическое отклонение 
Акустоелектрик жяряйан Acoustoelectric current Акустоэлектрический ток 
Акустоелектрик еффект Acoustoelectric effect Акустоэлектрический эффект 
Аксептор,. щидроэен 
атомуну юзцня бирляшдирян 
маддя 

Acceptor Акцептор 

Аксептор гарышыг Acceptor impurity Акцепторная примесь 
Аксептор атом Acceptor atom Акцепторный атом 
Аксептор сявиййя Acceptor level Акцепторный уровень 
Протонун аксептору Proton acceptor Акцептор протона 
Електронларын аксептору Electron acceptor Акцептор электронов 
Жябр Algebra Алгебра 
Ъордан жябри Jordan algebra Алгебра Жордана 
Жябр щяндясяси Algebraic geometry Алгебраическая геометрия 
Жябр групу Algebraic group Алгебраическая группа 
Жябри асылылыг Algebraical dependence Алгебраическая зависимость 
Жябри яйри Algebraic curve Алгебраическая кривая 
Жябри гейри-асылылыг Algebraical independence Алгебраическая независимость 
Жябри мяхсуси нюгтя Algebraic singularity Алгебраическая особая точка 
Жябри сятщ Algebraic surface Алгебраическая поверхность 
Жябри алт груп Algebraic subgroup Алгебраическая подгруппа 
Жябри систем Algebraic system Алгебраическая система 
Жябри гурулуш Algebraic structure Алгебраическая структура 
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Жябри жям Algebraic sum  Алгебраическая сумма 
Жябри тополоэийа Algebraic topology Алгебраическая топология 
Жябри нюгтя Algebraic point Алгебраическая точка 
Жябри шахялянмя нюгтяси Algebraic branch-point Алгебраическая точка 

разветвления 
Жябри функсийа Algebraic function Алгебраическая функция 
Жябри асылы олма Algebraically dependent Алгебраически зависимый 
Жябри гапалы сащя Algebraically closed field Алгебраически замкнутое поле 
Жябри анализ Algebraic analysis Алгебраический анализ 
Жябри асылы олмамаг Algebraically independent Алгебраический независимый 
Жябри мцхтялифлик, 
жцрбяжцрлцк 

Algebraic variety Алгебраическое многообразие 

Жябри эенишлянмя Algebraic extension Алгебраическое расширение 
Жябри щялл Algebraic solution Алгебраическое решение 
Жябри уйьунлуг Algebraic correspondence Алгебраическое соответствие 
Жябри тянлик Algebraic equation Алгебраическое уравнение 
Мянтигин жябри Algebra of logic Алгебра логики 
Матрисалар жябри Matrix algebra Алгебра матриц 
Ассосиатик дяряжяли жябр Power associative algebra Алгебра ассоциативными 

степенями 
Жябрли функсийа Algebroid function Алгеброидная функция 
Алгоритмик дил Algorithmic language Алгоритмический язык 
Алидада Alidade Алидада 
Алифатик бирляшмя Aliphatic compound Алифатическое соединение 
Алисиклик бирляшмя Alicyclic compound Алициклическое соединение 
Алкалиметрийа Alkalimetry Алкалиметрия 
Алкидли гатран Alkid resin Алкидная смола 
Аллометрийа Allometrism  Аллометрия 
Аллотроплуг Allotropy Аллотропия 
Аллостерик фермент Allosteric enzyme Аллостерический фермент 
Аллотропик чевирмя Allotropyc transformation Аллотропическое превращение 
Алмаз гурулушу Diamond structure Алмазная структура 
Ялифбалы-ядяди Alphanumeric  Алфавитно-цифровой 
Ялифбалы код Alphabetic code Алфавитный код 
Албедо Albedo Альбедо 
Йерин албедосу Earth albedo Альбедо Земли 
Албедометр Albedometer Альбедометр 
Алдещид Aldehyde Альдегид 
Алмукантарат Almucantar Альмукантарат 
Алтазимутал монтаъ етмя Altazimuth mounting Альтазимутальная монтировка 
Алтазимутал гурьу Altazimuth mounting Альтазимутальная установка 
Алтернатив фярзиййя Alternative hypothesis Альтернативная гипотеза 
Алфа-фяал нцвя Alpha-radioactive nucleus Альфа-активное ядро 
Алфа-шцаландыран Alpha emitter Альфа-излучатель 
Алфа-дямир Alpha ferrum Альфа-железа 
Алфа-шцалар Alpha rays Альфа-лучи 
Алфа-чеврилмя Alpha-decay, alpha 

disintegration 
Альфа-распад 

Алфа-спектр Alpha-ray spectrum Альфа-спектр 
Алфа-спектрометр Alpha-ray spectrometer Альфа-спектрометр 
Алфатрон Alphatron Альфатрон 
Алфа-зярряжик Alpha particle Альфа-частица 
Алцминиум кулометри Aluminium coulometer Алюминиевой кулометр 
Алцминиум Aluminium, aluminum Алюминий 
Амакрин гяфяси Amakrine cell Амакриновая клетка 
Амалгама Amalgam Амальгама 
Амалгам електроду Amalgam electrode Амальгамный электрод 
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Adsorbed isotherm Адсорбционнaя изотерма Адсорбсийа изотермляри 
Adsorption inhibitor Адсорбционный ингибитор Адсорбсийа инэибитору 
Adsorption indicator Адсорбционный индикатор Адсорбсийа индикатору, тязйиги юлчян 

жищаз 
Adsorption potential Адсорбционный потенциал Адсорбсийа потенсиалы 
Adsorption layer Адсорбционный слой Адсорбсийа гаты 
Adsorption current Адсорбционный ток Адсорбсийа жяряйаны 
Adsorption Адсорбция Адсорбсийа, жисимлярин цз 

тябягясиндя майе вя газларын 
удулмасы 

Azeotropy Азеотропия Азеотропийа 
Azeotropic distillation Азеотропная дистилляция Азеотроп дестилля етмя 
Azeotropic mixture, 
azeotrope 

Азеотропная смесь Азеотроп гарышыг 

Azeotropic point Азеотропная точка Азеотроп нюгтяси 
Azimuth Азимут Азимут 
Azimuthal quantum 
number 

Азимутальное квантовое число Азимутал квант ядяди 

Azimutal geomagnetic 
effect 

Азимутальный геомагнитный 
эффект 

Азимутал эеомагнит еффекти 

Nitrogen Азот Азот 
Nitrogen acid Азотная кислота Нитрат туршусу 
Nitrogen thermometer Азотный термометр Азотлу термометр 
Iceberg Айсберг Айсберг, полйар дянизлярдя цзян 

буз даьы 
Aquo-ion Акво-ион Акво-ион 
Acclimatization, 
acclimation 

Акклиматизация Йени иглим мцщитиня уйьунлашма 

Accumulator Аккумулятор Акумулйатор 
Acline Аклина Аклин 
Aclinic line Аклиническая кривая Аклин яйриси 
Acline twin Аклиновый двойник Адамын аклин охшары  
Accelerometer Акселерометр Акселерометр 
Axial mode Аксиальная мода Аксиал мода 
Axial symmetry Аксиальная симметрия Аксиал симметрийа 
Axial vector Аксиальный вектор Аксиал вектор 
Archimedes’s axiom Аксиома Архимеда Архимед аксиомасы 
Axiom of infinity Аксиома бесконечности Сонсузлуг аксиомасы 
Axiom of choice Аксиома выбора Сечки аксиомасы 
Axiom of continuity Аксиома непрерывности Кясилмязлик аксиомасы 
Axiom of parallels Аксиома о параллельных Паралеллик щагда аксиома 
Separation axiom Аксиома отдельности Айрылыг аксиомасы 
Peano’s axiom Аксиома Пеано Пеано аксиомасы 
Countability axiom Аксиома счетности Сай, щесаб аксиомасы 
Axiomatization Аксиоматизация Аксиоматизасийа 
Axiomatic set theory Аксиоматическая теория множеств Чохлуьун аксиоамтик нязяриййяси 
Triangle axiom Аксиома треугольника Цчбужаг аксиомасы 
Axonometric projection Аксонометрическая проекция Аксонометрик пройексийа 
Axoplasm Аксоплазма Аксоплазма 
Activator Активатор Активляшдирижи. фяаллашдырыжы 
Activation overvoltage Активационное перенапряжение Щяддиндян артыг активляшдирилмиш 

эярэинлик 
Activation analysis Активационный анализ Активатик анализ 
Activation potential Активационный потенциал Активатик потенсиал 
Activation Активация Активасийа 
Activation Активирование Активасийа 
Activated adsorption Активированная адсорбция Активляшдирилмиш адсорбсийа 
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Activated state Активированное состояние Активляшдирилмиш щал 
Activated complex Активированный комплекс Активляшдирилмиш комплекс (топлу) 
Active carbon Активированный уголь Активляшдирилмиш кюмцр 
Active gravitational mass Активная гравитационная масса Актив гравитасийа кцтляси 
Core Активная зона Актив зона 
Active molecule Активная молекула Актив молекул 
Active power Активная мощность Актив эцж 
Solar active region Активная область на Солнце Эцняшдя актив област 
Conductance  Активная проводимость Актив кечирижилик 
Active lattice Активная решетка Актив гяфяс 
Active component Активная составляющая Актив тяркиб щиссяси 
Active medium Активная среда Актив мцщит 
Active circuit Активная схема Актив схем 
Impulse turbine Активная турбина Актив турбин 
Active substance Активное вещество Актив маддя 
Pure resistance Активное сопротивление Актив мцгавимят 
Active state Активное состояние Актив щал 
Activity Активность Активлик, фяаллыг 
Ion activity Активность ионов Ионларын активлийи 
Optical activity Активность оптическая Оптик активлик 
Surface activity Активность поверхностная Сятщи активлик 
Thermodynamic activity  Активность термодинамическая Термодинамик активлик 
Active nitrogen Активный азот Актив азот 
Active hydrogen Активный водород Актив щидроэен 
Active gas Активный газ Актив газ 
Active ion Активный ион Актив ион 
Active metal Активный металл Актив метал 
Active prominence Активный протуберанец  Актив протуберанс, Эцняш сятщиндя 

кюзярмиш газ кцтляляри 
Active layer Активный слой Актив тябягя 
Active satellite Активный спутник Актив пейк 
Active center Активный центр Актив мяркяз 
Active electrode Активный электрод Актив електрод 
Active element Активный элемент Актив елемент 
Actin Актин Актин 
Actinium Актиний Актиниум 
Actinoid Актиноид Актиноид 
Actinide contraction Актиноидное сжатие Актиноид сыхма 
Actinometer Актинометр Актинометр, Эцняш шцаларынын 

интенсивлийини юлчян жищаз 
Actinometry Актинометрия Актинометрийа 
Actinouranium Актиноуран Актиноуран 
Actomyosin Актомиозин Актомиозин 
Acoustics Акустика Акустика, сяс бящси 
Acoustomagnetoelectric 
effect 

Акустикомагнитоэлектрический 
эффект 

Акустик-магнит-електрик еффекти 

Acoustimeter Акустиметр Акустиметр 
Acoustic holography Акустическая голография Акустик голографийа 
Acoustic capacitance Акустическая емкость Акустик тутум 
Acoustic lens Акустическая линза Акустик линза 
Acoustic mass Акустическая масса Акустик кцтля 
Acoustic mode Акустическая мода Акустик мода, дяб, адят 
Acoustic feedback Акустическая обратная связь Акустик якс ялагя 
Acoustic compliance Акустическая податливость Акустик тез тясир алтына дцшмяк 
Acoustic system Акустическая система Акустик систем 
Acoustic frequency Акустическая частота Акустик тезлик 
Acoustic pipe Акустическая труба Акустик бору 
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Acoustic characteristic Акустическая характеристика Акустик характеристика 
Acoustic waves Акустические волны Акустик дальалар 
Acoustic oscillation Акустические колебания Акустик рягсляр 
Acoustic wind Акустический ветер Акустик кцляк 
Acoustic altimeter Акустический высотомер Акустик щцндцрлцк юлчян 
Acoustic detector Акустический детектор Акустик детектор 
Acoustic law of Ohm Акустический закон Ома Омун акустика гануну 
Probe microphone Акустический зонд Акустик зонд 
Acoustic impedance Акустический импеданс Акустик импеданс 
Acoustic interferometer Акустический интерферометр Акустик интерферометр 
Acoustic labyrinth Акустический лабиринт Акустик сясляр гарышыьы 
Acoustic ohm Акустический Ом Акустик Ом 
Acoustic transformer Акустический преобразователь Акустик дяйишдирижи апарат 
Acoustic depth sounding Акустический промер глубины Акустик дяринлийи юлчян 
Acoustic resonance Акустический резонанс Акустик резонанс 
Acoustic signal Акустический сигнал Акустик сигнал 
Acoustic spectrum Акустический спектр Акустик спектр 
Acoustic filter Акустический фильтр Акустик филтр 
Acoustic element Акустический элемент Акустик елемент 
Acoustic effect Акустический эффект Акустик еффект 
Acoustic measurement Акустическое измерение Акустик юлчмя 
Acoustic image Акустическое изображение Акустик хяйал 
Acoustic resistance Акустическое сопротивление Акустик мцгавимят 
 Acoustooptic modulation Акустооптическая  модуляция Акустооптик модулйасийа, сясин бир 

тонундан диэяриня кечмя 
Acoustooptical medium Акустооптическая среда Акустооптик мцщит 
Acoustooptical element Акустооптический элемент Акустооптик елемент 
Acoustooptical effect Акустооптический эффект Акустооптик еффект 
Acoustooptical deflection Акустооптическое отклонение Акустооптик кянарачыхма 
Acoustoelectric current Акустоэлектрический ток Акустоелектрик жяряйан 
Acoustoelectric effect Акустоэлектрический эффект Акустоелектрик еффект 
Acceptor Акцептор Аксептор,. щидроэен атомуну юзцня 

бирляшдирян маддя 
Acceptor impurity Акцепторная примесь Аксептор гарышыг 
Acceptor atom Акцепторный атом Аксептор атом 
Acceptor level Акцепторный уровень Аксептор сявиййя 
Proton acceptor Акцептор протона Протонун аксептору 
Electron acceptor Акцептор электронов Електронларын аксептору 
Algebra Алгебра Жябр 
Jordan algebra Алгебра Жордана Ъордан жябри 
Algebraic geometry Алгебраическая геометрия Жябр щяндясяси 
Algebraic group Алгебраическая группа Жябр групу 
Algebraical dependence Алгебраическая зависимость Жябри асылылыг 
Algebraic curve Алгебраическая кривая Жябри яйри 
Algebraical independence Алгебраическая независимость Жябри гейри-асылылыг 
Algebraic singularity Алгебраическая особая точка Жябри мяхсуси нюгтя 
Algebraic surface Алгебраическая поверхность Жябри сятщ 
Algebraic subgroup Алгебраическая подгруппа Жябри алт груп 
Algebraic system Алгебраическая система Жябри систем 
Algebraic structure Алгебраическая структура Жябри гурулуш 
Algebraic sum  Алгебраическая сумма Жябри жям 
Algebraic topology Алгебраическая топология Жябри тополоэийа 
Algebraic point Алгебраическая точка Жябри нюгтя 
Algebraic branch-point Алгебраическая точка 

разветвления 
Жябри шахялянмя нюгтяси 

Algebraic function Алгебраическая функция Жябри функсийа 
Algebraically dependent Алгебраически зависимый Жябри асылы олма 
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Algebraically closed field Алгебраически замкнутое поле Жябри гапалы сащя 
Algebraic analysis Алгебраический анализ Жябри анализ 
Algebraically independent Алгебраический независимый Жябри асылы олмамаг 
Algebraic variety Алгебраическое многообразие Жябри мцхтялифлик, жцрбяжцрлцк 
Algebraic extension Алгебраическое расширение Жябри эенишлянмя 
Algebraic solution Алгебраическое решение Жябри щялл 
Algebraic correspondence Алгебраическое соответствие Жябри уйьунлуг 
Algebraic equation Алгебраическое уравнение Жябри тянлик 
Algebra of logic Алгебра логики Мянтигин жябри 
Matrix algebra Алгебра матриц Матрисалар жябри 
Power associative algebra Алгебра ассоциативными 

степенями 
Ассосиатик дяряжяли жябр 

Algebroid function Алгеброидная функция Жябрли функсийа 
Algorithmic language Алгоритмический язык Алгоритмик дил 
Alidade Алидада Алидада 
Aliphatic compound Алифатическое соединение Алифатик бирляшмя 
Alicyclic compound Алициклическое соединение Алисиклик бирляшмя 
Alkalimetry Алкалиметрия Алкалиметрийа 
Alkid resin Алкидная смола Алкидли гатран 
Allometrism  Аллометрия Аллометрийа 
Allotropy Аллотропия Аллотроплуг 
Allosteric enzyme Аллостерический фермент Аллостерик фермент 
Allotropyc transformation Аллотропическое превращение Аллотропик чевирмя 
Diamond structure Алмазная структура Алмаз гурулушу 
Alphanumeric  Алфавитно-цифровой Ялифбалы-ядяди 
Alphabetic code Алфавитный код Ялифбалы код 
Albedo Альбедо Албедо 
Earth albedo Альбедо Земли Йерин албедосу 
Albedometer Альбедометр Албедометр 
Aldehyde Альдегид Алдещид 
Almucantar Альмукантарат Алмукантарат 
Altazimuth mounting Альтазимутальная монтировка Алтазимутал монтаъ етмя 
Altazimuth mounting Альтазимутальная установка Алтазимутал гурьу 
Alternative hypothesis Альтернативная гипотеза Алтернатив фярзиййя 
Alpha-radioactive nucleus Альфа-активное ядро Алфа-фяал нцвя 
Alpha emitter Альфа-излучатель Алфа-шцаландыран 
Alpha ferrum Альфа-железа Алфа-дямир 
Alpha rays Альфа-лучи Алфа-шцалар 
Alpha-decay, alpha 
disintegration 

Альфа-распад Алфа-чеврилмя 

Alpha-ray spectrum Альфа-спектр Алфа-спектр 
Alpha-ray spectrometer Альфа-спектрометр Алфа-спектрометр 
Alphatron Альфатрон Алфатрон 
Alpha particle Альфа-частица Алфа-зярряжик 
Aluminium coulometer Алюминиевой кулометр Алцминиум кулометри 
Aluminium, aluminum Алюминий Алцминиум 
Amakrine cell Амакриновая клетка Амакрин гяфяси 
Amalgam Амальгама Амалгама 
Amalgam electrode Амальгамный электрод Амалгам електроду 
Ambipolar diffusion Амбиполярная диффузия Амбиполйар диффузийа 
Ameboid movement Амебоидное движение Амебоид щярякят 
Americium Америций Америсиум 
Amino acid Аминокислота Аминотуршу 
Ammonia maser Аммиачный мазер Аммиач мазер 
Shockabsorber Амортизатор Амортизатор 
Amorphous region  Аморфная область Аморф областы 
Amorphous phase Аморфная фаза Аморф фаза 
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Адсорбционнaя изотерма Адсорбсийа изотермляри Adsorbed isotherm 
Адсорбционный ингибитор Адсорбсийа инэибитору Adsorption inhibitor 
Адсорбционный индикатор Адсорбсийа индикатору, тязйиги 

юлчян жищаз 
Adsorption indicator 

Адсорбционный потенциал Адсорбсийа потенсиалы Adsorption potential 
Адсорбционный слой Адсорбсийа гаты Adsorption layer 
Адсорбционный ток Адсорбсийа жяряйаны Adsorption current 
Адсорбция Адсорбсийа, жисимлярин цз тябя-

гясиндя майе вя газларын удул-
масы 

Adsorption 

Азеотропия Азеотропийа Azeotropy 
Азеотропная дистилляция Азеотроп дестилля етмя Azeotropic distillation 
Азеотропная смесь Азеотроп гарышыг Azeotropic mixture, 

 azeotrope 
Азеотропная точка Азеотроп нюгтяси Azeotropic point 
Азимут Азимут Azimuth 
Азимутальное квантовое число Азимутал квант ядяди Azimuthal quantum number 
Азимутальный геомагнитный эффект Азимутал эеомагнит еффекти Azimutal geomagnetic effect 
Азот Азот Nitrogen 
Азотная кислота Нитрат туршусу Nitrogen acid 
Азотный термометр Азотлу термометр Nitrogen thermometer 
Айсберг Айсберг, полйар дянизлярдя цзян 

буз даьы 
Iceberg 

Акво-ион Акво-ион Aquo-ion 
Акклиматизация Йени иглим мцщитиня уйьунлашма Acclimatization, acclimation 
Аккумулятор Акумулйатор Accumulator 
Аклина Аклин Acline 
Аклиническая кривая Аклин яйриси Aclinic line 
Аклиновый двойник Адамын аклин охшары  Acline twin 
Акселерометр Акселерометр Accelerometer 
Аксиальная мода Аксиал мода Axial mode 
Аксиальная симметрия Аксиал симметрийа Axial symmetry 
Аксиальный вектор Аксиал вектор Axial vector 
Аксиома Архимеда Архимед аксиомасы Archimedes’s axiom 
Аксиома бесконечности Сонсузлуг аксиомасы Axiom of infinity 
Аксиома выбора Сечки аксиомасы Axiom of choice 
Аксиома непрерывности Кясилмязлик аксиомасы Axiom of continuity 
Аксиома о параллельных Паралеллик щагда аксиома Axiom of parallels 
Аксиома отдельности Айрылыг аксиомасы Separation axiom 
Аксиома Пеано Пеано аксиомасы Peano’s axiom 
Аксиома счетности Сай, щесаб аксиомасы Countability axiom 
Аксиоматизация Аксиоматизасийа Axiomatization 
Аксиоматическая теория множеств Чохлуьун аксиоамтик нязяриййяси Axiomatic set theory 
Аксиома треугольника Цчбужаг аксиомасы Triangle axiom 
Аксонометрическая проекция Аксонометрик пройексийа Axonometric projection 
Аксоплазма Аксоплазма Axoplasm 
Активатор Активляшдирижи. фяаллашдырыжы Activator 
Активационное перенапряжение Щяддиндян артыг активляшдирилмиш 

эярэинлик 
Activation overvoltage 

Активационный анализ Активатик анализ Activation analysis 
Активационный потенциал Активатик потенсиал Activation potential 
Активация Активасийа Activation 
Активирование Активасийа Activation 
Активированная адсорбция Активляшдирилмиш адсорбсийа Activated adsorption 
Активированное состояние Активляшдирилмиш щал Activated state 
Активированный комплекс Активляшдирилмиш комплекс (топлу) Activated complex 
Активированный уголь Активляшдирилмиш кюмцр Active carbon 
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Активная гравитационная масса Актив гравитасийа кцтляси Active gravitational mass 
Активная зона Актив зона Core 
Активная молекула Актив молекул Active molecule 
Активная мощность Актив эцж Active power 
Активная область на Солнце Эцняшдя актив област Solar active region 
Активная проводимость Актив кечирижилик Conductance  
Активная решетка Актив гяфяс Active lattice 
Активная составляющая Актив тяркиб щиссяси Active component 
Активная среда Актив мцщит Active medium 
Активная схема Актив схем Active circuit 
Активная турбина Актив турбин Impulse turbine 
Активное вещество Актив маддя Active substance 
Активное сопротивление Актив мцгавимят Pure resistance 
Активное состояние Актив щал Active state 
Активность Активлик, фяаллыг Activity 
Активность ионов Ионларын активлийи Ion activity 
Активность оптическая Оптик активлик Optical activity 
Активность поверхностная Сятщи активлик Surface activity 
Активность термодинамическая Термодинамик активлик Thermodynamic activity  
Активный азот Актив азот Active nitrogen 
Активный водород Актив щидроэен Active hydrogen 
Активный газ Актив газ Active gas 
Активный ион Актив ион Active ion 
Активный металл Актив метал Active metal 
Активный протуберанец  Актив протуберанс, Эцняш сят-

щиндя кюзярмиш газ кцтляляри 
Active prominence 

Активный слой Актив тябягя Active layer 
Активный спутник Актив пейк Active satellite 
Активный центр Актив мяркяз Active center 
Активный электрод Актив електрод Active electrode 
Активный элемент Актив елемент Active element 
Актин Актин Actin 
Актиний Актиниум Actinium 
Актиноид Актиноид Actinoid 
Актиноидное сжатие Актиноид сыхма Actinide contraction 
Актинометр Актинометр, Эцняш шцаларынын 

интенсивлийини юлчян жищаз 
Actinometer 

Актинометрия Актинометрийа Actinometry 
Актиноуран Актиноуран Actinouranium 
Актомиозин Актомиозин Actomyosin 
Акустика Акустика, сяс бящси Acoustics 
Акустикомагнитоэлектрический 
эффект 

Акустик-магнит-електрик еффекти Acoustomagnetoelectric 
effect 

Акустиметр Акустиметр Acoustimeter 
Акустическая голография Акустик голографийа Acoustic holography 
Акустическая емкость Акустик тутум Acoustic capacitance 
Акустическая линза Акустик линза Acoustic lens 
Акустическая масса Акустик кцтля Acoustic mass 
Акустическая мода Акустик мода, дяб, адят Acoustic mode 
Акустическая обратная связь Акустик якс ялагя Acoustic feedback 
Акустическая податливость Акустик тез тясир алтына дцшмяк Acoustic compliance 
Акустическая система Акустик систем Acoustic system 
Акустическая частота Акустик тезлик Acoustic frequency 
Акустическая труба Акустик бору Acoustic pipe 
Акустическая характеристика Акустик характеристика Acoustic characteristic 
Акустические волны Акустик дальалар Acoustic waves 
Акустические колебания Акустик рягсляр Acoustic oscillation 
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Акустический ветер Акустик кцляк Acoustic wind 
Акустический высотомер Акустик щцндцрлцк юлчян Acoustic altimeter 
Акустический детектор Акустик детектор Acoustic detector 
Акустический закон Ома Омун акустика гануну Acoustic law of Ohm 
Акустический зонд Акустик зонд Probe microphone 
Акустический импеданс Акустик импеданс Acoustic impedance 
Акустический интерферометр Акустик интерферометр Acoustic interferometer 
Акустический лабиринт Акустик сясляр гарышыьы Acoustic labyrinth 
Акустический Ом Акустик Ом Acoustic ohm 
Акустический преобразователь Акустик дяйишдирижи апарат Acoustic transformer 
Акустический промер глубины Акустик дяринлийи юлчян Acoustic depth sounding 
Акустический резонанс Акустик резонанс Acoustic resonance 
Акустический сигнал Акустик сигнал Acoustic signal 
Акустический спектр Акустик спектр Acoustic spectrum 
Акустический фильтр Акустик филтр Acoustic filter 
Акустический элемент Акустик елемент Acoustic element 
Акустический эффект Акустик еффект Acoustic effect 
Акустическое измерение Акустик юлчмя Acoustic measurement 
Акустическое изображение Акустик хяйал Acoustic image 
Акустическое сопротивление Акустик мцгавимят Acoustic resistance 
Акустооптическая  модуляция Акустооптик модулйасийа, сясин 

бир тонундан диэяриня кечмя 
 Acoustooptic modulation 

Акустооптическая среда Акустооптик мцщит Acoustooptical medium 
Акустооптический элемент Акустооптик елемент Acoustooptical element 
Акустооптический эффект Акустооптик еффект Acoustooptical effect 
Акустооптическое отклонение Акустооптик кянарачыхма Acoustooptical deflection 
Акустоэлектрический ток Акустоелектрик жяряйан Acoustoelectric current 
Акустоэлектрический эффект Акустоелектрик еффект Acoustoelectric effect 
Акцептор Аксептор,. щидроэен атомуну 

юзцня бирляшдирян маддя 
Acceptor 

Акцепторная примесь Аксептор гарышыг Acceptor impurity 
Акцепторный атом Аксептор атом Acceptor atom 
Акцепторный уровень Аксептор сявиййя Acceptor level 
Акцептор протона Протонун аксептору Proton acceptor 
Акцептор электронов Електронларын аксептору Electron acceptor 
Алгебра Жябр Algebra 
Алгебра Жордана Ъордан жябри Jordan algebra 
Алгебраическая геометрия Жябр щяндясяси Algebraic geometry 
Алгебраическая группа Жябр групу Algebraic group 
Алгебраическая зависимость Жябри асылылыг Algebraical dependence 
Алгебраическая кривая Жябри яйри Algebraic curve 
Алгебраическая независимость Жябри гейри-асылылыг Algebraical independence 
Алгебраическая особая точка Жябри мяхсуси нюгтя Algebraic singularity 
Алгебраическая поверхность Жябри сятщ Algebraic surface 
Алгебраическая подгруппа Жябри алт груп Algebraic subgroup 
Алгебраическая система Жябри систем Algebraic system 
Алгебраическая структура Жябри гурулуш Algebraic structure 
Алгебраическая сумма Жябри жям Algebraic sum  
Алгебраическая топология Жябри тополоэийа Algebraic topology 
Алгебраическая точка Жябри нюгтя Algebraic point 
Алгебраическая точка разветвления Жябри шахялянмя нюгтяси Algebraic branch-point 
Алгебраическая функция Жябри функсийа Algebraic function 
Алгебраически зависимый Жябри асылы олма Algebraically dependent 
Алгебраически замкнутое поле Жябри гапалы сащя Algebraically closed field 
Алгебраический анализ Жябри анализ Algebraic analysis 
Алгебраический независимый Жябри асылы олмамаг Algebraically independent 
Алгебраическое многообразие Жябри мцхтялифлик, жцрбяжцрлцк Algebraic variety 
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Алгебраическое расширение Жябри эенишлянмя Algebraic extension 
Алгебраическое решение Жябри щялл Algebraic solution 
Алгебраическое соответствие Жябри уйьунлуг Algebraic correspondence 
Алгебраическое уравнение Жябри тянлик Algebraic equation 
Алгебра логики Мянтигин жябри Algebra of logic 
Алгебра матриц Матрисалар жябри Matrix algebra 
Алгебра ассоциативными степенями Ассосиатик дяряжяли жябр Power associative algebra 
Алгеброидная функция Жябрли функсийа Algebroid function 
Алгоритмический язык Алгоритмик дил Algorithmic language 
Алидада Алидада Alidade 
Алифатическое соединение Алифатик бирляшмя Aliphatic compound 
Алициклическое соединение Алисиклик бирляшмя Alicyclic compound 
Алкалиметрия Алкалиметрийа Alkalimetry 
Алкидная смола Алкидли гатран Alkid resin 
Аллометрия Аллометрийа Allometrism  
Аллотропия Аллотроплуг Allotropy 
Аллостерический фермент Аллостерик фермент Allosteric enzyme 
Аллотропическое превращение Аллотропик чевирмя Allotropyc transformation 
Алмазная структура Алмаз гурулушу Diamond structure 
Алфавитно-цифровой Ялифбалы-ядяди Alphanumeric  
Алфавитный код Ялифбалы код Alphabetic code 
Альбедо Албедо Albedo 
Альбедо Земли Йерин албедосу Earth albedo 
Альбедометр Албедометр Albedometer 
Альдегид Алдещид Aldehyde 
Альмукант0арат Алмукантарат Almucantar 
Альтазимутальная монтировка Алтазимутал монтаъ етмя Altazimuth mounting 
Альтазимутальная установка Алтазимутал гурьу Altazimuth mounting 
Альтернативная гипотеза Алтернатив фярзиййя Alternative hypothesis 
Альфа-активное ядро Алфа-фяал нцвя Alpha-radioactive nucleus 
Альфа-излучатель Алфа-шцаландыран Alpha emitter 
Альфа-железа Алфа-дямир Alpha ferrum 
Альфа-лучи Алфа-шцалар Alpha rays 
Альфа-распад Алфа-чеврилмя Alpha-decay, alpha 

disintegration 
Альфа-спектр Алфа-спектр Alpha-ray spectrum 
Альфа-спектрометр Алфа-спектрометр Alpha-ray spectrometer 
Альфатрон Алфатрон Alphatron 
Альфа-частица Алфа-зярряжик Alpha particle 
Алюминиевой кулометр Алцминиум кулометри Aluminium coulometer 
Алюминий Алцминиум Aluminium, aluminum 
Амакриновая клетка Амакрин гяфяси Amakrine cell 
Амальгама Амалгама Amalgam 
Амальгамный электрод Амалгам електроду Amalgam electrode 
Амбиполярная диффузия Амбиполйар диффузийа Ambipolar diffusion 
Амебоидное движение Амебоид щярякят Ameboid movement 
Америций Америсиум Americium 
Аминокислота Аминотуршу Amino acid 
Аммиачный мазер Аммиач мазер Ammonia maser 
Амортизатор Амортизатор Shockabsorber 
Аморфная область Аморф областы Amorphous region  
Аморфная фаза Аморф фаза Amorphous phase 
Аморфное вещество Аморф маддя Amorphous substance 
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