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The investigation results of the purification process of manufacturing waters of leather -processing with the application of the electro-
discharge influence are given in the paper. 

The optimal mode of the absorbing purification of manufacturing waters with the help of the zeolite of the trend NaMTb , activated by the 
influence of the electric discharge of the barrier type has been revealed. 

The suggested method can be interest for the manufactures of the leather -processing. 
 
The scientific-technological   progress and connected with 

it the large scale of the industrial human activity led to the 
big positive transformations in the world, to the creation of 
the strong industrial and agricultural potentials, to the wide 
development of all kinds of transport, to irrigation and 
melioration of big ground areas, to the creation of the systems 
of the artificial climate. 

Moreover, the state of the environment has been 
worsened. The pollution of the atmosphere, basins and soil 
by the solid, liquid and gaseous wastes achieves huge sizes, 
the exhaustion of the irreplaceable natural resources and 
firstly of the minerals and sweet water takes place [1]. 

That’s why the nature protection from the pollution has 
become the one of the important global problems. 

The intensive use of the waters of the different sources in 
the industry for the technical use and also the discharge of the 
waste waters in the nature basins needs the maximal their 
purification from the different harmful impurities. 

It is need to note, that manufacturing waters of the 
different plant facilities are very different by the 
compositions, containing different impurities. In the result of 
this, it is impossible to suggest some universal purification 
methods, providing the satisfactory purity of the cleanable 
waters of the different compositions. 

There are several methods for the purification of the 
manufacturing waters: physico-chemical, biological, 
mechanical and others. 

The physico-chemical methods of the purification are: 
coagulation, flotation, absorption, ion exchange, extraction, 
rectification, crystallization, desorption and others. These 
methods are used for the removal of the thin-dispersed 
suspended particles (solid and liquid), soluble gases, mineral 
and organic substances from the manufacturing waters. The 
choice of this or that purification method (or several 
methods) is carried out taking into account sanitary and 
technological demands, making to purified manufacturing 
waters with the purpose of their further use, and also taking 
into account the quantity of manufacturing waters and 
pollution concentration in them, the presence of the needed 
material and energetical resources and process economy 
[2,3]. 

The investigation results of the purification processes of 
manufacturing waters of the leather manufacture with the 
application of the absorption method are described in the 
given paper. 

In the paper the zeolite by the trend NaMTb is used in the 
capacity of the absorbents. The activation with the 
application of the electric discharge of the barrier type was 

carried out with the goal of increase of the zeolite absorption 
capability.  

It had been established earlier   zeolites absorb very 
effectively the impurities from the hydrocarbon liquids, they 
reveal the barrier role in respect of   some mineral oil: xylene, 
toluene, benzol, phenol and others after electric-discharge 
activation [4-7]. 

At the electric-discharge activation the filter cycle 
increases, but water flow on the ablution of the filtering layer 
decreases. The decrease of the drop rate of the filtering 
velocity at the repeated cycles has been also established.   

The thermal treatment of the zeolite absorbents of the 
trend NaMTb at 800°C with the pumping during five hours 
was carried out on the preparatory step of the investigations. 
Further the samples of the absorbents were treated by the 
electric-discharge activation. The electric-discharge 
activation of the absorbents was carried out in the special 
discharge camera, the construction of which allowed to excite 
the electric charge of the barrier type in the interelectrode space. 

The treatment by the barrier charge was carried out at the 
alternating voltage 17 kV, discharge current 100 mA, time 
duration of the treatment was 30 minutes. 

The principal electric schema is presented in the fig.1. 

 
Fig.1 
 
After discharge treatment the zeolite absorbents of the 

trend NaMTb were putted in the special glassy reactor and the 
tests of manufacturing water of the leather manufacture were 
gone through them. 

The technological schema of the experiment carrying out 
is presented in the fig.2. 
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Fig. 2.  

After carrying out of the purification processes, each 
water test with the test of the initial (crude) water was treated 
by the chemical analysis. 

The results of the carrying out of the investigations are 
presented in the table. From the comparison of the data 
analysis follows, that content of such impurities as                 
and others has been decreased significantly in the result of 
the purification. 

  Thus, it is established, that application of the influence 
of the barrier discharge at these conditions also increases 
significantly the efficiency of the absorbing purification of 
the given manufacturing waters.  

  The suggested method presents itself the perspective 
technology of the purification of manufacturing waters of 
leather -processing.

 
                                                                                                                                                         Table 1. 

The results of the chemical analysis of the water tests from the impurities. 
 

 
Impurity content in water 

Name of indexes Measurement
units 

Initial Crude 
Electro-
redused 
NaMTb 

pH (hydrogen ion exponent) Un 12,5 12,05 11,8 

Electric conductivity mS/sm mg/l 46400 40800 35600 

ТDS (total dissolved solids) Ppm 
(mg/l ) 

40600 35000 3000 

∑ion Mineralization mg/l  43188   
Dry residue (105%) mg/l 42425 39040 38210 
Dry residue (150%) mg/l  36875 33882 22000 
Thick residue (600%) mg/l 25285 23120 20700 
PPPcalcination % mg/l 40,4 40,8 39,8 
PPP losses mg/l 43,4 39 25 
Turbidity (optical density) un/cm 3,8 2,5 0 
HCO3

− mg/l  18,4 16 0 
CO3

2− mg/l 6000 444 354 
OH− mg/l 272 170 100 
Ca2+ mg/l  521 60 40 
Na+ mg/l 17377 14851 13220 
NH4

+ mg/l 875 212,7 0 

NaHCO3
 

 
mg/l 
 

10388 5000 100 

Na2CO3 mg/l 10388 5000 100 
NaOH mg/l 196 170 80 
Ca(OH)2 mg/l 592,6 200 0 
NH4Cl mg/l 2598,2 1234,8 0 
Sera compounds, oxidated by iodine  (on 
H2S) 

 
mg/l 
 

 
32846 

 
2846,7 

 
0 

−− ++∑ 2
2 SHSSH  mg/l 6166 4831 4250 

S2- mg/l 809 282 221 
HS- mg/l 5499 5240 461 
PO4

3- mg/l 130 130 70 
Chlorides, Cl- mg/l 90000 5261 4885 
Na2S mg/l 167,45 100 50 
 SiO3

2- mg/l 8048 7349 10 
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Ì.ß. Ùÿñÿíîâ 
 

ÀÐÀÊßÑÌßËÈ ÃÀÇÁÎØÀËÌÀÑÛÍÛÍ ÒßÑÈÐÈ ØßÐÀÈÒÈÍÄß ÄßÐÈ, ÑßÍÀÉÅ ÒÓËËÀÍÒÛ ÑÓËÀÐÛÍÛÍ 
ÑÅÎËÈÒÄß ÒßÌÈÇËßÍÌßÑÈ 

 
Ìÿãàëÿäÿ äÿðè ñÿíàéå òóëëàíòû ñóëàðûíûí àøãàðëàðäàí òÿìèçëÿíìÿñèíÿ äàèð òÿäãèãàòëàðäàí àëûíìûø íÿòèúÿëÿð øÿðù åäèëìèøäèð. Ýþñòÿðèëìèøäèð 

êè, àðàêÿñìÿëè åëåêòðèê ãàç áîøàëìàñûíäà àêòèâëÿøäèðèëìèø ÍàÌÒá  ìàðêàëû ñèíòåòèê ñåîëèòäÿí êå÷èðèëÿí äÿðè ñÿíàéå òóëëàíòû ñóëàðûíûí 
òÿìèçëÿíìÿñèíèí îïòèìàë íÿòèúÿëÿðè ìöÿééÿíëÿøäèðèëìèøäèð. 

 
М.А. Гасанов 

ИСПОЛЬЗОВАНИЕ ЦЕОЛИТА ДЛЯ АДСОРБЦИОННОЙ ОЧИСТКИ КОЖЕВЕННЫХ 
ПРОИЗВОДСТВЕННЫХ СТОЧНЫХ ВОД ПРИ ВОЗДЕЙСТВИИ ЭЛЕКТРИЧЕСКИХ РАЗРЯДОВ 

 
В статье приводятся результаты исследований процесса очистки сточных вод кожевенного производства с применением 

электроразрядного воздействия. 
Выявлен оптимальный режим адсорбционной очистки сточных вод с помощью цеолитов марки ÍàÌÒá , активированного 

воздействием на них электрического разряда барьерного вида. 
Предложенный метод может представлять интерес для предприятий кожевенного производства.     
                
Received: 23.02.05 
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SEMICONDUCTORS OF Se-Te SYSTEM 
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In the stationary regime, the measurements of VAC of pure containing chlorine impurities (0,001; 0,005; 0,01; 0,1 at.%) of HGS system 

Se100-x Tex (х = 0; 1; 2,5; 5; 10 at.%) in the structure of the type Te - Se100-x Tex  - Al , have been carried out. It is established, that in the given 
structure, the current going mechanism is caused by the currents, limited by space charge and definite parameters (concentration and 
activation energy), controlling the transfer of electric charges. It is also established, that the tellurium addition in the amorphous selenide, 
bigger than 2 at. %, causes the increase of the increase of density state of negatively charged defects D. 

 
Introduction. 
The complex investigation of optical and photoelectric 

properties of chalcogenide glassy semiconductors (HGS) of 
Se-Te system [1-3] showed that change of chemical 
composition and input of impurities of halogens strongly 
influences on the energy spectrum of electronic states near 
the boundary of permitted bands and in the chink of mobility 
also. It must influence on material properties connected with 
the electric charge transfer. The aim of the present work is 
the revealing of current going mechanism in (HGS) of Se-Te 
system. With this purpose the volt-ampere characteristics 
(VAC) of HGS of Se100-x Tex ( x=0; 1; 2,5; 5; 10 at.%) system 
and HGS of Se95Te5  system also, containing the chlorine 
impurities (0,001; 0,005; 0,01; 0,1 at.%) have been measured. 

 
Experiment technique. 
The samples for measurements had structure by the type 

“sandwich” and presented themselves films, prepared by 
thermal evaporation in the vacuum at the residual pressure 
10-6mm. of mercury. The polished glass substrates have been 
used on which the lower electrode from aluminum or In2O3 
was applied. The upper electrode was film from tellurium, 
evaporated on the layer of the investigated material in the 
vacuum. The chemical composition of the film was the same, 
as in the suspended matter. The substrate temperature was 
controlled with the help of thermocouple. 

VAC of the samples were measured on the direct current 
in the darkness. The polarity of applied voltage is “plus” on 
the tellurium electrode. 

 
Experimental results and their analysis. 
VAC of HGS samples of system (Se100-x Tex  (х = 0; 1; 5; 

10 at.%) and HGS of Se95Te5 system, containing the 
impurities of chlorine (0,001; 0,005; 0,01; 0,1 at.%) 
correspondingly are given on the fig.1 and 2. Thicknesses of 
all samples are equal 10 mcm. 

As it is seen, VAC contains from the several strongly 
expressed straight-line portions, corresponding to the degree 
dependence of current I on applied voltage V in the double 
logarithmic scale. The first portion corresponds to Ohm law 
(i.e. dependence I~Vn, where n=1). The quadratic dependence 
of the current on the voltage (n=1,8-2) is observed on the 
second portion and on the third portion  the current increases 
with the voltage in the degree n>2. VAC of HGS samples of 
Se-Te system with the tellurium concentration about 2 -5 
at.% have the two portions with quadratic and degree 
dependences of the current on the voltage, where n>2. VAC 
of HGS of Se95Te5 system at the different temperatures are 

shown in the fig.3. As it is seen from the figure, the voltage 
corresponding to VAC bending between ohmic and quadratic 
portions increases with the temperature increase. 

 
Fig.1. The volt-ampere characteristics of Se-Te system at the  
           room temperature for the compositions 1 - Se;  
           2 - Se99Te1; Se95Te5; Se90Te10. 

 
Such VAC behaviour is characteristic for the currents, 

limited by volume charge (CLVC), at the presence of the 
levels of hole attachment, situated lower than Fermi F0 level, 
i.e. the condition (F0–Et)/kT>1 is fulfilled. The observable 
peculiarities of VAC prove that energy position and 
concentration of attachment levels depend on the chemical 
composition and on the concentration of inputted atoms of 
chorine impurities.  

In a particular, in HGS of Se95Te5 system the observable 
peculiarities of VAC testify the existence of the two groups 
of trap centers, located between ceiling of valence band and 
Fermi level. In the frameworks of CLVC theory, the attempt, 
in order to explain the given peculiarities VAC has been 
done. 

At the small values of the voltage applied of the sample 
the charge carrier injection from electrode is small and layer 
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conductivity stays ohmic because of the presence some 
quantity of the equilibrium charge carriers. Using the 
following obtained value 

 
                    I=µenV/L                                              (1)    
                                

          n = Nvexp( - (F0 - Ev )/kT).                          (2) 
 

of concentration of the equilibrium holes n from formula(1)  
the position of Fermi level (F0 - Fv) with the help of the 
formula (2) is obtained 
 

 
Fig.2. The volt-ampere characteristics of формула composition  
           with chlorine impurity: 1- Se95Te5Cl0,001; 2- Se95Te5Clo,005;  
           3- Se95Te5Cl0,01; 4- Se95Te5Cl0,1. 
 

. Here µ is hole mobility; e is elementary charge, L is distance 
between electrodes, V is applied voltage, I is current density, 
Nv is effective density of the states in the valence band, kT is 
heat energy. The obtained values for the all samples are 
presented in the table. 

  At the voltage increase, because of the charge carrier 
injection from electrode, the hole concentration increases, 
and when they become bigger, than concentration of 
equilibrium holes, then the current subordinates to the law [4]: 

 

                       I = ε µV2/L3   ,                                  (3) 
 

where ε is statical dielectric constant of the material. 

 
 
Fig.3. The volt-ampere characteristics of Se95Te5 composition 
            at the room temperatures 20K, 35K, and 55K,  
            correspondingly (from bottom to top)  

                    
In the case, when traps are existed, the parameter θ is 

input, defining the part of free charge carriers on the total 
charges: 

                           θ  = Nv/Nt exp(- Et/kT ),                       (4) 
 

where Nt is concentration of small traps, ET is activation 
energy of the traps. 

In this case VAC  are described by the equation (3), but 
for µ it is need to use expression µ=θµо, where µо is mobility 
of free charge carriers. 

The transversal voltage between portions, subordinating 
to ohmic and quadratic laws, is defined by the expression: 

 
                             V1 = entL2/2ε ,                                (5) 

 
where nt is thermal equilibrium concentration of charge 
carriers. At V>V1 , the traps gradually fill up and at the 
defined voltage value become totally filled. According to 
CLSC theory, voltage, at which the total trap filling begins, is 
defined by the expression 
 
 

                           V2 = eNtL2/2ε .                                (6). 
 
With the help of the equation (6), the concentration Nt of 

traps, which is 1013–1014сm-3 has been calculated. The trap 
parameters (concentration and activation energy) were 
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calculated b by the formula(6), and also from the temperature dependence of θ. The obtained results are presented in the table 1.
                                                                                                                       
                                                                                                                                                                 Table 1. 

The traps parameters of HGS of Se-Te system. 
 

Material F0 - Ev,eV Et1, eV Nt1, cm-3 Et2, eV  Nt2, cm-3 
Se 1,09 0,87 2×1013 ⎯ ⎯ 
Se99Te1 1,08 0,81 5×1015 ⎯ ⎯ 
Se98,5Te1,5 1,05 0,80 2×1017 ⎯ ⎯ 
Se95Te5 1,05 0,84 2×1016 0,67 5. 1018 
Se90Te10 1,02 0,82 1×1016 ⎯ ⎯ 
Se95Te5Cl0,001 1,05 0,86 1×1016 0,75 1018 
Se95Te5Cl0,005 1,05 0,80 2×1016 0,70 1018 
Se95Te5Cl0,01 1,05 0,80 5×1015 ⎯ ⎯ 
Se95Te5Cl0,1 1,05 0,80 2×1015 ⎯ ⎯ 

 
At the calculations the following number values of parameters 

of the investigated materials, are used: Nv=9,5⋅ 1019cm-3 [5], 
ε=5,5⋅10-11 F/m [6], µо=10-3 m2/V sec. [7]. 

As it is seen from the table, at the addition of the 
tellurium in selenium, the concentration of local states 
strongly increases (bigger, than in 100 times), but if tellurium 
concentration 5 at.%, the second group of localized states, 
situated near to the ceiling of valence band, appears. From 
the work [8] it is known, that tellurium, inputted in selenium, 
destroys selenium chains, in the result of which they become 

shorter and concentration of broken bonds increases. 
Obviously, these broken bonds are traps for hales. It is 
established by us [1-2] that tellurium additions in the 
amorphous selenium bigger than 2 at.%, causes the increase 
of the state density of negatively charged defects D. The 
decrease of the trap concentrations at the addition of the 
electronegative chlorine impurity in HGS of  Se-Te system 
allows us to proceed, that hole traps in the given HGS 
material connect with the negatively charged defects D.
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С.И. Мещдийева, А.И. Исайев, Э.А. Мяммедов, З.А. Агамалийев 

 
Се-Те ХАЛКОГЕНИД ШЦШЯВАРИ ЙАРЫМКЕЧИРИЖИ СИСТЕМЛЯРДЯ ЩЯЖМЛИ ЙЦКЛЯ 

МЯЩДУДЛАШДЫРЫЛМЫШ ЖЯРЯЙАНЛАР 
 

Стасионар реъимдя тямиз вя хлор ашгарлары (0,001; 0,005; 0,01; 0,1 ат.%) ялавя едилмиш шцшявари халкоэенид йарымкечирижи 
Se100-x Tex системи ясасында щазырланан Te - Se100-x Tex  - Al  структурунун волт-ампер характеристикасы тядгиг едилмишдир. Мцяййян 
едилмишдир ки, щямин структурда йцк дашыйыжыларын кючцрцлмя механизми щяжми йцклярля мящдудлашан жярйанларла ялагядардыр, вя 
кючцрцлмя просесини идаря едян локал щалларын параметрляри (консентрасийасы вя активляшмя енеръиси) тяйин олунмушдур. Щямчинин 
мцяййян олунмушдур ки, аморф селеня ялавя едилмиш теллурун мигдары 2%-дан бюйцк олдугда, мянфи йцклц дефектлярин 
консентрасийасы артыр. 
 

С.И. Мехтиева, А.И. Исаев, Э.А. Мамедов, З.А. Агамалиев 
                 

TОКИ,  ОГРАНИЧЕННЫЕ   ОБЪЕМНЫМ  ЗАРЯДOМ, В  ХАЛЬКОГЕНИДНЫХ  СТЕКЛООБРАЗНЫХ 
ПОЛУПРОВОДНИКАХ  СИСТЕМЫ  Se – Te 

 
В стационарном режиме были проведены измерения вольтамперных  характеристик (ВАХ) чистых и содержащих примеси 

хлора (0,001; 0,005; 0,01; 0,1 ат.%) ХСП систем Se100-x Tex (х = 0; 1; 2,5; 5; 10 ат.%) в структуре типа Te - Se100-x Tex  - Al. 
Установлено, что в указанной структуре механизм токопрохождения обусловлен токами, ограниченными объёмным зарядом,  и 
определены параметры (концентрация и энергия активации), контролирующие перенос электрических зарядов. Также установлено, 
что добавка теллура в аморфный селен, превышающая 2 ат.% , способствует увеличению плотности состояний отрицательно 
заряженных дефектов D-. 
 

Received: 23.02.05 



ФИЗИКА                                                          2005                                                    ЖИЛД XЫ №1-2 
 

 
THE SPECIFIC HEAT OF THE SURFACE FORMATION OF LIQUIDS 

 
E.A. EYVAZOV, A.A. ABUSHOVA, Y.M. ABASOV 

The Azerbaycan Pedagogy University 
Baku, Az-1000, U.Hajibeckov. str.,4 

 
 A.U. MAKHMUDOV 
Baku State University 

 Baku, Az-1145, Z.Halilov str.,23 
 

The semi-phenomenological method, allowing one to establish the temperature dependence of the specific heat of the 
surface formation (SHS) of liquids on the base of density value at two arbitrary temperatures is considered. 

The given method is applied to the liquid alkaline metals and the correlation between thermal direction coefficient, SHS, 
bond energy and liquid molecular mass is established 

 
The processes, carrying out on the two phases interface 

are special and differ from volume phenomena significantly. 
The osculating phases are divided by the narrow transitive 
layer, the atomic (molecular) structure of which strongly 
differs from structures of divided phases. In a particular, the 
interatomic distances in the subsurface layers of crystal 
(liquid) are in average on ~10% more, than in the volume. 
That’s why the physical parameters, with the help of which 
the volume phenomena are described, aren’t enough for 
surface phenomena and it is need to introduce the new 
characteristics, connected with the surface immediately. One 
of such values is the specific heat of the surface formation 
(SHS), which means energy physically, needed for isothermal 
formation of free unit surface. As all values characterizing 
the thermodynamic properties of the surface are expressed by   
the surface tension and it connects immediately with the 
specific heat of the surface formation, so the urgency of 
investigation of the last one becomes more significant. 

In spite of the many theoretical and experimental 
investigations [see 1-4], because of the complexity of the 
structure of subsurface layer and unknowing of the potential 
of intermolecular interaction, nowadays the uniform approach 
to the surface phenomena in liquids doesn’t exist. 

In the given article some practically suitable semi-
phenomenological method of the establishment of 
temperature dependence of the specific heat of the surface 
formation of liquids is suggested. 

With the help of the potential method [5] and also 
thermodynamical cycles one [6] it can be shown that the 
temperature dependence of the surface tension coefficient of  
liquids (σ) in the general case is defined as follows  

 

                                
T
q

dT
d

−=
σ

    ,                          (1) 

 
where q is the heat quantity, absorbing at the reversible 
isothermal change of unit surface area and is equal to the 
difference of the specific surface energy and the work at the 
isothermal expansion of the interface on the unit.(This value 
is often called by the specific heat of the surface formation). 
From another hand, the thermal direction coefficient of the 
surface tension of many liquids is well expressed by the 
following expression [7]: 

 

                      
3/2

B
dT
d

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

µ
ρσ

 ,                    (2) 

 
where ρ is the liquid density; µ is the liquid molecular mass. 
В≅2,1g⋅cm2⁄sec2⋅grad. is the numerical coefficient. From the 
formulae (1) and (2), we have: 
 

         TAT)(1,2q 3232 ⋅⋅=⋅= ρ
µ
ρ

  ,        (3) 

 
where А=2,1µ 2⁄3 is the constant value for the given liquid 
(table 2).  

 

 
   

Fig.1. .The temperature dependence of the specific heat of the 
surface formation of liquid alkaline metals. 

            
As it is followed from the formula (3), the heat of the 

surface formation depends on the temperature. Knowing the 
temperature dependence of the liquid density with the help of 
formula (3), we can establish the analytical form of 
dependence q=q(T). With the help of experimental values of   
liquid alkaline metals density, taken from the formula [8] at 
the different temperatures, we have calculated q values. The 
corresponding results are given in the fig.1. As it is seen, in 
the temperature interval 400K≤T≤1100K for all chosen 
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liquids, the dependence q=q(T) has linear character, i.e. the 
specific heat of the surface formation of liquid alkaline 
metals with the temperature increase increases according to 
the linear law. As the given linearity doesn’t mean the 
temperature independence of the thermal angular coefficient 

of the heat of the surface formation, i.e. const
dT

dq
T ==α , so 

it is obviously, that 
 

                      q(T)=αT⋅T+C  .                                (4) 
 

For the finding of integration constant C, we assume, that 
at the arbitrary temperature T=Tr, the heat of the surface 
formation, calculated by means of the known density ρ=ρr , 
is equal qr. Then from the formula (4), we have: 

 

                         q(T)=qr+αT⋅(T-Tr) .                     (5) 
 

The formula (5) is the analytical expression of above 
mentioned linear dependence q=q(T) and allows to establish 
the temperature dependence of the specific heat of the surface 
formation of liquids by means of  the density values at two 
arbitrary temperatures. Indeed, let’s suppose that at the 
temperatures T1 and T2, the density is equal to ρ1 and ρ2 
correspondingly. Then with the help of the formulae (5) and 
(3), after simple transformations, we obtain:  

                           

( )⎥
⎦

⎤
⎢
⎣

⎡
⋅−⋅

−
−

+⋅⋅= 1
3/2

12
3/2

2
12

1
1 TT

TT

TT
T ρρρµ 2/3

1
2/3-2.1q(T)                  

                                                                                       (6). 
 

(In the formula (6), it is supposed, that T2>T1, i.e. ρ2<ρ1). 

It is clear, that formula (6) has universal character, i.e. it 
is suitable for all normal liquids. 

 

 
Fig.2. The dependence of thermal angular coefficient (αT) on  
          the bond energy (Eb) and molecular masses (µ-) of liquid  
          alkaline metals. 
 
As it  follows from the above mentioned, at the presence 

of  the density data in the wide temperature interval it is 
necessary the specific heat  of surface formation  to calculate 
on the formula (3); and on the two density values, the 
dependence q=q(T) can be established on the formula (6). 
For the liquid alkaline metals q values, calculated by the both 
methods, well coincide (table 1).

                                                                                                                                                                                  Table 1.  
SHS of liquid direction metals, calculated on the formulae (3) (q3) and (6) (q6). 

 
Na K Rb q6 / q3  

T, K q3 q6 q3 q6 q3 q6 Na K Rb 
400 
500 
600 
700 
800 
900 

1000 

98.29 
120.72 
142.27 
162.92 
182.82 
201.66 
219.58 

98.28 
120.71 
143.14 
165.57 
188.00 
210.43 
232.86 

63.48 
77.83 
91.53 
104.58 
116.97 
128.66 
139.63 

63.49 
77.84 
92.19 
106.54 
120.89 
135.24 
149.59 

54.51 
67.13 
78.76 
89.77 
101.83 
113.60 
125.32 

54.52 
67.13 
79.75 
92.37 
104.99 
117.61 
130.23 

0.9999 
0.9999 
1.0061 
1.0162 
1.0283 
1.0435 
1.0605 

1.0001 
1.0001 
1.0072 
1.0187 
1.0335 
1.0511 
1.0713 

1.0001 
1.0000 
1.0126 
1.0283 
1.0310 
1.0353 
1.0392 

 
The specificity is the decrease of the thermal angular 

coefficient αT with the increase molecular mass of alkaline 
metals. Formally, such dependence follows from the formula 
(6), according to αT∼µ-2/3 (fig.2). One of the probable physical 
causes of αT decrease at the increase of molecular mass, is 

the decrease of bond energy at the transition from lithium to 
cesium, i.e. it is obviously, that the more strong the bond   
between atoms, the more big the energy is needed for the 
formation of unit surface. The values of bond energy Eb, 
taken from the formula (9), are given in the table 2.  

                                                                                     Table 2. 
The values of some parameters for alkaline elements. 

 
 Li Na K Rb Cs 
µ 6.94 23 39.10 85.50 132.9 

A⋅10 5.73 2.59 18.20 1.80 0.81 
αT⋅102, erg/cm2⋅К 32.03 20.61 13.17 11.82 9.66 

Eb.⋅10, eV [9] 15.80 11.30 9.50 8.90 8.10 
Тпл, К [7] 453 371 350 313 302 

 
The dependence αT on bond energy is shown on the fig.2. 

As it is seen, our exposition about correlation between αT and 
Eb takes place really. 

It is note, that described in the present work the semi-
phenomenological approach allows us to establish also the 
temperature dependence of liquid surface tension on two 
density values. 
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• Thus, in the given paper, the semi-
phenomenological method of the definition of 
the specific heat of the surface formation (SHS) 
of liquids on the base of density values at two 
arbitrary temperatures is suggested. By this 
method, the temperature dependence of the 

specific heat of the surface formation of liquid 
alkaline metals has been calculated and 
correlation between the thermal direction 
coefficient, SHS, bond energy and liquid 
molecular mass is established. 

 
 

[1] S. Ono, S. Kondo .Molekulyarnaya teoriya poverkhnost-
nogo natyajeniya jidkostey. M. 1963. (in Russian) 

[2] K.Rsherman. Phys.Res.Letters, 1969, 15, 141, p.157-162. 
[3] K. Krakston. Fizika jidkogo sostoyaniya. M. 1978. (in 

Russian) 
[4] Rezibua Pyer, De Lener. Klassicheskaya kineticheskaya 

teoriya jidkostey i gazov. M. 1980. (in Russian) 
[5] L.D. Landau, E.M. Lifshic. Statisticheskaya fizika. M. 

1976. (in Russian). 

[6] I.P.Bazarov. Termodinamika. M. 1969, 95. (in Russian). 
[7] Tablici fizicheskikh velichin. Spravochnik pod. red. 

akad. Kikoina. M. 1976, 160. (in Russian). 
[8] N.B. Vargaftik. Spravochnik po teplofizicheskim svoy-

stvam gazov i jidkostey. M. 1972, 237. (in Russian). 
[9] Ch. Kittel. Vvedeniye v fiziku tvyordogo tela. M. 1978, 

113. (in Russian) 

 
Е.Я. Ейвазов, А.У. Мащмудов, А.А. Абушова, Й.М. Аббасов 

 
МАЙЕЛЯРИН ХЦСУСИ СЯТЩЯМЯЛЯЭЯЛМЯ ИСТИЛИЙИ 

 
Ишдя ики ихтийари мцхтялиф температурда майенин сыхлыьыны билмякля хцсуси сятщямяляэялмя истилийинин (ХСИ) температур асылылыьыны 

щесабламаьа имкан верян йарым феноменолоъи метод верилир. Бу методла гяляви металларын майеляринин ХСИ-нин термик бужаг 
ямсалы иля майенин рабитя енеръиси арасында коррелйасийа олдуьу ашкарланмышдыр. 

 
Э.А. Эйвазов, А.У. Махмудов, А.А. Абушова, Я.М. Абасов 

 
УДЕЛЬНАЯ ТЕПЛОТА ПОВЕРХНОСТООБРАЗОВАНИЯ ЖИДКОСТЕЙ 

 
Рассматривается полуфеноменологический метод, позволяющий на основании значений плотности при двух 

произвольных температурах установить температурную зависимость удельной теплоты поверхностообразования (УТП) 
жидкостей. 

Предложенный метод применен к жидким щелочным металлам и установлена корреляция между термическим угловым 
коэффициентом, УТП, энергией связи и молекулярной массой жидкости. 
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The internal friction and the shear modulus have been investigated in PbTe crystals, undopped and dopped by chromium till the 

temperature 650°C. It has been established at the first time, that the shear modulus increases at the room temperature in the dopped PbTe 
almost in 2,5 times, and the elastic limit increases in 5-6 times. 

 
The lead telluride, belonging to the narrow-band 

semiconductor materials, is widely used in the modern 
semiconductor technique for the production of lasers and 
photodetectors in the infrared-ray spectrum region, and also 
for the production of the high-effective thermoelectric 
transducers. The investigation of the types of the structural 
defects and their thermal stability, their influence on the 
structural-sensitive mechanical properties will cause the 
expansion of the possibilities of their use in many respects. 

Such kind of the investigation can be carried out 
successfully with the use of the acoustic spectroscopy 
methods, allowing us to define the absolute values of elastic 
constants, to estimate activation parameters of the different 
defects and their contribution in the formation of the 
mechanical properties. 

As the last investigations show [1], these questions are 
very actual in the compound and solid solutions of AIVBVI in 
the connection with the diffusion error in the heterostructures 
and the inelastic phenomena, connected with them. 

In the present paper for the solution of such kind of 
problems the method of the low-frequency internal friction at 
the torsional oscillations has been used. The method has the 
high sensitivity to the change of the crystal elastic properties, 
allows us to carry out the measurements in the wide ranges of 
the temperature change and the amplitudes of the vibrational 
deformation. The choice of this method is also caused by the 
fact, that it differs by the high sensitivity to the different 
defects of the crystal lattice (planar and point defects). The 
relaxation times of the processes, connected for example with 
the dislocation defects, interacting with the vacancies or 

atoms of the impurities, can have the values, which are close 
to the period of oscillation of the torsion pendulum. This 
allows us to get the information about the nature of the 
relaxation processes of the dissipation of energy of the 
mechanical oscillations, caused by the real structure of 
crystals. 

The PbTe crystals (~ 0,1at. %) undopped and dopped by 
chromium, are chosen as the objects of the investigation. 
Earlier in the samples, dopped by chromium at T=80K, the 
increase of the elastic constants more than in two times with 
the comparison of the undopped PbTe, was revealed [2]. 

The measurements of the internal friction and dynamic 
shear modulus are carried out in the vacuum on the 
installation of the internal friction with the direct torsion 
pendulum at the oscillation frequency 1-5 Hc in the 
temperature interval from the room temperature till 650C. 
The samples’ sizes are 0.5⋅0.5⋅(10-15)mm3, the velocity of 
the temperature change is 2 grad/min. The amplitude 
vibrational deformation was changing in the interval 5⋅10-5-
10-3. 

The value of the internal friction was defined by the 
formula [3]: 

 
                  Q-1 = ln (An / An+N )/πN   ,                        (1) 

 
where N is the number of the free-damped oscillations at the 
decrease of the light deflection amplitude on the optical scale 
from An till An+m. The precision of estimation of the value is 
IF~5%. The absolute value of the shear modulus at the room 
temperature was defined by the method of the comparison 
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with the etalon sample (aluminum of high purity) of identical 
sizes by the formula                          

                           G = Get f²/f²et,                              (2) 
 

where G and f, Get and fet  are values of the shear modulus and 
oscillation frequency of the investigated and etalon samples 
correspondingly. At the construction of the curves of the 
shear modulus, its proportionality to the square of oscillation 
frequency: G~f2 was used. 

The activation energy was defined by the Verta-Marx 
method on the known values of the temperature Tmax and 
oscillation frequency fmax from the experiment at the  
maximum of the  relaxation  internal friction [3]: 

           

            H = RTmax ln(KTmax / hfmax ),                       (3) 
 

where K and h are Bolzman and Plank constants 
correspondingly, R is the gas constant. 

The relative deformation was defined at the torsional 
oscillations by the formula: 

 

                           r = NL / lR,                                  (4) 
 

where r is the radius of the circumscribed circle of the sample 
cross- section, l is the sample length, R is the distance from 
the sample till the optical reference system, L is the deflection 
of the light ray on the optical scale . 

The temperature spectrum IF of the monocrystal 
undopped sample PbTe at the oscillation frequency ~5Hc  
characterizes by the maximums at the temperatures 240 and 
340K (fig.1). 

 
 
Fig.1. The temperature dependence of the internal friction and  
            relative shear modulus (1,2) of monocrystallic PbTe. 
            1,1 - PbTe (undopped), 2,2 - PbTe:Cr. 
 

They appear on the IF phone, the level of which increases 
strongly in the temperature region >400°C. The decrease of 
the shear modulus is observed in the neighborhood of the IF 
temperature maximums. The last one, excepting the given 
maximal wanes, decreases approximately linearly at the 
increase of the sample temperature. At the further 
measurement of the IF spectrums and shear modulus in the 
cooling process the significant changes were not observed 
with the comparison with the initial spectrums. In the 
repeated experiment, carried out on the heating and the 
cooling, the former characteristics of given temperature 
spectrums mainly conserved. This fact proves the thermal 
stability of the maximums and IF phone in the PbTe samples. 
It is need to notice, that spectrum of the temperature 
dependence are registered in the mode, when the internal 
friction  Q-1 is the amplitude-independent. 

According to the calculation by the formula (3), IF 
maximums at 240 and 340°C are characterized by the values 
of activation energy 1,23 and 1,49 eV correspondingly. From 
the exponential dependence of the frequency relaxation factor 
on the back absolute temperature r-1= r0

-1exp(H/KTmax) the 
frequency factors were equal 1,7·1010 and 6·10121s-1 , 
correspondingly. The equality at the maximum 2πfmax=r-1, 
where r is relaxation time is used at the calculation. 

The absolute value of the shear modulus was equal 
1.21⋅1011 din/cm2. It didn’t change at the further experiments, 
carried out after the sample’s heating till 650°C in the 
measurement process of IF and f2. When Q-1(E) depends on 
the amplitude, then the separation of the dislocation segments 
from the fixed points begins in the case of the crystals with 
low potential barrier or the separation of the twists begins on 
the dislocations in the case of the crystals having high Payerls 
barrier. The interface of the amplitude-independent and -
dependent regions of Q-1 is referred to the critical amplitude 
deformation. It is equal 9,3⋅10-4 for the undopped PbTe (fig.2, 
table). 

In the temperature IF spectrum of PbTe sample, dopped 
by chromium, measured at the frequency ~5Hc, the above 
mentioned maximums are revealed at the relative high 
temperatures 265 and 385°C. They appear on the phone, 
having the lowered intensity in the comparison with the 
undopped sample. And in this case IF maximums have the 
higher thermal stability, i.e. the extract at 600°C during 2,5 
hours practically doesn’t influence on their temperature 
position and intensity. The shear modulus decreases in the 
temperature region of IF maximums. Its decrease is higher in 
the region of the second maximum, characterizing by the 
relative high intensity. The absolute value of the shear 
modulus of the dopped sample is – 2,96·1011din/cm2.

                                                                                                                                                  

                                                                                                                                                                         Table. 
Physic-mechanical characteristics of the lead telluride monocrystallic samples. 

 

Sample’s type Shear 
modulus  

1011 din/сm2 

Critical amplitude 
of deformation 

Temperature of IF 
maximums, °C 

Activation energy, 
eV 

Frequency 
factor, s-1 

240 1,23 1,7·1010 PbTe 
(andopped) 1,21 9,3·10-4 

340 1,49 6·1012 
265 1,30 3·1010 

PbTe: Cr 2,96 2,9·10-3 
385 1,60 2.8·1013 

 
The activation characteristics of IF maximums in the 

dopped sample also have the relative high values 1,3 eV and 
1,3⋅1010s-1   for the maximum at 265°C and 1,6 eV and 
2,8⋅1010 s-1  for the second maximum at 385°C. 

Relati
ve 
shear
modu
lus 
f2/f0

2 

Internal 
friction 
Q-1⋅10-2 
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Fig.2. The amplitude dependence of the internal friction (1-4)  
           and relative shear modulus (1-4) 
           PbTe (undopped): 1,1 -IF and shear modulus at the  
           room temperature, 2,2 - at 300°C 
           PbTe:Cr3,3 - IF and shear modulus at the room  
           temperature, 4,4 - at 300°C.   
 
The initial spectrums of IF and shear modulus in the 

temperature interval from room till 650°C and in the case of 

chromium doping reveal the strong dependence on the 
oscillation amplitude (fig.2). The decrease of the value of the 
critical amplitude deformation, at which the strong increase 
of IF increase or the decrease of shear modulus, is observed 
on the amplitude dependences of IF and shear modulus at the 
increase of the temperature of their measurement. Such 
change of the critical amplitude is character for the 
thermoactivated process of the dislocation separation on the 
relative weak fixed points [4]. 

The calculations of the elastic limit by the formula σ = 
2С44 · (3-4 · С44/С11)·εcur show, that in PbTe sample, dopped 
by chromium, the elastic limit increases not the less, than in 
5-6 times in the comparison with the undopped one. Here it is 
noted, that С44 = G =29,6·1010 din/сm2, С11=104 ·1010 din/сm2 
[5] and 143·1010 din/сm2 for the undopped and dopped 
samples correspondingly. The existence of the lowered 
values of the critical amplitudes at the increased temperatures 
shows, that dislocation limit also decreases at the increase of 
the sample’s temperature. According to the results of the 
measurements its decrease is significant at the temperatures 
>200°C. The annealing at 600°C during 2,5 hours 
insignificantly increases the value of the critical amplitude at 
the different temperatures. Therefore, the given thermal 
treatment practically doesn’t influence on the absolute values 
of shear modulus and dislocation elastic limit, i.e. doesn’t 
cause the significant changes of the real structure of the 
dopped sample. 
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ПбТе МОНОКРИСТАЛЛАРЫНЫН ДАХИЛИ СЦРТЦНМЯ ВЯ СЦРЦШМЯ МОДУЛУНУН 

 ХЦСУСИЙЙЯТЛЯРИНИН ТЯДГИГИ 
 

ПбТе вя хромлу кристалларынын дахили сцртцнмя сцрцшмя модулу 650°C температуруна гядяр тядгиг едилмишдир. Хромлу ПбТе 
кристалында мцяййян едилмишдир ки, сцрцшмя модулу отаг температурунда 2,5 дяфя, еластиклик сярщядди ися 5-6 дяфя артыр. 
 
О.И. Даварашвили, М.И. Енукашвили, Н.П. Кекелидзе, Г.Ш.  Дарсавелидзе, Л.Л. Габричидзе, Э.Р. Кутелия,  

В.П. Зломанов, О.И. Тананаева, Т.С. Мамедов, Н.Д. Ахмедзаде, Л.Н. Тесер 
  

ИССЛЕДОВАНИE ОСОБЕННОСТЕЙ ВНУТРЕННЕГО  
ТРЕНИЯ И МОДУЛЯ СДВИГА В МОНОКРИСТАЛЛАХ ТЕЛЛУРИДА СВИНЦА  

 
В нелегированных и легированных хромом кристаллах PbTe исследованы внутреннее трение и модуль сдвига вплоть до 

температур 650ºC. Впервые установлено, что модуль сдвига  при комнатной температуре возрастает в  легированном PbTe почти 
в 2.5 раза, а предел упругости- в 5-6 раз. 
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The low-energy conformational states of the sequence including 16 amino-acid residues, forming a part of the N-terminus regulator 

domain of the tyrosine hydroxylase ferment have been established by the method of the force field in the approximation of the semiempirical 
atom-atom potential functions. It is established, that the state with the global minimum of the conformational energy has the two  α-
convolutions on the segments of Pro4-Thr7 and Pro9-Lys12 amino-acid residues and a number of several reverse turns on the short segments 
of the peptide backbone, stabilized by the hydrogen bonds. 

 
Introduction 
 

The structure and the dynamic conformational properties 
of the sequence from 16 amino-acid residues, forming a part 
of the N-terminus regulator domain of the tyrosine 
hydroxylase ferment (TH) have been investigated by the 
method of the semiempirical atom-atom potential functions 
[1,2]. The calculations, based on the physical theory of the 
structural organization of the peptides and proteins, include 
the detail analysis of the conformational possibilities of the 
big number of segments and their overlapping regions are 
described in the refs. [3,4]. The sets of the low-energy 
variants of the  structure of monopeptides–molecules of N-
acetil-α-aminoacids of metilamides, used in the calculations, 
are universal under the consideration of any amino-acid 
sequences. The low-energy conformational states of the 
investigated segments and the whole region Met1-Arg16 of 
the N-terminus regulator domain TH, obtained on the base of 
the results of the independent calculations, were analyzed 
with the use of the following parameters: a) relative 
conformation energy Erel; b) elements of the space structure 
(α-helix and β-turns), and also c) the hydrogen bonds. 

 
Calculation method 
 

The simulation of the segment structure was carried out 
by the method of the theoretical conformational analysis with 
taking under consideration the atom polar surrounding on the 
base of the parcel of the applied computer programs [5]. They 
rest on the quantitative calculations of the total 
conformational energy of the investigated segment and on the 
searchings of its local minimums by the conjugate gradient 
method. The conformational energy (Econf) is represented in 
the form of the additive sum of contributions of the non-
valency (Enonv), electrostatic (Eel) atom interactions, torsion 
rotation energy around valency bonds (Etors) and energy of 
the formation of the hydrogen bonds (Eh.b.). The 
semiempirical potential functions and their parametrization, 
used in the given paper., have been taken from the ref. 
[6].The polar atom surrounding in the calculate experiment 
was simulated with the help of the value ε=10 and the D 
parameter, describing the depth of the hydrogen bond, which 
is equal to 1,5 kcal/mol in the Morse potential [3,6]. The 
indication of the dihedral angles of the rotation was carried 
out according to the standard nomenclature [7]. 

 
The results ant their discussion 
 

The theoretical conformation analysis of Met1-Arg16 
segment was carried out on the base of the fragmentar 

calculation according to the scheme, given on the fig.1. As 
the theory of the conformation analysis proceeds from the 
assumption about co-ordination of all types of the 
intramolecular interactions, the refinement scheme of the 
amino acid sequence on the separate segments hasn’t the 
principal meaning and doesn’t influence on the final results 
of the investigation. 

 

            
Fig.1. The scheme of the stepwise calculation of Met1-Arg16  
           segment of N-terminus domain from tyrosine hydroxylase.  
          a)Erel=0.0 kcal/mol. 
          b) Erel =1.5 kcal/mol. 
          c) Erel =3.6 kcal/mol. 
          d) Erel =6.8 kcal/mol. 
 

Nonapeptid Met1-Pro2-Thr3-Pro4-Asp5-Ala6-Thr7-Thr8-Pro9 
  

In the capacity of the initial approximation for the 
procedure of the minimization of the conformational energy 
the 684 variants, being combinations of the most profitable 
forms of the peptide backbone of Met1-Pro4 tetrapeptide and 
Pro4-Pro9 gexapeptide have been created. The low-energy 
conformation state contains α-helix region of the peptide 
chain, including the residues of Pro4-Asp5-Ala6-Thr7-Thr8. 
The creation of the helix structure is proved by the values of 
the dihedral angles of the rotation of the main chain and by 
the hydrogen bonds of the type 1-4, created by oxygen atoms 
of the carbonyl group and hydrogen atoms of the amid group 
of the peptide backbone Nh(Pro4)...Oc(Thr8). The energy of 
such hydrogen bond in the different conformational states of 
the investigated segment varies in the limits 1,9-2,5 kkal/mol. 
The side chain of the threonine residuals creates the big 
number of the intramolecular contacts. Particularly, hydroxyl 
group in Thr7 and Thr8 begins to participate in the formation 
of the hydrogen bonds with the side chain of the aspartic. The 
contribution analysis of the interresidual interactions allows 
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us to conclude, that the dispersion interactions of the 
residuals in the positions 4, 8, 9 and 14 of the peptide 
backbone are the main factors of the stabilization of the 
global conformation of the nonapeptide segment. The low-
energy conformation states of the segment, satisfying to the 
criterion Erel<8 kcal/mol, have been chosen for the latest 
calculation. 

 
OktapeptidePro9-Gln10-Ala11-Lys12-Gly13-Phe14-Arg15-Arg16 
 

The peptide backbone Pro9-Arg16 is divided on the 
simple overlapping two-, three-, and e.t.a. segments for the 
calculation of the Oktapeptide segment (fig.1). According to 
the calculation results, the global conformation of the 
Oktapeptide segment has the short of α-helix on the region 
Pro9-Gln10-Ala11-Lys12, the turn on the region Gly13-
Phe14 (because of the existence conformational mobile 
glycine, playing the role of the knuckle residue) and the 
turned compact structure on the region Phe14-Arg15-Arg16. 
Such structure of the Oktapeptide segment is realized in 70% 
of the calculated conformations. The rest conformations 
belong either to the structures of the disorder type, or to the 
turned ones, among which it is possible to underline the total 
helix conformation (Erel<2.7 kcal/mol). Let’s consider the 
peculiarities of the space construction of the conformation 
with the global energy minimum. It is preferred not only by 
the value of total energy, but on the energy of each separate 
type of interactions. The existence of such co-ordination 
between nonvalent, electrostatic and torsion interactions does 
the energy distribution of the conformations in respect of the 
parametrization of the potential functions very stable. The 
residues of the proline (Pro 9) and glytamine (Gln 10), 
participating in the numerous two-, three-, tetra- and 
pentapeptide interactions play the significant stabilizing role 
in the formation of the stable segment structure. 

 
Met1-Arg16 segment 
 

The conformational analysis of Met1-Arg16 segment of 
N-terminus regulator domain of tyrosine hydroxylase 
included the minimization of the total conformational energy 
of the segment with taking under consideration the low-
energy states of the segments, constituting it. The relative 
energy of the minimized structures varies in the interval of 
the values 0-10 kcal/mol. The results of the conformational 
analysis are given in the tables 1-3 and on the fig.2, where the 
stereoimages of the most stable conformational states of the 
segment in the conditions, simulating the water surrounding 
are given.  

According to the investigation results, the state with the 
global minimum of the conformation energy has two turns of 
α-helix on the regions Pro4-Thr7 and Pro9-Lys12 and the 
totally unfolded N- and C-terminus segments of Met1-Thr3 
and Lys12-Arg16. It is need to note, that α-helix on the 
region Pro9-Lys12 saves in 72% calculated structural 
variants, whereas it can be subjected to the quick 
destabilization on the region Pro4-Thr7 in the dependence on 
the intermolecular interactions with the side chains of the 
Met1, Thr8, Lys12 and Arg16 residues. The residues of the 
threonine in the positions of 3 and 8 peptide chain have the 
maximal number of the energy profitable contacts. The sum 
effect from their interaction in the global conformation of the 
segment is 22,4 and 11,5 kcal/mol, correspondingly. The 
multipeptide chain creates also the several reverse β-turns on 

the short regions of Thr3-Pro4-Asp5-Ala6, Asp5-ala6-Thr7-
Thr8, Thr8-Pro9-Gln10-Ala11 and Gln10-Ala11-Lys12-
Gly13. The general criterion, showing the existence of such 
turns is the distance, which is less, than 7Å between Cα-atoms 
of the residues in the first and fourth positions of the peptide 
backbone (table 3). The conformations, containing the proline 
residues in the tops of the reverse turns are the most stable. 

 

                                                                                     Table 1 
The energy contributions (kcal/mol) of the different types of the 

interactions in the optimal conformations of Met1-Arg16 segment 
Conformation Еnonv. Еel Еtors Еconf Erel 

1 -84.4 15.4 9.3 -68.6 0.0 

2 -82.1 5.9 9.0 -67.1 1.5 

3 -78.2 4.3 9.0 -65.0 3.6 

4 -77.2 6.6 8.8 -61.8 6.8 

 
                                                                               Table 2 

The dihedral angles (grad) in the main and side chains of the 
amino-acid residues in the global conformation of Met1-Arg16 

segment 
Residual Dihedral angles  

Met1 -119, 127,177, 185, 181,178,180 * 

Pro2  131, 181 

Thr3 -99,153,180, 63,182, 179 

Pro4 -41,187               

Asp5 -77, -35,180, 59, 94 

Ala6 -73, -46, 184, 185 

Thr7 -74, -60,178, 57,180, 176 

Thr8 -123, 84,177, -54, 176, 175 

Pro9 -44, 180 

Gln10 -56 , -38,185, -79, 64,-107 

Ala11 -75, -45,187,180 

Lys12 -100,-70,181,180, 180, 179,180,180 

Gly13 -91, 79,180 

Phe14 -118,157,177, 57,85 

Arg15 -106,-58,178,181,178, 180, 179 

Arg16 52,63,179,-58,177, 183,179 
 

*Notice. The angles are given in the sequence ϕ, ψ, ω, χ1, 
χ2, χ3, χ4, χ5 (for Pro2, Pro4 and Pro9 -in the sequence ψ, ω). 

 

The latest segment structures on the energy (Erel=1.5; 3.6 
and 6.8 kcal/mol) include the one from the low-energy states 
of the nonapeptide Met1-Pro9 and save the α-helix on the 
region Pro9-Lys12, that allows to us to conclude about the 
existence of the enough close nucleation in the space 
structure of the segment. From the data comparison, given in 
the table 1 it is followed, that the nonvalent, i.e. dispersional 
interactions, i.e. packing density of the amino-acid sequence 
play the significant role in the stabilization of the low-energy 
conformational states of the Met1-Arg16 segment. In spite of 
the differences in the space packing of the polypeptide chain 
(fig.2), it saves the reverse turns on the regions Thr3-Ala6, 
Asp5-Thr8, Thr8-Ala11 and Glu10-Gly13 (table 3). Thus, 
despite on the conformational mobility of the polypeptide 



THE THEORETICAL  MODEL OF THE MET1-ARG16 SEGMENT STRUCTURE FROM   N-TERMINUS OF TYROSINE HYDROXYLASE… 

 17

chain, differing by the orientation of the side chains of the 
separate residues, it is possible to select the character 
elements in its space structure. It is the existence of two 

shorts of α-helixes on the regions Pro4-Thr7 and Pro9-Lys12 
and several β-rotations, stabilized by the hydrogen bonds 
between functional groups of the peptide backbone.

                                                                                                                                                                             Table 3 
The energy contributions of the interresidual interactions (kcal/mol) and the distances between Cα-atoms of the main  

chain (Å) in the low-energy conformational states of  Met1-Arg16 segment 
1* 2 3 4 Residuals 

Distance Energy Distance Energy Distance Energy Distance Energy 
Met1- Pro2 3.8 -3.4 3.8 -3.2 3.8 -3.1 3.8 -3.4 
Met1-Thr3 6.3 -1.2 5.5 -1.9 5.3 -2.3 6.3 -1.2 
Met1-Pro4 9.6 -0.2 6.7 -2.4 6.5 -0.4 9.6 0.0 
Pro2-Asp5 8.6 -3.2 9.0 -0.1 8.7 -0.1 8.6 -0.2 
Pro2-Ala6 6.9 -2.5 9.4 0.0 9.1 0.0 6.9 -0.2 
Thr3-Pro4 3.8 -3.1 3.8 -3.3 3.8 -3.3 3.8 -3.0 
Thr3-Asp5 5.4 -3.3 5.5 -2.3 5.5 -2.0 5.4 -3.3 
Thr3-Ala6 5.2 -2.1 6.7 -0.7 6.7 -0.5 5.3 -2.7 
Thr3-Thr7 6.0 -1.3 8.7 -0.2 8.5 -0.2 6.7 -1.7 
Thr3-Thr8 8.0 -0.4 8.1 -0.1 8.0 0.0 8.3 -0.1 
Thr3-Gln10 12.3 -9.4 11.3 0.0 10.8 0.0 12.1 0.0 
Thr3-Ala11 11.6 -2.7 13.0 0.0 13.0 0.0 11.0 0.0 
Pro4-Thr7 5.3 -1.2 9.0 0.0 8.9 0.0 5.5 -1.8 
Pro4-Thr8 5.4 -2.1 8.0 0.0 8.1 0.0 5.5 -1.1 
Pro4-Phe14 11.2 -2.0 8.6 -0.1 13.5 0.0 9.7 0.0 
Pro4-Arg15 14.8 -2.4 10.4 0.1 16.2 0.0 11.9 0.1 
Asp5-Ala6 3.8 -1.1 3.8 -2.2 3.8 -2.1 3.8 -0.5 
Asp5-Thr7 5.5 -1.0 5.7 -2.9 5.6 -2.9 5.5 -0.9 
Asp5-Thr8 5.2 -1.1 5.4 -2.6 5.7 -2.9 5.5 -0.9 
Asp5-Pro9 4.0 0.0 5.0 -2.1 5.1 -3.1 3.9 -2.2 
Asp5-Lys12 5.4 0.0 6.9 -5.7 8.8 -11.7 5.2 -8.9 
Asp5-Arg15 11.7 -0.1 11.4 -2.0 15.7 -1.7 9.5 -3.1 
Asp5-Arg16 14.4 0.0 11.1 -7.9 15.6 -3.7 11.7 -5.1 
Ala6-Thr7 3.8 -1.3 3.8 -1.5 3.8 -1.5 3.8 -1.4 
Ala6-Thr8 5.7 -0.7 6.0 -0.5 6.2 -0.4 5.6 -0.8 
Ala6-Pro9 5.6 -0.1 7.7 -0.1 7.7 -0.1 5.7 -0.9 
Thr7-Thr8 3.8 -1.7 3.8 -2.9 3.8 -2.9 3.8 -1.6 
Thr8-Pro9 3.8 -3.8 3.8 -3.1 3.8 -2.8 3.8 -3.7 
Thr8-Gln10 5.5 -2.2 5.4 -2.3 5.6 -1.8 5.2 -3.3 
Thr8-Ala11 6.0 -1.9 5.8 -2.3 5.8 -2.2 6.0 -1.4 
Thr8-Lys12 6.9 -1.2 6.7 -1.5 7.2 -1.4 7.3 -0.6 
Thr8-Gly13 7.8 -0.7 8.5 -0.1 8.9 0.0 7.4 -0.2 
Thr8-Phe14 9.5 -1.7 8.6 0.0 10.5 0.0 10.6 0.0 
Pro9-Gln10 3.8 -2.8 3.8 -0.8 3.8 -3.2 3.8 -2.1 
Pro9-Lys12 5.2 -0.5 5.4 -1.6 5.3 -2.9 5.3 -1.5 
Pro9-Gly13 4.4 -1.5 5.4 -1.3 5.7 -1.6 3.9 -0.9 
Gln10-Gly13 5.8 -1.2 6.4 -0.3 4.8 -1.8 5.8 -0.3 
Lys12-Gly13 3.8 -1.6 3.8 -1.8 3.8 -1.7 3.8 1.8 
Lys12-Phe14 5.9 -3.0 6.4 -0.4 5.8 -1.4 5.9 -2.9 
Gly13-Phe14 3.8 -1.0 3.8 -0.5 3.8 -0.4 3.8 -1.6 
Gly13-Arg15 6.9 -0.2 5.9 -0.4 6.1 -0.3 6.3 -0.6 
Gly13-Arg16 9.7 0.0 6.0 -3.3 6.5 -2.0 9.1 -0.3 
Phe14-Arg15 3.8 -1.5 3.8 -3.2 3.8 -5.4 3.8 -0.2 
Phe14-Arg16 6.0 -5.7 6.1 1.6 6.4 -1.0 5.5 -5.0 

*Note. Conformation from table1. 
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              (а)  Erel= 0.0 kcal/mol                                                                               (b) Erel=1.5 kcal/mol 
 

 
 
        
             (v) Erel = 3.6 kcal/mol                                                                                  (g) Erel = 6.8 kcal/mol 

 
Fig.2. The low-energy conformational states of Met1-Arg16 segment from N-terminus domain of tyrosine hydroxylase. 
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Н.Н. Мустафайева, И.Н. Ялийева, Н.М. Гожайев 

 
ТИРОЗИНЩИДРОКСИЛАЗА Н-СОНЛУ ДОМЕНИНИН МЕТ1-АРГ16 ФРАГМЕНТИН ГУРУЛУШУНУН  

НЯЗЯРИ МОДЕЛИ 
 

Тирозинщидроксилаза Н-сонлу тянзимляйижи доменин тяркибиня дахил олан 16 амин туршусу галыгларынын ардыжыллыьы ашаьы енеръили 
конформасийа щалларынын потенсиал функсийаларын  йарымемпирик атом-атом йахынлашмасында  гцввя сащяси методу иля тяйин едилиб. 
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Щидроэен  рабитяляриля сабитляшдирилмиш полипептид зянжиринин гыса сащяляриндя йерляшян бир-нечя реверсив дюнцшляр вя Про9-Лйс12 вя 
Про4-Тщр7 сащяляриндя α-спирал ики бурулмасынын олмасы конформасийа енеръисинин глобал минимумлу щалы тяйин едилмишдир.  

 
Н.Н. Мустафаева, И.Н. Алиева, Н.М. Годжаев 

 
ТЕОРЕТИЧЕСКАЯ МОДЕЛЬ СТРУКТУРЫ  ФРАГМЕНТА MET1-ARG16  

N-КОНЦЕВОГО  ДОМЕНА ТИРОЗИНГИДРОКСИЛАЗЫ 
 

Методом силового поля в приближении полуэмпирических атом-атомных потенциальных функций установлены 
низкоэнергетические конформационные состояния последовательности из 16 аминокислотных остатков, входящих в состав N-
концевого регуляторного домена фермента тирозингидроксилазы. Установлено, что состояние с глобальным минимумом 
конформационной энергии содержит два витка α-спирали на участках Pro4-Thr7 и Pro9-Lys12 и несколько реверсивных поворотов 
на коротких участках пептидной цепи, стабилизированных водородными связями.  

 
Received: 28.01.05 
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ÑÈÍÃËÅÒ—ÒÐÈÏËÅÒ ÀÍÒÈÔÅÐÐÎÌÀÃÍÈÒËßÐÄß ÈØÛÜÛÍ ÑßÒÙ ÊÎËËÅÊÒÈÂ ÎÉÀÍÌÀ-
ËÀÐÛ ÈËß ÓÄÓËÌÀÑÛÍÛÍ ÕßÒÒÈ ÍßÇßÐÈÉÉßÑÈ 

 
À. Ì. ÑÖËÅÉÌÀÍÎÂ 

ÀÌÅÀ Ôèçèêà Èísòèòóòó, Áàêû, Àç-1143, Ù.Úàâèä ïð.,33 
 

Èøäÿ ñèíãëåò-òðèïëåò àíòèôåððîìàãíèòëÿðäÿ  èøûüûí ñÿòù  êîëëåêòèâ  ìîäëàðûíûí  îéàíìàñû èëÿ óäóëìàñû þéðÿíèëìèøäèð. Áó ìÿãñÿäëÿ ÷îõçà-
ìàíëû Ãðèí ôóíêñèéàñû ìåòîäóíäàí âÿ ïñåâäî — ñïèí ôîðìàëèçìèíäÿí èñòèôàäÿ åäèëìèøäèð. ßââÿëúÿ áàõûëàí ñèñòåìèí åíåðæè ñïåêòðè ùåñàáëàí-
ìûøäûð. Ñèíãëåò-òðèïëåò ôåððîìàãíèòëÿðäÿí ôÿðãëè îëàðàã, ñèíãëåò-òðèïëåò àíòèôåððîìàãíèòëÿðäÿ ñÿòù êîëëåêòèâ îéàíìàëàðûíûí åíåðæè ñïåêòðè 

)w( kr äþðä áóäàãäàí èáàðÿòäèð. Áåëÿ êè, èêè áóäàã (ð=1,2) ìàãíîí áóäàãëàðû, èêè áóäàã (ð=3,4) èñÿ «ìàãíèò åêñèòîíó» áóäàãëàðûäûð. Ñèñòå-

ìèí äèïîë ìîìåíòè ö÷öí àëûíìûø èôàäÿäÿí ñèíãëåò-òðèïëåò àíòèôåððîìàãíèòëÿðèí ñÿòùèíäÿ èøûüûí ñÿòù êîëëåêòèâ îéàíìàëàðû èëÿ óäóëìàñûíû 
ìöìêöí åäÿí äþðä ïðîñåñèí áàø âåðìÿñè àøêàð îëóð. Áó ïðîñåñëÿð àøàüûäàêûëàðäûð: 
(1) áèð ìàãíîíóí ð=1 áóäàüûíäàí âÿ áèð ìàãíîíóí ð=2 áóäàüûíäàí îéàíìàñû èëÿ ìöøàèéÿò îëóíàí èøûüûí óäóëìàñû  
(2) áèð «åêñèòîíóí» ð=3áóäàüûíäàí âÿ áèð «åêñèòîíóí» ð=4 áóäàüûíäàí îéàíìàñû èëÿ ìöøàèéÿò îëóíàí èøûüûí óäóëìàñû 
(3) áèð ìàãíîíóí  ð=2 áóäàüûíäàí âÿ áèð «åêñèòîíóí»ð=3  áóäàüûíäàí îéàíìàñû èëÿ ìöøàèéÿò îëóíàí èøûüûí óäóëìàñû 
(4) áèð ìàãíîíóí ð=1 áóäàüûíäàí âÿ  áèð «åêñèòîíóí»ð=4  áóäàüûíäàí  îéàíìàñû èëÿ ìöøàèéÿò îëóíàí èøûüûí óäóëìàñû. 

Áåëÿëèêëÿ, ñèíãëåò-òðèïëåò àíòèôåððîìàãíèòëÿðèí ñÿòù êîëëåêòèâ ìîäëàðûíûí ñïåêòðèíèí äþðä áóäàüà ìàëèê îëìàñû ñèíãëåò-òðèïëåò ôåððîìàãíèò-
ëÿðëÿ ìöãàéèñÿäÿ ñèíãëåò-òðèïëåò àíòèôåððîìàãíèòëÿðèí ñÿòùèíäÿ èøûüûí óäóëìà èìêàíëàðûíûí äàùà ÷îõ îëìàñûíà ñÿáÿá îëóð. Èøèí ñîíóíäà, èøûüûí 
ùÿð áèð ìöìêöí óäóëìà ïðîñåñèíÿ óéüóí äèåëåêòðèê ãàâðàéûúûëûüû ö÷öí èôàäÿëÿð àëûíìûøäûð. Áó èôàäÿëÿðè àíàëèç åòìÿêëÿ ñèíãëåò-òðèïëåò àíòèôåð-
ðîìàãíèòëÿðäÿ äàõèëè êðèñòàëëèê ñàùÿëÿð ùàããûíäà ÿòðàôëû ìÿëóìàò àëìàã îëàð. 
 

ßââÿëêè èøëÿðäÿ [1—4] áèç ñèíãëåò-òðèïëåò ôåððîìàãíèòëÿðè-
íèí ñÿòùèíäÿ èøûüûí óäóëìàñû âÿ ñÿïèëìÿñè ìÿñÿëÿëÿðèíÿ 
áàõìûøäûã. Òÿãäèì îëóíàí èøäÿ èøûüûí éàðûìñîíñóç ñèíãëåò — 
òðèïëåò àíòèôåððîìàãíèòëÿðèí ñÿòùèíäÿ óäóëìàñû ìÿñÿëÿñèíÿ 
áàõûëìûøäûð.  

Êîíêðåò îëàðàã íàäèð òîðïàã åëåìåíòè èîíëàðûíûí Ìåíäå-
ëåéåâ úÿäâÿëèíèí Â ãðóï àíèîíëàðû èëÿ ÿìÿëÿ ýÿòèðäèéè ÒáÍ, 
ÒáÑá, … òèïëè áèðëÿøìÿëÿðÿ áàõûëàúàã âÿ ñàäÿëèê ö÷öí êðèñòàë 
ñàäÿ êóáèê ãóðóëóøà ìàëèê ùåñàá åäèëÿúÿêäèð. Èîí ñÿòùäÿ éåð-

ëÿøÿí ùàë ö÷öí êðèñòàëë ñàùÿíèí ïîòåíñèàëû èîí ùÿúìäÿ éåðëÿ-
øÿí ùàëäàêû ïîòåíñèàëäàí ôÿðãëÿíÿúÿêäèð. Îäóð êè, ñÿòùäÿ âÿ 
ùÿúìäÿ éåðëÿøÿí èîí ö÷öí åíåðæè ñÿâèééÿëÿðè ñõåìè ìöõòÿëèô 
îëàúàãäûð. Áåëÿ êè, ùÿúìäÿ éåðëÿøÿí íàäèð òîðïàã åëåìåíòè 
èîíóíóí ÿñàñ ùàëû Г1 ñèíãëåòäÿí âÿ áèðèíúè ùÿéàúàíëàøìûø ùàëû 
Г4 òðèïëåòäÿí èáàðÿòäèðñÿ (øÿêèë 1), èîí ñÿòù äÿ éåðëÿøÿí ùàëäà 

Г4 òðèïëåò ±D  äóáëåòÿ âÿ Ñ ñèíãëåòÿ ïàð÷àëàíàúàãäûð (øÿêèë 2). 

 
 

 
                  Ùÿúìäÿ éåðëÿøÿí íàäèð òîðïàã 
                   åëåìåíòè ionunun åíåðæè ñõåìè 

            Ñÿòùäÿ éåðëÿøÿí íàäèð òîðïàã 
             åëåìåíòè èîíunun åíåðæè ñõåìè 

 
 
Éóõàðûäà òÿñâèð îëóíàí åíåðæè ñÿâèééÿëÿðèíè âÿ åéíè çàìàíäà 
èîíëàð àðàñûíäà ìöáàäèëÿ ãàðøûëûãëû òÿñèðèíè âÿ àíèçîòðîïèéàíû 

íÿçÿðÿ àëàí ñèñòåìèí Ùàìèëòîíèàíû ïñåâäîñïèí ôîðìàëèçìèíäÿ 
áåëÿ éàçûëûð [5]: 

 

          

/ // // // // /
0

/ / / / / 2 / / 2

[ ( ) ( ) [( ) ( ) (
2

) ( )] ( ) ( )

z z z
i i i i i i i i i i i j j j j i i

i i j

z z z z z z z
i i j j j j i i i i j j j j

i j

iH S T S T S T J i j S T S T S

T S T D S T S T

α β α β α

β α β α β α β

+ − − + + + − −

⋅

∆
= + + ∆ − − ⋅ + ⋅ + + +

⎡ ⎤
+ ⋅ + − + + +⎢ ⎥

⎣ ⎦

∑ ∑

∑ ∑
        (1) 

 

Ùàðàäà êè, iS  âÿ iT  - ñïèí ½ -ÿ óéüóí ýÿëÿí âÿ è-úè èîíà ìÿõñóñ 

îëàí ñïèí îïåðàòîðëàðûäûð. Èîí ñÿòù òÿáÿãÿñèíäÿ éåðëÿøÿí ùàë ö÷öí 

,∆=∆ i   ;////
i ∆−∆=∆ 2  áóðàäà /∆  âÿ //∆  óéüóí îëà-

ðàã ùÿéàúàíëàøìûø ñèíãëåò S  âÿ äóáëåò ±D  èëÿ ÿñàñ ñèíãëåò Г1  

àðàñûíäàêû åíåðæè ìÿñàôÿñèäèð. ,//
iα  ,//

iβ  /
iα  âÿ /

iβ  ÿìñàëëàðû 

àøàüûäàêû ìöíàñèáÿòëÿðäÿí òàïûëûð: 

              
2

//// βα +
>=<−>=< −+++ DJSSJD ;    
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2

// βα +
>=<−>=< −−++ DJDDJD zz ; 

// //

1 1Г Г
2

J D D J α β+ − + + −
< >= − < >= ; 

/ /

1 1Г
2

z zJ S S J α β−
< >= − < Γ >= ; 

 
Èîí èêèíúè òÿáÿãÿäÿ âÿ éà ùÿúìäÿ éåðëÿøÿí ùàë ö÷öí 

∆=∆=∆ /
ii ; áóðàäà 1∆ −Γ  ñèíãëåò âÿ 4Γ  òðèïëåò àðàñûí-

äàêû åíåðæè ìÿñàôÿñèäèð. ααα == ///
ii , βββ == ii

// , 

ùàðàäà êè, α  âÿ β  àøàüûäàêû ìöíàñèáÿòëÿðäÿí òàïûëûð: 

- -
4 4 4 4Г Г Г Г

2
z zJ J α β+ + +

< >= − < >= ; 

0 0
1 4 4 1Г Г Г Г

2
z zJ J α β−

< >=< >= ; 

 
D  - àíèçîòðîïèéà ñàáèòèäèð. 
Èíäè äÿ ùåñàá åäÿê êè, áó éàðûìñîíñóç ñèíãëåò — òðèïëåò àíòè-

ôåððîìàãíåòèê áèðúèíñ 
→

E  åëåêòðèê ñàùÿñèíäÿ éåðëÿøèð. Îíäà 
îíóí Ùàìèëòîìàíû áåëÿ îëàð: 
 

→→

⋅−= pEHH 0  

áóðàäà  
 

( ) ( ) ( ) ( )/ / / /z z z z
i j i i i i j j j j i i i i j j j j

i j

p S T S T S T S Tπ α β α β α β α β
→ →

+ + − −
⋅

⋅

⎡ ⎤= ⋅ + ⋅ + + + ⋅ +⎣ ⎦∑  

 

ñèñòåìèí åëåêòðèê äèïîë ìîìåíòèäèð, 
→

⋅ jiπ èñÿ éàðûìñîíñóç ñèíãëåò-

òðèïëåò àíòèôåððîìàãíèòèí åëåêòðèê ïîëéàðëàøìà âåêòîðóäóð. 0H  - 

ñèñòåìèí åíåðæè îïåðàòîðó îëóá, (1) øÿêëèíäÿäèð. 
Ùîëøòåéí — Ïðèìàêîâ ÷åâðèëìÿëÿðèíäÿí èñòèôàäÿ åäÿðÿê 

(1) Ùàìèëòîíèàíûíû èêèíúè êâàòëàíìà îïåðàòîðëàðû âàñèòÿñèëÿ 

èôàäÿ åäèá (úöò âÿ òÿê äöéöíëÿðÿ óéüóí 
→

S  âÿ 
→

T  îïåðàòîðëà-

ðûíûí àíòèôåððîìàãíèòëèéèíè íÿçÿðÿ àëìàãëà), ñîíðà èñÿ èìïóëñ 
òÿñâèðèíÿ êå÷ÿðÿê, (1) Ùàìèëòîíèàíûíû äèàãîíàëëàøäûðàí óéüóí 
÷åâðèëìÿëÿð ñå÷ìÿê ëàçûìäûð. Áàõäûüûìûç éàðûìñîíñóç êðè-
ñòàëäà êðèñòàëûí ñÿòùèíÿ ïåðïåíäèêóëéàð èñòèãàìÿòäÿ èíâàðèàíò-
ëûã ïîçóëóá, ñÿòùÿ ïàðàëåë èñòèãàìÿòäÿ ïîçóëìàäûüûíäàí, áó 
÷åâðèëìÿëÿðè àøàüûäàêû êèìè ñå÷ìÿê ìÿãñÿäÿóéüóíäóð: 

 

( ) // //

// // // //

//

1/ 22 ( ) iK i
i K K K K

K

SS Y i C Z i d e
N

+
⊥ ⊥

⎛ ⎞ ⎡ ⎤= ⋅ ⋅ + ⋅ ⋅⎜ ⎟ ⎣ ⎦⎝ ⎠
∑ , ( ) / / / /

/ / / / / / / /

/ /

1/ 2
* *2 ( ) iK i

i K K K K
K

SS Y i C Z i d e
N

−− + +
⊥ ⊥

⎛ ⎞ ⎡ ⎤= ⋅ ⋅ + ⋅ ⋅⎜ ⎟ ⎣ ⎦⎝ ⎠
∑  

/
/ / / / / /

/ / / // / / / / / / / / / / / / / / //
/ / / /

( )* *

;

1 ( ) ( ) ( ) ( ) i K K iz
i K K K K K K K K

K K

S S Y i C Z i d Y i C Z i d e
N

−+
⊥ ⊥ ⊥ ⊥

⎡ ⎤⎡ ⎤= − ⋅ + ⋅ + ⋅⎣ ⎦ ⎣ ⎦∑  

/ / / /

/ / / / / / / /

/ /

1/ 22 ( ) ( ) iK i
i K K K K

K

TT Y i d Z i C e
N

+
⊥ ⊥

⎛ ⎞ ⎡ ⎤= ⋅ − ⋅⎜ ⎟ ⎣ ⎦⎝ ⎠
∑  / / / /

/ / / / / / / /

/ /

1/ 2
* *2 ( ) ( ) ik i

i K K K K
K

TT Y i d Z i C e
N

−− + +
⊥ ⊥

⎛ ⎞ ⎡ ⎤= ⋅ − ⋅⎜ ⎟ ⎣ ⎦⎝ ⎠
∑  

/
/ / / ///

/ / / // / / / / / / / / / / / / / / //
/ / / /

( )

,

1 ( ) ( ) ( ) ( ) i K K iz
i K K K K K K K K

K K

T T Y i d Z i C Y i d Z i C e
N

−∗ + ∗ +
⊥ ⊥ ⊥ ⊥

⎡ ⎤⎡ ⎤= − ⋅ − ⋅ − ⋅⎣ ⎦ ⎣ ⎦∑  

// //

// // //

//

1/ 22 ( ) ( ) iK i
j K K K

K

SS Q i q F i f e
N ⊥

+
⊥

⎛ ⎞ ⎡ ⎤= ⋅ + ⋅⎜ ⎟ ⎣ ⎦⎝ ⎠
∑  // //

// // //
/

//

1/ 22 ( ) ( ) ik i
j K K k

K

SS Q i q F i f e
N

−− ∗ + ∗ +
⊥ ⊥

⎛ ⎞ ⎡ ⎤= ⋅ + ⋅ ⋅⎜ ⎟ ⎣ ⎦⎝ ⎠
∑  

/
// // //

/ /// // // //// ///
// //

( )/

,

1 ( ) ( ) ( ) ( ) i K K iz
j K K K KK K

K K

S S Q i q F i f Q i q F i f e
N

−∗ + ∗ +
⊥ ⊥ ⊥ ⊥

⎡ ⎤⎡ ⎤= − ⋅ + ⋅ + ⋅⎣ ⎦ ⎣ ⎦∑  

// //

// // // //

//

1/ 22 ( ) ( ) iK i
j K K K K

K

TT Q i f F i qK e
N

+
⊥ ⊥

⎛ ⎞ ⎡ ⎤= ⋅ − ⋅⎜ ⎟ ⎣ ⎦⎝ ⎠
∑  // //

// // // //

//

1/ 22 ( ) ( ) iK i
j K K K K

K

TT Q i f F i q e
N

−− ∗ + ∗ +
⊥ ⊥

⎛ ⎞ ⎡ ⎤= ⋅ − ⋅⎜ ⎟ ⎣ ⎦⎝ ⎠
∑  

/
// // //

/ / / /// // // // // // // ///
// //

( )

,

1 ( ) ( ) ( ) ( ) i k K iz
j K K K K K K K K

K K

T T Q i f F i q Q i f F i q e
N

−∗ + ∗ +
⊥ ⊥ ⊥ ⊥

⎡ ⎤⎡ ⎤= − ⋅ ⋅ − ⋅ −⎣ ⎦ ⎣ ⎦∑                            (2) 

 

ùàðàäà êè, //K - êðèñòàëûí ñÿòùèíÿ ïàðàëåë éþíÿëìèø èêè 

þë÷öëö äàëüà âåêòîðóäóð, //,KC   ;//
+
KC   //,Kd   ;//

+
Kd   //,Kq   

+
//Kq   âÿ //,Kf    +

//Kf - äþðä òèï ñïèí îïåðàòîðëàðûíà 

( ,iS ,jS iT âÿ jT  îïåðàòîðëàðûíà) óéüóí äàëüà âåêòîðó 

//K îëàí ñÿòù ìîäëàðûíûí éàðàíìà âÿ éîõîëìà 

îïåðàòîðëàðûäûð, ⊥i âÿ //i  èñÿ i -úè èîíóí ðàäèóñ — âåêòîðóíóí 

óéüóí îëàðàã êðèñòàëûí ñÿòùèíÿ ïåðïåíäèêóëéàð âÿ ïàðàëåë îëàí 
òîïëàíàíëàðûäûð, N  - êðèñòàëûí áèð òÿáÿãÿñèíäÿ îëàí èîíëàðûí 
ñàéûäûð. 
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Äèàãîíàëëàøäûðìàäàí ñîíðà 0H  âÿ 
→

p îïåðàòîðëàðû ö÷öí àëà-
ðûã: 

 

0 1 // 2 // 3 // 4 //( ) ( ) ( ) ( )k k K K K K K kH w K C C w K d d w K q q w K f f+ + + +⎡ ⎤= + + +⎣ ⎦∑  

//1 // 2 // 3 // 4//1 // 2 // 3 // 4

//

K K K KK K K K
K

p P P P P
→ → → → →⎡ ⎤= Π ⋅ +Π ⋅ +Π ⋅ +Π ⋅⎢ ⎥⎣ ⎦
∑                                               (3) 

 

áóðàäà )( //Kwn  )4,3,2,1( =n  - ñèíãëåò — òðèïëåò àíòèôåððî-

ìàãíèòèí ñÿòù êîëëåêòèâ ìîäëàðûíûí (îéàíìàëàðûíûí) åíåðæèëÿ-
ðèäèð. // nK

→

Π  (n=1,2,3,4) ÿìñàëëàðû âÿ 
// nkP  (n=1,2,3,4) îïåðà-

òîðëàðû àøàüûäàêû êèìè òÿéèí îëóíóð: 
 

//1 // 2 // // // // // // // // //

2 2 / / 2 2 2 2( )( ) ( ) ( )K K K K K K K K K KS T Y Z Q F ST Y Z Q F Kα β α β π
→ → →

⎡ ⎤Π = Π = + + + ⋅ + + + ⋅⎣ ⎦  

// 3 // // // // // // // //

/ / 2 2 2 2 2 2
//2 ( ) ( ) ( ) ( )K K K K K K K K Kp ST Y Z Q F S Z Q T Y F Kα α β π

→ →
⎡ ⎤Π = + + + + +⎣ ⎦  

// 4 // // // // // // // //

/ / 2 2 2 2 2 2
//2 ( ) ( ) ( ) ( )K K K K K K K K KST Y Z Q F S Y F T Z Q Kα β α β π

→ →
⎡ ⎤Π = + + + + +⎣ ⎦  

//1 // // // //K K K K KP C d C d+ +
− −= + ,  

// 2 // // // //K K K k KP q f q f+ +
− −= +  

// 3 // // // //K K K K KP q d q d+ +
− −= + ,  

// 4 // // // //K K K K KP C f C f+ +
− −= +  

 

áóðàäà 
// ,KY   

// ,KZ  
// ,KQ  

//KF  - 0H  Ùàìèëòîíèàíûíû äèàãî-

íàëëàøäûðàí (2) óíèòàð ÷åâðèëìÿëÿðèíèí ÿìñàëëàðûäûð, 

// // //( )
//

//, //
( ) ik i j

j
i j

K eπ π
→ →

− −= ⋅∑  îëóá, ijπ
→

 âåêòîðóíóí 2 

þë÷öëö Ôóðéå — îáðàçûäûð. 
Áåëÿëèêëÿ, ñèíãëåò — òðèïëåò àíòèôåððîìàãíèòèí ñÿòù êîëëåêòèâ 

îéàíìàëàðûíûí )( //Kwn  ñïåêòðè 4 áóäàãäàí — èêè ìàãíîí 

)2,1( =n  âÿ èêè «ìàãíèò åêñèòîíó» )4,3( =n  áóäàãëàðûí-

äàí èáàðÿòäèð [6]. Äèýÿð òÿðÿôäÿí äÿ (3) åëåêòðèê äèïîë ìî-
ìåíòè èøûüûí ñèíãëåò — òðèïëåò àíòèôåððîìàãíèòëÿðèí ñÿòùèíäÿ 
êîëëåêòèâ ìîäëàðëà óäóëìàñûíà ýÿòèðÿí 4 ìöìêöí ïðîñåñè 
èôàäÿ åäèð: 
(1) áèð ìàãíîíóí n=1 áóäàüûíäàí âÿ áèð ìàãíîíóí n=2 
áóäàüûíäàí áóðàõûëìàñû èëÿ ìöøàèéÿò îëóíàí èøûüûí óäóëìàñû 
(2) áèð «åêñèòîíóí» n=3 áóäàüûíäàí âÿ áèð «åêñèòîíóí» 
n=4 áóäàüûíäàí áóðàõûëìàñû èëÿ ìöøàéèÿò îëóíàí èøûüûí 
óäóëìàñû 
(3) áèð ìàãíîíóí n=2 áóäàüûíäàí âÿ áèð «åêñèòîíóí» 
n=3 áóäàüûíäàí áóðàõûëìàñû èëÿ ìöøàèéÿò îëóíàí èøûüûí 
óäóëìàñû 
(4) bèð ìàãíîíóí n=1 áóäàüûíäàí âÿ áèð «åêñèòîíóí» 
n=4 áóäàüûíäàí áóðàõûëìàñû èëÿ ìöøàèéÿò îëóíàí èøûüûí 
óäóëìàñû. 
Áåëÿëèêëÿ, ñèíãëåò-òðèïëåò àíòèôåððîìàãíèòèí ñÿòù êîëëåêòèâ 
ìîäëàðûíûí åíåðæè ñïåêòðèíèí äþðä áóäàüà ìàëèê îëìàñû ñèíãëåò 
— òðèïëåò ôåððîìàãíèòëÿðëÿ ìöãàéèñÿäÿ ñèíãëåò-òðèïëåò àíòèôåð-
ðîìàãíèòëÿðèí ñÿòùèíäÿ èøûüûí óäóëìà èìêàíëàðûíûí äàùà ÷îõ 
îëìàñûíà ñÿáÿá îëóð. 
Èíäè äÿ èøûüûí ùÿð áèð ìöìêöí óäóëìà ïðîñåñèíÿ óéüóí äèå-
ëåêòðèê ãàâðàéûúûëûüûíû ùåñàáëàéàã. Ãðèí ôóíêñèéàñû òåõíèêà-

ñûíäà 
→

p  äèïîë ìîìåíòèíèí éàðàòäûüû äèåëåêòðèê ãàâðàéûúû-

ëûüíûí èôàäÿñè (
→

E  - éÿ ýþðÿ áèðèíúè éàõûíëàøìàäà) áåëÿäèð [7]: 

           ∫
∞

∞−

−
→

⋅−= )(/ /

)( ttiwedtiwε   »)p(t(t)p « /
→

             (4) 

 
Ñîíðàêû ùåñàáëàìàëàðû ñàäÿëÿøäèðìÿê ö÷öí àøàüûäàêû êèìè 
èøàðÿëÿìÿëÿð äàõèë åäÿê: 
 

//1 //1

//

(1) K K
K

P P
→ →

= Π∑          (5) 

// 2 // 2

//

(2) K K
K

P P
→ →

= Π∑   (6) 

// 3 // 3
//

(3) K K
K

P P
→ →

= Π∑   (7) 

// 4 // 4

//

(4) K K
K

P P
→ →

= Π∑   (8) 

 
(5) èôàäÿñèíè (4)-äÿ íÿçÿðÿ àëìàãëà, èøûüûí ñèíãëåò-òðèïëåò àíòè-
ôåððîìàãíèòëÿðèí ñÿòùèíäÿ óäóëìàñûíûí (1) ïðîñåñèíÿ óéüóí 

)()1( w
↔

ε  äèåëåêòðèê ãàâðàéûúûëûüû ö÷öí áåëÿ áèð èôàäÿ àëàðûã: 

              //1 //1

//

(1) ( ) 2 ( ; )K K
K

w i G P wε π
↔ →

= Π ⋅∑               (9) 

ùàðàäà êè, 
//1

( ; )kG P w  

//1 1( ( );KG P τ

//1 // //2 1 2 1 2( )) ( ) ( ), ( )K K KP i P Pτ θ τ τ τ τ⎡ ⎤= − − < >⎣ ⎦  - èêèçà-

ìàíëû Ãðèí ôóíêñèéàñûíûí èêèþë÷öëö Ôóðéå — îáðàçûäûð. 

//1
( ; )KG P w  Ãðèí ôóíêñèéàñû ö÷öí ùÿðÿêÿò òÿíëèéè éàçûá, ñî-

íðà äà áó òÿíëèéè òÿñàäöôè ôàçàëàð éàõûíëàøìàñûíäà [7] ùÿëë 

åòñÿê, 
//1

( ; )KG P w  ö÷öí àëàðûã: 
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[ ]
// // // //

//1

1
//

1 // 2 //

(2 ) ( )
( ; )

( ) ( )
K K K K

K

K C C d d
G P w

w w K w K
π

→
− + +⋅Π < + >

=
− +

 

(10) 

(10) - ó (9) - äà éåðèíÿ éàçìàãëà, )()1( w
↔

ε  ö÷öí áåëÿ èôàäÿ 

àëàðûã: 

 )()1( w
↔

ε = 
[ ]

//1 //1 // // // //

// 1 // 2 //( ) ( )
K K K K K K

K

C C d d
i

w w K w K

→ →
+ +Π Π ⋅ + >

− ⋅
− +∑   (11) 

 
(11) — äÿí ýþðöíäöéö êèìè, èøûüûí ñèíãëåò-òðèïëåò àíòèôåððî-
ìàãíèòëÿðèí ñÿòùèíäÿ óäóëìàñûíà ýÿòèðÿí áàõäûüûìûç ïðîñåñ-
äÿ ((1) ïðîñåñèíäÿ) èêè ñÿòù ìàãíîíó èøòèðàê åäèð. Áàøãà ñþç-

ëÿ, èøûüûí ñÿòùäÿ óäóëìàñû ñïåêòðèí 1 áóäàüûíäàí )( //1 Kw  

åíåðæèëè áèð ìàãíîíóí âÿ 2 áóäàüûíäàí )( //2 Kw  åíåðæèëè 

èêèíúè ìàãíîíóí  áóðàõûëìàñû èëÿ ìöøàèéÿò îëóíóð. 
Èíäè äÿ (6) èôàäÿñèíè (4)-äÿ íÿçÿðÿ àëìàãëà, èøûüûí ñèíãëåò-
òðèïëåò àíòèôåððîìàãíèòëÿðèí ñÿòùèíäÿ óäóëìàñûíûí (2) ïðîñåñè-

íÿ óéüóí )()2( w
↔

ε  äèåëåêòðèê ãàâðàéûúûëûüû ö÷öí èôàäÿ àëàðûã: 

// 2
//

(2) ( ) 2 K
K

w iε π
↔ →

= − Π∑   
// 2

( ; )KG P w            (12) 

Ùÿðÿêÿò òÿíëèéèíè éàçûá îíó ùÿëë åòìÿêëÿ 
// 2

( ; )KG P w  ö÷öí 

àëàðûã: 

// 2
( ; )KG P w

[ ]
// 2 // // // //

1

3 // 4 //

(2 )
( ) ( )

K k K K Kq q f f
w w K w K

π
→

− + +⋅Π ⋅ < + >
=

− +
 (13) 

(13)-ö (12) — äÿ éåðèíÿ éàçìàãëà, )()2( w
↔

ε  ö÷öí àëàðûã: 

 

 
[ ]

// 2 // 2 // // // //
(2)

// 3 // 4 //

( )
( ) ( )

K K K K K K

K

q q f f
w i

w w K w K
ε

→ →
+ +→ Π Π < + >

= −
− +∑   (14)                 

 
(14)-äÿí ýþðöíäöéö êèìè, èøûüûí ñèíãëåò-òðèïëåò àíòèôåððîìàã-
íèòëÿðèí ñÿòùèíäÿ óäóëìàñûíà ýÿòèðÿí áàõäûüûìûç ïðîñåñäÿ 
((2) ïðîñåñèíäÿ) èêè ñÿòù «åêñèòîíó» èøòèðàê åäèð. Áàøãà ñþçëÿ, 

èøûüûí ñÿòùäÿ óäóëìàñû ñïåêòðèí 3 áóäàüûíäàí )(3 nKw åíåð-

æèëè áèð «åêñèòîíóí» âÿ 4 áóäàüûíäàí 4 ( )kω åíåðæèñè èêèíúè 

«åêñèòîíóí» áóðàõûëìàñû èëÿ ìöøàèéÿò îëóíóð. 
Àíàëîæè ùåñàáëàìàëàðëà (7) âÿ (8)-äÿí èñòèôàäÿ åòìÿêëÿ, èøûüûí 
ñèíãëåò-òðèïëåò àíòèôåððîìàãíèòëÿðèí ñÿòùèíäÿ óäóëìàñûíà ýÿòè-

ðÿí (3) âÿ (4) ïðîñåñëÿðèíÿ óéüóí )()3( wε  âÿ )()4( wε  äèå-

ëåêòðèê ãàâðàéûúûëûãëàðûíûí èôàäÿëÿðèíè àëìàã îëàð: 
 

[ ]
// 3 // 3 // // // //

//

(3)

2 // 3 //

( )
( ) ( )

K K K K K K

K

d d q q
w i

w w K w K
ε

→ →
+ +↔ Π Π < + >

= − ⋅
− +∑  (15) 

 

[ ]
// 4 // 4 // // // //

//

(4)

1 // 4 //

( )
( ) ( )

K K K K k k

K

C C f f
w i

w w K w K
ε

→ →
+ +↔ Π Π < + >

= − ⋅
− +∑  (16) 

 
Ãåéä åäÿê êè, äèåëåêòðèê ãàâðàéûúûëûãëàðû ö÷öí àëûíìûø (11), 
(12), (15) âÿ (16) èôàäÿëÿðèíè àíàëèç åòìÿêëÿ, ñèíãëåò-òðèïëåò 
àíòèôåððîìàãíèòëÿðäÿ äàõèëè êðèñòàëëèê ñàùÿëÿð ùàããûíäà ÿòðàôëû 
ìÿëóìàò àëìàã îëàð. 
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LINEAR THEORY OF THE LIGHT ABSORPTION BY THE SURFACE COLLECTIVE  

EXCITATIONS IN SINGLET – TRIPLET ANTIFERROMAGNETS  
 

The light absorption by surface collective excitations in the singlet-triplet antiferromagnets has been investigated by the multi-time 
Green function method and the psendospin formalizm.  Has been calculated the energy spectrum of the system under consideration. Unlike 
the singlet-triplet ferromagnets, the collective excitation spectrum )( krw of the singlet-triplet antiferromagnets consists of four branches, 
тwo of them are the maqnon branches (r =1,2) and the other two are the «magnetic excitons» branches (r =3,4). On the other hand, the elec-
tric dipole moment of the system under consideration describes the four possible absorption processes of the light by surface collective exci-
tations on the surface of the singlet-triplet antiferromagnets. They are the following processes: 
(1)  absorption of the light with simultaneous excitation of two maqnons, one from the branch r =1  and the other from the branch r =2 
(2)  absorption of the light with simultaneous excitation of two «excitons», one from the branch r =3 and the other from the branch r =4 
(3)  absorption of the light with simultaneous excitation of one maqnon  from the branch r =2 and one «exciton» from the branch r =3 
(4)  absorption of the light with simultaneous excitation of one maqnon  from the branch r =1 and one «exciton» from the branch r =4. 

Thus, due to the presence of four branches excitations the possibility of the light absorption on the surface of singlet-triplet antiferro-
magnets is larger than that он the surface of the singlet-triplet ferromagnets. 
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In finish, has been finded expressions for the dielectric susceptibilities corresponding to each of the four possible absorption processes of 
light by surface collective excitations in singlet-triplet antiferromagnets.  Analysis of these expressions will provide more comprehensive 
information on the crystal field in the singlet-triplet antiferromagnets. 

 
А. М. Сулейманов  

 
ЛИНЕЙНАЯ  ТЕОРИЯ  ПОГЛОЩЕНИЯ  СВЕТА  ПОВЕРХНОСТНЫМИ  КОЛЛЕКТИВНЫМИ  
ВОЗБУЖДЕНИЯМИ  В  СИНГЛЕТ -ТРИПЛЕТНЫХ  АНТИФЕРРОМАГНЕТИКАХ  

 
В работе исследовано поглощение света поверхностными коллективными возбуждениями в синглет-триплетных антиферро-

магнетиках. Для этой цели использован метод многовременных функций Грина и псевдоспиновый формализм. Сперва вычислен 
энергетический спектр рассматриваемой системы. В отличие от синглет-триплетных ферромагнетиков, спектр )( krw  коллектив-
ных  возбуждений синглет-триплетных антиферромагнетиков состоит из четырех ветвей – двух магнонных (r =1,2) и двух «маг-
нитных экситонных» (r =3,4). С другой стороны, электрический дипольный момент данной системы описывает четыре процесса 
возможного поглощения света поверхностными коллективными возбуждениями на поверхности синглет-триплетных 
антиферромагнетиков. Эти процессы являются следующими: 
(1) поглощение света с возбуждением одного магнона ветви r =1 и одного магнона ветви r =2 
(2) поглощение света с возбуждением одного «экситона» ветви r =3 и одного «экситона» ветви r =4 
(3) поглощение света с возбуждением одного магнона ветви r =2 и одного «экситона» ветви r =3 
(4) поглощение света с возбуждением одного магнона ветви r =1 и одного «экситона» ветви r =4. 

Таким образом, возможность поглощения света поверхности синглет-триплетных антиферромагнетиков богаче, чем на по-
верхности синглет-триплетных ферромагнетиков, из-за наличия четырех ветвей спектра поверхностных коллективных мод.  
В конце работы, найдены выражения для диэлектрической восприимчивости, соответствующей каждому из возможных четырех 
процессов поглощения света поверхностными коллективными возбуждениями в синглет-триплетных антиферромагнетиках. Ана-
лиз этих выражений даст возможность получить более подробную информацию о кристаллическом поле, существующем в синг-
лет-триплетных антиферромагнетиках. 
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THE INFLUENCE OF THE RELAXATION TIME ON THE LIQUID HEAT CAPACITY 
 

G.T. GASANOV, A.N. MAMEDOVA 
Azerbaijan State Oil Academy, 370012, Baku, Azadlig av., 20 

 
The nonstationary method of the simultaneous definition of the relaxation time of the temperature field and the liquid heat capacity is 

proposed. The proposed method rests on the solution of the inverse problem for the heat conduction equation of the relaxing temperature 
field. The influence of the relaxation time on the heat capacity of the liquids has been estimated. 

 
The one of the important thermophysical liquid 

parameters, playing the essential role at the heat transfer,  is 
heat capacity. The different methods were elaborated for the 
investigation of the heat capacity. In the work [1], the 
temperature dependence of the several samples of the oil is 
experimentally investigated. It is established, that oil heat 
capacity increases with the temperature increase. In the work 
[2], the influence of the different physical fields on the 
thermophysical liquid properties is investigated theoretically. 

The liquid is heating under the action of the acoustic 
waves and goes to the nonequilibrium state. All 
thermophysical properties, including the heat capacity,  relax, 
i.e. they vary the depending on time. Each parameter has its 
own relaxation time, in the result the spectrum of the 
relaxation times of the thermophysical  properties appears. 

The investigation of the influence of the relaxation time 
on the liquid heat capacity presents the big interest. For the 
simplification of the narration let’s consider, that the 
relaxation time is the identical and is equal to the relaxation 
time of the temperature field for the all thermophysical  
properties. The relaxing temperature field for the one-
dimensional case is expressed by the differential equation 
(heat exchange with the environment not takes into account): 
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Here τ0 is the relaxation time, α is the absorption 

coefficient of the acoustic waves in the liquid; I is the 
radiation intensity of the acoustic waves. The rest symbols 
are common.  

Taking into consideration, that the heat transport because 
of the convection is more bigger, than because of the 
diffusion, i.e. 
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Equation (1) is expressed in the form: 
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The initial and boundary conditions are expressed in the 

following form: 
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In the given work the task about the definition of the 

relaxation time τ0 and its influence on the heat capacity of the 
liquids is solved theoretically. The given task mathematically 
leads to the solution of the differential equation (2) under the 
initial and boundary conditions (3). 

  The Laplace transformation is applied for the solution of 
this task. The equation (2) assumes the following form in 
images: 
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where 
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Solving the equation (4) at the boundary conditions (3), 

we obtain the following equation: 
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where 
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Taking into consideration, that а<1 and α<1, we expand 
lae−

 and 
lα−2e  into s power series. We confine ourselves 
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to two first members of the expansion and equation (5) 
assumes the following form: 
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The method of the determinated moments is applied for 

the definition of the relaxation time τ0 and heat capacity c. 
Expanding the functions )(*),(* sfs   ϕ  and )(* sψ  into 
series on the s power we obtain: 
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where 
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Taking into account the expressions (7), for equation (6) 

we have: 
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Equating the coefficients having the equal s powers we 

obtain the following system: 
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Solving this system we obtain the two unknown values: 

heat capacity c and relaxation time τ0: 
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From the equation (11) it is seen, that liquid heat capacity 

decreases with the increase of the relaxation time.  
The experiments, carried out by us, show, that liquid 

temperature dependences on time according to the following 
law: 
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Substituting the values )(tf  and )t(ϕ  in the equation 

(8) we obtain: 
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  If the system doesn’t relax under the rest equal  

conditions, i.e. τ0=0, the equation (11) has the form: 
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From the comparison of the formulae (11) and (15), we 

obtain: 
 

                   

⎟
⎠
⎞

⎜
⎝
⎛

υ
−−ϕυ

τ
+

=

011

000 1

1

ff

Tc
c

l

l
.             (16) 

  Substituting the formula (14) in the formula (16) we 
obtain: 
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It is possible to estimate the influence of the relaxation 

time on the heat capacity of the liquids by the formula (17). 
At τ0=0, i.e. when relaxation absence and the system is in 

the equilibrium state, we have the ratio: 
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Taking into consideration the formula (14), the equation 

(18) is reduced to the following form: 
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  From the condition (18) we find the liquid flow velocity 

at which the relaxation absence: 
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  Therefore, we can conclude that changing the liquid 
flow velocity it is possible to operate of the thermodynamic 
state of the liquid.
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ÐÅËÀÊÑÀÑÈÉÀ  ÌÖÄÄßÒÈÍÈÍ ÌÀÉÅËßÐÈÍ  ÈÑÒÈËÈÊ ÒÓÒÓÌÓÍÀ ÒßÑÈÐÈ 

 
Àêóñòèê äàëüàëàðûí òÿñèðèíäÿí ìàéå äàõèëèíäÿ áöòöí èñòèëèê ôèçèêè ïàðàìåòðëÿð ðåëàêñàñèéà åäèðëÿð. Òåìïåðàòóð ñàùÿñèíèí 

ðåëàêñàñèéà ìöääÿòèíè âÿ èñòèëèê òóòóìóíó áèðýÿ òÿéèí åòìÿê ö÷öí éåíè ìåòîä èøëÿíìèøäèð. 
Ýþñòÿðèëìèøäèð êè, òåìïåðàòóð ñàùÿñèíèí ðåëàêñàñèéà ìöääÿòè àðòäûãúà èñòèëèê òóòóìó àçàëûð. Ðåëàêñàñèéà ìöääÿòèíè 

òÿíçèìëÿìÿê ö÷öí ìàéåíèí àõûí ñöðÿòèíäÿí èñòèôàäÿ îëóíìàñû òÿêëèô îëóíóð. 
 

Г.Т. Гасанов, А.Н. Мамедова 
 

ВЛИЯНИЕ  ВРЕМЕНИ  РЕЛАКСАЦИИ  НА ТЕПЛОЕМКОСТЬ ЖИДКОСТЕЙ 
 
Предлагается нестационарный метод одновременного определения времени релаксации температурного поля и 

коэффициента теплоемкости жидкости. Предложенный метод основан на решении обратной задачи для уравнения 
теплопроводности релаксирующего температурного поля. Оценено влияние времени релаксации на теплоемкость 
жидкостей. 
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AXIAL Ga- IMPURITY DISTRIBUTION IN Ge-Si, SOLID SOLUTIONS, GROWN  
BY THE MODERNIZED BRIDGMEN METHOD 

 

L.A. GUBATOVA, G.H. AJDAROV 
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Z.M. ZEYNALOV  
Ganja State University, Ganja, Azerbaijan 

 
The problem of the distribution of the gallium impurity in the Ge-Si crystals, grown on the germanium fuse by Bridgmen method with 

the use of the feeding silicon rod has been solved in the Pfann approximation. It is shown, that the dependence of the impurity segregation 
coefficient on the composition of the solid solution Ge-Si and the change of the melt volume, connecting with its feeding influences 
significantly on the longitudinal concentration of the gallium in the crystal. 

 
The work of the numerous semiconductor devices, lying 

in the base of the modern micro- and optoelectronics, in 
many cases is defined by the impurities of the different types, 
incalcated in the crystal. Among semiconductor materials, 
widely used practically, the cremnium and germanium have 
the leading positions. Among the chemical elements, used at 
the doping of these semiconductors, the elements of the III 
and V group of the periodical system have the important 
places. Having the small enough ionization energy in the 
crystals Si and Ge, these elements define the electric 
properties of the matrix in the wide temperature interval [1]. 
Among the elements of the III group, the gallium impurity is 
the most frequently used for the doping of the cremnium and 
germanium, because of the big solubility (~1020cm-3) and the 
small diffusion coefficient [2]. Situating in the crystal lattice 
points, the gallium behaves itself as the small acceptor 
impurity with the activation energy 72 and 10, 97 meV in the 
Si and Ge correspondingly. 

 
Fig.1. The calculate dependences of the cremnium concentration  
          along three ingots Ge-Si, grown in two modes for the  
          obtaining of the crystals with the cremnium concentration  
          in the homogeneous part -10, 20 and 30 at.%. It is  accepted in  
          calculations, that melt height in the initial position is equal  
          to 100mm, and temperature gradient in the band of the  
          buffer crystal corresponds 50° C/cm [5]. 
 
The one of the important questions in the investigation of 

the impurity centers in the semiconductors is the impurity 
distribution along the crystal length, connected with the 
segregation of the doping element. The gallium equilibrium 
segregation coefficient at the crystallization temperature Si 
and Ge is equal to K=0,008 and 0,087 correspondingly [3]. 
Such small K values lead to the significant concentration 
gradient of the gallium along the crystal lengths of cremnium 
and germanium, grown by the traditional Bridgmen method. 
In the present paper in the Pfann approximation and in the 
frameworks of the virtual crystal model for the solid 
solutions, the problem of the Ga - impurity distribution in the 

crystals Ge-Si, grown on the germanium fuse by Bridgmen 
method with the use of the feeding cremnium ingot has been 
solved [4,5]. The crystals Ge-Si, grown up by this method, in 
the initial region have the variable composition with the 
growing cremnium concentration on the ingot length. Further 
the crystal composition stays unchangeable because of the 
constant balance of the melt composition by the 
corresponding of the velocities of its crystallization and 
feeding. The fig.1 shows the calculation dependences of the 
cremnium concentration along three ingots Ge-Si, taken from 
[5], grown up in the modes, corresponding to the crystal 
obtaining with the cremnium concentration in the 
homogeneous part - 10, 20 and 30 at.%. In the calculations it 
was taking under the consideration, that the melt height in the 
initial position was equal to 100 mm, and temperature 
gradient in the growth band of the buffer crystal with the 
flexible composition was equal to 50°C/cm. The initial part 
of the curves with the variable composition on the fig.1 
corresponds to the first step of the crystal growth. The plateau 
corresponds to the second step of the crystal growth with the 
given homogeneous composition. 

The problem of the gallium impurity distribution in the 
crystal, grown by this method was solved at the carrying out 
of the following standard conditions [2,6]: the crystallization 
front is plain; there is the equilibrium between solid and 
liquid phases on the crystallization front; the diffusion of the 
gallium impurity and the convention in the melt cause the 
homogeneous of the liquid phase on the all volume; the 
diffusion of Ga atoms in the solid phase is neglible small. It 
is need to note, that for the system Ge-Si these conditions are 
carried out practically at the velocities of crystal growth less, 
than 1⋅10-6m/s [3,6]. 

Let’s introduce the following denotations: 0
lV , Vl are melt 

volumes in the crucible in the initial and the current 
moments; Vc, VSi are volumes of the crystallizing melt and 
deliquescent cremnium rod in time unit; 0

lC , Cl are 
concentrations of Ga impurities in the melt in the initial and 
current moments; CGa is the concentration of Ga impurity in 
the crystal; C is the general quantity of Ga impurity in the 
melt; K=CGa/Cl is the equilibrium segregation coefficient of 
Ga in the current moment; t is time. 

On the first step of the growth of the buffer crystal with 
the flexible composition with the accepted above mentioned 
denotations, we have: 
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According to the task condition, we consider, that in the 
considered period Vc and VSi don’t depend on time. Then, 
taking into consideration that CGs=ClK we have: 

 

t)VV(VV Sic
0
ll −−= , Sicl VVV +−=

•
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•
 

                                                                              (2) 
 

In the limits of the model of the virtual crystal we 
consider, that gallium segregation coefficient depends on the 
cremnium concentration in the crystal nonlinearly. The linear 
character of the change of the cremnium concentration in the 
band of the buffer crystal with the variable composition 
(fig.1) means, that on this step, in the considered 
approximation, K will depend on t linearly. Replacing K in 

(2) by K=K0-At (K0 is the segregation coefficient of the 
impurity in the pure germanium, A is the constant factor) and 
substituting it in (1) after the simple transformations and 
integration we have: 
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Introducing following denotes: ;VV cSi α=  ;0

lc VV β=  
γ=0

lc VtV  from (3) after some transformations we have: 
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The equation (4) defines the dependence of the gallium 

impurity concentration on the length of the buffer crystal l, 
taking under the consideration the fact, that 

L/lV/tV 0
lc ==γ , where L is the height of the melt in the 

beginning of crystallization. 
On the second step of the Ge-Si crystal growth (fig.1) 

with the homogeneous composition the segregation 
coefficient of gallium impurity stays unchangeable and is 
equal to K for the corresponding melt composition. Changing 
in (4) K0=K for this case we have: 
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The fig.2, for example, demonstrates the concentration 

profiles of Ga impurity along three ingots Ge-Si, grown up in 
the above described technological modes, data of which on 
the longitudinal composition are given on the fig.1. For the 
comparison, the dependence for the germanium, grown by 
the traditional Bridgmen method, is given in fig. 2 also. The 
following initial data are accepted in the calculations: 

0
lC =1⋅1018cm-3; L=100mm; K=K0-x(K0-K1), where K1 is the 

gallium segregation coefficient in the cremnium; lB=6.6; 13.2 
and 20mm is the length of the buffer crystal in the ingots with 
the homogeneous part 10, 20 and 30at.% Si correspondingly; 
α=0.345, 0.385 and 0.435 in the band of the buffer crystal 
and 0.247, 0.167 and 0.087 in the homogeneous part of the 
ingots with the composition 10, 20 and 30 at.% Si 
correspondingly. It is need to note, that values lB are defined 
by the given temperature gradient, diagram of system Ge-Si 
state and demanded composition in the homogeneous part of 
the crystal. The values of α were calculated on the data of the 
ref. [3,4]. 

As it is seen from the fig.2, the velocity of the impurity 
concentration growth along the crystal length significantly 
decreases with the increase of the cremnium content in the 
matrix and it is caused in the final part of ingots. Such 
behavior from one side is explained by the decrease of the 
gallium segregation coefficient with the growth of the 
cremnium concentration in the melt, and by the increase of 
the melt volume, caused by its cremnium feeding from 
another side. The initial parts of two curves in the expanded 

scale (fig.2), corresponding to Ge and Ge0.7Si0.3 are given for 
the visual demonstration of the roles of the given factors on 
the gallium concentration in the crystals (fig.3).  

 
Fig.2. The concentration profiles of Ga impurity along Ga  
           crystal, grown by traditional Bridgmen method (curve  

1) and three ingots Ge-Si, the data on the longitudinal  
composition of which are given on the fig.1. In the 
calculations it is accepted for all crystals, that 

0
lC =1⋅1018cm-3 and L=100mm. The curves 2,3 and 4 refer to 

the crystals with the homogeneous part 10, 20 and 30 
at.% Si correspondingly. 

 
The data on the germanium crystal, grown up in the same 
conditions of the feeding (curve 2), as the Ge0.7Si0.3  (curve 3) 
are given for the separation of the contribution of the change 
of the melt volume, connected with its feeding on the 
concentration profile of the gallium impurity. The relative 
weak change of the longitudinal impurity concentration in the 
germanium crystal, grown with the use of the feeding (curve 
2), in the comparison with the same, grown up by the 
traditional Bridgmen method (curve 1), connects with the 
partial compensation of the melt volume by feeding. In the 
case Ge0.7Si0.3 (curve 3), in the band of the buffer crystal, 
given in the fig.3, the reversible course of the dependence of 
the gallium impurity concentration along the ingot length 
takes place. Such course is defined by the essential decrease 
of the impurity segregation coefficient with the increase of 
the longitudinal cremnium concentration in the crystal, which 
is dominant influence on CGa in the comparison with the 
influence factor of the decrease of the melt volume. 
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Fig.3. The axial concentration profile of gallium impurity in the 

initial region of Ge crystals ( curves 1,2) and Ge0.7Si0.3  (curve 3). 
The curve 1 corresponds to germanium crystals growth by the 
traditional Bridgmen method.                   

 
On the base of the above mentioned data, it is possible to 

make the conclusion. In the crystals of the solid solutions, 
grown up by the modernized Bridgmen method with the use 
of the germanium fuse and feeding cremnium rod, the 
dependence of the impurity segregation coefficient on the 
composition Ge-Si and the change of the melt volume, 
connected with its feeding essentially influences on the on the 
velocity of the concentration change of the gallium impurity 
along the crystallization axis. Taking under consideration 
these facts is the important condition at the solution of the 
problems, connected with the growing of the crystals with the 
given concentration profile of the gallium impurity in the 
crystals of Ge-Si system. 
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 МОДЕРНИЗЯ ЕДИЛМИШ БРИДЪМЕН ЦСУЛУ ИЛЯ АЛЫНАН Ge-Si БЯРК МЯЩЛУЛЛАРЫНДА GALLIUM 

АШГАРЫНЫН КРИСТАЛЛАШМА ОХУ БОЙУНЖА ПАЙЛАНМАСЫ 
 

Пфанн йахынлашмасы чярчивясиндя модернизя едилмиш Бридъмен цсулу иля яринтини Si иля гидаландырма реъиминдя алынан Ge-Si 
кристалларында Ga ашгарынын пайланма мясяляси  щялл едилиб. Ашгарын сегрегасийа ямсалынын Ge-Si кристалынын тяркибиндян асылылыьы вя 
яринтинин гидаландырма нятижясиндя дяйишилян щяжми Ga ашгарынын кристаллашма оху бойунжа консентрасийасына ящямиййятли тясири 
эюстярилиб. 

 
Л.А. Губатова, З.М. Зейналов, Г.Х. Аждаров 

   
РАСПРЕДЕЛЕНИЕ ПРИМЕСИ ГАЛЛИЯ ВДОЛЬ ОСИ КРИСТАЛЛИЗАЦИИ ТВЁРДЫХ РАСТВОРОВ  

Ge-Si, ВЫРАЩЕННЫХ  МОДЕРНИЗИРОВАННЫМ МЕТОДОМ БРИДЖМЕНА 
 

В пфанновском приближении решена задача распределения примеси галлия в кристаллах Ge-Si, выращенных  на 
германиевой затравке методом Бриджмена с использованием подпитывающего стержня  кремния. Показано, что на 
продольную концентрацию галлия в кристалле существенное влияние оказывают зависимость коэффициента 
сегрегации примеси от состава твёрдого раствора Ge-Si и изменение объёма расплава, связанное с его подпиткой. 
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THE NONLINEAR THEORY OF GUN’S EFFECT 
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The nonlinear theory of Gun’s effect has been constructed. The amplitude and the frequency of the current oscillation in the second 
approximation by the method of Bogolubov-Mitropolski have been found. The amplitude and frequency of the current oscillation in the 
GaAs have been calculated for the typical experiment. The amplitude of the current oscillation as the function of the electric field has been 
calculated in the first approximation. 

 
The phenomena of the current instability, which firstly 

was observed in the compounds GaAs and InP [1] are called 
Gun’s effect. The frequency of the current installation mainly 
lies in the ultrahigh frequency range (UHF) and differs from 
the low-frequency oscillation [2]. The mechanism of Gun’s 
effect was supposed in the refs. [3,4,5]. The authors of these 
works show, that in the materials GaAs, InP, probably, the 
number of the carriers with the low energy decreases at the 
increase of the external electric field strength. Moreover, the 
electrons transit to the superincumbent energetical bands or 
in the case of the low-frequency ranges they transit on the 
ionized traps in the forbidden band. 

The mobility of the electrons decreases strongly with the 
comparison of the mobility in the lower trough at the electron 
transfer in the upper energetical bands. When transfer of the 
current carriers is higher, than the definite value, the material 
conductivity decreases and the negative differential 
conductance appears: 

 

                                  0<= ddE
dI σ                              (1) 

 
At the values 0<dσ  the electric field E in the crystal 

becomes nonhomogineous and the acute regions of the 
electric field, i.e. “domains” creat. The theoretical 
investigations are strong nonlinear because of the domains 
and the amplitude of the current oscillation in the crystal 
depends on the time. 

Moreover, at 0<dσ  the redistribution of the space 
charge begins and this process leads to the UHF radiation. 
The small-signal theory (i.e. near the threshold 0d ≈σ ) of 
this phenomenon have been constructed in the ref. [6]. 
However, the dependence of the amplitude on the time and 
on the frequency of the oscillations hadn’t been investigated 
theoretical. 

In our paper we will declare the nonlinear theory of the 
amplitude and frequency of the current oscillation, based on 
the model of Gun’s effect at the existence of the external 
constant electric field. We will consider, that transport time in 
the low-mobile states is neglible small and the carrier 
concentration in the main vale decreases inversely of the 
some degree of the electric field. Besides it, we will suppose, 
that the number of the ionized donors doesn’t almost change 
and the current oscillations are only because of the electron 
transition in the upper energetical states. As it is shown in the 
ref. [6], the mobility in the upper energetical state in GaAs is 
more less, than in the central vale, D is the electron diffusion 
coefficient in the lower trough for GaAs 130 cm/sec.. The 

total carrier concentration N=n+n’, the carrier mobility µ  
and µ′  correspondingly, diffusion coefficients D and D´ 
satisfy to the following relations: 

 
               nnDD ′>>′>>′>> ,, µµ  .              (2) 
 
The number of the carriers in the lower (central) vale will 

be equal to the some part of f of the total number of the 
carriers: 
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Here aE  is the electric field, at which the current 
oscillation begins. The parameter m is calculated 
experimentally as the ratio of the ohmic current to the real 
current in the point aEE =0  (at 0d =σ ). 

The static current is  
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where 0σ  is the sample conductivity in the weak field. We 
will follow on the experiment [7] in calculations. The ration 
of the dynamic conductivity σ  to the conductivity in the 
weak field 0σ  has the form: 
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The value S0 is the ratio of the tangent of inclination angle 
of the VAC curve at 0ЕЕ =  (work point) to the tangent of 

inclination angle at the weak fields. At aЕЕ >0  it is 
negative. In the point of the zero inclination x0=1 and 

0

0
0 dx

dff −= . The statistic current in this point is: 
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The dynamics of the current transition through the sample 
is characterized by the following equations: 
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The equation system (6) is enough for our goals, i.e. they 

connect between themselves the three unknown values I, E, N. 

In the frameworks of “small-signal” theory, by method 
[7] for the solution of these equations it was supposed: 
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For the finding of the amplitude values E, N, I the 

condition (7) isn’t enough and it is need to find the solutions 
(6) at the any values E1, N1 and I1, i.e.
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We will find the solutions of the equation systems (6) at the conditions (8) by the Bogolubov- Mitropolski method [7]. 

Substituting (8) into (6) and denoting 
00

1

E
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We will express the change of the electric field through 

the change of the current carriers for the reducing the 
equation (9) to one nonlinear equation by the following way: 
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where k is the wave vector, propagating on Z axis. If we 

denote 
0

1

N
Ny = , so taking into consideration (10) from (9), 

we will obtain the following nonlinear equation for y for 
finding: 
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The nonlinear equation (11) respect of y can be reduced to 
the equation of Van-der-Pole one. For this we denote 

t0ωτ =  and 
0

00

ωε
σ fr =  and  reduce the equation (11) to 

the dimensionless equation. Then the Van-der-Pole equation 
assumes the following form: 
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σ fr =  is the small parameter for the typical 

crystal GaAs, ,
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The solution of the equation (12) is as follows  
 

   ψθωθτ cos)cos()cos( ataay =+=+=  at r=0. (13)  
 
We will use Bogolubov-Mitropolski method [7] for the 

finding of the solution (12) at r≠0 by the following way: 
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We confine ourselves only by the second approximation. 

Firstly, we will find the amplitude in the first approximation 
from equation (14): 
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Substituting the equation (13) in the equation (15) after 

the integration, we will obtain  
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Solving above mentioned equation we find:      
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From the equation (17) it is seen, that the amplitude of the 

current oscillation increases exponentially for the crystal 
GaAs: 
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As 10 <f , so we obtain the values of the change interval 

of the constant electric field: 
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at which the current oscillates with the frequency 0ω . 
Indeed, it is clearly seen from the equation (15), that 

0)(1 =aB  and that’s why the frequency is 0ω . As it is seen 

from the equation (17) the amplitude 1a   tends to the initial 

value 0a ,  ( )01 aa →  at 0→t . 

It is need to calculate the 0
1

1 ,, gu
ψ
ψ
∂
∂

 in the second 

approximation for the finding of the amplitude 2a  and the 
frequency of the current oscillation ω2. 

 After the simple calculation we find:
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Substituting the equation (20) in the equation (15), we obtain the following values for )(2 aA  and )(2 aB  after the 

integration: 
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Substituting the equation (21) in the equation (14), we  

obtain the equations for the finding of the oscillation 
frequency in the second approximation: 
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After the integration we obtain from the equation (22): 
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Taking into consideration the experiment conditions [7] 

and (27), which has been proved in the experiment for the 
typical GaAs from the equation (26), we obtain: 
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It is easy seen from the equation (28), that amplitude in 

the second approximation decreases and tends to the constant 
limit (i.e. to the value, not depending on time). 
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The frequency of the current oscillation is defined by the 

expression (23), i.e. 2ωψ
=

dt
d

 and the expression phase low 

is t2ωψ = . It is possible to find the amplitudes of the 
current oscillation on the formula (10), substituting a from 

the equations (17) and (26) in the equation (10) serially in the 
first and second approximations. We will calculate the 
current amplitudes only in the first approximation because of 
the striving of the amplitude of the current oscillation to the 
constant limit in the second approximation (29). After the 
simple calculation we obtain:
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From the equation (30) it is seen, that oscillations of the 

current amplitude x  have the oscillating form as the 
functions ψsin   and ψcos  in dependence on time. Using 
the equation (30) it is possible to find the experimental values 

x  (i.e. 0=
∂
∂

t
x

) with the time and the maximum conditions 

for  x  i.e. 02

2

<
∂
∂

t
x . However, for the finding 1J  it is need to 

find 2
1J , since the harmonic functions ψsin   and ψcos  

are in the equation (30), and further it is need to find the 
values min11 JJ =  and max11 JJ = , which define the 
minimal and maximal values of the amplitude of the current 
oscillation.  
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НЕЛИНЕЙНАЯ ТЕОРИЯ ЭФФЕКТА ГАННА 
 

Построена нелинейная теория эффекта Ганна. Найдены амплитуда и частота колебания тока во втором 
приближении методом Боголюбова-Митропольского. Для типичного эксперимента в кристалле GaAs вычислены 
частота и амплитуда колебания тока. Вычислена в первом приближении амплитуда колебания тока как функция 
электрического поля. 
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THE INTERLAYER ENERGY BARRIER IN THE ANISOTROPIC  

TlBIIIC2
VI MONOCRYSTALS  
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Institute of Physics of National Academy of Sciences of Azerbaijan, 
Az-1143, H. Javid av., 33 

 
The temperature dependence of the anisotropy degree of the conductivity of the TlInS2, TlGaS2 and TlGaSe2 layered monocrystals has 

been investigated. It is established, that TlGaSe2 monocrystals have the most anisotropy degree, and TlInS2 has the less anisotropy degree. 
The values of the interlayer energy barrier ∆ϕ, eV in the TlInS2 (0.04), TlGaS2 (0.17) and TlGaSe2 (0.3) crystals are obtained. 

 
The TlGaSe2, TlGaS2 and TlInS2 monocrystals are 

representatives of the layered materials of the group 
T1BIIIC2

VI. They are characterized by the strong anisotropic 
physical properties, caused mainly by the fact, that charge 
carriers can move freely inside the layers in them, and 
between the layers its movement is limited because of the 
interaction of the layers by the Van der Waals type and the 
small overlapping of the wave functions of the neighboring 
layers. The important parameter of the layered compounds is 
anisotropy of the electric conduction: 

 
                 N = σ⊥C / σ ⎢⎢C           ,                            (1) 
 

where σ ⎢⎢C and σ⊥C is the electric conduction in the parallel 
and perpendicular directions of the crystallographic crystal C 
axis (C axis is perpendicular to the plane of the crystal layers) 
correspondingly. 

It is need to note, that anisotropy degree of the layer 
crystals can be increased because of their intercalation, i.e. 
because of the introducing of the foreign ions, atoms or the 
molecules in the interlayer Van der Waals spaces. So, in the 
ref. [1] it was shown, that the anisotropy degree of the 
conductivity increased in 2-2,5 times because of the decrease 
in the similar times of the conductivity transversally to the 
layers at the intercalation of T1BIIIC2

VI crystals by the lithium 
ions, whereas the crystal conduction was almost changeless 
along the layers. 

The aim of the present paper is the investigation of the 
anisotropy degree of the conductivity of the layer 
semiconductors TlInS2, TlGaS2 and TlGaSe2 in the 
dependence on the temperature and the finding of the energy 
barrier value between the layers. 

The results of the conductivity investigation of the given 
layer monocrystals in the constant electric field are given 
below. The indium was used in the capacity of the contact 
material, which was melted in the monocrystals and it creates 
the ohmic contacts. The samples for the measurements have 
the thickness about 80÷130 mkm and were prepared as in the 
planar-, so in the sandwich-variant. For the samples in the 
planar variant, the indium contacts were carried on the lateral  
terminate edges so, that the electric current was directed 
along the natural layers of the monocrystal, i.e. 
perpendicularly to monocrystal C axis (σ⊥C). In the samples, 
prepared in the sandwich-variant, the electric current was 
directed transversally to the natural layers, i.e. along the 
monocrystal C axis (σ⎢⎢C). The amplitude of the constant 
electric field, applied to the samples (F=102÷103V/cm) 
corresponded to the ohmic region of VAC. During the 

measurements the samples were established in the cryostat of 
the “Utrex” mark with the system of the temperature 
stabilization (the accuracy of the stabilization was 0,02 K). 

The measurement results of the temperature dependence 
of the anisotropy electric conduction for the TlInS2 
monocrystals (curve 1), TlGaS2 (curve 2) and TlGaSe2 (3) in 
the temperature region, at which the jump conductivity takes 
place in these crystals are given on the fig.1 [2,3]. From the 
fig.1 it is seen, that lgN increases for all three crystals with 
the temperature decrease. 

 

 
 

Fig.1. The temperature dependences of the anisotropy degree of  
           the electric conduction of TlInS2, TlGaS2 and TlGaSe2  
           monocrystals in the region of the low temperatures. 
 
The energy barrier ∆ϕ  between the layers can be valued 

because of the jump conductivity in the given crystals along 
C axis by the relation: 

 
             σ⊥C / σ ⎢⎢C ~ exp(∆ϕ / kT).                         (2) 
 
From all three investigated crystals, the TlGaSe2 

monocrystals had the most energy barrier between the layers: 
∆ϕ=0.30 eV. In the TlGaS2 ∆ϕ=0.17 eV, and in TlInS2 the 
value ∆ϕ was the less: 0.04eV. 

According to these ∆ϕ values, the most anisotropy degree 
of the conductivity was in the TlGaSe2 monocrystals, and the 
less one in the TlInS2. 

The dependence of the anisotropy degree of conductivity 
at the fixed temperature (T=232K) on the value of the 
interlayer energy barrier in the crystals TlInS2, TlGaS2 and 
TlGaSe2 is given for the comparison on the fig.2. As it is seen 
from the fig.2, the experimentally obtained dependence lgN 
on ∆ϕ is linear that is in the agreement with the formula (2). 
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Fig.2. The dependence of the anisotropy degree of the  
           conductivity on the value of the interlayer energy barrier  
           in TlInS2, TlGaS2 and TlGaSe2 monocrystals. 

 

 
Fig.3. The temperature dependences of the conductivity of  
           TlInS2 (curve 1; 1’), TlGaS2 (2; 2’) and TlGaSe2 (3; 3’)  
           monocrystals transversally and along to the layers near 300 K.     

 
The value of the interlayer energy barrier can be 

estimated also by the difference of the activation energies of 
the conductivity transversally and along the layers, i.e. as 
follows: 

 
                     ∆Ε = Eσ⎢⎢C – Eσ⊥C.                           (3) 
 
The temperature dependences of the conductivity of 

TlInS2 (curve 1; 1’), TlGaS2 (2; 2’) and TlGaSe2 (3; 3’) 
monocrystals in the temperature interval near 300 K along 
and transversally to layers are given on the fig.3. 

The obtained values of the activation energies of the 
conductivity from the fig.3 are given in the table, where the 
values ∆ϕ and ∆E are given for comparison also. 

                                                                                 Table. 
The electrical parameters of TlInS2, TlGaS2 and TlGaSe2 

monocrystals. 
 

Monocrystal ∆ϕ, eV Eσ⎢⎢C, eV Eσ⊥C, eV ∆Ε, eV 

TlInS2 

TlGaS2 

TlGaSe2 

0.04 

0.17 

0.30 

0.39 

0.50 

0.54 

0.34 

0.31 

0.20 

0.05 

0.19 

0.34 

 
  As it is seen from the table, the ∆ϕ and ∆E values well 

agree with each other in the limits of the experiment fault for 
all investigated monocrystals. Moreover, the ∆E value was a 
little bit bigger, than ∆ϕ in all three cases.  

Thus, the values of the interlayer energy barrier, well-
agreed with each other, in the TlInS2, TlGaS2 and TlGaSe2  
monocrystals are obtained by two independent methods. 
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2
  АНИЗОТРОП  МОНОКРИСТАЛЛАРЫНДА ЛАЙЛАР АРАСЫНДАКЫ ЕНЕРЪИ МАНЕЯЛЯРИНИН ТЯЙИНИ 

 

TlInS2, TlGaS2, TlGaSe2  лайлы монокристалларда кечирижилийин анизотропийа дяряжясинин температурдан асылылыгыары тядгиг едилмиш 
вя мцяййян олунмушдур ки, TlGaSe2 ян чох, TlInS2 ися ян аз анизотропийа дяряжясиня маликдир. TlB111CV1

2 монокристалларында 
лайларарасы енеръи манеяляринин гиймятляри тапылмышдыр (∆ϕ, еВ): 0,04 (TlInS2), 0,17 (TlGaS2)  вя 0,3 (TlGaSe2). 

 
С.Н. Мустафаева 

 
ОПРЕДЕЛЕНИЕ МЕЖСЛОЕВОГО ЭНЕРГЕТИЧЕСКОГО БАРЬЕРА  

В АНИЗОТРОПНЫХ МОНОКРИСТАЛЛАХ TlBIIIC2
VI  

 
Изучена температурная зависимость степени анизотропии проводимости слоистых монокристаллов TlInS2, TlGaS2 и TlGaSe2. 

Установлено, что наибольшую степень анизотропии имеют монокристаллы TlGaSe2, а наименьшую – TlInS2. Определены 
величины межслоевого энергетического барьера ∆ϕ, эВ в кристаллах: TlInS2 (0.04 ), TlGaS2 (0.17) и TlGaSe2 (0.3).  
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THERMAL CONDUCTIVITY 0F In1-хGaxAs SOLID SOLUTION 

 
R.N. RAHIMOV 

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

 
The thermal conductivity of In1-хGaxAs (with 0≤x≤0.08) solid solutions has been investigated in the 80÷300K range. The thermal 

conductivity as a function of temperature and the alloy composition has been analyzed on the basis of the theory taking into account 
boundary phonon scattering, three – phonon normal and three – phonon Umklapp process, phonon resonance scattering and also phonon 
scattering on point defects with regard to the local change of density and elastic properties of crystals. The revealed dip in the temperature 
dependence of the thermal conductivity is explained by the phonon resonance scattering on various complexes. 

 
1. Introduction 
 
 In1-xGaxAs solid solutions are perspective materials for 

solid-state devices and studies of their thermal properties may 
be used at computations necessary on designing. Besides 
experimentally investigating the phonon thermal conductivity 
of the solid solutions versus the content in the wide range of 
temperatures enables one to study the influence of distortion 
of the crystal lattice periodicity (lattice imperfections) and the 
phonon scattering and to estimate applicability of available 
theories of the phonon scattering on various defects. The 
thermal conductivity of this system was investigated in a 
number of works [1-7].  Abrahams, Braunstein, and Rossi [1] 
investigated the thermal conductivity of the In1-хGaxAs 
system except regions near initial components. Ohmer et al. 
[2] measured the thermal conductivity of GaAs-InAs alloys 
for the alloy concentration less than 1%. In a paper of 
Szmulowicz et all. [3] on a basis of theories of Klemens and 
Callaway  gave a theoretical estimation for the  Ohmer‘s and 
et al. experimental result. Their calculation considers both 
normal interactions and Umklapp anharmonic ones, as well 
as mass differences and size distortions for the scattering by 
point defects.  The results indicate that it is the size-distortion 
scattering, which leads to a very abrupt decrease in the 
thermal conductivity for dilute alloys. In a work of Adachi 
[4] the lattice thermal resistivity of Ga1-xInxAs alloys was 
analyzed with a theoretical prediction based on a simplified 
model of the alloy-disorder scattering. It was shown a quite 
good agreement with experimental data on various III-V 
ternary compounds.  

It should be noted that in all above-mentioned works the 
thermal conductivity dependence on the indium and gallium 
contents is analyzed at room temperature. 

 Arasly et al.[5] investigated the thermal conductivity of 
the In1-хGaxAs solid solutions at high temperatures by the 
light flash method.   

In the present work as a continuation of our earlier 
conducted investigations, the thermal conductivity of the In1-

хGaxAs alloys near the InAs initial components in the range 
of 80 to 300K has been investigated.  

 
2. Experimental  
 
The investigated samples, which grown by the 

Czochralski method, had the identical charge carriers 
concentration of 2.4⋅1017cm-3 and the dislocation density  103 
to 104cm-2.  The thermal conductivity was measured by the 

absolute stationary method and flash light method between 
80 and 300К. 

The thermal conductivity of the initial InAs and In1-хGaxAs 
solid solution (with 0≤x≤0.08) as function of temperature is 
plotted in fig. I. As it is seen, with increasing the GaAs 
content the value of the thermal conductivity decreases and 
its temperature dependence is weaken that is typical for 
alloys. In the temperature dependence of the thermal 
conductivity is observed the obvious dip within the narrow 
interval of 90 to120K.  

 

 
Fig.1. Thermal conductivity of In1-xGaxAs alloys versus  
           temperature. 
 

 
Fig.2. Thermal conductivity of In1-xGaxAs alloys as a  
           function of the alloy concentration (x). The  
           theoretical curves 1-4 have been calculated with  
           formulas (1)-( 4); (5)-(4); (5)-(6) with the value of  
           G=1; and (5)-(6) with G=2, respectively. 
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The thermal conductivity for In1-хGaxAs at room 
temperature versus the alloy composition and data of 
Abrahams et al. [1] and Ohmer et al. [2] are presented in 
fig.2.   

 
3. Discussion 
 
The electron share of the thermal conductivity (Kel), 

determined in accordance with the Widemann-Franz formula, 
is insignificant and the observed change in the thermal 
conductivity is related with phonon processes.  

The lattice thermal conductivity are analyzed in the 
framework of the well-known Callaway-Klemens model.  

Despite that in the Callaway’s model [8] it does not take 
into account the nonlinearity of the phonon spectrum 
dispersion and also makes no differences for longitudinal and 
transverse phonons in phonon-phonon interactions, in the 
literature widely use this model for the thermal conductivity 
analysis.  

For a quantitative estimation of the phonon scattering on 
point defects in In1-хGaxAs at 300К first was  computed the 
thermal conductivity taking into account U-processes and the 
phonon scattering on point defects by the given formula [9]: 
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Here К0 is the lattice thermal conductivity in the absence  

of defects, v is the speed of sound, V is the primitive cell 
volume, θ is Debye temperature, Γ is the disorder parameter 
including local changes of the density and elastic properties 
of  the alloy when one atom is replaced with another, ωD is 
the  ponon frequency maximum in the Debye model, and ω0 
is the frequency at which the value of relaxation times, due to 

the phonon scattering on point defects 
41

D Aωτ =−
 and 

Umklapp prosesses TB 2
U

1
U ωτ =− , are equal.  

In the case of the А3В5 semiconductor compound, 
parameter ε is determined from the relation between elastic 
constants and the atomic volume. As for the In1-хGaxAs solid 
solution the Vegard`s law remains in force,  the change of the 
lattice constant, in accordance with Ref.6,  has been 
considered as a measure of the local change of material 
elastic properties. The parameters, which are necessary for 
the computation, have been taken from the work [3] and they 
have been linearly extrapolated for the solid solutions. It 
should be noted that in the In1-хGaxAs solid solution, the term 
connected with the local change of the elastic properties of 
medium makes its significant contribution to the disorder 
parameter, Γ.  

As it is seen from fig.2, experimental data laid beneath 
the computed curve 1. It may be supposed that the significant 
quantitative divergence between the computation and the 
experimental data is connected with that the three-phonon 
normal process is not taking into consideration.  

It is known that three-normal phonon processes 
themselves directly do not result in the thermal resistivity. At 
the same time the N- processes can determine the structure of 
the stationary nonequilibrium phonon distribution. As a 
result, their role turns out to be rather essential and they 
render the important influence on the thermal conductivity 
magnitude.  

At high temperatures in solid solutions the high frequency 
phonons strongly scatter on point defects, and interaction 
between longitudinal phonons with conservation of the quasi-
impulse, may influence on the lattice thermal conductivity. 

The influence of N-processes on the thermal conductivity 
at Т>θ in alloys is considered in Ref. 6, 10. Abeles [6] has 
proposed a phenomenological approach to a lattice thermal 
conductivity of disordered semiconductor alloys at high 
temperatures. His theory is based on the model presented by 
Klemens and Callaway and successfully used for alloys. 
Assuming that the  temperature and frequency dependences 
of the relaxation time for three-phonon N- and U- processes, 
are the same, namely, TB 2

N
1

N ωτ =−  and TB 2
U

1
U ωτ =− , and 

for  the scattering on point defects 341
i v4/V πωτ Γ=− , 

in [6 ] it was obtained the following formula for the lattice 
thermal conductivity: 
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9/C51
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y

2
0D2

+
=

ωω
,     C=BN/BU                                                                                            

С is the adjustable parameter indicating in how many 
times the N-processes are stronger than the U-processes.  

At computations the parameter of disorder, Γ, is 
calculated with the formula (4), where the local change both 
the density and elastic properties of the alloy is taken into 
account. The curve 2 in fig.2, calculated by the formula (5) 
with the adjustable parameter value of С=2, well fits our 
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experimental data. It shows the essential role of the N 
processes in the phonon scattering in the In1-xGaxAs solid solution. 

In Ref.3 the role of the N processes in the thermal 

conductivity in the GaAs-InAs alloy for the dilute alloy (with 
the InAs concentrations less than 1%) is appreciated and the 
disordered parameter Γ is expressed as: 
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where the sum is over the two alloy components; fi is the 
alloy fraction for each constituent, Mi its molecular mass, Vi 
its molecular volume, Ei its bulk modulus;  G is the 
Gruneissen constant, M,V, and E are averages of mass, 
volume, and bulk modulus; the µ is averages shear modulus. 

The computed curves by the formula (5) and (6) for С=2 
and G=2 (curve 3), G=1 (curve 4) are presented in Fig. 2 As 
it is seen, the curve 3 well fits Ohmer et al. (for dilutely 
alloyed) experimental data [2], but does not fit Abrahams and 
et al. [1] and our experimental data. 

Thus our experimental data on the In-rich and Ga-rich In1-

xGaxAs solid solutions well follow the Abeles expression (5). 
The dips observed for various GaAs concentrations in the 

temperature dependence of the thermal conductivity in the of 
90 to 120К (Fig.1) are of great interest. The observed dips 
evidently indicate the resonance phonon scattering 
realization. The K(Т) behavior like this was  also observed 
for pure А3В5 compounds   at temperature lower 50К [11-14] 
and it is related, in the authors’ opinion, with the resonance 
phonon scattering. However, the nature of the resonance 
phonon scattering center is not clear as yet. The resonance 

phonons scattering is observed at comparatively “high” 
temperatures in the range of 90 to 120 K in A3B5 alloys, in 
contrast with binary compounds.  

The analysis of the temperature dependence of the 
thermal conductivity is carried out by the following formula: 
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The combined relaxation time (τс) includes all probable 

phonon scattering processes, the crystal boundary scattering, 
three –phonon normal process, three –phonon Umklapp 
process, Rayleigh scattering on point defects, phonon 
resonance scattering 
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where L is the length of a sample, ωR is the resonance 
frequency. For comparison of calculated data with 
experiments we have used the method of least squares.  

In a fig.3 the experimental data and computed by formula 
(7) curves for two of In1-xGaxAs alloys (with х=0,01 and 
х=0,04) are plotted. Values of the approximation coefficients 
are given in table 1. As it is seen from fig.3, including in the 
combined relaxation time also the relaxation time of the 
resonance phonon scattering, it is possible to quantitively 
circumscribe the dips observed in the temperature 
dependence of the thermal conductivity.   

It should be noted that the adjustable parameter, A, is 
considerably differs from the computed parameter of the 
alloy-disorder scattering, determined by formula (3). 
Probably, it is connected with the presence of the other 
defects. It is possible that in solid solutions   compositions of 
various atoms turn out to be in an environment of the 
“impurity” center owing to the chaotic distribution of 
components of the atoms in the crystal lattice. The 
nonequivalence of the nearest environment of the same atom 
can result in formation of various complexes, the presence of 
which brings about features of the phonon scattering. Such 
complexes can be also  impurity – vacancy complexes  

 

 
Fig.3. Thermal conductivity of In1-xGaxAs for x=0.01, x=0.04 
           alloys as a function of temperature The curves 1, 2 have  
               been calculated with Formulas (7), (8). 
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                                                                                                                                                                               Table 1. 
Parameters used at computation of the phonon thermal conductivity of In1-xGaxAs with x=0,01; 0,04. 

 InAs GaAs  In0.99Ga0.01As In0.96Ga0.04As 
θ (K) 280 370 281 283 
v (cm/s) 3.09 x 105 3.8x105 3.1 x 105 3.12 x 105 

V, cm3 5.56 x 10-23 4.52x10-23 5.55 x 10-23 5.52 x 10-23 

µ (dyn/cm2) 1.9 x 1011 3.26x1011 1.91 x 1011 1.95 x 1011 

E (dyn/cm2) 5.79 x 1011 7.55x1011 5.81 x 1011 5.86 x 1011 

Aexp (s3)   3.988 x 10-42 7.507 x 10-42 

Acal  (s3)   0.78 x 10-43 3.01 x 10-43 

BU    (s K-3)   0.718 x 10-25 0.637 x 10-25 

BN/BU   2 2 
ωR  (s-1)   1.327 x 1013 1.54 x 1013 

v/L (s-1)   6.2 x 105 6.5 x 105 

R  (s-3K-2)   1.73 x 1028 1.796 x 1026 

 
4. Summary 
 
The investigation of the thermal conductivity of the In1-xGaxAs 

alloys at temperature between 80 and 300K has been shown 
that with increasing the Ga content the value of the thermal 
conductivity decreases and its temperature dependence is 
weaken. It has been established that for the solid solution in 
the phonon scattering on point defects together with Umklapp 
processes the normal processes also play essential role. The 
best good agreement with the theory is obtained with the 
quadratic frequency dependence for the relaxation time of the 
N-processes. In the temperature dependence of the thermal 
conductivity is revealed the obvious dips within the narrow 
interval of 90 to120K. The analysis of the thermal 
conductivity temperature dependence  has displayed that in 
the combined relaxation time of the phonon scattering, 

including  also the relaxation time of the resonance phonon 
scattering in the Klemens-Callaway formula, it is possible to 
quantitively  describe the dip observed in the temperature 
dependence of the thermal conductivity. It is assumed that in 
the solid solutions resonance phonon scattering centers can 
be complexes related with the nonequivalence of the nearest 
environment of the same atom in the crystal lattice.  
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R.N. Рящимов 
 

In1-хGaxAs BЯRK MЯHLULLARININ ИSTИLИK XASSЯLЯRИ 
 

In1-хGaxAs bяrk mяhlullarыnыn istilik keчiriciliyi 80-300K temperatur bюlцmцndя tяdqiq olunmuшdur. Kristallarыn tяrkibindяn vя 
temperaturdan asыlыlыьы olaraq istilik keчiriciliyinin dяyiшmяsi fononlarыn mцxtяlif mexanizmlяrdяn - цч-fononlu N vя U-proseslяri, 
fononlarыn rezonans sяpilmяsi, kristalыn sяrhяdindяn, sыxlыьыn vя elastiki xassяlяrin dяyiшmяsini nяzяrя alan nюqtяvi defektlяrdяn 
sяpilmяsini nяzяrя alan  nяzяriyyя яsasыnda araшdыrыlmышdыr. Иstilik keчiriciliyin temperatur asыlыlыьыnda mцшahidя olunan чuxurlar 
fononlarыn mцxtяlif mяrkяzlяrdяn-komplekslяrdяn rezonansla sяpilmяsi ilя izah edilir. 
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ТЕПЛОПРОВОДНОСТЬ ТВЕРДЫХ РАСТВОРОВ In1-хGaxAs 
 

Исследование теплопроводности  твердых растворов  In1-хGaxAs проведено в области 80-300К. Теплопроводность сплавов как 
функция от температуры и  состава анализирована на основе теорий, учитывающих рассеяние фононов на границах, трехфононные 
N и U -  процессы, резонансное рассеяние фононов, рассеяние фононов на точечных дефектах с учетом локального изменения 
плотности и упругих свойств кристалла. Обнаруженное углубление в температурной зависимости теплопроводности объясняется 
резонансным рассеянием фононов на различных центрах- комплексах. 
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We investigate inverse synchronization between two uni-directionally coupled chaotic multi-feedback Ikeda systems and find both the 

existence and stability conditions for anticipating, lag, and complete synchronizations. 
 
Keywords: Time-delayed systems, chaos synchronization, 

multi-feedback systems 
 

1. INTRODUCTION 
 

Recently chaos synchronization [1] in coupled systems 
have been extensively studied in the context of laser 
dynamics, electronic circuits, chemical and biological 
systems, etc. [2]. This phenomenon can be applicable in 
secure communication, optimization of nonlinear system 
performance, pattern recognition phenomena, species 
population control, etc., see e.g. [2] and references there in. 

Finite signal transmission times, memory effects make 
systems with a single and multiple delays ubiquitous in 
nature and technology [3]. Dynamics of multi-feedback 
systems are representative examples of the multi-delay 
systems. Therefore, the study of synchronization phenomena 
in time-delayed systems is of high practical importance. 
Prominent examples of such dynamics can be found in 
biological and biomedical systems, laser physics, integrated 
communications [3]. In laser physics such a situation arises in 
lasers subject to two or more optical or electro-optical 
feedback. Second optical feedback could be useful to 
stabilize laser intensity [4]. Chaotic behavior of laser systems 
with two optical feedback mechanisms is studied in recent 
works [5]. Chaos synchronization between the uni-
directionally coupled continuous multi-feedback systems is 
investigated in [6]. 

Recently in [7] we reported a type of synchronization: 
inverse anticipating synchronization, where a time-delayed 
chaotic system x drives another system y in such a way that a 
driven system anticipates the driver by synchronizing to its 
inverse future state: x(t)=-yτ≡-y(t-τ) or equivalently y(t)=-x(t+τ) 
with τ>0. In [7] we focused our attention on cases when a 
driving system contains a single delay time. 

In this paper for the first time we investigate inverse 
synchronization between two uni-directionally coupled 
chaotic multi-feedback Ikeda systems and find both the 
existence and stability conditions for different 
synchronization regimes (retarded, complete, and 
anticipating). 

 

2. SYNCHRONIZATION BETWEEN THE MULTI- 
    FEEDBACK IKEDA SYSTEMS 

 

Consider inverse synchronization between the multi-
feedback Ikeda systems, 
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with positive α1,2 and –m1,2,3,4.  

This investigation is of considerable practical importance, 
as the equations of the class B lasers with feedback (typical 
representatives of class B are solid-state, semiconductor, and 
low pressure CO2 lasers [8]) can be reduced to an equation of 
the Ikeda type [9]. 

The Ikeda model was introduced to describe the dynamics 
of an optical bi-stable resonator, plays an important role in 
electronics and physiological studies and is well-known for 
delay-induced chaotic behavior [10-11], see also e.g. [12]. 
Physically x is the phase lag of the electric field across the 
resonator; α is the relaxation coefficient for the driving x and 
driven y dynamical variables; m1,2 and m3,4 are the laser 
intensities injected into the driving and driven systems, 
respectively. τ1,2 are the feedback delay times in the coupled 
systems; τ3 is the coupling delay time between systems x and 
y; K is the coupling rate between the driver x and the 
response system y.  

We find that systems (1) and (2) can be synchronized on 
the synchronization manifold  

 
                              

13 ττ −−= xy                                      (3)  
 

as the error signal yx
13
+−=∆ −ττ   for small ∆ under the 

condition 
       
                      31 mKm =+ , 42 mm =                       (4) 
 

obey the following dynamics   
 

  
132231

coscos 23 ττττττα −+∆+∆+∆−=
∆ xmxm

dt
d

   (5) 

 
It is obvious that ∆=0 is a solution of system (5). We 

notice that for τ3>τ1, τ3=τ1, and τ3< 
τ1 (3) is the inverse retarded, complete and anticipating 

synchronization manifold [12], respectively. To study the 
stability of the synchronization manifold 

13 ττ −−= xy  one 
can use the Krasovskii-Lyapunov functional approach. 
According to [3], the sufficient stability condition for the 
trivial solution ∆=0 of time-delayed equation  
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21
)t(s)t(s)t(r

dt
d

21 ττ ∆+∆+∆−=
∆

 

 
is: )t(s)t(s)t(r 21 +> . 

Thus, we obtain that the sufficient stability condition for 
the synchronization manifold 

13
xy ττ −−=  (3) can be written 

as: 
                          23 mm +>α .                                 (6) 

 
As Eq.(5) is valid for small ∆ stability condition (6) found 

above holds locally. Conditions (4) are the existence 
conditions for the synchronization manifold (3) between uni-
directionally coupled multi-feedback systems (1) and (2). 

Analogously we find that 
23

xy ττ −−=  is the synchronization 
manifold between systems (1) and (2) with the existence 
m2+K=m4 and m1=m3 and stability conditions 

43 mm +>α . 
We notice that in the case of drivers with several feedback 

mechanisms synchronization manifold's stability condition 
requires larger value for the relaxation coefficient in 
comparison with the case of single feedback.  

One can generalize the previous results to n- tuple 
feedback Ikeda systems. Applying the error dynamics 
approach to synchronization between the following Ikeda 
models 
 

  
n21

xsinmxsinmxsinmx
dt
dx

nxx2x1 τττα +⋅⋅⋅+++−=  

                                                                              (7)

                                
kn21

xsinkysinmysinmysinmy
dt
dy

nyy2y1 ττττα ++⋅⋅⋅+++−=  ,                             (8) 

 
we find that the existence and sufficient stability conditions e.g. for 
the synchronization manifold 

1k
xy ττ −−=  are: y1x1 mkm =+ , 

nynx mm =  and nyy2y1 mmm +⋅⋅⋅++>α , respectively. 

For the synchronization manifold 
2k

xy ττ −−= , 

y2x2 mkm =+  and nynx mm =  are the existence 

conditions, and nyy2y1 mmm +⋅⋅⋅++>α  is the 

sufficient stability condition. 
 
3. CONCLUSIONS 

 

For the first time we have investigated inverse 
synchronization between two uni-directionally coupled 
chaotic multi-feedback Ikeda systems and find both the 

existence and stability conditions for inverse anticipating, lag, 
and complete synchronization regimes. We established that in 
general compared to the case of driver systems with a single 
feedback system additional feedback channels requires larger 
values for the relaxation coefficient.  

Having in mind different application possibilities of chaos 
synchronization, synchronization in multi-feedback systems 
can provide more flexibility e.g. in obtaining different 
anticipating time scales, etc. and opportunities in practical 
applications.  

It is well known that laser arrays hold great promise for 
space communication applications, which require compact 
sources with high optical intensities. The most efficient result 
can be achieved when the array elements are synchronized. 
Additional feedback channels could be useful to stabilize 
nonlinear system's output, e.g. laser intensity. 
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E.M. Шahverdiyev, R.A. Nuriyev, E.M. Hцseynova, L.H. Hяшimovaб R.H. Hяшimov 
 

ЯKS RABИTЯLЯRLИ ИKEDA MODELИNDЯ ИNVERSИON XAOC SИNXRONLAШMASЫ 
 

Bir istiqamяtdя яlaqяlяndirilmiш bir neчя яks rabitяli  xaotik Иkeda modelinin inversion sinxronlaшmasы юyrяnilib. Mцxtяlif 
sinxronlaшma rejimlяri цчцn zяruri vя stabillik шяртляри tapыlыb.
 

Э.М. Шахвердиев, Р.А. Нуриев, E.M. Гусейнова, Л.Г. Гашимова, Р.Г. Гашимов 
.  

ИНВЕРСИОННАЯ  ХАОТИЧЕСКАЯ СИНХРОНИЗАЦИЯ В МОДЕЛИ ИКЕДЫ С  НЕСКОЛЬКИМИ  
ОБРАТНЫМИ СВЯЗЯМИ 

 
На примере популярной модели  Икеды  инверсионная хаотическая синхронизация анализирована в системах  с  

несколькими обратными связями. Найдены условия существования  и стабильности различных синхронизационных 
режимов. 
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EFFECT OF NON-REFLECTIVE ABSORPTION OF MICROWAVE RADIATION IN 
SOLUTIONS OF ACETYL ACETONE IN N-HEPTANES 

 
M.I. VALIYEV, R.M. KASIMOV, Ch.O. KADJAR 

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

 
The dielectric properties of solutions of acetyl acetone in n-heptanes were researched in a range of microwaves. The existence of a 

spectrum of concentrations and thicknesses of the solutions layer at which resonant non-reflective absorption of radiation in these solutions 
occurs has been established. 

 
Preparation and research of the materials absorbing 

electromagnetic radiation without its appreciable reflection 
on the basis of solutions of polar substance in non-polar 
solvent is of scientific and practical interest. Such materials 
can be applied as composite materials for reception of non-
reflective absorbing coverings.  

On the basis of the analysis of the results represented in 
works [1,2] it has been shown that under certain conditions in 
polar dielectric possessing wave dispersion and placed on a 
metal substrate, can take place full (non-reflective) 
absorption of the electromagnetic radiation passing through it 
and reflected from a conducting surface. As experimental 
detection of the given effect in pure dielectric liquid is 
complicated because of necessity of application of more 
complex technical equipment, solutions of polar substances 
in non-polar solvent have been used as an object of research. 
The effect of non-reflective absorption in this case is reached 
by variation of the structure of solution and its thickness. 

According to carried out experimental studies and taking 
into account that dispersive area of acetyl acetone occurs in 
the microwave range, non-reflective absorption of 
electromagnetic radiation has been investigated in solutions 
of acetyl acetone in n-heptanes at wavelengths λ=4,28; 10,0 
and 20,0 mm and at temperature T=293 K. Measurements of 
reflective characteristics of the given solutions were carried 
out with use of panoramic measuring instruments for the 
standing wave factor Р2-66, Р2-67 and Р2-69 and connected 
with them short-circuited on the end measuring wave guide 
cells which, in turn, were equipped by the device of fine 
regulation of solution layer thickness. From the 
experimentally obtained dependences of the module of wave 
reflection factor ρ on thickness l of the solution layer in a cell 
the minimal values of wave reflection factor ρmin were 
determined and their dependence on concentration of a polar 
component in a solution was obtained. At the same time the 
quantitative estimation of dielectric properties of studied 
solutions was carried out with application of the 
measurement method described in [3] based on determination 
of dielectric permittivity ε′ and dielectric losses ε″ of a 
solution on the base of experimental measurement of 
standing wave factor η and thickness l of a solution layer in 
extreme points of dependence η(l).  

Results of measurements of ε′ and ε″ for solutions of 
acetyl acetone in n-heptanes are given in Table 1. 

Dielectric properties of pure acetyl acetone are 
sufficiently good described in the field of a dispersion by 
Debye’s equation. The average concentrations of polar 
component in the studied solutions are best described by 
Debye-Cole's equation [4]. 

                                                                           Table 1 
Dielectric permittivity ε′ and dielectric losses ε″ of  

solutions of acetyl acetone in n-heptanes at wavelengths  
 λ=4.28; 10,0 и 20,0 mm and at temperature T=293 K.  

 
λ=4.28 
mm 

λ=10,0 
mm λ=20,0 mm ϕ, % 

 
ε′ ε′ ε′ ε′ \ε′ ε′ 

100 5,62 4,65 7,32 8,13 13,04 12,64 
90 5,21 3,93 6,84 6,56 11,73 10,17 
80 4,87 3,40 6,40 5,51 10,49 8,00 
60 4,20 2,32 5,54 3,92 8,06 4,95 
50 3,89 1,95 5,06 3,18 6,80 3,76 
40 3,52 1,55 4,65 2,49 5,70 2,72 
20 2,92 0,81 3,65 1,08 3,75 1,04 
10 2,68 0,52 3,09 0,55 2,83 0,56 
5 2,59 0,41 2,79 0,31 - - 

 
Found experimental concentration dependences of ε′ and 

ε″ at λ=4,28; 10,0 and 20,0 mm and temperature 293 K have 
been used for calculation of conditions at which in studied 
solutions probably the effect of non-reflective absorption of 
electromagnetic radiation occurs. According to [2], this effect 
could be realized in points of minima of dependence of the 
module of reflection factor ρmin on thickness l of the 
substance layer while fulfilling the following conditions: 
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λb, λg – lengths of waves in empty and filled by researched 
substance directing system correspondingly; λк – critical  
wavelength of  directing system; l0 – thickness of a layer of 
substance at which reflection of a wave is absent. 

The value l0, included in (1) is close to (2n-1)λg/4 and 
differs from it by the small size dependent on properties of 
substance and number n of a minimum of  ρ(l) dependence. 
In reduced coordinates  ε1=(ε′-ρ)/(1-ρ) ; ε2=ε″/(1-ρ) the 
equations (1) are transformed to family of lines for set 
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numbers of minima of dependences ρ on l at which condition 
ρ=0  (curve B, fig.1) is realized. It is typical that with 
increase in number n these lines come nearer to X axis. Last 
circumstance specifies an opportunity of non-reflective 
absorption of electromagnetic radiation by substance, even 

with very small value of dielectric losses that as follows from 
fig.1, is realized at significant thickness of substance layer. 

Put on a coordinate plane [ε′,ε″] experimental data of 
various concentration solutions determine a behavior of 
experimental dependence ε″ from ε′ of studied solution of 
acetyl acetone in n-heptanes (curve A, fig.1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Graph-analytical method of determination of selective concentration and thickness of solutions of acetyl acetone in n-heptanes at  
           which in them take place non-reflective absorption of electromagnetic radiation. 
           А – theoretically estimated dependences ε″ from ε′ corresponding to conditions of non-reflective absorption of electromagnetic  
                  radiation in polar dielectrics. 
           В - experimental dependences of ε″ from ε′ in solutions of acetyl acetone in n-heptanes at wavelengths λ=4,28 (1); 10,0 (2) and  
                  20,0 (3) mm and at temperature T=293 K. Signatures to points designate values of weight concentration of a solution in  
                  percents (%). n - number of a minimum. 
           С – experimentally found dependence of  ε″ of the solutions on concentration at λ=20,0 (1); 10,0 (2) and 4,28 (1) mm. 
           D – theoretically estimated dependences of ε′ from l0/λв corresponding to conditions of non-reflective absorption of  
                  electromagnetic radiation in polar dielectrics. 
 
As ε″≈0 for n-heptanes, with the growth of concentration 

of acetyl acetone in a solution the curve of the dependence of 
ε″ from ε′ in solutions of acetyl acetone in n-heptanes begins 
from a point laying on an X axis, and comes to an end in the 
top part of a plane [ε′,ε″] at point with the coordinates 
corresponding to the pure acetyl acetone. At the movement to 
this coordinate point the curve will cross family of lines of 
resonant non-reflective absorption of radiation of the 
solutions described by the equation (1). Taking into account 
the specified character of an arrangement of lines of resonant 
values ε′ and ε″, it is necessary to expect existence of infinite 
lines of concentration of acetyl acetone in non-polar n-
heptanes and a thickness of a reflecting layer of a solution at 

which an effect of full absorption of the reflected radiation 
occurs. Unfortunately, behavior of ε′ and ε″ in binary 
solutions with change of their structure is difficult to express 
analytically. Therefore, for calculation of resonant 
concentrations ϕ0 of acetyl acetone in solutions and 
corresponding resonant values ε′0 and ε″0 graph-analytical 
method has been applied for the solution of the equations (1) 
with use of experimentally obtained data from measurements 
of ε′ and ε″ in solutions of acetyl acetone in n-heptanes at 
various concentrations. Results of these calculations for 
several first zero minima ρmin are given in Table 2.
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                                                                                                                                                                                      Table 2 
Dielectric permittivity ε′0, dielectric losses ε″0, thickness of a layer l0 and concentration of acetyl acetone ϕ0 in its solutions 

with n-heptanes in points of zero minima of the module of reflection factor ρmin at wavelengths  
λ=4,28; 10,0 and 20,0 mm and temperature T=293 K. 

 
λ=4.28 mm λ=10,0 mm λ=20,0 mm 

n ε′0 ε″0 l0/λ ϕ0 ϕт ε′0 ε″0 l0/λ 
 

ϕ0 ϕт ε′0 ε″0 l0/λ ϕ0 ϕт 

1 4,31 2,47 0,552 63,6 63,4 4,75 2,60 1,23 42,0 42,0 5,97 2,95 2,24 42,7 42,5 
2 2,86 0,76 1,939 18,6 18,3 3,42 0,83 4,13 17,1 18,6 3,44 0,83 8,22 16,6 16,8 
3 2,66 0,50 3,321 9,3 10,4 3,04 0,50 7,24 9,0 7,9 2,76 0,76 15,16 14,7 13,5 
4 2,54 0,33 4,704 2,4 3,2 2,83 0,33 10,48 5,4 4,6 - - - - - 
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c) 

Fig. 2.  Dependence of the module of reflection factor ρ of an electromagnetic wave on concentration ϕ of acetyl acetone in solution with  
             n-heptanes for first minima ρmin of lines for different thickness of solution layer at wavelengths λ=4,28 (а); 10,0 (b) and 20,0 mm  
             (c) and temperature T=293 K. 
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Ì.È. Âÿëèéåâ, Ð.Ì. Ãàñûìîâ, ×.Î. Ãàúàð 
 

ASETÈLASETONUN N-HEPTANDAKI MßHLULLARINDA ÈFRAT YÖKSßK TEZLÈKLÈ ØÖALANMA 
ZAMANI  ßKSOLUNMAYAN UDULMA EFFEKTÈ 

 
Asetilasetonun n-heptandakû mÿhlulullarûnûn dielektrik xassÿlÿri mikrodalüa diapazonunda tÿdqiq olunmuødur. Mÿhlulun 

möxtÿlif qalûnlûqlû laylarûnda vÿ konsentrasiyalarûnda øöalanmanûn ÿksolunmadan rezonansla udulmasûnûn yarandûüû 
möÿyyÿnlÿødirilmiødir.   

 
М.И.Велиев, Р.М.Касимов, Ч.О.Каджар 

 
ЭФФЕКТ БЕЗОТРАЖАТЕЛЬНОГО ПОГЛОЩЕНИЯ СВЕРХВЫСОКОЧАСТОТНОГО ИЗЛУЧЕНИЯ  

В РАСТВОРАХ АЦЕТИЛАЦЕТОНА В Н-ГЕПТАНЕ 
 

Исследованы диэлектрические свойства растворов ацетилацетон-гептан в диапазоне микроволн. Установлено существование в 
этих растворах спектра концентраций и толщин слоя раствора, при которых возникает резонансное безотражательное поглощение 
электромагнитного излучения. 
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ÏËÀÇÌÀËÛ ÈÎÍ ÌßÍÁßÉÈÍß ÌÀËÈÊ ÊÖÒËß ÑÏÅÊÒÐÎÌÅÒÐËßÐÈÍÄß ÈÊÈÍÚÈ ÍÞÂ 

ÈÎÍËÀÐÛÍ ÍÈÑÁÈ ÙßÑÑÀÑËÛÜÛÍÛÍ ÒßÉÈÍÈ 
 

Ê.Ç. ÍÓÐÈÉÅÂ 
Àçÿðáàéúàí Ìèëëè Àåðîêîñìèê Àýåíòëèéè 

 
Èøäÿ áÿðê ìàääÿëÿðèí åòàëîíñóç òÿäãèãàòû çàìàíû ìöõòÿëèô òèï ïëàçìàëû èîí ìÿíáÿëÿðèíÿ (úûüûëúûìëû âÿ ñåéðèéÿí áîøàëìàëû, ëàçåð øöàñû, 

èêèíúè èîí åìèññèéàñû) ìàëèê êöòëÿ ñïåêòðîìåòðëÿðèíäÿ éàðàíàí èîíëàðûí íèñáè ÷ûõûøûíû ÿââÿëúÿäÿí ùåñàáëàìàã ö÷öí àëãîðèòì òÿêëèô 
îëóíìóøäóð. Àëãîðèòì èîí ÿìÿëÿ ýÿëìÿ ïðîñåñèíèí ìöõòÿëèô ìåõàíèçìëÿðèíèí òîããóøìà òÿáèÿòëè öìóìèëÿøìèø ìîäåëè ÿñàñûíäà íèñáè ÷ûõûøûí 
àíàëèòèê èôàäÿñèíè àëìàüà èìêàí âåðèð. Òÿêëèô îëóíàí àëãîðèòì êèíåòèê éàõûíëàøìàíûí êþìÿéè èëÿ ïëàçìà çÿððÿúèêëÿðèíèí ñûõëûüûíûí çàìàí — 
ìÿêàí äÿéèøìÿëÿðèíè àðàøäûðìàüà âÿ êâàíò ìåõàíèêàñû ÷ÿð÷èâÿñèíäÿ âÿ òîããóøìà èëÿ èîíëàøìà ïðîñåñèíèí êÿñèéèíèí ùåñàáëàíìàñûíà èìêàí 
âåðèð. 
 

Èîíëàðû èîí ìÿíáÿéèíäÿ ïëàçìà öñóëó èëÿ àëûíàí (ïëàçìàëû 
èîí ìÿíáÿëÿðè) êöòëÿ ñïåêòðîìåòðëÿðè ñîí âàõòëàð ìàéå âÿ 
áÿðê ìàääÿëÿðèí åëåìåíò (èçîòîï) òÿðêèáèíè éöêñÿê äÿãèãëèêëÿ 
þéðÿíìÿê ö÷öí ýåíèø ìèãéàñäà òÿòáèã îëóíóð. Áóíà ñÿáÿá 
èñòÿð ãûüûëúûìëû âÿ ñåéðèéÿí áîøàëìà, èñòÿð èíäóêòèâ ÿëàãÿëè 
ïëàçìà, èñòÿðñÿ äÿ ëàçåð øöàñû èëÿ èîíëàøìàéà ìàëèê êöòëÿ 
ñïåêòðîìåòðëÿðèíäÿ ïðàêòèê îëàðàã ùÿòòà òÿê — òÿê èîíëàðà äà 
ãåéä åòìÿéèí ìöìêöíëöéöäöð [1]. Ìÿùç ïëàùìàëû èîí 
êàìåðàñûíäà (áó ñûðàéà èêèíúè íþâ èîí åìèññèéàñûíû äà äàõèë 
åòìÿê îëàð), éàðàíàí èîíëàðûí íåéòðàë àòîìàëàðà íèñáÿòèíè 
àðòûðìàüà, âÿ äåìÿëè èîí ìÿíáÿéèíèí åôôåêòèâëèéèíè àðòûðìàüà 
ðåàë øÿðàèò éàðàòìûøäûð.  Äîüðóäàí äà,ëàçåð øöàñû èëÿ èîíëàøìà 
êöòëÿ ñïåòðîìåòðèíèí ìöòëÿã ùÿññàñëûüû 1⋅10-19ã [2], èíäóêòèâ 
ÿëàãÿëè ïëàçìà âÿ ñåéðèéÿí áîøàëìàëû ïëàçìàíûí êþìÿéè èëÿ 
íèñáè ùÿññàñëûüûí àøàüû ùÿääè 10-7÷10-11 (àòîì %), õÿòà èñÿ 
0,01 % àøìûð. 
 Öìóìèééÿòëÿ, êöòëÿ ñïåêòðîìåòðèê ñèñòåìëÿðèí èñòÿíèëÿí 
îáéåêòëÿðèí òÿäãèãèíäÿ äþâðö ñèñòåìÿ äàõèë îëàí äåìÿê îëàð 
êè, áöòöí åëåìåíòëÿðèíè ãåéä åòìÿê öñòöíëöéö îíëàðû 
ìàääÿëÿðèí åëåìåíò òÿðêèáèíè òÿäãèã åäÿ áèëÿí áöòöí 
öñóëëàðäàí ÿí þíÿìëèñè, áÿçÿí èñÿ éåýàíÿëèê ñÿâèééÿñèíÿ 
ãàëäûðû. 
 Áàøãà àíèëèòèê öñóëëàðäà îëäóüó êèìè êöòëÿ ñïåêòðîìåòðèê 
öñóëäà äà òÿäãèãàò çàìàíû ìÿëóì òÿðêèáÿ ìàëèê íöìóíÿäÿí 
èñòèôàäÿ îëóíóð. Áó çàìàí åòàëîí (òÿðêèáè ÿââÿëúÿäÿí ìÿëóì 
îëàí) íöìóíÿíè àíàëèç åòìÿêëÿ ìöõòÿëèô íàìÿëóì òÿðêèáëè 
íöìóíÿëÿðèí åëåìåíò (âÿ éà èçîòîï) òÿðêèáèíè òÿéèí åòìÿê 
îëàð. Ãåéä åòìÿê ëàçûìäûð êè, áó öñóë ñàäàëàíàí öñòöíëöêëÿðè 
èëÿ éàíàøû áÿçÿí áèð ñûðà ïðîáëåìëÿðëÿ äö öçëÿøèð. Ìÿñÿëÿí, 
áèð ÷îõ ùàëëàðäà õöñóñè òÿìèç ìàääÿëÿðèí âÿ éà ÿòðàô ìöùèòèí 
îáéåêòëÿðèíèí àíàëèçè çàìàíû þéðÿíèëÿí îáéåêòÿ àäåêâàò îëàí 
âÿ éà òÿéèí îëóíàúàã åëåìåíòëÿðèí òÿðêèáèíè õàðàêòåðèçÿ åäÿí 
ñòàíäàðò íöìóíÿ òàïìàã ïðàêòèêè îëàðàã ìöìêöí îëìóð. 
Áåëÿ ùàëëàðäà ìöòÿõÿññèñëÿð òÿäãèãàòûí åòàëîíñóç àíàëèç, 
áàøãà ñþçëÿ ñòàíäàðò íöìóíÿëÿðäÿí èñòèôàäÿ åòìÿäÿí àíàëèç 
àïàðìàã ìÿúáóðèééÿòèíäÿ ãàëûð. Áó èñÿ î äåìÿêäèð êè,  áöòöí 
åëåìåíòëÿð ö÷öí íèñáè ùÿññàñëûã ÿìñàëû (ÍÙß) âàùèäÿ 
áÿðàáÿð ãÿáóë åäèëèð êè, áó äà 300 % - ëèê ñèñòåìàòèê õÿòàëàðà 
ýÿòèðèð. 
 Àðàøäûðìàëàð ýþñòÿðèð êè, êöòëÿ ñïåêòðîìåòðèê öñóëäàí 
èñòèôàäÿ åäÿí êèìéà÷û òÿäãèãàò÷ûëàð åòàëîíñóç êÿìèééÿò 
àíàëèçè àïàðìàã ö÷öí êöëëè ìèãäàðäà òÿäãèãàòëàð ÿñàñûíäà 
àäåêâàò ñòàíäàðò íöìóíÿëÿð êàòàëîãó éàðàòìàëûäûðëàð, áó èñÿ 
éàõûí ýÿëÿúÿêäÿ ìöìêöí îëàí èø äåéèë. Áó ïðîáëåìè ùÿëë 
åòìÿê ö÷öí íèñáÿòÿí ðåàë éîë òÿéèí åäèëÿúÿê åëåìåíòëÿðèí 
ÿñàñ ïàðàìåòðëÿðè, ìàòðèñàíûí ôèçèêè — êèìéÿâè 
õöñóñèééÿòëÿðèíè âÿ åêñïåðèìåíòèí àïàðûëìà øÿðàèòèíè äÿ 
íÿçÿðÿ àëìàãëà ÍÙß — íè ÿââÿëúÿäÿí ùåñàáëàìàã ìÿãñÿäè 
èëÿ îíóí ðèéàçè èôàäÿñèíè èîíëàðûí éàðàíìàñûíûí ìÿëóì 
ìåõàíèçìëÿðè ÿñàñûíäà äÿãèãëÿøäèðìÿêäèð. 

Áó áàõûìäàí ÍÙß — íÿ ( )iч  ïëàçìàéà äàõèë îëàí âÿ 

èîíëàðûí îðàäà ýåäÿí ôèçèêè ïðîñåñëÿðäÿ èøòèðàêûíûí 
ìöõòÿëèôëèéèíè ( iг - ôèçèêè àìèë) âÿ îíëàðûí êöòëÿ 

àíàëèçàòîðóíóí äàõèëèíäÿ êöòëÿéÿ âÿ éöê òÿðêèáèíÿ ýþðÿ 
äèñêðèìèíàñèéàñûíû (úèùàç àìèëè - iз ) íÿçÿðÿ àëàí èíòåãðàë 

õàðàêòåðèñòèêàñû êèìè áàõìàã îëàð: 
 

                  iii згч ⋅= .                        (1) 

 
Ãåéä åäÿê êè, èîíëàðûí àíàëèçàòîðäà äèñêðèìèíàñèéàíû  

îíóí èîí — îïòèê ñèñòåìèíè éöêñÿê äÿãèãëèêëÿ äÿðÿúÿëÿìÿêëÿ 
íÿçÿðÿ àëìàã îëàð. Ëàêèí èîíëàðûí ïëàçìàäàêû 
äèñêðèìèíàñèéàñûíû (ôèçèêè àìèëè) íÿçÿðÿ àëìàã îëäóãúà 
÷ÿòèíäèð. Ìÿùç áó ñÿáÿáäÿí ïëàçìàëû èîí ìÿíáÿéèíäÿ 
èîíëàðûí éàðàíìà ïðîñåñèíèí òÿäãèãè ùÿì íÿçÿðèééÿ÷è, ùÿì 
äÿ åêñïåðèìåíòàòîð ìöòÿõÿññèñëÿðèí äàèì äèããÿò ìÿðêÿçèíäÿ 
îëóá, ìöõòÿëèô ìöÿëëèôëÿð [3, 4] ïëàçìàäà èîíëàðûí éàðàíìà 
ìåõàíèçìèíè èçàù åòìÿê ö÷öí îðàäà ýåäÿí áÿçè ôèçèêè 
ïðîñåñëÿðèí åéíè åùòèìàëëà îëìàñûíû ãÿáóë åäÿí áèð ñûðà 
íÿçÿðèééÿëÿð èðÿëè ñöðöðëÿð. Áÿçèëÿðè èñÿ, ÿêñèíÿ ñöáóò åòìÿéÿ 
÷àëûøûðëàð êè, íÿ éöêñÿê òåìïåðàòóðëó (ãûüûëúûìëû áîøàëìà âÿ 
ëàçåð øöàëàíìàñû [5] ), íÿ äÿ àë÷àã òåìïåðàòóðëà (èíäóêòèâ 
ÿëàãÿëè ïëàçìà âÿ ñåéðèéÿí áîøàëìà [6] ïëàçìàëàðäà ýåäÿí 
ïðîñåñëÿðèí áÿðàáÿð åùòèìàëëû îëìàñûíäàí ñþùáÿò ýåäÿ 
áèëìÿç. Ãåéðè — áÿðàáÿð ñòàòèê ÷ÿêèéÿ ìàëèê ïðîñåñëÿðèí 
àðàøäûðûëìàñû èñÿ ùÿì ôèçèêè, ùÿì äÿ ðèéàçè íþãòåéè — 
íÿçÿðäÿí îëäóãúà ìöðÿêêÿáäèð. 
 Ùàçûðäà ìþâúóä îëàí èîí ìÿíáÿëÿðèíè òÿéèíàòûíà ýþðÿ èêè 
èìïóëñëó (ëàçåð âÿ ãûüûëúûìëû áîøàëìà) ùèññÿéÿ àéûðìàã îëàð. 
Èìïóëñëó èîí ìÿíáÿëÿðè çÿððÿúèêëÿðèíèí ñûõëûüû 1015÷1021 ñì—3, 
òåìïåðàòóðó èñÿ 1 åÂ îëàí çÿððÿúèêëÿðëÿ èøëÿéÿí 2 ùèññÿéÿ 
àéûðìàã îëàð [7]. Àë÷àã òåìïåðàòóðëó ïëàçìà èëÿ èøëÿéÿí 
ìöòÿõÿññèñëÿð áåëÿ ùåñàá åäèðëÿð êè, éöêñÿê òåìïåðàòóðëó 
ïëàçìàäà (éÿíè èìïóëñëó èîí ìÿíáÿëÿðèíäÿ) çÿððÿúèêëÿð 
éöêñÿê ñûõëûüà âÿ éöêñÿê òîããóøìà åùòèìàëûíà ìàëèê 
îëäóãëàðûíà ýþðÿ ìöõòÿëèô èîí éöêëö èîíëàðûí íèñáÿòèíè Ñàõ — 
Åããåðò [8] äöñòóðó èëÿ ùåñàáëàìàã îëàð. Åéíè çàìàíäà 
åíåðæèñè      1 åÂ, ñûõëûüû 10-3ñì—3 îëàí éöêñÿê òåìïåðàòóðëó 
ïëàçìà ìöòÿõÿññèñëÿðè ùåñàá åäèðëÿð êè, ïëàçìàíûí 
ïàðàìåòðëÿðèíè ùåñàáëàìàã ö÷öí èäåàë ãàç ñòàòèñòèêàñûíû 
(Áîëñìàí, Ôåðìè — Äèðàê âÿ è.à. [9]) òÿòáèã åòìÿê îëàð. 
 Áåëÿëèêëÿ, ùàçûðäà ïëàçìàíûí ïàðàìåòðëÿðèíèí âÿ îðàäà áàø 
âåðÿí ïðîñåñëÿðèí ìöõòÿëèô åëåìåíòëÿðèí íèñáè ÷ûõûøûíà 
òÿñèðèíèí òÿäãèãàò ìåòîäîëîýèéàñû äåìÿê îëàð êè, éîõ 
äÿðÿúÿñèíäÿäèð. Îíà ýþðÿ áåëÿ ýöìàí åäèðèê êè,  áó 
ìåòîäîëîýèéà áöòöí ïëàçìàëû èîí ìÿíáÿëÿðè ö÷öí 
öìóìèëÿøìèã îëìàëûäûð. ßí àçû îíà ýþðÿ êè, èîí ÿìÿëÿ 
ýÿòèðÿí áöòöí ôèçèêè ïðîñåñëÿðèí áàçàñûíäà òÿáèÿòúÿ åéíè îëàí 
òîããóøìà ïðîñåñëÿðè äóðóð. 
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 Òÿãäèì îëóíàí èøäÿ ìÿãñÿä íÿòèúÿ åòèáàðû èëÿ åòàëîíñóç 
þë÷ìÿëÿð çàìàíû ñèñòåìàòèê õÿòàëàðû àçàëòìàã íàìèíÿ ïëàçìà 
ìÿíáÿëè êöòëÿ ñïåêòðîìåòðëÿðèíäÿ ýåäÿí ïðîñåñëÿðèí 
þéðÿíèëìÿñè ö÷öí âàùèä ìåòîäîëîýèéàíûí èøëÿíìÿñè âÿ 
ÿñàñëàíäûðûëìàñû úÿùäèäèð. 
 Ïëàçìàëû èîí ìÿíáÿëÿðèíäÿ èîíëàðûí ÿìÿëÿ ýÿëìÿ 
ìåõàíèçìèíè äÿðê åòìÿê ö÷öí ùåñàáëàìà öñóëó ãÿáóë 
åäèëìèø ìîäåëäÿí àñûëû îëàðàã ÍÙß òàïûëìàñûäûð. Áó ìÿíàäà 
òÿêëèô îëóíàí ìîäåëëÿðè 4 ãðóïà áþëìÿê îëàð: 
 1. Ñÿòùäÿí ãîïàí àòîìëàðûí åëåêòðîí ìöáàäèëÿñè ùåñàáûíà 
èîíëàøìà åùòèìàëûíûí êâàíò ìåõàíèêàñûíà ÿñàñëàíìûø 
ùåñàáëàíìàñû. Éåðè ýÿëìèøêÿí, áó ìîäåë éàëíûç òÿìèç ìåòàë 
âÿ ñàäÿ õÿëèòÿëÿðèí ñÿòùèíäÿí ãîïàí èîíëàðà òÿòáèã îëóíà 
áèëÿð. 
 2. Èêèíúè íþâ èîíëàðûí éàðûìåìïðèê éàõûíëàøìàéà 
ÿñàñëàíàí íèñáè ÷ûõûøûíûí èíòåíñèâëèéèíè òÿéèí åòìÿéÿ èìêàí 
âåðÿí «àíàëèòèê» éàõûíëàøìà. 
 3. Ïëàçìàäàêû èîíëàðûí êîíñåíòðàñèéàñûíûí ðåàë äÿéèøìÿ 
äèíàìèêàñûíà ÿñàñëàíàí âÿ ïëàçìà êèìéàñû [10] ÷ÿð÷èâÿñèíäÿ 
òÿêàìöë òàïìûø êèíåòèê éàõûíëàøìà. 
 4. Ïëàçìà ïðîñåñëÿðèíèí òÿäãèãèíäÿ ýåíèø èñòèôàäÿ îëóíàí 
ïëàçìà ôèçèêàñû ìåòîäëàðûíà ÿñàñëàíàí «òÿìèç ïëàçìà» 
éàõûíëàøìàñû. 
 Ùàçûðäà ÿäÿáèééàòäà èîíëàðûí éàðàíìàñûíûí êâàíò 
ìåõàíèêàñûíà ñþéêÿíÿí âÿ ðèéàçè áàõûìäàí ìöõòÿëèô 
äÿðÿúÿëè ìöðÿêêÿá ìîäåëëÿðè âåðèëìèøäèð. Íèñáÿòÿí ýåíèø 
òÿäãèãàò÷û ñèíôèíèí ðÿüáÿòèíè ãàçàíìûø ìîäåëëÿðäÿí àòîìëàðûí 
ñÿòùäÿ ùÿéÿúàëàíìàñû [10], ùèääÿòëÿíìÿñè [11], ñÿòùè 
èîíëàðûí ìåòàëëà ÿëàãÿñèíèí ïîçóëìàñû [12] ìîäåëëÿðèíè ãåéä 
åòìÿê îëàð. Áó èîíëàøìà ìîäåëëÿðèíèí ÿñàñûíû òÿøêèë åäÿí âÿ 
àòîìëàðûí åëåêòðîí ìöáàäèëÿñèíÿ áÿðàÿò ãàçàíäûðàí ÿñàñ àìèë 
ùÿéÿúàíëàíìûø àòîìëàðûí ðåëàêñàñèéà ìöääÿòè îíëàðûí 
ìåòàëäàí ÷ûõìà ìöääÿòèíäÿí ÷îõ — ÷îõ êè÷èê îëìàñûäûð. 
Äèýÿð òÿðÿôäÿí ãàðøûëûãëû òÿñèð îáëàñòûíûí þë÷öëÿðè àòîìóí 
þë÷öëÿðè èëÿ ìöãàéèñÿ îëóíà áèëäèéèíäÿí áó îáëàñòäà 
ìàääÿíèí ôèçèêè — êèìéÿâè õàññÿëÿðè îíóí ùÿúìè îðòà 
ýþñòÿðèúèëÿðèíäÿí ôÿðãëÿíÿ áèëÿð [10]. Áó ìîäåëëÿðÿ ÿñàñÿí 
ïëàçìàíûí èîíëàøìà äÿðÿúÿñèíÿ àòîìëàðûí èîíëàøìà 
ïîòåíñèàëûíäàí, àòîìóí ùÿðÿêÿò ñöðÿòèíäÿí, îíóí ñÿòùäÿí 
÷ûõûø èøè âÿ àíàëèçè åëåêòðîí ãóðóëóøóíäàí èáàðÿòäèð. Ãåéä 
åäÿê êè, ñîíóíúó èêè àìèë ñÿòùäÿí ãîïàí èîíëàðûí ìåòàëûí 
ñÿðáÿñò åëåêòðîíëàðû ùåñàáûíà íåéòðàëëàøìàñûíû âÿ äåìÿëè, 
èîíëàðûí íèñáè ÷ûõûøûíû òÿéèí åäèð. 
 Ôåíîìåíîëîæè ìîäåëëÿð èîíëàðûí éàðàíìà ìåõàíèçìèíèí 
ôóíäàìåíòàë òÿäãèãèíÿ ÿñàñëàíìàìûüûíà áàõìàéàðàã ÍÙß 
åìïèðèê âÿ éàðûìåìïðèê èôàäÿëÿðèí êþìÿéè èëÿ ñÿòùäÿí ãîïàí 
èîíëàðûí íèñáè ñàéûíà ìöÿééÿí äÿãèãëèêëÿ ùåñàáëàìàüà èìêàí 
âåðèð. 
 Áÿçè ìöÿëëèôëÿðèí ôèêðèíúÿ [13, 14] ñÿòùäÿí ãîïàí èîíëàðûí 
òÿðêèáèíèí ôîðìàëàøìàñûíäà ìîëåêóëëàðàðàñû åëåêòðîí 
ìöáàäèëÿñèíÿ ÿñàñëàíàí êèìéÿâè èîíëàøìà äóðóð. Áó çàìàí 
áåëÿ ãÿáóë îëóíóð êè, áèðèíúè  íþâ èîíëàðûí (âÿ éà ëàçåð 
øöàñûíûí) òÿñèðè èëÿ íöìóíÿíèí ñÿòùèíäÿ «êâàçèñÿðáÿñò», 
áþéöê ñûõëûüà ìàëèê íàçèê    (1-2 ìì) ïëàçìà òÿáÿãÿñè 
éàðàíûð [13]. Ãåéä åòìÿê ëàçûìäûð êè, äÿôÿëÿðëÿ åäèëÿí 
úÿùäëÿðÿ áàõìàéàðàã àäû ÷ÿêèëÿí ïëàçìà òÿáÿãÿñè 
åêñïåðèìåíòàë ìöøàùèäÿ îëóíìàìûøäûð. Éåðè ýÿëìèøêÿí 
èêèíúè íþâ èîíëàðûí íèñáè ÷ûõûø ÿìñàëûíûí ïëàçìàäà ýåäÿí 
ïðîñåñëÿðëÿ áèëàâàñèòÿ ÿëàãÿñè [15]-äÿ òÿíãèä îëóíìóøäóð. 
 Áåëÿëèêëÿ, äåéèëÿíëÿðäÿí ìÿëóì îëóð êè, êâàíò 
ìåõàíèêàñûíà ÿñàñëàíìûø ìîäåëëÿð, éàëíûç ñàäÿ ñèñòåìëÿðÿ — 
òÿìèç ìåòàëëàðà âÿ ñàäÿ õÿëèòÿëÿðÿ òÿòáèã åòìÿê ìöìêöí 
îëóðñà, ôåíîìåíîëîæè ìîäåëëÿðè êåéôèééÿò àíàëèçëÿðèíäÿ 
òÿòáèãè ùå÷ ìöìêöí äåéèë. 
 Èñòÿíèëÿí ùàëäà, òÿêëèô îëóíàí íÿçÿðè ìîäåëëÿðèí íÿòèúÿëÿðè 
èëÿ òÿúðöáÿíèí (õÿòàñûíû) ùÿð ìîäåëèí þç ðèéàçè àïàðàòû 

äàõèëèíäÿ ãèéìÿòëÿíäèðìÿê ö÷öí áó ïðîñåñëÿðè áèð ãÿäÿð 
ÿòðàôëû àðàøäûðàã. Êâàíò ìåõàíèêàñûíà ÿñàñàíàí éàõûíëàøìàäà 
ÿñàñ ìÿñÿëÿ çÿððÿúèêëÿð àðàñûíäà åëåìåíòàð ãàðøûëûãëû òÿñèðèí 
àðàøäûðûëìàñû Øðåäèíýåð òÿíëèéèíèí ùÿëëèíÿ (ÿí ñàäÿ ùàëäà 
çÿððÿúèêëÿðèí ìÿðêÿçè — ñèììåòðèê ñàùÿäÿ ñÿïèëìÿñèíÿ) 
ýÿòèðèëèð [16] 

             ( )[ ] 02 2 =+ шrU-EhmшД ,                (2) 

 
áóðàäà ш  - äàëüà ôóíêñèéàñû, m - çÿððÿúèéèí êöòëÿñè, h  - 

Ïëàíê ñàáèòè, E - ñèñòåìèí ìÿõñóñè åíåðæèñè, ( )rU - áèð 

áèðèíäÿí r  - ìÿñàôÿñèíäÿ éåðëÿøÿí çÿððÿúèêëÿðèí ãàðøûëûãëû 
òÿñèð åíåðæèñèäèð. Äàëüà ôóíêñèéàñû ш  -íûí  (2) òÿíëèéèíè 

þäÿéÿí ãèéìÿòëÿðè ñÿïèëìÿ àìïëèòóäàñû àäëàíàí ùÿð ùàíñû 
( )иf  ôóíêñèéàñû èëÿ ìöòÿíàñèáäèð 

 

                ( ) ( ) rrkipxeиfш= ,            (3) 

 

áóðàäà θ - ñÿïÿëÿíìÿ áóúàüû, k  - äàëüà âåêòîðóäóð. ( ) 2иf  

ãèéìÿòúÿ áèð çÿððÿúèéèí äèýÿðèíäÿí Щd  úèñèì áóúàüû 

äàõèëèíäÿ ñÿïèëìÿñèíèí уd äèôôåðåíñèàë êÿñèäèð [16] 

 

   ( ) Щdиfуd 2= . (4) 

 
 Îíäà åëåêòðîíóí àòîìäàí ãåéðè — åëàñòèê ñÿïèëìÿñè 
(åëåêòðîí çÿðáÿñè èëÿ èîíëàøìà) àøàüûäàêû êèìè òÿéèí îëóíàð 
[16]   

  ( ) ( ) Щdrqi-pxewqdVheруd
b

bew

2
2 08 ∑⋅= , 

                                                                                              (5) 
áóðàäà q  - ýÿòèðèëìèø äàëüà âåêòîðó, eV - åëåêòðîíóí ñöðÿòè, e  

- åëåêòðîíóí éöêö, w - çÿððÿúèéèí ñòàòèê ùàëûäûð. 
 (5)-äÿí, òÿúðöáÿäÿ èñòèôàäÿ åäèëÿ áèëÿúÿê ðåàë àíàëèòèê 
èôàäÿ éàëíûç Êóëîí — Áîðí éàõû�ëàøìàñû äàõèëèíäÿ, éÿíè 
òîããóøàí çÿððÿúèêëÿðèí áèðèíèí åíåðæèñèíèí î áèðèñèíäÿí ãàò — 
ãàò ÷îõ îëäóãäà ãÿáóë îëóíà áèëÿð [17]. ßêñÿð ùàëëàðä áó 
éàõûíëàøìàíûí åíåðæèñè áèð íå÷ÿ êåÂ îëàí çÿððÿúèêëÿðèí 
ñöêóíÿòäÿ îëàí çÿððÿúèêëÿðè áîìáàðäìàí îëóíìàñû ùàëûíäà 
òÿòáèã åòìÿê îëàð (èêèíúè íþâ èîí åìèññèéàñû). 
 Öìóìèééÿòëÿ ãåéä åòìÿê ëàçûìäûð êè, áèð — áèðè èëÿ 
ìþùêÿì ÿëàãÿëè çÿððÿúèêëÿð êèìè áàõûëàí ïëàçìà 
ïðîñåñëÿðèíèí òÿäãèãèíäÿ êâàíò ìåõàíèêàñû éàõûíëàøìàñûíäàí 
èñòèôàäÿ åòìÿê ïðàêòèêè íþãòåéè — íÿçÿðäÿí áèð î ãÿäÿð äÿ 
òÿãäèðÿ ëàéèã äåéèë. Ïëàçìà ïðîñåñëÿðèíèí òÿäãèãè ïëàçìà 
ôèçèêàñûíäà òÿòáèã îëóíàí öñóëëàðûí êþìÿéè èëÿ þéðÿíìÿê 
äàùà ìÿãñÿäÿóéüóí ñàéûëûð. 
 Èêèíúè íþâ èîíëàðûí éàðàíìà ìåõàíèçìèíèí òÿäãèãè êâàíò 
ìåõàíèêàñû éàõûíëàøìàñûíäàí ôÿðãëè îëàðàã «òÿìèç ïëàçìà» 
éàõûíëàøìàñûíà ÿñàñëàíàí åíåðæèíèí, èìïóëñóí âÿ ìîìåíòèí 
ñàõëàíûëìàñû ãàíóíëàðûíäàí, ùÿì äÿ äàøûíìà òÿíëèéèíäÿí 
àëûíàí àøàüûäàêû òÿíëèêëÿð ñèñòåìèíèí ùÿëëè öçÿðèíäÿ ãóðóëóá 
[18] 
( ) ( ) ( )
( ) ( ) ( ) [ ]
( ) ( ) ( )
( ) ( )[ ] ( )[ ]
( ) ( ) jjj
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EEx,fxdxЦdezxEx,f

Л,RSguгuсuvсtvс

BSgvмpvvсtvс

,сvDхсtс

+−

−∂∂⋅=∂∂
+−+∇∇+∇−=∇+∂∂

×+∇∇+∇−=∇+∂∂

∇=∇+∂∂

2

rr

 

                                           (6) 
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áóðàäà t - çàìàí, x  - êîîðäèíàò, p  âÿ u  - òÿçéèã âÿ 

ïëàçìàíûí äàõèëè åíåðæèñè, ρ - ïëàçìàíûí ñûõëûüû, S
r

âÿ B
r

- 

õàðèúè åëåêòðèê ñàùÿñèíèí èíòåíñèâëèéè âÿ ìàãíèò èíäóêñèéàñû, 
E - çÿððÿúèêëÿðèí êèíåòèê åíåðæèñè, D  - àìáèïîëéàð äèôôóçèéà 
ÿìñàëû, µ - åëåêòðîíëàðûí éöðöêëöéö, R - ïëàçìàíûí øöàëàíìà 

èòêèñè, Λ  - ïëàçìàéà âåðèëÿí åíåðæè, ( ) EEx,f j −  åíåðæèëè j  - 

òèï çÿððÿúèéèí x  íþãòÿñèíäÿ îëìàñûíûí åùòèìàëû, jz - j - òèï 

çÿððÿúèéèí éöêö, λ - ñÿðáÿñò ãà÷ûø éîëóíóí óçóíëóüó. 
 (6) òÿíëèêëÿð ñèñòåìèíè ñàäÿëÿøäèðìÿê ìÿãñÿäè èëÿ [19] — 
äà ãÿáóë åäèëìèø áèð âÿ éà èêè êîìïîíåíòëè ñèñòåìëÿð ö÷öí 
àëäûãëàðû ùÿëëÿð ïëàçìàíûí ìöõòÿëèô ïàðàìåòðëÿðè ö÷öí áèð — 
áèðèíè òÿêçèá åäÿí ìöõòÿëèô ãèéìÿòëÿðÿ ýÿòèðäè. Áó úöð 
ñàäÿëÿøäèðìÿëÿð õàòèðèíÿ ïëàçìà ïàðàìåòðëÿðèíèí 
èäåàëëàøäûðûëìàñû èîíëàðûí éàðàíìà åôôåêòèâëèéèíèí ðåàë 
ãèéìÿòëÿíäèðìÿñèíè ãåéðè — ìöìêöí åäèð êè, áó äà «òÿìèç 
ïëàçìà» éàõûíëàøìàñûíûí ÿñàñ ÷àòûøìàéàí úÿùÿòè ñàéûëûð. 
 Êèìéÿâè ïëàçìà ÷ÿð÷èâÿñèíäÿ èíêèøàô òàïìûø êèíåòèê 
éàõûíëàøìà ìåòîäó [20] ïëàçìàäà òÿìÿðêöçëÿøìèø éöêëö 
çÿððÿúèêëÿð òîïëóñóíóí ôàçà õàðàêòåðèñòèêàëàðûíû íÿçÿðÿ 
àëìàäàí ùÿð ùàíñû j - òèïëè çÿððÿúèêëÿðèí jn  

êîíñåíòðàñèéàñûíûí çàìàíà ýþðÿ äÿéèøìÿñèí àøàüûäàêû 
òÿíëèêëÿð ñèñòåìè âàñèòÿñèëÿ èôàäÿ åäèð 
 

                ( )∑
=

⋅=
N

b
yjj bбnntdnd

1
,          (7) 

 
áóðàäà ( )bб - j  âÿ y  òèïëè çÿððÿúèêëÿðèí ãàðøûëûãëû òÿñèð 

ïðîñåñèíèí ñöðÿòèäèð. Áóðàäà ÿí ÿñàñ ÷ÿòèíëèê ìöõòÿëèô 
òîããóøìà ïðîñåñëÿðèíèí ( )bб  ñöðÿòèíèí òÿéèí îëóíìàñûäûð. 

Ìÿñÿëÿí, åëåêòðîí çÿðáÿñè èëÿ èîíëàøìà ïðîñåñëÿðè ö÷öí 
 

        ( ) ( ) ( ) ( )∫
∞

==
ϕ

aaaeee EdEFEуTVVу,bб ,        (8) 

 
áóðàäà ϕ - óéüóí åëåìåíòèí àòîìóíóí áèðãàò èîíëàøìà 

ïîòåíñèàëû, eV -, ( )ae EFT   - åëåêòðîíóí ñöðÿòè, òåìïåðàòóðó 

âÿ ïàéëàíìà ôóíêñèéàñûäûð. 
 Ùÿð øåéäÿí ÿââÿë ãåéä åòìÿê ëàçûìäûð êè, ïëàçìàíûí 
éàðàíìàñûíäà àïàðûúû ðîë îéíàéàí ïðîñåñëÿð åéíè ñòàòèñòèê 
÷ÿêèéÿ ìàëèê îëìàäûüûíäàí îðàäà ÿìÿëÿ ýÿëìèø éöêëö 
çÿððÿúèêëÿðèí (ÿñàñÿí åëåêòðîíëàðûí) åíåðæèéÿ ýþðÿ ïàéëàíìà 
ôóíêñèéàñûíûí äàéàíûãëûüû (çàìàíà ýþðÿ) ùàããûíäà äàíûøìàüà 
äÿéìÿç. Äèýÿð òÿðÿôäÿí ( )eEF  ïàéëàíìà ôóíêñèéàñû êèìè 

Ìàêñâåë, Áîëñìàí âÿ éà áàøãà ôóíêñèéàëàðäàí àëûíàí 
íÿòèúÿëÿð åêñïåðèìåíòëÿ óçëàøìûð. Áó î äåìÿêäèð êè, ïëàçìà 
þçöíöí éàðàíìà ìÿðùÿëÿëÿðèíäÿ çàìàí âÿ ìÿêàíà ýþðÿ 
äÿéèøÿí ïàéëàíìà ôóíêñèéàëàðûíà ìàëèê çÿððÿúèêëÿðäÿí èáàðÿò 
îëóð. Áåëÿ îëàí ùàëäà íÿçÿðèééÿ èëÿ åêñïåðèìåíòè óçëàøäûðìàã 
ö÷öí éåýàíÿ ÷ûõûø éîëó ( )bб -íûí ( )eEF - äÿí òÿúðöáÿ éîëó 

èëÿ àëûíìûø éàðûìåìïèðèê àñûëûëûüûíäàí èñòèôàäÿ åòìÿêäèð. 
 Äîüðóäàíäà [3, 4] èøëÿðèíäÿ ìöÿëëèôëÿð èîíëàðûí íèñáè 
÷ûõûøûíû ùåñàáëàìàã ö÷öí éàðûìåìïèðèê õàðàêòåðëè «àíàëèòèê» 
éàõûíëàøìàäàí èñòèôàäÿ åòìèøëÿð. Áóíóí ö÷öí îíëàð ëàçåð 
øöàñû èëÿ òÿäãèã îëóíàí ñÿòù àðàñûíäà ýåäÿí ôèçèêè ïðîñåñëÿðèí 
åéíè ñòàòèñòèê ÷ÿêèëè ãÿáóë åäÿðÿê áèð íå÷ÿ óçëàøäûðûúû 
ïàðàìåòðëÿðèí êþìÿéè èëÿ èîíëàðûí íèñáè ÷ûõûøû ùàããûíäà 
ìöëàùèçÿ éöðöäöðëÿð. Áó éàõûíëàøìàíûí ÿí ïàðëàã òÿçàùöðö 
èîíëàðûí éàðàíìàñûíûí ëîêàë òåðìîäèíàìèê òàðàçëûã [21] âÿ 
êâàçèòàðàçëûã [22] ìîäåëëÿðèäèð. Áó ìîäåëëÿð ÷ÿð÷èâÿñèíäÿ 
åëåêòðîíóí òåìïåðàòóðóíó åëÿ ñå÷ìÿê îëàð êè, ãÿáóë îëóíìóø 

ôÿðçèéÿëÿð äàõèëèíäÿ +
iγ -íè     30 % õÿòà èëÿ ùåñàáëàìàüà 

èìêàí âåðèð.  +
iγ  òÿúðöáè âÿ íÿçÿðè ãèéìÿòëÿðèíè äàùà 

éàõûíëûüûíû ÿëäÿ åòìÿê ö÷öí ùåñàáëàìà äöñòöðëàðûíà ÷îõëó 
ñàéäà óçëàøäûðûúû ïàðàìåòðëÿð äàõèë îëóíìàëûäûð. 
 Éóõàðûäà ýþñòÿðèëÿí ñÿáÿáëÿð öçöíäÿí ïëàçìàëû èîí 
ìÿíáÿëÿðèíäÿ ïëàçìàíûí éàðàíìàñûíû âÿ ãÿðàðëàøìàñûíû 
òÿäãèã åòìÿê ö÷öí àäëàðû ÷ÿêèëÿí éàõûíëàøìàëàðà ïðàêòèêàäà 
àéðû — àéðû òÿòáèã åäèðëÿð. Òÿáèèäèð êè, áó ñÿáÿáëÿðÿ ýþðÿ 
ùÿìèí èîí ìÿíáÿëÿðèíäÿ éàðàíàí ÷îõêîìïîíåíòëè ïëàçìàäàí 
÷ûõàí èîíëàðûí íèñáè ÷ûõûøûíûí ùåñàáëàíìàñûíäà ñèñòåìàòèê 
õÿòàëàðà ÿùÿìèééÿòëè äÿðÿúÿäÿ àçàëòìàã ìöìêöí îëìóð. Åëÿ 
ùÿìèí ñÿáÿáëÿðäÿíäèð êè, áÿðê úèñèìëÿðèí (õöñóñÿí ìåòàë âÿ 
õÿëèòÿëÿðèí) åòàëîíñóç êÿìèééÿò àíàëèçèíèí íÿòèúÿëÿðè 
ùÿãèãÿòÿ ëàçûìè ãÿäÿð éàõûí îëìóð. 
 Éóõàðûäà àïàðûëàí àíàëèç âÿ ïëàçìàëû èîí ìÿíáÿëÿðèíäÿ 
èîíëàðûí éàðàíìà ïðîñåñëÿðèíèí òÿäãèãè öñóëëàðûíûí 
ñèñòåìëÿøäèðèëìÿñè ýþñòÿðäè êè, ùÿìèí ìÿíáÿëÿð êèìè 
÷îõêîìïîíåíòëè ñèñòåìëÿðäÿí ÷ûõàí èîíëàðûí íèñáè ÷ûõûøûíû 
òÿäãèã åòìÿê ö÷öí (7) êèíåòèê òÿíëèêëÿð ñèñòåìè ùÿëë îëóíìàëû 
âÿ ùþêìÿí àéäûíëàøäûðûëìàëûäûð êè: 
- ïëàçìà êöòëÿñèíäÿ ýåäÿí òîããóøìà ïðîñåñëÿðèíèí ùàíñû 
õÿëèòÿéÿ äàõèë îëàí åëåìåíòëÿðèí íèñáè ÷ûõûøûíû òÿéèí åäèð; 
- ïëàçìà êöòëÿñèíèí ùàíñû ìàêðîïàðàìåòðëÿðè (àòîì âÿ 
åëåêòðîíëàðûí ñûõëûüû) ùÿéàúàíëàíäûðûúû àìèë êèìè íöìóíÿéÿ 
äàùà ÷îõ òÿñèð åäèð; 
- ïëàçìàäà ýåäÿí ïðîñåñëÿðèí ùàíñûíûí ñöðÿòè îíóí 
ôîðìàëàøìàñûíäà âÿ èîíëàðûí éàðàíìàñûíäà äàùà áþéöê ðîë 
îéíàéûð. 
 Àïàðûëàí òÿäãèãàò èøëÿðèíèí íÿòèúÿëÿðèíèí åìàëû 
çÿííèìèçúÿ àøàüûäàêû àëãîðèòì ýþòöðöëìÿëèäèð. 

 Ùÿð øåéäÿí ÿââÿë èîíëàðûí íèñáè ÷ûõûøûíûí ( )+iγ  ïëàçìàíûí 

éàðàíìàñûíäà èøòèðàê åäÿí àòîìëàðûí ôèçèêè — êèìéÿâè 
õàññÿëÿðèíäÿí âÿ îíëàðûí ñèñòåìÿ (ïëàçìàéà) òÿñèðèíèí òèï âÿ 
ïàðàìåòðëÿðèíäÿí àñûëûëûüû ìöÿééÿíëÿøäèðèëìÿëèäèð. Áóíóí 
ö÷öí áþéöê ùÿúìäÿ åêñïåðèìåíòàë ìÿëóìàòëàð áàçàñû 
éàðàíìàëûäûð. Ùÿð ùåð øåéäÿí ÿââÿë èîíëàðûí íèñáè ÷ûõûøûíûí 

+
iγ éóõàðûäà ýþñòÿðèëÿí ïàðàìåòðëÿðëÿ êîððåêñèéàíû òàïìàã 

ö÷öí òÿêëèô îëóíàí ùÿð ùàíñû ìîäåëèíè (ìÿñÿëÿí, 
êâàçèòàðàçëûã) ìåõàíèçìè ðèéàçè îïåðàòîðóíäàí èñòèôàäÿ åòìÿê 
êèôàéÿòäèð 
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áóðàäà x
aϕ âÿ e

iϕ - óéüóí îëàðàã åëåìåíòèí ÿëàãÿ 

(àòîìëàøìà) âÿ áèðãàò èîíëàøìà ïîòåíñèàëëàðû, aT  âÿ eT  èñÿ 

àòîìëàøìà âÿ èîíëàøìà òåìïåðàòóðëàðû, k  - Áîëñìàí 
ñàáèòèäèð. 

 (9) — äàêû +
iγ -íûí x

aϕ âÿ x
iϕ  àðàñûíäàêû êîððåëéàñèéàñûéà 

ÿéðèñè øÿê. 1 [23] — äÿ âåðèëìèøäèð. Ùÿð ö÷ èîíëàøìà öñóëó 
(èíäóêòèâ ÿëàãÿëè ïëàçìà, ëàçåð øöàñû âÿ ñåéðèéÿí áîøàëìà 

ö÷öí) ( )ii ϕγ +  àñûëûëûüû êâàäðàòèê àçàëàí, ( )ai ϕγ +  èñÿ òÿãðèáÿí 

ìîíîòîí àðòàí àñûëûëûãäûð. ( )ii ϕγ + àñûëûëûüû éàðàíìûø ïëàçìàäà 

åëåêòðîí òîããóøìàñû òèïëè èîíëàøìàíûí öñòöíëöéöíö, ( )ai ϕγ +  

àñûëûëûüû èñÿ èîíëàøìàéà ÿëàãÿ åíåðæèñèíèí âÿ èîíëàøìàíûí 
ñöðÿòèíèí òÿñèðèíèí îëäóüóíó ýþñòÿðèð. 
 Íþâáÿòè ìÿðùÿëÿäÿ ãàðøûëûãëû òÿñèðäÿ îëàí çÿððÿúèêëÿð 
ñèñòåìèíäÿ éàðàíìûø ïëàçìàíûí çàìàí — ìÿêàí òÿêàìöëöíöí 
ôèçèêè âÿ ðèéàçè òÿñâèðè àðàøäûðûëìàëûäûð. Áóíóí ö÷öí ùÿð ùàíñû 
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áèð éàõûíëàøìà (ìÿñÿëÿí, êâàçèòàðàçëûã) ìåòîäóíäàí èñòèôàäÿ 
åäèðÿê ïëàçìà êöòëÿñèíÿ äàõèë îëàí çÿððÿúèêëÿðèí ñöðÿòÿ âÿ 
åíåðæèéÿ ýþðÿ ïàéëàíìà ôóíêñèéàñûíûí èôàäÿñè òàïûëìàëûäûð. 
 Ñîíðàêû ìÿðùÿëÿ (7) êèíåòèê òÿíëèêëÿð ñèñòåìèíèí ùÿëëèäèð. 
Áóíóí ö÷öí ÿñàñ òîããóøìà ïðîñåñëÿðèíèí ( )σ  áèëìÿê 

âàúèáäèð. Ùÿð íþâ åëåìåíòèí òîããóøìà êÿñèéèíè ùåñàáëàìàã 
ö÷öí êâàíò ìåõàíèêàñû éàõûíëàøìàñûíäà    (5) òÿíëèéèíäÿ 
çÿððÿúèêëÿðèí õàðàêòåðèñòèê åíåðæèëÿðèíèí íÿçÿðÿ àëìàãëà 
(ìÿëóì òÿúðöáè íÿòèúÿëÿðÿ ÿñàñÿí) èñòèôàäÿ åòìÿê îëàð. 
Íÿùàéÿò «òÿìèç ïëàçìà» éàõûíëàøìàñûíûí êþìÿéè èëÿ ïëàçìà 
êöòëÿñèíèí ìàêðîïàðàìåòðëÿðè îëàí àòîì, èîí âÿ åëåêòðîíëàðûí 
ñûõëûüûíû áèëèá ìöÿééÿí íþâ çÿððÿúèéèí (åëåìåíòèí) ñûõëûüûíûí 
çàìàíà ýþðÿ äÿéèøìÿñèíèí (6) êþìÿéè èëÿ àíàëèòèê èôàäÿñèíè 
àëìàã îëàð. Áàøãà ñþçëÿ, ÷îõêîìïîíåíòëè ñèñòåì îëàí 
ïëàçìàäàí ÷ûõàí èîíëàðûí íèñáè ÷ûõûøûíû ÿââÿëúÿäÿí 
ùåñàáëàìàã ö÷öí èôàäÿ àëìàã îëàð. 
 Éóõàðûäà òÿêëèô îëóíàí àëãîðèòì ëàçåð ïëàçìàñûíäà 
éàðàíàí èîíëàðûí íèñáè ÷ûõûøûíû ùåñàáëàìàã ö÷öí êîíêðåò 
ìèñàë öçÿðèíäÿ òÿòáèã åäÿê.  
 

 
 
Øÿêèë 1. 

Øÿê. 1-äÿí ýþðöíäöéö êèìè ( )ii ϕγ +  ÿéðèñè êâàäðàòèê õàðàêòåð 

äàøûéûð. Áó î äåìÿêäèð êè, èîíëàðûí åëåêòðîí çÿðáÿñè èëÿ 
éàðàíìà ïðîñåñèíèí êÿñèéè Ñèòîí äöñòóðó [24] èëÿ èôàäÿ îëóíà 
áèëÿð 
 

           ( ) ( )eiiee TipxeTAa ϕϕ 221= ,        (10) 

 
áóðàäà A - ñàáèò, eT  ïëàçìà åëåêòðîíëàðûíûí òåìïåðàòóðó, iϕ  - 

åëåìåíòèí èîíëàøìà ïîòåíñèàëûäûð. (7) êèíåòèê òÿíëèéèíè 3 
çÿððÿúèêäÿí èáàðÿò ñèñòåì ö÷öí èôàäÿñè àøàüûäàêû êèìè îëàð 
   

                           eeai nntdnd α⋅⋅= ,                      (11) 

áóðàäà eai nnn ,,  - èîí, àòîì âÿ åëåêòðîíëàðûí ñûõëûãëàðû, eα - 

àòîìëàðûí åëåêòðîí çÿðáÿñè èëÿ èîíëàøìà êÿñèéèäèð. 
 Ìÿëóìäóð êè, áèð (ìÿñÿëÿí, x ) åëåìåíòèí èîíëàðûíûí 
áàøãà (ìÿñÿëÿí, y ) åëåìåíòèíèí èîíëàðûíà íèñáÿòÿí ÷ûõûø 

ÿìñàëû ùÿìèí åëåìåíòëÿðèí àòîìàëàðûíûí óéüóí èîíëàøìà 
ñöðÿòëÿðèíèí íèñáÿòè èëÿ òÿéèí îëóíóð 
 

    
ye

xex
y a

a
=γ .                   (12)

  
 (12) — äÿ (10) —ó íÿçÿðÿ àëñàã 
 

          ( )[ ]eyx
x

yx
y Tpxe ϕϕ

ϕ
ϕ

γ −−⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
= 2

2

        (13) 

àëàðûã. [25] âåðèëÿí ëàçåð øöàñûíûí åíåðæè ñûõëûüû      Q (Âò / 

ñì2) èëÿ eT  àðàñûíäà åìïèðèê ÿëàãÿëíè íÿçÿðÿ àëñàã 

( )325102 QTe
−⋅= , (13) — öí êþìÿéè èëÿ x

yγ  òàïìàã îëàð. 

 Áåëÿëèêëÿ, òÿêëèô îëóíàí àëãîðèòì ëàçåð øöàñû èëÿ èîíëàøìà 
ìÿíáÿëÿðèíÿ ìÿõñóñ êöòëÿ ñïåêòðîìåòðëÿðèíäÿ åòàëîíñóç 
àíàëèç çàìàíû èîíëàðûí íèñáè ùÿññàñëûüûíû íèñáÿòÿí êè÷èê 
õÿòàëàðëà ùåñàáëàìàüà èìêàí âåðèð. 
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МЕТОД  РАСЧЕТА ОТНОСИТЕЛЬНОЙ ИНТЕНСИВНОСТИ  ВТОРИЧНЫХ ИОНОВ  

В МАСС – СПЕКТРОМЕТРАХ С ПЛАЗМЕННЫМИ ИСТОЧНИКАМИ ИОНОВ 
 
 В работе проведено исследование процессов ионообразования в различных плазменных источниках масс – спектрометров на 
основе анализа литературных данных. Дан алгоритм для расчета относительной интенсивности вторичных ионов на основе единой 
ударной природы ионообразования. 
 

K.Z. Nuriyev 
 

THE METHOD FOR CALCULATION OF RELATIVE INTENSITY OF THE SECONDARY 
IONS IN MASS – SPECTROMETERS WITH PLASMA TYPE IONS SOURCE 

 
 The research of processes of ions formation in various plasma type sources of mass – spectrometers carried out on the basis of analysis of 
referneed data sources is described in the article. 
 The algorithm for calculation of relative intensity of the secondary ions on the basis of single impact nature of ion formation is given. 
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ФеЭаIнС4 йарымкечирижисиндя мцхтялиф температурларда термо – е.щ.г. вя Холл еффекти тядгиг едилмишдир. Мцяййян едилмишдир ки, 
ФеЭаIнС4 п-тип кечирижилийя маликдир. Термо – е.щ.г. ямсалы, йцкдашыйыжыларын консентрасийасы вя Холл йцйцрцклцйц тяйин едилмишдир 

 

Сон заманлар д вя ф тябягяляри тамамиля долмайан 
елементляр дахил олан йарымкечирижи бирляшмяляр 
йарымкечирижи вя магнит хассялярини юзцндя жямляшдирян 
гейри-ади хцсусиййятляри сайясиндя интенсив тядгигатларын 
обйектиня чеврилмишляр. Бу жцр перспективли йарымкечирижи 
бирляшмяляря сон илляр йарымкечирижиляр физикасы вя 
техникасында аз юйрянилмиш магнит йарымкечирижиляри 
аиддир. Бу планда АБ2Х4 (бурада А – Мн, Фе, Жо, Ни; Б 
– Эа, Iн; Х – С, Се, Те) типли бирляшмяляр бюйцк мараг 
кясб едир [1-6]. Бу бирляшмяляр оптиелектроникада тятбиг 
едиля билян магнит сащяси иля идаря олуна билян лазерляр, 
модулйаторлар, фотодекторлар вя с. функсионал гурьулар 
йаратмаг цчцн перспектлидир. [7]-дя шпипел гурулушлу 
ЖоИн2С4 (фяза групу Фд3м) вя тетрагонал гурулушлу 
ЖоЭа2С4 (фяза групу Ы4)-цн 1:1 мцнасибятиндян йени 
ЖоЭаIнС4 тяркибли лайлы йарыммагнит йарымкечирижи алынмыш 
вя онларын гурулушу, магнит хассяляри тядгиг едилмишдир. 
Магнит йарымкечирижи бирляшмялярин гаршылыглы тясириндян 
лайлы бирляшмялярин ямяля эялмяси факты бизи башга кечид 
елементляри ясасында лайлы йарыммагнит йарымкечирижи 
бирляшмяляр алмаьы жящд етмяйя вадар етди. Бизим 
тяряфимиздян [7]-йя охшар олараг МнЭаIнС4 тяркибли йени 
лайлы йарыммагнит йарымкечирижи алынды вя онун електрин, 
оптик вя фотокечирижилик хассяляри тядгиг едилди [8-10]. 
ФеЭа2С4-ФеIн2С4 системинин щал диограмынын юйрянилмяси 
нятижясиндя бизим тяряфимиздян илк дяфя олараг ФеЭаIнС4 
лайлы бирляшмяси ашкара чыхарылды вя [11] ишиндя бязи 
електрик хассяляри юйрянилди. 

Щал щазыркы ишдя ФеЭаIн4 кристалында термо – е.щ.г. 
вя Холл еффектинин тядгигинин нятижяляри верилмишдир. 

ФеЭаIнС4 стехиометрик мигдарда, йцксяк тямизликли 
(99,999%) елементлярин бирбаша яринтисиндян алынмышдыр. 
Рентгенеграфик тядгигатлар эюстярди ки, ФеЭаИнС4 гяфяс 
сабитляри а=3,81; ж=12,17Å; з=1, фяза групу п3м1 олан 
ЗнIн2С4 бирпакетли йарымтип гурулушуна кристаллашыр [7]. 
Нцмуняляр механики жилалама йолу иля орта юлчцсц 3х6х8 
мм3 олан паралелопипед формасында щазырланмышдыр. 
Юлчмяляр ФеЭаIнС4 нцмуняляриндя сабит магнит 
сащясиндя вя сабит жяряйанда апарылмышдыр. 

Шякил 1-дя ФеЭаIнС4  кристалы цчцн термо – е.щ.г. 
ямсалынын температур асылылыьы яйриси верилмишдир. Термо – 
е.щ.г.-нин ишарясиня эюря мцяййян едилмишдир ки, тядгиг 
едилян температур интервалында ФеЭаIнС4  п тип 
кечирижилийя малик олур.  

 
 
Шякил 1. ФеЭаИнС4  кристалы цчцн термо – е.щ.г. ямсалынын  
               температурундан асылылыьы. 
 

Шякилдян эюрцнцр ки, термо – е.щ.г. ямсалы 300-400К 
температур интервалында зяиф артыр. Сонра температур 
артдыгжа термо – е.щ.г.-нин гцввятли артымы мцшащидя 
олунур вя онун гиймяти 1,5 мВ/К-ня чатыр. Бурада α 

термо-е.щ.г. ямсалы температурла 2
3

)ln(T  кими 

мцтянасиб олараг артыр. Бу да  

)2(ln
0

++= r
P

N

e

k vα  

ифадясиня уйьундур [12]. (Еффектив щал сыхлыьы Нв~ 2
3
T ). 

 
Шякил 2. ФеЭаИнС4 кристалы цчцн йцкдашыйыжыларын  
             консентрасийасы  (1 яйриси) вя йцйцрцклцйцнцн  

                    (2 яйриси) температурдан асылылыьы 
Шякил 2-дя ФеЭаИнС4  кристалы цчцн Холл ефектинин 

юлчцлмясиндян тяйин едилян йцкдашыйыжыларын консентра-
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сийасы вя Холл йцйцрцклцйцнцн температурдан асылылыьы 
эюстярилмишдир. Бурадан эюрцнцр ки, 300÷400К 
температурларда йцкдашыйыжыларын консентрасийасы (1 
яйриси) сабит галыр вя п=1,8·1015 см-3. Йцкдашыйыжыларын 
йцйцрцклцйц дя тяйин олунан температур интервалында 

демяк    олар    ки,    сабит    галыр   вя   
sanV

sm

⋅
=

2

6,0µ  - йя  

бярабяр олур. 
Беляликля, ФеЭаИнС4  кристалында мцхтялиф 

температурларда термо – е.щ.г. вя Холл еффекти тяйин 
едилмишдир. Кечирижилийин типи мцяййянляшдирилмиш, 
йцкдашыйыжыларын консентрасийасы вя Холл йцйцрцклцйц 
тяйин едилмишдир. 
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N.N. Niftiyev,  O.B. Tagiyev, F.M. Mamedov 
 

THERMOELECTROMOTIVE FORCE AND HALL EFFECT IN FeGaInS4 
 

Thermoelectromotive force and Hall effect at the different temperatures are investigated in FeGaInS4 semiconductors. It is established, 
that FeGaInS4 has p-type conductivity. The thermoelectromotive force coefficient, concentration and Hall mobility of current carriers are 
obtained. 

 
Н.Н. Нифтиев, О.Б. Тагиев, Ф.М. Мамедов 

 
ТЕРМО – Э.Д.С. И ЭФФЕКТ ХОЛЛА В FeGaInS4 

 
В полупроводниках FeGaInS4 исследованы термо-е.д.с. и эффект Холла при различных температурах. Установлено, что 

FeGaInS4 обладает р-типом проводимости. Определены коэффициент термо – э.д.с., концентрации и холловская подвижность 
носителей тока. 
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Scanning probe microscope “ForceMaster-402MD” (Russia) combines structurally and functionally two devices with different principle 

of operation – scanning tunneling microscope and atomic-force microscope. All these facts allows surface of any substances with any degree 
of conductivity, and also surfaces of any dielectrics to be investigated in detail. This device provided with the unique so-called 
multiparameter method (this method covered by patent) which ensures possibility to obtain distribution map of some parameters of objects 
with the surface topographer (conductivity, polarization, thickness of adsorbent layer and etc.).    
 

Scanning probe microscopy (SPM) is a well known 
powerful tool for surface topography investigations [1-2]. 
However, in most cases the image of topography does not 
answers all questions of the researchers. For complete 
information we frequently need the data on various physic-
chemical, electrical, magnetic and other properties of the 
explored surface which would allow to distinguish or even 
identify the objects of various nature on a surface. 

To solve this problem it has developed and permanently 
improves the new mode of probe microscopy – Multi Data 
Mode (MDM) (the patented method [3]). This mode has 
unique facilities to provide single-scan exploration of the 
surface to get the whole data set available in SPM. This 
ability is obvious and essential advantage over other SPM 
methods where as a rule we gain limited number of 
parameters using one device. 

In probe microscopy, piezo elements of various kinds are 
used for precise surface scanning and a number of 
modulation techniques have been developed to eliminate 
viscous friction when moving a probe over the surface. In 
fact, a probe is not to be constantly in contact with the surface 
in any SPM. A reliable method would be the one that allows 
to bring a probe down to the surface, to make all the 
necessary measurements, to withdraw the probe into the 
region free of interaction, and then to move the probe to 
another point (Multi Data Mode method). In “ForceMaster-
402MD” we used a beam deflection registrations scheme. 
Tips on the end of a DI rectangular silicon cantilever and a 
home-made rectangular tungsten cantilever served as probes (fig. 1).  

 

 
Fig.1. 
 

To explain the principle of the operation of device, let us 
consider the behavior of a needle-probe on an elastic console 
near the surface under study [4]. Figure 2 (a) shows a typical 
dependence of the force F(z) acting on the tip upon the 

distance from the surface. Let us begin with the simplest case 
of pure solid surface. Assume the cantilever stiffness k is less 
than the maximum of function dF/dz. If the cantilever holder 
is positioned in point z1, the force of attraction would bend 
the cantilever and the tip would be in point A which is the 
intersection of the curve F(z) and the straight line from point 
z1, with the slope tgα =-k, according to the conditions of 
force equilibrium 

 

   F(z) =  k×dx(z1)  with  dx(z1) = z2 – z1 
 

Now construct the plot of dx(z) versus the holder position 
(fig. 2 (b)) for decreasing z. In point B, where dF/dz = k upon 
force equilibrium law, the condition of stable equilibrium is 
violated because dF/dz > k to the left of the point, which 
situation forces the tip move to point C. The plot dx(z) would 
exhibit a jump. As z decreases, the function dx(z) is virtually 
a straight line with a slope of unity because of strong 
dependence of F(z) asymptotically approaching the Y axis. In 
point D, the sign change of dx(z) occurs, and this point can be 
termed the point of surface contact the point of surface 
touching. A set of these points describe the surface from the 
viewpoint of touching Stch. By measuring the parameters of 
the dx(z) function, say, in an N×N square of point on the 
surface under study, we can reconstruct the relief Stch, and 
create a map of heights of the constant gradient Stap. If any 
other measurement X is made on the N×N points, this would 
give an additional map of the surface Sx by the parameter X. 
The property measured can be either the conductivity in the 
point C or the surface hardness as the slope of the function 
dx(z) in the region of repulsion (z<0).  

 
Fig.2.  
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MDM has peculiar abilities to explore surfaces with 
complex topography and large differences of heights. 
Moreover, it allows to exclude uncontrollable interaction of 
probe with sample, and artifacts caused by scanning process. 
In study of soft delicate objects the MD-mode can combine 
gentle action of tapping mode and non-contact mode with 
minuteness and high resolution of contact mode. The MDM 
image of the surface gives simultaneous and independent 
information about various surface layers including adsorbed 
layers and substrate. MDM solves problems associated with 
contamination and impurities. It opens the broad 
opportunities to study electrical, magnetic and polarization 
properties of surface and layers (including opportunities 
similar to Electric Force microscopy, Magnetic Force 
microscopy, Lift mode, Polarization mode, Scanning 
Tunneling microscopy and Scanning Tunneling 
Spectroscopy) together with adhesive forces and mechanical 
properties measurements (including opportunities similar to 
Phase Imaging mode, Force Modulation mode, Lateral Force 
mode). 

Below we present obvious example to demonstrate the 
potentialities of the method MDM. Research being held at the 
SPM-spectroscope “ForceMaster-402MD” (Russia) and 
electro conductive probe has also been used. A fragment of 
the matrix of golden islands on the surface of GaAs is 
presented in fig. 3 (a). The gold was based into the 
semiconductor to obtain an ohmic contact. The corresponding 
map of conductivity is shown in fig. 3 (b), which was 
measured on the sample at +0,3 V. The MD-mode image of 
the map of conductivity demonstrates that only golden 
islands have electrical conduction, and electric current isn’t 
leak across of substrate of the GaAs.    

The physical ground of the MDM provides the capability 
to register and build map of any kind of information the 
scanning probe microscopy does. Moreover, MDM enables to 
register the data inaccessible for other modes. 

In MD-mode extraction of the surface topography and its 
properties, quantity of surface layers, their thickness, 
configuration and properties are not separated in time [5]. All 
measurements are carried out in the current point of surface 
simultaneously. It makes measured quantities comparable 
allowing to correct one using or relative the others, to divide 
the information on the surface object properties and the 
substrate surface, to build the distribution maps associated 
with and relative to the surface topography. 

a) 

b) 
 
Fig. 3. 
 
It’s why the MDM image reflects the true picture of 

surface layers and their characteristics. The wide 
opportunities of MDM allows to obtain the results exclusive 
on the informational content, resolution and trustworthiness 
with high efficiency and reproducibility. 
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ÐÀÑÒÐ ÇÎÍÄ ÌÈÊÐÎÑÊÎÏÈÉÀÑÛÍÛÍ ×ÎÕ ÏÀÐÀÌÅÒÐËÈ ÌÅÒÎÄÈÊÀÑÛ 

 
Rastr zond ìèêðîñêîïó “ForceMaster-402MD (Ðóñèéà) êîíñòðóêòèâ âÿ ôóíêñèîíàë îëàðàã èøëÿìÿ ïðèíñèïè ìöõòÿëèô îëàí èêè 

úèùàçû þçöíäÿ áèðëÿøäèðèð — ðàñòð òóííåë ìèêðîñêîïó âÿ àòîì-ýöúëö ìèêðîñêîïó. Áöòöí áóíëàð èñòÿíèëÿí úèñìèí âÿ äèåëåêòðèêèí 
ñÿòùèíäÿ ìèñèëñèç äÿãèã òÿäãèãàòëàðûí àïàðûëìàñûíà èìêàí âåðèð. Áó úèùàç óíèêàë ÷îõ ïàðàìåòðëè ìåòîäèêà èëÿ òÿúùèç îëóíìóøäóð 
(ìåòîä ïàòåíòëÿøäèðèëèá), ùàíñû êè, ñÿòùèí òîïîãðàôèéàñû èëÿ áèðëèêäÿ îáéåêòèí áþëöíìÿ íþâöíöí òÿéèí åäèëìÿ õÿðèòÿñèíè àëìàüà 
èìêàí âåðèð (åëåêòðèêêå÷èðìÿ âÿ ñ.). 
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С.П. Молчанов, С.Г. Абдуллаева, И.А. Чернова-Хараева, С.Д. Алекперов 

 
МЕТОД МНОГОПАРАМЕТРОВОГО РЕЖИМА В СКАНИРУЮЩЕЙ ЗОНДОВОЙ 

МИКРОСКОПИИ 

 
Сканирующий зондовый микроскоп  “ForceMaster-402MD” (Россия) конструктивно и функционально объединяет в себе два 

прибора с различным принципом работы – сканирующий туннельный микроскоп и атомно-силовой микроскоп. Все это позволяет с 
необходимой детальностью исследовать поверхности любых веществ с любой степенью проводимости, а также поверхности любых 
диэлектриков. Этот прибор оснащен уникальной, так называемой многопараметровой методикой (метод запатентован), которая дает 
возможность одновременно с топографией исследуемой поверхности получать карты распределения электрических, магнитных и 
поляризационных характеристик поверхности.  

 
Received: 12.01.05 

 
 

 
 

 
 
 



ФИЗИКА                                                          2005                                                     ЖИЛД XЫ №1-2 

 
VISCOSITY METHOD FOR THE DESCRIBING OF DYNAMICAL SYSTEMS 
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Three types of nonlinear partial differential equations of polynomial form are considered and explicit substitutions of dependent 

variables, which transform the equations under study to linear equations, are obtained. Some nonlinear second order partial differential 
equations, which can be solved by the viscosity method, are also obtained  

 
Introduction 
  
The problem of finding exactly solvable nonlinear partial 

differential equations has very popular after discovering the 
inverse scattering method [1] and it still attracts the attention 
of many authors[2]. There are also some other methods of 
obtaining exact solutions of nonlinear equations: see [3-6]. 
However, in spite of variety of forms, all methods know till 
now are based after all on the very simple idea-to reduce the 
problem of solving the given nonlinear equation by means of 
some transformations to the problem of solving a more 
simple equation, which has been already studied. In the most 
of cases, people try to reduce nonlinear problems to linear 
ones because the theory of linear equations is well elaborated, 
although sometimes the reduction to a more simple nonlinear 
equation is also used. 

Therefore, the following important and interesting 
problem arises: to describe the class of nonlinear equations 
which can be reduced by means of some transformations to 
linear equations. 

One of possible ways of solving this problem is to apply 
all kinds of transformations to a given class of linear 
equations and to analyze the nonlinear equations thus 
obtained [7-8]. Of course, this class of equations is very small 
in comparison with the class of all exactly solvable equations. 
Nonetheless, we know this small class contains some 
physically interesting equations, for example, the Burgers-

Hopf equation [9]. We hope that the methodical study of all 
possible substitutions of variables and the initial linear 
equations may lead to some new exactly solvable nonlinear 
equations being of physical interest. 

In this paper, we investigate some nonlinear equations 
obtained from linear partial differential equations of the 
second order by substitutions of dependent variables. 

            
Nonlinear forms of linear equations 
       
Since equations occuring in physical applications contain 

the derivatives with respect to the time variable t, as a rule, 
not higher than of the second order, we consider the nonlinear 
forms of the following general linear partial differential 
equation of the second order 

 
            aψt+b ψkt+cψtt +dψxx =0                         (1) 

 
where a, b, c and d are arbitrary functions of variables  x and t. 

Making the substitution 
 
            ψ=exp(αϕ+βϕx +γϕt)                               (2) 
 

we obtain the following equation (we confine ourselves to the 
equations of polynomial type): 
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     (3)  

 
Equation (3) is linear with respect to the derivatives of the 

third order and nonlinear with respect to the derivatives of the 
second and first order. One can check that equations of this 
kind can be reduced to three different types of equations by 
means of linear replacement of independent variables: 

 
               ϕxxx+L(ϕxx, ϕtt, ϕxt, ϕx, ϕt…)=0              (4) 

 
               ϕxxt+M(ϕxx, ϕtt, ϕxt, ϕx, ϕt…)=0               (5) 

 

         ϕxxx+ϕxtt +N(ϕxx, ϕtt, ϕxt, ϕx, ϕt…)=0            (6) 
 

(and symmetrically x↔t) 
  It is not difficult to show that the equation of type (4) is 

obtained from eq.(3) provided   
 
                     b=c=γ=0                                             (7) 
 

that is, we have the following equation: 

                                      ( ) ( ) 02da xxxxxxxx
2
xx

22
x

2
xtt =++++++ βϕαϕϕαβϕϕβϕαβϕαϕ                                    (8) 

 
which is reduced to the equation 

         
                    aψt+dψxx=0                                 (9) 

by the replacement 
 

                        ψ=exp(αϕ+βϕx)                         (10) 
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The equation of type (5) is obtained from eq.(8) provided 
either  
 
                                     a)   d=c=γ=0                              (11)  

or 
                                b)   b=c=β=0                      (12) 

 
In the first case, we obtain the equation 

 
                 ( ) ( )( ) 0a xxtxtxxxt

2
xxtxxtxt

2
xtt =+++++++ βϕαϕϕϕβϕϕϕϕαβϕϕαβϕαϕ                            (13) 

 
which is reduced to the equation 

 
                  aψt+bψxt=0                                         (14) 
 

by the substitution 
 
                   ψ=exp(αϕ+βϕx)                          (15) 
 
In the second case, we have the equation 
 

      ( ) ( )[ ]xxtxx
2

txxttt da γϕαϕγϕαϕγϕαϕ +++++     (16) 
 
which is reduced to the equation 
 
                         aψt+dψxx=0                                      (17) 

 
by the replacement 

 
                           ψ=exp(αϕ+γϕt)                        (18) 

 
The equation of type (6) is obtain from eq.(3) provided 

either 
 

                   a)        c=d, γ=b=0                        (19) 
or 
 
                         b)       c=0,  b=d γ+β=0               (20) 

 
In the first case, we obtain the equation 

   
                     ( ) ( ) ( ) ( ) ( )[ ] 0dca xttxxx

2
xxxxxtt

2
xttxtt =+++++++++ ϕϕββϕαϕϕϕβϕαϕβϕαϕ            (21) 

 
which is reduced to the equation 

 
                0)(ca ttxxt =++ ψψψ                          (22) 
 

by the replacement  

 
                                )exp( xβϕαϕψ +=                     (23) 

 
In the second case we obtain the equation 

 

             
( )[ ] ( ) ( )[

( ) ( ) ( ) 02

22ba

xttxxxxxxttxxx
2
tx
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xxxttxttxxttxxxt

2
xtxxxxxttxxtxttxxt
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ttxtt
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ϕϕβϕϕαϕϕϕϕϕϕϕϕϕϕϕβ

ϕϕϕϕϕϕϕϕϕϕϕϕαβϕϕϕαϕϕβϕ
     (24) 

 
which is reduced to the equation 

 
                       ( ) 0ba xxxtt =++ ψψψ                      (25) 
 

by the replacement 
 
                       ( )txexp βϕβϕαϕψ −+=               (26) 
                                      
 

The viscosity method 
Let us investigate in detail equation (8). It is convenient to 

introduce a new notation 
                   aα=α             dβ=k  
                                                                                      (27) 
                  aβ=N              dβ=c 
 
The equation (8) assumes the following form 

                               0C
N

LC
N
Lk2k

N
kLNL xxxxxxxx

2
xx

2
x2

2

xtt =++++++ ϕϕϕϕϕϕϕϕ                                      (28) 

 
Apparently, using the substitution x’=αx one can always equate the coefficients L and N. Then the equation (8) assumes the 

form 
 
                                           ( ) 0Nkkk2)(C xtt

2
x

2
xxxxxxxxxx =++++++ ϕϕϕϕϕϕϕϕ                                               (29) 

 
Accordingly, equations (9) and (10) rewritten as follows:     
         
Nϕt+Cψxx=0    (9a) 
 

                     ⎥⎦
⎤

⎢⎣
⎡ += )(

c
kexp xϕϕψ                       (10a) 
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Now let us note that the equation (29) can be used to find 
the solution of following equation: 

       
    ( ) 0NkkK2 xtt

2
x

2
xxxxx =++++ ϕϕϕϕϕϕ            (30) 

 
Indeed, if ϕc is a solution of equation (29) then the 

function 
 
                             C0C

iml ϕϕ
→

=                                   (31) 

 
can be considered as a formal solution of eq. (30). 

Such a method of solving equations is often  called “the 
viscosity method”.  

Let us write the explicit forms of some other equations, 
which can be solved by this method. 

Making analogical (27) substitutions and equating the 
coefficients Li and Ni (i=1,2,3,4) 

one can rewrite the equations (13), (16), (21), (24) 
correspondingly and obtain (ci→0) equations, which can be 
solved by the viscosity method 
 
     ( ) ( ) 0NK xtt1xtxxtxxxt1 =++++ ϕϕϕϕϕϕϕϕ        (13’) 
 
           ( ) ( ) 0N2K xtt2

2
x

2
txxtx2 =++++ ϕϕϕϕϕϕ   (16’)

 
                                                ( ) ( ) 0N22K xtt3

2
t

2
xttxt

2
x

2
xxxxx3 =+++++++ ϕϕϕϕϕϕϕϕϕϕ                                           (21’) 

     
0)(N

)22(K

ttxtt4

txxx
2
txxttxttxxttxtxxxxxttxxtxtt

2
xxt4

=−++
+−+−+−−+−+−+

ϕϕϕ
ϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕϕ

         (24’) 

 
In conclusion we note, that general properties, exact 

solutions and soliton- like solutions of obtained equations 
will be discussed in another paper. 

The author expresses his acknowledgements to Prof. 
V.I.Man’ko and Doc. V.V.Dodonov for useful discussions. 
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КВАНТ ДИНАМИК СИСТЕМЛЯРИ ТЯСВИРИНДЯ ГАТЫЛАШМА МЕТОДУ 

 
Полиномшякилли фярди тюрямялярдя гейри-хятти дифференсиал тянликлярин цч нювцня бахылыб вя арашдырылан тянликляри хятти тянликляря 

эятирян асылы дяйишянлярин явязолунмасынын дягиг ифадяси алынмышдыр. Щямчинин гатылашма методу иля щялл едиля билян II дяряжяли фярди 
тюрямяли бязи дифференсиал тянликляр алынмышдыр. 

 
Э.А. Ахундова 

 
МЕТОД  ВЯЗКОСТИ В ОПИСАНИИ КВАНТОВЫХ ДИНАМИЧЕСКИХ СИСТЕМ 

 
Рассмотрены три типа нелинейных дифференциальных уравнений в частных производных полиномиального вида и получены 

явные выражения замен зависимых переменных, которые сводят исследуемые уравнения к линейным. Также получены некоторые 
дифференциальные уравнения в частных производных второго порядка, которые могут быть решены методом вязкости. 
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PHASE TRANSITIONS IN CuAgS0.5Se0.5 
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Institute of Physics of National Academy of Sciences of Azerbaijan, 

Az-1143, H. Javid av., 33 
 

CuAgS0.5Se0.5 monocrystals were synthesized and grown. Phase transitions were investigated by high temperature x-ray analysis. It’s 
been shown, that at room temperature crystals have two phases, and one of the phases has structure of Cu1.96S and the other of CuAgSe. Both 
phases at 695 K turn to single FCC lattice with parameter a=6.356 Å. 

 
In [1] it has been determined that CuAgS crystals at room 

temperature are crystallized into orthorhombic structure with 
lattice parameters a=4.06 Å, b=6.66 Å, c=7.99 Å, space 
group D17

2h – Cmcm, Z=4, ρ=6.4 г/см3. The only thing about 
polymorphism mentioned in [1], is that at 366 K low tem-
perature orthorhombic modification turns to hexagonal one 
that is identical to β-Cu2S (a=4.005 Å, c=6.806 Å, Z=2, 
space group P63/mmm)[2]. 

In [3] phase transitions in CuAgS were investigated. It 
has been shown that low temperature orthorhombic modifica-
tion at 400 K turns to hexagonal and the hexagonal one in its 
part turns at 705 K to high temperature FCC with a=5.7288Å. 
Crystal turns back to its initial state when cooled. 

Partial replacement of 50% Se atoms by Te atoms and its 
influence on phase transitions in CuAgS0.5Te0.5 were also 
investigated in [3]. It has been shown that at room tempera-
ture CuAgS0.5Te0.5 consist of three phases, one of them iden-

tical, as regards lattice size, to low temperature monocline 
Cu1.96S [4], another one has lattice of low temperature ortho-
rhombic phase of Cu2Te [5] and the last one has lattice of low 
temperature orthorhombic CuAgS [1]. CuAgS0.5Te0.5 consist 
of three phases and at 720±1 К turns to single FCC phase 
with lattice parameter a=6.531 Å. 

In present paper the influence of partial replacement of 
50% of S atoms by Se atoms on structure and temperatures of 
phase transitions in CuAgS0.5Se0.5 has been investigated. The 
conditions of crystal synthesis and growth did not differ from 
those of CuAgS and CuAgS0.5Te0.5 [3]. 

An X-ray diffractometric temperature investigation was 
conducted in a “DRON-3M” diffractometer with a tempera-
ture attachment URVT-2000 in vacuum (10-1 Pa). Angular 
resolution was ≈0.1°. Diffraction angles were measured with 
an accuracy ∆θ=±0.02°. 

                                                                                                                                              Table 1 
XRD data for CuAgS0.5Se0.5 (Fe-filtered, CoKα radiation, λα=1.7902 Å, 55kV, 12mA). 

CuAgSe Ag2Se 
T, K Θ I/I○ Dexp.Å 

dcalc.Å hkl dcalc.Å Hkl 
Lattice Parameters, Å 

1 2 3 4 5 6 7 8 9 
18° 00' 30 2.897 2.898 243 2.890 150 
19° 30' 80 2.682 2.690 10 0 0 2.681 042 
20° 24' 100 2.568 2.569 044   
21° 36' 50 2.432 2.437 162   
23° 30' 70 2.245 2.245 942   
25° 06' 40 2.110 2.111 326   
25° 36' 50 2.072 2.073 11 2 3   
26° 36' 60 1.999 1.998 645 2.012 220 
28° 24' 90 1.882 1.882 027 1.890 191 
31° 24' 40 1.718 1.717 275, 390 1.710 0 10 2 
33° 42' 50 1.163 1.614 038   
37° 24' 10 1.474 1.473 908, 286   
39° 06' 30 1.419 1.419 938 1.411 243 
41° 24' 10 1.354 1.354 078, 1 0 10   
45° 54' 10 1.247 1.246 0 5 10 1.247 0 10 4 

293 

48° 00' 20 1.205 1.205 0 6 10 1.204 115 

Cu1.96S 
Monocline 
a=26.897 
b=15.515 
c=13.585 

Z=8 
S.G. P21/n 

ρx=5.870 g/cm3 
 

CuAgSe 
Orthorhombic 

a=4.086 
b=20.533 
c=6.275 

S.G. D7
2h – P4/nmm 
Z=10 

ρx=7.895 g/cm3 
17° 55' 30 2.909 2.910 243 2.909 150 
19° 28' 80 2.686 2.686 10 0 0 2.684 042 
20° 19' 100 2.578 2.579 044   
21° 27' 45 2.448 2.447 132   
23° 28' 70 2.248 2.248 942   
25° 00' 40 2.118 2.118 326   
25° 33' 50 2.075 2.074 11 2 3   
26° 32' 60 2.004 2.004 645 2.014 220 
28° 18' 90 1.888 1.888 027 1.906 191 
31° 17' 35 1.724 1.724 275, 390 1.724 0 10 2 
33° 34' 45 1.619 1.619 038   
37° 17' 10 1.478 1.478 908   

373 

38° 59' 25 1.423 1.423 938 1.411 243 

Cu1.96S 
a=26.859 
b=15.811 
c=13.608 

ρx=5.759 g/cm3 
 
 

CuAgSe 
a=4.107 

b=20.664 
c=6.374 

ρx=7.683 g/cm3 
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41° 12' 10 1.359 1.359 1 0 10   
45° 44' 10 1.250 1.250 0 5 10 1.250 0 10 4 

 

47° 46' 20 1.209 1.209 0 6 10 1.201 115 

 

17° 49' 30 2.925 2.926 243 2.925 150 
19° 26' 75 2.691 2.691 10 0 0 2.712 042 
20° 10' 100 2.596 2.597 044   
21° 22' 50 2.456 2.456 162   
23° 24' 70 2.254 2.255 942   
24° 45' 40 2.138 2.138 326   
25° 27' 50 2.083 2.082 11 2 3   
26° 30' 60 2.006 2.006 645 2.030 220 
28° 00' 90 1.907 1.908 027 1.915 191 
31° 05' 40 1.734 1.734 275, 390 1.734 0 10 2 
33° 12' 50 1.635 1.635 038   
36° 55' 10 1.490 1.490 908, 286   
38° 37' 30 1.434 1.434 938 1.425 243 
40° 39' 10 1.374 1.374 078, 1 0 10   
45° 11' 10 1.262 1.262 0 5 10 1.262 0 10 4 

473 

47° 12' 20 1.220 1.221 0 6 10 1.216 115 

Cu1.96S 
a=26.905 
b=15.852 
c=13.753 

ρx=5.673 g/cm3 
 
 

CuAgSe 
a=4.142 

b=20.664 
c=6.374 

ρx=7.619 g/cm3 

17° 47' 30 2.931 2.931 243 1.931 150 
19° 24' 80 2.694 2.964 10 0 0 1.716 042 
20° 07' 100 2.602 2.602 044   
21° 20' 45 2.460 2.460 162   
23° 22' 70 2.257 2.258 942   
24° 42' 40 2.142 2.142 326   
25° 25' 50 2.086 2.085 11 2 5   
26° 17' 60 2.022 2.021 645 2.039 220 
27° 56' 90 1.911 1.910 027 1.923 191 
31° 02' 35 1.736 1.737 275 1.741 0 10 2 
33° 08' 45 1.638 1.638 038   
36° 51' 10 1.493 1.493 908   
38° 32' 25 1.437 1.437 938 1.430 243 
40° 35' 10 1.376 1.376 1 0 10   
45° 06' 10 1.264 1.264 0 5 10 1.266 0 10 4 

573 

47° 06' 20 1.222 1.222 0 6 10 1.218 115 

Cu1.96S 
a=26.936 
b=15.893 
c=13.775 

ρx=5.643 g/cm3 
 
 

CuAgSe 
a=4.152 

b=20.695 
c=6.383 

ρx=7.578 g/cm3 

17° 44' 30 2.939 2.937 243 2.939 150 
19° 23' 80 2.697 2.696 10 0 0 2.720 042 
20° 05' 100 2.606 2.606 044   
21° 15' 50 2.466 2.467 162   
23° 20' 70 2.260 1.260 942   
24° 40' 40 2.145 1.145 326   
25° 24' 50 2.087 2.087 11 2 3   
26° 15' 60 2.024 2.024 645 2.039 220 
27° 54' 90 1.913 1.913 027 1.923 191 
30° 57' 40 1.740 1.740 275 1.741 0 10 2 
33° 05' 50 1.640 1.640 038   
36° 48' 10 1.494 1.494 908   
38° 29' 30 1.438 1.438 938 1.430 243 
40° 32' 10 1.377 1.377 1 0 10   
45° 01' 10 1.266 1.266 0 5 10 1.266 0 10 4 

673 

47° 00' 20 1.224 1.244 0 6 10 1.220 115 

Cu1.96S 
a=26.936 
b=15.893 
c=13.775 

ρx=5.620 g/cm3 
 
 

CuAgSe 
a=4.152 

b=20.695 
c=6.383 

ρx=7.536 g/cm3 

16° 19' 40 3.176 3.185 200 
23° 30' 65 2.246 2.245 220 
27° 52' 100 1.915 1.915 311 
29° 12' 70 1.834 1.835 222 
34° 19' 30 1.588 1.588 400 
37° 54' 80 1.457 1.458 331 
39° 04' 30 1.420 1.420 420 
43° 39' 50 1.297 1.297 422 

773 

47° 04' 90 1.222 1.223 333, 511 

 

FCC 
a=6.356 

S.G. Fm3m 
Z=4 

ρx=6.376 g/cm3 

16° 16' 40 3.196 1.182 200 
23° 27' 65 2.250 1.250 220 
27° 49' 100 1.918 1.919 311 
29° 10' 70 1.837 1.837 222 
34° 16' 30 1.590 1.591 400 
37° 51' 80 1.459 1.460 331 

873 

39° 02' 30 1.422 1.423 420 

 FCC 
a=6.363 

ρx=6.355 g/cm3 
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43° 36' 50 1.298 1.299 422  
47° 01' 40 1.224 1.225 333 

  

16° 13' 40 3.205 1.186 200 
23° 24' 65 2.254 1.253 220 
27° 46' 100 1.921 1.921 311 
29° 07' 70 1.840 1.840 222 
34° 13' 30 1.592 1.593 400 
37° 49' 80 1.460 1.462 331 
39° 00' 30 1.422 1.425 420 
43° 33' 50 1.299 1.301 422 

973 

46° 58' 90 1.225 1.226 333 

 
FCC 

a=6.372 
ρx=6.328 g/cm3 

    
At 293 K the XRD patterns from 5×5×1 mm arbitrary ori-

ented AgCuS0.5Se0.5 single-crystal showed 16 diffraction 
peaks. Indexing of patterns confirms existence of two phases, 
the first is identical to monocline Cu1.96S [4], the second – to 
low temperature orthorhombic CuAgSe [6]. 

All 16 diffraction peaks (Table 1) can be indexed on the 
basis of lattice parameters of orthorhombic Cu1.96S, 8 of them 
also can be indexed on the basis of orthorhombic CuAgSe. 

After the patterns were recorded at room temperature, the 
furnace was turned on and reference recordings were taken 

every 100 K without disturbing the original crystal orienta-
tion. The sample temperature prior to every record was kept 
constant for 40 minutes. 

At 773K 9 peaks were recorded that belong to high tem-
perature FCC modification with a=6.356 Å, Z=4, space 
group Fm3m. The transition temperature was determined 
from disappeared peaks when both phases turn to FCC at      
Tt=695±2 К. 

 

 
Fig. 1. Temperature dependence of lattice parameters in CuAgS0.5Se0.5 
 
Fig 1 shows temperature dependence of lattice parame-

ters. As we see, lattice parameters a1, b1, c1 of monocline 
Cu1.96S deviate from linearity at 373 K, parameters b1 and c1 
quickly increase and a1 decreases and linearly grows after 
373 K. Lattice parameters a2 and c2 of modifications identical 
to orthorhombic CuAgSe structure, deviate from linearity at 

473 K. In spite of such changing in lattice parameters of both 
phases with temperature, there is not much difference in 
number and intensity of diffraction peaks. 

Table 2 contains coefficients of thermal expansion calcu-
lated using temperature dependence of lattice parameters. As 
we can see, the thermal expansion for modification identical 
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to Cu1.96S along [010] significantly differ from that along 
[100] and [001] (α[100]< α[010]> α[001]). It’s significant that in 
low temperature monocline modification, S atom layers form 
hexagonal close packages and Cu atoms are distributed 

among them in 3 different ways. In this structure 51 of Cu 
atoms distributed in distorted triangles, 9 – in tetrahedral 
spaces and one is in double coordination. Some of Ag atoms 
might replace Cu atoms. 

  
                                                                                                                                                                    Table 2 

Thermal expansion coefficients for CuAgS0.5Se0.5 
 

Modification Temperature 
К α[100]10-6K-1 α[010]10-6K-1 α[001]10-6K-1 1610

3
−−⋅

α
=α ∑ Ki  

Orthorhomb. 
Cu1.96S 

293-373 
293-473 
293-573 
293-673 

-19.05 
1.65 
5.18 
6.46 

238.48 
120.67 
87.01 
68.86 

21.16 
68.70 
49.95 
40.29 

80.20 
63.67 
47.38 
38.54 

Orthorhomb. 
CuAgSe 

293-373 
293-473 
293-573 
293-673 

64.24 
76.14 
57.69 
47.66 

79.75 
35.44 
28.18 
28.71 

197.21 
87.65 
61.47 
46.97 

113.73 
66.41 
49.11 
41.11 

FCC 
CuAgS0.5Se0.5 

773-873 
773-973 

0.11 
0.13 

  0.11 
0.13 

 
In CuAgSe lattice, Ag atoms situated in planes perpen-

dicular to c axis. Near each of them, there are 4 Ag atoms at 
2.96 Å and 6 Se atoms at 2.67 Å (4 Se), 3.59 Å  (1 Se), 3.64 
Å (1 Se). Se atoms form elongated tetrahedrons in which Cu 
atoms situated. Distance between Se atoms is Se-Se=3.30 Å, 
between Cu and Se is from 2.06 Å to 2.50 Å and the least one 
is Cu-Ag=2.98 Å. 

Thermal expansion coefficient of phase crystallized as 
CuAgSe structure has anisotropy along basic crystallographic 
directions (α[100]≈α[010]>α[001]). Strong anisotropy of thermal 
expansion of both phases is one of the main reasons of ther-
mal instability of low temperature phase. We should note, 
that monocline Cu1.96S at 377 K turns to FCC phase with 

a=5.707 Å and CuAgSe at 504 K turns to FCC phase 
(a=5.082 Å) as well. In our case that doesn’t happen, i.e. both 
phases (Cu1.96S and CuAgSe) turn to FCC phase (a=6.356 Å) 
at 695 K at the same time. 

At room temperature CuAgS0.5Se0.5 crystals consist of 2 
phases and while heated, as seen from thermal expansion 
anisotropy, deform each other. The nucleus of high tempera-
ture FCC phase is formed in the interface of these two phases 
and grows at the expense of both phases. When cooled, FCC 
phase splits in two and crystal turns to initial state. Phase 
transitions are reversible and take place by single-poly crystal 
model. 
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CuAgS0.5Se0.5 ÊÐÈÑÒÀËÛÍÄÀ ÏÎËÈÌÎÐÔ ÊÅ×ÈÄ 
 

CuAgS0.5Se0.5 òÿðêèáè ñèíòåç åäèëìèø âÿ ìîíîêðèñòàëû àëûíìûøäûð. Éöêñÿê òåìïåðàòóð äèôðàêòîìåòðèê ìåòîäó èëÿ ïîëèìîðô êå÷èä òÿäãèã 
åäèëìèø âÿ ýþñòÿðèëìèøäèð êè, îòàã òåìïåðàòóðóíäà êðèñòàë èêè ôàçàëûäûð. Fàçàëàðäàí áèðè Cu1.96S ñòðóêòóðàñûíû, äèýÿðè èñÿ AgCuSe-íèí ñòðóêòóðà-
ñûíû ãÿáóë åäèð. Ùÿð èêè ôàçà 695 Ê-äÿ ñÿòùèíÿ ìÿðêÿçëÿøìèø êóáèê ôàçàéà êå÷èð. 

 
Ю.Г. Асадов, Р.Б. Байкулов, Ю.И. Алиев 

 
ПОЛИМОРФНЫЕ ПРЕВРАЩЕНИЯ В CuAgS0.5Se0.5 

 
Синтезированы и выращены монокристаллы CuAgS0.5Se0.5. Высокотемпературным рентгенографическим методом исследова-

лись полиморфные превращения. Показано, что при комнатной температуре кристаллы - двухфазные, одна из фаз принимает 
структуру Cu1.96S, а другая - CuAgSe. Обе фазы при 695 К превращаются в единую ГЦК модификацию с параметром a=6.356 Å. 
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In this study the scissors mode is investigated for γ -soft nucleus 134Ba. Calculations have been made using Quasiparticle Random Phase 
Approximation method. With the selection of suitable separable effective isoscalar and isovector forces, rotational invariance is restored for 
the description of the M1 modes. Our calculations show that, results obtained here are in a good agreement with the experimental data. In this 
work, contribution of ∆K=0 branch of Iπ=1+ states to scissors mode region has been investigated, as well. Calculations show that most of the 
M1 transitions have ∆K=1 character.  

 
I. INTRODUCTION 
 
Recently, great success has been achieved in the 

measurement of nuclear excitations with low multipolarity 
[1]. One of them is the observation of strong low-lying 
magnetic dipole excitations in deformed nuclei, which are 
frequently referred to as a scissors mode. The study of 
these excitations gives valuable information about nuclear 
structure and nucleon-nucleon forces at low energy. In a 
geometrical picture [2] the scissors mode is visualized as a 
counter rotational oscillation of the deformed proton body 
against the deformed neutron body in the intrinsic frame of 
reference. This mode was first observed in high-resolution 
electron scattering experiments in Darmstadt [3]. A series 
of subsequent nuclear resonance fluorescence (NRF) 
experiments (see e.g., Refs [4]) established the systematic 
of this common mode in deformed even-even nuclei at 
excitation energies around 3 MeV. The remarkable features 
of the scissors mode obtained from experimental results 
are the quadratic dependence of the summed B(M1) values 
on the ground state deformation parameter δ and the strong  
fragmentation of the M1 strength about the pairing gap up 
to 4 MeV excitation energy [5-8]. Properties of scissors 
mode have been investigated for deformed nuclei in detail. 
Recently the scissors mode was observed in 196Pt [9]. This 
was the first observation of the scissors mode in a 
deformed nucleus with a soft triaxiallity. After than this 
mode else has been obtained for nucleus from another 
wide region of γ-soft triaxiallity for 134Ba [10]. In spite of 
the nature of scissors mode is an open question in nuclei 
near shell closures where the simple geometrical picture of 
a scissors-like motion of deformed proton and neutron 
bodies breaks down. There were only some more 
experiments else for nucleus from these regions [11]. 
Unfortunately explicit parity determination is not upper 
degree in those experiments. Therefore, only with the 
advent of the new generation of experimental facility with 
improved detection characteristics it is possible to 
investigate in detail the fine structure of the M1 response 
[12]. Earlier, the scissors mode calculations for 134Ba [13] 

had been made using RPA method. In that work, the broken 
symmetry of the nuclear Hamiltonian is reached by adding to it 
only some effective isoscalar forces [13]. However, here certain 
difficulties immediately arise when the isovector quadrupole 
coupling constant is chosen. Generally, an isovector dependence 
of effective forces can arise from the breaking of rotational 
invariance by the isovector term in the mean-field potential.  

 
Based on these observations the aim of the present work is 

to investigate the nature of the scissors mode of nucleus 134Ba 
using RPA method, where broken rotational invariance restored 
adding effective isoscalar and isovector forces [8]. This 
approach is self- consistent, since the coupling constants and 
matrix elements of the effective interactions are, in turn, 
connected with the characteristics of the deformed field. This 
method of restoring broken symmetries successfully has been 
applied to the well deformed and spherical nuclei were restored 
rotational or transitional invariance  [8,14-17]. Here we also 
investigate the contribution ∆K=0 branch of Iπ=1+ states to the 
scissors mode region.      

  
  II. THEORY  
 
A detailed description Iπ;K=1+;1 states generated by the 

isovector spin-spin interactions in rotational invariant 
Quasiparticle Random Phase Approximation (QRPA) was given 
in Ref [8]. There, by the selection of suitable separable effective 
isoscalar and isovector forces, rotational invariance is restored 
for the description of the M1 modes for ∆K=1 branches without 
introducing any additional parameters. In this approximation, 
the model Hamiltonian of the system can be written 

  
 στVhhHH sqp +++= 10                 (1) 

 
where Hsqp is the quasiparticle Hamiltonian with pairing 
interactions, h0 and h1 describe the effective isoscalar and 
isovector interactions restoring the rotational invariance of the 
quasiparticle Hamiltonian which are important only for ∆K=1 
branch of the 1+ states. 



SCISSORS MODE  IN THE γ-SOFT NUCLEUS 134Ba 

 67

 
Here we followed the methods and notations of 

Ref.[8]. According to Ref.[8] the rotational invariance of 
the single-quasiparticle Hamiltonian can be restored with 
the aid of a separable isoscalar and isovector effective 
interaction of the form 

 

∑ −−−= +
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0 2
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where, V1 is the isovector part of nuclear potential and Jν 
are the spherical components of the total angular 
momentum for the Kπ=1+ excitations. Here, γ0 and γ1 are 
the coupling parameters. Vστ isovector spin-spin 
interactions that generated the 1+ states in the deformed 
nuclei have the form 
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where, σr and τr  are the Pauli matrices that represent the 
spin and the isospin, respectively. 

Due to the symmetries of the effective restoring forces, 
spin- spin interactions and the magnetic dipole operator, 
the most characteristic quantity of 1+ state is the reduced 
M1 transition probability, which can be written in the form 
[8] 
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Here gs and gl are the spin and orbital gyromagnetic 

ratios of the free nucleons, respectively. 
The energy-weighted sum rules for M1 transitions are 

given as 
 

RPA
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In the RPA, right-hand side of the this sum rule can be 

obtained 
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where  
                    ∑=

µ
µµµ
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                    ∑=
µ
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τ εδ sjL22 )( . 

 
Since the effective forces h0 and h1 are not commutative 

with the 1±J  operators besides the Hsqp  part of the Hamiltonian, 
they also contribute to the sum rules (7). In this formula, the last 
two, which represent the contributions of the isoscalar and 
isovector effectively restoring forces to the sum rule, are 
important.  

Another important quantity of the orbital 1+ states is 
excitation energies. In order to establish the average energy of 
the M1 strength below 4 MeV we use the energy weighted and 
not energy weighted sum rules, 
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III. RESULTS AND DISCUSSION 
 
In numerical calculations, the experimental value of 

deformation parameter δ=0.161 of the 134Ba were taken from 
the ref.[18]. The Nilsson single-particle energies were obtained 
from Warsaw deformed Wood-Saxon potential [19]. All energy 
levels from the bottom of the potential well to 6 MeV were 
considered for neutrons and protons. The pair-interaction 
constants ∆ and λ were chosen in accordance with Soloviev 
[20]. For the strength parameter of the isovector spin -spin 
interactions we used χσ=40/A MeV, which has been obtained 
from magnetic moments calculations. To show important 
restoration broken symmetry we present here result of 
calculation obtained without any restoration, result taken from 
ref [21] where restored only broken isoscalar forces and result 
of calculation obtained using restored broken isoscalar and 
isovector forces of the mean field potential. The calculated 1+ 
excitation energies and the corresponding B(M1) values are 
shown in Fig.1. As can be seen in Fig. 1 calculations made 
without any restoration gives for scissors mode summed B(M1) 
= 4.163 2

Nµ  strength with 8 levels. 
The results obtained using only isoscalar restoring forces 

taken from Ref.[21] give summed B(M1) = 0.49 2
Nµ   with only 

2 levels (in Ref[21], the level obtained at the energy E=395 keV 
hase not been interpreted as scissors mode level). Despite the 
fact that the results above give the scissors mode like 
distribution, they are not in agreement with the experimental 
results.  

 
According to Ref.[8] using isoscalar and isovector restoring 

forces to restoration the broken rotational invarians,  we obtain 

the sum 
2

1 60.0)10 ;1( N
i

iMB µ∑ =→ ++
 with 10 levels, where 

ratio l/s>1. These levels can be interpreted as a scissors mode. 
Comparison this result with the results above we observe that 
the consideration of the isoscalar and isovector restoring forces 
causes the splitting of the states with large B(M1) strengths and 
fragments the M1 strength into more levels.  

Where experiment obtained the total M1 strength summed 
over all states, where += 1J π  is at least tentatively assigned, 

amounts to 
2

1 56.0)10 ;1( N
i

iMB µ∑ =→ ++
 strength with 6 levels 

[10] (Fig.1). Due to the low cross sections, firm assignments of 
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spins and parities were not possible for many levels [10]. 
Although the experiment had been performed in correct 
spin and parity for only one state, it was assumed that 
some of the other states were also scissors mode states. So 
the total strength of the scissors mode in 134Ba presumably 
does not deviate too much from the value 

2
1 56.0)10 ;1( N

i
iMB µ∑ =→ ++

. But for correct 

determination of scissors mode strength in this region the 
parity measurement is necessary. 

 
Excitation Energy (keV) 

 
Fig. 1. Spectral distribution of the dipole excitations strength    
           in the 134Ba nucleus 

 
Our theoretical calculations gives for 134Ba several 

collective 1+ state (mainly ∆K=1 branch) in the energy 
interval 2.5- 4 MeV with an energy centroid 

9.2=E MeV. Also experiment show dipole strength 
distribution in 134Ba extracted from the measured photon 
scattering cross sections in the energy range up to 4MeV 
with an energy centroid 987.2=E MeV. As can be seen 
results obtained in this work are in good agreement with 
experiment.  Comparison results are given in Table 1.   

 

Table1. Comparison RPA calculation  with Experimental 
Results of Iπ;K=1+; 1 states of   134Ba 
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3.07 

 
0.49 
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0.6 

 
2.987 

 
0.56(4) 

 
Our results is also in a good agreement with empirical sum 

rule for the excitations strength of the scissors mode obtained 
from the B(E2) value  

 

                 );(.)( ++ →= 112 2026101 EB
Z

MB sc                (9) 

 
This has been formulated in Ref.[22]. From the known 

B(E2) values of 134Ba, using formula (9) we have obtained  
B(M1)sc↑=  0.61(2) 2

Nµ , which is in agreement with the our 
theoretical value and experiment.  

As can be seen in Fig1., the experiment shows the 1+ state at 
energy E=2939 keV with a relatively large M1 excitation 
strength of B(M1; 0+→1+) =0.307 2

Nµ . This level is only one 
level where made correct parity and multipolarity 
determination. The corresponding excitation obtained from our 
calculation at energy E=2612 keV with B(M1; 0+→1+) 
=0.305 2

Nµ . Also theory predicts 1+ state at energy E=2583 

keV, with excitation strength of B(M1) =0.083 2
Nµ , so 

experiment gives spin one state at energy E=2571 keV, with 
excitation strength of B(M1)=0.081 2

Nµ  which can be attributed 
to magnetic dipole transition. According with the results 
obtained here we can say experimental observed spin one state 
at energy E=2571 keV may have positive parity.      

Furthermore, above an excitation energy of 3500 keV 
experimentally eight states where observed, four of them with 
spin assignment J=1. Experiment according to Ref. [21] were 
restored only isoscalar forces and expected that the magnetic 
dipole excitations above 3500 keV have a low orbit-to-spin ratio 
and thus do not belong to the scissors mode. However our 
rotational invariant RPA calculation predicts three high orbit-to 
spin ratio (l/s>1) levels with summed excitation strength of 
B(M1)↑ =0.086 2

Nµ . It has been shown that some of observed 
strengths in experiment above 3500 keV are in orbital character. 
This situation shows that without any correct spin determination 
it is no right makes any comment. 

 Here we also made calculation for 0=∆K  branch of 
+=1πI states. The obtained summed B(M1) value for 

0=∆K  is B(M1; += 0πK ) = 0.045 2
Nµ  with only two 

strength (Fig.1). Our results showed that likely the deformed 
nuclei [23] in γ-soft nuclei, all stronger M1 transitions were 

1=∆K  character. Where 0=∆K  branch take only 8 % of 
all strength.  
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IV. CONCLUSION 
 
Results obtained here show that using isovector and 

isoscalar effective forces fragmented the scissors mode of 
appropriate with fragmentation with deformed rare earth 
nuclei but gives the scissors mode strength amounts to 
about 1/5 of the strength in typical deformed nuclei. These 
results are suitable with experiment. Besides this, our 
calculations show the important consideration of the 
isovector restorating forces in calculations. These results 
point out, the choice of the isoscalar and isovector forces 
in a self-consistent manner based on the rotational 
invariance of the Hamiltonian makes it possible to treat the 
scissors mode more rigorously without any extra 
quadrupole-quadrupole inteaction parameter and results 

gained in this case has been found to be in a close proximity to 
the experimental data.       

Recent experiments show that the scissors mode is 
fundamental excitation mode of γ -soft nuclei. Our theoretical 
calculations give same results and show that above 3500 keV it 
is possible to obtain scissors mode levels. Our calculations also 
show that all stronger magnetic dipole strengths are from ∆K=1.  
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γ-SOFT BÞLGßSINDß YERLßØßN 134Ba NÖVßSININ  

QAY×Û MOD HßYßCANLANMALARÛ  
 

Mÿqalÿdÿ qay÷û modu (scissors mode) sÿviyyÿlÿri γ-soft növÿsi olan 134Ba növÿsi ö÷ön tÿdqiq edilmiødir. Hesablamalar 
QRPA (Quasiparticle Random Phase Approximation) yanaømasû bazasûnda aparûlmûødûr. Uyüun izoskalar vÿ izovektor effektiv 
qövvÿtlÿri secilÿrÿk M1 sÿviyyÿlÿri ö÷ön rotasion invariantlûq bÿrpa edilmiødir. Mÿqalÿdÿ ÿldÿ  edilÿn nÿticÿlÿr tÿcröbi 
nÿticÿlÿrlÿ uyüunluq tÿøkil edir. Bundan baøqa Iπ=1+ hÿyÿcanlanmalarûn  ∆K=0 budaüûnûn qay÷û modu bþlgÿsinÿ ÿlavÿsi dÿ 
tÿdqiq edilmiødir. Hesablamalar M1 sÿviyyÿlÿrin bir ÷oxunun ∆K=1 budaüûna aid olduüunu gostÿrdi. 
 

E. Гулиев,  F. Eртуграл, M. Гунер, З. Демир 
 

НОЖНИЧНAЯ МОДA СОСТОЯНИЯ ДЛЯ ЯДРА 134Ba  
ИЗ РЕГИОНА γ - СОФТ  

 
В статье была изучена ножничная мода (scissors mode) состояния для ядра из региона γ-софт 134Ba. Вычисления были 

произведены в рамках QRPA (Quasiparticle Random Phase Approximation). Для М1 переходов C выбором соответствующих 
изоскалярных и изовекторных эффективных сил была реставрирована нарушенная ротационная инвариантность. Результаты, 
полученные здесь, соответствуют данным, полученным из экспериментов. Кроме того, здесь было произведенo вычисление для 
∆К=0 ветви Iπ=1+ возбуждения. Было показано, что  большинство из М1 состояний принадлежит    ветви ∆К=1. 
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COLLECTİVE 1+ STATES IN 176,178Hf  DEFORMED NUCLEI 
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 54100 Serdivan, Adapazarı, Turkey 
 
In this study, properties of the collective +π = 1I (K=0 and K=1) states, generated by the residual paired and isovector spin-spin 

interactions, in the deformed nuclei 176,178Hf are investigated in the Quasiparticle Random Phase Approximation (QRPA) method 
using the deformed Saxon-Woods Potential. Furthermore, contribution of M1 transition matrix element to the energy weighted sum 
rules and energy distribution of M1 excitation strength functions were investigated for these states. We have observed that the low-
lying 1+ states have weak correlations and small value of B(M1, 0→ 1), and the collective 1+ states with larger values of B(M1) are 
in the energy region 8-10 MeV for K = 0 and 10-12 MeV for K = 1. We have also shown that the number of states for K = 0 is less 
than K = 1 states.   

 
INTRODUCTION 
 
Magnetic dipole excitations in heavy nuclei are of 

considerable interest in modern nuclear structure physics. 
Both low lying orbital and high lying magnetic resonance 
excitations were studied systematically to test nuclear 
models. An outstanding example is the so-called M1 scissors 
mode to which most attention was paid in the past.  This low-
lying orbital 1+ states were first observed in 156Gd in high 
resolution inelastic (e, e′ ) reactions in 1984 [1]. Two of the 
important properties of these states are their low energy 
( 4≤ω MeV) and having a value for their reduced magnetic 
dipole probability B(0+→ 1+) in the interval 0.6-1.8 2

Nµ . 
The different aspects of the magnetic dipole transition of 1+ 
states have been investigation in inelastic proton scattering at 
small angles for the nuclei 154Sm, 156Gd and 164Dy [2]. Before 
these experimental studies, existence of a state with the 
energy E=3.18 MeV and B(M1,0+→ 1+)=1.8 2

Nµ  in the 
nucleus 168Er was observed in theoretical calculations using 
quasiparticle model in the framework of RPA and taking into 
account the residual paired and spin-spin interactions [3]. 
Calculations have shown that collective states in the energy 
range 2-4 MeV and occur in the nuclei 154Sm and 168Er [4]. 
These states expected by the theory were experimentally 
studied using ( γ′γ, ) resonance scattering reactions and a 

state with E=3.39 MeV and B(M1)=(0.71± 0.08) 2
Nµ  was 

observed in the nucleus 168Er [5].  
Recently, magnetic dipole resonances ( +π = 1I ) have 

been experimentally found in wide region from light 
spherical nuclei up to actinides [6-11]. These experiments 
shown that a very broad M1 resonance at energies between 7 
and 11 MeV exits in heavy spherical and deformed nuclei.  

Spin-spin interactions in the spherical even-even nuclei 
happen in connection with the particle hole transitions 
between the spin-orbital elements of the neutron-neutron and 
proton-proton single particle states [12]. Unlike the potential 
of spherical nuclei, the picture is more complicated. In such 
case, the magnetic quantum number of every J-shell splits 
into excitations characterized by the angular momentum 
projection on the symmetry axis K=0 and K=1. Due to split 
mentioned, shell structure of the nucleus is destroyed and this 
causes an increase in the density of 1+ states ( 10≈ρ  MeV-

1). Based on the information given, two independent branches 

of 1+ states, namely K=0 and K=1, exist due to axial 
symmetry in deformed nuclei. K=0 corresponds to the spin 
vibrations along with the symmetry axis, and K=1 
corresponds to the perpendicular ones. K=1 branch is easy to 
investigate in photon scattering experiments since 
electromagnetic waves are transverse. Results of such 
experiments have shown that in low energy spectroscopic 
region K=1 states are denser compare to K=0 levels. 

The well-known Random Phase Approximation (RPA) is 
one the most popular method in theoretical microscopic study 
of nuclear structure and describes many-body systems. In 
nuclear physics RPA has been exploited to model properties 
of the excited states that allows to calculate intensities of 
various nuclear reactions, including decay probability of 
electromagnetic, beta and double beta decay. For the nuclei 
away from closed shells there appear static pairing 
correlations within the quasi-particle representation is usually 
referred to as quasi-particle version of RPA(QRPA), which 
consider the quasi-particle correlations and excitations. 

In this study, properties of +π = 1I (K=0 and K=1) spin-
vibration states in the even-even 176,178Hf isotopes were 
studied using QRPA method. Contribution of M1 transition 
matrix element to the energy weighted sum rules and energy 
distribution of M1 excitation strength functions were 
investigated for these states. 

 
THEORY 
 
For a system with large number of particles, like nucleus, 

it is difficult to solve the Schrödinger equation due to large 
number of the degrees of freedom. Therefore, in the 
microscopic model, it is assumed that neutron and proton in 
the nucleus move in a common field produced by them and 
assumed that they interact with each other. It is based on the 
Shell model. In this model the component of the effective 
force responsible for the excitations is taken into account in 
the microscopic calculations.  

Assuming that 1+ states are produced by the spin-spin 
forces in deformed nuclei, Hamiltonian of the system can be 
chosen as 

                          στVHH sqp +=                               (1)       
 

where Hsqp is the single quasi-particle Hamiltonian 
represented by  



COLLECTİVE 1+ STATES IN 176,178Hf  DEFORMED NUCLEI 

71 

 

                                                       ∑ ++ +=
τ

τατατατατε
s

ssssssqpH ))()()()()(( ~~                                  (2) 

 

In this expression,  22 ∆λε +−= )( ss E  is quasi-
particle energy of the nucleons, and Es is energy of the 
average field. ∆  and λ  are the gap and chemical potential 
parameters of the super fluid model, respectively. 

)(αα + are the quasi-particle creation(annihilation) 
operators. 

The second term in Eq. 1 
 

                      z
j

z
i

ji
jiV ττσσχστστ ∑

≠

=
2
1

          (3) 

 

represents the isovector spin-spin interactions. Here, σ  
and τ  are spin and isotropic Pauli matrices, respectively. All 
the unexplained expressions used here are given in Ref. [13]. 

The isovector spin-spin interactions can be written in 
terms of particle operators: 
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In case of χχχ qpnnp ==  and χχχ == ppnn  q=-1. 

In the quasi-particle representation the µD operator splits up 
into quasi-boson and scattering terms in the form
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Here, ssssss vvuuM ′′′ +=  and ssssss vuvuL ′′′ +=   are the 

Bogoliubov canonical transformation parameters, expressed 
through us and sv  , sDsD ′= µ

ν
µ

)(  are single-particle 
matrix elements of the Pauli spin operator, and  
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are the quasi-particle operators. In RPA, collective 1+ states 
are considered as one-phonon excitations given by 
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where +
iQ  is the phonon creation operator, 0Ψ

  is the 

phonon vacuum. The two quasi-particle amplitudes ss ′ψ  and
 

ss ′ϕ are normalized by  
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The dispersion equation for the excitation frequency w is 
obtained in the form 
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using a variational method and  

                                             01
22

=
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−−− ∑+

i

i
s

i
siii HHQQ )( ϕψωψψψψδ                  (11), 

 
together with the RPA procedure. The roots of this equation 
gives the energy of 1+ states. 

 
MAGNETIC PROPERTIES OF THE COLLECTIVE 

1+ STATES 
 

The characteristic quantity of the spin vibrational 1+ states 
is the probability of the M1 transitions. The M1 transition  
operator is given by 

 

                            0ψµψ rr
iiM =                             (12) 

 
where µ

r
 is the magnetic dipole operator expressed as 
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In this equation, J is the total angular momentum 
operator, τ

sg  ve τ
lg  are the orbital and spin g factors of the 

nucleons, respectively. Using Eqs. 8, 12 and 13, the M1 
transition probability for the state 1+ can be written as 
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where )(τµ ss ′ , µ

r
are the single-particle matrix elements of the 

magnetic dipole operator. 
 
SUM RULE 
 

In quantum mechanics, the probability of a transition 
from one state to another is bounded by some definite 
relations called sum rules. There are two kinds of sum rules; 
energy-weighted (EWSR) and non-energy-weighted sum rule 
(NEWSR). The sum rules are used in the microscopic nuclear 
theory in order to investigate the properties of collective 
excitations. These rules, in case of an arbitrary potential, 
allow one to calculate the vibration of the giant dipole and 
quadrupole resonant energy. 

For the case of M1 transitions, the EWSR is written as 
 

[ ][ ] ∑ ++ →=
i

ii MBH ),(,, 101
3
8

4
1

00 ωπψµµψ rr
 (15) 

 

and we are specifically interested in the energy region of 
saturation of the right-hand side of Eq. 15, namely the energy 
dependence of the function 

 

          ∑ ++ →=
i

iiin MB ),()( 101
3
8 ωπωχ             (16) 

 
 

The left-hand side of Eq. 15 does not depend on the 
strength parameter χ , and represents the quasi-particle 
estimate of the sum rule. Thus, the sum rules help one make 
conclusions about the accuracy of RPA solutions, while the 

contribution of different 1+ states to the sum rule is given by 
the function χ .  

 
NUMERICAL CALCULATIONS AND DİSCUSSİON 
 

In calculations, the single-particle model is used taking 
the deformed Saxon-Woods potential as the average field 
potential. The Schrodinger Eq. is solved by means of the 
method mentioned in Ref. [14]. Calculations are performed 
for 176,178Hf isotopes, the deformation parameters and 
interaction constants are taken from Ref. [15] and Ref. [16], 
respectively.  For this reason, throughout this study, the RPA 
method with harmonic approach is used. The isovector spin-
spin interaction constant is chosen as A40=στχ  [17]. 

                                                                                Table 1.  
Ton-pair correlation parameters and the deformation 

parameters for 176,178Hf isotopes 
A N 2δ  n∆  p∆  nλ  pλ  

176 104 0.2731 0.655 0.75 -4.139 -6.098 

178 106 0.2563 0.72 0.75 -3.664 -6.412 

 
Calculations have shown that, small probability of the M1 

transition from the ground state to the 1+ excitation levels 
appear in the energy region up to 5 MeV. Information on the 
low energy 1+ (K=0 and K=1) levels and the state structure of 
them for 176,178Hf in the spectroscopic region is given in Table 
2 and 3. 

 
Fig. 1. Energy diagram of B(M1) values (above) and sum rule for the 1+ states with K=0 and K=1 in 176Hf . The left –hand side  
            of the sum rule is shown by dotted line. The solid line corresponds to the function iχ  [Eq. 16]. 
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                                                                                                                                                                             Table 2. 
The characteristic 1+ (K=0 and K=1) states and the transition probability B(M1) for 176Hf in the spectroscopic 

energy region. 
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                                                                                                                                                                       Table 3.   
The characteristic 1+ (K=0 and K=1) states and the transition probability B(M1) for 178Hf in the spectroscopic 

energy region. 
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Fig. 2. Energy diagram of B(M1) values (above) and sum rule for the 1+ states with K=0 and K=1 in 178Hf . The left –hand side  
            of the sum rule is shown by dotted line. The solid line corresponds to the function iχ  [Eq. 16]. 
 
Results of the calculations for 176,178Hf nuclei are given in 

Figure 1 and 2. Probability of B(M1) transition as a function 
of energy for +π =1I (K=0 and K=1) excitations are shown 
in Fig. 1. As seen in  the figure, there are several collective 
states with large transition probabilities 
( 2

N)4.32.1()1M(B µ−=  exist for 4≤ω  MeV for these 
isotopes. There are many states between 4 and 12 MeV and 

the most collective energy interval where these states are 
pached is 8-10 MeV for K=0 and 10-12 MeV for K=1. 
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H. Yakut, M. Bektaşoğlu, F.Ertuğral, R. Akkaya, Р. Аккауа   

 
DEFORMASIYA OLMUØ 176,178Hf NÖVßLßRININ COLLEKTIV 1+ SßVIYYßLßRI 

 
Mÿqalÿdÿ qalûq cötlÿnmÿ vÿ izovektor spin-spin qarøûlûqlû tÿsirlÿri tÿrÿfindÿn yaradûldûüû fÿrz edilÿn Iπ=1+ (K=0 vÿ 

K=1) sÿviyyÿlÿrinin xösusiyyÿtlÿri QRPA yanaømasûnda deformasiya olmuø Saxon-Woods potenñialû istifadÿ edilÿrÿk 
þyrÿnilmiødir. Ayrûca bu sÿviyyÿlÿrin M1 matris elemntlÿrinin eneðæi aüûrlûqlû cÿmlÿmÿ qanunlarûna ÿlavÿsi vÿ M1 
sÿviyéÿlÿrinin göc funksiyalarûnûn enerji yayûlmasû da þyrÿnilmiødir.  Hesablamalar aøagû enerjilÿrdÿki 1+ 
sÿviyyÿlÿrinin zÿif korellasiona vÿ ki÷ik ehtimala sahib olduüunu gþstÿrdi. K=0 budaüûnûn ÿn bþyök ehtimallû 
sÿviyéÿlÿri 8-10MeV bþlgÿsindÿ, K=1 budaüû öcön isÿ 10-12 MeV bþlgÿsindÿ olduüu tÿyin edildi. Ayrûca K=1 
budaüûna aid olan sÿviyyÿlÿrin sayûnûn K=0 budaüûndan äaha ÷ox îlduüu gþstÿrildi.   

 
Х. Яакут, М. Бекташогли, Ф.Ертуграл, Р. Аккайа 

 
 КОЛЛЕКТИВНЫЕ 1+ СОСТОЯНИЯ ДЕФОРМИРОВАННЫХ ЯДЕР 176,178Hf 

 
В статье было изучено свойство Iπ=1+ (K=0 и K=1) состояний, взаимодействующих  посредством остаточных парных и 

изовекторных спин-спиновых взаимодействий для ядер 176,178Hf в приближении случайных фаз (СФ) с использованием  
деформированного потенциала Саксона- Вуда. Кроме того, для этих состояний были изучены  вклад М1 матричных 
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элементов в закон энерговесомого суммирования и энергетическое распределение силовых функций для этих состояний. 
Вычисления  показали, что  низколежащие 1+ состояния слабо коррелированы и маловероятны, так как для К=0 ветви 
возбуждении более вероятные состояния лежат в интервале 8-10 МеВ, а для К=1 ветви более вероятные состояния лежат в 
интервале 10-12 МеВ. Кроме того, было показано, что число состояний из ветви К=1 больше числа состояний из ветви К=0.       

 
Received: 09.02.2005 



ФИЗИКА                                                          2005                                                    ЖИЛД XЫ №1-2 

 
ГУРЬУШУН СЕЛЕН ЯСАСЫНДА АЛЫНМЫШ ЯРИНТИЛЯРИН ФИЗИКИ ХАССЯЛЯРИНИН 

ТЯДГИГИ (300 К) 
 

М.Я. ЯЛИЪАНОВ, Н.М. ОРУЪОВ, А.О. МЕЩРАБОВ, С.М. ЯЛИЪАНОВА,  
Н.У. ИБАЙЕВ 

АЗ-1073, Азярбайъан Мемарлыг вя Иншаат Институту, Bакы, Айна Султанова кцчяси 5,, 
1143, Бакы, Щцсейн Ъавид, 33, МЕА Кимйа проблемляри Институту 

 
Гурьушун селен бирляшмясиндя ЪрСе-нин щялл олма сащяси мцяййян едилмиш, бярк мящлул сащясиндяки яринтилярин: 2,4,6 мол% тяркибли 

нцмунялярин физики хассяляри 300К температурда юлчцлмцшдцр. ПбЪе бирляшмясиндя олдуьу кими онун ясасындакы нцмуняляр дя куб 
гурулуша малик олуб, електрон тип йарымкечириъилярдир. Щям ясас компонентин (ПбСе) вя онун ясасындакы яринтилярин: Термоелектрик 
параметрляри (Термо е.щ.г., истиликкечирмя, електриккечирмя) юлчцлмцшдцр. Щолл еффектини юлчмякля йцкдашыйыъыларын консентрасийасы вя 
йцрцклцйц щесабланмышдыр.  

 

АЫВБЫВ типли бирляшмяляр йарымкечириъи материаллар кими 
эениш юйрянилмиш вя щал-щазырда юйрянилмякдядир. Бу 
бирлшмяляр ясасында алынмыш яринтиляр практики вя елми 
ъящятдян тядгигатчылары даща чох марагландырыр. Щямин тип 
бирляшмялярдян ПбСе вя онун ясасындакы яринтиляр термо-
фотоелектрик материал кими йарымкечириъиляр техникасында 
эениш тятбиг олунур. ПбСе системиндя 1361К 
температурунда ярийян бир конгурент бирляшмя щалыны алыр. 
Бу бирляшмя куб гурулушда кристаллашараг, кичик гадаьан 
олунмуш золаьа малик йарымкечириъиляря аид олур [1,2].   

Физики кимйяви анализ методларындан истифадя етмяк 
(ПбСе)1-х ЪрСе)х системиндя ПбСе тяряфдян  8 мол%-я гядяр 
(300К)) бярк мящлул сащяси мцяййян едилмишдир. ПбСе 
бирляшмясинин вя 2,4,6 мол % ЪрСе тяркибли нцмунялярин 
физики хассяляри 300К температурунда  юлчцлмцшдцр. Ъядвял 
1-дя эюстярилмишдир ки, кристал гяфяс сабити тяркибдян асылы 

олараг артыр вя 6 мол% ЪрСе тяркибли нцмуня цчцн 6.31 А 
олур. Бу артым Пб вя Ни атомларынын ион радиусларынын 
мцхтялиф олмасы иля ялагядардыр. Електриккечирмянин 
гиймяти ПбСе цчцн 362 ом-1см -1 олдуьу щалда, 6 мол % 
ЪрСе тяркибли нцмуня цчцн азалараг 267 ом-1см–1 олур. 
Термо-е.щ.г.нин гиймяти яксиня 282 мкв/дяр иля 312 
мквдяр гиймятляри арасында дяйишяряк артыр. Истиликкечирмя 
тяркибдян асылы олараг азалыр, 12,62 Wт см.дяр) (ПбСе цчцн) 
ися 10,96 Wт/(см.дяр) (6мол% ЪрСе тяркибли нцмуня цчцн) 
гиймятляри арасында дяйишир. Бу щал, бярк мящлул сащяси  
цчцн характерикдир. Йцк дашыйыъыларын комппенсасийасы 
4.7.1018 см-3 иля 6,6.1019 см-3 гиймятляри арасында артдыьы 
щалда йцкдашыйыъыларын йцрцклцйц 958 см2/(в.сан) иля 972 
см2/(в.сан) арасында азалыр. Бу ися тамамиля ганунауйьун 
щесаб едиля биляр.  

 
(ПбСе)1-х(Ър Се) системли яринтилярин физики хассяляри (300К) 

                                                                                                                                                     Ъядвял №1 

 
 
Тядгиг олунмуш нцмуняляр цчцн гадаьан олунмуш 

золаьын ени щесабланмыш вя онун 0,30 ев иля 0,51ев 
гиймятляри арасында дяйишдийи мцяййян олунмушдур. ∆  Е-
нин тяркибдян асылы олараг беля дяйишмяси, гяфяс сабитинин 

дяйишмяси иля ялагядардыр. Термоелектрик щярякят 
гцввясинин ишарясинин дяйишмясиня  эюря ПбСе-нин «П» тип, 
онун ясасындакы яринтилярин ися «н» тип кечириъийя малик 
олдуьу мцяййян едилмишдир. Кечириъилийинин типинин 
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дяйишмяси гурьусунун (Пб+2) вя Ър(Ър+3) атомларынын 
електро мянфилийинин мцхтялифлийи иля изащ олуна биляр.  

Електриккечирмя вя термо е.щ.г.-нин тяркибдян асылы 
олараг дяйишмяси йцкдашыйыъыларын консентрасийасы вя 
йцрцклцйцнцн гиймятляринин ЪрСе-нин мигдарынын  ПбСе-дя 
артмасы илчя ялагяляндирилир. Кечириъилийин типинин дяйишмяси 

гцрьцшцн (Пб+2) вя Ър (Ър+3) атомларынын 
електромянфилийинин мцхтялифлийи иля изащ олунур. 
Електриккечирмя вя термо-е.щ.г.-нин тяркибдян асылы олараг 
дяйишмяси йцкдашыйыъыларын консентрасийасы вя 
йцрцклцйцнцн гиймятляринин ЪрЪе-нин мигдарынын ПбСе-дя 
артмасы иля  ялагяляндирилир. 
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М.А. Алиджанов, Н.М. Оруджев, А.О. Мехрабов, С.М. Алиджанова, Н.И. Ибаев  
 

ИССЛЕДОВАНИЕ ФИЗИЧЕСКИХ СВОЙСТВ ПРИМЕСЕЙ, ПОЛУЧЕННЫХ НА ОСНОВЕ PbSe 
 

Определена область твердого раствора на основе соединения селенида свинца, которая составляет до 6 мол % PbSe. 
Измерены физические свойства соединении PbSe и  сплавов содержащих 2,4 и 6 мол % CrSe при 300 К. 

Сплавы на основе PbSe имеют кубическую структуру и являются полупроводниками электронного типа. 
Измерены термоэлектрические параметры (термо э.д.с., теплопроводность, электропроводность), как основного компонента 

(PbSe) так и сплавов на его основе. Вычислены концентрация и подвижность носителей заряда на основе измерения эффекта 
Холла.   

 
M.A. Alidjanov, N.M. Orudjev, A.O. Mehrabov, S.M. Alidjanova, N.I. Ibayev 

 
İNVESTIGATION OF IMPURITY PHYSICAL PROPERTIES OBTAINED ON THE BASE OF PbSe 

 
The region  of the solid solution based on plumbum selenide compound, which compounds up to 6 moth  % of CrSe. Physical 

properties of PbSe compound and alloys containing 2.4 and 6 moth % CrSe at 300 K are measured.  
Alloys based on PbSe have cubic structure and are electronic type semiconductors. 
Thermo-electric parameters (thermo edc, thermal conductivity, electric conduction) of the main component (PbSe) and alloys based 

on it are measured. Concentration and mobility of current carriers based on Hall effect measurement are calculated.  
 
Received: 07.01.05 
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