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R (E) reflection spectra of Bi2Te3 (Ni, Cu, Zn) single crystals in beam energy interval 1 ÷ 6 eV are investigated. For the 

case of Bi2Te3 single crystals the measurements are carried out parallel and perpendicular to optical C axis. It is shown that 

the energy values of some optical transitions from crystalline to non-crystalline state in Bi2Te3 (Ni, Cu, Zn) are constant.       

 

Keywords: optical spectra, reflection coefficient, optical conduction. 

PACS: 535.3; 539.2/6: 539./.04 

 

1. INTRODUCTION 

 

R(E) reflection coefficients of some materials 

(amorphous and single-crystalline) Se, Se-S, InSnTe2, 

TlIn0.9Ce0.1Se2, TlInSe2Ce0.04, TlInSe2, Cu3GdTe3, 

Cu5GdTe4, CuGdTe2, Se95As5 (with impurity Sm), 

Bi2Te3(Ni, Cu, Zn), Bi2Te3, Bi2Se3 are measured and 

their optical parameters such as θ reflected light phase, 

indexes of κ absorption and n reflection, real ε1 and 

imaginary ε2 parts of dielectric constant, α absorption 

coefficient, function of characteristic volume -Img ε-1 

and surface  –Img(ε+1)-1 electron losses, electrooptical 

differential functions (α, β), optical conduction ε2Е, 

integral function of bound state density ε0 (Е), 

effective number of valence electrons nef (E) [1], 

taking part in transitions up to the given energy Е are 

calculated by us.        

The bismuth telluride is known as effective 

material for thermoelectric transformers. This material 

is easier to prepare in the form of enough perfect 

single crystals and obtain both n- and р-type by the 

way of doping [2,6].    

Bi2Te3 (Ni, Cu, Zn) crystals has packet structure 

and the bound between neighbor packets has the 

mixed Van-der-Waals-covalent character [7]. The 

additional bond between packets is carried out because 

of transition of one p-electron on d-levels and 

overlapping of some d-levels with valence band. All 

this causes the significant metallic properties and 

comparably small energy values of forbidden bands in 

interval 0,15 ÷ 0,35 eV.   

Bi2Te3 (Ni, Cu, Zn) and its analogues are the 

uniaxial crystals in optical relation. The dielectric 

constant in them is the tensor of second order and 

depends on direction of incident wave with respect to 

optical C axis. The bismuth telluride optical properties 

are investigated in region of higher frequencies in 

work [5].   

The band structure of Bi2Te3 (Ni, Cu, Zn) crystal 

is theoretically calculated in work [5]. The absence of 

data on ( ) spin-orbital interaction value and 

complexity of chemical bond character between 

Bi2Te3 (Ni, Cu, Zn) atoms make the essential 

difficulty.      

The bismuth telluride and solid solutions on its 

base are used at preparation of different energy 

transformers [7]. The single-crystalline or 

polycrystalline Вi2Те3 and its solid solutions with 

Вi2Sе3 are mainly used. The single-crystalline samples 

Bi2Te3 (Ni, Cu, Zn) are easily sheared by cleavage 

plane [0001] forming the mirror surface which stable 

to the oxidation that is very important for carrying out 

of optical measurements and doesn’t require the 
special thermal treatment.    

The study of band structure Bi2Te3 (Ni, Cu, Zn) 

hasn’t achieved the level study of germanium and 

АIIIВV compound that is connected with complexity of 

its crystalline and band structures [3]. This makes new 

investigations very important.   

The measurement of crystal reflection coefficient 

of Bi2Te3 (Ni, Cu, Zn) of n- and p- types and also its 

polycrystalline film samples, parallel and 

perpendicular to C axis and the definition of spectra of 

their optical parameters on the base of the reflection 

coefficient are the tasks of the given work.      

 

2. EXPERIMENT TECHNIQUE 

 

The cleavage of Bi2Te3 (Ni, Cu, Zn) single 

crystal having the mirror smooth surface is used for 

measurement of R (E) reflection coefficient. The 

reflection coefficient is measured by method of 

double-beam spectroscopy. The crystals are doped by 

Cl impurities having n- type conduction and Tb 

impurities which have p- type conduction.     

The technology of single crystal Bi2Te3 (Ni, Cu, 

Zn) and films obtaining is described in works [8, 9, 

10]. The single crystals are obtained by Bridgman 

method as in [3] and films by thickness 0,3 µm of 

polycrystalline       Bi2Te3 (Ni, Cu, Zn) on cleavage 

surface of rock salt are obtained by its in sublimation 

vacuum.     

The definition methods of optical parameters are 

given in work [11] and this procedure is described in 

[12].  

As usual, the special computer programs are 

applied for calculation of optical parameters. The 

optical parameters of investigated materials are 

calculated by programs written by author of work 

[13]. These programs are checked at calculation of 

optical parameters of some materials in works [14 – 

18].  
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3. RESULTS AND THEIR DISCUSSION 

 

R(E) reflection coefficients of single-crystalline 

Bi2Te3 (Ni, Cu, Zn) of n- and p- types parallel and 

perpendicular to C axis and also its film samples of n- 

and p- types are measured in the work; the spectra of 

their optical parameters: α absorption coefficient, ε1 

real and ε2 imaginary parts of dielectric constant, 

indexes of κ absorption and n refraction, nef (E) 

effective number of valence electrons taking part in 

transitions up to the given energy Е, ε0,eff (E) effective 

static dielectric constant, functions of character –Img 

ε-1 volume and –Img(ε+1)-1 surface electron losses, 

phase of θ reflected light, ε2Е optical conduction, 

integral function of ε2Е2 bound state density and (α, β) 

electrooptical differential functions are defined.      

Only spectra of R(E) reflection coefficients, ε1 

real and ε2 imaginary parts of dielectric constant, 

functions of character –Img ε-1 volume and –Img(ε+1)-

1 surface electron losses, (α, β) electrooptical 

differential functions, spectra of  optical conduction 

of massive and film samples are presented in fig. 1-12 

for brevity and the values of interband optical 

transitions defined by maximums of  optical 

conduction are presented in    table 1.     

The presented data give the possibility to 

compare optical spectra, transitions of single crystals 

and film samples Bi2Te3 (Ni, Cu, Zn).  

The authors of work [5] for the case of high 

energies for single-crystalline Bi2Te3 (Ni, Cu, Zn) 

have found the transitions 1,4 eV and 1,1 eV. As it is 

seen from table 1 the same transitions are observed for 

n- and p- types correspondingly. As it is seen from 

table 1 the transitions corresponding to corresponding 

energies 1,4 eV and    1,15 eV for film samples Bi2Te3 

(Ni, Cu, Zn)  of n- and p-types. From this it is 

concluded that the values of some optical transitions 

Bi2Te3 (Ni, Cu, Zn) at transition of material from 

crystalline to non- crystalline state for non-crystalline 

samples are saved.         

As it is mentioned in [18] the study of absorbing 

transitions in materials is impossible because of 

absorption big value in region of interband transition 

energies E>Eg (Eg is forbidden band thickness). The 

reflection is the unique method.  

The analytical singularities of imaginary part of 

ε2(E) complex dielectric constant and functions bound 

by dN/dE state densities are always coincide and the 

gradient of interband states makes the main 

contribution into dN/dE functions:     
 𝑑𝑁𝑑𝐸 ~∫ 𝑑𝑆|𝛻 𝐸 |,                  (1) 

 

where Eij(k)= Ej(k) - Ei(k) is between conduction band 

and valence band. dN/dE values near critical points in 

k-space defined by ijk E =0 expression and also the 

position of critical points and transition type can be 

theoretically calculated from band structure   

The analysis of ε2(E), dN /dE functions and R (E) 

reflection coefficient show that disposition and 

character of maximums in their spectra are similar 

ones or very close to each other. That’s why the values 
of corresponding interband gaps and band nature can 

be defined with the help of direct comparison of 

experimental data in E >Eg region with theoretical 

calculations of dN /dE function. As it is mentioned in 

[18] Е0 resonance frequency presents itself that 

frequency at which 2nkE conduction achieves to 

maximum by which the interband transitions are 

defined.     

The high transparency in wide energy region 

E<Eg is character for non-crystalline materials and 

several methods of Eg definition are known. Its 

evaluation by the level of α (Е) absorption coefficient 

of long-wave edge is the one of them. Eg exact value 

for non- crystalline semiconductors is discussion one 

and as usual the discussion of α (Е) spectrum 

character in Urbakh and Tauc models is carried out 

without Eg evaluations [20,21]. Eg is defined for α (Е) 

= 103cm-1 value by Tauc model.        

As it is mentioned in [20] the state density N(E) 

is the similar useful one for crystalline and non-

crystalline substances. The state density motion in 

non-crystalline substance doesn’t essentially differ 
from corresponding one in crystal. The thin structure 

in 1st case can be blurred and local states can appear in 

forbidden band. The band structure is saved as it is 

defined by atom short-range order in materials.      

The author of work [22] mentions that it is 

impossible to make the principal boundary between 

single-crystalline, polycrystalline and amorphous 

substance states. The presence of the band structure 

i.e. the forbidden band and conduction band can be 

derived from the fact of atom short-range existence 

and it is no necessity to require the periodic atom 

disposition for such derivation.   

As authors [23-25] show that the structure of 

indirect binary compound can be considered as 

collection of different basis clusters presented in 

structural matrix with different static weight and put 

into effective medium. As authors [26] mention the 

atom short-range order makes the main contribution in 

electronic state density. However, as atom short-range 

order in binary compounds can significantly change 

from node to node in structural matrix of amorphous 

substance, especially statistics of basis clusters defines 

the final electronic state density. Thus, the low-

molecular structural configurations that are 

accompanied by significant benefit in energy can 

appear at melt cooling or in the process of amorphous 

substance formation by another way. Such formations 

can serve neither as crystal germs nor as the centers of 

solid amorphous phase growth because of the fact that 

they are characterized by special symmetry.    

The ambiguity of structural order in 

compositional amorphous solid states by АхВ1-х type 

can be considered as their general property. The 

peculiarities of atom short-range order near each node 

are caused firstly by physical methods of АхВ1-х 

system preparation and secondly by chemical order 

principle, taking under consideration «rule 8-N» [20] 
and value of a quantity of bond energy of neighbor 

atoms.        
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The decomposition of ideal structure in non-

crystalline solid state takes place in systems including 

the atoms with not- divided electron couples. It is very 

often that at the breakage of electron couple is on the 

one of fragments, i.e. the bond heterolytic breakage. 

The one positive and one negative charged defect 

centers in regions of atom short-range order appear. 

The energy necessary for bond breakage is partly 

compensated because of existence of non- divided 

electron couple of atoms being surrounding and 

number of chemical bonds doesn’t change. Thus, the 

structural disorder exists in homogeneous non - 

crystalline materials of stoichiometric composition 

along with density oscillations and existing 

topological disorder of different types. It is revealed in 

the form of positive and negative charged defect 

centers as in the case of point defects in crystals. As a 

result, the reaction defects, the formations of which 

are characterized by lowest change of free energy, 

dominate.               

The idea of atom short-range order at formation 

of electron energy bands is the one of the fundamental 

conceptions in physics of disordered system. This idea 

has the experimental and theoretical confirmation on 

the example of many non-crystalline solid and liquid 

semiconductors [27]. The mechanism of formation of 

valence and conduction bands in non-crystalline 

semiconductors is mainly formed by authors [28, 29]. 

The similarity of the main peculiarities of spectral 

dependence of imaginary part dielectric conduction 2 

(Е) is emphasized in the works of these authors for 

non-crystalline semiconductors and their crystal 

analogues. This similarity is shown by author [28] on 

the example of selenium. The analogous conclusion is 

made in the relation to а-As2S3 and a-As2Se3 in works  

[28, 29].  

Only maximum smoothing takes place in their 2 (Е) 

for the cases of amorphous materials and similarity of 

the curves for amorphous and crystalline samples is 

preserved.      

Nowadays, it is established that one can directly 

change optical, photoelectric and electric properties of 

non-crystalline semiconductors with the change of 

chemical composition and also by impurity 

introduction. The concentration changes of charged 

defect centers D+ и D- (U-1 are centers) takes place in 

them and these defects form from initial neutral 

defects D0 by reaction:   

 

2D0  → D+ + D- ,                   (2) 
 

which can be eigen or impurity and mixed defects 

giving the possibility to control by their physical 

properties.  

Thus, reflection coefficients R (E) of single 

crystals and film samples Bi2Te3 (Ni, Cu, Zn) of n- 

and p-types in beam energy interval 1÷6 eV falling 

normally to the surface are measured in the work. The 

measurements are carried out parallel and 

perpendicular to C axis for the case of Bi2Te3 single 

crystals. It is shown that values of some optical 

transitions Bi2Te3 (Ni, Cu, Zn) from crystalline to non-

crystalline state are preserved for the non-crystalline 

samples.    

 

 
Fig. 1. Reflection spectra ( R) of single crystals: 1 - Bi2Te3 

(Cu),  2 - Bi2Te3 (Ni), 3 - Bi2Te3 (Zn). 

 

 

  
Fig. 2. Reflection phase spectra () of single crystals:  

          1 - Bi2Te3 (Cu), 2 - Bi2Te3 (Ni), 3 - Bi2Te3 (Zn). 

 

Only reflection coefficient spectra, ε1 real and ε2 

imaginary parts of dielectric constant, functions of 

character –Imgε-1 volume and –Img(ε+1)-1 surface 

electron losses, the spectra of (α, β) electrooptical 

differential functions, the spectra of optical conduction 

of  massive and film samples correspondingly are 

shown for brevity in fig. 1 -12 and the values of 

interband optical transitions defined by  optical 

conduction maximums are shown in table.     
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Fig. 3. k and n spectra of single crystals: 1 - Bi2Te3(Cu),                             

           2 - Bi2Te3 (Ni), 3 - Bi2Te3 (Zn). 

 

 
 

Fig. 4. 1 and 2 spectra of single crystals: 1 - Bi2Te3 (Cu),  

           2 - Bi2Te3 (Ni), 3 - Bi2Te3 (Zn). 

 

 
Fig. 5.  spectra of single crystals: 1 -Bi2Te3 (Cu), 

2 - Bi2Te3 (Ni), 3 - Bi2Te3 (Zn). 

 

 
Fig. 6. –Img-1 and –Img(+1)-1spectra of single crystals:  

          1 - Bi2Te3 (Cu), 2 - Bi2Te3 (Ni), 3 - Bi2Te3 (Zn). 

 

 

 
Fig. 7.  and  spectra of single crystals: 1 - Bi2Te3 (Cu),   

            2 - Bi2Te3 (Ni), 3 - Bi2Te3 (Zn). 

 
Fig. 8. The state density spectra (J) of single crystals:  

          1 - Bi2Te3 (Cu), 2 - Bi2Te3 (Ni), 3 - Bi2Te3 (Zn). 
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Fig. 9. Optical conduction () of single crystals: 1 -Bi2Te3 

(Cu),  2 - Bi2Te3 (Ni),  3 - Bi2Te3 (Zn).  

 
Fig. 10.  ε0 and nef spectra of single crystals: 1 - Bi2Te3 (Cu),            

             2 - Bi2Te3 (Ni), 3 - Bi2Te3 (Zn). 

   

 
Fig. 11.  ε0 spectra of single crystals: 1 - Bi2Te3 (Cu),   

              2 - Bi2Te3 (Ni), 3 - Bi2Te3 (Zn). 
 

 
 

Fig. 12. nef spectra of single crystals: 1 - Bi2Te3 (Cu), 

             2 - Bi2Te3 (Ni), 3 - Bi2Te3 (Zn). 

                                                                                                                        

 Table   

The optical transitions in Bi2Te3 (Ni, Cu, Zn) single crystals in 1 ÷ 6 eV energy interval of n- and p- types 

parallel and perpendicular to C axis defined by optical conduction. 
 

n - type parallel to C axis n  - type perpendicular to C axis p - type parallel to C axis p - type parallel to C axis 

1.01 0.70 1.41 1.19 

1.10 0.79 2.02 1.27 

1.14 1.29 2.29 1.37 

1.36 1.86 2.96 1.81 

1.94 2.07 3.18 1.92 

2.16 2.17 7.21 2.10 

2.28 2.31 7.41 2.23 

2.44 2.58 - 2.42 

2.61 2.71 - 2.99 

3.02 3.09 - 4.95 

4.24 3.95 - 6.98 

5.06 4.61 - 7.10 

7.08 6.45 - - 

7.22 6.81 - - 

7.38 6.97 - - 

7.69 7.12 - - 

8.10 7.41 - - 

- 8.08 - - 

- 8.32 - - 
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The parameters of shock mass-spectrometer for the dust particle composition analysis in near-Earth space are calculated. The 

time-of-flight mass-spectrometer of reflectron type is used as mass-spectrometer. The analytical expressions for particle trajectories 

in phase space in device different parts are obtained in paraxial beam approximation. The transmission value of device ion-optical 

system is calculated on the base of obtained expressions with the help of static modelling method. The device resolution is calculated 

and its dependence on mass-spectrometer parameters is defined.   

      

Keywords: time-of-flight mass-spectrometer, cosmic dust, resolution.  

PACS: 07.75.+h 
 

1. INTRODUCTION 
 

The determination of cosmic dust chemical 

composition in near-Earth space by the analysis of shock 

plasma ion composition appearing at collision of the 

particle with solid (atom-pure) target [1] is the one of the 

methods of solid substance investigation.    

The ion-optical parameters of mass-spectrometer 

used as the electrostatic time-of-flight mass-spectrometer 

(TFMS) are calculated in the given work. The choice of 

the given mass-spectrometer type is caused by the fact 

that it has some advantages in comparison with other 

schemes of mass-analyzers: the construction simplicity, 

wide range of investigated masses, high sensitivity, and 

high accuracy of quantitative analysis.    

The electrostatic mirror which allows us to 

compensate the energy spread in ion beam is included 

into time-of-flight mass-spectrometer scheme for its 

resolution increase. Such device scheme is called mass-

reflectron [2]. The electrostatic lenses which allow us to 

increase the device transmission though the device 

resolution decreases are included in the device scheme 

investigated by us [3]. But in some cases, the high 

transmission is the dominating condition of device 

scheme choice.        

The variants of ion-optical schemes of the calculated 

device have the series of features of construction: grid 

count in ion source, target sizes on which the ionization of 

the investigated material takes place, the drift tube 

diameters and etc. Device consists of three main elements 

(fig.):  

1. The ion source in which the primary formation of 

ions, their division in packets of different masses and 

introduction in analyzer take place. The source consists of 

target on which the investigated material ionization takes 

place and set of grids which are field-forming electrodes 

parallel to the target. In calculations the field between the 

grids is described as the field of plane capacitor. 

2. The time-of-flight camera with electrostatic lens 

system in which the further division of ion packets and 

transformation of ion packet phase volume with the aim 

of device transmission increase. The electrostatic lenses 

are formed by tubular elements of time-of-flight camera 

between which the potential difference is formed. The 

lenses are thin ones for the given interval of potential 

variation on exciting electrode, i.e. their main plane 

coincides with the lens plane of symmetry. 

3. The electrostatic plane mirror (reflector) formed 

by plane electrode system. The electrodes are made in the 

form of the grids in the joint of reflector with time-of-

flight cameras. The series of auxiliary electrodes with 

linear potential distribution on them is put for the 

formation of more homogeneous potential distribution in 

reflector zone between main electrodes. 

  

 
Fig.   Mass-reflectron scheme 1 - is target;  2, 3 - are drift tubes,  4 - is reflector,  5 - is accelerating grid,  6 - is monitor grid,  

        7 - is reflector input grid, 8 - is reflector plane, 9 - is correction electrodes, 10 is voltage divider, 11-13 are focusing electrodes 

mailto:kamilnuri@rambler.ru
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The accelerating gap for the energy increase of 

ions entering in detector is formed in the one of 

variants of calculated device scheme before ion 

detector, i.e., for increase of its sensitivity. 

The values of the device resolution and 

transmission are the important parameters of mass-

spectrometers. As the device dimensions have the 

final sizes then the part of the ions forming in the 

source are in its walls and are lost   for the analysis. 

The quantity of such ions can consist of the significant 

part of forming ions. That’s why the increase of 
device transmission values becomes the especially 

actual at few quantities of investigated material. 

 

2. THE CALCULATION OF ELECTRO- 

FOCUSING SYSTEM TRANSMISSION  

VALUE.  

 

The device transmission P value is defined as the 

ratio of ion number being in N1 detector to ion number  

formed on N0 target: 

 
 𝑃 =                                   (1) 
 

This ratio is calculated by static modelling 

method. It is supposed that the ion number in phase 

space element in ionization region has the form: 

 = ∙ exp[− 𝑧 + 𝑧 + ɵ ]  ∙           𝑧 𝑧 ɵ                      (2) 
 

 

where 𝑧 , 𝑧 , ɵ  are the components of velocity vector 

in cylindrical coordinate system in the velocity space 

 is the distance from the time-of-flight camera to the 

target, T is ion temperature.  

Let’s introduce the dimensionless values defined 
by the ratios for the convenience.  

 𝜌 = 𝑅𝑑; = √ 𝜂| |;  = √ 𝜂| |𝑅𝑑 ; 

 𝜀 = | |;  = − ;  >  

 

where  is the time-of-flight camera radius,  is ion 

velocities in drift field and  𝜀  is the energy 

dimensionless value of the ions on the target;  is the 

potential difference between the source last grid and 

the target,   is the target potential; 𝐸  is average ion 

energy on the target 𝐸 = / 𝑘 ; 𝜂 = ⁄ , ,  

are the charge and mass of ion. 
 =exp [− 𝑟 + 𝑧 + ɵ ] 𝜌 𝜌 𝑧 ɵ      (3) 

 

moreover  𝑧 , 𝜌 𝜌 = ⁄ ,    is the 

target radius. 

The transformation of phase coordinates in ion 

source, drift gap in lens are defined by the following 

expressions: 

а) in homogeneous field of ion source, the phase 

coordinates uniquely determine the state of a second-

order system in terms of “k” 

 
     𝜌 = , − ∙ 𝜏 + 𝜌 − + ɵ, − 𝜏   , 

        = ( 𝑟, − + ɵ, − )𝜏 +𝜌 − 𝑟, −𝜌  ,        (4) 
 

 

ɵ, = 𝜌 −𝜌 ɵ, −  ;   𝑧, = √ 𝑧, − +   

 

 

where 𝜏 = [√ 𝑧, − + − 𝑧, − ] 

   = − − ;  = 𝑍 −𝑍 −𝑅𝑑               (5) 

 𝑍  ,  are coordinate and potential of k-th grid. 𝑍 ,  are coordinate and potential of target.  

b) in lens with power 𝑃 = − /  (  is focal 

distance) 

As the optical power of the lens for each ion is 

the same so we have 

 𝜌 = 𝜌 −  
  , = , − + 𝑃 𝜌 − 𝑧, −  ; 

 

ɵ, = ɵ, − ;  𝑧, = 𝑧, −              (6) 

 

 

The transformation of phase coordinates in 

reflector at transmission calculation is accepted as the 

equivalent to the one in drift gap by the length: 

 = ∙  

 

where  the voltage on reflector is,  is reflector 

depth. 

Thus, the transformation of phase coordinates in 

the considered device can be presented as consistent 

transformation of (2)–(4) type. This consistence is 

defined by device scheme.   

The distribution type function (1) is modeled 

with the help of standard gauge of random numbers.  

After each transformation (2), (3) the condition of ion 

transmission through device element is checked and 

ions with  𝜌  is excluded from the further 

consideration. 

 

3. THE CALCULATION OF THE DEVICE 

 RESOLUTION 
 

The ratio of average run time 𝜏  from the target 

up to the double value of time spread of fixed mass 

ion receipt on detector: 
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= 𝜏∆𝜏 = ∆  

 

The static modelling method allows us to 

calculate the device resolution but makes difficult the 

definition of the dependence of its value on device 

parameters. That’s why in the given work R is 

obtained on the base of obtained analytical 

expressions.    

The time of motion of the ion emitted with ℰ  

initial energy under angle 𝜑  to normal of output 

diaphragm in the source with one grid is equal: 

 𝜏 = √ + ℰ 𝜑 − √ℰ 𝜑  (7) 

 

with two grids is equal: 
 𝜏 = √ + ℰ 𝜑 − √ℰ 𝜑 + + − √ + ℰ 𝜑            (8) 

 

The ion motion time in drift field gap by  

length without lenses is [4]: 

  𝜏 = − ℰ
                           (9) 

 

The motion time in the reflector is: 
 𝜏 = 𝐸∙ √ + ℰ 𝑖 𝜑 ∙ 𝑖 𝛽 ∙ æ ++ 𝜑 ∙ 𝛽                     (10) 
 

where 𝐸 is absolute value of electric field strength in 

reflector; 𝜑 is the angle between ion velocity vector 

and Z tube axis at the output in reflector; æ is the 

angle at the output in reflector between ion velocity 

vector component perpendicular to Z axis and X axis 

being in the device meridional plane; 𝛽 is the angle 

between Z and reflector axes. 

The motion time in detector accelerating gap: 

 
 𝜏 = 𝐷𝐷 (√ + ℰ + − √ + ℰ )      (11) 

 

where   = 𝐷W  
 

Expanding the expressions (7), (8), (10), (11) 

into series over ℰ  and taking under consideration 

only 1st expansion order we obtain the following 

formula for each device element: 
 𝜏 = 𝜏 + ℰ ∙ 𝜏ℰ + ∆𝜏                 (12) 

 

where Ɛ ∙ 𝜏Ɛ and ∆𝜏 are ion packet broadening by 

coordinate because of the spreads by energy and by 

angles correspondingly.  

Then, we obtain the following expressions for 

(12) formula components for single-grid source for 

device different parts: 

 
  𝜏 = , 𝜏ℰ   =  

and 
 ∆𝜏 = √ℰ − 𝜑  

 

where 𝜑  is maximal angle between velocity vector 

ions and tube axis on target (for ions reached the 

detector) for the drift gap  , 𝜏 = . 

The reflector allows us to compensate the energy 

spread in ion packet. The focusing condition of first 

order by the energy in detector plane is defined from 

the condition: 
 𝜏    ℰ = 𝜏ℰ = 𝜏ℰ, + ∑ 𝜏ℰ, + ∑ 𝜏ℰ, + 𝜏ℰ,𝑅 ++ 𝜏ℰ, =                 (13) 

 
 

then the device resolution is equal: 

 = 𝜏 𝑈+∑ 𝜏 +∑ 𝜏 +𝜏 𝑅+𝜏 𝐷∆𝜏𝑈+∆𝜏𝑅      (14) 

 
 

If we neglect the time-of-flight times in the 

source and detector, then from (14), (15) we obtain the 

following approximate formula: 

 = 𝜑 𝑚 ∙ 𝛽𝛽                         (15) 

 

Formula (15) gives the practically similar results 

(maximal difference 2,5 %) for the considered device 

parameters.  

The calculation results for ion shock plasma 

having the energy of directed motion 1keV and heat 

motion 5eV are presented in table. 

 

Table 

The calculation results for ion shock plasma 

parameters having the energy of directed motion 1keV 

 
Parameter With lenses Without lenses 

P 9,1% 5,4% 

R 2,61% 3,63% 

UR 1,17% 1,7% ∆𝜏  66,82% 66,82% ∆𝜏 0,128% 0,092% 𝜑  0,32% 0,23% 𝜑  0,22% 0,016% 

 

The ion time of flight value can be found by the 

following formula: 

 = √𝑍∙ 𝜏 ∙ ,7 ∙ −6             (16) 

 

Here  is expressed in centimeters,  is 

expressed in proton masses, 𝑍 is expressed in electron 

charges,  is expressed in volts. For example, from 

(16) it is followed that 𝑍 =  average time-of-flight  

is 40,1µs and time spread of ion receipt on detector is 

77 ns at M =109.  
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4. CONCLUSION 

 

Thus, the previous experiments show that 

characteristics of developed mass-reflectron 

correspond to problem methodical aspects and also to 

structural and technological device developmental 

work. The mass-reflectron parameters are given 

below: 

 

Velocity range km/sec 3-35 
Mass range, gr 10-14-10-12 
Range of registered mass numbers, amu 12 – 75 
Resolution (for Fe56) at level 10% not less 200 
Sensitivity by Fe56 Kl/kg not less 200 
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The topic of using nuclear-physical methods for the analysis of waste mining and processing industry is shown by the 

example of the analysis of the dry part (beach zone) of the Unal tailings Mizur concentrator, located in the Central part of the 

Alagir district, the Republic of North Ossetia-Alania, in the valley of the river Ardon. Analytical identifications were 

performed at the Joint Institute for Nuclear Research (JINR) in Dubna, Moscow region. X-ray fluorescence (XRF) and 

instrumental neutron activation analysis (INAA) were used to identify the composition of multi-element samples, which 
allows us to obtain data on the content of 39 elements in the composition of the tails. The content of Ca, Ti, Cr, Mn, Cu, Sb 

in tails was determined by two methods. The results obtained by XRF and INAA are the same within the measurement 

uncertainties The Unal tailing dump is a geochemical anomaly with the content of Zn, As, S, Cu, Sb, Se, Ag, In, Pb, Cd 

exceeding the Clark more than hundreds and thousands of times. The composition of tails in different parts of the tailing 

dump varies considerably, including the content of useful components, due to different distance from the mirror of water. As 

a result of the impact of flotation processes, the upper 10 cm of the dry part of the beach area of the tailing dump is enriched, 

including highly toxic elements (Zn, As, Cu, Sb, Ni, Pb), which poses a danger to the environment and public health. The 

presence of useful components in the tailings indicates the need for the use of waste under consideration as a source of 

minerals 

 

Keywords: nuclear-physical methods, waste mining, ore.  

PACS: 87.58 

 

1. INTRODUCTION 

 

In the Sadonsky ore district of the Republic of 

North Ossetia-Alania (RSO - Alania), about 300 vein 

lead-zinc deposits and ore occurrences are known. 

Prospecting, exploration, mining and processing of 

polymetallic ores have been conducted in this area 

since the middle of the XIX century. The entire 

infrastructure of mining enterprises (mines, processing 

plants, tailing dumps, roads) is confined to the densely 

populated valleys of the main water systems of the 

Republic [1]. In RSO-Alania, 10 million tons of 

metal-containing tails of Mizur and Fiagdon 

concentrators and metallurgical plants have been 

accumulated on the area of 250 hectares [2, 3]. Since 

1984, waste from processing ore materials (tails) of 

the Mizur concentrator has been placed on the 

territory of the Unal tailings storage facility. The 

tailing dump is located in the Central part of the 

Alagir district, the Republic of North Ossetia-Alania, 

in the valley of the river Ardon, on its left bank 

between the villages of Unal and Zintsar. The area of 

the Unal tailings pond is about 0.2 km2. According to 

[6] in Unal tailings is 2600000 t. tails with a content of 

lead 0.21%, zinc 0.9%, copper 0.10%, etc. 

Most of the surface of the tailing dump is 

occupied by a pond. The storage depth ranges from 12 

to 15 m. The volume of tails is about 3.2 million tons. 
Currently, the tailing dump has a beach area (about 

40% of its area) and water-filled one (60% of the area) 

due to continuous irrigation with water sprinklers. The 

tails represent the crushed rock mass, which is similar 

to fine-grained dusty sand on grain-size composition. 

In dry hot weather, this dust gets into the air pool area 

from the beach area. The dust in the area of tailings 

ponds in summer time is more than ten times the 

maximum permissible concentration (MPC) [2]. 

According to the results of comprehensive 

studies on the geoecological situation in the Sadon ore 

district    [4, 5], the decisive role of the Unal tailings 

in the formation of technogenic anomalies of lead on 

the lower terraces of the Ardon river was revealed. 

The purpose of this study is to analyze the elemental 

composition of waste from the surface of the Unal 

tailings. 

 

2. OBJECT AND METHODS OF RESEARCH 

 

Sampling the surface with a dry portion of the 

tailings was conducted in 2015-2016. Sampling was 

carried out in accordance with conventional methods 

[7] in 10 points. Each sample was formed by mixing 5 

spot samples, taken at a depth of 0-10 cm. Also in 

point 8 were further selected the sample from a depth 

of 15-20 cm. Positions of sampling points are shown 

in the figure. 

Analytical identifications were performed at 

the Joint Institute for Nuclear Research (JINR) in 

mailto:sv_kap@mail.ru
mailto:nelli.pukhaeva@gmail.com
mailto:gust@jinr.ru
mailto:marina@nf.jinr.ru
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Dubna, Moscow region. Multi-element determination 

of the composition of samples by x-ray fluorescence 

(XRF) was carried out in The Laboratory of nuclear 

reactions named after G. N. Flerov (JINR FLNR), 

instrumental neutron activation analysis (INAA) - in 

the laboratory of neutron physics named after I. M. 

Frank (JINR FLNP). The x-ray spectra of the samples 

were measured using a standard Canberra 

spectrometer.                                                   
Ring radioisotope sources 109Cd (E =22.16 keV, 

T1/2= 453 days) and 241Am (E = 59.6 keV, T1/2= 458 

years) with a total activity of 20 µCi were used to 
excite x-ray radiation. The characteristic x-ray 

radiation was recorded by a semiconductor Si (Li) 

detector with an area of 30 mm2 and a thickness of 3 

mm, with a beryllium window thickness of 25 µm and 
a resolution of 145 eV on the 5.9 keV line. The 

WinAxil Canberra x-ray fluorescence analysis 

software was used to process spectra and calculate 

element concentrations. Concentrations of elements 

were determined by comparison with standard 

samples with similar matrix effects (SG-1A, GnA, 

soil-5, GM, Sch-ST, Fe2O3, etc.). The method of 

simultaneous determination of all elements excited by 

radioisotope sources in saturated layers of matter by a 

single calibration curves, constructed on the basis of 

measurements of standard samples [8], was used to 

determine the elements absent in the reference 

samples. 

 

 
 

Instrumental neutron activation analysis (INAA) 

was performed at the IBR-2 reactor of the JINR LNP 

using a pneumatic transport unit REGATA [9]. To 

determine short-lived isotopes Of al, Cl, Ca, Ti, V, 

Mn, Cu, In elements, the samples were irradiated for 1 

minute in the reactor channel with a neutron flux 

density of 1.3x1012 neutrons/(cm2 • s). To determine 

the long-lived isotopes of elements Na, Sc, Cr, Co, Ni, 

As, Se, Sb, Cs, La, Ce, Tb, Ta, Ag, Th, U, the samples 

were irradiated for about three days in the channel of 

the reactor with a cadmium screen and a flux density 

of resonance neutrons 1.6x1012 neutrons/(cm2 • s). 
After irradiation, the samples were repackaged in 

clean containers for the measurement. Induced gamma 

activity of the samples was measured twice: 4-5 days 

after extraction from the irradiation channel for 45 

minutes and 20 days later for 1.5 hours. The software 

package developed in FLNP, JINR [10] was used for 

processing of gamma spectra and to calculate 

concentrations of elements. The quality of the analysis 

was ensured by certified reference materials Coal fly 

ash (NIST, 1633c), Montana Soil (NIST, 2710), 

Estuarine sediment (BCR, 667), which were irradiated 

under the same conditions as the samples under study. 

 

3. RESEARCH RESULTS AND THEIR 

 DISCUSSION  

 

The use of XRF and IINAA allows us to obtain 

data on the content of 39 elements in the composition 

of mining waste (tailings of the Mizur concentrator). 

The content of Ca, Ti, Cr, Mn, Cu, Sb in tails was 

determined by two methods. The results obtained are 

the same within the measurement uncertainties. The 

results of the analytical identifications are presented in 

table 1.  

Unal tailing dump is a technogenic geochemical 

anomaly with the content of a number of elements 

exceeding their Clarks in the earth's crust (table 1). 

The content of elements such as Zn, As, S, Cu exceeds 

the Clark concentration by more than a hundred times, 

the content of Sb, Se, Ag, In, Pb exceed the Clark 

values by thousands of times. Attention is drawn to 

the enrichment of technogenic formations of the Unal 

tailings by Cd, the content of which is more than 

twenty thousand times higher than its Clark in the 

earth's crust, while Cd is not included in the 

association of chemical elements (Pb, Zn, Fe, Cu, Ag, 

Bi, Al, Si), which are in high concentrations in lead-

zinc deposits [11].  

The composition of tails in different parts of the 

tailing dump varies considerably, including the 

content of useful components [12]. A significant 

variation in the content of a number of elements at 

different points of testing is probably due to different 

distance from the water mirror, and the impact of 

flotation processes. The average content (median) of 

elements in technogenic formations of the tailing 

dump (at a depth of 10 cm) is (in descending order) 

%: S – 13;Fe- 6,19; Zn- 4,32; Al – 3,9; Pb - 2,71; Са – 

2,5; К - 1,2;Cu - 1,1; Na - 0,92; As -0,47; Sb - 0,39; 

Ba - 0,38; Ti – 0,28; Sn - 0,234; Mn – 0,21; Сr – 0,08; 

In - 0,07; Te - 0,056; Cd – 0,028; Cl - 0,028; Ni – 

0,019, Se -0,01; Sr -0,0095; hereinafter in ppm: Nd – 

94; Zr - 44; V – 33,7; Ce -33; Ag – 30; La – 25; Co – 

22;    Th – 8; Sc – 6,4; U – 6,2; Rb – 3; Nb – 3; Ta-

1,2; Tb – 1,04; Mo. – 1.  

It should be noted that most of the elements 

present in the dry part of the tailings are toxic and 

highly toxic ones. 

In the absence of moisture dispersed particles 

spread over long distances, polluting the soil, surface 
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water, vegetation. The greatest dangers to human 

health are fine particles (with a diameter less than 1 

µm) as they reach the lower respiratory tract and settle 

in the alveoli of the lungs. The analysis of stale tails 

taking into account granulometric composition [5] 

revealed high variability of element content. The 

maximum contents of Pb, Zn, Cu, As are noted in the 

clay fraction. 

  Table 

The results of the analysis of Unal tailings by means of INAA and XRF methods 
 

Elem. 
Analysis 

Method 

Depth 

up to 10 cm 

(median) 

Depth 

15-20 cm 

By data of 

[3] 

By data of 

[4] 

By data of 

[5] 

Concentration, %  

Na INAA 0,920,09 0,360,04 0,12   

Al INAA 3,40,2 4,60,3 5,24   

S INAA 6,21,8 72 7,39  1,2-18,9 

Cl INAA 0,0480,014 0,0170,005   0,012-0,058 

K XRF 1,20,2 1,70,2 2,07   

Ca 
XRF 

INAA 
1,90,1 1,220,09 1,97   

Ti 
XRF 

INAA 
0,230,03 0,210,03 0,31 0,17  

Cr 
XRF 

INAA 
0,1 0,1  0,016 0,005-0,07 

Mn INAA 0,200,01 0,0960,005  0,19  

Fe XRF 5,830,03 2,340,02 8,86   

Cu 
XRF 

INAA 
1,10,3 0,080,02  0,04 0,04-2,74 

Zn XRF 4,320,01 0,7580,005  0,235 9,03-0,18 

As INAA 0,820,06 0,0220,002  0,028 0,014-0,175 

Se INAA 0,01030,0016 0,00400,0006    

Sr XRF 0,00780,0003 0,00290,0002   
0,0010-

0,0069 

Cd XRF 0,0280,0003 0,00320,0001  0,0006  

In INAA 0,070,02 0,00050,0001    

Sn XRF 0,22940,0003 0,00850,0001  0,0023 0,12-0,57 

Sb 
XRF 

INAA 
0,73870,0002 0,13360,0001   0,09-3,83 

Te XRF 0,04430,0004 0,0002    

Ba XRF 0,38570,0002 0,14160,0001   0,11-1,16 

Pb XRF 2,930,04 1,180,03  0,193 0,11-12,42 

  Concentration, ррm (10-4 %)  

Sc INAA 6,81,7 7,82,0    

V INAA 896 384  40 14-78 

Co INAA 294 12,01,8  28 4-13 

Ni INAA 25677 237  20 4-49 

Rb XRF 3 903    

Zr XRF 153 693  140  

Nb XRF 21 61    

Mo XRF 31 31  5  

Ag INAA 302 5,70,4  4  

Cs INAA 3,90,8 4,91,0    

La INAA 215 226    

Ce 
XRF 

INAA 
333 432    

Nd XRF 715 282    

Tb INAA 2,50,2 0,50,4    

Ta INAA 1,20,2 1,60,2    

Th INAA 6,90,8 14,51,2    

U INAA 6,71,3 5,91,2    

 

Analysis of the composition of tails selected at 

different depths of the tailing dump showed that on 

the surface of the dry part of the tailing dump there is 

a sharp increase in the content of such components as: 

Te (221 times) from 0.0002 to 0.0443 %, In (140 

times), from 0.0005 to 0.07 %, As (37 times) from 

0.022 to 0.82%,   Sn (27 times) from 0.0085 to 0.2294 

%. To a lesser extent, but significantly increases the 

content of Cu (13.7) from 0.08 to 1.1 %, Ni (10.8 

times) from 23 to 250 ppm, Cd (8.7 times) from 32 to 
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280 ppm. From 5 to 5.5 times the content of Zn (5.7 

times) increases from 0.758 to 4.32%, Sb (5.5 times) 

from 0.1336 to 0.7387%, Ag (5.2 times) from 5.7 to 

30 ppm, Tb (5 times) from 0.5 to 2.5 ppm. From 2.1 to 

2.8 times the content of Fe (2.5 times) increases from 

2.34 to 5.83%, Ba (2.7 times) from 0.1416 to 

0.3857%, Pb (2.5 times) from 1.18 to 2.93 %, Na (2.6) 

from 0.36 to 0.92%, Cl (2.8 times) from 0.017 to 

0.048%, Mn (2.1 times) from 0.096 to 0.2 %, Se (2.6 

times) from 0.004 to 2.7 times) from 29 to 78 ppm, Nd 

(2.5 times) from 28 to 71 ppm, V (2.3 times) from 38 

to 89 ppm,    Co (2.4 times) from 12 to 29 ppm. The 

Ca content increases slightly (1.5 times) from 1.22 to 

1.9% and        U (1.1 times) from 5.9 to 6.7 ppm. 

The results of the analysis showed that the 

content of such highly toxic elements as Cd, Ni, As, 

Ag, Cu in samples from the surface of the beach area 

of the tailing dump is tens and hundreds of times 

higher than the data available in the literature [3, 4, 5, 

6]. Deflationary processes, developing in the dry part 

of the beach area, pose a serious threat to the 

surrounding areas. 

Despite the fact that the content of useful 

components in the composition of tailings is 

extremely uneven, the average content of Pb and Zn in 

the upper part of the beach area of the Unal tailings 

corresponds to ordinary ores (Pb + Zn from 7 to 4%). 

A radical way to protect the environment from the 

impact of the tailing dump is the leaching of tails with 

the utilization of useful products of processing, and 

subsequent recultivation. 

Involvement in the production of non-traditional 

technologies can become a priority direction of the 

mining industry not only in the RSA, but also in the 

entire North Caucasus region. 

 

4. SUMMARY 
 

1. The use of RF and INAA for the analysis of 

waste from the Mizur mining and processing plant 

made it possible to quantify the content of 39 

elements. 
2. The content of Zn, As, S, Cu, Sb, Se, Ag, In, 

Pb Cd in the composition of technogenic formations 

of the Unal tailing dump is abnormally high and 

exceeds the Clark values by more than hundreds and 

thousands of times. 

3. The content of elements in the upper part of 

the beach zone is uneven, a significant variation in the 

content of a number of elements at different points of 

testing is probably due to different distances from the 

water mirror, and the impact of flotation processes.  

4. The high content of highly toxic elements (Zn, 

As, Cu, Sb, Ni, Pb) in the surface layers of the beach 

area of the tailing dump poses a danger to the 

environment and public health. 

5. The presence of useful ore components in the 

tailings indicate the need for recycling of waste Mizur 

concentrator.  _____________________________ 
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THE PROCESS OF OSTWALD MATURATION ON TlGaTe2 CRYSTAL SURFACE  
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It is shown that nano-island crystallization on TlGaTe2 crystal surface is accompanied by their coalescence with 

process transition into Ostwald maturation. The analysis of conditions of Ostwald maturation (OM) stage beginning is carried 

out in the work. The growth mechanism on isotropic substrate on principle doesn’t differ from the one on crystal substrate. 
The process of condensate formation is divided on following parts: germ-formation, growth and coalescence of germs, 

channel formation.  

 

Keywords: coalescence, maturation process, fluctuation, Ostwald maturation  
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1. INTRODUCTION 

 

TlGaTe2 semiconductor crystals belong to class 

of compounds of A3B3C6
2 group crystallizing in 

tetragonal space group D4h
18 (structural type TlSe). 

The above-mentioned crystals present themselves Ga - 

Te chains extended along tetragonal C axis of crystal. 

This is crystal characteristics. It is obvious that the 

nano-formations of Ostwald maturation are 

responsible for changes of temperature dependence of 

its electric conduction [1].   

According to [1 -2] the presence of wide 

homogeneity region of A3B3C6
2 group crystals reached 

up to 6.8mol.% can be the reason of structure defect. 

The segregation coefficient in homogeneity is less 

than 1, that’s why there is big probability of 
composition inclination on stoichiometry at single 

crystal growth. This will be cause to appearance of big 

amount of layer join defects, vacancies and 

dislocations.    

The revealing of OM on TlGaTe2 crystal surface 

is the aim of this work.  
 

2. EXPERIMENT 

 

 
 
 

Fig.1.   AFM – images in 3D-scale of nano-islands (NI) 

TlGaTe2 surface being in mode of Ostwald 

maturation and reached the maximal height hmax = 

58 nm;  hmin = 20 nm. 
 

The real crystals are studied in the work, the 

surface images obtained in atomic-force microscope 

(AFM) of annealed TlGaTe2 single crystals are 

considered. As it is seen from the figures (fig. 1 – 6) 

the obtained results evidence on the fact that the 

growth of new phase islands is defined by two main 

processes which are: substance transfer to island, i.e. 

the diffusion process (fig. 2) and transition of atoms 

through interface i.e. old phase – new phase.     

The many experimental investigations show that 

the new phase germs comparably rapidly move on 

substrate surface on initial stages of atom 

condensation. This process is the important part in 

phase structure formation [1 – 3]. Such movements 

take place under the influence of different internal 

forces: collision with rapid flux particles, temperature 

gradient, electric and magnetic fields, drugs by 

movable steps and etc. According to the island 

migration mechanism, the only two main models 

describing the island movement are used until now. In 

first model the particle diffusion takes place only on 

island surface, moreover the particles fitting to 

interface stay immovable ones related to it.     

In the second model the island is considered as 

sliding one on substrate surface. The concrete 

mechanisms of island morphological change and 

sliding process are suggested enough big amount, 

however, they are all lead to relative low values of 

island migration velocities and coefficients of their 

diffusion in comparison with real observable ones in 

some cases. In models of 1st type it is connected with 

low values of adatom self-diffusion which can’t 
supply enough rapid island movement. In models of 

2nd type this is caused by big sliding friction forces 

between island and substrate (i.e. high sliding 

activation energy) especially at epitaxial growth. 

Recently the quite another movement model of 

directly growing islands on alien substrate is 

suggested in work [2]. In reality, their kinetics of new 

phase germ-formation and filling of the condensation 

surface by them are the one of the important tasks of 

surface phase transitions by 1st order.  

Designations are: the approaching NI which are 

able to maturation are shown by circle, the arrows 

show the nano-particle diffusion direction in the 

process of formation of Ostwald maturation.     

Indeed, the growing islands absorb the adatoms 

and decrease the satiety on which the island formation 

velocity depend and velocity of their growth because 

of coalescence of small NI in big ones (fig. 5).   
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Fig.2.  AFM – images in 2D scale NI in coalescence process 

and formation of Ostwald growth mode taking under 

consideration the fluctuations of particle number in 

germ. 

 

 
 
Fig.3. The profilogram of NI sizes on TlGaTe2 surface. 

Designations are: height NI oscillates from 5nm up 

to 12.0 nm. The growth profilogram of NI evidences 

on their growth.  

 

 
 
Fig.4. TlGaTe2 coagulation nano-formations obtained in NI 

           coalescence process.  

  

 
 
Fig.5.  AFM  -  images   NI   after   diffusion    processes   

and coalescence (Ostwald NI formation process). As 

a result the free zone (which is seen in front part of ) 

forms from  which the small NI diffuse in Ostwald 

maturation bands of nano-islands.   

At study of OM islands on grains of different 

orientation we obtain that the substance from the 

grains recondenses on other ones the orientation of 

which is the more profitable from both the 

thermodynamics and kinetics point of view. 

The finiteness of system sizes in which the melt 

hardening leads to appearance of fluxes of substance 

and heat. If the melt overcools near boundary in some 

time moment and the phase transition with formation 

of nuclear new phase takes place in it, then the melt 

can be overheated far off it. In layer where the 

formation takes place OM stage begins. However, OM 

band will be in the essentially differ conditions from 

ones investigated above. These conditions are the 

result of inhomogeneous distribution of fluxes of heat 

and substance by the system.  
  
 

 
 

Fig.6. AFM-image of  TlGaTe2.   
 
 

 
 

Fig.7. AFM - image in 2D scale on TlGaTe2 basis surface. 

The process of big particle formation from small 

ones given on fig.1 is shown (process is 

coalescence).  

 

From the figure it is seen the consequence of 

diffusion processes leading to formation of complex 

nano-formations (such nano-formations are beyond 

the limits of scanning). The all main modern 

theoretical conceptions and experimental results 

describing the both the processes of new phase 

formation, following evolution and NI growth 

processes, aren’t given in description. The theory of 
many-component system formation requires the 

following development. The construction of the theory 
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allowing us to calculate the composition of forming 

films is far from the completion. The theory of steam-

liquid-crystal transition taking under the inner 

symmetry change requires the significant 

investigation. The explanation of appearance reason of 

the different structures at the film growth from the 

melts from melts of eutectic composition presents the 

essential interest.  

The condense theory in open system at power 

laws of growth rate on particle number and total 

concentration on time with arbitrary indexes [2 – 3]. 

 

3. RESULTS AND THEIR DISCUSSION  

 

The 1st stage is the formation of small crystal 

germs (by diameter 0.2 – 0.5 nm) is after several 

seconds after condensation beginning. The germ 

density is very high (1010-1011 cm-2). The coalescence 

of the germs begins at their collision. The new germs 

growing up to collision with big formations after that 

they coalesce with them appear on substrate surface 

being free because of coalescence (fig. 2).     

The coalescence of big islands of condensed 

phase carries out very hard and slowly. The filling of 

channels and spaces carry out by both the formation of 

new germs in them and the way of atom join directly 

from molecular beam or adsorbed layer (fig. 2).   

The coalescence of small and big islands of 

condensed phase carries out unequally. The germs 

coalesce even in that case when they don’t join each 
other. The substance transfer in this case is carried out 

by the way of surface diffusion by substrate. Such 

germs can also move on substrate and join with each 

other. The islands bigger than 20nm in diameter 

coalesce at collision with each other by the means of 

surface self-diffusion and  

 

mass transfer through contact isthmus. The volume 

self-diffusion carries out simultaneously. If two 

islands coalesce with different orientation, then the 

inner intergranular boundary appears. Such boundary 

shifts and out from merging formation by the way of 

volume diffusion (AFM - images 1 – 3). As we see the 

germ-formation stages, stages of separate growth of 

new phase germs, coalescence and last stage, i.e. 

Ostwald maturation on which the growth of bigger 

islands is carried out because of formation of small 

ones, are usually related to such stages. The given 

processes have the essentially different scales by time. 

The stage of formation, later the stage of separate 

growth and etc rapidly carry out. This time hierarchy 

means that rapid processes are “adapt” to slow ones.      
The final stage NI by size 250 nm is obtained on 

TlGaTe2 crystal surface.   

Consequently, the coalescence on TlGaTe2 

crystal surface presents itself the merge of several 

islands and can be accompanied by recrystallization 

leading to the fact that mutually disoriented islands 

have the unique orientation at merging that leads to 

formation of biggest NI.   
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 The mechanism of formation of excess conductivity in cuprate HTSC Y0,7Cd0,3Ba2Cu3O7-  and YBa2Cu3O7-  was 

considered within the framework of the local pair model taking into account the Aslamazov-Larkin theory near Tc. The 

temperature T0 of the transition T0 from the 2D fluctuation region to the 3D region (the temperature of the 2D-3D crossover) 

is determined. The coherence lengths of the fluctuation Cooper pairs ξc(0) along the c axis are calculated. It was shown that a 

partial substitution of Y by Cd in the Y–Ba–Cu–O system leads to a decrease in ξc(0) by ~1.7 times (from 6.32Ǻ to 3.8 Ǻ), as 

well as to the expansion as the region of existence pseudogaps and superconducting (SC) fluctuations near Tc. The 

temperature dependence of the pseudogap Δ*(T) and the values of Δ*(Tc) are determined, and temperatures Tm corresponding 

to the maximum temperature dependence of the pseudogap in these materials are estimated. The maximum values of the 

pseudogap in samples Y0,7Cd0,3Ba2Cu3O7-  and YBa2Cu3O7-  are, respectively, 34.56meV and 34.65meV. 

 
Keywords: superconductivity, pseudogap, excess conductivity, coherence length, composition.  

PACS: 74.25. Fy, 74.20.Mn, 74.72. ± h, 74.25. ± q, 74.25. Jb 

 

1. INTRODUCTION 

 

 

In recent years, the group of works [1–5] devoted 

to the analysis of pseudogap effects in HTSC 

compounds has appeared. Pseudogap (PG) is a unique 

phenomenon characteristic of HTSC with an active 

CuO2 plane (cuprates) in the doping region less than 

optimal. It manifests itself in studies of the 

phenomena of tunneling, photoemission, heat capacity 

[2, 4] and other properties of HTSC. It is assumed that 

at a certain temperature T*>>Tc (Tc is the critical 

temperature of the superconducting transition) the 

density of states on the Fermi surface is redistributed: 

on a part of this surface the density of states decreases. 

Below the temperature T*, the compound is in a 

pseudogap state. In these works, possible conduction 

mechanisms in the modes of the normal, 

superconducting, and pseudogap states in HTSC are 

also discussed. 

Recently, the work [6], devoted to the study of 

the pseudogap state in Pb0.55Bi1.5Sr1.6La0.4CuO6+  (Pb-

Bi2201) appeared. A series of Pb-Bi2201 single 

crystals was obtained, on which a wide range of 

investigations were conducted to identify the 

pseudogap state. The results of studies on three 

different experimental methods indicate that the 

appearance of a pseudogap at T 132K should be 

perceived only as a phase transition. Thus, the authors 

confirmed the assumption that at the temperature 

decreasing, the HESC material must undergo two 

phase transitions: first the appearance of a pseudogap, 

and then a transition to the superconducting state. 

However, as noted by A. Abrikosov [7], the 

pseudogap state cannot really be considered as some 

kind of new phase state of matter, since the PG is not 

separated from the normal state by a phase transition. 

So, the question of a possible phase transition at T=T* 

also remains open. At the same time, it can be said 

that a crossover occurs at T=T* [1]. Below this 

temperature, due to reasons not yet established to date, 

the density of quasiparticle states at the Fermi level 

begins to decrease. Actually, for this reason, this 

phenomenon is called "pseudogap". For the first time, 

this result was obtained in experiments on the study of 

NMR in a weakly doped Y123 system, in which an 

anomalous decrease of the Knight shift [2] during 

cooling, which is directly related to the density of 

states at the Fermi level in the Landau theory, was 

observed. 

In order to receive answers to the above 

questions in this work, we have analyzed the excess 

conductivity separated from resistive measurements 

on partially doped Y0,7Cd0,3Ba2Cu3O7-  with a SC 

transition at 85 K. 

Thus, the aim of this work is to study the normal 

state of YBa2Cu3O7-  and Y0,7Cd0,3Ba2Cu3O7-  in the 

temperature range T*>T>Tc, to determine their 

physical characteristics, as well as to study the 

possibility of the occurrence of the PG states in these 

compounds. The analysis was carried out on the basis 

of the study of excess conductivity above Tc in the 

framework of the local pair (LP) model [3,4] taking 

into account the Aslamazov – Larkin fluctuation 

theory [8] near Tc. 

 

2. EXPERIMENTAL RESULTS AND THEIR 

PROCESSING 

        

The method for obtaining Y0,7Cd0,3Ba2Cu3O7-  is 

described in [9]. 

The temperature dependences of the specific 

resistivity ρ of the samples Y1 and Y2 are showed in 

fig.1.  

The critical temperatures of the SC transition Tc 

were determined from the maximum obtained by 

differentiation of the curve  () Critical temperature 

of investigated samples is Tc1=92.63K (Y1) and               

Tc2=90.9K (Y2), respectively (fig.1). In this case, the 
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resistivity of the sample Y0,7Cd0,3Ba2Cu3O7-  in the 

normal phase at 300K increases almost 2 times 

compared to YBa2Cu3O7- .               

 
 

Fig.1.Temperature dependences of the resistivity of samples 

Y1- YBa2Cu3O7- (1) and Y2- Y0,7Cd0,3Ba2Cu3O7- (2). 

 

3. FLUCTUATION CONDUCTIVITY 

 

The linear course of the temperature dependence 

of the specific resistance of samples Y1 and Y2 in the 

normal phase is well extrapolated by the expressions 

n(Т)=(D+  +) and n(Т)= (+  +) (here 

D, B and k are some constants). This linear 

relationship, extrapolated to the low temperature 

range, was used to determine excess conductivity 

 () according to:   
  

() = − () −   
− ()                 (1) 

 

The analysis of the behavior of excess 

conductivities was carried out in the framework of the 

local pair model [4, 10]. 

      Assuming the possibility of the formation of local 

pairs [3,4] in samples at temperatures below                   

T* = 107.57 K (Y1) and T* = 140.24 K (Y2), the 

experimental results obtained near Tc were analyzed 

taking into account the occurrence of fluctuation 

Cooper pairs (FCP) above Tc in the framework of the 

theory of Aslamazov-Larkin (AL) [8]. 

     The fig. 2 shows dependence of the logarithm of 

the excess conductivity of the samples Y1 (1) and Y2 

(2) on the logarithm of the reduced temperature ε = (T 

/ Tc-1).  

 
 

Fig. 2. The dependences of the logarithm of excess 

conductivity on logarithm (T / Tc-1) of samples Y1 

(1) and Y2 (2).  

 

The solid lines are the calculation in the 

framework of the Aslamazov-Larkin theory. 

According to the theory of AL, as well as Hikami – 

Larkin (HL) developed for HTSC [10], in the region 

of ТТс (but near Тc), the fluctuation coupling of 

charge carriers occurs, leading to the appearance of 

fluctuation conductivity (FC). In this region, the 

temperature dependence of excess conductivity on 

temperature is described by the expressions: 

 

σАЛ3D = C3D {e2/[32ħξс(0)]}-1/2
,        (2) 

                                           

σАЛ2D = C2D {e2/[16ħd]}-1
,                  (3) 

 

respectively for three-dimensional (3D) and two-

dimensional (2D) region. The scaling coefficients C 

are used to combine the theory with experiment [4]. 

Thus, by the angle of inclination α of 

dependences ln (σ) as a function of ε = ln (T/Tc-1) 

(see fig. 2), we can distinguish 2D (tg = -1) and 3D 

(tg = - 1/2) regions of phase transition. It can also 

determine the crossover temperature T0 (the transition 

temperature from σ2D to σ3D) and the tangents of the 

slopes of the dependences () corresponding to the 

exponents  in equations (2) and (3). The 
corresponding values of the parameters 2D and 3D 

regions determined from the experiment for sample 

Y1 are 2D (tg = -1.04) and 3D (tg = -0.44) and for 

Y2 2D (tg = -1.1) and 3D (tg = -0.49). 

       On basis of temperature of the crossover T0, 

which corresponds to ln 0, according to fig.2, it can 

determine the coherence length of local pairs along the 

“c” axis [11,12]: 
 

ξс(0) = d√  0 ,                            (4) 

 

here d≈ 11.7Ǻ is the distance between the inner 
conducting planes in Y-Ba-Cu-O [13]. The values of  

ξc(0) = 6.32 Ǻ (lnε0 ≈-1.2318) for Y1 and ξc(0) = 3.535 

(lnε0 ≈ -2.3937) for Y2 was obtained, accordingly. 

 

4. ANALYSIS OF THE MAGNITUDE AND 

TEMPERATURE DEPENDENCE OF THE 

PSEUDOGAP 

      

As noted above, in the cuprates at Т Т*, the 

density of electron states of quasiparticles on the 

Fermi level decreases [14] (the cause of this 

phenomenon is not yet fully elucidated), which creates 

conditions for the formation of a pseudogap in the 

excitation spectrum and it leads ultimately to the 

formation of an excess conductivity. The magnitude 

and temperature dependence of the pseudogap in the 

investigated samples was analyzed using the local pair 

model, taking into account the transition from Bose-

Einstein condensation (SCB) to the BCS mode 

predicted by the theory [10] for HTSC when the 

temperature decreases in the interval T*<T<Tc. Note 

that excess conductivity exists precisely in this 

temperature range, where fermions supposedly form 

pairs -the so-called strongly coupled bosons (PRS). 
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The pseudogap is characterized by a certain value of 

the binding energy εb~1/ξ2(T), causing the creation of 

such pairs [10,13], which decreases with temperature, 

because the coherence length of the Cooper pairs     

ξ(T)=ξ(0)(Т/Тс-1)-1/2, on the contrary, increases with 

decreasing temperatures. Therefore, according to the 

LP model, the SCB are transformed into the FCP 

when the temperature approaches Tc (BEC-BCS 

transition), which becomes possible due to the 

extremely small coherence length ξ (T) in cuprates. 

      From our studies, we can estimate the magnitude 

and temperature dependence of PG, based on the 

temperature dependence of excess conductivity in the 

entire temperature range from T* to Tc according to 

[3,13]: 
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where Δσ (T) is the experimentally determined excess 

conductivity. 

      Fig. 3 shows the dependence of logarithm of the 

excess conductivity of samples Y1 and Y2 on the 

inverse temperature.  

 
 

Fig.3. The dependences of logarithm of excess conductivity 

on inverse temperature: 1-Y1; 2-Y2; solid lines - 

approximation of equation 3 with the parameters 

given in text. 

 

The choice of such coordinates is due to the 

strong sensitivity of the linear region ln (1 /T) to 

the value of *(Tc) in equation (5), which allows us to 

estimate this parameter with high accuracy (this is 

necessary to find the coefficient A) [3,13,15]. The 

dependences ln ((1/T)) were calculated according 

to the method approved in [12]. As can be seen from 

fig. 3 (curves 1 and 2), in this case, the values ln∆σ 

(1/T) calculated for both samples with parameters: A = 

82.4 ± 0.1, T* = 107.57 K, ξc (0) = 6.32 Ǻ (Y1) and A 

= 7.6 ± 0.1, T* = 140.24 K,  ξc (0) = 3.535 Ǻ (Y2)  are 

in good agreement with the experimental data. 

The temperature dependence and the value of the 

pseudogap parameter * (T) (fig. 4) were calculated 

on the basis of equation (6) with the parameters given 

above.  

As noted in [3,4,13], the value of the coefficient 

A is selected from the condition of coincidence of the 

temperature dependence of  (equation (5), 

assuming  =  ())   with experimental data in the 

region of 3D fluctuations near Tc. According to 

[13,16] the optimal approximation for the HTSC 

material is achieved with values of  ()   ≈ 

5÷7. For sample Y1, the values  ()  c =5.4, 

and for Y2  ()  =5 have been obtained. As 

a result, the values of A = 82.4 and  (Tc) = 92.62 • 
2.7 = 250.07 K; for Y2 A = 7.6 and  (Tc) = 90.9 • 2.5 
= 227.25 K have been obtained, and it consistent with 

the experimental data (fig. 4). 

 

 
Fig.4. Temperature dependences of the calculated 

pseudogap of samples Y1 (1) and Y2 (2) with the 

parameters given in the text. The arrows show the 

maximum pseudogap values. 

 

        The temperature dependences of (Т) obtained 

on the basis of equation (6) are shown in fig. 4. The 

maximum values of the pseudogap for                            

Y1 Δ*m ≈34.56 meV (Δ* (Tm)  402.66K, Tm = 

97.98K) for Y2 Δ*m ≈ 34.65 meV (Δ* (Tm)  406.0K,                   

Tm ≈ 108.15 K) are determined. 

From the presented data in fig. 4, it is also seen 

that as T decreases, the pseudogap value first 

increases, then, after passing through a maximum, 

decreases. This decrease is due to the transformation 

of the SCB in the PCF as a result of the BEC-BCS 

transition, which accompanied by an increase in 

excess conductivity at   Т→Тс. Such a behavior of ∆* 

with decreasing temperature was first found on YBCO 

films [3.13] with different oxygen contents, which 

seems to be typical of cuprate HTSC [13]. Thus,  it 

can be concluded that in investigated 

Y0,7Cd0,3Ba2Cu3O7-  and YBa2Cu3O7-  samples, it is 

possible to formed local pairs of charge carriers at  
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ТТс, which creates conditions for the formation of a 

pseudogap [13,16] the subsequent establishment of the 

phase coherence of the fluctuating Cooper pairs at 

T<Tc [17]. 

       

5. CONCLUSION 
 

The investigation of the effect of partial 

substitution of Y by Cd on the mechanism of excess 

conductivity in Y-Ba-Cu-O polycrystals showed that 

partial substitution of Y by Cd leads to a decrease in 

the critical temperatures of the Y0,7Cd0,3Ba2Cu3O7-  

(Y2) sample compared to YBa2Cu3O7-  (Y1) 

(respectively Tc (Y2) = 90.9 K and Tc (Y1) = 

92.628K). In this case, the resistivity of the sample 

Y0,7Cd0,3Ba2Cu3O7-  in the normal phase at 300K 

increases (2 times) compared to YBa2Cu3O7- . At the 

same time, there is an expansion of the temperature 

regions of PS and FLP, as well as a decrease in the 

coherence length of Cooper pairs. 

      Studies and analysis have shown that the excess 

conductivity Δσ(T) in Y0,7Cd0,3Ba2Cu3O7-  in the 

temperature range ТсТ Т * is satisfactorily described 

in the framework of the model of local pairs [3,14]. 

     The analysis result of the pseudogap state by the 

method of excess conductivity confirmed that the 

model of local pairs in this case is applicable to both 

samples.  At Т→Тc, the behavior of Δσ(T) of both 

samples obeys the Aslamazov – Larkin theory for 2D 

and 3D fluctuations [8, 11]. Thus, before the transition 

to the superconducting state, the region of 

superconducting fluctuations is always realized in the 

form of a PCF, in which Δσ(T) is described by 

equation (2) for 3D superconductors (that is, before 

the SP transition, the HTSC transition is always three-

dimensional). 

        Thus, it can be assumed that in YBa2Cu3O7-  and 

Y0,7Cd0,3Ba2Cu3O7-  PG is formed by converting the d-

wave SC of the energy gap in CuO2 planes into the 

corresponding gap of the fluctuation Cooper pairs 

above Tc. 
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The local structure and surface morphology of film samples of chalcogenide glassy semiconductor (CGS) Se95As5 and 

Se95As5(EuF3)x(x=0.01÷1 at%) have been studied by X-ray diffraction, Raman scattering and atomic- force microscopy. The 

“quasi-period’’ of the structure, the correlation length, the structural elements and chemical bonds that form the amorphous 
matrix, and the surface morphology of the films of the CGS materials studied have been determined. Interpretation of results 

obtained has been carried out within the framework of the Elliot voids-cluster model, taking into account the chemical 

activity of europium ions and the peculiarities of their distribution. 

 

Keywords: amorphous, x-ray diffraction, Raman spectrum, non-crystalline semiconductor, disorder.    

PACS: 72.80.Ng,61.10.Nz,68.35.Ct,71.23.An,01.30.Vv,68.37.Ps 

 
1. INTRODUCTION 

 
Chalcogenide glasses are promising optical 

materials for creating devices for fiber and integrated 

optics, as well as for use in information processing 

systems. This is due to low losses in the transmission 

band, with a high refractive index (~2–4.5), 

transparency in the IR spectral region (~0.5–12 µm) 
and photosensitivity, with high values of nonlinear 

optical parameters, together with the ability to change 

the physicochemical properties by variation of the 

composition, and doping [1-3]. It is known that the 

electronic properties of CGS material are controlled 

by negative effective correlation energy (so called U- - 

centers), the beneficial states of which are D+ and D- 

centers with two holes and electrons, respectively [4]. 

It is possible to change the relative concentration of 

D+ and D- centers by doping with impurities 

manifested in the form of ions. For this purpose, it is 

advisable to use rare-earth elements [5], since they 

mainly manifest themselves as positive ions. In non-

crystalline materials, the order in the arrangement of 

atoms is performed only on a scale covering areas of 

the order of tens angstroms, there are a short and 

medium range order of an atoms. Therefore, structure 

studies of CGS materials consist in determining the 

short and medium order to which the presented work 

is devoted. 

In this paper the structure of the Se95As5 and 

Se95As5(EuF3)x(x=0.01÷1at%) chalcogenide glassy 

semiconductor (CGS) by the methods of X-ray 

diffraction, Raman scattering and atomic force 

microscopy have been investigated. The choice of this 

composition as a research object is due to the fact that 

replacing part of the selenium atoms with arsenic 

atoms whose coordination number is greater than that 

of selenium results in partial destruction of the Se8 

rings, stitching the ends of the chain molecules and 

branching of the chain structure. At the same time, the 

average value of the coordination number increases 

and the crystallization-resistant glassy material with 

stable matrix is obtained. Advantage of study of such 

objects is due to the fact that the determined 

parameters of the local structure will be stable, which 

will make it possible to express promising areas of 

their application. The use of EuF3 for doping is due to 

the fact the Eu, as a chemically active element, can 

form new structural elements with selenium atom, as 

well as participating, as a positive ion will contribute 

to a change in the relative concentration of charged 

centers, which will affect its electronic properties. 

This will help to find ways for the practical 

application of the specified CGS material 

successfully, i.e. to expand its use.   

 
2. EXPERIMENTAL AND SAMPLE 

PREPARATION 

 

The samples were obtained by fusing elementary 

substances of special purity in vacuumed to 10-3 Torr 

quartz cells. The synthesis was carried out at a 

temperature of 1200 K for 10 hours in a rotating 

furnace followed by cooling in the off-furnace mode 

with a holding time of at least 5 hours. The impurity 

concentration was used within 0.001÷1 at %. Samples 

for measurements were films of thickness 0.5 μm÷2 
mm. The films were fabricated by thermal evaporation 

at rate of 0.2–0.5 m/s in a vacuum of 10-4 Torr onto 

cold glass substrates. The Raman spectra were studied 

on a three-dimensional confocal Raman microscope 

Nanofinder 30 (Tokyo Instr.) with the excitation 

wavelength 532nm. The radius of the laser beam 

incident on the film was ~4 m. The radiation receiver 

was a cooled CCD camera (−700C) operating in the 

photon counting mode, an exposure time of 20 s with 

a laser power of 4 mW, and an error in the spectral 

mailto:sevdaqaribova@physics.ab.az
https://ufn.ru/en/pacs/72.80.Ng/
https://ufn.ru/en/pacs/61.10.Nz/
https://ufn.ru/en/pacs/68.35.Ct/
https://ufn.ru/en/pacs/71.23.An/
https://ufn.ru/en/pacs/01.30.Vv/
https://ufn.ru/en/pacs/68.37.Ps/
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resolution of 0.5 cm– 1. The x-ray analysis was 

performed using the D2Phaser diffractometer 

“Bruker“ and using CuK α-rays ( = 1,5406Å) at 2θ = 

50-800 angular interval. Structural studies, calculations 

were performed on EVA and TOPAZ programs. The 

surface morphology of the films has been investigated 

by atomic-force microscope. All experiments were 

carried out at room temperature. 

 

3. RESULTS AND DISCUSSION 

 

In this paper, the structure of film samples of 

Se95As5 and Se95As5(EuF3)x(x=0.01÷1at%) 

chalcogenide glassy semiconductor have been studied 

by X-ray diffraction, Raman scattering and atomic 

force microscopy. Fig. 1 indicates the angular 

distributions of X-ray diffraction intensity for 8 μm 

thick film samples Se95As5, Se95As5(EuF3)0,25, 

Se95As5(EuF3)1 in the range of diffraction angles 2θ 

from 5 to 80° ( is the Bragg angle). It can be seen 

that the general shape of these patterns is the same for 

pure and doped by EuF3 impurity for glassy system 

Se-As. In the range of X-ray diffraction patterns (from 

5° to 80°), the glasses look similar because they 
exhibit two halo (or broad) diffraction peaks located at 

different values of 2θ between 18°-38° and 460 -600, 

where the broad highs indicate their amorphous.  

 

 
 

 Fig.1. X-ray diffraction patterns of glassy films 1 - Se95As5,  

            2 - Se95As5(EuF3)1, 3- Se95As5(EuF3)0,25 

        
X-ray diffraction patterns of CGS, as in most 

other glasses [6-8], has a narrow maximum, the so-

called first sharp diffraction peak (FSDP), which 

differs from others by an anomalous temperature 

dependence and pressure [9-12]. FSDP on the x-ray 

diffraction patterns of CGS is usually associated with 

the existence of ordering on the scales of medium 

order [6, 13–18]. For glassy materials with tetrahedral 

structural units, Elliott proposed the void –cluster 

model [13,14]. According to this model, in such 

materials, groups of atoms forming clusters are 

separated from each other by voids or regions with a 

reduced atomic density. According to [20], a void-

cluster model is acceptable for most CGSs. Due to the 

mutual repulsion of electrons of solitary pairs on the 

chalcogen atoms, they have a low packing density, 

and the presence of voids is a characteristic feature of 

their structure. In this regard, the analysis of the 

results on x-ray diffraction in the region 

corresponding to the FSDP was carried out within the 

framework of the nanostructured features of 

chalcogenide glasses. Structure parameters, i.e. R -

“quasi-period” of structure or atomic density 

fluctuations [13,14,20], the repeatability of which in a 

certain region of correlation may cause the appearance 

of FSDP, L is the correlation length (size of MRO 

regions) in which the periodicity of the fluctuations of 

atoms is maintained, were calculated according to the 

formulas [17] 

 

              R ≈ 2π/Q1,                               (1) 

          

L ≈ 2π/Q1,                             (2)                                              
 

where Q1 is the value of the scattering vector, 

corresponding to the position of FSDP and defined by 

the formula Q1=4πsinθ/ , Q1 is the width 

corresponding to half the amplitude of the FSDP 

maximum. The obtained values of the parameters 

characterizing the FSDP and the structure of the films 

studied are listed in the table. Using the formula 

proposed in [11,15] and connecting the position of the 

FSDP Q1 with the diameter of the nanovoids (D), 

 

Q1 = 2π/D,                           (3) 

 
we estimated the values of D. The results obtained are 

also presented in the table. 

 

Table 

The values of the parameters of the short range and medium orders of pure and doped by EuF3 impurity of 

Se95As5 glassy semiconductor  

 

ХСП 2ϴ,0 FWHH,0 Q1, Å-1 ΔQ1, Å-1 R, Å L, Å D, Å 

Se95As5 28,05 13,895 1,9763 0,9597 3,1776 6,54437 3,654 

Se95As5+0.25аt%ЕuF3 27,536 13,628 1,9408 0,9418 3,2357 6,668 3,7211 

Se95As5+1аt%ЕuF3 26,837 14,819 1,8924 1,0406 3,3184 6,0349 3,81619 

 
The authors [10] analyzed the formulas proposed 

by various researchers [13,14] to determine the 

distances of interatomic correlations or distances 

between voids, and showed that, in all cases, the 

results obtained are close to the values of the diameter 

of voids obtained from formula (3).  

Fig. 2 shows the Raman spectrum of amorphous 

selenium (fig. 2a) and Se95As5 (EuF3)x(х=0;0,5;1 аt%) 

systems films (fig. 2b). The spectrum of amorphous 

selenium consists of a wide at 254 сm-1 and narrow 

maximum at 236.8 сm-1 frequency corresponding to 

the vibration of Se8 ring molecules and –Se-Se- chain 
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molecules [21, 22]. Doping selenium by arsenic the 

maximum at 254 cm-1 (curve 1 in fig. 2b) is weakened 

which is due to the rupture of part of the ring 

molecules. The emerging peaks in the frequency range 

of 209÷220 сm-1 are associated with the As4Se4 type 

of molecular fragment, and the peak 225 cm-1 also 

observed in all CGS systems containing As and Se 

atoms and is attributed to the AsSe3 structural 

elements [21,23]. The weak peak at 170 cm-1 is 

observed in all spectra shown in fig. 2b which is the 

associated with oscillations of homopolar coupling As 

– As [24]. 

 

 

 
a) 

 

b) 
 

Fig. 2.  Raman spectra of  the Se (a) and glassy systems Se- As, Se-As-EuF3 (b) 
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Adding of EuF3 impurity in the Se95As5 system 

leads to change in the spectra (curve 2 and 3 in fig. 

2b). The peak at 254 cm-1 disappears completely, 

which is apparently due to the fact that europium, as 

chemically active, more effectively causes destruction 

of ring molecules and forms bridging bonds between 

the chains, promotes the polymerization of 

macromolecules, stitches the ends of polymer chains 

into a pyramidal structure. Europium due to its high 

chemical activity has a stronger effect on the structure 

than arsenic atoms and contributes to the 

establishment of grid-chain structure. New peaks 

appearing in the frequency range 170 ÷ 240 сm-1 

appear to be related to the formation of the new 

structural elements with the participation of europium 

atoms, since europium as chemically active element in 

different structural elements can replace arsenic.     
For defining of the electronic processes 

mechanism and the use of the film for practical 

purposes, an important role is played by the structure 

and quality of the surface. For this purpose, the effect 

of the EuF3 impurity on the relief and surface 

properties of Se95As5 has been investigated. In fig. 3 

shows the AFM 3D image of the relief of the Se95As5 

CGS composition (a) and Se95As5 (EuF3)x(x =0.01;0.1 

at.%) (b,c). The AFM study of the relief shows that 

the relief of the samples varies greatly when the 

impurity of the rare-earth compound EuF3 is 

introduced into the initial Se95As5 composition. The 

relief of the Se95As5 samples containing EuF3 is 

gradually smoothed out. As can be seen, from fig. 3(c) 

the surface becomes even smoother with increasing 

EuF3 content. This gives us reason to judge that EuF3 

at a high content (0.5-1at%) leads to the formation of a 

homogeneous surface of the sample. It can be seen 

that the surface of the composition Se95As5 and             

Se95As5 (EuF3)x(x=0.01;0.1 at%) is different, that is, 

structural changes occur [17].  

The histogram of the surface heterogeneity (fig. 

4) shows that the introduction of EuF3 into the Se95As5 

composition smoothes the relief of the sample. It is 

also shown that the rms roughness of the surface of 

the sample Se95As5 is 50-250 nm, Se95As5(EuF3)0.01 is 

100-300 nm, and for the Se95As5(EuF3)0.1 is 150-250 

nm. 

 

 
 

                          a)                                                                   b)                                                        c)   
 

Fig.3. AFM 3D relief image of the Se95As5 (а), Se95As5(EuF3)0.01, (b), Se95As5(EuF3)0.1 (c) 

 

 

 
        

                                  a)                                                                          b)                                                                           c) 
 

Fig.4.  The histogram of the values of the image elements and the surface roughness of Se95As5 (а), Se95As5(EuF3)0.01 (b), 

Se95As5(EuF3)0.1 (c) 
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                               a)                                                                  b)                                                                c) 

 
Fig.5.  AFM 2D relief images of the Se95As5 (а), Se95As5(EuF3)0.01  (b), Se95As5(EuF3)0.1 (c) 

 
Fig. 5 shows the AFM 2D relief images of 

Se95As5 and samples containing EuF3 in various 

percentages. From fig. 5 that with an increase in the 

EuF3 content, the relief of the sample changes 

markedly. This picture is a consequence of the fact 

that at low content of EuF3 appears as ions Eu3+, F- 

and fills the existing voids. This eliminates the 

inhomogeneities associated with the density deficit, 

and also reduces the concentration of broken bonds, 

which leads to a decrease in the density of localized 

states in the mobility gap associated with charged 

defects (U- centers). If we assume that the introduced 

EuF3 appear as Eu3 + and F- ions and in small 

quantities, mainly fill the existing voids, then they will 

help to eliminate the heterogeneity associated with the 

density deficit in these areas and at the same time due 

to chemical activity contribute to the formation of the 

EuSe3, SeF6 type of structural element as a result of 

which the concentration of dangling bonds decreases, 

accompanied by a decrease in the density of localized 

states in the mobility gap associated with charged 

defects (U–-centers) and about weakening of 

electrostatic potential fluctuations. 

4. CONCLUSION  

 

The structure of the Se95As5(EuF3)x ( =0; 0,5; 1 

at%) CGS systems have been studied by X - ray 

diffraction, Raman scattering and atomic force 

microscopy. Interpretation of the results obtained have 

been carried out within the framework of the Elliott 

void-cluster model and the model of charged defects, 

the parameters of the local structure, in particular, the 

“quasi-period” density fluctuations, the correlation 
length (sizes of MRO regions), and diameters of 

nanovoids have been determined. A comparative 

analysis of the Raman spectra of the investigated films 

by literature data on Raman scattering of such 

materials the base structure elements and chemical 

bonds forming the amorphous matrix of Se95As5 CGS 

have been determined. Changes in the spectrum of 

Se95As5 doped by EuF3 impurity were attributed to the 

destruction of some bonds and structural elements, 

and by the formation the new bonds with participation 

of europium atoms.  

  

___________________________ 
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Influence of fullerenes on dielectric and conductivity properties of smectic A liquid crystal is investigated. It is shown 

that the transverse component of the real part of dielectric permittivity increases at the additive of fullerenes while the 

longitudinal component decreases. At this case, a maximum of dielectric absorption shifts to the high-frequency region. 

Conductivity increases at low frequencies and decreases at the high ones. Experimental results are explained on the base of 

the Maier - Meier theory for anisotropic liquids and also participation of fullerenes in ionic conductivity of liquid crystal. 
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1. INTRODUCTION  

 

Development of nanotechnology has incentivized 

to the idea to combine the properties of small particles 

with peculiarities of optic effects in liquid crystals 

(LC). The small particles embedded into liquid 

crystals can not only change properties of the matrix 

but also promote the origin of new optical effects. In 

particular, injection of conducting and non-conducting 

submicron particles strongly influences on 

electrohydrodynamic instability of liquid crystal with 

negative dielectric anisotropy [1]. Electro-optic 

parameters of the Clark-Lagerwall effect in the 

ferroelectric liquid crystal improve at additive of 

ferroelectric particles [2]. Ferroelectric particles 

embedded into nematic LCs form local electric fields 

at application of electric field to their layer which 

strongly change the dielectric and electro-optic 

parameters [3-6].  

Addition of nanoparticles into LC can lead to 

more essential changes as they are distributed between 

LC molecules at low concentration. Fullerenes have 

the spherical form and the concrete sizes about 1 nm. 

Currently, there is a small number of works  devoted 

to liquid crystalline colloids based on fullerenes. 

Particularly, influence of bias voltage on the liquid 

crystalline colloid based on pure fullerenes is 

investigated in work [7]. Results of influence of laser 

radiation on electro-optic properties of similar colloids 

are presented in the works [8]. Changes of dielectric 

parameters of nematic LC study in works [9 - 10]. The 

aim of present work is the study of action of fullerenes 

on dielectric and conductivity properties of the 

smectic A liquid crystal. 

 

 

2. EXPERIMENTAL 

 

We used smectic A liquid crystal 4-

hexyloxyphenyl ether 4'-hexyloxy 3'-nitrobenzoic acid 

(C2) as a matrix which has structural formula 

 

C6H13O -    O    - COO -     O    - OC6H13 
 

 NO2                   

 

A presence of nitrophenyl dipole group – С- NO2 

of this LC is the reason of the large negative dielectric 

anisotropy. The fullerenes C60 (U.S. Research 

Nanomaterials, In.) were added into the liquid crystal 

with 0.5 wt. % and were shaken in a vortex mixer for 

1 hour at temperature 75C, followed by sonication 

with dispergator Ultrasonic Cleaner NATO CD - 4800 

(China) for 4 hours.  

The cell had a sandwich structure and consisted 

of two plane-parallel glass plates whose inner surfaces 

were coated with thin transparent and conductive 

indium-tin-oxide (ITO) layer. Planar orientation of 

molecules was attained by coating the inner substrate 

surfaces with rubbed polyimide layers. The cell 

thickness was fixed with calibrated 20 μm polymer 

spacers for measurements. Homeotropic orientation of 

molecules has been reached by mechanical shift of 

one substrate concerning another at frequency of 50 

Hz for several minutes in the filled cell. Both the 

colloid and the pure LC were injected into the empty 

cell by capillary action at the isotropic state. The 

stuffed cell was kept in the special heater with 

temperature regulator GL-100 (China). The copper-

constantan thermocouple was used for temperature 

control. An accuracy of temperature determination 

was 0.1°C.   

 Dielectric and conductivity measurements were 

carried out by the Precision LCR Meter 1920 (IET 

Labs. Inc., USA) in the frequency range of 20 Hz –1 

MHz and at temperatures between 30°C –60°C. In this 

case, applied voltage was 1 V for both LC molecular 

orientations.   

A set-up for measurements of electro-optical 

parameters was assembled on the base of the Carl 

Zeiss polarization microscope. The electric impulses 

of the special form applied to the cell from the 

functional generator (model G6-28, Russia). A light, 

https://www.multitran.ru/c/M.exe?t=4969847_1_2&s1=Currently,%20there%20is%20a%20small%20number%20of%20works%20in%20which%20the%20problem%20of%20the%20formal%20description%20and%20modelling%20of%20IEC%2061499%20function%20blocks%20are%20considered
https://www.multitran.ru/c/M.exe?t=4969847_1_2&s1=Currently,%20there%20is%20a%20small%20number%20of%20works%20in%20which%20the%20problem%20of%20the%20formal%20description%20and%20modelling%20of%20IEC%2061499%20function%20blocks%20are%20considered
https://www.multitran.ru/c/M.exe?t=239000_1_2&s1=%F1%F2%F0%F3%EA%F2%F3%F0%ED%E0%FF%20%F4%EE%F0%EC%F3%EB%E0
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passing through the cell, fell on the photo diode and 

was registered by digital storage oscilloscope (model 

6022BE, Hantek). The threshold voltage was defined 

using unipolar triangular impulses in quasi -static 

regime. Besides, a value of the threshold voltage was 

supervised under the polarization microscope. 

Frequency dependence of the threshold voltage was 

registered by application of sinusoidal voltage. The 

measurements were carried out at temperature 32C.  

 

3. RESULTS AND DISCUSSION 

 

According to [10], particles do not disturb the 

director field of a LC if the anchoring parameter                

ζ=WR/К is much smaller than 1, where W is the 

anchoring energy of LC molecules with particle 

surfaces; 2R is particle size; К is the LC elastic 

constant. The values of anchoring energy are within 

10-4 -10-6 J/m2, the elastic constant of LC has an order 

of 10-12 N, and the fullerenes have sizes of 1 nm.  

Elementary calculations show that the anchoring 

parameter has an order between 10-1-10-3. It is much 

less than 1. Thus, the overall disturbance of the 

director field by fullerenes do not appears still less at 

similar concentration. Hence, the obtained colloids 

can be considered as a homogeneous media and they 

should behave as pure LCs but with the modified 

parameters. Besides, we may estimate de Broglie 

wavelength λ of fullerenes as follows: 

 




0m

h
=

 
 

where h is Planck constant, m0 is mass of fullerene 

(1.2∙10-24 kg), υ is the average velocity determined by 

the following expression: 

0

3

m

TkB=
 

 

where kB is Boltzmann constant, Т is Kelvin 

temperature. Simple validation shows that λ is equal 

about 3∙10-11 m.

 

The sizes of fullerenes (about 1 nm) 

are more than de Broglie wavelength. Thus, the 

condition for display of quantum-size effect is not 

realized and fullerenes behave as classical particles.  

Observation under polarization microscope has 

shown that the clearing temperature decreases from 

70.9С to 69.2С. Spherical particles of fullerenes 

infiltrate between LC molecules reducing interaction 

in between. At this case, there is disordering of LC 

directions and, accordingly, reduction of order     

parameter S. As a result, temperature of transition 

from isotropic to smectic phase decreases according to 

expression [11]: 
 

Tc = (1-fо) Tp 
 

where fо is volume concentration of particles, Tp and 

Tc are clearing temperatures of pure LC and the 

colloid, correspondingly.   

The frequency dependences of real ε' and 

imaginary ε'' parts of dielectric permittivity of both the 

pure LC and the corresponding colloid at planar 

configuration and temperature 320C are presented in 

fig. 1. Apparently, ε' slightly decreases from 14,0 at 40 

Hz to 13,81 at 20 kHz then it drastically decreases. 

The value of ε' for the colloid is more than for the pure 

LC at all frequencies. At this case, it changes from 

14,4 at 40 Hz to 14,23 at 30 kHz then its value also 

drastically decreases. A presence of fullerenes 

decreases the value ε''. At this case, a maximum of 

dielectric absorption shifts to the high-frequency 

region. 

 
 
Fig.1. Frequency dependence of real ε' and imaginary ε'' 

components of dielectric permittivity at planar 

configuration (temperature 320С): (a) ε' of the pure 

LC, (a') ε' of the colloid, (b) ε'' of the pure LC, (b') ε'' 

of the colloid. 

 

It is known that the relaxation time of LC 

molecules which is characterized by flipping of 

molecules from one to an opposite direction and 

defined as follows: 

f


2

1
=

 
where f is the frequency of applied electric field. The 

additive of fullerenes decreases the relaxation time 

from 8.0∙10-7 с to 3.2∙10-7 с at 32 С. Temperature also 

has an effect on the position of dielectric absorption 

maximum and, correspondingly, the relaxation time: 

an increase of temperature reduces viscosity. As a 

result, the molecule flipping becomes easier (fig. 2).  

 

 
 

Fig.2. Temperature dependence of a maximum of dielectric 

absorption: (a) the pure LC, (a') the colloid. 

https://www.multitran.ru/c/m.exe?t=5825752_1_2&s1=%EA%E2%E0%ED%F2%EE%E2%EE-%F0%E0%E7%EC%E5%F0%ED%FB%E9%20%FD%F4%F4%E5%EA%F2
https://www.multitran.ru/c/m.exe?t=1725574_1_2&s1=%F0%E0%E7%F3%EF%EE%F0%FF%E4%EE%F7%E5%ED%E8%E5
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Frequency dependences of real and imaginary 

components of dielectric permeability of the pure LC 

and the colloid at homeotropic configuration and 

temperature 320С are presented in fig. 3. As one can 

see, ε' of the pure LC equals to 4.25 at 40 Hz then 

there is dispersion near 500 Hz and its value remains 

almost invariable and equals 3.91 up to 100 kHz, 

finally, it sharply decreases.  A presence of particles 

slightly reduces the value ε' to 4.17 at 40 Hz and 3.85 

at 100 kHz. Here the dispersion and a maximum of 

dielectric absorption also observes near 500 Hz. 

 

 
 

Fig.3. Frequency dependence of real ε' and imaginary ε'' 

components of dielectric permittivity at homeotropic 

configuration (temperature 320С): (a) ε' of the pure 

LC, (a') ε' of the colloid, (b) ε'' of the pure LC, (b') ε'' 

of the colloid. 
 

Obviously, this dispersion connects with the 

dipole fragment – С-NO2, which non exactly 

perpendicular to the long molecular axis but has the 

parallel component along this axis. It should be 

pointed out the dielectric anisotropy of the pure LC 

equals to 9.90 at the middle frequencies while this 

value makes 10.38 for the colloid. In other words, the 

additive of particles slightly enhances dielectric 

anisotropy. 

The observable experimental facts can be 

explained by the theory Mayer-Meyer for anisotropic 

liquids according to which expressions for both 

components of dielectric permittivity are defined as 

follows [12]: 
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here av = ( II +2 ⊥)/3 is the average magnitude of 

polarizability of LC molecules; Δ  = γII - γ⊥ is 

anisotropy of polarizability; N is concentration of LC 

molecules; S is the order parameter;  is the angle 

between a dot molecular dipole ре and an axis of the 

maximal polarizability; H is the dimensionless value 

characterizing the form of the Lorentz cavity; F is the 

reaction field which changes resultant field in the 

Lorentz cavity; ε0 is permittivity of vacuum; kB  is the 

Boltzmann constant; Т  is absolute temperature.  

Longitudinal component of dielectric 

permittivity increases while transverse component 

decreases. These expressions include the order 

parameter S and quantity of molecules N per volume 

unit. As concentration of the colloid is very small so 

the number of the particles per volume unit is also 

small, namely, with ratio of 0.0029. In other words, N 

decreases negligible. A different matter the order 

parameter which is defined as follows [12]: 

 

)1cos3(
2

1
−= S

                   
(6)

 
 

The embedded particles increase an instant angle 

θ between individual molecules and the preferred 

direction of molecules (director). In this connection, 

the order parameter considerably decreases. The last 

member of the expression for longitudinal and 

transverse components of dielectric permittivity 

containing the order parameter has the larger value for 

transverse component than for the longitudinal one. In 

this connection, the transverse component increases 

and the longitudinal component decreases at presence 

of fullerenes.  

Frequency dependences of specific conductance 

of the pure LC and the colloid are resulted in fig. 4. 

Apparently, the dispersion connected with the dipole 

fragment – С-NO2 also is observed on the curves. 

Here, specific conductance slightly increases before 

and decreases after this dispersion, correspondingly, at 

the additive of fullerenes. In particular, the 

longitudinal component increases from 1.72∙10-5 S/m 

to 1.73∙10-5 S/m and the transverse component from 

9.92∙10-7 S/m to 1.23∙10-6 S/m. Put in other words, 

there is a relation II /⊥ is equal to 17.3 for the pure 

LC while it becomes 14.1 at the additive of fullerenes. 

The longitudinal component decreases from 1.90∙10-1 

S/m to 8.36∙10-2 S/m and the transverse component 

also decreases from 1.42∙10-2 S/m to 6.40∙10-3 S/m on 

the frequency of 300 kHz at the additive of fullerenes. 

There is a relation II /⊥ equals to 13.4 for the pure 

LC and becomes 13.0 at the additive of fullerenes. It is 

obvious, that similar change of specific conductance is 

connected by that the fullerenes participate in 

movement of ions at low frequencies and they are not 

able to move in time behind them at high frequencies 

because of time lag. 

Ohmic conductivity on alternating current may 

be presented as: 

 

 = 2πfε0 ε'' 
 

Apparently, the conductivity components ε' 

strongly increases within the dispersion region. Liquid 

crystals possess the dielectric anisotropy and, 

consequently, the relation II /⊥=ε''II fII /ε''⊥ f⊥ strongly 

depends on frequency. In connection with a difference 

https://www.multitran.ru/c/m.exe?t=697798_1_2&s1=%EE%EC%E8%F7%E5%F1%EA%E8%E9
https://www.multitran.ru/c/m.exe?t=5001813_1_2&s1=%EF%E5%F0%E5%EC%E5%ED%ED%EE%E3%EE%20%F2%EE%EA%E0
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of frequency ranges of a dispersion ε'II and ε'⊥, 

maxima ε"II and ε"⊥ are observed at various 

frequencies and, accordingly, II and ⊥ start to 

increase at the same frequencies. The additive of 

fullerenes shifts dispersion of the real part of dielectric 

permittivity to the high frequency region. Therefore, 

the same shift occurs with dispersion of specific 

conductance.  
 

 
 

Fig.4. Frequency dependence of specific conductance 

components at temperature 32С: (a) II of the pure 

LC, (a') II of the colloid, (b)  ⊥ of the pure LC, (b') 

⊥ of the colloid. 
 

Additionally, the threshold voltage of 

homeotropic-planar transition decreases from 250V to 

185 V at the additive of fullerenes. Threshold voltage 

of homeotropic - planar transition is defined as 

follows [13]: 

l

Wd
U


=

02  
 

ℓ is length of molecule, W is sum of elastic energy and 

the energy connected with formation of declinations 

and dispositions; Δε is anisotropy of dielectric 

permittivity, d is the layer thickness. Essential 

reduction of threshold voltage cannot be connected 

with an insignificant increase in dielectric anisotropy. 

Apparently, it is caused by occurrence of defects-

germs with which the growth of planar areas begins. 

Thus, the magnitude of W decreases, that is reflected 

in value of the threshold voltage.  
 

4. CONCLUSION 
 

It is shown that the additive of fullerenes leads to 

an increase of the transverse component of real part of 

dielectric permittivity while the longitudinal 

component reduces. At this case, there is a shift of a 

maximum of dielectric absorption to the high-

frequency region. Electric conductivity increases at 

low frequencies and decreases at the high frequencies. 

Threshold voltage of homeotropic-planar transition 

decreases from 250 V to 185 V.  

______________________ 
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In the present paper, we have investigated the magnetization of electrons in a diluted magnetic semiconductor (DMS) 

quantum ring. We take into account the effect of Rashba spin-orbit interaction, the exchange interaction and the Zeeman term 

on the magnetization. We have calculated the energy spectrum and wave function of the electrons in diluted magnetic 

semiconductor quantum ring. Moreover, we have calculated the magnetic moment as a function of the magnetic field for strong 

degenerate electron gas at finite temperature of a diluted magnetic semiconductor quantum ring. 

          

Keywords: Rashba effect, magnetic moment, heat capacity, diluted magnetic semiconductor. 

PACS: 35Q41 

 
1. INTRODUCTION 
 

In the last decade enormous attention has been 

devoted toward control and engineering of spin degree 

of freedom at mesoscopic scale, usually referred to as 

spintronics [3]. Important class of materials for 

spintronics forms diluted magnetic semiconductors 

(DMS). In a previous paper [1] we calculated the heat 

capacity and magnetization of a DMS quantum ring for 

Boltzmann statistics. The aim of this paper is to 

generalize the theory of free-electron Landau 

diamagnetism so as to include parabolic of the Fock-

Darwin type confinement. In this way we move from 

classical statistics to the degenerate Fermi limit.  

 

2. THEORY 
 

We take into account the effects of the Zeeman 

and exchange terms on the magnetic moment of DMS 

quantum ring, the electron is assumed to be moving in 

a parabolic potential of the Fock -Darwin type given by 

[1]: 

 
 𝑉 𝜌 = 𝑉𝑅 ,  𝜌 ≤ ,                     (1)                             

 

where 0V - defines the depth of this potential and  − 

is the distance of electron from the centre of the DMS 

quantum ring. The quantum ring is subjected to a 

uniform magnetic field ( )HH ,0,0=
→

 normal to the 

quantum ring plane. We assume that the spin-orbit 

interaction is described by the Rashba Hamiltonians 

[1]. The total Hamiltonian of the system is given by: 

 

 

 𝐻 = 𝑛 𝑃→ + 𝐴→ + 𝑉 𝜌 + 𝑔𝜎𝑧𝜇𝐵𝐻 + 𝜎𝑧𝛼 𝑉 −𝑖 𝜑 + 𝐻
ℏ

+ 𝐻 𝑥 ,     
(2) 

 

 

 where nm − is the electron mass, 
z − is the Pauli z 

matrix, 0 is the Rashba spin-orbit coupling parameter, 

g represents the Lande factor. In the mean field 

approximation, the exchange Hamiltonian term can be 

written as: 

                                                 

 𝐻 𝑥 = 𝑧 𝑁 𝑥𝐽𝑠 𝜎𝑧 = 3𝐴𝜎𝑧       (3)                                                       

where sdJ  is a constant which describes the exchange 

interaction; N0 is the density of the unit cell. For 

uniform magnetic field, H directed along z-axis, the 

vector potentials in cylindrical polar coordinates have 

the components 0,
2

== 


 A
H

A and the solution 

of Schrödinger equation has been known [1]. The 

electron energy levels given by [1, 2]: 

 

 

 𝐸 𝜎 = ℏ𝛺𝜎 𝑛 + + | | + ⋅ℏ + 𝑔𝜎𝑧𝜇𝐵𝐻 + 3𝐴𝜎 + 𝜎 𝛼⋅𝑅                          (4) 
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where   =   and we have used notations: 
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c
m

eH
=                                                 (5) 

 

The partition function for the Boltzmann statistics is given by: 

 𝑧 = ∑ − 𝜎𝐵𝑇𝑠ℎ( ℏ𝛺𝜎𝐵𝑇)− 𝑠ℎ( 𝜎𝐵𝑇)𝜎 ; 𝑏𝜎 = ℏ𝜔 1 + 𝜎 𝛼
ℏ 𝑅 , = 𝑔𝜇𝐵𝐻 + 3𝐴,     

(6) 

 

where nlE -is the energy spectrum of considered system,
Bk  is the Boltzmann constant. To calculate 

thermodynamic potential Ω we use an approach based on calculating the classical partition function z of the 

electron gas: 
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where   is the chemical potential of the gas. If we change to the dimensionless variable of integration   

,
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where .
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 The finite temperature effects are represented by an expansion the functions     
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For the low fields    ,1
c




 only the small z  behaviour of the non-exponential portion of the integrand in 

(8) contributes significantly: 
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Inserting (9) and (10) into (8) and using the formula 
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When   positive, we find 
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where .
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=  In the absence of spin degree of freedom the thermodynamic potential 
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The magnetic moment of electrons in the quantum ring at the chemical potential  const=  is 
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where A  is the area of quantum ring, 0m  is the free electron mass. We shall take as the area of the cross-section 

of the potential well where 
2

22

0 rmn =   and can be written  .
2
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nm
A =  
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3. RESULTS AND DISCUSSION 

 

Thus, the magnetization is independent of the confinement parameter 0 . 

We next turn to de Haas–van Alphen oscillatory behaviour the magnetization in quantum ring with Rashba spin-

orbit coupling. The integrand in (8) has simple poles and the points  ( )1
2




B

il  , ,...2,1 =l  along the 

imaginary axis. Evaluating (8) by closing the integration by a large semicircle to the left, and summing the residues 

we have:  

 

 𝛺 = 𝑘𝐵 ∑ − +𝜎=± , = [ 𝑠𝑖 𝜇−𝜎𝐵𝜎+ 4 𝜋𝜎𝑠𝑖 ℎ 4 𝜋𝐵𝜎+ 𝜋 𝐵𝑇𝜎 𝑠𝑖 𝐵𝜎−𝐵𝜎+ +
𝑠𝑖 𝜇−𝜎𝐵𝜎− 4 𝜋𝜎𝑠𝑖 ℎ 4 𝜋𝐵𝜎− 𝜋 𝐵𝑇𝜎 𝑠𝑖 𝐵𝜎+𝐵𝜎− ]                                           (16) 
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The structure of the resulting oscillations is quite complex since B  is strongly field dependent, and includes 

spikes where  
1

1

+
−





B

B   possesses integer values. At very high fields, so B  approaches 1 the amplitude the first 

term in (16) will grow without as expected. Differentiating only the rapidly oscillating factors in Eq. (16) we find 

the magnetization. 𝑀𝜇𝐵 = − 𝐵𝑇𝑛 ∑ − +𝜎=± , = [ 𝑠 𝜇−𝜎𝐵𝜎+ 4 𝜋𝜎 ℏ𝜔 𝜇−𝜎𝐵𝜎+ 4 𝜋𝜎𝑠𝑖 ℎ 4 𝜋𝐵𝜎+ 𝜋 𝐵𝑇𝜎 𝑠𝑖 𝐵𝜎−𝐵𝜎+ +
𝑠 𝜇−𝜎𝐵𝜎− 4 𝜋𝜎 ℏ𝜔 𝜇−𝜎𝐵𝜎− 4 𝜋𝜎𝑠𝑖 ℎ 4 𝜋𝐵𝜎− 𝜋 𝐵𝑇𝜎 𝑠𝑖 𝐵𝜎+𝐵𝜎− ]                                                                 (17) 
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High density polyethylene (HDPE) films of various thickness (100,200 μm) and content (2-10 vol.%) of InP/Ge particles 

were obtained by hot pressing a homogeneous mixture of fillers with a polymer matrix under a pressure of 10 MPa and at a 

temperature T=413K. HDPE films with dispersed InP and Ge particles were characterized by a combination of X-ray 

fluorescence microscopy (XRFM), X-ray diffractometry (XRD) and infrared Fourier transform spectroscopy (FT-IR) methods. 

It is shown that the obtained samples are HDPE-based composites with nanostructured InP and Ge-particles with a size of 

coherent scattering regions (CSR) of 44.1 and 55.7 nm, respectively. By scanning the surface of the films with a spot of a beam 

with a diameter of 10 μm, local concentrations of InP and Ge particles in the samples were determined. The dependence of the 

characteristic frequencies of FT-IR for HDPE at 719 and 730 cm-1 on the concentration of the filler was established. The 

temperature (in the range of 290–440K) and frequency (range 25–106 Hz) dependences of the dielectric constant and the angle 

of the tangent of dielectric losses were measured. The dependence of the values of dielectric characteristics on the content of 

the filler in the composite is established. 

 

Keywords: InP, Ge, HDPE, X-ray fluorescence microscopy, X-ray diffractometry, infrared Fourier spectroscopy, dielectric 

properties. 

PACS: 77.80-e; 77.84-s  

 
1. INTRODUCTION 

 
Development of methods for synthesizing 

polymer composites containing nanostructured 

semiconductor particles, both simple (Si,Ge,etc.) and 

complex (A3B5,A2B6,etc.), determining their structure, 

optical, magnetic, dielectric, thermal properties is of 

fundamental and practical interest. These materials are 

used as LEDs, lasers, photovoltaic cells, gas sensors, 

etc. They have unique electrical, optical, magnetic 

properties, which, however, strongly depend on the 

composition and technology of these materials [1,2]. 

There is a huge amount of semiconductor 

compounds, and in practice we can always find 

semiconductors with well applicable properties. The 

most investigated binary semiconductors. As a rule, 

they are classified according to the crystal-chemical 

principle or according to the structure, the arrangement 

of the initial elements in the periodic system, the name 

of the anion-forming agent. For example, compounds 

like A3B5, such as nitrides, phosphides, arsenide, 

antimonides, are compounds of elements of the V-

group (N,P,Sb) with metals (Al,Ga,In,Tl) of group I 

and compounds A2B  such as chalcogenides, sulfides, 

selenides, tellurides-compounds of group VI elements 

(S,Se,Te) with metals (Zn,Cd,Hg). These compounds 

are isoelectronic analogs of diamond, silicon, 

germanium (the total number of valence electrons in 

these compounds is 8, the coordination number is 4) 

and have the same properties as these simple 

semiconductors [3,4]. 

This paper presents the results of studying the 

structural features and dielectric properties of thin 

HDPE films with different contents (2-10 vol. %) Of 

InP and Ge particles using X-ray fluorescence 

microscopy, X-ray diffractometry and IR spectroscopy, 

and measuring the dielectric characteristics of these 

composite materials. 

 

2. MATERIALS AND METHODS 

 

Mechanical mixtures of InP/Ge powders and 

HDPE powders were hot pressed under a pressure of 10 

MPa at T = 413K for a period of 15 minutes and rapidly 

cooled to room temperature. Films with different 

content of InP/Ge particles and thicknesses of 100 and 

200 microns were prepared by this method. XGT 7000 

X-ray fluorescence microscope, Horiba and XRD D8 

X-ray diffractometers, Bruker, Germany, XRD TD 

3500, China were used to study the distribution of InP 

and Ge particles in polymer composites and the phase 

composition of the composites, respectively. The 

microscope used allows analyzing the elemental 

composition of solid samples by scanning the surface 

from 0.512x0.512 mm to 10 cm x 10 cm with a 

resolution of 100 μm and 10 μm. The performed x- ray 

microanalysis was used for the local concentration of 

InP and Ge particles in samples of the composite 

material, to investigate the influence of the preparation 

conditions on their distribution in the samples [5,6]. 

FT-IR infrared spectrometer Varian 3600 was used to 

monitor the effect of the filler on the structure of 

polymer films. FT-IR spectra were recorded at room 

temperature in the frequency range of 4000–400 cm–1. 

Measurements of the dielectric constant -  and the 

tangent of the angle of dielectric loss -tg  were carried 

out in the temperature range of 290-520K with a linear 

temperature rise at a speed of 2.5 deg/min. The 

frequency dependence of the dielectric constant -ε and 
dielectric loss tangent - tg  was carried out in the 

frequency range from 102 to 105 Hz, the amplitude of 

the measured voltage -1V. Measurements of  and tg  
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were carried out using an E8-7 bridge with an 

alternating current at a frequency of 1 kHz and an E7-

20 meter. Samples for measuring the dependence of 

dielectric characteristics in an exemplary electric field 

were prepared in the form of disks with a  

diameter of 20 mm and a thickness of about 100 

microns. Reliable electrical contact of stainless steel 

electrodes with a diameter of 20 mm was ensured by 

using extruded electrodes of aluminum foil with a 

thickness of 9 μm [7, 8]. 
 

3. RESULTS AND DISCUSSION 
 

XRFM data. Fig. 1 and Table 1 present the X-ray 

fluorescence spectrum and data for the InP-Ge/HDPE 

composite film, respectively.  

 

 
 

Fig. 1. X - ray fluorescence spectrum of the InP-Ge/HDPE composite film with a thickness of 100 microns. 

 
Table 1.  

The content of elements in the Ge-InP/HDPE film in five points randomly selected on the film surface  

according to X-ray fluorescence microscopy. 
 

 

* Element Line Mas., [%] 3 - Sigma * Element Line Mas., [%] 3 - Sigma 

GeInP (1-5) GeInP (3) 

15P K 4,51 0,79 15P K 5,13 0,81 

32Ge K 49.45 1,87 32Ge K 52,52 2,47 

49In L 16,74 2,04 49In L 19.03 2,68 

GeInP (1) GeInP (4) 

15P K 4,97 2,41 15P K 3,77 0,67 

32Ge K 49,15 3,15 32Ge K 44,41 1,43 

49In L 18.43 3.03 49In L 13.99 1,54 

GeInP (2) GeInP (5) 

15P K 4.67 1,62 15P K 4.43 3,72 

32Ge K 51.85 2,56 32Ge K 54,31 4,37 

49In L 17.34 1,33 49In L 16.44 2,98 
 

* The results shown in the table refer to a sample whose surface is scanned with a spot of a beam with a diameter of 10 

microns. 
 
       As can be seen from table 1, the values of local 

concentrations of InP and Ge particles in arbitrarily 

selected parts of a HDPE film are close and it can be 

stated that the particles are almost uniform in the HDPE 

film. 

 

4. X - RAY PHASE ANALYSIS  
 

In fig. 2, a, b shows radiographs of an InP/Ge 

mixture with a molar ratio of ~1:1 and a composite with 

a composition of 9% (InP+Ge)/91% HDPE, which is a 

composite based on polyethylene HDPE, containing a 

total of 9% by volume of particles InP and Ge, 

respectively. 

As can be seen from the diffractogram (fig. 2, b), 

the composite under study consists of well-crystallized 

HDPE with a very small amount of amorphous phase. 

Characteristic of HDPE according to JCPDS 00-040-

1995 appear at 21.56°, 23.87°, 30.18° and 36.29°, 
which corresponds to the (110), (200), (210) and (020), 

respectively [7, 8]. Peaks of fillers embedded in HDPE 
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(fig. 2, b) refer to Ge and InP with a cubic structure. 

The average size of coherent scattering regions (44.1 

and 55.74 nm) of indium and germanium phosphide 

particles was estimated. 

 

 
Fig. 2. XRD patterns of the: a) InP / Ge mixture with mol to mol ratio ~1:1 and  b) 9% (InP+Ge)/91% HDPE mixture. 
       

As can be seen from the diffractogram (fig. 2, b), 

the composite under study consists of well-crystallized 

HDPE with a very small amount of amorphous phase. 

Characteristic of HDPE according to JCPDS 00-040-

1995 appear at 21.56 °, 23.87 °, 30.18 ° and 36.29 °, 
which corresponds to the (110), (200), (210) and (020), 

respectively [7, 8]. Peaks of fillers embedded in HDPE 

(fig. 2, b) refer to Ge and InP with a cubic structure. 

The average size of coherent scattering regions (44.1 

and 55.74 nm) of indium and germanium phosphide 

particles was estimated. 

        Table 2 shows the XRD parameters and crystallite 

size values determined on the basis of the values of 

these parameters. 

     
        Table 2.  

XRD parameters and crystallite size values for InP, Ge and HDPE*. 
 

 InP Ge HDPE 

* FWHM, rad. 0,184 0,146 0,48 

Lattice parameters, nm 

Cubic:  

F-43m (216)  

a: 0.58687 

Cubic: 

Fd-3m (227)  

a: 0.56576 

Orthorhombic:  

Pnam (62)     

a: 0.74188;     

b: 0.49382;      

c:  0.25496 

Crystallite Size D, nm 44.1 55.74 16.95 

 

* Full width at half peak height.  

** The calculation of the interplanar distances d was determined by the Wolf-Bragg equation: 2 sin θ = (λ /d); The average 

crystallite size, i.e. the areas of coherent scattering (OCD) was calculated using the Scherrer formula: D = (ξλ / β cos θ), where 

θ is the reflection angles in degrees; D is the average crystallite size, nm; ξ is a factor taking into account the shape of the 

particles and the indices of the reflecting plane, since the range of changes from 0.98 to 1.39 in practice is ξ = 1; β is the integral 

width; λ is the Cu - Kα radiation wavelength (λ = 0.15418 nm).  
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Thus, based on the analysis of the obtained X-ray 

diffraction patterns, we can conclude that: a) the raw 

powder under investigation consists of a mechanical 

mixture of indium and germanium phosphide, b) the 

resulting composite consists of a well- crystallized 

polyethylene matrix containing the phases of indium 

and germanium phosphide, spatially separated from 

each other in a polymeric matrix. 

FT-IR data.  Below are the FT-IR spectra of pure 

HDPE and HDPE, containing various concentrations of 

InP/Ge particles with a thickness of 100 and 200 

microns. 

 

 
 

Fig. 3.  FT-IR spectra of the: a) HDPE with 6 vol. % InP/Ge (100µm)  b) HDPE with 6 vol. % InP/Ge  (200 µm). 

 

 

From fig. 3 it can be seen that all the characteristic 

bands necessary for identifying the structure of the 

polymer, namely, doublets 720-730 cm– 1 and 1462- 

1473 cm– 1 for PE, are clearly visible on these spectra. 

The first (doublet 720–730 cm– 1) are due to the 

pendulum oscillations of methylene groups in the 

crystalline parts of polyethylene with molecules in a 

flat trans-conformation and are sensitive to the 

intermolecular interaction and conformational state of 

macromolecules [14]. Changes in the characteristic 

frequencies of polyethylene, depending on the 

concentration of the filler, can be clearly traced by the 

spectra of FT-IR HDPE films with containing 6 % (100 

µm and 200 µm) by volume of fillers. respectively in 

the regions: a) 1460-1480 and b) 700-750 cm– 1. The 

doublet observed in the IR spectrum is due to the 

splitting of the 1460 cm– 1 band. The 1472 cm–1 band 

characterizes the crystalline region in HDPE samples, 

and the 1462 cm–1 band is characteristic of the 

amorphous component of HDPE. As can be seen, the 

introduction of InP/Ge microparticles into the polymer 

leads to a redistribution of the intensities of doublet 

bands.  

 

5. DIELECTRIC PROPERTIES 

 

The results of the study of the temperature-

frequency dependence of the dielectric constant and 

dielectric loss of the compositions of HDPE + x vol. % 

InP/Ge (0 ≤ x ≤ 9) are shown in figures 4 and 5. 

As follows from fig. 4a for all the above 

composites in the temperature range studied, the 

dielectric constant decreases linearly with increasing 

temperature. With an increase in the volume content of 

the InP filler, an increase in the dielectric constant 

occurs, in particular, for pure high-density polyethylene 

 at room temperature is 2.07 (curve 3), for a composite 

with the addition of 3 vol. % InP 1.86 (curve 1), for the 

composite, 5 vol. % InP 1.95 (curve 2), for the 

composite, 7 vol. % InP 2.4 (curve 4), and 9 vol. % InP, 

3.48 (curve 5).  

In fig. 5 shows the frequency dependences of the 

dielectric constant and dielectric loss of HDPE 

composites with different InP/Ge filler contents in the 

frequency range 25-106 Hz. As follows from fig. 5a in 

the studied frequency range for all composites and pure 

HDPE ε practically does not change with increasing 
frequency.  

Thus, the above experimental results allow us to 

state the following. 

1. When modifying the polymer matrix with 

nanostructured InP/Ge micro-size particles, there are 

noticeable changes in the structural and dielectric 

properties for samples containing up to 4% by volume 

of filler, most pronounced in the FTIR spectra. 

2. The mechanism of interaction of the matrix 

with the solid phase of the modifier is not obvious, 

since polyethylene, which in this case serves as a matrix 

and is a product of ethylene polymerization, does not 

contain groups that are active in the reaction with the 

filler. 
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3. The dependence of the intensity of the bands in 

the FTIR spectra on the content of the filler introduced 

into the polymer can be used to study the nature of the 

mechanism of influence of fillers on the structure of 

HDPE. 

4. To control the technology of obtaining 

composite HDPE samples with nanostructured InP/Ge 

particles, X-ray fluorescence microscopy and IR 

spectroscopy are most suitable. The above studies have 

shown that the distribution of indium and germanium 

phosphide particles, as well as the intensity ratio of the 

characteristic HDPE bands in the IR spectra, depend on 

the concentration of fillers. These methods allow you 

to control the concentration of filler particles in the 

manufacture of a composite material of the desired 

composition by measuring X-ray fluorescence and IR 

spectra. 

 

 

 
 
Fig. 4. Temperature dependences of the dielectric constant (a) of HDPE compositions with different filler contents of InP/Ge 

(in vol. %):1–3; 2-5; thirty; 4-7; 5-9 and dielectric losses (b) of HDPE compositions with different filler contents of 

InP/Ge (in vol. %):1-0; 2-3; 3-5; 4-9; 5-7 of the measurement temperature. 
  

   
 
Fig. 5. Frequency dependences of the dielectric constant (a) of HDPE compositions with different content of InP/Ge filler (in             

vol. %):1–3; 2-5; 3-0; 4-9; 5-7 and dielectric losses (b) of HDPE compositions with different filler contents of InP/Ge 

(in vol. %):1-0; 2-3; 3-5; 4-9; 5-7 of the measurement temperature.   

 
6. CONCLUSION 

 

Structural features and dielectric properties of 

HDPE films of various thickness (100, 200 μm) 
modified by germanium and indium phosphide in a 1:1 

ratio by weight and total content of 2-10% by volume 

were studied using a combination of X-ray 

fluorescence, X-ray diffraction and infrared 

spectroscopy. Changes in the structure and dielectric 

properties of the composite depending on the filler 

content are established. It is shown that the methods of 

X-ray fluorescence microscopy and IR spectroscopy 

are most suitable for optimizing the concentration of 

the filler and controlling the distribution of its particles 

in the polymer.   
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