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The spectra of Raman scattering (RS) in surface epi-layer of InAs1-xSbx heteroepitaxial structure in more than 200 points on 

50µm50µm square by the means of the step-by-step scanning of focused laser beam on the surface layer (mapping) are investigated. 

The two-mode reconstruction of phonon spectrum in InAs1-xSbx solid solution is revealed. It is shown that such characteristics of 

spectral lines as the peak position and FWHM of spectral lines are identical in mainly points, that shows on the crystallinity and high 

degree of homogeneity of the obtained structures. Mapping is made for two more intensive spectral lines in RS (cadmium, mercury, 

stibium) spectrum of InAs1-xSbx  solid solution thin films 187 cm-1(InSb-like LO mode) and 222 cm-1 (InAs-like LO mode).  

 

Keywords: Raman spectroscopy, optical phonons, epi-layer, heteroepitaxial structures, scanning, thin-film, Full width at half    

                   maximum (FWHM), homogeneity. 

PACS: 78.30._ j 

     
INTRODUCTION 

 

InAs1-xSbx solid solutions have the unique property 

of wide range variation of the forbidden band width on 

the composition (x value). As it is known the forbidden 

band width of semiconductor compound InAs is 

Eg0=407,4meV and InSb is Eg0=227,3meV at temperature 

77K [1]. The forbidden band width in InAs1-хSbx solid 

solutions slowly changes decreasing with Sb atom 

concentration increasing. The forbidden band width 

achieves the minimum value and can be the less than even 

in InSb achieving the value 100meV at Sb atom 

concentrations close to 60%(x=0,6) [2,3]. This fact is the 

most interesting. This unusual property is actively used 

nowadays for the development of optoelectronic devices 

(sources and radiation detectors) in technologically 

important spectrum range from 8 µm up to 12 µm in 

which the atmospheric windows are situated.       

 
 
 Fig. 1.   The composition and thicknesses of heteroepitaxial  

               structures InAs0,57Sb0,43  (sample R811) and  

               InAs0,62Sb0,38  (sample R1051).  

 

The absence of substrates with close values of the 

lattice constant is the main constraint for the obtaining 

and the wide application of thin-film photoelectronic 

devices (in particular, on the base of InAs1-хSbx solid 

solutions). The difference of lattice constants of work 

layer and substrate is the reason of appearance of the film 

stress and deformations leading to the formation of big 

density of defects and dislocations influencing on the 

main physical parameters and consistency of 

photoelectronic device operation. The lattice constants of 

GaSb and InSb are equal to 6,096 and 6,479Å 
correspondingly [1], i.e. the irrelevance is more than 6%. 

This irrelevance for epitaxy of InAs1-хSbx pseudomorphic 

solid solutions is gradually eliminated by us by 

application of intermediate step buffer layers (Al, Ga, In) 

(As, Sb). Thus, we obtain the unrelaxed and unstrained 

InAs1-хSbx top epi-layers. The characteristics 

(composition and widths of the layers) of obtained 

multilayer epitaxial heterostructures InAs1-хSbx for 
compositions with х=0,43 (sample R811) and х=0,38 

(sample R1051) are shown in fig.1.    

The identification of phonon spectrum 

reconstruction character in thin structures of InAs1-хSbx 

solid solutions and homogeneity degree of InAs1-хSbx top 

epi-layers is the main goal of the present paper.    

 

RAMAN SCATTERING 

 

It is well known that two RS active phonons, which 

are longitudinal optical phonons (LO) and transversal 

ones (TO,) are characteristics for crystals of АIII
B

V
 group 

with cubic lattice. According to [4] the frequency of LO 

phonon is 242cm
-1

 and one of TO phonon is 220сm
-1

 in 

InAs bulk single crystals; frequency of LO phonon is    

193 сm
-1

 and one of ТО phonon is 185сm
-1

 in InSb.    

The RS investigations in heteroepitaxial structures 

R811 (InAs0,57Sb0,43) and R1051 (InAs0,62Sb0,38) on 

confocal Raman spectrometer “Nanofinder 30” (Tokyo 
Instr., Japan) are carried out by us. The investigations are 

carried out in backscattering geometry. YAG:Nd laser 

with second harmonic wavelength   = 532 nm is used as 
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excitation light source. The cooling CCD-camera               

(-70ºC) working in the regime of photon counting is 

served as radiation collector, the exposure time is usual  5 

min, the radiation power incident on sample is 7-9mVt, 

and the beam diameter is near 4 µm. The diffraction 

lattice having 1800 dashes per millimeter is used in 

spectrometer, the determination accuracy of line spectral 

position is not worth 0,5 cm
-1

 is used in spectrometer.                 

The penetration depth of laser radiation and 

therefore the analysis effective depth at Raman scattering 

can be defined from ratio λ/2πk where k is extinction 

factor. At InAsSb system analysis by the laser with 

wavelength λ = 532 nm such depth is approximately near 

100nm with taking into consideration the extinction factor 

for InAs and InSb [5]. This fact shows that using the laser 

given wavelength for Raman scattering, we get the 

information only from top layer of the investigated multi-

layer covering. According to selection rules obtained from 

analysis of Raman scattering tensors with diamond 

structure at backscattering from (100) surface, the only 

LO phonons can be observed and the appearance of TO 

ones is prohibited.  

 

 
 

Fig. 2.   Raman scattering spectra of samples R811 (а) and   

              R1051 (b). 

 

Raman scattering spectra in the backscattering 

regime at room temperature are shown in fig.2. It is 

obvious that the two-mode type of phonon spectrum 

reconstruction is character for InAs1-хSbx solid solution. 

The two-mode behavior of optical phonons is also 

established in work [6] by data of Raman scattering on 

InAs1-хSbx ( 10  x ) solid solution thin films grown up 

on GaAs substrates by molecular-beam epitaxy method. 

The several phonon bands are observed in fig.2. These 

are: the intensive phonon band on frequencies 187 cm
-1 

(InAs0,57Sb0,43) and 186 cm
-1 

(InAs0,62Sb0,38) 

corresponding to longitudinal optical phonon in InSb 

(InSb-like LO) which is allowed band by selection rules 

for the given scattering geometry and asymmetric wide 

phonon one  on 223 cm
-1 

(InAs0,62Sb0,38) presenting itself 

the overlapping of two bands of optical longitudinal and 

transversal phonons in InAs (InAs-like LO and InAs-like 

TO). This fact in given geometry  Raman investigations 

of TO-phonons  is the consequence of symmetry breaking 

of crystal lattice of epitaxial film as a result of disordering 

in solid state crystal lattice and small deviation 

comparison from backscattering geometry. It is necessary 

to note the high quality of GaSb bulk substrate differing 

by narrow spectral lines with FWHM of about 3cm
-1

 

(fig.3). The frequency position corresponds to                 

LO (235 cm
-1

) and ТО (226 cm
-1

) RS active phonons in 

GaSb [4].   

 

 
 

Fig. 3.   Raman scattering spectra from GaSb substrate.  

 

 It is seen that the frequency 222 cm
-1

 shifts to the 

sides of bigger ones, i.e.  to the frequences of KP active 

phonons character for InAs, as far as Sb atom number 

decrease in в InAs1-хSbx (sample R1051). The nature of 

observable less intensive wide bands at ~140 cm
-1

 isn’t 
established and the additional investigations are required.                      

In work [6] it is experimentally established that 

frequences of LO and TO phonons in dependence on x 

composition in InAs1-хSbx solid solution change linearly 

as follows: 
 

      InAs-like LO         L1(cm
-1

) = 238–32х       

      InAs-like TO         Т1(cm
-1

) = 219–27х        

      InSb-like LO          L2(cm
-1

) = 177+12х       

 

The high homogeneity of obtained heteroepitaxial 

structures is approved by investigation data of micro-RS 

spectra by the way of laser beam scanning on structure 

surface (50µm50µm) in mapping regime. Confocal  

raman mapping is an highly suitable analytical tool for the 

study of advanced materials such as heteroepitaxial  

InAs1-xSbx structures.  
 

 
 

Fig. 4.   Мapping of  peak position of spectral line 187 cm-1. 
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In mapping regime one can carry out the operation 

with each line emphasized from spectral ones by several 

characteristics: peak position of spectral lines, FWHM of 

spectral line, value of maximum intensity of spectral line, 

value of integrated intensity of spectral line and etc.  

 

 
 

Fig. 5.  Three-dimensional mapping image of peak position of  

             spectral line 187 cm-1. 

 

The results of mapping peak position of spectral line 

187 cm
-1

 in square 50µm50µm are given in fig.4. The 

figure 4 gives the information approximately from 215 

points (in 15 points in each direction). The peak position 

of spectral line in each coordinate point can be known by 

color ruler (on the right). For example, the areas painted 

in green color correspond to peak position of spectral line 

at 187-188 cm
-1

, yellow and blue colors correspond to 

peak position at 190 and 184 cm
-1

. Only very thin blue 

and red colors testify to presence of defects leading to 

peak position at 183 and 192 cm
-1

. The three-dimensional 

visual mapping image is shown in fig.5.       

 

 
 

Fig. 6.   Мapping of FWHM of spectral line 187 cm-1.  

 

 
 

Fig. 7.  Мapping of peak positions of spectral line 222cm-1. 

 

 
 

Fig. 8.   Мapping of FWHM of spectral line 222 cm-1. 

 

The results of FWHM mapping (Full width at half 

maximum) of spectral line187cm
-1

 are given in fig.6. As it 

is seen FWHM mapping of spectral line 187cm
-1

 also 

testifies to homogeneity: the most part painted in green-

bluish color shows that FWHM of spectral line 187 cm
-1 

 

is  equal to 9-13 cm
-1

. 

The results of mapping peak position of spectral line 

222 cm
-1

 are given in fig.7.The results of FWHM 

mapping of spectral line 222 cm
-1

 are given in fig.8, 

which also testify to high homogeneity of obtained 

heteroepitaxial structures InAs1-хSbx.    

 

CONCLUSION 

  

The data of confocal Raman spectroscopy 

authenticate on two-mode type of phonon spectrum 

reconstruction in InAs1-хSbx solid solutions. The 

investigations in mapping regime testify tohomogeneity 

of obtained heteroepitaxial structures    InAs1-хSbx.    

The investigations was supported by the Science 

Development Foundation under the President of the 

Republic of Azerbaijan (grant EIF-2013-9(15)-46/06/1).
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The dielectric properties of pure PP and PP+DK1nano-composites researched in alternating electric field are presented in the 

given paper. It is revealed that dielectric properties change in the dependence on field frequency and temperature and also on filler 

concentration. This is explained by relaxation losses which take place because of composite structural elements with mobility 

different degree and also with appearance of low-molecular impurities, for example with revealing of СО polar groups.   

  

Keywords: nano-composite, polypropylene, nanogel, rest degree  

Pacs: 79,60.Dp ;78.66.Li;78.30.Am              

               

INTRODUCTION  
 

The obtaining and investigation of nano-composites 

is of  interest in nano-technology field in the latest works. 

The obtaining of new materials consisting of disperse 

fillers with size 1-100cm uniting the photoluminescent, 

magnetic and catalytic characteristics are perspective 

ones. The investigations in the field of obtaining and 

properties of nano-composite materials strongly increase. 

Such dielectric characteristics of РР+DK1 nano-

composites as electrical conduction, processes of 

relaxation and polarization in alternating currents aren’t 

studied enough and that’s why the study of these 

properties in high-temperature and frequency interval is 

of great interest.      

 

THE EXPERIMENT TECHNIQUES AND TEST 

PREPARATION 

 

The dielectric properties of РР+DK1 nano-

composites present in the given paper. The samples with 

thickness 140-170µm are used for measurement of 

dielectric properties in alternating electric field. The 

mixtures of PP and DK1 powders are prepared in different 

component ratio and further the nano-composites in film 

form with further cooling are prepared from these 

mixtures by hot pressing at polymer matrix melting point 

under pressure 15MPa during 10 min.  

The samples are obtained in different temperature-

time crystallization regimes and especially by rapid 

cooling (RC) method in mixture ice-water with velocity 

30 grad/min. RC samples are investigated by us. The 

samples for measurement of dielectric characteristics in 

alternating current are prepared in the disc form by 

diameter 20mm. The stable electric contact is supplied for 

electrodes from stainless steel by diameter 15mm 

applying the extruded electrodes from aluminum foil by 

thickness 7µm. The samples are put into cell with brake 

electrodes. Knowing the electrocapacity C and sample 

geometric sizes one can define the complex value of 

dielectric constant with the help of formula          

 

                                 C =  
휀휀0  𝑆

𝑑
 

 

where С is electrocapacity of the samples, d is thickness, 

S is electrode thickness being on the surface,   

 휀0=8,85·10
-12

 is electric constant. The electric constant 

frequency changes from 25Hz up to 10
6
 Hz and 

temperature changes from 20 up to 150°С. The obtained 

results are presented in the form of real and imaginary 

parts of dielectric constant (휀, 휀), tg𝛿 dielectric loss on 

electric field frequency and temperature. The temperature 

dependences of 휀 on tg𝛿 in obtained nano-composites at 

frequency 1 Hz are shown in fig.2. From the figure it is 

seen that 휀 increase in nano-composite PP+10%DK1 

(where 휀 =3,1) on 40% relatively pure PP (휀 =2,0) is 

observed, 휀 for DK1 filler is 휀 = 2 − 8 and  휀 = 2 in 

matrix [107]. Such dependence of 휀 on T in nano-

composite is defined by Maxwell-Wagner polarization. 

The values of surface energy, system conduction and 

other parameters of dielectric characteristics are close to 

percolation threshold in dependence on filler 

concentration. 휀 decreases relatively pure PP in small 

concentrations. The clusters form the instability of phase 

interactions and particles in nano-gels in 2% filler content 

because of the difference in component surface energy. 

The surface of these clusters is less than sum surface of 

their component particles. The cluster number increases 

and dielectric layer between particles decreases with 

increase of filler volume content and this leads to increase 

of electric capacity (i.e. increase of 휀). As it is seen from 

the figure 1 for composites PP+2%DK1 휀  doesn’t change 

at temperature increasing 290-330K. But, 휀 = f(T) 

dependence character changes at following addition 

increase in PP+10%DK1 composite. Firstly, the dielectric 

constant increases with temperature increasing and the 

strong 휀 increase takes place in temperature interval of 

crystallite melting (~393К), further 휀 doesn’t change 

with temperature increasing. The temperature decrease on 

15K in PP+10%DK1 composites shifts to low-temperature 

region in comparison with pure polymer PP and 

PP+2%DK1 composite. The dielectric losses significantly 

increase at consideration of tg𝛿 change in dependence on 

temperature in PP+10%DK1 composite (fig.2).   

At temperature 293K for pure PP 𝑡𝑔𝛿 is 

0,007±0,001 and 0,025±0,001 is for PP+10%DK1. The 

significant value of dielectric loss is connected with 

electric conduction. 
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Fig1. The dependence of real part of dielectric constant ( 휀) in 

frequency 1kHz on temperature. 1 is pure PP, 2 is 

PP+2%DK1,   3 is PP+10%DK1. 

 

From the dependence on addition volume content at 

frequency 1 kHz one can see the increase of electric 

conduction in PP+10%DK1 composition in comparison 

with pure PP. From the fig. 2 it is seen the difference of 

temperature dependences of dielectric losses of pure PP 

and nano-composites. For pure PP the changes aren’t 

observed and for nano-composites the character of 

dependence change 𝑡𝑔𝛿 = 𝑓 𝑇  differs, i.e. 𝑡𝑔𝛿 increases 

with temperature increasing. The dependence has the 

maximum value at temperature of matrix smoothing, 

further decreasing it passes through minimum near 

crystallite melting point and it increases again with 

temperature. In this case, the melting point moves to the 

side of low-temperature region on 10-15K. Such change 

of dielectric losses in nano-composites PP+ DK1 is totally 

correlated in the dependence on electric conduction on 

temperature in alternating field.    

 

 
 
Fig.2. Temperature dependence of tg𝛿 in obtained nano-

composites at frequency 1Hz. 1 is pure PP, 2 is 

PP+2%DK1, 3 is PP+10%DK1.  

  

The frequency dependences of 휀  and  tg𝛿 at 

temperature 20°С are obtained. From the figures 3 and 4 

it is seen that in pure PP and nano-composites at low 

volume content DK1 additions aren’t revealed with the 

frequency increase for 휀 change. 휀 decreases at big 

concentrations of addition in obtained nano-composites 

with frequency increasing. Such characteristic of 

dielectric loss at low frequencies one can explain by the 

kinetics of separate structural elements of nano-

composite. These structural elements take participation in 

relaxation processes with frequency increase. As it is 

mentioned in PP+DK1 composite the accumulation of DK1 

particles take place in matrix separate parts. These 

accumulated particles are clusters distribute 

spontaneously in PP matrix. The cluster number increases 

with the increase of DK1 volume content. The clusters 

closed with each other by sample thickness one can 

consider as active resistance. As DK1 has the high 

conduction with the comparison with PP one so one can 

consider that composite resistance mainly will be defined 

by contacts between nano-gel particles.      

   

  
 

Fig.3. The dependences of (ε) real part on (lgν) frequency at 

temperature  T=273 K,    1 is pure PP,   2 is PP+2%DK1,  
             3 is PP+10%DK1. 

  

 
 
Fig.4. The dependences of dielectric losses at temperature 

T=293 K on frequency (lgν) 1 is pure PP, 2 is 

PP+2%DK1, 3   is PP+10%DK1.  

    

The accumulation and redistribution of free electric 

charges (Maxwell-Wagner volume polarization) take 

place on boundaries of clusters in alternating field. By this 

fact one can explain the decrease of dielectric strength on 

DK1 volume content. Such volume polarization distorts 

the initial internal electric field at absence of external 

electric field. It is known that at low frequencies the 

internal electric field distributes to conduction 

correspondingly at low frequencies and to dielectric 

conductions at high frequencies correspondingly. 
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Consequently, 휀 decrease with frequency increase can be 

explained by the appearance of comparably strong 

internal field in nano-gel –clusters. 𝑡𝑔𝛿 dependence on 

frequency shows that for pure PP and for PP+2%DK1 

nano-composite the maximums at ν=1.5· 104
 are 

observed, and also the positive dielectric effect at    

ν=102
-1.5· 104 

Hz frequency because of 𝑡𝑔𝛿 increase in 

nano-composites is revealed. The inertia of space charge 

formation in nano-composite structure is observed with 

frequency increase and it leads to tg𝛿 decrease. At low 

frequencies the surface charge follows the field and 

dielectric losses decrease. The polarization in the field of 

high frequencies doesn’t establish for field half-period 

and dielectric losses decrease. The maximum observable 

in average frequency region (ν=1.5· 104
 Hz) of full scale 

is defined by relaxation losses. The relaxation losses can 

take place because of low-molecular compounds which 

have the mobility different degrees. In this case it is 

carried out at appearance of CO polarization groups. PP 

partial oxidation takes place in preparation process. tg𝛿 

increase in the dependence on frequency depends on 

polarization process. It is established that the relaxation 

time in the investigated films at frequencies of less than 

ones of ω=2π/Т variable signal is bigger than Maxwell 

dielectric relaxation (𝜏м = 휀 휀о𝜌 where 𝜌 is sample 

specific resistance in Om·m) and at high frequencies is 

less than 𝜏м. The external action time is approximately 

100µsec for our films at frequency ν=1.5· 104
 Hz. The 

least Maxwell relaxation time is 200msec, i.e. satisfies the 

condition  𝜏 < 𝜏м . 𝑡𝑔𝛿 increasing in PP+10%DK1 nano-

composite in 𝜈 ≤ 2 ∙ 103
 Hz regions shows that dielectric 

loss in given composites takes place because of electric 

conduction.  

  

CONCLUSION 

 

Taking into consideration the above mentioned one 

can propose that polymer stabilizing in the volume, leads 

to appearance of polar groups on the matrix-nanoparticle 

boundary. The frequency and temperature dependences in 

PP polymer and PP+ DK1 and their dielectric properties 

show that relaxation losses take place because of 

composite structural elements with mobility different 

degree and appearance of low-molecular impurities, for 

example, with appearance of CO polar groups.  

____________________________________ 
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It was shown that like in orqanic and inorqanic photosensitive materials photoelectric properties (photoconductivity, 

photovoltaic, photogeneration and stabilization of electricity charge carries) of the polymer – CdS and polymer – ZnS composities 

are of great importance as the decisive factor in forming of photoelectret effect.  
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INTRODUCTION 

 

The mechanism of photoelectret state formation in 

the polymer composites with photosensitive phase was 

widely studied in the recent years [1, 3]. It is known, that 

it is necessary to have two types of relaxers (homo and 

hetero) for the formation of both electrets and 

photoelectret effects in any solid material. The electrons 

injected into composite during photopolarization process 

and electric charge carrier generated as a result of internal 

photoeffect belong to the first type of relaxers. There are 

different kinds of the second relaxer types, including:   

- low molecular positive and negative ions having 

electric load in the polymer matrix; 

- colloidal fractions having electric load in the 

polymer matrix; 

- compounds having certain dipole moment in 

inorganic (CdS, ZnS) and organic (polymer groups, 

domains, conjugant combination) phases. 

The formation of photoelectret effect is possible in 

the polymer CdS (ZnS) systems having this kind of 

structure. Certain requirements are set before 

photoelectrets to meet the growing demand of technique, 

including electronics. For example, the photoelectrets 

with different relaxation period are required for 

photolithography system development. In general, 

considering photoelectret, photoresistive and photovoltaic 

effects in materials, for the formation of the above 

mentioned effects the following common factor comes to 

the fore: 

- creation of charged particles in photopolyarization  

process and their isolation from one another. 

The main goal of our work is to study and define the 

mechanism of photoelectrete effect formation in polymer 

- CdS (ZnS) heterogeneous systems. Taking into 

consideration this goal, the parallel investigation of the 

mentioned three photoelectret effects in the studied 

composites is of great importance [1, 3-5]. 

 

MATERIALS AND METHODS 

 

The initial phase of the technology of composite 

obtaining includes: the obtaining of  press – crumbs of the 

components, separating of fractions according to their 

sizes, blow out from the magnetic separators, cleaning the 

surface of  particles and thermal treatment [6]. The 

constituents of  photocomposities are chosen according to 

the requirements for them. Thermoplastic polymers such 

as polyolefine and fluorine-containing polymers were 

used as polymer phase. CdS, ZnS were used as 

semiconductor light-sensitive phase. 

The working principle of the installations and the 

blocking scheme used to study photoresistive and 

photovoltaic effects in polymer-based composites is 

presented in the work [2]. Generally, photosensitivity is 

characterized by the ratio of photo current to the dark 

current. The device used in the study of  photoelectret, 

photovoltaic and photoresistive effects in the composites  

are extensively considered in the works [1-3, 5, 6] .  

The intensity of the light falling on the sample 

varied between 100 - 600 mWt/sm
2
 [2]. 

 

RESULTS AND THEIR DISCUSSION 

 

 In accordance with the main goal of this work, in 

order to reveal the formation mechanism of  photoelectret 

effect the main factor in our research was the use and 

compare of the dependence of composites photoelectrical 

properties on the share volume of photosensitive phase 

like all the available composites. Fig. 1, a presents the    

Iph/ Id =f(Ф)  dependence for F42 – ZnS and F42 – CdS 

composities. The experimental results show that the 

maximum photosensitive semiconductor observed in      

Iph/ Id=f(Ф) dependences are very dependent on phases: if 

the maximum share is 30% of phase volume for ZnS 

semiconductor phase composites, the same result for the 

CdS phase composite is equal to 40%. In the fist 

approach, this interesting effect should be explained by 

the interactions with different features occurring in 

interphase.  It should be noted that the maximum 

observed in Iph/ Id= f(Ф) dependence is defferent for      
F42 - CdS and F42 - ZnS  composites. In the first 

approach, it  can be assumed that in the F42 - ZnS 

compositie the value of the potential interphase barrier is 

small. This factor is also confirmend by the value of Iph/ Id 

ratio.  
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In fig. 1, b  the dependence of photo electromotive 

force of polar and non - polar polymers and CdS, ZnS 

composities on lightsensitive semiconductor phase is 

shown.  F42- ZnS is the best composite as photovoltaic 

element. This experimental result is an important factor 

for  clarifying the mechanism of photelectrete effect 

formation in our work.  

a) in the given composites photovoltaic effect 

depends on the light-sensitive semiconductor phase; 

b) photovoltaic effect depends on the polarity, 

dielectric permittivity and the specific volume resistance 

of the polymer matrix.  

The analysis of the result of studies on 

photoelectrete effect allows defining the following 

regularities:  

1) in photoelectrete composites consisting of 

polymer - lightsensitive (CdS, ZnS) semiconductors the 

photoelectret potential difference Uphe first increases 

according to the increase of the share volume of CdS and 

ZnS and then decreases after reaching a maximum, 

increases share volume increases, that is the dependence 

of  Uphe = f(Ф) is of extreme character. On the other hand, 
a definite relationship between fig.1,a and fig.2 is 

observed. So, Iph/Id=f(Ф) (photoresistive effect) and 
Uphe=f (Ф) (photoelectrete effect) is of extreme character.  

     2) there are some difference between various 

polymers and the composites having light - sensitive 

semiconductor phases in terms of maximal values of the 

dependence of photoelectret potential difference Uphe on 

the light - sensitive semiconductor phase share volume; 

maximum potential difference of polar polymer matrix 

photocomposities Uphe=f(Ф) dependences are greater than 
those of  non - polar matrix photocomposities (Fig. 2).  

 

 

 
 

Fig. 1,a. Dependence of F42 – ZnS and F42 – CdS composities 

on Iph /Id=f(Ф). U=100V,El=400 Wt/sm2.1. F42–CdS;      

2. F42–ZnS. 

3) the share volume of semiconductor phase 

corresponding to the maximal value of  Uphe is smaller for 

polar polymer matrix composites (Fig. 2). 

The extreme character of the obtained dependences 

caused by the following reasons. 

 
  

Fig. 1,b. Dependence of photoelectric move force  on on the   

share volume of light- sensitive  phase  for polar and 

non- polar polymers, CdS and  ZnS based composities. 

1.F42 – CdS;  2. F42 – ZnS. Diameter of particles of the 

semiconductor phase is 6 microns and the sample 

thickness is 15 microns. 

       

First, oxidation of the polymer matrix and creation 

of the polar groups forming photoelectrical charge during 

mechanical mixing of the components under combined 

effect of temperature and pressure (mechanical 

termodestruction and termooxidation). Second, change of 

quasineutral systems forming probability created by 

homocharges and heterocharges stabilized in interphase 

border during photoinjection and reduction of       

Qe=Qr-Qhet electrete charge or electrete potential 

difference defined as homo - and heterocharge 

superposition. Third, the rise of the composites specific 

photoconductivity according to the increase of light 

sensitive phase share volume and the increase of 

homoelectrical charge relaxation. Fourth, when the share 

volumes of CdS and ZnS in composite increases, the mass 

of the polymer phase playing a key role in the electrets 

formation. Indeed, as a result of the interaction (polymer - 

light-sensitive CdS and ZnS) between phases, both 

polymers crystalline structure and CdS and ZnS electronic 

structure change in the studied composites phase and 

these effects increase when the share volume of light-

sensitive phase rises.                                                               

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 Fig. 2. Dependence of the composites photoelectrete potential                 

             difference (Ue) on light-sensitive phase share volume.  

             1.F42 – ZnS; 2.F42 – CdS. Ep=0,4∙104 V/m; tp=0,25  

             hour; El=400 mWt/cm2; Tp=393K.. 
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       Thus, in the first approach it can be considered that, 

the photoelectron prosseses occurring in the interphase 

boundary play more important role  in forming of an 

photoeletret effect in the composites consisting of 

polymer photosensitive inorqanic semiconductor 

materials. We think, that the formation of a new polymer 

on its nature phase under the influence of  polymer – 

A
II
B

VI
 photosensitive semiconductor phase are the 

photoelectret effects. Firs of all, this approach determines 

the connection between the electret effect and the effects 

of photoconductivity, photovoltaic and electrical 

photoquenching. It is known, that free charge carriers, 

which determine the conductivity owing to internal 

photoeffect, are forming under the light effect. At the 

same time, the holes are forming. Now, a possible 

mechanism of the formation of homo and hetero charges 

from the abovementioned charges should be clarified. A 

similar  approach should be used for photovoltaic effect. 

So, the formation of free electrons and holes under the 

light effect and their subsequent isolation from each other 

is an essential condition for photoelectret effect forming 

in the high heterogenic polymer – various inorganic 

photosensitive phase materials. Electrons are stabilized in 

traps as deep as possible and certain potential difference 

is formed during the isolation process.   It was determined 

experimentally that there is no direct connection among 

photorezistive, photovoltaic and photoelectret effects. So 

that, the maximums observed in the dependence of If /Iq, 

ε, Ue parameters on the volume share of the composite’s 
photosensitive phase don’t fall with each other.   
 

CONCLUSION  

 

The main reason of photoelectret effect formation 

under the action of light and electricity in the composites 

based on polymer and CdS, ZnS components is the 

establishment of homo and hetero charges, which 

determine the electrets potential difference in 

electrophotopolyarization proses interphase in the border 

of composites.   

Based on the results of the studies it is concluded,  

that the major reason  of polymer - CdS and polymer - 

ZnS composites extreme character of Iph/Id = f (Ф) and 
Uphe= f (Ф) dependence is explained with the change of 
the potential barrier formed in the switch polymer layer 

between the particles of  light-sensitive phase according 

to the increase of their share volume. 

 

_____________________________________ 
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It was investigated the temperature dependence of specific resistivity of (AgSbSe2)0.9(PbTe)0.1  in 40-300K temperature region.  

A transition to a state with zero resistance similar to the superconducting transition was observed at 66K. The thermal power and 

Hall- effect were measured in 100-400K temperature interval. It was estimated the carrier concentration and its mobility.  
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INTRODUCTION 

  

Thermoelectric materials have many applications in 

the conversion of thermal energy to electrical one. The 

energy conversion efficiency of a material is characterizes 

by the thermoelectric figure of merit, zT = α2σT/κ. Where 

α is the Seebeck coefficient (thermal power), σ -electrical 

conductivity, and κ- thermal conductivity of materials. 

For improve this efficiency parameter the material by 

high Seebeck coefficient, high electrical conductivity and 

low thermal conductivity is required [1-3]. 

 It is known, that the ternary compound AgSbSe2 

and PbTe are the thermoelectric material for midrange 

temperature (400–800 K) applications [1].  AgSbSe2 

crystallizes in the NaCl structure where the Ag and Sb 

atoms are randomly distributed in the Na sites [4]. On the 

other hand PbTe is also crystallized in the NaCl crystal 

structure with Pb atoms occupying the cation sites and Te 

forming the anionic lattice. AgSbSe2 as the other ternary 

compound of A
1
B

V
C2

VI
 system have low thermal 

conductivity [5]. But the value of electrical conductivity 

is low at room temperature. To increase the value of 

electrical conductivity and thermoelectric figure of merit 

of AgSbSe2 there was sintered the solid solution 

(AgSbTe2)0.9(PbTe)0.1. The results of experimental 

investigation of structural and transport properties of 

(AgSbSe2)0.9(PbTe)0.1 are presented in this work. 

 

EXPERIMENTAL RESULTS AND DISCUSSION 

 

(AgSbSe2)X (PbTe)1-X solid solutions material was 

prepared by direct fusion of stoichiometric amounts of 

their consistent elements (Ag, Sb, Se, Pb and Te) of purity 

99.99%  in sealed, evacuated silica ampoule. The 

ampoule was heated at 1050K for 16 hours with 

vibrational shaking to ensure homogeneity of the sample. 

After the synthesis the ampoule was slowly cooled to 

room temperature.  

The phase purity of the obtained sample was 

investigated by X-ray diffraction and presented in fig.1. 

The XRD analysis was performed using a Brucker-D8 

advance diffractometer at room temperature with 

scanning mode with a step size Δ(2θ)=0.021
0
 and        

5
0≤2θ ≤800

. From the XRD data, various structural 

characteristics such as, lattice parameter:                    

(a=b=c=5.8322A, system-cubic, space group (Fm-3m), 

and grain sizes (813.6A) were deduced. 

The resistivity and thermal power were determined 

by the four-point probe technique. Measurements were 

taken from a sample in the form of a 8x3x1,2mm 

parallelepiped. The thermal power was measured by 

applying a longitudinal heat flux with a constant power 

released in the heater. A heater was fixed to the end face 

of the sample by indium. In the range 80-350K, the 

temperature was measured with copper-constantan 

thermo-couples. The thermocouples were fixed to the end 

face of the sample by indium at a distance of 5-6mm. To 

eliminate the background e.m.f, which is due to a 

temperature drop between the cold and hot junctions, 

copper-constantan wires were wound on a copper rod 

(being in contact with a coolant) immediately at the exit 

from a cell in which the sample was placed and fixed with 

BF-2 adhesive. The temperature gradient in the sample 

between probes varied from 0.5 to 3K. 

 At room temperature the (AgSbSe2)0.9(PbTe)0.1 

exhibit very high thermopower values of about 770 µV/K. 

The sign of Seebeck coefficient is positive which 

indicated to hole conductivity and its value decrease 

slightly with temperature increase.  

More interesting results was obtained on the 

temperature dependence of specific resistivity. The 

obtained results are presented on fiq.2 

The temperature dependence of specific resistivity 

was measured for two times. At first by the HL5500 PC 

Hall effect measurement system in the 100-400K 

temperature interval. The carrier concentration of sample 

according Hall measurement was 5.9.10
17

cm
-3

 at room 

temperature. It was estimated the mobility of carriers. The 

value of mobility was very little µ=0.3cm2
/V.s.  At 110K 

there was observed a maximum on the temperature 

dependence of electrical resistivity. In order to determine 

more accurately this situation the measurement was carry 

out in 40-280K interval of temperature. The value of 

resistivity at maximum (110K) and room temperature on 

the temperature dependence were 234kOhm and 97 Ohm 

respectively. It should be noted that below 110K the value 

of specific resistivity decrease up to zero at 66K.  There is 

a reasonable question: maybe this is the superconducting 

transition!? It is known that the superconducting 

transition Tc plays an important role. Usually the 

superconducting transition temperature is determined by 
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follow way [6]: a) Tc=Tc(0), when the resistivity equal 0; 

b) Tc equal midpoint of the transition; and c) Tc= T 

(temperature in the transition region where dρ/dT have a 

maximum value). The values of Tc estimated by the 

above-mentioned three methods were 66K, 88K and 

93.8K respectively. As seen the temperature range in 

which the resistivity decreases its zero rather wide 

(ΔT=44K). It should be noted that all Y-and Bi-based 

high-temperature superconductors are superconductors of 

the second kind. The transition temperature interval to the 

superconducting state is quite wide in these compounds. 

The temperature dependence of resistivity of high Tc 

superconductors is mainly metallic in the normal state. On 

the other hand, in some samples the temperature 

dependence of the resistivity has a semiconductor 

behavior in the normal state [7].   

According to our knowledge, no studies have been 

published on the structure and thermoelectric properties 

of (AgSbSe2)X (PbTe)1-X solid solutions. Moreover there 

is very few studies have been devoted AgSbSe2 at low 

temperatures [8].   

Previously, the temperature dependence of the 

resistivity of other ternary compounds A
I
B

V
C2

VI
 not 

observed a similar dependence. It seems to us that in any 

case the observed experimental fact is of great interest. 

Transition into a state with zero resistance is difficult to 

explain in this case, excluding superconductivity.  

 

CONCLUSIONS 

 

On the temperature dependence of the specific 

resistivity of (AgSbSe2)X (PbTe)1-X was observed 

transition into a state with zero resistance at 66K-like 

superconducting transition. 

  

 

 

 
 

Fig.1.  The XRD analysis results of (AgSbSe2)0.9(PbTe)0.1 

 

 
 

Fiq.2. The temperature dependence of specific resistivity of (AgSbSe2)0.9(PbTe)0.1 
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The evolution operator method has been developed for the study of the time-dependent harmonic oscillator. The 

invariants and various class of states for the system under consideration are constructed by this method. 
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1. INTRODUCTION 

 

It is well known that the time-dependent systems for 

which exact quantum mechanical solutions for the 

Schrödinger equation can be found are few in number. 

Both time-dependent harmonic oscillator [1-9] and the 

time-dependent linear potential [10-14] may be cited as 

examples. There have been different methods for finding 

the exact states of the time-dependent systems, such as 

Lewis-Riesenfeld (LR) invariant method [2], path integral 

method of Feynman [15], ordinary space-time 

transformations method [1,9,13] , evolution operator 

method [16] etc. 

The most widely studied time-dependent system is 

the one-dimensional harmonic oscillator with time-

dependent masses or both simultaneously. Besides the 

intrinsic mathematical interest, the time-dependent 

harmonic oscillator has many applications in various 

areas of physics, for example, in quantum optics, plasma 

physics, molecular physics and quantum chemistry. The 

harmonic oscillator undoubtedly plays a fundamental role 

in science.  

First the problem of a one-dimensional quantum 

oscillator with time- dependent frequency moving under 

the action of a time-dependent force was exactly solved 

by Husimi [1], who had constructed for this problem 

Gaussian-type wave packets. 

For the oscillator of constant mass and time-

dependent frequency LR have introduced [2] an important 

quantum mechanical invariant I(t) and found the exact 

quantum states in terms of the invariant eigenstates. 

Recall that for a system describing by a time-dependent 

Schrödinger equation  

 

       � � � = 0,          � = � � − (�)    (1.1) 

 

a Hermitian  or non-Hermitian operator  tI  is called an 

invariant if it commutes with the Schrödinger operator   � , i.e.[   � , (�)] = 0, or, equivalently, satisfies the 

equation � �  � +   � ,  �  = 0 . Lewis and 

Riesenfeld showed [2] that a solution ��(�) of the time-

dependent Schrödinger equation (1.1) and an 

eigenfunction ��(�)  of  tI corresponding to an 

eigenvalue λ (  � �� � = λ��(�) are connected by the 

relation  

                         �� � = ��� (�)��(�),                  (1.2) 

 

 where the time-dependent phase ��(�)  is determined 

from the Schrödinger equation for �� � .  

Later the LR invariant method has been generalized 

to include time-dependent mass and driving force. As a 

result, exact wave functions have been obtained for 

harmonic oscillators with time-dependent frequency       

[3, 4], time-dependent mass and frequency [5-7] and 

driving force [17]. Two unitary relations between the 

systems of time-dependent harmonic oscillators were 

considered in Ref. [8]. The first relation is between the 

systems of time-dependent mass and of unit mass. The 

second relation is between those of the driven oscillator 

and undriven (see, also, [1]). Ciftja [9] found a solution of 

the harmonic oscillator with time-dependent mass and 

frequency by employing some simple space-time 

transformations. 

The purpose of the present paper is to study the 

general problem of the harmonic oscillator with time-

dependent mass and frequency moving under the action of 

a time-dependent force by using an evolution operator 

method. As is well known this method has been long time 

used to solve the problems in quantum mechanics and 

quantum field theory. In our study we have found that the 

evolution operator method is much simpler for deriving 

the quantum-mechanical quantities than other methods. 

The evolution operator U(t) obeys Schrödinger 

equation (1.1)   �  � = 0  with the obvious initial 

condition U(0)=1. According to the principles of quantum 

mechanics all the information on the dynamics of 

quantum system is contained in the matrix elements of the 

evolution operator. 

 

                � = exp (− �
ħ   �′ �′)�

0
 .         (1.3) 

 

The evolution operator of the wave function � �  

(the solution of the Schrödinger equation (1.1)) is 

determined by the evolution operator, i.e. 

 

                         � � = (�)� 0 ,                       (1.4) 

 

 where � 0  is initial wave function. 

From the general representation (1.4) for the 

solutions of the Schrödinger equation (1.1) .It is evident 

mailto:smnagiyev@physics.ab.az
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that this equation has infinitely many solutions. Using 

different initial wave functions � 0 , one can construct 

different wave functions � �  at any later time 0t  

An evolution operator allows us also to construct the 

LR invariants for a given quantum system. The point is 

that any invariant for a quantum system can be expressed 

in terms of (through) two linearly independent simple 

invariants, such as  tp0
ˆ  and  tx0

ˆ   which are the 

initial momentum and coordinate operators, respectevly: 

 

      tUptUtp 1

0
ˆˆ  ,         tUxtUtxo

1ˆˆ  . (1.5) 

  

Therefore, any invariant  tI can be represented in 

the form   � =  �  0 −1 � , where  0 = (� , � ) 

is any function of �  and � . 

 

 

 

2. THE EVOLUTION OPERATOR 

 

The Schrödinger equation for the harmonic 

oscillator with time-dependent mass �(�) and frequency 

(�)under the force (�) is  
 

                     �ħ �� � =  � � �           (2.1a) 
 

with the time-dependent Hamiltonian  
 

   � = − ħ2

2� � �2 +
1

2
� � 2 � �2 −  � . (2.1b) 

 

It is convenient at first to reduce the problem (2.1) to 

the simpler case of vanishing (�) . For this aim we 

perform an unitary transformation (compare with [1]) 
 

                � �, � = 1 � �1 �, �                      (2.2) 

 

with the unitary operator 

 

                                 1 � = exp −� � � exp{�
ħ
 � � �  � � + � �  } ,                                           (2.3) 

 

where � �  satisfies the classical equation of motion  

 

                                        �  � � �  �  + � � 2 � � � = (�)                                                  (2.4) 

 

and � �  is the classical action for the harmonic oscillator  

 

                                � � =  [
1

2

�
0

� �′ �2  �′ − 1

2
� �′ 2 �′ �2 �′ + (�′)� �′ �′ .                     (2.5) 

 

Note that � �  may, without loss of generality, be assumed to be that solution of equation (2.4), which initially 

vanishes together with its derivative �  �  [1], i.e.   

 

                                                                      � 0 = 0, �  0 = 0.                                                                  (2.6) 

 

From this it is evident that, the initial condition 1 0 = 1  for 1 �  is holds. Moreover, it is clear that if

  0tF , than   0t . 

        As result if this fact the eq. (2.1а) has the following form: 

 

 

                                                              �ħ ��1 �, � = 1 � �1 �, � ,                                                      (2.7a) 

where 

                                                             1 � = − 
2

2� � �2 +
1

2
� � 2 � �2.                                       (2.7b) 

 

The wave function satisfies the initial condition    �1 �, 0 = � �, 0 . 

In the next step we take the wave function �1 �, �  in the form  

 

                                                        �1 �, � = 2 � �2 �, � ,  2 � = ��(�)�2
,                                  (2.8) 

 

where the time-dependent real function �(�) with the initial condition   00    is to be found later. 

         Substituting equation (2.8) into (2.7a) we obtain  

 

 �ħ ��2 �, � = {− 2
2� � �2 + [  �  � +

2
2� � �2 � +

1

2
� � 2 � ]�2 − � 2� � � �  �� + � � }�2 �, �        (2.9) 
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To simplify this equation we choose the auxiliary time-dependent function � �  in such a way that the coefficient 

of  �2 vanishes. As a result we easily find that � �   must satisfy the first-order nonlinear differential equation (Riccati 

equation) 

 

                                                       �  � +
2ħ�(�)

�2 � = − 1

2ħ
�(�) 2 � .                                               (2.10) 

 

This condition put on the auxiliary time-dependent function � �  allows us to write equation (2.9) as 

 

                                                          �ħ ��2 �, � = 2(�)�2 �, � ,                                                         (2.11) 

 

where the time-dependent Hamiltonian 2(�) is equal to  

 

                                             2 � = − ħ2

2� � �2 − 2�ħ2� � � � �� +
�ħ2� � � � .                                     (2.12)  

 

Introducing instead of � �  a new function �(�) by the relation  

 

                                                                    � � =
�(�)� (�)

2  � �                                                                              (2.13) 

 

we transform the Riccati equation (2.12) to the form of the linear differential equation of the second-order: 

 

                                                      �  � � �  �  + � � 2 � � � = 0 .                                              (2.14) 

 

From the condition � 0 = 0 follows that � 0 ≠ 0 and   �  0 = 0. 

Finally, we want to find the evolution operator 3 �  for the equation (2.11) with the Hamiltonian (2.12): 

 

                                               3 � = exp {− �
ħ  2 �′ �′}�

0
 ,   3 0 = 1.                                      (2.15) 

 

Note that a method to disentangle this type exponential operators into a product of the exponential operators was 

given in Ref. [18] (see, Appendix). Using this method, one can represent the evolution operator 3 �  (2.15) as follows: 

 

                                                                      2
2

1

3
x

xx tiS
xxt

eetU





,                                               (2.16) 

where 

                                                         
  td
tM

t
t

t





 
0

2
  ,                

 

  td
tM

e
tS

t t




 


0

2

2



 .                                  (2.17) 

 

       It is clear that the evolution operator  tU  for the equation (2.11) is just the product of the operators  tU1  (2.3), 

 tU 2  (2.8) and  tU3  (2.16), i.e. 321 UUUU  , or explicitly  

 

                                                     22
2

1

xxx tiSxtxti
xttM

i

t
t

i
t

eeeeeetU


  


.                   (2.18) 

 

This operator is unitary and satisfies the initial condition   10 U . The solution of the Schrödinger equation (2.1) can 

be written now in the symbolic form  

 

                                                                                     0,, xtUtx  .                                                              (2.19) 

 

For simplicity in what follows we consider only the case   0tF .  Then  tU , instead of (2.18), will be givem by  
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                                                                    22
2

1

xx tiSxtxti
t

eeeetU


 
.                                              (2.20) 

As an example, we find an explicit form of the operator (2.20) for the particular case, when   mtM    and  

  ot   . In this case   is the solution of the equation     02  tt o , which must satisfy the conditions 

  00   ,   00  . This solution is  t00 cos  . Then we easily obtain from (2.13), (2.16) and (2.17): 

 

                                                                          tm
t 0

0 tan
2







 , 

 

                                                                             tt 0cosln    ,                                                                      (2.21) 

                                       

                                                                           t
m

ts 0

0

tan
2





 . 

 

Substituting (2.21) into (2.20) one get the following expression for the evolution operator  

 

                                                 2/1cosln
2sin

4
tan

2

2
0

0

2
0

0




 xo
x

xt
t

m

i
xt

im

eeetU





 


 ,                             (2.22) 

 

which coincides with the well known formula (see, for example, [19]). 

As is known, the time dependent Schrödinger equation, describing any quantum system has in finitely many 

solutions. Having found the evolution operator (2.20) and appropriately choosing the initial wave function in (2.19) one 

can construct any solution of the equation (2.1). The evolution operator method allows as to construct also LR 

invariants for the given system by the simple way. 

 

3. INVARIANTS 

 

       First of all we find an explicit form of 0p̂  and 0x̂ . Taking into account the explicit form (2.20) of the evolution 

operator we get 

 

                                                              xtatMptatp ˆˆˆ
110
 ,      pp ˆ0ˆ

0  , 

                                                              xtatMptatx ˆˆˆ
220

 ,        xx ˆ0ˆ
0   ,                                                  (3.1) 

 

where     tta  exp1 ,         /2 12 tatSta  . We now define the time-dependent annihilation and creation 

operators  

 

                                                





 


 0

0

ˆˆ
2

1 pi
xta ,           






 


 0

0

ˆˆ
2

1 pi
xta ,                                        (3.2) 

 

where   2/1

0 /
  m ,      0Mm    and  00   . Next, let us rewrite the operators (3.2) as 

 

                                       xttMpt
i

ta  


 ˆ
2

,               xttMpt
i

ta  


  


ˆ
2

                      (3.3) 

 

with the function  

 

                                                                   tatSimmt 10

2/1

0 ]/21[   
 ,                                                (3.4) 

 

which satisfies the initial conditions     2/1

00
  m   and     2/1

0 /0 mi   . Using (2.10) one can show that 

the complex function  t  obeys the equation (compare with Ref. [20], where the   mtM   case was considered) 
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                                                                         02  tttMttM
dt

d                                                             (3.5) 

 

and  the relation   iM 2    . 

         Let us put       titt  exp , where    tt    and       
t

ttMtdt
0

2/  . Then from the 

equation (3.5) it follows that the function  t  satisfies an equation  

 

                                                           
           ttM

ttt
tM

tM
t

32

2 1


  


  .                                              (3.6) 

 

We can express all quantities in terms of function   t . For example, we have  

 

                                                                            0/cosln  t , 

 

                                                                                22/tan tS , 

 

                                                                           


2/
tan

2 













 M

t , 

 

                                                        







 


cosˆˆsin

ˆ1ˆ
00

0 xMp
x

tp  ,                                                   (3.7a) 

 

                                                         







 


 sinˆˆcos

ˆˆ
00 xMp

x
tx   ,                                                     (3.7b) 

 

                                                                 


iexMpi
x

ta 







 ˆˆˆ

2

1



,                  

                        

                                                               


iexMpi
x

ta 








 ˆˆˆ

2

1



 ,                                                     (3.7c) 

 

                                                      01 /cos ta ,         sin02 ta , 

 

where  00   . In the simple ease, when   mtM  ,   0 t ,we have  

 

                                             txmtpp 0000 sincosˆˆ   ,      txt
m

p
tx 00

0

0 cossin
ˆˆ 


 .  

 

The operators  ta  and  ta
, in deference of  operators a  и a  in  [6],  are the linear invariants. From them we 

construct the quadratic invariant  

 

                                                     







  2

2

2

2
ˆ

2

1
2/ xMp

x
tatatI 


 .                                             (3.8) 

 

This formula is a generalization LR invariant [2] to the case of time-dependent mass [7] [21]. 
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4. WAVE FUNCTIONS 

 

From the general (symbolic) representation  

 

                                                          0,,
22

2

1

xeeeetx xx tiSxtxti
t

 
                                     (4.1) 

 

for the solutions of the time-dependent Schrödinger equation (2.1) (   0tF ) we can construct infinitely many wave 

functions. We will consider there type wave functions: 

1) Plane wave type initial wave function 

 

                                                                    


/exp
2

1
, 0 xiptx


 .                                                               (4.2) 

 

Using the formula (A.3) at 0  we get the wave function 

 

                                   

         





  2

02

20

2

1
exp

2

1
, p

tiS
xtie

xip
ttx t







.                                  (4.3) 

 

We express the wave function (4.3) in terms of  t : 

 

                

 












































cos
tan

2

1tan

2

1
exp

cos2
, 002

0

2

0

2

2

0 xp
px

Mi
tx




.                  (4.4) 

 

 In the particular case, when   mtM  ,   0 t  we have                   

 

                     

 



















 t

t

xp

m

pxmi

t
tx 0

0

0

0

2

0

2

0

0

tan
sin22

exp
cos2

1
, 




 
 .    

                         
(4.5) 

 

2).  Airy type initial wave function 

 

                                                                                     BxAitx  , .                                                                     (4.6)    

                              

With the help of the formula (A.4) we find that in this case the wave function has a form  

 

            

                426332

3

2
exp

2

1
exp, BtSxBeABtiSxeBtiSxtittx tt 



 



  

            (4.7) 

 

or in terms of  t  we have  

 

             

  
















 2

22

3

0

6

36
0 tan

2cos2

tan

12

tan
exp

cos
, x

Mi
x

BiiB
tx














 


   

                            









4

24
0

4

tan

cos 



 B

x
B

Ai                                                                                                        (4.8) 

 

If we take in (4.8)   mtM   and   0 t , then  
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2

0

2

0

3

6

0

36

0
2

tan

cos2

tan

12

tan
exp

cos

1
, x

t
x

t

tiBtiB

t
tx









  

 

                                                                










4

0

24

0 4

tan

cos 



tB

t

Bx
Ai                                                                   (4.9) 

 

3)  Oscillator type initial wave function: 

 

                                                
   xHecx n

x

nn 


2

22

0,


 ,     !2/0 ncc n

n  ,                                                (4.10) 

 

                                                                    
  4/12

0 /c . 

 

Using now (A.5) in (4.1) one obtains then the wave function corresponding to (4.10) 

 

                          

 
 

 
 
 

 

  




























tS

xe
He

tSi

tSi

tSi

e
ctx

t

n

Ax

n
t

nn
24

2

2

2

2

2

1

4121

21

21
,

2











,                          (4.11) 

 

where 

 

 
 

  tSi

e
tiA

t

2

22

212 





 . 

 

In terms of the function  t  the wave function (4.11) takes the form  

 

                         

    































 




 x
Hx

iMi
ectx n

ni

nn






1

2
exp/. 2

2

2

1

2

1

0 ,                             (4.12) 

 

which agrees with the result of Ref. [7]. The functions  (4.12) are the eigenfunctions of the invariant  tI2  (3.8) with  

 

the eigenvalues 





 

2

1
nn

  

and        txntxta nn ., 1 ,       txntxta nn ,1, 1
  . 

 

In the particular case, when   mtM   and   0 t  from (4.12) it follows the well-known result: 

 

                                       
 

 
   0,,

0

22

0
2

1

22

1

xexHeectx n

tni

n

x
tni

nn 






 






  

 .                                   (4.13) 

 

5.  CONCLUSION 

 

We have studied Schrödinger equation for a time-dependent harmonic  oscillator with the help of the evolution 

operator method. Our analysis has shown that the key of solving the time-dependent Schrödinger equation is to find an 
evolution operator  tU  of the system. This is explained by the following facts: 1) In this case, unlike LR invariant 

method, there is no further problem of finding the time-dependent phase; 2)The general representation for the wave 

function in terms of the evolution operator      0 tUt   allows us to get any kinds of solutions of Schrödinger 
equation and with muchless efforts; 3) The evolution operator allows us to find not only solutions of the time-dependent 

Schrödinger equation, but also to construct all kinds of invariants.  
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APPENDIX 

1. Note that operators xx
e


 and 

2
xe


 acts on functions   xf  in following form: 

                                      xefxfe xx  
 ,

                                                                                                            (А.1) 

 

            
 

    xf
n

dzzfexfe n
nzx

x 24

!4

1
2

2

 









 





.                                                                         (A.2) 

 

Examples: 

1)       
41/exp41 222/122

 
xxee xxx ,                                                              (A.3) 

 

2)      422
2

BBBxAieBxAiee xxx  
, 

 

           6333

3

2
2 BBxBx   ,                                                                                              (А.4) 

 

3)       

































422

22
2/

2

2
2/122

1

21212
exp

21

21
21

22
2










 x
H

x
xHee n

n

n

x
x ,               (А.5) 

 

where  xAi  is the Airy function and  xH n   is Hermite polynomial. To derive the formula (A.4) we have used the 

integral [22] 

 

   






















 


2

2/
2

2

cp

p
cyH

p

cp

p
dxcxHe n

n

n

yxp 
, y ,  Re 0p .                                                  (A.6) 
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By using an analogy between the gravitational field and electric field (Coulomb’s law and Newton’s law of gravity), it has been 
proposed that the change of gravitational field over time should lead to the emergence of a new vortex field similar vortex magnetic 

field due to the Maxwell's bias current. The gravitational field and the new vortex field create one another and spread in space, always 

remaining perpendicular to one another and to the spreading direction, similarly to the electric and magnetic fields in electromagnetic 

wave. The occurrence of black holes, dark energy and dark matter can be explained by existence of new vortex field.  
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INTRODUCTION 

 

According to the Gauss's law [1] the flux of the 

gravitational field, created by a single particle of mass  

through the closed surface equals to: 

 

                          �  = 4 �                              (1) 

 

where �  is the gravitational field,   is the surface 

element, � is the gravitational constant. 

Formula (1) can be rewritten in differential form by using 

Gauss's theorem as,  

  �  =  ���  = 4 �   

or 

                             ��� = 4 �                            (2) 

 

where  is the density of the particle of mass  and of 

volume . 

 

BASIC EQUATIONS 

 

By using an analogy between the gravitational field 

and electric field (Coulomb’s law and Newton’s law of 

gravity), we can conclude that the change of  �  over time 

should lead to the emergence of a new vortex field   

(similar Maxwell's equation for bias current [2, 3]):  

  = −  �  = −4 �  

                      = −4 � − 4 �                (3) 

 

or by using the Stokes’s theorem we obtain, 

 

                               = − �  
                            (4) 

                                      

Besides, the change of    over time should lead to the 

emergence of a new vortex gravitational field �  (similarly, 

Faraday's law of induction [4]): 

 

                   � = − 1�2                            (5) 

 

where � is some parameter.   

By using the Stokes’ theorem formula (5) can be rewritten 

in differential form as,  

 

                        � = − 1�2

  
                               (6) 

 

Producing operation  in both parts of equation (6) and 

substituting the expression of �    from equation (4) we 

obtain: 

 

                  � = − 1�2

                         (7) 

 

or 

                   � = − 1�2

2�  
2

                            (8) 

 

It is the wave equation for gravitational field, that spreads 

in space with the speed �. In case  �   (0,0, � ) and  �    

after some simplifications we obtain 

 

                       
2�

2
=

1�2

2�
2

                           (9) 

 

that we can solve as, 

 

                          � = � 0
�( − )                     (10) 

 

Actually, by substituting this function to the (9) we obtain 

the wave vector: 

 

                    = � =
2 �� =

2�               (11) 

 

Analogically, producing operation  in both parts of 

equation (4) and substituting the expression of �  from 

equation (6) we obtain: 

 

mailto:abbasovhakim@gmail.com
https://en.wikipedia.org/wiki/Gravitational_constant
https://en.wikipedia.org/wiki/Faraday%27s_law_of_induction
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               = − 1�2

   �                        (12) 

 

or 

                     = − 1�2

2   
2

                         (13) 

 

It is the wave equation for vortex field  , that also spreads 

in space with the speed �. In case   (0, , 0) and     

we obtain 

 

                     
2

2
=

1�2

2

2
                           (14) 

 

that we can solve as, 

 

                       = 0
�( − )                       (15) 

 

CONCLUSION 

 

As seen from expressions (10) and (15) these two 

fields: the gravitational field �  and the vortex field   

create one other and spread in space by the velocity �, 

always remaining perpendicular to one another and to the 

spreading direction, similarly to the electric and magnetic 

fields in electromagnetic wave.    

On the base of this model it is possible to explain the 

existence of black holes, dark energy and dark matter. 

Really, the destruction and a birth of stars always happen 

in space that is accompanied in changing of mass of these 

stars, in other words in changing of their gravitational 

fields. It was found that the universe is expanding 

(Hubble’s law) at an increasing rate [5]. This means that in 

the considered constant volume of space the density of the 

universe decreases, what leads to the emergence of a new 

vortex field according to the formula (4). This field 

possesses a certain energy that can be evaluated 

approximately by Einstein’s formula ∆ = 2∆  [6]. 

The existence of this new field could be tested by the 

following simple experiment (Fig.1). Let us consider the 

interaction between two pellets: small of mass  and big 

of mass �( ). The big pellet was filled by the water and 

this water begins to flow through the valve during a certain 

time.  In equilibrium state we can write:  
 

                              � � = � �
2

                       (16) 

 

Tcos� = mg                          (17) 

 

As seen from figure 1 the mass of big pellet in the given 

time  can be written as: 

 

                           � = �0 − 2                    (18) 

 

and = � − ��. By dividing equations (16) to the 

equation (17) we can found: 

 

                         �� =
���(�− �� )2

                            (19)  

or  

 

    �(� − ��)2 �� = �(�0 − 2 )          (20) 
 

 

 
 

Fig. 1. 

 

By measuring �( ) and ( ) it is possible to test the 

validity of the equation (20). The deviation from 

expression (20) will mean the existence of a new vortex 

field.  

In fact for exact estimation we must take into account 

a little shift of mass center of big pellet, that is negligible 

in the case, when � ≫  and  if the test is carried out in a 

short period of time. 
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The adsorbent regeneration processes by electric gas discharge influence have been studied. The thermally stimulated relaxa-

tion method (TSR) widely used at study of electric charge relaxation in polymer films and other dielectric materials is used for re-

vealing of charged state in natural adsorbents of benthonic clay. The influence of electric fields and discharges on natural adsorbent –
bentonite leads to its additional regeneration and simultaneously to appearance of charged state in it.       

 

Keywords: natural adsorbent, regeneration, torch discharge, monomer.  

PACS: 52.25-b; 52.80. He; 52.00.00 

 

INTRODUCTION 
 

  The main regularities taking place in the system 

“adsorbent – adsorbate – strong electric field” is            
necessary to reveal in the connection with big perceptivity 

of electric control of adsorption processes in problems of 

purification and liquid separation. The appearance of   

electric charges of different signs on the surface and in the 

adsorbent volume is the one of the essential physical    

factors defining the substance properties [1-4].     

It is known that the influence of electric discharge 

on adsorbents changes their adsorptive capacity [5-7].  

The adsorbents are treated by activating influences 

of different types for increase of efficiency: chemical, 

radiation, electric and etc. The influences by electric 

fields and discharges significantly changing the            

adsorptive capacity of adsorbents are the most effective 

ones.  

The polarization processes in electric field or electric 

charge introduction directly on the surface or in material 

volume take place in the result of electric influences on 

adsorbents in them. The given processes lead to           

appearance of bound electric charges, i.e. the charged 

state in material forms [5-8]. As it is mentioned by au-

thors of the given works, the electric charges introduced 

in adsorbent can be the centers of high adsorption from 

liquid of different impurities because of the Van-der-

Waals force activity in system adsorbent – impurity par-

ticle.    

The study of different mechanism changes in natural 

adsorbents treated by electric influences is necessary for 

solving of task of sorption process intensification with the 

help of electric discharges.   
 

EXPERIMENT TECHNIQUE AND DISCUSSION 

OF OBTAINED RESULTS 
 

The investigations of adsorbent regeneration process 

by influence of electric gas discharge have been carried 

out in the given paper. 

Adsorbent-bentonite is treated by regeneration 

process in vacuum condition at 180ºС temperature; later 

the sample is divided into two parts each by 1300mg. Fur-

ther, 350mg hydrocarbon composition monomer is added 

in ampoule with bentonite by height 1300mg and 82mg 

monomer is added in other one and both systems are en-

dured during 24 hours.     

The results characterizing the monomer adsorption 

process are presented in tables 1 and 2.   
 

                                       Table 1. 
 

Monomer, 350 mg 

t, h m, mg 

1 340+1310 

2 335+1315 

5 330+1320 

8 330+1320 

24 330+1320 
 

                                                          Table 2. 
 

Monomer, 82 mg 

t, h m, mg 

1 72+1310 

2 70+1312 

5 66+1316 

8 66+1316 

24 66+1316 

 

From tables 1 and 2 it is seen that adsorbent absorbs 

the insignificant monomer quantity and total saturation is 

observed during 5 hours. In further experiments the ad-

sorbents saturated by monomer are treated by regenera-

tion by the way of torch discharge influence in them. The 

principal electric scheme of material treatment by electric 

discharge of torch type is presented on fig.1.    
 

 
 

Fig.1. Principal electric scheme: 

 PU is power unit, kV is kilovolt-meter,R0, Rg is resistance  

 divisor, R1,R…Rn are limiting resistors, MI is measuring  

 instrument, 1 is metallic substrate, 2 is electrode.  
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Further, the adsorption process is carried out again 

in previous conditions. The given process results are pre-

sented in tables 3 and 4.   

The method of thermostimulated relaxation (TSR) 

widely used at study of electric charge relaxation in      

polymer films and other dielectric materials is used for 

revealing of charged state in natural adsorbents of          

bentonite clay [9].   

The experiment of TSR method is carried out by the 

way of sample heating from room temperature up to 

450ºС with constant velocity 2º/min with simultaneous 
record of relaxation current curve in temperature function 

(and time) on two-coordinate recorder with amplifier. The 

heating linearity is supplied by special electron device. 

The thermostimulated current curve is shown on    

fig. 2. The presence of two high-temperature peaks 

(300ºС, 430ºС) proves the relaxation of electric charges in 

samples.    

The square taken under current curve TSR in time 

function corresponds to sum charge relaxed in the sample. 

The charge quantity corresponded to peaks is:     

Q1=1,810
-7

 coulomb; Q2=2,810
-7

 coulomb. 

                                                                Table 3. 

 

Monomer, 350 mg 

t, h m, mg 

1 20+1630 

2 12+1638 

5 8+1642 

8 6+1644 

24 2+1648 

 

                                                         Table 4. 

 

Monomer, 82 mg 

t, h m, mg 

1 18+1364 

2 12+1370 

5 10+1372 

8 8+1374 

24 4+1378 

 

     

 

 

 
 

Fig. 2. The curve of thermostimulated current. 

 

 
 

Fig.3. The dependence of bentonite electric resistance on degree of its saturation by steams before and after treatment by torch                

           discharge: 

 1 is adsorbent nontreated by electric discharge   

 2 is adsorbent treated by electric discharge. 
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The results of carried investigations show that the 

adsorption ability of adsorbents increases in many times 

at their regeneration with torch discharge influence. The 

fact of increase of bentonite adsorption ability is proved 

again in further experiments. The bentonite treated by the 

influence of torch discharge is used in bentonite. The 

change of adsorbent resistance fig.3) in dependence on 

humidification degree before and after treatment is        

investigated.     

The bentonite humidification is carried out by two 

methods: by the way of water barbotage and also by aging 

of bentonite portion in atmosphere with humidity 50%. 

Moreover, the mass change and sample electric resistance 

are mentioned in definite time periods. The quantity of 

absorbed water is defined by mass change.   

The bentonite intensively adsorbs the steams and in 

time (approximately after 40 hours) the process           

transforms into saturation region in initial stages. The 

measurement of electric resistance through the definite 

time intervals correspondent to definite humidification 

degrees allows us to reveal the dependence character of 

specific resistance change on humidity time (fig.3).       

 

CONCLUSION 

 

Thus, it is shown that the influence of electric fields 

and discharges on natural adsorbent-bentonite leads to its 

additional regeneration. This is connected with the fact 

that the bound water in adsorbent transforms into         

dissolved state under influence of electric discharge on 

adsorbent and it easily desorbs. The electro-treatment of 

adsorbents makes wider the bentonite application in      

different technological processes.   

________________________________ 
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