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This paper is devoted to Brillouin study of the influence of different regimes of electric field 

application on the temperature behavior of a quasi-longitudinal acoustic phonon and quasielastic light 

scattering in the temperature range from 77 to 300 K in  PbMg1/3Nb2/3O3  (PMN) crystal. 

Keywords: relaxor ferroelectrics, acoustic phonon, quasielastic light scattering, phase transi-

tion. 

PbMg1/3Nb2/3O3 (PMN) is a model compound for studies of properties of a large fami-

ly of relaxor ferroelectrics with the general formula ABǋBǌO3. The PMN crystal lattice dy-

namics is characterized by a frequency-dependent anomaly of the dielectric response extended 

for hundreds of degrees which is not related to a structural phase transition. The crystal sym-

metry remains cubic up to helium temperatures. The electric field application leads to a 

change in the dynamics of phase transformations, i.e., a ferroelectric structural phase transi-

tion occurs in PMN. The results of PMN investigations under an applied electric field are 

clearly visualized in phase diagrams [1]. It is well known that relaxor properties depend on 

the applied field regimes. For example, Brillouin light scattering studies of the PMN proper-

ties in E Í 0 revealed the electroacoustic effect which manifested itself in the dependence of 
the behavior of the quasi-longitudinal acoustic (QLA) phonon velocity on the magnitude and 

direction of the applied field ɽ [2].  

The goal of our studies reported here was to understand how the applied electric field 

regimes (E = 5 kV/cm) affect the behaviors of the QLA phonon with a wave vector q||[110] 

and quasielastic light scattering in the temperature range from 77 to 300 K. The following re-

gimes of electric field application were used: (i) Cooling in E = 0 (ZFC), the field application 

at the liquid nitrogen temperature, and then heating in the field (FH); (ii) Cooling (FC) and 

heating in the field (FH); and (iii) Cooling in the field (FC), removal of the field at the liquid 

nitrogen temperature and then heating in E = 0 (ZFH). The objects of the experiments were 

PMN samples 5x3x1 mm
3
 in size with the largest faces on which electrodes were deposited

perpendicular to the crystallographic [111], [110] and [100] directions. The measurements 

were carried out by Fabry-Perot tandem interferometer in a 180-degree scattering geometry. 

The light source was a laser with a wavelength of 514.5 nm. It was found that the behaviors of 

the QLA phonon and quasielastic light scattering exhibited anomalies that depended on the 
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applied field regimes and direction of applied field. The results are discussed within the 

framework of existing phase E-T diagrams and modern concepts of the physics of relaxor fer-

roelectrics. 
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Figure. Temperature behavior of relative changes of sound velocity of QLA acoustic 

phonon with different regime of applied electric field 
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ɻʋ çɼʦʥʝʮʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ɸ. ɻʘʣʢʠʥʘè, ɼʦʥʝʮʢ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʧʘʨʘʤʝʪʨʦʚ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 
ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʛʝʪʝʨʦʜʠʬʬʫʟʠʠ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʞʠʜʢʠʭ ʬʘʟʘʭ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ Fe ʠ Al 

ʠ ʵʬʬʝʢʪʠʚʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ, ʢʦʥʪʨʦʣʠʨʫʶʱʠʭ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʩʪʝʢʦʣ ʥʘ ʠʭ 
ʦʩʥʦʚʝ, ʚ ʩʚʷʟʠ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʜʠʬʬʫʟʠʦʥʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʝʢʣʘ, ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʵʬʬʝʢʪʠʚʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 
ʜʠʬʬʫʟʠʠ, ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʝ ʤʥʦʞʠʪʝʣʠ, ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ, ʤʝʭʘʥʠʟʤʳ ʜʠʬʬʫʟʠʠ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʩʷ ʘʥʘʣʠʟ ʧʘʨʘʤʝʪʨʦʚ ʘʨʨʝʥʠʫʩʦʚʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠ-
ʩʠʤʦʩʪʝʡ ʵʬʬʝʢʪʠʚʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ, ʢʦʥʪʨʦʣʠʨʫʶʱʝʡ ʟʘʨʦʞʜʝʥʠʝ ʠ ʨʦʩʪ 
ʢʨʠʩʪʘʣʣʦʚ ʚ ʘʤʦʨʬʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʠ ʘʣʶʤʠʥʠʷ. ʕʬʬʝʢ-
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ʪʠʚʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʬʬʫʟʠʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʫʪʝʤ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-
ʥʳʭ ʜʘʥʥʳʭ ʧʦ ʩʪʨʫʢʪʫʨʝ ʢʨʠʩʪʘʣʣʠʟʫʶʱʠʭʩʷ ʩʪʝʢʦʣ ʠ ʢʠʥʝʪʠʢʝ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʩ ʟʘʚʠ-
ʩʠʤʦʩʪʷʤʠ, ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʚ ʨʘʤʢʘʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ [1]. ɸʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʚ 
ʨʘʤʢʘʭ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʌʝʜʦʨʦʚʳʤ [2] ʫʨʘʚʥʝʥʠʷ ( )0 exp /D A Q B= , ʩʚʷʟʳʚʘʶʱʝʛʦ
ʟʥʘʯʝʥʠʷ ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʭ ʤʥʦʞʠʪʝʣʝʡ D0 ʠ ʵʥʝʨʛʠʡ ʘʢʪʠʚʘʮʠʠ ʛʝʪʝʨʦ- ʠ ʩʘʤʦ-
ʜʠʬʬʫʟʠʠ ʜʠʬʬʫʟʠʠ Q. ʇʦʟʜʥʝʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ [3], ʯʪʦ ʫʨʘʚʥʝʥʠʝ ʌʝʜʦʨʦʚʘ, ʧʨʝʜ-
ʩʪʘʚʣʷʶʱʝʝ ʩʦʙʦʡ ʯʘʩʪʥʳʡ ʩʣʫʯʘʡ ʢʦʤʧʝʥʩʘʮʠʦʥʥʦʛʦ ʟʘʢʦʥʘ, ʚʳʧʦʣʥʷʝʪʩʷ ʜʣʷ ʢʦʵʬ-
ʬʠʮʠʝʥʪʦʚ ʛʝʪʝʨʦʜʠʬʬʫʟʠʠ ʚʦ ʚʩʝʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʘʭ ʩ ʝʜʠʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 
A = 10

ï7
 ʤ2/ʩ and B = 0,39 ʵɺ ʠ ʚʩʝʭ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʘʭ ʩ ʧʘʨʘʤʝʪʨʘʤʠ A = 10

ï20ï10
ï19

ʤ2/ʩ and B = 0,054ï0,056 ʵɺ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʦʪʨʘʞʘʶʪ ʤʝʭʘʥʠʟ-
ʤʳ ʜʠʬʬʫʟʠʠ.  

ɸʥʘʣʠʟ, ʧʨʦʚʝʜʝʥʥʳʡ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʬʬʝʢʪʠʚʥʳʭ ʢʦʵʬʬʠ-
ʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ, ʢʦʥʪʨʦʣʠʨʫʶʱʝʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʘʤʦʨʬʥʳʭ ʬʘʟ ʚ ʩʧʣʘʚʘʭ ʥʘ ʦʩ-
ʥʦʚʝ Fe ʠ Al ʧʦ ʧʝʨʚʠʯʥʳʤ ʠ ʵʚʪʝʢʪʠʯʝʩʢʠʤ ʤʝʭʘʥʠʟʤʘʤ, ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʛʝʪʝʨʦʜʠʬʬʫ-
ʟʠʠ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʞʠʜʢʠʭ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ Fe ʠ Al ʠ ʩʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ 
ʜʘʥʥʳʭ ʩ ʦʙʦʙʱʝʥʥʳʤʠ ʢʦʨʨʝʣʷʮʠʷʤʠ log(D0)ïQ ʜʣʷ ʜʠʬʬʫʟʠʠ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 
ʩʧʣʘʚʘʭ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ [3], ʧʦʟʚʦʣʠʣ ʫʩʪʘʥʦʚʠʪʴ ʩʣʝʜʫʶʱʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ: 
ï ʢʦʨʨʝʣʷʮʠʠ log(D0)ïQ ʜʣʷ ʵʬʬʝʢʪʠʚʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ, ʢʦʥʪʨʦʣʠʨʫʶʱʝʡ
ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʩʪʝʢʦʣ ʥʘ ʦʩʥʦʚʝ Fe ʠ Al ʭʦʨʦʰʦ ʘʧʧʨʦʢʩʠʤʠʨʫʶʪʩʷ ʣʠʥʝʡʥʳʤʠ ʟʘʚʠ-
ʩʠʤʦʩʪʷʤʠ, ʦʜʥʘʢʦ ʩ ʨʘʟʣʠʯʥʳʤʠ A ((3.7Ñ0.7)³10

ï18
 ʠ (1.7 Ñ 0.5)³10

ï19
 ʤ2/ʩ) ʠ B (0.064 Ñ

0.005 ʠ 0.041 Ñ0.006 ʵɺ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ;
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ʈʠʩʫʥʦʢ. ʂʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʭ ʤʥʦʞʠʪʝʣʝʡ ʠ ʵʥʝʨʛʠʡ  

ʘʢʪʠʚʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ ʚ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ Fe (ʘ)  
ʠ Al (ʙ): 1 ʠ 2 ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʛʝʪʝʨʦʜʠʬʬʫʟʠʠ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ [4] ʠ ʞʠʜʢʠʭ [4, 5] ʩʧʣʘʚʘʭ 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 3 ï ʵʬʬʝʢʪʠʚʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʬʬʫʟʠʠ, ʢʦʥʪʨʦʣʠʨʫʶʱʝʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ 

ʘʤʦʨʬʥʳʭ ʬʘʟ, ʰʪʨʠʭʦʚʳʝ ʣʠʥʠʠ ï ʦʙʦʙʱʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦ ʢʦʵʬʬʠʮʠʝʥʪʘʤ ʛʝʪʝʨʦʜʠʬʬʫʟʠʠ  
ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʘʤʦʨʬʥʳʭ ʬʘʟʘʭ [3] 

ï ʧʘʨʘʤʝʪʨʳ ʢʦʨʨʝʣʷʮʠʡ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʛʝʪʝʨʦʜʠʬʬʫʟʠʠ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘ-
ʚʘʭ ʥʘ ʦʩʥʦʚʝ Al ʠ Fe, ʧʦʩʪʨʦʝʥʥʳʝ ʧʦ ʜʘʥʥʳʤ ʨʘʙʦʪ [2, 4], ʦʢʘʟʘʣʠʩʴ ʨʘʟʣʠʯʥʳʤʠ: A

((2.0 Ñ 0.3)³10
ï12

 ʠ (4.8 Ñ 0.3)³10
ï9

 ʤ2/ʩ) ʠ B (0.161 Ñ 0.010 ʠ 0.144 Ñ 0.008 ʵɺ);

ï ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ ʧʨʝʜʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʭ ʤʥʦʞʠʪʝʣʝʡ ʠ ʵʥʝʨʛʠʡ ʘʢʪʠ-
ʚʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ ʚ ʨʘʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ Fe

ʠ Al ʠʤʝʶʪ ʧʘʨʘʤʝʪʨʳ A ((4.9 Ñ 0.1)³10
ï9

 ʠ (2.2Ñ0.1)³10
ï9

 ʤ2/ʩ) ʠ B (0.126 Ñ 0.016 ʠ
0.071 Ñ 0.005 ʵɺ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ;

ï ʚ ʨʘʤʢʘʭ ʧʨʝʜʧʦʣʦʞʝʥʠʷ [2,3], ʯʪʦ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʘ B ʦʪʨʘʞʘʶʪ ʤʝʭʘʥʠʟʤ ʜʠʬʬʫ-
ʟʠʠ, ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ ʥʘʣʠʯʠʠ ʚʢʣʘʜʘ ʢʦʦʧʝʨʘʪʠʚʥʳʭ ʩʤʝʱʝʥʠʡ ʚ ʜʠʬʬʫʟʠʶ ʥʘ ʛʨʘʥʠʮʝ
ʨʘʟʜʝʣʘ ʞʠʜʢʦʡ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟ.
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Current literature presents quite a few facts evidencing that the energy barriers, which 

control various relaxation processes in metallic glasses, are determined by the unrelaxed shear 

modulus. This idea is put into the basis of the Interstitialcy theory of condensed matter states 

assuming that relaxation phenomena in metallic glasses are governed by structural ñdefectsò, 
which by their properties are similar to dumbbell interstitials in crystalline metals. The for-

mation enthalpy of these defects is proportional to the shear modulus while the latter deter-

mines their concentration. Thus, precision measurements of the shear modulus allow monitor-

ing the defect concentration, which reflects the kinetics of relaxation phenomena in metallic 

glasses.  

This approach is being developed by the present authors during a few past years and 

found to be quite fruitful. It was shown that various relaxation phenomena occurring upon 

structural relaxation and crystallization of metallic glasses can be quantitatively explained 

within the framework of this approach. This applies first of all to numerous examples of the 

interrelationship between the relaxation of the shear elasticity and the heat effects (heat re-

lease or heat absorption). It was found that the excess internal energy of the non-crystalline 

state with respect to the maternal crystalline state is mostly determined by the elastic energy 

of the interstitial-type defects frozen-in upon glass production. This energy dissipates as heat 

upon crystallization of glass so that the heat of crystallization approximately equals to the 

elastic energy of these defects, which is controlled by the macroscopic shear modulus. The 

same approach allowed explanation of the relationship between the enthalpies of structural 

relaxation and crystallization of metallic glass with the melting enthalpy of the maternal crys-

tal. It was found that the excess enthalpy of metallic glass determined by the macroscopic 

shear modulus also controls the height of the low temperature boson heat capacity peak of 

metallic glasses. 

This presentation is devoted to a review of the above approach, which clearly demon-

strates a genetic relationship of the relaxation of the shear elasticity with various relaxation 

phenomena in metallic glasses. 
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ʊɽʇʃʆʌʀɿʀʏɽʉʂʀɽ ʗɺʃɽʅʀʗ ɺ ʕʃɽʂʊʈʆʍʀʄʀʏɽʉʂʀʍ ʉʀʉʊɽʄɸʍ 

ʕ. ɸ. ɻʨʘʥʢʠʥ, ʖ.ʅ. ʐʘʣʠʤʦʚ1
 

ɼ-ʨ ʪʝʭʥ. ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, shalimov_yn@mail.ru 

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ʈʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʨʝʣʘʢʩʘʮʠʠ ʵʣʝʢʪʨʦʣʠʪʦʚ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʵʣʝʢʪʨʦʜ 
ï ʵʣʝʢʪʨʦʣʠʪ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʵʣʝʢʪʨʦʣʠʟʘ.  ʇʦʢʘʟʘʥʳ ʦʩʥʦʚʥʳʝ ʘʩʧʝʢʪʳ ʚʨʝʤʝʥʥʦʡ ʨʝ-
ʣʘʢʩʘʮʠʠ ʵʣʝʢʪʨʦʣʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʘ ʠʤʝʥʥʦ ʵʣʝʢʪʨʦʣʠʪʦʚ ʭʨʦʤʠʨʦʚʘʥʠʷ
ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʘʪʘ ʭʨʦʤʘ ʠ ʵʣʝʢʪʨʦʣʠʪʦʚ ʥʠʢʝʣʠʨʦʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʩʫʣʴʬʘʤʘʪʘ ʥʠʢʝʣʷ ʩ ʙʝʟʫʛ-
ʣʝʨʦʜʥʦʡ ʙʦʨʩʦʜʝʨʞʘʱʝʡ ʜʦʙʘʚʢʦʡ ʢʣʘʩʩʘ ʧʦʣʠʵʜʨʠʯʝʩʢʠʝ ʙʦʨʘʪʳ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʨʝʤʝʥ-
ʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʢʦʤʧʣʝʢʩʦʚ, ʦʙʨʘʟʫʶʱʠʭ ʵʪʠ ʩʦʝʜʠʥʝʥʠʷ.

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʥʫʪʨʝʥʥʝ ʪʨʝʥʠʝ, ʠʤʧʫʣʴʩʥʳʡ ʵʣʝʢʪʨʦʣʠʟ, ʜʝʬʝʢʪʳ ʩʪʨʫʢʪʫʨʳ. 

ʇʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʫʱʝʩʪʚʠʣ ʧʨʦʬʝʩʩʦʨ ʍʘʨʴʢʦʚʩʢʦʛʦ 
ʋʥʠʚʝʨʩʠʪʝʪʘ ʅ.ʅ. ɹʝʢʝʪʦʚ, ʢʦʪʦʨʳʡ ʠʟʫʯʘʣ ʵʬʬʝʢʪʳ ʪʝʧʣʦʚʳʜʝʣʝʥʠʷ ʥʘ ʵʣʝʢʪʨʦʜʘʭ 
ʧʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʨʝʘʢʮʠʡ ʚ ʧʨʦʮʝʩʩʝ ʵʣʝʢʪʨʦʣʠʟʘ. 
ʇʝʨʚʦʧʨʠʯʠʥʦʡ ʵʪʠʭ ʷʚʣʝʥʠʡ ʦʥ ʩʯʠʪʘʣ ʠʟʤʝʥʝʥʠʝ ʧʨʠʨʦʜʳ ʚʝʱʝʩʪʚ ʥʘ ʵʣʝʢʪʨʦʜʘʭ ʚ 
ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ. ɺʧʦʩʣʝʜʩʪʚʠʠ, ʵʪʠ ʨʘʙʦʪʳ ʙʳʣʠ ʧʨʦʜʦʣʞʝʥʳ ʥʘ ʢʘʬʝʜʨʝ 
ʬʠʟʠʯʝʩʢʦʡ ʭʠʤʠʠ ʪʦʛʦ ʞʝ ʫʥʠʚʝʨʩʠʪʝʪʘ ʧʨʦʬʝʩʩʦʨʦʤ ɼ.ʅ. ɻʨʠʮʘʥʦʤ ʩ ʩʦʪʨʫʜʥʠʢʘʤʠ. 
ʇʦʜʦʙʥʦʛʦ ʨʦʜʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʪʘʢʞʝ ʥʘ ʢʘʬʝʜʨʝ ʦʙʱʝʡ ʭʠʤʠʠ ɺʦʨʦʥʝʞ-
ʩʢʦʛʦ ʧʦʣʠʪʝʭʥʠʯʝʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʧʨʦʬʝʩʩʦʨʘ ɸ.ʀ. ʌʘʣʠʯʝʚʦʡ. ʅʘ 
V ɺʩʝʩʦʶʟʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʵʣʝʢʪʨʦʭʠʤʠʠ ʯʣʝʥʦʤ ʢʦʨʨʝʩʧʦʥʜʝʥʪʦʤ ɸʅ ʉʉʉʈ 
ɿ.ɻ. ʃʝʚʠʯʝʚʳʤ ʙʳʣʘ ʦʪʤʝʯʝʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʵʪʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ [1-3]. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʣʠʰʴ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 
ʦʪʨʘʞʘʝʪ ʩʫʪʴ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʧʨʦʪʝʢʘʶʱʠʭ ʥʘ ʵʣʝʢʪʨʦʜʘʭ ʨʝʘʢʮʠʡ. ʉʫʱʝ-
ʩʪʚʫʶʱʠʝ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʝʪʦʜʠʢʠ ʥʝ ʧʦʟʚʦʣʷʶʪ ʜʘʞʝ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʧʨʝʜʝʣʷʪʴ 
ʪʝʤʧʝʨʘʪʫʨʫ ʚ ʟʦʥʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ (ʚ ʦʙʣʘʩʪʠ ʜʚʦʡʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʩʣʦʷ). ʆʩʥʦʚʥʳʝ ʟʘʪʨʫʜʥʝʥʠʷ ʩʚʷʟʘʥʳ ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʠ ʨʘʟʥʦʦʙʨʘʟʠʝʤ ʪʝʧʣʦʚʳʭ 
ʵʬʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʦʪʣʠʯʘʪʴʩʷ ʥʝ ʪʦʣʴʢʦ ʚʝʣʠʯʠʥʦʡ ʠʭ ʚʢʣʘʜʘ, ʥʦ ʠ ʟʥʘʢʦʤ. 
ʀʤʝʥʥʦ ʵʪʘ ʧʨʠʯʠʥʘ ʟʘʩʪʘʚʠʣʘ ʥʘʩ ʠʩʢʘʪʴ ʥʝ ʧʨʷʤʳʝ, ʘ ʢʦʩʚʝʥʥʳʝ ʧʫʪʠ ʦʧʨʝʜʝʣʝʥʠʷ 
ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʟʦʥʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ʊʦʪ ʬʘʢʪ, ʯʪʦ ʧʨʠ ʛʘʣʴʚʘʥʠʯʝʩʢʦʤ 
ʩʧʦʩʦʙʝ ʧʦʣʫʯʝʥʠʷ ʤʝʪʘʣʣʘ ʠʟ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʵʣʝʢʪʨʦʣʠʪʘ ʬʦʨʤʠʨʫʝʤʘʷ ʘʪʦʤʥʘʷ 
ʩʪʨʫʢʪʫʨʘ ʤʘʣʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʘʥʘʣʦʛʠʯʥʦʛʦ ʤʝʪʘʣʣʘ ʧʦʣʫʯʘʝʤʦʛʦ ʤʝʪʦʜʦʤ ʧʣʘʚʣʝʥʠʷ,  
ʥʘʚʦʜʠʪ ʥʘ ʤʳʩʣʴ ʦ ʪʦʤ, ʯʪʦ ʚ ʟʦʥʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʣʘʩʪʝʨʘ ʤʝʪʘʣʣʘ 
ʨʝʘʣʠʟʫʝʪʩʷ çʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʢʘʯʝʢè ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʥʘ ʧʦʨʷʜʦʢ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 
ʩʨʝʜʥʝʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʦʙʲʝʤʝ ʵʣʝʢʪʨʦʣʠʟʝʨʘ. 

ʘ ʙ ʚ 
ʈʠʩʫʥʦʢ. ɿʘʚʠʩʠʤʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʵʣʝʢʪʨʦʜʥʦʛʦ (ʢʘʪʦʜʥʦʛʦ) ʩʣʦʷ ʵʣʝʢʪʨʦʣʠʪʘ 

ʦʪ ʚʨʝʤʝʥʠ ʵʣʝʢʪʨʦʣʠʟʘ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʷʭ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 
ʜʣʷ ʵʣʝʢʪʨʦʣʠʪʦʚ ʭʨʦʤʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ:  

ʘ) ʩʝʨʥʦʢʠʩʣʦʛʦ, ʙ) ʭʨʦʤʩʫʣʴʬʘʪʥʦʛʦ, ʚ) ʧʝʨʭʣʦʨʘʪʥʦʛʦ 
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ʇʦ ʩʫʱʝʩʪʚʫ, ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʚʝʱʝʩʪʚʘ ʧʨʠ 
ʧʨʦʭʦʞʜʝʥʠʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. ʇʨʠ ʵʪʦʤ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʵʪʠʭ ʮʝʣʝʡ ʩʣʝ-
ʜʫʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʘʢ ʩʪʨʫʢʪʫʨʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʤʝʪʦʜ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ, ʫʩʧʝʰʥʦ 
ʧʨʠʤʝʥʷʶʱʠʡʩʷ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜʘʭ ʚ 
ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤʠ ʠ ʤʘʛʥʝʪʦʭʠʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ. ʅʘʰʠ ʧʨʝʜ-
ʩʪʘʚʣʝʥʠʷ ʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʫʩʣʦʚʠʷʭ ʬʘʟʦʚʦʛʦ ʧʝʨʝ-
ʭʦʜʘ, ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ, ʜʦʣʞʥʳ ʙʳʪʴ ʧʝʨʝʩʤʦʪʨʝʥʳ. ʕʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʥʝʢʦʪʦʨʦʤʫ 
ʫʩʣʦʞʥʝʥʠʶ ʨʘʩʯʝʪʥʳʭ ʬʦʨʤʫʣ ʟʘʪʦ ʜʘʩʪ ʦʪʚʝʪ ʥʘ ʤʥʦʛʠʝ ʚʦʧʨʦʩʳ ʩʚʷʟʘʥʥʳʝ ʩ ʤʦʣʝ-
ʢʫʣʷʨʥʳʤ ʧʝʨʝʥʦʩʦʤ ʚʝʱʝʩʪʚʘ. 
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(1) 

ɺʳʨʘʞʝʥʠʝ (1) ʦʧʨʝʜʝʣʷʝʪ ʠʟʤʝʥʝʥʠʝ ʠʤʧʫʣʴʩʘ ʵʥʪʘʣʴʧʠʠ ʟʘ ʩʯʝʪ ʪʨʝʭ ʩʦʩʪʘʚ-
ʣʷʶʱʠʭ (ʠʟʣʫʯʝʥʠʷ, ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʧʝʨʝʥʦʩʘ ʠ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʬʬʫʟʠʠ). ʇʨʠ ʵʪʦʤ 
ʦʙʱʠʡ ʚʠʜ ʫʨʘʚʥʝʥʠʷ ʧʦ ʬʦʨʤʝ ʦʩʪʘʝʪʩʷ ʧʨʝʞʥʠʤ, ʘ ʟʥʘʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʧʝʨʝʭʦʜʷʪ ʚ 
ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʟʘʚʠʩʠʤʳʝ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʝʱʝʩʪʚ ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʦʢʠʩʣʝʥʥʦʡ ʠ ʚʦʩ-
ʩʪʘʥʦʚʣʝʥʥʦʡ ʬʦʨʤ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʟʦʥʝ ʨʝʘʢʮʠʠ 
ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʨʘʚʥʝʥʠʷ ʅʝʨʥʩʪʘ-ʇʝʪʝʨʩʦʥʘ ʜʣʷ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʧʦʩʢʦʣʴʢʫ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʢʠʩʣʝʥʥʦʡ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥ-
ʥʦʡ ʬʦʨʤ ʚʝʱʝʩʪʚʘ ʤʦʛʫʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʀʩʧʦʣʴʟʫʷ ʪʘʢʦʡ ʧʦʜʭʦʜ 
ʢ ʨʝʰʝʥʠʶ ʟʘʜʘʯʠ, ʥʘʤ ʫʜʘʣʦʩʴ ʫʩʪʘʥʦʚʠʪʴ ʠʩʪʠʥʫ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʤʝʭʘʥʠʟʤʘ ʘʥʦʜʥʦʛʦ 
ʦʢʠʩʣʝʥʠʷ ʘʣʶʤʠʥʠʷ ʚ ʨʘʩʪʚʦʨʝ ʭʣʦʨʠʜʘ ʥʘʪʨʠʷ. 
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ɺ ʉɽɻʅɽʊʆʕʃɽʂʊʈʀʂɸʍ, ɺʓɿɺɸʅʅɸʗ ɿɸʇɸɿɼʓɺɸʅʀɽʄ 

ʕʂʈɸʅʀʈʆɺɸʅʀʗ  

ɺ.ʗ. ʐʫʨ1, ɸ.ʈ. ɸʭʤʘʪʭʘʥʦʚ2, ɸ.ɸ. ɽʩʠʥ3, ʄ.ɸ. ʏʫʚʘʢʦʚʘ4
 

1ɼ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, vladimir.shur@urfu.ru 
2ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʩʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, andrey.akhmatkhanov@urfu.ru 

3ʀʥʞʝʥʝʨ, Alexander.Esin@urfu.ru 
4ʄʣʘʜʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, m.a.chuvakova@urfu.ru 

ʌɻɸʆʋ ɺʆ çʋʨʌʋ ʠʤʝʥʠ ʧʝʨʚʦʛʦ ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʠ ɹ.ʅ. ɽʣʴʮʠʥʘè, ɽʢʘʪʝʨʠʥʙʫʨʛ 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʝʥʜʨʠʪʥʦʡ ʜʦʤʝʥʥʦʡ 
ʩʪʨʫʢʪʫʨʳ ʚ ʦʜʥʦʦʩʥʳʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʭ ʠ ʩʚʝʨʭʙʳʩʪʨʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʜʦʤʝʥʦʚ ʚ ʬʦʨʤʝ ʚʦ-
ʛʥʫʪʳʭ ʤʥʦʛʦʫʛʦʣʴʥʠʢʦʚ ʚ ʚʳʧʫʢʣʳʝ. ɺʳʷʚʣʝʥʥʳʝ ʵʬʬʝʢʪʳ ʦʙʲʷʩʥʝʥʳ ʚ ʨʘʤʢʘʭ ʢʠʥʝʪʠʯʝʩʢʦ-
ʛʦ ʧʦʜʭʦʜʘ, ʠʩʧʦʣʴʟʫʶʱʝʛʦ ʘʥʘʣʦʛʠʶ ʤʝʞʜʫ ʢʠʥʝʪʠʢʦʡ ʜʦʤʝʥʦʚ ʠ ʨʦʩʪʦʤ ʢʨʠʩʪʘʣʣʦʚ. ʇʦʢʘʟʘ-
ʥʦ, ʯʪʦ ʟʘʧʘʟʜʳʚʘʥʠʝ  ʦʙʲʝʤʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʜʝʧʦʣʷʨʠʟʫʶʱʝʛʦ ʧʦʣʷ ʠʛʨʘʝʪ ʦʧʨʝʜʝʣʷʶʱʫʶ 
ʨʦʣʴ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʝʥʜʨʠʪʳ, ʥʠʦʙʘʪ ʣʠʪʠʷ, ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʜʦʤʝʥʥʳʝ ʩʪʝʥʢʠ, ʬʦʨ-
ʤʘ ʜʦʤʝʥʦʚ. 

ʀʩʩʣʝʜʦʚʘʥʦ ʠʟʤʝʥʝʥʠʝ ʬʦʨʤʳ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʜʦʤʝʥʦʚ ʧʨʠ ʧʝʨʝʢʣʶʯʝʥʠʠ ʧʦ-
ʣʷʨʠʟʘʮʠʠ ʚ ʦʜʥʦʨʦʜʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʢʦʥʛʨʫʵʥʪʥʦʛʦ ʥʠʦʙʘʪʘ 
ʣʠʪʠʷ LiNbO3 (CLN) ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʨʦʮʝʩʩʝ 
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ʧʝʨʝʢʣʶʯʝʥʠʷ ʩ ʚʳʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦ ʚʨʝʤʝʥʠ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 
ʠʟʦʙʨʘʞʝʥʠʷ ʩʪʘʪʠʯʝʩʢʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʣʫʯʝʥʥʳʝ: ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ - ʩ ʧʦʤʦ-
ʱʴʶ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʚ ʦʙʲʝʤʝ ï ʩ ʧʦʤʦʱʴʶ ʢʦʥʬʦʢʘʣʴʥʦʡ 
ʤʠʢʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (confocal Raman microscopy) ʠ ʛʝʥʝʨʘʮʠʠ 
ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ (Cherenkov-type second harmonic generation). 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʧʝʨʝʢʣʶʯʝʥʠʠ ʧʦʣʷʨʠʟʘʮʠʠ ʚ CLN ʧʨʠ ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘ-
ʪʫʨʝ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʧʦʣʦʛʠʯʝʩʢʘʷ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ ʬʦʨʤʳ ʠ ʬʦʨʤʠʨʫʶʪʩʷ ʜʝʥʜʨʠʪʥʳʝ 
ʜʦʤʝʥʳ [1,2]. ʈʦʩʪ ʜʝʥʜʨʠʪʥʳʭ ʜʦʤʝʥʦʚ ʥʘʙʣʶʜʘʣʩʷ ʚ ʧʣʘʩʪʠʥʘʭ ʩ ʠʩʢʫʩʩʪʚʝʥʥʳʤʠ ʧʦ-
ʚʝʨʭʥʦʩʪʥʳʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʣʦʷʤʠ, ʢʦʪʦʨʳʝ ʫʚʝʣʠʯʠʚʘʣʠ ʨʦʣʴ ʤʝʜʣʝʥʥʦʛʦ ʦʙʲ-
ʝʤʥʦʛʦ ʵʢʨʘʥʠʨʦʚʘʥʠʷ [3]. ʀʟʤʝʨʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʬʦʨʤʳ ʩʥʝʞʠʥʦʢ (dendrite envelope) 

ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʣʷ. ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʬʦʨʤʳ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʜʦʤʝʥʦʚ 
ʠʩʧʦʣʴʟʦʚʘʥ ʢʠʥʝʪʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʢ ʨʦʩʪʫ ʜʦʤʝʥʦʚ ʟʘ ʩʯʝʪ ʛʝʥʝʨʘʮʠʠ ʩʪʫʧʝʥʝʡ (ʧʘʨʳ 
ʢʠʥʢʦʚ) ʠ ʜʚʠʞʝʥʠʷ ʢʠʥʢʦʚ ʚʜʦʣʴ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ [4]. ʉʢʦʨʦʩʪʠ ʛʝʥʝʨʘʮʠʠ ʩʪʫʧʝʥʝʡ ʠ 
ʜʚʠʞʝʥʠʷ ʢʠʥʢʦʚ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʧʨʝʚʳʰʝʥʠʶ ʥʘʜ ʧʦʨʦʛʦʤ ʣʦʢʘʣʴʥʦʡ ʚʝʣʠʯʠʥʳ 
ʩʫʤʤʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʣʷ ʠ ʦʩʪʘʪʦʯʥʦʛʦ ʜʝʧʦʣʷʨʠʟʫʶʱʝʛʦ ʧʦʣʷ. 

ʀʟʤʝʥʝʥʠʝ ʬʦʨʤʳ ʜʦʤʝʥʦʚ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʰʣʝʡʬʘ ʦʩʪʘʪʦʯʥʳʭ 
ʟʘʨʷʜʦʚ ʧʨʠ ʥʝʵʬʬʝʢʪʠʚʥʦʤ ʵʢʨʘʥʠʨʦʚʘʥʠʠ (ʤʝʜʣʝʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ) ʠʩʩʣʝʜʦʚʘʥʦ ʵʢʩ-
ʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ [4]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʦʩʪ ʤʥʦʛʦʫʛʦʣʴʥʳʭ ʜʦʤʝʥʦʚ ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʝ ʤʝʥʝʝ 200ʆ

C ʦʙʫʩʣʦʚʣʝʥ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʤ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʪʫʧʝʥʝʡ ʥʘ
ʚʝʨʰʠʥʘʭ ʠ ʘʥʠʟʦʪʨʦʧʥʳʤ ʜʚʠʞʝʥʠʝʤ ʢʠʥʢʦʚ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʚʳʧʫʢʣʳʭ ʛʝʢʩʘʛʦʥʘʣʴ-
ʥʳʭ ʜʦʤʝʥʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʠʤʤʝʪʨʠʠ CLN, ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʠ ʵʬʬʝʢʪʠʚʥʦʤ ʵʢʨʘ-
ʥʠʨʦʚʘʥʠʠ ʜʝʧʦʣʷʨʠʟʫʶʱʝʛʦ ʧʦʣʷ, ʘ ʧʨʠ ʟʘʜʝʨʞʢʝ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʨʦʩʪʫ ʥʝʧʨʘʚʠʣʴʥʳʭ 
ʤʥʦʛʦʫʛʦʣʴʥʠʢʦʚ ʠ ʟʚʝʟʜ. ɺʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥ ʵʬʬʝʢʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ 
ʬʦʨʤʳ ʚʳʧʫʢʣʳʭ ʜʦʤʝʥʦʚ ʧʦʩʣʝ ʩʣʠʷʥʠʷ [5]. ʈʦʩʪ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʜʦʤʝʥʦʚ ʦʙʫʩʣʦʚʣʝʥ 
ʩʘʤʳʤʠ ʤʝʜʣʝʥʥʳʤʠ ʜʦʤʝʥʥʳʤʠ ʩʪʝʥʢʘʤʠ, ʘ ʩʢʦʨʦʩʪʴ ʩʚʝʨʭʙʳʩʪʨʳʭ ʩʪʝʥʦʢ, ʬʦʨʤʠ-
ʨʫʶʱʠʭʩʷ ʚ ʚʦʛʥʫʪʳʭ ʤʥʦʛʦʫʛʦʣʴʥʠʢʘʭ, ʚ ʪʳʩʷʯʫ ʨʘʟ ʙʦʣʴʰʝ. ɸʥʘʣʠʟ ʨʦʩʪʘ ʚʳʧʫʢʣʳʭ 
ʠ ʚʦʛʥʫʪʳʭ ʜʦʤʝʥʦʚ ʧʦʟʚʦʣʠʣ ʧʦʩʪʨʦʠʪʴ ʢʠʥʝʪʠʯʝʩʢʠʡ Wulff plot ʜʚʠʞʝʥʠʷ ʜʦʤʝʥʥʳʭ 
ʩʪʝʥʦʢ [6]. 

ʇʨʝʦʙʣʘʜʘʥʠʝ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʙʦʣʝʝ 200ʆ
C ʧʨʠʚʦʜʠʪ ʢ

ʠʟʦʪʨʦʧʥʦʤʫ ʨʦʩʪʫ ʜʦʤʝʥʦʚ, ʙʣʘʛʦʜʘʨʷ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʛʝʥʝʨʘʮʠʠ ʩʪʫʧʝʥʝʡ. ʆʪʩʫʪ-
ʩʪʚʠʝ ʵʬʬʝʢʪʘ ʩʦʭʨʘʥʝʥʠʷ ʬʦʨʤʳ ʦʪʢʨʳʚʘʝʪ ʧʫʪʴ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʜʦʤʝʥʦʚ ʩʣʦʞʥʦʡ 
ʬʦʨʤʳ ʠ ʜʝʥʜʨʠʪʥʦʤʫ ʨʦʩʪʫ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 19-12-00210. ʀʩʧʦʣʴʟʦʚʘʥʦ ʦʙʦ-
ʨʫʜʦʚʘʥʠʝ ʋʨʘʣʴʩʢʦʛʦ ʎʂʇ çʉʦʚʨʝʤʝʥʥʳʝ ʥʘʥʦʪʝʭʥʦʣʦʛʠʠè ʋʨʘʣʴʩʢʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ 
ʫʥʠʚʝʨʩʠʪʝʪʘ. 
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ʈɽʃɸʂʉɸʎʀʆʅʅʓɽ ʇʈʆʎɽʉʉʓ ʇʈʀ ʊɽʇʃʆɺʆʄ ɺʆʉʇʃɸʄɽʅɽʅʀʀ 
ɺ ʈɽɸʂʊʆʈɽ ʇʈʆʊʆʏʅʆɻʆ ʊʀʇɸ 

ɸ.ʊ. ʇʦʥʦʤʘʨʝʥʢʦ1, ɺ.ɻ. ʐʝʚʯʝʥʢʦ2
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ʌɻɹʋʅ ʀʥʩʪʠʪʫʪ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʧʦʣʠʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʤ. ʅ.ʉ. ɽʥʠʢʦʣʦʧʦʚʘ ʈɸʅ 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʢʠʥʝʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 
ʨʝʘʢʮʠʠ, ʧʨʦʪʝʢʘʶʱʝʡ ʚ ʨʝʘʢʪʦʨʝ ʩ ʥʝʧʦʜʚʠʞʥʳʤ ʩʣʦʝʤ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʦʧʠʩʘʥʦ ʫʩʪʨʦʡʩʪʚʦ ʪʘ-
ʢʦʛʦ ʨʝʘʢʪʦʨʘ ʠ ʩʣʝʜʩʪʚʠʷ ʷʚʣʝʥʠʷ ʚʦʩʧʣʘʤʝʥʝʥʠʷ. ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʩʷ ʢʘʪʘʣʠʪʠ-
ʯʝʩʢʠʡ ʩʠʥʪʝʟ ʚʳʩʰʠʭ ʩʧʠʨʪʦʚ ʠʟ ʉʆ ʠ ʚʦʜʦʨʦʜʘ ʥʘ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ ʧʣʘʚʣʝʥʳʭ ʞʝʣʝʟʥʳʭ ʢʘ-
ʪʘʣʠʟʘʪʦʨʘʭ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʧʨʠʤʝʥʠʤ ʪʘʢʞʝ ʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʚʘʨʠʘʥʪʘʤ ʩʠʥʪʝʟʦʚ 
ʌʠʰʝʨʘ-ʊʨʦʧʰʘ ʩ ʮʝʣʴʶ ʩʠʥʪʝʟʘ ʫʛʣʝʚʦʜʦʨʦʜʦʚ, ʘ ʪʘʢʞʝ ʜʨʫʛʠʭ ʩʠʥʪʝʟʦʚ ʩ ʥʝʧʦʜʚʠʞʥʳʤ ʩʣʦ-
ʝʤ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʚʳʩʦʢʠʤʠ ʵʥʝʨʛʠʷʤʠ ʘʢʪʠʚʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʨʦʪʦʯʥʳʡ ʨʝʘʢʪʦʨ, ʩʣʦʡ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʪʝʧʣʦʚʦʝ ʚʦʩʧʣʘʤʝʥʝʥʠʝ, ʪʝʤ-
ʧʝʨʘʪʫʨʘ ʛʘʟʘ ʚ ʷʜʨʝ ʧʦʪʦʢʘ, ʧʦʨʷʜʦʢ ʨʝʘʢʮʠʠ, ʦʙʲʝʤʥʘʷ ʠ ʣʠʥʝʡʥʘʷ ʩʢʦʨʦʩʪʴ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ, 
ʩʦʩʪʘʚ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ.  

ʂʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʠʥʪʝʟʳ ʠʟ ʉʆ ʠ ʚʦʜʦʨʦʜʘ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 
ʢʘʢ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʚʘʨʠʘʥʪʳ ʧʦʣʫʯʝʥʠʷ ʪʦʧʣʠʚ, ʩʤʘʟʦʢ, ʧʨʠʩʘʜʦʢ ʠʟ ʧʦʧʫʪʥʳʭ ʧʨʠ 
ʜʦʙʳʯʝ ʥʝʬʪʠ ʛʘʟʦʚ, ʚʳʜʝʣʷʝʤʳʭ ʜʦ 100 ʤ3/ ʪ ʜʦʙʳʚʘʝʤʦʡ ʥʝʬʪʠ ʠ, ʧʦ ʤʥʝʥʠʶ
ɼ.ʀ.ʄʝʥʜʝʣʝʝʚʘ ''ʩʞʠʛʘʥʠʝ ʧʨʦʜʫʢʪʦʚ ʥʝʬʪʝʜʦʙʳʯʠ ʪʦ ʞʝ ʩʘʤʦʝ, ʯʪʦ ʪʦʧʠʪʴ ʘʩʩʠʛʥʘʮʠ-
ʷʤʠ". ʅʝ ʫʜʠʚʠʪʝʣʴʥʦ ʧʦʵʪʦʤʫ, ʯʪʦ ʦʪʢʨʳʪʳʡ ʚ 1926 ʛʦʜʫ ʌ.ʌʠʰʝʨʦʤ ʠ ɻ.ʊʨʦʧʰʝʤ 
ʩʠʥʪʝʟ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʠʟ ʉʆ ʠ ʚʦʜʦʨʦʜʘ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʭʦʜʠʪʩʷ ʥʘ ʯʝʪʚʝʨʪʦʤ ʧʦ-
ʢʦʣʝʥʠʠ ʨʘʟʚʠʪʠʷ ʠ ʠʥʪʝʥʩʠʚʥʦ ʧʨʦʜʦʣʞʘʶʪʩʷ ʨʘʙʦʪʳ ʧʦ ʝʛʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʜʣʷ 
ʧʦʚʳʰʝʥʠʷ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ [1]. ɿʜʝʩʴ ʫʤʝʩʪʥʦ ʧʨʠʚʝʩʪʠ ʩʫʞʜʝʥʠʝ 
ɼ.ɸ. ʌʨʘʥʢ-ʂʘʤʝʥʝʮʢʦʛʦ ʦ ʪʦʤ, ʯʪʦ "ʨʷʜ ʚʘʞʥʳʭ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʥʘʠʚʳʛʦʜ-
ʥʝʡʰʠʤ ʦʙʨʘʟʦʤ ʧʨʦʪʝʢʘʶʪ ʚ ʥʝʫʩʪʦʡʯʠʚʳʭ ʨʝʞʠʤʘʭ, ʧʦʩʢʦʣʴʢʫ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʚ 
ʥʠʞʥʝʤ ʫʩʪʦʡʯʠʚʦʤ ʨʝʞʠʤʝ ʦʯʝʥʴ ʤʘʣʘ, ʘ ʚ ʚʝʨʭʥʝʤ ʫʩʪʦʡʯʠʚʦʤ ʨʝʞʠʤʝ ʚʝʣʠʢ ʚʳʭʦʜ 
ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ". ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʥʝʦʙʭʦʜʠʤʦ ʩʦʦʪ-
ʚʝʪʩʪʚʫʶʱʝʝ ʦʩʥʘʱʝʥʠʝ ʤʦʜʝʣʴʥʦʛʦ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʨʝʘʢʪʦʨʘ ʩ ʪʝʤ, ʯʪʦʙʳ ʥʘ ʦʩʥʦʚʘ-
ʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʩʫʱʝʩʪʚʠʪʴ ʘʧʧʘʨʘʪʫʨʥʦʝ ʦʬʦʨʤʣʝʥʠʝ ʧʨʦʮʝʩʩʘ ʚ ʙʦʣʴ-
ʰʝʤ ʤʘʩʰʪʘʙʝ. 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʚ ʨʘʙʦʪʝ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʣʠʜʠʨʫʶʱʝʛʦ ʧʘʨʘʤʝʪʨʘ ʪʝʤʧʝʨʘʪʫʨʫ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʚ ʷʜʨʝ ʧʦ-
ʪʦʢʘ, ʚʳʭʦʜʷʱʝʛʦ ʧʦʩʣʝ ʩʣʦʷ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʝʝ ʥʘʨʘʩʪʘʥʠʝ ʧʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʢʨʠʪʠʯʝ-
ʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʩʧʣʘʤʝʥʝʥʠʷ, ʘ ʪʘʢʞʝ ʥʝʧʨʝʨʳʚʥʳʡ ʭʨʦʤʘʪʦʛʨʘʬʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 
ʛʘʟʘ ʥʘ ʩʦʜʝʨʞʘʥʠʝ ʉʆ ʠ ʤʝʪʘʥʘ, ʷʚʣʷʶʱʝʛʦʩʷ ʠʥʜʠʢʘʪʦʨʦʤ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʧʨʦʮʝʩʩʘ 
[3]. 

ʕʪʦʪ ʧʦʜʭʦʜ ʧʨʠʤʝʥʠʤ ʜʣʷ ʠʟʫʯʝʥʠʷ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ 
ʧʨʠ ʚʳʩʦʢʠʭ ʦʙʲʝʤʥʳʭ ʩʢʦʨʦʩʪʷʭ ʠ ʤʘʣʳʭ ʩʪʝʧʝʥʷʭ ʧʨʝʚʨʘʱʝʥʠʷ. ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚ-
ʣʝʥʳ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʨʘʩʯʝʪʘ ʢʠʥʝʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʥʘʡʜʝʥʥʳʤ ʟʥʘʯʝʥʠʷʤ ʪʝʤʧʝ-
ʨʘʪʫʨʳ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ ʩʠʥʪʝʟʘ. ʅʘ ʨʠʩ.1 ʠʟʦʙʨʘ-
ʞʝʥ ʫʟʝʣ ʨʝʘʢʪʦʨʘ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ ʧʨʦʚʦʜʠʣʠʩʴ ʫʢʘʟʘʥʥʳʝ ʠʟʤʝʨʝʥʠʷ. 

ʕʪʦʪ ʫʟʝʣ ʩʦʩʪʦʷʣ ʠʟ ʪʝʨʤʦʧʘʨʳ, ʚʚʝʜʝʥʥʦʡ ʚ ʨʝʘʢʪʦʨ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʩ ʧʦ-
ʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʠʟ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʪʝʢʣʘ. ʅʘ ʢʝʨʘʤʠʯʝʩʢʫʶ ʪʨʫʙʢʫ 
ʪʝʨʤʦʧʘʨʳ ʧʨʠʢʨʝʧʣʝʥʘ ʧʦʣʦʯʢʘ (8) ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʟʘʛʨʫʞʘʝʤʦʛʦ 
ʚ ʪʨʫʙʢʫ ʨʝʘʢʪʦʨʘ ʚ ʪʦʢʝ ʫʛʣʝʢʠʩʣʦʛʦ ʛʘʟʘ. ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʜʦʚʦʩʩʪʘ-
ʥʦʚʣʝʥʠʝ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʪʦʢʝ ʚʦʜʦʨʦʜʘ ʧʨʠ 50ʘʪʤ. ʅʘ ʨʠʩ. 2 ʠʟʦʙʨʘʞʝʥʦ ʠʟʤʝʥʝʥʠʝ 
ʪʝʤʧʝʨʘʪʫʨ ʚ ʙʣʦʢʝ ʨʝʘʢʪʦʨʘ ʠ ʧʦʩʣʝ ʩʣʦʷ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ 
ʚʦʩʧʣʘʤʝʥʝʥʠʷ. ʆʪʯʝʪʣʠʚʦ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʚʦʩʧʣʘʤʝʥʝʥʠʷ 
ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʧʦʩʣʝ ʩʣʦʷ ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘʯʠʥʘʝʪ ʩʪʨʝʤʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʪʴ ʠ ʦʜʥʦ-
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ʚʨʝʤʝʥʥʦ ʨʝʟʢʦ ʤʝʥʷʝʪʩʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʩʠʥʪʝʟʘ ʚ ʩʪʦʨʦʥʫ ʦʙʨʘʟʦʚʘʥʠʷ ʤʝʪʘʥʘ ʠ ʚʦʜʳ. 

ʈʠʩ. 1. ʌʨʘʛʤʝʥʪ ʨʝʘʢʪʦʨʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 
ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʚ ʨʝʘʢʪʦʨʝ 

ʚʠʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ 200 ʘʪʤ. 1 - ʫʟʝʣ 

ʚʚʦʜʘ ʪʝʨʤʦʧʘʨ; 2 - ʢʦʞʫʭ ʨʝʘʢʪʦʨʘ, 
3 - ʪʝʧʣʦʠʟʦʣʷʮʠʷ, 4 - ʨʝʘʢʪʦʨʥʘʷ ʪʨʫʙʢʘ, 

5- ʩʧʠʨʘʣʴ ʜʣʷ ʵʣʝʢʨʦʦʙʦʛʨʝʚʘ,
6 ï ʪʝʨʤʦʧʘʨʘ ʚ ʙʣʦʢʝ, 8 - ʧʦʣʦʯʢʘ 

ʩ ʦʪʚʝʨʩʪʠʷʤʠ, 9 - ʘʣʶʤʠʥʠʝʚʳʡ ʙʣʦʢ 

ʈʠʩ. 2. ɻʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʙʣʦʢʝ 
ʨʝʘʢʪʦʨʘ ʠ ʚ ʷʜʨʝ ʧʦʪʦʢʘ ʛʘʟʦʚʦʡ 

ʩʤʝʩʠ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʩʣʦʷ ʢʘʪʘʣʠʟʘʪʦʨʘ 
ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʩʧʣʘʤʝʥʝʥʠʷ. 

ʂʨʫʞʢʠ - ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʙʣʦʢʝ, 
ʪʨʝʫʛʦʣʴʥʠʢʠ - ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʥʘ ʚʳʭʦʜʝ ʩʣʦʷ 

ʢʘʪʘʣʠʟʘʪʦʨʘ 

ɸʚʪʦʨʳ ʠʩʢʨʝʥʥʝ ʙʣʘʛʦʜʘʨʥʳ ʯʣ.-ʢʦʨʨ., ʧʨʦʬ. ɸ.ʅ.ɹʘʰʢʠʨʦʚʫ, ʜ.ʭ.ʥ. 
ʖ.ɹ.ʂʘʛʘʥʫ, ʜ.ʭ.ʥ., ʧʨʦʬ. ɸ.ʗ.ʈʦʟʦʚʩʢʦʤʫ, ʯʣ.-ʢʦʨʨ., ʜ.ʭ.ʥ. ʄ.ɻ.ʉʣʠʥʴʢʦ ʠ ʜ.ʭ.ʥ., ʧʨʦʬ. 
ʉ.ʄ.ʃʦʢʪʝʚʫ ʟʘ ʩʦʪʨʫʜʥʠʯʝʩʪʚʦ ʧʨʠ ʠʟʫʯʝʥʠʠ ʢʠʥʝʪʠʢʠ ʩʠʥʪʝʟʚʘ ʚʳʩʰʠʭ ʩʧʠʨʪʦʚ ʠʟ 
ʉʆ ʠ ʚʦʜʦʨʦʜʘ ʚ 60-ʝ ʛʦʜʳ ʧʨʦʰʣʦʛʦ ʚʝʢʘ ʠ ʧʦʩʣʝʜʫʶʱʠʝ ʛʦʜʳ ʠ ʟʘ ʩʦʚʤʝʩʪʥʫʶ ʨʘʟʨʘ-
ʙʦʪʢʫ ʧʨʠʚʝʜʝʥʥʦʛʦ ʚ ʜʦʢʣʘʜʝ ʤʝʪʦʜʘ, ʘ ʪʘʢʞʝ ʢʦʣʝʢʪʠʚʫ ʤʝʭʘʥʠʢʦʚ, ʘʢʪʠʚʥʦ ʩʦʜʝʡʩʪ-
ʚʦʚʘʚʰʠʭ ʧʨʦʚʝʜʝʥʠʶ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʀ.ɸ. ɸʥʪʦʱʫʢʘ. 
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The high-resolution mechanical spectroscopy, HRMS, was developed in a time span 

from 2011 [1] to 2019 in Krak·w, Poland. In this lecture we present the multi-scale high-

resolution characterization of dissipation of mechanical energy in solids for low-frequency 

mechanical spectroscopy. The high-resolution mechanical spectrometer is a very sensitive tor-

sion pendulum characterized by an extremely low internal friction background, tanj º 2 ³ 10
-

5
, in the frequency range from 0.001 to 5 Hz. The sinusoidal external stress signal and the 

symbiotic strain response signal are acquired with a resolution of 24 bits at a sampling rate of 

around 10 kHz. The stress signal (harmonic or linear ramp) is generated by a 20-bit DAC. 

Stress and strain signals are subjected to simultaneous coherent sampling. 
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Progress in our ability to control and record low-noise stress and strain signals pave 

the way to high-resolution measurements of complex mechanical susceptibility: extremely 

small magnitudes of mechanical loss tangent, tanj, high-resolution fine variations in shear 

modulus, and, thus, very low internal friction background. It should be emphasized that high-

quality stress and strain signals are subjected to on-line Signal Quality Test, which involves 

complementary and supplementary analysis of the signals in both the frequency and time do-

main. Experimental and computational tools exist to address both domains with high precision 

such as interpolated discrete Fourier transform (IpDFT) and Hilbert transform, and computa-

tion of ótrue envelopeô [2]. Thereby, the stress and strain signals can be analyzed at each step 
of the experimental procedure: (1) simulations carried out on synthetic signals, (2) analysis of 

the reference harmonic signal and (3) output signal from a bipolar amplifier, (4) strain signal 

acquired from a laser triangulation system, (5) signalsô deterioration caused by noise, (6) slow 

drifts of the base line of strain signal (zero-point drift, ZPD), and (7) standard signal analysis. 

The performance of computational methods and algorithms is also optimized. Recent experi-

mental results indicate that the mean background level in the high-resolution mechanical 

spectrometer ranges from 1 to 2 ³ 10
-5

 in the frequency range from 10
-3

 to 5 Hz. Moreover,

the dispersion of experimental points is negligible: from Ñ1 ³ 10
-5

 to Ñ2.5 ³ 10
-5

. It can be

safely concluded that the overall performance of the high-resolution mechanical spectrometer, 

HRMS, is more than one order of magnitude higher than current spectrometers (forced  tor-

sion pendula). As of writing this text, new high-resolution mechanical loss spectra are being 

measured; recent results are demonstrated, and new challenges and perspectives for the reso-

nant and subresonant mode are advocated. Furthermore, stochastic nature of investigated ma-

terial and imprecision in measurements are also tackled.  

It is noteworthy that commercially available DMA analyzers suffer from high back-

ground (tanj º 5 ³ 10
-3

) and low resolution, which drastically limits practical applications of

DMA instruments. 

Devised novel IpDFT methods provide precise estimation of the logarithmic decre-

ment, d, and resonant frequency of exponentially damped sinusoidal signals embedded in ad-

ditive white Gaussian noise and corrupted by time-dependent zero-point drift (ZPD). As antic-

ipated, classical methods for determining the logarithmic decrement and frequency, for the 

same input data, yield incorrect results, and these inaccuracies are quantitatively assessed. In 

this context, we discuss the performance of the: (1) reference-resolution (RR) method de-

signed for ZPD-free exponentially damped sinusoidal signals embedded in additive noise, and 

(2) high-resolution (HR) method designed for exponentially damped sinusoidal signals em-

bedded in additive noise and corrupted by ZPD is illustrated and discussed. Hitherto unattain-

ably high-resolution estimations of the logarithmic decrement and resonant frequency are suc-

cessfully obtained. The devised methods and algorithms can be used in a wide range of damp-

ing magnitudes, that is, for logarithmic decrement ranging from 1Ĭ10
-9

 to 0.5.
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In this paper, the kinetic theory of orientation and absorption processes in flexible-chain pol-

ymer systems on solid substrates is depeloped in the mean field approximation. Kinetic equation for 

the order parameter was derived; its solution was obtained for two types of relaxation behavior during 

transitions to the state of chains completely torn off from the surface and the chains fully adsorbed on 

the substrate surface. 

Keywords: mean field approximation, flexible-chain polymer systems, orientational order pa-

rameter, absorption, relaxation times, critical slowdown. 

The investigation of physico-chemical properties of surface polymer structures: films, 

layers, membranes, etc. has not only theoretical, but also practical meaning associated with 

their unique characteristics important for use, for example, as protective coatings for sheet 

metal [1, 2]. The solution of the problem of adsorption of macromolecules is nessecary for 

constructing a theory of adhesion of polymers at interphase boundaries [2, 3]. 

For first order phase transitions of classical low-molecular systems, the description of 

both phases and the study of equilibrium and dynamic effects associated with the finite size of 

the system is a very difficult task [4]; it is achieved only by means of numerical calculations 

and computer simulation methods. 

In this paper, the critical behavior and dynamics of the orientation and absorption pro-

cesses of partially adsorbed polymer chains under the action of intermolecular orientational 

interactions with elongated sections of other chains were studied in the effective mean field 

approximation for the multichain version [5] of the ñsticky tapeò model [3]. 

Figure. The ñsticky tapeò model [3]: the schematic drawing of the polymer chain adsorbed on a plane 

surface (a) and the chain nearly completely peeled-off from it (b) at small and great intermolecular 

interactions correspondingly. The multichain version [5] of the ñsticky tapeò model: an adsorbed  

flexible macromolecule placed in mean field created by other chains (c). The energetic constants Ɋ 

and V describe accordingly interactions with the surface and other chains  

(they are shown by dashed lines) 
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ʠʟ ʩʦʩʪʦʷʥʠʷ nk ʵʣʝʢʪʨʦʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ (ɻʉ) ʚ ʣʶʙʦʝ ʜʦ-
ʩʪʫʧʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩ ʧʦʤʦʱʴʶ ɿʦʣʦʪʦʛʦ ʧʨʘʚʠʣʘ ʌʝʨʤʠ ʧʦʣʫʯʝʥʦ ʚʳʨʘʞʝʥʠʝ 

2

0

2
( ) ( ) ( )(1 ( )) ( ) ( ( ))

n nn n n

n

w k U a dz c z c z A z g E k
p

¡ ¡
¡

= Ö -äñ .         (1) 

ɿʜʝʩʴ ʧʨʦʬʠʣʴ ʣʝʛʠʨʦʚʘʥʠʷ ɻʉ ʦʧʨʝʜʝʣʷʝʪʩʷ 1D ʧʨʠʤʝʩʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 
( )c z ; a - ʧʦʩʪʦʷʥʥʘʷ ʨʝʰʝʪʢʠ ɻʉ ; ( )

n
g E¡ - ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ ʚ n¡ - ʦʡ ʧʦʜʟʦʥʝ ʨʘʟ-

ʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 

( )2

2

1
( ) ( )

(2 )
n n

g E d k E k Ed
p¡ ¡¡ ¡= -ñ ,     (2) 

0U - ʛʣʫʙʠʥʘ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʷʤʳ ʧʨʠʤʝʩʥʦʛʦ ʮʝʥʪʨʘ, ʢʦʪʦʨʳʡ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʧʨʝ-
ʜʝʣʴʥʦʤ ʩʣʫʯʘʝ ʩʠʣʴʥʦʡ ʣʦʢʘʣʠʟʘʮʠʠ: 

3

0 0( ) ( ) ( )U r U a z zd r d= - - ,                                               (3) 

0z - ʢʦʦʨʜʠʥʘʪʘ ʧʨʠʤʝʩʠ ʚʜʦʣʴ ʦʩʠ ɻʉ, r -  ʧʦʧʝʨʝʯʥʳʡ (ʚ ʧʣʦʩʢʦʩʪʠ xy) ʨʘʜʠʫʩ-ʚʝʢʪʦʨ 
ʥʦʩʠʪʝʣʷ, 

1( ) ( ) ( ) ( ) ( )
nn n n n n

A z f z f z f z f z a
* * -

¡ ¡ ¡= ,   (4) 

ʬʫʥʢʮʠʠ ( )
n

f z ʷʚʣʷʶʪʩʷ ʨʝʰʝʥʠʝʤ ʧʨʦʩʪʦʛʦ ʦʜʥʦʤʝʨʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ, ʚ 
ʢʦʪʦʨʦʤ ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ʤʦʜʝʣʠʨʫʝʪʩʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʥʘʙʦʨʦʤ ʧʨʷʤʦʫʛʦʣʴ-
ʥʳʭ  ʢʚʘʥʪʦʚʳʭ ʷʤ ʢʦʥʝʯʥʦʡ ʛʣʫʙʠʥʳ. ʊʘʢʞʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʥʘ ʛʝʪʝʨʦʛʨʘʥʠʮʘʭ 
ʵʪʠ ʬʫʥʢʮʠʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʛʨʘʥʠʯʥʳʤ ʫʩʣʦʚʠʷʤ, ʩʦʭʨʘʥʷʶʱʠʤ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʚʝ-
ʨʦʷʪʥʦʩʪʠ, ʯʪʦ ʠ ʦʧʨʝʜʝʣʷʝʪ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ɻʉ. ʕʬʬʝʢʪʠʚ-
ʥʳʝ ʤʘʩʩʳ ʜʳʨʦʢ ɻʉ ʚʳʯʠʩʣʷʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʘʣʠʟʤʘ ʃʘʪʪʠʥʞʝʨʘ, ʫʯʠʪʳ-
ʚʘʶʱʠʤ ʩʤʝʰʠʚʘʥʠʝ ʩʦʩʪʦʷʥʠʡ ʪʷʞʝʣʳʭ ʠ ʣʝʛʢʠʭ ʜʳʨʦʢ ɻʉ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʬʦʨʤʫʣʳ (1) ʚʳʯʠʩʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʨʘʪʥʳʭ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘ-
ʮʠʠ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʚ ʨʘʟʥʳʭ ʧʦʜʟʦʥʘʭ ʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ ʦʪ ʵʥʝʨʛʠʠ ʥʦ-
ʩʠʪʝʣʷ ʜʣʷ ʩʠʤʤʝʪʨʠʯʥʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ɻʉ 0.3 0.7Al Ga As GaAs- 4-4-4 ʩ ʜʚʫʤʷ 
ʢʚʘʥʪʦʚʳʤʠ ʷʤʘʤʠ (ʰʠʨʠʥʘ ʣʝʚʦʡ ʠ ʧʨʘʚʦʡ ʢʚʘʥʪʦʚʦʡ ʷʤʳ ʨʘʚʥʘ 4ʘ, ʚʥʫʪʨʝʥʥʝʛʦ ʙʘʨʴ-
ʝʨʘ - 4ʘ). ɺ ʪʘʙʣʠʮʝ ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʡ ʵʣʝʢʪʨʦʥʦʚ, ʣʝʛʢʠʭ ʠ ʪʷʞʝʣʳʭ ʜʳʨʦʢ 
ɻʉ 4-4-4, ʦʪʩʯʠʪʘʥʥʳʝ ʦʪ ʜʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʚʘʥʪʦʚʦʡ ʷʤʳ ʠ ʠʟʤʝʨʝʥʥʳʝ ʚ meV, ʠ 
ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʩʩ ʚ ʝʜʠʥʠʮʘʭ ʤʘʩʩʳ ʩʚʦʙʦʜʥʦʛʦ ʵʣʝʢʪʨʦʥʘ 0m . 

ʊʘʙʣʠʮʘ 

ɿʥʘʯʝʥʠʷ ʵʥʝʨʛʠʡ ʵʣʝʢʪʨʦʥʦʚ, ʣʝʛʢʠʭ ʠ ʪʷʞʝʣʳʭ ʜʳʨʦʢ ʠ ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʩʩ ɻʉ 4-4-4 

ɻʉ ʉ1 ʉ2 ʅʅ1 ʅʅ2 LH1 LH2 

4-4-4 121.8 180.75 57.158 65.228 84.97 131.098 ʵʥʝʨʛʠʷ, meV 

0.075 0.076 0.136 0.142 0.165 0.178 ʵʬʬ. ʤʘʩʩʘ, 0m

ɿʘʚʠʩʠʤʦʩʪʠ ʦʙʨʘʪʥʳʭ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʧʦʚʪʦʨʠʣʠ 
ʢʫʩʦʯʥʦ-ʧʦʩʪʦʷʥʥʳʡ ʚʠʜ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʩ ʫʯʝʪʦʤ ʚʢʣʘʜʘ ʠʥʪʝʛʨʘʣʘ ʧʝʨʝʢʨʳʪʠʷ  

( )(1 ( )) ( )
nn

dz c z c z A z¡Ö -ñ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʨʦʬʠʣʝ ʣʝʛʠʨʦʚʘʥʠʷ 

( )c z constº ʠ ʚʢʣʘʜʘ ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʩʩ *
ml ʧʦʜʟʦʥ l  ʨʘʟʤʝʨʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ  ɻʉ. 

ɺʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʠ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʧʦ ʦʮʝʥʢʘʤ ʩʦʩʪʘʚʠʣʠ (1 10) ps- . 
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In the framework of the Landau ï Khalatnikov theory, the spectrum of relaxation frequencies 

and it temperature dependences in the near of the second-order phase transition point in a thin ferroe-

lectric film were determined depending on the film thickness and degree of polarization fixation on the 

film surface. 

Keywords: soft mode, ferroelectric film, phase transition. 

The study of the relaxation time spectrum is necessary for understanding the general 

laws control the physical kinetics of materials, in particular, their thermal and electrical prop-

erties, absorption and damping of various types of waves. In second-order phase transitions, 

the shortest relaxation time in the system is the relaxation time of the order parameter. The 

relaxation of the order parameter in the phase transition under conditions of limited geometry 

and the influence of the environment is significantly different from the relaxation in the bulk 

material. The purpose of this work is to determine the temperature dependences of the lowest 

relaxation frequencies associated with the phase transition in a thin ferroelectric film for dif-

ferent thickness l and the degree of polarization fixation on the film surface. On the base of 

the Landau-Khalatnikov theory we write the dynamic equation, describing the oscillations of 

the polarization vector ( )0 0P , ,P :

0,
F P

P t

d µ
- g =

d µ
(1) 

where the first term is the variation of free energy F, and ɔ is the damping factor. We expand 

the expression for free energy density [1] in a series near the Curie temperature TC of an ideal 

crystal: 

( )22 21 1
,

2 2 2

s

V S

F P P dV P dS
V V

a k aë û= - + Ð +ì ü
í ýñ ñ (2) 

where ( )0 ,
C s

T Ta = a - a are the volume and surface decomposition coefficients, re-

spectively; 
2

ak º is the correlation constant, a is the lattice parameter; V and S are the vol-

ume and surface area of the film, respectively. Substituting expression (2) into (1), and, as-

suming a simple harmonic dependence of polarization on time ( ) ( ) i t
P z,t P z e

- w= , we get

the equation 

( ) ( ) ( )
2

2
0

d P z
i P z

dz
k + a - wg = (3) 

with boundary conditions 

( ) ( )
0

0
s

z ,l

dP z
P z .

dz
=

k a = (4) 

Substituting the solution of equation (3) into the boundary conditions (4), we obtain a homo-

geneous system of linear equations for the integration constants .Equating itôs determinant to 
zero gives a transcendental equation for determining the temperature dependences of relaxa-
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tion frequencies 

( )
2 2 2 2

2 2 sin 2 sin 0,
2 2

s s
l l

å õ å õa + a + w a + a + wæ ö æ öa - a + w + a =
æ ö æ ö
ç ÷ ç ÷

(5) 

thʦsʝ solution can be obtained only numerically. In fig. shows the dependences of the soft 

mode ( )0 Tw for a model TGS crystal with parameters TC=322 ʂ, Ŭ0=3.92Ὴ10-3 ʂï1
[2] for 

different values of the normalized film thickness l/a and parameter Ŭs/a of fixation polariza-

tion on the film planes. 

 

Figure. Temperature dependences of the normalized soft mode 0w g of the film for different

normalized thicknesses l/a (a) and parameters Ŭs/a (b) 

From fig. it can be seen that with decreasing temperature, the natural frequency ɤ0 de-

creases and drops sharply to zero at the point of phase transition. Temperature dependences of 

relaxation frequencies ɤ1, ɤ2, within the framework of the task are linear. Apparently, taking 

into account the own electric fields, will reveal the nonlinear character of these frequencies, 

which will give the model more realism. 
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On the base of Landau-Ginzburg theory, the shift of the phase transition temperature in a thin 

ferroelectric film, located between electrodes, are investigated depending on the film thickness and the 

type of polarization fixing on the film planes. 

Keywords: thin ferroelectric film, phase transition temperature. 

As is known, in a bulk ferroelectric at a phase transition (PT) temperature, its sym-

metry changes abruptly. In conditions of restricted geometry, for example in thin ferroelectric 

films (FEF), the PT point shifts, as a rule, down the temperature [1], and the solvability of the 

corresponding boundary value problem will be determined by the Fredholm alternative. In 

this case, both the temperature Tf of the PT and the type of solution near the transition point 

must change, which is associated with relaxation processes in the crystal. The purpose of this 

a) b) 
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work is to determine the temperature shift of the PT in a FEF, placed between two electrodes, 

and the temperature interval of the PT diffused depending on the thickness l of the film and 

the type of polarization fixed on its surface. 

We expand in series, near the Curie point TC, the specific free energy of a FEF with a 

polarization vector { }0 0P , ,P= , lying in the (x,y) plane, limited to a second powers [2]:

( )22 2

2 2 2

s
ext

V S

F P P E P E P dV P dS,
a k aå õ= - + Ð - Ö - Ö +æ ö

ç ÷ñ ñ (1) 

where ( )0 C
T Ta = a - and Ŭs are the volume and surface decomposition coefficients, re-

spectively; 
2

ak º is the correlation constant, a is the lattice parameter; E and 
ext

E are the 

vectors of own and external electric field strength, respectively; Ů are contribution to the die-

lectric constant (mainly electronic), not considered using the order parameter; V and S are the 

volume and surface area of the film, respectively From variating of expression (1) we receive 

coordinate dependences 

( )

( )

1 2 3

1 2 3 4

cos sin ;

4 4
cos sin

P z C z C z C

z
z C z C z C C ,

e e

e e

e e

a a
k k

p a p aj a
k ke a e a k

= + +

= - + +

(2) 

where 4 /ea a p e= - . The electric charges on the film planes are neutralized by the charg-

es of the electrodes; therefore, leakage field do not arise here. The electric field strength from 

the electrodes is represented as 

( ) ( )0
,

l
h

l

j - j
= -

whence the potential on the top plane is ( ) ( )0l hlj = - + j . Assuming for convenience of

calculations, the potential on the lower plane is equal to zero, we attain eventual the system 

for determining the integration constants ʉ1, ʉ2, ʉ3, ʉ4: 

( )
( )

0

0

0 0

s

z ,l

dP
P ,

dz

,

l hl.

=

ë
k a =î

îîj =ì
îj = -î
îí

(3) 

Equating the system determinant to zero (3) gives a transcendental equation 

( )28
sin 1 cos sin 2 cos 0s

s s s

l
l l l le e e e

e e e
e

è øå õ è øpa a a a a
a + a - - a a - a + a a =é ùæ ö é ùk k k ke a ké ùç ÷ ê úê ú

 (4) 

for finding the first nontrivial solution that determines the temperature Tf of the PT. To 

find the temperature 
h

f
T of the FP in the external field, we use the Kronecker-Capelli theorem 

on the system compatible (3) (fig.). 

The situation, considered in the paper, represents example of anomalous physical phe-

nomena, where an arbitrarily weak external force generates a finite response of the system. 
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Figure. Dependences of the temperature 
h

f
T (a) and shift temperature TD (b) of the PT on the  

normalized thickness of the TGS film under the action of an external field 
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Phase transitions and related anelastic effects are examined in Fe-xGa alloys (x = 8-33%) by 

means of in-situ neutron diffraction, vibrating sample magnetometry, dilatometry, and three different 

mechanical spectroscopy techniques: torsion forced pendulum, vibrating reed, and commercial DMA 

Q800. Anelastic transient effects due to ordering-disordering (D03 ź A2) in Fe-19Ga, and first order 

phase transitions (D03 Ÿ L12 Ÿ D019 Ÿ B2) in Fe-27Ga compositions, are discussed with respect to 

phase and magnetic transitions. 

Keywords: phase transitions, mechanical spectroscopy, Snoek effect, Zener relaxation. 

Amplitude-independent thermally-activated and transient effects in as-cast Fe-(8-

33)%Ga alloys in a temperature range from 0 to 600ÁC and frequencies from 0.1 to 30 Hz 
were investigated. Activation energies and characteristic relaxation time are evaluated and 

analysed to conclude about the influence of Ga content on Zener relaxation, possible overlap-

ping of Snoek-type relaxation with another, still not well defined, mechanism [1-5]. The tran-

sient effect along with a sharp increase in the modulus is a sensitive tool to detect transition 

from metastable to stable structure in the Fe-Ga alloys. First ever systematic study of anelastic 

a) b) 
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effects in binary as cast Fe-Ga (with Ga < 33 at.%) alloys between 0 and 600ÁC is carried out 

in this work. The following conclusions can be drawn: 

- Three thermally activated IF effects (P1, P2 and P3 peaks) and a transient effect (PTr)

due to metastable/stable structure transition are recorded in Fe-Ga alloys and analysed. The 

P1 peak is recorded in the alloys with Ga < 30 at.%, the P2 peak e below Ga < 25at.% and the 

P2 peak - in the alloys with Ga > 25 at.%. The transient peak (PTr) is observed in the alloys 

with Ga > 24% and is accompanied by an increase in the elastic modulus. One more thermally 

activated peak (P4) can be distinguished close to the upper temperature limit of our tests 

(600ÁC), it is not discussed in this paper due to lack of experimental data in this temperature 

range. 

- The relaxation strength of the Zener relaxation in Fe-Ga alloys has a complicated

character: the relaxation strength increases with an increase in gallium content in the disor-

dered alloys with <19%Ga, then the relaxation strength decreases rapidly in the range 19 < Ga 

< 25 at.% due to alloys ordering. This anelastic effect is denoted in the paper as the P3 peak. 

In Fe-Ga alloys with Ga > 25 at.%, the P2 peak height increases with an increase in deviation 

from stoichiometric composition Fe3Al, and it vanishes after transition from the D03 Ÿ L12 

structure. The values of the relaxation time for both P2 and P3 effects suggest point defect 

relaxation and a smooth decrease in the activation energy on Ga concentration in Fe-Ga al-

loys, which is in agreement with the Zener relaxation and theoretical predictions. 

This work was supported by RFBR grants No. 18-58-52007 (ʄNT_ʘ) and No. 18-58-

53032 (GFEN_ʘ) and also RNF grant No. 19-72-20080. 
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ʀ ɿɸʊʋʍɸʅʀɽʄ ɺ ɼʀʉʉʀʇɸʊʀɺʅʓʍ ʉʈɽɼɸʍ 
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ʌɻɸʆʋ ɺʆ çʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ  ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦ-
ʩʪʝʡ ʢʦʤʧʣʝʢʩʥʳʭ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʢʝʨʘʤʦʤʘʪʨʠʯʥʳʭ ʧʴʝʟʦʢʦʤʧʦʟʠʪʦʚ ʩ ʚʳʩʦʢʠʤʠ ʫʧʨʫʛʠ-
ʤʠ ʧʦʪʝʨʷʤʠ ʠ ʜʠʩʧʝʨʩʠʝʡ. ʆʧʨʝʜʝʣʝʥʳ ʢʦʤʧʣʝʢʩʥʳʝ ʥʘʙʦʨʳ ʫʧʨʫʛʠʭ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʧʴʝ-
ʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʪʝʦ-
ʨʝʪʠʯʝʩʢʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʱʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʂʨʘʤʝʨʩʘ-

ʂʨʦʥʠʛʘ. 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʧʨʫʛʠʝ ʧʦʪʝʨʠ, ʨʘʩʩʝʷʥʠʝ, ʜʠʩʧʝʨʩʠʷ, ʢʝʨʘʤʦʤʘʪʨʠʯʥʳʝ 

ʧʴʝʟʦʢʦʤʧʦʟʠʪʳ, ʢʦʤʧʣʝʢʩʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ. 

ʄʥʦʛʦʬʘʟʥʳʝ ʢʝʨʘʤʦʤʘʪʨʠʯʥʳʝ ʢʦʤʧʦʟʠʪʳ (ʂʄʂ) ʷʚʣʷʶʪʩʷ ʦʯʝʥʴ ʩʣʦʞʥʳʤʠ 
ʦʙʲʝʢʪʘʤʠ ʜʣʷ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ (ʅʈʂ) ʠ ʫʣʴ-
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ʪʨʘʟʚʫʢʦʚʳʭ ʠʟʤʝʨʝʥʠʡ [1]. ɼʣʷ ʪʦʯʥʦʛʦ ʦʧʠʩʘʥʠʷ ʩʚʦʡʩʪʚ ʧʴʝʟʦʘʢʪʠʚʥʳʭ ʂʄʂ ʥʝʦʙ-
ʭʦʜʠʤʘ ʦʮʝʥʢʘ ʤʝʭʘʥʠʯʝʩʢʠʭ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʩ ʫʯʝʪʦʤ 
ʥʝʩʠʥʬʘʟʥʦʛʦ ʦʪʢʣʠʢʘ ʤʘʪʝʨʠʘʣʘ ʥʘ ʚʥʝʰʥʝʝ ʚʦʟʜʝʡʩʪʚʠʝ [2]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʤʧʣʝʢʩʥʳʭ 
ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʂʄʂ ʩ ʩʠʣʴʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʜʠʩʧʝʨʩʠʝʡ ʠ ʚʳ-
ʩʦʢʠʤʠ ʫʧʨʫʛʠʤʠ ʧʦʪʝʨʷʤʠ. ʇʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʧʦʩʪʘʚʣʝʥʳ 
ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʱʠʭ ʩʦʦʪʥʦʰʝʥʠʡ 
ʂʨʘʤʝʨʩʘ-ʂʨʦʥʠʛʘ. ɺ ʢʘʯʝʩʪʚʝ ʦʙʨʘʟʮʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʣʴʪʨʘ-
ʟʚʫʢʦʚʳʭ ʚʦʣʥ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝ-
ʩʢʦʛʦ ʨʝʟʦʥʘʥʩʥʦʛʦ ʘʥʘʣʠʟʘ (PRAP) ʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʠʟʤʝʨʝʥʠʡ ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʣʝ-
ʜʫʶʱʠʝ ʪʠʧʳ ʂʄʂ ʩ ʚʳʩʦʢʠʤʠ ʫʧʨʫʛʠʤʠ ʧʦʪʝʨʷʤʠ: 

- ʂʄʂ ʢʝʨʘʤʠʢʘ-ʢʨʠʩʪʘʣʣ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʩʝʛʥʝʪʦʤʷʛʢʦʡ ʤʘʪʨʠʮʳ ʎʊʉ ʩ ʧʨʦʠʟ-
ʚʦʣʴʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ ʚʢʣʶʯʝʥʠʷʤʠ (Ŭ-Al2O3, LiNbO3 ʠ ʜʨ.) ʩ 
ʨʘʟʣʠʯʥʳʤ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʠ ʦʙʲʝʤʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʯʘʩʪʠʮ; 

- ʧʦʨʠʩʪʘʷ ʧʴʝʟʦʢʝʨʘʤʠʢʘ ʎʊʉ ʩ ʨʘʟʣʠʯʥʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʠ ʨʘʟ-
ʤʝʨʦʤ ʧʦʨ. 

ʂʦʤʧʣʝʢʩʥʳʝ ʫʧʨʫʛʠʝ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 
ʧʦʨʠʩʪʦʡ ʢʝʨʘʤʠʢʠ ʠ ʂʄʂ ʦʧʨʝʜʝʣʷʣʠʩʴ ʤʝʪʦʜʦʤ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʥʩʥʦʛʦ 
ʘʥʘʣʠʟʘ ʠʤʧʝʜʘʥʩʥʳʭ ʩʧʝʢʪʨʦʚ ʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ PRAP [3]. ʀʩʩʣʝʜʦʚʘʥʠʷ 
ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ (ʩʢʦʣʳ ʠ ʧʦʣʠʨʦʚʘʥʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ) ʚʳʧʦʣʥʷʣʠʩʴ ʩ ʧʦʤʦ-
ʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ (SEM, Karl Zeiss) ʠ ʦʧʪʠʯʝʩʢʦʛʦ (NeoPhot-21) ʤʠʢʨʦ-
ʩʢʦʧʦʚ. 

ʅʘ ʨʠʩʫʥʢʝ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʦʢʘʟʘʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 
ʟʘʪʫʭʘʥʠʷ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʢʦʨʦʩʪʝʡ ʫʣʴʪʨʘʟʚʫʢʘ ʜʣʷ ʂʄʂ ʎʊʉ/
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ʪʦʣʴʢʦ ʯʣʝʥʳ ʧʦʨʷʜʢʘ ( )wVD .

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ʪʝʤʘ ˉ 
12.5425.2017/8.9, ʙʘʟʦʚʘʷ ʯʘʩʪʴ ʛʦʩʟʘʜʘʥʠʷ) ʠ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩ-
ʩʣʝʜʦʚʘʥʠʡ (ʈʌʌʀ  ̄16-58-48009-ʀʥʜ-ʦʤʠ). 
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ɺʂʃɸɼ ɿɽʈʅʆɻʈɸʅʀʏʅʓʍ ʇʆʈ ɺ ɺʓʉʆʂʆʊɽʄʇɽʈɸʊʋʈʅʓʁ ʌʆʅ 
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ʌʠʣʠʘʣ ʌɻɹʆʋɺʆ ʅʀʋ çʄʦʩʢʦʚʩʢʠʡ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪè ʚ ʛ. ɺʦʣʞʩʢʦʤ 

ʅʘ ʦʩʥʦʚʝ ʨʝʰʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʜʠʬʬʫʟʠʠ ʜʣʷ ʚʘʢʘʥʩʠʡ ʚ ʛʨʘʥʠʮʝ ʟʝʨʝʥ 
ʥʘʭʦʜʠʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʦʪ ʯʘʩʪʦʪʳ ʠ ʪʝʤʧʝʨʘʪʫʨʳ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʥʫʪʨʝʥʥʝʝ ʪʨʝʥʠʝ, ʚʘʢʘʥʩʠʠ, ʫʨʘʚʥʝʥʠʝ ʜʠʬʬʫʟʠʠ. 

ɹʦʣʴʰʠʥʩʪʚʦ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ ʩ ʫʣʴʪʨʘʤʝʣʢʠʤ ʟʝʨʥʦʤ 
ʩʚʷʟʘʥʦ ʩ ʧʦʷʚʣʝʥʠʝʤ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ ʚ ʢʦʥʝʯʥʦʤ ʧʨʦʜʫʢʪʝ. ʇʦʩʣʝ ʚʳʜʝʨʞʢʠ 
ʦʙʨʘʟʮʘ ʧʨʠ ʥʝʩʢʦʣʴʢʦ ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʨʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʨʘʩʧʦʣʘʛʘʶʪ-
ʩʷ ʥʘ ʤʝʞʟʝʨʝʥʥʳʭ ʛʨʘʥʠʮʘʭ ʠʣʠ ʟʘʣʝʯʠʚʘʶʪʩʷ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʤʘʪʝʨʠʘʣ ʦʙʣʘʜʘʝʪ ʧʦ-
ʚʳʰʝʥʥʳʤ ʫʨʦʚʥʝʤ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʝʩʧʦʨʠʩʪʳʤ ʘʥʘʣʦʛʦʤ. ʇʦʜ 
ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠʟʤʝʥʷʝʪʩʷ ʭʠʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʚʘ-
ʢʘʥʩʠʡ ʚ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʥʠʢʘʶʪ ʜʠʬʬʫʟʠʦʥʥʳʝ ʧʦʪʦʢʠ ʚʘʢʘʥʩʠʡ 
ʤʝʞʜʫ ʧʦʨʘʤʠ ʠ ʦʙʣʘʩʪʷʤʠ ʩʦʧʨʷʞʝʥʠʷ ʟʝʨʝʥ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʶ ʚʝʱʝ-
ʩʪʚʘ ʚ ʦʙʣʘʩʪʠ ʛʨʘʥʠʮ. ɹʝʩʧʦʨʠʩʪʳʝ ʫʯʘʩʪʢʠ ʛʨʘʥʠʮ ʧʦʦʯʝʨʝʜʥʦ ʠʛʨʘʶʪ ʨʦʣʴ ʠʩʪʦʯʥʠ-
ʢʦʚ ʠ ʩʪʦʢʦʚ ʚʘʢʘʥʩʠʡ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʟʘʠʤʥʦʤʫ ʩʤʝʱʝʥʠʶ ʩʦʧʨʷʛʘʶʱʠʭʩʷ ʧʦ ʛʨʘʥʠ-
ʮʝ ʩʤʝʞʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʨʘʩʩʝʷʥʠʷ ʵʥʝʨʛʠʠ ʢʦʣʝʙʘʥʠʡ. 

ʀʟ ʨʝʰʝʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʜʠʬʬʫʟʠʠ ʩ ʧʝʨʠʦʜʠʯʝ-
ʩʢʠʤ ʠʩʪʦʯʥʠʢʦʤ ʚʘʢʘʥʩʠʡ ʥʘʭʦʜʠʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʟʙʳʪʦʯʥʦʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʚʥʦ-
ʚʝʩʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʘʢʘʥʩʠʡ ʦʪ ʢʦʦʨʜʠʥʘʪ ʠ ʚʨʝʤʝʥʠ. ɿʘʜʘʯʘ ʠʤʝʝʪ ʜʚʫʤʝʨʥʳʡ ʭʘ-
ʨʘʢʪʝʨ. ʅʘ ʦʩʥʦʚʝ ʨʝʰʝʥʠʷ ʨʘʩʯʠʪʳʚʘʝʪʩʷ ʩʢʦʨʦʩʪʴ ʚʟʘʠʤʥʦʛʦ ʩʤʝʱʝʥʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ. 
ʀʟ ʟʘʚʠʩʠʤʦʩʪʠ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚʘʢʘʥʩʠʡ ʦʪ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʚʝʣʠʯʠʥʳ 
ʥʦʨʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘʭʦʜʠʪʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ 
ʛʨʘʥʠʮʳ. ʈʘʩʯʝʪ ʧʨʦʠʟʚʦʜʠʪʩʷ ʩ ʫʯʝʪʦʤ ʵʬʬʝʢʪʘ ʧʦʜʩʪʨʦʡʢʠ ʥʘʧʨʷʞʝʥʠʡ, ʫʯʠʪʳʚʘʶ-
ʱʝʛʦ ʠʟʤʝʥʝʥʠʝ ʣʦʢʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʝʱʝʩʪʚʘ 
ʚ ʛʨʘʥʠʮʝ.  

ɿʘʚʠʩʠʤʦʩʪʴ ʣʦʛʘʨʠʬʤʘ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠʤʝʝʪ ʚʠʜ 
ʣʠʥʠʠ, ʠʤʝʶʱʝʡ ʜʚʘ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʘ ʩ ʠʟʣʦʤʦʤ. ʈʘʟʣʠʯʥʳʝ ʚʝʣʠʯʠʥʳ ʫʛʣʦʚ 
ʥʘʢʣʦʥʘ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʥʘʣʠʯʠʠ ʜʚʫʭ ʵʬʬʝʢʪʠʚʥʳʭ ʵʥʝʨ-
ʛʠʡ ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʘ ʚ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʯʘʩʪʦʪʥʳʭ ʦʙʣʘʩʪʷʭ. ʇʦʣʦʞʝʥʠʝ 
ʦʙʣʘʩʪʝʡ ʠʟʣʦʤʘ ʟʘʚʠʩʠʪ ʦʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʧʦʨ ʠ ʜʠʬʬʫʟʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠ-
ʩʪʠʢ ʚʘʢʘʥʩʠʡ. ʇʦʜʦʙʥʳʡ ʚʠʜ ʟʘʚʠʩʠʤʦʩʪʠ ʫʨʦʚʥʷ ʬʦʥʘ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʭʘʨʘʢʪʝʨʝʥ 
ʜʣʷ ʤʘʪʝʨʠʘʣʦʚ ʩ ʜʨʫʛʠʤʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʤʠ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ. 
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ʄʆɼɽʃʔ ʉʋ-ʐʈʀʌʌɽʈɸ-ʍʀɻɽʈɸ ʀ ɸʅɸʃʀɿ ʊʆʇʆʃʆɻʀʏɽʉʂʀʍ 
ʉʆʉʊʆʗʅʀʁ ɺ ʃʀʆʊʈʆʇʅʓʍ ʉʀʉʊɽʄɸʍ ʉ ɼʀʉʉʀʇɸʎʀɽʁ 

ʃ.ɺ. ɽʣʴʥʠʢʦʚʘ
ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʥ.ʩ., elnikova@itep.ru 

ʌɻɹʋ çʀʥʩʪʠʪʫʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʬʠʟʠʢʠ ʠʤʝʥʠ ɸ.ʀ. ɸʣʠʭʘʥʦʚʘ ʅʀʎ 
çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè 

ʈʘʩʩʤʦʪʨʝʥʘ ʤʦʜʝʣʴ ʉʫ-ʐʨʠʬʬʝʨʘ-ʍʠʛʝʨʘ ʜʣʷ ʦʮʝʥʢʠ ʵʥʝʨʛʠʠ, ʧʨʦʚʦʜʷʱʠʭ ʩʦʩʪʦʷʥʠʡ 
ʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤʘʭ ʩ ʘʢʪʠʚʥʳʤ ʠ ʧʘʩʩʠʚʥʳʤ ʨʝʞʠʤʦʤ ʵʚʦʣʶʮʠʠ ʧʘʨʘʤʝʪʨʘ 
ʧʦʨʷʜʢʘ ʚ ʪʨʠʚʠʘʣʴʥʳʭ ʠ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʬʘʟʘʭ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʦʧʦʣʦʛʠʯʝʩʢʠʝ ʬʘʟʳ, ʤʦʜʝʣʴ ʉʫ-ʐʨʠʬʬʝʨʘ-ʍʠʛʝʨʘ, ʘʢʪʠʚʥʳʝ 
ʩʦʩʪʦʷʥʠʷ. 

ʇʦʚʝʨʭʥʦʩʪʥʳʝ ʪʦʧʦʣʦʛʠʯʝʩʢʠʝ ʩʦʩʪʦʷʥʠʷ ʠʩʩʣʝʜʫʶʪʩʷ ʚ ʩʚʷʟʠ ʩ ʘʢʪʫʘʣʴʥʦʩʪʴʶ 
ʩʦʚʨʝʤʝʥʥʳʭ ʩʧʠʥʪʨʦʥʥʳʭ ʧʨʠʣʦʞʝʥʠʡ, ʨʘʟʚʠʪʠʝʤ ʧʨʦʠʟʚʦʜʩʪʚʘ ʬʦʪʦʥʥʳʭ, ʘʢʫʩʪʠʯʝ-
ʩʢʠʭ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʤʝʪʘʤʘʪʝʨʠʘʣʦʚ ʠ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ, ʘʢʪʫʘʪʦʨʦʚ ʢʘʢ ʘʢʪʠʚʥʳʭ ʜʠ-
ʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ [1]. 

ʉʫʱʝʩʪʚʫʝʪ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʉʫ-ʐʨʠʬʬʝʨʘ-ʍʠʛʝʨʘ (ʉʐʍ), ʧʨʝʜʥʘʟʥʘʯʝʥ-
ʥʘʷ ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʜʝʬʝʢʪʦʚ ʩʦʣʠʪʦʥʥʦʛʦ ʪʠʧʘ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʧʝ-
ʨʝʥʦʩ ʟʘʨʷʜʘ ʚ ʣʝʛʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʠʣʠ ʪʦʧʦʣʦʛʠʯʝʩʢʠʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ. ɺʧʝʨ-
ʚʳʝ ʦʥʘ ʙʳʣʘ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʘ ʜʣʷ ʩʣʫʯʘʷ ʧʦʣʠʘʮʝʪʠʣʝʥʘ [2], ʠʤʝʶʱʝʛʦ ʦʜʠʥ ˊ-

ʵʣʝʢʪʨʦʥ ʫʛʣʝʨʦʜʥʦʡ ʩʚʷʟʠ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʚʦʜʷʱʝʛʦ ʩʦʩʪʦʷʥʠʷ.  ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʦ-
ʜʝʣʴ ʉʐʍ ʧʦʣʫʯʠʣʘ ʨʘʟʚʠʪʠʝ ʜʣʷ ʨʘʩʯʝʪʘ ʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʧʦʣʠ-
ʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʦʚ, ʪʦʧʦʣʦʛʠʯʝʩʢʠʭ ʠʟʦʣʷʪʦʨʦʚ ʠ ʛʨʘʬʝʥʦʚ, ʦʥʘ ʘʩʩʦʮʠʠʨʫʝʪʩʷ ʩ ʬʘʟʦʡ 
ɿʘʢʘ ʬʦʪʦʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ [3-6] ʠ ʧʨ. ʉʐʍ - ʛʘʤʠʣʴʪʦʥʠʘʥ ʩʠʣʴʥʦʡ ʩʚʷʟʠ [7] ʚʳʨʘʞʘ-
ʝʪʩʷ ʢʘʢ 
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ʛʜʝ Mi ʠ riï ʤʘʩʩʘ ʠ ʧʦʣʦʞʝʥʠʝ ʚʝʢʪʦʨʘ i-ʛʦ ʘʪʦʤʥʦʛʦ ʫʟʣʘ, bij=|ri-rj| ʜʣʠʥʘ ʩʚʷʟʠ 
ʤʝʞʜʫ ʘʪʦʤʥʳʤʠ ʫʟʣʘʤʠ, K ï ʢʦʥʩʪʘʥʪʘ ʜʠʥʘʤʠʯʝʩʢʦʡ ʞʝʩʪʢʦʩʪʠ, t0 ï ʨʝʧʝʨʥʳʡ ʧʨʳʞ-
ʢʦʚʳʡ ʠʥʪʝʛʨʘʣ, Ŭ ï ʣʠʥʝʡʥʘʷ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʘʷ ʢʦʥʩʪʘʥʪʘ ʩʚʷʟʠ ʫʟʣʦʚ i ʠ j, Ci

+
 ʠ Ci ï

ʦʧʝʨʘʪʦʨʳ ʨʦʞʜʝʥʠʷ ʠ ʫʥʠʯʪʦʞʝʥʠʷ ʵʣʝʢʪʨʦʥʘ ʚ ʫʟʣʝ i. ʏʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ (1) ʧʦʢʘʟʘ-
ʥʦ ʥʘ ʨʠʩ. ʢʘʢ ʘʥʘʣʦʛ ʠʟʤʝʥʝʥʠʷ ʢʨʘʝʚʳʭ ʩʦʩʪʦʷʥʠʡ.  

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʤʦʜʝʣʴ ʉʐʍ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʘ ʥʘ ʜʠʩʩʠʧʘʪʠʚʥʳʝ ʩʠ-
ʩʪʝʤʳ [1], ʥʘʧʨʠʤʝʨ, ʧʨʠʤʝʥʷʪʴʩʷ ʜʣʷ ʘʥʘʣʠʟʘ ʘʢʪʠʚʥʳʭ ʢʦʣʣʦʠʜʥʳʭ ʬʘʟ [8].  

ʈʠʩʫʥʦʢ. ʈʘʩʯʝʪʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʦʣʠʤʝʨʥʦʛʦ ʢʦʤʧʦʟʠʪʘ 
ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʥʘʧʦʣʥʠʪʝʣʝʡ. ʇʨʠʤʝʥʝʥ ʨʝʰʝʪʦʯʥʳʡ ʤʝʪʦʜ 

ʄʦʥʪʝ ʂʘʨʣʦ ʩ ʛʘʤʠʣʴʪʦʥʠʘʥʦʤ (1) çʧʘʩʩʠʚʥʦʡè ʤʦʜʝʣʠ ʉʐʍ 
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ɺ ʦʜʥʦʤʝʨʥʳʭ ʠ ʜʚʫʤʝʨʥʳʭ ʘʢʪʠʚʥʳʭ ʩʠʩʪʝʤʘʭ ʜʝʡʩʪʚʫʝʪ ʤʝʭʘʥʠʟʤ ʩʘʤʦʧʦʜ-
ʜʝʨʞʠʚʘʶʱʠʭʩʷ ʢʦʣʝʙʘʥʠʡ, ʘʢʪʠʚʠʨʫʶʱʠʡ ʪʦʧʦʣʦʛʠʯʝʩʢʠʝ ʢʨʘʝʚʳʝ ʩʦʩʪʦʷʥʠʷ, ʪʦʛʜʘ 
ʢʘʢ ʚ 3D ʵʪʠ ʩʚʷʟʠ ʨʘʟʨʫʰʝʥʳ. ʕʪʦ ʚʳʟʳʚʘʝʪ ʧʨʦʙʣʝʤʫ ʚʳʯʠʩʣʝʥʠʷ ʪʦʧʦʣʦʛʠʯʝʩʢʦʛʦ 
ʠʥʚʘʨʠʘʥʪʘ, ʥʘʧʨʠʤʝʨ, ʯʠʩʣʘ ʢʨʫʯʝʥʠʷ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʠʟʤʝʥʷʶʪʩʷ ʧʨʦʚʦʜʷʱʠʝ ʠ ʤʝʭʘ-
ʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ. 
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ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ʈʘʩʩʤʦʪʨʝʥʳ ʠʟʛʠʙʥʳʝ ʢʦʣʝʙʘʥʠʷ ʜʠʩʣʦʢʘʮʠʠ ʚ ʜʠʩʩʠʧʘʪʠʚʥʦʤ ʢʨʠʩʪʘʣʣʝ. ʅʘʡʜʝʥʳ 
ʚʢʣʘʜʳ ʠʟʛʠʙʥʳʭ ʢʦʣʝʙʘʥʠʡ ʚ ʨʘʜʠʘʮʠʦʥʥʦʝ ʪʦʨʤʦʞʝʥʠʝ ʜʠʩʣʦʢʘʮʠʠ ʜʣʷ ʩʣʝʜʫʶʱʠʭ ʩʣʫʯʘʝʚ: 
ʥʠʟʢʦʯʘʩʪʦʪʥʳʝ ʢʦʣʝʙʘʥʠʷ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʦʤ ʠ ʢʦʨʦʪʢʦʚʦʣʥʦʚʦʤ ʧʨʝʜʝʣʘʭ, ʢʦʨʦʪʢʦʚʦʣʥʦʚʳʝ 
ʢʦʣʝʙʘʥʠʷ ʧʨʦʠʟʚʦʣʴʥʦʡ ʯʘʩʪʦʪʳ, ʜʣʠʥʥʦʚʦʣʥʦʚʳʝ ʢʦʣʝʙʘʥʠʷ ʧʨʦʠʟʚʦʣʴʥʦʡ ʯʘʩʪʦʪʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʩʣʦʢʘʮʠʷ, ʠʟʛʠʙʥʳʝ ʢʦʣʝʙʘʥʠʷ, ʦʙʦʙʱʝʥʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ, ʜʠ-
ʥʘʤʠʯʝʩʢʦʝ ʪʦʨʤʦʞʝʥʠʝ. 

ʈʘʜʠʘʮʠʦʥʥʦʝ ʟʘʪʫʭʘʥʠʝ ʢʦʣʝʙʣʶʱʝʡʩʷ ʧʨʷʤʦʣʠʥʝʡʥʦʡ ʜʠʩʣʦʢʘʮʠʠ (ʠʟʣʫʯʝʥʠʝ 
ʫʧʨʫʛʠʭ ʚʦʣʥ ʜʠʩʣʦʢʘʮʠʝʡ) ʚʧʝʨʚʳʝ ʨʘʩʩʤʦʪʨʝʥʦ ʕʰʝʣʙʠ [1]. ʇʦʟʜʥʝʝ ʟʘʜʘʯʘ ʦʙ ʠʟʣʫ-
ʯʝʥʠʠ ʫʧʨʫʛʠʭ ʚʦʣʥ ʜʠʩʣʦʢʘʮʠʝʡ ʧʨʦʠʟʚʦʣʴʥʦʡ ʬʦʨʤʳ ʚ ʠʟʦʪʨʦʧʥʦʡ ʙʝʟʜʠʩʩʠʧʘʪʠʚʥʦʡ 
ʩʨʝʜʝ ʙʳʣʘ ʨʝʰʝʥʘ ʚ ʨʘʙʦʪʘʭ ʅʘʮʠʢʘ [2, 3]. ʅʠʥʦʤʠʷ [4] ʧʦʣʫʯʠʣ ʫʨʘʚʥʝʥʠʝ ʜʚʠʞʝʥʠʷ 
ʜʠʩʣʦʢʘʮʠʠ ʚ ʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʝ, ʠʤʝʶʱʝʝ ʤʥʠʤʦʝ ʩʣʘʛʘʝʤʦʝ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʨʘʜʠʘʮʠ-
ʦʥʥʳʤʠ ʧʦʪʝʨʷʤʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩ ʫʯʝʪʦʤ ʦʧʨʝʜʝʣʝʥʠʷ ʦʙʦʙʱʝʥʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦ-
ʩʪʠ [5] ʠ ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ [6-8] ʥʘʡʜʝʥ ʚʢʣʘʜ ʠʟʛʠʙʥʳʭ ʢʦʣʝʙʘʥʠʡ ʜʠʩʣʦʢʘʮʠʠ ʚ 
ʨʘʜʠʘʮʠʦʥʥʦʝ ʪʨʝʥʠʝ ʜʣʷ ʜʠʩʩʠʧʘʪʠʚʥʦʛʦ ʢʨʠʩʪʘʣʣʘ. 

ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʦʩʴ Oz  ʣʝʞʠʪ ʚʜʦʣʴ ʣʠʥʠʠ ʜʠʩʣʦʢʘʮʠʠ, ʢʦʪʦʨʘʷ ʩʦʚʝʨʰʘʝʪ 
ʤʘʣʳʝ ʢʦʣʝʙʘʥʠʷ ʚʙʣʠʟʠ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ. ʋʯʠʪʳʚʘʣʦʩʴ ʵʣʝʢʪʨʦʥʥʦʝ ʪʦʨʤʦʞʝʥʠʝ 
ʜʠʩʣʦʢʘʮʠʠ. ʇʦʣʫʯʝʥʳ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʚʢʣʘʜʘ ʠʟʛʠʙʥʳʭ ʢʦʣʝʙʘʥʠʡ ʚ ʨʘʜʠʘʮʠʦʥʥʦʝ ʟʘ-
ʪʫʭʘʥʠʝ W . 

ɼʣʷ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʠʟʛʠʙʥʳʭ ʢʦʣʝʙʘʥʠʡ ʚ ʜʣʠʥʥʦʚʦʣʥʦʚʦʤ ʧʨʝʜʝʣʝ 
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ɿʜʝʩʴ r  ï ʧʣʦʪʥʦʩʪʴ ʢʨʠʩʪʘʣʣʘ, 0g  ï ʢʦʥʩʪʘʥʪʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʵʣʝʢʪʨʦʥʥʦʛʦ ʪʦʨʤʦʞʝ-

ʥʠʷ, w  ï ʯʘʩʪʦʪʘ, 22
lt cc=x , tc  ʠ lc  ï ʩʢʦʨʦʩʪʠ ʧʦʧʝʨʝʯʥʳʭ ʠ ʧʨʦʜʦʣʴʥʳʭ ʟʚʫʢʦʚʳʭ

ʚʦʣʥ ʚ ʙʝʟʜʠʩʩʠʧʘʪʠʚʥʦʤ ʢʨʠʩʪʘʣʣʝ, sb  ʠ eb  ï ʚʠʥʪʦʚʘʷ ʠ ʢʨʘʝʚʘʷ ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ
ɹʶʨʛʝʨʩʘ ʜʠʩʣʦʢʘʮʠʠ, zk  ï ʢʦʤʧʦʥʝʥʪʘ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ ʚʜʦʣʴ ʣʠʥʠʠ ʜʠʩʣʦʢʘʮʠʠ, l
ï ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʵʣʝʢʪʨʦʥʘ, dc  ï ʩʢʦʨʦʩʪʴ ʠʟʛʠʙʥʳʭ ʚʦʣʥ ʚʜʦʣʴ ʜʠʩʣʦʢʘ-
ʮʠʠ.
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ʛʜʝ C  ï ʢʦʥʩʪʘʥʪʘ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮʳ, ʟʘʚʠʩʷʱʘʷ ʦʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʇʫʘʩʩʦʥʘ. 
ʆʪʤʝʪʠʤ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʚʳʨʘʞʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʤʫ 

ʚʢʣʘʜʫ ʚ ʟʘʪʫʭʘʥʠʝ ʢʦʣʝʙʘʥʠʡ ʜʠʩʣʦʢʘʮʠʠ ʟʘ ʩʯʝʪ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʪʦʨʤʦʞʝʥʠʷ ʠ ʚʟʘʠ-
ʤʦʜʝʡʩʪʚʠʷ ʩ ʜʠʩʩʠʧʘʪʠʚʥʦʡ ʩʨʝʜʦʡ. 
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ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ʄʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ ʠʩʩʣʝʜʦʚʘʥʳ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ Re-Tb ʠ 
Re-Gd. ʆʧʨʝʜʝʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʚ ʩʦʩʪʦʷʥʠʝ ʩʧʠʥʦʚʦʛʦ ʩʪʝʢʣʘ, ʧʦʩʪʨʦʝʥʳ ʤʘʛʥʠʪ-
ʥʳʝ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ. ʀʩʩʣʝʜʦʚʘʥʘ ʨʝʣʘʢʩʘʮʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʤʦʨʬʥʳʝ ʩʧʣʘʚʳ, ʪʝʨʙʠʡ, ʛʘʜʦʣʠʥʠʡ, ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ, ʩʧʠʥʦʚʦʝ 
ʩʪʝʢʣʦ, ʤʘʛʥʠʪʥʳʝ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ. 

ɼʚʦʡʥʳʝ ʘʤʦʨʬʥʳʝ ʩʧʣʘʚʳ (ɸʉ) ʧʝʨʝʭʦʜʥʦʡ ʤʝʪʘʣʣ ï ʨʝʜʢʦʟʝʤʝʣʴʥʳʡ ʤʝʪʘʣʣ 
(ʇʄïʈɿʄ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʠʩʪʝʤʳ, ʦʙʣʘʜʘʶʱʠʝ ʫʥʠʢʘʣʴʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡ-
ʩʪʚʘʤʠ. ɺ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʚ ʵʪʠʭ ʩʧʣʘʚʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʭʦʜ ʚ ʩʦ-
ʩʪʦʷʥʠʝ ʩʧʠʥʦʚʦʛʦ ʩʪʝʢʣʘ. ʇʨʠʨʦʜʘ ʩʧʠʥ-ʩʪʝʢʦʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʘʭ ʠ 
ʤʝʭʘʥʠʟʤʳ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʷʚʣʷʶʪʩʷ ʧʨʝʜʤʝʪʦʤ ʠʥʪʝʥʩʠʚʥʳʭ ʠʩʩʣʝʜʦʚʘ-
ʥʠʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ. 

ʄʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʤʦʜʝʣʠ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ 
ɸʉ ʩʠʩʪʝʤ Re100-x-Tbx (x=5ï91 ʘʪ. %) ʠ Re100-x-Gdx (x=4ï93 ʘʪ. %), ʘ ʪʘʢʞʝ ʯʠʩʪʳʭ 
ʘʤʦʨʬʥʳʭ ʪʝʨʙʠʷ ʠ ʛʘʜʦʣʠʥʠʷ. ɿʘʪʝʤ ʤʝʪʦʜʦʤ ʄʦʪʥʝ-ʂʘʨʣʦ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɻʝʡʟʝʥ-
ʙʝʨʛʘ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʜʘʥʥʳʭ ʤʦʜʝʣʝʡ. ɺ ʛʘʤʠʣʴʪʦʥʠʘʥʝ ʜʣʷ 
ɸʉ Re-Tb ʫʯʠʪʳʚʘʣʦʩʴ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤʠ ʤʦʤʝʥʪʘʤʠ ʘʪʦ-
ʤʦʚ Tb, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʧʨʝʜʝʣʘʭ ʧʝʨʚʦʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʳ, ʠ ʩʣʫʯʘʡʥʘʷ ʦʜʥʦʦʩ-
ʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ. ɼʣʷ ɸʉ Re-Gd ʫʯʠʪʳʚʘʣʦʩʴ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʘʛʥʠʪ-
ʥʳʭ ʤʦʤʝʥʪʦʚ ʘʪʦʤʦʚ Gd ʚ ʧʨʝʜʝʣʘʭ ʧʝʨʚʦʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʳ ʠ ʘʥʪʠʬʝʨʨʦʤʘʛ-
ʥʠʪʥʦʝ ï ʚ ʧʨʝʜʝʣʘʭ ʚʪʦʨʦʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʳ. 

ɺ ʧʨʦʮʝʩʩʝ ʦʭʣʘʞʜʝʥʠʷ ʤʦʜʝʣʝʡ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 
ʩʧʦʥʪʘʥʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ 
ʩʠʩʪʝʤʳ. ʆʧʨʝʜʝʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʠʟ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʚ ʩʧʠʥ-ʩʪʝʢʦʣʴʥʦʝ ʩʦ-
ʩʪʦʷʥʠʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʪʦʤʦʚ ʈɿʄ, ʧʦʩʪʨʦʝʥʳ ʤʘʛʥʠʪʥʳʝ ʬʘʟʦʚʳʝ 
ʜʠʘʛʨʘʤʤʳ. ʀʩʩʣʝʜʦʚʘʥʦ ʧʦʚʝʜʝʥʠʝ ʤʦʜʝʣʝʡ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʷ: ʨʘʩʩʯʠʪʘʥʳ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʢʦʥʮʝʥʪʨʘʮʠʷʭ 
ʘʪʦʤʦʚ ʈɿʄ, ʧʦ ʢʦʪʦʨʳʤ ʦʧʨʝʜʝʣʝʥʳ ʚʝʣʠʯʠʥʳ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʦʩʪʘʪʦʯʥʦʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ.  

ʀʩʩʣʝʜʦʚʘʥʳ ʧʨʦʮʝʩʩʳ ʨʝʣʘʢʩʘʮʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʤʦʜʝʣʷʭ ʧʦʩʣʝ ʦʪʢʣʶʯʝ-
ʥʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɿʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʧʦʜʯʠʥʷʶʪ-
ʩʷ ʨʘʟʥʳʤ ʟʘʢʦʥʘʤ ʜʣʷ ɸʉ ʩʦ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ (Re-Tb) ʠ ʩ ʬʣʫʢʪʫʘʮʠʷʤʠ ʦʙ-
ʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ (Re-Gd). 
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II. ʄɽʍɸʅʀʏɽʉʂɸʗ ʈɽʃɸʂʉɸʎʀʗ

ʋɼʂ 538.9 

ʈɽʃɸʂʉɸʎʀʗ ʄʆɼʋʃʗ ʉɼɺʀɻɸ ɺ ʄɽʊɸʃʃʀʏɽʉʂʆʄ ʉʊɽʂʃɽ Pd40Ni40P20 

ʇʆʉʃɽ ʇʃɸʉʊʀʏɽʉʂʆʁ ɼɽʌʆʈʄɸʎʀʀ ʂʈʋʏɽʅʀɽʄ ʇʆɼ ɼɸɺʃɽʅʀɽʄ 

ʖ.ʇ. ʄʠʪʨʦʬʘʥʦʚ1, ɽ.ɺ. ɻʦʥʯʘʨʦʚʘ2
, H. Zhou

3
, G. Wilde

4, ɺ.ɸ. ʍʦʥʠʢ5
 

1ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ, ʩ. ʥ. ʩ. ʢʘʬʝʜʨʳ ʦʙʱʝʡ ʬʠʟʠʢʠ, mitrofanovyup@gmail.com 
2ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʤ. ʥ. ʩ. ʢʘʬʝʜʨʳ ʦʙʱʝʡ ʬʠʟʠʢʠ, goncharova.evg@mail.ru 

3
PhD student of the Institute of Material Physics, h_zhou04@uni-muenster.de 

4
PhD in Materials Science, University Professor, Director of the Institute of Material Physics, Dean of 

the Department of Physics, gwilde@uni-muenster.de 
5ɼ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, ʟʘʚ. ʢʘʬʝʜʨʦʡ ʦʙʱʝʡ ʬʠʟʠʢʠ, ʛ. ʥ. ʩ., v.a.khonik@vspu.ac.ru 

1,2,5ɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɺʦʨʦʥʝʞ (ʈʦʩʩʠʷ) 
3,4University of M¿nster, M¿nster (Germany) 

ʀʩʩʣʝʜʦʚʘʥʘ ʨʝʣʘʢʩʘʮʠʷ ʩʜʚʠʛʦʚʦʡ ʫʧʨʫʛʦʩʪʠ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʩʪʝʢʣʝ Pd40Ni40P20 ʧʦʩʣʝ 
ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʢʨʫʯʝʥʠʝʤ ʧʦʜ ʜʘʚʣʝʥʠʝʤ. ɼʝʬʦʨʤʘʮʠʷ ʚʣʠʷʝʪ ʥʘ ʢʠʥʝʪʠʢʫ 
ʥʝʨʝʣʘʢʩʠʨʦʚʘʥʥʦʛʦ ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʧʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʩʪʝʢʣʘ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 
ʟʥʘʯʠʪʝʣʴʥʦʤ ʠʟʤʝʥʝʥʠʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ ʩʪʨʫʢʪʫʨʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚʩʣʝʜʩʪʚʠʝ 
ʠʥʪʝʥʩʠʚʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʪʘʣʣʠʯʝʩʢʦʝ ʩʪʝʢʣʦ, ʤʦʜʫʣʴ ʩʜʚʠʛʘ, ʨʝʣʘʢʩʘʮʠʷ, ʧʣʘʩʪʠʯʝʩʢʘʷ 
ʜʝʬʦʨʤʘʮʠʷ. 

ʄʝʪʦʜʳ ʠʥʪʝʥʩʠʚʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʷʚʣʷʶʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ 
ʠʥʩʪʨʫʤʝʥʪʦʤ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ, ʧʦʟʚʦʣʷʷ ʩʦʟʜʘʚʘʪʴ 
ʦʙʲʝʤʥʳʝ ʥʘʥʦʤʘʪʝʨʠʘʣʳ ʩ ʦʩʦʙʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [1]. ɺʦʧʨʦʩ ʦ ʚʣʠʷʥʠʠ 
ʪʘʢʦʛʦ ʨʦʜʘ ʜʝʬʦʨʤʘʮʠʡ ʥʘ ʩʪʨʫʢʪʫʨʫ ʘʤʦʨʬʥʳʭ (ʥʝʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ) ʩʧʣʘʚʦʚ ʦʩʪʘʝʪʩʷ 
ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʦʪʢʨʳʪʳʤ ʠ ʷʚʣʷʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʥʝʦʩʣʘʙʝʚʘʶʱʝʛʦ ʠʥʪʝʨʝʩʘ 
ʬʠʟʠʢʦʚ-ʤʝʪʘʣʣʦʚʝʜʦʚ. 

ʅʝʨʝʣʘʢʩʠʨʦʚʘʥʥʳʡ ʤʦʜʫʣʴ ʩʜʚʠʛʘ G ʷʚʣʷʝʪʩʷ ʚʘʞʥʝʡʰʝʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ 
ʚʝʣʠʯʠʥʦʡ, ʢʦʪʦʨʘʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʨʝʣʘʢʩʘʮʠʦʥʥʫʶ (ʤʝʜʣʝʥʥʫʶ) ʠ ʘʪʦʤʥʦ-

ʤʦʣʝʢʫʣʷʨʥʫʶ (ʙʳʩʪʨʫʶ) ʜʠʥʘʤʠʢʫ ʩʪʨʫʢʪʫʨʳ ʘʤʦʨʬʥʳʭ ʚʝʱʝʩʪʚ (ʞʠʜʢʦʩʪʝʡ ʠ 
ʩʪʝʢʦʣ) [2]. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ ʚʝʣʠʯʠʥʘ G ʦʢʘʟʳʚʘʝʪʩʷ 
ʚʘʞʥʝʡʰʠʤ ʠʥʪʝʛʨʘʣʴʥʳʤ ʠʥʜʠʢʘʪʦʨʦʤ ʪʝʧʣʦʚʳʭ ʵʬʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ ʩʦʧʨʦʚʦʞʜʘʶʪ 
ʧʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ ʥʝʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ [3]. 

ɺ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʧʝʨʚʳʝ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʠʟʤʝʨʝʥʠʷ 
ʥʝʨʝʣʘʢʩʠʨʦʚʘʥʥʦʛʦ ʤʦʜʫʣʷ ʩʜʚʠʛʘ G ʧʨʠ ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʦʚ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʝʢʣʘ 
Pd40Ni40P20, ʧʦʜʚʝʨʛʥʫʪʳʭ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 
ʤʝʪʦʜʦʤ ʢʨʫʯʝʥʠʷ ʧʦʜ ʜʘʚʣʝʥʠʝʤ. ʀʟʤʝʨʝʥʠʷ G ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʦʤ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʜʝʪʘʣʠ ʩʤ., ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [4]). ʅʘ 
ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʨʠ 3 ʂ/ʤʠʥ ʜʣʷ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ 
ʦʙʨʘʟʮʘ (ʚ ʚʠʜʝ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʤʦʜʫʣʷ ʩʜʚʠʛʘ g = G / G340K ï 1, ʛʜʝ G340K ï 

ʚʝʣʠʯʠʥʘ ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʧʨʠ 340 ʂ), ʘ ʪʘʢʞʝ ʧʦʩʣʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ 
ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ Trt ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʦʢʦʣʦ 12 ɻʇʘ ʧʦʩʣʝ N = 3, 10 ʠ 100 ʦʙʦʨʦʪʦʚ. 
ʇʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʚʳʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʢʠʥʝʪʠʢʠ G (run 1). ʇʦʩʣʝ ʥʘʛʨʝʚʘ 
ʦʙʨʘʟʮʘ ʜʦ 620 ʂ > Tg (ʛʜʝ Tg ï ʪʝʤʧʝʨʘʪʫʨʘ ʩʪʝʢʣʦʚʘʥʠʷ) ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʭʣʘʞʜʝʥʠʷ 
ʜʦ Trt ʨʝʘʣʠʟʫʝʪʩʷ ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʇʨʠ ʵʪʦʤ ʠʪʦʛʦʚʘʷ ʚʝʣʠʯʠʥʘ ʨʝʣʘʢʩʘʮʠʠ 
ʤʦʜʫʣʷ ʩʜʚʠʛʘ (grel) (ʩʤ. ʚʩʪʘʚʢʫ ʥʘ ʨʠʩʫʥʢʝ ʜʣʷ T = 340 ʂ) ʟʘʚʠʩʠʪ ʦʪ ʯʠʩʣʘ ʦʙʦʨʦʪʦʚ 
N, ʪ.ʝ. ʦʪ ʵʬʬʝʢʪʠʚʥʦʡ ʚʝʣʠʯʠʥʳ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʂʠʥʝʪʠʢʘ ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʚ 
ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʤ ʦʙʨʘʟʮʝ (run 2) ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʠʩʭʦʜʥʦʛʦ (ʥʝ ʦʪʦʞʞʝʥʥʦʛʦ) ʩʪʝʢʣʘ. 

ɺ ʨʘʙʦʪʝ ʦʙʩʫʞʜʘʶʪʩʷ ʚʦʟʤʦʞʥʳʝ ʧʨʠʯʠʥʳ ʠʟʤʝʥʝʥʠʷ ʢʠʥʝʪʠʢʠ G ʚʩʣʝʜʩʪʚʠʝ 
ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʣʦʩ ʩʜʚʠʛʘ ʧʦʩʣʝ ʠʥʪʝʥʩʠʚʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. 
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ʈʠʩʫʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʤʦʜʫʣʷ ʩʜʚʠʛʘ 
ʚ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʤ ʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʤ ʩʪʝʢʣʝ Pd40Ni40P20  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 
ʈʌ (ʟʘʜʘʥʠʝ 3.1310.2017/4.6). 

ʃʠʪʝʨʘʪʫʨʘ 

1. Estrin Y. Extreme grain refinement by severe plastic deformation : A wealth of challenging

science / Y. Estrin, A. Vinogradov // Acta Amterialia. ï 2013. ï Vol. 61. ï P. 782ï817. 

2. Dyre J.C. The glass transition and elastic models of glass-forming liquids / J.C. Dyre //

Reviews of Modern Physics. ï 2006. ï Vol. 78. ï P. 953ï972. 

3. Khonik V. Metallic glasses : A new approach to the understanding of the defect structure

and physical properties / V. Khonik, N.P. Kobelev // Metals. ï 2019. ï Vol. 9. ï P. 605-1ï605-21. 

4. Mitrofanov Y.P. Towards understanding of heat effects in metallic glasses on the basis of

macroscopic shear elasticity / Y.P. Mitrofanov, D.P. Wang, A.S. Makarov, W.H. Wang, V.A. Khonik 

// Scientific Reports. ï 2016. ï Vol. 6. ï P. 23026-1ï23026-6. 

ʋɼʂ 544.6 

ɺʅʋʊʈɽʅʅɽɽ ʊʈɽʅʀɽ ɺ ʉʊʈʋʂʊʋʈɸʍ ʕʃɽʂʊʈʆʃʀʊʀʏɽʉʂʆɻʆ ʍʈʆʄɸ 

ʖ.ʅ.ʐʘʣʠʤʦʚ1, ɺ.ʀ.ʂʫʜʨʷʰ2, ɼ.ʃ.ʐʘʣʠʤʦʚ3 

1ɼ-ʨ ʪʝʭʥ. ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, shalimov_yn@mail.ru 
2ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ, kudrjash_vi@mail.ru 

1ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 
2ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʠʥʩʪʠʪʫʪ ʄɺɼè 

3ʅʂʊɹ çʌʝʨʨʠʪè 

ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨ ʠʟ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʦʛʦ ʭʨʦʤʘ ʚ 
ʫʩʣʦʚʠʷʭ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʠ ʠʤʧʫʣʴʩʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʦʣʴ ʜʝʬʝʢʪʦʚ ʚʳʧʦʣʥʷʶʪ 
ʛʨʘʥʠʮʳ ʟʝʨʝʥ, ʧʦ ʢʦʪʦʨʳʤ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʝʪʘʣʣʦʛʠʜʨʠʜʦʚ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʪʘʣʣʦʛʠʜʨʠʜʳ, ʜʝʬʝʢʪʳ ʩʪʨʫʢʪʫʨʳ ʠʤʧʫʣʴʩʥʳʡ ʵʣʝʢʪʨʦʣʠʟ, ʚʥʫʪ-
ʨʝʥʥʝʝ ʪʨʝʥʠʝ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʠʝ ʤʝʪʘʣʣʳ ʠ ʩʧʣʘʚʳ ʢʘʢ ʩʠʩʪʝʤʳ ʩ ʤʝʥʴʰʝʡ ʩʪʝ-
ʧʝʥʴʶ ʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʘʪʦʤʦʚ ʦʙʨʘʟʫʶʪ ʜʝʬʝʢʪʳ ʩʪʨʫʢʪʫʨʳ, ʧʦ ʢʦʪʦʨʳʤ ʚʦʟʤʦʞʥʦ 
ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʝʪʘʣʣʦʛʠʜʨʠʜʦʚ ʧʨʠ ʫʩʣʦʚʠʠ ʧʨʦʪʝʢʘʥʠʠ ʩʦʧʨʷʞʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʥʘ 
ʢʘʪʦʜʝ [1]. ʆʙʱʠʡ ʚʠʜ ʪʘʢʠʭ ʧʨʦʮʝʩʩʦʚ ʧʨʝʜʩʪʘʚʣʝʥ ʩʭʝʤʦʡ 
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ʂʘʢ ʧʨʘʚʠʣʦ, ʵʥʝʨʛʠʷ ʩʚʷʟʠ ʚ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʷ ʥʝʚʝʣʠʢʘ ʠ ʜʣʷ ʭʨʦʤʦʚʳʭ ʧʦʢʨʳ-
ʪʠʡ ʣʝʞʠʪ ʚ ʧʨʝʜʝʣʘʭ 0,45-0,6 eV, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʤʧʝʨʘʪʫʨʝ ʵʢʩʪʨʘʢʮʠʠ ʚʦʜʦʨʦʜʘ 
ʠʟ ʛʠʜʨʠʜʘ ʚ ʧʨʝʜʝʣʘʭ 125-150Áʉ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʤʦʞʥʦʩʪʴ ʛʠʜʨʠʜʥʦʛʦ ʭʨʘʥʝʥʠʷ 
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ʚʦʜʦʨʦʜʘ ʜʣʷ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʠʭ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ, ʯʝʤ ʜʣʷ ʤʝ-
ʪʘʣʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʧʣʘʚʣʝʥʠʷ. ʆʜʥʘʢʦ ʠ ʜʣʷ ʤʝʪʘʣʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʘʣ-
ʣʫʨʛʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʤʦʞʥʦ ʩʬʦʨʤʠʨʦʚʘʪʴ ʜʝʬʝʢʪʳ ʧʫʪʝʤ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 
ʠʣʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʫʪʝʤ ʦʙʨʘʙʦʪʢʝ ʚ ʨʘʩʪʚʦʨʝ ʫʣʴʪʨʘʟʚʫʢʦʤ ʚ ʨʝʞʠʤʝ ʢʘ-
ʚʠʪʘʮʠʠ.  

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨ ʨʘʩʩʤʦʪʨʠʤ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʝʬʝʢʪʦʚ ʚ 
ʩʪʨʫʢʪʫʨʝ ʭʨʦʤʘ.  ʅʘ ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ 
ʪʨʝʥʠʷ Q

-1
(T) ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʦʛʦ ʭʨʦʤʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʠʟ ʩʝʨʥʦʢʠʩʣʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ

ʭʨʦʤʠʨʦʚʘʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʠ ʠʤʧʫʣʴʩʥʦʛʦ ʵʣʝʢʪʨʦʣʠʟʘ [2]. ɸʤʧʣʠʪʫʜʘ 
ʧʠʢʘ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʨʝʞʠʤʦʚ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ 
ʵʣʝʢʪʨʦʣʠʟʘ. ʊʦ ʝʩʪʴ ʯʠʩʣʦ ʜʝʬʝʢʪʦʚ ʩʪʨʫʢʪʫʨʳ ʫʚʝʣʠʯʠʚʘʝʪ ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ ʨʝʞʠʤʝ 
ʵʣʝʢʪʨʦʣʠʟʘ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʦʚʝʨʰʝʥʩʪʚʘ ʩʪʨʫʢʪʫʨʳ ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ 
ʨʦʩʪ ʯʠʩʣʘ ʜʝʬʝʢʪʦʚ ʩʚʷʟʘʥ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʫʤʤʘʨʥʦʡ ʵʬʬʝʢʪʠʚʥʦʡ ʜʣʠʥʳ ʛʨʘʥʠʮ ʟʝ-
ʨʝʥ. ʏʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ ʥʘʣʠʯʠʝ ʩʪʠʤʫʣʷʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʛʠʜʨʠʜʦʚ ʥʘ ʜʝʬʝʢ-
ʪʘʭ ʩʪʨʫʢʪʫʨʳ ʚ ʵʪʠʭ ʦʙʣʘʩʪʷʭ.  

ʈʠʩʫʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʦʛʦ ʭʨʦʤʘ, ʧʦʣʫʯʝʥ-
ʥʦʛʦ ʠʟ ʩʝʨʥʦʢʠʩʣʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ 

ʋʚʝʣʠʯʝʥʠʝ ʰʠʨʠʥʳ ʧʠʢʦʚ Q
-1

(T) ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʥʝʩʪʘʮʠʦʥʘʨʥʳʤ ʨʝʞʠʤʦʚ
ʵʣʝʢʪʨʦʣʠʟʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʦʚ, ʩʚʷʟʘʥʥʳʤ 
ʩ ʦʙʨʘʟʦʚʘʚʰʠʤʠʩʷ ʛʠʜʨʠʜʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ. ʏʪʦ ʛʦʚʦʨʠʪ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘ-
ʥʠʷ ʨʝʜʫʢʮʠʦʥʥʦʛʦ ʵʬʬʝʢʪʘ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʠʟʚʣʝʯʝʥʠʠ ʚʦʜʦʨʦʜʘ ʧʨʠ ʧʨʘʢʪʠʯʝʩʢʦʤ 
ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʘʢʠʭ ʛʠʜʨʠʜʥʳʭ ʩʠʩʪʝʤ ʚ ʢʘʯʝʩʪʚʝ ʥʘʢʦʧʠʪʝʣʝʡ ʚʦʜʦʨʦʜʘ.  

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʚʦʡʩʪʚ ʵʣʝʢʪʨʦʣʠʪʦʚ ʫʩʣʦʚʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʠʭ 
ʦʩʘʜʢʦʚ ʤʦʛʫʪ ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʪʴʩʷ ʟʘ ʩʯʝʪ ʚʝʣʠʯʠʥʳ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʧʨʠ ʨʝʘʣʠʟʘ-
ʮʠʠ ʵʣʝʤʝʥʪʘʨʥʦʛʦ ʘʢʪʘ. ɺ ʵʣʝʢʪʨʦʣʠʪʘʭ ʭʨʦʤʠʨʦʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʭʨʦʤʩʫʣʴʬʘʪʥʳʭ 
ʵʣʝʢʪʨʦʣʠʪʦʚ ʧʨʦʮʝʩʩ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʭʨʦʤʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʠʟ ʘʥʠʦʥʥʦʡ ʬʦʨʤʳ ʥʘ 
ʢʘʪʦʜʝ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʘʪʦʤʘʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʦʪʝʢʘʝʪ ʚ ʩʦʚʝʨʰʝʥʥʦ ʠʥʳʭ ʫʩʣʦʚʠʷʭ, 
ʯʝʤ ʚ ʵʣʝʢʪʨʦʣʠʪʘʭ ʥʘ ʦʩʥʦʚʝ ʩʝʨʥʦʢʠʩʣʦʛʦ ʭʨʦʤʘ, ʪʘʢ ʢʘʢ ʵʥʝʨʛʠʠ ʵʣʝʤʝʥʪʘʨʥʦʛʦ ʘʢʪʘ 
ʨʘʟʣʠʯʘʝʪʩʷ. ʂʦʣʠʯʝʩʪʚʦ ʚʦʜʦʨʦʜʘ ʚ ʩʣʫʯʘʝ ʭʨʦʤʩʫʣʴʬʘʪʥʳʭ ʵʣʝʢʪʨʦʣʠʪʦʚ ʚʳʜʝʣʷʝʪʩʷ 
ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ ʥʘ ʢʘʪʦʜʝ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʩʝʨʥʦʢʠʩʣʳʭ ʵʣʝʢʪʨʦʣʠʪʘʭ ʦʙʨʘʟʫʝʪʩʷ 
ʙʦʣʴʰʝ ʛʠʜʨʠʜʦʚ. ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʚ ʫʩʣʦʚʠʷʭ ʧʘʩʩʠʚʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʨʤʠʨʫʶʪ-
ʩʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ: ʭʨʦʤʘ ʠ ʦʢʩʠʜʘ ʭʨʦʤʘ. 
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The vibration level in industry can be reduced using various vibro-isolating and vibro-

absorbing devices based on viscoelastic organic materials [1, 2]. However, viscoelastic organ-

ic materials are characterized by low elastic modulus, and application of these materials re-

duces rigidity of the assembly. Also, organic materials cannot be used at elevated (higher than 

200ÁC) or low (less than -70ÁC) temperatures, for instance in the satellite systems, where a 
small vibration of the laser beam makes the system useless. It is well-known that vibration, 

acoustic and operating properties of various precision devices can be improved with the help 

of High Damping Metals (HIDAMETs) [3, 4]. 

ADIF (Forced vibrations) 

Fig. 1. Dependence of damping capacity 

on the annealing temperature 

ADIF (Free decay) 

Fig. 2. Dependence of damping capacity 

on the annealing temperature 

Fig. 3. Dependence of max. damping capacity on annealing temperature 
The main structural mechanism of damping for the Fe-Cr alloys is magneto-

mailto:abdelkarim@misis.ru
mailto:priboy38@mail.ru
mailto:dimsav94@gmail.com
mailto:i-chudakov@yandex.ru
mailto:i.golovin@misis.ru


44 

mechanical damping due to irreversible motion of magnetic domain walls (DWs), which also 

leads to a magnetostriction effect. In this investigation, we used cold-rolled (CR) sheets of a 

high-purity Fe-18Cr alloy to find out the correlation between heat treatment and damping ca-

pacity as well as magnetic properties including magnetostriction and grain size. Damping ca-

pacity of the samples was measured in several structural states after different annealing treat-

ments using forced vibrations by means of dynamical mechanical analyzer Q800 TA Instru-

ment and self-made vibrating reed with free-decay of bending vibrations. The results show 

that the optimal properties for Fe-18Cr binary alloy were achieved after 800ÁC annealing of 
the CR sheets. Slow cooling of the samples after high-temperature heat treatment causes a 

marked decrease of the impact toughness, reduction of damping capacity and increase in the 

coercive force of the Fe-18Cr alloy. This effect is caused by spinodal decomposition of the 

Fe-Cr solid solution and formation of local zones enriched with Cr. Damping capacity results 

are shown in the following Fig. 1, 2 and 3. 

The work was carried out with support from the Ministry of Education and Science of 

the Russian Federation in the framework of increase Competitiveness Program of NUST 

ñMISISò, implemented by a governmental decree dated 16th of March 2013, No 211. This 
work was supported by the RNF project 19-72-20080. 
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One of the reasons for the promise of Magnetostrictive materials in a host of applica-

tions is the development of a new class of structural magnetostrictive materials. Ironïgallium 

alloys (galfenol) exhibit moderate magnetostriction (Ḑ350 ppm) under very low magnetic 

fields 100 Oe (8000 A.m
ī1

), have very low hysteresis, and demonstrate high tensile strength

(500 MPa) and limited variation in magnetomechanical properties for temperatures between 

ī20 and 80o
C [1]. They have a high Curie temperature [1] and are corrosion resistant [2] and

biodegradable [3]. The raw materials used to produce FeGa alloys are relatively inexpensive

[2].

Several research techniques were used to study structure and phase transitions at heat-

ing and cooling of three Fe-Ga alloys with 25, 27 and 33 at.% Ga. Structure of these alloys in 

the as cast state and after different annealing regimes were characterized by XRD, SEM, 

MFM, HV and low-temperature heat capacity. Using high resolution neutron diffraction, it is 

proved that initial state of the as cast samples has the high temperature BCC-derivative D03 

phase which is metastable at room temperature. Heating of the as cast samples and their sub-

sequent cooling lead to a cascade of phase transitions changing sampleôs structure, mechani-

cal and physical properties including damping capacity. The phase transitions were character-

ized by in situ neutron diffraction, internal friction, resistivity, vibrating sample magnetome-

try, dilatometry, and differential scanning calorimetry. Activation energy and relaxation time 

were calculated for thermally-activated relaxation peaks. Transition from metastable D03 to 

stable L12 phase at heating or isothermal annealing leads to significant changes in macro 

(grain size) and micro (atomic ordering) structure, hardness and magnetic properties (magne-

tostriction, magnetization and internal friction). According to our structural studies ND which 

shown in the following figure, composition Fe-25.5 at.% Ga below ~600ÁC belongs to a sin-

gle phase (L12) range in contrast with existing equilibrium phase diagrams. 

Figure. Temperature dependences of the intensities of fundamental diffraction peaks and their first 

derivatives (transformation rate, right upper Y-axe) of different phases during the transition from  

the initial (D03 phase at RT) to the final (A2 phase above 750ÁC) state of the alloy Fe-25.5Ga (a),  

and of the alloy Fe-26.9Ga as well (b) during heating 
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ʎʝʣʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 
ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʛʠʙʨʠʜʥʦʛʦ ʧʦʣʠʤʝʨʥʦʛʦ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʇʂʄ) ʥʘ 
ʦʩʥʦʚʝ ʫʛʣʝ- ʠ ʩʪʝʢʣʦʚʦʣʦʢʦʥ ʩ ʨʘʟʥʳʤ ʧʨʦʮʝʥʪʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʤʘʪ-
ʨʠʮʝ ʨʘʩʧʣʘʚʥʦʛʦ ʵʧʦʢʩʠʜʥʦʛʦ ʩʚʷʟʫʶʱʝʛʦ ʤʘʨʢʠ ʊ-107, ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʨʘʟʨʘʙʦʪʘʥ 
ʭʠʤʠʯʝʩʢʠʤ ʬʘʢʫʣʴʪʝʪʦʤ ʄɻʋ [1]. ɺ ʢʘʯʝʩʪʚʝ ʘʨʤʠʨʫʶʱʝʛʦ ʥʘʧʦʣʥʠʪʝʣʷ ʠʩʧʦʣʴʟʦʚʘ-
ʣʠʩʴ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʘʷ ʣʝʥʪʘ ʩ ʫʛʣʝʨʦʜʥʳʤ ʚʦʣʦʢʥʦʤ Formosa TC-35 (12ʂ) (ůɺ=4000 

ʄʇʘ, ɽ=240 ɻʇʘ) [2] ʠ ʩʪʝʢʣʦʪʢʘʥʴ ʊ-10-14 [3]. ʇʨʝʧʨʝʛʠ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝ- ʠ ʩʪʝʢʣʦ- 

ʥʘʧʦʣʥʠʪʝʣʝʡ ʠ ʩʚʷʟʫʶʱʝʛʦ ʊ-107 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ Hot-melt ʩ ʧʦʤʦʱʴʶ ʪʝʭʥʦ-
ʣʦʛʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʨʦʧʠʪʢʠ COS.T.A. [4]. ʅʘ ʨʠʩ. 1ʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 
ʟʘʚʠʩʠʤʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʩʪʝʢʣʦʫʛʣʝʧʣʘʩʪʠʢʦʚ ʚ ʤʘʪʨʠʮʝ ʊ-107 ʩ ʨʘʟʣʠʯʥʳʤ 
ʩʦʜʝʨʞʘʥʠʝʤ ʫʛʣʝʨʦʜʥʳʭ ʠ ʩʪʝʢʣʷʥʥʳʭ ʚʦʣʦʢʦʥ. ʇʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚʝʣʠʯʠʥʘ 
ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʪʣʠʯʘʝʪʩʷ ʠ ʩʦʩʪʘʚʣʷʝʪ Q

-1
 ~ 5Ŀ10-3. ʇʦʚʳʰʝʥʠʝ

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ ʊ~ 450 ʂ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ ʨʦʩʪʦʤ, ʢʦʪʦʨʳʡ ʩʤʝʥʷʝʪʩʷ 
ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʤ ʨʦʩʪʦʤ ɺʊ. ʇʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʩʪʝʢʣʦʚʘʥʠʷ (ʊ = 458 
ʂ) ʚʝʣʠʯʠʥʘ Q-1

 ʝʱʝ ʙʦʣʴʰʝ ʚʦʟʨʘʩʪʘʝʪ.
ʅʘʙʣʶʜʘʝʤʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʙʣʠʟʢʠʭ ʢ ʪʝʤ-

ʧʝʨʘʪʫʨʝ ʩʪʝʢʣʦʚʘʥʠʷ, ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ɺʊ ʟʘʤʝʪʥʦ ʚʦʟʨʘʩʪʘʝʪ ʠ ʵʪʦʪ ʨʦʩʪ ʩʚʷʟʘʥ ʩ ʧʦ-
ʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝʡ, ʘ ʥʝ ʩ ʤʘʪʝʨʠʘʣʦʤ ʥʘʧʦʣʥʠʪʝʣʷ. ʊʘʢʦʡ ʨʦʩʪ ʦʙʳʯʥʦ ʥʘʟʳʚʘʶʪ ʚʳ-
ʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʬʦʥʦʤ ɺʊ ʠ ʦʥ ʦʧʠʩʳʚʘʝʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʦʪ 
ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ [5]. ʅʘ ʨʠʩ. 1ʙ ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʪʫʨʘʣʴʥʦʛʦ ʣʦʛʘ-
ʨʠʬʤʘ ɺʊ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʩʪʝʢʣʦʫʛʣʝʧʣʘʩʪʠʢʘ, ʫʛʣʝʧʣʘʩʪʠʢʘ ʠ ʩʪʝʢʣʦ-
ʧʣʘʩʪʠʢʘ c ʤʘʪʨʠʮʝʡ ʊ-107. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 1 ʙ, ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʬʦ-
ʥʘ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ lnQ

-1 
~ (1/T) ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʘ (ʜʦ ʪʝʤʧʝʨʘ-

ʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ ʠ ʧʦʩʣʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ).  
ʇʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ, ʘʧʧʨʦʢʩʠʤʠʨʫʷ ʧʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʥʫʪ-

ʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ, ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ ʤʠ-
ʛʨʘʮʠʠ ʜʝʬʝʢʪʦʚ ʜʣʷ ʤʘʪʨʠʮʳ ʠʩʩʣʝʜʫʝʤʦʛʦ ʢʦʤʧʦʟʠʪʘ ʧʦ ʪʘʥʛʝʥʩʫ ʫʛʣʘ ʥʘʢʣʦʥʘ ʟʘʚʠ-
ʩʠʤʦʩʪʠ lnQ

-1 
~ (1/T).
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ʈʠʩʫʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʜʣʷ ʩʪʝʢʣʦʧʣʘʩʪʠʢʘ (1), 

ʫʛʣʝʧʣʘʩʪʠʢʘ (2) ʠ ʩʪʝʢʣʦʫʛʣʝʧʣʘʩʪʠʢʘ (3) ʩ ʤʘʪʨʠʮʝʡ ʊ-107  

ʚ ʢʦʦʨʜʠʥʘʪʘʭ Q-1 
~ T (ʘ) ʠ lnQ

-1 
~ (1/T) (ʙ) 

ʆʮʝʥʢʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʤʠʛʨʘʮʠʠ ʪʦʯʝʯʥʦʛʦ ʜʝʬʝʢʪʘ 
ʤʘʪʨʠʮʳ, ʢʦʪʦʨʘʷ ʦʢʘʟʘʣʘʩʴ ʨʘʚʥʦʡ  Em = 0,70 ° 0,05 ʵɺ, ʘ ʵʥʝʨʛʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʚʘʢʘʥ-
ʩʠʦʧʦʜʦʙʥʦʛʦ ʜʝʬʝʢʪʘ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʝʣʦʫʛʣʝʧʣʘʩʪʠʢʦʚ ʨʘʚʥʦʡ Ev 

= 0,66 ° 0,05 ʵɺ. ʇʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʵʥʝʨʛʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʚʘʢʘʥʩʠʦʧʦʜʦʙʥʦʛʦ ʜʝʬʝʢ-
ʪʘ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʩʦʚʧʘʜʘʝʪ ʩʦ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ ʤʠʛʨʘ-
ʮʠʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʥʦʡ ʯʘʩʪʠ ʛʦʩʫ-
ʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ (ʧʨʦʝʢʪ ˉ 3.1867.2017/4.6). 
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ɺʥʫʪʨʝʥʥʝʝ ʪʨʝʥʠʝ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʣʘʭ (ʄʉ) ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʴʥʦ ʢ ʣʦ-
ʢʘʣʴʥʳʤ ʘʪʦʤʥʳʭ ʧʝʨʝʩʪʨʦʡʢʘʤ, ʧʦʵʪʦʤʫ ʝʛʦ ʠʟʫʯʝʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʯʨʝʟʚʳʯʘʡʥʦ 
ʚʘʞʥʳʤ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʄʉ. ʉʦʛʣʘʩʥʦ ʩʦʚʨʝʤʝʥʥʳʤ ʧʨʝʜ-
ʩʪʘʚʣʝʥʠʷʤ, ʩʪʨʫʢʪʫʨʘ ʄʉ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʝʜʠʥʦʦʙʨʘʟʥʫʶ ʧʦ ʩʚʦʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠ-
ʢʘʤ ʘʤʦʨʬʥʫʶ ʤʘʪʨʠʮʫ, ʚ ʢʦʪʦʨʦʡ ʠʤʝʶʪʩʷ ʣʦʢʘʣʴʥʳʝ ʥʘʨʫʰʝʥʠʷ ï ʩʪʨʫʢʪʫʨʥʳʝ ʜʝ-
ʬʝʢʪʳ, ʢʦʪʦʨʳʝ ʠ ʦʧʨʝʜʝʣʷʶʪ ʢʠʥʝʪʠʢʫ ʩʪʨʫʢʪʫʨʥʦʡ ʨʝʣʘʢʩʘʮʠʠ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 
ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʧʨʠʨʦʜʝ ʵʪʠʭ ʜʝʬʝʢʪʦʚ ʷʚʣʷʝʪʩʷ ʤʝʞʫʟʝʣʴʥʘʷ ʪʝʦʨʠʷ 
[1]. ʉʦʛʣʘʩʥʦ ʵʪʦʡ ʪʝʦʨʠʠ, ʧʨʠʨʘʱʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ U ʘʤʦʨʬʥʦʛʦ ʪʝʣʘ ʧʨʠ ʠʟ-
ʤʝʥʝʥʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ c ʜʝʬʝʢʪʦʚ ʤʝʞʫʟʝʣʴʥʦʛʦ ʪʠʧʘ ʦʧʠʩʳʚʘʝʪʩʷ ʚʳ-
ʨʘʞʝʥʠʝʤ 

0dU G dca= W , (1) 

ʛʜʝ G ï ʤʦʜʫʣʴ ʩʜʚʠʛʘ, 
0W ï ʘʪʦʤʥʳʡ ʦʙʲʝʤ, a  ï ʧʘʨʘʤʝʪʨ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʧʦʣʝ

ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ ʜʝʬʝʢʪʘ. ɺʝʣʠʯʠʥʘ G  ʩʚʷʟʘʥʘ ʩ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʝʡ: 
exp( )G cm ab= - , (2) 

ʛʜʝ m  ï ʤʦʜʫʣʴ ʩʜʚʠʛʘ ʙʝʟʜʝʬʝʢʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʘ b  ï ʩʜʚʠʛʦʚʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ 
(ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʘʥʛʘʨʤʦʥʠʟʤ ʚʝʱʝʩʪʚʘ, ʪ.ʢ. 

43 /b g m= - , ʛʜʝ 
4g ï ʤʦʜʫʣʴ ʩʜʚʠʛʘ ʯʝʪ-

ʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ [2]). 
ʇʫʩʪʴ 

0e ï ʩʨʝʜʥʷʷ ʣʦʢʘʣʴʥʘʷ ʜʝʬʦʨʤʘʮʠʷ, ʩʦʟʜʘʚʘʝʤʘʷ ʜʝʬʝʢʪʦʤ,
0N ï ʯʠʩʣʦ 

ʜʝʬʝʢʪʦʚ ʥʘ ʝʜʠʥʠʮʫ ʦʙʲʝʤʘ, 
event

W ï ʦʙʲʝʤ, ʦʭʚʘʪʳʚʘʝʤʳʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʧʝʨʝʩʪʨʦʡ-
ʢʦʡ, ʘ 

act
V  ï ʘʢʪʠʚʘʮʠʦʥʥʳʡ ʦʙʲʝʤ. ʊʦʛʜʘ ʚʥʫʪʨʝʥʥʝʝ ʪʨʝʥʠʝ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ 

1

0 0 2 21

act
event

B

V G
Q N

k T

wte
w t

- = W
+

, (3) 

ʛʜʝ ( )0 exp /
B

G k Tt t a= W , W  ï ʦʙʲʝʤ, ʧʨʠʭʦʜʷʱʠʡʩʷ ʥʘ ʘʪʦʤ. ʈʘʥʝʝ ʧʦʜʦʙʥʦʝ ʚʳʨʘ-
ʞʝʥʠʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʜʚʫʭʲʷʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ [3]: 

1

1 2 21

G
Q a

T

wt
w t

- =
+

,  (4) 

ʛʜʝ ʧʘʨʘʤʝʪʨ 
1a ʟʘʚʠʩʠʪ ʦʪ ʯʠʩʣʘ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ (ʜʝʬʝʢʪʦʚ).

ʅʘ ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʢʨʠʚʘʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦ-
ʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʚ ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʤ ʩʪʝʢʣʝ Pd43.2Cu28Ni8.8P20 ʠ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝ-
ʪʘ ʧʦ ʬʦʨʤʫʣʝ (4), ʠʩʧʦʣʴʟʫʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʨʝʣʘʢʩʘʮʠʠ ʤʦʜʫʣʷ ʩʜʚʠʛʘ. 
ɼʝʪʘʣʠ ʤʝʪʦʜʠʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʧʠʩʘʥʳ ʚ ʨʘʙʦʪʝ [4]. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʨʘʩʯʝʪ ʠ 
ʵʢʩʧʝʨʠʤʝʥʪ ʦʪʣʠʯʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʤʝʞʜʫ ʩʦʙʦʡ. 

ʈʠʩʫʥʦʢ. ʈʘʩʯʝʪʥʘʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʚ ʩʪʝʢʣʝ Pd43.2Cu28Ni8.8P20 
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ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 
ʈʌ (ʟʘʜʘʥʠʝ 3.1310.2017/4.6). 
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Effect of spinodal decomposition on structure and rerevsible f.c.c. ź f.c.t. martensitic trans-

formation in as-quenched Mn-15Cu and Mn-12Cu-3Cr alloys is investigated after different ageing 

treatment. According to the small angle neutron scattering, degree of spinodal decomposition in Mn-

15Cu samples aged for 8 h at 480 ÜC is maximal, whereas for samples aged at 440 ÜC, degree of spi-

nodal decomposition increases by increasing ageing time up to 120 hrs in agreement with DSC and 

internal friction results.  

Keywords: Mn-Cu alloys, spinodal decomposition, martensitic transformation, damping capac-

ity, SANS. 

Mn-Cu alloys are well-known materials with a remarkable damping capacity, shape 

memory effect and good mechanical properties [1-3]. Functional properties of Mn-Cu alloys 

are based on the f.c.c. ź f.c.t. thermoelastic martensitic transformation (TEMT)  [4, 5]. Mar-

tensitic transformation in Mn-Cu alloys leads to a lattice structure change from the face cen-

tred cubic (f.c.c.) parent phase to the face centred tetragonal (f.c.t. with c/a < 1) martensite 

phase [6-8]. Mn-Cu alloys have a small transformation thermal hysteresis and phase transfor-

mation temperature is strongly affected by Mn content and heat treatment [9]. 

The structure of studied as-quenched from 850 ÜC alloys is f.c.c., f.c.t. phases and Ŭ-

Mn, while an ageing treatment leads to a change in the volume fraction of co-existing phases 

and in the transition temperatures. The heat flow (DSC) and internal friction (IF) results show 

that the temperatures of the direct and reverse MT in Mn-12Cu-3Cr alloy approximately line-

arly increase by increasing ageing temperature from 400 ÜC to 520 ÜC at ageing time for 8 h. 
After ageing at 440 ÜC from 1 to 8 h, temperatures of MT of as-quenched samples sharply in-
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crease, further long-term ageing leads to a slower increase. During MT, softening of elastic 

modulus is observed. Quenched Mn-12Cu-3Cr samples after ageing at 440 ÜC for 5 h have 

enhanced amplitude dependent IF. According to the small angle neutron scattering (SANS), 

the degree of spinodal decomposition in the Mn-15Cu samples aged for 8 h at 480 ÜC is max-

imal, whereas in the case of samples aged at 440 ÜC, the degree of spinodal decomposition 

increases by increasing ageing time in agreement with DSC and IF results. Variations in tem-

peratures of direct and reverse MT due to ageing of the studied alloys are explained by spi-

nodal decomposition of Mn-Cu solution and formation of sonez enriched by Mn.  Ageing 

temperature and time, i.e. decomposition of the solid solution, have also a pronounced effect 

on the samples hardness.  
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The microstructural changes, volume fraction of co-existent phases, microstrains and 

internal friction of Fe-16Mn-8Cr-2Cr, Fe-22Mn-3Si and Fe-26Mn-4Si (wt.%) alloys have 

been investigated.  

From in situ neutron diffraction tests, we found that microstrains are isotropic in the ɔ-

austenite in the samples, whereas microstrains in the Ů-martensite are apparently higher and 

strongly anisotropic. During thermal cycling, the internal friction and DSC peak of Fe-Mn 

based alloys for the direct martensitic transformation shifts in the direction of a lower temper-

ature, for the reverse martensitic transformation shifts to a higher temperature, enhancing the 

thermal hysteresis ȹT. 

Keywords: Fe-Mn based alloys, martensitic transformation, microstructure, in situ 

neutron diffraction, internal friction. 

The Fe-Mn based alloys are known as materials with an excellent combination of high 

strength, high ductility, and enhanced damping capacity [1-4]. They have been extensively 

investigated in recent years, and have even been given a special name HIDAS (high damping 

steels) [5]. 

After thermal cycling between room temperature and 350 ᴈ with a 10 min holding 

time at high temperature over the phase transformation, volume fraction of Ů-martensite in the 

annealed Fe-26Mn-4Si samples increases, while volume fraction of Ů-martensite in the cold 

rolled samples decreases.  These results explain the changes in the hardness with thermal cy-

cling by increasing the ratio Ů/ɔ in the annealed samples and by decreasing the ratio Ů/ɔ in the 
cold rolled samples. In situ neutron diffraction tests reveal that microstrains are isotropic in 

the ɔ-austenite in the samples, whereas microstrains in the Ů-martensite are pronouncedly 

higher and strongly anisotropic. During thermal cycling, the internal friction and DSC peak of 

Fe-22Mn-3Si alloy for the direct martensitic transformation shifts in the direction of a lower 

temperature, for the reverse martensitic transformation shifts to a higher temperature, enhanc-

ing the thermal hysteresis ȹT (Fig. 1). The transmission electron microscope and neutron dif-

fraction results demonstrate that lattice defects accumulation in the ɔ-austenite and Ů-

martensite phases due to the volume difference of the transformed phases. They explain cor-

responding increase in the martensitic transformation hysteresis. Transient peaks height of the 

Fe-16Mn-8Cr-2Cr alloy (Q
-1 

Tr ) are dependent on a function K( /fĬŮ0) (Q
-1 

Tr  = 3,5Ĭ10-4
; Q

-1 

Tr  =

7,5Ĭ10-4
f
-1

 + 7,3Ĭ10-3
; Q

-1 

Tr  = 4,1Ĭ10-7e-1 

0  + 0,01) during heating for reverse martensitic trans-

formation in accordance with the Wang model. On contrast to Ni-Ti and Mn-Cu alloys, the 

elastic softening does not take place during martensitic transformation in Fe-Mn based alloys. 

a b 
Figure. Effect of thermocycling between 0-350ÁC on the position and the shape of (a) the internal 
friction peaks (f = 1 Hz, e0 = 3.6 ³10

ï5
, T = 3 K/min, n is cycle number); and (b) the DSC peaks

during martensitic transition in Fe-22Mn-3Si alloy 
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ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʢʦʥʩʦʣʠʜʘʮʠʠ ʤʝʪʦʜʦʤ ʢʨʫʯʝʥʠʷ 
ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʧʘʢʝʪʦʚ ʠʟ ʙʳʩʪʨʦʦʭʣʘʞʜʝʥʥʳʭ ʯʝʰʫʝʢ ʩʧʣʘʚʘ Al95.3Cr2.7Zr0.7Mo1.3 ʩ ʢʨʠʩʪʘʣʣʠ-
ʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʘʤʦʨʬʥʳʭ ʣʝʥʪ ʩʧʣʘʚʘ Al87Ni8Gd5. ʋʩʪʘʥʦʚʣʝʥʳ ʢʨʠʪʠʯʝʩʢʠʝ ʚʝʣʠʯʠʥʳ 
ʜʝʬʦʨʤʘʮʠʠ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ 
ʜʘʚʣʝʥʠʷ ʠ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʠʭ ʩʪʨʫʢʪʫʨʫ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ, ʥʝʨʘʚʥʦʚʝʩʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʢʦʥʩʦʣʠʜʘʮʠʷ, ʢʨʫ-
ʯʝʥʠʝ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ. 

ʉʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ Al ʩ ʘʤʦʨʬʥʦʡ ʠ ʥʘʥʦʢʦʤʧʦʟʠʪʥʦʡ ʩʪʨʫʢʪʫʨʘʤʠ ʧʨʝʜʩʪʘʚʣʷʶʪ 
ʙʦʣʴʰʦʡ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ, ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʤʫ ʫʨʦʚʥʶ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ, ʟʥʘ-
ʯʝʥʠʷ ʢʦʪʦʨʦʛʦ ʜʦʩʪʠʛʘʶʪ 1,0 ʠ 1,56 ɻʇʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [1]. ʆʜʥʘʢʦ, ʚʩʣʝʜʩʪʚʠʝ ʥʠʟ-
ʢʦʡ ʩʢʣʦʥʥʦʩʪʠ ʢ ʘʤʦʨʬʠʟʘʮʠʠ ʨʘʩʧʣʘʚʦʚ Al ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʙʲʝʤʥʳʭ ʦʙʨʘʟʮʦʚ ʩ 
ʥʝʨʘʚʥʦʚʝʩʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʥʝʦʙʭʦʜʠʤʘ ʢʦʥʩʦʣʠʜʘʮʠʷ ʙʳʩʪʨʦʦʭʣʘʞʜʝʥʥʳʭ ʜʠʩʧʝʨʩ-
ʥʳʭ ʧʨʦʜʫʢʪʦʚ ʟʘʢʘʣʢʠ.  

ʆʙʲʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʨʘʙʦʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʥʳʝ ʟʘʢʘʣʢʦʡ ʠʟ ʨʘʩʧʣʘʚʘ ʣʝʥʪʳ 

ʩʧʣʘʚʘ Al87Ni8Gd5 ʰʠʨʠʥʦʡ 10 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 66 Ñ 8 ʤʢʤ ʯʝʰʫʡʢʠ ʩʧʣʘʚʘ 
Al95.3Cr2.7Zr0.7Mo1.3 ʜʣʠʥʦʡ ʥʝʩʢʦʣʴʢʦ ʩʘʥʪʠʤʝʪʨʦʚ ʠ ʪʦʣʱʠʥʦʡ 45 Ñ 2 ɛm. ɺ ʠʩʭʦʜʥʦʤ 
ʩʦʩʪʦʷʥʠʠ ʣʝʥʪʳ ʩʧʣʘʚʘ Al87Ni8Gd5 ʠʤʝʣʠ ʘʤʦʨʬʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ 
ʯʝʰʫʝʢ ʩʦʜʝʨʞʘʣʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʣʠʥʠʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʥʘ ʦʩʥʦʚʝ Al (ʨʠʩ. 1 ʘ,ʙ). 
ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʢʦʥʩʦʣʠʜʘʮʠʠ ʣʝʥʪ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʢʨʫʯʝʥʠʷ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚ-
ʣʝʥʠʝʤ (ʂɺɼ) [2] ʤʝʞʜʫ ʜʚʫʤʷ ʧʫʘʥʩʦʥʘʤʠ (ʥʘʢʦʚʘʣʴʥʷʤʠ ɹʨʠʜʞʤʝʥʘ) ʚ ʬʦʨʤʝ ʫʩʝ-
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ʯʝʥʥʳʭ ʢʦʥʫʩʦʚ ʩ ʧʣʦʩʢʠʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʜʠʘʤʝʪʨʦʤ 5 ʤʤ. ʆʙʨʘʙʦʪʢʘ ʧʨʦʠʟʚʦʜʠʣʘʩʴ 
ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʠ ʧʨʠʣʦʞʝʥʥʦʤ ʜʘʚʣʝʥʠʠ 2 GPa ʩʦ ʩʢʦʨʦʩʪʴʶ ʚʨʘʱʝʥʠʷ 
ʥʠʞʥʝʛʦ ʧʦʜʚʠʞʥʦʛʦ ʧʫʘʥʩʦʥʘ 1 ʦʙ/ʤʠʥ. ɺʝʣʠʯʠʥʘ ʠʩʪʠʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʢʨʫʯʝʥʠʷ 
ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ [2] /r lg J= , ʛʜʝ ᶧ ï ʫʛʦʣ ʧʦʚʦʨʦʪʘ (ʚ ʨʘʜʠʘʥʘʭ), r ï 

ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʮʝʥʪʨʘ ʦʙʨʘʟʮʘ, ʘ l ï ʪʦʣʱʠʥʘ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ. 
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ʚ) 
ʈʠʩʫʥʦʢ. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ: (ʘ) ʙʳʩʪʨʦʦʭʣʘʞʜʝʥʥʳʭ ʣʝʥʪ ʩʧʣʘʚʦʚ Al87Ni8Gd5, (ʙ)  

ʯʝʰʫʝʢ ʩʧʣʘʚʘ Al95.3Cr2.7Zr0.7Mo1.3 (ʙ) ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ (1) ʠ ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʥʳʭ ʜʠʩʢʦʚ 
ʧʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ (2); (ʚ) ʪʨʝʭʩʣʦʡʥʳʭ ʧʘʢʝʪʦʚ çʣʝʥʪʘ-ʯʝʰʫʡʢʘ-ʣʝʥʪʘè 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʢʦʥʩʦʣʠʜʘʮʠʠ ʜʚʫʭʩʣʦʡʥʳʭ ʧʘʢʝʪʦʚ ʠʟ ʣʝʥʪ ʠ ʯʝʰʫʝʢ ʠ ʪʨʝʭ-
ʩʣʦʡʥʳʭ çʣʝʥʪʘ-ʯʝʰʫʡʢʘ-ʣʝʥʪʘè ʧʦʢʘʟʘʣʠ, ʯʪʦ  

ï ʜʝʬʦʨʤʘʮʠʷ ʣʝʥʪ ʩʧʣʘʚʘ AlNiGd ʧʨʠʚʦʜʠʪ ʢ ʯʘʩʪʠʯʥʦʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ
ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ ï ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Al ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʚ 13 nm ʠ 
ʦʙʲʝʤʥʦʡ ʜʦʣʝʡ 21% (ʨʠʩ. 1ʘ); 

ï ʜʝʬʦʨʤʘʮʠʷ ʣʝʥʪ ʩʧʣʘʚʘ AlCrZrMo ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ
ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʦʪ 128 ʜʦ 44 nm) ʠ ʫʤʝʥʴʰʝʥʠʶ ʩʪʝʧʝʥʠ ʥʘʩʳʱʝʥʥʦ-
ʩʪʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (ʨʠʩ. 1ʙ); 

ï ʚ ʪʨʝʭʩʣʦʡʥʳʭ ʧʘʢʝʪʘʭ ʬʦʨʤʠʨʫʝʪʩʷ ʥʘʥʦʢʦʤʧʦʟʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʨʝʜʥʠʡ ʨʘʟ-
ʤʝʨ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Al, ʚ ʢʦʪʦʨʦʡ ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʜʦʣʷ ʨʘʩʪʝʪ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʩʪʝ-
ʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ (ʨʠʩ. 1ʚ); 

ï ʦʮʝʥʝʥʥʳʝ ʧʦ ʤʘʢʨʦʩʪʨʫʢʪʫʨʝ ʧʦʧʝʨʝʯʥʳʭ ʩʝʯʝʥʠʡ ʜʠʩʢʦʚ ʢʨʠʪʠʯʝʩʢʠʝ ʟʥʘʯʝ-
ʥʠʷ ʜʝʬʦʨʤʘʮʠʡ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʥʳʤ ʚ ʨʘʙʦʪʝ ʨʝʞʠʤʘʤ ʂɺɼ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʢʦʥʩʦ-
ʣʠʜʘʮʠʠ ʘʤʦʨʬʥʳʭ ʣʝʥʪ ʩʧʣʘʚʘ AlNiGd ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʯʝʰʫʝʢ ʩʧʣʘʚʘ AlCrZrMo, 
ʩʦʩʪʘʚʣʷʶʪ 52.6 ʠ 25.6 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 

ï ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ, ʠʟʤʝʨʝʥʥʳʝ ʚʜʦʣʴ ʜʠʘʤʝʪʨʦʚ ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʜʠʩʢʦʚ, ʚʦʟ-
ʨʘʩʪʘʶʪ ʦʪ ʮʝʥʪʨʘ ʢ ʧʝʨʠʬʝʨʠʠ ʠ ʜʦʩʪʠʛʘʶʪ ʟʥʘʯʝʥʠʡ 3.34 ʠ 2.1 GPa ʚ ʩʧʣʘʚʘʭ AlNiGd 
ʠ AlCrZrMo ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʥʘ 31.4 ʠ 60% ʚʳʰʝ ʟʥʘʯʝʥʠʡ Hɛ ʠʩʭʦʜʥʳʭ ʥʝʜʝʬʦʨ-
ʤʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ; 

ï ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ ʪʨʝʭʩʣʦʡʥʳʭ
ʧʘʢʝʪʦʚ ʚʦʟʨʘʩʪʘʶʪ ʦʪ 3,1 ʜʦ 4,1 ɻʇʘ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʪ 
218 ʜʦ 720.  

ʃʠʪʝʨʘʪʫʨʘ 
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ɺʃʀʗʅʀɽ ʉʆʉʊɸɺɸ ʅɸ ʅɽʉʊɸʎʀʆʅɸʈʅʓʁ ʍɸʈɸʂʊɽʈ ɿɸʈʆɾɼɽʅʀʗ 
ʂʈʀʉʊɸʃʃʆɺ ɺ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɽʂʃɸʍ  
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ɻʋ çɼʦʥʝʮʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ɸ. ɻʘʣʢʠʥʘè, ɼʦʥʝʮʢ 

ɻʆ ɺʇʆ çɼʦʥʙʘʩʩʢʘʷ ʥʘʮʠʦʥʘʣʴʥʘʷ ʘʢʘʜʝʤʠʷ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʠ ʘʨʭʠʪʝʢʪʫʨʳè, ʄʘʢʝʝʚʢʘ 

ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ FeNiPB ʠ 
FeCoPB ʠ ʦʧʨʝʜʝʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʭʘʨʘʢʪʝʨʥʳʭ ʚʨʝʤʝʥ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. 
ʋʩʪʘʥʦʚʣʝʥ ʥʝʩʪʘʮʠʦʥʘʨʥʳʡ ʭʘʨʘʢʪʝʨ ʟʘʨʦʞʜʝʥʠʷ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʧʣʘʚʘʭ ʠ ʝʛʦ ʚʣʠʷʥʠʝ ʥʘ 
ʪʝʨʤʠʯʝʩʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʘʤʦʨʬʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʝʢʣʘ, ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʴ, 
ʪʝʨʤʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ. 

ʌʘʢʪʦʨʳ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʪʝʨʤʠʯʝʩʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ (ʊʋ) ʩʪʨʫʢʪʫʨʳ ʤʝʪʘʣʣʠʯʝ-
ʩʢʠʭ ʩʪʝʢʦʣ (ʄʉ), ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʝ ʪʦʣʴʢʦ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʚ ʩʚʷʟʠ ʩ ʰʠʨʦʢʠʤ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ, ʥʦ ʠ ʚʘʞʥʳ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʠ ʢʦʥ-
ʪʨʦʣʷ ʧʨʦʮʝʩʩʦʚ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʧʫʪʝʤ ʜʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ 
ʟʘʜʘʯʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʚ ʨʘʤʢʘʭ ʘʜʝʢʚʘʪʥʳʭ ʪʝʦʨʝ-
ʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʊʋ ʘʤʦʨʬʥʳʭ ʬʘʟ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʢʦʨʦʩʪʷʤʠ ʟʘʨʦʞʜʝ-
ʥʠʷ ʠ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ, ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʢʦʪʦʨʳʭ ʧʦʩʚʷʱʝʥʦ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʨʘʙʦʪ, ʦʜ-
ʥʘʢʦ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʫʯʝʥʥʳʤ ʷʚʣʷʝʪʩʷ ʚʣʠʷʥʠʝ ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ ʩʢʦʨʦʩʪʠ ʟʘʨʦʞ-
ʜʝʥʠʷ.  

ɺ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʢʠʥʝʪʠʢʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʢʨʠʩʪʘʣʣʠʟʘ-
ʮʠʠ ʪʨʝʭ ʄʉ Fe40Ni40P14B6, Fe40Co40P14B6 ʠ Fe48Co32P14B6 [1] c ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʤʘʛ-
ʥʠʪʥʦ-ʤʷʛʢʠʭ ʩʚʦʡʩʪʚ. ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ X(t) ʚ ʢʦʦʨʜʠʥʘʪʘʭ ɸʚʨʘʤʠ ʜʘʣʦ 
ʟʥʘʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ɸʚʨʘʤʠ n > 4 (ʨʠʩ. 1ʘ), ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʩʪʘʮʠʦʥʘʨʥʳʡ ʭʘʨʘʢʪʝʨ 
ʟʘʨʦʞʜʝʥʠʷ. ɸʥʘʣʠʟ ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ ʙʳʣ ʧʨʦʚʝʜʝʥ ʚ ʨʘʤʢʘʭ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝ-
ʥʠʷ ʢʠʥʝʪʠʢʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ [2], ʧʨʝʜʩʪʘʚʣʷʶʱʝʛʦ ʩʦʙʦʡ ʢʦʤʙʠʥʘʮʠʶ ʠʥʪʝʛʨʘʣʴʥʦʡ 
ʬʦʨʤʳ ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʂʦʣʤʦʛʦʨʦʚʘ [3] ʠ ʤʦʜʝʣʠ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʟʘʨʦʞʜʝ-
ʥʠʷ ʂʵʱʠʝʚʘ [4]  
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ä . ɿʜʝʩʴ: Xext ï ʨʘʩʰʠʨʝʥʥʳʡ ʦʙʲʝʤ, Jst ï 

ʩʪʘʮʠʦʥʘʨʥʘʷ ʩʢʦʨʦʩʪʴ ʟʘʨʦʞʜʝʥʠʷ, U ï ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ, ʘ Űns ïʚʨʝʤʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ, 
ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʝ ʧʨʠʙʣʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʟʘʨʦʞʜʝʥʠʷ ʢ ʩʪʘʮʠʦʥʘʨʥʦʤʫ ʟʥʘʯʝʥʠʶ. ʆʙʲ-
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ʩʢʦʝ ʚʨʝʤʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʧʦʣʫʯʘʝʤ, ʯʪʦ ʚ ʢʠʥʝʪʠʯʝʩʢʦʤ ʫʨʘʚʥʝʥʠʠ (1) ʦʩʪʘʶʪʩʷ ʜʚʘ 
ʩʚʦʙʦʜʥʳʭ ʧʘʨʘʤʝʪʨʘ Űʩ ʠ Űns.  

ɸʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʫʨʘʚʥʝʥʠʝ (1) ʢʦʨʨʝʢʪʥʦ ʦʧʠʩʳʚʘʝʪ ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ 
ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʪʝʢʦʣ ʠ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʦʜʛʦʥʢʠ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝ-
ʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʙʳʣʠ ʦʮʝʥʝʥʳ ʟʥʘʯʝʥʠʷ Űʩ ʠ Űns, ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦ-
ʪʦʨʳʭ ʘʧʧʨʦʢʩʠʤʠʨʫʶʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʪʠʧʘ ɸʨʨʝʥʠʫʩʘ. ʇʦʩʪʨʦʝʥʥʳʝ ʧʦ ʵʪʠʤ ʜʘʥʥʳʤ 
ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ Z = Űns/Űc ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩ. 
1ʙ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ ʩʪʝʧʝʥʴ 
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ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ ʚʦʟʨʘʩʪʘʝʪ ʚ ʄʉ Fe40Co40P14B6 ʚ ʦʪʣʠʯʠʝ ʦʪ ʜʚʫʭ ʜʨʫʛʠʭ ʩʪʝʢʦʣ. ʈʘʟ-
ʣʠʯʥʳʡ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ ʩʚʷʟʘʥ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ 
ʵʥʝʨʛʠʡ ʘʢʪʠʚʘʮʠʠ ʚʨʝʤʝʥ Űʩ ʠ Űns.  
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ʈʠʩʫʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ (ʧʦʢʘʟʘʪʝʣʷ ɸʚʨʘʤʠ, n, ʠ ʦʪʥʦʰʝʥʠʷ ʚʨʝʤʝʥ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ, Z), ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʩʪʝʧʝʥʴ 
ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ ʩʢʦʨʦʩʪʝʡ ʟʘʨʦʞʜʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʚ ʄʉ  

Fe40Ni40P14B6 (1), Fe40Co40P14B6 (2) ʠ Fe80Co42P14B6 (3) 

ʇʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʚʳʰʝʥʥʘʷ ʊʋ ʄʉ Fe40Co40P14B6 ʧʦ ʩʨʘʚʥʝ-
ʥʠʶ ʩ Fe40Ni40P14B6 ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ ʚ ʩʫʱʝʩʪʚʝʥʥʦʡ ʤʝʨʝ ʦʙʫ-
ʩʣʦʚʣʝʥʘ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʆʙʩʫʞʜʝʥʦ 
ʚʦʟʤʦʞʥʦʝ ʚʣʠʷʥʠʝ ʬʠʢʪʠʚʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʩʪʝʢʦʣ ʥʘ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, ʩʚʷ-
ʟʘʥʥʳʝ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʨʘʚʥʦʚʝʩʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʦʢʨʠʪʠʯʝʩʢʠʭ ʟʘʨʦʜʳʰʝʡ ʧʦ 
ʨʘʟʤʝʨʘʤ.  
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʩʦʩʪʘʚʘ Ba0.97Sr0.03TiO3 ʩ 
ʜʦʙʘʚʢʘʤʠ ʠʦʥʦʚ La ʠ Ce (0.35 ʠ 0.60 ʘʪ. % ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʧʦʣʫʯʝʥʥʳʝ ʧʦ ʩʪʘʥʜʘʨʪ-
ʥʦʡ ʪʚʝʨʜʦʬʘʟʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʜʣʷ ʧʦʟʠʩʪʦʨʦʚ. ʇʨʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʝʞʠʤʘʭ ʠʦʥʳ 
ʪʨʝʭʚʘʣʝʥʪʥʦʛʦ ʣʘʥʪʘʥʘ, ʚʥʝʜʨʷʷʩʴ ʚ ʨʝʰʝʪʢʫ ʧʝʨʦʚʩʢʠʪʘ, ʟʘʤʝʱʘʶʪ ʠʦʥʳ ʜʚʫʭʚʘʣʝʥʪ-
ʥʦʛʦ ʙʘʨʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʢʝʨʘʤʠʢʠ ʩ ʵʣʝʢʪʨʦʥ-
ʥʳʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ. ɼʣʷ ʯʝʪʳʨʝʭʚʘʣʝʥʪʥʦʛʦ ʮʝʨʠʷ ʚʦʟʤʦʞʥʦ ʠʟʦʚʘʣʝʥʪʥʦʝ ʟʘ-
ʤʝʱʝʥʠʝ ʠʦʥʦʚ ʪʠʪʘʥʘ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʨʘʟʤʳʪʠʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʨʝ-
ʣʘʢʩʦʨʘ [1].  

ʄʦʨʬʦʣʦʛʠʶ, ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʩʪʨʫʢʪʫʨʫ ʦʙʨʘʟʮʦʚ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ 
ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʠ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ɼʣʷ 
ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠ RLC-ʤʝʪʨ Wayne Kerr 4270.  

ʊʨʘʢʪʦʚʢʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʦʙʨʘʟʮʦʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʩʝʛʥʝʪʦʢʝ-
ʨʘʤʠʢʠ ʷʚʣʷʝʪʩʷ ʥʝʧʨʦʩʪʦʡ ʟʘʜʘʯʝʡ, ʪ.ʢ. ʦʪʨʘʞʘʝʪ ʠʭ ʩʣʦʞʥʫʶ ʩʪʨʫʢʪʫʨʫ. ʉʦʛʣʘʩʥʦ ʤʦ-
ʜʝʣʠ ʍʝʡʚʘʥʛʘ [2] ʚʜʦʣʴ ʛʨʘʥʠʮ ʟʝʨʝʥ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ-ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʩʫʱʝʩʪʚʫʝʪ 
ʜʚʦʡʥʦʡ ʙʘʨʴʝʨ ʐʦʪʪʢʠ, ʢʦʪʦʨʳʡ ʬʦʨʤʠʨʫʝʪʩʷ ʧʨʠ ʟʘʭʚʘʪʝ ʵʣʝʢʪʨʦʥʦʚ ʘʢʮʝʧʪʦʨʥʳʤʠ 
ʫʨʦʚʥʷʤʠ ʥʘ ʤʝʞʟʝʨʝʥʥʳʭ ʛʨʘʥʠʮʘʭ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʙʘ-
ʨʴʝʨʦʚ ʠ ʦʙʝʜʥʝʥʥʳʭ ʥʦʩʠʪʝʣʷʤʠ ʟʘʨʷʜʘ ʦʙʣʘʩʪʝʡ, ʢʦʪʦʨʳʝ ʜʘʶʪ ʚʢʣʘʜ ʚ ʵʣʝʢʪʨʦʝʤ-
ʢʦʩʪʴ ʦʙʨʘʟʮʘ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʡ ʝʤʢʦʩʪʥʦʡ ʵʬʬʝʢʪ ʤʦʛʫʪ ʜʘʚʘʪʴ ʩʪʨʫʢʪʫʨʥʳʝ ʜʝʬʝʢʪʳ, 
ʥʘʧʨʠʤʝʨ ʚʘʢʘʥʩʠʠ ʠʦʥʦʚ ʙʘʨʠʷ ʠ ʢʠʩʣʦʨʦʜʘ. 

ʅʘ ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʨʠʩʫʥʢʝ ʚʠʜʥʦ, ʯʪʦ ʩʤʝʱʝʥʠʝ ʨʘʟʤʳʪʳʭ ʤʘʢʩʠʤʫʤʦʚ Ů¡ ʠ ʄ¡¡ 
ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʪʝʩʪʦʚʦʛʦ ʩʠʛʥʘʣʘ ʧʨʦʠʩʭʦʜʠʪ ʚ ʩʪʦʨʦʥʫ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʕʪʦ ʫʢʘ-
ʟʳʚʘʝʪ ʥʘ ʧʨʠʩʫʪʩʪʚʠʝ ʚ RC-ʮʝʧʦʯʢʝ, ʦʧʨʝʜʝʣʷʶʱʝʡ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ, ʩʦʧʨʦʪʠʚʣʝʥʠʷ 
ʛʨʘʥʠʮ ʟʝʨʝʥ, ʢʦʪʦʨʦʝ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʚ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʝ.  

ʈʠʩʫʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ (ʢʨʠʚʳʝ 1, 2, 3) ʠ ʤʥʠʤʦʡ ʯʘʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ (ʢʨʠʚʳʝ 4, 5, 6) 
ʦʙʨʘʟʮʘ ʥʘ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪʘʭ ʪʝʩʪʦʚʦʛʦ ʩʠʛʥʘʣʘ:  

1 ʢɻʮ (1, 4), 10 ʢɻʮ (2, 5), 100 ʢɻʮ (3, 6) 

ʋʯʠʪʳʚʘʷ ʜʘʥʥʳʝ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʘ ʪʘʢʞʝ ʬʦʨʤʫʣʳ, 
ʦʧʠʩʳʚʘʶʱʠʝ ʜʠʬʬʫʟʠʦʥʥʳʡ ʜʨʝʡʬ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʯʝʨʝʟ ʙʘʨʴʝʨ ʐʦʪʪʢʠ [3], ʤʦʞʥʦ 
ʧʦʣʫʯʠʪʴ ʩʣʝʜʫʶʱʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ R  ʦʙʨʘʟʮʘ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ ʦʪ 
ʪʝʤʧʝʨʘʪʫʨʳ T: 

2
0 0 gb( ) exp( /8 )eR T R e N d kT= e e , 

ʛʜʝ R0 ï ʢʦʥʩʪʘʥʪʘ, e ï ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ, Ne ï ʧʣʦʪʥʦʩʪʴ ʟʘʧʦʣʥʝʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦ-
ʩʪʦʷʥʠʡ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ, d ï ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʝʥ ʢʝʨʘʤʠʢʠ, Ů0, Ůgb ï ʜʠʵʣʝʢʪʨʠʯʝ-
ʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ ʠ ʙʘʨʴʝʨʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, k ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘ-
ʥʘ. 
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The obtained values of the constants of these exponents are: Ű1 = 14.82 Ñ 3.24 min, B1 

= 0.79 Ñ 0.04, Ű2 = 13.10 Ñ 1.54 min, B2 = 0.78 Ñ 0.03. 

ɸ)          ɺ) 
Figure. A. The kinetics of reducing the light transmittance of samples during exposure; 

B. Kinetics of the restoration of light transmittance of samples after the end of the exposure

In contrast to the results of Caixia Xu et al [3], the kinetics of both processes in the 

PZT-19 ceramics are characterized by the same kinetic parameters of the exponents. 

The initial light transmission of the samples is fully restored after they are exposed in 

air at a temperature of +55 Ñ 3 ÁC for 10 minutes. Such small values of both the temperature 

and duration of thermal annealing suggest the physical nature of the photochromic effect in 

the PZT ceramics, which is caused by the presence of small traps in the band structure of lead 

zirconate ï titanate. 

The obtained results are considered with using a Dember's photo effect theory for 

structures with point defects. 
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CONDITIONS OF THE FERROELECTRIC PHASE FORMATION 
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Temperature dependences of dielectric constant for the organic ferroelectric of diisoprop-

ylammonium iodide (C6H16NI) have been investigated. It was found that upon the first heating, only 

one phase transition occurred without the presence of ferroelectric phase. For samples preheated over 
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420 K, two phase transitions at 363 and 378 K appeared in heating process, and the ferroelectric state 

was also observed between them.  

Keywords: diisopropylammonium iodide; organic ferroelectrics; phase transition; dielectric 

properties. 

Diisopropylammonium iodide (C6H16NI) belongs to the family of organic 

ferroelectrics, which have several advantages over the widely used inorganic ferroelectrics in 

relation to light weight and environmental friendliness because of the absence of heavy metals 

in their structure [1-3]. In this regard, the present work is devoted to clarifying dielectric and 

thermal properties of polycrystalline sample of diisopropylammonium iodide.  

In the present work, diisopropylammonium iodide was synthesized through the reac-

tion between diisopropylamine and acidic aqueous solution of hydroiodic acid with mole ratio 

of 1:1. The diisopropylamine (Sigma-Aldrich, 99,95%) and HI (Scharlau chemie S.A., 57.0%) 

were utilized for the preparation process. The reaction mixture was stirred for 30 min and then 

filtered to get a solid residue, which was recrystallized from ethyl alcohol at 350 K. After 

evaporation of the solvent, acicular colorless diisopropylammonium iodide crystals were ob-

tained and then dried in a desiccator with calcium chloride. A crystalline powder formed after 

drying was carefully washed by diethyl ether and dried again in the desiccator with calcium 

chloride. Finally, the synthesized power was compressed into tablets of 12 mm in diameter 

and 1.5 mm in thickness under a pressure of 7500 kg/cm
2
.

The obtained results for temperature dependences of dielectric constant Ů¡ for samples 

of DIPAI at different frequencies are presented in Fig. 1. Upon the first heating to 390 K, an 

anomaly found at 381 K as seen in Fig. 1 corresponds to the transition from the orthorhombic 

P212121 to monoclinic P21/m phases [2]. Upon cooling, the transition temperature decreased 

and was detected at 361 ʂ. For temperature dependences of tgd(T), there were two minima at 

381 and 361 ʂ observed during heating and cooling, respectively (the inset, Fig. 1). Besides, 

the increase in measuring frequencies led to the reduction of e¡ and tgd values, indicating the 

presence of dielectric dispersion. This dependence is in good agreement with the experimental 

data obtained for single crystals of DIPAI [2]. 
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Fig. 1. Temperature dependences of dielectric  

constant Ů' for polycrystalline samples of DIPAI 

upon the first heating/cooling round up to 390 K at 

frequencies of 1 kHz ï 1, 10 kHz ï 2 and 100 kHz 

ï 3. The inset shows temperature dependences of

tgŭ(ʊ) obtained upon the first heating/cooling

round at 1 kHz 

Fig. 2. Temperature dependences of dielectric 

constant Ů' for polycrystalline samples of DIPAI 

at 1 kHz upon the first heating/cooling round up 

to 390 K (closed symbols) and after preheating to 

420 K (open symbols). The inset shows  

temperature dependences of tgŭ(ʊ) obtained upon 

the first heating/cooling round at frequency  

of 1 kHz after preheating to 420 K 

It was found that the heating history strongly affected the sequence of phase transitions 

in polycrystalline samples of DIPAI. Indeed, after preheating samples up to 420 K and higher, 
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two phase transitions at 363 and 378 K appeared upon heating (Fig. 2). Correspondingly, two 

minima at 363 and 378 K in tgd(T) dependence were also observed in heating mode. Mean-

while, upon cooling, these phase transition temperatures were slightly different from the heat-

ing ones (within 1 degree) (Fig. 2). 

Thus, the influence of thermal prehistory on the appearance of ferroelectric state in 

polycrystalline samples of DIPAI was clarified. After preheating samples over 420 K, the fer-

roelectric phase was found between 363 and 378 K. During cooling process, the ferroelectric 

state occurred from 361 to 300 K. In the case of keeping samples at room temperature over 

24h, polycrystalline DIPAI was completely converted into the paraelectric phase.  
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ʉʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʤʘʪʨʠʮ (ʦʧʘʣ, ʧʣʝʥʢʠ ʧʦʨʠʩʪʦʛʦ ʦʢʩʠʜʘ 
ʘʣʶʤʠʥʠʷ ʠ ʜʨ.), ʟʘʧʦʣʥʝʥʥʳʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʤʠ, ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʠʟʛʦʪʦʚ-
ʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ. ʆʜʥʘʢʦ, ʚʣʠʷʥʠʝ ʵʬʬʝʢʪʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ 
ʨʘʟʤʝʨʘʤʠ ʠ ʛʝʦʤʝʪʨʠʝʡ ʩʝʪʢʠ ʧʦʨ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʯʘʩʪʠʮ ʩʦ ʩʪʝʥʢʘʤʠ ʧʦʨ ʠ ʤʝʞʜʫ 
ʩʦʙʦʡ ʧʨʠʚʦʜʷʪ ʢ ʪʦʤʫ, ʯʪʦ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʯʘʩʪʠʮ ʚ ʤʘʪʨʠʮʘʭ ʨʘʟʥʦʛʦ 
ʪʠʧʘ ʤʦʛʫʪ ʦʪʣʠʯʘʪʴʩʷ. ɺ ʢʘʯʝʩʪʚʝ ʦʜʥʠʭ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʨʠʮ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ 
ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʷʚʣʷʝʪʩʷ ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ (Al2O3), ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ 
ʧʣʝʥʢʫ ʩ ʨʝʛʫʣʷʨʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʧʦʨʘʤʠ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦ-
ʚʝʨʭʥʦʩʪʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʣʠʥʝʡʥʳʭ ʠ ʥʝʣʠ-
ʥʝʡʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ ʜʠʠʟʦʧʨʦʧʠʣʘʤʤʦ-
ʥʠʷ ʙʨʦʤʠʜ (C6H16NBr, DIPAB) ʚʥʝʜʨʝʥʥʦʛʦ ʚ ʤʘʪʨʠʮʳ Al2O3 ʩ ʜʠʘʤʝʪʨʦʤ ʧʦʨ 330, 100 
ʠ 60 ʥʤ.  
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ɼʠʠʟʦʧʨʦʧʠʣʘʤʤʦʥʠʷ ʙʨʦʤʠʜ, ʠʤʝʝʪ ʩʧʦʥʪʘʥʥʫʶ ʧʦʣʷʨʠʟʘʮʠʶ (Ps 
ï

2) ʙʣʠʟʢʫʶ ʢ ʪʠʪʘʥʘʪʫ ʙʘʨʠʷ, ʚʳʩʦʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʂʶʨʠ (ʊʩ =  426 ʂ) ʠ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 
ʭʦʨʦʰʠʡ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ [1]. ʕʪʠ ʘʪʨʠʙʫʪʳ ʜʝʣʘʶʪ ʝʛʦ ʘʣʴʪʝʨʥʘʪʠʚʦʡ ʧʝ-
ʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʤ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʤ. ɺ ʥʘʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʜʠʠʟʦʧʨʦʧʠʣʘʤʤʦʥʠʷ 
ʙʨʦʤʠʜ ʙʳʣ ʧʦʣʫʯʝʥ ʨʝʘʢʮʠʝʡ ʜʠʠʟʦʧʨʦʧʠʣʘʤʠʥʘ ʩ 48%-ʥʳʤ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ HBr  

ʧʦ ʤʝʪʦʜʠʢʝ, ʧʨʠʚʝʜʝʥʥʦʡ ʚ [2]. ʉʦʛʣʘʩʥʦ ʩʧʝʢʪʨʫ XRD, ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 
ʦʙʲʝʤʥʳʡ DIPAB ʠʤʝʝʪ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ (ʈ21).  

ʅʘ ʨʠʩ. 1 ʠ 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ Ů¡(T) ʚ ʨʝʞʠʤʝ ʥʘʛʨʝʚʘ - ʦʭʣʘʞʜʝʥʠʷ ʜʣʷ 
ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ DIPAB ʠ ʟʘʧʦʣʥʝʥʥʳʭ ʧʣʝʥʦʢ Al2O3 ʩ ʨʘʟʣʠʯʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʧʦʨ. 
ʄʘʢʩʠʤʫʤʳ ʥʘ ʢʨʠʚʳʭ ( )Te ¡  ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 426
K, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʪʨʫʢʪʫʨʥʦʤʫ ʧʝʨʝʭʦʜʫ ʈ21 ­  P21/m ʠ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 
ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʚ ʨʘʙʦʪʘʭ [3]. ʇʨʠ ʦʭʣʘʞʜʝʥʠʠ ʤʘʢʩʠʤʫʤ Ů¡ ʩʜʚʠʛʘʝʪʩʷ 
ʚ ʩʪʦʨʦʥʫ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠʤʝʨʥʦ ʥʘ 3-4 K.  ɼʣʷ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ DIPAB/Al2O3 

ʘʥʦʤʘʣʠʠ Ů¡(T) ʚ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʤʝʥʝʝ ʚʳʨʘʞʝʥʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
ʦʙʲʝʤʥʳʤʠ ʦʙʨʘʟʮʘʤʠ ʠ ʩʜʚʠʛʘʶʪʩʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ.  

ʈʠʩ.1. ɿʘʚʠʩʠʤʦʩʪʠ Ů¡(T) ʜʣʷ DIPAB 
(ʪʨʝʫʛʦʣʴʥʠʢʠ, ʣʝʚʘʷ ʦʩʴ) ʠ ʟʘʧʦʣʥʝʥʥʳʭ 
DIPAB/Al2O3 ʜʠʘʤʝʪʨʦʤ 330 ʥʤ (ʢʨʫʛʠ, 

ʧʨʘʚʘʷ ʦʩʴ) ʚ ʨʝʞʠʤʝ ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ 
ʥʘ ʯʘʩʪʦʪʝ 1 kHz 

ʈʠʩ.2. ɿʘʚʠʩʠʤʦʩʪʠ Ů¡(T) ʜʣʷ DIPAB 
(ʪʨʝʫʛʦʣʴʥʠʢʠ, ʣʝʚʘʷ ʦʩʴ) ʠ DIPAB/Al2O3 

c ʜʠʘʤʝʪʨʦʤ ʧʦʨ 60 ʥʤ (ʢʨʫʛʠ, ʧʨʘʚʘʷ ʦʩʴ) 
ʚ ʨʝʞʠʤʝ ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ  

ʥʘ ʯʘʩʪʦʪʝ 1 kHz 

ɼʣʷ ʫʪʦʯʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʝʛʥʝʪʦ-ʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʬʘʟʳ ʚ ʥʘʥʦʢʦʤʧʦʟʠʪʘʭ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʠʭ ʥʝʣʠʥʝʡʥʳʝ ʩʚʦʡʩʪʚʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩ 
ʦʙʲʝʤʥʳʤ DIPAB. ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʦ ʛʝʥʝʨʘʮʠʠ ʪʨʝʪʴʝʡ ʛʘʨʤʦʥʠʢʠ, ʧʦʣʫʯʝʥʥʳʤ 
ʧʨʠ ʥʘʛʨʝʚʝ, ʜʣʷ DIPAB ʠ ʢʦʤʧʦʟʠʪʦʚ DIPAB/Al2O3 ʩ ʨʘʟʤʝʨʘʤʠ ʧʦʨ 330 ʠ 100 nm 
ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ɔ3ɤ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 
ʢʦʤʥʘʪʥʦʡ ʜʦ 426, 423 ʠ 420 K ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʳʰʝ ʫʢʘʟʘʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ɔ3ɤ 

ʤʝʥʷʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʧʝʨʝʭʦʜʦʤ ʦʙʨʘʟʮʦʚ ʚ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʝ 
ʩʦʩʪʦʷʥʠʝ. ɼʨʫʛʘʷ ʢʘʨʪʠʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʢʦʤʧʦʟʠʪʘ  DIPAB/Al2O3 ʩ ʨʘʟʤʝʨʘʤʠ ʧʦʨ 
60 nm, ʛʜʝ ʨʝʟʢʠʡ ʨʦʩʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ɔ3ɤ(T) ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 403-

418 K ʧʨʠ ʥʘʛʨʝʚʝ ʠ 401-416 ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ. ʇʨʠ ʚʪʦʨʦʤ ʠ ʧʦʩʣʝʜʫʶʱʠʭ ʧʨʦʭʦʜʘʭ 
ʪʘʢʞʝ ʧʨʦʩʣʝʞʠʚʘʶʪʩʷ ʜʚʘ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʜʣʷ ʥʘʥʦʯʘʩʪʠʮ DIPAB ʚ ʧʦʨʘʭ 60 nm ʧʨʠ 
ʥʘʛʨʝʚʝ ʠ ʦʭʣʘʞʜʝʥʠʠ ʨʝʘʣʠʟʫʝʪʩʷ ʜʚʘ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘ, ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ 
ʬʦʨʤʠʨʫʝʪʩʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʬʘʟʘ. 
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DIELECTRIC AND CALORIMETRIC STUDIES OF FERROELECTRIC 
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This work given results of dielectric and colorimetric researches of ferroelectric composite 

(C6H16NBr)1-x/(ɺʘTiO3)x. It is shown, that mutual influence of composite components can lead to 

change an order of phase transitions.  

Keywords: organic ferroelectrics, phase transition, ferroelectric composite, dielectric permea-

bility 

When studying of dielectric properties of ferroelectric composite (see [1-3] and refer-

ences therein), it was found that for such systems mutual components influence on both prop-

erties is possible. For composites (KNO3)1-x/(BaTiO3)x, 

(KNO3)1-x/(KNbO3)x expansion of potassium nitrate ferroelectric phase existence was ob-

served [1, 2]. Significant shift of Curie temperature for AgNa(NO2)2 was found in composite 

AgNa(NO2)2]0.9/[BaTiO3]0.1 [3]. 

In recent years, a number of organic compounds with polar point group at room tem-

perature and relatively high melting point (~450K) were discovered. Particularly, such ferroe-

lectrics include diisopropylammonium bromide (C6H16NBr) Ps ~ 23 ~C/cm
2
, ʊʩ = 426 ʂ [4].

Diisopropylammonium bromide has a spontaneous polarization close to that of barium titan-

ate, high Curie temperature and exhibits good piezoelectric response. Experimental results of 

ɺʘTiO3 particle influence on phase transitions of composite (C6H16NBr)1-x/(ɺʘTiO3)x for ʭ= 

0.05, 0.1 are given in the present work. 

In experiment samples of C6H16NBr and C6H16NBr with ɺʘTiO3 volume fractions of 

inclusion 5 and 10%. Broadband dielectric spectrometer Novocontrol BDS-80 with frequency 

range from 0,1 Hz to 10 MHz was used to complex dielectric constant measurement. 

As dielectric studies shows (Fig.1), at room temperature C6H16NBr is ferroelectric 

(with P21 symmetry). At frequencies about several Hz spontaneous polarization gives signifi-

cant contribution to dielectric permittivity and minimum e¡(T) corresponds to phase transition 

due to spontaneous polarization equal zero. According colorimetrical and dielectric studies, at 

T=421,6K C6H16NBr converted into paraphrase (with P21/m symmetry), and when cooling 

down lower T=419K shifted back to polar (with P21 symmetry). 

For composite (C6H16NBr)0.9/(ɺʘTiO3)0.1 (Fig.2) at room temperature realize the ortho-

rhombic phase with space group P212121, which is ferroelectrically inactive. During heating 

above 415K it goes to polar structure with P21 symmetry. This structure exists at range from 

415 to 421K. At temperature, higher than 421K a transition occurs to non-polar monoclinic 

phase P21/m. When cooling down at 418K C6H16NBr structure changes directly from P21/m 

to P21 symmetry). Determination of phase transitions temperatures from the maximum dielec-

tric constant is not accurate because of composite (C6H16NBr)1-x/(ɺʘTiO3)x maximum temper-

ature depends of frequency and changes from 419,8K at 1Hz to 424,5K at 500 kHz. At the 
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same time according to calorimetric measurements this value is 426,5K. It means that compo-

site present relaxor properties. 

Fig. 1. Dependence Ů˼(T) for C6H16NBr at heat-

ing and cooling (the inset) 

Fig. 2. Dependence Ů˼(T) for 

(C6H16NBr)0.9/(ɺʘTiO3)0.1 at heating 

and cooling (the inset) 

Non-polar phase instead of polar one implementation is connected with the fact that 

composite free system energy includes components energy and the energy of dipole-dipolar 

interaction. In this case dipole-dipolar interaction of ɺʘTiO3 and C6H16NBr polar particles 

leads to increase of free energy and ferroelectric state will be disadvantageous. 
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ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʦʩʥʦʚʝ PbMn1/3Nb2/3O3 ʷʚʣʷʶʪʩʷ ʠʥʪʝʨʝʩʥʳʤʠ ʠ ʤʘʣʦʠʟʫ-
ʯʝʥʥʳʤʠ ʩʦʩʪʘʚʘʤʠ, ʦʙʣʘʜʘʶʱʠʤʠ ʧʦʚʝʜʝʥʠʝʤ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʨʝʣʘʢʩʦʨʘ ʠ 
ʩʧʦʥʪʘʥʥʳʤ ʥʘʤʘʛʥʠʯʠʚʘʥʠʝʤ. ʃʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦ ʢʦʤʧʣʝʢʩʥʦʤʫ ʠʟʫʯʝʥʠʶ ʢʦʥ-
ʮʝʥʪʨʘʮʠʦʥʥʳʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (1-x)Pb(Mn1/3Nb2/3)O3-x(PbTiO3) 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʪ, ʧʦʵʪʦʤʫ ʥʘʰʝʡ ʮʝʣʴʶ ʷʚʣʷʝʪʩʷ ʚʦʩʧʦʣʥʝʥʠʝ ʵʪʦʛʦ ʧʨʦʙʝʣʘ. 
ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ (1-x)Pb(Mn1/3Nb2/3)O3-x(PbTiO3) ʠ ʦʧ-
ʪʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʚ ʰʠʨʦʢʦʤ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʜʠʘʧʘʟʦʥʝ. 
ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʠʤʤʝʪʨʠʷ PbMn1/3Nb2/3O3 ʣʫʯʰʝ ʚʩʝʛʦ ʦʧʠʩʳʚʘʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 
ʛʨʫʧʧʦʡ R3m, ʠ ʦʥ ʷʚʣʷʝʪʩʷ ʨʝʣʘʢʩʦʨʦʤ. ʋʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʠʨʫʶʱʝʡ ʢʦʤ-
ʧʦʥʝʥʪʳ ʜʦ 0.15PbTiO3 ʧʨʠʚʦʜʠʪ ʢ ʧʦʜʘʚʣʝʥʠʶ ʨʝʣʘʢʩʦʨʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʠ ʬʦʨʤʠʨʦʚʘ-
ʥʠʶ ʤʦʨʬʦʪʨʦʧʥʦʡ ʦʙʣʘʩʪʠ (ʄʆ), ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʩʦʚʦʢʫʧʥʦʩʪʴ R3m+P4mm ʬʘʟ. ʆʙ-
ʣʘʩʪʴ ʄʆ ʧʨʦʩʪʠʨʘʝʪʩʷ ʜʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʧʘʥʪʘ, ʨʘʚʥʦʡ 0.25 PbTiO3. ʆʙʥʘʨʫʞʝʥʦ, 
ʯʪʦ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ Eg ʪʘʢʞʝ ʠʟʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ 
ʜʦʧʘʥʪʘ. 

ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʥʳ ʟʘ ʧʦʜʜʝʨʞʢʫ ɺʥ.ʛʨ. ˉ 07/2017-08 ʖʞʥʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ 
ʫʥʠʚʝʨʩʠʪʝʪʘ ʠ ɻɿ ʖʅʎ ʈɸʅ ʥʘ 2019 ʛ., ˉ  ʛʨ. ʧʨʦʝʢʪʘ ɸɸɸɸ-ɸ19-119040390084-3. 
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ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʩʠʣʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ  ʚ ʩʦʯʝʪʘ-
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ʥʘʢʦʚʘʣʝʥ ɹʨʠʜʞʤʝʥʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʠʭ 
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ɺ ʧʨʝʜʣʘʛʘʝʤʦʤ ʜʦʢʣʘʜʝ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʪʘʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʩʚʦʡʩʪʚʘ ʩʠʥʪʝ-
ʟʠʨʦʚʘʥʥʳʭ ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ, ʘʥʪʠʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠ-
ʢʦʚ - ʨʝʣʘʢʩʦʨʦʚ ʠ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ. ʂʦʥʪʨʦʣʠʨʫʝʤʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʠ ʠʟʫʯʝʥʠʠ 
ʧʦʨʦʰʢʦʚʳʭ ʦʙʨʘʟʮʦʚ ʚʳʩʪʫʧʘʣʠ ʨʘʟʤʝʨʳ ʆʂʈ ʠ ʤʠʢʨʦʜʝʬʦʨʤʘʮʠʠ, ʧʘʨʘʤʝʪʨʳ ʀʂ - 

ʩʧʝʢʪʨʦʚ, ʧʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʘʟ, ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯ-
ʥʳʝ ʩʤʝʱʝʥʠʷ, ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ɼʝʙʘʷ ʠ ʬʘʢʪʦʨ ɼʝʙʘʷ - ɺʘʣʣʝʨʘ.  

ɼʣʷ ʢʦʥʪʨʦʣʷ ʚʣʠʷʥʠʷ  ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ ʥʘ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʯʝʩʢʠʭ 
ʦʙʨʘʟʮʦʚ ʠʟʫʯʘʣʠʩʴ ʜʠʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ,  ʫʜʝʣʴʥʫʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜ-
ʥʦʩʪʴ ʠ ʪʝʧʣʦʝʤʢʦʩʪʴ, ʧʝʪʣʠ ʤʘʛʥʠʪʥʦʛʦ  ʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ.  

ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʥʳ ʟʘ ʧʦʜʜʝʨʞʢʫ ɺʥ.ʛʨ. ˉ 07/2017-08  ʖʞʥʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ 
ʫʥʠʚʝʨʩʠʪʝʪʘ  ʠ ʪʝʤʳ ɸɸɸɸ-ɸ19-119040390084-3 ʖʞʥʦʛʦ ʥʘʫʯʥʦʛʦ ʮʝʥʪʨʘ ʈɸʅ. 
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ʋɼʂ 537.226. 
ʉʇɽʂʊʈɸʃʔʅʓʁ ɸʅɸʃʀɿ ʀʄʇʋʃʔʉʅʓʍ ʇʈʆʎɽʉʉʆɺ ʇɽʈɽʂʃʖʏɽʅʀʗ 

ɺ ʂʈʀʉʊɸʃʃɸʍ ʉɽɻʅɽʊʆʕʃɽʂʊʈʀʂɸ-ʈɽʃɸʂʉʆʈɸ SBN 

ɸ.ɺ.ɹʫʨʮʝʚ1, ɹ.ɹ. ʇʝʜʴʢʦ2 

1
lexusbur@inbox.ru

ʆʆʆ çʇʂ çɸʣʴʪʦʥʠʢʘè, ʛ. ɿʝʣʝʥʦʛʨʘʜ, ʥʘʯ-ʢ ʧʨʦʠʟʚʦʜʩʪʚʘ 
2ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʝʢʘʥ, boris_pedko@mail.ru 

ʌɻɹʆʋ ɺʆ çʊʚʝʨʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè, ʛ. ʊʚʝʨʴ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʠʤʧʫʣʴʩʥʳʭ 
ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʠʥʠʮʠʠʨʦʚʘʥʥʳʭ ʚʥʝʰʥʠʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʠ ʠʟʤʝʥʝʥʠʝʤ 
ʪʝʤʧʝʨʘʪʫʨʳ, ʚ ʢʨʠʩʪʘʣʣʘʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ-ʨʝʣʘʢʩʦʨʘ SBN ʩ ʧʨʠʤʝʥʝʥʠʝʤ 
ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʦʡ ʢʣʘʩʩʠʯʝʩʢʦʡ ʫʩʪʘʥʦʚʢʠ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʪʝʧʣʦʚʦʛʦ ʵʬʬʝʢʪʘ ɹʘʨʢʛʘʫʟʝʥʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ, ʧʨʦʮʝʩʩʳ ʧʝʨʝʢʣʶʯʝʥʠʷ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʬʬʝʢʪʘ ɹʘʨʢʛʘʫʟʝʥʘ (ʕɹ) ʚ ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʝʛʥʝʪʦʵʣʝʢ-
ʪʨʠʢʘʭ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳ [1]. ʊʨʘʜʠʮʠʦʥʥʦ ʦʩʥʦʚʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʦʚʝ-
ʜʝʥʠʷ ʩʢʘʯʢʦʦʙʨʘʟʥʳʭ ʠʤʧʫʣʴʩʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʢʣʶʯʝʥʠʷ ʠʥʠʮʠʠʨʦʚʘʥʥʳʭ ʧʨʠʣʦ-
ʞʝʥʠʝʤ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩʚʷʟʳʚʘʶʪʩʷ ʩ ʵʣʝʤʝʥʪʘʤʠ ʧʝʪʣʠ ʜʠʵʣʝʢʪʨʠʯʝ-
ʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ, ʘ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʩ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʩʧʦʥ-
ʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. ʀʥʘʷ ʩʠʪʫʘʮʠʷ ʚʦʟʤʦʞʥʘ ʚ ʩʝʛʥʝʪʦʵʣʝʢʨʠʢʘʭ-ʨʝʣʘʢʩʦʨʘʭ, ʭʘʨʘʢʪʝ-
ʨʠʟʫʶʱʠʭʩʷ ʨʘʟʤʳʪʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ [2]. ʆʪʤʝʪʠʤ, ʯʪʦ ʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ 
ʠʤʧʫʣʴʩʦʚ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʛʦʚʦʨʠʪʴ ʦ ʢʦʥʢʨʝʪʥʳʭ ʤʝʭʘ-
ʥʠʟʤʘʭ ʠ ʠʭ ʚʢʣʘʜʝ ʚ ʧʨʦʮʝʩʩ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʨʝʣʘʢʩʦʨʥʳʭ ʩʝ-
ʛʥʝʪʦʵʣʝʢʪʨʠʢʘʭ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʦʚʦʜʠʣʩʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʢʨʠʩʪʘʣʣʘʭ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ-ʨʝʣʘʢʩʦʨʘ Sr0.61Ba0.39Nb2O6 (SBN), ʧʦʩʪʨʦʝʥʳ ʩʧʝʢʪʨʳ ʘʤʧʣʠʪʫʜ 
ʠʤʧʫʣʴʩʦʚ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʢʨʠʩʪʘʣʣʝ ʧʨʦʮʝʩʩʳ ʧʝʨʝʢʣʶʯʝʥʠʷ, 
ʧʦʣʫʯʝʥʳ ʩʧʝʢʪʨʳ ʚʨʝʤʝʥʠ ʧʨʦʪʝʢʘʥʠʷ ʦʜʠʥʦʯʥʳʭ ʠʤʧʫʣʴʩʦʚ, ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʦʙʲʸ-
ʤʘ ʧʝʨʝʢʣʶʯʝʥʠʷ ʢʨʠʩʪʘʣʣʘ ʜʣʷ ʦʪʜʝʣʴʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʠʤʧʫʣʴʩʦʚ ʠ ʠʭ ʚʢʣʘʜ ʚ ʦʙʱʠʡ 
ʦʙʲʸʤʘ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʠʥʠʮʠʠʨʦʚʘʥʥʦʛʦ ʪʝʨʤʠʯʝʩʢʠʤʠ ʚʦʟʜʝʡʩʪʚʠʷʤʠ. 
ʀʩʩʣʝʜʫʝʤʳʝ ʢʨʠʩʪʘʣʣʳ SBN ʚʳʨʘʱʝʥʳ  ʤʝʪʦʜʦʤ ʏʦʭʨʘʣʴʩʢʦʛʦ ʠ ʧʦʜʛʦʪʦʚʣʝʥʳ ʢ ʠʩ-
ʩʣʝʜʦʚʘʥʠʷʤ ʚ ʠʥʩʪʠʪʫʪʝ ʬʠʟʠʢʠ ʛ. ʆʩʥʘʙʨʶʢ, ʌʈɻ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʯʠ-
ʩʪʦʤ ʢʨʠʩʪʘʣʣʝ SBN ʠ ʩ ʧʨʠʤʝʩʷʤ Ce, Cr, Rh, Ru ʠ ʠʭ ʢʦʤʙʠʥʘʮʠʷʭ. 

ɼʣʷ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʢʣʶʯʝʥʠʷ ʢʨʠʩʪʘʣʣʳ ʧʦʜʚʝʨʛʘʣʠʩʴ ʚʦʟʜʝʡ-
ʩʪʚʠʶ ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 50 ʠ 100 ɺ ʠ ʥʘʛʨʝʚʘʣʠʩʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 200ʉ 
(ʚʳʰʝ ʤʘʢʩʠʤʫʤʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ). ɺ ʢʘ-
ʯʝʩʪʚʝ ʦʩʥʦʚʳ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʠʤʝʥʷʣʘʩʴ ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʘʷ ʘʚʪʦʨʘʤʠ 
ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʧʣʦʚʦʛʦ ʵʬʬʝʢʪʘ ɹʘʨʢʛʘʫʟʝʥʘ. ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʠʤʧʫʣʴʩʳ 
ʧʦʩʪʫʧʘʣʠ ʥʘ ʚʭʦʜ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʦʧʝʨʘʮʠʦʥʥʦʛʦ ʫʩʠʣʠʪʝʣʷ, ʘ ʧʦʩʣʝ ʫʩʠʣʝʥʠʷ 
ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʧʣʘʪʦʡ ɸʎʇ L-783 ʆʆʆ çʃ ʂʘʨʜè. 

ɿʘʚʠʩʠʤʦʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʠ ʦʪ ʪʝʤʧʝ-
ʨʘʪʫʨʳ ʚ ʢʨʠʩʪʘʣʣʘʭ SBN, ʯʠʩʪʳʭ ʠ ʩ ʧʨʠʤʝʩʷʤʠ, ʚʦ ʚʩʝʤ ʠʥʪʝʨʚʘʣʝ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 
ʪʝʤʧʝʨʘʪʫʨ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʢʨʠʩʪʘʣʣʦʚ ʠʤʝʝʪ ʪʨʠ ʤʘʢʩʠʤʫʤʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʨʝʤ 
ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʦʙʣʘʩʪʷʤ: 1 ï ʦʙʣʘʩʪʴ ʧʨʦʪʝʢʘʥʠʷ ʠʤʧʫʣʴʩʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʢʣʶʯʝ-
ʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ ʜʦ çʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘè, 2 ï ʦʙʣʘʩʪʴ ʪʝʤʧʝʨʘʪʫʨʳ, ʙʣʠʟʢʦʡ ʢ ʪʝʤʧʝʨʘ-
ʪʫʨʝ ʤʘʢʩʠʤʫʤʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, 3 ï ʦʙʣʘʩʪʴ ʧʨʦʪʝʢʘʥʠʷ ʠʤʧʫʣʴʩʥʳʭ 
ʧʨʦʮʝʩʩʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʅʘʣʠʯʠʝ ʪʨʝʪʴʝʡ ʦʙʣʘʩʪʠ ʥʝʭʘʨʘʢʪʝʨ-
ʥʦ ʜʣʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʠ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʨʝʣʘʢʩʦʨʥʳʤʠ ʩʚʦʡ-
ʩʪʚʘʤʠ SBN. 

ʆʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ, ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʭ ɸʎʇ, ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ 
ʦʙʝʩʧʝʯʝʥʠʷ, ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʚʪʦʨʘʤʠ. ʈʝʟʫʣʴʪʘʪʳ ʦʙʨʘʙʦʪʢʠ ʧʦʟʚʦʣʠʣʠ ʧʦʣʫʯʠʪʴ 
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ʩʧʝʢʪʨʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʤʧʣʠʪʫʜ ʠʤʧʫʣʴʩʦʚ, ʠʭ ʜʣʠʪʝʣʴʥʦʩʪʠ, ʦʮʝʥʠʪʴ ʦʙʲʸʤ ʧʝʨʝ-
ʢʣʶʯʠʚʰʝʡʩʷ ʦʙʣʘʩʪʠ. 

ʉʧʝʢʪʨʳ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʥʘʣʠʯʠʝ ʥʝʩʢʦʣʴʢʠʭ ʤʘʢʩʠʤʫʤʦʤ, ʯʪʦ 
ʘʚʪʦʨʘʤʠ ʪʨʘʢʪʫʝʪʩʷ ʢʘʢ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦ ʥʘʣʠʯʠʷ ʥʝʩʢʦʣʴʢʠʭ ʤʝʭʘʥʠʟʤʦʚ ʧʨʦʪʝʢʘʥʠʷ 
ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʥʘʧʨʠʤʝʨ, ʪʘʢʠʭ ʢʘʢ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʝ ʠ ʜʚʠʞʝʥʠʝ ʜʦ-
ʤʝʥʥʦʡ ʩʪʝʥʢʠ. 

ʅʘ ʨʠʩ. ʧʨʠʚʝʜʝʥʳ ʪʠʧʠʯʥʳʝ ʧʦʣʫʯʝʥʥʳʝ ʩʧʝʢʪʨʦʚ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨ, ʚ ʢʦʪʦʨʳʭ 
ʙʳʣʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʤʘʢʩʠʤʫʤʳ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ ʧʝʨʝʢʣʶʯʝʥʠʷ. 

ʈʠʩʫʥʦʢ. ʉʧʝʢʪʨʳ ʘʤʧʣʠʪʫʜ, ʚʨʝʤʝʥʠ ʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʦʪʥʦʩʠʪʝʣʴʥʳʭ 

ʝʜʠʥʠʮʘʭ ʦʙʲʸʤʘ ʧʝʨʝʢʣʶʯʝʥʠʷ ʢʨʠʩʪʘʣʣʘ ʜʣʷ ʢʨʠʩʪʘʣʣʘ SBN ʩ ʧʨʠʤʝʩʴʶ 500ppmCe 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 63 ʠ 134 ʉ 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʲʸʤ ʧʝʨʝʢʣʶʯʠʚʰʝʡʩʷ ʦʙʣʘʩʪʠ ʥʝ ʚʩʝʛʜʘ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦ-
ʥʘʣʝʥ ʘʤʧʣʠʪʫʜʝ ʠʤʧʫʣʴʩʦʚ ʠ ʠʭ ʜʣʠʪʝʣʴʥʦʩʪʠ. ʅʘʠʙʦʣʴʰʠʡ ʚʢʣʘʜ ʚ ʦʙʱʠʡ ʦʙʲʝʤ, ʧʝ-
ʨʝʢʣʶʯʠʚʰʠʡʩʷ ʧʨʠ ʪʝʨʤʠʯʝʩʢʦʤ ʚʦʟʜʝʡʩʪʚʠʠ, ʤʦʞʝʪ ʙʳʪʴ ʚʥʝʩʸʥ ʪʝʤʠ ʪʠʧʘʤʠ ʩʢʘʯ-
ʢʦʦʙʨʘʟʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʢʦʣʠʯʝʩʪʚʦ ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ. 
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In this work, in the framework of the thermodynamic theory of Landau for phase transitions, it 

is shown by an exact numerical solution of a nonlinear system of differential equations that a ferroe-

lastic nanoparticle has a domain structure in the low-temperature phase. This structure depends on the 

size and shape of the particle, as well as on the boundary conditions for the order parameter. 

Keywords: ferroelastic, domain structure, phase transition, nanocomposite. 

Nanoscale materials are of great interest both from the point of view of studying phys-

ical laws in low-dimensional systems and from the practical side - they are associated with the 

search for materials with new properties. The main reason for the difference between the 

properties of nanoscale materials and the properties of bulk analogs is associated with an in-

crease in the proportion of atoms on the surfase of the particle. As a result, the balance of var-

ious contributions to the free energy of a material changes and its ground state may change [1-

3]. In [1-2], it was shown that the ground state of a ferroelectric nanoparticle formed during 

the phase transition from the high-temperature paraphase is inhomogeneous domain-like. The 

heterogeneity of the order parameter refers to a change in the direction (sign) of the order pa-
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rameter, and not a change in the order parameter in magnitude. Such a heterogeneous struc-

ture depends on the temperature, shape and size of the sample, boundary conditions for the 

order parameter, the presence of external fields, etc. The same situation occurs in thin ferroe-

lectric films [3]. But the basic state in magnetic materials, in particular in frustration magnets, 

is most studied [4-7]. 

The purpose of this study is to study the structure of the low-temperature phase in fer-

roelastic nanoparticles. 

The thermodynamic potential of a ferroelastic nanoparticle is the sum of three compo-

nents: the elastic potential, the contribution to the thermodynamic potential associated with 

the order parameter, and the term that takes into account the interaction of the order parameter 

with elastic stresses. 

, (1) 

,           (2) 

,                                              (3) 

where  is the elastic compliance tensor, having the following form in an isotropic elastic 

environment: 

,   , ,   (4) 

where  ʠ  is two independent components are expressed in terms of the Young modulus 

E and the Poissonôs ratio ,  is the elastic stress tensor, ,  are the Landau coefficients 

of the bulk ferroelastic,  is the correlation constant. 

In addition, when writing expressions (1) - (3), it was assumed that as a result of a 

phase transition in the material there is a spontaneous (plastic) shear deformation , taken 

as a parameter of the order , as in potassium trihydroelenite KH3(SeO3)2. This assumption 

explains the kind of expression for . 

As an object of study, we consider a paralelepiped nanoparticle, which is a homogene-

ous ferroelastic crystal. Its size is  nm, where  is the thickness (height) of the 

nanoparticle. 

The plastic deformation distribution also has a domain-like structure in a ferroelastic 

nanoparticle below the Curie temperature similarly to the domain-like picture in ferroelectric 

nanoparticles. As it was shown, the cause of the division of ferroelectric particles into do-

mains is depolarizing electric field. In the case of a ferroelastic particle, the elastic fields are 

the cause. At , the phase transition at Curie temperature occurs in a single-domain 

state. At  a two-domain state is observed. For  it is observed 

three and more domains.  

In conclusion, we note that the formation of the domain structure of a ferroelastic na-

noparticle, in addition to the size and shape should certainly be influenced by the following 

parameters. These are the boundary conditions for the order parameter and mobility of the 

boundaries of nanoparticle, the presence of stresses at the nanoparticle boundaries, thermal 

stresses, primarily due to the production technology, the presence and concentration of de-

fects, and others. All this complicates the analysis of such states and is the subject of future 

research. 
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This paper presents an approach for determining the oscillation spectrum of ferroelectric na-

noparticles of different shapes in a dielectric matrix. The spectrum of their oscillations determines 

many important thermodynamic and kinetic characteristics. On the basis of this approach, the influ-

ence of the size, shape and concentration of ferroparticles on the macroscopic properties of the nano-

composite material is determined.  

Keywords: ferroelectric, phase transition, nanocomposite, eigenvalues, polarization relaxation. 

The fluctuations spectrum of a material determines its many important thermodynamic 

and kinetic characteristics, such as heat capacity, thermal conductivity, electrical conductivity, 

acoustic and optical properties, etc. [1]. A fundamental reorganization of the fluctuations 

spectrum occurs in the composite material due to the presence of inclusions of another phase 

in the matrix phase.  The purpose of this work is to study the features of the fluctuations spec-

trum of a ferroelectric-dielectric nanocomposite, necessary to clarify a number of fundamental 

issues of their behavior. 

Consider a representative cell of a composite material, which is a parallelepiped of a 

dielectric with a ferroelectric particle located in its center. For this representative cell, we pro-

ceed from the Lagrangian of the form: 

,          (1) 

where  is the mass coefficient for the fluctuations of polarization,  is 

the vector of polarization, which plays the role of the order parameter in the phase transition; 

 and  are the Landau coefficients in the expansion of free energy [15], 

 is the Curie temperature of homogeneous infinite crystal,  is the current composite tem-

perature,  is the correlation constant,  is the coefficient of the quadratic term characteriz-
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ing the order parameter at the border [2]. The integration is taken over the volume  and the 

surface  of the ferroelectric particle.  

The mass coefficient  for polarization oscillations is estimated as 

 ,    (2) 

where  is the mass of unit cell,  is the number of cells per unit volume. Evalua-

tion of  for TGS (triglycine sulfate) gives:  [3]. 

Varying expression (1), we obtain an equation describing the oscillations of a ferroe-

lectric nanoparticle, and the boundary condition to it: 

(2) 

(3) 

where 

 is the area of the space occupied by the nanoparticle, with the border ;  is the 

derivative of the normal to the surface , external to the region .  

For stationary oscillations  the equation (2) takes the form: 

 . (4) 

The boundary condition (3) does not change. 

The problem of finding the oscillation spectrum of ferroelectric inclusions in a nano-

composite is posed as an eigenvalue problem. 

Equation (4) is the eigenvalue equations for the parameter . Solving 

problem (3) - (4) we obtain the set of eigenfunctions  and eigenvalues . The lowest 

eigenvalue  corresponds to the phase transition and determines the phase transition temper-

ature shift. Higher eigenvalues determine the eigenfrequencies  of the nanoparticle oscilla-

tions:: 

,   (5) 

The eigenfrequencies  depend on the temperature according to (5), on the size and 

shape of nanoparticles. A ferroelectric particle of elliptical shape and particles of the simplest 

geometries (spherical, cylindrical forms) are considered in the work. For particles of spheri-

cal, cylindrical and parallelepiped-shaped, the solution can be obtained in general form 

through Bessel functions. The spectrum of oscillations is analyzed depending on the size, 

shape of particles, and boundary conditions for polarization. 
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The group ɸ2ɺʍ4model crystal - chlorzincate rubidium Rb2ZnCl4 repolarization process under 

the harmonic electric field action with the amplitude above the coercive field intensity in the domain 

structure freezing temperature vicinity (T*º150 K) by the harmonic analysis method was investigated.  

The study of the current density harmonics that arising in the sample under the harmonic field 

action allowed constructing the sample volume unit electric energy cW dependence on the polarization 

cP measured in the dynamics. It is shown that in a relatively small temperature range in the T*vicinity 

there is a significant dependence c cW (P ) potential relief shape change.

Keywords: polarization, phase transition, incommensurate phase, ferroelectrics. 

It is known that the behavior of dielectric and polarization Rb2ZnCl4 crystal properties 

in the ferroelectric phase in the temperature range from the Curie point TC to T*º150 K is de-

termined by the dynamics of ferroelectric domain boundaries as solitons, and their contribu-

tions values significantly depend on the crystal background and in particular on the tempera-

ture and samples holding time in the paraelectric and incommensurate phases [1,2].Structural 

changes like phase transition in the domain wall are observed in Rb2ZnCl4 in the vicinity of 

T* 150 K [3, 4], accompanied by a change of the domain wall width. The domain wall width 

decrease results to a sharp decrease in its mobility due to increased interaction with lattice de-

fects, which is accompanied by the coercive field sharp increase with a small polarization 

change [5]. 

In order to remove the soliton structure dynamic contribution to the crystal dielectric 

and polarization properties the experiment was carried out as follows. First, the sample was 

cooled below T* by 20 K, where, as was established in [2], the soliton structure disappears 

almost completely, and thenthe sample was heated to 151 K. Thepolarization harmonics and 

current density components measurements at the sinusoidal electric field amplitudes 
mE  

above the coercive one that was applied to the test sample at itsisothermal exposure in the 

temperature range from 151 K to 159 K were carried out. The study of the current density 

harmonics that arising in the sample under the harmonic field action allowed constructing the 

sample volume unit electric energy
cW dependence on the polarization 

cP measured in the 

dynamics. The dependence 
c cW (P ) measured at the test sample isothermal exposure at a 

temperature T=159 K and application to the test sample plates harmonic electric field with 

amplitude
4

mE =3.2 10Ö V/m and frequency 
0f =0.3  Hz shown in Fig. 
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Figure. Dependences of thetest sample volume unit electrical energy 
cW on its polarization 

cP

constructed by means of harmonic analysis 

It is found that in a relatively small temperature range in the T* vicinity there is a sig-

nificant dependence 
c cW (P ) potential relief shape change. 
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The group ɸ2ɺʍ4 model crystal - chlorzincate rubidium Rb2ZnCl4 repolarization process un-

der the harmonic electric field action with the amplitude above the coercive field ( kE ) in the ferroe-

lectric phase (FF) near the ferroelectric phase transition temperature cT was researched by the har-

monic analysis method. The current density harmonics study arising in the sample under the harmonic 

field action allowed constructing the sample unit volume electric energy cW dependence on the polar-

ization cP measured in the dynamics. The dielectric hysteresis loops time evolution after exposure of
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an alternating electric field E with a frequency about 20 kHz and an amplitude higher than 
kE  in the 

FF near 
cT  to the sample was studied in detail by the harmonic analysis method. The temporal evolu-

tion of the dependence c cW (P ) after exposure to the sample E was obtained. It is established that 

there is a significant change of the dependence c cW (P ) potential relief shape during relaxation. 

Keywords: polarization, phase transition, coercive field, electric energy, ferroelectrics. 

On the base of Rb2ZnCl4 crystal samples dielectric and polarization studies it was 

shown [1] that relaxation of nonequilibrium dielectric permittivity (
kŮ ) above the ferroelec-

tric phase transition temperature (
cT º199.4 K) is associated with the ferroelectric domain 

boundaries (DB) detachment from the stoppers and the subsequent domain structure disap-

pearance in a incommensurate phase. There is a peak of dependence
xŮ (T) recorded during 

the test sample heating at 
cT temperature. It is noteworthy that in equilibrium conditions in 

the 
cT vicinity in FF there is a temperature-independent behavior of

kE obtained after dielec-

tric hysteresis loops processing measured at a frequency of 0.3 Hz. In [2] it is shown that 

k c 0E =E +E where
cE - the field strength due to losses occurring in the sample, and 

0E - the 

switching field strength. The field strength 
0E is a value that must be added to

cE for main-

taining almost full test sample monodomainisation. In equilibrium conditions in the 
cT vicini-

ty in FF 
0E tends to zero when 

cT approaching, and 
cE increases. It was suggested that in ul-

trapure crystals the value
cE associated with losses will not give a significant contribution to 

kE and
kE will be determined practically by the 

0E value, i.e.
kE will tend to zero when 

cT approaching, as follows from the thermodynamic representations [3].According to the 

Landau-Ginzburg-Devonshire theory, in the case of a uniaxial ferroelectric, it is possible to 

decompose the free energy 
cW into powers of a 

cP single component. The Landau-Ginzburg-

Devonshire theory use for quantitative estimates of the Rb2ZnCl4 crystal polarization proper-

ties measurements results is applicable if the free energy 
cW is decomposed by degrees of a 

single polarization component limited to terms up to the fourteenth degree [4]. Thus, we 

have: 2 4 6 8 10 12 14

c c c c c c c c c

1 1 1 1 1 1 1
W = aP + bP + cP + dP + eP fP + gP -EP

2 4 6 8 10 12 14
, where a, b, c, d, e, f, g - 

coefficients having a certain physical meaning [3], E ï the electric field strength. In [4] the 

Rb2ZnCl4 crystal repolarization process under the harmonic electric field action with ampli-

tude higher than the intensity
kE was investigated by the harmonic analysis method.The cur-

rent density time dependence
xJ (t) which occurs in the sample under the harmonic field ac-

tion whose intensity is higher than the coercive has a complex periodic form. The harmonics 

xJ (t) study allowed to construct the sample unit volume electric energy 
cW dependence on 

the polarization 
cP measured in the dynamics, to determine the values of the coefficients a, b, 

c, d, e, f and g. In [1] it was shown that, if E are applied to Rb2ZnCl4 crystal samples in FF 

at isothermal exposure, then after E disconnection 
xŮ and

kE relaxation are observed. The 

field E influence on the sample leads to a 
kE decrease which confirms the DB releasing 

process from defects. After E  shutdown the reverse process occurs ï the DB fixing defects 

process which reveals in an 
kE increase. 

In this paper the dielectric hysteresis loops temporal evolution after E exposure to the 

sample in the FF near 
cT  was studied in detail by harmonic analysis method. The dependence 
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c cW (P ) and expansion coefficients a, b, c, d, e, f, g time evolution is obtained.It is estab-

lished that there is a significant change of the dependence 
c cW (P ) potential relief shape dur-

ing relaxation. 
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The effect of cobalt concentration on the character of the reversive dependences of the dielec-

tric constant Ů'(E=) in the Ba0.95Pb0.05TiO3 ferroelectric ceramics is studied. 

Keywords: ferroelectric ceramics, dielectric constant, reversible dependences. 

Despite the huge number studies of the physical properties of ferroelectric materials 

based on barium titanate, interest in them continues unabated today. The study of the proper-

ties of modified barium titanate and their structure remains an urgent problem of  time stabil-

ity of electrophysical properties (aging) and in the process of cyclically changing loads (dura-

bility of work) and continues to attract the attention of developers of end products [1].  

In this study, the reversible dependence of the dielectric constant Ů'(E=) in ferroelectric 

ceramics (1īx)Ba0.95Pb0.05TiO3+xCo2O3, obtained from high-purity oxides by the 2-step solid-

phase synthesis method with different content of the cobalt modifying additive was studied. 

The dielectric response measurements on plane-parallel samples of size S = 15 mm
2
 (covered

with silver electrodes) and thickness d = 0.5 mm were carried out by the bridge method device 

with a weak alternating field of frequency 1000 Hz and with a stepwise supply of constant 

bias field E= with a step 0.85 kV/cm. 

It was found that in the nominally pure composition Ba0.95Pb0.05TiO3, in addition to the 

maxima Ů'(E=), corresponding to the coercive fields ÑEc, for some values of the bias field 

îE=î>îÑEcîat the increasing and decreasing of E=, the local minima of Ůǋ(E=) appears. These

minima of Ůǋ(E=) are most likely due to the effect of piezoelectric clamping of antiparallel

domains (Drougard ï Young effect) [2]. The presence of cobalt into ferroelectric ceramics

leads to the fact that in the used interval E= local minima Ůǋ(E=) disappear. At the same time,

the diffusion of the maxima Ů'(E=) in this region of Ec increases with a simultaneous increas-

ing the values Ec.

The behavior of Ů'(E=) at room temperature for x = 0 and x = 0.5 (Figure) indicates that 

the curves are asymmetric with respect to E = 0, which is probably due to the preliminary po-

larization of the structural elements. 
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Figure. Reversive dependences of Ůǋ(ɽ=) in (1īx)Ba0.95Pb0.05TiO3+xCo2O3 

compounds (x = 0 and 0.5 wt%) at T = 25 ęʉ 

Increasing the cobalt content (Co>0.5 wt%) leads to a significant smearing of the max-

imum Ůǋ(ɽ=) at Ec, which agrees well with the behavior of temperature dependences Ůǋ(T) in 
the region of the ferroelectric phase transition [3]. There was found that modifying by admix-

ture of Co to change substantially the thermal anomalies of dielectric properties and shift the 

ferroelectric phase transition temperature. 

The nature of the dielectric response Ů'(T) in (1īx)Ba0.95Pb0.05TiO3+xCo2O3 composi-

tions have shown that the phase transition at x>0.5 wt% becomes substantially diffused, and 

can be described in the framework of existing approaches to the relaxation of polarisation in 

ferroelectrics with diffuse phase transition. 

The obtained results are interpreted within the framework of the contribution of do-

main and phase boundaries to the processes of polarization and depolarization with different 

arrangement of the structure of the ferroelectric material under study. 

The authors are grateful to A. Kalvane for the synthesis of the samples. 
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Relaxation of the non-equilibrium domain structure of a ferroelectric crystal triglycine sulfate 

(TGS) rejuvenated by a short-term exposure in the paraelectric phase was studied in the temperature 
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range  ȹʊ = 1 
ʦʉ near the Curie point TC. The domain structure had been observed by means of AFM

technique. 

Keywords: triglycine sulfate, Curie point, non-equilibrium domain structure, relaxation, corre-

lation length, scaling. 

Relaxation of the non-equilibrium 180
0
-th domain structure  emergent at the ferroelec-

tric phase transition of the 2-nd order can be described using the ideas developed for the anal-

ysis of the ordering dynamics of two-phase systems described by the scalar order parameter 

[1]. 

In this paper, the relaxation of DS, visualized in ferroelectric crystal TGS by means of 

AFM technique in the temperature interval TC ῐ 1ʦʉ Ò ʊ < TC was investigated.  Before these

measurements, the aged samples were "rejuvenated" by exposure for 30 min at T = 60 Á C and 
as a result a fine striped domain structure [2] emerged initially in the ferroelectric phase just 

near TC. Over time the enlargement of the domain structure occurs. This process is rather 

complicated and involves the various stages of transformation of the domain pattern. 

Earlier studies were carried out, either by nematic liquid crystals for lenticular domain 

structure [3], or at a much greater distance from the TC [4]. 

A quantitative description of the evolution of two-phase systems is carried out usually 

using a space-time correlation function of the macroscopic order parameter K(r,t) = <ɖ(r, t ) ɖ 

(rǋ, t )>,  from which the characteristic length LC(t) can be determined.  According to [1], the 

dependences LC(t) are power-law: (t) , where Ŭ = 0,5 for the non-conserved or-

der parameter and Ŭ = 0,3 - for the conserved one. 

As a result of the studies was found the following: 

1) the characteristic length Lc increases with time according to the power law Lc(t) ~ t 
Ŭ

(Fig.1); the decrease of the absolute values of the exponent Ŭ  on the lowering of a tempera-

ture from TC in the temperature range under study is a consequence of the transition of the 

domain structure during its evolution from the non-conservative state to the conservative one; 

a)                                                                             b) 
Fig. 1. The time dependences of the characteristic length for pure TGS: a) at a temperature 

 along the crystallographic directions [001] and [100]; 

b) the same at a temperature

2) the correlation functions, presented for different time moments as dependences

, have near the temperature of ferroelectric phase transition the 

form  (for 0 Ò x Ò 2), which is the universal for ordering kinetics of two-

phase systems with scalar order parameter (Fig.2). 
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Fig. 2. Dependences for the time moments from 2 to 80 min for ȹʊC = 1 
ʦʉ, along

the crystallographic direction [001] 
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The influnce of weak static magnetic field on the nominally pure ferroelectric crystal tri-

glycine sulphate (TGS), which depends on the mutual orientation of the vectors of magnetic induction 

and  spontaneous polarization, leads to a long lasting and non-monotonic change of the dielectric per-

mittivity, the tangent of the dielectric loss angle, the coercive field and the spontaneous polarization of 

the crystal. 
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The effect of the magnetic field on ferroelectric crystals leads to certain changes in 

their electrophysical properties [1-3], but the insufficiently studied mechanisms of these phe-

nomena are currently unclear, that requires further research. 

In the present work  the influence of weak static magnetic field (permanent magnet, B 

= 0,3 T, exposure time 30 minutes) on the dielectric permittivity Ů, the tangent of dielectric 

loss angle tg ŭ, the coercive field, EC, the spontaneous polarization PS of nominally pure tri-

glycine sulfate ( TGS) - chemical formula (NH2CH2COOH)3ÅH2SO4 -uniaxial ferroelectric 

crystal with the model  second order ferroelectric phase transition at a temperature  TC = 49 
o
C

had been studied. 

Measurements of these parameters were carried out in the temperature range from 20 Á 
C to 47 Á C. The influence of the magnetic field on the value of the Curie temperature TC was 

also studied. 

The following regularities were established. 
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ʩʝʛʥʝʪʦʢʝʨʘʤʠʢʝ BiNi0.67Sb0.33O3. ʄʘʢʩʠʤʫʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʠʤʝʝʪ ʨʝʣʘʢʩʘʮʠʦʥʥʫʶ 
ʧʨʠʨʦʜʫ, ʩʚʷʟʘʥʥʫʶ ʩ ʢʠʩʣʦʨʦʜʥʳʤʠ ʚʘʢʘʥʩʠʷʤʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʙʝʩʩʚʠʥʮʦʚʘʷ ʩʝʛʥʝʪʦʢʝʨʘʤʠʢʘ, ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ, 
ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ. 

ʅʘ ʨʘʟʥʳʭ ʯʘʩʪʦʪʘʭ ʠʟʤʝʨʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tgd ʚ ʦʙʨʘʟʮʘʭ ʙʝʩʩʚʠʥʮʦʚʦʡ 
ʩʝʛʥʝʪʦʢʝʨʘʤʠʢʠ BiNi0.67Sb0.33O3.  

ʇʨʦʚʦʜʷ ʘʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʝʡ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʤʦʞʥʦ ʚʳʜʝ-
ʣʠʪʴ ʨʷʜ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʦʚʝʜʝʥʠʷ ʢʨʠʚʳʭ. ʅʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʪʘʥʛʝʥʩʘ ʫʛ-
ʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚʙʣʠʟʠ 360 K ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʡ ʰʠʨʦʢʠʡ 
ʧʠʢ, ʩʤʝʱʘʶʱʠʡʩʷ ʚʚʝʨʭ ʧʦ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʰʢʘʣʝ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʯʘʩʪʦʪʳ ʦʪ 0,5 ʢɻʮ 
ʜʦ 1 ʄɻʮ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʝʛʦ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʧʨʠʨʦʜʝ. ʅʘ ʟʘʚʠʩʠʤʦʩʪʷʭ Ůô(ʊ) 
ʷʚʥʦ ʚʳʨʘʞʝʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʥʝʪ, ʥʦ ʧʨʠʩʫʪʩʪʚʫʝʪ ʠʟʣʦʤ, ʢʦʪʦʨʳʡ ʘʥʘʣʦʛʠʯʥʳʤ ʦʙ-
ʨʘʟʦʤ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ. 

ʇʝʨʝʩʪʨʦʡʢʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ Ű ʚ ʢʦʦʨʜʠʥʘʪʘʭ 
lnŰ(1/T) ʜʘʸʪ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ. ʇʦ ʪʘʥʛʝʥʩʫ ʫʛʣʘ ʥʘʢʣʦʥʘ ʧʨʷʤʦʡ ʨʘʩʩʯʠʪʘʥʦ ʟʥʘ-
ʯʝʥʠʝ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ɽʘ å 0,81 ʵɺ. ʇʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ 
ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʙʣʠʟʢʦ ʢ ʵʥʝʨʛʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʠ ʪʦʯʝʯʥʳʭ ʜʝ-
ʬʝʢʪʦʚ (ʚʘʢʘʥʩʠʷʤʠ ʧʦ ʢʠʩʣʦʨʦʜʫ) ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʭ ʠʤʝʶʱʠʭ ʩʪʨʫʢʪʫʨʫ ʧʝʨʦʚʩʢʠ-
ʪʘ [1]. ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʛʠʧʦʪʝʟʳ, ʯʪʦ ʠʟʫʯʘʝʤʳʡ ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ ʩʚʷʟʘʥ ʩ 
ʢʠʩʣʦʨʦʜʥʳʤʠ ʚʘʢʘʥʩʠʷʤʠ ʙʳʣ ʧʨʦʚʝʜʝʥ ʦʪʞʠʛ ʦʙʨʘʟʮʦʚ BiNi0.67Sb0.33O3 ʚ ʚʦʩʩʪʘʥʦʚʠ-
ʪʝʣʴʥʦʡ ʩʨʝʜʝ ʫʛʣʝʨʦʜʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 600 Áʉ ʚ ʪʝʯʝʥʠʝ 48 ʯʘʩʦʚ ʠ ʠʟʤʝʨʝʥʳ ʪʝʤʧʝ-
ʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʥʘ ʯʘʩʪʦʪʝ 1 ʢɻʮ. ɺʳʩʦʪʘ 
ʧʠʢʘ ʧʦʩʣʝ ʦʪʞʠʛʘ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʣʘʩʴ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʪʦ-
ʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ, ʧʦʵʪʦʤʫ ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ ʚ 
BiNi0.67Sb0.33O3 ʩʚʷʟʘʥ ʩ ʢʠʩʣʦʨʦʜʥʳʤʠ ʚʘʢʘʥʩʠʷʤʠ. 
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ʚʪʦʨʦʡ, ʤʦʞʝʪ ʙʳʪʴ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥ ʢʘʢ ʨʝʣʘʢʩʦʨʥʳʡ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʤʘʪʝʨʠʘʣ, ʢʚʘʥʪʦʚʳʡ ʧʘʨʘʵʣʝʢʪʨʠʢ, 
ʨʝʣʘʢʩʦʨʥʳʡ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʨʝʣʘʢʩʘʮʠʷ. 

ʊʠʪʘʥʘʪ ʩʪʨʦʥʮʠʷ ï ʤʦʜʝʣʴʥʳʡ ʢʚʘʥʪʦʚʳʡ ʧʘʨʘʵʣʝʢʪʨʠʢ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚ-
ʩʢʠʪʘ, ʚ ʢʦʪʦʨʦʤ çʦʞʠʜʘʝʤʳʡè ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʥʝ ʨʝʘʣʠʟʫʝʪʩʷ 
ʚʩʣʝʜʩʪʚʠʝ ʩʠʣʴʥʳʭ ʢʚʘʥʪʦʚʳʭ ʬʣʫʢʪʫʘʮʠʡ [1]. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʜʦʧʠʨʦʚʘʥʠʝ ʤʘʪʝʨʠʘʣʘ 
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ʥʝʢʦʪʦʨʳʤʠ ʧʨʠʤʝʩʥʳʤʠ ʘʪʦʤʘʤʠ ʧʦʜʘʚʣʷʝʪ ʵʪʠ ʬʣʫʢʪʫʘʮʠʠ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʚ SrTiO3 

ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʙʨʘʟʫʝʪʩʷ ʧʦʣʷʨʥʘʷ ʬʘʟʘ.  
ɺʚʝʜʝʥʥʳʝ ʚ ʥʝʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʧʨʠʤʝʩʥʳʝ ʘʪʦʤʳ, ʧʦ ʩʫʪʠ, ʷʚʣʷʶʪʩʷ ʜʝ-

ʬʝʢʪʘʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʚʳʷʩʥʠʪʴ, ʤʦ-
ʞʝʪ ʣʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʬʘʟʘ ʧʦʷʚʠʪʴʩʷ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ SrTiO3, ʛʜʝ ʙʦʣʴ-
ʰʘʷ ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʞʝʪ ʧʦʜʘʚʠʪʴ ʢʚʘʥʪʦʚʳʝ ʬʣʫʢʪʫʘʮʠʠ ʠ ʩʪʘ-
ʙʠʣʠʟʠʨʦʚʘʪʴ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʘʟʫ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʩʪʘʣʘ ʵʢʩʧʝʨʠʤʝʥ-
ʪʘʣʴʥʘʷ ʧʨʦʚʝʨʢʘ ʵʪʦʛʦ ʧʨʝʜʧʦʣʦʞʝʥʠʷ.  

ɼʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʦʤ SrTiO3 

ʫʜʦʙʥʦ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʤʝʪʦʜʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʢ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʤʫ ʬʘʟʦʚʦʤʫ ʧʝʨʝʭʦʜʫ. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʙʨʘʟʮʳ ʚ ʚʠʜʝ ʪʘʙʣʝʪʦʢ ʜʠʘʤʝʪʨʦʤ ʦʢʦʣʦ 1 ʩʤ ʠ 
ʪʦʣʱʠʥʦʡ ï 1 ʤʤ, ʥʘ ʙʦʣʴʰʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʳʭ ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʩʝʨʝʙʨʷʥʳʝ ʵʣʝʢ-
ʪʨʦʜʳ. ʊʘʙʣʝʪʢʠ ʬʦʨʤʠʨʦʚʘʣʠ ʠʟ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘʪʘ ʩʪʨʦʥʮʠʷ, ʧʨʦʠʟʚʝʜʝʥʥʦʛʦ ʬʠʨʤʦʡ 
çSigma Aldrichè (ʦʙʨʘʟʝʮ ˉ1) ʠ ʧʦʨʦʰʢʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʫʪʝʤ ʧʝʨʝʤʘʣʳʚʘʥʠʷ, ʧʨʝʜʚʘ-
ʨʠʪʝʣʴʥʦ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ SrTiO3 ʚ ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ (ʦʙʨʘʟʝʮ ˉ2). ɼʠʘʤʝʪʨ ʯʘ-
ʩʪʠʮ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʩʦʩʪʘʚʣʷʣ ʦʢʦʣʦ 100 ʥʤ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʠʟʤʝʨʠʪʝʣʷ ʠʤʤʠʪʘʥʩʘ ɽ7-20 ʥʘ ʯʘʩʪʦʪʘʭ 25 ɻʮ ï 1 ʄɻʮ ʠ ʩʫʭʦʛʦ ʛʝʣʠʝʚʦʛʦ ʢʨʠʦʩʪʘʪʘ 
Janis Heliy Cryodyne CCS-350S ʚ ʨʝʞʠʤʝ ʤʝʜʣʝʥʥʦʛʦ ʥʘʛʨʝʚʘ.  

ʇʦʣʫʯʝʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ e 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ.  

ɺʠʜ ʢʨʠʚʦʡ Ů(ʊ) ʜʣʷ ʦʙʨʘʟʮʘ ˉ1 ʘʥʘʣʦʛʠʯʝʥ ʪʦʤʫ, ʯʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʦʙʲʝʤʥʦ-
ʛʦ ʪʠʪʘʥʘʪʘ ʩʪʨʦʥʮʠʷ. ʆʪʩʫʪʩʪʚʠʝ ʤʘʢʩʠʤʫʤʘ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢ-
ʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʛʦʚʦʨʠʪ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʧʝʨʝʭʦʜʘ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʘ-
ʟʫ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 10 ʂ. 

ɺ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ ˉ2 ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ Ů(ʊ) ʚ ʦʢʨʝʩʪʥʦʩʪʷʭ 40 ʂ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʟ-
ʤʳʪʳʡ ʤʘʢʩʠʤʫʤ (ʨʠʩ. 2ʘ), ʙʣʠʟʠ ʢʦʪʦʨʦʛʦ ʠʤʝʝʪ ʤʝʩʪʦ ʩʠʣʴʥʘʷ ʜʠʩʧʝʨʩʠʷ ʜʠʵʣʝʢʪʨʠ-
ʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʤʘʢʩʠʤʫʤʘ Ů - ʊm ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ ʠʟʤʝ-
ʨʠʪʝʣʴʥʦʛʦ ʧʦʣʷ ʠ ʩʤʝʱʘʝʪʩʷ ʚʚʝʨʭ ʧʦ ʤʝʨʝ ʝʝ ʧʦʚʳʰʝʥʠʷ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʨʝʣʘʢʩʘ-
ʮʠʦʥʥʫʶ ʧʨʠʨʦʜʫ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʘʥʦʤʘʣʠʠ.  
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ʈʠʩʫʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ Ů ʜʣʷ ʦʙʨʘʟʮʘ ˉ1 ʥʘ ʯʘʩʪʦʪʝ 10 ʢɻʮ (ʘ) ʠ ʦʙʨʘʟʮʘ ˉ2 (b) 

ʥʘ ʯʘʩʪʦʪʘʭ 0,025 (1), 0,120 (2), 1 (3) ʠ 5 (4), 10 (5), 50 (6), 100 (7), 200 (8) ʠ 500 (9) ʢɻʮ 

ɸʥʘʣʠʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʧʦʢʘʟʘʣ, ʯʪʦ ʥʘʙʣʶʜʘʝʤʘʷ ʚ ʦʢʨʝʩʪʥʦʩʪʷʭ ʊm ʨʝ-
ʣʘʢʩʘʮʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʘʟʤʳʪʳʤ ʩʧʝʢʪʨʦʤ ʚʨʝʤʝʥ 
ʨʝʣʘʢʩʘʮʠʠ, ʟʘʤʝʪʥʦ ʨʘʩʰʠʨʷʶʱʠʤʩʷ ʧʦ ʤʝʨʝ ʧʦʥʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ. ʊʘʢʦʝ ʧʦʚʝʜʝ-
ʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʨʝʣʘʢʩʦʨʥʳʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ.  

ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ. 

͊ύ 
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1. ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʪʠʪʘʥʘʪ ʩʪʨʦʥʮʠʷ ʧʨʦʠʟʚʝʜʝʥʥʳʡ ʬʠʨʤʦʡ çSigma Al-

drichè ʧʦ ʛʠʜʨʦʪʝʤʘʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʚʦʡʩʪʚʘ ʢʚʘʥʪʦʚʦʛʦ ʧʘʨʘʵʣʝʢ-
ʪʨʠʢʘ. 

2. ɼʝʬʝʢʪʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʚ ʭʦʜʝ ʧʝʨʝʤʘʣʳʚʘʥʠʷ
SrTiO3 ʜʦ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʦʙʫʩʣʦʚʣʠʚʘʶʪ ʧʝʨʝʭʦʜ ʤʘʪʝʨʠʘʣʘ ʚ ʨʝ-
ʣʘʢʩʦʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

3. ʅʘʙʣʶʜʘʝʤʳʡ ʚʙʣʠʟʠ ʊm ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʰʠʨʦʢʠʤ
ʩʧʝʢʪʨʦʤ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ɻʨʘʥʪ ˉ 18-52-00039 ɹʝʣ_ʘ). 

ʃʠʪʝʨʘʪʫʨʘ 

1. ʌʠʟʠʢʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ / ɻ.ɸ. ʉʤʦʣʝʥʩʢʠʡ, ɺ.ɸ. ɹʦʢʦʚ ɺ.ɸ. ʀʩʫʧʦʚ ʠ
ʜʨ.; ʧʦʜ ʨʝʜ. ɻ.ɸ. ʉʤʦʣʝʥʩʢʦʛʦ. ï ʃ.: ʅʘʫʢʘ, - 1985. ï 476 ʩ. 

ʋɼʂ 538.9 

ʈɽʊɸʈɼɸʎʀʗ ʇʆʃʗʈʀɿɸʎʀʀ ɺ ʉɽɻʅɽʊʆʕʃɽʂʊʈʀʏɽʉʂʆʁ ʌɸɿɽ 
ɼʀɻʀɼʈʆʌʆʉʌɸʊɸ ʂɸʃʀʗ 

 ʃ.ʅ. ʂʦʨʦʪʢʦʚ1, ʊ.ʅ. ʂʦʨʦʪʢʦʚʘ2
 

1ɼ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, l_korotkov@mail.ru 
2ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ, tn_korotkova@mail.ru 

1ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 
2ɺʦʨʦʥʝʞʩʢʠʡ ʠʥʩʪʠʪʫʪ ʄɺɼ ʈʌ 

ʇʨʦʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʨʝʤʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 
ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʝ ʤʦʥʦʢʨʠʩʪʘʣʣʘ KH2PO4 ʚ ʩʣʘʙʦʤ ʧʦʩʪʦʷʥʥʦʤ 
ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ t ʥʝʤʦʥʦʪʦʥʥʦ ʟʘʚʠʩʠʤ ʦʪ 
ʪʝʤʧʝʨʘʪʫʨʳ. ɺʙʣʠʟʠ 117 ʂ ʟʘʚʠʩʠʤʦʩʪʴ t(ʊ) ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʤʘʢʩʠʤʫʤ, ʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 
ʥʠʞʝ 90 ʂ ʥʘʙʣʶʜʘʝʪʩʷ ʩʠʣʴʥʦʝ ʚʦʟʨʘʩʪʘʥʠʝ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʧʨʦʮʝʩʩʘʤʠ ʚ 
ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʢʨʠʩʪʘʣʣʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʣʷʨʠʟʘʮʠʠ, ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ, ʜʦʤʝʥʥʘʷ 
ʩʪʨʫʢʪʫʨʘ. ɿʘʢʦʥ ʌʦʛʝʣʷ - ʌʫʣʯʝʨʘ. 

ɼʠʛʠʜʨʦʬʦʩʬʘʪ ʢʘʣʠʷ (KH2PO4 ï ʘʙʙʨʝʚʠʘʪʫʨʘ KDP) ʧʨʝʪʝʨʧʝʚʘʝʪ ʧʝʨʝʭʦʜ ʚ ʧʦ-
ʣʷʨʥʫʶ ʬʘʟʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊʉ º 122 ʂ. ʀʟ ʣʠʪʝʨʘʪʫʨʳ ʠʟʚʝʩʪʥʦ [1], ʯʪʦ ʥʠʞʝ ʊʉ ʚ 
ʢʨʠʩʪʘʣʣʝ ʚʦʟʥʠʢʘʝʪ ʧʦʜʚʠʞʥʘʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʦʙʫʩʣʦʚʣʠʚʘʶʱʘʷ ʚʳʩʦʢʫʶ ʜʠ-
ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʢʨʠʩʪʘʣʣʘ. ʆʢʦʣʦ 100 ʂ ʧʦʜʚʠʞʥʦʩʪʴ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ 
ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪʩʷ. ʆʙ ʵʪʦʤ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʨʝʟʫʣʴʪʘʪʳ ʤʥʦʛʦʯʠʩ-
ʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʢʨʠʩʪʘʣʣʘ, ʧʨʦʚʝʜʝʥʥʳʝ ʚ ʠʥʪʝʨʚʘʣʝ 
ʯʘʩʪʦʪ 10-2
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 ɻʮ.

ɺʤʝʩʪʝ ʩ ʪʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʢʘʩʘʪʝʣʴʥʦ ʜʠʥʘʤʠʢʠ ʧʦʣʷʨʠʟʘʮʠʠ 
ʢʨʠʩʪʘʣʣʘ ʚ ʤʘʣʦʤ ʧʦʩʪʦʷʥʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʶʪ.  

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʩʪʘʣʦ ʠʟʫʯʝʥʠʝ ʨʝʪʘʨʜʘʮʠʠ ʧʦʣʷʨʠʟʘʮʠʠ ʚ 
ʢʨʠʩʪʘʣʣʝ KDP ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 80 ï 125 ʂ ʧʨʠ ʧʦʜʘʯʝ ʩʣʘʙʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʧʦʣʷ.  

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʙʨʘʟʮʳ ʩ ʨʘʟʤʝʨʘʤʠ 10ʭ10ʭ1 ʤʤ, ʚʳʨʝʟʘʥʥʳʝ 
ʠʟ ʤʦʥʦʢʨʠʩʪʘʣʣʘ KDP, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʙʦʣʴʰʠʝ ʠʭ ʛʨʘʥʠ ʙʳʣʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳ 
ʧʦʣʷʨʥʦʡ ʦʩʠ z. ʅʘ ʙʦʣʴʰʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʦʜʦʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʚ ʚʘʢʫʫʤʝ 
ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʩʝʨʝʙʨʷʥʳʝ ʵʣʝʢʪʨʦʜʳ. ʆʙʨʘʟʮʳ ʧʦʤʝʱʘʣʠ ʚ ʢʨʠʦʩʪʘʪ, ʛʜʝ ʪʝʤʧʝʨʘʪʫʨʘ 
ʠʟʤʝʥʷʣʘʩʴ ʚ ʧʨʝʜʝʣʘʭ 80 ï 300 ʂ ʠ ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ ° 0,1 ʂ.  

ʉʢʘʯʢʦʦʙʨʘʟʥʦʝ ʥʘʧʨʷʞʝʥʠʝ 1 ï 10 ɺ ʧʦʜʘʚʘʣʠ ʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʭʣʘʞʜʝʥʥʳʡ 
ʜʦ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʝʮ. ʇʦʣʷʨʠʟʘʮʠʶ ʦʙʨʘʟʮʘ (P) ʠʟʤʝʨʷʣʠ ʚ ʨʝʞʠʤʝ ʪʝʨʤʦ-
ʩʪʘʙʠʣʠʟʘʮʠʠ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʦʣʴʪʤʝʪʨʘ ɺ7-30 ʠ ʵʪʘʣʦʥʥʦʛʦ ʢʦʥʜʝʥ-
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ʩʪʠʥʢʫ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʡ ʧʝʨʝʩʪʨʦʡʢʝ ʛʝʦʤʝʪʨʠʠ ʜʝʬʝʢʪʘ ʠ ʥʝʤʦʥʦʪʦʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ 
ʧʦʣʦʞʝʥʠʷ ʫʨʦʚʥʷ ʌʝʨʤʠ ʚ ʩʠʩʪʝʤʝ. ʕʪʠ ʩʚʦʡʩʪʚʘ ʜʝʬʝʢʪʦʚ ʦʧʨʝʜʝʣʷʶʪ ʩʪʘʪʠʯʝʩʢʠʡ ʦʪʨʠʮʘ-
ʪʝʣʴʥʳʡ ʟʘʨʷʜ, ʢʦʪʦʨʳʡ ʦʥʠ ʧʨʦʷʚʣʷʶʪ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ. ʆʙʲʷʩʥʝʥʦ, ʧʦʯʝʤʫ ʜʝʬʝʢʪʳ ʩ ʧʦʜʦʙ-
ʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʪʦʣʴʢʦ ʚ ʢʚʘʟʠʜʚʫʤʝʨʥʳʭ ʩʠʩʪʝʤʘʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʚʫʦʢʠʩʴ ʪʠʪʘʥʘ, ʥʘʥʦʧʣʘʩʪʠʥʢʠ, ʚʘʢʘʥʩʠʠ, ʨʘʩʯʝʪʳ ʠʟ ʧʝʨʚʳʭ ʧʨʠʥ-
ʮʠʧʦʚ. 

ʅʘʥʦʧʣʘʩʪʠʥʢʠ ʠʟ ʜʚʫʦʢʠʩʠ ʪʠʪʘʥʘ TiO2 ʪʦʣʱʠʥʦʡ ʚ ʦʜʠʥ ʤʦʥʦʩʣʦʡ ʚ ʧʦʩʣʝʜʥʝʝ 
ʚʨʝʤʷ ʩʪʘʣʠ ʦʙʲʝʢʪʦʤ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ ʚ ʩʚʷʟʠ ʩ ʠʭ ʫʥʠʢʘʣʴʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ 
ʠ ʭʠʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [1]. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʥʘʥʦʧʣʘʩʪʠʥʢʘʭ, ʣʝʛʠʨʦʚʘʥʥʳʭ ʢʦʙʘʣʴ-
ʪʦʤ ʠ ʞʝʣʝʟʦʤ, ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤ ʧʨʠ 300  K, ʥʘʙʣʶʜʘʣʠʩʴ ʛʠʛʘʥʪʩʢʠʡ 
ʤʘʛʥʝʪʦʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʠ ʠʥʪʝʨʝʩʥʳʝ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

ɺ ʥʘʥʦʧʣʘʩʪʠʥʢʘʭ TiO2, ʢʦʪʦʨʳʝ ʧʦʣʫʯʘʶʪʩʷ ʧʫʪʝʤ ʨʘʩʱʝʧʣʝʥʠʷ ʧʨʦʪʦʥʠʨʦʚʘʥ-
ʥʳʭ ʩʣʦʠʩʪʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩʦʩʪʘʚʘ HxTi1-yǏyO2 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʣʝʧʠʜʦʢʨʦʢʠʪʘ, ʚʩʝʛʜʘ 
ʧʨʠʩʫʪʩʪʚʫʶʪ ʚʘʢʘʥʩʠʠ ʪʠʪʘʥʘ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʦʢʦʣʦ 9%. ʂʦʥʮʝʥʪʨʘʮʠʷ ʚʘʢʘʥʩʠʡ ʤʦ-
ʞʝʪ ʙʳʪʴ ʫʚʝʣʠʯʝʥʘ ʧʨʠ ʣʝʛʠʨʦʚʘʥʠʠ TiO2 ʣʠʪʠʝʤ ʠʣʠ ʤʘʛʥʠʝʤ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ 
ʩʚʦʡʩʪʚʘ ʥʝʣʝʛʠʨʦʚʘʥʥʳʭ  ʠ ʩʣʘʙʦ ʣʝʛʠʨʦʚʘʥʥʳʭ ʥʘʥʦʧʣʘʩʪʠʥʦʢ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝ-
ʥʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʨʠʩʫʪʩʪʚʠʝʤ ʵʪʠʭ ʜʝʬʝʢʪʦʚ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʛʝʦʤʝʪ-
ʨʠʠ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ ʚʘʢʘʥʩʠʠ ʪʠʪʘʥʘ ʚ ʥʘʥʦʧʣʘʩʪʠʥʢʘʭ TiO2, ʘ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʡ 
ʵʪʠʭ ʩʚʦʡʩʪʚ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘʥʦʧʣʘʩʪʠʥʦʢ ʩ ʦʢʨʫʞʘʶʱʠʤʠ ʘʪʦʤʘʤʠ. 
ɺʳʯʠʩʣʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʦʤ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤ-
ʤʳ ABINIT. 

ʈʘʩʯʝʪʳ ʛʝʦʤʝʪʨʠʠ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘʥʦʧʣʘʩʪʠʥʦʢ ʩʦʩʪʘʚʘ Ti0.875O2 

(ʢʦʥʮʝʥʪʨʘʮʠʷ ʚʘʢʘʥʩʠʡ ʪʠʪʘʥʘ 12.5%) ʦʙʥʘʨʫʞʠʣʠ, ʯʪʦ ʵʪʦʪ ʤʘʪʝʨʠʘʣ ʷʚʣʷʝʪʩʷ ʜʠ-
ʵʣʝʢʪʨʠʢʦʤ ï ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʙʲʝʤʥʦʛʦ Ti0.875O2 ʩ ʪʘʢʦʡ ʞʝ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʚʘʢʘʥʩʠʡ. ʅʝ-
ʦʙʳʯʥʦʩʪʴ ʵʪʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ʩʚʷʟʘʥʘ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʠ ʟʘʨʷʜʦʚ ʚ ʠʦʥ-
ʥʦʤ ʩʦʝʜʠʥʝʥʠʠ ʥʝʜʦʩʪʘʪʦʢ ʯʠʩʣʘ ʵʣʝʢʪʨʦʥʦʚ, ʚʦʟʥʠʢʘʶʱʠʡ ʠʟ-ʟʘ ʜʝʬʠʮʠʪʘ ʪʠʪʘʥʘ, 
ʜʦʣʞʝʥ ʧʨʠʚʦʜʠʪʴ ʢ ʧʦʷʚʣʝʥʠʶ ʥʝʟʘʧʦʣʥʝʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʚʘʣʝʥʪʥʦʡ ʟʦʥʝ, ʪʦ ʝʩʪʴ ʢ 
ʬʦʨʤʠʨʦʚʘʥʠʶ ʚʳʨʦʞʜʝʥʥʦʛʦ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ p-ʪʠʧʘ (ʪʘʢ ʧʨʦʠʩʭʦʜʠʪ ʚ ʦʙʲʝʤʥʦʤ 
Ti0.875O2). ʇʨʠʯʠʥʘ ʪʘʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʠʟ ʘʥʘʣʠʟʘ ʛʝʦʤʝʪʨʠʠ ʨʘʩʩʤʘʪ-
ʨʠʚʘʝʤʦʛʦ ʜʝʬʝʢʪʘ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʧʨʠ ʫʜʘʣʝʥʠʠ ʘʪʦʤʘ ʪʠʪʘʥʘ ʠʟ ʥʘʥʦʧʣʘʩʪʠʥʢʠ ʧʨʦ-
ʠʩʭʦʜʠʪ ʩʫʱʝʩʪʚʝʥʥʘʷ ʧʝʨʝʩʪʨʦʡʢʘ ʚ ʧʦʣʦʞʝʥʠʠ ʰʝʩʪʠ ʦʢʨʫʞʘʶʱʠʭ ʪʠʪʘʥ ʠʦʥʦʚ ʢʠʩ-
ʣʦʨʦʜʘ, ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʜʚʫʭ ʧʝʨʦʢʩʠʜ-ʠʦʥʦʚ. ʊʦ, ʯʪʦ ʧʝʨʦʢʩʠʜ-ʠʦʥ 
ʠʤʝʝʪ ʟʘʨʷʜ 2ï, ʦʙʲʷʩʥʷʝʪ, ʧʦʯʝʤʫ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʨʷʜʦʚ ʚ ʵʪʦʤ ʜʝʬʝʢʪʥʦʤ ʤʘʪʝ-
ʨʠʘʣʝ ʦʩʪʘʚʣʷʝʪ ʝʛʦ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ. 

ɸʥʘʣʠʟ ʧʦʚʝʜʝʥʠʷ ʥʘʥʦʧʣʘʩʪʠʥʦʢ Ti0.875O2, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩ ʨʘʟʣʠʯʥʳʤʠ 
ʦʢʨʫʞʘʶʱʠʤʠ ʝʝ ʘʪʦʤʘʤʠ (Ar, K, Ca, Mg, Y, Cl, H) ʠ ʧʘʨʘʤʠ ʘʪʦʤʦʚ, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 
ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʡ ʤʝʞʜʫ ʥʘʥʦʧʣʘʩʪʠʥʢʦʡ ʠ ʚʥʝʰʥʠʤʠ ʘʪʦʤʘʤʠ 
ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʧʝʨʝʥʦʩ ʵʣʝʢʪʨʦʥʦʚ. ʇʝʨʝʥʦʩ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʥʘʥʦʧʣʘʩʪʠʥʢʫ ʩʦʧʨʦ-
ʚʦʞʜʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʡ ʧʝʨʝʩʪʨʦʡʢʦʡ ʛʝʦʤʝʪʨʠʠ ʜʝʬʝʢʪʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ 
ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʡ ʨʘʩʧʘʜ ʧʝʨʦʢʩʠʜ-ʠʦʥʦʚ, ʩʣʝʜʩʪʚʠʝʤ ʢʦʪʦʨʦʛʦ ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʤʦʥʦ-
ʪʦʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʫʨʦʚʥʷ ʌʝʨʤʠ ʚ ʩʠʩʪʝʤʝ. ʊʘʢ, ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʧʝ-
ʨʝʥʝʩʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʥʘʥʦʧʣʘʩʪʠʥʢʘ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʧʝʨʝʭʦʜʠʪ ʠʟ ʧʨʦʚʦʜʷʱʝʛʦ (ʧʦʣʫ-
ʧʨʦʚʦʜʥʠʢ p-ʪʠʧʘ) ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ, ʧʦʢʘ ʥʘʢʦʥʝʮ ʦʥʘ ʥʝ ʩʪʘʥʦʚʠʪʩʷ ʧʦʣʫ-
ʧʨʦʚʦʜʥʠʢʦʤ n-ʪʠʧʘ. ɺ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʪʘʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʥʠʢʦʛʜʘ ʥʝ ʥʘʙʣʶʜʘ-
ʣʦʩʴ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [2], ʩʚʠ-
ʜʝʪʝʣʴʩʪʚʫʶʱʠʤʠ ʦ ʪʦʤ, ʯʪʦ ʫʨʦʚʝʥʴ ʌʝʨʤʠ ʚ ʥʘʥʦʧʣʘʩʪʠʥʢʘʭ ʥʘ ʧʣʘʪʠʥʦʚʳʭ ʧʦʜʣʦʞ-
ʢʘʭ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʚʙʣʠʟʠ ʩʝʨʝʜʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ. 

ʅʘʡʜʝʥʥʳʝ ʩʚʦʡʩʪʚʘ ʚʘʢʘʥʩʠʠ ʪʠʪʘʥʘ ʦʙʲʷʩʥʷʶʪ ʧʨʠʯʠʥʫ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʘʪʠ-
ʯʝʩʢʦʛʦ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ ʥʘʥʦʧʣʘʩʪʠʥʦʢ, ʢʦʪʦʨʳʡ ʦʥʠ ʧʨʦʷʚʣʷʶʪ ʚ ʵʢʩʧʝʨʠʤʝʥ-
ʪʘʭ ʚ ʢʦʣʣʦʠʜʥʳʤʠ ʨʘʩʪʚʦʨʘʤʠ. 
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ʊʘʙʣʠʮʘ 

ʇʘʨʘʤʝʪʨʳ ʢʫʙʠʯʝʩʢʦʡ ʷʯʝʡʢʠ PMN ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 
ʠʩʩʣʝʜʦʚʘʥʠʷ, ʛʨʫʧʧʘ ʩʠʤʤʝʪʨʠʠ Pm3m 

ʇʘʨʘʤʝʪʨʳ 
ʷʯʝʡʢʠ 

ʊʝʤʧʝʨʘʪʫʨʘ 

T=293 K T=203 K T=183 K T=103 K 

a, ἴ 4.033(2) 4.029(3) 4.028(1) 4.034(1) 

b, ἴ 4.034(1) 4.030(2) 4.028(1) 4.035(1) 

c, ἴ 4.034(7) 4.029(3) 4.028(1) 4.033(1) 

Ŭ, 0 
90.0(1) 90.17(5) 90.0(1) 90.0(1) 

ɓ, 0 90.0(1) 90.04(5) 90.0(1) 90.0(1) 

ɔ, 0 90.0(1) 90.04(5) 90.0(1) 90.0(1) 

ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʝʜʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦʟʠʮʠʦʥʥʳʝ ʠ 
ʪʝʧʣʦʚʳʝ ʧʘʨʘʤʝʪʨʳ ʚʩʝʭ ʘʪʦʤʦʚ PMN ʧʦʟʚʦʣʷʝʪ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʩʣʝʜʫʶʱʫʶ ʚʝʨʦʷʪ-
ʥʫʶ ʤʦʜʝʣʴ ʧʦʚʝʜʝʥʠʷ ʘʪʦʤʦʚ ʩʚʠʥʮʘ, ʪʠʧʘ ɺ (Mg/Nb) ʠ ʢʠʩʣʦʨʦʜʘ: ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝ-
ʥʠʷ ʘʪʦʤʥʳʭ ʩʤʝʱʝʥʠʡ ʫʢʣʘʜʳʚʘʶʪʩʷ ʚ ʤʦʜʝʣʴ ʩʦʛʣʘʩʦʚʘʥʥʳʭ ʧʦʚʦʨʦʪʦʚ ʢʠʩʣʦʨʦʜʥʳʭ 
ʦʢʪʘʵʜʨʦʚ, ʠʤʝʶʱʠʭ ʤʝʩʪʦ ʚ ʦʛʨʘʥʠʯʝʥʥʳʭ ʬʨʘʛʤʝʥʪʘʭ ʢʨʠʩʪʘʣʣʘ (ʜʦ 10 ʥʤ). ʀʟ-ʟʘ ʤʘ-
ʣʦʩʪʠ ʬʫʥʢʮʠʡ ʘʪʦʤʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʢʠʩʣʦʨʦʜʘ  ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʬʫʥʢʮʠʷʤʠ ʘʪʦʤʥʦʛʦ 
ʨʘʩʩʝʷʥʠʷ ʙʦʣʝʝ ʪʷʞʝʣʳʭ ʘʪʦʤʦʚ Pb, Mg, Nb ʥʘʙʣʶʜʘʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʚʝʨʭʩʪʨʫʢ-
ʪʫʨʥʳʝ ʨʝʬʣʝʢʩʳ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʯʨʝʟʚʳʯʘʡʥʦ ʩʣʦʞʥʦ.   

ɼʘʥʥʳʝ ʚʳʚʦʜʳ ʥʝ ʧʨʦʪʠʚʦʨʝʯʘʪ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʙʦʪ ʜʨʫʛʠʭ 
ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ [3-5]. 
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ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ Ů ʦʙʨʘʟʮʦʚ ʥʝʟʘʧʦʣʥʝʥ-
ʥʳʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʤʠ ʥʘʥʦʧʦʨʠʩʪʦʛʦ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʧʦʢʘʟʘʣʠ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝ-
ʣʠʯʝʥʠʝ Ů ʦʪ 10õ20 ʝʜʠʥʠʮ ʜʦ 103 ʩ ʨʦʩʪʦʤ ʚʣʘʞʥʦʩʪʠ ʦʪ 0 ʜʦ ~ 80 % ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ
ʪʝʤʧʝʨʘʪʫʨ ʦʪ ʢʦʤʥʘʪʥʳʭ +150

0ʉ [2]. ʈʦʩʪ ʟʥʘʯʝʥʠʡ Ů ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʩ ʫʤʝʥʴʰʝʥʠʝʤ
ʯʘʩʪʦʪʳ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʦʣʷ. ʅʘ ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 
tgŭ. ʉ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʧʦʣʷ ʦʪ 0,1 ʜʦ 100 ʢɻʮ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʫʤʝʥʴʰʘʶʪʩʷ ʧʦ-
ʯʪʠ ʥʘ ʧʦʨʷʜʦʢ. 

ʇʨʠ ʢʦʤʥʘʪʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʠʣʠ ʫʤʝʥʴʰʝʥʠʝ Ů 
ʩʦ ʚʨʝʤʝʥʝʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʣʘʞʥʦʩʪʠ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ʅʦ, ʝʩʣʠ ʥʘ ʢʚʘʨʮʝʚʫʶ 
ʧʦʜʣʦʞʢʫ ʥʘʥʝʩʪʠ ʢʘʧʣʶ ʚʦʜʳ, ʪʦ Ů ʥʘ ʛʣʘʟʘʭ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʦʯʪʠ ʚ 2 ʨʘʟʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʧʦʷʚʣʝʥʠʝʤ ʩʫʧʝʨʧʘʨʘʵʣʝʢʪʨʠʯʝ-
ʩʢʦʛʦ ʠʣʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʦʜʳ ʚ ʥʘʥʦʧʦʨʘʭ SiO2.  

ʃʠʪʝʨʘʪʫʨʘ 

1. Nguyen H.T.. Electrophysical Properties of Matrix Composites Nanocrystalline Cellulose -

Triglysine Sulfate. /  S.D. Milovidova, ɸ. ʉ. ʉʠʜʦʨʢʠʥ, ʆ. ɺ. ʈʦʛʘʟʠʥʩʢʘʷ //Ferroelectrics .- 2017. - 

Vol. 512. N 1. - P. 71 - 76.  

2. ʄʠʣʦʚʠʜʦʚʘ ʉ.ɼ. ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʜʠʦʢʩʠʜ ʢʨʝʤʥʠʷ-ʚʦʜʘ.//
ʆ.ɺ. ʈʦʛʘʟʠʥʩʢʘʷ, ɹ.ʄ. ɼʘʨʠʥʩʢʠʡ. ɽ.ʉ. ʅʠʯʫʛʦʚʩʢʘʷ // ʀʟʚ. ʈɸʅ. ʩʝʨ. ʬʠʟ., 2019. - ʪ. 83. - ˉ 9. 
- ʩ. 1201 - 1204.

ʋɼʂ: 537.227 
ɺʃʀʗʅʀɽ ʀɿʆʇʈʆʇɸʅʆʃɸ ʅɸ ʈɽʃɸʂʉɸʎʀʖ ʋʅʀʇʆʃʗʈʅʆɻʆ 

ʉʆʉʊʆʗʅʀʗ ʂʈʀʉʊɸʃʃɸ ʊɻʉ 

ʉ.ɼ. ʄʠʣʦʚʠʜʦʚʘ1, ʆ.ɺ. ʈʦʛʘʟʠʥʩʢʘʷ2, ɹ.ʄ.ɼʘʨʠʥʩʢʠʡ3 

1ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ, milovidova@Phys.vsu.ru 
2ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʜʦʮʝʥʪ, olamil@mail.ru 

3ɼ-ʨ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, darinskii@mail.ru  

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʤʦʣʝʢʫʣ ʠʟʦʧʨʦʧʘʥʦʣʘ ʥʘ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʥʝʣʠʥʝʡʥʦʩʪʴ ʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʘ ʊɻʉ. ʇʦʢʘʟʘʥʦ 
ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʩʤʝʱʘʶʱʠʭ ʧʦʣʝʡ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʩʪʘʙʠʣʴʥʦʩʪʠ 
ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʩʣʝ ʪʝʧʣʦʚʳʭ ʠ ʧʦʣʝʚʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʨʘʟʥʦʡ ʘʤʧʣʠʪʫʜʳ ʠ 
ʯʘʩʪʦʪʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʥʝʣʠʥʝʡʥʦʩʪʴ, ʧʠʨʦʢʦʵʬʬʠʮʠʝʥʪ, ʚʥʫʪʨʝʥʥʝʝ 
ʩʤʝʱʘʶʱʝʝ ʧʦʣʝ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʜʦʣʞʘʝʪ ʦʩʪʘʚʘʪʴʩʷ 
ʘʢʪʫʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʩʚʷʟʠ ʩ ʧʝʨʩʧʝʢʪʠ-
ʚʘʤʠ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʚ ʥʦʚʝʡʰʠʭ ʫʩʪʨʦʡʩʪʚʘʭ ʤʠʢʨʦ-,  ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʪʝʣʝʢʦʤʤʫ-
ʥʠʢʘʮʠʡ.  

ʀʟʫʯʝʥʠʝ ʩʚʦʡʩʪʚ ʦʙʲʝʤʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʝʦʙʭʦʜʠʤʳʭ ʠ ʚʘʞ-
ʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ. 

ʅʦʤʠʥʘʣʴʥʦ ʯʠʩʪʳʝ ʢʨʠʩʪʘʣʣʳ ʊɻʉ ʠʤʝʶʪ ʥʝʩʪʘʙʠʣʴʥʫʶ ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, 
ʯʪʦ ʤʝʰʘʝʪ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʤʫ ʧʨʠʤʝʥʝʥʠʶ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʢ ʨʘʟʣʠʯʥʳʤ 
ʚʦʟʜʝʡʩʪʚʠʷʤ ʩʦʩʪʦʷʥʠʷ, ʪ.ʝ. ʫʥʠʧʦʣʷʨʥʦʩʪʠ, ʢʨʠʩʪʘʣʣʦʚ ʊɻʉ ʚ ʥʠʭ ʧʨʠ ʚʳʨʘʱʠʚʘʥʠʠ 
ʚʚʦʜʷʪ ʩʧʝʮʠʘʣʴʥʳʝ ʧʨʠʤʝʩʠ ʠʣʠ ʦʙʣʫʯʘʶʪ ʦʙʨʘʟʮʳ ʨʝʥʪʛʝʥʦʚʩʢʠʤʠ ʣʫʯʘʤʠ [1]. 

ʂʘʢ ʧʦʢʘʟʘʣʠ ʥʘʰʠ ʠʩʩʣʝʜʦʚʘʥʠʷ [2] ʩʦʟʜʘʪʴ ʫʥʠʧʦʣʷʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʦʞʥʦ ʧʫ-
ʪʝʤ ʠʟʤʝʥʝʥʠʷ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʧʫʪʝʤ ʚʳʨʘʱʠʚʘʥʠʷ ʢʨʠʩʪʘʣʣʘ ʊɻʉ ʧʨʠ ʦʪʨʠʮʘʪʝʣʴ-
ʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 
ʩʚʦʡʩʪʚ ʢʨʠʩʪʘʣʣʦʚ ʊɻʉ, ʚʳʨʘʱʝʥʥʳʭ ʧʨʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʟ ʚʦʜʥʦʛʦ ʨʘʩ-
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ʪʚʦʨʘ ʥʦʤʠʥʘʣʴʥʦ ʯʠʩʪʳʭ ʠ ʧʨʠʤʝʩʴʶ ʤʦʣʝʢʫʣ ʠʟʦʧʨʦʧʘʥʦʣʘ ʧʦ ʤʝʪʦʜʠʢʝ, ʦʧʠʩʘʥʥʦʡ 
ʥʘʤʠ ʚ [3]. 

ʇʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʨʝʞʠʤʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʥʘʛʨʝʚʘ. 
ʋʥʠʧʦʣʷʨʥʦʩʪʴ ʦʮʝʥʠʚʘʣʘʩʴ ʧʦ ʩʤʝʱʝʥʠʶ ʧʝʪʝʣʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʧʫ-
ʪʝʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʥʘʙʣʶʜʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. 

ʅʘ ʨʠʩ. ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʠʨʦʢʦʵʬʬʠʮʠʝʥʪʘ ʜʣʷ ʥʦ-
ʤʠʥʘʣʴʥʦ ʯʠʩʪʦʛʦ ʊɻʉ, ʚʳʨʘʱʝʥʥʦʛʦ ʧʨʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (a). ʈʦʩʪʦʚʘʷ 
ʫʥʠʧʦʣʷʨʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʦʙʥʘʨʫʞʠʚʘʣʘʩʴ ʧʦ ʩʤʝʱʝʥʠʶ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʚ ʵʣʝʢʪʨʠʯʝ-
ʩʢʦʤ ʧʦʣʝ ʯʘʩʪʦʪʦʡ 50 ɻʮ (ɽʩʤ ~ 50 ɺ/ʩʤ) [2], ʠʩʯʝʟʘʝʪ ʧʦʩʣʝ ʧʝʨʝʚʦʜʘ ʦʙʨʘʟʮʘ ʯʝʨʝʟ 
ʪʦʯʢʫ ʂʶʨʠ. ʇʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʠ ʧʦʚʪʦʨʥʦʤ ʠʟʤʝʨʝʥʠʠ ʧʨʘʢʪʠʯʝʩʢʠ 
ʨʘʚʝʥ (ʢʨʠʚʘʷ 2 ʨʠʩ. a). 

ɺ ʦʙʨʘʟʮʘʭ ʞʝ ʢʨʠʩʪʘʣʣʘʭ ʊɻʉ + ʀʇʉ ʟʥʘʯʝʥʠʷ ʧʠʨʦʢʦʵʬʬʠʮʠʝʥʪʘ ɔ ʟʥʘʯʠʪʝʣʴ-
ʥʦ ʙʦʣʴʰʝ ʚʦ ʚʩʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ (ʢʨʠʚʘʷ 1 ʨʠʩ. b). ʇʨʠ ʧʦʚʪʦʨʥʳʭ ʠʟʤʝʨʝ-
ʥʠʷʭ ʟʥʘʯʝʥʠʷ ɔ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʶʪʩʷ (ʢʨʠʚʘʷ 2 ʨʠʩ. b). 

ʈʠʩʫʥʦʢ. ɿʘʚʠʩʠʤʦʩʪʴ ʧʠʨʦʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʯʠʩʪʦʛʦ ʢʨʠʩʪʘʣʣʘ ʊɻʉ (a) 

ʠ ʊɻʉ ʩ ʠʟʦʧʨʦʧʘʥʦʣʦʤ (b): 1 ï ʧʝʨʚʦʝ ʠʟʤʝʨʝʥʠʝ, 2 - ʧʦʚʪʦʨʥʦʝ ʠʟʤʝʨʝʥʠʝ 

ʄʦʣʝʢʫʣʳ ʠʟʦʧʨʦʧʘʥʦʣʘ ʠʤʝʶʪ ʙʦʣʴʰʠʝ ʨʘʟʤʝʨʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʣʝʢʫʣʘʤʠ 
ʚʦʜʳ ʠ ʷʚʣʷʶʪʩʷ ʜʠʧʦʣʷʤʠ, ʢʘʢ ʠ ʤʦʣʝʢʫʣʳ L, Ŭ ï ʘʣʘʥʠʥʘ [1]. ʆʥʠ ʪʘʢʞʝ ʤʦʛʫʪ ʟʘʤʝ-
ʱʘʪʴ ʯʘʩʪʴ ʤʦʣʝʢʫʣ ʛʣʠʮʠʥʘ, ʩʦʟʜʘʚʘʷ ʚ ʢʨʠʩʪʘʣʣʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ 
ʥʘʧʨʷʞʝʥʠʷ ʧʨʠʚʦʜʷʱʠʝ ʢ ʧʦʷʚʣʝʥʠʶ ʚʥʫʪʨʝʥʥʝʛʦ ʩʤʝʱʘʶʱʝʛʦ ʧʦʣʷ, ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ 
ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʯʪʦ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʚ 
ʠʩʩʣʝʜʫʝʤʦʤ ʢʨʠʩʪʘʣʣʝ ʊɻʉ ʩ ʠʟʦʧʨʦʧʘʥʦʣʦʤ.   
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Mossbauer and magnetization studies of 0.5BiFeO3-0.5ATiO3 (A=Pb, Sr) solid solution 

compositions prepared using solid phase reactions route have been carried out. Temperature TN of 

magnetic phase transition for 0.5BiFeO3-0.5PbTiO3 is about 150 K, while for 0.5BiFeO3-0.5SrTiO3 it 

is only å 20 K. This dramatic difference in TN values is ascribed to additional contribution of the 

magnetic superexchange between Fe
3+

 ions via the empty 6p states of Bi
3+

 and Pb
2+ 

ions to the overall 

superexchange in accord with theoretical predictions.  

Keywords: multiferroics, Mossbauer effect, BiFeO3, magnetic superexchange. 

BiFeO3 is the most widely studied multiferroic due to high temperatures of both ferro-

electric and magnetic phase transitions. Recently a possibility of magnetic superexchange be-

tween Fe
3+

 ions in BiFeO3 via the empty 6p states of Bi
3+

 was predicted theoretically [1]. Ear-

lier we showed the role of Pb
2+ 

ions which also possess the empty 6p states, in the enhance-

ment of the magnetic phase transition temperature TN in perovskite Pb1īxAxFe1/2Nb1/2O3 (A= 

Ca, Ba) solid solutions [2, 3]. However this mechanism of magnetic superexchange seems to 

become noticeable only at high enough dilution of the Fe-sublattice, i.e. in solid solutions. 

The 0.5BiFeO3-0.5ATiO3 (A=Pb, Sr) solid solution compositions were prepared using 

solid phase reactions route. The XRD study revealed that the samples are single phase and 

possess the perovskite structure. Room temperature Mossbauer spectra of both compositions 

consist of the quadrupole-split double lines. The main reason of quadrupole splitting in such 

systems is a compositional disorder in B-sublattice. All spectra contain 2 or 3 doublets with 

different values of quadrupole splitting. The isomer shift values of doublets correspond to the 

Fe
3+ 

ions in oxygen octahedron. The presence of 2 or 3 doublets indicates that Fe
3+

 has 2 or 3

different environments in the lattice which may be a fingerprint of B-cations short-range or-

dering or clusterization [4]. To estimate the temperature of magnetic phase transition (TN) we 

performed the measurement of Mossbauer spectrum line intensity Im under subsequent tem-

perature lowering. Near magnetic phase transition the Mossbauer spectrum transforms from 

doublet into sextet and Im decreases dramatically. Mossbauer studies have shown that while 

for 0.5BiFeO3-0.5PbTiO3 the TN value is about 150 K, for  0.5BiFeO3-0.5SrTiO3 it is only å 
20 K. This dramatic difference in TN values seems to be due to additional contribution of the 

superexchange between Fe
3+

 ions via the empty 6p states of Bi
3+

 and Pb
2+ 

ions to the overall

superexchange in accord with predictions of De Sousa et al. for BiFeO3 [1] and the experi-

mental findings for PbFe1/2Nb1/2O3ïbased solid solutions [2, 3]. 

For both compositions magnetization M studies in the 5 K- 200 K range revealed only 

a maximum at 20-25 K in the zero-field cooling mode. In the field-cooled mode this maxi-

mum was not observed. Such behavior is typical of spin glasses. In PbFe
3+

1/2B
5+

1/2O3
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(B
5+

=Nb, Ta) perovskite multiferroics a spin-glass state is known to coexist at low tempera-

tures with the antiferromagnetic state [2]. The absence of the M(T) anomaly at around 150 K 

for 0.5BiFeO3-0.5PbTiO3 composition seems to be due to the strong diffusion of this anomaly. 

Similar "disappearance" of the M(T) anomaly corresponding to antiferromagnetic phase tran-

sition  was observed, e.g. for some compositions of the  PbFe2/3W1/3O3-PbTiO3 and 

PbFe1/2Nb1/2O3 -PbTiO3 solid solutions [5, 6]. 
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ʌɻɹʆʋ ɺʆ çʊʚʝʨʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʕʊè 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʣʝʥʦʢ Sn2P2S6 ʩ ʫʯʝʪʦʤ 
ʚʦʟʜʝʡʩʪʚʠʷ ʠʟʣʫʯʝʥʠʷ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʩʪʦʷʥʥʘʷ ʧʦʜʩʚʝʪʢʘ ʧʨʠʚʦʜʠʪ ʢ 
ʫʚʝʣʠʯʝʥʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. 
ʋʩʪʘʥʦʚʣʝʥʦ ʥʘʣʠʯʠʝ ʩʜʚʠʛʘ ʤʘʢʩʠʤʫʤʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʦʙʣʘʩʪʴ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʦʪʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʣʝʥʢʘ. 

ʇʣʝʥʢʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ-ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʪʠʦʛʠʧʦʜʠʬʦʩʬʘʪʘ ʦʣʦʚʘ Sn2P2S6 ʷʚ-
ʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʤʝʥʝʥʠʡ. ʕʪʦʪ ʤʘʪʝ-
ʨʠʘʣ ʚ ʧʣʸʥʦʯʥʦʤ ʠʩʧʦʣʥʝʥʠʠ ʷʚʣʷʝʪʩʷ ʫʜʦʙʥʳʤ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʪʝʭʥʠʯʝʩʢʦʡ ʪʦʯ-
ʢʠ ʟʨʝʥʠʷ, ʯʪʦ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʩʚʷʟʘʥʦ ʩ ʥʘʣʠʯʠʝʤ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝ-
ʩʢʠʭ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʂʨʦʤʝ ʪʦʛʦ, ʦʥ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʫʜʦʙʝʥ ʢʘʢ ʦʙʲʝʢʪ 
ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤʳ ʥʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʜʠʵʣʝʢ-
ʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʸʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ. ʆʙʲʝʢʪ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʥʷʪʴ ʢʦʥʮʝʥʪʨʘ-
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ʮʠʶ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʧʫʪʸʤ ʦʩʚʝʱʝʥʠʷ, ʪʘʢ ʢʘʢ ʦʙʣʘʜʘʝʪ 
ʬʦʪʦʧʨʦʚʦʜʠʤʦʩʪʴʶ ʚ ʚʠʜʠʤʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ. ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ 
ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤʳ, ʚʦʟʙʫʞʜʘʝʤʦʡ ʵʣʝʢ-
ʪʨʦʤʘʛʥʠʪʥʳʤ ʠʟʣʫʯʝʥʠʝʤ, ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʧʣʝʥʦʢ Sn2P2S6. 

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʠʩʴ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʣʝʥʢʠ Sn2P2S6, ʧʦʣʫ-
ʯʝʥʥʳʝ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ. ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʧʣʝʥʢʠ ʥʘ ʘʣʶʤʠʥʠʝʚʦʡ ʧʦʜʣʦʞʢʝ ʩ ʥʘʧʳ-
ʣʝʥʥʳʤʠ ʘʣʶʤʠʥʠʝʚʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʥʘʣʠʯʠʝ ʚʝʨʭʥʝʛʦ ʘʣʶʤʠʥʠʝʚʦʛʦ 
ʵʣʝʢʪʨʦʜʘ, ʦʙʨʘʟʮʳ ʧʣʝʥʦʢ ʷʚʣʷʶʪʩʷ ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʦʙʲʝʢʪʘʤʠ. ɺ ʠʥʪʝʨʚʘʣʝ 
ʪʝʤʧʝʨʘʪʫʨ 20¯·120¯ʉ ʧʣʝʥʢʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ-ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ Sn2P2S6 ʦʙʥʘʨʫʞʠʚʘ-
ʶʪ ʥʝʩʪʘʮʠʦʥʘʨʥʳʡ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʩʚʝʪʘ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘ-
ʟʦʥʘ ʧʨʠ ʩʦʙʩʪʚʝʥʥʦʤ ʠ ʥʝʩʦʙʩʪʚʝʥʥʦʤ ʧʦʛʣʦʱʝʥʠʠ. ʄʘʢʩʠʤʫʤ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʦʛʦ 
ʦʪʢʣʠʢʘ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʜʣʠʥʫ ʚʦʣʥʳ ~510 ʥʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʯʪʦ ʩʦʦʪʚʝʪ-
ʩʪʚʫʝʪ ʤʘʢʩʠʤʫʤʫ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʠ ʢʨʘʶ ʩʦʙʩʪʚʝʥʥʦʛʦ ʧʦ-
ʛʣʦʱʝʥʠʷ ʤʘʪʝʨʠʘʣʘ Sn2P2S6. ʇʨʠ ʵʪʦʤ ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʜʦ-
ʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦʤ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ.  

ɺ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʳ ʚʦʣʴʪ-ʬʘʨʘʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʝʥʦʢ Sn2P2S6 ʚ ʦʪʩʫʪʩʪʚʠʠ 
ʠ ʧʨʠ ʥʘʣʠʯʠʠ ʧʦʩʪʦʷʥʥʦʡ ʧʦʜʩʚʝʪʢʠ. ʀʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʠʪʝʣʷ 
ʠʤʤʠʪʘʥʩʘ ɽ7-20. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʦʚ ʠʟʣʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥʳ ʣʘʤʧʘ ʥʘʢʘʣʠʚʘʥʠʷ ʠ 
ʩʚʝʪʦʜʠʦʜʳ, ʠʟʣʫʯʘʶʱʠʝ ʩʚʝʪ ʩ ʨʘʟʣʠʯʥʦʡ ʜʣʠʥʦʡ ʚʦʣʥʳ. ʅʘ ʨʠʩ. ʧʨʠʚʝʜʝʥʳ ʚʦʣʴʪ-

ʬʘʨʘʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺʌʍ) ʧʣʝʥʦʢ Sn2P2S6. 
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ʈʠʩʫʥʦʢ. ɿʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʝʤʢʦʩʪʠ (ʘ) ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ  
ʧʦʪʝʨʴ ʦʪ ʚʥʝʰʥʝʛʦ ʩʤʝʱʘʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʅʠʞʥʠʝ ʢʨʠʚʳʝ ʥʘ ʛʨʘʬʠʢʘʭ ï ʚ ʦʪʩʫʪʩʪʚʠʠ 

ʦʩʚʝʱʝʥʠʷ; ʙ ï ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʩʚʝʪʦʚʦʛʦ ʧʦʪʦʢʘ ʣʘʤʧʳ ʥʘʢʘʣʠʚʘʥʠʷ  

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʧʨʠʚʝʜʝʥʥʳʭ ɺʌʍ (ʨʠʩ. ʘ), ʟʘʚʠʩʠʤʦʩʪʠ C(U) ʷʚʣʷʶʪʩʷ ʛʠʩʪʝʨʝ-
ʟʠʩʥʳʤʠ ʠ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʧʣʝʥʦʢ, ʦʙʣʘʜʘʶʱʠʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 
ɺʦʟʜʝʡʩʪʚʠʝ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʧʦʪʦʢʘ ʠʟʣʫʯʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʟʥʘʯʝʥʠʡ ʝʤʢʦʩʪʠ ʧʣʝ-
ʥʦʢ Sn2P2S6, ʦʩʪʘʚʣʷʷ ʥʝʠʟʤʝʥʥʳʤ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʝʡ C(U). ɸʥʘʣʦʛʠʯʥʳʡ ʨʦʩʪ ʭʘ-
ʨʘʢʪʝʨʝʥ ʠ ʜʣʷ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʩʚʝʪʘ. ʋʚʝʣʠʯʝ-
ʥʠʝ ʝʤʢʦʩʪʠ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʦʙʦʜ-
ʥʳʭ ʥʦʩʠʪʝʣʝʡ ʚ ʧʣʝʥʢʘʭ ʪʠʦʛʠʧʦʜʠʬʦʩʬʘʪʘ ʦʣʦʚʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ. 

ɺ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʝʤʢʦʩʪʠ ʠ ʪʘʥ-
ʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʢʘʢ ʚ ʦʪʩʫʪʩʪʚʠʠ ʧʦʩʪʦʷʥʥʦʡ ʧʦʜʩʚʝʪʢʠ, ʪʘʢ ʠ ʧʨʠ 
ʚʦʟʜʝʡʩʪʚʠʠ ʩʪʘʮʠʦʥʘʨʥʳʭ ʩʚʝʪʦʚʳʭ ʧʦʪʦʢʦʚ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʝʤʢʦʩʪʠ ʦʙ-
ʨʘʟʮʦʚ ʦʙʥʘʨʫʞʠʚʘʶʪ ʤʘʢʩʠʤʫʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʧʣʝʥʦʢ 
ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ Tmax e º 70¯ʉ. ɼʘʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʙʣʠʟʢʘ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʬʘʟʦʚʦʛʦ ʧʝ-
ʨʝʭʦʜʘ ʦʙʲʝʤʥʳʭ ʦʙʨʘʟʮʦʚ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Sn2P2S6 (ʊʩ=66¯ʉ). ʇʨʠ ʧʦʜʩʚʝʪʢʝ ʧʦʩʪʦʷʥ-
ʥʳʤ ʠʟʣʫʯʝʥʠʝʤ ʚʠʜʠʤʦʛʦ ʜʠʘʧʘʟʦʥʘ ʝʤʢʦʩʪʴ ʟʘʤʝʪʥʦ ʚʦʟʨʘʩʪʘʝʪ. ʇʦʣʦʞʝʥʠʝ ʤʘʢʩʠ-
ʤʫʤʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʤʝʱʘʝʪʩʷ ʚ ʦʙ-
ʣʘʩʪʴ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʥʘ ~5¯ʉ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʩʚʝʪʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 520 ʥʤ, 

ʘ)                                                                      ʙ) 
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ʯʪʦ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʨʘʶ ʩʦʙʩʪʚʝʥʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ. ʈʝʟʫʣʴʪʘʪʳ ʦʙʩʫʞ-
ʜʘʶʪʩʷ ʚ ʨʘʤʢʘʭ ʚʣʠʷʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤʳ ʥʘ ʠʟʤʝʥʝʥʠʝ ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘ-
ʮʠʠ ʧʣʝʥʦʢ Sn2P2S6. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ 
ʥʘʫʢʠ ʈʌ (ʫʥʠʢʘʣʴʥʳʡ ʥʦʤʝʨ ʧʨʦʝʢʪʘ RFMEFI57517X0129). 

ʋɼʂ 537.9  
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 
ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ: SrTiO3/BaTiO3/SrTiO3. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʙʣʶʜʘ-
ʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʪʦʯʢʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʩʪʦʨʦʥʫ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʦ ʩʨʘʚ-
ʥʝʥʠʶ ʩ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʳʤ BaTiO3. ʇʦ ʧʝʪʣʷʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʦʧʨʝʜʝʣʝʥʳ ʟʥʘ-
ʯʝʥʠʷ ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʢʦʵʨʮʠʪʠʚʥʦʛʦ ʧʦʣʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʠʪʘʥʘʪ ʙʘʨʠʷ, ʪʦʥʢʠʝ ʧʣʝʥʢʠ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʬʘʟʦʚʳʡ ʧʝʨʝ-
ʭʦʜ. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʩʪʘʣʠ ʠʥʪʝʥʩʠʚʥʦ ʠʟʫʯʘʪʴʩʷ ʵʧʠʪʘʢʩʠʘʣʴʥʳʝ ʥʘʥʦʤʘʩʰʪʘʙ-
ʥʳʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʧʨʘʢ-
ʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʤʠʢʨʦ ʠ ʥʘʥʦʵʣʝʪʨʦʥʠʢʠ. ʕʪʦ ʩʚʷʟʘʥʦ 
ʩ ʪʝʤ, ʯʪʦ ʧʦʣʫʯʘʝʤʳʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʳʚʘʶʪ ʣʫʯʰʠʝ ʩʚʦʡʩʪʚʘ ʧʦ 
ʩʨʘʚʥʝʥʠʝ ʩ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʳʤʠ ʠ ʧʨʠ ʵʪʦʤ ʝʩʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʷʪʴ ʵʪʠʤʠ ʩʚʦʡ-
ʩʪʚʘʤʠ [1,2]. ʊʘʢ ʩʦʟʜʘʥʠʝ ʩʣʦʠʩʪʳʭ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʠʪʘ-
ʥʘʪʘ ʙʘʨʠʷ BaTiO3 ʠ ʜʨʫʛʦʛʦ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦ-
ʤʫ ʠʟʤʝʥʝʥʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ 
ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʩʪʴ ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʦʤʫ ʤʘʪʝʨʠʘʣʫ ʚ ʦʙʲʝʤʥʦʤ ʠʣʠ ʪʦʥʢʦʧʣʝʥʦʯʥʦʤ 
ʚʠʜʝ.  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 
ʩʚʦʡʩʪʚ ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨ ʩ ʯʝʨʝʜʦʚʘʥʠʝʤ ʪʠʪʘʥʘʪʘ ʩʪʨʦʥʮʠʷ SrTiO3 ʠ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ 
BaTiO3. ʀʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʠ ʧʦʤʦʱʠ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 
ʥʘʧʳʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʧʨʝʜʩʪʘʚʣʷʣʠ ʩʦʙʦʡ ʪʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʥʘʥʝʩʝʥʥʳʭ ʵʧʠ-
ʪʘʢʩʠʘʣʴʥʳʭ ʩʣʦʷ ʪʠʪʘʥʘʪʘ ʩʪʨʦʥʮʠʷ, ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ, ʪʠʪʘʥʘʪʘ ʩʪʨʦʥʮʠʷ 
SrTiO3/BaTiO3/SrTiO3, ʢʦʪʦʨʳʝ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʣʦʞ-
ʢʝ ST-Nb ʩ ʧʨʦʚʦʜʷʱʠʤ ʦʢʩʠʜʥʳʤ ʧʦʜʩʣʦʝʤ ʠʟ LaSrCoO3 ʚ ʢʘʯʝʩʪʚʝ ʥʠʞʥʝʛʦ ʵʣʝʢʪʨʦ-
ʜʘ. ʊʦʣʱʠʥʘ ʩʝʛʥʝʪʦʘʢʪʠʚʥʦʛʦ ʩʣʦʷ BaTiO3 ʚ ʜʘʥʥʦʡ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʝ ʩʦʩʪʘʚʣʷʣʘ 
7,51 ʥʤ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʚ ʩʠʩʪʝʤʝ ʤʝʪʘʣʣ-ʜʠʵʣʝʢʪʨʠʢ-

ʤʝʪʘʣʣ ʥʘ ʝʸ ʧʦʚʝʨʭʥʦʩʪʴ ʙʳʣʠ ʥʘʥʝʩʝʥʳ Pt ʵʣʝʢʪʨʦʜʳ, ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʷ ʠʤʧʫʣʴʩʥʦʝ 
ʣʘʟʝʨʥʦʝ ʥʘʧʳʣʝʥʠʝ. 

ɺ ʫʢʘʟʘʥʥʳʭ ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨʘʭ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ, ʪʝʤʧʝʨʘʪʫʨʥʘʷ 
ʟʘʚʠʩʠʤʦʩʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ  ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů, ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʷʨʠ-
ʟʘʮʠʠ Ps ʠ ʢʦʵʨʮʠʪʠʚʥʦʛʦ ʧʦʣʷ Ec. ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ ʯʪʦ 
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ma spraying. It is shown that with an increase in the temperature of the RTA from 500 to 700 Á C, the 
number of crystallites growing in the (110) direction increases. 

Keywords: lead zirconate titanate, crystal structure, rapid thermal annealing. 

Thin ferroelectric PZT films of Pb (Zr, Ti)O3 composition were deposited on silicon 

substrates on the ñPlasma-80è installation using high-frequency reactive plasma spraying in 

an oxygen atmosphere with a pressure of 0.51 Torr [1, 2]. The thickness of the PZT film ap-

plied to the silicon substrate was 1.0 Ñ 0.1 ɛm. In the future, the samples were divided into 

several parts. One part of the samples was subjected to rapid thermal annealing (RTA) with 

halogen lamps in the ITO-18 installation at temperatures of 500, 600 and 700 ÁC and anneal-

ing times of 30 s, and a number of the samples remained without exposure to RTA. 

Using X-ray phase analysis, it was found that the films that did not undergo RTA have 

a PZT phase with a predominant crystallite growth in the (110) and (001) directions. And in 

the films that underwent RTA, the crystal structure changed, namely, the maximum of the 

peak of the perovskite phase (001) shifted towards smaller angles 2ɗ, and the maximum of 

peak (110), conversely, shifted towards larger angles 2ɗ, as shown in the table. These results 

indicate that at higher RTA temperatures (600 and 700 ÁC), the transformation of the PZT 
crystal lattice towards the predominance of the tetragonal phase is observed. 

This conclusion is also confirmed by an estimate of the crystallite size of the PZT, 

which was produced by the Scherer equation, as well as by the ratio of the intensities of the 

maxima of the I(110) and I(001) peaks, which are presented in the table. The calculation showed 

that there is an increase in the size of crystallites of the crystallographic orientation (110) and 

a decrease in the size of crystallites of orientation (001).  

Energy dispersive analysis of the film structure showed that the ratio of elements in 

the Zr / Ti film is 0.36 / 0.64. This fact, according to the PZT phase diagram [3], also indi-

cates the predominance of the ferroelectric tetragonal phase. 

Table 

The sizes of crystallites PZT 

Sample number Angle 2ɗ for the maximum 

of the PZT peak for orien-

tations 

PZT crystallite size for 

orientations 

Peak intensity 

ratio 

(001) (110) (001) (110) I(110)/I(001) 

PZT 22,22 31,32 51 12.8 1,2 

PZT + RTA 500
ʦʉ 22,22 31,32 47 20.1 1,2 

PZT + RTA 600
ʦʉ 22,22 31,34 47 30.6 1,3 

PZT + RTA 700
ʦʉ 22,18 31,36 17.6 35.2 1,6 

The results were obtained using the equipment of the centers for collective usage ñMi-

crosystem Engineering and Integrated Sensoryò and ñNanotechnologiesò of Southern Federal 
University.  

Thanks to Pavlenko A. V. and Stryukov D. V. for conducting x-ray phase studies. 

This work was supported by the RFBR grant No. 18-29-11019. 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʥʦʤʘʣʠʡ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ 
ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʟʨʘʯʥʦʡ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ ʩʠʩʪʝʤʳ ʎʊʉʃ (X/65/35) ʚʙʣʠʟʠ 
ʨʘʟʤʳʪʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. ʇʦʣʫʯʝʥʳ ʥʘʙʦʨʳ ʢʦʤʧʣʝʢʩʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʫʧʨʫʛʠʭ ʠ 
ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, ʨʝʣʘʢʩʦʨʥʘʷ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢʘ, ʫʧʨʫʛʠʝ 
ʢʦʥʩʪʘʥʪʳ. 

ɹʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʦʩʦʙʳʤ ʩʚʦʡʩʪʚʘʤ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʩ ʨʘʟʤʳʪʳʤ ʬʘʟʦʚʳʤ ʧʝ-
ʨʝʭʦʜʦʤ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ 
ʩʦʚʨʝʤʝʥʥʦʡ ʪʝʭʥʠʢʠ. ʉʨʝʜʠ ʠʟʚʝʩʪʥʳʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ʩ ʨʘʟʤʳʪʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝ-
ʭʦʜʦʤ ʥʘʠʙʦʣʴʰʠʡ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʝʛʥʝʪʦʵʣʝʢ-
ʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ ʩʠʩʪʝʤʳ ʎʊʉʃ, ʢʦʪʦʨʘʷ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʜʠʵʣʝʢ-
ʪʨʠʯʝʩʢʠʭ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʥʠʢʘʣʴʥʳʡ ʦʙʲʝʢʪ 
ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʭ ʩ ʨʘʟʤʳʪʳʤ ʬʘʟʦ-
ʚʳʤ ʧʝʨʝʭʦʜʦʤ [1]. 

ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʜʣʠʪʝʣʴʥʫʶ ʠʩʪʦʨʠʶ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʢʦʤʧʣʝʢʩʥʳʝ ʫʧʨʫʛʠʝ, 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʴʝʟʦʢʝʨʘʤʠ-
ʢʠ ʩʠʩʪʝʤʳ ʎʊʃ (X/65/35) ʠ ʧʘʨʘʤʝʪʨʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ 
ʚʦʣʥ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʨʘʟʤʳʪʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʥʝ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʠ ʦʧʫʙʣʠʢʦʚʘ-
ʥʳ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ 
ʩʠʩʪʝʤʳ (Pb1-xLax)(Zr0,65Ti0,35)O3 ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʣʘʥʪʘʥʘ x=6.5 - 8.5%. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴ-
ʥʳʝ ʦʙʨʘʟʮʳ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ ʎʊʉʃ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʤʝʪʦʜʦʤ ʛʦʨʷ-
ʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ. ʇʣʦʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʢʝʨʘʤʠʢʠ ʎʊʉʃ ʩʦʩʪʘʚʠʣʘ 7.715 
ʛ/ʩʤ3. ʄʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʧʦʣʠʨʦʚʘʥʥʳʭ ʠ ʪʨʘʚʣʝʥʳʭ ʧʦ-
ʚʝʨʭʥʦʩʪʷʭ ʦʙʨʘʟʮʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ NeoPhot-21. ʀʟʤʝʨʝ-
ʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʫʧʨʫʛʠʭ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʴʝʟʦ-
ʵʣʝʤʝʥʪʦʚ ʧʨʦʚʦʜʠʣʠ ʥʘ ʩʪʘʥʜʘʨʪʥʳʭ ʦʙʨʘʟʮʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʤʧʝʜʘʥʩʥʦʛʦ ʘʥʘʣʠ-
ʟʘʪʦʨʘ Agilent 4294A ʠ ʧʨʦʛʨʘʤʤʳ ʘʥʘʣʠʟʘ ʨʝʟʦʥʘʥʩʥʳʭ ʩʧʝʢʪʨʦʚ PRAP [2]. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢ-
ʪʨʠʯʝʩʢʠʭ ʠ ʘʢʫʩʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʘ ʪʘʢʞʝ ʥʘʙʦʨʳ ʢʦʤʧʣʝʢʩʥʳʭ ʫʧʨʫʛʠʭ, ʜʠʵʣʝʢ-
ʪʨʠʯʝʩʢʠʭ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʢʝʨʘʤʠʢʠ ʎʊʉʃ (6.5/65/35). ʆʙʥʘʨʫʞʝʥʳ 
ʘʥʦʤʘʣʠʠ ʚ ʧʦʚʝʜʝʥʠʠ ʩʢʦʨʦʩʪʠ ʠ ʟʘʪʫʭʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ (ʇɸɺ) 
ʜʣʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ ʎʊʉʃ (7.5/65/35) ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ d

T , 

ʢʦʪʦʨʘʷ ʨʘʩʧʦʣʦʞʝʥʘ ʥʠʞʝ ʪʦʯʢʠ ʂʶʨʠ. ʕʪʘ ʪʝʤʧʝʨʘʪʫʨʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴ-
ʥʳʤ ʤʘʢʩʠʤʫʤʘʤ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝ-
ʤʦʩʪʠ ʠ (ʩʤ. ʨʠʩʫʥʦʢ).  

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʦʙʱʝʧʨʠʥʷʪʳʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʦ ʨʘʟʤʳʪʦʤ ʬʘʟʦʚʦʤ ʧʝʨʝ-
ʭʦʜʝ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʝ ʎʊʉʃ (X/65/35) ʦʙʥʘʨʫʞʝʥʥʳʝ ʘʥʦʤʘʣʠʠ ʪʝʤ-
ʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 
ʇɸɺ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ( d

T ), ʙʳʣʠ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʳ ʥʘʤʠ ʢʘʢ ʨʝʟʫʣʴʪʘʪ ʠʩʯʝʟ-
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ʥʦʚʝʥʠʷ ʜʘʣʴʥʝʛʦ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʨʷʜʢʘ ʠ ʨʘʟʨʫʰʝʥʠʷ ʥʘʚʝʜʝʥʥʦʛʦ ʧʦʣʷʨʠʟʘ-
ʮʠʝʡ ʤʘʢʨʦʜʦʤʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ.  

          ʘ)                                                                               ʙ) 

ʈʠʩʫʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ( 033
/ee T

),

ʪʘʥʛʝʥʩʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ (tgd ) (ʘ), ʚʨʝʤʝʥʠ ʟʘʜʝʨʞʢʠ ( tt /D ) ʠ ʟʘʪʫʭʘʥʠʷ ( pa )

ʇɸɺ (ʙ) ʜʣʷ ʩʦʩʪʘʚʘ (
30,350,650,0750,925

)OTi)(ZrLaPb . 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ʪʝʤʘ ˉ 
12.5425.2017/8.9, ʙʘʟʦʚʘʷ ʯʘʩʪʴ ʛʦʩʟʘʜʘʥʠʷ).  
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ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ʅʘ ʯʘʩʪʦʪʘʭ ʦʪ 25 ɻʮ ʜʦ 200 ʢɻʮ ʠʟʤʝʨʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʝ Ba0,8Sr0,2TiO3. ʇʝʨʚʳʡ ʤʘʢʩʠʤʫʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ 
ʩʚʷʟʘʥ ʩ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ. ɺʪʦʨʦʡ ʤʘʢʩʠʤʫʤ ʠʤʝʝʪ ʨʝʣʘʢʩʘʮʠʦʥʥʫʶ 
ʧʨʠʨʦʜʫ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʠʪʘʥʘʪ ʙʘʨʠʷ-ʩʪʨʦʥʮʠʷ, ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ. 

ʅʘ ʨʘʟʥʳʭ ʯʘʩʪʦʪʘʭ ʠʟʤʝʨʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tgd ʚ ʦʙʨʘʟʮʘʭ ʩʝʛʥʝʪʦʵʣʝʢ-
ʪʨʠʯʝʩʢʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Ba0,8Sr0,2TiO3. ʇʨʠ ʊ å 70 Áʉ ʥʘʙʣʶʜʘʝʪʩʷ ʧʠʢ Ů, ʩʚʷʟʘʥ-
ʥʳʡ ʩ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ. ʆʧʨʝʜʝʣʝʥʦ ʟʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʂʶʨʠ-ɺʝʡʩʩʘ ʉw å 105

 ʂ,
ʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 1-ʛʦ ʨʦʜʘ. 
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ʅʘ ʟʘʚʠʩʠʤʦʩʪʠ tgd(T) ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʤʘʢʩʠʤʫʤʘ. ʊʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʣʦʞʝʥʠʝ 
ʧʝʨʚʦʛʦ ʧʠʢʘ tgd ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʦʣʷ, ʯʪʦ ʩʚʠʜʝ-
ʪʝʣʴʩʪʚʫʝʪ ʦ ʝʛʦ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʢ ʬʘʟʦʚʦʤʫ ʧʝʨʝʭʦʜʫ. ʋʚʝʣʠʯʝʥʠʝ ʯʘʩʪʦʪʳ ʠʟʤʝʨʠ-
ʪʝʣʴʥʦʛʦ ʧʦʣʷ ʩ 25 ɻʮ ʜʦ 1 ʢɻʮ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ tgd. 

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ʩ 1 ʜʦ 7 Áʉ/ʤʠʥ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʚʳʩʦʪʳ ʤʘʢʩʠʤʫʤʘ 
tgd. ʊʘʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʲʷʩʥʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʬʣʫʢʪʫʘʮʠʦʥʥʦʛʦ 
ʤʝʭʘʥʠʟʤʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʧʨʠ ʬʘʟʦʚʦʤ ʧʝʨʝʭʦʜʝ 1-ʛʦ ʨʦʜʘ [1], ʢʦʪʦʨʳʡ ʧʨʝʜ-
ʩʢʘʟʳʚʘʝʪ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʩʦʪʳ ʧʠʢʘ tgd ʦʪ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ʠ ʦʙʨʘʪʥʦʡ ʯʘ-
ʩʪʦʪʳ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

ʅʘ ʯʘʩʪʦʪʝ 200 ɻʮ ʚʪʦʨʦʡ ʧʠʢ tgd ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʨʠ 
ʊ å 79 Áʉ. ʋʚʝʣʠʯʝʥʠʝ ʯʘʩʪʦʪʳ ʜʦ 200 ʢɻʮ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ ʧʠʢʘ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ 
ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (ʊ å 113 Áʉ), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʝʛʦ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʧʨʠʨʦʜʝ. 
ʇʝʨʝʩʪʨʦʡʢʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ Ű ʚ ʢʦʦʨʜʠʥʘʪʘʭ lnŰ(1/T) 

ʜʘʸʪ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ. ʇʦ ʪʘʥʛʝʥʩʫ ʫʛʣʘ ʥʘʢʣʦʥʘ ʧʨʷʤʦʡ ʨʘʩʩʯʠʪʘʥʦ ʟʥʘʯʝʥʠʝ 
ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ɽʘ å 1,6 ʵɺ, ʯʪʦ ʙʣʠʟʢʦ ʧʦ ʟʥʘʯʝʥʠʶ ʢ 
ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʜʠʬʬʫʟʠʠ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ [2]. ʇʨʠʨʦʜʘ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʠ-
ʢʦʚ ʦʙʩʫʞʜʘʝʪʩʷ. 
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4,5ʌɻɸʆʋ ɺʆ ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 
çʃʕʊʀè ʠʤ. ɺ.ʀ. ʋʣʴʷʥʦʚʘ (ʃʝʥʠʥʘ) 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʨʘʙʦʯʝʛʦ ʛʘʟʘ ʚ ʫʩʪʘʥʦʚʢʝ ɺʏ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 
ʨʘʩʧʳʣʝʥʠʷ ʤʦʞʥʦ ʠʟʤʝʥʷʪʴ ʩʦʩʪʘʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʮʠʨʢʦʥʘʪʘ-

ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ (PZT) ʀʥʪʝʨʧʨʝʪʘʮʠʷ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 
ʧʨʦʚʝʜʝʥʘ ʥʘ ʦʩʥʦʚʝ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʪʝʨʤʘʣʠʟʘʮʠʠ ʠ 
ʜʠʬʬʫʟʠʠ ʧʦʪʦʢʦʚ ʨʘʩʧʳʣʝʥʥʳʭ ʘʪʦʤʦʚ Pb, Zr ʠ Ti. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʝ ʤʘʛʥʝʪʨʦʥʥʦʝ ʨʘʩʧʳʣʝʥʠʝ, ʪʦʥʢʠʝ ʧʣʝʥʢʠ 
ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ, ʩʪʘʪʠʩʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʪʝʨʤʘʣʠʟʘʮʠʷ ʘʪʦʤʦʚ ʚ 
ʧʣʘʟʤʝ. 

ʊʦʥʢʠʝ ʧʣʝʥʢʠ ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ Pb(Zr,Ti)O3 (PZT) ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ 
ʠʟ ʦʩʥʦʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʦʚʨʝʤʝʥʥʦʡ ʦʢʩʠʜʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ 
ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʢʠ. ʇʨʘʢʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʤʠ 
ʷʚʣʷʶʪʩʷ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ PZT, ʩʦʩʪʘʚ ʢʦʪʦʨʳʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʣʘʩʪʠ ʤʦʨʬʦʪʨʦʧʥʦʡ 
ʬʘʟʦʚʦʡ ʛʨʘʥʠʮʳ (ʄʌɻ), ʛʜʝ ʙʦʣʴʰʠʥʩʪʚʦ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʘʪʝʨʠʘʣʦʚ ʜʦʩʪʠ-
ʛʘʶʪ ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ. ɼʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʩʦʩʪʘʚʘ ʧʣʝʥʦʢ PZT ʥʝʦʙʭʦʜʠʤʦ ʚʣʘ-
ʜʝʪʴ ʵʬʬʝʢʪʠʚʥʳʤʠ ʤʝʪʦʜʘʤʠ ʪʦʥʢʦʛʦ ʚʘʨʴʠʨʦʚʘʥʠʷ ʩʦʩʪʘʚʘ ʚ ʧʨʝʜʝʣʘʭ ʄʌɻ, ʘ ʪʘʢʞʝ 
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ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʩʦʜʝʨʞʘʥʠʝ ʠʟʙʳʪʦʯʥʦʛʦ ʩʚʠʥʮʘ, ʣʦʢʘʣʠʟʦʚʘʥʥʦʛʦ ʣʠʙʦ ʥʘ ʠʥʪʝʨʬʝʡ-
ʩʘʭ, ʣʠʙʦ ʚ ʤʝʞʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ. ʆʜʥʠʤ ʠʟ 
ʪʘʢʠʭ ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ɺʏ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ, ʚ ʢʦʪʦʨʦʤ ʠʟʤʝʥʝʥʠʝ ʩʦ-
ʩʪʘʚʘ ʧʣʝʥʦʢ ʜʦʩʪʠʛʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʨʘʙʦʯʝʡ ʛʘʟʦʚʦʡ ʩʤʝʩʠ [1]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʜʘʚʣʝʥʠʷ ʛʘʟʦʚʦʡ ʩʤʝʩʠ 
80% Ar + 20% O2 ʚ ʫʩʪʘʥʦʚʢʝ ɺʏ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʥʘ ʩʦʩʪʘʚ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 
PZT, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʦʙʣʘʩʪʠ ʄʌɻ. ʊʦʣʱʠʥʘ ʦʩʘʞʜʝʥʥʳʭ ʩʣʦʝʚ ʩʦʩʪʘʚʣʷʣʘ ~ 800 ʥʤ, 
ʪʝʤʧʝʨʘʪʫʨʘ ʩʠʥʪʝʟʘ ʧʣʝʥʦʢ ï 600 

ʦʉ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʘʚʘ ʧʣʝʥʦʢ ʠʩʧʦʣʴʟʦʚʘʣʩʷ
ʩʢʘʥʠʨʫʶʱʠʡ ʵʣʝʢʪʨʦʥʥʳʡ ʤʠʢʨʦʩʢʦʧ EVO-40 (Zeiss), ʦʩʥʘʱʝʥʥʳʡ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠ-
ʦʥʥʦʡ ʧʨʠʩʪʘʚʢʦʡ INCA.  

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʵʣʝʤʝʥʪʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʘʪʦʤʦʚ ʩʚʠʥʮʘ ʤʦʥʦ-
ʪʦʥʥʦ ʚʦʟʨʘʩʪʘʣʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʨʘʙʦʯʝʛʦ ʛʘʟʘ ʚ ʜʠʘʧʘʟʦʥʝ 2-8 Pa (ʢʨʠʚʘʷ 1 ʥʘ 
ʨʠʩ. 1,ʘ). ʇʨʠ 2 Pa ʬʠʢʩʠʨʦʚʘʣʩʷ ʥʝʜʦʩʪʘʪʦʢ ʩʚʠʥʮʘ ʚ 7% ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʝʭʠʦʤʝʪʨʠʯʝ-
ʩʢʦʛʦ ʩʦʩʪʘʚʘ PZT , ʘ ʧʨʠ 8 Pa ʥʘʙʣʶʜʘʣʩʷ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʟʙʳʪʦʢ ʘʪʦʤʦʚ ʩʚʠʥʮʘ ʚʝʣʠ-
ʯʠʥʦʡ ʚ 21%. ɿʘʚʠʩʠʤʦʩʪʴ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ Ti/Zr ʩ ʨʦʩʪʦʤ ʜʘʚʣʝʥʠʷ ʪʘʢʞʝ ʥʦ-
ʩʠʣʘ ʤʦʥʦʪʦʥʥʳʡ ʭʘʨʘʢʪʝʨ (ʨʠʩ. 2,ʙ). ɼʠʘʧʘʟʦʥ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʣʷʣ å 2,5%, ʦʭʚʘʪʳʚʘʷ 
ʙʦʣʴʰʫʶ ʯʘʩʪʴ ʦʙʣʘʩʪʠ ʄʌɻ.  
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ʈʠʩ. 1. ʀʟʤʝʥʝʥʠʝ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ Pb/(Zr+Ti) (ʘ) ʠ Ti/(Ti+Zr) (ʙ)  
ʧʨʠ ʚʘʨʠʘʮʠʠ ʜʘʚʣʝʥʠʷ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʚ ʧʣʝʥʢʘʭ PZT. ʂʨʠʚʘʷ 1 ʥʘ ʨʠʩ. 1,  

ʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʦʜʝʨʞʘʥʠʶ ʩʚʠʥʮʘ ʚ ʦʩʘʞʜʝʥʥʳʭ (ʘʤʦʨʬʥʳʭ) ʧʣʝʥʢʘʭ, ʢʨʠʚʘʷ 2 
ʦʪʨʘʞʘʝʪ ʩʦʜʝʨʞʘʥʠʝ ʩʚʠʥʮʘ ʚ ʦʪʦʞʞʝʥʥʳʭ ʧʣʝʥʢʘʭ ʚ ʬʘʟʝ ʧʝʨʦʚʩʢʠʪʘ 

ʈʝʟʫʣʴʪʘʪʳ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʪʝʨʤʘʣʠʟʘʮʠʠ ʠ ʜʠʬʬʫ-
ʟʠʠ ʧʦʪʦʢʦʚ ʨʘʩʧʳʣʝʥʥʳʭ ʘʪʦʤʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ, ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘ ʨʠʩ. 2, ʧʦʢʘʟʳʚʘʶʪ, 
ʯʪʦ ʚ ʥʘʙʣʶʜʘʝʤʦʤ ʠʥʪʝʨʚʘʣʝ ʜʘʚʣʝʥʠʡ ʨʘʙʦʯʝʛʦ ʛʘʟʘ ʧʨʦʠʩʭʦʜʠʪ ʪʝʨʤʘʣʠʟʘʮʠʷ ʪʷʞʝ-
ʣʳʭ ʘʪʦʤʦʚ ʩʚʠʥʮʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʙʦʣʝʝ ʣʝʛʢʠʭ ʘʪʦʤʦʚ (Zr ʠ Ti) ʵʪʦʪ ʧʨʦʮʝʩʩ ʧʨʘʢ-
ʪʠʯʝʩʢʠ ʟʘʚʝʨʰʝʥ. ʉʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʨʘʩʯʝʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʣʝʤʝʥʪ-
ʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʦʚ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʠʭ ʧʦʚʝʜʝʥʠʝ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʝʪ ʚʦ ʚʩʝʤ 
ʜʠʘʧʘʟʦʥʝ ʠʟʤʝʥʝʥʠʷ ʜʘʚʣʝʥʠʷ ʨʘʙʦʯʝʛʦ ʛʘʟʘ.  
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ʈʠʩ. 2. ɺʝʨʦʷʪʥʦʩʪʠ ʜʦʩʪʘʚʢʠ ʨʘʩʧʳʣʝʥʥʳʭ ʘʪʦʤʦʚ Pb, Zr ʠ Ti ʥʘ ʧʦʜʣʦʞʢʫ 
ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʜʘʚʣʝʥʠʷʭ ʨʘʙʦʯʝʛʦ ʛʘʟʘ 
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 ʊ. 42(14). - ʉ. 87 ï 93. 

UDC 537.226 
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Dielectric studies of (1-x)NaNbO3 - xGd1/3NbO3 solid solution compositions prepared using 

solid phase reactions route have been carried out in the temperature range 12-700 K. The permittivityï
temperature dependences of the compositions studied were found to change, as x grows, from 

relatively sharp maxima typical of usual antiferroelectrics to the diffused but frequency-independent 

maxima typical of ferroelectrics and antiferroelectrics with diffused phase transition and  then to the 

smeared and frequency-dependent maxima typical of relaxors. 

Keywords: antiferroelectric, diffused phase transition, NaNbO3, relaxor. 

One of the main trends of modern materials science is the replacement of lead-

containing electronic materials with their lead-free analogues. Among the most prospective 

representatives of the new generation of lead-free functional materials are sodium niobate 

NaNbO3 -based solid solutions. Previously the main attention was paid to the ferroelectric 

NaNbO3 - KNbO3 and NaNbO3 - LiNbO3 solid solutions prospective for piezoelectric appli-

cations [1, 2]. Nowadays a far more promising application of NaNbO3 and its derivatives is 

considered to be high energy storage capacitors, where the antiferroelectric nature of the ma-

terial is utilized.[3]. 

Solid solutions of  NaNbO3 may be divided into two groups [4]. In solid solutions of 

the group I ( e.g. NaNbO3 - KNbO3 and NaNbO3 - LiNbO3) high temperature ferroelectric 

(FE) phase appears at small (a few mol.%) content x of the second component, concentration 

dependence of the temperature Tm of dielectric permittivity Ů maximum  is rather smooth and 
the Ů(T) maxima are sharp. In solid solutions of the group II the antiferroelectric (AFE) phase 

remains stable up to a comparatively high threshold x=x0 value (x0 is usually about 10-15 

mol.% [5]) while in compositions with x>x0 the phase, usually referred to as FE or ferrielec-

tric becomes stable, which is accompanied by an abrupt drop in Tm values and dramatic 

smearing of the Ů(T) maxima. Solid solutions of the group II are most prospective for high 

energy storage applications [3]. Though at room temperature NaNbO3 is an AFE, a sufficient-

ly strong electric field induces in NaNbO3 an othorhombic (space group Pmc21) FE phase Q 

which remains stable after removing the field and it is destroyed only by heating up to high 

temperatures [3]. Recently stabilized antiferroelectricity and superior energy storage proper-

ties were reported for the compositions of the NaNbO3 -based lead-free ceramics with A-site 
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vacancies obtained via a Bi2O3 substitution -solid solution system [5]. The scope of the pre-

sent work was the study of evolution of dielectric properties in the similar solid solution sys-

tem with A-site vacancies (1-x)NaNbO3 - xGd1/3NbO3 .  

Ceramic samples of (1-x)NaNbO3 - xGd1/3NbO3 compositions with x=0, 0.05, 0.10, 

0.15 and 0.20 were prepared using solid phase reactions route.  All the investigated composi-

tions were single-phase and have a structure of the perovskite type. Dielectric studies carried 

out in the 12 K-700 K temperature range have shown that the Tm(x) dependence has an abrupt 

drop at x = x0 å 0.1. While Tm values of compositions with x<x0 do not depend on frequency, 

compositions with x>x0 exhibit a frequency dispersion of Ů(T) and a frequency shift of Tm, i.e. 

the increase of Tm with frequency. The frequency shift of Tm for the compositions with x>x0 is 

well described by the Vogel-Fulcher relation typical of relaxors. Diffusion of the Ů(T) maxi-

mum increases as x grows and the Ů(T) maxima for compositions with x>x0 exhibiting relax-

or-like properties appear to be very smeared. 

Acknowledgment. This study is supported by the Russian Science Foundation (project 

19-12-00205).
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ʌɻɸʆʋ ɺʆ çʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʤʥʦʛʦʩʪʦʨʦʥʥʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ 
ʢʝʨʘʤʦʤʘʪʨʠʯʥʳʭ ʧʴʝʟʦʢʦʤʧʦʟʠʪʦʚ, ʚʢʣʶʯʘʶʱʝʝ ʪʨeʭʤʝʨʥʦʝ ʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, 
ʘʥʘʣʠʟ ʧʴʝʟʦʨʝʟʦʥʘʥʩʥʳʭ ʩʧʝʢʪʨʦʚ ʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʠʟʤʝʨʝʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʢʦʤʧʴʶʪʝʨʥʦʛʦ 
ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʳʷʚʣʝʥʳ ʘʥʦʤʘʣʠʠ ʯʘʩʪʦʪʥʳʭ 
ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʦʤʧʣʝʢʩʥʳʭ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʫʧʨʫʛʦʡ ʜʠʩʧʝʨʩʠʠ. ʇʨʦʚʝʜʝʥʦ 
ʩʨʘʚʥʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʭʦ-ʠʤʧʫʣʴʩʥʳʝ ʠʟʤʝʨʝʥʠʷ, ʠʤʧʝʜʘʥʩʥʳʝ ʩʧʝʢʪʨʳ, ʪʨʝʭʤʝʨʥʦʝ 
ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʢʝʨʘʤʦʤʘʪʨʠʯʥʳʝ ʢʦʤʧʦʟʠʪʳ, ʧʴʝʟʦʨʝʟʦʥʘʥʩʥʳʡ ʘʥʘʣʠʟ. 

ʄʝʪʦʜ ʘʢʫʩʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʚʦʡʩʪʚ ʠʣʠ 
ʩʪʨʫʢʪʫʨʳ ʚʝʱʝʩʪʚ ʧʦʩʨʝʜʩʪʚʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʢʦʨʦʩʪʠ ʨʘʩ-
ʧʨʦʩʪʨʘʥʝʥʠʷ ʠ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ. ɿʘʪʫʭʘʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ, ʚʳʟʚʘʥʥʦʝ ʧʦ-
ʛʣʦʱʝʥʠʝʤ ʠʣʠ ʨʘʩʩʝʷʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʥʘ ʥʝʦʜʥʦʨʦʜʥʘʩʪʷʭ ʩʨʝʜʳ, ʘ ʪʘʢʞʝ 
ʨʝʣʘʢʩʘʮʠʦʥʥʳʤʠ ʵʬʬʝʢʪʘʤʠ ʥʝʠʟʙʝʞʥʦ ʧʨʠʚʦʜʠʪ ʢ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ 
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ʫʣʴʪʨʘʟʚʫʢʘ ʠʣʠ ʜʠʩʧʝʨʩʠʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʘʢʫʩʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʪʨʘʜʠʮʠʦʥ-
ʥʦʤ ʠʩʧʦʣʥʝʥʠʠ ʜʣʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʨʝʜ, ʘ ʪʘʢʞʝ ʥʝʦʜʥʦʨʦʜʥʳʭ ʪʚʝʨʜʳʭ ʪʝʣ ʩ ʨʘʟʤʝʨʘ-
ʤʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʳ ʙʣʠʟʢʠʭ ʢ  ʜʣʠʥʝ ʚʦʣʥʳ ʩʚʷʟʘʥʦ ʩ ʩʫʱʝʩʪʚʝʥʥʳʤʠ 

ʪʨʫʜʥʦʩʪʷʤʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʜʠʩʧʝʨʩʠʷ ʠ ʨʘʩʩʝʷʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʚ 
ʢʝʨʘʤʦʤʘʪʨʠʯʥʳʭ ʢʦʤʧʦʟʠʪʘʭ (ʂʄʂ) ʩ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʚʳʩʦʢʠʤ ʟʘʪʫʭʘʥʠ-
ʝʤ ʫʣʴʪʨʘʟʚʫʢʘ ʠʩʢʘʞʘʶʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʠʤʧʫʣʴʩʦʚ ʠ ʤʦʛʫʪ ʩʜʝʣʘʪʴ 
ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʠ ʟʘʪʫʭʘʥʠʷ ʥʝʦʜʥʦʟʥʘʯʥʳʤʠ [1]. ɼʣʷ ʧʴʝʟʦʘʢʪʠʚ-
ʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʟʤʝʨʝʥʠʝ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʢʦʨʦʩʪʠ ʠ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦ-
ʚʳʭ ʢʦʣʝʙʘʥʠʡ ʤʦʞʝʪ ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥʦ ʤʝʪʦʜʘʤʠ ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠʣʠ 
ʘʥʘʣʠʟʘ ʧʴʝʟʦʨʝʟʦʥʘʥʩʥʳʭ ʩʧʝʢʪʨʦʚ [2]. 

ɺ ʢʘʯʝʩʪʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 
ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʠ ʩʨʘʚʥʝʥʠʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʠʟʘ ʠʤʧʝʜʘʥʩʥʳʭ ʩʧʝʢʪʨʦʚ ʠ ʫʣʴ-
ʪʨʘʟʚʫʢʦʚʳʭ ʠʟʤʝʨʝʥʠʡ ʙʳʣʠ ʚʳʙʨʘʥʳ ʂʄʂ ʩ ʩʠʣʴʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʜʠʩʧʝʨʩʠʝʡ ʠ 
ʚʳʩʦʢʠʤʠ ʧʦʪʝʨʷʤʠ [3]: 

- ʂʄʂ ʢʝʨʘʤʠʢʘ/ʢʨʠʩʪʘʣʣ (ʤʘʪʨʠʮʘ ʎʊʉ ʩ ʧʨʦʠʟʚʦʣʴʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʢʨʠ-
ʩʪʘʣʣʠʯʝʩʢʠʤʠ ʚʢʣʶʯʝʥʠʷʤʠ (Ŭ-Al2O3, LiNbO3)); 

- ʂʄʂ ʢʝʨʘʤʠʢʘ/ʤʝʪʘʣʣ (ʤʘʪʨʠʮʘ ʎʊʉ ʩ ʧʨʦʠʟʚʦʣʴʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʤʝʪʘʣ-
ʣʠʯʝʩʢʠʤʠ ʚʢʣʶʯʝʥʠʷʤʠ (Pt, W)). 

ʂʦʤʧʣʝʢʩʥʳʝ ʫʧʨʫʛʠʝ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʂʄʂ 
ʦʧʨʝʜʝʣʷʣʠʩʴ ʤʝʪʦʜʦʤ ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ ʘʥʘ-
ʣʠʟʘ ʧʴʝʟʦʨʝʟʦʥʘʥʩʥʳʭ ʩʧʝʢʪʨʦʚ (PRAP) [2]. ʉʢʦʨʦʩʪʴ ʟʚʫʢʘ ʠ ʟʘʪʫʭʘʥʠʝ ʧʨʦʜʦʣʴʥʳʭ ʠ 
ʧʦʧʝʨʝʯʥʳʭ ʚʦʣʥ ʠʟʤʝʨʷʣʠʩʴ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤʠ ʵʭʦ-ʠʤʧʫʣʴʩʥʳʤ ʠ ʪʝʥʝʚʳʤ ʤʝʪʦʜʘʤʠ. 

ʅʘ ʨʠʩʫʥʢʝ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʦʢʘʟʘʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴ-
ʥʳʭ ʯʘʩʪʝʡ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʘʥʛʝʥʩʦʚ ʫʧʨʫʛʠʭ ʧʦʪʝʨʴ ʜʣʷ ʂʄʂ 
ʢʝʨʘʤʠʢʘ/ʤʝʪʘʣ.  

ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʵʭʦ-ʠʤʧʫʣʴʩʥʳʝ ʠʟʤʝʨʝ-
ʥʠʷ ʟʘʚʠʩʠʤʦʩʪʝʡ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʜʣʷ ʂʄʂ ʩ ʚʳʩʦʢʠʤʠ ʧʦʪʝʨʷʤʠ ʠ ʜʠʩʧʝʨʩʠʝʡ ʷʚʣʷ-
ʶʪʩʷ ʥʝʪʦʯʥʳʤʠ ʠ ʥʝʦʜʥʦʟʥʘʯʥʳʤʠ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʤʝʪʦʜ ʘʥʘʣʠʟʘ ʨʝʟʦʥʘʥʩʥʳʭ ʩʧʝʢ-
ʪʨʦʚ (PRAP) ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʪʦʯʥʳʝ ʠ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʢʦʪʦʨʳʝ ʭʦ-
ʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʚʳʧʦʣʥʝʥʥʦʛʦ ʤʝʪʦʜʦʤ 
ʢʦʥʝʯʥʳʭ ʨʘʟʥʦʩʪʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʘʢʝʪʘ Wave 3000 Pro. 

ʈʠʩʫʥʦʢ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ 
ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ D

C
/

33 ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʘʥʛʝʥʩʦʚ ʫʧʨʫʛʠʭ ʧʦʪʝʨʴ 

tgŭ = 
DD

CC
/

33

//

33 / ʜʣʷ ʂʄʂ ʎʊʉ/Pt ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʩʦʜʝʨʞʘʥʠʠ Pt 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ʪʝʤʘ ˉ 
12.5425.2017/8.9, ʙʘʟʦʚʘʷ ʯʘʩʪʴ ʛʦʩʟʘʜʘʥʠʷ).  
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ʌɻɸʆʋ ɺʆ çʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʩʥʦʚʳ ʪʝʦʨʠʠ ʤʝʪʦʜʘ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʡ 
ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʩʝʛʥʝʪʦʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʆʧʠʩʘʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 
ʫʩʪʘʥʦʚʢʠ ʠ ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, 
ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʟʘ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʜʝʬʦʨʤʘʮʠʠ ʜʣʷ ʨʷʜʘ 
ʩʝʛʥʝʪʦʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʫʩʪʨʦʡʩʪʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʡ ʦʪʢʣʠʢ, ʧʝʪʣʷ ʛʠʩʪʝʨʝʟʠʩʘ, ʧʴʝʟʦʵʬʬʝʢʪ, 
ʩʝʛʥʝʪʦʧʴʝʟʦʤʘʪʝʨʠʘʣʳ. 

ʅʦʚʳʝ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʝ ʠ ʧʴʝʟʦʢʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 
ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʭ ʩ ʚʳ-
ʩʦʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ, ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ [1]. ɼʣʷ ʥʝ-
ʢʦʪʦʨʳʭ ʩʦʚʨʝʤʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʚʳʩʦʢʠʤʠ ʧʦʪʝʨʷʤʠ 
ʧʨʷʤʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʪʘʥʜʘʨʪʘ IEEE ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʩʪʘʥʪ ʤʘʪʝʨʠʘʣʘ ʧʨʠʚʦʜʠʪ ʢ 
ʟʥʘʯʠʪʝʣʴʥʳʤ ʦʰʠʙʢʘʤ. ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʤʝʪʦʜʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʢʦʤʧʣʝʢʩʥʳʝ 
ʤʘʪʝʨʠʘʣʴʥʳʝ ʢʦʥʩʪʘʥʪʳ, ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʫʯʝʩʪʴ ʧʦʪʝʨʠ ʚ ʤʘʪʝʨʠʘʣʘʭ ʩ ʥʠʟʢʦʡ ʜʦʙʨʦʪ-
ʥʦʩʪʴʶ ʠ ʧʨʝʦʜʦʣʝʪʴ ʦʛʨʘʥʠʯʝʥʠʷ ʩʪʘʥʜʘʨʪʘ IEEE [2]. ʀʪʝʨʘʮʠʦʥʥʳʝ ʤʝʪʦʜʳ [3, 4] ʜʘ-
ʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚ ʣʠʥʝʡʥʦʤ ʜʠʘʧʘ-
ʟʦʥʝ ʥʘ ʦʩʥʦʚʝ ʨʝʟʦʥʘʥʩʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʤʧʝʜʘʥʩʘ ʧʴʝʟʦʢʝʨʘʤʠʢʠ. ʄʝ-
ʪʦʜ ʧʴʝʟʦʨʝʟʦʥʘʥʩʥʦʛʦ ʘʥʘʣʠʟʘ (PRAP) ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʦʣʥʦʛʦ ʥʘʙʦʨʘ ʩʪʘʥ-
ʜʘʨʪʥʳʭ ʛʝʦʤʝʪʨʠʡ ʠ ʨʝʟʦʥʘʥʩʥʳʭ ʤʦʜ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʧʦʣʥʦʡ ʢʦʤʧʣʝʢʩʥʦʡ ʭʘʨʘʢ-
ʪʝʨʠʟʘʮʠʠ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʠʤʠ ʠ ʫʤʝʨʝʥʥʳ-
ʤʠ ʧʦʪʝʨʷʤʠ [5]. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʝʛʥʝʪʦʧʴʝʟʦʤʘʪʝʨʠʘʣʦʚ 
ʥʘʤʠ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʧʨʦʛʨʘʤʤʘ ʘʥʘʣʠʟʘ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ (STEP) [6], 
ʩʦʯʝʪʘʶʱʘʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʩʝʛʥʝʪʦʵʣʝʢ-
ʪʨʠʯʝʩʢʠʭ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʵʣʝʢʪʨʦʩʪʨʠʢʮʠʦʥʥʳʭ ʠ ʘʥʪʠʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘ-
ʪʝʨʠʘʣʦʚ ʚ ʩʠʣʴʥʳʭ ʧʦʣʷʭ ʩ ʠʩʯʝʨʧʳʚʘʶʱʠʤ ʠʥʪʝʨʬʝʡʩʦʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʜʘʥʥʳʭ ʦ ʟʘ-
ʚʠʩʠʤʦʩʪʷʭ ʜʝʬʦʨʤʘʮʠʠ (S), ʥʘʧʨʷʞʝʥʠʷ (T), ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (E) ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʩʤʝʱʝʥʠʷ ʠʣʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʠ (P) ʦʪ ʚʨʝʤʝʥʠ. 

ʄʦʜʫʣʴ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ STEP ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 
ʠ ʘʥʘʣʠʟʘ ʚʳʩʦʢʦʩʠʛʥʘʣʴʥʳʭ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 
ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʩʣʫʯʘʝ ʩʝʛʥʝʪʦʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʤʦʜʝʣʠ 
ʧʨʝʜʧʦʣʘʛʘʶʪ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʨʠʣʦʞʝʥʥʦʝ ʧʦʣʝ ʥʠʞʝ ʢʦʵʨʮʠʪʠʚʥʦʛʦ ʧʦʣʷ ʤʘʪʝʨʠ-
ʘʣʘ ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʟʤʝʨʝʥʠʷ. 

ʅʘ ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʨʠʤʝʨʳ ʧʝʪʝʣʴ ʜʝʬʦʨʤʘʮʠʠ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠ-
ʩʪʝʨʝʟʠʩʘ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ 
STEP. 
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ʘ)       ʙ) 
ʈʠʩʫʥʦʢ. ʊʠʧʠʯʥʳʝ ʧʝʪʣʠ ʜʝʬʦʨʤʘʮʠʠ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ 

ʜʣʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ɸʥʘʣʠʟ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʥʘʙʦʨʳ ʦʩʥʦʚʥʳʭ 
ʢʦʥʩʪʘʥʪ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʧʦʚʝʜʝʥʠʝ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʩʠʣʴʥʳʭ 

ʧʦʣʷʭ ʩ ʫʯʝʪʦʤ ʛʠʩʪʝʨʝʟʠʩʘ. 
ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʙʘʟʦʚʘʷ ʪʝʦʨʠʷ ʤʝʪʦʜʘ ʦʧʨʝʜʝʣʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ (STEP), ʘ ʪʘʢʞʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ 
ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʧʴʝʟʦ- ʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʫʩʪʨʦʡʩʪʚ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ʪʝʤʘ ˉ 
12.5425.2017/8.9, ʙʘʟʦʚʘʷ ʯʘʩʪʴ ʛʦʩʟʘʜʘʥʠʷ).  
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ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ, ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 
ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ, ʪʦʥʢʠʝ ʧʣʝʥʢʠ. 

ʆʜʥʠʤ ʠʟ ʙʘʟʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʫʩʪʨʦʡʩʪʚ ʤʠʢʨʦ-
ʵʣʝʢʪʨʦʤʝʭʘʥʠʢʠ ʷʚʣʷʶʪʩʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʮʠʨʢʦʥʘʪʘ-

ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ Pb(Zr,Ti)O3 (PZT) ʚ ʚʠʜʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ [1]. ʇʣʝʥʢʠ, ʩʦʩʪʘʚ ʢʦʪʦʨʳʭ 
ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʣʘʩʪʠ ʤʦʨʬʦʪʨʦʧʥʦʡ ʬʘʟʦʚʦʡ ʛʨʘʥʠʮʳ (ʄʌɻ), ʨʘʟʜʝʣʷʶʱʝʡ ʪʝʪʨʘʛʦ-
ʥʘʣʴʥʫʶ ʠ ʨʦʤʙʦʵʜʨʠʯʝʩʢʫʶ ʤʦʜʠʬʠʢʘʮʠʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʳ, ʦʙʣʘʜʘʶʪ ʤʘʢ-
ʩʠʤʘʣʴʥʳʤʠ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. ʉʝʨʴʝʟʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʦʙʣʘʜʘ-
ʶʪ ʫʥʠʧʦʣʷʨʥʳʝ (ʩʘʤʦʧʦʣʷʨʠʟʦʚʘʥʥʳʝ) ʧʣʝʥʢʠ, ʜʣʷ ʢʦʪʦʨʳʭ ʥʝ ʪʨʝʙʫʝʪʩʷ ʜʦʧʦʣʥʠ-
ʪʝʣʴʥʘʷ ʧʨʦʮʝʜʫʨʘ ʧʦʣʷʨʠʟʘʮʠʠ, ʠ ʚ ʢʦʪʦʨʳʭ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʜʦʩʪʠʛʘʝʪ 
ʚʝʣʠʯʠʥ, ʩʨʘʚʥʠʤʳʭ ʩ ʚʝʣʠʯʠʥʦʡ ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ [2]. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ (ʊʦʪʞ) ʥʘ ʬʘʟʦʚʦʝ ʩʦʩʪʦʷ-
ʥʠʝ, ʩʦʩʪʘʚ ʠ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʘʤʦʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ PZT. ʇʣʝʥʢʠ 
ʪʦʣʱʠʥʦʡ 500 ʥʤ ʦʩʘʞʜʘʣʠʩʴ ʤʝʪʦʜʦʤ ɺʏ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʥʘ ʧʣʘʪʠʥʠʨʦ-
ʚʘʥʥʳʝ ʢʨʝʤʥʠʝʚʳʝ ʧʣʘʩʪʠʥʳ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ ʧʨʠ ʊʦʪʞ = 530-570 

ʦʉ. ʉʦʩʪʘʚ
ʧʣʝʥʦʢ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣ ʦʙʣʘʩʪʠ ʄʌɻ. ʄʝʪʦʜʘʤʠ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 
(Zeiss EVO-40) ʠ ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʴʝʟʦʦʪʢʣʠʢʘ (Ntegra Prima NT-MDT) ʠʟʫʯʘʣʘʩʴ 
ʩʪʨʫʢʪʫʨʘ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʣʝʥʦʢ. ɼʣʷ ʠʟʫʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠʩʧʦʣʴʟʦ-
ʚʘʣʩʷ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʢʦʤʧʣʝʢʩ ʥʘ ʙʘʟʝ ʠʟʤʝʨʠʪʝʣʷ ʠʤʤʠʪʘʥʩʘ ɽ7-20. 

ɺʳʷʚʣʝʥʦ ʥʝʤʦʥʦʪʦʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʢʦʨʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟʳ ʧʝʨʦʚʩʢʠʪʘ ʚ 
ʤʘʪʨʠʮʝ ʬʘʟʳ ʧʠʨʦʭʣʦʨʘ ʩ ʨʦʩʪʦʤ ʊʦʪʞ. ʅʘ ʢʨʘʷʭ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʢʨʠʩʪʘʣʣʠ-
ʟʘʮʠʷ ʬʘʟʳ ʧʝʨʦʚʩʢʠʪʘ ʧʨʦʠʩʭʦʜʠʣʘ ʚʦ ʚʩʝʤ ʦʙʲʝʤʝ ʧʣʝʥʦʢ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʊʦʪʞ = 550-

560 
ʦʉ ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʜʚʫʭʬʘʟʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʝʨʦʚʩʢʠʪ-ʧʠʨʦʭʣʦʨ. ɺʝʣʠʯʠʥʘ ʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʫʤʝʥʴʰʘʣʘʩʴ ʙʦʣʝʝ ʯʝʤ ʚ ʜʚʘ ʨʘʟʘ, ʘ ʩʦʜʝʨʞʘʥʠʝ ʠʟʙʳʪʦʯʥʦ-
ʛʦ ʩʚʠʥʮʘ ʫʚʝʣʠʯʠʚʘʣʦʩʴ (ʨʠʩ. 1).  

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʪʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ 
ʢʦʥʢʫʨʝʥʮʠʠ ʤʝʭʘʥʠʟʤʦʚ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟʳ ʧʝʨʦʚʩʢʠʪʘ ʥʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 
ʧʣʝʥʢʠ ʠ ʥʘ ʛʨʘʥʠʮʝ ʧʣʝʥʢʠ ʠ ʧʦʜʣʦʞʢʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʩʢʦʨʦʩʪʠ ʨʘʟʨʘʩ-
ʪʘʥʠʷ ʦʩʪʨʦʚʢʦʚ ʬʘʟʳ ʧʝʨʦʚʩʢʠʪʘ ʠʟ-ʟʘ ʥʘʢʦʧʣʝʥʠʷ ʠʟʙʳʪʦʯʥʦʛʦ ʦʢʩʠʜʘ ʩʚʠʥʮʘ ʥʘ ʠʭ 
ʛʨʘʥʠʮʘʭ.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʚʳʷʚʠʣʠ ʨʷʜ ʦʩʦʙʝʥʥʦʩʪʝʡ. ʈʝʣʴʝʬ 
ʧʝʨʦʚʩʢʠʪʦʚʳʭ ʦʩʪʨʦʚʢʦʚ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʩʷ ʨʘʜʠʘʣʴʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʠ ʫʚʝʣʠʯʝ-
ʥʠʝʤ ʦʙʲʝʤʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟʳ ʧʠʨʦʭʣʦʨʘ ʚ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʡ ʛʨʘʥʠʮʳ ʧʠ-
ʨʦʭʣʦʨ-ʧʝʨʦʚʩʢʠʪ (ʨʠʩ. 2,ʘ,ʙ). ɺʝʣʠʯʠʥʘ ʧʴʝʟʦʦʪʢʣʠʢʘ ʚ ʦʩʪʨʦʚʢʘʭ ʪʘʢʞʝ ʦʪʣʠʯʘʣʘʩʴ 
ʨʘʜʠʘʣʴʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ (ʨʠʩ. 2,ʚ,ʛ), ʩʪʝʧʝʥʴ ʵʪʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚʦʟʨʘʩʪʘʣʘ ʧʦ 
ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ ʜʠʘʤʝʪʨʘ ʦʩʪʨʦʚʢʦʚ. ɺʝʣʠʯʠʥʘ ʧʴʝʟʦʦʪʢʣʠʢʘ ʚ ʦʪʜʝʣʴʥʳʭ ʦʩʪʨʦʚʢʘʭ 
ʬʘʟʳ ʧʝʨʦʚʩʢʠʪʘ ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʳʰʘʣʘ ʧʴʝʟʦʦʪʢʣʠʢ ʚ ʦʜʥʦʬʘʟʥʳʭ ʧʝʨʦʚʩʢʠʪʦʚʳʭ 
ʧʣʝʥʢʘʭ. ɺ ʨʘʙʦʪʝ ʦʙʩʫʞʜʘʶʪʩʷ ʧʨʠʯʠʥʳ ʘʥʦʤʘʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʦʪʢʣʠʢʘ.  
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Tʦʪʞ, ʦʉ
ʈʠʩ.1. ɿʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů (ʯʘʩʪʦʪʘ ʠʟʤʝʨʝʥʠʷ 10 ʢɻʮ) (ʘ) 

ʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ Pb/(Ti+Zr) (ʙ) ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ Tʦʪʞ 

͊ύ ͋ύ 
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ʘ) ʚ) 

ʙ) ʛ) 

ʈʠʩ. 2. ʊʦʧʦʛʨʘʬʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʝʨʦʚʩʢʠʪʦʚʦʛʦ ʦʩʪʨʦʚʢʘ (ʘ), ʧʨʦʬʠʣʴ  
ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʪʨʦʚʢʘ ʧʦ ʣʠʥʠʠ (ʙ), ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʦʩʪʨʦʚʢʘ (ʚ) ʠ ʧʨʦʬʠʣʴ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʩʪʨʦʚʢʘ ʧʦ ʣʠʥʠʠ (ʛ). ʊʦʪʞ = 555 
ʦʉ
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1,2,3ʌɻɹʆʋ ɺʆ çʊʚʝʨʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 
4ʌɻɹʆʋ ɺʆ çʊʚʝʨʩʢʘʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʘʷ ʩʝʣʴʩʢʦʭʦʟʷʡʩʪʚʝʥʥʘʷ ʘʢʘʜʝʤʠʷè 

5ʌɻɹʋʅ çʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ ʈɸʅ 
6ʌɻɸʆʋ ɺʆ çʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʉʠʉè 

ʀʩʩʣʝʜʦʚʘʥʳ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʨʝʣʘʢʩʘʮʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, 
ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝʢʣʶʯʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʎʊʉ, ʢʨʠʩʪʘʣʣʠʟʦʚʘʥ-
ʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʮʝʩʩʳ ʨʝʣʘʢʩʘʮʠʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 
ʪʨʝʤʷ ʚʨʝʤʝʥʘʤʠ ʨʝʣʘʢʩʘʮʠʠ, ʟʘʚʠʩʷʱʠʤʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʦʪ 
ʣʦʢʘʣʠʟʘʮʠʠ ʦʢʩʠʜʘ ʩʚʠʥʮʘ ʚ ʦʙʲʝʤʝ ʧʣʝʥʢʠ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʎʊʉ, ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦ-
ʥʠʮʘʝʤʦʩʪʴ, ʩʘʤʦʧʦʣʷʨʠʟʘʮʠʷ. 

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʮʠʨʢʦʥʘʪʘ ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ (ʎʊʉ) ʷʚʣʷʝʪʩʷ 
ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʤ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʵʣʝʤʝʥʪʦʚ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ 
ʧʘʤʷʪʠ, ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʭ ʧʝʨʝʢʣʶʯʘʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ ʠ ʩʦʧʨʦʚʦʞʜʘʶʱʠʝ ʠʭ ʨʝʣʘʢʩʘʮʠ-
ʦʥʥʳʭ ʷʚʣʝʥʠʡ ʷʚʣʷʶʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʥʘʫʯʥʦʡ ʟʘʜʘʯʝʡ, ʪʝʤ ʙʦʣʝʝ, ʯʪʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝ-
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ʤʷ ʥʝʪ ʦʜʥʦʟʥʘʯʥʦʛʦ ʟʘʢʣʶʯʝʥʠʷ ʦ ʧʨʠʨʦʜʝ ʵʪʠʭ ʷʚʣʝʥʠʡ. ɺ [1] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʣʝʥʢʘʭ 
ʎʊʉ, ʧʦʣʫʯʝʥʥʳʭ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ, ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʩʚʷʟʘʥʳ ʩ ʚʳʢʣʶʯʝʥʠ-
ʝʤ ʯʘʩʪʠ ʧʝʨʝʢʣʶʯʘʝʤʦʛʦ ʦʙʲʝʤʘ ʟʘ ʩʯʝʪ ʟʘʢʨʝʧʣʝʥʠʷ ʟʘʨʦʜʳʰʝʡ ʦʙʨʘʪʥʳʭ ʜʦʤʝʥʦʚ 
ʟʘʨʷʞʝʥʥʳʤʠ ʜʝʬʝʢʪʘʤʠ. ɸʚʪʦʨʳ [2], ʠʟʫʯʘʷ ʨʝʣʘʢʩʘʮʠʶ ʪʦʢʘ ʚ ʦʪʜʝʣʴʥʦ ʚʟʷʪʦʤ ʟʝʨʥʝ, 
ʦʙʲʷʩʥʷʶʪ ʝʝ ʤʝʜʣʝʥʥʦʡ ʧʝʨʝʟʘʨʷʜʢʦʡ ʛʣʫʙʦʢʠʭ ʫʨʦʚʥʝʡ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʥʘ ʛʨʘʥʠʮʘʭ 
ʟʝʨʝʥ ʚʙʣʠʟʠ ʵʣʝʢʪʨʦʜʦʚ, ʠʩʢʣʶʯʘʷ ʚʢʣʘʜ ʜʦʤʝʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ. ʇʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ 
[3] ʩʫʱʝʩʪʚʫʶʪ ʪʨʠ ʧʨʦʮʝʩʩʘ ʨʝʣʘʢʩʘʮʠʠ ʪʦʢʘ ʧʝʨʝʢʣʶʯʝʥʠʷ ʩ ʨʘʟʥʳʤʠ ʚʨʝʤʝʥʘʤʠ ʠ
ʤʝʭʘʥʠʟʤʘʤʠ.

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ, ʩ ʮʝʣʴʶ ʫʪʦʯʥʝʥʠʷ ʚʢʣʘʜʘ ʜʦʤʝʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʚ ʢʚʘʟʠ-
ʩʪʘʮʠʦʥʘʨʥʳʝ ʧʨʦʮʝʩʩʳ ʧʝʨʝʢʣʶʯʝʥʠʷ ʧʣʝʥʦʢ ʎʊʉ, ʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʭ ʧʨʠ ʨʘʟʥʳʭ 
ʪʝʤʧʝʨʘʪʫʨʘʭ, ʠʩʩʣʝʜʫʝʪʩʷ ʨʝʣʘʢʩʘʮʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʧʦ-
ʩʪʦʷʥʥʳʭ ʧʦʣʝʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʝʝ ʤʘʢʩʠʤʫʤʫ ʥʘ ʚʦʣʴʪ-ʬʘʨʘʜʥʳʭ (ʉ-V) ʟʘʚʠʩʠʤʦ-
ʩʪʷʭ. ʇʣʝʥʢʠ ʎʊʉ ʪʦʣʱʠʥʦʡ 1000 ʥʤ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ɺʏ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝ-
ʥʠʷ ʥʘ çʭʦʣʦʜʥʫʶè ʧʣʘʪʠʥʠʨʦʚʘʥʥʫʶ ʢʨʝʤʥʠʝʚʫʶ ʧʦʜʣʦʞʢʫ ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʠʰʝʥʠ 
ʩʦʩʪʘʚʘ PbZr0,54Ti0,46O3, ʩʦʜʝʨʞʘʱʝʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 10 ʤʦʣ. PbO, ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠ-
ʛʦʤ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 580-650 

ʦʉ ʜʣʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʬʘʟʫ ʧʝʨʦʚʩʢʠʪʘ. ɺ ʢʘʯʝʩʪʚʝ ʚʝʨʭ-
ʥʠʭ ʵʣʝʢʪʨʦʜʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʣʘʪʠʥʘ.  

ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʷʚʣʝʥʠʷ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʝ ʧʨʦʮʝʩʩ ʧʝʨʝʢʣʶʯʝʥʠʷ ʧʣʝʥʦʡ ʎʊʉ, 
ʠʟʫʯʘʣʠʩʴ ʪʨʝʤʷ ʥʝʟʘʚʠʩʠʤʳʤʠ ʤʝʪʦʜʘʤʠ: ʜʠʥʘʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʠʨʦ-
ʵʬʬʝʢʪʘ, ʤʝʪʦʜʦʤ ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʴʝʟʦʦʪʢʣʠʢʘ ʠ ʧʦ ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ ʟʘʚʠʩʠʤʦ-
ʩʪʷʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʧʦʩʪʦʷʥʥʳʭ ʧʦʣʝʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 
ʝʝ ʤʘʢʩʠʤʫʤʘʤ ʥʘ ʉ-V ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ. ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦ-
ʩʪʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʣʠʯʠʠ ʪʨʝʭ ʥʝʟʘʚʠʩʠʤʳʭ 
ʧʨʦʮʝʩʩʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʚʨʝʤʝʥʘʤʠ ʨʝʣʘʢʩʘʮʠʠ, ʢʦʪʦʨʳʝ ʧʨʦʠʩʭʦʜʷʪ ʙʳʩʪʨʝʝ ʧʨʠ ʧʝ-
ʨʝʧʦʣʷʨʠʟʘʮʠʠ ʧʣʝʥʦʢ ʎʊʉ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ, ʩʦʚʧʘʜʘʶʱʝʤ ʩ ʦʨʠʝʥʪʘʮʠʝʡ 
ʚʝʢʪʦʨʘ ʩʘʤʦʧʦʣʷʨʠʟʘʮʠʠ, ʨʠʩ 1,ʘ. ʇʨʦʮʝʩʩ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʡʩʷ ʨʝʣʘʢʩʘʮʠʝʡ ʩʦ ʚʨʝʤʝ-
ʥʝʤ Ű1 (ʨʠʩ. 1,ʘ), ʘʩʩʦʮʠʠʨʫʝʪʩʷ ʥʘʤʠ ʩ ʜʦʤʝʥʥʳʤ ʚʢʣʘʜʦʤ ʧʨʠ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʡ ʧʝʨʝ-
ʧʦʣʷʨʠʟʘʮʠʠ ʧʣʝʥʦʢ ʎʊʉ ʚ ʧʦʩʪʦʷʥʥʳʭ ʧʦʣʷʭ. 

0 200 400 600750

800

850

900

E    Pʩʘʤ
t1=10 ʩ

t2=55 ʩ

t3=450 ʩ

t, c

E     Pʩʘʤ
t1=7 c

t2=35 c
t3=350 c

1

2

e

ʘ) 

0 10 20 30 40 50 60
-3

-2

-1

0

1

t1 = 2 c, 
t2 = 20 c

t, c

ʇ
ʴʝ

ʟʦ
ʦʪ

ʢʣ
ʠʢ

, ʦ
ʪʥ

.ʝ
ʜ. U=  - 30 ɺ

ʙ) 
ʈʠʩʫʥʦʢ. ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ: ʘ - ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʧʣʝʥʢʘʭ ʎʊʉ 

(ʊʦʪʞ = 580
ʦʉ). ʂʨʠʚʘʷ 1 ʩʦʦʪʚʝʪʩʪʚʫʝʪ (E¬¬Pʩʘʤ); ʢʨʠʚʘʷ 2 ï (E¬®Pʩʘʤ). ʙ ï ʧʴʝʟʦʪʢʣʠʢʘ. ʊʦʯʢʠ ï

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʘʧʧʨʦʢʩʠʤʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦʤ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʠ ʭʘʨʘʢʪʝʨ ʨʝʣʘʢʩʘʮʠʠ ʧʴʝʟʦʦʪʢʣʠʢʘ ʚ ʧʦʩʪʦ-
ʷʥʥʦʤ ʧʦʣʝ ʧʨʠ ʧʝʨʝʢʣʶʯʝʥʠʠ ʧʣʝʥʢʠ ʎʊʉ, ʨʠʩ.1, ʙ. ɺ ʨʘʙʦʪʝ ʦʙʩʫʞʜʘʝʪʩʷ ʚʢʣʘʜ ʣʦʢʘ-
ʣʠʟʘʮʠʠ ʦʢʩʠʜʘ ʩʚʠʥʮʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʠ ʝʛʦ ʚʣʠʷʥʠʷ ʥʘ ʚʝʣʠʯʠʥʳ 
ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. ʉʠʜʦʨʢʠʥ, ɸ.ʉ. ɺʣʠʷʥʠʝ ʧʨʦʮʝʩʩʦʚ ʫʩʪʘʣʦʩʪʠ ʥʘ ʪʦʢʠ ʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʧʣʝʥʢʘʭ ʪʠʪʘ-
ʥʘʪʘ ʩʚʠʥʮʘ ʠ ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ / ɸ.ʉ. ʉʠʜʦʨʢʠʥ, ʃ.ʇ. ʅʝʩʪʝʨʝʥʢʦ, ɸ.ʖ. ʇʘʭʦʤʦʚ // 

ʌʠʟ. ʪʚ. ʪʝʣʘ. ï 2012. ï ʊ. 54. ï ɺʳʧ. 5. ï ʉ. 947-949. 
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2. Unexpected behavior of transient current in thin PZT films caused by grain-boundary con-

duction/ L.A. Delimova [et al.] // J. Appl. Phys. ï 2017. ï V.121.ï 224104 (1-9). 

3. Depolarization currents in thin ferroelectric films / Yu.V. Podgorny [et al.] // Ferroelec-

trics. ï 2012. ï V. 439. ï P. 56-61. 

ʋɼʂ 538.9 

ʉʊʈʋʂʊʋʈɸ ʇʃɪʅʆʂ Li-Nb-O ʇʆʉʃɽ ʊɽʈʄʀʏɽʉʂʆɻʆ  
ʆʊɾʀɻɸ ʀʃʀ ʀʄʇʋʃʔʉʅʆʁ ʌʆʊʆʅʅʆʁ ʆɹʈɸɹʆʊʂʀ 

ɼ.ɺ. ʉʝʨʠʢʦʚ1, ɺ.ɸ. ɼʳʙʦʚ2
 

1ʄʣʘʜʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, dmitry.tut@mail.ru 
2ʄʣʘʜʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, dybovvlad@gmail.com  

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 
ʧʣʝʥʦʢ ʩʠʩʪʝʤʳ Li-Nb-O ʪʝʨʤʠʯʝʩʢʠʤ ʦʪʞʠʛʦʤ ʠ ʠʤʧʫʣʴʩʥʦʡ ʬʦʪʦʥʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʛʝʪʝʨʦ-
ʩʪʨʫʢʪʫʨ çʘʤʦʨʬʥʘʷ ʧʣʝʥʢʘ Li-Nb-O/Siʆ2/Siè. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʠʦʙʘʪ ʣʠʪʠʷ, ʠʤʧʫʣʴʩʥʘʷ ʬʦʪʦʥʥʘʷ ʦʙʨʘʙʦʪʢʘ, ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ. 

ʀʟ-ʟʘ ʫʥʠʢʘʣʴʥʳʭ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ, ʘʢʫʩʪʦʦʧʪʠʯʝʩʢʠʭ ʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝ-
ʩʢʠʭ ʩʚʦʡʩʪʚ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʥʠʦʙʘʪʘ ʣʠʪʠʷ - ʧʝʨʩʧʝʢʪʠʚʘ ʨʘʟʚʠʪʠʷ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ [1]. 
ʎʝʣʴ ʨʘʙʦʪʳ ʚʳʷʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʧʣʝʥʢʘʭ ʩʠʩʪʝʤʳ Li-

Nb-O ʚ ʧʨʦʮʝʩʩʘʭ ʠʤʧʫʣʴʩʥʦʡ ʬʦʪʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ (ʀʌʆ) ʠ ʪʝʨʤʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ 
(ʊʆ).  

ʀʩʭʦʜʥʳʝ ʪʦʥʢʠʝ ʧʣʝʥʢʠ Li-Nb-O ʪʦʣʱʠʥʦʡ 1.5 ʤʢʤ ʥʘʥʦʩʠʣʠ ʥʘ ʥʝʧʦʜʦʛʨʝʚʘʝ-
ʤʫʶ ʧʣʘʩʪʠʥʫ ʦʢʠʩʣʝʥʥʦʛʦ ʢʨʝʤʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩ-
ʧʳʣʝʥʠʷ (ɺʏʄʈ) ʤʠʰʝʥʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʥʠʦʙʘʪʘ ʣʠʪʠʷ. ʀʌʆ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦ-
ʜʠʣʠ ʚ ʫʩʪʘʥʦʚʢʝ ʋʆʃʇï1ʄ ʠʟʣʫʯʝʥʠʝʤ ʛʘʟʦʨʘʟʨʷʜʥʳʭ ʢʩʝʥʦʥʦʚʳʭ ʣʘʤʧ (ɚ=0,2-1,2 

ʤʢʤ) ʥʘ ʚʦʟʜʫʭʝ; ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ 1,0 ʩʝʢʫʥʜʘ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʣʦʪʥʦʩʪʠ 
ʵʥʝʨʛʠʠ ɽʠ = 120 ɼʞĿʩʤ-2. ʊʆ (1 ʯʘʩ) ʧʨʦʚʦʜʠʣʠ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 600 Áʉ. ʉʪʨʫʢʪʫʨʫ ʧʣʝ-
ʥʦʢ ʠʟʫʯʘʣʠ ʤʝʪʦʜʘʤʠ ʇʕʄ ʠ ʈʕʄ ʧʦ ʧʨʦʬʠʣʴʥʳʤ ʠʟʦʙʨʘʞʝʥʠʷʤ (ʤʝʪʦʜʠʢʘ çʩross-

sectionè). 

ʘ) 

ʙ) 
ʈʠʩ. 1. ʇʕʄ (ʘ), ʈʕʄ (ʙ) ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʳ (ʘ) ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ 

ʠʩʭʦʜʥʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ Li-Nb-O/Siʆ2/Si (ʘ) ʠ ʧʦʩʣʝ ʊʆ (ʙ) 

mailto:dmitry.tut@mail.ru
mailto:dybovvlad@gmail.com


111 

ʇʕʄ, ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʬʨʘʛʤʝʥʪʳ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤ ʧʦʧʝʨʝʯʥʳʭ ʩʨʝʟʦʚ 
LiNbO/Siʆ2/Si ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ɺʏʄʈ ʤʠʰʝʥʠ LiNbO3 ʥʘ ʧʦ-
ʚʝʨʭʥʦʩʪʠ ʥʝʧʦʜʦʛʨʝʚʘʝʤʦʡ ʧʣʘʩʪʠʥʳ SiO2/Si ʬʦʨʤʠʨʫʝʪʩʷ ʘʤʦʨʬʥʘʷ ʧʣʝʥʢʘ (ʨʠʩ. 1ʘ). 
ɺ ʧʨʦʮʝʩʩʝ ʊʆ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʢʨʫʧʥʦʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠ-
ʪʦʚ ʦʪ 0,4 ʜʦ 1 ʤʢʤ) ʩ ʩʠʩʪʝʤʦʡ ʥʘʥʦʧʦʨ (ʦʪ 10 ʜʦ 80 ʥʤ) ʧʦ ʤʝʞʟʝʨʝʥʥʳʤ ʛʨʘʥʠʮʘʤ 
(ʨʠʩ. 1ʙ).  

ɺ ʧʨʦʮʝʩʩʝ ʀʌʆ ʬʦʨʤʠʨʫʝʪʩʷ ʫʣʴʪʨʘʧʦʨʠʩʪʘʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, 
ʨʘʟʤʝʨ ʥʘʥʦʧʦʨ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ~50 ʥʤ (ʨʠʩ. 2). 

ʈʠʩ. 2. ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ Li-Nb-O/Siʆ2/Si ʧʦʩʣʝ ʀʌʆ 

ʇʦʢʘʟʘʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʟʘʚʝʨʰʝʥʠʷ ʩʠʥʪʝʟʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝ-
ʩʢʠʭ ʧʣʝʥʦʢ ʚ ʧʨʦʮʝʩʩʘʭ ʊʆ ʠ ʌʆ ʘʤʦʨʬʥʳʭ ʧʣʝʥʦʢ ʩʠʩʪʝʤʳ Li-Nb-O. 

ʕʬʬʝʢʪ ʙʳʩʪʨʦʡ ʌʆ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʫʩʢʦʨʝʥʠʠ ʧʨʦʮʝʩʩʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦ 
ʩʨʘʚʥʝʥʠʶ ʩ ʊʆ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʧʨʦʝʢʪ ˉ 18-29-11062 

ʤʢ). 

ʃʠʪʝʨʘʪʫʨʘ 
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ʎʠʨʢʦʥʘʪ ʩʚʠʥʮʘ PbZrO3 ʷʚʣʷʝʪʩʷ ʧʝʨʚʳʤ ʩʦʝʜʠʥʝʥʠʝʤ, ʫ ʢʦʪʦʨʦʛʦ ʵʢʩʧʝʨʠʤʝʥ-
ʪʘʣʴʥʦ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʘʥʪʠʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʆʥ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 
ʦʩʥʦʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ PbZr1-xTixO3, ʦʙʣʘʜʘʶʱʠʭ ʰʠʨʦʢʠʤ ʩʧʝʢ-
ʪʨʦʤ ʮʝʣʝʚʳʭ ʩʚʦʡʩʪʚ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʪʦʨʳʭ ʜʦʩʪʠʛʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ 
ʢʘʪʠʦʥʦʚ Zr ʠ Ti ʠʣʠ ʜʦʧʠʨʦʚʘʥʠʝʤ ʧʨʠʤʝʩʷʤʠ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʠʟʫʯʝ-
ʥʠʶ ʚʣʠʷʥʠʷ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ PbZrO3 ʥʘ ʝʛʦ ʬʠʟʠʯʝʩʢʠʝ 
ʩʚʦʡʩʪʚʘ. ʄʝʭʘʥʦʘʢʪʠʚʘʮʠʷ ʧʦʨʦʰʢʦʚ PbZrO3 ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʥʘʢʦʚʘʣʝʥ 
ɹʨʠʜʞʤʝʥʘ, ʥʠʞʥʷʷ ʠʟ ʢʦʪʦʨʳʭ ʚʨʘʱʘʣʘʩʴ ʚ ʟʘʜʘʥʥʦʤ ʫʛʣʦʚʦʤ ʠʥʪʝʨʚʘʣʝ ʩʦ ʩʢʦʨʦʩʪʴʶ 
0.05 ʦʙ/ʤʠʥ. ʇʦʣʥʦʝ ʯʠʩʣʦ ʦʙʦʨʦʪʦʚ ʨʘʚʥʷʣʦʩʴ ʜʚʫʤ. ʇʨʠʢʣʘʜʳʚʘʝʤʦʝ ʜʘʚʣʝʥʠʝ ʜʣʷ 
ʢʘʞʜʦʛʦ ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʙʨʘʟʮʘ ʦʪʣʠʯʘʣʦʩʴ ʥʘ 40 MPa. ʄʘʢʩʠʤʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʨʘʚʥʷ-
ʣʦʩʴ 320 MPa. 

ʄʝʪʦʜʘʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʦʧʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʘ ʪʘʢʞʝ ʜʨʫʛʠʤʠ ʵʣʝʢ-
ʪʨʦʬʠʟʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʠʟʫʯʝʥʳ ʩʚʦʡʩʪʚʘ ʠ ʩʪʨʫʢʪʫʨʫ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʠ 
ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ. 

ʈʝʥʪʛʝʥʜʠʬʨʘʢʪʦʤʝʪʨʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʟʤʝʨʝʥʘ 
ʢʦʥʮʝʥʪʨʘʮʠʷ ʜʠʩʣʦʢʘʮʠʡ, ʨʘʟʤʝʨʳ ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ ʤʠʢʨʦʜʝʬʦʨʤʘ-
ʮʠʠ ʢʘʞʜʦʛʦ ʧʦʨʦʰʢʦʚʦʛʦ ʦʙʨʘʟʮʘ.  

ɺ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʝ ʠʟʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʳʭ ʩʤʝʱʝʥʠʡ, 
ʪʝʤʧʝʨʘʪʫʨʳ ɼʝʙʘʷ ʠ ʬʘʢʪʦʨʦʚ ɼʝʙʘʷ - ɺʘʣʣʝʨʘ ʦʪ ʜʘʚʣʝʥʠʷ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ. ʆʙʥʘ-
ʨʫʞʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʝ ʷʚʣʷʶʪʩʷ ʤʦʥʦʪʦʥʥʳʤʠ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʥʦ 
ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ, ʜʠʬʬʫʟʠʦʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʨʘʟʚʠ-
ʚʘʶʱʠʤʠʩʷ ʧʨʠ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ ʧʦʨʦʰʢʦʚ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʘʟʣʠʯʥʳʤʠ ʩʪʘʨʪʦʚʳʤʠ 
ʫʩʣʦʚʠʷʤʠ ʦʙʨʘʟʮʦʚ ʧʨʠ ʩʧʝʢʘʥʠʠ ʢʝʨʘʤʠʢʠ.  

ʋɼʂ 538.95 

ʋʇʈʋɻʀɽ ʇʆʊɽʈʀ ʀ ɼʀʉʇɽʈʉʀʗ ɺ ʇʆʈʀʉʊʆʁ 

ʉɽɻʅɽʊʆʇʔɽɿʆʂɽʈɸʄʀʂɽ 

ʀ.ɸ. ʐʚʝʮʦʚ1, ʄ.ɸ. ʃʫʛʦʚʘʷ2, ʅ.ɸ. ʐʚʝʮʦʚʘ3, ɸ.ʅ. ʈʳʙʷʥʝʮ4 

1ɸʩʧʠʨʘʥʪ, wbeg@mail.ru 
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ʌɻɸʆʋ ɺʆ çʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥʳ ʢʦʤʧʣʝʢʩʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʧʨʫʛʦʡ ʜʠʩʧʝʨʩʠʠ ʠ 
ʧʦʪʝʨʴ ʚ ʧʦʨʠʩʪʳʭ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢʘʭ ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ, ʚʢʣʶʯʘʶʱʠʝ ʚ ʩʝʙʷ ʢʦʥʝʯʥʦ-

ʨʘʟʥʦʩʪʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʧʴʝʟʦʨʝʟʦʥʘʥʩʥʳʡ ʘʥʘʣʠʟ ʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʠʟʤʝʨʝʥʠʷ. 
ʈʘʩʩʤʦʪʨʝʥʳ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ ʠ ʬʠʟʠʯʝʩʢʠʝ ʤʝʭʘʥʠʟʤʳ ʫʧʨʫʛʠʭ, ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʜʠʩʧʝʨʩʠʠ ʚ ʧʦʨʠʩʪʦʡ ʧʴʝʟʦʢʝʨʘʤʠʢʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʴʝʟʦʨʝʟʦʥʘʥʩʥʳʡ ʘʥʘʣʠʟ, ʜʠʩʧʝʨʩʠʷ, ʟʘʪʫʭʘʥʠʷ, ʧʦʨʠʩʪʘʷ 
ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢʘ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʥʜʝʥʮʠʷ ʢ ʟʘʤʝʥʝ ʚʳʩʦʢʦʧʣʦʪʥʳʭ ʠ ʩʦʚʝʨ-
ʰʝʥʥʳʭ ʚ ʭʠʤʠʯʝʩʢʦʤ ʠ ʩʪʨʫʢʪʫʨʥʦʤ ʦʪʥʦʰʝʥʠʠ ʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʥʝʩʦʚʝʨʰʝʥ-
ʥʳʝ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʦʪʥʦʰʝʥʠʠ, ʥʠʟʢʦʧʣʦʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 
(ʧʴʝʟʦʢʝʨʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ ʪʠʪʘʥʘʪʘ ʠ ʤʝʪʘʥʠʦʙʘʪʘ ʩʚʠʥʮʘ, ʢʦʤʧʦʟʠʪʳ ʢʝʨʘʤʠ-
ʢʘ/ʧʦʣʠʤʝʨ ʩʦ ʩʚʷʟʥʦʩʪʴʶ 1-3 ʠ ʧʦʨʠʩʪʳʝ ʧʴʝʟʦʢʝʨʘʤʠʢʠ [1]). 

ʇʦʨʠʩʪʘʷ ʧʴʝʟʦʢʝʨʘʤʠʢʘ ʥʘ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʮʠʡ 
ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʚ ʢʘʯʝʩʪʚʝ ʟʘʤʝʥʳ ʤʝʪʘʥʠʦʙʘʪʘ ʩʚʠʥʮʘ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʰʠʨʦʢʦ-
ʧʦʣʦʩʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʭ [2]. ʆʨʛʘʥʠʟʘʮʠʠ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟ-
ʚʦʜʩʪʚʘ ʧʦʨʠʩʪʦʡ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ ʩ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ 
ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʧʨʝʜʰʝʩʪʚʦʚʘʣʠ ʠʥʪʝʥʩʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʠ ʥʘʫʯ-

mailto:wbeg@mail.ru
mailto:lugovaya_maria@mail.ru
mailto:yfnfif_71@bk.ru
mailto:arybyanets@gmail.com


113 

ʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʝ ʨʘʙʦʪʳ, ʘ ʪʘʢʞʝ ʧʦʷʚʣʝʥʠʝ ʥʦʚʳʭ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʳʭ ʪʝʭʥʦ-
ʣʦʛʠʡ [2]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʤʥʦʛʦʧʣʘʥʦʚʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʧʨʫʛʦʡ ʜʠʩʧʝʨ-
ʩʠʠ ʠ ʧʦʪʝʨʴ ʚ ʧʦʨʠʩʪʳʭ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢʘʭ ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ, ʚʢʣʶʯʘʶʱʠʝ ʚ ʩʝʙʷ 
ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʭʘʨʘʢʪʝʨʠʟʘʮʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʤʧʝʜʘʥʩʥʦʡ 
ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʧʴʝʟʦʨʝʟʦʥʘʥʩʥʦʛʦ ʘʥʘʣʠʟʘ, ʘ ʪʘʢʞʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʵʭʦ-ʠʤʧʫʣʴʩʥʳʝ 
ʠʟʤʝʨʝʥʠʷ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʦʨʠʩʪʳʝ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝ-
ʨʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ ʎʊʉ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʜʦ 50% ʠ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʧʦʨ 
10-30 ʤʢʤ.

ʂʦʤʧʣʝʢʩʥʳʝ ʫʧʨʫʛʠʝ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ 
ʧʦʨʠʩʪʦʡ ʧʴʝʟʦʢʝʨʘʤʠʢʠ ʦʧʨʝʜʝʣʷʣʠʩʴ ʤʝʪʦʜʦʤ ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʠʩʧʦʣʴ-
ʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʜʣʷ ʧʴʝʟʦʨʝʟʦʥʘʥʩʥʦʛʦ ʘʥʘʣʠʟʘ (PRAP) [3]. 

ʅʘ ʨʠʩʫʥʢʝ ʧʨʠʚʝʜʝʥʳ ʠʤʧʝʜʘʥʩʥʳʡ ʩʧʝʢʪʨ ʜʣʷ ʪʨʝʭ ʧʝʨʚʳʭ ʛʘʨʤʦʥʠʢ ʪʦʣʱʠʥ-
ʥʦʡ ʤʦʜʳ ʢʦʣʝʙʘʥʠʡ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʦʛʦ ʜʠʩʢʘ, ʘ ʪʘʢʞʝ  ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʤ-
ʧʣʝʢʩʥʳʭ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ ʜʣʷ ʧʦʨʠʩʪʦʡ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢʠ ʩʦʩʪʘʚʘ 
Pb0,45Ti0,45Zr0,53(WİCdİ)0,02O3 (ʇʂʈ-1) ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ 18%.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʚʢʣʶʯʘʶʱʝʛʦ ʢʦʥʝʯʥʦ-

ʨʘʟʥʦʩʪʥʦʝ 3D-ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʠʤʧʝʜʘʥʩʥʫʶ ʩʧʝʢʪʨʦʩʢʦʧʠʶ ʠ ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʠʟʤʝ-
ʨʝʥʠʷ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ (ʜʠʩʧʝʨʩʠʷ) ʠ ʟʘʪʫʭʘʥʠʝ 
ʫʣʴʪʨʘʟʚʫʢʘ ʚ ʧʦʨʠʩʪʳʭ ʧʴʝʟʦʢʝʨʘʤʠʢʘʭ ʦʙʫʩʣʦʚʣʝʥʘ ʨʘʩʩʝʷʥʠʝʤ ʫʧʨʫʛʠʭ ʚʦʣʥ ʥʘ ʧʦ-
ʨʘʭ. 

        ʘ)                                                                     ʙ) 
ʈʠʩʫʥʦʢ. ʀʤʧʝʜʘʥʩʥʳʝ ʩʧʝʢʪʨʳ ʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ PRAP ʜʣʷ ʪʦʣʱʠʥʥʳʭ ʢʦʣʝʙʘʥʠʡ (ʘ) 

 ʠ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʤʧʣʝʢʩʥʳʭ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ (ʜʝʡʩʪʚʠʪʝʣʴʥʳʭ 
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E

C
/

33 ʠ ʤʥʠʤʳʭ 
D

C
//

33 ,
E

C
//

33  ʯʘʩʪʝʡ) ʧʦʨʠʩʪʦʛʦ ʜʠʩʢʘ ʇʂʈ-1 Ï10 ³ 0,5 ʤʤ 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʫʩʣʦʚʠʶ D>>l  

ʩʢʦʨʦʩʪʴ ʠ ʟʘʪʫʭʘʥʠʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʩ ʯʘʩʪʦʪʦʡ, ʢʘʢ 
3

f ʠ 
4

f

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʠ ʧʨʠʙʣʠʞʝʥʠʠ l  ʢ D  ( )104 ¢¢ l  ʭʘʨʘʢʪʝʨ ʨʘʩ-
ʩʝʷʥʠʷ ʤʝʥʷʝʪʩʷ ʦʪ ʨʵʣʝʝʚʩʢʦʛʦ ʢ ʩʪʦʭʘʩʪʠʯʝʩʢʦʤʫ, ʟʘʪʫʭʘʥʠʝ ʠ ʜʠʩʧʝʨʩʠʷ ʫʩʠʣʠʚʘʶʪʩʷ 

ʠ ʦʧʠʩʳʚʘʶʪʩʷ ʯʘʩʪʦʪʥʳʤʠ ʟʘʚʠʩʠʤʦʩʪʷʤʠ
2

f ʠ f ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ʙʘʟʦʚʘʷ 

ʯʘʩʪʴ ʛʦʩʟʘʜʘʥʠʷ, ʪʝʤʘ ˉ 12.5425.2017/8.9) ʠ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩ-
ʩʣʝʜʦʚʘʥʠʡ (ʈʌʌʀ  ̄16-58-48009-ʀʥʜ-ʦʤʠ). 
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ʇʈʆʎɽʉʉʓ ʈɽʃɸʂʉɸʎʀʀ ʇʆʃʗʈʀɿɸʎʀʀ ɺ ʄʅʆɻʆʂʆʄʇʆʅɽʊʅʆʁ 
ʉɽɻʅɽʊʆʇʔɽɿʆʂɽʈɸʄʀʂɽ ɺ ʐʀʈʆʂʆʁ ʆɹʃɸʉʊʀ ʊɽʄʇɽʈɸʊʋʈ 

ɸ.ɺ. ʉʢʨʳʣʸʚ1, ɻ.ʄ. ɸʢʙʘʝʚʘ2, ɸ.ʀ. ɹʫʨʭʘʥʦʚ3, ɸ.ɺ. ʉʦʧʠʪ3
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3ɼʦʮʝʥʪ, ʜ.ʬ.-ʤ.ʥ., burkhanov@inbox.ru 
4ɼʦʮʝʥʪ, ʜ.ʬ.-ʤ.ʥ., sandrej74@mail.ru 

1ʀʥʩʪʠʪʫʪ ʚʳʩʦʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʧʴʝʟʦʪʝʭʥʠʢʠ, ʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 
2ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʬʠʟʠʢʠ, ʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ 

3ɺʦʣʛʦʛʨʘʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʦʮʝʩʩʳ ʨʝʣʘʢʩʘʮʠʠ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʦʤ 
ʤʘʪʝʨʠʘʣʝ ʥʘ ʦʩʥʦʚʝ ʎʊʉ ʚ ʰʠʨʦʢʦʡ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʠʩʪʝʤʘ ʎʊʉ, ʩʝʛʥʝʪʦʤʷʛʢʘʷ ʧʴʝʟʦʢʝʨʘʤʠʢʘ, ʜʠʩʧʝʨʩʠʷ, ʧʦʣʷʨʠʟʘʮʠʷ, 
ʨʘʟʤʳʪʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʧʴʝʟʦʢʝʨʘʤʠʢʝ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʤ ʩʦʦʪʥʦ-
ʰʝʥʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʠ ʤʦʜʠʬʠʮʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ, ʬʘʟʦʚʳʡ ʧʝʨʝ-
ʭʦʜ ʠʟ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʳ ʚ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʦʠʩʭʦʜʠʪ ʚ ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ 
[1,2]. ʇʨʠ ʵʪʦʤ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʠʥʪʝʨʚʘʣ, ʪʘʢʠʭ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʠʟʤʝ-
ʥʝʥʠʡ, ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʩʦʪʥʠ ʛʨʘʜʫʩʦʚ.  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʦʮʝʩʩʳ ʨʝʣʘʢʩʘʮʠʠ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʰʠʨʦʢʦʡ 
ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʚ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʦʤ ʤʘʪʝʨʠʘʣʝ ʥʘ ʦʩʥʦʚʝ ʎʊʉ - 

. 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʝʪʣʠ ʧʦʣʷʨʠʟʘʮʠʠ ʥʘ ʯʘʩʪʦʪʘʭ 0,1, 1 ʠ 10 ɻʮ ʧʨʠ 
ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʘʤʧʣʠʪʫʜʳ ʩʠʥʫʩʦʠʜʘʣʴʥʦʛʦ ʧʦʣʷ  ʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫ-
ʨʘʭ. ʇʨʠ  ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʰʴ ʯʘʩʪʥʳʝ ʮʠʢʣʳ ʧʝʪʝʣʴ ʧʦʣʷʨʠʟʘʮʠʠ ʩ ʟʘʤʝʪʥʳʤ 
ʦʪʣʠʯʠʝʤ ʩʪʝʧʝʥʠ ʨʘʟʚʦʨʘʯʠʚʘʥʠʷ; ʧʨʠ  ʥʘʯʠʥʘʝʪ ʫʤʝʥʴʰʘʪʴʩʷ ʢʦʵʨʮʠʪʠʚʥʦʝ 
ʧʦʣʝ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʯʘʩʪʦʪʳ; ʧʨʠ  ï ʧʨʦʚʷʣʷʪʩʷ ʚʢʣʘʜ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ 
0,1ɻʮ ï ʧʝʪʣʠ ʧʦʣʷʨʠʟʘʮʠʠ ʟʘʢʨʫʛʣʷʶʪʩʷ, ʘ ʥʘ 1 ʠ 10ɻʮ ʪʘʢʞʝ ʧʨʦʷʚʣʷʝʪʩʷ ʯʘʩʪʦʪʥʘʷ 
ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʨʮʠʪʠʚʥʦʛʦ ʧʦʣʷ , ʥʘ 1ɻʮ ʦʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʥʘ 10ɻʮ ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ 
ʟʥʘʯʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ ʚʳʰʝ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʙʩʫʞʜʘʶʪʩʷ ʚ ʨʘʤʢʘʭ ʩʫʱʝʩʪʚʫʶʱʠʭ ʧʦʜʭʦʜʦʚ ʨʘʩ-
ʩʤʘʪʨʠʚʘʶʱʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʩ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ ʜʝʬʝʢʪʘʤ ʭʘʨʘʢ-
ʪʝʨʥʳʤʠ ʜʣʷ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨ. 

http://www.tasitechnical.com/
mailto:skrylyov@sfedu.ru
mailto:gakbaeva@mail.ru
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ʈʠʩʫʥʦʢ. ʇʝʪʣʠ ʧʦʣʷʨʠʟʘʮʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʦʩʪʘʚʘ ʥʘ ʯʘʩʪʦʪʘʭ 0.1, 1 ʠ 10 ɻʮ 
ʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 
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1. A.V. Skrylev, A.I. Burkhanov, G.M. Akbaeva, L.A. Dykina, Electrophysical and mechani-
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V. 538, Issue 1, P. 146-153, 2019.
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ʩʚʦʡʩʪʚʘ ʚ ʦʙʣʘʩʪʠ ʨʘʟʤʳʪʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʩʠʩʪʝʤʝ 
ʥʘ ʦʩʥʦʚʝ ʎʊʉ // ʀʟʚʝʩʪʠʷ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ. ʉʝʨʠʷ ʬʠʟʠʯʝʩʢʘʷ. 2018. ʊ. 82. ˉ 3. ʉ. 
372-374. 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ  ʢʦʤʧʣʝʢʩʥʳʭ 
ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʫʧʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ ʙʝʩʩʚʠʥʮʦʚʳʭ 
ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢ ʥʘ ʦʩʥʦʚʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʠʩʪʝʤʳ (Na,Li)NbO3. ʇʦʢʘʟʘʥʦ, ʯʪʦ 
ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʙʝʩʩʚʠʥʮʦʚʳʝ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʠʟʢʠʤ ʟʘʪʫʭʘʥʠʝʤ 
ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʠ ʦʪʩʫʪʩʪʚʠʝʤ ʜʠʩʧʝʨʩʠʠ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʠ ʤʦʛʫʪ ʙʳʪʴ 
ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʭ ʜʣʷ ʤʝʜʠʮʠʥʩʢʦʡ ʪʝʭʥʠʢʠ ʠ 
ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʙʝʩʩʚʠʥʮʦʚʘʷ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢʘ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ 
ʠʩʩʣʝʜʦʚʘʥʠʷ, ʢʦʤʧʣʝʢʩʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʠʤʧʝʜʘʥʩʥʳʡ ʩʧʝʢʪʨ, ʜʠʩʧʝʨʩʠʷ. 

ʀʥʪʝʨʝʩ ʢ ʙʝʩʩʚʠʥʮʦʚʳʤ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢʘʤ ʩʚʷʟʘʥ ʩ ʪʝʤ, ʯʪʦ ʚ ʧʦʩʣʝʜʥʝʝ 
ʚʨʝʤʷ ʚʩʝ ʙʦʣʴʰʝ ʚʥʠʤʘʥʠʷ ʫʜʝʣʷʝʪʩʷ ʵʢʦʣʦʛʠʯʝʩʢʠʤ ʧʨʦʙʣʝʤʘʤ. ɺʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘ-
ʪʝʣʝʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʢʦʥʮʝʥʪʨʠʨʫʝʪʩʷ ʥʘ ʫʞʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʙʝʩʩʚʠʥʮʦʚʳʭ ʢʦʤʧʦ-
ʟʠʮʠʷʭ [1]. 

ʉʨʝʜʠ ʠʟʚʝʩʪʥʳʭ ʙʝʩʩʚʠʥʮʦʚʳʭ ʩʦʩʪʘʚʦʚ ʥʘ ʦʩʥʦʚʝ ʥʠʦʙʘʪʦʚ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣ-
ʣʦʚ ʥʘʠʙʦʣʴʰʠʡ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ 
ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ (Na,Li)NbO3 [2], ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʦʨʠʛʠʥʘʣʴʥʳʡ ʥʘʙʦʨ ʜʠʵʣʝʢʪʨʠ-
ʯʝʩʢʠʭ, ʫʧʨʫʛʠʭ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙ-
ʥʳʤʠ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʨʷʜʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʧʨʠʤʝʥʝʥʠʡ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠ-
ʩʠʤʦʩʪʝʡ ʢʦʤʧʣʝʢʩʥʳʭ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʫʧʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ 
ʙʝʩʩʚʠʥʮʦʚʦʡ ʩʝʛʥʝʪʦʨʴʝʟʦʢʝʨʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ (Na,Li)NbO3 ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʜʦ 100 
ʄɻʮ. ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢʘ ʩʦʩʪʘʚʘ 
Na0,86625Li0,12375Sr0,01Nb0,988Al0,01O2,995 (ʇʂʈ-35), ʧʦʣʫʯʝʥʥʘʷ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘ-
ʥʠʷ [2]. 

ʀʟʤʝʨʝʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʫʧʨʫʛʠʭ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘ-
ʤʝʪʨʦʚ ʧʴʝʟʦʵʣʝʤʝʥʪʦʚ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʩʪʘʥʜʘʨʪʥʳʭ ʦʙʨʘʟʮʘʭ ʩ ʧʦʤʦʱʴʶ ʘʥʘʣʠʟʘʪʦʨʘ 
ʠʤʧʝʜʘʥʩʘ Agilent 4294A ʠ ʧʨʦʛʨʘʤʤʳ ʘʥʘʣʠʟʘ ʨʝʟʦʥʘʥʩʥʳʭ ʩʧʝʢʪʨʦʚ PRAP [3]. ɼʣʷ 
ʠʩʩʣʝʜʦʚʘʥʠʷ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʦʤʧʣʝʢʩʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 
ʦʙʨʘʟʮʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ 100 ʄɻʮ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʘʥʘʣʠʟʘ ʨʝʟʦʥʘʥʩʥʳʭ ʩʧʝʢʪʨʦʚ 
ʥʘ ʦʩʥʦʚʥʦʡ ʯʘʩʪʦʪʝ ʠ ʨʝʟʦʥʘʥʩʘʭ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ [3]. 

ʅʘ ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʤʦʜʫʣʷ 
ʫʧʨʫʛʦʩʪʠ D

C
/

33 , ʘ ʪʘʢʞʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ DDD

M
CCQ

//

33

/

33
/= ʧʴʝʟʦʢʝʨʘʤʠʢʠ 

ʇʂʈ-35, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʟʘ ʠʤʧʝʜʘʥʩʥʳʭ ʩʧʝʢʪʨʦʚ ʛʘʨʤʦʥʠʢ ʪʦʣʱʠʥʥʦʡ 
ʤʦʜʳ ʢʦʣʝʙʘʥʠʡ ʚʳʩʰʠʭ ʧʦʨʷʜʢʦʚ. 

ʈʠʩʫʥʦʢ. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ 
D

C
/

33 ʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʜʦʙʨʦʪʥʦʩʪʠ 
DDD

M
CCQ

//

33

/

33
/=  ʧʴʝʟʦʢʝʨʘʤʠʢʠ ʇʂʈ-35 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ D
C

/

33  ʠʟʤʝʥʷʝʪʩʷ ʣʠʥʝʡʥʦ ʠ ʥʝʟʥʘʯʠ-
ʪʝʣʴʥʦ ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʤʝʭʘʥʠʯʝʩʢʘʷ ʜʦʙʨʦʪʥʦʩʪʴ 
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D

M
Q ʪʦʣʱʠʥʥʦʡ ʤʦʜʳ ʢʦʣʝʙʘʥʠʡ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ, ʯʪʦ ʦʙʲʷʩ-
ʥʷʝʪʩʷ ʨʦʩʪʦʤ ʟʘʪʫʭʘʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʯʘʩʪʦʪ-
ʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʦ 100 ʄɻʮ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʩʝʛʥʝʪʦʧʴʝʟʦʢʝʨʘʤʠʢʘ ʇʂʈ-35, ʥʘʨʷʜʫ ʩ ʥʠʟ-
ʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ, ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʠ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʟʚʫʢʘ, 
ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝʤ ʟʘʤʝʪʥʦʡ ʫʧʨʫʛʦʡ ʜʠʩʧʝʨʩʠʠ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʤ, ʧʦ 
ʩʨʘʚʥʝʥʠʶ ʩ ʧʴʝʟʦʢʝʨʘʤʠʢʘʤʠ ʩʠʩʪʝʤʳ ʎʊʉ, ʟʘʪʫʭʘʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʚ ʚʳʩʦ-
ʢʦʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ, ʠ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ 
ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʭ ʜʣʷ ʤʝʜʠʮʠʥʩʢʦʡ ʪʝʭʥʠʢʠ ʠ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ʪʝʤʘ ˉ 

12.5425.2017/8.9, ʙʘʟʦʚʘʷ ʯʘʩʪʴ ʛʦʩʟʘʜʘʥʠʷ).  
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ʌɻɹʆʋ ɺʆ çʊʚʝʨʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʕʊè 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʢʠʥʝʪʠʢʘ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 
ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ ʢʨʝʤʥʠʝʚʳʭ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʜʣʦʞʢʘʭ. ʇʦʢʘʟʘʥʦ, 
ʯʪʦ ʬʦʨʤʘ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ, ʨʝʛʠʩʪʨʠʨʫʝʤʦʛʦ ʜʠʥʘʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ, ʠ ʩʚʷʟʘʥʥʳʝ 
ʩ ʥʝʡ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʨʘʟʣʠʯʥʳ ʜʣʷ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ 
ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʚʢʣʘʜʦʤ, ʦʙʫʩʣʦʚʣʝʥʥʳʤ ʪʝʧʣʦʚʳʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ ʚ 
ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʣʝʥʢʘ, ʪʝʧʣʦʚʳʝ 
ʜʝʬʦʨʤʘʮʠʠ. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʠʥʪʝʥʩʠʚʥʦ ʧʨʦʚʦʜʷʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 
ʧʦʣʷʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʣʝʥʦʯʥʦʤ ʠʩʧʦʣʥʝʥʠʠ. ʆʜʥʠʤ ʠʟ ʙʘʟʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʚʳ-
ʰʝʫʢʘʟʘʥʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʷʚʣʷʶʪʩʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʣʝʥʢʠ, ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʚ ʚʠ-
ʜʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʤʝʪʘʣʣ-ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ-ʤʝʪʘʣʣ-ʧʦʜʣʦʞʢʘ. ʇʨʠ ʘʥʘʣʠʟʝ ʧʠʨʦʵʣʝʢ-
ʪʨʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ ʥʝʜʦʩʪʘʪʦʯʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʤʝʭʘʥʠʯʝ-
ʩʢʠʤ ʥʘʧʨʷʞʝʥʠʷʤ, ʢʦʪʦʨʳʝ ʩʚʷʟʘʥʳ ʩ ʪʝʧʣʦʚʳʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ ʧʦʜʣʦʞʝʢ, ʵʣʝʢʪʨʦ-
ʜʦʚ ʠ ʜʨʫʛʠʭ ʧʦʜʩʣʦʝʚ. ɼʝʬʦʨʤʘʮʠʦʥʥʳʝ ʷʚʣʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʪʝʧʣʦʚʳʤ ʚʦʟʜʝʡ-
ʩʪʚʠʝʤ, ʥʘʨʷʜʫ ʩ ʠʟʤʝʥʝʥʠʝʤ ʧʦʣʷʨʠʟʘʮʠʠ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʪʝʧʣʦʚʦʡ ʚʦʣʥʳ ʦʢʘʟʳʚʘ-
ʶʪ ʚʣʠʷʥʠʝ ʥʘ ʨʝʣʘʢʩʘʮʠʶ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ, ʥʘʙʣʶʜʘʝʤʦʛʦ ʚ ʜʠʥʘʤʠʯʝ-
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ʩʢʦʤ ʨʝʞʠʤʝ. ʇʦʵʪʦʤʫ ʮʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʣʩʷ ʘʥʘʣʠʟ ʢʠʥʝʪʠʢʠ ʧʠʨʦʵʣʝʢ-
ʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ, ʨʝʛʠʩʪʨʠʨʫʝʤʦʛʦ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʤʦʜʫʣʠʨʦʚʘʥʥʳʭ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ 
ʥʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʣʝʥʦʯʥʳʝ ʩʪʨʫʢʪʫʨʳ.  

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʣʝʥʢʠ 
ʮʠʨʢʦʥʘʪʘ ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ PZT, ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʥʘ ʢʨʝʤʥʠʝʚʳʭ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 
ʧʦʜʣʦʞʢʘʭ. ʇʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʠʩʩʣʝʜʦʚʘʥ ʜʠʥʘʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʩ ʠʩʧʦʣʴʟʦ-
ʚʘʥʠʝʤ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʤʦʜʫʣʠʨʦʚʘʥʥʦʛʦ ʠʤʧʫʣʴʩʘʤʠ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 
ʌʦʨʤʘ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ, ʢʦʪʦʨʳʡ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʧʨʠ ʦʩʚʝʱʝʥʠʠ ʧʣʝʥʢʠ 
PZT, ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʝ (ʨʠʩ. ʘ), ʧʦʣʥʦʩʪʴʶ ʚʦʩʧʨʦʠʟʚʦʜʠʪ 
ʬʦʨʤʫ ʪʝʧʣʦʚʦʛʦ ʠʤʧʫʣʴʩʘ, ʪ.ʝ. ʷʚʣʷʝʪʩʷ ʧʨʷʤʦʫʛʦʣʴʥʦʡ. ɺ ʩʣʫʯʘʝ ʧʣʝʥʢʠ PZT ʥʘ 
ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʦʪ ʚʨʝʤʝʥʠ Iʧʠʨʦ(t) ʠʤʝʶʪ 
ʥʘʯʘʣʴʥʳʡ ʚʳʙʨʦʩ ʪʦʢʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ ʩʧʘʜʦʤ ʜʦ ʥʫʣʝʚʦʛʦ ʟʥʘʯʝʥʠʷ 
(ʨʠʩ. ʙ). 

ʈʘʩʯʝʪ ʢʠʥʝʪʠʢʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ, ʫʯʠʪʳʚʘʶʱʠʡ ʪʦʣʴʢʦ ʩʢʦʨʦʩʪʴ ʠʟ-
ʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ, ʢʦʪʦʨʘʷ ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʧʣʝʥʢʠ ʪʝʧ-
ʣʦʚʳʤ ʧʦʪʦʢʦʤ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʤʠʣʣʠʩʝʢʫʥʜ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ ʥʫʣʷ, ʧʦʢʘʟʘʣ, ʯʪʦ 
ʨʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ Iʧʠʨʦ(t) ʧʨʠ ʫʢʘʟʘʥʥʳʭ ʯʘʩʪʦʪʘʭ ʤʦʜʫʣʷʮʠʠ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ 
ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʤ ʪʦʣʴʢʦ ʜʣʷ ʧʣʝʥʦʢ PZT, ʩʬʦʨʤʠʨʦʚʘʥ-
ʥʳʭ ʥʘ ʧʦʜʣʦʞʢʘʭ ʠʟ ʢʨʝʤʥʠʷ.  

ʘ) ʙ) 
ʈʠʩʫʥʦʢ. ʆʩʮʠʣʣʦʛʨʘʤʤʳ ʧʠʨʦʦʪʢʣʠʢʦʚ (ʢʨʠʚʳʝ 1), ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʜʠʥʘʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ 
ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʤʦʜʫʣʠʨʦʚʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ (ʢʨʠʚʳʝ 2) ʥʘ ʧʣʝʥʦʯʥʳʝ ʩʪʨʫʢʪʫʨʳ: ʘ - 

Al/PZT/ʩʪʘʣʴʥʘʷ ʧʦʜʣʦʞʢʘ, ʙ - Pt/PZT/Pt/Si. ʏʘʩʪʦʪʘ ʤʦʜʫʣʷʮʠʠ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ï 18 ɻʮ 

ʄʝʭʘʥʠʟʤ, ʦʪʚʝʪʩʪʚʝʥʥʳʡ ʟʘ ʧʦʷʚʣʝʥʠʝ ʦʪʢʣʠʢʘ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ, ʟʘʢʣʶʯʘ-
ʝʪʩʷ ʚ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʪʝʧʣʦʚʳʭ ʜʝʬʦʨʤʘʮʠʡ ʧʦʜʣʦʞʢʠ, ʤʝʭʘʥʠʯʝʩʢʠ ʩʚʷʟʘʥʥʦʡ ʩ ʩʝ-
ʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʣʝʥʢʦʡ. ɿʥʘʯʠʪʝʣʴʥʦʝ ʨʘʟʣʠʯʠʝ ʚ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʪʝʧʣʦʚʦʛʦ ʨʘʩ-
ʰʠʨʝʥʠʷ ʧʣʝʥʢʠ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʠ ʚʳʟʳʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʜʝʬʦʨʤʘʮʠʶ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ, ʦʙʫʩʣʦʚʣʠʚʘʷ ʧʦʷʚʣʝʥʠʝ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʤʧʦʥʝʥʪʳ 
ʦʪʢʣʠʢʘ.  

ʀʟʤʝʥʝʥʠʝ ʧʦʣʷʨʠʟʘʮʠʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ, ʚʳʟʚʘʥʥʦʝ ʝʛʦ ʥʘʛʨʝʚʦʤ ʠ 
ʜʝʬʦʨʤʘʮʠʷʤʠ, ʦʙʫʩʣʦʚʣʝʥʦ ʠʟʤʝʥʝʥʠʝʤ ʧʦʣʷʨʠʟʘʮʠʠ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, 
ʘ ʪʘʢʞʝ ʚʢʣʘʜʦʤ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ ʚʝʣʠʯʠʥʫ ʧʦʣʷʨʠʟʘʮʠʠ. ʇʨʠ ʦʜʠ-
ʥʘʢʦʚʳʭ ʟʥʘʯʝʥʠʷʭ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ, ʢʘʢ ʵʪʦ ʠʤʝʝʪ ʤʝʩʪʦ ʜʣʷ ʤʘ-
ʪʝʨʠʘʣʘ PZT ʠ ʢʨʝʤʥʠʷ, ʩʪʨʫʢʪʫʨʘ ʥʘʛʨʝʚʘʝʪʩʷ ʪʝʧʣʦʚʳʤ ʧʦʪʦʢʦʤ, ʠ ʜʝʬʦʨʤʘʮʠʷ ʩʣʦʝʚ 
ʠʤʝʝʪ ʦʜʠʥʘʢʦʚʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʪʝʧʣʦʚʦʡ ʚʦʣʥʳ ʯʝʨʝʟ ʩʠʩʪʝʤʫ ʧʣʝʥ-
ʢʘ/ʧʦʜʣʦʞʢʘ, ʪ.ʝ. ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʤʝʭʘʥʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʫʶ 
ʧʣʝʥʢʫ ʩʦ ʩʪʦʨʦʥʳ ʧʦʜʣʦʞʢʠ ʦʪʩʫʪʩʪʚʫʝʪ. ɹʦʣʴʰʘʷ ʨʘʟʥʠʮʘ ʚ ʚʝʣʠʯʠʥʘʭ ʢʦʵʬʬʠʮʠʝʥ-
ʪʦʚ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʩʣʦʝʚ, ʢʘʢ ʵʪʦ ʠʤʝʝʪ ʤʝʩʪʦ ʜʣʷ PZT ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜ-
ʣʦʞʢʠ, ʨʘʩʪʷʛʠʚʘʝʪ ʣʠʙʦ ʩʞʠʤʘʝʪ ʧʣʝʥʢʫ ʚ ʧʣʦʩʢʦʩʪʠ ʩʣʦʝʚ, ʚʳʟʳʚʘʷ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝ-
ʩʢʫʶ ʧʦʣʷʨʠʟʘʮʠʶ, ʢʦʪʦʨʘʷ ʩʚʷʟʘʥʘ ʩ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ e31 ʠ e32 ʚ 
ʩʣʫʯʘʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʣʝʥʢʠ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʡ ʚ ʥʘʧʨʘʚʣʝʥʠʠ [111]. 
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ʈʌ (ʫʥʠʢʘʣʴʥʳʡ ʥʦʤʝʨ ʧʨʦʝʢʪʘ RFMEFI57517X0129). 

ʋɼʂ 538.9 

ɼʀʕʃɽʂʊʈʀʏɽʉʂɸʗ ʈɽʃɸʂʉɸʎʀʗ ɺ ʅɸʅʆʂʆʄʇʆɿʀʊɽ Rb2ZnCl4 ï SiO2 

ʃ.ʉ. ʉʪʝʢʣʝʥʝʚʘ1, ʃ.ʅ. ʂʦʨʦʪʢʦʚ2, ɽ. ʈʳʩʷʢʝʚʠʯ-ʇʘʩʝʢ3
 

1ɸʩʧʠʨʘʥʪ, lubov_stekleneva@mail.ru 
2ɼ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, l_korotkov@mail.ru 

3 ɼ-ʨ ʬʠʣʦʩʦʬʠʠ, ewa.rysiakiewicz@pwr.edu.pl 
1, 2ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

3ʆʪʜʝʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʬʠʟʠʢʠ ʬʘʢʫʣʴʪʝʪʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʧʨʦʙʣʝʤ 
ʪʝʭʥʦʣʦʛʠʠ ɺʨʦʮʣʘʚʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʠ 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʥʘʥʦʢʦʤʧʦʟʠʪʝ 
Rb2ZnCl4 ï SiO2 ʚʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʯʘʩʪʠʮʘʭ 
ʪʝʪʨʘʭʣʦʨʮʠʥʢʘʪʘ ʨʫʙʠʜʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʣʝʜʫʝʪ ʟʘʢʦʥʫ ʌʦʛʝʣʷ ï ʌʫʣʯʝʨʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ, ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʢʦʤʧʦʟʠʪ, ʧʦʨʠʩʪʦʝ ʩʪʝʢʣʦ. 

ʊʝʪʨʘʭʣʦʨʮʠʥʢʘʪ ʨʫʙʠʜʠʷ ï ʠʟʚʝʩʪʥʳʡ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ ʩ ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʬʘʟʦʡ. 
ʇʝʨʝʭʦʜ ʠʟ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʡ Pnma ʚ ʥʝʩʦʨʘʟʤʝʨʥʫʶ ʬʘʟʫ Pnma: ï1ss ʨʝʘʣʠʟʫʝʪʩʷ 
ʦʢʦʣʦ Ti å 303 K, ʘ ʠʟ ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʚ ʩʦʨʘʟʤʝʨʥʫʶ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʘʟʫ 

(Pn21a) ï ʚ ʦʢʨʝʩʪʥʦʩʪʷʭ Tʉ å 195 K. ʕʪʦʪ ʧʝʨʝʭʦʜ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʧʦʥʪʘʥʥʳʤ ʧʦʷʚ-
ʣʝʥʠʝʤ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʜʚʠʞʥʦʩʪʴ ʢʦʪʦʨʦʡ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʊ*

 å 154 K ʩʫ-
ʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʚ ʜʦʤʝʥ-
ʥʦʡ ʩʠʩʪʝʤʝ [1].  

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʩʦʩʪʦʷʥʠʝ ʵʪʦʡ ʩʠʩʪʝʤʳ ʟʘʚʠʩʠʪ ʦʪ ʨʷʜʘ ʬʘʢʪʦʨʦʚ, ʚ 
ʪʦʤ ʯʠʩʣʝ, ʬʦʨʤʳ, ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠ-
ʩʪʘʣʣʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʤʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʝʝ ʩʚʦʡʩʪʚʘ ʚ ʥʘʥʦ-
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʝ ʙʫʜʝʪ ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʪʘʢʦʚʳʭ ʚ ʦʙʲʝʤʥʦʤ 
ʤʘʪʝʨʠʘʣʝ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʩʪʘʣʦ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʦʛʨʘʥʠʯʝʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ʥʘ ʜʠ-
ʥʘʤʠʢʫ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʪʝʪʨʘʭʣʦʨʮʠʥʢʘʪʝ 
ʨʫʙʠʜʠʷ.   

ʆʙʨʘʟʮʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʣʫʯʘʣʠ ʧʫʪʝʤ ʚʥʝʜʨʝʥʠʷ ʪʝʪʨʘʭʣʦʨʮʠʥʢʘʪʘ ʨʫʙʠ-
ʜʠʷ ʚ ʧʦʨʠʩʪʳʝ ʤʘʪʨʠʮʳ SiO2 ʩʦ ʩʨʝʜʥʠʤ ʜʠʘʤʝʪʨʦʤ ʩʢʚʦʟʥʳʭ ʧʦʨ ʦʢʦʣʦ 23 ʥʤ ʠʟ 
ʥʘʩʳʱʝʥʥʦʛʦ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ.  

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʙʨʘʟʮʳ ʧʦʤʝʱʘʣʠ ʚ ʢʨʠʦʩʪʘʪ, ʛʜʝ ʪʝʤʧʝʨʘʪʫʨʘ ʠʟʤʝʥʷʣʘʩʴ 
ʚ ʧʨʝʜʝʣʘʭ ʦʪ 100 ʜʦ 350 ʂ. ʀʟʤʝʨʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů/

 ʠ ʜʠʵʣʝʢʪʨʠ-
ʯʝʩʢʠʭ ʧʦʪʝʨʴ Ů//

 ʧʨʦʚʦʜʠʣʠ ʥʘ ʯʘʩʪʦʪʘʭ f = 5 ï 500 ʢɻʮ ʩ ʧʦʤʦʱʴ ʠʟʤʝʨʠʪʝʣʷ ɽ7-20.

ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ Ů/(ʊ) ʠ Ů//(ʊ) ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʨʠʩʫʥʢʝ ʥʠʞʝ.
ɺʠʜʥʦ, ʯʪʦ ʚ ʦʢʨʝʩʪʥʦʩʪʷʭ ʪʝʤʧʝʨʘʪʫʨʳ ʊ*

 å 156 ʂ ʥʘʙʣʶʜʘʶʪʩʷ ʤʘʢʩʠʤʫʤʳ ʜʠ-
ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʧʦʪʝʨʴ. ʇʨʠ ʵʪʦʤ ʦʙʘ ʤʘʢʩʠʤʫʤʘ ʩʤʝʱʘʶʪʩʷ ʚ ʥʘʧʨʘʚ-
ʣʝʥʠʝ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʩ ʧʦʚʳʰʝʥʠʝʤ ʯʘʩʪʦʪʳ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʦʣʷ, ʯʪʦ ʫʢʘ-
ʟʳʚʘʝʪ ʥʘ ʠʭ ʪʝʨʤʦʘʢʪʠʚʘʮʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ. ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʤʘʢʩʠʤʫʤ Ů//

ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʫʩʣʦʚʠʠ wt=1 (w = 2pf, ʘ t - ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ), ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ 
ʟʘʚʠʩʠʤʦʩʪʴ t(ʊ). 
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ʈʠʩʫʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ Ů/
 (ʘ) ʠ Ů//

 (b) ʥʘ ʯʘʩʪʦʪʘʭ 
5 (1), 10 (2), 50 (3) ʠ 500 (4) ʢɻʮ 

ɸʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ t, ʧʦʢʘʟʘʣ, ʯʪʦ ʦʥʘ ʫʜʦ-
ʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʟʘʢʦʥʦʤ ʌʦʛʝʣʷ ï ʌʫʣʯʝʨʘ 

t = t0Ŀexp[U/k(T - T0)],             (1) 

ʛʜʝ t0 ï ʚʨʝʤʷ, ʦʙʨʘʪʥʦʝ ʯʘʩʪʦʪʝ ʧʦʧʳʪʦʢ ʧʨʝʦʜʦʣʝʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ 
U, k ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ, ʊ0 ï ʪʝʤʧʝʨʘʪʫʨʘ ʌʦʛʝʣʷ ï ʌʫʣʯʝʨʘ, ʠʥʪʝʨʧʨʝʪʠʨʫʝʤʘʷ 
ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ ʩʪʘʪʠʯʝʩʢʦʛʦ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʜʠʧʦʣʝʡ.  

ʅʘʠʣʫʯʰʘʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʟʥʘʯʝ-
ʥʠʷʭ ʧʘʨʘʤʝʪʨʦʚ: t0 º 0,3Ö10

-13
 ʩ, U º 0,03 ʵɺ ʠ T0 º 149 ʂ.

ʇʦʣʫʯʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʘʪʠʯʝʩʢʦʛʦ ʟʘʤʦʨʘʞʠʚʘʥʠʷ T0 ʭʦʨʦʰʦ ʩʦ-
ʛʣʘʩʫʝʪʩʷ ʩʦ ʟʥʘʯʝʥʠʝʤ (148,3 ʂ), ʧʦʣʫʯʝʥʥʳʤ ʚ [1] ʜʣʷ ʦʙʲʝʤʥʦʛʦ ʦʙʨʘʟʮʘ Rb2ZnCl4.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦ-
ʜʳ. 

1. ɺʦ ʚʥʝʜʨʝʥʥʳʭ ʚ ʧʦʨʠʩʪʫʶ ʩʪʝʢʣʷʥʥʫʶ ʤʘʪʨʠʮʫ ʥʘʥʦʯʘʩʪʠʮʘʭ Rb2ZnCl4 ʥʠʞʝ
ʊʉ ʚʦʟʥʠʢʘʝʪ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ. 

2. ʉʫʱʝʩʪʚʝʥʥʦʝ ʩʥʠʞʝʥʠʝ ʧʦʜʚʠʞʥʦʩʪʠ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʥʠʞʝ ʊ*, ʚʝʨʦʷʪʥʦ,
ʩʚʷʟʘʥʦ ʩ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʚ ʜʦʤʝʥʥʳʭ ʩʪʝʥʢʘʭ. 

3. ɼʠʥʘʤʠʢʘ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʧʦʜʚʠʞʥʦʩʪʠ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ
ʵʤʧʠʨʠʯʝʩʢʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʌʦʛʝʣʷ ï ʌʫʣʯʝʨʘ. 

ʃʠʪʝʨʘʪʫʨʘ 

1. ɻʨʠʜʥʝʚ ʉ.ɸ., ɻʦʨʙʘʪʝʥʢʦ ɺ.ɺ., ʇʨʘʩʦʣʦʚ ɹ.ʅ. ʆ ʬʘʟʦʚʦʤ ʧʝʨʝʭʦʜʝ ʚ ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʝ
ʚ Rb2ZnCl4 ʚʙʣʠʟʠ 150 ʂ//ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʷ. 1997. - ʊ. 42. - ˉ 4. - ʉ. 730 - 734. 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Bi2Ti2O7 ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 4.2 ï 1000 K ʠ ʯʘʩʪʦʪ 25 ï 10

6

ɻʮ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦ ʩʚʦʠʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʘʨʘʤʝʪʨʘʤ ʢʨʠʩʪʘʣʣʳ Bi2Ti2O7 ʧʨʠ T å 200 K, 
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ʚʙʣʠʟʠ ʯʘʩʪʦʪʥʦ-ʟʘʚʠʩʠʤʦʡ ʘʥʦʤʘʣʠʠ, ʙʣʠʟʢʠ ʢ ʢʝʨʘʤʠʯʝʩʢʠʤ ʦʙʨʘʟʮʘʤ. ʆʜʥʘʢʦ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʨʝʣʘʢʩʘʮʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʢʨʠʩʪʘʣʣʦʚ ʦʧʠʩʳʚʘʶʪʩʷ ʵʤʧʠʨʠʯʝʩʢʠʤ 
ʩʦʦʪʥʦʰʝʥʠʝʤ ʌʦʛʝʣʷ-ʌʫʣʯʝʨʘ, ʘ ʥʝ ɸʨʨʝʥʠʫʩʘ, ʢʘʢ ʚ ʩʣʫʯʘʝ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʠʪʘʥʘʪ ʚʠʩʤʫʪʘ, ʤʦʥʦʢʨʠʩʪʘʣʣʳ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʨʝʣʘʢʩʘʮʠʷ. 

ʊʠʪʘʥʘʪ ʚʠʩʤʫʪʘ Bi2Ti2O7 ʷʚʣʷʝʪʩʷ ʩʦʝʜʠʥʝʥʠʝʤ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʠʨʦʭʣʦʨʘ, ʢʦʪʦ-
ʨʦʝ ʙʳʣʦ ʚʧʝʨʚʳʝ ʩʠʥʪʝʟʠʨʦʚʘʥʦ ʚ 1969 ʛʦʜʫ ʠ ʩ ʪʝʭ ʧʨʠʢʦʚʳʚʘʝʪ ʢ ʩʝʙʝ ʚʥʠʤʘʥʠʝ ʠʩ-
ʩʣʝʜʦʚʘʪʝʣʝʡ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ [1,2]. 
ʆʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ (Ů ~ 100), ʥʠʟʢʠʝ ʜʠ-
ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ, ʥʘʨʷʜʫ ʩ ʥʠʟʢʠʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʩʠʥʪʝʟʘ, ʜʝʣʘʶʪ ʝʛʦ ʧʝʨʩʧʝʢ-
ʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʢʦʥʜʝʥʩʘʪʦʨʘʭ. ʅʘ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 
ʢʨʠʚʳʭ Ů ʪʠʪʘʥʘʪʘ ʚʠʩʤʫʪʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʯʘʩʪʦʪʥʦ-ʟʘʚʠʩʠʤʘʷ ʘʥʦʤʘʣʠʷ ʚ ʚʠʜʝ ʩʪʫʧʝʥʴ-
ʢʠ ʧʨʠ ʊ ~ 200 K, ʢʦʪʦʨʘʷ ʠʟʥʘʯʘʣʴʥʦ ʩʚʷʟʳʚʘʣʘʩʴ ʩ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʬʘʟʦʚʳʤ 
ʧʝʨʝʭʦʜʦʤ [3]. ʇʦʟʜʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ Bi2Ti2O7 ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʳʤ ʜʠʵʣʝʢʪʨʠʢʦʤ, 
ʩʦʭʨʘʥʷʶʱʠʤ ʢʫʙʠʯʝʩʢʫʶ ʩʠʤʤʝʪʨʠʶ [4]. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝʪ ʝʜʠʥʦʛʦ ʧʦʥʠʤʘ-
ʥʠʷ ʚʦʟʤʦʞʥʳʭ ʤʝʭʘʥʠʟʤʦʚ, ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʟʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʨʝʣʘʢʩʘʮʠʶ ʚ Bi2Ti2O7. 

ʇʦ ʤʥʝʥʠʶ ʨʷʜʘ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ [4] ʧʦʚʝʜʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʚʷʟʘ-
ʥʦ ʩ ʧʝʨʝʩʢʦʢʠ ʘʪʦʤʦʚ ʚʠʩʤʫʪʘ ʤʝʞʜʫ ʰʝʩʪʴʶ ʩʠʤʤʝʪʨʠʯʥʦ ʵʢʚʠʚʘʣʝʥʪʥʳʤʠ ʧʦʟʠʮʠʷ-
ʤʠ, ʯʪʦ, ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʥʦ ʠ ʜʣʷ ʜʨʫʛʦʛʦ ʚʠʩʤʫʪ-ʩʦʜʝʨʞʘʱʝʛʦ ʧʠʨʦʭʣʦʨʘ 
Bi1.5Zn0.92Nb1.5O6.92 [5]. ʆʜʥʘʢʦ ʚ ʥʝʜʘʚʥʠʭ ʨʘʙʦʪʘʭ ʫʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ ʨʝʣʘʢʩʘʮʠʠ ʧʨʦ-
ʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʯʘʩʪʦʪʥʦʡ ʘʥʦʤʘʣʠʠ ʚ ʢʝ-
ʨʘʤʠʢʝ ʪʠʪʘʥʘʪʘ ʚʠʩʤʫʪʘ [6]. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʠʟʚʝʩʪʥʳʭ ʨʘʙʦʪʘʭ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʠʵʣʝʢ-
ʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʣʦʞʥʷʝʪ 
ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘ-
ʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Bi2Ti2O7 ʠ ʫʩʪʘʥʦʚ-
ʣʝʥʠʝ ʧʨʠʯʠʥ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʯʘʩʪʦʪʥʦ-ʟʘʚʠʩʠʤʦʡ ʘʥʦʤʘʣʠʠ. 

ɺʳʨʘʱʠʚʘʥʠʝ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʧʨʦʚʦʜʠʣʠ ʚ ʫʩʣʦʚʠʷʭ ʤʝʜʣʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ 
ʨʘʩʧʣʘʚʘ ʩʤʝʩʠ (1-x)Bi2O3ĀxTiO2, x å 0.6 ʚ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʭ ʠʪʪʨʠʝʤ ʦʢʩʠʜ-

ʮʠʨʢʦʥʠʝʚʳʭ ʪʠʛʣʷʭ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ ʩʤʝʩʠ ʦʪ 1200ʦʉ ʜʦ 900ʦʉ ʩʦ
ʩʢʦʨʦʩʪʴʶ 7.5 ʛʨʘʜ/ʯ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʦʟʨʘʯʥʳʝ ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʞʝʣʪʦ-ʢʦʨʠʯʥʝʚʦʛʦ 
ʮʚʝʪʘ ʠʟʦʤʝʪʨʠʯʝʩʢʦʛʦ ʛʘʙʠʪʫʩʘ ʨʘʟʤʝʨʘʤʠ ʜʦ 10 ʤʤ ʚ ʧʦʧʝʨʝʯʥʠʢʝ. ʅʘ ʦʩʥʦʚʘʥʠʠ 
ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʧʦʨʦʰʢʘ ʢʨʠʩʪʘʣʣʦʚ ʧʦ 
ʧʦʣʦʞʝʥʠʶ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʨʝʬʣʝʢʩʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ 
ʬʘʟʳ Bi2Ti2O7 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʠʨʦʭʣʦʨʘ. ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʝʥʳ ʩ ʧʦ-
ʤʦʱʴʶ ʠʟʤʝʨʠʪʝʣʷ ʠʤʤʠʪʘʥʩʘ ɽ7-20 (ʆɸʆ çʄʅʀʇʀè, ʄʠʥʩʢ) ʥʘ ʯʘʩʪʦʪʘʭ 25 ï 10

6
 ɻʮ

ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 4.2 ï 1000 K. 

ʏʘʩʪʦʪʥʦ-ʟʘʚʠʩʠʤʘʷ ʘʥʦʤʘʣʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʙʳʣʘ ʦʙʥʘʨʫʞʝ-
ʥʘ ʧʨʠ Tå200 K, ʯʪʦ ʩʦʧʦʩʪʘʚʠʤʦ ʩ ʧʨʝʜʳʜʫʱʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʥʘ ʢʝʨʘ-
ʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ [4,6]. ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ Ů ʨʘʚʥʳ 116 (ʧʨʠ f = 500 ʢɻʮ), ʘ tan ŭ 

< 0.01, ʯʪʦ ʪʘʢʞʝ ʦʯʝʥʴ ʙʣʠʟʢʦ ʢ ʨʝʟʫʣʴʪʘʪʘʤ ʚ ʫʢʘʟʘʥʥʳʭ ʨʘʙʦʪʘʭ, ʛʜʝ Ů = 115 [4]. ʆʜ-
ʥʘʢʦ ʦʪʤʝʪʠʤ ʠ ʨʘʟʣʠʯʠʷ: ʧʨʠ ʯʘʩʪʦʪʘʭ ʤʝʥʝʝ 10 ʢɻʮ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʥʠʢʘʢʠʭ ʜʦʧʦʣʥʠ-
ʪʝʣʴʥʳʭ ʘʥʦʤʘʣʠʡ ʧʨʠ T > 200 K, ʢʘʢ ʚ ʨʘʙʦʪʝ [5]. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ f ʧʨʦʠʩʭʦʜʠʪ ʩʤʝ-
ʱʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʢʩʠʤʫʤʘ (Tm) ʥʘ ʙʦʣʝʝ ʯʝʤ 50 K. ʇʦʧʳʪʢʠ ʦʧʠʩʘʪʴ ʧʦʚʝʜʝʥʠʝ Tm 

(f) ʫʨʘʚʥʝʥʠʝʤ ɸʨʨʝʥʠʫʩʘ (1) ʧʨʠʚʦʜʠʣʠ ʢ ʬʠʟʠʯʝʩʢʠ ʥʝ ʟʥʘʯʠʤʳʤ ʚʝʣʠʯʠʥʘʤ ʯʘʩʪʦʪʳ
ʧʦʧʳʪʦʢ ʧʨʝʦʜʦʣʝʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ f0 ~ 10

25). ʆʜʥʘʢʦ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ
ʧʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʭʦʨʦʰʦ (ʩ R2

 = 0.994, R - ʢʦʵʬʬʠʮʠʝʥʪ ʜʝ-
ʪʝʨʤʠʥʘʮʠʠ) ʦʧʠʩʳʚʘʶʪʩʷ ʵʤʧʠʨʠʯʝʩʢʠʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʌʦʛʝʣʷ-ʌʫʣʯʝʨʘ. ʇʨʠʯʠʥʳ
ʧʦʷʚʣʝʥʠʷ ʯʘʩʪʦʪʥʦ-ʟʘʚʠʩʠʤʦʡ ʘʥʦʤʘʣʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Bi2Ti2O7 ʙʫ-
ʜʫʪ ʦʙʩʫʞʜʘʪʴʩʷ ʚ ʜʦʢʣʘʜʝ.

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʧʨʦʝʢʪʘ ˉ3.1099.2017/ʇʏ ʄʠʥʦʙʨʥʘʫʢʠ (ɹʫʰ 
ɸ.ɸ.), ʛʨʘʥʪʘ ʈʅʌ 18-72-00030 (ʊʘʣʘʥʦʚ ʄ.ɺ.).  
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Detailed temperature studies of the dielectric responce, conductivity, Brillouin and Raman 

spectra are presented in this work. Analysis of the obtained data revealed a number of anomalies in the 

phonon dynamics of the relaxor ferroelectric PbNi1/3Nb2/3O3 (PNN), which are not found in typical 

relaxor ferroelectrics, such as PbMg1/3Nb2/3O3  (PMN). 
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PbNi1/3Nb2/3O3 ï (PNN) single crystals belong to the family of complex perovskites 

with the general formula ɸɺǋ
ʭɺǌ

1-ʭʆ3. The physical properties of this family of perovskites are

the subject of intense research, but PNN crystals have been poorly studied, which can be ex-

plained by difficulties in synthesis of ceramics and growth of single crystals. 

The lattice dynamics of the PNN crystal has been studied by dielectric spectroscopy 

[1], Brillouin and Raman light scattering [2,3] earlier. Raman light scattering experiments 

have confirmed the existence of polarized scattering spectra which change with temperature 

[3]. The behavior of low-frequency optical phonon is characterized by anomaly in the vicinity 

of the phase transition from cubic to a ferroelectric rhombohedral phase Tc å 153 K [4]. A 
wide anomalies of the frequency shift (which is proportional to the velocity) and the full 

width at half maximum (FWHM, which is proportional to the attenuation) of longitudinal 

acoustic (LA) phonon are a characteristic features of relaxor ferroelectrics [2]. But in contrast 

to PbMg1/3Nb2/3O3 (PMN) - typical representative of relaxor ferroelectrics, the minimum in 

velocity and the maximum in attenuation in PNN do not correlate with the temperature of 

maximum in the dielectric permittivity Tm, which is equal to Tc. The temperature evolution of 

quasi-elastic light scattering (QELS) in PNN is nontrivial. Thus, in spite of a seeming similar-

ity between the two compounds, PMN and PNN have different lattice dynamics. This moti-
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vated our detailed studies of dielectric, Brilloun and Raman experiments in a wide tempera-

ture range 77-700 K. 

The PNN single crystals were grown by solution in the melt. The dielectric response 

and AC- conductivity were measured by a Good Will LCR-819 impedance-meter at the fre-

quency range 12 Hz -100 kHz and at temperatures 78 -750 K. The DC-conductivity was 

measured by an electrometer with sensitivity up to 1 pA. In our measurements the maximum 

of the real permittivity at a frequency of 1 kHz reaches Ů'm = 5500 at Tm = 153 K and width of 

maximum is ȹT = 145 K (PMN, for  comparison: Ů'm=11400, Tm= 265 K and ȹT = 80 K). A 

local conductivity due to the characteristics of the Ni atom was obtained in the temperature 

range 100ï200 K. At the temperature above 600 K an appreciable increase in bulk conductivi-

ty was found.  

The temperature investigations of the light scattering spectra were carried out in the 

backscattering geometry by using an advanced Sandercock's (3+3)-tandem interferometer 

(TFP-2) for Brillouin measurements and the T64000 spectrophotometer for Raman study. 

Raman measurements showed the difference in the behavior of optic phonons of PNN and 

PMN crystals. The intensity of Raman spectra of PNN increases with decreasing temperature, 

at the same time new phonon lines appear. The "softening" of the frequency shift, the maxima 

of the intensity and full width at hath maximum (FWHM) of the low-lying optical phonon in 

the region Tc = 153 K are revealed. Unusual temperature dependences of quasi-elastic light 

scattering parameters are found. The maximum intensity of QELS is observed at the room 

temperature, while the anomaly of the FWHM of QELS is shifted to ~ 460 K.  

When we compared the Brillouin spectra of the PNN and PMN crystals,  discrepancies 

were also found. At temperatures above Tc in the PNN crystal, where cubic symmetry is as-

sumed, at backscattering geometry of experiment with phonon wave vector along [001]-

direction according to the selection rules only longitudinal acoustic phonon (LA) should be 

observed, as it was for PMN. However, we found additional transverse acoustic modes (TA) 

in the spectra of PNN, which are forbidden in Brillouin spectra by the selection rules for cubic 

symmetry. It can be assumed that the symmetry of the PNN crystal at these temperatures is 

different from cubic symmetry. It should also be noted, that two additional peaks were found 

in the temperature dependence of the FWHM of the LA phonon at temperatures T1 ~ 560 K 

and T2 ~ 440 K. These anomalies correspond to weak anomalies in the temperature depend-

ence of the frequency shift of this phonon. In the low-temperature region, in the temperature 

range between T3 ~ 212 K and T4 ~ 130 K, there is a noticeable slowdown in the change in 

both the frequency shift and the FWHM of the LA phonon. As a result, their peak anomalies, 

which were expected at Tʩ for PNN crystal, were in fact suppressed. The results of measure-

ments in PNN crystals are discussed in the framework of modern concepts of the physics of 

relaxor ferroelectrics. 
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ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʨʝʣʘʢʩʦʨʘ 0,89PMN-0.11PZT ʠ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ 
ʚ ʩʣʦʠʩʪʦʤ ʢʦʤʧʦʟʠʪʝ ʥʘ ʝʛʦ ʦʩʥʦʚʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʣʦʠʩʪʳʝ ʢʦʤʧʦʟʠʪʳ, ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʨʝʣʘʢʩʦʨ. 

ʉʦʚʨʝʤʝʥʥʦʝ ʨʘʟʚʠʪʠʝ ʦʙʣʘʩʪʝʡ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ ʥʫʞʜʘʝʪʩʷ ʚ ʥʦʚʳʭ ʧʦʜʭʦʜʘʭ ʠ 
ʨʷʜʝ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʨʝʰʝʥʠʡ. ʆʜʥʠʤ ʠʟ ʰʠʨʦʢʦ ʠʟʚʝʩʪʥʳʭ ʠ ʠʥʪʝʥʩʠʚʥʦ ʨʘʟ-
ʚʠʚʘʶʱʠʭʩʷ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ ʷʚʣʷʝʪʩʷ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ (ʄʕ) 
ʢʦʤʧʦʟʠʪʳ. ɼʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ ʄʕ ʢʦʤʧʦʟʠʪʦʚ ʥʝʦʙʭʦʜʠʤʦ ʧʦʩʪʦʷʥʥʦʝ ʧʦʜʤʘʛ-
ʥʠʯʠʚʘʶʱʝʝ ʧʦʣʝ, ʪʨʝʙʫʶʱʝʝ ʵʥʝʨʛʦʟʘʪʨʘʪʥʳʭ ʠ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ ʫʩʪʨʦʡʩʪʚ. ɺ ʜʘʥ-
ʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʪʘʢʠʭ ʢʦʤʧʦʟʠʪʘʭ ʥʝ ʤʘʛʥʠʪʥʦʝ, ʘ ʵʣʝʢʪʨʠʯʝ-
ʩʢʦʝ ʩʤʝʱʝʥʠʝ, ʧʦʜʘʚʘʝʤʦʝ ʥʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʨʝʣʘʢʩʦʨ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʄʕ ʦʪ-
ʢʣʠʢʘ ʢʦʤʧʦʟʠʪʘ. 

ʆʙʨʘʟʮʳ ʧʦʣʫʯʝʥʳ ʧʦ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠ ʘʪʪʝʩʪʦʚʘʥʥʦʛʦ ʥʘ ʨʝʥʪʛʝʥʦʚ-
ʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Bruker D2 Phaser.  

ʅʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ (ʈʠʩ. 1) ʥʘʙʣʶ-
ʜʘʝʪʩʷ ʷʚʥʦ ʚʳʨʘʞʝʥʥʘʷ ʜʠʩʧʝʨʩʠʷ Ů ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʩʤʝʱʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʢʩʠʤʫ-
ʤʘ Ů ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʘʩʪʦʪʳ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʦ-
ʣʷ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʝʨʤʦʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʧʨʠʨʦʜʝ ʨʝʣʘʢʩʘʮʠʠ ʧʦʣʷʨʠʟʘʮʠʠ [1].  

ʅʘ ʟʘʚʠʩʠʤʦʩʪʠ ʦʙʨʘʪʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠʤʝ-
ʝʪʩʷ ʦʙʣʘʩʪʴ, ʚ ʢʦʪʦʨʦʡ ʥʝ ʚʳʧʦʣʥʷʝʪʩʷ ʣʠʥʝʡʥʳʡ ʟʘʢʦʥ ʂʶʨʠ-ɺʝʡʩʩʘ. ʋʩʪʘʥʦʚʣʝʥʦ, 
ʯʪʦ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʨʘʙʦʪʘʝʪ çʢʚʘʜʨʘʪʠʯʥʳʡ ʟʘʢʦʥ ʂʶ-
ʨʠ-ɺʝʡʩʩʘè, ʢʦʪʦʨʳʡ ʩʣʝʜʫʝʪ ʠʟ ʤʦʜʝʣʠ ʬʣʫʢʪʫʘʮʠʡ ʩʦʩʪʘʚʘ ʉʤʦʣʝʥʩʢʦʛʦïʀʩʫʧʦʚʘ ʜʣʷ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ʩ ʨʘʟʤʳʪʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ.  

ʈʠʩ.1. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ  
ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ  
ʚ ʢʝʨʘʤʠʯʝʩʢʦʤ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ  

0,89PMNï0,11PZT ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪʘʭ 
ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʦʣʷ 

ʈʠʩ.2. ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʧʝʨʝʯʥʦʛʦ  
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ Ŭ31 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʧʦʩʪʦʷʥʥʦʛʦ 
ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 
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ʇʦʩʢʦʣʴʢʫ ʠʩʩʣʝʜʫʝʤʳʡ ʨʝʣʘʢʩʦʨ 0,89PMN-0.11PZT ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʠʤ ʠʥʜʫʮʠ-
ʨʦʚʘʥʥʳʤ ʧʴʝʟʦʵʬʬʝʢʪʦʤ, ʟʘʚʠʩʷʱʠʤ ʦʪ ʧʦʣʷ ɽ, ʪʦ ʦʥ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʩʣʦʠʩʪʦʤ ʄʕ 
ʢʦʤʧʦʟʠʪʝ ʚ ʢʘʯʝʩʪʚʝ ʧʴʝʟʦʩʣʦʷ, ʩʢʣʝʝʥʥʦʛʦ ʩ ʬʝʨʨʠʪʦʚʳʤ ʩʣʦʝʤ Mn0.4Zn0.6Fe2O4. 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦ ʥʘʧʨʷʞʝʥʠʶ Ŭ31 ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʨʦʩʪʦʤ 
ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ ɽ ʚ ʦʪʩʫʪʩʪʚʠʝ ʩʤʝʱʘʶʱʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʈʠʩ. 2), ʯʪʦ ʧʦʟʚʦ-
ʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʙʝʟ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʜʤʘʛʥʠʯʠ-
ʚʘʥʠʷ.  

ʃʠʪʝʨʘʪʫʨʘ 
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ʌɻɸʆʋ ɺʆ çʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʥʦʚʳʡ ʤʝʪʦʜ, ʠʩʧʦʣʴʟʫʶʱʠʡ  ʧʦʚʝʨʭʥʦʩʪʥʳʝ 
ʘʢʫʩʪʠʯʝʩʢʠʝ ʚʦʣʥʳ (ʇɸɺ) ʜʣʷ ʦʮʝʥʢʠ ʧʘʨʘʤʝʪʨʦʚ ʤʘʪʝʨʠʘʣʘ ʠ ʠʟʫʯʝʥʠʷ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 
ʧʨʦʮʝʩʩʦʚ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʭ. ɼʝʪʘʣʴʥʦʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ 
ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʧʘʨʘʤʝʪʨʳ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʇɸɺ ʚ ʧʴʝʟʦʢʝʨʘʤʠʢʘʭ ʩ 
ʨʘʟʣʠʯʥʦʡ çʩʝʛʥʝʪʦʞʝʩʪʢʦʩʪʴʶè ʧʦʟʚʦʣʠʣʦ ʨʘʟʨʘʙʦʪʘʪʴ ʥʦʚʳʡ ʤʝʪʦʜ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʦʤʝʥʥʦ-

ʦʨʠʝʥʪʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʧʨʦʮʝʩʩʦʚ ʨʝʣʘʢʩʘʮʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ ʚ 
ʩʝʛʥʝʪʦʧʴʝʟʦʵʣʝʢʪʨʠʢʘʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʚʦʣʥʳ, ʨʝʣʘʢʩʘʮʠʷ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ, 
ʜʦʤʝʥʳ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʡ ʟʘʨʷʜ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʚʦʣʥʳ (ʇɸɺ) ʰʠʨʦʢʦ ʧʨʠʤʝ-
ʥʷʶʪʩʷ ʚ ʘʢʫʩʪʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ [1]. 
ɺʣʠʷʥʠʝ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ 
(ʇɸɺ) ʚ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ ʙʳʣʦ ʧʨʝʜʤʝʪʦʤ ʘʢʪʠʚʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-
ʥʦʛʦ ʠʟʫʯʝʥʠʷ ʚ ʦʩʥʦʚʥʦʤ ʠʟ-ʟʘ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʫʧʨʘʚʣʷʝʤʳʭ ʫʩʪʨʦʡʩʪʚ ʦʙʨʘ-
ʙʦʪʢʠ ʩʠʛʥʘʣʦʚ ʠʣʠ ʢʦʤʧʝʥʩʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʇɸɺ ʧʘʨʘʤʝʪʨʦʚ. ʉ 
ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʇɸɺ ʷʚʣʷʝʪʩʷ ʤʦʱʥʳʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʩʨʝʜʩʪʚʦʤ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʧʘ-
ʨʘʤʝʪʨʦʚ ʤʘʪʝʨʠʘʣʘ ʠ ʠʟʫʯʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘ-
ʣʘʭ [2]. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʤʳ ʦʙʦʙʱʠʣʠ ʨʝʟʫʣʴʪʘʪʳ ʜʝʪʘʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 
ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʧʘʨʘʤʝʪʨʳ ʨʘʩʧʨʦʩʪʨʘʥʝ-
ʥʠʷ ʇɸɺ ʚ ʧʴʝʟʦʢʝʨʘʤʠʢʘʭ ʩ ʨʘʟʣʠʯʥʦʡ çʩʝʛʥʝʪʦʞʝʩʪʢʦʩʪʴʶè. ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩ-
ʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ çʩʝʛʥʝʪʦʤʷʛʢʠʝè ʩʦʩʪʘʚʳ ʩʠʩʪʝʤʳ ʎʊʉ, ʧʨʠʥʘʜʣʝʞʘʱʠʝ 
ʤʦʨʬʦʪʨʦʧʥʦʡ ʦʙʣʘʩʪʠ, ʩ ʥʠʟʢʠʤ ʢʦʵʨʮʠʪʠʚʥʳʤ ʧʦʣʝʤ ʠ ʚʳʩʦʢʦʡ ʣʘʙʠʣʴʥʦʩʪʴʶ ʜʦ-
ʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʝ ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʳʝ ʩʦʩʪʘʚʳ ʎʊʉ ʩʦ ʩʨʝʜʥʝʡ ʩʪʝʧʝ-
ʥʴʶ çʩʝʛʥʝʪʦʞʝʩʪʢʦʩʪʠè, ʘ ʪʘʢʞʝ çʩʝʛʥʝʪʦʞʝʩʪʢʠʝè ʪʝʪʨʘʛʦʥʘʣʴʥʳʝ ʩʦʩʪʘʚʳ ʥʘ ʦʩʥʦʚʝ 
ʎʊʉ ʠ ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ (ʊʉ) ʩ ʚʳʩʦʢʠʤ ʢʦʵʨʮʠʪʠʚʥʳʤ ʧʦʣʝʤ ʠ ʩʠʣʴʥʦ ʟʘʞʘʪʦʡ ʜʦʤʝʥ-
ʥʦʡ ʩʪʨʫʢʪʫʨʦʡ [3]. ɺʨʝʤʷ ʟʘʜʝʨʞʢʠ ʠ ʟʘʪʫʭʘʥʠʝ ʇɸɺ ʠʟʤʝʨʷʣʠʩʴ ʩʪʘʥʜʘʨʪʥʳʤʠ ʤʝʪʦ-
ʜʘʤʠ ʥʘʣʦʞʝʥʠʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʨʘʜʠʦʠʤʧʫʣʴʩʦʚ [1, 2]. 
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