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ʄ431 

 

ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ ʷʚʣʝʥʠʷ ʚ ʪʚʝʨʜʳʭ 

ʪʝʣʘʭ: ʤʘʪʝʨʠʘʣʳ XXV I ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ (ʛ. ɺʦʨʦʥʝʞ, 15-19 ʩʝʥʪʷʙʨʷ 

2025 ʛ.); ʦʪʚ. ʨʝʜ. ʃ.ʅ. ʂʦʨʦʪʢʦʚ [ʕʣʝʢʪʨʦʥʥʳʡ ʨʝʩʫʨʩ]. ï ʕʣʝʢʪʨʦʥ. ʪʝʢʩʪʦʚʳʝ, 

ʛʨʘʬ. ʜʘʥʥʳʝ (8,87 ʄʙ). ï ɺʦʨʦʥʝʞ: ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè, 2025. ï 1 ʵʣʝʢʪʨʦʥ. ʦʧʪ. ʜʠʩʢ (CD-ROM): ʮʚ. ï ʉʠʩʪʝʤ. 

ʪʨʝʙʦʚʘʥʠʷ: ʇʂ 500 ʠ ʚʳʰʝ; 256 ʄʙ ʆɿʋ; Windows XP; SVGA c ʨʘʟʨʝʰʝʥʠʝʤ 

1024Ĭ768; ɸdobe Acrobat; CD-ROM ʜʠʩʢʦʚʦʜ; ʤʳʰʴ. ï ɿʘʛʣ. ʩ ʵʢʨʘʥʘ. 

 

 

ʉʙʦʨʥʠʢ ʩʦʜʝʨʞʠʪ ʪʝʟʠʩʳ ʜʦʢʣʘʜʦʚ ʫʯʘʩʪʥʠʢʦʚ 26-ʡ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ ʧʨʦʮʝʩʩʘʤ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ. ɺ ʥʝʤ ʢʨʘʪʢʦ ʠʟʣʦʞʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʭʘʥʠʯʝʩʢʦʡ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ 

ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʦʜʥʦʨʦʜʥʳʭ ʠ ʛʝʪʝʨʦʛʝʥʥʳʭ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜʘʭ, ʚʢʣʶʯʘʷ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʦʙʣʘʜʘʶʱʠʝ ʚʳʩʦʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʠʭ 

ʧʨʠʤʝʥʝʥʠʡ.    

ʉʙʦʨʥʠʢ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʨʘʙʦʪʥʠʢʦʚ ʥʘʫʯʥʳʭ ʫʯʨʝʞʜʝʥʠʡ ʠ ʚʳʩʰʠʭ ʫʯʝʙʥʳʭ 

ʟʘʚʝʜʝʥʠʡ, ʩʧʝʮʠʘʣʠʩʪʦʚ ï ʤʘʪʝʨʠʘʣʦʚʝʜʦʚ, ʠʥʪʝʨʝʩʫʶʱʠʭʩʷ ʧʨʦʙʣʝʤʘʤʠ ʬʠʟʠʢʠ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ. ʇʫʙʣʠʢʫʝʤʳʝ 

ʪʝʟʠʩʳ ʜʦʢʣʘʜʦʚ ʙʫʜʫʪ ʧʦʣʝʟʥ rʘʩʧʠʨʘʥʪʘʤ ʠ ʩʪʫʜʝʥʪʘʤ, ʩʧʝʮʠʘʣʠʟʠʨʫʶʱʠʤʩʷ ʚ ʦʙʣʘʩʪʠ 

ʬʠʟʠʢʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 
 

ʈʝʜʘʢʮʠʦʥʥʘʷ ʢʦʣʣʝʛʠʷ: 

 

ʂʦʨʦʪʢʦʚ ʃ.ʅ. - ʜ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬ. - ʦʪʚʝʪʩʪʚʝʥʥʳʡ ʨʝʜʘʢʪʦʨ 

ɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ; 

ʂʘʣʠʥʠʥ ʖ.ɽ.  - ʜ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬ. ï ʟʘʤ. ʦʪʚʝʪʩʪʚʝʥʥʦʛʦ ʨʝʜʘʢʪʦʨʘ 

ɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ; 

ʀʚʘʥʦʚ ʆ.ʅ. - ʜ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬ. 

ɹʝʣʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ; 

ʉʠʜʦʨʢʠʥ ɸ.ʉ. - ʜ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬ. 

ɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ; 

ʉʪʦʛʥʝʡ ʆ.ɺ. - ʜ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʧʨʦʬ. 

ɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ; 
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ʀʟʜʘʝʪʩʷ ʧʦ ʨʝʰʝʥʠʶ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʛʦ ʩʦʚʝʪʘ  

ɺʦʨʦʥʝʞʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ 
 

 
 

É ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 

ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè, 

2025 



ɺɺɽɼɽʅʀɽ.  

ʅʘʰʝ ʚʨʝʤʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʠʥʪʝʥʩʠʚʥʳʤ ʨʘʟʚʠʪʠʝʤ ʪʝʭʥʠʢʠ ʠ 

ʪʝʭʥʦʣʦʛʠʡ. ɹʘʟʦʡ ʵʪʦʛʦ ʨʘʟʚʠʪʠʷ ʩʪʘʣʠ ʚʧʝʯʘʪʣʷʶʱʠʝ ʫʩʧʝʭʠ ʬʠʟʠʯʝʩʢʦʛʦ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ, ʧʦʟʚʦʣʠʚʰʠʝ ʧʦʣʫʯʠʪʴ ʥʦʚʳʝ ʤʘʪʝʨʠʘʣʳ, ʦʙʣʘʜʘʶʱʠʝ 

ʚʳʩʦʢʠʤʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʀʭ ʩʦʟʜʘʥʠʝ ʦʢʘʟʘʣʦʩʴ 

ʚʦʟʤʦʞʥʳʤ ʙʣʘʛʦʜʘʨʷ ʧʦʥʠʤʘʥʠ ʁ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚʥʫʪʨʝʥʥʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʚʝʱʝʩʪʚʝ, ʪʝʩʥʦ ʩʚʷʟʘʥʥʳʭ ʩ ʝʛʦ ʩʪʨʦʝʥʠʝʤ ʠ ʭʠʤʠʯʝʩʢʠʤ 

ʩʦʩʪʘʚʦʤ. ʇʦʵʪʦʤʫ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʧʨʦʮʝʩʩ ʩʠʥʪʝʟʘ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʠʭ ʩʪʨʫʢʪʫʨʳ, ʬʠʟʠʯʝʩʢʠʭ ʠ ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ, ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʢʦʪʦʨʳʭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʪʨʝʙʫʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʢʦʤʧʣʝʢʩʘ 

ʚʟʘʠʤʦʜʦʧʦʣʥʷʶʱʠʭ ʤʝʪʦʜʦʚ.  

ʕʬʬʝʢʪʠʚʥʳʤʠ ʤʝʪʦʜʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʪʝʣ ʷʚʣʷʶʪʩʷ ʤʝʪʦʜʳ, 

ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʘʥʘʣʠʟʝ ʧʨʦʮʝʩʩʦʚ ʤʝʭʘʥʠʯʝʩʢʦʡ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ, ʤʘʛʥʠʪʥʦʡ ʠ 

ʜʨʫʛʠʭ ʪʠʧʦʚ ʨʝʣʘʢʩʘʮʠʠ. ʆʥʠ ʜʘʁʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʠʟʤʝʥʝʥʠʝ 

ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ ʩʦ ʚʨʝʤʝʥʝʤ, ʠʣʠ ʧʦʜ ʚʣʠʷʥʠʝʤ ʚʥʝʰʥʠʭ 

ʚʦʟʜʝʡʩʪʚʠʡ, ʦʧʨʝʜʝʣʷʪʴ ʥʘʣʠʯʠʝ ʚ ʥʠʭ ʜʝʬʝʢʪʦʚ ʨʝʰʝʪʢʠ, ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʶ, ʪʠʧ 

ʠ ʪ.ʜ.  

ʉʠʩʪʝʤʘʪʠʯʝʩʢʦʝ ʠʟʫʯʝʥʠʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʷʚʣʝʥʠʡ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ 

ʩʨʝʜʘʭ ʙʳʣʦ ʥʘʯʘʪʦ ʜʦʩʪʘʪʦʯʥʦ ʜʘʚʥʦ ʠ ʧʨʦʜʦʣʞʘʝʪʩʷ ʚ ʥʘʰʠ ʜʥʠ. ʕʪʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʨʷʜʦʤ ʬʘʢʪʦʨʦʚ ï ʨʘʟʚʠʪʠʝʤ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʩʪʨʦʝʥʠʠ ʤʘʪʝʨʠʘʣʦʚ 

ʠ ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʥʠʭ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʷʭ, ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʧʦʷʚʣʝʥʠʝʤ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʘ 

ʪʘʢʞʝ ʨʘʩʰʠʨʝʥʠʝʤ ʢʨʫʛʘ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʲʝʢʪʦʚ, ʚʢʣʶʯʘʶʱʝʤ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʠ ʜʨʫʛʠʝ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʠ ʪ.ʜ. 

ʈʝʛʫʣʷʨʥʦ ʧʨʦʚʦʜʠʤʳʝ ʚ ʈʦʩʩʠʠ ʠ ʟʘ ʨʫʙʝʞʦʤ ʢʦʥʬʝʨʝʥʮʠʠ, ʧʦʩʚʷʱʝʥʥʳʝ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʤ ʷʚʣʝʥʠʷʤ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ, ʷʚʣʷʶʪʩʷ ʧʦʜʪʚʝʨʞʜʝʥʠʝʤ ʠʥʪʝʨʝʩʘ 

ʫʯʝʥʳʭ ʢ ʵʪʦʡ ʦʙʣʘʩʪʠ ʟʥʘʥʠʡ. ʅʘʩʪʦʷʱʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʷʚʣʷʝʪʩʷ ʫʞʝ ʜʚʘʜʮʘʪʴ 

ʰʝʩʪʦʡ ʧʦ ʩʯʝʪʫ ʠʟ ʯʠʩʣʘ ʧʨʦʚʦʜʠʤʳʭ ʚ ʉʉʉʈ ʠ ʈʦʩʩʠʠ ʥʘʯʠʥʘʷ c 1958 ʛʦʜʘ.  

ʆʧʫʙʣʠʢʦʚʘʥʥʳʝ ʚ ʵʪʦʤ ʩʙʦʨʥʠʢʝ ʪʝʟʠʩʳ ʜʦʢʣʘʜʦʚ ʨʦʩʩʠʡʩʢʠʭ ʫʯʝʥʳʭ 

ʜʘʶʪ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʙ ʦʩʥʦʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʨʘʟʚʠʪʠʷ ʜʘʥʥʦʡ ʥʘʫʢʠ ʚ ʩʪʨʘʥʝ 

ʚ ʥʘʰʠ ʜʥʠ. ʄʳ ʧʨʝʜʣʘʛʘʝʤ ʯʠʪʘʪʝʣʶ ʦʟʥʘʢʦʤʠʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʪʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ. 

 

  



4 

ʉʦʜʝʨʞʘʥʠʝ 

ɺɺɽɼɽʅʀɽéééééééééééééééééééééééééééééé..é 3 

PLENARY LECTURE Séééééééééééééééééééééééééé... 9 

DIVERSE MAGNETIC CHAINS IN INORGANIC 

COMPOUNDSééééééééééééééééééééééééééééééé 

Vasiliev A.N. 

 

10 

ʉʇʀʅ ï ʂʈʆʉʉʆɺɽʈ ɺ Cu2MnBO5:Cr ʇʆɼ ɼɽʁʉʊɺʀɽʄ ɺʅɽʐʅɽɻʆ 

ʄɸɻʅʀʊʅʆɻʆ ʇʆʃʗ ééééééééé.éééééééééééé...ééééé 

ʇʦʧʦʚ ɼ.ɺ., ʗʮʳʢ ʀ.ɺ., ɽʨʝʤʠʥʘ ʈ.ʄ., ɹʘʪʫʣʠʥ ʈ.ɻ., ʏʝʨʦʩʦʚ ʄ.ɸ., ʄʦʰʢʠʥʘ ɽ.ʄ. 

 

12 

ʊɽʆʈɽʊʀʂʆ-ʇʆʃɽɺɸʗ ʌʆʈʄɸ ʄɽʊʆɼɸ ʄʆʃɽʂʋʃʗʈʅʆʁ ɼʀʅɸʄʀʂʀ ɺ 

ʌʀɿʀʂɽ ʂʆʅɼɽʅʉʀʈʆɺɸʅʅʆɻʆ ʉʆʉʊʆʗʅʀʗééééééééé.éééé.é. 

ɿʘʭʘʨʦʚ ɸ.ʖ. 

 

14 

ɺʅʋʊʈɽʅʅɽɽ ʊʈɽʅʀɽ ʅɸ ɻʈɸʅʀʎɸʍ ɿɽʈɽʅ ʉ ɼɽʌɽʂʊɸʄʀ éééééééé 

ʂʫʣʴʢʦʚ ɺ.ɻ., ʅʦʨʦʚ ɼ.ʐ. 

16 

ɺʃʀʗʅʀɽ ɼɽʌɽʂʊʆɺ ʉʊʈʋʂʊʋʈʓ ʅɸ Ŭ- ʀ ɓ-ʈɽʃɸʂʉɸʎʀʖ ɺ ɸʄʆʈʌʅʓʍ 

ʊɺɽʈɼʓʍ ʊɽʃɸʍ éééééééééééééééééééééé.éééééé. 

ʂʘʣʠʥʠʥ ʖ.ɽ., ɹʘʛʘʪʥʦʚ ɺ.ɹ., ʄʘʢʘʛʦʥʦʚ ɺ.ɸ., ʂʘʰʠʨʠʥ ʄ.ɸ. 

 

17 

ʕʅʊʈʆʇʀʁʅʓʁ ɸʅɸʃʀɿ ʉʊʈʋʂʊʋʈʅʆʁ ʋʇʆʈʗɼʆʏɽʅʅʆʉʊʀ, ʉʂʃʆʅʅʆʉʊʀ 

ʂ ʈɽʃɸʂʉɸʎʀʀ ʀ ʉʊɽʂʃʆʆɹʈɸɿʋʖʑɽʁ ʉʇʆʉʆɹʅʆʉʊʀ ʄɽʊɸʃʃʀʏɽʉʂʀʍ 

ʉʊɪʂʆʃ ʀ ʀʍ ʈɸʉʇʃɸɺʆɺéééééééééééééééééééééééé 

ʄʘʢʘʨʦʚ ɸ.ʉ., ʂʦʙʝʣʝʚ ʅ.ʇ., ʍʦʥʠʢ ɺ.ɸ. 

 

 

19 

DOMAIN KINETICS UNDER THE ACTION OF THE PYROELECTRIC FIELD 

CREATED BY PULSE LASER IRRADIATION ééééééééééééééééé 

Shur V.Ya. 

 

21 

REGULAR REPORTSéééééééééééééééééééééééééé... 23 

Session 1. Theory of relaxation phenomena in solids ééééééééééééé..é. 23 

DYNAMIC HETEROGENEITIES IN THE  ÑJ SPIN GLASSESTHROUGH THE PRISM 

OF LOCAL FIELDS éééééééééééééééééééééééééééé.. 

Abalmasov V.A. 

 

24 

ABOUT REPOLARIZATION OF FERROELECTRICS IN THE FIRST ORDER PHASE 

TRANSITION REGIONééééééééé.ééééééééé.éééééééé... 

Nechaev V.N., Shuba A.V. 

 

26 

ʊɽʈʄʆɼʀʅɸʄʀʏɽʉʂʀʁ ɸʅɸʃʀɿ ʂʃɸʉʊɽʈʀɿɸʎʀʀ ʅɸʅʆʏɸʉʊʀʎ ʀ 

ʍɸʈɸʂʊɽʈ ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ ʈɽʃɸʂʉɸʎʀʀ ɺ ʇʆʃʀʃɸʂʊʀɼɽ ʉ 

ʋɻʃɽʈʆɼʅʓʄʀ ʅɸʇʆʃʅʀʊɽʃʗʄʀ ééééééééééééééééééé... 

ɽʣʴʥʠʢʦʚʘ ʃ.ɺ., ɻʘʩʳʤʦʚ ʄ.ʄ., ʂʫʟʥʝʮʦʚʘ ʆ.ʇ., ʈʦʛʦʚʠʥʘ ʉ.ɿ., ʐʝʚʯʝʥʢʦ ɺ.ɻ.   

 

 

28 

STRESS RELIEF IN FERROELECTRIC SOLID SOLUTIONS CONTAINING A 

TETRAGONAL PHASE IN A MORPHOTROPIC REGION éé...éé..é.é...éé...é.. 

Topolov V.Yu. 

 

30 

ʂʈʀʊʀʏɽʉʂʀʁ ʊʆʂ ɺ ʆʂʉʀɼʅʓʍ ʉɺɽʈʍʇʈʆɺʆɼʅʀʂɸʍ  

ʉ ʄɸʃʆʋɻʃʆɺʓʄʀ ɻʈɸʅʀʎɸʄʀ ʅɸʂʃʆʅɸ ʀ ʆɼʅʆʄɽʈʅʓʄ 

ɼɺʆʁʅʀʂʆɺʓʄ ɼɽʌɽʂʊʆʄ ééééééééééé...éééééééé.ééé 

ʇʦʤʝʨʘʥʮʝʚ ʖ.ɸ. 

 

 

32 

ʈɸʉʏɪʊ ʅɽʂʆʊʆʈʓʍ ʅɽʋʇʈʋɻʀʍ ʉɺʆʁʉʊɺ ɸʄʆʈʌʅʓʍ ʄɸʊɽʈʀɸʃʆɺ ʅɸ 

ʆʉʅʆɺɽ ʄʆɼɽʃʀ ʄɸʈʏɽʅʂʆ ï ʄʀʉɹɸʍɸ ééééééééééé..ééé..é.. 

ʌʨʦʣʦʚ ɼ.ʆ. 

 

34 

Session 2. Mechanical and structural relaxation ééééééééééé.ééé.éé. 36 



5 

ʆʉʆɹɽʅʅʆʉʊʀ ʅɽʋʇʈʋɻʆɻʆ ʇʆɺɽɼɽʅʀʗ ʅɸʅʆʂɽʈɸʄʀʂʀ ʉ ʀʆʅʅʆʁ 

ʇʈʆɺʆɼʀʄʆʉʊʔʖééééééééééééééééééééééééééé.... 

ʅʦʩʦʣʝʚ ʀ.ʂ., ʈʝʟʥʠʢʦʚ ɸ.ɺ., ʊʦʢʠʡ ʅ.ɺ., ʊʦʢʠʡ ɺ.ɺ. 

 

37 

ʇʈʀʈʆɼɸ ʉʊɽʂʃʆɺɸʅʀʗ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɪʂʆʃ ʇʆʉʃɽ ɻʃʋɹʆʂʆʁ 

ʈɽʃɸʂʉɸʎʀʀ éééééééé.ééééé.ééééé.ééééé.éééééé. 

ʄʘʢʘʨʦʚ ɸ.ʉ., ɸʬʦʥʠʥ ɻ.ɺ., ʂʦʥʯʘʢʦʚ ʈ.ɸ., ʂʦʙʝʣʝʚ ʅ.ʇ., ʍʦʥʠʢ ɺ.ɸ. 

 

39 

ʅɽʀɿʆʊɽʈʄʀʏɽʉʂɸʗ ʈɽʃɸʂʉɸʎʀʗ ʅɸʇʈʗɾɽʅʀʁ ɺ ʉʊɸʅɼɸʈʊʅʓʍ ʀ 

ɺʓʉʆʂʆʕʅʊʈʆʇʀʁʅʓʍ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɽʂʃɸʍ ʀ ɽɪ ʉɺʗɿʔ ʉ 

ʕʅʊʈʆʇʀɽʁ ʉʄɽʐɽʅʀʗ ʀ ʀɿɹʓʊʆʏʅʆʁ ʕʅʊʈʆʇʀɽʁ ééééééééé..é 

ɸʬʦʥʠʥ ɻ.ɺ., ʑʝʨʙʘʢʦʚ ʉ.ʃ., ʂʦʥʯʘʢʦʚ ʈ.ɸ., ʂʦʙʝʣʝʚ ʅ.ʇ., ʍʦʥʠʢ ɺ.ɸ. 

 

 

41 

ɺɿɸʀʄʆʉɺʗɿʔ ʀɿɹʓʊʆʏʅʆʁ ʕʅʊʈʆʇʀʀ ʀ ʀɿɹʓʊʆʏʅʆʁ ʕʅʊɸʃʔʇʀʀ 

ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɽʂʆʃ ɺ ʆɹʃɸʉʊʀ ʇɽʈɽʆʍʃɸɾɼɽʅʅʆʁ ɾʀɼʂʆʉʊʀ ʉʆ 

ʉʊɽʂʃʆʆɹʈɸɿʋʖʑɽʁ ʉʇʆʉʆɹʅʆʉʊʔʖ ʄɸʊɽʈʀʅʉʂʀʍ ʈɸʉʇʃɸɺʆɺ ééé 

ʂʦʥʯʘʢʦʚ ʈ.ɸ., ɸʬʦʥʠʥ ɻ.ɺ., ʄʘʢʘʨʦʚ ɸ.ʉ., ʍʦʥʠʢ ɺ.ɸ. 

 

 

43 

ʊɽʈʄʀʏɽʉʂʆɽ ɺʆʉʉʊɸʅʆɺʃɽʅʀɽ ʊɽʃʃʋʈʀʊʅʓʍ ʉʊɪʂʆʃ ʇʈʀ 

ʄɽɼʃɽʅʅʆʄ ʆʍʃɸɾɼɽʅʀʀ ʀɿ ʉʆʉʊʆʗʅʀʗ ʇɽʈɽʆʍʃɸɾɼɪʅʅʆʁ 

ɾʀɼʂʆʉʊʀ éééééééé.ééééé.ééééé.ééééé.éééééé.é 

ɸʬʦʥʠʥ ɻ.ɺ., ʍʦʥʠʢ ɺ.ɸ. 

 

 

45 

ɺʃʀʗʅʀɽ ʅɽʉʊɸʎʀʆʅɸʈʅʆʉʊʀ ʉʂʆʈʆʉʊʀ ɿɸʈʆɾɼɽʅʀʗ ʅɸ 

ʊɽʈʄʀʏɽʉʂʋʖ ʋʉʊʆʁʏʀɺʆʉʊʔ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɽʂʆʃ Fe40Ni40P14B6 ʠ 

Fe48Co32P14B6 ééééééééééééééééééééééééééé..ééé... 

ɺʘʩʠʣʴʝʚ ʉ.ɺ., ʉʚʠʨʠʜʦʚʘ ɽ.ɸ., ʊʢʘʯ ɺ.ʀ 

 

 

47 

ʉɺʗɿʔ ʊɽʈʄʆɸʂʊʀɺʀʈʋɽʄʓʍ ʀɿʄɽʅɽʅʀʁ ʄʆɼʋʃʗ ʉɼɺʀɻɸ ʉ 

ʈɽʃɸʂʉɸʎʀɽʁ ɼɽʌɽʂʊʅʆʁ ʇʆɼʉʀʉʊɽʄʓ ɺ ɺʓʉʆʂʆʕʅʊʈʆʇʀʁʅʓʍ 

ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɪʂʃɸʍ ééééééééééééééééééééééé 

ʄʘʢʘʨʦʚ ɸ.ʉ., ɻʦʥʯʘʨʦʚʘ ɽ.ɺ., ʂʦʥʯʘʢʦʚ ʈ.ɸ., ʍʦʥʠʢ ɺ.ɸ. 

 

 

49 

ʉʈɸɺʅʀʊɽʃʔʅʓʁ ɸʅɸʃʀɿ ʊɽʈʄʆɼʀʅɸʄʀʏɽʉʂʀʍ ʇʆʊɽʅʎʀɸʃʆɺ 

ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɪʂʆʃ ʀ ʇɽʈɽʆʍʃɸɾɼɪʅʅʓʍ ʈɸʉʇʃɸɺʆɺ éééé..é 

ʄʘʢʘʨʦʚ ɸ.ʉ., ʂʦʥʯʘʢʦʚ ʈ.ɸ., ʂʦʙʝʣʝʚ ʅ.ʇ., ʍʦʥʠʢ ɺ.ɸ. 

 

51 

ɹʓʉʊʈɸʗ ʈɽʃɸʂʉɸʎʀʗ ɺ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɪʂʃɸʍ éééééééééé. 

ɸʬʦʥʠʥ ɻ.ɺ., ʄʘʢʘʨʦʚ ɸ.ʉ., ʂʦʙʝʣʝʚ ʅ.ʇ., ʍʦʥʠʢ ɺ.ɸ. 

53 

ʌɸʂʊʆʈʓ, ʆʇʈɽɼɽʃʗʖʑʀɽ ʊɽʈʄʀʏɽʉʂʋʖ ʋʉʊʆʁʏʀɺʆʉʊʔ 

ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɽʂʆʃ Al86Ni9Y5 ʠ Al86Ni9Gd5 ééééééééééééééé 

ʉʚʠʨʠʜʦʚʘ ɽ.ɸ., ɺʘʩʠʣʴʝʚ ʉ.ɺ., ʊʢʘʯ ɺ.ʀ 

 

55 

INELASTICITY OF POROUS Ti-18Zr-15Nb POWDER ALLOY éééééééé.é..é... 

Markova G.V., Permyakova D.V., Gusev A.D. 

57 

ʆʎɽʅʂɸ ɺʅʋʊʈɽʅʅɽɻʆ ʊʈɽʅʀʗ ɺ ɺʓʉʆʂʆʆʄʅʆʄ GaAs ʇʆɼ 

ɺʆɿɼɽʁʉʊɺʀɽʄ ʆʇʊʀʏɽʉʂʆɻʆ ʀɿʃʋʏɽʅʀʗééééééééééééééé... 

ʄʠʪʨʦʭʠʥ ɺ.ʀ., ɻʫʨʦʚ ɸ.ɺ., ʂʦʨʦʪʢʦʚ ʃ.ʅ. 

 

59 

ʈɽʃɸʂʉɸʎʀʗ ʇʈʆʏʅʆʉʊʅʓʍ ʉɺʆʁʉʊɺ ʋʃʔʊʈɸʄɽʃʂʆɿɽʈʅʀʉʊʆʁ ʄɽɼʀ ɺ 

ʇʈʆʎɽʉʉɽ ɻʀɼʈʆʕʂʉʊʈʋɿʀʀéééééééééééééééééééééé... 

ʗʰʘʨʦʚʘ ɽ.ɺ., ɻʘʥʛʘʣʦ ɸ.ʅ., ɺʘʩʠʣʴʝʚ ʉ.ɺ., ʉʚʠʨʠʜʦʚʘ ɽ.ɸ. 

 

61 

ʋʃʔʊʈɸɿɺʋʂʆɺʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʌɸɿʆɺʓʍ ʇʈɽɺʈɸʑɽʅʀʁ ɺ ʆʈʊʆ- ʀ ʇɸʈɸ-

ʊɽʈʌɽʅʀʃɽ ʇʈʀ ɺʓʉʆʂʆʄ ɼɸɺʃɽʅʀʀ ɼʆ 1 ɻʇa ʀ ʊɽʄʇɽʈɸʊʋʈɽ 77-300 ʂ .ééé... 

ɼʘʥʠʣʦʚ ʀ.ɺ., ɻʨʦʤʥʠʮʢʘʷ ɽ.ʃ., ɹʨʘʞʢʠʥ ɺ.ɺ. 

 

63 

Session 3. Dielectric relaxationééééééééééééééééééééééé... 65 

ʉʊʈʋʂʊʋʈɸ, ɼʀʉʉʀʇɸʊʀɺʅʓɽ ʀ ʕʃɽʂʊʈʆʂɸʊɸʃʀʊʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ 

ʂʆʄʇʆɿʀʊɸ CoFe2O4-Pb2ScNbO6 ééééééééééééééééééé.éé 

ɸʙʜʫʣʚʘʭʠʜʦʚ ʂ.ɻ., ʃʠ ʏ., ʂʠʤ ɼ.ʉ., ɼʫʜʫʨʛʦʚ M.ʄ., ʂʫʣʴʙʫʞʝʚ ɹ.ʉ., 

ʆʪʘʞʦʥʦʚ ʉ.ʄ., ʖʥʫʩʦʚ ʅ. 

 

66 



6 

ɼʀʉʇɽʈʉʀʗ ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ ʇʈʆʅʀʎɸɽʄʆʉʊʀ ʅɸ ʆʉʅʆɺɽ 

ʅʀʊʈʀɼʆɺ ɸʃʖʄʀʅʀʗ ʀ ɻɸʃʃʀʗéééééé.éééééééééééé.é 

ɿʝʟʷʥʦʚ ʀ.ʊ., ʉʦʣʥʳʰʢʠʥ ɸ.ɺ. ʉʝʨʛʝʝʚʘ ʆ.ʅ., ʂʘʧʪʝʣʦʚ ɽ.ʖ., ʐʘʨʦʬʠʜʠʥʦʚ ʐ.ʐ., 

ʇʨʦʥʠʥ ʀ.ʇ. 

 

68 

ɺʃʀʗʅʀɽ ʂʆʅʎɽʅʊʈɸʎʀʀ ɼʆʅʆʈʅʆʁ ʇʈʀʄɽʉʀ BA ʅɸ 

ɼʀʕʃɽʂʊʈʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʂɽʈɸʄʀʂʀ ʅʀʆɹɸʊɸ ʂɸʃʀʗ ʅɸʊʈʀʗ .é... 

ɹʘʨʘʙʘʥʦʚʘ ɽ.ɺ., ʄʘʢʫʣʠʥ ɸ.ɸ., ʆʩʧʝʣʴʥʠʢʦʚ ʅ.ʄ. 

 

70 

ʈɽʃɸʂʉɸʎʀʆʅʅʓɽ ʇʈʆʎɽʉʉʓ ɺ ʂɽʈɸʄʀʂɽ ʅʀʆɹɸʊɸ ʂɸʃʀʗ ʅɸʊʈʀʗ ʉ 

ɼʆʅʆʈʅʓʄʀ ʇʈʀʄɽʉʗʄʀ ..éééééééééééééééééé.éé.é.é 

ɹʘʨʘʙʘʥʦʚʘ ɽ.ɺ., ʄʘʢʫʣʠʥ ɸ.ɸ., ʆʩʧʝʣʴʥʠʢʦʚ ʅ.ʄ. 

 

72 

ʆʉʆɹɽʅʅʆʉʊʀ ʈɽʃɸʂʉɸʎʀʀ ɻɸʈʄʆʅʀʂ ʊʆʂɸ ʇɽʈɽʇʆʃʗʈʀɿɸʎʀʀ 

ʂʈʀʉʊɸʃʃɸ Rb2Znʉl4 ɺ ʅɽʉʆʈɸɿʄɽʈʅʆʁ ʌɸɿɽ ʇʆʉʃɽ ʕʃɽʂʊʈʀʏɽʉʂʆɻʆ 

ʆʊɾʀɻɸ éééééééééééééééééééééééééééééé.éé 

ɻʦʨʙʘʪʝʥʢʦ ɺ.ɺ., ʇʨʘʩʦʣʦʚ ɹ.ʅ., ɼʘʮʝʥʢʦ ʅ.ɺ. 

 

 

74 

ʉʊɽʇɽʅʔ ʈɸɿʄʓʊʀʗ ʌɸɿʆɺʆɻʆ ʇɽʈɽʍʆɼɸ ʀ ʊɽʄʇɽʈɸʊʋʈɸ 

ɼɽʇʆʃʗʈʀɿɸʎʀʀ ɺ ʇʈʆɿʈɸʏʅʆʁ ʂɽʈɸʄʀʂɽ PbMg1/3Nb2/3O3 ī xPbZr0.53Ti0.47O3 . 

ʂʘʤʟʠʥʘ ʃ.ʉ., ɿʘʣʝʩʩʢʠʡ ɺ.ɻ., ɼʴʷʢʦʥʦʚ ʂ.ɺ. 

 

76 

STUDY OF DIELECTRIC PROPERTIES OF (1-x)Ba0.95Pb0.05TiO3+x Co2O3 

FERROELECTRICS CERAMICS WITH COBALT OXIDE IMPURITY é.é..é.é.é... 

Dikov R.V., Sopit A.V. 

 

78 

ʈɽʃɸʂʉɸʎʀʆʅʅʓɽ ʗɺʃɽʅʀʗ ʇʈʀ ʌʃɽʂʉʆʕʃɽʂʊʈʀʏɽʉʂʆʄ ʕʌʌɽʂʊɽ ɺ 

ʉɽɻʅɽʊʆʕʃɽʂʊʈʀʂɸʍ-ʇɽʈʆɺʉʂʀʊɸʍ .ééééééééééééééééé. 

ɿʘʣʝʩʩʢʠʡ ɺ.ɻ., ʆʙʦʟʦʚʘ ɽ.ɼ., ɼʴʷʢʦʥʦʚ ʂ.ɺ., ʍʘʣʠʧʦʚ ɸ.ɺ. 

 

80 

ɺʃʀʗʅʀɽ ʋʉʃʆɺʀʁ ʉʀʅʊɽɿɸ ʅɸ ɼʀʉʇɽʈʉʀʖ ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ 

ʇʈʆʅʀʎɸɽʄʆʉʊʀ ʂɽʈɸʄʀʂʀ ʊʀʊɸʅɸʊɸ ɹɸʈʀʗ ééééééééééé.é 

ʄʘʣʳʰʢʠʥʘ ʆ.ɺ., ɻʫʩʝʚʘ ʆ.ʉ., ʄʘʣʳʰʝʚʘ ʅ.ɽ., ɼʝʥʠʩʦʚ ʌ.ʆ. 

 

81 

ɺʂʃɸɼ ʇʈʆɺʆɼʀʄʆʉʊʀ ɺ ɼʀʉʇɽʈʉʀʆʅʅʓɽ ɿɸɺʀʉʀʄʆʉʊʀ 

ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ ʇʈʆʅʀʎɸɽʄʆʉʊʀ ʇʆʈʀʉʊʓʍ ʆɹʈɸɿʎʆɺ ʂɽʈɸʄʀʂʀ 

ʅɸ ʆʉʅʆɺɽ ʅʀʆɹɸʊɸ ʅɸʊʈʀʗ ééééééééééééééééééééé. 

ʄʘʣʳʰʝʚʘ ʅ.ɽ., ʄʘʣʳʰʢʠʥʘ ʆ.ɺ., ʄʘʤʘʝʚ ɼ.ɺ. 

 

 

83 

ɺʂʃɸɼ ʇʈʆɺʆɼʀʄʆʉʊʀ ɺ ɼʀʕʃɽʂʊʈʀʏɽʉʂʀʁ ʆʊʂʃʀʂ 

(ʄɸʊɽʄɸʊʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʀ ʕʂʉʇɽʈʀʄɽʅʊ)éééééééé. 

ʄʘʣʳʰʢʠʥʘ ʆ.ɺ., ʄʘʣʳʰʝʚʘ ʅ.ɽ., ɼʴʷʢʦʚʘ ɽ.ɺ. 

 

85 

ʀɽʈɸʈʍʀʗ ʈɽʃɸʂʉɸʎʀʆʅʅʓʍ ʇʈʆʎɽʉʉʆɺ ɺ ɾʀɼʂʆʁ ɺʆɼɽ éééééé. 

ʏʫʯʫʧʘʣ ʉ.ɺ., ɺʦʣʢʦʚ ɸ.ɸ. 

88 

ʄɽʊʆɼʓ ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ ʉʇɽʂʊʈʆʉʂʆʇʀʀ  ʇʆʃʀʄɽʈʅʓʍ 

ʇʆʃʋʇʈʆɺʆɼʅʀʂʆɺ ʇʆʃʀɸʎɽʅʍʀʅʆʅʆɺ ééééééé.ééééééé.... 

ʄʫʭʘʝʚʘ ʃ.ɺ., ɸʬʘʥʘʩʴʝʚ ʅ.ɺ., ʄʫʭʘʝʚʘ ɼ.ɺ. 

 

90 

ELECTROMECHANICAL HYSTERESIS AND RELAXATION PROCESSES IN 

RELAXOR PIEZOCERAMICS UNDER HIGH ELECTRIC FIELDSéé.ééééé....... 

Reznichenko A.N., Lugovaya M.A., Petrova E.I., Makaryev D.I. 

 

92 

ʇɽʈɽʇʆʃʗʈʀɿɸʎʀʗ ʉɽɻʅɽʊʆʕʃɽʂʊʈʀʏɽʉʂʀʍ ʉɺɽʈʍʈɽʐɽʊʆʂ  ʀ 

ʄʅʆɻʆʉʃʆɽʂ ʉ ʄɸʊɽʈʀɸʃɸʄʀ ʉʆ ʉʊʈʋʂʊʋʈʆʁ ʇɽʈʆɺʉʂʀʊɸ..é.éééé..... 

ʉʠʜʦʨʢʠʥ ɸ.ʉ., ɼʘʨʠʥʩʢʠʡ ɹ.ʄ., ʅʝʩʪʝʨʝʥʢʦ ʃ.ʇ., ʂʦʨʦʪʢʦʚ ʃ.ʅ., ʂʘʣʛʠʥ ɸ.ɺ., 

Gagou Y., Saint-Gregoire P. 

 

94 

ɸʅʆʄɸʃʔʅʆɽ ʇʆɺɽɼɽʅʀɽ ɼʀʉʇɽʈʉʀʀ ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ 

ʇʈʆʅʀʎɸɽʄʆʉʊʀ ɺ ʇʆʃʋʇʈʆɺʆɼʅʀʂʆɺʆʁ ʇɽʈʆɺʉʂʀʊʆɺʆʁ 

ʂɽʈɸʄʀʂɽ ʊʀʊɸʅɸʊɸ ɹɸʈʀʗ-ʉʊʈʆʅʎʀʗ: ʕʂʉʇɽʈʀʄɽʅʊ ʀ 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ                                                                                                            

ɻʨʠʛʦʨʷʥ ɻ.ʉ., ʌʨʦʣʦʚʘ ɺ.ɽ., ʈʫʜʥʝʚʘ ʀ.ɻ. 

 

 

 

95 



7 

ɿɸɺʀʉʀʄʆʉʊʔ ʉɺʆʁʉʊɺ ɺʓʉʆʂʆʊɽʄʇɽʈɸʊʋʈʅʆʁ 

ʉɽɻʅɽʊʆʕʃɽʂʊʈʀʏɽʉʂʆʁ ʂɽʈɸʄʀʂʀ ʎʊʉ-21 ʆʊ ʊɽʍʅʆʃʆɻʀʏɽʉʂʀʍ 

ʌɸʂʊʆʈʆɺ ʀɿɻʆʊʆɺʃɽʅʀʗ                                                                                         

ʄʘʨʘʭʦʚʩʢʠʡ ʄ.ɸ., ʇʘʥʠʯ ɸ.ɸ. 

 

 

97 

ʇʈʆʎɽʉʉʓ ʇɽʈɽʂʃʖʏɽʅʀʗ ɺ ʂɽʈɸʄʀʂɽ ʊʀʊɸʅɸʊɸ ɹɸʈʀʗ ʉʊʈʆʅʎʀʗé.. 

ʀʚʘʥʦʚ ɺ.ɺ., ʄʘʣʳʰʢʠʥʘ ʆ.ɺ., ʂʠʩʣʦʚʘ ʀ.ʃ., ʉʦʣʥʳʰʢʠʥ ɸ.ɺ. 

99 

ɼʀʕʃɽʂʊʈʀʏɽʉʂɸʗ ʈɽʃɸʂʉɸʎʀʗ ɺ ʅɽʂʆʊʆʈʓʍ ʉʃɸɹʆ 

ʋʇʆʈʗɼʆʏɽʅʅʓʍ ʇʆʃʗʈʅʓʍ ɼʀʕʃɽʂʊʈʀʂɸʍééééé.ééééééé.... 

ʂʦʨʦʪʢʦʚ ʃ. ʅ., ʇʘʥʢʦʚʘ ʄ.ɸ., Alô Jaafari F.D., ʇʦʧʦʚ ʉ.ɺ., ʉʪʝʢʣʝʥʝʚʘ ʃ.ʉ. 

 

101 

ʂʆʅʂʋʈɽʅʎʀʗ ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ ʈɽʃɸʂʉɸʎʀʀ ʀ ɸʂʊʀɺɸʎʀʀ 

ʕʃɽʂʊʈʆʅ-ʌʆʅʆʅʅʆɻʆ ɺɿɸʀʄʆɼɽʁʉʊɺʀʗ ɺɹʃʀɿʀ 

ʉɽɻʅɽʊʆʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʌɸɿʆɺʆɻʆ ʇɽʈɽʍʆɼɸ ééééé.ééééé..... 

ʂʫʟʝʥʢʦ ɼ.ɺ. 

 

 

103 

Session 4. Miscellaneous éééééééééééééééééééééé.ééé... 105 

ɸʅʀɿʆʊʈʆʇʀʗ ʂɺɸɿʀʋʇʈʋɻʆɻʆ ʈɸʉʉɽʗʅʀʗ ʉɺɽʊɸ ɺ ʄɸʅɼɽʃʔʐʊɸʄ-

ɹʈʀʃʃʖʕʅʆɺʉʂʀʍ ʉʇɽʂʊʈɸʍ ʂʈʀʉʊɸʃʃʆɺ Na1/2Bi1/2TiO3 éééééééé 

ɼʝʨʝʮ ʅ.ʂ. ʌʝʜʦʩʝʝʚ ɸ.ʀ., ʃʫʰʥʠʢʦʚ ʉ.ɻ., Ko J.-H., Kojima S. 

 

106 

VARIETY OF ORDERED MAGNETIC STATES IN HONEYCOMB-LAYERED 

COMPOSITIONALLY COMPLEX OXIDES Na3-xLi xM2SbO6 (M = Cu1/3Ni1/3Co1/3) éé.. 

Vasilchikova T. M. 

 

108 

PECULIAR CRYSTAL STRUCTURE AND LONG-RANGE ORDER OF  SPIN-1/2 

LADDERS IN MoOBr3ééééééééééééé...ééééééééééééé 

Volkova O.S. 

 

109 

INFLUENCE OF THE TIME OF TREATMENT OF MODIFIED WOOD WITH A 

PULSED MAGNETIC FIELD ON ITS MECHANICAL PROPERTIES .ééééééé 

Kamalova N.S., Evsikova N.Yu., Matveev N.N., Lisitsyn V.I., Vnukova S.V. 

 

110 

ʌʀɿʀʏɽʉʂʀɽ ʇʈʀʅʎʀʇʓ ʉʆɿɼɸʅʀʗ ɸʄʆʈʌʅʆ-ʅɸʅʆʂʈʀʉʊɸʃʃʀʏɽʉʂʀʍ 

ʂʆʄʇʆɿʀʊʆɺ ʉ ʋʃʋʏʐɽʅʅʓʄʀ ʉɺʆʁʉʊɺɸʄʀ ééééééééééééé 

ʇʝʨʤʷʢʦʚʘ ʀ.ɽ. 

 

112 

ʋʃʔʊʈɸɿɺʋʂʆɺʆɽ ʉʊʀʄʋʃʀʈʆɺɸʅʀɽ ɸʄʆʈʌʅʓʍ ʉʇʃɸɺʆɺééé..éé.é 

ʇʝʨʤʷʢʦʚʘ ʀ.ɽ., ɼʶʞʝʚʘ-ʄʘʣʴʮʝʚʘ ɽ.ɺ.  

114 

ʌɸɿʆɺʆɽ ʈɸʉʉʃʆɽʅʀɽ ʀ ʈɽʃɸʂʉɸʎʀʗ ɺ ʂʈʀʉʊɸʃʃɸʍ ʉ 

ʄɸɻʅʀʊʆɸʂʊʀɺʅʓʄʀ ʀʆʅɸʄʀ 

ɻʦʣʦʚʝʥʯʠʮ E.ʀ., ʉʘʥʠʥʘ ɺ.ɸ., ʍʘʥʥʘʥʦʚ ɹ.ʍ., ɿʘʣʝʩʩʢʠʡ ɺ.ɻ. 

 

116 

ʈɽʃɸʂʉɸʎʀʆʅʅʆɽ ʇʆɺɽɼɽʅʀɽ ɼʆʄɽʅʅʆʁ ʉʊʈʋʂʊʋʈʓ ʇʆɺɽʈʍʅʆʉʊʀ 

ʀʅʊɽʈʄɽʊɸʃʃʀɼɸ Tb-Fe-Ti ʩʦ ʩʪʨʫʢʪʫʨʦʡ ThMn12                                                    

ɻʫʩʝʚʘ ɸ.ʄ., ʄʠʰʫʨʠʥʘ ʊ.ʈ., ʉʠʥʢʝʚʠʯ ɸ.ʀ., ʉʝʤʝʥʦʚʘ ɽ.ʄ.  

118 

ʊɽʄʇɽʈɸʊʋʈʅɸʗ ʈɽʃɸʂʉɸʎʀʗ ʂʈɸɽɺʆɻʆ ʋɻʃɸ ʉʄɸʏʀɺɸʅʀʗ  ɺ 

ʇʈʆʎɽʉʉɽ ʈʆʉʊɸ ʅʀʊɽɺʀɼʅʆɻʆ ʅɸʅʆʂʈʀʉʊɸʃʃɸ ʇʆ ʄɽʍɸʅʀɿʄʋ  

ʇɸʈ-ɾʀɼʂʆʉʊʔ-ʂʈʀʉʊɸʃʃ éééééééé.éééééééé..éééééé. 

ʅʝʙʦʣʴʩʠʥ ɺ.ɸ., ʂʦʨʥʝʝʚʘ ɺ.ɺ. 

 

 

120 

ɿɸɺʀʉʀʄʆʉʊʔ ʈɽʃɸʂʉɸʎʀʆʅʅʓʍ ʇʈʆʎɽʉʉʆɺ ɺ 

ɺʓʉʆʂʆʄʆʃɽʂʋʃʗʈʅʓʍ ʋɻʃɽɺʆɼʆʈʆɼɸʍ ʆʊ ɼʃʀʊɽʃʔʅʆʉʊʀ 

ʋʃʔʊʈɸɿɺʋʂʆɺʆɻʆ ɺʆɿɼɽʁʉʊɺʀʗ éééééééééééééééééé... 

ʄʘʢʘʨʴʝʚ ɼ.ʀ., ʈʝʟʥʠʯʝʥʢʦ ɸ.ʅ., ʐʚʝʮʦʚʘ ʅ.ɸ. 

 

 

122 

ɺʃʀʗʅʀɽ ʀɿɹʓʊʆʏʅʆɻʆ ʆʂʀʉʃɽʅʀʗ ʄʅʆɻʆʉʃʆʁʅʓʍ ʅɸʅʆʉʊʈʋʂʊʋʈ 

(CoFeB-SiO2)/ZnO ʅɸ ʀɿʄɽʅɽʅʀɽ ʄɸɻʅʀʊʆʉʆʇʈʆʊʀɺʃɽʅʀʗ ʇʈʀ 

ʆʊɾʀɻɸʍééééééééééééééééééééééééééééééé... 

ɽʣʠʩʝʝʚʘ ʗ.ʆ., ʄʘʡʦʨʦʚʘ ʗ.ɺ., ʌʦʰʠʥ ɺ.ɸ., ʉʪʦʛʥʝʡ ʆ.ɺ. 

 

 

124 



8 

ɺʃʀʗʅʀɽ ʊɽʈʄʀʏɽʉʂʆɻʆ ɺʆɿɼɽʁʉʊɺʀʗ ʅɸ ʄɸɻʅʀʊʆʈɽɿʀʉʊʀɺʅʓʁ 

ʕʌʌɽʂʊ ʄʅʆɻʆʉʃʆʁʅʓʍ ʅɸʅʆʉʊʈʋʂʊʋʈ (CoFeB-SiO2)/ZnO ééééééé 

ʄʘʡʦʨʦʚʘ ʗ.ɺ., ɽʣʠʩʝʝʚʘ ʗ.ʆ., ʌʦʰʠʥ ɺ.ɸ., ʉʪʦʛʥʝʡ ʆ.ɺ. 

 

126 

ʕʃɽʂʊʈʆʇʈʆɺʆɼʅʆʉʊʔ ʀ ʄɸɻʅɽʊʆʉʆʇʈʆʊʀɺʃɽʅʀɽ ʄʆʅʆʂʈʀʉʊɸʃʃɸ 

ʊɺɪʈɼʆɻʆ ʈɸʉʊɺʆʈɸ Zn0.75Mn2.25As2é.éééééééééééééééééé. 

ɿʘʭʚʘʣʠʥʩʢʠʡ ɺ.ʉ., ʉʧʠʮʳʥ ɸ.ʆ., ʌʝʨʞʫʰʠʷ ʄ., ʗʧʨʳʥʮʝʚ ʄ.ʅ., ɹʦʨʠʩʝʥʢʦ ɸ.ɺ. 

 

128 

ʈɽʃɸʂʉɸʎʀʗ ɺ ʄʆʅʆʂʈʀʉʊɸʃʃɸʍ ʅʀʆɹɸʊɸ ʀ ʊɸʅʊɸʃɸʊɸ ʃʀʊʀʗ 

ʇʋʊɽʄ ʕʃɽʂʊʈʆʅʅʆʁ ʕʄʀʉʉʀʀ ɺ ʋʉʃʆɺʀʗʍ ʆʂʈʋɾɸʖʑɽɻʆ 

ɺɸʂʋʋʄɸ ééééééééééééééééééééééééééééééé 

ʆʣʝʡʥʠʢ ɸ.ʅ., ʇʦʜʦʡʥʠʮʳʥ ɸ.ɸ. 

 

 

130 

ɺʃʀʗʅʀɽ ʇʈʆʉʃʆɽʂ a-Si ʀ Ta2O5 ʅɸ ʉʊɽʇɽʅʔ ʅɽʃɽʅɽʁʅʆʉʊʀ ɺɸʍ ɺ 

ʄɽʄʈʀʉʊʀɺʅʓʍ ʉʊʈʋʂʊʋʈɸʍ ʂʆʅɼɽʅʉɸʊʆʈʅʆɻʆ ʊʀʇɸ 

Cu/(Co40Fe40B20)ʍ(SiO2)100-ʍ/LiNbO3/Cr/Cu/Cr éééééééééééééééé... 

ʉʠʪʥʠʢʦʚ ɸ.ɺ., ʂʘʣʠʥʠʥ ʖ.ɽ., ɹʘʙʢʠʥʘ ʀ.ɺ., ʅʠʢʦʥʦʚ ɸ.ɽ. 

 

 

132 

ɺʃʀʗʅʀɽ ɹʆʈɸ ʅɸ ʎʀʂʃʀʏɽʉʂʋʖ ɺʓʅʆʉʃʀɺʆʉʊʔ ʄɽʄʈʀʉʊʀɺʅʓʍ 

ʉʊʈʋʂʊʋʈ ʅɸʅʆʂʆʄʇʆɿʀʊ CoFeB-SiO2/ZrO2(Y) é..ééééééééééé 

ɹʘʙʢʠʥʘ ʀ.ɺ., ʐʘʢʫʨʦʚ ɸ.ʈ., ʅʠʢʦʥʦʚ ɸ.ɽ., ɸʤʧʠʣʦʛʦʚ ɸ.ɺ., ʉʠʪʥʠʢʦʚ ɸ.ɺ. 

 

134 

 

ʉʊʈʋʂʊʋʈɸ, ʌɸɿʆɺʓʁ ʉʆʉʊɸɺ ʀ ʉɺʆʁʉʊɺɸ ʇʃɽʅʆʏʅʓʍ 

ʅɸʅʆɻʈɸʅʋʃʀʈʆɺɸʅʅʓʍ ʂʆʄʇʆɿʀʊʆɺ ʉʀʉʊɽʄ (CoFe)ʭ(MgF2)100-ʭ ʀ 

(CoFeZr)ʭ(MgF2)100-ʭ ɼʆʇɽʈʂʆʃʗʎʀʆʅʅʆɻʆ ʉʆʉʊɸɺɸ éééééééééé 

ʊʨʝʛʫʙʦʚʘ ʊ.ɺ., ʂʦʩʪʶʯʝʥʢʦ ɸ.ɺ., ʉʪʦʛʥʝʡ ʆ.ɺ. 

 

 

136 

ʌɸɿʆɺʓʁ ʉʆʉʊɸɺ ʇʃɽʅʆʂ ʉʀʉʊɽʄʓ Li-Nb-O ʅɸ ʇʆɺɽʈʍʅʆʉʊʀ PdO ɺ 

ʈɽɿʋʃʔʊɸʊɽ ɺɸʂʋʋʄʅʆɻʆ ʆʊɾʀɻɸ éééééééééééééééééé. 

ʂʦʩʪʶʯʝʥʢʦ ɸ.ɺ., ɹʝʣʦʥʦʛʦʚ ɽ.ʂ., ʂʦʧʳʪʠʥ ʉ.ʉ., ʃʠʩʘʥʦʚ ɼ.ʉ. 

 

138 

ʉʀʉʊɽʄɸ ʄʆʅʀʊʆʈʀʈʆɺɸʅʀʗ ʊɽʇʃʆɺʓʍ ʅɽʁʊʈʆʅʆɺ ʉ ʋɼɸʃɽʅʅʆʁ 

ʉʏʀʊʓɺɸʖʑɽʁ ʕʃɽʂʊʈʆʅʀʂʆʁ ɼʃʗ ʅɽʁʊʈʆʅʅʓʍ 

ʀʉʉʃɽɼʆɺɸʊɽʃʔʉʂʀʍ ʋʉʊɸʅʆɺʆʂ éééééééééééééééééé.. 

ʊʘʨʥʘʚʠʯ ɺ.ɺ., ʀʣʴʠʥ ɼ.ʉ., ʊʝʨʝʥʪʴʝʚ ʂ.ʖ., ʂʦʣʝʩʥʠʢʦʚ ɸ.ɻ. 

 

 

140 

ɺʃʀʗʅʀɽ ʉʆʉʊɸɺɸ ɻɸɿʆɺʆʁ ʉʈɽɼʓ ʇʈʀ ʈɽɸʂʊʀɺʅʆʄ ʀʆʅʅʆ-

ʃʋʏɽɺʆʄ ʅɸʇʓʃɽʅʀʀ ʅɸ ʕʃɽʂʊʈʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʇʃɽʅʆʂ ZnO, 

ʃɽɻʀʈʆɺɸʅʅʓʍ ɸɿʆʊʆʄ ééééééééééééééééééééééé 

ʄʘʢʘʛʦʥʦʚ ɺ.ɸ., ɻʘʙʨʠʝʣʴʩ ʂ.ʉ., ʂʘʣʠʥʠʥ ʖ.ɽ., ʃʦʧʘʪʠʥ ɸ.ʖ.  

 

 

142 

ɺʃʀʗʅʀɽ ɼʃʀʊɽʃʔʅʆʉʊʀ ʆʉɺɽʑɽʅʀʗ ʅɸ ʉʇɽʂʊʈ 

ʌʆʊʆʃʖʄʀʅɽʉʎɽʅʎʀʀ ɺ ʂʈʀʉʊɸʃʃɸʍ ʅʀʆɹɸʊɸ ʃʀʊʀʗ ʉ ʇʈʀʄɽʉʔʖ 

ɾɽʃɽɿɸ                                                                                                                              

ʄʘʛʦʤʘʜʦʚ ʈ.ʄ., ɿʦʙʦʚ ʄ.ɽ., ʂʨʘʤʳʥʠʥ ʉ.ʇ., ʎʝʙʘʝʚ ʉ.ʅ. 

 

 

144 

 

ɸʅɸʃʀɿ ʌʋʅʂʎʀʆʅɸʃʔʅʓʍ ɿɸɺʀʉʀʄʆʉʊɽʁ ʉʀʃʆɺʆɻʆ ʇʆʃɽɺʆɻʆ 

ʊʈɸʅɿʀʉʊʆʈɸ éé..éééééééééééééééééééééééééé 

ɼʦʣʞʝʥʢʦʚ ʉ.ɺ., ʇʝʨʦʚ ɺ.ɸ., ɿʚʷʛʠʥʮʝʚʘ ɸ.ɺ. 

 

146 

ʀʄɽʅɽʅʀɽ ʂɽʈɸʄʀʂʀ AlN ɺ ʂɸʏɽʉʊɺɽ ɼɽʈɾɸʊɽʃʗ ʂʈʀʉʊɸʃʃɸ ʇʈʀ 

ʇʈʆʀɿɺʆɼʉʊɺɽ ʄʆʑʅʓʍ ɺʓʉʆʂʆʏɸʉʊʆʊʅʓʍ ʊʈɸʅɿʀʉʊʆʈʆɺ éééé 

ʇʝʨʦʚ ɺ.ɸ., ɼʦʣʞʝʥʢʦʚ ʉ.ɺ., ɿʚʷʛʠʥʮʝʚʘ ɸ.ɺ. 

 

148 

ʈɽʃɸʂʉɸʎʀʆʅʅʓɽ ʗɺʃɽʅʀʗ ɺ ʕʃɽʂʊʈʆʍʀʄʀʏɽʉʂʀʍ ʉʀʉʊɽʄɸʍ ʅɸ 

ʆʉʅʆɺɽ ʅʀʂɽʃʗ é..éééééééééééééééééééééééééé 

ɿʚʷʛʠʥʮʝʚʘ ɸ.ɺ. 

 

150 

 

  

 

 



9 

 

 

 

 

 

 

 

 

 

PLENARY LECTURE S 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



10 

ʋɼʂ 538.94 

DIVERSE MAGNETIC CHAINS IN INORGANIC COMPOUNDS  
 

A. N. Vasiliev 

Lomonosov Moscow State University, 

 vasil@lt.phys.msu.ru 
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In both inorganic and metal-organic compounds, transition metals surrounded 

by ligands form regular or distorted polyhedra, which can be either isolated or 

interconnected. Distortion of the polyhedron can be caused by the degeneracy in 

population of atomic or molecular orbitals, which can be removed by the cooperative 

Jahn-Teller effect. This effect is often accompanied by the formation of low-

dimensional magnetic structures, of which we will consider only chain, or quasi-one-

dimensional, magnetic compounds variety.  

Magnetic chains are formed when transition metal polyhedra bond through a 

vertex, edge, or face. Moreover, the magnetic entities can be coupled through various 

non-magnetic units like NO3, SiO4, PnO3 or PnO4, ChO3 or ChO4, where Pn is the 

pnictide and Ch is the chalcogen. In most cases, the local environment of the transition 

metal is represented by the oxygen and/or halogens. The prevailing number of chain 

systems is based on 3d transition metals, albeit 4d and 5d systems attract more and 

more attention. Mixed 3d-4f single chain magnets became the popular objects in metal-

organic chemistry.  

Exchange interactions in quasi-one-dimensional systems can differ in sign, but 

no long-range magnetic order, either ferromagnetic or antiferromagnetic, can be 

achieved at finite temperatures due to fundamental limitations formulated in the early 

stages of the development of quantum mechanics. These limitations are summarized in 

mailto:vasil@lt.phys.msu.ru
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a MerminïWagner theorem, which states that no continuous symmetries can be 

spontaneously broken at finite temperature in systems with sufficiently short-range 

interactions in dimensions d Ò 2. This means that long-range fluctuations can be created 

at little energy cost, and they are favored since they increase the entropy. The theorem 

does not apply to discrete symmetries that can be seen in the two-dimensional Ising 

model, in which the long-range order occurs at the temperatures comparable to 

exchange interaction energy.  

The long-range magnetic order being not the intrinsic property of the chains can 

appear only due to the interchain interactions if not precluded by the spin gap. The very 

concept of the spin gap plays a key role in the field of low-dimensional magnetism. All 

research objects in this area can be subdivided into gapped and gapless ones. The 

amazing variety of manifestations of quasi-one-dimensional magnetism is due to the 

fact that the chains themselves can differ in a number of parameters. They can be 

homogeneous or alternating in terms of intrachain exchange interaction. The next-

nearest-neighbor exchanges in the chains may compete with the nearest-neighbor 

exchanges.  

The chains can be organized by transition metal ions with integer or half-integer 

spins and they can be constituted by different spins of the same element or by spins of 

different magnetic species. The chains can be cut to form the magnetic clusters, e.g. 

dimers or trimers, and they may pair up to form the spin ladders or group up to form 

the spin tubes. 

Understanding the behavior of low-dimensional magnetic systems is of 

fundamental importance in terms of the formation of quantum ground states of matter. 

Many new chain magnetic materials have appeared recently due to improvements in 

synthetic procedures. Each such compound highlights new facets of low-dimensional 

magnetism, going in some cases beyond the limits of magnetism towards 

superconductivity, ferroelectricity and multiferroic phenomena.  

For a long time, the low-dimensional magnetism was considered only as a 

playground for the development of elaborated theoretical models. The impetus to 

experimental research was given by the discovery of high-temperature 

superconductivity in cuprates, for which two-dimensional antiferromagnetic 

correlations turned out to be important. It was found, that many features bring together 

low-dimensional magnetism and superconductivity. The concept of spin liquid itself 

has proven productive for the development of modern theory of superconductivity. In 

particular, the magnetic skyrmions have much in common with the vortices in type-II 

superconductors.  

Independent of superconductivity, the low-dimensional magnetism in insulators 

is of utmost interest since it allows to unravel the fine interactions responsible for the 

formation of the ground states of matter. The purpose of this review was to demonstrate 

how versatile are the manifestations of low-dimensional magnetism using the example 

of quasi-one-dimensional compounds. 

 
  

https://en.wikipedia.org/wiki/Spontaneously_broken
https://en.wikipedia.org/wiki/Ising_model
https://en.wikipedia.org/wiki/Ising_model
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ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʣʶʜʚʠʛʠʪʘ Cu2MnBO5:Cr. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʵʬʬʝʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ 

ʤʦʤʝʥʪ ʠ ʢʦʥʩʪʘʥʪʘ ʂʶʨʠ-ɺʝʡʩʩʘ ʟʘʚʠʩʷʪ ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ 

ʧʨʦʚʝʜʝʥʠʠ ʠʟʤʝʨʝʥʠʡ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʧʝʨʝʭʦʜʦʤ ʩʧʠʥʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʘʨʛʘʥʮʘ ʠʟ ʚʳʩʦʢʦ 

ʩʧʠʥʦʚʦʛʦ ʚ ʥʠʟʢʦ ʩʧʠʥʦʚʦʝ ʩʦʩʪʦʷʥʠʝ. ʆʧʨʝʜʝʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ 

ʩʦʩʪʦʷʥʠʝ ʩʧʠʥʦʚʦʛʦ ʩʪʝʢʣʘ ʧʦ ʜʘʥʥʳʤ ɸʉ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʣʶʜʚʠʛʠʪ, ʫʜʝʣʴʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ, ʪʝʨʤʦʵʜʩ, ʕʇʈ  

 

ʆʢʩʠʙʦʨʘʪʳ ʩ ʬʦʨʤʫʣʦʡ M2M'BO5, ʛʜʝ M ʠ M' ð ʜʚʫʭ- ʠ ʪʨʸʭʚʘʣʝʥʪʥʳʝ 

ʠʦʥʳ ʤʝʪʘʣʣʦʚ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘʟʳʚʘʶʪʩʷ ʣʶʜʚʠʛʠʪʘʤʠ. ʀʦʥʳ ʤʝʪʘʣʣʦʚ 

ʟʘʥʠʤʘʶʪ ʯʝʪʳʨʝ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ ʚ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʣʫʯʘʡʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʤʘʛʥʠʪʥʳʭ 

ʠʦʥʦʚ, ʩʤʝʰʘʥʥʦʡ ʚʘʣʝʥʪʥʦʩʪʠ ʠʦʥʦʚ, ʩʠʣʴʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʢʦʨʨʝʣʷʮʠʷʤ ʠ 

ʥʝʦʙʳʯʥʦʤʫ ʫʧʦʨʷʜʦʯʝʥʠʶ ʟʘʨʷʜʘ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʣʶʜʚʠʛʠʪʳ ʦʙʣʘʜʘʶʪ 

ʯʨʝʟʚʳʯʘʡʥʦ ʥʝʦʙʳʯʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ [1, 2]. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ 

ʣʶʜʚʠʛʠʪʘ Cu2MnBO5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʙʦʪʘʭ [3, 4, 5]. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T = 92 

ʂ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʚ ʬʝʨʨʠʤʘʛʥʠʪʥʫʶ ʬʘʟʫ [4]. ʕʬʬʝʢʪʠʚʥʳʡ ʤʘʛʥʠʪʥʳʡ 

ʤʦʤʝʥʪ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʚʦ ʚʥʝʰʥʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 0,2 ʢʕ ʠ 2 

ʢʕ, ʩʦʩʪʘʚʣʷʝʪ 4,5mB.  

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʜʦʢʣʘʜʝ ʤʳ ʘʥʘʣʠʟʠʨʫʝʤ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʤʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʣʶʜʚʠʛʠʪʘ Cu2MnBO5, ʣʝʛʠʨʦʚʘʥʥʦʛʦ Cr, ʩ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 

ʠʦʥʦʚ Cr. ʂʨʠʩʪʘʣʣʳ Cu2MnBO5:Cr ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʤʝʪʦʜʦʤ ʠʟ ʨʘʩʪʚʦʨʘ 

ʨʘʩʧʣʘʚʘ. ʇʦʣʫʯʝʥʥʳʝ ʢʨʠʩʪʘʣʣʳ ʠʤʝʶʪ ʬʦʨʤʫ ʯʸʨʥʳʭ ʚʳʪʷʥʫʪʳʭ ʧʨʠʟʤ 

ʨʘʟʤʝʨʦʤ ʜʦ 0,5³0,5³3 ʤʤ3. Cu2MnBO5:Cr ʠʤʝʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʛʨʫʧʧʫ P21/c. 

ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʫʪʦʯʥʝʥʠʷ ʧʦ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ, ʝʛʦ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʦʩʪʘʚʣʷʶʪ a = 3,12237(5) ¡, b = 9,38284(5) ¡, 

c = 12,03730(5) ¡, b = 92,599(5). ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʣʝʛʠʨʦʚʘʥʥʳʤ ʣʶʜʚʠʛʠʪʦʤ 

Cu2MnBO5, ʧʘʨʘʤʝʪʨʳ a ʠ b ʢʦʨʦʯʝ ʥʘ 0,02 ¡, ʘ c ð ʥʘ 0,015 ¡ ʜʣʠʥʥʝʝ. ʋʛʦʣ b 

ʪʘʢʞʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ 0,34 ʛʨʘʜʫʩʘ ʧʦʩʣʝ ʚʚʝʜʝʥʠʷ ʠʦʥʦʚ ʭʨʦʤʘ. 
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ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ ʘ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʝʨʚʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, ʢʦʪʦʨʳʝ 

ʧʦʢʘʟʘʥʳ ʥʘ ʚʩʪʘʚʢʝ ʨʠʩʫʥʢʘ ʘ. ʇʨʠ ʜʚʫʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 52ʂ  ʠ 59ʂ ʥʘʙʣʶʜʘʶʪʩʷ 

ʪʦʯʢʠ ʵʢʩʪʨʝʤʫʤʘ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʥʘʢʣʦʥ ʢʨʠʚʦʡ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʤʝʥʷʝʪʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ.  ɸʧʧʨʦʢʩʠʤʠʨʫʷ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʟʘʢʦʥʦʤ ʂʶʨʠ-ɺʝʡʩʩʘ, ʫʩʪʘʥʦʚʠʣʠ ʟʘʚʠʩʠʤʦʩʪʴ  

ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ-ɺʝʡʩʩʘ (ʩʤ. ʨʠʩʫʥʦʢ ʙ). 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ɸʉ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʚ ʩʦʝʜʠʥʝʥʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʭʦʜ ʠʭ 

ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʩʧʠʥʦʚʦʝ ʩʪʝʢʣʦ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʚʳʰʝ ʢʦʤʥʘʪʥʦʡ, ʪʝʨʤʦʵʜʩ ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʡ mV/K. 

  

ʘ)      ʙ) 
ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ (ʘ) ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ-

ɺʝʡʩʩʘ ʦʪ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ  

 (ʙ) ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ Cu2MnBO5:Cr 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 23-72-00047. 

 
ʃʠʪʝʨʘʪʫʨʘ 

1. Popov D.V. Magnetic properties of ludwigite Mn2.25Co0.75BO5 / D.V. Popov, T.P. 

Gavrilova, I.F. Gilmutdinov, M.A. Cherosov, V.A. Shustov, E.M. Moshkina, L.N. Bezmaternykh, 

R.M. Eremina // Journal of Physics and Chemistry of Solids. 2021. V. 148. ï P. 109695.  
2. Popov D.V. Magnetism and specific heat of ludwigites Mn1.17Co1.83BO5 and 

Mn1.39Co1.61BO5 / D.V.Popov, T.P. Gavrilova, M.A. Cherosov, V.A. Shustov, E.M. Moshkina, I.I. 

Fazlizhanov, R.M. Eremina // Journal of Alloys and Compounds. 2024. V. 976. ï  P.173143. 

3. Sofronova S. Crystal growth, structure, magnetic properties and theoretical exchange 

interaction calculations of Cu2MnBO5 // Journal of Magnetism and Magnetic 

Materials. 2016. V.420. ï P.309-316. 

4. Moshkina E. Magnetic structure of Cu2MnBO5 ludwigite: thermodynamic, magnetic 

properties and neutron diffraction study / E. Moshkina, C. Ritter, E. Eremin, S. Sofronova, A. 

Kartashev, A. Dubrovskiy, L. Bezmaternykh // Journal of Physics: Condensed Matter. 2017. V. 

29(24). ï P.245801. 

5. Dubrovskiy A.A. EPR-Determined Anisotropy of the g-Factor and Magnetostriction of a 

Cu2MnBO5 Single Crystal with a Ludwigite Structure. / A.A. Dubrovskiy, M.V. Rautskii, E.M. 

Moshkina, I.V.Yatsyk, R.M. Eremina // JETP Letters. 2017. V.106. ï P.716-719. 

  



14 

ʋɼʂ 537.8, 539.2, 517.9 
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ɼʀʅɸʄʀʂʀ ɺ ʌʀɿʀʂɽ ʂʆʅɼɽʅʉʀʈʆɺɸʅʅʆɻʆ ʉʆʉʊʆʗʅʀʗ 
 

ɸ. ʖ. ɿʘʭʘʨʦʚ 

ɻʣʘʚʥʳʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, anatoly.zakharov@novsu.ru 

ʂʘʬʝʜʨʘ ʦʙʱʝʡ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʬʠʟʠʢʠ 

ʌɻɹʆʋ ɺʆ çʅʦʚʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʗʨʦʩʣʘʚʘ ʄʫʜʨʦʛʦè 

 

ʈʘʙʦʪʘ ʩʦʜʝʨʞʠʪ ʦʙʦʙʱʝʥʠʝ ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ ʩʠʩʪʝʤʳ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʘʪʦʤʦʚ ʥʘ ʩʣʫʯʘʡ ʨʝʣʷʪʠʚʠʩʪʩʢʠʡ ʪʝʦʨʠʠ. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 

ʘʪʦʤʘʤʠ ʫʯʠʪʳʚʘʝʪʩʷ ʚ ʨʘʤʢʘʭ ʢʦʥʮʝʧʮʠʠ ʢʦʚʘʨʠʘʥʪʥʦʛʦ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ ʧʦʣʷ, ʢʦʪʦʨʦʝ 

ʪʦʣʴʢʦ ʣʠʰʴ ʚ ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʦʤ ʧʨʝʜʝʣʝ ʵʢʚʠʚʘʣʝʥʪʥʦ ʤʛʥʦʚʝʥʥʳʤ ʤʝʞʘʪʦʤʥʳʤ 

ʧʦʪʝʥʮʠʘʣʘʤ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʝ ʧʦʣʝ ʷʚʣʷʝʪʩʷ ʩʫʧʝʨʧʦʟʠʮʠʝʡ ʵʣʝʤʝʥʪʘʨʥʳʭ 

ʧʦʣʝʡ, ʢʘʞʜʦʝ ʠʟ ʢʦʪʦʨʳʭ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʨʘʚʥʝʥʠʷʤ ʪʠʧʘ ʂʣʝʡʥʘ-ɻʦʨʜʦʥʘ-ʌʦʢʘ. 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʚʝʱʝʩʪʚʝʥʥʘʷ ʠ ʢʦʤʧʣʝʢʩʥʘʷ ʬʦʨʤʳ ʨʝʣʷʪʠʚʠʩʪʩʢʦʛʦ ʛʘʤʠʣʴʪʦʥʠʘʥʘ ʩʠʩʪʝʤʳ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʯʘʩʪʠʮ ʩ ʫʯʸʪʦʤ ʧʦʣʝʚʳʭ ʩʪʝʧʝʥʝʡ ʩʚʦʙʦʜʳ. ɻʘʤʠʣʴʪʦʥʠʘʥ ʩʦʜʝʨʞʠʪ ʪʨʠ 

ʚʢʣʘʜʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʚʦʙʦʜʥʳʤ ʯʘʩʪʠʮʘʤ, ʩʚʦʙʦʜʥʳʤ  ʧʦʣʷʤ ʪʠʧʘ ʂʣʝʡʥʘ-ɻʦʨʜʦʥʘ-ʌʦʢʘ 

ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʠ ʧʦʣʷʤʠ. ʀʩʭʦʜʷ ʠʟ ʚʘʨʠʘʮʠʦʥʥʦʡ ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯ 

ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ, ʧʦʣʫʯʝʥʘ ʪʦʯʥʘʷ ʟʘʤʢʥʫʪʘʷ ʨʝʣʷʪʠʚʠʩʪʩʢʘʷ ʩʠʩʪʝʤʘ 

ʫʨʘʚʥʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʘʷ ʵʚʦʣʶʮʠʶ ʩʠʩʪʝʤʳ ʘʪʦʤʦʚ ʠ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ ʧʦʣʷ ʚ ʨʘʤʢʘʭ 

ʛʘʤʠʣʴʪʦʥʦʚʦʡ ʢʘʨʪʠʥʳ.  ɺʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʢʘʯʝʩʪʚʝʥʥʳʭ ʩʚʦʡʩʪʚ ʨʝʰʝʥʠʡ ʫʨʘʚʥʝʥʠʡ 

ʜʠʥʘʤʠʢʠ ʩʠʩʪʝʤʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʞʘʪʦʤʥʳʝ ʧʦʪʝʥʮʠʘʣʳ;  ʢʦʥʮʝʧʮʠʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ ʧʦʣʷ; 

ʢʣʘʩʩʠʯʝʩʢʘʷ ʨʝʣʷʪʠʚʠʩʪʩʢʘʷ ʤʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ; ʛʘʤʠʣʴʪʦʥʠʘʥ; ʢʘʥʦʥʠʯʝʩʢʠʝ 

ʫʨʘʚʥʝʥʠʷ. 

 

ʆʩʥʦʚʥʳʤʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʷʚʣʷʶʪʩʷ ʥʝʨʘʚʥʦʚʝʩʥʘʷ ʩʪʘʪʠʩʪʠʯʝʩʢʘʷ 

ʤʝʭʘʥʠʢʘ ʠ ʤʝʪʦʜ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ, ʢʦʪʦʨʳʝ ʦʩʥʦʚʘʥʳ ʥʘ 

ʧʨʝʜʩʪʘʚʣʝʥʠʷʭ ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ. ʆʜʥʘʢʦ, 

ʢʣʘʩʩʠʯʝʩʢʘʷ ʤʝʭʘʥʠʢʘ ʥʘʭʦʜʠʪʩʷ ʚ ʥʝʫʩʪʨʘʥʠʤʦʤ ʧʨʦʪʠʚʦʨʝʯʠʠ ʩ 

ʪʝʨʤʦʜʠʥʘʤʠʢʦʡ [1], ʧʦʵʪʦʤʫ ʜʣʷ ʥʝʧʨʦʪʠʚʦʨʝʯʠʚʦʛʦ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ 

ʦʙʲʷʩʥʝʥʠʷ ʠ/ʠʣʠ ʦʧʠʩʘʥʠʷ ʥʝʦʙʨʘʪʠʤʳʭ ʧʨʦʮʝʩʩʦʚ ʪʨʝʙʫʝʪʩʷ ʚʳʭʦʜ ʟʘ ʧʨʝʜʝʣʳ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ.  

ʆʜʥʠʤ ʠʟ ʚʘʨʠʘʥʪʦʚ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʧʝʨʝʭʦʜ ʦʪ 

ʥʝʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʠ ʢ ʢʣʘʩʩʠʯʝʩʢʦʡ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ 

ʤʝʭʘʥʠʢʝ. ʄʝʞʘʪʦʤʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʤʝʶʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ 

ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʠ ʚ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʝ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʤʦʜʝʣʴʥʳʝ ʤʝʞʘʪʦʤʥʳʝ ʧʦʪʝʥʮʠʘʣʳ [2]. ɺ ʨʝʣʷʪʠʚʠʩʪʩʢʦʤ ʦʧʠʩʘʥʠʠ 

ʤʝʞʘʪʦʤʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʦʥʮʝʧʮʠʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ 

ʧʦʣʷ [3,4,5], ʢʦʪʦʨʦʝ ʚ ʩʪʘʪʠʯʝʩʢʦʤ ʩʣʫʯʘʝ ʵʢʚʠʚʘʣʝʥʪʥʦ ʟʘʜʘʥʥʦʤʫ 

ʩʪʘʪʠʯʝʩʢʦʤʫ ʤʝʞʘʪʦʤʥʦʤʫ ʧʦʪʝʥʮʠʘʣʫ ὺὶ, ʘ ʚ ʜʠʥʘʤʠʯʝʩʢʦʤ ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ 

ʢʦʚʘʨʠʘʥʪʥʳʤ ʩʢʘʣʷʨʥʳʤ ʧʦʣʝʤ •Ἲȟὸ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ •Ἲȟὸ ̫ʚʣʷʝʪʩʷ 
ʣʠʥʝʡʥʦʡ ʢʦʤʙʠʥʘʮʠʝʡ ʵʣʝʤʝʥʪʘʨʥʳʭ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʧʦʣʝʡ • Ἲȟὸ, ʢʘʞʜʦʝ 
ʠʟ ʢʦʪʦʨʳʭ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʨʘʚʥʝʥʠʷʤ ʪʠʧʘ ʂʣʝʡʥʘ-ɻʦʨʜʦʥʘ-ʌʦʢʘ. ʄʘʩʩʦʚʳʝ 
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ʧʘʨʘʤʝʪʨʳ ‘ ʧʦʣʝʡ • Ἲȟὸ ʦʜʥʦʟʥʘʯʥʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʩʦʙʳʤʠ ʪʦʯʢʘʤʠ ʌʫʨʴʝ-

ʪʨʘʥʩʬʦʨʤʘʥʪʳ ὺὯ  ʤʝʞʘʪʦʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ 

ʧʝʨʝʤʝʥʥʦʡ k.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʘʤʢʘʭ ʨʝʣʷʪʠʚʠʩʪʩʢʦʡ ʪʝʦʨʠʠ ʤʝʪʦʜ ʤʦʣʝʢʫʣʷʨʥʦʡ 

ʜʠʥʘʤʠʢʠ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʜʝʡʩʪʚʠʷ: 

¶ ʚʳʙʦʨ ʤʦʜʝʣʴʥʦʛʦ ʤʝʞʘʪʦʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʠ ʥʘʭʦʞʜʝʥʠʝ ʦʩʦʙʳʭ ʪʦʯʝʢ 
ʌʫʨʴʝ-ʪʨʘʥʩʬʦʨʤʘʥʪʳ ʵʪʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ 

ʧʝʨʝʤʝʥʥʦʡ k; 

¶ ʬʦʨʤʫʣʠʨʦʚʢʘ ʚʘʨʠʘʮʠʦʥʥʦʛʦ ʧʨʠʥʮʠʧʘ ʜʣʷ ʩʠʩʪʝʤʳ ñʘʪʦʤʳ + ʵʣʝʤʝʥʪʘʨʥʳʝ 
ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʧʦʣʷò ʠ ʚʳʚʦʜ ʧʦʣʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʜʠʥʘʤʠʢʠ ʘʪʦʤʦʚ 

ʠ ʵʣʝʤʝʥʪʘʨʥʳʭ ʧʦʣʝʡ;  

¶ ʧʦʣʥʘʷ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ ʜʠʥʘʤʠʢʠ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʧʦʜʩʠʩʪʝʤ:  

(i) ʫʨʘʚʥʝʥʠʷ ʜʠʥʘʤʠʢʠ ʧʦʣʝʡ, ʩʦʟʜʘʚʘʝʤʳʭ ʘʪʦʤʘʤʠ ï ʵʪʠ ʫʨʘʚʥʝʥʠʷ 

ʜʦʧʫʩʢʘʶʪ ʪʦʯʥʦʝ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ; 

(ii ) ʫʨʘʚʥʝʥʠʷ ʜʠʥʘʤʠʢʠ ʘʪʦʤʦʚ ʚʦ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʤ ʧʦʣʝ. 

ʇʦʤʠʤʦ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʜʠʥʘʤʠʢʠ ñʘʪʦʤʳ + 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʧʦʣʷò ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʘʯʝʩʪʚʝʥʥʳʭ 

ʩʚʦʡʩʪʚ ʨʝʰʝʥʠʡ ʵʪʠʭ ʫʨʘʚʥʝʥʠʡ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ 

ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: 

¶ ʨʘʟʨʘʙʦʪʘʥʘ ʨʝʣʷʪʠʚʠʩʪʩʢʘʷ ʤʦʜʝʣʴ ʤʝʞʘʪʦʤʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤʘʭ;  

¶ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʢʠ ʥʝ ʥʫʞʜʘʝʪʩʷ 
ʚ ʢʦʥʮʝʧʮʠʷ ʚʝʨʦʷʪʥʦʩʪʠ;  

¶ ʥʘʡʜʝʥʘ ʛʘʤʠʣʴʪʦʥʦʚʘ ʬʦʨʤʘ ʫʨʘʚʥʝʥʠʡ ʜʠʥʘʤʠʢʠ ʘʪʦʤʦʚ ʠ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʧʦʣʝʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʭʦʨʦʰʦ ʨʘʟʨʘʙʦʪʘʥʥʳʝ 

ʛʘʤʠʣʴʪʦʥʦʚʳ ʤʝʪʦʜʳ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʢʠʥʝʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤʘʭ; 

¶ ʫʩʪʘʥʦʚʣʝʥ ʜʠʥʘʤʠʯʝʩʢʠʡ (ʥʝʩʪʘʪʠʩʪʠʯʝʩʢʠʡ) ʤʝʭʘʥʠʟʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ 
ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʥʝ ʪʦʣʴʢʦ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʥʦ ʠ 

ʤʘʣʦʯʘʩʪʠʯʥʳʭ ʩʠʩʪʝʤ (few-body systems). 
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ʌʠʣʠʘʣ ʌɻɹʆʋ ɺʆ çʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ  

çʄʦʩʢʦʚʩʢʠʡ ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʀʥʩʪʠʪʫʪè ʚ ʛʦʨʦʜʝ ɺʦʣʞʩʢʦʤ 
 

ɺ ʨʘʙʦʪʝ ʠʟʣʘʛʘʶʪʩʷ ʤʦʜʝʣʠ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ, ʩʦʜʝʨʞʘʱʠʭ 

ʜʝʬʝʢʪʳ, ʪʘʢʠʝ ʢʘʢ ʩʪʫʧʝʥʴʢʠ ʦʙʦʠʭ ʟʥʘʢʦʚ, ʧʨʦʪʷʞʝʥʥʳʝ ʚʜʦʣʴ ʥʝʢʦʪʦʨʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ 

ʧʦʨʳ, ʠ ʧʦʨʳ ʩ ʨʘʚʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʚʜʦʣʴ ʜʚʫʭ ʥʦʨʤʘʣʴʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʚ ʛʨʘʥʠʮʝ. ɺ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʯʘʩʪʦʪʳ ʠ ʜʠʬʬʫʟʠʦʥʥʦʡ ʜʣʠʥʳ ʚʘʢʘʥʩʠʡ, ʚʝʣʠʯʠʥʘ 

ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʧʦʧʘʜʘʝʪ ʥʘ ʦʜʥʫ ʠʟ ʪʨʝʭ ʥʝʧʘʨʘʣʣʝʣʴʥʳʭ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ, 

ʚʭʦʜʷʱʠʭ ʚ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʠʟʚʝʜʝʥʠʷ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʦʪ ʦʙʨʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʟʝʨʥʦʛʨʘʥʠʯʥʳʝ ʚʘʢʘʥʩʠʠ, ʜʠʬʬʫʟʠʦʥʥʘʷ ʜʣʠʥʘ, ʥʝʨʘʚʥʦʚʝʩʥʳʝ 

ʛʨʘʥʠʮʳ ʟʝʨʝʥ, ʨʝʣʘʢʩʘʮʠʷ ʩʪʨʫʢʪʫʨʳ. 
 

ɻʨʘʥʠʮʳ ʟʝʨʝʥ ʨʝʜʢʦ ʙʳʚʘʶʪ ʧʣʦʩʢʠʤʠ ʚ ʘʪʦʤʥʦʤ ʤʘʩʰʪʘʙʝ. ʏʘʩʪʦ ʦʥʠ 

ʩʦʜʝʨʞʘʪ ʵʣʝʤʝʥʪʳ ʩʪʨʫʢʪʫʨʳ, ʦʪʢʣʦʥʷʶʱʠʝ ʠʭ ʦʪ ʧʣʦʩʢʦʩʪʠ. ʕʪʦ ʤʦʛʫʪ ʙʳʪʴ 

ʩʪʫʧʝʥʴʢʠ, ʩʤʝʱʘʶʱʠʝ ʧʣʦʩʢʦʩʪʴ ʛʨʘʥʠʮʳ ʥʘ ʦʜʥʦ ʠʣʠ ʥʝʩʢʦʣʴʢʦ ʤʝʞʘʪʦʤʥʳʭ 

ʨʘʩʩʪʦʷʥʠʡ ʚ ʪʫ ʠʣʠ ʜʨʫʛʫʶ ʩʪʦʨʦʥʫ. ʂ ʜʝʬʝʢʪʘʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʠ ʚʳʪʷʥʫʪʳʝ 

ʟʝʨʥʦʛʨʘʥʠʯʥʳʝ ʧʦʨʳ ʚ ʚʠʜʝ ʮʠʣʠʥʜʨʦʚ, ʘ ʪʘʢʞʝ ʧʦʨʳ ʩ ʙʣʠʟʢʠʤʠ ʨʘʟʤʝʨʘʤʠ 

ʚʜʦʣʴ ʜʚʫʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʛʨʘʥʠʮʝ. ʇʦʜ ʜʝʡʩʪʚʠʝʤ 

ʧʝʨʝʤʝʥʥʳʭ ʥʦʨʤʘʣʴʥʳʭ ʛʨʘʥʠʮʝ ʥʘʧʨʷʞʝʥʠʡ ʦʥʘ ʷʚʣʷʝʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʠ 

ʩʪʦʢʦʤ ʟʝʨʥʦʛʨʘʥʠʯʥʳʭ ʚʘʢʘʥʩʠʡ. ɺʘʢʘʥʩʠʠ ʜʠʬʬʫʥʜʠʨʫʶʪ ʢ ʩʪʦʢʘʤ, ʢʦʪʦʨʳʤʠ 

ʷʚʣʷʶʪʩʷ ʣʠʙʦ ʛʨʘʥʠʮʳ ʜʨʫʛʠʭ ʟʝʨʝʥ, ʣʠʙʦ ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʧʨʝʜʝʣʘʭ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʫʯʘʩʪʢʦʚ ʛʨʘʥʠʮ ʧʦʨʳ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ 

ʨʘʟʤʝʨʦʚ ʩʝʛʤʝʥʪʦʚ ʛʨʘʥʠʮ ʠ ʜʠʬʬʫʟʠʦʥʥʦʡ ʜʣʠʥʳ ʚʘʢʘʥʩʠʡ ʟʘ ʧʦʣʦʚʠʥʫ 

ʧʝʨʠʦʜʘ ʢʦʣʝʙʘʥʠʡ ʥʘʧʨʷʞʝʥʠʷ, ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʨʘʟʣʠʯʠʝ ʚ ʵʥʝʨʛʠʠ 

ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʘ. ʇʨʠ ʵʪʦʤ ʥʘ ʛʨʘʬʠʢʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʠʟʚʝʜʝʥʠʷ ʚʝʣʠʯʠʥʳ 

ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʛʫʪ 

ʥʘʙʣʶʜʘʪʴʩʷ ʜʚʘ ʠʣʠ ʪʨʠ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʘ ʩ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ ʥʘʢʣʦʥʘ ʢ 

ʦʩʠ ʘʙʩʮʠʩʩ. ʊʦʯʢʘ ʠʭ ʧʝʨʝʩʝʯʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʚʝʥʩʪʚʦʤ ʨʘʟʤʝʨʘ ʧʣʦʩʢʦʛʦ 

ʫʯʘʩʪʢʘ ʛʨʘʥʠʮʳ ʠ ʜʠʬʬʫʟʠʦʥʥʦʡ ʜʣʠʥʳ ʚʘʢʘʥʩʠʡ.  

ʇʦʷʚʣʝʥʠʝ ʚʪʦʨʦʡ ʪʦʯʢʠ ʧʝʨʝʩʝʯʝʥʠʷ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ ʩʚʷʟʘʥʦ ʩ 

ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʛʨʘʥʠʮ ʟʝʨʝʥ. ʇʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʪʝʧʣʦʚʳʭ ʚʘʢʘʥʩʠʡ ʚ ʛʨʘʥʠʮʝ ʤʦʞʝʪ ʩʨʘʚʥʠʚʘʪʴʩʷ ʠ ʧʨʝʚʳʰʘʪʴ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʠʟʙʳʪʦʯʥʳʭ ʚʘʢʘʥʩʠʡ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʛʨʘʥʠʮ ʟʝʨʝʥ ʚ 

ʥʝʨʘʚʥʦʚʝʩʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʀ ʪʦʛʜʘ ʚʙʣʠʟʠ ʪʦʯʢʠ ʧʣʘʚʣʝʥʠʷ ʚʦʟʥʠʢʘʝʪ ʪʨʝʪʠʡ 

ʧʨʷʤʦʣʠʥʝʡʥʳʡ ʫʯʘʩʪʦʢ ʥʘ ʵʪʦʤ ʛʨʘʬʠʢʝ. ɿʘʜʘʯʠ ʤʦʛʫʪ ʙʳʪʴ ʨʘʩʩʤʦʪʨʝʥʳ ʚ 

ʦʜʥʦʤʝʨʥʦʤ ʠʣʠ ʜʚʫʤʝʨʥʦʤ ʧʨʠʙʣʠʞʝʥʠʷʭ. ɺʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʩʪʨʫʢʪʫʨʳ 

ʛʨʘʥʠʮʳ ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʦ ʠʟ ʠʟʤʝʥʝʥʠʷ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʩʦ ʚʨʝʤʝʥʝʤ. 
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ɸʄʆʈʌʅʓʍ ʊɺɽʈɼʓʍ ʊɽʃɸʍ  
 

ʖ.ɽ. ʂʘʣʠʥʠʥ1, ɺ.ɹ. ɹʘʛʘʪʥʦʚ2, ɺ.ɸ. ʄʘʢʘʛʦʥʦʚ3, ʄ.ɸ. ʂʘʰʠʨʠʥ4,  

ʀ.ʀ. ʇʦʧʦʚ5, ɺ.ɸ. ʌʦʰʠʥ6 

1ʇʨʦʬʝʩʩʦʨ, kalinin48@mail.ru 
2ɸʩʧʠʨʘʥʪ, bagatnov@bk.ru 

3ɼʦʮʝʥʪ, vlad_makagonov@mail.ru 
4ʀʥʞʝʥʝʨ-ʠʩʩʣʝʜʦʚʘʪʝʣʴ, mnitro@ya.ru 

5ʄʣʘʜʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ,  popovich_vano@mail.ru 

 6ɸʩʧʠʨʘʥʪ, vadim.foshin@yandex.ru 

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

 

ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʩʣʝʜʥʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʝʫʧʨʫʛʠʭ ʷʚʣʝʥʠʡ ʧʦ 

ʫʩʪʘʥʦʚʣʝʥʠʶ ʧʨʠʨʦʜʳ Ŭ- ʠ b-ʨʝʣʘʢʩʘʮʠʠ ʚ ʘʤʦʨʬʥʳʭ ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ ʠ 

ʩʦʩʪʘʚʘ. ʅʘʙʣʶʜʘʝʤʳʝ ʤʘʢʩʠʤʫʤʳ b-ʨʝʣʘʢʩʘʮʠʠ ʚ ʘʤʦʨʬʥʳʭ ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʩʚʷʟʳʚʘʶʪʩʷ ʩ 

ʧʝʨʝʦʨʠʝʥʪʘʮʠʝʡ ʫʧʨʫʛʠʭ ʜʠʧʦʣʝʡ ʚ ʦʙʣʘʩʪʠ ʜʝʬʝʢʪʦʚ ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʘ Ŭ-ʨʝʣʘʢʩʘʮʠʠ ʩ 

ʜʠʬʬʫʟʠʝʡ ʩʘʤʠʭ ʜʝʬʝʢʪʦʚ. ʇʨʠ ʵʪʦʤ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʨʦʩʪ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 

Ŭ-ʨʝʣʘʢʩʘʮʠʠ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʤʠʛʨʘʮʠʝʡ ʚʘʢʘʥʩʠʦʧʦʜʦʙʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʝ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʤʦʨʬʥʳʝ ʪʝʣʘ, Ŭ-ʨʝʣʘʢʩʘʮʠʷ, b-ʨʝʣʘʢʩʘʮʠʷ, ʪʝʤʧʝʨʘʪʫʨʘ 

ʩʪʝʢʣʦʚʘʥʠʷ. 

 

ɺ ʜʦʢʣʘʜʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʚʣʠʷʥʠʶ 

ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ ʥʘ ʥʝʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʝʢʦʣ, ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʠ ʘʤʦʨʬʥʳʭ ʧʦʣʠʤʝʨʦʚ. ɺʥʫʪʨʝʥʥʝʝ ʪʨʝʥʠʝ (ɺʊ) 

ʠʟʤʝʨʷʣʠ ʤʝʪʦʜʦʤ ʩʚʦʙʦʜʥʦ ʟʘʪʫʭʘʶʱʠʭ ʠʟʛʠʙʥʳʭ ʢʦʣʝʙʘʥʠʡ ʦʙʨʘʟʮʘ ʚ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 300 ʜʦ 800 ʂ ʥʘ ʠʥʬʨʘʥʠʟʢʠʭ ʯʘʩʪʦʪʘʭ ʧʦ ʤʝʪʦʜʠʢʝ, 

ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʙʦʪʝ [1]. 

ʅʘ ʨʠʩ. ʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ 

ʦʙʨʘʟʮʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʧʣʝʥʢʠ ʘʤʦʨʬʥʦʛʦ ʦʢʩʠʜʘ ʦʣʦʚʘ ʥʘ ʢʨʝʤʥʠʝʚʦʡ 

ʧʦʜʣʦʞʢʝ. ʅʘ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʛʣʘʚʥʳʭ 

ʤʘʢʩʠʤʫʤʘ. ʇʦʣʦʞʝʥʠʝ ʧʝʨʚʦʛʦ ʰʠʨʦʢʦʛʦ ʤʘʢʩʠʤʫʤʘ ɺʊ ʧʨʠ ʊ ~ 600 ʂ ʩʣʘʙʦ 

ʠʟʤʝʥʷʝʪʩʷ ʩ ʠʟʤʝʥʝʥʠʝʤ ʯʘʩʪʦʪʳ ʤʝʭʘʥʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ ʠ, ʧʦ ʘʥʘʣʦʛʠʠ ʩ 

ʧʦʣʠʤʝʨʘʤʠ, ʤʦʞʝʪ ʙʳʪʴ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥ ʢʘʢ ʤʘʢʩʠʤʫʤ b ï ʨʝʣʘʢʩʘʮʠʠ, ʘ 

ʚʪʦʨʦʡ ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʤʘʢʩʠʤʫʤ (ʧʨʠ ʊ ~ 690 ʂ) ï ʢʘʢ ʤʘʢʩʠʤʫʤ Ŭ ï ʨʝʣʘʢʩʘʮʠʠ 

[2]. ʄʘʢʩʠʤʫʤʳ ɓ-ʨʝʣʘʢʩʘʮʠʠ, ʥʘʙʣʶʜʘʝʤʳʝ ʧʨʠ ʊb1 = 585 ʂ ʠ ʊb2 = 603 ʂ 

ʦʙʲʷʩʥʷʶʪʩʷ ʥʘʣʠʯʠʝʤ ʚʘʢʘʥʩʠʦʧʦʜʦʙʥʳʭ ʜʝʬʝʢʪʦʚ, ʩʦʟʜʘʶʱʠʭ ʫʧʨʫʛʠʝ 

ʜʠʧʦʣʠ, ʢʦʪʦʨʳʝ ʧʝʨʝʦʨʠʝʥʪʠʪʫʶʪʩʷ ʚ ʧʦʣʝ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ. 

ɸʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ɺʊ ʧʦʢʘʟʘʣ, ʯʪʦ ʨʦʩʪ ʚʥʫʪʨʝʥʥʝʛʦ 

ʪʨʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 650 ʂ ʩʚʷʟʘʥ ʩ ʤʠʛʨʘʮʠʝʡ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ 

ʠ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ [3]: 

mailto:kalinin48@mail.ru
mailto:oksanchik2603@mail.ru
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͊ύ ͋ύ 

ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʘʤʦʨʬʥʦʛʦ ʦʢʩʠʜʘ ʦʣʦʚʘ ʚ ʢʦʦʨʜʠʥʘʪʘʭ Qï

1  ́ʊ (ʘ) ʠ lnQï1  ́1/ʊ (ʙ) ʩ ʧʦʜʣʦʞʢʦʡ (1-

CQ ), ʧʦʜʣʦʞʢʠ ʠʟ ʢʨʝʤʥʠʷ (1-

SQ ) ʠ ʧʣʝʥʢʠ  
 

ɸʥʘʣʦʛʠʯʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ɺʊ ʚ ʦʙʣʘʩʪʠ ʤʘʢʩʠʤʫʤʘ Ŭ-

ʨʝʣʘʢʩʘʮʠʠ ʥʘʙʣʶʜʘʶʪʩʷ ʠ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ 

ʧʦʣʠʤʝʨʥʦʡ ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʳ ʵʧʦʢʩʠʜʥʦʛʦ ʩʚʷʟʫʶʱʝʛʦ ʊ20-60 ʚʙʣʠʟʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ. ɺ ʦʪʚʝʨʞʜʝʥʥʦʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʩʚʷʟʫʶʱʝʤ ʊ20-60 ʚ ʦʙʣʘʩʪʠ a-ʨʝʣʘʢʩʘʮʠʠ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ lnQ-1(1/T) ʜʣʷ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʚʝʪʚʠ ʤʘʢʩʠʤʫʤʘ Q-1 ʥʘʙʣʶʜʘʶʪʩʷ ʪʨʠ ʧʨʷʤʦʣʠʥʝʡʥʳʭ 

ʫʯʘʩʪʢʘ ʩ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ ʥʘʢʣʦʥʘ. ɺ ʜʦʦʪʚʝʨʞʜʸʥʥʦʤ  ʧʦʣʠʤʝʨʝ  ʊ20-60  ʚ  

ʦʙʣʘʩʪʠ  a-ʨʝʣʘʢʩʘʮʠʠ  ʥʘ  ʟʘʚʠʩʠʤʦʩʪʠ lnQ-1(1/ʊ) ʜʣʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʚʝʪʚʠ 

ʤʘʢʩʠʤʫʤʘ Q-1 ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʘ ʩ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ 

ʥʘʢʣʦʥʘ, ʩʚʷʟʳʚʘʝʤʳʝ ʩ ʤʠʛʨʘʮʠʝʡ ʚʘʢʘʥʩʠʦʧʦʜʦʙʥʳʭ ʜʝʬʝʢʪʦʚ 

ʩʬʦʨʤʠʨʦʚʘʚʰʝʡʩʷ ʧʦʣʠʤʝʨʥʦʡ ʩʝʪʢʠ. ʉʜʝʣʘʥʳ ʦʮʝʥʢʠ ʵʥʝʨʛʠʠ ʤʠʛʨʘʮʠʠ ʠ 

ʵʥʝʨʛʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʚʘʢʘʥʩʠʦʧʦʜʦʙʥʳʭ ʜʝʬʝʢʪʦʚ ʦʩʥʦʚʥʦʡ ʧʦʣʠʤʝʨʥʦʡ ʩʝʪʢʠ, 

ʢʦʪʦʨʳʝ ʦʢʘʟʘʣʠʩʴ ʨʘʚʥʳ Em2 = 0.88 ° 0.08 ʵɺ ʠ Ev2 = 0.91 ° 0.08 ʵɺ. 
 

     ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 

ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (ʧʨʦʝʢʪ ˉ FZGM-2023-0006). 
 

ʃʠʪʝʨʘʪʫʨʘ 

[1] S.A. Gridnev [ʠ ʜʨ.] J. Alloys Compd. 918 (2022). 165610. 

[2] ʖ. ɽ. ʂʘʣʠʥʠʥ [ʠ ʜʨ.] ɺʳʩʦʢʦʤʦʣʝʢʫʣʷʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ. ʉʝʨʠʷ ɸ 64(1) (2022) 3ï12. 

[3] K.S. Gabriels [ʠ ʜʨ.] Thin Solid Films 804 (2024) 140504.  

https://www.sciencedirect.com/journal/thin-solid-films
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ʕʅʊʈʆʇʀʁʅʓʁ ɸʅɸʃʀɿ ʉʊʈʋʂʊʋʈʅʆʁ ʋʇʆʈʗɼʆʏɽʅʅʆʉʊʀ, 

ʉʂʃʆʅʅʆʉʊʀ ʂ ʈɽʃɸʂʉɸʎʀʀ ʀ ʉʊɽʂʃʆʆɹʈɸɿʋʖʑɽʁ 
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ɸ.ʉ. ʄʘʢʘʨʦʚ1, ʅ.ʇ. ʂʦʙʝʣʝʚ2, ɺ.ɸ. ʍʦʥʠʢ3 

1ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, a.s.makarov.vrn@gmail.com 
ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

2ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʌɻɹʋʅ ʀʌʊʊ ʈɸʅ, kobelev@issp.ac.ru 
34ɿʘʚ. ʥʘʫʯ.-ʠʩʩʣʝʜ. ʣʘʙ. ʌʅʄ ɺɻʇʋ, v.a.khonik@yandex.ru 

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 
 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʵʥʪʨʦʧʠʠ, 
ʜʣʷ ʘʥʘʣʠʟʘ ʩʚʦʡʩʪʚ ʧʝʨʝʦʭʣʘʞʜʝʥʥʳʭ ʨʘʩʧʣʘʚʦʚ ʙʳʣʦ ʥʘʯʘʪʦ ʚʝʩʴʤʘ ʜʘʚʥʦ, ʚ 
ʢʦʥʮʝ 90-ʭ ʛʦʜʦʚ ʧʨʦʰʣʦʛʦ ʚʝʢʘ.  ʇʨʠ ʵʪʦʤ, ʢʘʢ ʧʨʘʚʠʣʦ, ʚʳʯʠʩʣʷʣʠʩʴ 
ʠʟʙʳʪʦʯʥʳʝ ʧʦʪʝʥʮʠʘʣʳ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʛʦ ʨʘʩʧʣʘʚʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 
ʤʘʪʝʨʠʥʩʢʦʤʫ ʢʨʠʩʪʘʣʣʫ. ɸʥʘʣʠʟ ʩʚʦʡʩʪʚ ʩʦʙʩʪʚʝʥʥʦ ʩʪʝʢʣʘ ʧʨʠ ʵʪʦʤ ʚʳʧʘʜʘʣ 
ʠʟ ʨʘʩʩʤʦʪʨʝʥʠʷ. ʅʝʜʘʚʥʦ ʥʘʤʠ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʨʘʩʯʝʪʘ 
ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʩʪʝʢʣʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʤʘʪʝʨʠʥʩʢʦʤʫ 
ʢʨʠʩʪʘʣʣʫ (Makarov et al. J. Phys. Cond. Matter 33 (2021) 435701). ʄʝʪʦʜ ʦʩʥʦʚʘʥ 
ʥʘ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʩʪʝʢʣʘ (ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ ʢʦʤʥʘʪʥʦʡ ʜʦ 
ʧʦʣʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ) ʠ ʢʨʠʩʪʘʣʣʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʟʙʳʪʦʯʥʘʷ ʵʥʪʨʦʧʠʷ ʩʪʝʢʣʘ 

ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʢʨʠʩʪʘʣʣʫ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ  ɝὛὝ  ᷿ ὨὝȟ ʛʜʝ 

ɝὡ Ὕ ὡ Ὕ ὡ Ὕ, ʛʜʝ ὡ Ὕ ʠ ὡ   ï ʪʝʧʣʦʚʳʝ ʧʦʪʦʢʠ ʦʪ ʦʙʨʘʟʮʘ ʚ 

ʩʦʩʪʦʷʥʠʠ ʩʪʝʢʣʘ ʠ ʧʦʩʣʝ ʧʦʣʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠ Ὕ Ὕ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 
Ὕ  ï ʩʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʦʛʦ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʠʟʙʳʪʦʯʥʦʡ 
ʵʥʪʨʦʧʠʠ ʩʪʝʢʣʘ ɝὛ (ʢʘʢ ʠ ʘʥʘʣʦʛʠʯʥʳʝ ʚʳʯʠʩʣʝʥʠʷ ʜʨʫʛʠʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ 
ʧʦʪʝʥʮʠʘʣʦʚ) ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʧʣʦʜʦʪʚʦʨʥʳʤ ʠ ʧʨʠʚʦʜʠʪ ʢ ʨʷʜʫ ʠʥʪʝʨʝʩʥʳʭ ʠ 
ʚʘʞʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʇʨʠ ʵʪʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʦʛʦ ʤʝʪʦʜʘ, ʩ ʥʝʢʦʪʦʨʳʤʠ 
ʦʛʦʚʦʨʢʘʤʠ, ʚʦʟʤʦʞʥʦ ʠ ʜʣʷ ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ (ʥʘʧʨʠʤʝʨ, ʪʝʣʣʫʨʠʪʥʳʭ).   

ʅʘ ʨʠʩ.1 ʧʦʢʘʟʘʥ ʧʨʠʤʝʨ ʨʘʩʯʝʪʘ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʨʦʧʠʠ ɝὛ ʩʪʝʢʣʘ Pd40Ni40P20 
ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʧʦʩʣʝ ʨʝʣʘʢʩʘʮʠʠ ʧʫʪʝʤ ʥʘʛʨʝʚʘ ʚ ʩʦʩʪʦʷʥʠʝ 
ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ (ʪ.ʝ. ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ Ὕ). ʅʘʛʨʝʚ ʦʪ 
ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ Ὕ ʚʳʟʳʚʘʝʪ ʩʥʠʞʝʥʠʝ ɝὛ, ʦʪʨʘʞʘʶʱʝʝ ʩʪʨʫʢʪʫʨʥʦʝ 
ʫʧʦʨʷʜʦʯʝʥʠʝ ʚʩʣʝʜʩʪʚʠʝ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʣʘʢʩʘʮʠʠ. ɺʳʰʝ Ὕ ʚʝʣʠʯʠʥʘ ɝὛ 
ʙʳʩʪʨʦ ʨʘʩʪʝʪ ʠʟ-ʟʘ ʨʘʩʪʫʱʝʛʦ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ ʚ ʩʦʩʪʦʷʥʠʠ 
ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ, ʟʘʪʝʤ ʥʘʯʠʥʘʝʪ ʧʘʜʘʪʴ ʚʩʣʝʜʩʪʚʠʝ ʥʘʯʘʣʘ 
ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ Ὕ ʠ, ʥʘʢʦʥʝʮ, ʩʪʘʥʦʚʠʪʩʷ ʥʫʣʝʚʦʡ ʚ ʨʝʟʫʣʴʪʘʪʝ 
ʧʦʣʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠ Ὕ Ὕ. ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʪʦʯʢʠ ʟʘʚʠʩʠʤʦʩʪʠ 
ɝὛὝ ï ʟʥʘʯʝʥʠʷ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʨʦʧʠʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ  ɝὛὝ), ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʝ ʩʪʝʢʣʦʚʘʥʠʷ ɝὛὝ) ʠ ʚ ʢʦʥʮʝ ʠʥʪʝʨʚʘʣʘ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ 

ʞʠʜʢʦʩʪʠ ɝὛὝ ) ï ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʘʥʘʣʠʟʘ ʨʘʟʣʠʯʥʳʭ ʩʚʦʡʩʪʚ ʩʪʝʢʣʘ. 

ɺʚʝʜʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ʙʝʩʧʦʨʷʜʢʘ ‌ ɝὛὛϳ  (Ὓ -ʵʥʪʨʦʧʠʷ ʧʣʘʚʣʝʥʠʷ, 
ʨʘʩʩʯʠʪʳʚʘʝʤʘʷ ʩʪʘʥʜʘʨʪʥʦ ʧʦ ʜʘʥʥʳʤ ʢʘʣʦʨʠʤʝʪʨʠʠ)  ʧʦʟʚʦʣʷʝʪ 
ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʵʚʦʣʶʮʠʶ ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʦʨʷʜʢʘ. ɽʩʣʠ ɝὛO Ὓ, ʪʦ ɻO ρ ʠ 
ʧʦʨʷʜʦʢ ʚ ʩʪʝʢʣʝ ʙʣʠʟʦʢ ʢ ʪʘʢʦʚʦʤʫ ʚ ʨʘʩʧʣʘʚʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʣʠʢʚʠʜʫʩ. 
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ʈʠʩ.1. ʀʟʙʳʪʦʯʥʘʷ ʵʥʪʨʦʧʠʷ ЎὛ ʠ ʧʘʨʘʤʝʪʨ ʙʝʩʧʦʨʷʜʢʘ ‌ ɝὛὛϳ  ʩʪʝʢʣʘ Pd40Ni40P20 ʚ 
ʠʩʭʦʜʥʦʤ ʠ ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʷʭ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʦʢʘʟʘʥʳ 
ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ï ʩʪʝʢʣʦʚʘʥʠʷ Ὕ , ʥʘʯʘʣʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ Ὕ ʠ ʧʦʣʥʦʡ 
ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ Ὕ . 

 

ʅʘʦʙʦʨʦʪ, ʝʩʣʠ ɝὛO π, ʪʦ ɻᴼπ ʠ ʧʦʨʷʜʦʢ ʚ ʩʪʝʢʣʝ ʷʚʣʷʝʪʩʷ 
ʢʨʠʩʪʘʣʣʦʧʦʜʦʙʥʳʤ. ʅʘ ʨʠʩ.1 ʧʦʢʘʟʘʥʘ ʵʚʦʣʶʮʠʷ ʧʘʨʘʤʝʪʨʘ ʙʝʩʧʦʨʷʜʢʘ ‌ 
ʩʪʝʢʣʘ Pd40Ni40P20 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʨʝʣʘʢʩʘʮʠʠ. 
ʇʦʜʯʝʨʢʥʝʤ, ʯʪʦ ʚʝʣʠʯʠʥʘ ɝὛ ʦʯʝʥʴ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʫʩʣʦʚʠʷʤ ʵʢʩʧʝʨʠʤʝʥʪʘ.   
ɺʳʯʠʩʣʝʥʠʷ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʨʦʧʠʠ ʜʣʷ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʝʢʦʣ ʧʨʠʚʝʣʠ ʢ ʩʣʝʜʫʶʱʠʤ ʨʝʟʫʣʴʪʘʪʘʤ.  
1. ʆʧʨʝʜʝʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ʙʝʩʧʦʨʷʜʢʘ ‌ (ʠ 

ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ‚ ρ ‌  ʜʣʷ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ ʚ 
ʠʩʭʦʜʥʦʤ ʠ ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʧʦʟʚʦʣʷʶʱʠʝ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʥʝ 
ʪʦʣʴʢʦ ʵʚʦʣʶʮʠʶ ʩʪʨʫʢʪʫʨʳ (ʫʧʦʨʷʜʦʯʝʥʠʝ/ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝ) ʜʘʥʥʦʛʦ ʩʪʝʢʣʘ ʚ 
ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʝʛʦ ʪʝʧʣʦʚʦʡ ʧʨʝʜʳʩʪʦʨʠʠ, ʥʦ ʩʦʦʪʥʦʰʝʥʠʝ 
ʩʪʨʫʢʪʫʨʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʩʪʝʢʦʣ ʨʘʟʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ (ʠ ʜʘʞʝ 
ʨʘʟʥʳʭ ʪʠʧʦʚ ʩʪʝʢʦʣ). 
2. ʀʟʙʳʪʦʯʥʘʷ ʵʥʪʨʦʧʠʷ ɝὛ  ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʚʝʣʠʯʠʥʘʤʠ ʩʜʚʠʛʦʚʦʡ ʚʷʟʢʦʩʪʠ 

– ʩʪʝʢʣʘ ʧʨʠ Ὕ Ὕ ʠ ʢʠʥʝʪʠʯʝʩʢʦʡ ʬʨʘʛʠʣʴʥʦʩʪʠ ʩʪʝʢʣʘ ά
ϳ

. 

3. ʀʟʙʳʪʦʯʥʘʷ ʵʥʪʨʦʧʠʷ ɝὛ (ʚʳʯʠʩʣʷʝʤʘʷ ʧʨʠ ʣʶʙʦʡ ʠʟ ʚʳʰʝʫʢʘʟʘʥʥʳʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨ) ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʵʥʪʨʦʧʠʠ ʩʤʝʰʝʥʠʷ, 
ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ ʣʠʪʝʨʘʪʫʨʝ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʚʦʡʩʪʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ.  
4. ʇʘʨʘʤʝʪʨʳ ̠̐̏̑̅̋́ ‚Ὕ Ὕ  ̉ ̠̂̆̒̐̏̑̅̋́ ‌Ὕ Ὕ  ʭʘʨʘʢʪʝʨʠʟʫʶʪ 

ʩʪʝʢʣʦʦʙʨʘʟʫʶʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ (ʉʆʉ) ʤʘʪʝʨʠʥʩʢʠʭ ʨʘʩʧʣʘʚʦʚ. ʇʨʠ ʵʪʦʤ 
ʠʤʝʝʪʩʷ ʢʦʨʨʝʣʷʮʠʷ ʥʝ ʪʦʣʴʢʦ ʩ ʦʪʥʦʩʠʪʝʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʉʆʉ 
(ʦʧʨʝʜʝʣʷʝʤʳʤʠ ʢʦʤʙʠʥʘʮʠʝʡ ʨʘʟʣʠʯʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ 
ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨ), ʥʦ ʠ ʩ ʘʙʩʦʣʶʪʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʉʆʉ ʚ 
ʚʠʜʝ ʢʨʠʪʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʠ ʟʘʢʘʣʢʠ ʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʜʠʘʤʝʪʨʘ.    
5. ɺʳʯʠʩʣʝʥʠʷ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʨʦʧʠʠ ЎὛ ʩʪʝʢʣʘ ʜʘʶʪ ʥʦʚʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ 

ʧʨʠʨʦʜʝ ʩʪʝʢʣʦʚʘʥʠʷ. 
ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʈʅʌ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ˉ 23-12-00162. 
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The paper presents the results of a study of the evolution of the domain structure in uniaxial 

ferroelectrics under the action of a pyroelectric field arising as a result of a spatially nonuniform 

temperature change caused by pulsed infrared laser irradiation. Particular attention is paid to the 

domain nucleation and growth in the sample volume stimulated by tightly focused irradiation in the 

near- infrared range created by a femtosecond laser. 

Keywords: lithium niobate, lithium tantalate, screening, depolarizing field, femtosecond laser, 

self-assembling 

 

The appearance of a pyroelectric field in ferroelectrics because of temperature 

change is caused by a delay in the screening/compensation of a change in the 

depolarizing field created by bound charges. The time dependence of the pyroelectric 

field is determined by relaxation of the screening charges. The resulting field can be 

sufficient to change the domain structure, thus opening the opportunities for 

polarization reversal due to a temperature change only without applying any electric 

field. At present, the creation of the tailored domain structure under the action of pulsed 

laser radiation is considered as a promising method of domain engineering [1]. It is 

important to point out that absence of the surface electrodes leads to the disappearance 

of the external screening of depolarization field which stimulates the interaction 

between charged domain walls and formation of the self-assembled domain structures. 

Two versions of this approach have been implemented: using absorbed and non-

absorbed laser light. Radiation in the ultraviolet and far infrared range, which is 

strongly absorbed in the surface layer of almost all ferroelectrics, leads to a non-

uniform temperature change and the creation of the pyroelectric field for domains 

switching [2]. In this case, the stripe domains of submicron width grow in the directions 

defined by the crystal symmetry. The appeared self-assembled quasi-regular domain 

structures are nucleated only at the surface and subsequently grow in certain directions 

[3,4]. Nevertheless, this method does not allow to realize the precise controlling of the 

individual domain positions and the creation of three-dimensional domain structures in 

the crystal bulk.  

The domains nucleation in the crystal bulk was achieved for the first time using 

tightly focused irradiation by a femtosecond laser in the near-infrared range. The main 

idea of this method is based on multiphoton absorption of radiation from the 

transparent spectral range localized only in the focusing region with a high energy 

density which can achieved by femtosecond laser irradiation. In 2015, the light-only 
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domain switching in the crystal bulk was demonstrated firstly in the lithium niobate 

LiNbO3 crystal [5]. Further studies allowed investigators to expand the number of 

ferroelectrics used for creation of two-dimensional and three-dimensional tailored 

domain structures [6]. 

We have studied the process of creating domain structures by local irradiation 

and linear scanning with femtosecond laser radiation in LiNbO3 and lithium tantalate 

LiTaO3 crystals being among the most popular nonlinear optical materials using 

Cherenkov type confocal microscopy for domain imaging in the crystal bulk [7,8]. It 

is suggested that the domain nucleation near the focal point is caused by depolarizing 

field that arises near the nonpolar inclusions created by irradiation, and further growth 

of domains is due to the pyroelectric field arising due to the change in temperature [7]. 

The creations of three-dimensional nonlinear photonic crystals and stable periodic 

domain structures in the volume are demonstrated [8]. 

The work was supported by the Russian Science Foundation grant No. 24-12-

00302. The equipment of the Ural Center for Collective Use ñModern 

Nanotechnologiesò of the Ural Federal University (registration number 2968) was 

used. 
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DYNAMIC HETEROGENEITIES IN THE  ÑJ SPIN GLASSES 

THROUGH THE PRISM OF LOCAL FIELDS  
 

V.A. Abalmasov 

Senior Researcher, PhD, v.a.abalmasov@math.nsc.ru 

Sobolev Institute of Mathematics SB RAS, Novosibirsk, Russia 

 

The absolute value of the local field in spin glasses determines the spin-flip probability. The 

average domain size for zero and nonzero absolute values of the local field in the ÑJ spin glass is 

calculated using the Monte Carlo method and related to dynamical heterogeneities. It turns out that 

the average domain size for nonzero absolute values of the local field, corresponding to slow spin 

dynamics at low temperature, increases and saturates with decreasing temperature, mainly due to the 

increase in the probability of finding nonzero local fields. 

Key words: spin glasses, glasses, spin relaxation, dynamical heterogeneity. 

 

Spin glasses, like structural glasses, are characterized by a strong slowdown in 

dynamics at low temperature. At the same time, this dynamics is not uniform in space. 

There are domains of slow and fast dynamics at a given temperature [1-2]. Studying 

these domains at low temperature is difficult due to the slow spin dynamics and the 

resulting long simulation time. However, in spin glasses the spin-flip probability is 

determined by the local field value by the Boltzmann exponential. Thus, the domains 

of nonzero local field, the size of which we measured in the ÑJ spin glass using Monte 

Carlo simulations for samples of size L =100 in 2D and 3D (Fig. 1),  reproduce the 

slow dynamics domains of interest. 

 

 
Fig. 1. Average domain size for zero and non-zero absolute values of the local field vs temperature 

for the ÑJ Ising model in 2D (a) and 3D (b). Filled markers correspond to the direct measurements. 

Empty markers correspond to the calculation from the probabilities of those local fields, assuming 

absence of their correlation. The difference is less than about 10% in 2D and half that in 3D. The 

glass transition temperature is zero in 2D and Tg = 1.102 in 3D. 

 

It turns out that the main reason of domain growth at low temperature is the 

increasing probability of a nonzero local field. The effect of spacial correlations of 

mailto:oksanchik2603@mail.ru
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different domains is present, but it is very small, which is highlighted in Fig.1 by the 

difference in the values of the measured domain sizes (filled marks) and those  

calculated from the probabilities of local fields (empty marks) [3]. 

 

This work was supported by the Russian Science Foundation under grant #23-

22-00320. 
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Annotation. The features of phase switching of ferroics in a two-phase temperature region are 

discussed using the theory of Markov random processes. 

 

Keywords: metastable region of phase transition, Markov random process, free energy. 
 

The two-phase state is observed in ferroelectrics, ferroelastics near the first-order 
phase transitions, and also in alloys with shape memory effect close to the martensitic 
transition [1]. As it is known [2], the repolarization ferroelectrics (FE) in the metastable 
temperature region [TC,T0] of the first order phase transition (PT) takes place through 
the nucleation and subsequent growth of inverse domains with a field-favorable 
orientation of the polarization vector. The known theories of hysteresis phenomena are 
enough complex and apply a significant number of fitting parameters. In this paper, 
using the example of FE switching in the PT metastability region, it is shown that the 
main patterns of hysteresis processes can be obtained within the framework of a simple 
model using the theory of Markov chains. 

When the electric field () sinmE t E tw=  is turned on along the FE polar axis, the 

switching process begins from the nucleating of the inverse domains. The state graph 

of this process is shown in Fig. 1, where state ç0è is the absence of the external field; 

state ç1è is the polarization switching under the influence of the field ( )0,0,E E  to the 

position ( )30,0,P P ; state ç2è is the polarization switching to the position ( )30,0,P P-  

when the field direction is changing. 

 
Fig. 1. State graph for the polarization switching process 

 

This model is described by the Kolmogorov system equations: 
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Here the transition intensities have the form 
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  (2) 

where ɤ0 is the natural frequency of oscillations of the phase boundary; kB is the 
Boltzmann constant. The free energy of the FE in the electric field with expansion 

coefficients ( )0 , , 0CT Ta a b g= - >
 
has the form 

( ) 2 4 6, .
2 4 6

f P E P P P EP
a b g
= - + -  

  
(3) 

The signs ç+è and çïè in energy barriers ȹF2, ȹF3 in the expression (2) correspond to 

the positive ( )0,0,E E  and negative ( )0,0,E E-  directions of the external field 

respectively. At positive field direction of the barriers 

( ) ( ) ( ) ( )2 2 1 3 2 3, , ; , ,E E E EF f P E f P E F f P E f P E+ -D = - D = - - -      (4) 

are decreased, and the barriers 

( ) ( ) ( ) ( )2 2 1 3 2 3, , ; , ,E E E EF f P E f P E F f P E f P E- +D = - - - D = -         (5)  

are increased. When changing field direction the opposite situation takes place with 

barriers. Here P1=0, ( )( )2

2 4 / 2P b b ag g=° - - , ( )( )2

3 4 / 2P b b ag g=° + -
 
are 

the extremum points of free energy ( ),0f P . The extremum points of the free energy 

(3) can be approximately determined using the expressions 

  1 1 2 2 2 3 3 3; ; ,E E E E E EP P P P P P P P° =D ° =° +D ° =° +D   (6) 

where the linear field additions to the polarization have the form 

1 2 32 4 2 4

2 2 3 3

; ; .
3 5 3 5

E E EE E E
P P P

P P P Pa a b g a b g
D = D = D =

- + - +
   (7) 

The numerical solution of the system of differential equations (1) enabled to 
determine the probabilities of switching polarization to the positions, which is shown 
in Fig. 1. The FE polarization in this process was calculated using the formula 

() 1 0 3 1 3 2.
E E EP E P p P p P p= + -     (8) 

 Using expression (8) we obtained the hysteresis loops, depending on the 
electric field parameters. 
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ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʤʦʨʬʦʣʦʛʠʠ, ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʮʠʡ ʧʦʣʠʣʘʢʪʠʜʘ ʩ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ 

ʦʢʩʠʜʘ ʛʨʘʬʝʥʘ, ʥʘʥʦʛʨʘʬʠʪʘ ʩ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ 1...20 ʤʘʩ. % ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪʨʠʠ, 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ɼʣʷ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʨʝʣʘʢʩʘʮʠʠ ʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʧʦʣʠʣʘʢʪʠʜʝ 

ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʢʣʘʩʪʝʨʦʚ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʧʨʝʜʣʦʞʝʥʘ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʩ 

ʤʦʥʦʤʝʨʘʤʠ ʥʘ ʨʝʰʝʪʢʝ, ʝʝ ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʤʝʪʦʜʦʤ ʄʦʥʪʝ-ʂʘʨʣʦ ʜʘʝʪ ʦʮʝʥʢʠ 

ʢʨʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ, ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʩʢʘʟʳʚʘʪʴ  ʠʭ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚ 

ʟʘʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʦʣʥʠʪʝʣʝʡ.   
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʠʣʘʢʪʠʜ, ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ ʦʢʩʠʜ ʛʨʘʬʝʥʘ, ʥʘʥʦʛʨʘʬʠʪ, 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʨʝʣʘʢʩʘʮʠʷ, ʩʚʦʙʦʜʥʳʝ ʦʙʲʝʤʳ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ, 

ʢʠʥʝʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ ʥʘ ʨʝʰʝʪʢʝ.  
 

 C 1954 ʛʦʜʘ ʧʦ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ çʟʝʣʝʥʳʝè ʧʦʣʠʤʝʨʳ ʧʨʠʚʣʝʢʘʶʪ ʚʩʝ 

ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʯʝʥʳʭ ʠ ʧʨʦʤʳʰʣʝʥʥʠʢʦʚ ʚ ʩʚʷʟʠ ʩ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʠʭ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʤʝʜʠʮʠʥʝ, ʢʦʩʤʝʪʠʢʝ, ʧʠʱʝʚʦʡ ʦʪʨʘʩʣʠ, 3D ʧʝʯʘʪʠ, 

ʪʨʠʙʦʪʝʭʥʠʢʝ ʠ ʜʨʫʛʠʭ ʩʬʝʨʘʭ. ʇʦʣʠʤʝʨʥʳʝ ʥʘʥʦʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ 

ʙʠʦʨʘʟʣʘʛʘʝʤʦʛʦ ʧʦʣʠʤʝʨʘ ʧʦʣʠʣʘʢʪʠʜʘ (ʇʃɸ) ʩ ʜʦʙʘʚʢʘʤʠ ʚ ʚʠʜʝ ʘʣʣʦʪʨʦʧʦʚ 

ʫʛʣʝʨʦʜʘ, ʥʘʥʦʯʘʩʪʠʮ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʦʢʩʠʜʘ ʛʨʘʬʝʥʘ (ɺʆɻ) ʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʧʣʘʩʪʠʥ ʛʨʘʬʠʪʘ (ʅʇɻ), ʦʪʣʠʯʘʶʪʩʷ ʫʣʫʯʰʝʥʥʳʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ, 

ʪʝʨʤʠʯʝʩʢʠʤʠ ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʙʝʩʧʨʠʤʝʩʥʳʤ ʇʃɸ [1].  

ɺ ʨʘʙʦʪʘʭ [1,2] ʤʝʪʦʜʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠʩʩʣʝʜʦʚʘʥʳ 

ʢʦʤʧʦʟʠʪʳ ʇʃɸ/ɺʆɻ ʠ ʇʃɸ/ʅʇɻ ʚ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʯʘʩʪʠʮ ʦʪ 0 ʜʦ 15 ʠ ʦʪ 0 ʜʦ 20 ʤʘʩ. % ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚ ʧʦʣʠʣʘʢʪʠʜʝ ʤʘʨʢʠ 

4043D ʩʦ ʩʪʝʧʝʥʴʶ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ 30,8 %. ʇʦʩʪʨʦʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʚʝʣʠʯʠʥ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ůô, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ Ůñ ʠ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ů ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 10
-1 ʜʦ 106 ɻʮ, ʥʘʡʜʝʥʳ ʧʦʨʦʛʠ ʧʝʨʢʦʣʷʮʠʠ 

ʧʨʠ 2 ʤʘʩ. % ʜʣʷ ʇʃɸ/ɺʆɻ ʠ 7 ʤʘʩ. % ʜʣʷ ʇʃɸ/ʅʇɻ. ʉ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʤʠʢʨʦʪʦʤʦʛʨʘʬʠʠ [1] ʧʦʣʫʯʝʥʦ ʨʘʟʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʛʨʝʛʠʨʦʚʘʥʥʳʭ 

ʥʘʥʦʯʘʩʪʠʮ ɺʆɻ ʠ ʅʇɻ ʚ ʦʙʲʝʤʝ ʇʃɸ ʧʨʠ ʪʦʣʱʠʥʝ ʦʙʨʘʟʮʦʚ 0,18-0,25 ʤʤ, ʩ 

ʧʦʤʦʱʴʶ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʦʧʨʝʜʝʣʝʥʳ ʬʦʨʤʘ ʠ ʨʘʟʤʝʨʳ ʠʭ 

ʢʣʘʩʪʝʨʦʚ ʚ ʧʣʦʩʢʦʩʪʠ. ʇʦ ʜʘʥʥʳʤ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʧʦʩʪʨʦʝʥʳ 
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ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʚʝʣʠʯʠʥ ʤʦʜʫʣʷ ʞʝʩʪʢʦʩʪʠ E, 

ʨʘʟʨʳʚʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ůp ʠ ʫʜʣʠʥʝʥʠʷ ʧʨʠ ʨʘʟʨʳʚʝ Ůp. ʆʙʥʘʨʫʞʝʥʦ ʠʟʤʝʥʝʥʠʝ 

ʧʦʨʠʩʪʦʩʪʠ ʦʙʨʘʟʮʦʚ ʠ ʩʪʝʧʝʥʠ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʇʃɸ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʥʦʯʘʩʪʠʮ.  

ɺ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʧʝʨʚʠʯʥʦʤ ʠ ʚʪʦʨʠʯʥʦʤ ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʦʚ ʇʃɸ/ɺʆɻ ʧʨʠ 

ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʦʪ 0,05 ʜʦ 0,25 ʤʘʩ. % ʪʝʨʤʦʛʨʘʤʤʳ ɼʉʂ [2] ʧʦʢʘʟʘʣʠ ʥʘʣʠʯʠʝ 

ʵʥʜʦ-ʧʠʢʦʚ ʵʥʪʘʣʴʧʠʠ ʨʝʣʘʢʩʘʮʠʠ ʧʝʨʝʭʦʜʘ ʠʟ ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ ʚ 

ʚʳʩʦʢʦʵʣʘʩʪʠʯʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 63,6-68,2Áʉ, ʵʢʟʦ-ʧʠʢʦʚ 

ʭʦʣʦʜʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʦʪ 111,5Áʉ ʜʦ115,6Áʉ ʠ ʧʠʢʦʚ ʧʣʘʚʣʝʥʠʷ ʧʨʠ 160-

162,4Áʉ. ʅʘʙʣʶʜʘʝʤʳʝ ʧʝʨʝʭʦʜʳ ʩʚʷʟʘʥʳ ʩ ʨʘʟʣʠʯʥʳʤʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʤʠ 

ʧʨʦʮʝʩʩʘʤʠ.  

ʉ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ ʈʘʫʟʘ ʠ ɿʠʤʤʘ ʜʠʤʝʨʦʚ ʥʘ ʨʝʰʝʪʢʝ ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʠʤʝʶʱʠʭʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʠ ʜʨ. ʚʝʣʠʯʠʥ 

ʤʦʞʥʦ ʚʳʯʠʩʣʷʪʴ ʚʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʠ ʠ ʨʘʟʤʝʨʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʚ ʯʘʩʪʥʦʩʪʠ 

ʠʩʢʣʶʯʝʥʥʳʝ ʦʙʲʝʤʳ, ʧʨʝʜʩʢʘʟʳʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʧʦʣʠʤʝʨʦʚ, ʦʜʥʘʢʦ, ʠʤʝʶʪʩʷ ʦʛʨʘʥʠʯʝʥʠʷ ʤʦʜʝʣʠ ʚʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʪʝʢʣʦʚʘʥʠʷ [3]. ʋʩʣʦʞʥʝʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʧʦʣʠʤʝʨʦʚ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʥʘʥʦʯʘʩʪʠʮ 

ʚʳʥʫʞʜʘʝʪ ʫʯʠʪʳʚʘʪʴ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʵʬʬʝʢʪʳ   ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʪʠʧʘ ʉʘʜʣʝʨʘ-

ʍʦʬʬʤʘʥʘ [4]. ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʘ  ʢʦʤʙʠʥʠʨʦʚʘʥʥʘʷ ʤʦʜʝʣʴ ʤʦʥʦʤʝʨʦʚ 

ʥʘ ʨʝʰʝʪʢʝ ʩ ʧʘʨʘʤʝʪʨʘʤʠ  ʘʛʨʝʛʘʮʠʠ ʪʠʧʘ ʕʰʝʣʙʠ [5]. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʦʧʨʝʜʝʣʷʶʪʩʷ ʯʠʩʣʝʥʥʦ ʩ ʧʦʤʦʱʴʶ ʢʠʥʝʪʠʯʝʩʢʦʛʦ 

ʤʝʪʦʜʘ ʄʦʥʪʝ-ʂʘʨʣʦ [6].  

ʄʦʜʝʣʴ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʧʨʝʜʩʢʘʟʘʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʢʘʢ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʛʨʝʛʘʪʦʚ ʥʘʥʦʯʘʩʪʠʮ ʇʃɸ/ɺʆɻ ʠ ʇʃɸ/ʅʇɻ. 
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The paper reports specifics of heterophase structures and stress relief therein at a coexistence 

of two ferroelectric phases from morphotropic regions in solid solutions with a perovskite-type 

structure, Attention is focused on stress-relief conditions for the coexisting phases (tetragonal and 

rhombohedral, or tetragonal and orthorhombic), which are split into non-180̄  domains. An active 

role of the tetragonal phase and its 90 ̄domain types is discussed in the context of the complete (or 

incomplete) stress relief.         

Keywords: heterophase, stress relief, tetragonal phase, morphotropic region. non-180̄  

domain. 
 

Our analysis of recent papers on heterophase ferroelectric (FE) solid solutions 

with compositions near a morphotropic phase boundary shows that in many 

publications, one can find experimental data on a coexistence of two phases, one of 

which is tetragonal with 4mm symmetry. Often the symmetry of the second phase is 

either rhombohedral or orthorhombic, for instance, from 3m or mm2 symmetry class, 

respectively. Recently-studied FE solid solutions, that are of interest as active dielectric 

materials, are characterised by the perovskite-type structure (see e.g. papers [1ï3]). At 

the same time, the coexistence of three FE phases from different symmetry classes, 

including the tetragonal phase, is observed relatively rarely. Knowledge of the crystal, 

domain and heterophase structures is important when studying basic relationships 

ócomposition ï structure ï propertiesô as well as when interpreting the role of phases 

and/or domain types in a relief of an internal stress field. Such a relief contributes to a 

minimisation of excessive elastic energy in heterophase samples [4]. A main reason for 

the presence of this energy contribution is associated with differences between 

spontaneous strains of unit cells of the coexisting morphotropic phases. The aim of the 

present work is to highlight results on the phase coexistence ótetragonal ï 

rhombohedralô and ótetragonal ï orthorhombicô and on the stress relief in various FE 

solid solutions.  

The heterophase structures are studied within the framework of concept [4]. 

Orientations and volume fractions of the non-180̄  domain types are considered in each 

FE phase and interlayers (Figure). For instance, the tetragonal and rhombohedral 

phases coexisting in each two-phase region (Figure, a) are described by distortion 

matrices || T || and || R ||, respectively. These matrices take the domain orientations into 

account and have the following general form:  

|| T || = ὲ || Ὕ || + (1 ï ὲ )|| ὓ  || || Ὕ  ||        (1) 

and  

|| R || = В ὶ|| Ὑ ||.                  (2)  
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a)                                                                           

 
b) 

Figure. Schematics of heterophase structures at the tetragonal-rhombohedral phase coexistence (a) 

and tetragonal-orthorhombic phase coexistence (b).   
       

By analogy with Eq. (2), the distortion matrix of the polydomain interlayer shown in 

Figure, a is written as  

|| R*
 || = В Ὠ|| Ὑ ||.                  (3)  

In Eq. (1), ὲ  is the volume fraction of the 90̄ domain type (T1) shown in inset 1 of 

Figure, a. In Eqs. (2) and (3), ὶ ÁÎÄ Ὠ are volume fractions of the 71̄ (109̄ ) domain 

types (Ri) shown in inset 2 of Figure, a. The non-180̄  domains form mechanical twins. 

Conditions for the complete stress relief [4] are examined at the interphase boundaries 

that separate the FE phases and that separate the two-phase region and adjacent 

interlayer. The similar procedure is applied to the heterophase structure shown in 

Figure, b.  

In the present study, we highlight an active role of the tetragonal phase in 

achieving complete stress relief at the interphase boundaries mentioned above. This 

role does not undergo changes when varying the chemical composition of the solid 

solution in the morphotropic region. The influence of the 90̄  domains in the tetragonal 

phase on the phase content is closely related to the anisotropy of the spontaneous strains 

of the perovskite unit cell in the tetragonal phase. Examples of a tendency of the 

tetragonal phase to a monodomainisation in some heterophase structures are of 

independent interest. Based on the volume fractions of the domain types in the 

coexisting phases, we evaluate their volume fractions. Agreement between the 

evaluated and experimental results on the volume fractions of the coexisting phases is 

achieved in most cases at complete stress relief.   
This research was supported by the Southern Federal University (contract No. 176/22-D, July 

11th, 2022). 
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ʂʈʀʊʀʏɽʉʂʀʁ ʊʆʂ ɺ ʆʂʉʀɼʅʓʍ ʉɺɽʈʍʇʈʆɺʆɼʅʀʂɸʍ  
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ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

 

ɺʳʯʠʩʣʝʥʳ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʤʘʣʦʫʛʣʦʚʦʡ ʛʨʘʥʠʮʳ ʥʘʢʣʦʥʘ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ, ʦʙʨʘʟʦʚʘʥʥʦʡ ʯʝʨʝʜʫʶʱʠʤʠʩʷ ʩʦʨʦʢʘ ʧʷʪʠ 

ʛʨʘʜʫʩʥʳʤʠ ʜʠʩʣʦʢʘʮʠʷʤʠ ʠ ʩʦʜʝʨʞʘʱʝʡ ʦʜʥʦʤʝʨʥʳʡ ʜʚʦʡʥʠʢʦʚʳʡ ʜʝʬʝʢʪ. ʆʧʨʝʜʝʣʝʥʘ 

ʫʧʨʫʛʘʷ ʵʥʝʨʛʠʷ ʦʜʥʦʤʝʨʥʦʛʦ ʜʚʦʡʥʠʢʦʚʦʛʦ ʜʝʬʝʢʪʘ ʛʨʘʥʠʮʳ. ɺʳʯʠʩʣʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ ʛʨʘʥʠʮʳ ʩ 

ʦʜʥʦʤʝʨʥʳʤ ʜʚʦʡʥʠʢʦʤ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʣʦʫʛʣʦʚʳʝ ʛʨʘʥʠʮʳ ʥʘʢʣʦʥʘ, ʯʘʩʪʠʯʥʳʝ ʜʠʩʣʦʢʘʮʠʠ, 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʠ, ʧʣʦʪʥʦʩʪʴ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ. 

 

ʅʘ ʨʠʩ. ʘ) ʧʨʝʜʩʪʘʚʣʝʥʘ ʛʨʘʥʠʮʘ ʥʘʢʣʦʥʘ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʝ (ɺʊʉʇ)  ὣὄὥὅόὕ , ʦʙʨʘʟʦʚʘʥʥʘʷ τυЈʜʠʩʣʦʢʘʮʠʷʤʠ ʩ ʦʩʴʶ 
ʥʘʢʣʦʥʘ [001], ʤʝʜʠʘʥʥʦʡ ʧʣʦʩʢʦʩʪʴʶ (110) ʠ ʩʦʜʝʨʞʘʱʘʷ ʦʜʥʦʤʝʨʥʳʡ 

ʜʚʦʡʥʠʢʦʚʳʡ ʜʝʬʝʢʪ. ɼʠʩʣʦʢʘʮʠʠ ʩ ʥʦʤʝʨʘʤʠ 1, 3 ʠ 4 ʠʤʝʶʪ ʚʝʢʪʦʨ ɹʶʨʛʝʨʩʘ 

ὦᴆ  ππρ, ʘ ʜʠʩʣʦʢʘʮʠʠ ʩ ʥʦʤʝʨʘʤʠ 2 ʠ 5 ʠʤʝʶʪ ʚʝʢʪʦʨ ɹʶʨʛʝʨʩʘ ὦᴆ  

ρπρ. ʆʙʣʘʩʪʴ ʚʦʢʨʫʛ ʜʠʩʣʦʢʘʮʠʠ 3 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʥʦʤʝʨʥʳʡ 

ʜʚʦʡʥʠʢʦʚʳʡ ʜʝʬʝʢʪ ʛʨʘʥʠʮʳ ʥʘʢʣʦʥʘ.  

 ɺʳʨʘʞʝʥʠʝ ʜʣʷ ʫʧʨʫʛʦʡ ʵʥʝʨʛʠʠ ʥʝʨʝʣʘʢʩʠʨʦʚʘʥʥʦʛʦ ʜʝʬʝʢʪʘ ʪʠʧʘ 

ʦʜʥʦʤʝʨʥʦʛʦ ʜʚʦʡʥʠʢʘ ʥʘ ʝʜʠʥʠʮʫ ʜʣʠʥʳ ʜʠʩʣʦʢʘʮʠʠ ʧʦʣʫʯʝʥʦ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ 

ʫʧʨʫʛʦʩʪʠ ʚ ʚʠʜʝ:  

 

ὡ ḙ ὅ ÌÎ .                                          (1) 

ɿʜʝʩʴ h ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʜʠʩʣʦʢʘʮʠʷʤʠ ʚ ʛʨʘʥʠʮʝ, ὶ  - ʨʘʜʠʫʩ ʷʜʨʘ 

τυЈʜʠʩʣʦʢʘʮʠʠ, ὦ- ʥʘʢʣʦʥʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʚʝʢʪʦʨʘ ɹʶʨʛʝʨʩʘ τυЈʜʠʩʣʦʢʘʮʠʠ. 

ɿʘʚʠʩʠʤʦʩʪʴ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ɺʊʉʇ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ ʛʨʘʥʠʮʳ 

ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦʜʦʙʥʦ ʪʦʤʫ, ʢʘʢ ʵʪʦ ʩʜʝʣʘʥʦ ʚ ʨʘʙʦʪʘʭ [1,2] ʧʦ ʬʦʨʤʫʣʝ 

 

ὐʃ ὐπ ḀÅØÐ
ȟ
 Ὠώ Ὠᾀ  .                                   (2) 

ɿʜʝʩʴ  Ὠώȟᾀ - ʪʦʣʱʠʥʘ ʥʝʠʜʝʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʛʨʘʥʠʮʳ ʟʝʨʥʘ, ‚ ï
ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʜʣʠʥʘ ʟʘʪʫʭʘʥʠʷ ɺʊʉʇ. 

ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʣʠʯʠʥʳ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ɺʊʉʇ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ 

ʛʨʘʥʠʮʳ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. ʙ). ɸʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʫʧʨʫʛʦʡ ʵʥʝʨʛʠʠ ʜʠʩʣʦʢʘʮʠʦʥʥʦʡ ʛʨʘʥʠʮʳ ʥʘʢʣʦʥʘ ʩ ʦʜʥʦʤʝʨʥʳʤ ʜʚʦʡʥʠʢʦʤ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʫʧʨʫʛʦʡ ʵʥʝʨʛʠʝʡ ʨʝʛʫʣʷʨʥʦʡ ʛʨʘʥʠʮʳ ʥʘʢʣʦʥʘ, ʦʙʨʘʟʦʚʘʥʥʦʡ 
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ʯʝʨʝʜʫʶʱʠʤʠʩʷ τυЈ ʜʠʩʣʦʢʘʮʠʷʤʠ, ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ  ʠʟʤʝʥʝʥʠʶ 

ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʣʠʯʠʥʳ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ɺʊʉʇ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ ʛʨʘʥʠʮʳ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʟʘʚʠʩʠʤʦʩʪʴʶ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ ʨʝʛʫʣʷʨʥʦʡ 

ʛʨʘʥʠʮʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʘʛʘʪʴ ʦ ʥʘʣʠʯʠʠ ʪʘʢʦʛʦ ʪʠʧʘ ʜʝʬʝʢʪʦʚ ʚ ʛʨʘʥʠʮʘʭ 

ʟʝʨʝʥ ɺʊʉʇ. 
     

 

ʘ)      ʙ) 
ʘ) ɼʠʩʣʦʢʘʮʠʦʥʥʘʷ ʤʦʜʝʣʴ ʛʨʘʥʠʮʳ ʥʘʢʣʦʥʘ ɺʊʉʇ ὣὄὥὅόὕ ȟ
̒̏̅̆̑̇́̆̊̚ ̜̏̅̎̏̍̆̑̎̊ ̜̅̃̏̊̎̉̋̏̃̊ ̅̆̆̋̓̕ ̗̜̄̑́̎̉Ƞ ʙ) ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʠʚʝʜʝʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʪʦʢʘ ὐʃȾὐπ ʦʪ ʫʛʣʘ ʥʘʢʣʦʥʘ ʛʨʘʥʠʮʳ ɗ; ʪʦʯʢʠ ï 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ [1], ʧʫʥʢʪʠʨʥʘʷ ï ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʢʨʠʚʘʷ ʜʣʷ ʛʨʘʥʠʮʳ ʥʘʢʣʦʥʘ 

ɺʊʉʇ  ὣὄὥὅόὕ , ʦʙʨʘʟʦʚʘʥʥʦʡ τυЈ  ̗̠̅̉̒̌̏̋́̉̍̉ ʠ ʩʦʜʝʨʞʘʱʝʡ ʦʜʥʦʤʝʨʥʳʡ 

ʜʚʦʡʥʠʢʦʚʳʡ ʜʝʬʝʢʪ. 

 

ʃʠʪʝʨʘʪʫʨʘ 

1. ɹʦʙʳʣʝʚ ʉ.ɺ. ɼʠʩʣʦʢʘʮʠʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʤʘʣʦʫʛʣʦʚʳʭ 

ʛʨʘʥʠʮ ʥʘʢʣʦʥʘ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʘʭ/ ʉ.ɺ. ɹʦʙʳʣʝʚ, ʀ.ɸ. ʆʚʠʜʴʢʦ // 

ɾʫʨʥʘʣ ʪʝʭʥʠʯʝʩʢʦʡ ʬʠʟʠʢʠ. ï 2003. ï ʊ. 73. - ɺʳʧ. 6. - ʉ. 61-65. 

2. Pomerantsev Yu.A. Transport properties of low-angle grain boundaries in high-temperature 

superconductors in the model of split dislocations of the boundary/ Yu.A. Pomerantsev// Bulletin of 

the Russian Academy of Science: Physics. 2023. ï Vol. 87. ï No. 9. pp.1405-1410. 

  



34 

ʋɼʂ 539.5 

ʈɸʉʏɪʊ ʅɽʂʆʊʆʈʓʍ ʅɽʋʇʈʋɻʀʍ ʉɺʆʁʉʊɺ 

ɸʄʆʈʌʅʓʍ ʄɸʊɽʈʀɸʃʆɺ ʅɸ ʆʉʅʆɺɽ 

ʄʆɼɽʃʀ ʄɸʈʏɽʅʂʆ ï ʄʀʉɹɸʍɸ 

 

ɼ.ʆ. ʌʨʦʣʦʚ1,2 

fdolegovich@yandex.ru 
1ɸʩʩʠʩʪʝʥʪ ʢʘʬʝʜʨʳ ʌʠʟʠʢʠ ʌɻɹʆʋ ɺʆ çʊʫʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 

2ʀʥʞʝʥʝʨ ʣʘʙʦʨʘʪʦʨʠʠ ʌʍʀʂʄ çʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʎʝʥʪʨ 
ʧʨʦʙʣʝʤ ʭʠʤʠʯʝʩʢʦʡ ʬʠʟʠʢʠ ʠ ʤʝʜʠʮʠʥʩʢʦʡ ʭʠʤʠʠ ʈɸʅè 

 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʧʣʘʩʪʠʯʥʦʩʪʠ ʄʘʨʯʝʥʢʦ-

ʄʠʩʙʘʭʘ. ʇʦʣʫʯʝʥʘ ʬʦʨʤʫʣʘ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʚ ʪʝʨʤʠʥʘʭ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ. 

ʅʘʡʜʝʥʘ ʯʘʩʪʦʪʘ ʦʩʮʠʣʣʷʮʠʡ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʤʠʥʠʤʫʤ ʜʠʩʩʠʧʘʮʠʠ ʵʥʝʨʛʠʠ. 

ʉʦʛʣʘʩʥʦ ʟʘʢʦʥʘ ɸʨʨʝʥʠʫʩʘ ʧʦʣʫʯʝʥʘ ʬʦʨʤʫʣʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʬʦʥʘ ʚʥʫʪʨʝʥʥʝʛʦ 

ʪʨʝʥʠʷ. ɺʳʧʦʣʥʝʥ ʯʠʩʣʝʥʥʳʡ ʵʢʩʧʝʨʠʤʝʥʪ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʵʬʬʝʢʪʘ ʛʠʩʪʝʨʝʟʠʩʘ ʧʨʠ 

ʧʝʨʠʦʜʠʯʝʩʢʠ ʤʝʥʷʶʱʠʭʩʷ ʥʘʧʨʷʞʝʥʠʷʭ ʠ ʜʝʬʦʨʤʘʮʠʷʭ. ʇʦʩʪʨʦʝʥʘ ʢʨʠʚʘʷ ʥʘʛʨʫʞʝʥʠʷ 

ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʢʨʫʯʝʥʠʝʤ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠʟʚʝʩʪʥʳʝ 

ʤʦʜʝʣʠ ʄʘʢʩʚʝʣʣʘ ʠ ʌʦʡʛʪʘ ʤʦʛʫʪ ʙʳʪʴ ʦʙʲʝʜʠʥʝʥʳ ʚ ʦʜʥʫ ʤʦʜʝʣʴ ʄʘʨʯʝʥʢʦ-ʄʠʩʙʘʭʘ, 

ʢʦʪʦʨʘʷ ʷʚʣʷʝʪʩʷ ʝʩʪʝʩʪʚʝʥʥʳʤ ʧʨʦʜʦʣʞʝʥʠʝʤ ʪʝʦʨʠʠ ʫʧʨʫʛʠʭ ʠ ʚʷʟʢʠʭ ʪʚʝʨʜʳʭ ʪʝʣ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʝʨʚʘʷ ʚʷʟʢʦʩʪʴ, ʤʠʢʨʦʧʣʘʩʪʠʯʥʦʩʪʴ, ʚʥʫʪʨʝʥʥʝʝ ʪʨʝʥʠʝ, ʵʬʬʝʢʪ 
ʛʠʩʪʝʨʝʟʠʩʘ, ʤʦʜʝʣʴ ʄʘʢʩʚʝʣʣʘ, ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʬʦʥ.  
 

ɺ 2011 ʛʦʜʫ ɺ.ʀ. ʄʘʨʯʝʥʢʦ ʠ ʐ. ʄʠʩʙʘʭ ʚʚʝʣʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʠʟʦʪʨʦʧʥʳʭ ʘʤʦʨʬʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʠʩʩʠʧʘʪʠʚʥʫʶ ʬʫʥʢʮʠʶ [1] 
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ʛʜʝ hs ï çʧʝʨʚʘʷè ʚʷʟʢʦʩʪʴ, z ï çʚʪʦʨʘʷè ʚʷʟʢʦʩʪʴ, a ʠ h ï ʨʝʦʣʦʛʠʯʝʩʢʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʳ, pl
ikw  ï ʪʝʥʟʦʨ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʅʘ ʵʪʦʡ ʦʩʥʦʚʝ ʚ ʨʘʙʦʪʝ 

[1] ʩʦʩʪʘʚʣʝʥ ʥʘʙʦʨ ʫʨʘʚʥʝʥʠʡ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʠʩʭʦʜʷ ʠʟ ʚʘʨʠʘʮʠʦʥʥʳʭ 

ʧʨʠʥʮʠʧʦʚ ʣʘʛʨʘʥʞʝʚʘ ʬʦʨʤʘʣʠʟʤʘ.  

ʉʪʘʨʪʫʷ ʩ ʫʨʘʚʥʝʥʠʡ ʄʘʨʯʝʥʢʦ-ʄʠʩʙʘʭʘ, ʤʳ ʠʩʩʣʝʜʫʝʤ ʢʦʣʝʙʘʪʝʣʴʥʳʡ 

ʧʨʦʮʝʩʩ ʚ ʦʙʣʘʩʪʠ ʤʠʢʨʦʧʣʘʩʪʠʯʥʦʩʪʠ ʠ ʜʣʷ ʜʝʬʦʨʤʘʮʠʡ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ 

ʫʩʣʦʚʠʶ ʩʜʚʠʛʘ 0=llu , ʦʧʨʝʜʝʣʷʝʤ ʬʦʥ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʧʨʠ ʮʠʢʣʠʯʝʩʢʦʤ 

ʥʘʛʨʫʞʝʥʠʠ ʤʘʪʝʨʠʘʣʘ 

 ( )( )( )221 ŬɖŬ2ɖɖŬɖɖ
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ʬʦʥQ , (2) 

ʛʜʝ w ï ʢʨʫʛʦʚʘʷ ʯʘʩʪʦʪʘ. ʇʦʩʢʦʣʴʢʫ ʚʥʫʪʨʝʥʥʝʝ ʪʨʝʥʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʜʠʩʧʝʨʩʠʝʡ ï ʵʪʦ ʩʣʝʜʫʝʪ ʠʟ ʬʦʨʤʫʣʳ (2), ʜʘʣʝʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʠʥʠʤʫʤ 

ʜʠʩʩʠʧʘʮʠʠ ʵʥʝʨʛʠʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʯʘʩʪʦʪʘ ʜʘʝʪʩʷ ʬʦʨʤʫʣʦʡ 
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ʛʜʝ hhs ï a2 > 0. ɺ ʩʣʫʯʘʝ a ­ 0 ʠ ʩʦʛʣʘʩʥʦ ʟʘʢʦʥʘ ɸʨʨʝʥʠʫʩʘ ʥʘʤʠ ʚʳʚʦʜʠʪʩʷ 
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ʬʦʨʤʫʣʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʬʦʥʘ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ, ʢʦʪʦʨʘʷ, ʧʦ ʩʫʪʠ, 

ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʦʙʱʠʭ ʧʨʠʥʮʠʧʦʚ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ.  

ɿʘʪʝʤ, ʦʧʠʨʘʷʩʴ ʥʘ ʨʘʙʦʪʫ ʖ.ɺ. ʌʫʨʩʦʚʦʡ [2], ʤʳ ʠʩʩʣʝʜʫʝʤ ʜʚʘ ʚʦʧʨʦʩʘ. 

ʇʝʨʚʳʡ ʚʦʧʨʦʩ ʩʚʷʟʘʥ ʩ ʧʦʩʪʨʦʝʥʠʝʤ ʦʚʘʣʦʚ ʛʠʩʪʝʨʝʟʠʩʘ (ʩʤ. ʨʠʩʫʥʦʢ) ʥʘ ʦʩʥʦʚʝ 

ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʄʘʨʯʝʥʢʦ-ʄʠʩʙʘʭʘ. ɺʪʦʨʦʡ ʚʦʧʨʦʩ ʦʪʥʦʩʠʪʩʷ 

ʢ ʧʦʩʪʨʦʝʥʠʶ ʢʨʠʚʦʡ ʥʘʛʨʫʞʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʩʢʦʨʦʩʪʴ 

ʜʝʬʦʨʤʘʮʠʠ ʷʚʣʷʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʦʡ. ɻʨʘʬʠʢʠ ʩʪʨʦʷʪʩʷ ʚ 

ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʤ ʚʠʜʝ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʧʘʨʘʤʝʪʨʘ ʚʳʙʨʘʥʦ t ï ʚʨʝʤʷ ʧʨʦʮʝʩʩʘ. 
 

  

ʘ)      ʙ) 
ɿʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ (ʇʘ) ʦʪ ʚʝʣʠʯʠʥʳ ʜʝʬʦʨʤʘʮʠʠ ʚ ʩʣʫʯʘʝ ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʚʥʝʰʥʝʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ (ʘ) ï ʵʬʬʝʢʪ ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʨʘʚʥʦʤʝʨʥʦ ʚʦʟʨʘʩʪʘʶʱʝʛʦ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ 

(ʙ) ï ʢʨʠʚʘʷ ʥʘʛʨʫʞʝʥʠʷ ʤʘʪʝʨʠʘʣʘ 
 

ʀʥʪʝʨʧʨʝʪʘʮʠʷ ʨʠʩ. ʚ ʯʘʩʪʠ (ʙ) ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʟʘʢʣʶʯʝʥʠʝ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʤʘʪʝʨʠʘʣʘ ʄʘʢʩʚʝʣʣʘ, ʢʦʪʦʨʳʡ ʥʘ ʨʘʥʥʝʡ ʩʪʘʜʠʠ ʜʝʬʦʨʤʘʮʠʠ ʚʝʜʸʪ ʩʝʙʷ 

ʘʙʩʦʣʶʪʥʦ ʫʧʨʫʛʦ ʩʦʛʣʘʩʥʦ ʟʘʢʦʥʘ ʈ. ɻʫʢʘ [3], ʨʝʘʣʴʥʳʡ ʤʘʪʝʨʠʘʣ, ʦʧʠʩʳʚʘʝʤʳʡ 

ʨʘʩʰʠʨʝʥʥʦʡ ʤʦʜʝʣʴʶ ʄʘʨʯʝʥʢʦ-ʄʠʩʙʘʭʘ ʧʨʦʷʚʣʷʝʪ ʥʝʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʫʞʝ ʚ 

ʩʘʤʦʤ ʥʘʯʘʣʝ ʜʝʬʦʨʤʘʮʠʠ, ʪʦ ʝʩʪʴ, ʬʘʢʪʠʯʝʩʢʠ, ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʤʠʢʨʦʧʣʘʩʪʠʯʥʦʩʪʴ. ʂʘʢ ʩʣʝʜʩʪʚʠʝ ʬʦʨʤʫʣʠʨʫʝʪʩʷ ʛʠʧʦʪʝʟʘ ʦ 

ʤʠʢʨʦʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ.  

ʂʨʦʤʝ ʪʦʛʦ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʜʝʣʴ ʄʘʨʯʝʥʢʦ-ʄʠʩʙʘʭʘ ʩʦʜʝʨʞʠʪ ʚ ʩʝʙʝ 

ʤʦʜʝʣʠ ʄʘʢʩʚʝʣʣʘ ʠ ʌʦʡʛʪʘ ʚ ʢʘʯʝʩʪʚʝ ʦʩʦʙʳʭ ʯʘʩʪʥʳʭ ʩʣʫʯʘʝʚ ʦʧʠʩʘʥʠʷ ʪʝʣʘ 

ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʲʝʜʠʥʷʝʪ ʦʙʱʝʧʨʠʥʷʪʳʝ ʤʦʜʝʣʠ ʚ ʝʜʠʥʫʶ ʪʝʦʨʠʶ. 

ɺʳʨʘʞʘʶ ʧʨʠʟʥʘʪʝʣʴʥʦʩʪʴ ʩʚʦʝʤʫ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ ʜ.ʬ.-ʤ.ʥ., 

ʧʨʦʬ. ʖ.ʈ. ʂʦʣʦʙʦʚʫ ʟʘ ʧʦʩʪʦʷʥʥʦʝ ʚʥʠʤʘʥʠʝ ʢ ʨʘʙʦʪʝ ʠ ʧʦʣʝʟʥʦʝ ʦʙʩʫʞʜʝʥʠʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. 
 

ʃʠʪʝʨʘʪʫʨʘ 
 1.   Marchenko V.I. Model of plasticity of amorphous materials / V.I. Marchenko, Ch. Misbah 
// Phys. Rev. E. ï 2011. ï Vol. 84. ï P. 021502 (1-7). 
 2. ʌʫʨʩʦʚʘ ʖ.ɺ. ʀʟʤʝʨʝʥʠʷ ʠʥʬʨʘʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʚ ʤʝʪʘʣ-
ʣʠʯʝʩʢʦʤ ʩʪʝʢʣʝ / ʖ.ɺ. ʌʫʨʩʦʚʘ, ɺ.ɸ. ʍʦʥʠʢ // ʀʟʚ. ɸʅ. ʉʝʨʠʷ ʌʠʟʠʯʝʩʢʘʷ. ï 1998. ï ʊ. 62. ï 
ˉ7. ï ʉ. 1288-1295.  
 3.  ʃʘʥʜʘʫ ʃ.ɼ., ʃʠʬʰʠʮ ɽ.ʄ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʬʠʟʠʢʘ: ʫʯʝʙʥʠʢ ʚ 10 ʪʦʤʘʭ. ʊ. VII. ʊʝʦʨʠʷ 
ʫʧʨʫʛʦʩʪʠ / ʃ.ɼ. ʃʘʥʜʘʫ, ɽ.ʄ. ʃʠʬʰʠʮ. ï ʄ.: ʌʠʟʤʘʪʣʠʪ, 2003. ï 264 ʩ. 
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ʆʉʆɹɽʅʅʆʉʊʀ ʅɽʋʇʈʋɻʆɻʆ ʇʆɺɽɼɽʅʀʗ ʅɸʅʆʂɽʈɸʄʀʂʀ  

ʉ ʀʆʅʅʆʁ ʇʈʆɺʆɼʀʄʆʉʊʔʖ    
 

ʀ.ʂ. ʅʦʩʦʣʝʚ1, ɸ.ɺ. ʈʝʟʥʠʢʦʚ2, ʅ.ɺ. ʊʦʢʠʡ3, ɺ.ɺ. ʊʦʢʠʡ  
1ʅʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, igor.nosolev@yandex.ru 

2ɺʝʜʫʱʠʡ ʠʥʞʝʥʝʨ-ʠʩʩʣʝʜʦʚʘʪʝʣʴ, reznikov_al@bk.ru 
3ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, nvt1976@mail.ru  

ʌɻɹʅʋ çɼʦʥʝʮʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤʝʥʠ ɸ.ɸ. ɻʘʣʢʠʥʘè 

 

ʇʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʘʤʧʣʠʪʫʜʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ (ɺʊ) ʠ ʜʝʬʝʢʪʘ 

ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ (ɼʄʋ) ʚ ʛʠʙʨʠʜʥʦʡ ʥʘʥʦʢʝʨʘʤʠʢʝ ʥʘ ʦʩʥʦʚʝ ʜʠʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʦ ʚʩʝʡ ʦʙʣʘʩʪʠ ʠʟʤʝʨʷʝʤʳʭ ʜʝʬʦʨʤʘʮʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʠʟʤʝʥʝʥʠʝ ɼʄʋ ʧʨʠ ʥʝʠʟʤʝʥʥʦʤ ɺʊ. ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʝʜʣʦʞʝʥʘ 

ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʚ ʨʘʤʢʘʭ ʣʠʥʝʡʥʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʥʫʪʨʝʥʥʝʝ ʪʨʝʥʠʝ, ʥʘʥʦʢʝʨʘʤʠʢʘ, ʠʦʥʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ, 

ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʜʠʦʢʩʠʜ ʮʠʨʢʦʥʠʷ. 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʫʩʣʦʚʣʝʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʨʝʰʝʥʠʷ 

ʩʦʚʨʝʤʝʥʥʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʧʨʦʙʣʝʤʳ - ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʷʤʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ, ʢʦʪʦʨʦʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʚ ʢʝʨʘʤʠʯʝʩʢʠʭ ʪʦʧʣʠʚʥʳʭ ʵʣʝʤʝʥʪʘʭ. ɼʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʵʣʝʢʪʨʦʣʠʪʘ ʚ 

ʪʦʧʣʠʚʥʳʭ ʵʣʝʤʝʥʪʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʠʦʢʩʠʜ ʮʠʨʢʦʥʠʷ, ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʡ 

ʦʢʩʠʜʦʤ ʠʪʪʨʠʷ ʩ ʨʘʟʥʳʤʠ ʨʘʙʦʯʠʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ. 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʤʧʘʢʪʦʚ ʥʘʥʦʧʦʨʦʰʢʦʚ 

ʥʘ ʦʩʥʦʚʝ ZrO2 ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʦʨʦʰʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʧʦ ʜʚʫʤ ʨʘʟʣʠʯʥʳʤ 

ʪʝʭʥʦʣʦʛʠʷʤ, ʦʪʣʠʯʘʶʪʩʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ [1], ʧʨʠ 

ʵʪʦʤ ʬʠʟʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʷʚʣʝʥʠʷ ʥʝ ʙʳʣ ʫʩʪʘʥʦʚʣʝʥ. 

ʅʘʤʠ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʢʝʨʘʤʠʢʘ, ʩʧʝʯʝʥʥʘʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 15000ʉ ʠʟ 

ʥʘʥʦʧʦʨʦʰʢʦʚ ZrO2 + 3mol% Y2O3, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ [2] ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʭʣʦʨ- ʠ ʘʟʦʪʩʦʜʝʨʞʘʱʝʛʦ ʩʳʨʴʷ [1], ʧʨʦʢʘʣʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

10000ʉ ʠ ʦʙʞʘʪʳʭ ʧʨʠ ʈ=500 MPa. 

ʀʟʤʝʨʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʨʝʟʦʥʘʥʩʥʳʤ ʤʝʪʦʜʦʤ ʜʚʦʡʥʦʛʦ ʩʦʩʪʘʚʥʦʛʦ 

ʚʠʙʨʘʪʦʨʘ [3]. ʈʝʟʦʥʘʪʦʨ ʩʦʩʪʦʷʣ ʠʟ ʜʚʫʭ ʯʘʩʪʝʡ: ʧʴʝʟʦʢʚʘʨʮʘ, ʩʣʫʞʘʱʝʛʦ ʜʣʷ 

ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʧʨʠʝʤʘ ʤʝʭʘʥʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ, ʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. 

ʇʴʝʟʦʢʚʘʨʮ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʙʨʫʩʦʢ ʨʘʟʤʝʨʦʤ 

3ʭ3ʭ34 ʤʤ3, ʚʳʨʝʟʘʥʥʳʡ ʪʘʢʠʤ ʦʙʨʘʟʦʤ (XYS/18,50-ʩʨʝʟ), ʯʪʦ ʚ ʥʝʤ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚʦʟʙʫʞʜʘʣʠʩʴ ʧʨʦʜʦʣʴʥʳʝ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʢʦʣʝʙʘʥʠʷ ʥʘ ʯʘʩʪʦʪʝ 91 ʢɻʮ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʥʝ ʙʦʣʝʝ 1%. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ. 
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ɸʤʧʣʠʪʫʜʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʠ ʜʝʬʝʢʪʘ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʚ 

ʚʳʩʦʢʦʧʨʦʚʦʜʷʱʠʭ (ʩʠʥʠʝ ʣʠʥʠʠ) ʠ ʥʠʟʢʦʧʨʦʚʦʜʷʱʠʭ (ʢʨʘʩʥʳʝ ʣʠʥʠʠ) ʢʦʤʧʦʥʝʥʪʘʭ 

ʜʠʦʢʩʠʜʮʠʨʢʦʥʠʝʚʦʡ ʢʝʨʘʤʠʢʠ 

 

ɺ ʨʘʤʢʘʭ ʫʧʨʫʛʦʛʦ ʧʦʜʭʦʜʘ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ, ʧʦʟʚʦʣʷʶʱʘʷ ʦʙʲʷʩʥʠʪʴ 

ʠʟʤʝʥʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʝʨʘʤʠʢʠ [4]. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʦʜʫʣʴ ʖʥʛʘ ʚ ʢʝʨʘʤʠʢʘʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʢʦʤʧʘʢʪʦʚ ʩ ʥʠʟʢʦʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʙʦʣʴʰʝ, ʯʝʤ ʚ 

ʦʙʨʘʟʮʘʭ ʠʟ ʢʦʤʧʘʢʪʦʚ ʩ ʚʳʩʦʢʦʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʘʜʝʢʚʘʪʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ. 

 
ʃʠʪʝʨʘʪʫʨʘ 

1. Doroshkevych O.S. Impedance Spectroscopy of Concentrated Zirconia Nanopowder 

Dispersed Systems Experimental Technique / O.S. Doroshkevych, A.V. Shylo, O.V. Saprukina, I.A. 

Danilenko, T.E. Konstantinova, L.A. Ahkozov // World Journal of Condensed Matter Physics. -2012. 

ï V. 2. - ˉ 1. ï P. 1-9. 

2. ʂʦʥʩʪʘʥʪʠʥʦʚʘ ʊ. ɽ. ʇʦʣʫʯʝʥʠʝ ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʧʦʨʦʰʢʦʚ ʜʠʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ. 

ʆʪ ʥʦʚʘʮʠʠ ʢ ʠʥʥʦʚʘʮʠʠ / ʊ.ɽ. ʂʦʥʩʪʘʥʪʠʥʦʚʘ, ʀ.ɸ. ɼʘʥʠʣʝʥʢʦ, ɺ.ɺ. ʊʦʢʠʡ, ɺ.ɸ. ɻʣʘʟʫʥʦʚʘ // 

ʅʘʫʢʘ ʠ ʠʥʥʦʚʘʮʠʠ. - 2005. ï ʊ. 1. - ˉ 3. - ʉ. 76ï87. 

3. ʅʠʢʘʥʦʨʦʚ ʉ.ʇ. ʋʧʨʫʛʦʩʪʴ ʠ ʜʠʩʣʦʢʘʮʠʦʥʥʘʷ ʥʝʫʧʨʫʛʦʩʪʴ ʢʨʠʩʪʘʣʣʦʚ / 

ʉ.ʇ. ʅʠʢʘʥʦʨʦʚ, ɹ.ʂ. ʂʘʨʜʘʰʸʚ. - ʄ.: ʅʘʫʢʘ, 1985ʛ. ï 253 ʩ. 

4. ʊʦʢʠʡ ʅ.ɺ. ʋʧʨʫʛʘʷ ʤʦʜʝʣʴ ʚʣʠʷʥʠʷ ʧʨʠʤʝʩʠ ʟʘʤʝʱʝʥʠʷ ʥʘ ʧʦʜʚʠʞʥʦʩʪʴ 

ʢʠʩʣʦʨʦʜʘ ʚ ʜʠʦʢʩʠʜʮʠʨʢʦʥʠʝʚʦʡ ʢʝʨʘʤʠʢʝ / ʅ.ɺ. ʊʦʢʠʡ, ɺ.ɺ. ʊʦʢʠʡ, ʅ.ɸ. ɻʨʝʙʝʥʶʢ // 

ɺʝʩʪʥʠʢ ʃʫʛʘʥʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤʝʥʠ ɺʣʘʜʠʤʠʨʘ ɼʘʣʷ. -2018. - ˉ5(11). 

ï ʉ. 115-118. 

  



39 

ʋɼʂ 538.9 
 

ʇʈʀʈʆɼɸ ʉʊɽʂʃʆɺɸʅʀʗ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɪʂʆʃ ʇʆʉʃɽ 

ɻʃʋɹʆʂʆʁ ʈɽʃɸʂʉɸʎʀʀ  
 

ɸ.ʉ. ʄʘʢʘʨʦʚ1, ɻ.ɺ. ɸʬʦʥʠʥ2, ʈ.ɸ. ʂʦʥʯʘʢʦʚ3, ʅ.ʇ. ʂʦʙʝʣʝʚ3, ɺ.ɸ. ʍʦʥʠʢ4 

1ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, a.s.makarov.vrn@gmail.com 
2ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, afoningv@gmail.com 
3ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, konchakov@mail.ru 

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 
3ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʌɻɹʋʅ ʀʌʊʊ ʈɸʅ, kobelev@issp.ac.ru 

4ɿʘʚ. ʥʘʫʯ.-ʠʩʩʣʝʜ. ʣʘʙ. ʌʅʄ ɺɻʇʋ, v.a.khonik@yandex.ru 

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 
 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʙʳʪʦʯʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʠʡ ʤʦʜʫʣʷ ʩʜʚʠʛʘ. ʆʙʥʘʨʫʞʝʥʦ ʠʭ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʛʣʘʩʠʝ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʩʠʣʴʥʦ ʨʝʣʘʢʩʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʧʨʦʷʚʣʷʪʁʩ ̫ʦʩʦʙʝʥʥʦʩʪʠ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ I ʨʦʜʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ. ʉʪʝʢʣʦ Vit106, ʠʟʙʳʪʦʯʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʠ, ɻ ʥʪʨʦʧʠʷ, ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ I ʨʦʜʘ.  
 

ɺʳʷʩʥʝʥʠʝ ʧʨʠʨʦʜʳ ʩʪʝʢʣʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʚʘʞʥʝʡʰʠʭ ʧʨʦʙʣʝʤ 

ʬʠʟʠʢʠ ʥʝʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʧʦʜʭʦʜʘ ʢ ʵʪʦʡ 

ʧʨʦʙʣʝʤʝ. ʇʝʨʚʳʡ ʧʦʜʭʦʜ ʨʘʩʩʤʘʪʨʠʚʘʝʪ ʩʪʝʢʣʦʚʘʥʠʝ ʢʘʢ ʯʠʩʪʦ ʢʠʥʝʪʠʯʝʩʢʠʡ 

ʧʨʦʮʝʩʩ, ʚʪʦʨʦʡ ʧʦʜʭʦʜ ʠʥʪʝʨʧʨʝʪʠʨʫʝʪ ʩʪʝʢʣʦʚʘʥʠʝ ʢʘʢ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ II  

ʨʦʜʘ ʩ ʥʝʢʦʪʦʨʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʤʠ ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʴʶ ʩʪʝʢʣʘ. 

ʇʦʜʨʦʙʥʳʡ ʘʥʘʣʠʟ ʩʪʝʢʣʦʚʘʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʚʳʧʦʣʥʝʥ ʧʫʪʝʤ ʜʝʪʘʣʴʥʳʭ 

ʠʟʤʝʨʝʥʠʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʚʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ Ὕ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʙʳʣʠ 

ʚʳʧʦʣʥʝʥʳ ʪʘʢʠʝ ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʪʝʧʣʦʝʤʢʦʩʪʴ 

ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʥʘ ʦʩʥʦʚʝ ʧʨʝʮʠʟʠʦʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʤʦʜʫʣʷ ʩʜʚʠʛʘ. ʈʝʟʫʣʴʪʘʪ 

ʦʢʘʟʘʣʩʷ ʜʦʚʦʣʴʥʦ ʥʝʦʞʠʜʘʥʥʳʤ: ʩʪʝʢʣʦʚʘʥʠʝ ʩʠʣʴʥʦ ʨʝʣʘʢʩʠʨʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʧʨʦʷʚʣʷʝʪ ʦʩʦʙʝʥʥʦʩʪʠ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ I ʨʦʜʘ.  

ʈʘʩʯʝʪ ʪʝʧʣʦʝʤʢʦʩʪʠ ʙʳʣ ʚʳʧʦʣʥʝʥ ʥʘ ʦʩʥʦʚʝ ʄʝʞʫʟʝʣʴʥʦʡ ʪʝʦʨʠʠ (ʄʊ). 

ʀʟʙʳʪʦʯʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʩʪʝʢʣʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʪʝʨʠʥʩʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ʜʘʝʪʩʷ 

ʬʦʨʤʫʣʦʡ 

Ў˞ Ὃ ρ Ὕ Ὕὰὲ  .                           (1) 

ʂʘʢ ʚʠʜʥʦ, ʠʟʙʳʪʦʯʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʦʜʫʣʝʤ ʩʜʚʠʛʘ 

ʢʨʠʩʪʘʣʣʘ ‘Ὕ, ʤʦʜʫʣʝʤ ʩʜʚʠʛʘ ὋὝȟ ʘ ʪʘʢʞʝ ʝʛʦ 1-ʡ ʠ 2-ʡ ʧʨʦʠʟʚʦʜʥʳʤʠ. 

ɿʥʘʯʝʥʠʷ ʦʩʪʘʣʴʥʳʭ ʚʝʣʠʯʠʥ ʚ (1) ʧʨʠʚʝʜʝʥʳ ʚ (Makarov et al. J.Non-Cryst.Sol. 

666 (2025) 123667). ʅʘ ʨʠʩ.1 ʧʨʠʚʝʜʝʥʳ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʧʦ 

ʠʟʙʳʪʦʯʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ Ўὅ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʨʘʩʯʝʪʦʤ ʵʪʦʡ ʚʝʣʠʯʠʥʳ ʧʦ ʬ.(1). 
ʂʘʢ ʚʠʜʥʦ, ʚʙʣʠʟʠ Ὕ ʚʦʟʥʠʢʘʝʪ ʧʠʢ Ўὅ, ʚʳʩʦʪʘ ʢʦʪʦʨʦʛʦ ʨʘʩʪʝʪ ʩʦ ʚʨʝʤʝʥʝʤ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ. ʇʨʠ ʵʪʦʤ ʨʘʩʯʝʪ ʭʦʨʦʰʦ ʚʦʩʧʨʦʠʟʚʦʜʠʪ 

ʵʢʩʧʝʨʠʤʝʥʪ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʄʊ ʚʧʦʣʥʝ ʧʦʜʭʦʜʠʪ ʜʣʷ ʘʥʘʣʠʟʘ. ʉʦʛʣʘʩʥʦ ʄʊ, 

ʧʣʘʚʣʝʥʠʝ ʢʨʠʩʪʘʣʣʘ ʩʚʷʟʘʥʦ ʩ ʙʳʩʪʨʦʡ ʛʝʥʝʨʘʮʠʝʡ ʤʝʞʫʟʝʣʴʥʳʭ ʘʪʦʤʦʚ ʚ 
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ʛʘʥʪʝʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ. ʊʦʛʜʘ, ʥʘʦʙʦʨʦʪ, ʧʝʨʝʭʦʜ ʩʠʣʴʥʦ ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʛʦ 

ʩʪʝʢʣʘ ʚ ʩʦʩʪʦʷʥʠʝ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ ʜʦʣʞʝʥ ʚʳʟʳʚʘʪʴ ʙʦʣʴʰʫʶ 

ʛʝʥʝʨʘʮʠʶ ʜʝʬʝʢʪʦʚ ʪʠʧʘ ʤʝʞʫʟʝʣʴʥʳʭ ʛʘʥʪʝʣʝʡ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʘʟʦʚʦʤʫ 

ʧʝʨʝʭʦʜʫ I ʨʦʜʘ.  ʉ ʮʝʣʴʶ ʧʨʦʚʝʨʢʠ ʵʪʦʛʦ ʫʪʚʝʨʞʜʝʥʠʷ ʤʳ ʨʘʩʩʯʠʪʘʣʠ 

ʠʟʙʳʪʦʯʥʳʝ ʵʥʪʨʦʧʠʠ ʩʪʝʢʣʘ Vit106 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ (ʘ) ʠ ʧʣʘʚʣʝʥʠʷ ʢʨʠʩʪʘʣʣʘ (b). ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ.2.  
 

 
ʈʠʩ.2. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʨʦʧʠʠ ʩʪʝʢʣʘ Vit106 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʚʨʝʤʝʥʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ (a) ʠ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʨʦʧʠʠ ʧʨʠ ʧʣʘʚʣʝʥʠʠ ʙʣʠʟʢʦʛʦ ʧʦ 

ʩʦʩʪʘʚʫ ʢʨʠʩʪʘʣʣʘ. ʇʦʢʘʟʘʥʳ ʪʝʤʧʝʨʘʪʫʨʳ ʩʦʣʠʜʫʩ Ὕ ʠ ʣʠʢʚʠʜʫʩ Ὕ. 
 

ʂʘʢ ʚʠʜʥʦ, ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʨʦʧʠʠ ʚʙʣʠʟʠ Ὕ ʙʳʩʪʨʦ ʨʘʩʪʝʪ 

ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ. ʊʝʥʜʝʥʮʠʷ ʪʘʢʦʚʘ, ʯʪʦ ʨʦʩʪ 

ʵʥʪʨʦʧʠʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʵʪʦʛʦ ʚʨʝʤʝʥʠ ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʣʠʞʝ ʩ 

ʩʢʘʯʢʦʦʙʨʘʟʥʦʤʫ ʧʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠʷ ʢ Ὕ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʧʦʭʦʞʝ ʥʘ 

ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ I ʨʦʜʘ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʚʧʦʣʥʝ ʘʥʘʣʦʛʠʯʥʦʝ ʧʦʚʝʜʝʥʠʝ 

ʵʥʪʨʦʧʠʠ ʠʤʝʝʪ ʤʝʩʪʦ ʧʨʠ ʧʣʘʚʣʝʥʠʠ ʢʨʠʩʪʘʣʣʘ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʛʠʧʦʪʝʟʫ ʦ 

ʩʪʝʢʣʦʚʘʥʠʠ ʩʠʣʴʥʦ ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʛʦ ʩʪʝʢʣʘ ʢʘʢ ʦ ʬʘʟʦʚʦʤ ʧʝʨʝʭʦʜʝ I ʨʦʜʘ.    
ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʈʅʌ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ˉ 23-12-00162. 
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ʈʠʩ.1. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʙʳʪʦʯʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ ʩʪʝʢʣʘ Vit106, 

ʦʧʨʝʜʝʣʝʥʥʳʝ ʢʘʣʦʨʠʤʝʪʨʠʝʡ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ (1),  ʧʦʩʣʝ ʦʪʞʠʛʘ  ʚ ʪʝʯʝʥʠʝ 40 

ʯʘʩ (a) ʠ 160 ʯʘʩ (b) ʧʨʠ 653 K.  
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ʋɼʂ 538.9 
 

ʅɽʀɿʆʊɽʈʄʀʏɽʉʂɸʗ ʈɽʃɸʂʉɸʎʀʗ ʅɸʇʈʗɾɽʅʀʁ ɺ 

ʉʊɸʅɼɸʈʊʅʓʍ ʀ ɺʓʉʆʂʆʕʅʊʈʆʇʀʁʅʓʍ ʄɽʊɸʃʃʀʏɽʉʂʀʍ 

ʉʊɽʂʃɸʍ ʀ ɽɪ ʉɺʗɿʔ ʉ ʕʅʊʈʆʇʀɽʁ ʉʄɽʐɽʅʀʗ ʀ ʀɿɹʓʊʆʏʅʆʁ 

ʕʅʊʈʆʇʀɽʁ  
 

ɻ.ɺ. ɸʬʦʥʠʥ1, ʉ.ʃ. ʑʝʨʙʘʢʦʚ2, ʈ.ɸ. ʂʦʥʯʘʢʦʚ3, ʅ.ʇ. ʂʦʙʝʣʝʚ4, ɺ.ɸ. ʍʦʥʠʢ5 

1ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, afoningv@gmail.com 
2ʄʘʛʠʩʪʨʘʥʪ, ʉʝʨʛʝʡ ʑʝʨʙʘʢʦʚ, geralt-iz-riv@mail.ru 

3ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, konchakov@mail.ru 
ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

4ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʌɻɹʋʅ ʀʌʊʊ ʈɸʅ, kobelev@issp.ac.ru 
5ɿʘʚ. ʥʘʫʯ.-ʠʩʩʣʝʜ. ʣʘʙ. ʌʅʄ ɺɻʇʋ, v.a.khonik@yandex.ru 

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 
 

ʇʨʦʚʝʜʝʥʳ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʠʟʤʝʨʝʥʠʷ ʨʝʣʘʢʩʘʮʠʠ ʢʨʫʪʷʱʝʛʦ 
ʤʦʤʝʥʪʘ ʩʪʘʥʜʘʨʪʥʳʭ ʠ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ 
ʦʢʨʝʩʪʥʦʩʪʷʭ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ ʛʣʫʙʠʥʘ ʨʝʣʘʢʩʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ Ў  ʩʥʠʞʘʝʪʩʷ ʩ 
ʨʦʩʪʦʤ ʵʥʪʨʦʧʠʠ ʩʤʝʰʝʥʠʷ ЎὛ Ὑϳ  ʠ ʨʘʩʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ Ў, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤ 
ʨʦʩʪ ʵʥʪʨʦʧʠʠ ʠ ʩʪʨʫʢʪʫʨʥʦʛʦ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ ʚ ʩʦʩʪʦʷʥʠʠ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ. ɺʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʝʢʣʘ, ʨʝʣʘʢʩʘʮʠʠ ʢʨʫʪʷʱʝʛʦ 
ʤʦʤʝʥʪʘ, ʠʟʙʳʪʦʯʥʘʷ ʵʥʪʨʦʧʠʷ. 

 

 ʇʨʦʚʝʜʝʥʳ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʠʟʤʝʨʝʥʠʷ ʨʝʣʘʢʩʘʮʠʠ 

ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ ʰʝʩʪʠ ʩʪʘʥʜʘʨʪʥʳʭ ʠ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʝʢʦʣ (ʄʉ) ʩ ʵʥʪʨʦʧʠʷʤʠ ʩʤʝʰʝʥʠʷ πȟψφὙ ЎὛ ρȢχωὙ (Ὑ-ʫʥʠʚʝʨʩʘʣʴʥʘʷ 

ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ). ʂʨʠʚʳʝ ʨʝʣʘʢʩʘʮʠʠ ʥʦʨʤʠʨʦʚʘʥʥʦʛʦ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ 

ὓ ὓϳ  ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ὝὝϳ  (Ὕ- ʪʝʤʧʝʨʘʪʫʨʘ 

ʩʪʝʢʣʦʚʘʥʠʷ) ʜʣʷ ʄʉ ʩ ʨʘʟʣʠʯʥʳʤʠ ЎὛ  ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ.1. ɺʠʜʥʦ, ʯʪʦ 

ʠʥʪʝʥʩʠʚʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʥʘʧʨʷʞʝʥʠʡ ʚ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʄʉ (ЎὛ ρȢυὙ)  

ʠʤʝʝʪ ʤʝʩʪʦ ʧʨʠ ʩʫʱʝʩʪʚʝʥʥʦ  ʙʦʣʝʝ ʚʳʩʦʢʠʭ ὝὝϳ .  

ʈʠʩ.1. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʦʨʤʠʨʦʚʘʥʥʦʛʦ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ ὓ ὓϳ   ʦʪ 

ʥʦʨʤʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ὝὝϳ  ʠʩʩʣʝʜʫʝʤʳʭ ʄʉ ʩ ʨʘʟʣʠʯʥʦʡ ʵʥʪʨʦʧʠʝʡ 

ʩʤʝʰʝʥʠʷ ЎὛ  (ʚ ʝʜʠʥʠʮʘʭ ʛʘʟʦʚʦʡ ʧʦʩʪʦʷʥʥʦʡ Ὑ).  
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ʅʘ ʦʩʥʦʚʝ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʜʘʥʥʳʭ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʨʦʧʠʠ  ЎὛ ʩʪʝʢʦʣ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʤʘʪʝʨʠʥʩʢʠʤ 

ʢʨʠʩʪʘʣʣʘʤ ʠ ʚʚʝʜʝʥ ʙʝʟʨʘʟʤʝʨʥʳʡ ʵʥʪʨʦʧʠʡʥʳʡ ʧʘʨʘʤʝʪʨ Ў ЎὛ ЎὛ Ⱦ

Ὑ, ʛʜʝ ЎὛ  ʠ ЎὛ - ʟʥʘʯʝʥʠʷ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʨʦʧʠʠ ʚ ʢʦʥʮʝ ʠ ʥʘʯʘʣʝ ʠʥʪʝʨʚʘʣʘ 

ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʨʠʩ.2 ʧʦʢʘʟʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʛʣʫʙʠʥʳ ʨʝʣʘʢʩʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ Ў ρ ὓ ὓϳ  (ὓ - ʠʩʭʦʜʥʳʡ ʢʨʫʪʷʱʠʡ 

ʤʦʤʝʥʪ ʠ ὓ- ʢʨʫʪʷʱʠʡ ʤʦʤʝʥʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ Ὕ) ʧʨʠ ʫʢʘʟʘʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʜʠʘʧʘʟʦʥʝ πȢψπὝ Ὕ πȢωυὝ. ʂʘʢ ʚʠʜʥʦ, ʧʨʠ ʚʩʝʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʫʢʘʟʘʥʥʦʤ ʠʥʪʝʨʚʘʣʝ ʛʣʫʙʠʥʘ ʨʝʣʘʢʩʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ Ў  ʘ) 

ʩʥʠʞʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʵʥʪʨʦʧʠʠ ʩʤʝʰʝʥʠʷ ЎὛ Ὑϳ  ʠ ʙ) ʨʘʩʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʧʘʨʘʤʝʪʨʘ Ў, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦ ʨʦʩʪ ʵʥʪʨʦʧʠʠ ʠ ʩʪʨʫʢʪʫʨʥʦʛʦ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ ʚ ʩʦʩʪʦʷʥʠʠ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ. ʆʙʩʫʞʜʘʶʪʩʷ 

ʚʦʟʤʦʞʥʳʝ ʧʨʠʯʠʥʳ ʵʪʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʈʅʌ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ˉ 23-12-00162. 
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ʋɼʂ 538.951 
 

ɺɿɸʀʄʆʉɺʗɿʔ ʀɿɹʓʊʆʏʅʆʁ ʕʅʊʈʆʇʀʀ ʀ ʀɿɹʓʊʆʏʅʆʁ 

ʕʅʊɸʃʔʇʀʀ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɽʂʆʃ ɺ ʆɹʃɸʉʊʀ 

ʇɽʈɽʆʍʃɸɾɼɽʅʅʆʁ ɾʀɼʂʆʉʊʀ ʉʆ ʉʊɽʂʃʆʆɹʈɸɿʋʖʑɽʁ 

ʉʇʆʉʆɹʅʆʉʊʔʖ ʄɸʊɽʈʀʅʉʂʀʍ ʈɸʉʇʃɸɺʆɺ 
 

ʈ.ɸ. ʂʦʥʯʘʢʦʚ1, ɻ.ɺ. ɸʬʦʥʠʥ2, ɸ.ʉ. ʄʘʢʘʨʦʚ3, ɺ.ɸ. ʍʦʥʠʢ4 

1ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, konchakov@mail.ru 
2ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, afoningv@gmail.com 

3ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, a.s.makarov.vrn@gmail.com 

 4ɿʘʚ. ʥʘʫʯ.-ʠʩʩʣʝʜ. ʣʘʙ. ʌʅʄ ɺɻʇʋ, v.a.khonik@yandex.ru 

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 
 

ʉʪʝʢʣʦʦʙʨʘʟʫʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ (ʉʆʉ) ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ (ʄʉ) ʪʨʘʜʠʮʠʦʥʥʦ 

ʦʮʝʥʠʚʘʝʪʩʷ ʯʝʨʝʟ ʢʨʠʪʠʯʝʩʢʫʶ ʩʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ Rc ʠʣʠ ʤʘʢʩʠʤʘʣʴʥʳʡ ʜʠʘʤʝʪʨ 

ʧʦʣʥʦʩʪʴʶ ʘʤʦʨʬʥʦʛʦ ʦʙʨʘʟʮʘ (ʢʨʠʪʠʯʝʩʢʠʡ ʜʠʘʤʝʪʨ) Dmax. ʉʫʱʝʩʪʚʫʶʱʠʝ ʢʦʩʚʝʥʥʳʝ 

ʤʝʪʦʜʳ ʦʮʝʥʢʠ ʉʆʉ (ʥʘ ʦʩʥʦʚʝ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨ) ʥʝ ʫʯʠʪʳʚʘʶʪ ʨʘʟʣʠʯʠʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʡ. ɺ ʨʘʙʦʪʝ 

ʧʨʦʚʝʨʝʥʘ ʛʠʧʦʪʝʟʘ ʦ ʩʚʷʟʠ ʉʆʉ ʩ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʨʦʧʠʝʡ ȹS ʠ ʵʥʪʘʣʴʧʠʝʡ ȹH ʄʉ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʝʢʣʘ, ʩʪʝʢʣʦʦʙʨʘʟʫʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ, ʠʟʙʳʪʦʯʥʘʷ 

ʵʥʪʨʦʧʠʷ, ʠʟʙʳʪʦʯʥʘʷ ʵʥʪʘʣʴʧʠʷ, ʢʨʠʪʠʯʝʩʢʘʷ ʩʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ, ʢʨʠʪʠʯʝʩʢʠʡ ʜʠʘʤʝʪʨ, 

ʜʝʬʝʢʪʳ 
 

ʀʩʩʣʝʜʦʚʘʥʳ 26 ʄʉ (ʣʝʥʪʳ ʠ ʦʙʲʝʤʥʳʝ ʦʙʨʘʟʮʳ) ʤʝʪʦʜʘʤʠ ɼʉʂ ʧʨʠ 

ʥʘʛʨʝʚʝ ʩʦ ʩʢʦʨʦʩʪʴʶ 3T=  ʂ/ʤʠʥ. ʀʟʙʳʪʦʯʥʘʷ ʵʥʪʘʣʴʧʠʷ ȹH(T) ʠ ʵʥʪʨʦʧʠʷ 

ȹS(T) ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʘ ʧʦ ʬʦʨʤʫʣʘʤ [1]: 

1
( ) ( )

crT

T
H T W T dT
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D = Dñ , 
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W T
S T dT

T T

D
D =ñ , ʛʜʝ ( )W TD  - ʨʘʟʥʦʩʪʴ 

ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ ʚ ʩʪʝʢʣʝ ʠ ʢʨʠʩʪʘʣʣʝ, Tcr ï ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʣʥʦʡ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ɹʳʣʠ ʚʚʝʜʝʥʳ ʙʝʟʨʘʟʤʝʨʥʳʝ ʧʘʨʘʤʝʪʨʳ 1 /
gscl T sclS Ss = -D D ʠ 

1 /
gscl T sclH Hh = -D D, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʩʪʝʧʝʥʴ ʩʪʨʫʢʪʫʨʥʦʛʦ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ ʚ 

ʦʙʣʘʩʪʠ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ (scl). ɼʝʪʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʦʧʠʩʘʥʳ ʚ 

ʨʘʙʦʪʝ [2]. 

ɺ ʦʙʣʘʩʪʠ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ (Tg<T<Tx, Tg ï ʪʝʤʧʝʨʘʪʫʨʘ 

ʩʪʝʢʣʦʚʘʥʠʷ, Tx ï ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʯʘʣʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ) ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ȹS ʠ 

ȹH, ʦʪʨʘʞʘʶʱʠʡ ʩʪʨʫʢʪʫʨʥʦʝ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝ. ʕʪʦʤʫ ʨʦʩʪʫ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʝʢʪʦʚ, ʩʦʛʣʘʩʥʦ ʄʝʞʫʟʝʣʴʥʦʡ ʪʝʦʨʠʠ [3]. 

ʇʘʨʘʤʝʪʨʳ ůsʩl ʠ ɖscl ʦʪʨʘʞʘʶʪ ʠʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʝʢʪʦʚ, ʯʪʦ ʤʦʞʝʪ 

ʦʙʲʷʩʥʷʪʴ ʠʭ ʩʚʷʟʴ ʩ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʨʘʩʧʣʘʚʘ ʠ ʉʆʉ.  ʇʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʦʪʞʠʛ 

ʥʝ ʚʣʠʷʝʪ ʥʘ ȹS(T) ʠ ȹH(T) ʧʨʠ T>Tg, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ "ʩʪʠʨʘʥʠʶ" 

ʪʝʨʤʦʠʩʪʦʨʠʠ ʚ ʦʙʣʘʩʪʠ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ log(Rc) ʤʦʥʦʪʦʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ůsʩl, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʦʩʪʫ ʉʆʉ ʧʨʠ ʫʩʠʣʝʥʠʠ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ (ʢʦʵʬʬʠʮʠʝʥʪ 

ʢʦʨʨʝʣʷʮʠʠ ʇʠʨʩʦʥʘ 0.89 ʜʣʷ ʣʝʥʪ ʠ 0.86 ʜʣʷ ʦʙʲʝʤʥʳʭ ʦʙʨʘʟʮʦʚ). ʋʩʪʘʥʦʚʣʝʥʦ, 

mailto:konchakov@mail.ru
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ʯʪʦ log(Dmax) ʨʘʩʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ůsʩl (ʩʤ. ʨʠʩ. 1, ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ 0.94). 

ʅʘʠʚʳʩʰʘʷ ʉʆʉ ʫ ʩʧʣʘʚʘ Pd40Cu30Ni10P20 (ůsʩl å 0.35, Rc = 0.1 ʂ/ʩ, Dmax = 72 ʤʤ). 

ʇʘʨʘʤʝʪʨ ɖscl ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʣʠʥʝʡʥʫʶ ʩʚʷʟʴ ʩ ůscl (dɖscl/důscl=0.92, ʩʤ. ʨʠʩ. 2) ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʦʨʨʝʣʷʮʠʶ ʩ Rc ʠ Dmax. 

 

  
ʈʠʩ. 1. ʂʨʠʪʠʯʝʩʢʠʡ ʜʠʘʤʝʪʨ Dmax (ʚ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ) ʢʘʢ 

ʬʫʥʢʮʠʷ ʧʘʨʘʤʝʪʨʘ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ ůscl 

ʜʣʷ ʦʙʲʝʤʥʳʭ ʩʪʝʢʦʣ. ʇʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ 

ʧʦʢʘʟʘʥʘ ʣʠʥʝʡʥʘʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ 

ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ 

(ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ ʇʠʨʩʦʥʘ 0.94). 

ʈʠʩ. 2. ʉʚʷʟʴ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ 

ʩʪʨʫʢʪʫʨʥʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʥʘ 

ʦʩʥʦʚʝ ʵʥʪʘʣʴʧʠʠ ɖscl ʠ ʵʥʪʨʦʧʠʠ ůscl ʚ 

ʦʙʣʘʩʪʠ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ. 

ʇʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥʘ ʣʠʥʝʡʥʘʷ 

ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ 

ʢʚʘʜʨʘʪʦʚ, ʥʘʢʣʦʥ dɖscl/důscl = 0,92 Ñ 0,01. 
 

ʆʩʥʦʚʥʳʝ ʚʳʚʦʜʳ: 

ï ʇʘʨʘʤʝʪʨʳ ůscl ʠ ɖscl ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʢʨʠʪʠʯʝʩʢʦʡ ʩʢʦʨʦʩʪʴʶ ʦʭʣʘʞʜʝʥʠʷ 

ʠ ʢʨʠʪʠʯʝʩʢʠʤ ʜʠʘʤʝʪʨʦʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʚʘʪʴ ʉʆʉ ʥʘ ʦʩʥʦʚʝ ʩʪʘʥʜʘʨʪʥʳʭ 

ɼʉʂ-ʠʟʤʝʨʝʥʠʡ ʙʝʟ ʜʦʩʪʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʣʠʢʚʠʜʫʩʘ. 

ï ʋʩʪʘʥʦʚʣʝʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʘʷ ʩʚʷʟʴ ʉʆʉ ʩʦ ʩʪʨʫʢʪʫʨʥʳʤ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʝʤ ʠ ʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʚ ʩʦʩʪʦʷʥʠʠ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ 

ʞʠʜʢʦʩʪʠ. ʋʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ ʉʆʉ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʛʦ ʨʘʩʧʣʘʚʘ ʩʚʷʟʘʥʘ ʩ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʜʝʬʝʢʪʦʚ ʚ scl-ʩʦʩʪʦʷʥʠʠ ʩʪʝʢʣʘ. 

ï ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʵʢʩʧʨʝʩʩ-

ʦʮʝʥʢʠ ʉʆʉ ʠ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʜʠʟʘʡʥʘ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 

23-12-00162. 
 

ʃʠʪʝʨʘʪʫʨʘ 
1. ʄʘʢʘʨʦʚ ɸ.ʉ. ʀʟʙʳʪʦʯʥʘʷ ʵʥʪʨʦʧʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ ʠ ʝʝ ʩʚʷʟʴ ʩʦ ʩʪʝʢʣʦʦʙʨʘʟʫʶʱʝʡ 
ʩʧʦʩʦʙʥʦʩʪʴʶ ʤʘʪʝʨʠʥʩʢʠʭ ʨʘʩʧʣʘʚʦʚ / ɸ.ʉ. ʄʘʢʘʨʦʚ, ʈ.ɸ. ʂʦʥʯʘʢʦʚ, ɻ.ɺ. ɸʬʦʥʠʥ, ʎ.ʏ. 
ʎʟʠʘʦ, ʅ.ʇ. ʂʦʙʝʣʝʚ, ɺ.ɸ. ʍʦʥʠʢ // ʇʠʩʴʤʘ ʚ ɾʕʊʌ. ï 2024. ï T. 120. ï ɺ. 10. ï ʉ. 794-801. 
2. Cui J.B. Relationship of structural disorder and stability of supercooled liquid state with glass-
forming ability of metallic glasses / J.B. Cui, R.A. Konchakov, G.V. Afonin, A.S. Makarov, G.J. Lyu, 
J.C. Qiao, N.P. Kobelev, V.A. Khonik // Intermetallics. ï 2025. ï V. 185. ï P. 108858. 
3. ʂʦʙʝʣʝʚ ʅ.ʇ. ʅʦʚʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʧʨʠʨʦʜʝ ʦʙʨʘʟʦʚʘʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ, ʠʭ 
ʩʪʨʫʢʪʫʨʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ / ʅ.ʇ. ʂʦʙʝʣʝʚ, ɺ.ɸ. ʍʦʥʠʢ // ʋʩʧʝʭʠ ʬʠʟʠʯʝʩʢʠʭ 
ʥʘʫʢ. ï 2023. ï ʊ. 193. - ˉ 7. ï ʉ. 717-736. 
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ʄɽɼʃɽʅʅʆʄ ʆʍʃɸɾɼɽʅʀʀ ʀɿ ʉʆʉʊʆʗʅʀʗ 

ʇɽʈɽʆʍʃɸɾɼɪʅʅʆʁ ɾʀɼʂʆʉʊʀ 
 

ɻ.ɺ. ɸʬʦʥʠʥ1, ɺ.ɸ. ʍʦʥʠʢ2 

1ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, afoningv@gmail.com 
2ɿʘʚ. ʥʘʫʯ.-ʠʩʩʣʝʜ. ʣʘʙ. ʌʅʄ ɺɻʇʋ, v.a.khonik@yandex.ru 

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

 

ɺ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʥʪʨʦʣʠʨʫʝʤʦʝ ʦʭʣʘʞʜʝʥʠʝ ʪʝʣʣʫʨʠʪʥʳʭ ʩʪʝʢʦʣ 

(TeO2)0.7(CuO)0.3 ʠ (TeO2)0.45(V2O5)0.55 ʠʟ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʛʦ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʚʳʰʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ 
gT ) ʩʦ ʩʢʦʨʦʩʪʴʶ 0.03ï10 ʂ/ʤʠʥ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʠʪʴ 

ʪʝʨʤʠʯʝʩʢʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʘʣʴʧʠʠ, ʫʪʨʘʯʝʥʥʦʡ ʧʨʠ ʧʨʝʜʰʝʩʪʚʫʶʱʝʡ 

ʩʪʨʫʢʪʫʨʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʥʠʞʝ 
gT . ʊʝʣʣʫʨʠʪʥʳʝ ʩʪʝʢʣʘ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʘʢʩʠʤʘʣʴʥʫʶ ʩʨʝʜʠ 

ʠʟʫʯʝʥʥʳʭ ʢʣʘʩʩʦʚ ʩʢʣʦʥʥʦʩʪʴ ʢ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ, ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʭʘʨʘʢʪʝʨʠʟʫʝʤʫʶ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʛʦ 

ʤʝʪʦʜʘ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʩʪʝʢʦʣ, ʜʝʛʨʘʜʠʨʦʚʘʚʰʠʭ ʧʨʠ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʠʣʠ ʭʨʘʥʝʥʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʝʣʣʫʨʠʪʥʳʝ ʩʪʝʢʣʘ, ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʩʚʦʡʩʪʚ, ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ 

ʩʢʘʥʠʨʫʶʱʘʷ ʢʘʣʦʨʠʤʝʪʨʠʷ (ɼʉʂ), ʵʥʪʘʣʴʧʠʷ, ʩʪʨʫʢʪʫʨʥʘʷ ʨʝʣʘʢʩʘʮʠʷ. 
 

ʉʪʨʫʢʪʫʨʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʩʪʝʢʦʣ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ gT  

ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʘʣʴʧʠʠ ʠ ʠʟʤʝʥʝʥʠʶ ʩʚʦʡʩʪʚ. ɺ 

ʣʠʪʝʨʘʪʫʨʝ ʜʣʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʠ ʥʝʢʦʪʦʨʳʭ ʧʦʣʠʤʝʨʥʳʭ ʩʪʝʢʦʣ ʰʠʨʦʢʦ ʠʟʫʯʝʥʘ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʪʥʦʛʦ ʧʨʦʮʝʩʩʘ ï ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩʚʦʡʩʪʚ. ɼʣʷ ʪʝʣʣʫʨʠʪʥʳʭ 

ʩʪʝʢʦʣ, ʦʙʣʘʜʘʶʱʠʭ ʫʥʠʢʘʣʴʥʳʤʠ ʦʧʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʘʥʘʣʦʛʠʯʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪʩʫʪʩʪʚʫʶʪ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʪʝʣʣʫʨʠʪʥʳʭ ʩʪʝʢʦʣ ʧʫʪʝʤ ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ 

ʤʝʜʣʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʠʟ ʩʦʩʪʦʷʥʠʷ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ (ʚʳʰʝ gT ). 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʚʳʙʨʘʥʳ ʪʝʣʣʫʨʠʪʥʳʝ ʩʪʝʢʣʘ (TeO2)0.7(CuO)0.3 ʠ 

(TeO2)0.45(V2O5)0.55. ʉʪʝʢʣʘ ʩʠʥʪʝʟʠʨʦʚʘʣʠʩʴ ʠʟ ʦʢʩʠʜʦʚ ʩ ʯʠʩʪʦʪʦʡ 99.9%. 

ɸʤʦʨʬʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʦʪʣʠʚʦʢ ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ ʜʠʬʨʘʢʮʠʝʡ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 

ʣʫʯʝʡ. ʂʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʥʘ ʧʨʠʙʦʨʝ Hitachi DSC 

7020 ʚ ʧʦʪʦʢʝ ʘʟʦʪʘ ʦʩʦʙʦʡ ʯʠʩʪʦʪʳ. ʅʘʛʨʝʚ ʦʙʨʘʟʮʦʚ ʤʘʩʩʦʡ 40-50 ʤʛ 

ʦʩʫʱʝʩʪʚʣʷʣʠ ʩʦ ʩʢʦʨʦʩʪʴʶ 3 ʂ/ʤʠʥ. ʇʦʩʣʝ ʥʘʛʨʝʚʘ ʚ ʦʙʣʘʩʪʴ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ 

ʞʠʜʢʦʩʪʠ ʦʙʨʘʟʝʮ ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʦʭʣʘʞʜʘʣʠ ʩʦ ʩʢʦʨʦʩʪʴʶ ʚ ʜʠʘʧʘʟʦʥʝ 0.03 

ʂ/ʤʠʥ Ò Ἧ Ò 10 ʂ/ʤʠʥ. ʇʨʠ ʩʢʦʨʦʩʪʷʭ 0.03 ʂ/ʤʠʥ Ò Ἧ Ò 0.3 ʂ/ʤʠʥ ʩʢʦʨʦʩʪʴ 

ʦʭʣʘʞʜʝʥʠʷ ʧʦʜʜʝʨʞʠʚʘʣʠ ʧʦʩʪʦʷʥʥʦʡ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʤʝʨʥʦ ʥʘ å 30 ʂ ʥʠʞʝ 

gT , ʩ ʜʘʣʴʥʝʡʰʠʤ ʩʚʦʙʦʜʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ ʧʨʠ ʤʝʥʴʰʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʅʘ 

ʨʠʩʫʥʢʝ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʥʘ ʦʙʨʘʟʮʘʭ 

ʪʝʣʣʫʨʠʪʥʦʛʦ ʩʪʝʢʣʘ (TeO2)0.45(V2O5)0.55, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʭʣʘʞʜʝʥʥʳʭ ʠʟ 

ʦʙʣʘʩʪʠ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ ʩ ʫʢʘʟʘʥʥʳʤʠ ʩʢʦʨʦʩʪʷʤʠ. ʅʘʙʣʶʜʘʝʪʩʷ 
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ʩʠʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʥʜʦʪʝʨʤʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʦʪ ʩʢʦʨʦʩʪʠ ʧʨʝʜʰʝʩʪʚʫʶʱʝʛʦ 

ʦʭʣʘʞʜʝʥʠʷ: ʩʥʠʞʝʥʠʝ ʩʢʦʨʦʩʪʠ ʩ 10 ʜʦ 0.03 ʂ/ʤʠʥ ʫʚʝʣʠʯʠʚʘʝʪ ʘʤʧʣʠʪʫʜʫ ʧʠʢʘ 

ʧʦʛʣʦʱʝʥʠʷ ʪʝʧʣʘ ʚ 2.6 ʨʘʟʘ. ɸʥʘʣʦʛʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʜʣʷ 

ʪʝʣʣʫʨʠʪʥʦʛʦ ʩʪʝʢʣʘ (TeO2)0.7(CuO)0.3. 
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ʈʠʩʫʥʦʢ. ʈʝʟʫʣʴʪʘʪʳ ɼʉʂ-ʠʟʤʝʨʝʥʠʡ ʜʣʷ ʪʝʣʣʫʨʠʪʥʦʛʦ ʩʪʝʢʣʘ (TeO2)0.45(V2O5)0.55. 

 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʩʪʝʧʝʥʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ 

ʵʥʪʘʣʴʧʠʷ ʩʪʨʫʢʪʫʨʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ()1    
f

i

T

r
T

H T W T dT-D = ñ . ʈʘʩʯʝʪʳ ʜʘʣʠ 

ʟʥʘʯʝʥʠʷ ʵʥʪʘʣʴʧʠʠ 
rHD  ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0.33 ʜʦ 0.86 ʢɼʞ/ʤʦʣʴ ʜʣʷ ʩʪʝʢʣʘ 

(TeO2)0.7(CuO)0.3 ʠ ʦʪ 0.9 ʜʦ 2.06 ʢɼʞ/ʤʦʣʴ ʜʣʷ (TeO2)0.45(V2O5)0.55 ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ʦʪ 10 ʜʦ 0.1 ʂ/ʤʠʥ. ʕʪʦ ʩʦʩʪʘʚʣʷʝʪ 2ï5% ʦʪ ʵʥʪʘʣʴʧʠʠ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (
crHD å ī18.5 ʢɼʞ/ʤʦʣʴ). ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʵʬʬʝʢʪ 

ʧʦʣʥʦʩʪʴʶ ʦʙʨʘʪʠʤ: ʮʠʢʣʠʯʝʩʢʦʝ ʠʟʤʝʥʝʥʠʝ ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦ ʤʝʥʷʝʪ ʧʘʨʘʤʝʪʨʳ ɼʉʂ-ʧʠʢʦʚ. ʂʦʵʬʬʠʮʠʝʥʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʢ ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ( )/r r crS H T=-D D D ʩʦʩʪʘʚʠʣ 0.054ï0.12 

ʢɼʞĿʤʠʥ/(ʤʦʣʴĿʂ) ð ʚʳʰʝ, ʯʝʤ ʜʣʷ ʦʢʩʠʜʥʦʛʦ ʩʪʝʢʣʘ K15 (0.035) ʠ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ Pd40Ni40P20 (0.008) [1]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʪʝʣʣʫʨʠʪʥʳʝ ʩʪʝʢʣʘ ʧʨʦʷʚʣʷʶʪ ʥʘʠʙʦʣʴʰʫʶ ʩʢʣʦʥʥʦʩʪʴ ʢ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ 

ʩʨʝʜʠ ʠʟʫʯʝʥʥʳʭ ʢʣʘʩʩʦʚ. ʂʣʶʯʝʚʦʝ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝʡ ʚʝʣʠʯʠʥʝ 
rHD  ʦʪʥʦʩʠʪʝʣʴʥʦ ʵʥʪʘʣʴʧʠʠ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʩʭʦʜʩʪʚʘ ɼʉʂ-ʢʨʠʚʳʭ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʪʢʨʳʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʩʚʦʡʩʪʚʘʤʠ 

ʪʝʣʣʫʨʠʪʥʳʭ ʩʪʝʢʦʣ (ʦʧʪʠʯʝʩʢʠʭ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ) ʧʫʪʝʤ ʨʝʛʫʣʠʨʦʚʘʥʠʷ 

ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ʠʟ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʇʨʦʮʝʩʩ ʧʦʟʚʦʣʷʝʪ 

ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʜʝʛʨʘʜʘʮʠʶ ʩʚʦʡʩʪʚ, ʚʳʟʚʘʥʥʫʶ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʩʪʘʨʝʥʠʝʤ 

ʠʣʠ ʜʣʠʪʝʣʴʥʳʤ ʭʨʘʥʝʥʠʝʤ, ʠ ʧʝʨʩʧʝʢʪʠʚʝʥ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʟʘʜʘʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʜʣʷ ʚʦʣʦʢʦʥʥʦʡ ʦʧʪʠʢʠ, ʣʘʟʝʨʦʚ ʠ ʩʝʥʩʦʨʦʚ. 
ʃʠʪʝʨʘʪʫʨʘ 
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Liquid State at Laboratory Rates / G.V. Afonin, N.P. Kobelev, V.A. Khonik, S.V. Nemilov // Physica 
Status Solidi Rapid Research Letter. 2018. ï ʊ. 12. ï ɺʳʧ. 8. ï ʉ. 1800167. 
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ʋɼʂ: 539.213.2:548.51 
 

ɺʃʀʗʅʀɽ ʅɽʉʊɸʎʀʆʅɸʈʅʆʉʊʀ ʉʂʆʈʆʉʊʀ ɿɸʈʆɾɼɽʅʀʗ 

ʅɸ ʊɽʈʄʀʏɽʉʂʋʖ ʋʉʊʆʁʏʀɺʆʉʊʔ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɽʂʆʃ 

Fe40Ni40P14B6 ʠ Fe48Co32P14B6  
 

ʉ.ɺ. ɺʘʩʠʣʴʝʚ1, ɽ.ɸ. ʉʚʠʨʠʜʦʚʘ2, ɺ.ʀ ʊʢʘʯ3 

1ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʩʪ. ʥʘʫʯ. ʩʦʪʨ., vasils75@gmail.com 
2ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʩʪ. ʥʘʫʯ. ʩʦʪʨ., ksvir@list.ru  

3ɼ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʛʣ. ʥʘʫʯ. ʩʦʪʨ., stalker_1345@mail.ru 
ʌɻɹʅʋ çɼʦʥʝʮʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ɸ. ɻʘʣʢʠʥʘè, ɼʦʥʝʮʢ 
ʌɻɹʆʋ ɺʆ çɼʦʥʙʘʩʩʢʘʷ ʥʘʮʠʦʥʘʣʴʥʘʷ ʘʢʘʜʝʤʠʷ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʠ ʘʨʭʠʪʝʢʪʫʨʳè, 

ʄʘʢʝʝʚʢʘ 
 

ʇʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʧʦʚʳʰʝʥʥʫʶ ʪʝʨʤʠʯʝʩʢʫʶ 
ʫʩʪʦʡʯʠʚʦʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʝʢʣʘ Fe48Co32P14B6 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʩʪʦʡʯʠʚʦʩʪʴʶ 
Fe40Ni40P14B6. ʆʧʨʝʜʝʣʝʥʳ ʚʢʣʘʜʳ ʚ ʪʝʨʤʠʯʝʩʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ, ʨʘʟʣʠʯʠʡ ʜʠʬʬʫʟʠʦʥʥʦʡ 
ʧʦʜʚʠʞʥʦʩʪʠ, ʨʘʙʦʪʳ ʦʙʨʘʟʦʚʘʥʠʷ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʘʨʦʜʳʰʘ ʠ ʩʪʝʧʝʥʠ ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ 
ʟʘʨʦʞʜʝʥʠʷ.   

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʸʢʣʘ, ʪʝʨʤʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ, ʪʝʦʨʝʪʠʯʝʩʢʠʝ 
ʤʦʜʝʣʠ, ʩʢʦʨʦʩʪʠ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ, ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʴ  

 

ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʝʢʦʣ (ʄʉ) ʠʤʝʶʪ ʚʘʞʥʦʝ ʧʨʠʢʣʘʜʥʦʝ ʟʥʘʯʝʥʠʝ, ʧʦʩʢʦʣʴʢʫ ʩʦʟʜʘʶʪ ʦʩʥʦʚʫ ʜʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ, ʩʦʭʨʘʥʷʶʱʠʭ ʫʥʠʢʘʣʴʥʳʝ ʢʦʤʧʣʝʢʩʳ 

ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʨʘʩʰʠʨʝʥʥʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ.  

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ 

ʘʥʘʣʠʟʘ ʢʠʥʝʪʠʢʠ ʠ ʤʝʭʘʥʠʟʤʦʚ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʄʉ 

Fe40Ni40P14B6 ʠ Fe48Co32P14B6. ʎʝʣʴ ʨʘʙʦʪʳ ï ʫʩʪʘʥʦʚʠʪʴ ʧʨʠʯʠʥʳ ʨʘʟʣʠʯʠʡ 

ʧʨʠʚʝʜʝʥʥʳʭ (ʥʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ) ʪʝʤʧʝʨʘʪʫʨ (Tr) 

ʥʘʯʘʣʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠ ʥʘʛʨʝʚʝ (ʚ 1.1 ʨʘʟʘ) ʠ ʚʨʝʤʝʥ ʥʘʯʘʣʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

(tons) ʧʨʠ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʚ 5.6ï9.35 ʨʘʟʘ).  

ɸʥʘʣʠʟ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʨʠʚʳʭ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ɸʚʨʘʤʠ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʜʠʘʧʘʟʦʥʘʭ Tr 0.523ï0.561 (ʄʉ Fe40Ni40P14B6) ʠ 0.540ï0.564 (ʄʉ 

Fe48Co32P14B6) ʧʦʢʘʟʘʪʝʣʠ ɸʚʨʘʤʠ (n), ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʩʪʝʧʝʥʴ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ ʩʢʦʨʦʩʪʠ ʟʘʨʦʞʜʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ, ʩʥʠʞʘʶʪʩʷ ʩ ʧʦʚʳʰʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨ ʦʪʞʠʛʘ ʦʪ 6.8 ʜʦ 4.36 ʠ ʦʪ 9.1 ʜʦ 6.57 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ɺ ʨʘʤʢʘʭ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʤʦʜʝʣʠ ʂʦʣʤʦʛʦʨʦʚʘ-ʂʵʱʠʝʚʘ [1] ʧʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠʟʦʪʝʨʤʠʯʝʩʢʠʤ ʢʠʥʝʪʠʯʝʩʢʠʤ ʢʨʠʚʳʤ, ʦʧʨʝʜʝʣʝʥʳ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʚʨʝʤʝʥʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ Űc ʠ ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪʠ Űns ʧʨʦʮʝʩʩʘ 

ʟʘʨʦʞʜʝʥʠʷ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʦ ʟʥʘʯʝʥʠʷʤ Űc ʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʧʨʝʜʝʣʸʥʥʳʤ 

ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʟʘʚʠʩʠʤʦʩʪʷʤ ʩʢʦʨʦʩʪʝʡ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ U(T) ʚ ʄʉ 

Fe40Ni40P14B6 [2] ʠ Fe48Co32P14B6 [3] ʥʘʡʜʝʥʳ ʟʥʘʯʝʥʠʷ ʩʪʘʮʠʦʥʘʨʥʳʭ ʩʢʦʨʦʩʪʝʡ 

ʟʘʨʦʞʜʝʥʠʷ Jst ʚ ʵʪʠʭ ʩʪʝʢʣʘʭ, ʩʦʩʪʘʚʣʷʶʱʠʝ 3.5Ĭ10
15ï1017 ʠ 3Ĭ1017ï9Ĭ1017 ʤï3ʩï

1 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚ ʜʠʘʧʘʟʦʥʘʭ ʪʝʤʧʝʨʘʪʫʨ ʦʪʞʠʛʘ (ʨʠʩ. 1).  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʠʩʩʣʝʜʦʚʘʥʠʷ Jst ʚ ʄʉ 

Fe48Co32P14B6 ʚʳʰʝ, ʯʝʤ ʚ ʄʉ Fe40Ni40P14B6 (ʨʠʩ. 1), ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʙʦʣʝʝ 

ʥʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʨʘʙʦʪ ʦʙʨʘʟʦʚʘʥʠʷ ʢʨʠʪʠʯʝʩʢʠʭ ʟʘʨʦʜʳʰʝʡ. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

mailto:vasils75@gmail.com
mailto:ksvir@list.ru
mailto:stalker_1345@mail.ru
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tons ʚ ʄʉ ʥʘ FeCo ʦʩʥʦʚʝ ʜʣʷ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʨʝʞʠʤʘ ʚ 3.5ï1.5 ʨʘʟ ʚʳʰʝ, ʯʝʤ ʚ ʄʉ 

ʥʘ FeNi ʦʩʥʦʚʝ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʧʦʚʳʰʝʥʥʦʡ ʩʢʦʨʦʩʪʴʶ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ ʚ ʄʉ 

Fe40Ni40P14B6 (ʨʠʩ. 1), ʩʚʷʟʘʥʥʦʡ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʜʠʬʬʫʟʠʦʥʥʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ 

ʘʪʦʤʦʚ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʘʤʦʨʬʥʦʡ ʬʘʟ.  
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʝʡ ʟʘʨʦʞʜʝʥʠʷ 

(ʩʪʘʮʠʦʥʘʨʥʳʭ) ʠ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ ʚ ʄʉ 

Fe40Ni40P14B6 (ǒ) ʠ Fe48Co32P14B6 (ƶ) ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʠʚʝʜʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ. 

ɾʠʨʥʳʤʠ ʣʠʥʠʷʤʠ ʚʳʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ 

U(T), ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 

ʜʘʥʥʳʤ [2, 3], ʘ ʩʠʤʚʦʣʘʤʠ ʧʦʢʘʟʘʥʳ 

ʟʥʘʯʝʥʠʷ Jst, ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʤ ʚʨʝʤʝʥʘʤ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʰʝʥʠʷ ʚʨʝʤʝʥ 

ʥʘʯʘʣʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ: ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʦʧʨʝʜʝʣʝʥʥʳʭ 
exp
onst  ʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ 

ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʨʝʞʠʤʘ ʟʘʨʦʞʜʝʥʠʷ 
st
onst  ʦʪ 

ʧʦʢʘʟʘʪʝʣʷ ɸʚʨʘʤʠ ʄʉ Fe40Ni40P14B6 (ǒ) ʠ 

Fe48Co32P14B6 (ƶ). 

 

ʉʫʱʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʦʪʥʦʰʝʥʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʥʳʭ 

ʚʨʝʤʝʥ ʥʘʯʘʣʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (ʦʪ 9.35 ʜʦ 5.6) ʠ ʚʨʝʤʝʥ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʜʣʷ 

ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʨʝʞʠʤʘ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʧʨʝʜʝʣʷʶʱʝʤ ʚʢʣʘʜʝ ʚ 

ʧʦʚʳʰʝʥʥʫʶ ʪʝʨʤʠʯʝʩʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʄʉ Fe48Co32P14B6 ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ 

ʭʘʨʘʢʪʝʨʘ ʧʨʦʮʝʩʩʘ ʟʘʨʦʞʜʝʥʠʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʚʧʝʨʚʳʝ 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʦʡ ʩʚʷʟʴʶ ʤʝʞʜʫ ʦʪʥʦʰʝʥʠʝʤ ʚʨʝʤʝʥ ʥʘʯʘʣʘ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ɸʚʨʘʤʠ (ʨʠʩ. 2). 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ, ʙʶʜʞʝʪʥʘʷ ʪʝʤʘ FREZ-

2023-0003.  
 

ʃʠʪʝʨʘʪʫʨʘ 
1. Vasiliev, S.V. Analysis of the transient behavior of nucleation in the Fe40Ni40P14B6 glass / 

S.V. Vasiliev, V.I. Tkatch, A.S. Aronin, O.V. Kovalenko, S.G. Rassolov // J. Alloys Compds. ï 2018. 
ï Vol. 744. ï P. 141ï145. 

2. Vasiliev S.V., Kovalenko O.V., Svyrydova K.A., Limanovskii A.I., Tkatch V.I. 
Crystallization kinetics of the Fe40Ni40P14B6 metallic glass in an extended range of heating rates // J. 
Mater. Sci. ï 2019. ï Vol. 54, No. 7. ï pp. 5788ï5801. 

3. Vasiliev S.V., Parfenii V.I., Aronin A.S., Pershina E.A., Tkatch V.I. The effect of transient 
nucleation behavior on thermal stability of Fe48Co32P14B6 metallic glass // J. Alloys Compds. ï 2021. 
ï Vol. 869. ï art. 159285. 
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ʉɺʗɿʔ ʊɽʈʄʆɸʂʊʀɺʀʈʋɽʄʓʍ ʀɿʄɽʅɽʅʀʁ ʄʆɼʋʃʗ ʉɼɺʀɻɸ ʉ 

ʈɽʃɸʂʉɸʎʀɽʁ ɼɽʌɽʂʊʅʆʁ ʇʆɼʉʀʉʊɽʄʓ ɺ 

ɺʓʉʆʂʆʕʅʊʈʆʇʀʁʅʓʍ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɪʂʃɸʍ 
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ʇʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʷʜʘ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʸʢʦʣ 

(ɺʕʄʉ), ʚʢʣʶʯʘʶʱʝʝ ʧʨʝʮʠʟʠʦʥʥʳʝ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ (~500 ʢɻʮ) ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʠ ʢʘʣʦʨʠʤʝʪʨʠʶ ʚ ʠʩʭʦʜʥʦʤ, ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʤ ʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʷʭ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʦʪʩʫʪʩʪʚʠʝ ʩʪʨʫʢʪʫʨʥʦʡ ʨʝʣʘʢʩʘʮʠʠ 

ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʤʦʜʫʣʷ ʩʜʚʠʛʘ ɺʕʄʉ ʩʦʚʧʘʜʘʝʪ ʩ ʪʘʢʦʚʳʤ ʜʣʷ ʤʘʪʝʨʠʥʩʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ. ʇʨʝʜʣʦʞʝʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʤʦʜʫʣʴ ʩʜʚʠʛʘ ɺʕʄʉ 

ʥʝʨʘʟʨʳʚʥʦ ʩʚʷʟʘʥ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʜʝʬʝʢʪʦʚ, ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʟʘ ʩʪʨʫʢʪʫʨʥʫʶ ʨʝʣʘʢʩʘʮʠʶ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʸʢʣʘ, ʩʪʨʫʢʪʫʨʥʘʷ ʨʝʣʘʢʩʘʮʠʷ, 

ʤʦʜʫʣʴ ʩʜʚʠʛʘ. 

 

ɺʟʘʠʤʦʩʚʷʟʴ ʩʠʩʪʝʤʳ ʜʝʬʝʢʪʦʚ, ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʩʪʝʢʣʘ '  ʠ ʤʦʜʫʣʷ ʩʜʚʠʛʘ 

ʤʘʪʝʨʠʥʩʢʦʛʦ ʢʨʠʩʪʘʣʣʘ А ʤʦʞʝʪ ʙʳʪʴ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʥʘ ʚ ʨʘʤʢʘʭ ʤʝʞʫʟʝʣʴʥʦʡ 
ʪʝʦʨʠʠ (ʄʊ) [1]. ʕʪʘ ʪʝʦʨʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʦʧʠʩʘʥʠʝ ʨʘʟʣʠʯʥʳʭ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʷʚʣʝʥʠʡ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʸʢʣʘʭ (ʦʙʟʦʨ ʄʊ ʠ ʝʸ 

ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʨʘʙʦʪʝ [2]). ʉʦʛʣʘʩʥʦ 

ʄʊ, ʜʝʬʝʢʪʥʘʷ ʧʦʜʩʠʩʪʝʤʘ, ʤʦʜʫʣʴ ʩʜʚʠʛʘ ʩʪʝʢʣʘ Ὃ ʠ ʤʘʪʝʨʠʥʩʢʦʛʦ ʢʨʠʩʪʘʣʣʘ ɛ 

ʚʟʘʠʤʦʩʚʷʟʘʥʳ ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ 

 ' А ÅØÐ ɻɼÃȟ (1) 

ʛʜʝ ὧ ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʜʝʬʝʢʪʦʚ, ʘʥʘʣʦʛʠʯʥʳʭ ʤʝʞʫʟʝʣʴʥʳʤ ʛʘʥʪʝʣʷʤ ʚ 

ʢʨʠʩʪʘʣʣʘʭ, ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʟʘ ʩʥʠʞʝʥʠʝ ʤʦʜʫʣʷ ʩʜʚʠʛʘ ʩʪʝʢʣʘ (ʜʠʘʵʣʘʩʪʠʯʝʩʢʠʡ 

ʵʬʬʝʢʪ), ‍ ï ʙʝʟʨʘʟʤʝʨʥʘʷ ʩʜʚʠʛʦʚʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʠ ʙʝʟʨʘʟʤʝʨʥʘʷ ʢʦʥʩʪʘʥʪʘ 
‌ ρ [1]. 

ʀʟʤʝʨʝʥʠʷ ʤʦʜʫʣʷ ʩʜʚʠʛʘ '4 ʧʨʠ ʥʘʛʨʝʚʝ ɺʕʄʉ ʚ ʠʩʭʦʜʥʦʤ, 

ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʤ ʠ ʢʨʠʩʪʘʣʣʠʟʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʷʭ ʧʦʟʚʦʣʠʣʠ ʫʩʪʘʥʦʚʠʪʴ 

ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ' ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʜʝʬʝʢʪʦʚ Ã. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʝʣʘʢʩʘʮʠʦʥʥʦʝ 
ʫʚʝʣʠʯʝʥʠʝ ' ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ɺʕʄʉ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ 

ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʤ ʩʥʠʞʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʝʢʪʦʚ ʪʠʧʘ ʤʝʞʫʟʝʣʴʥʳʭ 

ʛʘʥʪʝʣʝʡ Ã. ʅʘʧʨʦʪʠʚ, ʫʤʝʥʴʰʝʥʠʝ ' ʦʙʫʩʣʦʚʣʝʥʦ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʤ ʨʦʩʪʦʤ 
ʢʦʥʮʝʥʪʨʘʮʠʠ Ã. ʇʦʩʣʝʜʥʠʡ ʧʨʦʮʝʩʩ ʦʩʦʙʝʥʥʦ ʚʳʨʘʞʝʥ ʚ ʩʦʩʪʦʷʥʠʠ 

ʧʝʨʝʦʭʣʘʞʜʸʥʥʦʡ ʞʠʜʢʦʩʪʠ (ʠʥʪʝʨʚʘʣ ʤʝʞʜʫ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʪʝʢʣʦʚʘʥʠʷ 4 ʠ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʥʘʯʘʣʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 4). 
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ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʦʪʩʫʪʩʪʚʠʝ ʪʝʨʤʦʘʢʪʠʚʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ 

ʨʝʣʘʢʩʘʮʠʠ (ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʥʘʯʘʣʘ 

ʩʪʨʫʢʪʫʨʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʜʣʷ ʠʩʭʦʜʥʦʛʦ Ὕ  ʠ ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʛʦ Ὕ  ʩʦʩʪʦʷʥʠʡ) 

ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʤʦʜʫʣʝʡ ʩʜʚʠʛʘ ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ ʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʡ ʨʘʚʥʳ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʝ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʩʜʚʠʛʘ (a), ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ (b) ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʝʢʪʦʚ (c) ʜʣʷ ɺʕʄʉ ὤὶȢὅόȢὌὪȢὃὰȢὃὫȢ ʚ ʠʩʭʦʜʥʦʤ, 

ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʤ ʠ ʢʨʠʩʪʘʣʣʠʟʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʷʭ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʜʝʬʝʢʪʦʚ 

ὧὝ ʨʘʩʩʯʠʪʘʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ (1) ʧʨʠ ‍ ςπ. 
 

 
ʈʠʩʫʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʩʜʚʠʛʘ (a), ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ Ўὡ (b) ʠ 
ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʝʢʪʦʚ (c) ɺʕʄʉ ὤὶȢὅόȢὌὪȢὃὰȢὃὫȢ ʚ ʠʩʭʦʜʥʦʤ ʠ ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʤ 
ʩʦʩʪʦʷʥʠʷʭ. ʋʢʘʟʘʥʳ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʯʘʣʘ ʩʪʨʫʢʪʫʨʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ Ὕ  
ʠ ʨʝʣʘʢʩʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ Ὕ  ʚʤʝʩʪʝ ʩ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʪʝʢʣʦʚʘʥʠʷ Ὕ 
ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ ʥʘʯʘʣʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ Ὕ. ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ʜʘʶʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʣʠʥʝʡʥʳʝ 
ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʜʘʥʥʳʭ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ, ʧʨʦʝʢʪ ˉ 23-12-00162. 
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ʇʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʙʳʪʦʯʥʳʭ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ ʩʦʩʪʦʷʥʠʷ ï ʵʥʪʘʣʴʧʠʠ Ὄ, ʵʥʪʨʦʧʠʠ Ὓ ʠ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ Ὃ ï ʜʣʷ 
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ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ ʩʦʩʪʦʷʥʠʷ (ʨʘʩʩʯʠʪʘʥʥʦʡ ʧʦ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʤ ʠʟʤʝʨʝʥʠʷʤ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʜʘʚʥʦ ʥʘʤʠ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʧʦʜʭʦʜʘ). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ὌὝ, ὛὝ ʠ ὋὝ, ʧʦʣʫʯʝʥʥʳʝ ʦʙʦʠʤʠ ʤʝʪʦʜʘʤʠ, ʩʦʚʧʘʜʘʶʪ ʚ ʜʠʘʧʘʟʦʥʝ 
ʩʦʩʪʦʷʥʠʷ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʝʢʣʘ (ʄʉ) (Ὕ Ὕ Ὕ, ʛʜʝ Ὕ ʠ Ὕ 

ï ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʢʣʦʚʘʥʠʷ ʠ ʥʘʯʘʣʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ 

ʩʦʚʧʘʜʝʥʠʷ ʧʦʪʨʝʙʦʚʘʣʘʩʴ ʢʦʨʨʝʢʪʠʨʦʚʢʘ ʣʠʪʝʨʘʪʫʨʥʦʡ ʤʝʪʦʜʠʢʠ, ʩʚʷʟʘʥʥʘʷ ʩ ʨʘʩʯʝʪʦʤ 

ʵʥʪʨʦʧʠʠ ʧʣʘʚʣʝʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʸʢʣʘ, ʧʝʨʝʦʭʣʘʞʜʸʥʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʨʘʩʧʣʘʚʳ, 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ ʩʦʩʪʦʷʥʠʷ, ʵʥʪʘʣʴʧʠʷ ʧʣʘʚʣʝʥʠʷ, ʵʥʪʨʦʧʠʷ ʧʣʘʚʣʝʥʠʷ. 

 

ɺ ʣʠʪʝʨʘʪʫʨʝ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ 

ʨʘʟʥʦʩʪʠ ʬʫʥʢʮʠʡ ʩʦʩʪʦʷʥʠʷ ʤʝʞʜʫ ʨʘʩʧʣʘʚʦʤ (ὒ) ʠ ʝʛʦ ʪʚʝʨʜʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʦʡ (ὢ) [1ï2]. ʄʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʠʥʪʝʛʨʠʨʦʚʘʥʠʠ ʨʘʟʥʦʩʪʠ 

ʫʜʝʣʴʥʳʭ ʪʝʧʣʦʸʤʢʦʩʪʝʡ ʞʠʜʢʦʡ ὅ Ὕ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ὅ Ὕ ʬʘʟ 

ɝὅ Ὕ ὅ Ὕ ὅ Ὕ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʪʝʢʣʦʚʘʥʠʷ Ὕ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʩʦʣʠʜʫʩ ʠʣʠ ʣʠʢʚʠʜʫʩ (Ὕ): 

 ɝὌ Ὕ ɝὌ ᷿ ɝὅ ὝὨὝȟ (1) 

 ɝὛ Ὕ ɝὛ ᷿ ὨὝȟ (2) 

 ɝὋ Ὕ ɝὌ Ὕ ὝɝὛ Ὕȟ (3) 

ʛʜʝ ɝὌ  ʠ ɝὛ ï ʵʥʪʘʣʴʧʠʷ ʠ ʵʥʪʨʦʧʠʷ ʧʣʘʚʣʝʥʠʷ. 

ɺ ʨʘʙʦʪʘʭ [3ï4] ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʠʟʙʳʪʦʯʥʳʭ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ ʩʦʩʪʦʷʥʠʷ ʄʉ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʘʥʘʣʦʛʦʚ. ʋʨʘʚʥʝʥʠʷ ʜʣʷ ʠʟʙʳʪʦʯʥʳʭ ʬʫʥʢʮʠʡ ʩʦʩʪʦʷʥʠʷ ʄʉ ʠʤʝʶʪ ʩʣʝʜʫʶʱʠʡ 

ʚʠʜ: 

 ɝὌ Ὕ ᷿ ɝὡ ὝὨὝȟ (4) 
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 ɝὛ Ὕ ᷿ ὨὝȟ (5) 

 ɝὋ Ὕ ᷿ ɝὛ ὝὨὝȟ (6) 

ʛʜʝ Ὕ ï ʩʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ, ɝὡ Ὕ ï ʨʘʟʥʦʩʪʴ ʤʦʣʷʨʥʳʭ ʪʝʧʣʦʚʳʭ ʧʦʪʦʢʦʚ, 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʜʣʷ ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ ʦʙʨʘʟʮʘ ʠ ʪʦʛʦ ʞʝ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʝʛʦ 

ʧʦʣʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, Ὕ  ï ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʣʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʄʉ, 

ʜʦʩʪʠʛʘʝʤʘʷ ʚ ʧʨʦʮʝʩʩʝ ʥʘʛʨʝʚʘ. 

ʇʦʩʢʦʣʴʢʫ ʨʘʩʯʝʪʳ ʠʟʙʳʪʦʯʥʳʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ ʩʦʩʪʦʷʥʠʷ 

ʢʘʢ ʜʣʷ ʧʝʨʝʦʭʣʘʞʜʸʥʥʳʭ ʨʘʩʧʣʘʚʦʚ (ʣʠʪʝʨʘʪʫʨʥʳʡ ʧʦʜʭʦʜ [1ï2]), ʪʘʢ ʠ ʜʣʷ ʄʉ 

(ʧʦʜʭʦʜ, ʨʘʟʚʠʚʘʝʤʳʡ ʘʚʪʦʨʘʤʠ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ [3ï4]) ʧʨʦʚʦʜʷʪʩʷ ʚ ʦʙʱʝʤ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ, ʚʦʟʤʦʞʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʵʪʠʭ ʜʚʫʭ ʤʝʪʦʜʦʚ. 

ʈʠʩ. ʠʣʣʶʩʪʨʠʨʫʝʪ ʩʦʚʧʘʜʝʥʠʝ ʠʟʙʳʪʦʯʥʳʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʬʫʥʢʮʠʡ 

ʩʦʩʪʦʷʥʠʷ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʄʉ Zr35Hf13Al11Ag8Ni8Cu25 ʚ ʠʥʪʝʨʚʘʣʝ 

ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʞʠʜʢʦʩʪʠ ʩ ʠʟʙʳʪʦʯʥʳʤʠ ʬʫʥʢʮʠʷʤʠ ʩʦʩʪʦʷʥʠʷ ʨʘʩʧʣʘʚʘ, 

ʚʟʷʪʳʤʠ ʠʟ ʨʘʙʦʪʳ [1], ʧʨʠ ʢʦʨʨʝʢʪʠʨʦʚʢʝ ʤʝʪʦʜʠʢʠ ʨʘʩʯʝʪʘ ʵʥʪʨʦʧʠʠ 

ʧʣʘʚʣʝʥʠʷ. 

 
ʈʠʩʫʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʙʳʪʦʯʥʦʡ ʵʥʪʘʣʴʧʠʠ (ʘ) ʠ ʵʥʪʨʦʧʠʠ (ʙ) ʄʉ 

Zr35Hf13Al 11Ag8Ni8Cu25 (ʠʥʜʝʢʩ Ὃ ὢ) ʠ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʛʦ ʨʘʩʧʣʘʚʘ (ʠʥʜʝʢʩ ὒ ὢ) 
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ, ʧʨʦʝʢʪ ˉ 23-12-00162. 
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3ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʌɻɹʋʅ ʀʌʊʊ ʈɸʅ, kobelev@issp.ac.ru 
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ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʝʜʘʛʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

 

ɺʳʧʦʣʥʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ (ɺʊ) ʚ 14 ʦʙʲʝʤʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʝʢʣʘʭ ʥʘ ʯʘʩʪʦʪʘʭ Ὢ πȟυ ρȟψ ʄɻʮ ʤʝʪʦʜʘʤʠ ʨʝʟʦʥʘʥʩʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (RUS) ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ (EMAT). ʇʨʠʤʝʨ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ RUS ʠ EMAT, ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ.1. ɺʠʜʥʦ ʥʘʣʠʯʠʝ ʧʠʢʘ 

ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 380-400 ʂ ʥʘ ʯʘʩʪʦʪʘʭ ʦʢʦʣʦ 0,5 ʄɻʮ. ʇʨʠ ʵʪʦʤ ʠʟʤʝʨʝʥʠʷ 

ʤʝʪʦʜʘʤʠ RUS ʠ EMAT ʜʘʶʪ ʚʝʩʴʤʘ ʙʣʠʟʢʠʝ ʨʝʟʫʣʴʪʘʪʳ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ. ɺʥʫʪʨʝʥʥʝʝ ʪʨʝʥʠʝ, ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʝʢʣʘ, ʨʝʣʘʢʩʘʮʠʷ ʜʝʬʝʢʪʦʚ 

 

ʇʠʢ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 400ï500 K (ʥʘ ʯʘʩʪʦʪʝ ʦʢʦʣʦ 0,5 

ʄɻʮ) ʦʙʥʘʨʫʞʝʥ ʚ 12 ʠʟ 14 ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʪʝʢʦʣ (ʩʤ.ʨʠʩ.2). ɺʳʩʦʪʘ ʧʠʢʘ 

ʧʦʯʪʠ ʥʝ ʟʘʚʠʩʠʪ (ʠʣʠ ʩʣʘʙʦ ʟʘʚʠʩʠʪ) ʦʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ.    

ʇʠʢ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʩʤʝʱʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʩ 

ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʝʛʦ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʧʨʠʨʦʜʝ.  ʇʦʣʦʞʝʥʠʝ ʧʠʢʘ 

ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʩʣʦʚʠʝʤ ς“Ὢ† ρȢ   ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʤʦʞʥʦ 
ʨʘʩʩʯʠʪʘʪʴ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ †, ʢʦʪʦʨʦʝ ʩʦʩʪʘʚʠʣʦ ʧʨʠʤʝʨʥʦ σ ρπʩ ʚʦ ʚʩʝʭ 

˾͙ͫΦмΦ ˤ͔͔͔ͤͯͭͪͤͤ ͔͙͔ͭͪͤ ͔͙ͣͭ͊͡͡;͔͙ͫ͟ͻ ͔ͫͭͦ͟͡ ͍ ͍͙͙͙͊ͫͣͦͫͭ͘ ͦͭ ͔͔ͭͣͨͪ͊ͭͯͪ·Φ 

ˮ͔͔͙ͣͪͤ͘Ύ ͍·͔ͨͦͤͤ͡· ͔͙ͣͭͦ͒͊ͣ EMAT ͙ RUSΦ ˹͊͋͡Ό͔͒͊ͭͫΎ ͙ͨ͟ ͍͔͔͎ͤͯͭͪͤͤͦ ͔͙ͭͪͤΎ ͍ 

͙ͦ͋͊ͫͭ͡ оул-плл ˴ ͤ͊ ͯ͊͊ͤͤ͘͟·ͻ ;͊ͫͭͦͭ͊ͻΦ   
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ʩʣʫʯʘʷʭ. ʉʪʦʣʴ ʙʳʩʪʨʳʡ ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʣʘʭ 

ʫʩʪʘʥʦʚʣʝʥ ʚʧʝʨʚʳʝ.      

ʏʝʪʳʨʝ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʣʘ ʠʩʩʣʝʜʦʚʘʥʳ ʧʦʜʨʦʙʥʦ ʤʝʪʦʜʦʤ RUS ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʦʪʘʭ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʵʥʪʘʣʴʧʠʠ ʘʢʪʠʚʘʮʠʠ ʧʠʢʦʚ ʚʥʫʪʨʝʥʥʝʛʦ 

ʪʨʝʥʠʷ ʠʟʤʝʥʷʶʪʩʷ ʦʪ 0.6 ʵɺ ʜʦ 1.1 ʵɺ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ. ɺʧʝʨʚʳʝ 

ʦʧʨʝʜʝʣʝʥʳ ʵʥʪʨʦʧʠʠ ʘʢʪʠʚʘʮʠʠ, ʢʦʪʦʨʳʝ ʦʢʘʟʘʣʠʩʴ ʚʝʩʴʤʘ ʙʦʣʴʰʠʤʠ ï ʦʪ 18 

ʜʦ 32 (ʚ ʝʜʠʥʠʮʘʭ ʧʦʩʪʦʷʥʥʦʡ ɹʦʣʴʮʤʘʥʘ).   

ʌʠʟʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ ʦʙʥʘʨʫʞʝʥʥʳʭ ʧʠʢʦʚ ɺʊ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʨʝʣʘʢʩʘʮʠʝʡ 

ʜʝʬʝʢʪʦʚ ʪʠʧʘ ʤʝʞʫʟʝʣʴʥʳʭ ʛʘʥʪʝʣʝʡ, ʚʤʦʨʦʞʝʥʥʳʭ ʚ ʪʚʝʨʜʦʝ ʩʪʝʢʣʦ ʧʨʠ 

ʟʘʢʘʣʢʝ ʨʘʩʧʣʘʚʘ. ʕʪʠ ʜʝʬʝʢʪʳ ʷʚʣʷʶʪʩʷ ʫʧʨʫʛʠʤʠ ʜʠʧʦʣʷʤʠ. ʇʝʨʝʦʨʠʝʥʪʘʮʠʷ 

ʪʘʢʠʭ ʜʝʬʝʢʪʦʚ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʟʥʘʢʦʧʝʨʝʤʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚʳʟʳʚʘʝʪ 

ʥʝʫʧʨʫʛʫʶ ʜʝʬʦʨʤʘʮʠʶ ʠ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʠʢʘ ɺʊ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʜʜʝʨʞʘʥʦ ʈʅʌ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ˉ 23-12-00162. 
  

˾͙ͫΦнΦ ͔͔́ͣͨͪ͊ͭͯͪͤ·͔ ͍͙͙͙͊ͫͣͦͫͭ͘ ͍͔͔͎ͤͯͭͪͤͤͦ ͔͙ͭͪͤΎ ͒͡Ύ ͍͔ͫͻ ͙͔͍ͫͫ͒ͦ͊ͤͤ͡·ͻ 

͔͙ͣͭ͊͡͡;͔͙ͫ͟ͻ ͔ͫͭͦ͟͡ ͤ͊ ;͊ͫͭͦͭ͊ͻ плл-слл ͟˥ͼ ͍ ͍͙͙͙͊ͫͣͦͫͭ͘ ͦͭ ͙͍͚ͤͦͪͣͪͦ͊ͤͤͦ ͔͔ͭͣͨͪ͊ͭͯͪ· 

ὝὝϳ  Ὕ- ͭ ͔͔ͣͨͪ͊ͭͯͪ͊ ͔͍͙ͫͭͦ͊ͤ͟͡ΎύΦ ˽ͦ͊͊ͤ͊͘͟ ͭͦ͡Έͦ͟ ;͊ͫͭΈ ͙͔͔ͣͪͤͤ͘·ͻ Ή͔͙͔ͫͨͪͣͤͭ͊͟͡Έͤ·ͻ 

ͭͦ;͔͟Φ ˤͦ ͍͔ͫͻ ͔ͫͭ͊͟͡ͻΣ ͔ͪͦͣ͟ ͔ͫͭͦ͟͡ ͤ͊ ͍͔ͦͫͤͦ Pd ͙  PtΣ ͤ͊͋͡Ό͔͒͊ͭͫΎ ͙ͨ͟ ͍͔͔͎ͤͯͭͪͤͤͦ ͔͙ͭͪͤΎ 

͙ͨͪ ͔͔͔ͭͣͨͪ͊ͭͯͪ  лΦру Ὕ Ὕ πȢχψ Ὕ.  
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ʋɼʂ: 539.213.2:539.219.3:548.51 

 

ʌɸʂʊʆʈʓ, ʆʇʈɽɼɽʃʗʖʑʀɽ ʊɽʈʄʀʏɽʉʂʋʖ 

ʋʉʊʆʁʏʀɺʆʉʊʔ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʊɽʂʆʃ Al 86Ni9Y5 ʠ Al86Ni9Gd5  
 

ɽ.ɸ. ʉʚʠʨʠʜʦʚʘ1, ʉ.ɺ. ɺʘʩʠʣʴʝʚ2, ɺ.ʀ ʊʢʘʯ3 

1ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʩʪ. ʥʘʫʯ. ʩʦʪʨ., ksvir@list.ru  
2ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʩʪ. ʥʘʫʯ. ʩʦʪʨ., vasils75@gmail.com 
3ɼ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʛʣ. ʥʘʫʯ. ʩʦʪʨ., stalker_1345@mail.ru 

ʌɻɹʅʋ çɼʦʥʝʮʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ɸ. ɻʘʣʢʠʥʘè, ɼʦʥʝʮʢ 

ʌɻɹʆʋ ɺʆ çɼʦʥʙʘʩʩʢʘʷ ʥʘʮʠʦʥʘʣʴʥʘʷ ʘʢʘʜʝʤʠʷ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʠ ʘʨʭʠʪʝʢʪʫʨʳè, 

ʄʘʢʝʝʚʢʘ 

 

ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʢʠʥʝʪʠʢʠ ʥʝʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʝʢʦʣ Al87Ni8Gd5 ʠ Al87Ni8Y5 ʩ ʨʘʟʣʠʯʥʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ. ʆʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ 

ʩʢʦʨʦʩʪʝʡ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʦʩʪʘ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Al, ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠ ʢʠʥʝʪʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʠ ʫʩʪʘʥʦʚʣʝʥʳ ʧʨʠʯʠʥʳ ʨʘʟʣʠʯʠʷ ʪʝʤʧʝʨʘʪʫʨ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʫʩʣʦʚʠʷʭ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʥʘʛʨʝʚʘ ʩʦ ʩʢʦʨʦʩʪʴʶ 5 K/ʤʠʥ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʪʝʢʣʘ ʥʘ ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʷ, ʣʠʥʝʡʥʳʡ ʥʘʛʨʝʚ, ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, 

ʩʢʦʨʦʩʪʠ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʦʩʪʘ, ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ.  

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʪʝʨʤʠʯʝʩʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ ʥʘ ʦʩʥʦʚʝ Al, ʚʘʞʥʳ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, 

ʧʦʩʢʦʣʴʢʫ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʥʘʥʦʢʦʤʧʦʟʠʪʥʳʭ 

ʩʪʨʫʢʪʫʨ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ.  

ɺ ʨʘʙʦʪʝ ʤʝʪʦʜʘʤʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪʨʠʠ ʠ 

ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʫʯʝʥʳ ʢʠʥʝʪʠʢʘ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʥʘʥʦʬʘʟʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʠ ʠʟʤʝʥʝʥʠʷ ʠʭ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʣʘʭ Al87Ni8Gd5 ʠ Al87Ni8Y5, ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʯʘʣʘ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʦʪʦʨʳʭ ʧʨʠ ʥʘʛʨʝʚʝ ʩʦ ʩʢʦʨʦʩʪʴʶ q = 5 K/ʤʠʥ ʩʦʩʪʘʚʣʷʶʪ 447 

ʠ 479 K ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʆʮʝʥʝʥʥʳʝ ʧʦ ʠʟʤʝʥʝʥʠʷʤ ʨʘʟʤʝʨʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʵʬʬʝʢʪʠʚʥʳʝ 

(ʢʦʥʪʨʦʣʠʨʫʶʱʠʝ ʨʦʩʪ) ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʠʬʬʫʟʠʠ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʩʪʝʢʣʝ Al 87Ni8Gd5 ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʚ 10ï20 ʨʘʟ ʚʳʰʝ, ʯʝʤ 

ʚ ʩʪʝʢʣʝ Al 87Ni8Y5 (ʨʠʩ. 1), ʦʜʥʘʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘʯʘʣʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʦʥʠ 

ʙʣʠʟʢʠ (4Ĭ10ï19 ʤ2/ʩ ʠ 6Ĭ10ï19 ʤ2/ʩ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʠ ʧʦ ʘʙʩʦʣʶʪʥʦʡ ʚʝʣʠʯʠʥʝ 

ʙʣʠʟʢʠ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʤ ʟʥʘʯʝʥʠʷʤ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʩʘʤʦʜʠʬʬʫʟʠʠ ʯʠʩʪʦʛʦ Al ʚ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ [1].  

ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʢʠʥʝʪʠʢʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʙʝʟ ʞʝʩʪʢʦʛʦ ʩʪʦʣʢʥʦʚʝʥʠʷ 

ʨʘʩʪʫʱʠʭ ʢʨʠʩʪʘʣʣʦʚ ʧʦ ʠʟʤʝʥʝʥʠʷʤ ʜʦʣʠ ʟʘʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʛʦ ʦʙʲʝʤʘ X(T) ʠ 

ʩʨʝʜʥʠʭ ʨʘʟʤʝʨʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ()3L T  ʦʮʝʥʝʥʳ ʠʟʤʝʥʝʥʠʷ ʩʢʦʨʦʩʪʠ 

ʟʘʨʦʞʜʝʥʠʷ Jexp(T), 
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ʧʦʢʘʟʘʥʥʳʝ ʩʠʤʚʦʣʘʤʠ ʥʘ ʨʠʩ. 2. 
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ʈʠʩ. 1. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʵʬʬʝʢʪʠʚʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʫʟʠʠ, 

ʢʦʥʪʨʦʣʠʨʫʶʱʠʭ ʨʦʩʪ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʚ 

ʩʪʝʢʣʘʭ Al87Ni8Gd5 (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ) ʠ 

Al 87Ni8Y5 (ʰʪʨʠʭʦʚʳʝ ʣʠʥʠʠ). 

ɺʝʨʪʠʢʘʣʴʥʳʤʠ ʦʪʨʝʟʢʘʤʠ ʧʦʢʘʟʘʥʳ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʯʘʣʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʈʠʩ. 2. ʆʧʨʝʜʝʣʝʥʥʳʝ ʧʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ Jexp(T) (ʪʦʯʢʠ) ʠ 

ʨʘʩʯʝʪʥʳʝ ʠʟʤʝʥʝʥʠʷ ʩʢʦʨʦʩʪʠ ʟʘʨʦʞʜʝʥʠʷ 

Jst ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Al ʚ ʩʪʝʢʣʘʭ Al 87Ni8Gd5 (ƺ 

ʠ ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) ʠ Al 87Ni8Y5 (Ǐ ʠ 

ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ) ʧʨʠ ʥʘʛʨʝʚʝ ʩʦ ʩʢʦʨʦʩʪʴʶ 

5 K/ʤʠʥ 

 

ʇʫʪʝʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʠʟʤʝʥʝʥʠʡ Jexp(T) ʢʣʘʩʩʠʯʝʩʢʠʤ ʫʨʘʚʥʝʥʠʝʤ 

ʩʢʦʨʦʩʪʠ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʛʦʤʦʛʝʥʥʦʛʦ ʟʘʨʦʞʜʝʥʠʷ Jst (ʨʠʩ. 2) ʦʧʨʝʜʝʣʝʥʳ 

ʟʥʘʯʝʥʠʷ ʨʘʙʦʪʳ ʦʙʨʘʟʦʚʘʥʠʷ ʢʨʠʪʠʯʝʩʢʠʭ ʟʘʨʦʜʳʰʝʡ W*, ʩʦʩʪʘʚʣʷʶʱʠʝ (0.45ï

0.65) ʦʪ ʵʥʝʨʛʠʡ ʘʢʪʠʚʘʮʠʠ ʵʬʬʝʢʪʠʚʥʦʡ ʜʠʬʬʫʟʠʠ. ʈʘʩʯʝʪʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʟʥʘʯʝʥʠʡ W* ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʟʥʦʩʪʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ 

ʘʤʦʨʬʥʦʡ ʬʘʟ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠ ʙʦʣʴʰʠʭ ʦʪʢʣʦʥʝʥʠʷʭ ʦʪ ʨʘʚʥʦʚʝʩʠʷ, ʜʘʣʠ 

ʟʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥʳ ʫʜʝʣʴʥʦʡ ʩʚʦʙʦʜʥʦʡ ʤʝʞʬʘʟʥʦʡ ʵʥʝʨʛʠʠ ʚ ʩʪʝʢʣʘʭ 

Al87Ni8Gd5 ʠ Al87Ni8Y5 ʚ ʧʨʝʜʝʣʘʭ 0.09ï0.096 ʠ 0.09ï0.092 ɼʞ/ʤ2 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ů ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʥʠʤ ʣʠʥʝʡʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ů(T) ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʠʟʚʝʩʪʥʳʤʠ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ 

[2]. 

ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʩʢʦʨʦʩʪʝʡ 

ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʦʩʪʘ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʧʘʨʘʤʝʪʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʠʭ ʟʥʘʯʝʥʠʷ, 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʚʳʰʝʥʥʘʷ ʪʝʨʤʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʘʤʦʨʬʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ 

ʩʧʣʘʚʝ Al87Ni8Y5 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Al87Ni8Gd5 ʦʙʫʩʣʦʚʣʝʥʘ ʙʦʣʝʝ ʥʠʟʢʦʡ 

ʜʠʬʬʫʟʠʦʥʥʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ, ʙʶʜʞʝʪʥʘʷ ʪʝʤʘ FREZ-

2023-0003. 
ʃʠʪʝʨʘʪʫʨʘ 
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The temperature spectra of internal friction and resonant frequency of a porous Ti-18Zr-15Nb 

powder alloy with varying porosity levels were analyzed. A peak in internal friction accompanied by 

inflections in the temperature-dependent frequency curve was observed in high-porosity samples. A 

hypothesis regarding the origin of this phenomenon is proposed. 

Keywords: porosity, titanium alloys, internal friction, relaxation maximum, resonant frequency. 

 

Modern biomedical implant requirements necessitate materials with optimal 

combinations of functional properties that ensure high biological and biomechanical 

compatibility, effective osseointegration, and absence of toxic effects on the human 

body. Ti-Zr-Nb system alloys are particularly promising due to their characteristics 

(corrosion resistance, Young's modulus values closer to bone tissue than currently used 

alloys). Increased material porosity further enhances osseointegration. Powder 

metallurgy has proven effective for creating porous structures. Understanding the 

material's elastic and inelastic behavior enables prediction of implant performance 

characteristics. 

This study investigates elastic and inelastic effects in porous Ti-18Zr-15Nb powder 

alloy. 

The material under study was Ti-18Zr-15Nb powder alloy synthesized via hydride-

calcium synthesis, with porosity ranging from 2% to 50%, as determined by hydrostatic 

weighing. Elastic and inelastic characteristics were evaluated using square-section wire 

samples (2Ĭ2 mm, length 50ï55 mm) through mechanical spectroscopy on an RKM-

TPI setup in free-decay oscillation mode within the hertz frequency range. The 

temperature range was ī150ÁC to +600ÁC, with heating/cooling rates of ~3ï5ÁC/min. 

Strain amplitude was ɔ=1.15Ĭ10ϖώ. Temperature dependencies of internal friction 

(TDIF) and squared resonant frequency (TDSFĮ) were obtained and processed using 

Origin software. 

Several inelastic effects of different origins were observed in the TDIF. At subzero 

temperatures (down to ī150ÁC), an increase in internal friction (IF) was detected. In 

the 250ï400ÁC range, an energy dissipation region (up to 12Ĭ10ϖį) was identified in 
the TDIF, accompanied by anomalous extremal behavior in TDSFĮ for samples with 

porosity below 22%. No such anomaly was observed in less compact samples.  

Literature analysis and multi-frequency IF measurements suggested that the IF peak 

consists of superimposed Snoek-type partial peaks resulting from interactions between 

the alloyôs base components (Ti, Zr, Nb) and oxygen atoms. Heating to 550ÁC led to 

an IF increase, likely of grain-boundary origin. 

Highly porous samples (P=51% and 54%) exhibited a broad IF peak (height 

150Ĭ10ϖώ) with inflections in TDSFĮ. The peak retained its height and temperature 
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position after two thermal cycles (ñheating to +100ÁC ź cooling to ī150ÁCò) but 

disappeared upon reheating to +600ÁC.  

Replotting TDSFĮ in ñdfĮ/T ï Tò coordinates revealed that inflection points 

coincided with the IF peakôs temperature range, suggesting a relaxation mechanism. 

The broad IF peak decomposed into two sub-peaks: one at ~25ï30ÁC (height ~0.01, 

background-subtracted) and another at ~ī30ÁC (height ~0.007). 

Based on the analysis of literature, several hypotheses can be proposed regarding 

the nature of this maximum. If the porous structure is considered as a system containing 

internal stress concentrators similar to microcracks, then dislocation reactions result in 

the formation of a destructive internal friction (IF) peak [1]. On the other hand, in 

heterophase systems, which include porous alloys, when the propagation of elastic 

waves at pore/matrix interfaces generates elastic stress oscillations that disrupt the 

phase equilibrium between pores and vacancy solutions in the crystal lattice. A periodic 

process of vacancy migration into pores and its growth or emission of vacancies into 

the lattice and causing pore "dissolution". This mechanism accounts for the irreversible 

dissipation of elastic energy and the observed increase in internal friction [2]. The 

second hypothesis also explains the formation of two closely spaced maxima, as the 

studied alloy contains two distinct pore types with different specific surface areas ï 

branched pores with a low form factor and Near-spherical pores with a form factor 

close to unity. 
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ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 
 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ 

GaAs, ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʧʨʠʤʝʩʷʤʠ ʩ ʛʣʫʙʦʢʠʤʠ ʮʝʥʪʨʘʤʠ, ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ ʦʧʪʠʯʝʩʢʦʤ 

ʦʙʣʫʯʝʥʠʠ ʠ ʚ ʝʛʦ ʦʪʩʫʪʩʪʚʠʠ. ʈʘʩʯʸʪ ʥʘ ʦʩʥʦʚʝ ʩʫʧʝʨʧʦʟʠʮʠʠ ʧʠʢʦʚ ɼʝʙʘʷ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʯʘʩʪʦʪʥʳʤʠ ʬʘʢʪʦʨʘʤʠ ʧʦʟʚʦʣʠʣ ʚʦʩʧʨʦʠʟʚʝʩʪʠ ʬʦʨʤʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʥʫʪʨʝʥʥʝʝ ʪʨʝʥʠʝ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʧʴʝʟʦʵʣʝʢʪʨʠʢ, 

ʬʦʪʦʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʝ ʠʥʜʫʮʠʨʦʚʘʥʠʝ ʨʝʟʦʥʘʥʩʥʳʭ ʘʢʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ. 

 

ʇʨʠʙʦʨʳ ʥʘ ʦʩʥʦʚʝ ʵʬʬʝʢʪʘ ʦʧʪʠʯʝʩʢʦʛʦ ʠʥʜʫʮʠʨʦʚʘʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʢʦʣʝʙʘʥʠʡ ʚ GaAs [1] ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʚʠʪʠʷ 

ʧʨʠʝʤʥʠʢʦʚ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ. ʇʨʠʦʨʠʪʝʪʥʦʡ ʟʘʜʘʯʝʡ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ 

ʷʚʣʷʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʦʧʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚ 

ʵʥʝʨʛʠʶ ʘʢʢʫʩʪʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ ʚ ʜʠʘʧʘʟʦʥʝ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠʙʦʨʘ.  

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ [2], ʦʧʨʝʜʝʣʷʶʱʠʤ ʬʘʢʪʦʨʦʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʚʦʟʙʫʞʜʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ ʷʚʣʷʝʪʩʷ ʚʝʣʠʯʠʥʘ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ 

(ɺʊ) GaAs. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʧʦʜʦʙʥʳʭ 

ʧʨʠʙʦʨʦʚ ʧʦʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚʦʟʤʦʞʥʦʩʪʠ ʢʘʯʝʩʪʚʝʥʥʦʡ ʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ. 

ɺʥʫʪʨʝʥʥʝʝ ʪʨʝʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ 

ʢʨʠʩʪʘʣʣʘ, ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʚ ʢʦʪʦʨʦʤ ʦʧʠʩʳʚʘʝʪʩʷ 

ʪʝʥʟʦʨʥʳʤ ʫʨʘʚʥʝʥʠʝʤ: 

ʎ ὅ ʀ Ὡ Ὁȟ                                           (1) 
 

ʛʜʝ „  ʠ ‐ - ʪʝʥʟʦʨʳ ʥʘʧʨʷʞʝʥʠʷ ʠ ʜʝʬʦʨʤʘʮʠʠ, Ὁ - ʚʝʢʪʦʨ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ὅ  ʠ Ὡ   ï ʪʝʥʟʦʨʳ ʞʝʩʪʢʦʩʪʠ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʚʟʘʠʤʦʩʚʷʟʠ. 

ʀʟʤʝʥʝʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʩʚʷʟʘʥʥʦʛʦ ʩ 

ʪʝʨʤʠʯʝʩʢʠʤ ʚʳʙʨʦʩʦʤ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʩ ʛʣʫʙʦʢʠʭ ʮʝʥʪʨʦʚ, ʘ ʪʘʢʞʝ 

ʬʦʪʦʛʝʥʝʨʘʮʠʝʡ ʚ ʩʣʫʯʘʝ ʦʩʚʝʱʝʥʠʷ ʢʨʠʩʪʘʣʣʘ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʞʝʩʪʢʦʩʪʠ 

ʢʨʠʩʪʘʣʣʘ. ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʞʝʩʪʢʦʩʪʠ ʥʘʟʳʚʘʝʪʩʷ ʜʝʬʝʢʪʦʤ ʤʦʜʫʣʷ Ў. 
ɺʥʫʪʨʝʥʥʝʝ ʪʨʝʥʠʝ ʚ ʧʦʣʫʧʨʦʚʦʜʠʢʦʚʦʤ ʧʴʝʟʦʵʣʝʢʪʨʠʢʝ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 

ʦʧʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ɼʝʙʘʷ: 

ὗ Ў
†‫

ρ †‫
ȟ                                                          ς 
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ʛʜʝ ɤ ð ʫʛʣʦʚʘʷ ʯʘʩʪʦʪʘ ʢʦʣʝʙʘʥʠʡ; Ű ð ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ, ʟʘʚʠʩʷʱʝʝ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʧʨʝʜʝʣʷʶʱʝʝʩʷ ʩʢʦʨʦʩʪʴʶ ʪʝʨʤʦʘʢʪʠʚʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʩ 

ʛʣʫʙʦʢʠʭ ʧʨʠʤʝʩʥʳʭ ʫʨʦʚʥʝʡ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ:  

 

ʐ ʐ ὩὼὴЎὉȾὯὝȟ                                         (3) 
 

ʛʜʝ †  ï ʯʘʩʪʦʪʥʳʡ ʬʘʢʪʦʨ; ЎὉ ï ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ. 

ʇʨʠ ʠʤʧʫʣʴʩʥʦʤ ʦʧʪʠʯʝʩʢʦʤ ʦʙʣʫʯʝʥʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʫʰʠʨʝʥʠʝ ʧʠʢʘ ɺʊ 

[2]. ʆʙʲʷʩʥʷʝʪʩʷ ʵʪʦ ʪʝʤ, ʯʪʦ ʦʧʪʠʯʝʩʢʠ ʩʛʝʥʝʨʠʨʦʚʘʥʥʳʝ ʥʦʩʠʪʝʣʠ ʫʯʘʩʪʚʫʶʪ ʚ 

ʨʝʣʘʢʩʘʮʠʠ ʥʘʨʷʜʫ ʩ ʪʝʨʤʠʯʝʩʢʠʤʠ, ʬʦʨʤʠʨʫʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʩʧʝʢʪʨ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʚʨʝʤʸʥ, ʧʨʦʷʚʣʷʶʱʠʡʩʷ ʚ ʦʙʣʘʩʪʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ɺʊ ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ʩʫʤʤʘ ʧʠʢʦʚ ὗ Ὕ Вὗ Ὕ. 

ʀʩʧʦʣʴʟʫʷ ʵʪʫ ʤʦʜʝʣʴ, ʙʳʣʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ 

ʢʚʘʜʨʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʣʘʩʪʠʥ GaAs, 

ʣʝʛʠʨʦʚʘʥʥʳʭ Cr ʠ Fe. 

 
ʈʠʩʫʥʦʢ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ὗ  ʚ ʧʣʘʩʪʠʥʝ GaAs ʩ ʧʨʠʤʝʩʷʤʠ 

Cr(1,2) ʠ  Fe(3,4) ʧʨʠ ʠʤʧʫʣʴʩʥʦʤ ʦʧʪʠʯʝʩʢʦʤ ʦʙʣʫʯʝʥʠʠ (ʘ) ʠ ʥʘ ʟʘʪʝʤʥʝʥʥʳʭ ʦʙʨʘʟʮʘʭ (ʙ). 

ʊʦʯʢʠ 1 ʠ 3 ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ [2], 2 ʠ 4 ï ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʢʨʠʚʳʝ.  
 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘ ʦʩʥʦʚʝ ʩʫʧʝʨʧʦʟʠʮʠʠ ʜʝʙʘʝʚʩʢʠʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 

ʧʠʢʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʚʨʝʤʝʥʘʤʠ ʨʝʣʘʢʩʘʮʠʠ ʧʦʟʚʦʣʠʣʦ ʦʧʠʩʘʪʴ ʫʰʠʨʝʥʠʝ 

ʩʧʝʢʪʨʦʚ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʚʝʪʘ, ʧʦʜʪʚʝʨʞʜʘʷ ʥʘʣʠʯʠʝ 

ʤʥʦʞʝʩʪʚʝʥʥʳʭ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ. 
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ʋɼʂ 621.77, 620.172 
 

ʈɽʃɸʂʉɸʎʀʗ ʇʈʆʏʅʆʉʊʅʓʍ ʉɺʆʁʉʊɺ 

ʋʃʔʊʈɸʄɽʃʂʆɿɽʈʅʀʉʊʆʁ ʄɽɼʀ ɺ ʇʈʆʎɽʉʉɽ 

ɻʀɼʈʆʕʂʉʊʈʋɿʀʀ 
 

ɽ.ɺ. ʗʰʘʨʦʚʘ1, ɸ.ʅ. ɻʘʥʛʘʣʦ2, ʉ.ɺ. ɺʘʩʠʣʴʝʚ3, ɽ.ɸ. ʉʚʠʨʠʜʦʚʘ4 

1ʀʥʞʝʥʝʨ-ʠʩʩʣʝʜʦʚʘʪʝʣʴ, yasharova.liza@yandex.ru 
2ʂʘʥʜ. ʪʝʭ. ʥʘʫʢ, ʩʪ. ʥʘʫʯʥ. ʩʦʪʨ., ʟʘʚʝʜʫʶʱʠʡ ʣʘʙʦʨʘʪʦʨʠʝʡ, al-gangalo@yandex.ru 

3 ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʩʪ. ʥʘʫʯʥ. ʩʦʪʨ., vasils75@gmail.com 
4 ʂʘʥʜ. ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʩʪ. ʥʘʫʯʥ. ʩʦʪʨ., ksvir@list.ru 

ʌɻɹʅʋ çɼʦʥʝʮʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ɸ. ɻʘʣʢʠʥʘè 

ɻʆ ɺʇʆ çɼʦʥʙʘʩʩʢʘʷ ʥʘʮʠʦʥʘʣʴʥʘʷ ʘʢʘʜʝʤʠʷ ʩʪʨʦʠʪʝʣʴʩʪʚʘ ʠ ʘʨʭʠʪʝʢʪʫʨʳè, ʄʘʢʝʝʚʢʘ 
 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʞʠʤʘ ʛʠʜʨʦʵʢʩʪʨʫʟʠʠ (ɻʕ) ʥʘ 

ʠʟʤʝʥʝʥʠʝ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʫʣʴʪʨʘʤʝʣʢʦʟʝʨʥʠʩʪʦʡ (ʋʄɿ) ʤʝʜʠ, ʧʦʣʫʯʝʥʥʦʡ ʤʝʪʦʜʦʤ 

ʨʘʚʥʦʢʘʥʘʣʴʥʦʛʦ ʫʛʣʦʚʦʛʦ ʧʨʝʩʩʦʚʘʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʯʥʦʩʪʴ ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ 

ʨʦʩʪʦʤ ʜʝʬʦʨʤʘʮʠʠ ʚʧʣʦʪʴ ʜʦ Ů=0,9, ʘ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ 

ʨʝʣʘʢʩʘʮʠʦʥʥʦʝ ʧʦʥʠʞʝʥʠʝ ʧʨʦʯʥʦʩʪʠ, ʩʚʷʟʘʥʥʦʝ ʩ ʜʝʬʦʨʤʘʮʠʦʥʥʳʤ ʨʘʟʦʛʨʝʚʦʤ ʠ ʧʘʜʝʥʠʝʤ 

ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ. ɺʣʠʷʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ɻʕ ʥʘ ʭʘʨʘʢʪʝʨ ʢʨʠʚʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ ʥʦʩʠʪ 

ʥʝʤʦʥʦʪʦʥʥʳʡ ʦʩʮʠʣʣʠʨʫʶʱʠʡ ʭʘʨʘʢʪʝʨ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʣʴʪʨʘʤʝʣʢʦʟʝʨʥʠʩʪʘʷ ʤʝʜʴ, ʛʠʜʨʦʵʢʩʪʨʫʟʠʷ, ʜʝʬʦʨʤʘʮʠʷ, ʧʨʦʯʥʦʩʪʴ, 

ʧʣʘʩʪʠʯʥʦʩʪʴ, ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ. 
 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʙʝʩʢʠʩʣʦʨʦʜʥʘʷ ʤʝʜʴ 

ʤʘʨʢʠ ʄ0ʙ ʚ ʦʪʦʞʞʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʇʦʩʣʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ 

ʨʘʚʥʦʢʘʥʘʣʴʥʳʤ ʫʛʣʦʚʳʤ ʧʨʝʩʩʦʚʘʥʠʝʤ ʩ ʫʛʣʦʤ ʧʝʨʝʩʝʯʝʥʠʷ ʢʘʥʘʣʦʚ ʌ=900 ʧʦ 

ʤʘʨʰʨʫʪʫ ɺʉ (12 ʧʝʨʝʭʦʜʦʚ) ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʤʘʪʝʨʠʘʣʝ ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʋʄɿ 

ʩʪʨʫʢʪʫʨʘ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʨʘʟʤʝʨʦʤ ʟʝʨʝʥ 200-300 ʥʤ. ɿʘʪʝʤ ʋʄɿ ʤʝʜʴ 

ʧʦʜʚʝʨʛʘʣʘʩʴ ʧʦʩʣʝʜʫʶʱʝʡ ʜʝʬʦʨʤʘʮʠʠ ɻʕ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ 

ʠʥʪʝʨʚʘʣʝ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʡ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ Ů=0,3-1,2. ʄʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ (ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʠ ʧʣʘʩʪʠʯʥʦʩʪʴ), ʢʘʢ ʠʩʭʦʜʥʦʛʦ ʋʄɿ ʤʘʪʝʨʠʘʣʘ, ʪʘʢ 

ʠ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ɻʕ ʦʧʨʝʜʝʣʷʣʠʩʴ ʤʝʪʦʜʦʤ ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʩʦʛʣʘʩʥʦ 

ɻʆʉʊ 1497ï84. ɺʝʣʠʯʠʥʘ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʨʘʟʦʛʨʝʚʘ ʤʘʪʝʨʠʘʣʘ ʚ ʧʨʦʮʝʩʩʝ 

ʜʝʬʦʨʤʘʮʠʠ ɻʕ (ȹT) ʦʮʝʥʠʚʘʣʘʩʴ ʧʦ ʠʟʚʝʩʪʥʦʤʫ ʩʦʦʪʥʦʰʝʥʠʶ [1]: 
p

p
T

c

b

r
D = , ʛʜʝ 

ɟ ï ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, cp ï ʫʜʝʣʴʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ, p ï ʜʘʚʣʝʥʠʝ 

ʛʠʜʨʦʵʢʩʪʨʫʟʠʠ ʚ ʩʪʘʙʠʣʴʥʦʡ ʩʪʘʜʠʠ ʧʨʦʮʝʩʩʘ, ʘ ɓ ï ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ, 

ʨʘʚʥʳʡ 0,95 [1]. ʇʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʧʦ ʚʳʨʘʞʝʥʠʶ [2] ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʧʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʘʤ ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

(ʆʂʈ) ï <D> ʠ ʚʝʣʠʯʠʥʘʤ ʤʠʢʨʦʥʘʧʨʷʞʝʥʠʡ (<Ů2>1/2), ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʘʥʘʣʠʟʘ 

XRD:

1/2
2

d

2 3
L

D b

e
= , ʛʜʝ b ï ʤʦʜʫʣʴ ʚʝʢʪʦʨ ɹʶʨʛʝʨʩʘ ʜʣʷ Cu, ʨʘʚʥʳʡ 0.2556 ʥʤ. 

ɺʣʠʷʥʠʝ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ ɻʕ ʥʘ ʧʨʦʯʥʦʩʪʴ ʠ ʚʝʣʠʯʠʥʫ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ 

ʨʘʟʦʛʨʝʚʘ ʋʄɿ ʤʝʜʠ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 1a. ɺʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝʧʝʥʠ 

ʜʝʬʦʨʤʘʮʠʠ ʚʝʣʠʯʠʥʘ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʨʘʟʦʛʨʝʚʘ ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʧʣʦʪʴ 
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ʜʦ 220 ʂ, ʘ ʧʨʦʯʥʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪ 434 ʄʇʘ ʜʦ 474 ʄʇʘ. ʇʨʠ ʧʨʝʚʳʰʝʥʠʠ 

ʨʘʟʦʛʨʝʚʘ ʩʚʳʰʝ 170 ʂ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ, 

ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʧʨʦʮʝʩʩʦʤ ʜʠʥʘʤʠʯʝʩʢʦʡ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʝʜʠ [3]. 
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ʈʠʩʫʥʦʢ 1. ɺʣʠʷʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ɻʕ ʋʄɿ ʤʝʜʠ ʥʘ: a) ʧʨʦʯʥʦʩʪʴ ʠ ʘʜʠʘʙʘʪʠʯʝʩʢʠʡ 

ʨʘʟʦʛʨʝʚ, b) ʧʣʘʩʪʠʯʥʦʩʪʴ ʠ ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ. 
 

ɺʣʠʷʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ɻʕ ʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ ʠ ʧʣʦʪʥʦʩʪʴ 

ʜʠʩʣʦʢʘʮʠʡ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ 1b. ɺʠʜʥʦ, ʯʪʦ ʚʦ ʚʩʝʤ ʠʥʪʝʨʚʘʣʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ 

ʧʦʚʝʜʝʥʠʝ ʢʨʠʚʳʭ ʠʤʝʝʪ ʟʝʨʢʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ, ʧʨʠ ʩʥʠʞʝʥʠʠ ʧʣʦʪʥʦʩʪʠ 

ʜʠʩʣʦʢʘʮʠʡ ʧʦʚʳʰʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ, ʘ ʧʨʠ ʨʦʩʪʝ ʧʣʦʪʥʦʩʪʠ 

ʜʠʩʣʦʢʘʮʠʡ ʧʨʦʠʩʭʦʜʠʪ ʝʛʦ ʩʥʠʞʝʥʠʝ. ɿʥʘʯʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ 

ʫʜʣʠʥʝʥʠʷ ŭ=21% ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʚʝʣʠʯʠʥʝ ʜʝʬʦʨʤʘʮʠʠ ʛʠʜʨʦʵʢʩʪʨʫʟʠʝʡ Ů=1,2, 

ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʝʣʠʯʠʥʝ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʨʘʟʦʛʨʝʚʘ ʨʠʩ 1ʘ. ʄʘʢʩʠʤʘʣʴʥʘʷ 

ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʩʣʝ ʨʘʚʥʦʢʘʥʘʣʴʥʦʛʦ ʫʛʣʦʚʦʛʦ 

ʧʨʝʩʩʦʚʘʥʠʷ (ʚ ʩʦʩʪʦʷʥʠʠ ʋʄɿ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ ʋʄɿ 

ʤʝʜʠ ʛʠʜʨʦʵʢʩʪʨʫʟʠʝʡ ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʘ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʘ, ʧʨʠʚʦʜʷʱʠʭ 

ʢ ʧʦʥʠʞʝʥʠʶ ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ: ʧʝʨʚʳʡ ʧʨʠ Ů=0,3 ʩʚʷʟʘʥʥʳʡ ʩ ʠʟʤʝʥʝʥʠʝʤ 

ʩʭʝʤʳ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ, ʚ ʧʨʦʮʝʩʩʝ ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʩʥʠʞʝʥʠʝ ʧʣʦʪʥʦʩʪʠ 

ʜʠʩʣʦʢʘʮʠʡ, ʥʦ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ ʧʨʦʯʥʦʩʪʠ, ʠ ʚʪʦʨʦʡ ʧʨʠ Ů=1,2 

ʩʚʷʟʘʥʥʳʡ ʩ ʨʘʟʦʛʨʝʚʦʤ ʤʘʪʝʨʠʘʣʘ ʚ ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʝʟʢʠʤ ʧʘʜʝʥʠʝʤ 

ʧʨʦʯʥʦʩʪʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ, ʙʶʜʞʝʪʥʘʷ ʪʝʤʘ 

FREZ-2024-0001. 
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ʋɼʂ 534.221 
 

ʋʃʔʊʈɸɿɺʋʂʆɺʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʌɸɿʆɺʓʍ ʇʈɽɺʈɸʑɽʅʀʁ ɺ 

ʆʈʊʆ- ʀ ʇɸʈɸ-ʊɽʈʌɽʅʀʃɽ ʇʈʀ ɺʓʉʆʂʆʄ ɼɸɺʃɽʅʀʀ ɼʆ 1 ɻʇɸ ʀ 

ʊɽʄʇɽʈɸʊʋʈɽ 77-300 ʂ 
 

ʀ.ɺ. ɼʘʥʠʣʦʚ1, ɽ.ʃ. ɻʨʦʤʥʠʮʢʘʷ2, ɺ.ɺ. ɹʨʘʞʢʠʥ3 

1ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, idanilov@hppi.troitsk.ru 
2ɺʝʜʫʱʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, grom@hppi.troitsk.ru 
3ɼʠʨʝʢʪʦʨ ʀʌɺɼ ʈɸʅ, brazhkin@hppi.troitsk.ru 

ʌɻɹʋʅ ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ ʠʤ. ʃ.ʌ. ɺʝʨʝʱʘʛʠʥʘ ʈɸʅ,  

ʛ. ʊʨʦʠʮʢ, ʛ. ʄʦʩʢʚʘ 
 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʠ ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ ʦʨʪʦ-ʪʝʨʬʝʥʠʣʘ, ʘ ʪʘʢʞʝ ʧʘʨʘ-ʪʝʨʬʝʥʠʣʘ, ʚ ʢʦʪʦʨʦʤ 
ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʭʦʜ 2 ʨʦʜʘ ʢʘʢ ʧʦʜ ʜʘʚʣʝʥʠʝʤ, ʪʘʢ ʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ.  
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʢʦʨʦʩʪʴ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ, ʚʳʩʦʢʠʝ ʜʘʚʣʝʥʠʷ, ʧʝʨʝʭʦʜ ʩʪʝʢʣʦ-

ʞʠʜʢʦʩʪʴ, ʤʦʣʝʢʫʣʷʨʥʳʝ ʛʣʘʩʩʬʦʨʤʝʨʳ, ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ 
 

ʆʨʪʦ-ʪʝʨʬʝʥʠʣ (ʆʊʈ ʉ18ʅ14) ʷʚʣʷʝʪʩʷ ʪʠʧʠʯʥʳʤ ʧʨʠʤʝʨʦʤ 

ʥʝʘʩʩʦʮʠʠʨʦʚʘʥʥʦʛʦ ʭʨʫʧʢʦʛʦ ʛʣʘʩʩʬʦʨʤʝʨʘ (Tg = 243 ʂ) [1,2]. ʄʳ ʧʨʦʚʝʣʠ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʆʊʈ ʉ18ʅ14 ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʠ ʩʪʝʢʣʦʦʙʨʘʟʥʦʤ 

ʩʦʩʪʦʷʥʠʷʭ, ʘ ʪʘʢʞʝ ʜʨʫʛʦʡ ʠʟʦʤʦʨʬʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʪʝʨʬʝʥʠʣʘ, ʧʘʨʘ-

ʪʝʨʬʝʥʠʣʘ (ʈʊʈ), ʠ ʩʨʘʚʥʠʣʠ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʨʪʦ-, ʧʘʨʘ-, ʠ 

ʪʘʢʞʝ ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ ʦ-ʪʝʨʬʝʥʠʣʘ.  

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ (77 ʂ) ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ 

ʩʢʦʨʦʩʪʝʡ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʜʦ 1 ɻʇʘ ʜʣʷ ʦʨʪʦ-ʪʝʨʬʝʥʠʣʘ ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʩʪʝʢʣʦʦʙʨʘʟʥʦʡ ʬʦʨʤʘʭ, ʘ ʪʘʢʞʝ ʜʣʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʘʨʘ-

ʪʝʨʬʝʥʠʣʘ (ʨʠʩ. 1). ʉʨʘʚʥʝʥʠʝ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʵʪʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʧʦʢʘʟʘʣʦ, ʯʪʦ  

 
 

ʈʠʩʫʥʦʢ 1. ʄʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʧʨʠ 

ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʩʞʘʪʠʠ ʦʨʪʦ- (ʩʪʝʢʣʦ ʠ 

ʢʨʠʩʪʘʣʣ) ʠ ʧʘʨʘ-ʪʝʨʬʝʥʠʣʘ ʧʨʠ 77 ʂ 

ʈʠʩʫʥʦʢ 2. ʄʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʧʨʠ 

ʠʟʦʙʘʨʠʯʝʩʢʦʤ ʥʘʛʨʝʚʝ ʦʨʪʦ- (ʩʪʝʢʣʘ ʠ 

ʢʨʠʩʪʘʣʣʘ) ʠ ʧʘʨʘ-ʪʝʨʬʝʥʠʣʘ ʧʨʠ 0,05 ɻʇʘ 
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ʩʪʝʢʣʦʦʙʨʘʟʥʳʡ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʆʊʈ ʠʤʝʶʪ ʙʣʠʟʢʠʝ ʩʞʠʤʘʝʤʦʩʪʴ ʠ 

ʦʙʲʝʤʥʳʡ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ. ʆʜʥʘʢʦ ʤʦʜʫʣʴ ʩʜʚʠʛʘ ʩʪʝʢʣʘ ʧʦʯʪʠ ʚ 2 ʨʘʟʘ ʥʠʞʝ, 

ʯʝʤ ʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʆʊʈ (ʨʘʟʥʠʮʘ ʙʦʣʝʝ 80%). ɺ ʧʘʨʘ-ʪʝʨʬʝʥʠʣʝ ʧʨʠ 0,34 

ɻʇʘ ʥʘʙʣʶʜʘʣʩʷ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʠʟ ʪʨʠʢʣʠʥʥʦʡ ʚ ʤʦʥʦʢʣʠʥʥʫʶ ʬʘʟʫ, ʣʝʛʢʦ 

ʦʙʥʘʨʫʞʠʚʘʝʤʳʡ ʧʦ ʠʟʣʦʤʫ ʩʢʦʨʦʩʪʝʡ ʫʣʴʪʨʘʟʚʫʢʘ ʠ ʤʦʜʫʣʷ ʩʜʚʠʛʘ. ʆʜʥʘʢʦ ʥʠ 

ʦʙʲʝʤʥʳʡ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ, ʥʠ ʧʣʦʪʥʦʩʪʴ ʥʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʫʱʝʩʪʚʝʥʥʳʭ 

ʘʥʦʤʘʣʠʡ ʚ ʦʙʣʘʩʪʠ ʧʝʨʝʭʦʜʘ. ʇʦʵʪʦʤʫ ʤʳ ʩʯʠʪʘʝʤ, ʯʪʦ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʚ ʆʊʈ 

ʷʚʣʷʝʪʩʷ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ 2 ʨʦʜʘ. 

ʀʟʦʙʘʨʠʯʝʩʢʠʡ ʦʪʦʛʨʝʚ ʧʨʠ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ (0,05 ɻʇʘ) (ʨʠʩ. 2) ʧʦʢʘʟʘʣ, ʯʪʦ 

ʩʪʝʢʣʦʦʙʨʘʟʥʳʡ ʆʊʈ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʧʝʨʝʦʭʣʘʞʜʝʥʥʫʶ ʞʠʜʢʦʩʪʴ ʧʨʠ 280 ʂ, 

ʢʦʪʦʨʘʷ ʜʦʚʦʣʴʥʦ ʙʳʩʪʨʦ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʧʨʠ 290 ʂ. ʉʢʘʯʦʢ ʧʣʦʪʥʦʩʪʠ ʧʨʠ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 2%. ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʦʨʪʦ-ʪʝʨʬʝʥʠʣ ʠʤʝʝʪ 

ʩʣʘʙʫʶ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʢʘʢ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ, ʪʘʢ ʠ ʧʣʦʪʥʦʩʪʠ. ɺ 

ʧʘʨʘ-ʪʝʨʬʝʥʠʣʝ ʤʳ ʥʘʙʣʶʜʘʣʠ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʠʟ ʪʨʠʢʣʠʥʥʦʡ ʚ ʤʦʥʦʢʣʠʥʥʫʶ 

ʩʪʨʫʢʪʫʨʫ. ʊʘʢ ʞʝ, ʢʘʢ ʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ, ʥʘʤ ʥʝ ʫʜʘʣʦʩʴ ʦʙʥʘʨʫʞʠʪʴ ʩʢʘʯʦʢ 

ʧʣʦʪʥʦʩʪʠ ʧʨʠ ʵʪʦʤ ʧʝʨʝʭʦʜʝ, ʥʦ ʦʙʲʝʤʥʳʡ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ B ʧʘʨʘ-ʪʝʨʬʝʥʠʣʘ 

ʧʨʠ ʠʟʦʙʘʨʠʯʝʩʢʦʤ ʥʘʛʨʝʚʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʥʝʙʦʣʴʰʦʝ ʨʘʟʤʷʛʯʝʥʠʝ ʧʝʨʝʜ 

ʧʝʨʝʭʦʜʦʤ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʩʞʘʪʠʷ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 24-12-00037. 
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ʉɺʆʁʉʊɺɸ ʂʆʄʇʆɿʀʊɸ CoFe2O4-Pb2ScNbO6  
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5 ɼʝʢʘʥ ʬʘʢʫʣʴʪʝʪʘ,  

ʌɻɹʆʋ çʀʥʛʫʰʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 
6 ɿʘʚʢʘʬʝʜʨʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ, otajonov_s@mail.ru 

7ɸʩʩʠʩʪʝʥʪ, otajonov_s@mail.ru 

çʌʝʨʛʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè, ʋʟʙʝʢʠʩʪʘʥ 
 

         ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʘ CoFe2O4-Pb2ScNbO6. ʅʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʧʝʢʪʨʘʭ ʦʙʥʘʨʫʞʝʥʳ ʜʚʘ ʤʘʢʩʠʤʫʤʘ, ʧʝʨʚʳʡ ʠʟ ʢʦʪʦʨʳʭ ʦʙʫʩʣʦʚʣʝʥ 

ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ Pb2ScNbO6 ʠ ʤʘʢʩʚʝʣʣ-ʚʘʛʥʝʨʦʚʩʢʦʡ ʨʝʣʘʢʩʘʮʠʝʡ, ʘ ʚʪʦʨʦʡ - ʤʘʛʥʠʪʥʳʤ 

ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʚ CoFe2O4 ʠ ʩʤʝʥʦʡ ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ 

ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʩʪʠ MR(H) ʠʤʝʝʪ ʢʦʣʦʩʩʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʠ ʟʘʚʠʩʠʪ ʦʪ ʯʘʩʪʦʪʳ 

ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʦʣʷ. ɼʣʷ ʦʧʠʩʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʤʦʜʝʣʴ 

ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. 
 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʤʧʦʟʠʪ, ʰʧʠʥʝʣʴ, ʢʘʪʘʣʠʟʘʪʦʨ 
 

 ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʟʫʯʝʥʠʝ ʦʪʢʣʠʢʘ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʘ 

0.5CFʆ-0.5PSN ʢʘʢ ʥʘ ʤʘʛʥʠʪʥʳʝ, ʪʘʢ ʠ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʣʷ ʠ ʪʝʤʧʝʨʘʪʫʨʫ, ʘ ʪʘʢʞʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʝʛʦ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘʪʦʨʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʦʜʦʨʦʜʘ. 

ʂʦʤʧʦʟʠʪ ʙʳʣ ʧʦʣʫʯʝʥ ʩʦʚʤʝʩʪʥʳʤ ʩʧʝʢʘʥʠʝʤ CoFe2O4 ʠ Pb2ScNbO6 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

900 Áʉ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ. 
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ʈʠʩ.1 ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ůᾳ (ʘ) ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ tgŭ (b) ʢʦʤʧʦʟʠʪʘ 0.5CFʆ-0.5PSN 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠʟʤʝʨʝʥʠʷʤʠ ʦʙʥʘʨʫʞʝʥʳ ʜʚʘ ʤʘʢʩʠʤʫʤʘ. ʇʝʨʚʳʡ 

ʦʙʫʩʣʦʚʣʝʥ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʚ PSN, ʚʪʦʨʦʡ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭï 

mailto:phys.kam@mail.ru
mailto:kim_dmitriy2005@mail.ru
mailto:physics@ingg.ru
mailto:otajonov_s@mail.ru
mailto:otajonov_s@mail.ru
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ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʚ CFʆ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ MD(H) ʠ 

ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʳʭ MR(H) ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʠ ʦʨʪʦʛʦʥʘʣʴʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ 

ʚʝʢʪʦʨʦʚ H ʠ E ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʣʝʜʫʶʱʠʝ ʦʙʱʝʠʟʚʝʩʪʥʳʝ ʬʦʨʤʫʣʳ:  

                                   MD(H) = (Ůᾳ(H)-Ůᾳ(0))/Ůᾳ(0)                      (1)  

                                   MR(H) = (Rᾳ(H) -Rᾳ(0))/Rᾳ(0)                    (2) 
 

ʈʝʟʫʣʴʪʘʪʳ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ.2. 
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʄD(H) (ʘ) ʠ 
ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʩʪʠ MR(H) (b) ʢʦʤʧʦʟʠʪʘ 0.5CFʆ-0.5PSN ʦʪ ʚʝʣʠʯʠʥʳ H  
  

       ɼʣʷ ʠʟʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʘ ʠʩʧʦʣʴʟʦʚʘʥʳ ʟʘʢʦʥ ʧʨʠʙʣʠʞʝʥʠʷ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʢ ʥʘʩʳʱʝʥʠʶ ʠ ʤʦʜʝʣʴ ʩʪʦʭʘʩʪʠʯʝʩʢʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʘʛʥʠʪʥʳʭ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʫ ʢʦʤʧʦʟʠʪʘ 

ʤʝʥʴʰʝ, ʯʝʤ ʫ CFO. ʈʝʟʫʣʴʪʘʪʳ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ. 
                                                                                                                          ʊʘʙʣʠʮʘ 

ʇʘʨʘʤʝʪʨʳ ʧʝʪʝʣʴ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʩʪʦʭʘʩʪʠʯʝʩʢʠʭ ʜʦʤʝʥʦʚ CFO ʠ  

0.5CFO-0.5PSN. 

ʀʟʫʯʝʥʠʝ ʵʣʝʢʪʨʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʢ CFO, ʪʘʢ ʠ ʢʦʤʧʦʟʠʪʘ ʧʦʢʘʟʘʣʦ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʢʦʤʧʦʟʠʪʘ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘʪʦʨʘ ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ ʚʦʜʳ ʥʘ ʚʦʜʦʨʦʜ 

ʠ ʢʠʩʣʦʨʦʜ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 
ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʟʘʜʘʥʠʝ ʚ ʩʬʝʨʝ ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ ˉ ʌɽʅɺ-2023-
0019). 

  

x CFO 0.5CFO  CFO 0.5CFO  CFO 0.5CFO 

Hc, Oe 1049 1037 HR, Oe 3421 3952 ɟ, g.cm3 5.289 5.289 

Mr *10-3, 

emu/g 
23.45 24.04 

Ha, Oe 12131 11208 Ms, 

emu/g 

72.05 60.36 

2Rc, nm 68 

 

128 

 

2RL, 

nm 

99 232 Keff, Ĭ106 

erg/cm3 
2.311 1.789 

HL, Oe 1594 1199 ɸ, 10-8 

erg/cm 
0.75 2.58 

Mr/Ms 0.325 0.398 
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ʀ.ʊ. ɿʝʟʷʥʦʚ1 ɸ.ɺ. ʉʦʣʥʳʰʢʠʥ2 ʆ.ʅ. ʉʝʨʛʝʝʚʘ3, ɽ.ʖ.ʂʘʧʪʝʣʦʚ4, 

ʐ.ʐ. ʐʘʨʦʬʠʜʠʥʦʚ5, ʀ.ʇ. ʇʨʦʥʠʥ6, 
1 ɸʩʧʠʨʘʥʪ, a.solnyshkin@mail.ru 
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4ʂ-ʪ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʩ.ʥ.ʩ., kaptelov@mail. ioffe.ru 
5ʂ-ʪ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʩ.ʥ.ʩ, Petrovich@mail.ioffe.ru 
6ɼ-ʨ ʬʠʟ.-ʤʘʪ. ʥʘʫʢ, ʚ.ʥ.ʩ., Petrovich@mail.ioffe.ru  

ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ ʈɸʅ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʧʦʣʷʨʥʳʭ ʧʣʝʥʦʢ AlN ʠ AlGaN, 
ʵʧʠʪʘʢʩʠʘʣʴʥʦ ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʧʦʜʣʦʞʢʘʭ SiC/Si. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʦʪʣʠʯʠʠ ʦʪ ʧʣʝʥʦʢ AlN 
ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ AlGaN/SiC/Si ʩʦʜʝʨʞʘʱʠʭ ʯʝʨʝʜʫʶʱʠʝʩʷ ʩʣʦʠ AlN ʠ AlGaN ʨʘʟʣʠʯʥʦʛʦ 
ʩʦʩʪʘʚʘ ʥʘʙʣʶʜʘʝʪʩʷ ʷʨʢʦ ʚʳʨʘʞʝʥʥʘʷ ʜʠʩʧʝʨʩʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʧʠʪʘʢʩʠʘʣʴʥʳʝ ʧʣʝʥʢʠ AlGaN, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ. 

ʇʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʪʦʥʢʠʝ ʧʣʸʥʢʠ ʧʨʠʚʣʝʢʘʶʪ ʚʥʠʤʘʥʠʝ ʚ ʦʙʣʘʩʪʠ 

ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʄʕʄʉ) ʩ ʩʘʤʦʛʦ ʥʘʯʘʣʘ ʨʘʟʚʠʪʠʷ ʵʪʠʭ 

ʪʝʭʥʦʣʦʛʠʡ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʧʦ ʩʚʦʝʡ ʧʨʠʨʦʜʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ 

ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʳʤ ʜʣʷ ʧʦʜʦʙʥʳʭ ʧʨʠʤʝʥʝʥʠʡ [1, 2]. ʅʠʪʨʠʜʳ ʘʣʶʤʠʥʠʷ ʠ 

ʛʘʣʣʠʷ ʷʚʣʷʶʪʩʷ ʢʣʶʯʝʚʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʤ ʨʘʩʰʠʨʝʥʠʶ 

ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ ʵʪʠʭ ʜʘʪʯʠʢʦʚ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ 

ʘʛʨʝʩʩʠʚʥʳʭ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ [3]. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʳʙʨʘʥʳ ʧʣʝʥʢʠ ʥʠʪʨʠʜʘ ʘʣʶʤʠʥʠʷ (AlN) ʠ ʘʛʣʘʥʘ 

(AlGaN), ʵʧʠʪʘʢʩʠʘʣʴʥʦ ʚʳʨʘʱʝʥʥʳʝ ʥʘ ʧʦʜʣʦʞʢʘʭ SiC/Si, ʤʝʪʦʜʦʤ ʭʣʦʨʠʜ-

ʛʠʜʨʠʜʥʦʡ ʵʧʠʪʘʢʩʠʠ. ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ.1. 

  
ʘ) ʙ) 

ʈʠʩ. 1. ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʙʦʢʦʚʳʭ ʩʢʦʣʦʚ: ʘ ï AlN/SiC/Si, ʙ - AlGaN/SiC/Si. 
 

ɺʝʨʭʥʠʡ ʩʣʦʡ ʪʦʣʱʠʥʦʡ 12 ʤʢʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʣʝʥʢʝ AlN, ʨʠʩ.1(ʘ), 

ʢʦʪʦʨʳʡ ʧʦ ʜʘʥʥʳʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʦʩʪʘʚʫ 

ʙʣʠʟʢʦʤʫ ʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ. ʊʦʥʢʠʡ ʩʚʝʪʣʳʡ ʩʣʦʡ ʤʝʞʜʫ ʢʨʝʤʥʠʝʚʦʡ 

ʧʦʜʣʦʞʢʦʡ ʠ ʧʣʝʥʢʦʡ AlN ʷʚʣʷʝʪʩʷ ʢʘʨʙʠʜʦʤ ʢʨʝʤʥʠʷ SiC. ʅʘ ʨʠʩ. 1(ʙ) 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘ, ʩʦʩʪʦʷʱʘ ̫ʠʟ ʧʦʚʪʦʨʷʶʱʠʭʩʷ ʪʦʥʢʠʭ (70 ʥʤ ʠ 
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ʤʝʥʝʝ) ʩʣʦʝʚ AlGaN ʩ ʧʝʨʝʤʝʥʥʳʤ ʩʦʩʪʘʚʦʤ. ʇʨʠʯʝʤ ʩʦʩʪʘʚ ʦʙʨʘʟʮʘ ʠʟʤʝʥʷʝʪʩʷ 

ʦʪ ʧʦʜʣʦʞʢʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ. ɺʥʘʯʘʣʝ ʥʘʭʦʜʠʪʩʷ ʩʣʦʡ ʧʨʘʢʪʠʯʝʩʢʠ 

ʯʠʩʪʦʛʦ GaN ʩ ʩʦʜʝʨʞʘʥʠʝ GaN, ʨʘʚʥʳʤ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 95 ʘʪ.%. ɿʘʪʝʤ, ʧʦ ʤʝʨʝ 

ʫʚʝʣʠʯʝʥʠʷ ʪʦʣʱʠʥʳ, ʩʣʦʡ ʚʩʝ ʙʦʣʝʝ ʠ ʙʦʣʝʝ ʦʙʦʛʘʱʘʝʪʩʷ Al. ʇʦ ʜʦʩʪʠʞʝʥʠʶ 

ʩʣʦʝʤ ʪʦʣʱʠʥʳ, ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʦʡ 1,1 ʤʢʤ, ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʦʝ ʠʟʤʝʥʝʥʠʝ 

ʩʦʩʪʘʚʘ ʩʣʦʷ. ʆʙʱʘʷ ʪʦʣʱʠʥʘ ʩʪʨʫʢʪʫʨʳ AlGaN ʩʦʩʪʘʚʣʷʝʪ 4 ʤʢʤ. 

ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʧʣʝʥʦʢ, 

ʩʪʨʫʢʪʫʨʳ ʢʦʪʦʨʳʭ ʨʘʩʩʤʦʪʨʝʥʳ ʚʳʰʝ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. 
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ʘ) ʙ) 

ʈʠʩ.2. ɼʠʩʧʝʨʩʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʩʪʨʫʢʪʫʨ:  

ʘ ï AlN/SiC/Si, ʙ - AlGaN/SiC/Si. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ.2(ʘ), ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʯʘʩʪʦʪ ʜʦ 1 ʢɻʮ ʥʘʙʣʶʜʘʝʪʩʷ 

ʥʝʟʥʘʯʠʪʝʣʴʥʘʷ ʜʠʩʧʝʨʩʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ 

ʩʚʷʟʘʪʴ ʩ ʥʝʙʦʣʴʰʠʤ ʚʢʣʘʜʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʣʝʥʦʢ ʧʦ ʧʦʩʪʦʷʥʥʦʤʫ ʪʦʢʫ. 

ʅʘʯʠʥʘʷ ʩ ʯʘʩʪʦʪʳ 5Ö105 ɻʮ ʠ ʚʧʣʦʪʴ ʜʦ 3Ö106 ɻʮ, ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ 

ʨʦʩʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʩʚʷʟʘʪʴ ʩ ʦʙʲʝʤʥʦ 

ʟʘʨʷʜʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, ʚʦʟʥʠʢʘʶʱʝʡ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ AlN/SiC.  

ɼʣʷ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ AlGaN (ʨʠʩ.2(ʙ)) ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʘʷ 

ʯʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʜʘʥʥʦʛʦ 

ʨʠʩʫʥʢʘ, ʩʫʱʝʩʪʚʫʝʪ ʜʚʝ ʦʙʣʘʩʪʠ ʜʠʩʧʝʨʩʠʠ ï ʥʠʟʢʦʯʘʩʪʦʪʥʘʷ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʘ. 

ʅʠʟʢʦʯʘʩʪʦʪʥʘʷ ʜʠʩʧʝʨʩʠʷ ʩʚʷʟʘʥʘ ʩ ʧʨʦʚʦʜʠʤʦʩʪʴʶ s ʧʦ ʧʦʩʪʦʷʥʥʦʤʫ ʪʦʢʫ, 

ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʡ ʩʦʩʪʘʚʣʷʝʪ ~ 10ï6 ʆʤï1ʤï1. ɺ ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ ʩʚʳʰʝ 104 ɻʮ 

ʧʨʦʠʩʭʦʜʠʪ ʜʘʣʴʥʝʡʰʝʝ ʫʤʝʥʴʰʝʥʠʝ ʚʝʣʠʯʠʥʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʩʚʷʟʘʥʥʦʝ ʩ ʦʙʲʝʤʥʦ ʟʘʨʷʜʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ, ʢʦʪʦʨʘʷ 

ʬʦʨʤʠʨʫʝʪʩʷ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ AlGaN ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʘ ʪʘʢʞʝ ʥʘ 

ʠʥʪʝʨʬʝʡʩʝ ʩʣʦʷ AlïGaN. 
ʃʠʪʝʨʘʪʫʨʘ 

1. Almur, A.S. Aluminum Nitride Out-of-Plane Piezoelectric MEMS Actuators / A.S. Almur, 
M. Kazemi, M. M®nard, F.  Nabki // Micromachines. ï 2023. ï V. 14. ï P. 700 

2. Qi, H. Simulation and preparation of FBARs based on AlN thin films / H. Qi, H. Zhang, 
N. Gao, Y. Fang, X. Xie, L. Bian, Y., Fang, G. Chen // Materials Science in Semiconductor 
Processing. ï 2025. ï V. 185. ï P. 108886 

3. Yadav, N. Effect of Growth Induced Residual Stress in Epitaxial AlN Thin Film on SiC 
Substrate for MEMS Applications / N. Yadav, S. Dutta, K. Narang, I. Yadav, A. Pandey, R. 
Jha, M.V.G. Padmavati // Transactions on Electrical and Electronic Materials. ï 2025. ï V. 
26. ï P.125-133 
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ʌɻɹʆʋ ɺʆ çʊʚʝʨʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè, ʛ. ʊʚʝʨʴ 
 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦʥʦʨʥʦʡ 

ʧʨʠʤʝʩʠ ʙʘʨʠʷ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʢʠ ʥʠʦʙʘʪʘ ʢʘʣʠʷ ʥʘʪʨʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʠ ʜʦ 5 ʤʦʣ. % ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʠʟʤʝʥʝʥʠʷʤ 

ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʢʝʨʘʤʠʢʝ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʘʨʘʤʝʪʨʳ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ, 

ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʤʠʛʨʘʮʠʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ, ʠʩʧʳʪʳʚʘʶʪ ʵʢʩʪʨʝʤʫʤ ʚ ʪʦʯʢʝ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠ ʥʝ ʤʝʥʷʶʪʩʷ ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʪʝʤʧʝʨʘʪʫʨʫ 

ʂʶʨʠ. 
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ, ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʝ ʣʝʛʠʨʦʚʘʥʠʝ, 

ʜʠʩʧʝʨʩʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, ʤʠʛʨʘʮʠʦʥʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ. 
 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʢʝʨʘʤʠʢʠ ʥʠʦʙʘʪʘ ʢʘʣʠʷ ʥʘʪʨʠʷ 

(K,Na)NbO3, ʣʝʛʠʨʦʚʘʥʥʦʡ ʙʘʨʠʝʤ ʚ ʢʦʣʠʯʝʩʪʚʝ 1 (KNBN1) ʠ 5 (KNBN5) ʤʦʣ.%. 

ʀʟʛʦʪʦʚʣʝʥʠʝ ʦʙʨʘʟʮʦʚ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʧʦ ʢʣʘʩʩʠʯʝʩʢʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʧʫʪʸʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʨʘʟʜʝʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʥʠʦʙʘʪʦʚ ʢʘʣʠʷ ʠ 

ʥʘʪʨʠʷ. ɻʦʪʦʚʳʝ ʥʠʦʙʘʪʳ ʩʤʝʰʠʚʘʣʠʩʴ ʩ ʢʘʨʙʦʥʘʪʦʤ ʙʘʨʠʷ ʚ ʪʨʝʙʫʝʤʳʭ 

ʧʨʦʧʦʨʮʠʷʭ, ʜʘʣʝʝ ʧʨʦʚʦʜʠʣʦʩʴ ʬʦʨʤʦʚʘʥʠʝ ʢʝʨʘʤʠʢʠ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ 

ʜʘʚʣʝʥʠʷ 650 ʄʇʘ ʠ ʩʧʝʢʘʥʠʝ ʦʙʨʘʟʮʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100 C. 

ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʝʨʘʤʠʢʠ KNBN ʤʝʪʦʜʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʰʠʨʦʢʦʡ ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ (1ɻʮ-1ʄɻʮ) ʠ ʪʝʤʧʝʨʘʪʫʨ (30-500 ʦʉ). 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʝ ʟʘʚʠʩʠʤʦ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʠ ʚ ʦʙʨʘʟʮʘʭ ʥʘʙʣʶʜʘʶʪʩʷ 

ʜʚʘ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʢʝʨʘʤʠʢʠ ʥʠʦʙʘʪʘ ʢʘʣʠʷ ʥʘʪʨʠʷ, ʧʨʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 
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ʘ)      ʙ) 

ʈʠʩʫʥʦʢ 1. ɿʘʚʠʩʠʤʦʩʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ (ʘ) ʠ ʜʠʘʛʨʘʤʤʘ 

ʜʠʩʧʝʨʩʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ (ʙ) ʜʣʷ ʢʝʨʘʤʠʢʠ KNBN1  
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ɼʠʘʛʨʘʤʤʳ ʜʠʩʧʝʨʩʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʣʷ ʠʩʩʣʝʜʫʝʤʳʭ 

ʩʦʩʪʘʚʦʚ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʷʤʳʝ ʣʠʥʠʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʫʜʦʙʥʦ ʧʝʨʝʡʪʠ ʢ 

ʦʧʠʩʘʥʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʯʝʨʝʟ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʤʦʜʫʣʴ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ 

ʜʠʘʛʨʘʤʤʳ ʙʫʜʫʪ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʫʞʝ ʜʫʛʠ ʧʦʣʫʦʢʨʫʞʥʦʩʪʠ (ʨʠʩ. 1ʙ). 

ʇʨʠʯʝʤ ʫʛʦʣ ʨʘʩʪʚʦʨʘ ʜʠʘʛʨʘʤʤʳ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ 

ʂʶʨʠ ʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʚʳʰʝ ʪʦʯʢʠ ʂʶʨʠ. ʊʘʢʦʛʦ ʚʠʜʘ 

ʜʠʘʛʨʘʤʤʳ ʛʦʚʦʨʷʪ ʦ ʧʨʦʪʝʢʘʥʠʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʚʝʨʦʷʪʥʝʝ ʚʩʝʛʦ, 

ʩʚʷʟʘʥʥʦʛʦ ʩ ʤʠʛʨʘʮʠʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʜʠʵʣʝʢʪʨʠʢʦʚ, ʠ ʯʘʩʪʦ ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʧʦʚʳʰʝʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʤʘʪʝʨʠʘʣʘ.  

ɽʩʣʠ ʧʦʩʪʨʦʠʪʴ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʯʘʩʪʦʪʳ, ʥʘ ʢʦʪʦʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ 

ʤʘʢʩʠʤʫʤ ʤʥʠʤʦʡ ʯʘʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ (ʨʠʩ.2), ʪʦ 

ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʧʦʚʝʜʝʥʠʝ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘʭ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʙʣʘʩʪʴ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠʟ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʳ ʚ 

ʪʝʪʨʘʛʦʥʘʣʴʥʫʶ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʝʟʢʠʤ ʨʦʩʪʦʤ ɜm, ʜʦʩʪʠʞʝʥʠʝʤ ʤʘʢʩʠʤʫʤʘ ʧʨʠ 

225-230 ʦʉ ʠ ʩʧʘʜʦʤ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʧʝʨʝʩʪʨʦʡʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ 

ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʩ ʠʟʤʝʥʝʥʠʝʤ ʧʦʜʚʠʞʥʦʩʪʠ ʟʘʨʷʜʦʚ, 

ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʀʥʘʷ ʢʘʨʪʠʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʚ 

ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ: ʟʘʚʠʩʠʤʦʩʪʴ lnɜm(1/T) ʣʠʥʝʡʥʘʷ. ʄʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʦʜʚʠʞʥʦʩʪʴ (ʠ/ʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʷ) ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

ʧʦʚʳʰʘʝʪʩʷ ʟʘ ʩʯʝʪ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʠ ʩʪʘʥʦʚʠʪʩʷ ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʢ 

ʠʟʤʝʥʝʥʠʷʤ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʬʘʟʦʚʦʤ ʧʝʨʝʭʦʜʝ. ʇʨʠ ʵʪʦʤ ʧʦʚʳʰʝʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʣʝʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ ʪʘʢʞʝ ʫʚʝʣʠʯʠʚʘʝʪ ʩʪʝʧʝʥʴ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʠ ʧʨʠʚʦʜʠʪ ʢ ʦʩʣʘʙʣʝʥʠʶ ʩʚʷʟʠ ʤʝʞʜʫ 

ʯʘʩʪʠʮʘʤʠ ʚʝʱʝʩʪʚʘ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʤʝʥʴʰʝʥʠʶ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ 

ʜʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ (ʫʚʝʣʠʯʝʥʠʶ ɜm). ʕʪʦ ʦʙʲʷʩʥʷʝʪ ʙ·ʣʴʰʠʝ ʟʥʘʯʝʥʠʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʘ ʥʠʟʢʠʭ ʯʘʩʪʦʪʘʭ ʫ ʦʙʨʘʟʮʘ KNBN5. 
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ʘ)      ʙ) 

ʈʠʩʫʥʦʢ 2. ɿʘʚʠʩʠʤʦʩʪʴ ʯʘʩʪʦʪʳ ʤʘʢʩʠʤʫʤʘ ʤʥʠʤʦʡ ʯʘʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʢʝʨʘʤʠʢʠ KNBN1 (ʘ) ʠ KNBN5 (ʙ)  
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʧʦ ʥʘʫʯʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ˉ 
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ʈɽʃɸʂʉɸʎʀʆʅʅʓɽ ʇʈʆʎɽʉʉʓ ɺ ʂɽʈɸʄʀʂɽ ʅʀʆɹɸʊɸ ʂɸʃʀʗ 

ʅɸʊʈʀʗ ʉ ɼʆʅʆʈʅʓʄʀ ʇʈʀʄɽʉʗʄʀ 
 

ɽ.ɺ. ɹʘʨʘʙʘʥʦʚʘ1, ɸ.ɸ. ʄʘʢʫʣʠʥ2, ɺ.ɸ. ʆʟʝʨʦʚ 3 

1ʜʦʮʝʥʪ, ʢ.ʬ.-ʤ.ʥ., barabanova.ev@tversu.ru 
2ʤʘʛʠʩʪʨ, andr.makulin@mail.ru 
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ʌɻɹʆʋ ɺʆ çʊʚʝʨʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè, ʛ. ʊʚʝʨʴ 

 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʪʠʧʘ ʜʦʥʦʨʥʦʡ ʧʨʠʤʝʩʠ ʥʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʢʠ ʥʠʦʙʘʪʘ ʢʘʣʠʷ ʥʘʪʨʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʠʧʘ ʣʝʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ ʚ ʢʝʨʘʤʠʢʝ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʨʘʟʣʠʯʥʳʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ. 

ɼʣ̫ ʢʝʨʘʤʠʢʠ, ʣʝʛʠʨʦʚʘʥʥʦʡ ʙʘʨʠʝʤ, ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʮʝʩʩ ʤʠʛʨʘʮʠʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, ʘ ʜʣʷ 

ʢʝʨʘʤʠʢʠ, ʣʝʛʠʨʦʚʘʥʥʦʡ ʢʘʣʴʮʠʝʤ, - ʤʠʛʨʘʮʠʦʥʥʦʡ ʠ ʪʝʧʣʦʚʦʡ ʠʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ, ʛʝʪʝʨʦʚʘʣʝʥʪʥʦʝ ʣʝʛʠʨʦʚʘʥʠʝ, 

ʜʠʩʧʝʨʩʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, ʤʝʭʘʥʠʟʤʳ ʧʦʣʷʨʠʟʘʮʠʷ. 

 

ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ ʦʪʥʦʩʠʪʩʷ ʢ ʚʘʞʥʳʤ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤ 

ʤʘʪʝʨʠʘʣʘʤ, ʥʘʭʦʜʷʱʠʤ ʩʚʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʚʦ ʚʩʝʭ ʦʪʨʘʩʣʷʭ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʕʪʦ ʨʘʟʣʠʯʥʳʝ ʜʘʪʯʠʢʠ, ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ, ʛʝʥʝʨʘʪʦʨʳ, 

ʘʢʪʶʘʪʦʨʳ ʠ ʪ.ʜ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʭ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʦʩʪʘʚʦʚ 

ʷʚʣʷʝʪʩʷ ʢʝʨʘʤʠʢʘ ʥʠʦʙʘʪʘ ʢʘʣʠʷ ʥʘʪʨʠʷ KNN. ʦʥʘ ʦʪʥʦʩʠʪʩʷ ʢ ʤʘʪʝʨʠʘʣʘʤ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ, ʦʧʠʩʳʚʘʝʤʳʭ ʬʦʨʤʫʣʦʡ ɸɺʆ3. ɼʣʷ ʤʦʜʠʬʠʢʘʮʠʠ 

ʩʚʦʡʩʪʚ ʧʨʠʤʝʥʷʶʪ ʣʝʛʠʨʦʚʘʥʠʝ. ʇʨʠ ʵʪʦʤ ʟʘʤʝʱʝʥʠʝ ʚʦʟʤʦʞʥʦ ʢʘʢ ʧʦ ʧʦʟʠʮʠʠ 

ɸ, ʪʘʢ ʠ ʧʦ ʧʦʟʠʮʠʠ ɺ. 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʝʨʘʤʠʢʠ ʥʠʦʙʘʪʘ ʢʘʣʠʷ ʥʘʪʨʠʷ 

(K,Na)NbO3, ʣʝʛʠʨʦʚʘʥʥʦʡ ʙʘʨʠʝʤ (KNBN) ʠ ʢʘʣʴʮʠʝʤ (KNʉN) ʚ ʢʦʣʠʯʝʩʪʚʝ 

1 ʤʦʣ.%. ɿʘʤʝʱʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ ʢʘʪʠʦʥʘʤ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ ʚ ʧʦʟʠʮʠʠ ɸ. 

ʀʟʛʦʪʦʚʣʝʥʠʝ ʦʙʨʘʟʮʦʚ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʧʦ ʢʣʘʩʩʠʯʝʩʢʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʧʫʪʸʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʨʘʟʜʝʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʥʠʦʙʘʪʦʚ ʢʘʣʠʷ ʠ 

ʥʘʪʨʠʷ. ɻʦʪʦʚʳʝ ʥʠʦʙʘʪʳ ʩʤʝʰʠʚʘʣʠʩʴ ʩ ʢʘʨʙʦʥʘʪʦʤ ʙʘʨʠʷ ʠʣʠ ʢʘʣʴʮʠʷ ʚ 

ʪʨʝʙʫʝʤʳʭ ʧʨʦʧʦʨʮʠʷʭ, ʜʘʣʝʝ ʧʨʦʚʦʜʠʣʦʩʴ ʬʦʨʤʦʚʘʥʠʝ ʢʝʨʘʤʠʢʠ ʧʨʠ 

ʧʨʠʣʦʞʝʥʠʠ ʜʘʚʣʝʥʠʷ 650 ʄʇʘ ʠ ʩʧʝʢʘʥʠʝ ʦʙʨʘʟʮʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100 C. 

ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ ʤʝʪʦʜʦʤ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʰʠʨʦʢʦʡ ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ (1ɻʮ-1ʄɻʮ) ʠ 

ʪʝʤʧʝʨʘʪʫʨ (30-500 ʦʉ). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʪʠʧʘ ʧʨʠʤʝʩʠ ʚ ʦʙʨʘʟʮʘʭ 

ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʘ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʢʝʨʘʤʠʢʠ ʥʠʦʙʘʪʘ ʢʘʣʠʷ 

ʥʘʪʨʠʷ [1]: ʚ ʦʙʣʘʩʪʠ 220 ʠ 420 ʦʉ. 

mailto:oksanchik2603@mail.ru
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ʘ)      ʙ) 

ʈʠʩʫʥʦʢ. ɼʠʘʛʨʘʤʤʳ ʜʠʩʧʝʨʩʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ  

ʜʣʷ ʢʝʨʘʤʠʢʠ KNBN (ʘ) ʠ KNCN (ʙ)  

 

ɼʣʷ ʘʥʘʣʠʟʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʨʘʩʩʤʘʪʨʠʚʘʣʠ ʧʦʚʝʜʝʥʠʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʚʝʣʠʯʠʥʦʡ ʦʙʨʘʪʥʦ ʢʦʤʧʣʝʢʩʥʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ: 

ὓ
ρ

‐

ὓᴂ

ὓᴂ ὓᴂᴂ
Ὥ

ὓᴂᴂ

ὓᴂ ὓᴂᴂ
 

ʅʘ ʜʠʘʛʨʘʤʤʘʭ Mǋǋ(Mǋ) ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʜʫʛʠ ʧʦʣʫʦʢʨʫʞʥʦʩʪʠ (ʨʠʩ.). ɺ 

ʩʣʫʯʘʝ ʣʝʛʠʨʦʚʘʥʠʷ ʙʘʨʠʝʤ ʦʜʥʘ ʜʫʛʘ ʧʦʣʫʦʢʨʫʞʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʥʦʤʫ 

ʨʝʣʘʢʩʘʮʠʦʥʥʦʤʫ ʧʨʦʮʝʩʩʫ, ʢʦʪʦʨʳʡ, ʩʦʛʣʘʩʥʦ ʚʝʣʠʯʠʥʝ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ 

(10-2-10-3 ʩ), ʦʙʫʩʣʦʚʣʝʥ ʤʠʛʨʘʮʠʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ. ɺ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʘʭ ʥʘʢʦʧʣʝʥʠʝ ʩʣʘʙʦʩʚʷʟʘʥʥʳʭ ʟʘʨʷʜʦʚ ʚʦʟʤʦʞʥʦ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ.  

ɺ ʪʦʞʝ ʚʨʝʤʷ ʜʣʷ ʦʙʨʘʟʮʘ, ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʢʘʣʴʮʠʝʤ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʝ 

ʜʫʛʠ ʧʦʣʫʦʢʨʫʞʥʦʩʪʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʚʘ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʘ: 

ʥʠʟʢʦʯʘʩʪʦʪʥʳʡ, ʢʘʢ ʠ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ KNBN, ʩʚʷʟʘʥ ʩ ʤʠʛʨʘʮʠʦʥʥʦʡ 

ʧʦʣʷʨʠʟʘʮʠʝʡ, ʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ï ʩ ʪʝʧʣʦʚʦʡ ʠʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ. ʊ.ʝ. 

ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʚʢʣʘʜʳ ʦʪ ʧʨʦʮʝʩʩʦʚ ʥʘ ʛʨʘʥʠʮʘʭ ʠ ʚʥʫʪʨʠ ʟʝʨʝʥ. ɺʝʨʦʷʪʥʝʝ 

ʚʩʝʛʦ, ʪʘʢʘʷ ʨʘʟʥʠʮʘ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʦʙʲʷʩʥʷʝʪʩʷ ʦʪʣʠʯʠʝʤ ʠʦʥʥʳʭ 

ʨʘʜʠʫʩʦʚ ʣʝʛʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ. ʈʘʜʠʫʩ ʢʘʪʠʦʥʘ Ba2+ (1,38 Ȕ) ʙʣʠʟʦʢ ʢ ʨʘʜʠʫʩʫ 

ʢʘʪʠʦʥʘ K+ (1,33 Ȕ), ʘ ʢʘʪʠʦʥʘ Ca2+ (1,04 Ȕ) ï ʢ Na+ (0,98 Ȕ) [2]. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʧʨʝʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʢʘʪʠʦʥʳ, ʘ ʚʦ ʚʪʦʨʦʤ ï ʢʘʪʠʦʥʳ 

ʤʝʥʴʰʝʛʦ ʨʘʜʠʫʩʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʶʱʝʝ ʧʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʠʩʢʘʞʝʥʠʝ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚ ʢʝʨʘʤʠʢʘʭ ʙʫʜʝʪ ʨʘʟʣʠʯʥʳʤ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʧʦ ʥʘʫʯʥʳʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤ ˉ 0817-2023-0006. 

 
ʃʠʪʝʨʘʪʫʨʘ 

1. Li J.-F. (K,Na)NbO3-based lead-free piezoceramics: fundamental aspects, processing 

technologies, and remaining challenges / J.-F. Li, K. Wang, F.-Y. Zhu, L.-Q. Cheng, F.-Z. Yao // J. 

Am. Ceram. Soc. ï 2013. ï V. 96. ï p. 3677 ï 3696. 

2. ɹʦʢʠʡ ɻ.ɹ. ʂʨʠʩʪʘʣʣʦʭʠʤʠʷ / ɻ.ɹ. ɹʦʢʠʡ. ï ʄ.: ʅʘʫʢʘ, 1971. ï 400 ʩ. 
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ʆʉʆɹɽʅʅʆʉʊʀ ʈɽʃɸʂʉɸʎʀʀ ɻɸʈʄʆʅʀʂ ʊʆʂɸ 

ʇɽʈɽʇʆʃʗʈʀɿɸʎʀʀ ʂʈʀʉʊɸʃʃɸ Rb2Znʉl4 ɺ ʅɽʉʆʈɸɿʄɽʈʅʆʁ 

ʌɸɿɽ ʇʆʉʃɽ ʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʆʊɾʀɻɸ 
 

ɺ.ɺ. ɻʦʨʙʘʪʝʥʢʦ1, ɹ.ʅ. ʇʨʘʩʦʣʦʚ2, ʅ.ɺ. ɼʘʮʝʥʢʦ3 

1ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè, ʜʦʮʝʥʪ, ʢ.ʬ-ʤ.ʥ., 

ʜʦʮʝʥʪ,  vlgorbatenko@mail.ru 
2ʆʆʆ ç ʀʥʚʝʩʪʠʮʠʠ ʠ ʪʝʭʥʦʣʦʛʠʠè, ɺʦʨʦʥʝʞ, ʈʦʩʩʠʷ, ʜʠʨʝʢʪʦʨ, ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬʝʩʩʦʨ, 

vlgorbatenko@mail.ru 
3ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʥʞʝʥʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡè, ʜʦʮʝʥʪ, 

ʢ.ʪ.ʥ., ʜʦʮʝʥʪ, natdatsenko@mail.ru 

 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʜʚʦʡʥʳʭ ʧʝʪʝʣʴ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʠ ʢʨʠʩʪʘʣʣʘ Rb2ZnCl4 

ʚ ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʬʘʟʝ ʧʦʩʣʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʝ ʚ ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʬʘʟʝ 

ʠʤʝʶʪʩʷ ʜʦʤʝʥʥʳʝ ʛʨʘʥʠʮʳ ʠ ʧʨʦʮʝʩʩ ʦʩʚʦʙʦʞʜʝʥʠʷ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʦʪ ʜʝʬʝʢʪʦʚ 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʝʩʦʨʘʟʤʝʨʥʘʷ ʬʘʟʘ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʬʘʟʘ, ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, 

ʧʦʣʷʨʠʟʘʮʠʷ,  ʛʘʨʤʦʥʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʜʦʤʝʥʥʳʝ ʛʨʘʥʠʮʳ 

 

ʀʟʚʝʩʪʥʦ [1], ʯʪʦ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʘʭ ʩʝʛʥʝʪʦʵʣʢʝʪʨʠʯʝʩʢʠʭ 

ʢʨʠʩʪʘʣʣʦʚ, ʚʩʣʝʜʩʪʚʠʝ ʧʨʠʣʦʞʝʥʠʷ ʢ ʥʠʤ ʧʝʨʝʤʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

tEtE
m 0
sin)( w= ʯʘʩʪʦʪʦʡ 

0
wʠ ʘʤʧʣʠʪʫʜʦʡ 

m
E , ʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʧʦʣʥʦʡ 

ʤʦʥʦʜʦʤʝʥʠʟʘʮʠʠ ʦʙʨʘʟʮʘ, ʚʦʟʥʠʢʘʝʪ ʪʦʢ ʩʣʦʞʥʦʡ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʬʦʨʤʳ, 

ʧʣʦʪʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʦʧʠʩʳʚʘʝʪʩʷ ʨʷʜʦʤ ʌʫʨʴʝ: 

)cos()(
0

1
k

k
kx

tkJtJ j-w=ä
¤

=

, 

ʛʜʝ k ï ʥʦʤʝʨʘ ʛʘʨʤʦʥʠʢ ʨʷʜʘ ʌʫʨʴʝ, 
k

J ï ʘʤʧʣʠʪʫʜʘ k-ʛʘʨʤʦʥʠʢʠ 

ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ, 
k
j ï ʫʛʣʳ ʩʜʚʠʛʘ ʬʘʟ ʤʝʞʜʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʛʘʨʤʦʥʠʢʘʤʠ 

ʪʦʢʘ ʠ ʠʭ ʨʝʘʢʪʠʚʥʳʤʠ ʩʦʩʪʘʚʣʷʶʱʠʤʠ. ɺʦ ʚʨʝʤʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʚʳʜʝʨʞʢʠ ʚ  

ʥʝʩʦʨʘʟʤʝʨʥʦʡ ʬʘʟʝ (ʅʌ) ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʢʨʠʩʪʘʣʣʘ Rb2ZnCl4 ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 2,3+=
c

TT ʂ (
c

T - ʪʦʯʢʘ ʂʶʨʠ) ʤʝʪʦʜʦʤ ʛʘʨʤʦʥʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ [2] 

ʚʨʝʤʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ )(tJ
x

 ʦʧʨʝʜʝʣʝʥʳ 
k

J  ʠ 
k
j. ʇʨʦʮʝʩʩ 

ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʧʨʦʚʦʜʠʣʩʷ ʚ ʅʌ ʧʦʜ ʜʝʡʩʪʚʠʝʤ )(tE  

ʯʘʩʪʦʪʦʡ 0,3 ɻʮ ʠ ʘʤʧʣʠʪʫʜʦʡ 
6106,1 Ö=

m
E  ɺ/ʤ, ʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʧʦʣʥʦʡ 

ʤʦʥʦʜʦʤʝʥʠʟʘʮʠʠ ʦʙʨʘʟʮʘ. ʇʨʠ ʧʦʤʦʱʠ ʧʘʢʝʪʘ ʧʨʠʢʣʘʜʥʳʭ ʧʨʦʛʨʘʤʤ Mathcad 

ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʚʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ )(tJ
x

 ʠ ʚʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʨʝʘʢʪʠʚʥʦʡ )(tJ
ʩ

 ʩʣʘʛʘʶʱʝʡ ʠ ʘʢʪʠʚʥʦʡ )(tJ
g
ʩʣʘʛʘʶʱʝʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ )(tJ

x
. 

ʕʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʞʠʛ [1] ʧʨʦʠʟʚʦʜʠʣʩʷ ʧʨʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʚʳʜʝʨʞʢʝ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʢʨʠʩʪʘʣʣʘ Rb2ZnCl4 ʧʫʪʝʤ ʧʦʜʢʣʶʯʝʥʠʷ ʧʝʨʝʤʝʥʥʦʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (E~) ʩ ʯʘʩʪʦʪʦʡ 7 ʢɻʮ ʠ ʘʤʧʣʠʪʫʜʦʡ ʚʳʰʝ ʢʦʵʨʮʠʪʠʚʥʦʛʦ 
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ʧʦʣʷ (
k

E ). ʀʟʚʝʩʪʥʦ [1], ʯʪʦ ʚʦʟʜʝʡʩʪʚʠʝ ʧʦʣʷ E~ ʥʘ ʦʙʨʘʟʝʮ ʚ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʝ (ʉʌ) ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ 
k

E , ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʧʨʦʮʝʩʩ ʦʩʚʦʙʦʞʜʝʥʠʷ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ (ɼɻ) ʦʪ ʜʝʬʝʢʪʦʚ. ʇʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ 

E~ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ k
E , ʪʦ ʝʩʪʴ ʦʙʨʘʪʥʳʡ ʧʨʦʮʝʩʩ - ʧʨʦʮʝʩʩ ʟʘʢʨʝʧʣʝʥʠʷ 

ɼɻ ʜʝʬʝʢʪʘʤʠ.  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʩʣʝ ʦʪʢʣʶʯʝʥʠʷ E~ ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʣʘʢʩʘʮʠʷ ʘʤʧʣʠʪʫʜ 

ʛʘʨʤʦʥʠʢ 
g

J  ʠ 
ʩ

J , ʘ ʨʝʣʘʢʩʘʮʠʷ ʘʤʧʣʠʪʫʜ ʛʘʨʤʦʥʠʢ 
x

J  ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʪʦ ʝʩʪʴ 

ʘʤʧʣʠʪʫʜʳ ʛʘʨʤʦʥʠʢ 
x

J  ʦʩʪʘʶʪʩʷ ʧʦʩʪʦʷʥʥʳʤʠ, ʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʫʛʣʳ 
k
j 

ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʧʦʩʣʝ ʦʪʢʣʶʯʝʥʠʷ E~. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ ʉʌ ʚ ʅʌ ʠʤʝʶʪʩʷ ɼɻ 

ʠ ʧʨʦʮʝʩʩ ʦʩʚʦʙʦʞʜʝʥʠʷ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʦʪ ʜʝʬʝʢʪʦʚ. 
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ʉʊɽʇɽʅʔ ʈɸɿʄʓʊʀʗ ʌɸɿʆɺʆɻʆ ʇɽʈɽʍʆɼɸ ʀ ʊɽʄʇɽʈɸʊʋʈɸ 
ɼɽʇʆʃʗʈʀɿɸʎʀʀ ɺ ʇʈʆɿʈɸʏʅʆʁ ʂɽʈɸʄʀʂɽ 

PbMg1/3Nb2/3O3 ī xPbZr0.53Ti0.47O3 

 

ʃ.ʉ.ʂʘʤʟʠʥʘ1, ɺ.ɻ.ɿʘʣʝʩʩʢʠʡ2, ʂ.ɺ.ɼʴʷʢʦʥʦʚ3 

1 ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʢ.ʬ.ʤ.ʥ., ASKam@mail.ioffe.ru 
2 ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʢ.ʬ.ʤ.ʥ., vg.zalessky@gmail.com  

3 ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ʢ.ʬ.ʤ.ʥ., K.Dyakonov@mail.ioffe.ru 

ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ ʈɸʅ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ  
 

     ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʢʦʤʧʦʥʝʥʪʳ 

PbZr0.53Ti0.47O3 (PZT) ʥʘ ʩʪʝʧʝʥʴ ʨʘʟʤʳʪʠʷ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʘ ʪʘʢʞʝ 

ʥʘ ʚʟʘʠʤʦʨʘʩʧʦʣʦʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʝʧʦʣʷʨʠʟʘʮʠʠ (Td) ʠ ʤʦʨʬʦʪʨʦʧʥʦʛʦ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʘ (TFīR) ʚ ʧʨʦʟʨʘʯʥʦʡ ʢʝʨʘʤʠʢʝ Pb(Mg1/3Nb2/3)O3īxPbZr0.53Ti0.47O3 (PMNīxPZT) 

(x = 10, 16, 23, 33%). ʆʙʥʘʨʫʞʝʥʘ ʩʚʷʟʴ ʚʝʣʠʯʠʥʳ ʭ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʢʝʨʘʤʠʢʠ:  

ʩʦʩʪʘʚʳ ʩ ʤʘʣʦʡ ʚʝʣʠʯʠʥʦʡ x = 10, 16% ʦʙʥʘʨʫʞʠʚʘʶʪ ʯʠʩʪʦ ʨʝʣʘʢʩʦʨʥʳʝ ʩʚʦʡʩʪʚʘ, ʘ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʬʘʟʘ ʷʚʣʷʝʪʩʷ ʥʝʵʨʛʦʜʠʯʝʩʢʦʡ ʨʝʣʘʢʩʦʨʥʦʡ ʬʘʟʦʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʦʩʪʘʚʳ 

ʩ x = 23, 33%, ʥʘʨʷʜʫ ʩ ʨʝʣʘʢʩʦʨʥʳʤ ʧʦʚʝʜʝʥʠʝʤ, ʧʨʝʪʝʨʧʝʚʘʶʪ ʩʧʦʥʪʘʥʥʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ 

1ʨʦʜʘ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʘʟʫ ʚ ʦʪʩʫʪʩʪʚʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʬʘʟʘ ʷʚʣʷʝʪʩʷ ʵʨʛʦʜʠʯʝʩʢʦʡ ʬʘʟʦʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʚʦ ʚʩʝʭ ʩʦʩʪʘʚʘʭ ʧʨʦʠʩʭʦʜʠʪ ʦʜʥʦʵʪʘʧʥʳʡ ʧʝʨʝʭʦʜ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ ʚ ʨʝʣʘʢʩʦʨʥʫʶ 

ʬʘʟʫ, ʪ. ʝ. ʪʝʤʧʝʨʘʪʫʨʳ Td ʠ TFīR ʩʦʚʧʘʜʘʶʪ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʨʦʟʨʘʯʥʘʷ ʢʝʨʘʤʠʢʘ, ʨʝʣʘʢʩʦʨʳ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʪʚʦ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʡ 

ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ. 

 

     ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʨʦʟʨʘʯʥʘʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ ʧʨʠʚʣʝʢʘʝʪ ʚʩʝ 

ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʠʟ-ʟʘ ʨʷʜʘ ʧʨʝʠʤʫʱʝʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʧʨʦʟʨʘʯʥʳʤʠ ʤʦʥʦʢʨʠʩʪʘʣʣʘʤʠ, ʪʘʢʠʤʠ ʢʘʢ ʥʠʟʢʘʷ ʩʪʦʠʤʦʩʪʴ, ʧʨʦʩʪʦʪʘ 

ʠʟʛʦʪʦʚʣʝʥʠʷ, ʭʦʨʦʰʠʡ ʢʦʥʪʨʦʣʴ ʩʦʩʪʘʚʘ ʠ ʪ. ʜ. ʀʩʩʣʝʜʫʝʤʘʷ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ  

ʧʨʦʟʨʘʯʥʘʷ ʢʝʨʘʤʠʢʘ PMNīxPZT ʩ x = 10, 16, 23 33, ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʥʘʤʠ [1], 

ʦʙʣʘʜʘʣʘ ʚʳʩʦʢʦʡ ʧʨʦʟʨʘʯʥʦʩʪʴʶ (~ 65% ʜʣʷ ʭ=10,16,23) ʠ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʦʡ 

ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ [2]. 

     ɺ ʨʘʙʦʪʘʭ, ʧʦʩʚʷʱʝʥʥʳʭ ʵʪʦʡ ʩʠʩʪʝʤʝ, ʩʦʚʩʝʤ ʥʝʪ ʩʚʝʜʝʥʠʡ ʦ ʚʟʘʠʤʦʩʚʷʟʠ 

ʤʝʞʜʫ ʪʝʤʧʝʨʘʪʫʨʦʡ ʜʝʧʦʣʷʨʠʟʘʮʠʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

Td ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ ʤʦʨʬʦʪʨʦʧʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ (ʄʌʇ) TFīR. ʕʪʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʛʫʪ ʩʦʚʧʘʜʘʪʴ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʢʘʢ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʨʝʣʘʢʩʦʨʦʚ 

(ʦʜʥʦʵʪʘʧʥʳʡ ʧʝʨʝʭʦʜ) [3], ʪʘʢ ʠ ʨʘʟʣʠʯʘʪʴʩʷ ʢʘʢ ʚ ʨʝʣʘʢʩʦʨʘʭ, ʠʤʝʶʱʠʭ 

ʨʘʟʤʳʪʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʚ ʦʪʩʫʪʩʪʚʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʜʚʫʭʵʪʘʧʥʳʡ 

ʧʝʨʝʭʦʜ) [4]. ʉ ʵʪʦʡ ʮʝʣʴʶ ʚ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʠʩʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ, ʦʧʪʠʯʝʩʢʠʝ ʠ 

ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ. 

     ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʦʪʩʫʪʩʪʚʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʦʜʠʥ ʤʘʢʩʠʤʫʤ Ů ʠ tan ŭ, ʧʨʠʯʝʤ ʵʪʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʝ ʩʦʚʧʘʜʘʶʪ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʨʘʟʤʳʪʦʤ ʬʘʟʦʚʦʤ ʧʝʨʝʭʦʜʝ 

ʠʟ ʨʝʣʘʢʩʦʨʥʦʡ ʚ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʘʟʫ. ɼʨʫʛʠʭ ʨʝʟʢʠʭ ʘʥʦʤʘʣʠʡ, ʥʘʧʨʠʤʝʨ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʄʌʇ ʧʝʨʝʭʦʜʫ, ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʘʥʦʤʘʣʠʠ 
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ʧʨʠ ʄʌʇ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʦʙʨʘʟʮʘʭ, ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ. ɹʦʣʝʝ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʘʞʝ ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩʦʩʪʘʚʳ ʩ x = 23, 33%, ʥʘʨʷʜʫ ʩ ʨʝʣʘʢʩʦʨʥʳʤ ʧʦʚʝʜʝʥʠʝʤ, 

ʧʨʝʪʝʨʧʝʚʘʶʪ ʩʧʦʥʪʘʥʥʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ 1ʨʦʜʘ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʬʘʟʫ, 

ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʦʩʪʘʚʳ ʩ x = 10, 16% ʦʙʥʘʨʫʞʠʚʘʶʪ ʪʦʣʴʢʦ ʨʝʣʘʢʩʦʨʥʳʝ ʩʚʦʡʩʪʚʘ 

(ʨʠʩ.1).  

  
ʈʠʩ .1. ɿʘʚʠʩʠʤʦʩʪʠ Dn ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ    

ʚ ʨʝʞʠʤʘʭ ʦʭʣʘʞʜʝʥʠʷ (ZFC) ʠ ʥʘʛʨʝʚʘʥʠʷ (ZFH)   ʈʠʩ.2. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʚ ʦʪʩʫʪʩʪʚʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʜʣʷ           ʪʦʢʘ ʠ ʦʩʪʘʪʦʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʜʣʷ ʢʝʨʘʤʠʢʠ x = 16% 
PMNīxPZT ʩ x = 33 (1), 23 (2), 16 (3), 10% (4).          

  

     ʇʨʠ ʠʟʤʝʨʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʠ 

ʦʩʪʘʪʦʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʜʣʷ ʠʩʩʣʝʜʫʝʤʳʭ ʢʝʨʘʤʠʢ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚʦ ʚʩʝʭ 

ʦʙʨʘʟʮʘʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʝʤʧʝʨʘʪʫʨʝ ʄʌʇ (TFīR), 

ʥʘʙʣʶʜʘʶʪʩʷ ʤʘʢʩʠʤʫʤ ʧʠʨʦʪʦʢʘ, ʧʝʨʝʛʠʙ ʥʘ ʢʨʠʚʦʡ ʦʩʪʘʪʦʯʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, 

ʘ ʪʘʢʞʝ ʤʘʢʩʠʤʫʤ tan ŭ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ 

ʦʜʥʦʵʪʘʧʥʦʤ ʧʝʨʝʭʦʜʝ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ ʚ ʨʝʣʘʢʩʦʨʥʫʶ ʬʘʟʫ, ʪ.ʝ. 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʝʧʦʣʷʨʠʟʘʮʠʠ Td ʠ TFīR ʩʦʚʧʘʜʘʶʪ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩ.2 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʪʠ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʢʝʨʘʤʠʢʠ ʩ ʭ=16%. ʀʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ 

ʠʤʝʶʪ ʨʘʟʥʫʶ ʩʪʨʫʢʪʫʨʫ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟʳ. ɺ ʦʙʨʘʟʮʘʭ ʩ ʭ=10,16%, ʚ 

ʢʦʪʦʨʳʭ ʦʪʩʫʪʩʪʚʫʝʪ ʩʧʦʥʪʘʥʥʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʬʘʟʘ 

ʷʚʣʷʝʪʩʷ ʥʝʵʨʛʦʜʠʯʝʩʢʦʡ ʨʝʣʘʢʩʦʨʥʦʡ ʬʘʟʦʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʦʙʨʘʟʮʘʭ ʩʦ 

ʩʧʦʥʪʘʥʥʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ (ʭ=23,30%) ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʬʘʟʘ ʷʚʣʷʝʪʩʷ 

ʵʨʛʦʜʠʯʝʩʢʦʡ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʦʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʩʤʦʪʨʷ ʥʘ ʨʘʟʥʫʶ ʩʪʨʫʢʪʫʨʫ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟʳ, 

ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʦʜʥʦʵʪʘʧʥʳʡ ʧʝʨʝʭʦʜ ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʦʙʨʘʟʮʘ ʚ 

ʨʝʣʘʢʩʦʨʥʫʶ ʬʘʟʫ.   
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Annotation. The effect of cobalt concentration on the character of the polarization loops in 

the Ba0.95Pb0.05TiO3 ferroelectric ceramics is studied. 

 
Keywords: ferroelectric ceramics, cobalt oxide impurity, polarization loops. 

 

The low- and infra-low-frequency dielectric response of (1-

x)Ba0.95Pb0.05TiO3+ʭCo2O3 (ʭ=0.3 and ʭ=1 wt.%) ferroelectric ceramics was studied in 

the temperature range, including the temperature of the ferroelectric phase transition in 

strong sinusoidal fields.  

Ferroelectric samples with a diameter of 15 mm and a thickness of 0.5 mm were 

fabricated using solid-phase synthesis technology  

The study of the dielectric properties was carried out using polarization loops 

using a modified Sawyer-Tower scheme. Figure  illustrates a family of polarization 

loops obtained at room temperature at a frequency of 10 Hz. It has been found that at 

room temperature without prolonged exposure to an external field, such a feature as 

double polarization loops occurs. This indicates the presence of an internal field, which 

is due to the defective structure of the ferroelectric ceramics [1]. 

 

 
 

Figure. Polarization loops of ferroelectric ceramics (1-x)Ba0.95Pb0.05TiO3+ʭCo2O3 
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ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʷʚʣʝʥʠʷ, ʢʦʪʦʨʳʝ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʥʘ 

ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʚ ʪʦʥʢʠʭ ʧʣʘʩʪʠʥʢʘʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ SrTiO3, KTaO3 ʠ BaTiO3. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ. ʌʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʨʝʣʘʢʩʘʮʠʷ. 

 

ʌʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʦʧʨʝʜʝʣʷʝʤʳʡ ʚʟʘʠʤʥʦʡ ʩʚʷʟʴʶ ʤʝʞʜʫ 

ʛʨʘʜʠʝʥʪʦʤ ʜʝʬʦʨʤʘʮʠʠ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ, ʥʘʠʙʦʣʝʝ ʷʨʢʦ 

ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʨʠʩʪʘʣʣʘʭ ʠ ʧʣʝʥʢʘʭ 

ʤʠʢʨʦʥʥʦʛʦ ʠ ʥʘʥʦʩʢʦʧʠʯʝʩʢʦʛʦ ʤʘʩʰʪʘʙʘ [1,2]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʝʨʩʧʝʢʪʠʚʘ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʚ ʪʘʢʠʭ ʦʙʣʘʩʪʷʭ, ʢʘʢ ʠʥʪʝʛʨʘʣʴʥʘʷ 

ʵʣʝʢʪʨʦʥʠʢʘ, ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ (ʄʕʄʉ), ʩʪʨʝʡʥʪʨʦʥʠʢʘ 

ʤʦʪʠʚʠʨʫʝʪ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʩʚʷʟʠ ʤʝʞʜʫ ʧʦʣʷʨʠʟʘʮʠʝʡ ʠ ʛʨʘʜʠʝʥʪʦʤ ʜʝʬʦʨʤʘʮʠʠ 

ʠʩʧʦʣʴʟʫʶʪ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʵʬʬʠʮʠʝʥʪʳ, ʪʝʥʟʦʨʳ ʯʝʪʚʝʨʪʦʛʦ ʨʘʥʛʘ, 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʦʮʝʥʢʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʤʝʨʝʥʠʝ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ 

ʠʟ ʛʣʘʚʥʳʭ ʟʘʜʘʯ ʧʨʠ ʠʟʫʯʝʥʠʠ ʷʚʣʝʥʠʷ [1]. ɼʣʷ ʤʥʦʛʠʭ ʠʟʚʝʩʪʥʳʭ ʘʢʪʠʚʥʳʭ 

ʜʠʵʣʝʢʪʨʠʢʦʚ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʪʝʥʟʦʨʦʚ ʠ, ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ, 

ʤʝʞʜʫ ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʠ ʠʟʤʝʨʝʥʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʩʭʦʞʜʝʥʠʝ 

ʚʧʣʦʪʴ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʧʦʨʷʜʢʦʚ [2]. ʂʨʦʤʝ ʪʦʛʦ, ʟʥʘʯʠʪʝʣʴʥʦʝ ʨʘʩʭʦʞʜʝʥʠʝ 

ʩʫʱʝʩʪʚʫʝʪ ʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʭ ʚʝʣʠʯʠʥʘʭ ʪʝʥʟʦʨʦʚ. ʇʨʠʯʠʥʦʡ 

ʪʘʢʦʛʦ ʨʘʩʭʦʞʜʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʥʘʣʠʯʠʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʷʚʣʝʥʠʡ. 

ʇʦʜʪʚʝʨʞʜʝʥʠʝʤ ʵʪʦʛʦ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʥʘʙʣʶʜʝʥʠʝ ʛʠʩʪʝʨʝʟʠʩʘ 

ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ñʥʝʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡò ʧʨʠʨʦʜʳ. 

ɺ ʨʝʘʣʴʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʚʣʠʷʥʠʝ ʥʘ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʤʦʛʫʪ 

ʦʢʘʟʘʪʴ ʩʣʝʜʫʶʱʠʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʷʚʣʝʥʠʷ: 1) ɼʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʨʝʣʘʢʩʘʮʠʷ, 

ʩʚʷʟʘʥʥʘʷ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴʶ. ʌʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ɛ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ɢ ʠ 

ʪʝʥʟʦʨʫ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ‘ …Ὢ , ʧʦʵʪʦʤʫ ʵʪʦʪ 

ʚʠʜ ʨʝʣʘʢʩʘʮʠʠ ʜʦʣʞʝʥ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʳʤ. ʇʨʷʤʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 

ʪʘʢʞʝ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʥʘʠʙʦʣʝʝ ʷʨʢʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ 

ʤʘʪʝʨʠʘʣʘʭ ʩ ʚʳʩʦʢʠʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʷʤʠ, ʥʘʧʨʠʤʝʨ, ʚ 
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ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʭ. 2) ʈʝʣʘʢʩʘʮʠʷ ʧʦʣʷʨʠʟʘʮʠʠ ʟʘ ʩʯʝʪ ʪʨʘʥʩʧʦʨʪʘ ʠ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ (ʵʣʝʢʪʨʦʥʦʚ, ʠʦʥʦʚ ʠʣʠ ʢʠʩʣʦʨʦʜʥʳʭ 

ʚʘʢʘʥʩʠʡ) ʚ ʦʙʲʝʤʝ ʢʨʠʩʪʘʣʣʘ [3]. 3) ʈʝʣʘʢʩʘʮʠʷ, ʩʚʷʟʘʥʥʘʷ ʩ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʧʣʘʩʪʠʯʥʦʩʪʴʶ ʢʨʠʩʪʘʣʣʦʚ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʯʝʩʢʠʤ 

ʤʝʪʦʜʦʤ ʧʨʷʤʦʛʦ ʠ ʦʙʨʘʪʥʦʛʦ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ ʪʦʥʢʠʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʘʩʪʠʥʘʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ʚ ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʝ SrTiO3 ʠ 

KTaO3 ʠ ʚ ʢʝʨʘʤʠʢʝ BaTiO3.  

ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʩʷ ʚ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʷʭ: 1. ʇʨʠ ʠʟʤʝʨʝʥʠʠ 

ʧʨʷʤʦʛʦ ʵʬʬʝʢʪʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʝʬʦʨʤʘʮʠʷ ʪʦʣʴʢʦ ʩʬʝʨʠʯʝʩʢʦʛʦ ʠʟʛʠʙʘ 

ʧʣʘʩʪʠʥ, ʯʪʦ ʫʧʨʦʱʘʝʪ ʩʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʪʦʛʦ ʞʝ ʪʠʧʘ ʧʨʠ ʦʙʨʘʪʥʦʤ ʵʬʬʝʢʪʝ. 2. ʀʟʤʝʨʷʣʩʷ 

ʦʪʢʣʠʢ ʥʘ ʚʦʟʜʝʡʩʪʚʠʝ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ ʚ 

ʩʣʫʯʘʝ ʧʨʷʤʦʛʦ ʠ ʦʙʨʘʪʥʦʛʦ ʵʬʬʝʢʪʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦ 

ʧʨʷʤʦʤʫ ʵʬʬʝʢʪʫ ʧʨʠʤʝʥʷʣʠʩʴ ʛʨʘʜʠʝʥʪʳ ʜʝʬʦʨʤʘʮʠʠ 0 - 0.2 ʤ-1, ʘ ʧʦ ʦʙʨʘʪʥʦʤʫ 

ï ʦʜʥʦʨʦʜʥʳʝ ʧʦʣʷ 0 ï 50 ʢɺ/ʩʤ ʚ ʪʦʥʢʠʭ ~150 ʤʢʤ ʧʣʘʩʪʠʥʘʭ. ɺ ʨʘʙʦʪʝ ʪʘʢʞʝ 

ʠʟʤʝʨʷʣʘʩʴ ʨʝʣʘʢʩʘʮʠʷ ʥʝʦʜʥʦʨʦʜʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʪʦʥʢʠʭ ʧʣʘʩʪʠʥ ʥʘ 

ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʫʶ ʥʝʦʜʥʦʨʦʜʥʫʶ ʤʝʭʘʥʠʯʝʩʢʫʶ ʥʘʛʨʫʟʢʫ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʳʷʚʣʝʥʘ ʨʝʣʘʢʩʘʮʠʷ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʟʘ ʩʯʝʪ 

ʪʨʘʥʩʧʦʨʪʘ ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠ ʟʘʭʚʘʪʘ ʠʭ ʢʠʩʣʦʨʦʜʥʳʤʠ ʚʘʢʘʥʩʠʷʤʠ, 

ʘ ʪʘʢʞʝ ʨʝʣʘʢʩʘʮʠʷ ʟʘ ʩʯʝʪ ʧʣʘʩʪʠʯʥʦʩʪʠ ʦʙʨʘʟʮʦʚ. ʀʟʤʝʨʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ 

ʚʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʠʢʘʞʜʦʛʦ ʠʟ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ. ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ ʪʘʢʞʝ 

ʧʨʦʠʟʚʝʜʝʥʳ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʧʝʨʝʯʥʳʭ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʪʝʥʟʦʨʦʚ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ʪʝʤʘ FFUG-

2024-0042).  
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ɺʃʀʗʅʀɽ ʋʉʃʆɺʀʁ ʉʀʅʊɽɿɸ ʅɸ ɼʀʉʇɽʈʉʀʖ 

ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ ʇʈʆʅʀʎɸɽʄʆʉʊʀ ʂɽʈɸʄʀʂʀ ʊʀʊɸʅɸʊɸ 
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ʆ.ɺ. ʄʘʣʳʰʢʠʥʘ1, ʆ.ʉ. ɻʫʩʝʚʘ2, ʅ.ɽ. ʄʘʣʳʰʝʚʘ3, ʌ.ʆ. ɼʝʥʠʩʦʚ1 
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ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʚʪʦʨʥʦʛʦ 
ʩʠʥʪʝʟʘ ʢʝʨʘʤʠʢʠ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ ʥʘ ʜʠʩʧʝʨʩʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʰʠʨʦʢʦʤ 
ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ, ʚʢʣʶʯʘʶʱʝʤ ʪʝʤʧʝʨʘʪʫʨʫ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʬʘʟʦʚʦʛʦ 
ʧʝʨʝʭʦʜʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʚʝʜʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʦʙʣʘʩʪʠ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʫ ʢʝʨʘʤʠʢʠ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ 
ʟʝʨʝʥ. ɺʳʩʢʘʟʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʨʝʟʦʥʘʥʩʥʦʡ ʜʠʩʧʝʨʩʠʠ ʚʦʟʤʦʞʥʦ 
ʪʦʣʴʢʦ ʚ ʦʪʩʫʪʩʪʚʠʠ ʫ ʦʙʨʘʟʮʦʚ ʩʧʦʥʪʘʥʥʦʛʦ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ, ʜʠʩʧʝʨʩʠʷ 
ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, ʨʝʟʦʥʘʥʩʥʘʷ 
ʧʦʣʷʨʠʟʘʮʠʷ. 

 

ʊʚʝʨʜʦʬʘʟʥʳʡ ʩʠʥʪʝʟ ʢʝʨʘʤʠʢʠ BaTiO3, ʠʩʩʣʝʜʫʝʤʦʡ ʚ ʨʘʙʦʪʝ, 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʧʨʠ 1350ʦʉ, ʧʦʚʪʦʨʥʦʝ ʩʧʝʢʘʥʠʝ ʦʙʨʘʟʮʦʚ ï ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

1150, 1250 ʠ 1350 ʦʉ. ʇʨʦʚʝʜʝʥʥʳʝ ʨʘʥʝʝ [1] ʠʟʤʝʨʝʥʠʷ ʧʴʝʟʦʤʦʜʫʣʝʡ, 

ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ, ʧʦʢʘʟʘʣʠ, ʯʪʦ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʦʙʨʘʟʮʳ ʢʝʨʘʤʠʢʠ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1350ʦC ʫʞʝ ʦʙʣʘʜʘʶʪ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʫ 

ʦʙʨʘʟʮʦʚ, ʧʦʚʪʦʨʥʦ ʩʧʝʯʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1150ʦʉ, ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʶʪ. 

ɸʥʘʣʠʟʘ ʛʠʩʪʦʛʨʘʤʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʫ, ʧʨʦʚʝʜʝʥʥʳʡ ʧʦ 

ʠʟʦʙʨʘʞʝʥʠʷʤ, ʧʦʣʫʯʝʥʥʳʤ ʥʘ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ JEOL 

6510LV (ʨʠʩ. 1, ʩʣʝʚʘ), ʧʦʢʘʟʘʣ, ʯʪʦ ʨʘʟʤʝʨ ʟʝʨʝʥ ʫ ʦʙʨʘʟʮʦʚ, ʩʧʝʯʝʥʥʳʭ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1150ʉ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʫ ʜʚʫʭ ʜʨʫʛʠʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ,  ʢ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʢʝʨʘʤʠʯʝʩʢʠʤ ʤʘʪʝʨʠʘʣʘʤ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, 

ʩʧʨʘʚʝʜʣʠʚʘ ʪʝʦʨʠʷ ʤʠʥʠʤʘʣʴʥʦʛʦ ʟʘʨʦʜʳʰʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʳ, 

ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʦʙʨʘʟʮʘʭ 

(ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʢʝʨʘʤʠʢʝ ï ʚ ʟʝʨʥʘʭ) ʤʝʥʴʰʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʨʘʟʤʝʨʘ 

ʟʘʪʨʫʜʥʝʥʦ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʦʙʨʘʟʮʦʚ, ʩʧʝʯʝʥʥʳʭ ʧʨʠ 

ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʨʠʩ. 1, ʩʧʨʘʚʘ), ʚ ʰʠʨʦʢʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ, 

ʚʢʣʶʯʘʶʱʝʤ ʪʦʯʢʫ ʂʶʨʠ, ʪʘʢʞʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ 

ʭʦʜʘ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʫ ʦʙʨʘʟʮʘ, ʩʧʝʯʝʥʥʦʛʦ ʧʨʠ 1150 ʦʉ ʠ ʦʙʨʘʟʮʦʚ, 

ʩʧʝʯʝʥʥʳʭ ʧʨʠ 1250 ʠ 1350ʦʉ.  

ʄʝʣʢʠʡ ʨʘʟʤʝʨ ʟʝʨʝʥ (ʪʘʢʞʝ ʤʦʞʥʦ ʜʦʧʫʩʪʠʪʴ, ʯʪʦ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, 

ʚʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʦʪʩʫʪʩʪʚʠʝ ʩʧʦʥʪʘʥʥʦʛʦ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ) ʧʨʠʚʦʜʠʪ ʢ 

ʩʫʱʝʩʪʚʦʚʘʥʠʶ ʫ ʦʙʨʘʟʮʦʚ, ʩʧʝʯʝʥʥʳʭ ʧʨʠ 1150ʦʉ ʨʝʟʦʥʘʥʩʥʦʡ ʜʠʩʧʝʨʩʠʠ ʚ 
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ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ 6 ï 20 ʄɻʮ ʚʦ ʚʩʝʤ ʠʩʩʣʝʜʫʝʤʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ. ʊʦʛʜʘ 

ʢʘʢ ʫ ʦʙʨʘʟʮʦʚ, ʩʧʝʯʝʥʥʳʭ ʧʨʠ 1250 ʠ 1350ʦʉ, ʘʥʦʤʘʣʴʥʳʡ ʤʠʥʠʤʫʤ ʥʘ 

ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʡ ʦ 

ʧʨʠʩʫʪʩʪʚʠʠ ʚ ʦʙʨʘʟʮʝ ʨʝʟʦʥʘʥʩʥʦʡ ʜʠʩʧʝʨʩʠʠ, ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʦʙʣʘʩʪʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. ɺ ʪʦʯʢʝ 

ʂʶʨʠ ʫ ʵʪʠʭ ʦʙʨʘʟʮʦʚ ʪʘʢʞʝ ʠʤʝʝʪ ʤʝʩʪʦ ʠʟʤʝʥʝʥʠʝ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ, ʦ ʯʝʤ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʨʝʟʢʦʝ ʩʤʝʱʝʥʠʝ ʯʘʩʪʦʪʳ ʩʧʘʜʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ. 
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ʈʠʩʫʥʦʢ. ɻʠʩʪʦʛʨʘʤʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʘʤ (ʩʣʝʚʘ) ʠ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ (ʩʧʨʘʚʘ) ʢʝʨʘʤʠʢʠ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ.  
ʊʝʤʧʝʨʘʪʫʨʘ ʩʧʝʢʘʥʠʷ 1150 (ʘ) 1250 (ʙ) ʠ 1350 (ʚ) ʦʉ. 

 

ʃʠʪʝʨʘʪʫʨʘ 

1. Malyshkina O.V. Effect of sintering temperature on dielectric properties of barium titanate 

ceramics and composite/ O.V. Malyshkina, G.S. Shishkov, A.A. Martyanov, A.I. Ivanova //  Modern 

Electronic Materials. ï 2020. ï ʊ. 6. ï ɺʳʧ. 4. ï ʉ. 141-146. 
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ʋɼʂ 538.935, 538.975 
 

ɺʂʃɸɼ ʇʈʆɺʆɼʀʄʆʉʊʀ ɺ ɼʀʉʇɽʈʉʀʆʅʅʓɽ ɿɸɺʀʉʀʄʆʉʊʀ 

ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ ʇʈʆʅʀʎɸɽʄʆʉʊʀ ʇʆʈʀʉʊʓʍ ʆɹʈɸɿʎʆɺ 

ʂɽʈɸʄʀʂʀ ʅɸ ʆʉʅʆɺɽ ʅʀʆɹɸʊɸ ʅɸʊʈʀʗ  
 

ʅ.ɽ. ʄʘʣʳʰʝʚʘ2, ʆ.ɺ. ʄʘʣʳʰʢʠʥʘ1, ɼ.ɺ. ʄʘʤʘʝʚ1 

1ʊʚʝʨʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ. ʛ. ʊʚʝʨʴ, ʈʦʩʩʠʷ 
2 ɺʦʝʥʥʘʷ ʘʢʘʜʝʤʠʷ ʚʦʟʜʫʰʥʦ-ʢʦʩʤʠʯʝʩʢʦʡ ʦʙʦʨʦʥʳ ʠʤʝʥʠ ʄʘʨʰʘʣʘ ʉʦʚʝʪʩʢʦʛʦ ʉʦʶʟʘ ɻ.ʂ. ɾʫʢʦʚʘ, 

ʛ. ʊʚʝʨʴ, ʈʦʩʩʠʷ 

mne.70@mail.ru 
 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ ʧʦʨ ʥʘ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʢʠ ʥʠʦʙʘʪʘ ʥʘʪʨʠʷ-ʢʘʣʠʷ ʠ ʥʠʦʙʘʪʘ ʥʘʪʨʠʷ-ʣʠʪʠʷ. 
ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ ʧʦʨ, ʚʦ-ʧʝʨʚʳʭ, ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʝʣʠʥʝʡʥʦʡ ʦʙʣʘʩʪʠ ʥʘ 
ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 250 ï 300 ʦʉ, ʯʪʦ ʥʝ 
ʩʚʷʟʘʥʦ ʩʦ ʩʪʨʫʢʪʫʨʥʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ, ʠ ʦʙʲʷʩʥʷʝʪʩʷ ʧʨʠʩʫʪʩʪʚʠʝʤ ʥʘ ʚʥʫʪʨʝʥʥʝʡ 
ʧʦʣʦʩʪʠ ʧʦʨ ʦʩʪʘʪʢʦʚ ʩʪʠʨʦʣʘ. ɺʦ-ʚʪʦʨʳʭ, ʫ ʧʦʨʠʩʪʳʭ ʦʙʨʘʟʮʦʚ ʫʤʝʥʴʰʘʝʪʩʷ ʚʢʣʘʜ 
ʨʝʟʦʥʘʥʩʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʩʫʤʤʘʨʥʳʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ, ʧʦʨʠʩʪʘʷ ʢʝʨʘʤʠʢʘ, ʜʠʩʧʝʨʩʠʷ 
ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, ʨʝʟʦʥʘʥʩʥʘʷ 
ʧʦʣʷʨʠʟʘʮʠʷ, ʧʨʦʚʦʜʠʤʦʩʪʴ. 

 

ʇʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ ʥʘ ʦʩʥʦʚʝ ʥʠʦʙʘʪʘ ʥʘʪʨʠʷ, ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ 

ʚʦʟʤʦʞʥʳʭ ʟʘʤʝʥ ʢʝʨʘʤʠʢʝ ʎʊʉ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʨʠʩʪʦʡ 

ʢʝʨʘʤʠʢʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʩʚʷʟʠ ʚ ʧʦʜʚʦʜʥʳʭ ʣʦʜʢʘʭ. ɺʘʞʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʷʚʣʷʝʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪ 

ʧʝʨʝʜʘʯʠ. ʆʥ ʪʝʤ ʣʫʯʰʝ, ʯʝʤ ʙʣʠʞʝ ʧʣʦʪʥʦʩʪʴ ʵʪʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ  ʢ 

ʧʣʦʪʥʦʩʪʠ ʩʨʝʜʳ ï ʤʦʨʩʢʦʡ ʚʦʜʳ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʦ ʚʣʠʷʥʠʝ ʧʦʨ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʧʦʨʠʩʪʦʡ ʢʝʨʘʤʠʢʠ ʥʠʦʙʘʪʘ ʥʘʪʨʠʷ-ʣʠʪʠʷ (LNN) ʠ ʥʠʦʙʘʪʘ ʥʘʪʨʠʷ-

ʢʘʣʠʷ (KNN). ʆʙʨʘʟʮʳ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ. ɼʣʷ 

ʧʦʣʫʯʝʥʠʷ ʧʦʨ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʡ ʧʦʣʠʩʪʠʨʦʣ, ʠʤʝʶʱʠʡ ʨʘʟʤʝʨ 

ʛʨʘʥʫʣ ~ 2 mm, ʯʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪ ʧʦʣʫʯʝʥʠʝ ʧʦʨ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ. ʀʩʩʣʝʜʦʚʘʣʠʩʴ 

ʦʙʨʘʟʮʳ ʩ 10 ʠ 40 ʦʙʲʝʤʥʳʭ % ʧʦʨ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ JEOL 6510LV (ʨʠʩ. 1). ɺʳʷʚʣʝʥʦ, ʯʪʦ ʨʘʟʤʝʨ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʨ ʥʝ 

ʟʘʚʠʩʠʪ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʘ ʢʝʨʘʤʠʢʠ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʧʨʦʚʝʩʪʠ 

ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʧʦʨ ʥʘ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʨʦʚʦʜʠʣʠʩʴ 

ʚ ʰʠʨʦʢʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ: ʦʪ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ (~25ʦʉ) ʜʦ 

500ʦʉ. ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʩʥʠʤʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʬʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʠʟʤʝʨʠʪʝʣʷ ʠʤʤʠʪʘʥʩʘ ɺʝʢʪʦʨ-175 ʚ ʨʝʞʠʤʝ ʥʝʧʨʝʨʳʚʥʦʛʦ 

ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʘ ʩʦ ʩʢʦʨʦʩʪʴʶ ʥʝ ʙʦʣʝʝ 1 ʛʨʘʜʫʩʘ ʚ ʤʠʥʫʪʫ. ɼʘʥʥʘʷ ʩʢʦʨʦʩʪʴ 

ʧʦʟʚʦʣʷʣʘ ʟʘʧʠʩʳʚʘʪʴ ʩʧʝʢʪʨʳ ʚ ʜʠʘʧʘʟʦʥʝ 1 Hz ï 30 MHz ʟʘ ʚʨʝʤʷ, ʥʝ 

ʧʨʝʚʳʰʘʶʱʝʝ ʥʘʛʨʝʚ ʦʙʨʘʟʮʘ ʥʘ ʦʜʠʥ ʛʨʘʜʫʩ. 
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ʘ)      ʙ) 
ʈʠʩ.1. ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʟʮʦʚ LNN (ʘ) ʠ KNN (ʙ) ʩ 40 % ʩʦʜʝʨʞʘʥʠʝʤ ʧʦʨ. 

 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʤʝʨʝʥʠʡ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʜʠʘʛʨʘʤʤʳ ʜʠʩʧʝʨʩʠʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ůᾳᾳ(Ůᾳ) (ʨʠʩ. 2) ʠ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ 

ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ (ʨʠʩ. 3). ʅʘ ʛʨʘʬʠʢʝ, ʜʣʷ ʫʜʦʙʩʪʚʘ ʘʥʘʣʠʟʘ, ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʪʝʤʧʝʨʘʪʫʨʘ (ʚ ʦʉ), ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʟʥʘʯʝʥʠʷʤ 1/T (ʚ 1/K). 
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ʘ)      ʙ) 

ʈʠʩ. 2. ɼʠʘʛʨʘʤʤʳ ʜʠʩʧʝʨʩʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ LNN (ʘ) ʠ  

KNN (ʙ) ʩ 0, 10, 40 % ʩʦʜʝʨʞʘʥʠʝʤ ʧʦʨ (Tʠʟʤ = 420 oC). 
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ʘ)      ʙ) 

ʈʠʩ. 3. ɻʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʦʚ LNN (ʘ) ʠ 

KNN (ʙ) ʩ 0, 10, 40 % ʩʦʜʝʨʞʘʥʠʝʤ ʧʦʨ. 

ɺ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 250 ï 300 ʦʉ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ 

ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚʳʷʚʣʝʥʘ ʥʝʣʠʥʝʡʥʘʷ ʦʙʣʘʩʪʴ, ʩʫʱʝʩʪʚʫʶʱʘʷ ʫ ʦʙʦʠʭ 

ʩʦʩʪʘʚʦʚ ʢʝʨʘʤʠʢ. ʕʪʦʪ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʜʠʘʧʘʟʦʥ ʥʝ ʩʚʷʟʘʥ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʦʙʨʘʟʮʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʚʷʟʘʪʴ ʵʪʦ ʷʚʣʝʥʠʝ ʩ 

ʤʘʪʝʨʠʘʣʦʤ ʧʦʨʦʦʙʨʘʟʦʚʘʪʝʣʷ (ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʯʘʩʪʴ ʧʘʨʦʚ ʩʪʠʨʦʣʘ ʦʩʪʘʶʪʩʷ 

ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨ, ʥʝ ʠʩʧʘʨʷʷʩʴ ʚ ʧʨʦʮʝʩʩʝ ʩʧʝʢʘʥʠʷ ʦʙʨʘʟʮʦʚ). 
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ɺʂʃɸɼ ʇʈʆɺʆɼʀʄʆʉʊʀ ɺ ɼʀʕʃɽʂʊʈʀʏɽʉʂʀʁ ʆʊʂʃʀʂ 

(ʄɸʊɽʄɸʊʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʀ ʕʂʉʇɽʈʀʄɽʅʊ)  
 

ʆ.ɺ. ʄʘʣʳʰʢʠʥʘ1, ʅ.ɽ. ʄʘʣʳʰʝʚʘ2, ɽ.ɺ. ɼʴʷʢʦʚʘ1 

1ʊʚʝʨʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ. ʛ. ʊʚʝʨʴ, ʈʦʩʩʠʷ 
2 ɺʦʝʥʥʘʷ ʘʢʘʜʝʤʠʷ ʚʦʟʜʫʰʥʦ-ʢʦʩʤʠʯʝʩʢʦʡ ʦʙʦʨʦʥʳ ʠʤʝʥʠ ʄʘʨʰʘʣʘ ʉʦʚʝʪʩʢʦʛʦ ʉʦʶʟʘ ɻ.ʂ. ɾʫʢʦʚʘ, 

ʛ. ʊʚʝʨʴ, ʈʦʩʩʠʷ 

Olga.Malyshkina@mail.ru 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʦʪʢʣʠʢʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʝʨʘʤʠʢ, ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʥʘʙʣʶʜʘʝʤʳʤ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʙʣʶʜʘʝʤʳʡ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʪʢʣʠʢ ʜʠʵʣʝʢʪʨʠʢʘ ʥʘ 

ʚʦʟʜʝʡʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʧʦʣʷ, ʧʦ ʩʫʪʠ, ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʥʝʨʘʟʜʝʣʠʤʳʭ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʯʘʩʪʝʡ ï ʩʦʙʩʪʚʝʥʥʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʩʠʩʪʝʤʳ ʠ ʧʨʦʚʦʜʠʤʦʩʪʠ. 

ɺʳʜʝʣʝʥʦ ʜʚʘ ʨʘʟʥʳʭ ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ï ʥʠʟʢʦʯʘʩʪʦʪʥʘʷ, ʚʢʣʘʜ ʢʦʪʦʨʦʡ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ 

ʨʦʩʪʫ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʯʘʩʪʦʪ, ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʘʷ, 

ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʨʝʟʦʥʘʥʩʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ. ɺ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʨʝʟʦʥʘʥʩʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʧʨʠʩʫʪʩʪʚʠʷ ʚ ʢʝʨʘʤʠʯʝʩʢʦʤ ʤʘʪʝʨʠʘʣʝ ʟʘʪʫʭʘʶʱʝʛʦ 

ʦʩʮʠʣʣʷʪʦʨʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ, ʜʠʩʧʝʨʩʠʷ ʢʦʤʧʣʝʢʩʥʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, ʨʝʟʦʥʘʥʩʥʘʷ ʧʦʣʷʨʠʟʘʮʠʷ. 

 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʩʠʩʪʝʤʳ ʥʘ ʚʥʝʰʥʝʝ ʚʦʟʜʝʡʩʪʚʠʝ, ʧʦʜ ʢʦʪʦʨʳʤ ʚ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʧʦʥʠʤʘʶʪ ʧʝʨʝʤʝʥʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʣʝ, ʟʘʚʠʩʠʪ ʢʘʢ ʦʪ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʪʘʢ ʠ ʦʪ ʚʥʫʪʨʝʥʥʝʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ. 

ɺ ʩʣʫʯʘʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ ʵʪʦ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʛʨʘʥʠʮʳ ʟʝʨʝʥ, ʠ 

ʨʘʟʣʠʯʥʳʝ ʚʥʫʪʨʝʥʥʠʝ ʜʝʬʝʢʪʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʣʠʙʦ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʚ 

ʧʨʦʮʝʩʩʝ ʩʧʝʢʘʥʠʷ ʦʙʨʘʟʮʦʚ, ʣʠʙʦ ʚʚʦʜʠʤʳʝ ʥʘʤʝʨʝʥʦ ï ʥʘʧʨʠʤʝʨ, ʧʦʨʳ, 

ʤʦʜʠʬʠʮʠʨʫʶʱʠʝ ʜʦʙʘʚʢʠ. ʅʘʣʠʯʠʝ ʚʥʫʪʨʝʥʥʠʭ ʤʠʢʨʦ- ʠ ʥʘʥʦ- ʩʪʨʫʢʪʫʨʥʳʭ 

ʜʝʬʝʢʪʦʚ ʧʨʠʚʦʜʠʪ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʢ ʘʥʦʤʘʣʴʥʦʤʫ ʧʦʚʝʜʝʥʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʦʪʢʣʠʢʘ, ʥʝ ʚʧʠʩʳʚʘʶʱʝʛʦʩʷ ʚ ʢʣʘʩʩʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʩʧʝʢʪʨʦʚ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʧʝʨʝʤʝʥʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʧʨʝʜʧʦʣʘʛʘʝʪ 

ʦʧʝʨʠʨʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ. ʄʥʠʤʳʝ ʯʘʩʪʠ ʧʨʠ ʵʪʦʤ ʥʝ ʷʚʣʷʶʪʩʷ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠʤʠ ʘʙʩʪʨʘʢʮʠʷʤʠ, ʘ ʠʤʝʶ ʨʝʘʣʴʥʫʶ ʬʠʟʠʯʝʩʢʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ. 

ʇʨʠ ʫʯʝʪʝ ʚʢʣʘʜʘ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʩʚʷʟʴ ʤʝʞʜʫ ʢʦʤʧʣʝʢʩʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ (* ( )s w) ʠ ʢʦʤʧʣʝʢʩʥʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ (* ( )e w), ʢʦʪʦʨʘʷ, ʩʦʛʣʘʩʥʦ [1]  ʠʤʝʝʪ ʚʠʜ 
* *( ) ( ) ( ''( ) '( ))o oi is w e w e w e w e w e w= = + ,                                               (1) 

ʛʜʝ w=2pf ï ʮʠʢʣʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ, f ï ʯʘʩʪʦʪʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, eo =8.85Ö10-12 

F/m ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ. 

ɼʣʷ ʨʘʩʯʝʪʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ ʠʩʧʦʣʴʟʦʚʘʥʦ ʫʨʘʚʥʝʥʠʝ, 
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ʫʯʠʪʳʚʘʶʱʝʝ ʩʫʱʝʩʪʚʦʚʘʥʠʝ N ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʦʧʠʩʳʚʘʝʤʳʭ 

ʵʤʧʠʨʠʯʝʩʢʠʤ ʫʨʘʚʥʝʥʠʝʤ ʪʝʦʨʠʠ ɻʘʚʨʠʣʴʷʢʘïʅʝʛʘʤʠ (ʧʝʨʚʦʝ ʩʣʘʛʘʝʤʦʝ), 

ʵʬʬʝʢʪʦʚ ʟʘʪʫʭʘʥʠʷ (ʚʪʦʨʦʝ ʩʣʘʛʘʝʤʦʝ) ʠ ʚʢʣʘʜʘ ʢʦʤʧʣʝʢʩʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 

(ʪʨʝʪʴʝ ʠ ʯʝʪʚʝʨʪʦʝ ʩʣʘʛʘʝʤʳʝ): 

( )( ) ( )
* 1

2 2
11

(0) ( ) 1(0) ( ) 1 1
( ) ( )

11
1 ɻ

n

N
n n s

n
o o

n

o o

i
iB

i
i

s
sg

l
s

e e wte e
e w e t s w

e ewtw wwt

w w

-
¤

-=

- ¤ -- ¤
= ¤ + + - +ä

+å õ+
- +æ ö
ç ÷

.  (2) 

ɿʜʝʩʴ ( )e¤   ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʙʝʩʢʦʥʝʯʥʦʡ 

ʯʘʩʪʦʪʝ, ũ ï ʧʘʨʘʤʝʪʨ ʟʘʪʫʭʘʥʠʷ,  s¤ ï ʧʨʦʚʦʜʠʤʦʩʪʴ ʥʘ ʙʝʩʢʦʥʝʯʥʦʡ ʯʘʩʪʦʪʝ, 

1 ost w= ï ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʪʦʢʘ ʧʨʦʚʦʜʠʤʦʩʪʠ, wo ï ʯʘʩʪʦʪʘ ʨʝʟʦʥʘʥʩʥʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ (ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʤʘʢʩʠʤʫʤʫ ʥʘ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ). ʕʪʘ ʯʘʩʪʦʪʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʤʘʢʩʠʤʫʤʫ ʥʘ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ. tn, ʛʜʝ n = 1, 2, é, N  ï ʚʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʠ ʨʘʟʣʠʯʥʳʭ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ.  ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, 2 /nl y p=   ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ 

ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ ʢʘʞʜʦʛʦ ʠʟ ʧʨʦʮʝʩʩʦʚ, ɣ  ʫʛʦʣ ʨʘʩʪʚʦʨʘ ʜʫʛʠ ʜʠʘʛʨʘʤʤʳ 

eǌ(eǋ), Ůn(0) ʠ Ůn(Ð) ï ʝʩʪʴ ʤʘʢʩʠʤʘʣʴʥʘʷ ʠ ʤʠʥʠʤʘʣʴʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʜʣʷ ʢʘʞʜʦʛʦ ʧʨʦʮʝʩʩʘ, ʧʨʠʯʝʤ: Ůn+1(0) = Ůn(Ð), ʘ Ůn(Ð) = ŮN(Ð) 
(ʧʦʜʨʦʙʥʦ ʠʭ ʦʧʨʝʜʝʣʝʥʠʝ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʩʤ. [2]). ɺ 

ʩʣʫʯʘʝ, ʢʦʛʜʘ ʧʦʚʝʜʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʦʧʠʩʳʚʘʝʪʩʷ ʵʤʧʠʨʠʯʝʩʢʠʤ 

ʟʘʢʦʥʦʤ ɼʝʙʘʷ, ʦʪʚʝʯʘʶʱʠʤ ʟʘ ʚʢʣʘʜ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʫʧʦʨʷʜʦʯʝʥʥʦʡ 

ʧʦʜʩʠʩʪʝʤʳ, l = 0. ʂʦʛʜʘ ʚʢʣʘʜ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʧʦʜʩʠʩʪʝʤʦʡ (ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʤʧʠʨʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ ʂʦʫʣʘï

ʂʦʫʣʘ ʠʣʠ ɻʘʚʨʠʣʴʷʢʘïʅʝʛʘʤʠ), ʪʦ l  ̧0. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʘʛʘʝʤʦʤ ɺ ïʧʦʩʪʦʷʥʥʘʷ, 

ʦʧʨʝʜʝʣʷʶʱʘʷ ʯʘʩʪʦʪʥʦ ʥʝʟʘʚʠʩʠʤʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʧʨʦʚʦʜʠʤʦʩʪʠ, 

s ï ʧʘʨʘʤʝʪʨ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʫʛʦʣ ʥʘʢʣʦʥʘ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ ʥʘ 

ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ 

ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʤʘʩʰʪʘʙʝ [1].  

 ɽʩʣʠ ʯʝʪʚʝʨʪʦʝ ʩʣʘʛʘʝʤʦʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʚʢʣʘʜ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ 

ʧʨʦʮʝʩʩʦʚ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʪʦ ʪʨʝʪʴʝ ʩʣʘʛʘʝʤʦʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪ 

ʨʝʣʘʢʩʘʮʠʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʠʤʝʶʱʫʶ ʤʝʩʪʦ ʥʘ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ.  

 ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ ʩʥʠʤʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʬʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʠʟʤʝʨʠʪʝʣʷ ʠʤʤʠʪʘʥʩʘ ɺʝʢʪʦʨ-175. ʊʝʢʩʪʦʚʳʝ ʬʘʡʣʳ 

ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ, ʟʘʧʠʩʘʥʥʳʝ ʥʘ ɺʝʢʪʦʨ-175, ʩʦʜʝʨʞʘʪ ʧʦʣʥʫʶ 

ʠʥʬʦʨʤʘʮʠʶ ʧʦ ʢʦʤʧʣʝʢʩʥʦʤʫ ʩʦʧʨʦʪʠʚʣʝʥʠʶ, ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʸʤʢʦʩʪʠ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʘʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʢʦʤʧʣʝʢʩʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɼʣʷ ʘʧʨʦʙʘʮʠʠ ʤʝʪʦʜʠʢʠ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʢʝʨʘʤʠʢ 

ʥʠʦʙʘʪʘ ʣʠʪʠʷ-ʥʘʪʨʠʷ ʠ ʥʠʦʙʘʪʘ ʢʘʣʠʷ-ʥʘʪʨʠʷ. ʅʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʨʘʩʯʝʪʘ 

ʧʘʨʘʤʝʪʨʳ ʥʘʭʦʜʠʣʠʩʴ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦ ʤʝʪʦʜʠʢʝ, ʧʦʜʨʦʙʥʦ 

ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʥʘʤʠ ʚ ʨʘʙʦʪʘʭ [2] ʠ [3]. 
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 ʇʦʣʥʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ (ʨʠʩ. 1ʘ), ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʪʦʣʴʢʦ ʧʨʠ ʫʯʝʪʝ ʚʢʣʘʜʘ ʦʙʦʠʭ 

ʪʠʧʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ (ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ). 

 ʄʠʥʠʤʫʤ, ʥʘʙʣʶʜʘʝʤʳʡ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʥʘ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʚʳʰʝ 1 ʄɻʮ, ʠ ʫʭʦʜʷʱʠʡ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʢʨʫʞʥʦʩʪʷʤ ʥʘ 

ʜʠʘʛʨʘʤʤʘʭ ʜʠʩʧʝʨʩʠʠ (ʨʠʩ. 1ʙ). ɽʛʦ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʝ ʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ 

ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʫʯʝʪʝ ʚʪʦʨʦʛʦ (ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʥʘʣʠʯʠʝ ʚ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʨʝʜʝ ʟʘʪʫʭʘʶʱʠʭ ʦʩʮʠʣʣʷʪʦʨʦʚ) ʠ ʪʨʝʪʴʝʛʦ (ʨʝʣʘʢʩʘʮʠʦʥʥʘʷ 

ʧʨʦʚʦʜʠʤʦʩʪʴ) ʩʣʘʛʘʝʤʳʭ ʫʨʘʚʥʝʥʠʷ (2).  

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ  ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴ 

ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʠʥʝʨʮʠʦʥʥʦʩʪʠ ʟʘʪʫʭʘʶʱʝʛʦ ʦʩʮʠʣʣʷʪʦʨʘ, ʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ 

ʵʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʢʘʢ ʨʝʟʦʥʘʥʩʥʳʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʩ ʦʪʨʠʮʘʪʝʣʴʥʳʤ 

ʟʥʘʯʝʥʠʝʤ ʸʤʢʦʩʪʠ 
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ʈʠʩʫʥʦʢ. ʏʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʦʙʨʘʟʮʘ ʥʠʦʙʘʪʘ ʥʘʪʨʠʷ-ʣʠʪʠʷ (ʘ) ʠ ʜʠʘʛʨʘʤʤʳ ʜʠʩʧʝʨʩʠʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʦʙʨʘʟʮʘ ʢʝʨʘʤʠʢʠ ʥʠʦʙʘʪʘ ʥʘʪʨʠʷ-ʢʘʣʠʷ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ  

(ʢʨʠʚʘʷ 1 ï 150ʦʉ, 2 ï 250ʦʉ, 3 ï 350ʦʉ).  

ʉʠʤʚʦʣʳ ï ʵʢʩʧʝʨʠʤʝʥʪ, ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʨʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 
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ʌɻɹʋʅ ʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ 

çʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʬʠʟʠʢʠ ʠʤ. ɸ.ʄ. ʇʨʦʭʦʨʦʚʘ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢè 
 

ʆʙʩʫʞʜʘʝʪʩʷ ʧʨʦʙʣʝʤʘ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʞʠʜʢʦʡ ʚʦʜʳ. ɺʳʧʦʣʥʝʥʳ ʤʠʨʠʘʜʳ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʥʦ ʪʝʤʘ ʦʩʪʘʸʪʩʷ ʜʠʩʢʫʩʩʠʦʥʥʦʡ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʤʝʭʘʥʠʟʤ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ, ʦʪʚʝʯʘʶʱʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʧʦ ʨʘʩʩʝʷʥʠʶ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʪʝʨʤʦʜʠʥʘʤʠʢʝ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʧʝʢʪʨʳ, ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, ʩʪʨʫʢʪʫʨʘ 

ʞʠʜʢʦʡ ʚʦʜʳ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ. 
 

ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʞʠʜʢʦʡ ʚʦʜʳ ʦʪʥʦʩʷʪʩʷ ʢ ʯʠʩʣʫ ʧʝʨʚʳʭ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʚʳʧʦʣʥʝʥʥʳʭ ʈʝʥʪʛʝʥʦʤ [1]. ʉʪʨʫʢʪʫʨʥʘʷ ʪʝʤʘ 

ʩʧʫʩʪʷ 40 ʣʝʪ ʧʦʣʫʯʠʣʘ ʧʨʦʜʦʣʞʝʥʠʝ ʚ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʟʨʘʙʦʪʢʘʭ ɹʝʨʥʘʣʘ ʠ 

ʌʘʫʣʝʨʘ [2]. ɼʘʣʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʞʠʜʢʦʡ ʚʦʜʳ 

ʩʣʦʞʠʣʦʩʴ ʚ ʤʦʱʥʦʝ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ 

ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ: ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʠ 

ʥʝʡʪʨʦʥʦʚ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʄɼ-ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ [3]. ʅʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʝ ʫʩʠʣʠʷ, ʜʦʩʪʠʛʥʫʪʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʪʠʚʦʨʝʯʠʚʳ ʠ ʚ ʦʙʱʫʶ ʢʘʨʪʠʥʫ ʥʝ ʫʢʣʘʜʳʚʘʶʪʩʷ. ɾʠʟʥʝʥʥʦ 

ʚʘʞʥʦʝ ʭʠʤʠʯʝʩʢʠ ʧʨʦʩʪʦʝ ʚʝʱʝʩʪʚʦ ð ʚʦʜʘ ð ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʸʪʩʷ çthe most 

anomalous liquidè [4]. ʇʨʦʙʣʝʤʘ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ [5]. ɺ ʨʘʙʦʪʘʭ 

[6,7] ʤʳ ʨʘʟʨʘʙʘʪʳʚʘʝʤ ʧʦʜʭʦʜ, ʘʣʴʪʝʨʥʘʪʠʚʥʳʡ ʧʨʠʥʷʪʦʤʫ (ʦʩʥʦʚʘʥʥʦʤʫ ʥʘ 

ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ [4]), ð ʜʠʥʘʤʠʯʝʩʢʫʶ 

ʤʦʜʝʣʴ ʠʦʥʥʦʡ ʜʠʬʬʫʟʠʠ ʩ ʢʫʣʦʥʦʚʩʢʠʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ (ʠʦʥ-ʤʦʣʝʢʫʣʷʨʥʫʶ 

ʤʦʜʝʣʴ). 

ʉ ʫʯʸʪʦʤ ʩʪʫʧʝʥʯʘʪʦʛʦ ʚʠʜʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʭ ʩʧʝʢʪʨʦʚ, 

ʧʦʢʘʟʘʥʥʳʭ ʥʘ ʨʠʩ. 1, ʚʟʘʤʝʥ ʧʨʠʥʷʪʦʡ ʢʘʨʪʠʥʳ ʨʘʟʨʫʰʝʥʠʷ/ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʩʝʪʢʠ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʨʠʩ. 2ʘ, ʤʳ ʧʨʝʜʣʘʛʘʝʤ ʜʣʷ 

ʨʘʩʩʤʦʪʨʝʥʠʷ ʤʦʜʝʣʴ, ʧʨʝʜʩʪʘʚʣʝʥʥʫʶ ʥʘ ʨʠʩ. 2ʙ. ʆʪʚʝʪʩʪʚʝʥʥʳʤʠ ʟʘ 

ʩʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩʧʝʢʪʨʦʚ ʥʘ ʨʠʩ. 1 ʧʨʝʜʧʦʣʘʛʘʶʪʩʷ ʜʠʬʬʫʟʠʦʥʥʳʝ 

ʧʨʦʮʝʩʩʳ, ʦʪʤʝʯʝʥʥʳʝ ʥʘ ʨʠʩ. 2ʙ ʩʪʨʝʣʢʘʤʠ. ʇʦʢʘʟʘʥʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʩʪʘʜʠʠ 

ʧʝʨʝʤʝʱʝʥʠʷ ʵʩʪʘʬʝʪʥʦ ʧʝʨʝʜʘʶʱʝʛʦʩʷ ʟʘʨʷʜʘ: ʟʘ ʝʜʠʥʠʯʥʳʤ ʆ-ʆ ʧʝʨʝʭʦʜʦʤ 

ʧʨʦʪʦʥʘ (ʥʘʜʝʣʷʶʱʠʤ ʤʦʣʝʢʫʣʫ ʅ2ʆ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʨʦʪʦʥʦʤ ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʟʘʨʷʜʦʤ) ʩ ʟʘʜʝʨʞʢʦʡ ʨʝʣʘʢʩʠʨʫʝʪ 1) ʛʠʜʨʘʪʥʘʷ ʦʙʦʣʦʯʢʘ ʠ 2) 

ʠʦʥʥʦʝ ʦʙʣʘʢʦ. ɹʦʣʴʰʦʡ ʩʪʨʝʣʢʦʡ 3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʦ ʧʦʩʪʦʷʥʥʦʤʫ 

ʪʦʢʫ (dc). ʈʝʣʘʢʩʘʮʠʠ ʚ ʨʘʟʥʳʭ ʚʨʝʤʝʥʥʳʭ ʤʘʩʰʪʘʙʘʭ (ʚ ʠʝʨʘʨʭʠʯʝʩʢʦʡ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ) ʧʦʟʚʦʣʷʶʪ ʝʜʠʥʦʦʙʨʘʟʥʦ ʠ ʥʝʧʨʦʪʠʚʦʨʝʯʠʚʦ ʧʝʨʝʜʘʪʴ 

ʙʦʣʴʰʦʡ ʥʘʙʦʨ ʩʚʦʡʩʪʚ ʞʠʜʢʦʡ ʚʦʜʳ: ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʭ, ʪʝʧʣʦʚʳʭ ʠ 

ʪʨʘʥʩʧʦʨʪʥʳʭ [5,8]. 
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   ʘ)      ʙ) 

ʈʠʩʫʥʦʢ 1. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ (ʘ) [2] ʠ ʩʧʝʢʪʨʦʛʨʘʤʤʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ 

(ʙ) (ʮʠʬʨʳ 1 ʠ 2 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʨʦʮʝʩʩʘʤ ʨʝʣʘʢʩʘʮʠʠ ʥʘ ʨʠʩ. 2ʙ) [6] ʞʠʜʢʦʡ ʚʦʜʳ 
 

  
ʘ)     ʙ) 

ʈʠʩʫʥʦʢ 2. ʉʦʚʨʝʤʝʥʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʩʪʨʫʢʪʫʨʝ ʞʠʜʢʦʡ ʚʦʜʳ ʢʘʢ ʩʝʪʢʝ ʚʦʜʦʨʦʜʥʳʭ 
ʩʚʷʟʝʡ (ʘ) ʠ ʘʣʴʪʝʨʥʘʪʠʚʥʘʷ, ʧʨʝʜʣʘʛʘʝʤʘʷ ʥʘʤʠ (ʙ), ð ʜʠʥʘʤʠʯʝʩʢʘʷ ʠʦʥ-ʤʦʣʝʢʫʣʷʨʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʩ ʵʩʪʘʬʝʪʥʦʡ ʧʝʨʝʜʘʯʝʡ ʟʘʨʷʜʘ [5] 
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ʇʨʝʜʣʦʞʝʥʳ ʤʝʪʦʜʳ ʘʥʘʣʠʟʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʧʦʣʠʤʝʨʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ 

ʧʦʣʠʘʮʝʥʭʠʥʦʥʦʚ. ʇʦʢʘʟʘʥ ʦʧʪʠʤʘʣʴʥʳʡ ʧʦʨʷʜʦʢ ʧʨʠʤʝʥʝʥʠʷ ʵʪʠʭ ʤʝʪʦʜʦʚ. ʆʧʨʝʜʝʣʝʥʳ 

ʧʘʨʘʤʝʪʨʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ. ʕʪʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʤʝʶʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʚ ʧʦʣʠʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʠ ʤʦʣʝʢʫʣʷʨʥʦʡ 

ʵʣʝʢʪʨʦʥʠʢʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʠʤʝʨʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, 

ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʪʝʨʴ, ʦʙʣʘʩʪʴ ʜʠʩʧʝʨʩʠʠ ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʤʝʭʘʥʠʟʤʳ ʧʦʣʷʨʠʟʘʮʠʠ. 

ɼʣʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ 

ʧʦʣʠʘʮʝʥʭʠʥʦʥʦʚ ï ʧʦʣʠʤʝʨʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʢʣʘʩʩʘ semiconductors-

dielectrics (ʩʝʤʠʵʣʝʢʪʨʠʢʦʚ) ï ʚ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʦ ʦʙʦʙʱʝʥʥʦʝ ʫʨʘʚʥʝʥʠʝ ɼʝʙʘʷ 

[1, 2]. ʋʥʠʢʘʣʴʥʳʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʙʫʩʣʦʚʣʝʥʳ 

ʥʦʚʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʵʬʬʝʢʪʦʤ ï ʧʦʩʪʫʣʠʨʦʚʘʥʥʦʡ ʣʦʢʘʣʴʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ 

ʤʘʢʨʦʤʦʣʝʢʫʣ [10]. 

ʀʩʩʣʝʜʫʝʤʳʝ ʧʦʣʠʘʮʝʥʭʠʥʦʥʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʦʧʨʷʞʝʥʥʳʝ 

ʧʦʣʠʤʝʨʳ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʧʫʪʝʤ ʮʠʢʣʦʧʦʣʠʢʦʥʜʝʥʩʘʮʠʠ ʧʠʨʝʥʘ ʩ 

ʧʠʨʦʤʝʣʣʠʪʦʚʳʤ ʜʠʘʥʛʠʜʨʠʜʦʤ ʚ ʩʨʝʜʝ ʭʣʦʨʠʜʘ ʮʠʥʢʘ. ʈʘʥʝʝ ʠʭ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʫʯʘʣʠʩʴ ʟʘʨʫʙʝʞʥʳʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ [3ï

5] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʘʜʠʮʠʦʥʥʦʛʦ (ʥʘʯʝʨʪʘʪʝʣʴʥʦʛʦ) ʤʝʪʦʜʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ. 

ʆʩʥʦʚʥʘʷ ʩʣʦʞʥʦʩʪʴ ʚ ʠʟʫʯʝʥʠʠ ʧʦʣʷʨʠʟʘʮʠʠ ʪʘʢʠʭ ʩʠʩʪʝʤ ʩʚʷʟʘʥʘ ʩ ʠʭ 

ʚʳʩʦʢʦʡ ʩʦʙʩʪʚʝʥʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʜʦʤʠʥʠʨʦʚʘʪʴ ʥʘʜ 

ʚʢʣʘʜʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. 

ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʚʝʨʠʬʠʢʘʮʠʠ 

ʤʝʪʦʜʠʢ ʘʥʘʣʠʟʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʩʝʤʠʵʣʝʢʪʨʠʢʦʚ. ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʬʦʨʤʠʨʫʶʪ ʵʤʧʠʨʠʯʝʩʢʫʶ ʦʩʥʦʚʫ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ 

ʤʦʜʝʣʝʡ ʠ ʚʳʷʚʣʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʨʝʣʘʢʩʘʮʠʦʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʜʘʥʥʦʤ ʢʣʘʩʩʝ 

ʤʘʪʝʨʠʘʣʦʚ. 

ɸʥʘʣʠʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ ʥʘʯʠʥʘʣʩʷ ʩ ʤʝʪʦʜʘ ʢʨʫʛʦʚʳʭ ʜʠʘʛʨʘʤʤ 

[6]. ʂʨʫʛʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʩʣʝʜʫʶʪ ʠʟ ʦʙʦʙʱʝʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ɼʝʙʘʷ 
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ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʦʙʥʘʨʫʞʠʪʴ ʩʣʦʞʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩʧʝʢʪʨʘ, ʥʘʧʨʠʤʝʨ, 

ʩ ʝʛʦ ʧʦʤʦʱʴʶ ʫʜʘʣʦʩʴ ʥʘʡʪʠ 3 ʦʙʣʘʩʪʠ ʜʠʩʧʝʨʩʠʠ ʢʦʤʧʣʝʢʩʥʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚʤʝʩʪʦ ʦʜʥʦʡ, ʦʧʠʩʘʥʥʦʡ ʨʘʥʝʝ ʜʨʫʛʠʤʠ 

ʘʚʪʦʨʘʤʠ [3-5]. 

ʇʨʘʚʠʣʴʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ  ʢʨʫʛʦʚʳʭ ʜʠʘʛʨʘʤʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʤʝʪʦʜʘ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʛʨʘʬʠʢʦʚ [7]. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʤʝʪʦʜ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ 

ʤʘʢʩʠʤʫʤʘ [8] ʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʤʘʪʨʠʮ [9]. 

ʇʨʠ ʵʪʦʤ ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʩʪʨʦʠʪʩʷ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʘʷ ʢʨʫʛʦʚʘʷ 

ʜʠʘʛʨʘʤʤʘ, ʧʘʨʘʤʝʪʨʳ ʢʦʪʦʨʦʡ ʦʪʤʝʯʘʶʪʩʷ ʠʥʜʝʢʩʦʤ çʪè, ʠ ʫʩʣʦʚʥʦ ʦʪʥʦʩʷʪʩʷ ʢ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʵʪʠ ʧʘʨʘʤʝʪʨʳ ʧʦʜʣʝʞʘʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 

ʧʨʦʚʝʨʢʝ ʨʘʟʨʘʙʦʪʘʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. 

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʩʨʦʷʪʩʷ ʚʭʦʜʥʳʝ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʛʨʘʬʠʢʠ, ʢʦʪʦʨʳʝ 

ʩʨʘʚʥʠʚʘʶʪ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʩʧʝʢʪʨʘʤʠ, ʧʘʨʘʤʝʪʨʳ ʢʦʪʦʨʳʭ ʦʪʤʝʯʘʶʪʩʷ 

ʠʥʜʝʢʩʦʤ çʵè. 

ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʦʧʨʝʜʝʣʷʣʠ ʧʫʪʝʤ ʩʨʘʚʥʝʥʠʷ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʚʳʭʦʜʥʳʭ ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʛʨʘʬʠʢʦʚ. 

ʈʘʟʚʠʪʠʝ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʢʘʟʳʚʘʝʪ 

ʭʨʦʥʦʣʦʛʠʯʝʩʢʠʡ ʧʦʨʷʜʦʢ ʤʝʪʦʜʦʚ. ʉ ʢʘʞʜʳʤ ʤʝʪʦʜʦʤ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʝʛʦ 

ʪʨʫʜʦʝʤʢʦʩʪʴ, ʯʪʦ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʫʩʣʦʞʥʝʥʠʝ ʤʝʪʨʦʣʦʛʠʯʝʩʢʠʭ ʩʠʪʫʘʮʠʡ ʠ 

ʩʚʦʜʠʪʩʷ ʢ ʧʦʩʪʝʧʝʥʥʦʤʫ ʧʨʠʟʥʘʥʠʶ ʦʙʦʙʱʝʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ɼʝʙʘʷ ʚ ʢʘʯʝʩʪʚʝ 

ʘʜʝʢʚʘʪʥʦʡ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʩʝʤʠʵʣʝʢʪʨʠʢʦʚ. 
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This study focuses on the electromechanical hysteresis and relaxation phenomena in PZT-

based relaxor piezoceramics. Hysteresis loops of electric displacement (D-E) and mechanical strain 

(S-E) were recorded under bipolar AC electric fields in the frequency range of 0.001ï5 Hz. 

Measurements were carried out using the Electromechanical Response Characterization System 

(STEPHV) along with the STEP software, which enables large-signal modeling of the 

electromechanical behavior of ferroelectric materials under high electric fields. The results indicate a 

strong dependence of the coercive field, remnant and saturation polarization, hysteresis loop area, 

and relative strain on the applied field frequency. Based on these measurements, a comprehensive set 

of parameters characterizing the switching dynamics and hysteresis behavior in relaxor piezoceramics 

was obtained. 

Keywords: relaxor piezoceramics, ferroelectric hysteresis, electric displacement, mechanical 

strain, domain walls, switching processes, hysteresis loops. 
 

Relaxor ferroelectrics are a special class of functional materials that exhibit 

unique dielectric, piezoelectric, and ferroelectric properties compared to classical 

ferroelectrics. These materials have attracted growing interest due to their potential 

applications in modern electronic devices and energy storage systems [1]. One of the 

defining features of relaxor ferroelectrics is the shape of their ferroelectric hysteresis 

loops, typically slim or constricted, caused by the presence of randomly oriented 

nanoscale polar regions. This characteristic leads to low coercive fields, relatively high 

saturation polarization, and reduced remnant polarization, resulting in high energy 

density and fast discharge rates [2]. While relaxor ferroelectrics, like conventional 

ferroelectrics, possess spontaneous polarization in domains, the domain sizes are 

significantly smaller, typically in the nanometer range rather than micrometer scale. 

This feature allows for easier reorientation under an external field and requires less 

energy for polarization switching. Such properties make relaxors promising candidates 

for use in high-performance capacitors, energy storage systems, and memory devices 

[2]. 

In this work, we investigate the switching dynamics and relaxation mechanisms 

in Pb0.96Sr0.04Zr0.42Ti0.435W0.052Mg0.052Sb0.0426Li 0.0142O3 relaxor piezoceramics under 

high-amplitude bipolar AC electric fields. The samples were fabricated using a large-

block hot-pressing technique. In the depolarized state, the material exhibits relaxor 

behavior, whereas after poling, it demonstrates classical ferroelectric characteristics. 

Microstructural analysis was performed on fractured surfaces of the samples using a 

JEOL JSM-6390LA scanning electron microscope. The domain structure of etched 

surfaces was visualized via direct palladium-carbon replication methods. 
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Measurements of D-E and S-E hysteresis loops (see Fig.) were conducted over an 

electric field range of 0ï5 kV/mm and at frequencies between 0.001 and 5 Hz using 

the STEPHV system and STEP software [3]. These tools allow for real-time tracking 

and modeling of nonlinear electromechanical responses under high electric fields. To 

assess the influence of frequency on polarization switching, we analyzed the evolution 

of hysteresis loop parameters as a function of excitation frequency. 
 

 
(a)      (b) 

Fig. The electric displacement (D-E) (a) and mechanical strain (S-E) (b) hysteresis loops measured 
at a frequency of 0.001 Hz for the unpolarized relaxor piezoceramic samples 

 

The STEP analysis revealed a significant frequency dependence of key 

hysteresis parameters such as coercive field EC, remnant polarization Dr, saturation 

polarization Ds, and relative strain S. These dependencies can be attributed to the 

specific nanostructured domain configuration of the relaxor material. In particular, the 

coercive field EC shows nearly linear growth with increasing frequency, a phenomenon 

previously observed in single crystals, bulk ceramics, and thin films. It is commonly 

associated with the kinetics of domain nucleation and switching processes for both 

180Á and non-180Á domain walls. The decrease in remnant Dr, saturation Ds 

displacements, and strain S with increasing frequency suggests that polarization 

switching becomes progressively less complete and more difficult. The anomalous 

drop in these parameters at ultra-low frequency (0.001 Hz) may be explained by the 

influence of space charge carriers, which partially screen the applied electric field and 

pin domain walls, thereby hindering their motion. 

The work was financially supported by the Ministry of Science and Higher 
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ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʮʝʩʩʦʚ 

ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʝʨʭʨʝʰʝʪʦʢ ʠ ʤʥʦʛʦʩʣʦʝʢ ʩ ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ 

ʩʣʦʷʤʠ ʚ ʚʠʜʝ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ ʠ ʤʦʜʝʣʠʨʫʶʪʩʷ ʫʢʘʟʘʥʥʳʝ ʧʨʦʮʝʩʩʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʝʨʭʨʝʰʝʪʢʠ, ʪʨʝʭʩʣʦʡʥʳʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʩʪʨʫʢʪʫʨʳ, ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʷ ʩʚʝʨʭʨʝʰʝʪʦʢ ʠ ʤʥʦʛʦʩʣʦʝʢ.  

 

   ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʩʭʝʤʳ ʉʦʡʝʨʘ ï ʊʘʫʵʨʘ ʠ ʤʝʪʦʜʠʢʠ 

ʄʝʨʮʘ ʠʩʩʣʝʜʦʚʘʥʳ ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʩʚʝʨʭʨʝʰʝʪʦʢ ʮʠʨʢʦʥʘʪʘ ʙʘʨʠʷ/ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ BaZrO3/BaTiO3 ʥʘ ʧʦʜʣʦʞʢʝ ʠʟ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʢʩʠʜʘ ʤʘʛʥʠʷ MgO ʠ ʚ ʪʨʝʭʩʣʦʡʥʳʭ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʨʝʰʝʪʢʘʭ ʩ ʪʠʪʘʥʘʪʦʤ ʙʘʨʠʷ ʠʣʠ ʪʠʪʘʥʘʪʦʤ ʩʚʠʥʮʘ ʚ 

ʢʘʯʝʩʪʚʝ ʮʝʥʪʨʘʣʴʥʦʛʦ ʩʣʦʷ, ʦʢʨʫʞʝʥʥʦʛʦ ʩʣʦʷʤʠ ʪʠʪʘʥʘʪʘ ʩʪʨʦʥʮʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʧʝʪʣʷʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ 

ʨʝʰʝʪʦʢ ʩʦ ʩʣʦʷʤʠ ʠʟ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ ʧʦʢʘʟʘʣʠ ʜʦʩʪʘʪʦʯʥʦ ʧʣʘʚʥʦʝ ʧʦʥʠʞʝʥʠʝ 

ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʢʦʵʨʮʠʪʠʚʥʦʛʦ ʧʦʣʷ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ 

ʧʝʨʝʭʦʜʘ ʚ ʥʝʧʦʣʷʨʥʫʶ ʬʘʟʫ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʨʝʰʝʪʦʢ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʦʢʦʚ ʧʝʨʝʢʣʶʯʝʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʦʮʝʩʩʳ 

ʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʚʝʨʭʨʝʰʝʪʢʘʭ  ʠ ʤʥʦʛʦʩʣʦʡʢʘʭ ʩ ʪʠʪʘʥʘʪʦʤ 

ʙʘʨʠʷ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʚ ʜʚʝ ʩʪʘʜʠʠ ï ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʜʚʠʞʝʥʠʷ (ʨʝʞʠʤ 

çʧʝʨʝʧʦʣʟʘʥʠʷè) ʠ ʙʝʟʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʜʚʠʞʝʥʠʷ (ʨʝʞʠʤ ʩʢʦʣʴʞʝʥʠʷ). ʅʘʣʠʯʠʝ 

ʘʢʪʠʚʘʮʠʦʥʥʦʡ ʩʪʘʜʠʠ ʧʝʨʝʢʣʶʯʝʥʠʷ ʠ ʯʠʩʣʝʥʥʳʝ ʦʮʝʥʢʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩ 

ʚʳʩʦʢʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ ʧʨʦʮʝʩʩʳ ʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ 

ʩʚʝʨʭʨʝʰʝʪʢʝ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʧʫʪʝʤ ʜʚʠʞʝʥʠʷ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ. ʇʦʨʦʛʦʚʦʝ 

ʧʦʣʝ, ʨʘʟʜʝʣʷʶʱʝʝ ʫʢʘʟʘʥʥʳʝ ʩʪʘʜʠʠ, ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ 

ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʪʦʯʢʝ ʂʶʨʠ ʩʚʝʨʭʨʝʰʝʪʢʠ ʘʥʘʣʦʛʠʯʥʦ ʢʦʵʨʮʠʪʠʚʥʦʤʫ ʧʦʣʶ. 

ɺʳʷʚʣʝʥʥʳʡ ʚ ʨʘʙʦʪʝ ʥʝʧʦʜʯʠʥʷʶʱʠʡʩʷ ʜʣʷ ʜʘʥʥʳʭ ʦʙʲʝʢʪʦʚ ʩʪʨʦʛʦ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ ʘʢʪʠʚʘʮʠʦʥʥʳʡ ʨʝʞʠʤ 

ʜʚʠʞʝʥʠʷ ʩʤʦʜʝʣʠʨʦʚʘʥ ʟʘʚʠʩʠʤʦʩʪʴʶ ʩ ʢʨʠʪʠʯʝʩʢʠʤ ʧʦʢʘʟʘʪʝʣʝʤ ʜʣʷ 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʧʨʦʝʢʪʘ ʈʅʌ ˉ24-12-20010.  
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ɸʅʆʄɸʃʔʅʆɽ ʇʆɺɽɼɽʅʀɽ ɼʀʉʇɽʈʉʀʀ ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ 

ʇʈʆʅʀʎɸɽʄʆʉʊʀ ɺ ʇʆʃʋʇʈʆɺʆɼʅʀʂʆɺʆʁ ʇɽʈʆɺʉʂʀʊʆɺʆʁ 

ʂɽʈɸʄʀʂɽ ʊʀʊɸʅɸʊɸ ɹɸʈʀʗ-ʉʊʈʆʅʎʀʗ: ʕʂʉʇɽʈʀʄɽʅʊ ʀ 

ʄʆɼɽʃʀʈʆɺɸʅʀɽ  
 

ɻ.ʉ. ɻʨʠʛʦʨʷʥ1, ɺ.ɽ. ʌʨʦʣʦʚʘ2, ʀ.ɻ. ʈʫʜʥʝʚʘ3 

1 ʢ.ʬ.-ʤ.ʥ, ʜʦʮʝʥʪ, gri7287@yandex.ru  
1,2ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 

2 ʢ.ʬ.-ʤ.ʥ, ʜʦʮʝʥʪ 
3ʢ.ʬ.-ʤ.ʥ., ʧʨʝʧʦʜʘʚʘʪʝʣʴ 

ɺɻʋʀʊ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʥʞʝʥʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡè 

 

 

ʄʝʪʦʜʦʤ ʠʤʧʝʜʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠʩʩʣʝʜʦʚʘʥʳ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʧʝʨʦʚʩʢʠʪʦʚʦʡ 

ʢʝʨʘʤʠʢʠ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ-ʩʪʨʦʥʮʠʷ. ʉʥʠʤʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʠ ʜʘʥʥʳʝ ʧʦ ʵʣʝʤʝʥʪʥʦʤʫ 

ʩʦʩʪʘʚʫ ʧʦʣʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ. ʀʟʤʝʨʝʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 102 ï 106 ɻʮ ʠ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʦʪ 75 ʜʦ 112 Áʉ ʩ 

ʧʦʤʦʱʴʶ RLC-ʤʝʪʨʘ ɼʘʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʠʩʧʝʨʩʠʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ. ʅʘ ʯʘʩʪʦʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʣʦʢʘʣʴʥʳʡ ʨʦʩʪ Ů, ʯʪʦ ʚʳʨʘʞʘʝʪʩʷ ʜʠʩʧʝʨʩʠʝʡ ʨʝʟʦʥʘʥʩʥʦʛʦ 

ʪʠʧʘ, ʩʦʧʨʦʚʦʞʜʘʶʱʘʷʩʷ ʧʦʷʚʣʝʥʠʝʤ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʝʤʢʦʩʪʠ. ʀʥʪʝʨʧʨʝʪʘʮʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʪʩʷ ʚ ʨʘʤʢʘʭ ʵʤʧʠʨʠʯʝʩʢʦʛʦ ʟʘʢʦʥʘ ʂʦʫʣʘ-ʂʦʫʣʘ ʩ ʫʯʝʪʦʤ ʚʢʣʘʜʘ ʚ 

ʜʠʩʧʝʨʩʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʫʧʨʫʛʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʤʧʝʜʘʥʩʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʘʷ ʢʝʨʘʤʠʢʘ, ʵʬʬʝʢʪ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʝʤʢʦʩʪʠ.  

 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʦʙʨʘʟʮʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʢʝʨʘʤʠʢʠ ʥʘ 

ʦʩʥʦʚʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Ba0,947 Sr0,05 Ce0,003TiO3 ʚ ʬʦʨʤʝ ʮʠʣʠʥʜʨʦʚ ʜʠʘʤʝʪʨʦʤ 

10 ʤʤ ʠ ʚʳʩʦʪʦʡ 1 ʤʤ ʩ ʧʣʘʥʘʨʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʵʣʝʢʪʨʦʜʦʚ. ʆʙʨʘʟʮʳ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʧʦ ʩʪʘʥʜʘʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʜʣʷ ʧʦʟʠʩʪʦʨʦʚ [1]. ɼʣʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʠʟʤʝʨʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠ RLC-ʤʝʪʨ Wayne Kerr 4270.  

ʅʘ ʨʠʩʫʥʢʝ ʠʟʦʙʨʘʞʝʥʘ ʯʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ 

ʢʦʤʧʣʝʢʩʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ɺ 

ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʤʦʥʦʪʦʥʥʦ ʩʧʘʜʘʝʪ, 

ʪʘʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʜʣʷ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʭ ʩʠʩʪʝʤ, ʢ ʢʦʪʦʨʳʤ 

ʦʪʥʦʩʷʪʩʷ ʠ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʦʧʠʩʳʚʘʝʪʩʷ ʵʤʧʠʨʠʯʝʩʢʠʤ ʟʘʢʦʥʦʤ ʂʦʫʣʘ-ʂʦʫʣʘ 

[1]. ʆʜʥʘʢʦ ʚ ʜʠʘʧʘʟʦʥʝ ʥʠʟʢʠʭ ʯʘʩʪʦʪ, ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʪʠʧʠʯʥʦʝ ʧʦʚʝʜʝʥʠʝ: ʩ 

ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʟʘʪʝʤ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʦʞʝʪ ʦʪʨʘʞʘʪʴ ʵʬʬʝʢʪ çʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʝʤʢʦʩʪʠè. ɼʘʥʥʦʝ ʷʚʣʝʥʠʝ ʩ ʬʠʟʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʥʘʣʠʯʠʝ 

ʨʝʟʦʥʘʥʩʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʤ ʦʪʢʣʠʢʝ. ɸʥʦʤʘʣʴʥʦʝ ʧʦʚʝʜʝʥʠʝ, 

ʢʦʪʦʨʦʝ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʣʘʩʩʠʯʝʩʢʦʤʫ ʦʧʠʩʘʥʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʧʝʢʪʨʦʚ, 

ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ ʥʘʣʠʯʠʝʤ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ. 



96 

 
ʈʠʩʫʥʦʢ. ɼʠʩʧʝʨʩʠʷ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. 

ʉʧʣʦʰʥʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥʳ ʨʘʩʯʝʪʥʳʝ ʢʨʠʚʳʝ.   
 

ʕʪʠ ʧʨʦʮʝʩʩʳ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʥʘʣʠʯʠʝʤ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ ʥʘ 

ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ, ʢʦʪʦʨʳʡ ʚʦʟʥʠʢʘʝʪ ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ 

ʢʝʨʘʤʠʢʝ ʥʝʧʦʜʚʠʞʥʦʛʦ ʦʙʲʝʤʥʦʛʦ ʟʘʨʷʜʘ, ʘʥʘʣʦʛʠʯʥʦʛʦ ʙʘʨʴʝʨʫ ʐʦʪʪʢʠ, ʘ 

ʪʘʢʞʝ ʥʘʣʠʯʠʝʤ   ʛʣʫʙʦʢʠʭ ʣʦʚʫʰʝʢ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ ʜʣʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. 

ʆʙʣʘʩʪʴ ʠʩʩʣʝʜʫʝʤʳʭ ʯʘʩʪʦʪ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ ʦʧʪʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ. ʊʦʛʜʘ 

ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʚ ʨʝʟʦʥʘʥʩ ʚʩʪʫʧʘʶʪ ʦʩʮʠʣʣʠʨʫʶʱʠʝ ʟʘʨʷʜʳ, 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʥʘ ʨʘʟʣʠʯʥʳʭ ʜʝʬʝʢʪʘʭ. 

ʇʨʠʚʦʜʠʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʠʩʧʝʨʩʠʦʥʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠʩʧʦʣʴʟʫʷ ʩʦʦʪʥʦʰʝʥʠʝ ʂʦʫʣʘ-

ʂʦʫʣʘ ʠ ʬʦʨʤʫʣʫ ʃʦʨʝʥʪʮʘ ʜʣʷ ʜʠʩʧʝʨʩʠʠ Ů ʧʨʠ ʫʧʨʫʛʦʡ ʧʦʣʷʨʠʟʘʮʠʠ [3] 

1 2
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ä                                          (1) 

ʛʜʝ Ů (0) ʠ Ů (Ð) ï ʚʝʣʠʯʠʥʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʠ 

ʙʦʣʝʝ ʥʠʟʢʦʡ ʠ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʘʩʪʦʪʦʡ ʜʠʩʧʝʨʩʠʠ, N ï 

ʯʠʩʣʦ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʚʨʝʤʝʥʘʤʠ ʨʝʣʘʢʩʘʮʠʠ Űn, ɤ=2ˊf 

ï ʮʠʢʣʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ, ʘ f ï ʯʘʩʪʦʪʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ɤ0 ï ʩʦʙʩʪʚʝʥʥʘʷ 

ʯʘʩʪʦʪʘ ʦʩʮʠʣʣʷʪʦʨʘ, ɚ ï ʰʠʨʠʥʘ ʩʧʝʢʪʨʘ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ, ũ ï ʦʪʥʦʩʠʪʝʣʴʥʦʝ 

ʟʘʪʫʭʘʥʠʝ. 
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ɿɸɺʀʉʀʄʆʉʊʔ ʉɺʆʁʉʊɺ ɺʓʉʆʂʆʊɽʄʇɽʈɸʊʋʈʅʆʁ 

ʉɽɻʅɽʊʆʕʃɽʂʊʈʀʏɽʉʂʆʁ ʂɽʈɸʄʀʂʀ ʎʊʉ-21 ʆʊ 

ʊɽʍʅʆʃʆɻʀʏɽʉʂʀʍ ʌɸʂʊʆʈʆɺ ʀɿɻʆʊʆɺʃɽʅʀʗ 
 

ʄ.ɸ. ʄʘʨʘʭʦʚʩʢʠʡ1, ɸ.ɸ. ʇʘʥʠʯ2 

1ɼʦʮʝʥʪ, ʢ.ʪ.ʥ., mmarahovsky@sfedu.ru  
2
 ɼʠʨʝʢʪʦʨ, ʜ.ʪ.ʥ, rctt.rctt@mail.ru 

ʌɻɸʆʋ ɺʆ çʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè, ʛ. ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ, ʈʦʩʩʠʷ 
 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʩʚʦʡʩʪʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʝʨʘʤʠʢʠ ʎʊʉ-21 ʧʫʪʝʤ ʧʨʠʤʝʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ 

ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ, ʤʝʪʦʜʦʚ ʠ ʨʝʞʠʤʦʚ ʠʟʤʝʣʴʯʝʥʠʷ ʧʦʨʦʰʢʦʚ, ʘ ʪʘʢʞʝ ʫʩʣʦʚʠʡ ʩʧʝʢʘʥʠʷ, 

ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ. ʋʩʪʘʥʦʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʝʨʘʤʠʢʠ ʦʪ ʤʝʪʦʜʦʚ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ 

ʩʧʝʢʘʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʙʦʩʥʦʚʘʥʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠ ʨʝʞʠʤʦʚ ʩʠʥʪʝʟʘ, ʠʟʤʝʣʴʯʝʥʠʷ, ʩʧʝʢʘʥʠʷ ʜʣʷ ʥʘʧʨʘʚʣʝʥʥʦʛʦ 

ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ, ʘ ʪʘʢʞʝ ʩʥʠʞʝʥʠʷ ʝʸ ʩʝʙʝʩʪʦʠʤʦʩʪʠ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ, ʩʠʥʪʝʟ, ʩʧʝʢʘʥʠʝ, ʤʝʪʦʜʳ 

ʠʟʤʝʣʴʯʝʥʠʷ. 
 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʚʦʡʩʪʚʘ ʙʫʜʫʱʝʡ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʟʘʚʠʩʷʪ ʦʪ ʮʝʣʦʛʦ ʢʦʤʧʣʝʢʩʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʬʘʢʪʦʨʦʚ, ʩʧʦʩʦʙʥʳʭ ʥʘʧʨʘʚʣʝʥʥʦ ʚʦʟʜʝʡʩʪʚʦʚʘʪʴ ʥʘ ʧʨʦʮʝʩʩʳ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʩʪʨʫʢʪʫʨʳ ʠ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ. 

ʕʬʬʝʢʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʠʟʤʝʥʝʥʠʷ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ 

ʷʚʣʷʶʪʩʷ ʤʝʪʦʜʳ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʦʤʦʣʘ (ʧʣʘʥʝʪʘʨʥʳʝ ʠ ʚʠʙʨʘʮʠʦʥʥʳʝ 

ʤʝʣʴʥʠʮʳ). ʈʘʟʤʝʨ ʯʘʩʪʠʮ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ ʠ ʩʪʝʧʝʥʴ ʠʭ ʫʧʣʦʪʥʝʥʠʷ ʚʣʠʷʶʪ 

ʥʘ ʢʘʯʝʩʪʚʦ ʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚʝʱʝʩʪʚ ʚ ʧʨʦʮʝʩʩʝ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ 

ʩʦʝʜʠʥʝʥʠʷ. ʈʘʟʤʝʨ ʯʘʩʪʠʮ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʪʘʢʞʝ ʦʢʘʟʳʚʘʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʮʝʩʩʳ ʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚʝʱʝʩʪʚ. ʇʨʦʮʝʩʩ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʦʚ, ʬʦʨʤʳ ʠ 

ʫʧʣʦʪʥʝʥʠʷ ʩʧʝʢʘʝʤʳʭ ʯʘʩʪʠʮ. ʋʧʣʦʪʥʝʥʠʝ ʯʘʩʪʠʮ ʧʨʠ ʩʧʝʢʘʥʠʠ ʤʦʞʥʦ ʩʦʟʜʘʪʴ 

ʧʨʠ ʧʦʤʦʱʠ ʦʜʥʦʦʩʥʦʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʫʩʪʘʥʦʚʢʘʭ ʛʦʨʷʯʝʛʦ 

ʧʨʝʩʩʦʚʘʥʠʷ ʠ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ. ʈʘʥʝʝ ʘʚʪʦʨʘʤʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʘʢʠʭ ʤʝʪʦʜʦʚ [1 - 3].  

ʎʝʣʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʣʠʷʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʠʟʛʦʪʦʚʣʝʥʠʷ ʥʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʨʘʙʦʪʳ ʚ ʫʩʣʦʚʠʷʭ 

ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ. ʄʦʜʝʣʴʥʳʤ ʦʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ ʚʳʙʨʘʥ 

ʢʦʤʤʝʨʯʝʩʢʠʡ ʢʝʨʘʤʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ ʎʊʉ-21 ʥʘ ʦʩʥʦʚʝ ʩʠʩʪʝʤʳ ʮʠʨʢʦʥʘʪ-

ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡʩʷ ʧʦʚʳʰʝʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ ʢ ʪʝʤʧʝʨʘʪʫʨʥʳʤ 

ʚʦʟʜʝʡʩʪʚʠʷʤ, ʘ ʪʘʢʞʝ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʢ ʤʝʭʘʥʠʯʝʩʢʠʤ ʥʘʧʨʷʞʝʥʠʷʤ.  

ʉʠʥʪʝʟ ʰʠʭʪʳ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʎʊʉ-21 ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ 

ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʥʦ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ: ʥʘʩʳʧʥʳʤ ʩʧʦʩʦʙʦʤ; 

mailto:mmarahovsky@sfedu.ru
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ʩ ʚʠʙʨʘʮʠʦʥʥʳʤ ʫʧʣʦʪʥʝʥʠʝʤ ʧʦʨʦʰʢʘ ʰʠʭʪʳ; ʬʦʨʤʦʚʘʥʠʝʤ ʧʦʨʦʰʢʘ ʚ ʙʨʠʢʝʪ. 

ʇʦʣʥʦʪʘ ʧʨʦʭʦʞʜʝʥʠʷ ʩʠʥʪʝʟʘ ʦʮʝʥʠʚʘʣʘʩʴ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ 

ʘʥʘʣʠʟʘ. ʀʟʤʝʣʴʯʝʥʠʝ ʧʦʨʦʰʢʦʚ ʤʘʪʝʨʠʘʣʘ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ 

ʧʣʘʥʝʪʘʨʥʦʡ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʳ Fritsch Pulverisette 6, ʚʠʙʨʦʤʝʣʴʥʠʮʳ Fritsch 

Pulverisette 0 ʠ ʙʘʨʘʙʘʥʥʦʡ ʤʝʣʴʥʠʮʳ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʧʦʤʦʣʘ ʜʣʷ ʢʘʞʜʦʛʦ 

ʤʝʪʦʜʘ ʙʳʣʘ ʬʠʢʩʠʨʦʚʘʥʥʘʷ, ʘ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʚʘʨʴʠʨʦʚʘʣʘʩʴ. ʈʝʟʫʣʴʪʘʪʳ 

ʧʦʤʦʣʘ ʦʮʝʥʠʚʘʣʠʩʴ ʥʘ ʣʘʟʝʨʥʦʤ ʘʥʘʣʠʟʘʪʦʨʝ ʯʘʩʪʠʮ Fritsch 

ɸnalysette 22 NanoTec. ʉʧʝʢʘʥʠʝ ʟʘʛʦʪʦʚʦʢ ʠʟ ʤʘʪʝʨʠʘʣʘ ʎʊʉ-21 ʧʨʦʚʦʜʠʣʦʩʴ ʚ 

ʧʝʯʠ Nabertherm HT16/16 ʠ ʫʩʪʘʥʦʚʢʝ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʋʉʉʂ-1 ʚ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ 1190 - 1230 Áʉ ʩ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʚʳʜʝʨʞʢʝ. 

ʇʣʦʪʥʦʩʪʴ ʢʝʨʘʤʠʢʠ ʦʧʨʝʜʝʣʷʣʦʩʴ ʤʝʪʦʜʦʤ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ ʚ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ. ʂʘʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʎʊʉ-21 ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ, ʟʥʘʯʝʥʠʷʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤ 

ʧʘʨʘʤʝʪʨʘʤ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʧʪʠʤʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʧʨʦʚʝʜʝʥʠʷ ʩʠʥʪʝʟʘ ʷʚʣʷʝʪʩʷ 

ʚʠʙʨʘʮʠʦʥʥʦʝ ʫʧʣʦʪʥʝʥʠʝ ʧʦʨʦʰʢʘ ʰʠʭʪʳ. ʇʦʤʦʣ ʚ ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ ʚ 

ʪʝʯʝʥʠʝ 1-2 ʯʘʩʘ ʦʙʝʩʧʝʯʠʚʘʣ ʣʫʯʰʠʝ ʧʦʢʘʟʘʪʝʣʠ ʧʦ ʦʩʥʦʚʥʳʤ 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤ ʧʘʨʘʤʝʪʨʘʤ. ɺ ʪʘʙʣʠʮʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʩʥʦʚʥʳʝ ʩʚʦʡʩʪʚʘ 

ʧʦʣʫʯʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ.  
ʊʘʙʣʠʮʘ  

ʉʚʦʡʩʪʚʘ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʫʧʣʦʪʥʝʥʠʷ 

ʧʦʨʦʰʢʘ ʧʝʨʝʜ ʩʠʥʪʝʟʦʤ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʧʦʤʦʣʦʤ ʚ ʪʝʯʝʥʠʝ ʜʚʫʭ ʯʘʩʦʚ ʧʦʚʳʰʘʝʪ 

ʦʩʥʦʚʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʩʥʠʞʘʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʩʧʝʢʘʥʠʷ ʢʝʨʘʤʠʢʠ ʎʊʉ-21 ʜʦ 1190 

Áʉ. ʕʪʦ ʠʤʝʝʪ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʵʢʦʥʦʤʠʯʝʩʢʠʡ ʘʩʧʝʢʪ ʠ ʧʦʚʳʰʘʝʪ ʨʝʩʫʨʩ ʧʝʯʥʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ. 
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ʌɻɹʆʋ ɺʆ çʊʚʝʨʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 
 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʧʝʪʣʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʚ ʢʝʨʘʤʠʢʝ 

BaxSr1-xTiO3 (x=0,1-0,6). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʦʙʨʘʟʮʘʭ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʩʨʦʥʮʠʷ (1-x)Ó0,2 ʧʝʪʣʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʠʤʝʶʪ ʧʝʨʝʪʷʞʢʫ. ɺʝʣʠʯʠʥʳ ʧʝʨʝʢʣʶʯʘʝʤʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠ 

ʢʦʵʨʮʠʪʠʚʥʦʛʦ ʧʦʣʷ ʫʤʝʥʴʰʘʶʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʩʪʨʦʥʮʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʠʪʘʥʘʪ ʙʘʨʠʷ ʩʪʨʦʥʮʠʷ, ʧʦʣʷʨʠʟʘʮʠʷ, ʢʦʵʨʮʠʪʠʚʥʦʝ ʧʦʣʝ, 

ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ. 
 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʧʝʨʝʢʣʶʯʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ 

ʦʩʮʠʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʠʟʫʯʝʥʠʷ ʧʝʪʝʣʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ. 

ɼʣʷ ʥʘʙʣʶʜʝʥʠʷ ʧʝʪʝʣʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ ʩʭʝʤʘ ʉʦʡʝʨʘïʊʘʫʵʨʘ. ʏʘʩʪʦʪʘ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʦʣʷ 

ʩʦʩʪʘʚʣʷʣʘ 50 ɻʮ. 
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ʈʠʩ. 1 ʇʝʪʣʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʜʣʷ ʩʦʩʪʘʚʦʚ BaxSr1-xTiO3 (ʘ-ʚ); (ʛ) -ʟʘʚʠʩʠʤʦʩʪʴ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ (e) ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʨʘʟʥʳʭ ʯʘʩʪʦʪʘʭ  (ʂʨʠʚʘʷ 1 -  ʩʦʩʪʘʚ 

Ba0,9Sr0,1TiO3, 2 - Ba0,8Sr0,2TiO3, 3 - Ba0,7Sr0,3TiO3,  4 - Ba0,75Sr0,25TiO3, 5 - Ba0,6Sr0,4TiO3). 
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ʅʘ ʨʠʩ. 1 (a-ʚ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʦʣʫʯʝʥʥʳʝ ʧʝʪʣʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʛʠʩʪʝʨʝʟʠʩʘ. ɺ ʤʘʪʝʨʠʘʣʘʭ BaxSr1-xTiO3 ʩ (1-x) Ó0,2 ʧʝʪʣʠ ʠʤʝʶʪ ʧʝʨʝʪʷʞʢʫ, 

ʢʦʪʦʨʘʷ, ʢʘʢ ʠʟʚʝʩʪʥʦ [1], ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚï

ʘʥʪʠʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ. ɿʥʘʯʝʥʠʷ ʧʝʨʝʢʣʶʯʘʝʤʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʚʝʣʠʯʠʥʳ 

ʢʦʵʨʮʠʪʠʚʥʦʛʦ ʧʦʣʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ.  

 

ʊʘʙʣʠʮʘ 

 P, 

ʂʣ/ʤ2 

Ec, 

ʢɺ/ʤ 

ʊʩ, 
ƺC +ɔ, 10-4 ʂʣ/(ʤ2Ͻ̠  -ɔ, 10-4 ʂʣ/(ʤ2Ͻ̠  

Ba0,9Sr0,1TiO3 0,042 250 100 0,11 3,70 

Ba0,8Sr0,2TiO3 0,031 69 75 0,60 0,61 

Ba0,75Sr0,25TiO3 0,025 87 60 0,73 1,78 

Ba0,7Sr0,3TiO3 0,025 87 57 0,56 0,55 

Ba0,65Sr0,35TiO3 0,023 45 25 0,56 0,51 

Ba0,6Sr0,4TiO3 0,015 35 23 - - 

 

ʀʟʥʘʯʘʣʴʥʦ ʦʙʨʘʟʮʳ ʥʝ ʦʙʣʘʜʘʣʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʧʦʣʷʨʠʟʘʮʠʝʡ. 

ɺʦʟʜʝʡʩʪʚʠʝ ʧʝʨʝʤʝʥʥʳʤ ʧʦʣʝʤ ʧʨʠʚʦʜʠʣʦ ʢ ʧʦʣʷʨʠʟʘʮʠʠ ʦʙʨʘʟʮʦʚ, ʧʦʩʢʦʣʴʢʫ 

ʥʘ ʥʠʭ ʥʘʙʣʶʜʘʣʩʷ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ. ʀʩʩʣʝʜʦʚʘʥʠʷ 

ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʦʙʨʘʟʮʦʚ, ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʧʦʩʪʦʷʥʥʳʤ ʧʦʣʝʤ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʦʙʣʫʯʘʝʤʦʡ ʩʪʦʨʦʥʳ ʤʝʥʷʝʪʩʷ ʥʘʧʨʘʚʣʝʥʠʝ 

ʧʠʨʦʪʦʢʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʧʦ ʦʪʥʦʰʝʥʠʶ 

ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʤʦʜʫʣʠʨʦʚʘʥʥʦʛʦ ʠʤʧʫʣʴʩʘʤʠ 

ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ. ɺ ʦʙʨʘʟʮʘʭ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʩʪʨʦʥʮʠʷ ʦʪ 0,1 ʜʦ 0,35 

ʥʘʙʣʶʜʘʣʩʷ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʜʥʦʨʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ. 

ɺʝʣʠʯʠʥʳ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ. ɺʦ ʚʩʝʭ 

ʦʙʨʘʟʮʘʭ ʦʙʥʘʨʫʞʝʥ ʛʨʘʜʠʝʥʪ ʧʦʣʷʨʠʟʘʮʠʠ, ʧʦʩʢʦʣʴʢʫ ʟʥʘʯʝʥʠʷ 

ʧʠʨʦʢʦʵʬʬʠʮʠʝʥʪʦʚ ʩʦ ʩʪʦʨʦʥʳ +P ʠ ïP ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ. ʉ 

ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ Sr ʟʥʘʯʝʥʠʷ ʧʠʨʦʢʦʵʬʬʠʮʠʝʥʪʦʚ ʫʤʝʥʴʰʘʶʪʩʷ, ʯʪʦ 

ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʧʦ ʧʝʨʝʢʣʶʯʘʝʤʦʡ ʧʦʣʷʨʠʟʘʮʠʠ. 

 
ʃʠʪʝʨʘʪʫʨʘ 

1. ʉʤʦʣʝʥʩʢʠʡ ɻ.ɸ. ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʠ ʘʥʪʠʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ / ɻ.ɸ. ʉʤʦʣʝʥʩʢʠʡ, ɺ.ɸ. 

ɹʦʢʦʚ, ɺ.ɸ. ʀʩʫʧʦʚ, ʅ.ʅ. ʂʨʘʡʥʠʢ, ʈ.ɽ. ʇʘʩʳʥʢʦʚ, ʄ.ʉ. ʐʫʨ. ï ʃ.: ʅʘʫʢʘ, 1971. ï 476 ʩ. 
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ʋɼʂ 537.226 

 

ɼʀʕʃɽʂʊʈʀʏɽʉʂɸʗ ʈɽʃɸʂʉɸʎʀʗ ɺ ʅɽʂʆʊʆʈʓʍ ʉʃɸɹʆ 

ʋʇʆʈʗɼʆʏɽʅʅʓʍ ʇʆʃʗʈʅʓʍ ɼʀʕʃɽʂʊʈʀʂɸʍ 
 

ʃ. ʅ. ʂʦʨʦʪʢʦʚ1, ʄ.ɸ. ʇʘʥʢʦʚʘ2, F.D. Alô Jaafari3, ʉ.ɺ. ʇʦʧʦʚ4, ʃ.ʉ. ʉʪʝʢʣʝʥʝʚʘ4 

1ɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɺʦʨʦʥʝʞ, ʈʦʩʩʠʷ 
2ɺʦʨʦʥʝʞʩʢʠʡ ʠʥʩʪʠʪʫʪ ʄɺɼ ʈʌ, ɺʦʨʦʥʝʞ, ʈʦʩʩʠʷ 

3University of Wasit, Al Kut, Iraq 
4ɺʋʅʎ ɺɺʉ çɺʦʝʥʥʦ-ʚʦʟʜʫʰʥʘʷ ʘʢʘʜʝʤʠʷ ʠʤ. ʧʨʦʬʝʩʩʦʨʘ ʅ.ɽ. ɾʫʢʦʚʩʢʦʛʦ ʠ ʖ. ɸ. 

ɻʘʛʘʨʠʥʘè, ɺʦʨʦʥʝʞ, ʈʦʩʩʠʷ 

 

l_korotkov@mail.ru 

 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʝʢʦʪʦʨʳʭ ʢʣʘʩʩʦʚ 

ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ ʧʦʣʷʨʥʳʭ ʜʠʵʣʝʢʪʨʠʢʦʚ, ʧʨʦʚʝʜʝʥʥʳʝ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʥʘ 

ʯʘʩʪʦʪʘʭ 10-2 ï 106 ɻʮ. ʈʘʩʩʤʦʪʨʝʥʳ ʧʨʦʮʝʩʩʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʵʪʠʭ ʤʘʪʝʨʠʘʣʘʭ. 

ʆʙʩʫʞʜʘʶʪʩʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʠʭ ʧʨʦʪʝʢʘʥʠʷ.  

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʨʝʣʘʢʩʘʮʠʷ, ʜʠʧʦʣʴʥʦʝ ʩʪʝʢʣʦ, 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʠ ʘʤʦʨʬʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ. 

 

ʉʣʘʙʦ ʫʧʦʨʷʜʦʯʝʥʥʳʝ ʧʦʣʷʨʥʳʝ ʜʠʵʣʝʢʪʨʠʢʠ ʫʞʝ ʜʘʚʥʦ ʧʨʠʚʣʝʢʘʶʪ 

ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʩʚʦʠʤʠ ʫʥʠʢʘʣʴʥʳʤ ʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʀʥʪʝʨʝʩ ʚʳʟʳʚʘʶʪ ʥʝ ʪʦʣʴʢʦ ʧʨʦʪʝʢʘʶʱʠʝ ʚ ʥʠʭ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʬʠʟʠʯʝʩʢʠʝ 

ʧʨʦʮʝʩʩʳ, ʥʦ ʠ ʰʠʨʦʢʠʝ ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʠʤʝʥʝʥʠʷ ʚ ʠʟʜʝʣʠʷʭ ʵʣʝʢʪʨʦʥʥʦʡ 

ʪʝʭʥʠʢʠ. ʇʦʜ ʩʣʘʙʦ ʫʧʦʨʷʜʦʯʝʥʥʳʤʠ ʧʦʣʷʨʥʳʤʠ ʜʠʵʣʝʢʪʨʠʢʘʤʠ ʧʨʠʥʷʪʦ 

ʧʦʥʠʤʘʪʴ ʪʘʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʚ ʢʦʪʦʨʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʜʠʧʦʣʠ, ʜʠʥʘʤʠʯʝʩʢʠ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʝ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʠʞʝ ʥʝʢʦʪʦʨʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʢʘʟʳʚʘʶʪʩʷ ʟʘʤʦʨʦʞʝʥʳ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ. ʂ ʪʘʢʠʤ ʤʘʪʝʨʠʘʣʘʤ ʦʪʥʦʩʷʪ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʨʘʟʤʳʪʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ, ʠʣʠ ʨʝʣʘʢʩʦʨʳ, 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʩ ʥʝʩʦʨʘʟʤʝʨʥʳʤʠ ʬʘʟʘʤʠ, ʜʠʧʦʣʴʥʳʝ ʩʪʝʢʣʘ, ʧʦʣʷʨʥʳʝ 

ʧʦʣʠʤʝʨʳ, ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʝ ʛʝʪʝʨʦʛʝʥʥʳʝ ʠ ʘʤʦʨʬʥʦ-ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ. ʉʶʜʘ ʞʝ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʠ 

ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ, ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʨʝʰʝʪʢʘ ʢʦʪʦʨʳʭ ʩʠʣʴʥʦ ʠʩʢʘʞʝʥʘ ʙʣʘʛʦʜʘʨʷ ʩʣʫʯʘʡʥʳʤ ʟʘʤʝʱʝʥʠʷʤ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʝʝ ʠʦʥʦʚ.  

 ɺ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʥʘʨʫʰʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʠ ʪʦʧʦʣʦʛʠʯʝʩʢʦʛʦ ʧʦʨʷʜʢʘ 

ʚ ʨʘʩʧʦʣʦʞʝʥʠʠ ʘʪʦʤʦʚ ʩʧʦʩʦʙʩʪʚʫʶʪ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʟʘʤʦʨʦʞʝʥʥʦʛʦ 

ʙʝʩʧʦʨʷʜʢʘ ʚ ʘʥʩʘʤʙʣʝ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʜʠʧʦʣʝʡ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ çʟʘʤʦʨʘʞʠʚʘʶʱʠʭʩʷè ʜʠʧʦʣʝʡ ʥʘʙʣʶʜʘʶʪʩʷ 

ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʥʝʜʝʙʘʝʚʩʢʦʛʦ ʪʠʧʘ.  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʩʪʘʣʦ ʦʙʩʫʞʜʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʨʝʣʘʢʩʘʮʠʠ, ʥʘʙʣʶʜʘʝʤʦʡ ʚ ʨʘʟʣʠʯʥʳʭ ʪʠʧʘʭ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʭ ʧʦʣʷʨʥʳʭ 

ʜʠʵʣʝʢʪʨʠʢʦʚ. 

 ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʟʷʪʳ ʤʘʪʨʠʯʥʳʝ ʥʘʥʦʢʦʤʧʦʟʠʪʳ ʥʘ 
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ʦʩʥʦʚʝ ʢʘʥʦʥʠʯʝʩʢʠʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ʩ ʥʝʩʦʨʘʟʤʝʨʥʦʡ 

ʬʘʟʦʡ, ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʪʠʪʘʥʘʪ ʩʪʨʦʥʮʠʷ, ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʦʩʥʦʚʝ 

ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ ʠ ʜʠʛʠʜʨʦʬʦʩʬʘʪʘ ʢʘʣʠʷ-ʘʤʤʦʥʠʷ.  

 ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʧʨʦʚʝʜʝʥʥʳʝ ʥʘ ʯʘʩʪʦʪʘʭ 10-2 ï 106 ɻʮ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘʨʷʜʫ ʩʦ ʩʧʝʮʠʬʠʯʝʩʢʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʨʦʮʝʩʩ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʨʝʣʘʢʩʘʮʠʠ ʚ ʥʠʭ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʚʨʝʤʝʥ 

ʨʝʣʘʢʩʘʮʠʠ, ʨʘʩʰʠʨʷʶʱʠʤʩʷ ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʩʨʝʜʥʝʛʦ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʤʦʞʝʪ ʙʳʪʴ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʘʥʘ ʟʘʢʦʥʦʤ ɸʨʨʝʥʠʫʩʘ ʩ ʟʘʚʠʩʷʱʝʡ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʵʥʝʨʛʠʝʡ ʘʢʪʠʚʘʮʠʠ U(T).  

ɺ ʩʣʫʯʘʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ ʩ ʨʘʟʤʳʪʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʚʳʷʚʣʝʥʘ 

ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʚʝʣʠʯʠʥʦʡ ʨʘʟʤʳʪʠʷ ʧʝʨʝʭʦʜʘ ʠ ʩʢʦʨʦʩʪʴʶ ʠʟʤʝʥʝʥʠʷ 

ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ U ʚ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ.  
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʅʌ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ 

ʧʨʦʝʢʪʘ ˉ 24-22-20054. 
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ʂʆʅʂʋʈɽʅʎʀʗ ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ ʈɽʃɸʂʉɸʎʀʀ ʀ 

ɸʂʊʀɺɸʎʀʀ ʕʃɽʂʊʈʆʅ-ʌʆʅʆʅʅʆɻʆ ɺɿɸʀʄʆɼɽʁʉʊɺʀʗ 

ɺɹʃʀɿʀ ʉɽɻʅɽʊʆʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʌɸɿʆɺʆɻʆ ʇɽʈɽʍʆɼɸ 
 

ɼ.ɺ. ʂʫʟʝʥʢʦ 

ɿʘʚʝʜʫʶʱʠʡ ʦʪʜʝʣʦʤ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢ.ʬ.-ʤ.ʥ, danil.kuzenko.84@yandex.ru 

ʌɻɹʅʋ çʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ çʈʝʘʢʪʠʚʵʣʝʢʪʨʦʥè 

 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ BaTiO3. ɺ ʦʢʨʝʩʪʥʦʩʪʠ 

ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʤʝʪʦʜʦʤ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʦʧʨʝʜʝʣʝʥʳ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʦʥʥʳʭ 

ʧʨʦʮʝʩʩʦʚ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʤ (2,07 eV) ʠ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʤ (0,48 eV) ʩʦʩʪʦʷʥʠʷʭ. 

ʋʩʪʘʥʦʚʣʝʥʦ ʩʥʠʞʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʪʦʯʢʝ ʂʶʨʠ ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʧʦ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤʫ ʟʘʢʦʥʫ, ʘ ʪʘʢʞʝ ʚʧʝʨʚʳʝ ʦʧʨʝʜʝʣʝʥʘ ʵʥʝʨʛʠʷ 

ʘʢʪʠʚʘʮʠʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ BaTiO3 (0,21 eV). 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢ, ʪʠʪʘʥʘʪ ʙʘʨʠʷ, ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ, ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ, 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʨʝʣʘʢʩʘʮʠʷ. 

 

ʉʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʘʷ ʢʝʨʘʤʠʢʘ ʪʠʪʘʥʘʪ ʙʘʨʠʷ BaTiO3 ʩʠʥʪʝʟʠʨʦʚʘʥʘ 

ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1400 ʂ ʠ ʩʧʝʯʝʥʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1700 ʂ. ɼʝʡʩʪʚʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů 

ʨʘʩʩʯʠʪʘʥʘ ʠʟ ʟʥʘʯʝʥʠʡ ʤʦʜʫʣʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ Z ʠ ʫʛʣʘ ʬʘʟʦʚʦʛʦ 

ʩʜʚʠʛʘ ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ű, ʠʟʤʝʨʝʥʥʳʭ ʥʘ ʯʘʩʪʦʪʘʭ 0,025, 1, 5, 10, 

50, 100 kHz ʥʘ ʰʠʨʦʢʦʧʦʣʦʩʥʦʤ ʘʥʘʣʠʟʘʪʦʨʝ ʠʤʤʠʪʘʥʩʘ ɽ7-28. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʦʙʨʘʟʮʳ BaTiO3 ʦʙʣʘʜʘʶʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʨʝʣʘʢʩʘʮʠʝʡ 

ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ ʚ ʦʙʣʘʩʪʠ ʯʘʩʪʦʪ ʥʠʞʝ 100 Hz, ʯʪʦ ʧʨʠʧʠʩʳʚʘʝʪʩʷ 

ʠʦʥʠʟʠʨʦʚʘʥʥʳʤ ʥʦʩʠʪʝʣʷʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʟʘʨʷʜʘ, ʪʘʢʠʤ ʢʘʢ ʢʠʩʣʦʨʦʜʥʳʝ 

ʚʘʢʘʥʩʠʠ ʠ ʜʝʬʝʢʪʳ ʩ ʪʝʨʤʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ ʘʢʪʠʚʘʮʠʠ 0,72 eV, ʘ ʪʘʢʞʝ 

ʠʥʪʝʨʬʝʡʩʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ [1]. ɼʣʷ BaTi0,8Zr0,2O3 ʚ ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ 

ʪʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʘ ʨʝʣʘʢʩʘʮʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʧʝʨʝʦʨʠʝʥʪʘʮʠʝʡ ʧʦʣʷʨʥʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ [2]. ʇʦʵʪʦʤʫ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʨʝʣʘʢʩʘʮʠʠ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʭ ʚʘʞʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʯʘʩʪʦʪʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚʳʰʝ ʪʦʯʢʠ ʂʶʨʠ. 

ʈʘʥʝʝ ʤʝʪʦʜʦʤ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ůᾳ(T) ʚʳʯʠʩʣʝʥʘ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ (2,07 eV) 

ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʝʨʘʤʠʢʠ BaTiO3 ʚʙʣʠʟʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ [3]. 

ɸʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʠ Ůᾳ(T) (ʈʠʩ. ʘ) ʧʦʟʚʦʣʠʣ ʫʩʪʘʥʦʚʠʪʴ ʩʥʠʞʝʥʠʝ ʟʥʘʯʝʥʠʷ 

Ůᾳmax ʚ ʪʦʯʢʝ ʂʶʨʠ ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ f ʧʦ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤʫ 

ʟʘʢʦʥʫ (ʈʠʩ. ʙ). ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʠʟʚʝʩʪʥʳʤ ʬʘʢʪʦʤ ʪʦʛʦ, ʯʪʦ 

ʧʦʚʳhʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʠʵʣʝʢʪʨʠʢʘ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʚʨʝʤʝʥʠ 

ʨʝʣʘʢʩʘʮʠʠ, ʘ ʦʙʣʘʩʪʴ ʩʥʠʞʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʤʝʱʘʝʪʩʷ ʚ 

ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪ [4]. ʅʘʫʯʥʦʡ ʥʦʚʠʟʥʦʡ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʥʳʡ ʚ 

ʨʘʙʦʪʝ ʬʘʢʪ ʥʘʣʠʯʠʷ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ln(Ůᾳmin)(1/kT) (ʈʠʩ. ʚ), ʯʪʦ ʧʦʟʚʦʣʠʣʦ 

ʚʧʝʨʚʳʝ ʦʧʨʝʜʝʣʠʪʴ ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚ 
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ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ BaTiO3 (0,21 eV). ʊʘʢʞʝ ʦʧʨʝʜʝʣʝʥʘ ʵʥʝʨʛʠʷ 

ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʘ ʩʥʠʞʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚʳʰʝ ʪʦʯʢʠ ʂʶʨʠ (0,48 eV). 

ʉʫʤʤʠʨʫʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚ ʦʢʨʝʩʪʥʦʩʪʠ 

ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʝ BaTiO3 ʩʫʱʝʩʪʚʫʶʪ ʘʢʪʠʚʘʮʠʦʥʥʳʝ ʠ 

ʨʝʣʘʢʩʘʮʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ, ʢʦʥʢʫʨʝʥʮʠʷ ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʠ ʦʧʨʝʜʝʣʷʝʪ ʥʘʣʠʯʠʝ 

ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ (ʈʠʩ.). ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʧʨʦʮʝʩʩʘ ʘʢʪʠʚʘʮʠʠ ʚ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʤʝʭʘʥʠʟʤ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʦʩʦʙʦ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʙʣʠʟʠ ʪʦʯʢʠ ʂʶʨʠ ʠ ʢʦʪʦʨʳʡ, ʚʝʨʦʷʪʥʝʝ ʚʩʝʛʦ, 

ʦʙʫʩʣʦʚʣʝʥ ʧʩʝʚʜʦ-ʵʬʬʝʢʪʦʤ ʗʥʘ-ʊʝʣʣʝʨʘ [5] ʠ ʵʬʬʝʢʪʦʤ ʢʦʚʘʣʝʥʪʥʦʩʪʠ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʛʠʙʨʠʜʠʟʘʮʠʠ 2p-ʩʦʩʪʦʷʥʠʡ ʢʠʩʣʦʨʦʜʘ ʩ d-ʩʦʩʪʦʷʥʠʷʤʠ ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ. [6]. ɺ 

ʧʘʨʘʵʣʝʢʪʨʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʨʝʣʘʢʩʘʮʠʷ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʦʙʫʩʣʦʚʣʝʥʘ 

ʨʦʩʪʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʢʪʠʚʘʮʠʠ 

ʠʦʥʠʟʠʨʦʚʘʥʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ (ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ) [1]. 

 

 
ʘ)    ʙ)    ʚ) 

ʈʠʩ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ (ʘ), ʯʘʩʪʦʪʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʟʥʘʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚ ʪʦʯʢʝ ʂʶʨʠ Ůᾳ
max (ʙ) ʠ 

ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ Ůᾳ
min(T) ʚ ʢʦʦʨʜʠʥʘʪʘʭ ln(Ůᾳmin)ī1/kT ʢʝʨʘʤʠʢʠ BaTiO3 (ʚ) 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʪʝʤʳ ʧʦ ʛʦʩʟʘʜʘʥʠʶ 

ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ çɸʢʪʠʚʘʮʠʦʥʥʳʝ ʤʝʭʘʥʠʟʤʳ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭè (ˉ 123121500051-7). 

 
ʃʠʪʝʨʘʪʫʨʘ 

1. Lee S.-J. Low-frequency dielectric relaxation of BaTiO3 thin-film capacitors / S.-J. Lee, 

K.-Y. Kang, S.-K. Han // Applied Physics Letters. 1999. ī V. 75. ī No. 12. ī P. 1784-1786. 

2. Aktas O. Phase transition behavior in ferroelectric BaTi0,8Zr0,2O3: Evidence of polar cluster 

reorientation above Curie temperature / O. Aktas, F.J. Romero, Z. He // Journal of Applied Physics. 

2025. ī V. 137. ī Art. no. 204103. 

3. ʂʫʟʝʥʢʦ ɼ.ɺ. ɸʢʪʠʚʘʮʠʦʥʥʳʡ ʘʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ / ɼ.ɺ. ʂʫʟʝʥʢʦ // ʀʟʚʝʩʪʠʷ ʈɸʅ. ʉʝʨʠʷ ʬʠʟʠʯʝʩʢʘʷ. 2024. ï 

ʊ. 88. ï ˉ 5. ï ʉ. 46-52. 

4. ʇʦʧʣʘʚʢʦ ʖ.ʄ. ʌʠʟʠʢʘ ʘʢʪʠʚʥʳʭ ʜʠʵʣʝʢʪʨʠʢʦʚ / ʖ.ʄ. ʇʦʧʣʘʚʢʦ, ʃ.ʇ. ʇʝʨʝʚʝʨʟʝʚʘ, 

ʀ.ʇ. ʈʘʝʚʩʢʠʡ. ï ʈʦʩʪʦʚ ʥ/ɼ: ʀʟʜʘʪʝʣʴʩʪʚʦ ʖʌʋ, 2009. ï 480 ʩ. 

5. Bersuker I.B. Vibronic (pseudo Jahn-Teller) theory of ferroelectricity: Novel aspects and 

applications / I.B. Bersuker // Ferroelectrics. 2018. ï V. 536. ï No. 1. ï P. 1-59. 

6. Bussmann A. Oxygen polarizability in ferroelectric phase transitions / A. Bussmann, H. 

Bilz, R. Roenspiess, K. Schwarz // Ferroelectrics. 1980. ï V. 25. ï No. 1. ï P. 343-346. 



105 

 

 

 

 

 

 

 

 

 

 

 

 

 

SESSION 4 

MISCELLANEOUS  

 
  



106 

 

ʋɼʂ 538.913, 538.958 

 

ɸʅʀɿʆʊʈʆʇʀʗ ʂɺɸɿʀʋʇʈʋɻʆɻʆ ʈɸʉʉɽʗʅʀʗ ʉɺɽʊɸ ɺ 

ʄɸʅɼɽʃʔʐʊɸʄ-ɹʈʀʃʃʖʕʅʆɺʉʂʀʍ ʉʇɽʂʊʈɸʍ ʂʈʀʉʊɸʃʃʆɺ 

Na1/2Bi1/2TiO3 
 

ʅ.ʂ. ɼʝʨʝʮ1, ɸ.ʀ. ʌʝʜʦʩʝʝʚ2, ʉ.ɻ. ʃʫʰʥʠʢʦʚ3, J.-H. Ko4, S. Kojima5 
1ɸʩʧʠʨʘʥʪ, deretsnk@mail.ioffe.ru 

2ʉʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, fedoseev@mail.ioffe.ru 
3ɻʣʘʚʥʳʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ/ʟʘʚ. ʣʘʙ. çʌʠʟʠʢʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʪʚʘ ʠ ʤʘʛʥʝʪʠʟʤʘè, 

sergey.lushnikov@mail.ioffe.ru 

ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ ʈɸʅ 
4ʇʨʦʬʝʩʩʦʨ, hwangko1@gmail.com 

ʋʥʠʚʝʨʩʠʪʝʪ ʍʘʣʣʠʤ, ʂʦʨʝʷ 
5ʇʨʦʬʝʩʩʦʨ, kojima@ims.tsukuba.ac.jp 

ʀʥʩʪʠʪʫʪ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ, ʋʥʠʚʝʨʩʠʪʝʪ ʎʫʢʫʙʳ, ʗʧʦʥʠʷ 

 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʜʠʥʘʤʠʢʠ ʨʝʰʝʪʢʠ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʥʘʪʨʠʡ-ʚʠʩʤʫʪʦʚʦʛʦ ʪʠʪʘʥʘʪʘ Na1/2Bi1/2TiO3 (NBT) ʤʝʪʦʜʦʤ ʤʘʥʜʝʣʴʰʪʘʤ-

ʙʨʠʣʣʶʵʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 300 

ʜʦ 850 K ʚ ʯʝʪʳʨʸʭ ʨʘʟʣʠʯʥʳʭ ʛʝʦʤʝʪʨʠʷʭ ʨʘʩʩʝʷʥʠʷ ʩ ʧʦʤʦʱʴʶ (3+3)-ʧʨʦʭʦʜʥʦʛʦ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʌʘʙʨʠ-ʇʝʨʦ. ɺ ʩʧʝʢʪʨʘʭ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʥʘʙʣʶʜʘʣʦʩʴ ʤʥʦʛʦ-ʢʦʤʧʦʥʝʥʪʥʦʝ 

ʢʚʘʟʠʫʧʨʫʛʦʝ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ (QELS) ʠ ʘʢʫʩʪʠʯʝʩʢʠʝ ʬʦʥʦʥʳ. ɿʘʚʠʩʠʤʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʵʚʦʣʶʮʠʠ QELS ʦʪ ʛʝʦʤʝʪʨʠʠ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʦʙʩʫʞʜʘʝʪʩʷ ʚ ʢʦʥʪʝʢʩʪʝ ʥʝʪʨʠʚʠʘʣʴʥʦʡ 

ʜʠʥʘʤʠʢʠ ʨʝʰʸʪʢʠ NBT. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʥʘʤʠʢʘ ʨʝʰʸʪʢʠ, ʙʨʠʣʣʶʵʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ, ʥʘʪʨʠʡ-

ʚʠʩʤʫʪʦʚʳʡ ʪʠʪʘʥʘʪ, Na1/2Bi1/2TiO3, ʢʚʘʟʠʫʧʨʫʛʦʝ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ, ʘʢʫʩʪʠʯʝʩʢʠʝ ʬʦʥʦʥʳ. 

 

ʅʘʪʨʠʡ-ʚʠʩʤʫʪʦʚʳʡ ʪʠʪʘʥʘʪ Na1/2Bi1/2TiO3 (NBT), ʚʧʝʨʚʳʝ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ɻ.ɸ. ʉʤʦʣʝʥʩʢʦʛʦ ʚ 1956 ʛʦʜʫ [1], ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʩʣʦʞʥʦʢʦʤʧʦʥʝʥʪʥʳʡ ʧʝʨʦʚʩʢʠʪ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ ABO3, ʚ ʢʦʪʦʨʦʤ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ ʟʘʥʷʪʳ ʘʪʦʤʘʤʠ Na ʠ Bi. ʂʨʠʩʪʘʣʣʳ NBT 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʝʪʨʠʚʠʘʣʴʥʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʧʨʠ 

ʢʦʪʦʨʳʭ ʚʦʟʥʠʢʘʶʪ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʩʝʛʥʝʪʦ-ʵʣʘʩʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʝʣʘʶʪ ʵʪʦ ʩʦʝʜʠʥʝʥʠʝ ʠʥʪʝʨʝʩʥʳʤ ʜʣʷ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ. ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʧʝʢʪʨʘʭ ʤʘʥʜʝʣʴʰʪʘʤ-

ʙʨʠʣʣʶʵʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʚ ʵʪʦʤ ʩʦʝʜʠʥʝʥʠʠ ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʣʦʞʥʦʢʦʤʧʦʥʝʥʪʥʦʝ ʢʚʘʟʠʫʧʨʫʛʦʝ ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ, ʨʘʟʣʠʯʥʳʝ ʚʢʣʘʜʳ ʚ 

ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʶʪ ʠʩʩʣʝʜʦʚʘʪʴ ʧʨʦʮʝʩʩʳ, ʩʚʷʟʘʥʥʳʝ ʩʦ ʩʪʨʫʢʪʫʨʥʳʤʠ 

ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ [2]. ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʨʘʙʦʪʘ ʨʘʩʰʠʨʷʝʪ ʠ ʫʛʣʫʙʣʷʝʪ 

ʧʨʝʜʣʦʞʝʥʥʳʡ ʨʘʥʝʝ ʧʦʜʭʦʜ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʜʠʥʘʤʠʢʠ ʨʝʰʸʪʢʠ 

ʩʣʦʞʥʦʢʦʤʧʦʥʝʥʪʥʳʭ ʧʝʨʦʚʩʢʠʪʦʚ ʠ ʨʦʜʩʪʚʝʥʥʳʭ ʠʤ ʩʦʝʜʠʥʝʥʠʡ. 

ʄʦʥʦʢʨʠʩʪʘʣʣʳ NBT ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʤʝʪʦʜʦʤ ʏʦʭʨʘʣʴʩʢʦʛʦ, ʘ ʠʭ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 
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ʜʠʬʨʘʢʪʦʤʝʪʨʘ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 300 ʜʦ 

850 K ʚ 90A-ʛʨʘʜʫʩʥʦʡ ʛʝʦʤʝʪʨʠʠ ʨʘʩʩʝʷʥʠʷ ʩ qph||[100], 180-ʛʨʘʜʫʩʥʦʡ 

ʛʝʦʤʝʪʨʠʠ ʨʘʩʩʝʷʥʠʷ ʩ qph||[100], 90-ʛʨʘʜʫʩʥʦʡ ʛʝʦʤʝʪʨʠʠ ʨʘʩʩʝʷʥʠʷ ʩ qph||[110] ʠ 

180-ʛʨʘʜʫʩʥʦʡ ʛʝʦʤʝʪʨʠʷ ʨʘʩʩʝʷʥʠʷ ʩ qph||[110] ʩ ʧʦʤʦʱʴʶ (3+3)-ʧʨʦʭʦʜʥʦʛʦ 

ʠʥʪʝʨʬʝʨʦʤʝʪʨʘ ʌʘʙʨʠ-ʇʝʨʦ (J. Sandercock tandem). ʀʩʪʦʯʥʠʢʦʤ ʠʟʣʫʯʝʥʠʷ 

ʩʣʫʞʠʣ ʪʚʝʨʜʦʪʝʣʴʥʳʡ ʣʘʟʝʨ "Coherent" ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ = 532 ʥʤ. ʉʧʝʢʪʨʳ 

ʩʥʠʤʘʣʠʩʴ ʚ ʨʝʞʠʤʝ ʦʭʣʘʞʜʝʥʠʷ ʦʙʨʘʟʮʘ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʷʯʝʡʢʝ 

Linkam THMS600, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʩʪʘʙʠʣʠʟʘʮʠʶ Ñ0.1 ʂ. ɺ 

ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʥʝʩʢʦʣʴʢʦ ʩʚʦʙʦʜʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʜʠʘʧʘʟʦʥʦʚ (ʦʪ 12 ʜʦ 800 ɻɻʮ). 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʸʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʩʧʝʢʪʨʘʭ ʤʘʥʜʝʣʴʰʪʘʤ-

ʙʨʠʣʣʶʵʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ NBT ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ 

ʧʨʦʜʦʣʴʥʳʝ ʠ ʧʦʧʝʨʝʯʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʬʦʥʦʥʳ, ʘ ʪʘʢʞʝ ʚʳʨʘʞʝʥʥʦʝ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʝ QELS, ʩʦʩʪʘʚ ʠ ʪʝʤʧʝʨʘʪʫʨʥʦʝ ʧʦʚʝʜʝʥʠʝ ʢʦʪʦʨʦʛʦ 

ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʝʣʠ ʦʪ ʚʳʙʨʘʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɺ ʯʘʩʪʥʦʩʪʠ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʢʩʠʤʫʤʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ QELS ʠ 

ʘʥʦʤʘʣʠʠ ʠʭ ʧʦʣʥʦʡ ʰʠʨʠʥʳ ʥʘ ʧʦʣʫʚʳʩʦʪʝ ʨʘʟʣʠʯʘʶʪʩʷ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 

ʧʦʟʚʦʣʷʶʪ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ ʧʨʦʩʣʝʜʠʪʴ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʵʚʦʣʶʮʠʶ 

ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʜʠʥʘʤʠʢʠ ʨʝʰʸʪʢʠ ʠ ʫʪʦʯʥʠʪʴ ʨʦʣʴ ʨʘʟʣʠʯʥʳʭ ʤʝʭʘʥʠʟʤʦʚ 

ʨʝʣʘʢʩʘʮʠʠ ʚ NBT. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ. 
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VARIETY OF ORDERED MAGNETIC STATES IN HONEYCOMB -LAYERED 

COMPOSITIONALLY COMPLEX OXIDES Na 3-xLi xM2SbO6 
(M = Cu1/3Ni1/3Co1/3) 
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Lomonosov Moscow State University 

t_vasilchikova@yahoo.com 
 

The concept of high-entropy oxides has triggered extensive research of this novel 

class of materials because their numerous functional properties are usually not mere 

linear combinations of those of the components. Here, we introduce the new series of 

compositionally complex honeycomb-layered magnets Na3īxLi xM2SbO6 (M = 

Cu1/3Ni1/3Co1/3).  

Despite the statistical distribution of the 3d cations on the same M position in the 

structure of Na3īxLi xM2SbO6, the magnetic parameters remain well defined, and 

transitions into either spin-cluster or antiferromagnetic state remain sharp. Na3M2SbO6 

is an antiferromagnet with a Ne®l temperature of 10.2 Ⱦ. This is between the transition 

temperatures of its constituent Na3T2SbO6: 4.4 K(T = Co) and 16.5 K (T = Ni). The 

formal analogue with M = Cu, however, is not considered as a honeycomb structure: 

due to the JahnīTeller distortion, CuīCu distances are there significantly different 

(3.20 Ĭ 2 and 2.96 ¡), resulting in formation of dimers and alternating frustrated spin 

chains. The difference in the behavior of Na3M2SbO6, on the one side, and 

Li0.8Na2.2M2SbO6, Li1.5Na1.5M2SbO6, and Li3M2SbO6, on the other side, can be ascribed 

to the Li+/Cu2+ inversion, which results in the pronounced spin-cluster effect not seen 

in the sodium compound. Notably, the most disordered composition Li1.5Na1.5M2SbO6 

possesses the lowest ñorderingò temperature. 
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PECULIAR CRYSTAL STRUCTURE AND LONG-RANGE ORDER OF  

SPIN-1/2 LADDERS IN MoOBr3 

O.S. Volkova 

Professor, Lomonosov Moscow State University, volkova@lt.phys.msu.ru 

Magnetic and crystal structures of MoOBr3 are estimated in thermodynamic measurements 

and first principles calculations.  

Keywords: antiferromagnetism, 4d metals, spin ï ladders 

 

Tetragonal crystal structure of molybdenum oxytribromide, MoOBr3, consists of 

non-planar Mo2Br6 units joined by non-equidistant Mo-O-Mo bonds into infinite 

ladders, which are connected to each other by the van der Waals forces as is shown in 

left panel to Fig. 1. Within unit cell, the apical Mo atoms in any given ladder are shifted 

along the c axis either above (+z) or below (īz) the basal ab plane of the Br atoms. 

Magnetic susceptibility taken at various frequencies ɢac(T) and magnetic fields ɢdc(T) 

shown in right panel of Fig. 1 as well as specific heat Cp(T) data evidence the formation 

of a long-range antiferromagnetic order at TN = 34 Ñ 1 K with largely reduced effective 

magnetic moments Õeff = 1.3 Ñ 0.1 ÕB. ESR spectrum evidences the presence of 

Mo5+(4d1) ions in the structure. First principles GGA+U calculations point to the 

predominance of intra-ladder ferromagnetic exchange interaction on both rungs Jrung = 

ī 10 meV and legs Jleg = ī 1 meV of the ladder, while much weaker inter-ladder 

antiferromagnetic exchange interaction Jinter = 0.2 meV couples the ladders. The 

anisotropic part of the exchange K = 0.6 meV in combination with Jinter allows 

estimating the spin-flop transition field Õ0Hspin-flop ~ 6 T in good correspondence with 

the magnetization M(H) data shown in the lower inset of right panel of Fig. 1 [1]. 
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Fig. 1. Left: crystal structure of MoOBr3. Molybdenum atoms are shown by semifilled large 

spheres, bromine and oxygen are middle and small size spheres. Right: Temperature dpendence of 

magnetic susceptibilityy of MoOBr3. Upper and lower insets are ESR spectrum taken at 300 K and 

magnetization curve taken at 2 K.   

1. Peculiar crystal structure and long-range order of spin-1/2 ladders in MoOBr3 / A. A. Vorobyova, 

E. V. Komleva, M. Y. Geidorf et al. // Journal of Alloys and Compounds. ð 2023. ð P. 172072.  
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INFLUENCE OF THE TIME OF TREATMENT OF MODIFIED WOOD 

WITH A PULSED MAGNETIC FIELD ON ITS MECHANICAL 

PROPERTIES 
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The report presents experimental data on the effect of pulsed magnetic field treatment time on 

the end grain hardness of modified compacted birch wood. Analysis of the results allows us to make 

an assumption about the thermodynamic nature of the mechanism of change in the lignocarbohydrate 

matrix of wood after exposure to a pulsed magnetic field. 

Key words: pulsed magnetic field, end grain hardness of wood, lignocarbohydrate matrix, 

supramolecular structure of wood. 
 

In order to change the mechanical properties of wood for the manufacture of 

friction bearings that are not subject to corrosion, various processing methods have 

been developed for a long time: compaction, impregnation, drying, irradiation and their 

various combinations [1, 2]. At present, preference is given to physical methods of 

exposure. Therefore, studies of the effect of such factors as a pulsed magnetic field 

(PMF) on the mechanical properties of wood are relevant. 

Experiments have conducted to study the effect of the treatment time (Ű) with a 

pulsed magnetic field (PMF) on the relative end hardness (H/H0) (where H0 and H are 

the hardness before and after treatment) of samples made of modified wood of birch 

with a density of 1.35Ĭ103 to 1.45Ĭ103 kg/m3. The samples were treated with triangular 

pulses of different duration ti at equal intervals with parallel arrangement of the field 

lines and wood fibers during exposure. Determination of static hardness was carried 

out according to Rockwell method in accordance with the standard (GOST 13338-86) 

for modified wood [1]. The results of the experiments conducted at the values of the 

IMF amplitude B0 exceeding 0.3 T and the pulse duration of 10 ɛs and 30 ɛs are 

presented in Figures 1 and 2. 

The studies have shown that the effect of the processing time Ű on the relative 

end-face density H/H0 of samples of modified birch wood at B0 Ó 0.3 T depends on the 

pulse duration ti. For example, at the pulse duration ti = 10 ɛs, the maximum increase 

in the relative end-face hardness was observed at Űopt å 60 s, and at ti = 30 ɛs, the Űopt 

value decreased almost 3 times. It should be noted that the change in the pulse duration 

did not affect the maximum value of the relative end-face hardness of the modified 

wood. This indicates that its lignocarbohydrate matrix is in a stable thermodynamic 

state after IMF processing. The presence of Űopt can be associated with the energy 

required to form this state. Consequently, it is advisable to model the mechanism of 
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change in the supramolecular structure of the matrix within the framework of classical 

thermodynamics. 

 

 
Fig. 1. Dependence of the relative end hardness H/H0(Ű) samples of modified birch wood with 

magnetic pulse duration ti = 10 ɛs [3] 

 

 
Fig. 2. Dependence of the relative end hardness H/H0(Ű) samples of modified birch wood with 

magnetic pulse duration ti = 30 ɛs [3] 
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ʬʠʟʠʢʦʭʠʤʠʠ ʠ ʤʝʭʘʥʠʢʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, inga_perm@mail.ru 
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ʇʨʦʚʝʜʝʥ ʢʦʤʧʣʝʢʩ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʥʘʧʨʘʚʣʝʥʥʳʡ ʥʘ ʜʝʪʘʣʴʥʦʝ ʫʩʪʘʥʦʚʣʝʥʠʝ 

ʬʠʟʠʯʝʩʢʠʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ, ʚɻʦʣʶʮʠʠ ʩʪʨʫʢʪʫʨʥʳʭ 

ʩʦʩʪʦʷʥʠʡ, ʘ ʪʘʢʞʝ ʧʫʪʝʡ ʩʦʟʜʘʥʠʷ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʢʦʤʧʦʟʠʪʦʚ ʩ ʫʧʨʘʚʣʷʝʤʳʤ ʦʪʢʣʠʢʦʤ ʩʚʦʡʩʪʚ ʥʘ ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ (ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ, 

ʠʥʪʝʥʩʠʚʥʘʷ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ, ʦʪʞʠʛ). 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʤʦʨʬʥʳʡ ʩʧʣʘʚ, ʢʦʤʧʦʟʠʪ, ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ, 

ʩʚʦʡʩʪʚʘ, ʣʘʟʝʨʥʦʝ ʦʙʣʫʯʝʥʠʝ, ʦʪʞʠʛ, ʢʨʫʯʝʥʠʝ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ. 

 

ɸʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ ï ʥʦʚʳʡ ʢʣʘʩʩ ʤʘʪʝʨʠʘʣʦʚ, 

ʚʦʟʥʠʢʰʠʡ ʥʘ ʨʫʙʝʞʝ 20 ʠ 21 ʚʝʢʦʚ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʥʪʝʥʩʠʚʥʦʛʦ ʨʘʟʚʠʪʠʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʉʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʚ ʩʪʨʫʢʪʫʨʝ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ 

ʬʘʟʦʚʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ï ʘʤʦʨʬʥʦʡ (ʣʠʰʴ ʩ ʙʣʠʞʥʠʤ ʧʦʨʷʜʢʦʤ ʚ ʨʘʩʧʦʣʦʞʝʥʠʠ 

ʘʪʦʤʦʚ) ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ (ʩ ʨʝʛʫʣʷʨʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʘʪʦʤʦʚ) ʩʧʦʩʦʙʥʦ 

ʧʨʠʚʝʩʪʠ ʢ ʥʝʦʙʳʯʥʳʤ ʩʠʥʝʨʛʠʡʥʳʤ ʵʬʬʝʢʪʘʤ ʚ ʤʘʪʝʨʠʘʣʝ, ʦʩʦʙʝʥʥʦ ʝʩʣʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ ʠʤʝʝʪ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʘʩʰʪʘʙʳ [1, 2]. 

ɺ ʨʘʙʦʪʝ ʦʙʩʫʞʜʘʶʪʩʷ ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʥʘʫʯʥʳʝ ʧʨʠʥʮʠʧʳ ʩʦʟʜʘʥʠʷ 

ʤʥʦʛʦʦʙʨʘʟʠʷ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʪʦʚ: 

ï ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ (ɸʉ) ʚ ʧʨʦʮʝʩʩʝ ʦʪʞʠʛʘ ʧʨʠ 

ʧʦʜʦʙʨʘʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʚʨʝʤʝʥʥʳʭ ʨʝʞʠʤʘʭ; 

 ï ʧʨʠ ʚʘʨʠʘʮʠʷʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʨʘʩʧʨʝʜʝʣʸʥʥʳʭ ʟʦʥ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʦ ʩʝʯʝʥʠʶ ʣʝʥʪ ɸʉ, ʘ ʪʘʢʞʝ ʧʦʜʙʦʨʦʤ ʧʘʨʘʤʝʪʨʦʚ ʦʙʣʫʯʝʥʠʷ 

ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʵʢʩʠʤʝʨʥʦʛʦ ʣʘʟʝʨʘ; 

 ï ʧʫʪʸʤ "ʧʘʢʝʪʥʦʛʦ" ʯʝʨʝʜʦʚʘʥʠʷ ʩʣʦʸʚ ʘʤʦʨʬʥʳʭ ʣʝʥʪ ʨʘʟʥʳʭ ʧʦ ʩʦʩʪʘʚʫ ʠ 

ʩʚʦʡʩʪʚʘʤ ʠ ʠʭ ʧʦʩʣʝʜʫʶʱʝʛʦ ʢʨʫʯʝʥʠʷ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ (ʂɺɼ); 

 ï ʦʩʫʱʝʩʪʚʣʷʷ ʯʘʩʪʠʯʥʫʶ ʘʤʦʨʬʠʟʘʮʠʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʣʘʤʠʥʘʪʦʚ 

ʩʠʩʪʝʤʳ çʤʝʜʴ-ʥʠʦʙʠʡè ʧʨʠ ʂɺɼ ʚ ʢʘʤʝʨʝ ɹʨʠʜʞʤʝʥʘ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʦʪʢʣʠʢʘ ʩʚʦʡʩʪʚ ʠ 

ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʧʨʝʜʣʦʞʝʥʘ ʩʦʚʦʢʫʧʥʦʩʪʴ ʨʝʞʠʤʦʚ 

ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʦʙʨʘʙʦʪʦʢ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʯʝʪʘʥʠʷ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʩʩʣʝʜʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʆʧʨʝʜʝʣʝʥʳ ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʚʝʜʝʥʠʷ ʙʦʣʴʰʦʛʦ ʢʣʘʩʩʘ ɸʉ ʠ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʢʦʤʧʦʟʠʪʦʚ ʧʨʠ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʷʭ: ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʩʦʩʪʘʚʦʚ, 
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ʧʨʦʠʟʚʦʜʩʪʚʝ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʠ ʨʝʟʠʩʪʠʚʥʦʡ ʣʝʥʪ ʩ ʘʤʦʨʬʥʦʡ ʠ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʠʭ ʪʝʤʧʝʨʘʪʫʨʥʦ-

ʚʨʝʤʝʥʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʢʦʥʪʨʦʣʷ ʧʨʦʮʝʩʩʦʚ ʦʭʨʫʧʯʠʚʘʥʠʷ, ʧʦʜʜʝʨʞʘʥʠʷ 

ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ, ʧʨʦʯʥʦʩʪʥʳʭ, ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʩ 

ʩʦʭʨʘʥʝʥʠʝʤ ʥʝʥʫʣʝʚʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ˉ 075-00319-25-00. 
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ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʤʦʨʬʥʳʡ ʩʧʣʘʚ, ʫʣʴʪʨʘʟʚʫʢ, ʩʪʨʫʢʪʫʨʘ, ʤʝʭʘʥʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ, 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʬʦʨʤʦʚʘʥʠʝ. 
 

ɸʤʦʨʬʥʳʝ ʩʧʣʘʚʳ (ɸʉ) ʦʙʣʘʜʘʶʪ ʫʥʠʢʘʣʴʥʳʤʠ ʠ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ ʟʘ ʩʯʸʪ ʥʝʦʙʳʯʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩ ʧʨʝʦʙʣʘʜʘʥʠʝʤ 

ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʚ ʨʘʩʧʦʣʦʞʝʥʠʠ ʘʪʦʤʦʚ [1]. ʇʨʠ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʷʭ 

ʩʪʝʧʝʥʴ ʩʪʨʫʢʪʫʨʥʦʡ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ɸʉ ʩʥʠʞʘʝʪʩʷ, ʠ ʵʪʦ ʚʝʜʸʪ ʢ 

ʩʫʱʝʩʪʚʝʥʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɻʣʘʚʥʳʤʠ 

ʧʨʦʙʣʝʤʘʤʠ ʠʭ ʰʠʨʦʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʷʚʣʷʶʪʩʷ ʪʨʫʜʥʦʦʙʨʘʙʘʪʳʚʘʝʤʦʩʪʴ, 

ʦʛʨʘʥʠʯʝʥʥʳʡ ʠʥʪʝʨʚʘʣ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ [2]. ɹʦʣʝʝ ʪʦʛʦ, ʧʣʘʩʪʠʯʝʩʢʘʷ 

ʜʝʬʦʨʤʘʮʠʷ ʚ ɸʉ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʸʪ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʣʦʩ ʩʜʚʠʛʘ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ, ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ 

ʨʘʟʨʫʰʝʥʠʷ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ. ʇʦʚʳʩʠʪʴ ʧʨʦʯʥʦʩʪʴ ʠ ʧʣʘʩʪʠʯʥʦʩʪʴ ʪʘʢʠʭ ʩʧʣʘʚʦʚ 

ʤʦʞʥʦ, ʪʨʘʥʩʬʦʨʤʠʨʫʷ ʘʤʦʨʬʥʫʶ ʩʪʨʫʢʪʫʨʫ ʚ ʢʚʘʟʠʘʤʦʨʬʥʫʶ ʠʣʠ ʚ ʯʘʩʪʠʯʥʦ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ. ʉʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʘʤʦʨʬʥʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʧʨʠʚʦʜʠʪ ʢ ʨʷʜʫ ʵʬʬʝʢʪʦʚ, ʦʪʨʘʞʘʶʱʠʭʩʷ ʥʘ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʦʤ ʧʦʚʝʜʝʥʠʠ ʤʘʪʝʨʠʘʣʦʚ [3]. 

ʄʦʜʠʬʠʮʠʨʦʚʘʪʴ ʩʚʦʡʩʪʚʘ ʠ ʚʣʠʷʪʴ ʥʘ ʩʪʨʫʢʪʫʨʫ ɸʉ ʚʦʟʤʦʞʥʦ ʫʞʝ ʚ 

ʧʨʦʮʝʩʩʝ ʠʭ ʧʦʣʫʯʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʫʶʪ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʠ ʧʦʨʦʡ 

ʪʨʫʜʦʝʤʢʠʝ ʚʠʜʳ ʦʙʨʘʙʦʪʦʢ ɸʉ: ʦʪʞʠʛ, ʣʘʟʝʨʥʦʝ ʦʙʣʫʯʝʥʠʝ, ʢʨʫʯʝʥʠʝ ʧʦʜ 

ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ [3]. ɺ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝʪʠʝ ʧʦʷʚʣʷʶʪʩʷ ʩʦʦʙʱʝʥʠʷ ʦʙ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ (ʋɿ) ʢʦʣʝʙʘʥʠʡ ʜʣʷ ʪʨʘʥʩʬʦʨʤʘʮʠʠ 

ʩʪʨʫʢʪʫʨʳ ɸʉ [4]. ʆʜʥʘʢʦ ʪʘʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʝʩʴʤʘ ʨʘʟʨʦʟʥʝʥʳ ʠ 

ʥʝʤʥʦʛʦʯʠʩʣʝʥʥʳ, ʦʩʦʙʝʥʥʦ ʚ ʈʦʩʩʠʠ. ʇʨʦʚʝʜʸʥ ʠʭ ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʪʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ ʩ ʦʙʟʦʨʦʤ ʠ ʦʙʩʫʞʜʝʥʠʝʤ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʠʢ, ʨʝʞʠʤʦʚ, ʫʩʣʦʚʠʡ ʋɿ 

ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ ɸʉ. ʅʘ ʝʛʦ ʦʩʥʦʚʘʥʠʠ ʚʳʜʝʣʝʥʳ ʪʨʠ ʘʢʪʫʘʣʴʥʳʝ ʢʘʢ ʩ ʥʘʫʯʥʦʡ, 

ʪʘʢ ʠ ʧʨʠʢʣʘʜʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʥʘʧʨʘʚʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʚʝʜʝʥʠʷ 

ʙʳʩʪʨʦʟʘʢʘʣʸʥʥʳʭ ɸʉ ʧʦʩʣʝ ʋɿ ʦʙʨʘʙʦʪʢʠ (ʨʠʩ. 1), ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ 

ʨʘʟʚʠʚʘʪʴ ʠ ʨʘʩʰʠʨʷʪʴ ʟʥʘʥʠʷ: 
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1) ʦʤʦʣʦʞʝʥʠʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʟʚʫʢʘ ɸʉ ʩ ʨʘʟʤʷʛʯʝʥʠʝʤ, ʫʣʫʯʰʝʥʠʝʤ 

ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʠ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʘʤʦʨʬʥʦʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ 

ʬʦʨʤʦʚʘʥʠʷ, 

2) ʯʘʩʪʠʯʥʘʷ ʜʝʚʠʪʨʠʬʠʢʘʮʠʷ ɸʉ ʧʦʜ ʚʣʠʷʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʘ ʩ ʦʧʪʠʤʘʣʴʥʳʤ 

ʩʦʯʝʪʘʥʠʝʤ ʜʦʣʠ ʘʤʦʨʬʥʦʡ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟ, ʘ ʪʘʢʞʝ ʩ 

ʢʦʤʧʨʦʤʠʩʩʥʳʤ ʙʘʣʘʥʩʦʤ ʧʨʦʯʥʦʩʪʠ ʠ ʧʣʘʩʪʠʯʥʦʩʪʠ, 

3) ʋɿ ʧʘʡʢʘ/ʩʚʘʨʢʘ ʜʣʷ ʙʳʩʪʨʦʛʦ ʩʦʝʜʠʥʝʥʠʝ ʩʣʦʸʚ ʨʘʟʥʳʭ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ 

ʩʦʩʪʘʚʫ ʠ ʩʚʦʡʩʪʚʘʤ ɸʉ, ʘ ʪʘʢʞʝ ʠʭ ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʠʷ ʩ ʜʨʫʛʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ. 

 
ʈʠʩ. 1 ʉʭʝʤʘ ʨʘʟʚʠʪʠʷ ʋɿ ʪʝʭʥʦʣʦʛʠʡ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʘʤʦʨʬʥʳʤ ʩʧʣʘʚʘʤ 

 

ʆʙʦʟʥʘʯʝʥʳ ʢʨʠʪʠʯʝʩʢʠʝ ʚʦʧʨʦʩʳ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʧʦʜʭʦʜʦʚ ʢ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʝ ʠ ʧʝʨʩʧʝʢʪʠʚʳ ʝʝ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʘʤʦʨʬʥʳʤ ʩʧʣʘʚʘʤ ʩ ʮʝʣʴʶ ʨʘʩʰʠʨʝʥʠʷ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʚʥʝʜʨʝʥʠʷ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʞʝʥʝʨʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ˉ 075-00319-25-00. 
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ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ 

 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ, ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʛʦ ʨʘʩʩʣʦʝʥʠʷ, ʜʦʤʝʥʥʳʝ ʩʪʝʥʢʠ 

 

ʆʙʣʘʩʪʠ ʬʘʟʦʚʦʛʦ ʨʘʩʩʣʦʝʥʠʷ ʥʘʙʣʶʜʘʣʠʩʴ ʚ ʨʘʟʣʠʯʥʳʭ ʢʨʠʩʪʘʣʣʘʭ, 

ʨʝʣʘʢʩʦʨʥʳʭ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʭ ʠ ʤʫʣʴʪʠʬʝʨʨʦʠʢʘʭ ʩʦʜʝʨʞʘʱʠʭ 

ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʝ ʠʦʥʳ ʧʝʨʝʤʝʥʥʦʡ ʚʘʣʝʥʪʥʦʩʪʠ ʠʣʠ ʚ ʢʨʠʩʪʘʣʣʘʭ ʩ ʧʨʠʤʝʩʷʤʠ, 

ʚʳʟʳʚʘʶʱʠʤʠ ʠʟʤʝʥʝʥʠʝ ʚʘʣʝʥʪʥʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ [1]. ɼʚʦʡʥʦʡ ʦʙʤʝʥ 

ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʦʙʣʘʩʪʝʡ ʬʘʟʦʚʦʛʦ ʨʘʩʩʣʦʝʥʠʷ, ʧʨʠʚʦʜʠʪ 

ʢ ʬʝʨʨʦʤʘʛʥʠʪʥʦʤʫ ʫʧʦʨʷʜʦʯʝʥʠʶ ʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ. ʇʨʠ ʵʪʦʤ ʚʥʫʪʨʠ ʵʪʠʭ 

ʣʦʢʘʣʴʥʳʭ ʦʙʣʘʩʪʝʡ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʚʳʰʝʥʥʘʷ ʣʦʢʘʣʴʥʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ, 

ʩʚʷʟʘʥʥʘʷ ʩ ʥʝʢʦʪʦʨʦʡ ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʦʩʪʘʣʴʥʳʤ ʦʙʲʝʤʦʤ ʢʨʠʩʪʘʣʣʘ. ʇʦʩʢʦʣʴʢʫ ʦʙʲʝʤ ʪʘʢʠʭ ʦʙʣʘʩʪʝʡ 

ʤʘʣ, ʪʦ ʚ ʫʩʣʦʚʠʷʭ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʠ ʥʠʟʢʦʯʘʩʪʦʪʥʳʭ ʠʟʤʝʨʝʥʠʡ ʢʘʢʠʝ-ʣʠʙʦ 

ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʨʠʩʪʘʣʣʘ ʦʙʳʯʥʦ 

ʤʘʣʦʟʘʤʝʪʥʳ. ɹʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤʠ ʷʚʣʷʶʪʩʷ ʠʟʤʝʨʝʥʠʷ ʥʘ ʩʚʝʨʭʚʳʩʦʢʠʭ 

ʯʘʩʪʦʪʘʭ.   

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʢʨʠʩʪʘʣʣʳ ʞʝʣʝʟʦʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ YFe5O12 (YIG) 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʦʙʣʘʜʘʝʪ ʤʘʣʳʤʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠ ʤʘʛʥʠʪʥʳʤʠ 

ʧʦʪʝʨʷʤʠ. ʉʯʠʪʘʣʦʩʴ, ʯʪʦ ʚ ʢʨʠʩʪʘʣʣʘʭ YIG, ʢʦʪʦʨʳʝ ʩʦʜʝʨʞʘʪ ʠʦʥʳ Fe3+, ʧʨʠ 

ʦʪʩʫʪʩʪʚʠʠ ʠʥʦʚʘʣʝʥʪʥʳʭ ʧʨʠʤʝʩʝʡ ʥʝʚʦʟʤʦʞʥʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʦʙʣʘʩʪʝʡ 

ʬʘʟʦʚʦʛʦ ʨʘʩʩʣʦʝʥʠʷ. ʆʜʥʘʢʦ ʨʘʙʦʪʘ ʧʦ ʠʟʤʝʨʝʥʠʶ ʮʠʢʣʦʪʨʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʚ 

8 ʤʠʣʣʠʤʝʪʨʦʚʦʤ ʉɺʏ ʜʠʘʧʘʟʦʥʝ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʦʙʣʘʩʪʝʡ 

ʬʘʟʦʚʦʛʦ ʨʘʩʩʣʦʝʥʠʷ ʚʦʟʤʦʞʥʦ [1].  

ɺ [2] ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʭʘʥʠʟʤ, ʧʨʝʜʧʦʣʘʛʘʶʱʠʡ, ʯʪʦ ʚ ʤʘʛʥʠʪʥʳʭ 

ʢʨʠʩʪʘʣʣʘʭ ʩʦ 180-ʛʨʘʜʫʩʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʜʦʤʝʥʘʤʠ ʥʘ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮʘʭ 

ʥʝʝʣʝʚʩʢʦʛʦ ʪʠʧʘ ʚʦʟʥʠʢʘʶʪ ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʢʘʞʝʥʠʷ, ʥʘʨʫʰʘʶʱʠʝ ʮʝʥʪʨʘʣʴʥʫʶ 

ʩʠʤʤʝʪʨʠʶ. ʕʪʦ ʚʳʟʳʚʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʣʦʢʘʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, 

ʧʨʠʚʦʜʷʱʝʝ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʙʘʨʴʝʨʦʚ (ʪ.ʥ. ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ 

ʙʘʨʴʝʨʦʚ) ʠ ʥʘʢʦʧʣʝʥʠʶ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮʘʭ. ʌʝʨʨʦʤʘʛʥʠʪʥʦ 

ʧʦʣʷʨʠʟʦʚʘʥʥʳʝ ʵʣʝʢʪʨʦʥʳ ʩʧʦʩʦʙʩʪʚʫʶʪ ʧʨʦʮʝʩʩʫ ʜʚʦʡʥʦʛʦ ʦʙʤʝʥʘ ʠ 
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ʦʙʨʘʟʦʚʘʥʠʶ ʦʙʣʘʩʪʝʡ ʬʘʟʦʚʦʛʦ ʨʘʩʩʣʦʝʥʠʷ, ʩʦʜʝʨʞʘʱʠʭ ʩʚʦʙʦʜʥʳʝ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʳʝ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ [1]. 

ɺʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʮʠʢʣʦʪʨʦʥʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʚ YIG ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʨʘʩʩʝʷʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʢʘʢ ʟʘ ʩʯʝʪ 

ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʳʭ ʩʪʦʣʢʥʦʚʝʥʠʡ, ʪʘʢ ʠ ʟʘ ʩʯʝʪ ʵʣʝʢʪʨʦʥ-ʬʦʥʦʥʥʦʡ ʠ ʩʧʠʥ-

ʬʦʥʦʥʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʷʚʣʷʝʪʩʷ ʥʝʩʫʱʝʩʪʚʝʥʥʳʤ.  ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʜʦʩʪʘʪʦʯʥʦ 

ʤʘʣʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʜʝʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚ ʦʙʣʘʩʪʷʭ ʬʘʟʦʚʦʛʦ 

ʨʘʩʩʣʦʝʥʠʷ (ʧʦ ʥʘʰʠʤ ʦʮʝʥʢʘʤ 10-13 10-14 ʩʤ-3) [1,3] ʠ ʵʬʬʝʢʪʠʚʥʦʡ ʵʢʨʘʥʠʨʦʚʢʦʡ 

ʦʙʣʘʩʪʝʡ ʬʘʟʦʚʦʛʦ ʨʘʩʩʣʦʝʥʠʷ ʦʪ ʦʩʥʦʚʥʦʡ ʯʘʩʪʠ ʢʨʠʩʪʘʣʣʘ ʟʘ ʩʯʝʪ ʫʧʦʤʷʥʫʪʳʭ 

ʙʘʨʴʝʨʦʚ. ʂʘʢ ʚʳʷʩʥʠʣʦʩʴ, ʪʘʢʠʝ ʫʩʣʦʚʠʷ ʚʦʟʥʠʢʘʶʪ ʥʝ ʪʦʣʴʢʦ ʚ YIG, ʥʦ ʚ ʜʨʫʛʠʭ 

ʢʨʠʩʪʘʣʣʘʭ, ʚ ʤʫʣʴʪʠʬʝʨʨʦʠʢʘʭ RMn2O5 (R-ʨʝʜʢʘʷ ʟʝʤʣʷ) [3], 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘʭ-ʨʝʣʘʢʩʦʨʘʭ PbCo1/3Nb2/3O3 [4], ʚ ʢʦʪʦʨʳʭ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ 

ʙʘʨʴʝʨʳ ʦʙʣʘʩʪʝʡ ʬʘʟʦʚʦʛʦ ʨʘʩʩʣʦʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ʪʝʤʘ FFUG-

2024-0042).  
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ʌɻɹʆʋ ɺʆ çʊʚʝʨʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪè 

 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʥʘʙʣʶʜʝʥʠʡ ʨʝʣʘʢʩʘʮʠʠ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʰʣʠʬʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ Tb-Fe-Ti ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ ThMn12. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʙʣʶʜʝʥʠʝ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʨʝʣʘʢʩʘʮʠʶ ʥʘʧʨʷʞʝʥʠʡ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʚ ʧʨʦʮʝʩʩʝ 

ʧʦʣʠʨʦʚʢʠ. ʂʦʥʬʠʛʫʨʘʮʠʷ ʜʦʤʝʥʦʚ ʩʨʘʟʫ ʧʦʩʣʝ ʧʨʦʮʝʜʫʨʳ ʧʦʣʠʨʦʚʢʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ 

ʠʟʤʝʥʝʥʠʠ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ. ʅʝʨʘʚʥʦʚʝʩʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʠʟʤʝʥʷʝʪʩʷ ʧʦʜ ʚʣʠʷʥʠʝʤ ʧʦʣʝʡ ʨʘʩʩʝʷʥʠʷ ʦʩʥʦʚʥʳʭ ʜʦʤʝʥʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʝʪʠʢ, ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʧʦʚʝʨʭʥʦʩʪʴ, ʨʝʣʘʢʩʘʮʠʷ ʥʘʧʨʷʞʝʥʠʡ. 

 

ʉʦʝʜʠʥʝʥʠʷ R-Fe-Ti ʩʦ ʩʪʨʫʢʪʫʨʦʡ ThMn12 ʦʙʣʘʜʘʶʪ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ ʠ ʚʝʣʠʯʠʥʳ 

ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. [1] ʇʨʠ ʵʪʦʤ, ʦʥʠ ʠʤʝʶʪ ʰʠʨʦʢʫʶ 

ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʚʘʨʴʠʨʦʚʘʪʴ ʩʦʜʝʨʞʘʥʠʝ Fe ʠ Ti ʚ ʰʠʨʦʢʠʭ 

ʧʨʝʜʝʣʘʭ. ʀʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʘ ʚ ʧʨʝʜʝʣʘʭ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ ʧʨʠʚʦʜʠʪ ʢ 

ʩʤʝʱʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʠʥ-ʧʝʨʝʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ. [2] ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʙʲʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ TbFe11-xTi, 

ʢʦʪʦʨʳʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ x 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ (ʄʂɸ) ʪʠʧʘ çʣʝʛʢʘʷ 

ʧʣʦʩʢʦʩʪʴè ʠʣʠ çʣʝʛʢʘʷ ʦʩʴè.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʥʘ ʧʦʣʠ- ʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ. 

ɼʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ (ɼʉ) ʚʳʷʚʣʷʣʘʩʴ ʤʝʪʦʜʦʤ ʧʦʣʷʨʥʦʛʦ ʵʬʬʝʢʪʘ ʂʝʨʨʘ, 

ʤʘʛʥʠʪʥʦʛʦ ʢʦʣʣʦʠʜʘ (ɸʢʫʣʦʚʘ-ɹʠʪʪʝʨʘ) ʠ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʇʨʠ 

ʧʦʜʛʦʪʦʚʢʝ ʦʙʨʘʟʮʦʚ ʥʘ ʫʩʝʯʝʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ 

ʧʨʠʛʦʪʘʚʣʠʚʘʣʩʷ ʰʣʠʬ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʘʣʤʘʟʥʳʭ ʧʘʩʪ ʨʘʟʣʠʯʥʦʡ ʢʨʫʧʥʦʩʪʠ ʜʣʷ 

ʰʣʠʬʦʚʢʠ ʠ ʧʦʣʠʨʦʚʢʠ.  

ʅʘ ʨʠʩ.1 ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʥʠʤʢʠ ɼʉ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ 

ʫʯʘʩʪʢʘ ʰʣʠʬʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ TbFe9Ti, ʧʦʜʚʝʨʛʥʫʪʦʛʦ 

ʢʨʘʪʢʦʚʨʝʤʝʥʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʣʠʨʦʚʢʝ. ʎʝʥʪʨʘʣʴʥʫʶ ʯʘʩʪʴ ʩʥʠʤʢʘ ʟʘʥʠʤʘʝʪ 

ʟʝʨʥʦ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʙʣʠʟʢʦʡ ʢ ʙʘʟʠʩʥʦʡ, ʛʜʝ ʚ ʨʘʚʥʦʚʝʩʥʦʤ ʩʦʩʪʦʷʥʠʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʜʦʣʞʥʳ ʚʳʷʚʣʷʪʴʩʷ ʜʦʤʝʥʳ ʪʠʧʘ çʟʚʝʟʜʦʯʢʠè. ɺʠʜʥʦ (ʨʠʩ.1ʘ), ʯʪʦ 

ʩʨʘʟʫ ʧʦʩʣʝ ʧʦʣʠʨʦʚʢʠ ʥʘ ʟʝʨʥʝ ʩ ʙʘʟʠʩʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʜʦʤʝʥʳ ʤʝʪʦʜʦʤ 
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ʧʦʣʷʨʥʦʛʦ ʵʬʬʝʢʪʘ ʂʝʨʨʘ ʥʝ ʚʳʷʚʣʷʶʪʩʷ. ʇʨʠ ʵʪʦʤ ʥʘ ʩʦʩʝʜʥʝʤ ʟʝʨʥʝ, 

ʦʪʢʣʦʥʝʥʥʦʤ ʦʪ ʙʘʟʠʩʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʚʠʜʥʘ ɼʉ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʨʝʥ ʚ ʧʨʦʮʝʩʩʝ ʧʦʣʠʨʦʚʢʠ ʚʦʟʥʠʢʘʝʪ ʥʘʧʨʷʞʝʥʥʳʡ ʩʣʦʡ, ʚ 

ʢʦʪʦʨʦʤ ʚʝʢʪʦʨ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠʟʤʝʥʷʝʪ ʩʚʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʦʙʲʝʤʦʤ ʟʝʨʥʘ. ʇʨʠ ʵʪʦʤ, ʥʘʧʨʷʞʝʥʥʳʡ ʩʣʦʡ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʬʦʨʤʠʨʫʝʪʩʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʟʝʨʝʥ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʙʘʟʠʩʥʦʡ ʧʣʦʩʢʦʩʪʴʶ. 

  

ʘ ʙ 

ʈʠʩ.1. ɼʉ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʢʨʠʩʪʘʣʣʘ TbFe9Ti, ʚʳʷʚʣʝʥʥʘʷ ʤʝʪʦʜʦʤ 

ʧʦʣʷʨʥʦʛʦ ʵʬʬʝʢʪʘ ʂʝʨʨʘ: ʘ) ʩʨʘʟʫ ʧʦʩʣʝ ʧʦʣʠʨʦʚʢʠ, ʙ) ʯʝʨʝʟ 48 ʯʘʩʦʚ. 

 

ʅʘ ʨʠʩ.1ʙ ʧʨʝʜʩʪʘʚʣʝʥʘ ɼʉ ʪʦʛʦ ʞʝ ʦʙʨʘʟʮʘ, ʟʘʬʠʢʩʠʨʦʚʘʥʥʘʷ ʯʝʨʝʟ 48 

ʯʘʩʦʚ ʧʦʩʣʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʣʠʨʦʚʢʠ. ɺʠʜʥʦ, ʯʪʦ ɼʉ ʧʦʣʥʦʩʪʴʶ ʚʦʩʩʪʘʥʦʚʠʣʘʩʴ. 

ʉʢʦʨʦʩʪʴ ʨʝʣʘʢʩʘʮʠʠ ʟʘʚʠʩʠʪ ʦʪ ʫʩʣʦʚʠʡ, ʚ ʢʦʪʦʨʳʭ ʥʘʭʦʜʠʪʩʷ ʦʙʨʘʟʝʮ. ʊʘʢ, 

ʥʘʧʨʠʤʝʨ, ʥʘʛʨʝʚ ʩʦʢʨʘʱʘʝʪ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʤʘʛʥʠʪʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʦʚʝʨʭʥʦʩʪʠ ʜʦ 1-2 ʤʠʥʫʪ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʝʨʤʦʘʢʪʠʚʘʮʠʦʥʥʳʡ ʤʝʭʘʥʠʟʤ 

ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ. ɸʥʘʣʦʛʠʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʠ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ. 

ʊʘʢʞʝ ʚʘʞʥʳʤ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦʤ, ʚʣʠʷʶʱʠʤ ʥʘ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ, 

ʷʚʣʷʶʪʩʷ ʫʩʣʦʚʠʷ ʧʦʣʠʨʦʚʢʠ ʠʣʠ ʰʣʠʬʦʚʢʠ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʯʝʤ ʙʦʣʴʰʝ 

ʢʨʫʧʥʦʩʪʴ ʘʙʨʘʟʠʚʘ, ʩ ʢʦʪʦʨʦʛʦ ʥʘʯʠʥʘʝʪʩʷ ʧʨʦʮʝʩʩ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ, ʪʝʤ ʜʦʣʴʰʝ ʜʣʠʪʩʷ ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʨʘʟʣʠʯʠʝ ʚ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʦʙʨʘʟʮʘ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ 

ʚʥʝʰʥʠʭ ʫʩʣʦʚʠʷʭ ʤʦʞʥʦ ʩʚʷʟʘʪʴ ʩ ʛʣʫʙʠʥʦʡ ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʣʦʷ, ʢʦʪʦʨʳʡ 

ʩʬʦʨʤʠʨʦʚʘʣʩʷ ʧʨʠ ʤʝʭʘʥʠʯʝʩʢʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʘʙʨʘʟʠʚʦʚ ʨʘʟʣʠʯʥʦʡ ʢʨʫʧʥʦʩʪʠ. 
 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʥʘ ʦʙʦʨʫʜʦʚʘʥʠʠ ʎʂʇ ʊʚɻʋ ʧʨʠ ʧʦʜʜʝʨʞʢʝ 

ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʛʦʩʫ-

ʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʚ ʩʬʝʨʝ ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ (ʧʨʦʝʢʪ ˉ 0817-2023-0006). 
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 ɺ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ ʪʦʨʮʝʚʦʡ 
ʧʦʚʝʨʭʥʦʩʪʠ ʥʠʪʝʚʠʜʥʦʛʦ ʥʘʥʦʢʨʠʩʪʘʣʣʘ (ʅʅʂ) ʢʨʝʤʥʠʷ ʞʠʜʢʦʬʘʟʥʦʡ ʢʘʧʣʝʡ ʤʝʪʘʣʣʘ-
ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ ʅʅʂ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʩʪʚʦʨʝʥʠʝʤ Si ʚ ʞʠʜʢʦʩʪʠ ʠ ʦʙʫʩʣʦʚʣʝʥʘ 
ʙʦʣʴʰʠʤ ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ ʧʨʦʮʝʩʩʘ ʧʝʨʝʥʦʩʘ ʤʘʩʩʳ ʯʝʨʝʟ ʬʘʟʦʚʫʶ ʛʨʘʥʠʮʫ 
ʢʨʠʩʪʘʣʣ/ʞʠʜʢʦʩʪʴ. 
 ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʨʘʝʚʦʡ ʫʛʦʣ, ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʨʝʣʘʢʩʘʮʠʷ, ʥʠʪʝʚʠʜʥʳʡ ʥʘʥʦʢʨʠʩʪʘʣʣ 
 

 ʉʤʘʯʠʚʘʥʠʝ ʢʘʧʣʝʡ ʞʠʜʢʦʬʘʟʥʦʛʦ ʤʝʪʘʣʣʘ (ʄ) - ʢʘʪʘʣʠʟʘʪʦʨʘ ʪʦʨʮʝʚʦʡ 

ʩʠʥʛʫʣʷʨʥʦʡ ʛʨʘʥʠ ʥʠʪʝʚʠʜʥʦʛʦ ʥʘʥʦʢʨʠʩʪʘʣʣʘ (ʅʅʂ) ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ 

ʤʝʭʘʥʠʟʤʝ ʨʦʩʪʘ ʧʘʨŸʞʠʜʢʦʩʪʴŸʢʨʠʩʪʘʣʣ (ʇɾʂ). ʂʦʣʠʯʝʩʪʚʝʥʥʦʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʩʤʘʯʠʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʢʨʘʝʚʦʡ ʫʛʦʣ ɓ=j+90o, ʦʧʨʝʜʝʣʷʝʤʳʡ 

ʤʝʞʜʫ ʢʘʩʘʪʝʣʴʥʦʡ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʧʣʠ ʚ ʪʦʯʢʝ ʥʘ ʧʝʨʠʤʝʪʨʝ ʩʤʘʯʠʚʘʥʠʷ ʠ 

ʧʦʧʝʨʝʯʥʦʡ ʩʠʥʛʫʣʷʨʥʦʡ ʛʨʘʥʴʶ ʅʅʂ. ɺʝʣʠʯʠʥʘ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʦʧʨʝʜʝʣʷʝʪ 

ʩʦʦʪʥʦʰʝʥʠʝ ʧʦʧʝʨʝʯʥʳʭ ʨʘʟʤʝʨʦʚ ʅʅʂ ʠ ʢʘʧʣʠ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʘ ʟʥʘʯʠʪ, ʠ ʬʦʨʤʫ 

ʨʘʩʪʫʱʝʛʦ ʢʨʠʩʪʘʣʣʘ [1]. ʆʪ ʚʝʣʠʯʠʥʳ ʫʛʣʘ ɓ (ʠʣʠ j) ʟʘʚʠʩʷʪ ʪʠʧ ʬʦʨʤʠʨʫʝʤʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʨʦʩʪʘ, 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʘʷ ʦʨʠʝʥʪʘʮʠʷ ʅʅʂ, ʧʦʣʷʨʥʦʩʪʴ ʛʨʘʥʝʡ, ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʠ 

ʜʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ [2]. ʉʘʤʠ ʞʝ ʠʟʤʝʨʷʝʤʳʝ ʢʨʘʝʚʳʝ ʫʛʣʳ ʟʘʚʠʩʷʪ ʦʪ ʨʘʟʣʠʯʥʳʭ 

ʬʘʢʪʦʨʦʚ, ʚʘʞʥʝʡʰʠʤ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ ʊ. 

 ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʢʨʘʝʚʦʛʦ ʫʛʣʘ 

ʩʤʘʯʠʚʘʝʤʦʩʪʠ Si-ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʣʠʯʥʳʤʠ ʄ-ʢʘʪʘʣʠʟʘʪʦʨʘʤʠ (Au, Ni ʠ ʜʨ.) ʚ 

ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ ʅʅʂ Si. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʧʦʚrh ʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʨʦʩʪʘ ʅʅʂ, ʚʝʣʠʯʠʥʘ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʥʘ ʚʝʨʰʠʥʝ ʢʨʠʩʪʘʣʣʘ ʜʣʷ 

ʩʠʩʪʝʤ Au-Si ʠ Ni-Si ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʨʘʜʠʫʩ ʅʅʂ r ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʉʨʝʜʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʢʨʘʝʚʳʭ ʫʛʣʦʚ dj/dT ʩʦʩʪʘʚʣʷʶʪ: ʜʣʷ ʩʠʩʪʝʤʳ 

Au-Si -0,039 ʛʨʘʜ/ʂ, ʜʣʷ Ni-Si -0,027 ʛʨʘʜ/ʂ. ʈʝʣʘʢʩʘʮʠʷ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʩʚʷʟʘʥʘ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʙʘʣʘʥʩʘ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʣʠʥʠʠ ʢʦʥʪʘʢʪʘ ʪʨʝʭ ʬʘʟ.  

ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦʡ ʧʨʠʯʠʥʦʡ ʫʤʝʥʴʰʝʥʠʷ ʢʦʥʪʘʢʪʥʳʭ ʫʛʣʦʚ 

ʞʠʜʢʦʬʘʟʥʦʛʦ ʄ-ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ ʚʝʨʰʠʥʝ ʅʅʂ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ 

ʩʠʩʪʝʤʘ çʢʨʝʤʥʠʡ - ʞʠʜʢʦʬʘʟʥʘʷ ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʯʘʩʪʠʮʘè ʥʝ ʷʚʣʷʝʪʩʷ 

ʧʦʣʥʦʩʪʴʶ ʨʘʚʥʦʚʝʩʥʦʡ. ʆʥʘ ʥʘʭʦʜʠʪʩʷ ʚ ʪʝʨʤʠʯʝʩʢʦʤ ʠ ʤʝʭʘʥʠʯʝʩʢʦʤ 

ʨʘʚʥʦʚʝʩʠʠ, ʥʦ ʥʝ ʚ ʭʠʤʠʯʝʩʢʦʤ. ʕʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʜʘʚʣʝʥʠʝ ʚ 

ʢʘʞʜʦʡ ʠʟ ʬʘʟ ʦʜʠʥʘʢʦʚʳ, ʘ ʭʠʤʠʯʝʩʢʠʝ ʧʦʪʝʥʮʠʘʣʳ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʪʚʝʨʜʦʡ mS 

ʠ ʞʠʜʢʦʡ mL ʬʘʟʘʭ ʥʝ ʨʘʚʥʳ (mŞ mL). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʘʯʠʥʘʶʪ ʧʨʦʠʩʭʦʜʠʪʴ 

ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʞʠʜʢʠʤ ʨʘʩʧʣʘʚʦʤ ʠ ʢʨʠʩʪʘʣʣʦʤ, ʚ ʯʘʩʪʥʦʩʪʠ, 

ʨʘʩʪʚʦʨʝʥʠʝ Si, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪ ʤʝʞʬʘʟʥʦʝ ʥʘʪʷʞʝʥʠʝ ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ ʢʨʠʩʪʘʣʣʘ ʩ ʞʠʜʢʦʩʪʴʶ ʠ ʧʨʠʚʦʜʠʪ ʢ ʚʳʨʘʚʥʠʚʘʥʠʶ ʭʠʤʠʯʝʩʢʠʭ 
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ʧʦʪʝʥʮʠʘʣʦʚ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʪʚʝʨʜʦʡ ʠ ʞʠʜʢʦʡ ʬʘʟʘʭ. ʉʠʩʪʝʤʘ ʙʫʜʝʪ ʩʤʝʱʘʪʴʩʷ 

ʢ ʩʦʩʪʦʷʥʠʶ ʨʘʚʥʦʚʝʩʠʷ. ɺʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ɓ (ʠʣʠ j), ʪ.ʝ. ʜʦʩʪʠʞʝʥʠʷ 

ʨʘʚʥʦʚʝʩʥʦʛʦ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ, ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʧʝʨʝʥʦʩʦʤ ʤʘʩʩʳ ʯʝʨʝʟ 

ʬʘʟʦʚʫʶ ʛʨʘʥʠʮʫ (ʨʘʩʪʚʦʨʝʥʠʝʤ Si), ʢʘʢ ʥʘʠʙʦʣʝʝ ʤʝʜʣʝʥʥʳʤ ʧʨʦʮʝʩʩʦʤ 

ʨʝʣʘʢʩʘʮʠʠ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʦʮʝʩʩʘʤʠ ʧʝʨʝʥʦʩʘ ʠʤʧʫʣʴʩʘ ʠ ʵʥʝʨʛʠʠ.  

 ɼʣʷ ʨʦʩʪʘ ʅʅʂ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʧʦʣʫʯʝʥʦ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ 

ʚʳʨʘʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʨʘʝʚʦʛʦ ʫʛʣʘ  
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ʛʜʝ aLV, aSL  ï ʫʜʝʣʴʥʘʷ ʩʚʦʙʦʜʥʘʷ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʵʥʝʨʛʠʷ ʛʨʘʥʠʮʳ ʞʠʜʢʦʩʪʴ/ʧʘʨ 

ʠ ʢʨʠʩʪʘʣʣ/ʞʠʜʢʦʩʪʴ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ (1), ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʩ ʫʚʝʣʠʯʝʥʠʝʤ T ʢʨʘʝʚʦʡ ʫʛʦʣ 

jʫʤʝʥʴʰʘʣʩʷ, ʪ.ʝ. ʚʳʧʦʣʥʷʣʦʩʴ ʫʩʣʦʚʠʝ d(sinj)/dT < 0, ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ  

ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʵʥʝʨʛʠʷ aSL ʫʤʝʥʴʰʘʣʘʩʴ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ (daSL <0), ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʳʧʦʣʥʷʣʦʩʴ ʫʩʣʦʚʠʝ daSL/dT < 0. ʋʤʝʥʴʰʝʥʠʝ aSL ʩʚʷʟʘʥʦ ʩ 

ʧʦʚʳʰʝʥʠʝʤ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʢʨʝʤʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʧʨʠ ʧʝʨʝʭʦʜʝ Si ʚ 

ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʨʘʩʧʣʘʚ ʘʪʦʤʳ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʙʫʜʫʪ ʩʣʘʙʝʝ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ 

ʩ ʘʪʦʤʘʤʠ ʄ, ʯʝʤ ʩʘʤʠ ʘʪʦʤʳ ʤʝʪʘʣʣʘ ʜʨʫʛ ʩ ʜʨʫʛʦʤ, ʪʘʢ ʢʘʢ ɽʄ-ʄ > ɽʄ-Si > ɽSi-Si  

(ʵʥʝʨʛʠʷ ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ ɽʄ-ʄ ʜʣʷ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (Au, Cu, Ag, Pt, Ni, Pd) 

ʩʦʩʪʘʚʣʷʝʪ 200-1000 ʢɼʞ/ʤʦʣʴ, ʘ ʜʣʷ ʢʨʝʤʥʠʷ ɽSi-Si = 176 ʢɼʞ/ʤʦʣʴ). ʇʦʩʢʦʣʴʢʫ 

ɽʄ-ʄ ʙʦʣʴʰʝ, ʯʝʤ ɽʄ-Si, ʪʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ Si ʚ ʢʘʧʣʝ ʜʦʣʞʥʦ ʩʥʠʞʘʪʴ aSL. ʕʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʢʘʧʣʷ ʞʠʜʢʦʩʪʠ ʥʘ ʚʝʨʰʠʥʝ ʅʅʂ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʊ 

ʥʘʯʠʥʘʝʪ ʨʘʩʪʝʢʘʪʴʩʷ, ʫʤʝʥʴʰʘʷ ʫʛʦʣ ɓ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, aSL ʤʦʞʝʪ ʫʤʝʥʴʰʘʪʴʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʊ, ʘ ʩʤʘʯʠʚʘʥʠʝ 

ʫʣʫʯʰʘʪʴʩʷ, ʧʦ ʧʨʠʯʠʥʝ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʨʘʩʪʚʦʨʝʥʠʷ Si ʚ ʞʠʜʢʦʡ ʬʘʟʝ ʄ-

ʢʘʪʘʣʠʟʘʪʦʨʘ. ʈʘʚʥʦʚʝʩʥʳʝ ʩʦʩʪʘʚʳ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʬʘʟ ʙʫʜʫʪ ʠʟʤʝʥʷʪʴʩʷ ʩ 

ʪʝʤʧʝʨʘʪʫʨʦʡ, ʤʝʥʷʝʪʩʷ, ʦʯʝʚʠʜʥʦ, ʠ ʩʪʝʧʝʥʴ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʚ ʩʠʩʪʝʤʝ. 

 ʆʩʦʙʝʥʥʦʩʪʴʶ ʷʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʚ 

ʧʨʦʮʝʩʩʝ ʇɾʂ-ʨʦʩʪʘ ʚʩʣʝʜʩʪʚʠʝ ʨʘʩʪʝʢʘʥʠʷ ʢʘʧʣʠ ʄ-ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ ʚʝʨʰʠʥʝ 

ʅʅʂ  ʷʚʣʷʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʧʦʧʝʨʝʯʥʦʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʘ  
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Rrd
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d )))/(1(()(sin 2/12-
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j
,                                       (2) 

ʛʜʝ r - ʨʘʜʠʫʩ ʅʅʂ, R  -  ʨʘʜʠʫʩ ʢʘʧʣʠ ʢʘʪʘʣʠʟʘʪʦʨʘ. 

 ɿʘʚʠʩʠʤʦʩʪʴ j=f(T) ʧʨʠ ʬʠʟʠʯʝʩʢʦʤ ʩʤʘʯʠʚʘʥʠʠ ʢʘʧʣʝʡ ʢʘʪʘʣʠʟʘʪʦʨʘ 

ʚʝʨʰʠʥʳ ʅʅʂ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʦ, ʝʩʣʠ ʠʟʚʝʩʪʥʦ  r/ R = f(T).  
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2. Nebolôsin V.A. A New Understanding of the VaporïLiquidïSolid Mechanism of Nanowire 
Growth / V.A. Nebolôsin, A.Y. Vorobôev, N. Swaikat  // Inorganic Materials. ï 2020. ï V. 56. ï N. 
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ɿɸɺʀʉʀʄʆʉʊʔ ʈɽʃɸʂʉɸʎʀʆʅʅʓʍ ʇʈʆʎɽʉʉʆɺ ɺ 

ɺʓʉʆʂʆʄʆʃɽʂʋʃʗʈʅʓʍ ʋɻʃɽɺʆɼʆʈʆɼɸʍ ʆʊ ɼʃʀʊɽʃʔʅʆʉʊʀ 

ʋʃʔʊʈɸɿɺʋʂʆɺʆɻʆ ɺʆɿɼɽʁʉʊɺʀʗ 
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ʖʞʥʳʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, 344090, ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ, ʈʦʩʩʠʷ 

 

ʀʩʩʣʝʜʦʚʘʥʳ ʧʨʦʮʝʩʩʳ ʨʝʣʘʢʩʘʮʠʠ ʨʝʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʚʳʩʦʢʦʤʦʣʝʢʫʣʷʨʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʧʦʩʣʝ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʫʣʴʪʨʘʟʚʫʢʘ 

ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʇʦʢʘʟʘʥʳ ʠʟʤʝʥʝʥʠʷ ʟʥʘʯʝʥʠʡ ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ʢʦʤʧʦʟʠʮʠʡ 

ʚʳʩʦʢʦʤʦʣʝʢʫʣʷʨʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʦʪ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʨʘʟʣʠʯʥʦʡ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ʧʨʠ ʧʦʩʪʦʷʥʥʳʭ ʯʘʩʪʦʪʘʭ ʠ ʤʦʱʥʦʩʪʷʭ. ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʨʝʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʘʥʥʳʭ ʚʝʱʝʩʪʚ ʦʪ ʚʨʝʤʝʥʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ 

ʧʨʦʮʝʩʩʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʠʥʝʤʘʪʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ, ʨʝʣʘʢʩʘʮʠʷ, ʫʣʴʪʨʘʟʚʫʢ, ʥʝʬʪʴ. 

 

ɺ ʩʚʷʟʠ ʩ ʠʩʪʦʱʝʥʠʝʤ ʟʘʧʘʩʦʚ ʣʝʛʢʦʡ ʥʝʬʪʠ ʚ ʤʠʨʝ ʧʦʩʪʦʷʥʥʦ ʨʘʩʪʝʪ ʜʦʣʷ 

ʜʦʙʳʯʠ ʥʝʬʪʠ ʪʷʞʝʣʦʡ. ʆʜʥʘʢʦ ʧʦʚʳʰʝʥʥʘʷ ʚʷʟʢʦʩʪʴ ʪʷʞʝʣʳʭ ʩʦʨʪʦʚ ʥʝʬʪʠ 

ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʪʨʫʜʥʷʝʪ ʠʭ ʜʦʙʳʯʫ [1]. ʆʜʥʠʤ ʠʟ ʤʝʪʦʜʦʚ, ʩʧʦʩʦʙʥʳʭ ʩʥʠʟʠʪʴ 

ʚʷʟʢʦʩʪʴ ʪʘʢʦʡ ʥʝʬʪʠ ʙʝʟ ʩʫʱʝʩʪʚʝʥʥʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʘʪʨʘʪ ʠ ʵʢʦʣʦʛʠʯʝʩʢʦʛʦ 

ʫʱʝʨʙʘ, ʷʚʣʷʝʪʩʷ ʚʦʟʜʝʡʩʪʚʠʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ (ʋɿ) ʠʟʣʫʯʝʥʠʝʤ ʚʳʩʦʢʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʠʝ ʚʣʠʷʥʠʷ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʢʠʥʝʤʘʪʠʯʝʩʢʫʶ ʚʷʟʢʦʩʪʴ ʦʙʨʘʟʮʦʚ 

ʚʳʩʦʢʦʤʦʣʝʢʫʣʷʨʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʩ ʫʯʝʪʦʤ ʧʦʩʣʝʜʫʶʱʝʡ ʨʝʣʘʢʩʘʮʠʠ. 

ɺ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʙʲʝʢʪʦʤ ʙʳʣ ʘʢʫʩʪʠʯʝʩʢʠʡ ʬʘʥʪʦʤ ï ʘʥʘʣʦʛ 

ʥʝʬʪʠ-93, ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʥʝʬʪʠ-93 ʧʦ ʩʚʦʝʤʫ ʭʠʤʠʯʝʩʢʦʤʫ 

ʩʦʩʪʘʚʫ, ʘ ʪʘʢʞʝ ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ʠ ʧʣʦʪʥʦʩʪʠ. ɺʦʟʜʝʡʩʪʚʠʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʦʙʨʘʟʮʳ ʦʙʲʝʤʦʤ 200 ʤʣ. ʏʘʩʪʦʪʘ ʠ ʤʦʱʥʦʩʪʴ ʋɿ ʚʦʟʜʝʡʩʪʚʠʷ 

ʙʳʣʠ ʬʠʢʩʠʨʦʚʘʥʳ ʠ ʩʦʩʪʘʚʣʷʣʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 40 ʢɻʮ ʠ 20 ɺʪ. ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʙʳʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʣʝʜʫʶʱʠʤ ʥʘʙʦʨʦʤ ʟʥʘʯʝʥʠʡ: 

60, 120. 180, 300, 600 ʠ 1200 ʩ. ʀʩʭʦʜʥʳʝ ʟʥʘʯʝʥʠʷ ʢʠʥʝʤʘʪʠʯʝʩʢʠʭ ʚʷʟʢʦʩʪʝʡ 

ʦʙʨʘʟʮʦʚ ʥʘʭʦʜʠʣʠʩʴ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 1220 ʜʦ 1270 ʤʤ2/ʩ. 

ʅʘ ʨʠʩʫʥʢʝ ʧʨʠʚʝʜʝʥ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ 

ʦʙʨʘʟʮʦʚ ʦʪ ʚʨʝʤʝʥʠ ʚ ʧʝʨʚʳʝ ʯʘʩʳ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ. ʀʟ ʛʨʘʬʠʢʘ ʚʠʜʥʦ, ʯʪʦ ʚ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʵʬʬʝʢʪ ʠʤʝʣ ʧʨʷʤʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʵʥʝʨʛʝʪʠʢʠ ʚʦʟʜʝʡʩʪʚʠʷ ʠ 

ʚʳʧʦʣʥʷʣʦʩʴ ʫʩʣʦʚʠʝ: çʯʝʤ ʜʦʣʴʰʝ ʚʦʟʜʝʡʩʪʚʠʝ, ʪʝʤ ʙʦʣʴʰʝ ʫʚʝʣʠʯʝʥʠʝ 

ʚʷʟʢʦʩʪʠ ʦʙʨʘʟʮʦʚè. ʍʘʨʘʢʪʝʨ ʜʘʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʩʦ ʚʨʝʤʝʥʝʤ ʚ 

ʦʪʣʠʯʠʝ ʦʪ ʨʘʥʝʝ ʠʟʫʯʝʥʥʳʭ ʥʝʬʪʝʧʨʦʜʫʢʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʤʘʟʫʪʳ ʄ-100 ʠ ʄ-40 

[2]. 
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ʈʠʩʫʥʦʢ. ʆʙʱʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʠʚʝʜʝʥʥʦʡ ʢ 25 ʦʉ 

ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ʦʙʨʘʟʮʦʚ ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʬʘʥʪʦʤʘ ʪʷʞʝʣʦʡ ʥʝʬʪʠ ʧʣʦʪʥʦʩʪʴʶ 0.93 

ʛ/ʩʤ3  ʧʦʩʣʝ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʩ ʯʘʩʪʦʪʦʡ 40 ʢɻʮ, ʤʦʱʥʦʩʪʴʶ 

20ɺʪ ʠ ʫʢʘʟʘʥʥʳʤʠ ʥʘ ʛʨʘʬʠʢʝ ʚʨʝʤʝʥʘʤʠ ʋɿ ʚʦʟʜʝʡʩʪʚʠʷ. ʇʝʨʚʳʝ ʯʘʩʳ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ 

 

ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʳʙʦʨ ʦʧʪʠʤʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʚʦʟʜʝʡʩʪʚʠʷ ʠʣʠ 

ʧʝʨʠʦʜʠʯʥʦʩʪʠ ʚʦʟʜʝʡʩʪʚʠʷ ʩʣʝʜʫʝʪ ʜʝʣʘʪʴ ʠʩʭʦʜʷ ʠʟ ʢʦʥʢʨʝʪʥʳʭ ʫʩʣʦʚʠʡ 

ʧʨʠʤʝʥʝʥʠʷ, ʨʫʢʦʚʦʜʩʪʚʫʷʩʴ ʧʨʘʚʠʣʦʤ ʤʠʥʠʤʘʣʴʥʦ ʥʝʦʙʭʦʜʠʤʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 
 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ 

ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ (ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʟʘʜʘʥʠʝ ʚ ʩʬʝʨʝ ʥʘʫʯʥʦʡ 

ʜʝʷʪʝʣʴʥʦʩʪʠ. ʇʨʦʝʢʪ ˉ FENW-2023-0010/ɻɿ0110/23-11-ʀʌ). ʀʩʧʦʣʴʟʦʚʘʥʦ 

ʦʙʦʨʫʜʦʚʘʥʠʝ ʎʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ ʅʀʀ ʬʠʟʠʢʠ ʖʞʥʦʛʦ 

ʬʝʜʝʨʘʣʴʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ çʕʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ, ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʠ 

ʪʝʧʣʦʚʳʝ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʳʭ ʪʝʣè. 
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ʋɼʂ 538.935, 538.975 
 

ɺʃʀʗʅʀɽ ʀɿɹʓʊʆʏʅʆɻʆ ʆʂʀʉʃɽʅʀʗ ʄʅʆɻʆʉʃʆʁʅʓʍ 

ʅɸʅʆʉʊʈʋʂʊʋʈ  (CoFeB-SiO2)/ZnO  ʅɸ  ʀɿʄɽʅɽʅʀɽ 

ʄɸɻʅʀʊʆʉʆʇʈʆʊʀɺʃɽʅʀʗ  ʇʈʀ  ʆʊɾʀɻɸʍ 
 

ʗ.ʆ.ɽʣʠʩʝʝʚʘ1, ʗ.ɺ.ʄʘʡʦʨʦʚʘ2, ɺ.ɸ.ʌʦʰʠʥ3, ʆ.ɺ.ʉʪʦʛʥʝʡ4 
1cʪʫʜʝʥʪ, yanaelis2003@mail.ru  

2cʪʫʜʝʥʪ, mauorova.yana2003@gmail.com 
3ʘʩʧʠʨʘʥʪ, vadim.foshin@yandex.ru 

4ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʊʊʕ, sto.sci.vrn@gmail.com  

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʚʘʢʫʫʤʥʦʛʦ ʦʪʞʠʛʘ ʥʘ ʚʝʣʠʯʠʥʫ ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ ʚ 

ʤʥʦʛʦʩʣʦʡʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ (CoFeB-SiO2)/ZnO, ʩʦʜʝʨʞʘʱʠʭ ʨʘʟʣʠʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʢʠʩʣʦʨʦʜʘ, ʚʚʦʜʠʤʦʛʦ ʚ ʦʙʨʘʟʮʳ ʧʨʠ ʠʭ ʧʦʣʫʯʝʥʠʠ. ʀʩʩʣʝʜʦʚʘʥʳ ʦʙʨʘʟʮʳ ʩ ʨʘʟʥʦʡ ʪʦʣʱʠʥʦʡ 

ʥʘʥʦʩʣʦʝʚ ZnO ʠ ʦʜʠʥʘʢʦʚʦʡ ʪʦʣʱʠʥʦʡ ʢʦʤʧʦʟʠʪʥʳʭ ʩʣʦʸʚ CoFeB-SiO2. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʢʠʩʣʦʨʦʜʘ ʚ (CoFeB-SiO2)/ZnO ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ 

ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ. ʂʦʣʠʯʝʩʪʚʦ ʚʚʝʜʸʥʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚʣʠʷʝʪ ʥʘ ʭʘʨʘʢʪʝʨ 

ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ (CoFeB-SiO2)/ZnO ʧʦʩʣʝ ʦʪʞʠʛʦʚ. 

ʇʨʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʦʙʨʘʟʮʦʚ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʦʩʣʝ ʦʪʞʠʛʦʚ ʚ ʪʨʠ ʨʘʟʘ, ʜʦʩʪʠʛʘʷ 12 %. ʇʨʠ ʠʟʙʳʪʦʯʥʦʤ ʦʢʠʩʣʝʥʠʠ ʦʙʨʘʟʮʦʚ 

ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʪʘʥʦʚʠʪʩʷ ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʢ ʦʪʞʠʛʘʤ, ʩʦʭʨʘʥʷʷ ʠʩʭʦʜʥʳʝ ʟʥʘʯʝʥʠʷ 

4.5 ï 5 %. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ:  ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʳʡ ʵʬʬʝʢʪ, ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ, ʤʥʦʛʦʩʣʦʡʥʘʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨʘ 

 

ʄʥʦʛʦʩʣʦʡʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ (ʄʅʉ) CoFeB-SiO2/ZnO ʧʦʣʫʯʝʥʳ 

ʨʝʘʢʪʠʚʥʳʤ ʥʘʧʳʣʝʥʠʝʤ ʚ ʩʤʝʰʘʥʥʦʡ ʩʨʝʜʝ (Ar+O2).  ʊʦʣʱʠʥʘ ʢʦʤʧʦʟʠʪʥʳʭ 

ʩʣʦʸʚ (CoFeB-SiO2) ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʙʳʣʘ ʦʜʠʥʘʢʦʚʦʡ ʠ ʩʦʩʪʘʚʣʷʣʘ 1,1 ʥʤ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʪʦʣʱʠʥʘ ʩʣʦʝʚ ZnO ʠʟʤʝʥʷʣʘʩʴ ʦʪ 1.2 ʜʦ 4 ʥʤ. ʇʦʣʫʯʝʥʦ ʜʚʝ ʧʘʨʪʠʠ 

ʦʙʨʘʟʮʦʚ ʧʨʠ ʨʘʟʥʦʤ ʧʘʨʮʠʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ʢʠʩʣʦʨʦʜʘ: 0,3Ͻ10-5 ʊʦʨʨ ʠ 1,0Ͻ10-5 

ʊʦʨʨ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʦʣʠʯʝʩʪʚʦ ʠʟʙʳʪʦʯʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʧʦʣʫʯʝʥʥʳʭ 

ʦʙʨʘʟʮʘʭ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʧʘʨʮʠʘʣʴʥʦʤʫ ʜʘʚʣʝʥʠʶ ʢʠʩʣʦʨʦʜʘ. 

ʄʥʦʛʦʩʣʦʡʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʘʥʥʳʤʠ ʤʘʣʦʫʛʣʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʨʝʬʣʝʢʪʦʤʝʪʨʠʠ ʠ ʚʳʩʦʢʦʨʘʟʨʝʰʘʶʱʝʡ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʧʦʧʝʨʝʯʥʦʛʦ ʩʨʝʟʘ. 

ʋʚʝʣʠʯʝʥʠʝ ʧʘʨʮʠʘʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʚ ʢʘʤʝʨʝ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʢʘʢ ʤʠʥʠʤʫʤ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ (ʨʠʩ. 1, ʘ). ʇʨʠ ʵʪʦʤ 

ʢʦʣʠʯʝʩʪʚʦ ʠʟʙʳʪʦʯʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʥʝ ʚʣʠʷʝʪ ʥʘ ʚʝʣʠʯʠʥʫ 

ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʄʉ) ʦʙʨʘʟʮʦʚ ʩ ʦʜʠʥʘʢʦʚʦʡ ʪʦʣʱʠʥʦʡ ʩʣʦʸʚ ZnO (ʨʠʩ. 

1, ʙ). ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ (ʨʠʩ. 1, ʙ). ʕʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʨʝʜʧʦʣʘʛʘʪʴ, ʯʪʦ ʠʟʙʳʪʦʯʥʳʡ ʢʠʩʣʦʨʦʜ ʚ ʦʩʥʦʚʥʦʤ ʘʢʢʫʤʫʣʠʨʫʝʪʩʷ ʬʘʟʦʡ ZnO.   

ɺʣʠʷʥʠʝ ʚʘʢʫʫʤʥʳʭ ʦʪʞʠʛʦʚ ʧʨʠʚʦʜʠʪ ʢ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʨʘʟʥʳʤ 

ʨʝʟʫʣʴʪʘʪʘʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʠʟʙʳʪʦʯʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʦʙʨʘʟʮʝ. ɺ 

ʄʅʉ ʩʦʜʝʨʞʘʱʠʭ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʟʙʳʪʦʯʥʦʛʦ ʢʠʩʣʦʨʦʜʘ (0,3Ͻ10-5 

ʊʦʨʨ ʧʨʠ ʧʦʣʫʯʝʥʠʠ) ʦʪʞʠʛʠ ʧʨʠʚʦʜʷʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʄʉ ï ʯʝʤ ʚʳʰʝ 
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ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ, ʪʝʤ ʚʳʰʝ ʟʥʘʯʝʥʠʝ ʄʉ, ʠʟʤʝʨʝʥʥʦʝ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ 

ʦʙʨʘʟʮʦʚ (ʨʠʩ. 2 ʘ). ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʄʉ (ʜʦ 12 %) ʥʘʙʣʶʜʘʶʪʩʷ ʧʦʩʣʝ 

ʦʪʞʠʛʘ ʧʨʠ 400 ʦʉ. ʋʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʠʟʙʳʪʦʯʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʦʙʨʘʟʮʘʭ 

(1Ͻ10-5 ʊʦʨʨ ʧʨʠ ʧʦʣʫʯʝʥʠʠ) ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʄʉ ʩʪʘʥʦʚʠʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʢ ʦʪʞʠʛʘʤ. ʆʪʞʠʛʠ, ʧʨʦʚʝʜʸʥʥʳʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 160 ʦʉ 

ʜʦ 400 ʦʉ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʶʪ ʚʝʣʠʯʠʥʫ ʄʉ ʦʙʨʘʟʮʦʚ (ʨʠʩ. 2,ʙ). ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʦʙʲʷʩʥʷʶʪʩʷ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʥʘʣʠʯʠʷ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʨʦʥʦʚ ʚ ʩʣʦʷʭ 

ZnO ʠ ʠʟʤʝʥʝʥʠʷ ʠʭ ʧʣʦʪʥʦʩʪʠ ʧʨʠ ʪʝʨʤʠʯʝʩʢʦʤ ʚʦʟʜʝʡʩʪʚʠʠ. 
 

  

 ʘ)  

  

  

  ʙ) 

ʈʠʩʫʥʦʢ 1. ɿʘʚʠʩʠʤʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʘ) ʠ ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ 

(ʙ) ʄʅʉ CoFeB-SiO2/ZnO ʦʪ ʪʦʣʱʠʥʳ ʩʣʦʸʚ ZnO ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʇʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ 

ʜʣʷ ʦʙʨʘʟʮʦʚ ʜʚʫʭ ʧʘʨʪʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʥʦʤ ʧʘʨʮʠʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ʢʠʩʣʦʨʦʜʘ 

 
    ʘ)      ʙ) 
ʈʠʩʫʥʦʢ 2. ɺʣʠʷʥʠʝ ʦʪʞʠʛʦʚ ʥʘ ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʳʡ ʵʬʬʝʢʪ ʄʅʉ CoFeB-SiO2/ZnO, 

ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʥʦʤ ʧʘʨʮʠʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ʢʠʩʣʦʨʦʜʘ: 0,3Ͻ10-5
 ʊʦʨʨ (ʘ) ʠ 1,0Ͻ10-5 ʊʦʨʨ (ʙ). 

ʇʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʜʣʷ ʨʘʟʥʳʭ ʪʦʣʱʠʥ ʩʣʦʸʚ ZnO 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ FZGM-2023-0006. 
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ʋɼʂ 538.935, 538.975 
 

ɺʃʀʗʅʀɽ ʊɽʈʄʀʏɽʉʂʆɻʆ ɺʆɿɼɽʁʉʊɺʀʗ ʅɸ 

ʄɸɻʅʀʊʆʈɽɿʀʉʊʀɺʅʓʁ ʕʌʌɽʂʊ ʄʅʆɻʆʉʃʆʁʅʓʍ 

ʅɸʅʆʉʊʈʋʂʊʋʈ (CoFeB-SiO2)/ZnO 
 

ʗ.ɺ.ʄʘʡʦʨʦʚʘ1, ʗ.ʆ.ɽʣʠʩʝʝʚʘ2, ɺ.ɸ.ʌʦʰʠʥ3, ʆ.ɺ.ʉʪʦʛʥʝʡ4 
1 cʪʫʜʝʥʪ, mauorova.yana2003@gmail.com 

2 cʪʫʜʝʥʪ, yanaelis2003@mail.ru 
3ʘʩʧʠʨʘʥʪ, vadim.foshin@yandex.ru 

4ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʊʊʕ, sto.sci.vrn@gmail.com  

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 
 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʥʘʛʨʝʚʘ ʚ ʚʘʢʫʫʤʝ ʥʘ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠ 
ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʳʡ ʵʬʬʝʢʪ ʤʥʦʛʦʩʣʦʡʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ (CoFeB-SiO2)/ZnO ʩ ʨʘʟʥʦʡ 
ʪʦʣʱʠʥʦʡ ʩʣʦʸʚ ZnO (ʦʪ 1 ʜʦ 5 ʥʤ). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ ʢʦʤʧʦʟʠʪʦʤ CoFeB-
SiO2 ʚʚʝʜʝʥʠʝ ʚ ʥʝʛʦ ʥʘʥʦʩʣʦʸʚ ZnO ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʜʚʘ ʨʘʟʘ.  
ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʘʢʫʫʤʥʳʝ ʦʪʞʠʛʠ ʤʥʦʛʦʩʣʦʡʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʝ 
ʧʨʝʚʳʰʘʶʱʠʭ 450 Áʉ ʧʨʠʚʦʜʷʪ ʢ ʨʦʩʪʫ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʙʦʣʝʝ ʯʝʤ ʚ 2 ʨʘʟʘ, ʩ 
ʤʘʢʩʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ 9,5 %.   
ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ. ʄʥʦʛʦʩʣʦʡʥʘʷ ʥʘʥʦʩʪʨʫʢʪʫʨʘ, ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ, ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʳʡ 
ʵʬʬʝʢʪ.  

 

ʄʥʦʛʦʩʣʦʡʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ (ʄʅʉ) CoFeB-SiO2/ZnO ʧʦʣʫʯʝʥʳ ʚ ʩʨʝʜʝ 

ʯʠʩʪʦʛʦ ʘʨʛʦʥʘ ʤʝʪʦʜʦʤ ʧʦʩʣʦʡʥʦʛʦ ʠʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʥʘʧʳʣʝʥʠʷ ʜʚʫʭ 

ʤʘʪʝʨʠʘʣʦʚ: ʥʘʥʦʛʨʘʥʫʣʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʦʟʠʪʘ CoFeB-SiO2  ʠ ʦʢʩʠʜʘ ʮʠʥʢʘ ZnO. 

ʊʦʣʱʠʥʘ ʢʦʤʧʦʟʠʪʥʳʭ ʩʣʦʸʚ (CoFeB-SiO2) ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʙʳʣʘ ʦʜʠʥʘʢʦʚʦʡ ʠ 

ʩʦʩʪʘʚʣʷʣʘ 1,1 ʥʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʪʦʣʱʠʥʘ ʩʣʦʝʚ ZnO ʠʟʤʝʥʷʣʘʩʴ ʦʪ 1 ʜʦ 5 ʥʤ.  

ʅʘ ʦʩʥʦʚʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʟʘʚʠʩʠʤʦʩʪʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʄʅʉ ʦʪ 

ʪʦʣʱʠʥʳ ʩʣʦʝʚ ZnO ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʚʧʣʦʪʴ ʜʦ ʪʦʣʱʠʥʳ 4.5 ʥʤ ʩʣʦʠ ZnO 

ʷʚʣʷʶʪʩʷ ʜʠʩʢʨʝʪʥʳʤʠ ʠ ʥʝ ʦʙʨʘʟʫʶʪ 

ʩʧʣʦʰʥʫʶ ʦʢʩʠʜʥʫʶ ʧʨʦʩʣʦʡʢʫ. ʇʨʠ 

ʧʨʝʚʳʰʝʥʠʠ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ 4.5 

ʥʤ ʩʣʦʠ ZnO ʩʪʘʥʦʚʷʪʩʷ ʩʧʣʦʰʥʳʤʠ. 

ʇʨʠ ʵʪʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʥʦʛʦʩʣʦʡʥʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘʯʠʥʘʝʪ ʨʝʟʢʦ 

ʫʤʝʥʴʰʘʪʴʩʷ (ʨʠʩ. 1) ʧʦʩʢʦʣʴʢʫ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ZnO ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʦʤʧʦʟʠʪʥʳʭ ʩʣʦʸʚ. 

ʀʩʩʣʝʜʦʚʘʥʥʳʝ ʄʅʉ ʧʨʦʷʚʣʷʶʪ 

ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʪʫʥʥʝʣʴʥʳʡ 

ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʳʡ ʵʬʬʝʢʪ, ʧʨʠʯʸʤ, 

ʥʘʣʠʯʠʝ ʜʠʩʢʨʝʪʥʳʭ ʩʣʦʝʚ ZnO ʚ 

ʥʘʥʦʩʪʨʫʢʪʫʨʝ ʧʨʠʚʝʣʦ ʢ ʫʚʝʣʠʯʝʥʠʶ  

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʄʅʉ 

CoFeB-SiO2/ZnO ʦʪ ʪʦʣʱʠʥʳ ʩʣʦʷ ZnO. 

ʇʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʜʣʷ ʠʩʭʦʜʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʠ ʜʣʷ ʦʪʦʞʞʝʥʥʳʭ ʄʅʉ 
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ʊʦʣʱʠʥʘ ʩʣʦʷ ZnO ʥʝ ʚʣʠʷʝʪ ʥʘ 

ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦ-

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʄʅʉ ʧʨʠ ʥʘʛʨʝʚʝ: 

ʦʙʨʘʟʮʳ ʩ ʨʘʟʥʦʡ ʪʦʣʱʠʥʦʡ ʩʣʦʝʚ ZnO 

ʧʨʦʷʚʣʷʶʪ ʘʙʩʦʣʶʪʥʦ ʦʜʠʥʘʢʦʚʫʶ 

ʟʘʚʠʩʠʤʦʩʪʴ (ʨʠʩ. 3): ʤʦʥʦʪʦʥʥʳʡ ʨʦʩʪ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʧʨʝʚʳʰʘʶʱʠʭ 200 ʦʉ. ʊʦʣʱʠʥʘ ZnO 

ʦʧʨʝʜʝʣʷʝʪ ʣʠʰʴ ʚʝʣʠʯʠʥʫ 

ʘʙʩʦʣʶʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ. 

ʊʘʢʞʝ ʦʪʞʠʛ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʟʥʘʯʝʥʠʷ ʦʩʪʘʪʦʯʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, 

ʠʟʤʝʨʷʝʤʦʛʦ ʧʨʠ 23 ʦʉ (ʨʠʩ. 1). 

ʆʪʞʠʛʠ ʧʨʠʚʦʜʷʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ  (ʨʠʩ. 2). 

ʏʝʤ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ, ʪʝʤ 

ʙʦʣʴʰʝ ʚʝʣʠʯʠʥʘ ʄʉ. ʄʘʢʩʠʤʘʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ ʄʉ (9,5 %) ʥʘʙʣʶʜʘʶʪʩʷ 

ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 450 ʦʉ (ʨʠʩ. 2).  

ʅʘʙʣʶʜʘʝʤʳʝ ʵʬʬʝʢʪʳ 

(ʫʚʝʣʠʯʝʥʠʝ ʄʉ ʧʨʠ ʚʚʝʜʝʥʠʠ ʩʣʦʸʚ 

ZnO ʠ ʫʚʝʣʠʯʝʥʠʝ ʄʉ ʧʦʩʣʝ ʦʪʞʠʛʘ) 

ʦʙʲʷʩʥʷʶʪʩʷ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʨʦʥʦʚ 

ʚ ʬʘʟʝ ZnO. ʇʦʣʷʨʦʥʳ ʬʦʨʤʠʨʫʶʪʩʷ ʚ 

ʦʢʨʝʩʪʥʦʩʪʠ ʘʪʦʤʦʚ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, ʨʘʩʪʚʦʨʝʥʥʳʭ ʚ ZnO. 

ʅʘʣʠʯʠʝ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʨʦʥʦʚ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ 

ʩʫʤʤʘʨʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʯʝʨʝʟ ʄʅʉ. 

ʕʪʘ ʩʦʩʪʘʚʣʷʶʱʘʷ, ʥʝʩʤʦʪʨʷ ʥʘ 

çʧʨʳʞʢʦʚʳʡè ʭʘʨʘʢʪʝʨ, ʷʚʣʷʝʪʩʷ 

ʩʧʠʥ-ʟʘʚʠʩʠʤʦʡ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʚʥʦʩʠʪ ʚʢʣʘʜ ʚ ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʳʡ 

ʵʬʬʝʢʪ, ʫʚʝʣʠʯʠʚʘʷ ʝʛʦ. ɺʣʠʷʥʠʝ ʦʪʞʠʛʦʚ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʦʦʪʥʦʰʝʥʠʷ 

ʤʝʞʜʫ ʧʨʳʞʢʦʚʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʧʦ ʦʙʳʯʥʳʤ ʜʝʬʝʢʪʘʤ ʠ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʧʦ 

ʤʘʛʥʠʪʥʳʤ ʧʦʣʷʨʦʥʘʤ, ʯʪʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʚʝʣʠʯʠʥʝ ʄʉ. 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ FZGM-2023-0006. 

  

 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ 

ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʄʅʉ CoFeB-

SiO2/ZnO ʦʪ ʪʦʣʱʠʥʳ ʩʣʦʷ ZnO. 

ʇʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʜʣʷ ʠʩʭʦʜʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʠ ʜʣʷ ʦʪʦʞʞʸʥʥʳʭ ʄʅʉ 

 

ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ ʙʦʣʝʝ 

ʯʝʤ ʚ ʜʚʘ ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʯʠʩʪʳʤ ʢʦʤʧʦʟʠʪʥʳʤ ʤʘʪʝʨʠʘʣʦʤ 

CoFeB-SiO2. ɺ ʯʠʩʪʦʤ ʢʦʤʧʦʟʠʪʝ 

ʤʘʛʥʠʪʦ-ʩʦʧʨʦʪʠʚʣʝʥʠʝ (ʄʉ) ʥʝ 

ʧʨʝʚʳʰʘʝʪ 2.5 %, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʚʚʝʜʝʥʠʝ ʜʠʩʢʨʝʪʥʳʭ ʧʨʦʩʣʦʝʢ ZnO 

ʫʚʝʣʠʯʠʚʘʝʪ ʄʉ ʜʦ 4,75 % (ʨʠʩ. 2).  

ʈʠʩ. 3.  ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʄʅʉ CoFeB-

SiO2/ZnO, ʧʦʣʫʯʝʥʥʳʭ ʚ ʯʠʩʪʦʤ Ar 

(ʪʦʣʱʠʥʘ ZnO ʧʨʠʚʝʜʝʥʘ ʥʘ ʚʩʪʘʚʢʝ ʚ ʥʤ) 
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ʋɼʂ 538.935, 538.975 
 

ʕʃɽʂʊʈʆʇʈʆɺʆɼʅʆʉʊʔ ʀ ʄɸɻʅɽʊʆʉʆʇʈʆʊʀɺʃɽʅʀɽ 

ʄʆʅʆʂʈʀʉʊɸʃʃɸ ʊɺɪʈɼʆɻʆ ʈɸʉʊɺʆʈɸ Zn0.75Mn 2.25As2  
 

ɺ.ʉ. ɿʘʭʚʘʣʠʥʩʢʠʡ1, ɸ.ʆ. ʉʧʠʮʳʥ2, ʌʝʨʞʫʰʠʷ ʄʝʨʠʷʤ 3, ʄ.ʅ. ʗʧʨʳʥʮʝʚ4, ɸ.ɺ. ɹʦʨʠʩʝʥʢʦ1,5 
1ɺʝʜʫʱʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʣʘʙʦʨʘʪʦʨʠʠ çʇʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʪʝʭʥʦʣʦʛʠʡè  

ʅʀʋ çɹʝʣɻʋè, zakhvalinskii@bsuedu.ru 
2ʉʪʫʜʝʥʪ, alekseyspitsin@mail.ru 

3 ʉʪʫʜʝʥʪ, 1747669@bsuedu.ru 
4 ʅʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʎʂʇ çʊʝʭʥʦʣʦʛʠʠ ʠ ʄʘʪʝʨʠʘʣʳè ʅʀʋ çɹʝʣɻʋè yaprintsev@bsuedu.ru 

5ʇʨʝʧʦʜʘʚʘʪʝʣʴ ʢʘʬʝʜʨʳ ʀʂʊɼ ʆɺɼ, ɹʝʣʛʦʨʦʜʩʢʦʛʦ ʶʨʠʜʠʯʝʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ ʄɺɼ 

ʈʦʩʩʠʠ ʠʤʝʥʠ ʀ.ɼ. ʇʫʪʠʣʠʥʘ, borisenko02.94@mail.ru 
 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 
Zn0.75Mn2.25As2. ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 10 ʂ ʜʦ 320 ʂ ʚ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠ ʚ ʧʦʣʝ ɺ=1 ʊʣ. ʅʘʙʣʶʜʘʝʪʩʷ ʦʪʣʠʯʠʝ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʠ ʥʘʛʨʝʚʘʥʠʠ ʦʙʨʘʟʮʘ, ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ 

ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʦʙʨʘʟʮʘ ʨʝʟʢʦ ʧʘʜʘʝʪ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨʳ 15·8 ʂ, ʧʨʠ 

ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 15 ʂ ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚʦʟʨʘʩʪʘʝʪ ʥʘ ʧʦʨʷʜʦʢ ʜʦ 

n=14Å1019ʩʤ-3, ʘ ʧʦʜʚʠʞʥʦʩʪʴ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʩ ʚʝʣʠʯʠʥʳ 

m=0.150 ʩʤ2Åɺ-1Åʩ-1 ʜʦ m=0.026 ʩʤ2Åɺ-1Åʩ-1.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʪʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢ, ʤʦʥʦʢʨʠʩʪʘʣʣ, ʫʜʝʣʴʥʦʝ 

ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. 

 

ɺʧʝʨʚʳʝ ʪʨʦʡʥʦʡ ʤʘʛʥʠʪʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢ ZnMn2As2, ʫʧʦʤʠʥʘʝʪʩʷ ʚ 

ʨʘʙʦʪʝ [1], ʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʦʧʠʩʘʥʘ ʚ ʨʘʙʦʪʝ [2]. 

ʈʘʩʯʝʪ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʣʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ZnMn2As2 ʙʳʣ ʩʜʝʣʘʥ 

ʚ ʨʘʙʦʪʝ [3]. ʇʨʠʤʝʥʝʥʠʝ ʥʝʡʪʨʦʥʦʛʨʘʬʠʠ ʧʦʟʚʦʣʠʣʦ ʫʪʦʯʥʠʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʩʪʨʫʢʪʫʨʫ ʠ ʦʧʠʩʘʪʴ ʩʣʦʞʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ZnMn2As2 [4]. ɺ ʨʘʙʦʪʝ [5] 

ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʜʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ ʢʚʘʟʠʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʳ Zn3As2-Mn3As2  ʚ 

ʢʦʪʦʨʦʡ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʚʙʣʠʟʠ 

ZnMn2As2. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʤʳ ʩʦʦʙʱʘʝʤ ʦ ʧʨʦʚʝʜʝʥʥʦʤ ʚʧʝʨʚʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Zn0.75Mn2.25As2. 

ʄʦʥʦʢʨʠʩʪʘʣʣʳ Zn0.75Mn2.25As2 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ 

ʤʝʪʦʜʦʤ ɹʨʠʜʞʤʝʥʘ, ʤʝʪʦʜʦʤ ʧʦʨʦʰʢʦʚʦʛʦ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ 

ʫʩʪʘʥʦʚʣʝʥʦ ʩʦʦʪʚʝʪʩʪʚʠʝ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ P-3m1, ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ a= 4.104033 ¡, b= 4.104033 ¡, c=6.547290 ¡, 

a=ɓ=90Á, ɔ=120Á. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ ʩʦʚʧʘʜʘʝʪ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 

ʛʨʫʧʧʦʡ 164 : P-3m1 ʜʣʷ ZnMn2As2 (ICDD 01-077-0769 DB card number). 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʛʘʣʴʚʘʥʦʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʦʚ ʧʨʦʚʝʜʝʥʳ ʧʦ 

ʰʝʩʪʠʟʦʥʜʦʚʦʡ ʩʭʝʤʝ, ʙʦʣʴʰʘʷ ʛʨʘʥʴ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ ʦʙʨʘʟʮʘ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ 

ʧʣʦʩʢʦʩʪʠ ʩʢʦʣʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʦʩʠ ʩ. ʀʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ɟ, ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʥʘ ʫʩʪʘʥʦʚʢʝ ʥʘ ʙʘʟʝ ʢʨʠʦʩʪʘʪʘ ʟʘʤʢʥʫʪʦʛʦ 

mailto:oksanchik2603@mail.ru
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ʮʠʢʣʘ CRYOGENICS ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 10ʂ ʜʦ 320 ʂ ʚ ʥʫʣʝʚʦʤ 

ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠ ʚ ʧʦʣʝ B= 1ʊʣ. ʤʦʥʦʢʨʠʩʪʘʣʣʘ Zn0.75Mn2.25As2 ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠ ʚ ʝʛʦ ʦʪʩʫʪʩʪʚʠʝ, ʧʨʠ ʥʘʛʨʝʚʝ ʠ ʦʭʣʘʞʜʝʥʠʠ. 
 

 

a)      b) 
ʈʠʩʫʥʦʢ. ɿʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ (ʘ), ʛʜʝ ʩʠʤʚʦʣʳ 
”ᶻὝᴽ  ʠ ”ᶻὝᴻ ʦʙʦʟʥʘʯʘʶʪ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʩʦʧʨʦʪʠʚʣʝʥʠʷ ὤὲȢ ὓὲȢὃί ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ B=1ʊʣ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʠ ʥʘʛʨʝʚʘʥʠʠ, 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʩʠʤʚʦʣʳ ”Ὕᴽ ̉   ”Ὕ  ᴻʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʝ ʞʝ ʟʘʚʠʩʠʤʦʩʪʠ, ʥʦ ʫʞʝ 
ʙʝʟ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʅʘ ʨʠʩ. (b) ʧʨʠʚʝʜʝʥʘ, ʨʘʩʩʯʠʪʘʥʥʘʷ ʠʟ ʵʬʬʝʢʪʘ ʍʦʣʣʘ, ʪʝʤʧʝʨʘʪʫʨʥʘʷ 
ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, n, ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʦʙʨʘʟʮʘ ʚ 
ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 
 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ (ʘ) ʤʦʥʦʢʨʠʩʪʘʣʣ ὤὲȢ ὓὲȢὃί ʜʝʤʦʥʩʪʨʠʨʫʝʪ 
ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʭʦʜ ʟʘʚʠʩʠʤʦʩʪʠ ʚʧʣʦʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ, Ὕ
ρυ +. ɺʙʣʠʟʠ ʪʝʤʧʝʨʘʪʫʨʳ Ὕ ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʭʦʜʘ ʢʨʠʚʦʡ, 

ʟʘʢʣʶʯʘʶʱʝʝʩʷ ʚ ʨʝʟʢʦʤ ʫʤʝʥʴʰʝʥʠʠ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. 

ʅʘ ʨʠʩʫʥʢʝ (b) ʚʠʜʥʦ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʨʘʩʪʝʪ ʩ ʧʦʥʠʞʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ n=14Å1019ʩʤ-3 ʠ ʧʦʩʣʝ ʪʝʤʧʝʨʘʪʫʨʳ Ὕ ρυ ὑ  ʥʘʙʣʶʜʘʝʪʩʷ ʧʣʘʪʦ, ʘ 

ʧʦʜʚʠʞʥʦʩʪʴ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʚʝʣʠʯʠʥʳ m=0.150 ʩʤ2Åɺ-1Åʩ-1 ʜʦ 

m=0.026 ʩʤ2Åɺ-1Åʩ-1.  ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ Ὕ ρυ ὑ ̫ ʚʣʷʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʥʘʯʘʣʘ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚʪʦʨʦʛʦ ʨʦʜʘ. 
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ʈɽʃɸʂʉɸʎʀʗ ɺ ʄʆʅʆʂʈʀʉʊɸʃʃɸʍ ʅʀʆɹɸʊɸ ʀ ʊɸʅʊɸʃɸʊɸ 
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ʆʂʈʋɾɸʖʑɽɻʆ ɺɸʂʋʋʄɸ 
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ʃʘʙʦʨʘʪʦʨʠʷ ʨʘʜʠʘʮʠʦʥʥʦʡ ʬʠʟʠʢʠ, ɹʝʣʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʮʠʦʥʘʣʴʥʳʡ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɹʝʣʛʦʨʦʜ, ʈʦʩʩʠʷ 

 

 

ʕʣʝʢʪʨʦʥʥʘʷ ʵʤʠʩʩʠʷ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʥʠʦʙʘʪʘ ʠ ʪʘʥʪʘʣʘʪʘ ʣʠʪʠʷ ʧʨʠ ʠʭ ʪʝʨʤʠʯʝʩʢʦʤ 

ʚʦʟʙʫʞʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʘ. ʆʧʠʩʘʥʳ ʵʬʬʝʢʪʳ ʤʦʥʦʵʥʝʨʛʝʪʠʯʥʦʩʪʠ ʠ 

ʩʘʤʦʬʦʢʫʩʠʨʦʚʢʠ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʦʪʦʢʘ. ʉʚʷʟʴ ʜʠʥʘʤʠʢʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʦʪʦʢʘ 

ʩ ʜʠʥʘʤʠʢʦʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʥʜʫʮʠʨʫʝʤʦʛʦ ʟʘʨʷʜʘ ʥʘ ʧʦʣʷʨʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʥʠʦʙʘʪʘ ʠ ʪʘʥʪʘʣʘʪʘ ʣʠʪʠʷ ʦʙʩʫʞʜʘʝʪʩʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʵʣʝʢʪʨʦʥʥʘʷ ʵʤʠʩʩʠʷ, ʥʠʦʙʘʪ ʣʠʪʠʷ, 

ʪʘʥʪʘʣʘʪ ʣʠʪʠʷ. 

 

ɺʥʝʰʥʝ, ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʵʣʝʢʪʨʠʟʘʮʠʠ ʛʨʘʥʝʡ 

ʧʠʨʦʵʣʝʢʪʨʠʢʦʚ, ʢʦʪʦʨʳʝ ʥʝ ʧʘʨʘʣʣʝʣʴʥʳ ʚʝʢʪʦʨʫ ʩʧʦʥʪʘʥʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ 

ʦʙʨʘʟʮʘ. ɺ ʫʩʣʦʚʠʷʭ ʦʢʨʫʞʘʶʱʝʡ ʘʪʤʦʩʬʝʨʳ, ʠʥʜʫʮʠʨʫʝʤʳʡ ʟʘʨʷʜ ʠʥʪʝʥʩʠʚʥʦ 

ʵʢʨʘʥʠʨʫʝʪʩʷ ʩʚʦʙʦʜʥʳʤʠ ʟʘʨʷʜʘʤʠ ʠʟ ʚʦʟʜʫʭʘ, ʯʪʦ ʤʦʞʝʪ ʚʳʟʳʚʘʪʴ 

ʤʠʢʨʦʨʘʟʨʷʜʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʠʨʦʵʣʝʢʪʨʠʢʘ, ʠʦʥʠʟʘʮʠʶ ʤʦʣʝʢʫʣ ʠ ʪ.ʜ. ʆʜʥʘʢʦ, 

ʚ ʫʩʣʦʚʠʷʭ ʦʢʨʫʞʘʶʱʝʛʦ ʚʘʢʫʫʤʘ ʦʪʢʨʳʚʘʝʪʩʷ ʜʨʫʛʦʡ ʧʫʪʴ ʜʣʷ ʨʝʣʘʢʩʘʮʠʠ 

ʧʦʣʫʯʝʥʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ï ʵʤʠʩʩʠʷ ʵʣʝʢʪʨʦʥʦʚ ʩ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ. ʕʤʠʪʠʨʫʶʱʠʡ ʵʣʝʢʪʨʦʥʥʳʡ ʧʦʪʦʢ ʠʤʝʝʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʫʶ ʚʝʣʠʯʠʥʫ (ʦʢʦʣʦ 1 ʥɸ), ʥʦ ʧʨʠ ʵʪʦʤ ʵʥʝʨʛʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʝʜʠʥʠʮ ʠ ʜʝʩʷʪʢʦʚ ʢʵɺ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʠ ʫʩʢʦʨʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ (ʪ.ʥ. 

ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʫʩʢʦʨʠʪʝʣʴ), ʘ ʪʘʢʞʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʠʦʥʦʚ ʠ 

ʥʝʡʪʨʦʥʦʚ. 

ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʙʳʣ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥ ʵʬʬʝʢʪ ʵʣʝʢʪʨʦʥʥʦʡ 

ʵʤʠʩʩʠʠ ʩ ʧʦʣʷʨʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʤʦʥʦʜʦʤʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʥʠʦʙʘʪʘ ʠ 

ʪʘʥʪʘʣʘʪʘ ʣʠʪʠʷ (ʧʨʦʠʟʚʦʜʩʪʚʦ ï ʂʦʣʴʩʢʠʡ ʮʝʥʪʨ ʈɸʅ). ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʪʦʢ ʠ 

ʵʥʝʨʛʠʷ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʦʪʦʢʘ, ʧʦʣʫʯʝʥʘ ʝʛʦ ʚʦʣʴʪʘʤʧʝʨʥʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ (ɺɸʍ), ʢʦʪʦʨʘʷ ʩʭʦʞʘ ʩ ɺɸʍ ʊʘʫʥʩʝʥʜʦʚʩʢʦʛʦ ʨʘʟʨʷʜʘ. ʆʜʥʘʢʦ, 

ʙʦʣʝʝ ʚʥʠʤʘʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ 

ʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʠ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ʥʘʙʣʶʜʘʝʪʩʷ ʣʘʚʠʥʥʳʡ ʨʘʟʨʷʜ, ʧʨʠʨʦʜʘ ʢʦʪʦʨʦʛʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʊʘʫʥʩʝʥʜʦʚʩʢʦʛʦ 

ʨʘʟʨʷʜʘ ʠ ʩʚʷʟʘʥʘ ʩʦ ʚʪʦʨʠʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʝʡ [1]. 

ʊʘʢʞʝ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʦʪʦʢʘ ʵʣʝʢʪʨʦʥʦʚ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 
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ʢʨʠʩʪʘʣʣʦʚ. ʇʦʜʪʚʝʨʞʜʝʥʦ ʥʘʣʠʯʠʝ ʩʘʤʦʬʦʢʫʩʠʨʦʚʢʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʦʪʦʢʘ [2] ʠ 

ʫʟʢʠʡ ʨʘʟʙʨʦʩ ʵʣʝʢʪʨʦʥʦʚ ʧʦ ʵʥʝʨʛʠʠ [3]. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʩʪʨʫʢʪʫʨʳ ʬʦʢʘʣʴʥʦʛʦ ʧʷʪʥʘ ʠ ʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʳʚʘʝʪ 

ʥʘʣʠʯʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ ʦʪ ʬʦʢʫʩʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ, ʠ ʪʝʤ ʩʘʤʳʤ, 

ʥʘʣʠʯʠʷ ʧʨʦʜʦʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʬʦʢʘʣʴʥʦʡ ʦʙʣʘʩʪʠ [4]. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ 

ʚʠʟʫʘʣʠʟʘʮʠʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʦʪʦʢʘ ʧʦʢʘʟʳʚʘʶʪ ʥʘʣʠʯʠʝ ʧʦʤʠʤʦ ʬʦʢʘʣʴʥʦʛʦ 

ʧʷʪʥʘ ʵʣʝʢʪʨʦʥʦʚ ʝʱʝ ʥʝʩʢʦʣʴʢʠʭ ʩʧʫʪʥʠʢʦʚ-ʧʷʪʝʥ, ʪ.ʝ. ʧʝʨʠʬʝʨʠʡʥʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʧʦʪʦʢʦʚ, ʢʦʪʦʨʳʝ ʨʘʩʧʦʣʦʞʝʥʳ ʩʠʤʤʝʪʨʠʯʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʦʪʦʢʘ. 

ɼʠʥʘʤʠʢʘ ʵʤʠʪʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʦʪʦʢʘ ʜʦʣʞʥʘ ʦʧʨʝʜʝʣʷʪʴʩʷ 

ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʠʥʜʫʮʠʨʫʝʤʳʤ ʟʘʨʷʜʦʤ ʥʘ 

ʧʦʣʷʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣʣʘ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʟʘʨʷʜʘ ʥʘ ʧʦʣʷʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ, ʨʝʣʘʢʩʘʮʠʷ ʟʘʨʷʜʘ ʠ ʵʚʦʣʶʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʫʶ ʜʠʥʘʤʠʢʫ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʦʪʦʢʘ. ʇʦʜʭʦʜ ʢ 

ʨʝʰʝʥʠʶ ʟʘʜʘʯʠ ʦʧʨʝʜʝʣʝʥʠʷ ʟʘʨʷʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʦʢʦʣʦ 10 ʣʝʪ ʥʘʟʘʜ [5]. ʇʦʣʫʯʝʥʥʦʝ ʨʘʜʠʘʣʴʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʨʷʜʘ ʧʦʟʚʦʣʠʣʦ ʦʙʲʷʩʥʠʪʴ ʵʬʬʝʢʪ ʩʘʤʦʬʦʢʫʩʠʨʦʚʢʠ ʠ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʘʪʴ ʧʦʣʦʞʝʥʠʝ ʬʦʢʫʩʥʦʛʦ ʧʷʪʥʘ, ʦʜʥʘʢʦ ʥʘʙʣʶʜʘʝʤʳʝ 

ʥʘʤʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʦʪʦʢʠ ʵʣʝʢʪʨʦʥʦʚ, ʦʥʦ ʦʙʲʷʩʥʠʪʴ ʥʝ ʤʦʞʝʪ. ʅʘʤʠ 

ʧʨʝʜʣʦʞʝʥ ʜʨʫʛʦʡ ʧʦʜʭʦʜ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʨʷʜʘ (ʪʦʯʥʝʝ ʚ ʥʘʰʝʤ 

ʧʦʜʭʦʜʝ, ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ) ʥʘ ʧʦʣʷʨʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ 

ʥʠʦʙʘʪʘ ʣʠʪʠʷ ʩ ʫʯʝʪʦʤ ʚʦʟʤʦʞʥʦʛʦ ʘʟʠʤʫʪʘʣʴʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. 

ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʧʨʷʤʦʝ ʠʟʤʝʨʝʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

ʧʦʟʚʦʣʠʪ ʦʙʲʷʩʥʠʪʴ ʧʦʚʝʜʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʦʪʦʢʘ, ʵʤʠʪʠʨʫʶʱʝʛʦ ʩ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʥʠʦʙʘʪʘ ʠ ʪʘʥʪʘʣʘʪʘ ʣʠʪʠʷ, ʘ ʪʘʢʞʝ ʜʘʩʪ ʥʦʚʫʶ 

ʠʥʬʦʨʤʘʮʠʶ ʦʙ ʚʟʘʠʤʦʩʚʷʟʠ ʪʝʧʣʦʚʳʭ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʠʩʩʣʝʜʫʝʤʳʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ.  
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ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʧʨʦʩʣʦʝʢ a-Si ʠ Ta2O5 ʥʘ 

ʧʨʦʮʝʩʩʳ ʧʝʨʝʢʣʶʯʝʥʠʷ ʨʝʟʠʩʪʠʚʥʳʭ ʩʦʩʪʦʷʥʠʡ (ʈʉ), ʥʝʣʠʥʝʡʥʦʩʪʠ ɺɸʍ ʚ ʥʠʟʢʦʦʤʥʦʤ 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʤ ʈʉ (LRS) ʠ ʤʝʭʘʥʠʟʤʳ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʢʘ ʧʨʦʪʝʢʘʥʠʷ 

ʯʝʨʝʟ ʠʩʩʣʝʜʫʝʤʳʝ ʩʪʨʫʢʪʫʨʳ Cu/(Co40Fe40B20)ʭ(SiO2)100-ʭ/LiNbO3/Cr/Cu/Cr/ʩʠʪʘʣʣ, 

Cu/(Co40Fe40B20)ʭ(SiO2)100-ʭ/LiNbO3/a-Si/Cr/Cu/Cr/ʩʠʪʘʣʣ ʠ Cu/(Co40Fe40B20)ʭ(SiO2)100-

ʭ/LiNbO3/Ta2O5/Cr/Cu/Cr/ʩʠʪʘʣʣ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʦ ʚʩʝʭ ʩʪʨʫʢʪʫʨʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʙʠʧʦʣʷʨʥʦʝ 

ʨʝʟʠʩʪʠʚʥʦʝ ʧʝʨʝʢʣʶʯʝʥʠʝ. ʅʝʣʠʥʝʡʥʦʩʪʴ ɺɸʍ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ ʚ LRS ʩʦʩʪʦʷʥʠʠ 

ʩʚʷʟʘʥʘ ʩ ʦʪʩʫʪʩʪʚʠʝʤ ʩʧʣʦʰʥʳʭ ʧʨʦʚʦʜʷʱʠʭ ʢʘʥʘʣʦʚ ʤʝʞʜʫ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʵʣʝʢʪʨʦʜʘʤʠ ʚ 

ʥʠʟʢʦʦʤʥʦʤ ʨʝʟʠʩʪʠʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʟʘ ʩʯʝʪ ʨʝʞʠʤʘ ʤʥʦʛʦʬʠʣʘʤʝʥʪʥʦʛʦ ʨʝʟʠʩʪʠʚʥʦʛʦ 

ʧʝʨʝʢʣʶʯʝʥʠʷ, ʨʝʘʣʠʟʫʝʤʦʛʦ ʠʟ-ʟʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʤʝʪʘʣʣ-ʜʠʵʣʝʢʪʨʠʢ ʚ 

ʢʘʯʝʩʪʚʝ ʢʦʥʪʘʢʪʥʦʛʦ ʩʣʦʷ. ɺʳʷʚʣʝʥʳ ʣʠʤʠʪʠʨʫʶʱʠʝ ʤʝʭʘʥʠʟʤʳ ʵʣʝʢʪʨʦʧʝʨʝʥʦʩʘ ʚ 

ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨʘʭ ʠ ʧʨʠʯʠʥʳ ʠʭ ʨʝʘʣʠʟʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʈʝʟʠʩʪʠʚʥʦʝ ʧʝʨʝʢʣʶʯʝʥʠʝ, ʥʘʥʦʢʦʤʧʦʟʠʪ, ʤʝʤʨʠʩʪʦʨʥʳʡ ʵʬʬʝʢʪ, 

ʥʠʦʙʘʪ ʣʠʪʠʷ 

 

ʄʝʪʦʜʦʤ ʠʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʦʥʜʝʥʩʘʪʦʨʥʳʝ 

ʩʪʨʫʢʪʫʨʳ ʄ/ʅʂ/ɼ1/ʄ ʠ ʄ/ʅʂ/ɼ1/ɼ2/ʄ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʅʂ ʚʳʩʪʫʧʘʣʠ ʧʣʝʥʢʠ 

(Co40Fe40B20)ʍ(SiO2)100īʍ, ʘ ʚ ʢʘʯʝʩʪʚʝ ɼ1 - LiNbO3 ʠ ɼ2 ï a-Si ʠʣʠ Ta2O5. 

ʊʨʝʭʩʣʦʡʥʳʝ ʧʨʦʚʦʜʥʠʢʠ Cr-Cu-Cr ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʢʘʯʝʩʪʚʝ ʥʠʞʥʝʛʦ 

ʵʣʝʢʪʨʦʜʘ, ʚʝʨʭʥʠʡ ʵʣʝʢʪʨʦʜ ʙʳʣ ʩʬʦʨʤʠʨʦʚʘʥ ʠʟ ʧʣʝʥʢʠ Cu. 

ɸʥʘʣʠʟ ɺɸʍ ʪʨʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʚ ʥʠʭ ʦʙʨʘʪʠʤʳʭ 

ʙʠʧʦʣʷʨʥʳʭ ʨʝʟʠʩʪʠʚʥʳʭ ʧʝʨʝʢʣʶʯʝʥʠʡ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʅʂ. ɽʱʝ ʦʜʥʦʡ ʭʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʷʚʣʷʝʪʩʷ ʠʭ ʟʥʘʯʠʪʝʣʴʥʘʷ ʥʝʣʠʥʝʡʥʦʩʪʴ ʚ ʦʙʣʘʩʪʠ ʤʘʣʳʭ ʟʥʘʯʝʥʠʡ 

ʥʘʧʨʷʞʝʥʠʡ, ʧʦʜʘʚʘʝʤʳʭ ʥʘ ʦʙʨʘʟʝʮ, ʯʪʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʧʨʘʢʪʠʯʝʩʢʠ ʟʥʘʯʠʤʳʭ 

ʧʘʨʘʤʝʪʨʘʭ ʤʝʤʨʠʩʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʪʘʢʠʭ ʢʘʢ ʦʪʥʦʰʝʥʠʝ I(U)/I(U/2) (ʈʠʩ.).  
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ʈʠʩʫʥʦʢ. ɿʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʰʝʥʠʷ I(U)/I(U/2) ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʤʝʤʨʠʩʪʠʚʥʳʭ ʩʪʨʫʢʪʫʨ:  

1 - Cu/(CoFeB)33.4(SiO2)66,6/LiNbO3/Cr/Cu/Cr/ʩʠʪʘʣʣ,  

2 - Cu/(CoFeB)33.4(SiO2)66.6/LiNbO3/Si/Cr/Cu/Cr/ʩʠʪʘʣʣ,  

3 - Cu/(CoFeB)33.4(SiO2)66.6/LiNbO3/Ta2O5/Cr/Cu/Cr/ʩʠʪʘʣʣ 
 

ʀʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʧʨʦʩʣʦʝʢ a-Si ʠ Ta2O5 ʥʘ ʩʪʝʧʝʥʴ ʥʝʣʠʥʝʡʥʦʩʪʠ ɺɸʍ 

ʠʩʩʣʝʜʫʝʤʳʭ ʤʝʤʨʠʩʪʠʚʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʨʦʩʣʦʡʢʘ ʦʢʩʠʜʘ ʪʘʥʪʘʣʘ 

ʫʚʝʣʠʯʠʚʘʝʪ ʟʥʘʯʝʥʠʷ ʦʪʥʦʰʝʥʠʷ I(U)/I(U/2) ʚ LRS ʩʦʩʪʦʷʥʠʠ, ʪʦʛʜʘ ʢʘʢ a-Si, 

ʥʘʧʨʦʪʠʚ, ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʥʠʞʝʥʠʶ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʨʫʢʪʫʨʳ, 

ʥʝ ʠʤʝʶʱʝʡ ʧʨʦʩʣʦʝʢ. ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʝʣʠʥʝʡʥʦʩʪʴ ɺɸʍ ʚ ʠʩʩʣʝʜʫʝʤʳʭ 

ʩʪʨʫʢʪʫʨʘʭ ʩʚʷʟʘʥʘ ʩ ʦʪʩʫʪʩʪʚʠʝʤ ʩʧʣʦʰʥʳʭ ʧʨʦʚʦʜʷʱʠʭ ʢʘʥʘʣʦʚ ʤʝʞʜʫ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʵʣʝʢʪʨʦʜʘʤʠ ʚ ʥʠʟʢʦʦʤʥʦʤ ʨʝʟʠʩʪʠʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʟʘ ʩʯʝʪ 

ʨʝʞʠʤʘ ʤʥʦʛʦʬʠʣʘʤʝʥʪʥʦʛʦ ʨʝʟʠʩʪʠʚʥʦʛʦ ʧʝʨʝʢʣʶʯʝʥʠʷ, ʨʝʘʣʠʟʫʝʤʦʛʦ ʠʟ-ʟʘ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʤʝʪʘʣʣ-ʜʠʵʣʝʢʪʨʠʢ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʪʘʢʪʥʦʛʦ ʩʣʦʷ. 

ʆʜʥʘʢʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʣʠʤʠʪʠʨʫʶʱʠʝ ʤʝʭʘʥʠʟʤʳ ʵʣʝʢʪʨʦʧʝʨʝʥʦʩʘ ʚ 

ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨʘʭ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʶʪʩʷ. 

ʊʘʢ ʜʣʷ ʩʪʨʫʢʪʫʨʳ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʨʦʩʣʦʝʢ ʚ LRS ʩʦʩʪʦʷʥʠʠ ʧʨʠ ʥʠʟʢʠʭ 

ʪʦʢʘʭ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʣʠʟʫʝʪʩʷ ʵʤʠʩʩʠʷ ʐʦʪʪʢʠ, ʘ ʧʨʠ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʪʦʢʘ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʝʭʘʥʠʟʤʦʤ ʇʫʣʘ ï ʌʨʝʥʢʝʣʷ. ɺ 

ʩʪʨʫʢʪʫʨʝ ʩ ʧʨʦʩʣʦʡʢʦʡ ʘʤʦʨʬʥʦʛʦ ʢʨʝʤʥʠʷ ʚʩʣʝʜʩʪʚʠʝ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʧʨʦʩʣʦʡʢʠ SiO2 ʤʝʞʜʫ ʩʣʦʷʤʠ LiNbO3 ʠ Si, ʦʧʨʝʜʝʣʷʶʱʠʤ ʤʝʭʘʥʠʟʤʦʤ 

ʵʣʝʢʪʨʦʧʝʨʝʥʦʩʘ ʷʚʣʷʝʪʩʷ ʤʝʭʘʥʠʟʤ ʪʝʨʤʠʯʝʩʢʠ ʦʙʣʝʛʯʝʥʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ 

ʯʝʨʝʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ ʙʘʨʴʝʨ ʧʨʘʢʪʠʯʝʩʢʠ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʥʘʧʨʷʞʝʥʠʡ 

ʚʧʣʦʪʴ ʜʦ ʥʘʧʨʷʞʝʥʠʷ ʧʝʨʝʢʣʶʯʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʚ ʚʳʩʦʢʦʦʤʥʦʝ ʩʦʩʪʦʷʥʠʝ. 

ʅʘʣʠʯʠʝ ʧʨʦʩʣʦʡʢʠ Ta2O5 ʚ ʩʪʨʫʢʪʫʨʝ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʧʨʠʚʦʜʠʪ ʢ 

ʜʦʤʠʥʠʨʦʚʘʥʠʶ ʵʤʠʩʩʠʠ ʐʦʪʪʢʠ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʅʂ ʢʦʥʪʘʢʪʘ ʧʨʠ 

ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʷʭ ʪʦʢʘ ʧʦ ʧʨʠʯʠʥʝ ʚʳʩʦʢʠʭ ʪʦʢʦʚ ʫʪʝʯʢʠ ʯʝʨʝʟ ʜʝʬʝʢʪʳ 

ʧʨʦʩʣʦʡʢʠ Ta2O5, ʘ, ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʧʨʠ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʪʦʢʘ ʥʘʣʠʯʠʝ 

ʪʫʥʥʝʣʴʥʦʛʦ ʙʘʨʴʝʨʘ ʠ ʥʘʩʳʱʝʥʠʝ ʪʦʢʦʚ ʫʪʝʯʢʠ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʥʝ ʤʝʭʘʥʠʟʤʘ 

ʵʣʝʢʪʨʦʧʝʨʝʥʦʩʘ ʯʝʨʝʟ ʜʘʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʥʘ ʤʝʭʘʥʠʟʤ ʪʝʨʤʠʯʝʩʢʠ ʦʙʣʝʛʯʝʥʥʦʛʦ 

ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʯʝʨʝʟ ʧʨʦʩʣʦʡʢʫ ʦʢʩʠʜʘ ʪʘʥʪʘʣʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʅʘʫʢʠ ʠ ɺʳʩʰʝʛʦ 

ʆʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ  (ʧʨʦʝʢʪ  ̄FZGM-2023-0006). 
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ʅɸʅʆʂʆʄʇʆɿʀʊ CoFeB-SiO2/ZrO 2(Y) 
 

ʀ.ɺ. ɹʘʙʢʠʥʘ1, ɸ.ʈ. ʐʘʢʫʨʦʚ2, ɸ.ɽ. ʅʠʢʦʥʦʚ3, ɸ.ɺ. ɸʤʧʠʣʦʛʦʚ4, ɸ.ɺ. ʉʠʪʥʠʢʦʚ5 
1ɼʦʮʝʥʪ, ivbabkina@mail.ru 

2ɸʩʧʠʨʘʥʪ, aleks.shakurov@mail.ru 
3ʀʥʞʝʥʝʨ-ʠʩʩʣʝʜʦʚʘʪʝʣʴ, nikonov.sasha1994@gmail.com 

4ɸʩʧʠʨʘʥʪ, artyom.ampilogov@gmail.com 
5ʇʨʦʬʝʩʩʦʨ, sitnikov04@mail.ru 

ʌɻɹʆʋ ɺʆ çɺʦʨʦʥʝʞʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè 

 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʙʦʨʘ ʚ ʥʘʥʦʢʦʤʧʦʟʠʪʝ 

(Co40Fe40B20)ʭ(SiO2)100-ʭ ʥʘ ʮʠʢʣʠʯʝʩʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʝʨʝʢʣʶʯʝʥʠʷ ʨʝʟʠʩʪʠʚʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʚ ʤʝʤʨʠʩʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʝ Cu/(Co40Fe40B20)ʭ(SiO2)100-ʭ/(Zr92Y8)O2/Cr/Cu/Cr /ʩʠʪʘʣʣ. ʋʩʪʘʥʦʚʣʝʥʦ 

ʯʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʙʦʨʘ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʩʣʦʡʢʦʡ (Zr92Y8)O2 ʩʪʘʙʠʣʠʟʠʨʫʝʪ 

ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ ʚ ʢʘʥʘʣʘʭ ʧʨʦʚʦʜʠʤʦʩʪʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʩʣʦʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʤʨʠʩʪʦʨ, ʨʝʟʠʩʪʠʚʥʦʝ ʧʝʨʝʢʣʶʯʝʥʠʝ, ʥʘʥʦʢʦʤʧʦʟʠʪ, ʪʦʥʢʠʝ 

ʧʣʝʥʢʠ, ʮʠʢʣʠʯʝʩʢʘʷ ʚʳʥʦʩʣʠʚʦʩʪʴ.  

 

ʄʝʤʨʠʩʪʦʨʳ - ʵʪʦ ʵʣʝʤʝʥʪʳ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʦʙʨʘʪʠʤʦ ʤʝʥʷʪʴ ʩʚʦʝ 

ʨʝʟʠʩʪʠʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʠ ʥʘʧʨʘʚʣʝʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚʳʩʦʢʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʦʙʨʘʟʮʫ. ʕʪʦ 

ʩʚʦʡʩʪʚʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʠʭ ʢʘʢ ʥʦʚʫʶ ʵʣʝʤʝʥʪʥʫʶ ʙʘʟʫ 

ʵʣʝʢʪʨʦʥʠʢʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʳʭ 

ʟʘʧʦʤʠʥʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʘ ʪʘʢʞʝ ʚ ʙʫʨʥʦ ʨʘʟʚʠʚʘʶʱʠʭʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʥʝʡʨʦʤʦʨʬʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ, ʪʘʢʠʭ ʢʘʢ ʨʘʩʧʦʟʥʘʚʘʥʠʝ ʦʙʨʘʟʦʚ, ʨʝʯʠ ʠ ʪ.ʧ. ɼʣʷ 

ʨʝʘʣʠʟʘʮʠʠ ʤʥʦʛʦʬʠʣʘʤʝʥʪʥʦʛʦ ʨʝʟʠʩʪʠʚʥʦʛʦ ʧʝʨʝʢʣʶʯʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ 

ʩʣʦʷ ʥʘʤʠ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʘʥʦʢʦʤʧʦʟʠʪ (ʅʂ) ʤʝʪʘʣʣ-

ʜʠʵʣʝʢʪʨʠʢ ʚ ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʵʣʝʢʪʨʦʜʦʚ ʚ ʤʝʤʨʠʩʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʝ. 

ʄʝʪʦʜʦʤ ʠʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʥʝʚʳʭ ʤʘʩʦʢ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʳ Cu/(Co40Fe40B20)ʭ(SiO2)100-ʭ/ 

(Zr92Y8)O2/Cr/Cu/Cr/ʩʠʪʘʣʣ, Cu/(Co50Fe50)x(SiO2)100īx/(Zr92Y8)O2/Cr/Cu/Cr/ ʩʠʪʘʣʣ 

ʠ Cu/(Co)x(SiO2)100īx/(Zr92Y8)O2/Cr/Cu/Cr/ʩʠʪʘʣʣ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʝʤʨʠʩʪʠʚʥʳʭ 

ʩʚʦʡʩʪʚ ʜʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʦʢʘʟʘʣʠ ʥʘʣʠʯʠʝ ʚ ʥʠʭ ʙʠʧʦʣʷʨʥʦʛʦ ʨʝʟʠʩʪʠʚʥʦʛʦ 

ʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʅʂ ʜʦ 

ʧʦʨʦʛʘ ʧʝʨʢʦʣʷʮʠʠ; ʚʳʩʦʢʫʶ ʚʨʝʤʝʥʥʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ 

ʨʝʟʠʩʪʠʚʥʳʭ ʩʦʩʪʦʷʥʠʡ; ʚʦʟʤʦʞʥʦʩʪʴ ʠʥʜʫʮʠʨʦʚʘʪʴ ʣʶʙʳʝ ʨʝʟʠʩʪʠʚʥʳʝ 

ʩʦʩʪʦʷʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ ʥʘʠʙʦʣʴʰʝʛʦ (Roff) ʜʦ ʥʘʠʤʝʥʴʰʝʛʦ (Ron) ʟʥʘʯʝʥʠʡ 

ʜʣʷ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨ (ʧʣʘʩʪʠʯʥʦʩʪʴ). ɺʝʣʠʯʠʥʘ ʦʪʥʦʰʝʥʠʷ Roff/Ron ʩʦʩʪʘʚʣʷʣʘ 

ʙʦʣʝʝ 10 ʝʜʠʥʠʮ, ʦʜʥʘʢʦ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʚ 

ʮʠʢʣʠʯʝʩʢʦʡ ʚʳʥʦʩʣʠʚʦʩʪʠ ʧʝʨʝʢʣʶʯʝʥʠʷ ʨʝʟʠʩʪʠʚʥʳʭ ʩʦʩʪʦʷʥʠʡ (ʩʤ. ʨʠʩ.) 

ɺʠʜʥʦ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʝ, ʛʜʝ ʚ ʩʦʩʪʘʚ ʢʦʤʧʦʟʠʪʘ ʚʭʦʜʠʪ ʙʦʨ (ʨʠʩ. ʘ), ʢʦʣʠʯʝʩʪʚʦ 
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ʦʙʨʘʪʠʤʳʭ ʨʝʟʠʩʪʠʚʥʳʭ ʧʝʨʝʢʣʶʯʝʥʠʡ ʦʛʨʘʥʠʯʝʥʥʦ ʢʦʣʠʯʝʩʪʚʦʤ 2000 ʮʠʢʣʦʚ. 

ʇʦʩʣʝ ʵʪʦʛʦ ʤʝʤʨʠʩʪʦʨ ʥʝʦʙʨʘʪʠʤʦ ʜʝʛʨʘʜʠʨʫʝʪ ʚ ʥʠʟʢʦʦʤʥʦʝ ʨʝʟʠʩʪʠʚʥʦʝ 

ʩʦʩʪʦʷʥʠʝ. ɺ ʩʪʨʫʢʪʫʨʘʭ, ʛʜʝ ʙʦʨ ʦʪʩʫʪʩʪʚʫʝʪ, ʪʘʢʦʛʦ ʵʬʬʝʢʪʘ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. 
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ʈʠʩʫʥʦʢ. ʇʝʨʝʢʣʶʯʝʥʠʷ ʨʝʟʠʩʪʠʚʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʤʝʤʨʠʩʪʦʨʥʳʭ ʩʪʨʫʢʪʫʨʘʭ 

a -Cu/(Co40Fe40B20)33,4(SiO2)66,6/(Zr92Y8)O2/Cr/Cu/Cr/ʩʠʪʘʣʣ, b -Cu/(Co50Fe50)33,4(SiO2)66,6/ 

(Zr92Y8)O2/Cr/Cu/Cr/ʩʠʪʘʣʣ ʠ c -Cu/(Co)33,4(SiO2)66,6/(Zr92Y8)O2/Cr/Cu/Cr/ʩʠʪʘʣʣ 

 

ʆʩʥʦʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʨʝʟʠʩʪʠʚʥʦʛʦ ʧʝʨʝʢʣʶʯʝʥʠʷ ʚ ʜʘʥʥʳʭ ʩʪʨʫʢʪʫʨʘʭ 

ʷʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʠ ʨʘʟʨʫʰʝʥʠʝ ʢʘʥʘʣʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʪʦʥʢʦʡ, ʧʦʨʷʜʢʘ 15 

ʥʤ, ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʩʣʦʡʢʝ ʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ ʠʪʪʨʠʝʤ. 

ɼʘʥʥʳʝ ʢʘʥʘʣʳ ʩʦʩʪʦʷʪ ʠʟ ʦʙʣʘʩʪʝʡ ʩ ʧʦʚʳʰʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʢʠʩʣʦʨʦʜʥʳʭ 

ʚʘʢʘʥʩʠʡ. ʕʣʝʢʪʨʦʤʠʛʨʘʮʠʷ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚʳʩʦʢʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ (ʙʦʣʝʝ 10^5 ɺ/ʩʤ) ʷʚʣʷʝʪʩʷ 

ʬʠʟʠʯʝʩʢʦʡ ʧʨʠʯʠʥʦʡ ʤʝʤʨʠʩʪʠʚʥʳʭ ʩʚʦʡʩʪʚ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʨʫʢʪʫʨ. ɽʩʣʠ ʤʳ 

ʨʘʩʩʤʦʪʨʠʤ ʩʪʨʫʢʪʫʨʫ ʅʂ (Co40Fe40B20)ʭ(SiO2)100-ʭ, ʪʦ ʜʦʣʞʥʳ ʩʦʛʣʘʩʠʪʴʩʷ, ʯʪʦ ʚ 

ʧʨʦʮʝʩʩʝ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʠ ʧʨʠ ʩʦʚʤʝʩʪʥʦʤ ʨʘʩʧʳʣʝʥʠʠ ʩʦʩʪʘʚʥʦʡ ʤʠʰʝʥʠ ʠʟ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʧʣʘʚʘ Co40Fe40B20 ʠ ʥʘʚʝʩʦʢ ʠʟ ʢʚʘʨʮʘ ʧʨʠ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ 

ʦʭʣʘʞʜʝʥʠʷ ʧʣʝʥʢʠ ʥʘ ʧʦʜʣʦʞʢʝ, ʜʦ 10^8 ʛʨʘʜ/ʩ, ʪʨʫʜʥʦ ʦʞʠʜʘʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʨʘʚʥʦʚʝʩʥʦʡ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ɸʪʦʤʳ ʙʦʨʘ ʠ ʘʪʦʤʳ 

ʤʝʪʘʣʣʘ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚʥʝʜʨʝʥʳ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ 

ʤʘʪʨʠʮʫ ʅʂ. ʏʝʨʝʟ ʠʥʪʝʨʬʝʡʩ ʅʂ-ʜʠʵʣʝʢʪʨʠʢ ʘʪʦʤʳ ʙʦʨʘ ʤʦʛʫʪ 

ʜʠʬʬʫʥʜʠʨʦʚʘʪʴ ʚ ʧʣʝʥʢʫ (Zr92Y8)O2. ʊʘʢʞʝ ʩʣʝʜʫʝʪ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ 

ʧʝʨʝʟʘʧʠʩʠ ʨʝʟʠʩʪʠʚʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ ʩʪʨʫʢʪʫʨʫ ʚʦʟʜʝʡʩʪʚʫʝʪ ʥʝ ʪʦʣʴʢʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʚʳʩʦʢʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ, ʥʦ ʠ ʧʨʦʪʝʢʘʝʪ ʜʦʩʪʘʪʦʯʥʦ 

ʙʦʣʴʰʦʡ ʪʦʢ. ʇʨʠ ʵʪʦʤ ʚʝʩʴʤʘ ʦʛʨʘʥʠʯʝʥʥʳʝ ʦʙʣʘʩʪʠ (ʥʝʩʢʦʣʴʢʦ ʥʤ ʚ ʜʠʘʤʝʪʨʝ) 

ʧʨʦʚʦʜʷʱʠʭ ʬʠʣʘʤʝʥʪʦʚ ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ ʥʘʛʨʝʚʘʪʴʩʷ, ʯʪʦ ʪʘʢʞʝ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʩʢʦʨʝʥʠʶ ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʇʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʘʪʦʤʦʚ ʙʦʨʘ ʩ ʦʢʩʠʜʦʤ ʮʠʨʢʦʥʠʷ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ ʠʪʪʨʠʝʤ 

ʧʨʠʚʦʜʠʪ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ, ʯʪʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʠʭ 

ʨʘʟʨʫʰʝʥʠʶ ʠ ʧʝʨʝʢʣʶʯʝʥʠʶ ʤʝʤʨʠʩʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʚʳʩʦʢʦʦʤʥʦʝ 

ʩʦʩʪʦʷʥʠʝ. ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʙʦʨʘ ʚ ʩʦʩʪʘʚʝ ʅʂ ʪʘʢʦʛʦ ʵʬʬʝʢʪʘ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 25-29-00215. 

 

 


