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ʇʣʝʥʢʠ ʬʝʨʨʠʪʦʚ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʙʘʟʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠʟʥʘʶʪʩʷ ʦʜʥʠʤʠ ʠʟ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʜʣʷ ʩʧʠʥʪʨʦʥʠʢʠ [1,2]. ʆʜʥʘʢʦ, ʩʫʱʝʩʪʚʝʥʥʳʤ 

ʥʝʜʦʩʪʘʪʢʦʤ ʧʦʣʫʯʝʥʠʷ ʧʣʝʥʦʢ ʬʝʨʨʠʪʦʚ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʪʨʝʙʦʚʘʥʠʷʤ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ, ʥʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʜʣʦʞʢʘʭ ʷʚʣʷʝʪʩʷ 

ʚʳʩʦʢʘʷ (850-950Áʉ) ʪʝʤʧʝʨʘʪʫʨʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʘ ʪʘʢʞʝ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠʭ ʨʝʰʝʪʦʢ ʩ ʪʘʢʠʤʠ 

ʢʦʤʤʝʨʯʝʩʢʠʤʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤʠ, ʢʘʢ Si, GaN ʠ GaAs. ʇʨʠ ʫʢʘʟʘʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ ʚʦʟʥʠʢʘʶʪ ʫʧʨʫʛʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʠʥʠʮʠʠʨʫʝʤʳʝ ʥʝ ʪʦʣʴʢʦ 

ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʝʤ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʥʦ ʠ ʧʨʦʮʝʩʩʘʤʠ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʣʸʥʦʢ, ʛʜʝ ʧʨʦʪʝʢʘʶʪ ʥʝʞʝʣʘʪʝʣʴʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʤʧʦʥʝʥʪʦʚ 

ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʭʫʜʰʝʥʠʶ ʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ [3]. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʦʚʳʩʠʣʩʷ ʠʥʪʝʨʝʩ ʢ ʩʦʟʜʘʥʠʶ ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [4,5]. ʂ ʠʭ ʯʠʩʣʫ ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʢʦʤʧʦʟʠʪʳ 

ʪʠʧʘ ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʤʘʪʝʨʠʘʣ - ʦʨʛʘʥʠʯʝʩʢʠʡ ʜʠʵʣʝʢʪʨʠʢ. ʕʪʠ ʤʘʪʝʨʠʘʣʳ ʠ 

ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʜʠʥʷʝʪ ʠʭ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʚ ʢʘʯʝʩʪʚʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʵʣʝʤʝʥʪʦʚ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ, ʩʧʠʥʪʨʦʥʠʢʠ ʠ ʤʘʛʥʠʪʥʦʡ ʧʘʤʷʪʠ. ɺ 

ʨʘʙʦʪʘʭ [6,7] ʩʦʦʙʱʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʠʟʫʯʝʥʠʠ ʚ ʦʙʣʘʩʪʠ 

ʩʘʥʪʠʤʝʪʨʦʚʳʭ ʜʣʠʥ ʚʦʣʥ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ 

ʧʘʨʘʬʠʥʦʚʦʛʦ ʚʦʩʢʘ ʠ ʧʦʛʨʫʞʸʥʥʳʭ ʚ ʥʝʛʦ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʯʝʢ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ. ɺ 

ʪʦʞʝ ʚʨʝʤʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʜʠʵʣʝʢʪʨʠʢʘ ʧʘʨʘʬʠʥʘ ʦʛʨʘʥʠʯʠʚʘʝʪ 

ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ ʚ ʫʩʣʦʚʠʷʭ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʩʦʟʜʘʚʘʪʴ ʵʪʠ ʩʪʨʫʢʪʫʨʳ ʛʨʫʧʧʦʚʳʤʠ ʤʝʪʦʜʘʤʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ 

ʮʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘ ʦʩʥʦʚʝ 

ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʧʦʨʦʰʢʘ Mg(Fe0,7Ga0,3)2Ox ʠ ʬʦʪʦʨʝʟʠʩʪʘ ʩʝʨʠʠ ʌʇ-9120. ʇʨʠ ʵʪʦʤ 

ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʧʦʢʨʳʪʠʷ ʜʦʣʞʝʥ ʙʳʪʴ ʩʦʚʤʝʩʪʠʤʳʤ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ ʚ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ ʤʝʪʦʜʘʤʠ ʝʛʦ ʥʘʥʝʩʝʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʬʠʥʠʰʥʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʉʠʥʪʝʟ ʧʦʨʦʰʢʦʚ Mg(Fe0,7Ga0,3)2O4 ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʩʞʠʛʘʥʠʷ ʛʝʣʷ [8]. 

ʂʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʧʦʣʫʯʘʶʪ ʧʫʪʝʤ ʩʤʝʰʠʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʩ ʫʯʝʪʦʤ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʩʦʭʨʘʥʝʥʠʷ ʩʚʦʡʩʪʚ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ 

ʠʩʭʦʜʷ ʠʟ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʷʟʢʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ ʥʘʥʝʩʝʥʠʷ ʧʦʢʨʳʪʠʡ ʤʝʪʦʜʦʤ 

ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʷ. ʉʠʥʪʝʟ ʧʦʢʨʳʪʠʡ ʧʨʦʭʦʜʠʣ ʚ ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ 

ʛʦʪʦʚʠʪʩʷ ʨʘʩʪʚʦʨ ʩʤʝʩʠ ʧʦʨʦʰʢʘ Mg(Fe0,7Ga0,3)2O4 ʠ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ - 

ʬʦʪʦʨʝʟʠʩʪʘ ʩʝʨʠʠ ʌʇ-9120 ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1 ʢ 4 ʤʘʩʩ. %. ʅʘʥʝʩʝʥʠʝ ʧʦʢʨʳʪʠʷ ʥʘ 

ʧʦʜʣʦʞʢʫ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʤʝʪʦʜʦʤ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʷ. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʨʘʚʥʦʤʝʨʥʦʛʦ ʩʣʦʷ ʨʘʩʪʚʦʨ ʩʤʝʩʠ ʥʘʥʦʩʠʣʠ ʥʘ ʚʨʘʱʘʶʱʫʶʩʷ ʩʦ ʩʢʦʨʦʩʪʴʶ 5000-7000 

ʦʙ/ʤʠʥ ʢʚʘʨʮʝʚʫʶ ʧʣʘʩʪʠʥʫ. ʇʨʠ ʪʘʢʦʤ ʩʧʦʩʦʙʝ ʥʘʥʝʩʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦʩʪʴ ʧʦʢʨʳʪʠʷ ʧʦ 

ʪʦʣʱʠʥʝ ʜʦʩʪʠʛʘʣʘʩʴ ʚ ʪʝʯʝʥʠʝ 10 ʩ. ʉ ʮʝʣʴʶ ʫʜʘʣʝʥʠʷ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠʟ ʧʦʢʨʳʪʠʷ 

ʧʨʦʚʦʜʠʣʘʩʴ ʝʛʦ ʧʦʩʣʝʜʫʶʱʘʷ ʩʫʰʢʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 85·100 ʉ̄, ʧʦʩʣʝ ʯʝʛʦ, ʧʨʠ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʥʘʥʦʩʠʣʩʷ ʩʣʝʜʫʶʱʠʡ ʩʣʦʡ. ʊ.ʢ. ʦʨʛʘʥʠʯʝʩʢʦʡ ʦʩʥʦʚʦʡ ʷʚʣʷʝʪʩʷ 

ʧʦʟʠʪʠʚʥʳʡ ʬʦʪʦʨʝʟʠʩʪ, ʢʦʪʦʨʳʡ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ 
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ʬʦʪʦʣʠʪʦʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ ʢʦʥʪʘʢʪʥʦʛʦ ʠ ʧʨʦʝʢʮʠʦʥʥʦʛʦ ʵʢʩʧʦʥʠʨʦʚʘʥʠʷ ʚ 

ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʥʪʝʛʨʘʣʴʥʳʭ ʩʭʝʤ, ʪʦ ʩʣʝʜʫʶʱʠʤ ʰʘʛʦʤ ʤʦʛʫʪ ʙʳʪʴ ʩʪʘʥʜʘʨʪʥʳʝ 

ʦʧʝʨʘʮʠʠ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ (ʵʢʩʧʦʥʠʨʦʚʘʥʠʝ, ʧʨʦʷʚʣʝʥʠʝ). 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 1ʘ, ʧʦʢʨʳʪʠʝ ʷʚʣʷʝʪʩʷ ʯʘʩʪʠʯʥʦ ʧʨʦʟʨʘʯʥʳʤʠ ʚ 

ʦʧʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺʠʜʥʦ, ʯʪʦ ʚ ʬʦʪʦʨʝʟʠʩʪ 

ʨʘʚʥʦʤʝʨʥʦ ʠʥʢʦʨʧʦʨʠʨʦʚʘʥ ʧʦʨʦʰʦʢ Mg(Fe0,7Ga0,3)2Oʭ. ʇʦʢʨʳʪʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʩʧʣʦʰʥʦʩʪʴʶ ʩʣʦʷ, ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ, ʚʳʩʦʢʦʡ ʘʜʛʝʟʠʝʡ ʠ 

ʜʦʩʪʘʪʦʯʥʦ ʛʣʘʜʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. 

 

 

 
ʈʠʩʫʥʦʢ 1 ï ɺʥʝʰʥʠʡ ʚʠʜ ʧʦʢʨʳʪʠʷ ʥʘ ʢʚʘʨʮʝ (ʘ), ʝʛʦ ʦʧʪʠʯʝʩʢʘʷ ʧʨʦʟʨʘʯʥʦʩʪʴ (ʙ) ʠ 

ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ ʧʦʢʨʳʪʠʷ ʬʦʪʦʨʝʟʠʩʪ/Mg(Fe0,7Ga0,3)2Oʭ (ʚ). 

 
ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʧʦʢʨʳʪʠʷ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ 

Mg(Fe0,7Ga0,3)2Oʭ ʠ ʬʦʪʦʨʝʟʠʩʪʘ (ʨʠʩ. 1ʚ), ʩ ʨʝʥʪʛʝʥʦʛʨʘʤʤʦʡ ʦʙʲʝʤʥʦʛʦ 

Mg(Fe0,7Ga0,3)2O4 [3], ʧʦʢʘʟʘʣ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ ʰʧʠʥʝʣʠ, ʢʦʪʦʨʘʷ 

ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʘʩʴ ʰʝʩʪʴʶ ʨʝʬʣʝʢʩʘʤʠ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʚʦʝʤʫ 

ʦʙʲʝʤʥʦʤʫ ʘʥʘʣʦʛʫ. 

ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʌʄʈ ʜʣʷ ʧʣʝʥʦʢ ʪʦʣʱʠʥʘʤʠ 400 ʠ 200 ʥʤ (ʨʠʩ. 2ʘ) ʧʦʢʘʟʘʣ, ʯʪʦ 

ʤʘʪʝʨʠʘʣ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʘʢʩʠʤʫʤʦʤ ʧʦʛʣʦʱʝʥʠʷ ʚ ʩʧʝʢʪʨʝ ʌʄʈ ʧʨʠ ʯʘʩʪʦʪʝ 

ʚʥʝʰʥʝʛʦ ʉɺʏ ʧʦʣʷ 9,4 ɻɻʮ, ʦʜʥʘʢʦ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʩʪʦʷʥʥʦʛʦ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʘʤʧʣʠʪʫʜʘ ʠ ʚʠʜ ʤʘʢʩʠʤʫʤʦʚ ʥʘ ʩʧʝʢʪʨʝ ʌʄʈ ʟʘʚʠʩʷʪ ʦʪ ʪʦʣʱʠʥʳ 

ʧʣʝʥʢʠ. ʐʠʨʠʥʘ ʨʝʟʦʥʘʥʩʥʦʡ ʢʨʠʚʦʡ ʩʦʩʪʘʚʣʷʝʪ 166 ʕ ʜʣʷ ʧʦʢʨʳʪʠʷ ʪʦʣʱʠʥʦʡ 400 ʥʤ 

ʠ 213 ʕ ʜʣʷ ʧʦʢʨʳʪʠʷ ʪʦʣʱʠʥʦʡ 200 ʥʤ. ɺʠʜ ʨʝʟʦʥʘʥʩʥʦʡ ʢʨʠʚʦʡ ʚ ʩʧʝʢʪʨʝ ʌʄʈ ʠʤʝʝʪ 

ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʬʝʨʨʠʪʦʚ ʚʠʜ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʤʘʛʥʠʪʥʫʶ 

ʦʜʥʦʨʦʜʥʦʩʪʴ ʧʦʢʨʳʪʠʡ ʚ ʦʙʣʘʩʪʠ ʉɺʏ. 

ɼʘʥʥʳʝ ʤʘʛʥʠʪʥʳʭ ʠʟʤʝʨʝʥʠʡ (ʨʠʩ. 2ʙ) ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢʨʠʚʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʧʦʢʨʳʪʠʷ ʢʦʤʧʦʟʠʪʘ ʬʦʪʦʨʝʟʠʩʪ/Mg(Fe0,7Ga0,3)2Oʭ ʪʦʣʱʠʥʦʡ 200 ʥʤ ʚʳʭʦʜʠʪ ʚ 

ʥʘʩʳʱʝʥʠʝ ʫʞʝ ʧʨʠ ʧʦʣʷʭ 0.2 ʊʣ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 2ʙ, ʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʘ ʠʤʝʶʪ ʚʠʜ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʜʦʩʪʠʛʘʶʪ ʥʘʩʳʱʝʥʠʷ ʜʘʞʝ ʚ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʠ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʫʟʢʦʡ ʧʝʪʣʝʡ ʛʠʩʪʝʨʝʟʠʩʘ ʩ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ Hc = 12 ʤʊʣ. 

ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʢʦʤʧʦʟʠʪʘ ʬʦʪʦʨʝʟʠʩʪ/ Mg(Fe0,7Ga0,3)2Oʭ ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ 

ʤʘʩʩʫ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩʦʩʪʘʚʠʣʘ 33,2 (ɻʩ³ʩʤ3)/ʛ, ʯʪʦ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩʦ ʟʥʘʯʝʥʠʷʤʠ 28 ʠ 18 (ɻʩ³ʩʤ3)/ʛ, ʧʦʣʫʯʝʥʥʳʤʠ ʨʘʥʝʝ ʚ ʨʘʙʦʪʝ [7,8]. 

 

ʚ 
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ʘ) ʙ) 

ʈʠʩʫʥʦʢ 2 ï ʉʧʝʢʪʨ ʌʄʈ ʧʦʢʨʳʪʠʷ ʬʦʪʦʨʝʟʠʩʪ/Mg(Fe0,7Ga0,3)2Oʭ (ʘ) ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ (ʙ) 
1 ï ʧʦʣʝ ʧʨʠʣʦʞʝʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʩʪʠ ʩʣʦʷ; 2 ï ʧʘʨʘʣʣʝʣʴʥʦ ʧʣʦʩʢʦʩʪʠ ʩʣʦʷ 

 
ɺ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʦ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʦʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʝ ʧʦʢʨʳʪʠʝ, ʩʦʩʪʦʷʱʝʝ ʠʟ 

ʬʦʪʦʨʝʟʠʩʪʘ ʠ ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʧʦʨʦʰʢʘ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ. ʇʦʢʨʳʪʠʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 
ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ, ʦʙʣʘʜʘʝʪ ʬʘʟʦʚʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʠ 
ʩʪʘʙʠʣʴʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʷʪʴ ʝʛʦ ʚ ʉɺʏ-ʦʙʣʘʩʪʠ ʩ 
ʤʘʣʳʤʠ ʧʦʪʝʨʷʤʠ. ʇʦʢʨʳʪʠʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʧʨʠ ʩʦʟʜʘʥʠʠ ʉɺʏ ʫʩʪʨʦʡʩʪʚ, 
ʟʘʱʠʪʳ ʠʟʜʝʣʠʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʦʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ 
ʜʠʩʢʨʝʪʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩʧʠʥʪʨʦʥʠʢʠ, ʘ ʪʘʢʞʝ ʜʣʷ ʩʦʟʜʘʥʠʷ 1D, 2D, 3D ʤʘʛʥʦʥʥʳʭ 
ʢʨʠʩʪʘʣʣʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʦʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʝ ʧʦʢʨʳʪʠʝ ʥʘ ʦʩʥʦʚʝ ʢʦʤʧʦʟʠʪʘ 
ʬʦʪʦʨʝʟʠʩʪ/Mg(Fe0,7Ga0,3)2Oʭ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʘʜʛʝʟʠʝʡ ʛʣʘʜʢʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ 
ʠ ʩʧʣʦʰʥʦʩʪʴʶ ʩʣʦʝʚ ʦʪ 200 ʜʦ 400 ʥʤ ʠ ʷʚʣʷʝʪʩʷ ʯʘʩʪʠʯʥʦ ʧʨʦʟʨʘʯʥʳʤʠ ʚ ʦʧʪʠʯʝʩʢʦʤ 
ʜʠʘʧʘʟʦʥʝ ʠʟʣʫʯʝʥʠʡ, ʘ ʪʘʢʞʝ ʦʙʣʘʜʘʝʪ ʪʝʨʤʦʩʪʘʙʠʣʴʥʦʩʪʴʶ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʚ 
ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ ï 25 ʜʦ +150Áʉ. ʆʪʜʝʣʴʥʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴ 
ʩʠʥʪʝʟʘ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʉʧʦʩʦʙ ʠʟʛʦʪʦʚʣʝʥʠʷ ʩʦʚʤʝʩʪʠʤ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ ʚ 
ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ ʤʝʪʦʜʘʤʠ ʥʘʥʝʩʝʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʬʠʥʠʰʥʦʡ ʦʙʨʘʙʦʪʢʠ, ʚʢʣʶʯʘʷ 
ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʝʣʴʝʬʘ, ʪʨʘʚʣʝʥʠʝ ʠ ʫʜʘʣʝʥʠʝ ʬʦʪʦʨʝʟʠʩʪʘ.  

 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʸʪ ʛʨʘʥʪʘ ɹʝʣʦʨʫʩʩʢʦʛʦ ʨʝʩʧʫʙʣʠʢʘʥʩʢʦʛʦ 

ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʊ23ʈʅʌ-010 ʠ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ 
ʬʦʥʜʘ ˉ23-43-10004. 
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ʄʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʡ ʨʝʘʢʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʦ ʢʦʤʧʦʟʠʪʥʦʝ ʩʦʝʜʠʥʝʥʠʝ 
Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 ʚ ʩʦʦʪʥʦʰʝʥʠʠ 91/9%. ɺʳʧʦʣʥʝʥ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʠ 
ʠʩʩʣʝʜʦʚʘʥʦ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʋʩʪʘʥʦʚʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʳ 
ʧʨʝʦʙʣʘʜʘʥʠʷ ʯʝʪʥʦʛʦ ʠ ʥʝʯʝʪʥʦʛʦ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ. 

ɺʟʘʠʤʥʦʝ ʚʣʠʷʥʠʝ ʤʘʛʥʠʪʥʦʡ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʜʩʠʩʪʝʤ ʧʨʠʚʦʜʠʪ ʢ 
ʧʨʦʷʚʣʝʥʠʶ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ. ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ (ʄʕ) ʵʬʬʝʢʪ 
ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʜʘʪʯʠʢʘʭ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʫʩʪʨʦʡʩʪʚʘʭ ʩʙʦʨʘ ʵʥʝʨʛʠʠ, ʧʘʤʷʪʠ ʥʦʚʦʛʦ 
ʧʦʢʦʣʝʥʠʷ, ʫʩʪʨʦʡʩʪʚʘʭ ʩʧʠʥʪʨʦʥʠʢʠ (ʥʘʧʨʠʤʝʨ, ʩʧʠʥʦʚʳʝ ʢʣʘʧʘʥʳ, ʤʘʛʥʠʪʥʳʝ 
ʪʫʥʥʝʣʴʥʳʝ ʧʝʨʝʭʦʜʳ), ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʫʩʪʨʦʡʩʪʚʘʭ ʤʠʣʣʠʤʝʪʨʦʚʦʛʦ 
ʜʠʘʧʘʟʦʥʘ ʠ ʤʠʥʠʘʪʶʨʥʳʭ ʘʥʪʝʥʥʘʭ, ʘ ʪʘʢʞʝ ʚ ʙʝʩʧʨʦʚʦʜʥʳʭ ʤʝʜʠʮʠʥʩʢʠʭ 
ʠʥʩʪʨʫʤʝʥʪʘʭ (ʥʘʧʨʠʤʝʨ, ʜʣʷ ʵʥʜʦʩʢʦʧʠʠ ʠ ʚʠʟʫʘʣʠʟʘʮʠʠ ʤʦʟʛʘ). ʈʝʘʣʠʟʘʮʠʷ ʪʘʢʠʭ 
ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʪʨʝʙʫʝʪ ʨʘʟʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʦʟʤʦʞʥʦ ʚʳʩʦʢʠʤ 
ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʚʷʟʠ. 

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʚʢʣʶʯʘʶʱʠʝ ʚ 
ʩʝʙʷ ʨʘʟʣʠʯʥʳʝ ʬʘʟʳ, ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʳʭ ʠʟʤʝʥʷʶʪʩʷ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ. 
ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʢʦʤʧʦʟʠʪʘ ʯʝʨʝʟ ʜʝʬʦʨʤʘʮʠʶ ʥʘ ʛʨʘʥʠʮʘʭ ʠʭ ʨʘʟʜʝʣʘ 

ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ [1]. 
Bi2Fe4O9 ʦʪʥʦʩʠʪʩʷ ʢ ʢʣʘʩʩʫ ʤʫʣʣʠʪʦʧʦʜʦʙʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʧʨʦʷʚʣʷʝʪ ʩʚʦʡʩʪʚʘ 

ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ, ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʘʨʘʤʘʛʥʝʪʠʢ. ʆʙʲʝʤʥʳʡ Bi2Fe4O9, 
ʧʦʣʫʯʝʥʥʳʡ ʪʚʝʨʜʦʬʘʟʥʳʤ ʩʠʥʪʝʟʦʤ, ʦʙʥʘʨʫʞʠʚʘʝʪ ʬʝʨʨʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʝʪʣʶ 

ʛʠʩʪʝʨʝʟʠʩʘ ʧʨʠ 250 ʂ ʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʧʨʠ 260 ʂ [2], ʯʪʦ 
ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʤʫʣʴʪʠʬʝʨʨʦʠʯʥʳʭ ʩʚʦʡʩʪʚʘʭ.  

ɾʝʣʝʟʦʟʘʤʝʱʝʥʥʳʡ ʧʠʨʦʩʪʘʥʥʘʪ ʚʠʩʤʫʪʘ Bi2(Sn0.9Fe0.1)2O7 ʚ ʨʝʟʫʣʴʪʘʪʝ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʤʘʛʥʠʪʥʦʡ ʠ ʬʝʨʨʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʜʩʠʩʪʝʤ ʧʨʦʷʚʣʷʝʪ 

ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ [3]. ɼʣʷ Bi2(Sn0.9Fe0.1)2O7 ʵʣʝʢʪʨʠʯʝʩʢʘʷ 
ʧʦʣʷʨʠʟʘʮʠʷ ʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʝʡ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ 
ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ ʞʝʣʝʟʘ ʜʣʷ ʭ=0.2, ʚ ʧʠʨʦʩʪʘʥʥʘʪʝ ʚʠʩʤʫʪʘ ʦʙʥʘʨʫʞʝʥ ʛʠʩʪʝʨʝʟʠʩ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʤʠʛʨʘʮʠʦʥʥʦʛʦ ʪʠʧʘ ʠ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ [3]. 
ʆʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʫʪʝʡ ʫʣʫʯʰʝʥʠʷ ʄʕ ʵʬʬʝʢʪʘ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ 

ʢʦʤʧʦʟʠʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʯʪʦ ʦʧʨʝʜʝʣʝʥʥʳʤ ʦʙʨʘʟʦʤ ʠʟʤʝʥʷʝʪ ʩʪʨʫʢʪʫʨʫ ʩʦʝʜʠʥʝʥʠʷ 

ʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʚʝʣʠʯʠʥʳ ʄʕ ʵʬʬʝʢʪʘ ʥʘ ʧʦʨʷʜʦʢ ʚʳʰʝ [4]. 
ɺ ʵʪʦʤ ʦʪʥʦʰʝʥʠʠ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʢʦʤʧʦʟʠʪʥʦʝ ʩʦʝʜʠʥʝʥʠʝ 

Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9, ʚ ʢʦʪʦʨʦʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʦʙʥʘʨʫʞʠʪʴ ʄʕ ʵʬʬʝʢʪ.  
ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʚʟʘʠʤʥʦʛʦ ʚʣʠʷʥʠʷ ʨʘʟʣʠʯʥʳʭ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʩʪʨʫʢʪʫʨ Bi2(Sn0.7Fe0.3)2O7 ʠ Bi2Fe4O9 ʥʘ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ.  

ʂʦʤʧʦʟʠʪʥʦʝ ʩʦʝʜʠʥʝʥʠʝ Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 (BSFO/BFO) ʩʠʥʪʝʟʠʨʦʚʘʥʦ 
ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʡ ʨʝʘʢʮʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ 
ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʝ ʧʦʨʦʰʢʠ ʦʢʩʠʜʦʚ Bi2O3, SnO2, Fe2O3. ʇʦʨʦʰʢʦʚʘʷ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ 
ʩʥʷʪʘ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ D8 ADVANCE ʬʠʨʤʳ Bruker ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺ 
ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʣʠʥʝʡʥʳʡ ʜʝʪʝʢʪʦʨ VANTEC ʠ Cu-KŬ ʠʟʣʫʯʝʥʠʝ. 
ʉʦʛʣʘʩʥʦ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʤ ʜʘʥʥʳʤ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʢʦʤʧʦʟʠʪ ʩʦʜʝʨʞʠʪ 
Bi2(Sn0.7Fe0.3)2O7 - 91% ʠ Bi2Fe4O9 - 9%. ʇʠʨʦʩʪʘʥʥʘʪ ʚʠʩʤʫʪʘ Bi2(Sn0.7Fe0.3)2O7 
ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʦʥʦʢʣʠʥʥʦʡ ʷʯʝʡʢʝ Pc ʚ Ŭ-ʬʘʟʝ Bi2Sn2O7, Bi2Fe4O9 ï ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʝ Pbam [5]. 
ʄʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʢʘʯʝʩʪʚʝʥʥʳʡ ʠ ʧʦʣʫʢʦʣʠʯʝʩʪʚʝʥʥʳʡ 

ʵʣʝʤʝʥʪʘʨʥʳʡ ʩʦʩʪʘʚ ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʥʘ Scanning electron microscope (SEM) Hitachi 
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S5500 ʥʘ ʧʦʣʠʨʦʚʘʥʥʦʡ ʘʨʛʦʥʦʤ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʉʢʘʥʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ 
ʨʘʟʣʠʯʥʳʭ ʤʠʢʨʦʦʙʣʘʩʪʷʭ ʦʙʨʘʟʮʘ ʠ ʜʘʝʪ ʠʜʝʥʪʠʯʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ. ɸʥʘʣʠʟ 
ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʢʦʤʧʦʟʠʪʘ BSFO/BFO (ʨʠʩ.1) ʧʦʢʘʟʘʣ ʧʣʦʪʥʦʝ, ʥʝʨʘʚʥʦʤʝʨʥʦʝ 
ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʝʨʝʥ Bi2Fe4O9, ʦʢʨʫʞʝʥʥʳʭ ʤʘʪʨʠʮʝʡ Bi2(Sn0.7Fe0.3)2O7 ʠ ʥʘʣʠʯʠʝ ʧʦʨ. 
ʌʦʨʤʘ ʟʝʨʝʥ Bi2Fe4O9 ʚ ʚʠʜʝ ʧʣʘʩʪʠʥʦʢ ʪʝʤʥʦʛʦ ʮʚʝʪʘ ʩ ʫʩʝʯʝʥʥʳʤʠ ʫʛʣʘʤʠ ʠ 
ʥʝʨʦʚʥʳʤʠ ʢʨʘʷʤʠ. ʅʘʙʣʶʜʘʝʤʳʡ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʬʘʟ: Bi, Sn, Fe, O ʜʣʷ 
Bi2(Sn0.7Fe0.3)2O7 (ʨʠʩ.2ʘ) ʠ Bi, Fe, O ʜʣʷ Bi2Fe4O9 (ʨʠʩ.2ʙ) ʫʢʘʟʳʚʘʶʪ ʥʘ ʭʦʨʦʰʝʝ 
ʢʘʯʝʩʪʚʦ ʢʦʤʧʦʟʠʪʥʦʛʦ ʦʙʨʘʟʮʘ. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʥʘ ʩʦʩʪʘʚʣʷʝʪ 1 ɛm. 

 

 
ʈʠʩʫʥʦʢ 1 ï ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 

 

 
ʈʠʩʫʥʦʢ 2 ï ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʬʘʟ ʢʦʤʧʦʟʠʪʘ Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9: 

a) Bi2(Sn0.7Fe0.3)2O7, b) Bi2Fe4O9 

 
ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ BSFO/BFO ʫʩʪʘʥʦʚʣʝʥʦ ʠʟ 

ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʦ 13 kOe. ʅʘ ʨʠʩ.3 
ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʣʷʨʠʟʘʮʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 100, 240, 280 ʠ 
380 ʂ.  

 
ʈʠʩʫʥʦʢ 3 ï ʇʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʣʷʨʠʟʘʮʠʠ Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9 ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ʐʪʨʠʭ-ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʝʦʨʠʪʠʯʝʩʢʠʤ ʨʘʩʯʝʪʘʤ ʧʦ ʬʦʨʤʫʣʝ 
(1). a) T=100 K, b) T=240 K, c) T=280 K, d) T=380 K 
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ʇʘʨʘʤʝʪʨ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʥʷʝʪ ʟʥʘʢ ʚ ʦʙʣʘʩʪʠ 
ʪʝʤʧʝʨʘʪʫʨʳ ʤʘʛʥʠʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʤʫʣʣʠʪʝ. ʇʦʣʷʨʠʟʘʮʠʷ, ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ 
ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʢ 

 ὖ ‌Ὄ ὦ , (1) 

ʛʜʝ a, b d ʧʦʜʛʦʥʦʯʥʳʝ ʧʘʨʘʤʝʪʨʳ.  
ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʙʫʩʣʦʚʣʝʥʦ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʦʪ ʧʦʣʷ ʠ ʩ ʢʚʘʜʨʘʪʠʯʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʦʪ 
ʧʦʣʷ. ɺ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 100-240 ʂ ʧʦʣʷʨʠʟʘʮʠʷ ʷʚʣʷʝʪʩʷ ʥʝʯʝʪʥʦʡ ʬʫʥʢʮʠʝʡ 
ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʩʚʷʟʘʥʥʘʷ ʩ ʥʝʦʜʥʦʨʦʜʥʳʤ ʤʘʛʥʠʪʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʤʫʣʣʠʪʘ. ɼʣʷ 
Bi2Fe4O9 ʭʘʨʘʢʪʝʨʥʦ ʥʝʢʦʣʣʠʥʝʘʨʥʦʝ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʩʧʠʥʦʚ ʩ 
ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʧʦʨʷʜʢʦʤ ʧʦ ʦʜʥʦʡ ʠʟ ʢʦʤʧʦʥʝʥʪ ʩʧʠʥʘ. ɺ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 225-
235 ʂ ʥʘʙʣʶʜʘʝʪʩʷ ʘʥʦʤʘʣʠʷ c(ʊ) ʚ ʢʦʤʧʦʟʠʪʥʦʤ ʩʦʝʜʠʥʝʥʠʠ BSFO/BFO, ʢʦʪʦʨʘʷ 
ʚʳʟʚʘʥʘ ʤʘʛʥʠʪʥʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʚ Bi2Fe4O9 ʠʟ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʚ 
ʧʘʨʘʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ [6]. ʇʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ BSFO/BFO ʚ 
ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 4-300 ʂ ʦʙʥʘʨʫʞʠʚʘʝʪ ʛʠʩʪʝʨʝʟʠʩ.  

ʇʦʣʷʨʠʟʘʮʠʷ ʚ ʢʦʤʧʦʟʠʪʝ BSFO/BFO ʷʚʣʷʝʪʩʷ ʥʝʯʝʪʥʦʡ ʬʫʥʢʮʠʝʡ ʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʷ ʚ ʦʢʨʝʩʪʥʦʩʪʠ ŬŸɓ ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ ʧʨʠ 360 ʂ ʠ ʦʙʫʩʣʦʚʣʝʥʘ ʩʢʦʧʣʝʥʠʝʤ 
ʟʘʨʷʞʝʥʥʳʭ ʜʝʬʝʢʪʦʚ ʥʘ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʛʨʘʥʠʮʘʭ. ɺ ʧʠʨʦʩʪʘʥʥʘʪʝ ʚʠʩʤʫʪʘ 
Bi2Sn2O7 ŬŸɓ ʧʝʨʝʭʦʜ ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʠ ʊ=400 ʂ [7].  

ʃʠʥʝʡʥʳʡ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʫʙʳʚʘʝʪ ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ, 
ʪʘʢ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 100 ʂ ʚʝʣʠʯʠʥʘ ʣʠʥʝʡʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʩʦʩʪʘʚʣʷʝʪ 5,6Ā10-12, 4Ā10-12 
ʧʨʠ ʊ=240 ʂ, 1,8Ā10-12 ʧʨʠ ʊ=280 ʂ ʠ ʠʩʯʝʟʘʝʪ ʧʨʠ ʊ=380 ʂ. ʃʠʥʝʡʥʳʡ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʚʦʟʤʦʞʝʥ ʚ ʢʨʠʩʪʘʣʣʘʭ ʙʝʟ ʮʝʥʪʨʘ ʩʠʤʤʝʪʨʠʠ ʚ 
ʧʘʨʘʤʘʛʥʠʪʥʦʡ ʬʘʟʝ.  

 
ʈʠʩʫʥʦʢ 4 ï ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʣʷʨʠʟʘʮʠʠ Bi2(Sn0.7Fe0.3)2O7/Bi2Fe4O9. 

ʂʨʠʚʘʷ 1 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʷʨʠʟʘʮʠʠ, ʠʟʤʝʨʝʥʥʦʡ ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, 
2 ï ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 

 
ʅʘ ʨʠʩ.4 ʧʨʠʚʝʜʝʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʵʬʬʝʢʪʘ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ +10 kOe (ʢʨʠʚʘʷ 1) ʠ -10 kOe. ʂʨʠʚʳʝ ʠʤʝʶʪ ʥʝ ʣʠʥʝʡʥʳʡ 
ʚʠʜ, ʦʙʣʘʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʤʫʣʣʠʪʝ Bi2Fe4O9 ʧʨʦʷʚʣʷʝʪʩʷ ʰʠʨʦʢʠʡ ʤʘʢʩʠʤʫʤ. 

ɿʘʢʣʶʯʝʥʠʝ ʆʙʥʘʨʫʞʝʥ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʠ ʥʘʡʜʝʥʳ 
ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʦʙʣʘʩʪʠ ʧʨʝʦʙʣʘʜʘʥʠʷ ʥʝʯʝʪʥʦʡ ʬʫʥʢʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 
ʆʧʨʝʜʝʣʝʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʠʩʯʝʟʥʦʚʝʥʠʷ ʣʠʥʝʡʥʦʛʦ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʚ 
ɓ-ʬʘʟʝ Bi2(Sn0.7Fe0.3)2O7. 
 

[1] ɸ.ɸ ɹʫʭʘʨʘʝʚ, ɸ.ʂ. ɿʚʝʟʜʠʥ, ɸ.ʇ. ʇʷʪʘʢʦʚ, ʖ.ʂ. ʌʝʪʠʩʦʚ. ʋʌʅ 188, 12, 1288 (2018). 
[2] A.K. Singh, S.D. Kaushik, et.al. Appl. Phys. Lett. 92, 132910 (2008). 
[3] L. Udod, S. Aplesnin, M. Sitnikov, O. Romanova et.al. Eur. Phys. J. Plus. 135:776 (2020). 
[4] ɸ.ʇ. ʇʷʪʘʢʦʚ, ɸ.ʂ. ɿʚʝʟʜʠʥ. ʋʌʅ 182, 6, 593 (2012). 
[5] ʃ.ɺ. ʋʜʦʜ, ʉ.ʉ. ɸʧʣʝʩʥʠʥ, ʄ.ʅ. ʉʠʪʥʠʢʦʚ, ʆ.ɹ. ʈʦʤʘʥʦʚʘ. ʌʊʊ, 65, 1361 (2023)  
[6] S.S. Aplesnin, L.V. Udod, M.N. Sitnikov, D.A. Velikanov, M.N. Molokeev, O.B. 
Romanova, A.V. Shabanov, JMMM. 559, 169530 (2022). 
[7] L.V. Udod, S.S. Aplesnin, M.N. Sitnikov, M.S. Molokeev. ʌʊʊ 56, 7, 1315 (2014).  
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ʄɸɻʅʀʊʅʓɽ ʉɺʆʁʉʊɺɸ ʅɸʅʆʂʆʄʇʆɿʀʊʆɺ ʅɸ ʆʉʅʆɺɽ ʆʇɸʃʆɺʓʍ ʄɸʊʈʀʎ 
ʉ ʏɸʉʊʀʎɸʄʀ ʆʈʊʆʌʆʉʌɸʊʆɺ LiNiPO4 ʠ LiCoPO4 

 
ʅʝʤʳʪʦʚʘ ʆ.ɺ.*, ʈʠʥʢʝʚʠʯ ɸ.ɹ., ʇʝʨʦʚ ɼ.ɺ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʝʪʘʣʣʦʚ ʠʤ. ʄ.ʅ. ʄʠʭʝʝʚʘ ʋʨʆ ʈɸʅ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 
*mif--83@mail.ru 

 
ʃʠʪʠʝʚʳʝ ʦʨʪʦʬʦʩʬʘʪʳ LiMePO4 (Me ï ʧʝʨʝʭʦʜʥʳʡ ʤʝʪʘʣʣ) ʦʪʥʦʩʷʪʩʷ ʢ ʢʣʘʩʩʫ 

ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʢʦʚ, ʢʦʛʜʘ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʠʥʜʫʮʠʨʫʝʪ ʵʣʝʢʪʨʠʯʝʩʢʫʶ 
ʧʦʣʷʨʠʟʘʮʠʶ ʚ ʤʘʪʝʨʠʘʣʝ, ʣʠʙʦ, ʥʘʦʙʦʨʦʪ, ʚʦ ʚʥʝʰʥʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʚʦʟʥʠʢʘʝʪ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ [1]. ɼʦ ʩʠʭ ʧʦʨ ʥʝ ʨʘʟʚʠʪʘ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʪʝʦʨʠʷ, ʢʦʪʦʨʘʷ 
ʧʦʟʚʦʣʠʣʘ ʙʳ ʧʦʜʨʦʙʥʦ ʦʙʲʷʩʥʠʪʴ ʤʝʭʘʥʠʟʤ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ. 
ʅʝʦʙʭʦʜʠʤʳ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʦ 
ʤʘʛʥʠʪʥʳʭ, ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʩʚʦʡʩʪʚʘʭ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ.  

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʥʘ 
ʦʩʥʦʚʝ ʦʧʘʣʦʚʳʭ ʤʘʪʨʠʮ, ʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʯʘʩʪʠʮʳ ʣʠʪʠʝʚʳʭ ʦʨʪʦʬʦʩʬʘʪʦʚ LiNiPO4 ʠ 
LiCoPO4 ʚ ʤʝʞʩʬʝʨʠʯʝʩʢʠʭ ʧʫʩʪʦʪʘʭ. ʆʧʘʣʦʚʘʷ ʤʘʪʨʠʮʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 
ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʫʶ ʧʝʨʠʦʜʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʩʫʙʤʠʢʨʦʥʥʳʭ ʩʬʝʨ 
ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ SiO2 ʨʘʟʤʝʨʦʤ ʦʢʦʣʦ 200 ʥʤ. ʄʘʪʝʨʠʘʣ ʯʘʩʪʠʮ ï ʦʨʪʦʬʦʩʬʘʪʳ 
LiNiPO4 ʠ LiCoPO4, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʩʝʤʝʡʩʪʚʫ ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʭ ʣʠʪʠʝʚʳʭ ʬʦʩʬʘʪʦʚ 3d-
ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ ʦʣʠʚʠʥ, ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʳʭ 
ʦʧʠʩʳʚʘʝʪʩʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ Pnma [2]. ɻʨʫʧʧʳ 
ʤʘʛʥʠʪʥʦʡ ʩʠʤʤʝʪʨʠʠ ʜʣʷ ʣʠʪʠʝʚʳʭ ʦʨʪʦʬʦʩʬʘʪʦʚ ʨʘʟʣʠʯʘʶʪʩʷ: LiCoPO4 ï 
ʧʨʠʥʘʜʣʝʞʠʪ ʢ ʤʘʛʥʠʪʥʦʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ PnmaË; LiNiPO4 ï ʢ PnmËa. ɺ 
ʦʨʪʦʬʦʩʬʘʪʝ LiCoPO4 ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʅʝʝʣʷ (TN) ʩʫʱʝʩʪʚʫʝʪ ʩʦʠʟʤʝʨʠʤʘʷ 
ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʘʷ ʬʘʟʘ, ʚ ʢʦʪʦʨʦʡ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʧʨʦʷʚʣʷʝʪʩʷ ʄʕ 
ʵʬʬʝʢʪ. ɺ ʦʨʪʦʬʦʩʬʘʪʝ LiNiPO4 ʩʥʘʯʘʣʘ ʠʟ ʧʘʨʘʤʘʛʥʠʪʥʦʡ ʬʘʟʳ ʚʦʟʥʠʢʘʝʪ ʬʘʟʘ ʩ 
ʥʝʩʦʠʟʤʝʨʠʤʦʡ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʚ ʢʦʪʦʨʦʡ ʄʕ ʵʬʬʝʢʪ ʦʪʩʫʪʩʪʚʫʝʪ. 
ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʠʩʭʦʜʠʪ ʤʘʛʥʠʪʥʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʠʟ 
ʥʝʩʦʠʟʤʝʨʠʤʦʡ ʚ ʩʦʠʟʤʝʨʠʤʫʶ ʩʪʨʫʢʪʫʨʫ, ʛʜʝ ʧʦʷʚʣʷʝʪʩʷ ʄʕ ʵʬʬʝʢʪ [3,4]. 

ʍʘʨʘʢʪʝʨʠʟʘʮʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʤʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ 
ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʤʠʢʨʦʩʢʦʧʠʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ 
ʠʩʧʦʣʴʟʫʝʤʦʡ ʧʨʠ ʧʨʠʛʦʪʦʚʣʝʥʠʠ ʦʙʨʘʟʮʦʚ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʩ 
ʯʘʩʪʠʮʘʤʠ LiNiPO4 ʙʳʣʘ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʥʘʨʫʰʝʥʘ ʧʝʨʠʦʜʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ 
ʩʬʝʨ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ï ʦʩʥʦʚʥʦʡ ʦʙʲʝʤ ʩʫʙʤʠʢʨʦʥʥʳʭ ʩʬʝʨ ʨʘʩʧʣʘʚʠʣʩʷ ʠ 
ʛʦʤʦʛʝʥʠʟʠʨʦʚʘʣʩʷ (ʈʠʩ. 1ʘ). ʆʜʥʘʢʦ ʨʝʟʫʣʴʪʘʪʳ ʤʠʢʨʦʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʛʦʚʦʨʷʪ ʦ 
ʥʘʣʠʯʠʠ ʚ ʦʙʨʘʟʮʝ ʚʥʝʜʨʝʥʥʳʭ ʯʘʩʪʠʮ ʦʨʪʦʬʦʩʬʘʪʘ LiNiPO4, ʨʘʚʥʦʤʝʨʥʦ 
ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ ʥʘʥʦʢʦʤʧʦʟʠʪʘ. 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʉʪʨʫʢʪʫʨʘ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʦʧʘʣʦʚʳʭ ʤʘʪʨʠʮ ʩ ʯʘʩʪʠʮʘʤʠ ʣʠʪʠʝʚʳʭ 
ʦʨʪʦʬʦʩʬʘʪʦʚ LiNiPO4 ï (ʘ) ʠ LiCoPO4 ï (ʙ) 

 
ʇʨʠ ʵʪʦʤ ʩʪʨʫʢʪʫʨʘ ʦʧʘʣʦʚʦʡ ʤʘʪʨʠʮʳ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʩ ʯʘʩʪʠʮʘʤʠ LiCoPO4 ʥʝ 

ʠʟʤʝʥʝʥʘ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʫʶ ʧʝʨʠʦʜʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, 
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ʩʦʩʪʦʷʱʫʶ ʠʟ ʩʫʙʤʠʢʨʦʥʥʳʭ ʩʬʝʨ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ SiO2, ʢʦʪʦʨʳʝ ʦʙʣʝʧʣʝʥʳ 
ʯʘʩʪʠʮʘʤʠ LiCoPO4 (ʈʠʩ. 1ʙ). 

ʀʟʤʝʨʝʥʠʝ ʢʨʠʚʳʭ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʧʨʦʚʝʜʝʥʦ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʦ 
50 ʢʆʵ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 2, 2.5, 4, 10 K. ʕʪʘ ʦʙʣʘʩʪʴ ʪʝʤʧʝʨʘʪʫʨ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 
ʩʦʠʟʤʝʨʠʤʦʡ ʘʥʪʠʬʝʨʨʦʤʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʝ. 
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ʈʠʩʫʥʦʢ 2 ï ʂʨʠʚʳʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʜʣʷ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʦʧʘʣʦʚʳʭ ʤʘʪʨʠʮ ʩ 

ʯʘʩʪʠʮʘʤʠ ʣʠʪʠʝʚʳʭ ʦʨʪʦʬʦʩʬʘʪʦʚ LiNiPO4 ï (ʘ) ʠ LiCoPO4 ï (ʙ) 

 
ɼʣʷ ʦʙʦʠʭ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʂʨʠʚʘʷ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʧʦʣʝ ʦʢʦʣʦ 35 ʢʕ ʠʤʝʝʪ ʦʩʦʙʝʥʥʦʩʪʴ ï 
ʧʝʨʝʛʠʙ. ʅʘʣʠʯʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ 
ʠʟʤʝʨʝʥʠʡ ʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ AC ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʯʘʩʪʦʪʘʭ 1 ɻʮ ʠ 
1 ʢɻʮ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 2 ʠ 4 K. 
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ʈʠʩʫʥʦʢ 3 ï ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ɸʉ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
ʜʣʷ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʩ ʯʘʩʪʠʮʘʤʠ LiNiPO4, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʯʘʩʪʦʪʘʭ 1 ɻʮ ʠ 1 ʢɻʮ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

T=2 K ï (ʘ) ʠ T=4 K ï (ʙ) 

 
ʀʟ ʈʠʩʫʥʢʘ 3 ʚʠʜʥʦ, ʯʪʦ ʜʠʥʘʤʠʯʝʩʢʘʷ ɸʉ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ɢǋ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ ʚ 

ʧʦʣʝ ʦʢʦʣʦ 35 ʢʕ. ʇʨʠ ʵʪʦʤ ʧʦʣʝ ʤʘʢʩʠʤʫʤʘ ʠ ʘʤʧʣʠʪʫʜʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ɸʉ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, ʠʟʤʝʨʝʥʥʦʡ ʥʘ ʨʘʟʥʳʭ ʯʘʩʪʦʪʘʭ, ʩʦʚʧʘʜʘʶʪ, 
ʪʘʢʞʝ ʢʘʯʝʩʪʚʝʥʥʦ ʩʦʚʧʘʜʘʝʪ ʚʠʜ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ dM/dH ʠ ɢǋ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, 
ʯʪʦ ʜʣʷ ʜʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʦʪʩʫʪʩʪʚʫʶʪ ʩʚʝʨʭʜʣʠʥʥʳʝ ʚʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʠ Ű ~ 1/f 
ʙʦʣʝʝ 1 ʩ. ʅʘʣʠʯʠʝ ʤʘʢʩʠʤʫʤʘ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ɸʉ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʠ ʧʝʨʝʛʠʙʘ 
ʢʨʠʚʦʡ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʧʦʣʝ ʦʢʦʣʦ 35 ʢʕ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʠʟʤʝʥʝʥʠʷʤʠ 
ʥʝʢʦʣʣʠʥʝʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ [5].  

ʆʮʝʥʢʘ ʚʨʝʤʝʥ ʨʝʣʘʢʩʘʮʠʠ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʯʘʩʪʦʪʥʦʡ 
ʟʘʚʠʩʠʤʦʩʪʠ ɸʉ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʨʘʤʢʘʭ ʬʦʨʤʘʣʠʟʤʘ ʂʦʫʣʘ-ʂʦʫʣʘ [6]. ʏʘʩʪʦʪʥʘʷ 
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ʟʘʚʠʩʠʤʦʩʪʴ ɸʉ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʜʣʷ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʩ ʯʘʩʪʠʮʘʤʠ LiCoPO4 ʙʳʣʘ 
ʠʟʤʝʨʝʥʘ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 1 ɻʮ ʜʦ 1 ʢɻʮ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 2, 2.5, 4 K.  
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ʈʠʩʫʥʦʢ 4 ï ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʯʘʩʪʦʪʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ɸʉ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʬʦʨʤʫʣʦʡ 
ʂʦʫʣʘ-ʂʦʫʣʘ ʜʣʷ ʥʘʥʦʢʦʤʧʦʟʠʪʘ ʩ ʯʘʩʪʠʮʘʤʠ LiCoPO4, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

T=2 K ï (ʘ) ʠ T=4 K ï (ʙ) 

 
ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʯʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʤʦʜʝʣʠ ʂʦʫʣʘ-ʂʦʫʣʘ c ʜʚʫʤʷ 
ʦʩʮʠʣʣʷʪʦʨʘʤʠ. ɺʨʝʤʝʥʘ ʨʝʣʘʢʩʘʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʪʠʤ ʦʩʮʠʣʣʷʪʦʨʘʤ, ʨʘʚʥʳ 

t1 = 3.53Ŀ10
-6 ʩ ʠ t2 = 1.84Ö10-2 ʩ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 2 K, t1 = 3.97Ŀ10

-6 ʩ ʠ t2 = 5.9Ö10-2 ʩ ï 

2.5 K, t1 = 5.82Ŀ10
-6 ʩ ʠ t2 = 8.07Ö10-2 ʩ ï 4 K. ʉ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʘ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʄʝʜʣʝʥʥʘʷ ʜʠʥʘʤʠʢʘ ʩʧʠʥʦʚ ʦʙʫʩʣʦʚʣʝʥʘ ʩʠʣʴʥʳʤ ʩʚʝʨʭʦʙʤʝʥʥʳʤ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʚ ʩʦʷʭ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʦʢʪʘʵʜʨʦʚ MO6 (M ï Co, Ni) ʠ ʩʣʘʙʳʤ 
ʦʙʤʝʥʦʤ ʧʦ ʮʝʧʦʯʢʘʤ M-O-P-O-M, ʚʥʦʩʷʱʠʤ ʚʢʣʘʜ ʚ ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʨʝʭʤʝʨʥʦʛʦ 
ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ [7]. 

 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ24-22-00023. 
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ʂʈʀʉʊɸʃʃʀʏɽʉʂɸʗ ʉʊʈʋʂʊʋʈɸ ʀ ʄɸɻʅʀʊʅʓɽ ʉɺʆʁʉʊɺɸ ʊɺɽʈɼʓʍ 
ʈɸʉʊɺʆʈʆɺ Bi1-ySmyFe1-xTixO3 ɺ ʆɹʃɸʉʊʀ ʄʆʈʌʆʊʈʆʇʅʆʁ ʌɸɿʆɺʆʁ 

ɻʈɸʅʀʎʓ 
 

ʃʘʪʫʰʢʦ ʉ.ʀ.1,2, ɾʝʣʫʜʢʝʚʠʯ ɼ.ɺ.1,2, ʉʠʣʠʙʠʥ ʄ.ɺ.2, ʇʦʜʜʫʙʥʘʷ ʅ.ʅ.3, 
ʃʘʪʫʰʢʦ ʊ.ɺ.4, ʂʘʨʧʠʥʩʢʠʡ ɼ.ɺ.1,2,* 

1 ʅʇʎ ʅɸʅ ɹʝʣʘʨʫʩʠ ʧʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʶ, ʄʠʥʩʢ, ɹʝʣʘʨʫʩʴ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʭʥʠʢʠ 

çʄʀʕʊè, ɿʝʣʝʥʦʛʨʘʜ, ʈʦʩʩʠʷ 
3ʀʥʩʪʠʪʫʪ ʪʝʭʥʠʯʝʩʢʦʡ ʘʢʫʩʪʠʢʠ ʅɸʅ ɹʝʣʘʨʫʩʠ, ɺʠʪʝʙʩʢ, ɹʝʣʘʨʫʩʴ 

4ɹʝʣʦʨʫʩʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʤʝʜʠʮʠʥʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʄʠʥʩʢ, ɹʝʣʘʨʫʩʴ 
* e-mail: karpinsky@physics.by 

 
ɸʥʥʦʪʘʮʠʷ 
ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ Bi1-ySmyFe1-xTixO3 ʩ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 

ʤʦʨʬʦʪʨʦʧʥʦʡ ʬʘʟʦʚʦʡ ʛʨʘʥʠʮʝ çʨʦʤʙʦʵʜʨ-ʦʨʪʦʨʦʤʙè (y = 0.1, 0.12 ʠ 0 Ò x Ò 0.1) 
ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ. ɸʥʘʣʠʟ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 
ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ Bi0.88Sm0.12Fe1-xTixO3, ʧʨʦʚʝʜʝʥʥʳʡ ʥʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ 
ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʧʦʟʚʦʣʠʣ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʠ 
ʜʦʤʠʥʠʨʫʶʱʝʡ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʘʥʪʠʧʦʣʷʨʥʦʡ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʳ ʚ 
ʦʙʣʘʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʡ 0 Ò x Ò 0.1, ʧʨʠ ʵʪʦʤ ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʳ 
ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ Ti. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 
ʜʠʬʨʘʢʮʠʠ ʩʪʨʫʢʪʫʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Bi0.90Sm0.10Fe1-xTixO3 ʷʚʣʷʝʪʩʷ 
ʦʜʥʦʬʘʟʥʳʤ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʤ, ʧʨʠ ʵʪʦʤ ʣʦʢʘʣʴʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, 
ʧʨʦʚʝʜʝʥʥʳʝ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʫʢʘʟʳʚʘʶʪ ʥʘ 
ʥʘʣʠʯʠʝ ʦʙʣʘʩʪʝʡ ʩ ʘʥʪʠʧʦʣʷʨʥʳʤ ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʤ ʪʠʧʦʤ ʠʩʢʘʞʝʥʠʷ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ x Ò 0.06. ʋʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ Ti ʙʦʣʝʝ 6 % 
ʧʨʠʚʦʜʠʪ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʦʜʥʦʬʘʟʥʦʛʦ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʷ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʧʨʷʤʦʡ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʚʝʣʠʯʠʥʦʡ 
ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʦʩʪʘʚʦʚ Bi1-ySmyFe1-xTixO3 ʚ ʦʙʣʘʩʪʠ ʤʦʨʬʦʪʨʦʧʥʦʡ 
ʬʘʟʦʚʦʡ ʛʨʘʥʠʮʳ ʠ ʪʠʧʦʤ ʩʠʤʤʝʪʨʠʠ ʩʪʨʫʢʪʫʨʥʳʭ ʬʘʟ. 

ɺʚʝʜʝʥʠʝ 
ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʨʠʚʣʝʢʘʶʪ 

ʤʫʣʴʪʠʬʝʨʨʦʠʢʠ ʥʘ ʦʩʥʦʚʝ BiFeO3, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʥʘʣʠʯʠʝʤ ʨʷʜʘ ʩʪʨʫʢʪʫʨʥʳʭ 
ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʠ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʷʭ, ʘ ʪʘʢʞʝ ʧʨʠ 
ʭʠʤʠʯʝʩʢʦʤ ʟʘʤʝʱʝʥʠʠ ʚ ɸ- ʠ ɺ- ʧʦʜʨʝʰʝʪʢʘʭ ʩʪʨʫʢʪʫʨʳ ʧʝʨʦʚʩʢʠʪʘ. ʀʟʚʝʩʪʥʦ, ʯʪʦ 
ʭʠʤʠʯʝʩʢʦʝ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ Bi ʠ/ʠʣʠ Fe ʚ BiFeO3 ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʠʪʴ 
ʩʪʨʫʢʪʫʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩʦʩʪʘʚʦʚ, ʘ ʪʘʢʞʝ ʫʧʨʘʚʣʷʪʴ ʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ 
ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʩʚʦʡʩʪʚʘʤʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ ʥʘ ʦʩʥʦʚʝ BiFeO3 
ʭʘʨʘʢʪʝʨʥʘ ʩʣʦʞʥʘʷ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ 
ʤʘʛʥʠʪʥʦʡ ʧʦʜʩʠʩʪʝʤʘʤʠ, ʯʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʩʣʦʞʥʦʩʪʴ ʬʘʟʦʚʳʭ ʜʠʘʛʨʘʤʤ ʪʘʢʠʭ 
ʩʠʩʪʝʤ. ʊʝʦʨʝʪʠʯʝʩʢʠ ʧʨʝʜʩʢʘʟʘʥʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ 
ʫʣʫʯʰʝʥʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʦʩʥʦʚʝ BiFeO3 ʩ 
ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʚ ʦʙʣʘʩʪʠ ʩʪʨʫʢʪʫʨʥʳʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʧʨʠ ʵʪʦʤ ʩʪʨʫʢʪʫʨʘ ʠ 
ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦʩʪʘʚʦʚ ʥʘ ʦʩʥʦʚʝ BiFeO3 ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 
ʟʘʚʠʩʷʪ ʦʪ ʤʝʪʦʜʘ ʠ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ, ʯʪʦ ʟʘʤʝʪʥʦ ʫʩʣʦʞʥʷʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʘʢʠʭ 
ʩʠʩʪʝʤ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʪʨʫʢʪʫʨʥʳʭ ʠ 
ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʩʠʩʪʝʤʳ ʩ ʜʚʦʡʥʳʤ ʟʘʤʝʱʝʥʠʝʤ Bi1-ySmyFe1-xTixO3 ʩ ʭʠʤʠʯʝʩʢʠʤ 
ʩʦʩʪʘʚʦʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʤʦʨʬʦʪʨʦʧʥʦʡ ʬʘʟʦʚʦʡ ʛʨʘʥʠʮʝ çʨʦʤʙʦʵʜʨ-ʦʨʪʦʨʦʤʙè. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ 
ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ Bi1-ySmyFe1-xTixO3 ʩ y = 0.1, 0.12; 0 Ò x Ò 0.1 ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ 

ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʢʩʠʜʦʚ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ Bi2O3, Sm2O3, 
Fe2O3, TiO2 (Ó 99,0 %, Alfa Aesar). ʂʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʦʙʨʘʟʮʦʚ ʘʥʘʣʠʟʠʨʦʚʘʣʠ 
ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʳʭ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʥʘ ʫʩʪʘʥʦʚʢʝ 
Bruker D8. ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʦʣʫʯʘʣʠ ʩ ʧʦʤʦʱʴʶ 

mailto:karpinsky@physics.by
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ʤʠʢʨʦʨʘʤʘʥʦʚʩʢʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ XploRa-Plus (ʜʣʠʥʘ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ ɚ = 532 ʥʤ). 
ʀʟʤʝʨʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʩʠʩʪʝʤʝ ʠʟʤʝʨʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 
(Cryogenic Ltd.) ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 14 ʊʝʩʣʘ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 5 ï 300 ʂ. 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 
ʀʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 
ʀʟʚʝʩʪʥʦ, ʯʪʦ ʭʠʤʠʯʝʩʢʦʝ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ Bi ʠʦʥʘʤʠ Sm ʚ BiFeO3 ʧʨʠʚʦʜʠʪ ʢ 

ʩʪʨʫʢʪʫʨʥʦʤʫ ʧʝʨʝʭʦʜʫ ʠʟ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʬʘʟʳ ʚ ʘʥʪʠʧʦʣʷʨʥʫʶ ʦʨʪʦʨʦʤʙʠʯʝʩʢʫʶ 
ʬʘʟʫ, ʠ ʜʘʣʝʝ ʠʟ ʘʥʪʠʧʦʣʷʨʥʦʡ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʚ ʥʝʧʦʣʷʨʥʫʶ ʦʨʪʦʨʦʤʙʠʯʝʩʢʫʶ 
ʬʘʟʫ. ɼʠʘʧʘʟʦʥ ʢʦʥʮʝʥʪʨʘʮʠʡ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʦʜʥʦʬʘʟʥʦʛʦ ʘʥʪʠʧʦʣʷʨʥʦʛʦ 
ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ Bi1-ySmyFeO3 0.12 < y < 0.14 ʠ 
ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʫʟʢʠʤ ʜʠʘʧʘʟʦʥʦʤ ʩʨʝʜʠ ʜʨʫʛʠʭ ʩʠʩʪʝʤ BiFeO3 ʩ ʟʘʤʝʱʝʥʠʝʤ 
ʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ ʠʦʥʘʤʠ. ʈʦʤʙʦʵʜʨʠʯʝʩʢʘʷ ʠ ʘʥʪʠʧʦʣʷʨʥʘʷ ʦʨʪʦʨʦʤʙʠʯʝʩʢʘʷ ʬʘʟʳ 
ʩʦʩʫʱʝʩʪʚʫʶʪ ʚ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ 0.10 < y Ò 0.12. ʍʠʤʠʯʝʩʢʦʝ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ 
Fe ʠʦʥʘʤʠ Ti ʚ ʫʢʘʟʘʥʥʳʭ ʩʦʩʪʘʚʘʭ ʧʨʠʚʦʜʠʪ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʬʘʟʳ. 
ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʫʪʦʯʥʝʥʥʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 
Bi0.88Sm0.12FeO3, ʘ ʪʘʢʞʝ ʩʦʩʪʘʚʦʚ ʟʘʤʝʱʝʥʥʳʭ ʠʦʥʘʤʠ ʪʠʪʘʥʘ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 
ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘʣʠʯʠʝ 
ʜʚʫʭʬʘʟʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʦʙʣʘʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʡ x Ò 0.02. ʇʨʠ ʵʪʦʤ 
ʣʦʢʘʣʴʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʪʘʚʦʚ Bi0.90Sm0.10Fe1-xTixO3, ʧʨʦʚʝʜʝʥʥʳʝ 
ʤʝʪʦʜʦʤ ʈʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʫʢʘʟʳʚʘʶʪ ʥʘ ʥʘʣʠʯʠʝ ʦʙʣʘʩʪʝʡ ʩ ʘʥʪʠʧʦʣʷʨʥʳʤ 
ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʤ ʪʠʧʦʤ ʠʩʢʘʞʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ x Ò 0.08. 

 

 
ʈʠʩʫʥʦʢ 1 ï ɼʘʥʥʳʝ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Bi0.88Sm0.12FeO3, ʫʪʦʯʥʝʥʥʳʝ ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭʬʘʟʥʦʡ ʤʦʜʝʣʠ (ʚʝʨʭʥʠʡ ʨʷʜ ʜʝʣʝʥʠʡ ï ʬʘʟʘ R3c (R), ʚʪʦʨʦʡ ʨʷʜ ï ʬʘʟʘ 

Pbam (O)). ʅʘ ʚʩʪʘʚʢʝ ʧʦʢʘʟʘʥʳ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʨʝʬʣʝʢʩʦʚ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ 
ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʠ ʘʥʪʠʧʦʣʷʨʥʦʡ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʘʤ ʩʦʩʪʘʚʦʚ Bi0.88Sm0.12Fe1-xTixO3. 

 
ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 
ɸʥʘʣʠʟ ʧʝʪʝʣʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ 

ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Bi0.88Sm0.12Fe1-xTixO3 ʩ x Ò 0.4, ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʤʝʪʘʤʘʛʥʠʪʥʦʛʦ 
ʧʝʨʝʭʦʜʘ, ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʩʠʣʴʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ, ʥʘʣʠʯʠʝ ʤʝʪʘʤʘʛʥʠʪʥʦʛʦ 
ʧʝʨʝʭʦʜʘ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝʤ ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʢʨʠʚʳʭ M(H), 
ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʧʝʨʚʦʛʦ ʠ ʧʦʩʣʝʜʫʶʱʠʭ ʮʠʢʣʦʚ (ʨʠʩʫʥʦʢ 2). ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ 
Bi0.88Sm0.12Fe1-xTixO3 ʩ x Ó 0.6 ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʧʦʣʥʳʤ ʨʘʟʨʫʰʝʥʠʝʤ ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ 
ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝʤ ʚʝʣʠʯʠʥʳ ʦʩʪʘʪʦʯʥʦʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʫʚʝʣʠʯʝʥʠʝʤ ʚʝʣʠʯʠʥʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʧʦʣʝ H = 14 T. 
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ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʝʣʠʯʠʥʳ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʦʩʪʘʚʦʚ Bi0.88Sm0.12Fe1-

xTixO3 ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʪʠʧʘ ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʢʘʞʝʥʠʡ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʣʠʙʦ 
ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟ. ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʦ ʩʤʝʰʘʥʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʩʦʩʪʦʷʥʠʝʤ 
(Bi0.88Sm0.12Fe1-xTixO3 ʩ x Ò 0.08) ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ 
ʤʘʛʥʠʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ ʪʠʪʘʥʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 
ʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʜʥʦʬʘʟʥʳʭ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ (x Ó 0.08) ʥʝ ʧʦʢʘʟʳʚʘʝʪ 
ʟʘʤʝʪʥʳʭ ʠʟʤʝʥʝʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 
 

 
ʈʠʩʫʥʦʢ 2 ï ʀʟʦʪʝʨʤʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʦʩʪʘʚʦʚ Bi0.90Sm0.10Fe0.92Ti0.08O3 ʠ 

Bi0.88Sm0.12Fe1-xTixO3, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ 5 K ʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

 
ɸʥʘʣʠʟ ʜʘʥʥʳʭ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Bi0.90Sm0.10Fe1-xTixO3 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʪʩʫʪʩʪʚʠʝ ʧʨʷʤʦʡ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ 
ʩʦʩʪʘʚʦʚ ʠ ʠʭ ʩʪʨʫʢʪʫʨʥʳʤ ʩʦʩʪʦʷʥʠʝʤ, ʘ ʪʘʢʞʝ ʪʠʧʦʤ ʩʪʨʫʢʪʫʨʥʳʭ ʠʩʢʘʞʝʥʠʡ. 
ʅʝʩʤʦʪʨʷ ʥʘ ʩʭʦʞʝʩʪʴ ʤʘʛʥʠʪʥʳʭ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʩʦʩʪʘʚʦʚ ʦʙʝʠʭ ʩʠʩʪʝʤ, 
ʠʤʝʝʪʩʷ ʨʘʟʣʠʯʠʝ, ʢʦʪʦʨʦʝ ʚʳʨʘʞʘʝʪʩʷ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʚ ʤʝʥʴʰʝʤ ʟʥʘʯʝʥʠʠ 
ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʦʩʪʘʚʦʚ Bi0.90Sm0.10Fe1-xTixO3, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʩʦʩʪʘʚʦʚ Bi0.88Sm0.12Fe1-xTixO3, ʯʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ ʥʠʟʢʦʡ (T = 5 K) ʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʨʠʩʫʥʦʢ 2). 

ɿʘʢʣʶʯʝʥʠʝ 
ɸʥʘʣʠʟ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Bi1-ySmyFe1-xTixO3 

ʩʦʛʣʘʩʥʦ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʤ ʜʘʥʥʳʤ ʚʳʷʚʠʣ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ 
(ʧʨ. ʛʨ. R3c) ʠ ʘʥʪʠʧʦʣʷʨʥʦʡ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟ (ʧʨ. ʛʨ. Pbam) ʚ ʩʦʩʪʘʚʘʭ 
Bi0.88Sm0.12Fe1-xTixO3 ʩ 0 Ò x Ò 0.8. ɺ ʩʦʩʪʘʚʘʭ Bi0.90Sm0.10Fe1-xTixO3 ʥʘʙʣʶʜʘʝʪʩʷ 
ʩʤʝʰʘʥʥʦʝ ʩʪʨʫʢʪʫʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʠʥʪʝʨʚʘʣʝ ʢʦʥʮʝʥʪʨʘʮʠʡ 0 Ò x Ò 0.06 ʠ 
ʦʜʥʦʬʘʟʥʘʷ ʨʦʤʙʦʵʜʨʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʠ 0.06 < x Ò 0.1. ʀʟʤʝʨʝʥʠʷ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʦʩʪʝʧʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 
ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Ti ʚ ʩʦʩʪʘʚʘʭ ʦʙʝʠʭ ʩʠʩʪʝʤ ʜʦ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ MR ~ 0.28 ɸĿʤ2/ʢʛ ʜʣʷ ʩʦʩʪʘʚʦʚ ʩ x = 0.06, ʟʘ ʢʦʪʦʨʳʤ ʩʣʝʜʫʝʪ 
ʩʥʠʞʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʟʘʤʝʱʝʥʠʠ ʪʠʪʘʥʦʤ. ʉʥʠʞʝʥʠʝ 
ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 
 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ɹʈʌʌʀ (ˉ ʌ24ɺ-004).  
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ʂʈʀʉʊɸʃʃʀʏɽʉʂɸʗ ʉʊʈʋʂʊʋʈɸ ʀ ʇʔɽɿʆʕʃɽʂʊʈʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ 
ʊɺɽʈɼʓʍ ʈɸʉʊɺʆʈʆɺ 0.7BiFeO3 ï 0.3(Ba1-xSrx)TiO3 (0 < x < 0.3) 

 
ʉʠʣʠʙʠʥ ʄ.ɺ.1*, ʃʘʪʫʰʢʦ ʉ.ʀ.1,2, ɾʝʣʫʜʢʝʚʠʯ ɼ.ɺ.1,2, ʇʦʜʜʫʙʥʘʷ ʅ.ʅ.3,  

ʀʣʴʠʥʘ ʊ.ʉ.4, ʂʠʩʝʣʝʚ ɼ.ɸ.4, ʂʘʨʧʠʥʩʢʠʡ ɼ.ɺ.1,2 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʭʥʠʢʠ çʄʀʕʊè, 
ɿʝʣʝʥʦʛʨʘʜ, ʈʦʩʩʠʷ 

2 ʅʇʎ ʅɸʅ ɹʝʣʘʨʫʩʠ ʧʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʶ, ʄʠʥʩʢ, ɹʝʣʘʨʫʩʴ 
3ʀʥʩʪʠʪʫʪ ʪʝʭʥʠʯʝʩʢʦʡ ʘʢʫʩʪʠʢʠ ʅɸʅ ɹʝʣʘʨʫʩʠ, ɺʠʪʝʙʩʢ, ɹʝʣʘʨʫʩʴ 

4ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ çʄʀʉʀʉè,  
ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

* e-mail: sil_m@mail.ru 
 
ɸʥʥʦʪʘʮʠʷ 
ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʠʩʪʝʤʳ 0.7BiFeO3 ï 0.3(Ba1-xSrx)TiO3, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ 

ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʜʚʫʭʬʘʟʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʩʦʩʪʦʷʥʠʝʤ, ʧʨʠ 
ʢʦʪʦʨʦʤ ʩʦʩʫʱʝʩʪʚʫʶʪ ʧʦʣʷʨʥʘʷ ʨʦʤʙʦʵʜʨʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ (ʧʨ. ʛʨ. R3c) ʠ ʢʫʙʠʯʝʩʢʘʷ 
ʩʪʨʫʢʪʫʨʘ (ʧʨ. ʛʨ. Pm-3m). ʈʝʟʫʣʴʪʘʪʳ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ 
ʦ ʪʦʤ, ʯʪʦ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ ʩ x = 0 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʦʙʲʝʤʥʦʡ ʜʦʣʝʡ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ 
ʬʘʟʳ ~ 15 %, ʜʦʣʷ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʬʘʟʳ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ 
ʠʦʥʦʚ Sr, ʯʪʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝʤ ʚʝʣʠʯʠʥ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʙʝʠʭ 
ʬʘʟ, ʩʦʩʪʘʚʳ ʩ x Ó 0.2 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʦʜʥʦʬʘʟʥʦʡ ʢʫʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʃʦʢʘʣʴʥʳʝ 
ʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 
ʨʘʩʩʝʷʥʠʷ, ʫʢʘʟʳʚʘʶʪ ʥʘ ʥʘʣʠʯʠʝ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʭ ʠʩʢʘʞʝʥʠʡ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ ʚ 
ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ 0 < x < 0.3. ɸʥʘʣʠʟ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʧʨʦʚʝʜʝʥʥʳʡ 
ʥʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʴʝʟʦʦʪʢʣʠʢʘ, ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ 
ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʥʪʨʘʩʪʘ ʚʦ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ, ʥʘʧʨʘʚʣʝʥʠʝ 
ʧʦʣʷʨʠʟʘʮʠʠ ʠʟʤʝʥʷʝʪʩʷ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʝ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ +/-40 ɺ, 
ʚʝʣʠʯʠʥʘ ʧʴʝʟʦʦʪʢʣʠʢʘ ʫʤʝʥʴʰʘʝʪʩʷ ʦʪ ~2 ʧʤ/ɺ ʚ ʩʦʩʪʘʚʝ ʩ x = 0.05 ʜʦ ~0.8 ʧʤ/ɺ ʚ 
ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ ʩ x = 0.3. 

ɺʚʝʜʝʥʠʝ 
ʇʝʨʩʧʝʢʪʠʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʵʣʝʢʪʨʦʢʝʨʘʤʠʯʝʩʢʠʭ 

ʩʦʩʪʘʚʦʚ ʷʚʣʷʶʪʩʷ ʙʝʩʩʚʠʥʮʦʚʳʝ ʤʫʣʴʪʠʬʝʨʨʦʠʢʠ ʥʘ ʦʩʥʦʚʝ ʬʝʨʨʠʪʘ ʚʠʩʤʫʪʘ, ʯʪʦ 
ʦʙʫʩʣʦʚʣʝʥʦ ʚʳʩʦʢʠʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʤʘʛʥʠʪʦʫʧʦʨʷʜʦʯʝʥʥʦʝ ʠ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʷ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʭʠʤʠʯʝʩʢʦʝ ʟʘʤʝʱʝʥʠʝ ʠʦʥʦʚ ʚʠʩʤʫʪʘ 
ʠ ʞʝʣʝʟʘ ʚ BiFeO3 ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʠʟʤʝʥʷʪʴ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ 
ʩʦʩʪʘʚʦʚ ʠ ʪʝʤ ʩʘʤʳʤ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʠʭ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 
ʠʩʩʣʝʜʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ çʨʦʤʙʦʵʜʨ-ʢʫʙè ʚ 
ʩʠʩʪʝʤʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 0.7BiFeO3 ï 0.3(Ba1-xSrx)TiO3 ʩ 0 Ò x Ò 0.3. ɺ ʨʘʙʦʪʝ 
ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʨʦʚʝʜʝʥʥʳʝ 
ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʠʩʩʣʝʜʦʚʘʥʳ 
ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʦʩʪʘʚʦʚ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ 
ʠʩʩʣʝʜʦʚʘʥʦ ʩʪʨʫʢʪʫʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩʦʩʪʘʚʦʚ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ-
ʟʘʤʝʩʪʠʪʝʣʝʡ, ʦʧʨʝʜʝʣʝʥʘ ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʦʣʷʨʥʦʡ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʬʘʟʳ, 
ʦʙʫʩʣʘʚʣʠʚʘʶʱʝʡ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʦʩʥʦʚʝ 
ʬʝʨʨʠʪʘ ʚʠʩʤʫʪʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ 
ʉʠʥʪʝʟ ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʦʩʪʘʚʦʚ ʩʠʩʪʝʤʳ 0.7BiFeO3 ï 0.3(Ba1-xSrx)TiO3 

(ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʦʥʦʚ ʩʪʨʦʥʮʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 0 Ò x Ò 0.3 ʠʟʤʝʥʷʣʘʩʴ ʩ ʰʘʛʦʤ 0.05) 
ʧʨʦʚʦʜʠʣʩʷ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ 
ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʏɼɸ ʦʢʩʠʜʳ SrʉO3, Bi2O3, Fe2O3 ʠ ʢʘʨʙʦʥʘʪ BaʉO3. ʉʤʝʩʴ ʭʠʤʠʯʝʩʢʠʭ 
ʨʝʘʢʪʠʚʦʚ, ʚʟʷʪʳʭ ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ, ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʤʝʰʠʚʘʣʘʩʴ ʚ 
ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ RETSCH ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʪʠʣʦʚʦʛʦ ʩʧʠʨʪʘ. ʇʦʣʫʯʝʥʥʳʝ 
ʧʦʨʦhʢʠ ʧʨʝʩʩʦʚʘʣʠʩʴ ʚ ʪʘʙʣʝʪʢʠ (ʜʠʘʤʝʪʨ 10 ʤʤ, ʪʦʣʱʠʥʘ 1-2 ʤʤ) ʧʦʜ ʜʘʚʣʝʥʠʝʤ 
0.1 ɻʇʘ. ʇʦʩʣʝ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʠʟʤʝʣʴʯʝʥʠʷ ʠ ʧʨʝʩʩʦʚʘʥʠʷ ʩʦʩʪʘʚʳ ʩʠʥʪʝʟʠʨʦʚʘʣʠʩʴ 
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ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~1050 ÁC ʚ ʪʝʯʝʥʠʝ 12 ʯʘʩʦʚ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʪʘʚʦʚ ʤʝʪʦʜʦʤ 
ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʧʦʤʦʱʠ ʜʠʬʨʘʢʪʦʤʝʪʨʘ Adani 
PowDiX 600 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Cu-KŬ ʠʟʣʫʯʝʥʠʷ. ɸʥʘʣʠʟ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʜʘʥʥʳʭ 
ʧʨʦʚʦʜʠʣʩʷ ʤʝʪʦʜʦʤ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʈʠʪʚʝʣʴʜʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ 
ʢʦʤʧʣʝʢʩʘ FullProf. ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ 
ʩʧʝʢʪʨʦʤʝʪʨʝ Confotec MR350 (SOL Instruments), ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʚʦʟʙʫʞʜʘʶʱʝʛʦ 
ʠʟʣʫʯʝʥʠʷ 532 ʥʤ. ɺʠʟʫʘʣʠʟʘʮʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʧʝʪʣʠ 
ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʘʥʦʣʘʙʦʨʘʪʦʨʠʠ Ntegra 
Prima (ʅʊ-ʄɼʊ ʉʀ) ʚ ʨʝʞʠʤʝ ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ 
(ʉʄʇ).  

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 
ʀʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 
ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʦʚ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʧʨʠʤʝʩʥʳʭ ʬʘʟ ʚʦ 

ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʩʪʘʚʘʭ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʚʝʣʠʯʠʥʳ ʧʦʛʨʝʰʥʦʩʪʠ ʤʝʪʦʜʘ 
ʠʩʩʣʝʜʦʚʘʥʠʷ (~ 1 %). ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ, ʧʨʦʚʝʜʝʥʥʳʡ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ, 
ʧʦʟʚʦʣʠʣ ʦʧʨʝʜʝʣʠʪʴ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 
ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ-ʟʘʤʝʩʪʠʪʝʣʝʡ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠʩʭʦʜʥʳʡ ʩʦʩʪʘʚ ʩ x = 0 
ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʜʚʫʭʬʘʟʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʩʦʩʪʦʷʥʠʝʤ, ʧʨʠ ʢʦʪʦʨʦʤ ʩʦʩʫʱʝʩʪʚʫʶʪ 
ʧʦʣʷʨʥʘʷ ʨʦʤʙʦʵʜʨʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ (ʧʨ. ʛʨ. R3c) ʠ ʢʫʙʠʯʝʩʢʘʷ (ʧʨ. ʛʨ. Pm-3m), ʧʨʠ 
ʵʪʦʤ ʢʫʙʠʯʝʩʢʘʷ ʬʘʟʘ ʷʚʣʷʝʪʩʷ ʜʦʤʠʥʠʨʫʶʱʝʡ, ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ 
ʬʘʟʳ ʩʦʩʪʘʚʣʷʝʪ ~ 15 %. ʋʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ Sr ʧʨʠʚʦʜʠʪ ʢ ʩʪʨʫʢʪʫʨʥʦʤʫ 
ʧʝʨʝʭʦʜʫ ʚ ʦʜʥʦʬʘʟʥʦʝ ʢʫʙʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ (ʨʠʩʫʥʦʢ 1), ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ 
ʫʤʝʥʴʰʝʥʠʝ ʚʝʣʠʯʠʥ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʟʥʘʯʝʥʠʡ ʦʙʲʝʤʘ 
ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ. ʋʤʝʥʴʰʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʩʚʷʟʘʥʦ ʩ ʤʝʥʴʰʠʤ ʠʦʥʥʳʤ ʨʘʜʠʫʩʦʤ 
ʠʦʥʦʚ ʩʪʨʦʥʮʠʷ (1.18 ¡) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʦʥʘʤʠ ʙʘʨʠʷ (1.35 ¡), ʧʨʠ ʵʪʦʤ ʠʦʥʳ ʞʝʣʝʟʘ 
Fe3+ ʠ ʪʠʪʘʥʘ Ti4+ ʠʤʝʶʪ ʩʭʦʞʠʝ ʚʝʣʠʯʠʥʳ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ 
ʦʢʨʫʞʝʥʠʠ - 0.645 ¡ ʠ 0.605 ¡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 
ʈʠʩʫʥʦʢ 1 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʩʦʩʪʘʚʦʚ 0.7BiFeO3-0.3(Ba1-xSrxTiO3), ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʅʘ ʚʩʪʘʚʢʝ ʧʦʢʘʟʘʥʘ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʵʚʦʣʶʮʠʷ ʜʠʬʨʘʢʮʠʦʥʥʳʭ 
ʨʝʬʣʝʢʩʦʚ ʩʦʩʪʘʚʦʚ 0 < x < 0.3. 

 
ʋʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ-ʟʘʤʝʩʪʠʪʝʣʝʡ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ 

ʫʤʝʥʴʰʝʥʠʶ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʬʘʟʳ, ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʦʩʪʘʚʦʚ c 
x Ó 0.2 ʫʪʦʯʥʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʥʦʬʘʟʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʤʦʜʝʣʠ ʩ ʢʫʙʠʯʝʩʢʦʡ 
ʩʠʤʤʝʪʨʠʝʡ ʩʪʨʫʢʪʫʨʳ. ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʚʩʝʭ 
ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʩʪʘʚʦʚ, ʩʦʜʝʨʞʘʪ ʘʢʪʠʚʥʳʝ ʨʘʤʘʥʦʚʩʢʠʝ ʬʦʥʦʥʥʳʝ ʤʦʜʳ, ʯʪʦ 
ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʣʠʯʠʠ ʥʝʮʝʥʪʨʦʩʠʤʤʝʪʨʠʯʥʳʭ ʠʩʢʘʞʝʥʠʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 
ʩʪʨʫʢʪʫʨʳ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ. ʌʦʥʦʥʥʳʝ ʤʦʜʳ E(1TO), E(2TO), A1(1TO) ʠ A1(2TO) 
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(ʨʠʩʫʥʦʢ 2) ʷʚʣʷʶʪʩʷ ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʭ ʠʩʢʘʞʝʥʠʡ ʠ ʦʙʫʩʣʦʚʣʝʥʳ 
ʧʦʣʷʨʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʠʦʥʦʚ ʚʠʩʤʫʪʘ ʠ ʞʝʣʝʟʘ (ʠ ʪʠʪʘʥʘ) ʚ ʢʠʩʣʦʨʦʜʥʳʭ ʧʦʣʠʵʜʨʘʭ. 
ʏʘʩʪʦʪʳ ʫʢʘʟʘʥʥʳʭ ʤʦʜ, ʘ ʪʘʢʞʝ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʶʪʩʷ ʩ 
ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ ʩʪʨʦʥʮʠʷ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʥʘʣʠʯʠʝʤ 
ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʭ ʠʩʢʘʞʝʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʩʦʩʪʘʚʘʭ, ʷʚʣʷʶʱʠʭʩʷ ʦʜʥʦʬʘʟʥʳʤʠ 
ʩʦʛʣʘʩʥʦ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʨʫʢʪʫʨʥʳʝ 
ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʤʝʪʦʜʦʤ ʨʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʫʢʘʟʳʚʘʶʪ ʥʘ 
ʥʘʣʠʯʠʝ ʣʦʢʘʣʴʥʳʭ ʢʣʘʩʪʝʨʦʚ ʩ ʩʫʙʤʠʢʨʦʥʥʳʤʠ ʨʘʟʤʝʨʘʤʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ 
ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʤʠ ʠʩʢʘʞʝʥʠʷʤʠ ʩʪʨʫʢʪʫʨʳ ʚ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ ʩ x > 0.2. 
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ʈʠʩʫʥʦʢ 2 ï ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 
0.7BiFeO3-0.3(Ba1-xSrxTiO3) ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʨʠʩʫʥʦʢ ʩʣʝʚʘ). ʅʘ ʨʠʩʫʥʢʝ ʩʧʨʘʚʘ 

ʧʦʢʘʟʘʥʳ ʧʝʪʣʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʜʣʷ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʩʪʘʚʦʚ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʘʤʠ ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ 
ʧʦʟʚʦʣʠʣʠ ʚʠʟʫʘʣʠʟʠʨʦʚʘʪʴ ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩʦʩʪʘʚʦʚ, ʧʨʠ ʵʪʦʤ ʚʩʝ ʠʩʩʣʝʜʫʝʤʳʝ 
ʩʦʩʪʘʚʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʣʠʯʠʝʤ ʧʦʣʷʨʥʳʭ ʢʣʘʩʪʝʨʦʚ ʧʨʦʠʟʚʦʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ 
ʚʝʢʪʦʨʘ ʧʦʣʷʨʠʟʘʮʠʠ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʝʨʝʢʣʶʯʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ 
ʧʦʟʚʦʣʠʣʠ ʦʮʝʥʠʪʴ ʚʝʣʠʯʠʥʫ ʤʠʥʠʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʜʦʩʪʘʪʦʯʥʦʛʦ ʜʣʷ ʠʟʤʝʥʝʥʠʷ 
ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷʨʠʟʘʮʠʠ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʝ ï ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʩʦʩʪʘʚʦʚ 
ʥʘʧʨʷʞʝʥʠʷ +/ï 10 ɺ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʧʝʨʝʧʦʣʷʨʠʟʘʮʠʠ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ 
ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ. ɺʝʣʠʯʠʥʘ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ d33 ʩʫʱʝʩʪʚʝʥʥʦ 
ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ ʩʪʨʦʥʮʠʷ, ʪʘʢ ʚ ʩʦʩʪʘʚʝ ʩ x = 0.05 
d33 ~ 2 ʧʤ/ɺ, ʚ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ ʩ x = 0.3 ʚʝʣʠʯʠʥʘ d33 ~ 0.8 ʧʤ/ɺ.  

ɿʘʢʣʶʯʝʥʠʝ 
ʊʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʠʩʪʝʤʳ 0.7BiFeO3 ï 0.3(Ba1-xSrx)TiO3, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ 

ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʜʚʫʭʬʘʟʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʧʨʠ 
0.0 < x < 0.2. ʋʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ ʩʪʨʦʥʮʠʷ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʜʦʣʠ 
ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʬʘʟʳ, ʯʪʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝʤ ʚʝʣʠʯʠʥʳ ʩʪʨʫʢʪʫʨʥʳʭ 
ʧʘʨʘʤʝʪʨʦʚ; ʩʪʨʫʢʪʫʨʘ ʩʦʩʪʘʚʦʚ ʩ x Ó 0.2 ʷʚʣʷʝʪʩʷ ʦʜʥʦʬʘʟʥʦʡ ʢʫʙʠʯʝʩʢʦʡ. 
ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ çʨʦʤʙʦʵʜʨ-ʢʫʙè ʠʤʝʝʪ ʜʠʬʬʫʟʥʳʡ ʭʘʨʘʢʪʝʨ ʠ 
ʦʙʫʩʣʦʚʣʝʥ ʨʘʟʥʦʩʪʴʶ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʠʦʥʦʚ Ba ʩ (rBa = 1.35 ¡) ʠ ʠʦʥʦʚ Sr (1.18 ¡). 
ʀʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʤʝʪʦʜʘʤʠ ʨʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʩʠʣʦʚʦʡ 
ʤʠʢʨʦʩʢʦʧʠʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ, ʫʢʘʟʳʚʘʶʪ ʥʘ ʥʘʣʠʯʠʝ ʢʣʘʩʪʝʨʦʚ ʩ 
ʨʦʤʙʦʵʜʨʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʩʫʙʤʠʢʨʦʥʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʚ ʩʦʩʪʘʚʘʭ ʩ 
x Ó 0.2. 

 
ɹʣʘʛʦʜʘʨʥʦʩʪʴ 
ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ (23-19-00347). 
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MAGNETOELECTRIC EFFECT IN THREE-LAYER COMPOSITES BASED ON 
ɸMORPHOUS FERROMAGNERIC ALLOY AND RELAXOR CERAMICS  
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At various frequencies of an electric field f, strengths of a DC electric field ɽ=, 
strengths of a DC magnetic field ʅ=, temperatures T and concentrations x, the 
magnetoelectric (ME) effect in Fe0.45Co0.45Zr0.1/(1  x)PbMg1/3Nb2/3O3  
(x)PbZr0.53Ti0.47O3/Fe0.45Co0.45Zr0.1  three-layer composites obtained by ion-beam sputtering of 
a FCZ cast target onto the largest sides of (1  x)PbMg1/3Nb2/3O3  (x)PbZr0,53Ti0,47O3 [(1  
x)PMN  (x)PZT] ceramic plates was studied. 

The layers of the ferromagnetic alloy had sizes of 8 Ĭ 6 Ĭ 0.01 mm3 and, due to the 
low electrical resistivity of the alloy (6Ā10ī6 OhmĀm), they were electrodes for samples as 
well. The ceramic plates were 8 Ĭ 6 Ĭ 0.3 mm3 in sizes. 

The magnetoelectric effect was studied by measuring an induced electric voltage Um 

across a measuring coil in which a composite sample was located under the action of 
alternating E~ and static E= electric fields as well as a DC magnetic field ʅ=. The fields of E= 
and ʅ= were respectively directed along the thickness and length of a sample. The coil 
consisted of 200 turns of 0.08 mm-diameter copper wire wound on a sample and was 5 mm 
in length. 

The measure of the ME effect was the coefficient of the inverse ME conversion 
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where Bm is the amplitude of a variation in the induction of the magnetic field in the magnetic 
component of a composite, G; f is the frequency of an electric field, Hz; N is the number of 
coil turns; S is the cross-section area of a magnetic layer of a composite structure, cm2; U~ is 
the voltage applied to sample electrodes, V; h is the sample thickness, cm. 

The coefficient of the inverse ME conversion ŬB is found to increase with ɽ= and pass 
through a peak with f, T, x, and ʅ=. The dependences of ŬB on ɽ=, ŬB on f, ŬB on T, ŬB on x, 
ŬB on ʅ= are determined by the dependences of the deformation u of samples on ɽ=, u on f, u 
on T, u on x, the piezomagnetic coefficient on ʅ=, respectively. The highest ŬB of 
31.5 (mGĀcm)/V is observed for the composite with x = 0.11 at T = 26 ʉÁ, i.e., for the 
composite where the composition of (1  x)PMN  (x)PZT falls on the range of the 
morphotropic phase transition, and (1  x)PMN  (x)PZT itself undergoes the relaxor phase 
transition. For a sample with x = 0.11 at T = 26 Áʉ, the deformation u increases over a range 
of (8 ī 62) Ὴ 10ī5 with an increase in the effective piezoelectric modulus d31 over an interval of 
407 ï 627 pC/N in a DC electric field varying from 2 to 10 kV/cm. The values of d31 
significantly exceed the value of d31 = 274 pC/N for one of the most effective piezoelectric 
ceramics of the lead zirconate-titanate family, PZT-5H. The piezoelectric modulus d31 

depending on ɽ= varies over a wide range, which makes it possible to get rid of DC magnetic 
field in the ME composites and control the ME response by DC electric field applied to a (1  
x)PMN  (x)PZT layer. 
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ɺʚʝʜʝʥʠʝ 
ʉʦʦʪʥʦʰʝʥʠʷ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʠ ʩʦʝʜʠʥʝʥʠʡ ʩ ʛʨʫʧʧʦʡ R3c ʥʘ 

ʧʨʠʤʝʨʝ ʬʝʨʨʠʪʘ ʚʠʩʤʫʪʘ ʨʘʩʩʤʦʪʨʝʥʳ ʚ ʢʦʥʮʝʧʮʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 
ʤʘʛʥʠʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʦʟʤʦʞʥʦ ʟʘ ʩʯʝʪ ʘʢʪʠʚʘʮʠʠ ʤʘʛʥʠʪʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 
ʘʥʠʟʦʪʨʦʧʠʠ ʥʘ ʬʦʥʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʦʙʤʝʥʘ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ 
ʢʠʥʝʪʠʢʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʨʘʩʪʚʦʨʦʚ ʟʘʤʝʱʝʥʠʷ ʚ ʬʦʨʤʝ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʦʡ 
ʢʝʨʘʤʠʢʠ, ʧʨʠ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʠ ʥʘ ʤʝʩʪʘʭ ʚʠʩʤʫʪʘ ʧʝʨʝʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠʟ ʛʨʫʧʧʳ 
ʣʘʥʪʘʥʘ, ʚʳʷʚʣʝʥ ʬʘʢʪ ʩʣʘʙʦʛʦ ʦʩʪʘʪʦʯʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʚ ʙʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ.  

ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʦʣʦʞʝʥʠʷ ʪʝʦʨʠʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ 
ʩʠʤʤʝʪʨʠʠ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʟʘʧʨʝʱʘʶʪ ʚʩʷʢʫʶ ʨʝʘʣʠʟʘʮʠʶ ʢʘʢʦʛʦ-ʣʠʙʦ 
ʬʝʨʨʦ- ʫʧʦʨʷʜʦʯʝʥʠʷ ʚ ʩʨʝʜʘʭ ʩ ʩʠʤʤʝʪʨʠʝʡ ʜʚʘʞʜʳ ʮʝʥʪʨʠʨʦʚʘʥʥʦʛʦ ʧʦ ʨʝʰʝʪʢʝ 
ɹʨʘʚʝ ʨʦʤʙʦʵʜʨʘ ʠ ʦʜʥʦʡ ʧʣʦʩʢʦʩʪʴʶ ʩʢʦʣʴʞʝʥʠʷ ʥʘ ʧʦʣʦʚʠʥʫ ʧʝʨʠʦʜʘ ʚʜʦʣʴ ʦʩʠ 
ʚʳʩʦʢʦʡ ʩʠʤʤʝʪʨʠʠ. ʇʦ ʦʙʱʠʤ ʧʦʣʦʞʝʥʠʷʤ, ʚ ʩʠʩʪʝʤʝ ʬʝʨʨʠʪʘ ʚʠʩʤʫʪʘ ʜʚʘ ʠʦʥʘ 
ʞʝʣʝʟʘ ʥʘ ʵʣʝʤʝʥʪʘʨʥʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʷʯʝʡʢʫ, ʚ ʮʝʣʦʤ, ʣʦʢʘʣʴʥʦ ʥʝ ʘʙʩʦʣʶʪʥʦ 
ʘʥʪʠʢʦʣʣʠʥʝʘʨʥʳ, ʬʦʨʤʠʨʫʷ ʚ ʩʫʤʤʝ ʚʝʢʪʦʨ ʬʝʨʨʦ- ʫʧʦʨʷʜʦʯʝʥʠʷ, ʢʦʪʦʨʳʡ 
ʦʨʠʝʥʪʠʨʦʚʘʥ ʚ ʙʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ. ɺ ʠʪʦʛʝ ʵʣʝʤʝʥʪʘʨʥʘʷ ʤʘʛʥʠʪʥʘʷ ʷʯʝʡʢʘ ʚʢʣʶʯʘʝʪ 
ʙʦʣʴʰʫʶ ʩʦʚʦʢʫʧʥʦʩʪʴ ʭʠʤʠʯʝʩʢʠʭ ʷʯʝʝʢ, ʚ ʢʘʞʜʦʡ ʠʟ ʢʦʪʦʨʳʭ ʚʝʢʪʦʨ ʬʝʨʨʦ- 
ʫʧʦʨʷʜʦʯʝʥʠʷ ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʤʦʜʫʣʶ ʠ ʧʨʝʪʝʨʧʝʚʘʝʪ ʥʝʙʦʣʴʰʦʡ ʧʦʚʦʨʦʪ ʚ 
ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʚʨʘʱʝʥʠʝʤ ʚʝʢʪʦʨʘ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ ʚ 
ʧʣʦʩʢʦʩʪʠ ʪʝʨʥʘʨʥʦʡ ʠ ʙʠʥʘʨʥʦʡ ʦʩʝʡ. ɺ ʧʨʝʜʝʣʘʭ ʵʣʝʤʝʥʪʘʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʷʯʝʡʢʠ 
ʢʦʥʝʯʥʳʡ ʨʝʟʫʣʴʪʠʨʫʶʱʠʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʨʝʘʣʠʟʦʚʘʥ ʙʳʪʴ ʥʝ ʤʦʞʝʪ, ʪʝʤ ʥʝ 
ʤʝʥʝʝ, ʵʢʩʧʝʨʠʤʝʥʪ ʥʘ ʦʙʨʘʟʮʘʭ ʜʘʞʝ ʥʝʟʘʤʝʱʝʥʥʦʛʦ ʠʩʭʦʜʥʦʛʦ ʬʝʨʨʠʪʘ ʚʠʩʤʫʪʘ ʚ 
ʚʠʜʝ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʦʡ ʧʦʨʦʰʢʦʦʙʨʘʟʥʦʡ ʩʨʝʜʳ, ʨʘʚʥʦ ʢʘʢ ʠ ʩ ʟʘʤʝʱʝʥʥʳʤʠ ʥʘ ʝʛʦ 
ʦʩʥʦʚʝ ʨʘʩʪʚʦʨʘʤʠ (ʚ ʧʨʝʜʝʣʘʭ ʩʠʤʤʝʪʨʠʠ ʨʦʤʙʦʵʜʨʘ) ʥʘ ʤʘʛʥʠʪʥʳʝ/ʥʝʤʘʛʥʠʪʥʳʝ ʚ 
ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʝʨʝʭʦʜʥʳʝ ʵʣʝʤʝʥʪʳ ʛʨʫʧʧʳ ʣʘʥʪʘʥʘ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ 
ʘʢʪʠʚʠʟʘʮʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʘʥʠʟʦʪʨʦʧʥʦʡ ʧʨʠʨʦʜʳ ʥʘ ʬʦʥʝ 
ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʢʦʥʝʯʥʳʭ ʟʥʘʯʝʥʠʡ ʦʩʪʘʪʦʯʥʦʛʦ ʤʦʤʝʥʪʘ ʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ.  

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʘʥʠʟʦʪʨʦʧʠʷ ʤʘʛʥʠʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ 
ʥʘʨʫʰʝʥʠʶ ʩʪʨʦʛʦʡ ʢʦʣʣʠʥʝʘʨʥʦʩʪʠ ʚ ʘʥʪʠ- ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ, ʯʪʦ, ʚʠʜʠʤʦ, ʠ 
ʠʤʝʝʪ ʤʝʩʪʦ ʚ ʬʝʨʨʠʪʝ ʚʠʩʤʫʪʘ, ʢʦʪʦʨʳʡ ʚʤʝʩʪʦ ʠʟʥʘʯʘʣʴʥʦ ʰʘʭʤʘʪʥʦʡ ʩʪʨʫʢʪʫʨʳ 
ʦʢʘʟʘʣʩʷ ʧʦ ʜʘʥʥʳʤ ʥʝʡʪʨʦʥʦʛʨʘʬʠʠ ʩʣʘʙʦ ʥʝʢʦʣʣʠʥʝʘʨʥʳʤ, ʢʦʛʜʘ ʠʩʭʦʜʥʦʝ ʘʥʪʠ- 
ʫʧʦʨʷʜʦʯʝʥʠʝ ʨʝʘʣʠʟʦʚʘʥʦ ʯʝʨʝʟ ʣʦʢʘʣʴʥʫʶ ʩʢʦʰʝʥʥʦʩʪʴ ʤʦʤʝʥʪʦʚ ʧʨʠ ʢʦʥʝʯʥʦʡ 
ʚʝʣʠʯʠʥʝ ʚʝʢʪʦʨʘ ʬʝʨʨʦ- ʤʘʛʥʝʪʠʟʤʘ, ʢʦʪʦʨʳʡ ʧʦʩʣʝ ʫʩʨʝʜʥʝʥʠʷ ʧʦ ʤʘʛʥʠʪʥʦʡ ʷʯʝʡʢʝ 
ʢʦʤʧʝʥʩʠʨʦʚʘʥ, ʯʪʦ ʦʪʚʝʯʘʝʪ ʧʨʘʚʠʣʘʤ ʟʘʧʨʝʪʘ ʧʦ ʩʦʦʙʨʘʞʝʥʠʷʤ ʩʠʤʤʝʪʨʠʠ ʠ 
ʤʠʥʠʤʫʤʘ ʵʥʝʨʛʠʠ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʠ ʚʠʨʪʫʘʣʴʥʦʤ ʧʦʜʘʚʣʝʥʠʠ ʤʘʛʥʠʪʥʦʡ 
ʘʥʠʟʦʪʨʦʧʠʠ ʩʣʘʙʘʷ ʥʝʢʦʣʣʠʥʝʘʨʥʦʩʪʴ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʠʦʥʦʚ ʞʝʣʝʟʘ ʚ ʩʦʩʝʜʥʠʭ 
ʭʠʤʠʯʝʩʢʠʭ ʷʯʝʡʢʘʭ ʠʩʯʝʟʥʝʪ, ʠ ʩʦʝʜʠʥʝʥʠʝ ʬʝʨʨʠʪʘ ʚʠʩʤʫʪʘ ʧʝʨʝʡʜʝʪ ʚ ʢʣʘʩʩ 
ʩʠʤʤʝʪʨʠʠ ʤʘʪʝʨʠʘʣʦʚ ʩʝʤʝʡʩʪʚʘ ʢʘʨʙʦʥʘʪʘ ʤʘʨʛʘʥʮʘ, ʢʦʙʘʣʴʪʘ, ʫ ʢʦʪʦʨʳʭ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʷʯʝʡʢʘ ʩʦʚʧʘʜʘʝʪ ʩ ʭʠʤʠʯʝʩʢʦʡ [1ï 5].  

ɺ ʨʘʙʦʪʝ ʧʦ ʠʪʦʛʘʤ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʥʝʢʦʪʦʨʳʝ ʘʩʧʝʢʪʳ 
ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʚʥʝʰʥʠʤ ʧʦʣʝʤ ʫʧʦʨʷʜʦʯʝʥʠʷ ʚ ʪʨʠʛʦʥʘʣʴʥʦʤ ʬʝʨʨʠʪʝ ʚʠʩʤʫʪʘ ʢʘʢ 
ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʪʘʢ ʠ ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʧʦʟʠʮʠʡ ʚʠʩʤʫʪʘ ʠʦʥʘʤʠ ʛʨʫʧʧʳ ʣʘʥʪʘʥʘ. 

ʕʢʩʧʝʨʠʤʝʥʪ ʠ ʙʘʟʦʚʳʝ ʘʩʧʝʢʪʳ ʘʥʘʣʠʟʘ 
ɼʣʷ ʤʘʪʝʨʠʘʣʦʚ ʩ ʪʦʯʝʯʥʦʡ ʛʨʫʧʧʦʡ ʪʠʧʘ C3v ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʬʦʨʤʠʨʫʶʪʩʷ, 

ʢʘʢ ʫʧʦʤʠʥʘʣʦʩʴ, ʥʘ ʬʦʥʝ ʩʦʯʝʪʘʥʠʷ ʦʙʤʝʥʥʳʭ ʠ ʘʥʠʟʦʪʨʦʧʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚʜʦʣʴ 
ʦʩʠ ʚʳʩʦʢʦʡ ʩʠʤʤʝʪʨʠʠ ʠ ʚ ʙʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʠʤʤʝʪʨʠʷ ʤʘʪʝʨʠʘʣʘ 
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ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚʳʜʝʣʠʪʴ ʧʦ ʭʦʜʫ ʪʨʠʚʠʘʣʴʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʘ ʧʦʨʦʰʢʦʦʙʨʘʟʥʦʤ 
ʢʝʨʘʤʠʯʝʩʢʦʤ ʩʫʙʩʪʨʘʪʝ ʩʚʦʡʩʪʚʘ ʘʥʠʟʦʪʨʦʧʠʠ ʩʨʝʜʳ ʚ ʙʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ, ʛʜʝ 
ʫʩʨʝʜʥʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʧʦʣʷ ʙʫʜʝʪ ʩʦʩʪʘʚʣʷʪʴ ʯʝʪʚʝʨʪʴ ʦʪ ʟʥʘʯʝʥʠʷ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʚ 
ʫʩʪʘʥʦʚʢʝ. ʕʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʮʝʥʠʪʴ ʩʦʚʦʢʫʧʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʠ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʥʘ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʚ ʙʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ ʢʘʢ ʜʣʷ 
ʠʩʭʦʜʥʦʛʦ ʬʝʨʨʠʪʘ, ʪʘʢ ʠ ʝʛʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʘʥʘʣʦʛʦʚ ʧʦ ʤʝʨʝ ʟʘʤʝʱʝʥʠʷ 
ʭʠʤʠʯʝʩʢʦʛʦ ʦʢʨʫʞʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʠʦʥʦʚ. ʊʦ, ʯʪʦ ʜʣʷ ʪʨʠʛʦʥʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ 
ʫʧʦʨʷʜʦʯʝʥʠʶ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʙʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ ʧʨʠʥʘʜʣʝʞʠʪ ʦʩʦʙʘʷ ʨʦʣʴ, ʩʣʝʜʫʝʪ 
ʠʟ ʨʠʩ. 1. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʘʥʪʠʬʝʨʨʦ- ʩʪʨʫʢʪʫʨʘ, ʜʦʧʫʩʢʘʶʱʘʷ ʥʝʢʦʪʦʨʦʝ  ʬʝʨʨʦ-
ʫʧʦʨʷʜʦʯʝʥʠʝ ʜʦʣʞʥʘ ʙʳʪʴ ʯʝʪʥʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʝʨʥʘʨʥʦʡ ʦʩʠ ʠ ʠʤʝʪʴ ʧʘʨʘʣʣʝʣʴʥʳʝ 
ʩʧʠʥʳ ʚʦ ʚʩʝʭ ʫʟʣʘʭ ʩʚʷʟʘʥʥʳʭ ʮʝʥʪʨʦʤ ʩʠʤʤʝʪʨʠʠ, ʪʨʘʥʩʣʷʮʠʷʤʠ ʠ ʜʘʥʥʦʡ ʦʩʴʶ.  

 

 
ʈʠʩʫʥʦʢ 1 ï ʂʠʥʝʪʠʢʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʦʦʙʨʘʟʥʦʛʦ ʬʝʨʨʠʪʘ ʚ ʙʘʟʦʚʦʡ 
ʧʣʦʩʢʦʩʪʠ. ɺ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʥʝʩʢʦʣʴʢʦ ʥʝʣʠʥʝʡʥʘ ʥʘ ʬʦʥʝ 

ʦʙʱʝʛʦ ʤʘʩʰʪʘʙʘ ʩ ʧʦʨʷʜʢʘ 10
ï3

 . 

 
ʅʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ ʵʢʩʧʝʨʠʤʝʥʪ ʜʝʤʦʥʩʪʨʠʨʫʝʪ, ʯʪʦ ʥʝʟʘʤʝʱʝʥʥʳʡ ʬʝʨʨʠʪ 

ʚʠʩʤʫʪʘ ʦʙʥʘʨʫʞʠʚʘʝʪ  ʩʚʦʡʩʪʚʘ ʩʪʨʦʛʦ ʩʢʦʤʧʝʥʩʠʨʦʚʘʥʥʦʡ ʘʥʪʠʬʝʨʨʦ- ʩʪʨʫʢʪʫʨʳ ʙʝʟ 
ʵʣʝʤʝʥʪʦʚ ʩʧʦʥʪʘʥʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ. ɺʦʩʧʨʠʠʤʯʠʚʦʩʪʴ, ʝʩʣʠ ʠ ʥʝ ʥʫʣʝʚʘʷ, ʥʦ 
ʩʫʱʝʩʪʚʝʥʥʦ ʥʝ ʟʥʘʯʠʪʝʣʴʥʘ ʧʦ ʚʝʣʠʯʠʥʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ ʞʠʜʢʦʛʦ ʛʝʣʠʷ. ʊʝʤ ʥʝ 
ʤʝʥʝʝ, ʚʳʨʘʞʝʥʘ ʩʣʘʙʘʷ ʥʝʣʠʥʝʡʥʦʩʪʴ ʩ ʠʟʣʦʤʦʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʦʙʦʟʥʘʯʘʶʱʠʤ 
ʫʚʝʣʠʯʝʥʠʝ ʫʩʨʝʜʥʝʥʥʦʛʦ ʚ ʙʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʧʦ ʩʫʪʠ, ʚʥʝʰʥʠʤ 
ʧʦʣʝʤ ʥʘʚʦʜʠʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʘʥʠʟʦʪʨʦʧʠʠ. ɺ ʧʦʣʝ 2 106 ɸ/ʤ ʠʥʜʫʮʠʨʫʝʪʩʷ ʤʦʤʝʥʪ, 
ʢʦʪʦʨʳʡ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʦʣʷ ʠ ʧʨʦʝʮʠʨʫʝʪʩʷ ʚ ʦʙʣʘʩʪʴ ʥʫʣʝʚʳʭ ʧʦʣʝʡ ʩ ʚʦʦʙʨʘʞʘʝʤʦʡ 
ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʧʦʨʷʜʢʘ 103 ɸ/ʤ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʪʝʧʣʦʚʘʷ ʵʥʝʨʛʠʷ 
ʩʧʦʩʦʙʩʪʚʫʝʪ ʦʙʨʘʪʠʤʦʩʪʠ ʠ, ʧʦʭʦʞʝ, ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚ ʙʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ 
ʦʪʚʝʪʩʪʚʝʥʥʘ ʟʘ ʧʝʨʝʩʪʨʦʡʢʫ ʩʪʨʫʢʪʫʨʳ ʤʘʛʥʠʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠʦʥʦʚ ʞʝʣʝʟʘ, ʢʦʪʦʨʳʝ 
ʥʘʭʦʜʷʩʴ ʥʘ ʩʘʤʦʡ ʪʝʨʥʘʨʥʦʡ ʦʩʠ ʦʢʘʟʳʚʘʶʪʩʷ, ʚ ʮʝʣʦʤ, ʚ ʧʨʝʜʝʣʘʭ ʤʘʛʥʠʪʥʦʡ ʷʯʝʡʢʠ 
ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘʢʣʦʥʝʥʥʳʤʠ ʚ ʩʪʦʨʦʥʫ ʧʦ ʧʦʣʶ. 

ɹʦʣʝʝ ʦʪʯʝʪʣʠʚʦ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʩ ʵʣʝʤʝʥʪʘʤʠ 
ʥʝʦʙʨʘʪʠʤʦʩʪʠ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʚ ʦʙʨʘʟʮʘʭ, ʟʘʤʝʱʝʥʥʳʭ ʧʦ ʧʦʟʠʮʠʷʤ ʚʠʩʤʫʪʘ 
ʣʘʥʪʘʥʦʤ, ʢʦʛʜʘ ʦʩʪʘʪʦʯʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʜʦʩʪʠʛʘʝʪ ʧʦʨʷʜʢʘ 1.25 103

 ɸ/ʤ ʧʨʠ 
ʟʥʘʯʝʥʠʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʚ 0.75 106 ɸ/ʤ (ʈʠʩ. 2 ʘ). ɼʣʷ ʣʘʥʪʘʥʘ 
ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʢʠʥʝʪʠʢʘ ʙʣʠʟʢʘ ʢ ʢʦʤʥʘʪʥʦʡ, ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʠʤʝʝʪ ʜʚʘ 
ʟʥʘʯʝʥʠʷ, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʢʚʘʟʠʣʠʥʝʡʥʘ. ʉʫʱʝʩʪʚʝʥʥʦ, ʯʪʦ ʵʥʝʨʛʠʷ ʪʝʧʣʦʚʦʛʦ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʜʚʘ ʧʦʨʷʜʢʘ ʙʦʣʴʰʘʷ ʧʦ ʧʨʝʞʥʝʤʫ ʥʝ ʤʦʞʝʪ ʨʘʟʫʧʦʨʷʜʦʯʠʪʴ 
ʦʩʪʘʪʦʯʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʨʠ ʜʦʧʠʨʦʚʘʥʠʠ ʚ 20%.  ɽʩʣʠ ʧʨʠʥʷʪʴ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʠʦʥ 
ʣʘʥʪʘʥʘ ʚʦʦʙʱʝ ʥʝ ʥʝʩʝʪ ʚ ʦʩʥʦʚʥʦʤ ʩʦʩʪʦʷʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʪʦ ʩʣʝʜʫʝʪ, ʯʪʦ 
ʬʘʢʪʦʨ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʥʝʦʙʨʘʪʠʤʦʡ ʩʢʦʰʝʥʥʦʩʪʠ, ʠʟʛʠʙʘ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʠʦʥʦʚ 
ʞʝʣʝʟʘ ʦʙʫʩʣʦʚʣʝʥ ʚʦʟʤʫʱʝʥʠʝʤ ʪʠʧʘ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ. 



ʄʫʣʴʪʠʬʝʨʨʦʠʢʠ: ʧʦʣʫʯʝʥʠʝ, ʩʚʦʡʩʪʚʘ, ʧʨʠʤʝʥʝʥʠʝ 
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ʈʠʩʫʥʦʢ 2 ï ʂʠʥʝʪʠʢʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʬʝʨʨʠʪʘ ʚʠʩʤʫʪʘ ʚ ʙʘʟʦʚʦʡ 
ʧʣʦʩʢʦʩʪʠ ʧʨʠ ʜʦʧʠʨʦʚʘʥʠʠ ʠʦʥʘʤʠ ʣʘʥʪʘʥʘ a, ʥʝʦʜʠʤʘ ʙ. 

 
ɺ ʜʦʧʦʣʥʝʥʠʝ ʧʨʠ ʚʚʝʜʝʥʠʠ ʚ ʤʘʪʨʠʮʫ ʠʦʥʦʚ ʚʠʩʤʫʪʘ ʤʘʛʥʠʪʥʳʭ ʚ ʦʩʥʦʚʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʠʦʥʦʚ ʥʝʦʜʠʤʘ ʵʣʝʤʝʥʪʳ ʥʝʦʙʨʘʪʠʤʦʛʦ ʥʘʚʝʜʝʥʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʚ 
ʙʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ ʩʦʭʨʘʥʷʶʪʩʷ, ʥʦ ʧʨʠ ʥʝʩʢʦʣʴʢʦ ʙʦʣʝʝ ʩʣʘʙʦ ʚʳʨʘʞʝʥʥʦʤ ʟʥʘʯʝʥʠʠ 
ʦʩʪʘʪʦʯʥʦʛʦ ʤʦʤʝʥʪʘ ʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ï 0.25 106

 ɸ/ʤ (ʈʠʩ. 2 ʙ). ʋʤʝʩʪʥʦ ʜʦʙʘʚʠʪʴ, 
ʯʪʦ, ʝʩʣʠ ʧʨʠ ʜʦʧʠʨʦʚʘʥʠʠ ʥʝʦʜʠʤʦʤ ʥʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʛʠʩʪʝʨʝʟʠʩʝ ʦʩʪʘʪʦʯʥʳʡ 
ʤʦʤʝʥʪ ʜʦʩʪʠʛʘʝʪ 3 103

 ɸ/ʤ ʧʨʠ ʟʥʘʯʝʥʠʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ 0.25 10
6
 ɸ/ʤ, ʪʦ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʢʦʤʥʘʪʳ ʦʩʪʘʪʦʯʥʳʡ ʤʦʤʝʥʪ ʧʦʯʪʠ ʥʝ ʫʤʝʥʴʰʘʝʪʩʷ (2 103
 ɸ/ʤ), ʘ 

ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʚʦʟʨʘʩʪʘʝʪ ʚ ʜʚʘ ʨʘʟʘ, ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʙʣʠʟʢʘ ʢ ʙʠʣʠʥʝʡʥʦʡ 
ʟʘʚʠʩʠʤʦʩʪʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʣʷ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚʳʨʘʞʝʥʘ ʥʝʣʠʥʝʡʥʦʩʪʴ 
ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚ ʬʫʥʢʮʠʠ ʧʦʣʷ ʚ ʥʝʢʦʪʦʨʦʤ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʠʥʮʠʧʘʤʠ 
ʫʧʦʨʷʜʦʯʝʥʠʷ ʢʚʘʟʠ- ʩʚʦʙʦʜʥʳʭ ʤʦʤʝʥʪʦʚ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʢʠʥʝʪʠʢʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ 
ʣʝʛʠʨʦʚʘʥʠʠ ʤʘʛʥʠʪʥʳʤʠ ʠʦʥʘ, ʨʘʚʥʦ ʢʘʢ ʠ ʧʦʚʝʜʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʧʨʠ 
ʣʝʛʠʨʦʚʘʥʠʠ ʥʝʤʘʛʥʠʪʥʳʤʠ ʠʦʥʘʤʠ ʦʙʥʘʨʫʞʠʚʘʶʪ ʥʝʦʙʨʘʪʠʤʫʶ ʘʢʪʠʚʘʮʠʶ ʩʠʣ 
ʤʘʛʥʠʪʥʦʡ \ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʨʘʩʢʦʤʧʝʥʩʘʮʠʠ ʘʥʪʠ- 
ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʋʩʨʝʜʥʝʥʥʘʷ ʚ ʙʘʟʦʚʦʡ ʧʣʦʩʢʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ, 
ʠʥʜʫʮʠʨʦʚʘʥʥʘʷ ʚʥʝʰʥʠʤ ʧʦʣʝʤ, ʨʝʘʣʠʟʫʝʪʩʷ ʟʘ ʩʯʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ 
ʩʢʦʰʝʥʥʦʩʪʠ/ʠʟʛʠʙʘ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʠʦʥʦʚ ʞʝʣʝʟʘ ʪʘʢ, ʯʪʦ ʧʦʭʦʞʝ, ʥʠ ʚ ʦʜʥʦʡ ʠʟ 
ʭʠʤʠʯʝʩʢʠʭ ʷʯʝʝʢ ʧʦʣʥʘʷ ʘʥʪʠʢʦʣʣʠʥʝʘʨʥʦʩʪʴ ʩʧʠʥʦʚ ʠʦʥʦʚ ʞʝʣʝʟʘ ʥʝ ʜʦʩʪʠʛʘʝʪʩʷ.  
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ɺʚʝʜʝʥʠʝ 
ʉʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʨʝʜʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡʩʷ ʧʦʣʠʤʦʨʬʠʟʤʦʤ, 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʘ ʧʨʠʤʝʨʝ ʢʘʣʴʮʠʪʘ, ʢʘʢ ʦʧʪʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʚʫʭ ʪʠʧʦʚ. ʆʙʱʠʡ 
ʪʝʥʟʦʨʥʳʡ ʚʠʜ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʧʨʠʚʣʝʯʝʥ ʢ ʘʥʘʣʠʟʫ ʪʨʠʢʣʠʥʥʦʛʦ 
ʠʩʣʘʥʜʩʢʦʛʦ ʰʧʘʪʘ ʠ ʨʦʤʙʠʯʝʩʢʦʛʦ ʘʨʘʛʦʥʠʪʘ. ʆʪʦʙʨʘʞʝʥʳ ʩʝʯʝʥʠʷ ʚʦʣʥʦʚʦʡ, ʣʫʯʝʚʦʡ 
ʧʦʚʝʨʭʥʦʩʪʝʡ ʜʣʷ ʜʚʫʭ ʪʠʧʦʚ ʧʦʣʷʨʠʟʘʮʠʠ, ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʫʛʣʘʤʠ ʧʘʜʝʥʠʷ ʠ 
ʧʨʝʣʦʤʣʝʥʠʷ ʚ ʬʦʨʤʘʣʠʟʤʝ ʟʘʢʦʥʘ ʉʥʝʣʣʠʫʩʘ ʜʣʷ ʜʚʫʭ ʪʠʧʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 
ʤʦʜʠʬʠʢʘʮʠʠ, ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʭ ʦʜʥʦʡ-/ʜʚʫʤʷ- ʦʧʪʠʯʝʩʢʠʤʠ ʦʩʷʤʠ.  

ʀʩʭʦʜʥʳʝ ʧʦʩʳʣʢʠ ʧʦʩʪʘʥʦʚʢʠ ʟʘʜʘʯʠ 
ʆʪʨʘʞʝʥʠʝ/ʧʨʝʣʦʤʣʝʥʠʝ ʣʠʥʝʡʥʦ-ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʚʦʣʥʳ ʥʘ ʠʥʪʝʨʬʝʡʩʝ 

ʚʦʟʜʫʭ /ʘʥʠʟʦʪʨʦʧʥʘʷ ʩʨʝʜʘ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʬʦʨʤʘʣʠʟʤʝ ʩʦʦʪʥʦʰʝʥʠʡ ʥʝʨʘʟʨʳʚʥʦʩʪʠ. 
ɽʩʣʠ ʧʨʝʣʦʤʣʷʶʱʘʷ ʩʨʝʜʘ ʠʟʦʪʨʦʧʥʘʷ, ʪʦ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʚʝʣʠʯʠʥʘ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ 
ʧʦʩʣʝ ʧʨʝʣʦʤʣʝʥʠʷ ʪʨʠʚʠʘʣʴʥʘ ʠ ʦʪʚʝʯʘʝʪ ʠʟʚʝʩʪʥʦʤʫ ʟʘʢʦʥʫ ʉʥʝʣʣʠʫʩʘ. ɼʣʷ 
ʘʥʠʟʦʪʨʦʧʥʦʡ ʧʨʝʣʦʤʣʷʶʱʝʡ ʩʨʝʜʳ ʚʦʣʥʦʚʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʩʣʦʞʥʝʝ ʧʦ ʪʦʧʦʣʦʛʠʠ, ʝʝ 

ʩʝʯʝʥʠʝ ʚ ʦʙʱʝʤ ʩʣʫʯʘʝ ʥʝ ʷʚʣʷʝʪʩʷ ʦʢʨʫʞʥʦʩʪʴʶ, ʟʘʚʠʩʷ ʦʪ ʚʠʜʘ ʪʝʥʟʦʨʘ ‐Ƕ. ɺ ʨʘʤʢʘʭ 
ʚʥʝʰʥʝʡ ʟʘʜʘʯʠ ʥʘ ʦʪʨʘʞʝʥʠʝ ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʩʥʘʯʘʣʘ ʧʳʪʘʪʴʩʷ ʠʩʩʣʝʜʦʚʘʪʴ 
ʪʝʥʟʦʨ ‐Ƕ ʧʨʠʚʦʜʷ ʝʛʦ ʢ ʛʣʘʚʥʳʤ ʦʩʷʤ, ʧʦʩʢʦʣʴʢʫ ʚʘʞʥʦ ʩʦʦʪʥʝʩʪʠ ʵʪʠ ʦʩʠ ʩ 
ʠʥʪʝʨʬʝʡʩʦʤ ʠ ʥʦʨʤʘʣʴʶ [1 ï 2]. 

ɺ ʨʘʩʩʤʦʪʨʝʥʠʠ ʧʨʠʤʝʥʝʥʘ ʚʥʝʰʥʷʷ ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ, ʩʦʚʤʝʩʪʥʘʷ ʩ ʩʠʩʪʝʤʦʡ 

‐Ƕ, ʢʦʪʦʨʳʡ ʚ ʩʨʝʜʘʭ ʪʠʧʘ ʢʘʣʴʮʠʪʘ ʜʦʣʞʝʥ ʦʪʣʠʯʘʪʴʩʷ, ʚʳʷʚʣʝʥʳ ʟʘʢʦʥʳ ʜʠʩʧʝʨʩʠʠ ʠ 
ʨʘʟʣʠʯʠʷ ʚ ʚʦʣʥʦʚʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʧʨʠ ʦʜʥʦʡ/ʜʚʫʭ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ.  

ʄʝʪʦʜ ʘʥʘʣʠʟʘ ʧʨʦʙʣʝʤʳ 
ʂʘʢ ʧʨʠʥʷʪʦ, ʧʨʠʚʣʝʯʝʥʘ ʬʝʥʦʤʝʥʦʣʦʛʠʷ ʄʘʢʩʚʝʣʣʘ, ʬʦʨʤʘʣʠʟʤ ʧʣʦʩʢʦʡ 

ʚʦʣʥʳ ʚʭʦʜʷʱʝʡ ʚ ʘʥʠʟʦʪʨʦʧʥʫʶ ʩʨʝʜʫ ʯʝʨʝʟ ʠʥʪʝʨʬʝʡʩ. ʉʨʝʜʘ ʪʠʧʘ ʢʘʨʙʦʥʘʪʘ 
ʢʘʣʴʮʠʷ ʦʪʚʝʯʘʝʪ ʫʨʘʚʥʝʥʠʷʤ, ʚ ʢʦʪʦʨʳʭ ʚʘʞʥʘ ʘʥʠʟʦʪʨʦʧʠʷ ʚ ʤʘʪʝʨʠʘʣʴʥʳʭ 
ʫʨʘʚʥʝʥʠʷʭ: 

 

 ║ ‘‘╗   ╓ ‐‐Ƕ╔   ‐Ƕ

‐ ‐ ‐
‐ ‐ ‐
‐ ‐ ‐

, (1) 

 

╔ ʠ ╗ ï ʚʝʢʪʦʨʳ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, D ʠ B ï ʚʝʢʪʦʨʳ 
ʠʥʜʫʢʮʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʦʣʥʳ, ‐ ʠ ‘ ï ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʠ ʤʘʛʥʠʪʥʘʷ 

ʧʦʩʪʦʷʥʥʳʝ, ‘ ï ʩʢʘʣʷʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʨʝʜʳ. 
ɼʣʷ ʢʦʥʢʨʝʪʠʟʘʮʠʠ ʧʘʜʘʶʱʝʡ/ʧʨʝʣʦʤʣʝʥʥʦʡ ʚʦʣʥʳ ʧʦ ʟʘʢʦʥʫ ʜʠʩʧʝʨʩʠʠ 
 

 ᶯ ᶯ ‐Ƕ ╓ ‐‘‘╓, (2) 
 

ɺ ʙʘʟʠʩʝ ʝʜʠʥʠʯʥʳʭ ʚʝʢʪʦʨʦʚ i, j, k ʢʦʤʧʦʥʝʥʪʳ ╓ ʧʨʠ ʧʨʦʠʟʚʦʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ 

ʚʝʢʪʦʨʦʚ ╓ ʠ  ▓ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʠʟʚʝʩʪʥʳʤ ʩʦʦʪʥʦʰʝʥʠʷʤ (3), (4) 
 

 ╓ Ὀ░ Ὀ▒ Ὀ▓Ὡ̨ Ӷ, (3) 

 Ὧ̨ὈὩ̨ ▓►. (4) 

ʉʣʝʜʫʷ (2ï4), ʪʝʥʟʦʨʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʚʝʜʝʥʦ ʢ (5) 
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 ▓ ▓ ‐ ╓ ‐‘‘╓. (5) 

 
ʇʦʩʣʝ ʩʫʤʤʠʨʦʚʘʥʠʷ (5) ʪʨʘʥʩʬʦʨʤʠʨʫʝʪʩʷ ʢ (6) 
 

 ▓ ▓ ░‐ Ὀ ▒‐ Ὀ ▓‐ Ὀ ‐‘‘╓. (6) 

 
ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʢʦʤʧʦʥʝʥʪʳ Ὀ  ʧʨʠ ʦʙʱʝʤ ʚʠʜʝ ‐Ƕ (6) ʙʫʜʝʪ ʚʳʛʣʷʜʝʪʴ (7) 
 

 Ὧ Ὧ‐ Ὀ Ὧ‐ Ὀ ‐‘‘‫Ὀ . (7) 

 
ɺ (7) ʜʘʥ ʥʘʠʙʦʣʝʝ ʦʙʱʠʡ ʩʣʫʯʘʡ ʧʨʝʣʦʤʣʝʥʠʷ ʩ kɯ , ʫ ʢʦʪʦʨʦʛʦ ʥʝ ʨʘʚʥ rʥʫʣʶ 

ʚʩʝ ʢʦʤʧʦʥʝʥʪʳ kɯ  ὯȟὯȟὯ . 

ɺ ʢʦʦʨʜʠʥʘʪʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʪʝʥʟʦʨʥʦʝ ʫʨʘʚʥʝʥʠʝ (7) ʙʫʜʝʪ ʩʠʩʪʝʤʦʡ ʠʟ ʪʨʝʭ 
ʩʪʨʦʢ ʪʠʧʘ (7) ʜʣʷ Ὀ , Ὀ , Ὀ , ʠ ʧʦʟʚʦʣʷʝʪ ʫʩʪʘʥʦʚʠʪʴ ʪʦʧʦʣʦʛʠʶ ʚʦʣʥʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʚ ʮʝʣʦʤ, ʨʘʚʥʦ ʢʘʢ ʠ ʩʦʦʪʥʦʰʝʥʠʷ ʉʥʝʣʣʠʫʩʘ. ɺʳʙʠʨʘʷ ʥʘʧʨʘʚʣʝʥʠʝ ʢʦʣʝʙʘʥʠʡ 
ʚʝʢʪʦʨʘ D ʠ ʧʦʩʪʫʣʠʨʫʷ k ʚ ʝʛʦ ʧʨʦʝʢʮʠʷʭ ʥʘ ʚʳʙʨʘʥʥʳʝ ʦʩʠ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʦ 
ʧʦʣʫʯʠʪʴ ʟʘʢʦʥ ʜʠʩʧʝʨʩʠʠ ʢʘʢ ʚʳʨʘʞʝʥʠʝ ʜʣʷ k ʚ ʬʫʥʢʮʠʠ ʯʘʩʪʦʪʳ, ʥʘʧʨʘʚʣʝʥʠʷ, 
ʩʚʦʡʩʪʚ ʪʝʥʟʦʨʘ ‐Ƕ.  

ɼʣʷ ʚʳʙʨʘʥʥʦʛʦ ʪʠʧʘ ʘʥʠʟʦʪʨʦʧʠʠ (1) ʧʨʠ ʧʦʣʷʨʠʟʘʮʠʠ ʚʝʢʪʦʨʘ ╓ ʥʦʨʤʘʣʴʥʦ ʢ 
ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ ʟʘʢʦʥ ʜʠʩʧʝʨʩʠʠ ʠʤʝʝʪ ʪʨʠʚʠʘʣʴʥʳʡ ʚʠʜ (8) 

 

 Ὧ ‐‘‘‐‫Ⱦ  . (8) 
 

ʇʨʠ ʧʦʣʷʨʠʟʘʮʠʠ ʚ ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ ʚʝʢʪʦʨ k ʟʘʚʠʩʠʪ ʦʪ ʫʛʣʘ ‪ (9) 
 

 Ὧ ‐‘‘‫ ‐ ὅέί‪ ‐ ὛὭὲ‪ ‐ ‐ ὛὭὲ‪ὅέί‪. (9) 

 
ʉʦʯʝʪʘʥʠʝ (9) ʩ ʥʝʨʘʟʨʳʚʥʦʩʪʴʶ ʪʘʥʛʝʥʮʠʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ k ʧʨʠʚʦʜʷʪ ʢ ʟʘʢʦʥʫ 

ʉʥʝʣʣʠʫʩʘ ʜʣʷ xy ï ʧʦʣʷʨʠʟʘʮʠʠ 
 

 •‪ ὃὶὧίὭὲ‐ ÃÏÓ‪ ‐ ÓÉÎ‪ ‐ ‐ ὛὭὲ‪ὅέί‪ Ȣ
Ȣ

Ȣ Ȣ , (10) 

 
ʟʜʝʩʴ ‐ ʠ ‘ ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʠ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʳ.  

ɺʳʨʘʞʝʥʠʝ (10) ʩʦʜʝʨʞʠʪ ʪʦʣʴʢʦ ʧʘʨʫ ʥʝʜʠʘʛʦʥʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ, ʯʪʦ 
ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʪʝʥʟʦʨ ‐Ƕ. ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚʠʜʘ (11) 

 

 

‐ ‐ π

‐ ‐ π

π π ‐

 . (11) 

 
ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚʦʣʥʘ ʩ z ʧʦʣʷʨʠʟʘʮʠʝʡ (ʦʙʳʢʥʦʚʝʥʥʘʷ), ʧʨʝʣʦʤʣʷʝʪʩʷ ʧʦ 

ʠʟʦʪʨʦʧʥʦʤʫ ʩʮʝʥʘʨʠʶ (8), ʘ ʜʣʷ xyïʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʚʦʣʥʳ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ 
ʟʘʚʠʩʠʪ ʦʪ ʫʛʣʘ ʧʨʝʣʦʤʣʝʥʠʷ (12) 

 

 Ὧ
 

. (12) 

 
ɺʳʙʨʘʥʥʘʷ ʩʠʩʪʝʤʘ ʢʦʦʨʜʠʥʘʪ ʧʨʠ ʧʘʜʝʥʠʠ/ʧʨʝʣʦʤʣʝʥʠʠ, ʢʘʢ ʫʧʦʤʠʥʘʣʦʩʴ, 

ʨʘʮʠʦʥʘʣʴʥʘ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʪʝʥʟʦʨʘ, ʚʦʣʥʦʚʳʝ ʚʝʢʪʦʨʳ ʧʘʜʘʶʱʝʡ/ʧʨʝʣʦʤʣʝʥʥʦʡ ʚʦʣʥ 
ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʚ ʧʣʦʩʢʦʩʪʠ ʛʣʘʚʥʦʛʦ ʩʝʯʝʥʠʷ ʪʝʥʟʦʨʘ (XY), ʢʦʪʦʨʘʷ ʩʦʚʧʘʜʘʝʪ ʩ 
ʧʣʦʩʢʦʩʪʴʶ ʧʘʜʝʥʠʷ (xy). ʏʠʩʣʦ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʦʪʚʝʯʘʝʪ ʢʦʣʠʯʝʩʪʚʫ 

ʥʝʨʘʚʥʳʭ ʧʦ ʚʝʣʠʯʠʥʝ ʜʠʘʛʦʥʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ‐Ƕ ʧʦʩʣʝ ʝʛʦ ʧʨʠʚʝʜʝʥʠʷ ʢ ʛʣʘʚʥʳʤ 
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ʦʩʷʤ. ɿʜʝʩʴ ʦʧʪʠʯʝʩʢʠʝ ʦʩʠ (ʙʠ-ʥʦʨʤʘʣʠ) ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʧʣʦʩʢʦʩʪʠ xy ʠ ʚʠʜ ‐Ƕ (11) 
ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʩʨʝʜʘ, ʪʠʧʘ ʢʘʣʴʮʠʪʘ, ʤʦʞʝʪ ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴʩʷ ʦʜʥʦʡ ʠʣʠ ʜʚʫʤʷ 

ʦʧʪʠʯʝʩʢʠʤʠ ʦʩʷʤʠ, ʯʪʦ ʩʣʝʜʫʝʪ ʠʟ ʧʨʦʮʝʜʫʨʳ ʧʨʠʚʝʜʝʥʠʷ ʪʝʥʟʦʨʘ  ‐Ƕ ʢ ʛʣʘʚʥʳʤ ʦʩʷʤ.  
ʅʘʧʨʠʤʝʨ, ʜʣʷ ʘʥʠʟʦʪʨʦʧʠʠ ʚʠʜʘ (13) ʪʝʥʟʦʨ ‐Ƕ ʧʦʩʣʝ ʧʨʠʚʝʜʝʥʠʷ ʦʪʚʝʯʘʝʪ (14) 
 

 ‐ ‐ ‐ τ  ‐ ‐ ς 

 ‐ ‐ ‐ ‐ π ‘ ‘ ‘ ς, (13) 

 
ς π π
π φ π
π π τ

. (14) 

 
ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʝ ʪʨʫʜʥʦ ʚʳʷʚʠʪʴ ʥʘʧʨʘʚʣʝʥʠʷ ʙʠ-ʥʦʨʤʘʣʝʡ, ʙʠ-ʨʘʜʠʘʣʝʡ, 

ʛʨʘʬʠʯʝʩʢʠ, ʵʪʠ ʦʩʠ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʚ ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ (xy), ʠ ʜʣʷ ʜʣʷ ʪʝʥʟʦʨʘ (11) ʩ 
ʧʘʨʘʤʝʪʨʘʤʠ (13) ʚʦʣʥʦʚʦʡ (ί) ʠ ʣʫʯʝʚʦʡ (ί) ʚʝʢʪʦʨʳ ʦʪʚʝʯʘʶʪ ʨʠʩ. 1. 

 
ʈʠʩʫʥʦʢ 1 ï ʉʝʯʝʥʠʷ ʚʦʣʥʦʚʦʡ (Ὧ), ʣʫʯʝʚʦʡ (ί) ʧʦʚʝʨʭʥʦʩʪʝʡ ʚ xy (XY) ʜʣʷ ʦʙʳʢʥʦʚʝʥʥʦʡ 
(ʢʦʥʪʫʨʳ ï ʟʝʣʝʥʳʡ, ʬʠʦʣʝʪʦʚʳʡ) ʠ ʥʝʦʙʳʢʥʦʚʝʥʥʦʡ (ʢʦʥʪʫʨʳ ï ʯʝʨʥʳʡ, ʢʨʘʩʥʳʡ) ʚʦʣʥ. 

Ὧ  / ί  ï xy ʧʦʣʷʨʠʟʘʮʠʷ, Ὧ / ί ï z ʧʦʣʷʨʠʟʘʮʠʠ. ʇʨʠ ʧʦʩʪʨʦʝʥʠʠ ί  ʠ ί ʨʝʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 

ʙʳʣʠ ʫʚʝʣʠʯʝʥʳ ʚ ʪʨʠ ʨʘʟʘ. 

 
ʉʣʝʜʫʷ ʨʠʩ. 1 ʘʥʠʟʦʪʨʦʧʠʠ (13) ʦʪʚʝʯʘʝʪ ʜʚʫʤ ʦʩʷʤ (ʘʨʘʛʦʥʠʪ), ʦʜʥʘ ʠʟ ʚʦʣʥ (z ï 

ʧʦʣʷʨʠʟʘʮʠʷ) ï ʦʙʳʢʥʦʚʝʥʥʘʷ, ʜʨʫʛʘʷ (xy ï ʧʦʣʷʨʠʟʘʮʠʷ) ï ʥʝʦʙʳʢʥʦʚʝʥʥʘʷ. ɽʩʣʠ ʙʳ ʚ 
(13) ʢʦʤʧʦʥʝʥʪʘ ‐  ʙʳʣʘ ʙʳ ʨʘʚʥʘ 2 ʠʣʠ 6, ʪʦ ʢʘʨʪʠʥʘ ʩʝʯʝʥʠʡ ʦʪʚʝʯʘʣʘ ʙʳ ʦʜʥʦʦʩʥʦʡ 
ʩʨʝʜʝ, ʨʦʜʩʪʚʝʥʥʦʡ ʠʩʣʘʥʜʩʢʦʤʫ ʰʧʘʪʫ.  

ʉʨʝʜʩʪʚʘ ʢʦʤʧʴʶʪʝʨʥʦʡ ʛʨʘʬʠʢʠ ʧʦʟʚʦʣʷʶʪ ʦʪʦʙʨʘʟʠʪʴ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ 
ʧʘʨʘʤʝʪʨʳ ʚ ʚʠʜʝ ʪʨʝʭʤʝʨʥʦʡ ʢʦʤʧʦʟʠʮʠʠ ʜʣʷ ʦʜʥʦʛʦ ʠʟ ʬʨʘʛʤʝʥʪʦʚ ʚʦʣʥʦʚʦʡ 
ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ ʥʝʦʙʳʢʥʦʚʝʥʥʦʡ ʚʦʣʥʳ (ʈʠʩ.2.) ʛʜʝ ʢʦʥʪʫʨ-ʦʚʘʣ ʦʪʦʙʨʘʞʘʝʪ 
ʪʦʧʦʣʦʛʠʶ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ ʥʝʦʙʳʢʥʦʚʝʥʥʦʡ ʚʦʣʥʳ.  

 
ʈʠʩʫʥʦʢ 2 ï ʌʨʘʛʤʝʥʪ ʚʦʣʥʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝʦʙʳʢʥʦʚʝʥʥʦʡ ʚʦʣʥʳ ʜʣʷ ʩʨʝʜʳ, ʠʤʝʶʱʝʡ 

ʧʘʨʘʤʝʪʨʳ ʘʥʠʟʦʪʨʦʧʠʠ (31). ʋʛʦʣ ‪ ̠̠̉̈̍̆̎̆̓̒ ʚ ʜʠʘʧʘʟʦʥʝ 0 ï “. 
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ɿʘʢʣʶʯʝʥʠʝ 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʥʟʦʨ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚʠʜʘ (11) ʚ ʩʠʩʪʝʤʝ 

ʢʦʦʨʜʠʥʘʪ ʚʥʝʰʥʝʡ ʟʘʜʘʯʠ ʥʘ ʦʪʨʘʞʝʥʠʝ/ʧʨʝʣʦʤʣʝʥʠʝ ʦʧʠʩʳʚʘʝʪ ʭʘʨʘʢʪʝʨ 
ʧʨʝʣʦʤʣʝʥʠʷ/ʦʪʨʘʞʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʚʦʣʥʳ ʚ ʩʨʝʜʝ ʪʠʧʘ ʢʘʨʙʦʥʘʪʘ ʢʘʣʴʮʠʷ. 
ʂʦʣʠʯʝʩʪʚʦ, ʚʠʜ ʦʧʪʠʯʝʩʢʠʭ ʦʩʝʡ ʦʪʚʝʯʘʝʪ ʩʝʯʝʥʠʶ ʚʦʣʥʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʣʦʩʢʦʩʪʠ 
ʧʘʜʝʥʠʷ. ʉʬʦʨʤʫʣʠʨʦʚʘʥʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʠʪʴ ʧʘʨʘʤʝʪʨʳ 
ʦʪʨʘʞʝʥʠʷ ʠ ʧʦ ʜʘʥʥʳʤ ʠʟʤʝʨʝʥʠʷ ʦʧʨʝʜʝʣʠʪʴ ʪʝʥʟʦʨ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ. 

 
ʉʇʀʉʆʂ ʎʀʊʀʈʋɽʄʓʍ ʀʉʊʆʏʅʀʂʆɺ 
1. D. R. Smith, D. C. Vier, Th. Koschny and C. M. Soukoulis. Phys. Rev. E 71, 

036617 (2005). 
2. D. Landau, E. M. Lifshitz, and L. P. Pitaevskii, (Electrodynamics of Continuous 

Media, 2nd ed. (Butterworth-Heinenann, Oxford, England, 1984). 
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MODERATE FIELDS, MAXIMUM POTENTIAL: ACHIEVING HIGH RECORDS WITH 
TEMPERATURE-STABLE ENERGY STORAGE IN LEAD-FREE BNT-BASED CERAMICS 

 
Li Jin 

Xi'an Jiaotong University, Xi'an, China, ljin@mail.xjtu.edu.cn  

 

The increasing awareness of environmental concerns has prompted a surge in the 

exploration of lead-free, high-power ceramic capacitors. Ongoing efforts to develop lead-free 

dielectric ceramics with exceptional energy-storage performance (ESP) have predominantly 

relied on multi-component composite strategies, often accomplished under ultrahigh electric 

fields. However, this approach poses challenges in insulation and system downsizing due to 

the necessary working voltage under such conditions. Despite extensive study, bulk ceramics 

of (Bi0.5Na0.5)TiO3 (BNT), a prominent lead-free dielectric ceramic family, have seldom 

achieved a recoverable energy-storage (ES) density (Wrec) exceeding 7 J/cm
3
. This study 

introduces a novel approach to attain ceramic capacitors with high ESP under moderate 

electric fields by regulating permittivity based on a linear dielectric model, enhancing 

insulation quality, and engineering domain structures through chemical formula optimization. 

The incorporation of SrTiO3 (ST) into the BNT matrix is revealed to reduce the dielectric 

constant, while the addition of Bi(Mg2/3Nb1/3)O3 (BMN) aids in maintaining polarization. 

Additionally, the study elucidates the methodology to achieve high ESP at moderate electric 

fields ranging from 300 to 500 kV/cm. In our optimized composition, 0.5(Bi0.5Na0.4K0.1)TiO3-

0.5(2/3ST-1/3BMN) (B-0.5SB) ceramics, we achieved a Wrec of 7.19 J/cm
3
 with an efficiency 

of 93.8% at 460 kV/cm. Impressively, the B-0.5SB ceramics exhibit remarkable thermal 

stability between 30 and 140 ÁC under 365 kV/cm, maintaining a Wrec exceeding 5 J/cm
3
. This 

study not only establishes the B-0.5SB ceramics as promising candidates for ES materials but 

also demonstrates the feasibility of optimizing ESP by modifying the dielectric constant under 

specific electric field conditions. Simultaneously, it provides valuable insights for the future 

design of ceramic capacitors with high ESP under constraints of limited electric field. 
  

mailto:ljin@mail.xjtu.edu.cn
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ULTRA-HIGH ELECTRIC FIELD-INDUCED STRAIN OF SODIUM BISMUTH TITANATE-
BASED LEAD-FREE FERROELECTRIC CERAMICS 

 
Ruiyi Jing1*, Li Jin1 

1Electronic Materials Research Laboratory, Key Laboratory of the Ministry of Education & 
International Center for Dielectric Research, School of Electronic Science and Engineering, 
Faculty of Electronic and Information Engineering, Xi'an Jiaotong University, Xi'an, 710049, 

China 
*Corresponding author e-mail: ryjing@xjtu.edu.cn (R.Y. Jing) 

 

Micro-displacement actuators based on the electric-field induced strains of 
ferroelectric ceramics occupy an important position in the field of ultra-precision positioning 
and machining due to their high accuracy and fast response. As one of the most promising 
functional materials to replace lead-based ferroelectric ceramics, bismuth titanate sodium 
(Bi1/2Na1/2TiO3, BNT)-based lead-free ferroelectric ceramics have attracted much attention 
because of their excellent electric field-induced strain performance. The development of 
BNT-based lead-free ceramics with high performance and high temperature stability is one of 
the current research hotspots in the field of ferroelectric materials.  

In this work, the current research status of BNT-based materials is analyzed in detail, 
including the phase structure, phase transitions, relaxor characteristics. The typical chemical 
modification methods of obtaining large strain and extrinsic factors affecting the large strain 
are discussed, includeding phase transition behavior, strain enhancement approaches, 
material reliabilities as well as the status of somepromising applications. The relationship 
between strain performance and intrinsic structure is analyzed, the intrinsic mechanism of 
giant strain generation is clarified, and ultra-high electric field-induced strains obtained by 
novel doping methods and atomic-scale defect engineering are presented. Finally, an outlook 
is presented based on the existing problems and challenges, with a view to promoting the 
development and practical application of ceramics with large strain properties and their 
devices. 
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ʌɸɿʆɺʓɽ ʇɽʈɽʍʆɼʓ ɺ ʌɽʈʈʀʊɸʍ Zn0.34Fe2.53[]0.13O4 ʀ CoFe2O4 ʇʈʀ ɺʓʉʆʂʀʍ 
ɼɸɺʃɽʅʀʗʍ 

 
ʈʫʪʢʘʫʩʢʘʩ ɸ.ɺ.1*, ʃʠʩ ʆ.ʅ.1,2, ʅʛʫʝʥ ʅ.ʊ.1,3, ɹʝʣʦʟʝʨʦʚʘ ʅ.ʄ.1,4, ʃʫʢʠʥ ɽ.ɺ.1, 

ʂʠʯʘʥʦʚ ʉ.ɽ.1, ɾʝʣʫʜʢʝʚʠʯ ɸ.ʃ.5  
1ʆʙʲʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ɼʫʙʥʘ, ʈʦʩʩʠʷ 

2ʂʘʟʘʥʩʢʠʡ (ʇʨʠʚʦʣʞʩʢʠʡ) ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʂʘʟʘʥʴ, ʈʦʩʩʠʷ 
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Sciences, Hue University, Hue, Vietnam 
4ʄʦʩʢʦʚʩʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ, ʎʝʥʪʨ ʬʦʪʦʥʠʢʠ ʠ ʜʚʫʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ɼʦʣʛʦʧʨʫʜʥʳʡ, ʈʦʩʩʠʷ 
5ʅʇʎ ʅɸʅ ɹʝʣʘʨʫʩʠ ʧʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʶ, ʄʠʥʩʢ, ɹʝʣʘʨʫʩʴ 

 *e-mail: ranton@nf.jinr.ru 
 

ʆʙʲʝʤʥʳʝ ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʬʝʨʨʠʪʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ ʰʧʠʥʝʣʠ 
(AFe2O4) ʘʢʪʠʚʥʦ ʠʟʫʯʘʶʪʩʷ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʤʥʦʛʠʭ ʜʝʩʷʪʠʣʝʪʠʡ ʚʚʠʜʫ ʠʭ 
ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʠ ʢʘʢ ʩ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ, ʪʘʢ ʠ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʝʢ ʟʨʝʥʠʷ. ʊʘʢʠʝ 
ʩʦʝʜʠʥʝʥʠʷ ʦʙʣʘʜʘʶʪ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ: ʚʳʩʦʢʦʝ ʫʜʝʣʴʥʦʝ 
ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʥʠʟʢʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ, ʚʳʩʦʢʘʷ ʭʠʤʠʯʝʩʢʘʷ 
ʩʪʘʙʠʣʴʥʦʩʪʴ, ʤʘʛʥʠʪʥʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ, ʵʬʬʝʢʪʳ 
ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʨʫʩʪʨʘʮʠʠ ʠ ʤʥʦʛʦʝ ʜʨʫʛʦʝ [1-4]. ʕʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʰʠʨʦʢʦʛʦ 
ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʬʝʨʨʠʪʦʚ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʚ, 
ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʙʠʦʤʝʜʠʮʠʥʝ, ʤʘʛʥʠʪʥʳʭ ʩʝʥʩʦʨʘʭ, ʢʘʪʘʣʠʟʘʪʦʨʘʭ, ʩʠʩʪʝʤʘʭ 
ʜʦʩʪʘʚʢʠ ʣʝʢʘʨʩʪʚ, ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʤʘʛʥʠʪʥʳʭ ʢʦʤʧʦʥʝʥʪʘʭ [5,6]. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʨʘʟʤʝʨʦʚ ʥʘʥʦʯʘʩʪʠʮ ʬʝʨʨʠʪʳ ʩʦ 
ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ ʦʙʣʘʜʘʶʪ ʨʘʟʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʘʪʠʦʥʦʚ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʡ 
(ɸ) ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ (ɺ) ʢʦʦʨʜʠʥʘʮʠʠ ʢʠʩʣʦʨʦʜʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥ 
ʩʣʫʯʘʡ, ʢʦʛʜʘ ʠʦʥʳ Fe3+ ʥʘʭʦʜʷʪʩʷ ʚ ʧʦʟʠʮʠʷʭ ɸ, ʘ ʪʘʢʞʝ ʠʤʝʝʪʩʷ ʩʤʝʩʴ ʠʦʥʦʚ Fe3+ ʠ 
Fe2+, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʧʦʟʠʮʠʷʭ ɺ [7, 8]. ʇʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʧʝʨʝʭʦʜʥʳʤʠ ʤʝʪʘʣʣʘʤʠ 
ʠʣʠ ʱʝʣʦʯʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʚ ʧʦʟʠʮʠʷʭ A ʠʣʠ B ʠʣʠ ʩʦʟʜʘʥʠʠ ʚʘʢʘʥʩʠʡ ʚ ʩʪʨʫʢʪʫʨʝ 
ʰʧʠʥʝʣʠ, ʤʘʛʥʠʪʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʠʦʥʘʤʠ ʞʝʣʝʟʘ ʠʟʤʝʥʷʶʪʩʷ [9]. ʕʪʦ 
ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʵʪʠʭ ʬʝʨʨʠʪʦʚ. ʉʣʝʜʫʝʪ 
ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʟʤʝʥʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ ʧʨʠʤʝʥʝʥʠʝʤ 
ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ [10]. ɼʘʚʣʝʥʠʝ ʚʳʟʳʚʘʝʪ ʢʦʥʪʨʦʣʠʨʫʝʤʫʶ ʥʘʩʪʨʦʡʢʫ ʤʝʞʘʪʦʤʥʳʭ 
ʨʘʩʩʪʦʷʥʠʡ ʠ ʚʘʣʝʥʪʥʳʭ ʫʛʣʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʷʤ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 
ʦʢʩʠʜʦʚ ʬʝʨʨʠʪʘ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠ ̫ ʜʘʚʣʝʥʠʷ ʥʘ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʩʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʬʝʨʨʠʪʦʚ ʩʦ 
ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ Zn0.34Fe2.53[]0.13O4 (ʛʜʝ [] ð ʚʘʢʘʥʩʠʷ) ʠ CoFe2O4 ʤʝʪʦʜʘʤʠ 
ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ ʨʘʤʘʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ 
ʜʘʚʣʝʥʠʡ. 

ʅʘʥʦʩʪʨʫʢʪʫʨʥʳʡ ʬʝʨʨʠʪ Zn0.34Fe2.53[]0.13O4 ʠʩʩʣʝʜʦʚʘʥ ʚ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ ʦʪ 
0 ʜʦ 34 ɻʇʘ. ʇʨʠ ʜʘʚʣʝʥʠʷʭ ʚʳʰʝ 18 ɻʇʘ ʦʙʥʘʨʫʞʝʥ ʩʪʨʫʢʪʫʨʥʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʠʟ 

ʠʩʭʦʜʥʦʡ ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʳ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ Fdσm ʚ ʦʨʪʦʨʦʤʙʠʯʝʩʢʫʶ 
ʩʪʨʫʢʪʫʨʫ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ Bbmm. ʆʩʦʙʝʥʥʦʩʪʴʶ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʵʪʦʤ 
ʩʦʝʜʠʥʝʥʠʠ ʷʚʣʷʝʪʩʷ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʷ ʬʘʟ, ʛʜʝ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 
ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʝʧʝʥʥʦʝ ʧʦʜʘʚʣʝʥʠʝ ʠʩʭʦʜʥʦʡ ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʫʚʝʣʠʯʝʥʠʝʤ 
ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʳ. ɺʧʣʦʪʴ ʜʦ 34 ɻʇʘ ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʫʭʬʘʟʥʦʝ 
ʩʦʩʪʦʷʥʠʝ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʜʣʠʥ 
ʩʚʷʟʝʡ ʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ ʦʪ ʜʘʚʣʝʥʠʷ. ɺʳʷʚʣʝʥʦ ʚʣʠʷʥʠʝ ʢʘʪʠʦʥʥʳʭ ʚʘʢʘʥʩʠʡ ʥʘ 
ʙʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʬʝʨʨʠʪʘ 
Zn0.34Fe2.53[]0.13O4. ɼʣʷ ʢʫʙʠʯʝʩʢʦʡ ʠ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟ ʦʧʨʝʜʝʣʝʥʳ ʤʦʜʫʣʠ 
ʦʙʲʝʤʥʦʛʦ ʩʞʘʪʠʷ. 

ʉʦʝʜʠʥʝʥʠʝ CoFe2O4 ʠʩʩʣʝʜʦʚʘʥʦ ʚ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ ʦʪ 0 ʜʦ 35 ɻʇʘ. ʇʨʠ 
ʜʘʚʣʝʥʠʠ ~ 22 ɻʇʘ ʥʘʙʣʶʜʘʝʪʩʷ ʩʪʨʫʢʪʫʨʥʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʠʟ ʠʩʭʦʜʥʦʡ 

https://ru.wikipedia.org/wiki/%D0%94%D0%BE%D0%BB%D0%B3%D0%BE%D0%BF%D1%80%D1%83%D0%B4%D0%BD%D1%8B%D0%B9
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ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʳ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ Fdσm ʚ ʧʦʩʪʰʧʠʥʝʣʴʥʫʶ 
ʦʨʪʦʨʦʤʙʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ Bbmm. ɺ ʜʠʘʧʘʟʦʥʝ ʜʘʚʣʝʥʠʡ 
ʦʪ 22 ɻʇʘ ʜʦ 30 ɻʇʘ ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʫʭʬʘʟʥʦʝ ʩʦʩʪʦʷʥʠʝ. ɺʳʰʝ 30 ɻʇʘ ʚ ʵʪʦʤ 
ʩʦʝʜʠʥʝʥʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʧʦʩʪʰʧʠʥʝʣʴʥʘʷ ʬʘʟʘ. ɺʙʣʠʟʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 
ʥʘʙʣʶʜʘʶʪʩʷ ʘʥʦʤʘʣʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ ʦʪ ʜʘʚʣʝʥʠʷ. ʆʧʨʝʜʝʣʝʥʳ 
ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ, ʜʣʠʥʳ ʩʚʷʟʝʡ ʠ ʤʦʜʫʣʴ ʦʙʲʝʤʥʦʛʦ ʩʞʘʪʠʷ ʢʘʢ ʜʣʷ ʢʫʙʠʯʝʩʢʦʡ, ʪʘʢ 
ʠ ʜʣʷ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟ ʚ ʵʪʦʤ ʬʝʨʨʠʪʝ.  

 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ, ʧʨʦʝʢʪ 

ˉ 24-42-10003 (ɹʝʣʦʨʫʩʩʢʠʡ ʬʦʥʜ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʦʝʢʪ 
ˉ ʊ23ʈʅʌʄ-023). 
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ɹʳʩʪʨʦʝ ʨʘʟʚʠʪʠʝ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʩʪʠʤʫʣʠʨʫʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ 
ʦʙʣʘʩʪʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ, ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʠ ʤʘʣʳʤ 
ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝʤ. ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ 
ʥʝʡʨʦʤʦʨʬʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʦʪ ʪʨʘʜʠʮʠʦʥʥʦʡ ʘʨʭʠʪʝʢʪʫʨʳ 
ʬʦʥ ʅʝʡʤʘʥʘ [1-4]. ɺʘʞʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʪʘʢʠʭ ʩʠʩʪʝʤ ʷʚʣʷʶʪʩʷ ʠʩʢʫʩʩʪʚʝʥʥʳʝ 
ʩʠʥʘʧʪʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ, ʩʧʦʩʦʙʥʳʝ ʠʤʠʪʠʨʦʚʘʪʴ ʬʫʥʢʮʠʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʩʠʥʘʧʩʦʚ. 

ʆʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʥʝʡʨʦʤʦʨʬʥʳʭ ʩʠʩʪʝʤ 
ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʩʠʥʘʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʥʘ ʦʩʥʦʚʝ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ (ʄʕ) 
ʵʬʬʝʢʪʦʚ ʚ ʢʦʤʧʦʟʠʪʥʳʭ ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢ-
ʧʴʝʟʦʵʣʝʢʪʨʠʢ (ʌʄ-ʇʕ) [5, 6]. ʇʨʷʤʦʡ ʄʕ ʵʬʬʝʢʪ ʚ ʪʘʢʠʭ ʩʣʦʠʩʪʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ 
ʌʄ-ʇʕ ʧʨʦʷʚʣʷʝʪ ʩʝʙʷ ʚ ʚʠʜʝ ʛʝʥʝʨʘʮʠʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʦʡ ʧʝʨʝʤʝʥʥʦʛʦ 
ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʧʦʤʝʱʝʥʠʠ ʝʸ ʚ ʧʝʨʝʤʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ [7]. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʠʥʘʧʪʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʚ ʄʕ 
ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ ʥʘ ʦʩʥʦʚʝ ʧʴʝʟʦʢʝʨʘʤʠʢʠ ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ (ʎʊʉ) ʠ 
ʘʤʦʨʬʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʩʧʣʘʚʘ Metglas ʚ ʨʝʟʦʥʘʥʩʥʦʤ ʨʝʞʠʤʝ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ 
ʫʚʝʣʠʯʠʚʘʝʪ ʟʥʘʯʝʥʠʝ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠ ʘʤʧʣʠʪʫʜʫ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʄʕ 
ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʦʡ ʥʘʧʨʷʞʝʥʠʷ. 

ɺ ʠʟʤʝʨʝʥʠʷʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʫ, ʩʦʜʝʨʞʘʱʫʶ ʩʣʦʡ ʧʴʝʟʦʢʝʨʘʤʠʢʠ 
ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ Pb[ZrxTi1ïx]O3 ʪʦʣʱʠʥʦʡ ap = 250 ʤʢʤ ʩ Ag-ʵʣʝʢʪʨʦʜʘʤʠ ʠ 
ʩʣʦʡ ʠʟ ʘʤʦʨʬʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʩʧʣʘʚʘ FeBSiC (Metglas 2605SA1, Metglas Inc., USA) 
ʪʦʣʱʠʥʦʡ am = 25 ʤʢʤ. ʉʣʦʠ ʙʳʣʠ ʤʝʭʘʥʠʯʝʩʢʠ ʩʦʝʜʠʥʝʥʳ ʧʨʠ ʧʦʤʦʱʠ 
ʮʠʘʥʦʘʢʨʠʣʘʪʥʦʛʦ ʢʣʝʷ. ʈʘʟʤʝʨʳ ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʚ ʧʣʦʩʢʦʩʪʠ 
ʩʦʩʪʘʚʣʷʣʠ 19 ʤʤ Ĭ 8 ʤʤ. (ʨʠʩ.1). 

 

  
ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (ʘ) ʠ ʚʥʝʰʥʠʡ ʚʠʜ (ʙ) ʠʩʩʣʝʜʫʝʤʦʡ ʄʕ 

ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ. 

 
ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʫ ʧʦʤʝʱʘʣʠ ʚ ʧʝʨʝʤʝʥʥʦʝ ʚʦʟʙʫʞʜʘʶʱʝʝ 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ hcos(2ˊft) ʘʤʧʣʠʪʫʜʦʡ h = 0-4.8 ʕ ʠ ʯʘʩʪʦʪʦʡ f = 40-120 ʢɻʮ ʠ 
ʧʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ H = 0-100 ʕ. ʇʦʣʷ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʚʜʦʣʴ ʦʙʨʘʟʮʘ. ʇʨʠ 
ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʣʠʷʥʠʷ ʠʤʧʫʣʴʩʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʚʝʣʠʯʠʥʫ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ 
ŬE, ʢ ʵʣʝʢʪʨʦʜʘʤ ʎʊʉ ʩʣʦʷ ʩʪʨʫʢʪʫʨʳ ʧʨʠʢʣʘʜʳʚʘʣʠ ʠʤʧʫʣʴʩʳ ʥʘʧʨʷʞʝʥʠʷ 
ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ ʨʘʟʥʦʡ ʧʦʣʷʨʥʦʩʪʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ Ű = 5 ʩ ʠ ʘʤʧʣʠʪʫʜʦʡ U = 0-
400 ɺ, ʢʦʪʦʨʳʝ ʩʦʟʜʘʚʘʣʠ ʚ ʩʣʦʝ ʎʊʉ ʠʤʧʫʣʴʩʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩ ʘʤʧʣʠʪʫʜʦʡ E = 
0-16 ʢɺ/ʩʤ. 

ɼʣʷ ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ, ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʥʝʡʨʦʤʦʨʬʥʦʛʦ 
ʧʦʚʝʜʝʥʠʷ, ʧʨʠʭʦʜʷʱʠʡ ʠʤʧʫʣʴʩ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ 
ʧʦʪʝʥʮʠʘʣ ʜʝʡʩʪʚʠʷ (action potential). ʄʕ ʢʦʵʬʬʠʮʠʝʥʪ ŬE ʷʚʣʷʝʪʩʷ ʘʥʘʣʦʛʦʤ 
ʩʠʥʘʧʪʠʯʝʩʢʦʛʦ ʚʝʩʘ (synaptic weight), ʘ ʛʝʥʝʨʠʨʫʝʤʦʝ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʦʡ ʄʕ 
ʥʘʧʨʷʞʝʥʠʝ um ʠʛʨʘʝʪ ʨʦʣʴ ʧʦʩʪʩʠʥʘʧʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ï ʚʦʟʙʫʞʜʘʶʱʝʛʦ 
(excitatory postsynaptic potential, EPSP) ʠʣʠ ʪʦʨʤʦʟʥʦʛʦ (inhibitory postsynaptic potential, 
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IPSP). ʉʦʭʨʘʥʝʥʠʝ ʫʩʪʦʡʯʠʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʠʤʧʫʣʴʩʦʚ 
ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʧʨʠʚʦʜʷʱʝʝ ʢ ʫʚʝʣʠʯʝʥʠʶ ʠʣʠ ʫʤʝʥʴʰʝʥʠʶ ʚʳʭʦʜʥʦʛʦ 
ʥʘʧʨʷʞʝʥʠʷ um, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʦʣʛʦʩʨʦʯʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ (long-term potentiation, 
LTP) ʠ ʜʝʧʨʝʩʩʠʶ (long-term depression, LTD), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʤʦʜʫʣʷʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʙʳʣʠ ʠʟʤʝʨʝʥʳ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʷʤʦʛʦ ʄʕ ʵʬʬʝʢʪʘ ʚ ʦʧʠʩʘʥʥʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ [36]. ʅʘ ʨʠʩ. 2ʘ 
ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʯʘʩʪʦʪʳ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʧʦʣʷ u(f) ʧʨʠ 
h = 4.8 ʕ ʠ H = 12.8 ʕ. ɺʠʜʝʥ ʧʠʢ ʚʙʣʠʟʠ ʯʘʩʪʦʪʳ f0 å 78 ʢɻʮ ʩ ʘʤʧʣʠʪʫʜʦʡ um å 600 ʤɺ ʠ 
ʜʦʙʨʦʪʥʦʩʪʴʶ Q = f0/ȹf å 29, ʛʜʝ ȹf ï ʰʠʨʠʥʘ ʨʝʟʦʥʘʥʩʘ ʥʘ ʫʨʦʚʥʝ 0.707 um. ʇʠʢ 
ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʦʟʙʫʞʜʝʥʠʶ ʦʩʥʦʚʥʦʡ ʤʦʜʳ ʧʨʦʜʦʣʴʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʢʦʣʝʙʘʥʠʡ ʚ 
ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ, ʢʦʛʜʘ ʚʝʣʠʯʠʥʘ ʜʝʬʦʨʤʘʮʠʡ ʠ ʘʤʧʣʠʪʫʜʘ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʨʝʟʢʦ 
ʚʦʟʨʘʩʪʘʶʪ. 

ɼʣʷ ʠʤʠʪʘʮʠʠ ʥʝʡʨʦʤʦʨʬʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʚ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ ʎʊʉ-Metglas ʢ ʇʕ 
ʩʣʦʶ ʧʨʠʢʣʘʜʳʚʘʣʠ ʠʤʧʫʣʴʩʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʨʘʟʣʠʯʥʦʡ ʧʦʣʷʨʥʦʩʪʠ, ʧʦʩʪʝʧʝʥʥʦ 
ʫʚʝʣʠʯʠʚʘʷ ʘʤʧʣʠʪʫʜʫ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʦʣʷ, ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʠʟʤʝʨʝʥʠʝʤ ʄʕ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ. ʀʟ ʨʠʩ. 2ʙ ʚʠʜʥʦ, ʯʪʦ ʧʝʨʚʳʡ ʠʤʧʫʣʴʩ ʧʦʣʷ E 
ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʧʦʣʷʨʥʦʩʪʠ ʘʤʧʣʠʪʫʜʦʡ 16 ʢɺ/ʩʤ ʧʦʣʷʨʠʟʫʝʪ ʇʕ ʩʣʦʡ ʠ ʩʪʨʫʢʪʫʨʘ 
ʛʝʥʝʨʠʨʫʝʪ ʥʘʧʨʷʞʝʥʠʝ ʩ ʘʤʧʣʠʪʫʜʦʡ um å 620 ʤɺ. ʇʦʩʣʝʜʫʶʱʠʝ ʠʤʧʫʣʴʩʳ ʧʦʣʷ 
ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʧʦʣʷʨʥʦʩʪʠ ʩ ʚʦʟʨʘʩʪʘʶʱʝʡ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʧʨʠʚʦʜʷʪ ʩʥʘʯʘʣʘ ʢ 
ʫʤʝʥʴʰʝʥʠʶ ʘʤʧʣʠʪʫʜʳ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʘ ʟʘʪʝʤ ʠ ʢ ʠʟʤʝʥʝʥʠʶ ʬʘʟʳ 
ʥʘʧʨʷʞʝʥʠʷ ʥʘ ˊ ʠ ʝʛʦ ʫʚʝʣʠʯʝʥʠʶ ʜʦ ʚʝʣʠʯʠʥʳ ʥʘʩʳʱʝʥʠʷ. ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ 
ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʢ ʩʪʨʫʢʪʫʨʝ ʠʤʧʫʣʴʩʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠʟʤʝʥʷʣʠʩʴ ʚʝʣʠʯʠʥʘ ʠ 
ʟʥʘʢ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ŬE. 

ʀʟ ʨʠʩ. 2ʙ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʠʣʦʞʝʥʠʝ ʠʤʧʫʣʴʩʦʚ ʧʦʣʷ ʦʜʥʦʡ ʧʦʣʷʨʥʦʩʪʠ ʧʨʠʚʦʜʠʪ 
ʢ ʫʚʝʣʠʯʝʥʠʶ ŬE ʠ um, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʠʤʧʫʣʴʩʳ ʧʦʣʷ ʜʨʫʛʦʡ ʧʦʣʷʨʥʦʩʪʠ ʫʤʝʥʴʰʘʶʪ ʵʪʠ 
ʧʘʨʘʤʝʪʨʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʚʝʣʠʯʝʥʠʝ ŬE ʠ um ʵʢʚʠʚʘʣʝʥʪʥʦ ʧʦʷʚʣʝʥʠʶ EPSP, ʘ ʠʭ 
ʫʤʝʥʴʰʝʥʠʝ  ʵʢʚʠʚʘʣʝʥʪʥʦ IPSP. 

 
 

ʈʠʩʫʥʦʢ 2 ï ʏʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʎʊʉ-Metglas ʧʨʠ h = 4.8 ʕ ʠ 
H = Hm = 12.8 ʕ (ʘ). ɺʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ um ʠ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ŬE ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʢ ʥʝʡ ʠʤʧʫʣʴʩʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ɽ ʨʘʟʣʠʯʥʦʡ 
ʘʤʧʣʠʪʫʜʳ ʠ ʧʦʣʷʨʥʦʩʪʠ (ʙ).  ʉʤʝʥʘ ʟʥʘʢʘ um ʠ ŬE ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʤʝʥʝʥʠʶ ʬʘʟʳ 
ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ˊ ʦʪʥʦʩʠʪʝʣʴʥʦ ʬʘʟʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ h. 

 
ɺ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʠʤʠʪʘʮʠʷ ʩʠʥʘʧʪʠʯʝʩʢʦʡ 

ʧʣʘʩʪʠʯʥʦʩʪʠ STDP, ʘ ʪʘʢʞʝ ʪʘʢʠʭ ʩʠʥʘʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʢ LTD, LTP, EPSP, IPSP ʚ 
ʢʦʤʧʦʟʠʪʥʦʡ ʄʕ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʝ ʎʊʉ-Metglas ʧʨʠ ʨʝʟʦʥʘʥʩʥʦʤ ʚʦʟʙʫʞʜʝʥʠʠ ʟʘ ʩʯʸʪ 
ʠʟʤʝʥʝʥʠʷ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ŬE ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʠʤʧʫʣʴʩʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 
ʨʘʟʣʠʯʥʦʡ ʘʤʧʣʠʪʫʜʳ ʠ ʧʦʣʷʨʥʦʩʪʠ, ʚʳʩʪʫʧʘʶʱʠʭ ʚ ʢʘʯʝʩʪʚʝ ʧʦʪʝʥʮʠʘʣʘ ʜʝʡʩʪʚʠʷ. 
ʈʝʟʦʥʘʥʩʥʦʝ ʚʦʟʙʫʞʜʝʥʠʝ ʄʕ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʘʤʧʣʠʪʫʜʫ 
ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʠ ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʚʥʝ 
ʨʝʟʦʥʘʥʩʘ, ʦʧʠʩʘʥʥʦʤ ʚ ʨʘʥʥʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 
ʥʝʣʠʥʝʡʥʳʭ ʄʕ ʵʬʬʝʢʪʦʚ. 
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ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ 
ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ, ʧʨʦʝʢʪ ˉ 23-72-01053, https://rscf.ru/project/23-72-01053/. ʏʘʩʪʴ 
ʠʟʤʝʨʝʥʠʡ ʧʨʦʚʝʜʝʥʘ ʥʘ ʦʙʦʨʫʜʦʚʘʥʠʠ ʆʙʲʝʜʠʥʝʥʥʦʛʦ ʫʯʝʙʥʦ-ʥʘʫʯʥʦʛʦ ʮʝʥʪʨʘ 
ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ ʈʊʋ ʄʀʈʕɸ. 
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ʄɸɻʅʀʊʆʂɸʃʆʈʀʏɽʉʂʀʁ ʕʌʌɽʂʊ ʀ ʅɸʄɸɻʅʀʏɽʅʅʆʉʊʔ ʉʇʃɸɺɸ Fe49Rh51 ɺ 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʦʪʝʧʣʦʚʳʭ ʩʚʦʡʩʪʚ ʙʠʥʘʨʥʦʛʦ 
ʩʧʣʘʚʘ Fe49Rh51. ɼʣʷ ʜʘʥʥʦʛʦ ʩʧʣʘʚʘ ʭʘʨʘʢʪʝʨʝʥ ʤʝʪʘʤʘʛʥʠʪʥʳʡ ʠʟʦʩʪʨʫʢʪʫʨʥʳʡ 
ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ (ʌʇ) ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢ (ɸʌʄ) - ʬʝʨʨʦʤʘʛʥʝʪʠʢ (ʌʄ) ʩ 
ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʧʝʨʝʭʦʜʘ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ ʢʦʤʥʘʪʥʦʡ (ʨʠʩ. 1ʘ). ʕʪʦʪ ʌʇ 
ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʝʟʢʠʤ (ʦʢʦʣʦ 1%) ʨʘʩʰʠʨʝʥʠʝʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʠʤʝʶʱʠʡ 
ʆʎʂ ʩʪʨʫʢʪʫʨʫ ʪʠʧʘ CsCl. ɺ ʪʘʢʦʤ ʩʧʣʘʚʝ ʥʘʙʣʶʜʘʣʦʩʴ ʤʘʢʩʠʤʘʣʴʥʦʝ ʠʟʚʝʩʪʥʦʝ 
ʟʥʘʯʝʥʠʝ ʦʙʨʘʪʥʦʛʦ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ (ʄʂʕ) ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʚ 2 ʊʣ: DT =ī13 K [1]. 
ʀʩʩʣʝʜʦʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʘ ʧʣʘʚʘ Fe49Rh51 ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʧʦʤʦʱʠ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʘʛʥʠʪʦʤʝʪʨʘ Lakeshore 7400 ʚ 
ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 10 ʢʕ (ʨʠʩ. 1ʘ). ʇʦ ʜʘʥʥʳʤ ɼʉʂ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʭʘʨʘʢʪʝʨʥʳʝ 
ʪʝʤʧʝʨʘʪʫʨʳ ʌʇ 1-ʛʦ ʨʦʜʘ ʤʝʞʜʫ ʌʄ ʠ ɸʌʄ ʬʘʟʘʤʠ: AFS = 317 ʂ, AFF = 308 ʂ ʧʨʠ 
ʦʭʣʘʞʜʝʥʠʠ, ʠ FS = 321 K, FF = 330 ʂ ʧʨʠ ʥʘʛʨʝʚʝ (ʨʠʩ. 1ʙ). ʉʢʨʳʪʘʷ ʪʝʧʣʦʪʘ ʌʇ, 
ʥʘʡʜʝʥʥʘʷ ʢʘʢ ʧʣʦʱʘʜʴ ʧʦʜ ʧʠʢʘʤʠ ɼʉʂ ʩʦʩʪʘʚʠʣʘ: ɚʉ = 4300 ɼʞ/ʢʛ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ, ʠ 
ɚH = 4400 ɼʞ/ʢʛ ʧʨʠ ʥʘʛʨʝʚʝ.  

ɼʣʷ ʧʨʷʤʦʛʦ ʠʟʤʝʨʝʥʠʷ ʄʂʕ ʚ ʦʙʨʘʟʮʘʭ ʚ ʠʤʧʫʣʴʩʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 
ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʥʬʨʘʢʨʘʩʥʳʡ ʚʦʣʦʢʦʥʥʦ-ʦʧʪʠʯʝʩʢʠʡ ʜʘʪʯʠʢ ʪʝʤʧʝʨʘʪʫʨʳ (ɺʆɼʊ) [2]. 
ɹʝʩʢʦʥʪʘʢʪʥʳʡ ɺʆɼʊ ʧʨʝʚʦʩʭʦʜʠʪ ʠʟʚʝʩʪʥʳʝ ʢʦʥʪʘʢʪʥʳʝ ʜʘʪʯʠʢʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ 
ʤʠʥʠʘʪʶʨʥʳʭ ʪʝʨʤʦʧʘʨʘʭ ʠʣʠ ʧʣʝʥʦʯʥʳʭ ʪʝʨʤʦʨʝʟʠʩʪʦʨʘʭ ʧʦ ʧʦʤʝʭʦʫʩʪʦʡʯʠʚʦʩʪʠ ʠ 
ʙʳʩʪʨʦʜʝʡʩʪʚʠʶ. ʀʟʤʝʨʠʪʝʣʴʥʘʷ ʛʦʣʦʚʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʦʨʝʮ ʩʚʝʪʦʚʦʜʘ, 
ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ ʠʟ ʢʨʠʩʪʘʣʣʦʚ ʛʘʣʦʛʝʥʠʜʦʚ ʩʝʨʝʙʨʘ AgClxBr1-x (0<ʭ<1) ʤʝʪʦʜʦʤ 
ʵʢʩʪʨʫʟʠʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ [3]. ʉʚʝʪʦʚʦʜ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʠʪʴ ʧʝʨʝʜʘʯʫ ʪʝʧʣʦʚʦʛʦ 
ʠʟʣʫʯʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 5-14 ʤʢʤ ʦʪ ʦʙʨʘʟʮʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʚ ʨʘʙʦʯʝʡ 
ʦʙʣʘʩʪʠ ʠʤʧʫʣʴʩʥʦʛʦ ʤʘʛʥʠʪʘ, ʢ ʠʟʤʝʨʠʪʝʣʴʥʦʤʫ ʙʣʦʢʫ. ʀʟʤʝʨʠʪʝʣʴʥʳʡ ʙʣʦʢ ʚʢʣʶʯʘʝʪ 
ʬʦʪʦʧʨʠʸʤʥʠʢ ï ʫʟʢʦʟʦʥʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʬʦʪʦʨʝʟʠʩʪʦʨ ʠʟ Cd-Hg-Te, 
ʦʭʣʘʞʜʘʝʤʳʡ ʞʠʜʢʠʤ ʘʟʦʪʦʤ, ʠ ʩʭʝʤʫ ʫʩʠʣʝʥʠʷ ʩʠʛʥʘʣʦʚ. ʌʦʪʦʧʨʠʸʤʥʠʢ ʦʙʝʩʧʝʯʠʚʘʝʪ 
ʧʨʠʸʤ ʦʪ ʩʚʝʪʦʚʦʜʘ ʀʂ ʠʟʣʫʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʜʠʘʧʘʟʦʥʘ (5-14 ʤʢʤ) ʠ ʝʛʦ ʨʝʛʠʩʪʨʘʮʠʶ ʩ 
ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 10-6 ʩʝʢ. ʀʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʩ 
ʄʂʕ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʵʣʝʢʪʨʠʯʝʩʢʦʤʫ ʩʠʛʥʘʣʫ ʥʘ ʚʳʭʦʜʝ 
ʬʦʪʦʧʨʠʝʤʥʠʢʘ. ʉʠʛʥʘʣ ʩ ʬʦʪʦʧʨʠʝʤʥʠʢʘ ʧʦʩʪʫʧʘʝʪ ʚ ʫʩʠʣʠʪʝʣʴ ʠ ʧʝʨʝʜʘʝʪʩʷ ʥʘ ɸʎʇ 
ʩ ʯʘʩʪʦʪʦʡ ʨʘʟʚʸʨʪʢʠ 1 ʄɻʮ ʥʘ ʢʘʥʘʣ. ʊʘʢʞʝ ʚ ʩʠʩʪʝʤʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ 
ʜʘʪʯʠʢ ʪʝʤʧʝʨʘʪʫʨʳ (ʪʝʨʤʦʧʘʨʘ ʠʣʠ ʪʝʨʤʦʨʝʟʠʩʪʦʨ) ʜʣʷ ʢʦʥʪʨʦʣʷ ʥʘʯʘʣʴʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʳ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʠʟʤʝʨʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʚʦʜʠʣʦʩʴ 
ʠʟʤʝʨʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʠʥʜʫʢʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ [4]. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʄʂʕ ʩ ʧʦʤʦʱʴʶ ɺʆɼʊ ʚ ʠʤʧʫʣʴʩʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 
40 ʢʕ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. ʇʨʦʚʦʜʠʣʦʩʴ ʜʚʝ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ: ʧʝʨʚʳʡ ʧʨʦʭʦʜ 
ï ʥʘʛʨʝʚ ʦʙʨʘʟʮʘ ʦʪ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 330 ʂ, ʟʘʪʝʤ ʦʭʣʘʞʜʝʥʠʝ ʜʦ ʢʦʤʥʘʪʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʦʚʪʦʨʥʳʡ ʥʘʛʨʝʚ ï ʚʪʦʨʦʡ ʧʨʦʭʦʜ. ʇʨʠ ʵʪʦʤ ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʦʫʯʝʥʥʦʝ 
ʟʥʘʯʝʥʠʝ ʄʂʕ ʩʦʩʪʘʚʠʣʦ ȹT = ï5,2 ʂ ʧʦʣʫʯʝʥʦ ʧʨʠ ʧʝʨʚʦʤ ʧʨʦʭʦʜʝ ʠ T0 = 320,5 ʂ ʧʨʠ 
ʩʥʠʞʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʦ 15,4 ʢʕ (ʨʠʩ. 2ʘ, ʞʸʣʪʘʷ ʢʨʠʚʘʷ). ʇʨʠ ʚʪʦʨʦʤ ʧʨʦʭʦʜʝ 
ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʄʂʕ ʩʦʩʪʘʚʠʣʦ ȹT = ï2,8 ʂ ʧʨʠ T0 = 318,5 ʂ ʪʘʢʞʝ ʧʨʠ 
ʩʥʠʞʝʥʠʠ ʧʦʣʷ ʜʦ 29,3 ʢʕ (ʨʠʩ. 2ʘ, ʙʠʨʶʟʦʚʘʷ ʢʨʠʚʘʷ). ʈʘʥʝʝ, ʘʚʪʦʨʘʤʠ ʜʣʷ ʦʙʨʘʟʮʘ 
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ʠʟ ʪʦʡ ʞʝ ʩʝʨʠʠ ʙʳʣ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ȹT = ï9,8 ʂ ʧʨʠ ʩʥʠʞʝʥʠʠ ʧʦʣʷ ʦʪ 
ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʚ 500 ʢʕ [5]. 

 
 

(ʘ) (ʙ) 
 

ʈʠʩʫʥʦʢ 1 ï (a) ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʘ Fe49Rh51 ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 
10 ʢʕ. (ʙ) ʈʝʟʫʣʴʪʘʪʳ ɼʉʂ ʦʙʨʘʟʮʘ Fe49Rh51, ʩʢʦʨʦʩʪʴ ʧʨʦʭʦʜʘ 10 ʂ/ʤʠʥ. 

 

ʆʙʨʘʱʘʝʪ ʥʘ ʩʝʙʷ ʚʥʠʤʘʥʠʝ ʦʪʣʠʯʠʝ ʢʨʠʚʳʭ ʧʨʠ ʧʝʨʚʦʤ ʠ ʚʪʦʨʦʤ ʧʨʦʭʦʜʘʭ ʧʨʠ 
ʙʣʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʨʠʩ. 2ʘ), ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʨʘʟʥʦʡ ʪʝʧʣʦʚʦʡ ʧʨʝʜʳʩʪʦʨʠʝʡ. 
ʊʘʢʞʝ ʠʥʪʝʨʝʩʥʦ, ʯʪʦ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʫʣʴʩʘ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʟʮʘ ʥʝ 
ʚʦʟʚʨʘʱʘʝʪʩʷ ʢ ʥʘʯʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ ï ʢʦʥʝʯʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ 2 ʂ ʥʠʞʝ ʥʘʯʘʣʴʥʦʡ 
ʧʨʠ T0 = 320,5 ʂ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʤʘʪʝʨʠʘʣʦʚ ʩ ʤʘʛʥʠʪʦʠʥʜʫʮʠʨʦʚʘʥ-
ʥʳʤ ʌʇ 1-ʛʦ ʨʦʜʘ ʧʨʠ ʥʘʯʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ.  

ʂʨʠʚʳʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʧʨʦʭʦʜʦʚ 
ʪʘʢʞʝ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ (ʨʠʩ. 2ʙ). ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʨʘʙʦʪʫ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʦ ʧʣʦʱʘʜʠ ʧʝʪʣʠ ʤʘʛʥʠʪʥʦʛʦ 
ʛʠʩʪʝʨʝʟʠʩʘ ï ʧʦʪʝʨʶ ʵʥʝʨʛʠʠ ʟʘ ʮʠʢʣ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ/ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ ʦʙʨʘʟʮʘ. ʊʘʢ ʚ 
ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 40 ʢʕ ʥʝʦʙʨʘʪʠʤʘʷ ʧʦʪʝʨʷ ʵʥʝʨʛʠʠ ʟʘ ʮʠʢʣ ʩʦʩʪʘʚʠʪ W = 10 ɼʞ/ʢʛ ʧʨʠ 
T0 = 320,5 K, ʠ W = 12 ɼʞ/ʢʛ ʧʨʠ T0 = 309 K (ʨʠʩ. 2ʙ). 

  
(ʘ) (ʙ) 

 

ʈʠʩʫʥʦʢ 2 ï ɿʘʚʠʩʠʤʦʩʪʠ (ʘ) ʄʂʕ ʠ (ʙ) ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʧʣʘʚʘ Fe49Rh51 ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 
ʧʦʣʫʯʝʥʥʳʝ ʦʜʥʦʚʨʝʤʝʥʥʦ, ʜʣʷ ʨʘʟʥʳʭ ʥʘʯʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨ. ʇʝʨʚʳʡ ʧʨʦʭʦʜ ï ʥʘʛʨʝʚ 

ʦʙʨʘʟʮʘ ʦʪ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 330 ʂ, ʟʘʪʝʤ ʦʭʣʘʞʜʝʥʠʝ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 
ʧʦʚʪʦʨʥʳʡ ʥʘʛʨʝʚ ï ʚʪʦʨʦʡ ʧʨʦʭʦʜ. 

 
ʅʦʚʳʡ ɺʆɼʊ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʠʪʴ ʧʨʷʤʦʝ ʠʟʤʝʨʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʦʪʢʣʠʢʘ ʦʙʨʘʟʮʦʚ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦʨʷʜʢʘ 1 ʤʢʩ ʠ ʧʦʛʨʝʰʥʦʩʪʴʶ 0,1 ʂ, 
ʠʩʢʣʶʯʘʷ ʧʨʠ ʵʪʦʤ ʚʣʠʷʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʤʝʭ ʥʘ ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʟʦʥʜ. 
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ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʠʟʤʝʨʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʟʤʝʨʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
ʦʙʨʘʟʮʘ, ʯʪʦ ʩʦʚʦʢʫʧʥʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʥʘʜʝʞʥʳʝ ʜʘʥʥʳʝ ʦ ʙʳʩʪʨʦʠʟʤʝʥʷʶʱʝʤʩʷ 
ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ, ʚʢʣʶʯʘʷ ʢʠʥʝʪʠʯʝʩʢʠʝ 
ʵʬʬʝʢʪʳ, ʧʨʦʷʚʣʷʶʱʠʝʩʷ ʧʨʠ ʌʇ ʚ ʤʘʛʥʝʪʠʢʘʭ.  

ʇʨʦʚʝʜʸʥʥʳʝ ʚ ʩʠʣʴʥʳʭ ʠʤʧʫʣʴʩʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʵʢʩʧʝʨʠʤʝʥʪʳ 
ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ ʩʧʣʘʚʝ Fe49Rh51 ʥʘʙʣʶʜʘʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʝ ʚʝʣʠʯʠʥʳ ʄʂʕ, ʥʦ 
ʦʙʥʘʨʫʞʝʥʥʳʝ ʥʘʤʠ ʵʬʬʝʢʪʳ ʜʝʛʨʘʜʘʮʠʠ ʄʂʕ ʧʨʠ ʪʝʨʤʦʮʠʢʣʠʨʦʚʘʥʠʠ ʫʢʘʟʳʚʘʶʪ ʥʘ 
ʪʦ, ʯʪʦ ʪʘʢʠʝ ʤʘʪʝʨʠʘʣʳ ʩʣʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʪʝʭʥʦʣʦʛʠʠ ʤʘʛʥʠʪʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ. 
ʆʜʥʘʢʦ, ʫʩʪʘʥʦʚʣʝʥʠʝ ʧʨʠʨʦʜʳ ʜʘʥʥʳʭ ʵʬʬʝʢʪʦʚ ʧʦʟʚʦʣʠʪ ʚ ʙʫʜʫʱʝʤ ʩʠʥʪʝʟʠʨʦʚʘʪʴ 
ʥʦʚʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʛʠʛʘʥʪʩʢʠʤ ʄʂʕ, ʥʝ ʧʦʜʚʝʨʞʝʥʥʳʝ ʷʚʣʝʥʠʶ ʜʝʛʨʘʜʘʮʠʠ ʧʨʠ 
ʪʝʨʤʦʮʠʢʣʠʨʦʚʘʥʠʠ. 

 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ ɼʦʥʌʊʀ ʠʤ. ɸ.ɸ. ɻʘʣʢʠʥʘ. 
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ʈɽʉʊʈʋʂʊʋʈʀɿɸʎʀʗ ʄʆʈʌʆʉʊʈʋʂʊʋʈʅʓʍ ʀ ʄɸɻʅʀʊʅʓʍ ʉɺʆʁʉʊɺ 
ʄʋʃʔʊʀʌɽʈʈʆʀɼʅʆɻʆ ʂʆʄʇʆɿʀʊɸ CoFe2O4/ʇɺɼʌ  ʉ ʇʆʄʆʑʔʖ 

ʇʆʃʀʕʊʀʃɽʅɻʃʀʂʆʃʗ 
 

ʉʘʣʴʥʠʢʦʚ ɺ.ɼ., ɸʛʘ-ʊʘʛʠʝʚʘ ʉ.ʕ., ʂʦʣʝʩʥʠʢʦʚʘ ɺ.ɻ., ʊʦʚʧʠʥʝʮ ɸ.ʆ., 
ʆʤʝʣʴʷʥʯʠʢ ɸ.ʉ., ʈʦʜʠʦʥʦʚʘ ɺ.ɺ. 

ɹʘʣʪʠʡʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʀʤʤʘʥʫʠʣʘ ʂʘʥʪʘ, ʂʘʣʠʥʠʥʛʨʘʜ, ʈʦʩʩʠʷ 
e-mail: visalnikov.d@gmail.com 

 
ʄʘʪʝʨʠʘʣʳ, ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʚʠʥʠʣʠʜʝʥʬʪʦʨʠʜʘ (ʇɺɼʌ) ʩ ʚʢʣʶʯʝʥʠʝʤ ʤʘʛʥʠʪʥʳʭ 

ʥʘʥʦʯʘʩʪʠʮ ʬʝʨʨʠʪʘ ʢʦʙʘʣʴʪʘ CoFe2O4 (CFO), ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 
ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʝ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ (ʄʕ) ʢʦʤʧʦʟʠʪʳ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪ ʩʚʦʝ 
ʧʨʠʤʝʥʝʥʠʝ ʚ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʦʙʣʘʩʪʝʡ [1]. ʆʜʥʘʢʦ, ʜʣʷ ʩʦʟʜʘʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ 
ʄʕ ʢʦʤʧʦʟʠʪʦʚ ʪʠʧʘ 0-3 ʦʩʪʘʝʪʩʷ ʥʝʨʝʰʝʥʥʳʤ ʚʦʧʨʦʩ ʩʚʷʟʢʠ ʤʝʞʜʫ ʬʠʣʣʝʨʦʤ ʠ 
ʤʘʪʨʠʮʝʡ. ɼʘʥʥʳʡ ʠʥʪʝʨʝʩ ʚʳʟʚʘʥ ʧʨʘʢʪʠʯʝʩʢʠʤ ʧʨʠʤʝʥʝʥʠʝʤ, ʪ.ʢ. ʚ ʤʥʦʛʦʬʘʟʥʳʭ 
ʢʦʤʧʦʟʠʪʘʭ ʦʜʥʠʤ ʠʟ ʚʝʜʫʱʠʭ ʚʢʣʘʜʦʚ ʚ ʄʕ ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʠʥʪʝʨʬʝʡʩʥʘʷ ʩʚʷʟʴ 
ʤʝʞʜʫ ʤʘʛʥʠʪʥʦʡ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʢʦʤʧʦʥʝʥʪʦʡ, ʪ.ʝ. ʦʙʝʩʧʝʯʝʥʠʝ ʧʝʨʝʜʘʯʠ 
ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ. ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʩʝʮʝʣʦ ʧʨʦʠʟʚʦʜʠʪʩʷ 
ʘʥʘʣʠʟ ʚʦʟʜʝʡʩʪʚʠʷ ʧʦʢʨʳʪʠʷ ʧʦʣʠʵʪʠʣʝʥʛʣʠʢʦʣʝʤ (ʇʕɻ) ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ CFO ʥʘ 
ʠʟʤʝʥʝʥʠʝ ʤʦʨʬʦʩʪʨʫʢʪʫʨʥʳʭ, ʤʘʛʥʠʪʥʳʭ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʘ 
CFO/ʇɺɼʌ [2, 3]. 

ʊʘʢʞʝ, ʚʘʞʥʳʤʠ ʬʘʢʪʦʨʘʤʠ, ʚʣʠʷʶʱʠʤʠ ʥʘ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 
ʢʦʤʧʦʟʠʪʘ, ʷʚʣʷʶʪʩʷ ʝʛʦ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʘ ʪʘʢʞʝ 
ʩʪʨʫʢʪʫʨʘ ʠ ʫʧʘʢʦʚʢʘ ʥʘʧʦʣʥʠʪʝʣʷ (ʯʘʩʪʠʮ) [1], ʢʦʪʦʨʳʝ ʦʧʦʩʨʝʜʦʚʘʥʦ ʟʘʚʠʩʷʪ ʦʪ 
ʘʛʣʦʤʝʨʘʮʠʠ ʯʘʩʪʠʮ, ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʩʦʙʦʡ ʠ ʩ ʤʘʪʨʠʯʥʳʤ ʢʦʤʧʣʝʢʩʦʤ, 
ʚʢʣʶʯʘʱʠʤ ʧʦʢʨʳʪʠʝ ʯʘʩʪʠʮʳ ʇʕɻʦʤ ʠ ʧʦʣʠʤʝʨʦʤ ʇɺɼʌ. ɸʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 
ʤʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʇʕɻʦʤ ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʪʥʦʤʫ ʫʣʫʯʰʝʥʠʶ ʨʘʚʥʦʤʝʨʥʦʩʪʠ 
ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʚ ʤʘʪʨʠʮʝ, ʯʪʦ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʪʘʢʠʭ ʢʘʢ ʩʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ 
ʤʠʢʨʦʩʢʦʧʠʷ, ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʠ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʪʦʤʦʛʨʘʬʠʷ (ʈʠʩʫʥʦʢ 1). 
 

 
 

 

ʈʠʩʫʥʦʢ 1 ï ʀʟʦʙʨʘʞʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʦʤʦʛʨʘʬʠʠ ʧʦʣʠʤʝʨʥʦʛʦ ʢʦʤʧʦʟʠʪʘ, ʩʦʜʝʨʞʘʱʝʛʦ 
CoFe2O4 (ʩʣʝʚʘ) ʠ ʇʕɻ-ʤʦʜʠʮʠʬʠʨʦʚʘʥʥʳʝ CoFe2O4 (ʩʧʨʘʚʘ) ʥʘʥʦʯʘʩʪʠʮʳ. 

 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʩ ʧʦʤʦʱʴʶ ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʴʝʟʦʦʪʢʣʠʢʘ 

ʧʦʢʘʟʳʚʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʥʘ ~40% ʣʦʢʘʣʴʥʦʛʦ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ, ʯʪʦ ʤʦʞʝʪ 
ʙʳʪʴ ʚʳʟʚʘʥʦ ʢʘʢ ʠʟʤʝʥʝʥʠʝʤ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʘ, ʪʘʢ ʠ ʦʧʪʠʤʠʟʘʮʠʝʡ 
ʝʛʦ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʧʨʠ ʧʦʢʨʳʪʠʠ ʯʘʩʪʠʮ ʫʤʝʥʴʰʘʝʪʩʷ 
ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʜʠʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ~900 ʕ ʜʦ 
~800 ʕ, ʯʪʦ ʙʳʣʦ ʦʮʝʥʝʥʦ ʥʘ ʚʠʙʨʘʮʠʦʥʥʦʤ ʤʘʛʥʠʪʦʤʝʪʨʝ ʤʝʪʦʜʦʤ FORC-ʘʥʘʣʠʟʘ.  

ɺ ʮʝʣʦʤ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʣʦʢʘʣʴʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 
ʧʦʜʪʚʝʨʜʠʣʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʢʦʤʧʦʟʠʪʳ ʦʙʣʘʜʘʶʪ ʥʝʦʙʭʦʜʠʤʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʠ 
ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʜʣʷ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ. 
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ʄɸɻʅʀʊʆʕʃɽʂʊʈʀʏɽʉʂʀʁ ʕʌʌɽʂʊ ɺ ɿɸʄɽʑɪʅʅʆʄ ʎɽʈʀɽɺʆʄ ʌɽʈʈʀʊ-
ɻʈɸʅɸʊɽ ʅɸ ʄʆʅʆʂʈʀʉʊɸʃʃʀʏɽʉʂʆʁ ʇʆɼʃʆɾʂɽ ʅʀʆɹɸʊɸ ʃʀʊʀʗ 

 
ʐʘʨʢʦ ʉ.ɸ.1, ʉʝʨʦʢʫʨʦʚʘ ɸ.ʀ.1, ʅʦʚʠʮʢʠʡ ʅ.ʅ.1, ʇʦʜʜʫʙʥʘʷ ʅ.ʅ.2, ʂʝʮʢʦ ɺ.ɸ.3 
1ʅʇʎ ʅɸʅ ɹʝʣʘʨʫʩʠ ʧʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʶ, ʄʠʥʩʢ, ɹʝʣʘʨʫʩʴ sharko@physics.by 

2ʀʥʩʪʠʪʫʪ ʪʝʭʥʠʯʝʩʢʦʡ ʘʢʫʩʪʠʢʠ ʅɸʅ ɹʝʣʘʨʫʩʠ, ɺʠʪʝʙʩʢ, ɹʝʣʘʨʫʩʴ 
3ʀʥʩʪʠʪʫʪ ʦʙʱʝʡ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤ. ʅ.ʉ. ʂʫʨʥʘʢʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

 
ʌʝʨʨʦʜʠʵʣʝʢʪʨʠʢʠ ʥʘ ʦʩʥʦʚʝ ʬʝʨʨʠʪ-ʛʨʘʥʘʪʦʚ [1] ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ, ʚ ʢʦʪʦʨʳʭ ʩʚʦʡʩʪʚʘ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʦʙʣʘʩʪʠ 
ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪ (ʉɺʏ). ʂʨʦʤʝ ʪʦʛʦ, ʦʪʥʦʩʷʱʠʡʩʷ ʢ ʵʪʦʤʫ ʢʣʘʩʩʫ ʜʠʵʣʝʢʪʨʠʢʦʚ 
ʮʝʨʠʝʚʳʡ ʬʝʨʨʠʪ-ʛʨʘʥʘʪ Ce3Fe5O12 (CIG) ʷʚʣʷʝʪʩʷ ʧʨʦʟʨʘʯʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʜʣʷ 
ʢʦʪʦʨʦʛʦ ʭʘʨʘʢʪʝʨʥʳ ʨʝʢʦʨʜʥʳʝ ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 
ɺʨʘʱʝʥʠʝ ʧʣʦʩʢʦʩʪʠ ʧʦʣʷʨʠʟʘʮʠʠ ʣʠʥʝʡʥʦ-ʧʦʣʷʨʠʟʦʚʘʥʥʦʛʦ ʩʚʝʪʘ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʫʛʦʣ 
ʜʦ 20-40 ʛʨʘʜʫʩʦʚ/ʤʢʤ (ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʌʘʨʘʜʝʷ [1]). ʆʜʥʘʢʦ ʚ ʦʙʲʸʤʥʦʤ 
ʚʠʜʝ CIG ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʚ ʩʪʘʙʠʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ (ʦʪʩʫʪʩʪʚʫʝʪ ʤʝʩʪʦ ʥʘ ʜʠʘʛʨʘʤʤʝ 
ʬʘʟʦʚʦʛʦ ʨʘʚʥʦʚʝʩʠʷ) ʚʩʣʝʜʩʪʚʠʝ ʙʦʣʴʰʦʛʦ ʨʘʜʠʫʩʘ ʢʘʪʠʦʥʘ Ce3+. ɺ ʚʠʜʝ 
ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʸʥʦʢ ʦʥ ʪʘʢʞʝ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʠʟ-ʟʘ ʙʦʣʴʰʦʛʦ ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʷ 
ʧʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʧʘʨʘʤʝʪʨʘʤ ʩ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʧʦʜʣʦʞʢʘʤʠ 
ʛʘʣʣʠʡ-ʛʘʜʦʣʠʥʠʝʚʦʛʦ ʛʨʘʥʘʪʘ Gd3Ga5O12 (GGG). ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʦʩʦʙʫʶ ʘʢʪʫʘʣʴʥʦʩʪʴ 
ʧʨʠʦʙʨʝʪʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʛʦʤʦʛʝʥʥʳʭ ʮʝʨʠʡ-ʟʘʤʝʱʸʥʥʳʭ ʬʝʨʨʠʪ-ʛʨʘʥʘʪʦʚ 
ʩ ʧʨʝʜʝʣʴʥʦ ʚʦʟʤʦʞʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʮʝʨʠʷ, ʥʘʧʨʠʤʝʨ, ʧʫʪʝʤ ʟʘʤʝʱʝʥʠʷ ʯʘʩʪʠ ʠʦʥʦʚ 
Y3+ ʚ Y3Fe5O12 ʥʘ ʉe

3+. ɿʘʤʝʱʸʥʥʳʝ ʮʝʨʠʝʚʳʝ ʬʝʨʨʠʪ-ʛʨʘʥʘʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ 
ʤʘʢʩʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʮʝʨʠʷ 8% Y2,5Ce0,5Fe2,5Ga2,5O12 [2, 3]. 

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʥʘ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 
ʧʦʜʣʦʞʢʘʭ ʛʝʪʨʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʢʦʪʦʨʳʭ ʤʘʛʥʠʪʥʳʝ ʠ 
ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʦʛʫʪ ʙʳʪʴ ʚʟʘʠʤʦʩʚʷʟʘʥʳ, ʦʩʦʙʝʥʥʦ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʠ 
ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪ. ʉʫʱʝʩʪʚʫʝʪ ʧʨʦʙʣʝʤʘ ʩʦʟʜʘʥʠʷ ʬʝʨʨʠʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ 
ʥʝʩʦʛʣʘʩʦʚʘʥʥʳʭ ʧʦ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʤ ʧʘʨʘʤʝʪʨʘʤ ʠ ʬʠʟʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ 
(ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ) ʧʦʜʣʦʞʢʘʭ. ʆʜʥʠʤ ʠʟ ʧʫʪʝʡ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ 
ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʠʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ï ʦʩʘʞʜʝʥʠʷ 
(ʀʃʈʆ) [4]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʀʃʈʆ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʩʪʨʫʢʪʫʨʳ ʚ ʚʠʜʝ 
ʬʝʨʨʠʤʘʛʥʠʪʥʳʭ ʧʣʸʥʦʢ ʟʘʤʝʱʸʥʥʦʛʦ ʮʝʨʠʝʚʦʛʦ ʬʝʨʨʠʪ-ʛʨʘʥʘʪʘ 
(Y2,5Ce0,15Bi0,35)(Fe2,5Ga2,5) ʪʦʣʱʠʥʦʡ 0,5 ʤʢʤ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʜʣʦʞʢʘʭ ʥʠʦʙʘʪʘ ʣʠʪʠʷ LiNbO3 ʪʦʣʱʠʥʦʡ 500 ʤʢʤ. ʉʣʦʡ 
ʬʝʨʨʠʤʘʛʥʝʪʠʢʘ ʥʘʥʦʩʠʣʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ LiNbO3 ʧʫʪyʤ ʨʘʩʧʳʣʝʥʠʷ ʦʜʥʦʪʠʧʥʦʡ ʧʦ 
ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʤʠʰʝʥʠ ʠʦʥʘʤʠ ʘʨʛʦʥʘ ʩ ʵʥʝʨʛʠʷʤʠ 1,2-1,6 ʢʵɺ. ʄʠʰʝʥʠ ʜʣʷ 
ʠʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʩʠʥʪʝʟʘ ʩʪʨʫʢʪʫʨ (Y2,5Ce0,15Bi0,35)(Fe2,5Ga2,5)O12 /LiNbO3 ʙʳʣʠ ʧʦʣʫʯʝʥʳ 
ʤʝʪʦʜʦʤ ʩʞʠʛʘʥʠʷ ʛʝʣʷ [5]. ʄʕ ʠʟʤʝʨʝʥʠʷ [6] ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 
ʚ ʧʝʨʝʤʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʥʘ ʯʘʩʪʦʪʝ 1 ʢɻʮ. ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʚʝ ʢʦʥʬʠʛʫʨʘʮʠʠ 
ʠʟʤʝʨʝʥʠʡ: ʧʨʦʜʦʣʴʥʘʷ (ʚʝʢʪʦʨ ʥʘʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ ʠ ʧʦʣʷʨʠʟʦʚʘʥʥʦʩʪʴ 
ʜʠʵʣʝʢʪʨʠʢʘ ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʩʦʦʩʥʦ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ) ʠ 
ʧʦʧʝʨʝʯʥʘʷ (ʚʝʢʪʦʨ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʙʳʣ ʦʨʠʝʥʪʠʨʦʚʘʥ ʚ ʧʣʦʩʢʦʩʪʠ ʦʙʨʘʟʮʘ, ʘ 
ʧʦʣʷʨʠʟʦʚʘʥʥʦʩʪʴ ʙʳʣʘ ʥʘʧʨʘʚʣʝʥʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʝʡ). ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 
ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʜʣʷ ʄʕ ʠʟʤʝʨʝʥʠʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʩʘʞʜʘʣʩʷ ʩʣʦʡ ʥʠʢʝʣʷ 
ʪʦʣʱʠʥʦʡ 1,5 ʤʢʤ ʥʘ ʦʙʝ ʩʪʦʨʦʥʳ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ. 

ʇʨʦʚʝʜʸʥʥʳʝ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ (ʄʕ) ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ 
ʩʪʨʫʢʪʫʨʘʭ (Y2,5Ce0,15Bi0,35)(Fe2,5Ga2,5) (0,5 ʤʢʤ) /LiNbO3 (500 ʤʢʤ) ʄʕ ʦʪʢʣʠʢ ʚ 
ʧʦʧʝʨʝʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʙʳʣ ʚ ʪʨʠ ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʧʨʦʜʦʣʴʥʦʡ (ʨʠʩ. 1). 
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ʈʠʩʫʥʦʢ 1 ï ʂʨʠʚʘʷ ʄʕ ʦʪʢʣʠʢʘ ʦʙʨʘʟʮʘ ʩʪʨʫʢʪʫʨʳ (Y2,5Ce0,15Bi0,35)(Fe2,5Ga2,5)O12 /LiNbO3 ʚ 
ʧʨʦʜʦʣʴʥʦʡ (ʘ) ʠ ʧʦʧʝʨʝʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ (ʙ) ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʧʦʣʷʨʠʟʦʚʘʥʥʦʩʪʠ  

 
ʆʙʥʘʨʫʞʝʥʥʳʡ ʄʕ ʵʬʬʝʢʪ ʚ ʜʘʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ 

ʵʬʬʝʢʪʠʚʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʤʝʜʣʝʥʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʦʜʩʠʩʪʝʤʦʡ ʩ ʧʦʤʦʱʴʶ 
ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ. ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʤʦʞʝʪ ʧʨʦʷʚʣʷʪʴʩʷ ʠ ʥʘ 
ʯʘʩʪʦʪʘʭ ʛʠʛʘʛʝʨʮʦʚʦʡ ʦʙʣʘʩʪʠ, ʚ ʢʦʪʦʨʦʡ ʨʘʙʦʪʘʶʪ ʩʧʠʥ-ʚʦʣʥʦʚʳʝ ʫʩʪʨʦʡʩʪʚʘ. ʕʪʦ 
ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚ ʧʝʨʩʧʝʢʪʠʚʝ ʨʘʩʰʠʨʠʪʴ ʧʨʝʜʝʣʳ ʧʨʠʤʝʥʠʤʦʩʪʠ ʄʕ ʵʬʬʝʢʪʘ ʥʘ 
ʉɺʏ ʤʘʪʝʨʠʘʣʳ (ʬʝʨʨʠʪʳ) ʠ ʩʦʟʜʘʥʠʷ ʥʘ ʠʭ ʦʩʥʦʚʝ ʫʩʪʨʦʡʩʪʚ ʉɺʏ-ʵʣʝʢʪʨʦʥʠʢʠ ʜʣʷ 
ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʦʙʨʘʙʦʪʢʠ ʦʧʪʠʯʝʩʢʠʭ ʩʠʛʥʘʣʦʚ ʥʘ ʝʜʠʥʦʡ ʧʦʜʣʦʞʢʝ ʚʦʟʜʝʡʩʪʚʠʝʤ 
ʚʥʝʰʥʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. 

 
ʈʘʙʦʪʘ ʚʳʧʦʣʝʥʘ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ɹʝʣʦʨʫʩʩʢʦʛʦ ʨʝʩʧʫʙʣʠʢʘʥʩʢʦʛʦ ʬʦʥʜʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʌ23ʀʅɼɻ-005. 
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ʉʦʟʜʘʥʠʝ ʤʠʢʨʦʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʄʕʄʉ) ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ 
ʩʚʝʨʭʩʣʘʙʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʧʨʦʙʣʝʤʦʡ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ (ʄʕ) ʩʪʨʫʢʪʫʨ ʠ ʪʨʝʙʫʝʪ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʡ 
ʥʘʧʳʣʝʥʠʷ ʪʦʥʢʠʭ ʧʣʸʥʦʢ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 
ʫʪʦʥʝʥʠʷ ʧʦʜʣʦʞʝʢ ʠ ʜʨ. [1,2]. ʉʠʥʪʝʟ ʘʤʦʨʬʥʳʭ ʧʣʸʥʦʢ ʤʝʪʛʣʘʩʘ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ 
ʠ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠʭ ʧʦʣʫʯʝʥʠʷ ʥʘ ʄʕ ʩʚʦʡʩʪʚʘ 
ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤʠ ʟʘʜʘʯʘʤʠ ʚ ʦʙʣʘʩʪʠ ʩʦʟʜʘʥʠʷ ʄʕ 
ʤʘʪʝʨʠʘʣʦʚ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 
ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʷ ʧʨʠ ʤʘʛʥʝʪʨʦʥʥʦʤ ʨʘʩʧʳʣʝʥʠʠ ʤʠʰʝʥʠ ʤʝʪʛʣʘʩʘ ʥʘ ʄʕ ʩʚʦʡʩʪʚʘ 
ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʙʠʜʦʤʝʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʥʠʦʙʘʪʘ ʣʠʪʠʷ (BLN). 

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʄʕ ʢʦʤʧʦʟʠʪʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ BLN y+128Á-
ʩʨʝʟʘ ʠ ʤʝʪʛʣʘʩʘ (Fe77Co4Si8B10). ʈʘʟʤʝʨʳ ʧʦʜʣʦʞʝʢ BLN ʩʦʩʪʘʚʣʷʣʠ 25Ĭ5Ĭ0,5 ʤʤ3. 
ʇʣʸʥʢʫ ʘʤʦʨʬʥʦʛʦ ʤʝʪʛʣʘʩʘ ʦʩʘʞʜʘʣʠ ʥʘ ʚʝʨʭʥʶʶ ʛʨʘʥʴ ʢʨʠʩʪʘʣʣʘ BLN ʤʝʪʦʜʦʤ 
ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʤʠʰʝʥʠ ʩʦʩʪʘʚʘ Fe77Co4Si9B10. ʇʨʦʮʝʩʩ 
ʦʩʘʞʜʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʚ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʚʘʢʫʫʤʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʢʘʤʝʨʝ SUNPLA-
40TM. ʈʘʙʦʯʝʝ ʜʘʚʣʝʥʠʝ ʚ ʢʘʤʝʨʝ ʩʦʩʪʘʚʣʷʣʦ 0,5 ʇʘ, ʧʦʜʘʚʘʝʤʘʷ ʥʘ ʤʘʛʥʝʪʨʦʥ 
ʤʦʱʥʦʩʪʴ ʥʝ ʧʨʝʚʳʰʘʣʘ 100 ɺʪ, ʚʨʝʤʷ ʥʘʧʳʣʝʥʠʷ ʩʦʩʪʘʚʣʷʣʦ 30 ʤʠʥʫʪ ʜʣʷ ʢʘʞʜʦʛʦ 
ʦʙʨʘʟʮʘ. ɹʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʨʠ ʨʝʞʠʤʘ ʧʨʦʮʝʩʩʘ ʥʘʧʳʣʝʥʠʷ, ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʤʝʞʜʫ 
ʩʦʙʦʡ ʟʘʜʘʚʘʝʤʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʦʜʣʦʞʝʢ ï 20 ᴈ, 50 ᴈ ʠ 70 ᴈ. ʊʝʨʤʦʩʪʘʪʠʨʦʚʘʥʠʝ 
ʧʦʜʣʦʞʝʢ ʚʦ ʚʨʝʤʷ ʧʨʦʮʝʩʩʦʚ ʦʩʘʞʜʝʥʠʷ ʤʝʪʛʣʘʩʘ ʜʦʩʪʠʛʘʣʦʩʴ ʧʫʪʝʤ ʧʨʦʧʫʩʢʘʥʠʷ 
ʯʝʨʝʟ ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʴ ʪʝʧʣʦʥʦʩʠʪʝʣʷ (ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ) ʩ ʟʘʜʘʥʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʦʡ. ɼʘʣʝʝ ʥʘ ʥʠʞʥʶʶ (ʰʣʠʬʦʚʘʥʥʫʶ) ʛʨʘʥʴ ʢʘʞʜʦʛʦ ʠʟ ʦʙʨʘʟʮʦʚ BLN 
ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʙʳʣ ʥʘʥʝʩʝʥ ʩʣʦʡ ʪʠʪʘʥʘ ʪʦʣʱʠʥʦʡ 100 ʥʤ, 
ʚʳʩʪʫʧʘʚʰʠʡ ʧʨʠ ʄʕ ʠʟʤʝʨʝʥʠʷʭ ʚ ʢʘʯʝʩʪʚʝ ʚʪʦʨʦʛʦ ʵʣʝʢʪʨʦʜʘ.  

ʊʦʣʱʠʥʳ ʧʦʣʫʯʝʥʥʳʭ ʧʣʸʥʦʢ ʤʝʪʛʣʘʩʘ ʠʟʤʝʨʷʣʠ ʤʝʪʦʜʦʤ ʦʧʪʠʯʝʩʢʦʡ 
ʧʨʦʬʠʣʦʤʝʪʨʠʠ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʩʦʩʪʘʚʘ ʦʩʘʞʜʘʝʤʦʛʦ ʤʝʪʛʣʘʩʘ 
ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʪʦʜʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʫʩʪʘʥʦʚʢʘ 
VersaProbe II, ULVAC-PHI), ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (JEM 2100, 
JEOL) ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ (D8 Discover X-ray diffractometer, Bruker). 

ʊʦʣʱʠʥʳ ʥʘʧʳʣʝʥʥʳʭ ʧʣʸʥʦʢ ʤʝʪʛʣʘʩʘ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 
ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʷ ʩʦʩʪʘʚʠʣʠ 870 ʥʤ (20 ᴈ) 840 ʥʤ (50 ᴈ), 900 ʥʤ (70 ᴈ). ʈʝʟʫʣʴʪʘʪʳ 
ʠʟʤʝʨʝʥʠʡ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ ʧʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 
ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʢʘʟʘʣʠ ʦʪʩʫʪʩʪʚʠʝ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʠ 
ʥʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʤʝʥʪʦʚ ʚ ʩʦʩʪʘʚʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʣʦʝʚ ʤʝʪʛʣʘʩʘ. ʂʦʣʠʯʝʩʪʚʘ 
ʞʝʣʝʟʘ, ʢʦʙʘʣʴʪʘ, ʢʨʝʤʥʠʷ ʠ ʙʦʨʘ ʩʦʩʪʘʚʠʣʠ 77 ʘʪ.%, 4 ʘʪ.%, 8 ʘʪ.% ʠ 10 ʘʪ.% 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʧʦʣʫʯʝʥʥʳʭ ʧʣʝʥʢʘʭ ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʠ 
ʙʣʠʟʢʠʝ ʜʨʫʛ ʢ ʜʨʫʛʫ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʠʩʣʦʨʦʜʘ ʠ ʘʟʦʪʘ (ʜʦ 1 ʘʪ.%).  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʧʦʢʘʟʘʣʦ ʘʤʦʨʬʥʫʶ 
ʩʪʨʫʢʪʫʨʫ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʘ ʥʘʧʳʣʝʥʠʷ. 
ʇʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʠ ʚʧʣʦʪʴ ʜʦ 70 ʦʉ ʥʝ ʧʨʠʚʦʜʠʣʦ ʢ ʧʦʷʚʣʝʥʠʶ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʚ ʚʳʨʘʱʝʥʥʳʭ ʧʣʸʥʢʘʭ ʤʝʪʛʣʘʩʘ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ 
ʧʦʜʪʚʝʨʞʜʝʥʳ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʪʘʢʞʝ ʧʦʢʘʟʘʚʰʝʡ 
ʦʪʩʫʪʩʪʚʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ.  

ʂʚʘʟʠʩʪʘʪʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʜʣʷ 
ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨ çTi/BLN/Fe77Co4Si8B10è ʧʨʠ ʢʦʥʩʦʣʴʥʦʤ ʟʘʢʨʝʧʣʝʥʠʠ 
ʦʙʨʘʟʮʘ. ɺʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʩʦʟʜʘʚʘʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʜʚʫʭ ʧʘʨ ʩʦʦʩʥʳʭ ʢʘʪʫʰʝʢ 
ɻʝʣʴʤʛʦʣʴʮʘ, ʧʦʟʚʦʣʷʶʱʠʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʠʢʣʘʜʳʚʘʪʴ ʧʦʩʪʦʷʥʥʦʝ ʠ ʧʝʨʝʤʝʥʥʦʝ 
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ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ. ʇʨʠ ʠʟʤʝʨʝʥʠʷʭ ʩʠʛʥʘʣ ʩ ʛʝʥʝʨʘʪʦʨʘ ʩʠʥʭʨʦʥʥʦʛʦ ʜʝʪʝʢʪʦʨʘ MFLI 
(Zurich Instruments) ʫʩʠʣʠʚʘʣʩʷ ʧʨʠ ʧʦʤʦʱʠ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʫʩʠʣʠʪʝʣʷ ʤʦʱʥʦʩʪʠ 
(AETechron 7224) ʠ ʧʝʨʝʜʘʚʘʣʩʷ ʥʘ ʢʘʪʫʰʢʠ ɻʝʣʴʤʛʦʣʴʮʘ, ʦʪʢʣʠʢ ʩ ʦʙʨʘʟʮʘ 
ʜʝʪʝʢʪʠʨʦʚʘʣʩʷ ʠʟʤʝʨʠʪʝʣʴʥʳʤ ʚʭʦʜʦʤ ʩʠʥʭʨʦʥʥʦʛʦ ʜʝʪʝʢʪʦʨʘ. ʂʚʘʟʠʩʪʘʪʠʯʝʩʢʠʝ 
ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʘʤʧʣʠʪʫʜ ʦʪ -35 ʕ ʜʦ +35 ʕ ʩ ʰʘʛʦʤ 0,25 ʕ ʧʨʠ 
ʧʨʠʣʦʞʝʥʠʠ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʘʤʧʣʠʪʫʜʦʡ 0,1 ʕ ʥʘ ʯʘʩʪʦʪʝ 117 ɻʮ. 
ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1. 

 

 
ʈʠʩʫʥʦʢ 1 ï ʂʚʘʟʠʩʪʘʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ 
ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʣʷ ʢʦʤʧʦʟʠʪʥʳʭ ʄʕ ʦʙʨʘʟʮʦʚ çTi/BLN/Fe77Co4Si8B11è ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʥʳʭ 
ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʷ ʚ ʧʨʦʮʝʩʩʝ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʤʠʰʝʥʠ ʤʝʪʛʣʘʩʘ 

 
ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʷ ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ ʦʩʘʞʜʝʥʠʷ 

ʧʣʸʥʢʠ ʤʝʪʛʣʘʩʘ ʚʣʠʷʝʪ ʥʘ ʰʠʨʠʥʫ ʛʠʩʪʝʨʝʟʠʩʘ ʄʕ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʕʪʦ ʤʦʞʥʦ 
ʦʙʲʷʩʥʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝʤ ʨʳʭʣʦʡ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʸʥʢʠ, ʢʦʪʦʨʘʷ ʚ ʩʚʦʶ 
ʦʯʝʨʝʜʴ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ ʩʚʦʡʩʪʚ ʤʝʪʛʣʘʩʘ. ʈʘʥʝʝ ʙʳʣʦ 
ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʳʩʦʢʦʝ ʜʘʚʣʝʥʠʝ Ar ʧʨʠ ʤʘʛʥʝʪʨʦʥʥʦʤ ʨʘʩʧʳʣʝʥʠʠ ʧʨʠʚʦʜʠʪ ʢ 
ʦʙʨʘʟʦʚʘʥʠʶ ʩʪʦʣʙʯʘʪʳʭ ʩʪʨʫʢʪʫʨ ʧʣʸʥʦʢ ʤʝʪʛʣʘʩʘ ʩ ʩʦʩʪʘʚʦʤ FeCo-B ʠ, ʢʘʢ 
ʩʣʝʜʩʪʚʠʝ, ʫʚʝʣʠʯʠʚʘʝʪ ʰʠʨʠʥʫ ʧʝʪʣʠ ʤʘʛʥʠʪʥʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ ʧʣʝʥʢʠ [3]. ɼʣʷ 
ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʷ, ʨʘʚʥʦʡ 20 ʦʉ, ʤʠʥʠʤʫʤʳ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ 
ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ Ñ7 ʕ, ʘ ʟʥʘʯʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʄʕ ʵʬʬʝʢʪʘ ʜʦʩʪʠʛʘʝʪ 35 ʤɺ/(ʩʤĿʕ) 
ʧʨʠ HDC = 20 ʕ. ʋʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʷ ʜʦ 50 ʦʉ ʧʨʠʚʦʜʠʪ ʢ 
ʫʤʝʥʴʰʝʥʠʶ ʛʠʩʪʝʨʝʟʠʩʘ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ, ʩʤʝʱʘʷ ʤʠʥʠʤʫʤʳ ʢ Ñ2 ʕ. ʊʘʢʞʝ 
ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʟʥʘʯʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʦ 45 ʤɺ/(ʩʤĿʕ) ʧʨʠ 
HDC = 0 ʕ. ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʷ ʜʦ 70 ʦʉ 
ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʩʥʠʞʝʥʠʶ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʪʨʫʢʪʫʨʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʦʧʪʠʤʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ 
ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʝʥʠʝ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʧʣʸʥʦʢ 
ʤʝʪʛʣʘʩʘ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʷ, ʨʘʚʥʦʡ 50 ʦʉ, ʙʳʣ ʧʦʣʫʯʝʥ ʥʘʠʙʦʣʝʝ 
ʫʟʢʠʡ ʛʠʩʪʝʨʝʟʠʩ ʥʘ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪ ʧʦʩʪʦʷʥʥʦʛʦ 
ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɹʦʣʝʝ ʪʦʛʦ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʥʝʥʫʣʝʚʦʡ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪ, ʚ 
ʦʪʩʫʪʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʢʦʪʦʨʦʡ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ 
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ʤʘʢʩʠʤʘʣʴʥʳʤ ʜʣʷ ʩʪʨʫʢʪʫʨʳ, ʧʦʣʫʯʝʥʥʦʡ ʧʨʠ 50 ʦʉ. ʈʘʥʝʝ ʚ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʥʘʫʯʥʦʡ 
ʣʠʪʝʨʘʪʫʨʝ ʥʝ ʙʳʣʦ ʦʧʫʙʣʠʢʦʚʘʥʦ ʧʦʜʦʙʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ, ʛʜʝ ʙʝʟ ʢʘʢʦʛʦ-ʣʠʙʦ 
ʧʦʜʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʩʣʦʷ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʤʘʢʩʠʤʫʤ ʥʘ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʡ 
ʟʘʚʠʩʠʤʦʩʪʠ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʟʥʘʯʝʥʠʠ 
HDC = 0 ʕ. ɼʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʣʫʯʝʥʥʳʭ ʧʣʸʥʦʢ ʤʝʪʦʜʦʤ 
ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʠʟʤʝʨʝʥʠʝ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ 
ʂʝʨʨʘ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʧʦʤʦʱʠ ʚʠʙʨʘʮʠʦʥʥʦʛʦ 
ʤʘʛʥʝʪʦʤʝʪʨʘ ʧʦʟʚʦʣʠʪ ʜʘʪʴ ʧʦʜʨʦʙʥʦʝ ʦʙʲʷʩʥʝʥʠʝ ʥʘʙʣʶʜʘʝʤʳʭ ʵʬʬʝʢʪʦʚ. 
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ʇʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʙʫʨʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʝʤ 
ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ ï ʤʘʪʝʨʠʘʣʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʚʫʤʷ ʠʣʠ ʙʦʣʝʝ 
ʧʘʨʘʤʝʪʨʘʤʠ ʧʦʨʷʜʢʘ, ʥʘʧʨʠʤʝʨ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠ ʤʘʛʥʠʪʥʳʤ. ʊʘʢʠʝ ʤʘʪʝʨʠʘʣʳ 
ʧʨʠʚʣʝʢʘʶʪ ʢ ʩʝʙʝ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʚʚʠʜʫ ʚʦʟʤʦʞʥʦʩʪʠ ʧʝʨʝʢʨʝʩʪʥʦʛʦ ʢʦʥʪʨʦʣʷ ʠʭ 
ʤʘʛʥʠʪʥʳʤʠ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [1-3]. ʊʘʢʦʝ ʩʦʯʝʪʘʥʠʝ ʩʚʦʡʩʪʚ ʜʝʣʘʝʪ 
ʤʫʣʴʪʠʬʝʨʨʦʠʢʠ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ. ʇʦʤʠʤʦ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʧʦʪʝʥʮʠʘʣʴʥʳʭ 
ʧʨʠʤʝʥʝʥʠʡ ʚ ʤʫʣʴʪʠʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʨʷʜʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʩ 
ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʪʘʢ ʢʘʢ ʤʝʭʘʥʠʟʤ ʚʟʘʠʤʦʩʚʷʟʠ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ 
ʷʚʣʷʝʪʩʷ ʥʝʪʨʠʚʠʘʣʴʥʳʤ ʠ ʤʘʣʦ ʠʟʫʯʝʥʥʳʤ.   

ʇʨʠʩʪʘʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʨʠʪʷʛʠʚʘʝʪ ʢ ʩʝʙʝ ʧʝʨʦʚʩʢʠʪ BiFeO3, ʚ 
ʢʦʪʦʨʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ 
ʥʘʤʥʦʛʦ ʚʳʰʝ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʆʜʥʘʢʦ ʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʚ BiFeO3 
ʷʚʣʷʝʪʩʷ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʩʧʠʥ-ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 
ʮʠʢʣʦʠʜʥʦʛʦ ʪʠʧʘ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʚ ʥʸʤ ʚʦʟʤʦʞʝʥ ʪʦʣʴʢʦ ʢʚʘʜʨʘʪʠʯʥʳʡ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʦʯʝʥʴ ʤʘʣʘ. ɼʣʷ ʨʘʟʨʫʰʝʥʠʷ 
ʮʠʢʣʦʠʜʳ ʠ ʧʦʣʫʯʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʘʨʴʠʨʫʝʤʳʤʠ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ 
ʩʚʦʡʩʪʚʘʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʘʢʪʠʚʥʦ ʠʟʫʯʘʶʪʩʷ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʦʩʥʦʚʝ BiFeO3, 
ʧʦʣʫʯʘʝʤʳʝ ʢʘʢ ʟʘʤʝʱʝʥʠʝʤ ʘʪʦʤʦʚ ʚʠʩʤʫʪʘ ʪʘʢ ʠ ʘʪʦʤʦʚ ʞʝʣʝʟʘ ʥʘ ʜʨʫʛʠʝ ʘʪʦʤʳ 
ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʚʘʣʝʥʪʥʦʩʪʠ ʦʛʨʘʥʠʯʝʥʦ. ʇʨʠʤʝʥʝʥʠʝ ʪʝʭʥʠʢʠ ʩʠʥʪʝʟʘ ʧʨʠ ʚʳʩʦʢʦʤ 
ʜʘʚʣʝʥʠʠ ʨʘʩʰʠʨʷʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʚ ʦʩʦʙʝʥʦʩʪʠ, ʚ 
ʢʦʪʦʨʳʭ ʟʘʤʝʱʘʶʪʩʷ ʘʪʦʤʳ ʞʝʣʝʟʘ ([4] ʠ ʩʩʳʣʢʠ ʚ ʥʝʡ). ʆʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʚʦʧʨʦʩʦʚ 
ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʩʣʦʞʥʳʭ ʧʝʨʦʚʩʢʠʪʦʚ ʚ ʩʠʩʪʝʤʘʭ BiFeO3-AFe0.5B`0.5O3 ʩ 
ʫʧʦʨʷʜʦʯʝʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʢʘʪʠʦʥʦʚ ʚ ɺ-ʧʦʜʨʝʰʸʪʢʝ [5]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʙʳʣ 
ʚʳʙʨʘʥ ʨʷʜ ʦʙʨʘʟʮʦʚ ʢʝʨʘʤʠʢʠ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʠʩʪʝʤʳ 
Bi1-xNdxFe1/2Ni1/2O3, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʠʟ ʰʠʭʪʳ, ʥʝ ʧʨʦʭʦʜʠʚʰʝʡ ʧʨʝʜʚʘʨʠʪʝʣʴʥʫʶ 
ʪʝʨʤʦʦʙʨʘʙʦʪʢʫ. ʊʘʢʦʡ ʚʳʙʦʨ ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ, ʧʨʠ ʩʠʥʪʝʟʝ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ 
ʠʟ ʠʩʭʦʜʥʦʡ ʰʠʭʪʳ ʧʝʨʦʚʩʢʠʪʥʘʷ ʬʘʟʘ ʩʦʩʪʘʚʣʷʝʪ ʦʩʥʦʚʥʫʶ ʜʦʣʶ ʚ ʧʦʣʫʯʘʝʤʳʭ 
ʦʙʨʘʟʮʘʭ.  

ɼʣʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ ʦʪʙʠʨʘʣʠʩʴ ʥʘʠʙʦʣʝʝ ʦʜʥʦʬʘʟʥʳʝ ʦʙʨʘʟʮʳ 
ʙʝʟ ʚʠʜʠʤʳʭ ʤʠʢʨʦʪʨʝʱʠʥ. ʇʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʝ ʰʣʠʬʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ 
ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʘʣʤʘʟʥʳʤʠ ʢʨʫʛʘʤʠ ʚ ʚʦʜʥʦʡ ʩʨʝʜʝ. ʊʦʣʱʠʥʘ ʦʙʨʘʟʮʦʚ (t) ʠʟʤʝʨʷʣʘʩʴ 

ʤʠʢʨʦʤʝʪʨʦʤ ʩ ʪʦʯʥʦʩʪʴʶ Ñ0.01 ʤʤ. ʇʣʦʱʘʜʴ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʜʠʩʢʦʚ (S) 

ʦʧʨʝʜʝʣʷʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʢʨʦʩʢʦʧʘ ʩ ʪʦʯʥʦʩʪʴʶ Ñ0.02 ʤʤ2. ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ 

ʚʳʜʝʨʞʠʚʘʣʦʩʴ ʩʦʦʪʥʦʰʝʥʠʝ t:S1/2 < 1:6, ʧʨʠ ʢʦʪʦʨʦʤ ʢʨʘʝʚʳʝ ʵʬʬʝʢʪʳ ʥʝ ʠʛʨʘʶʪ 
ʩʫʱʝʩʪʚʝʥʥʦʡ ʨʦʣʠ ʠ ʦʙʨʘʟʝʮ ʩ ʥʘʥʝʩʝʥʥʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ 
ʧʣʦʩʢʠʡ ʢʦʥʜʝʥʩʘʪʦʨ. ʅʘ ʧʣʦʩʢʦ-ʧʘʨʘʣʣʝʣʴʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʥʘʧʳʣʷʣʠʩʴ 
ʧʣʘʪʠʥʦʚʳʝ ʵʣʝʢʪʨʦʜʳ ʥʘ ʫʩʪʘʥʦʚʢʝ ɺʋʇ-5.  

ʀʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ 
ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʯʘʩʪʦʪʘʭ ʚ ʠʥʪʝʨʚʘʣʝ 102-106 ɻʮ ʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʫʩʪʘʥʦʚʢʝ, 
ʩʦʟʜʘʥʥʦʡ ʥʘ ʙʘʟʝ ʠʟʤʝʨʠʪʝʣʷ ʠʤʤʠʪʘʥʩʘ ɽ7-20. ʀʟʤʝʨʝʥʠʷ ʧʨʦʭʦʜʠʣʠ ʚ ʨʝʞʠʤʝ 
ʦʭʣʘʞʜʝʥʠʷ. ʉʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʠʟʤʝʨʝʥʠʷʭ ʥʝ ʧʨʝʚʳʰʘʣʘ 2-
3 ʂ/ʤʠʥ. 

ʅʘ ʨʠʩʫʥʢʘʭ 1-2, ʜʣʷ ʧʨʠʤʝʨʘ, ʧʨʠʚʝʜʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (Ůά) ʠ ʤʥʠʤʦʡ (Ůάά) ʯʘʩʪʝʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʪʘʥʛʝʥʩʘ 
ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ (tg ŭ) ʜʣʷ ʦʙʨʘʟʮʦʚ ʢʝʨʘʤʠʢʠ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʪʚʸʨʜʳʭ 
ʨʘʩʪʚʦʨʦʚ ʩʠʩʪʝʤʳ Bi1-xNdxFe1/2Ni1/2O3 ʩ x ʨʘʚʥʳʤ 0.1 ʠ 0.4. 
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ʀʟ ʭʘʨʘʢʪʝʨʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 
ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʢʝʨʘʤʠʢʠ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʜʘʥʥʳʭ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 
ʥʘʙʣʶʜʘʝʪʩʷ ʵʬʬʝʢʪ ʄʘʢʩʚʝʣʣʘ - ɺʘʛʥʝʨʘ, ʢʦʪʦʨʳʡ ʩʚʷʟʘʥ ʩ ʚʢʣʘʜʦʤ ʚ ʧʨʦʚʦʜʠʤʦʩʪʴ 
ʧʦʪʝʥʮʠʘʣʦʚ, ʚʦʟʥʠʢʘʶʱʠʭ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ. ɼʣʷ ʵʬʬʝʢʪʘ ʄʘʢʩʚʝʣʣʘ-ɺʘʛʥʝʨʘ 
ʭʘʨʘʢʪʝʨʥʦ ʨʝʟʢʦʝ ʩʤʝʱʝʥʠʝ ʤʘʢʩʠʤʫʤʦʚ ʥʘ ʢʨʠʚʳʭ tg ŭ(ʊ) ʚ ʦʙʣʘʩʪʴ ʚʳʩʦʢʠʭ 
ʪʝʤʧʝʨʘʪʫʨ ʩ ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʧʦʣʷ. 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (Ůά) ʠ ʤʥʠʤʦʡ (Ůάά) ʯʘʩʪʝʡ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ (tg ŭ) ʜʣʷ ʢʝʨʘʤʠʢʠ 

ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Bi1-xNdxFe1/2Ni1/2O3 ʩ x=0.10 

 
ʀʟ ʨʠʩʫʥʢʦʚ ʚʠʜʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ x ʧʝʨʝʛʠʙʳ ʢʨʠʚʳʭ, ʩʚʷʟʘʥʥʳʝ ʩ ʵʬʬʝʢʪʦʤ 

ʄʘʢʩʚʝʣʣʘ-ɺʘʛʥʝʨʘ, ʩʤʝʱʘʶʪʩʷ ʚ ʦʙʣʘʩʪʴ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʂʨʦʤʝ ʪʦʛʦ ʥʘ 
ʫʢʘʟʘʥʥʳʡ ʚʳʰʝ ʵʬʬʝʢʪ ʥʘʣʘʛʘʝʪʩʷ ʵʬʬʝʢʪ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʢʦʪʦʨʳʡ ʧʨʦʷʚʣʷʝʪʩʷ ʚ 
ʚʠʜʝ ʨʝʟʢʦʛʦ ʨʦʩʪʘ ʚʩʝʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 
ʪʝʤʧʝʨʘʪʫʨʳ. ɺʠʜʥʦ, ʯʪʦ ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʙʨʘʟʮʦʚ ʚʦʟʨʘʩʪʘʝʪ ʩ ʨʦʩʪʦʤ x. 
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ʈʠʩʫʥʦʢ 2 ï ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ (Ůά) ʠ ʤʥʠʤʦʡ (Ůάά) ʯʘʩʪʝʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ (tg ŭ) ʜʣʷ ʢʝʨʘʤʠʢʠ 
ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Bi1-xNdxFe1/2Ni1/2O3 ʩ x=0.40 

 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ɹʈʌʌʀ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʊ23-065. 
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PRINCIPAL INFLUENCE OF PVDF-CoFe2O4 COMPOSITE FILMS THICKNESS ON 
MICROSTRUCTURE AND PHASE COMPOSITION 

 
Vorontsov P.A.1, Salnikov V.D.1, Vorontsov S.A.1, Ershov P.A.1, Omelyanchik A.S.1,  

Shvets P.V.1, Rodionova V.V.1 
Immanuel Kant Baltic Federal University, Kaliningrad, Russia 

E-mail: pavel.voroncov.a@gmail.com 
 
Polyvinylidene fluoride (PVDF) is a widely used polymer that has received 

considerable attention in various fields due to its high thermal stability, chemical resistance, 
ferro-, pyro-, and piezoelectric properties, which allow the material to be used in various 
applications such as electronics, biomedicine, etc. [1-3]. 

Building on the inherent properties of PVDF, researchers have explored the possibility 
of extending its capabilities by incorporating other materials. One of the most notable 
approaches is the inclusion of cobalt ferrite (CoFe2O4, CFO) magnetic nanoparticles (MNPs) 
as a filler. This combination results in a PVDF-based composite that exhibits both 
piezoelectric and magnetic properties, creating a multiferroic material. Such composites have 
expanded the applications of PVDFs, making them suitable for applications such as 
magnetic field sensors, transducers, multistage memory devices, and filters [4]. 

PVDF is a semi-crystalline polymer that can exist in at least four crystalline forms (Ŭ, 
ɓ, ɔ, and ŭ), the formation of which is due to the different spatial arrangement of CH2 and 
CF2 groups [5,6]. Among them, ɓ- and ɔ-phases have the strongest piezo- and ferroelectric 
properties [7,8]. The phase composition of PVDF can be controlled by various processing 
methods including heat treatment, cooling rate and addition of nucleating agents such as 
inorganic nanoparticles [9,10]. 

In this work, it was shown that the thickness of the composite film affects the resulting 
microstructure (size of the formed spherulites and pores), as well as the formation of 
electroactive ɓ- and ɔ-phases. Using the Dr. Blade method, composite films with different 
thicknesses ranging from 15 to 58 ɛm (Fig. 1) were obtained and characterized in terms of 
their structural, morphological and magnetic properties. Cobalt ferrite nanoparticles were 
synthesized by hydrothermal method. The resulting composite films were characterized 
using various techniques including X-ray diffraction (XRD) which showed the presence of 
electroactive ɓ- and ɔ-phases, scanning electron microscopy (SEM) which showed that the 
thick films had larger spherulites (5.5Ñ1.2 for 58 ɛm, 2.7Ñ0.3 for 15 ɛm). AFM confirmed that 
the elasticity of the composite decreased for thicknesses less than 58 ɛm. (Young's modulus 
for 58 ɛm = 45 Ñ 4, for 47, 20 and 15 ɛm = 29-33 MPa). Vibrational sample magnetometry 
(VSM) showed no specific dependence on the thickness of the composite films. Differential 
scanning calorimetry (DSC) was used to determine the degree of crystallinity of the samples 
(31, 37, 32, 35 % for 15, 20, 47 and 58 ɛm thick films, respectively). It was shown by Raman 
(RAMAN) techniques that thicker films contained a higher amount of ɔ-phase. FTIR 
spectroscopy was used to quantify the phase composition of the polymer, the analysis 
showed that the 15 Õm thick film contained 14% ɓ-phase, while the 58 Õm thick film 
contained 7 times less ɓ-phase (2%). This study is important because it examines the 
possibility of controlling PVDF properties (microstructure and phase composition) by varying 
a parameter such as composite film thickness. Understanding the effect of film thickness on 
the morphostructural properties of the material provides valuable information for optimizing 
the performance of PVDF composites. 

 

 
 

Figure 1 ï SEM images of cross-sectional of PVDF-CFO composite films with different thicknesses. 
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ɺʃʀʗʅʀɽ ʂʆʅʎɽʅʊʈɸʎʀʀ ʌɽʈʈʀʊɸ ɺʀʉʄʋʊɸ ʅɸ ʄɸɻʅʀʊʅʓɽ ʀ 
ʉʊʈʋʂʊʋʈʅʓɽ ʉɺʆʁʉʊɺɸ ʂʆʄʇʆɿʀʊʆɺ ʅɸ ʆʉʅʆɺɽ PVDF 
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ʌʝʨʨʠʪ ʚʠʩʤʫʪʘ (BiFeO3, BFO) ʦʪʣʠʯʘʝʪʩʷ ʩʚʦʠʤ ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʦʤ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʦʷʚʣʷʪʴ ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ ʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, 
ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʠʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ ʤʫʣʴʪʠʬʝʨʨʦʠʢʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~300 ʂ [1-4]. ʕʪʦ 
ʜʝʣʘʝʪ BFO ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʢʘʥʜʠʜʘʪʦʤ ʜʣʷ ʠʥʪʝʛʨʘʮʠʠ ʚ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ 
ʫʩʪʨʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʟʘʧʦʤʠʥʘʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ, ʜʘʪʯʠʢʠ ʠ ʠʩʧʦʣʥʠʪʝʣʴʥʳʝ 
ʤʝʭʘʥʠʟʤʳ. ʂʨʦʤʝ ʪʦʛʦ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ BFO ʦʙʣʘʜʘʝʪ 
ʚʳʨʘʞʝʥʥʳʤʠ ʧʴʝʟʦʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ [1-3], ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ [4-6] ʠ 
ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤʠ [7-9] ʩʚʦʡʩʪʚʘʤʠ. ʆʜʥʘʢʦ ʧʨʘʢʪʠʯʝʩʢʦʤʫ ʧʨʠʤʝʥʝʥʠʶ 
ʥʘʥʦʩʪʨʫʢʪʫʨ BFO ʧʨʝʧʷʪʩʪʚʫʶʪ ʧʨʦʙʣʝʤʳ ʩ ʦʙʨʘʙʦʪʢʦʡ ʠ ʧʦʜʜʝʨʞʘʥʠʝʤ ʩʚʦʡʩʪʚ, 
ʦʩʦʙʝʥʥʦ ʚ ʪʦʥʢʠʭ ʧʣʝʥʢʘʭ. 

ɺ ʵʪʦʤ ʢʦʥʪʝʢʩʪʝ ʥʘʥʦʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʤʝʨʦʚ ʩʪʘʥʦʚʷʪʩʷ 
ʤʥʦʛʦʦʙʝʱʘʶʱʠʤʠ ʢʘʥʜʠʜʘʪʘʤʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʩʦʭʨʘʥʷʪʴ ʫʥʠʢʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ BFO 
ʠ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʦʢʘʟʳʚʘʪʴ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʚʦʡʩʪʚʘ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʳ 
[5,10,11]. ʂʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʤʝʨʦʚ ʦʙʣʘʜʘʶʪ ʪʘʢʠʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ, ʢʘʢ 
ʣʝʛʢʠʡ ʚʝʩ, ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ, ʛʠʙʢʦʩʪʴ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʘʷ ʩʪʦʠʤʦʩʪʴ ʠ 
ʧʨʦʩʪʦʪʘ ʠʟʛʦʪʦʚʣʝʥʠʷ.  

ɼʣʷ ʩʠʥʪʝʟʘ ʥʘʥʦʯʘʩʪʠʮ BiFeO3 Fe(NO3)3Ĭ6H2O ʠ Bi(NO3)3Ĭ6H2O ʨʘʩʪʚʦʨʷʣʠ ʚ 
ʛʣʠʮʠʥʝ ʧʨʠ 80ÁC. ʇʦʣʫʯʝʥʥʳʡ ʨʘʩʪʚʦʨ ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥʫʪ ʧʨʠ ʪʦʡ ʞʝ 
ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʜʦʙʘʚʣʝʥʠʝʤ ʚ ʩʤʝʩʴ HNO3 (65%). ʇʦʣʫʯʝʥʥʳʡ ʨʘʩʪʚʦʨ 
ʧʦʤʝʱʘʣʠ ʥʘ ʤʘʛʥʠʪʥʫʶ ʤʝʰʘʣʢʫ ʠ ʥʘʛʨʝʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 150ÁC ʜʦ ʠʩʧʘʨʝʥʠʷ, 
ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʢ ʧʨʷʤʦʤʫ ʧʨʝʚʨʘʱʝʥʠʶ ʛʝʣʷ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʧʦʨʦʰʦʢ. 
ʇʦʣʫʯʝʥʥʳʡ ʧʦʨʦʰʦʢ ʠʟʤʝʣʴʯʘʣʠ ʚ ʩʪʫʧʢʝ ʠ ʧʦʤʝʱʘʣʠ ʚ ʩʫʰʠʣʴʥʳʡ ʰʢʘʬ ʥʘ 2 ʯʘʩʘ 
ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 450ÁC ʚ ʦʢʨʫʞʘʶʱʝʡ ʘʪʤʦʩʬʝʨʝ. ɻʦʪʦʚʳʡ ʧʦʨʦʰʦʢ BiFeO3 
ʧʨʦʤʳʚʘʣʠ MeCOOH ʠ ʚʦʜʦʡ, ʯʪʦʙʳ ʫʜʘʣʠʪʴ ʚʩʝ ʦʩʪʘʚʰʠʝʩʷ ʧʨʠʤʝʩʠ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ 
ʢʦʤʧʦʟʠʪʘ BiFeO3/PVDF ʧʦʣʠʤʝʨ ʠ ʯʘʩʪʠʮʳ ʨʘʩʪʚʦʨʷʣʠ ʚ N,N-ʜʠʤʝʪʠʣʬʦʨʤʘʤʠʜʝ ʠ 
ʜʠʩʧʝʨʛʠʨʦʚʘʣʠ ʫʣʴʪʨʘʟʚʫʢʦʤ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ. ɿʘʪʝʤ ʤʝʪʦʜʦʤ ʣʠʪʴʷ ʠʟ ʨʘʩʪʚʦʨʘ ʩ 
ʤʝʪʦʜʠʢʦʡ ʬʦʨʤʦʚʘʥʠʷ ʪʦʥʢʦʡ ʧʣʝʥʢʠ doctor blade ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʢʦʤʧʦʟʠʪʥʳʝ 
ʧʣʝʥʢʠ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʘʥʦʯʘʩʪʠʮ. 

ʂʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ (ʩʦʩʪʦʷʱʠʡ ʠʟ PVDF ʠ BiFeO3) ʙʳʣ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥ 
ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (SEM) ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 
ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ (XRD) ʜʣʷ 
ʠʩʩʣʝʜʦʚʘʥʠʷ ʝʛʦ ʩʪʨʫʢʪʫʨʥʳʭ ʩʚʦʡʩʪʚ ʠ ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʚʠʙʨʠʨʫʶʱʝʛʦ ʦʙʨʘʟʮʘ (VSM) 
ʜʣʷ ʦʮʝʥʢʠ ʝʛʦ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. 

ɼʣʷ ʦʮʝʥʢʠ ʠʟʤʝʥʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 
ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʦʣʥʠʪʝʣʷ ʙʳʣʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʟʘʜʝʡʩʪʚʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʤʝʪʦʜʳ: 
ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ (TGA), ʀʂ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ (FTIR), 
ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʩʢʘʥʠʨʫʶʱʘʷ ʢʘʣʦʨʠʤʝʪʨʠʷ (DSC), ʙʳʣʘ ʧʨʦʠʟʚʝʜʝʥʘ ʦʮʝʥʢʘ 
ʢʦʥʪʘʢʪʥʦʛʦ ʫʛʣʘ (ʫʛʣʘ ʩʤʘʯʠʚʘʝʤʦʩʪʠ, CA-analysis). 
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ʈʠʩʫʥʦʢ 1 ï (ʘ) ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʷʨʢʦʤ ʧʦʣʝ, (b) ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʩʭʝʤʘ SAED, (c) 

ʨʘʩʩʯʠʪʘʥʥʦʝ ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʩʪʘʥʜʘʨʪʘ 
BFO, (d) ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ ʠ (e) ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʠʟʤʝʨʝʥʥʘʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (~295 ʂ) ʜʣʷ ʥʘʥʦʯʘʩʪʠʮ BFO. 

 
ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʣʘʥʠʨʫʝʪʩʷ ʧʨʦʚʝʩʪʠ ʭʠʤʠʯʝʩʢʦʝ 

ʣʝʛʠʨʦʚʘʥʠʝ ʯʠʩʪʦʡ ʬʘʟʳ BFO ʜʣʷ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʠ ʠʥʞʝʢʮʠʠ 
ʠʦʥʦʚ ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ. ʃʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ ʦ ʣʝʛʠʨʦʚʘʥʠʠ ʩʪʨʫʢʪʫʨʳ 
ʧʝʨʦʚʩʢʠʪʘ ʧʦʟʚʦʣʷʶʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʦʞʠʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʠ, 
ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʫʣʴʪʠʬʝʨʨʦʠʯʥʳʭ ʩʚʦʡʩʪʚ BiFeO3, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʧʦʣʝʟʥʳʤ ʚ ʪʘʢʠʭ 
ʦʙʣʘʩʪʷʭ, ʢʘʢ ʩʧʠʥʪʨʦʥʠʢʘ, ʤʘʛʥʠʪʥʘʷ ʧʘʤʷʪʴ, ʬʦʪʦʢʘʪʘʣʠʟ ʠ ʪ.ʜ. 
 

ʇʦʜʪʚʝʨʞʜʝʥʠʝ: ʜʘʥʥʘʷ ʨʘʙʦʪʘ ʙʳʣʘ ʧʦʜʜʝʨʞʘʥʘ ʈʦʩʩʠʡʩʢʠʤ ʥʘʫʯʥʳʤ 
ʬʦʥʜʦʤ, ʛʨʘʥʪ 21-72-30032. 
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ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ ʷʚʣʷʝʪʩʷ ʬʝʨʨʠʪ ʚʠʩʤʫʪʘ 
BiFeO3 [1]. ʆʜʥʘʢʦ ʝʛʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʝ ʦʧʪʠʤʘʣʴʥʳ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʦʜʥʠʤ ʠʟ ʧʫʪʝʡ 
ʦʧʪʠʤʠʟʘʮʠʠ ʩʚʦʡʩʪʚ ʬʝʨʨʠʪʘ ʚʠʩʤʫʪʘ ʷʚʣʷʝʪʩʷ ʚʚʝʜʝʥʠʝ ʚ ʩʦʩʪʘʚ ʨʘʟʣʠʯʥʳʭ 
ʵʣʝʤʝʥʪʦʚ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ, ʚ ʧʦʜʨʝʰʸʪʢʫ ʚʠʩʤʫʪʘ ([2] ʠ ʩʩʳʣʢʠ ʚ ʥʝʡ), ʘ 
ʪʘʢʞʝ ʢʦʤʙʠʥʘʮʠʷ ʟʘʤʝʱʝʥʠʡ, ʢʘʢ ʚ ʧʦʜʨʝʰʸʪʢʝ ʚʠʩʤʫʪʘ ʪʘʢ ʠ ʚ ʧʦʜʨʝʰʸʪʢʝ ʞʝʣʝʟʘ 
[3-4]. ʀʜʝʷ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʚ ʢʘʯʝʩʪʚʝ ʨʝʜʢʦʟʝʤʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʜʣʷ 
ʧʦʜʨʝʰʸʪʢʠ Bi ʥʘʤʠ ʚʳʙʨʘʥ Nd, ʘ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʤʝʥʪʘ ʟʘʤʝʱʘʶʱʝʛʦ Fe ʚʳʙʨʘʥ 
ʤʘʛʥʠʪʥʳʡ Ni. 

ɼʣʷ ʩʠʥʪʝʟʘ ʦʙʨʘʟʮʦʚ ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʢʩʠʜʳ Bi2O3, Nd2O3, Fe2O3, NiO 
ʤʘʨʢʠ çʦʩ.ʯ.è. ʇʝʨʝʜ ʚʟʚʝʰʠʚʘʥʠʝʤ ʦʢʩʠʜʳ ʧʨʦʩʫʰʠʚʘʣʠʩʴ. ʕʢʚʠʤʦʣʷʨʥʫʶ ʩʤʝʩʴ 
ʠʩʭʦʜʥʳʭ ʦʢʩʠʜʦʚ ʤʦʣʦʣʠ ʚ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʵʪʘʥʦʣʘ. ʇʦʩʣʝ ʩʫʰʢʠ 
ʧʦʨʦʰʢʠ ʧʨʝʩʩʦʚʘʣʠʩʴ ʚ ʪʘʙʣʝʪʢʠ ʠ ʧʨʦʚʦʜʠʣʘʩʴ ʠʭ ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ 
ʜʘʚʣʝʥʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 750-870 Üʉ ʚ ʪʝʯʝʥʠʝ 5-30 ʤʠʥ. ɼʣʷ ʩʠʥʪʝʟʘ ʧʦʜ ʚʳʩʦʢʠʤ 
ʜʘʚʣʝʥʠʝʤ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʘʢ ʪʝʨʤʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʥʘʷ ʪʘʢ ʠ ʥʝ ʧʦʜʚʝʨʛʘʚʰʘʷʩʷ 
ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʰʠʭʪʘ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʜʫʢʪʦʚ ʧʦʩʣʝ 
ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʠ ʦʙʨʘʟʮʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ 
ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ, ʧʨʦʚʦʜʠʣʩʷ ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʠʬʨʘʢʪʦʤʝʪʨʘ ɼʈʆʅ-3 ʩ ʤʦʥʦʭʨʦʤʘʪʠʟʠʨʦʚʘʥʥʳʤ CuKŬ ï 
ʠʟʣʫʯʝʥʠʝʤ. 

ʅʘ ʨʠʩʫʥʢʝ 1, ʜʣʷ ʧʨʠʤʝʨʘ, ʧʨʠʚʝʜʝʥ ʫʯʘʩʪʦʢ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ 
ʩʧʝʢʪʨʘ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Bi1-xNdxFe1/2Ni1/2O3 ʧʨʦʰʝʜʰʝʛʦ ʪʝʨʤʦʦʙʨʘʙʦʪʢʫ ʧʨʠ 
ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʧʝʨʦʚʩʢʠʪ ʦʙʨʘʟʫʝʪʩʷ, ʥʦ ʝʛʦ ʬʘʟʘ ʥʝ 
ʷʚʣʷʝʪʩʷ ʜʦʤʠʥʠʨʫʶʱʝʡ. ʊʘʢ ʞʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ x ʜʦʣʷ ʧʝʨʦʚʩʢʠʪʘ ʚ 
ʰʠʭʪʝ ʫʤʝʥʴʰʘʝʪʩʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʩʠʥʪʝʟ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʥʝ ʧʨʠʚʦʜʠʪ ʢ 
ʧʦʣʫʯʝʥʠʶ ʦʜʥʦʬʘʟʥʦʛʦ ʧʝʨʦʚʩʢʠʪʘ, ʜʘʞʝ ʧʨʠ ʤʘʣʳʭ ʟʘʤʝʱʝʥʠʷʭ ʚ ʧʦʜʨʝʰʸʪʢʘʭ 
ʧʝʨʦʚʩʢʠʪʘ BiFeO3.  

 

 

ʈʠʩʫʥʦʢ 1ï ʋʯʘʩʪʦʢ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʩʧʝʢʪʨʘ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Bi1-

xNdxFe1/2Ni1/2O3 ʩ x=0.10, ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʧʨʠ 
750 Áʉ (ʩʠʤʚʦʣʦʤ PT ʦʪʤʝʯʝʥʳ ʣʠʥʠʠ ʧʝʨʦʚʩʢʠʪʘ) 
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ʉʠʥʪʝʟ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ ʠʟ ʰʠʭʪʳ, ʧʨʦʰʝʜʰʝʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʫ ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʘʭ 850 Áʉ ʠ 870 Áʉ, ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʥʝ ʧʝʨʦʚʩʢʠʪʥʳʭ ʬʘʟ. ʇʨʠ ʩʠʥʪʝʟʝ ʧʨʠ 
ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ ʢʘʢ ʠʟ ʠʩʭʦʜʥʦʡ ʰʠʭʪʳ ʪʘʢ ʠ ʠʟ ʰʠʭʪʳ ʧʨʦʰʝʜʰʝʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʫ 
ʧʨʠ 750 Áʉ ʧʝʨʦʚʩʢʠʪʥʘʷ ʬʘʟʘ ʜʦʤʠʥʠʨʫʝʪ. ʉʪʝʧʝʥʴ ʜʦʤʠʥʠʨʦʚʘʥʠʷ ʧʝʨʦʚʩʢʠʪʘ ʚ 
ʦʙʨʘʟʮʘʭ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ ʩʠʥʪʝʟʘ. ʅʘ ʨʠʩʫʥʢʘʭ 2 ʠ 3 ʜʣʷ ʧʨʠʤʝʨʘ 
ʧʨʝʜʩʪʘʚʣʝʥʳ ʫʯʘʩʪʢʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʢʝʨʘʤʠʢʠ ʚʳʩʦʢʦʛʦ 
ʜʘʚʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʦʡ ʩʠʩʪʝʤʳ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʝ ʠ 
ʜʘʚʣʝʥʠʠ.  

 

 

ʈʠʩʫʥʦʢ 2 ï ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʩʧʝʢʪʨʳ ʢʝʨʘʤʠʢʠ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʪʚʸʨʜʦʛʦ 
ʨʘʩʪʚʦʨʘ Bi1-xNdxFe1/2Ni1/2O3 ʩ x=0.10, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʩʠʥʪʝʟʝ ʚ ʪʝʯʝʥʠʝ 3 ʤʠʥ. ʧʨʠ 1200 Áʉ ʠ 

6 ɻʇʘ (ʘ), ʧʨʠ 1200 Áʉ ʠ 4 ɻʇʘ (ʙ) ʧʨʠ 1050 Áʉ ʠ 3 ɻʇʘ (ʚ) ʠʟ ʠʩʭʦʜʥʦʡ ʰʠʭʪʳ (ʩʠʤʚʦʣʦʤ PT 
ʦʪʤʝʯʝʥʳ ʣʠʥʠʠ ʧʝʨʦʚʩʢʠʪʘ) 

 

 

ʈʠʩʫʥʦʢ 3 ï ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʩʧʝʢʪʨʳ ʢʝʨʘʤʠʢʠ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʪʚʸʨʜʦʛʦ 
ʨʘʩʪʚʦʨʘ Bi1-xNdxFe1/2Ni1/2O3 ʩ x=0.40, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʩʠʥʪʝʟʝ ʠʟ ʠʩʭʦʜʥʦʡ ʰʠʭʪʳ ʚ ʪʝʯʝʥʠʝ 

3 ʤʠʥ ʧʨʠ 1200 Áʉ ʠ 4 ɻʇʘ (ʘ), ʧʨʠ 1200 Áʉ ʠ 6 ɻʇʘ (ʙ) (ʩʠʤʚʦʣʦʤ PT ʦʪʤʝʯʝʥʳ ʣʠʥʠʠ 
ʧʝʨʦʚʩʢʠʪʘ) 

 
ʀʟ ʨʠʩʫʥʢʘ 2, ʥʘ ʢʦʪʦʨʦʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʩʧʝʢʪʨʳ 

ʢʝʨʘʤʠʢʠ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Bi1-xNdxFe1/2Ni1/2O3 ʩ x=0.10, ʚʠʜʥʦ, ʯʪʦ 
ʥʘʠʣʫʯʰʠʝ ʫʩʣʦʚʠʷ ʩʠʥʪʝʟʘ ʜʣʷ ʜʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠ ʩʠʥʪʝʟʝ ʚ ʪʝʯʝʥʠʝ 3 ʤʠʥ. 
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ʩʦʩʪʘʚʣʷʶʪ 1200 Áʉ ʠ 4 ɻʇʘ (2ʙ). ʀʟ ʨʠʩʫʥʢʘ 3 ʚʠʜʥʦ, ʯʪʦ ʥʘʠʣʫʯʰʠʝ ʫʩʣʦʚʠʷ ʩʠʥʪʝʟʘ 
ʜʣʷ Bi1-xNdxFe1/2Ni1/2O3 ʩ x=0.40 ʧʨʠ ʩʠʥʪʝʟʝ ʚ ʪʝʯʝʥʠʝ 3 ʤʠʥ. ʩʦʩʪʘʚʣʷʶʪ 1200 Áʉ ʠ 
6 ɻʇʘ (3ʙ). 

ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 2ʙ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʥʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 
ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʬʘʟʝ P4mm. ɺ ʩʠʩʪʝʤʝ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʥʝʦʜʠʤʘ ʧʨʠʚʦʜʠʪ ʢ 
ʠʟʤʝʥʝʥʠʶ ʬʘʟʳ, ʚʳʟʚʘʥʥʦʡ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ. ɸʥʘʣʠʟ ʩʧʝʢʪʨʘ ʥʘ ʨʠʩ. 3ʙ ʧʦʢʘʟʘʣ, 
ʯʪʦ ʦʥ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʝ Pnma. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʜʘʥʥʦʡ 
ʩʠʩʪʝʤʳ, ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʥʝʦʜʠʤʘ ʜʦ ʭ=0.40 ʧʨʠʚʦʜʠʪ ʢ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤʫ 
ʬʘʟʦʚʦʤʫ ʧʝʨʝʭʦʜʫ ʠʟ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ P4mm ʚ ʦʨʪʦʨʦʤʙʠʯʝʩʢʫʶ ʬʘʟʫ Pnma. 

ɼʣʷ ʫʢʘʟʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʬʘʟ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ 
ʨʝʰʝʪʢʠ. ʀʭ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʩʦʩʪʘʚʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4. ʀʟ ʨʠʩʫʥʢʘ 4 ʚʠʜʥʦ, 
ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʝ ʥʝʦʜʠʤʘ ʚ ʩʠʩʪʝʤʝ ʧʨʠʚʦʜʠʪ, ʢʘʢ ʫʢʘʟʳʚʘʣʦʩʴ, ʢ 
ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤʫ ʬʘʟʦʚʦʤʫ ʧʝʨʝʭʦʜʫ, ʛʨʘʥʠʮʘ ʢʦʪʦʨʦʡ ʥʘʭʦʜʠʪʩʷ ʚ ʟʘʰʪʨʠʭʦʚʘʥʥʦʡ 
ʦʙʣʘʩʪʠ ʨʠʩʫʥʢʘ.  

 

 
ʈʠʩʫʥʦʢ 4 ï ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʸʪʢʠ ʢʝʨʘʤʠʢʠ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ 
ʩʠʩʪʝʤʳ Bi1-xNdxFe1/2Ni1/2O3 (ʰʪʨʠʭʦʚʢʦʡ ʦʙʦʟʥʘʯʝʥʘ ʦʙʣʘʩʪʴ ʥʘʭʦʞʜʝʥʠʷ ʬʘʟʦʚʦʡ ʛʨʘʥʠʮʳ). 

 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ɹʈʌʌʀ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʊ23-065. 
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ʈʝʣʘʢʩʦʨʥʳʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʠ ʠʟʚʝʩʪʥʳ ʙʦʣʝʝ 70 ʣʝʪ. ʅʝʩʤʦʪʨʷ ʥʘ ʦʙʰʠʨʥʳʝ 
ʠʩʩʣʝʜʦʚʘʥʠʷ, ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ ʨʝʣʘʢʩʦʨʦʚ ʦʩʪʘʝʪʩʷ ʩʦʤʥʠʪʝʣʴʥʦʡ. ʆʜʥʦʡ 
ʠʟ ʚʘʞʥʝʡʰʠʭ ʧʨʦʙʣʝʤ ʷʚʣʷʝʪʩʷ ʢʦʥʪʨʦʣʴ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʨʷʜʢʘ ʚ ʨʝʣʘʢʩʦʨʘʭ. ʕʪʦʛʦ 
ʤʦʞʥʦ ʜʦʙʠʪʴʩʷ, ʧʫʩʪʴ ʠ ʥʝ ʧʦʣʥʦʩʪʴʶ, ʚ ʩʦʝʜʠʥʝʥʠʷʭ 1:1 ʪʠʧʘ PbSc1/2Nb1/2O3 (PSN), 
ʦʜʥʘʢʦ ʚ ʙʦʣʝʝ ʬʠʟʠʯʝʩʢʠ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʠʥʪʝʨʝʩʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ 1:2 (PbMg1/3N2/3O3 
(PMN)-ʧʦʜʦʙʥʳʭ) ʜʦʚʦʣʴʥʦ ʩʣʦʞʥʦ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ 
ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʦʨʷʜʢʘ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʩʦʝʜʠʥʝʥʠʡ 1:1 ʠ 
1:2, ʧʨʠʤʝʨʦʤ ʤʦʞʝʪ ʩʣʫʞʠʪʴ PMN1-xPSNx. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʦʮʝʩʩʳ 
ʧʝʨʝʩʪʨʦʡʢʠ ʩʪʨʫʢʪʫʨʳ ʠ ʩʦʧʫʪʩʪʚʫʶʱʠʝ ʠʟʤʝʥʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʚ ʩʝʨʠʠ 
ʢʨʠʩʪʘʣʣʦʚ PMN-PSN ʩ x=0,35 (PMN-35PSN), 0,55 (PMN-55PSN), x=0,8 (PMN-80PSN) 
x=1 ( PSN) ʠʟʫʯʝʥʳ. 

ɼʣʷ ʚʩʝʭ ʢʨʠʩʪʘʣʣʦʚ ʦʙʥʘʨʫʞʝʥʳ ʩʚʝʨʭʩʪʨʫʢʪʫʨʥʳʝ ʧʠʢʠ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʝ ʦ 
ʫʧʦʨʷʜʦʯʝʥʠʠ ʩʦʩʪʘʚʘ. ɸʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ S ʙʳʣ 
ʙʣʠʟʦʢ ʢ 1, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʥʘ ʤʘʩʰʪʘʙʘʭ ʧʦʨʷʜʢʘ 
30 ʥʤ. ʆʜʥʘʢʦ ʨʝʟʢʠʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ ʥʘʙʣʶʜʘʣʠʩʴ ʪʦʣʴʢʦ ʚ PSN ʠ PMN-80PSN. 
ʕʪʦ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʫʧʦʨʷʜʦʯʝʥʠʝ ʚ ʢʨʠʩʪʘʣʣʘʭ ʪʠʧʘ PMN ʠ PSN ʩʫʱʝʩʪʚʝʥʥʦ 
ʨʘʟʣʠʯʘʝʪʩʷ. 

ʇʨʦʩʣʝʞʝʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʵʚʦʣʶʮʠʷ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 
ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ PSN, PMN-80PSN ʠ PMN-35PSN. ɺ ʢʨʠʩʪʘʣʣʘʭ PSN, PMN-80PSN ʚ 
ʦʙʣʘʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʳ ʦʙʥʘʨʫʞʝʥʦ ʧʦʚʝʜʝʥʠʝ, ʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ 
ʨʝʣʘʢʩʦʨʦʚ. ʊʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʂʊʈ PMN-35PSN ʘʥʘʣʦʛʠʯʥʘ ʟʘʚʠʩʠʤʦʩʪʠ 
ʂʊʈ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʛʦ PSN. ɺ ʦʙʣʘʩʪʠ T Ó 325 K ʤʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʦʧʨʝʜʝʣʷʶʱʫʶ 
ʨʦʣʴ ʙʫʜʫʪ ʠʛʨʘʪʴ ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʤʝʱʝʥʠʷ. ʆʜʥʘʢʦ ʥʠʞʝ 
ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʟʚʠʚʘʶʪʩʷ ʘʥʪʠʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʨʨʝʣʷʮʠʠ, ʠʛʨʘʶʱʠʝ 
ʨʝʰʘʶʱʫʶ ʨʦʣʴ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʂʊʈ(ʊ). 

ʇʨʦʩʣʝʞʝʥʦ ʧʦʚʝʜʝʥʠʝ ʜʠʬʬʫʟʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ɼʈ) ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʮʝʥʪʨʘ ɿɹ ʠ 
ʄ-ʪʦʯʢʠ ɿɹ. ɼʉ ʚ ʦʢʨʝʩʪʥʦʩʪʠ M ʪʦʯʝʢ (h+1/2 k+1/2 l ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʪʣʠʯʘʣʘʩʴ ʜʣʷ 
ʩʣʫʯʘʷ h=k çʩʠʤʤʝʪʨʠʯʥʘʷ ʪʦʯʢʘè ʠ hÍk çʘʩʠʤʤʝʪʨʠʯʥʘʷ ʪʦʯʢʘè, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 
ʚʘʞʥʫʶ ʨʦʣʴ ʘʥʪʠʬʝʨʨʦʜʠʩʪʦʨʩʠʦʥʥʦʛʦ (AFD) ) ʢʠʩʣʦʨʦʜʥʘʷ ʤʦʜʘ. ʌʦʨʤʘ ʣʠʥʠʠ ɼʉ 
ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʧʠʩʳʚʘʣʘʩʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʦʜ ʊɸ ʠ ɸʌɼ. ʇʦʩʣʝʜʩʪʚʠʷ ʵʪʦʛʦ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʙʫʜʫʪ ʦʙʩʫʞʜʘʪʴʩʷ ʚ ʜʦʢʣʘʜʝ. 

 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 
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ɿɸɺʀʉʀʄʆʉʊʔ ʄɸɻʅʀʊʆʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʆʊʂʃʀʂɸ ʊʈɽʍʉʃʆʁʅʆʁ 
ʉʊʈʋʂʊʋʈʓ ʄɽʊɻʃɸʉ/ʎʊʉ/ ʄɽʊɻʃɸʉ ʆʊ ʊʆʃʑʀʅʓ ʄɸɻʅɽʊʀʂɸ 

 
ʌʠʣʠʧʧʦʚ ɼ.ɸ., ʉʘʧʝʣʴʥʠʢʦʚ ʉ.ʆ., ʋʜʘʣʴʮʦʚʘ ɽ.ɺ. 

ʅʦʚʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʗʨʦʩʣʘʚʘ ʄʫʜʨʦʛʦ, 
ɺʝʣʠʢʠʡ ʅʦʚʛʦʨʦʜ, ʈʦʩʩʠʷ, dmitry.filippov@novsu.ru 

 
ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ ʥʘ ʯʘʩʪʦʪʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʛʠʨʘʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨ ʤʝʪʛʣʘʩ/ʮʠʨʢʦʥʘʪ-
ʪʠʪʘʥʘʪ ʩʚʠʥʮʘ/ʤʝʪʛʣʘʩ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʛʠʨʘʪʦʨ, ʢʦʪʦʨʳʡ ʩʦʩʪʦʷʣ 
ʠʟ ʢʘʪʫʰʢʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʩ ʩʝʨʜʝʯʥʠʢʦʤ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʤ ʩʦʙʦʡ ʪʨʝʭʩʣʦʡʥʫʶ 
ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦ-ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʣʘʩʪʠʥʢʠ, ʢ ʢʦʪʦʨʦʡ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʙʳʣʠ ʧʨʠʢʣʝʝʥʳ ʧʣʘʩʪʠʥʢʠ ʠʟ 
ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɺʳʙʦʨ ʩʠʤʤʝʪʨʠʯʥʦʡ ʄʕ ʩʪʨʫʢʪʫʨʳ ʦʙʫʩʣʦʚʣʝʥ 
ʪʝʤ, ʯʪʦ ʧʨʠ ʧʦʤʝʱʝʥʠʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦ-ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʩʪʨʫʢʪʫʨʳ ʚ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʧʨʦʜʦʣʴʥʳʝ ʠ ʠʟʛʠʙʥʳʝ ʢʦʣʝʙʘʥʠʷ, 
ʢʦʪʦʨʳʝ ʦʩʣʘʙʣʷʶʪ ʜʨʫʛ ʜʨʫʛʘ [1]. ɺ ʩʠʤʤʝʪʨʠʯʥʦʡ ʩʪʨʫʢʪʫʨʝ ʚʦʟʥʠʢʘʶʪ ʪʦʣʴʢʦ 
ʧʨʦʜʦʣʴʥʳʝ ʢʦʣʝʙʘʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʄʕ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ. 
ʂʘʪʫʰʢʘ ʛʠʨʘʪʦʨʘ ʙʳʣʘ ʥʘʤʦʪʘʥʘ ʥʘ ʢʘʨʢʘʩ ʨʘʟʤʝʨʦʤ 20x10x5 mm, ʚʥʫʪʨʠ ʢʘʨʢʘʩʘ 
ʙʳʣʦ ʩʢʚʦʟʥʦʝ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ ʨʘʟʤʝʨʦʤ 5.5x1.5 mm ʜʣʷ ʧʦʤʝʱʝʥʠʷ ʚ ʥʝʛʦ 
ʄʕ ʦʙʨʘʟʮʘ. ʂʘʪʫʰʢʘ ʠʟʛʦʪʦʚʣʝʥʘ ʠʟ ʤʝʜʥʦʡ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ d=0.35 mm ʠ 
ʩʦʜʝʨʞʘʣʘ 150 ʚʠʪʢʦʚ. ʄʕ ʩʝʨʜʝʯʥʠʢ ʩʦʩʪʦʷʣ ʠʟ ʧʣʘʩʪʠʥʢʠ ʧʴʝʟʦʢʝʨʘʤʠʢʠ ʎʊʉ - 19 ʩ 
ʵʣʝʢʪʨʦʜʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚʞʠʛʘʥʠʝʤ ʩʝʨʝʙʨʷʥʦʡ ʧʘʩʪʳ (çʇʴʝʟʦʧʨʠʙʦʨè, ʈʦʩʪʦʚ-ʥʘ-
ɼʦʥʫ) ʠ ʧʣʘʩʪʠʥʦʢ ʠʟ ʄʝʪʛʣʘʩʘ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʛʦ ʩʦʙʦʡ ʘʤʦʨʬʥʳʡ 
ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʩʧʣʘʚ ʤʘʨʢʠ ɸʄɸɻ 212N (ʇɸʆ çʄʩʪʘʪʦʨè, ɹʦʨʦʚʠʯʠ, ʈʦʩʩʠʷ). 
ʇʣʘʩʪʠʥʢʠ ʄʝʪʛʣʘʩʘ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʧʫʪʝʤ ʩʢʣʝʠʚʘʥʠʷ ʬʦʣʴʛʠ ʄʝʪʛʣʘʩʘ ʪʦʣʱʠʥʦʡ 
20 ɛm ʠ ʜʣʷ ʯʝʪʳʨʝʭ ʦʙʨʘʟʮʦʚ ʩʦʜʝʨʞʘʣʠ ʦʜʠʥ, ʜʚʘ, ʪʨʠ ʠ ʯʝʪʳʨʝ ʩʣʦʷ ʬʦʣʴʛʠ ʩ 
ʢʘʞʜʦʡ ʩʪʦʨʦʥʳ. ʊʦʣʱʠʥʘ ʦʜʥʦʛʦ ʩʣʦʷ ʬʦʣʴʛʠ ʩʦʩʪʘʚʣʷʣʘ 20 ɛm. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 
ʧʦʣʥʘʷ ʪʦʣʱʠʥʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʛʦ ʩʣʦʷ ʜʣʷ ʧʝʨʚʦʛʦ ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʣʷʣʘ 
ὸ 40 ɛm, ʜʣʷ ʚʪʦʨʦʛʦ ʦʙʨʘʟʮʘ ὸ 80 ɛm, ʜʣʷ ʪʨʝʪʴʝʛʦ ʦʙʨʘʟʮʘ ὸ 120 ɛm ʠ ʜʣʷ 

ʯʝʪʚʝʨʪʦʛʦ ὸ 120 ɛm. ʈʘʟʤʝʨʳ ʧʣʘʩʪʠʥʢʠ ʎʊʉ ʙʳʣʠ ʨʘʚʥʳ 20x5x0.3 mm. ɺʩʷ 
ʩʠʩʪʝʤʘ ʧʦʤʝʱʘʣʘʩʴ ʚ ʩʦʣʝʥʦʠʜ ʜʠʘʤʝʪʨʦʤ D=20mm ʠ ʜʣʠʥʦʡ L=180 mm ʠ 
ʩʦʜʝʨʞʘʱʠʡ N=500 ʚʠʪʢʦʚ ʠʟ ʤʝʜʥʦʡ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ 0.7 mm. 

ɺʥʘʯʘʣʝ ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʧʦʣʷ 
ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ ʥʘ ʯʘʩʪʦʪʝ f=10 kHz ʜʣʷ ʧʝʨʚʦʛʦ ʦʙʨʘʟʮʘ, ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 
ʨʠʩ.1 ʧʨʠ ʧʨʷʤʦʤ (direct) ʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ (inverse) ʥʘʧʨʘʚʣʝʥʠʷʭ ʧʦʣʷ 
ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ.  
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ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ ʜʣʷ 

ʧʝʨʚʦʛʦ ʦʙʨʘʟʮʘ ʥʘ ʯʘʩʪʦʪʝ f=10 kHz 
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ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʟʘʚʠʩʠʤʦʩʪʴ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ, ʧʨʠʭʦʜʷʱʠʡʩʷ ʥʘ ʧʦʣʝ 
ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ ʧʦʨʷʜʢʘ 17 Oe, ʧʨʠʯʝʤ ʤʘʢʩʠʤʘʣʴʥʘʷ ʨʘʟʥʦʩʪʴ ʚʝʣʠʯʠʥʳ ʚʳʭʦʜʥʦʛʦ 
ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʧʨʷʤʦʤ ʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ ʥʘʧʨʘʚʣʝʥʠʷʭ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 
ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 30%.  

ɿʘʪʝʤ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ 
ʯʝʪʳʨʝʭ ʦʙʨʘʟʮʦʚ ʧʨʠ ʚʝʣʠʯʠʥʝ ʧʦʣʷ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʤʘʢʩʠʤʫʤʫ 
ʵʬʬʝʢʪʘ ʧʨʠ ʩʦʧʨʦʪʠʚʣʝʥʠʠ ʥʘʛʨʫʟʢʠ 10 kɋ.  

0 20 40 60 80 100 120

0

100

200

300

400

U
o

u
t,
 m

V

f, kHz

 sample 1

sample 2

 sample 3

 sample 4

ʈʠʩʫʥʦʢ 2 ï ʏʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ 

 
ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ.2, ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʤʝʶʪ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʡ 

ʤʘʢʩʠʤʫʤ, ʯʘʩʪʦʪʘ ʢʦʪʦʨʦʛʦ ʠʟʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ. 
ʀʟʤʝʥʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʩʨʝʜʥʠʭ 
ʟʥʘʯʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʠ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ ʤʦʜʫʣʷ ʖʥʛʘ. ʈʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ 
ʩʠʤʤʝʪʨʠʯʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʩʦʛʣʘʩʥʦ [6], ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʝʤ  

 

 Ὢ ḙ . (1) 

ɿʜʝʩʴ ὒ ï ʜʣʠʥʘ ʦʙʨʘʟʮʘ, ὣ ὣ ὸ ὣὸ Ⱦὸ, ” ” ὸ ”ὸ Ⱦὸ ï ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ 
ʤʦʜʫʣʷ ʖʥʛʘ ʠ ʧʣʦʪʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ, ὸ ὸ ὸ ï ʧʦʣʥʘʷ ʪʦʣʱʠʥʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ. 
ʄʦʜʫʣʴ ʖʥʛʘ ʄʝʪʛʣʘʩʘ ὣ ρρπὋὖὥ ʧʦʯʪʠ ʚ ʜʚʘ ʨʘʟʘ ʧʨʝʚʦʩʭʦʜʠʪ ʤʦʜʫʣʴ ʖʥʛʘ ʎʊʉ, 
ʢʦʪʦʨʳʡ ʨʘʚʝʥ ὣ φχ Ὃὖὥ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʣʦʪʥʦʩʪʴ ʤʘʛʥʝʪʠʢʘ ” χχππ ὯὫȾ
ά ʧʨʠʤʝʨʥʦ ʨʘʚʥʘ ʧʣʦʪʥʦʩʪʠ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ ” χπππ ὯὫȾά . ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, 
ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʤʦʜʫʣʷ ʖʥʛʘ ʚʦʟʨʘʩʪʘʝʪ 
ʙʳʩʪʨʝʝ, ʯʝʤ ʚʦʟʨʘʩʪʘʝʪ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ, ʯʪʦ ʚʝʜʝʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 
ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ. ʅʘʙʣʶʜʘʝʤʦʝ ʫʚʝʣʠʯʝʥʠʝ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ 
ʫʚʝʣʠʯʝʥʠʠ ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ ʧʨʦʠʩʭʦʜʠʪ ʚ ʧʦʣʥʦʤ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʠʝʡ. 
ɺʝʣʠʯʠʥʘ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʜʣʷ ʩʠʤʤʝʪʨʠʯʥʦʡ 
ʩʪʨʫʢʪʫʨʳ ʤʘʛʥʝʪʠʢ/ʧʴʝʟʦʵʣʝʢʪʨʠʢ/ʤʘʛʥʝʪʠʢ, ʩʦʛʣʘʩʥʦ [2], ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ 
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 Ὗ .  (2) 

 

ɿʜʝʩʴ Ὠ , ή  ï ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʠ ʧʴʝʟʦʤʘʛʥʠʪʥʳʡ ʤʦʜʫʣʠ, ‐  ï 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʤʘʛʥʝʪʠʢʘ, ʫʤʥʦʞʝʥʥʘʷ ʥʘ ‐.ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʘ 
ʧʦʣʫʯʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʪʨʝʭʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʪ ʪʦʣʱʠʥʳ 
ʤʘʛʥʝʪʠʢʘ. 
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ʈʠʩʫʥʦʢ 3 ï ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ ʜʣʷ 

ʪʨʝʭʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʳ ʄʝʪʛʣʘʩ/ʎʊʉ/ ʄʝʪʛʣʘʩ 

 
ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʥʘ ʥʘʯʘʣʴʥʦʤ ʫʯʘʩʪʢʝ ʥʘʙʣʶʜʘʝʪʩʷ ʣʠʥʝʡʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʦʪ ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ.  
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʝʣʠʯʠʥʘ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʦʪʢʣʠʢʘ ʩʪʨʫʢʪʫʨʳ 

ʄʝʪʛʣʘʩ/ʎʊʉ/ʄʝʪʛʣʘʩ ʥʘ ʥʘʯʘʣʴʥʦʤ ʫʯʘʩʪʢʝ ʣʠʥʝʡʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 
ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ, ʯʘʩʪʦʪʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ, ʯʘʩʪʦʪʘ ʢʦʪʦʨʦʛʦ 
ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ, ʠ ʥʘ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʪʘʢʞʝ 
ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʢʩʠʤʫʤ ʧʨʠ ʚʝʣʠʯʠʥʝ ʧʦʣʷ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ ʧʦʨʷʜʢʘ 17 Oe.  

 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ  

ˉ 22ï19ï00763 çʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʛʠʨʘʪʦʨè, https://rscf.ru/project/22-19-
00763/è 
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ɺʃʀʗʅʀɽ ʊʆʃʑʀʅʓ ʄɸɻʅɽʊʀʂɸ ʅɸ ʂʆʕʌʌʀʎʀɽʅʊ I/V ï ʇʈɽʆɹʈɸɿʆɺɸʅʀʗ 
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ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʝ ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ ʥʘ ʯʘʩʪʦʪʥʳʝ ʠ 

ʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ I/Vïʧʨʝʦʙʨʘʟʦʚʘʥʠʷ  ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʛʠʨʘʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ ʘʤʦʨʬʥʳʡ ʩʧʣʘʚ ɸʄɸɻ 212N/ʮʠʨʢʦʥʘʪ-ʪʠʪʘʥʘʪ ʩʚʠʥʮʘ/ 
ʘʤʦʨʬʥʳʡ ʩʧʣʘʚ ɸʄɸɻ 212N/. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʛʠʨʘʪʦʨ, ʢʦʪʦʨʳʡ 
ʩʦʩʪʦʷʣ ʠʟ ʢʘʪʫʰʢʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʩ ʩʝʨʜʝʯʥʠʢʦʤ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʤ ʩʦʙʦʡ 
ʪʨʝʭʩʣʦʡʥʫʶ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦ-ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ 
ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʣʘʩʪʠʥʢʠ, ʢ ʢʦʪʦʨʦʡ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʙʳʣʠ ʧʨʠʢʣʝʝʥʳ ʧʣʘʩʪʠʥʢʠ ʠʟ 
ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʉʭʝʤʘʪʠʯʥʦ ʠʟʦʙʨʘʞʝʥʠʝ ʛʠʨʘʪʦʨʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ 
ʨʠʩ. 1. 

 

 
ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʛʠʨʘʪʦʨʘ. 1 ï ʢʘʪʫʰʢʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, 2 ï ʩʣʦʡ 

ʤʘʛʥʝʪʠʢʘ (ʘʤʦʨʬʥʳʡ ʩʧʣʘʚ ɸʄɸɻ 212N), 3 ï ʩʣʦʡ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ (ʎʊʉ), 4 ï ʥʘʛʨʫʟʦʯʥʦʝ 
ʩʦʧʨʦʪʠʚʣʝʥʠʝ. 

 
ʂʘʪʫʰʢʘ ʛʠʨʘʪʦʨʘ ʙʳʣʘ ʥʘʤʦʪʘʥʘ ʥʘ ʢʘʨʢʘʩ ʨʘʟʤʝʨʦʤ 18x10x5 mm, ʚʥʫʪʨʠ 

ʢʘʨʢʘʩʘ ʙʳʣʦ ʩʢʚʦʟʥʦʝ ʧʨʷʤʦʫʛʦʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ ʨʘʟʤʝʨʦʤ 5.5x1.5 mm ʜʣʷ ʧʦʤʝʱʝʥʠʷ 
ʚ ʥʝʛʦ ʄʕ ʦʙʨʘʟʮʘ. ʂʘʪʫʰʢʘ ʠʟʛʦʪʦʚʣʝʥʘ ʠʟ ʤʝʜʥʦʡ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ d=0.15 mm ʠ 
ʩʦʜʝʨʞʘʣʘ 275 ʚʠʪʢʦʚ. ʄʕ ʩʝʨʜʝʯʥʠʢ ʩʦʩʪʦʷʣ ʠʟ ʧʣʘʩʪʠʥʢʠ ʧʴʝʟʦʢʝʨʘʤʠʢʠ ʎʊʉ - 19 ʩ 
ʵʣʝʢʪʨʦʜʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚʞʠʛʘʥʠʝʤ ʩʝʨʝʙʨʷʥʦʡ ʧʘʩʪʳ (çʇʴʝʟʦʧʨʠʙʦʨè, ʈʦʩʪʦʚ-ʥʘ-
ɼʦʥʫ) ʠ ʧʣʘʩʪʠʥʦʢ ʠʟ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʛʦ ʩʦʙʦʡ 
ʘʤʦʨʬʥʳʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʩʧʣʘʚ ʤʘʨʢʠ ɸʄɸɻ 212N (ʇɸʆ çʄʩʪʘʪʦʨè, ɹʦʨʦʚʠʯʠ, 
ʈʦʩʩʠʷ). ʄʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʝ ʧʣʘʩʪʠʥʢʠ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʧʫʪʝʤ ʩʢʣʝʠʚʘʥʠʷ ʬʦʣʴʛʠ 
ʘʤʦʨʬʥʦʛʦ ʩʧʣʘʚʘ ʪʦʣʱʠʥʦʡ 20 ɛm ʠ ʜʣʷ ʯʝʪʳʨʝʭ ʦʙʨʘʟʮʦʚ ʩʦʜʝʨʞʘʣʠ ʦʜʠʥ, ʜʚʘ, ʪʨʠ 
ʠ ʯʝʪʳʨʝ ʩʣʦʷ ʬʦʣʴʛʠ ʩ ʢʘʞʜʦʡ ʩʪʦʨʦʥʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʥʘʷ ʪʦʣʱʠʥʘ 
ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʛʦ ʩʣʦʷ ʜʣʷ ʧʝʨʚʦʛʦ ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʣʷʣʘ ὸ 40 ɛm, ʜʣʷ ʚʪʦʨʦʛʦ 

ʦʙʨʘʟʮʘ ὸ 80 ɛm, ʜʣʷ ʪʨʝʪʴʝʛʦ ʦʙʨʘʟʮʘ ὸ 120 ɛm ʠ ʜʣʷ ʯʝʪʚʝʨʪʦʛʦ ὸ 160 ɛm 
ʈʘʟʤʝʨʳ ʧʣʘʩʪʠʥʢʠ ʎʊʉ ʙʳʣʠ ʨʘʚʥʳ 20x5x0.3 mm. ɺʩʷ ʩʠʩʪʝʤʘ ʧʦʤʝʱʘʣʘʩʴ ʚ 
ʩʦʣʝʥʦʠʜ ʜʠʘʤʝʪʨʦʤ D=40mm ʠ ʜʣʠʥʦʡ L=102 mm ʠ ʩʦʜʝʨʞʘʱʠʡ N=580 ʚʠʪʢʦʚ ʠʟ 
ʤʝʜʥʦʡ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ 0.3 mm. 

ɺʥʘʯʘʣʝ ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʧʦʣʷ 
ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ ʥʘ ʯʘʩʪʦʪʝ f=10 kHz. ʂʘʢ ʧʦʢʘʟʘʣʠ ʠʟʤʝʨʝʥʠʷ, ʧʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 
ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ, ʧʨʠʭʦʜʷʱʠʡʩʷ ʥʘ ʧʦʣʝ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ ʧʦʨʷʜʢʘ 17 Oe.  

ɿʘʪʝʤ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ I/V ï 
ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ὑ , ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 2, ʜʣʷ ʯʝʪʳʨʝʭ ʦʙʨʘʟʮʦʚ ʧʨʠ 

ʚʝʣʠʯʠʥʝ ʧʦʣʷ ʧʦʜʤʘʛʥʠʯʠʚʘʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʤʘʢʩʠʤʫʤʫ ʵʬʬʝʢʪʘ ʠ 
ʩʦʧʨʦʪʠʚʣʝʥʠʠ ʥʘʛʨʫʟʢʠ 10 kɋ.  
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ʈʠʩʫʥʦʢ 2 ï ʏʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ I/V ï ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ  ὑ   ʦʪ ʪʦʣʱʠʥʳ 
ʤʘʛʥʝʪʠʢʘ. ʊʦʣʱʠʥʘ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ (ʎʊʉ-19) ὸ σππ ‘ά, ʪʦʣʱʠʥʘ ʤʘʛʥʝʪʠʢʘ (ʘʤʦʨʬʥʳʡ 

ʩʧʣʘʚ ɸʄɸɻ 212N) ʜʣʷ ʧʝʨʚʦʛʦ ʦʙʨʘʟʮʘ ὸ τπ ‘ά, ʚʪʦʨʦʛʦ ï ὸ ψπ ‘ά, 
ʪʨʝʪʴʝʛʦ ï ὸ ρςπ ‘ά ʠ ʯʝʪʚʝʨʪʦʛʦ ὸ ρφπ ‘ά. 

 
ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ.2, ʯʘʩʪʦʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʤʝʶʪ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʡ 

ʤʘʢʩʠʤʫʤ, ʯʘʩʪʦʪʘ ʢʦʪʦʨʦʛʦ ʠʟʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ. 
ʀʟʤʝʥʝʥʠʝ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʩʨʝʜʥʠʭ 
ʟʥʘʯʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʠ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ ʤʦʜʫʣʷ ʖʥʛʘ. ʈʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ 
ʩʠʤʤʝʪʨʠʯʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʩʦʛʣʘʩʥʦ [1], ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʝʤ  

 Ὢ ḙ . (1) 

ɿʜʝʩʴ ὒ ï ʜʣʠʥʘ ʦʙʨʘʟʮʘ, ὣ ὣ ὸ ὣὸ Ⱦὸ, ” ” ὸ ”ὸ Ⱦὸ ï ʩʨʝʜʥʠʝ 
ʟʥʘʯʝʥʠʷ ʤʦʜʫʣʷ ʖʥʛʘ ʠ ʧʣʦʪʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ, ὸ ὸ ὸ ï ʧʦʣʥʘʷ ʪʦʣʱʠʥʘ 
ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ. ʄʦʜʫʣʴ ʖʥʛʘ ʘʤʦʨʬʥʦʛʦ ʩʧʣʘʚʘ ɸʄɸɻ 212N ʨʘʚʝʥ ὣ ρρπὋὖὥ, ʯʪʦ 
ʧʦʯʪʠ ʚ ʜʚʘ ʨʘʟʘ ʧʨʝʚʦʩʭʦʜʠʪ ʤʦʜʫʣʴ ʖʥʛʘ ʎʊʉ, ʢʦʪʦʨʳʡ ʨʘʚʝʥ ὣ φχ Ὃὖὥ, ʚ ʪʦ 
ʚʨʝʤʷ ʢʘʢ ʧʣʦʪʥʦʩʪʴ ʤʘʛʥʝʪʠʢʘ ” χχππ ὯὫȾά ʧʨʠʤʝʨʥʦ ʨʘʚʥʘ ʧʣʦʪʥʦʩʪʠ 

ʧʝɹʟʦʵʣʝʢʪʨʠʢʘ ” χπππ ὯὫȾά . ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʦʣʱʠʥʳ 
ʤʘʛʥʝʪʠʢʘ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʤʦʜʫʣʷ ʖʥʛʘ ʚʦʟʨʘʩʪʘʝʪ ʙʳʩʪʨʝʝ, ʯʝʤ ʚʦʟʨʘʩʪʘʝʪ 
ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ, ʯʪʦ ʚʝʜʝʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ. 

ʅʘʙʣʶʜʘʝʤʦʝ ʫʚʝʣʠʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ IV ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ὑ  ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 
ʪʦʣʱʠʥʳ ʤʘʛʥʝʪʠʢʘ ʧʨʦʠʩʭʦʜʠʪ ʚ ʧʦʣʥʦʤ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʠʝʡ. ʉʦʛʣʘʩʥʦ ʪʝʦʨʠʠ [2], 
ʚʝʣʠʯʠʥʘ ʥʠʟʢʦʯʘʩʪʦʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʤʦʜʫʣʷ ʢʦʵʬʬʠʮʠʝʥʪʘ I/Vïʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 
ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʝʤ: 

 ȿὑ ȿ ὸὲ
Ⱦ

Ⱦ

,  (2) 

ʛʜʝ Ὠ ȟή  ï ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʠ ʧʴʝʟʦʤʘʛʥʠʪʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪʳ, ‐ ‐ ‐, ‐  ï 

ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ, ‐ ψȢψυρπ ὊȾά ï 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ, ὢ ρȾ‫ὅ ï ʝʤʢʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ὅ  ï 

ʝʤʢʦʩʪʴ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʣʘʩʪʠʥʳ, ὡ ï ʰʠʨʠʥʘ ʧʣʘʩʪʠʥʳ, ‫ ς“Ὢïʮʠʢʣʠʯʝʩʢʘʷ 
ʯʘʩʪʦʪʘ, ὲ ï ʯʠʩʣʦ ʚʠʪʢʦʚ ʥʘ ʝʜʠʥʠʮʫ ʜʣʠʥʳ ʢʘʪʫʰʢʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ 
ʫʨʘʚʥʝʥʠʷ (2), ʚʝʣʠʯʠʥʘ ʢʦʵʬʬʠʮʠʝʥʪʘ I/V ï ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 
ʫʚʝʣʠʯʝʥʠʝʤ ʪʦʣʱʠʥʳ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʛʦ ʩʣʦʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ.  
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ɺʥʝ ʨʝʟʦʥʘʥʩʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠ ʤʘʣʳʭ ʩʦʧʨʦʪʠʚʣʝʥʠʷʭ ʥʘʛʨʫʟʢʠ ʢʦʵʬʬʠʮʠʝʥʪ 
I/Vïʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʣʠʥʝʡʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʥʘʛʨʫʟʢʠ. 

ʇʨʠ ʙʦʣʴʰʠʭ ʩʦʧʨʦʪʠʚʣʝʥʠʷʭ ʥʘʛʨʫʟʢʠ, ʢʦʛʜʘ ḻρʢʦʵʬʬʠʮʠʝʥʪ I/Vïʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʜʦʩʪʠʛʘʝʪ ʥʘʩʳʱʝʥʠʷ. ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʘ ʥʘʛʨʫʟʦʯʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʛʠʨʘʪʦʨʘ ʥʘ 
ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ ʄʝʪʛʣʘʩ/ʎʊʉ/ʄʝʪʛʣʘʩ ʜʣʷ ʯʝʪʳʨʝʭ ʦʙʨʘʟʮʦʚ ʩ ʨʘʟʥʳʤʠ ʪʦʣʱʠʥʘʤʠ 
ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʛʦ ʩʣʦʷ ɸʄɸɻ 212N ʥʘ ʯʘʩʪʦʪʝ 10 kHz.  
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ʈʠʩʫʥʦʢ 3 ï ʅʘʛʨʫʟʦʯʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʛʠʨʘʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ ʄʝʪʛʣʘʩ/ʎʊʉ/ʄʝʪʛʣʘʩ. 
ʧʝʨʚʦʛʦ ʦʙʨʘʟʮʘ ὸ τπ ‘ά, ʚʪʦʨʦʛʦ ï ὸ ψπ ‘ά, ʪʨʝʪʴʝʛʦ ï ὸ ρςπ ‘ά ʠ ʯʝʪʚʝʨʪʦʛʦ 

ὸ ρφπ ‘ά ʥʘ ʯʘʩʪʦʪʝ 10 kHz . 

 
ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 3 ʥʘʙʣʶʜʘʝʪʩʷ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʪʝʦʨʠʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʦʤ. 

ʇʨʠ ʥʝʙʦʣʴʰʠʭ ʩʦʧʨʦʪʠʚʣʝʥʠʷʭ ʥʘʛʨʫʟʢʠ ʚʝʣʠʯʠʥʘ KIV ʣʠʥʝʡʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 
ʫʚʝʣʠʯʝʥʠʝʤ ʥʘʛʨʫʟʦʯʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʟʘʪʝʤ ʟʘʚʠʩʠʤʦʩʪʴ ʩʪʘʥʦʚʠʪʩʷ ʥʝʣʠʥʝʡʥʦʡ 

ʠ ʧʨʠ ʙʦʣʴʰʠʭ ʩʦʧʨʦʪʠʚʣʝʥʠʷʭ ʥʘʛʨʫʟʢʠ, ʢʦʛʜʘ ʦʪʥʦʰʝʥʠʝ ḻρ ʚʝʣʠʯʠʥʘ 

ʢʦʵʬʬʠʮʠʝʥʪʘ I/V ï ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʜʦʩʪʠʛʘʝʪ ʥʘʩʳʱʝʥʠʷ. 
 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

ˉ 22ï19ï00763 çʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʛʠʨʘʪʦʨè, https://rscf.ru/project/22-19-
00763/è 
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ɿʘʤʝʱʝʥʥʳʝ ʤʘʥʛʘʥʠʪʳ ʷʚʣʷʶʪʩʷ ʧʨʠʤʝʨʦʤ ʩʠʣʴʥʦʢʦʨʨʝʣʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʩ 
ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʨʘʚʥʦʚʝʩʥʳʤ ʨʘʟʜʝʣʝʥʠʝʤ ʬʘʟ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʩʦʩʫʱʝʩʪʚʦʚʘʪʴ ʚ 
ʰʠʨʦʢʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʜʠʘʧʘʟʦʥʘʭ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 
ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʠʩʪʝʤʘ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʚʠʩʤʫʪ-ʟʘʤʝʱʝʥʥʦʛʦ ʤʘʥʛʘʥʠʪʘ ʣʘʥʪʘʥʘ 
BixLa1-xMnO3 (0ÒxÒ0.2), ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦ ʜʚʫʤ ʤʝʪʦʜʠʢʘʤ: ʪʚʝʨʜʦʬʘʟʥʳʡ ʩʠʥʪʝʟ ʥʘ 
ʚʦʟʜʫʭʝ ʠ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟ [1]. ʀʩʭʦʜʥʳʡ ʩʦʩʪʘʚ LaMnO3 ʠʤʝʝʪ ʦʨʪʦʨʦʤʙʠʯʝʩʢʠ ʠʣʠ 
ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʡ ʠʩʢʘʞʝʥʥʳʡ ʪʠʧ ʩʪʨʫʢʪʫʨʳ ʧʝʨʦʚʩʢʠʪʘ ʠ ʷʚʣʷʝʪʩʷ ʩʣʦʠʩʪʳʤ 
ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʦʤ (ɸʌʄ) ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʅʝʝʣʷ TN=140 K, ʚ ʢʦʪʦʨʦʤ ʩʦʩʝʜʥʠʝ 
ʬʝʨʨʦʤʘʛʥʠʪʥʳʝ (ʌʄ) ʩʣʦʠ ʢʘʪʠʦʥʦʚ Mn3+ ʫʧʦʨʷʜʦʯʝʥʳ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦ 
(ʩʪʨʫʢʪʫʨʘ ɸ-ʪʠʧʘ). ɿʘ ɸʌʄ ʫʧʦʨʷʜʦʯʝʥʠʝ LaMnO3 ʦʪʚʝʪʩʪʚʝʥʥʳ ʩʪʘʪʠʯʝʩʢʠʝ ʷʥ-
ʪʝʣʣʝʨʦʚʩʢʠʝ (ʗʊ) ʠʩʢʘʞʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ 2d-
ʫʧʦʨʷʜʦʯʝʥʠʶ dz2 ʦʨʙʠʪʘʣʝʡ ʠʦʥʘ Mn3+, ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ï ʢ ʜʚʫʭʤʝʨʥʦʤʫ ʭʘʨʘʢʪʝʨʫ ʌʄ 
ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʄʘʥʛʘʥʠʪ ʚʠʩʤʫʪʘ BiMnO3 ï ʤʫʣʴʪʠʬʝʨʨʦʠʢ ʩ 
ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ TCʕ=750 K ʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ 
(ʌʄ) ʫʧʦʨʷʜʦʯʝʥʠʷ Tʉ=100 K, ʦʥ ʠʤʝʝʪ ʤʦʥʦʢʣʠʥʥʦ ʠʩʢʘʞʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʝʨʦʚʩʢʠʪʘ 
(ʧʨ. ʛʨ. C2), ʜʣʷ ʢʦʪʦʨʦʛʦ ʭʘʨʘʢʪʝʨʥʦ 3d-ʫʧʦʨʷʜʦʯʝʥʠʝ dz2 ʦʨʙʠʪʘʣʝʡ ʠʦʥʘ Mn3+ [2].  

ɺʝʣʠʯʠʥʳ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ La3+ ʥʘ Bi3+ ʚʝʩʴʤʘ ʙʣʠʟʢʠ (1.22 ¡ ʠ 1.24 ¡, ʥʦ ʚ 
ʦʪʣʠʯʠʝ ʦʪ ʠʦʥʘ La3+, ʥʘ ʚʥʝʰʥʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʦʙʦʣʦʯʢʝ ʠʦʥʘ Bi3+ ʠʤʝʝʪʩʷ 
ʩʪʝʨʝʦʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʘʷ ʠʟʦʣʠʨʦʚʘʥʥʘʷ ʧʘʨʘ 6S2-ʵʣʝʢʪʨʦʥʦʚ, ʢʦʪʦʨʘʷ ʜʘʝʪ ʠʦʥʫ 
ʚʠʩʤʫʪʘ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʩʪʝʧʝʥʴ ʩʚʦʙʦʜʳ ʜʣʷ ʧʝʨʝʤʝʱʝʥʠʷ ʚʜʦʣʴ <111>-
ʥʘʧʨʘʚʣʝʥʠʷ ʧʝʨʦʚʩʢʠʪʥʦʡ ʢʫʙʠʯʝʩʢʦʡ ʷʯʝʡʢʠ [2]. ʊ.ʦ., ʟʘʤʝʱʝʥʠʝ La3+ ʥʘ Bi3+ ʚ 
ʩʪʨʫʢʪʫʨʝ LaMnO3 ʧʨʠʚʦʜʠʪ ʢ ʣʦʢʘʣʴʥʳʤ ʠʩʢʘʞʝʥʠʷʤ ʢʠʩʣʦʨʦʜʥʳʭ ʦʢʪʘʵʜʨʦʚ, 
ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ BiMnO3, ʧʨʠ ʵʪʦʤ ʙʫʜʫʪ ʠʟʤʝʥʷʪʴʩʷ ʫʛʣʳ ʩʚʷʟʠ Mn-O-Mn ʠ 
ʨʘʩʩʪʦʷʥʠʷ Mn-O. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʤʠʤʦ ʚʥʫʪʨʠʧʣʦʩʢʦʩʪʥʳʭ ʌʄ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, 
ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ LaMnO3, ʣʦʢʘʣʴʥʦ ʜʦʣʞʥʳ ʚʦʟʥʠʢʘʪʴ ʤʝʞʧʣʦʩʢʦʩʪʥʳʝ ʌʄ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ BiMnO3.  

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʷʚʠʣʠ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʚʩʝʭ ʩʦʩʪʘʚʦʚ,  
ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ, ʢ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ (ʧʨ. ʛʨ. Pnma), 
ʚ ʢʦʪʦʨʦʡ ʠʦʥʳ Bi3+ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ A-ʫʟʣʘʤ ʩʪʨʫʢʪʫʨʳ ʧʝʨʦʚʩʢʠʪʘ ʩʣʫʯʘʡʥʳʤ 
ʦʙʨʘʟʦʤ [1]. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ů(ʊ) ʜʣʷ ʚʩʝʭ 
ʩʦʩʪʘʚʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩ. 1. ɼʣʷ ʩʦʩʪʘʚʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟʦʤ, 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʘ ʢʘʢ ʨʦʤʙʦʵʜʨʠʯʝʩʢʘʷ (ʧʨ. ʛʨ. R3c) [1].  

ɺʩʝ ʦʙʨʘʟʮʳ ʠʤʝʶʪ ʧʦʣʦʞʠʪʝʣʴʥʫʶ ʧʘʨʘʤʘʛʥʠʪʥʫʶ (ʇʄ) ʪʝʤʧʝʨʘʪʫʨʫ ʂʶʨʠ ɗ, 
ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʌʄ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʝʦʙʣʘʜʘʶʪ ʥʘʜ 
ɸʌʄ. ɺ çʯʠʩʪʦʤè ʤʘʥʛʘʥʠʪʝ ʣʘʥʪʘʥʘ LaMnO3 ʥʝ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʦʪʢʣʦʥʝʥʠʡ ɢ

-1(ʊ) ʦʪ 
ʟʘʢʦʥʘ ʂʶʨʠ-ɺʝʡʩʩʘ ʧʨʠ ʊ > ʊʉ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʦʜʥʦʨʦʜʥʦʛʦ ʧʘʨʘʤʘʛʥʝʪʠʢʘ. 
ɸʥʘʣʠʟ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ɢ-1(ʊ) ʩʣʘʙʦʣʝʛʠʨʦʚʘʥʥʳʭ BixLa1-xMnO3 ʚʳʷʚʣʷʝʪ 
ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʳʰʝ ʊʉ. ʇʨʠ ʥʘʠʤʝʥʴʰʝʤ ʣʝʛʠʨʦʚʘʥʠʠ x=0.05 
ʥʘʙʣʶʜʘʶʪʩʷ ʥʦʚʳʝ ʌʄ ʬʘʟʳ, ʦʪʩʫʪʩʪʚʫʶʱʠʝ ʚ LaMnO3. ɺ ʇʄ ʦʙʣʘʩʪʠ ʚʦʟʥʠʢʘʶʪ ʜʚʘ 
ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʘ ʩ ʨʘʟʥʳʤʠ ʥʘʢʣʦʥʘʤʠ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ ɢ-1(ʊ) ʠ ʨʘʟʥʳʤʠ 
ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʂʶʨʠ ï ɗ1 ʠ ɗ2, ʧʨʠ ʵʪʦʤ ɗ1>ɗ2>0, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 
ʦʙ ʠʟʤʝʥʝʥʠʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T*å320ʂ.  

ɺʦʟʤʦʞʥʦ, ʵʪʘ ʩʠʪʫʘʮʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʣʠʯʠʶ ʚ ʩʦʩʪʘʚʝ x=0.05 ʜʚʫʭ ʌʄ ʬʘʟ ʩ 
ʨʘʟʥʳʤ ʪʠʧʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ: ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʌʄʄ ʠ ʠʟʦʣʠʨʫʶʱʘʷ ʌʄʀ, ʢʘʢ ʧʦʢʘʟʘʥʦ 
ʚ [3] ʧʨʠ ʠʟʫʯʝʥʠʠ ʩʠʩʪʝʤʳ La-ʜʝʬʠʮʠʪʥʳʭ ʤʘʥʛʘʥʠʪʦʚ LaxMnO3+d ʤʝʪʦʜʦʤ ʗʄʈ Mn

55, 
ʧʨʠ ʵʪʦʤ ʢʘʢ ʌʄʄ, ʪʘʢ ʠ ʌʄʀ ʬʘʟʳ ʥʝʦʜʥʦʨʦʜʥʳ ʠ ʢʘʞʜʘʷ ʠʟ ʥʠʭ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʬʘʟ 
ʩ ʨʘʟʥʦʡ ʜʠʥʘʤʠʢʦʡ ʷʜʝʨʥʳʭ ʩʧʠʥʦʚ ʠ ʨʘʟʥʳʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʂʶʨʠ. 
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ʈʠʩʫʥʦʢ 1 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜ. 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ů(ʊ) ʠ ʦʙʨʘʪʥʦʡ ʤʘʛʥʠʪʥʦʡ 
ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ɢ-1(ʊ) ʩʠʩʪʝʤʳ BixLa1-xMnO3 
(x=0.0, 0.05 ʠ 0.2), ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʤʝʪʦʜʦʤ 
ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ (ʚ ʧʦʣʝ H=0.86 ʊʣ). ʊʉ

(1) ʠ 
ʊʉ

(2) ï ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʠʟ 
ʟʘʚʠʩʠʤʦʩʪʠ ů2(ʊ) ʠ dů/dT. 

ɼʣʷ x=0.2 ʥʘʙʣʶʜʘʝʪʩʷ ʦʪʢʣʦʥʝʥʠʝ 
ʟʘʚʠʩʠʤʦʩʪʠ ɢ-1(ʊ) ʦʪ ʣʠʥʝʡʥʦʡ ʚʙʣʠʟʠ ʊʉ ʩ 
ʭʘʨʘʢʪʝʨʥʳʤ ʧʨʦʛʠʙʦʤ ʚʥʠʟ, ʯʪʦ ʦʪʚʝʯʘʝʪ ʬʘʟʝ, 
ʧʦʜʦʙʥʦʡ ʬʘʟʝ ɻʨʠʬʬʠʪʩʘ (ʪ.ʝ. ʤʘʛʥʠʪʥʦ 
ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʤʫ ʩʦʩʪʦʷʥʠʶ ʠʣʠ ʩʦʩʪʦʷʥʠʶ 
çʩʧʠʥʦʚʦʛʦ ʩʪʝʢʣʘè) ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ Tʉ<T< 
TG, ʛʜʝ Tʉ=143ʂ ʠ TGå300ʂ. ʉʦʩʪʦʷʥʠʝ çʩʧʠʥʦʚʦʛʦ 
ʩʪʝʢʣʘè ʷʚʣʷʝʪʩʷ ʟʘʚʝʜʦʤʦ ʤʘʛʥʠʪʥʦ 
ʥʝʦʜʥʦʨʦʜʥʳʤ ʠ ʧʦʵʪʦʤʫ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʚʩʝʭ 
ʚʦʟʤʦʞʥʳʭ ʌʄ ʬʘʟ ʚ BixLa1-xMnO3, ʧʦʣʫʯʝʥʥʳʭ ʢʘʢ 
ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ, ʪʘʢ ʠ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟʦʤ, 
ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 
ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʥʠʤʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ 
ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ɢ``(ʊ), ʢʦʪʦʨʳʡ  ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ 
ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 
ʧʨʷʤʳʤ ʤʝʪʦʜʦʤ ʠʟʤʝʨʝʥʠʷ ɢ(ʊ) [1]. ɼʣʷ 
ʩʣʘʙʦʤʘʛʥʠʪʥʳʭ ʟʦʣʴ-ʛʝʣʴ ʦʙʨʘʟʮʦʚ, ʫ ʢʦʪʦʨʳʭ 
ʚʝʣʠʯʠʥʘ ů(ʊ) ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ ů(ʊ) ʦʙʨʘʟʮʦʚ, 
ʧʦʣʫʯʝʥʥʳʭ ʪʚʝʨʜʦʬʘʟʥʳʤ ʩʠʥʪʝʟʦʤ, 
ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʌʄ ʩʦʩʪʦʷʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, 
ʯʪʦ ʧʦʤʠʤʦ ʜʚʫʭ ʌʄ ʬʘʟ, ʥʘʙʣʶʜʘʝʤʳʭ ʜʣʷ 
çʯʠʩʪʦʛʦè LaMnO3 ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 
117ʂÒʊÒ130ʂ (ʈʠʩ.2), ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 
ʦʙʣʘʩʪʠ 150ʂÒʊÒ170ʂ, ʛʜʝ ʫʞʝ ʜʦʣʞʥʘ 
ʥʘʙʣʶʜʘʪʴʩʷ ʬʘʟʘ, ʧʦʜʦʙʥʘʷ ʬʘʟʝ ɻʨʠʬʬʠʪʩʘ, 
ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʤʘʢʩʠʤʫʤʦʚ,  
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ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʦʧʨʝʜʝʣʷʝʪ Tʉ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʌʄ ʬʘʟʳ. 
ʅʘʣʠʯʠʝ ʥʝʩʢʦʣʴʢʠʭ ʤʘʢʩʠʤʫʤʦʚ ʥʘ ʟʘʚʠʩʠʤʦʩʪʷʭ ɢ"(ʊ) ʧʨʠ 150<ʊ<170 K, 

ʚʝʨʦʷʪʥʝʝ ʚʩʝʛʦ, ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʝ BiMnO3 ʠʤʝʶʪʩʷ ʪʨʠ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʝ 
ʧʦʟʠʮʠʠ ʠʦʥʦʚ ʤʘʨʛʘʥʮʘ ʠ ʰʝʩʪʴ ʚʦʟʤʦʞʥʳʭ ʩʚʝʨʭʦʙʤʝʥʥʳʭ MnïOïMn-ʩʚʷʟʝʡ, ʯʝʪʳʨʝ ʠʟ 
ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ [2]. ʇʦʵʪʦʤʫ ʚ ʦʙʨʘʟʮʘʭ ʚʦʟʥʠʢʘʶʪ ʌʄ ʢʣʘʩʪʝʨʳ ʩ 
ʨʘʟʥʳʤʠ ʊC ʠ ʨʘʟʥʳʤʠ ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ (3d-ʦʨʙʠʪʘʣʴʥʦʝ 
ʫʧʦʨʷʜʦʯʝʥʠʝ BiMnO3). ʊʘʢʦʡ ʙʝʩʧʦʨʷʜʦʢ ʚ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʝ LaMnO3 ʤʦʞʝʪ ʙʳʪʴ 
ʦʪʚʝʪʩʪʚʝʥʥʳʤ ʟʘ ʟʘʨʦʞʜʝʥʠʝ ʠ ʩʪʘʙʠʣʠʟʘʮʠʶ ʬʘʟʳ, ʧʦʜʦʙʥʦʡ ʬʘʟʝ ɻʨʠʬʬʠʪʩʘ. ɺ [4] 
ʧʦʢʘʟʘʥʦ, ʯʪʦ ʣʦʢʘʣʴʥʳʝ ʠʩʢʘʞʝʥʠʷ ʢʠʩʣʦʨʦʜʥʳʭ ʦʢʪʘʵʜʨʦʚ, ʩʚʷʟʘʥʥʳʝ ʩ ʪʝʥʜʝʥʮʠʝʡ ʢ 
ʛʠʙʨʠʜʠʟʘʮʠʠ ʦʨʙʠʪʘʣʝʡ ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʧʘʨʳ 6s2ïɻ ʣʝʢʪʨʦʥʦʚ ʠʦʥʘ ʚʠʩʤʫʪʘ ʩ 2p6ï
ʦʨʙʠʪʘʣʷʤʠ ʠʦʥʦʚ ʢʠʩʣʦʨʦʜʘ, ʩʧʦʩʦʙʩʪʚʫʶʪ ʩʦʟʜʘʥʠʶ ʬʨʫʩʪʨʠʨʦʚʘʥʥʳʭ ʩʚʷʟʝʡ, 
ʦʙʫʩʣʦʚʣʠʚʘʶʱʠʭ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʩʧʠʥ-ʩʪʝʢʦʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʠʟʤʝʨʝʥʠʷ c±(ʊ) ʩʦʩʪʘʚʦʚ BixLa1-xMnO3 (x=0.0, 0.05 ʠ 
0.2), ʧʦʣʫʯʝʥʥʳʭ ʪʚʝʨʜʦʬʘʟʥʳʤ ʩʠʥʪʝʟʦʤ, ʚʳʷʚʠʣʠ ʜʣʷ x=0.05 (ʈʠʩ.2,ʛ) ʜʚʘ 
ʫʰʠʨʝʥʥʳʭ ʤʘʢʩʠʤʫʤʘ: ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʠ 117ʂÒʊÒ130 ʂ ʠ 
ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʠ 150ʂÒʊÒ170ʂ (ʈʠʩ.2,ʛ), ʠʟ ʢʦʪʦʨʳʭ ʪʨʫʜʥʦ ʚʳʜʝʣʠʪʴ 
ʦʪʜʝʣʴʥʳʝ ʌʄ ʬʘʟʳ.  

ʀʟ ʟʘʚʠʩʠʤʦʩʪʝʡ ɢ"(ʊ) ʩʣʝʜʫʝʪ, ʯʪʦ ʚʳʰʝ 130 ʂ BixLa1-xMnO3 ʷʚʣʷʝʪʩʷ 
ʩʣʘʙʦʥʝʦʜʥʦʨʦʜʥʳʤ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʤ, ʩʦʜʝʨʞʘʱʠʤ ʥʝʩʢʦʣʴʢʦ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʬʘʟ 
ʩ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʂʶʨʠ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 150 ʂ ʜʦ 170 ʂ. ʇʨʠ ʵʪʦʤ ʪʝʤʧʝʨʘʪʫʨʥʳʡ 
ʜʠʘʧʘʟʦʥ ʵʪʠʭ ʤʘʢʩʠʤʫʤʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ Bi. 
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ʈʠʩʫʥʦʢ 2 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ c±(ʊ) ʤʥʠʤʦʡ 
ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʦʙʨʘʟʮʦʚ ʩʠʩʪʝʤʳ 
BixLa1-xMnO3 (x = 0.0, 0.05 ʠ 0.1), ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 
ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ, ʧʨʠ ʪʨʸʭ ʯʘʩʪʦʪʘʭ ʤʦʜʫʣʷʮʠʠ 
(ʘ,ʙ,ʚ); ʘʤʧʣʠʪʫʜʘ ʤʦʜʫʣʠʨʫʶʱʝʛʦ ʧʦʣʷ 10 ʕ. ʅʘ 

ʚʩʪʘʚʢʘʭ: ʟʘʚʠʩʠʤʦʩʪʠ c±(ʊ) ʜʣʷ çʯʠʩʪʦʛʦè LaMnO3 ʧʨʠ 
ʪʝʭ ʞʝ ʯʘʩʪʦʪʘʭ f;  

ʛ) c±(ʊ) ʜʣʷ ʩʦʩʪʘʚʘ ʭ=0.05, ʧʦʣʫʯʝʥʥʦʛʦ 
ʪʚʝʨʜʦʬʘʟʥʳʤ ʩʠʥʪʝʟʦʤ, ʧʨʠ ʪʨʝʭ ʯʘʩʪʦʪʘʭ 
ʤʦʜʫʣʷʮʠʠ. 
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ʆʜʥʘʢʦ ʥʠʞʝ 130ʂ ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʭʦʜ ʚ 
ʩʦʩʪʦʷʥʠʝ ʩʧʠʥʦʚʦʛʦ ʩʪʝʢʣʘ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 
ʟʘʤʝʨʟʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 

ʢʣʘʩʪʝʨʦʚ ʊf º 115 K [1]. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʫʜ. 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 
ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʚ ʩʠʩʪʝʤʝ 
ʩʣʘʙʦʣʝʛʠʨʦʚʘʥʥʳʭ BixLa1-xMnO3 (0.0 Òx Ò 0.2) 
ʤʘʛʥʠʪʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚʳʰʝ ʊʉ ʚ ʚʠʜʝ ʌʄ 
ʢʣʘʩʪʝʨʦʚ ʚ ʇʄ (ʠʣʠ ɸʌʄ) ʤʘʪʨʠʮʝ. ʈʦʩʪ ʩʪʨʫʢʪʫʨʥʦʛʦ 
ʙʝʩʧʦʨʷʜʢʘ ʚʩʣʝʜʩʪʚʠʝ ʣʦʢʘʣʴʥʳʭ ʠʩʢʘʞʝʥʠʡ ʨʝʰʝʪʢʠ 
ʚ ʵʪʦʡ ʩʠʩʪʝʤʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʚʠʩʤʫʪʘ 
ʧʨʠʚʦʜʠʪ ʚʦʟʨʘʩʪʘʥʠʶ ʤʘʛʥʠʪʥʳʭ ʬʣʫʢʪʫʘʮʠʡ ʠ 
ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʬʘʟʳ, ʧʦʜʦʙʥʦʡ ʬʘʟʝ ɻʨʠʬʬʠʪʩʘ, ʚ 
ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ Tʉ<T<TG, ʛʜʝ TGå300K. ɺ [5] 
ʤʝʪʦʜʦʤ ʕʇʈ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʦʙʨʘʟʮʘʭ, 
ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦ ʦʙʝʠʤ ʤʝʪʦʜʠʢʘʤ, ʬʘʟʦʚʳʡ 
ʧʝʨʝʭʦʜ ʤʝʞʜʫ ʇʄ ʠ ʌʄ ʬʘʟʘʤʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 
ʧʫʪʸʤ ʧʣʘʚʥʦʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʙʲʸʤʦʚ ʇʄ ʠ ʌʄ 
ʦʙʣʘʩʪʝʡ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ. 

ʊ.ʦ., ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ ʤʦʞʥʦ 
ʧʦʣʫʯʘʪʴ ʩʣʘʙʦʣʝʛʠʨʦʚʘʥʥʳʝ ʩʦʩʪʘʚʳ BixLa1-xMnO3 ʩ 
ʨʘʟʥʳʤ ʫʨʦʚʥʝʤ ʧʨʦʷʚʣʝʥʠʷ ʤʘʛʥʠʪʥʳʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɺ ʦʙʨʘʟʮʘʭ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʟʦʣʴ-
ʛʝʣʴ ʤʝʪʦʜʦʤ, ʙʣʘʛʦʜʘʨʷ ʨʘʚʥʦʤʝʨʥʦʤʫ 
ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʣʝʛʠʨʫʶʱʝʡ ʜʦʙʘʚʢʠ ʧʦ ʦʙʲʝʤʫ 
ʦʙʨʘʟʮʘ, ʧʨʦʷʚʣʷʶʪʩʷ ʪʦʥʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʳʭ 
ʩʚʦʡʩʪʚ, ʢʦʪʦʨʳʝ ʦʪʩʫʪʩʪʚʫʶʪ ʚ ʩʦʩʪʘʚʘʭ, ʧʦʣʫʯʝʥʥʳʭ 
ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ. 

100 120 140

100 120 140 160 180 200

 c
'',

 a
.u

.

T,K

ʚ)f=970ɻʮ
 x=0.050

 x=0.100

 c
'',

 a
.u

.

T,K

x=0.0

 

80 100 120 140 160 180 200

ʛ)
x=0.05

920Hz

333Hz

c
" , 

a
.u

.

T, K

192Hz

 

ʅʘʧʨʠʤʝʨ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʥʠʤʦʡ ʯʘʩʪʠ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ɢ``(ʊ)ʌʝʜʫʣʦʚ 
BixLa1ïxMnO3 (ʈʠʩ.2) ʧʦʢʘʟʘʣʦ ʧʨʠʩʫʪʩʪʚʠʝ, ʧʦʤʠʤʦ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʜʠʘʧʘʟʦʥʘ 
117ʂÒʊÒ130ʂ ʩ ʜʚʫʤʷ ʌʄ ʬʘʟʘʤʠ, ʦʪʚʝʯʘʶʱʠʤʠ LaMnO3, ʪʨʝʭ ʌʄ ʬʘʟ ʩ 
ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʂʶʨʠ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 150 ʜʦ 170 ʂ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʥʘʣʠʯʠʝʤ ʪʨʝʭ 
ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʧʦʟʠʮʠʡ ʠʦʥʘ Mn3+ ʚ ʩʪʨʫʢʪʫʨʝ BiMnO3. ʆʜʥʘʢʦ ʚ ʦʙʨʘʟʮʘʭ, 
ʧʦʣʫʯʝʥʥʳʭ ʪʚʝʨʜʦʬʘʟʥʳʤ ʩʠʥʪʝʟʦʤ, ʚ ʵʪʠʭ ʦʙʣʘʩʪʷʭ ʪʝʤʧʝʨʘʪʫʨ ʥʘʙʣʶʜʘʶʪʩʷ ʪʦʣʴʢʦ 
ʧʦ ʦʜʥʦʤʫ ʫʰʠʨʝʥʥʦʤʫ ʤʘʢʩʠʤʫʤʫ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʤʝʪʦʜ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ 
BixLa1-xMnO3 ʧʦʟʚʦʣʷʝʪ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʬʘʟʫ, ʧʦʜʦʙʥʫʶ ʬʘʟʫ ɻʨʠʬʬʠʪʩʘ, 
ʩʦʩʪʦʷʱʫʶ ʠʟ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʭ ʌʄ ʢʣʘʩʪʝʨʦʚ ʚ ʇʄ ʤʘʪʨʠʮʝ ʚ ʩʦʩʪʦʷʥʠʠ çʩʧʠʥʦʚʦʛʦ 
ʩʪʝʢʣʘè. 
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Introduction  
The industrial focus on the development of high-frequency motor technologies 

requires the production of new efficient, soft and hard magnetic materials with higher 
parameters compared to existing metal magnetics. The use of such materials in the 
preparation of the magnetic core can increase the strength of the magnetic field in the 
electromagnetic coil by several hundred times compared to existing fixed metal magnetics. 
From this viewpoint, the researches on new magnetic materials based on isolated metal 
particles is of great interest for the study of the mechanism of magnetic exchange through 
thin insulating layers and the formation of multiphase ferromagnetic order in the theory of 
magnetism. As the magnetic cores get their final shape after compression and their final 
magnetic and mechanical properties after hardening, they can be immediately wired and 
assembled into the motor frame. This allows the magnetic core manufacturers both to 
improve the design and simplify the engine manufacturing process. For such applications, 
the use of M-type hexaferrites is more relevant. The fact that strontium-based ferrites have a 
higher Curie temperature and are environmentally safe allows their use not only in electro-
technical devices, but also in medicine [1]. The literature studies show that the synthesis 
methods used in obtaining nano-sized crystals affect the size, structure and properties of 
these crystals [2-5]. It is important to develop effective (simple and cost-effective) methods 
for obtaining small-sized nanodispersed crystals.  

In the presented work, information is given on the preparation, structural and 
magnetic properties of strontium hexaferrite (SrFe12O19) nanoparticles (NPs) by two different 
methods. 
 
Experimental 
SrFe12O19 nanoparticles were synthesized by two methods. 

Method 1 (Sample 1). SrCl2Ξ6H2O and FeCl3Ξ6H2O salts with 1:12 ration were 

dissolved in 80 ml of deionized (DI) water and mixed on a magnetic stirrer at a speed of 1200 
cycle/min. 1 gram of polyvinyl pyrrolidone (PVP) is added to the solution in small doses and 
mixed. Then the solution is placed in an ultrasonic bath with a frequency of 68 kHz and 
mixed for 30 minutes. 16 grams of NaOH dissolved in 60 ml of DI water added to the initial 
solution in small doses and mixed. The mixing is stopped at pH=10.5, when a rapid 
precipitation of dark cranberry color precipitate occurs. The obtained precipitate is washed 
repeatedly by centrifugation until pH = 8 and dried in a ceramic pot at 150 ÜC in drying 
chamber and calcinated at 800 ÜC for 4 hours. 

Method 2 (Sample 2). Two solutions are prepared separately: the 1st solution 

consisting of SrCl2Ξ6H2O and FeCl3Ξ6H2O salts in a 1:12 ratio is added to 80 ml of DI water 

and mixed on a magnetic stirrer under 1200 cycle/min speed. The 2nd solution consisted of 
10% NaOH and10% NaCO3. 50 ml of the 2nd solution is added to the 1st solution in small 
portions and mixed in a continuous 68 kHz ultrasonic bath. The process is stopped when the 
pH reaches 11 and rapid precipitation occurs. The obtained precipitate is washed repeatedly 
by centrifugation until pH equals 8 and dried in a ceramic pot at 150 ÜC in drying chamber 
and calcinated at 800 ÜC for 4 hours. 
 
 
 



ʄʫʣʴʪʠʬʝʨʨʦʠʢʠ: ʧʦʣʫʯʝʥʠʝ, ʩʚʦʡʩʪʚʘ, ʧʨʠʤʝʥʝʥʠʝ 

 

65 

 

Results and discussion 
XRD results 

The structural characteristics of SrFe12O19 were analyzed by Rigaku Ultima IV X-ray 
diffractometer in grazing incidence diffraction (GIXRD) geometry at 1 degree of incident X-
rays with CuKŬ radiation source (ɚ = 1.5406 ¡). Diffraction angle in the range of 20 - 90Á was 
used to identify the crystal structure present in the samples. Williamson-Hall method was 
used to determine the crystallite size of NPs. The results of X-ray diffraction analysis of 
nanoparticle samples synthesized by both methods are shown in Fig. 1. According to Fig. 1, 
hexaferrite SrFe12O19 nanoparticles have been obtained. The spectra in both figures were 
compared with the positions on the reference XRD pattern of strontium hexaferrite from the 
JCPDC data, which exhibits a hexagonal magnetic plumbite crystal structure with space 
group P63/mmc (JCPDS card, No 33-1340) with lattice parameters, a = 0.5884 nm and c = 
2.305 nm. These values are found to be in line with the reported lattice parameters for the 
SrFe12O19 materials produced by other methods [3-5]. However, it should be noticed that 

there are some peaks of a-Fe2O3 in the XRD pattern of SrFe12O19 nanoparticles. It is well 
known that in wet chemical preparation process of SrFe12O19, a mass of Sr ions will lose 

during the thermal decomposition process, so there are surplus Fe ions which will form a-
Fe2O3 finally [1]. From the obtained peaks width of XRD patterns, by using the Williams Hall 
method, the sizes of SrFe12O19 nanoparticles can be calculated to be 24 nm and 25 nm, 
respectively. 
 

  
Figure 1 ï Powder XRD patterns of SrFe12O19 nanomaterials obtained by two different chemical 

methods 
 

Magnetic properties 
Temperature dependences of the specific magnetization of ferrites were obtained in 

the temperature range 80ï800 K in 0.86 T magnetic field using the ponderomotor method 
(Fig.2).  

 

  
Figure 2 ï Temperature dependence of the specific magnetization of nanocrystalline 

SrFe12O19 prepared by two different chemical methods 
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The specific magnetization value at 80 K is 67.55 AΞm2Ξkg-1 for ferrite 1 and 59.15 AΞ

m2Ξkg-1 for ferrite 2, which is slightly lower than the specific magnetization value of 76 AΞm2Ξ
kg-1 for strontium ferrite obtained by ceramic technology [1]. With increasing temperature, the 
specific magnetization gradually decreases, and below the Curie temperature it decreases 
quickly until becomes equal to zero. The Curie temperature is 702 and 706 K for ferrite 1 and 
2. According to the theory of the spontaneous magnetization process, as the temperature 
rises, the distance between atoms increases, reducing the effect of exchange interaction. 
Besides, as a result the of thermal motion law of continuous destruction of the magnetic 
moment orientation of atom, the saturation intensity of spontaneous magnetization 
decreases as long as the temperature not exceeds the Curie point. This leads to the 
destruction of the regular orientation of the magnetic moment of atom, the absence of 
spontaneous magnetic moment and the transformation of the material from the ferromagnetic 
phase to the paramagnetic phase. 
 
Conclusions 

The effect of technological regimes of producing nano-sized SrFe12O19 powder on 
their structural and magnetic characteristics were studied. The X-ray diffraction study 
revealed than obtained NPs exhibit a hexagonal magnetic plumbite crystal structure with 

space group P63/mmc. However, there are some peaks of a-Fe2O3 in the XRD pattern of 
SrFe12O19 nanoparticles. It was established that according to the temperature increase, the 
regular orientation of the magnetic moment of the atom is destroyed, which leads to the 
absence of spontaneous magnetic moment and the transformation of the material from the 
ferrimagnetic phase to the paramagnetic phase with a Curie temperature of about 700 K. 
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ʄɸɻʅʀʊʅʓɽ ʉɺʆʁʉʊɺɸ ʅʀʂɽʃʔ- ʀ ʂʆɹɸʃʔʊ-ʎʀʅʂʆɺʓʍ ʌɽʈʈʀʊʆɺ 
Me0,5Zn0,5Fe2O4 (Me = Ni, Co) 

 
ʈʠʤʩʢʠʡ ɻ.ʉ.1, ɾʝʣʫʜʢʝʚʠʯ ɸ.ʃ.1, ʄʘʢʦʝʜ ʀ.ʀ.2, ɼʦʘʥ ʌʘʥ ʊʘʦ ʊʠʝʥ3 
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3ʅʷʯʘʥʛʩʢʠʡ ʠʥʩʪʠʪʫʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʧʨʠʣʦʞʝʥʠʡ ɺʴʝʪʥʘʤʩʢʦʡ 
ʘʢʘʜʝʤʠʠ ʥʘʫʢ ʠ ʪʝʭʥʦʣʦʛʠʡ, ʅʷʯʘʥʛ, ɺʴʝʪʥʘʤ 

 
ɺʚʝʜʝʥʠʝ. ʈʘʟʚʠʪʠʝ ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠ ʪʨʝʙʫʝʪ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʙʫʜʫʪ ʩʦʭʨʘʥʷʪʴ ʩʚʦʠ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩ ʫʤʝʥʴʰʝʥʠʝʤ 
ʨʘʟʤʝʨʦʚ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ. ʄʘʛʥʠʪʦʤʷʛʢʠʝ ʠ ʤʘʛʥʠʪʦʪʚʝʨʜʳʝ ʤʘʪʝʨʠʘʣʳ 
ʧʨʠʚʣʝʢʘʶʪ ʢ ʩʝʙʝ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʫʥʠʢʘʣʴʥʳʤ ʤʘʛʥʠʪʥʳʤ, 
ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ. ʉʨʝʜʠ ʬʝʨʨʠʪʦʚ-ʰʧʠʥʝʣʝʡ ʦʩʦʙʦʝ 
ʚʥʠʤʘʥʠʝ ʧʨʠʚʣʝʢʘʶʪ ʥʠʢʝʣʴ-ʮʠʥʢʦʚʳʝ ʠ ʢʦʙʘʣʴʪ-ʮʠʥʢʦʚʳʝ ʬʝʨʨʠʪʳ ʙʣʘʛʦʜʘʨʷ 
ʚʳʩʦʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʚ ʦʙʣʘʩʪʠ ʨʘʜʠʦ- ʠ ʩʚʝʨʭʚʳʩʦʢʠʭ ʯʘʩʪʦʪ [1-
3]. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʬʝʨʨʠʪʦʚ ʠʤʝʶʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ. ʉoFe2O4 ï
ʤʘʛʥʠʪʦʪʚʝʨʜʳʡ ʤʘʪʝʨʠʘʣ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ ʧʦʨʷʜʢʘ 800 K. NiFe2O4 ï ʷʚʣʷʝʪʩʷ 
ʤʘʛʥʠʪʦʤʷʛʢʠʤ ʤʘʪʝʨʠʘʣʦʤ c ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ ʧʦʨʷʜʢʘ 650 K. ɺ ʪʦʞʝ ʚʨʝʤʷ 
ʠʟʚʝʩʪʥʦ, ʯʪʦ ʜʣʷ Me1-xZnxFe2O4 (Me = Ni, Co) ʩ x < 0,5 ʤʦʤʝʥʪʳ Fe ʠʤʝʶʪ 
ʢʦʣʣʠʥʝʘʨʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ, ʘ ʩ x > 0,5 - ʥʝʢʦʣʣʠʥʝʘʨʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ [4]. ɺ ʩʚʷʟʠ ʩ 
ʵʪʠʤ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʦʣʦʚʠʥʯʘʪʳʤ ʟʘʤʝʱʝʥʠʝʤ 
ʢʘʪʠʦʥʘʤʠ ʮʠʥʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ 
ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʥʠʢʝʣʴ- ʠ ʢʦʙʘʣʴʪ-
ʮʠʥʢʦʚʳʭ ʬʝʨʨʠʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ Me0,5Zn0,5Fe2O4 (Me = Ni, Co). 

ʄʝʪʦʜʳ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʂʝʨʘʤʠʢʘ Me0,5Zn0,5Fe2O4 (Me = Ni, Co) ʙʳʣʘ 
ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʝʤʘʪʠʪʘ (Fe2O3, 
99,5%), ʥʠʢʝʣʷ (II) ʦʢʩʠʜʘ (NiO, 99,95%) ʠ ʮʠʥʢʘ (II) ʦʢʩʠʜʘ (ZnO, 99,99%), ʚʟʷʪʳʭ ʚ 
ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ. ʀʩʭʦʜʥʳʝ ʧʦʨʦʰʢʠ ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ 
ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʪʘʥʦʣʘ ʚ ʢʘʯʝʩʪʚʝ ʩʨʝʜʳ, ʩʫʰʠʣʠ ʧʨʠ 80Ǔʉ ʠ ʧʨʦʢʘʣʠʚʘʣʠ ʧʨʠ 
750Ǔʉ ʚ ʪʝʯʝʥʠʝ 5 ʯ. ɿʘʪʝʤ ʦʙʨʘʟʮʳ ʤʝʜʣʝʥʥʦ ʦʭʣʘʞʜʘʣʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, 
ʠʟʤʝʣʴʯʘʣʠ ʠ ʧʨʝʩʩʦʚʘʣʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 100 ʄʇʘ ʚ ʪʘʙʣʝʪʢʠ ʜʠʘʤʝʪʨʦʤ 10 ʤʤ ʠ 
ʚʳʩʦʪʦʡ 10 ʤʤ ʠ ʩʧʝʢʘʣʠ ʚ ʪʝʯʝʥʠʝ 10 ʯ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 950Ǔʉ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʦʚʝʜʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ 
ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-3ʄ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 
ɼʣʷ ʦʙʨʘʙʦʪʢʠ ʩʧʝʢʪʨʦʚ ʜʠʬʨʘʢʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠ FullProf. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 
ʧʨʝʜʦʩʪʘʚʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝʣʷʣʩʷ ʤʝʪʦʜʦʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 
ʩʧʝʢʪʨʦʩʢʦʧʠʠ (EDS). ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʣʠʩʴ 
ʧʦʥʜʝʨʦʤʦʪʦʨʥʳʤ ʤʝʪʦʜʦʤ ʚ ʧʦʣʝ 0,86 ʊʣ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʝʚʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʘʛʥʝʪʦʤʝʪʨʘ Cryogenic Ltd 
ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʦ 3 ʊʣ. ʃʦʢʘʣʴʥʳʡ ʘʪʦʤʥʳʡ ʧʦʨʷʜʦʢ ʚ ʦʙʨʘʟʮʘʭ ʠʟʫʯʘʣʩʷ ʤʝʪʦʜʦʤ 
ʷʜʝʨʥʦʡ ʛʘʤʤʘ-ʨʝʟʦʥʘʥʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʗɻʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ) ʥʘ ʠʟʦʪʦʧʝ 57Fe ʚ 
ʛʝʦʤʝʪʨʠʠ ʥʘ ʧʨʦʩʚʝʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʢʪʨʦʤʝʪʨʘ See Co (ʉʐɸ) ʠ ʠʩʪʦʯʥʠʢʘ 20 
ʤʂʠ 57Co/Rh ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ. ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ Ni0,5Zn0,5Fe2O4 ʠ ʉʦ0,5Zn0,5Fe2O4 
ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1, ʘ. ɺʩʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʨʝʬʣʝʢʩʳ ʦʧʠʩʳʚʘʶʪʩʷ ʚ ʨʘʤʢʘʭ 

ʢʫʙʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʠ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ ὊὨσά. ɺ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʝ ʢʘʪʠʦʥʳ 
ɸ2+ ʠ ɺ3+ ʟʘʥʠʤʘʶʪ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ ʠ ʦʧʠʩʳʚʘʶʪʩʷ 
ʬʦʨʤʫʣʦʡ [A2+]A[Fe3+Fe3+]BO2-. ɼʨʫʛʠʭ ʨʝʬʣʝʢʩʳ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʨʠʤʝʩʷʤʠ, ʚ ʧʨʝʜʝʣʝ 
ʦʙʥʘʨʫʞʝʥʠʷ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ 
ʠʦʥʳ Zn ʧʦʣʥʦʩʪʴʶ ʟʘʤʝʱʘʶʪ ʠʦʥʳ Ni/ʉo, ʥʝ ʧʨʠʚʦʜʷ ʢ ʧʦʷʚʣʝʥʠʶ ʧʨʠʤʝʩʝʡ ʚ 
ʧʨʝʜʝʣʘʭ ʧʨʝʜʝʣʘ ʦʙʥʘʨʫʞʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ʇʘʨʘʤʝʪʨ ʷʯʝʝʢ: a = 
8,4068 ¡ ʜʣʷ Ni0,5Zn0,5Fe2O4, ʘ = 8,4380 ¡ ʜʣʷ ʉʦ0,5Zn0,5Fe2O4. ʉ ʧʦʤʦʱʴʶ ʕɼʉ ʦʮʝʥʝʥʳ 
ʵʣʝʤʝʥʪʥʳʝ ʩʦʩʪʘʚʳ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʦʩʪʘʚ ʵʣʝʤʝʥʪʦʚ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 
ʥʦʤʠʥʘʣʴʥʳʤ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʯʪʦ ʚʩʝ ʦʙʨʘʟʮʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʬʝʨʨʠʪʘ 
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ʬʦʨʤʠʨʫʶʪʩʷ ʚ ʠʩʭʦʜʥʦʤ ʚʠʜʝ ʙʝʟ ʩʫʱʝʩʪʚʝʥʥʳʭ ʧʦʪʝʨʴ ʢʘʢʠʭ-ʣʠʙʦ ʠʥʛʨʝʜʠʝʥʪʦʚ ʠ 
ʙʝʟ ʩʣʝʜʦʚ ʢʘʢʠʭ-ʣʠʙʦ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʨʝʜʝʣʘʭ ʦʙʥʘʨʫʞʝʥʠʷ.  

 
ʈʠʩʫʥʦʢ 1 ï ʘ) ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ Ni0,5Zn0,5Fe2O4 ʠ ʉʦ0,5Zn0,5Fe2O4; 

ʙ) ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ Ni0,5Zn0,5Fe2O4 ʠ ʉʦ0,5Zn0,5Fe2O4 
 

ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 1, 
ʙ. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʩʚʝʥʥʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ. 
ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʤʦʥʦʪʦʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ. ʊʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ 
TC ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʧʦ ʧʨʦʠʟʚʦʜʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʣʷ 
Ni0,5Zn0,5Fe2O4 ʩʦʩʪʘʚʣʷʝʪ Tʉ = 555 K, ʘ ʜʣʷ ʉo0,5Zn0,5Fe2O4 Tʉ = 590 K. 

ʈʠʩʫʥʦʢ 2 ï ʘ) ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʉʦ0,5Zn0,5Fe2O4 

ʙ) ʄʝʩʩʙʘʫʵʨʦʚʩʢʠʡ ʩʧʝʢʪʨ ʉʦ0,5Zn0,5Fe2O4 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

 
ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘ ʧʨʠʤʝʨʝ Co0,5Zn0,5Fe2O4 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 2, ʘ. ʌʝʨʨʠʪ Ni0,5Zn0,5Fe2O4 ʠʤʝʶʪ ʦʯʝʥʴ ʫʟʢʫʶ ʧʝʪʣʶ ʛʠʩʪʝʨʝʟʠʩʘ, 
ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʤʘʛʥʠʪʦʤʷʛʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʘʪʝʨʠʘʣʘ. ʌʝʨʨʠʪ ʉʦ0,5Zn0,5Fe2O4 ʠʤʝʶʪ 
ʰʠʨʦʢʫʶ ʧʝʪʣʶ ʛʠʩʪʝʨʝʟʠʩʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʤʘʛʥʠʪʦʪʚʝʨʜʦʝ ʧʦʚʝʜʝʥʠʝ. ʄʘʛʥʠʪʥʳʝ 
ʧʘʨʘʤʝʪʨʳ, ʪʘʢʠʝ ʢʘʢ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ (MS), ʦʩʪʘʪʦʯʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 
(MR) ʠ ʢʦʵʨʮʠʪʠʚʥʦʩʪʴ (HC) ʦʧʨʝʜʝʣʝʥʳ ʢʘʢ: ʜʣʷ Ni0,5Zn0,5Fe2O4 MS = 92,5 ʝʤʫ/ʛ, MR = 3,8 
ʝʤʫ/ʛ, HC = 49ʕ ʜʣʷ ʧʨʠ 5K ʠ MS = 53,1 ʝʤʫ/ʛ, MR = 1,4 ʝʤʫ/ʛ, HC = 15ʕ ʧʨʠ 300 K; ɼʣʷ 
Co0,5Zn0,5Fe2O4 MS = 100,8 ʝʤʫ/ʛ, MR = 66,2 ʝʤʫ/ʛ, HC = 1630ʕ ʧʨʠ 5K ʠ MS = 57,5 ʝʤʫ/ʛ, MR 

= 2,7 ʝʤʫ/ʛ, HC = 35 ʕ ʧʨʠ 300 K. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 5 K ʬʝʨʨʠʪʳ ʧʨʦʷʚʣʷʝʪ 
ʬʝʨʨʦʤʘʛʥʠʪʥʫʶ ʧʨʠʨʦʜʫ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ 300 K ʚʦʟʤʦʞʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 
ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʧʦʯʪʠ ʥʫʣʝʚʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ 
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ʩʠʣʦʡ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ. ʅʝʥʘʩʳʱʝʥʥʦʝ ʛʠʩʪʝʨʝʟʠʩʥʦʝ 
ʧʦʚʝʜʝʥʠʝ ʚ ʬʝʨʨʠʪʘʭ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʚʦʟʤʦʞʥʦʝ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʩʠʣʴʥʳʭ 
ʤʝʞʢʣʘʩʪʝʨʥʳʭ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʩʤʝʰʘʥʥʳʭ ʩ 
ʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ ʚʥʫʪʨʠ ʢʣʘʩʪʝʨʦʚ. 

ʄʝʩʩʙʘʫʵʨʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʧʨʠʤʝʨʝ ʉʦ0,5Zn0,5Fe2O4 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2, ʙ. ʅʘ ʩʧʝʢʪʨʘʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘʙʣʶʜʘʣʠʩʴ ʜʚʘ ʤʘʛʥʠʪʥʳʭ 
ʩʝʢʩʪʝʪʘ, ʢʦʪʦʨʳʝ ʩʚʷʟʘʥʳ ʩ ʥʘʣʠʯʠʝʤ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʣʦʢʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʠ ʦʜʠʥ 
ʩʠʥʛʣʝʪ. ʊʝʪʨʘʵʜʨʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ Fe3+ ʜʘʝʪ ʤʝʥʴʰʝʝ ʩʚʝʨʭʪʦʥʢʦʝ ʧʦʣʝ ʠ 
ʠʟʦʤʝʨʥʳʡ ʩʜʚʠʛ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤ ʩʦʩʪʦʷʥʠʝʤ Fe3+. ʐʠʨʠʥʘ ʣʠʥʠʠ 
ʩʝʢʩʪʝʪʦʚ ʩʧʝʢʪʨʘ ʫʰʠʨʝʥʘ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤ ʫʯʘʩʪʢʦʤ ʟʘ ʩʯʝʪ ʥʘʣʠʯʠʷ 
Zn ʚ ɸ-ʫʯʘʩʪʢʝ. ʇʦ ʚʝʣʠʯʠʥʝ ʩʚʝʨʭʪʦʥʢʦʛʦ ʧʦʣʷ ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʢʘʪʠʦʥʳ 
ʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʚ ʧʦʟʠʮʠʠ B ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ (ʪʘʙʣʠʮʘ 1). ʆʮʝʥʝʥʥʳʡ ʠʟʦʤʝʨʥʳʡ 
ʩʜʚʠʛ ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ Fe ʥʘʭʦʜʠʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ 3+, ʘ ʪʘʢʞʝ ʠʤʝʝʪ ʚʳʩʦʢʠʡ ʩʧʠʥ.  

 
ʊʘʙʣʠʮʘ 1 ï ʇʘʨʘʤʝʪʨʳ ʩʚʝʨʭʪʦʥʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ: ŭ ï ʠʟʦʤʝʨʥʳʡ ʩʜʚʠʛ, ȹ ï 
ʢʚʘʜʨʫʧʦʣʴʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ, ʅɻ ʬʬ ï ʵʬʬʝʢʪʠʚʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʥʘ ʷʜʨʝ 

57Fe, ɸ ï 
ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʣʦʢʘʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ 57Fe 

ʆʙʨʘʟʝʮ ʇʦʜʩʧʝʢʪʨ ŭ, ʤʤ/ʩ ȹ, ʤʤ/ʩ ʅɻ ʬʬ, ʊʣ ɸ, % 

 
Ni0,5Zn0,5Fe2O4 

QSD0 0,23 1,380 - 32,3 

HFD1 0,21 +0,020 39,4 34,4 

HFD2 0,25 -0,040 29,5 34,3 

 
Co0,5Zn0,5Fe2O4 

QSD0 0,36 1,817 - 26,4 

HFD1 0,31 -0,002 41,3 26,3 

HFD2 0,38 -0,002 31,1 47,3 

 
ɿʘʢʣʶʯʝʥʠʝ. ʉ ʧʨʠʤʝʥʝʥʠʝʤ ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ Zn-

ʟʘʤʝʱʝʥʥʳʝ ʬʝʨʨʠʪʳ Ni0,5Zn0,5Fe2O4 ʠ ʉʦ0,5Zn0,5Fe2O4. ʉʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 
ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ Ni/Co ʬʝʨʨʠʪʳ, ʟʘʤʝʱʝʥʥʳʝ Zn, ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʢʫʙʠʯʝʩʢʦʡ 

ʰʧʠʥʝʣʠ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ ὊὨσά. ʈʝʟʫʣʴʪʘʪʳ EDS ʧʦʢʘʟʘʣʠ ʭʦʨʦʰʠʡ 
ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ. ʊʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ TC ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ 
ʧʦ ʧʨʦʠʟʚʦʜʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʣʷ Ni0,5Zn0,5Fe2O4 ʩʦʩʪʘʚʣʷʝʪ Tʉ = 
555 K, ʘ ʜʣʷ ʉo0,5Zn0,5Fe2O4 Tʉ = 590 K. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 5 K ʬʝʨʨʠʪʳ ʧʨʦʷʚʣʷʝʪ 
ʬʝʨʨʦʤʘʛʥʠʪʥʫʶ ʧʨʠʨʦʜʫ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ 300 K ʚʦʟʤʦʞʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 
ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʧʦʯʪʠ ʥʫʣʝʚʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ 
ʩʠʣʦʡ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ. 

 
ɹʣʘʛʦʜʘʨʥʦʩʪʠ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ 

ɹʝʣʦʨʫʩʩʢʦʛʦ ʨʝʩʧʫʙʣʠʢʘʥʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʦʝʢʪ 
ˉ T24ɺ-003. 

 
ɹʀɹʃʀʆɻʈɸʌʀʏɽʉʂʀɽ ʉʉʓʃʂʀ 
1. Wu, X., Chen, W., Wu, W., Wu, J., Wang, Q. Improvement of the magnetic 

moment of NiZn ferrites induced by substitution of ions for ions // J. Magn. Magn Mater. 
2018, 453: 246. 

2. Kurtulus G. Comparison of the effect of magnetite iron oxide nanoparticles on 
melanoma cells and healthy cells: an in vitro study // Lett. Appl. NanoBioScience. 2020, 9(2): 
1049. 

3. Yalcin B., Ozcelik S., Icin K., Senturk K., Ozcelik B., Arda L. Structural, optical, 
magnetic, photocatalytic activity and related biological effects of ʉoFe2O4 ferrite 
nanoparticles // Journal of Materials Science: Materials in Electronics (2021), 32: 13068. 

4. Ponpandian N., Narayanasamy A., Chinnasamy C.N., Sivakumar N., Greneche J.-
M., Chattopadhyay K., Shinoda K., Jeyadevan B., Tohji K. Neel temperature enhancement in 
nanostructured nickel zinc ferrite // Applied Physics Let. (2005), 86: 192510. 
  



ʄʫʣʴʪʠʬʝʨʨʦʠʢʠ: ʧʦʣʫʯʝʥʠʝ, ʩʚʦʡʩʪʚʘ, ʧʨʠʤʝʥʝʥʠʝ 

 

70 

 

ʂʈʀʉʊɸʃʃʀʏɽʉʂɸʗ ʉʊʈʋʂʊʋʈɸ ʀ ʄɸɻʅʀʊʅʓɽ ʉɺʆʁʉʊɺɸ ɼʆʇʀʈʆɺɸʅʅʆɻʆ 
ɼʀʉʇʈʆɿʀɽʄ ʄɸɻʅɽʊʀʊɸ 

 
ʈʠʤʩʢʠʡ ɻ.ʉ.1, ɾʝʣʫʜʢʝʚʠʯ ɸ.ʃ.1, ʄʘʢʦʝʜ ʀ.ʀ.2, ʈʫʪʢʘʫʩʢʘʩ ɸ.ɺ.3 

1ʅʇʎ ʅɸʅ ɹʝʣʘʨʫʩʠ ʧʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʶ, ʄʠʥʩʢ, ɹʝʣʘʨʫʩʴ, e-mail: 
g.rymski@physics.by 

2ɹʨʝʩʪʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɸ.ʉ.ʇʫʰʢʠʥʘ, ɹʨʝʩʪ, ɹʝʣʘʨʫʩʴ 
3ʆʙʴʝʜʠʥʝʥʥʳʡ ʠʥʩʪʠʪʫʪ ʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʃʘʙʦʨʘʪʦʨʠʷ ʅʝʡʪʨʦʥʥʦʡ ʌʠʟʠʢʠ 
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ɺʚʝʜʝʥʠʝ. ʅʘʥʦʯʘʩʪʠʮʳ ʤʘʛʥʝʪʠʪʘ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʶʪʩʷ 
ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʚ ʨʷʜʝ ʪʝʭʥʦʣʦʛʠʡ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʦʥʠ ʦʙʣʘʜʘʶʪ 
ʥʠʟʢʦʡ ʪʦʢʩʠʯʥʦʩʪʴʶ, ʭʦʨʦʰʠʤʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤʠ ʠ ʘʜʩʦʨʙʮʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, 
ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʥʘʭʦʜʷʪ ʩʚʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʥʦʩʠʪʝʣʝʡ ʘʜʨʝʩʥʦʡ ʜʦʩʪʘʚʢʠ 
ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʦʚ, ʢʘʢ ʢʦʥʪʨʘʩʪʥʦʝ ʚʝʱʝʩʪʚʦ ʚ ʄʈʊ, ʤʘʛʥʠʪʥʦʡ ʛʠʧʝʨʪʝʨʤʠʠ 
[1-2]. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʤʘʛʥʝʪʠʪ ʷʚʣʷʝʪʩʷ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʤ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ, 
ʧʦʪʝʥʮʠʘʣʴʥʦ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʩʧʠʥʦʚʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ 
ʂʶʨʠ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʚʘʞʥʳʤʠ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʧʠʥʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ, 
ʤʘʛʥʠʪʥʳʭ ʩʝʥʩʦʨʦʚ ʠ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʦʡ ʧʘʤʷʪʠ [3-4]. ɺ ʪʦʞʝ 
ʚʨʝʤʷ ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʜʦʧʠʨʦʚʘʥʠʝ ʤʘʛʥʝʪʠʪʘ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ ʤʦʞʝʪ ʫʣʫʯʰʠʪʴ ʨʷʜ 
ʩʚʦʡʩʪʚ ʙʣʘʛʦʜʘʨʷ ʙʦʣʴʰʦʤʫ ʦʨʙʠʪʘʣʴʥʦʤʫ ʫʛʣʦʚʦʤʫ ʤʦʤʝʥʪʫ f-ʵʣʝʢʪʨʦʥʦʚ, 
ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʤ ʚʳʩʦʢʫʶ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʫʶ ʩʚʷʟʴ [5]. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ 
ʷʚʣʷʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 
ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʜʠʩʧʨʦʟʠʝʤ ʤʘʛʥʝʪʠʪʘ. 

ʉʠʥʪʝʟ ʦʙʨʘʟʮʦʚ. ʅʘʥʦʯʘʩʪʠʮʳ ʯʠʩʪʦʛʦ ʠ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʣʶʪʝʮʠʝʤ ʤʘʛʥʝʪʠʪʘ 
ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʜʣʷ ʩʠʥʪʝʟʘ 
ʤʘʛʥʝʪʠʪʘ ʠʩʧʦʣʴʟʦʚʘʥʳ ʛʝʢʩʘʛʠʜʨʘʪ ʭʣʦʨʠʜʘ ʞʝʣʝʟʘ (III) (FeCl3Ŀ6H2O) ʠ ʛʝʧʪʘʛʠʜʨʘʪ 
ʩʫʣʴʬʘʪʘ ʞʝʣʝʟʘ (II) (FeSO4Ŀ7H2O), ʢʦʪʦʨʳʝ ʙʨʘʣʠ ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 
(Fe3+ : Fe2+ = 2 : 1 ʤʦʣʴ). ɼʣʷ ʩʠʥʪʝʟʘ ʜʦʧʠʨʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ 
ʧʝʥʪʘʛʠʜʨʘʪ ʥʠʪʨʘʪʘ ʜʠʩʧʨʦʟʠʷ (III) (Dy(NO3)3Ŀ5H2O). ɺʦʜʥʳʝ ʨʘʩʪʚʦʨʳ ʩʤʝʰʠʚʘʣʠ ʚ 
ʤʦʣʷʨʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 1,925:1,0:0,075, 1,85:1,0:0,15 ʠ 1,7:1,0:0,3 ʜʣʷ 2,5, 5 ʠ 10 ʘʪ.% 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺʩʷ ʨʝʘʢʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʘʪʤʦʩʬʝʨʝ N2 ʚʦ ʠʟʙʝʞʘʥʠʝ ʯʘʩʪʠʯʥʦʛʦ 
ʦʢʠʩʣʝʥʠʷ Fe2+ ʜʦ Ŭ-FeOOH. ɺ ʢʘʯʝʩʪʚʝ ʦʩʘʜʠʪʝʣʷ ʠʩʧʦʣʴʟʦʚʘʣʠ 25% ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ 
ʘʤʤʠʘʢʘ NH4OH. ɺ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʯʘʩʪʠʮʳ ʯʝʨʥʦʛʦ ʮʚʝʪʘ. ɼʣʷ 
ʧʨʦʩʪʦʪʳ ʥʘʥʦʯʘʩʪʠʮʳ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʣʶʪʝʮʠʷ 0, 2,5, 5 ʠ 10 ʘʪ.% ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ FO, 
2,5DyFO, 5LuFO ʠ 10LuFO ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʄʝʪʦʜʳ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʦʚʝʜʝʥʦ ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-3ʄ ʧʨʠ 
ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɼʣʷ ʦʮʝʥʢʠ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 
ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʬʦʨʤʫʣʫ ʐʝʨʨʝʨʘ. ʄʘʣʦʫʛʣʦʚʦʝ 
ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ ʚʳʧʦʣʥʝʥʦ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ çXenocs 3.0è. ɼʣʷ ʦʙʨʘʙʦʪʢʠ 
ʩʧʝʢʪʨʦʚ ʜʠʬʨʘʢʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠ FullProf. ʄʦʨʬʦʣʦʛʠʷ ʧʦʨʦʰʢʦʚ ʠʩʩʣʝʜʦʚʘʥʘ 
ʤʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (SEM) ʥʘ ʘʧʧʘʨʘʪʝ SEM Hitachi, Zeiss. 
ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʨʝʜʦʩʪʘʚʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝʣʷʣʩʷ ʤʝʪʦʜʦʤ 
ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (EDS). ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 
ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʈʘʤʘʥʦʚʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ-ʩʧʝʢʪʨʦʤʝʪʨʘ Confotec MR350. ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 
ʨʘʩʩʝʷʥʠʷ ʧʦʣʫʯʝʥʳ ʥʘ ʩʧʝʢʪʨʦʤʝʪʨʝ AVATAR 330 ʩ ʧʦʤʦʱʴʶ ʣʘʟʝʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 
532 ʥʤ ʠ ʦʧʪʠʯʝʩʢʦʡ ʤʦʱʥʦʩʪʴʶ 0,25, 0,5, 1,6 ʤɺʪ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʝʚʳʭ 
ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʘʛʥʝʪʦʤʝʪʨʘ 
Cryogenic Ltd ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300 K ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʦ 2 ʊʣ. 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ. ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʠʩʭʦʜʥʦʛʦ ʠ ʣʝʛʠʨʦʚʘʥʥʦʛʦ 
ʤʘʛʥʝʪʠʪʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1. ɺʩʝ ʥʘʙʣʶʜʘʝʤʳʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʧʠʢʠ ʥʘ 
ʠʩʭʦʜʥʦʤ Fe3O4 ʧʨʦʠʥʜʝʢʩʠʨʦʚʘʥʳ ʚ ʨʘʤʢʘʭ ʢʫʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ, ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ 
ʛʨʫʧʧʘ Fd3m (ʥʦʤʝʨ ʢʘʨʪʳ JCPDS 85-1436), ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ 
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ʦʜʥʦʬʘʟʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ. ʉʧʝʢʪʨʳ ʣʝʛʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 
ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʧʝʢʪʨʫ ʠʩʭʦʜʥʦʛʦ Fe3O4. ɼʦʧʠʨʦʚʘʥʠʝ ʜʠʩʧʨʦʟʠʝʤ ʥʝ ʦʢʘʟʳʚʘʝʪ 
ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʤʘʛʥʝʪʠʪʘ. ʀʦʥʳ Dy3+ (rion(Dy) = 
0,103 ʥʤ) ʟʘʤʝʱʘʶʪ ʠʦʥʳ Fe3+ (rion(Fe) = 0,064 ʥʤ) ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ ʩʦʛʣʘʩʥʦ 
ʦʙʨʘʙʦʪʢʝ ʩʧʝʢʪʨʦʚ ʚ FullProf. ʋʪʦʯʥʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʩ 
ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʈʠʪʚʝʣʴʜʘ ʩʦʩʪʘʚʣʷʶʪ 8,392, 8,387, 8,377 ʠ 8,361 ¡ ʜʣʷ ʦʙʨʘʟʮʦʚ 
FeO, 2,5DyFO, 5DyFO ʠ 10DyFO ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

 
ʈʠʩʫʥʦʢ 1 ï ʘ) ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʠʩʭʦʜʥʦʛʦ ʠ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʜʠʩʧʨʦʟʠʝʤ Fe3O4;  

ʙ) SEM ʠʟʦʙʨʘʞʝʥʠʝ ʯʘʩʪʠʮ Fe3O4 

 

ʉʨʝʜʥʠʝ ʨʘʟʤʝʨʳ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʦʮʝʥʝʥʥʳʝ ʧʦ ʬʦʨʤʫʣʝ ʐʝʨʨʝʨʘ, ʩʦʩʪʘʚʣʷʶʪ 
ʧʨʠʤʝʨʥʦ 20,8, 20,2, 18,0 ʠ 16,5 ʥʤ ʜʣʷ ʦʙʨʘʟʮʦʚ FO, 2,5DyFO, 5DyFO ʠ 10DyFO, 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʛʣʘʩʫʶʪʩʷ ʩʦ ʟʥʘʯʝʥʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʠʟ 
ʤʘʣʦʫʛʣʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ʊʘʢʦʝ ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ 
ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʢʨʠʩʪʘʣʣʳ ʨʘʩʪʫʪ ʙʦʣʴʰʝ ʧʦʩʣʝ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʮʝʥʪʘ ʜʦʧʠʨʦʚʘʥʠʷ 
ʜʠʩʧʨʦʟʠʝʤ. ʋʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ, ʧʦ ʩʫʱʝʩʪʚʫ, ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʵʬʬʝʢʪʘ, 
ʚʳʟʚʘʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʝʤ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʚʳʟʚʘʥʥʦʛʦ ʣʝʛʠʨʦʚʘʥʠʝʤ ʙʦʣʝʝ ʚʳʩʦʢʦʡ 
ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʨʫʧʥʳʭ ʠʦʥʦʚ Dy3+ ʚ ʧʦʟʠʮʠʠ ʠʦʥʦʚ Fe3+ ʩ ʤʝʥʴʰʠʤ ʨʘʜʠʫʩʦʤ. SEMï
ʠʟʦʙʨʘʞʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ Fe3O4 ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 1, ʙ (ʧʦʣʝ ʟʨʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 
ʧʨʠʤʝʨʥʦ 1,5 ʤʢʤ). ʕʪʠ ʜʘʥʥʳʝ, ʧʨʝʜʧʦʣʘʛʘʶʱʠʝ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ~ 20 ʥʤ, ʭʦʨʦʰʦ 
ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʜʘʥʥʳʤʠ XRD. ʀʟʤʝʨʝʥʠʷ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (EDS) 
ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 2,45, 5,49 ʠ 9,92 ʘʪ.% ʜʠʩʧʨʦʟʠʷ ʙʳʣʠ ʚʢʣʶʯʝʥʳ ʚ 
ʥʘʥʦʯʘʩʪʠʮʳ Fe3O4 ʚʦ ʚʨʝʤʷ ʧʨʦʮʝʩʩʘ ʩʠʥʪʝʟʘ, ʯʪʦ ʙʣʠʟʢʦ ʢ ʟʘʣʦʞʝʥʥʳʤ ʧʨʠ ʨʘʩʯʝʪʝ 
ʠʩʭʦʜʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʩʠʥʪʝʟʘ.  

ʀʟ-ʟʘ ʩʭʦʜʩʪʚʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ɔ-Fe2O3 ʠ Fe3O4 ʜʣʷ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʙʳʣʠ 
ʧʦʣʫʯʝʥʳ ʩʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ. ʅʘ ʧʨʠʤʝʨʝ FO ʠ 5DyFO 
ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʥʘʥʦʯʘʩʪʠʮ (ʨʠʩʫʥʦʢ 2, ʘ). ʇʠʢ ʧʨʠ 
350 ʩʤ-1 ʦʪʥʦʩʷʪʩʷ ʢ ʤʦʜʫ ʊ2g, ʘ ʧʠʢʠ ʚ ʨʘʡʦʥʝ 500 ʠ 660 ʩʤ

-1 ʷʚʣʷʶʪʩʷ ʭʘʨʘʢʪʝʨʥʳʤʠ 
ʧʠʢʘʤʠ, ʦʪʥʝʩʝʥʥʳʤʠ ʢ Eg ʠ A1g, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [6]. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʤʦʱʥʦʩʪʠ ʣʘʟʝʨʘ 
ʜʦ 0,5 ʤɺʪ ʠ ʚʳʰʝ ʥʘ ʩʧʝʢʪʨʘʭ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʥʘʙʣʶʜʘʶʪʩʷ ʧʠʢʠ ʚ 
ʨʘʡʦʥʝ 220 ʠ 290 ʩʤ-1, ʯʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʨʘʩʧʘʜʦʤ Fe3O4 ʜʦ Ŭ-Fe2O3, ʚʳʟʚʘʥʥʳʤ 
ʣʘʟʝʨʥʳʤ ʦʙʣʫʯʝʥʠʝʤ. 

ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 
ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 2, ʙ. ʅʘʙʣʶʜʘʝʤʘʷ ʬʦʨʤʘ ʢʨʠʚʳʭ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩ ʧʨʘʢʪʠʯʝʩʢʠ ʥʫʣʝʚʳʤ ʛʠʩʪʝʨʝʟʠʩʦʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 
ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʡ ʧʨʠʨʦʜʝ ʵʪʠʭ ʥʘʥʦʯʘʩʪʠʮ. ʀʟʤʝʨʝʥʥʳʝ ʟʥʘʯʝʥʠʷ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʜʣʷ ʯʠʩʪʦʛʦ ʤʘʛʥʝʪʠʪʘ ʩʦʩʪʘʚʣʷʝʪ 75,6 ɸĿʤ2Ŀʢʛ-1, ʘ ʜʣʷ 
ʦʙʨʘʟʮʦʚ 2,5DyFO, 5DyFO ʠ 10DyFO ʩʦʩʪʘʚʣʷʝʪ 70,5, 62,4 ʠ 49,6 ɸĿʤ2Ŀʢʛ-1, 
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ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦʯʪʠ ʣʠʥʝʡʥʦ ʩ 
ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʫʚʝʣʠʯʝʥʠʝʤ ʘʪʦʤʥʦʡ ʜʦʣʠ ʜʠʩʧʨʦʟʠʷ. ʉʥʠʞʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
ʥʘʩʳʱʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʚʝʨʦʷʪʥʦ, ʦʙʫʩʣʦʚʣʝʥʦ ʟʘʤʝʱʝʥʠʝʤ ʠʦʥʦʚ 
Fe3+ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ ʜʦʩʪʘʪʦʯʥʦ ʢʨʫʧʥʳʤʠ ʥʝʤʘʛʥʠʪʥʳʤʠ ʠʦʥʘʤʠ Dy3+, ʯʪʦ 
ʧʨʠʚʦʜʠʪ ʢ ʦʩʣʘʙʣʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. 

 
ʈʠʩʫʥʦʢ 2 ï ʘ) ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ FO ʠ 5DyFO; ʙ) ʇʦʣʝʚʳʝ 
ʟʘʚʠʩʠʤʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʠ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʜʠʩʧʨʦʟʠʝʤ ʤʘʛʥʝʪʠʪʘ 

 
ɿʘʢʣʶʯʝʥʠʝ. ʉ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʘ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʦʩʘʞʜʝʥʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʳ 

ʦʙʨʘʟʮʳ ʥʘʥʦʯʘʩʪʠʮ ʠʩʭʦʜʥʦʛʦ ʠ ʜʦʧʠʨʦʚʘʥʥʦʛʦ ʜʠʩʧʨʦʟʠʝʤ Fe3O4. ʇʘʨʘʤʝʪʨʳ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʩʦʩʪʘʚʣʷʶʪ 8,392, 8,387, 8,377 ʠ 8,361 ¡ ʜʣʷ ʦʙʨʘʟʮʦʚ FeO, 
2,5DyFO, 5DyFO ʠ 10DyFO, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʩʦʩʪʘʚʣʷʝʪ 
ʦʢʦʣʦ 20 ʥʤ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʠʭ ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʝ 
ʧʦʚʝʜʝʥʠʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨʠ ʵʪʦʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ 
ʤʦʥʦʪʦʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʦʮʝʥʪʘ ʜʦʧʠʨʦʚʘʥʠʷ Dy3+ʦʪ 75,6 ɸĿʤ2Ŀʢʛ-1 ʜʦ 
49,6 ɸĿʤ2Ŀʢʛ-1. ɿʘʤʝʱʝʥʠʝ ʠʦʥʦʚ Fe3+ ʙʦʣʝʝ ʢʨʫʧʥʳʤʠ ʠʦʥʘʤʠ Dy3+ ʤʦʞʝʪ ʚ 
ʜʘʣʴʥʝʡʰʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʥʘʩʪʨʘʠʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ, 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʦʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʩʠʩʪʝʤʘʭ ʥʘʥʦʯʘʩʪʠʮ ʥʘ 
ʦʩʥʦʚʝ ʤʘʛʥʝʪʠʪʘ.  

 
ɹʣʘʛʦʜʘʨʥʦʩʪʠ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ 

ɹʝʣʦʨʫʩʩʢʦʛʦ ʨʝʩʧʫʙʣʠʢʘʥʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʦʝʢʪ 
ˉ T23ʈʅʌʄ-023 (ʈʦʩʩʠʡʩʢʠʡ ʥʘʫʯʥʳʡ ʬʦʥʜ, ʧʨʦʝʢʪ ˉ 24-42-10003). 
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ʂʀʅɽʊʀʂɸ ɻʀɻɸʅʊʉʂʆɻʆ ʄɸɻʅʀʊʆʂɸʃʆʈʀʏɽʉʂʆɻʆ ʕʌʌɽʂʊɸ (ʄʂʕ) ɺ 
ʄʋʃʔʊʀʌɽʈʈʆʀʂɸʍ. ʇʆʀʉʂ ʆɹʒʗʉʅɽʅʀʗ ʂʆʃʃɸʇʉɸ ʄʂʕ 
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ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚʳʭʦʜʠʪ ʦʯʝʥʴ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ, 

ʧʦʩʚʷʱʝʥʥʳʭ ʪʚʝʨʜʦʪʝʣʴʥʳʤ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤ ʤʘʪʝʨʠʘʣʘʤ, ʚ ʯʘʩʪʥʦʩʪʠ ʩʧʣʘʚʘʤ 
ɻʝʡʩʣʝʨʘ ʩ ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ (ʌʇ), ʢʦʪʦʨʳʝ ʩ ʧʦʣʥʳʤ ʧʨʘʚʦʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ 
ʢʣʘʩʩʫ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ [1-4]. ʀʟʫʯʝʥʠʝ ʤʝʭʘʥʠʟʤʦʚ, ʧʨʠʯʠʥ ʚʦʟʥʠʢʥʦʚʝʥʠʷ, 
ʵʬʬʝʢʪʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʌʇ ʠ ʠʭ ʢʠʥʝʪʠʢʠ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʝʡʰʝʡ ʧʨʦʙʣʝʤʦʡ ʚ 
ʩʚʷʟʠ ʩ ʧʦʪʝʥʮʠʘʣʴʥʳʤʠ ʧʨʠʤʝʥʝʥʠʷʤʠ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʦʙʣʘʩʪʷʭ ʘʣʴʪʝʨʥʘʪʠʚʥʦʡ 
ʵʥʝʨʛʝʪʠʢʠ ʧʨʠ ʩʦʟʜʘʥʠʠ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʭʦʣʦʜʠʣʴʥʳʭ ʩʠʩʪʝʤ, ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʷ, 
ʪʝʭʥʦʣʦʛʠʠ ʩʝʥʩʦʨʦʚ ʠ ʘʢʪʶʘʪʦʨʦʚ ʠ ʜʨʫʛʠʭ. ʇʨʦʙʣʝʤʘ, ʦʙʩʫʞʜʘʶʱʘʷ ʚ ʥʘʩʪʦʷʱʝʡ 
ʨʘʙʦʪʝ, ʩʚʷʟʘʥʘ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʨʦʪʝʢʘʥʠʷ ʠ ʢʠʥʝʪʠʢʦʡ ʧʨʦʮʝʩʩʦʚ ʚ ʩʠʩʪʝʤʘʭ, ʛʜʝ 
ʚʦʟʤʦʞʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʜʚʫʤʷ ʠ ʙʦʣʝʝ ʌʇ, ʧʨʦʠʩʭʦʜʷʱʠʤʠ ʚ ʦʜʥʦʤ 
ʢʨʠʩʪʘʣʣʝ.  

ʎʝʣʴ ʨʘʙʦʪʳ ï ʧʦʠʩʢ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ ʢ ʨʝʰʝʥʠʶ ʵʪʠʭ ʟʘʜʘʯ ʚ ʨʘʤʢʘʭ 
ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʪʝʦʨʠʠ. ɼʣʷ ʵʪʦʛʦ ʧʨʝʜʣʘʛʘʝʪʩʷ ʚ ʨʘʤʢʘʭ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʛʦ 
ʧʦʜʭʦʜʘ ʃʘʥʜʘʫ, ʥʘʭʦʞʜʝʥʠʝ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘ ʢʦʥʩʪʘʥʪ ʚ ʨʘʟʣʦʞʝʥʠʠ ʩʚʦʙʦʜʥʦʡ 
ʵʥʝʨʛʠʠ F ʧʦ ʧʘʨʘʤʝʪʨʘʤ ʧʦʨʷʜʢʘ, ʘ ʪʘʢʞʝ ʚ  ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʟʣʦʞʝʥʠʷ ʃʘʥʜʘʫ ʠ 
ʫʨʘʚʥʝʥʠʷ ʃʘʥʜʘʫ-ʍʘʣʘʪʥʠʢʦʚʘ ʜʣʷ ʚʳʚʦʜʘ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʠ  ʨʘʩʯʝʪʘ ʩʢʦʨʦʩʪʠ 
ʨʝʣʘʢʩʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ ʥʘ ʧʨʠʤʝʨʘʭ ʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʦʛʦ ʌʇ 1-ʛʦ ʨʦʜʘ ʠ 
ʪʦʯʢʠ ʂʶʨʠ 2-ʛʦ ʨʦʜʘ ʚ ʩʧʣʘʚʘʭ ɻʝʡʩʣʝʨʘ.  

ɺ ʨʘʙʦʪʝ [2] ʠʟʫʯʘʣʩʷ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ (ʄʂʕ) ʚ 
ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʧʣʘʚʝ ɻʝʡʩʣʝʨʘ Ni50.5Mn33.4In15.6V0.5 ʚ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ (ʩʤ. ʨʠʩ. 
1). 

 

 
ʈʠʩʫʥʦʢ 1 ï ʄʂʕ ʚ ʩʧʣʘʚʝ Ni50.5Mn33.4In15.6V0.5 ʧʨʠ ʚʥʝʰʥʠʭ ʧʦʣʷʭ H = 0,6 ʠ 1,2 ʊʣ, ʠ ʧʨʠ 

ʯʘʩʪʦʪʘʭ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ f = 1-30 ɻʮ. 
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ɼʣʷ ʩʧʣʘʚʘ Ni50.5Mn33.4In15.6V0.5 ʪʦʯʢʘ ʂʶʨʠ ʊʉ = 290ʂ, ʘ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʯʘʣʘ ʠ 
ʢʦʥʮʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʷʤʦʛʦ ʠ ʦʙʨʘʪʥʦʛʦ ʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ Ms = 261 ʂ, 
Mf = 250 ʂ, As = 258 ʂ, Af = 268 ʂ. ʅʘ ʧʨʠʚʝʜʝʥʥʳʭ ʛʨʘʬʠʢʘʭ (ʨʠʩ.1) ʧʨʝʜʩʪʘʚʣʝʥʳ 
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʣʠʯʠʥʳ ʄʂʕ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʨʘʟʥʳʭ ʯʘʩʪʦʪʘʭ 
ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺʠʜʥʦ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʷʤʦʛʦ ʠ ʦʙʨʘʪʥʦʛʦ 
ʄʂʕ ʜʦʩʪʠʛʘʶʪʩʷ ʚ ʪʦʯʢʘʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʨʦʜʘ. ʇʨʠ 
ʫʚʝʣʠʯʝʥʠʠ ʯʘʩʪʦʪʳ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘʙʣʶʜʘʝʪʩʷ ʜʝʛʨʘʜʘʮʠʷ ʄʂʕ, 
ʥʘʟʳʚʘʝʤʘʷ çʢʦʣʣʘʧʩʦʤ ʄʂʕè. ʇʨʠʯʠʥʳ ʧʦʷʚʣʝʥʠʷ ʠ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʵʪʦʛʦ ʵʬʬʝʢʪʘ, 
ʢʘʢ ʧʨʝʜʧʦʣʘʛʘʶʪ ʘʚʪʦʨʳ, ʤʦʞʥʦ ʥʘʡʪʠ, ʠʟʫʯʠʚ ʢʠʥʝʪʠʢʫ ʄʂʕ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 
ʫʨʘʚʥʝʥʠʷ ʃʘʥʜʘʫ-ʍʘʣʘʪʥʠʢʦʚʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʢʠʥʝʪʠʢʠ ʄʂʕ ʧʨʦʭʦʜʠʪ ʚ ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ: 
1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 

ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʦʚ. 

2. ʆʧʨʝʜʝʣʝʥʠʝ ʢʦʥʩʪʘʥʪ ʚ ʨʘʟʣʦʞʝʥʠʠ F ʧʦ ʧʘʨʘʤʝʪʨʘʤ ʧʦʨʷʜʢʘ: 

ʥʘʤʘʛʥʠʯʝʩʥʥʦʩʪʠ (M) ʠ ʜʝʬʦʨʤʘʮʠʠ (Ů). ɺʳʚʦʜ ʫʨʘʚʥʝʥʠʡ ʩʦʩʪʦʷʥʠʷ ʤʫʣʴʪʠʬʝʨʨʦʠʢʘ 

ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ. 

3. ʀʟʫʯʝʥʠʝ ʢʠʥʝʪʠʢʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʡ ʍʘʥʜʘʫ-

ʍʘʣʘʪʥʠʢʦʚʘ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʠʥʝʪʠʯʝʩʢʠʭ ʢʦʥʩʪʘʥʪ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ. 

4. ʀʟʫʯʝʥʠʝ ʢʦʣʣʘʧʩʘ ʄʂʕ, ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʘʢ ʧʘʨʘʤʝʪʨʘ 

ʧʦʨʷʜʢʘ ʚ ʧʦʪʝʥʮʠʘʣ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʝʣʴʤʛʦʣʴʮʘ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟʮʦʚ ʧʨʠ ʌʇ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ 
ʨʦʜʘ, ʙʣʘʛʦʜʘʨʷ ʠʭ ʙʣʠʟʦʩʪʠ, ʘʚʪʦʨʳ ʧʨʝʜʣʘʛʘʶʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʘʟʣʦʞʝʥʠʝ ʬʫʥʢʮʠʠ 
ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʝʣʴʤʛʦʣʴʮʘ ʤʝʪʦʜʦʤ ʃʘʥʜʘʫ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʧʦʨʷʜʢʘ M ï 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʠ Ů ï ʜʝʬʦʨʤʘʮʠʷ:  

 

 Ὂὓȟ‐ ὥ‐ ὦ‐ ὧ‐ ‌ὓ ‍ὓ  ὔὓ ὄ‐ὓ ὄ‐ὓ ὓὌȟ (1) 

 

ʛʜʝ ὥȟὥȟὦȟὧ ï ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ (ὥ ὥ Ὕ Ὕ ), Ŭ0, Ŭ, ɓ ï ʤʘʛʥʠʪʥʳʝ ʤʦʜʫʣʠ ‌

‌ Ὕ Ὕ ȟ N ï ʬʘʢʪʦʨ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ, ὄ ̉ ὄ ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʙʲʝʤʥʦʡ ʠ 

ʘʥʠʟʦʪʨʦʧʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ,  H ï ʚʥʝʰʥʝʝ ʧʦʣʝ, ʊ ï ʪʝʢʫʱʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, Ὕ ̉ Ὕ ï 
ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʨʫʢʪʫʨʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʠ ʪʦʯʢʠ ʂʶʨʠ. 
  ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʪʝʨʤʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʩʦʩʪʦʷʥʠʷ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʫʩʣʦʚʠʝʤ 

π, ʛʜʝ ɖ ï ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ: 

 

 
ὥ Ὕ Ὕ ‐ ὦ‐ ὧ‐ ὄ‐ὓ ὄὓ π

‌ Ὕ Ὕ ὓ ‍ὓ ὔὓ ὄ‐ὓ ὄ‐ὓ Ὄ
 (2) 

 
ʈʝʰʝʥʠʝ ʧʦʣʫʯʠʚʰʝʡʩʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʚʦʟʤʦʞʥʦ, ʝʩʣʠ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʙʫʜʫʪ ʥʘʡʜʝʥʳ ʚʩʝ ʢʦʵʬʬʠʮʠʝʥʪʳ. ɿʥʘʯʝʥʠʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ B0 
ʠ Ba ʤʦʞʥʦ ʥʘʡʪʠ ʚ ʣʠʪʝʨʘʪʫʨʝ [3]. ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʦʩʪʘʣʴʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 
ʘʚʪʦʨʘʤʠ ʧʨʝʜʣʦʞʝʥʳ ʦʨʠʛʠʥʘʣʴʥʳʝ ʤʝʪʦʜʠʢʠ, ʧʨʦʰʝʜʰʠʝ ʘʧʨʦʙʘʮʠʶ ʥʘ ʜʨʫʛʠʭ 
ʩʧʣʘʚʘʭ. 

ʇʦʩʪʘʚʣʝʥʥʘʷ ʟʘʜʘʯʘ ʧʦ ʠʟʫʯʝʥʠʶ ʢʠʥʝʪʠʢʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʌʇ ʨʝʰʘʝʪʩʷ ʩ 
ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ ʃʘʥʜʘʫ-ʍʘʣʘʪʥʠʢʦʚʘ [4]: 

 

 ‎ . (3) 

 
ʇʦʜʩʪʘʚʠʚ (1) ʚ (3), ʧʦʣʫʯʠʤ: 
 

 
‎ ὥ‐ὦ‐ ὧ‐ ὄ‐ὓ ὄὓ

           ‎ ‌ὓ ‍ὓ ὔὓ ὄ‐ὓ ὄ‐ὓ Ὄ
 (4) 
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ʂʦʵʬʬʠʮʠʝʥʪʳ ɔ1 ʠ ɔ2 ʚ ʩʠʩʪʝʤʝ ʫʨʘʚʥʝʥʠʡ (4) ʠʤʝʶʪ ʨʘʟʤʝʨʥʦʩʪʴ ‎
̆̋
, ʠ 

ʠʤʝʶʪ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ ʭʘʨʘʢʪʝʨʥʳʭ ʯʘʩʪʦʪ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʷʜʢʘ. ʆʥʠ 
ʜʦʣʞʥʳ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʳ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʩʨʘʚʥʝʥʠʷ ʪʝʦʨʠʠ ʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ʅʘʭʦʞʜʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ɔ1 ʠ ɔ2 ʜʦʣʞʥʦ ʧʨʠʚʝʩʪʠ ʢ ʧʦʣʥʦʤʫ ʦʧʠʩʘʥʠʶ 
ʠʟʤʝʥʝʥʠʷ ʩʢʦʨʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʩʦ ʚʨʝʤʝʥʝʤ ʧʨʠ ʠʟʤʝʥʝʥʠʝ ʚʥʝʰʥʠʭ ʧʦʣʝʡ ʠ 
ʪʝʤʧʝʨʘʪʫʨʳ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʢʦʣʣʘʧʩʘ ʄʂʕ ʟʘʧʠʰʝʤ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ ʚ ʚʠʜʝ F = F(Ů, M, T): 
 

 Ὂ‐ȟὓȟὝ Ὂ‐ȟὓ Ὕ  (5) 

 
ɺʘʞʥʳʤ ʬʘʢʪʦʨʦʤ ʷʚʣʷʝʪʩʷ ʙʣʠʟʦʩʪʴ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ. ʀʩʧʦʣʴʟʫʷ ʫʩʣʦʚʠʝ: 

 π, 

ʧʦʣʫʯʠʤ ʢʘʣʦʨʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʊ ʚʙʣʠʟʠ ʌʇ, 
ʧʦʟʚʦʣʷʶʱʝʝ ʦʧʨʝʜʝʣʠʪʴ ʄʂʕ ʚʢʣʶʯʘʷ ʝʛʦ ʚʝʣʠʯʠʥʫ ʠ ʟʥʘʢ. ʇʦʣʫʯʠʚʰʝʝʩʷ 
ʚʳʨʘʞʝʥʠʝ ʠʤʝʝʪ ʢʦʵʬʬʠʮʠʝʥʪʳ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʫʟʥʘʪʴ ʠʟ ʧʝʨʚʳʭ ʪʨʝʭ ʧʫʥʢʪʦʚ, ʘ 
ʢʦʵʬʬʠʮʠʝʥʪ ɸ ʤʦʞʥʦ ʥʘʡʪʠ, ʠʩʧʦʣʴʟʫʷ ʣʠʥʝʡʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʚʜʘʣʠ ʦʪ ʬʘʟʦʚʦʛʦ 
ʧʝʨʝʭʦʜʘ. 
 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʩʨʝʜʩʪʚ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 
(ʧʨʦʝʢʪ ˉ 22-19-00783. https://rscf.ru/project/22-19-00783/ ). 
 

ʉʇʀʉʆʂ ʃʀʊɽʈɸʊʋʈʓ 
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[3] Buchelnikov V. D., et al., JMMM. 300, C. 459-461 (2006). 
[4] ʃ.ɼ. ʃʘʥʜʘʫ, ʀ.ʄ. ʍʘʣʘʪʥʠʢʦʚ, ɼɸʅ ʉʉʉʈ 96, 469 (1954). 
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ʉɺʗɿɸʅʅʓɽ ʌɸɿʆɺʓɽ ʇɽʈɽʍʆɼʓ ɺ ʌɽʈʈʆʄɸɻʅʀʊʅʆʄ ʉʇʃɸɺɽ ɻɽʁʉʃɽʈɸ 
Ni51-xMn33,4In15,6Vx ʉ ʕʌʌɽʂʊʆʄ ʇɸʄʗʊʀ ʌʆʈʄʓ 

 
ʐʘʚʨʦʚ ɺ.ɻ.1, ʂʘʨʧʫʭʠʥ ɼ.ɸ.1, ʂʫʟʥʝʮʦʚ ɼ.ɼ.1, ʄʦʨʦʟʦʚ ɽ.ɺ.1, ʂʦʣʝʜʦʚ ɺ.ɺ.1, 

ʂʦʰʢʠʜʴʢʦ ʖ.ʉ.1, ʄʫʩʘʙʠʨʦʚ ʀ.ʀ.2, ɸʣʠʝʚ ɸ.ʄ.3, ɻʘʤʟʘʪʦʚ ɸ.ɻ.3, 
ɸʙʜʫʣʢʘʜʠʨʦʚʘ ʅ.ɿ.3, ʊʘʩʢʘʝʚ ʉ.ɺ.4 

1ʀʥʩʪʠʪʫʪ ʨʘʜʠʦʪʝʭʥʠʢʠ ʠ ʵʣʝʢʪʨʦʥʠʢʠ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ, 
ʈʦʩʩʠʷ 

2ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʩʚʝʨʭʧʣʘʩʪʠʯʥʦʩʪʠ ʤʝʪʘʣʣʦʚ ʈɸʅ, ʋʬʘ, ʈʦʩʩʠʷ 
3ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʠʤ. ʍ.ʀ. ɸʤʠʨʭʘʥʦʚʘ ɼʌʀʎ ʈɸʅ, ʄʘʭʘʯʢʘʣʘ, ʈʦʩʩʠʷ 

4ʌɻɹʆʋ ɺʆ "ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ", ʏʝʣʷʙʠʥʩʢ, ʈʦʩʩʠʷ 
E-mail: shavrov32@mail.ru  

 
ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʯʝʥʴ ʚʘʞʥʦʝ ʤʝʩʪʦ ʚ ʥʘʫʢʝ ʠ ʪʝʭʥʠʢʝ ʟʘʥʠʤʘʝʪ ʩʦʟʜʘʥʠʝ ʠ 

ʠʟʫʯʝʥʠʝ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʆʜʥʠʤʠ ʠʟ ʰʠʨʦʢʦ ʠʩʩʣʝʜʫʝʤʳʭ 
ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ ɻʝʡʩʣʝʨʘ ʩ 
ʬʘʟʦʚʳʤʠ ʧʝʨʝʭʦʜʘʤʠ (ʌʇ), ʢʦʪʦʨʳʝ ʦʙʫʩʣʘʚʣʠʚʘʶʪ ʧʦʣʝʟʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ 
ʩʚʦʡʩʪʚʘ. ʅʘʧʨʠʤʝʨ, ʪʝʨʤʦʫʧʨʫʛʠʡ ʤʘʨʪʝʥʩʠʪʥʳʡ ʩʪʨʫʢʪʫʨʥʳʡ ʌʇ ʚ ʥʠʭ 
ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʵʬʬʝʢʪʦʤ ʧʘʤʷʪʠ ʬʦʨʤʳ (ʕʇʌ), ʘ ʤʘʛʥʠʪʥʳʝ ʌʇ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ 
ʧʨʷʤʳʤ ʠ ʦʙʨʘʪʥʳʤ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʤ ʵʬʬʝʢʪʦʤ (ʄʂʕ).  

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, 
ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʌʇ, ʘ ʪʘʢʞʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ: ʕʇʌ ʠ ʄʂʕ  ʚ ʧʝʨʝʤʝʥʥʦʤ 
ʩʠʣʴʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʚ ʩʦʯʝʪʘʶʱʠʭ ʩʚʦʡʩʪʚʘ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʠ ʬʝʨʨʦʵʣʘʩʪʠʢʘ 
ʩʧʣʘʚʘʭ ɻʝʡʣʝʨʘ ʩʝʤʝʡʩʪʚʘ Ni51-xMn33,4In15,6Vx, ʛʜʝ ʭ=0; 0,1; 0,3; 0,5; 1, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 
ʩʪʝʧʝʥʠ ʣʝʛʠʨʦʚʘʥʠʷ ʚʘʥʘʜʠʝʤ - x. 

ʆʙʨʘʟʮʳ ʩʣʠʪʢʦʚ ʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ ʩʝʤʝʡʩʪʚʘ Ni51-xMn33,4In15,6Vx, ʛʜʝ ʭ=0; 0,1; 0,3; 
0,5; 1, ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʤʝʪʦʜʦʤ ʜʫʛʦʚʦʡ ʧʣʘʚʢʠ ʥʘ ʭʦʣʦʜʥʦʤ ʧʦʜʫ. ɿʘʪʝʤ ʙʳʣʠ 
ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʌʇ ʤʝʪʦʜʦʤ ɼʉʂ, ʠʟʤʝʨʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʄ ʦʪ 
ʪʝʤʧʝʨʘʪʫʨʳ ʊ, ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʅ, ʘ ʪʘʢʞʝ ʄʂʕ ʧʦ ʤʝʪʦʜʫ [1] (ʩʤ. ʨʠʩ. 1-4). 

ʅʘ ʨʠʩ.1 ʠʟʦʙʨʘʞʝʥʳ ʛʨʘʬʠʢʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʄ 
ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʨʘʟʥʳʭ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʅ ʚ ʩʧʣʘʚʘʭ ɻʝʡʩʣʝʨʘ ʩʝʤʝʡʩʪʚʘ 
Ni51-xMn33,4In15,6Vx ʧʨʠ ʭ=1. ɼʣʷ ʤʘʣʳʭ ʧʦʣʝʡ (100 ʕ ï 500 ʕ) ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠʚʝʜʝʥʳ 
ʢʨʠʚʳʝ ʄ(ʊ) ʩʥʷʪʳʝ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʚ ʥʫʣʝʚʦʤ ʧʦʣʝ. ɿʘʤʝʪʥʦ ʩʠʣʴʥʦʝ ʦʪʣʠʯʠʝ ʚ 
ʭʘʨʘʢʪʝʨʝ ʟʘʚʠʩʠʤʦʩʪʠ ʙʝʟ ʩʥʷʪʠʷ ʧʦʣʷ. ʊʘʢʦʝ ʦʪʣʠʯʠʝ ʫʢʘʟʳʚʘʝʪ ʥʘ 
ʚʟʘʠʤʦʚʦʟʜʝʡʩʪʚʠʝ ʚʢʣʘʜʦʚ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʥʠʢʝʣʷ ʠ ʜʠʘʤʘʛʥʠʪʥʦʛʦ ʤʘʨʛʘʥʮʘ. 
ʊʘʢʞʝ ʟʘʤʝʪʥʦ, ʯʪʦ ʩ ʧʦʚʳʰʝʥʠʝʤ ʧʦʣʷ ʌʇ ʩʤʝʱʘʶʪʩʷ ʚʣʝʚʦ ʠ ʠʩʯʝʟʘʝʪ ʟʦʥʘ 
ʤʘʛʥʠʪʥʦʛʦ ʥʘʩʳʱʝʥʠʷ. ʅʘʣʠʯʠʝ ʞʝ ʛʠʩʪʝʨʝʟʠʩʘ ʚ ʟʦʥʝ ʪʦʯʢʠ ʂʶʨʠ ʦʙʲʷʩʥʷʝʪʩʷ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩʪʨʫʢʪʫʨʥʦʛʦ ʠ ʤʘʛʥʠʪʥʦʛʦ ʌʇ.  

ʅʘ ʨʠʩ.2. ʠʟʦʙʨʘʞʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʭʘʨʘʢʪʝʨʥʳʭ ʪʝʤʧʝʨʘʪʫʨ Ms, Mf, As, Af 
ʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʦʛʦ ʌʇ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʥʝʰʥʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ 
ʩʧʣʘʚʘʭ ɻʝʡʩʣʝʨʘ ʩʝʤʝʡʩʪʚʘ Ni51-xMn33,4In15,6Vx (ʭ=1). ɿʘʤʝʪʥʦ ʫʤʝʥʴʰʝʥʠʝ 
ʘʙʩʦʣʶʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʦʯʝʢ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʯʪʦ 
ʥʘ ʨʠʩ.1 ʧʨʦʷʚʣʷʝʪʩʷ, ʢʘʢ ʩʜʚʠʛ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʚʣʝʚʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʅ. 

ʅʘ ʨʠʩ.3. ʀʟʦʙʨʘʞʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʄ ʧʨʠ 
ʚʦʟʜʝʡʩʪʚʠʠ ʨʘʟʥʳʭ ʅ ʚ ʩʧʣʘʚʘʭ ɻʝʡʣʝʨʘ ʩʝʤʝʡʩʪʚʘ Ni51-xMn33,4In15,6Vx ʧʨʠ ʭ=0.5. 
ʉʨʘʚʥʝʥʠʝ ʨʠʩ.1 ʠ ʨʠʩ. 3 ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʝʙʦʣʴʰʘʷ ʜʦʙʘʚʢʘ ʚʘʥʘʜʠʷ (ʨʘʟʥʠʮʘ 0,5%) 
ʩʜʚʠʛʘʝʪ ʤʝʪʘʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʳʡ ʌʇ ʚʣʝʚʦ ʙʦʣʝʝ, ʯʝʤ ʥʘ 15 ʂ, ʧʨʠ ʵʪʦʤ 
ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʤʘʣʳʤʠ 
ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ ʟʦʥʘ ʤʘʨʪʝʥʩʠʪʘ ʩʜʚʠʛʘʝʪʩʷ ʚʧʨʘʚʦ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʄʂʕ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʫʯʝʥ ʧʦ ʤʝʪʦʜʠʢʝ [1], ʚ ʧʝʨʝʤʝʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 
0,6 ʠ 1,2 ʊʣ (ʩʤ. ʨʠʩ. 4). ɸʥʘʣʠʟ ʨʠʩ.4 ʧʨʠʚʦʜʠʪ ʢ ʚʳʚʦʜʘʤ ʦ ʪʦʤ, ʯʪʦ ʚ ʩʧʣʘʚʘʭ ɻʝʡʣʝʨʘ 
ʩʝʤʝʡʩʪʚʘ Ni51-xMn33,4In15,6Vx ʧʨʠ ʭ=0.5 ʄʂʕ ʠʤʝʝʪ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʚ ʟʦʥʝ 
ʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʦʛʦ ʌʇ ʠ ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʚʙʣʠʟʠ ʪʦʯʢʠ ʂʶʨʠ. 
ʅʘʙʣʶʜʘʝʪʩʷ ʵʬʬʝʢʪ ʜʝʛʨʘʜʘʮʠʠ ʄʂʕ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʘʩʪʦʪʳ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʷ, ʧʦʣʫʯʠʚʰʠʡ ʥʘʟʚʘʥʠʝ çʢʦʣʣʘʧʩ ʄʂʕè. 
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ʈʠʩʫʥʦʢ 1 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʛʨʘʬʠʢʠ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ ʨʘʟʥʳʭ 
ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʚ ʩʧʣʘʚʝ Ni50Mn33,4In15,6V1 

 

ʈʠʩʫʥʦʢ 2 ï ɿʘʚʠʩʠʤʦʩʪʴ ʭʘʨʘʢʪʝʨʥʳʭ 
ʪʝʤʧʝʨʘʪʫʨ ʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʦʛʦ ʌʇ ʦʪ ʧʦʣʷ ʜʣʷ 

Ni50Mn33,4In15,6V1 

  
ʈʠʩʫʥʦʢ 3 ï ɻʨʘʬʠʢʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ ʨʘʟʥʳʭ 
ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʚ ʩʧʣʘʚʝ 

Ni50,5Mn33,4In15,6V0,5. 

ʈʠʩʫʥʦʢ 4 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʄʂʕ ʚ 
Ni49,5Mn33,4In15,6V0,5 ʧʨʠ ʅ= 0,62 ʠ 1,2 ʊʣ ʧʨʠ 

ʯʘʩʪʦʪʘʭ f = 2 é30 ɻʮ. 

 
ɺ ʟʘʢʣʶʯʝʥʠʝ ʩʬʦʨʤʫʣʠʨʫʝʤ ʧʦʣʫʯʝʥʥʳʝ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʩʣʝʜʫʶʱʠʝ 

ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ:  
1. ʀʩʩʣʝʜʦʚʘʥʠʷ ʩ ʧʦʤʦʱʴʶ ʉʕʄ, ɼʉʂ ʠ ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʚʳʷʚʠʣʠ ʚʦ ʚʩʝʭ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ Ni51-xMn33,4In15,6Vx ʥʘʣʠʯʠʝ ʤʘʛʥʠʪʥʦʛʦ ʌʇ 
ʪʠʧʘ ʪʦʯʢʠ ʂʶʨʠ ʠ ʤʝʪʘʤʘʛʥʠʪʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ (ʄʄʉʇ) ʧʝʨʚʦʛʦ ʨʦʜʘ, ʢʦʪʦʨʳʡ 
ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʝʟʢʠʤ ʩʥʠʞʝʥʠʝʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 
ʤʘʨʪʝʥʩʠʪʥʦʡ ʬʘʟʝ (ʨʠʩ. 1). ʊʝʤʧʝʨʘʪʫʨʘ ʤʘʛʥʠʪʥʦʛʦ ʌʇ ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʭ, 
ʪʝʤʧʝʨʘʪʫʨʘ ʄʄʉʇ ʩʥʠʞʘʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʭ. ʄʘʛʥʠʪʥʳʡ ʌʇ, ʢʘʢ ʠ ʄʄʉʇ 
ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʥʝʙʦʣʴʰʠʤ ʛʠʩʪʝʨʝʟʠʩʦʤ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ.  

2. ʊʝʤʧʝʨʘʪʫʨʘ ʄʄʉʇ ʚʝʩʴʤʘ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ. ɼʣʷ ʦʙʨʘʟʮʘ 
Ni50Mn33,4In15,6V1 ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʌʇ ʢ ʧʦʣʶ ʩʦʩʪʘʚʣʷʝʪ - 5 ʂ/ʊ. (ʩʤ. ʈʠʩ. 2). ʄʦʞʥʦ 
ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʫʧʨʘʚʣʷʝʤʳʡ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʄʄʉʇ ʧʨʠʚʦʜʠʪ ʢ ʕʇʌ, 
ʫʧʨʘʚʣʷʝʤʦʤʫ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 1-3 ʊʣ, ʯʪʦ 
ʚʝʩʴʤʘ ʧʝʨʩʧʝʢʪʠʚʥʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʦʫʧʨʘʚʣʷʝʤʳʭ ʄʕʄʉ ʠ ʅʕʄʉ 
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3. ʇʨʠ ʭ = 0 ʠʤʝʝʪ ʤʝʩʪʦ ʩʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨ ʤʘʛʥʠʪʥʦʛʦ ʌʇ ʠ ʄʄʉʇ. ʇʨʠ ʭ = 
0,5 ʪʝʤʧʝʨʘʪʫʨʳ ʌʇ ʙʣʠʟʢʠ ʢ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʨʠʩ. 3). 

4. ʇʨʷʤʳʝ ʠʟʤʝʨʝʥʠʷ ʄʂʕ ʚ ʧʝʨʝʤʝʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 0,62 ʊʣ ʠ 1,2 ʊʣ ʧʦ 
ʤʝʪʦʜʠʢʝ [1] ʧʦʢʘʟʘʣʠ ʥʘʣʠʯʠʝ ʧʨʷʤʦʛʦ ʄʂʕ ʚ ʪʦʯʢʝ ʤʘʛʥʠʪʥʦʛʦ ʌʇ ʠ ʦʙʨʘʪʥʦʛʦ ʄʂʕ ʚ 
ʪʦʯʢʝ ʄʄʉʇ. ʅʘʙʣʶʜʘʝʪʩʷ ʩʠʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʄʂʕ (çʢʦʣʣʘʧʩè) ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 
ʯʘʩʪʦʪʳ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʦʪ 1 ʜʦ 30 ɻʮ ʢʘʢ ʚʙʣʠʟʠ ʤʘʛʥʠʪʥʦʛʦ ʌʇ, ʪʘʢ ʠ 
ʚʙʣʠʟʠ ʄʄʉʇ. 

5. ʀʟʤʝʨʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʛʠʙʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʪ ʥʘʛʨʫʟʢʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ 
ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʩʝ ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʩʧʣʘʚʳ ʩʝʤʝʡʩʪʚʘ Ni51-xMn33,4In15,6Vx, ʛʜʝ ʭ=0; 0,1; 0,3; 
0,5; 1, ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʕʇʌ ʚʙʣʠʟʠ ʄʄʉʇ. ʄʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚʩʣʝʜʩʪʚʠʝ 
ʩʦʯʝʪʘʥʠʷ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʄʄʉʇ ʢ ʧʦʣʶ ʠ ʕʇʌ, ʜʘʥʥʦʝ ʩʝʤʝʡʩʪʚʦ ʩʧʣʘʚʦʚ 
ʧʝʨʩʧʝʢʪʠʚʥʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʭ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʦʭʣʘʞʜʘʶʱʠʭ ʩʠʩʪʝʤ 
ʠ ʤʘʛʥʠʪʦʫʧʨʘʚʣʷʝʤʳʭ ʘʢʪʶʘʪʦʨʦʚ. 
 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʩʨʝʜʩʪʚ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 
(ʧʨʦʝʢʪ ˉ 20-19-00745-ʇ, https://rscf.ru/project/23-19-45040/). 
 

ʃʀʊɽʈɸʊʋʈɸ 
[1] Aliev A. M., et al., J. Al. Com.676, 601ï605 (2016). 
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ʉɺʗɿɸʅʅʓɽ ʌɸɿʆɺʓɽ ʇʈɽɺʈɸʑɽʅʀʗ ɺ ʄɸɻʅʀʊʅʆʄ ʇʆʃɽ ɺ ʌɽʈʈʀʊɸʍ-
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3Institute of Physics and Technology Mongolian Academy of Sciences, Ulaanbaatar, 

Mongolia 
E-mail: victor_koledov@mail.ru 

 
ʉʨʝʜʠ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ, ʪʦ ʝʩʪʴ ʩʨʝʜʠ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʢʦʪʦʨʳʭ ʧʨʦʷʚʣʷʶʪʩʷ ʜʚʘ 

ʠ ʙʦʣʝʝ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ (ʌʇ) ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ, ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʨʠʚʣʝʢʘʶʪ 
ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ  ʤʘʪʝʨʠʘʣʳ, ʩʧʦʩʦʙʥʳʝ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ 
ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʚʦ ʚʥʝʰʥʠʭ ʧʦʣʷʭ ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ [1]. ʅʘʠʙʦʣʝʝ 
ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʠʟ ʥʠʭ ʩʯʠʪʘʶʪʩʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʬʝʨʨʠʪʳ ʛʨʘʥʘʪʳ. ʇʨʠʚʣʝʢʘʶʪ 
ʚʥʠʤʘʥʠʝ ʩʦʩʪʘʚʳ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʝ ʌʇ, ʚ ʯʘʩʪʥʦʩʪʠ, ʪʦʯʢʫ 
ʂʶʨʠ 2-ʛʦ ʨʦʜʘ (ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʧʨʷʤʦʡ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ (ʄʂʕ) ʠ ʩʧʠʥ-
ʧʝʨʝʦʨʠʝʥʪʘʮʠʦʥʥʳʡ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ (ʉʇʌʇ) 1-ʛʦ ʨʦʜʘ (ʦʙʨʘʪʥʳʡ ʄʂʕ), ʢʦʪʦʨʳʡ 
ʝʩʪʴ ʩʣʝʜʩʪʚʠʝ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʠʭ ʨʝʰʝʪʢʝ ʥʝʩʢʦʣʴʢʠʭ ʤʘʛʥʠʪʥʳʭ 
ʧʦʜʨʝʰʝʪʦʢ (ʩʤ. ʈʠʩ. 1) [2].  ʅʝʜʘʚʥʦ, ʙʳʣʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʘ ʥʦʚʘʷ, 
ʨʘʥʝʝ ʧʨʝʜʩʢʘʟʘʥʥʘʷ, ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ, ʩʢʦʰʝʥʥʘʷ ʬʘʟʘ  (ʩʤ. ʨʠʩ. 2) [3]. ʆʜʥʘʢʦ, ʚʠʜ 
ʜʠʘʛʨʘʤʤʳ ʌʇ ʜʣʷ ʥʦʚʦʡ ʬʘʟʳ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʪʝʤʧʝʨʘʪʫʨʘ ï ʧʦʣʝ (ʊ ï ʅ)  (ʨʠʩ.2 ʘ) ʜʦ 
ʩʠʭ ʧʦʨ ʥʝ ʦʙʲʷʩʥʝʥ ʪʝʦʨʝʪʠʯʝʩʢʠ. 

ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ï ʠʟʫʯʠʪʴ ʩʚʷʟʘʥʥʳʝ ʌʇ ʚ ʬʝʨʨʠʪʘʭ ʛʨʘʥʘʪʘʭ 
(BiYLu)3(FeGa)5O12 ʠ ʧʨʝʜʣʦʞʠʪʴ ʬʠʟʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʜʣʷ ʦʧʠʩʘʥʠʷ ʬʘʟʦʚʦʡ 
ʜʠʘʛʨʘʤʤʳ (ʩʤ. ʨʠʩ. 2) ʚ ʢʦʦʨʜʠʥʘʪʘʭ ʊ-ʅ. 

 

  

ʘ ʙ 
 

ʈʠʩʫʥʦʢ 1 ï ʄʘʛʥʠʪʥʳʝ ʌʇ ʚ ʧʣʝʥʢʝ ʬʝʨʨʠʪ-ʛʨʘʥʘʪʘ (BiYLu)3(FeGa)5O12 (ʘ) ʤʘʛʥʠʪʥʳʝ ʌʇ: 
ʪʦʯʢʘ ʂʶʨʠ ʧʨʠ 380 ʂ ʠ ʉʇʌʇ ʧʨʠ 326 ʂ. (ʙ) ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʘʷ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷ: 

ʦʙʥʘʨʫʞʝʥʠʝ ʩʢʦʰʝʥʥʦʡ ʬʘʟʳ ʚʙʣʠʟʠ ʉʇʌʇ ʚ ʧʣʝʥʢʝ ʬʝʨʨʠʪ-ʛʨʘʥʘʪʘ (BiYLu)3(FeGa)5O12. 1 ʠ 
2 ï ʢʦʣʣʠʥʝʘʨʥʳʝ ʬʘʟʳ ʚ ʛʨʘʜʠʝʥʪʝ ʪʝʤʧʝʨʘʪʫʨʳ, 3 ï ʩʢʦʰʝʥʥʘʷ ʬʘʟʘ. [3]. 
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ʈʠʩʫʥʦʢ 2 ï ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʚʙʣʠʟʠ ʉʇʌʇ ʚ ʧʣʝʥʢʝ ʬʝʨʨʠʪ-ʛʨʘʥʘʪʘ (BiYLu)3(FeGa)5O12. 
(ʘ). ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʥʝʢʦʣʣʠʥʝʘʨʥʦʡ ʩʢʦʰʝʥʥʦʡ ʬʘʟʳ ʚ ʢʦʦʨʜʠʥʘʪʘʭ T-H 
[3]. (ʙ) ʬʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ CCʌʇ ʢʦʣʣʠʥʝʘʨʥʘʷ-ʩʢʦʰʝʥʥʘʷ ʬʘʟʘ, ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʬʘʟ ʦʪ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʇʨʝʜʩʪʘʚʠʤ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ F ʬʝʨʨʠʪʘ-ʛʨʘʥʘʪʘ ʚʙʣʠʟʠ ʉʇʌʇ ʚ ʚʠʜʝ:  
 

 F = FK + Fʦʙʤ + FH , (1) 
 
ʛʜʝ Fʅ ï ʟʝʝʤʘʥʦʚʩʢʘʷ ʵʥʝʨʛʠʷ, FK ï ʵʥʝʨʛʠʷ ʘʥʠʟʦʪʨʦʧʠʠ, ʦʥʘ ʧʨʦʷʚʣʷʝʪʩʷ ʚ 
ʩʢʦʰʝʥʥʦʡ ʬʘʟʝ, Fʦʙʤ ï ʦʙʤʝʥʥʘʷ ʵʥʝʨʛʠʷ, ʢʦʪʦʨʘʷ ʚ ʩʢʦʰʝʥʥʦʡ ʬʘʟʝ ʩʚʷʟʘʥʘ ʩ 
ʢʚʘʜʨʘʪʦʤ ʫʛʣʦʚʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʚʝʢʪʦʨʦʚ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M ʧʦʜʨʝʰʝʪʦʢ, ʘ ʚ 
ʢʦʣʣʠʥʝʘʨʥʦʡ ʬʘʟʝ ʚʳʯʠʩʣʷʝʪʩʷ ʚ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʦʞʝʥʠʷ ʃʘʥʜʘʫ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ 
ʧʦ ʄ ʚ ʪʦʯʢʝ ʂʶʨʠ TC: 
 

 Ὂ̋ ̏̌  ̌ ˙  ὓ ὓὌὸȟ (2) 

 
ʟʜʝʩʴ, Ŭ ʠ ɓ ï ʤʦʜʫʣʠ 2-ʛʦ ʠ 4-ʛʦ ʧʦʨʷʜʢʘ. ʄʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʢʦʣʣʠʥʝʘʨʥʦʡ 
ʬʘʟʳ ʨʘʚʥʘ ʧʨʠ ʤʘʣʳʭ H: 
 

 
 ȟ

 , (3) 

 

ʘ ʧʨʠ ʙʦʣʝʝ ʩʠʣʴʥʳʭ ʧʦʣʷʭ ʩ ʫʯʝʪʦʤ ʯʣʝʥʘ 4-ʛʦ ʧʦʨʷʜʢʘ ʠʤʝʝʤ ʄ ~ 
Ⱦ

Ⱦ. ʇʦʣʫʯʘʝʤ, ʯʪʦ, 

ʜʣʷ ʢʦʣʣʠʥʝʘʨʥʦʡ ʬʘʟʳ ʵʥʝʨʛʠʷ Fʢʦʣʣ ~ ʅ
2 , ʪʦ ʝʩʪʴ ʚʦʟʨʘʩʪʘʝʪ ʢʚʘʜʨʘʪʠʯʥʦ ʧʦ ʧʦʣʶ 

ʧʨʠ ʤʘʣʳʭ ʧʦʣʷʭ ʠ ʚʦʟʨʘʩʪʘʝʪ ʩ ʧʦʣʝʤ ʢʘʢ H4/3 ʧʨʠ ʙʦʣʴʰʠʭ ʅ. ʕʥʝʨʛʠʷ ʩʢʦʰʝʥʥʦʡ 
ʬʘʟʳ Fʩʢ ʚʦʟʨʘʩʪʘʝʪ ʢʘʢ H2, ʥʦ ʠʤʝʝʪ ʜʦʙʘʚʦʯʥʳʡ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʯʣʝʥ FK, ʩʚʷʟʘʥʥʳʡ ʩ 
ʘʥʠʟʦʪʨʦʧʠʝʡ. ʉʦʦʪʥʦʰʝʥʠʝ ʵʥʝʨʛʠʡ Fʩʢ(ʅ) ʠ Fʢʦʣʣ (ʅ) ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2 ʙ.  ʊʦʯʢʠ 
ʧʝʨʝʩʝʯʝʥʠʷ ʵʪʠʭ ʢʨʠʚʳʭ ʧʨʠ H1 ʠ H2, ʵʪʦ ï ʪʦʯʢʠ ʧʝʨʝʭʦʜʦʚ ʢʦʣʣʠʥʝʘʨʥʘʷ-ʩʢʦʰʝʥʥʘʷ-
ʢʦʣʣʠʥʝʘʨʥʘʷ ʬʘʟʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʩʢʦʰʝʥʥʦʡ ʬʘʟʳ: H1< H 
<H2 ʦʛʨʘʥʠʯʝʥʘ ʩʚʝʨʭʫ ʧʦ ʧʦʣʶ, ʚʩʣʝʜʩʪʚʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʌʇ: ʊʉ ʠ ʉʇʌʇ. 

 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩ. ʟʘʜʘʥʠʷ, ʪʝʤʘ FFWZ ï 0024 ï 0007.  

 
ʉʇʀʉʆʂ ʃʀʊɽʈɸʊʋʈʓ 
[1] Aliev A. M., et al., J. Al. Com.676, 601ï605 (2016). 
[2] Zvezdin, A.K.; Matveev, V.M. Sov. Phys. JETP, 35, 140ï145 (1971). 
[3] Suslov, D. A., Shavrov, V. G. et al. Crystals, 13(9), 1297, (2023). 
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ʆʇʈɽɼɽʃɽʅʀɽ ʋʉʃʆɺʀʁ ʄɸɻʅʀʊʅʓʍ ɸɺʊʆʂʆʃɽɹɸʅʀʁ ɺ ʆɹʃɸʉʊʀ ʌɸɿʆɺʓʍ 
ʇɽʈɽʍʆɼʆɺ ɺ ɻɸɼʆʃʀʅʀʀ ʀ ʇʃɽʅʂɸʍ ʉʆ ʉʊʈʋʂʊʋʈʆʁ ɻʈɸʅɸʊɸ 

 
ʅʝʧʦʯʘʪʳʭ ʖ.ʀ.1, ʂʦʣʝʜʦʚ ɺ.ɺ.2, ʐʘʚʨʦʚ ɺ.ɻ.2 

1ɼʦʥʝʮʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ. ɸ. ɻʘʣʢʠʥʘ, ɼʦʥʝʮʢ, ʈʦʩʩʠʷ, 
nepo@bk.ru  

2ʀʥʩʪʠʪʫʪ ʨʘʜʠʦʪʝʭʥʠʢʠ ʠ ʵʣʝʢʪʨʦʥʠʢʠ ʠʤ. ɺ.ɸ. ʂʦʪʝʣʴʥʠʢʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ 
shavrov@cplire.ru 

 
ɼʠʥʘʤʠʢʘ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ (ʄʂʕ) ʚʳʟʳʚʘʝʪ ʨʘʩʪʫʱʠʡ ʠʥʪʝʨʝʩ [1] 

ʚʤʝʩʪʝ ʩ ʚʦʟʨʘʩʪʘʶʱʠʤʠ ʧʝʨʩʧʝʢʪʠʚʘʤʠ ʝʛʦ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ɺ 
ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʚʙʣʠʟʠ ʪʦʯʢʠ ʂʶʨʠ ʚʦʧʨʝʢʠ ʫʤʝʥʴʰʝʥʠʶ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʙʣʶʜʘʶʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʩʚʷʟʘʥʥʦʝ ʩ 
ʦʩʣʘʙʣʝʥʠʝʤ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ, ʩ ʦʙʣʝʛʯʝʥʠʝʤ ʩʤʝʱʝʥʠʷ 
ʛʨʘʥʠʮ ʜʦʤʝʥʦʚ ʠ ʧʦʚʦʨʦʪʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ɺ 
ʛʘʜʦʣʠʥʠʠ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ 
ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʤʦʞʥʦ 
ʧʨʝʜʧʦʣʘʛʘʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʩʣʦʚʠʡ ʩʫʞʝʥʠʷ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʚ ʧʝʨʝʤʝʥʥʳʭ 
ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʚ ʤʘʪʝʨʠʘʣʘʭ ʩ ʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ 
ʵʬʬʝʢʪʘ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʝʝ ʫʯʘʩʪʢʘ ʩ ʦʪʨʠʮʘʪʝʣʴʥʳʤ 
ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝʤ. ʇʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʧʦʠʩʢʘ ʪʘʢʠʭ ʵʬʬʝʢʪʦʚ ʚʳʛʣʷʜʠʪ 
ʥʘʣʠʯʠʝ ʘʥʦʤʘʣʠʡ ʢʨʠʚʳʭ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. 

ɺʳʟʚʘʪʴ ʙʦʣʴʰʠʝ ʠʟʤʝʥʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʙʲʝʢʪʘ ʠ ʚʳʩʦʢʦʛʦ ʦʪʢʣʠʢʘ 
ʩʠʛʥʘʣʘ ʥʘ ʤʘʣʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʚʦʟʤʦʞʥʦ, ʢʦʛʜʘ ʫʧʨʘʚʣʷʶʱʠʡ ʩʠʛʥʘʣ ʚʳʩʪʫʧʘʝʪ 
ʪʨʠʛʛʝʨʦʤ ʨʘʟʙʣʦʢʠʨʦʚʢʠ ʧʦʪʦʢʘ ʚʥʝʰʥʝʡ ʵʥʝʨʛʠʠ ʯʝʨʝʟ ʵʪʦʪ ʦʙʲʝʢʪ ʠʣʠ 
ʚʳʩʚʦʙʦʞʜʝʥʠʷ ʟʘʧʘʩʝʥʥʦʡ ʚ ʥʝʤ ʵʥʝʨʛʠʠ. ɺʪʦʨʦʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʤʘʛʥʠʪʥʳʭ 
ʤʘʪʝʨʠʘʣʘʭ ʩʦ ʩʢʘʯʢʦʦʙʨʘʟʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʩʚʦʡʩʪʚ ʚ ʧʨʦʮʝʩʩʝ ʮʠʢʣʠʯʥʦʛʦ ʠʟʤʝʥʝʥʠʷ 
ʠʭ ʪʝʤʧʝʨʘʪʫʨʳ ʠʣʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʚ ʙʦʣʝʝ ʰʠʨʦʢʠʭ ʛʨʘʥʠʮʘʭ, ʯʝʤ ʠʥʪʝʨʚʘʣ 
ʧʨʦʷʚʣʝʥʠʷ ʩʢʘʯʢʘ. ʇʨʠʤʝʨʦʤ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʛʝʥʝʨʘʮʠʷ ʚʳʩʦʢʦʘʤʧʣʠʪʫʜʥʦʛʦ 
ʜʚʠʞʝʥʠʷ ʚʝʢʪʦʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʠʥʜʫʮʠʨʦʚʘʥʥʳʤʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʤ 
(ɺʏ) ʧʦʣʝʤ ʝʛʦ ʧʝʨʝʩʢʦʢʘʤʠ ʤʝʞʜʫ ʙʣʠʟʢʠʤʠ ʧʦ ʵʥʝʨʛʠʠ ʨʘʚʥʦʚʝʩʥʳʤʠ ʧʦʣʦʞʝʥʠʷʤʠ 
ʚʝʢʪʦʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ [2]. ʉ ʜʦʩʪʠʞʝʥʠʝʤ ʚʥʝʰʥʝʛʦ ʧʦʣʷ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʠʭ 
ʛʝʥʝʨʘʮʠʠ ʚ ʧʣʝʥʢʝ ʞʝʣʝʟʦ-ʠʪʪʨʠʝʚʦʛʦ ʛʨʘʥʘʪʘ (ɾʀɻ) ʧʨʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ 
ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʤ ʝʝ ʧʣʦʩʢʦʩʪʠ ʧʦʣʝʤ ʚ ʦʙʣʘʩʪʠ ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ ʚ 
ʩʦʩʪʦʷʥʠʝ ʥʘʩʳʱʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʢʘʯʢʠ ʧʦʩʪʦʷʥʥʦʡ ʯʘʩʪʦʪʳ ʚʦʟʙʫʞʜʘʣʠʩʴ ʠ 
ʧʦʜʜʝʨʞʠʚʘʣʠʩʴ ʣʠʰʴ ʤʘʣʳʤ ɺʏ ʧʦʣʝʤ. 

ʉ ʮʝʣʴʶ ʦʙʥʘʨʫʞʝʥʠʷ ʧʦʜʦʙʥʳʭ ʵʬʬʝʢʪʦʚ ʠʩʩʣʝʜʫʝʤ ʚʦʟʜʝʡʩʪʚʠʝ ɺʏ ʧʦʣʷ ʩ 
ʘʤʧʣʠʪʫʜʦʡ ~0,01 Oe, ʩʣʫʞʘʱʝʛʦ ʪʘʢʞʝ ʧʨʦʙʥʳʤ ʩʠʛʥʘʣʦʤ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ, 
ʥʘ ʛʘʜʦʣʠʥʠʡ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ-ʥʘʛʨʝʚʝ ʚ ʦʙʣʘʩʪʠ ʟʥʘʯʝʥʠʡ ʚʥʝʰʥʝʛʦ ʧʦʣʷ, ʛʜʝ 
ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ ʠʥʚʝʨʩʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. 
ʀʩʧʦʣʴʟʦʚʘʥ ʦʙʨʘʟʝʮ ʛʘʜʦʣʠʥʠʷ 0,4ʭ0,5ʭ4ʤʤ, ʜʦʩʪʘʪʦʯʥʦ ʤʘʣʳʡ ʜʣʷ ʥʝʦʙʭʦʜʠʤʦʛʦ 
ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʚ ʥʝʛʦ ɺʏ ʧʦʣʷ. ʇʦʩʪʦʷʥʥʦʝ ʧʦʣʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʘ ʩ ʚʢʣʶʯʘʝʤʦʡ ʧʨʠ 
ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʝʛʦ ʥʠʟʢʦʯʘʩʪʦʪʥʦʡ (ʅʏ) ʤʦʜʫʣʷʮʠʝʡ ʠ ɺʏ ʧʦʣʝ ʘʚʪʦʜʠʥʘ ʚ ʧʨʦʮʝʩʩʝ 
ʠʟʤʝʨʝʥʠʡ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʚʜʦʣʴ ʜʣʠʥʥʦʡ ʦʩʠ ʦʙʨʘʟʮʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʠʟʤʝʨʷʣʘʩʴ 
ʧʨʠʞʘʪʦʡ ʢ ʦʙʨʘʟʮʫ ʪʝʨʤʦʧʘʨʦʡ ʤʝʜʴ-ʢʦʥʩʪʘʥʪʘʥ ʩ ʪʦʯʥʦʩʪʴʶ ʦʢʦʣʦ Ñ1K. 

ʅʘ ʨʠʩ.1 ʧʨʠʚʝʜʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠʟʤʝʥʝʥʠʡ ʯʘʩʪʦʪʳ ʠ ʛʣʫʙʠʥʳ 
ʅʏ ʤʦʜʫʣʷʮʠʠ ʘʤʧʣʠʪʫʜʳ ʘʚʪʦʜʠʥʘ, ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʛʘʜʦʣʠʥʠʷ ʧʨʠ 
ʦʭʣʘʞʜʝʥʠʠ ʠ ʥʘʛʨʝʚʝ ʚ ʧʦʩʪʦʷʥʥʦʤ ʚʥʝʰʥʝʤ ʧʦʣʝ 6 Oe ʠ ʧʝʨʝʤʝʥʥʦʤ ʧʦʣʝ 330 Hz ʩ 
ʘʤʧʣʠʪʫʜʦʡ 2 Oe.  
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ʄʫʣʴʪʠʬʝʨʨʦʠʢʠ: ʧʦʣʫʯʝʥʠʝ, ʩʚʦʡʩʪʚʘ, ʧʨʠʤʝʥʝʥʠʝ 

 

82 

 

 
ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʛʣʫʙʠʥʳ ʅʏ ʤʦʜʫʣʷʮʠʠ ʘʤʧʣʠʪʫʜʳ ʘʚʪʦʜʠʥʘ ALF (ʧʘʨʘ 
ʢʨʠʚʳʭ 1 ʠ 1ô), ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Õ (ʢʨʠʚʳʝ 2 ʠ 2ô), ʨʘʩʩʯʠʪʘʥʥʳʭ ʠʟ ʯʘʩʪʦʪʳ ɜ ʘʚʪʦʜʠʥʘ 

(3 ʠ 3ô) ʚ ʧʦʩʪʦʷʥʥʦʤ ʚʥʝʰʥʝʤ ʧʦʣʝ 6 Oe ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʠ ʥʘʛʨʝʚʝ ʛʘʜʦʣʠʥʠʷ. 

 
ʆʪʤʝʪʠʤ, ʯʪʦ ʚʩʝ ʢʨʠʚʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʠʥʚʝʨʩʥʦʝ ʧʦʚʝʜʝʥʠʝ. ʀʭ ʠʟʤʝʥʝʥʠʷ 

ʦʧʝʨʝʞʘʶʪ ʩʝʙʝ ʧʦʜʦʙʥʳʝ ʧʨʠ ʩʤʝʥʝ ʥʘʛʨʝʚʘ ʠ ʦʭʣʘʞʜʝʥʠʷ. ʆʙʳʯʥʦ ʞʝ ʥʘʙʣʶʜʘʝʪʩʷ 
ʟʘʜʝʨʞʢʘ ʪʘʢʠʭ ʠʟʤʝʥʝʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʛʘʜʦʣʠʥʠʠ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʜʨʫʛʠʭ 
ʧʘʨʘʤʝʪʨʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ ʜʣʷ ʥʘʰʝʛʦ ʦʙʨʘʟʮʘ - ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʵʪʠʭ ʞʝ ʚʝʣʠʯʠʥ ʚʦ 
ʚʥʝʰʥʝʤ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʙʦʣʝʝ 200 Oe. ɿʥʘʯʝʥʠʷ ʛʣʫʙʠʥʳ ʤʦʜʫʣʷʮʠʠ ALF 

ʘʤʧʣʠʪʫʜʳ ʘʚʪʦʜʠʥʘ ʠʟʤʝʨʷʶʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 200·2000 Hz. ɺʳʩʦʢʠʝ ʧʠʢʠ 
ʢʨʠʚʳʭ 1 ʠ 1ô ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʯʘʩʪʦʪʝ ʚʥʝʰʥʝʡ ʤʦʜʫʣʷʮʠʠ ʧʦʣʷ 330 Hz ʠ ʥʘʭʦʜʷʪʩʷ ʧʦ 
ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʦʙʣʘʩʪʠ ʤʘʢʩʠʤʫʤʘ ƅdÕ/dTƅ ʠ dɜ/dT. ʄʘʣʳʝ ʧʠʢʠ ʩʧʨʘʚʘ ʥʘ ʢʨʠʚʳʭ 1 ʠ 
1ô ʦʙʦʟʥʘʯʘʶʪ ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʫʢʘʟʘʥʥʳʭ ʚʥʝʰʥʠʭ ʧʘʨʘʤʝʪʨʘʭ ʘʚʪʦʢʦʣʝʙʘʥʠʷ 
ʘʤʧʣʠʪʫʜʳ ʘʚʪʦʜʠʥʘ. ʆʥʠ ʤʝʥʷʶʪ ʩʚʦʶ ʯʘʩʪʦʪʫ ʦʪ 800 ʜʦ 1500 Hz ʩ ʠʟʤʝʥʝʥʠʝʤ 
ʪʝʤʧʝʨʘʪʫʨʳ, ʠ ʚʝʣʠʯʠʥʘ ʤʘʣʳʭ ʧʠʢʦʚ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʷ ʘʤʧʣʠʪʫʜʝ ʵʪʠʭ ʢʦʣʝʙʘʥʠʡ, 
ʢʨʫʪʦ ʟʘʚʠʩʠʪ ʦʪ ʧʘʨʘʤʝʪʨʘ ï ʚʥʝʰʥʝʝ ʧʦʣʝ. ʅʘ ʟʘʧʠʩʷʭ ʚ ʥʝʩʢʦʣʴʢʠʭ ʧʦʣʷʭ ʜʠʘʧʘʟʦʥʘ 
30Ñ15 Oe ʚʝʣʠʯʠʥʳ ʧʨʘʚʳʭ ʧʠʢʦʚ ʥʘ ʢʨʠʚʳʭ 1 ʠ 1ô ʜʦʩʪʠʛʘʶʪ ʚʝʣʠʯʠʥʳ ʣʝʚʳʭ. 
ɸʚʪʦʢʦʣʝʙʘʥʠʷ ʘʤʧʣʠʪʫʜʳ ʘʚʪʦʜʠʥʘ ʧʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʶʪ ʠ ʧʦʜʜʝʨʞʠʚʘʶʪʩʷ ʙʝʟ 
ʤʦʜʫʣʷʮʠʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʝʤʧʝʨʘʪʫʨ ʥʘʛʨʝʚʘ-
ʦʭʣʘʞʜʝʥʠʷ ʥʘ ʛʨʘʬʠʢʘʭ. ɺ ʦʢʨʝʩʪʥʦʩʪʠ ʤʘʢʩʠʤʫʤʘ ʠʭ ʘʤʧʣʠʪʫʜʳ ʦʥʠ ʠʤʝʶʪ 
ʜʦʩʪʘʪʦʯʥʦ ʧʦʩʪʦʷʥʥʫʶ ʯʘʩʪʦʪʫ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʥʘ ʵʢʨʘʥʝ ʦʩʮʠʣʣʦʛʨʘʬʘ ʠ 
ʬʦʪʦʛʨʘʬʠʨʦʚʘʥʠʷ ʠʭ ʢʘʨʪʠʥ, ʧʣʘʚʥʦ ʤʝʥʷʶʱʠʭ ʩʚʦʶ ʬʦʨʤʫ ʩ ʠʟʤʝʥʝʥʠʝʤ 
ʪʝʤʧʝʨʘʪʫʨʳ. ʆʜʥʘ ʠʟ ʥʠʭ, ʧʨʠʚʝʜʝʥʥʘʷ ʥʘ ʨʠʩ.2, ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʠʩʢʦʤʫʶ 
ʩʢʘʯʢʦʦʙʨʘʟʥʫʶ ʬʠʛʫʨʫ ʘʚʪʦʢʦʣʝʙʘʥʠʡ ʘʤʧʣʠʪʫʜʳ ʘʚʪʦʜʠʥʘ ʚ ʦʙʣʘʩʪʠ ʠʭ 
ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʨʘʟʤʘʭʘ. 

ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʤʦʜʫʣʷʮʠʦʥʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ɺʏ ʢʦʣʝʙʘʥʠʡ ʚ ʦʙʨʘʟʮʝ 
ʩʚʷʟʘʥʦ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩ ʥʘʣʠʯʠʝʤ ʘʢʪʠʚʥʦʡ ʩʨʝʜʳ [3]. ʆʥʘ ʩʦʟʜʘʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʥʳʤʠ 
ʚʥʝʰʥʠʤʠ ʜʝʡʩʪʚʠʷʤʠ ʫʩʠʣʝʥʥʳʤʠ ʙʣʠʟʦʩʪʴʶ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʛʘʜʦʣʠʥʠʠ ʩ 
ʤʠʥʠʤʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʷʟʢʦʩʪʴʶ, ʥʝʣʠʥʝʡʥʳʤʠ ʟʘʚʠʩʠʤʦʩʪʷʤʠ ʤʘʛʥʠʪʥʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʚʥʝʰʥʝʛʦ ʧʦʣʷ, ʘʤʧʣʠʪʫʜʳ ʝʛʦ ʧʫʣʴʩʘʮʠʠ ʠ 
ʯʘʩʪʦʪʳ. ɼʠʘʧʘʟʦʥ ʤʘʣʳʭ ʟʥʘʯʝʥʠʡ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʘʚʪʦʤʦʜʫʣʷʮʠʠ 
ʙʣʠʟʦʢ  ʚʝʣʠʯʠʥʘʤ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ. ɿʜʝʩʴ ʤʘʢʩʠʤʘʣʴʥʳ ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʘ ʠ ʙʣʠʟʢʦʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʞʝʣʝʟʘ ʩʝʨʜʝʯʥʠʢʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʘ. 
ʆʥʠ ʚʤʝʩʪʝ ʩʦʩʪʘʚʣʷʶʪ ʤʘʛʥʠʪʥʫʶ ʮʝʧʴ ʩ ʚʦʟʤʦʞʥʳʤ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ 
ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʫʣʴʩʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ. ɸʚʪʦʤʦʜʫʣʷʮʠʷ ʘʤʧʣʠʪʫʜʳ ɺʏ ʚ ʧʣʝʥʢʝ 
ɾʀɻ [2] ʘʥʘʣʦʛʠʯʥʦ ʩʚʷʟʘʥʘ ʩ  ʥʝʣʠʥʝʡʥʦʩʪʴʶ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ 
ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʠ ʩʦʧʨʦʚʦʞʜʘʶʱʝʡ ʝʝ ʜʠʥʘʤʠʯʝʩʢʦʡ ʙʠʩʪʘʙʠʣʴʥʦʩʪʴʶ [4] ʚʝʢʪʦʨʘ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ.  
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ʈʠʩʫʥʦʢ 2 ï ʆʩʮʠʣʣʦʛʨʘʤʤʘ ʘʚʪʦʢʦʣʝʙʘʥʠʡ ʘʤʧʣʠʪʫʜʳ ʘʚʪʦʜʠʥʘ ʩ ʦʙʨʘʟʮʦʤ ʛʘʜʦʣʠʥʠʷ ʚʦ 

ʚʥʝʰʥʝʤ ʧʦʣʝ 27 Oe ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 287 K (ʚ ʧʨʦʮʝʩʩʝ ʥʘʛʨʝʚʘ). 

 
ɺ ʩʨʘʚʥʝʥʠʠ ʩ ʵʬʬʝʢʪʦʤ ʚ ɾʀɻ ʤʘʛʥʠʪʥʳʝ ʘʚʪʦʢʦʣʝʙʘʥʠʷ ʚ ʟʦʥʝ ʙʦʣʴʰʠʭ 

ʟʥʘʯʝʥʠʡ ʄʂʕ ʚ ʛʘʜʦʣʠʥʠʠ ʠʥʪʝʨʝʩʥʳ ʚ ʧʝʨʩʧʝʢʪʠʚʝ ʠʟʤʝʨʝʥʠʷ ʠʭ ʚʣʠʷʥʠʷ ʥʘ 
ʪʝʤʧʝʨʘʪʫʨʫ ʦʙʨʘʟʮʘ. ɼʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʪʘʢʦʛʦ ʚʣʠʷʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʜʦʣʞʠʪʴ 
ʨʘʙʦʪʫ, ʧʦʚʳʩʠʚ ʪʦʯʥʦʩʪʴ ʠ ʩʢʦʨʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʩ ʫʚʝʣʠʯʝʥʥʳʤʠ 
ʦʙʨʘʟʮʘʤʠ, ʦʙʝʩʧʝʯʠʚʘʷ ʫʞʝ ʫʧʦʪʨʝʙʣʷʝʤʳʤʠ ʤʝʪʦʜʘʤʠ ʜʦʩʪʘʪʦʯʥʫʶ ʛʣʫʙʠʥʫ 
ʧʨʦʥʠʢʥʦʚʝʥʠʷ ɺʏ ʧʦʣʷ ʚ ʥʠʭ ʜʣʷ ʨʘʟʚʠʪʠʷ ʪʘʢʦʡ ʞʝ ʤʘʛʥʠʪʥʦʡ ʜʠʥʘʤʠʢʠ. 
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʟʘʜʘʥʠʷ ɼʦʥʌʊʀ ʠʤ. ɸ.ɸ. ɻʘʣʢʠʥʘ. 
 
1. J. Dºntgen, J. Rudolph, T. Gottschall, O. Gutfleisch, D. Hªgele. Energy Technol. 

2018, 6, 1470 (2018). 
2. ʅʝʧʦʯʘʪʳʭ ʖ.ʀ., ʂʦʣʝʜʦʚ ɺ.ɺ., ʐʘʚʨʦʚ ɺ.ɻ. ɺ ʩʙ. ʪʨʫʜʦʚ XIII ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ 

ʩʝʤʠʥʘʨʘ ʄʘʛʥʠʪʥʳʝ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ 17 ʩʝʥʪʷʙʨʷ 2019 ʛ., ʄʘʭʘʯʢʘʣʘ ʩ.52. 
3. ɸ.ʇ. ʂʫʟʥʝʮʦʚ, ʉ.ʇ. ʂʫʟʥʝʮʦʚ, ʅ.ʄ. ʈʳʩʢʠʥ. ʅʝʣʠʥʝʡʥʳʝ ʢʦʣʝʙʘʥʠʷ. ʄ. 

ʌʀɿʄɸʊʃʀʊ, 2002.   
4. ɼ.ʀ. ʉʝʤʝʥʮʦʚ, ɸ.ʄ. ʐʫʪʳʡ. ʋʌʅ, 177, 831 (2007). 
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ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ ʇʆʈʆʐʂʆɺ Fe3O4, ʇʆʃʋʏɽʅʅʓʍ ʄɽʊʆɼʆʄ ɾʀɼʂʆʌɸɿʅʆɻʆ 
ʆʂʀʉʃɽʅʀʗ 

 
ʄʦʟʞʘʨʦʚ ʉ.ɽ., ʉʘʚʠʮʢʠʡ ɺ.ʆ. 

ʀʥʩʪʠʪʫʪ ʊʝʭʥʠʯʝʩʢʦʡ ɸʢʫʩʪʠʢʠ ʅɸʅ ɹʝʣʘʨʫʩʠ, ʛ. ɺʠʪʝʙʩʢ, ɹʝʣʘʨʫʩʴ, 
lkm_ita@vitebsk.by 

 
ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ ʧʦʨʦʰʢʘ 

ʤʘʛʥʝʪʠʪʘ ï ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʣʝʞʠʪ ʧʨʦʮʝʩʩ ʦʩʘʞʜʝʥʠʷ ʩʦʣʝʡ 
ʜʚʫʭï ʠ ʪʨʝʭʚʘʣʝʥʪʥʦʛʦ ʞʝʣʝʟʘ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʤ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʘʤʤʠʘʢʘ. 
ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʧʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʩʠʥʪʝʟʘ ʧʦʟʚʦʣʷʝʪ 
ʠʥʪʝʥʩʠʬʠʮʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ, ʠ ʜʦʙʠʪʴʩʷ 
ʤʦʥʦʜʠʩʧʝʨʩʥʦʩʪʠ ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʦʜʫʢʪʘ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʥʘʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʠ ʧʦ 
ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [1-3], ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʦʤ 
ʩʦʦʩʘʞʜʝʥʠʷ, ʩʦʩʪʘʚʣʷʝʪ ʦʪ 2 ʜʦ 25 ʥʤ. ɺ ʵʪʦʡ ʦʙʣʘʩʪʠ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮʳ ʤʘʛʥʝʪʠʪʘ 
ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʭʦʜʷʪʩʷ ʚ ʩʫʧʝʨʧʘʨʘʤʘʛʥʠʪʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʆʥʠ 
ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʫʣʝʚʦʡ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ (Mr). ʊʘʢʘʷ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʚʘʞʥʘ ʜʣʷ ʤʝʜʠʢʦ- ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ, ʥʘʧʨʠʤʝʨ ʧʨʠ 
ʪʨʘʥʩʧʦʨʪʝ ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʦʚ ʧʦ ʢʨʦʚʝʥʦʩʥʳʤ ʩʦʩʫʜʘʤ ʤʘʣʦʛʦ ʜʠʘʤʝʪʨʘ, ʚ 
ʢʦʪʦʨʳʭ ʢʨʘʡʥʝ ʥʝʞʝʣʘʪʝʣʴʥʘ ʘʛʨʝʛʘʮʠʷ ʯʘʩʪʠʮ. ɺ ʨʘʙʦʪʝ [4] ʜʝʪʘʣʴʥʦ 
ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʫʩʣʦʚʠʷ ʪʨʘʥʩʧʦʨʪʘ ʤʘʛʥʠʪʥʳʭ ʥʦʩʠʪʝʣʝʡ ʧʦ ʢʨʦʚʝʥʦʩʥʳʤ ʩʦʩʫʜʘʤ 
ʠ ʫʩʣʦʚʠʷ ʠʭ ʫʜʝʨʞʘʥʠʷ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. ʉʠʣʘ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʧʨʠʣʦʞʝʥʥʳʤ 
ʚʥʝʰʥʠʤ ʥʘʩʳʱʘʶʱʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʠ ʫʜʝʨʞʠʚʘʶʱʘʷ ʥʦʩʠʪʝʣʴ ʚ ʢʨʦʚʦʪʦʢʝ, 
ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʦʙʲʝʤʫ ʯʘʩʪʠʮʳ ʠ ʟʥʘʯʝʥʠʶ ʝʸ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
ʥʘʩʳʱʝʥʠʷ ůs. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʜʝʨʞʘʥʠʷ ʯʘʩʪʠʮʳ ʝʸ ʨʘʟʤʝʨʳ ʠ 
ʟʥʘʯʝʥʠʝ ůs ʥʝʦʙʭʦʜʠʤʦ ʫʚʝʣʠʯʠʚʘʪʴ. 

ʄʝʪʦʜ ʞʠʜʢʦʬʘʟʥʦʛʦ ʦʢʠʩʣʝʥʠʷ, ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʝʤʳʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʘʛʥʝʪʠʪʘ, 
ʧʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʜʘʝʪ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʯʘʩʪʠʮʳ [5]. ʈʝʘʢʮʠʷ, ʢʦʪʦʨʘʷ 
ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʪʦʛʦ ʤʝʪʦʜʘ, ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 
3FeSO4Å7H2O + KNO3 + 6KOH = Fe3O4 + KNO2 + 24H2O + 3K2SO4. 

 
ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʨʝʘʢʮʠʠ FeSO4Ŀ7H2O ʨʘʩʪʚʦʨʷʝʪʩʷ ʚʦʜʝ, ʥʘʛʨʝʚʘʝʪʩʷ ʜʦ 75 Áʉ, 

ʜʦʣʠʚʘʶʪʩʷ ʥʘʛʨʝʪʳʝ ʨʘʩʪʚʦʨʳ KNO3 ʠ ʂʆʅ. ʉʤʝʩʴ ʥʘʛʨʝʚʘʝʪʩʷ ʜʦ 90 Áʉ ʠ 
ʚʳʜʝʨʞʠʚʘʝʪʩʷ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ. ʇʦʣʫʯʝʥʥʳʡ 
ʦʩʘʜʦʢ ʯʝʨʥʦʛʦ ʮʚʝʪʘ ʦʪʩʪʘʠʚʘʝʪʩʷ, ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʦʤʳʚʘʝʪʩʷ ʠ ʚʳʩʫʰʠʚʘʝʪʩʷ. 
ʉʨʝʜʥʠʡ ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʜʠʘʤʝʪʨ ʯʘʩʪʠʮ ʧʦʣʫʯʝʥʥʦʛʦ ʵʪʠʤ ʤʝʪʦʜʦʤ ʧʦʨʦʰʢʘ, 
ʦʧʨʝʜʝʣʝʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʧʨʠʙʦʨʘ ANALYSETTE 22 MicroTec plus ʬʠʨʤʳ çFRITSCHè, 
ʨʘʚʝʥ 2,89 ʤʢʤ.  

ʇʨʦʚʝʜʝʥʥʘʷ ʥʘʤʠ ʦʧʪʠʤʠʟʘʮʠʷ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 
ʫʣʴʪʨʘʟʚʫʢʘ. ʇʨʠ ʵʪʦʤ ʨʘʩʪʚʦʨ FeSO4Ŀ7H2O ʦʙʨʘʙʘʪʳʚʘʝʪʩʷ ʫʣʴʪʨʘʟʚʫʢʦʤ ʚ ʪʝʯʝʥʠʝ 
ʜʚʫʭ ʤʠʥʫʪ, ʟʘʪʝʤ ʚ ʪʝʯʝʥʠʝ ʪʨʝʭ ʤʠʥʫʪ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʫʣʴʪʨʘʟʚʫʢʘ ʜʦʣʠʚʘʝʪʩʷ 
ʨʘʩʪʚʦʨ KNO3 ʠ ʂʆʅ. ʇʦʣʫʯʝʥʥʳʡ ʧʨʦʜʫʢʪ ʦʩʘʞʜʘʝʪʩʷ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʤʥʦʛʦʢʨʘʪʥʦ 
ʧʨʦʤʳʚʘʝʪʩʷ ʠ ʚʳʩʫʰʠʚʘʝʪʩʷ. ʉʨʝʜʥʠʡ ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʜʠʘʤʝʪʨ ʯʘʩʪʠʮ ʧʦʣʫʯʝʥʥʦʛʦ 
ʧʦʨʦʰʢʘ ʨʘʚʝʥ 1,99 ʤʢʤ (ʨʠʩʫʥʦʢ 1.ʙ). ʅʘ ʨʠʩʫʥʢʝ 1.ʘ, ʜʣʷ ʩʨʘʚʥʝʥʠʷ, ʧʨʠʚʝʜʝʥ ʛʨʘʬʠʢ 
Fritchïʘʥʘʣʠʟʘ ʧʦʨʦʰʢʘ ʤʘʛʥʝʪʠʪʘ ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʤ ʩʦʦʩʘʞʜʝʥʠʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ 
ʫʣʴʪʨʘʟʚʫʢʘ. 
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ʘ)  ʙ) 
 

ʈʠʩʫʥʦʢ 1 ï ɻʨʘʬʠʢʠ Fritchïʘʥʘʣʠʟʘ ʧʦʨʦʰʢʘ ʤʘʛʥʝʪʠʪʘ ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ 
ʫʣʴʪʨʘʟʚʫʢʘ ʘ) ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ , ʙ) ʤʝʪʦʜʦʤ ʞʠʜʢʦʬʘʟʥʦʛʦ ʦʢʠʩʣʝʥʠʷ 

 
ɼʣʷ ʧʨʠʤʝʥʝʥʠʡ in vivo ʯʘʩʪʠʮʳ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʜʦʣʞʥʳ ʙʳʪʴ ʧʦʢʨʳʪʳ ʙʠʦʩʦʚʤʝʩʪʠʤʳʤ ʧʦʣʠʤʝʨʦʤ ʜʣʷ ʟʘʱʠʪʳ ʦʪ ʙʠʦʨʘʟʣʦʞʝʥʠʷ ʠ 
ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʠʭ ʢʦʘʛʫʣʷʮʠʠ. ʕʪʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʢʘʢ ʚ ʧʨʦʮʝʩʩʝ ʧʦʣʫʯʝʥʠʷ, ʪʘʢ ʠ 
ʧʨʠ ʧʝʨʝʚʦʜʝ ʯʘʩʪʠʮ ʚ ʢʦʣʣʦʠʜʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʨʝʜʝ. ʇʨʠʤʝʥʷʝʤʳʝ 
ʧʦʢʨʳʪʠʷ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʦʨʛʘʥʠʯʝʩʢʠʝ (ʩʫʨʬʘʢʪʘʥʪʳ ʠ ʧʦʣʠʤʝʨʳ) ʠ 
ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ (ʢʨʝʤʥʝʟʝʤ, ʫʛʣʝʨʦʜ, ʙʣʘʛʦʨʦʜʥʳʝ ʤʝʪʘʣʣʳ). ʅʘʠʙʦʣʝʝ 
ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʧʦʢʨʳʪʠʷʤʠ ʥʘʥʦʯʘʩʪʠʮ ʷʚʣʷʶʪʩʷ ʜʝʢʩʪʨʘʥ, 
ʧʦʣʠʵʪʠʣʝʥʛʣʠʢʦʣʴ (ʇʕɻ), ʢʨʘʭʤʘʣ, ʧʦʣʠʚʠʥʠʣʦʚʳʡ ʩʧʠʨʪ, ʛʝʧʘʨʠʥ, ʚʳʩʰʠʝ 
ʢʘʨʙʦʥʦʚʳʝ ʢʠʩʣʦʪʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʣʠʤʦʥʥʘʷ ʢʠʩʣʦʪʘ [6,7]. ʇʦʤʠʤʦ ʟʘʱʠʪʳ ʦʪ 
ʘʛʨʝʛʘʮʠʠ, ʦʢʠʩʣʝʥʠʷ, ʢʠʩʣʦʪʥʦʡ ʠ ʱʝʣʦʯʥʦʡ ʢʦʨʨʦʟʠʠ ʧʦʢʨʳʪʠʝ ʤʦʞʝʪ ʠʛʨʘʪʴ ʨʦʣʴ 
ʩʧʝʡʩʝʨʘ ʜʣʷ ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʠʭ ʘʛʝʥʪʦʚ ʠʣʠ ʙʠʦʤʦʣʝʢʫʣ ʢ ʤʘʛʥʠʪʥʦʤʫ 
ʥʦʩʠʪʝʣʶ. ɹʣʘʛʦʜʘʨʷ ʧʦʢʨʳʪʠʶ ʤʦʞʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʧʦʚʝʨʭʥʦʩʪʴ ʥʘʥʦʯʘʩʪʠʮ 
ʨʘʟʣʠʯʥʳʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ: ʘʟʠʜʦ-, ʘʤʠʥʦ-, ʢʘʨʙʦʢʩʠʣʴʥʳʤʠ, 
ʩʫʣʴʬʛʠʜʨʠʣʴʥʳʤʠ, ʛʠʜʨʦʢʩʠʣʴʥʳʤʠ, ʠʤʠʜʥʳʤʠ ʠ ʜʨʫʛʠʤʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʦʚʘʣʝʥʪʥʦ 
ʩʚʷʟʳʚʘʪʴ ʥʘʥʦʯʘʩʪʠʮʳ ʩ ʙʠʦʤʦʣʝʢʫʣʘʤʠ ʠʣʠ ʣʝʢʘʨʩʪʚʝʥʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ. 
ɼʦʧʦʣʥʠʪʝʣʴʥʦʡ ʚʘʞʥʦʡ ʬʫʥʢʮʠʝʡ ʧʦʢʨʳʪʠʷ ʥʘʥʦʯʘʩʪʠʮ ʷʚʣʷʝʪʩʷ ʧʦʚʳʰʝʥʠʝ ʠʭ 
ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʠ. ʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʠ ʨʘʟʨʘʙʦʪʢʘ ʧʨʦʩʪʳʭ ʠ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʝ 
ʤʝʪʦʜʦʚ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʧʨʝʩʣʝʜʫʝʪ ʜʚʝ ʮʝʣʠ: 

- ʧʦʣʫʯʝʥʠʝ ʧʦʢʨʳʪʠʡ, ʢʦʪʦʨʳʝ ʣʝʛʢʦ ʨʘʩʪʚʦʨʷʶʪʩʷ ʚ ʞʠʜʢʦʩʪʠ ʥʦʩʠʪʝʣʝ ʧʨʠ 
ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʞʠʜʢʦʩʪʝʡ; 

-.ʧʦʣʫʯʝʥʠʝ ʧʦʢʨʳʪʠʡ ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 
ʯʘʩʪʠʮ ʩ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʧʨʦʩʪʳʭ ʠʣʠ ʩʣʦʞʥʳʭ ʤʦʣʝʢʫʣ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʦʚʦʛʦ 
ʧʨʦʜʫʢʪʘ, ʩʦʯʝʪʘʶʱʝʛʦ ʚ ʩʝʙʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʯʘʩʪʠʮʳ ʩ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ 
ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʪʦʛʦ ʠʣʠ ʠʥʦʛʦ ʤʦʜʠʬʠʢʘʪʦʨʘ.  

ʈʝʘʣʠʟʫʷ ʧʝʨʚʫʶ ʮʝʣʴ ʧʦʣʫʯʝʥʥʳʡ ʧʦʨʦʰʦʢ Fe3O4 ʧʝʧʪʠʟʠʨʦʚʘʣʩʷ 20% 
ʨʘʩʪʚʦʨʦʤ ʭʣʦʨʥʦʡ ʢʠʩʣʦʪʦʡ (HClO4) ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʫʣʴʪʨʘʟʚʫʢʘ. 
ʉʨʝʜʥʝʘʨʠʬʤʝʪʠʯʝʩʢʠʡ ʜʠʘʤʝʪʨ ʯʘʩʪʠʮ ʧʦʣʫʯʝʥʥʦʛʦ ʤʘʛʥʝʪʠʪʘ ʩʦʩʪʘʚʣʷʣ 1.1 ʤʢʤ. 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʠʜʝʤʝʥʪʘʮʠʦʥʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʜʘʥʥʦʛʦ ʧʦʨʦʰʢʘ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ 
ʬʦʪʦʢʦʣʦʨʠʤʝʪʨʝ ʂʌʂ-3. ʉʫʩʧʝʥʟʠʷ ʧʦʨʦʰʢʘ ʚ ʚʦʜʝ ʩʦʭʨʘʥʷʣʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚ ʪʝʯʝʥʠʝ 
14 ʩʫʪʦʢ, ʩʫʩʧʝʥʟʠʷ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ ʦʩʝʜʘʣʘ ʯʝʨʝʟ 12 ʯʘʩʦʚ. 

ʈʝʘʣʠʟʫʷ ʚʪʦʨʫʶ ʮʝʣʴ, ʧʨʦʚʦʜʠʣʦʩʴ ʧʦʢʨʳʪʠʝ ʧʦʨʦʰʢʘ ʧʦʣʫʯʝʥʥʦʛʦ ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʘ ʧʦʣʠʚʠʥʠʣʦʚʳʤ ʩʧʠʨʪʦʤ ʩ ʛʣʶʪʘʨʦʚʳʤ ʘʣʴʜʝʛʠʜʦʤ, ʢʘʢ 
ʩʰʠʚʘʶʱʠʤ ʘʛʝʥʪʦʤ. ɼʣʷ ʵʪʦʛʦ ʚ ʇɺʉ  ʨʘʩʪʚʦʨ ʜʦʙʘʚʣʷʣʩʷ ʧʦʨʦʰʦʢ ʤʘʛʥʝʪʠʪʘ, ʘ 
ʟʘʪʝʤ, ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʫʣʴʪʨʘʟʚʫʢʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʜʦʙʘʚʣʷʣʩʷ  25% ʛʣʫʪʘʨʦʚʳʡ 
ʘʣʴʜʝʛʠʜ ʠ ʩʝʨʥʘʷ ʢʠʩʣʦʪʘ. ʊʚʝʨʜʘʷ ʬʘʟʘ ʦʩʘʞʜʘʣʘʩʴ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʞʠʜʢʦʩʪʴ 
ʩʣʠʚʘʣʘʩʴ. ʆʩʘʜʦʢ ʧʨʦʤʳʚʘʣʩʷ ʵʪʠʣʦʚʳʤ ʩʧʠʨʪʦʤ, ʟʘʪʝʤ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʠ 
ʩʫʰʠʣʩʷ ʧʦʜ ʚʘʢʫʫʤʦʤ. ʇʦʨʦʰʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ  ʇɺʉ ʩ ʛʣʶʪʘʨʦʚʳʤ ʘʣʴʜʝʛʠʜʦʤ 
ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʥʘ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʤ ʩʢʘʥʠʨʫʶʱʝʤ ʢʘʣʦʨʠʤʝʪʨʝ STA 449F ʬʠʨʤʳ 
çNETZSCHè. ʇʦʣʫʯʝʥʥʳʝ ʢʨʠʚʳʝ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ (ʊɻ) 
ʧʦʢʘʟʳʚʘʶʱʠʝ ʠʟʤʝʥʝʥʠʝ (ʫʤʝʥʴʰʝʥʠʝ/ʫʚʝʣʠʯʝʥʠʝ) ʤʘʩʩʳ ʦʙʨʘʟʮʦʚ ʧʨʠ 
ʥʘʛʨʝʚʘʥʠʠ/ʦʭʣʘʞʜʝʥʠʠ ʘ ʪʘʢʞʝ ʢʨʠʚʳʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʩʢʘʥʠʨʫʶʱʝʡ 
ʢʘʣʦʨʠʤʝʪʨʠʠ (ɼʉʂ), ʦʪʨʘʞʘʶʱʠʝ ʪʝʧʣʦʚʳʝ ʵʬʬʝʢʪʳ (ʵʢʟʦʧʠʢʠ ʚʚʝʨʭ, ʵʥʜʦʧʠʢʠ ʚʥʠʟ), 
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ʚʳʟʚʘʥʥʳʝ ʭʠʤʠʯʝʩʢʠʤ ʠ ʬʘʟʦʚʳʤʠ ʧʨʝʚʨʘʱʝʥʠʷʤʠ ʦʙʨʘʟʮʦʚ ʚ ʭʦʜʝ 
ʥʘʛʨʝʚʘ/ʦʭʣʘʞʜʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2. ʇʦʪʝʨʷ ʤʘʩʩʳ ʩʦʩʪʘʚʠʣʘ 15 %. 

 

 
 

ʈʠʩʫʥʦʢ 2 ï ʂʨʠʚʳʝ ɼʉʂ ʠ ʊɻ ʜʣʷ ʧʦʨʦʰʢʘ Fe3O4ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʇɺʉ ʩ ʛʣʶʪʘʨʦʚʳʤ 
ʘʣʴʜʝʛʠʜʦʤ 
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The schemes of the general relationships ñcomposition ï structure ï propertiesò 

acting during search, preparation and study of the complex oxides with the oxygen-
octahedral structures, have been constructed [1]. It has been suggested for different direct 
correlations between their chemical compositions, crystalline structure parameters and 
ferroelectric and different magnetic properties values constructions to apply the unstrained 
(free) interatomic bond lengths as a composition argument, and their strains as a structure 
argument, calculated on their structure quasi-elastic [2ï5] or a geometric [6] model bases.  
Four perovskite-like structural families of complex oxides with structures of perovskite (Per), 
binary ABO3 compositions and with more complex compositions, ɺi-contained layered 
perovskite-like (BLPL) of Bi2Am-1BmO3m+3 type with different m values, tetragonal tungsten 
bronze (TTB) of A6B10O30 type, and pyrochlore (Pir) of A2B2O7 type, having also more 
complex compositions, are considered. Some of their representatives experience special 
phase transitions that give rise to interesting for practice ferroelectric and/or magnetic 
properties. The search for new representatives of these families in question has been 
ongoing for several decades, but it was not always successful. 

ʘ b 
c 

d e 

f 

Figure 1 ï Some EAs of the complex oxides with different perovskite-like structures: Pers with 
compositions of ɸ

II
ɺ

IV
ʆ3 type (a); BCLPL of two types (b); pers of all binary composition types (ʩ); TTB 

(d); pirs of 
7

IV

2

III

2
OBɸ -type (e) and all perovskite-like structures (f). Filled circles ï known oxides,  

empty onesï hypothetic compositions and crossed out circles - unformed compounds. Thick lines ï 
EA bounds. 

 
For construction of their existence areas (EAs) we applied concepts of the perovskite 

structure quasi-elastic model, the main operating variables of which are the unstrained 
interatomic bond ɸ-ʆ lengths, L0

AO, the same but strained ones, LAO, and the interatomic 
bond ɸ-ʆ strains as result: ŭAO = (LAO - L0

AO)/L0
AO.  Constructed here EA by values L0

AO 
(abscises) and ŭAO (ordinates), some of which are for sample (Figure 1), show that not every 
possible combination of atoms A and B must result in the complex oxide composition that 
can exist in one of these structures. The equations of the lower, upper and lateral boundaries 
of these EAs [7] have been determined, by which it is possible to determine what new 
composition of a certain type can be formed in each structure at normal pressure. General 
rules for the formation of complex oxygen-octahedral structures have been established [4]. 
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However, not all constructed EAs have been widely published and it is necessary to fill this 
gap, especially since their EAs can also help answer the question of the formation of solid 
solutions between representatives of these different structures. 

Known multiferroics (MFs), binary and ternary oxides with a perovskite structure, that 
undergo successive phase transitions (PTs): ferroelectric (FE) or antiferroelectric (AFE) - at 
the Curie temperature, TC, and ferromagnetic (FM), antiferromagnetic (AFM) or ferrimagnetic 
(FIM) - at the N®el temperature, TN, are considered. We assumed that the same structure 
parameters can influence the temperature of different phase transitions. Similar 
dependences of the TC, TN and their difference TC-TN values on the interatomic bonds A-O 
strains in their structures, ŭAO, are constructed. Previously, we have constructed correlations 
between ŭAO and temperatures TC of classical FE and AFE perovskites without any magnetic 
PTs [7], as well as correlations between the strains of interatomic A-O bonds and 
temperatures TC, and for MFs TN and the difference TC-TN [8, 9]. These correlations show 
especially for binary perovskites, that the temperatures of their various PTs and the 
difference between them depend in a certain way on their ŭAO. Some generalized (combined) 
diagrams of the logical relationship between the strains ŭAO and FE or AFE PTs temperatures 
TC together with TN of the corresponding magnetic PTs (Fig. 2, b), and their difference, TC-TN, 
were obtained.  

a 
b 

Figure 2 ï Combined diagrams (ŭὃO, Tʉ) for binary and ternary classical ferroelectrics and 
multiferroics with first ferroelectric PTs (a) or classical antiferroelectrics and 

multiferroics with first antiferroelectric PTs (b). Legend: binary and ternary classical FEs - 
empty triangles; classical AFEs ï empty squares, first FE PTs temperatures of MFs - filled 
triangles; first AFE PTs temperatures of MFs ï filled squares, while every magnetic PT of 

MFs - FM (filled circles); AFM (filled rhombuses); FIM (empty rhombuses). Abbreviations are 
P - Pb

II
, N - Nb

V
, T - Ta

V
, C - Co

III
 and  

F ï Fe
III
, B ï Bi, et al. Each dependence drawn is a polynomial of degree 4. 

The same interatomic bond A-O strain, ŭAO, is used by us as arguments of the 
structure of known binary and ternary perovskite oxides to establish correlations between 
them and the temperatures of their FE, AFE, and magnetic phase transitions. There are two 
minima on the TC dependence and a maximum on the TN dependence (See Fig. 2, a) for MF 
with the first FE PTs at points corresponding to PbNb0,5Co0,5O3 (PNʉ), PbTa0,5Co0,5O3 (PTC), 
PbTa0,5Fe0,5O3 (PTF) and PbNb0,5Ni0,5O3 (PNNi), due to PbNb0,5Co0,5O3 which the TC-TN is 
sharply reduced. The results can be used in the construction of new systems of solid 
solutions involving binary or ternary MFs. At the same time, for MFs with the first AFE PTs, 
such an effect is not observed (See Fig. 2, b), and for which this difference only grows.  

Thus, it is shown (Fig. 3, a) that the change ŭɸʆ areas for classical FE and the first FE 
PTs of multiferroics are different in their length and do not overlap in any way, just like the 
ŭɸʆ change areas for classical AFEs and the first AFE PTs of the corresponding MFs. The 
temperatures of the ʊʉ of classical FE and first FE PT of multiferroics (See Fig. 3, a, the left 
curve) and the ʊʉ of classical AFE and first AFE PTs of multiferroics (See Fig. 3, a, the right 
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curve) PT correlate well with the ŭɸʆ values. After the TC maximum for PbTiO3, it drops rather 
quickly (Fig. 3, b) with increasing ŭɸʆ for multiferroics from BiCoO3 to EuTiO3, as, incidentally, 
did their ʊN. 

a b 

Figure 3 ï Correlations between PTs temperatures of oxides and fluorides ABX3 depending on the 
ŭAO, where the rotational PTs temperatures are shown: ű-type (for oxides empty circles, for fluorides: 

black ones) and  
ɣ-type (for oxides empty triangles, for fluorides black ones), as well as temperature dependences of 
ferro- (triangles) and antiferroelectric (squares) PTs as a function of interatomic bonds A-X strains ï 

a,  

and two joint dependences of temperatures of the classical ferroelectrics (triangles) and first 
ferroelectric PTs (triangles inside blue rhombuses) of the corresponding multiferroics as well as 

classical AFE PT (squares) and first AFE ones of the corresponding MFs (squares inside rhombuses) 
on their ŭAO values. ï b. 

When searching for new compounds of any families under consideration (See Fig. 3, 
b), we can assume that these new compounds may be close in their properties to FE or AFE 
or magnetic PTs, if their calculated ŭɸʆ fall into the corresponding area of their changes. 
Similar diagrams were constructed for other considered perovskite-like families of complex 
oxides. The dependences on the values ŭɸʆ of different properties of considered compounds 
of have also been studied. However, questions remain regarding some features of such 
dependences not only for individual compounds, but also for solid solutions [10] based on 
them.  
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ɼʣʷ ʧʦʣʫʦʪʢʨʳʪʦʡ ʚʦʣʥʦʚʝʜʫʱʝʡ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ (ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʜʣʷ 

ʫʝʜʠʥʸʥʥʦʡ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʩʨʝʜ) ʧʨʝʜʣʦʞʝʥ ʢʨʠʪʝʨʠʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʚʷʟʘʥʥʳʭ 
ʩʦʩʪʦʷʥʠʡ ʚ ʢʦʥʪʠʥʫʫʤʝ (çʪʸʤʥʳʭè ʩʦʩʪʦʷʥʠʡ), ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʣʝʞʠʪ ʚʚʝʜʸʥʥʦʝ 
ʘʚʪʦʨʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʙ ʦʩʦʙʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʚʦʣʥʝ. ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʦ 
ʘʜʝʢʚʘʪʥʦʩʪʴ ʵʪʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʥʘ ʢʦʥʢʨʝʪʥʳʭ ʧʨʠʤʝʨʘʭ ʩʧʠʥ-ʚʦʣʥʦʚʦʡ 
ʵʣʝʢʪʨʦʜʠʥʘʤʠʢʠ ʠ ʘʢʫʩʪʠʢʝ ʤʘʛʥʠʪʥʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ.  

ʅʘ ʧʨʠʤʝʨʝ ʩʣʦʷ ʦʧʪʠʯʝʩʢʠ ʧʨʦʟʨʘʯʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʜʠʵʣʝʢʪʨʠʢʘ ʤʝʞʜʫ ʜʚʫʭ 
ʠʜʝʥʪʠʯʥʳʭ ʘʥʠʟʦʪʨʦʧʥʦ ʧʨʦʚʦʜʷʱʠʭ ʤʝʪʘʧʦʚʝʨʭʥʦʩʪʝʡ (ʘ ʪʘʢʞʝ ʢʦʥʝʯʥʦʡ 
ʦʜʥʦʤʝʨʥʦʡ ʩʚʝʨʭʨʝʰʝʪʢʠ ʩ ʪʘʢʠʤ ʵʣʝʤʝʥʪʘʨʥʳʤ ʧʝʨʠʦʜʦʤ) ʠʟʫʯʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ 
ʨʝʟʦʥʘʥʩʥʦʛʦ ʬʦʪʦʥʥʦʛʦ ʧʨʦʭʦʞʜʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʛʠʙʨʠʜʠʟʘʮʠʝʡ ʜʚʫʭ ʥʝʟʘʚʠʩʠʤʳʭ 
ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʣʣʘʧʩʘ ʨʝʟʦʥʘʥʩʘ ʌʘʥʦ: ʛʠʨʦʪʨʦʧʠʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ 
ʜʠʩʧʝʨʩʠʠ. ɺ ʯʘʩʪʥʦʩʪʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʚ ʩʧʝʢʪʨʝ ʠʟʣʫʯʝʥʠʷ 
ʨʘʜʠʘʮʠʦʥʥʳʭ ʧʦʣʷʨʠʪʦʥʦʚ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʛʦ ʪʠʧʘ ñʪʝʤʥʳʭò ʩʦʩʪʦʷʥʠʡ ʩ ʥʫʣʝʚʦʡ 
ʨʘʜʠʘʮʠʦʥʥʦʡ ʰʠʨʠʥʦʡ ʤʦʞʝʪ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ ʧʦʜʘʚʣʝʥʠʝʤ ʵʬʬʝʢʪʘ ʧʦʣʥʦʡ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʧʨʦʟʨʘʯʥʦʩʪʠ ʩʣʦʷ, ʢʦʪʦʨʳʡ ʭʘʨʘʢʪʝʨʝʥ ʜʣʷ ʜʚʫʭʤʦʜʦʚʦʡ ʤʦʜʝʣʠ 
ʦʙʨʘʟʦʚʘʥʠʷ ʜʘʥʥʦʛʦ ʪʠʧʘ ʩʚʷʟʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʢʦʥʪʠʥʫʫʤʝ. ʇʨʠ ʵʪʦʤ ʦʜʥʦʚʨʝʤʝʥʥʦ 
ʚʦʟʥʠʢʘʶʱʘʷ ʚ ʩʣʦʝ ʨʘʜʠʘʮʠʦʥʥʘʷ ʧʦʣʷʨʠʪʦʥʥʘʷ ʤʦʜʘ ʜʣʷ ʬʦʪʦʥʥʦʛʦ ʢʨʠʩʪʘʣʣʘ 
ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʪʠʧʘ ʤʦʞʝʪ ʩʪʘʪʴ ʩʚʝʨʭʠʟʣʫʯʘʪʝʣʴʥʦʡ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʧʨʘʢʪʠʯʝʩʢʠ 
ʧʦʣʥʦʤʫ ʬʦʪʦʥʥʦʤʫ ʦʪʨʘʞʝʥʠʶ. 

ɻʠʙʨʠʜʠʟʘʮʠʷ ʤʘʛʥʠʪʦʫʧʨʫʛʦʛʦ ʠ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 
ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʛʦ ʪʠʧʘ ʩʚʷʟʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ 
ʩʧʝʢʪʨʝ ʠʟʣʫʯʝʥʠʷ ʚʳʪʝʢʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʤʘʛʥʦʥʥʳʭ ʧʦʣʷʨʦʥʦʚ. ɺ ʦʢʨʝʩʪʥʦʩʪʠ 
ʪʘʢʠʭ ñʪʝʤʥʳʭò ʩʦʩʪʦʷʥʠʡ ʠʭ ʨʘʜʠʘʮʠʦʥʥʘʷ ʰʠʨʠʥʘ ʤʦʞʝʪ ʙʳʪʴ ʩʢʦʣʴ ʫʛʦʜʥʦ ʤʘʣʦʡ 
(ñʩʫʧʝʨʨʝʟʦʥʘʥʩò), ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʜʣʷ ʧʘʜʘʶʱʝʡ ʠʟʚʥʝ ʥʘ ʤʘʛʥʠʪʥʳʡ ʩʣʦʡ 
ʢʚʘʟʠʧʣʦʩʢʦʡ (ʠʣʠ ʢʚʘʟʠʛʘʨʤʦʥʠʯʝʩʢʦʡ) ʫʧʨʫʛʦʡ ʚʦʣʥʳ ʥʝʦʛʨʘʥʠʯʝʥʥʦ (ʚ 
ʙʝʟʜʠʩʩʠʧʘʪʠʚʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ) ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʦʜʦʣʴʥʳʡ ʵʬʬʝʢʪ ʐʦʭʘ (ʠʣʠ 
ɺʠʛʥʝʨʦʚʩʢʦʝ ʟʘʧʘʟʜʳʚʘʥʠʝ), ʧʦʜʘʚʣʷʶʪʩʷ ʵʬʬʝʢʪʳ ʥʫʣʝʚʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʦʣʷ 
ʧʘʜʘʶʱʝʡ ʠ ʨʘʩʱʝʧʣʝʥʠʷ ʬʦʨʤʳ ʦʪʨʘʞʝʥʥʦʡ ʚʦʣʥ.  

 
ʌʠʥʘʥʩʠʨʦʚʘʥʠʝ 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʨʦʣʠ ʛʠʙʨʠʜʠʟʘʮʠʠ ʵʬʬʝʢʪʦʚ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʜʠʩʧʝʨʩʠʠ ʠ 

ʛʠʨʦʪʨʦʧʠʠ ʥʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʫʶ ʧʨʦʟʨʘʯʥʦʩʪʴ ʩʣʦʷ ʩ ʦʜʥʠʤ ʦʪʢʨʳʪʳʤ ʢʘʥʘʣʦʤ 
ʬʦʪʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ ʟʘ ʩʯʝʪ 
ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʌɻɹʅʋ ñɼʦʥʝʮʢʠʡ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʠʤ. ɸ. ɸ. 
ɻʘʣʢʠʥʘò ʙʶʜʞʝʪʥʘʷ ʪʝʤʘ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʥʘ ʧʨʠʤʝʨʝ ʢʦʥʝʯʥʦʡ ʦʜʥʦʤʝʨʥʦʡ 
ʩʚʝʨʭʨʝʰʝʪʢʠ ʚʦʟʤʦʞʥʦʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʚ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʩʣʫʯʘʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 
ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʚʝʨʭʠʟʣʫʯʘʪʝʣʴʥʳʭ ʤʦʜ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʅʌ, 
ʛʨʘʥʪ ʥʦʤʝʨ 20-19-00745-ʇ. 
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ɺʚʝʜʝʥʠʝ 
ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʥʝʦʙʭʦʜʠʤʦ 

ʦʙʨʘʱʘʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʢʣʶʯʝʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ [1-5]. 

ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ: ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ (ʀ ʀϳ ), ʪʘʥʛʝʥʩ ʫʛʣʘ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ÔÇɿ, ʧʴʝʟʦʤʦʜʫʣʠ (Ä ȟÄ , ʢʦʵʬʬʠʮʠʝʥʪʳ 
ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʡ ʩʚʷʟʠ Ë ȟË ȟË , ʤʝʭʘʥʠʯʝʩʢʘʷ ʜʦʙʨʦʪʥʦʩʪʴ 1  ʠ ʩʢʦʨʦʩʪʠ 

ʟʚʫʢʘ 6ȟ6 . ʉʦʚʦʢʫʧʥʦʩʪʴ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʟʚʦʣʷʝʪ ʩʫʜʠʪʴ ʦ 
ʧʨʠʤʝʥʠʤʦʩʪʠ ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʢʦʥʢʨʝʪʥʦʤ ʚʠʜʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʎʝʣʴʶ 
ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʦʩʴ ʧʦʣʫʯʝʥʠʝ ʩʚʝʜʝʥʠʡ ʦʙ ʠʟʤʝʥʝʥʠʠ ʢʣʶʯʝʚʳʭ 
ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʕʌʇ) ʧʴʝʟʦʤʘʪʝʨʠʘʣʦʚ, ʚʳʧʫʩʢʘʝʤʳʭ ʚ ʅʂʊɹ 
çʇʴʝʟʦʧʨʠʙʦʨè ʖʌʋ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʳʩʦʢʠʭ ʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. 

ʕʢʩʧʝʨʠʤʝʥʪ 
ɼʣʷ ʦʮʝʥʢʠ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʙʳʣʠ ʩʬʦʨʤʦʚʘʥʳ ʠ ʩʧʝʯʝʥʳ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʙʣʦʢʠ ʜʠʘʤʝʪʨʦʤ 15 ʤʤ ʠ ʚʳʩʦʪʦʡ 20 
ʤʤ. ʂʘʞʜʳʡ ʙʣʦʢ ʧʦʜʚʝʨʛʘʣʩʷ ʰʣʠʬʦʚʢʝ ʠ ʨʘʩʧʠʣʦʚʢʝ ʥʘ ʦʙʨʘʟʮʳ ʚ ʬʦʨʤʝ ʜʠʩʢʦʚ 
ʜʠʘʤʝʪʨʦʤ 10 ʤʤ ʠ ʚʳʩʦʪʦʡ 1 ʤʤ. ɺ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʦʚ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʚʦʞʞʝʥʥʦʝ 
ʩʝʨʝʙʨʦ. ʆʙʨʘʟʮʳ ʙʳʣʠ ʧʦʣʷʨʠʟʦʚʘʥʳ ʠ ʚʳʜʝʨʞʘʥʳ ʥʝ ʤʝʥʝʝ ʜʚʫʭ ʥʝʜʝʣʴ. ʆʩʥʦʚʥʳʝ 
ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʠ 
ʨʘʩʩʯʠʪʘʥʳ, ʩʦʛʣʘʩʥʦ ʤʝʪʦʜʠʢʘʤ, ʆʉʊ 11 0444-87 [6]. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ 
ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ ʕʌʇ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 
ʇʨʠʚʝʜʸʥʥʳʝ ʚ ʩʪʘʪʴʝ ʨʝʟʫʣʴʪʘʪʳ ʷʚʣʷʶʪʩʷ ʫʩʨʝʜʥʸʥʥʳʤʠ ʜʣʷ ʧʘʨʪʠʠ ʦʙʨʘʟʮʦʚ ʩ 
ʠʩʢʣʶʯʝʥʠʝʤ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʠ ʤʠʥʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʡ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʚʳʙʦʨʢʠ.  
 
ʊʘʙʣʠʮʘ 1 ï ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ 
ʫʩʣʦʚʠʷʭ 

ʄʘʪʝʨʠʘʣ 
tgd, 
% 

e33
T/e0 |d31|, ʧʂʣ/ʅ Kp V1

E, ʤ/ʩ Qm ɟ, ʛ/ʩʤ3 ʊʢ, ᴈ 

ʎʊʉ-19 1,7 1966 211 0,5 2811 60 7,4 290 

ʎʊʉ-21 1,8 544 48 0,27 3531 170 7,5 400 

ʎʊʉ-ʉʊ-3 0,4 1618 170 0,52 3060 800 7,7 290 

ʎʊʉ-83ɻ 1,5 1634 156 0,5 2864 80 7,4 340 

ʇʂʇ-31 0,5 1080 125 0,66 3094 1800 7,6 325 

 
ʂʘʞʜʘʷ ʧʘʨʪʠʷ ʦʙʨʘʟʮʦʚ ʤʘʪʝʨʠʘʣʘ ʙʳʣʘ ʧʦʜʝʣʝʥʘ ʥʘ ʨʘʚʥʦʝ ʢʦʣʠʯʝʩʪʚʦ, ʦʜʥʘ 

ʧʦʣʦʚʠʥʘ ʧʨʦʭʦʜʠʣʘ ʠʩʧʳʪʘʥʠʷ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʜ 
ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʚʪʦʨʘʷ ʧʦʣʦʚʠʥʘ ï ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʳʩʦʢʠʭ 
ʪʝʤʧʝʨʘʪʫʨ. ʇʦʥʠʤʘʥʠʝ ʜʘʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʟʚʦʣʷʝʪ ʩʫʜʠʪʴ ʦ ʨʘʙʦʯʝʤ 
ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ [6-7]. ɺʩʝ ʠʟʤʝʨʝʥʠʷ 
ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʚ 
ʠʟʦʣʠʨʦʚʘʥʥʦʡ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ ʚ ʩʨʝʜʝ ʞʠʜʢʦʛʦ ʘʟʦʪʘ. ɺ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ 
ʙʣʠʟʦʩʪʠ ʦʪ ʠʟʤʝʨʷʝʤʦʛʦ ʵʣʝʤʝʥʪʘ ʥʘʭʦʜʠʣʘʩʴ ʢʦʥʪʨʦʣʴʥʘʷ ʪʝʨʤʦʧʘʨʘ, ʬʠʢʩʠʨʫʶʱʘʷ 
ʪʝʤʧʝʨʘʪʫʨʫ ʚ ʢʘʤʝʨʝ ʥʘ ʤʦʤʝʥʪ ʠʟʤʝʨʝʥʠʷ. ɺʩʝ ʠʟʤʝʨʝʥʠʷ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʠʟʢʠʭ 
ʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚʳʧʦʣʥʝʥʳ ʠ ʨʘʩʩʯʠʪʘʥʳ ʧʦ ʤʝʪʦʜʠʢʘʤ, ʆʉʊ 11 0444-87, ʢʘʢ ʠ ʚ 
ʩʣʫʯʘʝ ʩ ʠʟʤʝʨʝʥʠʝʤ ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ. ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 
ʦʩʥʦʚʥʳʭ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʟʥʘʯʝʥʠʡ, 
ʠʟʤʝʨʝʥʥʳʭ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʩʚʦʜʥʦʡ ʪʘʙʣʠʮʝ 2.  
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ʊʘʙʣʠʮʘ 2 ï ʫʭʦʜʳ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʭ 
ʤʘʪʝʨʠʘʣʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʄ
ʘ
ʪ
ʝ
ʨ
ʠ
ʘ
ʣ

  T, ᴈ -190 -175 -150 -125 -100 -75 -50 -25 0 25 50 75 100 125 150 175 200 225 250 275 300 

ʇ
ʘ
ʨ
ʘ
ʤ
ʝ
ʪ
ʨ

 

ʋʭʦʜ ʦʪ ʥʦʨʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ, % 

ʎ
ʊ
ʉ-1

9
 

tgd 47 56 58 47 33 18 9 6 5 1 0 -3 -8 -20 -23 -30 -33 -36 -28 -13 15 

e33
T/e0 -61 -55 -46 -35 -29 -21 -16 -11 -2 1 10 16 24 34 45 61 81 109 149 224 375 

d31 -52 -44 -34 -22 -19 -13 -8 -6 -1 0 1 5 8 9 10 15 19 23 26 26 15 

Kp -14 -11 -8 -5 -3 -2 -1 0 0 0 0 1 0 -2 -3 -4 -7 -11 -16 -22 -32 

Qm 27 10 -10 -10 -11 -6 -4 -3 -3 0 -3 -5 -8 -9 -7 1 10 16 24 35 39 

ʎ
ʊ
ʉ-2

1
 

tgd -42 -18 -15 -13 -11 -8 -5 -3 -1 0 3 6 11 21 15 -2 -15 -39 -70 -85 -91 

e33
T/e0 -44 -41 -35 -31 -27 -22 -17 -11 -6 1 7 13 20 29 37 49 63 75 100 125 166 

d31 -43 -41 -34 -28 -22 -17 -12 -3 0 3 5 6 18 19 20 26 32 43 48 57 70 

Kp -25 -23 -21 -16 -12 -7 -6 0 2 4 5 6 7 7 8 9 10 11 11 11 11 

Qm 49 28 3 2 -2 -1 -1 0 -1 2 -2 -1 -1 -3 0 4 11 18 23 25 27 

ʇ
ʂ
ʇ-3

1
 

tgd 319 244 111 27 -25 -62 -67 -53 -23 3,5 4 30 98 139 222 305 310 540 622 780 920 

e33
T/e0 -43 -37 -32 -28 -25 -23 -19 -14 -9 0 7 14 32 49 76 101 126 152 201 284 381 

d31 -27 -21 -16 -11 -11 -10 -6 -4 0 0 4 8 17 24 30 32 32 33 21 18 -1 

Kp -2 -1 0 0 1 2 2 1 1 0 0 0 0 0 -2 -5 -10 -14 -26 -35 -51 

Qm -88 -87 -87 -82 -72 -44 -15 -3 0 5 16 12 0 -26 -42 -48 -62 -70 -72 -75 -78 

ʎ
ʊ
ʉ-ʉ
ʊ-

3
 

tgd 1400 1225 1107 803 581 287 122 19 -4 1 94 156 251 345 455 590 699 920 1168 3301 1950 

e33
T/e0 -57 -50 -43 -30 -22 -15 -11 -6 -2 1 14 24 40 55 76 91 139 206 306 729 1025 

d31 -35 -27 -24 -18 -13 -7 -5 -2 0 0 4 8 13 17 23 22 33 42 61 36 6 

Kp -14 -9 -6 -2 0 0 0 0 0 -2 -2 -3 -4 -5 -9 -11 -11 -12 -17 -22 -50 

Qm -90 -88 -87 -84 -81 -76 -67 -45 -8 0 39 55 41 35 4 0 -16 -21 -38 -61 -90 

ʎ
ʊ
ʉ-8
3
ɻ 

tgd 137 129 104 82 51 22 11 5 1 0 -4 -8 -10 -14 -17 -20 -19 -11 -1 44 78 

e33
T/e0 -65 -60 -45 -33 -25 -20 -10 -6 -2 1 6 13 17 21 31 36 45 63 84 120 161 

d31 -60 -54 -40 -25 -15 -10 -4 -1 0 0 2 3 6 7 8 9 10 12 18 26 33 

Kp -27 -25 -13 -5 -2 -1 0 0 0 0 0 -1 -2 -4 -5 -8 -9 -11 -10 -12 -14 

Qm -22 -33 -37 -34 -31 -20 -12 -4 -2 0 -2 -1 0 0 4 11 23 30 34 34 27 

 
ʆʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ  
ʇʦʜʚʦʜʷ ʠʪʦʛ ʧʨʦʚʝʜʸʥʥʦʡ ʨʘʙʦʪʳ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʷʚʣʝʥʥʳʭ ʘʥʦʤʘʣʠʡ ʚ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʘʭ 
ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩʠʩʪʝʤʳ ʎʊʉ, ʚʳʧʫʩʢʘʝʤʳʭ ʚ ʅʂʊɹ çʇʴʝʟʦʧʨʠʙʦʨè 
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ʖʌʋ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʧʦ ʩʦʚʦʢʫʧʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ, ʥʘʠʙʦʣʝʝ 
ʩʪʘʙʠʣʴʥʦ ʚʝʜʸʪ ʩʝʙʷ ʎʊʉ-21 ʢʘʢ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʪʘʢ ʠ ʚ ʦʙʣʘʩʪʠ 
ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʇʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʠʭ ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʷʭ 
ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʝʥ ʚ ʫʩʣʦʚʠʷʭ 
ʯʘʩʪʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʝʨʝʧʘʜʦʚ. ʇʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʎʊʉ-19 ʠ ʎʊʉ-83ɻ 
ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ, ʩʦʭʨʘʥʷʷ ʚʳʩʦʢʠʝ 
ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʎʊʉ-ʉʊ3 ʠ ʇʂʇ-31 ʠʤʝʶʪ ʟʥʘʯʠʪʝʣʴʥʳʝ 
ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʫʭʦʜʳ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʥʦ ʚ ʘʙʩʦʣʶʪʥʦʤ ʟʥʘʯʝʥʠʠ ʵʪʦ 
ʥʝ ʚʥʦʩʠʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʫʩʪʨʦʡʩʪʚ ʢʘʢ ʧʦʜ 
ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʳʩʦʢʠʭ, ʪʘʢ ʠ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. 

ʅʘʩʪʦʷʱʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʟʚʦʣʠʣʦ ʠʟʫʯʠʪʴ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 
ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʦʚ ʩʠʩʪʝʤʳ ʎʊʉ ʠ ʩʜʝʣʘʪʴ ʚʳʚʦʜʳ ʦʙ ʠʭ 
ʧʨʠʤʝʥʠʤʦʩʪʠ ʚ ʨʘʟʣʠʯʥʳʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ. 

 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ 
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ʦʙʣʘʩʪʠ ʥʘʫʯʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ, ʧʨʦʝʢʪ ˉ FENW-2022-0033. 
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In the last two decades, influenced by the success of semiconductor superlattice and 
quasi-matching (SHG) theories, the ferroelectric superlattice has become a hot topic in 
materials science and photoelectronics. Ferroelectric superlattices can consist of two types 
of ferroelectric materials or of ferroelectric and non-ferroelectric materials, composed 
alternately layer by layer, forming so-called heterostructures [1,2]. However, most of them 
consist of the same type of material, such as single crystals, in which the domain structure is 
modulated, for example, by periodic external influences or changes in the concentration of 
dopant impurities. 

All physical properties associated with a third-rank tensor in a superlattice will be 
modulated by domains, while the properties associated with even-rank tensors remain 
constant. It is precisely the modulated physical properties that make such a material 
particularly favorable for use in nonlinear optics and acoustics. Properties described by the 
odd-rank tensor, such as nonlinear optical coefficients, electro-optical coefficients, and 
piezoelectric coefficients, are no longer constant in the crystal: instead, they change sign 
from the positive domain to the negative domain. Consequently, they become periodic 
functions of spatial coordinates. 

Interest in ferroelectric superlattices lies not only in the area of their fundamental 
research, but also in practical applications. Some of these superlattices are used in new 
optical and acoustic devices compatible with modern electro-optical technology. It is possible 
in principle to obtain regular domain structures in any ferroelectrics, because a multi-domain 
structure is more advantageous. But in reality, ferroelectric superlattices with a regular 
domain structure, which find practical application in nonlinear optics, were obtained on high-
temperature crystals of lithium niobate and tantalate [1, 2]. In this regard, the creation of a 
regular laminar domain structure with 180-degree domains on ferroelectric crystals grown 
from solutions is almost never carried out, although such crystals can serve both as model 
objects for fundamental research and as functional material for practical implementation.  

The aim of this work was to obtain layered ferroelectric triglycine sulfate single 
crystals (TGS-TGS+Cr) doped with a non-isomorphic impurity of trivalent chromium ions, to 
study the profile distribution of chromium impurities over the crystals volume and 
corresponding domain structure. 

The formation of layered structures directly during crystal growth is one of the ways to 
obtain regular inhomogeneous structures in crystals. Obtaining of TGS-TGS+Cr crystals was 
carried out by sequentially growing layers of changed composition by alternately immersing 
the crystal in liquid media of various compositions - pure and with impurities. With the 
method of periodic immersion, it becomes possible to obtain layered structures with fairly 
sharp differences in composition in adjacent layers and the possibility of obtaining layers 
whose thickness can vary over a wide range, because it is determined solely by the growth 
time (at a given growth rate). The crystals were obtained at temperatures below the Curie 
point. Elucidation of the mechanism of the influence of spatial changes in composition on the 
domain structure and characteristics of ferroelectric crystals can only be carried out under 
the condition of a precision study of the inhomogeneous distribution of impurities over the 
volume of the crystal. Despite the large number of developed modern techniques, many of 
them turned out to be inapplicable for research in TGS-TGS+Cr crystals. This is due to the 
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fact that in most methods for carrying out such studies, the creation of a high vacuum is 
required, in which samples of doped TGS crystals, as practice has shown, change color and 
transparency, which indicates a violation of the crystal structure. 

Performed at the Institute of Crystallography named after. A.V. Shubnikov Federal 
Scientific Research Center ñCrystallography and Photonicsò of the Russian Academy of 
Sciences, X-ray fluorescence analysis (XRF) and the use of probe microscopy methods 
made it possible to obtain data on the width of the bands, impurity concentration and the 
character of the impurities distribution profile in layered TGS-TGS+Cr crystals. Note that XRF 
is a non-destructive method and  used to monitor the content of impurities of various 
elements with high accuracy and localization. At studying layered crystals difficulties arose 
due to the fact that the area of illumination of the sample with exciting X-ray radiation should 
be smaller than the width of the bands with different impurity contents. Piezoresponse force 
microscopy (PFM) and scanning capacitive force microscopy (SCFM) were used to detect 
the boundary between doped and pure bands. As our previous studies have shown [3] it 
possible to successfully detect such boundaries in TGSïTGS+Cr crystals, both on poly- and 
single-domain areas of the surface. Thus, Figure 1 shows images of the boundary of the 
doped and pure bands for the crystal under study, obtained by the PFM and SESM methods. 
At the boundary of the bands there is a sharp change in the morphology of the domain 
structure, in addition, SESM demonstrates a change in contrast in the pure and doped 
bands. 
 

 
 

Figure 1 ï Image of a section of the surface of a TGSīTGS+Cr crystal with a TGS band on the left 
and a TGS+Cr on the right: (a) PFM, (b) SESM. 

 
Control of the boundary position in combination with XRF data on the width of the 

bands allows one to measure the force curves approximately in the middle of both pure and 
doped bands. The results of studying the profile distribution of chromium ion impurities in 
TGS-TGS+Cr crystals by X-ray diffraction, obtained in [3], are presented in Figure 2. 

It has been established that the impurity in the crystal is distributed according to a 
sinusoidal law. A correlation has been revealed between the formation of a regular domain 
structure and the nature of the impurity distribution for layered TGS-TGS+Cr crystals. The 
formation of domain walls occurs predominantly in areas corresponding to a change in the 
impurity concentration gradient, and in places where the sign changes from positive to 
negative, smooth walls are formed, and from negative to positive the domain boundary has a 
jagged, uneven outline. 

Similar results were obtained for lithium niobate crystals [4]. However, the question of 
the mechanisms of this phenomenon has not yet been clarified. Therefore, in the future it is 
planned to conduct practical studies and theoretical calculations on the effect of the impurity 
gradient on the formation of the domain structure and develop recommendations for 
obtaining RDS in ferroelectric crystals grown from solutions. 
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Figure 2 - Dependences of the intensities of the fluorescent radiation output of the CrKŬ line (1) and 
the radiation transmitted through the TGSīTGS + Cr crystal (5) and on the vertical position of the 

crystal. The dependences shown by triangles were obtained from calibration measurements of ruby 
rystals with chromium ion concentrations of 0.05 (2), 0.12 (3) and 0.7 (4) wt. %. The dotted line shows 

the corresponding mean intensity values ʩalculated from the calibration measurements for each 
concentration. Z ï measurement area, mm [3]. 

 
Besides within the framework of testing the growth modes of layered ferroelectric 

single crystals of triglycine sulfate doped with chromium, based on the study of the absolute 
supersaturation of solutions with varying degrees of purification, the role of one of the 
mechanisms of spontaneous nucleation in the process of growing such crystals was clarified. 
The methods of X-ray fluorescence analysis and X-ray topography made it possible to 
estimate the degree of uniformity of the impurity in the bulk of the crystals, as well as to 
determine the width of the doped and pure layers, which subsequently simplified the study of 
domain boundaries using microscopic methods. 

It has been established that the impurity in the crystal is distributed according to a 
sinusoidal law. A correlation has been revealed between the formation of a regular domain 
structure and the nature of the impurity distribution for layered TGS-TGS+Cr crystals. The 
formation of domain walls occurs predominantly in areas corresponding to a change in the 
impurity concentration gradient, and in places where the sign changes from positive to 
negative, smooth walls are formed, and from negative to positive, the domain boundary has 
a jagged uneven contour. 
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ʌɽʈʈʀʊɸ-ʂʆɹɸʃʔʊɸ 
 

ʉʘʚʠʥ ɺ.ɺ., ʉʘʣʴʥʠʢʦʚ ɺ.ɼ., ʀʛʥʘʪʦʚ ɸ.ɸ., ʆʤʝʣʴʷʥʯʠʢ ɸ.ʉ., ɺʦʨʦʥʮʦʚ ʇ.ɸ., 
ɽʨʰʦʚ ʇ.ɸ., ʈʦʜʠʦʥʦʚʘ ɺ.ɺ. 

ɹʘʣʪʠʡʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʀʤʤʘʥʫʠʣʘ ʂʘʥʪʘ, ʂʘʣʠʥʠʥʛʨʘʜ, ʈʦʩʩʠʷ 
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ʇʦʣʠʤʝʨʥʳʝ ʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʚʠʥʠʣʠʜʝʥʬʪʦʨʠʜʘ (ʇɺɼʌ), 

ʦʙʣʘʜʘʶʱʝʛʦ ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʝʤ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ d33, ʚ ʩʦʯʝʪʘʥʠʠ 
ʩ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʥʘʧʦʣʥʠʪʝʣʝʤ [1], ʷʚʣʷʶʪʩʷ ʢʨʘʡʥʝ ʤʥʦʛʦʦʙʝʱʘʶʱʠʤ ʤʘʪʝʨʠʘʣʦʤ 
ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʛʠʙʢʠʭ ʩʝʥʩʦʨʦʚ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʥʘʢʦʧʠʪʝʣʝʡ ʜʘʨʦʚʦʡ ʵʥʝʨʛʠʠ, 
ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʥʘ ʠʭ ʦʩʥʦʚʝ [2].  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʢʦʤʧʦʟʠʪʥʳʝ ʧʣʝʥʢʠ ʨʘʟʤʝʨʦʤ 10ʭ10 ʤʤ, 
ʪʦʣʱʠʥʦʡ 50 ʤʢʤ, ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʠʟ ʇɺɼʌ ʠ ʩʦʜʝʨʞʘʱʠʝ ʨʘʚʥʦʤʝʨʥʦ 
ʨʘʩʧʨʝʜʝʣʝʥʥʳʡ ʧʦ ʦʙʲʸʤʫ ʥʘʧʦʣʥʠʪʝʣʴ ʚ ʚʠʜʝ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ 
ʬʝʨʨʠʪʘ-ʢʦʙʘʣʴʪʘ. ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʢʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ 
ʤʝʪʦʜʦʤ ʨʘʢʝʣʴʥʦʛʦ ʥʦʞʘ [3]; ʥʘʥʦʯʘʩʪʠʮʳ ʬʝʨʨʠʪʘ-ʢʦʙʘʣʴʪʘ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ 
ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ ʤʝʪʦʜʦʤ. ʇʦʚʝʨʭʥʦʩʪʴ ʥʘʥʦʯʘʩʪʠʮ ʙʳʣʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʘ 
ʩʣʝʜʫʶʱʠʤʠ ʧʦʢʨʳʪʠʷʤʠ: ʧʦʣʠʵʪʠʣʝʥʛʣʠʢʦʣʝʤ (ʇʕɻ), ʦʣʝʠʣʘʤʠʥʦʤ, ʦʣʝʠʥʦʚʦʡ 
ʢʠʩʣʦʪʦʡ, ʣʠʤʦʥʥʦʡ ʢʠʩʣʦʪʦʡ. 

ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʢʦʤʧʦʟʠʪʥʳʝ ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʝ ʧʣʝʥʢʠ ʙʳʣʠ 
ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʚʠʙʨʘʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ, ʨʝʥʪʛʝʥʦʚʩʢʦʡ 
ʜʠʬʨʘʢʮʠʠ, ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪʨʠʠ, ʀʂ-ʌʫʨʴʝ ʩʧʝʢʪʨʦʩʢʦʧʠʠ; 
ʙʳʣ ʠʟʤʝʨʝʥ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ᶿ  [4, 5] ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʡ 
ʢʦʵʬʬʠʮʠʝʥʪ Ὠ  [6], ʧʦʩʪʨʦʝʥʳ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʢʨʠʚʳʝ. 

ɺ ʨʘʙʦʪʝ ʙʳʣʦ ʦʮʝʥʝʥʦ ʚʣʠʷʥʠʝ ʧʦʢʨʳʪʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ ʥʘ ʚʝʣʠʯʠʥʫ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʦʛʦ 
ʢʦʤʧʦʟʠʪʘ. ʊʘʢʞʝ, ʢʦʩʚʝʥʥʦ, ʩ ʧʦʤʦʱʴʶ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʢʨʠʚʳʭ, ʙʳʣʘ ʦʮʝʥʝʥʘ 
ʧʨʦʯʥʦʩʪʴ ʩʚʷʟʠ ʧʦʣʠʤʝʨ-ʥʘʥʦʯʘʩʪʠʮʘ ʚ ʢʦʤʧʦʟʠʪʝ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʝʡ ʚʝʣʠʯʠʥʦʡ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 
ʦʙʣʘʜʘʶʪ ʧʦʣʠʤʝʨʥʳʝ ʢʦʤʧʦʟʠʪʳ, ʩʦʜʝʨʞʘʱʠʝ ʥʘʥʦʯʘʩʪʠʮʳ ʬʝʨʨʠʪʘ-ʢʦʙʘʣʴʪʘ, 
ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʦʣʝʠʣʘʤʠʥʦʤ ʠ ʇʕɻʦʤ. 

ʇʦ ʠʪʦʛʘʤ ʚʳʧʦʣʥʝʥʥʳʭ ʨʘʙʦʪ ʨʘʟʨʘʙʦʪʘʥ ʦʧʪʠʤʘʣʴʥʳʡ ʧʨʦʪʦʢʦʣ ʩʦʟʜʘʥʠʷ 
ʢʦʤʧʦʟʠʪʥʳʭ ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʭ ʧʣʝʥʦʢ, ʦʙʣʘʜʘʶʱʠʭ ʤʘʢʩʠʤʘʣʴʥʳʤ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ᶿ ςυ ʤɺ/ʩʤ*ʕ. 

 
ɼʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ 

ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʛʨʘʥʪ ˉ 21-72-30032). 
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ʄʝʪʦʜʦʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʧʝʢʘʥʠʷ ʧʦʣʫʯʝʥʘ ʦʙʲʝʤʥʘʷ ʢʦʤʧʦʟʠʮʠʦʥʥʘʷ 

ʢʝʨʘʤʠʢʘ ʥʘ ʦʩʥʦʚʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ NiFe1,9Co0,02O4 (NFO), ʠ 
ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ Ca ʠ Zr. ʄʘʩʩʦʚʳʝ ʜʦʣʠ ʬʘʟ ʚ ʩʦʩʪʘʚʝ 
ʢʦʤʧʦʟʠʪʦʚ ʠ ʠʭ ʦʙʦʟʥʘʯʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

 
ʊʘʙʣʠʮʘ 1 ï ʆʙʦʟʥʘʯʝʥʠʝ ʩʦʩʪʘʚʦʚ ʦʙʲʝʤʥʳʭ ʢʦʤʧʦʟʠʪʦʚ 

 50% BaTi0.7Zr0.3O3   + 50% BaTi08Zr0.2O3   + 50% BaTi0.9Zr0.1O3   + 

 50%Ba0.65Ca0.35TiO3 50%Ba0.65Ca0.35TiO3 50%Ba0.65Ca0.35TiO3 

  
BT0.7O 
 

 
BT0.8O 

 
BT0.9O 

2% NFO 98%BTO0.7 98%BTO0.8 98%BTO0.9 

5% NFO 95%BTO0.7 95%BTO0.8 95%BTO0.9 

10% NFO 90%BTO0.7 90%BTO0.8 90%BTO0.9 

20% NFO 80%BTO0.7 80%BTO0.8 80%BTO0.9 

 
ʆʙʨʘʟʮʳ ʠʤʝʣʠ ʬʦʨʤʫ ʜʠʩʢʦʚ ʜʠʘʤʝʪʨʦʤ 86 ï 95 ʤʤ (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʘʜʢʠ 

ʩʦʩʪʘʚʦʚ). ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, ʪʘʥʛʝʥʩʘ ʫʛʣʘ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʠ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʢʝʨʘʤʠʢʠ ʦʧʨʝʜʝʣʝʥʳ 
ʦʧʪʠʤʘʣʴʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʫʢʘʟʘʥʥʳʭ ʩʦʩʪʘʚʦʚ. ɼʣʷ ʩʦʩʪʘʚʦʚ 2 ʠ 5 ʤʘʩʩ. % 

ʬʝʨʨʠʪʘ ʷʚʣʷʝʪʩʷ 1340ʉ̄. ɼʣʷ ʦʩʪʘʣʴʥʳʭ ʩʦʩʪʘʚʦʚ ʦʧʪʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʩʧʝʢʘʥʠʷ ʷʚʣʷʝʪʩʷ 1330ʉ̄. 
ʇʦʩʣʝ ʧʦʣʠʨʦʚʢʠ ʜʦ ʪʦʣʱʠʥʳ 400 ʤʢʤ (Ñ30 ʤʢʤ) ʦʙʨʘʟʮʳ ʤʝʪʘʣʣʠʟʦʚʘʣʠ 

ʭʠʤʠʯʝʩʢʠʤ ʦʩʘʞʜʝʥʠʝʤ ʥʠʢʝʣʷ. ʊʦʣʱʠʥʘ ʧʦʢʨʳʪʠʡ ʥʠʢʝʣʷ ʥʝ ʧʨʝʚʳʰʘʣʘ 2 ʤʢʤ ʠ 
ʦʮʝʥʠʚʘʣʘʩʴ ʠʟ ʜʣʠʪʝʣʴʥʦʩʪʠ ʤʝʪʘʣʣʠʟʘʮʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ 
ʤʝʪʘʣʣʠʟʘʮʠʷ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʪʘʥʛʝʥʩʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ 
ʩʥʠʞʝʥʠʶ ʝʤʢʦʩʪʠ ʥʘ 10-15%. ʏʘʩʪʴ ʧʦʜʛʦʪʦʚʣʝʥʥʳʭ ʦʙʨʘʟʦʚ ʧʦʣʷʨʠʟʦʚʘʥʘ ʧʨʠ 

ʊ = 100 ʉ̄ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʜʦ 1,5 ʢɺ/ʤʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʨʠʪʘ. 
ʀʩʩʣʝʜʦʚʘʥʳʝ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 2. 

ɼʘʣʝʝ ʠʟ ʦʙʲʝʤʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʩʚʷʟʥʦʩʪʠ 3-0 ʠʟʛʦʪʦʚʣʝʥʳ ʛʠʙʨʠʜʥʳʝ 
ʢʦʤʧʦʟʠʪʳ ʩʚʷʟʥʦʩʪʠ 2/3-0/2. ɺ ʢʘʯʝʩʪʚʝ ʬʘʟʳ ʩʚʷʟʥʦʩʪʠ 2 ʠʩʧʦʣʴʟʦʚʘʥʦ ʧʦʢʨʳʪʠʝ 
ʥʠʢʝʣʷ, ʧʦʣʫʯʝʥʥʦʝ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʦʩʘʞʜʝʥʠʝʤ ʚ ʧʦʩʪʦʷʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 
ʅel 13,6; 27,2 ʠ 40,8 ʢɸ/ʤ ʥʘ ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʢʦʤʧʦʟʠʮʠʦʥʥʦʡ ʢʝʨʘʤʠʢʝ. ʉʫʤʤʘʨʥʘʷ 
ʪʦʣʱʠʥʘ ʥʠʢʝʣʷ ʩʦʩʪʘʚʣʷʣʘ ʦʢʦʣʦ 20 ʤʢʤ. ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʠʥʜʫʢʮʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 
ʙʳʣʘ ʩʦʥʘʧʨʘʚʣʝʥʘ ʩ ʦʩʴʶ ʢʦʤʧʦʟʠʪʦʚ (ʈớʅel). ʄʕ ʩʚʦʡʩʪʚʘ ʛʠʙʨʠʜʥʳʭ ʢʦʤʧʦʟʠʪʦʚ, 
ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʝ, ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 2. 

ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʥʘʙʣʶʜʘʝʤʳʡ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʥʝ ʧʨʝʚʳʰʘʝʪ 

10 ʤɺ/ɸ (8 ʤɺÖʩʤ-1Öʕ-1). ʆʩʘʞʜʝʥʠʝ ʧʦʢʨʳʪʠʡ ʥʠʢʝʣʷ ʥʘ ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ 
ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʟʥʘʯʝʥʠʝ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚ ʩʪʨʫʢʪʫʨʘʭ. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ 
ʦʙʲʝʤʥʳʤʠ ʢʦʤʧʦʟʠʪʘʤʠ ʤʘʢʩʠʤʘʣʴʥʳʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʪʨʫʢʪʫʨʘʭ ʩ 
ʤʠʥʠʤʘʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʮʠʨʢʦʥʠʷ, ʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ 
ʬʝʨʨʠʪʘ ʚ ʦʙʲʝʤʥʦʤ ʢʦʤʧʦʟʠʪʝ. ʀʟʤʝʥʝʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 
ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʷ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ, ʠ 
ʢʦʣʝʙʣʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 20%. ʇʨʦʜʦʣʴʥʳʡ ʠ ʧʦʧʝʨʝʯʥʳʡ ʵʬʬʝʢʪʳ ʩʪʘʥʦʚʷʪʩʷ 
ʩʦʧʦʩʪʘʚʠʤʳ ʧʦ ʟʥʘʯʝʥʠʶ ʟʘ ʩʯʝʪ ʨʦʩʪʘ ʟʥʘʯʝʥʠʡ ʧʦʧʝʨʝʯʥʦʛʦ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ, ʘ 
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ʧʦʣʷ, ʚ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʵʬʬʝʢʪʘ, ʩʤʝʱʘʶʪʩʷ ʜʣʷ 
ʧʨʦʜʦʣʴʥʦʛʦ ʵʬʬʝʢʪʘ ʚ ʩʪʦʨʦʥʫ ʫʤʝʥʴʰʝʥʠʷ, ʜʣʷ ʧʦʧʝʨʝʯʥʦʛʦ ï ʚ ʩʪʦʨʦʥʫ ʫʚʝʣʠʯʝʥʠʷ 
ʧʦʣʷ (ʨʠʩʫʥʦʢ 1). 

 
ʊʘʙʣʠʮʘ 2 ï ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʧʨʠ ʧʨʦʜʦʣʴʥʦʡ ʠ 
ʧʦʧʝʨʝʯʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʢʦʤʧʦʟʠʪʦʚ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʤʧʦʥʝʥʪ ʠ ʩʦʩʪʘʚʘ ʢʝʨʘʤʠʢʠ. 

  

ʦʙʲʝʤʥʳʝ 
ʢʦʤʧʦʟʠʪʳ 

ʛʠʙʨʠʜʥʳʝ 
ʩʪʨʫʢʪʫʨʳ ʚ 
ʧʦʣʝ 13,6 ʢɸ/ʤ 

ʛʠʙʨʠʜʥʳʝ 
ʩʪʨʫʢʪʫʨʳ ʚ 
ʧʦʣʝ 27,2 ʢɸ/ʤ 

ʛʠʙʨʠʜʥʳʝ 
ʩʪʨʫʢʪʫʨʳ ʚ 
ʧʦʣʝ 40,8 ʢɸ/ʤ 

aEớ, 
mV/A 

aE , 
mV/A 

aEớ, 
mV/A 

aE , 
mV/A 

aEớ, 
mV/A 

aE , 
mV/A 

aEớ, 
mV/A 

aE , 
mV/A 

98%ɺʊʆ0,7 - - - - - - 0,5 0,43 

95% ɺʊʆ0,7 - - - - 0,45 - 0,51 0,45 

90%ɺʊʆ0,7 - - 0,95 0,68 1,23 0,51 1,33 0,75 

80%ɺʊʆ0,7 1,5 0,7 2,21 0,65 2,05 0,94 2,11 1,3 

98%ɺʊʆ0,8 1,4 1,03 2,03 1,26 2,17 1,32 1,96 1,54 

95% ɺʊʆ0,8 1,75 1,03 1,82 1,54 2,15 1,7 2,45 1,9 

90%ɺʊʆ0,8 2,15 1,7 2,39 2,13 3,44 2,22 3,01 2,45 

80%ɺʊʆ0,8 3,8 2 3,93 2,68 4,09 3,29 4,1 3,15 

98%ɺʊʆ0,9 3,13 2,15 3,46 2,37 3,55 2,76 3,7 3,23 

95% ɺʊʆ0,9 4,96 2,9 5,31 4,42 6,71 5,07 6,45 6,21 

90%ɺʊʆ0,9 5,6 4,8 5,97 5,21 7,34 6,31 7,2 5,32 

80%ɺʊʆ0,9 6,35 4,71 7,6 8,75 8,19 8,93 10,29 7,54 

 
ʊ.ʦ. ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʩʦʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩ 

ʧʦʣʷʨʠʟʘʮʠʝʡ ʢʦʤʧʦʟʠʪʘ ʚ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ, ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʩʪʨʫʢʪʫʨʳ ʩ 
ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢʦ ʚʥʝʰʥʠʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʷʤ.  

 

  

0

10

20

30

40

50

80 85 90 95

Ha, 

A/m 

% BTO 

ʧʦʧʝʨʝʯʥʳʡ ʵʬʬʝʢʪ BTO0,8 

3-0

2/3-0/2

0

10

20

30

40

50

80 85 90 95

Ha, 

A/m 

% BTO 

ʧʨʦʜʦʣʴʥʳʡ ʵʬʬʝʢʪ BTO0,8 

3-0
2/3-0/2



ʄʫʣʴʪʠʬʝʨʨʦʠʢʠ: ʧʦʣʫʯʝʥʠʝ, ʩʚʦʡʩʪʚʘ, ʧʨʠʤʝʥʝʥʠʝ 

 

100 

 

  
ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘʙʣʶʜʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʄʕ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪ ʩʦʩʪʘʚʘ ʢʦʤʧʦʟʠʪʦʚ 

 
ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʣʷ ʛʠʙʨʠʜʥʦʛʦ ʢʦʤʧʦʟʠʪʘ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʘʣʣʠʟʘʮʠʝʡ ʚ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʥʘ ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʠ 
ʥʝʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʝ ʩʦʩʪʘʚʘ 90%BT0.8O ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.  

 

  
ʈʠʩʫʥʦʢ 2 ï ʇʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʛʠʙʨʠʜʥʳʭ ʢʦʤʧʦʟʠʪʦʚ 

 
ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʣʷʨʠʟʘʮʠʷ ʧʦʜʣʦʞʢʠ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʄʕ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʠ ʤʝʪʘʣʣʠʟʘʮʠʠ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʅel ớʈ ʥʘ ʧʦʨʷʜʦʢ. ɺ ʦʩʘʞʜʝʥʥʦʡ 
ʙʝʟ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ ʧʦʜʣʦʞʢʝ ʢʝʨʘʤʠʢʝ ʤʘʢʩʠʤʫʤ ʧʨʦʜʦʣʴʥʦʛʦ ʄʕ 
ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʦʩʪʘʚʠʣ 79 ʤɺ/ɸ. ɺʝʣʠʯʠʥʘ ʧʦʧʝʨʝʯʥʦʛʦ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚ ʵʪʠʭ 
ʦʙʨʘʟʮʘʭ ʩʦʩʪʘʚʠʣʘ 65 ʤɺ/ɸ, ʯʪʦ ʫʩʪʫʧʘʝʪ ʧʦ ʟʥʘʯʝʥʠʶ ʧʨʦʜʦʣʴʥʦʤʫ ʵʬʬʝʢʪʫ ʣʠʰʴ ʥʘ 
20%, ʚ ʪʦ ʚʨʝʤʷ, ʢʘʢ ʜʣʷ ʦʙʲʝʤʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʨʘʟʥʠʮʘ ʚ ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʷʭ ʄʕ 
ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʠ ʧʨʦʜʦʣʴʥʦʡ ʠ ʧʦʧʝʨʝʯʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʜʦʩʪʠʛʘʝʪ 50%.  

 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ɹʈʌʌʀ ʌ23ʄʕ-009. 

  

0

10

20

30

40

50

80 85 90 95

 Ha, 

A/m 

% BTO 

ʧʦʧʝʨʝʯʥʳʡ ʵʬʬʝʢʪ BTO0,9 

3-0

2/3-0/2

0

10

20

30

40

50

80 85 90 95

ʅa, 

A/m 

% BTO 

ʧʨʦʜʦʣʴʥʳʡ ʵʬʬʝʢʪ BTO0,9 

3-0

2/3-0/2

-8

-6

-4

-2

0

2

4

6

8

-200 -100 0 100 200

aE, 

mV/A 

ʅ, ɸ/m 

90%BTO0,9/Niʭʠʤ 

/Pol/Niʵʭ H=0,5ɸ 

ʇʦʧʝʨʝʯʥʳʡ ʵʬʬʝʢʪ 
ʇʨʦʜʦʣʴʥʳʡ ʵʬʬʝʢʪ 

-100

-50

0

50

100

-200 -100 0 100 200

aE, 

mV/A 

ʅ, ɸ/m 

90%BTO0,9/Niʭʠʤ 

/Pol/Niʵʭ H=0 

ʇʦʧʝʨʝʯʥʳʡ ʵʬʬʝʢʪ 

ʇʨʦʜʦʣʴʥʳʡ ʵʬʬʝʢʪ 



ʄʫʣʴʪʠʬʝʨʨʦʠʢʠ: ʧʦʣʫʯʝʥʠʝ, ʩʚʦʡʩʪʚʘ, ʧʨʠʤʝʥʝʥʠʝ 

 

101 

 

ʄɸɻʅʀʊʅʓɽ ʆʉʆɹɽʅʅʆʉʊʀ ʋʅʊ ʂɸʂ ʊʋʅʅɽʃʔʅʆɻʆ ɼʀʆɼɸ 
 

Bokhan Yu.I. 
ID ORCID 0000-0002-2818-8039 

Belorussian State Academy of Communication, Vitebsk branch, 
Ilinsky, 45, 210001, Vitebsk, Belarus, yuibokhan@gmail.com 

 
ʇʨʠʤʝʥʝʥʠʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʜʣʷ ʮʝʣʝʡ ʛʝʥʝʨʘʮʠʠ/ʧʨʠʝʤʘ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʪʝʨʘʛʝʨʮʝʚʦʛʦ ʜʠʘʧʘʟʦʥʘ ʧʨʠʚʣʝʢʘʝʪ ʚʩʝ ʙʦʣʴʰʝʝ 
ʚʥʠʤʘʥʠʝ ʚʚʠʜʫ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ 
ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʧʨʠʝʤʥʳʭ ʫʩʪʨʦʡʩʪʚ [1-3]. ʕʪʦ ʩʚʷʟʘʥʦ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, 
ʚʦʟʤʦʞʥʦʩʪʴʶ ʧʨʠʝʤʘ ʩʣʘʙʳʭ ʩʠʛʥʘʣʦʚ ʩ ʚʳʩʦʢʠʤ ʦʪʥʦʰʝʥʠʝʤ ʩʠʛʥʘʣ/ʰʫʤ ʠʟ-ʟʘ 
ʦʪʩʫʪʩʪʚʠʷ ʧʘʨʘʟʠʪʥʳʭ ʧʦʤʝʭ ʚ ʚʠʜʫ ʠʟʙʠʨʘʪʝʣʴʥʦʩʪʠ ʧʨʠʝʤʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ. 

ʈʝʟʦʥʘʥʩʥʦʝ ʪʫʥʥʝʣʠʨʦʚʘʥʠʝ ʠ ʵʬʬʝʢʪ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ 
ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ ʚʳʟʚʘʥʳ ʯʠʩʪʦ ʢʚʘʥʪʦʚʳʤʠ ʷʚʣʝʥʠʷʤʠ 
ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʢʚʘʥʪʦʚʘʥʠʷ, ʧʨʠʚʦʜʷʱʝʛʦ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʨʝʟʦʥʘʥʩʥʳʭ 
ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʦʪʨʠʮʘʪʝʣʴʥʘʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ 
ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [4]. 

ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ, ʩʠʩʪʝʤʘ ʩ ʦʩʝʚʳʤ 
ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʠʦʥʦʚ ʦʙʣʘʜʘʝʪ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʙʦʛʘʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʩʦʩʪʦʷʥʠʡ, ʯʪʦ 
ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʷʚʣʝʥʠʶ ʙʣʠʟʢʠʭ ʫʨʦʚʥʝʡ ʧʨʠ ʨʝʟʦʥʘʥʩʥʦʤ ʧʝʨʝʭʦʜʝ. ʂʨʦʤʝ ʪʦʛʦ, 
ʪʘʢʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʝʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʢ ʚʥʝʰʥʝʤʫ ʚʦʟʜʝʡʩʪʚʠʶ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. ɺ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʝ ʚʩʝʛʜʘ ʥʘʡʜʸʪʩʷ ʧʘʨʘ ʩʦʩʪʦʷʥʠʡ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʧʦʛʣʦʱʝʥʠʝ/ʠʩʧʫʩʢʘʥʠʝ ʢʚʘʥʪʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 

 
ʈʠʩʫʥʦʢ 1 ï ʃʝʛʠʨʦʚʘʥʥʘʷ ʤʝʪʘʣʣʦʤ (ʮʚʝʪʥʳʝ ʰʘʨʠʢʠ) ʫʛʣʝʨʦʜʥʘʷ ʥʘʥʦʪʨʫʙʢʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ 

ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ. I - ʦʙʣʘʩʪʴ ʧʦʩʪʦʷʥʥʦʛʦ ʤʝʞʘʪʦʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, II - ʦʙʣʘʩʪʴ 
ʘʪʦʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. [1]. 

 
ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʩʧʝʢʪʨʘ ʚʥʫʪʨʠ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʙʘʨʴʝʨʘ ʪʨʝʙʫʝʪʩʷ ʨʝʰʠʪʴ 

ʫʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ. ɿʜʝʩʴ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 
ʯʪʦ ʧʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʧʨʦʮʝʩʩʦʚ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʦʙʳʯʥʦ ʨʝʰʘʝʪʩʷ ʦʜʥʦʤʝʨʥʘʷ 
ʟʘʜʘʯʘ [4-5], ʢʘʢ ʧʨʘʚʠʣʦ, ʚ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ. ʆʜʥʘʢʦ, ʢʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ 
ʥʠʞʝ, ʨʝʰʝʥʠʝ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʦʙʣʘʜʘʝʪ ʙʦʣʝʝ ʙʦʛʘʪʳʤ 
ʩʧʝʢʪʨʦʤ ʩʦʩʪʦʷʥʠʡ. ʊʘʢ ʞʝ ʦʪʤʝʪʠʤ, ʯʪʦ ʨʝʰʝʥʠʝ ʫʨʘʚʥʝʥʠʷ ʐʨʝʜʠʥʛʝʨʘ ʚ 
ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ ʠʟʚʝʩʪʥʦ ʜʘʚʥʦ [6-7], ʧʨʠʯʝʤ ʚ ʩʘʤʦʤ ʦʙʱʝʤ ʚʠʜʝ . 
ɼʣʷ ʮʝʣʝʡ ʘʥʘʣʠʟʘ ʫʩʣʦʚʠʡ ʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʠʟʣʦʞʠʤ, ʚ ʢʨʘʪʢʦʤ 
ʚʘʨʠʘʥʪʝ, ʨʝʰʝʥʠʝ ʧʝʨʚʦʡ ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ ʚ ʤʝʪʦʜʝ ʨʘʟʜʝʣʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ. 

ɿʘʧʠʰʝʤ ʫʨʘʚʥʝʥʠʝ ʐʨʝʜʠʥʛʝʨʘ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ: 

 

 
ᴐ

ὶ Ὗ ‪ Ὁ‪ (1) 
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ɿʜʝʩʴ ʥʘ ʚʝʣʠʯʠʥʫ ʧʦʪʝʥʮʠʘʣʘ ʥʘʣʦʞʝʥʦ ʫʩʣʦʚʠʝ (U0 ï ʚʳʩʦʪʘ ʙʘʨʴʝʨʘ): 
 

 ╤
5 π Ò 2Ƞπ Ú ὒ
π  ὶ 2ȟ   Ú ,

 (2) 

 
ʈʝʰʝʥʠʝ ʧʝʨʚʦʡ ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ, ʚ ʤʝʪʦʜʝ ʨʘʟʜʝʣʝʥʠʷ ʧʝʨʝʤʝʥʥʳ, ʟʘʧʠʰʝʤ ʚ 

ʚʠʜʝ: 

 ʕὶȟהȟÚ #*ËÒÅ . (3) 
 

ʛʜʝ k2 = [2M (% -U0 /h2]- ,  *Ø  ʬʫʥʢʮʠʷ ɹʝʩʩʝʣʷ ʮʝʣʦʛʦ ʠʥʜʝʢʩʘ. Cʧʝʢʪʨ ʩʦʩʪʦʷʥʠʡ 

ʚʥʫʪʨʠ ʙʘʨʴʝʨʘ: 

 % Ὗ
ᴐ

  (4) 

 

ʛʜʝ ‘ ï ʜʝʡʩʪʚʠʪʝʣʴʥʳʝ ʢʦʨʥʠ ʫʨʘʚʥʝʥʠʷ  *‘2 π , n,m,k =0,1,2,3.ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 
ʥʦʨʤʠʨʦʚʦʯʥʦʡ ʢʦʥʩʪʘʥʪʳ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʫʩʣʦʚʥʦʡ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʴʶ ʬʫʥʢʮʠʡ 
ɹʝʩʩʝʣʷ [7]: 
 

ὐ ‘ὼὐ ‘ὼὼὨὼ
πȟ                                Ὥ Ὧ
ρ

ς
ὐ ‘ ȟ Ὥ Ὧ 

 

 

ʇʦʩʣʝ ʥʝʩʣʦʞʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʧʦʣʫʯʘʝʤ: ὅ Ѝςὐ ‘Ὑ  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʦʨʤʠʨʦʚʦʯʥʘʷ ʢʦʥʩʪʘʥʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʨʥʷʤʠ ʬʫʥʢʮʠʠ 
ɹʝʩʩʝʣʷ m-ʛʦ ʧʦʨʷʜʢʘ. ʂʨʦʤʝ ʪʦʛʦ ʦʥʘ ʟʘʚʠʩʠʪ ʦʪ ʢʦʨʥʝʡ ʬʫʥʢʮʠʠ ɹʝʩʩʝʣʷ ʥʘ ʛʨʘʥʠʮʝ 
ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ. 

ʀʩʭʦʜʷ ʠʟ ʚʠʜʘ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʷʚʣʷʝʪʩʷ ʥʝʩʢʦʣʴʢʦ 
ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʩʣʘʛʘʝʤʳʭ ʚ ʚʳʨʘʞʝʥʠʠ ʜʣʷ ʪʦʢʘ ʯʝʨʝʟ ʙʘʨʴʝʨ. ʈʘʩʩʤʘʪʨʠʚʘʷ 
ʘʢʪʠʚʥʫʶ ʠ ʨʝʘʢʪʠʚʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʪʦʢʘ [4], ʧʦʣʫʯʠʤ (ɟ = kr): 

 

 Ὅ Ὥ̆˞ ‪ᶻ ‪ɳ ‪ᶻ ‪ɳ  (5) 
 
ʇʨʦʚʝʜʷ ʥʝʩʣʦʞʥʳʝ, ʥʦ ʛʨʦʤʦʟʜʢʠʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 
ʛʨʘʜʠʝʥʪʘ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ ʠ ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʬʫʥʢʮʠʷʤʠ ɹʝʩʩʝʣʷ 
 

 
 

  *ʍ * ʍ (6) 

 
ʧʦʣʫʯʠʤ ʜʣʷ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʪʦʢʘ ʩʣʝʜʫʶʱʠʝ ʚʳʨʘʞʝʥʠʷ:  
 

 Ὅ ὭὩ˞ * ʍ*ʍ *ʍ* ʍ * ʍ* ʍ  (7) 

 Ὅ Ὡ˞ *ʍ* ʍ  (8) 

 Ὅ Ὡ˞ *ʍ* ʍ  (9) 

 
ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʜʠʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʪʦʢʘ ʚʭʦʜʠʪ ʪʦʣʴʢʦ ʚ ʨʝʘʢʪʠʚʥʫʶ 
ʯʘʩʪʴ, ʘ ʫʛʣʦʚʘʷ ʠ ʧʨʦʜʦʣʴʥʘʷ ʚ ʘʢʪʠʚʥʫʶ ʯʘʩʪʴ.  
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ʈʠʩʫʥʦʢ 2 ï ʉʧʠʨʘʣʴʥʦʝ ʜʚʠʞʝʥʠʝ ʟʘʨʷʜʦʚ ʚ ʙʘʨʴʝʨʝ. 
(ʎʠʣʠʥʜʨʠʯʝʩʢʠʝ ʢʦʦʨʜʠʥʘʪʳ.n= m= s= j=1) 

 
ɺ ʧʦʪʝʥʮʠʘʣʴʥʦʤ ʙʘʨʴʝʨʝ, ʠʤʝʶʱʝʤ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʩʠʤʤʝʪʨʠʶ, ʚʦʟʥʠʢʘʝʪ 

ʩʠʩʪʝʤʘ ʥʝ ʵʢʚʠʜʠʩʪʘʥʪʥʳʭ ʩʦʩʪʦʷʥʠʡ. ʇʦʵʪʦʤʫ, ʚʢʣʶʯʝʥʠʝ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʚʝʣʠʯʠʥʦʡ 
ʅ ʧʦʟʚʦʣʷʝʪ ʩʥʷʪʴ ʚʳʨʦʞʜʝʥʠʝ ʧʦ ʧʨʦʜʦʣʴʥʦʤʫ ʢʚʘʥʪʦʚʦʤʫ ʯʠʩʣʫ j ʠ ʨʘʩʰʠʨʠʪʴ 
ʢʦʣʠʯʝʩʪʚʦ ʨʝʟʦʥʘʥʩʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʪʫʥʥʝʣʴʥʦʤ ʙʘʨʴʝʨʝ.  

ʇʨʠ ʵʪʦʤ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʠ ʘʢʪʠʚʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʪʦʢʘ 
ʠʤʝʶʪ ʦʜʠʥʘʢʦʚʳʡ ʚʠʜ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʜʚʠʞʝʥʠʶ ʪʦʢʘ ʚ ʚʠʜʝ ʩʧʠʨʘʣʠ, ʪ.ʝ. ʥʘʠʙʦʣʝʝ 
ʚʝʨʦʷʪʥʦʝ ʜʚʠʞʝʥʠʝ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʯʝʨʝʟ ʩʦʩʪʦʷʥʠʷ ʩ ʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ 
n ʠ m (ʨʠʩʫʥʦʢ 2). ʆʪʩʶʜʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʨʝʘʢʪʠʚʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʪʦʢʘ ʤʦʞʝʪ ʤʝʥʷʪʴ 
ʟʥʘʢ (7), ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʧʦʷʚʣʝʥʠʶ ʫʩʠʣʝʥʠʷ ʩʠʛʥʘʣʘ.  

ɺʩʝ ʚʳʰʝʠʟʣʦʞʝʥʥʦʝ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʘʨʛʫʤʝʥʪʘʮʠʝʡ ʜʣʷ ʠʩʧʦʣʥʝʥʠʷ ʧʨʠʝʤʥʦʡ 
ʘʥʪʝʥʥʳ ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʢʘʭ (ʨʠʩʫʥʦʢ 3). 

 

 
 

ʈʠʩʫʥʦʢ 3 ï ʄʦʜʝʣʴ ʧʨʠʝʤʥʦʡ ʘʥʪʝʥʥʳ ʥʘ ʜʚʫʭ ʥʘʥʦʪʨʫʙʢʘʭ [2]. 

 
ʕʪʦ ʪʝʤ ʙʦʣʝʝ ʥʝʦʙʭʦʜʠʤʦ, ʧʦʪʦʤʫ ʯʪʦ ʪʘʢʘʷ ʩʠʩʪʝʤʘ ʥʘʥʦʪʨʫʙʦʢ ʦʙʣʘʜʘʝʪ 

ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠ-ʪʝʣʴʥʦʩʪʴʶ ʨʝʟʦʥʘʥʩʥʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʢ ʚʝʣʠʯʠʥʝ ʚʥʝʰʥʝʛʦ ʧʦʣʷ. 
ʉʦʟʜʘʥʠʝ ʨʝʛʫʣʷʨʥʦʡ ʨʝʰʝʪʢʠ ʠʟ ʈʊɼ ʧʦʟʚʦʣʠʪ ʨʘʟʨʘʙʦʪʘʪʴ ʧʨʠʙʦʨʳ, ʦʪʦʙʨʘʞʘʶʱʠʝ 
ʧʘʜʘʶʱʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʚʦʣʥʳ ʩ ʯʘʩʪʦʪʦʡ ʜʦ ʜʝʩʷʪʢʦʚ ʪʝʨʘʛʝʨʮ. ʊʘʢʠʝ ʨʝʰʸʪʢʠ 
ʤʦʛʫʪ ʥʘʡʪʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʥʝ ʪʦʣʴʢʦ ʚ ʧʨʠʸʤʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʥʦ ʠ ʜʣʷ 
ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʩʝʥʩʦʨʦʚ ʤʝʜʠʮʠʥʩʢʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. 
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ɺʚʝʜʝʥʠʝ 
ʇʦʩʪʦʷʥʥʳʝ ʤʘʛʥʠʪʳ ʥʘ ʦʩʥʦʚʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʘʛʥʠʪʦʪʚʝʨʜʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʥʘʰʣʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʵʣʝʢʪʨʦʥʠʢʝ ʠ ʤʝʜʠʮʠʥʝ [1-4]. ʆʩʦʙʳʡ 
ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʤʘʛʥʠʪʳ ʠʟ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 
ʩʧʣʘʚʦʚ ʠ ʧʦʣʠʤʝʨʥʳʭ ʩʚʷʟʫʶʱʠʭ, ʘ ʪʘʢʞʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʥʘ ʠʭ ʦʩʥʦʚʝ. ʇʦʩʢʦʣʴʢʫ ʦʥʠ 
ʧʝʨʩʧʝʢʪʠʚʥʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʟʘ ʩʯʝʪ 
ʩʥʠʞʝʥʠʷ ʚʝʩʘ ʠʟʜʝʣʠʡ ʥʘ ʠʭ ʦʩʥʦʚʝ, ʧʦʚʳʰʝʥʠʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, 
ʧʦʚʳʰʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʧʨʠʙʦʨʦʚ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʠ 
ʜʝʤʦʥʩʪʨʘʮʠʠ ʠʭ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʠʟʫʯʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʩʦʝʜʠʥʝʥʠʡ 
Nd2Fe14B ʠ Smʉʦ5, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʧʣʝʥʦʯʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʠʟʫʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 
ʟʘʚʠʩʠʤʦʩʪʝʡ ʠʭ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

 
ʕʢʩʧʝʨʠʤʝʥʪ 
ʄʘʛʥʠʪʳ ʥʘ ʦʩʥʦʚʝ SmCo5 ʠ Nd2Fe14B ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʧʦʨʦʰʢʦʚʦʡ 

ʤʝʪʘʣʣʫʨʛʠʠ. ʀʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ SmCo5 ʠʤʝʝʪ ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʳ S.G.:P6/mmm ʩ ʧʘʨʘʤʝʪʨʘʤʠ 
ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ a=0,499 ʥʤ, c=0,398 ʥʤ [5]. ʉʦʝʜʠʥʝʥʠʝ Nd2Fe14B 
ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʠʥʛʦʥʠʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʳ S.G.:P42/mnm ʩ 
ʧʘʨʘʤʝʪʨʘʤʠ a=0,881 ʥʤ, c=1,221 ʥʤ [6]. ʄʘʛʥʠʪʳ SmCo5 ʠ Nd2Fe14B ʷʚʣʷʶʪʩʷ 
ʚʳʩʦʢʦʢʦʵʨʮʠʪʠʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ. ʆʥʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʤʘʛʥʠʪʥʦʡ ʠ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ. 

ʄʝʪʦʜʦʤ flash technique ʚʩʧʳʰʢʠ ʧʫʪʝʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʠʩʧʘʨʝʥʠʷ ʟʝʨʝʥ 
ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ ʩʦʝʜʠʥʝʥʠʡ Nd2Fe14B ʠ Smʉʦ5 ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ 
ʦʩʘʞʜʝʥʠʷ ʠʭ ʧʘʨʦʚ ʥʘ ʧʦʜʣʦʞʢʠ ʠʟ ʧʨʝʜʤʝʪʥʦʛʦ ʩʪʝʢʣʘ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʪʦʥʢʠʝ ʩʣʦʠ 
ʪʦʣʱʠʥʦʡ ʦʪ d Ò 50ʥʤ ʜʦ d ~ 1 ʤʢʤ ʧʦ ʩʦʩʪʘʚʫ ʙʣʠʟʢʠʭ ʢ Nd2Fe14B ʠ Smʉʦ5 [7]. 

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ CuKa ï ʠʟʣʫʯʝʥʠʠ. ʅʘ ʨʠʩʫʥʢʝ 
1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʧʦʨʦʰʢʘ SmCo5 (ʘ) ʠ ʧʣʝʥʢʠ Sm-Co (ʙ) ʪʦʣʱʠʥʦʡ 
~850ʥʤ. 
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ʘ) ʙ) 
ʈʠʩʫʥʦʢ 1 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʧʦʨʦʰʢʘ SmCo5 (ʘ) ʠ ʧʣʝʥʢʠ Sm-Co (ʙ) ʧʦʩʣʝ ʦʪʞʠʛʘ 

 
ʅʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʧʨʠ 2ɗå44,550 ʯʝʪʢʦ ʚʠʜʥʦ ʧʨʠʩʫʪʩʪʚʠʝ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ 

ʨʝʬʣʝʢʩʘ ʠʦʥʘ ʉʦ. ʉ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʣʝʥʢʠ, ʙʳʣ 



ʄʫʣʴʪʠʬʝʨʨʦʠʢʠ: ʧʦʣʫʯʝʥʠʝ, ʩʚʦʡʩʪʚʘ, ʧʨʠʤʝʥʝʥʠʝ 

 

106 

 

ʚʳʧʦʣʥʝʥ ʦʪʞʠʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 600ęʉ, ʦʜʥʘʢʦ ʦʥ ʥʝ ʦʙʝʩʧʝʯʠʣ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ 
ʫʧʦʨʷʜʦʯʝʥʠʝ, ʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ ʧʦʨʦʰʢʦʚ, ʘ ʧʨʠʚʝʣ ʢ ʨʘʩʧʘʜʫ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʅʘ ʨʠʩʫʥʢʝ 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 
ʩʪʨʫʢʪʫʨʳ ʧʦʨʦʰʢʦʚ ʠ ʧʣʝʥʦʢ Nd-Fe-B. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʧʣʝʥʢʠ Nd-Fe-B ʩʦʜʝʨʞʠʪ 
ʨʝʬʣʝʢʩʳ ʞʝʣʝʟʘ Fe. 
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ʘ) ʙ) 
ʈʠʩʫʥʦʢ 2 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʧʦʨʦʰʢʘ (ʘ) ʠ ʧʣʝʥʢʠ (ʙ) Nd-Fe-B 

 
ʇʨʠʯʠʥʦʡ ʧʨʠʩʫʪʩʪʚʠʷ ʧʠʢʦʚ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʧʣʝʥʦʢ Sm-Co ʠ Nd-Fe-B 

ʩʚʦʙʦʜʥʳʭ ʠʦʥʦʚ ʢʦʙʘʣʴʪʘ ʠ ʞʝʣʝʟʘ, ʚʝʨʦʷʪʥʦ, ʷʚʣʷʝʪʩʷ ʯʘʩʪʠʯʥʦʝ ʨʘʟʣʦʞʝʥʠʝ 
ʧʦʨʦʰʢʦʚ ʠʩʭʦʜʥʦʡ ʰʠʭʪʳ ʧʨʠ ʠʩʧʘʨʝʥʠʠ. ʅʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʧʣʝʥʢʠ, ʧʨʦʷʚʣʷʶʪʩʷ 
ʨʝʬʣʝʢʩʳ ʪʠʧʘ ñʛʘʣʦò. ʕʪʦ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʚ ʧʣʝʥʢʘʭ ʠʤʝʝʪ ʤʝʩʪʦ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʩʚʦʡʩʪʚʝʥʥʦʝ ʙʣʠʞʥʝʤʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤʫ ʫʧʦʨʷʜʦʯʝʥʠʶ. 
ʅʝʩʤʦʪʨʷ ʥʘ ʧʨʠʩʫʪʩʚʠʝ ʥʘ ʨʝʥʛʝʥʦʛʨʘʤʤʘʭ ʧʣʝʥʦʢ ʨʝʬʣʝʢʩʦʚ ʩʚʦʙʦʜʥʳʭ ʠʦʥʦʚ Co ʠ 
Fe, ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʣʝʥʦʢ, ʧʦʣʫʯʝʥʥʳʭ flash ʤʝʪʦʜʦʤ, ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ 
ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʧʦʨʦʰʢʦʚ SmCo5 ʠ Nd2Fe14B. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʩʩʣʝʜʫʝʤʳʭ ʧʣʝʥʦʢ Nd-Fe-B ʠ Sm-Co, ʧʦʣʫʯʝʥʥʘʷ ʩ ʧʦʤʦʱʴʶ 
3D ʩʢʘʥʠʨʫʶʱʝʛʦ ʣʘʟʝʨʥʦʛʦ ʩʧʝʢʪʨʦʤʝʪʨʘ Confotec MR350, ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 3. 

 

  
ʘ) ʙ) 

ʈʠʩʫʥʦʢ 3 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ῒ40 ʧʣʝʥʦʢ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ Nd-Fe-B (ʘ) ʠ Sm-Co (ʙ) 

 
ʇʣʝʥʢʠ ʠʤʝʶʪ ʪʠʧʠʯʥʫʶ ʜʣʷ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ, ʢʦʪʦʨʘʷ ʩʦʩʪʦʠʪ ʠʟ ʤʘʪʨʠʯʥʦʡ ʬʘʟʳ ʠ ʦʙʣʘʩʪʝʡ, ʙʦʛʘʪʳʭ Nd, B (ʜʣʷ 
Nd-Fe-B) ʠ Sm (ʜʣʷ Sm-Co). 

ʋʜʝʣʴʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ů=f(T) ʠʟʤʝʨʝʥʘ ʧʦʥʜʝʨʦʤʦʪʦʨʥʳʤ ʤʝʪʦʜʦʤ ʚ 
ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʩ ʠʥʜʫʢʮʠʝʡ 0,86 ʊʣ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 80 ï 1000 ʂ [8,9]. 
ʅʝʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʥʘʛʨʝʚʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʣʝʥʦʢ ʥʘ 
ʩʪʝʢʣʝ ʫʙʝʜʠʪʝʣʴʥʦ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʠʭ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ 
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ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 80 ï 1100 ʂ. ɿʘʚʠʩʠʤʦʩʪʠ ů(T) ʧʦʨʦʰʢʦʚ ʠ 
ʧʣʝʥʦʢ Sm-Co ʠ Nd-Fe-B ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 4, 5. 
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ʘ) ʙ) 
ʈʠʩʫʥʦʢ 4 ï ɿʘʚʠʩʠʤʦʩʪʠ ů(T) ʧʦʨʦʰʢʘ Co5Sm (ʘ) ʠ ʧʣʝʥʢʠ Sm-Co (ʙ) 
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ʘ) ʙ) 

ʈʠʩʫʥʦʢ 5 ï ɿʘʚʠʩʠʤʦʩʪʠ ů(T) ʧʦʨʦʰʢʘ Nd2Fe14B (ʘ) ʠ ʧʣʝʥʢʠ Nd-Fe-B (ʙ) 

 
ɿʘʚʠʩʠʤʦʩʪʠ ů(T) ʧʣʝʥʦʢ ʠʤʝʶʪ ʤʠʥʠʤʫʤ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚʙʣʠʟʠ 

ʪʝʤʧʝʨʘʪʫʨ ʂʶʨʠ, ʭʘʨʘʢʪʝʨʥʳʭ ʧʦʨʦʰʢʘʤ SmCo5 (950K) ʠ Nd2Fe14B (650K). 
 
ɿʘʢʣʶʯʝʥʠʝ 
ʉʠʥʪʝʟʠʨʦʚʘʥʳ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ʥʘ ʦʩʥʦʚʝ ʩʦʝʜʠʥʝʥʠʡ Nd2Fe14B ʠ Smʉʦ5. 

ʕʢʩʧʝʨʠʤʝʥʪ ʧʦʢʘʟʘʣ, ʯʪʦ flash ʤʝʪʦʜ ʥʘʧʳʣʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥ ʜʣʷ ʩʠʥʪʝʟʘ 
ʧʣʝʥʦʢ ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʥʘʠʙʦʣʝʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 
ʩʪʨʫʢʪʫʨʝ ʧʦʨʦʰʢʦʚ SmCo5 ʠ Nd2Fe14B ʜʘʞʝ ʧʨʠ ʫʩʣʦʚʠʷʭ ʠʟʤʝʥʝʥʠʷ ʩʪʝʭʠʦʤʝʪʨʠʠ 
ʧʦʨʦʰʢʦʚ ʧʨʝʢʫʨʩʦʨʦʚ. ʋʜʝʣʴʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʧʣʝʥʦʢ Nd-Fe-B ʠ Sm-Co ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʝ ʙʣʠʟʢʦʡ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʞʠʜʢʦʛʦ ʘʟʦʪʘ ʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʙʣʠʟʢʘ ʧʦ 
ʚʝʣʠʯʠʥʝ ʢ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʨʦʰʢʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ 
ʩʠʥʪʝʟʘ ʧʣʝʥʦʢ. 

 
ɹʣʘʛʦʜʘʨʥʦʩʪʠ 
ɸʚʪʦʨʳ ʚʳʨʘʞʘʶʪ ʛʣʫʙʦʢʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʜ.ʬ.-ʤ.ʥ., ʧʨʦʬ. ʗʥʫʰʢʝʚʠʯʫ ʂ.ʀ. ʠ 

ʢ.ʬ.-ʤ.ʥ. ɻʘʣʷʩʫ ɸ.ʀ. ʟʘ ʙʦʣʴʰʦʡ ʚʢʣʘʜ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʯʘʩʪʴ ʨʘʙʦʪʳ ʠ 
ʦʙʩʫʞʜʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ɻʆ çʅʇʎ ʅɸʅ ɹʝʣʘʨʫʩʠ ʧʦ 
ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʶè ʚ ʨʘʤʢʘʭ ɻʇʅʀ çʅʘʥʦʩʪʨʫʢʪʫʨʘè ʟʘʜʘʥʠʝ ˉ2.7.1. 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʄɸɻʅʀʊʅʓʍ ʍɸʈɸʂʊɽʈʀʉʊʀʂ ʍʈʆʄɿɸʄɽʑɽʅʅʓʍ ʊɺɽʈɼʓʍ 
ʈɸʉʊɺʆʈʆɺ ʅɸ ʆʉʅʆɺɽ MnZnSb 

 
ʈʠʤʩʢʠʡ ɻ.ʉ.1, ʄʠʥʯʫʢʦʚʘ ʆ.ʌ.1, ɾʝʣʫʜʢʝʚʠʯ ɸ.ʃ.1, ʈʦʤʘʥʦʚʘ ʆ.ɹ.2,  

ɸʧʣʝʩʥʠʥ ʉ.ʉ.2, ʋʜʦʜ ʃ.ɺ.2 
1ʅʇʎ ʅɸʅ ɹʝʣʘʨʫʩʠ ʧʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʶè, ʄʠʥʩʢ, ɹʝʣʘʨʫʩʴ, rimskiy@physics.by 

2ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʠʤ. ʃ.ɺ. ʂʠʨʝʥʩʢʦʛʦ, ʂʨʘʩʥʦʷʨʩʢ, ʈʦʩʩʠʷ 
 

ɺʚʝʜʝʥʠʝ 
ʊʨʦʡʥʦʝ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ MnZnSb ʦʙʣʘʜʘʝʪ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ Cu2Sb. ɺ ʵʪʦʡ ʩʪʨʫʢʪʫʨʝ ʘʪʦʤʳ Mn ʨʘʩʧʦʣʦʞʝʥʳ ʚ 
ʧʣʦʩʢʦʩʪʷʭ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʦʩʠ ʩ, ʘ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʧʣʦʩʢʦʩʪʷʤʠ ʤʘʨʛʘʥʮʘ 
ʥʘʭʦʜʷʪʩʷ ʩʣʦʠ ʥʝʤʘʛʥʠʪʥʳʭ Zn ʠ Sb [1]. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʩʠʣʴʥʘʷ ʧʨʷʤʘʷ 
ʦʙʤʝʥʥʘʷ ʩʚʷʟʴ ʘʪʦʤʦʚ ʤʘʨʛʘʥʮʘ ʚ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʧʣʦʩʢʦʩʪʷʭ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 
ʩʣʘʙʘʷ ʩʚʷʟʴ ʯʝʨʝʟ ʜʚʝ ʧʣʦʩʢʦʩʪʠ ʥʝʤʘʛʥʠʪʥʳʭ ʘʪʦʤʦʚ. ʇʦʵʪʦʤʫ ʪʘʢʦʝ ʩʦʝʜʠʥʝʥʠʝ 
ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʚ ʤʘʛʥʠʪʥʦʤ ʦʪʥʦʰʝʥʠʠ ʜʚʫʤʝʨʥʳʤ ʢʨʠʩʪʘʣʣʦʤ. ʕʪʦʪ ʬʘʢʪ ʤʦʞʝʪ ʥʘʡʪʠ 
ʩʚʦʝ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʭ ʫʩʪʨʦʡʩʪʚ, 
ʪʘʢʠʭ ʢʘʢ ʤʘʛʥʠʪʥʳʝ ʜʘʪʯʠʢʠ, ʫʩʪʨʦʡʩʪʚʘ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ, ʫʩʪʨʦʡʩʪʚʘ ʩʧʠʥʪʨʦʥʠʢʠ ʠ 
ʜʨ. [2] 

ʇʨʠ ʘʥʘʣʠʟʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʝʜʠʥʝʥʠʷ 
MnZnSb [3, 4] ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʦʥʦ ʷʚʣʷʝʪʩʷ ʩʣʘʙʳʤ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʤ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 
ʂʶʨʠ 312 K. ɺʝʣʠʯʠʥʘ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʘʪʦʤʘ ʤʘʨʛʘʥʮʘ ʩʦʩʪʘʚʣʷʝʪ 1,5 ɛɺ, ʯʪʦ 
ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʨʘʩʯʝʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʜʣʷ ʣʦʢʘʣʠʟʦʚʘʥʥʦʛʦ ʘʪʦʤʘ Mn. ɸʚʪʦʨʘʤʠ 
[5, 6] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʫʪʝʤ ʟʘʤʝʱʝʥʠʷ ʘʪʦʤʦʚ ʮʠʥʢʘ ʘʪʦʤʘʤʠ ʞʝʣʝʟʘ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ 
ʨʷʜ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʯʪʦ ʙʫʜʝʪ ʠʤʝʪʴ ʨʝʰʘʶʱʝʝ 
ʟʥʘʯʝʥʠʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ, ʠʤʝʶʱʠʭ ʢʦʥʢʨʝʪʥʦʝ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʫʪʝʤ ʟʘʤʝʱʝʥʠʷ ʢʘʢ ʘʪʦʤʦʚ ʮʠʥʢʘ, ʪʘʢ ʠ ʘʪʦʤʦʚ ʤʘʨʛʘʥʮʘ 
ʘʪʦʤʘʤʠ ʭʨʦʤʘ ʧʦʣʫʯʝʥʳ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʩʠʩʪʝʤ MnZn1-xCrxSb ʠ Mn1-xCrxZnSb, 
ʠʩʩʣʝʜʦʚʘʥʘ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ. 

 
ʄʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ 
ʉʠʥʪʝʟ ʩʦʝʜʠʥʝʥʠʷ MnZnSb ʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʠʩʪʝʤ MnZn1-xCrxSb ʠ  

Mn1-xCrxZnSb ʚʳʧʦʣʥʝʥ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʢʮʠʡ ʚ ʚʘʢʫʫʤʠʨʦʚʘʥʥʳʭ ʜʦ 
ʦʩʪʘʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ 10-2 ʇʘ ʠ ʟʘʧʘʷʥʥʳʭ ʢʚʘʨʮʝʚʳʭ ʘʤʧʫʣʘʭ. ɸʤʧʫʣʳ ʩ ʦʙʨʘʟʮʘʤʠ 
ʨʘʟʦʛʨʝʚʘʣʠʩʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 1020 K, ʚʳʜʝʨʞʠʚʘʣʠʩʴ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ 
ʪʝʯʝʥʠʠ  
24 ʯ ʠ ʟʘʢʘʣʷʣʠʩʴ ʚ ʭʦʣʦʜʥʫʶ ʚʦʜʫ. ɸʪʪʝʩʪʘʮʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʬʘʟʦʚʦʛʦ 
ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʤʝʪʦʜʦʤ ʜʠʬʨʘʢʮʠʠ 
ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʚ CuKŬ ʠʟʣʫʯʝʥʠʠ. ʈʘʩʯʝʪ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚʳʧʦʣʥʝʥ ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ FullProf. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦʣʫʯʝʥʳ ʧʦʥʜʝʨʦʤʦʪʦʨʥʳʤ ʤʝʪʦʜʦʤ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʩ ʠʥʜʫʢʮʠʝʡ  
0,86 Tʣ. 

 
ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 
ʈʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʘʷ ʘʪʪʝʩʪʘʮʠʷ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʝ MnZnSb ʠ ʚʩʝ 

ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʦʙʣʘʜʘʶʪ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ 
ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ Cu2Sb (ʘʥʪʠ-PbFCl) ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʳ P4/nmm. ʕʣʝʤʝʥʪʘʨʥʘʷ 
ʷʯʝʡʢʘ MnZnSb (ʨʠʩʫʥʦʢ 1) ʩʦʜʝʨʞʠʪ ʪʨʠ ʬʦʨʤʫʣʴʥʳʝ ʝʜʠʥʠʮʳ: ʘʪʦʤʳ Mn ʟʘʥʠʤʘʶʪ 
ʧʦʟʠʮʠʶ ɺʘʡʢʦʬʬʘ 2a, ʘʪʦʤʳ Zn ʟʘʥʠʤʘʶʪ ʧʦʟʠʮʠʶ 2c, ʘ ʘʪʦʤʳ Sb ʟʘʥʠʤʘʶʪ ʧʦʟʠʮʠʶ 
4f. ɸʪʦʤʳ Mn ʠ Zn ʦʙʨʘʟʫʶʪ ʠʩʢʘʞʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʢʘʤʝʥʥʦʡ ʩʦʣʠ (NaCl), ʧʨʠ ʵʪʦʤ 
ʢʘʞʜʳʡ ʘʪʦʤ Mn ʦʢʨʫʞʝʥ ʰʝʩʪʴʶ ʘʪʦʤʘʤʠ Zn ʠ ʥʘʦʙʦʨʦʪ. ɸʪʦʤʳ Sb ʦʙʨʘʟʫʶʪ 
ʠʩʢʘʞʝʥʥʫʶ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʫʶ ʨʝʰʝʪʢʫ, ʩʚʷʟʳʚʘʶʱʫʶ ʧʦʜʨʝʰʝʪʢʠ Mn ʠ Zn. 
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ʈʠʩʫʥʦʢ 1 ï ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ MnZnSb 

 
ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʧʘʨʘʤʝʪʨʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ 

ʥʘ ʦʩʥʦʚʝ MnZnSb ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʟʘʤʝʱʝʥʠʝ ʘʪʦʤʦʚ 
ʤʘʨʛʘʥʮʘ ʘʪʦʤʘʤʠ ʭʨʦʤʘ ʧʨʠʚʦʜʠʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʦ ʭ = 0,2 ʢ 
ʫʤʝʥʴʰʝʥʠʶ ʧʘʨʘʤʝʪʨʘ a ʥʘ 0,0011 ʥʤ ʠ ʫʚʝʣʠʯʝʥʠʶ ʧʘʨʘʤʝʪʨʘ ʩ ʥʘ 0,0023 ʥʤ, ʚ ʪʦ 
ʚʨʝʤʷ ʢʘʢ ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʘʪʦʤʦʚ ʮʠʥʢʘ ʘʪʦʤʘʤʠ ʭʨʦʤʘ ʵʪʠ ʠʟʤʝʥʝʥʠʷ ʨʘʚʥʳ 0,0015 
ʥʤ ʠ 0,0016 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
 
ʊʘʙʣʠʮʘ 1 ï ʇʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʠ ʦʪʥʦʰʝʥʠʝ ʩ/a ʩʠʩʪʝʤ ʪʚʝʨʜʳʭ 
ʨʘʩʪʚʦʨʦʚ ʥʘ ʦʩʥʦʚʝ MnZnSb 

ʂʦʥʮʝʥʪʨʘʮʠʷ, ʭ a, ʥʤ c, ʥʤ ʩ/a 

Mn1-xCrxZnSb 

0,00 0,4174 0,6250 1,497 

0,05 0,4165 0,6264 1,504 

0,10 0,4164 0,6269 1,505 

0,20 0,4163 0,6273 1,507 

MnZn1-xCrxSb 

0,00 0,4174 0,6250 1,497 

0,05 0,4165 0,6256 1,502 

0,10 0,4162 0,6262 1,504 

0,20 0,4159 0,6266 1,507 

 
ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ů = f(T) ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ Mn1-xCrxZnSb ʠ MnZn1-xCrxSb ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ 
ʚʦ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʨʷʜʢʘ 350 K ʧʨʦʠʩʭʦʜʠʪ 
ʠʩʯʝʟʥʦʚʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʨʷʜʢʘ. ɺ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 400 ï 600 K ʠʤʝʝʪʩʷ 
ʘʥʦʤʘʣʠʷ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʊʘʢ ʢʘʢ ʘʪʦʤ Zn ʥʝ ʠʤʝʝʪ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, 
ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ MnZnSb ʦʧʨʝʜʝʣʷʶʪʩʷ ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʤʠ ʘʪʦʤʘʤʠ ʤʘʨʛʘʥʮʘ, 
ʥʘʭʦʜʷʱʠʤʩʷ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʧʦʣʦʞʝʥʠʠ Mn(I), ʯʪʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʠʩʭʦʜʥʳʡ MnZnSb ʠ 
ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʢʘʢ ʬʝʨʨʦʤʘʛʥʝʪʠʢʠ. ɺ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 325 ï 
525 K ʚ ʨʷʜʝ ʦʙʨʘʟʮʦʚ ʩʦʭʨʘʥʷʝʪʩʷ ʫʜʝʣʴʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʧʦʨʷʜʢʘ ~ 1,6 ɸĿʤ2Ŀʢʛ-1. 
ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʣʦʢʘʣʴʥʳʤʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤʠ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʘʪʦʤʦʚ ʧʦ 
ʧʦʜʨʝʰʸʪʢʘʤ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʚʘʢʘʥʩʠʡ. ʀʥʪʝʨʝʩʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʷʚʣʷʝʪʩʷ ʬʘʢʪ, ʯʪʦ ʚ 
ʩʠʩʪʝʤʝ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ Mn1-xCrxZnSb ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʭʨʦʤʘ ʜʦ x = 
0,2 ʚʝʣʠʯʠʥʘ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ 80 K ʩʥʠʞʘʝʪʩʷ ʣʠʰʴ ʥʘ 2 ɸĿʤ2Ŀʢʛ-1, ʚ ʪʦ 
ʚʨʝʤʷ ʢʘʢ ʚ ʩʠʩʪʝʤʝ MnZn1-xCrxSb ʧʨʦʠʩʭʦʜʠʪ ʩʥʠʞʝʥʠʝ ů80K ʧʦʯʪʠ ʚ ʜʚʘ ʨʘʟʘ. 
ɿʥʘʯʝʥʠʷ ʚʝʣʠʯʠʥ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ 80 K ʠ ʪʝʤʧʝʨʘʪʫʨ ʂʶʨʠ 
ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 2. 
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ʘ) ʙ) 

ʈʠʩʫʥʦʢ 2 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ  
ʩʠʩʪʝʤ Mn1-xCrxZnSb ʠ MnZn1-xCrxSb 

 

ʊʘʙʣʠʮʘ 2 ï ɿʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ 80 K ʠ ʪʝʤʧʝʨʘʪʫʨ ʂʶʨʠ ʪʚʝʨʜʳʭ 
ʨʘʩʪʚʦʨʦʚ ʥʘ ʦʩʥʦʚʝ MnZnSb 

ʂʦʥʮʝʥʪʨʘʮʠʷ, ʭ ů80K, ɸĿʤ
2Ŀʢʛ-1 ʊʉ, K 

Mn1-xCrxZnSb 

0,00 17,27 313 

0,05 17,33 319 

0,10 17,05 328 

0,20 15,68 343 

MnZn1-xCrxSb 

0,00 17,27 313 

0,05 15,11 323 

0,10 11,73 329 

0,20 9,16 333 

 
ɿʘʢʣʶʯʝʥʠʝ 
ʄʝʪʦʜʦʤ ʨʝʘʢʮʠʡ ʚ ʪʚʝʨʜʦʡ ʬʘʟʝ ʩʠʥʪʝʟʠʨʦʚʘʥʦ ʩʦʝʜʠʥʝʥʠʝ MnZnSb ʠ 

ʭʨʦʤʟʘʤʝʱʝʥʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʥʘ ʝʛʦ ʦʩʥʦʚʝ. ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ 
ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʙʨʘʟʮʳ ʦʙʣʘʜʘʶʪ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ Cu2Sb 
ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʳ P4/nmm. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʭʨʦʤʘ ʚ 
ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʘʭ ʧʨʠʚʦʜʠʪ ʢ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ ʚ ʦʙʝʠʭ ʩʠʩʪʝʤʘʭ. ɺʝʣʠʯʠʥʘ ʫʜʝʣʴʥʦʡ 
ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʨʠ 80 K ʚ ʩʣʫʯʘʝ ʟʘʤʝʱʝʥʠʷ ʘʪʦʤʦʚ ʮʠʥʢʘ ʘʪʦʤʘʤʠ ʭʨʦʤʘ ʜʦ 
ʢʦʥʮʝʥʪʨʘʮʠʠ ʭ = 0,2 ʩʥʠʞʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʚ 2 ʨʘʟʘ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʠʩʪʝʤʳ Mn1-

xCrxZnSb, ʛʜʝ ʟʘʤʝʱʝʥʠʝ ʪʘʢʦʡ ʞʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʚʝʣʠʯʠʥʳ 
ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘ 2 ɸĿʤ2Ŀʢʛ-1.  

 
ɹʣʘʛʦʜʘʨʥʦʩʪʠ 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʤʦʣʦʜʝʞʥʦʛʦ ʧʨʦʝʢʪʘ ɹʝʣʦʨʫʩʩʢʦʛʦ 

ʨʝʩʧʫʙʣʠʢʘʥʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʧʨʦʝʢʪ ʊ23ʄ-063). 
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ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚ ʦʙʣʘʩʪʠ ʤʘʛʥʠʪʥʳʭ ʷʚʣʝʥʠʡ 
ʩʤʝʱʘʝʪʩʷ ʚ ʦʙʣʘʩʪʴ ʜʚʫʤʝʨʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [1] ʠ ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ [2], 
ʧʦʩʢʦʣʴʢʫ  ʦʩʦʙʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʠ ʤʝʭʘʥʠʯʝʩʢʘʷ ʛʠʙʢʦʩʪʴ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ  
ʧʨʝʜʧʦʣʘʛʘʝʪ ʩʠʣʴʥʫʶ ʚʟʘʠʤʦʩʚʷʟʴ ʵʣʝʢʪʨʦʥʥʦʡ, ʤʝʭʘʥʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ 
ʧʦʜʩʠʩʪʝʤ.  

ʊʘʢ, ʧʨʠ ʠʟʛʠʙʝ ʦʜʠʥʘʨʥʳʭ ʠ ʜʚʦʡʥʳʭ ʩʣʦʝʚ ʜʚʫʤʝʨʥʦʛʦ ʤʘʛʥʝʪʠʢʘ ʪʨʠʡʦʜʠʜʘ 
ʭʨʦʤʘ CrI3 ʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʘʪʝʨʠʘʣʘ ʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʨʠʚʠʟʥʳ 
ʧʦʚʝʨʭʥʦʩʪʠ [3,4]: ʚ ʥʘʥʦʪʨʫʙʢʝ ʠʟ ʤʦʥʦʩʣʦʝ CrI3 ʧʨʠ ʢʨʠʪʠʯʝʩʢʦʤ ʨʘʜʠʫʩʝ ʢʨʠʚʠʟʥʳ 
1.4 ʥʤ ʧʨʝʜʩʢʘʟʘʥ ʬʘʟʦʚʳʡ ʧʝʨʝʭʦʜ ʦʪ ʨʘʜʠʘʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩʧʠʥʦʚ ʢ ʩʧʠʥʦʚʦʡ 
ʩʪʨʫʢʪʫʨʝ ʪʠʧʘ çʦʪʚʝʩè, ʧʨʠ ʢʦʪʦʨʦʡ ʩʧʠʥʳ ʚʩʝʭ ʘʪʦʤʦʚ ʥʘʧʨʘʚʣʝʥʳ ʚ ʦʜʥʫ ʩʪʦʨʦʥʫ [3]; 
ʚ ʜʚʦʡʥʳʭ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦ ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʩʣʦʷʭ CrI3 ʧʨʝʜʩʢʘʟʘʥʦ ʧʦʷʚʣʝʥʠʝ 
ʥʝʢʦʤʧʝʥʩʠʨʦʚʘʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ [4], ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʛʦ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 
ʢʘʞʜʦʛʦ ʩʣʦʷ M, ʨʘʩʩʪʦʷʥʠʶ ʤʝʞʜʫ ʩʣʦʷʤʠ d ʠ ʢʨʠʚʠʟʥʝ 1/R (ʨʠʩ.1). 

 

ʈʠʩʫʥʦʢ 1 ï ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ æM, ʚʳʟʚʘʥʥʘʷ ʠʟʛʠʙʦʤ ʚ ʙʠʩʣʦʝ CrI3 (M ï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 

ʦʜʥʦʛʦ ʩʣʦʷ, R ï ʨʘʜʠʫʩ ʢʨʠʚʠʟʥʳ, d ï ʤʝʞʩʣʦʝʚʦʝ ʨʘʩʩʪʦʷʥʠʝ. ʉʞʘʪʳʡ ʚʝʨʭʥʠʡ ʩʣʦʡ ʩ 
ʧʦʚʳʰʝʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʦʙʤʝʥʦʤ ʠ ʨʘʩʪʷʥʫʪʳʡ ʥʠʞʥʠʡ ʩʣʦʡ ʩ ʧʦʥʠʞʝʥʥʳʤ ʦʙʤʝʥʦʤ ʧʦʢʘʟʘʥʳ 

ʥʘ ʚʩʪʘʚʢʘʭ: ʵʪʘ ʨʘʟʥʠʮʘ ʚ ʦʙʤʝʥʝ, ʚʳʟʚʘʥʥʦʤ ʠʟʛʠʙʥʦʡ ʜʝʬʦʨʤʘʮʠʝʡ, ʧʨʠʚʦʜʠʪ ʢ 
ʜʝʢʦʤʧʝʥʩʠʨʦʚʘʥʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ æM. 

 
ɺʟʘʠʤʦʩʚʷʟʴ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʩ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤʦʡ ʚ 

2D-ʤʘʪʝʨʠʘʣʘʭ ʤʦʞʝʪ ʧʨʦʷʚʣʷʪʴʩʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʘʢ ʬʣʝʢʩʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ 
(ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʣʷʨʠʟʘʮʠʷ, ʚʳʟʚʘʥʥʘʷ ʛʨʘʜʠʝʥʪʦʤ ʜʝʬʦʨʤʘʮʠʠ) [5] ʠʣʠ ʢʘʢ 
ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʝʨʝʢʣʶʯʝʥʠʝ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʟʘ ʩʯʝʪ ʠʭ 
ʚʟʘʠʤʦʩʚʷʟʠ ʯʝʨʝʟ ʬʝʨʨʦʜʦʣʠʥʥʦʝ ʫʧʦʨʷʜʦʯʝʥʠʝ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤʝ [6]. 
ʆʪʤʝʪʠʤ, ʯʪʦ ʙʣʘʛʦʜʘʨʷ ʧʨʝʜʝʣʴʥʦ ʤʘʣʦʡ ʪʦʣʱʠʥʝ ʜʚʫʤʝʨʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 
ʚ ʥʠʭ ʩ ʧʦʤʦʱʴʶ ʧʣʘʥʘʨʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʣʷ 107 ɺ/ʩʤ 
ʠ ʜʘʞʝ ʚʳʰʝ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ ʚʦʣʴʪ [2]. 

ʆʪʜʝʣʴʥʦʛʦ ʨʘʩʩʤʦʪʨʝʥʠʷ ʟʘʩʣʫʞʠʚʘʝʪ ʤʘʛʥʠʪʦʤʝʭʘʥʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʚ ʪʘʢʠʭ 
ʤʘʪʝʨʠʘʣʘʭ, ʚʦʩʭʦʜʷʱʠʡ ʢ ʢʣʘʩʩʠʯʝʩʢʦʤʫ ʵʢʩʧʝʨʠʤʝʥʪʫ ʕʡʥʰʪʝʡʥʘ-ʜʝ ɻʘʘʟʘ. ɽʛʦ 
ʧʨʠʚʣʝʢʘʶʪ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ ʷʚʣʝʥʠʡ, ʚʳʟʚʘʥʥʳʭ ʬʝʤʪʦʩʝʢʫʥʜʥʳʤʠ ʠʤʧʫʣʴʩʘʤʠ ʚ 
ʜʚʫʤʝʨʥʳʭ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ [7] ʠ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʘʭ [8]. ʀʥʪʝʨʝʩ ʢʘʢ ʚ 
ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʤ, ʪʘʢ ʠ ʚ ʧʨʘʢʪʠʯʝʩʢʦʤ ʦʪʥʦʰʝʥʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪ 
ʵʣʝʢʪʨʦʠʥʜʫʮʠʨʦʚʘʥʥʳʡ ʤʘʛʥʠʪʦʤʝʭʘʥʠʯʝʩʢʠʡ ʵʬʬʝʢʪ, ʧʨʠ ʢʦʪʦʨʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʝ 
ʧʦʣʝ, ʧʦʥʠʞʘʷ ʩʠʤʤʝʪʨʠʶ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʘ, ʚʳʟʳʚʘʝʪ ʜʝʢʦʤʧʝʥʩʘʮʠʶ ʤʘʛʥʠʪʥʳʭ 
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ʧʦʜʨʝʰʝʪʦʢ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʦʷʚʣʝʥʠʝ ʥʝʥʫʣʝʚʦʛʦ ʤʦʤʝʥʪʘ ʢʦʣʠʯʝʩʪʚʘ ʜʚʠʞʝʥʠʷ, 
ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʧʨʦʷʚʣʷʪʴʩʷ ʚ ʚʠʜʝ ʢʦʣʝʙʘʥʠʡ ʫʧʨʫʛʦʡ ʧʣʘʩʪʠʥʢʠ ʠʟ ʜʚʫʤʝʨʥʦʛʦ 
ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʘ (ʈʠʩ.2 ʘ) [9,10] . 

 

 
ʘ) ʙ) 

ʈʠʩʫʥʦʢ 2 ï ʕʬʬʝʢʪ ʕʡʥʰʪʝʡʥʘ-ʜʝ-ɻʘʘʟʘ ʚ ʜʚʫʤʝʨʥʦʤ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʝ: ʘ) 
ʈʘʩʩʤʘʪʨʠʚʘʝʤʘʷ ʵʣʝʢʪʨʦ-ʤʘʛʥʠʪʦʤʝʭʘʥʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ: ʢʘʥʪʠʣʝʚʝʨ ʪʦʣʱʠʥʦʡ d, ʩʦʩʪʦʷʱʠʡ 

ʠʟ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʧʣʝʥʢʠ (ʧʦʢʘʟʘʥʘ ʩʠʥʠʤ) ʩ ʪʦʣʱʠʥʦʡ t, ʟʘʞʘʪʦʡ ʤʝʞʜʫ ʜʚʫʤʷ 
ʛʨʘʬʝʥʦʚʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ (ʧʦʢʘʟʘʥʳ ʩʝʨʳʤ). M ï ʚʝʢʪʦʨ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʚʳʟʚʘʥʥʦʡ 
ʜʝʢʦʤʧʝʥʩʘʮʠʝʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʝʡ ʤʘʛʥʠʪʥʳʭ ʧʦʜʨʝʰʝʪʦʢ, ʧʦʨʦʞʜʘʝʪ ʟʘ ʩʯʝʪ 

ʤʘʛʥʠʪʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʢʦʣʝʙʘʥʠʷ ʧʣʘʩʪʠʥʳ ʩ ʩʦʙʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʦʡ w. ʙ) ɿʘʚʠʩʠʤʦʩʪʴ 
ʧʦʪʝʨʴ ʚ ʵʣʝʢʪʨʦ-ʤʘʛʥʠʪʦʤʝʭʘʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ ʦʪ ʜʣʠʥʳ ʢʘʥʪʠʣʝʚʝʨʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʦʣʱʠʥ 
ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʩʣʦʷ (ʰʠʨʠʥʘ ʢʘʥʪʠʣʝʚʝʨʘ ύ σ ʈÍ) ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ʠ 

ʚʘʢʫʫʤʝ υϽρπ ʊʦʨʨ [10]. 

 
ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʨʘʩʩʤʦʪʨʝʥʠʝ ʢʦʣʝʙʘʥʠʡ ʚ ʪʘʢʦʡ ʵʣʝʢʪʨʦ-ʤʘʛʥʠʪʦʤʝʭʘʥʠʯʝʩʢʦʡ 

ʧʦʜʩʠʩʪʝʤʝ ʩʠʩʪʝʤʝ ʧʨʝʜʩʢʘʟʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʚ ʧʣʘʩʪʠʥʝ ʠʟ 10 
ʜʚʦʡʥʳʭ ʩʣʦʝʚ ʚ ʫʩʣʦʚʠʷʭ ʩʨʝʜʥʝʛʦ ʚʘʢʫʫʤʘ (ʈʠʩ. 2 ʙ), ʧʨʠ ʵʪʦʤ ʜʦʙʨʦʪʥʦʩʪʴ ʩʠʩʪʝʤʳ 
ʦʢʘʟʳʚʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦʡ, ʯʪʦʙʳ ʵʣʝʢʪʨʦʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʢʦʣʝʙʘʥʠʷ ʧʨʝʚʳʩʠʣʠ 
ʪʝʧʣʦʚʳʝ ʢʦʣʝʙʘʥʠʷ, ʘ ʠʭ ʘʤʧʣʠʪʫʜʘ ~ 10-5 ʨʘʜʠʘʥ, ʦʢʘʟʘʣʘʩʴ ʚ ʟʦʥʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 
ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʦʪʢʣʦʥʝʥʠʷ ʢʘʥʪʠʣʝʚʝʨʘ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ 
ʤʠʢʨʦʩʢʦʧʘ [10]. 

 
ɹʣʘʛʦʜʘʨʥʦʩʪʠ 
ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ (ʧʨʦʝʢʪ ˉ 075-15-2022-1131). 
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ʄʫʣʴʪʬʝʨʨʦʠʜʥʳʝ ʛʠʙʢʠʝ ʧʦʣʠʤʝʨʥʳʝ ʢʦʤʧʦʟʠʪʳ ʩ ʥʘʥʦ- ʠ ʤʠʢʨʦʨʘʟʤʝʨʥʳʤ 
ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʘʢʪʠʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ (ʥʘʥʦ- ʠ ʤʠʢʨʦʯʘʩʪʠʮʳ) ʥʘʭʦʜʷʪʩʷ ʥʘ ʧʠʢʝ 
ʧʦʧʫʣʷʨʥʦʩʪʠ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ, ʧʦʩʚʷʱʝʥʥʳʭ ʩʦʟʜʘʥʠʶ ʪʝʭʥʦʣʦʛʠʡ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ 
ʜʣʷ ʩʙʦʨʘ ʠ ʧʝʨʝʨʘʙʦʪʢʠ ʵʥʝʨʛʠʠ, ʘ ʪʘʢʞʝ ʜʣʷ ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ ï ʚ ʯʘʩʪʠ 
ʩʦʟʜʘʥʠʷ ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʭ ʩʢʘʬʬʦʣʜʦʚ ʜʣʷ ʫʩʢʦʨʝʥʠʷ ʧʨʦʮʝʩʩʘ ʧʨʦʣʠʬʝʨʘʮʠʠ 
ʥʝʡʨʦʥʘʣʴʥʳʭ ʢʣʝʪʦʢ[1ï5]. ʊʘʢʠʝ ʢʦʤʧʦʟʠʪʳ ʠʥʪʝʨʝʩʥʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʠʣʦʞʝʥʠʡ, 
ʦʜʥʘʢʦ ʚʦʧʨʦʩʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʤʘʛʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 
ʥʘʧʦʣʥʠʪʝʣʷ ʠ ʝʛʦ ʚʣʠʷʥʠʝ ʥʘ ʠʟʤʝʥʝʥʠʝ ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʘ ʜʦ 
ʢʦʥʮʘ ʥʝ ʠʟʫʯʝʥ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʠ 
ʤʘʛʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠʡ ʚ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʘʭ ʥʘ ʦʩʥʦʚʝ ʤʘʪʨʠʮ ʠʟ 
ʧʦʣʠʚʠʥʠʣʠʜʝʥʬʪʦʨʠʜʘ (ʇɺɼʌ) ʩ ʤʠʢʨʦ- ʠ ʥʘʥʦʨʤʘʟʤʝʨʥʳʤ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ 
ʥʘʧʦʣʥʠʪʝʣʝʤ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ, ʠʭ ʧʦʢʨʳʪʠʷ ʠ ʥʘʣʠʯʠʷ ʚ 
ʢʦʤʧʦʟʠʪʝ ʜʦʙʘʚʦʢ ʚ ʚʠʜʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʥʘ ʚʝʣʠʯʠʥʳ ʧʦʣʝʡ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʠ ʧʨʦʮʝʩʩ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʢʦʤʧʦʟʠʪʦʚ.  

ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʚʝʜʝʥʦ ʠʟʫʯʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʪʦʜʦʤ 
FORC-ʘʥʘʣʠʟʘ ʜʣʷ ʤʘʛʥʠʪʦʘʢʪʠʚʥʳʭ ʵʣʘʩʪʦʤʝʨʦʚ ʩ ʦʜʥʦʨʦʜʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ 
ʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ (ʌʄ) ʠʣʠ ʩʤʝʩʴʶ ʌʄ ʠ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ (ʉʕ) ʯʘʩʪʠʮ. ɼʘʥʥʳʝ 
ʘʥʘʣʠʟʘ ʧʦʢʘʟʳʚʘʶʪ ʢʦʥʢʫʨʝʥʮʠʶ ʤʝʞʜʫ ʫʧʨʫʛʠʤ ʠ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʳʤ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʌʄ-ʯʘʩʪʠʮʘʤʠ. ʋʰʠʨʝʥʠʝ ʧʠʢʦʚ ʥʘ FORC-ʜʠʘʛʨʘʤʤʘʭ 
ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʠʟʤʝʥʝʥʠʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʚ ʦʙʨʘʟʮʘʭ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʦʩʪʘʚʘ, ʘ 
ʪʘʢʞʝ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʘʛʣʦʤʝʨʘʪʦʚ ʌʄ-ʯʘʩʪʠʮ. 

ɼʣʷ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʩ ʤʘʛʥʠʪʥʳʤ ʥʘʧʦʣʥʠʪʝʣʝʤ ʚ ʚʠʜʝ 
ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ CoFe2O4 ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ 
ʯʘʩʪʠʮʘʤʠ ʷʚʣʷʝʪʩʷ ʜʦʤʠʥʠʨʫʶʱʠʤ; ʤʝʞʘʛʨʝʛʘʪʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʢʘʟʳʚʘʝʪ 
ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ, ʪʦʛʜʘ ʢʘʢ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ 
ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʠʭ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʠ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʠʭ ʚ ʢʣʘʩʪʝʨʘʭ. ʅʘʣʠʯʠʝ ʧʦʣʠʤʝʨʥʦʛʦ ʧʦʢʨʳʪʠʷ ʇʕɻ ʥʘ 
ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ, ʦʙʫʩʣʘʚʣʠʚʘʶʱʝʝ ʠʭ ʣʫʯʰʫʶ ʜʠʩʧʝʨʛʘʮʠʶ ʚ ʧʦʣʠʤʝʨʥʦʤ 
ʢʦʤʧʦʟʠʪʝ, ʩʫʱʝʩʪʚʝʥʥʦ ʥʝ ʠʟʤʝʥʠʣʦ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ 
ʢʦʤʧʦʟʠʪʦʚ, ʥʦ ʫʤʝʥʴʰʠʣʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʧʦʣʴʥʳʭ ʤʝʞʯʘʩʪʠʯʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. 

ʕʪʠ ʟʥʘʥʠʷ ʜʘʶʪ ʥʦʚʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʠ ʥʘʩʪʨʘʠʚʘʪʴ ʤʘʛʥʠʪʥʳʝ 
ʩʚʦʡʩʪʚʘ ʪʘʢʠʭ ʢʦʤʧʦʟʠʪʦʚ. ʀʩʩʣʝʜʫʝʤʳʝ ʢʦʤʧʦʟʠʪʳ ʷʚʣʷʶʪʩʷ ʧʨʠʤʝʨʦʤ ʛʠʙʢʠʭ 
ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʚ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʠʥʞʝʥʝʨʥʳʭ ʠ ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ 
ʦʙʣʘʩʪʷʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʦʥʪʨʦʣʴ ʠʭ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʧʦʟʚʦʣʠʪ ʘʜʘʧʪʠʨʦʚʘʪʴ 
ʤʫʣʴʪʠʬʝʨʨʦʠʜʥʳʝ ʢʦʤʧʦʟʠʪʳ ʜʣʷ ʠʭ ʜʘʣʴʥʝʡʰʝʛʦ ʧʨʠʤʝʥʝʥʠʷ. 

 
ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʈʅʌ ˉ 21-72-30032. 
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ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ (ʄʕ) ʵʬʬʝʢʪ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʠʟʤʝʥʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʦʣʷʨʠʟʘʮʠʠ ʚʝʱʝʩʪʚʘ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 
ʤʘʪʝʨʠʘʣʘʭ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʡ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟ, ʄʕ 
ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ñproduct-propertyò [1]. ʀʟʤʝʥʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʦʣʷʨʠʟʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʙʣʘʛʦʜʘʨʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ 
ʬʘʟʘʤʠ. ʍʘʨʘʢʪʝʨʥʦʡ ʯʝʨʪʦʡ ʄʕ ʵʬʬʝʢʪʘ ʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʷʚʣʷʝʪʩʷ ʝʛʦ 
ʦʪʩʫʪʩʪʚʠʝ ʚ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʘʭ. ɹʦʣʴʰʠʥʩʪʚʦ ʧʦʧʳʪʦʢ 70-ʭ ʠ 80-ʭ ʛʦʜʦʚ ʧʦʣʫʯʠʪʴ 
ʙʦʣʴʰʦʡ ʄʕ ʵʬʬʝʢʪ ʚ ʢʦʤʧʦʟʠʪʘʭ ʦʢʘʟʘʣʠʩʴ ʙʝʟʫʩʧʝʰʥʳʤʠ. ɺ 1993 ʛ. G.Harshe, 
J.P.Dougherty ʠ R.E.Newnham ʧʨʝʜʣʦʞʠʣʠ ʥʦʚʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 
ʩʠʣʴʥʦʛʦ ʄʕ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ï ʩʣʦʠʩʪʳʝ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦ-ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 
ʩʪʨʫʢʪʫʨʳ [2]. ʀʭ ʜʦʩʪʦʠʥʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʬʘʟʳ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʦʡ 
ʧʨʦʚʦʜʠʤʦʩʪʴʶ [3]. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʧʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʄʕ ʵʬʬʝʢʪʘ ʜʚʫʭʩʣʦʡʥʳʭ ʠ 
ʪʨʝʭʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʧʨʦʤʳʰʣʝʥʥʦʡ ʧʴʝʟʦʢʝʨʘʤʠʢʠ PZT851 ʠ 
ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ï ʥʠʢʝʣʴ (Ni), ʧʝʨʤʝʥʜʶʨ (P). ʆʙʨʘʟʮʳ ʠʤʝʣʠ 
ʧʨʷʤʦʫʛʦʣʴʥʫʶ ʬʦʨʤʫ ʜʣʠʥʥʦʡ 20 ʤʤ ʠ ʰʠʨʠʥʦʡ 3 ʤʤ. ʊʦʣʱʠʥʘ ʧʴʝʟʦʢʝʨʘʤʠʢʠ, 
ʥʠʢʝʣʷ ʠ ʧʝʨʤʝʥʜʶʨʘ ʩʦʩʪʘʚʠʣʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 0,2 ʤʤ, 0,2 ʤʤ ʠ 0,2 ʤʤ. ʇʣʘʩʪʠʥʳ 
ʢʝʨʘʤʠʢʠ ʠ ʤʝʪʘʣʣʘ ʩʦʝʜʠʥʷʣʠʩʴ ʵʧʦʢʩʠʜʥʳʤ ʢʣʝʝʤ ʪʦʣʱʠʥʦʡ ʤʝʥʝʝ 0,005 ʤʤ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʄʕ ʵʬʬʝʢʪʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 
ʠʟʤʝʨʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʥʘ ʦʙʨʘʟʮʝ, ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʥʝʛʦ 
ʧʝʨʝʤʝʥʥʦʛʦ ʠ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. ʇʝʨʝʤʝʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, 
ʛʝʥʝʨʠʨʫʝʤʦʝ ʢʘʪʫʰʢʘʤʠ ɻʝʣʴʤʛʦʣʴʮʘ, ʩʦʩʪʘʚʠʣʦ 80 ɸ/ʤ. ʇʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʘ ʤʝʥʷʣʦʩʴ ʦʪ 0 ʜʦ 48 ʢɸ/ʤ. ɺʝʢʪʦʨ ʧʦʣʷʨʠʟʘʮʠʠ ʦʙʨʘʟʮʘ ʙʳʣ 
ʧʝʨʧʝʥʜʠʢʫʣʷʨʝʥ ʤʘʛʥʠʪʥʳʤ ʧʦʣʷʤ. 

ʄʕ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦ ʥʘʧʨʷʞʝʥʠʶ (U) ʦʧʨʝʜʝʣʷʣʠ ʠʩʭʦʜʷ ʠʟ ʪʦʣʱʠʥʳ ʦʙʨʘʟʮʘ 
(h), ʚʝʣʠʯʠʥʳ ʥʘʧʨʷʞʝʥʠʷ (dV) ʠ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (dH): 

 
U = dV/(hĿdH). 

 
ʉ ʫʯʝʪʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʙʳʣ ʨʘʩʩʯʠʪʘʥ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦ 

ʧʦʣʷʨʠʟʘʮʠʠ: 

G = 4p(dP/dH) 
 
ʇʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦ ʥʘʧʨʷʞʝʥʠʶ ʜʣʷ ʦʙʨʘʟʮʘ 

Ni-PZT851-Ni, ʜʝʤʦʥʩʪʨʠʨʫʶʱʝʛʦ ʤʘʢʩʠʤʘʣʴʥʳʡ ʄʕ ʵʬʬʝʢʪ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ.1. 
ɼʣʷ ʵʪʦʡ ʩʪʨʫʢʪʫʨʳ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʠʥʠʤʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 1,4 ɺ/ɸ ʧʨʠ 
ʚʝʣʠʯʠʥʝ ʧʦʜʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ (Hm) ʨʘʚʥʦʤ 6,4 ʢɸ/ʤ. ɺ ʩʣʫʯʘʝ ʜʚʫʭʩʣʦʡʥʦʡ 
ʩʪʨʫʢʪʫʨʳ ʚʝʣʠʯʠʥʘ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʦʩʪʘʚʣʷʝʪ 0,62 ɺ/ɸ ʧʨʠ ʧʦʜʤʘʛʥʠʯʠʚʘʶʱʝʤ 
ʧʦʣʝ 3,2 ʢɸ/ʤ. ɼʣʷ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʧʝʨʤʝʥʜʶʨʘ ʵʪʠ ʧʘʨʘʤʝʪʨʳ ʩʦʩʪʘʚʠʣʠ 
1,32 ɺ/ɸ, 10,4 ʢɸ/ʤ ʜʣʷ ʪʨʝʭʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʳ ʈ-PZT851-ʈ ʠ 0,58 ɺ/ɸ, 4,8 ʢɸ/ʤ ʜʣʷ 
ʜʚʫʭʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʳ PZT851-ʈ. ʄʕ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦ ʧʦʣʷʨʠʟʘʮʠʠ ʜʣʷ ʩʪʨʫʢʪʫʨʳ Ni-
PZT851-Ni ʨʘʚʝʥ 6,7.ɺ ʩʠʩʪʝʤʝ ɻʘʫʩʩʘ ʵʪʘ ʚʝʣʠʯʠʥʘ ʙʝʟʨʘʟʤʝʨʥʘʷ. 

ɺʩʝʤ ʵʪʠʤ ʩʪʨʫʢʪʫʨʘʤ ʩʚʦʡʩʪʚʝʥʥʘ ʦʜʥʘ ʯʝʨʪʘ. ʆʥʠ ʠʤʝʶʪ ʪʠʧʠʯʥʫʶ ʧʦʣʝʚʫʶ 
ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ ʵʬʬʝʢʪʘ (ʈʠʩ.1). ɼʣʷ ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʘ Ni-PZT851-ʈ ʧʦʣʝʚʘʷ 
ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ ʵʬʬʝʢʪʘ ʠʤʝʝʪ ʘʥʦʤʘʣʴʥʳʡ ʭʦʜ (ʈʠʩ.2). ʉ ʫʤʝʥʴʰʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʷ ʦʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʜʦ ʥʫʣʷ ʩʠʛʥʘʣ ʨʘʩʪʝʪ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʫʤʘ 
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ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʥʦʣʴ ʠ ʧʨʠʦʙʨʝʪʘʝʪ ʥʝʢʦʪʦʨʦʝ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 
ʧʨʠ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʝʪʣʷ ʛʠʩʪʝʨʝʟʠʩʘ ʠʤʝʝʪ ʦʙʨʘʪʥʳʡ ʭʦʜ. 
ʂʨʦʤʝ ʪʦʛʦ, ʰʠʨʠʥʘ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʩʦʩʪʘʚʠʣʘ 4,3 ʢɸ/ʤ, ʯʪʦ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʙʦʣʴʰʝ 
ʘʥʘʣʦʛʠʯʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʜʣʷ ʜʨʫʛʠʭ ʦʙʨʘʟʮʦʚ. ɺʝʣʠʯʠʥʘ ʄʕ ʩʠʛʥʘʣʘ ʦʢʘʟʘʣʘʩʴ ʚ 2 
ʨʘʟʘ ʤʝʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʪʨʝʭʩʣʦʡʥʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ. ʇʨʦʘʥʘʣʠʟʠʨʫʝʤ 
ʧʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ. ʇʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ ʵʬʬʝʢʪʘ ʦʪʨʘʞʘʝʪ ʧʦʚʝʜʝʥʠʝ 
ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. ɺ ʪʨʝʭʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨʘʭ Ni-PZT851-Ni ʠ ʈ-
PZT851-ʈ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʠʛʥʘʣʘ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʧʨʦʮʝʩʩʘ ʩʞʘʪʠʝ-ʨʘʩʪʷʞʝʥʠʝ. 
ɼʣʷ ʜʚʫʭʩʣʦʡʥʳʭ ʦʙʨʘʟʮʦʚ Ni-PZT851 ʠ ʈ-PZT851 ʥʘʨʷʜʫ ʩ ʵʪʠʤ ʤʝʭʘʥʠʟʤʦʤ ʚ 
ʦʙʨʘʟʦʚʘʥʠʠ ʩʠʛʥʘʣʘ ʫʯʘʩʪʚʫʝʪ ʪʘʢʞʝ ʠʟʛʠʙ ʦʙʨʘʟʮʘ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ 
ʥʝʩʠʤʤʝʪʨʠʯʥʦʩʪʴʶ ʩʪʨʫʢʪʫʨʳ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠʩʭʦʜʷ ʠʟ ʜʘʥʥʳʭ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦ 
ʥʘʧʨʷʞʝʥʠʶ ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʦʩʥʦʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʠʛʥʘʣʘ 
ʜʚʫʭʩʣʦʡʥʳʭ ʦʙʨʘʟʮʦʚ ʷʚʣʷʝʪʩʷ ʩʞʘʪʠʝ-ʨʘʩʪʷʞʝʥʠʝ. ɻʣʘʚʥʦʡ ʦʪʣʠʯʠʪʝʣʴʥʦʡ 
ʦʩʦʙʝʥʥʦʩʪʴʶ ʩʪʨʫʢʪʫʨʳ ʈ-PZT851-Ni ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʭ 
ʤʘʪʝʨʠʘʣʦʚ ʨʘʟʣʠʯʥʳʭ ʟʥʘʢʦʚ. ʇʝʨʤʝʥʜʶʨ ʠʤʝʝʪ ʧʦʣʦʞʠʪʝʣʴʥʫʶ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʶ, 
ʥʠʢʝʣʴ ï ʦʪʨʠʮʘʪʝʣʴʥʫʶ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʩʥʦʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʄʕ 
ʩʠʛʥʘʣʘ ʷʚʣʷʝʪʩʷ ʠʟʛʠʙ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʠʤʝʥʥʦ ʵʪʘ ʦʩʦʙʝʥʥʦʩʪʴ ʧʨʠʚʦʜʠʪ ʢ 
ʦʙʨʘʟʦʚʘʥʠʶ ʘʥʦʤʘʣʴʥʦʡ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚ ʩʪʨʫʢʪʫʨʝ ʈ-
PZT851-Ni. 
 

  
ʈʠʩʫʥʦʢ 1 ï ʇʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦ ʥʘʧʨʷʞʝʥʠʶ ʜʣʷ ʩʪʨʫʢʪʫʨʳ 
Ni-PZT851-Ni. 

ʈʠʩʫʥʦʢ 2 ï ʇʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʄʕ 
ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦ ʥʘʧʨʷʞʝʥʠʶ ʜʣʷ ʩʪʨʫʢʪʫʨʳ 

Ni-PZT851-P. 
 

ʇʦʣʫʯʝʥʳ ʩʣʦʠʩʪʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʧʝʨʤʝʥʜʶʨʘ, ʥʠʢʝʣʷ ʠ PZT851. ʄʕ 
ʢʦʵʬʬʠʮʠʝʥʪ ʧʦ ʥʘʧʨʷʞʝʥʠʶ ʚ ʪʨʝʭʩʣʦʡʥʳʭ ʦʙʨʘʟʮʘʭ Ni-PZT851-Ni ʠ ʈ-PZT851-ʈ ʚ 2,3 
ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ ʝʛʦ ʟʥʘʯʝʥʠʝ ʜʣʷ ʜʚʫʭʩʣʦʡʥʳʭ ʦʙʨʘʟʮʦʚ Ni-PZT851 ʠ ʈ-PZT851. 
ɺʝʣʠʯʠʥʘ ʧʦʜʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʧʦʣʷ ʧʨʠ ʧʝʨʝʭʦʜʝ ʦʪ ʪʨʝʭʩʣʦʡʥʳʭ ʦʙʨʘʟʮʦʚ ʢ 
ʜʚʫʭʩʣʦʡʥʳʤ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʜʚʘ ʨʘʟʘ. ɼʣʷ ʩʪʨʫʢʪʫʨʳ ʈ-PZT851-Ni ʥʘʙʣʶʜʘʝʪʩʷ 
ʘʥʦʤʘʣʴʥʦʝ ʧʦʚʝʜʝʥʠʝ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʄʕ ʵʬʬʝʢʪʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʥʘʣʠʯʠʝʤ 
ʠʟʛʠʙʥʳʭ ʢʦʣʝʙʘʥʠʡ. ʄʘʢʩʠʤʘʣʴʥʳʝ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʦ ʥʘʧʨʷʞʝʥʠʶ ʠ ʧʦ 
ʧʦʣʷʨʠʟʘʮʠʠ ʧʦʣʫʯʝʥʳ ʜʣʷ ʩʪʨʫʢʪʫʨʳ Ni-PZT851-Ni ʠ ʩʦʩʪʘʚʠʣʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 
1,4 ɺ/ɸ ʠ 6,7. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ɹʈʌʌʀ (ˉʌ23ʄʕ-
009). 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʪʠʪʘʥʘʪ ʙʘʨʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʪʝʭʥʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ. ʇʦʩʢʦʣʴʢʫ ʝʛʦ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʪ ʦʪ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ, ʪʦ 
ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʤʦʜʠʬʠʮʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ ʥʘ ʝʛʦ ʩʚʦʡʩʪʚʘ. ɺ 
ʢʘʯʝʩʪʚʝ ʪʘʢʦʡ ʜʦʙʘʚʢʠ ʥʘʤʠ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʬʝʨʨʠʪʳ ʥʠʢʝʣʷ ʠ ʮʠʥʢʘ. ɺʳʙʦʨ ʙʳʣ 
ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ ʠ ʬʝʨʨʠʪʦʚ ʥʠʢʝʣʷ, ʮʠʥʢʘ ʠʤʝʝʪ 
ʵʚʪʝʢʪʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʜʦʙʘʚʦʢ 
ʚʳʰʝ ʥʘʟʚʘʥʥʳʭ ʬʝʨʨʠʪʦʚ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʥʘ ʧʣʦʪʥʦʩʪʴ ʢʝʨʘʤʠʢʠ ʪʠʪʘʥʘʪʘ 
ʙʘʨʠʷ. 

ʊʠʪʘʥʘʪ ʙʘʨʠʷ, ʣʝʛʠʨʦʚʘʥʥʳʡ ʬʝʨʨʠʪʘʤʠ, ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ ʩʧʝʢʘʥʠʷ ʩʤʝʩʝʡ 
ʦʜʥʦʬʘʟʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʉ ʵʪʦʡ ʮʝʣʴʶ ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʧʦʨʦʰʢʦʚʳʝ ʩʤʝʩʠ 6 
ʩʦʩʪʘʚʦʚ ʩʦ ʩʣʝʜʫʶʱʠʤ ʤʦʣʷʨʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʬʝʨʨʠʪʘ: 0%, 0,05%, 0,1%, 0,15%, 
0,2%, 0,3%. ɺ ʢʘʯʝʩʪʚʝ ʤʘʛʥʠʪʥʦʡ ʬʘʟʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʬʝʨʨʠʪʳ ʥʠʢʝʣʷ NiFe2O4, 
ʮʠʥʢʘ ZnFe2O4 ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʠʟ ʦʢʠʩʠ ʥʠʢʝʣʷ (NiO), ʦʢʠʩʠ ʮʠʥʢʘ (ZnO) ʠ ʦʢʠʩʠ 
ʞʝʣʝʟʘ (Fe2O3) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100ʉ̄. ɺ ʢʘʯʝʩʪʚʝ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʘ ï ʪʠʪʘʥʘʪ ʙʘʨʠʷ 
BaTiO3, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʠʟ ʦʢʠʩʠ ʪʠʪʘʥʘ (TiO2) ʠ ʢʘʨʙʦʥʘʪʘ ʙʘʨʠʷ (BaCO3) ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʝ 1150 ʉ̄. ʆʙʨʘʟʮʳ ʩʧʝʢʘʣʠ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1220, 1240, 1260, 
1280 ʠ 1300ʉ̄. 

ʅʘ ʈʠʩ. 1, 2 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʚʣʠʷʥʠʷ ʩʦʩʪʘʚʘ ʢʝʨʘʤʠʢʠ ʥʘ ʧʣʦʪʥʦʩʪʴ 

ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʧʝʢʘʥʠʷ 1220, 1260 ʠ 1300 ʉ̄. ʍʘʨʘʢʪʝʨʥʦʡ 
ʦʩʦʙʝʥʥʦʩʪʴʶ ʢʨʠʚʳʭ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʩʢʘʯʢʘ ʧʣʦʪʥʦʩʪʠ, ʢʦʛʜʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 
ʩʦʜʝʨʞʘʥʠʷ ʬʝʨʨʠʪʘ ʧʣʦʪʥʦʩʪʴ ʩʥʘʯʘʣʘ ʨʘʩʪʝʪ, ʘ ʟʘʪʝʤ ʨʝʟʢʦ ʧʘʜʘʝʪ. ʇʨʠʯʝʤ, ʝʩʣʠ 

ʜʣʷ ʢʨʠʚʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ 1220ʉ̄ ʧʣʦʪʥʦʩʪʴ ʧʘʜʘʝʪ ʧʨʠ 
ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʨʠʪʘ ʩʚʳʰʝ 0,05 ʤʘʩʩ.%, ʪʦ ʜʣʷ ʢʨʠʚʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ 1300ʉ̄ ʧʘʜʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 
ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ ʩʚʳʰʝ 0,1 ʤʦʣ.% ʘ ʜʣʷ ʬʝʨʨʠʪʘ ʮʠʥʢʘ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʳʰʝ 
0,15 ʤʦʣ.%. ʊʘʢʘʷ ʘʥʦʤʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʢʝʨʘʤʠʢʠ ʦʪ ʜʦʙʘʚʢʠ ʬʝʨʨʠʪʘ 
ʫʢʘʟʳʚʘʝʪ ʥʘ ʵʚʪʝʢʪʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ ʠ ʬʝʨʨʠʪʘ 
ʥʠʢʝʣʷ. ʇʦʚʳʰʝʥʥʘʷ ʨʝʘʢʮʠʦʥʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʩʤʝʩʠ, ʚ ʦʙʣʘʩʪʠ ʥʝʙʦʣʴʰʠʭ ʜʦʙʘʚʦʢ 
ʬʝʨʨʠʪʘ (0,05õ0,1 ʤʘʩʩ.%), ʧʦ-ʚʠʜʠʤʦʤʫ, ʦʙʫʩʣʦʚʣʝʥʘ ʫʚʝʣʠʯʝʥʠʝʤ ʩʢʦʨʦʩʪʠ 
ʜʠʬʬʫʟʠʠ ʟʘ ʩʯʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚʥʫʪʨʝʥʥʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʨʠ ʨʘʟʨʳʚʝ ʢʨʠʩʪʘʣʣʠʪʦʚ, 
ʚʩʣʝʜʩʪʚʠʝ ʩʦʟʜʘʚʘʝʤʳʭ ʥʦʚʦʡ ʬʘʟʦʡ ʥʘʧʨʷʞʝʥʠʡ [1]. ʆʙʨʘʟʦʚʘʥʠʝ ʥʦʚʳʭ 
ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʨʠʚʦʜʠʪ ʢ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʶ ʘʢʪʠʚʘʪʦʨʘ ʩʧʝʢʘʥʠʷ ʥʘ ʘʪʦʤʥʦʤ ʫʨʦʚʥʝ. 
ʇʨʠ ʵʪʦʤ ʚʝʨʭʥʷʷ ʛʨʘʥʠʮʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʢʪʠʚʘʪʦʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʪʝʧʝʥʴʶ 
ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʜʦʙʘʚʢʠ ʚ ʦʩʥʦʚʥʦʡ ʢʦʤʧʦʥʝʥʪʝ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ 
ʢʝʨʘʤʠʢʠ ʩʪʝʧʝʥʴ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʨʘʩʪʝʪ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʩʤʝʱʝʥʠʝ 
ʤʘʢʩʠʤʫʤʘ ʧʣʦʪʥʦʩʪʠ ʚ ʦʙʣʘʩʪʴ ʫʚʝʣʠʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʝʨʨʠʪʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ 
ʧʨʦʮʝʩʩʝ ʵʚʪʝʢʪʠʯʝʩʢʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʠʤʝʝʪ ʤʝʩʪʦ ʩʫʤʤʘʨʥʳʡ ʵʬʬʝʢʪ ʪʚʝʨʜʦʬʘʟʥʦʡ 
ʠ ʵʚʪʝʢʪʠʯʝʩʢʦʡ ʞʠʜʢʦʬʘʟʥʦʡ ʘʢʪʠʚʘʮʠʠ, ʧʨʠʚʦʜʷʱʝʡ ʢ ʨʝʟʢʦʤʫ ʫʩʠʣʝʥʠʶ 
ʩʧʝʢʘʝʤʦʩʪʠ ʜʠʩʧʝʨʩʥʦʡ ʩʠʩʪʝʤʳ [2]. ʂʦʛʜʘ ʞʝ ʢʦʥʮʝʥʪʨʘʮʠʷ ʜʦʙʘʚʢʠ ʧʨʝʚʳʰʘʝʪ ʝʝ 
ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚ ʦʩʥʦʚʥʦʡ ʢʦʤʧʦʥʝʥʪʝ ï ʦʙʨʘʟʫʝʪʩʷ ʚʪʦʨʘʷ ʬʘʟʘ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ 
ʨʘʟʨʳʭʣʝʥʠʶ ʩʪʨʫʢʪʫʨʳ ʠ ʨʝʟʢʦʤʫ ʩʥʠʞʝʥʠʶ ʧʣʦʪʥʦʩʪʠ. 

ʈʘʩʩʤʦʪʨʠʤ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʥʘ ʧʣʦʪʥʦʩʪʴ 
ʧʦʣʫʯʝʥʥʦʡ ʢʝʨʘʤʠʢʠ (ʈʠʩ. 3, 4). ʇʣʦʪʥʦʩʪʴ ʯʠʩʪʦʛʦ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 
ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʨʘʩʪʝʪ ʦʪ 4,75 ʛ/ʩʤ3 (1220 ʉ̄) ʜʦ 5,03 ʛ/ʩʤ3 (1300 ʉ̄). ʇʣʦʪʥʦʩʪʴ 
ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ, ʣʝʛʠʨʦʚʘʥʥʦʛʦ 0,05 ʤʦʣ.% ʬʝʨʨʠʪʘ ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʠʥʪʝʨʚʘʣʝ 
ʪʝʤʧʝʨʘʪʫʨ ʩʧʝʢʘʥʠʷ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʠ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʤʝʨʥʦ 5,5 ʛ/ʩʤ3 ʜʣʷ 
ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ ʠ 5,4 ʛ/ʩʤ3 ʜʣʷ ʬʝʨʨʠʪʘ ʮʠʥʢʘ. ʇʨʠ ʚʝʣʠʯʠʥʝ ʜʦʙʘʚʢʠ ʨʘʚʥʦʡ 
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0,1 ʤʦʣ.% ʜʣʷ ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ ʥʘʙʣʶʜʘʝʪʩʷ ʩʢʘʯʦʢ ʧʣʦʪʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 
ʩʧʝʢʘʥʠʷ 1240ʉ̄ - 1260 ʉ̄, ʚʳʟʚʘʥʥʳʡ ʧʝʨʝʭʦʜʦʤ ʩʪʨʫʢʪʫʨʳ ʠʟ ʜʚʫʭʬʘʟʥʦʡ ʚ 
ʦʜʥʦʬʘʟʥʫʶ ʠ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ ʩʧʝʢʘʥʠʷ. ɼʣʷ ʬʝʨʨʠʪʘ ʮʠʥʢʘ ʵʪʦʪ ʧʝʨʝʭʦʜ 
ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʩʣʫʯʘʝ ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ. ɼʦʙʘʚʢʘ ʨʘʚʥʘʷ 0,15 ʤʦʣ.% 
ʥʝ ʘʢʪʠʚʠʨʫʝʪ ʧʨʦʮʝʩʩ ʩʧʝʢʘʥʠʷ ʚ ʩʣʫʯʘʝ ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ ʠ ʚ ʪʦʞʝ ʚʨʝʤʷ 
ʠʥʪʝʥʩʠʬʠʮʠʨʫʝʪ ʝʛʦ ʚ ʩʣʫʯʘʝ ʬʝʨʨʠʪʘ ʮʠʥʢʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1300ʉ̄. ʀʩʭʦʜʷ ʠʟ 
ʵʪʦʛʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʬʝʨʨʠʪ ʮʠʥʢʘ ʢʘʢ ʘʢʪʠʚʘʪʦʨ ʩʧʝʢʘʥʠʷ ʜʣʷ ʪʠʪʘʥʘʪʘ 
ʙʘʨʠʷ ʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʝʥ ʯʝʤ ʬʝʨʨʠʪ ʥʠʢʝʣʷ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʥʘʯʝʥʠʝ 
ʧʣʦʪʥʦʩʪʠ 5,5 ʛ/ʩʤ3 ʜʣʷ ʢʝʨʘʤʠʢʠ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʪʦʣʴʢʦ ʩʧʝʢʘʥʠʝʤ 
ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~1360 ʉ̄ [3]. 

 

  
ʈʠʩʫʥʦʢ 1 ï ɿʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʢʝʨʘʤʠʢʠ 
ʦʪ ʜʦʙʘʚʢʠ ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ, ʧʦʣʫʯʝʥʥʦʡ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʧʝʢʘʥʠʷ: 1 ï 1220 ʉ̄, 2 ï 

1260 ʉ̄, 3 ï 1300 ʉ̄. 

ʈʠʩʫʥʦʢ 2 ï ɿʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʢʝʨʘʤʠʢʠ 
ʦʪ ʜʦʙʘʚʢʠ ʬʝʨʨʠʪʘ ʮʠʥʢʘ, ʧʦʣʫʯʝʥʥʦʡ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʧʝʢʘʥʠʷ: 1 ï 1220 ʉ̄, 2 ï 

1260 ʉ̄, 3 ï 1300 ʉ̄. 
 

  
ʈʠʩʫʥʦʢ 3 ï ɿʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʢʝʨʘʤʠʢʠ 
ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ, ʧʨʠ ʜʦʙʘʚʢʠ 

ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ: 1 ï 0 ʤʦʣ.%, 2 ï 0,05 ʤʦʣ.%, 
3 ï 0,1 ʤʦʣ.%, 4 ï 0,15 ʤʦʣ.%, 5 ï 0,2 ʤʦʣ.%, 6 

ï 0,3 ʤʦʣ.%. 

ʈʠʩʫʥʦʢ 4 ï ɿʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʢʝʨʘʤʠʢʠ 
ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ, ʧʨʠ ʜʦʙʘʚʢʠ 

ʬʝʨʨʠʪʘ ʮʠʥʢʘ: 1 ï 0 ʤʦʣ.%, 2 ï 0,05 ʤʦʣ.%, 3 
ï 0,1 ʤʦʣ.%, 4 ï 0,15 ʤʦʣ.%, 5 ï 0,2 ʤʦʣ.%, 6 ï 

0,3 ʤʦʣ.%. 
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1ʀʥʩʪʠʪʫʪ ʪʝʭʥʠʯʝʩʢʦʡ ʘʢʫʩʪʠʢʠ ʅʘʮʠʦʥʘʣʴʥʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ ɹʝʣʘʨʫʩʠ, ɺʠʪʝʙʩʢ 

prazbaev@bk.ru 
2ʀʥʩʪʠʪʫʪ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ɸʢʘʜʝʤʠʠ ʥʘʫʢ ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ, ʊʘʰʢʝʥʪ 
3ʅʘʚʦʠʡʩʢʠʡ ʬʠʣʠʘʣ ɸʢʘʜʝʤʠʠ ʥʘʫʢ ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ,  ʅʘʚʦʠ 

 
ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʤʧʦʟʠʪʳ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʩʝʛʦʜʥʷ 

ʧʦʣʴʟʫʶʪʩʷ ʦʩʦʙʦʡ ʧʦʧʫʣʷʨʥʦʩʪʴʶ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʝʞʝʛʦʜʥʦ 
ʫʚʝʣʠʯʠʚʘʶʱʝʝʩʷ ʢʦʣʠʯʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʵʪʦʡ ʪʝʤʝ. ʂʘʢ ʠ ʙʦʣʴʰʠʥʩʪʚʦ 
ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, ʤʳ ʩʪʨʝʤʠʤʩʷ ʧʦʚʳʩʠʪʴ ʄʕ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ ʟʘ ʩʯʝʪ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʤʠ ʠ 
ʧʴʝʟʦʩʪʨʠʢʮʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʧʫʪʝʤ ʩʦʟʜʘʥʠʷ ʩʣʦʠʩʪʳʭ ʩʪʨʫʢʪʫʨ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʤ 
ʭʦʪʝʣʦʩʴ ʙʳ ʜʦʙʠʪʴʩʷ ʧʨʦʷʚʣʝʥʠʷ ʄʕ ʩʚʦʡʩʪʚ ʚ ʤʘʣʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ. ɼʣʷ ʵʪʦʡ 
ʮʝʣʠ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʩʧʣʘʚʦʚ. ʆʥʠ 
ʧʦʟʚʦʣʷʶʪ ʜʦʙʠʪʴʩʷ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʚ ʥʠʟʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ, ʧʦ 
ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤʠ ʤʝʪʘʣʣʘʤʠ. ʊʘʢ, ʩʧʣʘʚ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʥʠʢʝʣʷ ʩʚʳʰʝ 80% ʠ 

ʢʦʙʘʣʴʪʘ ʦʙʣʘʜʘʝʪ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ -25 ï -27Ö10 -6 (ʫ ʥʠʢʝʣʷ -30 ï -34Ö10-6) ʚ ʧʦʣʝ 
ʅʩ=0,2 ʕ (ʫ ʥʠʢʝʣʷ 0,8 ʕ).  

ʅʘ ʦʩʘʞʜʝʥʠʝ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʦʢʘʟʳʚʘʝʪ ʚʳʙʦʨ 
ʧʦʜʣʦʞʢʠ ʠ ʨʝʞʠʤʳ ʥʘʥʝʩʝʥʠʷ ʧʦʢʨʳʪʠʡ. ʇʨʠ ʵʪʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʥʝʰʥʝʛʦ 
ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʥʘ ʫʚʝʣʠʯʝʥʠʝ 
ʩʢʦʨʦʩʪʠ ʦʩʘʞʜʝʥʠʷ ʠ ʫʣʫʯʰʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʧʦʢʨʳʪʠʡ. ʊʘʢʠʝ ʠʟʤʝʥʝʥʠʷ 
ʥʘʙʣʶʜʘʣʠʩʴ ʚ ʥʝʢʦʪʦʨʳʭ ʚʠʜʘʭ ʩʧʣʘʚʦʚ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ. ʅʘʙʣʶʜʘʝʤʳʝ 
ʠʟʤʝʥʝʥʠʷ ʟʘʚʠʩʷʪ ʦʪ ʩʦʩʪʘʚʘ ʧʦʣʫʯʘʝʤʦʛʦ ʧʦʢʨʳʪʠʷ. ɺ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʘʭ 
ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʤʘʛʥʠʪʥʳʝ ʠ ʩʪʨʫʢʪʫʨʥʳʝ ʩʚʦʡʩʪʚʘ ʩʧʣʘʚʘ 
ʥʝʦʙʭʦʜʠʤʦʛʦ ʥʘʤ ʩʦʩʪʘʚʘ ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ. 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʧʨʦʚʝʣʠ ʧʦʜʙʦʨ ʩʦʩʪʘʚʘ ʨʘʩʪʚʦʨʘ, ʨʝʞʠʤʦʚ 
ʦʩʘʞʜʝʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ ʧʦʢʨʳʪʠʡ. ʀʟ ʚʩʝʭ 
ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘʠʙʦʣʝʝ ʢʘʯʝʩʪʚʝʥʥʳʝ ʧʦʢʨʳʪʠʷ ʩ ʧʣʘʥʠʨʫʝʤʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʢʦʙʘʣʴʪʘ ʚʳʰʝ 80% ʧʦʣʫʯʝʥʳ ʠʟ ʵʣʝʢʪʨʦʣʠʪʘ ʩʦʩʪʘʚʘ: NiSO4Ö7H2O ï 

140 ʛ/ʣ; ʉʦSO4Ö7H2O ï 120 ʛ/ʣ; H3BO3 ï 30 ʛ/ʣ; KCl ï 15 ʛ/ʣ. ʇʣʝʥʢʠ ʦʩʘʞʜʘʣʠʩʴ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʵʣʝʢʪʨʦʣʠʪʘ 40ʉ̄ ʠ ʪʦʢʝ 0.5 A/ʜʤ2. ʇʨʦʮʝʩʩ ʧʨʦʚʦʜʠʣʠ ʚʦ ʚʥʝʰʥʝʤ 
ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 500 ʕ, ʩʦʟʜʘʚʘʝʤʦʤ ʢʘʪʫʰʢʦʡ, ʧʨʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ HelъP ʠ 

ʩʦʥʘʧʨʘʚʣʝʥʥʦʡ HelṶP ʦʨʠʝʥʪʘʮʠʠ ʧʦʣʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ, ʘ ʪʘʢʞʝ ʙʝʟ ʧʦʣʷ. 
ʆʩʘʞʜʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʤʝʜʥʦʡ ʧʦʜʣʦʞʢʝ. ʊʦʣʱʠʥʘ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʧʣʝʥʦʢ 
ʩʦʩʪʘʚʣʷʣʘ 50 ʤʢʤ. 

ʇʦʣʫʯʠʪʴ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤ ʦʩʘʞʜʝʥʠʝʤ ʩʧʣʘʚʘ 
ʥʘ ʢʝʨʘʤʠʢʫ ʦʢʘʟʘʣʦʩʴ ʥʝʚʦʟʤʦʞʥʳʤ. ʇʦʢʨʳʪʠʝ ʦʪʩʣʘʠʚʘʣʦʩʴ ʧʨʠ ʪʦʣʱʠʥʝ ʫʞʝ ʚ 
ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʥ. ʇʦʵʪʦʤʫ ʦʙʨʘʟʮʳ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʧʫʪʝʤ ʢʣʝʝʚʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 
ʩʧʣʘʚʘ ʠ ʢʝʨʘʤʠʢʠ PZT 850. ʂʝʨʘʤʠʢʘ ʠʤʝʣʘ ʪʦʣʱʠʥʫ 300 ʤʢʤ ʠ ʜʠʘʤʝʪʨ 8,8 ʤʤ, 

ʵʣʝʢʪʨʦʜʳ ʥʠʢʝʣʷ, ʧʦʣʫʯʝʥʥʳʝ ʭʠʤʠʯʝʩʢʦʡ ʤʝʪʘʣʣʠʟʘʮʠʝʡ, ʠ ʧʦʣʷʨʠʟʦʚʘʥʘ ʧʨʠ 105ʉ̄ 
ʚ ʧʦʣʝ 1 ʢɺ/ʤʤ. ʊʦʣʱʠʥʘ ʢʣʝʝʚʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʣʷʣʘ 5-6 ʤʢʤ. ʈʝʟʫʣʴʪʘʪʳ 
ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1. 
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ʈʠʩʫʥʦʢ 1 ï ʇʦʣʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦ ʥʘʧʨʷʞʝʥʠʶ 
ʢʦʤʧʦʟʠʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʙʝʟ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʧʨʦʜʦʣʴʥʦʡ ʠ ʧʦʧʝʨʝʯʥʦʡ ʦʨʠʝʥʪʘʮʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʢ ʧʦʣʷʨʠʟʘʮʠʠ. 

ɼʣʷ ʢʦʤʧʦʟʠʪʦʚ NiCo/PZT/NiCo, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 
ʚʝʣʠʯʠʥʘ ʄʕ ʵʬʬʝʢʪʘ ʦʢʘʟʘʣʘʩʴ ʥʘ ʧʦʨʷʜʦʢ ʥʠʞʝ ʧʨʠʚʝʜʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ ʟʥʘʯʝʥʠʡ, 
ʠ ʥʝ ʧʨʝʚʳʰʘʣʘ 1 ʤɺ/ɸ. ʇʦʣʝʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʤʝʶʪ ʚʠʜ, ʪʠʧʠʯʥʳʡ ʜʣʷ ʩʣʦʠʩʪʳʭ 
ʢʦʤʧʦʟʠʪʦʚ. ʇʦʧʝʨʝʯʥʳʡ ʵʬʬʝʢʪ ʚʳʰʝ ʧʨʦʜʦʣʴʥʦʛʦ, ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʤʝʥʴʰʠʭ 
ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ. ɼʣʷ ʢʦʤʧʦʟʠʪʦʚ ʩ ʧʦʢʨʳʪʠʝʤ ʥʠʢʝʣʷ ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʙʳʯʥʦ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʧʦʣʝ 6-7 ʢɸ/ʤ. ɺ ʩʣʫʯʘʝ 
ʩʧʣʘʚʘ NiCo ʤʘʢʩʠʤʫʤ ʧʦʧʝʨʝʯʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ, ʜʝʡʩʪʚʠʪʝʣʴʥʦ, ʩʤʝʩʪʠʣʩʷ ʚ 
ʦʙʣʘʩʪʴ ʤʝʥʴʰʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʠ ʥʘʙʣʶʜʘʣʩʷ ʧʨʠ 4 ʢɸ/ʤ.  

ʀʩʩʣʝʜʦʚʘʥʠʷ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʫʜʝʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ 

ʧʣʝʥʦʢ ʧʨʠ 300K̄ ʧʨʦʚʝʜʝʥʳ ʚ ʨʘʟʣʠʯʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ 
ʧʨʝʜʩʪʘʚʣʝʥʥʳ ʚ ʪʘʙʣʠʮʝ. 

 
ʊʘʙʣʠʮʘ ï ʄʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʧʣʘʚʘ. 
 ʙʝʟ ʧʦʣʷ HelṶP HelъP 

H¬¬P ů, ɸĀʤĀʢʛ-1 43,291  48,3719  28,11 

 1/ɢ 1,207  1,08  1,858 

H¬­P ů, ɸĀʤĀʢʛ
-1 43,208  48,5739  27,999 

 1/ɢ 1,209  1,075  1,866 

 
ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʧʣʝʥʦʢ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʦʩʘʞʜʝʥʥʦʛʦ ʙʝʟ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʠʢʝʣʷ ʧʦʢʘʟʘʣʠ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʫʜʝʣʴʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 44,8 ɸĀʤĀʢʛ-1 ʠ 1,02 (P¬¬H) ʠ 45,32 ɸĀʤĀʢʛ-1 ʠ 

1 01 (P¬­H). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʜʝʣʴʥʘʷ ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ʩʧʣʘʚʘ ʚʳʰʝ 
ʯʠʩʪʦʛʦ ʥʠʢʝʣʷ ʥʘ 20% ʜʣʷ ʧʣʝʥʦʢ, ʧʦʣʫʯʝʥʥʳʭ ʙʝʟ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʠ ʜʦ 80% ʜʣʷ 
ʧʣʝʥʦʢ, ʦʩʘʞʜʝʥʥʳʭ ʚ ʩʦʥʘʧʨʘʚʣʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 
ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʧʨʠ ʦʩʘʞʜʝʥʠʠ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʫʜʝʣʴʥʫʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʩʧʣʘʚʘ 
ʧʦʯʪʠ ʚ 2 ʨʘʟʘ, ʝʩʣʠ ʚʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʩʦʥʘʧʨʘʚʣʝʥʦ ʧʦʣʷʨʠʟʘʮʠʠ, ʯʪʦ 
ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʫʯʝʥʥʳʭ 
ʢʦʤʧʦʟʠʪʦʚ. 
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ʄɸɻʅʀʊʆʕʃɽʂʊʈʀʏɽʉʂʀʁ ʕʌʌɽʂʊ ɺ ʂʆʄʇʆɿʀʎʀʆʅʅʆʁ ʂɽʈɸʄʀʂɽ 
Ba1-ʭCaʭTiO3 ï NiFe1,9Co0,02O4 

 
ʃʘʣʝʪʠʥ ɺ.ʄ.1, ʇʦʜʜʫʙʥʘʷ ʅ.ʅ.1, ʂʫʜʳʙʠʥ ʄ.ɺ.1, ʉʘʧʝʣʴʥʠʢʦʚ ʉ.ʆ.2 

1ʀʥʩʪʠʪʫʪ ʪʝʭʥʠʯʝʩʢʦʡ ʘʢʫʩʪʠʢʠ ʅɸʅ ɹʝʣʘʨʫʩʠ, ʛ. ɺʠʪʝʙʩʢ, ɹʝʣʘʨʫʩʴ 
vader@inbox.ru 

2ʅʦʚʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʗʨʦʩʣʘʚʘ ʄʫʜʨʦʛʦ, 
ɺʝʣʠʢʠʡ ʅʦʚʛʦʨʦʜ, ʈʦʩʩʠʷ 

 
ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʧʴʝʟʦʵʣʝʢʪʨʠʢʦʚ ʧʨʠ 

ʠʟʛʦʪʦʚʣʝʥʠʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʧʴʝʟʦʢʝʨʘʤʠʢʘ ʥʘ ʦʩʥʦʚʝ 
ʮʠʨʢʦʥʘʪʘ - ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ (ʎʊʉ), ʢʦʪʦʨʘʷ ʠʤʝʝʪ ʚʳʩʦʢʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠ 
ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʆʜʥʘʢʦ, ʵʢʦʣʦʛʠʯʝʩʢʘʷ ʥʘʧʨʘʚʣʝʥʥʦʩʪʴ 
ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʚʳʩʦʢʘʷ ʪʦʢʩʠʯʥʦʩʪʴ ʩʚʠʥʮʘ ʠ ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴ 
ʥʘʢʘʧʣʠʚʘʪʴʩʷ ʚ ʦʨʛʘʥʠʟʤʝ ʯʝʣʦʚʝʢʘ, ʥʘʣʘʛʘʶʪ ʪʨʝʙʦʚʘʥʠʷ ʧʦ ʦʛʨʘʥʠʯʝʥʠʶ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʚʠʥʝʮʩʦʜʝʨʞʘʱʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʙʳʣʦ 
ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ (ʄʕ) ʵʬʬʝʢʪʘ ʚ ʦʙʲʝʤʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 
ʩʪʨʫʢʪʫʨʘʭ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ ʠ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ - ʢʘʣʴʮʠʷ. 
ʇʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʥʘʩʪʦʷʱʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʩʥʦʚʘʥʘ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, 
ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʨʘʙʦʪʘʭ [1, 2]. 

ʊʠʪʘʥʘʪ ʙʘʨʠʷ ï ʢʘʣʴʮʠʷ (Ba1-ʭCaʭTiO3, ʛʜʝ ʭ = 0, 0.02, 0.05, 0.1, 015, 0.2) 
ʧʦʣʫʯʘʣʠ ʧʦ ʪʨʘʜʠʮʠʦʥʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʨʙʦʥʘʪʦʚ 
ʙʘʨʠʷ BaCO3, ʢʘʣʴʮʠʷ ʉaCO3 ʠ ʦʢʩʠʜʘ ʪʠʪʘʥʘ TiO2 ʤʘʨʢʠ ʯʜʘ. ʉʦʩʪʘʚ ʩʤʝʩʠ 
ʨʘʩʩʯʠʪʳʚʘʣʠ ʩ ʫʯʝʪʦʤ ʩʦʜʝʨʞʘʥʠʷ ʦʩʥʦʚʥʦʛʦ ʚʝʱʝʩʪʚʘ. ʀʩʭʦʜʥʳʝ ʢʦʤʧʦʥʝʥʪʳ 
ʚʟʚʝʰʠʚʘʣʠ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʝʩʘʭ ɺʃʈ-200. ʀʭ ʩʤʝʰʠʚʘʥʠʝ ʠ ʠʟʤʝʣʴʯʝʥʠʝ 
ʦʩʫʱʝʩʪʚʣʷʣʠ ʚ ʷʰʤʦʚʦʡ ʩʪʫʧʢʝ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʞʠʜʢʦʡ ʩʨʝʜʳ (ʵʪʠʣʦʚʳʡ ʩʧʠʨʪ) ʚ 
ʪʝʯʝʥʠʝ 30 ʤʠʥʫʪ. ʇʦʣʫʯʝʥʥʫʶ ʤʘʩʩʫ ʧʨʝʩʩʦʚʘʣʠ ʚ ʙʨʠʢʝʪʳ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 5 107 ʇʘ. 
ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʠ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1200Áʉ ʚ ʪʝʯʝʥʠʝ ʜʚʫʭ ʯʘʩʦʚ. 
ɼʨʦʙʣʝʥʠʝ ʠ ʠʟʤʝʣʴʯʝʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʦʩʫʱʝʩʪʚʣʷʣʠ ʚ ʷʰʤʦʚʦʡ ʩʪʫʧʢʝ ʩ 
ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʩʝʠʚʘʥʠʝʤ ʯʝʨʝʟ ʩʠʪʦ ʩ ʨʘʟʤʝʨʦʤ ʷʯʝʝʢ 7 ʤʠʢʨʦʥ. ʌʝʨʨʠʪ ʥʠʢʝʣʷ 
ʧʦʣʫʯʘʣʠ ʧʦ ʘʥʘʣʦʛʠʯʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠʟ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ Fe2O3, ʢʦʙʘʣʴʪʘ Co2O3 ʠ 
ʥʠʢʝʣʷ NiO ʤʘʨʢʠ ʯʜʘ. ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʩʷ ʥʘ ʚʦʟʜʫʭʝ ʚ ʪʝʯʝʥʠʝ ʜʚʫʭ ʯʘʩʦʚ ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʝ 1100Áʉ. ʂʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʧʦʣʫʯʘʣʠ ʠʟ ʥʘʚʝʩʢʠ ʠʩʭʦʜʥʳʭ 
ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʢʦʣʠʯʝʩʪʚʝ 1:1 ʧʦ ʤʘʩʩʝ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ - ʢʘʣʴʮʠʷ ʠ ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ. ʀʭ 
ʩʤʝʰʠʚʘʥʠʝ ʦʩʫʱʝʩʪʚʣʷʣʠ ʚ ʷʰʤʦʚʦʡ ʩʪʫʧʢʝ ʚ ʞʠʜʢʦʡ ʩʨʝʜʝ (ʵʪʠʣʦʚʳʡ ʩʧʠʨʪ) ʚ 
ʪʝʯʝʥʠʝ ʯʘʩʘ. ʇʦʣʫʯʝʥʥʫʶ ʩʤʝʩʴ ʧʨʝʩʩʦʚʘʣʠ ʚ ʙʨʠʢʝʪʳ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 2 108 ʇʘ, 
ʠʩʧʦʣʴʟʫʷ ʚ ʢʘʯʝʩʪʚʝ ʧʣʘʩʪʠʬʠʢʘʪʦʨʘ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ ʧʦʣʠʚʠʥʠʣʦʚʦʛʦ ʩʧʠʨʪʘ. 
ɿʘʛʦʪʦʚʢʠ ʩʧʝʢʘʣʠ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1220, 1240, 1260, 1280Áʉ ʚ ʪʝʯʝʥʠʝ 
ʜʚʫʭ ʯʘʩʦʚ. ʉʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʧʝʯʠ ʥʝ ʧʨʝʚʳʰʘʣʘ 50 ʛʨʘʜʫʩʦʚ ʚ ʯʘʩ. ʇʦʣʫʯʝʥʥʳʝ 
ʢʝʨʘʤʠʯʝʩʢʠʝ ʟʘʛʦʪʦʚʢʠ ʧʦʜʚʝʨʛʘʣʠʩʴ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʦʤʫ ʰʣʠʬʦʚʘʥʠʶ. ʕʣʝʢʪʨʦʜʳ 
ʥʘʥʦʩʠʣʠ ʧʫʪʝʤ ʚʞʠʛʘʥʠʷ ʩʝʨʝʙʨʷʥʦʡ ʧʘʩʪʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 750Áʉ ʚ ʪʝʯʝʥʠʝ 30 
ʤʠʥʫʪ. ʆʙʨʘʟʮʳ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ, ʧʦʣʷʨʠʟʦʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 50-100Áʉ ʚ 
ʪʝʯʝʥʠʝ ʯʘʩʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ 1000 ɺ/ʤʤ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 
ʦʭʣʘʞʜʝʥʠʝʤ ʚ ʵʪʦʤ ʧʦʣʝ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʪʝʯʝʥʠʝ ʧʦʣʫʯʘʩʘ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʄʕ ʵʬʬʝʢʪʘ ʠʟʤʝʨʷʣʠ ʥʘʧʨʷʞʝʥʠʝ, ʚʦʟʥʠʢʘʶʱʝʝ ʥʘ ʦʙʨʘʟʮʝ 
ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʠ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ [3]. ʇʦʩʪʦʷʥʥʦʝ ʤʘʛʥʠʪʥʦʝ 
ʧʦʣʝ ʥʘʧʨʷʞʝʥʥʦʩʪʴʶ ʜʦ 2 ʢʕ ʛʝʥʝʨʠʨʦʚʘʣʦʩʴ ʵʣʝʢʪʨʦʤʘʛʥʠʪʦʤ. ʅʘʧʨʷʞʝʥʥʦʩʪʴ 
ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʢʘʪʫʰʢʘʤʠ ɻʝʣʴʤʛʦʣʴʮʘ, ʩʦʩʪʘʚʣʷʣʘ 1 ʕ. 
ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʯʘʩʪʦʪʝ 1 ʢɻʮ. ʄʕ ʩʠʛʥʘʣ, ʛʝʥʝʨʠʨʫʝʤʳʡ ʦʙʨʘʟʮʦʤ, 
ʧʦʜʘʚʘʣʩʷ ʥʘ ʧʨʝʜʫʩʠʣʠʪʝʣʴ, ʢʦʪʦʨʳʡ ʩʣʫʞʠʣ ʜʣʷ ʩʦʛʣʘʩʦʚʘʥʠʷ ʠʤʧʝʜʘʥʩʘ ʠ ʫʩʠʣʝʥʠʷ 
ʩʠʛʥʘʣʘ. ɼʣʷ ʝʛʦ ʨʝʛʠʩʪʨʘʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʩʮʠʣʣʦʛʨʘʬ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 
ʩʦʥʘʧʨʘʚʣʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʚʥʝʰʥʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʠ ʧʦʣʷʨʠʟʘʮʠʠ (ʧʨʦʜʦʣʴʥʳʡ 
ʵʬʬʝʢʪ) ʠ ʧʨʠ ʠʭ ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ (ʧʦʧʝʨʝʯʥʳʡ ʵʬʬʝʢʪ).  

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʠ ʩʦʩʪʘʚʘ ʢʝʨʘʤʠʢʠ 
ʥʘ ʧʨʦʜʦʣʴʥʳʡ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1. ʄʘʢʩʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ 
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ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʣʫʯʝʥʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ 1240 ʉ ʜʣʷ ʩʦʩʪʘʚʘ, ʩʦʜʝʨʞʘʱʝʛʦ 

15 ʤʦʣ.% ʢʘʣʴʮʠʷ. ʆʥʘ ʩʦʩʪʘʚʣʷʝʪ 116,5 ʤɺ/(ʩʤÖʕ). ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ 
ʩʧʝʢʘʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʄʕ ʩʠʛʥʘʣʘ. 

 
ʈʠʩʫʥʦʢ 1 ï ʇʨʦʜʦʣʴʥʳʡ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ŬŮll=f(x) ʜʣʷ ʩʦʩʪʘʚʦʚ 

Ba1-xCaxTiO3, ʩʧʝʯʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ (1) 1220
ʦ
ʉ, (2) 1240

ʦ
ʉ, (3) 1260

ʦ
ʉ, (4) 1280

ʦ
ʉ. 

 
ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʣʷ ʧʦʧʝʨʝʯʥʦʛʦ ʄʕ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦ ʥʘʧʨʷʞʝʥʠʶ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2. ʄʘʢʩʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʣʫʯʝʥʘ ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ 1240 ʉ ʜʣʷ ʩʦʩʪʘʚʘ, ʩʦʜʝʨʞʘʱʝʛʦ 15 ʤʦʣ.% ʢʘʣʴʮʠʷ. ʆʥʘ 

ʩʦʩʪʘʚʣʷʝʪ 85,4 ʤɺ/(ʩʤÖʕ). ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ 
ʫʤʝʥʴʰʝʥʠʝ ʄʕ ʩʠʛʥʘʣʘ. 

 
ʈʠʩʫʥʦʢ 2 ï ʇʨʦʜʦʣʴʥʳʡ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ŬŮll=f(x) ʜʣʷ ʩʦʩʪʘʚʦʚ 

Ba1-xCaxTiO3, ʩʧʝʯʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ (1) 1220
ʦ
ʉ, (2) 1240

ʦ
ʉ, (3) 1260

ʦ
ʉ, (4) 1280

ʦ
ʉ. 

 

ʆʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʄʕ ʢʦʤʧʦʟʠʪʳ ʷʚʣʷʝʪʩʷ ʝʛʦ 
ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʪ.ʢ. ʦʥʦ ʦʧʨʝʜʝʣʷʝʪ ʨʝʞʠʤʳ ʧʦʣʷʨʠʟʘʮʠʠ. ʈʝʟʫʣʴʪʘʪʳ 
ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʦʩʪʘʚʘ ʢʝʨʘʤʠʢʠ ʥʘ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʦʤʧʦʟʠʪʘ ʧʨʝʜʩʪʘʚʣʝʥʳ 
ʥʘ ʨʠʩʫʥʢʝ 3. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʡ ʢʝʨʘʤʠʢʠ, 
ʧʦʣʫʯʝʥʥʦʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʧʝʢʘʥʠʷ 1220ʦʉ ʠ 1240ʦʉ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʝʝ 

ʩʦʩʪʘʚʘ ʠ ʠʤʝʝʪ ʚʝʣʠʯʠʥʫ ~109 ʆʤ/ʤ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ 1260ʦʉ ʠ 

1280ʦʉ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʘʜʘʝʪ ʥʘ ʧʦʨʷʜʦʢ ʠ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ 
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ʩʦʜʝʨʞʘʥʠʷ ʢʘʣʴʮʠʷ ʚ ʢʝʨʘʤʠʢʝ. ʀʤʝʥʥʦ ʙʣʘʛʦʜʘʨʷ ʪʘʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ 
ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʪ ʩʦʩʪʘʚʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʄʕ 
ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1260ʦʉ ʠ 1280ʦʉ. ʇʦʵʪʦʤʫ 
ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 
ʧʦʪʝʨʴ (ʨʠʩʫʥʢʠ 4, 5) ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʢʘʣʴʮʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ. 

 
ʈʠʩʫʥʦʢ 3 ï ʋʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ɟ=f(x) ʜʣʷ ʩʦʩʪʘʚʦʚ Ba1-xCaxTiO3, ʩʧʝʯʝʥʥʳʭ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ (1) 1220
ʦ
ʉ, (2) 1240

ʦ
ʉ, (3) 1260

ʦ
ʉ, (4) 1280

ʦ 

 
ʈʠʩʫʥʦʢ 4 ï ɼʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ Ů=f(x) ʜʣʷ ʩʦʩʪʘʚʦʚ Ba1-xCaxTiO3, ʩʧʝʯʝʥʥʳʭ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ (1) 1220
ʦ
ʉ, (2) 1240

ʦ
ʉ, (3) 1260

ʦ
ʉ, (4) 1280

ʦ
ʉ. 

 
ʈʠʩʫʥʦʢ 5 ï ʊʘʥʛʝʥʩ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ Tgŭ=f(x) ʜʣʷ ʩʦʩʪʘʚʦʚ  

Ba1-xCaxTiO3, ʩʧʝʯʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ (1) 1220 
ʦ
ʉ, (2) 1240 

ʦ
ʉ, (3) 1260 

ʦ
ʉ, (4) 1280 

ʦ
ʉ 
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ʆʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʢʝʨʘʤʠʢʫ, ʷʚʣʷʝʪʩʷ ʝʝ 
ʧʣʦʪʥʦʩʪʴ. ʇʦʵʪʦʤʫ ʥʘʤʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʩʦʩʪʘʚʘ ʢʝʨʘʤʠʢʠ ʠ 
ʪʝʤʧʝʨʘʪʫʨʳ ʝʝ ʩʧʝʢʘʥʠʷ ʧʣʦʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ 
ʥʘ ʨʠʩʫʥʢʝ 6. ʀʥʪʝʨʝʩʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʷʚʣʷʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʜʣʷ ʩʦʩʪʘʚʦʚ 
ʢʝʨʘʤʠʢʠ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʢʘʣʴʮʠʷ ʦʪ 0,05 ʤʦʣ.% ʜʦ 0,15 ʤʦʣ.%. ɺ ʵʪʦʤ ʠʥʪʝʨʚʘʣʝ ʦʥʘ 
ʷʚʣʷʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ 
ʩʦʩʪʘʚʳ Ba1-xCaxTiO3 ʠ ʬʝʨʨʠʪ ʥʠʢʝʣʷ ʦʙʨʘʟʫʶʪ ʤʝʞʜʫ ʩʦʙʦʡ ʵʚʪʝʢʪʠʢʫ ʠ ʦʥʘ ʚʣʠʷʝʪ 
ʥʘ ʧʨʦʮʝʩʩ ʩʧʝʢʘʥʠʷ ʢʝʨʘʤʠʢʠ. 

 
ʈʠʩʫʥʦʢ 6 ï ɿʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ɟ=f(x) ʜʣʷ ʩʦʩʪʘʚʦʚ Ba1-xCaxTiO3, ʩʧʝʯʝʥʥʳʭ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ (1) 1220 
ʦ
ʉ, (2) 1240 

ʦ
ʉ, (3) 1260 

ʦ
ʉ, (4) 1280 

ʦ
ʉ 

 
ɺʧʝʨʚʳʝ ʚ ʦʙʲʝʤʥʳʭ ʢʦʤʧʦʟʠʪʘʭ ʥʘ ʦʩʥʦʚʝ ʪʠʪʘʥʘʪʘ ʙʘʨʠʷ ʧʦʣʫʯʝʥʦ ʟʥʘʯʝʥʠʝ 

ʄʕ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʝʚʳʰʘʶʱʝʝ 100 ʤɺ/(ʩʤÖʕ), ʘ ʠʤʝʥʥʦ 116,5 ʤɺ/(ʩʤÖʕ). 
ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʄʕ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʧʦʩʪʘʚʠʤʳ ʧʦ ʚʝʣʠʯʠʥʝ ʩ ʘʥʘʣʦʛʠʯʥʳʤʠ 
ʤʘʪʝʨʠʘʣʘʤʠ ʥʘ ʦʩʥʦʚʝ ʎʊʉ ʢʝʨʘʤʠʢʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 
ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʜʣʷ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ, 
ʧʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʢʦʪʦʨʳʭ ʦʩʥʦʚʘʥ ʥʘ ʄʕ ʧʨʝʦʙʨʘʟʦʚʘʥʠʠ ï ʜʘʪʯʠʢʦʚ ʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʷ, ʟʘʧʠʩʳʚʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ, ʩʙʦʨʱʠʢʦʚ ʠ ʪ.ʜ., ʫʩʪʨʦʡʩʪʚ ʩʧʠʥʪʨʦʥʠʢʠ. 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʇʈʗʄʆɻʆ ʄɸɻʅʀʊʆʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʕʌʌɽʂʊɸ ɺ 
ʂʆʄʇʆɿʀʊʅʓʍ ʇʃɽʅʂɸʍ ʅɸ ʆʉʅʆɺɽ ʇʆʃʀɺʀʅʀʃʀɼɽʅʌʊʆʈʀɼɸ ʉ 
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ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʢʦʤʧʦʟʠʪʳ ʩʧʦʩʦʙʥʳ ʧʨʦʠʟʚʦʜʠʪʴ ʢʘʢ ʧʨʷʤʦʡ 

ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪ (ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʦʣʷʨʠʟʘʮʠʶ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 
ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ), ʪʘʢ ʠ ʦʙʨʘʪʥʳʡ (ʠʟʤʝʥʷʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʚ ʦʪʚʝʪ ʥʘ ʧʨʠʣʦʞʝʥʥʦʝ 
ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ). ɺ ʢʦʤʧʦʟʠʪʘʭ ʵʪʦʪ ʵʬʬʝʢʪ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟ. ʊʘʢʠʝ ʤʘʪʝʨʠʘʣʳ ʠʤʝʶʪ 
ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ ʧʝʨʝʜ ʦʜʥʦʬʘʟʥʳʤʠ ʤʫʣʴʪʠʬʝʨʨʦʠʢʘʤʠ: (i) ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʥʘ 
ʧʦʨʷʜʦʢ ʚʳʰʝ [1] ʠ (ii) ʚʦʟʤʦʞʥʦʩʪʴ ʣʝʛʢʦ ʠʟʤʝʥʷʪʴ ʩʦʦʪʥʦʰʝʥʠʝ ʬʘʟ, ʯʪʦʙʳ 
ʧʨʦʛʨʘʤʤʠʨʦʚʘʪʴ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʝʛʦ ʥʘʟʥʘʯʝʥʠʝʤ. ɺʳʩʦʢʘʷ 
ʚʝʣʠʯʠʥʘ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʘʢʠʝ ʢʦʤʧʦʟʠʪʳ ʚ 
ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʜʘʪʯʠʢʦʚ ʤʘʛʥʠʪʥʦʛʦ ʠʣʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ [2,3], 
ʫʩʪʨʦʡʩʪʚ ʩʙʦʨʘ ʵʥʝʨʛʠʠ [3], ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʢʘʨʢʘʩʦʚ ʜʣʷ ʪʢʘʥʝʚʦʡ ʠʥʞʝʥʝʨʠʠ [4] ʠ 
ʪ.ʜ. 

ʆʜʥʠʤ ʠʟ ʦʪʢʨʳʪʳʭ ʚʦʧʨʦʩʦʚ ʚ ʧʨʠʢʣʘʜʥʦʡ ʬʠʟʠʢʝ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 
ʢʦʤʧʦʟʠʪʦʚ ʷʚʣʷʝʪʩʷ ʦʨʛʘʥʠʟʘʮʠʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ 
ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʬʘʟʘʤʠ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʠʩʩʣʝʜʦʚʘʥʠʡ 
ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʪʦʣʴʢʦ ʚʢʣʘʜ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʚ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʦʪʢʣʠʢ, 
ʦʜʥʘʢʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʢʣʘʜ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʩʨʘʚʥʠʤ ʧʦ ʚʝʣʠʯʠʥʝ ʩ ʚʢʣʘʜʦʤ 
ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ [5]. 

ʏʪʦʙʳ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʩʦʧʦʩʪʘʚʠʤʦʩʪʴ ʧʦ ʚʝʣʠʯʠʥʝ ʵʪʠʭ ʚʢʣʘʜʦʚ, ʙʫʜʫʪ 
ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʠʟʤʝʨʝʥʠʶ ʧʨʷʤʦʛʦ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʵʬʬʝʢʪʘ ʚ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ. ʋʩʪʨʦʡʩʪʚʦ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 
ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʣʦʩʢʠʡ ʢʦʥʜʝʥʩʘʪʦʨ (ʩʦʩʪʘʚʥʦʡ 
ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʣʘʩʪʠʥ), ʨʘʩʧʦʣʦʞʝʥʥʳʡ ʚ ʧʦʣʝ ʤʝʜʣʝʥʥʦ ʚʨʘʱʘʶʱʠʭʩʷ 
ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ. ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʢʘʢ 
ʦʪʥʦʰʝʥʠʝ ʠʟʤʝʨʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʢ ʧʨʦʠʟʚʝʜʝʥʠʶ ʪʦʣʱʠʥʳ ʦʙʨʘʟʮʘ ʥʘ 
ʥʘʧʨʷʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ PVDF 
(ʧʴʝʟʦʘʢʪʠʚʥʦʡ ʧʦʣʠʤʝʨʥʦʡ ʬʘʟʳ), ʥʘʧʦʣʥʝʥʥʳʝ ʨʘʟʣʠʯʥʳʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʬʝʨʨʠʪʘ 
ï SrFe12O19 ʠ CoFe2O4. ʏʪʦʙʳ ʫʚʝʣʠʯʠʪʴ ʘʜʛʝʟʠʶ ʤʝʞʜʫ ʇɺɼʌ ʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ, 
ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʩʣʝʜʥʠʭ ʙʳʣʘ ʧʦʢʨʳʪʘ ʦʣʝʠʥʦʚʦʡ ʢʠʩʣʦʪʦʡ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 
(ʧʨʦʝʢʪ ˉ 21-72-30032). 
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ʄʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ (ʄʕ) ʵʬʬʝʢʪʳ ʚ ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʪʠʧʘ 
ʬʝʨʨʦʤʘʛʥʝʪʠʢ-ʧʴʝʟʦʵʣʝʢʪʨʠʢ (ʌʄ-ʇʕ) ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʶʪ ʚ ʩʚʷʟʠ ʩ ʧʝʨʩʧʝʢʪʠʚʘʤʠ 
ʩʦʟʜʘʥʠʷ ʥʘ ʠʭ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʫʩʪʨʦʡʩʪʚ ʤʠʢʨʦʩʠʩʪʝʤʥʦʡ ʪʝʭʥʠʢʠ ʠ ʵʣʝʢʪʨʦʥʠʢʠ. 
ʕʬʬʝʢʪʳ ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʚʠʜʝ ʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ 
ʥʘ ʩʪʨʫʢʪʫʨʫ ʧʝʨʝʤʝʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ. ʄʕ ʵʬʬʝʢʪʳ ʦʩʫʱʝʩʪʚʣʷʶʪ ʧʨʷʤʦʝ 
ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʠ ʥʘʦʙʦʨʦʪ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ 
ʥʘ ʠʭ ʦʩʥʦʚʝ ʜʘʪʯʠʢʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ [1]. ʇʦʤʠʤʦ ʄʕ ʜʘʪʯʠʢʦʚ, ʙʳʣʠ ʨʝʘʣʠʟʦʚʘʥʳ 
ʪʘʢʠʝ ʵʣʝʤʝʥʪʳ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʮʝʧʝʡ ʢʘʢ ʬʠʣʴʪʨʳ, ʠʥʜʫʢʪʦʨʳ, ʛʠʨʘʪʦʨʳ ʠ 
ʪʨʘʥʩʬʦʨʤʘʪʦʨʳ [2, 3], ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʠʟʤʝʥʷʪʴ ʤʘʛʥʠʪʥʳʤ ʠʣʠ 
ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʷʤʠ. 

ɼʦ ʥʝʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʣʠ ʠʟʫʯʝʥʠʶ ʄʕ ʵʬʬʝʢʪʦʚ ʚ 
ʧʣʘʥʘʨʥʳʭ ʩʣʦʠʩʪʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨʘʭ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 
ʯʝʨʝʜʫʶʱʠʝʩʷ ʌʄ ʠ ʇʕ ʩʣʦʠ, ʤʝʭʘʥʠʯʝʩʢʠ ʩʦʝʜʠʥʝʥʥʳʝ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ɺ ʪʘʢʠʭ 
ʩʪʨʫʢʪʫʨʘʭ ʄʕ ʵʬʬʝʢʪʳ ʚʦʟʥʠʢʘʶʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʤʙʠʥʘʮʠʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʌʄ 
ʩʣʦʷ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʪʚʘ ʚ ʇʕ ʩʣʦʝ. ʆʜʥʘʢʦ, ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚʳʨʦʩ ʠʥʪʝʨʝʩ ʢ 
ʠʩʩʣʝʜʦʚʘʥʠʶ ʄʕ ʵʬʬʝʢʪʦʚ ʚ ʢʦʣʴʮʝʚʳʭ ʩʣʦʠʩʪʳʭ ʢʦʤʧʦʟʠʪʘʭ ʨʘʟʣʠʯʥʳʭ ʛʝʦʤʝʪʨʠʡ. 
ʃʠʥʝʡʥʳʡ ʄʕ ʵʬʬʝʢʪ ʠʩʩʣʝʜʦʚʘʣʠ ʚ ʢʦʣʴʮʝʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ʩʦ ʩʣʦʷʤʠ ʠʟ Ni ʠ 
ʮʠʨʢʦʥʘʪʘ-ʪʠʪʘʥʘʪʘ ʩʚʠʥʮʘ (PZT) [4,5] ʠ ʘʤʦʨʬʥʦʛʦ ʩʧʣʘʚʘ Metglas ʠ PZT [6] ʧʨʠ 
ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʩʪʨʫʢʪʫʨ ʚʥʝʰʥʠʤ ʧʦʣʝʤ ʚ ʧʣʦʩʢʦʩʪʠ ʠʣʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʢ 
ʧʣʦʩʢʦʩʪʠ. ʆʜʥʘʢʦ, ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ ʢʦʣʴʮʝʚʳʝ ʩʪʨʫʢʪʫʨʳ ʩ 
ʮʠʨʢʫʣʷʨʥʳʤ ʥʘʤʘʛʥʠʯʠʚʘʥʠʝʤ [7,8]. ɺ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨʘʭ ʤʘʛʥʠʪʥʳʡ ʧʦʪʦʢ ʟʘʤʢʥʫʪ ʠ 
ʦʪʩʫʪʩʪʚʫʶʪ ʵʬʬʝʢʪʳ ʨʘʟʤʘʛʥʠʯʠʚʘʥʠʷ, ʯʪʦ  ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʄʕ ʵʬʬʝʢʪʦʚ ʠ 
ʫʤʝʥʴʰʝʥʠʶ ʫʧʨʘʚʣʷʶʱʠʭ ʧʦʣʝʡ. ɺ ʢʦʣʴʮʝʚʳʭ ʩʪʨʫʢʪʫʨʘʭ ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʠ 
ʥʝʣʠʥʝʡʥʳʝ ʄʕ ʵʬʬʝʢʪʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʠʟ-ʟʘ ʩʠʣʴʥʦʡ ʥʝʣʠʥʝʡʥʦʩʪʠ ʩʚʦʡʩʪʚ ʌʄ ʠ ʇʕ 
ʩʣʦʝʚ [9]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʄʕ ʵʬʬʝʢʪʦʚ ʚ ʢʦʣʴʮʝʚʳʭ 
ʩʣʦʠʩʪʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʩ ʌʄ ʩʣʦʷʤʠ ʠʟ Ni, Metglas ʠ ʬʝʨʨʠʪʘ ʧʨʠ 
ʨʘʟʣʠʯʥʳʭ ʦʨʠʝʥʪʘʮʠʷʭ ʧʦʩʪʦʷʥʥʦʛʦ H ʠ ʧʝʨʝʤʝʥʥʦʛʦ h ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. 
ʈʘʩʩʤʦʪʨʝʥʳ ʧʨʠʤʝʥʝʥʠʷ ʢʦʣʴʮʝʚʳʭ ʩʪʨʫʢʪʫʨ ʜʣʷ ʩʦʟʜʘʥʠʷ ʫʩʪʨʦʡʩʪʚ ʵʣʝʢʪʨʦʥʠʢʠ, ʚ 
ʯʘʩʪʥʦʩʪʠ, ʜʘʪʯʠʢʦʚ ʪʦʢʘ ʠ ʠʥʜʫʢʪʦʨʦʚ ʩ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʡ ʠʥʜʫʢʪʠʚʥʦʩʪʴʶ 
ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʠ ʤʘʛʥʠʪʥʳʤ ʧʦʣʷʤʠ.  

ʇʨʠʤʝʨ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʢʦʣʴʮʝʚʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ 1. ʉʪʨʫʢʪʫʨʘ 
ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʫʭʩʣʦʡʥʦʝ ʢʦʣʴʮʦ ʩ ʚʥʝʰʥʠʤ ʩʣʦʝʤ ʠʟ ʧʴʝʟʦʵʣʝʢʪʨʠʢʘ (ʇʕ) ʠ 
ʚʥʫʪʨʝʥʥʠʤ ʩʣʦʝʤ ʠʟ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ (ʌʄ). ɺ ʢʘʯʝʩʪʚʝ ʇʕ ʠʩʧʦʣʴʟʦʚʘʣʠ 
ʧʴʝʟʦʢʝʨʘʤʠʢʫ ʩʦʩʪʘʚʘ Pb(ZrxTi1-x)O3 (PZT), ʘ ʚ ʢʘʯʝʩʪʚʝ ʌʄ ʩʣʦʷ ï ʘʤʦʨʬʥʳʡ 
ʤʘʛʥʠʪʥʳʡ ʩʧʣʘʚ ʩʦʩʪʘʚʘ FeBSiC (Metglas 2605SA1). ʅʘ ʢʦʣʴʮʦ ʥʘʤʦʪʘʥʳ ʜʚʝ ʢʘʪʫʰʢʠ 
ʤʝʜʥʳʤ ʧʨʦʚʦʜʦʤ. ɺʠʪʢʠ ʢʘʪʫʰʝʢ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʜʣʠʥʝ ʢʦʣʴʮʘ. ʆʜʥʘ 
ʢʘʪʫʰʢʘ ʩʦʟʜʘʝʪ ʧʦʩʪʦʷʥʥʦʝ ʫʧʨʘʚʣʷʶʱʝʝ ʮʠʨʢʫʣʷʨʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ H ʧʨʠ 
ʧʨʦʧʫʩʢʘʥʠʠ ʯʝʨʝʟ ʥʝʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ I. ɺʪʦʨʘʷ ʢʘʪʫʰʢʘ ʩʦʟʜʘʝʪ ʚʦʟʙʫʞʜʘʶʱʝʝ 
ʮʠʨʢʫʣʷʨʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ hcos(2ˊft) ʩ ʘʤʧʣʠʪʫʜʦʡ h ʠ ʯʘʩʪʦʪʦʡ f ʧʨʠ ʧʨʦʧʫʩʢʘʥʠʠ 
ʯʝʨʝʟ ʥʝʸ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ i(f) ʦʪ ʛʝʥʝʨʘʪʦʨʘ Aglient 33210A. ɺʝʣʠʯʠʥʫ ʧʦʣʝʡ 
ʦʮʝʥʠʚʘʣʠ ʘʥʘʣʠʪʠʯʝʩʢʠ ʧʨʠ ʧʦʤʦʱʠ ʬʦʨʤʫʣʳ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ 
ʪʦʨʦʠʜʘʣʴʥʦʡ ʢʘʪʫʰʢʝ. ɻʝʥʝʨʠʨʫʝʤʦʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ PZT-ʢʦʣʴʮʘ ʄʕ ʥʘʧʨʷʞʝʥʠʝ 
u ʠʟʤʝʨʷʣʠ ʚʦʣʴʪʤʝʪʨʦʤ AKIP 2401 ʩ ʚʭʦʜʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 10 Mɋ. ʌʦʨʤʫ ʠ 
ʩʧʝʢʪʨʳ ʯʘʩʪʦʪ ʄʕ ʥʘʧʨʷʞʝʥʠʷ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʦʩʮʠʣʣʦʛʨʘʬʘ Tektronix 
TDS3032B. ɼʣʷ ʩʦʟʜʘʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʠ ʧʝʨʝʤʝʥʥʦʛʦ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ 
ʚ ʧʣʦʩʢʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʠʣʠ ʚʜʦʣʴ ʦʩʠ ʩʪʨʫʢʪʫʨʳ, ʠʩʧʦʣʴʟʦʚʘʣʠ ʢʘʪʫʰʢʠ ɻʝʣʴʤʛʦʣʴʮʘ. 
ʀʟʤʝʨʷʣʠ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ u ʦʪ ʯʘʩʪʦʪʳ f ʠ ʘʤʧʣʠʪʫʜʳ h ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʧʦʣʷ 



ʄʫʣʴʪʠʬʝʨʨʦʠʢʠ: ʧʦʣʫʯʝʥʠʝ, ʩʚʦʡʩʪʚʘ, ʧʨʠʤʝʥʝʥʠʝ 

 

129 

 

ʠ ʧʦʩʪʦʷʥʥʦʛʦ ʧʦʣʷ H. ɸʥʘʣʦʛʠʯʥʳʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʠ ʜʣʷ ʜʨʫʛʠʭ ʩʪʨʫʢʪʫʨ, 
ʩʦʜʝʨʞʘʱʠʭ ʜʨʫʛʠʝ ʌʄ ʩʣʦʠ.  

 
ʈʠʩʫʥʦʢ 1 - ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʣʴʮʝʚʦʡ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ Metglas-PZT. 

ʅʘ ʦʩʥʦʚʝ ʢʦʣʴʮʝʚʳʭ ʩʪʨʫʢʪʫʨ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʫʧʨʘʚʣʷʝʤʳʝ ʠʥʜʫʢʪʦʨʳ, 
ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʠʟʤʝʥʷʪʴ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʠ ʧʦʤʦʱʠ ʤʘʛʥʠʪʥʦʛʦ 
ʠʣʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʝʡ. ʀʥʜʫʢʪʠʚʥʦʩʪʴ ʫʩʪʨʦʡʩʪʚ ʧʝʨʝʩʪʨʘʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ 
ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʌʄ ʩʣʦʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʷ H ʠʣʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʌʄ ʩʣʦʷ ʩʦ ʩʪʦʨʦʥʳ ʇʕ ʩʣʦʷ ʩʪʨʫʢʪʫʨʳ, 
ʚʦʟʥʠʢʘʶʱʝʡ ʙʣʘʛʦʜʘʨʷ ʚʦʟʜʝʡʩʪʚʠʶ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʇʕ ʩʣʦʡ ʩʪʨʫʢʪʫʨʳ. 
ʇʦʜʦʙʥʳʝ ʪʚʝʨʜʦʪʝʣʴʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ʣʠʰʝʥʳ ʧʦʜʚʠʞʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʪ 
ʢʦʤʧʘʢʪʥʦʩʪʴ, ʚʳʩʦʢʦʝ ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ, ʤʘʣʳʝ ʰʫʤʳ ʠ ʤʘʣʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ. ɼʣʷ 
ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʝʨʝʩʪʨʦʡʢʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʫʶʪ ʢʦʵʬʬʠʮʠʝʥʪ 

%,100/)( 0 Ö-= LLLg ʛʜʝ L0 ï ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʫʩʪʨʦʡʩʪʚʘ ʚ ʦʪʩʫʪʩʪʚʠʠ ʧʦʣʷ. 

ʅʘʠʙʦʣʴʰʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʝʨʝʩʪʨʦʡʢʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ (ɔ = 1150% ʥʘ ʯʘʩʪʦʪʝ 1 ʢɻʮ 
[10], ɔ = 750% ʥʘ ʯʘʩʪʦʪʝ ʜʦ 10 ʄɻʮ [11]), ʧʦʣʫʯʝʥ ʜʣʷ ʠʥʜʫʢʪʦʨʦʚ ʢʦʣʴʮʝʚʦʡ ʬʦʨʤʳ, ʚ 
ʢʦʪʦʨʳʭ ʣʠʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʟʘʤʢʥʫʪʳ ʚʥʫʪʨʠ ʌʄ ʩʣʦʷ. ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥ 
ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʣʴʮʝʚʳʭ ʄʕ ʠʥʜʫʢʪʦʨʦʚ ʨʘʟʣʠʯʥʳʭ 
ʢʦʥʩʪʨʫʢʮʠʡ, ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʤʘʛʥʠʪʥʳʤ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʷʤʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʜʘʣʴʥʝʡʰʠʭ 
ʠʩʩʣʝʜʦʚʘʥʠʡ ʄʕ ʵʬʬʝʢʪʦʚ ʚ ʢʦʣʴʮʝʚʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʭ ʠ 
ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʫʧʨʘʚʣʷʝʤʳʭ 
ʫʩʪʨʦʡʩʪʚ.  

 
ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʄʠʥʠʩʪʝʨʩʪʚʦʤ ʥʘʫʢʠ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ 

ʌʝʜʝʨʘʮʠʠ (ʧʨʦʝʢʪʳ FSFZ-2023-0005 ʠ 075-15-2022-1131). ʏʘʩʪʴ ʠʟʤʝʨʝʥʠʡ 
ʧʨʦʚʝʜʝʥʘ ʥʘ ʦʙʦʨʫʜʦʚʘʥʠʠ ʆʙʲʝʜʠʥʝʥʥʦʛʦ ʮʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ 
ʈʊʋ ʄʀʈʕɸ. 
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ʇʝʨʦʚʩʢʠʪʥʳʝ ʤʘʥʛʘʥʠʪʳ ʥʘ ʦʩʥʦʚʝ ʚʠʩʤʫʪʘ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʦʩʦʙʝʥʥʦʩʪʠ ʚ 

ʷʚʣʝʥʠʠ ʫʧʦʨʷʜʦʯʝʥʠʷ ʟʘʨʷʜʘ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʩʚʦʡʩʪʚʘʭ [1,2]. ɺ ʣʝʛʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʝ 
Bi-Sr-Mn-O ʫʧʦʨʷʜʦʯʝʥʠʝ ʟʘʨʷʜʘ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ, ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ 
ʢʦʤʥʘʪʥʦʡ [3,4]. ʋʥʠʢʘʣʴʥʦʝ ʵʣʝʢʪʨʦʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʘʨʳ 
Bi3+. ʆʨʠʝʥʪʘʮʠʷ ʧʘʨʳ Bi3+ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʢ ʦʢʨʫʞʘʶʱʝʤʫ ʘʥʠʦʥʫ ʤʦʞʝʪ ʚʳʟʳʚʘʪʴ 
ʣʦʢʘʣʴʥʦʝ ʠʩʢʘʞʝʥʠʝ ʠʣʠ ʜʘʞʝ ʛʠʙʨʠʜʠʟʘʮʠʶ ʤʝʞʜʫ ʦʨʙʠʪʘʤʠ Bi-6s ʠ ʦʨʙʠʪʘʤʠ O-2p. 
ʕʪʦ ʫʤʝʥʴʰʘʝʪ ʜʚʠʞʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʯʝʨʝʟ ʩʚʷʟʠ Mn-O-Mn ʠ ʩʠʣʴʥʦ ʩʧʦʩʦʙʩʪʚʫʝʪ 
ʣʦʢʘʣʠʟʘʮʠʠ ʟʘʨʷʜʘ. ʉʦʩʪʦʷʥʠʝ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʟʘʨʷʜʘ ʚ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʷʭ 
ʚʳʩʦʢʦʩʪʘʙʠʣʴʥʦ ʜʘʞʝ ʚ ʦʯʝʥʴ ʩʠʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 
ʟʘʤʝʯʘʪʝʣʴʥʳʭ ʦʪʣʠʯʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʣʝʛʠʨʦʚʘʥʥʳʤʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ 
ʵʣʝʤʝʥʪʘʤʠ ʤʘʥʛʘʥʠʪʘʤʠ. ɺ [5] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʦʩʪʦʷʥʠʝ ʫʧʦʨʷʜʦʯʝʥʠʷ ʦʙʨʘʟʮʘ 
Bi0,5Sr0,5MnO3 ʥʝ ʧʦʜʚʝʨʞʝʥʦ ʚʣʠʷʥʠʶ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 50 ʊʣ. ʆʜʥʘʢʦ, 
ʩʧʠʥʦʚʘʷ ʧʦʣʷʨʠʟʘʮʠʷ ʚ ʚʠʩʤʫʪʦʚʳʭ ʤʘʥʛʘʥʠʪʘʭ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʘ ʧʫʪʝʤ 
ʣʝʛʠʨʦʚʘʥʠʷ ʠʦʥʘʤʠ La.  

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʣʝʛʠʨʦʚʘʥʠʷ La ʥʘ 
ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʤʘʛʥʠʪʥʳʝ ʧʝʨʝʭʦʜʥʳʝ ʩʚʦʡʩʪʚʘ Bi0,5Sr0,5MnO3 (BSMO). ʉ ʜʨʫʛʦʡ 
ʩʪʦʨʦʥʳ, La0,5Sr0,5MnO3 ʠʟʚʝʩʪʝʥ ʢʘʢ ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ 
ʦʢʦʣʦ 360 ʂ. ʄʦʞʥʦ ʦʞʠʜʘʪʴ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʝ LaxBi0.5-xSr0.5MnO3 ʧʦʢʘʟʳʚʘʝʪ 
ʢʦʥʢʫʨʝʥʮʠʶ ʤʝʞʜʫ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʳ ʠ ʟʘʨʷʜʦʚʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʠʟ-ʟʘ 
ʢʘʪʠʦʥʥʦʛʦ ʙʝʩʧʦʨʷʜʢʘ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʦʜʥʦʦʨʙʠʪʘʣʴʥʦʡ ʤʦʜʝʣʠ, 
ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚʣʠʷʥʠʝ ʢʦʣʦʩʩʘʣʴʥʦʛʦ ʤʘʛʥʠʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ, 
ʢʦʛʜʘ ʠʟʦʣʠʨʫʶʱʝʝ ʢʦʥʢʫʨʠʨʫʶʱʝʝ ʩʦʩʪʦʷʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʫʧʦʨʷʜʦʯʝʥʠʶ ʟʘʨʷʜʘ, ʚ 
ʦʪʣʠʯʠʝ ʦʪ ʩʣʫʯʘʡʥʦ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʧʦʣʷʨʦʥʦʚ [6]. ʉʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ 
ʤʘʛʥʠʪʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʠʭ ʧʨʦʠʩʭʦʞʜʝʥʠʡ ʠ ʩʚʷʟʴ ʤʝʞʜʫ ʬʘʟʘʤʠ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʚʘʞʥʳ 
ʜʣʷ ʩʣʦʞʥʦʛʦ ʧʦʚʝʜʝʥʠʷ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʨʘʟʜʝʣʝʥʠʝʤ ʬʘʟ. 

ʇʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ LaxBi0.5-xSr0.5MnO3 (x=0.1 ʠ 0.4) ʙʳʣʠ 
ʧʨʠʛʦʪʦʚʣʝʥʳ ʪʚʝʨʜʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʩ ʧʦʤʦʱʴʶ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʤʝʩʝʡ Bi2O3, 
La2O3, SrCO3 ʠ MnO2 ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ. ʉʤʝʩʠ ʙʳʣʠ ʥʘʛʨʝʪʳ ʚ ʪʠʛʣʷʭ ʠʟ ʦʢʩʠʜʘ 
ʘʣʶʤʠʥʠʷ ʚ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 800 ÁC ʜʦ 1050 ÁC ʚ ʪʝʯʝʥʠʝ 24 
ʯʘʩʦʚ ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʠʟʤʝʣʴʯʝʥʠʝʤ. ʇʨʦʮʝʩʩ ʥʘʛʨʝʚʘ ʧʨʦʜʦʣʞʘʣʩʷ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ 
ʤʘʪʝʨʠʘʣʳ ʥʝ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʢʘʢ ʦʜʥʦʬʘʟʥʳʝ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 
ʧʦʨʦʰʢʦʚʦʡ ʜʠʬʨʘʢʮʠʠ. ɼʘʥʥʳʝ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʙʳʣʠ 
ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʈʠʪʚʝʣʴʜʘ.  

ɸʥʘʣʠʟ ʈʠʪʚʝʣʴʜʘ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʙʨʘʟʮʳ 
ʷʚʣʷʶʪʩʷ ʦʜʥʦʬʘʟʥʳʤʠ ʩ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ. ɸʥʘʣʠʟ ʦʙʨʘʟʮʦʚ ʩ 
ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʈʠʪʚʝʣʴʜʘ ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ ʟʘʜʘʥʠʠ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 
ʢʦʥʝʯʥʳʭ ʯʣʝʥʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ BSMO (Pbnm) ʠ LSMO (Imma) ʚ ʢʘʯʝʩʪʚʝ 
ʥʘʯʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ LBSMO ʩ ʩʦʩʪʘʚʦʤ x=0,1 ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʩ 
ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ Pbnm, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʨʫʛʦʡ ʩʦʩʪʘʚ ʜʘʝʪ ʙʦʣʝʝ ʣʫʯʰʝʝ 
ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ Imma. ɺ ʜʳʨʦʯʥʦ-ʣʝʛʠʨʦʚʘʥʥʳʭ ʤʘʥʛʘʥʠʪʘʭ 
ʩʨʝʜʥʠʡ ʨʘʜʠʫʩ ʢʘʪʠʦʥʦʚ A-ʧʦʟʠʮʠʠ ʦʢʘʟʳʚʘʝʪ ʜʦʤʠʥʠʨʫʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʩʪʨʫʢʪʫʨʥʳʝ 
ʩʚʦʡʩʪʚʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ, ʦʙʲʝʤ ʨʝʰʝʪʢʠ, ʜʣʠʥʘ ʩʚʷʟʠ ʠ ʫʛʦʣ ʩʚʷʟʠ 
ʠʟʤʝʥʷʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ <rA>. ʆʜʥʘʢʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʤʘʥʛʘʥʠʪʘʭ ʥʘ ʦʩʥʦʚʝ 
ʚʠʩʤʫʪʘ Bi3+ʠʛʨʘʝʪ ʧʨʝʦʙʣʘʜʘʶʱʫʶ ʨʦʣʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ. 
ʇʨʠʩʫʪʩʪʚʠʝ ʧʘʨʳ ʠʦʥʦʚ Bi3+ ʫʩʠʣʠʚʘʝʪ ʛʠʙʨʠʜʠʟʘʮʠʶ ʤʝʞʜʫ 6s2 ʦʨʙʠʪʘʣʷʤʠ Bi3+ ʠ 2p 
ʦʨʙʠʪʘʣʷʤʠ O2ï, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʢʦʚʘʣʝʥʪʥʦʤʫ ʭʘʨʘʢʪʝʨʫ ʩʚʷʟʝʡ Bi-O, ʘ ʪʘʢʞʝ ʢ 
ʠʟʤʝʥʝʥʠʶ ʜʣʠʥ ʩʚʷʟʝʡ Bi-O. ɺ ʩʣʫʯʘʝ ʜʦʤʠʥʠʨʦʚʘʥʠʷ ʭʘʨʘʢʪʝʨʘ 6s2, ʟʥʘʯʝʥʠʝ 
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ʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ Bi3+ (0,116 ʥʤ) ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 0,124 ʥʤ, ʯʪʦ ʘʥʘʣʦʛʠʯʥʦ ʨʘʜʠʫʩʫ 
La3+ (0,1216 ʥʤ). ʆʙʲʝʤ ʷʯʝʡʢʠ, ʫʛʣʳ ʩʚʷʟʝʡ ʠ ʜʣʠʥʳ ʩʚʷʟʝʡ Mn-O ʥʝ ʠʟʤʝʥʷʶʪʩʷ ʩʦ 
ʩʨʝʜʥʠʤ ʨʘʜʠʫʩʦʤ ʢʘʪʠʦʥʦʚ A-ʧʦʟʠʮʠʠ, <rA>. ʆʙʲʝʤ ʷʯʝʡʢʠ ʧʨʠ x=0,1 ʦʢʘʟʳʚʘʝʪʩʷ 
ʙʦʣʴʰʝ, ʯʝʤ ʧʨʠ x=0,4, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʠʦʥʥʳʡ ʨʘʜʠʫʩ Bi3+ ʫʚʝʣʠʯʠʣʩʷ, ʘ 
ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʩʚʷʟʠ Bi-O ʩʦʩʪʘʚʣʷʝʪ 0,2707 ʥʤ ʜʣʷ x=0,1 ʠ 0,2739 ʥʤ ʜʣʷ x=0,4. 
ʕʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʯʪʦ ʚʳʩʦʢʦʧʦʣʷʨʠʟʫʝʤʘʷ ʧʘʨʘ 6s2 ʷʚʣʷʝʪʩʷ ʟʥʘʯʠʤʳʤ ʬʘʢʪʦʨʦʤ 
ʜʣʷ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʩʠʩʪʝʤʝ LaxBi0.5-xSr0.5MnO3. 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʤʝʪʦʜʳ ʢʠʥʝʪʠʯʝʩʢʦʡ 
ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʦʪʩʣʝʞʠʚʘʶʱʠʝ ʠʟʤʝʥʝʥʠʝ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʨʝʘʢʮʠʠ ʥʘ ʚʦʟʙʫʞʜʝʥʠʝ ʥʘ 
ʦʩʥʦʚʝ ʨʝʛʠʩʪʨʘʮʠʠ, ʘʥʘʣʠʟʘ ʠ ʦʙʨʘʙʦʪʢʠ ʙʦʣʴʰʠʭ ʦʙʲʸʤʦʚ ʜʘʥʥʳʭ çdata acquisitionè-
ʩʠʩʪʝʤʦʡ ʩʦʚʤʝʱʝʥʥʦʡ ʩ ʧʝʨʩʦʥʘʣʴʥʳʤ ʢʦʤʧʴʶʪʝʨʦʤ. ʆʪʨʘʙʦʪʢʘ ʪʝʭʥʦʣʦʛʠʠ 
ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʩʪʨʫʢʪʫʨ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʥʘ ʙʘʟʝ 
ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʛʣʫʙʦʢʠʭ ʫʨʦʚʥʝʡ (DLTS [1]) ʧʦʨʦʜʠʣʘ ʧʨʝʜʣʦʞʝʥʠʝ 
ʢʦʤʤʝʨʯʝʩʢʠ ʜʦʩʪʫʧʥʳʭ DLTS-ʩʧʝʢʪʨʦʤʝʪʨʦʚ [2], ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 
ʚʦʟʙʫʞʜʝʥʠʷ ʩʚʝʪʦʤ, ʵʬʬʝʢʪʠʚʥʦʛʦ ʩ ʧʦʚʳʰʝʥʠʝʤ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 
ʤʘʪʝʨʠʘʣʘ (ɟ Ó 103 ʆʤ ʩʤ). ʉʥʠʞʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ 
ʚʳʩʦʢʦʦʤʥʳʭ ʠ ʧʦʣʫʠʟʦʣʠʨʫʶʱʠʭ ʤʘʪʝʨʠʘʣʘʭ ʦʛʨʘʥʠʯʠʚʘʝʪ ʵʢʨʘʥʠʨʦʚʘʥʠʝ 
ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʨʝʣʴʝʬʘ, ʫʩʠʣʠʚʘʷ ʚʣʠʷʥʠʝ 
ʘʢʪʠʚʥʦʩʪʠ ʛʣʫʙʦʢʦʫʨʦʚʥʝʚʳʭ ʜʝʬʝʢʪʦʚ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʢʘʢ ʮʝʥʪʨʦʚ ʣʦʢʘʣʠʟʘʮʠʠ 
ʟʘʨʷʜʘ (ʎʃɿ), ʦʧʨʝʜʝʣʷʶʱʠʭ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʨʝʣʴʝʬ ʢʨʠʩʪʘʣʣʘ. ɿʜʝʩʴ ʠʟʫʯʝʥʠʝ 
ʧʨʦʮʝʩʩʦʚ ʣʦʢʘʣʠʟʘʮʠʠ ʠ ʜʝʣʦʢʘʣʠʟʘʮʠʠ ʟʘʨʷʜʘ ʥʘ ʙʘʟʝ ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 
ʨʝʣʘʢʩʘʮʠʠ ʬʦʪʦʪʦʢʘ (PICTS), ʩ ʧʨʠʚʣʝʯʝʥʠʝʤ ʘʧʨʦʙʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʠʢ DLTS-
ʘʥʘʣʠʟʘ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ, ʢʘʢ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʠʟʠʢʠ, ʪʘʢ ʠ ʨʘʟʚʠʪʠʷ ʤʝʪʦʜʦʚ 
ʢʦʥʪʨʦʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʭ, ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʠ 
ʜʨ. ʧʨʠʙʦʨʦʚ ʠ ʫʩʪʨʦʡʩʪʚ ʫʣʫʯʰʝʥʥʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʠ.  

ʄʳ ʧʨʦʚʝʣʠ PICTS-ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʜʝʣʦʢʘʣʠʟʘʮʠʠ ʟʘʨʷʜʘ ʚ 
ʥʠʟʢʦʨʘʟʤʝʨʥʳʭ ʩʠʩʪʝʤʘʭ ð 2D-ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ-ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ TlGaSe2 ʠ TlInS2. ɹʳʣ ʦʙʥʘʨʫʞʝʥ ʥʘʙʦʨ 
ʠʜʝʥʪʠʯʥʳʭ ʧʨʦʮʝʩʩʦʚ ʪʝʧʣʦʚʦʡ ʜʝʣʦʢʘʣʠʟʘʮʠʠ ʟʘʨʷʜʘ [3-6]. ʊʝʤʧʝʨʘʪʫʨʘ ʠʭ 
ʨʝʛʠʩʪʨʘʮʠʠ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʨʷʜʦʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʨʠʩʪʘʣʣʘ. ʊʘʢ ʚ ʩʝʛʥʝʪʦ-ʬʘʟʝ TlInS2 
ʜʝʣʦʢʘʣʠʟʘʮʠʷ ʟʘʨʷʜʘ ʩ ʎʃɿ ʭʦʨʦʰʦ ʩʦʧʦʩʪʘʚʠʤʘ ʠʟʤʝʥʝʥʠʷʤ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʨʠʩʪʘʣʣʘ [3,4], ʧʠʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ [5], ʩʢʦʨʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 
ʫʣʴʪʨʘʟʚʫʢʘ [6], ʪʝʨʤʦʩʪʠʤʫʣʠʨʦʚʘʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ [7]. ɺʢʣʘʜ ʎʃɿ ʚ ʬʦʨʤʠʨʦʚʘʥʠʝ 
ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʣʦʢʘʣʠʟʘʮʠʠ ʟʘʨʷʜʘ ʚ TlGaSe2 ʢʘʨʜʠʥʘʣʴʥʦ ʤʝʥʷʝʪ 
ʪʦʢ ʜʝʧʦʣʷʨʠʟʘʮʠʠ ʢʨʠʩʪʘʣʣʘ [8]. ʆʧʨʝʜʝʣʝʥʳ ʩʚʷʟʘʥʥʳʝ ʩ ʥʘʨʫʰʝʥʠʝʤ ʣʦʢʘʣʴʥʦʡ 
ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʟʚʠʪʠʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʨʦʮʝʩʩʦʚ 
ʜʝʣʦʢʘʣʠʟʘʮʠʠ ʟʘʨʷʜʘ [4,9,10], ʚʢʣʶʯʘʷ ʧʨʦʮʝʩʩʳ ʚ ʦʙʣʘʩʪʠ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ [4,9].  

ʋʞʝ ʥʘ ʨʘʥʥʠʭ ʵʪʘʧʘʭ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʨʝʘʢʮʠʷ ʢʨʠʩʪʘʣʣʘ ʥʘ ʩʚʝʪ ʥʝ 
ʦʛʨʘʥʠʯʝʥʥʘʷ ʠʟʤʝʥʝʥʠʝʤ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʩ ʘʥʦʤʘʣʠʷʤʠ, ʧʨʝʜʧʦʣʘʛʘʶʱʠʤʠ ʚʢʣʘʜ 
ʬʦʪʦʚʦʣʴʪʘʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ. ɼʣʷ ʢʦʨʨʝʢʪʥʦʩʪʠ ʧʦʩʣʝʜʫʶʱʝʛʦ off-line ʘʥʘʣʠʟʘ ʤʘʩʩʠʚ 
ʜʘʥʥʳʭ, ʪʠʧʦʚʦʡ ʜʣʷ ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʙʳʣ ʜʦʧʦʣʥʝʥ ʚʢʣʶʯʝʥʠʝʤ 
ʨʝʛʠʩʪʨʘʮʠʠ ʨʝʘʢʮʠʠ ʬʦʪʦʦʪʢʣʠʢʘ ʦʙʨʘʟʮʘ. ʂʦʤʧʣʝʢʩʥʳʡ ʘʥʘʣʠʟ ʧʨʦʷʩʥʠʣ ʤʝʭʘʥʠʟʤ 
ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʘʥʦʤʘʣʠʡ ʨʝʘʢʮʠʠ TlGaSe2 ʥʘ ʚʦʟʙʫʞʜʝʥʠʠ ʩ hv0 ~ Eg ʢʘʢ ʩʚʷʟʘʥʥʳʡ ʩ 
ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʤ ʟʘʧʦʣʥʝʥʠʝʤ ʎʃɿ ð ʵʣʝʢʪʨʝʪʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʩ 
ʫʯʘʩʪʠʝʤ ʎʃɿ ɸ3 ʚ ʦʙʣʘʩʪʠ ʊ ~ 170ð200 ʂ, ʘ ʪʘʢʞʝ ʎʃɿ ɸ4 ʚ ʦʙʣʘʩʪʠ ʊ ~ 200ð235 ʂ 
[11]. ʆʙʥʘʨʫʞʝʥʦ ʠʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʥʦʤʘʣʠʡ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 
ʊ Ó 235 ʂ ʜʦʤʠʥʠʨʫʝʪ ʤʝʭʘʥʠʟʤ ʘʥʦʤʘʣʠʡ ʬʦʪʦʦʪʢʣʠʢʘ ʦʙʫʩʣʦʚʣʝʥʥʳʡ 
ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ 
ʦʙʲʝʤʝ ʢʨʠʩʪʘʣʣʘ (ʥʘʨʫʰʝʥʠʝ ʣʦʢʘʣʴʥʦʡ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʠ), ʯʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪ 
ʜʝʡʩʪʚʠʝ ʩʠʣ ʥʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ ð ʬʦʪʦʛʘʣʴʚʘʥʠʯʝʩʢʫʶ ʵʜʩ [11]. 

ʀʟʤʝʥʠʚ ʘʣʛʦʨʠʪʤ ʨʝʛʠʩʪʨʘʮʠʠ ʜʘʥʥʳʭ, ʥʘ ʦʩʥʦʚʝ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʚʠʪʦʛʦ 
ʧʨʦʛʨʘʤʤʥʦʛʦ ʤʦʜʫʣʷ ʠʥʪʝʨʘʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʨʝʛʠʩʪʨʘʮʠʝʡ, ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ 
ʵʚʦʣʶʮʠʠ ʨʝʘʢʮʠʠ TlGaSe2 ʥʘ ʩʚʝʪ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ ʨʝʞʠʤʝ ʧʨʠ ʊ ~ 250 ʂ, ʚ 
ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʣʘʛʘʝʤʦʛʦ ʚʥʝʰʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʵʥʝʨʛʠʠ ʬʦʪʦʥʦʚ [12]. ʈʘʟʚʠʪʠʝ 
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ʘʥʦʤʘʣʠʡ ʨʝʘʢʮʠʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʧʦʜʪʚʝʨʜʠʣʦ 
ʜʝʡʩʪʚʠʝ ʚ TlGaSe2 ʬʦʪʦʛʘʣʴʚʘʥʠʯʝʩʢʦʛʦ ʪʦʢʘ ʥʝ ʢʦʣʣʠʥʝʘʨʥʦʛʦ ʪʦʢʫ ʧʨʦʚʦʜʠʤʦʩʪʠ 
ʢʨʠʩʪʘʣʣʘ, ʠ ʤʝʞʩʣʦʝʚʦʝ ʨʘʟʜʝʣʝʥʠʝ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. ʕʚʦʣʶʮʠʷ ʨʝʘʢʮʠʠ ʥʘ ʩʚʝʪ 
ʢʨʠʩʪʘʣʣʘ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʨʠʚʝʜʝʥʥʦʛʦ ʚ ʩʦʩʪʦʷʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 
ʨʘʚʥʦʚʝʩʠʷ, ʥʝ ʦʭʣʘʞʜʘʚʰʝʛʦʩʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʩʝʛʥʝʪʦ-ʬʘʟʳ, ʚʩʢʨʳʣʘ ʧʨʠʯʠʥʥʦ-
ʩʣʝʜʩʪʚʝʥʥʳʝ ʩʚʷʟʠ ð ʜʦʤʠʥʠʨʫʶʱʠʡ ʭʘʨʘʢʪʝʨ ʬʦʪʦʛʘʣʴʚʘʥʠʯʝʩʢʦʛʦ ʪʦʢʘ ʚ 
ʬʦʨʤʠʨʦʚʘʥʠʠ ʵʣʝʢʪʨʝʪʥʳʭ ʩʦʩʪʦʷʥʠʡ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʟʘʧʦʣʥʝʥʠʷ 
ʎʃɿ ʢʘʢ ʨʝʟʫʣʴʪʘʪʝ ʜʝʡʩʪʚʠʷ ʬʦʪʦʛʘʣʴʚʘʥʠʯʝʩʢʦʛʦ ʪʦʢʘ [12]. 

ɺ ʥʘʩʪʦʷʱʝʤ ʵʚʦʣʶʮʠʷ ʨʝʘʢʮʠʠ TlGaSe2 ʥʘ ʩʚʝʪ ʠʩʩʣʝʜʦʚʘʥʘ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ 
ʨʝʞʠʤʝ ʧʨʠ ʊ ~ 235 ʂ ʠ ʊ ~ 270 ʂ (ʩʤ. ʨʠʩ. 1), ʚ ʪʦʯʢʘʭ ʣʝʞʘʱʠʭ ʚʳʰʝ ʠ ʥʠʞʝ 
ʪʝʤʧʝʨʘʪʫʨʳ, ʦʧʪʠʤʘʣʴʥʦʡ ʜʣʷ ʥʘʙʣʶʜʝʥʠʷ ʘʥʦʤʘʣʠʡ (ʊ ~ 250 ʂ). ɹʳʩʪʨʳʡ ʚʳʭʦʜ 
ʨʝʘʢʮʠʠ ʚ ʩʪʘʮʠʦʥʘʨʥʳʡ ʨʝʞʠʤ ʧʨʠ ʩʪʫʧʝʥʯʘʪʦʤ ʫʚʝʣʠʯʝʥʠʠ ʧʨʠʣʦʞʝʥʥʦʛʦ 
ʥʘʧʨʷʞʝʥʠʷ ʠ ʷʚʥʦ ʚʳʨʘʞʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʬʦʪʦʦʪʢʣʠʢʘ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʊ ~ 235 ʂ 
ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʨʝʜʧʦʣʦʞʝʥʠʝʤ ʦ ʚʪʦʨʠʯʥʦʤ ʷʚʣʝʥʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʝʪʘ 
ʥʘ ʦʩʥʦʚʝ ʎʃɿ ɸ4, ʢʦʤʧʝʥʩʠʨʫʶʱʝʛʦ ʜʝʡʩʪʚʠʝ ʬʦʪʦʛʘʣʴʚʘʥʠʯʝʩʢʦʡ ʵʜʩ. 
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ʈʠʩʫʥʦʢ 1 ï ʈʝʘʢʮʠʷ ʢʨʠʩʪʘʣʣʘ TlGaSe2 ʥʘ ʬʦʪʦʚʦʟʙʫʞʜʝʥʠʝ ʩ hɜ =1.9 eV ʧʨʠ a) ʊ ~ 235 ʂ ʠ b) 
ʊ ~ 270 ʂ. ʇʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʢʨʠʚʘʷ 1 ï 1.5 ɺ; ʢʨʠʚʘʷ 2 ï 4.5 ɺ; 
ʢʨʠʚʘʷ 3 ï 9 ɺ. ʇʨʠ ʠʟʤʝʥʝʥʠʷʭ ʨʝʘʢʮʠʠ, ʟʘʤʝʪʥʳʭ ʚ ʪʝʯʝʥʠʠ ʧʦʨʷʜʢʘ ʜʝʩʷʪʢʦʚ ʩʝʢʫʥʜ, 
ʧʨʠʚʦʜʠʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʢʨʠʚʘʷ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʥʦʤʝʨʦʤ ʦʪʤʝʯʝʥʥʳʤ ʰʪʨʠʭʦʤ. 

 

ʀʟʤʝʥʝʥʠʝ ʨʝʘʢʮʠʠ ʥʘ ʩʚʝʪ ʧʨʠ ʊ ~ 270 ʂ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʵʢʨʘʥʠʨʦʚʘʥʠʝʤ 
ʬʦʪʦʛʘʣʴʚʘʥʠʯʝʩʢʦʡ ʵʜʩ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ 
ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ. ɿʜʝʩʴ ʬʦʪʦʪʢʣʠʢ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʥʘʧʨʷʞʝʥʠʷ, ʯʪʦ ʧʦ 
ʚʠʜʠʤʦʤʫ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʤʝʞʩʣʦʝʚʳʤ ʨʘʟʜʝʣʝʥʠʝʤ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠ ʥʘʣʠʯʠʝʤ 
ñʛʦʨʷʯʠʭ ʪʦʯʝʢò ʚ ʢʦʥʪʘʢʪʝ [13]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʩʣʝʜʦʚʘʥʠʷ 2D-ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ 
ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʦʚ-ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʤʝʪʦʜʦʤ ʢʠʥʝʪʠʯʝʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 
ʜʝʣʦʢʘʣʠʟʘʮʠʠ ʟʘʨʷʜʘ ʧʦʢʘʟʘʣʠ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʤʝʪʦʜʘ ʚ ʠʟʫʯʝʥʠʠ ʧʨʦʮʝʩʩʦʚ 
ʜʝʣʦʢʘʣʠʟʘʮʠʠ ʟʘʨʷʜʘ ʩ ʎʃɿ ʚ ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʢʝ, ʚ ʫʩʣʦʚʠʷʭ ʤʘʣʦʛʦ ʚʦʟʤʫʱʝʥʠʷ 
ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʃʝʞʘʱʠʡ ʚ ʝʛʦ ʦʩʥʦʚʝ ʧʨʠʥʮʠʧ ʦʪʩʣʝʞʠʚʘʥʠʷ ʵʚʦʣʶʮʠʠ ʨʝʘʢʮʠʠ 
ʥʘ ʩʚʝʪ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʫʩʣʦʚʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ 
ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʦʜʩʠʩʪʝʤʳ ʢʨʠʩʪʘʣʣʘ, ʧʦʟʚʦʣʷʶʱʠʤ ʠʩʩʣʝʜʦʚʘʪʴ ʢʘʢ 
ʘʢʪʠʚʥʦʩʪʴ ʮʝʥʪʨʦʚ ʣʦʢʘʣʠʟʘʮʠʠ ʟʘʨʷʜʘ, ʪʘʢ ʘʢʪʠʚʥʦʩʪʴ, ʬʦʨʤʘʣʴʥʦ ʩ ʎʃɿ ʥʝ 
ʩʚʷʟʘʥʥʫʶ, ʚ ʯʘʩʪʥʦʩʪʠ ʜʝʡʩʪʚʠʝ ʥʘ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ ʩʠʣ ʥʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ. 
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ɺʚʝʜʝʥʠʝ. ʆʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʟʘʜʘʯ ʩʦʚʨʝʤʝʥʥʦʡ ʭʠʤʠʠ ʠ ʠʥʞʝʥʝʨʥʦʡ 

ʵʢʦʣʦʛʠʠ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʩʦʨʙʝʥʪʦʚ, ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ 
ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ ʩʣʦʠʩʪʳʝ ʜʚʦʡʥʳʝ ʛʠʜʨʦʢʩʠʜʳ (ʉɼɻ) ʩʧʦʩʦʙʥʳʝ ʢ ʠʦʥʥʦʤʫ ʦʙʤʝʥʫ ʠ 
ʩʦʨʙʮʠʠ ʨʷʜʘ ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ, ʚʢʣʶʯʘʷ ʣʝʢʘʨʩʪʚʝʥʥʳʝ ʧʨʝʧʘʨʘʪʳ, 
ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʵʢʦʣʦʛʠʯʝʩʢʫʶ ʦʧʘʩʥʦʩʪʴ ʧʨʠ ʦʙʥʘʨʫʞʝʥʠʠ ʚ ʩʪʦʯʥʳʭ ʚʦʜʘʭ 
ʫʯʨʝʞʜʝʥʠʡ ʟʜʨʘʚʦʦʭʨʘʥʝʥʠʡ ʠ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʠʭ ʧʨʝʜʧʨʠʷʪʠʡ [1]. ʄʘʛʥʠʡ-ʞʝʣʝʟʥʳʡ 
ʉɼɻ ʷʚʣʷʝʪʩʷ ʤʝʥʝʝ ʪʦʢʩʠʯʥʳʤ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠ ʙʝʟʦʧʘʩʥʳʤ ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ 
ʛʠʜʨʦʢʩʠʜʦʚ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ [2]. ʆʜʥʘʢʦ ʚ ʣʠʪʝʨʘʪʫʨʝ ʦʪʩʫʪʩʪʚʫʶʪ ʜʘʥʥʳʝ ʦ ʩʦʨʙʮʠʠ 
ʤʘʛʥʠʡ-ʞʝʣʝʟʥʳʤ ʉɼɻ ʩʘʣʠʮʠʣʦʚʦʡ ʢʠʩʣʦʪʳ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʚʘʞʥʳʡ 
ʧʨʝʢʫʨʩʦʨ ʚ ʭʠʤʠʯʝʩʢʦʡ ʬʘʨʤʘʮʝʚʪʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʚ 
ʩʪʦʯʥʳʭ ʚʦʜʘʭ [3].  

ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʩʠʥʪʝʟ ʤʘʛʥʠʡ-ʞʝʣʝʟʥʳʭ ʉɼɻ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ 
ʢʘʪʠʦʥʦʚ ʤʝʪʘʣʣʦʚ (1:1, 1:2, 1:3) ʢʘʢ ʚ ʪʨʘʜʠʮʠʦʥʥʳʭ ʫʩʣʦʚʠʷʭ, ʪʘʢ ʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 
ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʦʮʝʥʢʦʡ ʠʭ ʩʦʨʙʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʚ 
ʦʪʥʦʰʝʥʠʠ ʩʘʣʠʮʠʣʦʚʦʡ ʢʠʩʣʦʪʳ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ. ʉɼɻ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ. 
ʆʙʨʘʟʫʶʱʫʶʩʷ ʨʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ ʣʠʙʦ ʚʳʜʝʨʞʠʚʘʣʠ 72 ʯʘʩʘ ʧʨʠ 75 ęʉ 
(ʪʨʘʜʠʮʠʦʥʥʳʝ ʫʩʣʦʚʠʷ), ʣʠʙʦ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʟʚʫʢʘ 1,7 ʄɻʮ. 
ʉʦʦʪʥʦʰʝʥʠʝ ʤʝʪʘʣʣʦʚ ʚ ʦʙʨʘʟʫʶʱʠʭʩʷ ʉɼɻ ʦʧʨʝʜʝʣʷʣʠ ʢʦʤʧʣʝʢʩʦʥʦʤʝʪʨʠʯʝʩʢʠ. 
ʇʦʣʫʯʝʥʥʳʝ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʳ ʙʳʣʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʳ ʢʦʤʧʣʝʢʩʦʤ ʬʠʟʠʢʦ-
ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ, ʚʢʣʶʯʘʶʱʠʭ: ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ, ʀʂ-
ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʩ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʩʢʘʥʠʨʫʶʱʝʡ 
ʢʘʣʦʨʠʤʝʪʨʠʝʡ. 

ɼʣʷ ʦʮʝʥʢʠ ʩʦʨʙʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʉɼɻ ʚ 2,5ʛ ʨ-ʨʘ ʩʘʣʠʮʠʣʦʚʦʡ ʢʠʩʣʦʪʳ 
(1ʛ/ʣ) ʜʦʙʘʚʣʷʣʠ 0,025ʛ ʠʩʩʣʝʜʫʝʤʦʛʦ ʉɼɻ. ʉʫʩʧʝʥʟʠʶ ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 
ʦʜʥʦʛʦ ʯʘʩʘ. ʂʦʣʠʯʝʩʪʚʦ ʧʦʛʣʦʱʝʥʥʦʡ ʩʘʣʠʮʠʣʦʚʦʡ ʢʠʩʣʦʪʳ ʦʧʨʝʜʝʣʷʣʠ 
ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʯʝʩʢʠ.  

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʷ. ɼʘʥʥʳʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ, ʀʂ-
ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ ʜʣʷ 
ʩʦʝʜʠʥʝʥʠʡ ʛʠʜʨʦʪʘʣʴʢʠʪʥʦʛʦ ʪʠʧʘ ʠ ʧʦʜʪʚʝʨʞʜʘʶʪ ʩʣʦʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʭʠʤʠʯʝʩʢʦʝ 
ʩʪʨʦʝʥʠʝ ʉɼɻ.  

ʅʘʠʙʦʣʴʰʘʷ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʫ ʱʝʣʦʯʥʳʭ ʉɼɻ, ʪʦ ʝʩʪʴ 
ʧʦʣʫʯʝʥʥʳʭ ʧʫʪʝʤ ʦʩʘʞʜʝʥʠʷ ʢʘʪʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʛʠʜʨʦʢʩʠʜʦʤ ʥʘʪʨʠʷ. ʇʨʠ ʧʨʦʯʠʭ 
ʨʘʚʥʳʭ ʫʩʣʦʚʠʷʭ ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʴʶ ʦʙʣʘʜʘʶʪ ʦʙʨʘʟʮʳ, 
ʧʦʣʫʯʝʥʥʳʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ. ʅʘ ʥʘʰ ʚʟʛʣʷʜ ʜʘʥʥʳʡ 
ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʩʧʦʩʦʙ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ, ʪʘʢ ʢʘʢ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ 
ʉɼɻ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ. 

ɺʩʝ ʧʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʧʨʦʷʚʠʣʠ ʨʘʟʣʠʯʥʫʶ ʩʦʨʙʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ. 
ɸʤʤʠʘʯʥʳʝ ʦʙʨʘʟʮʳ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʦʨʙʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʧʨʠ 
ʩʦʦʪʥʦʰʝʥʠʠ ʢʘʪʠʦʥʦʚ ʤʝʪʘʣʣʦʚ Mg:Fe 1:1 ʠ 1:2. ʇʨʠ ʩʦʦʪʥʦʰʝʥʠʠ Mg:Fe 1:3 
ʦʙʨʘʙʦʪʘʥʥʳʝ ʫʣʴʪʨʘʟʚʫʢʦʤ ʱʝʣʦʯʥʳʝ ʠ ʘʤʤʠʘʯʥʳʝ ʦʙʨʘʟʮʳ ʧʨʦʷʚʣʷʶʪ 
ʩʦʧʦʩʪʘʚʠʤʫʶ ʩʦʨʙʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʩ ʥʝʙʦʣʴʰʦʡ ʪʝʥʜʝʥʮʠʝʡ ʢ ʝʝ ʫʚʝʣʠʯʝʥʠʶ ʚ 
ʩʣʫʯʘʝ ʱʝʣʦʯʥʳʭ ʉɼɻ. ɺ ʩʣʫʯʘʝ ʘʤʤʠʘʯʥʳʭ ʉɼɻ ʦʙʨʘʙʦʪʢʘ ʫʣʴʪʨʘʟʚʫʢʦʤ ʥʝʩʢʦʣʴʢʦ 
ʩʥʠʞʘʝʪ ʩʦʨʙʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ (Mg:Fe 1:2 ʠ 1:3), ʠ ʪʦʣʴʢʦ ʣʠʰʴ ʚ ʩʣʫʯʘʝ Mg:Fe 1:1 
ʚʳʨʘʞʝʥʦ ʧʦʚʳʰʘʝʪ ʩʦʨʙʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʉɼɻ. ɺ ʩʣʫʯʘʝ ʞʝ ʱʝʣʦʯʥʳʭ ʉɼɻ 
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ʦʙʨʘʙʦʪʢʘ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ ʫʣʴʪʨʘʟʚʫʢʦʤ ʚʩʝʛʜʘ ʧʨʠʚʦʜʠʪ ʢ ʚʳʨʘʞʝʥʥʦʤʫ 
ʫʚʝʣʠʯʝʥʠʶ ʠʭ ʩʦʨʙʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʨʠʯʝʤ ʵʪʦʪ ʵʬʬʝʢʪ ʩʪʨʝʤʠʪʝʣʴʥʦ 
ʚʦʟʨʘʩʪʘʝʪ ʚ ʨʷʜʫ Mg:Fe 1:1 ï 1:2 ï 1:3. 

ɺʳʚʦʜʳ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ 
ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 

1. ɺ ʩʣʫʯʘʝ ʘʤʤʠʘʯʥʳʭ ʉɼɻ ʚʣʠʷʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʥʘ ʩʦʨʙʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ 
ʦʙʨʘʟʮʦʚ ʥʝʦʜʥʦʟʥʘʯʥʘ ʠ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʧʨʠʚʦʜʠʪ ʢ ʥʝʢʦʪʦʨʦʤʫ ʫʭʫʜʰʝʥʠʶ 
ʨʝʟʫʣʴʪʘʪʦʚ.  

2. ɼʣʷ ʱʝʣʦʯʥʳʭ ʉɼɻ ʫʣʴʪʨʘʟʚʫʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʠ ʠʭ ʩʠʥʪʝʟʝ ʚʩʝʛʜʘ 
ʧʨʠʚʦʜʠʪ ʢ ʚʳʨʘʞʝʥʥʦʤʫ ʫʣʫʯʰʝʥʠʶ ʩʦʨʙʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʜʦʩʪʠʛʘʷ ʤʘʢʩʠʤʫʤʘ 
ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ Mg:Fe 1:3. 

3. ʅʘʠʙʦʣʴʰʘʷ ʩʦʨʙʮʠʦʥʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʚʳʷʚʣʝʥʘ ʜʣʷ ʱʝʣʦʯʥʦʛʦ ʉɼɻ Mg:Fe 
1:3, ʧʦʣʫʯʝʥʥʦʛʦ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʤʝʪʦʜʦʤ.  

ɺ ʮʝʣʦʤ, ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʩʧʦʩʦʙ ʩʠʥʪʝʟʘ ʉɼɻ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ 
ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤ ʪʝʨʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ, ʧʦʩʢʦʣʴʢʫ 
ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʢʨʠʩʪʘʣʣʠʯʥʳʝ ʦʙʨʘʟʮʳ ʩ ʙʦʣʴʰʝʡ ʩʦʨʙʮʠʦʥʥʦʡ 
ʩʧʦʩʦʙʥʦʩʪʴʶ ʚ ʩʣʫʯʘʝ ʩʦʦʩʘʞʜʝʥʠʷ ʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʛʠʜʨʦʢʩʠʜʦʤ ʥʘʪʨʠʷ (ʪ.ʝ. ʚ 
ʩʣʫʯʘʝ ʱʝʣʦʯʥʳʭ ʉɼɻ).  

ɹʣʘʛʦʜʘʨʥʦʩʪʠ. ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʦʪʜʝʣʴʥʦʛʦ ʧʨʦʝʢʪʘ 
çʋʣʴʪʨʘʟʚʫʢʦʚʦʡ ʩʠʥʪʝʟ ʩʣʦʠʩʪʳʭ ʜʚʦʡʥʳʭ ʛʠʜʨʦʢʩʠʜʦʚ ʤʝʜʠʮʠʥʩʢʦʛʦ ʥʘʟʥʘʯʝʥʠʷè. 
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ʇʈʀʄɽʅɽʅʀɽ ʄʆʑʅʓʍ ʋʃʔʊʈɸɿɺʋʂʆɺʓʍ ʂʆʃɽɹɸʅʀʁ ɺ ʇʈʆʎɽʉʉɽ 
ʇʈʆʀɿɺʆɼʉʊɺɸ ɹɽʉʉɺʀʅʎʆɺʆʁ ʇʔɽɿʆʂɽʈɸʄʀʂʀ ʊʀʇɸ NBT 

 
ʈʫʙʘʥʠʢ ɺ.ɺ.1, ʌʨʦʣʦʚ ɺ.ʂ.1, ʐʠʣʠʥ ɸ.ɼ.1, ʈʫʙʘʥʠʢ ɺ.ɺ. ʤʣ.1, ʇʝʣʘʠʩ-ɹʘʨʨʘʥʢʦ ɸ.2 

1ʀʥʩʪʠʪʫʪ ʪʝʭʥʠʯʝʩʢʦʡ ʘʢʫʩʪʠʢʠ ʅʘʮʠʦʥʘʣʴʥʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ ɹʝʣʘʨʫʩʠ, 
ʛ. ɺʠʪʝʙʩʢ, ʈʝʩʧʫʙʣʠʢʘ ɹʝʣʘʨʫʩʴ, ita@vitebsk.by 

2ʀʥʩʪʠʪʫʪ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠ ʪʝʭʥʦʣʦʛʠʡ, ɻʘʚʘʥʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɻʘʚʘʥʘ, 
10400, ʂʫʙʘ 

 
ʆʜʥʠʤ ʠʟ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʤʦʜʠʬʠʢʘʮʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʱʥʳʭ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʥʘ ʨʘʟʥʳʭ ʩʪʘʜʠʷʭ ʠʭ ʠʟʛʦʪʦʚʣʝʥʠʷ: ʫʣʴʪʨʘʟʚʫʢʦʚʘʷ 

ʤʝʭʘʥʦʘʢʮʠʚʘʮʠʷ ʧʦʨʦʰʢʘ, ʧʨʝʩʩʦʚʘʥʠʝ, ʩʠʥʪʝʟ. ʋʣʴʪʨʘʟʚʫʢʦʚʘʷ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʷ 

ʦʩʥʦʚʘʥʘ ʥʘ ʷʚʣʝʥʠʠ ʘʢʫʩʪʠʯʝʩʢʦʡ ʢʘʚʠʪʘʮʠʠ ï ʦʙʨʘʟʦʚʘʥʠʝ ʠ ʟʘʭʣʦʧʳʚʘʥʠʝ ʧʦʣʦʩʪʝʡ 

ʚ ʞʠʜʢʦʩʪʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʚʦʣʥ, ʧʨʠ ʵʪʦʤ ʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ 

ʠʟʤʝʣʴʯʘʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʥʠʭ ʠʤʧʫʣʴʩʥʳʭ ʥʘʛʨʫʟʦʢ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʠʭ ʩʭʣʦʧʦʚʘʥʠʝ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʫʟʳʨʴʢʦʚ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʚʦʟʤʦʞʥʦ 

ʠʟʤʝʣʴʯʝʥʠʝ ʯʘʩʪʠʮ ʠ ʠʭ ʢʦʥʛʣʦʤʝʨʘʪʦʚ ʟʘ ʩʯʝʪ ʩʦʫʜʘʨʝʥʠʷ ʧʨʠ ʠʭ ʙʝʩʧʦʨʷʜʦʯʥʦʤ 

ʜʚʠʞʝʥʠʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ. ɺ ʩʣʝʜʩʪʚʠʝ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ ʫ 

ʦʙʨʘʙʦʪʘʥʥʦʛʦ ʧʦʨʦʰʢʘ ʩʥʠʞʘʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʧʝʢʘʥʠʷ, ʫʣʫʯʰʘʶʪʩʷ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ (ʩʥʠʞʝʥʠʝ ʧʦʨʠʩʪʦʩʪʠ, ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ, ʫʣʫʯʰʝʥʠʝ ʧʣʘʩʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ), ʧʦʚʳʰʘʝʪʩʷ ʨʝʘʢʮʠʦʥʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ [1-4]. 

ʇʨʝʩʩʦʚʘʥʠʝ ʧʦʨʦʰʢʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʥʘ ʧʦʨʦʰʦʢ ʯʝʨʝʟ ʧʫʘʥʩʦʥ 

ʠʣʠ ʤʘʪʨʠʮʫ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʛʦ ʮʠʢʣʘ ʧʨʝʩʩʦʚʘʥʠʷ ʠʣʠ ʥʘʯʠʥʘʷ ʩ ʢʘʢʦʛʦ-ʪʦ 

ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʜʘʚʣʝʥʠʷ. ʉʫʪʴ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʨʠ ʧʨʝʩʩʦʚʘʥʠʠ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʠʟ-ʟʘ ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʜʝʡʩʪʚʠʷ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʩ 

ʘʤʧʣʠʪʫʜʦʡ, ʩʦʧʦʩʪʘʚʠʤʦʡ ʩ ʨʘʟʤʝʨʘʤʠ ʯʘʩʪʠʮ ʠʣʠ ʠʭ ʘʛʣʦʤʝʨʘʪʦʚ, ʦʙʱʝʝ 

ʥʘʧʨʷʞʝʥʠʝ ʚ ʜʝʬʦʨʤʠʨʫʝʤʦʤ ʧʦʨʦʰʢʦʚʦʤ ʤʘʪʝʨʠʘʣʝ ʨʘʚʥʦʤʝʨʥʦ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʷʝʪʩʷ ʠ ʨʝʣʘʢʩʠʨʫʝʪ ʚ ʧʨʝʩʩʦʚʢʝ ʚʩʣʝʜʩʪʚʠʝ ʨʘʚʥʦʤʝʨʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦʨʦʰʢʘ. ʇʨʠ ʧʨʝʩʩʦʚʘʥʠʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ 

ʢʦʣʝʙʘʥʠʡ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʘʚʣʝʥʠʷ ʧʦ ʦʙʲʝʤʫ ʧʨʝʩʩʦʚʢʠ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ 

ʨʘʚʥʦʤʝʨʥʳʤ ʢʘʢ ʠʟ-ʟʘ ʩʥʠʞʝʥʠʷ ʧʨʠʩʪʝʥʥʦʛʦ ʪʨʝʥʠʷ, ʪʘʢ ʠ ʟʘ ʩʯʝʪ ʩʥʠʞʝʥʠʷ 

ʤʝʞʯʘʩʪʠʯʥʦʛʦ ʪʨʝʥʠʷ ʯʝʤ ʜʦʩʪʠʛʘʝʪʩʷ ʙʦʣʝʝ ʧʣʦʪʥʘʷ ʫʧʘʢʦʚʢʘ ʯʘʩʪʠʮ, ʯʪʦ ʧʦʚʳʰʘʝʪ 

ʧʣʦʪʥʦʩʪʴ ʧʦʣʫʯʘʝʤʦʡ ʧʨʝʩʩ-ʟʘʛʦʪʦʚʢʠ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʧʨʠʤʝʥʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʚ 

ʧʨʦʮʝʩʩʝ ʧʨʝʩʩʦʚʘʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʟʘʣʝʯʠʚʘʥʠʶ ʤʝʣʢʠʭ ʧʦʨ ʠ ʫʤʝʥʴʰʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ 

ʠ ʨʘʟʤʝʨʦʚ ʢʨʫʧʥʳʭ ʧʦʨ [2]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʫʣʴʪʨʘʟʚʫʢ ʧʨʠʤʝʥʠʣʠ ʥʘ ʩʪʘʜʠʠ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ ʠ 

ʧʨʝʩʩʦʚʘʥʠʷ ʙʝʩʩʚʠʥʮʦʚʦʡ ʧʴʝʟʦʢʝʨʘʤʠʢʠ Na0.5Bi0.5TiO3. ʀʟ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

Na2CO3, TiO2 ʠ Bi2O3 ʩʦʩʪʘʚʣʷʣʘʩʴ ʰʠʭʪʘ ʠ ʝʝ ʩʤʝʰʠʚʘʥʠʝ ʧʨʦʚʦʜʠʣʠ ʚ ʷʰʤʦʚʦʡ 

ʩʪʫʧʢʝ ʚ ʩʧʠʨʪʝ. ɿʘʪʝʤ ʧʦʨʦʰʦʢ ʧʨʝʩʩʦʚʘʣʠ ʚ ʙʨʠʢʝʪʳ ʜʠʘʤʝʪʨʦʤ 20ʤʤ ʠ ʚʳʩʦʪʦʡ 

10ʤʤ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʠʥʪʝʟʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʩʠʥʪʝʟʘ ʩʦʩʪʘʚʣʷʣʘ 800-850 ↔ʉ, ʚʨʝʤʷ 

ʩʠʥʪʝʟʘ 5 ʯʘʩʦʚ (3 ʯʘʩʘ ʧʦʜʲʝʤ ʪʝʤʧʝʨʘʪʫʨʳ, 2 ʯʘʩʘ ʚʳʜʝʨʞʢʘ). ʉʠʥʪʝʟ ʦʩʫʱʝʩʪʚʣʷʣʠ 

ʚ ʟʘʢʨʳʪʦʤ ʪʠʛʣʝ ʩ ʟʘʩʳʧʢʦʡ. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʧʦʣʫʯʝʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ (ʨʠʩʫʥʦʢ 1) 

ʧʦʢʘʟʘʣʘ ʪʠʧʠʯʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʝʨʦʚʩʢʠʪʘ. 
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ʈʠʩʫʥʦʢ 1 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ NBT (*- ʧʠʢʠ ʵʪʘʣʦʥʥʦʛʦ ʚʝʱʝʩʪʚʘ ʠʟ ʙʘʟʳ 

ʜʘʥʥʳʭ ) 

 
ʉʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʩʤʝʩʠ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ NBT, ʧʦʣʫʯʝʥʥʳʝ ʧʦʩʣʝ ʩʠʥʪʝʟʘ, 

ʧʦʜʚʝʨʛʘʣʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ ʥʘ ʯʘʩʪʦʪʝ ~22ʢɻʮ ʠ ʤʦʱʥʦʩʪʠ 
ʛʝʥʝʨʘʪʦʨʘ 4 ʢɺʪ ʚ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ ʚ ʪʝʯʝʥʠʠ 30 ʤʠʥʫʪ (ʨʠʩʫʥʦʢ 2). ɼʣʷ 
ʧʨʝʩʩʦʚʘʥʠʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʛʝʥʝʨʘʪʦʨ ʋɿɼʅ-2ʊ ʤʦʱʥʦʩʪʴʶ 
0,4 ʢɺʪ ʠ ʨʫʯʥʦʡ ʛʠʜʨʘʚʣʠʯʝʩʢʠʡ ʧʨʝʩʩ (ʨʠʩʫʥʦʢ 3). ʋʩʠʣʠʝ ʧʨʝʩʩʦʚʘʥʠʷ ʩʦʩʪʘʚʣʷʣʦ 
35 ʢʇʘ. 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʦ ʩʪʘʥʜʘʨʪʥʦʡ ʤʝʪʦʜʠʢʝ ʥʘ ʯʘʩʪʦʪʝ 
1ʢɻʮ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʠʪʝʣʷ ʠʤʤʠʪʘʥʩʘ ɽ7-20. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʝʨʘʤʠʢʠ ʪʠʧʘ NBT ʧʦʢʘʟʘʣʦ, ʯʪʦ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʟʥʘʯʝʥʠʷ 
ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ (ʨʠʩʫʥʦʢ 4), ʘ ʪʘʢʞʝ ʩʥʠʞʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ 
ʩʧʝʢʘʥʠʷ ʥʘ ~ 60 Áʉ. ʇʨʠʤʝʥʝʥʠʝ ʞʝ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ ʚ ʧʨʦʮʝʩʩʝ 
ʧʨʝʩʩʦʚʘʥʠʷ ʧʦʟʚʦʣʠʣʦ ʥʘ ~ 5 % ʫʚʝʣʠʯʠʪʴ ʧʣʦʪʥʦʩʪʴ ʢʝʨʘʤʠʢʠ ʠ ʠʩʢʣʶʯʠʪʴ 
ʦʙʨʘʟʦʚʘʥʠʝ ʪʨʝʱʠʥ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʩʠʥʪʝʟʝ. 
 

  
      ʘ) ʙ) 

ʈʠʩʫʥʦʢ 2 ï ʉʭʝʤʘ (ʘ) ʠ ʚʠʜ (ʙ) ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʫʟʣʘ ʜʣʷ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ: 1 - 
ʙʫʩʪʝʨ, 2 - ʢʦʨʧʫʩ ʨʝʘʢʪʦʨʥʦʡ ʢʘʤʝʨʳ, 3 - ʚʦʣʥʦʚʦʜ, 4 - ʩʪʘʢʘʥ, 5 - ʦʙʨʘʙʘʪʳʚʘʝʤʘʷ ʩʨʝʜʘ, 6 - 

ʦʭʣʘʞʜʘʶʱʘʷ ʞʠʜʢʦʩʪʴ. 


