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ʉʵʜʵʚʪ ʘʞʣʳʥ ʛװʡʮʵʪʛʵʛʯʠʜ: 

ʉʵʜʚʠʡʥ ʫʜʠʨʜʘʛʯ:  

ɼ.ʉʘʥʛʘʘ  ʐʋɸ-ʠʡʥ ʌʊʍ-ʠʡʥ ʌʫʥʢʮʠʦʥʘʣʴ 

ʤʘʪʝʨʠʘʣʳʥ ʣʘʙʦʨʘʪʦʨʠʡʥ ʵʨʜʵʤ 

ʰʠʥʞʠʣʛʵʵʥʠʡ ʘʞʠʣʪʘʥ, ɸʢʘʜʝʤʠʯ 

 :ʡʮʵʪʛʵʛʯʠʜװʥʜʩʵʥ ʛת

ʅ.ɾʘʨʛʘʣʘʥ  ʐʋɸ-ʠʡʥ ʌʊʍ-ʠʡʥ ʌʫʥʢʮʠʦʥʘʣʴ 

ʤʘʪʝʨʠʘʣʳʥ ʣʘʙʦʨʘʪʦʨʠʡʥ ʵʨʜʵʤ 

ʰʠʥʞʠʣʛʵʵʥʠʡ ʘʭʣʘʭ ʘʞʠʣʪʘʥ, ɼʦʢʪʦʨ 

ʕ.ʋʷʥʛʘ  ʐʋɸ-ʠʡʥ ʌʊʍ-ʠʡʥ ʌʫʥʢʮʠʦʥʘʣʴ 

ʤʘʪʝʨʠʘʣʳʥ ʣʘʙʦʨʘʪʦʨʠʡʥ ʵʨʜʵʤ 

ʰʠʥʞʠʣʛʵʵʥʠʡ ʘʭʣʘʭ ʘʞʠʣʪʘʥ, ɼʦʢʪʦʨ 

ʀ.ʍʠʰʠʛʜʵʤʙʵʨʵʣ  ʐʋɸ-ʠʡʥ ʌʊʍ-ʠʡʥ ʌʫʥʢʮʠʦʥʘʣʴ 

ʤʘʪʝʨʠʘʣʳʥ ʣʘʙʦʨʘʪʦʨʠʡʥ ʵʨʜʵʤ 

ʰʠʥʞʠʣʛʵʵʥʠʡ ʜʵʜ ʘʞʠʣʪʘʥ, ɼʦʢʪʦʨʘʥʪ 

ɹ.ʍʦʥʛʦʨʟʫʣ  ʐʋɸ-ʠʡʥ ʌʊʍ-ʠʡʥ ʌʫʥʢʮʠʦʥʘʣʴ 

ʤʘʪʝʨʠʘʣʳʥ ʣʘʙʦʨʘʪʦʨʠʡʥ ʵʨʜʵʤ 

ʰʠʥʞʠʣʛʵʵʥʠʡ ʜʵʜ ʘʞʠʣʪʘʥ, ɼʦʢʪʦʨʘʥʪ 

ɹ.ʕʥʭʤʵʥʜ  ʐʋɸ-ʠʡʥ ʌʊʍ-ʠʡʥ ʌʫʥʢʮʠʦʥʘʣʴ 

ʤʘʪʝʨʠʘʣʳʥ ʣʘʙʦʨʘʪʦʨʠʡʥ ʵʨʜʵʤ 

ʰʠʥʞʠʣʛʵʵʥʠʡ ʜʵʜ ʘʞʠʣʪʘʥ, ʄʘʛʠʩʪʨ 

ɻʵʨʵʵʪ ʘʞʠʣʪʘʥ: 

ʕ.ɼʘʤʜʠʥʩװʨʵʥ ʄʋʀʉ, ʐʋʉ, ɹʘʡʛʘʣʠʡʥ ʫʭʘʘʥʳ ʩʫʨʛʫʫʣʴ, 

ɼʦʢʪʦʨ 

ɼ.ʆʜʭװװ  ɹʅʉʋ-ʳʥ ʀʥʯʝʦʥr ʫʣʩʳʥ ʠʭ ʩʫʨʛʫʫʣʴ, 

ɼʦʢʪʦʨ, ʇʨʦʬ 

ʕ.ɹʘʷʥʞʘʨʛʘʣ ʐʋɸ-ʠʡʥ ʌʊʍ-ʠʡʥ ɹʘʛʘʞʠʪ ʘʥʘʣʠʟʳʥ 

ʣʘʙʦʨʘʪʦʨʠ, ʀʥʞʝʥʝʨ 

ʏ.ʕʥʭʙʦʣʜ  ʍʉתʊ-ʠʡʥ ʵʤʯ, ɸʥʘʛʘʘʭ ʫʭʘʘʥʳ ʜʦʢʪʦʨ 
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ʍʘʤʪʨʘʥ ʘʞʠʣʣʘʩʘʥ ʛʘʜʘʘʜ, ʜʦʪʦʦʜʳʥ ʠʭ ʜʵʵʜ ʩʫʨʛʫʫʣʴ, ʣʘʙʦʨʘʪʦʨʠʫʜ:  

ʐʋɸ ïʠʡʥ ɹʠʦʣʦʛʠʡʥ ʍװʨʵʵʣʵʥ; 

ʆʍʋ ïr ʥ ɼʫʙʥʘʛʠʡʥ ʎᴇʤʠʡʥ ʐʠʥʞʠʣʛʵʵʥʠʡ ʅʵʛʜʩʵʥ ʀʥʩʪʠʪʫʪ; 

ʆʍʋ ïr ʥ ʄʦʩʢʚʘʛʠʡʥ ʋʣʩʳʥ ʀʭ ʉʫʨʛʫʫʣ;ɹ  

ʗʧʦʥ ʫʣʩʳʥ ʅʠʡʭʘʤʘʛʠʡʥ ʪʝʭʥʦʣʦʛʠʡʥ ʠʥʩʪʠʪʫʪ 
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ʈɽʌɽʈɸʊ 

ʐʠʥʞʣʵʭ ʫʭʘʘʥ, ʪʝʭʥʦʣʦʛʠʡʥ ʩʘʥʪʘʡ ʙʘʡʛʫʫʣʩʘʥ SST_2018/22 ʪʦʦʪ ʛʵʨʵʵʥʠʡ 

ʜʘʛʫʫ  ñʅʘʥʦ-ʩʦʨʦʥʟʦʥʛʠʡʥ ʦʥʮʣʦʛ, ʪװװʥʠʡʛ ʭʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʭ 

ʙʦʣʦʤʞò ʩʫʫʨʴ ʩʫʜʘʣʛʘʘʥʳ ʪᴇʩᴇʣ ʐʋɸ-ʠʡʥ ʌʠʟʠʢ, ʪʝʭʥʦʣʦʛʠʡʥ ʭװʨʵʵʣʵʥ ʜʵʵʨ 

2018-2020 ʦʥʜ ʭʵʨʵʛʞʩʵʥ. ʊᴇʩʣʠʡʥ ʟʦʨʠʣʛʦ ʥʴ ʭʦʣʠʤʦʛ ʤʝʪʘʣʣ ʘʛʫʫʣʩʘʥ ʩʦʨʦʥʟʦʥ 

ʥʘʥʦ ʤʘʪʝʨʠʘʣʳʥ ʜʦʪʦʦʜ ʪʦʛʪʮʳʥ ʟװʡ ʪʦʛʪʦʣ, ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʳʛ ʢʚʘʥʪ 

ʤʝʭʘʥʠʢʠʡʥ ʦʥʦʣʦʦʨ ʙʦʣʦʥ ʘʪʦʤʳʥ ʙװʪʮʠʡʥ  ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮ, ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ 

ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʘʨʛʘʘʨ ʩʫʜʣʘʭ ʷʚʜʘʣ ʶʤ.  

ʉʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʪʘʡ ʥʘʥʦ ʤʘʪʝʨʠʘʣʳʛ ʘʥʘʛʘʘʭ ʫʭʘʘʥʜ ʭʘʚʜʨʳʥ ʭʘʣʫʫʥ 

ʵʤʯʠʣʛʵʵ, ʩʦʨʦʥʟʦʥ ʨʝʟʦʥʘʥʩ ʟʫʨʘʛ (MRI) ʦʥʦʰʣʦʛʦʦ, ʵʤʠʡʥ ʵʤʯʠʣʛʵʵ, 

ɼʝʟʦʢʩʠʨʠʙʦʥʫʢʣʝʡʥʳ ʭװʯʠʣ (ɼʅʍ) ʙʦʣʦʥ ʵʩʠʡʥ ʥʘʨʠʡʚʯʠʣʩʘʥ ʷʣʛʘʭ ʰʠʥʞʠʣʛʵʵ 

ʟʵʨʵʛ ʯʠʛʣʵʣװװʜʵʵʨ ʘʰʠʛʣʘʞ ʙʘʡʥʘ. ʊʵʨ ʜʫʥʜʘʘ ʬʝʨʨʠʪװװʜ (MFe2O4, M = Mn, Ni, 

Co, Cu, Mg, Zn, Fe ʛ.ʤ.) ʥʴ ʭʦʣʴʮ ʵʣʝʤʝʥʪ ʘʰʠʛʣʘʩʥʘʘʨ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʳʛ 

ʥʴ ᴇᴇʨʯʠʣʞ, ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʯʘʜʘʤʞʠʡʛ ʫʜʠʨʜʘʞ ʙʦʣʜʦʛ ʫʯʠʨ ᴇʨʛᴇʥᴇᴇʨ 

ʩʫʜʣʘʛʜʘʞ ʙʘʡʥʘ [1, 2]. 

ʊᴇʩʣʠʡʥ ʭװʨʵʵʥʜ ʭʵʨʵʛʞװװʣʩʵʥ ʩʫʜʘʣʛʘʘʥʳ ʘʞʣʳʥ ʭװʨʵʵʥʜ ʙʠʜ ʜʘʨʘʘʭ װʨ 

ʜװʥʛװװʜʠʡʛ ʛʘʨʛʘʥ ʘʚʣʘʘ. װתʥʜ: 

ü ʕʥʛʠʡʥ ʙʦʣʦʥ ʫʨʚʫʫ ʰʧʠʥʝʣ ʙװʪʮʠʡʥ ʪʦʭʠʦʣʜʦʣʜ ʬʝʨʨʠʪ ʥʵʛʜʣʠʡʥ 

ʵʣʝʢʪʨʦʥ ʙװʪʵʮ, ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʳʥ ʦʥʦʣʳʥ ʩʫʜʘʣʛʘʘʛ ʛװʡʮʵʪʛʵʩʥʵʵʨ 

ʤʘʛʥʠ ʙʦʣʦʥ ʪᴇʤʨʠʡʥ ʘʪʦʤʫʫʜʳʥ ʙʘʡʨʣʘʣ ʪʝʪʨʘʵʜʨ ʙʦʣʦʥ ʦʢʪʘʵʜʨ 

ʙʘʡʨʣʘʣʜ ʭʵʨʭʵʥ ʩʫʫʭʘʘʩ ʪװװʥʠʡ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ ʭװʯʪʵʡ ʭʘʤʘʘʨʯ 

ʙʘʡʛʘʘʛ ʪʦʦʮʦʦʣʦʥ ʛʘʨʛʘʚ.  

ü ʊᴇʤᴇʨ ʘʛʫʫʣʩʘʥ ʬʝʨʨʠʪ ʥʵʛʜʣװװʜʠʡʛ ʛʘʨʛʘʥ ʘʚʘʭ ʭʠʤʠʡʥ ʩʠʥʪʝʟʠʡʥ 

ʛʦʨʠʤʳʛ ʪʦʛʪʦʦʭ ʘʞʣʳʛ ʛװʡʮʵʪʛʵʚ. ɿʦʣʴ-ʛʝʣʠʡʥ ʘʨʛʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ 

MgFe2O4 ʜʵʵʞ ʥʴ ʢʫʙ ʰʧʠʥʝʣ ʙװʪʵʮʪʵʡ, ʷʤʘʨ ʥʵʛʵʥ ʭʦʣʴʮ ʙʘʡʭʛװʡ 

ʮʵʚʵʨʰʠʣʪ ᴇʥʜᴇʨʪʵʡ, ʢʨʠʩʪʘʣʣʠʪʳʥ ʭʵʤʞʵʵ ʪʦʭʠʨʦʤʞʪʦʡ (~50ʥʤ), ʜʫʣʘʘʥ 

ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʯʘʜʘʤʞ ᴇʥʜᴇʨ (42°) ʙʘʡʚ.   

ü ʎʵʚʵʨ ʤʘʛʥʠʡʥ ʬʝʨʨʠʪʠʡʥ ʢʨʠʩʪʘʣʣ ʙװʪʮʠʡʥ ɸ ʙʦʣʦʥ B ʜʵʜ ʪʦʨʫʫʜʘʜ 

ʦʨʰʠʭ ʢʘʪʠʦʥʫʫʜʳʛ ʩʦʨʦʥʟʦʥ ʙʦʣʦʥ ʩʦʨʦʥʟʦʥ ʙʫʩ ʰʠʥʞ ʯʘʥʘʨʪʘʡ 

ʵʣʝʤʝʥʪװװʜʵʵʨ ʭʦʣʴʮʣʦʭ ʟʘʤʘʘʨ ʢʘʪʠʦʥʳ ʪװʛʵʣʪ, ʙװʪʵʮ, ʰʠʥʞ ʯʘʥʘʨʳʛ 

ʫʜʠʨʜʘʭ ʩʫʜʘʣʛʘʘʛ ʷʚʫʫʣʘʚ.  
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ü ɼʵʵʨʭ ʩʫʜʘʣʛʘʘʥʳ ʘʞʣʫʫʜʘʜ װʥʜʵʩʣʵʥ ʭʘʤʛʠʡʥ ᴇʥʜᴇʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ 

ʯʘʜʘʤʞ ʙװʭʠʡ ʬʝʨʨʠʪ ʥʘʥʦ ʤʘʪʝʨʠʘʣʳʛ ʭʘʚʜʨʳʥ ʵʩ ʜʵʵʨʭ ʪʫʨʰʠʣʪʳʛ 

ʛװʡʮʵʪʛʵʚ. ɹʠʜ ʩʫʜʘʣʛʘʘʥʜʘʘ ʭװʥʠʡ ʫʤʘʡʥ ʭװʟװװʥʠʡ ʭʘʚʜʨʳʥ ʵʩʠʡʛ ʩʦʥʛʦʥ 

ʘʚʯ ὓὫȢὔὭȢὊὩὕ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ ʙװʭʠʡ ʥʘʥʦ ʬʝʨʨʠʪʠʡʛ ʘʰʠʛʣʘʥ 

ʵʩʠʡʥ ʘʤʴʜʨʘʭ ʯʘʜʚʘʨʳʥ װʥɻ ʣʛʵʵʛ ʭʠʡʣʵʵ.  

ü ᴆᴇʨʩʜʠʡʥ ʫʛʩʘʨʩʘʥ ʩʦʨʦʥʟʦʥ ʦʨʦʥ װװʩʛʵʛʯ ʪᴇʭᴇᴇʨᴇʤʞᴇᴇʨ ʭʘʣʘʣʪ װװʩʛɻ ʞ 

ʵʩʠʡʥ ʫʨʛʘʣʪʳʛ ʜʘʨʘʥʛʫʡʣʞ ʙʘʡʛʘʘ ʵʩʵʭʠʡʛ ʩʫʜʣʘʥ װʟʵʭʵʜ ʙʠʜʥʠʡ ʛʘʨʛʘʥ 

ʘʚʩʘʥ ʬʝʨʨʠʪ ʥʘʥʦ ʙᴇᴇʤ ʥʴ Hela ʵʩʠʡʥ ʫʨʛʘʣʪʳʛ 16.8% -ʠʘʨ ʜʘʨʘʥʛʫʡʣʞ 

ʙʘʡʚ.  

ʊᴇʩʣʠʡʥ װʨ ʜװʥʛʵʵʨ ʵʨʜʵʤ ʰʠʥʞʠʣʛʵʵʥʠʡ ɻʨʜʵʤ ʰʠʥʞʠʣʛʵʵʥʠʡ ᴇʛװװʣʵʣ ï 15, 

ʤʵʨʛʵʞʣʠʡʥ ʥʦʤ ï 1, ʪʘʥʠʥ ʤʵʜʵʭװʡʥ ʥʦʤ ï 1 ʭʵʚʣװװʣʞ, ʵʨʜʵʤ ʰʠʥʞʠʣʛʵʵʥʠʡ 

ʠʣʪʛʵʣ 9-ʠʡʛ ʭʵʣʵʣʮװװʣʩʥʵʵʩ 4-ʠʡʛ ʦʣʦʥ ʫʣʩʳʥ ʭʫʨʘʣʜ ʠʣʪʛʵʩʵʥ ʙʘʡʥʘ. ʄᴇʥ 1 

ʩʫʜʣʘʘʯ ñʄʘʛʥʠ ʙʦʣʦʥ ɿʵʩʠʡʥ ʬʝʨʨʠʪ ʥʵʛʜʣװװʜʠʡʥ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʳʥ 

ʦʥʦʣʳʥ ʩʫʜʘʣʛʘʘò ʩʵʜʚʵʵʨ ʬʠʟʠʢʠʡʥ ʤʘʛʠʩʪʨʳʥ ʟʵʨʵʛ ʭʘʤʛʘʘʣʣʘʘ.  

 

ʊװʣʭװװʨ װʛ: ʌʝʨʨʠʪ; ʰʧʠʥʝʣʴ ʙװʪʵʮ; ʭʦʣʴʮ; ʢʨʠʩʪʘʣʣ ʙʦʣʦʥ ʤʦʣʝʢʫʣ ʙװʪʵʮ; 

ʩʪʝʭʠʦʤʝʪʨʠʡʥ ʭʘʨʴʮʘʘ; DFT ʪʦʦʮʦʦʣʦʣ; ʭʘʚʜʨʳʥ ʵʩ 
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ʅʕɻ. ʉʆʈʆʅɿʆʅ ʅɸʅʆ ʄɸʊɽʈʀɸʃʓʅ ʆʅʎʃʆɻ 

1.1. ʐʧʠʥʝʣ ʬʝʨʨʠʪ ʥʵʛʜʣװװʜ 

ʊᴇʤʨʠʡʥ ʠʩʵʣ Fe2O3 ʙʫʩʘʜ ʤʝʪʘʣʣʳʥ ʠʩʵʣʪʵʡ ʥʵʛʜʵʥ װװʩʛʵʩʵʥ ʭʠʤʠʡʥ 

ʥʵʛʜʣʠʡʛ ʬʝʨʨʠʪ ʛʵʞ ʥʵʨʣʵʥʵ. ʌʝʨʨʠʪ ʥʵʛʜʣʠʡʛ ʢʨʠʩʪʘʣʣ ʙװʪʮʵʵʨ ʥʴ ʰʧʠʥʝʣ-

ʬʝʨʨʠʪ, ʛʨʘʥʘʪ-ʬʝʨʨʠʪ, ʛʝʢʩʘ-ʬʝʨʨʠʪ, ʦʨʪʦ-ʬʝʨʨʠʪ ʛʵʞ ʘʥʛʠʣʥʘ. ʕʜʛʵʵʨʪ 

ʧhʠʥʝʣ-ʬʝʨʨʠʪ ʥʴ ʢʨʠʩʪʘʣʣ ʢʫʙ ʪʦʨʪʦʡ, ʦʛʪʦʨʛʫʡʥ ʛʨʫʧʧ Fd3m, MFe2O4, (ʄ-ʭʦʸʨ 

ʚʘʣʝʥʪ ʙװʭʠʡ ʤʝʪʘʣʣ ʠʦʥ) ʛʵʩʵʥ ʝʨᴇʥʭʠʡ ʪʦʤʴʸʦʪʦʡ, ʛʨʘʥʘʪ-ʬʝʨʨʠʪ ʢʫʙ ʙװʪʵʮʪʵʡ, 

ʦʛʪʦʨʛʫʡʥ ʛʨʫʧʧ Ia3d, Me3Fe5O12 (Me-ʛʘʟʨʳʥ ʭʦʚʦʨ ʵʣʝʤʝʥʪ) ʝʨᴇʥʭʠʡ ʪʦʤʴʸʦʪʦʡ, 

ʛʝʢʩʘ-ʬʝʨʨʠʪ ʥʴ ʛʝʢʩʘʛʦʥʘʣʴ ʪʦʨʪʦʡ, ʦʛʪʦʨʛʫʡʥ ʛʨʫʧʧ P63/mmc, MeFe12O19 

ʝʨᴇʥʭʠʡ ʪʦʤʴʸʦʪʦʡ, ʦʨʪʦ-ʬʝʨʨʠʪ ʪᴇʨᴇʣ ʥʴ ʨʦʤʙʦ ʢʨʠʩʪʘʣʣ ʪʦʨʪʦʡ, ʦʛʪʦʨʛʫʡʥ 

ʛʨʫʧʧ Pcmn, MeFe3O4 ʝʨᴇʥʭʠʡ ʪʦʤʴʸʦʪʦʡ ʥʵʛʜʣװװʜ ʙʘʡʜʘʛ.  

ʐʧʠʥʝʣ ʙװʪʵʮ ʥʴ ὃ ὄ ὕ  (ὃ, ὄ ʥʴ ʤʝʪʘʣʣ ʠʦʥʫʫʜ, ὕ ʭװʯʠʣʪᴇʨᴇʛʯʠʡʥ ʠʦʥ) 

ʛʵʩʵʥ ʝʨᴇʥʭʠʡ ʪʦʤʴʸʦʪʦʡ ʙʘʡʜʘʛ ʘʛʘʘʜ ὓὫὃὰὕ ʤʠʥʝʨʘʣʳʥ ʥʵʨʵʵʨ ñʰʧʠʥʝʣò ʛʵʞ 

ʥʵʨʣʵʞʵʵ. ɹװʪʮʠʡʥ ʭʫʚʴʜ 8 ʪʦʤʴʸʦʥʳ ʥʵʛʞʪʵʡ, ʵʛʵʣ ʪʦʨʦʥʜʦʦ ʥʠʡʪ 8 x 7 = 56 

ʠʦʥʪʦʡ. ʍװʯʠʣʪᴇʨᴇʛʯʠʡʥ ʠʦʥʫʫʜ (ʨʘʜʠʫʩ ʦʡʨʦʣʮʦʦʛʦʦʨ 0.13ʥʤ) ʪʘʣʜ ʪᴇʚʣᴇʩᴇʥ ʢʫʙ 

ʙʘʡʨʣʘʣʜ ʙʘʛʮʣʘʛʜʘʞ, ʭʘʨʴʮʘʥʛʫʡ ʞʠʞʠʛ ʤʝʪʘʣʣ ʠʦʥ (ʨʘʜʠʫʩ ʦʡʨʦʣʮʦʦʛʦʦʨ 0.07 

ï 0.08ʥʤ) ʥʴ ʪʵʜʛʵʵʨʠʡʥ ʭʦʦʨʦʥʜʦʭ ʟʘʡʜ ʙʘʡʨʣʘʥʘ (ɿʫʨʘʛ 1.1). ʕʥʵ ʟʘʡ ʥʴ 2 ʷʥʟ 

ʙʘʡʜʘʛ. ʕʭʥʠʡʭ ʥʴ ʪʝʪʨʘʵʜʨ ʙʫʶʫ ɸ ʙʘʡʨʣʘʣ, ʵʥʵ ʙʘʡʨʣʘʣ ʥʴ ʙʫʣʘʥʛʫʫʜʘʜ ʥʴ 

ʭװʯʠʣʪᴇʨᴇʛʯʠʡʥ ʠʦʥʫʫʜ ʩʫʫʩʘʥ ʜᴇʨʚᴇʥ ʪʘʣʪʳʥ ʪᴇʚʜ ʙʘʡʨʣʘʥʘ. ʍʦʸʨʜʦʭ ʥʴ 

ʦʢʪʘʵʜʨ ʙʫʶʫ B ʙʘʡʨʣʘʣ, ʵʥʵ ʙʘʡʨʣʘʣ ʥʴ ʙʫʣʘʥʛʫʫʜʘʜ ʥʴ ʭװʯʠʣʪᴇʨᴇʛʯʠʡʥ ʠʦʥʫʫʜ 

ʩʫʫʩʘʥ ʥʘʡʤʘʥ ʪʘʣʪʳʥ ʪᴇʚʜ ʙʘʡʨʣʘʥʘ [3].  

 

ɿʫʨʘʛ 1.1. ʌʝʨʨʠʪ ʥʵʛʜʣʠʡʥ ʢʨʠʩʪʘʣʣ ʙϾʪʵʮ 
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ʐʧʠʥʝʣ ʙװʪʮʠʡʥ ʰʠʥʞ ʯʘʥʘʨ ʵʛʵʣ ʪʦʨ ʜʦʪʦʨʭ ʢʘʪʠʦʥʳ ʪװʛʵʣʪʵʵʩ ʠʭʵʵʭʵʥ 

ʭʘʤʘʘʨʘʣʪʘʡ ʙʘʡʜʘʛ. (2 ) (3 ) Tet (2 ) (3 ) Oct

(1 ) (2 ) 4(A Fe ) (A Fe ) O+ + +

d

+

d-d -d
 ʝʨᴇʥʭʠʡ ʪʦʤʴʸʦʪʦʡ ʰʧʠʥʝʣ 

ʙװʪʮʠʡʥ ʙװʭ ʙʦʣʦʤʞʠʪ ʙʘʡʨʣʘʣʫʫʜ ʤʝʪʘʣʣ ʠʦʥʦʦʨ ʜװװʨʛʵʛʜʜʵʛʛװʡ, ʪʝʪʨʘʵʜʨ (ɸ) 

ʙʘ ʦʢʪʘʵʜʨ (B) ʙʘʡʨʣʘʣʜ ʠʦʥʫʫʜ ʭʦʣʠʣʜʦʥ ʙʘʡʨʰʠʥʘ. ʊװװʥʠʡ ʭʘʨʴʮʘʘʛ 

ʠʥʚʝʨʩʠʡʥ ʧʘʨʘʤʝʪʨ ʛʵʞ ʥʵʨʣʵʜʵʛ ŭ ʭʵʤʞʠʛʜʵʭװװʥ ʪʦʜʦʨʭʦʡʣʥʦ. ʋʛ ʧʘʨʘʤʝʪʨ 0Ò 

ŭ Ò1 ʫʪʛʘ ʘʚʥʘ. ʊʫʭʘʡʣʙʘʣ, ʟᴇʚʭᴇʥ ɸ ʙʘʡʨʣʘʣʳʥ 1/8, B ʙʘʡʨʣʘʣʳʥ 1/2 ʥʴ 

ʜװװʨʛʵʛʜʩʵʥ ʙʘʡʥʘ (ʍװʩʥʵʛʪ 1.1). MFe2O4 ʝʨᴇʥʭʠʡ ʪʦʤʲʸʦʪʦʡ ʙװʪʮʠʡʥ, ʙװʭ 

ʤʝʪʘʣʣʳʥ ʠʦʥ M2+ ʥʴ A ʙʘʡʨʣʘʣʜ, Fe3+ ʥʴ ɺ ʙʘʡʨʣʘʣʜ (ŭ = 0) ʙʘʡʚʘʣ ʵʥʵ ʙװʪʮʠʡʛ 

ʵʥʛʠʡʥ (ʥʦʨʤʘʣ)ɹ ʰʧʠʥʝʣ ʛʵʥʵ. ʋʨʚʫʫ ʰʧʠʥʝʣ (ŭ = 1) ʛʵʜʵʛʪ ʭʦʸʨ ʚʘʣʝʥʪ ʙװʭʠʡ 

M2+ ʠʦʥʫʫʜ ɺ ʙʘʡʨʣʘʣʜ, ʭʘʨʠʥ ʛʫʨʚʘʥ ʚʘʣʝʥʪ ʙװʭʠʡ Fe3+ ʠʦʥʫʫʜ ɸ, ɺ ʙʘʡʨʣʘʣʜ 

ʭʫʚʘʘʛʜʘʥ ʙʘʡʨʣʘʜʘʛ. MFe2O4 (M=Fe, Co, Ni) ʪᴇʤᴇʨ, ʢʦʙʘʣʴʪ, ʥʠʢʝʣ ʬʝʨʨʠʪװװʜ 

ʥʴ ʫʨʚʫʫ ʙװʪʵʮʪʵʡ ʙᴇʛᴇᴇʜ ʙװʛʜ ʬʝʨʨʠʩʦʨʦʥʟʦʥ ʶʤ. ʐʧʠʥʝʣ ʙװʪʵʮʪʵʡ ʥʵʛʜʣװװʜʠʡʛ 

ʨʝʥʪʛʝʥ ʙʦʣʦʥ ʥʝʡʪʨʦʥ ʜʠʬʨʘʢʮʳʥ ʘʨʛʘʘʨ ʩʫʜʣʘʭʘʜ ʠʭʵʥʭ ʪʦʭʠʦʣʜʦʣʜ ʜʫʥʜʳʥ 

ʙװʪʵʮ 0Ò ŭ Ò1 ʘʞʠʛʣʘʛʜʜʘʛ ʪʫʣ ʵʥʛʠʡʥ ʙʦʣʦʥ ʫʨʚʫʫ ʙװʪʮʠʡʛ ʦʥʮʛʦʡ ʥᴇʭʮᴇʣ ʛʵʞ 

  .ʟʜʵʛװ

ʍϾʩʥʵʛʪ 1.1. MOĀFe2O3 ʬʝʨʨʠʪʠʡʥ ʪʦʨ ʜʘʭʴ ʤʝʪʘʣʣ ʠʦʥʫʫʜʳʥ ʪϾʛʵʣʪ 

ɹʘʡʨʣʘʣ 
ɹʦʣʦʤʞʠʪ  

ʪʦʦ 

ɹʘʡʨʣʘʭ  

ʪʦʦ 

ɹʘʡʨʣʘʭ ʠʦʥ 

ʕʥʛʠʡʥ 

ʰʧʠʥʝʣ 

ʋʨʚʫʫ 

ʰʧʠʥʝʣ 

ʊʝʪʨʘʵʜʨ A) 64 8 8M2+ 8Fe3+ 

ʆʢʪʘʵʜʨ (B) 
32 16 16Fe3+ 8Fe3+ 

   8M3+ 

ʌʝʨʨʠʪ ʤʘʪʝʨʠʘʣʳʥ ʩʦʨʦʥʟʦʥ ʙװʪʮʠʡʛ ɿʫʨʘʛ 1.2-ʪ װʟװװʣʵʚ. ɽʨᴇʥʭʠʡʜᴇᴇ ɸɺ, 

ɸɸ, ɺɺ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣװװʜ ʥʴ ʙװʛʜ ʩᴇʨᴇʛ ʰʠʥʞ ʯʘʥʘʨʪʘʡ ʙʘʡʜʘʛ ʯ ʵʥʵ ʥʴ ʥʵʛʵʥ 

ʟʵʨʵʛ ʪʠʡʤ ʙʘʡʭ ʙʦʣʦʤʞʛװʡ ʶʤ. ɸɺ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣ ʥʴ ʭʘʤʛʠʡʥ ʭװʯʪʵʡ ʙʘ ʙװʭ 

ɸ ʤʦʤʝʥʪʫʫʜ ʥʴ ʭʦʦʨʦʥʜʦʦ ʧʘʨʘʣʣʝʣ ɹʙᴇʛᴇᴇʜ ɺ ʤʦʤʝʥʪʫʫʜʪʘʡ ʵʩʨʵʛ ʧʘʨʘʣʣʝʣ ɹ

ʙʘʡʭ ʟװʡ ʪʦʛʪʦʣʪʦʡ. CoFe2O4 ʥʵʛʜʣʵʵʩ ʙʫʩʘʜ ʙװʭ ʬʝʨʨʠʪʠʡʥ ʤʦʤʝʥʪʫʫʜʳʥ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʡʥ ʯʠʛʣʵʣ ʥʴ <111> ʙʘʡʭ ʙʘ ʵʥʵ ʥʴ ʵʛʵʣ ʪʦʨʳʥ ʜʠʘʛʦʥʘʣɹ ʜʘʛʫʫ 

ʛʵʩʵʥ װʛ. CoFe2O4 ʥʵʛʜʣʠʡʥ ʭʫʚʴʜ ʤʦʤʝʥʪʫʫʜ ʥʴ ʢʫʙ ʪʦʨʳʥ <100> ʯʠʛʣʵʣʪʵʡ 

ʧʘʨʘʣʣʝʣ ɹʙʘʡʜʘʛ. 
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NiFe2O4 ʥʵʛʜʣʠʡʥ Ni-ʠʡʥ ʭʫʚʴʜ ʙװʪʵʮ ʥʴ 

ʫʨʚʫʫ Ni2+ ʠʦʥʫʫʜ ɺ ʙʘʡʨʣʘʣʜ, Fe3+ 

ʠʦʥʫʫʜ ʥʴ ɸ, ɺ ʙʘʡʨʣʘʣʜ ʪʵʥʮװװ 

ʭʫʚʘʘʛʜʘʥ ʙʘʡʨʣʘʥʘ. ʀʡʤʵʵʩ Fe3+ 

ʤʦʤʝʥʪʫʫʜ ʫʩʪʘʣʮʘʘʜ, Ni-ʠʡʥ ʤʦʤʝʥʪʫʫʜ 

ʥʠʡʪ ʤʦʤʝʥʪʳʛ ʙװʨʜװװʣʥʵ (2ɛB). ʕʥʜʵʵʩ 

 ʟʵʭʵʜ ʫʨʚʫʫ ʰʧʠʥʝʣ ʬʝʨʨʠʪʠʡʥ ʭʫʚʴʜװ

ʜʠʚʘʣʝʥʪ ʠʦʥʳ ʤʦʤʝʥʪ ʥʴ ʩʦʨʦʥʟʦʥ 

ʭʘʥʘʣʪʳʛ ʠʣʵʨʭʠʡʣʥʵ. ʄᴇʥ Mn ʬʝʨʨʠʪʠʡʥ 

ʭʫʚʴʜ ʫʨʚʫʫ ʙʠʰ ʯ ʥʠʡʪ ʤʦʤʝʥʪ ʥʴ 5ɛB ʛʵʞ 

ʛʘʨʜʘʛ ʙʘ ʵʥʵ ʥʴ Mn2+, Fe3+ ʘʣʴ ʘʣʴ ʥʴ 5ɛB ʤʦʤʝʥʪʪʦʡ ʪʫʣ ɸ, ɺ -ʜ ʭʵʨʭʵʥ 

ʪʘʨʭʩʘʥʘʘʩ װʣ ʭʘʤʘʘʨʘʥ 5ɛB ʙʘʡʥʘ. ʍʘʨʠʥ Zn ʬʝʨʨʠʪ ʥʴ ʵʥʛʠʡʥ ʙװʪʵʮʪʵʡ, 0 

ʤʦʤʝʥʪʪʦʡ Zn2+ ʠʦʥʫʫʜ ɸ ʙʘʡʨʣʘʣʳʛ ʜװװʨʛʵʥ ʙʘʡʨʣʘʥʘ (ʍװʩʥʵʛʪ 1.2). ʀʡʤʜ ɸɺ 

ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣ ʙʘʡʭʛװʡ.  

ʍϾʩʥʵʛʪ 1.2. ʌʝʨʨʠʪ ʥʵʛʜʣϾϾʜʠʡʥ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪʳʥ ʫʪʛʫʫʜ 

ʌʝʨʨʠʪ MnFe2O4 FeFe2O4 CoFe2O4 NiFe2O4 CuFe2O4 ZnFe2O4 

ʍʵʤʞʩʵʥ  

 µB 
5 4 3 2 1 0 

ʊʦʦʮʦʦʣʩʦʥ 

µB 
4.6 4.1 3.7 2.3 1.3 0 

ʉᴇʨᴇʛ ɺɺ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣʵʵʨ ɺ ʙʘʡʨʣʘʣ ʜʘʭ ɹFe3+ ʠʦʥʫʫʜ ʘʥʪʠʧʘʨʘʣʣʝʣ, 

ʥʠʡʪ ʤʦʤʝʥʪʛװʡ ʙʦʣʥʦ (ɿʫʨʘʛ 1.3). ʕʥʜʵʵʩ Zn ʥʴ ʘʥʪʠʬʝʨʨʦʩʦʨʦʥʟʦʥ ʤʘʪʝʨʠʘʣ 

ʛʵʞ װʟʵʞ ʙʦʣʦʭ ʙʘ ʵʥʵ ʥʴ ʟᴇʚʭᴇʥ 9ʂ-ʵʵʩ ʙʘʛʘ ʪʝʤʧʝʨʘʪʫʨʪ ʣ ʠʡʤ ʰʠʥʞ ʯʘʥʘʨʪʘʡ.  

ɿʫʨʘʛ 1.2.  ʌʝʨʨʠʪ 

ʤʘʪʝʨʠʘʣʳʥ ʩʦʨʦʥʟʦʥ ʙϾʪʵʮ 

ɿʫʨʘʛ 1.3.  ɸ ʙʦʣʦʥ ɹ ʙʘʡʨʣʘʣ ʜʘʭʴ ʪЊʤʨʠʡʥ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪʠʡʥ 

ʯʠʛʣʵʣʠʡʥ ʭʘʤʘʘʨʘʣ 
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ɺɺ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣ ʤʘʰ ʩʫʣ ʙᴇʛᴇᴇʜ ʙʘʛʘʭʘʥ ʜʫʣʘʘʥʳ ʵʥʝʨʛʠ ʯ 

ʤʦʤʝʥʪʫʫʜʳʛ ʘʥʪʠʧʘʨʘʣʣʝʣ ʞʘʛʩʘʭʘʜ ʩʘʘʜ ʙʦʣʜʦʛ. ɸ, ɺ ʙʘʡʨʣʘʣ ʜʘʭ ɹ

ʤʦʤʝʥʪʫʫʜ ʥʴ ʘʥʪʠʧʘʨʘʣʣʝʣ ʙʘʡʜʘʛ ʙʘ װװʥʠʡʛ ʍװʩʥʵʛʪ 1.3. -ʪ ʭʘʨʫʫʣʘʚ. 

ʍϾʩʥʵʛʪ 1.3. ɿʘʨʠʤ ʬʝʨʨʠʪʠʡʥ ʭʫʚʴʜ ʠʦʥ ʪʘʨʭʘʣʪ ʙʦʣʦʥ ʥʠʡʪ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪ 

ɾʠʰʵʵ ɹװʪʵʮ ʄʘʪʝʨʠʘʣ 
ʊʝʪʨʘʵʜʨ  

ɸ ʙʘʡʨʣʘʣ 

ʆʢʪʘʵʜʨ  

ɺ ʙʘʡʨʣʘʣ 

ʅʠʡʪ ʤʦʤʝʥʪ 

(µB/ʤʦʣʝʢʫʣ) 

 

1 

 

ʋʨʚʫʫ 

 

NiFe2O4 Fe3+ Ni2+ Fe3+ 

 

2 
ʊʦʦ ʰʠʨʭʵʛ 5 2 5 

ʏʠʛʣʵʣ Ÿ Ŷ Ÿ 

 

2 

 

ʕʥʛʠʡʥ 
ZnFe2O4 

Zn2+ Fe3+ Fe3+ 

 

0 
0 5 5 

 Ŷ Ÿ 

 

3 

 

ɹʘʨʘʛ 

ʫʨʚʫʫ 

MgFe2O4 Mg2+, Fe3+ Mg2+ Fe3+ 

 

1 
ʊʦʦ ʰʠʨʭʵʛ 0          4.5 0 5.5 

ʏʠʛʣʵʣ Ÿ  Ŷ 

 

4 

 

ʋʨʚʫʫ 

0.9NiO Fe2O3 Fe3+ Ni2+ Fe3+ 

1.8 ʊʦʦ ʰʠʨʭʵʛ 4.5 1.8 4.5 

ʏʠʛʣʵʣ Ÿ Ŷ Ŷ 

 

ʕʥʛʠʡʥ 

0.1ZnO 

Fe2O3 
Zn2+ Fe3+ Fe3+ 

1.0 
ʍʵʤʞʵʵ 0 0.5 0.5 

ʏʠʛʣʵʣ  Ŷ Ŷ 

ʊʦʦ ʰʠʨʭʵʛ 4.5 7.3 
2.8 

ʏʠʛʣʵʣ Ÿ Ŷ 

ʄʘʛʥʠʡʥ ʬʝʨʨʠʪ MgFe2O4-ʠʡʛ ʩʦʥʠʨʭʲʸ. Mg ʥʴ ʙװʨʵʥ ʫʨʚʫʫ ʙʠʰ ʫʯʠʨ 

ʜʠʚʘʣʝʥʪ ʠʦʥ ʙʦʣʦʭ Mg2+ ʠʦʥ ʥʴ ʥʠʡʪ 0 ʤʦʤʝʥʪʪʦʡ ʙʘʡʜʘʛ. ʋʯʠʨ ʥʴ Mg2+ ʠʦʥʳ 0.1 

ʥʴ ɸ ʙʘʡʨʣʘʣʜ ʙʘʡʜʘʛ ʙʘ ʠʥʛʵʩʥʵʵʨ ɸ ʙʘʡʨʣʘʣ ʜʘʭ ɹʠʦʥ 0.9³(5) ɛB = 4.5ɛB ʙʦʣʦʭ 

ʙʘ ʭʘʨʠʥ ɹ ʙʘʡʨʣʘʣʳʥʭ 1.1³(5) ɛB = 5.5ɛB ʙʦʣʞ ʥʠʡʪ ʤʦʤʝʥʪ 1ɛB ʙʦʣʥʦ. ʕʥʵ ʥʴ 

ʪʫʨʰʣʘʛʳʥ ʫʪʛʘʪʘʡ (1.1 ɛB) ʪʘʘʨʜʘʛ.   
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ʎʘʡʨ ʘʛʫʫʣʩʘʥ ʭʦʣʠʤʦʛ ʬʝʨʨʠʪװװʜʠʡʥ ʭʫʚʴʜ ʥʵʛ ʩʦʥʠʨʭʦʣʪʦʡ ʟװʡʣ ʥʴ 

ʩʦʨʦʥʟʞʠʣʪʛװʡ Zn2+ -ʠʡʥ ʥʵʤʵʣʪ ʥʴ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪʳʛ ʠʭʵʩʛʵʜʵʛ. װתʥʠʡʛ (ʍװʩʥʵʛʪ 

1.3.) 4 ʜʵʭ ʞʠʰʵʵʥ ʜʵʭ 10 ʤʦʣ% Zn ʬʝʨʨʠʪ ʘʛʫʫʣʩʘʥ 90 ʤʦʣ% Ni ïʠʡʥ ʭʦʣʠʤʦʛ 

ʬʝʨʨʠʪʠʡʥ ʥʠʡʪ ʤʦʤʝʥʪʦʦʩ ʭʘʨʞ ʙʦʣʥʦ. 0 ʤʦʤʝʥʪʪʦʡ Zn2+ -ʠʡʥ ʠʦʥʫʫʜ ʮʵʚʵʨ Zn 

ïʠʡʥ ʬʝʨʨʠʪʠʡʥ ʘʜʠʣ ɸ ʙʘʡʨʣʘʣʜ ʦʯʩʦʥʦʦʨ ɸ ʙʘʡʨʣʘʣʳʥ ʤʦʤʝʥʪ ʩʫʣʘʨʯ, Zn 

ʬʝʨʨʠʪʠʡʥ Fe3+ ʠʦʥʫʫʜ ʭװʯʪʵʡ ɸɺ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣʵʵʨ ɺ ʙʘʡʨʣʘʣ ʜʘʭ ɹ

ʤʦʤʝʥʪʪʦʡ ʧʘʨʘʣʣʝʣ ɹ ʤʦʤʝʥʪʪʦʡ ʙʦʣʥʦ. ʀʥʛʵʩʥʵʵʨ ʥʠʡʪ ʤʦʤʝʥʪ ʮʵʚʵʨ Ni 

ʬʝʨʨʠʪʠʡʥ ʭʫʚʴʜ 2.0ɛB ʙʘʡʜʘʛ, ʭʦʣʠʤʦʛ ʬʝʨʨʠʪʠʡʥ ʭʫʚʴʜ 2.8ɛB ʙʦʣʞ ᴇʩʜᴇʛ. 

ʍʵʨʵʚ ʠʡʤ ʙʘʡʜʣʘʘʨ 10 ʤʦʣ% ʪʫʪʘʤʜ 0.8ɛB ïʘʘʨ ᴇʩᴇʞ ʙʘʡʚʘʣ ʮʵʚʵʨ Zn ʬʝʨʨʠʪ 

10ɛB ʤʦʤʝʥʪʪʦʡ ʙʘʡʭʘʘʨ ʭʘʨʘʛʜʘʞ ʙʘʡʥʘ.  

ʌʝʨʨʠʪ ʰʧʠʥʝʣ ʥʵʛʜʣʠʡʥ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ ʥʴ ʠʦʥ ʙװʨʠʡʥ ʩʦʨʦʥʟʦʥ 

ʤʦʤʝʥʪ, ɸ, ɺ ʙʘʡʨʣʘʣ ʜʘʭʴ  ʠʦʥʫʫʜʳʥ  ʪװʛʵʣʪ, ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣʵʵʩ ʭʘʤʘʘʨʥʘ. 

ɹʠʜʥʠʡ ʩʫʜʘʣʛʘʘʛʘʘʨ ʭʦʣʠʤʦʛ ʢʨʠʩʪʘʣʣ ʙװʪʵʮ ʙװʭʠʡ Mg1-xCuxFe2O4 ʥʵʛʜʣʠʡʥ 

ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ ʥʴ MgFe2O4 ʙʘ CuFe2O4 ʥʵʛ ʪᴇʨʣʠʡʥ ʰʧʠʥʝʣ ʙװʪʵʮ ʙװʭʠʡ 

ʥʛɻʜʣʵʵʩ ʵʨʩ ʷʣʛʘʘʪʘʡ ʙʘʡʜʘʛ (ʍװʩʥʵʛʪ 1.4). 

ʍϾʩʥʵʛʪ 1.4.  ʌʝʨʨʠʪϾϾʜ ʜʵʭ ʩʦʨʦʥʟʦʥ ʙʦʣʦʥ ʙʫʩʘʜ ЊʛЊʛʜʣϾϾʜ 

ʅʵʛʜʵʣ 

ʊʦʨʳʥ 

ʧʘʨʘʤʝʪʨ, 

ʘ (ʥʤ) 

ʅʷʛʪ 

(ʛ/cʤ3) 

0K 20ę C 
Tc 

(ęC) 
ů0 

(ʵʤʫ/ʛ) 

M0 

(ʵʤʫ/ʩʤ3) 

ůs 

(ʵʤʫ/ʛ) 

Ms 

(ʵʤʫ/ʩʤ3) 

MnFe2O4 0.85 5.00 112 560 80 400 300 

FeFe2O4 0.839 5.24 98 510 92 480 585 

CoFe2O4 0.838 5.29 90 475 80 425 520 

NiFe2O4 0.834 5.38 56 300 50 270 585 

CuFe2O4 0.837a 5.41 30 160 25 135 455 

MgFe2O4 0.836 4.52 31 140 27 120 440 

BaFe2O4 
a=0.588 

c=2.32 
5.28 100 530 72 380 450 

Fe 0.287 7.87 222 1747 218 1714 770 
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1.2. ʌʝʨʨʠʪ ʥʘʥʦ ʤʘʪʝʨʠʘʣʳʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ װʟʵʛʜʵʣ 

ʌʝʨʨʠʪ ὓὊὩὕ  (M = Mn, Ni, Co, Cu, Mg, Ni, Fe) ʩʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤʩʠʡʥ 

(ʠʭʵʚʯʣʵʥ 5-100 ʥʤ ʭʵʤʞʵʵʪʵʡ) ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ ʥʘʥʦ ʙᴇᴇʤʩʠʡʥ ʭʵʤʞʵʵ, 

ʭʵʣʙʵʨʵʵʩ ʭʘʤʘʘʨʜʘʛ ʦʥʮʣʦʛʪʦʡ ʫʯʠʨ ʭʠʤʠ, ʬʠʟʠʢ, ʙʠʦʣʦʛʠʡʥ ʰʠʥʞʣʵʭ ʫʭʘʘʥʳ 

ʦʛʪʣʦʣ ʜʵʵʨ ʠʭʵʵʭʵʥ ʩʦʥʠʨʭʦʣ ʪʘʪʘʞ ʙʘʡʥʘ. ʊװװʥʵʵʩ ʛʘʜʥʘ ʥʘʥʦ ʭʵʤʞʵʵʩʠʡʥ 

ʦʨʯʠʤʜ ʩʦʨʦʥʟʦʥʜ ʙʘʡʜʘʛ ʢʦʵʨʮʠʪʠʚ ʭװʯ (HC), ʭʘʥʘʣʪʳʥ ʩʦʨʦʥʟʞʠʣʪ (JS) ʙʘ 

ʩʦʨʦʥʟʦʥ ʤʵʜʨʵʭ ʯʘʜʚʘʨ (ɢ) ʟʵʨʵʛ ʭʵʤʞʠʛʜʵʭװװʥ ʥʴ ʩʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤʠʡʥ 

ʭʵʤʞʵʵ, ʭʵʣʙʵʨ, ʙװʪʵʮ ʟʵʨʛʵʵʩ ʭװʯʪʵʡ ʭʘʤʘʘʨʯ ʙʘʡʜʘʛ. ʕʥʵʭװװ ᴇʚᴇʨʤᴇʮ ʩʦʨʦʥʟʦʥ 

ʰʠʥʞ ʯʘʥʘʨ, ʞʠʞʠʛ ʭʵʤʞʵʵ, ʙʠʦ ʥʠʡʮʪʵʡ ʙʘʡʜʘʣ ʟʵʨʵʛ ʥʴ ʪʵʜʛʵʵʨʠʡʛ ʪʫʭʘʡʣʙʘʣ, 

ʩʦʨʦʥʟʦʥ ʨʝʟʦʥʘʥʩʳʥ ʜװʨʩʣʵʣ (MRI)-ʠʡʥ ʪʦʜʦʩʛʦʛʯ ʙʘʡʜʣʳʛ ʩʘʡʞʨʫʫʣʘʭ, ʵʤʠʡʥ 

ʙʦʜʠʩʳʥ ʥʘʥʦ ʭʵʤʞʵʵʪ ʟᴇᴇʛʯ ʙʦʣʛʦʭ, ʮʘʭʠʣʛʘʘʥ ʩʦʨʦʥʟʦʥ ʵʥʝʨʛʠʡʛ ʜʫʣʘʘʥʳ 

ʵʥʝʨʛʠʜ ʭʫʚʠʨʛʘʭ, ʩʦʨʦʥʟʦʥ ʯʠʛʣװװʣʵʛʯ ʙʘ ʙʠʦ ʤʵʜʨʵʛʯ ʙʦʜʠʩ ʙʦʣʛʦʭ ʟʵʨʛʵʵʨ ʙʠʦ-

ʘʥʘʛʘʘʭʳʥ ʩʘʣʙʘʨʪ ʪᴇʨᴇʣ ʙװʨʠʡʥ ʟʦʨʠʫʣʘʣʪʘʘʨ ᴇʨʛᴇʥᴇᴇʨ ʘʰʠʛʣʘʭ ʙʦʣʦʤʞ 

ʦʣʛʦʜʦʛ [4]. 

ʆʨʯʠʥ װʝʜ ʭʘʚʜʨʳʛ ʵʤʯʣʵʭ ʷʥʟ ʙװʨʠʡʥ ʘʨʛʫʫʜ ʭʵʨʵʛʣʵʞ ʙʘʡʛʘʘ ʙʦʣʦʚʯ, ʙʫʩʘʜ 

ʵʨʭʪʵʥʜ ʛʵʤʪʵʣ ʫʯʨʫʫʣʘʭʛװʡʛʵʵʨ ʵʤʯʠʣʛʵʵ ʭʠʡʭ װʨ ʜװʥʪʵʡ ʘʨʛʘ ʭʘʨʘʘʭʘʥ 

ʥʵʵʛʜʵʵʛװʡ ʙʘʡʥʘ. ʊʵʛʚʵʣ ʭʘʚʜʨʳʥ ʭʘʣʫʫʥ ʵʤʯʠʣʛʵʵ ʙʫʶʫ ñhyperthermiaò ʥʴ 

ʩʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤʠʡʛ ᴇʚʯʥʠʡ ʛʦʣʦʤʪʦʜ ʭװʨʛʵʞ, ᴇʥʜᴇʨ ʜʘʚʪʘʤʞʪʘʡ ʭʫʚʴʩʘʭ 

ʩʦʨʦʥʟʦʥ ʦʨʦʥʛʦʦʨ װʡʣʯʠʣʩʥʵʵʨ, ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʞ ʙʫʩʘʜ ʵʨװװʣ ʵʩʵʜ 

ʥᴇʣᴇᴇʣᴇʣʛװʡ ʟᴇʚʭᴇʥ ʭʘʚʜʨʳʥ ʵʩʠʡʛ ʫʩʪʛʘʜʘʛ ʜʵʚʰʠʣʪʵʪ ʘʨʛʘ ʶʤ. ʕʥʵ ʘʨʛʘʜ 

ʩʦʨʦʥʟʦʥ ʬʝʨʨʠʪ ʤʘʪʝʨʠʘʣʫʫʜʳʛ ʭʵʨʵʛʣʵʞ ʞʠʞʠʛ ʙʠʝʪʵʡ ʘʤʴʪʜʳʥ ʭʘʚʜʨʳʛ 

ʘʤʞʠʣʪʪʘʡ ʵʤʯʠʣʞ ʙʘʡʛʘʘ ʙʦʣʦʚʯ ʭװʥʠʡ ʙʠʝʜ ʭʵʨʵʛʣʵʭʵʜ ʭʘʥʛʘʣʪʪʘʡ ʭʵʤʞʵʵʥʠʡ 

ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʞ ʯʘʜʘʭʛװʡ ʜʫʪʘʛʜʘʣʪʘʡ ʪʘʣ ʠʣʵʨʩʵʥ [5-7].   

ᴆʤʥᴇ ʭʠʡʛʜʩʵʥ ʩʫʜʘʣʛʘʘʥʳ װʨ ʜװʥʛװװʜʵʵʩ װʟʵʭʵʜ ὓὫὊὩὕ ʬʝʨʨʠʪ ʥʵʛʜʵʣ ʥʴ 

ʙʫʩʘʜ ʬʝʨʨʠʪ ʥʵʛʜʣװװʜʪʵʡ ʭʘʨʴʮʫʫʣʘʭʘʜ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ ʭʘʤʛʠʡʥ ʠʭ 

ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʞ ʙʘʡʩʘʥ (ɿʫʨʘʛ 1.4). ʊʫʭʘʡʥ ʥʵʛʜʣʠʡʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ 

ʯʘʜʘʤʞʠʜ ʙᴇᴇʤʠʡʥ ʭʵʤʞʵʵ, ʤʦʨʬʦʣʦʛʠ, ʢʨʠʩʪʘʣʣ ʙʦʣʦʥ ʩʦʨʦʥʟʦʥ ʙװʪʮʵʵʩ ʛʘʜʥʘ 

ʪʝʪʨʘʵʜʨ ʙʦʣʦʥ ʦʢʪʘʵʜʨ ʙʘʡʨʰʠʣ ʜʘʭʴ ʠʦʥʫʫʜʳʥ ʪװʛʵʣʪ ʟʵʨʵʛ ʥʴ ʯʫʭʘʣ ʥᴇʣᴇᴇʪʵʡ 

ʙʦʣʦʭ ʥʴ ᴇʤʥᴇʭ ʩʫʜʘʣʛʘʘʥʫʫʜʘʘʨ ʪʦʛʪʦʦʛʜʩʦʥ ʙʘʡʥʘ.   
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ɿʫʨʘʛ 1.4. ʌʝʨʨʠʪ ʤʘʪʝʨʠʘʣʫʫʜʳʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʯʘʜʘʤʞ 

ʍʦʣʠʤʦʛ ʰʧʠʥʝʣ ʬʝʨʨʠʪʠʡʥ ʪʦʭʠʦʣʜʦʣʜ ʭʦʸʨ ʙʘ ʪװװʥʵʵʩ ʜʵʵʰ ʢʘʪʠʦʥʳʛ 

ʘʛʫʫʣʘʭ ʙᴇʛᴇᴇʜ ʪʫʭʘʡʥ ʤʘʪʝʨʠʘʣʫʫʜʳʥ ʰʠʥʞ ʯʘʥʘʨʳʛ ᴇᴇʨʯʣᴇʥ ʩʘʡʞʨʫʫʣʘʭ 

ʙʦʣʦʤʞʠʡʛ ʦʣʛʦʜʦʛ ʙʘʡʥʘ. ὓὫὊὩὕ ʥʵʛʜʣʠʡʛ ὅὥȟὛὶȟὅόȟὓὲȟὛὭȟὔὭ ʵʣʝʤʝʥʪװװʜʵʵʨ 

ʭʦʣʴʮʣʦʥ ʰʠʥʞ ʯʘʥʘʨʳʛ ʥʴ ʩʘʡʞʨʫʫʣʘʭ ʩʫʜʘʣʛʘʘʥʫʫʜ ʭʠʡʛʜʵʵʜ ʙʘʡʥʘ.  

1.2.1. ʅʝʝʣʠʡʥ ʙʦʣʦʥ ɹʨʘʫʥʳ ʨʝʣʘʢʩʘʮ  

ʀʭʵʥʭ ʪʦʭʠʦʣʜʦʣʜ ʥʘʥʦ ʙᴇᴇʤʩʠʡʥ ʩʦʨʦʥʟʞʠʣʪ ʞʠʛʜʵʨʩʵʥ ʪʵʨ ʯʠʛʣʵʣװװʜʵʜ 

ʰʠʥʞ ʯʘʥʘʨ ʥʴ װʨʛʵʣʞ ʜʘʚʫʫ ʙʘʡʜʘʛ ʙᴇʛᴇᴇʜ ʵʜʛʵʵʨ ʯʠʛʣʵʣʜ ʥʘʥʦʙᴇᴇʤʩ ʘʥʠʟʦʪʨʦʧ 

ʰʠʥʞʪʵʡ ʛʵʞ װʟʜʵʛ. ʍʵʨʵʚ ʟᴇʚʭᴇʥ ʥʵʛ ʯʠʛʣʵʣ ʠʣװװ ʜʘʚʘʤʛʘʡ ʙʦʣ ʥʵʛ ʪʵʥʭʣʵʛʪ 

ʘʥʠʟʦʪʨʦʧ ʛʵʞ ʷʨʴʜʘʛ. ʅʵʛ ʪʵʥʭʣʵʛʪ ʘʥʠʟʦʪʨʦʧ ʰʠʥʞʪʵʡ ʥʘʥʦ ʙᴇᴇʤʩʠʡʥ ʭʫʚʴʜ 

ʜʫʣʘʘʥʳ ʵʥʝʨʛʠʡʥ ʥᴇʣᴇᴇʛᴇᴇʨ ʩʘʥʘʤʩʘʨʛװʡ ʙʘʡʜʣʘʘʨ ʩʦʨʦʥʟʞʠʣʪʳʥ ʯʠʛʣʵʣ 

ʩʦʥʛʦʥ ʙʘʡʨʰʠʭʳʛ ʵʨʤʵʣʟʵʥ ñʩʘʚʣʘʥʘò. ʕʥʵ ʧʨʦʮʝʩʩ ʥʴ ʥʵʛʜװʛʵʵʨʪ, ʩʦʨʦʥʟʦʥ 

ʤʦʤʝʥʪʳʥ ʯʠʛʣʵʣ ᴇᴇʨʯʣᴇʛʜᴇʭ, ʭʦʸʨʜʫʛʘʘʨʪ, ʙᴇᴇʤ ᴇᴇʨʠʡʥ ʪʵʥʭʣʵʛʵʵ ʪʦʡʨʦʥ ʵʨʛʵʭ 

ʛʵʩʵʥ 2 ʪᴇʨʣʠʡʥ ʤʝʭʘʥʠʟʤʘʘʨ ʷʚʘʛʜʜʘʛ. ʊʵʜʛʵʵʨʠʡʛ ʅʝʝʣ (NÅǲel relaxation) ʙʘ 

ɹʨʘʫʥ (Brownian relaxation) ʧʨʦʮʝʩʩ ʛʵʞ ʥʵʨʣʵʥʵ. ʕʥʵ ʩʘʚʣʘʭ ʵʬʬʝʢʪʠʡʥ ʜʫʥʜʘʞ 

ʭʫʛʘʮʘʘ ʥʴ ʨʝʣʘʢʩʘʮrʥ ʭʫʛʘʮʘʘ ʛʵʞ ʥʵʨʣʵʛʜʜʵʛ †-ʘʘʨ ʪʦʜʦʨʭʦʡʣʦʛʜʦʥʦ [8]:  

exp
0

Ea
k T
B

t t
å õ
æ ö
æ ö
ç ÷

= .                          (1.1) 

ʕʥʜ Ű0 ï ʩʫʜʘʣʞ ʙʘʡʛʘʘ ʤʘʪʝʨʠʘʣʘʘʩ ʭʘʤʘʘʨʘʭ ʪʦʛʪʤʦʣ ʭʫʛʘʮʘʘ. ʕʥʵ ʭʵʤʞʠʛʜʵʭϾϾʥʠʡ 

ʫʪʛʘ ʥʴ 10-9-10-12 ʩʝʢ. Ea=KV ʥʴ ʜʫʣʘʘʥʳ ʵʥʝʨʛʠʡʥ ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʜʘʚʞ ʩʦʨʦʥʟʞʠʣʪ 
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ʷʚʘʛʜʘʭ ʵʥʝʨʛʠʡʥ ʩʘʘʜ ʙʫʶʫ ʘʥʠʟʦʪʨʦʧ ʵʥʝʨʛʠ, V- ʥʘʥʦ ʙЊЊʤʠʡʥ ʵʟʣʵʭϾϾʥ, kB- 

ɹʦʣʴʮʤʘʥʳ ʪʦʛʪʤʦʣ, T-ʪʝʤʧʝʨʘʪʫʨ. 

ɸʣʠʚʘʘ ʬʠʟʠʢ ʭʵʤʞʠʛʜʵʭװװʥʠʡʛ ʭʵʤʞʠʞ ʙʘʡʛʘʘ ʭʵʤʞʠʣʪʠʡʥ ʙʘʛʘʞ 

ʪᴇʭᴇᴇʨᴇʤʞ  ʥʴ ʪʫʭʘʡʥ ʬʠʟʠʢ ʫʪʛʳʛ ʭʘʤʛʠʡʥ ʙʘʛʘ ʭʫʛʘʮʘʘʥʜ ʭʵʤʞʠʞ ʘʤʞʠʭ Űm 

ʭʵʤʞʠʣʪʠʡʥ ʭʫʛʘʮʘʘʪʘʡ ʙʘʡʜʘʛ. ʉʘʚʣʘʣʪʳʥ ʭʦʦʨʦʥʜʦʭ ʜʫʥʜʘʞ ʭʫʛʘʮʘʘ 

ʭʵʤʞʠʣʪʠʡʥ ʭʫʛʘʮʘʘʥʘʘʩ ʠʭ ʙʘʡʚʘʣ Űm<<Ű ʥʘʥʦ ʙᴇᴇʤʩ ʮʦʦʞʣʦʛʜʩʦʥ 

(ʙʣʦʢʣʦʛʜʩʦʥ) ʪᴇʣᴇʚ ʙʘʡʜʘʣ ʛʵʞ ʥʵʨʣʵʛʜʵʭ ʪʦʜʦʨʭʦʡ ʪᴇʣᴇʚʪ ʦʨʥʦ. ʉʘʚʣʘʣʪʳʥ 

ʭʦʦʨʦʥʜʦʭ ʜʫʥʜʘʯ ʭʫʛʘʮʘʘ ʭʵʤʞʠʣʪʠʡʥ ʭʫʛʘʮʘʘʥʘʘʩ ʦʣʦʥ ʜʘʭʠʥ ʙʘʛʘ Űm>>Ű 

ʙʘʡʚʘʣ ʭʵʤʞʠʣʪʠʡʥ ʷʚʮʘʜ ʩʦʨʦʥʟʞʠʣʪʳʥ ʷʥʟ ʙװʨʠʡʥ ʯʠʛʣʵʣ ʪʦʛʪʦʞ ʘʤʞʠʭʛװʡ 

ʙʘʡʛʘʘ ʬʣʫʢʪʫʘʮ ʪᴇʣᴇʚװװʜʠʡʛ ʘʞʠʛʣʘʞ ʯʘʜʘʭʘʘʩ ʛʘʜʥʘ ʭʫʛʘʮʘʘʛʘʘʨ 

ʜʫʥʜʘʯʣʘʛʜʩʘʥ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪʳʛ ʭʵʤʞʠʞ ʙʦʣʥʦ. ʀʡʤ ʪᴇʣᴇʚ ʙʘʡʜʣʳʛ 

ʩʠʩʪʝʤʠʡʥ ʩʫʧʝʨ ʧʘʨʘʩʦʨʦʥʟʦʥ ʪᴇʣᴇʚ ʛʵʞ ʥʵʨʣʵʜʵʛ. ʍʵʤʞʠʣʪʠʡʥ ʭʫʛʘʮʘʘ 

ʘʞʠʛʣʘʛʜʘʭ ʪᴇʣᴇʚ ʙʘʡʜʘʣʜ ʠʭ ʭʵʤʞʵʵʛʵʵʨ ʥᴇʣᴇᴇʣʜᴇʛ ʯ ʟʘʨʠʤ ʭʵʤʞʠʣʪʠʡʥ 

ʭʫʛʘʮʘʘ ʷʤʘʨ ʭʵʤʞʵʵʪʵʡ ʙʘʡʜʛʠʡʛ ʤʵʜʵʭʵʜ ʠʣװװʜʵʭʛװʡ. ʊʦʛʪʤʦʣ ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ 

100 ʩʝʢ., ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥʛʠʡʥʭ 10-1 - 10-5 ʩʝʢ., ʄʸʩʩʙʘʫʵʨʠʡʥ ʩʧʝʢʪʨʦʩʢʦʧʪ 

10-7 - 10-9 ʩʝʢ.  ʙʘʡʥʘ.  

ʍʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ ʙʘʡʛʘʘ ʩʦʨʦʥʟʦʥ ʙᴇᴇʤʠʡʥ ʭʫʚʴʜ ʛʘʜʥʳ ʩʦʨʦʥʟʦʥ 

ʦʨʦʥ, ʤᴇʥ ᴇᴇʨʠʡʥ ʜʦʪʦʦʜ ʩʦʨʦʥʟʦʥ ʦʨʦʥʛʠʡʥ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣʠʡʥ װʨ ʜװʥʜ 

ʵʥʝʨʛʠ (ʜʫʣʘʘʥ) ʷʣʛʘʨʥʘ. ʅʘʥʦ ʭʵʤʞʵʵʩʪ ʩʦʨʦʥʟʦʥ ʤʘʪʝʨʠʘʣʜ ʜʫʣʘʘʥ ʷʣʛʘʨʘʭ 

 ʟʵʛʜʵʣ ʥʴ ʩʦʨʦʥʟʦʥ ʙᴇᴇʤ ʜʦʪʦʨʭ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪʳʥ ʯʠʛʣʵʣ ᴇᴇʨʯʣᴇʛʜᴇʞ ʵʨʛʵʥװ

ʩʵʨʛʵʭ ʅʝʝʣʠʡʥ ʧʨʦʮʝʩʩ ʙʦʣʦʥ ʫʛ ʙᴇᴇʤ ᴇᴇʨʠʡʥ ʪʵʥʭʣʵʛʵʵ ʪʦʡʨʦʥ ʵʨʛʵʭ ɹʨʘʫʥʳ 

ʧʨʦʮʝʩʩʪʦʡ ʫʷʣʜʘʥ װװʩʥʵ. ɻʘʜʥʳʥ ʭʫʚʴʩʘʭ ʦʨʦʥʛʠʡʥ ʜʘʚʪʘʤʞʘʘʩ ʭʘʤʘʘʨʘʥ 

ᴇᴇʨʯʣᴇʛʜᴇʭ ʭʫʛʘʮʘʘ ʥʴ ʩʦʨʦʥʟʦʥ ʙᴇᴇʤʠʡʥ ʜʦʪʦʦʜ ʦʨʦʥʛʠʡʥ ʵʨʛʵʥ ʩʵʨʛʵʭ ʭʫʛʘʮʘʘ 

(relaxation time)-ʘʘʩ ʙʘʛʘ ʙʘʡʥʘ. 

1.2.2. ʉʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤʠʡʥ ʷʣʛʘʨʫʫʣʘʭ ʜʫʣʘʘʥ 

ʅʘʥʦ ʙᴇᴇʤʠʡʥ ʭʵʤʞʵʵ ʠʭʩʵʭʵʜ ʨʝʣʘʢʩʘʮʳʥ ʭʫʛʘʮʘʘ ʠʭʵʩʥʵ. ʐʠʣʞʠʣʪʠʡʥ 

ʭʫʛʘʮʘʘ ŰN = tm װʝʜ ʭʘʨʛʘʣʟʘʭ TB-ʪʝʤʧʝʨʘʪʫʨʳʛ ʩʫʧʝʨ ʧʘʨʘʩʦʨʦʥʟʦʥ ʭʘʘʣʪʳʥ 

ʪʝʤʧʝʨʘʪʫʨ ʛʵʞ ʥʵʨʣʵʵʜ ʜʘʨʘʘʭ ʪʦʤʴʸʦʛʦʦʨ ʪʦʜʦʨʭʦʡʣʥʦ:  
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ʅʘʥʦ ʙᴇᴇʤʠʡʥ ʭʵʤʞʵʵ ʠʭʩʵʭʵʜ ʩʫʧʝʨ ʧʘʨʘʩʦʨʦʥʟʦʥ ʰʠʣʞʠʣʪʵʜ ʰʘʘʨʜʣʘʛʘʪʘʡ 

kBT ʜʫʣʘʘʥ ʠʭ ʙʦʣʥʦ. ʕʥʜʵʵʩ TB ʠʭ ʙʘʡʭ ʪʫʪʘʤ ʙᴇᴇʤʠʡʥ ʭʵʤʞʵʵ ʠʭ ʙʘʡʥʘ ʛʵʜʛʠʡʛ 

ʜʵʵʨʭ ʪʦʤʴʸʦ ʭʘʨʫʫʣʞ ʙʘʡʥʘ. ʅʘʥʦ ʙᴇᴇʤʩʠʡʥ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣ ɺʦʛʝʣʴ-

ʌʫʣʯʝʨʠʡʥ ʟʘʛʚʘʨ ʸʩʦʦʨ ʜʘʨʘʘʭ ʟװʡ ʪʦʛʪʦʣʪʦʡ [9]:  
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.                                                 (1.3) 

ʕʥʜ: T0 ɺʦʛʝʣʴ-ʌʫʣʯʝʨʠʡʥ ʪʝʤʧʝʨʘʪʫʨ. 

1.2.3. ɸʥʠʟʦʪʨʦʧ ʙʘ ʩʦʨʦʥʟʦʥ ʤʵʜʨʵʭ ʯʘʜʚʘʨ 

ʉʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤʩ ʩʦʨʦʥʟʦʥ ʦʨʦʥʛʠʡʥ װʡʣʯʣʵʣʵʵʨ ʩʦʨʦʥʟʞʠʣʪ ʵʨʛɻʥ 

ʭʫʚʴʩʘʥ ᴇᴇʨʯʣᴇʛʜᴇʭ ʧʨʦʮʝʩʩʦʜ ʦʨʞ ʫʣʤʘʘʨ ʮʘʭʠʣʛʘʘʥ ʩʦʨʦʥʟʦʥ ʵʥʝʨʛʠʡʛ 

ʜʫʣʘʘʥʳ ʵʥʝʨʛʠ ʙʦʣʛʦʥ ʭʫʚʠʨʛʘʜʘʛ [10]. ʉʦʨʦʥʟʞʠʣʪ ʵʨʛɻʥ ᴇᴇʨʯʣᴇʛʜᴇʭ װʟʵʛʜʵʣ 

ʛʠʩʪʝʨʝʟʠʩʠʡʥ ʘʣʜʘʛʜʘʣ (ʬʝʨʨʦʩʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤʩ) ʙʘ ʩʦʨʦʥʟʦʥ ʤʵʜʨʵʭ 

ʯʘʜʚʘʨʳʥ ʘʣʜʘʛʜʘʣ (ʩʫʧʝʨ ʧʘʨʘʩʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤʩ) ʛʵʩʵʥ ʭʦʸʨ ʪᴇʨʣᴇᴇʨ 

ʷʚʘʛʜʘʥʘ. ɻʠʩʪʝʨʝʟʠʩʠʡʥ ʘʣʜʘʛʜʘʣ ʥʴ ʩʦʨʦʥʟʦʥ ʦʨʦʥʛʠʡʥ ʜʘʣʘʡʮ (Hac), ʤᴇʥ 

ʢʦʵʨʮʠʪʠʚ ʭװʯ (Hʉ = 2K/ɛ0MS) -ʵʵʩ ʭʘʤʘʘʨʥʘ. 

ʍʵʨʵʚ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥ µ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪ ʙװʭʠʡ ʬʝʨʨʦʩʦʨʦʥʟʦʥ ʥʘʥʦ 

ʙᴇᴇʤʜ װʡʣʯʣʵʭʵʜ ʩʦʨʦʥʟʦʥ ʪᴇʣᴇʚ ʤʝʪʘ ʪᴇʣᴇʚ ʙʘʡʜʘʣʜ ʦʨʰʠʥʦ. װתʥʠʡ ʜװʥʜ 

ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪ ʯʠʛʣʵʣʵʵ ᴇᴇʨʯʣᴇʥ ʵʨʛʵʞ ʵʥʝʨʛʠ (ɿʝʝʤʘʥ ʵʥʝʨʛʠ) ʥʴ +ɛ0ɛHK 

ʫʪʛʘʘʩ -ɛ0ɛHK ʙʦʣʞ 2ɛ0ɛHK ʭʵʤʞʵʵʥʠʡ ʵʥʝʨʛʠ ʜʫʣʘʘʥʜ ʭʫʚʠʨʥʘ. ʍʫʚʠʡʥ ʜʫʣʘʘʥ 

ʘʣʜʘʛʜʘʣ PH ʥʴ 4ɛ0ɛHKfū-1 ʙʫʶʫ 4ɛ0MSKfɟ-1 ʛʵʞ ʪʦʜʦʨʭʦʡʣʦʛʜʦʥʦ. ʕʥʜ, ū ʙʘ ɟ ʥʴ 

ʥʘʥʦ ʙᴇᴇʤʠʡʥ ʞʠʥ, ʥʷʛʪ. ʅʘʥʦ ʙᴇᴇʤʠʡʥ ʅʝʝʣʠʡʥ ʨʝʣʘʢʩʘʮʳʥ ʭʫʛʘʮʘʘ ŰN 

ʘʥʠʟʦʪʨʦʧ ʵʥʝʨʛʠʵʨ, ɹʨʘʫʥʳ ʨʝʣʘʢʩʘʮʳʥ ʭʫʛʘʮʘʘ ŰB ʥʴ ʛʠʜʨʦʜʠʥʘʤʠʢ ʵʟʣʵʭװװʥ ʙʘ 

ʦʨʯʥʳ ʟʫʫʨʘʤʪʛʘʡ ʯʘʥʘʨʘʘʨ, ʵʜʛʵʵʨʠʡʥ ʥʠʡʣʙʵʨ ʵʬʬʝʢʪʠʚ (Ű) ʭʫʛʘʮʘʘ ʜʘʨʘʘʭ 

ʪʵʛʰʠʪʛʵʣװװʜʵʵʨ ʪʦʜʦʨʭʦʡʣʦʛʜʦʥʦ. 
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ʕʥʜ, Ű0- ʪʦʛʪʤʦʣ ʭʵʤʞʠʛʜʵʭϾϾʥ, ʦʡʨʦʣʮʦʦʛʦʦʨ 10-9 ʩʝʢ, K ï ʘʥʠʟʦʪʨʦʧ ʪʦʛʪʤʦʣ, VM - 

ʙЊЊʤʠʡʥ ʵʟʣʵʭϾϾʥ, kB -ɹʦʣʴʮʤʘʥʳ ʪʦʛʪʤʦʣ, T-ʪʝʤʧʝʨʘʪʫʨ, ɖ- ʟʫʫʨʘʤʪʛʘʡʥ 

ʢʦʵʬʬʠʮʠʝʥʪ, VH- ʙЊЊʤʠʡʥ ʛʠʜʨʦʜʠʥʘʤʠʢ ʵʟʣʵʭϾϾʥ. 

ʍʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ ʬʝʨʨʠʪ ʥʘʥʦ ʙᴇᴇʤʠʡʛ ʦʨʫʫʣʘʭʘʜ ʷʣʛʘʨʘʭ ʯʘʜʘʣ 

(ʜʫʣʘʘʥʳ ʭʵʤʞʵʵ) P ʜʘʨʘʘʭ ʠʣʵʨʭʠʡʣʣʵʵʨ ʪʦʜʦʨʭʦʡʣʦʛʜʦʥʦ:  

ὖ
А

.                  (1.7) 

ʕʥʜ, µ- ʙЊЊʤʠʡʥ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪ, H- ʩʦʨʦʥʟʦʥ ʦʨʦʥʛʠʡʥ ʭϾʯʣʵʛ, ɤ- ʦʨʦʥʛʠʡʥ ЊʥʮЊʛ 

ʜʘʚʪʘʤʞ, ɟ- ʥʘʥʦ ʤʘʪʝʨʠʘʣʳʥ ʥʷʛʪ.  

ʉʫʧʝʨ ʧʘʨʘʩʦʨʦʥʟʦʥ ʙᴇᴇʤʠʡʥ ʭʫʚʴʜ ʵʟʣʵʭװװʥ VH ʙʘʛʘʩʘʭʘʜ ŰB ʭʫʛʘʮʘʘ 

ʪװװʥʪʵʡ ʰʫʫʜ ʧʨʦʧʦʨʮʠʦʥʘʣʘʘʨ ʙʘʛʘʩʘʭ ʫʯʠʨ Ű ʭʫʛʘʮʘʘ ʟᴇʚʭᴇʥ ŰN 

ʭʵʤʞʠʛʜʵʭװװʥʵʵʨ ʪʦʜʦʨʭʦʡʣʦʛʜʦʥʦ. ʕʥʵ ʪʦʭʠʦʣʜʦʣʜ ʢʦʤʧʣʝʢʩ ʤʵʜʨʵʭ ʯʘʜʚʘʨʳʥ 

ʙʘʡʛʫʫʣʘʛʯ …ôô ʜʘʨʘʘʭ ʪʦʤʴʸʦʛʦʦʨ ʙʠʯʠʛʜʵʥʵ: 
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ʕʥʜʵʵʩ ʜʘʨʘʘʭ ʠʣʵʨʭʠʡʣʣʠʡʛ ʛʘʨʛʘʥ ʘʚʯ ʙʦʣʥʦ [7]:  
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ʕʮʵʩʪ ʥʴ ʜװʛʥʵʥ ʭʵʣʵʭʵʜ, ʩʫʧʝʨʧʘʨʘ ʩʦʨʦʥʟʦʥ ʤʘʪʝʨʠʘʣʳʥ ʭʫʚʴʜ MS 

ʭʵʤʞʠʛʜʵʭװװʥ ʠʭ ʫʪʛʘʪʘʡ, K ʜʫʥʜʘʞ ʫʪʛʘʪʘʡ ʙʘʡʚʘʣ ʭʘʤʛʠʡʥ ʪʦʭʠʨʦʤʞʪʦʡ ʛʵʞ 

  .ʟʵʞ ʙʦʣʥʦװ

1.3. ɼʫʣʘʘʥ ʷʣʛʘʨʘʭ װʟʵʛʜʣʠʡʛ ʩʫʜʣʘʭ ʘʨʛʘ ʟװʡ 

ʉʦʨʦʥʟʦʥ ʤʘʪʝʨʠʘʣʳʥ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ 

ʯʘʜʘʤʞʠʡʛ ʍʫʚʠʡʥ ʐʠʥʛʵʵʭ ʏʘʜʘʣ (ʍʐʏ-specific absorption rate-SAR) ʛʵʩʵʥ 

ʭʵʤʞʠʛʜʵʭװװʥʵʵʨ ʪʦʜʦʨʭʦʡʣʜʦʛ. ʕʥʵ ʥʴ ʜʵʵʞʠʡʥ ʥʵʛʞ ʤʘʩʩ ʜʘʭʴ ʰʠʥʛʵʵʩʵʥ 

ʵʥʝʨʛʠ (ɺʪ/ʛ) ʶʤ. ʍʐʏ -ʛ ʜʘʨʘʘʭ װʥʜʩʵʥ 3 ʘʨʛʘʘʨ ʪʦʜʦʨʭʦʡʣʜʦʛ. װתʥʜ: ɼʫʣʘʘʥ 

ʭʵʤʞʠʣʪʠʡʥ ʘʨʛʘ, ʉʦʨʦʥʟʦʥ ʭʵʤʞʠʣʪʠʡʥ ʘʨʛʘ, ɸʥʘʣʠʪʠʢ ʘʨʛʘ.  
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ʕʭʥʠʡ ʘʨʛʘʜ ʩʦʨʦʥʟʦʥ ʤʘʪʝʨʠʘʣʳʛ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ ʦʨʫʫʣʘʥ ʷʣʛʘʨʘʭ 

ʜʫʣʘʘʥʳʛ ʭʵʤʞʜʵʛ. ʕʥʜ ʷʣʛʘʨʘʭ ʜʫʣʘʘʥ ʙʦʣʦʥ ʪʝʤʧʝʨʘʪʫʨʳʥ ᴇʩᴇʣʪ ʭʦʦʨʦʥʜʳʥ 

ʭʘʤʘʘʨʣʘʘʨ ʍʐʏ ïʛ ʪʦʦʮʜʦʛ [9]. ʍʘʨʠʥ ʭʦʸʨ ʜʘʭʴ ʘʨʛʘʜ ʩʦʨʦʥʟʦʥ ʭʵʤʞʠʣʪʵʵʩ 

ʜʵʵʞʠʡʥ ʩʦʨʦʥʟʦʥ ʭʘʥʘʣʪʳʥ ʫʪʛʘ ʙʦʣʦʥ ʛʠʩʪʝʨʝʟʠʩʠʡʥ ʘʣʜʘʛʜʣʳʛ ʪʦʦʮʦʦʣʞ 

ʦʣʜʦʛ [11]. ʉװװʣʠʡʥ ʙʫʶʫ ʛʫʨʘʚ ʜʘʭʴ ʘʨʛʘʜ ʍʐʏ ïʛ ʪʦʦʮʦʦʣʦʭʜʦʦ ʩʦʨʦʥʟʦʥ ʦʨʥʳ 

ʭװʯ, ʜʘʚʪʘʤʞ ʤᴇʥ ʪʫʭʘʡʥ ʤʘʪʝʨʠʘʣʳʥ ʮᴇʤʠʡʥ ʭʵʤʞʵʵ, ʛʠʜʨʦʜʠʥʘʤʠʢ ʭʵʤʞʵʵ, 

ʘʥʠʟʦʪʨʦʧ ʪʦʛʪʤʦʣ ʟʵʨʵʛ ʰʠʥʞ ʯʘʥʘʨʫʫʜʘʘʨ ʥʴ ʪʦʜʦʨʭʦʡʣʜʦʛ [11].   

ɼʵʵʨʭ ʘʨʛʫʫʜʘʘʩ ʜʫʣʘʘʥ ʭʵʤʞʠʣʪʠʡʥ ʘʨʛʘ ʥʴ ʭʘʤʛʠʡʥ ʪװʛʵʵʤʵʣ ʭʵʨʵʛʣʵʛʜʜʵʛ. 

ʍʫʚʠʡʥ ʰʠʥʛʵʵʭ ʯʘʜʘʣ ʛʵʭ ʥʵʨ ʪʦʤʴʸʦ ʥʴ ʮʘʭʠʣʛʘʘʥ ʩʦʨʦʥʟʦʥ ʜʦʣʛʠʦʥ (ʭʵʪ ʘʚʠʘ)-

ʥʳ װʡʣʯʣʵʣʜ ʙʫʡ ʙʠʦʣʦʛʠʡʥ ʵʜ ʵʩʠʡʥ ʥʵʛʞ ʵʟʣʵʭװװʥʜ ʰʠʥʛʵʭ ʯʘʜʣʳʛ ʠʣʵʨʭʠʡʣʥʵ. 

ɹʠʜʥʠʡ ʘʚʯ װʟʵʞ ʙʫʡ ʪʦʭʠʦʣʜʦʣʜ ʙʫʶʫ ʩʦʨʦʥʟʦʥ ʤʘʪʝʨʠʘʣʳʥ ʭʫʚʴʜ ʵʥʵ 

ʭʵʤʞʠʛʜʵʭװװʥ ʩʦʨʦʥʟʦʥ ʤʘʪʝʨʠʘʣʳʥ ʥʵʛʞ ʤʘʩʩʘʘʩ ʷʣʛʘʨʘʭ ʜʫʣʘʘʥʳ ʯʘʜʣʳʛ 

ʠʣʵʨʭʠʡʣʥʵ. ʀʡʤʜ ʍʐʏ ïr ʛ ʜʘʨʘʘʭ ʪʦʤʴʸʦʛʦʦʨ ʪʦʜʦʨʭʦʡʣʥʦ:  

ˢ˥ˤ                                   (1.10) 

ʕʥʜ, c-ʥʘʥʦ ʤʘʪʝʨʠʘʣ ʘʛʫʫʣʩʘʥ ʢʦʣʣʦʠʜ ʰʠʥʛʵʥʠʡ ʭʫʚʠʡʥ ʜʫʣʘʘʥ ʙʘʛʪʘʘʤʞ (ʫʩʥʳ 

ʭʫʚʴʜ ὧ τȢρψ ˓Ⱦ ẗ̄̄ ̑́̅,  -ʪʝʤʧʝʨʘʪʫʨʳʥ ʭʫʛʘʮʘʘʥʳ ЊЊʨʯʣЊʣʪ, m ï ʩʦʨʦʥʟʦʥ 

ʤʘʪʝʨʠʘʣʳʥ ʤʘʩʩ (ʛ/ʤʣ).  

ʅʘʥʦ ʩʦʨʦʥʟʦʥ ʙᴇᴇʤᴇᴇʩ װװʩʛʵʭ ʜʫʣʘʘʥʳ ʪʦʦ ʭʵʤʞʵʵʛ ʭʫʚʠʡʥ ʰʠʥʛʵʵʭ ʯʘʜʣʘʘʩ 

ʛʘʜʥʘ ʭʫʚʠʡʥ ʜʫʣʘʘʥ ʘʣʜʘʛʜʘʣ (specific loss power-SLP), ʛʵʩʵʥ ʭʵʤʞʠʛʜʵʭװװʥʵʵʨ 

ʪʦʜʦʨʭʦʡʣʥʦ [12]. ʍɻ ʤʞʠʭ ʥʵʛʞ ʥʴ ɺʪ/ʢʛ ʙʘʡʥʘ. ʍʫʚʠʡʥ ʜʫʣʘʘʥ ʘʣʜʘʛʜʘʣ (ʍɼɸ)-ʳʛ 

ʜʘʨʘʘʭ ʭʘʨʴʮʘʘʛʘʘʨ ʪʦʦʮʦʦʣʜʦʛ [13]: 

 ˢˑˍ                         (1.11) 

ʉʦʨʦʥʟʦʥ ʛʠʧʝʨʪʝʨʤ ʦʡʣʛʦʣʪʳʥ ʭװʨʵʵʥʜ ʍʐʏ (1.10) ʙʘ ʍɼɸ (1.11) ʠʞʠʣ 

ʭʵʤʞʠʛʜʵʭװװʥװװʜ ʙʘʡʜʘʛ. ʍɼɸ ʦʡʣʛʦʣʪ ʥʴ ᴇʥʜᴇʨ ʜʘʚʪʘʤʞʠʡʥ ʜʦʣʛʠʦʥ ʭװʥʠʡ ʙʠʝʜ 

ʭʵʨʭʵʥ ʰʠʥʛʵʵʛʜʵʭ ʚʵ ʛʵʜʛʠʡʛ ʪʦʜʦʨʭʦʡʣʜʦʛ ʫʯʠʨ ʉʦʨʦʥʟʦʥ ʛʠʧʝʨʪʝʨʤ  ʩʘʣʙʘʨʪ 

ʭʵʨʵʛʣʵʛʜʵʭ ʥʘʤ ʙʫʶʫ ʭʘʨʴʮʘʥʛʫʡ ʙʘʛʘ ʜʘʚʪʘʤʞʠʡʥ ʜʦʣʛʠʦʥʳ ʭʫʚʴʜ ʪᴇʜʠʡʣᴇʥ 

ʪʦʭʠʨʦʤʞʛװʡ, ʥᴇʛᴇᴇ ʪʘʣʘʘʩ  ñʜʫʣʘʘʥ ʰʠʥʛʵʵʣʪò ʛʵʩʵʥ ʦʡʣʛʦʣʪ ʵʥʵ ʩʘʣʙʘʨʪ  

ʪʦʭʠʨʜʦʛʛװʡ. ʍʐʏ ʭʵʤʞʠʛʜʵʭװװʥ ʥʴ ʥʦʨʤʯʣʦʛʜʩʦʥ ʤʘʩʩʳʥ ʭʫʚʴʜ ʷʣʛʘʨʯ ʙʫʡ 

ʯʘʜʣʳʥ ʭʵʤʞʵʵʛ (ʭװʯ) ʠʣװװ ʠʭ ʥʘʨʠʡʚʯʣʘʣʪʘʡ ʠʣʵʨʭʠʡʣʜʵʛ ʙʘʡʥʘ.   



ʅʘʥʦ-ʩʦʨʦʥʟʦʥʛʠʡʥ ʦʥʮʣʦʛ, ʪϾϾʥʠʡʛ ʭʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʭ ʙʦʣʦʤʞ 
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ʍʆɪʈ. ʉʋɼɸʃɻɸɸʅʓ ɸʈɻɸ ɿתʁ 

2.1. ʌʝʨʨʠʪ ʥʘʥʦ ʤʘʪʝʨʠʘʣ ʛʘʨʛʘʥ ʘʚʘʭ ʘʨʛʫʫʜ 

ʆʨʯʠʥ װʝʜ ʬʝʨʨʠʪ ʥʘʥʦ ʤʘʪʝʨʠʘʣ ʛʘʨʛʘʥ ʘʚʘʭ ʦʣʦʥ ʪᴇʨʣʠʡʥ ʩʠʥʪʝʟʠʡʥ 

ʘʨʛʫʫʜ ʘʰʠʛʣʘʛʜʘʞ ʙʘʡʥʘ. װתʥʜ ʭʠʤʠʡʥ ʪʫʥʘʜʘʩʞʠʣʪ, ʟʦʣʴ-ʛʝʣʴ, ʭʘʪʫʫ ʪᴇʣᴇʚʠʡʥ 

ʫʨʚʘʣʳʥ ʘʨʛʘ, ʛʠʜʨʦʪʝʨʤʘʣ, ʵʣʝʢʪʨʦʭʠʤʠʡʥ ʛʵʭ ʤʵʪ ʦʣʦʥ ʘʨʛʫʫʜ ʙʠʡ. ʕʜʛʵʵʨ ʥʴ 

ʙװʛʜ ᴇᴇʨ ᴇᴇʨʠʡʥ ʜʘʚʫʫ ʙʦʣʦʥ ʩʫʣ ʪʘʣʫʫʜʪʘʡ [14]. ʕʥʵ ʪᴇʩʣʠʡʥ ʭװʨʵʵʥʜ ʙʠʜ ʭʘʪʫʫ 

ʪᴇʣᴇʚʠʡʥ ʫʨʚʘʣʳʥ ʘʨʛʘ ʙʦʣʦʥ ʟʦʣʴ-ʛʝʣʴ ʘʨʛʫʫʜʳʛ ʘʰʠʛʣʘʥ ʩʫʜʘʣʛʘʘʥʳ 

ʜʵʵʞװװʜʠʡʛ ʛʘʨʛʘʥ ʘʚʩʘʥ.  

2.1.1. ʍʘʪʫʫ ʪᴇʣᴇʚʠʡʥ ʫʨʚʘʣʳʥ ʘʨʛʘ 

ʍʘʪʫʫ ʪᴇʣᴇʚʠʡʥ ʫʨʚʘʣʳʥ ʘʨʛʘ ʥʴ ʭʠʤʠʡʥ ʫʨʚʘʣʞʫʫʜʳʛ ʤʝʭʘʥʠʢ ʘʨʛʘ (ball mill)-

ʘʘʨ ʥʫʥʪʘʛʣʘʥ ʭʦʣʠʭ ʟʘʤʘʘʨ ʧʦʣʠʢʨʠʩʪʘʣʣ ʤʘʪʝʨʠʘʣʳʛ ʛʘʨʛʘʥ ʘʚʘʭ ʥʠʣʵʵʥ 

ʥʠʡʪʣʵʛ ʩʠʥʪʝʟʠʡʥ ʘʨʛʘ ʶʤ. ʋʛ ʫʨʚʘʣ ʷʚʘʛʜʘʭʳʥ ʪʫʣʜ ʠʭʵʚʯʣʵʥ ʤʘʰ ᴇʥʜᴇʨ 

ʪʝʤʧʝʨʘʪʫʨʳʛ ʘʰʠʛʣʘʜʘʛ. ʍʘʪʫʫ ʪᴇʣᴇʚʠʡʥ ʫʨʚʘʣʜ ʥᴇʣᴇᴇʣᴇʭ ʭװʯʠʥ ʟװʡʣʩ ʥʴ 

ʫʨʚʘʣʞʫʫʜʳʥ ʭʠʤʠʡʥ ʙʦʣʦʥ ʤʦʨʬʦʣʦʛʠʡʥ ʰʠʥʞ ʯʘʥʘʨ, ʪװװʥʠʡ ʜʦʪʦʨ ʫʨʚʘʣʳʥ 

ʠʜʵʚʭʞʠʣ, ʛʘʜʘʨʛʫʫʛʠʡʥ ʪʘʣʙʘʡ, ʭʘʪʫʫ ʪᴇʣᴇʚʠʡʥ ʪʝʤʧʝʨʘʪʫʨ, ʜʘʨʘʣʪ, ʦʨʯʠʥ ʟʵʨʵʛ 

ʫʨʚʘʣʳʥ ʥᴇʭʮᴇʣװװʜ ʶʤ. ʍʘʪʫʫ ʪᴇʣᴇʚʠʡʥ ʫʨʚʘʣʳʥ ʘʨʛʳʥ ʜʘʚʫʫ ʪʘʣ ʥʴ ʵʥʛʠʡʥ 

ʙᴇʛᴇᴇʜ ʜʵʵʞʠʡʛ ʠʭ ʭʵʤʞʵʵʛʵʵʨ ʛʘʨʛʘʥ ʘʚʘʭ ʙʦʣʦʤʞʪʦʡ ʶʤ [15].  

 

ɿʫʨʘʛ 2.1. ʍʘʪʫʫ ʪЊʣЊʚʠʡʥ ʫʨʚʘʣʳʥ ʧʨʦʮʝʩʩʠʡʥ ʩʭʝʤ 

2.1.2. ɿʦʣʴ-ʛʝʣʴ ʘʨʛʘ 

ɿʦʣʴ-ʛʝʣʴ ʘʨʛʳʥ ʜʘʚʫʫ ʪʘʣ ʥʴ ᴇʨʪᴇʛ ʙʘʛʘ, ʢʨʠʩʪʘʣʞʠʣʪʳʥ ʭʵʤʞʵʵ ʥʵʛʵʥ ʪᴇʨᴇʣ, 

ʮʵʚʵʨʰʠʣʪ ʩʘʡʪʘʡ ʛʘʨʛʘʥ ʘʚʘʭ ʙʦʣʦʤʞʪʦʡ ʶʤ [16]. ɿʦʣʴ-ʛʝʣʴ ʘʨʛʘʘʨ ʤʘʪʝʨʠʘʣ 

ʛʘʨʛʘʥ ʘʚʘʭʘʜ ñʟʦʣʴò ʙʦʣʦʥ ñʛʝʣʴò ʛʵʩʵʥ ʭʦʸʨ ʬʘʟʳʛ ʜʘʤʞʠʥ ʜʵʵʞʠʡʛ ʛʘʨʛʘʥ ʘʚʜʘʛ. 



ʅʘʥʦ-ʩʦʨʦʥʟʦʥʛʠʡʥ ʦʥʮʣʦʛ, ʪϾϾʥʠʡʛ ʭʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʭ ʙʦʣʦʤʞ 
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ñɿʦʣòɹ ʥʴ ʜʵʵʞʠʡʥ ʰʠʥʛʵʥ ʦʨʯʠʥ ʜʘʭʴ ʢʦʣʣʦʠʜ ʫʫʩʤʘʣ ʶʤ. ʅʫʥʪʘʛ ʜʵʵʞʠʡʛ ʟʦʣʴ- 

ʛʝʣʠʡʥ ʘʨʛʘʘʨ ʛʘʨʛʘʥ ʘʚʘʭʘʜ ʤʝʪʘʣʣ ʠʦʥʳ ʥʠʪʨʘʪ ʙʦʣʦʥ ʫʩʘʥʜ ʘʤʘʨʭʘʥ ʫʫʩʜʘʛ 

ʛʣʠʮʠʥ, ʥʠʤʙʵʛʥʠʡ ʭװʯʠʣ ʟʵʨʛʠʡʛ ʤʝʪʘʣʣ ʠʦʥʫʫʜʳʥ ʭʦʣʙʦʛʯʦʦʨ ʘʰʠʛʣʘʜʘʛ. 

ʄʝʪʘʣʣ ʥʠʪʨʘʪ ʙʦʣʦʥ ʮʠʪʨʘʪʳʥ ʭʘʨʴʮʘʘ 1:x ʙʘʡʜʘʛ (x ʥʴ ʠʭʵʥʭ ʪʦʭʠʦʣʜʦʣʜ 1 ï 

3). ɼʘʚʭʘʨ ʥʵʨʩʵʥ, ʠʦʥʛװʡʞװװʣʩʵʥ ʫʩʘʥʜ ʥʠʪʨʘʪʫʫʜʳʛ ʫʫʩʛʘʥʘ. ʋʛ ʥʠʪʨʘʪ ʙʦʣʦʥ 

ʥʠʤʙʵʛʥʠʡ ʭװʯʣʠʡʛ ʫʩʘʥʜ ʫʫʩʛʘʭʜʘʘ ᴇʥʜᴇʨ ʛʨʘʜʫʩʪ ʪʘʩʨʘʣʪʛװʡ ʭʫʪʛʘʣʪʪʘʡʛʘʘʨ 

ʫʫʩʤʘʣ ʙʦʣʛʦʥʦ. ʋʩʥʳ ʤʦʣʝʢʫʣʫʫʜ ʫʫʨʰʠʞ ʜʫʫʩʘʭʘʜ ʫʫʩʤʘʣ ʟʫʫʨʘʤʪʛʘʡ ʛʝʣʴ 

ʭʵʣʙʵʨʪ ʦʨʥʦ [17].  

ʋʣʤʘʘʨ ʛʝʣʠʡʛ ᴇʥʜᴇʨ ʪʝʤʧʝʨʘʪʫʨʪ ʰʘʪʘʘʩʥʘʘʨ ʜʵʵʞ ʙʵʣʵʥ ʙʦʣʥʦ. ɿʦʣʴ-ʛʝʣʴ 

ʧʨʦʮʝʩʩʳʥ ʩʭʝʤʠʡʛ ʟʫʨʘʛ 2.2-ʪ װʟװװʣʵʚ. ʅʠʪʨʘʪ ʙʦʣʦʥ ʤʝʪʘʣʣ ʠʦʥʫʫʜʳʥ ʭʦʣʙʦʛʯ 

ʭʦʦʨʦʥʜʳʥ ʭʘʨʴʮʘʘ ʥʴ ʙᴇᴇʤʠʡʥ ʭʵʤʞʵʵ ʙʦʣʦʥ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʪ ʥᴇʣᴇᴇʣʜᴇʛ 

ʙʦʣʦʭʳʛ ʩʫʜʘʣʛʘʘʛʘʘʨ ʪʦʛʪʦʦʛʦʦʜ ʙʘʡʥʘ [18].  

 

ɿʫʨʘʛ 2.2. ɿʦʣʴ-ʛʝʣʴ ʧʨʦʮʝʩʩʠʡʥ ʩʭʝʤ 

  



ʅʘʥʦ-ʩʦʨʦʥʟʦʥʛʠʡʥ ʦʥʮʣʦʛ, ʪϾϾʥʠʡʛ ʭʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʭ ʙʦʣʦʤʞ 
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2.2. ɹװʪʮʠʡʥ ʩʫʜʘʣʛʘʘʥʳ ʘʨʛʘ ʟװʡ 

ʈʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʘʨʛʘ (XRD): ʈʝʥʪʛʝʥ ʪʫʷʘʥʳ ʜʠʬʨʘʢʮ (XRD) ʥʴ 

ʤʘʪʝʨʠʘʣʳʥ ʬʘʟʳʥ ʘʛʫʫʣʛʘ, ʢʨʠʩʪʘʣʣ ʙװʪʵʮ, ʭʠʤʠʡʥ ʥʘʡʨʣʘʛʘ, ʬʠʟʠʢ ʰʠʥʞ 

ʯʘʥʘʨʳʥ ʪʘʣʘʘʨ ʜʵʣʛʵʨʵʥʛװʡ ʤʵʜʵʵʣʵʣ ᴇʛʜᴇʛ ʪʝʭʥʠʢ ʶʤ. ʉʫʜʘʣʛʘʘʥʳ ʘʞʠʣʜ ʌʊʍ 

ʠʡʥ Shimadzu ʙʨʵʥʜʠʡʥ CuKa ʘʥʦʜ ʙװʭʠʡ Maxima_X XRD-7000 ʜʠʬʨʘʢʪʦʤʝʪʨʠʡʛ 

ʘʰʠʛʣʘʩʘʥ.  

ʅʝʡʪʨʦʥ ʩʘʨʥʠʣʳʥ ʘʨʛʘ: ʅʝʡʪʨʦʥ ʥʴ ʙʦʜʠʩ ʜʘʭʴ ʘʪʦʤʳʥ ʛװʥʜ ʦʯʠʞ ʮᴇʤʪʵʡ 

ʭʘʨʠʣʮʘʥ װʡʣʯʠʣʜʵʛ ʫʯʠʨ ʭᴇʥʛᴇʥ ʮᴇʤ Li, H ʛʵʭ ʤʵʪ ʨʝʥʪʛʝʥʵʵʨ ʪʦʜʦʨʭʦʡʣʦʭ 

ʙʦʣʦʤʞʛװʡ ʵʣʝʤʝʥʪװװʜʠʡʛ ʩʫʜʣʘʭ ʙʦʣʦʤʞʠʡʛ ʙʠʜʵʥʜ ʦʣʛʦʜʦʛ. ʅʝʡʪʨʦʥʦʛʨʘʬʠʡʥ 

ᴇʛᴇʛʜʣʠʡʛ ʙʦʣʦʚʩʨʫʫʣʩʥʘʘʨ ʢʨʠʩʪʘʣʣ ʪʦʨ ʜʘʭʴ ʘʪʦʤʳʥ ʮᴇʤʠʡʥ ʪװʛʵʣʪʠʡʛ 

ʜʵʣʛʵʨʵʥʛװʡ ʪʦʜʦʨʭʦʡʣʦʭ ʙʦʣʦʤʞʪʦʡ. ʅʝʡʪʨʦʥ ʥʴ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪʪʦʡ ʫʯʠʨ 

ʘʪʦʤʳʥ ʮᴇʤʠʡʥ ʙʦʣʦʥ ʵʣʝʢʪʨʦʥʳ ʩʧʠʥʪʵʡ ʭʘʨʠʣʮʘʥ װʡʣʯʠʣʞ ʢʨʠʩʪʘʣʣʳʥ 

ʩʦʨʦʥʟʦʥ ʙװʪʮʠʡʥ ʜװʨ ʟʫʨʛʠʡʛ ʪʦʜʦʨʭʦʡʣʜʦʛ ʜʘʚʫʫ ʪʘʣʪʘʡ. ʕʥʵ ʪᴇʩʣʠʡʥ ʭװʨʵʵʥʜ 

ɼʫʙʥʘ ʜʘʭʴ ʎᴇʤʠʡʥ ʰʠʥʞʠʣʛʵʵʥʠʡ ʥʵʛʜʩʵʥ ʠʥʩʪʠʪʫʪ (ʎʐʅʀ)ïʠʡʥ IBR-2 ʨʝʘʢʪʦʨ 

ʜʵʵʨ ᴇʥʜᴇʨ ʷʣʛʘʭ ʯʘʜʚʘʨ ʙװʭʠʡ ʥʝʡʪʨʦʥ ʜʠʬʨʘʢʪʦʤʝʪʨ (ʌʫʨʴʝ ʜʠʬʨʘʢʪʦʤʝʪʨ) -

ʠʡʛ ʘʰʠʛʣʘʥ ʢʨʠʩʪʘʣʣ ʙʦʣʦʥ ʩʦʨʦʥʟʦʥ ʙװʪʮʠʡʥ ʩʫʜʘʣʛʘʘʛ ʛװʡʮʵʪʛʵʩʵʥ. 

 

ɿʫʨʘʛ 2.3. ʆʣʦʥ ʫʣʩʳʥ ʎЊʤʠʡʥ ʐʠʥʞʠʣʛʵʵʥʠʡ ʅʵʛʜʩʵʥ ʀʥʩʪʠʪʫʪʠʡʥ ʅʝʡʪʨʦʥʳ 

ʬʠʟʠʢʠʡʥ ʣʘʙʦʨʘʪʦʨʠʡʥ ЉʥʜЊʨ ʷʣʛʘʭ ʯʘʜʚʘʨ ʙϾʭʠʡ ʌʫʨʴʝ ʜʠʬʨʘʢʪʦʤʝʪʨ 

ʍʵʪ ̫ʛʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʩʢʦʧ (UV-Vis): ʍʵʪ ʷʛʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʩʢʦʧ ʥʴ 

ʜʵʵʞʠʜ ʰʠʥʛʵʩʵʥ ʵʩʚʵʣ ʜʘʤʞʠʥ ᴇʥʛᴇʨʩᴇʥ ʭʵʪ ʷʛʘʘʥ ʪʫʷʘ ʵʩʚʵʣ װʟʵʛʜʵʭ ʛʵʨʣʠʡʥ 

ʩʘʣʘʥʛʠʜ ʜʦʣʛʠʦʥʳ ʫʨʪʳʛ ʭʦʦʩʦʥ ʜʵʵʞʪʵʡ ʭʘʨʴʮʫʫʣʘʥ ʭʵʤʞʜʵʛ ʘʥʘʣʠʪʠʢ ʘʨʛʘ ʶʤ. 
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ʉʫʜʘʣʛʘʘʥʳ ʘʞʠʣʜ Shimadzu ʙʨʵʥʜʠʡʥ UV 2550 ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨ ʘʰʠʛʣʘʥ 

ʭʵʤʞʠʣʪʠʡʛ ʷʚʫʫʣʘʚ. 

ʅʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʩʢʦʧ (FTIR): ʅʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʩʢʦʧ ʥ ɹ

ʦʨʛʘʥʠʢ, ʧʦʣʠʤʝʨ, ʟʘʨʠʤ ʪʦʭʠʦʣʜʦʣʜ ʦʨʛʘʥʠʢ ʙʫʩ ʤʘʪʝʨʠʘʣʳʥ ʘʛʫʫʣʛʳʛ 

ʪʦʜʦʨʭʦʡʣʦʭʦʜ ʘʰʠʛʣʘʜʘʛ ʘʥʘʣʠʪʠʢ ʘʨʛʘ ʶʤ. ʉʫʜʘʣʛʘʘʥʳ ʘʞʠʣʜ ʜʦʣʛʠʦʥʳ ʫʨʪʳʥ 

500-4000 ʩʤ-1 ʤʫʞʠʜ Shimadzu ʙʨʵʥʜʠʡʥ IR Prestige-21 ʩʧʝʢʪʨʦʤʝʪʨ ʘʰʠʛʣʘʥ 

ʭʵʤʞʠʣʪʠʡʛ ʷʚʫʫʣʘʚ.  

2.3. ʍʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥ װװʩʛʵʭ ʪᴇʭᴇᴇʨᴇʤʞ 

ʉʦʨʦʥʟʦʥ ʥʘʥʦ ʤʘʪʝʨʠʘʣʘʘʩ ʜʫʣʘʘʥ ʷʣʛʘʨʘʭ װʟʵʛʜʣʠʡʛ ʩʫʜʣʘʭ ʟʦʨʠʣʛʦʦʨ ʙʠʜ 

ʵʭʥʠʡ ʵʵʣʞʠʜ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥ װװʩʛʵʭ ʪᴇʭᴇᴇʨᴇʤʞʠʡʛ ᴇᴇʨʩʜᴇᴇ ʫʛʩʘʨʯ 

ʩʫʫʨʠʣʫʫʣʩʘʥ.  

 

 

ɿʫʨʘʛ 2.4. ʘ) ɹʠʜʥʠʡ ʫʛʩʘʨʩʘʥ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥ ϾϾʩʛʵʭ ʪЊʭЊЊʨЊʤʞ, ʙ) ɹʅʍɸʋ-ʜ 

Ͼʡʣʜʚʵʨʣʵʩʵʥ ЊʥʜЊʨ ʜʘʚʪʘʤʞʠʡʥ ʠʥʜʫʢʮʠʡʥ ʭʘʣʘʘʣʪʳʥ ʪЊʭЊЊʨЊʤʞ, ʚ) 

ʪЊʭЊЊʨЊʤʞʠʡʥ ʙϾʜϾϾʚʯ ʟʫʨʘʛ  



ʅʘʥʦ-ʩʦʨʦʥʟʦʥʛʠʡʥ ʦʥʮʣʦʛ, ʪϾϾʥʠʡʛ ʭʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʭ ʙʦʣʦʤʞ 
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ᴆʥʜᴇʨ ʜʘʚʪʘʤʞʠʡʥ ʠʥʜʫʢʮʠʡʥ ʭʘʣʘʘʣʪʳʥ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʟʘʨʯʠʤ ʥʴ ᴇʥʜᴇʨ 

ʜʘʚʪʘʤʞʠʡʥ ʭʫʚʴʩʘʭ ʛװʡʜʣʠʡʥ ʫʨʩʛʘʣʳʛ ʟʵʩ ʦʨʦʦʤʛʦʦʨ ʜʘʤʞʫʫʣʘʥ ʠʥʜʫʢʮʠʡʥ 

ʛװʡʜʵʣ װװʩʜʵʛ (eddy current). ʕʥʵʭװװ ʭʫʚʴʩʘʭ ʛװʡʜʣʠʡʥ ʥᴇʣᴇᴇʥʠʡ ʫʣʤʘʘʩ ʜʫʣʘʘʥ 

 ʩʛʵʜʵʛ ʪʫʣ ʭʘʣʘʘʣʪʳʥ ʵʥʵ ʘʨʛʳʛ ʠʥʜʫʢʮʠʡʥ ʭʘʣʘʘʣʪ ʛʵʞ ʥʵʨʣʵʜʵʛ. ʀʥʜʫʢʮʠʡʥװװ

ʭʘʣʘʘʣʪ ʥʴ ʟʵʩ ʦʨʦʦʤʛʠʡʥ ʪᴇʚ ʭʵʩʵʛʪ ʭʘʤʛʠʡʥ ʠʭ ʭװʯʪʵʡ ʷʚʘʛʜʜʘʛ. ɹʠʜʥʠʡ 

ʫʛʩʘʨʩʘʥ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥ װװʩʛʵʭ ʪᴇʭᴇᴇʨᴇʤʞ ʥʴ 71 ʢɻʮ-ʠʡʥ ʜʘʚʪʘʤʞʠʡʛ 

 ʩʛʵʞ ʙʘʡʩʘʥ ʙᴇʛᴇᴇʜ ʪᴇʤᴇʨ ʘʛʫʫʣʩʘʥ ʥʘʥʦ ʩʦʨʦʥʟʦʥ ʙʦʜʠʩʳʥ ʜʫʣʘʘʥ ʷʣʛʘʨʘʭװװ

ʭʵʤʞʠʣʪʠʡʛ ʫʩʘʥ ʦʨʯʠʥʜ ʪʘʩʘʣʛʘʘʥʳ ʪʝʤʧʝʨʘʪʫʨʪ ʭʵʤʞʠʣʪʠʡʛ ʭʠʡʞ ʛװʡʮʵʪʛʵʩʵʥ. 

ɼʵʵʞװװʜʠʡʥ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ ʷʣʛʘʨʫʫʣʞ ʙʫʡ ʜʫʣʘʘʥʳʛ ʪʝʨʤʦʤʝʪʨ 

(ʘʣʢʦʛʦʣɹ) ʙʦʣʦʥ ʭʵʪ ʫʣʘʘʥ ʪʫʷʘʥʳ ʢʘʤʝʨʳʥ ʪʫʩʣʘʤʞʪʘʡ ʭʵʤʞʩʵʥ. ʄᴇʥ ʮʘʘʰʜʳʥ 

ʥʘʨʠʡʚʯʠʣʩʘʥ ʩʫʜʘʣʛʘʘʥʫʫʜʘʜ ʘʰʠʛʣʘʭ ʟʦʨʠʣʛʦʦʨ ʍʷʪʘʜ ʫʣʩʳʥ HAIMINGSI 

ʢʦʤʧʘʥʠʜ װʡʣʜʚʵʨʣʵʩʵʥ ᴇʥʜᴇʨ ʜʘʚʪʘʤʞʠʡʥ ʪᴇʭᴇᴇʨᴇʤʞ ʘʰʠʛʣʘʛʜʘʞ ʙʘʡʥʘ. 

ɿʘʨʯʤʳʥ ʭʫʚʴʜ ʜʵʵʨʭ ʪᴇʭᴇᴇʨᴇʤʞʪʵʡ ʠʞʠʣ ʙʦʣʦʚʯ 370 ʢɻʮ ʭװʨʪʵʣʭ ᴇʥʜᴇʨ 

ʜʘʚʪʘʤʞʠʡʥ ʤʫʞʠʜ ʪʫʨʰʠʣʪ ʷʚʫʫʣʘʭ ʙʦʣʦʤʞʪʦʡ ʶʤ.  ʋʛʩʘʨʩʘʥ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ 

ʦʨʦʥ װװʩʛʵʭ ʪᴇʭᴇᴇʨᴇʤʞ, ʭʵʤʞʠʣʪʠʡʥ ʝʨᴇʥʭʠʡ ʙװʜװװʚʯʠʡʛ ʟʫʨʘʛ 2.4-ʜ, װʥʜʩʵʥ 

ʧʘʨʘʤʝʪʨװװʜʠʡʛ ʭװʩʥʵʛʪ 2.1-ʜ װʟװװʣʵʚ.  

ʍϾʩʥʵʛʪ 2.1. ʍʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥ ϾϾʩʛʵʭ ʪЊʭЊЊʨЊʤʞʠʡʥ ʧʘʨʘʤʝʪʨ 

 ʜװװʥʜʩʵʥ ʧʘʨʘʤʝʪʨת

ʊᴇʭᴇᴇʨᴇʤʞ 1 ʊᴇʭᴇᴇʨᴇʤʞ 2 

 HAIMINGSI 

ʆʨʦʦʤʛʠʡʥ ʦʨʦʦʜʩʳʥ ʪʦʦ  7 7 

ʆʨʦʦʤʛʠʡʥ ʜʦʪʦʦʜ ʜʠʘʤʝʪʨ (ʤʤ) 65 65 

ɼʘʚʪʘʤʞ (ʢɻʮ) 71 370 

ʏʘʜʘʣ (ʢɺʪ) 2.5  

ʋʩʘʥ ʭᴇʨʛᴇʣʪ (ʣ/ʤʠʥ) 7-8  
7-9  

 

2.3.1. ʉʦʨʦʥʟʦʥ ʦʨʥʳ ʩʫʜʘʣʛʘʘ, ʪʦʦʮʦʦ 

ʋʛʩʘʨʩʘʥ ʩʦʨʦʥʟʦʥ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ װװʩʛʵʭ ʩʦʨʦʥʟʦʥ ʦʨʥʳʛ ʦʥʦʣʳʥ ʭʫʚʴʜ 

ʪʦʦʮʦʦʣʦʥ ʟʘʛʚʘʨʯʣʘʭ ʟʦʨʠʣʛʦʦʨ ʜʘʨʘʘʭ ʪʦʦʮʦʦʛ ʭʠʡʞ ʛװʡʮʵʪʛʵʣʵʵ. ʉʦʣʝʥʦʡʜʠʡʥ 

ʭʫʚʴʜ ʩʦʨʦʥʟʦʥ ʦʨʥʳʛ ʪʦʦʮʦʦʣʦʭʳʥ ʪʫʣʜ ʵʭʣʵʵʜ ʩʦʣʝʥʦʡʜʳʥ ʥʵʛ ʦʨʦʦʜʩʳʛ ʘʚʯ 

 .ʟʚʵʣ ʩʦʨʦʥʟʦʥ ʦʨʥʳ ʠʥʜʫʢʮ ʥʴ ʜʦʦʨʭ ʪʦʤʴʸʦʛʦʦʨ ʠʣʵʨʭʠʡʣʵʛʜʵʥʵװ
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ὄ
‘Ὅὥ

ςὶ
                                                              ςȢρ 

ʍʘʨʠʥ ʦʨʦʦʜʩʦʦʨ ʛװʡʭ ʛװʡʜʣʠʡʥ װװʩʛʵʭ ʩʦʨʦʥʟʦʥ ʦʨʥʳ ʠʥʜʫʢʮʳʛ ɹʠʦ-ʉʘʚʘʨ-
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ʛʵʞ ʙʠʯʠʛʜʵʥʵ.  

ᴆᴇʨʩʜʠʡʥ ʫʛʩʘʨʩʘʥ ʩʦʨʦʥʟʦʥ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʧʘʨʘʤʝʪʨװװʜ ʙʦʣʦʭ ʦʨʦʦʤʛʠʡʥ 

ʨʘʜʠʫʩ a=3.15 ʩʤ, ʛװʡʜʵʣ I=15 A, ʦʨʦʦʜʩʳʥ ʪʦʦʛ N=7 ʦʨʣʫʫʣʘʥ ʩʦʨʦʥʟʦʥ ʦʨʥʳ 

ʠʥʜʫʢʮʠʡʛ ʩʦʣʥʦʡʜʳʥ (‮   ‮ π) ʭʫʚʴʜ  ʪʦʦʮʦʦʣʣʦʦ (ɿʫʨʘʛ 2.5).  

 

 

ɿʫʨʘʛ 2.5. a ï ʩʦʣʝʥʦʡʜʳʥ ϾϾʩʛʵʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥ; ʙ ï ʩʦʣʝʥʦʡʜʳʥ ʩʦʨʦʥʟʦʥ ʦʨʥʳ 

ʠʥʜʫʢʮ ʟʘʡʥʘʘʩ ʭʘʤʘʘʨʘʭ ʭʘʤʘʘʨʘʣ 

ʆʨʦʦʤʛʠʡʥ ʛʦʣʜ װװʩʵʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥʛ ʜʘʨʘʘʭ ʭʘʨʴʮʘʘʛʘʘʨ ʪʦʦʮʦʦʣʩʦʥ. 

Ὄ  ὔὍὥȾςᾀ  ὥ                                                                 ςȢσ 

ʕʥʜ: N- ʦʨʦʦʤʛʠʡʥ ʦʨʦʦʜʩʳʥ ʪʦʦ, I- ʛװʡʜʵʣ, ʘ-ʦʨʦʦʤʛʠʡʥ ʨʘʜʠʫʩ, z- z-ʪʵʥʭʣʵʛ 

ʜʵʵʨʭ ʦʨʦʦʤʛʠʡʥ ʪᴇʚ ʭװʨʪʵʣʭ ʟʘʡʛ ʪʫʩ ʪʫʩ ʠʣʵʨʭʠʡʣʥʵ. ɹʠʜʥʠʡ ʫʛʩʘʨʩʘʥ ʭʫʚʴʩʘʭ 

ʘ ʙ 
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ʩʦʨʦʥʟʦʥ ʟʵʩ ʦʨʦʦʤʛʠʡʥ ʛʦʣʜ װװʩʵʭ ʩʦʨʦʥʟʦʥ ʦʨʥʳ ʭʵʤʞʵʵʛ (2.3) ʪʦʤʴʸʦʛʦʦʨ 

ʪʦʦʮʦʦʣʦʭʦʜ 1.006 ʢɸʤ-1 ʛʵʞ ʪʦʜʦʨʭʦʡʣʦʛʜʣʦʦ. 
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ɻʋʈɸɺ. ʌɽʈʈʀʊ ʅɸʅʆ ʄɸʊɽʈʀɸʃʓʅ ʆʅʆʃʓʅ ʉʋɼɸʃɻɸɸ  

ʉװװʣʠʡʥ ʞʠʣװװʜʵʜ ʍʠʨʘʟʘʚʘ [19] ʥʘʨʳʥ ʩʫʜʣʘʘʯʠʜ ʤʘʛʥʠʡʥ ʬʝʨʨʠʪʠʡʥ 

ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʰʠʥʞ ʯʘʥʘʨʪ ὅό-ʠʡʥ ʠʦʥ ʭʵʨʭʵʥ ʥᴇʣᴇᴇʣʞ ʙʘʡʛʘʘʛ ʩʫʜʘʣʩʘʥ 

ʙᴇʛᴇᴇʜ ὅό  ʠʦʥʳʛ ʭʦʣʴʮʦʣʩʥʦʦʨ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʯʘʜʘʤʞ ᴇʩᴇʞ ʙʫʡʛ 

ʪʦʛʪʦʦʩʦʥ ʙʘʡʥʘ. ʕʥʵ ʥʵʛʜʣʠʡʥ ʪʫʭʘʡ ʭʵʜ ʭʵʜʵʥ ʩʫʜʘʣʛʘʘʥʳ ʘʞʣʫʫʜ ʭʵʚʣʵʛʜʩʵʥ 

ʙʘʡʜʘʛ ʙʦʣʦʚʯ ὓὫ ὅόὊὩὕ -ʠʡʥ ʙװʪʮʠʡʥ ᴇᴇʨʯʣᴇʣʪʠʡʥ ʪʫʭʘʡ ʤʘʰ ʙʘʛʘ 

ʩʫʜʣʘʛʜʩʘʥ ʙʘʡʜʘʛ [20, 21]. ʊʠʡʤ ʫʯʨʘʘʩ ʙʠʜ ʙʠʦ-ʘʥʘʛʘʘʭʳʥ ʭʵʨʵʛʣʵʵʪʵʡ 

ʭʦʣʙʦʦʪʦʡʛʦʦʨ ὓὫὊὩὕ -ʠʡʛ ὅό-ʘʘʨ ʭʦʣʴʮʣʦʩʦʥ ʥʵʛʜʵʣ ʙʦʣʦʥ ʠʪʨʠ ʪᴇʤʨʠʡʥ 

ʛʘʨʥʝʪ (Y3Fe5O12) ʤʘʪʝʨʠʘʣʫʫʜʳʥ ʦʥʦʣ ʙʦʣʦʥ ʙװʪʮʠʡʥ ʩʫʜʘʣʛʘʘʛ ʭʠʡʣʵʵ [22]. 

ʌʝʨʨʠʪװװʜʠʡʥ ʢʨʠʩʪʘʣʣ, ʵʣʝʢʪʨʦʥ ʙʦʣʦʥ ʩʦʨʦʥʟʦʥ ʙװʪʮʠʡʛ ʥʝʡʪʨʦʥ ʙʦʣʦʥ 

ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʪʦʤʝʪʨ, ʨʝʥʪʛʝʥ ʪʫʷʘʥʳ ʰʠʥʛʵʵʣʪʠʡʥ ʩʧʝʢʪʨʦʩʢʦʧʳʛ ʘʰʠʛʣʘʥ 

ʭʠʡʞ, ʢʚʘʥʪ ʤʝʭʘʥʠʢʠʡʥ ʘʨʛʘʘʨ ʵʣʝʢʪʨʦʥ ʙʦʣʦʥ ʩʦʨʦʥʟʦʥ ʙװʪʮʠʡʥ ʦʥʦʣʳʥ 

ʩʫʜʘʣʛʘʘʛ ʭʠʡʚ. ʉʫʜʘʣʛʘʘʥʳ ʘʞʣʳʥ ʟʦʨʠʣʛʦ ʥʴ ʬʝʨʨʠʪ ʤʘʪʝʨʠʘʣʳʥ ʜʫʣʘʘʥ 

ʷʣʛʘʨʫʫʣʘʭ ʯʘʜʘʤʞʠʡʛ ʙװʪʮʵʵʩ ʭʘʤʘʘʨʫʫʣʘʥ ʪʘʡʣʙʘʨʣʘʭ ʷʚʜʘʣ ʶʤ.   

3.1. ʆʥʦʣʳʥ ʪʦʦʮʦʦʥʳ ʘʨʛʘʯʣʘʣ 

ὃὄὕ ʛʵʩʵʥ ʝʨᴇʥʭʠʡ ʪʦʤʴʸʦ ʙװʭʠʡ ʥʦʨʤʘʣʴ ʰʧʠʥʝʣʴ ʙװʪʵʮʪʵʡ MgFe2O4-ʠʡʥ 

ʠʦʥʫʫʜ ʜʠʘʤʦʥʜὃ  ʙʘ ʧʠʨʦʭʣʦʨὄ   ʛʵʩʵʥ ʜʵʜ ʪʦʨʫʫʜʘʜ ʙʘʡʨʣʘʞ (ɿʫʨʘʛ 3.1) 

ʙʘʡʭʘʘʨ ʩʦʥʛʦʥ ʅʌʆ-ʜ [23, 24] ʪʫʣʛʫʫʨʣʘʩʘʥ ʭʘʚʪʛʘʡ ʜʦʣʛʠʦʥʳ ʧʩʝʚʜʦ 

ʧʦʪʝʥʮʠʘʣʳʛ (PWscf) [25] ʩʦʥʛʦʥ ʘʚʯ ᴇʨʛᴇʪʛᴇʩᴇʥ ʛʨʘʜʠʝʥʪʳʥ (GGA) ʘʨʛʳʛ 

ʘʰʠʛʣʘʥ QUANTUM ESPRESSO [26] ʙʘʛʮ ʧʨʦʛʨʘʤʤʘʘʨ ʪʦʦʮʦʦʛ ʛװʡʮʵʪʛʵʚ. ʀʦʥ 

ʙʘ ʚʘʣʝʥʪʳʥ ʵʣʝʢʪʨʦʥ ʭʦʦʨʦʥʜʳʥ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣ ʥʴ ʫʣʴʪʨʘʩʦʬʪ ʧʩʝʚʜʦ 

ʧʦʪʝʥʮʠʘʣʘʘʨ ʠʣʵʨʭʠʡʣʵʛʜʜʵʛ. ʕʜʛʵʵʨ ʵʣʝʤʝʥʪװװʜ ʛʘʜʘʘʜ ʜʘʚʭʨʘʘʥʜʘʘ: ὕςίȟ

ςὴ ȟὓὫςὴȟσίȟσὴȢ ȟὊὩσίȟσὴȟσὨȟȟτί ȟὅόσὨȢȟτίȟτὴȢ   

ʦʨʙʠʪʘʣʠʫʜ ʵʣʝʢʪʨʦʥʦʦʨ ʜװװʨʛʵʛʜʜʵʛ. ʍʘʨʠʥ ʜʦʣʛʠʦʥ ʬʫʥʢʮ ʥʴ ʭʘʚʪʛʘʡ 

ʜʦʣʛʠʦʥʦʦʨ ʠʣʵʨʭʠʡʣʵʛʜʵʭ ʙʘ ʢʠʥʝʪʠʢ ʵʥʝʨʛʠʡʥ ʜʵʵʜ ʭʷʟʛʘʘʨʳʛ 40 ʈʙ (ʈʠʜʙʝʨʛ) 

ʙʘʡʭʘʘʨ ʘʚʯ ʩʦʥʛʦʥ ʘʚʩʘʥ. ɸʪʦʤʳʥ ʙװʪʵʮ, ʠʦʥʳ ʙʘʡʨʣʘʣ, ʪʦʨʳʥ ʧʘʨʘʤʝʪʨװװʜʠʡʛ 

ʪʦʜʦʨʭʦʡʣʦʭʳʥ ʪʫʣʜ ʘʪʦʤ ʙװʨʠʡʥ װʣʜʵʛʜʵʣ ʭװʯʠʡʛ 0.05 ʵɺ/¡ ʙʦʣʪʦʣ ʦʧʪʠʤʠʟʘʮ 

ʭʠʡʚ. Fe(3d) ʙʦʣʦʥ Cu(3d) ʪᴇʣᴇʚװװʜʵʜ ʵʣʝʢʪʨʦʥʫʫʜʳʥ ʭװʯʪʵʡ ʢʦʨʨʝʣʷʮʣʘʭ 

ʬɻʬʝʢʪ ʠʣʵʨʜʵʛ ʙʘ ʍʘʙʙʘʨʜ + ɻʘʤʠʣʴʪʦʥʠʘʥ ʜʵʵʨ ʩʫʫʨʠʣʩʘʥ ʩʦʣʠʣʮʦʣ 

ʭʦʦʨʦʥʜʳʥ ʩʦʨʦʥʟʦʥ ʵʬʬʝʢʪʠʡʥ ʧʘʨʘʤʝʪʨ ὐ  ʙʦʣʦʥ ʍʘʙʙʘʨʜʳʥ ʧʘʨʘʤʝʪʨ Ὗ

χȟυ̞ˏ-ʦʦʨ ʪʫʩ ʪʫʩ ʩʦʥʛʦʥ ʘʚʯ ʠʥʚʘʨʠʘʥʪ ʰʫʛʘʤʯʣʘʭ ʘʨʛʳʛ ʘʰʠʛʣʘʚ. ὐ-ʠʡʛ ʰʫʛʘʤʘʥ 

ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣʠʡʥ ʘʨʛʳʛ ʘʰʠʛʣʘʥ ʪʦʦʮʦʦʣʞ ʩʦʨʦʥʟʦʥ ʠʦʥ ʙװʨʠʡʛ ρ̞ˏ 



ʅʘʥʦ-ʩʦʨʦʥʟʦʥʛʠʡʥ ʦʥʮʣʦʛ, ʪϾϾʥʠʡʛ ʭʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʭ ʙʦʣʦʤʞ 
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ʵʥʝʨʛʠʪʵʡ ʛʵʞ װʟʵʚ [27]. ɸʪʦʤʳʥ ʜʦʣʛʠʦʥ ʬʫʥʢʮʠʡʛ ὋὋὃὟ ὐ  ʙʘʡʭʘʘʨ ʩʦʥʛʦʥ 

ʘʚʩʘʥ.  

ɹʠʜʥʠʡ ʘʚʯ װʟʵʞ ʙʫʡ ʙװʪʵʮ ʥʴ ʪʘʣ ʪᴇʚʣᴇʩᴇʥ ʢʫʙ ʙװʪʵʮʪʵʡ ʙʘ ʪװװʥʠʡ ʵʛʵʣ ʪʦʨʳʛ 

ɼʠʢʘʨʪʳʥ ʢʦʦʨʜʠʥʘʪʳʥ ʭװʨʵʵʥʜ ʜʘʨʘʘʭ ʙʘʡʜʣʘʘʨ ʜװʨʩʣʵʚ.  
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ʄʘʛʥʠʡʥ ʬʝʨʨʠʪʠʡʥ ʥʦʨʤʘʣʴ ʰʧʠʥʝʣ װʝ ʜʵʭ ʤʘʛʥʠ ʙʦʣʦʥ ʪᴇʤʨʠʡʥ 

ʘʪʦʤʫʫʜʳʥ ʙʘʡʨʣʘʣ ʪʝʪʨʘʵʜʨ ʙʦʣʦʥ ʦʢʪʘʵʜʨ ʩʫʫʨʴʰʠʣʜ ʩʫʫʥʘ ʛʵʜʛʠʡʛ ʪʫʩ ʪʫʩ 

ʭʘʨʫʫʣʘʚ.  
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ɿʫʨʘʛ 3.1. ὃ ʜʠʘʤʦʥʜ ὄ  ʧʠʨʦʭʣʦʨ  ʜʵʜ ʪʦʨʫʫʜ. 

ʊʦʦʮʦʦʛ ʭʠʡʭʜʵʵ ʄʘʛʥʠʡʥ ʬʝʨʨʠʪʳʥ ʭʫʚʴʜ ʜʘʨʘʘʭ ʭʦʸʨ ʪʦʭʠʦʣʜʣʳʛ ʘʚʯ װʟʵʚ. 

1.  ╜▌ ♯╕▄♯ ╜▌♯╕▄♯╞    

Å ‏ π ὓὫ ὊὩ ὕ  Oʥʦʨʤʘʣʴ ʰʧʠʥʝʣ 

Å ‏ ρ  ὊὩ ὓὫὊὩὕ  O ʠʥʚʝʨʩ ʰʧʠʥʝʣ  ʙװʪʵʮʪʵʡ ʪʦʭʠʦʣʜʣʫʫʜ ʜʵʵʨ 

ʪʦʦʮʦʦʛ ʪʫʩ ʪʫʩ ʭʠʡʚ. 
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(A) ʙʦʣʦʥ (B) ʜʵʜ ʪʦʨʫʫʜ ʜʘʭʴ ʩʦʨʦʥʟʦʥ ʠʦʥʫʫʜ ʥʴ ʪʝʪʨʘʵʜʨ ʙʘ ʦʢʪʘʵʜʨ ʛʵʩʵʥ 

ʢʨʠʩʪʘʣʣ ʦʨʦʥʜ ʪʫʩ ʪʫʩ ʙʘʡʨʣʘʥʘ ʛʵʞ װʟʵʞ ʜʘʨʘʘʭ ʪʦʦʮʦʦʣʣʫʫʜʳʛ ʛװʡʮʵʪʛʵʚ.  

3.2. ╜▌╕▄╞ -ʠʡʥ ʦʥʦʣʳʥ ʪʦʦʮʦʦʥʳ װʨ ʜװʥ 

ɹʠʜ ʢʚʘʥʪ ʤʝʭʘʥʠʢʠʡʥ ʘʨʛʳʛ ʬʝʨʨʦʩʦʨʦʥʟʦʥ (FM) ʙʘ ʘʥʪʠʬʝʨʨʦʩʦʨʦʥʟʦʥ 

(AFM) ʪᴇʣᴇʚװװʜ ʜʵʵʨ ʢʫʙ ὓὫὊὩὕ ʬʘʟrʥ ʭʫʚʴʜ ʩʧʠʥʠʡ ʪʫʡʣʰʨʘʣʳʛ ʪʦʦʮʦʦʣʦʥ 

ʜʘʨʘʘʭ װʨ ʜװʥʛ ʛʘʨʛʘʥ ʘʚʘʚ.  

ʅʦʨʤʘʣʴ ʰʧʠʥʝʣ ʙװʪʵʮ ʙװʭʠʡ ὓὫ ὊὩ ὕ ʥʵʛʜʣʠʡʥ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ 

ʥʴ ʧʠʨʦʭʣʦʨ ʜʵʜ ʪʦʨʦʥ ʜʘʭʴ ʪᴇʤʨʠʡʥ ʛʫʨʚʘʥ ʚʘʣʝʥʪʪʘʡ ʠʦʥ ʙʦʣʦʭ ὊὩ -ʵʵʨ 

ʪʦʜʦʨʭʦʡʣʦʛʜʦʥʦ. ʉʦʨʦʥʟʦʥ ʠʦʥʫʫʜʳʥ ʩʧʠʥ ʥʴ ὄ ʜʵʜ ʪʦʨʳʥ ʙʫʣʘʥʛʫʫʜʘʜ ʩʫʫʭ 

ʙᴇʛᴇᴇʜ ʩʦʨʦʥʟʦʥ ʠʦʥ ʥʴ ʪʵʥʮװװ ʪʦʦʛʦʦʨ ʭʫʚʘʘʛʜʘʥ ʩʫʫʥʘ. ʊʠʡʤʵʵʩ 

ʘʥʪʠʬʝʨʨʦʩʦʨʦʥʟʦʥ ʪᴇʣᴇʚװװʜʠʡʥ ʤᴇʭᴇʣʪ ʥʴ ὃὄὕ  ʪʦʤʴʸʦ ʙװʭʠʡ ʥʦʨʤʘʣʴ 

ʰʧʠʥʝʣ ʙװʪʮʠʡʛ ʘʣʜʘʛʜʫʫʣʜʘʛ ʙʘʡʥʘ.  

ʅʦʨʤʘʣʴ ʰʧʠʥʝʣ ʙװʪʵʮ ʙװʭʠʡ ὓὫ ὊὩ ὕ -ʠʡʥ ʦʥʦʣʳʥ ʪʦʦʮʦʦʥʳ װʨ 

ʜװʥʛʵʵʩ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪʫʫʜ ʥʴ ὊὩ  ʠʦʥʳ ʩʧʠʥ ʜʵʵʰ ʯʠʛʣʵʩʵʥ װʝʜ 

M(Fe1)=4,03
́̓̏̍
, ʭʘʨʠʥ ὊὩ  ʠʦʥʳ ʩʧʠʥ ʜʦʦʰ ʯʠʛʣʵʩʵʥ װʝʜ M(Fe2)= τȟσύ

̓̏̍
 ʪʫʩ 

ʪʫʩ ʛʘʨʘʚ. ʄᴇʥ ʠʥʚʝʨʩ ʰʧʠʥʝʣ ʙװʪʵʮ ʙװʭʠʡ ὊὩ ὓὫὊὩὕ-ʠʡʥ װʝʜ ὊὩ  ʠʦʥ ʥʴ 

ʮᴇᴇʥ ʪʦʦʥʳ ὓὫ-ʠʡʥ ʩʦʨʦʥʟʦʥ ʠʦʥʪʦʡ ʭʦʣʠʣʜʦʥ ʩʫʫʭ ʙʘ ʠʥʚʝʨʩ ʰʧʠʥʝʣʠʡʥ װʥʜʩʵʥ 

ʪᴇʣᴇʚʠʡʥ ʵʥʝʨʛʠ ʥʴ ʥʦʨʤʘʣʴ ʰʧʠʥʝʣ ʙװʪʵʮʪʵʡ װʝʠʡʥʭʵʵʩ ρχωȟρς
̞̍ˏ

̓̏̑
-ʦʦʨ ʥʵʤʵʛʜʵʞ 

ʙʘʡʚ. 

ʅʦʨʤʘʣʴ, ʭʘʛʘʩ ʠʥʚʝʨʩ, ʙװʪʵʥ ʠʥʚʝʨʩ ʰʧʠʥʝʣ ʪʦʭʠʦʣʜʣʫʫʜʘʜ FM, AFM/FIM 

ʪᴇʣᴇʚװװʜ ʭʦʦʨʦʥʜʳʥ ʵʥʝʨʛʠʡʥ ʟᴇʨװװ Ў% ïʠʡʛ ʪʫʩ ʙװʨ ʪʦʦʮʦʦʣʦʚ. ʄʘʛʥʠʡʥ 

ʬʝʨʨʠʪʳʥ ʥʦʨʤʘʣʴ ʰʧʠʥʝʣ ʪʦʭʠʦʣʜʦʣʳʥ װʥʜʩʵʥ ʪᴇʣᴇʚ ʥʴ ʭʘʛʘʩ ʙʦʣʦʥ ʙװʪʵʥ 

ʠʥʚʝʨʩ װʝʠʡʥʭʵʵʩ ʠʣװװ ʛװʥ ʩʫʫʞ ʙʘʡʩʘʥ ʥʴ ʥʦʨʤʘʣʴ ʰʧʠʥʝʣʴ ʙװʪʵʮ ʠʣװװ 

ʪʦʛʪʚʦʨʪʦʡʛ ʠʣʵʨʭʠʡʣʞ ʙʘʡʥʘ. ʊʦʨʳʥ ʧʘʨʘʤʝʪʨ ὥ  ʙʦʣʦʥ ʩʦʨʦʥʟʦʥ ʰʠʥʞ 

ʯʘʥʘʨʳʥ ʭʫʚʴʜ ὓ ὊὩȟ ὓὊὩ  -ʠʡʥ ʦʥʦʣʳʥ ʪʦʦʮʦʦʥʳ װʨ ʜװʥ ʪʫʨʰʣʘʛʳʥ 

[28],[29],[30] ʘʞʣʳʥ װʨ ʜװʥʪʵʡ ʠʣװװ ʪʦʭʠʨʯ ʙʘʡʚ. 

ʍʘʨʠʥ ʙװʪʵʥ ʠʥʚʝʨʩ ʰʧʠʥʝʣ ʪᴇʣᴇʚʠʡʥ ʪᴇʤʨʠʡʥ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪʫʫʜ ʥ ɹ

-&Åρ σȟωω
́̓̏̍
  ȟ-&Åς τȟσυ

́̓̏̍
 ʛʘʨʘʚ. ʕʜʛʵʵʨ װʨ ʜװʥ ʥʴ ʥʝʡʪʨʦʥ 

ʜʠʬʨʘʢʮʠʡʥ ʩʫʜʘʣʛʘʘʥʳ װʨ ʜװʥʪʵʡ ʪʦʭʠʨʯ ʙʘʡʥʘ. FM ʙʦʣʦʥ AFM/FIM ʪᴇʣᴇʚװװʜ 

ʭʦʦʨʦʥʜʳʥ ʵʥʝʨʛʠʡʥ ʟᴇʨװװ ʥʴ ʥʦʨʤʘʣʴ ʰʧʠʥʝʣ ʙʦʣʦʥ ʠʥʚʝʨʩ ʰʧʠʥʝʣ 



ʅʘʥʦ-ʩʦʨʦʥʟʦʥʛʠʡʥ ʦʥʮʣʦʛ, ʪϾϾʥʠʡʛ ʭʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʭ ʙʦʣʦʤʞ 
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ʪʦʭʠʦʣʜʦʣʜ ʪʫʩ ʪʫʩ ЎὉ ρυȟυφ
̞̍ˏ

̓̏̑
 ʙʦʣʦʥ ЎὉ ρφȟςψ

̞̍ˏ

̓̏̑
 ʙʘʡʥʘ. ὊὩ ὓὫὊὩὕ 

 ʜʠʡʥ ʯʠʛʣʵʣ ʭʦʦʨʦʥʜʳʥ ʵʥʝʨʛʠʡʥ ᴇᴇʨʯʣᴇʣʪ ʜʵʵʰʵʵװװʝʜ AFM ʪᴇʣᴇʚ ʟʘʜʘʨʯ ʩʧʠʥװ

ʯʠʛʣʵʣʜ πȟυρς
̞̍ˏ

̓̏̑
  ʙʘʡʥʘ. 

ʄᴇʥ ὓὫὊὩὕ ʥʵʛʜʣʠʡʥ ʪᴇʣᴇʚʠʡʥ ʥʷʛʪʳʛ ʥʦʨʤʘʣʴ ʰʧʠʥʝʣ ʪʦʭʠʦʣʜʦʣʜ DFT 

ʙʦʣʦʥ  DFT+U ʘʨʛʫʫʜʘʘʨ ʪʦʦʮʦʦʣʩʦʥ װʨ ʜװʥʛ (ɿʫʨʘʛ 3.2)-ʪ װʟװװʣʵʚ. ʍʘʨ ᴇʥʛᴇᴇʨ 

ʥʠʡʣʙʵʨ ʪᴇʣᴇʚʠʡʥ ʥʷʛʪ, ʥʦʛʦʦʥ ᴇʥʛᴇᴇʨ ʍװʯʠʣʪᴇʨᴇʛʯ ὕςὴ, ʙʦʨ ᴇʥʛᴇᴇʨ ʄʘʛʥʠ 

ὓὫςὴ, ʫʣʘʘʥ ᴇʥʛᴇᴇʨ ʊᴇʤᴇʨ ὊὩσὨ, ʭᴇʭ ᴇʥʛᴇᴇʨ ʊᴇʤᴇʨ ὊὩσὨ ʠʦʥʫʫʜʳʛ ʪʫʩ ʙװʨ 

ʪʵʤʜʵʛʣʵʚ.   

 

ɿʫʨʘʛ 3.2. ὓὫ ὊὩ ὕ ʥʵʛʜʣʠʡʥ (a) DFT ʙʦʣʦʥ (b) ὈὊὝὟ ʘʨʛʫʫʜʘʘʨ ʪʦʦʮʦʦʣʩʦʥ 

ʥʦʨʤʘʣʴ ʰʧʠʥʝʣ Ͼʝʠʡʥ ʥʠʡʣʙʵʨ ʙʦʣʦʥ ʦʨʙʠʪʘʣ ɹʪЊʣЊʚʠʡʥ ʥʷʛʪ. (ʊʵʛ ʵʥʝʨʛʠ ʥʴ 

ʬʝʨʤʠ ʪϾʚʰʠʥʛ ʠʣʵʨʭʠʡʣʥʵ.) 

ὓὫ ὊὩ ὕ  ïʠʡʥ ʥʦʨʤʘʣʴ ʙʦʣʦʥ ʠʥʚʝʨʩ ʰʧʠʥʝʣ ʪʦʭʠʦʣʜʣʫʫʜʳʥ ʭʫʚʴʜ 

ʪᴇʣᴇʚʠʡʥ ʥʷʛʪʫʫʜʳʛ ʙʘʡʛʫʫʣʘʭʘʜ ʥʦʨʤʘʣʴ ʰʧʠʥʝʣ װʝʜ ʘʥʪʠʬʝʨʨʦʩʦʨʦʥʟʦʥ 

ʪᴇʣᴇʚʪʵʡ ʙʘʡʛʘʘ ʥʴ (ɿʫʨʘʛ 3.3a)-ʘʘʩ ʭʘʨʘʛʜʘʞ ʙʘʡʥʘ. ʋʯʠʨ ʥʴ ʥʦʨʤʘʣʴ ʰʧʠʥʝʣ 

ʝʜ ὓὫװ ὊὩὊὩ ὕ ʙʫʶʫ ʪᴇʤʨʠʡʥ ʭʦʸʨ ᴇᴇʨ ʚʘʣʝʥʪ ʙװʭʠʡ ʠʦʥʫʫʜ ʦʢʪʘʵʜʨ 

ʙʘʡʨʣʘʣ ʜʵʵʨʵʵ ʭʘʨʠʣʮʘʥ ʪʵʥʮʚʵʨʪʵʡ ʩʫʫʞ ʙʘʡʛʘʘ ʫʯʠʨ ʪᴇʣᴇʚʠʡʥ ʥʷʛʪ ʩʠʤʤʝʪʨ 

ʛʘʨʩʘʥ ʙʘʡʥʘ. ʍʘʨʠʥ ʠʥʚʝʨʩ ʰʧʠʥʝʣ ʪʦʭʠʦʣʜʦʣʜ ὊὩ ὓὫὊὩ ὕ ʙʫʶʫ 

ʪᴇʤʨʠʡʥ ʠʦʥ ʪʝʪʨʘʵʜʨ ʙʘʡʨʣʘʣʜ ʩʫʫʞ ʙʘʡʛʘʘ ʤʘʛʥʠʡʥ ʠʦʥ ʦʢʪʘʵʜʨ ʙʘʡʨʣʘʣʜ 

ʩʫʫʞ ʙʘʡʛʘʘ ʪᴇʤʨʠʡʥ ʠʦʥʪʦʡ ʙʘʡʨʣʘʣʘʘ ʩʦʣʠʥʦ. װתʥʵʵʩ ʰʘʣʪʛʘʘʣʘʥ ʪʝʪʨʘʵʜʨ 

ʙʘʡʨʣʘʣʜ ʩʫʫʞ ʪᴇʤᴇʨ ʦʢʪʘʵʜʨ ʙʘʡʨʣʘʣʜ ʩʫʫʞ ʙʘʡʛʘʘ ʪᴇʤᴇʨ ʪʫʩ ʙװʨʠʡʥ ʩʧʠʥ ʵʩʨʵʛ 

ʯʠʛʣʵʣʪʵʡ ʙʦʣʞ ʫʣʤʘʘʨ (ɿʫʨʘʛ 3.3b)-ʜ ʭʘʨʫʫʣʩʥʘʘʨ ʩʠʤʤʝʪʨ ʙʘʛʘ ʟʵʨʵʛ ʘʣʜʘʛʜʘʞ 

ʩʫʣ ʬʝʨʨʠʩʦʨʦʥʟʦʥ ʵʬʬʝʢʪ ᴇʛʯ ʙʘʡʥʘ.  
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ɿʫʨʘʛ 3.3. ὓὫ ὊὩ ὕ ʥʵʛʜʣʠʡʥ (a) ʥʦʨʤʘʣʴ ʙʦʣʦʥ (b) ʠʥʚʝʨʩ ʰʧʠʥʝʣ Ͼʝʠʡʥ ὈὊὝ

Ὗ ʪʦʦʮʦʦʥʳ ʥʠʡl ʙʘ ʦʨʙʠʪʘʣ ɹʪЊʣЊʚʠʡʥ ʥʷʛʪ. (ʊʵʛ ʵʥʝʨʛʠ ʥʴ ʬʝʨʤʠ ʪЊʚʰʠʥʛ 

ʠʣʵʨʭʠʡʣʥʵ). 
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3.3. Y3Fe5O12, Y3Al5O12 ʥʵʛʜʣװװʜʠʡʥ ʦʥʦʣʳʥ ʩʫʜʘʣʛʘʘ  

Y3Fe5O12 (YIG), Y3Al5O12 (YAG) ʥʵʛʜʣװװʜʠʡʥ ʵʣʝʢʪʨʦʥ ʙװʪʮʠʡʥ ʦʥʦʣʳʥ 

ʩʫʜʘʣʛʘʘʛ Quantum espresso ʙʘʛʮ ʧʨʦʛʨʘʤʤʳʥ ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʛװʡʮʵʪʛʵʚ. 

ʂʨʠʩʪʘʣʣ ʙװʪʮʠʡʥ ʭʫʚʴʜ ʵʥʵʭװװ ʭʦʸʨ ʥʵʛʜʵʣ ʥʴ Ia3d ʦʛʪʦʨʛʫʡʥ ʛʨʫʧʧ, m3m ʮʵʛʵʥ 

ʛʨʫʧʧ-ʜ ʭʘʨʴʷʘʣʘʛʜʜʘʛ.  

ʂʫʙ ʙװʪʵʮ ʙװʭʠʡ YIG ʥʵʛʜʣʠʡʥ ʪʦʨʳʥ ʪʦʛʪʤʦʣ ʥʴ 12.376 ¡ ʙʘ ʵʛʵʣ ʪʦʨ ʙװʨ ʥʴ 

24 ʰʠʨʭʵʛ Y3+, 40 ʰʠʨʭʵʛ Fe3+, 96 ʰʠʨʭʵʛ O2- ʠʦʥʫʫʜʘʘʩ ʥʠʡʪ 160 ʘʪʦʤʘʘʩ 

ʙװʨʜʵʥʵ. Y3+ ʠʦʥ ʥʴ ʩ  ʭʵʩʵʛʪ ʙʘʡʨʣʘʭ ʙʘ 8 ʭװʯʠʣʪᴇʨᴇʛʯʠʡʥ ʘʪʦʤʘʘʨ ʭװʨʵʵʣװװʣʩʵʥ 

8 ᴇʥʮᴇʛ 12 ʪʘʣʪʘʡ ʦʣʦʥ ʪʘʣʪ, 40 Fe3+ ʠʦʥʫʫʜʳʥ 16 ʥʴ ʘ ʙʫʶʫ ʦʢʪʘʵʜʨ ʭʵʩʵʛʪ, 24 ʥʴ 

d ʙʫʶʫ ʪʝʪʨʘʵʜʨ ʭʵʩʛװװʜ ʪʫʩ ʪʫʩ ʙʘʡʨʣʘʥʘ (ɿʫʨʘʛ 3.4).  

YAG ʭʫʚʴʜ Y ʙʦʣʦʥ O ʘʪʦʤʫʫʜ ʥʴ ʵʛʵʣ ʪʦʨʳʥ ʪʦʛʪʤʦʣ ʥʴ 12.004 Å, Y ʙʦʣʦʥ O 

ʘʪʦʤʫʫʜʳʥ ʙʘʡʨʣʘʣʳʥ ʭʫʚʴʜ YIG-ʠʡʥ ʘʪʦʤʫʫʜʳʥ ʙʘʡʨʣʘʣʪʘʡ ʘʜʠʣ, ʭʘʨʠʥ Al3+ 

ʠʦʥʫʫʜʳʥ 16 ʥʴ ʘ ʙʫʶʫ ʦʢʪʘʵʜʨ ʭʵʩʵʛʪ, 24 ʥʴ d ʙʫʶʫ ʪʝʪʨʘʵʜʨ ʭʵʩʛװװʜ ʪʫʩ ʪʫʩ 

ʙʘʡʨʣʘʥʘ.  

 

ɿʫʨʘʛ 3.4. ʘ ï Y3Al5O12 ʥʵʛʜʣʠʡʥ ʵʛʵʣ ʪʦʨ, ʙ ï Y3Fe5O12 ʵʛʵʣ ʪʦʨʜ ʙʘʡʨʣʘʭ ʘ, ʩ, d 

ʭʵʩʛϾϾʜ. 

ʍʘʪʫʫ ʙʠʝʠʡʥ ʦʥʦʣʳʥ ʩʫʜʘʣʛʘʘʥʳ ʪʦʦʮʦʦʥʜ ʥʷʛʪʳʥ ʬʫʥʢʮʠʦʥʘʣ ʦʥʦʣʳʛ ᴇʨʛᴇʥ 

ʘʰʠʛʣʘʜʘʛ ʙᴇʛᴇᴇʜ ʪʦʦʮʦʥ ʙʦʜʦʭ ʭʠʤʠ, ʪʦʦʮʦʥ ʙʦʜʦʭ ʬʠʟʠʢʪ ʭʘʤʛʠʡʥ ʪװʛʵʵʤʵʣ 

ʭʵʨʵʛʣʵʛʜʜʵʛ ʘʨʛʫʫʜʳʥ ʥʵʛ ʶʤ. ɹʠʜ ʪʦʦʮʦʦʥʜʦʦ ʭʘʚʪʛʘʡ ʜʦʣʛʠʦʥʳ ʢʠʥʝʪʠʢ 

ʵʥʝʨʛʠʡʛ 90 ʈʙ, ʙʨʠʣʣʠʦʥ ʟʦʥ ʜʘʭʴ k ʮʵʛʠʡʥ ʪʦʨʳʛ 3x3x3 ʭʘʨʴʮʘʘʪʘʡ ʙʘʡʭʘʘʨ, 

ʮʵʥʵʛװװʜʠʡʥ ʪװʛʵʣʪʠʡʛ ʵʣʝʢʪʨʦʥʳ ʩʫʫʨʴʰʠʣ ɻʘʫʩʩʳʥ ʪװʛʵʣʪʵʵʨ 0.02 ʈʙ ʙʘʡʭʘʘʨ 

ʘʚʣʘʘ.  
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YIG ʥʵʛʜʣʠʡʥ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʥʴ ʘ ʭʵʩʛʠʡʥ Fe3+ ʠʦʥ, b ʭʵʩʛʠʡʥ Fe3+ ʭʦʦʨʦʥʜʦʭ 

ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣʵʵʩ ʛʘʨʯ ʠʨʜʵʛ. ʍʘʨʠʥ YAG ʥʵʛʜʣʠʡʥ ʭʫʚʴʜ ʩʦʨʦʥʟʦʥ ʩʦʨʦʥʟʦʥ 

ʰʠʥʞ ʯʘʥʘʨ ʙʘʡʭʛװʡ. ʀʡʤʜ YIG ʥʵʛʜʣʠʡʥ ʪʦʦʮʦʦ ʛװʡʮʵʪʛʵʭʜʵʵ ʩʧʠʥʳ 

ʢʦʥʬʠʛʫʨʘʮʠʡʛ ʪʦʦʮʩʦʥ ʙʦʣ YAG ʥʵʛʜʣʠʡʥ ʪʦʦʮʦʦʛ ʛװʡʮʵʪʛʵʭʜʵʵ ʩʧʠʥ ʪʦʦʮʦʦʛװʡ 

ʛװʡʮʵʪʛʵʩʵʥ ʙʦʣʥʦ. Y, Fe, O ʘʪʦʤʫʫʜʳʥ p, d ʦʨʙʠʪʘʣʠʫʜ ʜʘʭʴ ʵʣʝʢʪʨʦʥ ʥʴ 

ʜʘʤʞʫʫʣʘʣʜ ʦʨʦʣʮʦʭ ʙʦʣʦʤʞʪʦʡ ʥʴ ʪʦʦʮʦʦʥʳ װʨ ʜװʥʛʵʵʩ ʭʘʨʘʛʜʘʞ ʙʘʡʚ. 

Y3Fe5O12 ʥʵʛʜʣʠʡʥ ʭʫʚʴʜ ʤʝʪʘʣʣ ʰʠʥʞ ʯʘʥʘʨʪʘʡ ʭʘʨʠʥ Y3Al5O12 ʥʵʛʜʵʣ ʭʘʛʘʩ 

ʜʘʤʞʫʫʣʘʛʯ ʰʠʥʞ ʯʘʥʘʨʪʘʡ ʙʘʡʚ. 

ʕʣʝʢʪʨʦʥ ʙװʪʮʠʡʥ ʪʦʦʮʦʦʛ ʄʘʪʝʤʘʪʠʢ ʪʦʦʥ ʪʝʭʥʦʣʦʛʠʡʥ ʭװʨʵʵʣʵʥʛʠʡʥ 

ʪʦʦʮʦʦʣʣʳʥ ʪᴇʚʠʡʥ ʩʫʧʝʨ ʢʦʤʧʴʶʪʨװװʜ ʘʰʠʛʣʘʥ ʧʘʨʘʣʣʝʣʠʘʨ ʪʦʦʮʦʦʣʩʦʥ. 

ʅʷʛʪʳʥ ʬʫʥʢʮʠʦʥʘʣʴ ʦʥʦʣ ʘʰʠʛʣʘʥ YIG, YAG ʥʵʛʜʣװװʜʠʡʥ ʪᴇʣᴇʚʠʡʥ ʥʷʛʪʳʛ 

ʪʦʦʮʦʦʣʩʦʥ װʨ ʜװʥʛ ʟʫʨʘʛ 3.5-ʜ װʟװװʣʵʚ. 

  

ɿʫʨʘʛ 3.5. ʘ - YAG ʥʵʛʜʣʠʡʥ ʪЊʣЊʚʠʡʥ ʥʷʛʪ, ʙ - YIG ʥʵʛʜʣʠʡʥ ʩʧʠʥ ʜʵʵʰʵʵ 

ʙʦʣʦʥ ʜʦʦʰʦʦ ʭʘʨʩʘʥ ʪʦʭʠʦʣʜʣʫʫʜʘʜ ʪʦʦʮʩʦʥ ʪЊʣЊʚʠʡʥ ʥʷʛʪ. 

ɸʪʦʤʫʫʜʳʥ ʦʨʙʠʪʘʣʠʘʩ ʭʘʤʘʘʨʩʘʥ ʪᴇʣᴇʚʠʡʥ ʥʷʛʪʳʥ ʪʦʦʮʦʦʥʦʦʩ ʭʘʨʘʭʘʜ Y, 

Fe, Al, O-ʠʡʥ ʘʪʦʤʫʫʜʳʥ p, d ʦʨʙʠʪʘʣʠʫʜ ʜʘʭʴ ʵʣʝʢʪʨʦʥ ʥʴ ʮʘʭʠʣʛʘʘʥ 

ʜʘʤʞʫʫʣʘʣʜ ʦʨʦʣʮʦʭ ʙʦʣʦʤʞʪʦʡ ʥʴ ʭʘʨʘʛʜʘʞ ʙʘʡʚ. YIG ʥʵʛʜʣʠʡʥ ʭʫʚʴʜ ʤʝʪʘʣʣ 

ʰʠʥʞ ʯʘʥʘʨʪʘʡ ʭʘʨʠʥ YAG ʥʵʛʜʵʣ ʭʘʛʘʩ ʜʘʤʞʫʫʣʘʛʯ ʰʠʥʞ ʯʘʥʘʨʪʘʡ ʙʘʡʚ. DFT 

ʪʦʦʮʦʦʥʦʦʩ ʛʘʨʩʘʥ ʪʵʥʮʚʵʨʞʠʣʪʵʜ ʦʨʩʦʥ ʪʦʨʳʥ ʧʘʨʘʤʝʪʨװװʜʠʡʥ ʘʰʠʛʣʘʥ 

ʪʝʤʧʝʨʘʪʫʨʘʘʩ ʭʘʤʘʘʨʩʘʥ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʳʥ ʪʦʦʮʦʦʛ ʄʦʥʪʝ-ʂʘʨʣʦ ʘʨʛʳʥ 

ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʛװʡʮʵʪʛʵʚ. 

 

 ͊

 ͋
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ʊᴇʤʨʠʡʥ ʘʪʦʤ ʭʦʦʨʦʥʜʳʥ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣʠʡʛ ʪʦʦʮʦʥ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʳʛ 

ʪʦʦʮʦʦʣʦʭʜʦʦ ʭʘʤʛʠʡʥ ʦʡʨ ʭᴇʨʰ ʦʨʰʠʭ ʪᴇʤʨʠʡʥ ʘʪʦʤʫʫʜʳʥ ʭʘʨʠʣʮʘʥ 

 .ʡʣʯʣʵʣʵʵʨ ʪʦʦʮʦʦʣʩʦʥ (ɿʫʨʘʛ 3.6)װ

 

ɿʫʨʘʛ 3.6. Fe-Fe-ʠʡʥ ʭʘʨʠʣʮʘʥ Ͼʡʣʯʣʵʣʠʡʥ ʩʭʝʤ. ʐʫʣʫʫʥ ʰʫʛʘʤʘʘʨ ʦʡʨʳʥ ʭЊʨʰʠʡʛ, 

ʪʘʩʘʨʭʘʡ ʟʫʨʘʘʩʘʘʨ 2 ʜʘʭʴ ʦʡʨʳʥ ʭЊʨʰϾϾʜʠʡʛ ʠʣʵʨʭʠʡʣʣʵʵ. aʘ, dd, ad ʥʴ ʭʘʨʛʘʣʟʘʥ 

FeO-FeO(ʦʢʪʘʵʜʨ-ʦʢʪʘʵʜʨ), FeT-FeT (ʪʝʪʨʘʵʜʨ- ʪʝʪʨʘʵʜʨ)ʙʦʣʦʥ FeO-FeT (ʦʢʪʘʵʜʨ-

ʪʝʪʨʘʵʜʨ) ʙʘʡʨʣʘʣʫʫʜ ʜʘʭʴ ʭʘʨʠʣʮʘʥ ϾʡʣʯʣʵʣϾϾʜʠʡʛ ʪʫʩ ʪʫʩ ʠʣʪʛʵʥʵ [31]. 

YIG ʩʠʩʪʝʤʠʡʥ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ ʥʴ ɻʝʡʟʝʥʙʝʨʛʠʡʥ ʟʘʛʚʘʨʘʘʨ ʤʘʰ ʩʘʡʥ 

ʪʘʡʣʙʘʨʣʘʛʜʜʘʛ ʙᴇʛᴇᴇʜ ʩʦʨʦʥʟʦʥ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣʠʡʛ ʜʘʨʘʘʭ ʵʬʬʝʢʪʠʚ 

ʩʦʨʦʥʟʦʥ ɻʘʤʠʣʪʦʥʠʘʥʘʘʨ ʪʘʡʣʙʘʨʣʘʥ ʘʚʯ װʟʵʞ ʙʦʣʥʦ. 

Ὄ Ὄ Ὄ  

ʕʥʜ  

Ὄ В ὐȟὛϽὛộȟỚ ,        Ὄ В ὐȟὛϽὛộȟỚ               (3.1) 

ʕʥʜ ʘʥʭʜʘʛʯ ʙʦʣʦʥ ʭʦʸʨʜʦʛʯ ʭʘʤʛʠʡʥ ʦʡʨ ʦʨʰʠʭ ʘʪʦʤʫʫʜʳʥ ʩʦʨʦʥʟʦʥ ʭʘʨʠʣʮʘʥ 

ʡʣʯʣʵʣʠʡʛ Ὄװ , Ὄ  ʪʵʤʜʵʛʣʵʛʵʵʛʵʵʨ ʪʫʩ ʪʫʩ ʠʣʵʨʭʠʡʣʵʚ. ʄᴇʥ ʵʥʵʭװװ ʪʦʦʮʦʦʥʜ 

Fe+3 ʠʦʥʳ ʩʧʠʥ ʢʚʘʥʪ ʪʦʦʛ S=5/2 װʟʩʵʥ ʙᴇʛᴇᴇʜ ʩʦʨʦʥʟʦʥ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣʠʡʛ 

ʠʣʵʨʭʠʡʣʞ ʙʫʡ J ʧʘʨʘʤʝʪʨװװʜʠʡʛ DFT ʪʦʦʮʦʦʥʳ װʨ ʜװʥʛʵʵʩ ñfour state energy 

mapping methodò ʘʨʛʳʛ ʘʰʠʛʣʘʥ ʛʘʨʛʘʞ ʘʚʩʘʥ [32,33]. ʊʵʛʰʠʪʛʵʣ (3.1)-ʠʡʛ 

ʘʰʠʛʣʘʥ ʄʦʥʪʝ-ʂʘʨʣʦ (Parallel Tempering Monte Carlo) ʘʨʛʘʘʨ [34] ʪʦʦʮʦʦʛ 4x4x4 

ʭʵʤʞʵʵʪʵʡ supercell ʜʵʵʨ ʷʚʫʫʣʞ YIG ʩʠʩʪʝʤʠʡʥ ʪʝʤʧʝʨʘʪʫʨʘʘʩ ʭʘʤʘʘʨʩʘʥ 

ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʳʛ ʛʘʨʛʘʞ ʘʚʘʚ. 
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ɿʫʨʘʛ 3.7. 0-20 ʊʝʩʣʘ  ʪʦʛʪʤʦʣ ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ ʜʘʭʴ YIG ʩʠʩʪʝʤʠʡʥ ʪʝʤʧʝʨʘʪʫʨʘʘʩ 

ʭʘʤʘʘʨʩʘʥ  ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ ʙʘ ʂʶʨʠ ʪʝʤʧʝʨʘʪʫʨʳʥ ʭʘʤʘʘʨʘʣ. 

ʄʦʥʪʝ-ʂʘʨʣʦ ʪʦʦʮʦʦʛ 2000 ʘʣʭʘʤʪʘʡʛʘʘʨ ʛװʡʮʵʪʛʵʩʵʥ ʙᴇʛᴇᴇʜ 5.6 ¡ ʜʦʪʦʨ 

ʥʠʡʪʜʵʵ 5 ᴇᴇʨ ʩʦʨʦʥʟʦʥ ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣ ʦʣʩʦʥ ʙʘ ʵʜʛʵʵʨʠʡʥ J ʧʘʨʘʤʝʪʨװװʜʠʡʛ 

ʭװʩʥʵʛʪ 3.1-ʜ װʟװװʣʵʚ.  

ʍϾʩʥʵʛʪ 3.1. J ʧʘʨʘʤʝʪʨϾϾʜ. (ʘʥʭʜʘʛʯ ʙʦʣʦʥ ʭʦʸʨʜʦʛʯ ʭʘʤʛʠʡʥ ʦʡʨ ʦʨʰʠʭ 

ʘʪʦʤʫʫʜʳʥ Ͼʡʣʯʣʵʣʠʡʛ 1NN ʙʘ 2NN ʪʵʤʜʵʛʣʵʛʵʵʛʵʵʨ ʪʫʩ ʪʫʩ ʠʣʵʨʭʠʡʣʵʚ) 

ʉʦʨʦʥʟʦʥ ʭʘʨʠʣʮʘʥ  

 ʡʣʯʣʵʣװ

J (ʵɺ) 

1NN FeT - FeO 0.007448 

1NN FeT - FeT 0.000364 

1NN FeO - FeO 0.000084 

1NN FeO - FeO 0.000040 

2NN FeT - FeO 0.000156 
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ɿʫʨʘʛ 3.7-ʜ YIG ʩʠʩʪʝʤʠʡʥ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʳʛ 0-20 Tʝʩʣʘ ʪʦʛʪʤʦʣ 

ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ (DC magnetic field) ʄʦʥʪʝ-ʂʘʨʣʦ ʘʨʛʘʘʨ ʪʦʦʮʦʦʣʩʦʥ װʨ ʜװʥʛ 

 ʟʚʵʣ, ʙʠʜʥʠʡ ʪʦʦʮʦʦʛʦʦʨ ʦʣʩʦʥ YIG ʩʠʩʪʝʤʠʡʥװ ʥʛʵʵʩװʨ ʜת .(ʩʥʵʛʪ 3.1װʍ) ʣʵʚװװʟװ

ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ, ʭʫʚʠʡʥ ʜʫʣʘʘʥ ʙʘʛʪʘʘʤʞʠʡʥ ʫʪʛʫʫʜ ʥʴ ʪʫʨʰʠʣʪʳʥ װʨ 

ʜװʥʪʵʡ ʩʘʡʥ ʪʦʭʠʨʯ ʙʘʡʛʘʘ ʥʴ ʭʘʨʘʛʜʘʞ ʙʘʡʥʘ [35]. ʊʦʦʮʦʦʥʳ װʨ ʜװʥʛʵʵʩ ʭʘʨʘʭʘʜ 

ʪʦʛʪʤʦʣ ʩʦʨʦʥʟʦʥ ʦʨʦʥ ʠʭʩʵʭʵʜ ʂʶʨʠ ʪʝʤʧʝʨʘʪʫʨ ʜʘʛʘʘʜ ʰʫʛʘʤʘʥ ʭʘʤʘʘʨʣʘʘʨ 

ᴇʩᴇʞ ʙʘʡʛʘʘ ʥʴ ʭʘʨʘʛʜʘʞ ʙʘʡʥʘ. ᴆᴇʨᴇᴇʨ ʭʵʣʙʵʣ ʪʦʛʪʤʦʣ ʩʦʨʦʥʟʦʥ ʦʨʦʥ ʙʦʣʦʥ 

ʂʶʨʠ ʪʝʤʧʝʨʘʪʫʨ ʭʦʦʨʦʥʜʦʦ ʰʫʫʜ ʰʫʛʘʤʘʥ ʭʘʤʘʘʨʘʣʪʘʡ ʙʦʣʦʭ ʥʴ ʘʞʠʛʣʘʛʜʣʘʘ. 
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3.4. ɼװʛʥʵʣʪ 

ὓὫ ὊὩ ὕ ʥʵʛʜʣʠʡʥ ʦʥʦʣʳʥ ʪʦʦʮʦʦʥʳ װʨ ʜװʥʛʵʵʩ ʤʘʛʥʠ ʙʦʣʦʥ ʪᴇʤʨʠʡʥ 

ʘʪʦʤʫʫʜʳʥ ʙʘʡʨʣʘʣ ʪʝʪʨʘʵʜʨ ʙʦʣʦʥ ʦʢʪʘʵʜʨ ʙʘʡʨʣʘʣʜ ʭʵʨʭʵʥ ʷʘʞ ʩʫʫʭʘʘʩ 

ʪװװʥʠʡ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ ʭװʯʪʵʡ ʭʘʤʘʘʨʯ ʙʘʡʛʘʘʛ ʭʘʨʫʫʣʞ ʪʫʨʰʠʣʪʳʥ װʨ ʜװʥʛ 

ʙʘʪʘʪʛʘʣʘʘ. ʅʦʨʤʘʣʴ ʰʧʠʥʝʣ ʪʦʭʠʦʣʜʦʣʳʥ װʥʜʩʵʥ ʪᴇʣᴇʚ ʥʴ ʭʘʛʘʩ ʙʦʣʦʥ ʙװʪʵʥ 

ʠʥʚʝʨʩ װʝʠʡʥʭʵʵʩ ʠʣװװ ʛװʥ ʩʫʫʞ ʙʘʡʩʘʥ ʥʴ ʥʦʨʤʘʣʴ ʰʧʠʥʝʣʴ ʙװʪʵʮ ʠʣװװ 

ʪʦʛʪʚʦʨʪʦʡʛ ʠʣʵʨʭʠʡʣʞ ʙʘʡʚ. ʉʦʨʦʥʟʦʥ ʧʘʨʘʤʝʪʨװװʜʠʡʥ װʨ ʜװʥ ʥʴ ʥʝʡʪʨʦʥ 

ʜʠʬʨʘʢʮʘʘʨ ʪʦʜʦʨʭʦʡʣʩʦʥ װʨ ʜװʥʛװװʜʪʵʡ ʩʘʡʥ ʪʦʭʠʨʯ ʙʘʡʚ. 

Y3Fe5O12 ʥʵʛʜʣʠʡʥ ʦʥʦʣʳʥ ʪʦʦʮʦʦʥʳ ʭʫʚʴʜ ʪװװʥʠʡ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ ʥʴ 

ʪᴇʤʨʠʡʥ ʘʪʦʤʫʫʜʘʘʩ ʭʵʨʭʵʥ ʭװʯʪʵʡ ʭʘʤʘʘʨʯ ʙʘʡʛʘʘʛ, ʪᴇʤᴇʨ-ʪᴇʤᴇʨʠʡʥ ʘʪʦʤʫʫʜʳʥ 

ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣʠʡʛ ʄʦʥʪʝ-ʂʘʨʣʦ ʘʨʛʳʥ ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʪʦʜʦʨʭʦʡʣʦʚ. ʕʜʛʵʵʨ 

ʧʘʨʘʤʝʪʨװװʜʠʡʥ ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʪʝʤʧʝʨʘʪʫʨʘʘʩ ʭʘʤʘʘʨʩʘʥ ʪʦʛʤʦʣ ʩʦʨʦʥʟʦʥ 

ʦʨʦʥ ʜʘʭʴ ʭʫʚʠʡʥ ʜʫʣʘʘʥ ʙʦʣʦʥ ʩʦʨʦʥʟʦʥ ʤʦʤʝʥʪʳʛ ʠʣװװ ʥʘʨʠʡʚʯʣʘʣ ʩʘʡʪʘʡʛʘʘʨ 

ʪʦʜʦʨʭʦʡʣʣʦʦ.   
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ɼᴆʈᴆɺ. ʌɽʈʈʀʊ ʅɸʅʆ ʄɸʊɽʈʀɸʃʓʅ ɹתʊʕʎ, ʐʀʅɾ ʏɸʅɸʈʓʅ 

ʉʋɼɸʃɻɸɸ  

4.1. ʄʘʛʥʠʡʥ ʬʝʨʨʠʪ ʥʵʛʜʣʠʡʥ ʩʫʜʘʣʛʘʘ 

ʄʘʛʥʠʡʥ ʬʝʨʨʠʪ ʥʴ ʭʦʣʠʤʦʛ h ʧʠʥʝʣ ʙװʪʵʮʪʵʡ ʙᴇʛᴇᴇʜ Fe3+ ʠʦʥ ʙʦʣʦʥ Mg2+  ʠʦʥʫʫʜ 

ʥʴ ʪʝʪʨʘʵʜʨ ʙʦʣʦʥ ʦʢʪʘʵʜʨ ʙʘʡʨʣʘʣʜ ʪʘʨʭʘʥ ʩʫʫʨʴʰʜʘʛ. Mg2+ ʠʦʥʫʫʜ ʩʦʨʦʥʟʦʥ 

ʰʠʥʞ ʯʘʥʘʨʛװʡ ʙʦʣʦʚʯ MgFe2O4 ʥʴ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʳʛ ʭʘʨʫʫʣʜʘʛ ʥʴ ʪʫʭʘʡʥ 

ʤʘʪʝʨʠʘʣʳʥ ʩʦʥʠʨʭʦʣʪʦʡ ʰʠʥʞ ʯʘʥʘʨ ʶʤ. ʊװװʥʠʡ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʰʠʥʞ 

ʯʘʥʘʨ ʥʴ ʛʘʨʛʘʥ ʘʚʘʭ ʘʨʛʘ, ʙᴇᴇʤʠʡʥ ʭʵʤʞʵʵʥʵʵʩ ʭʵʨʭʵʥ ʭʘʤʘʘʨʯ ʙʫʡʛ 

ʪʦʜʦʨʭʦʡʣʦʭ ʩʫʜʘʣʛʘʘʛ ʛװʡʮʵʪʛʵʩʵʥ.  

ʍʠʤʠʡʥ ʩʠʥʪʝʟʠʡʥ ʟʦʣʴ-ʛʝʣʠʡʥ ʘʨʛʘ: ʍʠʤʠʡʥ ʩʠʥʪʝʟʠʡʥ ʟʦʣʴ-ʛʝʣʠʡʥ ʘʨʛʘʘʨ 

ὓὫὊὩὕ ʬʝʨʨʠʪ ʤʘʪʝʨʠʘʣʳʛ ʛʘʨʛʘʥ ʘʚʘʭʜʘʘ ʤʘʛʥʠʡʥ ʥʠʪʨʘʪ (>99%), ʪᴇʤʨʠʡʥ 

ʥʠʪʨʘʪ (>99%), ʥʠʤʙʵʛʥʠʡ ʭװʯʠʣ (>99.5%) ï ʠʡʛ ʪʦʜʦʨʭʦʡ ʤʦʣʠʡʥ ʭʘʨʴʮʘʘʛʘʘʨ 

ʭʦʣʴʞ ʩʦʨʦʥʟʦʥ ʭʫʪʛʫʫʨ ʜʵʵʨ 60-80°ʉ ʪʝʤʧʝʨʘʪʫʨʪ ʛʝʣ ɹʭʵʣʙʵʨʪ ʦʨʫʫʣʘʭ ʭװʨʪʵʣ 

6 ʮʘʛ ʭʘʣʘʘʞ 12 ʮʘʛʠʡʥ ʪʫʨʰ 100°ʉ ï ʪ ʭʘʪʘʘʚ. װתʥʠʡ ʜʘʨʘʘ 1100°ʉ ï ʪ 3 ʮʘʛ 

ʰʘʪʘʘʞ ʜʫʣʘʘʥʳ ʙʦʣʦʚʩʨʫʫʣʘʣʪʘʜ ʦʨʫʫʣʘʘʜ ʘʷʥʜʘʘ ʭᴇʨʛᴇʞ ʪʘʩʘʣʛʘʘʥʳ 

ʪʝʤʧʝʨʘʪʫʨʪ ʭװʨʛʵʭ ʟʘʤʘʘʨ ʛʘʨʛʘʥ ʘʚʣʘʘ. 

ʍʠʤʠʡʥ ʩʠʥʪʝʟʠʡʥ ʭʘʪʫʫ ʪЊʣЊʚʠʡʥ ʫʨʚʘʣʳʥ ʘʨʛʘ: ὓὫὊὩὕ ʥʫʥʪʘʛ ʬʝʨʨʠʪ 

ʥʵʛʜʣʠʡʛ ʗʧʦʥʳ ʅʠʡʭʘʤʘ ʭʦʪʳʥ ʊʝʭʥʦʣʦʛʠʡʥ װʥʜʵʩʥʠʡ ʭװʨʵʵʣʵʥʜ ʭʘʪʫʫ ʪᴇʣᴇʚʠʡʥ 

ʫʨʚʘʣʳʥ ʘʨʛʘʘʨ ʪʵʵʨʵʤʜʵʛʯ ʘʧʧʘʨʘʪʘʘʨ ʮʠʨʢʦʥ ʙᴇʤʙᴇʣᴇʛ ʘʰʠʛʣʘʥ ʵʪʘʥʦʣʳʥ 

ʦʨʯʠʥʜ ʥʘʥʦ ʥʫʥʪʘʛ ʬʝʨʨʠʪʠʡʥ ʜʵʵʞʠʡʛ ʛʘʨʛʘʥ ʘʚʩʘʥ [36]. 

4.1.1. ʂʨʠʩʪʘʣʣ ʙװʪʮʠʡʥ ʩʫʜʘʣʛʘʘ 

ɿʦʣʴ-ʛʝʣʠʡʥ ʘʨʛʘ ʙʦʣʦʥ ʭʘʪʫʫ ʪᴇʣᴇʚʠʡʥ ʫʨʚʘʣʳʥ ʘʨʛʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ 

ὓὫὊὩὕ  ʜʵʵʞװװʜʠʡʥ ʪʘʩʘʣʛʘʘʥʳ ʪʝʤʧʝʨʘʪʫʨʪ ʭʵʤʞʩʵʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ 

ʩʧʝʢʪʨʠʡʛ ʟʫʨʘʛ 4.1 ïʜ װʟװװʣʵʚ. ʍʵʤʞʠʣʪʠʡʥ װʨ ʜװʥʛ ʈʠʪʚʝʣʴʜʠʡʥ ʘʨʛʘ ʘʰʠʛʣʘʥ 

ʙʦʣʦʚʩʨʫʫʣʘʣʪ ʭʠʡʞ  ʙװʪʮʠʡʥ ʧʘʨʘʤʝʪʨװװʜʠʡʛ ʪʦʜʦʨʭʦʡʣʣʦʦ (ʭװʩʥʵʛʪ 4.1). 

ʈʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʩʧʝʢʪʨʠʡʥ ʙʦʣʦʚʩʨʫʫʣʘʣʪʘʘʩ װʟʵʭʵʜ ὓὫὊὩὕ 

ʪᴇʨʣʠʡʥ ʢʫʙ ʰʧʠʥʝʣ (ICCD 00-088-1941), ʦʛʪʦʨʛʫʡʥ ʛʨʫʧʧ ʥʴ Fd-3m ʢʨʠʩʪʘʣʣ 

ʙװʪʵʮʪʵʡ, ʷʤʘʨ ʥʵʛʵʥ ʭʦʣʴʮ ʬʘʟ ʠʣʨʵʵʛװʡ ʮʵʚʵʨʰʠʣʪ ʩʘʡʪʘʡ ʜʵʵʞ ʙʦʣʦʭ ʥʴ 

ʭʘʨʘʛʜʘʞ ʙʘʡʥʘ.  
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ɿʫʨʘʛ 4.1. ʘ) ɿʦʣʴ-ʛʝʣʴ ʘʨʛʘʘʨ ʙʦʣʦʥ ʙ) ʍʘʪʫʫ ʪЊʣЊʚʠʡʥ ʘʨʛʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ 

ὓὫὊὩὕ ʜʵʵʞϾϾʜʠʡʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʩʧʝʢʪʨ 

ʊʫʨʰʠʣʪʳʥ װʨ ʜװʥʛʵʵʩ ʜʫʥʜʘʞ ʢʨʠʩʪʘʣʣʠʪʳʥ ʭʵʤʞʵʵʛ ɼʝʙʘʡ-ʐʝʨʨʝʨʠʡʥ 

ʪʵʛʰʠʪʛʵʣʠʡʛ ʘʰʠʛʣʘʥ (311) ʭʘʚʪʛʘʡʥ ʭʫʚʴʜ ʜʘʨʘʘʭ ʭʘʨʴʮʘʘʛʘʘʨ ʪʦʦʮʦʦʣʦʭʦʜ ~ 

50 ʥʤ ʙʘʡʥʘ.  

$
+ʇ

ɼÃÏÓʃ
                                                          τȢρ    

ʕʥʜ: ʂ - ʭʵʣʙʵʨʠʡʥ ʬʘʢʪʦʨ (0.9), ɚ - ʜʦʣʛʠʦʥʳ ʫʨʪ, ɓ - ʠʥʪʝʛʨʘʣ ЊʨʛЊʥ (FWHM). 

ʈʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʭʵʤʞʠʣʪʠʡʥ װʨ ʜװʥʛ ʘʰʠʛʣʘʥ ʟʦʣʴ-ʛʝʣ ʘʨʛʘʘʨ ʛʘʨʛʘʥ 

ʘʚʩʘʥ ὓὫὊὩὕ  ʥʵʛʜʣʠʡʥ ʵʛʵʣ ʪʦʨʳʥ ʢʨʠʩʪʘʣʣ ʙװʪʮʠʡʛ DIAMOND ʧʨʦʛʨʘʤʤʘʘʨ 

ʙʘʡʛʫʫʣʩʘʥ.   

 

 

ɿʫʨʘʛ 4.2. ὓὫὊὩὕ ʥʵʛʜʣʠʡʥ ʵʛʵʣ ʪʦʨʳʥ ʢʨʠʩʪʘʣʣ ʙϾʪʵʮ 
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ɿʫʨʘʛ 4.2 ïʜ װʟװװʣʩʥʵʵʨ MgFe2O4-ʥʴ ʵʛʵʣ ʪʦʨʦʥʜʦʦ 56 ʘʪʦʤʪʘʡ ʙᴇʛᴇᴇʜ ʮʵʥʭʵʨ 

ᴇʥʛᴇᴇʨ 8ʘ ʪʘʣ ʙʫʶʫ ʪʝʪʨʘʵʜʨ ʜʵʜ ʦʨʦʥ ʪʦʨ ʜʵʵʨ ʩʫʫʞ ʙʘʡʛʘʘ ʤʘʛʥʠʡʥ ʘʪʦʤʫʫʜʳʛ, 

ʫʣʘʘʥ ᴇʥʛᴇᴇʨ 32ʝ ʪʘʣ ʜʵʵʨ ʩʫʫʞ ʙʘʡʛʘʘ ʭװʯʠʣʪᴇʨᴇʛʯʠʡʥ ʘʪʦʤʫʫʜʳʛ, ʰʘʨ ᴇʥʛᴇᴇʨ 

16d ʪʘʣ ʙʫʶʫ ʦʢʪʘʵʜʨ ʜʵʜ ʦʨʦʥ ʪʦʨ ʜʵʵʨ ʩʫʫʞ ʙʘʡʛʘʘ ʪᴇʤʨʠʡʥ ʘʪʦʤʫʫʜʳʛ ʪʫʩ ʪʫʩ 

ʜװʨʩʣʵʚ.   

ʍϾʩʥʵʛʪ 4.1. ὓὫὊὩὕ ʙϾʪʮʠʡʥ ʧʘʨʘʤʝʪʨϾϾʜ 

ɻʘʨʛʘʥ ʘʚʩʘʥ ʘʨʛʘ  ɿʦʣʴ-ʛʝʣ ʍʘʪʫʫ ʪᴇʣᴇʚ 

ʊʦʨʳʥ ʪʦʛʪʤʦʣ (Å) 8.382 8.374 

ʂʨʠʩʪʘʣʣʠʪʳʥ ʭʵʤʞʵʵ (ʥʤ) 58 54 

ɹʨʵʛʛ ʬʘʢʪʦʨ (%) 2.88 2.03 

ɾʠʥʣʵʩʵʥ ʬʘʢʪʦʨ (%) 14.3 10.4 

4.1.2. ʄʦʣʝʢʫʣ ʙװʪʮʠʡʥ ʩʫʜʘʣʛʘʘ 

ʅʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨ (FTIR) ïʥ ʭʵʤʞʠʣʪʠʡʛ ὓὫὊὩὕ ʥʵʛʜʣʠʡʛ 

KBr-ʳʥ ʥʫʥʪʘʛʪʘʡ 1:10 ʤʘʩʩʳʥ ʭʘʨʴʮʘʘʪʘʡʛʘʘʨ ʭʦʣʴʞ 400 ï 4000cʤ-1  ʤʫʞʠʜ 

ʭʵʤʞʠʣʪʠʡʛ ʭʠʡʚ. ʍʵʤʞʠʣʪʠʡʥ װʨ ʜװʥʛʵʵʩ ʭʘʨʘʭʘʜ 400 ï 1000 ʩʤ-1 ʤʫʞʠʜ 

ʤʝʪʘʣʣr ʥ ʰʠʥʛʵʵʣʪʠʡʥ ʭʵʣʙʵʣʟʵʣ װװʩʜʵʛ ʙʘ ʵʥʵ ʤʫʞʠʜ ʢʨʠʩʪʘʣʣ ʙװʪʵʮ ʜʵʭ 

ʘʪʦʤʫʫʜ (ʤʝʪʘʣʣ ï ʭװʯʠʣʪᴇʨᴇʛʯ ʭʦʦʨʦʥʜʳʥ ) -ʳʥ ʭʦʦʨʦʥʜʦʭ ʟʘʡ ᴇᴇʨʯʣᴇʛʜʩᴇʥᴇᴇʨ 

 .ʩʵʭ ʚʘʣʝʥʪʳʥ ʭʵʣʙʵʣʟʵʣ ʠʣʵʨʩʵʥװװ

 

ɿʫʨʘʛ 4.3.  ὓὫὊὩὕ ʜʵʵʞʠʡʥ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʩʧʝʢʪʨʦʤʝʪʨʠʡʥ ʭʵʤʞʠʣʪʠʡʥ Ͼʨ ʜϾʥ 
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ʕʥʵʭװװ ʚʘʣʝʥʪʳʥ ʭʵʣʙʵʣʟʣʠʡʛ v װʩʛʵʵʨ ʪʵʤʜʵʛʣʵʜʵʛ ʙʘ ᴇʥʜᴇʨ ʜʘʚʪʘʤʞʠʡʥ 

ʭʦʣʙʦʦ ʙʦʣʦʭ (v1) - 580cm-1 ʤʫʞʠʜ ʪʝʪʨʘʵʜʨ ʜʵʜ ʦʨʦʥ ʪʦʨ ʜʵʵʨʭ Mg2+ ʠʩʵʣʜʵʭװʡʥ 

ʟʵʨʵʛʪʵʡ  ʢʘʪʠʦʥʳ  ʭʵʣʙʵʣʟʵʣ, ʭʘʨʠʥ ʙʘʛʘ ʜʘʚʪʘʤʞʠʡʥ ʭʦʣʙʦʦ ʙʦʣʦʭ (v2) -                 

418cm-1  ʤʫʞʠʜ ʦʢʪʘʵʜʨ ʜʵʜ ʦʨʦʥ ʪʦʨ ʜʵʵʨʭ Fe3+ ʠʩʵʣʜʵʭװʡʥ ʟʵʨʵʛʪʵʡ ʢʘʪʠʦʥʳ  

ʭʵʣʙʵʣʟʵʣ ʘʞʠʛʣʘʛʜʩʘʥ (ʟʫʨʘʛ 4.3).   

ʐʠʥʛʵʵʣʪʠʡʥ ʭʵʣʙʵʣʟʣʵʵʩ ʭʘʤʘʘʨʫʫʣʞ ʢʨʠʩʪʘʣʣ ʙװʪʵʮ ʜʵʭ ʪʝʪʨʘʵʜʨ ʙʦʣʦʥ 

ʦʢʪʘʵʜʨ ʜʵʜ ʦʨʦʥ ʪʦʨ ʜʵʵʨ ʩʫʫʨʴʰʠʞ ʙʘʡʛʘʘ ʤʝʪʘʣʣ ï ʭװʯʠʣʪᴇʨᴇʛʯ ʭʦʦʨʦʥʜʳʥ 

ʭʦʣʙʦʦʩʳʥ ʭװʯʠʡʛ ʜʘʨʘʘʭ ʪʵʛʰʠʪʛʵʣʵʵʨ ʪʦʦʮʦʦʣʞ [37] װʨ ʜװʥʛ ʭװʩʥʵʛʪ 4.2 ïʪ 

 .ʣʣʵʵװװʟװ

Ὢ τ“ὧ’‘                                      (4.2) 

ʕʥʜ: ʩ- ʛʵʨʣʠʡʥ ʭʫʨʜ, ɜ- ʜʦʣʛʠʦʥ ʪʦʦ cm-1, ɛ- ʵʤʭʪʛʵʩʵʥ ʤʘʩʩ ,  m1- ʢʘʪʠʦʥʳ 

ʤʘʩʩ, m2-ʘʥʠʦʥʳ ʤʘʩʩ.  

 

ʍϾʩʥʵʛʪ 4.2. ʂʨʠʩʪʘʣʣ ʙϾʪʵʮ ʜʵʭ ʘʪʦʤʫʫʜʳʥ ʭʦʦʨʦʥʜʦʭ ʭʦʣʙʦʦʩ ʭϾʯʥʠʡ                 

ʪʦʦʮʦʦʥʳ Ͼʨ ʜϾʥ 

ɻʘʨʛʘʥ ʘʚʩʘʥ ʘʨʛʘ  
ɿʦʣʴ-

ʛʝʣʴ 

ʍʘʪʫʫ 

ʪᴇʣᴇʚ 

ʊʝʪʨʘʵʜʨ ʜʵʭ ʠʦʥʳ ʰʠʥʛʵʵʣʪ  v1 (ʩʤ-1) 568.14 551.64  

ʆʢʪʘʨʘʵʜʨ ʜʵʭ ʠʦʥʳ ʰʠʥʛʵʵʣʪ v2 (ʩʤ-1) 406.98 402.41 

ʊʝʪʨʘʵʜʨ ʜʵʭ ʭʦʣʙʦʦʩ ʭװʯ fT (x105 ʜʠʥ/ʩʤ) 2.36 2.22 

ʆʢʪʘʨʘʵʜʨ ʜʵʭ ʭʦʣʙʦʦʩ ʭװʯ fO (x105 ʜʠʥ/ʩʤ) 1.21 1.18 

 

4.1.3. ɼʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪʳʥ ʭʵʤʞʠʣʪ 

ὓὫὊὩὕ  ʬʝʨʨʠʪ ʜʵʵʞʠʡʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʧʨʦʮʝʩʩʳʛ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ 

ʦʨʦʥ װװʩʛʵʜʵʛ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʩʫʜʣʘʚ. ʉʦʨʦʥʟʦʥ ʜʵʵʞװװʜʠʡʛ 50 

ʤʛ ʭʵʤʞʵʵʪʵʡʛʵʵʨ 1 ʤʣ ʥʵʨʤʵʣ ʫʩʘʥʜ ʭʠʡʞ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪʳʥ ʭʵʤʞʠʣʪʠʡʛ 

ʛװʡʮʵʪʛʵʣʵʵ. ɿʫʨʘʛ 4.4 ïʪ  ʜʵʵʞ ʙʦʣʦʥ ʫʩʥʘʘʩ ʭʘʤʘʘʨʩʘʥ ʪʝʤʧʝʨʘʪʫʨʳʥ 

ᴇᴇʨʯʣᴇʣʪʠʡʥ ʫʪʛʫʫʜʳʛ ʭʘʨʫʫʣʘʚ.  
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ɿʫʨʘʛ 4.4. ὓὫὊὩὕ ʥʵʛʜʣʠʡʥ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʥʳ ʥЊʣЊЊʛЊЊʨ ϾϾʩʵʭ ʪʝʤʧʝʨʘʪʫʨ, 

ʭʫʛʘʮʘʘʥʳ ʭʘʤʘʘʨʘʣ 

ʕʥʜʵʵʩ װʟʵʭʵʜ ʪʦʜʦʨʭʦʡ ʭʫʛʘʮʘʘʥʳ ʜʘʨʘʘ (~17ï20 ʤʠʥ) ʜʵʵʞװװʜʠʡʥ 

ʪʝʤʧʝʨʘʪʫʨ ʪʦʛʪʚʦʨʞʠʞ, ʪʝʤʧʝʨʘʪʫʨʳʥ ʭʘʤʛʠʡʥ ʠʭ ʙʫʶʫ ʭʘʥʘʣʪʳʥ ʫʪʛʘ ʥʴ ʟʦʣʴ-

ʛʝʣɹ ʘʨʛʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ ʜʵʵʞʠʡʥ  ʭʫʚʴʜ 42°ʉ ʭװʨʯ ʙʘʡʩʘʥ ʙʦʣ ʭʘʪʫʫ ʪᴇʣᴇʚʠʡʥ 

ʫʨʚʘʣʳʥ ʘʨʛʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ ʜʵʵʞʥʠʡ ʭʫʚʴʜ 33°ʉ ʙʘʡʚ. ʋʛ װʨ ʜװʥʛʵʵʨ ʪʦʤʴʸʦ 

(1.10) ïʠʡʛ ʘʰʠʛʣʘʥ ʍʐʏ ïr ʛ ʪʦʜʦʨʭʦʡʣʦʚ. ʍʐʏ ʫʪʛʫʫʜʳʛ ʪʦʦʮʦʦʣʦʭʦʜ ʟʦʣʴ-ʛʝʣ 

ï 5.25 ɺʪ/ʛʨ, ʭʘʪʫʫ ʪᴇʣᴇʚʠʡʥ ʘʨʛʘ ï 3.15 ɺʪ/ʛʨ ʛʘʨʩʘʥ.  
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4.2. ɿʵʩʠʡʥ ʬʝʨʨʠʪ ʥʵʛʜʣʠʡʥ ʩʫʜʘʣʛʘʘ 

ɿɻ ʩʠʡʥ ʬʝʨʨʠʪ CuFe2O4 ï ʠʡʥ ʭʫʚʴʜ ʭʘʤʛʠʡʥ ʠʭ ʘʥʭʘʘʨʘʣ ʪʘʪʜʘʛ ʩʫʣ 

ʩʦʨʦʥʟʦʥ ʬʝʨʨʠʪ ʤʘʪʝʨʠʘʣʳʥ ʥʵʛ ʶʤ. ɿʵʩʠʡʥ ʬʝʨʨʠʪ ʥʴ ʫʨʚʫʫ ʰʧʠʥʝʣ ʙװʪʵʮʪʵʡ 

ʙᴇʛᴇᴇʜ Cu2+ ʢʘʪʠʦʥʫʫʜ ʦʢʪʘʵʜʨ ʭʵʩʵʛʪ ʙʘʡʨʣʘʜʘʛ. CuFe2O4-ʠʡʥ ʥʵʛ ʦʥʮʣʦʛ ʰʠʥʞ 

ʯʘʥʘʨ ʥʴ ʵʥʵ ʥʵʛʜʵʣ ʥʴ I41/amd ʦʨʦʥ ʟʘʡʥ ʙװʣʵʛʪʵʡ ʪʝʪʨʘʛʦʥʘʣʴ ʰʧʠʥʝʣ ʙᴇʛᴇᴇʜ 

380° - 450Á ʪʝʤʧʝʨʘʪʫʨʪ ʢʫʙ ʩʠʤʤʝʪʨʪʵʡ ʙʦʣʞ ʭʫʚʠʨʜʘʛ ʙʘʡʥʘ.  

ʍʠʤʠʡʥ ʩʠʥʪʝʟ: ὅόὊὩὕ  ʩʦʨʦʥʟʦʥ ʥʘʥʦ ʤʘʪʝʨʠʘʣʳʛ ʟʦʣʴ-ʛʝʣʠʡʥ ʘʨʛʘʘʨ 

ʩʠʥʪʝʟʣʵʥ ʘʚʩʘʥ. ʉʠʥʪʝʟʠʡʛ ʷʚʫʫʣʘʭʜʘʘ ʟʵʩʠʡʥ ʥʠʪʨʘʪ Cu(NO3)2*6H2O (99.0%), 

ʪᴇʤʨʠʡʥ ʥʠʪʨʘʪ Fe(NO3)3*9H2O (>98.5%), ʥʠʤʙʵʛʥʠʡ ʭװʯʠʣ C6H8O7 (>99,5%)ï

 ʜʠʡʥ ʤʦʣʠʡʥ ʭʘʨʴʮʘʘʛ 1:2:4 ʙʘʡʭʘʘʨ ʩʦʥʛʦʥ ʘʚʯ ʥʵʨʤʵʣ ʫʩʘʥʜ ʫʫʩʛʘʩʥʳװװ

ʜʘʨʘʘʛʘʘʨ ʘʤʤʦʥʳ ʛʠʜʨʦʢʩʠʜ NH4OH(H3NO) (>99,5%)-ʠʡʛ ʫʫʩʤʘʣʳʥ pH-ʠʡʛ 7 

ʙʦʣʪʦʣ ʥʵʤʞ ᴇʛʩᴇʥ. ɻʘʨʛʘʥ ʘʚʩʘʥ ʫʫʩʤʘʣʳʛ 60 Áʉ-ʜ 8 ʮʘʛʠʡʥ ʪʫʨʰ ʛʝʣʴ ʭʵʣʙʵʨʪʵʡ 

ʙʦʣʪʦʣ ʥʴ ʩʦʨʦʥʟʦʥ ʭʫʪʛʫʫʨʘʘʨ ʭʦʣʠʥ ʫʫʨʰʫʫʣʥʘ. װתʩʩʵʥ ʛʝʣʠʡʛ 100 Áʉ-ʜ 12 

ʮʘʛʠʡʥ ʪʫʨʰ ʭʘʪʘʘʥʘ. װתʥʠʡ ʜʘʨʘʘ 900 Áʉ, 1100 Áʉ -ʜ 3 ʮʘʛ ʰʘʪʘʘʞ ʥʫʥʪʘʛ 

ʜʵʵʞװװʜʠʡʛ ʛʘʨʛʘʥ ʘʚʩʘʥ ʙʘ ʪʫʩ ʙװʨʠʡʛ ɸ, ɹ ʜʵʵʞ ʛʵʞ ʥʵʨʣʵʚ.  

4.2.1. ʂʨʠʩʪʘʣʣ ʙװʪʮʠʡʥ ʩʫʜʘʣʛʘʘ 

ɿʦʣʴ-ʛʝʣʠʡʥ ʘʨʛʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ ὅόὊὩὕ ʜʵʵʞʠʡʥ ʪʘʩʘʣʛʘʘʥʳ ʪʝʤʧʝʨʘʪʫʨʪ 

ʭʵʤʞʩʵʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʩʧʝʢʪʨʠʡʛ ʟʫʨʘʛ 4.5-ʪ װʟװװʣʵʚ.  

 

ɿʫʨʘʛ 4.5. ὅόὊὩὕ ʜʵʵʞʠʡʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ Ͼʨ ʜϾʥ 
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ʍʵʤʞʠʣʪʠʡʥ װʨ ʜװʥʛ ʈʠʪʚʝʣʴʜʠʡʥ ʘʨʛʘ ʘʰʠʛʣʘʥ ʙʦʣʦʚʩʨʫʫʣʘʣʪ ʭʠʡʞ, ʙװʪʮʠʡʥ 

ʧʘʨʘʤʝʪʨװװʜʠʡʛ ʪʦʜʦʨʭʦʡʣʣʦʦ (4.3-ʨ ʭװʩʥʵʛʪ). ɹʦʣʦʚʩʨʫʫʣʘʣʪʳʥ װʨ ʜװʥʜ 

ὅόὊὩὕ  ʜʵʵʞ ʥʴ I41/amd ʦʛʪʦʨʛʫʡʥ ʛʨʫʧʧ ʙװʭʠʡ ʪʝʪʨʘʛʦʥʘʣʴ ʙװʪʵʮʪʵʡ ʙʘʡʚ. 

ʅʵʤʵʣʪʵʵʨ CuO ïr ʥ (2.3 ʞʠʥ.%) ʬʘʟ ʩʘʨʥʠʣʳʥ ᴇʥʮʛʠʡʥ 2q = 38° ʦʨʯʠʤʜ ʠʣʵʨʩʵʥ. 

ʐʘʪʘʘʣʪʳʥ ʪʝʤʧʝʨʘʪʫʨ ʠʭʩʵʭʵʜ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʧʠʢʠʡʥ ᴇʨʛᴇʥ ʥʘʨʠʡʩʘʞ 

ʙʘʡʛʘʘ ʥʴ ʜʵʵʞ ʪʝʤʧʝʨʘʪʫʨ ʠʭʩʵʭ ʪʫʩʘʤ ʠʣװװ ʢʨʠʩʪʘʣʣʞʠʞ ʙʘʡʛʘʘʛ ʠʣʵʨʭʠʡʣʞ 

ʙʘʡʥʘ. ʂʨʠʩʪʘʣʣʠʪʳʥ ʭʵʤʞʵʵ 1100Áʉ ʪʝʤʧʝʨʘʪʫʨʪ 25.8 ʥʤ ïɻ ʵʩ 31 ʥʤ ʙʦʣʞ ᴇʩʩᴇʥ 

ʙʘ ʵʛʵʣ ʪʦʨʳʥ ʵʟʣʵʭװװʥ ʪʵʣʩʵʥ ʙʘʡʥʘ. ɼʵʵʞʠʡʥ ʢʨʠʩʪʘʣʣ ʙװʪʮʠʡʛ ʪʦʜʦʨʭʦʡʣʩʦʥ 

 .ʩʥʵʛʪ 4.3-ʪ ʭʘʨʫʫʣʘʚװʥʛ ʭװʨ ʜװ

ʍϾʩʥʵʛʪ 4.3. ɿʵʩʠʡʥ ʬʝʨʨʠʪ ʜʵʵʞϾϾʜʠʡʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ Ͼʨ ʜϾʥ 

ʐʘʪʘʘʣʪʳʥ 

ʪʝʤʧʝʨʘʪʫʨ 

ʊʦʨʳʥ 

ʪʦʛʪʤʦʣ (Å) 

ʍװʯʠʣʪᴇʨᴇʛʯʠʡʥ 

ʢʦʦʨʜʠʥʘʪ 

ɸʪʦʤ 

ʭʦʦʨʦʥʜʳʥ 

ʟʘʡ (ᴠ 

ʂʨʠʩʪʘʣʣ-

ʞʠʣʪʳʥ 

ʭʵʤʞʵʵ 

(ʥʤ) 

Rexp ɢ2 

11000 

5.8287(a) y(O)    0.0142 
1.91885         

(A-O) 
31.9 4.44 2.32 

8.6637(c) z(O)    0.2559 
2.3945          

(B-O) 

9000 

5.7976(a) y(O)    0.0131 
1.92476              

(A-O) 
25.8 4.58 2.41 

8.7243(c) z(O)    0.2514 
2.38016         

(B-O) 

4.2.2. ʍʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʪʫʨʰʠʣʪ 

ʉʦʨʦʥʟʦʥ ʤʘʪʝʨʠʘʣʳʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ װʟʵʛʜʣʠʡʥ ʢʦʥʮʝʥʪʨʘʮʘʘʩ 

ʭʘʤʘʘʨʩʘʥ ʭʵʤʞʠʣʪʠʡʛ ɸ ʙʦʣʦʥ ɹ ʜʵʵʞʠʡʥ ʭʫʚʴʜ ʫʩʘʥ ʦʨʯʠʥʜ, 50, 75, 100 ʤʛ/ʤʣ 

ʥᴇʭʮᴇʣʜ ʷʚʫʫʣʘʚ. ʊʝʤʧʝʨʘʪʫʨʳʥ ᴇʩᴇʣʪ ʙʦʣʦʥ ʢʦʥʮʝʥʪʨʘʮʠʡʥ ʭʘʤʘʘʨʣʳʛ ʟʫʨʘʛ 

4.6-ʜ װʟװװʣʣʵʵ. ʍʵʤʞʠʣʪʠʡʥ װʨ ʜװʥʛʵʵʩ ʭʘʨʘʭʘʜ 16 ʤʠʥʫʪʳʥ ʜʘʨʘʘ ʜʵʵʞװװʜʠʡʥ  

ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪ  ʭʘʤʛʠʡʥ ʠʭ ʫʪʛʘʜʘʘ  (35.4 oC) ʭװʨʯ, ʪʦʛʪʚʦʨʞʠʞ ʙʘʡʣʘʘ. 

ʂʦʥʮʝʥʪʨʘʮ ʠʭʩʵʭ ʪʫʩʘʤ ʷʣʛʘʨʫʫʣʘʭ ʜʫʣʘʘʥʳ ʭʵʤʞʵʵ ʠʭʩʵʞ ʙʘʡʥʘ.  
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ɿʫʨʘʛ 4.6. ɼʵʵʞϾϾʜʠʡʥ ʫʩʘʥ ʦʨʯʠʥ ʜʘʭʴ ʢʦʥʮʝʥʪʨʘʮʘʘʩ ʭʘʤʘʘʨʩʘʥ ʜʫʣʘʘʥ 

ʷʣʛʘʨʫʫʣʘʣʪʳʥ ʭʵʤʞʠʣʪʠʡʥ (ʘ) ɸ ʜʵʵʞ ʙʦʣʦʥ (ʙ) ɹ ʜʵʵʞʠʡʥ Ͼʨ ʜϾʥ 

ʄᴇʥ ɸ ʙʦʣʦʥ ɹ ʜʵʵʞװװʜʠʡʛ ʬʠʟʠʦʣʦʛʠʡʥ ʫʫʩʤʘʣ (7 pH) ʙʦʣʦʥ  ʫʩʘʥ ʦʨʯʠʥʜ 

ʭʵʤʞʠʣʪʠʡʛ ʷʚʫʫʣʞ װʨ ʜװʥʛ ʭʘʨʴʮʫʫʣʘʥ ʩʫʜʘʣʣʘʘ (ʟʫʨʘʛ 4.7). 

 

ɿʫʨʘʛ 4.7. ɸ, ɹ ʜʵʵʞϾϾʜʠʡʥ ʫʩʘʥ ʦʨʯʠʥ ʙʦʣʦʥ ʬʠʟʠʦʣʦʛʠʡʥ ʫʫʩʤʘʣ ʜʘʭʴ 

ʢʦʥʮʝʥʪʨʘʮʘʘʩ ʭʘʤʘʘʨʩʘʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪʳʥ ʭʵʤʞʠʣʪʠʡʥ (ʘ) 50 ʤʛ (ʙ) 75 ʤʛ (ʚ) 

100 ʤʛ ʜʵʵʞ, ʕʥʜ ʌʋ-ʬʠʟʠʦʣʦʛʠʡʥ ʫʫʩʤʘʣ 
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ʌʠʟʠʦʣʦʛʠʡʥ ʫʫʩʤʘʣ ʜʘʭʴ ɸ ʙʦʣʦʥ ɹ ʜʵʵʞװװʜʠʡʥ ʭʫʚʴʜ ʭʘʣʘʣʪʳʥ ʪʝʤʧʝʨʘʪʫʨ 

32.5 ʙʦʣʦʥ 30.4 Áʉ ʙʫʶʫ ʫʩʘʥ ʦʨʯʥʦʦʩ ʠʣװװ ʭʘʣʞ ʙʘʡʚ. ʕʥʵʭװװ ʭʵʤʞʠʣʪʠʡʥ װʨ 

ʜװʥʛʵʵʩ ʙʠʜ ʦʨʯʠʥ ʙʦʣʦʥ ʢʦʥʮʝʥʪʨʘʮʘʘʩ ʭʘʤʘʘʨʩʘʥ ʍʏʐ-ʥ ʫʪʛʫʫʜʳʛ ʪʵʛʰʠʪʛʵʣ 

1.10-ʳʛ ʘʰʠʛʣʘʥ ɸ ʙʦʣʦʥ ɹ ʜʵʵʞʠʡʥ ʭʫʚʴʜ ʪʦʜʦʨʭʦʡʣʩʦʥ ʭװʩʥʵʛʪ 4.4-ʪ װʟװװʣʵʚ.  

ʍϾʩʥʵʛʪ 4.4. ʊʝʤʧʝʨʘʪʫʨʳʥ ЊЊʨʯʣЊʣʪ ʙʦʣʦʥ ʏʍʐ ïʠʡʥ Ͼʨ ʜϾʥ 

ɼʵʵʞ ʂʦʥʮʝʥʪʨʘʮʠ 

(ʤʛ) 

ʏʍʐ (ɺʪ/ʛ) ʊʝʤʧʝʨʘʪʫʨ (Áʉ) 

ʋʩ ʌʋ ʋʩ ʌʋ 

ɸ 50 1.61 1.6 31.5 32.3 

75 1.36 1.39 33.2 34.2 

100 1.22 1.26 35.4 36.5 

ɹ 50 1.16 1.06 29.8 30.4 

75 0.96 0.98 31.3 32.2 

100 0.94 0.92 33.1 34.3 

 

ʋʛ ʦʨʯʥʦʦʩ ʭʘʤʘʘʨʩʘʥ ʜʵʵʞװװʜʠʡʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪʳʥ ʭʵʤʞʠʣʪʵʜ ʟᴇʨװװ 

ʘʞʠʛʣʘʛʜʩʘʥ ʯ ʯʘʜʣʳʥ ʭʫʚʠʡʥ ʰʠʥʛʵʵʣʪʠʡʥ ʫʪʛʫʫʜ ʥʴ ʭʦʦʨʦʥʜʦʦ ʙʘʨʘʛ ʠʞʠʣ 

ʙʘʡʩʘʥ ʥʴ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪ ʥʴ ʦʨʯʥʳ pH ïʘʘʩ ʠʣװװʪʵʡʛʵʵʨ ʦʨʯʥʳ ʜʫʣʘʘʥ 

ʙʘʛʪʘʘʤʞʘʘʩ ʭʘʤʘʘʨʯ ʙʫʡʛ ʭʘʨʫʫʣʞ ʙʘʡʥʘ (ʋʩ ï ὧ τȢρψ ˓ , ʌʠʟʠʦʣʦʛʠʡʥ ʫʫʩʤʘʣ - 

ὧ τȢπφ ˓ ).   
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4.3. ɿʵʩ-ʤʘʛʥʠʡʥ ʭʦʣʠʤʦʛ  ╜▌● ╒◊●╕▄╞    ʥʵʛʜʣʠʡʥ ʩʫʜʘʣʛʘʘ 

ᴆʤʥᴇʭ ʩʫʜʘʣʛʘʘʥʜ ʬʝʨʨʠʪ ʤʘʪʝʨʠʘʣʳʛ ʛʘʨʛʘʥ ʘʚʘʭ ʭʠʤʠʡʥ ʩʠʥʪʝʟʠʡʥ ʛʦʨʠʤ 

ʪʦʛʪʦʦʭ ʘʞʣʳʛ ʛװʡʮʵʪʛʵʩʵʥ. ʕʥʵ ʭʵʩʵʛʪ ʤʘʛʥʠʡʥ ʬʝʨʨʠʪʠʡʥ ʦʢʪʘʵʜʨ ʙʘʡʨʰʠʣʜ 

ʦʨʰʠʭ ɸ ʢʘʪʠʦʥʳʛ Cu2+ ʭʦʣʴʮ ʵʣʝʤʝʥʪʵʵʨ (ὓὫ ὅόὊὩὕ, x = 0.2, 0.4, 0.6, 0.8, 

1.0) ʭʦʣʴʮʦʣʞ ʙװʪʵʮ, ʰʠʥʞ ʯʘʥʘʨʳʛ ʩʫʜʘʣʛʘʘʛ ʛװʡʮʵʪʛʵʩʵʥ װʨ ʜװʥʛ ʭʵʣʵʣʮװװʣʥʵ. 

ʕʥʵ ʭʦʣʴʮ ʵʣʝʤʝʥʪ ʥʴ ʠʦʥʳ ʨʘʜʠʫʩʳʥ ʭʫʚʴʜ ʦʡʨʦʣʮʦʦ (rMg = 0.72 Å, rCu = 0.73 Å) 

ʫʯʠʨ ʢʨʠʩʪʘʣʣ ʪʦʨʳʥ ʛʘʞʠʛ װװʩʛʵʭʛװʡ. װתʥʵʵʩ ʛʘʜʥʘ  Cu2+ ʠʦʥ ʥʴ ʦʢʪʘʵʜʨ 

ʙʘʡʨʰʠʣʜ ʩʫʫʨʴʰʠʭ ʠʣװװ ʵʨʤʵʣʟʵʣʪʵʡ ʙʘʡʜʘʛ (ʪʦʛʪʚʦʨʪʦʡ ʙװʪʮʠʡʥ ʵʥʝʨʛʠ ʙʘʛʘ) 

ʫʯʠʨ MgFe2O4 ʢʨʠʩʪʘʣʣʳʥ ʦʢʪʘʵʜʨ ʙʘʡʨʰʠʣ ʜʘʭʴ Mg2+ ʠʦʥʳʛ ʭʘʣʞ ʩʫʫʨʴʰʠʥʘ. 

ʀʥʛʵʩʥʵʵʨ Mg2+ (mB = 0) ʩʦʨʦʥʟʦʥ ʙʫʩ ʵʣʝʤʝʥʪʠʡʛ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʪʘʡ Cu2+ 

(mB = 2) ʠʦʥʦʦʨ ʭʦʣʴʮʦʣʩʥʦʦʨ AB ʭʘʨʠʣʮʘʥ װʡʣʯʣʵʣʠʡʥ ʤʦʤʝʥʪ ʠʭʩʵʞ ʩʦʨʦʥʟʦʥ 

ʰʠʥʞ ʯʘʥʘʨʳʛ ʥʵʤʵʛʜװװʣʵʭ ʶʤ. ɹװʪʮʠʡʥ ʪʦʤʴʸʦ: (Mg1-dFed)A[Mgd-xCuxFe2-d]BO2, x 

= 0.2, 0.4, 0.6, 0.8, 1.0.   

ʍʠʤʠʡʥ ʩʠʥʪʝʟ: ὓὫ ὅόὊὩὕ , x = 0.2, 0.4, 0.6, 0.8, 1.0 ʤʘʪʝʨʠʘʣʳʛ ʟʦʣʴ-

ʛʝʣʠʡʥ ʘʨʛʘʘʨ ʩʠʥʪʝʟʣʵʥ ʛʘʨʛʘʥ ʘʚʯ, ʙװʪʵʮ ʰʠʥʞ ʯʘʥʘʨʳʛ ʩʫʜʣʘʚ. ʄʘʛʥʠ ʥʠʪʨʘʪ 

Mg(NO3)2*6H2O (>99.0%), ʟʵʩʠʡʥ ʥʠʪʨʘʪ Cu(NO3)2*6H2O (99.0%), ʪᴇʤʨʠʡʥ ʥʠʪʨʘʪ 

Fe(NO3)3*9H2O (>98.5%), ʥʠʤʙʵʛʥʠʡ ʭװʯʠʣ C6H8O7 (>99,5%) ïװװʜʠʡʥ ʤʦʣʠʡʥ 

ʭʘʨʴʮʘʘʛ 1:2:6 ʙʘʡʭʘʘʨ ʩʦʥʛʦʥ ʘʚʯ ʥʵʨʤʵʣ ʫʩʘʥʜ ʫʫʩʛʘʩʥʳ ʜʘʨʘʘʛʘʘʨ ʘʤʤʦʥʳ 

ʛʠʜʨʦʢʩʠʜ NH4OH(H3NO) (>99,5%)-ʠʡʛ ʫʫʩʤʘʣʳʥ pH-ʠʡʛ 7 ʙʦʣʪʦʣ ʥʵʤʞ ᴇʛʩᴇʥ. 

ɻʘʨʛʘʥ ʘʚʩʘʥ ʫʫʩʤʘʣʳʛ 60°ʉ-ʜ 8 ʮʘʛʠʡʥ ʪʫʨʰ ʛʝʣʴ ʭʵʣʙʵʨʪʵʡ ʙʦʣʪʦʣ ʥʴ ʩʦʨʦʥʟʦʥ 

ʭʫʪʛʫʫʨʘʘʨ ʭʦʣʠʥ ʫʫʨʰʫʫʣʥʘ. װתʩʩʵʥ ʛʝʣʠʡʛ 100°ʉ-ʜ 12 ʮʘʛʠʡʥ ʪʫʨʰ ʭʘʪʘʘʥʘ. 

 ʥʠʡ ʜʘʨʘʘ ʭʘʨʛʘʣʟʘʥ 500°ʉ, 700°ʉ, 900°ʉ, 1100°ʉ -ʜ 3 ʮʘʛ ʰʘʪʘʘʞ ʥʫʥʪʘʛװת

ʜʵʵʞװװʜʠʡʛ ʛʘʨʛʘʥ ʘʚʩʘʥ.  

4.3.1. ʂʨʠʩʪʘʣʣ ʙװʪʮʠʡʥ ʩʫʜʘʣʛʘʘ 

ʌʝʨʨʠʪ ʪᴇʨʣʠʡʥ h ʧʠʥʝʣ ʙװʪʵʮʪʵʡ ʢʨʠʩʪʘʣʣ ὓὫ ὅόὊὩὕ (ʭ= 0, 0.2, 0.4, 0.6, 

0.8, 1) ʥʵʛʜʣʠʡʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʭʵʤʞʠʣʪʠʡʥ װʨ ʜװʥʛ (ɿʫʨʘʛ 4.8)-ʜ װʟװװʣʵʚ. 

ʈʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʘʨʛʘʘʨ ʙװʨʵʣʜʵʭװװʥʠʡʛ ʪʦʜʦʨʭʦʡʣʦʭʦʜ ʟʵʩʠʡʥ ʭʦʣʴʮʳʥ 

ʭʵʤʞʵʵ  x = 0, 0.2, 0.4, 0.6  ʫʪʛʘʪʘʡ ʙʘʡʭʘʜ ʢʫʙ ʙװʪʵʮʪʵʡ ʰʧʠʥʝʣ ʬʘʟ װװʩʵʞ ʙʘʡʩʘʥ 

ʙʦʣ x = 0.8, 1.0  ʫʪʛʘʪʘʡ ʙʦʣʩʦʥ  װʝʜ ʜʠʬʨʘʢʮʳʥ ʧʠʢ ς— τρȢσЈ ) ʭʫʚʘʘʛʜʘʞ 

ʙʘʡʛʘʘ ʥʴ ʰʠʥʵ ʪᴇʨʣʠʡʥ ʪʝʪʨʘʛʦʥʘʣ ὅόὊὩὕ ʬʘʟ װװʩʵʞ ʙʘʡʛʘʘʛ ʭʘʨʫʫʣʞ ʙʘʡʥʘ. 
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ɿʫʨʘʛ 4.8. ὓὫ ὅόὊὩὕ  ʥʵʛʜʣʠʡʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʭʵʤʞʠʣʪʠʡʥ Ͼʨ ʜϾʥ 

ʋʛ ʬʝʨʨʠʪ ʤʘʪʝʨʠʘʣʫʫʜ ʥʴ ʵʛʵʣ װװʨʵʥʜʵʵ 56 ʘʪʦʤʪʘʡ ʙᴇʛᴇᴇʜ ʟʫʨʘʛ 4.9-ʜ 

ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʭʵʤʞʠʣʪʠʡʥ װʨ ʜװʥʛ ʘʰʠʛʣʘʥ ὓὫὊὩὕ  ʙʦʣʦʥ ὅόὊὩὕ 

ʥʵʛʜʣʠʡʥ ʵʛʵʣ ʪʦʨʳʥ ʢʨʠʩʪʘʣʣ ʙװʪʮʠʡʛ VESTA ʧʨʦʛʨʘʤʤʘʘʨ ʙʘʡʛʫʫʣʞ װʟװװʣʣʵʵ. 

ʍᴇʭ ᴇʥʛᴇᴇʨ 8ʘ ʪʘʣ ʙʫʶʫ ʪʝʪʨʘʵʜʨ ʜʵʜ ʦʨʦʥ ʪʦʨ ʜʵʵʨ ʩʫʫʞ ʙʫʡ ʘʪʦʤʫʫʜʳʛ, ʥʦʛʦʦʥ 

ᴇʥʛᴇᴇʨ 32ʝ ʪʘʣ ʜʵʵʨ ʩʫʫʞ ʙʘʡʛʘʘ ʭװʯʠʣʪᴇʨᴇʛʯʠʡʥ ʘʪʦʤʫʫʜʳʛ, ʙʦʨ ᴇʥʛᴇᴇʨ 16d ʪʘʣ 

ʙʫʶʫ ʦʢʪʘʵʜʨ ʜʵʜ ʦʨʦʥ ʪʦʨ ʜʵʵʨ ʩʫʫʞ ʙʘʡʛʘʘ ʘʪʦʤʫʫʜʳʛ ʪʫʩ ʪʫʩ ʜװʨʩʣʵʚ.   

 

ɿʫʨʘʛ 4.9. ʘ) MgFe2O4 ïʠʡʥ ʢʨʠʩʪʘʣʣ ʙϾʪʵʮ, ʙ) CuFe2O4 ïʠʡʥ ʢʨʠʩʪʘʣʣ ʙϾʪʵʮ 

ὓὫρὼὅόὼ)ὊὩ2ὕ4 ʥʵʛʜʣʠʡʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ װʨ ʜװʥʛʵʵʩ Cu2+ ʭʦʣʴʮʳʥ ʭʵʤʞʵʵ 

ʙʘʡʛʘʘʛ ʪʦʜʦʨʭʦʡʣʩʦʥ. Mg2+ ʢʘʪʠʦʥʳ ʠʦʥʳ ʨʘʜʠʫʩ ʥʴ (ʪʝʪʨʘʵʜʨʪ 0.57 ¡ ʙʘ 
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ʦʢʪʘʵʜʨʪ 0.72 ¡) ʭʦʣʴʮ Cu2+ ʢʘʪʠʦʥʳ ʠʦʥʳ ʨʘʜʠʫʩʪʘʡ (ʪʝʪʨʘʵʜʨʪ 0.57¡ ʙʘ 

ʦʢʪʘʵʜʨʪ 0.73 ¡) ʦʡʨʦʣʮʦʦ ʫʯʠʨ ʪʦʨʳʥ ʧʘʨʘʤʝʪʨʪ ʙʘʛʘ ʭʵʤʞʵʵʛʵʵʨ ʠʭʵʩʩʵʥ ʥʴ ʙʘ 

ʫʛ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ װʨ ʜװʥʛ ʭװʩʥʵʛʪ 4.5 ïʜ ʭʘʨʫʫʣʘʚ. 

ʍϾʩʥʵʛʪ 4.5. ὓὫ ὅόὊὩὕ  ʥʵʛʜʣʠʡʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ Ͼʨ ʜϾʥ 

ɼʵʵʞ 

ʊʦʨʳʥ ʜʠʘʤʝʪʨ (Å) ʍװʯʠʣʪᴇʨᴇʛʯʠʡʥ 

ʢʦʦʨʜʠʥʘʪ  

ɸʪʦʤ 

ʭʦʦʨʦʥʜʳʥ 

ʟʘʡ (Å) 

Rexp 

ʢʫʙ ʪʝʪʨʘʛʦʥʘʣʴ 

ὓὫὊὩὕ 8.375613 - 0.25643 
1.8969 A-O 

4.67 
2.0477 B-O 

ὓὫȢὅόȢ ὊὩὕ 8.379821 - 0.25578 
1.8991 A-O 

5.88 
2.0473 B-O 

ὓὫȢὅόȢ ὊὩὕ 8.385837 - 0.25712 
1.9133 A-O 

4.15 
2.0403 B-O 

ὓὫȢὅόȢ ὊὩὕ 8.377947 - 0.25398 
1.9013 A-O 

4.58 2.0467 B-O 

ὓὫȢὅόȢ ὊὩὕ 8.3819 
5.8793(a) 

0.2568 
1.9135 A-O 

3.95 
8.5131(c) 2.0401 B-O 

ὅόὊὩὕ - 
5.8287(a) y(O)    0.0142  

4.44 
8.6637(c) z(O)    0.2559 

 

4.3.2. ʄʦʣʝʢʫʣ ʙװʪʮʠʡʥ ʩʫʜʘʣʛʘʘ 

ὓὫ ὅόὊὩὕ  (ʭ= 0, 0.2, 0.4, 0.6, 0.8, 1) ʥʵʛʜʣʠʡʥ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ 

ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʡʥ ʭʵʤʞʠʣʪʠʡʛ KBr-ʳʥ ʥʫʥʪʘʛʪʘʡ 1:10 ʤʘʩʩʳʥ ʭʘʨʴʮʘʘʪʘʡʛʘʘʨ 

ʭʦʣʴʞ 400cʤ-1 ï 4000cʤ-1  ʭʵʤʞʠʣʪʠʡʛ ʭʠʡʚ (ɿʫʨʘʛ 4.10).  ʕʥʛʠʡʥ ʰʧʠʥʝʣʠʡʥ ʵʛʵʣ 

ʪʦʨʳʥ ʭʵʣʙʵʣʟʵʣ ʥʴ ʪʝʪʨʘʵʜʨ (A) ʙʦʣʦʥ ʦʢʪʘʵʜʨ (B) ʜʵʜ ʦʨʦʥ ʪʦʨ ʜʵʵʨʭ ʤʝʪʘʣʣ 

ʭװʯʠʣʪᴇʨᴇʛʯ ʭʦʦʨʦʥʜʳʥ ʚʘʣʝʥʪʳʥ ʭʵʣʙʵʣʟʣʵʵʩ ʭʘʤʘʘʨʜʘʛ ʙʘ 400-600 ʩʤ-1 ʤʫʞʠʜ 

ʥʦʨʤʘʣʴ ʰʧʠʥʝʣ ʪᴇʨʣʠʡʥ ʙװʪʵʮ װװʩʵʞ ʙʘʡʛʘʘ ʙᴇʛᴇᴇʜ ʵʥʵʭװװ ʤʫʞʠʜ ʭʦʸʨ ʛʦʣ 

ʭʦʣʙʦʦʩ װװʩʜʵʛ [38]. װתʥʜ ʰʠʥʛʵʵʛʜʵʭ ᴇʥʜᴇʨ ʜʘʚʪʘʤʞʠʡʥ ʭʦʣʙʦʦ (v1)  ᶇ 580cm-1 

ʤʫʞʠʜ ʪʝʪʨʘʵʜʨ ʜʵʜ ʦʨʦʥ ʪʦʨ ʜʵʵʨʭ 2+ ʠʩʵʣʜʵʭװʡʥ ʟʵʨʵʛʪʵʡ  ʢʘʪʠʦʥʳ  ʭʵʣʙʵʣʟʵʣ 

ʭʘʨʠʥ ʙʘʛʘ ʜʘʚʪʘʤʞʠʡʥ ʭʦʣʙʦʦ (v2)  ᶇ 418cm-1  ʤʫʞʠʜ ʦʢʪʘʵʜʨ ʜʵʜ ʦʨʦʥ ʪʦʨ ʜʵʵʨʭ 

3+ ʠʩʵʣʜʵʭװʡʥ ʟʵʨʵʛʪʵʡ ʢʘʪʠʦʥʳ  ʭʵʣʙʵʣʟʵʣ ʙʠʡ ʙʦʣʩʦʥ.  
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ɿʫʨʘʛ 4.10. ὓὫ ὅόὊὩὕ ʥʵʛʜʣʠʡʥ ʥʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʭʵʤʞʠʣʪʠʡʥ Ͼʨ ʜϾʥ 

ʅʠʣ ʫʣʘʘʥ ʪʫʷʘʥʳ ʭʵʤʞʠʣʪʵʵʨ ʤʝʪʘʣʣʳʥ ʠʦʥʳ ʚʘʣʝʥʪʳʥ ʭʵʣʙʵʣʟʵʣ ʥʴ 

ʜʦʣʛʠʦʥ ʪʦʦʥʳ ʠʭ ʤʫʞʨʫʫ ʰʠʣʞʠʞ ʙʘʡʥʘ (ɿʫʨʘʛ 4.11ʘ). ʕʥʵ ʥʴ ʪʝʪʨʘʵʜʨ ʙʦʣʦʥ 

ʦʢʪʘʵʜʨ ʪʦʨʫʫʜʘʜ ʩʫʫʨʴʰʠʞ ʙʘʡʛʘʘ ʘʥʠʦʥ ʙʦʣʦʥ ʢʘʪʠʦʥʳ ʭʦʦʨʦʥʜʦʭ ʟʘʡ ʟʵʩʠʡʥ 

ʭʦʣʴʮʳʥ ʭʵʤʞʵʵʥʵʵʩ ʭʘʤʘʘʨʯ ᴇᴇʨʯʣᴇʛʜʩᴇʥʪʵʡ ʭʦʣʙʦʦʪʦʡ ʙʘ ʪʵʜʛʵʵʨ ʘʥʠʦʥ 

ʢʘʪʠʦʥʫʫʜʳʥ ʭʦʦʨʦʥʜʦʭ ʭʦʣʙʦʦʩ ʭװʯ ᴇᴇʨʯʣᴇʛʜʩᴇʥʪʵʡ ʭʦʣʙʦʦʪʦʡ ʶʤ. 

ʊʝʪʨʘʵʜʨ ʙʦʣʦʥ ʦʢʪʘʵʜʨ ʜʵʭ ʘʥʠʦʥ ʢʘʪʠʦʥ ʭʦʦʨʦʥʜʳʥ ʭʦʣʙʦʦʩʳʥ ʭװʯ ʥʴ 

ʤʝʪʘʣʣʳʥ ʚʘʣʝʥʪʳʥ ʭʵʣʙʵʣʟʣʵʵʩ ʰʫʛʘʤʘʥ ʭʘʤʘʘʨʘʣʪʘʡ ʙʘʛʘʩʘʞ ʙʘʡʥʘ (ɿʫʨʘʛ 

4.11ʙ).   

 

(a) (ʙ) 

ɿʫʨʘʛ 4.11. ʘ) ʊʝʪʨʘʵʜʨ ʙʦʣʦʥ ʆʢʪʘʵʜʨ ʪʦʨ ʜʘʭʴ ʰʠʥʛʵʵʣʪ, ʙ) ʊʝʪʨʘʵʜʨ ʙʦʣʦʥ 

ʆʢʪʘʵʜʨ ʪʦʨ ʜʘʭʴ ʭʦʣʙʦʦʩ ʭϾʯ 
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ʍϾʩʥʵʛʪ 4.6. ὓὫ ὅόὊὩὕ ʥʵʛʜʣʠʡʥ ʪʝʪʨʘʵʜʨ ʙʦʣʦʥ ʦʢʪʘʵʜʨ ʜʵʭ ʠʦʥʳ ʰʠʥʛʵʵʣʪ 

ʙʦʣʦʥ ʪʝʪʨʘʵʜʨ ʙʦʣʦʥ ʦʢʪʘʵʜʨ ʜʵʭ ʠʦʥʳ ʭʦʣʙʦʦʩ ʭϾʯʥʠʡ ʪʦʦʮʦʦʥʳ Ͼʨ ʜϾʥ. 

x 

ʊʝʪʨʘʵʜʨ ʜʵʭ 

ʠʦʥʳ ʰʠʥʛʵʵʣʪ 

 v1 (ʩʤ
-1) 

ʆʢʪʘʨʘʵʜʨ ʜʵʭ 

ʠʦʥʳ ʰʠʥʛʵʵʣʪ 

v2 (ʩʤ
-1) 

ʊʝʪʨʘʵʜʨ ʜʵʭ 

ʭʦʣʙʦʦʩ ʭϾʯ 

 fT (x105 ʜʠʥ/ʩʤ) 

ʆʢʪʘʨʘʵʜʨ ʜʵʭ 

ʭʦʣʙʦʦʩ ʭϾʯ  

fO (x105 ʜʠʥ/ʩʤ) 

1 418.55 580.27 6.216  11.959 

0.8 416.62 572.57 6.159 11.620 

0.6 412.76 567.07 6.045 11.410 

0.4 410.83 559.35 5.989 11.101 

0.2 405.05 557.42 5.821 11.025 

0 402.41 551.64 5.734 10.797 

4.3.3. ɼʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪʳʥ ʩʫʜʘʣʛʘʘ 

ɿʵʩ-ʤʘʛʥʠʛʳʥ ʭʦʣʴʮʦʦʩ ʭʘʤʘʘʨʩʘʥ 3 ᴇᴇʨ ʜʵʵʞʠʡʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ 

ʧʨʦʮʝʩʩʳʛ ʫʩʘʥ ʦʨʯʠʥʜ ʩʫʜʣʘʚ. ɼʫʣʘʘʥʳ ʭʵʤʞʠʣʪʠʡʛ 2 ʤʣ ʫʩʘʥʜ 50 ʤʛ ʜʵʵʞ ʘʚʘʥ 

ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥ װװʩʛʵʭ ʪᴇʭᴇᴇʨᴇʤʞᴇᴇʨ ʩʫʜʘʣʩʘʥ. ɼʵʵʞװװʜʠʡʥ ʭʫʚʴʜ 

ʪʝʤʧʝʨʘʪʫʨ ʭʘʥʘʣʪʳʥ ʫʪʛʘʜʘʘ 17-20 ʤʠʥʫʪʘʜ ʭװʨʯ ʙʘʡʚ. ʊʝʤʧʝʨʘʪʫʨ ʭʘʥʘʣʪʳʥ 

ʫʪʛʫʫʜ x=0, x=0.6, x=1 ʜʵʵʞװװʜʠʡʥ ʭʫʚʴʜ ʭʘʨʛʘʣʟʘʥ 40ὅ, 42.4 ὅ, 30.8 ὅ ʙʘʡʩʘʥ 

(ʟʫʨʘʛ 4.12).  

 

ɿʫʨʘʛ 4.12. ɿʵʩʠʡʥ ʷʣʛʘʘʪʘʡ ʘʛʫʫʣʘʤʞ ʙϾʭʠʡ ʜʵʵʞϾϾʜ ʘ ï ʪʝʤʧʝʨʘʪʫʨʳʥ 

ʭʫʛʘʮʘʘʥʘʘʩ ʭʘʤʘʘʨʩʘʥ ЊЊʨʯʣЊʣʪ, ʙ ï ʟʵʩʠʡʥ ʘʛʫʫʣʘʤʞʘʘʩ ʭʘʤʘʘʨʩʘʥ ʭʘʣʘʣʪ. 

ɼʫʣʘʘʥʳ ʵʤʯʠʣʛʵʵʥʠʡ װʝʜ ʭʘʚʜʨʳʥ ʵʩʠʡʛ ʫʩʪʛʘʭʳʥ ʪʫʣʜ ʪʝʤʧʝʨʘʪʫʨʳʛ 42°C ïʪ 

30 ʤʠʥʫʪʳʥ ʙʘʨʠʭ ʰʘʘʨʜʣʘʛʘʪʘʡ ʙʘʡʜʘʛ ʙᴇʛᴇᴇʜ ʤᴇʥ ʵʨװװʣ ʵʩʵʜ ʥᴇʣᴇᴇʣᴇʭʛװʡʥ 
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ʪʫʣʜ 46°C-ʘʘʩ ʭʵʪʵʨʯ ʙʦʣʦʭʛװʡ. ʄʘʥʘʡ ʩʫʜʘʣʩʘʥ ʜʵʵʞװװʜʠʡʥ ʭʫʚʴʜ x=0.6 ʙʫʶʫ  

ὓὫȢὅόȢὊὩὕ  ʜʵʵʞ ʭʘʤʛʠʡʥ ʠʭ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʞ ʙʘʡʩʘʥ ʙᴇʛᴇᴇʜ ʭʘʚʜʨʳʥ 

ʵʩʠʡʛ ʫʩʪʛʘʭ ʪʝʤʧʝʨʘʪʫʨʪʘʡ ʦʡʨʦʣʮʦʦ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʩʘʥ. װתʥʠʡʛ װʡʣʯʠʣʞ ʙʫʡ 

ʩʦʨʦʥʟʦʥ ʦʨʥʳ ʭװʯʣʵʛʠʡʛ ʫʜʠʨʜʘʥ ʙʘʛʘʩʛʘʭ ʟʘʤʘʘʨ ʙʫʫʨʫʫʣʘʭ ʙʦʣʦʤʞʪʦʡ. 

ʉʫʜʘʣʛʘʘʥʜ ʘʰʠʛʣʘʩʘʥ ʜʵʵʞװװʜ ʙʦʣʦʭ x=0, x=0.6, x=1 ʜʵʵʞװװʜʠʡʥ ʭʫʚʴʜ 

ʍʐʏ-ʛ (4.3) ʪʦʤʴyʦʛʦʦʨ ʪʦʦʮʦʦʣʞ װʟʵʭʵʜ ʭʘʨʛʘʣʟʘʥ 9.6 ɺʪ/ʛʨ, 11 ɺʪ/ʛʨ, 5.5 ɺʪ/ʛʨ 

ʛʘʨʩʘʥ.  
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4.4. ʍᴇʥʛᴇʥ ʮʘʛʘʘʥ-ʪᴇʤʨʠʡʥ ╜▌═■●╕▄●╞  ʥʵʛʜʣʠʡʥ ʩʫʜʘʣʛʘʘ 

ᴆʤʥᴇʭ ʩʫʜʘʣʛʘʘʥʜ ʤʘʛʥʠʡʥ ʬʝʨʨʠʪʠʡʥ ɸ ʢʘʪʠʦʥʳʛ ʭʦʣʴʮʦʣʩʦʥ ʙʦʣ ʵʥʵʭװװ 

ʭʵʩʵʛʪ B ʢʘʪʠʦʥʳʛ ʩʦʨʦʥʟʦʥ ʙʫʩ ʵʣʝʤʝʥʪʵʵʨ ʭʦʣʴʮʦʣʞ ʙװʪʵʮ ʙʦʣʦʥ ʜʫʣʘʘʥ 

ʷʣʛʘʨʫʫʣʘʭ ʰʠʥʞ ʯʘʥʘʨʪ ʥᴇʣᴇᴇʣᴇʭ ʥᴇʣᴇᴇʣʣʠʡʛ ʩʫʜʘʣʩʘʥ ʶʤ. ʍʦʣʴʮ ʵʣʝʤʝʥʪʵʵʨ 

Al3+ ʠʦʥʳʛ ʩʦʥʛʦʥ ʘʚʩʘʥ ʥʴ ʠʦʥʳ ʨʘʜʠʫʩ ʦʡʨʦʣʮʦʦ (rFe = 0.55 Å, rAl = 0.535 Å), 

ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʛװʡ, ʥᴇʛᴇᴇ ʪʘʣʘʘʨ MgAl2Fe4 ʥʴ ʵʥʛʠʡʥ ʰʧʠʥʝʣ ʙʫʶʫ Al3+ ʠʦʥ 

ʥʴ ʦʢʪʘʵʜʨ ʙʘʡʨʰʠʣʜ ʩʫʫʨʴʰʠʭ ʵʨʤʵʣʟʵʣʪʵʡ ʙʫʶʫ ʭʦʣʠʤʦʛ ʰʧʠʥʝʣʵʵʩ ʷʣʛʘʘʪʘʡ 

ʙװʪʵʮʪʵʡ ʶʤ. ɹװʪʮʠʡʥ ʪʦʤʴʸʦ ʥʴ (Mg1-dFed)A[MgdAlxFe2-d-x]BO2, x = 0.2, 0.4, 0.6, 0.8, 

1.0. 

ʍʠʤʠʡʥ ʩʠʥʪʝʟ: ὓὫὃὰὊὩ ὕ (x=0.0, 0.2, 0.3, 0.7, 2) ʥʫʥʪʘʛ ʭʦʣʠʤʦʛ ʬʝʨʨʠʪ 

ʥʵʛʜʣʠʡʛ ʟʦʣʴ-ʛʝʣʴ ʘʨʛʳʛ ʘʰʠʛʣʘʥ ʙʵʣʪʛʵʚ. 100 ʤʣ ʥʵʨʤʵʣ ʫʩʘʥʜ Mg(NO3)2*6H2O, 

Al(NO3)3*9H2O, Fe(NO3)3*9H2O ʥʵʛʜʣװװʜʠʡʛ ʪʦʜʦʨʭʦʡ ʩʪʝʭʝʦʤʝʪʨʠʡʥ 

ʭʘʨʴʮʘʘʪʘʡʛʘʘʨ ʫʫʩʛʘʞ ʥʠʤʙʵʛʥʠʡ ʭװʯʠʣ ʙʦʣʦʥ ʵʪʠʣʝʥʛʣʠʢʦʣʪʦʡ ʪʦʜʦʨʭʦʡ 

ʤʦʣʠʡʥ ʭʘʨʴʮʘʘʪʘʡʛʘʘʨ ʭʦʣʴʞ 200Áʉ-ʪ ʛʫʨʚʘʥ ʮʘʛ ʭʘʣʘʘʞ ʛʝʣʴ ʭʵʣʙʵʨʪʵʡ 

ʙʦʣʛʦʩʦʥ. ʌʝʨʨʠʪʠʡʥ ʘʥʭʜʘʛʯ ʙװʪʮʠʡʛ ʙʠʡ ʙʦʣʛʦʭʳʥ ʪʫʣʜ ʛʘʨʛʘʥ ʘʚʩʘʥ ʛʝʣʴ 

ʭʵʣʙʵʨʪʵʡ ʜʵʵʞʠʡʛ 400Áʉ ʪʝʤʧʝʨʘʪʫʨʪ ʥʵʛ ʮʘʛ ʰʘʪʘʘʥ ʦʨʛʘʥʠʢ ʥʵʛʜʣװװʜʠʡʛ 

ʟʘʡʣʫʫʣʞ ʘʛʘʘʨʪʘʡ ʦʨʯʠʥʜ 400Áʉ-1200Áʉ ʤʫʞʠʜ ʥʵʛ ʮʘʛ ʰʘʪʘʘʞ ʥʫʥʪʘʛ 

ʜʵʵʞװװʜʠʡʛ ʛʘʨʛʘʥ ʘʚʘʚ. 

4.4.1. ʂʨʠʩʪʘʣʣ ʙװʪʮʠʡʥ ʩʫʜʘʣʛʘʘ 

ʈʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʭʵʤʞʠʣʪʠʡʛ ʜʠʬʨʘʢʮʳʥ ᴇʥʮᴇʛ 20-80 ,̄ ʭʦʦʣʦʡʥ ʭװʯʜʵʣ 40 

ʢɺ, ʛװʡʜʵʣ 20 ʤɸ, Cu KŬ ʮʘʮʨʘʛ ʘʰʠʛʣʘʥ ʪʘʩʘʣʛʘʘʥʳ ʪʝʤʧʝʨʘʪʫʨʪ ʭʠʡʞ ʛװʡʮʵʪʛʵʚ. 

ʍʵʤʞʠʣʪʠʡʥ װʨ ʜװʥʛ ʈʠʪʚʝʣʴʜʠʡʥ ʘʨʛʘ ʘʰʠʛʣʘʥ ʙʦʣʦʚʩʨʫʫʣʘʣʪ ʭʠʡʞ  ʙװʪʮʠʡʥ 

ʧʘʨʘʤʝʪʨװװʜʠʡʛ ʪʦʜʦʨʭʦʡʣʣʦʦ (ʭװʩʥʵʛʪ 4.7). 
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ɿʫʨʘʛ 4.13. ὓὫὃὰὊὩ ὕ ʥʵʛʜʣʠʡʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʭʵʤʞʠʣʪʠʡʥ Ͼʨ ʜϾʥ 

ʈʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʭʵʤʞʠʣʪʵʵʩ ʢʨʠʩʪʘʣʣr ʥ  ʠʦʥʳ ʪװʛʵʣʪʵʵʩ ʭʘʤʘʘʨʯ ʧʠʢʠʡʥ 

ʵʨʯʤʠʡʥ ʙʘʛʘʩʘʣʪ ʙʦʣʦʥ ʧʠʢʠʡʥ ʰʠʣʞʠʣʪ ʘʞʠʛʣʘʛʜʘʞ ʙʘʡʥʘ.  ʕʥʵ ʥʴ  ʢʨʠʩʪʘʣʣʳʥ 

ʵʛʵʣ ʪʦʨʳʥ ʭʵʤʞʵʵ ᴇᴇʨʯʣᴇʛʜʩᴇʥʪʵʡ ʭʦʣʙʦʦʪʦʡ ʶʤ (ʟʫʨʘʛ 4.13). 

 

 

ɿʫʨʘʛ 4.14. ὓὫὃὰὊὩ ὕ (x=0, 0.2, 0.3, 0.7) ʥʵʛʜʣϾϾʜʠʡʥ ʈʠʪʚʝʣʴʜ ʘʨʛʘʘʨ 

ʙʦʣʦʚʩʨʫʫʣʩʘʥ ʩʧʝʢʪʨϾϾʜ. 
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ʍϾʩʥʵʛʪ 4.7. ὓὫὃὰὊὩ ὕ (x= 0, 0.2, 0.3, 0.7, 2) ʥʵʛʜʣʠʡʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳʛ 

ʈʠʪʚʝʣʴʜʠʡʥ ʘʨʛʘʘʨ ʙʦʣʦʚʩʨʫʫʣʩʥʳ ʜʘʨʘʘʭ ʢʨʠʩʪʘʣʣ ʙϾʪʮʠʡʥ ʧʘʨʘʤʝʪʨϾϾʜ 

x Aʢʫʙ, Å 
ʂʘʪʠʦʥʳ ʪװʛʵʣʪ 

ʊʝʪʨʘʵʜʨ (8a) ʪʦʨ ʆʢʪʘʵʜʨ (16d) ʪʦʨ 

0.0 8.3849±0.0012 (Fe0.81Mg0.19)A (Fe1.19Mg0.81)B 

0.2 8.3529±0.0032 (Fe0.81Mg0.19)A (Fe1.10Mg0.76Al0.13)B 

0.3 8.3429±0.0018 (Fe0.81Mg0.19)A (Fe0.96Mg0.81Al0.21)B 

0.7 8.2913±0.0003 (Fe0.72Mg0.28)A (Fe0.47Mg0.78Al0.78)B 

ʈʝʥʪʛʝʥ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳʛ ʈʠʪʚʝʣʴʜʠʡʥ ʘʨʛʘʘʨ ʙʦʣʦʚʩʨʫʫʣʩʘʥ װʨ ʜװʥʛʵʵʩ 

ʭʘʨʘʭʘʜ ʪʦʨʳʥ ʧʘʨʘʤʝʪʨ ʙʫʫʨʯ ʢʨʠʩʪʘʣʣʳʥ ʵʛʵʣ ʪʦʨʳʥ ʵʟʣʵʭװװʥ ʙʘʛʘʩʘʞ ʙʘʡʥʘ.  

ʪʦʜʦʨʭʦʡʣʩʦʥ ὓὫὃὰὊὩ ὕ  ʥʫʥʪʘʛ ʬʝʨʨʠʪʠʡʥ ʪʦʨʳʥ ʧʘʨʘʤʝʪʨʠʡʥ ʫʪʛʳʛ 

ʥʵʛʜʣʠʡʥ ʩʪʝʭʝʦʤʝʪʨʠʡʥ ʭʘʨʴʮʘʘ (ʭ)-ʵʵʩ  ʭʘʤʘʘʨʫʫʣʩʘʥ װʨ ʜװʥʛ  (ɿʫʨʘʛ 4.15) -ʜ 

 ʛʵʣʪʠʡʥװʣʵʚ. ʍᴇʥʛᴇʥ ʮʘʛʘʘʥʳ ʪʝʪʨʘʵʜʨ ʜʵʜ ʦʨʦʥ ʪʦʨ ʜʵʵʨʭ ʢʘʪʠʦʥʳ ʪװװʟװ

ʢʦʥʮʝʥʪʨʘʮʠʡʥ ʭʵʤʞʵʵʥʵʵʩ ʭʘʤʘʘʨʯ ʪʦʨʳʥ ʧʘʨʘʤʝʪʨʠʡʥ ʭʵʤʞʵʵ ʥʴ ʙʫʫʨʯ ʙʘʡʥʘ 

(rAl = 0.535ᴠ) < rFe = 0.55ᴠ). 

 

ɿʫʨʘʛ 4.15. ὓὫὃὰὊὩ ὕ ʢʨʠʩʪʘʣʣʳʥ ʪʦʨʳʥ ʧʘʨʘʤʝʪʨ 

4.4.2. ɼʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪʳʥ ʩʫʜʘʣʛʘʘ 

ὓὫὃὰὊὩ ὕ  ʬʝʨʨʠʪ ʜʵʵʞʠʡʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʧʨʦʮʝʩʩʳʛ ʭʫʚʴʩʘʭ 

ʩʦʨʦʥʟʦʥ ʦʨʦʥ װװʩʛʵʜʵʛ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʩʫʜʣʘʚ. ʉʦʨʦʥʟʦʥ 

ʜʵʵʞװװʜʠʡʛ 50 ʤʛ ʭʵʤʞʵʵʪʵʡʛʵʵʨ 1 ʤʣ ʥʵʨʤʵʣ ʫʩʘʥʜ ʭʠʡʞ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪʳʥ 

ʭʵʤʞʠʣʪʠʡʛ ʛװʡʮʵʪʛʵʣʵʵ.   
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ɿʫʨʘʛ 4.16. ὓὫὃὰὊὩ ὕ ʜʵʵʞϾϾʜʠʡʥ ʷʣʛʘʨʫʫʣʘʭ ʜʫʣʘʘʥ ʙʦʣʦʥ ʍʐʏ ʭЊʥʛЊʥ 

ʮʘʛʘʘʥʳ ʢʦʥʮʝʥʪʨʘʮʠʡʥ ʭʵʤʞʵʵʥʵʵʩ ʭʘʤʘʘʨʩʘʥ ʭʘʤʘʘʨʘʣ 

ɿʫʨʘʛ 4.16 ïʜ  ʭʦʣʴʮ ʵʣʝʤʝʥʪʠʡʥ ʢʦʥʮʝʥʪʨʘʮʠʘʩ ʭʘʤʘʘʨʩʘʥ ʪʝʤʧʝʨʘʪʫʨʳʥ 

ᴇᴇʨʯʣᴇʣʪʠʡʥ ʫʪʛʫʫʜʳʛ ʭʘʨʫʫʣʘʚ. ʕʥʜʵʵʩ װʟʵʭʵʜ ʪʦʜʦʨʭʦʡ ʭʫʛʘʮʘʘʥʳ ʜʘʨʘʘ (~17ï

20 ʤʠʥ) ʜʵʵʞװװʜʠʡʥ ʪʝʤʧʝʨʘʪʫʨ ʪʦʛʪʚʦʨʞʠʞ, ʪʝʤʧʝʨʘʪʫʨʳʥ ʭʘʤʛʠʡʥ ʠʭ ʙʫʶʫ 

ʭʘʥʘʣʪʳʥ ʫʪʛʘ ʥʴ ʟʦʣʴ-ʛʝʣɹ ʘʨʛʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ ʜʵʵʞʠʡʥ  ʭʫʚʴʜ 42°ʉ ʭװʨʯ ʙʘʡʩʘʥ 

ʙʦʣ ʭʘʪʫʫ ʪᴇʣᴇʚʠʡʥ ʫʨʚʘʣʳʥ ʘʨʛʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ ʜʵʵʞʥʠʡ ʭʫʚʴʜ 33°ʉ ʙʘʡʚ. ʄᴇʥ 

ʪʫʨʰʠʣʪʳʥ װʨ ʜװʥʛʵʵʩ ʪʦʤʴyʦ (4.1) ïr ʛ ʘʰʠʛʣʘʥ ʍʐʏ ïʛ ʪʦʜʦʨʭʦʡʣʩʦʥ. 

ʍʐʏ ïr ʥ ʫʪʛʫʫʜʳʛ ʪʦʦʮʦʦʣʦʭʦʜ ὓὫὊὩὕ ʜʵʵʞʠʡʥ ʭʫʚʴʜ ï 5.25 ɺʪ/ʛʨ, ʭᴇʥʛᴇʥ 

ʮʘʛʘʘʥʘʘʨ ʭʦʣʴʮʦʣʩʥʦʦʨ ʢʦʥʮʝʥʪʨʘʮʘʘʩ ʭʘʤʘʘʨʯ ï 3.70 ɺʪ/ʛʨ,  3.01 ɺʪ/ʛʨ, 0.71 

ɺʪ/ʛʨ ʛʘʨʩʘʥ ʙᴇʛᴇᴇʜ ʵʥʵ ʥʴ ʭᴇʥʛᴇʥ ʮʘʛʘʘʥʳ ʭʦʣʴʮʦʦʩ ʭʘʤʘʘʨʯ ʩʦʨʦʥʟʦʥ ʰʠʥʞ 

ʯʘʥʘʨ ʙʫʫʨʩʘʥʪʘʡ ʭʦʣʙʦʦʪʦʡ ʶʤ.  

ʍϾʩʥʵʛʪ 4.8. ὓὫὃὰὊὩ ὕ (x= 0, 0.2, 0.3, 0.7, 2) ʥʵʛʜʣʠʡʥ ʭʫʚʠʡʥ ʰʠʥʛʵʵʭ ʯʘʜʣʳʛ 

ʪʦʦʮʦʦʣʩʦʥ Ͼʨ ʜϾʥ 

ɼʵʵʞ ʍʐʏ (ɺʪ/ʛʨ) 

ὓὫὊὩὕ 5.25 

ὓὫὃὰȢὊὩȢὕ 3.70 

ὓὫὃὰȢὊὩȢὕ 3.01 

ὓὫὃὰȢὊὩȢὕ 0.71 
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4.5. ɼװʛʥʵʣʪ 

ʉʫʜʘʣʛʘʘʥʳ ʘʞʣʳʥ ʭװʨʵʵʥʜ ʭʠʤʠʡʥ ʩʠʥʪʝʟʠʡʥ ʛʦʨʠʤ ʪʦʛʪʦʦʭʦʦʨ ʮʵʚʵʨ 

MgFe2O4, CuFe2O4 ʥʵʛʜʣװװʜʠʡʛ ʭʘʤʛʠʡʥ ʪװʛʵʵʤʵʣ ʭʵʨʵʛʣʵʛʜʜʵʛ (ʛʘʨʮ ʠʭ, 

ʮʵʚʵʨʰʠʣʪ ᴇʥʜᴇʨ ʛ.ʤ) ʭʠʤʠʡʥ ʩʠʥʪʝʟʠʡʥ ʟʦʣʴ-ʛʝʣ ʙʦʣʦʥ ʭʘʪʫʫ ʪᴇʣᴇʚʠʡʥ ʫʨʚʘʣʳʥ 

ʭʦʸʨ ʘʨʛʳʛ ʘʰʠʛʣʘʥ ʛʘʨʛʘʥ ʘʚʘʚ. ʀʥʛʵʭʵʜ ʟʦʣʴ-ʛʝʣʠʡʥ ʘʨʛʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ 

MgFe2O4 ʜʵʵʞ ʥʴ ʢʫʙ ʰʧʠʥʝʣ ʙװʪʵʮʪʵʡ, ʷʤʘʨ ʥʵʛʵʥ ʭʦʣʴʮ ʙʘʡʭʛװʡ ʮʵʚʵʨʰʠʣʪ 

ᴇʥʜᴇʨʪʵʡ, ʢʨʠʩʪʘʣʣʠʪʳʥ ʭʵʤʞʵʵ ʪʦʭʠʨʦʤʞʪʦʡ (~50ʥʤ), ʜʫʣʘʘʥ ʜʫʣʘʘʥ 

ʷʣʛʘʨʫʫʣʘʭ ʯʘʜʘʤʞ ᴇʥʜᴇʨ (42°) ʙʘʡʚ.  

ʍʦʣʴʮ ʵʣʝʤʝʥʪ ʘʰʠʛʣʘʥ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʳʛ ʥʴ ᴇᴇʨʯʠʣʞ, ʫʜʠʨʜʘʭ 

ʟʦʨʠʣʛʦʦʨ MgFe2O4 ʥʵʛʜʣʠʡʛ Cu2+ ʵʣʝʤʝʥʪʵʵʨ ʭʦʣʴʮʦʣʞ, ʙװʪʵʮ ʰʠʥʞ ʯʘʥʘʨʳʥ 

ʭʘʤʘʘʨʣʳʛ ʪʦʜʦʨʭʦʡʣʦʚ. ɿʵʩʠʡʥ ʭʦʣʴʮʳʥ ʭʵʤʞʵʵ x=0.8 ʭװʨʵʭ װʝʜ ʪʝʪʨʘʛʦʥʘʣ 

ὅόὊὩὕ ʬʘʟ װװʩʵʞ ʙʘʡʛʘʘʛ ʪʦʛʪʦʦʣʦʦ. ʕʥʵ ʥʴ ʪʝʪʨʘʵʜʨ ʜʵʭ ʪᴇʤʨʠʡʥ ʘʛʫʫʣʘʤʞ 

ʭʘʥʛʘʣʪʪʘʡ ʭʵʤʞʵʵʥʜ ʭװʨʵʭ װʝʜ (ʤʘʥʘʡ ʪʦʭʠʦʣʜʦʣʜ Cu ʘʛʫʫʣʛʘ 0.8 ʭװʨʵʭ) ʢʫʙ 

ʙװʪʮʵʵʩ ʪʝʪʨʘʛʦʥʘʣʴ ʨʫʫ ʬʘʟʳʥ ʰʠʣʞʠʣʪ ʭʠʡʜʵʛ ʙʦʣʦʭʳʛ װʟװװʣʞ ʙʘʡʥʘ. 

ʂʨʠʩʪʘʣʣ ʙװʪʮʠʡʥ ʥʘʨʠʡʚʯʠʣʩʘʥ ʩʫʜʘʣʛʘʘʛʘʘʨ Cu2+ ʭʦʣʴʮʳʥ ʫʣʤʘʘʩ ʬʝʨʨʠʪʠʡʥ 

ʵʛʵʣ ʪʦʨʳʥ ʵʟʣʵʭװװʥ ʙʘʛʘ ʭʵʤʞʵʵʛʵʵʨ ʪʵʣʩʥʵʵʨ ʭʦʣʙʦʦʩʳʥ ʭװʯ ʙʫʫʨʩʘʥ, ʩʦʨʦʥʟʦʥ 

ʤʦʤʝʥʪ ʥʴ ʦʢʪʘʵʜʨ ʜʵʜ ʙװʪʮʵʵʩ ʪʝʪʨʘʵʜʨ ʙװʪʵʮ ʨװװ ʰʠʣʞʩʵʥ ʙʫʶʫ ʪʦʨʳʥ 

ʭװʯʠʣʣʵʛʠʡʥ ʭʵʤʞʵʵ ʠʭʵʩʩʵʥ, ʪʝʪʨʘʵʜʨʠʡʥ ʙʘʡʨʰʠʣ ʜʵʵʨ ʪᴇʤʨʠʡʥ ʠʦʥʫʫʜ 

ʮʫʛʣʘʨʩʥʘʘʨ ʫʨʚʫʫ ʰʧʠʥʝʣ ʙװʪʵʮ װװʩʩʵʥ ʙʦʣʦʭʳʛ ʪʦʜʦʨʭʦʡʣʦʚ. ɼʫʣʘʘʥ 

ʷʣʛʘʨʫʫʣʘʭ ʯʘʜʘʤʞʠʡʛ ʭʵʤʞʠʭʵʜ x=0.6 ʜʵʵʞʠʡʥ ʭʫʚʴʜ ʭʘʤʛʠʡʥ ᴇʥʜᴇʨ ʜʫʣʘʘʥ 

ʷʣʛʘʨʫʫʣʘʣʪ ʙʦʣʦʭ 42.6°C ʭװʨʩʵʥ ʙᴇʛᴇᴇʜ ʍʐʏ ïʛ ʪʦʜʦʨʭʦʡʣʦʭʦʜ 11 ɺʪ/ʛʨ ʙʫʶʫ 

ʮʵʚʵʨ ʤʘʛʥʠʡʥ ʬʝʨʨʠʪ ʜʵʵʞʵʵʩ (9.6 ɺʪ/ʛʨ) ᴇʥʜᴇʨ ʙʘʡʩʘʥ.  

ʄᴇʥ ʭʠʤʠʡʥ ʩʠʥʪʝʟʠʡʥ ʟʦʣʴ-ʛʝʣʠʡʥ ʘʨʛʘ ʘʰʠʛʣʘʥ ʛʘʨʛʘʥ ʘʚʩʘʥ MgAlxFe2-xO4 

ʥʵʛʜʣʠʡʥ ʩʫʜʘʣʛʘʘʛ ʭʠʡʣʵʵ. ʕʥʜ x ïʠʡʥ ʫʪʛʳʛ 0, 0.2, 0.3, 0.7 ïʦʦʨ ʘʚʩʘʥ ʙᴇʛᴇᴇʜ 

ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʘʨʛʘʘʨ ʙװʪʮʠʡʥ ʧʘʨʘʤʝʪʨװװʜ ʙʦʣʦʥ ʢʘʪʠʦʥʳ ʪװʛʵʣʪʠʡʛ 

ʪʦʜʦʨʭʦʡʣʩʦʥ. ʍᴇʥʛᴇʥ ʮʘʛʘʘʥ ʭʦʣʴʮʳʥ ʭʵʤʞʵʵ ʠʭʵʩʵʭ װʝʜ ʪʦʨʳʥ ʪʦʛʪʤʦʣ 8.38 ᴠ 

ïʘʘʩ 8.28 ᴠ ʭװʨʪʵʣ ʙʫʫʨʩʘʥ ʙᴇʛᴇᴇʜ ʭᴇʥʛᴇʥ ʮʘʛʘʘʥʳ ʘʪʦʤʳʥ ʭʫʚʴʜ ʦʢʪʘʵʜʨ 

ʙʘʡʨʣʘʣʜ ʩʫʫʨʴh ʠʞ ʙʘʡʩʘʥ. ʋʛ ʜʵʵʞװװʜʠʡʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʯʘʜʘʤʞʠʡʛ 

ʪʦʜʦʨʭʦʡʣʦʭʦʜ ʭᴇʥʛᴇʥ ʮʘʛʘʘʥʳ ʭʦʣʴʮ ʥʵʤʵʛʜʵʭʵʜ ʷʣʛʘʨʫʫʣʘʭ ʜʫʣʘʘʥ ʙʫʫʨʯ 

ʙʘʡʩʘʥ ʙᴇʛᴇᴇʜ x ïʠʡʥ ʫʪʛʘ 0.7 ʙʘʡʭʘʜ ʤʘʰ ʙʘʛʘ ʙʫʶʫ 26ÁC ʭװʨʯ, ʍʐʏ ʥʴ 0.71 

ɺʪ/ʛʨ ʭװʨʪʵʣ ʙʫʫʨʩʘʥ. 
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ʕʥʵʭװװ ʩʫʜʘʣʛʘʘʥʳ ʘʞʣʳʥ ʭװʨʵʵʥʜ 71 ʢɻʮ ïʥ ʜʘʚʪʘʤʞ ʙװʭʠʡ ʩʦʨʦʥʟʦʥ ʦʨʦʥ 

 ʩʛʵʭ ʪᴇʭᴇᴇʨᴇʤʞʠʡʛ ʫʛʩʨʘʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʯʘʜʘʤʞʠʡʥ ʩʫʜʘʣʛʘʘʛװװ

ʛװʡʮʵʪʛʵʩʵʥ. ʍʵʤʞʠʣʪʠʡʛ 50, 75, 100ʤʛ ïʘʘʨ ʩʦʥʛʦʥ ʘʚʯ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪ 

ʜʵʵʞʠʡʥ ʭʵʤʞʵʵʥʵʵʩ ʭʵʨʭʵʥ ʭʘʤʘʘʨʭʳʛ ʩʫʜʣʘʭʘʜ ʜʵʵʞʠʡʥ ʢʦʥʮʝʥʪʨʘʮʠʡʛ 

ᴇᴇʨʯʠʣʩʥᴇᴇʨ ʷʣʛʘʨʫʫʣʘʭ ʜʫʣʘʘʥʳʛ ʫʜʠʨʜʘʭ ʙʦʣʦʤʞʪʦʡ ʙᴇʛᴇᴇʜ ʷʣʛʘʨʘʭ ʜʫʣʘʘʥ 

ʜʵʵʞʠʡʥ ʢʦʥʮʝʥʪʨʘʮʘʘʩ ʧʨʦʧʦʨʮʠʦʥʘʣ ʭʘʤʘʘʨʘʣʪʘʡ ʙʦʣʦʭʳʛ ʪʦʛʪʦʦʚ. ʄᴇʥ 

ʭʵʤʞʠʣʪʠʡʛ ʦʨʯʥʦʦʩ ʭʘʤʘʘʨʫʫʣʘʭ ʩʫʜʣʘʭ ʟʦʨʠʣʛʦʦʨ ʫʩ ʙʦʣʦʥ ʬʠʟʠʦʣʦʛʠʡʥ 

ʫʫʩʤʘʣʜ ʭʠʡʥ ʭʘʨʴʮʫʫʣʘʭʘʜ ʭʦʦʨʦʥʜʦʭ ʟᴇʨװװ ʥʴ ʦʨʯʥʳ ʜʫʣʘʘʥ ʙʘʛʪʘʘʤʞʘʘʩ 

ʭʘʤʘʘʨʯ ʙʘʡʚ. 
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ʊɸɺ. ʌɽʈʈʀʊ ʅɸʅʆ ʄɸʊɽʈʀɸʃʓʅ ʍʕʈʕɻʃʕʕ  

ʉװװʣʠʡʥ ʞʠʣװװʜʵʜ ʭʘʚʜʨʳʥ ʵʩʨʵʛ ʭʘʣʫʫʥ ʵʤʯʠʣʛʵʵʥʜ ʟʦʨʠʫʣʞ ʭʫʚʴʩʘʭ 

ʩʦʨʦʥʟʦʥ ʦʨʥʳ ʥᴇʣᴇᴇʛᴇᴇʨ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʭ ʯʘʜʘʤʞ ᴇʥʜᴇʨ ʤʘʪʝʨʠʘʣʳʛ ʩʫʜʣʘʭ 

ʘʞʠʣ ʵʨʯʠʤʪʵʡ ʷʚʘʛʜʘʞ ʙʘʡʥʘ [39]. ʕʥʵ ʘʨʛʳʥ ʥʵʛ ʙʦʣʦʭ ʛʠʧʝʨʪʝʨʤ ʵʤʯʠʣʛʵʵ ʥʴ  

ʭʦʨʪ ʭʘʚʜʨʳʥ ʵʩʠʡʥ ʦʨʯʥʳ ʪʝʤʧʝʨʘʪʫʨʳʛ ʜʵʵʰʣװװʣʞ ʫʩʪʛʘʭ ʟʦʨʠʣʛʦʪʦʡ ʶʤ. ʍʦʨʪ 

ʭʘʚʜʨʳʥ ʵʩװװʜ ʥʴ ʵʨװװʣ ʵʩʪʵʡ ʭʘʨʴʮʫʫʣʘʭʘʜ ʙװʪʵʮ, ʤʦʨʬʦʣʦʛʠ, װʡʣ ʘʞʠʣʣʘʛʘʘʥʳ 

ʭʫʚʴʜ ʤʘʰ ʠʭ ᴇᴇʨʯʣᴇʣʪᴇʜ ʦʨʩʦʥ ʙʘʡʜʘʛ. װתʥʠʡ ʥʵʛ ʞʠʰʵʵ ʥʴ: ʭʘʣʫʫʥʜ ʤʵʜʨʵʤʪʛʠʡ 

ʙʫʶʫ ʪʵʩʚɻ ʨ ʤʫʫʪʘʡ ʙʘʡʭ ʰʠʥʞ ʯʘʥʘʨ ʶʤ. ʊʠʡʤʵʵʩ ʛʠʧʝʨʪʝʨʤ ʵʤʯʠʣʛʵʵ ʥʴ ʤʵʩ 

ʟʘʩʘʣ, ʭʠʤʠ ʵʤʯʠʣʛʵʵ, ʮʘʮʨʘʛʠʡʥ ʵʤʯʠʣʛʵʵʪʵʡ ʭʘʨʴʮʫʫʣʘʭʘʜ ʛʘʞ ʥᴇʣᴇᴇ ʙʘʛʘʪʘʡ, 

ʙʠʝ ʤʘʭʙʦʜʦʜ ʵʨʩʜʵʣ ʙʘʛʘʪʘʡ ʛʵʩʵʥ ʜʘʚʫʫ ʪʘʣʪʘʡ [40].  

5.1. ʍʦʨʪ ʭʘʚʜʨʳʥ ᴇʥᴇᴇʛʠʡʥ ʪʦʦ ʙʘʨʠʤʪ 

ɼʵʣʭʠʡʥ ʭʵʤʞʵʵʥʜ ʭʦʨʪ ʭʘʚʜʨʳʥ ʫʣʤʘʘʩ ʥʘʩ ʙʘʨʞ ʙʫʡ ʭװʤװװʩʠʡʥ ʪʦʦ ʞʠʣ ʙװʨ 

ʠʭʵʩʩʵʵʨ  ʙʘʡʥʘ. 2019 ʦʥʳ ʪʦʦ ʙʘʨʠʤʪʘʘʨ  ʥʘʩ ʙʘʨʘʛʩʜʳʥ 6 ʭװʥ ʪʫʪʤʳʥ ʥʵʛ  ʭʦʨʪ 

ʭʘʚʜʨʳʥ ʫʣʤʘʘʩ ʭʦʨʚʦʦʛ ʦʨʭʠʩʥʦʦʩ ʵʜʛʵʵʨʠʡʥ 70 ʛʘʨʫʡ ʭʫʚʴ ʥʴ  ʙʫʫʨʘʡ  ʙʦʣʦʥ 

ʜʫʥʜʘʞ ʭᴇʛʞʠʣʪʵʡ ʦʨʥʫʫʜʳʥ ʠʨʛʵʜ ʙʘʡʥʘ. 1990 ʦʥʜ  ʭʘʚʜʨʳʥ ʫʣʤʘʘʩ  ʥʘʩ ʙʘʨʩʘʥ 

ʭװʥʠʡ ʪʦʦ 5.7 ʩʘʷ ʙʘʡʩʘʥ ʙʦʣ 2021 ʦʥʜ  10 ʩʘʷ  ʙʦʣʞ ʠʭʵʩʩʵʥ ʙʘʡʥʘ [41, 42].  

ʄʦʥʛʦʣ ʦʨʥʳ ʭʫʚʴʜ ʞʠʣʜ ʜʫʥʜʞʘʘʨ 5000 ʛʘʨʫʡ ʭװʥ ʭʦʨʪ ʭʘʚʜʨʘʘʨ ᴇʚʜᴇʞ, 

3000 ʛʘʨʫʡ ʭװʥ ʥʘʩ ʙʘʨʞ ʙʘʡʛʘʘ ʙʘ ʥʠʡʪ ʭʘʚʜʘʨʪʘʡ ʛʵʞ ʦʥʦʰʣʦʛʜʩʦʥ ᴇʚʯʪᴇʥʠʡ 70 

ʛʘʨʫʡ ʭʫʚʴ ʥʴ ʭʦʞʫʫ װʝʜʵʵ ʵʤʥʵʣʵʛʪ ʭʘʥʜʩʘʥ ʛʵʩʵʥ ʭʘʨʘʤʩʘʣʪʘʡ ʪʦʦ ʤʵʜʵʵ ʙʘʡʥʘ. 

ʄʦʥʛʦʣ ʫʣʩ ʥʴ ʭʦʜʦʦʜ ʙʦʣʦʥ ʵʣʵʛʥʠʡ ʭʦʨʪ ʭʘʚʜʨʘʘʨ ᴇʚʯʣᴇʛʩʜʠʡʥ ʪʦʦʛʦʦʨʦʦ 

ʜʵʣʭʠʡʜ ʪʵʨʛװװʣʞ ʙʘʡʛʘʘ ʙʦʣ ʫʣʘʘʥ ʭʦʦʣʦʡʥ ʭʘʚʜʨʘʘʨ 5-ʨ ʙʘʡʨʘʥʜ ʙʘʡʥʘ. ʀʡʤʜ 

ʭʦʨʪ ʭʘʚʜʨʳʛ ᴇʚʯʣᴇʣʠʡʥ ʵʨʪ װʝʜ ʥʴ ʦʥʦʰʣʦʭ, ʵʤʯʣʵʭ ʙʦʣʦʤʞʠʡʛ ʥʵʤʵʛʜװװʣʵʭ,   

ʙʦʣʦʤʞʠʪ  ʰʠʥʵ ʘʨʛʘ, ʪʝʭʥʦʣʦʛʠ ʭᴇʛʞװװʣʵʭ, ʥʵʚʪʨװװʣʵʭ ʰʘʘʨʜʣʘʛʘ  ʯʫʭʣʘʘʨ 

ʪʘʚʠʛʜʘʞ ʙʘʡʥʘ.  

ʍʦʨʪ ʭʘʚʜʘʨ ʥʴ ʭװʥ ʪᴇʨᴇʣʭʪʥʠʡ ʭʫʚʴʜ ʰʠʥʵ ᴇʚʯʠʥ ʙʠʰ, ʵʨʪ װʝʜ ʯ  ʭʦʨʪ ʭʘʚʜʘʨ 

ᴇʚʯʠʥ ʙʘʡʩʘʘʨ ʙʘʡʞʵʵ. ʕʥʛʠʡʥ ʦʡʣʛʦʣʪʦʦʨ ʙʦʣ ʭʦʨʪ ʭʘʚʜʘʨ ʥʴ ʭװʥʠʡ ʙʠʝʠʡʥ ʘʣʴ 

ʥʵʛ ʭʵʩʵʛʪ ʭʵʚʠʡʥ ʵʩʠʡʥ ʦʨʦʥʜ װװʩʩʵʥ ʛʘʞ ʵʩװװʜ ʟװʡ ʪʦʛʪʦʣʛװʡ ᴇʩʯ, ʦʣʰʨʦʭ 

ʧʨʦʮʝʩʩ ʶʤ. ʍʘʚʜʨʳʥ ʵʩ ʥʴ ʮʫʩ ʙʦʣʦʥ ʣʠʤʬ ʙʫʶʫ ʪʫʥʛʘʣʛʠʡʥ ʫʨʩʛʘʣʘʘʨ ʜʘʤʞʠʥ 

ʙʠʝʠʡʥ ʙʫʩʘʜ ʭʵʩʛװװʜʵʜ ʪʘʨʭʜʘʛ ʙʘ ʵʥʵ ᴇʚʯʠʥ ʥʴ ʤʫʪʘʮʠʜ ʦʨʩʦʥ ʛʝʥʵʵʩ ʙʦʣʞ 

 ʯʠʥװʩʜʵʛʠʡʛ ᴇʥᴇᴇʛʠʡʥ ʰʠʥʞʣʵʭ ʫʭʘʘʥ ʥʦʪʣʦʦʜ ʙʘʡʥʘ. ɻʘʜʥʳʥ ʤʘʰ ʦʣʦʥ ʭװװ

ʟװʡʣʠʡʥ ʥᴇʣᴇᴇʛᴇᴇʨ ʛʝʥ ʤʫʪʘʮʠʜ ʦʨʦʭ ʙʘ ʫʛ ʛʝʥʠʡʛ ʘʛʫʫʣʩʘʥ ʵʩ ʭʦʨʪ ʭʘʚʜʨʳʥ ʵʩ 

ʙʦʣʦʥ ʭʫʚʠʨʯ ʤʘʰ ʭʫʨʜʪʘʡ ᴇʩʯ ʫʣʤʘʘʨ ʦʨʛʘʥʠʟʤʳʥ ʪʵʥʮʚʵʨʪ ʙʘʡʜʘʣ ʘʣʜʘʛʜʘʥʘ. 

ʍʦʨʪ ʭʘʚʜʨʳʥ ʵʩʠʡʛ ʙʫʡ ʙʦʣʛʦʜʦʛ ʛʦʣ ʛʝʥ ʥʴ ʦʥʢʦʛʝʥʝʩʠʩ (Oncogenesis) ʛʝʥ ʶʤ. 
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ʋʛ ʛʝʥ ʤʫʪʘʮʠʜ ʦʨʞ ᴇᴇʨʯʣᴇʛʜᴇʥ ʵʩʠʡʛ ʤʘʰ ʦʣʥʦʦʨ ʥʴ ʭʫʚʠʣʘʥ ʦʣʰʨʫʫʣʞ ʭʘʚʜʨʳʥ 

ʭʵʤʞʵʵʥʜ ʭװʨʛʵʥʵ. ʕʩʨʵʛʵʵʨʵʵ ʵʥʵʭװװ ʭʷʥʘʣʪʛװʡ ʵʩʠʡʥ ʭʫʚʘʘʛʜʣʳʛ ʭʘʚʜʘʨ 

ʜʘʨʘʥʛʫʡʣʘʛʯ (Tumor suppressor genes) ʛʝʥ ʟʦʛʩʦʦʞ ʟʘʩʚʘʨʣʘʜʘʛ. ɻʵʭʜʵʵ ʵʥʵʭװװ 

ʭʘʚʜʘʨ ʜʘʨʘʥʛʫʡʣʘʛʯ ʛʝʥ ʤʫʪʘʮʠʜ ʦʨʦʭ ʤʘʛʘʜʣʘʣʪʘʡ. ʕʥʵ ʪʦʭʠʦʣʜʦʣʜ ʭʷʥʘʣʪʛװʡ 

ᴇʩʯ ʙʫʡ ʵʩʠʡʛ ʟʦʛʩʦʦʭ, ʟʘʩʚʘʨʣʘʭ ʙʦʣʦʤʞʛװʡ ʙʦʣʜʦʛ. ʍʘʚʜʘʨ ʜʘʨʘʥʛʫʡʣʘʛʯ ʛʝʥ 

ʦʥʢʦʛʝʥʝʩʠʩ ʛʝʥʪʵʡ ʭʘʨʴʮʫʫʣʙʘʣ ʤʫʪʘʮʠʜ ʦʨʦʭ ʤʘʛʘʜʣʘʣ ʙʘʛʘ ʙʘʡʜʘʛ.   

ʅʠʡʪ ʭʘʚʜʨʳʥ 90-95% ʥʴ ʭװʨʵʵʣʵʥ ʙʫʡ ʦʨʯʠʥ, ʭʫʚʴ ʭװʥʠʡ ʘʤʴʜʨʘʣʳʥ ʭʵʚ ʤʘʷʛ, 

ʭʦʦʣʣʦʣʪ ʟʵʨʛʵʵʩ ʰʘʣʪʛʘʘʣʩʘʥ ʛʝʥʠʡʥ ʛʘʞʛʘʘʩ װװʩʜʵʛ ʙʦʣ װʣʜʩʵʥ 5-10% ʥʴ 

ʫʜʘʤʰʩʘʥ ʛʝʥʵʵʩ ʙʦʣʥʦ. ʍʦʨʪ ʭʘʚʜʘʨ װװʩʛʵʭʵʜ ʪʘʤʭʠ 25-30%, ʙʫʨʫʫ ʭʦʦʣʣʦʣʪ ʙʘ 

ʪʘʨʛʘʣʘʣʪ 30-35%, ʭʘʣʜʚʘʨʪ ᴇʚʯʠʥ 15-20%, ʮʘʮʨʘʛ, ʩʪʨʝʩʩ ʙʦʣʦʥ ʭᴇʜᴇʣʛᴇᴇʥʠʡ 

ʜʫʪʘʛʜʣʘʘʩ 10% ʭװʨʪʵʣʭ ʭʫʚʠʘʨ ʥᴇʣᴇᴇʣʜᴇʛ ʙʘʡʥʘ. 

5.2. ʍʦʨʪ ʭʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʠʡ ʘʨʛʫʫʜ 

ʍװʥ ʪᴇʨᴇʣʭʪᴇʥ ʭʦʨʪ ʭʘʚʜʘʨʪʘʡ ʘʥʭ ʥװװʨ ʪʫʣʞ, ʪʘʥʠʥ ʤʵʜʵʞ, ʵʤʯʣʵʭʠʡʛ 

ʦʨʦʣʜʦʭ ʙʦʣʩʥʦʦʩ ᴇʥᴇᴇʛ ʭװʨʪʵʣ ʤʘʰ ʦʣʦʥ ʪᴇʨʣʠʡʥ ʵʤʯʠʣʛʵʵʥʠʡ ʘʨʛʫʫʜ װװʩʵʥ ʙʠʡ 

ʙʦʣʞ ʭᴇʛʞʩᴇᴇʨ ʙʘʡʥʘ. ʊʫʭʘʡʥ ᴇʚʯʪᴇʥʠʡ ʙʠʝʠʡʥ ʙʘʡʜʘʣ, ʭʘʚʜʨʳʥ ʪᴇʨᴇʣ ʙʦʣʦʥ װʝ 

ʰʘʪʫʫʜʘʘʩ ʭʘʤʘʘʨʯ ʪʦʭʠʨʦʭ ʭʘʚʜʨʳʛ ʫʩʪʛʘʭ, ʙʘʛʘʩʛʘʭ, ᴇʩᴇʣʪʠʡʛ ʫʜʘʘʰʨʫʫʣʘʭ, 

ᴇʚʯʪᴇʥʠʡ ʙʠʝʠʡʛ ʪʦʛʪʚʦʨʞʫʫʣʘʭ ʵʤʯʠʣʛʵʵʥװװʜʵʵʩ ʩʦʥʛʦʜʦʛ ʙʘʡʥʘ. ʀʥʛʵʭʜʵʵ 

ʠʭʵʚʯʣʵʥ ᴇʚʯʪᴇʥʜ װʟװװʣʵʭ ʩᴇʨᴇʛ ʥᴇʣᴇᴇʛ ʙʘʛʘʩʛʘʞ ʭʵʨʵʛʣʵʞ ʙʫʡ ʘʨʛʳʥ װʨ ʘʰʛʠʡʛ 

ʥʵʤʵʛʜװװʣʵʭʠʡʥ ʪʫʣʜ ʭʵʜ ʭʵʜʵʥ ʘʨʛʠʡʛ ʭʦʩʣʫʫʣʘʥ ʭʵʨʵʛʣʵʜʵʛ. ᴆʥᴇᴇʛ ʭװʨʪʵʣ 

ʭᴇʛʞװװʣʞ ʙʘʡʛʘʘ ʵʤʯʠʣʛʵʵʥʠʡ  ʘʨʛʘ, ʪʝʭʥʦʣʦʛʠʫʜ ᴇʚʯʪᴇʥʜ װʟװװʣʵʭ ʩᴇʨᴇʛ ʥᴇʣᴇᴇʛ 

ʘʨʠʣʛʘʞ ʟᴇʚʭᴇʥ ʭʘʚʜʘʨʪʘʡ ʭʵʩʵʛʪ װʡʣʯʣʵʣ װʟװװʣʵʭʠʡʛ װʥʜʩʵʥ ʟʦʨʠʣʛʦ ʙʦʣʛʦʥ 

ʘʞʠʣʣʘʞ ʙʘʡʥʘ. ʍʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʛ ʜʦʪʦʨ ʥʴ ʤʵʩ ʟʘʩʘʣ, ʭʠʤʠ ʵʤʯʠʣʛʵʵ, 

ʮʘʮʨʘʛʠʡʥ ʵʤʯʠʣʛʵʵ, ʭʘʣʫʫʥ ʵʤʯʠʣʛʵʵ ʛʵʭ ʟʵʨʛʵʵʨ ʭʫʚʘʘʥʘ.(ɿʫʨʘʛ 5.1 )  

 

ɿʫʨʘʛ 5.1. ʍʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʠʡ ʪЊʨʣϾϾʜ 



ʅʘʥʦ-ʩʦʨʦʥʟʦʥʛʠʡʥ ʦʥʮʣʦʛ, ʪϾϾʥʠʡʛ ʭʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʭ ʙʦʣʦʤʞ 

 

 

59 ʉʫʫʨʴ ʩʫʜʘʣʛʘʘʥʳ ʪᴇʩʣʠʡʥ ʪʘʡʣʘʥ                                                         2018 ï 2021ʦʥ 

ʄʵʩ ʟʘʩʘʣ: ʆʥʦʣʳʥ ʭʫʚʴʜ ʮʫʩʥʳ (ʛʝʤʘʪʦʣʦʛʠ) ʭʘʚʜʨʘʘʩ ʙʫʩʘʜ ʙװʭ ʭʘʚʜʨʳʛ ʤʵʩ 

ʟʘʩʣʳʥ ʵʤʯʣʵʭ ʙʦʣʦʤʞʪʦʡ ʛʵʞ װʟʜʵʛ ʙʘʡʩʘʥ ʙʦʣʦʚʯ ʘʤʴʜʨʘʣʜ ʙʠʝʣʵʛʜʜʵʛʛװʡ. 

ʍʘʚʜʘʨ ʭʵʜʠʡ ʞʠʞʠʛ ʭʵʤʞʵʵʪʵʡ ʙʘʡʩʘʥ ʯ ʪʦʜʦʨʭʦʡ ʥᴇʭʮᴇʣʜ  ʭװʥʠʡ ʙʠʝʠʡʥ ʙʫʩʘʜ 

ʭʵʩʵʛʪ ʪʘʨʭʜʘʛ. ʄʵʩ ʟʘʩʘʣ ʙװʨʵʥ ʭʠʡʭ ʵʨʩʜʵʣʪʵʡ, ʙʫʩʘʜ ʭʵʩʵʛʪ ʪʘʨʭʩʘʥ ʙʘʡʭ 

ʤʘʛʘʜʣʘʣ ᴇʥʜᴇʨ ʙʘʡʭ ʟʵʨʵʛ ʪʦʭʠʦʣʜʦʣʜ ʭʠʤʠʡʥ ʵʤʯʠʣʛʵʵʛ ʜʘʚʭʘʨ ʘʰʠʛʣʘʜʘʛ. 

ʍʠʤʠʡʥ ʵʤʯʠʣʛʵʵ: ʍʠʤʠʡʥ ʵʤʯʠʣʛʵʵ ʥʴ ʭʘʚʜʨʳʥ ʵʩʠʡʛ ʫʩʪʛʘʭ ʟʦʨʠʣʛʦʪʦʡ 

ʵʤʯʠʣʛʵʵ ʶʤ. ʍʘʚʜʨʳʥ ʪᴇʨᴇʣ ʙʦʣʦʥ ʦʥʮʣʦʛʦʦʩ ʭʘʤʘʘʨʯ 100 ʛʘʨʫʡ ʪᴇʨʣʠʡʥ 

ʭʘʚʜʨʳʥ ʵʩʠʡʛ ʜʘʨʘʥʛʫʡʣʘʭ ʵʤ, ʙʵʣʜʤʵʣʠʡʛ ʵʤʯʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʞ ʙʘʡʥʘ.  ɻʵʭʜʵʵ 

ʭʠʤʠʡʥ ʵʤʯʠʣʛʵʵ ʥʴ ʟᴇʚʭᴇʥ ʭʘʚʜʨʳʥ ʵʩʠʡʛ ʫʩʪʛʘʭ ʪᴇʜʠʡʛװʡ ʭװʥʠʡ ʙʠʝʠʡʥ   ʭʫʨʜʘʥ 

ʭʫʚʘʘʛʜʘʞ ᴇʩʜᴇʛ ʵʨװװʣ  ʵʩװװʜʵʜ ʩᴇʨᴇʛ ʥᴇʣᴇᴇ װʟװװʣʵʭ, ʫʩʪʛʘʭ ʩᴇʨᴇʛ ʪʘʣʪʘʡ. 

ʎʘʮʨʘʛ ʪʫʷʘʥʳ ʵʤʯʠʣʛʵʵ: ʎʘʮʨʘʛ ʪʫʷʘ ʵʤʯʠʣʛʵʵ  ʥʴ ʠʦʥʞʫʫʣʘʛʯ ʮʘʮʨʘʛʠʡʥ 

ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʭʦʨʪ ʭʘʚʜʨʳʛ ʵʤʯʣʵʭ ʘʨʛʘ ʶʤ. ʎʘʮʨʘʛʠʡʥ ʵʤʯʠʣʛʵʵʛ ʘʥʘʛʘʘʭ 

ʫʭʘʘʥ, ʵʤʯʠʣʛʵʵʥʜ ʟʦʨʠʫʣʩʘʥ ʪʫʩʛʘʡ ʙʘʛʘʞ ʪᴇʭᴇᴇʨᴇʤʞ, ʰʫʛʘʤʘʥ ʭʫʨʜʘʩʛʫʫʨʳʛ 

ʘʰʠʛʣʘʥ ʵʛʵʣ ʙᴇᴇʤʩʠʡʥ ʪʦʜʦʨʭʦʡ ʫʨʩʛʘʣʳʛ ʫʨʴʜʯʠʣʘʥ ʪʵʤʜʵʛʣʵʩʵʥ ʭʵʩʵʛʪ 

ʪʫʩʛʘʥʘ.  ʕʣʝʤʝʥʪ ʭʵʩʛװװʜʠʡʥ ʫʨʩʛʘʣʳʥ ʥᴇʣᴇᴇʥ ʜʦʨ ʪװʨʵʤʛʠʡ ʭʦʨʪʦʡ ʵʩʠʡʥ ɼʅʍ 

ʙװʪʵʮ ʥʴ ʵʨʛʵʣʪ ʙʫʮʘʣʪʛװʡ ʫʩʪʜʘʛ ʙᴇʛᴇᴇʜ ʵʥʵ ʥʴ ʮʘʘʰʜʳʥ ʭʫʚʘʘʛʜʘʭʘʘʩ 

ʩʵʨʛʠʡʣʜʵʛ. ʎʘʮʨʘʛʠʡʥ ʵʤʯʠʣʛʵʵʥʠʡ ʟʦʨʠʣʛʦ, ʪʫʭʘʡʥ ᴇʚʯʪᴇʥʠʡ ʦʥʮʣʦʛʦʦʩ 

ʭʘʤʘʘʨʫʫʣʘʥ ʘʣʴʬʘ ʮʘʮʨʘʛ;  ʙʝʪʘ ʮʘʮʨʘʛ; ʛʘʤʤʘ ʮʘʮʨʘʛ; ʨʝʥʪʛʝʥ ʪʫʷʘ; ʥʝʡʪʨʦʥ 

ʮʘʮʨʘʛ; ʧʨʦʪʦʥʳ ʮʘʮʨʘʛ; ʧʠ-ʤʝʟʦʥʳ ʮʘʮʨʘʛ  ʟʵʨʛʠʡʛ ᴇʨʛᴇʥ ʘʰʠʛʣʘʜʘʛ ʙᴇʛᴇᴇʜ 

ʵʤʯʠʣʛʵʵʥʠʡ ʙʫʩʘʜ ʘʨʛʫʫʜʪʘʡ ʭʦʩʣʫʫʣʘʭ ʥʴ ʵʣʙʵʛ. ʎᴇʤʠʡʥ ʵʛʵʣ ʭʵʩʛװװʜʠʡʥ 

ʫʨʩʛʘʣ ʙʫʶʫ ʮʘʮʨʘʛ ʪʫʷʘʥʳ ʥᴇʣᴇᴇʛᴇᴇʨ ʭʘʚʜʨʳʥ ʵʩʠʡʥ ɼʅʍ ʙװʪʵʮ ʥʴ ʵʚʜʵʨʯ 

ʫʩʪʜʘʛ ʫʯʠʨ ʵʩʠʡʥ ʮʘʘʰʜʳʥ ᴇʩᴇʣʪ, ʭʫʚʘʘʛʜʘʣʪ ʟʦʛʩʦʥʦ. ʍʦʨʪ ʭʘʚʜʨʳʥ ʵʩװװʜ 

ʠʜʵʚʭʪʵʡ, ʠʣװװ ʭʫʨʜʪʘʡ  ʭʫʚʘʘʛʜʘʞ ʙʘʡʜʘʛ ʫʯʠʨ ʮʘʮʨʘʛ ʪʫʷʘʥʳ ʠʦʥʯʣʦʣʜ ʵʨװװʣ 

ʵʜ, ʵʩʵʵʩ  ʠʣװװ ᴇʨʪᴇʤʪʛʠʡ, ʠʡʤʵʵʩ ʭʫʨʜʘʥ ʤᴇʭʜᴇʛ. ʍʦʨʪ ʭʘʚʜʨʳʥ ʵʩʠʡʥ ɼʅʍ-ʠʡʥ 

ʙװʪʵʮ ʥʴ ʮʘʮʨʘʛʠʡʥ ʵʤʯʠʣʛʵʵʥʠʡ ʷʚʮʘʜ ʪװװʥʠʡ ᴇʩᴇʣʪ, ʭʫʚʘʘʛʜʘʣʜ ʩʘʘʜ ʫʯʨʫʫʣʜʘʛ 

ʫʩʥʳ ʮʘʮʨʘʛ ʠʜʵʚʭʞʠʣ, ʵʩʠʡʥ ʮʠʪʦʧʣʘʟʤʳʥ ᴇᴇʨʯʣᴇʣʪʠʡʥ ʫʣʤʘʘʩ ʭʫʨʜʘʥ ʵʚʜʵʨʥʵ. 

ɿʦʨʠʣʪʦʪ ʵʤʯʠʣʛʵʵ: ʕʥʵʭװװ ʵʤʯʠʣʛʵʵʥʠʡ ʘʨʛʘ ʥʴ ʭʠʤʠʡʥ ʵʤʯʠʣʛʵʵʪʵʡ ʪᴇʩʪʵʡ 

ʙʦʣʦʚʯ ʟᴇʚʭᴇʥ ʪʫʭʘʡʥ ʭʘʚʜʘʨʪ ʥᴇʣᴇᴇʣᴇʭ ʵʩʨʵʛ ʙʠʝʪ, ʛʝʥװװʜ, ʫʫʨʛʫʫʜʳʥ 

ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʭʘʚʜʨʳʥ ᴇʩᴇʣʪ, ʭʫʚʘʘʛʜʘʣ, ʪʘʨʭʘʣʪʳʛ ʟʦʛʩʦʦʜʦʛ. ʕʜʛʵʵʨ 

ʤʦʣʝʢʫʣʪ ʥʵʛʜʣװװʜ ʥʴ ʵʩʠʡʥ ᴇʩᴇʭ, ʭʫʚʘʘʛʜʘʭ ʜʦʭʠʦʛ ʭʘʘʞ ʵʩʚʵʣ ʙװװʨ 

ʘʞʠʣʣʘʛʘʘʛװʡ ʙʦʣʛʦʭʦʦʩ ʛʘʜʥʘ ʵʨװװʣ ʵʩװװʜʠʡʛ ʠʣװװ ʫʜʘʘʥ ʘʤʴʜʨʘʭ ʥᴇʭʮᴇʣ 

ʙʦʣʦʤʞʦʦʨ ʭʘʥʛʘʜʘʛ. ʍʘʨʘʤʩʘʣʪʘʡ ʥʴ ʵʥʵʭװװ ʘʨʛʳʛ ʙװʭ ʪᴇʨʣʠʡʥ ʭʘʚʜʨʳʛ 

ʵʤʯʣʵʭʵʜ ʘʰʠʛʣʘʭ ʙʦʣʦʤʞʛװʡ ʙʘʡʛʘʘ ʶʤ. ʋʛ ʵʤʯʠʣʛʵʵʥʠʡ ʘʨʛʘ ʥʴ ʤʦʥʦʢʣʦʥʘʣ 
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ʵʩʨʵʛ ʙʠʝ ʙʦʣʦʥ ʞʠʞʠʛ ʤʦʣʝʢʫʣʪ ʥʵʛʜʣװװʜʠʡʥ ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʟʘʨʠʤ ʪᴇʨʣʠʡʥ 

ʭᴇʭʥʠʡ, ʫʫʰʛʠʥʳ ʭʘʚʜʘʨ ʟʵʨʛʠʡʛ ʵʤʯʣʵʭ ʙʦʣʦʤʞʪʦʡ ʙʘʡʛʘʘ ʶʤ. ᴆʚʯʪᴇʥʠʡ ʙʠʝʜ 

ʦʨʫʫʣʩʘʥ ʵʩʨʵʛ ʙʠʝʪװװʜ ʭʘʚʜʨʳʥ ʵʩʠʡʥ ʛʘʜʥʘ ʪʘʣʜ ʵʩʚʵʣ ʵʩʠʡʥ ʜʦʪʦʨ ʪʘʣʜ 

ʙʘʡʨʣʘʞ ʵʩʠʡʛ װʭװװʣʵʭ ʭʦʨʪ ʙʦʜʠʩ ʷʣʛʘʨʫʫʣʞ ʫʩʪʛʘʜʘʛ ʙʦʣ ʞʠʞʠʛ ʤʦʣʝʢʫʣʪ 

ʥʵʛʜʣװװʜ ʭʘʚʜʨʳʥ ʵʩʠʡʥ ᴇʩᴇʭ, װʨʞʠʭ ʧʨʦʮʝʩʩʳʛ ʭʘʘʜʘʛ. 

ɼʘʨʭʣʘʘʥʳ ʵʤʯʠʣʛʵʵ: ɼʘʨʭʣʘʘʥʳ ʵʤʯʠʣʛʵʵ ʥʴ ᴇʚʯʪᴇʥʠʡ ᴇᴇʨʠʡʥ ʜʘʨʭʣʘʣʳʥ 

ʩʠʩʪʝʤʠʡʥ ʠʜʵʚʭʠʡʛ ʥʵʤʵʛʜװװʣʞ ʭʘʚʜʨʳʥ ʵʩ ʙʦʣʦʥ ʭʘʣʜʚʘʨʳʛ ʫʩʪʛʘʜʘʛ ʵʤʯʠʣʛʵʵ 

ʶʤ. ʀʥʛʵʭʜʵʵ ʭʘʣʜʚʘʨ ʙʦʣʦʥ ʭʘʚʜʨʳʥ ʵʩʠʡʛ ʠʣʨװװʣʜʵʛ ʭʷʥʘʣʪʳʥ ʮʵʛʠʡʛ  

ʠʜʵʚʭʞװװʣʞ ʭʘʚʜʨʳʥ ʵʩʠʡʛ ʫʩʪʛʘʜʘʛ T- ʵʩʠʡʥ ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʘʞʠʣʣʘʛʘʘʛװʡ 

ʙʦʣʛʦʜʦʛ. 2018 ʦʥʜ ɸʅʋ-ʳʥ ɾ.ʇ.ɸʣʣʠʩʦʥ (James P. Allison) ʙʦʣʦʥ ʊ.ʍʦʥʞʦ 

((Tasuku Honjo) ʥʘʨ ñɼʘʨʭʣʘʘʥʳ ʵʩװװʜʠʡʥ ʩʘʘʪʣʫʫʨʳʛ ʜʘʨʘʥʛʫʡʣʩʥʘʘʨ ʭʦʨʪ 

ʭʘʚʜʘʨ ᴇʚʯʥʠʡʛ ʵʤʯʣʵʭ ʙʦʣʦʤʞò ʥʵʵʣʪʵʵʨ ʅʦʙʝʣʠʡʥ ʰʘʛʥʘʣʳʛ ɸʥʘʛʘʘʭ ʫʭʘʘʥ, 

ʬʠʟʠʦʣʦʛʠʡʥ ʩʘʣʙʘʨʪ ʭװʨʪʩʵʥ ʙʘʡʥʘ. 

(https://www.nobelprize.org/prizes/medicine/2018/summary) 

ʌʦʪʦʜʠʥʘʤʠʢ ʵʤʯʠʣʛʵʵ: ʕʥʵ ʘʨʛʘ ʥʴ ʬʦʪʦʭʠʤʠʡʥ ʫʨʚʘʣʳʥ װʝʜ װװʩʜʵʛ 

ʭװʯʠʣʪᴇʨᴇʛʯʠʡʛ ʘʰʠʛʣʘʥ ʭʘʚʜʨʳʥ ʵʩʠʡʛ ʫʩʪʛʘʭʘʜ װʥʜʵʩʣʵʜʵʛ. ʕʥʵ ʫʨʚʘʣʜ 

ʦʨʦʣʮʜʦʛ ʙװʨʵʣʜʵʭװװʥ ʭʵʩʛװװʜ ʥʴ ʙʠʝʠʡʥ ʵʜ ʵʩʵʜ ʙʘʡʜʘʛ, ʛʵʨʣʠʡʥ װʡʣʯʣʵʣʵʵʨ 

ʠʜʵʚʭʵʞʜʵʛ ʭװʯʠʣʪᴇʨᴇʛʯ, ʪװװʥʯʣʵʥ ʛʵʨʣʠʡʥ ʵʥʝʨʛʠʡʛ ʤʵʜʨʵʭ, ʜʘʤʞʫʫʣʘʭ 

ʯʘʜʚʘʨʪʘʡ ʪʫʩʛʘʡ ʙʦʜʠʩʫʫʜïʬʦʪʦʩʝʥʩʠʙʠʣʠʟʘʪʦʨ (photosensitizers) ʶʤ. ɻɻ ʨʣʠʡʥ 

ʥᴇʣᴇᴇʛᴇᴇʨ ʭװʯʠʣʪᴇʨᴇʛʯ ʠʜʵʚʭʪʵʡ ʙʘʡʜʘʣʜ ʦʨʞ   ʫʣʤʘʘʨ ʭʘʚʜʨʳʥ ʵʩװװʜʵʜ ʩᴇʨʛᴇᴇʨ 

ʥᴇʣᴇᴇʣʜᴇʛ. ɻʵʨʣʠʡʥ ʵʭ װװʩʚʵʨʪ ʪʦʜʦʨʭʦʡ ʜʦʣʛʠʦʥʳ ʫʨʪ ʙװʭʠʡ ʣʘʟʝʨʳʛ ʘʰʠʛʣʘʜʘʛ. 

ʌʦʪʦʜʠʥʘʤʠʢ ʵʤʯʠʣʛʵʵ 2-3 ʦʨʯʠʤ ʜʦʣʦʦ ʭʦʥʦʛ װʨʛʵʣʞʠʣʜʛɻ ʙʘ ʮʘʮʨʘʛ ʪʫʷʘ, ʭʠʤʠ 

ʙʦʣʦʥ ʤʵʩ ʟʘʩʣʳʥ ʵʤʯʠʣʛʵʵʪʵʡ ʭʦʩʣʫʫʣʞ ʙʦʣʜʦʛ ʘʞʵʵ. 

ɻʝʥʠʡʥ ʵʤʯʠʣʛʵʵ: ɸʣʠʚʘʘ ʭʦʨʪ ʭʘʚʜʘʨ װװʩʵʭ ʰʘʣʪʛʘʘʥ ʥʴ ɼʅʍ ʜʦʪʦʨ ʷʚʘʛʜʜʘʛ 

ʤʫʪʘʮʠʪʘʡ ʭʦʣʙʦʦʪʦʡ ʛʵʩʵʥ ʦʥʦʣ ʩװװʣʠʡʥ װʝʜ ʭᴇʛʞʠʞ ʙʘʡʛʘʘ ʙʦʣʦʚʯ ʛʝʥʠʡʥ ʢʦʜ 

ʭʘʘʥʘ, ʷʘʛʘʘʜ ʵʚʜʵʛʜʜʵʛ ʚʵ ʛʵʜʵʛ ʪʘʣʘʘʨ ʵʨʜʵʤʪʵʜ ʪʫʥ ʙʘʛʘ ʤʵʜʵʵʣʵʣʪʵʡ ʙʘʡʥʘ. 

ɻʝʥʠʡʥ ʢʦʜ ʵʚʜʵʨʩʥʵʵʨ ʭʦʨʪ ʭʘʚʜʘʨ װװʩʜʵʛ ʛʵʩʵʥ ʦʥʦʣʦʦʨ ʙʦʣ ʭʦʨʪ ʭʘʚʜʘʨ ʛʵʜʵʛ 

ʙʦʣ ʷʥʟ ʙװʨʠʡʥ ʵʨʭʪʥװװʜʵʜ װװʩʜʵʛ ʥʵʛ ʪᴇʨʣʠʡʥ ᴇʚʯʠʥ ʙʫʩ ʭʘʨʠʥ ʥʵʛ ʝʨᴇʥʭʠʡ ʟװʡ 

ʪʦʛʪʣʦʦʨ ʷʚʘʛʜʜʘʛ 200 ʪᴇʨʣʠʡʥ ᴇʚʯʥװװʜʠʡʥ ʝʨᴇʥʭʠʡ ʥʵʨ ʛʵʞ װʟʜʵʛ. ʍװʥʠʡ ʙʠʝʠʡʥ 

ʭʘʘ ʥʵʛ ʭʵʩʵʛʪ ʥʵʛ ʵʩ ʥʴ ʤʫʪʘʮʠʜ ʦʨʦʥʛʫʫʪ ʪʫʭʘʡʥ ʵʩ ʷʤʘʨ ʯ ʭʷʥʘʣʪʛװʡʛʵʵʨ ʤʘʰ 

ʭʫʨʜʘʥ ʭʫʚʘʘʛʜʘʞ ʵʭʵʣʩʥʵʵʨ ʭʘʚʜʘʨ װװʩʜʵʛ ʙʘʡʥʘ.   ʉʫʜʣʘʘʯʠʜ ʭʵʜʵʥ ʤʷʥʛʘʥ 

ʛʝʥʠʡʥ ʤʫʪʘʮʠʡʛ ʠʣʨװװʣʩʵʥ ʪᴇʜʠʡʛװʡ ʛʝʥʠʡʥ ʢʦʜʳʛ ʵʚʜʵʛʜʵʭʵʜ ʭװʨʛʵʜʵʛ 80 ʦʨʯʠʤ 

ʭװʯʠʥ ʟװʡʣʠʡʛ ʥʵʨʣʵʵʜ ʙʘʡʥʘ.   

https://www.nobelprize.org/prizes/medicine/2018/summary/
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5.3. ɻʠʧʝʨʪʝʨʤ ʵʤʯʠʣʛʵʵʥʠʡ ʟʘʨʯʠʤ 

ʕʥʛʠʡʥ ʵʩװװʜ ʭʘʨʴʮʘʥʛʫʡ ᴇʥʜᴇʨ 46°C ʪʝʤʧʝʨʘʪʫʨʪ ʘʤʴʜʨʘʭ ʯʘʜʚʘʨʪʘʡ 

ʙʘʡʜʘʛ. ᴆʚʯʪᴇʥʠʡ ʭʘʚʜʘʨʪʘʡ ʭʵʩʛʠʡʥ ʵʩ, ʭʘʚʜʘʨʪʘʡ ʵʨʭʪʵʥʛ 41-46°C ʛʨʘʜʫʩ 

ʭװʨʪʵʣ  ʪʫʩʛʘʡ ʘʨʛʘʘʨ ʭʘʣʘʘʞ ʵʤʯʣʵʭʠʡʛ ʭʘʣʫʫʥ ʵʤʯʠʣʛʵʵ ʙʫʶʫ ʛʠʧʝʨʪʝʨʤ 

ʵʤʯʠʣʛʵʵ ʛʵʞ ʥʵʨʣʵʥʵ. ʍʘʣʫʫʥ ʵʤʯʠʣʛʵʵʥʠʡ ʷʚʮʘʜ ʥʘʥʦ ʩʦʨʦʥʟʦʥ ʪᴇʤᴇʨ ʘʛʫʫʣʩʘʥ 

ʙʦʜʠʩʳʛ ʭʘʚʜʘʨʪʘʡ ʪʫʭʘʡʥ ʭʵʩʵʛʪ ʪʘʨʠʫʨʳʥ ʪʫʩʣʘʤʞʪʘʡ ʦʨʫʫʣʥʘ. ɼʘʨʘʘ ʥʴ 

ᴇʚʯʪᴇʥʠʡʛ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ ʦʨʫʫʣʘʭʘʜ (ʜʘʚʪʘʤʞ 500 ʢɻʮ) ʙʦʜʠʩ ʙװʭʠʡ 

ʭʵʩʵʛʪ ʜʫʣʘʘʥ ʷʣʛʘʨʯ ʪʝʤʧʝʨʘʪʫʨ 42.5 (ʎʝʣʴʩʠʡʥ ʛʨʘʜʫʩ) ïʘʘʩ ʜʵʵʰ 

ʪʝʤʧʝʨʘʪʫʨʪʘʡ ʙʦʣʦʭʦʜ ʭʘʚʜʨʳʥ ʵʩʠʡʥ ᴇʩᴇʣʪ ʙʫʫʨʯ, ʵʤʯʠʣʛʵʵ װʨ ʜװʥʪʵʡ ʙʦʣʥʦ 

(ɿʫʨʘʛ 5.2). 

  

ɿʫʨʘʛ 5.2. ʍʘʣʫʫʥ ʵʤʯʠʣʛʵʵ ʭʠʡʭ ʟʘʨʯʠʤ 

ʍʘʚʜʨʳʥ ʵʜ, ʵʩ ʥʴ ʵʨװװʣ ʵʩʠʡʛ ʙʦʜʚʦʣ ʤʝʪʘʙʦʣʠʟʤ (ʙʦʜʠʩʳʥ ʩʦʣʠʣʮʦʦ) 

ᴇʥʜᴇʨ, ʮʫʩʘʥ ʭʘʥʛʘʤʞ ʠʭ, ʭʫʨʜʘʥ ᴇʩᴇʞ װʨʞʜʵʛ ʫʯʠʨ ʩʫʜʘʩ ʙʘʛʘʪʘʡ ʵʨװװʣ ʵʜʪʵʡ 

ʭʘʨʴʮʫʫʣʘʭʘʜ ʭʘʣʫʫʥʳʛ ʜʘʘʭ ʯʘʜʚʘʨ ʙʘʛʘʪʘʡ ʙʘʡʜʘʛ.  

  



ʅʘʥʦ-ʩʦʨʦʥʟʦʥʛʠʡʥ ʦʥʮʣʦʛ, ʪϾϾʥʠʡʛ ʭʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʭ ʙʦʣʦʤʞ 

 

 

62 ʉʫʫʨʴ ʩʫʜʘʣʛʘʘʥʳ ʪᴇʩʣʠʡʥ ʪʘʡʣʘʥ                                                         2018 ï 2021ʦʥ 

5.4. ʌʝʨʨʠʪ ʥʵʛʜʣʠʡʛ ʭʘʚʨʳʥ ʵʤʯʠʣʛʵʵʥʜ ʪʫʨʰʩʘʥ ʩʫʜʘʣʛʘʘ 

5.4.1. ʐʫʛʘʤʘʥ ʵʩ  

ʐʫʛʘʤʘʥ ʵʩװװʜ (cell lines) ʥʴ ʘʥʘʛʘʘʭ ʩʘʣʙʘʨʪ ʪʵʨ ʜʫʥʜʘʘ ʭʘʚʜʨʳʥ ʩʫʜʘʣʛʘʘ, 

ʵʤʠʡʥ ʪʫʨʰʠʣʪʫʫʜʘʜ ᴇʨʛᴇʥ ʭʵʨʵʛʣʵʛʜʜʵʛ in vitro ʩʠʩʪʝʤ ʶʤ. ʊʦʭʠʨʦʤʞʪʦʡ 

ʥᴇʭʮᴇʣʜ ᴇʩʛᴇʚᴇʨʣᴇʩᴇʥ ʭʘʚʜʨʳʥ ʵʩװװʜ ʥʴ ʭʦʨʪ ʭʘʚʜʨʳʥ ʛʝʥʝʪʠʢ ʰʠʥʞ ʯʘʥʘʨʳʛ 

ʭʘʜʛʘʣʞ ʯʘʜʜʘʛ ʥʴ in vitro ʥᴇʭʮᴇʣʜ ʭʘʚʜʨʳʥ ʩʫʜʘʣʛʘʘʛ ʭʠʡʭ ʙʦʣʦʤʞʠʡʛ ʦʣʛʦʞ 

ʙʘʡʛʘʘ ʶʤ [43]. ʉʫʜʘʣʛʘʘʥʜ ʭʵʨʵʛʣʵʩʵʥ Hela ʰʫʛʘʤʘʥ ʵʩ ʥʴ ʭװʥʠʡ ʫʤʘʡʥ ʭװʟװװʥʠʡ 

ʭʦʨʪ ʭʘʚʜʨʘʘʩ ʛʘʨʘʣʪʘʡ ʵʧʠʪʝʣ ʵʩ ʙᴇʛᴇᴇʜ ʭʘʤʛʠʡʥ ʘʥʭ 1951 ʦʥʜ ʍʝʥʨʠʪʘ ʣʵʢʩ 

(Henrietta lacks) ʛʵʜʵʛ ʥʵʨʪʵʡ ʵʤʵʛʪʵʡʥ ʭʘʚʜʨʳʥ ʵʩʵʵʩ ʷʣʛʘʞ ʣʘʙʦʨʘʪʦʨʠʡʥ 

ʥᴇʭʮᴇʣʜ ʫʨʛʫʫʣʩʘʥ ʰʫʛʘʤʘʥ ʵʩ ʶʤ [44]. ʕʩʠʡʥ ʙʠʦʣʦʛʠʯ ʤʵʨʛʵʞʠʣʪʵʡ ɾʦʨʞ ɻʝʡ 

ʵʨʜʵʤʪʥʠʡ ʩʫʜʘʛʘʘʥʳ ʪʘʡʣʘʥʜ ʵʥʵʭװװ ʵʩ ʥʴ 24 ʮʘʛʠʡʥ ʜʦʪʦʨ 1ʰ ʵʩ 2ʰ ʙʦʣʞ 

ʭʫʚʘʘʛʜʘʞ ʙʘʡʩʘʥ ʙʘ ʘʤʴʜʨʘʭ ʯʘʜʚʘʨ ʤʘʰ ʩʘʡʪʘʡ װʭʵʰʛװʡ ʤᴇʥʭʠʡʥ ʵʩ ʙʘʡʩʥʳʛ 

ʪʦʜʦʨʭʦʡʣʩʦʥ. ʊװװʥʯʣʵʥ ʭʘʚʜʨʳʥ ʵʩװװʜ ʥʴ ʵʨװװʣ ʵʩʪʵʡ ʭʘʨʴʮʫʫʣʘʭʘʜ ʙװʪʵʮ, 

ʤʦʨʬʦʣʦʛʠ, װʡʣ ʘʞʠʣʣʘʛʘʘʥʳ ʭʫʚʴʜ ʤʘʰ ʠʭ ᴇᴇʨʯʣᴇʣʪᴇʥʜ ʦʨʩʦʥ ʙʘʡʜʘʛ ʙʘ װװʥʠʡ 

ʥʵʛ ʞʠʰʵʵ ʥʴ ʵʨװװʣ ʵʩʪʵʡ ʭʘʨʴʮʫʫʣʘʭʘʜ ʭʘʣʫʫʥʜ ʤʵʜʨʵʤʪʛʠʡ, ʪʵʚʩʵʨ ʤʫʫʪʘʡ 

ʙʘʡʜʘʛ. ɹʠʜʥʠʡ ʙʵʣʪʛʵʩʵʥ ʰʫʛʘʤʘʥ ʵʩʠʡʥ ʭʷʥʘʣʪʳʥ ʜʵʵʞʠʡʥ ʤʦʨʬʦʣʦʛʠʡʥ װʨ 

ʜװʥʛ ʟʫʨʘʛ 5.4-ʜ װʟװװʣʣʵʵ. 

 

ɿʫʨʘʛ 5.3. Hela ʵʩʠʡʥ ʤʦʨʬʦʣʦʛʠ 

ʕʥʵʭװװ ʩʫʜʘʣʛʘʘʥʳ ʘʞʣʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ ὓὫȢὔὭȢὊὩὕ  ʬʝʨʨʠʪ ʩʦʨʦʥʟʦʥ 

ʥʘʥʦ ʙᴇᴇʤʠʡʛ ʪʦʭʠʨʦʤʞʪʦʡ ʥᴇʭʮᴇʣʜ ʫʨʛʫʫʣʩʘʥ Hela ʵʩʵʜ װʡʣʯʣװװʣʵʥ 

ʢʦʥʮʝʥʪʨʘʮʠʡʥ ʷʣʛʘʘʪʘʡ ʙʘʡʜʣʘʘʨ ʮʠʪʦʪʦʢʩʠʢ ʙʫʶʫ ʘʤʴʜ ʵʩʵʜ ʫʯʨʫʫʣʘʭ ʭʦʨʫʫ 

ʯʘʥʘʨʳʛ ʥʴ ʩʫʜʘʣʩʘʥ.   
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5.4.2. ɼʵʵʞ ʙʵʣʪʛʵʣ ʙʦʣʦʥ ʵʩʠʡʥ ᴇʩʛᴇʚᴇʨ 

ɼʵʵʞ ʙʵʣʪʛʵʣ: ʍʠʤʠʡʥ ʩʠʥʪʝʟʠʡʥ ʟʦʣʴ-ʛʝʣʠʡʥ ʘʨʛʘʘʨ ὓὫȢὔὭȢὊὩὕ ʬʝʨʨʠʪ 

ʜʵʵʞʠʡʛ ʛʘʨʛʘʥ ʘʚʘʭʜʘʘ ʤʘʛʥʠʡʥ ʥʠʪʨʘʪ (>99%), ʪᴇʤʨʠʡʥ ʥʠʪʨʘʪ (>99%), ʥʠʢʝʣ 

ʥʠʪʨʘʪ (>99%), ʥʠʤʙʵʛʥʠʡ ʭװʯʠʣ (>99.5%) ï ʠʡʛ ʪʦʦʮʦʦʣʩʦʥ ʤʦʣʠʡʥ ʭʘʨʴʮʘʘʛʘʘʨ 

ʘʚʯ ʩʦʨʦʥʟʦʥ ʭʫʪʛʫʫʨʳʥ װʡʣʯʣʵʣ ʜʦʨ 100°ʉ-ʠʡʥ ʪʝʤʧʝʨʘʪʫʨʪ ʭʘʣʘʘʞ ʛʝʣ ʭʵʣʙʵʨʪ 

ʦʨʫʫʣʘʚ. װתʥʠʡ ʜʘʨʘʘ 1 ʮʘʛʠʡʥ ʪʫʨʰ 400°ʉ ï ʪ ʜʫʣʘʘʥʳ ʙʦʣʦʚʩʨʫʫʣʘʣʪ ʭʠʡʞ, 

900°ʉ ï ʪ 2 ʮʘʛ ʰʘʪʘʘʞ ʢʨʠʩʪʘʣʣʞʫʫʣʣʘʘ.  

ʕʩ ʫʨʛʘʭ ʫʨʛʘʭ ʥЊʭʮЊʣ: ʕʩʠʡʥ ᴇʩʛᴇʚᴇʨ (cell culture) ʛʵʜʵʛ ʥʴ ʵʩʠʡʛ ʭʠʡʤʵʣ 

ʦʨʯʠʥʜ in vitro ʥᴇʭʮᴇʣ ʘʤʴʜʨʫʫʣʘʭ, ᴇʩʛᴇʚᴇʨʣᴇʭʠʡʛ ʭʵʣʥʵ. ᴆʩʛᴇʚᴇʨʣᴇʭʠʡʥ ᴇʤʥᴇ 

ʵʭʣʵʵʜ ʵʩʠʡʛ ʵʜʵʵʩ ʰʫʫʜ ʩʘʣʛʘʥ ʘʚʯ ʵʥʟʠʤʠʡʥ ʙʘ ʤʝʭʘʥʠʢ ʘʨʛʘʘʨ ʪʫʩʛʘʘʨʣʘʥ 

ʘʚʥʘ. װתʥʠʡ ʜʘʨʘʘ ʪʫʩʛʘʘʨʣʘʞ ʘʚʩʘʥ ʵʩ ʪʦʭʠʨʦʤʞʪʦʡ ʥᴇʭʮᴇʣʜ װʨʞʠʭ (ʙװʨʵʥ 

ʪʘʨʭʘʭ-reach confluence) װʝ ʰʘʪʳʛ ʘʥʭʜʘʛʯ ᴇʩʛᴇʚᴇʨ ʛʵʥʵ. ʕʥʵ װʝʜ ʵʩʠʡʛ ʮʘʘʰ 

ʫʨʛʘʭ ʭʘʥʛʘʣʪʪʘʡ ʙʦʣʦʣʮʦʦʛʦʦʨ ʭʘʥʛʘʭʳʥ ʪʫʣʜ ʮʵʚʵʨ ᴇʩʛᴇʚʨʠʡʥ-ʦʨʯʠʥ (growth 

medium)-ʪʦʡ ʰʠʥʵ ʩʘʚʘʥʜ ʩʵʣʛʵʥ-ᴇʩʛᴇʚᴇʨʣᴇʭ (subculture) (ʜʘʤʞʫʫʣʘʭ-passage) 

ʭʵʨʵʛʪʵʡ. ʕʩʠʡʥ ʰʫʛʘʤʳʛ ʭʫʚʠʨʛʘʞ ʭʷʟʛʘʘʨʛװʡʛʵʵʨ ʭʫʚʘʘʛʜʘʭ ʯʘʜʚʘʨʪʘʡ 

ʙʦʣʛʦʩʦʥʛ ʙʘʡʥʛʠʡʥ ʵʩʠʡʥ ʰʫʛʘʤ (continuous cell line) ʛʵʥʵ. ʕʩʠʡʛ ʪʦʭʠʨʦʤʞʠʪ 

ʩʘʚʘʥʜ ʰʠʥʛʵʥ ʦʨʯʠʥʜ ᴇʩʛᴇʚᴇʨʣᴇʜᴇʛ.  

 

ɿʫʨʘʛ 5.5. ʕʩ ʫʨʛʘʭ ʥЊʭʮЊʣ 

ʕʩʠʡʥ ʪᴇʨʣᴇᴇʩ ʭʘʤʘʘʨʘʥ ᴇʩʛᴇʚᴇʨʠʡʥ ʥᴇʭʮᴇʣ ᴇᴇʨ ᴇᴇʨ ʙʘʡʜʘʛ ʯ ʵʩʠʡʥ 

ʟʦʭʠʦʤʦʣ ʦʨʯʠʥ ʪʦʛʪʩʦʥ ʭʵʤ ʭʵʤʞʵʵʥʜ ʪʦʜʦʨʭʦʡ ʘʛʫʫʣʘʤʞʪʘʡ ʙʘʡʥʘ. װתʥʜ: ʥʵʥ 

ʰʘʘʨʜʣʘʛʘʪʘʡ ʪʵʞʵʵʣʠʡʥ ʙʦʜʠʩ (ʘʤʠʥ ʭװʯʠʣ, ʥװװʨʩ ʫʩ, ʘʤʠʥ ʜʵʤ, ʵʨʜʵʩ), 

ᴇʩᴇʣʪʠʡʥ ʭװʯʠʥ ʟװʡʣ, ʜʘʘʚʘʨ, ʭʠʡ (O2, CO2), ʦʨʯʥʳ ʬʠʟʠʢ-ʭʠʤʠʡʥ ʪʦʭʠʨʫʫʣʘʛʯ 

(pH, ʦʩʤʦʩ ʜʘʨʘʣʪ, ʭʵʤ) ʛʵʭ ʤʵʪ. ʀʭʵʥʭ ʵʩ ʭʘʪʫʫ ʙʫʶʫ ʭʘʛʘʩ ʭʘʪʫʫ ʛʘʜʘʨʛʫʫʜ 

ʥʘʘʣʜʘʞ ʫʨʛʘʜʘʛ (ʥʘʘʣʜʜʘʛ-adherent ʵʩʚʵʣ ʜʘʥ װʝ ᴇʩʛᴇʚᴇʨ -monolayer culture) ʙʦʣ 

ʟʘʨʠʤ ʵʩ ᴇʩʛᴇʚʨʠʡʥ ʦʨʯʠʥʜ ʭᴇʚʞ (ʮʠʡʜʵʤ ᴇʩʛᴇʚᴇʨ ʭᴇʚʤᴇʛ -suspension culture) 



ʅʘʥʦ-ʩʦʨʦʥʟʦʥʛʠʡʥ ʦʥʮʣʦʛ, ʪϾϾʥʠʡʛ ʭʘʚʜʨʳʥ ʵʤʯʠʣʛʵʵʥʜ ʭʵʨʵʛʣʵʭ ʙʦʣʦʤʞ 
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ʫʨʛʘʜʘʛ [45]. ɹʠʜ ʪʫʨʰʣʪʘʥʜʘʘ ʩʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤʠʡʛ ʭװʥʠʡ ʫʤʘʡʥ ʭװʟװװʥ 

ʭʘʚʜʨʳʥ Hela ʰʫʛʘʤʘʥ ʵʩ (HeLa ATCCR CCL-2TM) ʜʵʵʨ ʪʫʨʰʩʘʥ. ʕʩʠʡʛ 10% FBS 

(fetal bovine serum), 100U/ml penicellin, 100ug/ml streptomycin ʙװʭʠʡ RPMI-1640 

ʪʵʞʵʵʣʠʡʥ ʦʨʯʠʥʜ 5% CO2, 37 C̄ ʙװʭʠʡ ʥᴇʭʮᴇʣʜ ᴇʩʛᴇʚᴇʨʣᴇʩᴇʥ (ɿʫʨʘʛ 5.5). װתʥʠʡ 

ʜʘʨʘʘʛʘʘʨ 2 ᴇʜᴇʨ ʪʫʪʘʤʜ ʪʵʞʵʵʣʠʡʥ ʦʨʯʠʥʛ ʩʦʣʴʞ ʙʘʡʚ.  

5.4.3. ʉʫʜʘʣʛʘʘʥʳ ʘʨʛʘ ʟװʡ 

ɼʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪʳʛ ʪʦʜʦʨʭʦʡʣʦʭ: ʉʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤʠʡʥ ʭʫʚʴʩʘʭ 

ʩʦʨʦʥʟʦʥ ʦʨʥʳ ʥᴇʣᴇᴇʛᴇᴇʨ ʷʣʛʘʨʫʫʣʘʭ ʜʫʣʘʘʥʳʛ ᴇᴇʨʩʜʠʡʥ ʫʛʩʘʨʩʘʥ ʭʫʚʴʩʘʭ 

ʩʦʨʦʥʟʦʥ ʦʨʦʥ װװʩʛʵʭ ʪᴇʭᴇᴇʨᴇʤʞʠʡʥ ʪʫʩʣʘʤʞʪʘʡʛʘʘʨ ʙװʨʪʛʵʚ [46]. ʌʝʨʨʠʪ 

ʩʦʨʦʥʟʦʥ ʙᴇᴇʤᴇᴇʨ װʡʣʯʣװװʣʩʵʥ ʵʩʠʡʛ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥʜ ʥʵʛ ʫʜʘʘ 20 ʤʠʥʫʪ 

  .ʡʮʵʪʛʵʩʵʥװʣʞ ʪʫʨʰʠʣʪʘʘ ʛװװʡʣʯʣװ

ʎʠʪʦʪʦʢʩʠʢ ʠʜʵʚʭʠʡʛ ʪʦʜʦʨʭʦʡʣʦʭ: ʕʩʵʜ װʟװװʣʵʭ ʮʠʪʦʪʦʢʩʠʢ ʠʜʵʚʭʠʡʛ 

ʪʦʜʦʨʭʦʡʣʦʭʳʥ ʪʫʣʜ Bicinchoninic acid assay (BCA assay) ʘʰʠʛʣʘʩʘʥ ʙʘ ᴇʤʥᴇ 

ʩʫʜʣʘʛʜʘʞ ʙʘʡʩʘʥ ʠʞʠʣ ʪᴇʨʣʠʡʥ ʩʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤʠʡʥ ʮʠʪʦʪʦʢʩʠʢ ʠʜʵʚʭʠʡʛ 

ʪʦʜʦʨʭʦʡʣʩʦʥ ʩʫʜʘʣʛʘʘʥʫʫʜ ʜʵʵʨ ʪʫʣʛʫʫʨʣʘʥ 50ʤʢʛ/ʤʣ, 100ʤʢʛ/ʤʣ ʙʦʣʦʥ 

150ʤʢʛ/ʤʣ ʢʦʥʮʝʥʪʨʘʮʫʫʜʘʘʨ װʡʣʯʣʵʚ [47]. ʊʫʩ ʢʦʮʝʥʪʨʘʮʫʫʜʘʘʨ ʵʩװװʜʠʡʛ 24 ʮʘʛ 

 ʜʪʵʡװװʡʣʯʠʣʩʥʠʡ ʜʘʨʘʘʛʘʘʨ 1X PBS (Phospate-buffered saline) ʫʫʩʤʘʣʘʘʨ ʵʩװ

ʭʦʣʙʦʛʜʦʦʛװʡ ʩʫʣ ʩʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤʠʡʛ ʫʛʘʘʞ ʘʚʘʚ. ʋʛʘʘʩʥʳ ʜʘʨʘʘʛʘʘʨ 2 ᴇʜᴇʨ 

ʪʫʪʘʤ ʪʵʞʵʵʣʠʡʥ ʦʨʯʠʥʛ ʩʦʣʴʞ ʙʘʡʩʘʥ ʙᴇʛᴇᴇʜ 1-ʵʵʩ 6 ʜʘʭʴ ᴇʜʨװװʜʵʜ ʵʩװװʜʠʡʛ 

ʮʫʛʣʫʫʣʘʥ ʘʚʯ ʵʩʠʡʥ ʣʠʟʘʪ ʜʘʭʴ ʫʫʨʛʠʡʥ ʭʵʤʞʵʵʛ PierceTM BCA protein assay kit 

ʘʰʠʛʣʘʥ װʡʣʜʚʵʨʣʵʛʯʠʡʥ ʟʘʘʚʨʳʥ ʜʘʛʫʫ ʪʦʜʦʨʭʦʡʣʦʥ ʜʦʦʨʭ ʙװʜװװʚʯ ʟʫʨʛʠʡʥ 

ʜʘʛʫʫ ʫʫʨʛʠʡʥ ʭʵʤʞʵʵʛ ʪʦʦʮʦʚ (ɿʫʨʘʛ 5.6). 

 

ɿʫʨʘʛ 5.6. ʋʫʨʛʠʡʥ ʭʵʤʞʵʵʛ ʪʦʜʦʨʭʦʡʣʦʭ ʙװʜװװʚʯ ʟʫʨʘʛ 
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65 ʉʫʫʨʴ ʩʫʜʘʣʛʘʘʥʳ ʪᴇʩʣʠʡʥ ʪʘʡʣʘʥ                                                         2018 ï 2021ʦʥ 

ʂʦʣʦʥʠ װװʩʵʣʪʠʡʛ ʪʦʜʦʨʭʦʡʣʦʭ: ʂʣʦʥʦʛʝʥʠʡʥ ʰʠʥʞʠʣʛʵʵ ʙʫʶʫ ʢʦʣʦʥʠ װװʩʵʭ 

ʰʠʥʞʠʣʛʵʵ ʛʵʞ ʥʵʨʣʵʜʵʛ ʥʴ ʵʩʠʡʥ ʘʤʴʜ װʣʜʵʭ ʰʠʥʞʠʣʛʵʵ ʶʤ. ʕʥʵ ʥʴ ʜʘʥ ʵʩʠʡʥ 

ʘʤʴʜ װʣʜʵʭ, ʢʦʣʦʥʠ װװʩʛʵʭ ʥᴇʭᴇʥ װʨʞʠʭ ʯʘʜʚʘʨʳʛ װʥʵʣʜʵʛ [48]. ɹʠʜ 6 װװʨʪ ʭʘʚʪʘʥʜ 

500 ʵʩ/װװʨ ʭʵʤʞʵʵʪʵʡ ʵʩʵʵ ʪʘʨʴʞ 24 ʮʘʛ ᴇʩʛᴇʚᴇʨʣᴇʚ. ᴆʩʛᴇʚᴇʨʣᴇʩᴇʥ ʵʩװװʜʠʡʛ 

ʛʘʨʛʘʥ ʘʚʩʘʥ ʬʝʨʨʠʪ ʩʦʨʦʥʟʦʥ ʜʵʵʞʵʵʨ 7 ʭʦʥʦʛ װʡʣʯʣװװʣʩʵʥʠʡ ʜʘʨʘʘʛʘʘʨ 4% 

ʬʦʨʤʘʣʴʜʝʛʠʜʘʘʨ 30 ʤʠʥʫʪ ʵʩװװʜʠʡʛ ʬʠʢʩʘʮʣʘʞ, 0.4% tryphan blue ʙʫʜʘʛʯ 

ʙʦʜʠʩʦʦʨ ʵʩװװʜʠʡʛ ʙʫʜʘʞ, ʛʵʨʣʠʡʥ ʤʠʢʨʦʩʢʦʧʳʥ 40 ʙʦʣʦʥ 100 ʜʘʭʠʥ ᴇʩʛᴇʣʪᴇᴇʨ 

ʭʘʨʞ ʟʫʨʛʠʡʛ ʘʚʩʘʥ.   

 ʣʵʛװװʥ ʙʘ ʭʵʣʵʣʮװʨ ʜת .5.4.4

ʂʨʠʩʪʘʣʣ ʙװʪʮʠʡʥ ʩʫʜʘʣʛʘʘ: ɿʦʣʴ-ʛʝʣʠʡʥ ʘʨʛʘʘʨ ʛʘʨʛʘʥ ʘʚʩʘʥ ὓὫȢὔὭȢὊὩὕ 

ʜʵʵʞʠʡʥ ʪʘʩʘʣʛʘʘʥʳ ʪʝʤʧʝʨʘʪʫʨʪ ʭʵʤʞʩʵʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʮʳʥ ʩʧʝʢʪʨʠʡʛ ʟʫʨʘʛ 

5.7-ʪ װʟװװʣʵʚ. ʌʘʟʳʥ ʘʥʘʣʠʟʘʘʨ ʙʠʜʥʠʡ ʛʘʨʛʘʥ ʘʚʩʘʥ ʜʵʵʞ ʥʴ ʷʤʘʨ ʥʵʛʵʥ ʥʵʤʵʣʪ 

ʬʘʟ ʙʘʡʭʛװʡ ʮʵʚʵʨ ὓὫὊὩὕ (ICDD 00-088-1941) ʜʵʵʞ ʙʦʣʦʭʳʛ ʪʦʜʦʨʭʦʡʣʦʚ.  

 

ɿʫʨʘʛ 5.7. ὓὫȢὔὭȢὊὩὕ  ʥʵʛʜʣʠʡʥ ʨʝʥʪʛʝʥ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳʛ ʈʠʪʚʝʣʴʜ 

ʘʨʛʘʘʨ ʙʦʣʦʚʩʨʫʫʣʩʘʥ Ͼʨ ʜϾʥ. ʋʣʘʘʥ ï ʭʵʤʞʠʣʪʠʡʥ ЊʛЊʛʜЊʣ, ʭʘʨ ï ʈʠʪʚʝʣʴʜ 

ʘʨʛʘʘʨ ʪʦʦʮʦʦʣʩʦʥ ʩʧʝʢʪʨ, ʮʵʥʭʵʨ ï ʭʵʤʞʠʣʪʠʡʥ ʙʦʣʦʥ ʪʦʦʮʦʦʣʣʳʥ 

ʩʧʝʢʪʨʠʡʥ ʷʣʛʘʘ, ʙʦʩʦʦ ʟʫʨʘʘʩ ï ɹʨʵʛʛʠʡʥ ʧʠʢʠʡʥ ʙʘʡʨʰʣʳʛ ʪʫʩ ʪʫʩ ʟʘʘʥʘ. 

ʈʠʪʚʝʣʴʜʠʡʥ ʘʨʛʘ ʘʰʠʛʣʘʥ ʙʦʣʦʚʩʨʫʫʣʘʣʪ ʭʠʡʞ ʢʨʠʩʪʘʣʣ ʙװʪʮʠʡʛ 

ʪʦʜʦʨʭʦʡʣʦʭʦʜ ὓὫȢὔὭȢὊὩὕ  ʜʵʵʞ ʥʴ Fd-3m ʦʛʪʦʨʛʫʡʥ ʛʨʫʧʧ, 8.376Å ʪʦʨʳʥ 

ʪʦʛʪʤʦʣ ʙװʭʠʡ ʢʫʙ ʰʧʠʥʝʣ ʢʨʠʩʪʘʣʣ ʙװʪʵʮʪʵʡ ʙʘʡʣʘʘ. ɼʠʬʨʘʢʮʳʥ ʧʠʢʵʵʩ ʜʫʥʜʘʞ 
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ʢʨʠʩʪʘʣʣʠʪʳʥ ʭʵʤʞʵʵʛ ɼʝʙʘʡ-ʐʝʨʨʝʨʠʡʥ ʪʵʛʰʠʪʛʵʣʠʡʛ ʘʰʠʛʣʘʥ (311) ʭʘʚʪʛʘʡʥ 

ʭʫʚʴʜ ʪʦʦʮʦʦʣʦʭʦʜ 58 ʥʤ ʙʫʶʫ ʜʘʨʘʘʛʠʡʥ ʵʩ ʜʵʵʨ ʪʫʨʰʠʭ ʩʫʜʘʣʛʘʘʥʳ ʘʞʠʣʜ 

ʪʦʭʠʨʦʤʞʪʦʡ ʥʘʥʦ ʭʵʤʞʵʵʪʵʡ ʙʘʡʚ (ʍװʩʥʵʛʪ 5.1).   

ʍϾʩʥʵʛʪ 5.1. ɹϾʪʮʠʡʥ ʧʘʨʘʤʝʪʨϾϾʜʠʡʥ ʙʦʣʦʚʩʨʫʫʣʘʣʪʳʥ Ͼʨ ʜϾʥ 

ʇʘʨʘʤʝʪʨװװʜ  ʊʦʦ ʭʵʤʞʵʵ 

ʊʦʨʳʥ ʪʦʛʪʤʦʣ (Å) 8.376 

ʂʨʠʩʪʘʣʣʠʪʳʥ ʭʵʤʞʵʵ (ʥʤ) 58 

ɹʨʵʛʛ ʬʘʢʪʦʨ, RB (%) 3.10 

ʊʦʭʠʨʣʳʥ װʥʵʣʛʵʵ,  c2 0.46 

ʉʦʨʦʥʟʦʥ ʤʘʪʝʨʠʘʣʳʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪʳʥ ʭʵʤʞʠʣʪ: ɻʘʨʛʘʥ ʘʚʩʘʥ 

ʬʝʨʨʠʪ ʜʵʵʞʠʡʛ 50 ʤʛ/ʤʣ ʭʵʤʞʵʵʛʵʵʨ ʥʵʨʤʵʣ ʫʩʘʥʜ ʭʠʡʞ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪʳʥ 

ʭʵʤʞʠʣʪʠʡʛ ʛװʡʮʵʪʛʵʣʵʵ. ɿʫʨʘʛ 5.8ʘ-ʜ ʜʵʵʞʠʡʥ ʭʫʛʘʮʘʘʥʘʘʩ ʭʘʤʘʘʨʩʘʥ 

ʪʝʤʧʝʨʘʪʫʨʳʥ ᴇᴇʨʯʣᴇʣʪʠʡʥ ʭʵʤʞʠʣʪʠʡʥ ʫʪʛʘ, ʭʵʤʞʠʣʪʠʡʥ ʷʚʮʘʜ FLIR ʥʠʣ ʫʣʘʘʥ 

ʪʫʷʘʥʳ ʢʘʤʝʨʘʘʨ ʘʚʩʘʥ ʜʫʣʘʘʥ ʷʣʛʘʨʫʫʣʘʣʪʳʛ װʟװװʣʵʚ.  

  

ɿʫʨʘʛ 5.8. a) ὓὫȢὔὭȢὊὩὕ ʬʝʨʨʠʪ ʥʵʛʜʣʠʡʥ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʥʳ 

ʥЊʣЊЊʛЊЊʨ ϾϾʩʵʭ ʪʝʤʧʝʨʘʪʫʨ, ʭʫʛʘʮʘʘʥʳ ʭʘʤʘʘʨʘʣ  

ʍʵʤʞʠʣʪʠʡʥ װʨ ʜװʥʛʵʵʩ ʛʘʨʛʘʥ ʘʚʩʘʥ ʜʵʵʞʠʡʥ ʷʣʛʘʨʫʫʣʘʭ ʪʝʤʧʝʨʘʪʫʨʳʥ 

ʭʘʤʛʠʡʥ ʠʭ ʙʫʶʫ ʭʘʥʘʣʪʳʥ ʫʪʛʘ ʥʴ 49.9°ʉ ʙʫʶʫ ʛʠʧʝʨʪʝʨʤʜ ʭʵʨʵʛʣʵʭʵʜ 

ʭʘʥʛʘʣʪʪʘʡ ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨʳʛ װʟװװʣʞ ʙʘʡʩʘʥ ʫʯʠʨ ʵʩ ʜʵʵʨʭ ʪʫʨʰʠʣʪʘʘ 

ʛװʡʮʵʪʛʵʩʵʥ.  
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ʎʠʪʦʪʦʢʩʠʢ ʠʜʵʚʭʠʡʛ ʪʦʜʦʨʭʦʡʣʦʭ: ʉʦʨʦʥʟʦʥ ʙᴇᴇʤᴇᴇʨ װʡʣʯʣʵʵʛװʡ ʵʩʠʡʛ 

ʭʷʥʘʣʪʳʥ ʜʵʵʞ ʙʦʣʛʦʥ ʘʚʩʘʥ ʙʘ 50ʤʢʛ/ʤʣ, 100ʤʢʛ/ʤʣ, 150ʤʢʛ/ʤʣ ʢʦʥʮʝʥʪʨʘʮ 

ʙװʭʠʡ ὓὫȢὔὭȢὊὩὕ  ʥʘʥʦ ʙᴇᴇʤᴇᴇʨ ʪʫʩ ʪʫʩ 24 ʮʘʛ װʡʣʯʠʣʩʵʥ ʵʩʠʡʛ 6 ᴇʜʨʠʡʥ 

ʪʫʨʰ ᴇʩʛᴇʚᴇʨʣᴇʩʥʠʡ ʜʘʨʘʘʛʘʘʨ ʥʠʡʪ ʫʫʨʛʠʡʛ BCA assay-ʘʘʨ ʭʵʤʞʠʚ (ɿʫʨʘʛ 5.7). 

ʍʷʥʘʣʪʳʥ ʵʩװװʜʠʡʥ ʰʠʥʛʵʵʣʪʠʡʥ ʫʪʛʘʪʘʡ ʭʘʨʴʮʫʫʣʘʥ ʵʩʠʡʥ ʫʨʛʘʣʪʳʛ 

ʪʦʜʦʨʭʦʡʣʦʭʦʜ 150ʤʢʛ/ʤʣ ʢʦʥʮʝʥʪʨʘʮʪʘʡʛʘʘʨ װʡʣʯʠʣʩʵʥ ʵʩװװʜʠʡʥ ʫʫʨʛʠʡʥ 

ʭʵʤʞʵʵ ʭʷʥʘʣʪʪʘʡ ʭʘʨʴʮʫʫʣʘʭʘʜ 35.5%-ʠʘʨ ʙʘʛʘ, 100ʤʢʛ/ʤʣ ʙʘʡʭʘʜ 31.3% -ʠʘʨ 

ʙʘʛʘ ʙʘʡʩʘʥ ʙʦʣ 50ʤʢʛ/ʤʣ ʭʵʤʞʵʵʪʵʡ װʝʜ ʵʩʵʜ ʭʦʨʫʫ ʙʘʡʭ ʰʠʥʞ ʯʘʥʘʨ ʥʴ ʙʫʩʜʘʘʩ 

ʭʘʨʴʮʘʥʛʫʡ ʙʘʛʘ ʙʫʶʫ 15.4% -ʠʘʨ ʙʫʫʨʩʘʥ ʙʘʡʩʘʥ (ɿʫʨʘʛ 5.9). ʀʡʤʜ ʮʘʘʰʜʳʥ 

ʩʫʜʘʣʛʘʘʥʜ ʵʩʵʜ ʭʦʨʫʫ ʯʘʥʘʨ ʭʘʤʛʠʡʥ ʙʘʛʘ ʙʘʡʭ ʢʦʥʮʝʥʪʨʘʮ ʙʦʣʦʭ 50ʤʢʛ/ʤʣ-ʵʵʨ 

ʵʩװװʜʠʡʛ װʡʣʯʣʵʥ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥʜ ʦʨʫʫʣʞ ʪʫʨʰʠʣʪʘʘ ʷʚʫʫʣʩʘʥ.   

 

ɿʫʨʘʛ 5.9. ʕʩϾϾʜʠʡʛ ʷʣʛʘʘʪʘʡ ʢʦʥʮʝʥʪʨʘʮʫʫʜʘʘʨ 24 ʮʘʛ Ͼʡʣʯʠʣʩʥʠʡ ʜʘʨʘʘʛʘʘʨ 6 

ЊʜЊʨ ЊʩʛЊʚЊʨʣЊʥ ʫʫʨʛʠʡʥ ʭʵʤʞʵʵʛ ʰʘʣʛʘʩʘʥ ʙʘʡʜʘʣ. 

ɼʦʣʦʦʥ ᴇʜʨʠʡʥ ʪʫʨʰ 50 ʤʛ/ʤʣ ʢʦʥʮʝʥʪʨʘʮ ʙװʭʠʡ ʥʘʥʦ ʙᴇᴇʤᴇᴇʨ ʵʩװװʜʠʡʛ 

 ʣʵʥ ʛʵʨʣʠʡʥ ʤʠʢʨʦʩʢʦʧʳʥ 40 ʙʦʣʦʥ 100 ʜʘʭʠʥ ᴇʩʛᴇʣʪᴇᴇʨ ʟʫʨʛʠʡʛ ʘʚʯ ʥʘʥʦװװʡʣʯʣװ

ʙᴇᴇʤ ʵʩʪʵʡ ʭʵʨʭʵʥ ʭʦʣʙʦʛʜʩʦʥ ʙʦʣʦʭʳʛ ʪʦʜʦʨʭʦʡʣʦʚ (ɿʫʨʘʛ 5.10). ʌʝʨʨʠʪ ʥʘʥʦ 

ʙᴇᴇʤʠʡʥ ʩʦʨʦʥʟʦʥ ʯʘʥʘʨʘʘʩ װװʜʵʣʪʵʡ ʟʘʨʠʤ ʭʵʩʛװװʜ ʭʦʦʨʦʥʜʦʦ ʙᴇᴇʛʥᴇʨʩᴇʥ 

ʙʘʡʛʘʘ (ʟʫʨʛʠʡʥ ʭʘʨ ʮʵʛװװʜ)-ʛ ʭʘʨʞ ʙʦʣʥʦ (ɿʫʨʘʛ 5.10). ɾʠʞʠʛ ʙᴇᴇʤװװʜʠʡʛ ʵʩװװʜ 

ʟʘʣʛʠʩʘʥ ʙʦʣ ʪʦʤ ʭʵʩʛװװʜ ʵʩʠʡʥ ʤʝʤʙʨʘʥʳ ʛʘʜʘʨʛʫʫʜ ʥʘʘʣʜʩʘʥ (adhesion) ʙʘʡʛʘʘ 

ʥʴ ʭʘʨʘʛʜʘʞ ʙʘʡʥʘ.  
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ɿʫʨʘʛ 5.10. ʕʩϾϾʜʠʡʥ ʥʘʥʦ ʙЊЊʤЊЊʨ 7 ʭʦʥʦʛʠʡʥ ʪʫʨʰ ϾʡʣʯʣϾϾʣʩʵʥ ʙʦʣʦʥ 

ϾʡʣʯʣϾϾʣʵʵʛϾʡ (ʭʷʥʘʣʪ) ʵʩϾϾʜ ʛʵʨʣʠʡʥ ʤʠʢʨʦʩʢʦʧʳʥ ʟʫʨʘʛ (40X ʙʦʣʦʥ 100X) 

50ʤʢʛ/ʤʣ ʢʦʥʮʝʥʪʨʘʮʪʘʡ ʬʝʨʨʠʪ ʩʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤᴇᴇʨ ʵʩʠʡʛ װʡʣʯʠʣʞ 

ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʥʦʦʨ װʡʯʣװװʣʩʵʥ (ʭʘʣʘʘʩʘʥ) ʙʦʣʦʥ װʡʣʯʣװװʣʵʵʛװʡ 

(ʭʘʣʘʘʛʘʘʛװʡ)  ʵʩװװʜʠʡʛ ʭʷʥʘʣʪʠʡʥ ʵʩװװʜʪʵʡ ʭʘʨʴʮʫʫʣʘʥ ʩʫʜʘʣʣʘʘ (ʍװʩʥʵʛʪ 5.2).  

ʍϾʩʥʵʛʪ 5.2. ʕʩʠʡʥ ʫʫʨʛʠʡʥ ʭʵʤʞʵʵʥʠʡ ʪʦʦʮʦʦʥʳ Ͼʨ ʜϾʥ 

ɼʵʵʞ    ᴆʜᴇʨ 1 ᴆʜᴇʨ 2 ᴆʜᴇʨ 3 ᴆʜᴇʨ 4 ᴆʜᴇʨ 5 ᴆʜᴇʨ 6 

ʍʷʥʘʣʪ (ʤʛ/ʤʣ) 0.389 1.007 0.904 1.205 1.776 1.957 

ʍʘʣʘʘʛװʡ (ʤʛ/ʤʣ) 0.408 0.824 0.716 0.747 0.901 1.075 

ʍʘʣʩʘʥ (ʤʛ/ʤʣ) 0.293 0.801 0.602 0.665 0.731 0.813 

ʊʫʨʰʠʣʪʳʥ ʵʭʵʥʜ ʬʝʨʨʠʪ ʩʦʨʦʥʟʦʥ ʥʘʥʦ ʙᴇᴇʤ ʙװʭʠʡ ʵʩʠʡʛ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ 

ʦʨʦʥʛʦʦʨ ʥʵʛ ʫʜʘʘ 20 ʤʠʥʫʪʳʥ ʪʫʨʰ װʡʣʯʣװװʣʩʵʥ. תʨ ʜװʥʛʵʵʩ ʭʘʨʘʭʘʜ ʠʞʠʣ 

ʢʦʥʮʝʥʪʨʘʮʘʘʨ װʡʣʯʠʣʩʵʥ ʙʦʣʦʚʯ ʭʫʚʴʩʘʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥ װװʩʛʵʭ ʪᴇʭᴇᴇʨᴇʤʞᴇᴇʨ 

 ʜʪʵʡ ʭʘʨʴʮʫʫʣʘʭʘʜ ʫʫʨʛʠʡʥװװʡ ʵʩװʣʵʵʛװװʡʣʯʣװ ʜʠʡʥ ʫʨʛʘʣʪװװʣʩʵʥ ʵʩװװʡʣʯʣװ

ʭʵʤʞʵʵ ʜʫʥʜʞʘʘʨ 16.8%-ʠʘʨ ʙʘʛʘ ʙʘʡʛʘʘ ʥʴ ʵʩʵʜ ʙʘʡʛʘʘ ʥʘʥʦ ʙᴇᴇʤ ʩʦʨʦʥʟʦʥ 

ʦʨʦʥ װװʩʛʵʭ ʪᴇʭᴇᴇʨᴇʤʞᴇᴇʨ ᴇʜᴇᴇʛʜᴇʥ ʭʘʣʘʣʪ װװʩʩʵʥʵʵʨ ʵʩʠʡʥ ʫʨʛʘʣʪʳʛ 

ʫʜʘʘʰʨʫʫʣʞ ʙʘʡʛʘʘʛ ʭʘʨʫʫʣʞ ʙʘʡʥʘ (ɿʫʨʘʛ 5.11, ʍװʩʥʵʛʪ 5.2). 
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ɿʫʨʘʛ 5.11. ɿʫʨʛʘʘʥ Њʜʨʠʡʥ ʪʫʨʰ ʵʩϾϾʜʠʡʛ ʮʫʛʣʫʫʣʞ ʥʠʡʪ ʫʫʨʘʛ ʷʣʛʘʥ ʭʘʨʴʮʫʫʣʩʘʥ 

ʙʘʡʜʘʣ 

5.5. ɼװʛʥʵʣʪ 

ɹʠʜ ʩʫʜʘʣʛʘʘʥʜʘʘ ʭװʥʠʡ ʫʤʘʡʥ ʭװʟװװʥʠʡ ʭʘʚʜʨʳʥ ʵʩʠʡʛ ʩʦʥʛʦʥ ʘʚʯ 

ὓὫȢὔὭȢὊὩὕ  ʩʦʨʦʥʟʦʥ ʰʠʥʞ ʯʘʥʘʨ ʙװʭʠʡ ʥʘʥʦ ʬʝʨʨʠʪʠʡʛ ʘʰʠʛʣʘʥ ʵʩʠʡʥ 

ʘʤʴʜʨʘʭ ʯʘʜʚʘʨʳʥ װʥɻ ʣʛʵʵʛ ʭʠʡʣʵʵ. ὓὫȢὔὭȢὊὩὕ  ʥʘʥʦ ʙᴇᴇʤʠʡʛ 3 ᴇᴇʨ 

ʢʦʥʮʝʥʪʨʘʮʘʘʨ ʵʩʵʜ װʡʣʯʣʵʥ ʥʠʡʪ ʫʫʨʛʠʡʥ ʭʵʤʞʵʵʛʵʵʨ ʘʤʴʜ ʵʩʠʡʥ ʭʵʤʞʵʵʛ 

ʪʦʜʦʨʭʦʡʣʩʦʥ ʙᴇʛᴇᴇʜ 50ʤʢʛ/ʤʣ ʢʦʥʮʝʥʪʨʘʮ ʥʴ ʮʠʪʦʪʦʢʩʠʜ ʠʜʵʚʭ ʙʘʛʘ ʙʫʶʫ ʘʤʴʜ 

ʵʩʵʜ װʟװװʣʵʭ ʭʦʨʫʫ ʯʘʥʘʨ ʭʘʤʛʠʡʥ ʙʘʛʘʪʘʡ ʙʘʡʩʘʥ. ʀʡʤʜ ʮʘʘʰʜʳʥ ʩʫʜʘʣʛʘʘʥʜ 

ʪʫʩ ʢʦʥʮʝʥʪʨʘʮʠʡʥ װʝ ʜʵʭ ʩʦʨʦʥʟʦʥ ʦʨʦʥ װװʩʛʵʛʯ ʪᴇʭᴇᴇʨᴇʤʞᴇᴇʨ ʭʘʣʘʣʪ װװʩʵʞ 

ʵʩʠʡʥ ʫʨʛʘʣʪʳʛ ʜʘʨʘʥʛʫʡʣʞ ʙʘʡʛʘʘ ʵʩʵʭʠʡʛ ʩʫʜʣʘʥ װʟʵʭʵʜ Hela ʵʩʠʡʥ ʫʨʛʘʣʪʳʛ 

16.8% -ʠʘʨ ʜʘʨʘʥʛʫʡʣʞ ʙʘʡʚ. ʕʥʵ ʥʴ ʪʫʭʘʡʥ ʥʘʥʦ ʙᴇᴇʤ ʭʘʚʜʨʳʥ ʵʩʨʵʛ װʡʣʯʣʵʭ 

ʙʦʣʦʤʞʪʦʡʛʦʦʩ ʛʘʜʥʘ ʮʘʘʰʠʜ ʥʘʨʠʡʚʯʣʘʥ ʩʫʜʣʘʭ ʙʦʣʦʤʞʪʦʡʛ ʭʘʨʫʫʣʞ ʙʘʡʥʘ.  
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ʍɸɺʉʈɸʃʊ 1. 

 

ñʅɸʅʆ-ʉʆʈʆʅɿʆʅɻʀʁʅ ʆʅʎʃʆɻ, ʊתתʅʀʁɻ ʍɸɺɼʈʓʅ ʕʄʏʀʃɻʕʕʅɼ 

ʍʕʈʕɻʃʕʍ ɹʆʃʆʄɾò ʉʋʋʈʔ ʉʋɼɸʃɻɸɸʅʓ ʊᴆʉʃʀʁʅ ʍתʈʕʕʅɼ                      

2018-2021 ʆʅɼ ʍʕɺʃתתʃʉʕʅ ɹתʊʕʕʃʀʁʅ ʊɸʃɸɸʈ 

 

2018-2021 ʦʥʜ ʘʢʘʜʝʤʠʯ ɼ.ʉʘʥʛʘʘʛʠʡʥ ʫʜʠʨʜʩʘʥ ñʅʘʥʦʩʠʩʪʝʤʠʡʥ ʙװʪʮʠʡʥ 

ʵʚʜʨʵʣ ʙʦʣʦʥ ʰʠʣʞʠʣʪʠʡʥ ʧʨʦʮʝʩʩʳʛ ʜʫʣʘʘʥ ʥʝʡʪʨʦʥ ʩʘʨʥʠʣʳʥ ʘʨʛʘʘʨ ʩʫʜʣʘʭò 

ʩʫʫʨʴ ʩʫʜʘʣʛʘʘʥʳ ʪᴇʩʣʠʡʥ ʭװʨʵʵʥʜ ʵʨʜʵʤ ʰʠʥʞʠʣʛʵʵʥʠʡ ᴇʛװװʣʵʣ ï 15, 

ʤʵʨʛʵʞʣʠʡʥ ʥʦʤ ï 1, ʪʘʥʠʥ ʤʵʜʵʭװʡʥ ʥʦʤ ï 1 ʭʵʚʣװװʣʞ, ʵʨʜʵʤ ʰʠʥʞʠʣʛʵʵʥʠʡ 

ʠʣʪʛʵʣ 10-ʠʡʛ ʭʵʣʵʣʮװװʣʩʥʵʵʩ 5-ʠʡʛ ʦʣʦʥ ʫʣʩʳʥ ʭʫʨʘʣʜ ʠʣʪʛʵʩʵʥ ʙʘʡʥʘ. ʄᴇʥ 1 

ʩʫʜʣʘʘʯ ʬʠʟʠʢʠʡʥ ʤʘʛʠʩʪʨʳʥ ʟʵʨʵʛ ʭʘʤʛʘʘʣʩʘʥ.  
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