
ʬʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʝ ʫʯʨʝʞʜʝʥʠʝ 

ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ 

çʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ 

(ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ)è 

 

 

ʅʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʠ 

 

  

 

 

 

 

ʄʘʨʪʠʥʩʦʥ ʂʠʨʠʣʣ ɼʤʠʪʨʠʝʚʠʯ 

 

 

 

ʉʀʅʊɽɿ ʀ ʌʋʅʂʎʀʆʅɸʃʔʅʓɽ ʉɺʆʁʉʊɺɸ ʄʅʆɻʆʂʆʄʇʆʅɽʅʊʅʓʍ ʌɽʈʈʀʊ-

ʐʇʀʅɽʃɽʁ ʀ ʆʈʊʆʌɽʈʈʀʊʆɺ ʈɽɼʂʆɿɽʄɽʃʔʅʓʍ ʕʃɽʄɽʅʊʆɺ 

 

 

 

 

 

1.4.4. ʌʠʟʠʯʝʩʢʘʷ ʭʠʤʠʷ 

1.4.15. ʍʠʤʠʷ ʪʚʝʨʜʦʛʦ ʪʝʣʘ 

 

  

 

 

ɼʠʩʩʝʨʪʘʮʠʷ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝʥʠ 

ʢʘʥʜʠʜʘʪʘ ʭʠʤʠʯʝʩʢʠʭ ʥʘʫʢ 

 

 

 

ʅʘʫʯʥʳʡ ʨʫʢʦʚʦʜʠʪʝʣ:ɹ 

ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, 

ʧʨʦʬʝʩʩʦʨ ʇʘʥʪʝʣʝʝʚ ʀʛʦʨʴ ɹʦʨʠʩʦʚʠʯ 

 

ʅʘʫʯʥʳʡ ʢʦʥʩʫʣʴʪʘʥʪ: 

ʢʘʥʜʠʜʘʪ ʭʠʤʠʯʝʩʢʠʭ ʥʘʫʢ, 

ʜʦʮʝʥʪ ʇʦʧʢʦʚ ɺʘʜʠʤ ʀʛʦʨʝʚʠʯ 

 

 

 

 

 

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ ï 2022 
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ɺɺɽɼɽʅʀɽ 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ.  

ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʢʣʘʩʩʦʚ ʭʠʤʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʛʨʘʞʜʘʥʩʢʦʡ ʠ ʚʦʝʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʅʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʛʥʠʪʦʤʷʛʢʠʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʣʠʪʠʝʚʳʭ ʠ 

ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʧʦʨʦʰʢʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʝʚʨʦʧʠʷ, ʪʝʨʙʠʷ ʠ ʛʦʣʴʤʠʷ. ɺ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʷʭ ʥʘ ʦʩʥʦʚʝ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʩʦʯʝʪʘʶʪʩʷ ʤʘʛʥʠʪʥʳʝ ʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʧʨʠʤʝʥʷʪʴ ʠʭ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʫʩʪʨʦʡʩʪʚ ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ: ʥʠʟʢʘʷ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ, ʚʳʩʦʢʠʝ 

ʟʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ, 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ 

ʦʨʪʦʬʝʨʨʠʪʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʷʚʣʷʶʪʩʷ ʤʫʣʴʪʠʬʝʨʨʦʠʢʘʤʠ, ʦʙʣʘʜʘʶʱʠʤʠ ʥʘʙʦʨʦʤ 

ʫʥʠʢʘʣʴʥʳʭ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, ʪʘʢʠʤʠ ʢʘʢ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʤ 

ʫʧʦʨʷʜʦʯʝʥʠʝʤ, ʩʣʦʞʥʦʡ ʩʧʠʥʦʚʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʩʚʝʨʭʙʳʩʪʨʦʡ ʩʧʠʥ-ʧʝʨʝʦʨʠʝʥʪʘʮʠʝʡ ʠ ʧʦʜʚʠʞʥʦʡ 

ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʉʨʝʜʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩʣʝʜʫʝʪ ʚʳʜʝʣʠʪʴ 

ʦʨʪʦʬʝʨʨʠʪʳ ʛʦʣʴʤʠʷ, ʝʚʨʦʧʠʷ ʠ ʪʝʨʙʠʷ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʥʘʙʦʨʦʤ ʚʘʞʥʳʭ, ʩ ʧʨʦʤʳʰʣʝʥʥʦʡ ʪʦʯʢʠ 

ʟʨʝʥʠʷ, ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ (ʤʫʣʴʪʠʬʝʨʨʦʠʢʠ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ, ʢʘʪʘʣʠʟʘʪʦʨʳ ʠ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʳ, ʄʈʊ-ʢʦʥʪʨʘʩʪʥʳʝ ʚʝʱʝʩʪʚʘ), ʥʘʰʝʜʰʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʬʝʨʝ ʢʘʪʘʣʠʟʘ, 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʙʠʦʪʝʭʥʦʣʦʛʠʠ. 

ʊʨʘʜʠʮʠʦʥʥʳʝ ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ, ʦʨʪʦʬʝʨʨʠʪʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʢʨʠʪʠʯʝʩʢʠʭ ʥʝʜʦʩʪʘʪʢʦʚ ʠ 

ʦʩʦʙʝʥʥʦ ʥʝʵʬʬʝʢʪʠʚʥʳ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʩ 

ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʘʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʭʫʜʰʝʥʠʶ ʠʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʘ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʠ ʢ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʠʟʜʝʣʠʡ 

ʧʦ ʥʘʟʥʘʯʝʥʠʶ. ʆʜʥʠʤʠ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ 

ʷʚʣʷʶʪʩʷ ʤʝʪʦʜʳ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ 

ʛʦʨʝʥʠʷ, ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʩʫʱʝʩʪʚʝʥʥʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʧʝʨʝʜ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʩʧʦʩʦʙʘʤʠ 

ʧʦʣʫʯʝʥʠʷ ʬʝʨʨʠʪʦʚ ï ʧʨʦʩʪʦʪʦʡ ʘʧʧʘʨʘʪʫʨʥʦʛʦ ʦʬʦʨʤʣʝʥʠʷ, ʙʦʣʴʰʦʤʫ ʯʠʩʣʫ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ 

ʧʘʨʘʤʝʪʨʦʚ, ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʦʜʥʦʩʪʘʜʠʡʥʦʛʦ ʠ 

ʜʚʫʭʩʪʘʜʠʡʥʦʛʦ ʧʦʣʫʯʝʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʣʦʞʥʦʦʢʩʠʜʥʳʭ ʩʠʩʪʝʤ. ʄʝʪʦʜ ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ, ʦʜʥʘʢʦ ʧʦʣʫʯʝʥʠʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʩʠʩʪʝʤ, 

ʘ ʪʘʢʞʝ ʦʨʪʦʬʝʨʨʠʪʦʚ ʛʦʣʴʤʠʷ, ʝʚʨʦʧʠʷ ʠ ʪʝʨʙʠʷ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʨʘʥʝʝ ʠʟʫʯʝʥʳ ʥʝ 

ʙʳʣʠ. ʂʨʦʤʝ ʪʦʛʦ, ʥʝ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʉɺʏ-

ʢʝʨʘʤʠʢʠ, ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ ʠ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ) ʥʘ ʙʘʟʝ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ. 
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ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ.  

ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ, ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʨʘʩʪʚʦʨʥʦʛʦ 

ʛʦʨʝʥʠʷ. ʈʘʥʝʝ ʙʳʣʠ ʠʟʫʯʝʥʳ ʤʝʭʘʥʠʟʤʳ ʦʙʨʘʟʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʬʝʨʨʠʪʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 

ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʦʧʨʝʜʝʣʝʥʦ ʚʣʠʷʥʠʝ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʥʘ ʩʦʩʪʘʚ, ʤʦʨʬʦʣʦʛʠʶ, 

ʩʪʨʫʢʪʫʨʫ ʠ ʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʘʥʦʧʦʨʦʰʢʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʘʨʴʠʨʦʚʘʥʠʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʥʘʧʨʘʚʣʝʥʥʳʡ ʩʠʥʪʝʟ ʥʘʥʦʧʦʨʦʰʢʦʚ 

ʧʨʦʩʪʳʭ ʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘ ʧʨʠʤʝʨʝ ʧʦʨʦʰʢʦʚ ʧʨʦʩʪʳʭ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʤʝʪʦʜʦʤ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ ʠʟʜʝʣʠʷ ʩ ʩʫʙʤʠʢʨʦʥʥʳʤ 

ʨʘʟʤʝʨʦʤ ʟʝʨʝʥ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʦʪʩʫʪʩʪʚʫʝʪ ʠʥʬʦʨʤʘʮʠʷ ʦ ʤʝʭʘʥʠʟʤʘʭ ʠ 

ʦʩʦʙʝʥʥʦʩʪʷʭ ʩʠʥʪʝʟʘ ʧʦʨʦʰʢʦʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʭ ʠ ʣʠʪʠʡ-ʮʠʥʢ-

ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʳʭ ʬʝʨʨʠʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʧʦ ʧʦʣʫʯʝʥʠʶ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʠʟʜʝʣʠʡ ʥʘ ʠʭ ʦʩʥʦʚʝ. 

ʅʘ ʧʨʠʤʝʨʝ ʦʨʪʦʬʝʨʨʠʪʘ ʠʪʪʨʠʷ ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʠʥʪʝʟʘ 

ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʨʦʤʙʠʯʝʩʢʦʡ (o-YFeO3) ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ (h-YFeO3) ʤʦʜʠʬʠʢʘʮʠʡ 

ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ ʠ ʫʩʪʘʥʦʚʣʝʥʳ ʢʨʠʪʝʨʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠʭ ʩʫʱʝʩʪʚʦʚʘʥʠʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚʦʧʨʦʩ 

ʧʦʣʫʯʝʥʠʷ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʜʨʫʛʠʭ ʦʨʪʦʬʝʨʨʠʪʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, ʚ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ ʨʘʩʩʤʦʪʨʝʥ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʥʝʩʦʤʥʝʥʥʳʡ ʠʥʪʝʨʝʩ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʉɺʏ-ʤʘʪʝʨʠʘʣʦʚ ʥʘ 

ʧʨʠʤʝʨʝ ʥʘʥʦʧʦʨʦʰʢʦʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ ʨʦʤʙʠʯʝʩʢʠʭ ʠ 

ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʦʨʪʦʬʝʨʨʠʪʦʚ ʝʚʨʦʧʠʷ, ʪʝʨʙʠʷ ʠ ʛʦʣʴʤʠʷ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ 

ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ. 

 

ʎʝʣʴ ʠ ʟʘʜʘʯʠ ʨʘʙʦʪʳ.  

ʎʝʣʴʶ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ 

ʦʨʪʦʬʝʨʨʠʪʦʚ ʛʦʣʴʤʠʷ, ʝʚʨʦʧʠʷ ʠ ʪʝʨʙʠʷ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʚʳʙʨʘʥʥʳʭ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ʥʘʥʦʧʦʨʦʰʢʦʚ ʣʠʪʠʝʚʳʭ ʠ 

ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʛʦʣʴʤʠʷ, ʝʚʨʦʧʠʷ ʠ ʪʝʨʙʠʷ, ʘ ʪʘʢʞʝ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʉɺʏ ʠʟʜʝʣʠʡ ʥʘ ʦʩʥʦʚʝ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʭ ʠ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʳʭ 

ʬʝʨʨʠʪʦʚ;  

ï ʠʩʩʣʝʜʦʚʘʥʠʝ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʘʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ ʩʦʩʪʘʚʘ, ʩʪʨʫʢʪʫʨʳ, ʤʦʨʬʦʣʦʛʠʠ 

ʥʘʥʦʧʦʨʦʰʢʦʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʛʦʣʴʤʠʷ, 

ʝʚʨʦʧʠʷ ʠ ʪʝʨʙʠʷ; 

ï ʫʩʪʘʥʦʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ 
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ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʛʦʣʴʤʠʷ, ʝʚʨʦʧʠʷ ʠ ʪʝʨʙʠʷ 

ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʩʠʥʪʝʟʘ; 

ï ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ, ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʭ, ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʥʘʥʦʯʘʩʪʠʮ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ 

ʛʦʣʴʤʠʷ, ʝʚʨʦʧʠʷ ʠ ʪʝʨʙʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ 

ʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ;  

ï ʠʩʩʣʝʜʦʚʘʥʠʝ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʩʠʥʪʝʟʘ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

ʉɺʏ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʧʦʨʦʰʢʦʚ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʭ ʠ ʣʠʪʠʡ-ʮʠʥʢ-

ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʳʭ ʬʝʨʨʠʪʦʚ; 

ï ʠʟʫʯʝʥʠʝ ʢʦʤʧʣʝʢʩʦʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʝʨʘʤʠʯʝʩʢʠʭ ʉɺʏ ʠʟʜʝʣʠʡ ʥʘ ʦʩʥʦʚʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ 

ʫʩʪʘʥʦʚʣʝʥʠʝ ʩʚʷʟʠ çʫʩʣʦʚʠʷ ʧʦʣʫʯʝʥʠʷ ï ʩʦʩʪʘʚ ï ʩʪʨʦʝʥʠʝ ï ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ï ʩʚʦʡʩʪʚʘè; 

ï ʦʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʣʝʢʩʘ ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʮʝʣʴʶ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʛʦ ʫʨʦʚʥʷ ʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʠʭ ʚʦʟʤʦʞʥʳʭ ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ. 

 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ.  

ʈʘʟʨʘʙʦʪʘʥ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʚ ʩʠʩʪʝʤʘʭ Li xM1-

(x+y)MôyFe2O4 (M, Mô ï Ni, Zn, Mn, Ti), NixZn1-xFe2O4 ʠ RFeO3 (R = Ho, Eu, Tb) ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ 

ʛʦʨʝʥʠʷ ʠ ʤʝʪʦʜʦʤ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʧʦʣʫʯʘʪʴ ʥʘʥʦʯʘʩʪʠʮʳ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ, ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʤʠ ʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. 

 ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʘʛʣʦʤʝʨʘʪʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʬʝʨʨʠʪʦʚ ʪʠʧʘ Li xM1-

(x+y)MôyFe2O4 (M, Mô ï Ni, Zn, Mn, Ti) ʠ NixZn1-xFe2O4 ʧʨʦʠʩʭʦʜʠʪ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

ʧʨʠ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ű (G/N) = 0.4 ï 1.2 ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʝʨʨʠʪ-

ʰʧʠʥʝʣʝʡ ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 20 ʜʦ 80 ʥʤ ʠ ʩʪʝʧʝʥʴʶ ʧʨʝʚʨʘʱʝʥʠʷ ʜʦ 99 %, 

ʭʠʤʠʯʝʩʢʠʡ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʤʦʨʬʦʣʦʛʠʷ, ʩʪʨʫʢʪʫʨʘ, ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʢʦʪʦʨʳʭ ʟʘʚʠʩʷʪ ʦʪ ʨʝʞʠʤʘ ʛʦʨʝʥʠʷ, ʢʦʣʠʯʝʩʪʚʘ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʠ ʤʦʣʴʥʦʛʦ 

ʩʦʦʪʥʦʰʝʥʠʷ ʨʝʘʛʝʥʪʦʚ. 

 ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʥʦʢʨʠʩʪʘʣʣʳ ʦʨʪʦʬʝʨʨʠʪʦʚ ʝʚʨʦʧʠʷ, ʛʦʣʴʤʠʷ ʠ ʪʝʨʙʠʷ ʬʦʨʤʠʨʫʶʪʩʷ ʚ 

ʜʠʘʧʘʟʦʥʝ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ű (G/N) ʦʪ 0.4 ʜʦ 1.4 ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ʦʪ 10 

ʜʦ 60 ʥʤ ʠ ʩʪʝʧʝʥʴʶ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʜʦ 98 % ʠ, ʯʪʦ ʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʠ ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ, 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʚʦ ʬʨʦʥʪʝ ʛʦʨʝʥʠʷ ʠ ʥʘʣʠʯʠʝʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ. 

 ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ 

ʛʦʨʝʥʠʷ (am-HoFeO3 ʠ am-TbFeO3) ʚʦʟʤʦʞʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʘʙʠʣʴʥʳʭ ʨʦʤʙʠʯʝʩʢʠʭ (o-HoFeO3 
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ʠ o-TbFeO3) ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ (h-HoFeO3 ʠ h-TbFeO3) ʤʦʜʠʬʠʢʘʮʠʡ ʦʨʪʦʬʝʨʨʠʪʦʚ 

ʛʦʣʴʤʠʷ ʠ ʪʝʨʙʠʷ, ʦʙʨʘʟʦʚʘʥʠʝ ʢʦʪʦʨʳʭ ʦʪʚʝʯʘʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ am-

RFeO3 Ÿ h-RFeO3 Ÿ o-RFeO3, ʤʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʪʦʨʳʭ ʩʚʷʟʘʥ ʩ ʥʘʣʠʯʠʝʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ, ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʚ ʠʩʭʦʜʥʦʤ ʘʤʦʨʬʥʦʤ ʧʨʝʢʫʨʩʦʨʝ, ʠ ʩ ʨʘʟʤʝʨʘʤʠ 

ʯʘʩʪʠʮ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʦʨʪʦʬʝʨʠʪʘ. 

 ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʝʪʦʜʦʤ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʛʣʠʮʠʥ-

ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè am-

EuFeO3@o-EuFeO3, ʚ ʢʦʪʦʨʳʭ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʘʷ ʬʘʟʘ am-EuFeO3 ʚʳʩʪʫʧʘʝʪ ʚ ʢʘʯʝʩʪʚʝ 

çʦʙʦʣʦʯʢʠè, ʘ ʬʘʟʘ ʨʦʤʙʠʯʝʩʢʦʛʦ ʦʨʪʦʬʝʨʨʠʪʘ ʝʚʨʦʧʠʷ o-EuFeO3 ʚ ʢʘʯʝʩʪʚʝ çʷʜʨʘè. 

 ʇʨʝʜʣʦʞʝʥʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʨʝʘʣʠʟʦʚʘʥʘ ʤʝʪʦʜʠʢʘ ʩʠʥʪʝʟʘ ʧʨʝʩʩ-ʧʦʨʦʰʢʦʚ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʠ ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ 

ʠ ʧʦʢʨʳʪʠʡ ʥʘ ʙʘʟʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ 

Li xM1-(x+y)MôyFe2O4 (M, Mô ï Ni, Zn, Mn, Ti) ʠ NixZn1-xFe2O4, ʟʘʢʣʶʯʘʶʱʘʷʩʷ ʚ ʩʠʥʪʝʟʝ ʠʩʭʦʜʥʳʭ 

ʧʦʨʦʰʢʦʚ ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʪʝʨʤʠʯʝʩʢʦʡ ʠ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʝ. 

 ʈʘʟʨʘʙʦʪʘʥ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʜʣʷ ʧʨʦʮʝʩʩʦʚ ʜʝʛʠʜʨʠʨʦʚʘʥʠʷ ʥ-ʛʝʢʩʘʥʘ ʠ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ ʧʨʦʮʝʩʩʘ ʬʦʪʦʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʤʝʪʠʣʦʨʘʥʞʘ ʚ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʨʦʤʙʠʯʝʩʢʦʛʦ ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ 

ʦʨʪʦʬʝʨʨʠʪʘ ʛʦʣʴʤʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ 

ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ. 

 ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʠʢʘ ʩʠʥʪʝʟʘ ʧʦʣʫʯʝʥʠʷ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

ʬʝʨʨʠʪʦʚ ʪʠʧʘ Li xM1-(x+y)MôyFe2O4 (M, Mô ï Ni, Zn, Mn, Ti) ʠ NixZn1-xFe2O4, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʤʝʪʦʜʦʤ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʩʠʥʪʝʟʘ, ʩʫʩʧʝʥʜʠʨʦʚʘʥʥʳʭ ʚ ʜʠʤʝʪʠʣʩʫʣʴʬʦʢʩʠʜʝ ʠ ʧʨʦʷʚʣʷʶʱʠʭ 

ʫʤʝʨʝʥʥʫʶ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʚ ʦʪʥʦʰʝʥʠʠ ʙʘʢʪʝʨʠʡ Escherichia coli, Bacillus cereus 

ʠ Staphylococcus citreus. 

 ʇʦʢʘʟʘʥʦ, ʯʪʦ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ Li xM1-

(x+y)MôyFe2O4 (M, Mô ï Ni, Zn, Mn, Ti) ʠ NixZn1-xFe2O4 ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ RFeO3 (R = Ho, Eu, Tb) ʟʘʚʠʩʷʪ 

ʦʪ ʫʩʣʦʚʠʡ ʠʭ ʩʠʥʪʝʟʘ: ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʫʨʦʚʥʷ ʤʘʛʥʠʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ, ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ, ʪʦʛʜʘ ʢʘʢ ʤʦʨʬʦʣʦʛʠʷ ʦʢʘʟʳʚʘʝʪ 

ʦʧʨʝʜʝʣʷʶʱʝʝ ʚʣʠʷʥʠʷ ʥʘ ʤʝʭʘʥʠʟʤ ʠʭ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʧʝʢʘʥʠʷ. 

 ʇʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʥʘ ʦʩʥʦʚʝ 

ʬʝʨʨʠʪʦʚ Li xM1-(x+y)MôyFe2O4 (M, Mô ï Ni, Zn, Mn, Ti) ʠ NixZn1-xFe2O4, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʝʪʦʜʘʤʠ 

ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, ʟʘʚʠʩʷʪ ʦʪ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʠ 

ʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʘʤ ï ʫʚʝʣʠʯʝʥʠʝ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʠ ʦʙʲʝʤʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʘ 

ʪʘʢʞʝ ʟʥʘʯʝʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ, ʪʦʛʜʘ 

ʢʘʢ ʩʥʠʞʝʥʠʝ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ. 
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ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʠʣʠ ʚʧʝʨʚʳʝ ʧʨʦʚʝʩʪʠ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʤʝʭʘʥʠʟʤʦʚ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʣʠʪʠʷ ʠ ʥʠʢʝʣʷ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʝʚʨʦʧʠʷ, ʛʦʣʴʤʠʷ ʠ 

ʪʝʨʙʠʷ ʚ ʫʩʣʦʚʠʷʭ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ 

ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, ʩʦʟʜʘʚ ʪʝʤ ʩʘʤʳʤ ʦʩʥʦʚʫ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪʢʨʳʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ 

ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʦʨʪʦʬʝʨʨʠʪʦʚ ʛʦʣʴʤʠʷ ʠ ʪʝʨʙʠʷ, ʧʨʦʷʚʣʷʶʱʠʭ ʥʝʦʙʳʯʥʳʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ, ʥʝʩʚʦʡʩʪʚʝʥʥʳʝ ʨʦʤʙʠʯʝʩʢʠʤ ʤʦʜʠʬʠʢʘʮʠʷʤ. ʕʪʦ ʩʦʟʜʘʝʪ 

ʧʨʝʜʧʦʩʳʣʢʠ ʜʣʷ ʩʠʥʪʝʟʘ ʜʨʫʛʠʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʦʨʪʦʬʝʨʨʠʪʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʠ ʧʦʠʩʢʘ ʠʭ ʚʦʟʤʦʞʥʳʭ ʩʬʝʨ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʪʝʦʨʝʪʠʯʝʩʢʘʷ 

ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʧʦʜʭʦʜ ʢ ʧʦʣʫʯʝʥʠʶ 

ʧʨʝʩʩ-ʧʦʨʦʰʢʦʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ ʉɺʏ, 

ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʭ ʠ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʫʣʫʯʰʠʪʴ ʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʚ ʧʝʨʩʧʝʢʪʠʚʝ ʩʧʦʩʦʙʥʦ ʧʨʠʚʝʩʪʠ ʢ 

ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʢʦʥʝʯʥʦʡ ʧʨʦʜʫʢʮʠʠ. 

 

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ.  

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʚʟʘʠʤʦʜʦʧʦʣʥʷʶʱʠʭ ʜʨʫʛ ʜʨʫʛʘ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. ʄʝʪʦʜʘʤʠ 

ʘʪʦʤʥʦ-ʘʜʩʦʨʙʮʠʦʥʥʦʡ (Shimadzu AA-7000), ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʡ (Shimadzu EDX-7000P) ʠ 

ʵʥʝʨʛʦ-ʜʠʩʧʝʨʩʠʦʥʥʦʡ (Oxford INCA 200) ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʲʝʢʪʦʚ. ʄʝʪʦʜʘʤʠ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ (Shimadzu DTG-60) ʠ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-ʩʢʘʥʠʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪʨʠʠ (Shimadzu DSC-60 Plus) ʙʳʣ ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ 

ʠʩʭʦʜʥʳʭ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʬʝʨʨʠʪʦʚ. ɼʠʩʧʝʨʩʥʦʩʪʴ 

ʧʦʨʦʰʢʦʚ ʦʧʨʝʜʝʣʷʣʘʩʴ c ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʟʝʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ Shimadzu 

SALD-7500nano. ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʩʪʨʫʢʪʫʨʘ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʟʫʯʘʣʘʩʴ ʤʝʪʦʜʘʤʠ 

ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ (Rigaku Smart Lab 3 ʠ Shimadzu XRD-7000) ʠ ʀʂ-

ʌʫʨʴʝ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (Shimadzu IRTracer-100). ɿʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʨʠʩʪʦʩʪʠ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʨ ʧʦ ʨʘʟʤʝʨʘʤ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʤʝʪʦʜʦʤ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʦʨʙʮʠʠ-ʜʝʩʦʨʙʮʠʠ ʘʟʦʪʘ (Micromeritics ASAP 2020). ʄʦʨʬʦʣʦʛʠʷ ʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʤʝʪʦʜʘʤʠ ʩʢʘʥʠʨʫʶʱʝʡ (Tescan Vega 3 SBH) ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ 

(JEOL TEM-100CX) ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʄʘʛʥʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʧʨʝʜʝʣʷʣʘʩʴ ʤʝʪʦʜʦʤ 57Fe 

ʄʸʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (MS1104EM). ʆʧʨʝʜʝʣʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʧʦʨʦʰʢʦʚ ʠ ʩʧʝʯʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ 

ʚʠʙʨʘʮʠʦʥʥʦʡ (QuantumDesign P525 VSM ʠ Lake Shore 7410) ʠ ʠʥʜʫʢʮʠʦʥʥʦʡ (ʕʄ6-17ʄ) 

ʤʘʛʥʠʪʦʤʝʪʨʠʠ. ɼʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʥʝʯʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʙʳʣʠ 
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ʠʩʩʣʝʜʦʚʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʤʧʝʜʘʥʩ ʘʥʘʣʠʟʘʪʦʨʘ Agilent 4294A. ʂʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ 

ʦʨʪʦʬʝʨʨʠʪʘ ʛʦʣʴʤʠʷ ʘʥʘʣʠʟʠʨʦʚʘʣʘʩʴ ʚ ʤʦʜʝʣʴʥʦʡ ʨʝʘʢʮʠʠ ʧʨʝʚʨʘʱʝʥʠʷ ʥ-ʛʝʢʩʘʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʩʪʘʥʦʚʢʠ ʧʘʨʦʚʦʛʦ ʨʠʬʦʨʤʠʥʛʘ ʠ ʭʨʦʤʘʪʦʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ GCMS-QP2010 

Ultra. ʉʢʦʨʦʩʪʴ ʬʦʪʦʨʘʟʣʦʞʝʥʠʷ ʨʘʩʪʚʦʨʦʚ ʤʝʪʠʣʦʨʘʥʞʘ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ 

ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʦʚ Shimadzu UV-1800 ʠ ʉʌ-2000. 

 

ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ.  

1. ʄʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪʦʚ 

Li xM1-(x+y)MôyFe2O4 (M, Mô ï Ni, Zn, Mn, Ti) ʠ NixZn1-xFe2O4 ʠ ʨʦʤʙʠʯʝʩʢʠʭ ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ 

ʤʦʜʠʬʠʢʘʮʠʡ ʦʨʪʦʬʝʨʨʠʪʦʚ EuFeO3, HoFeO3 ʠ TbFeO3 ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ; 

2. ʆʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ 

ʦʨʪʦʬʝʨʨʠʪʦʚ h-HoFeO3 ʠ h-TbFeO3 ʚ ʫʩʣʦʚʠʷʭ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ 

ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʝʞʠʤʘʭ; 

3. ʌʦʨʤʠʨʦʚʘʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè am-EuFeO3@o-EuFeO3 ʚ 

ʫʩʣʦʚʠʷʭ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʦʜʫʢʪʦʚ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ ʧʨʠ ʠʟʙʳʪʢʝ 

ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʘ ʚ ʠʩʭʦʜʥʦʤ ʨʝʘʢʮʠʦʥʥʦʤ ʨʘʩʪʚʦʨʝ; 

4. ɺʟʘʠʤʦʩʚʷʟʴ ʭʠʤʠʯʝʩʢʦʛʦ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʩʪʨʫʢʪʫʨʥʳʭ, ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦʨʦʰʢʦʚ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪʦʚ Li xM1-(x+y)MôyFe2O4 (M, Mô ï Ni, Zn, Mn, Ti) ʠ NixZn1-xFe2O4 ʠ 

ʨʦʤʙʠʯʝʩʢʠʭ ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʦʨʪʦʬʝʨʨʠʪʦʚ EuFeO3, HoFeO3 ʠ TbFeO3. 

5. ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʛʥʠʪʥʳʭ ʉɺʏ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

ʥʘʥʦʧʦʨʦʰʢʦʚ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʭ ʠ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʳʭ ʬʝʨʨʠʪʦʚ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʩʦʩʪʘʚʦʤ, 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ, ʩʪʨʫʢʪʫʨʦʡ ʠ ʤʘʛʥʠʪʥʳʤʠ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ; 

 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠ ʘʧʨʦʙʘʮʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ.  

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʩʜʝʣʘʥʥʳʭ ʥʘ ʠʭ ʦʩʥʦʚʝ 

ʚʳʚʦʜʦʚ ʧʦʜʪʚʝʨʞʜʝʥʘ ʠʭ ʧʦʚʪʦʨʷʝʤʦʩʪʴʶ ʠ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ, ʧʨʠʤʝʥʝʥʠʝʤ 

ʩʪʘʥʜʘʨʪʠʟʦʚʘʥʥʳʭ ʤʝʪʦʜʠʢ ʠ ʦʙʱʝʧʨʠʟʥʘʥʥʦʛʦ ʩʦʚʨʝʤʝʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ, ʚʦ ʤʥʦʛʦʤ ʜʦʧʦʣʥʷʶʱʠʭ ʜʨʫʛ ʜʨʫʛʘ, ʠ ʠʭ ʩʦʦʪʚʝʪʩʪʚʠʝʤ ʤʝʞʜʫʥʘʨʦʜʥʦʤʫ 

ʫʨʦʚʥʶ ʥʘʫʯʥʳʭ ʧʫʙʣʠʢʘʮʠʡ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʦʙʣʘʩʪʠ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʚʩʝʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

çʍʠʤʠʷ ʠ ʭʠʤʠʯʝʩʢʦʝ ʦʙʨʘʟʦʚʘʥʠʝ XXI  ʚʝʢʘè (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈɻʇʋ ʠʤ. ɸ.ʀ. ɻʝʨʮʝʥʘ, 2015 ʛ.); 

ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʍʠʤʠʷ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳè (ʉʘʥʢʪ-

ʇʝʪʝʨʙʫʨʛ, ʌʊʀ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ, 2015 ʛ.); ʅʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ, ʧʦʩʚʷʱʝʥʥʘʷ 187-ʡ ʛʦʜʦʚʱʠʥʝ 

ʦʙʨʘʟʦʚʘʥʠʷ ʉʇʙɻʊʀ (ʊʋ) (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʉʇʙɻʊʀ (ʊʋ), 2015 ʛ.); ʅʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ, 
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ʧʦʩʚʷʱʝʥʥʘʷ 188-ʡ ʛʦʜʦʚʱʠʥʝ ʦʙʨʘʟʦʚʘʥʠʷ ʉʇʙɻʊʀ (ʊʋ) (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʉʇʙɻʊʀ (ʊʋ), 2016 

ʛ.); ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʍʠʤʠʷ ʠ ʭʠʤʠʯʝʩʢʦʝ ʦʙʨʘʟʦʚʘʥʠʝ XXI  ʚʝʢʘè (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 

ʈɻʇʋ ʠʤ. ɸ.ʀ. ɻʝʨʮʝʥʘ, 2017 ʛ.); ʅʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʅʝʜʝʣʷ 

ʥʘʫʢʠ 2017è (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʉʇʙɻʊʀ (ʊʋ), 2017 ʛ.); ʅʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʅʝʜʝʣʷ ʥʘʫʢʠ 2017è (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʉʇʙɻʊʀ (ʊʋ), 2017 ʛ.); ʅʘʫʯʥʦ-

ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʅʝʜʝʣʷ ʥʘʫʢʠ 2018è (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʉʇʙɻʊʀ 

(ʊʋ), 2018 ʛ.); ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʍʠʤʠʷ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳè 

(ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʌʊʀ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ, 2018 ʛ.); ʅʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ, ʧʦʩʚʷʱʝʥʥʘʷ 190-ʡ 

ʛʦʜʦʚʱʠʥʝ ʦʙʨʘʟʦʚʘʥʠʷ ʉʇʙɻʊʀ (ʊʋ) (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʉʇʙɻʊʀ (ʊʋ), 2018 ʛ.); ʄʝʞʜʫʥʘʨʦʜʥʳʡ 

ʬʦʨʫʤ çʅʦʚʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠè (ʄʦʩʢʚʘ, ʀʄɽʊ ʈɸʅ, 2018 ʛ.); 

ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʍʠʤʠʷ ʠ ʭʠʤʠʯʝʩʢʦʝ ʦʙʨʘʟʦʚʘʥʠʝ XXI  ʚʝʢʘè (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 

ʈɻʇʋ ʠʤ. ɸ.ʀ. ɻʝʨʮʝʥʘ, 2019 ʛ.); ʅʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ çʅʝʜʝʣʷ 

ʥʘʫʢʠ 2019è (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʉʇʙɻʊʀ (ʊʋ), 2019 ʛ.); ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ 

ʥʘʫʯʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ ʠ ʘʩʧʠʨʘʥʪʦʚ çʌʠʟʠʢʦ-ʭʠʤʠʷ ʠ ʪʝʭʥʦʣʦʛʠʷ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚè 

(ʄʦʩʢʚʘ, ʀʄɽʊ ʈɸʅ, 2019 ʛ.); ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çɻʦʨʷʯʠʝ ʪʦʯʢʠ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ: 

ʦʪ ʥʦʚʳʭ ʠʜʝʡ ʢ ʥʦʚʳʤ ʤʘʪʝʨʠʘʣʘʤè (ʅʦʚʦʩʠʙʠʨʩʢ, ʀʥʩʪʠʪʫʪ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ ʤʝʭʘʥʦʭʠʤʠʠ 

ʉʆ ʈɸʅ, 2019 ʛ.); ʅʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ, ʧʦʩʚʷʱʝʥʥʘʷ 191-ʡ ʛʦʜʦʚʱʠʥʝ ʦʙʨʘʟʦʚʘʥʠʷ ʉʇʙɻʊʀ 

(ʊʋ) (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʉʇʙɻʊʀ (ʊʋ), 2019 ʛ.); ʅʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ çʅʝʜʝʣʷ ʥʘʫʢʠ 2020è (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʉʇʙɻʊʀ (ʊʋ), 2020 ʛ.). 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 36 ʨʘʙʦʪʘʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ 18 

ʩʪʘʪʴʷʭ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʘʭ, ʚʢʣʶʯʝʥʥʳʭ ʚ ʙʘʟʳ ʜʘʥʥʳʭ Web of Science ʠ Scopus, ʠʟ ʥʠʭ 6 

ï ʚ ʞʫʨʥʘʣʘʭ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʢʚʘʨʪʠʣʷ ʧʦ ʜʘʥʥʳʤ SJR ʠ JCR, ʘ ʪʘʢʞʝ ʚ 17 ʪʝʟʠʩʘʭ ʜʦʢʣʘʜʦʚ ʥʘ 

ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʣʫʯʝʥ ʧʘʪʝʥʪ ʈʌ ˉ 

2768724. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʈʦʩʩʠʡʩʢʠʤ ʬʦʥʜʦʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʈʌʌʀ) ï 

çʂʦʥʢʫʨʩ ʧʨʦʝʢʪʦʚ 2018 ʛʦʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡè ʛʨʘʥʪ ˉ 20-03-00976 ɸ ʠ 

ʌʦʥʜʦʤ ʩʦʜʝʡʩʪʚʠʷ ʠʥʥʦʚʘʮʠʷʤ ï çʋʤʥʠʢè ʜʦʛʦʚʦʨ ˉ 14382ɻʋ/2019, çʉʪʘʨʪè ʜʦʛʦʚʦʨ ˉ 

4486ɻʉ1/72627. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʫʜʦʩʪʦʝʥʳ ʧʨʝʤʠʠ ʂʦʤʠʪʝʪʘ ʧʦ ʥʘʫʢʝ ʠ ʚʳʩʰʝʡ ʰʢʦʣʳ 

ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʘ 2020 ʠ 2021 ʛʦʜʘ. 

ʏʘʩʪʴ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ 

ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ: ˉ 16-33-00345 çʤʦʣ_ʘè, ˉ 

18-03-00414 çɸè, ˉ 18-29-12119 çʤʢè ʠ ˉ 21-73-10070. 
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1 ɸʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ 

1.1 ʌʝʨʨʠʪʳ-ʰʧʠʥʝʣʠ 

1.1.1 ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʬʝʨʨʠʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ 

 

ʌʝʨʨʠʪʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ ï ʦʙʰʠʨʥʳʡ ʢʣʘʩʩ ʤʘʛʥʠʪʥʳʭ ʩʣʦʞʥʦʦʢʩʠʜʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ, ʧʦʣʫʯʠʚʰʠʝ ʩʚʦʝ ʥʘʟʚʘʥʠʝ ʠʟ-ʟʘ ʩʭʦʜʩʪʚʘ ʩ ʤʠʥʝʨʘʣʦʤ MgAl2O4 ʧʨʠʨʦʜʥʦʛʦ 

ʧʨʦʠʩʭʦʞʜʝʥʠʷ [1] ʠ ʦʪʚʝʯʘʶʱʠʝ ʦʙʱʝʡ ʬʦʨʤʫʣʝ MFe2O4, ʛʜʝ M ï Li , Mn, Fe, Mg, Co, Ni, Zn ʠ 

ʜʨ. ʕʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʠ ʩʦʜʝʨʞʠʪ 8 ʦʙʣʘʩʪʝʡ ʩ 56 ʠʦʥʘʤʠ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ 

ʚʳʜʝʣʷʶʪ 32 ʘʥʠʦʥʘ ʢʠʩʣʦʨʦʜʘ (8 ʦʙʣʘʩʪʝʡ ʧʦ 4 ʠʦʥʘ ʢʘʞʜʘʷ), 8 ʢʘʪʠʦʥʦʚ M2+ (8 ʦʙʣʘʩʪʝʡ ʧʦ 1 

ʠʦʥʫ) ʠ 16 ʢʘʪʠʦʥʦʚ Fe3+ (8 ʦʙʣʘʩʪʝʡ ʧʦ 2 ʠʦʥʘ ʢʘʞʜʘʷ) [2ï4]. ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʧʨʠʤʝʨʳ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʬʝʨʨʠʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʥʦʨʤʘʣʴʥʦʡ (ʨʠʩʫʥʦʢ 1ʘ) ʠ ʦʙʨʘʱʝʥʥʦʡ 

ʰʧʠʥʝʣʠ (ʨʠʩʫʥʦʢ 1ʙ) ʠʟ ʢʦʪʦʨʳʭ ʩʣʝʜʫʝʪ ʯʪʦ ʢʨʫʧʥʦʨʘʟʤʝʨʥʳʝ ʠʦʥʳ ʢʠʩʣʦʨʦʜʘ ʦʙʨʘʟʫʶʪ 

ʧʣʦʪʥʦ ʫʧʘʢʦʚʘʥʥʫʶ ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʫʶ ʢʫʙʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʤʝʥʴʰʠʤʠ ʜʚʫʭʚʘʣʝʥʪʥʳʤʠ 

ʢʘʪʠʦʥʘʤʠ ʤʝʪʘʣʣʦʚ, ʟʘʥʠʤʘʶʱʠʤʠ ʠʥʪʝʨʩʪʠʮʠʘʣʴʥʳʝ ʧʦʟʠʮʠʠ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ 

ὊὨσάὕ  [5ï8]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ ʬʝʨʨʠʪʘ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ 

ʦʩʪʘʝʪʩʷ ʚ ʮʝʣʦʤ ʵʣʝʢʪʨʠʯʝʩʢʠ ʥʝʡʪʨʘʣʴʥʦʡ [9, 10].  

 

 

ʈʠʩʫʥʦʢ 1 ï ʉʪʨʫʢʪʫʨʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (ʘ) ʥʦʨʤʘʣʴʥʦʡ ʠ (ʙ) ʦʙʨʘʱʝʥʥʦʡ ʰʧʠʥʝʣʠ [5] 

 

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʝ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʚʘ ʢʘʪʠʦʥʘ ʩ ʨʘʟʣʠʯʥʦʡ 

ʚʘʣʝʥʪʥʦʩʪʴʶ (M2+ ʠ Fe3+), ʪʦ ʨʘʟʣʠʯʘʶʪ ʜʚʘ ʪʠʧʘ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ ï 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʫʶ ʧʦʟʠʮʠʶ çɸè, ʦʢʨʫʞʝʥʥʫʶ ʯʝʪʳʨʴʤʷ ʠʦʥʘʤʠ ʢʠʩʣʦʨʦʜʘ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʫʶ 

ʧʦʟʠʮʠʶ çBè, ʦʢʨʫʞʝʥʥʫʶ ʰʝʩʪʴʶ ʠʦʥʘʤʠ ʢʠʩʣʦʨʦʜʘ [11]. ɺ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ ʰʧʠʥʝʣʠ 

ʥʘʭʦʜʷʪʩʷ 8 ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ çɸè ʠ 16 ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ çɺè. ʀʦʥʳ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʥʘ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ ʚ ʟʘʧʘʜʥʦʡ ʣʠʪʝʨʘʪʫʨʝ, ʥʘʟʳʚʘʶʪʩʷ çnetwork 

formersè, ʪʦʛʜʘ ʢʘʢ ʠʦʥʳ ʚʭʦʜʷʱʠʝ ʚ ʩʦʩʪʘʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ ʠʟʚʝʩʪʥʳ ʢʘʢ çnetwork 

modifiersè [12, 13]. ʀʤʝʥʥʦ ʥʘʣʠʯʠʝ ʧʦʜʦʙʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘʜʝʣʷʝʪ ʬʝʨʨʠʪʳ-ʰʧʠʥʝʣʠ 

ʫʥʠʢʘʣʴʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ [14, 15]. ɺ ʣʠʪʝʨʘʪʫʨʝ ʬʝʨʨʠʪʳ 
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ʯʘʱʝ ʚʩʝʛʦ ʢʣʘʩʩʠʬʠʮʠʨʫʶʪʩʷ ʥʘ ʦʩʥʦʚʘʥʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ M2+ ʠ 

ʪʨʝʭʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ Fe3+ ʧʦ ʜʚʫʤ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʧʦʟʠʮʠʷʤ [16, 17]: 

1) ʅʦʨʤʘʣʴʥʳʝ ʰʧʠʥʝʣʠ (ZnFe2O4, MnFe2O4, CdFe2O4 ʠ ʪ.ʜ.) ï ʚ ʩʪʨʫʢʪʫʨʝ ʵʪʠʭ ʬʝʨʨʠʪʦʚ 

ʥʘʭʦʜʷʪʩʷ 8 ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ M2+ ʥʘ 8 ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ çɸè ʠ 16 

ʪʨʝʭʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ ʞʝʣʝʟʘ Fe3+ ʥʘ 16 ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ çBè (ὓ ᴽ ὊὩ ᴻ ὕ , 

ʛʜʝ Ź ʠ ŷ - ʦʙʦʟʥʘʯʘʶʪ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʚʨʘʱʝʥʠʷ ʧʦʟʠʮʠʡ çɸè ʠ çBè 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɺ ʥʦʨʤʘʣʴʥʦʡ ʰʧʠʥʝʣʠ ʢʘʪʠʦʥʳ Fe3+ ʠʛʨʘʶʪ ʨʦʣʴ çnetwork modifiersè, ʪʦʛʜʘ 

ʢʘʢ ʢʘʪʠʦʥʳ M2+ ʚʳʩʪʫʧʘʶʪ ʚ ʢʘʯʝʩʪʚʝ çnetwork formersè [18]; 

2) ʆʙʨʘʱʝʥʥʳʝ ʰʧʠʥʝʣʠ (CoFe2O4, NiFe2O4, MgFe2O4 ʠ ʪ.ʜ.) ï ʚ ʦʪʣʠʯʠʝ ʦʪ ʥʦʨʤʘʣʴʥʳʭ 

ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ, ʚ ʩʪʨʫʢʪʫʨʝ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠʩʫʪʩʪʚʫʶʪ 8 ʜʚʫʭʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ 

ʤʝʪʘʣʣʦʚ M2+ ʚ 8 ʠʟ 16 ʜʦʩʪʫʧʥʳʭ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ çɺè ʠ 16 ʪʨʝʭʚʘʣʝʥʪʥʳʭ ʢʘʪʠʦʥʦʚ 

ʞʝʣʝʟʘ Fe3+ ʚ 8 ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ çɸè ʠ 8 ʦʩʪʘʚʰʠʭʩʷ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ çɺè 

( ὊὩ ᴽ ὓ ὊᴻὩ ᴻ ὕ , ʛʜʝ Ź ʠ ŷ - ʦʙʦʟʥʘʯʘʶʪ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʚʨʘʱʝʥʠʷ 

ʧʦʟʠʮʠʡ çɸè ʠ çBè ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ɺ ʩʣʫʯʘʝ ʩ ʦʙʨʘʱʝʥʥʦʡ ʰʧʠʥʝʣʴʶ ʢʘʪʠʦʥʳ ʞʝʣʝʟʘ Fe3+ 

ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʢʘʢ çnetwork modifiersè, ʪʘʢ ʠ çnetwork formersè [19]. 

ɼʣʷ ʧʦʥʠʤʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʩʣʝʜʫʝʪ 

ʨʘʩʩʤʦʪʨʝʪʴ ʠʭ ʧʦʣʥʫʶ ʭʠʤʠʯʝʩʢʫʶ ʬʦʨʤʫʣʫ, ʢʦʪʦʨʘʷ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ὓ ὊὩ ὓ ὊὩ ὕ , ʛʜʝ ŭ ï ʦʙʦʟʥʘʯʘʝʪ ʩʪʝʧʝʥʴ ʠʥʚʝʨʩʠʠ (ʦʙʨʘʱʝʥʥʦʩʪʠ) ʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʜʦʣʷ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ çɸè, ʟʘʥʷʪʳʭ ʢʘʪʠʦʥʘʤʠ ʞʝʣʝʟʘ Fe3+ [17, 20]. 

ʉʪʝʧʝʥʴ ʦʙʨʘʱʝʥʥʦʩʪʠ ʩʚʷʟʘʥʘ ʩ ʢʦʣʠʯʝʩʪʚʦʤ ʢʘʪʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʥʘ ʦʙʝʠʭ ʧʦʟʠʮʠʷʭ ʠ 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʤʫ ʫʨʘʚʥʝʥʠʶ: 

 ,                                                        (1) 

ʛʜʝ ὲ ʠ ὲ  ï ʢʦʣʠʯʝʩʪʚʦ ʢʘʪʠʦʥʦʚ Fe3+ ʥʘ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ɺ ʣʠʪʝʨʘʪʫʨʝ ʚʩʪʨʝʯʘʝʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, ʛʜʝ ʫʨʘʚʥʝʥʠʝ (1) ʙʳʣʦ ʫʩʧʝʰʥʦ 

ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʨʘʩʯʝʪʘ ʩʪʝʧʝʥʠ ʦʙʨʘʱʝʥʥʦʩʪʠ ʬʝʨʨʠʪʦʚ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [21] ʙʳʣʠ 

ʥʘʡʜʝʥʳ ʟʥʘʯʝʥʠʷ ŭ ʜʣʷ Cr-ʟʘʤʝʱʝʥʥʳʭ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʪʠʧʘ NiFe2-xCrxO4 (x = 0 ï 1) ʠ ʙʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩʦʩʪʘʚ ʧʨʠ ʭ = 0.2 ʠʤʝʝʪ ʩʣʝʜʫʶʱʝʝ ʢʘʪʠʦʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ: ʥʘ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ çAè ï ὊὩ , ʥʘ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ çɺè ï ὔὭȢὊὩȢὅὶȢ , ʪʦ 

ʝʩʪʴ ὲ = 1, ὲ  = 0.8, x = 0.2 ʠʟ ʯʝʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ŭ = 1 ʠ ʧʦʣʫʯʝʥʥʳʡ ʩʦʩʪʘʚ ʦʪʚʝʯʘʝʪ ʧʦʣʥʦʩʪʴʶ 

ʦʙʨʘʪʥʦʡ ʩʪʨʫʢʪʫʨʝ ʰʧʠʥʝʣʠ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʚ ʪʦʡ ʞʝ ʨʘʙʦʪʝ ʙʳʣ ʧʦʣʫʯʝʥ ʦʙʨʘʟʝʮ ʩ ʭ = 0.8, ʛʜʝ 

ʢʘʪʠʦʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʝʤ ʦʙʨʘʟʦʤ: ʥʘ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ çɸè ï 

ὔὭȢὊὩȢ , ʥʘ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ çBè ï ὔὭȢὊὩȢὅὶȢ , ʛʜʝ ὲ = 0.94, ὲ  = 0.26, 

x = 0.8 ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ŭ = 0.94, ʪʦ ʝʩʪʴ ʧʦʣʫʯʝʥʥʳʡ ʩʦʩʪʘʚ ʦʪʚʝʯʘʝʪ ʩʪʨʫʢʪʫʨʝ ʯʘʩʪʠʯʥʦ 

ʦʙʨʘʱʝʥʥʦʡ (ʥʦʨʤʘʣʴʥʦʡ) ʰʧʠʥʝʣʠ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʜʚʫʭ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ (ʨʠʩʫʥʦʢ 2). 
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ʈʠʩʫʥʦʢ 2 ï ʄʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ (Ms, Mr, Hc) ʬʝʨʨʠʪʦʚ ʪʠʧʘ NiFe2-xCrxO4 (x = 0 ï 1) ʩ 

ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʦʙʨʘʱʝʥʥʦʩʪʠ [21] 

 

ʆʪʜʝʣʴʥʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʬʝʨʨʠʪ ʣʠʪʠʷ Li0.5Fe2.5O4 (LiFe5O8), ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʨʘʟʣʠʯʥʳʝ 

ʪʠʧʳ ʧʦʣʠʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʳ [22, 23] (ʨʠʩʫʥʦʢ 3). ʋʧʦʨʷʜʦʯʝʥʥʘʷ ʬʘʟʘ ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʯʘʱʝ 

ʚʩʝʛʦ ʥʘʟʳʚʘʝʪʩʷ Ŭ-Li 0.5Fe2.5O4 ʠ ʠʤʝʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʛʨʫʧʧʫ P4332 [24], ʚ ʢʦʪʦʨʦʡ 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ çɸè ʧʦʣʥʦʩʪʴʶ ʟʘʥʷʪʳ ʢʘʪʠʦʥʘʤʠ ʞʝʣʝʟʘ Fe3+, ʪʦʛʜʘ ʢʘʢ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʝ ʧʦʟʠʮʠʠ çɺè ʟʘʥʠʤʘʶʪ ʢʘʪʠʦʥʳ Fe3+ ʠ Li+ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 3:1 [25]. ɺ ʩʚʦʶ 

ʦʯʝʨʝʜʴ ʩʪʨʫʢʪʫʨʘ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʬʘʟʳ ɓ-Li0.5Fe2.5O4 ʦʪʚʝʯʘʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ Fd3m, 

ʚ ʢʦʪʦʨʦʡ ʢʘʪʠʦʥʳ ʣʠʪʠʷ Li+ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤ ʧʦʟʠʮʠʷʤ çBè 

[26ï28].  

 

 

ʈʠʩʫʥʦʢ 3 ï ʈʘʟʣʠʯʠʷ ʩʪʨʫʢʪʫʨʳ, ʤʦʨʬʦʣʦʛʠʠ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʝʨʨʠʪʘ 

ʣʠʪʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʚʠʜʝ Ŭ ʠ ɓ-ʤʦʜʠʬʠʢʘʮʠʡ [26] 

 

ʂʨʦʤʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʫʶʪ ʠ ʜʨʫʛʠʝ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʧʦʣʠʤʦʨʬʥʳʭ ʩʪʨʫʢʪʫʨ, ʥʘʧʨʠʤʝʨ, 

ʤʝʪʘʩʪʘʙʠʣʴʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ɔ-Li 0.5Fe2.5O4, ʢʦʪʦʨʘʷ, ʦʜʥʘʢʦ, ʚʩʪʨʝʯʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʝʜʢʦ ʠ 

ʠʤʝʝʪ ʦʯʝʥʴ ʩʧʝʮʠʬʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʩʫʱʝʩʪʚʦʚʘʥʠʷ [29, 30]. ʇʨʠ ʢʣʘʩʩʠʯʝʩʢʦʤ ʪʚʝʨʜʦʬʘʟʥʦʤ 

ʤʝʪʦʜʝ ʧʦʣʫʯʝʥʠʷ ʧʨʦʩʪʳʭ ʣʠʪʠʝʚʳʭ ʬʝʨʨʠʪʦʚ ʩʪʨʫʢʪʫʨʥʳʡ ʧʝʨʝʭʦʜ ʠʟ ʫʧʦʨʷʜʦʯʝʥʥʦʡ Ŭ-
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ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʥʝʫʧʦʨʷʜʦʯʝʥʥʫʶ ɓ ʦʙʳʯʥʦ ʧʨʦʪʝʢʘʝʪ ʧʨʠ 750  ʘ ʟʘʪʝʤ ʧʨʠ ʤʝʜʣʝʥʥʦʤ 

ʦʭʣʘʞʜʝʥʠʠ ʚʦʟʚʨʘʱʘʝʪʩʷ ʦʙʨʘʪʥʦ ʚ Ŭ-Li0.5Fe2.5O4 [22, 26, 31]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʫʩʣʦʚʠʷʭ 

ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ [27, 32] ʤʝʭʘʥʠʟʤ ʩʪʨʫʢʪʫʨʥʳʭ ʧʝʨʝʭʦʜʦʚ ʥʝʩʢʦʣʴʢʦ ʠʟʤʝʥʷʝʪʩʷ, ʦ ʯʝʤ 

ʧʦʜʨʦʙʥʝʝ ʙʫʜʝʪ ʠʟʣʦʞʝʥʦ ʚ ʧʦʩʣʝʜʫʶʱʠʭ ʛʣʘʚʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ. 

 

1.1.2 ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʬʝʨʨʠʪʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ ʠ ʩʬʝʨʳ ʠʭ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ 

 

ɸʢʪʠʚʥʦʝ ʠʟʫʯʝʥʠʝ ʬʝʨʨʠʪʦʚ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʥʘʯʘʣʦʩʴ 

ʧʨʠʤʝʨʥʦ ʩ 40-ʭ ʛʦʜʦʚ ʧʨʦʰʣʦʛʦ ʚʝʢʘ ʚ ʩʚʷʟʠ ʩ ʠʥʪʝʥʩʠʚʥʳʤ ʨʘʟʚʠʪʠʝʤ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ [33]. 

ʆʜʥʦʡ ʠʟ ʧʝʨʚʳʭ ʨʘʙʦʪ, ʛʜʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʧʦʧʳʪʢʘ ʩʠʩʪʝʤʘʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʬʝʨʨʠʪʦʚ ʠ ʠʭ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʙʳʣʘ ʩʪʘʪʴʷ 

ʉ. ɻʠʣʙʝʨʪʘ ʠ ɸ. ɺʠʣʣʝ [34] ʚ ʢʦʪʦʨʦʡ ʙʳʣʠ ʫʩʧʝʰʥʦ ʧʦʣʫʯʝʥʳ ʬʝʨʨʠʪʳ ʤʘʨʛʘʥʮʘ, ʤʝʜʠ, 

ʢʦʙʘʣʴʪʘ, ʤʘʛʥʠʷ ʠ ʮʠʥʢʘ ʠ ʥʘ ʦʩʥʦʚʝ ʢʦʪʦʨʦʡ ʙʳʣ ʧʦʜʘʥ ʧʘʪʝʥʪ ʥʘ ʠʜʝʶ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʬʝʨʨʠʪʦʚʦʛʦ ʩʝʨʜʝʯʥʠʢʘ. ɿʘʪʝʤ ʚ ʥʘʯʘʣʝ 1930-ʭ ʛʦʜʦʚ ʚ ʗʧʦʥʠʠ ʠ ʌʨʘʥʮʠʠ ʙʳʣ ʦʧʫʙʣʠʢʦʚʘʥ ʨʷʜ 

ʨʘʙʦʪ ʧʦ ʩʠʥʪʝʟʫ ʬʝʨʨʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʠʟʫʯʝʥʳ ʠʭ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ 

ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ. ɺʘʞʥʦʡ ʚʝʭʦʡ ʚ ʨʘʟʚʠʪʠʠ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʬʝʨʨʠʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʩʪʘʣʘ ʨʘʟʨʘʙʦʪʢʘ ʤʘʛʥʠʪʘ ʥʘ ʦʩʥʦʚʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Fe3O4 3CoFe2O4, ʢʦʪʦʨʳʡ ʙʳʣ ʦʪʢʨʳʪ ʚ 

ʧʨʦʮʝʩʩʝ ʠʟʫʯʝʥʠʷ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ ʬʝʨʨʠʪʦʚ ʚ ʩʣʘʙʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 

ʉʫʱʝʩʪʚʝʥʥʳʡ ʪʦʣʯʦʢ ʚ ʨʘʟʚʠʪʠʠ ʩʬʝʨʳ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʬʝʨʨʠʪʦʚ ʧʨʦʠʟʦʰʝʣ 

ʧʨʠ ʧʦʧʳʪʢʝ ʩʤʝʰʘʪʴ ʬʝʨʨʠʪʳ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʥʦʨʤʘʣʴʥʦʡ ʰʧʠʥʝʣʠ, ʦʙʣʘʜʘʶʱʠʝ ʥʝʙʦʣʴʰʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʩ ʦʙʨʘʱʝʥʥʳʤʠ 

ʬʝʨʨʠʪʘʤʠ, ʠʤʝʶʱʠʤʠ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʩʦʟʜʘʥʠʶ ʧʝʨʚʦʛʦ 

ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʬʝʨʨʠʪʦʚʦʛʦ ʩʝʨʜʝʯʥʠʢʘ ʥʘ ʦʩʥʦʚʝ Cu-Zn ʬʝʨʨʠʪʘ [35]. ʄʝʭʘʥʠʟʤ, ʟʘ ʩʯʝʪ 

ʢʦʪʦʨʦʛʦ ʚʚʝʜʝʥʠʝ ʜʦʧʧʠʨʦʚʘʥʥʳʭ ʢʘʪʠʦʥʦʚ ʮʠʥʢʘ ʫʚʝʣʠʯʠʚʘʝʪ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʠ 

ʦʩʪʘʪʦʯʥʫʶ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ, ʙʳʣ ʦʧʠʩʘʥ ʬʨʘʥʮʫʟʩʢʠʤ ʫʯʝʥʳʤ ʅʝʵʣʝʤ ʚ 1948 ʛʦʜʫ, ʚʩʣʝʜʩʪʚʠʝ 

ʯʝʛʦ ʧʦʷʚʠʣʘʩʴ ʤʦʜʝʣʴ, ʠʟʚʝʩʪʥʘʷ ʚ ʟʘʧʘʜʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʢʘʢ çmolecular-field theoryè, ʢʦʪʦʨʘʷ ʜʦ 

ʩʠʭ ʧʦʨ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʬʝʨʨʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ [36ï38]. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [37] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʣʷ ʅʝʵʣʷ ʦʙʲʷʩʥʷʝʪʩʷ ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʘ 

Li 0.5ZnxTixMn0.05Fe2.45-2xO4 (ʭ = 0 ï 0.30), ʚ ʢʦʪʦʨʳʭ ʥʘʙʣʶʜʘʣʦʩʴ ʤʝʜʣʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʷ ʟʥʘʯʝʥʠʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʜʦ ʭ = 0.25, ʪʦʛʜʘ ʢʘʢ ʫ ʦʙʨʘʟʮʘ ʭ = 0.30 ʬʠʢʩʠʨʦʚʘʣʦʩʴ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʬʝʨʨʠʪ ʣʠʪʠʷ, ʠʤʝʶʱʠʡ 

ʩʪʨʫʢʪʫʨʫ ʦʙʨʘʪʥʦʡ ʰʧʠʥʝʣʠ ʩ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤʠ ʧʦʟʠʮʠʷʤʠ çɸè, ʟʘʧʦʣʥʝʥʥʳʤʠ ʢʘʪʠʦʥʘʤʠ 

Fe3+, ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤʠ ʧʦʟʠʮʠʷʤʠ çɺè, ʟʘʧʦʣʥʝʥʥʳʤʠ ʢʘʪʠʦʥʘʤʠ Li+ ʠ Fe3+ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1:3, 

ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ὊὩ ὒὭὊὩ ὕ . ɺ ʧʨʦʮʝʩʩʝ ʜʦʙʘʚʣʝʥʠʷ ʢʘʪʠʦʥʦʚ Mn2+, Ti4+ ʠ 

Zn2+ ʚ ʩʪʨʫʢʪʫʨʫ ʣʠʪʠʝʚʳʭ ʬʝʨʨʠʪʦʚ ʢʘʪʠʦʥʳ Fe3+, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ 

çɸè, ʟʘʤʝʱʘʶʪʩʷ ʥʘ Zn2+, ʪʦʛʜʘ ʢʘʢ ʢʘʪʠʦʥʳ Fe3+, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤ ʧʦʟʠʮʠʷʤ çɺè, 
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ʟʘʤʝʱʘʶʪʩʷ ʥʘ Mn2+ ʠ Ti4+, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʩʪʨʫʢʪʫʨʥʫʶ ʬʦʨʤʫʣʫ ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʙʦʪʝ [37] 

ʩʦʝʜʠʥʝʥʠʡ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: ὤὲὊὩ ὝὭὓὲȢὊὩȢ ὕ . 

ʄʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʚ ʬʝʨʨʠʪʘʭ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʦʙʨʘʱʝʥʥʦʡ ʰʧʠʥʝʣʠ ʚ ʦʩʥʦʚʥʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʫʤʤʘʨʥʳʤ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ çɸè ʠ çɺè ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ [39]. ʉʦʛʣʘʩʥʦ 

ʤʦʜʝʣʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʣʷ ʅʝʵʣʷ çɸè-çɺè ʩʫʧʝʨʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʜʦʤʠʥʠʨʫʝʪ ʥʘʜ 

ʚʥʫʪʨʠʧʦʟʠʮʠʦʥʥʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ çɸè-çɸè ʠ çɺè-çɺè ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʯʠʩʪʳʡ 

ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʚʳʨʘʞʘʝʪʩʷ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʦʡ: 

‘ ‘  ‘                                                                  (2) 

ʛʜʝ ‘ ʠ ‘  ï ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʢʘʪʠʦʥʦʚ ʤʝʪʘʣʣʦʚ ʥʘ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ çɸè ʠ 

ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ çɺè. 

ɺ ʧʨʦʮʝʩʩʝ ʨʘʟʚʠʪʠʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʩʬʝʨ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʤʝʰʘʥʥʳʭ ʬʝʨʨʠʪʦʚ ʙʦʣʴʰʦʡ 

ʚʢʣʘʜ ʚ ʪʝʭʥʦʣʦʛʠʶ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʥʝʩʣʘ ʥʠʜʝʨʣʘʥʜʩʢʘʷ ʢʦʤʧʘʥʠʷ Philips, ʢʦʪʦʨʘʷ ʘʢʪʠʚʥʦ 

ʠʟʫʯʘʣʘ ʤʝʭʘʥʠʟʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠʦʥʦʚ ʧʦ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʤ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤ ʧʦʟʠʮʠʷʤ, 

ʨʘʟʨʘʙʦʪʘʣʘ ʨʷʜ ʬʝʨʨʠʪʦʚ ʩ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ʠ ʤʘʣʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ 

ʧʦʪʝʨʴ (ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ Mn-Zn ʠ Ni-Zn ʬʝʨʨʠʪʳ) ʠ ʦʪʢʨʳʣʘ ʢʣʘʩʩ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʬʝʨʨʠʪʦʚ, 

ʚ ʪʦʤ ʯʠʩʣʝ ʬʝʨʨʠʪʳ ʙʘʨʠʷ (BaFe12O19) ʠ ʩʪʨʦʥʮʠʷ (SrFe12O19) [40, 41]. ʇʨʠʤʝʨʥʦ ʚ ʵʪʦ ʞʝ ʚʨʝʤʷ 

ʚ 50-70-ʭ ʛʦʜʘʭ ʚ ʉʐɸ ʙʳʣʠ ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥʳ ʩʫʧʝʨʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʘʟʣʠʯʥʳʭ 

ʬʝʨʨʠʪʦʚ, ʨʘʟʨʘʙʦʪʘʥʳ ʤʠʢʨʦʚʦʣʥʦʚʳʝ ʬʝʨʨʠʪʦʚʳʝ ʧʨʠʙʦʨʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʙʘʟʝ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ Mn-Mg ʩʠʩʪʝʤ ʩ ʢʚʘʜʨʘʪʥʦʡ ʧʝʪʣʝʡ ʛʠʩʪʝʨʝʟʠʩʘ ʜʣʷ ʤʘʛʥʠʪʥʳʭ ʥʦʩʠʪʝʣʝʡ 

ʠʥʬʦʨʤʘʮʠʠ ʠ ʦʪʢʨʳʪ ɔ-Fe2O3, ʥʘʯʘʪʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʥʘ ʝʛʦ ʦʩʥʦʚʝ [42]. ʆʩʥʦʚʥʳʝ 

ʵʪʘʧʳ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʡ ʬʝʨʨʠʪʦʚʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4. 

 

 

ʈʠʩʫʥʦʢ 4 ï ʆʩʥʦʚʥʳʝ ʵʪʘʧʳ ʨʘʟʚʠʪʠʷ ʬʝʨʨʠʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʦʪʢʨʳʪʠʝ ʩʬʝʨ ʠʭ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ [35] 
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 ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʩʥʦʚʥʘʷ ʟʘʜʘʯʘ ʨʘʟʚʠʪʠʷ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ï ɻ ʪʦ ʧʝʨʝʭʦʜ ʥʘ 

ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʯʘʩʪʦʪʳ (ʦʪ ʤʠʢʨʦʚʦʣʥ ʜʦ ʤʠʣʣʠʤʝʪʨʦʚʳʭ ʚʦʣʥ) ʠ ʙʦʣʝʝ ʰʠʨʦʢʠʝ ʧʦʣʦʩʳ 

ʧʨʦʧʫʩʢʘʥʠʷ [43ï45]. ʀʤʝʥʥʦ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʬʝʨʨʠʪʳ ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʶʪʩʷ ʥʘʠʙʦʣʝʝ 

ʚʦʩʪʨʝʙʦʚʘʥʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʚ ʩʚʷʟʠ ʩ ʤʥʦʛʦʦʙʨʘʟʠʝʤ ʠʭ ʩʚʦʡʩʪʚ, ʚʳʩʦʢʠʤ ʫʜʝʣʴʥʳʤ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ, ʚʦʟʤʦʞʥʦʩʪʠ ʛʠʙʢʦʡ ʥʘʩʪʨʦʡʢʠ ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʜʘʞʝ ʚ ʨʘʤʢʘʭ ʦʜʥʦʡ ʠ ʪʦʡ ʞʝ ʩʠʩʪʝʤʳ, ʥʠʟʢʦʡ ʩʝʙʝʩʪʦʠʤʦʩʪʠ [46, 47]. ɼʣʷ ʧʦʥʠʤʘʥʠʷ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʠʭ ʧʦ ʩʬʝʨʘʤ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʩʣʝʜʫʝʪ ʨʘʩʩʤʦʪʨʝʪʴ ʢʘʢ ʦʙʱʫʶ ʢʣʘʩʩʠʬʠʢʘʮʠʶ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʨʠʩʫʥʦʢ 5), 

ʪʘʢ ʠ ʨʘʟʣʠʯʥʳʝ ʢʣʘʩʩʳ ʬʝʨʨʠʪʦʚ. ʏʘʱʝ ʚʩʝʛʦ ʤʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʝʣʷʪ ʥʘ ʢʘʪʝʛʦʨʠʠ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʠʭ ʦʙʲʝʤʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ. ʌʝʨʨʠʪʳ ʦʪʥʦʩʷʪʩʷ ʢ 

ʢʘʪʝʛʦʨʠʠ ʬʝʨʨʠʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [11, 16, 48]. 

 

 

ʈʠʩʫʥʦʢ 5 ï ʆʩʥʦʚʥʳʝ ʵʪʘʧʳ ʨʘʟʚʠʪʠʷ ʬʝʨʨʠʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʦʪʢʨʳʪʠʝ ʩʬʝʨ ʠʭ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ [35] 

 

ʇʦ ʩʚʦʝʡ ʩʪʨʫʢʪʫʨʝ ʬʝʨʨʠʪʳ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʯʝʪʳʨʝ ʢʣʘʩʩʘ: ʰʧʠʥʝʣʠ, ʦʨʪʦʬʝʨʨʠʪʳ, 

ʛʨʘʥʘʪʳ ʠ ʛʝʢʩʘʬʝʨʨʠʪʳ. ʆʨʪʦʬʝʨʨʠʪʳ ʠʤʝʶʪ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʦʪʚʝʯʘʶʪ 

ʭʠʤʠʯʝʩʢʦʡ ʬʦʨʤʫʣʝ RFeO3, ʛʜʝ R ï Sc, Y, La ï Lu ʠ ʷʚʣʷʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʬʝʨʨʠʤʘʛʥʠʪʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʩʦ ʩʣʘʙʳʤ ʧʨʦʷʚʣʝʥʠʝʤ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ [49, 50]. 

ʌʝʨʨʦʛʨʘʥʘʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʘʛʥʠʪʦʪʚʝʨʜʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʤʠ 
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ʬʝʨʨʠʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʦʪʚʝʯʘʶʪ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ R3Fe12O19, ʛʜʝ R ï Y, Sm ï Lu 

[51]. ɺ ʩʪʨʫʢʪʫʨʫ ʬʝʨʨʦʛʨʘʥʘʪʘ ʚʭʦʜʷʪ ʪʨʠ ʪʠʧʘ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʡ ï 

ʪʝʪʨʘʵʜʨʠʯʝʩʢʘʷ, ʦʢʪʘʵʜʨʠʯʝʩʢʘʷ ʠ ʜʦʜʝʢʘʵʜʨʠʯʝʩʢʘʷ [52]. ʅʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ 

ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʠʪʪʨʠʝʚʳʡ ʛʨʘʥʘʪ, ʢʦʪʦʨʳʡ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ 

ʘʣʶʤʦʠʪʪʨʠʝʚʳʝ ʛʨʘʥʘʪʳ, ʥʘʰʝʜʰʠʝ ʩʚʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʣʘʟʝʨʥʦ-ʘʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʘʭ [53] ʠ 

ʞʝʣʝʟʦʠʪʪʨʠʝʚʳʝ ʛʨʘʥʘʪʳ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, 

ʧʝʨʝʜʘʪʯʠʢʘʭ, ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʭ ʠ ʪ.ʜ. [54, 55]. ʂ ʢʣʘʩʩʫ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʬʝʨʨʠʪʦʚ ʦʪʥʦʩʷʪʩʷ 

ʩʦʝʜʠʥʝʥʠʷ ʩʦʩʪʘʚʘ MFe12O19, ʛʜʝ M ï Ba, Sr, Ca, Pb ʠ ʚ ʢʦʪʦʨʳʭ ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʚʝ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʦʟʠʮʠʠ ï ʪʝʪʨʘʵʜʨʠʯʝʩʢʘʷ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʘʷ [56]. ɻʝʢʩʘʬʝʨʨʠʪʳ, ʢʘʢ ʠ 

ʬʝʨʨʦʛʨʘʥʘʪʳ ʷʚʣʷʶʪʩʷ ʤʘʛʥʠʪʦʪʚʝʨʜʳʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʩʦ ʩʣʦʞʥʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʩʧʦʩʦʙʥʦʩʪʴʶ ʙʳʩʪʨʦ ʥʘʤʘʛʥʠʯʠʚʘʪʴʩʷ [57]. ʅʘʢʦʥʝʮ, ʥʘʠʙʦʣʝʝ 

ʚʘʞʥʳʤ ʢʣʘʩʩʦʤ ʩʨʝʜʠ ʬʝʨʨʠʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʬʝʨʨʦʰʧʠʥʝʣʠ, ʦ ʩʪʨʫʢʪʫʨʝ ʢʦʪʦʨʳʭ 

ʙʳʣʦ ʧʦʜʨʦʙʥʦ ʠʟʣʦʞʝʥʦ ʨʘʥʝʝ. ʕʪʠ ʩʦʝʜʠʥʝʥʠʷ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʫʥʠʢʘʣʴʥʳʭ ʠ ʚʘʞʥʳʭ ʩ 

ʧʨʦʤʳʰʣʝʥʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʚʳʩʦʢʘʷ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ, ʚʳʩʦʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʷʤʦʫʛʦʣʴʥʦʩʪʠ, ʙʦʣʴʰʘʷ ʚʝʣʠʯʠʥʘ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʥʠʟʢʘʷ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ, ʚʳʩʦʢʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʦʧʨʦʪʠʚʣʷʝʤʦʩʪʴ ʠ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ, ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʦʡ ʪʚʝʨʜʦʩʪʠ [58ï62]. 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʦʷʚʣʷʝʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʦʚʳʭ ʩʬʝʨ ʧʨʠʤʝʥʝʥʠʷ ʬʝʨʨʠʪʦʚ, 

ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʘʢʪʠʚʥʳʤ ʨʘʟʚʠʪʠʝʤ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ [63, 64]. ʀʩʪʦʨʠʯʝʩʢʠ ʢʣʘʩʩʠʯʝʩʢʦʡ ʩʬʝʨʦʡ 

ʧʨʠʤʝʥʝʥʠʷ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʷʚʣʷʝʪʩʷ ʦʙʣʘʩʪʴ ʉɺʏ-ʨʘʜʠʦʫʩʪʨʦʡʩʪʚ, ʛʜʝ ʦʩʦʙʫʶ ʨʦʣʴ ʠʛʨʘʶʪ 

ʤʘʪʝʨʠʘʣʳ ʩ ʙʦʣʴʰʦʡ ʚʝʣʠʯʠʥʦʡ ʤʘʛʥʠʪʥʳʭ ʧʦʪʝʨʴ ʠ ʫʜʝʣʴʥʦʡ ʩʦʧʨʦʪʠʚʣʷʝʤʦʩʪʴʶ [65]. ʏʘʱʝ 

ʚʩʝʛʦ ʬʝʨʨʦʰʧʠʥʝʣʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 3 ʜʦ 30 ɻɻʮ [20, 66]. ʂʨʦʤʝ ʪʦʛʦ, ʟʘ ʩʯʝʪ 

ʭʦʨʦʰʝʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʚʳʩʦʢʦʡ ʢʦʨʨʦʟʠʦʥʥʦʡ 

ʩʪʦʡʢʦʩʪʠ ʬʝʨʨʠʪʳ ʯʘʩʪʦ ʧʨʠʤʝʥʷʶʪ ʚ ʤʝʪʘʣʣʫʨʛʠʠ ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʦʙʣʘʩʪʷʭ [67, 68]. 

ʇʨʝʜʧʦʯʪʝʥʠʝ ʰʧʠʥʝʣʷʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʢʣʘʩʩʘʤʠ ʬʝʨʨʠʪʦʚ ʦʪʜʘʶʪ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ 

ʠʟ-ʟʘ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʝʧʷʪʩʪʚʠʡ ʚ ʧʦʣʫʯʝʥʠʠ ʯʠʩʪʳʭ ʛʨʘʥʘʪʦʚ, ʦʨʪʦʬʝʨʨʠʪʦʚ ʠ ʛʝʢʩʘʬʝʨʨʠʪʦʚ ʠ 

ʠʭ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʝʙʝʩʪʦʠʤʦʩʪʠ, ʢʦʪʦʨʘʷ ʩʚʷʟʘʥʘ ʩ ʪʨʫʜʦʝʤʢʦʩʪʴʶ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ 

[69]. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʬʝʨʨʠʪʳ-ʰʧʠʥʝʣʠ ʯʘʱʝ ʚʩʝʛʦ ʨʘʟʜʝʣʷʶʪ 

ʥʘ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ: 

1) ʕʣʝʢʪʨʦʥʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ï ʬʝʨʨʠʪʳ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚʦ ʤʥʦʛʠʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʟʘ ʩʯʝʪ ʠʭ ʫʥʠʢʘʣʴʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, 

ʪʘʢʠʭ ʢʘʢ ʥʠʟʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ, ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, 

ʥʠʟʢʠʝ ʧʦʪʝʨʠ ʤʦʱʥʦʩʪʠ [70ï72]. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [70, 73] ʠʩʩʣʝʜʦʚʘʥʘ ʢʦʤʧʦʥʝʥʪʥʘʷ 

ʤʠʥʠʘʪʶʨʠʟʘʮʠʷ ʟʘ ʩʯʝʪ Mn-Zn ʠ LiZnTiMn ʬʝʨʨʠʪʦʚ, ʚ ʨʘʙʦʪʝ [74] ʧʦʢʘʟʘʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʮʠʥʢ-ʢʦʙʘʣʴʪʦʚʳʭ ʬʝʨʨʠʪʦʚ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ZrO2 ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʩʪʦʯʥʠʢʦʚ ʧʠʪʘʥʠʷ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ, ʢʨʦʤʝ ʪʦʛʦ, ʬʝʨʨʠʪʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ 

ʙʝʩʧʨʦʚʦʜʥʦʡ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ [75], ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʩʠʣʦʚʳʭ ʠʥʜʫʢʪʦʨʦʚ [76], ʜʣʷ 
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ʠʟʛʦʪʦʚʣʝʥʠʷ ʠʥʜʫʢʪʠʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ [77]. 

 2) ʈʘʜʠʦʣʦʢʘʮʠʦʥʥʳʝ ʫʩʪʨʦʡʩʪʚʘ ï ʤʘʛʥʠʪʦʤʷʛʢʠʝ ʬʝʨʨʠʪʳ, ʦʙʣʘʜʘʶʱʠʝ ʚʳʩʦʢʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ, ʥʠʟʢʠʤʠ ʧʦʪʝʨʷʤʠ 

ʤʦʱʥʦʩʪʠ, ʚʳʩʦʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʥʘʩʳʱʝʥʠʷ ʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ, ʘʢʪʠʚʥʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʜʝʤʧʬʝʨʦʚ ʨʘʜʘʨʦʚ [78], ʨʘʜʘʨʥʳʭ ʩʪʘʥʮʠʷʭ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ 

ʯʘʩʪʦʪ [79] ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʘʥʘʣʦʛʠʯʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʬʝʨʘʭ ʛʨʘʞʜʘʥʩʢʦʡ ʠ ʚʦʝʥʥʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ [80ï82]. 

3) ʈʘʜʠʦʧʦʛʣʦʱʘʶʱʠʝ ʤʘʪʝʨʠʘʣʳ ï ʬʝʨʨʠʪʳ ʷʚʣʷʶʪʩʷ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʤʠ 

ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʤʠ (RAM) ʠ ʉɺʏ-ʧʦʛʣʦʱʘʶʱʠʤʠ (ʄɸʄ) ʤʘʪʝʨʠʘʣʘʤʠ, ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʳʭ 

ʦʩʦʙʝʥʥʦ ʚʦʟʨʦʩʣʦ ʚ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʚ ʩʚʷʟʠ ʩ ʙʳʩʪʨʳʤ ʨʘʟʚʠʪʠʝʤ ʙʝʩʧʨʦʚʦʜʥʳʭ 

ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʠ ʷʚʣʷʶʱʠʤʠʩʷ 

ʦʩʥʦʚʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʕʄ-ʧʦʤʝʭ [83, 84]. ʂʨʦʤʝ ʪʦʛʦ, ʉɺʏ-ʧʦʛʣʦʱʘʶʱʠʝ ʤʘʪʝʨʠʘʣʳ ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʠʜʠʤʦʩʪʠ ʨʘʟʣʠʯʥʦʛʦ ʚʦʝʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ (ʩʘʤʦʣʝʪʦʚ, 

ʧʦʜʚʦʜʥʳʭ ʣʦʜʦʢ, ʪʘʥʢʦʚ) [85ï87]. ʇʦʛʣʦʱʘʶʱʠʝ ʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʙʳʪʴ ʠʟʛʦʪʦʚʣʝʥʳ ʚ 

ʨʘʟʣʠʯʥʳʭ ʬʦʨʤʘʭ, ʪʘʢʠʭ ʢʘʢ ʧʦʢʨʳʪʠʷ, ʣʠʩʪʳ, ʛʫʙʯʘʪʳʝ ʤʘʪʝʨʠʘʣʳ [88, 89]. ʏʘʱʝ ʚʩʝʛʦ ʚ ʵʪʦʡ 

ʦʙʣʘʩʪʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʚ ʢʦʪʦʨʳʭ ʬʝʨʨʠʪ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʢʦʤʧʦʥʝʥʪʦʚ ʩʦʚʤʝʩʪʥʦ ʩ ʧʨʦʚʦʜʷʱʝʡ ʧʦʣʠʤʝʨʥʦʡ ʦʙʦʣʦʯʢʦʡ (ʬʝʨʨʠʪ/ʫʛʣʝʨʦʜ; ʬʝʨʨʠʪ/ʛʨʘʬʝʥ) 

[90]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠʟʚʝʩʪʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, ʛʜʝ ʥʠʢʝʣʴ-ʮʠʥʢʦʚʳʝ ʬʝʨʨʠʪʳ 

ʚʳʩʪʫʧʘʣʠ ʚ ʢʘʯʝʩʪʚʝ ʵʬʬʝʢʪʠʚʥʳʭ ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʟʘ ʩʯʝʪ ʠʭ ʚʳʩʦʢʦʡ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʢʦʤʧʣʝʢʩʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ [91-93]. 

 4) ʄʠʢʨʦʚʦʣʥʦʚʳʝ (ʉɺʏ) ʫʩʪʨʦʡʩʪʚʘ ï ʬʝʨʨʠʪʳ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʙʣʘʛʦʜʘʨʷ ʠʭ ʥʠʟʢʠʤ ʟʥʘʯʝʥʠʷʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʦʪʝʨʴ ʠ ʥʠʟʢʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ [94]. ɺ ʵʪʦʡ ʦʙʣʘʩʪʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʦʩʥʦʚʥʦʤ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʥʠʢʝʣʝʚʳʝ, ʣʠʪʠʝʚʳʝ ʠ ʨʝʞʝ ʮʠʥʢʦʚʳʝ ʬʝʨʨʠʪʳ-ʰʧʠʥʝʣʠ, ʚʳʙʦʨ ʢʦʪʦʨʳʭ 

ʦʙʫʩʣʦʚʣʝʥ ʠʭ ʚʳʩʦʢʦʡ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ, ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ, 

ʚʳʩʦʢʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ, ʥʝʙʦʣʴʰʠʤʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʪʝʨʷʤʠ ʠ 

ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ [95ï98]. ɺ ʨʷʜʝ ʧʫʙʣʠʢʘʮʠʡ [99, 100] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʬʝʨʨʠʪʦʚ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʪʴ ʨʘʙʦʯʠʡ 

ʜʠʘʧʘʟʦʥ ʯʘʩʪʦʪ ʤʠʢʨʦʚʦʣʥʦʚʳʭ ʫʩʪʨʦʡʩʪʚ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [101] ʦʧʠʩʘʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʥʘʥʦʯʘʩʪʠʮ Co-Zn ʬʝʨʨʠʪʘ ʚ ʦʙʣʘʩʪʠ ʧʦʛʣʦʱʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʤʠʢʨʦʚʦʣʥ. 

 5) ʄʈʊ-ʜʠʘʛʥʦʩʪʠʢʘ ï ʦʢʩʠʜʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʬʝʨʨʠʪʳ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʦʩʦʙʳʡ 

ʠʥʪʝʨʝʩ ʜʣʷ ʪʝʨʘʧʝʚʪʠʯʝʩʢʦʛʦ ʠ ʜʠʘʛʥʦʩʪʠʯʝʩʢʦʛʦ ʤʝʜʠʮʠʥʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʩʚʷʟʠ ʩ ʠʭ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʠʥʝʨʪʥʦʩʪʴʶ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʘʩʪʥʳʭ ʘʛʝʥʪʦʚ ʜʣʷ 

ʤʘʛʥʠʪʥʦ-ʨʝʟʦʥʘʥʩʥʦʡ ʪʦʤʦʛʨʘʬʠʠ (ʄʈʊ) [101ï103]. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [104] ʤʘʛʥʠʪʥʳʝ 

ʞʠʜʢʦʩʪʠ ʥʘ ʙʘʟʝ ʬʝʨʨʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʄʈʊ-ʤʦʥʠʪʦʨʠʥʛʘ ʚ ʦʙʣʘʩʪʠ 

ʛʠʧʦʪʝʨʤʠʠ, ʘ ʚ ʨʘʙʦʪʝ [105] ʥʘʥʦʯʘʩʪʠʮʳ ʬʝʨʨʠʪʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ 

ʨʘʢʦʚʳʭ ʦʧʫʭʦʣʝʡ ʩ ʧʦʤʦʱʴʶ ʩʚʝʨʭʧʨʦʚʦʜʷʱʝʡ ʢʚʘʥʪʦʚʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ. 
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 6) ʊʝʣʝʢʦʤʤʫʥʠʢʘʮʠʠ ï ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ Mn-Zn ʬʝʨʨʠʪʳ ʠʟʚʝʩʪʥʳ ʚ ʢʘʯʝʩʪʚʝ 

ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʝʨʜʝʯʥʠʢʦʚ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʧʨʠ ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʷʭ 

ʧʦʣʷ, ʢʦʪʦʨʳʝ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʳʭ DSL ʠ ISDN ʪʝʭʥʦʣʦʛʠʷʭ [106, 

107]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʠʭ ʩʠʩʪʝʤ ʩʚʷʟʘʥʦ ʩ ʠʭ ʚʳʩʦʢʦʡ ʥʘʯʘʣʴʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ, ʥʠʟʢʠʤʠ 

ʧʦʪʝʨʷʤʠ ʠ ʥʝʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ [108]. 

 7) ɸʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ ï ʚ ʩʚʷʟʠ ʩ ʧʦʚʳʰʝʥʥʳʤ ʠʥʪʝʨʝʩʦʤ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 

ʢ ʠʥʬʝʢʮʠʦʥʥʳʤ ʟʘʙʦʣʝʚʘʥʠʷʤ ʠ ʧʘʪʦʛʝʥʥʳʤ ʤʠʢʨʦʦʨʛʘʥʠʟʤʘʤ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʝʜʩʪʘʚʣʷʪʴ 

ʩʝʨʴʝʟʥʫʶ ʫʛʨʦʟʫ ʜʣʷ ʯʝʣʦʚʝʯʝʩʪʚʘ, ʦʩʦʙʝʥʥʦ ʦʩʪʨʦʡ ʩʪʘʣʘ ʧʨʦʙʣʝʤʘ ʨʘʟʚʠʪʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʢ 

ʢʦʤʤʝʨʯʝʩʢʠʤ ʘʥʪʠʙʠʦʪʠʢʘʤ [109]. ʇʦʵʪʦʤʫ ʤʘʛʥʠʪʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʬʝʨʨʠʪʳ ʮʠʥʢʘ, ʥʠʢʝʣʷ ʠ ʢʦʙʘʣʴʪʘ, ʦʙʣʘʜʘʶʱʠʝ 

ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʢ ʨʘʟʣʠʯʥʳʤ ʪʝʩʪ-ʢʫʣʴʪʫʨʘʤ, ʩʪʘʣʠ ʧʨʠʚʣʝʢʘʪʴ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ 

ʚʦ ʚʩʝʤ ʤʠʨʝ [110ï112]. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [113ï115] ʥʘʥʦʯʘʩʪʠʮʳ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʬʝʨʨʠʪʦʚ ʧʨʦʷʚʠʣʠ ʭʦʨʦʰʫʶ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʫʶ ʘʢʪʠʚʥʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʪʝʩʪ-ʢʫʣʴʪʫʨʘʤ: 

B. subtilis, S. aureus, P. aeruginosa, E. coli, B. cereus, S. citreus. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʨʷʜʝ ʨʘʙʦʪ ʙʳʣʘ 

ʧʦʢʘʟʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʥʝ ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ ʠʭ 

ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʥʦ ʠ ʙʣʘʛʦʜʘʨʷ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʜʦʩʪʘʚʢʠ ʚ ʥʫʞʥʫʶ 

ʦʙʣʘʩʪʴ ʠ ʣʝʛʢʦʛʦ ʫʜʘʣʝʥʠʷ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʧʦʤʦʱʠ ʤʘʛʥʠʪʘ [116, 117]. 

 8) ʂʘʪʘʣʠʟʘʪʦʨʳ ʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʳ ï ʩʬʝʨʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘʥʦʢʘʪʘʣʠʟʘʪʦʨʦʚ ʘʢʪʠʚʥʦ 

ʨʘʟʚʠʚʘʝʪʩʷ, ʥʘʯʠʥʘʷ ʩ 2000-ʭ ʛʦʜʦʚ, ʙʣʘʛʦʜʘʨʷ ʠʥʪʝʨʝʩʫ ʢ ʵʢʦʣʦʛʠʯʝʩʢʠ ʯʠʩʪʳʤ ʠ ʵʬʬʝʢʪʠʚʥʳʤ 

ʩ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʘʪʝʨʠʘʣʘʤ [118ï120]. ʄʘʛʥʠʪʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ 

ʙʦʣʴʰʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʬʝʨʨʠʪʳ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʦʪʣʠʯʥʦ ʧʦʜʭʦʜʷʪ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ ʟʘ ʩʯʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʰʢʦʚ ʩ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ, ʤʘʣʳʤ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ, ʭʦʨʦʰʝʡ ʩʝʣʝʢʪʠʚʥʦʩʪʴʶ, ʚʦʟʤʦʞʥʦʩʪʠ 

ʤʘʛʥʠʪʦʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʧʦʚʪʦʨʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʝʟ ʟʘʤʝʪʥʦʡ ʧʦʪʝʨʠ ʘʢʪʠʚʥʦʩʪʠ [121ï123]. 

ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʦʧʫʙʣʠʢʦʚʘʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, ʛʜʝ ʨʘʟʣʠʯʥʳʝ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʬʝʨʨʠʪʳ ʫʩʧʝʰʥʦ ʧʨʦʷʚʠʣʠ ʩʝʙʷ ʚ ʢʘʯʝʩʪʚʝ ʵʬʬʝʢʪʠʚʥʳʭ 

ʤʘʛʥʠʪʦʚʦʩʩʪʘʥʘʚʣʠʚʘʝʤʳʭ ʢʘʪʘʣʠʟʘʪʦʨʘʭ ʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʘʭ ʚ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ [124ï127].  

 9) ʉʝʥʩʦʨʳ ʠ ʜʘʪʯʠʢʠ ï ʠʟʚʝʩʪʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ ʩʝʥʩʦʨʦʚ ʠ ʜʘʪʯʠʢʦʚ ʥʘ 

ʦʩʥʦʚʝ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʦʧʪʠʯʝʩʢʠʝ ʠ ʨʝʟʠʩʪʠʚʥʳʝ ʛʘʟʦʚʳʝ 

ʩʝʥʩʦʨʳ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʜʘʪʯʠʢʠ, ʧʨʦʚʦʜʷʱʠʝ ʧʦʣʠʤʝʨʥʳʝ ʩʝʥʩʦʨ. [128ï131].  

ʂʨʦʤʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʜʨʫʛʠʭ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʩʬʝʨ ʧʨʠʤʝʥʝʥʠʷ ʬʝʨʨʠʪʦʚ 

ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʢʦʪʦʨʳʝ ʧʦʷʚʠʣʠʩʴ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ. ʉʨʝʜʠ ʥʠʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʦʪʯʠʩʪʢʫ 

ʩʪʦʯʥʳʭ ʚʦʜ [132, 133], ʘʜʜʠʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠ 3D ʧʝʯʘʪʠ [134, 135], ʵʣʝʢʪʨʦʢʘʪʘʣʠʟ [136, 137], 

ʦʙʣʘʩʪʴ ʤʝʜʠʮʠʥʩʢʦʛʦ ʠ ʙʠʦʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ (ʜʦʩʪʘʚʢʘ ʣʝʢʘʨʩʪʚʘ, ʜʠʘʛʥʦʩʪʠʢʘ 

ʦʥʢʦʣʦʛʠʯʝʩʢʠʭ ʟʘʙʦʣʝʚʘʥʠʡ) [138, 139]. ɸʢʪʫʘʣʴʥʦʩʪʴ ʵʪʦʛʦ ʢʣʘʩʩʘ ʩʦʝʜʠʥʝʥʠʡ ʜʣʷ 

ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ ʣʫʯʰʝ ʚʩʝʛʦ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʮʠʬʨʳ ʨʦʩʪʘ ʯʠʩʣʘ ʥʘʫʯʥʳʭ 
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ʧʫʙʣʠʢʘʮʠʡ (ʨʠʩʫʥʦʢ 6) ʠ ʫʚʝʣʠʯʝʥʠʝ ʤʠʨʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʬʝʨʨʠʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʯʪʠ ʚ 3 

ʨʘʟʘ ʟʘ ʧʦʩʣʝʜʥʠʝ ʥʝʩʢʦʣʴʢʦ ʣʝʪ. 

 

 

ʈʠʩʫʥʦʢ 6 ï ʏʠʩʣʦ ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʟʘʧʨʦʩʫ çferritesè ʚ ʙʘʟʝ ʜʘʥʥʳʭ ʥʘʫʯʥʳʭ ʧʫʙʣʠʢʘʮʠʡ Science 

Direct [140] 

 

 ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʩʧʦʩʦʙʦʚ ʠʭ ʧʦʣʫʯʝʥʠʷ ʠ ʠʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ [17, 60, 101]. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ 

ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʬʝʨʨʠʪʦʚ ʚʦʟʤʦʞʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʠʭ ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ [141, 142]. ɺ ʨʘʙʦʪʝ [143] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʨʠʪʠʯʝʩʢʠʡ ʨʘʟʤʝʨ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ, ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 76 ʥʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʝʭʦʜʫ ʦʪ 

ʦʜʥʦʜʦʤʝʥʥʦʡ ʢ ʤʥʦʛʦʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʨʷʜʝ ʨʘʙʦʪ [71, 144, 145] ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʬʦʨʤʳ ʥʘʥʦʯʘʩʪʠʮ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʚʝʜʝʥʠʷ ʬʝʨʨʠʪʦʚ (ʨʠʩʫʥʦʢ 7).  

 

 

ʈʠʩʫʥʦʢ 7 ï ɿʘʚʠʩʠʤʦʩʪʴ ʦʩʥʦʚʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʪ ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʬʝʨʨʠʪ-

ʰʧʠʥʝʣʝʡ [143] 
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 ʇʦʤʠʤʦ ʚʣʠʷʥʠʷ ʥʘ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʧʝʨʝʭʦʜ ʢ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʤ ʬʝʨʨʠʪʘʤ-

ʰʧʠʥʝʣʷʤ ʪʘʢʞʝ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʠʭ ʘʜʩʦʨʙʮʠʦʥʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʟʘ ʩʯʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʨʠʩʪʦʩʪʠ [115, 122, 125, 146]. 

ʀʤʝʥʥʦ ʥʘʥʦʯʘʩʪʠʮʳ ʚ ʦʩʥʦʚʥʦʤ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʦʙʣʘʩʪʠ ʛʠʧʝʨʪʝʨʤʠʠ ʠ ʪʦʯʝʯʥʦʡ ʜʦʩʪʘʚʢʠ 

ʣʝʢʘʨʩʪʚʝʥʥʳʭ ʧʨʝʧʘʨʘʪʦʚ [104, 138, 143, 147]. 

 

1.1.3 ʃʠʪʠʝʚʳʝ ʬʝʨʨʠʪʳ Li xM1-xMôyFe2.5-0.5(x+y)O4 (M, Mô ï Ni, Zn, Mn, Ti ) 

1.1.3.1 ʌʝʨʨʠʪ ʣʠʪʠʷ (Li 0.5Fe2.5O4) 

 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʦʩʪʦʡ ʣʠʪʠʝʚʳʡ ʬʝʨʨʠʪ Li 0.5Fe2.5O4 (LiFe5O8) ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʜʚʫʭ 

ʤʦʜʠʬʠʢʘʮʠʷʭ ï Ŭ (ʫʧʦʨʷʜʦʯʝʥʥʦʡ) ʠ ɓ (ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ) (ʨʠʩʫʥʦʢ 8) [22, 23, 148]. ʇʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤʠ ʵʪʦʛʦ ʢʣʘʩʩʘ ʩʦʝʜʠʥʝʥʠʡ ʣʠʪʠʝʚʳʡ ʬʝʨʨʠʪ ʚʳʜʝʣʷʝʪʩʷ ʚ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʙʣʘʛʦʜʘʨʷ ʦʩʦʙʝʥʥʦʤʫ ʫʧʦʨʷʜʦʯʝʥʠʶ ʢʘʪʠʦʥʦʚ Li+ ʠ Fe3+ ʥʘ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ 

ʧʦʟʠʮʠʷʭ çɺè ʠ ʦʪʚʝʯʘʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ P4132/P4332 [27, 149]. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʚʳʰʝ 750  ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʠʟ ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʬʘʟʳ Ŭ-Li 0.5Fe2.5O4 ʚ ʥʝʫʧʦʨʷʜʦʯʝʥʥʫʶ ʬʘʟʫ 

ɓ-Li 0.5Fe2.5O4, ʦʪʚʝʯʘʶʱʫʶ ʧʦ ʩʚʦʝʡ ʩʪʨʫʢʪʫʨʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ Fd3m [26, 27]. 

 

 

ʈʠʩʫʥʦʢ 8 ï ʋʧʦʨʷʜʦʯʝʥʥʘʷ ʠ ʥʝʫʧʦʨʷʜʦʯʝʥʥʘʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʦʩʪʦʛʦ ʬʝʨʨʠʪʘ 

ʣʠʪʠʷ [148] 

 

ɺ ʦʩʥʦʚʥʦʤ ʧʨʦʩʪʦʡ ʣʠʪʠʝʚʳʡ ʬʝʨʨʠʪ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʧʨʠ 

ʧʨʦʠʟʚʦʜʩʪʚʝ ʣʠʪʠʝʚʳʭ ʙʘʪʘʨʝʡ [150], ʚ ʢʘʯʝʩʪʚʝ ʬʝʨʨʠʤʘʛʥʠʪʘ ʩ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʂʶʨʠ 

(620 ) [151] ʠ ʚ ʤʘʛʥʠʪʥʳʭ ʟʘʧʠʩʳʚʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚʘʭ [152]. ɼʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ 

Li 2O3 ï Fe2O3 ʚʧʝʨʚʳʝ ʙʳʣʘ ʦʧʫʙʣʠʢʦʚʘʥʘ ʚ ʨʘʙʦʪʝ [153] ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʝʦʜʥʦʢʨʘʪʥʦ 

ʫʪʦʯʥʷʣʘʩʴ ʠ ʜʦʧʦʣʥʷʣʘʩʴ [148, 154] (ʨʠʩʫʥʦʢ 9). ɺ ʩʠʩʪʝʤʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʜʚʘ ʦʩʥʦʚʥʳʭ 

ʩʦʝʜʠʥʝʥʠʷ ï ʧʘʨʘʤʘʛʥʠʪʥʳʡ ʦʨʪʦʬʝʨʨʠʪ ʣʠʪʠʷ LiFeO2 ʠʤʝʶʱʠʡ ʧʘʨʘʤʝʪʨ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

a = 4.14(1)Ñ0.005 ¡ ʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʣʠʪʠʝʚʳʭ ʙʘʪʘʨʝʷʭ [155] ʠ ʬʝʨʨʠʤʘʛʥʠʪʥʳʡ Li0.5Fe2.5O8, 

ʠʤʝʶʱʠʡ ʩʪʨʫʢʪʫʨʫ ʦʙʨʘʱʝʥʥʦʡ ʰʧʠʥʝʣʠ ʠ ʧʘʨʘʤʝʪʨ ʵʣʝʤʝʥʪʘʨʥʦʡ ̫ ʯʝʡʢʠ a = 8.334(2)Ñ0.004 ¡.  
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ʈʠʩʫʥʦʢ 9 ï ɼʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ Li 2O-Fe2O3 [154] 

 

 ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʧʨʦʩʪʳʭ ʣʠʪʠʝʚʳʭ ʬʝʨʨʠʪʦʚ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʟʘʚʠʩʷʪ ʦʪ 

ʢʘʪʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʧʦʜʨʝʰʝʪʢʘʤʠ çɸè ʠ çɺè ʠ ʯʘʱʝ ʚʩʝʛʦ ʠʟʤʝʥʷʶʪʩʷ ʟʘ ʩʯʝʪ 

ʚʚʝʜʝʥʠʷ ʜʨʫʛʠʭ ʢʘʪʠʦʥʦʚ ʤʝʪʘʣʣʦʚ, ʪʘʢʠʭ ʢʘʢ Co2+, Ni2+, Zn2+, Al 3+, Ti4+ ʠ ʪ.ʜ. [37, 39, 129, 156].  

 

1.1.3.2 ʄʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʡ LiZnMn  ʬʝʨʨʠʪ (Li xZn1-xMn yFe2.5-0.5(x+y)O4) 

 

ʄʘʛʥʠʪʥʳʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʭ ʬʝʨʨʠʪʦʚ (Li xZn1-

xMnyFe2.5-0.5(x+y)O4) ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʟʘʚʠʩʷʪ ʦʪ ʠʭ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʘʪʠʦʥʦʚ 

ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ ʠ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ. ɺʣʠʷʥʠʝ ʚʚʝʜʝʥʠʝ ʢʘʪʠʦʥʦʚ Zn2+ ʠ Mn2+ ʥʘ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʣʠʪʠʝʚʳʭ ʬʝʨʨʠʪʦʚ ʙʳʣʦ ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥʦ ʚʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ [157ï

159], ʠ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʜʦʣʠ Zn ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ ʤʘʛʥʠʪʥʳʝ ʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʪʦʛʜʘ ʢʘʢ ʚʚʝʜʝʥʠʝ Mn ʩʥʠʞʘʝʪ ʚʝʣʠʯʠʥʫ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʦʪʝʨʴ ʠ ʫʚʝʣʠʯʠʚʘʝʪ ʟʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

[159, 160]. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʦʨʤʝ ʩʚʦʡʩʪʚʘ ʬʝʨʨʠʪʦʚ ʪʘʢʞʝ ʩʠʣʴʥʦ ʟʘʚʠʩʷʪ ʦʪ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʦʪ ʠʩʭʦʜʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʩʧʝʢʘʥʠʷ ʧʨʝʜʢʝʨʘʤʠʯʝʩʢʠʭ 

ʧʦʨʦʰʢʦʚ [161, 162]. 

 ʄʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʡ LiZnMn ʬʝʨʨʠʪ ï ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʡ ʉɺʏ-ʤʘʪʝʨʠʘʣ, ʢʦʪʦʨʳʡ 

ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʨʘʜʠʦʫʩʪʨʦʡʩʪʚ ʜʣʷ ʛʨʘʞʜʘʥʩʢʦʛʦ ʠ ʚʦʝʥʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ 

[159, 163]. ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʚʦ ʚʩʝʤ ʤʠʨʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʩʝʚʦʟʤʦʞʥʳʭ 

ʤʘʨʦʢ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʭ ʬʝʨʨʠʪʦʚ, ʢʦʪʦʨʳʝ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ 

ʦʩʥʦʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʤʝʪʦʜʠʢʠ ʩʧʝʢʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʪʦʣʴʢʦ ʆɸʆ 

çɿʘʚʦʜ ʄʘʛʥʝʪʦʥè ʧʨʦʠʟʚʦʜʠʪ ʧʦʨʷʜʢʘ 6-ʪʠ ʨʘʟʣʠʯʥʳʭ ʤʘʨʦʢ LiZnMn ʬʝʨʨʠʪʦʚ [164]. 

ʃʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʝ ʬʝʨʨʠʪʳ ʦʙʳʯʥʦ ʩʧʝʢʘʶʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 1160  ʜʣʷ 
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ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʪʝʨʝ Li ʠ ʫʚʝʣʠʯʝʥʠʶ ʪʘʥʛʝʥʩʘ ʫʛʣʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ [165]. ɼʣʷ ʧʦʥʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ ʜʦʙʘʚʢʠ 

ʦʢʩʠʜʘ ʚʠʩʤʫʪʘ (Bi2O3), ʢʦʪʦʨʳʡ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʧʦʚʳʰʝʥʠʷ ʦʙʲʝʤʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ 

ʩʥʠʞʝʥʠʠ ʧʦʨʠʩʪʦʩʪʠ ʧʦʣʫʯʘʝʤʦʡ ʢʝʨʘʤʠʢʠ ʠ ʩʜʝʨʞʠʚʘʥʠʶ ʫʣʝʪʫʯʠʚʘʥʠʷ ʣʠʪʠʷ ʟʘ ʩʯʝʪ 

ʦʙʨʘʟʦʚʘʥʠʷ ʞʠʜʢʦʡ ʬʘʟʳ [166]. ʂʨʦʤʝ ʪʦʛʦ, ʩʦʛʣʘʩʥʦ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤ ʨʘʙʦʪʘʤ [159, 167], ʥʘ 

ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ LiZnMn ʬʝʨʨʠʪʦʚ ʙʦʣʴʰʦʝ ʚʣʠʷʥʠʝ ʦʢʘʟʳʚʘʝʪ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʝʨʘʤʠʢʠ, ʢʦʪʦʨʘʷ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʠ ʩʪʝʧʝʥʠ ʠʭ 

ʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ ʨʘʟʤʝʨʘʤ. ʕʪʦ ʚʣʠʷʥʠʝ ʩʚʷʟʘʥʦ ʩ ʜʚʠʞʝʥʠʝʤ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʠ 

ʩʧʠʥʦʚʦʤ ʚʨʘʱʝʥʠʠ [168]. ʆʩʥʦʚʥʳʤ ʩʧʦʩʦʙʦʤ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʠʟʛʦʪʦʚʣʝʥʠʷ ʣʠʪʠʡ-ʮʠʥʢ-

ʤʘʨʛʘʥʮʝʚʳʭ ʬʝʨʨʠʪʦʚ ʷʚʣʷʝʪʩʷ ʪʚʝʨʜʦʬʘʟʥʳʡ ʩʠʥʪʝʟ ʠʩʭʦʜʥʦʛʦ ʧʨʝʜʢʝʨʘʤʠʯʝʩʢʦʛʦ 

ʬʝʨʨʠʪʦʚʦʛʦ ʧʦʨʦʰʢʘ ʠ ʝʛʦ ʧʦʩʣʝʜʫʶʱʝʝ ʩʧʝʢʘʥʠʝ ʧʦ ʢʣʘʩʩʠʯʝʩʢʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ 

[46, 95] 

 

1.1.3.3 ʄʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʡ LiZnTiMn  ʬʝʨʨʠʪ (Li 0.5+0.5xZnxTi xMn xFe2.5-0.5xO4) 

 

ʃʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʳʝ ʬʝʨʨʠʪʳ (Li 0.5+0.5xZnxTixMnxFe2.5-0.5xO4) ʠʤʝʶʪ 

ʘʥʘʣʦʛʠʯʥʫʶ ʩ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʤʠ ʬʝʨʨʠʪʘʤʠ ʩʬʝʨʫ ʧʨʠʤʝʥʝʥʠʷ ʠ ʯʘʱʝ ʚʩʝʛʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʨʘʟʣʠʯʥʳʭ ʉɺʏ-ʫʩʪʨʦʡʩʪʚ [73, 169, 170]. 

ɺʢʣʶʯʝʥʠʝ ʚ ʩʪʨʫʢʪʫʨʫ ʢʘʪʠʦʥʦʚ Ti4+ ʦʙʫʩʣʦʚʣʝʥʦ ʧʦʚʳʰʝʥʠʝʤ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʤʘʛʥʠʪʥʳʭ ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʣʠʪʠʝʚʳʭ ʬʝʨʨʠʪʦʚ [171]. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ 

ʧʨʦʠʟʚʦʜʩʪʚʘ LiZnTiMn ʬʝʨʨʠʪʳ ʦʩʪʘʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʟʘʥʠʤʘʶʪ ʙʦʣʴʰʫʶ ʜʦʣʶ ʚʩʝʛʦ ʨʳʥʢʘ ʬʝʨʨʠʪʦʚʳʭ ʠʟʜʝʣʠʡ [172]. ʂʨʫʧʥʝʡʰʠʡ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴ ʬʝʨʨʠʪʦʚ ʚ ʈʦʩʩʠʠ ï ʟʘʚʦʜ çʄʘʛʥʝʪʦʥè ʠʤʝʝʪ ʚ ʩʚʦʝʤ ʢʘʪʘʣʦʛʝ 11 ʤʘʨʦʢ ʣʠʪʠʡ-

ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʳʭ ʬʝʨʨʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ [164].  

ɿʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ ʦʩʥʦʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ LiZnTiMn ʬʝʨʨʠʪʦʚ ʚʦʟʤʦʞʥʦ 

ʚʘʨʴʠʨʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ. 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʬʝʨʨʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ 

ʷʚʣʷʝʪʩʷ ʠʭ ʫʣʴʪʨʘʤʘʛʥʠʪʦʤʷʛʢʠʡ ʭʘʨʘʢʪʝʨ, ʢʦʪʦʨʳʡ ʦʙʫʩʣʦʚʣʝʥ ʥʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʢʦɻʨʮʠʪʠʚʥʦʡ ʩʠʣʳ (1.0 ï 1.5 ʕ) [37, 173].  

ʆʙʳʯʥʦ LiZnTiMn ʬʝʨʨʠʪʳ ʩʧʝʢʘʶʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 1000  ʩʦʚʤʝʩʪʥʦ ʩ ʦʢʩʠʜʦʤ 

ʚʠʩʤʫʪʘ, ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʢʦʪʦʨʦʛʦ ʦʙʫʩʣʦʚʣʝʥʘ ʪʝʤʠ ʞʝ ʧʨʠʯʠʥʘʤʠ, ʯʪʦ ʠ ʚ ʩʣʫʯʘʝ ʩ LiZnMn 

ʬʝʨʨʠʪʘʤʠ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʙʳʣ ʦʧʫʙʣʠʢʦʚʘʥ ʨʷʜ ʨʘʙʦʪ, ʛʜʝ ʟʘ ʩʯʝʪ ʧʦʥʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʧʝʢʘʥʠʷ ʜʦ 800 ï 900  ʫʜʘʚʘʣʦʩʴ ʜʦʙʠʪʴʩʷ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʠ ʠʭ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ 

ʦʜʥʦʨʦʜʥʦʩʪʠ ʧʦ ʨʘʟʤʝʨʘʤ, ʟʘ ʩʯʝʪ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʣʦ ʫʣʫʯʰʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

LiZnTiMn ʬʝʨʨʠʪʦʚ, ʯʪʦ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʥʝʛʘʪʠʚʥʦ ʚʣʠʷʣʦ ʥʘ ʠʭ ʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʠ, ʚ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʥʘ ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ [174, 175]. ʂʨʦʤʝ ʪʦʛʦ, ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʝʜʘʚʥʠʭ 

ʨʘʙʦʪ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʚʚʝʜʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʪʝʢʦʣ ʠ ʦʢʩʠʜʦʚ (ZnO-Bi2O3-SiO2, 
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Li 2CO3-B2O3-Bi2O3-SiO2, Bi2O3-Al 2O3, V2O5 ʠ ʪ.ʜ.) ʥʘ ʧʨʦʮʝʩʩ ʩʧʝʢʘʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ ʠʭ ʤʘʛʥʠʪʥʳʝ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

[176ï178]. 

 

1.1.4 ʅʠʢʝʣʝʚʳʝ ʬʝʨʨʠʪʳ NixZn1-xFe2O4 

1.1.4.1 ʌʝʨʨʠʪ ʥʠʢʝʣʷ (NiFe2O4) 

 

ʌʝʨʨʠʪ ʥʠʢʝʣʷ (NiFe2O4) ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʦʙʨʘʱʝʥʥʦʡ ʰʧʠʥʝʣʠ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʤ 

ʤʘʛʥʠʪʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʩ ʚʳʩʦʢʠʤ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ (  109 ɋ ʩʤ) ʠ ʩʪʝʧʝʥʴʶ 

ʦʙʨʘʱʝʥʥʦʩʪʠ (ʠʥʚʝʨʩʠʠ) ʨʘʚʥʦʤ 1 [17, 67, 127]. ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʤʫ ʵʣʝʢʪʨʠʯʝʩʢʦʤʫ 

ʩʦʧʨʦʪʠʚʣʝʥʠʶ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʝ, ʫʤʝʨʝʥʥʳʤ ʟʥʘʯʝʥʠʷʤ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʠʢʝʣʝʚʳʡ ʬʝʨʨʠʪ ʦʪʥʦʩʠʪʩʷ ʢ 

ʢʣʘʩʩʫ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʤʘʪʝʨʠʘʣʦʚ [179]. ɿʘ ʩʯʝʪ ʥʘʙʦʨʘ ʫʥʠʢʘʣʴʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ 

(ʚʳʩʦʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚ ʙʦʣʴʰʠʭ ʜʠʘʧʘʟʦʥʘʭ ʯʘʩʪʦʪ, ʤʝʭʘʥʠʯʝʩʢʘʷ ʪʚʝʨʜʦʩʪʴ, 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʥʠʟʢʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʧʦʪʝʨʠ ʚ ʚʠʭʨʝʚʳʭ ʪʦʢʘʭ) NiFe2O4 

ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʤʘʛʥʠʪʥʳʭ ʞʠʜʢʦʩʪʝʡ, ʨʘʟʣʠʯʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ 

ʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʠʥʜʫʢʪʦʨʦʚ ʠ ʮʠʨʢʫʣʷʪʦʨʦʚ, ʄʈʊ-ʢʦʥʪʨʘʩʪʥʳʭ ʘʛʝʥʪʦʚ, 

ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʪ.ʜ. [180ï184]. 

ɼʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ NiO-Fe2O3 ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʘ [59] ʠ ʧʦʩʪʦʷʥʥʦ ʫʪʦʯʥʷʝʪʩʷ 

[185]. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʠʩʫʥʢʘ 10, ʚ ʵʪʦʡ ʩʠʩʪʝʤʝ ʚʦʟʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʦʢʩʠʜʥʳʭ 

ʬʘʟ, ʪʘʢʠʭ ʢʘʢ ʛʝʤʘʪʠʪ, ʥʠʢʝʣʝʚʳʡ ʬʝʨʨʠʪ, ʙʫʥʟʝʥʠʪ ʠ ʨʷʜ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʩʦʩʪʘʚʳ ʢʦʪʦʨʳʭ 

ʟʘʚʠʩʷʪ ʦʪ ʤʦʣʷʨʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ Fe2O3 (Ni/(Ni+Fe)) ʠ ʪʝʤʧʝʨʘʪʫʨʳ.  

 

 

ʈʠʩʫʥʦʢ 10 ï ɼʠʘʛʨʘʤʤʘ ʩʦʩʪʦʷʥʠʷ ʩʠʩʪʝʤʳ NiO-Fe2O3 ʩ ʩʦʜʝʨʞʘʥʠʝʤ Fe2O3 ʧʦ ʦʩʠ ʭ (ʘ) ʠ ʩ 

ʩʦʜʝʨʞʘʥʠʝʤ Ni(Ni/Fe) ʧʦ ʦʩʠ x (ʙ) [154] 

 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʦʩʥʦʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʩʪʘʣʘ ʨʘʟʨʘʙʦʪʢʘ 

ʧʦʣʫʯʝʥʠʷ ʯʠʩʪʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʬʝʨʨʠʪʦʚ ʥʠʢʝʣʷ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ 
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ʠʭ ʦʩʥʦʚʝ [17, 186, 187]. ʆʧʫʙʣʠʢʦʚʘʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, ʛʜʝ ʥʘʥʦʯʘʩʪʠʮʳ ʬʝʨʨʠʪʘ 

ʥʠʢʝʣʷ ʧʦʢʘʟʘʣʠ ʚʳʩʦʢʫʶ ʩʪʝʧʝʥʴ ʢʦʥʚʝʨʩʠʠ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ 

ʧʨʦʮʝʩʩʘʭ ʦʢʠʩʣʝʥʠʷ ʛʣʠʮʝʨʠʥʘ ʜʦ ʤʫʨʘʚʴʠʥʦʡ ʢʠʩʣʦʪʳ [188], ʧʦʣʫʯʝʥʠʷ ʚʦʜʦʨʦʜʘ ʩ ʧʦʤʦʱʴʶ 

ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʦʡ ʛʘʟʠʬʠʢʘʮʠʠ ʚʦʜʳ ʵʚʢʘʣʠʧʪʦʚʦʡ ʜʨʝʚʝʩʥʦʡ ʱʝʧʦʡ [189], ʦʢʠʩʣʝʥʠʷ 

ʙʝʥʟʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʜʦ ʙʝʥʟʘʣʴʜʝʛʠʜʘ ʚ ʤʷʛʢʠʭ ʫʩʣʦʚʠʷʭ [190], ʩʠʥʪʝʟʘ ʠʤʠʜʘʟʦʣʴʥʳʭ 

ʛʝʪʝʨʦʮʠʢʣʦʚ ʧʫʪʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ [191]. ʂʨʦʤʝ ʪʦʛʦ, ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʤʘʪʝʨʠʘʣʦʚ ʙʳʣʦ ʦʧʨʦʙʦʚʘʥʦ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʬʝʨʨʠʪʦʤ ʥʠʢʝʣʷ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʤʘʛʥʠʪʥʳʭ, 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ [184, 192].  ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [193] 

ʤʘʛʥʠʪʥʳʝ ʛʝʪʝʨʦʛʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ n-p ʪʠʧʘ Bi2Fe4O9/NiFe2O4 ʧʦʣʫʯʝʥʥʳʝ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ 

ʤʝʪʦʜʦʤ, ʙʳʣʠ ʠʟʫʯʝʥʳ ʚ ʢʘʯʝʩʪʚʝ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʧʨʦʮʝʩʩʝ ʜʝʛʠʜʨʠʨʦʚʘʥʠʷ ʤʝʪʠʣʝʥʦʚʦʛʦ 

ʩʠʥʝʛʦ ʧʨʠ ʫʣʴʪʨʘʬʠʦʣʝʪʝ, ʘ ʚ ʨʘʙʦʪʝ [194] ʤʘʛʥʠʪʥʳʡ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ NiFe2O4-SiO2-

TiO2 ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʥʘ ʧʨʦʷʚʣʝʥʠʝ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʦʢʠʩʣʝʥʠʷ Cr 

(VI) ʚ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʣʠʪʠʝʚʳʤʠ ʬʝʨʨʠʪʘʤʠ, ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ 

NiFe2O4 ʯʘʱʝ ʚʩʝʛʦ ʠʟʤʝʥʷʶʪ ʟʘ ʩʯʝʪ ʚʚʝʜʝʥʠʷ ʢʘʪʠʦʥʦʚ ʜʨʫʛʠʭ ʤʝʪʘʣʣʦʚ [15, 195]. ɺ ʥʘʩʪʦʷʱʠʡ 

ʤʦʤʝʥʪ ʚʳʜʝʣʷʶʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʣʘʩʩʦʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ, ʩʨʝʜʠ 

ʢʦʪʦʨʳʭ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʷʶʪ Ni-Co, Ni-Zn, Ni-Mn, Ni-

Zn-Mn ʬʝʨʨʠʪʳ ʠ ʨʷʜ ʜʨʫʛʠʭ [15, 17, 195]. 

 

1.1.4.2 ʄʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʡ NiZn ʬʝʨʨʠʪ (NixZn1-xFe2O4) 

 

ʅʠʢʝʣʴ-ʮʠʥʢʦʚʳʝ ʬʝʨʨʠʪʳ (NixZn1-xFe2O4) ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤ ʧʨʠʢʣʘʜʥʳʤ ʤʘʪʝʨʠʘʣʦʤ 

[196] ʠ ʚʪʦʨʳʤ ʧʦ ʧʦʧʫʣʷʨʥʦʩʪʠ ʩʨʝʜʠ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʧʫʙʣʠʢʘʮʠʡ ʧʦ 

ʙʘʟʝ ʜʘʥʥʳʭ ScienceDirect ʩʨʝʜʠ ʚʩʝʭ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ [140]. ʀʥʪʝʨʝʩ ʢ ʥʠʤ ʚʳʟʚʘʥ ʨʷʜʦʤ 

ʫʥʠʢʘʣʴʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʦʩʦʙʝʥʥʦ ʚʳʜʝʣʷʝʪʩʷ ʚʳʩʦʢʘʷ 

ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʦʧʨʦʪʠʚʣʷʝʤʦʩʪʴ (  106 ɋ ʩʤ), ʭʦʨʦʰʠʝ ʧʦʢʘʟʘʪʝʣʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ, ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ (  550 ï 600 ), ʚʳʩʦʢʘʷ ʤʘʛʥʠʪʥʘʷ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʧʦʪʝʨʠ ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʨʘʙʦʯʘʷ ʯʘʩʪʦʪʘ, ʯʝʤ ʚ 

ʧʨʦʩʪʳʭ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʘʭ [197ï199]. ʅʠʢʝʣʴ-ʮʠʥʢʦʚʳʝ ʬʝʨʨʠʪʳ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʧʨʠ 

ʧʨʦʠʟʚʦʜʩʪʚʝ ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʚ ʩʬʝʨʝ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʡ, ʚ ʢʘʯʝʩʪʚʝ 

ʨʘʜʠʦʧʦʛʣʦʱʘʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ (RAM), ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ 

ʯʘʩʪʦʪ (ʦʪ 100 MHz ʜʦ 100 GHz), ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʭ ʧʦʢʨʳʪʠʡ, ʢʘʪʘʣʠʟʘʪʦʨʦʚ [200ï203]. 

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʜʘʥʥʳʡ ʢʣʘʩʩ ʤʘʪʝʨʠʘʣʦʚ ʚʳʟʳʚʘʝʪ, ʚ ʪʦʤ ʯʠʩʣʝ, ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʚʳʜʘʶʱʠʤʩʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ, ʢʦʪʦʨʳʝ ʧʦ ʨʷʜʫ ʧʘʨʘʤʝʪʨʦʚ ʧʨʝʚʦʩʭʦʜʷʪ ʜʘʞʝ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʣʠʪʠʝʚʳʝ ʬʝʨʨʠʪʳ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʥʠʢʝʣʴ-ʮʠʥʢʦʚʳʝ ʬʝʨʨʠʪʳ 

ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʉɺʏ-ʤʘʪʝʨʠʘʣʦʚ [204]. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʆɸʆ çɿʘʚʦʜ ʄʘʛʥʝʪʦʥè 

ʧʨʦʠʟʚʦʜʠʪ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʤʘʨʦʢ ʥʘ ʦʩʥʦʚʝ Ni-Zn ʬʝʨʨʠʪʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʝʡ 

ʧʨʠʤʝʥʝʥʠʷ [164]. 
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ʅʘ ʨʠʩʫʥʢʝ 11ʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʘʷ ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʩʠʩʪʝʤʳ NiO-ZnO-

Fe2O3 ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 950-1180 , ʦʧʫʙʣʠʢʦʚʘʥʥʘʷ ʚ ʨʘʙʦʪʝ [205]. ʉʦʩʪʘʚ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʥʠʢʝʣʴ-ʮʠʥʢʦʚʦʛʦ ʬʝʨʨʠʪʘ (Ni0.5Zn0.5Fe2O4) ʣʝʞʠʪ ʥʘ ʧʦʩʪʦʷʥʥʦʡ ʣʠʥʠʠ Zn1-

xNixFe2O4, ʩʦʝʜʠʥʷʶʱʠʡ ʦʩʪʘʣʴʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʬʝʨʨʠʪʘ (NiFe2O4 ʠ 

ZnFe2O4). ɺ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ [206] ʝʩʪʴ ʜʘʥʥʳʝ ʧʦ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʟʘʚʠʩʠʤʦʩʪʷʤ ʧʨʝʜʝʣʘ 

ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʩʦʩʪʘʚʣʷʶʱʠʭ NiZn ʬʝʨʨʠʪʘ ʠ ʩʧʠʥʦʜʘʣʴʥʦʡ ʢʨʠʚʦʡ (ʦʙʣʘʩʪʠ ʚ ʜʚʫʭʬʘʟʥʦʤ ʧʦʣʝ, 

ʛʜʝ ʦʜʥʦʨʦʜʥʳʡ ʨʘʩʪʚʦʨ ʩʦʩʪʘʚʣʷʶʱʠʭ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʬʝʨʨʠʪʘ ʥʝʩʪʘʙʠʣʝʥ), 

ʨʘʩʩʯʠʪʘʥʥʦʡ ʧʦ ʟʥʘʯʝʥʠʷʤ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʜʣʷ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʦʡ ʧʩʝʚʜʦʙʠʥʘʨʥʦʡ 

ʩʠʩʪʝʤʳ NiFe2O4 ï ZnFe2O4 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʨʝʛʫʣʷʨʥʦʛʦ ʨʘʩʪʚʦʨʘ 

(ʨʠʩʫʥʦʢ 11ʙ). 

 

 

ʈʠʩʫʥʦʢ 11 ï ʀʟʦʪʝʨʤʠʯʝʩʢʦʝ ʩʝʯʝʥʠʝ (ʘ) [205] ʠ ʩʧʠʥʦʜʘʣʴʥʘʷ ʢʨʠʚʘʷ ʠ ʨʘʟʨʳʚ ʚ 

ʩʤʝʰʠʚʘʝʤʦʩʪʠ (ʙ) ʩʠʩʪʝʤʳ NiO-ZnO-Fe2O3 (ʙ) [206] 

 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʦʩʥʦʚʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʧʦʣʫʯʝʥʠʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʥʠʢʝʣʴ-ʮʠʥʢʦʚʳʭ ʬʝʨʨʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʧʦʠʩʢʫ 

ʥʦʚʳʭ ʩʬʝʨ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ [196ï198, 202ï204]. ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʦ ʧʦʜʨʦʙʥʦ 

ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʢʘʪʠʦʥʦʚ Zn2+ ʥʘ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʥʠʢʝʣʝʚʳʭ 

ʬʝʨʨʠʪʦʚ ʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʠʭ ʩʦʜʝʨʞʘʥʠʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ 

ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ, ʯʪʦ ʩʚʷʟʘʥʥʦ 

ʩ ʨʘʟʥʠʮʝʡ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʟʘʤʝʱʘʶʱʠʭ ʢʘʪʠʦʥʦʚ Zn2+ (0.83 ¡) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʜʠʫʩʦʤ 

ʠʩʭʦʜʥʳʭ ʢʘʪʠʦʥʦʚ Ni2+ (0.78 ¡) [2]. ɺ ʨʷʜʝ ʨʘʙʦʪ ʩʦʦʙʱʘʣʦʩʴ ʦ ʩʥʠʞʝʥʠʠ ʧʦʨʠʩʪʦʩʪʠ ʚʩʣʝʜʩʪʚʠʠ 

ʧʦʷʚʣʝʥʠʷ ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ ʚ ʧʨʦʮʝʩʩʝ ʟʘʤʝʱʝʥʠʷ ʮʠʥʢʦʤ [207] ʠ ʩʥʠʞʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ 

ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ [69]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʮʠʥʢʘ ʚ NiZn ʬʝʨʨʠʪʘʭ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʅʝʵʣʷ, 

ʩʥʠʞʝʥʠʶ ʧʘʨʘʤʝʪʨʦʚ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʠ ʨʝʟʦʥʘʥʩʥʦʡ ʯʘʩʪʦʪʳ ʜʦʤʝʥʥʦʡ 

ʩʪʝʥʢʠ, ʫʚʝʣʠʯʠʚʘʝʪ ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ ʚʩʣʝʜʩʪʚʠʠ ʨʦʩʪʘ ʨʘʟʤʝʨʘ ʟʝʨʝʥ [2, 17, 69, 207]. 
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1.2 ʆʨʪʦʬʝʨʨʠʪʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ 

1.2.1 ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ 

 

ʆʨʪʦʬʝʨʨʠʪʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʈɿʕ) ï ʰʠʨʦʢʠʡ ʢʣʘʩʩ ʩʣʦʞʥʦʦʢʩʠʜʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʦʪʚʝʯʘʶʱʠʭ ʭʠʤʠʯʝʩʢʦʡ ʬʦʨʤʫʣʝ RFeO3 (R ï Sc, 

Y, La ï Lu) [208]. ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʩʫʱʝʩʪʚʫʝʪ ʜʚʝ ʩʪʨʫʢʪʫʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʠ 

ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ ï ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʘʷ ʨʦʤʙʠʯʝʩʢʘʷ (o-RFeO3) ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʘʷ 

ʥʝʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʘʷ ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ (h-RFeO3) [49, 209, 210] (ʨʠʩʫʥʦʢ 12).   

 

 

ʈʠʩʫʥʦʢ 12 ï ʕʣʝʤʝʥʪʘʨʥʳʝ ʷʯʝʡʢʠ ʨʦʤʙʠʯʝʩʢʦʡ (o-RFeO3) ʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ (h-RFeO3) 

ʤʦʜʠʬʠʢʘʮʠʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ [206] 

 

ʀʩʪʦʨʠʯʝʩʢʠ ʥʘʠʤʝʥʦʚʘʥʠʝ ʧʝʨʚʦʡ ʦʪʢʨʳʪʦʡ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʦʡ ʨʦʤʙʠʯʝʩʢʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ ʧʨʦʠʟʦʰʣʦ ʦʪ ʤʠʥʝʨʘʣʘ ʧʝʨʦʚʩʢʠʪʘ (CaTiO3) [212]. ɺ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ ʦʨʪʦʬʝʨʨʠʪʘ ʪʨʝʭʚʘʣʝʥʪʥʳʡ ʢʘʪʠʦʥ Fe3+ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ, ʦʢʨʫʞʝʥ ʰʝʩʪʴʶ ʨʘʚʥʦʫʜʘʣʝʥʥʳʤʠ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ, ʚʦʢʨʫʛ ʢʦʪʦʨʦʡ ʪʨʝʭʚʘʣʝʥʪʥʳʡ 

ʢʘʪʠʦʥ R3+ (ʦʢʨʫʞʝʥʥʳʡ ʜʚʝʥʘʜʮʘʪʴʶ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ) ʬʦʨʤʠʨʫʝʪ ʢʫʙʠʯʝʩʢʫʶ ʧʦʜʨʝʰʝʪʢʫ 

[213]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ ʦʪ ʧʝʨʦʚʩʢʠʪʘ, ʚ ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʚʭʦʜʷʪ ʢʘʪʠʦʥʳ Ca2+ ʠ 

Ti4+ ʩʪʨʫʢʪʫʨʘ ʦʨʪʦʬʝʨʨʠʪʦʚ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʠʩʢʘʞʝʥʘ ʚ ʩʣʝʜʩʪʚʠʠ ʧʦʚʦʨʦʪʘ ʢʠʩʣʦʨʦʜʥʳʭ 

ʦʢʪʘʵʜʨʦʚ, ʚ ʩʦʩʪʘʚ ʢʦʪʦʨʳʭ ʚʭʦʜʷʪ ʢʘʪʠʦʥʳ Fe3+ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʢʫʙʠʯʝʩʢʦʡ ʧʦʜʨʝʰʝʪʢʝ, ʚ 

ʩʦʩʪʘʚʝ ʢʦʪʦʨʳʭ ʧʨʠʩʫʪʩʪʚʫʶʪ ʢʘʪʠʦʥʳ Y3+ [214, 215]. ʕʪʦ ʚʳʟʚʘʥʦ ʨʘʟʣʠʯʥʳʤ ʟʘʨʷʜʦʤ ʠ 

ʨʘʟʤʝʨʦʤ ʢʘʪʠʦʥʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ CaTiO3 ʠ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʚʩʝʭ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ [216, 217]. ʉʦʛʣʘʩʥʦ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤ ʜʘʥʥʳʤ [218], ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʠʩʣʦʨʦʜʥʳʭ 
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ʦʢʪʘʵʜʨʦʚ ʨʦʤʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ o-RFeO3 ʤʦʞʝʪ ʦʪʚʝʯʘʪʴ ʧʦ ʩʚʦʝʡ ʩʪʨʫʢʪʫʨʝ ʜʚʫʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʛʨʫʧʧʘʤ ï Pnma ʠ Pbnm. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʣʠʪʝʨʘʪʫʨʝ [219ï221] ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʨʦʤʙʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʦʨʪʦʬʝʨʨʠʪʦʚ ʯʘʱʝ ʚʩʝʛʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ 

Pnma. 

ɺ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʢʨʦʤʝ ʩʪʘʙʠʣʴʥʦʡ ʨʦʤʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʥʝʢʦʪʦʨʳʝ 

ʦʨʪʦʬʝʨʨʠʪʳ ʈɿʕ ʩʧʦʩʦʙʥʳ ʦʙʨʘʟʦʚʳʚʘʪʴ ʤʝʪʘʩʪʘʙʠʣʴʥʫʶ ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ 

ʤʦʜʠʬʠʢʘʮʠʶ h-RFeO3 (R ï Gd ï Lu), ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʦʪʦʨʦʡ ʚʦʟʤʦʞʥʦ ʧʨʠ ʩʦʙʣʶʜʝʥʠʠ ʨʷʜʘ 

ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ [222ï224]. ɺʧʝʨʚʳʝ ʚʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ 

ʦʨʪʦʬʝʨʨʠʪʦʚ ʙʳʣʦ ʧʦʢʘʟʘʥʘ ʚ ʨʘʙʦʪʝ [225], ʚ ʢʦʪʦʨʦʡ ʙʳʣ ʧʦʣʫʯʝʥ h-YFeO3 ʠ ʜʘʥʘ ʝʛʦ ʦʙʱʘʷ 

ʩʪʨʫʢʪʫʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʦʷʚʠʣʩʷ ʨʷʜ ʨʘʙʦʪ [226ï229], ʚ ʢʦʪʦʨʳʭ ʙʳʣʠ 

ʠʩʩʣʝʜʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʦʨʪʦʬʝʨʨʠʪʘ ʠʪʪʨʠʷ ʠ ʙʳʣʘ ʜʘʥʘ ʧʦʧʳʪʢʘ ʦʙʲʷʩʥʠʪʴ ʝʛʦ ʥʝʦʙʳʯʥʳʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʦʧʨʝʜʝʣʠʪʴ ʚʦʟʤʦʞʥʳʡ ʤʝʭʘʥʠʟʤ ʝʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʫʩʣʦʚʠʷʭ 

çʤʦʢʨʦʡè ʭʠʤʠʠ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʛʝʢʩʘʛʦʥʘʣʴʥʳʝ ʦʨʪʦʬʝʨʨʠʪʳ 

ʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ ʚ ʚʠʜʝ ʩʪʨʫʢʪʫʨ, ʦʪʚʝʯʘʶʱʠʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʛʨʫʧʧʘʤ P63/mmc ʠ P63cm 

[223, 224, 226, 227]. ʕʣʝʤʝʥʪʘʨʥʫʶ ʷʯʝʡʢʫ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʦʨʪʦʬʝʨʨʠʪʦʚ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ 

ʚʠʜʝ ʤʥʦʛʦʩʣʦʡʥʳʭ ʪʨʠʛʦʥʘʣʴʥʳʭ ʧʠʨʘʤʠʜ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʦʜʥʦʛʦ ʢʘʪʠʦʥʘ Fe3+ ʠ ʧʷʪʠ ʘʥʠʦʥʦʚ 

O2- ʠ ʧʣʦʩʢʦʩʪʝʡ, ʚ ʮʝʥʪʨʝ ʢʦʪʦʨʳʭ ʥʘʭʦʜʠʪʩʷ ʢʘʪʠʦʥ R3+, ʦʢʨʫʞʝʥʥʳʡ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ, 

ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪ ʦʢʪʘʵʜʨ [223, 225, 228]. ʉʯʠʪʘʝʪʩʷ ʯʪʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʩʪʴ ʜʘʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ 

ʩʚʷʟʘʥʘ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʝʸ ʩʪʨʫʢʪʫʨʳ, ʘ ʠʤʝʥʥʦ ʩ ʦʢʨʫʞʝʥʠʝʤ ʢʘʪʠʦʥʘ Fe3+, ʢʦʪʦʨʳʡ 

ʨʘʩʧʦʣʦʞʝʥ ʚ ʪʨʠʛʦʥʘʣʴʥʦʡ ʧʠʨʘʤʠʜʝ, ʪʦʛʜʘ ʢʘʢ ʦʙʳʯʥʦ ʦʥ ʥʘʭʦʜʠʪʩʷ ʥʘ ʦʢʪʘʵʜʨʠʯʝʩʢʦʡ 

ʧʦʟʠʮʠʠ (ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʨʦʤʙʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʷʭ ʦʨʪʦʬʝʨʨʠʪʦʚ), ʯʪʦ ʩʚʷʟʘʥʥʦ ʩ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʝʛʦ ʢʠʩʣʦʨʦʜʥʦʛʦ ʦʢʨʫʞʝʥʠʷ [229ï231]. ɿʘ ʠʩʢʣʶʯʝʥʠʝʤ 

ʠʥʬʦʨʤʘʮʠʠ ʦ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʤʦʜʠʬʠʢʘʮʠʷʭ ʦʨʪʦʬʝʨʨʠʪʘ ʠʪʪʨʠʷ ʚ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ 

ʬʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʶʪ ʜʘʥʥʳʝ ʦʙ ʘʥʘʣʦʛʠʯʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʚ ʨʘʤʢʘʭ ʜʨʫʛʠʭ ʩʠʩʪʝʤ 

ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ. ʊʦ ʥʝʙʦʣʴʰʦʝ ʯʠʩʣʦ ʨʘʙʦʪ, ʢʦʪʦʨʦʝ ʢʘʩʘʝʪʩʷ ʵʪʦʛʦ ʚʦʧʨʦʩʘ [213, 222, 232ï

234], ʚ ʦʩʥʦʚʥʦʤ ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʦ ʥʘ ʦʙʱʠʭ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʷʭ h-RFeO3, ʪʦʛʜʘ ʢʘʢ 

ʦʙʣʘʩʪʴ ʠʭ ʚʦʟʤʦʞʥʦʛʦ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʠ ʤʝʭʘʥʠʟʤʳ ʧʦʣʫʯʝʥʠʷ ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʦʡ.  

ʇʦ ʜʘʥʥʳʤ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʤ ʚ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ [57, 222ï224, 233] ʠʟʚʝʩʪʥʦ, ʯʪʦ 

ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʢʨʠʪʝʨʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʦʨʪʦʬʝʨʨʠʪʦʚ ʟʘʚʠʩʷʪ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʦʪ ʫʩʣʦʚʠʡ ʚʳʙʨʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ, ʩʦʦʪʥʦʰʝʥʠʷ 

ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʢʘʪʠʦʥʦʚ R3+ ʠ Fe3+ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʦʪ ʟʥʘʯʝʥʠʷ çʬʘʢʪʦʨʘ ʪʦʣʝʨʘʥʪʥʦʩʪʠ 

(ʧʨʠʩʧʦʩʦʙʣʷʝʤʦʩʪʠ)è, ʢʦʪʦʨʳʡ ʠʟʥʘʯʘʣʴʥʦ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ɺ.ʄ. ɻʦʣʴʜʰʤʠʜʪʦʤ ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ 

ʪʠʧʘ ABX3 ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʝʨʦʚʩʢʠʪʘ [235]: 

ὶ  ὶ ὸЍςὶ  ὶ                                                          (3) 

ʛʜʝ t ï ʬʘʢʪʦʨ ʪʦʣʝʨʘʥʪʥʦʩʪʠ (ʧʨʠʩʧʦʩʦʙʣʷʝʤʦʩʪʠ), ὶ, ὶ ʠ ὶ ï ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ çAè, çBè ʠ çXè 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ɿʥʘʯʝʥʠʷ t ʙʳʣʦ ʨʘʩʩʯʠʪʘʥʦ ʜʣʷ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʩʦʝʜʠʥʝʥʠʡ ʩ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʠ, ʯʘʱʝ ʚʩʝʛʦ, ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0.78 ʜʦ 1.02 (ʨʠʩʫʥʦʢ 13) [236, 237], ʥʦ 

ʚʩʪʨʝʯʘʶʪʩʷ ʨʘʙʦʪʳ, ʛʜʝ ʚ ʜʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʙʨʘʟʦʚʘʥʠʝ ʩʪʘʙʠʣʴʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʥʝ 

ʧʨʦʠʩʭʦʜʠʪ [57, 222, 238]. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʨʘʙʦʪʝ [237] ʪʝʦʨʝʪʠʯʝʩʢʠ ʙʳʣʦ ʨʘʩʩʯʠʪʘʥʦ, ʯʪʦ ʧʨʠ 

ʬʘʢʪʦʨʝ ʪʦʣʝʨʘʥʪʥʦʩʪʠ, ʨʘʚʥʦʤ ʦʪ 1.00 ʜʦ 1.13, ʚʦʟʤʦʞʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ 

ʩʪʨʫʢʪʫʨ (ʨʠʩʫʥʦʢ 14).  

 

 

ʈʠʩʫʥʦʢ 13 ï ʌʘʢʪʦʨ ʪʦʣʝʨʘʥʪʥʦʩʪʠ (ʧʨʠʩʧʦʩʦʙʣʷʝʤʦʩʪʠ) ʢʘʢ ʬʫʥʢʮʠʷ ʢʘʪʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ 

[237] 

 

 

ʈʠʩʫʥʦʢ 14 ï ʇʨʦʛʥʦʟʠʨʫʝʤʳʝ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʩʦʛʣʘʩʥʦ 

ʨʘʩʩʯʠʪʘʥʥʳʤ ʟʥʘʯʝʥʠʷʤ ʬʘʢʪʦʨʘ ʪʦʣʝʨʘʥʪʥʦʩʪʠ [237] 
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ɽʱʝ ʦʜʥʦʡ ʚʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ, ʧʦʟʚʦʣʷʶʱʠʡ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ, ʷʚʣʷʝʪʩʷ ʦʢʪʘʵʜʨʠʯʝʩʢʠʡ ʬʘʢʪʦʨ (Ὢ), ʢʦʪʦʨʳʡ ʟʘʚʠʩʠʪ ʦʪ 

ʩʦʦʪʥʦʰʝʥʠʷ ʠʦʥʥʳʭ ʨʘʜʠʫʩʦʚ ʢʘʪʠʦʥʘ çAè ʠ ʘʥʠʦʥʘ çXè (ʚ ʩʣʫʯʘʝ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ ʧʦʜ çɸè 

ʧʨʠʥʠʤʘʝʪʩʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʡ ʢʘʪʠʦʥ R3+, ʘ ʧʦʜ çʍè ï ʘʥʠʦʥ O2-): 

Ὢ                                                                         (4) 

ʛʜʝ ὶ ʠ ὶ ï ʠʦʥʥʳʝ ʨʘʜʠʫʩʳ ʢʘʪʠʦʥʘ çɸè ʠ ʘʥʠʦʥʘ çʍè ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 ɺ ʨʘʙʦʪʝ [236] ʥʘ ʦʩʥʦʚʘʥʠʠ ʨʘʩʩʯʠʪʘʥʥʳʭ ʟʥʘʯʝʥʠʡ ʬʘʢʪʦʨʘ ʪʦʣʝʨʘʥʪʥʦʩʪʠ ʠ 

ʦʢʪʘʵʜʨʠʯʝʩʢʦʛʦ ʬʘʢʪʦʨʘ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʧʦʧʳʪʢʘ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ (ʨʠʩʫʥʦʢ 15). ɺ ʨʷʜʝ ʨʘʙʦʪ ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʩʦʝʜʠʥʝʥʠʷ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ 

ʧʨʠʛʨʘʥʠʯʥʦʡ ʟʦʥʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ (ʩʨʝʜʠ ʢʦʪʦʨʳʭ 

ʦʨʪʦʬʝʨʨʠʪ ʠʪʪʨʠʷ, ʛʦʣʴʤʠʷ, ʪʝʨʙʠʷ ʠ ʨʷʜ ʜʨʫʛʠʭ), ʩʧʦʩʦʙʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠ ʦʙʨʘʟʦʚʳʚʘʪʴ ʢʘʢ 

ʨʦʤʙʠʯʝʩʢʠʝ, ʪʘʢ ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ [211, 223, 233, 239].  

 

 

ʈʠʩʫʥʦʢ 15 ï ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʬʘʢʪʦʨʘ 

ʪʦʣʝʨʘʥʪʥʦʩʪʠ ʠ ʦʢʪʘʵʜʨʠʯʝʩʢʦʛʦ ʬʘʢʪʦʨʘ [236] 

 

1.2.2 ʌʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ ʠ ʩʬʝʨʳ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ 

 

ɺ ʦʩʥʦʚʥʦʤ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʤʫʣʴʪʠʬʝʨʨʦʠʢʠ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʚ ʢʘʯʝʩʪʚʝ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʠ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ [240]. ʂʨʦʤʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʫʝʪ 

ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, ʛʜʝ ʦʨʪʦʬʝʨʨʠʪʳ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʢʘʯʝʩʪʚʝ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʩʝʥʩʦʨʦʚ ʠ ʜʘʪʯʠʢʦʚ, ʧʝʨʝʢʣʶʯʘʪʝʣʝʡ, 

ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ [49, 209, 241, 242]. ʇʦʷʚʠʚʰʠʝʩʷ ʚ ʪʝʯʝʥʠʝ 
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ʧʦʩʣʝʜʥʝʛʦ ʜʝʩʷʪʠʣʝʪʠʷ ʨʘʙʦʪʳ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʯʪʦ ʨʘʟʣʠʯʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʦʨʪʦʬʝʨʨʠʪʦʚ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʦʙʣʘʜʘʶʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʨʘʟʥʳʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ 

[49, 208ï210, 213, 223, 239]. ʕʪʦ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩʚʷʟʘʥʦ ʩ ʠʭ ʩʪʨʫʢʪʫʨʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ: 

ʪʘʢ ʨʦʤʙʠʯʝʩʢʠʝ ʤʦʜʠʬʠʢʘʮʠʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʧʦ ʩʚʦʝʤʫ ʤʘʛʥʠʪʥʦʤʫ ʧʦʚʝʜʝʥʠʶ ʷʚʣʷʶʪʩʷ 

ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʘʤʠ ʩʦ ʩʣʘʙʳʤ ʧʨʦʷʚʣʝʥʠʝʤ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ [236, 222], ʪʦʛʜʘ ʢʘʢ 

ʛʝʢʩʘʛʦʥʘʣʴʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʦʙʣʘʜʘʶʪ ʧʘʨʘʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ [211, 223, 224, 227, 233]. ɺ 

ʵʪʦʡ ʩʚʷʟʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʠ ʨʦʤʙʠʯʝʩʢʠʭ ʦʨʪʦʬʝʨʨʠʪʦʚ ʙʫʜʫʪ 

ʨʘʩʩʤʦʪʨʝʥʳ ʦʪʜʝʣʴʥʦ. 

ʂʘʢ ʫʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, ʨʦʤʙʠʯʝʩʢʠʝ ʦʨʪʦʬʝʨʨʠʪʳ ʩʦʯʝʪʘʶʪ ʚ ʩʝʙʝ ʜʚʘ ʨʘʟʣʠʯʥʳʭ 

ʪʠʧʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ï ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʠ ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ [236, 222]. ʕʪʦ ʩʚʷʟʘʥʥʦ 

ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʠʩʢʘʞʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʨʦʤʙʠʯʝʩʢʠʭ ʦʨʪʦʬʝʨʨʠʪʦʚ, ʢʦʪʦʨʘʷ 

ʥʝʩʢʦʣʴʢʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʪʨʫʢʪʫʨʳ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʤʠʥʝʨʘʣʘ ʧʝʨʦʚʩʢʠʪʘ [218, 219, 221]. 

ɸʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʟʤ ʚ o-RFeO3 ʚʳʟʚʘʥ ʥʘʣʠʯʠʝʤ ʚ ʠʭ ʩʪʨʫʢʪʫʨʝ ʩʫʧʝʨʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʢʘʪʠʦʥʘʤʠ Fe3+ ʥʘ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ (çFe3+è - çO2-è - çFe3+è) [243]. 

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʟʘ ʩʯʝʪ ʠʩʢʘʞʝʥʥʦʡ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʷʚʣʷʝʪʩʷ ʥʝʙʦʣʴʰʦʝ 

ʥʘʨʫʰʝʥʠʝ ʘʥʪʠʧʘʨʘʣʣʝʣʴʥʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʢʘʪʠʦʥʦʚ Fe3+, ʚʩʣʝʜʩʪʚʠʠ ʢʦʪʦʨʳʭ ʚ 

ʨʦʤʙʠʯʝʩʢʠʭ ʦʨʪʦʬʝʨʨʠʪʘʭ ʥʘʯʠʥʘʝʪ ʚʦʟʥʠʢʘʪʴ ʩʣʘʙʳʡ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤ [222]. ʉʦʛʣʘʩʥʦ 

ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [222, 244, 245], ʬʝʨʨʦʤʘʛʥʝʪʠʟʤ ʚ o-RFeO3 ʥʘʯʠʥʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʧʨʦʷʚʣʷʪʴʩʷ ʪʦʣʴʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ  330 ï 410 , ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʤʧʝʨʘʪʫʨʘʤ 

ʅʝʝʣʷ ʜʣʷ ʦʨʪʦʬʝʨʨʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʚʳʟʚʘʥʦ ʧʝʨʝʭʦʜʦʤ ʢ ʧʘʨʘʤʘʛʥʠʪʥʦʤʫ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʶ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ. 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʨʦʤʙʠʯʝʩʢʠʭ ʦʨʪʦʬʝʨʨʠʪʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʦʜʥʦʦʩʥʘʷ 

ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʘʷ ʚʝʢʪʦʨʫ ʘʥʪʠʩʠʤʤʝʪʨʠʯʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɼʟʷʣʦʰʠʥʩʢʦʛʦ-ʄʦʨʠʷ [246], ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ 

ʤʘʛʥʠʪʥʳʭ ʢʨʠʚʳʭ M-H ʠ B-H, ʩʦʯʝʪʘʶʱʠʭ ʚ ʩʝʙʝ ʯʝʨʪʳ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʠ ʤʘʛʥʠʪʦʪʚʝʨʜʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʭʘʨʘʢʪʝʨʥʳʭ ʪʦʣʴʢʦ ʜʣʷ ʵʪʠʭ ʩʪʨʫʢʪʫʨ [211, 233, 237]. 

ʆʩʥʦʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʨʦʤʙʠʯʝʩʢʠʭ ʦʨʪʦʬʝʨʨʠʪʦʚ 

ʷʚʣʷʶʪʩʷ ʩʬʝʨʳ ʢʘʪʘʣʠʟʘ, ʛʘʟʦʚʦʛʦ ʩʝʧʘʨʠʨʦʚʘʥʠʷ, ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʘʪʦʜʦʚ ʚ ʪʚʝʨʜʦʦʢʩʠʜʥʳʭ 

ʪʦʧʣʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʩʝʥʩʦʨʦʚ, ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʨʘʟʣʠʯʥʳʭ ʢʣʘʧʘʥʦʚ [49, 213, 

218, 232, 247ï249]. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʚʳʟʳʚʘʝʪ ʠʟʫʯʝʥʠʝ 

ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʦʛʦ ʢʣʘʩʩʘ ʩʦʝʜʠʥʝʥʠʡ ʚ ʢʘʯʝʩʪʚʝ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʚʠʜʠʤʦʡ 

ʦʙʣʘʩʪʠ ʩʚʝʪʘ [250, 251] ʠ ʜʣʷ ʙʠʦʤʝʜʠʮʠʥʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʢʘʯʝʩʪʚʝ ʄʈʊ 

ʢʦʥʪʨʘʩʪʥʳʭ ʘʛʝʥʪʦʚ [252]. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʦʤʙʠʯʝʩʢʠʭ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ ʚ 

ʢʘʯʝʩʪʚʝ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩʚʷʟʘʥʦ ʩ ʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ 

ʟʥʘʯʝʥʠʷʤʠ ʚʝʣʠʯʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʢʦʪʦʨʘʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʦʨʪʦʬʝʨʨʠʪʘ 

ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ  2 ʜʦ 3 ʵɺ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʩʧʦʩʦʙʥʦʩʪʴʶ ʧʦʛʣʦʱʘʪʴ ʩʚʝʪ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ 

ʩʦʣʥʝʯʥʦʛʦ ʩʧʝʢʪʨʘ [250, 251, 253].  
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ʂʘʢ ʫʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, ʦʩʦʙʝʥʥʦʩʪʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʶʪʩʷ ʝʸ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʢʦʪʦʨʘʷ 

ʦʪʚʝʯʘʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ P63cm ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʛʨʫʧʧʝ P63/mmc ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 1000 ʂ [57, 224]. ʇʨʠ ʧʝʨʝʭʦʜʝ ʦʪ P63/mmc ʢ P63cm ʥʘʙʣʶʜʘʶʪʩʷ ʪʨʠ 

ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʷ, ʢʦʪʦʨʳʝ ʚ ʨʘʙʦʪʝ [223] ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʢʘʢ ʨʝʞʠʤʳ ʟʘʤʦʨʦʞʝʥʥʳʭ 

ʬʦʥʦʥʦʚ ˗, ː  ʠ ̠. ʈʝʞʠʤ ː  ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝʨʘʚʥʦʤʝʨʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʘʪʦʤʦʚ ʚʜʦʣʴ ʦʩʠ 

ʩ. ʀʤʝʥʥʦ ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʧʦʥʪʘʥʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʠ (ʬʝʨʨʦʵʣʝʢʪʨʠʯʝʩʪʚʦ) ʚ 

ʦʨʪʦʬʝʨʨʠʪʘʭ [224, 254]. ʈʝʞʠʤ ˗  ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʣʣʝʢʪʠʚʥʦʤʫ ʚʨʘʱʝʥʠʶ ʪʨʠʛʦʥʘʣʴʥʳʭ 

ʧʠʨʘʤʠʜ FeO5. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ [255], ʠʤʝʥʥʦ ʵʪʦ ʷʚʣʷʝʪʩʷ ʜʚʠʞʫʱʝʡ ʩʠʣʦʡ 

ʩʪʨʫʢʪʫʨʥʦʛʦ ʧʝʨʝʭʦʜʘ, ʚʳʟʳʚʘʶʱʝʛʦ ʥʝʥʫʣʝʚʦʝ ʩʤʝʱʝʥʠʝ ʨʝʞʠʤʦʚ ː. ʅʘ ʨʠʩʫʥʢʝ 16 ʧʦʢʘʟʘʥʦ, 

ʢʘʢ ʥʘʧʨʘʚʣʝʥʠʝ ʚʨʘʱʝʥʠʷ ʪʨʠʛʦʥʘʣʴʥʳʭ ʧʠʨʘʤʠʜ ʩ ʢʘʪʠʦʥʦʤ Fe3+ ʚ ʮʝʥʪʨʝ ʬʘʢʪʠʯʝʩʢʠ 

ʦʧʨʝʜʝʣʷʝʪ, ʛʜʝ ʠʤʝʥʥʦ ʙʫʜʝʪ ʥʘʭʦʜʠʪʴʩʷ ʙʦʣʴʰʠʥʩʪʚʦ ʘʪʦʤʦʚ R (ʚʳʰʝ ʠʣʠ ʥʠʞʝ ʧʣʦʩʢʦʩʪʝʡ 

RO2), ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʦʧʨʝʜʝʣʷʝʪ ʥʘʧʨʘʚʣʝʥʠʝ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʦʣʷʨʠʟʘʮʠʠ. 

 

 

ʈʠʩʫʥʦʢ 16 ï ɻʨʘʬʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʪʨʝʭ ʬʦʥʦʥʥʳʭ ʨʝʞʠʤʦʚ (˗, ː  ʠ ̠), ʩʚʷʟʘʥʥʳʭ ʩʦ 

ʩʪʨʫʢʪʫʨʥʳʤ ʧʝʨʝʭʦʜʦʤ ʦʪ P63/mmc ʢ P63cm [236] 

 

ɼʣʷ ʧʦʥʠʤʘʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʦʨʪʦʬʝʨʨʠʪʦʚ ʩʣʝʜʫʝʪ 

ʪʘʢʞʝ ʚʝʨʥʫʪʴʩʷ ʢ ʚʦʧʨʦʩʫ ʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ɺʩʝ ʧʦʟʠʮʠʠ ʚ h-RFeO3 ʷʚʣʷʶʪʩʷ 

ʪʨʝʭʚʘʣʝʥʪʥʳʤʠ ʠ ʦʙʣʘʜʘʶʪ ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʥʘ 

ʧʦʟʠʮʠʷʭ Fe3+ ʚʳʟʚʘʥʳ ʠʭ ʵʣʝʢʪʨʦʥʥʳʤʠ ʩʧʠʥʘʤʠ [223, 254]. ʅʘʠʙʦʣʝʝ ʩʠʣʴʥʳʤ ʤʘʛʥʠʪʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʷʚʣʷʝʪʩʷ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʢʘʪʠʦʥʘʤʠ Fe3+ ʚʥʫʪʨʠ ʧʣʦʩʢʦʩʪʠ 

(ʩʣʦʷ) FeO. ɺ ʩʚʷʟʠ ʩ ʜʚʫʤʝʨʥʦʡ ʪʨʝʫʛʦʣʴʥʦʡ ʨʝʰʝʪʢʦʡ ʠ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʧʨʠʨʦʜʳ 

ʧʣʦʩʢʦʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘʨʫʰʝʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʣʦʷʭ FeO ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʩʧʠʥʳ ʥʘʭʦʜʷʪʩʷ 
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ʚʜʦʣʴ ʦʩʠ ʩ. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʩʧʠʥʳ ʥʘʭʦʜʷʪʩʷ ʚ ʧʣʦʩʢʦʩʪʠ FeO, ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʨʫʩʪʨʘʮʠʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʢʦʣʣʝʢʪʠʚʥʦʤʫ ʚʨʘʱʝʥʠʶ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 

ʤʦʤʝʥʪʦʚ ʚ ʧʨʝʜʝʣʘʭ a ʠ b ʧʣʦʩʢʦʩʪʝʡ ʚ ʩʣʦʷʭ FeO [246, 256]. 

ʀʟ-ʟʘ ʩʣʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʯʠʩʪʳʭ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʦʨʪʦʬʝʨʨʠʪʦʚ, ʜʘʥʥʳʝ ʧʦ ʠʭ 

ʚʦʟʤʦʞʥʦʤʫ ʧʨʘʢʪʠʯʝʩʢʦʤʫ ʧʨʠʤʝʥʝʥʠʶ ʚ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʨʘʛʤʝʥʪʘʨʥʦ. 

ʅʘʠʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ ʩʚʷʟʘʥʦ ʩ ʠʟʫʯʝʥʠʝʤ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ h-RFeO3, 

ʧʦʣʫʯʝʥʥʳʭ ʚ ʚʠʜʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ [226, 257, 258], ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʪʦʨʳʭ, ʚʧʨʦʯʝʤ, ʟʘʪʨʫʜʥʝʥʦ 

ʠʟ-ʟʘ ʧʨʦʙʣʝʤ ʩ ʠʭ ʚʦʟʤʦʞʥʳʤ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʦʤ ʚ ʩʪʘʙʠʣʴʥʳʝ ʨʦʤʙʠʯʝʩʢʠʝ ʤʦʜʠʬʠʢʘʮʠʠ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [257, 259]. ʅʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʚ ʧʦʩʣʝʜʥʠʝ 

ʥʝʩʢʦʣʴʢʦ ʣʝʪ ʨʘʙʦʪ ʨʘʩʩʤʘʪʨʠʚʘʣʠ ʠ ʧʦʜʪʚʝʨʜʠʣʠ ʚʳʩʦʢʫʶ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ 

ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʦʨʪʦʬʝʨʨʠʪʦʚ ʚ ʧʨʦʮʝʩʩʘʭ ʦʢʠʩʣʝʥʠʷ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʦʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ 

[234, 260, 261]. 

 

1.2.3 ʆʨʪʦʬʝʨʨʠʪ ʝʚʨʦʧʠʷ (EuFeO3) 

 

 ʆʨʪʦʬʝʨʨʠʪ ʝʚʨʦʧʠʷ (EuFeO3) ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʠʥʪʝʨʝʩʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʝʡ 

ʢʣʘʩʩʘ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʦʨʪʦʬʝʨʨʠʪʦʚ ʙʣʘʛʦʜʘʨʷ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʫ ʝʛʦ ʚʦʟʤʦʞʥʦʛʦ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʨʷʜʝ ʨʘʙʦʪ ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʝʛʦ ʚʳʩʦʢʘʷ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʮʝʩʩʘʭ ʦʢʠʩʣʝʥʠʷ [262, 263], ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʛʘʟʘʤ ʠ, ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʘ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʛʘʟʦʚʳʭ ʜʘʪʯʠʢʦʚ [264], ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ EuFeO3 ʚ ʢʘʯʝʩʪʚʝ ʄʈʊ ʢʦʥʪʨʘʩʪʥʦʛʦ ʘʛʝʥʪʘ [265]. ʆʪʜʝʣʴʥʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ 

ʨʘʙʦʪʫ [266] ʚ ʢʦʪʦʨʦʡ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʦʨʪʦʬʝʨʨʠʪʘ ʝʚʨʦʧʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʠ ʧʦʢʘʟʘʣʠ ʚʳʩʦʢʠʝ ʧʘʨʘʤʝʪʨʳ ʪʝʧʣʦʚʦʡ 

ʤʦʱʥʦʩʪʠ. 

 ʆʜʥʦʡ ʠʟ ʧʝʨʚʳʭ ʨʘʙʦʪ, ʚ ʢʦʪʦʨʦʡ ʙʳʣʘ ʩʜʝʣʘʥʘ ʧʦʧʳʪʢʘ ʠʟʫʯʠʪʴ ʧʨʦʮʝʩʩʳ, ʧʨʦʪʝʢʘʶʱʠʝ 

ʚ ʩʠʩʪʝʤʝ Eu-Fe-O, ʙʳʣʘ ʩʪʘʪʴʷ [267], ʦʧʫʙʣʠʢʦʚʘʥʥʘʷ ʚ 1972 ʛʦʜʫ, ʚ ʢʦʪʦʨʦʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʚʝʨʜʦʬʘʟʥʦʡ ʤʝʪʦʜʠʢʠ ʙʳʣ ʧʦʣʫʯʝʥ ʥʘʙʦʨ ʦʙʨʘʟʮʦʚ ʠʟ ʦʢʩʠʜʦʚ ʝʚʨʦʧʠʷ ʠ ʞʝʣʝʟʘ 

(ʨʠʩʫʥʦʢ 17ʘ). ʉʧʫʩʪʷ ʥʝʩʢʦʣʴʢʦ ʣʝʪ ʚ ʨʘʙʦʪʝ [268] ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʠʩʪʝʤʳ Fe-

Fe2O3-Eu2O3, ʚ ʢʦʪʦʨʦʡ ʧʦ ʘʥʘʣʦʛʠʯʥʦʡ ʤʝʪʦʜʠʢʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʤʝʰʘʥʥʳʝ ʦʙʨʘʟʮʳ ʦʢʩʠʜʦʚ, 

ʦʨʪʦʬʝʨʨʠʪʘ ʠ ʛʨʘʥʘʪʘ ʝʚʨʦʧʠʷ (ʨʠʩʫʥʦʢ 17ʙ). ʋʞʝ ʪʦʛʜʘ ʘʚʪʦʨʘʤʠ ʨʘʙʦʪ [267, 268] ʙʳʣʘ 

ʦʪʤʝʯʝʥʘ ʛʣʘʚʥʘʷ ʧʨʦʙʣʝʤʘ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤʘʭ ï ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʚʝʨʜʦʬʘʟʥʦʡ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ ʯʠʩʪʦʛʦ ʦʨʪʦʬʝʨʨʠʪʘ ʠ ʛʨʘʥʘʪʘ, ʚ ʢʦʪʦʨʳʭ 

ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʧʨʠʤʝʩʥʳʝ ʬʘʟʳ ʦʢʩʠʜʦʚ ʞʝʣʝʟʘ ʠ ʝʚʨʦʧʠʷ.  

ʕʪʘ ʧʨʦʙʣʝʤʘ ʙʳʣʘ ʨʝʰʝʥʘ ʤʝʪʦʜʘʤʠ çʤʦʢʨʦʡè ʭʠʤʠʠ ʠ ʧʝʨʝʭʦʜʦʤ ʢ ʩʠʥʪʝʟʫ 

ʦʨʪʦʬʝʨʨʠʪʦʚ ʠ ʛʨʘʥʘʪʦʚ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʥʝʪʘʨʥʳʭ ʤʝʣʴʥʠʮ 

[269, 270]. ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʦʨʪʦʬʝʨʨʠʪ ʝʚʨʦʧʠʷ ʚ ʦʩʥʦʚʥʦʤ ʧʦʣʫʯʘʶʪ ʚ ʚʠʜʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʠ ʠʟʫʯʘʶʪ ʦʩʦʙʝʥʥʦʩʪʠ ʝʛʦ ʤʘʛʥʠʪʥʦʡ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 
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ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʠ ʤʸʩʩʙʘʫʵʨʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ [262ï264, 271]. ʂʨʦʤʝ ʪʦʛʦ, ʟʥʘʯʠʪʝʣʴʥʘʷ 

ʜʦʣʷ ʥʝʜʘʚʥʠʭ ʨʘʙʦʪ ʙʳʣʘ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʢʘʢ ʧʦʨʦʰʢʦʚ, 

ʪʘʢ ʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʥʘ ʦʩʥʦʚʝ EuFeO3, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʤʘʛʥʠʪʥʳʭ, 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʠ ʧʦʠʩʢʫ ʥʦʚʳʭ ʩʬʝʨ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ [272, 273]. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʣʠʪʝʨʘʪʫʨʝ ʥʝ ʚʩʪʨʝʯʘʶʪʩʷ ʜʘʥʥʳʝ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ ʦʨʪʦʬʝʨʨʠʪʘ ʝʚʨʦʧʠʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʨʘʩʯʝʪʘʤʠ, 

ʧʨʠʚʝʜʝʥʥʳʤʠ ʚ ʨʷʜʝ ʨʘʙʦʪ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ ʛʝʢʩʘʛʦʥʘʣʴʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ 

ʦʙʨʘʟʫʶʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ ʨʷʜʝ GdïLu ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʬʘʢʪʦʨ ʪʦʣʝʨʘʥʪʥʦʩʪʠ EuFeO3 

ʨʘʚʝʥ 0.94 [236, 237, 272]. 

 

 

ʈʠʩʫʥʦʢ 17 ï ʌʘʟʦʚʦʝ ʨʘʚʥʦʚʝʩʠʝ ʚ ʩʠʩʪʝʤʝ Fe-Eu-O (ʘ) ʠ Fe-Fe2O3-Eu2O3 (ʙ) ʧʨʠ 1200  [268] 

 

1.2.4 ʆʨʪʦʬʝʨʨʠʪ ʪʝʨʙʠʷ (TbFeO3) 

 

ʆʨʪʦʬʝʨʨʠʪ ʪʝʨʙʠʷ (TbFeO3) ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʤ ʤʘʪʝʨʠʘʣʦʤ, 

ʩʧʦʩʦʙʥʳʤ ʦʙʨʘʟʦʚʳʚʘʪʴ ʢʘʢ ʩʪʘʙʠʣʴʥʫʶ ʨʦʤʙʠʯʝʩʢʫʶ, ʪʘʢ ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʫʶ ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ 

ʤʦʜʠʬʠʢʘʮʠʶ [222, 274]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʠʦʥʥʳʡ ʨʘʜʠʫʩ ʢʘʪʠʦʥʘ Tb3+ ʨʘʚʝʥ 1.25 ¡, ʪʦʛʜʘ ʢʘʢ ʫ 

ʢʘʪʠʦʥʘ Fe3+ ʦʥ ʩʦʩʪʘʚʣʷʝʪ 0.65 ¡, ʠʟ ʯʝʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʬʘʢʪʦʨ ʪʦʣʝʨʘʥʪʥʦʩʪʠ ʜʣʷ ʦʨʪʦʬʝʨʨʠʪʘ 

ʪʝʨʙʠʷ ʨʘʚʝʥ 0.92 [275]. ɺ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʜʘʥʥʳʝ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʚ ʩʠʩʪʝʤʝ Tb-Fe-O 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʝʩʴʤʘ ʬʨʘʛʤʝʥʪʘʨʥʦ ʠ, ʚ ʦʩʥʦʚʥʦʤ, ʢʘʩʘʶʪʩʷ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʜʠʘʛʨʘʤʤ ʠ ʦʙʱʝʛʦ 

ʨʘʩʯʝʪʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ [276, 277]. ʃʠʰʴ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ 

ʟʘʪʨʘʛʠʚʘʣʠ ʚʦʧʨʦʩ ʧʦʣʫʯʝʥʠʷ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ h-TbFeO3 ʠ, ʚ ʦʩʥʦʚʥʦʤ, ʚ ʥʠʭ 

ʜʘʚʘʣʘʩʴ ʦʙʱʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʤʘʛʥʠʪʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ [222]. 

ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʩ ʤʦʤʝʥʪʘ ʦʪʢʨʳʪʠʷ ʦʨʪʦʬʝʨʨʠʪʘ ʪʝʨʙʠʷ ʫʜʝʣʷʣʦʩʴ ʠʟʤʝʥʝʥʠʶ ʝʛʦ ʤʘʛʥʠʪʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʨʦʮʝʩʩʳ ʚ ʢʦʪʦʨʦʤ, ʚʧʨʦʯʝʤ, ʧʨʦʪʝʢʘʶʪ ʩʭʦʞʠʤ 

ʦʙʨʘʟʦʤ, ʢʘʢ ʠ ʚ ʦʩʪʘʣʴʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʷʭ ʵʪʦ ʢʣʘʩʩʘ ʩʦʝʜʠʥʝʥʠʡ [278, 279].  

 ʆʨʪʦʬʝʨʨʠʪ ʪʝʨʙʠʷ ʚ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʢʘʢ 

ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ. ʊʘʢ ʚ ʨʘʙʦʪʝ [280] ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 
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ʥʘʥʦʯʘʩʪʠʮ TbFeO3 ʚ ʧʨʦʮʝʩʩʘʭ ʜʝʛʠʜʨʠʨʦʚʘʥʠʷ ʤʝʪʠʣʝʥ ʦʨʘʥʞʝʚʦʛʦ, ʤʝʪʠʣʝʥ ʩʠʥʝʛʦ ʠ 

ʨʦʜʘʤʠʥʘ ɺ ʠ ʦʧʨʝʜʝʣʝʥʘ ʚʝʣʠʯʠʥʘ ʝʛʦ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʢʦʪʦʨʘʷ ʩʦʩʪʘʚʠʣʘ 1.97 ʵɺ. ɺ ʨʘʙʦʪʝ 

[274] ʥʘʥʦʧʦʨʦʰʢʠ ʦʨʪʦʬʝʨʨʠʪʘ ʪʝʨʙʠʷ ʪʘʢʞʝ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʥʘ ʧʨʦʷʚʣʝʥʠʷ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʚ ʨʝʘʢʮʠʷʭ ʜʝʛʠʜʨʠʨʦʚʘʥʠʷ ʤʝʪʠʣʝʥ ʦʨʘʥʞʝʚʦʛʦ, ʤʝʪʠʣʝʥ 

ʩʠʥʝʛʦ, ʨʦʜʘʤʠʥʘ ɺ, ʬʫʢʩʠʥʘ ʠ ʢʦʥʛʦ ʢʨʘʩʥʦʛʦ ʠ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʚʝʣʠʯʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, 

ʢʦʪʦʨʘʷ ʩʦʩʪʘʚʠʣʘ 1.98 ʵɺ. ɺ ʩʪʘʪʴʝ [281] ʙʳʣʠ ʠʟʫʯʝʥʳ ʤʘʛʥʠʪʥʳʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

TbFeO3 ʠ ʧʦʣʫʯʝʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʝʛʦ ʬʝʨʨʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʚʝʣʠʯʠʥʘʭ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʜʪʚʝʨʜʠʣʠ, ʯʪʦ 

ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʨʦʤʙʠʯʝʩʢʦʛʦ ʦʨʪʦʬʝʨʨʠʪʘ ʪʝʨʙʠʷ ʘʥʘʣʦʛʠʯʥʳ ʜʨʫʛʠʤ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤ 

ʦʨʪʦʬʝʨʨʠʪʘʤ. ʂʨʦʤʝ ʪʦʛʦ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʧʦʩʣʝʜʥʠʝ ʥʝʩʢʦʣʴʢʦ ʣʝʪ ʩʪʘʣʠ ʧʦʷʚʣʷʪʴʩʷ 

ʩʪʘʪʴʠ ʦ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʘʭ ʥʘ ʙʘʟʝ ʦʨʪʦʬʝʨʨʠʪʘ ʪʝʨʙʠʷ, ʚ ʢʦʪʦʨʳʭ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʘʢ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ, ʪʘʢ ʠ ʬʝʨʨʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʧʦʜʦʙʥʳʭ ʠʟʜʝʣʠʡ [282, 283]. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [283] ʩʦʦʙʱʘʣʦʩʴ ʦʙ ʦʛʨʦʤʥʳʭ 

ʚʝʣʠʯʠʥʘʭ ʢʦʥʩʪʘʥʪʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ 

ʢʝʨʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ TbFeO3. 

 

1.2.5 ʆʨʪʦʬʝʨʨʠʪ ʛʦʣʴʤʠʷ (HoFeO3) 

 

ʆʨʪʦʬʝʨʨʠʪ ʛʦʣʴʤʠʷ (HoFeO3), ʢʘʢ ʠ ʚʩʝ ʧʨʝʜʳʜʫʱʠʝ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʦʨʪʦʬʝʨʨʠʪʳ ʈɿʕ, 

ʠʤʝʝʪ ʧʝʨʦʚʩʢʠʪʦʧʦʜʦʙʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʷʚʣʷʝʪʩʷ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢʦʤ ʩʦ ʩʣʘʙʳʤ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʫʧʦʨʷʜʦʯʝʥʠʝʤ, ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʢʦʪʦʨʦʛʦ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʤʘʛʥʠʪʥʦʡ ʧʦʜʨʝʰʝʪʢʦʡ ʢʘʪʠʦʥʦʚ Fe3+, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʦʤ 

ʢʠʩʣʦʨʦʜʥʦʤ ʦʢʨʫʞʝʥʠʠ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʤʝʞʜʫ ʩʦʙʦʡ ʯʝʨʝʟ ʤʝʭʘʥʠʟʤ ʩʚʝʨʭʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ [284, 285].  ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʦʨʪʦʬʝʨʨʠʪʦʤ ʪʝʨʙʠʷ, ʜʣʷ HoFeO3 ʙʳʣʘ ʪʝʦʨʝʪʠʯʝʩʢʠ 

ʧʨʝʜʩʢʘʟʘʥʘ ʠ ʧʦʣʫʯʝʥʘ ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ ʤʝʪʘʩʪʘʙʠʣʴʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ, ʢʦʪʦʨʘʷ ʚ ʥʘʩʪʦʷʱʠʡ 

ʤʦʤʝʥʪ ʙʳʣʘ ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʚ ʯʠʩʪʦʤ ʚʠʜʝ ʪʦʣʴʢʦ ʚ ʬʦʨʤʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ [209, 222, 237]. 

ʈʦʤʙʠʯʝʩʢʠʡ ʦʨʪʦʬʝʨʨʠʪ ʛʦʣʴʤʠʷ ʠʟʚʝʩʪʝʥ ʚ ʦʩʥʦʚʥʦʤ ʢʘʢ ʘʥʪʠʬʝʨʨʦʤʘʛʥʝʪʠʢ ʩ ʵʬʬʝʢʪʦʤ 

ʩʧʠʥʦʚʦʡ ʨʝʦʨʠʝʥʪʘʮʠʠ [286], ʤʫʣʴʪʠʬʝʨʨʦʠʢʦʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ [287] ʠ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʤ [288]. ʆʜʥʘʢʦ ʘʢʪʠʚʥʦʩʪʴ ʦʨʪʦʬʝʨʨʠʪʘ ʛʦʣʴʤʠʷ ʚ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ, 

ʢʘʢ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ, ʪʘʢ ʠ ʢʠʩʣʦʪʥʦ-ʦʩʥʦʚʥʦʛʦ ʭʘʨʘʢʪʝʨʘ, ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ 

ʥʝʠʩʩʣʝʜʦʚʘʥʥʦʡ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘʤʠ ʥʘ ʝʛʦ ʦʩʥʦʚʝ. 

ʆʜʥʦʡ ʠʟ ʧʝʨʚʳʭ ʨʘʙʦʪ, ʚ ʢʦʪʦʨʦʡ ʙʳʣʠ ʜʝʪʘʣʴʥʦ ʨʘʩʩʤʦʪʨʝʥʳ ʧʨʦʮʝʩʩʳ, ʧʨʦʪʝʢʘʶʱʠʝ ʚ 

ʩʠʩʪʝʤʝ Fe-Ho-O, ʩʪʘʣʘ ʩʪʘʪʴʷ [277], ʚ ʢʦʪʦʨʦʡ ʘʚʪʦʨʘʤʠ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʬʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ 

ʩʠʩʪʝʤʳ Fe-Fe2O3-Ho2O3 ʠ ʩʦʦʙʱʘʣʦʩʴ ʦ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʪʨʝʭ ʦʩʥʦʚʥʳʭ ʪʠʧʦʚ ʩʦʝʜʠʥʝʥʠʡ ï 

ʦʨʪʦʬʝʨʨʠʪʘ (HoFeO3), ʛʨʘʥʘʪʘ Ho3Fe5O12 ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʰʧʠʥʝʣʝʧʦʜʦʙʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ 

HoFe2O4, ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʦʪʦʨʦʛʦ ʧʦʜʪʚʝʨʜʠʣʦʩʴ ʠ ʚ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʨʘʙʦʪʘʭ ʠ ʢʦʪʦʨʳʡ ʠʩʯʝʟʘʝʪ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 1453 ʂ [269] (ʨʠʩʫʥʦʢ 18). ɺʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʠ ʢʦʪʦʨʳʭ ʙʳʣʠ 
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ʧʦʩʪʨʦʝʥʳ ʧʨʠʚʝʜʝʥʥʳʝ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ, ʦʙʲʷʩʥʷʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʴ ʪʚʝʨʜʦʬʘʟʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʩʧʝʢʘʥʠʷ ʦʨʪʦʬʝʨʨʠʪʦʚ ʠʟ ʦʢʩʠʜʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ. ʂ 

ʩʦʞʘʣʝʥʠʶ, ʜʘʥʥʳʝ ʧʦ ʬʘʟʦʚʳʤ ʨʘʚʥʦʚʝʩʠʷʤ ʚ ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤʘʭ ʧʨʠ ʤʝʥʴʰʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ 

ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʥʝ ʧʨʝʜʩʪʘʚʣʝʥʳ.  

 

 

ʈʠʩʫʥʦʢ 18 ï ʌʘʟʦʚʦʝ ʨʘʚʥʦʚʝʩʠʝ ʚ ʩʠʩʪʝʤʝ Fe-Fe2O3-Ho2O3 ʧʨʠ 1150  (ʘ) ʠ 1250  (ʙ) [277] 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʩʥʦʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʠʟʫʯʝʥʠʷ ʦʨʪʦʬʝʨʨʠʪʘ ʛʦʣʴʤʠʷ ʷʚʣʷʝʪʩʷ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʝʛʦ ʩʪʨʫʢʪʫʨʳ ʠ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ [286, 289]. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ 

ʙʦʣʴʰʠʥʩʪʚʦʤ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ, HoFeO3 ʯʘʱʝ ʚʩʝʛʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʢʘʢ 

ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʤʘʪʝʨʠʘʣ-ʤʫʣʴʪʠʬʝʨʨʦʠʢ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʪʦʨʦʛʦ ʧʦʟʚʦʣʠʪ ʟʘʤʝʥʠʪʴ BiFeO3 ʚ 

ʨʷʜʝ ʧʨʘʢʪʠʯʝʩʢʠʭ ʩʬʝʨ ʧʨʠʤʝʥʝʥʠʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʪʘʪʝʡ ʥʘʧʨʘʚʣʝʥʦ ʥʘ 

ʠʟʫʯʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʝʨʨʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʦʨʪʦʬʝʨʨʠʪʘ ʛʦʣʴʤʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ [290, 291]. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʨʘʙʦʪʝ [292] ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʦʨʪʦʬʝʨʨʠʪʘ ʛʦʣʴʤʠʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʬʬʝʢʪʠʚʥʦʛʦ ʬʦʨʤʘʣʴʜʝʛʠʜʥʦʛʦ ʩʝʥʩʦʨʘ. ʅʝʩʤʦʪʨʷ ʥʘ 

ʪʦ, ʯʪʦ ʥʘʥʦʧʦʨʦʰʢʠ HoFeO3 ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʮʝʩʩʘʭ ʜʝʛʠʜʨʠʨʦʚʘʥʠʷ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʛʦʚʦʨʠʪʴ ʦ ʝʛʦ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ ʚ ʢʘʯʝʩʪʚʝ 

ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ [288], ʦʧʫʙʣʠʢʦʚʘʥʥʳʝ ʜʘʥʥʳʝ ʥʦʩʷʪ ʬʨʘʛʤʝʥʪʘʨʥʳʡ ʭʘʨʘʢʪʝʨ 

ʠ ʪʨʝʙʫʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʠ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʨʪʦʬʝʨʨʠʪʘ ʛʦʣʴʤʠʷ. 

 

1.3 ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ 

ʦʨʪʦʬʝʨʨʠʪʦʚ ʝʚʨʦʧʠʷ, ʪʝʨʙʠʷ ʠ ʛʦʣʴʤʠʷ 

 

 ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʯʝʪʢʦʝ ʨʘʟʜʝʣʝʥʠʝ ʤʝʞʜʫ ʧʨʦʤʳʰʣʝʥʥʳʤʠ ʠ 

ʣʘʙʦʨʘʪʦʨʥʳʤʠ ʤʝʪʦʜʘʤʠ ʧʦʣʫʯʝʥʠʷ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ. ɺ ʫʩʣʦʚʠʷʭ ʨʝʘʣʴʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʩʧʦʩʦʙʦʤ 

ʧʦʣʫʯʝʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ 
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ʠʩʭʦʜʥʦʛʦ ʧʨʝʜʢʝʨʘʤʠʯʝʩʢʦʛʦ ʧʦʨʦʰʢʘ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʧʝʢʘʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʠʟʜʝʣʠʡ ʧʦ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ [16, 35, 59]. ʇʨʦʮʝʩʩ ʧʨʦʠʟʚʦʜʩʪʚʘ ʬʝʨʨʠʪʦʚʳʭ ʠʟʜʝʣʠʡ 

ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʪʨʠ ʦʩʥʦʚʥʳʝ ʩʪʘʜʠʠ: (1) ʩʠʥʪʝʟ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ, (2) ʧʨʝʩʩʦʚʘʥʠʝ 

ʧʨʝʜʢʝʨʘʤʠʯʝʩʢʦʛʦ ʧʦʨʦʰʢʘ ʠ ʧʦʣʫʯʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʧʨʝʩʩ-ʧʦʨʦʰʢʘ, (3) ʩʧʝʢʘʥʠʝ ʩʧʨʝʩʩʦʚʘʥʥʳʭ 

ʟʘʛʦʪʦʚʦʢ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʝʞʠʤʘʭ ʠ ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ. ʂʘʞʜʘʷ ʠʟ 

ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʚʳʰʝ ʩʪʘʜʠʡ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʢʦʥʝʯʥʦʡ 

ʧʨʦʜʫʢʮʠʠ ʠ ʪʨʝʙʫʝʪ ʪʱʘʪʝʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ ʠ ʦʧʪʠʤʠʟʘʮʠʠ [48, 59]. ʆʩʥʦʚʥʘʷ ʩʣʦʞʥʦʩʪʴ 

ʦʧʠʩʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʪʘʜʠʡ, ʢʦʪʦʨʳʝ 

ʩʣʝʜʫʝʪ ʚʳʧʦʣʥʠʪʴ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʬʝʨʨʠʪʠʟʦʚʘʥʥʦʛʦ ʧʦʨʦʰʢʘ, ʙʝʟ ʢʦʪʦʨʦʛʦ 

ʥʝʚʦʟʤʦʞʥʦ ʧʦʣʫʯʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʬʝʨʨʠʪʦʚʦʡ ʢʝʨʘʤʠʢʠ [16, 293, 294]: 

 1) ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʠʩʭʦʜʥʦʡ ʰʠʭʪʳ ʠʟ ʨʝʘʛʝʥʪʦʚ (ʦʢʩʠʜʦʚ ʠ ʢʘʨʙʦʥʘʪʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʤʝʪʘʣʣʦʚ), ʦʪʚʝʯʘʶʱʠʭ ʦʧʨʝʜʝʣʝʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ ʧʦ ʩʚʦʝʡ ʭʠʤʠʯʝʩʢʦʡ ʯʠʩʪʦʪʝ; 

 2) ʄʝʭʘʥʦʭʠʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ (ʧʦʤʦʣ) ʚ ʚʠʙʨʘʮʠʦʥʥʦʡ ʠʣʠ ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ ʚ 

ʚʦʜʥʦʡ ʠʣʠ ʩʫʭʦʡ ʩʨʝʜʝ ʜʣʷ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʠʩʭʦʜʥʦʡ ʰʠʭʪʳ; 

 3) ʉʫʰʢʘ ʧʦʣʫʯʝʥʥʦʡ ʩʫʩʧʝʥʟʠʠ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ; 

 4) ɻʨʘʥʫʣʷʮʠʷ ʚʳʩʫʰʝʥʥʦʡ ʩʫʩʧʝʥʟʠʠ ʯʝʨʝʟ ʩʠʪʘ ʩ ʷʯʝʡʢʦʡ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʜʠʘʤʝʪʨʘ; 

 5) ʌʝʨʨʠʪʠʟʘʮʠʷ (ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ) ʰʠʭʪʳ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʨʝʞʠʤʘʭ ʠ ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ (ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʥʘʛʨʝʚʦʤ ʠ ʦʩʪʳʚʘʥʠʝʤ); 

 6) ʄʝʭʘʥʦʭʠʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ (ʧʦʤʦʣ) ʚ ʚʠʙʨʘʮʠʦʥʥʦʡ ʠʣʠ ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ ʚ 

ʚʦʜʥʦʡ ʠʣʠ ʩʫʭʦʡ ʩʨʝʜʝ ʜʣʷ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʬʝʨʨʠʪʠʟʦʚʘʥʥʦʛʦ ʧʦʨʦʰʢʘ; 

 7) ʉʫʰʢʘ ʧʦʣʫʯʝʥʥʦʡ ʩʫʩʧʝʥʟʠʠ; 

 8) ʈʫʯʥʘʷ ʛʨʘʥʫʣʷʮʠʷ ʚʳʩʫʰʝʥʥʦʡ ʩʫʩʧʝʥʟʠʠ ʯʝʨʝʟ ʩʠʪʘ ʩ ʷʯʝʡʢʦʡ ʦʧʨʝʜʝʣʝʥʥʦʛʦ 

ʜʠʘʤʝʪʨʘ; 

 9) ʇʦʚʪʦʨʥʘʷ ʩʫʰʢʘ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʦʙʳʯʥʦ  60 ï 90 ); 

 10) ɼʦʚʦʜʢʘ ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʨʦʰʢʘ ʜʦ ʦʧʨʝʜʝʣʝʥʥʦʡ ʚʣʘʞʥʦʩʪʠ (ʦʙʳʯʥʦ ʜʦ ʫʨʦʚʥʷ ʥʝ 

ʥʠʞʝ 0.8 %).  

ʂʨʦʤʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʣʦʞʥʦʩʪʠ ʪʚʝʨʜʦʬʘʟʥʦʡ ʤʝʪʦʜʠʢʠ ʧʦʣʫʯʝʥʠʷ ʬʝʨʨʠʪʦʚ ʝʸ 

ʩʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʷʚʣʷʝʪʩʷ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʩʠʥʪʝʟʘ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʦʙʲʝʢʪʦʚ 

ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʧʣʘʥʝʪʘʨʥʳʭ ʤʝʣʴʥʠʮ [149, 295]. ɺ ʧʨʦʤʳʰʣʝʥʥʳʭ ʤʝʪʦʜʠʢʘʭ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʠʙʨʘʮʠʦʥʥʳʭ ʤʝʣʴʥʠʮ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʠʩʭʦʜʥʦʛʦ ʬʝʨʨʠʪʦʚʦʛʦ 

ʧʦʨʦʰʢʘ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 1 ʜʦ 10 ʤʢʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʙʨʘʥʥʦʛʦ ʨʝʞʠʤʘ ʦʙʨʘʙʦʪʢʠ ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʠʩʭʦʜʥʳʭ ʦʢʩʠʜʦʚ ʠ ʢʘʨʙʦʥʘʪʦʚ ʩ ʥʠʟʢʦʡ ʩʪʝʧʝʥʴʶ ʛʦʤʦʛʝʥʠʟʘʮʠʠ 

ʧʦʣʫʯʝʥʥʦʡ ʰʠʭʪʳ, ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʢʦʪʦʨʦʡ ʠʩʧʦʣʴʟʫʶʪ ʧʦʚʪʦʨʥʳʡ ʧʦʤʦʣ [296]. ɺʩʝ ʵʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʢʝʨʘʤʠʢʘ, ʩʧʝʯʝʥʥʘʷ ʥʘ ʙʘʟʝ ʧʦʨʦʰʢʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦ ʪʚʝʨʜʦʬʘʟʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ, ʯʘʱʝ ʚʩʝʛʦ ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʠʤ ʨʘʟʤʝʨʦʤ ʟʝʨʝʥ (ʦʪ 5 ʜʦ 100 ʤʢʤ) ʩ ʥʠʟʢʦʡ ʩʪʝʧʝʥʴʶ 

ʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʘʤ [33, 162, 297]. ʇʦʜʙʦʨ ʠ ʦʧʪʠʤʠʟʘʮʠʷ ʨʝʞʠʤʦʚ 

ʬʝʨʨʠʪʠʟʘʮʠʠ ʠ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠʩʭʦʜʥʦʡ ʰʠʭʪʳ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʝʞʠʤʦʚ 
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ʩʧʝʢʘʥʠʷ ʢʦʥʝʯʥʦʡ ʢʝʨʘʤʠʢʠ ʧʦʟʚʦʣʷʶʪ ʣʠʰʴ ʯʘʩʪʠʯʥʦ ʥʠʚʝʣʠʨʦʚʘʪʴ ʫʢʘʟʘʥʥʳʝ ʚʳʰʝ ʧʨʦʙʣʝʤʳ 

[107, 298]. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʜʦʙʥʳʡ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ ʯʘʩʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʨʠʤʝʩʥʳʭ ʦʢʩʠʜʥʳʭ ʬʘʟ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʯʪʦ ʫʭʫʜʰʘʝʪ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ 

ʩʚʦʡʩʪʚʘ ʢʦʥʝʯʥʳʭ ʠʟʜʝʣʠʡ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ 

ʚ ʦʙʣʘʩʪʠ ʢʘʪʘʣʠʟʘ ʠ ʬʦʪʦʢʘʪʘʣʠʟʘ ʦʯʝʥʴ ʚʘʞʥʳ ʧʘʨʘʤʝʪʨʳ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦʨʠʩʪʦʩʪʠ 

ʩʪʨʫʢʪʫʨʳ, ʢʠʩʣʦʪʥʦʩʪʠ ʠʭ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʧʦ ʢʠʩʣʦʪʥʦʩʪʠ. 

ɼʦʙʠʪʴʩʷ ʠʭ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʡ ʚ ʨʘʤʢʘʭ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʚʝʨʜʦʬʘʟʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ 

ʬʝʨʨʠʪʦʚ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ [60, 119]. 

ɹʦʣʴʰʠʥʩʪʚʦ ʩʦʚʨʝʤʝʥʥʳʭ ʨʘʙʦʪ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʠʟʫʯʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʩʚʦʡʩʪʚ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʠʭ ʧʦʣʫʯʝʥʠʷ [137, 158, 203, 

274, 288]. ɺʘʞʥʦʩʪʴ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʦʣʝʝ ʟʘʤʝʪʥʦʡ ʚ 

ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʝ ʚ ʩʚʷʟʠ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʨʝʠʤʫʱʝʩʪʚ ʧʦʜʦʙʥʳʭ ʦʙʲʝʢʪʦʚ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʤʠʢʨʦʥʥʳʤʠ ʠ ʩʫʙʤʠʢʨʦʥʥʳʤʠ ʩʠʩʪʝʤʘʤʠ. 

ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠʤʝʶʪ ʙʦʣʴʰʫʶ ʫʜʝʣʴʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʙʦʣʝʝ ʨʘʟʚʠʪʫʶ 

ʤʦʨʬʦʣʦʛʠʶ, ʫʥʠʢʘʣʴʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ, ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʨʝʘʢʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ 

ʠ ʩʢʦʨʦʩʪʴ ʜʠʬʬʫʟʠʠ [299]. ɺ ʥʝʜʘʚʥʠʭ ʨʘʙʦʪʘʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ʬʝʨʨʠʪʦʚ 

ʦʙʣʘʜʘʶʪ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʠʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʚ ʦʪʣʠʯʠʝ ʦʪ ʘʥʘʣʦʛʠʯʥʳʭ ʩʦʩʪʘʚʦʚ ʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ [295, 300]. ʉʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ ʟʘʚʠʩʷʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʨʘʟʤʝʨʘ, 

ʥʦ ʠ ʦʪ ʬʦʨʤʳ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ, ʯʪʦ ʪʘʢʞʝ ʣʝʛʯʝ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʚ ʩʣʫʯʘʝ ʩ 

ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ [71, 144, 145]. ɺ ʨʘʙʦʪʘʭ [144, 145, 300, 301] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʯʘʩʪʠʮʳ ʩ 

ʦʜʥʠʤ ʠ ʪʝʤ ʞʝ ʩʧʠʥʦʤ, ʥʦ ʨʘʟʥʦʡ ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʘ, ʦʪʣʠʯʘʶʪʩʷ ʧʦ ʢʦʣʠʯʝʩʪʚʫ ʥʝʦʙʭʦʜʠʤʦʡ 

ʵʥʝʨʛʠʠ ʚ ʧʨʠʣʦʞʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʥʝʦʙʭʦʜʠʤʦʤ ʜʣʷ ʚʨʘʱʝʥʠʷ ʩʧʠʥʘ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ 

ʩʬʝʨʠʯʝʩʢʠʝ ʥʘʥʦʯʘʩʪʠʮʳ ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʚʳʛʦʜʥʦʡ ʢʦʥʩʪʨʫʢʮʠʝʡ. ɺ ʵʪʦʡ ʩʚʷʟʠ 

ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʠ ʫʚʝʣʠʯʝʥʠʷ ʯʠʩʣʘ ʚʦʟʤʦʞʥʳʭ ʜʝʬʝʢʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʜʠʩʣʦʢʘʮʠʷ 

ʠ ʛʨʘʥʠʮʳ ʟʝʨʝʥ ʠ ʧʫʩʪʦʪ, ʧʨʠʚʦʜʷʪ ʢ ʜʝʬʝʢʪʘʤ ʩʧʠʥʦʚʦʛʦ ʚʨʘʱʝʥʠʷ, ʯʪʦ ʩʚʷʟʳʚʘʶʪ ʩʦ 

ʩʥʠʞʝʥʠʝʤ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʠ ʤʘʛʥʠʪʥʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʯʪʦ ʙʳʚʘʝʪ ʚʘʞʥʦ ʜʣʷ ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʬʝʨʨʠʪʦʚ. ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʥʘʠʙʦʣʝʝ 

ʧʦʧʫʣʷʨʥʳʤʠ ʤʝʪʦʜʘʤʠ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ 

ʷʚʣʷʶʪʩʷ: 

1) ʂʣʘʩʩʠʯʝʩʢʠʡ ʪʚʝʨʜʦʬʘʟʥʳʡ ʩʠʥʪʝʟ ï ʨʝʘʢʮʠʠ ʚ ʪʚʝʨʜʦʬʘʟʥʦʤ ʩʠʥʪʝʟʝ ʧʨʦʪʝʢʘʶʪ ʚ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ (ʚʳʩʦʢʦʝ ʜʘʚʣʝʥʠʝ ʠ/ʠʣʠ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ). ɺ ʦʩʥʦʚʝ ʵʪʦʡ ʤʝʪʦʜʠʢʠ 

ʣʝʞʠʪ ʩʤʝʰʠʚʘʥʠʝ ʠʩʭʦʜʥʳʭ ʦʢʩʠʜʥʳʭ ʠ ʢʘʨʙʦʥʘʪʥʳʭ ʨʝʘʛʝʥʪʦʚ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʭʠʤʠʯʝʩʢʦʡ ʯʠʩʪʦʪʳ ʩ ʦʧʨʝʜʝʣʝʥʥʦʡ ʧʨʦʧʦʨʮʠʝʡ. ʕʪʦ ʩʤʝʰʠʚʘʥʠʝ ʧʨʦʚʦʜʷʪ ʚ ʩʫʭʦʡ ʠʣʠ ʞʠʜʢʦʡ 

ʩʨʝʜʝ (ʚʦʜʘ, ʨʘʟʣʠʯʥʳʝ ʩʧʠʨʪʳ ʠ ʪ.ʜ.) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʮʠʘʣʴʥʳʭ ʤʝʣʴʥʠʮ. ʂʘʢ ʫʞʝ ʙʳʣʦ 

ʦʪʤʝʯʝʥʦ ʚʳʰʝ, ʢ ʥʝʜʦʩʪʘʪʢʘʤ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʦʪʥʦʩʠʪʩʷ ʩʧʝʢʘʥʠʝ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ 

ʪʝʯʝʥʠʝ ʜʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ, ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʜʣʠʪʝʣʴʥʦʡ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠ 

ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʠʤʝʩʥʳʭ ʦʢʩʠʜʥʳʭ ʬʘʟ [302]. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ 
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ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʧʦʨʦʰʢʦʚ ʪʨʝʙʫʶʪʩʷ ʩʧʝʮʠʘʣʴʥʳʝ ʜʦʨʦʛʦʩʪʦʷʱʠʝ ʧʝʯʠ.  ɼʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ 

ʯʘʱʝ ʚʩʝʛʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʦʛʥʝʫʧʦʨʥʦʡ ʢʝʨʘʤʠʢʠ, ʩʪʝʢʦʣ, ʦʙʲʝʤʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʤʘʨʦʢ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ ʛʨʘʥʘʪʦʚ, ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [16, 35, 59].  

 2) ʄʝʭʘʥʦʭʠʤʠʯʝʩʢʠʡ ʩʠʥʪʝʟ ï ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʧʨʦʩʪʳʭ ʠ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ, ʚ ʢʦʪʦʨʦʤ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʩʧʝʮʠʘʣʴʥʳʝ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʣʘʥʝʪʘʨʥʳʝ ʤʝʣʴʥʠʮʳ. ɺ ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʣʝʞʠʪ ʨʝʘʢʪʠʚʥʦʝ 

ʠʟʤʝʣʴʯʝʥʠʝ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʦʢʩʠʜʦʚ ʠ ʢʘʨʙʦʥʘʪʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʝʪʘʣʣʦʚ. ʉʪʨʫʢʪʫʨʘ ʠ 

ʤʦʨʬʦʣʦʛʠʷ ʧʦʣʫʯʘʝʤʳʭ ʧʨʦʜʫʢʪʦʚ ʤʦʞʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴʩʷ ʢʘʢ ʟʘ ʩʯʝʪ ʚʨʝʤʝʥʠ 

ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʪʘʢ ʠ ʠʟʤʝʥʝʥʠʝʤ ʜʠʘʤʝʪʨʘ ʰʘʨʦʚ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʜʣʷ ʧʦʤʦʣʘ 

[232, 303, 304]. ʈʘʟʣʠʯʘʶʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʩʧʦʩʦʙʘ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʝʨʨʠʪ-

ʰʧʠʥʝʣʝʡ: ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʡ ʩʠʥʪʝʟ ʬʝʨʨʠʪʘ ʠʟ ʩʤʝʩʠ ʦʢʩʠʜʦʚ ʧʫʪʝʤ ʨʝʘʢʪʠʚʥʦʛʦ ʠʟʤʝʣʴʯʝʥʠʷ 

ʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʩʫʭʠʤ ʠʣʠ 

ʤʦʢʨʳʤ ʧʦʤʦʣʦʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ. ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʦʧʫʙʣʠʢʦʚʘʥʦ 

ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʪʘʪʝʡ, ʚ ʢʦʪʦʨʳʭ ʧʦʜʨʦʙʥʦ ʙʳʣʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʡ 

ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʥʘ ʩʪʨʫʢʪʫʨʫ, ʤʦʨʬʦʣʦʛʠʶ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʬʝʨʨʠʪʦʚ 

[303, 305, 306]. ʊʘʢ ʚ ʨʘʙʦʪʝ [305] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ ʩʧʦʩʦʙʥʘ ʧʦʚʳʩʠʪʴ 

ʨʝʘʢʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ, ʘ ʚ ʩʪʘʪʴʝ [306] ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, 

ʯʪʦ ʧʦʤʦʣ ʚ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʣʘʥʝʪʘʨʥʳʭ ʤʝʣʴʥʠʮʘʭ ʧʨʠʚʦʜʠʪ ʢ ʥʝʨʘʚʥʦʚʝʩʥʦʤʫ 

ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʢʘʪʠʦʥʦʚ ʚ ʧʦʜʨʝʰʝʪʢʘʭ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪʦʚ. ʆʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ 

ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʧʣʘʥʝʪʘʨʥʳʭ ʤʝʣʴʥʠʮʘʭ ʠ ʯʘʩʪʦʤʫ 

ʧʦʷʚʣʝʥʠʶ ʧʨʠʤʝʩʥʳʭ ʦʢʩʠʜʥʳʭ ʬʘʟ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ [17, 130]. 

 3) ʄʝʪʦʜ ʩʦʦʩʘʞʜʝʥʠʷ ï ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʥʝʪʨʝʙʦʚʘʪʝʣʴʥʳʭ ʚ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʧʣʘʥʝ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ 

ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʢ ʧʨʦʩʪʳʭ, ʪʘʢ ʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ 

ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ [146, 179, 288]. ɺ ʝʛʦ ʦʩʥʦʚʝ ʣʝʞʠʪ ʧʨʠʛʦʪʦʚʣʝʥʠʝ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʦʚ 

ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ (ʭʣʦʨʠʜʳ, ʥʠʪʨʘʪʳ, ʦʢʩʘʣʘʪʳ ʠ ʪ.ʜ.) ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʤʝʭʘʥʠʯʝʩʢʦʤ 

ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʠ ʥʘʛʨʝʚʘʥʠʠ ʜʦ 50ï80 . ɺ ʧʦʣʫʯʝʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʨʘʩʪʚʦʨʳ ʜʦʙʘʚʣʷʶʪ 

ʛʠʜʨʦʢʩʠʜ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʦʛʦ ʯʘʱʝ ʚʩʝʛʦ ʚʳʩʪʫʧʘʝʪ NaOH ʠʣʠ NH4OH, ʜʦʚʦʜʷ pH ʨʘʩʪʚʦʨʘ ʜʦ 

pH ʦʩʘʞʜʝʥʠʷ ʮʝʣʝʚʦʛʦ ʧʨʦʜʫʢʪʘ. ʅʘ ʚʳʭʦʜʝ ʧʦʣʫʯʘʶʪ ʦʩʘʜʦʢ, ʢʦʪʦʨʳʡ ʚ ʜʘʣʴʥʝʡʰʝʤ 

ʧʨʦʤʳʚʘʶʪ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʜʣʷ ʫʜʘʣʝʥʠʷ ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʠʭ ʚʝʱʝʩʪʚ 

ʠ ʪʝʨʤʠʯʝʩʢʠ ʦʙʨʘʙʘʪʳʚʘʶʪ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (  100 ). ʈʘʟʣʠʯʘʶʪ ʜʚʝ ʨʘʟʥʦʚʠʜʥʦʩʪʠ 

ʤʝʪʦʜʦʚ ʩʦʦʩʘʞʜʝʥʠʷ ï ʦʙʨʘʪʥʦʝ ʩʦʦʩʘʞʜʝʥʠʝ ʠ ʧʨʷʤʦʝ ʩʦʦʩʘʞʜʝʥʠʝ [307]. ɺ ʩʣʫʯʘʝ ʩ ʧʨʷʤʳʤ 

ʩʦʦʩʘʞʜʝʥʠʝʤ ʚ ʠʩʭʦʜʥʳʡ ʨʘʩʪʚʦʨ ʜʦʙʘʚʣʷʝʪʩʷ ʱʝʣʦʯʴ, ʪʦʛʜʘ ʢʘʢ ʦʙʨʘʪʥʦʝ ʩʦʦʩʦʞʜʝʥʠʝ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʜʦʙʘʚʣʝʥʠʠ ʠʩʭʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʚ ʱʝʣʦʯʴ. ʕʪʠ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʦʙʫʩʣʦʚʣʝʥʳ 

ʩʠʪʫʘʮʠʝʡ, ʧʨʠ ʢʦʪʦʨʦʡ ʚ ʠʩʭʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ʩʦʜʝʨʞʘʪʩʷ ʢʘʪʠʦʥʳ, ʠʤʝʶʱʠʝ ʨʘʟʥʳʡ pH 

ʦʩʘʞʜʝʥʠʷ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʦʙʨʘʪʥʦʛʦ ʩʦʦʩʦʞʜʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ 

ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʦʩʘʞʜʝʥʠʝ ʚʩʝʭ ʧʦʣʫʯʘʝʤʳʭ ʧʨʦʜʫʢʪʦʚ [308].  
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 4) ʄʝʪʦʜ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ï ʷʚʣʷʝʪʩʷ ʨʘʟʥʦʚʠʜʥʦʩʪʴʶ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ (ʉɺʉ), ʢʦʪʦʨʳʡ ʧʦʣʫʯʠʣ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʧʦʩʣʝʜʥʝʝ 

ʜʝʩʷʪʠʣʝʪʠʝ [309]. ʉʫʪʴ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ 

ʤʝʞʜʫ ʦʨʛʘʥʠʯʝʩʢʠʤ ʪʦʧʣʠʚʦʤ (ʛʣʠʮʠʥ, ʤʦʯʝʚʠʥʘ, ʣʠʤʦʥʥʘʷ ʢʠʩʣʦʪʘ ʠ ʜʨ.), ʚʳʩʪʫʧʘʶʱʠʤ ʚ 

ʨʦʣʠ ʦʢʠʩʣʠʪʝʣʷ, ʠ ʥʠʪʨʘʪʘʤʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʝʪʘʣʣʦʚ. ʄʝʪʦʜ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʩʯʠʪʘʝʪʩʷ 

ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʩʠʥʪʝʟʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʩʣʦʞʥʦʦʢʩʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʙʣʘʛʦʜʘʨʷ ʨʷʜʫ ʭʘʨʘʢʪʝʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ: ʙʳʩʪʨʦʡ ʩʢʦʨʦʩʪʴʶ 

ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ ʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʟʦʥʝ ʨʝʘʢʮʠʠ, ʦʪʩʫʪʩʪʚʠʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚ 

ʩʣʦʞʥʦʤ ʠ ʜʦʨʦʛʦʩʪʦʷʱʝʤ ʦʙʦʨʫʜʦʚʘʥʠʝ, ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʚʘʨʴʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʟʘ ʩʯʝʪ 

ʢʦʪʦʨʳʭ ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʝʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʤʦʨʬʦʣʦʛʠʝʡ, ʜʠʩʧʝʨʩʥʦʩʪʴʶ, 

ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ [310]. ʆʧʫʙʣʠʢʦʚʘʥʦ 

ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ [22, 32, 156, 188, 242], ʛʜʝ ʨʘʟʣʠʯʥʳʝ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʤʝʪʦʜʘ 

ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʙʳʣʠ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪ-

ʰʧʠʥʝʣʝʡ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʷʚʠʚʰʠʝʩʷ ʚ ʪʝʯʝʥʠʝ ʧʦʩʣʝʜʥʠʭ ʥʝʩʢʦʣʴʢʠʭ ʣʝʪ 

ʩʪʘʪʴʠ ʧʦ ʮʝʣʣʶʣʦʟʥʦ-ʙʫʤʘʞʥʦʤʫ ʤʝʪʦʜʫ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ [311, 312] ʠ ʧʘʪʝʥʪʳ [313] ʥʘ 

ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʝ ʫʩʪʘʥʦʚʢʠ ʥʘ ʙʘʟʝ ʵʪʦʡ ʤʝʪʦʜʠʢʠ ʧʦʟʚʦʣʷʶʪ ʛʦʚʦʨʠʪʴ ʦ ʧʝʨʩʧʝʢʪʠʚʘʭ 

ʚʥʝʜʨʝʥʠʷ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʚ ʧʨʦʤʳʰʣʝʥʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʬʝʨʨʠʪʦʚ. 

 5) ɿʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟ ï ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, ʚ 

ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʣʝʞʠʪ ʧʨʦʮʝʩʩ ʛʠʜʨʦʣʠʟʘ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ (ʭʣʦʨʠʜʦʚ, ʥʠʪʨʘʪʦʚ, ʦʢʩʘʣʘʪʦʚ ʠ 

ʪ.ʜ.) ʚ ʞʠʜʢʦʡ ʩʨʝʜʝ, ʚ ʭʦʜʝ ʢʦʪʦʨʦʛʦ ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʧʦʣʫʯʘʶʪ ʢʦʣʣʦʠʜʥʳʡ ʨʘʩʪʚʦʨ (ʟʦʣʴ), 

ʩʦʩʪʦʷʱʠʡ ʠʟ ʯʘʩʪʠʮ ʛʠʜʨʦʢʩʠʜʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʩʪʚʦʨʝʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩ ʨʘʟʤʝʨʦʤ 

ʯʘʩʪʠʮ ʚ ʥʘʥʦʤʝʪʨʦʚʦʤ ʜʠʘʧʘʟʦʥʝ [9, 159, 262]. ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʧʦʣʫʯʝʥʥʳʡ ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʨʘʩʪʚʦʨ ʩʧʝʮʠʘʣʴʥʦ ʦʙʨʘʙʘʪʳʚʘʶʪ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʛʝʣʷ ʧʦʩʨʝʜʩʪʚʦʤ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ 

ʨʘʩʪʚʦʨʘ (ʚʘʨʴʠʨʦʚʘʥʠʝʤ pH, ʜʦʙʘʚʣʝʥʠʝʤ ʜʨʫʛʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ) ʠ ʟʘʪʝʤ ʪʝʨʤʠʯʝʩʢʠ 

ʦʙʨʘʙʘʪʳʚʘʶʪ ʜʣʷ ʫʜʘʣʝʥʠʷ ʠʟ ʧʦʣʫʯʝʥʥʦʛʦ ʛʝʣʷ ʠʩʭʦʜʥʦʛʦ ʨʘʩʪʚʦʨʠʪʝʣʷ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ 

ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʯʘʩʪʠʮ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʨʘʟʤʝʨʦʤ ʠ 

ʛʝʦʤʝʪʨʠʝʡ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ [187, 251]. ʅʘ ʧʨʠʤʝʨʝ ʨʘʟʣʠʯʥʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʤʘʛʥʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʤʘʛʥʠʪʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʵʬʬʝʢʪʠʚʥʳʝ ʢʘʪʘʣʠʟʘʪʦʨʳ, ʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʳ [314, 315]. ʂ 

ʥʝʜʦʩʪʘʪʢʘʤ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ 

ʧʦʣʫʯʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʆʪʜʝʣʴʥʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʨʘʟʥʦʚʠʜʥʦʩʪʴ ʵʪʦʛʦ ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ï ʩʘʤʦʚʦʩʧʣʘʤʝʥʷʶʱʠʡʩʷ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟ, ʢʦʪʦʨʳʡ ʧʦ ʩʫʪʠ ʩʚʦʝʡ ʷʚʣʷʝʪʩʷ 

ʦʙʲʝʜʠʥʝʥʥʳʤ ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟʘ. ɽʛʦ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʷʚʣʷʝʪʩʷ 

ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʧʘʨʘʤʝʪʨʦʚ, ʢʦʪʦʨʳʝ ʚʦʟʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ, ʠ ʙʦʣʝʝ 

ʛʠʙʢʘʷ ʩʠʩʪʝʤʘ ʦʙʨʘʙʦʪʢʠ ʛʝʣʷ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʧʦʨʦʰʢʠ ʩ ʫʥʠʢʘʣʴʥʦʡ ʤʦʨʬʦʣʦʛʠʝʡ 

[156, 252, 316]. 

 6) ɻʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʩʠʥʪʝʟ ï ʷʚʣʷʝʪʩʷ ʢʣʘʩʩʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʧʦʣʫʯʝʥʠʷ 
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ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʦʙʲʝʢʪʦʚ. ɺ ʝʛʦ ʦʩʥʦʚʝ ʣʝʞʠʪ ʚʣʠʷʥʠʝ ʩʚʝʨʭʢʨʠʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʥʘ 

ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ, ʢʦʪʦʨʳʝ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʣʠʙʦ ʥʝʨʘʩʪʚʦʨʠʤʳ, ʣʠʙʦ 

ʨʘʩʪʚʦʨʠʤʳ ʣʠʰʴ ʯʘʩʪʠʯʥʦ [212, 317]. ʆʩʥʦʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʩʠʥʪʝʟʘ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʠ ʧʦʣʫʯʘʪʴ ʩʣʘʙʦʘʛʣʦʤʝʨʠʨʦʚʘʥʥʳʝ 

ʯʘʩʪʠʮʳ ʩ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʨʘʟʤʝʨʘʤ [318]. ɻʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʤʝʪʦʜ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʩ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʦʡ ʯʘʩʪʠʮ. ɿʘ 

ʩʯʝʪ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʚʘʨʴʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʩ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚ ʙʦʣʴʰʦʤ ʜʠʘʧʘʟʦʥʝ 

ʟʥʘʯʝʥʠʡ [319, 320]. ʆʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷʝʪʩʷ ʝʛʦ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ 

ʧʨʦʚʝʜʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʘʚʪʦʢʣʘʚʦʚ ʠ ʥʝʨʝʥʪʘʙʝʣʴʥʦʩʪʴ ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʦʢʩʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤʠ 

ʤʝʪʦʜʘʤʠ ʧʦʣʫʯʝʥʠʷ.  

 ʂʨʦʤʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʤʝʥʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʠ ʙʦʣʝʝ ʫʟʢʦʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ 

ʩʧʦʩʦʙʦʚ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ, ʩʨʝʜʠ 

ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʡ ʤʝʪʦʜ [321], ʩʦʥʦʭʠʤʠʯʝʩʢʠʡ ʩʠʥʪʝʟ [322], 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʡ ʩʠʥʪʝʟ [323] ʠ ʨʷʜ ʜʨʫʛʠʭ.  

 

1.3.1 ʄʝʪʦʜ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

 

ʄʝʪʦʜ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʙʳʣ ʠʟʦʙʨʝʪʝʥ ʚ ʩʝʨʝʜʠʥʝ 1980-ʭ ʛʦʜʦʚ ʚ ʧʨʦʮʝʩʩʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʛʠʜʨʘʟʠʥʢʘʨʙʦʢʩʠʣʘʪʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ 

ʨʘʟʣʠʯʥʳʭ ʤʝʪʘʣʣʦʚ [324]. ʈʝʘʢʮʠʷ ʠʭ ʧʦʣʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʚʳʜʝʣʝʥʠʝʤ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʛʘʟʘ ʠ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʥʝʩʢʦʣʴʢʦ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʭ ʠ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ 

ʩʪʘʜʠʡ. ʊʝʨʤʠʯʝʩʢʦʝ ʨʘʟʣʦʞʝʥʠʝ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʩʚʝʨʭʪʦʥʢʠʭ 

ʬʝʨʨʠʪʦʚ ʠʣʠ ʢʦʙʘʣʴʪʠʪʦʚ, ʠ ʤʦʛʫʪ ʧʨʦʪʝʢʘʪʴ ʚ ʩʘʤʦʧʦʜʜʝʨʞʠʚʘʶʱʝʤʩʷ ʨʝʞʠʤʝ [325]. 

ʉʣʝʜʫʶʱʝʡ ʚʘʞʥʦʡ ʚʝʭʦʡ ʚ ʦʪʢʨʳʪʠʠ ʤʝʪʦʜʘ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʙʳʣʦ ʠʟʫʯʝʥʠʝ ʨʝʘʢʮʠʠ ʤʝʞʜʫ 

ʨʘʩʪʚʦʨʝʥʥʳʤ ʚ ʚʦʜʝ ʥʠʪʨʘʪʦʤ ʘʣʶʤʠʥʠʷ ʠ ʤʦʯʝʚʠʥʦʡ, ʧʦʤʝʱʝʥʥʳʭ ʚ ʤʫʬʝʣʴʥʫʶ ʧʝʯʴ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 500  [326]. ɺ ʭʦʜʝ ʧʦʩʣʝʜʫʶʱʝʡ ʨʝʘʢʮʠʠ, ʢʦʪʦʨʘʷ ʜʣʠʣʘʩʴ ʚʩʝʛʦ 3 ʤʠʥʫʪʳ, ʙʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʠʩʭʦʜʥʳʡ ʨʘʩʪʚʦʨ ʥʘʯʘʣ ʢʠʧʝʪʴ ʠ ʟʘʪʝʤ ʚʦʩʧʣʘʤʝʥʠʣʩʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʛʦʨʝʥʠʷ 

ʧʣʘʤʝʥʠ  1300 . ʅʘ ʚʳʭʦʜʝ ʙʳʣ ʧʦʣʫʯʝʥ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʡ ʧʦʨʦʰʦʢ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, 

ʨʝʘʢʮʠʶ ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 

ςὃὰὔὕ ωὌὕ υὅὌὔὕ  ὃὰὕ  ψὔ  υὅὕ ςψὌὕ                        (5) 

ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʵʪʦʡ ʨʝʘʢʮʠʠ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʦʥʘ ʧʨʦʭʦʜʠʪ ʙʝʟ ʫʯʘʩʪʠʷ ʢʠʩʣʦʨʦʜʘ 

ʠʟ ʚʦʟʜʫʭʘ, ʚ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʠʩʭʦʜʥʳʡ ʨʝʘʢʮʠʦʥʥʳʡ ʨʘʩʪʚʦʨ ʩʦʜʝʨʞʠʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʤʦʯʝʚʠʥʳ (ʢʦʪʦʨʘʷ ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠ ʦʢʠʩʣʠʪʝʣʷ). ɺ ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʤʝʭʘʥʠʟʤ 

ʦʙʨʘʟʦʚʘʥʠʷ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʜʘʞʝ ʚ ʪʘʢʦʡ ʧʨʦʩʪʦʡ ʨʝʘʢʮʠʠ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʣʦʞʝʥ, ʠ ʠʭ ʩʦʩʪʘʚ ʩʠʣʴʥʦ ʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʦʢʠʩʣʠʪʝʣʷ ʢ 
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ʚʦʩʩʪʘʥʦʚʠʪʝʣʶ ʚ ʨʝʘʢʮʠʦʥʥʦʤ ʨʘʩʪʚʦʨʝ. 

ɺʩʣʝʜʩʪʚʠʝ ʪʦʛʦ, ʯʪʦ ʤʝʪʦʜ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʩʘʤʦʧʦʜʜʝʨʞʠʚʘʶʱʠʤʩʷ 

ʪʝʨʤʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʤ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʪʝʧʣʘ ʚʳʩʪʫʧʘʝʪ ʨʝʘʢʮʠʷ ʛʦʨʝʥʠʷ, 

ʵʪʦʪ ʤʝʪʦʜ ʯʘʱʝ ʚʩʝʛʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʢʘʢ ʨʘʟʥʦʚʠʜʥʦʩʪʴ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ (ʉɺʉ), ʠʟʚʝʩʪʥʦʛʦ ʚ ʟʘʧʘʜʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʢʘʢ çself-propagating 

high-temperature synthesisè (çSHSè) [327]. ʄʝʪʦʜ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʦʙʳʯʥʦ ʧʨʦʚʦʜʷʪ ʚ 

ʦʜʥʦʨʦʜʥʦʤ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ (ʥʠʪʨʘʪʦʚ, ʦʢʩʘʣʘʪʦʚ ʠ ʪ.ʜ.), ʚ ʭʦʜʝ ʢʦʪʦʨʦʛʦ 

ʧʨʦʪʝʢʘʶʪ ʩʘʤʦʜʦʩʪʘʪʦʯʥʳʝ ʩʣʦʞʥʳʝ ʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ. ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʠʩʭʦʜʥʳʡ 

ʨʘʩʪʚʦʨ ʥʘʛʨʝʚʘʶʪ ʜʦ ʧʦʯʪʠ ʧʦʣʥʦʛʦ ʚʳʧʘʨʠʚʘʥʠʷ ʚʦʜʳ ʠ ʜʦʩʪʠʞʝʥʠʷ ʪʦʯʢʠ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ, 

ʚ ʭʦʜʝ ʢʦʪʦʨʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʪʝʨʤʠʯʝʩʢʦʝ ʨʘʟʣʦʞʝʥʠʝ ʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʚʢʣʶʯʘʶʱʝʝ 

ʥʝʩʢʦʣʴʢʦ ʩʚʷʟʘʥʥʳʭ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʦʙʨʘʟʫʶʪʩʷ ʢʘʢ ʤʠʥʠʤʫʤ 

ʦʜʠʥ ʪʚʝʨʜʳʡ ʧʨʦʜʫʢʪ ʠ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʛʘʟʦʦʙʨʘʟʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʈʘʟʥʦʚʠʜʥʦʩʪʠ ʤʝʪʦʜʘ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʯʘʱʝ ʚʩʝʛʦ ʢʣʘʩʩʠʬʠʮʠʨʫʶʪ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʦʢʠʩʣʠʪʝʣʷ, ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ʠ ʨʘʩʪʚʦʨʠʪʝʣʷ. ɺ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ ʯʘʱʝ ʚʩʝʛʦ 

ʧʨʠʤʝʥʷʶʪ ʥʠʪʨʘʪʳ ʤʝʪʘʣʣʦʚ, ʥʠʪʨʘʪ ʘʤʤʦʥʠʷ ʠ ʘʟʦʪʥʫʶ ʢʠʩʣʦʪʫ, ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ï 

ʛʣʠʮʠʥ, ʤʦʯʝʚʠʥʫ, ʨʘʟʣʠʯʥʳʝ ʦʨʛʘʥʠʯʝʩʢʠʝ ʢʠʩʣʦʪʳ (ʣʠʤʦʥʥʫʶ, ʷʙʣʦʯʥʫʶ ʠ ʪ.ʜ.), ʛʣʶʢʦʟʫ, 

ʢʘʨʙʦʛʠʜʨʘʟʠʜ, ʦʢʩʘʣʠʣʜʠʛʠʜʨʘʟʠʜ, ʚ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ ï ʚʦʜʫ, ʢʝʨʦʩʠʥ, ʙʝʥʟʠʥ, ʵʪʘʥʦʣ, 

ʤʝʪʘʥʦʣ, ʬʦʨʤʘʣʴʜʝʛʠʜ [328]. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʧʦʜʚʠʜʦʤ ʤʝʪʦʜʘ ʨʘʩʪʚʦʨʥʦʛʦ 

ʛʦʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʳʡ ʩʠʥʪʝʟ, ʚ ʭʦʜʝ ʢʦʪʦʨʦʛʦ ʥʠʪʨʘʪʳ ʤʝʪʘʣʣʦʚ ʩʦʚʤʝʩʪʥʦ ʩ 

ʛʣʠʮʠʥʦʤ ʨʘʩʪʚʦʨʷʶʪʩʷ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ. ɽʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʩʪʴ ʩʚʷʟʘʥʘ ʩ ʭʦʨʦʰʝʡ 

ʨʘʩʪʚʦʨʠʤʦʩʪʴʶ ʥʠʪʨʘʪʦʚ ʚ ʚʦʜʝ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʨʘʟʣʦʞʝʥʠʷ, ʢʦʪʦʨʘʷ 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʘʢʪʠʚʥʦʛʦ ʢʠʩʣʦʨʦʜʘ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʚʳʙʦʨ ʛʣʠʮʠʥʘ ʦʙʫʩʣʦʚʣʝʥ 

ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʩʪʝʧʝʥʠ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʩʠʥʪʝʟʠʨʫʝʤʦʛʦ ʧʨʦʜʫʢʪʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʚʠʜʘʤʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʪʦʧʣʠʚ ʧʨʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ [329]. ʂʨʦʤʝ ʪʦʛʦ, ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʩʪʚʦʨʝʥʥʳʭ ʚ 

ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʝ ʛʠʜʨʦʢʩʠʜʦʚ ʠ ʢʘʨʙʦʥʘʪʦʚ ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ʚ ʪʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ 

ʧʨʠʤʝʥʝʥʠʝ ʥʠʪʨʘʪʦʚ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʧʦ ʪʝʤ ʠʣʠ ʠʥʳʤ ʧʨʠʯʠʥʘʤ. 

ʈʘʟʣʠʯʘʶʪ ʜʚʝ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʠʢʠ ʧʨʦʚʝʜʝʥʠʷ ʩʠʥʪʝʟʘ. ʂʣʘʩʩʠʯʝʩʢʠʤ ʩʯʠʪʘʝʪʩʷ ʪʘʢ 

ʥʘʟʳʚʘʝʤʦʝ çʦʙʲʝʤʥʦʝ ʩʛʦʨʘʥʠʝè, ʤʝʭʘʥʠʟʤ ʢʦʪʦʨʦʛʦ ʙʳʣ ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥ ʚ ʨʘʙʦʪʝ [330]. ɺ 

ʭʦʜʝ ʧʝʨʚʦʛʦ ʵʪʘʧʘ ʚʝʩʴ ʦʙʲʝʤ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʨʘʚʥʦʤʝʨʥʦ ʥʘʛʨʝʚʘʶʪ ʠ 

ʜʦʚʦʜʷʪ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʢʠʧʝʥʠʷ ʨʘʩʪʚʦʨʠʪʝʣʷ (ʨʠʩʫʥʦʢ 19). ʇʦʩʣʝ ʵʪʦʛʦ ʥʘʩʪʫʧʘʝʪ ʚʪʦʨʦʡ ʵʪʘʧ, 

ʚ ʭʦʜʝ ʢʦʪʦʨʦʛʦ ʪʝʤʧʝʨʘʪʫʨʘ ʬʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʠ ʢʦʪʦʨʳʡ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʜʘʣʝʥʠʝʤ 

ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠʟ ʨʝʘʢʮʠʦʥʥʦʛʦ ʨʘʩʪʚʦʨʘ. ʆʪʣʠʯʠʪʝʣʴʥʦ ʦʩʦʙʝʥʥʦʩʪʴʶ ʩʣʝʜʫʶʱʝʡ 

ʪʨʝʪʴʝʡ ʩʪʘʜʠʠ ʷʚʣʷʝʪʩʷ ʝʸ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʧʨʦʪʝʢʘʥʠʷ ʠ ʨʝʟʢʦʝ ʟʥʘʯʠʪʝʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ ʪʦʯʢʠ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ, ʚ ʭʦʜʝ ʢʦʪʦʨʦʡ ʦʙʨʘʟʫʶʪʩʷ ʧʨʦʜʫʢʪʳ ʛʦʨʝʥʠʷ (ʩʪʘʜʠʷ 

ʯʝʪʳʨʝ). ɿʘʢʣʶʯʠʪʝʣʴʥʦʡ, ʧʷʪʦʡ ʩʪʘʜʠʝʡ ʷʚʣʷʝʪʩʷ ʵʪʘʧ ʦʭʣʘʞʜʝʥʠʷ, ʚ ʧʨʦʮʝʩʩʝ ʢʦʪʦʨʦʛʦ ʩʠʩʪʝʤʘ 

ʙʳʩʪʨʦ ʦʩʪʳʚʘʝʪ.  
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ʈʠʩʫʥʦʢ 19 ï ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ NiO ʚ ʧʨʦʮʝʩʩʝ ʦʙʲʝʤʥʦʛʦ 

ʩʛʦʨʘʥʠʷ (ʘ) ʠ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʩʠʩʪʝʤʝ (ʙ) [330] 

 

ɺʪʦʨʘʷ ʤʝʪʦʜʠʢʘ ʩʠʥʪʝʟʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʣʦʢʘʣʴʥʦʤ ʥʘʛʨʝʚʝ ʥʝʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʚ 

ʨʘʩʪʚʦʨʘʭ ʠʣʠ ʛʝʣʷʭ ʜʣʷ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ʕʪʦʪ ʨʝʞʠʤ ʩʛʦʨʘʥʠʷ 

ʥʘʟʳʚʘʶʪ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʤʩʷ ʨʝʞʠʤʦʤ ʩʛʦʨʘʥʠʷ (ʛʦʨʝʥʠʝʤ ʚʦ ʬʨʦʥʪʝ) (ʨʠʩʫʥʦʢ 20ʘ) 

[331]. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʲʝʤʥʳʤ ʩʛʦʨʘʥʠʝʤ ʦʥ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʦʣʝʝ ʢʦʨʦʪʢʦʡ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ 

ʩʪʘʜʠʝʡ ʥʘʛʨʝʚʘ (ʨʠʩʫʥʦʢ 20ʙ). 

 

 

ʈʠʩʫʥʦʢ 20 ï ʀʟʦʙʨʘʞʝʥʠʝ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʨʝʞʠʤʘ 

ʩʛʦʨʘʥʠʷ (ʘ) ʠ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʩʠʩʪʝʤʝ (ʙ) [331] 

 

 ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʟʚʝʩʪʥʦ ʥʝʩʢʦʣʴʢʦ ʨʘʟʣʠʯʥʳʭ ʩʧʦʩʦʙʦʚ ʥʘʛʨʝʚʘ ʠʩʭʦʜʥʦʛʦ 

ʨʝʘʢʮʠʦʥʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʢʦʥʝʯʥʳʝ ʧʨʦʜʫʢʪʳ 

ʩʛʦʨʘʥʠʷ: ʥʘʛʨʝʚ ʚ ʧʨʦʩʪʦʤ ʩʪʝʢʣʷʥʥʦʤ ʠʣʠ ʢʝʨʘʤʠʯʝʩʢʦʤ ʩʪʘʢʘʥʝ ʥʘ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʭʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʠʪʢʠ ʠʣʠ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ [32, 309], ʩʘʤʦʚʦʩʧʣʘʤʝʥʷʶʱʠʡʩʷ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟ 

[316, 329], ʥʘʛʨʝʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʝʯʠ, ʠʟʚʝʩʪʥʳʡ ʚ ʟʘʧʘʜʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʢʘʢ 

çmicrowave-assisted solution combustionè [188, 215], ʨʘʩʧʳʣʠʪʝʣʴʥʳʡ ʧʠʨʦʣʠʟ [309, 328], 
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ʮʝʣʣʶʣʦʟʥʦ-ʙʫʤʘʞʥʳʡ ʤʝʪʦʜ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ [311, 312]. ʀʟʤʝʥʝʥʠʝ ʤʦʨʬʦʣʦʛʠʠ, 

ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʤʝʪʦʜʘ 

ʥʘʛʨʝʚʘ, ʯʘʱʝ ʚʩʝʛʦ ʩʚʷʟʳʚʘʶʪ ʩ ʢʦʣʠʯʝʩʪʚʦʤ ʢʠʩʣʦʨʦʜʘ, ʧʨʠʥʠʤʘʶʱʝʛʦ ʫʯʘʩʪʠʝ ʚ ʧʨʦʮʝʩʩʝ 

ʩʛʦʨʘʥʠʷ, ʩʢʦʨʦʩʪʴʶ ʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʥʘʛʨʝʚʘ ʠʩʭʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ ʠʣʠ ʛʝʣʷ ʠ ʚʨʝʤʝʥʝʤ 

ʥʘʭʦʞʜʝʥʠʷ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʝ [310, 312, 328]. 

ʆʪʜʝʣʴʥʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʨʦʣʴ ʪʦʧʣʠʚʘ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, ʢʦʪʦʨʘʷ 

ʟʘʢʣʶʯʘʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʚ ʧʨʝʜʦʩʪʘʚʣʝʥʠʠ ʜʦʩʪʘʪʦʯʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʪʝʧʣʘ ʩʠʩʪʝʤʝ, ʥʦ ʠ ʚ 

ʦʙʝʩʧʝʯʝʥʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʘʙʠʣʴʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʩ ʠʦʥʘʤʠ ʤʝʪʘʣʣʦʚ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʠʭ 

ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʠʭ ʩʝʣʝʢʪʠʚʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʚʳʧʘʨʠʚʘʥʠʷ 

ʨʘʩʪʚʦʨʠʪʝʣʷ [332]. ɺ ʮʝʣʦʤ ʧʨʠʯʠʥʘ ʧʨʦʪʝʢʘʥʠʷ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʨʝʘʢʮʠʠ ʚ 

ʧʨʦʮʝʩʩʘʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʩʚʷʟʘʥʘ ʩ ʩʦʢʨʘʱʝʥʠʝʤ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʟʘ ʩʯʝʪ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʚ ʪʝʧʣʦ [309].  ʇʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʩʭʦʜʥʳʡ 

ʨʘʩʪʚʦʨ ʤʦʞʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʘʚʪʦʥʦʤʥʦ, ʙʝʟ ʩʫʱʝʩʪʚʝʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʩʦʩʪʘʚʘ, ʪʝʤʧʝʨʘʪʫʨʳ ʠʣʠ 

ʜʘʚʣʝʥʠʝ. ʅʦ ʚ ʤʦʤʝʥʪ ʧʝʨʝʜ ʪʦʯʢʦʡ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʩʠʩʪʝʤʘ ʥʝ ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʦʡ, ʪʘʢ ʢʘʢ 

ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ ʪʦʯʢʠ ʥʘʯʘʣʘ ʨʝʘʢʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʵʢʟʦʪʝʨʤʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ ʩ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʳʤ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʠ, ʠ ʧʨʦʮʝʩʩ 

ʩʘʤʦʫʩʢʦʨʷʝʪʩʷ. ʈʝʘʢʮʠʷ ʟʘʚʝʨʰʘʝʪʩʷ ʪʦʣʴʢʦ ʧʦʩʣʝ ʧʦʣʥʦʛʦ ʧʝʨʝʭʦʜʘ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʚ 

ʧʨʦʜʫʢʪʳ ʩʛʦʨʘʥʠʷ ʠ ʪʦʣʴʢʦ ʧʦʩʣʝ ʵʪʦʛʦ ʩʠʩʪʝʤʘ ʚʥʦʚʴ ʧʨʠʭʦʜʠʪ ʚ ʩʪʘʮʠʦʥʘʨʥʦʝ ʩʦʩʪʦʷʥʠʝ. ɺ 

ʨʘʙʦʪʘʭ [328, 331] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʤʦʤʝʥʪ ʦʩʪʘʥʦʚʢʠ ʨʝʘʢʮʠʠ ʨʘʚʥʦʚʝʩʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʩʠʩʪʝʤʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʠʥʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʭʦʜʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤʳ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʢʘʢ ʥʝʨʘʚʥʦʚʝʩʥʦʝ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʟʥʘʯʝʥʠʷʤʠ ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ ʚ ʵʪʦʪ ʤʦʤʝʥʪ (ʦʥʘ ʥʝ ʤʠʥʠʤʘʣʴʥʘ), ʥʦ ʚ ʪʦʞʝ ʚʨʝʤʷ 

ʩʠʩʪʝʤʘ ʥʝ ʧʨʝʪʝʨʧʝʚʘʝʪ ʥʠʢʘʢʠʭ ʩʫʱʝʩʪʚʝʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʪʝʯʝʥʠʠ ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʪʝʣʴʥʦʛʦ 

ʚʨʝʤʝʥʠ, ʟʘ ʩʯʝʪ ʯʝʛʦ ʝʸ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʡ. ʇʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʩʠʩʪʝʤʘ ʜʦʩʪʠʛʘʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʫʩʪʦʡʯʠʚʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʚ ʢʦʪʦʨʦʤ ʤʦʞʝʪ 

ʥʘʭʦʜʠʪʴʩʷ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ. 

 

1.3.2 ʄʝʪʦʜ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

 

ʆʜʥʠʤ ʠʟ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʦʢʩʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 

ʩʦʦʩʘʞʜʝʥʥʳʭ ʛʠʜʨʦʢʩʠʜʦʚ [295, 333]. ʅʘ ʝʛʦ ʦʩʥʦʚʝ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ 

ʘʥʘʣʦʛʠʯʥʳʭ ʦʙʲʝʢʪʦʚ ʥʘ ʦʩʥʦʚʝ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʦʤ ʠʟʙʳʪʢʝ ʠ ʥʝʜʦʩʪʘʪʢʝ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʘ ʚ ʨʝʘʢʮʠʦʥʥʦʤ 

ʨʘʩʪʚʦʨʝ. ɻʣʘʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʩʠʥʪʝʟʘ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʛʣʠʮʠʥ-

ʥʠʪʨʘʪʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʚ ʩʪʦʨʦʥʫ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʠʟʙʳʪʢʘ ʠʣʠ ʥʝʜʦʩʪʘʪʢʘ ʦʢʠʩʣʠʪʝʣʷ. ʊʘʢʠʤ 
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ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʥʳʡ ʘʤʦʨʬʥʳʡ ʧʨʦʜʫʢʪ ʥʝ ʪʦʣʴʢʦ ʙʫʜʝʪ ʠʟʙʘʚʣʝʥ ʦʪ ʧʨʠʤʝʩʥʳʭ ʬʘʟ, ʥʦ ʠ 

ʦʙʣʘʜʘʪʴ ʛʦʨʘʟʜʦ ʤʝʥʴʰʠʤ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʜʦ 10 ʥʤ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʘʩʪʠʮʘʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʧʨʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʤʷʛʢʘʷ ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ 

ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʚʝʩʪʠ ʧʦʣʫʯʝʥʥʳʡ ʘʤʦʨʬʥʳʡ ʧʨʦʜʫʢʪ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ, ʘ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʝʞʠʤʦʚ ʧʨʝʜʦʩʪʘʚʠʪ ʜʘʥʥʳʝ ʢʘʢ ʧʦ ʤʝʭʘʥʠʟʤʘʤ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ, ʪʘʢ ʠ ʧʦ ʝʸ ʚʣʠʷʥʠʶ 

ʥʘ ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʠ ʤʦʨʬʦʣʦʛʠʶ [334]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ 

ʚʧʝʨʚʳʝ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʠ ʦʧʨʦʙʦʚʘʥʘ ʠʤʝʥʥʦ ʘʚʪʦʨʦʤ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. 

 

ɺʳʚʦʜʳ ʧʦ ʘʥʘʣʠʪʠʯʝʩʢʦʤʫ ʦʙʟʦʨʫ 

 

ʈʘʟʚʠʪʠʝ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʩʪʦʷʥʥʦʝ ʨʘʩʰʠʨʝʥʠʝ ʩʬʝʨ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʩʪʘʚʠʪ ʧʨʦʙʣʝʤʫ ʫʣʫʯʰʝʥʠʷ ʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ 

ʥʘʙʣʶʜʘʝʪʩʷ ʢ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʤ ʣʠʪʠʝʚʳʤ ʠ ʥʠʢʝʣʝʚʳʤ ʬʝʨʨʠʪʘʤ-ʰʧʠʥʝʣʷʤ ʠ 

ʦʨʪʦʬʝʨʨʠʪʘʤ ʝʚʨʦʧʠʷ, ʪʝʨʙʠʷ ʠ ʛʘʜʦʣʠʥʠʷ, ʢʦʪʦʨʳʝ ʠʛʨʘʶʪ ʦʩʦʙʫʶ ʨʦʣʴ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ 

ʨʘʟʣʠʯʥʳʭ ʠʟʜʝʣʠʡ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ, ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʭ 

ʧʦʢʨʳʪʠʡ. ʂʨʦʤʝ ʪʦʛʦ, ʩʫʱʝʩʪʚʝʥʥʦʡ ʧʨʦʙʣʝʤʦʡ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʩʪʴ ʚ ʧʦʣʫʯʝʥʠʠ ʦʜʥʦʬʘʟʥʳʭ 

ʩʠʩʪʝʤ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʝʚʨʦʧʠʷ, ʪʝʨʙʠʷ ʠ 

ʛʘʜʦʣʠʥʠʷ ʙʝʟ ʧʦʩʪʦʨʦʥʥʠʭ ʧʨʠʤʝʩʝʡ, ʢʦʪʦʨʳʝ ʫʭʫʜʰʘʶʪ ʢʘʢ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʢʦʥʝʯʥʦʡ ʧʨʦʜʫʢʮʠʠ, ʪʘʢ ʠ ʧʨʦʯʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʥʘ ʠʭ ʦʩʥʦʚʝ. 

ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʫʣʫʯʰʝʥʠʷ ʩʚʦʡʩʪʚ ʜʘʥʥʦʛʦ ʢʣʘʩʩʘ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʥʘʧʨʘʚʣʝʥʥʳʡ 

ʩʠʥʪʝʟ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ ʟʘʜʘʥʥʳʤʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʤʠ ʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ. 

 ʇʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ 

ʬʝʨʨʠʪʦʚʳʭ ʧʦʨʦʰʢʦʚ ʦʧʨʝʜʝʣʷʶʪʩʷ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ, ʩʪʨʫʢʪʫʨʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʠ 

ʤʦʨʬʦʣʦʛʠʝʡ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʥʘ ʠʭ ʦʩʥʦʚʝ ʟʘʚʠʩʷʪ ʢʘʢ ʦʪ 

ʠʩʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʦʰʢʦʚ, ʪʘʢ ʠ ʦʪ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʠ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, 

ʦʪ ʨʘʟʤʝʨʦʚ ʟʝʨʝʥ ʠ ʩʪʝʧʝʥʠ ʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʝʨʝʥ ʧʦ ʨʘʟʤʝʨʘʤ. 

 ʆʩʥʦʚʥʦʡ ʩʣʦʞʥʦʩʪʴʶ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʷʚʣʷʝʪʩʷ 

ʧʦʷʚʣʝʥʠʝ ʧʨʠʤʝʩʥʳʭ ʦʢʩʠʜʥʳʭ ʬʘʟ, ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʪʨʫʜʥʷʶʱʠʭ ʠʭ ʜʘʣʴʥʝʡʰʝʝ ʧʨʘʢʪʠʯʝʩʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʠ ʬʨʘʛʤʝʥʪʘʨʥʳʡ ʭʘʨʘʢʪʝʨ ʠʥʬʦʨʤʘʮʠʠ ʦ ʤʝʭʘʥʠʟʤʘʭ ʠʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ 

ʦʩʦʙʝʥʥʦʩʪʷʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ɺ ʵʪʦʡ ʩʚʷʟʠ ʧʨʝʜʣʦʞʝʥʥʳʡ ʦʨʠʛʠʥʘʣʴʥʳʡ ʧʦʜʭʦʜ ʢ 

ʠʭ ʧʦʣʫʯʝʥʠʶ ʤʝʪʦʜʦʤ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

ʧʦʟʚʦʣʷʝʪ ʨʝʰʠʪʴ ʦʙʝ ʵʪʠ ʟʘʜʘʯʠ. 

 ɺ ʥʘʩʪʦʷʱʠʡ ʤʦʤʝʥʪ ʚ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʦʪʩʫʪʩʪʚʫʶʪ ʧʦʜʨʦʙʥʳʝ ʜʘʥʥʳʝ ʦ ʧʨʦʮʝʩʩʘʭ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʚ ʫʩʣʦʚʠʷʭ 
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ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ, ʪʝʤ ʙʦʣʝʝ, ʦ ʧʦʣʫʯʝʥʠʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʥʘ ʦʩʥʦʚʝ ʧʦʨʦʰʢʦʚ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦ ʫʢʘʟʘʥʥʦʡ ʚʳʰʝ ʪʝʭʥʦʣʦʛʠʠ. ʆʧʫʙʣʠʢʦʚʘʥʥʳʝ ʨʘʙʦʪʳ ʟʘʪʨʘʛʠʚʘʶʪ ʪʦʣʴʢʦ 

ʧʨʦʩʪʳʝ ʬʝʨʨʠʪʳ ʠ ʣʠʰʴ ʥʝʩʢʦʣʴʢʦ ʠʭ ʥʠʭ ʩʚʷʟʘʥʳ ʩ ʧʦʣʫʯʝʥʠʝʤ ʢʝʨʘʤʠʢ ʥʘ ʦʩʥʦʚʝ ʧʦʨʦʰʢʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʟʘʪʨʦʥʫʪʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʚʦʧʨʦʩʳ ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʜʦʙʥʳʭ ʩʠʩʪʝʤ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ 

ʧʨʝʜʣʦʞʝʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʢʝʨʘʤʠʢʠ ʥʘ ʙʘʟʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ 

ʷʚʣʷʶʪʩʷ ʘʢʪʫʘʣʴʥʳʤʠ ʠ ʩ ʥʘʫʯʥʦʡ, ʠ ʩ ʧʨʘʢʪʠʯʝʩʢʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ. 

 ɼʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʥʝ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʚʦʧʨʦʩ ʧʦʣʫʯʝʥʠʷ ʦʨʪʦʬʝʨʨʠʪʦʚ ʝʚʨʦʧʠʷ, 

ʪʝʨʙʠʷ ʠ ʛʘʜʦʣʠʥʠʷ ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʧʦʣʫʯʝʥʠʝ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ, 

ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʦʨʪʦʬʝʨʨʠʪʦʚ ʥʝ ʚ ʬʦʨʤʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ɼʝʪʘʣʴʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ ʠʭ 

ʚʦʟʤʦʞʥʦʤ ʧʨʘʢʪʠʯʝʩʢʦʤ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʠ ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʦʩʠʪ 

ʦʙʱʠʡ ʭʘʨʘʢʪʝʨ. 

 ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʥʳʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʣʠʪʠʝʚʳʝ ʠ ʥʠʢʝʣʝʚʳʝ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʠ ʠ 

ʦʨʪʦʬʝʨʨʠʪʳ ʝʚʨʦʧʠʷ, ʪʝʨʙʠʷ ʠ ʛʦʣʴʤʠʷ ʷʚʣʷʶʪʩʷ ʚʘʞʥʳʤʠ ʧʨʦʤʳʰʣʝʥʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, 

ʦʙʣʘʜʘʶʱʠʝ ʦʪʣʠʯʥʳʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʀʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʠʭ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʤʝʪʦʜʦʤ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ 

ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʧʦʣʫʯʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ ʷʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʦʡ ʥʘʫʯʥʦʡ ʠ ʧʨʘʢʪʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ. 
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2 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʤʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ 

2.1 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

 

ɺ ʪʘʙʣʠʮʝ 1 ʧʨʠʚʝʜʝʥ ʩʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ 

ʨʝʘʢʪʠʚʦʚ. 

 

ʊʘʙʣʠʮʘ 1 ï ʉʧʠʩʦʢ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʭʦʜʥʳʭ ʨʝʘʢʪʠʚʦʚ 

ˉ 

ʧ/ʧ 
ʅʘʠʤʝʥʦʚʘʥʠʝ 

ʍʠʤʠʯʝʩʢʘʷ 

ʬʦʨʤʫʣʘ 
ʏʠʩʪʦʪʘ ʄʘʨʢʘ ɻʆʉʊ, ʊʋ 

1 ʅʠʪʨʘʪ ʞʝʣʝʟʘ ὊὩὔὕ ωὌὕ ʯ ʅʝʚʘʈʝʘʢʪʠʚ ʊʋ 6-09-02-553-96 

2 ʅʠʪʨʘʪ ʮʠʥʢʘ ὤὲὔὕ φὌὕ ʯ ʅʝʚʘʈʝʘʢʪʠʚ ɻʆʉʊ 5106-77 

3 ʅʠʪʨʘʪ ʥʠʢʝʣʷ ὔὭὔὕ φὌὕ ʯ ʅʝʚʘʈʝʘʢʪʠʚ ɻʆʉʊ 4055-78 

4 ʅʠʪʨʘʪ ʤʘʨʛʘʥʮʘ ὓὲὔὕ τὌὕ ʯ.ʜ.ʘ. ʅʝʚʘʈʝʘʢʪʠʚ ʊʋ 6-09-4011-75 

5 ʅʠʪʨʘʪ ʣʠʪʠʷ ὒὭὔὕσὌὕ ʯ.ʜ.ʘ. ʅʝʚʘʈʝʘʢʪʠʚ ʊʋ 6-09-5486-91 

6 ʅʠʪʨʘʪ ʝʚʨʦʧʠʷ Ὁόὔὕ φὌὕ ʭ.ʯ. ʅʝʚʘʈʝʘʢʪʠʚ ʊʋ 6-09-4676-83 

7 ʅʠʪʨʘʪ ʪʝʨʙʠʷ Ὕὦὔὕ υὌὕ ʭ.ʯ. ʃʝʥʨʝʘʢʪʠʚ ʊʋ 6-09-4676-83 

8 ʅʠʪʨʘʪ ʛʦʣʴʤʠʷ Ὄέὔὕ υὌὕ ʭ.ʯ. ʃʝʥʨʝʘʢʪʠʚ ʊʋ 6-09-4676-83 

9 
ʊʨʠʵʪʘʥʦʣʘʤʠʥ-

ʪʠʪʘʥʘʪ 
ὅὌ ὔὕὝὭ ʯ. ʃʝʥʨʝʘʢʪʠʚ 

ʊʋ 6-09-11-2119-

93 

10 

ʂʠʩʣʦʪʘ 

ʘʤʠʥʦʫʢʩʫʩʥʘʷ 

(ɻʣʠʮʠʥ) 

ὅὌὔὕ ʯ. ʅʝʚʘʈʝʘʢʪʠʚ ɻʆʉʊ 5860-75 

11 ɸʟʦʪʥʘʷ ʢʠʩʣʦʪʘ Ὄὔὕ ʭ.ʯ. ʅʝʚʘʨʝʘʢʪʠʚ ɻʆʉʊ 4461-77 

12 ʆʢʩʠʜ ʚʠʩʤʫʪʘ (III)  ὄὭὕ ʯ.ʜ.ʘ. ʃʝʥʨʝʘʢʪʠʚ ɻʆʉʊ 10216-75 

13 
ʇʦʣʠʵʪʠʣʝʥʛʣʠʢʦʣʴ-

400 
ὅ Ὄ ὕ  ʪʝʭ. ʃʝʥʨʝʘʢʪʠʚ ɻʆʉʊ 25163-82 

 

2.2 ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ 

2.2.1 ʄʝʪʦʜ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

 

ʉʠʥʪʝʟ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʝʚʨʦʧʠʷ, ʪʝʨʙʠʷ ʠ 

ʛʘʜʦʣʠʥʠʷ ʧʨʦʚʦʜʠʣʩʷ ʚ ʪʝʨʤʠʯʝʩʢʠ ʩʪʦʡʢʠʭ ʩʪʘʢʘʥʘʭ ʦʙʲʝʤʦʤ 500 ʤʣ. 

ɺ ʢʘʯʝʩʪʚʝ ʨʝʘʛʝʥʪʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʥʠʪʨʘʪʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʝʪʘʣʣʦʚ ʠ ʛʣʠʮʠʥ ʚ 

ʢʘʯʝʩʪʚʝ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʘ ʠ ʭʝʣʘʪʥʦʛʦ ʘʛʝʥʪʘ. ʀʩʭʦʜʥʳʝ ʚʝʱʝʩʪʚʘ ʨʘʩʪʚʦʨʷʣʠʩʴ ʚ 80 ʤʣ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ (ʩ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ  5 Mɋ ʉʤ) ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʤʝʭʘʥʠʯʝʩʢʦʤ 

ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 3 ʄ ʨʘʩʪʚʦʨʦʤ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʳ. ɻʣʠʮʠʥ 
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(6) 

(7) 

(8) 

(9) 

ʙʳʣ ʚʟʷʪ ʩ ʫʯʝʪʦʤ ʨʘʟʣʠʯʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ (ű) ʠ 

ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʥʘ ʦʩʥʦʚʝ ʨʝʘʢʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ: 

1) ɼʣʷ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ: 

ὓ ὔὕ άὌὕ ὓ ὔὕ άὌὕ ςὲὅὌὔὕ
ρ

ς

ωὲ υ

ςὺ ὺᴂ
ὕ

ὓὓὕ
ςυ

ρψ•ὺ ὺ ά
Ὄὕ ὺ

υ

ρψ
•
ρ

ς
ὔ

ρπ

ω
•ὺ ὺᴂὅὕ 

ʛʜʝ ὓ  ï Li , Ni, Zn, Ti ʠ Mn, ὓ  ï Fe, m ï ʯʠʩʣʦ ʤʦʣʝʢʫʣ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʚʦʜʳ, v ï ʚʘʣʝʥʪʥʦʩʪʴ 

ʢʘʪʠʦʥʘ ʤʝʪʘʣʣʘ, n ï ʯʠʩʣʦ ʤʦʣʝʡ ʛʣʠʮʠʥʘ, ű ï ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ, v 

ʠ vô ï ʚʘʣʝʥʪʥʦʩʪʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʢʘʪʠʦʥʘ ʤʝʪʘʣʣʘ, m ï ʯʠʩʣʦ ʤʦʣʝʢʫʣ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ 

ʚʦʜʳ. 

 2) ɼʣʷ ʦʨʪʦʬʝʨʨʠʪʦʚ: 

Ὑ ὔὕ άὌὕ ὓ ὔὕ άὌὕ ςὲὅὌὔὕ
ρ

ς

ωὲ υ

ςὺ ὺᴂ
ὕ

Ὑὓᴂὕ
ςυ

ρψ•ὺ ὺ ά
Ὄὕ ὺ

υ

ρψ
•
ρ

ς
ὔ

ρπ

ω
•ὺ ὺᴂὅὕ 

ʛʜʝ Ὑ  ï Eu, Tb ʠ Ho, ὓ - Fe. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ [310, 312, 328, 330] ʧʦʜ ű ʯʘʱʝ ʚʩʝʛʦ 

ʧʦʥʠʤʘʶʪ ʫʩʣʦʚʥʫʶ ʚʝʣʠʯʠʥʫ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʫʶ ʩʦʦʪʥʦʰʝʥʠʝ ʦʢʠʩʣʠʪʝʣʷ (ʥʠʪʨʘʪʦʚ ʤʝʪʘʣʣʦʚ) 

ʢ ʚʦʩʩʪʘʥʦʚʠʪʝʣʶ (ʦʨʛʘʥʠʯʝʩʢʦʤʫ ʪʦʧʣʠʚʫ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ï ʛʣʠʮʠʥʫ) ʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʫʨʘʚʥʝʥʠʷ ʨʝʘʢʮʠʠ ʦʥʘ ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

•  
ωὲ

υ
ςὺ

ρψὲ

υὺ
 

ʠʟ ʯʝʛʦ ʩʣʝʜʫʝʪ ʯʪʦ: 

ὲ
υ

ρψ
•ὺ 

ʛʜʝ n ï ʯʠʩʣʦ ʤʦʣʝʡ ʛʣʠʮʠʥʘ, ű ï ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ, v ï ʚʘʣʝʥʪʥʦʩʪʴ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʢʘʪʠʦʥʘ ʤʝʪʘʣʣʘ.  

ʇʨʠʛʦʪʦʚʣʝʥʥʳʡ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʨʘʩʪʚʦʨ ʤʝʭʘʥʠʯʝʩʢʠ ʧʝʨʝʤʝʰʠʚʘʣʩʷ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥʫʪ 

ʜʦ ʧʦʣʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʨʝʘʛʝʥʪʦʚ ʠ ʥʘʛʨʝʚʘʣʩʷ ʜʦ ʧʦʯʪʠ ʧʦʣʥʦʛʦ ʫʜʘʣʝʥʠʷ ʚʦʜʳ ʠ ʥʘʯʘʣʘ 

ʧʨʦʮʝʩʩʘ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʙʨʘʟʦʚʳʚʘʣʩʷ ʙʫʨʳʡ ʧʦʨʦʰʦʢ, ʮʚʝʪ ʢʦʪʦʨʦʛʦ 

ʟʘʚʠʩʝʣ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʛʣʠʮʠʥʘ ʚ ʠʩʭʦʜʥʦʤ ʨʝʘʢʮʠʦʥʥʦʤ ʨʘʩʪʚʦʨʝ (ʨʠʩʫʥʦʢ 21). ʀʟʤʝʥʝʥʠʝ ʮʚʝʪʘ 

ʦʙʨʘʟʮʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʦʙʲʷʩʥʷʝʪʩʷ 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʚ ʧʦʨʦʰʢʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʩʫʱʝʩʪʚʝʥʥʦʤ ʠʟʙʳʪʢʝ ʠ ʥʝʜʦʩʪʘʪʢʝ ʪʦʧʣʠʚʘ 

ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʘ ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʠʪʨʘʪʦʚ ʞʝʣʝʟʘ. 

 ɺʘʞʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʩʠʥʪʝʟʘ ʷʚʣʷʝʪʩʷ ʚʳʜʝʣʝʥʠʝ ʛʘʟʦʦʙʨʘʟʥʳʭ 

ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʘ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ. ʀʭ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʠ ʢʘʯʝʩʪʚʝʥʥʳʡ 

ʩʦʩʪʘʚ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʠ ʦʪ ʠʩʭʦʜʥʳʭ 
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ʨʝʘʛʝʥʪʦʚ. ʇʦʜʨʦʙʥʦ ʦʙ ʵʪʦʤ ʥʘʧʠʩʘʥʦ ʚ ʨʘʙʦʪʘʭ [312, 328], ʚ ʢʦʪʦʨʳʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʛʣʠʮʠʥʘ ʢ ʪʦʧʣʠʚʫ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ 

ʦʢʩʠʜʦʚ CO2 ʠ NO2, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʦʪʢʣʦʥʝʥʠʠ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ ʠʭ ʩʦʩʪʘʚ ʩʪʘʥʦʚʠʪʩʷ ʩʤʝʰʘʥʥʳʤ 

ï CO/CO2 ʠ NO/NO2, ʯʪʦ ʩʚʷʟʳʚʘʶʪ ʩ ʠʟʤʝʥʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʪʦʧʣʠʚ ʩʦʩʪʘʚ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʠʟʤʝʥʷʪʴʩʷ.   

 

 

ʈʠʩʫʥʦʢ 21 ï ʀʟʤʝʥʝʥʠʝ ʮʚʝʪʘ ʪʚʝʨʜʦʛʦ ʧʨʦʜʫʢʪʘ ʛʦʨʝʥʠʷ ʥʘ ʧʨʠʤʝʨʝ ʩʠʥʪʝʟʘ ʣʠʪʠʡ-ʮʠʥʢ-

ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ (ű) 

 

2.2.2 ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

 

ʏʘʩʪʴ ʦʙʨʘʟʮʦʚ ʦʨʪʦʬʝʨʨʠʪʦʚ ʝʚʨʦʧʠʷ ʠ ʛʦʣʴʤʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʫʪʝʤ ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ. ʀʩʭʦʜʥʳʝ ʦʙʨʘʟʮʳ 

ʩʠʥʪʝʟʠʨʦʚʘʣʠʩʴ ʧʨʠ ʩʫʱʝʩʪʚʝʥʥʦʤ ʠʟʙʳʪʢʝ (ű = 1.4) ʠ ʥʝʜʦʩʪʘʪʢʝ (ű = 0.2) ʦʨʛʘʥʠʯʝʩʢʦʛʦ 

ʪʦʧʣʠʚʘ, ʧʨʠ ʢʦʪʦʨʳʭ ʛʦʨʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚ ʪʣʝʶʱʝʤ ʨʝʞʠʤʝ, ʧʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʠʤʝʶʪ 

ʙʦʣʴʰʦʡ ʧʨʦʮʝʥʪ ʘʤʦʨʬʥʦʡ ʬʘʟʳ. ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʤʝʭʘʥʠʯʝʩʢʠ ʠʟʤʝʣʴʯʘʣʠ ʚ ʩʪʫʧʢʝ 

ʠ ʪʝʨʤʠʯʝʩʢʠ ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʝʞʠʤʘʭ (500, 600, é, 

900 ) ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. 

 

2.2.3 ʀʟʛʦʪʦʚʣʝʥʠʝ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ 

 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʦʙʨʘʟʮʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʣʠʪʠʝʚʳʝ ʠ ʥʠʢʝʣʝʚʳʝ ʬʝʨʨʠʪʳ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʧʨʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ 

ʠʟʙʳʪʢʝ ʛʣʠʮʠʥʘ (ű = 0.8). ʇʦʣʫʯʝʥʥʳʝ ʧʨʦʜʫʢʪʳ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠ 

ʧʝʨʝʤʘʣʳʚʘʣʠʩʴ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʠ ʦʪʞʠʛʘʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 600  ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʜʣʷ 

ʫʜʘʣʝʥʠʷ ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʠʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ɿʘʪʝʤ ʦʪʦʞʞʸʥʥʳʝ ʧʦʨʦʰʢʠ ʙʳʣʠ 

ʩʤʝʰʘʥʳ ʩʦ ʩʚʷʟʫʶʱʠʤ ʚʝʱʝʩʪʚʦʤ (1 ʤʘʩ. % ʧʦʣʠʵʪʠʣʝʥʛʣʠʢʦʣʴ) ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʨʘʟʣʠʯʥʦʛʦ 
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ʢʦʣʠʯʝʩʪʚʘ ʦʢʩʠʜʘ ʚʠʩʤʫʪʘ (0 ï 5.0 ʤʘʩ. % Bi2O3) ʠ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʠ ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʚ 

ʚʠʙʨʘʮʠʦʥʥʦʡ ʤʝʣʴʥʠʮʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʝʨʘʤʠʯʝʩʢʠʭ ʰʘʨʦʚ ʜʠʘʤʝʪʨʦʤ 80 ʤʤ ʚ ʪʝʯʝʥʠʝ 0 ï 

6 ʯʘʩʦʚ. ʇʨʠʛʦʪʦʚʣʝʥʥʳʝ ʧʨʝʩʩ-ʧʦʨʦʰʢʠ ʙʳʣʠ ʩʧʨʝʩʩʦʚʘʥʳ ʚ ʢʦʣʴʮʘ ʪʦʣʱʠʥʦʡ 4 ʤʤ ʠ 

ʜʠʘʤʝʪʨʦʤ 25 ʤʤ ʧʨʠ ʧʦʤʦʱʠ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʧʨʝʩʩʘ (400 ʄʇʘ) ʠ ʩʧʝʢʘʣʠʩʴ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʝʞʠʤʘʭ (980 ï 1085 , 4 ï16 ʯʘʩʦʚ). 

 

2.3 ʆʙʦʨʫʜʦʚʘʥʠʝ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

 

ɼʣʷ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʢʦʤʧʣʝʢʩʥʘʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʘʷ 

ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʘʙʦʨʘ ʩʦʚʨʝʤʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʤʝʪʦʜʦʚ, ʢʦʪʦʨʘʷ 

ʧʦʟʚʦʣʠʣʘ ʦʧʨʝʜʝʣʠʪʴ ʭʠʤʠʯʝʩʢʠʡ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʤʦʨʬʦʣʦʛʠʶ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ, 

ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʧʣʦʪʥʦʩʪʴ ʠ ʧʦʨʠʩʪʦʩʪʴ, ʫʜʝʣʴʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʤʘʛʥʠʪʥʳʝ ʠ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʢʘʪʘʣʠʪʠʯʝʩʢʫʶ, ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʫʶ ʠ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʫʶ 

ʘʢʪʠʚʥʦʩʪʴ. 

 

2.3.1 ɸʪʦʤʥʦ-ʘʙʩʦʨʙʮʠʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

 

ʄʝʪʦʜ ʘʪʦʤʥʦ-ʘʙʩʦʨʙʮʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʩʦʜʝʨʞʘʥʠʷ ʣʠʪʠʷ ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʘʭ ʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʷʭ ʧʨʦʩʪʳʭ ʠ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʣʠʪʠʝʚʳʭ ʬʝʨʨʠʪʦʚ. ɸʥʘʣʠʟ ʧʨʦʚʦʜʠʣʩʷ ʥʘ ʘʪʦʤʥʦ-ʘʙʩʦʨʙʮʠʦʥʥʦʤ 

ʩʧʝʢʪʨʦʤʝʪʨʝ ʄɻɸ-1000 ʩʦʛʣʘʩʥʦ ʤʝʪʦʜʠʢʠ ʄ 09-02-2016 (ʇʅɼ ʌ 16.3.85-17) çʀʟʤʝʨʝʥʠʝ 

ʤʘʩʩʦʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʤʝʥʪʦʚ (Al, As, Ba, Be, Cd, Co, Cr, Cu, Fe, Li , Mn, Mo, Ni, Pb, Sr, Ti, 

V, Zn) ʚ ʧʨʦʙʘʭ ʦʪʭʦʜʦʚ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʧʦʪʨʝʙʣʝʥʠʷè. ɺ ʛʨʘʬʠʪʦʚʫʶ ʧʝʯʴ ʘʪʦʤʠʟʘʪʦʨʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʦʟʘʪʦʨʘ ʚʚʦʜʠʣʠʩʴ ʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʝ ʧʨʦʙʳ ʦʙʲʝʤʦʤ 30 ʤʢʣ. ʊʝʤʧʝʨʘʪʫʨʘ 

ʘʪʦʤʠʟʘʮʠʷ ʧʦʜʙʠʨʘʣʘʩʴ ʠʥʜʠʚʠʜʫʘʣʴʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʠ ʥʘʭʦʜʠʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ 

ʦʪ 900 ʜʦ 1100 . ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ çʈʫʢʦʚʦʜʩʪʚʦʤ ʧʦ ʵʢʩʧʣʫʘʪʘʮʠʠ 

ʩʧʝʢʪʨʦʤʝʪʨʘ çʄɻɸ-915/1000è ʠ ʇʋ 62-2017. ʆʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ ʧʨʦʚʦʜʠʣʦʩʴ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ çʃʶʤʵʢʩ ʄɻɸ-1000è. ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʩʦʛʣʘʩʥʦ ʧʘʩʧʦʨʪʫ 

ʧʨʠʙʦʨʘ ʠ ʤʝʪʦʜʠʢʝ ʦʮʝʥʠʚʘʣʘʩʴ ʨʘʚʥʦʡ 0.005 ʤʘʩʩ. %. 

 

2.3.2 ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

 

ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʜʝʪʝʢʪʦʨʘ Oxford INCA 2000 ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʫʢʦʚʦʜʩʪʚʦʤ ʧʦ ʵʢʩʧʣʫʘʪʘʮʠʠ çINCA Energy 

Operator Manualè. ʅʘʙʦʨ ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʥʝʩʢʦʣʴʢʠʤ ʫʯʘʩʪʢʘʤ ʧʣʦʱʘʜʠ ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ 

10 ʢʵɺ ʩ ʯʠʩʣʦʤ ʢʘʥʘʣʦʚ ʨʘʚʥʦʤ 2048 ʠ ʯʠʩʣʦʤ ʠʤʧʫʣʴʩʦʚ ʥʘ ʩʧʝʢʪʨ ʥʝ ʤʝʥʝʝ 500000. 

ʇʦʣʫʯʝʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʨʘʚʥʠʚʘʣʠʩʴ ʩ ʢʘʣʠʙʨʦʚʦʯʥʳʤʠ 

ʵʪʘʣʦʥʘʤʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʠ ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ çOxford 
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(10) 

Instrumentsè ʠ ʟʘʪʝʤ ʫʩʨʝʜʥʷʣʠʩʴ. ʉʦʛʣʘʩʥʦ ʧʘʩʧʦʨʪʫ ʧʨʠʙʦʨʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʤʝʪʦʜʠʢʠ 

ʠʟʤʝʨʝʥʠʷ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʘʪʦʤʥʦʡ ʠ ʤʘʩʩʦʚʦʡ ʜʦʣʠ ʵʣʝʤʝʥʪʦʚ ʚ ʦʙʨʘʟʮʝ ʟʘʚʠʩʠʪ ʦʪ ʠʭ 

ʧʦʨʷʜʢʦʚʦʛʦ ʥʦʤʝʨʘ ʚ ʪʘʙʣʠʮʝ ʄʝʥʜʝʣʝʝʚʘ ʠ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0.5 ʜʦ 1.0 ʘʪ. ʠ ʤʘʩʩ. %. 

 

2.3.3 ʉʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

 

ʀʟʦʙʨʘʞʝʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʧʦʨʦʰʢʦʚ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Tescan Vega 3 SBH ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʥʩʪʨʫʢʮʠʝʡ ʧʦ ʵʢʩʧʣʫʘʪʘʮʠʠ çTescan Vegaè ʥʘ BSE ʠ SE ʜʝʪʝʢʪʦʨʘʭ. ʉ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʦʚ çTescan Essenceè ʠ çImageJè ʠʟʦʙʨʘʞʝʥʠʷ 

ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʠ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʦʧʨʝʜʝʣʷʣʩʷ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʧʦʨʦʰʢʦʚ 

ʠ ʟʝʨʝʥ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ. 

 

2.3.4 ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

 

ʈʘʟʤʝʨ ʯʘʩʪʠʮ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʦʨʪʦʬʝʨʨʠʪʦʚ 

ʝʚʨʦʧʠʷ, ʪʝʨʙʠʷ ʠ ʛʦʣʴʤʠʷ ʦʧʨʝʜʝʣʷʣʠʩʴ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʢʨʦʩʢʦʧʘ JEOL TEM-100CX. ʇʝʨʝʜ ʘʥʘʣʠʟʦʤ ʦʙʨʘʟʮʳ ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʙʘʥʠ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥʫʪ ʩ ʧʦʩʣʝʜʫʶʱʝʤ ʥʘʥʝʩʝʥʠʝʤ ʢʘʧʣʠ 

ʧʦʣʫʯʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʥʘ ʩʧʝʮʠʘʣʴʥʫʶ ʧʨʦʟʨʘʯʥʫʶ ʦʨʛʘʥʠʯʝʩʢʫʶ ʧʣʘʩʪʠʥʫ. ʂʨʦʤʝ ʪʦʛʦ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʜʠʬʨʘʢʮʠʠ ʚ ʚʳʙʨʘʥʥʦʡ ʦʙʣʘʩʪʠ (SAD) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʦ 

ʬʘʟʦʚʦʤ ʩʦʩʪʘʚʝ ʦʙʨʘʟʮʦʚ. 

 

2.3.5 ʇʦʨʦʰʢʦʚʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʪʦʤʝʪʨʠʷ 

 

ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʙʳʣ ʚʳʧʦʣʥʝʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ 

ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʠʬʨʘʢʪʦʤʝʪʨʘ Rigaku 

SmartLab 3 ʥʘ CuKŬ ʠʟʣʫʯʝʥʠʠ (ɚ = 1.5045 ¡). ʉʲʝʤʢʘ ʦʙʨʘʟʮʦʚ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ 

ɹʨʝʛʛʘ (2ɗ) ʦʪ 10 ʜʦ 80Á ʩʦ ʩʢʦʨʦʩʪʴʶ 3Á/ʤʠʥ. ʆʙʨʘʙʦʪʢʘ ʧʦʣʫʯʝʥʥʳʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ 

ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ çSmart Lab Studio IIè. ʀʜʝʥʪʠʬʠʢʘʮʠʷ 

ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʙʘʟʝ ʜʘʥʥʳʭ ICDD PDF-2. 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦ ʨʘʟʤʝʨʘʤ ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ) 

ʙʳʣ ʨʘʩʩʯʠʪʘʥ ʥʘ ʦʩʥʦʚʘʥʠʠ ʫʰʠʨʝʥʠʷ ʣʠʥʠʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʧʦ ʬʦʨʤʫʣʝ ʐʝʨʨʝʨʘ: 

Ὀ  
ὯϽ‗

‍ϽÃÏÓ—
 

ʛʜʝ k ï ʬʘʢʪʦʨ ʬʦʨʤʳ ʢʨʠʩʪʘʣʣʦʚ (ʚ ʠʟʦʤʝʪʨʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʧʨʠʥʠʤʘʣʩʷ ʨʘʚʥʳʤ 0.94), ɚ 

ï ʜʣʠʥʘ ʚʦʣʥʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ (CuKŬ, ɚ = 0.15405 ʥʤ), ɓ ï ʫʰʠʨʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ 

ʤʘʢʩʠʤʫʤʘ (ʚ ʨʘʜʠʘʥʘʭ), ɗ ï ʧʦʣʦʞʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ (ʫʛʦʣ ɹʨʝʛʛʘ). 
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2.3.6 ʀʂ-ʌʫʨʴʝ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

 

 ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʀʂ ʩʧʝʢʪʨʦʚ ʩʦʝʜʠʥʝʥʠʡ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʤʝʪʨ Shimadzu 

ITRracer-100. ɺʩʝ ʩʧʝʢʪʨʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʥʩʪʨʫʢʮʠʝʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʧʨʠʙʦʨʘ 

ʚ ʨʝʞʠʤʝ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʚʦʣʥʦʚʳʭ ʯʠʩʣʝ ʦʪ 300 ʜʦ 4000 ʩʤ-1 ʩ ʰʘʛʦʤ ʩʢʘʥʠʨʦʚʘʥʠʷ 

0.25 ʩʤ-1 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʩʪʘʚʢʠ ATR-8000A. ʆʙʨʘʙʦʪʢʘ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ çLabSolutions IRè ʩʦ ʚʩʪʨʦʝʥʥʦʡ 

ʙʠʙʣʠʦʪʝʢʦʡ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ.  

 

2.3.7 ʉʧʝʢʪʨʦʬʦʪʦʤʝʪʨʠʷ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʬʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ 

 

ʉʧʝʢʪʨʳ ʜʠʬʬʫʟʥʦʛʦ ʦʪʨʘʞʝʥʠʷ ʚ ʚʠʜʠʤʦʡ ʠ ʋʌ ʦʙʣʘʩʪʷʭ ʙʳʣ ʧʦʣʫʯʝʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ Shimadzu UV-2600i ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʫʢʦʚʦʜʩʪʚʦʤ ʧʦ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʧʨʠʙʦʨʘ. ʀʟʤʝʨʝʥʠʝ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʩʧʝʢʪʨʘʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʜʦ 900 ʥʤ ʩʦ 

ʩʧʝʢʪʨʘʣʴʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ 0.2 ʥʤ. ʇʦʣʫʯʝʥʥʳʝ ʩʧʝʢʪʨʳ ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʚ ʧʨʦʛʨʘʤʤʥʦʤ 

ʦʙʝʩʧʝʯʝʥʠʠ çUVProbeè. ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʧʦ ʨʝʘʢʮʠʠ 

ʨʘʟʣʦʞʝʥʠʷ ʤʝʪʠʣʝʥʦʚʦʛʦ ʦʨʘʥʞʝʚʦʛʦ ʚ ʨʘʟʣʠʯʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʬʝʨʨʠʪʦʚ ʢ ʢʨʘʩʠʪʝʣʶ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʢʨʘʩʠʪʝʣʷ ʦʧʨʝʜʝʣʷʣʘʩʴ ʢʘʞʜʳʝ 15 ʤʠʥ.  

 

2.3.8 ʄʸʩʩʙʘʫʵʨʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

 

ʄ ʩyʩʙʘʫʵʨʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ ʙʳʣʠ ʧʦʣʫʯʝʥ ʥʘ ʄʩyʩʙʘʫʵʨʦʚʩʢʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ 

MS1104EM ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300ʂ ʚ ʛʝʦʤʝʪʨʠʠ ʩʲʝʤʢʠ ʥʘ ʧʨʦʧʫʩʢʘʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʨʘʜʠʦʘʢʪʠʚʥʦʛʦ ʠʩʪʦʯʥʠʢʘ Co57(Rh) ʘʢʪʠʚʥʦʩʪʴʶ 20 mCi. ʆʙʨʘʟʝʮ ʘʥʘʣʠʟʠʨʦʚʘʣʩʷ ʚ ʩʪʘʥʜʘʨʪʥʦʡ 

ʧʣʘʩʪʠʢʦʚʦʡ ʢʶʚʝʪʝ ʜʠʘʤʝʪʨʦʤ 2 ʩʤ. ɸʤʧʣʠʪʫʜʘ ʩʢʦʨʦʩʪʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʠʩʪʦʯʥʠʢʘ 

ʠ ʧʦʛʣʦʪʠʪʝʣʷ ʠʟʤʝʥʷʣʘʩʴ ʚ ʠʥʪʝʨʚʘʣʝ ʟʥʘʯʝʥʠʡ [-12, 12] ʤʤ/ʩ. ʂʘʣʠʙʨʦʚʢʘ ʩʧʝʢʪʨʦʤʝʪʨʘ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʘʥʜʘʨʪʥʦʛʦ ʧʦʛʣʦʪʠʪʝʣʷ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʦʛʦ ʚʳʩʪʫʧʘʣ a-Fe. 

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʄʩyʩʙʘʫʵʨʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ çUnivemMSè. 

 

2.3.9 ʊʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-ʩʢʘʥʠʨʫʶʱʘʷ ʢʘʣʦʨʠʤʝʪʨʠʷ 

 

ʄʝʪʦʜʘʤʠ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-ʩʢʘʥʠʨʫʶʱʝʡ 

ʢʘʣʦʨʠʤʝʪʨʠʠ ʙʳʣ ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʠʩʭʦʜʥʳʭ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ 

ʛʦʨʝʥʠʷ ʜʣʷ ʠʟʫʯʝʥʠʷ ʧʨʦʮʝʩʩʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʛʣʠʮʠʥ-

ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ ʥʘ ʧʨʠʙʦʨʘʭ Shimadzu DSC-60 Plus ʠ Shimadzu DTG-60. ʀʟʤʝʨʝʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʥʩʪʨʫʢʮʠʝʡ ʧʦ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʨʠʙʦʨʦʚ ʚ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 20 ʜʦ 900  ʩʦ ʩʢʦʨʦʩʪʴʶ ʥʘʛʨʝʚʘ 10Á/ʤʠʥ ʚ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʝ.  
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2.3.10 ɻʝʣʠʝʚʘʷ ʧʠʢʥʦʤʝʪʨʠ ̫

 

 ʇʠʢʥʦʤʝʪʨʠʯʝʩʢʘʷ ʧʣʦʪʥʦʩʪʴ ʦʧʨʝʜʝʣʷʣʘʩʴ ʤʝʪʦʜʦʤ ʛʝʣʠʝʚʦʡ ʧʠʢʥʦʤʝʪʨʠʠ ʥʘ ʧʨʠʙʦʨʝ 

çMicromeritics AccuPyc 1330è ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʝʣʠʷ ʚ ʢʘʯʝʩʪʚʝ ʧʠʢʥʦʤʝʪʨʠʯʝʩʢʦʛʦ ʛʘʟʘ. 

ʀʟʤʝʨʝʥʠʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʥʩʪʨʫʢʮʠʝʡ ʧʦ ʵʢʩʧʣʫʘʪʘʮʠʠ ʧʨʠʙʦʨʘ ʚ ʤʠʢʨʦʷʯʝʡʢʠ ʦʙʲʝʤʦʤ 1 

ʩʤ3 ʚ ʨʝʞʠʤʝ ʜʝʛʘʟʠʨʦʚʘʥʠʷ ʧʨʦʙʳ ʚ ʧʦʪʦʢʝ ʛʝʣʠʷ ʩʦ ʚʨʝʤʝʥʝʤ ʜʝʛʘʟʠʨʦʚʢʠ 10 ʤʠʥ. ɼʣʷ ʢʘʞʜʦʡ 

ʧʨʦʙʳ ʙʳʣʦ ʚʳʧʦʣʥʝʥʦ 10 ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ. ʉʦʛʣʘʩʥʦ ʧʘʩʧʦʨʪʫ ʧʨʠʙʦʨʘ ʠ ʤʝʪʦʜʠʢʠ 

ʠʟʤʝʨʝʥʠʷ ʧʦʛʨʝʰʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʥʝ ʧʨʝʚʳʰʘʝʪ 0.5 %.  

 

2.3.11 ʄʝʪʦʜ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ 

 

ʄʝʪʦʜ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʧʣʦʪʥʦʩʪʠ (dexp) 

ʛʦʪʦʚʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʧʦ ʜʘʥʥʳʤ ʢʦʪʦʨʦʡ ʙʳʣʘ ʨʘʩʩʯʠʪʘʥʘ ʧʦʨʠʩʪʦʩʪʴ ʧʦ ʬʦʨʤʫʣʝ: 

ɟ = (dx-ray-dexp)/dx-ray                                                              (11) 

ʛʜʝ dx-ray ï ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʧʣʦʪʥʦʩʪʴ, dexp ï ʧʣʦʪʥʦʩʪʴ, ʠʟʤʝʨʝʥʥʘʷ ʤʝʪʦʜʦʤ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʚʟʚʝʰʠʚʘʥʠʷ. 

 

2.3.12 ɸʙʩʦʨʙʮʠʦʥʥʦ-ʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ 

 

ʋʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʤʝʪʦʜʦʤ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʦʨʙʮʠʠ-

ʜʝʩʦʨʙʮʠʠ ʘʟʦʪʘ (N2). ʉʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʵʪʠʤ ʧʨʦʮʝʩʩʘʤ ʠʟʦʪʝʨʤʘ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʞʠʜʢʦʛʦ ʘʟʦʪʘ (77ʂ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʥʘʣʠʟʘʪʦʨʘ Micromeritics ASAP 2020. ʇʝʨʝʜ 

ʧʨʦʚʝʜʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʨʘʟʝʮ ʙʳʣ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʜʛʦʪʦʚʣʝʥ ʩ ʧʦʤʦʱʴʶ ʜʝʛʘʟʘʮʠʠ ʚ 

ʚʘʢʫʫʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300 ÁC ʚ ʪʝʯʝʥʠʠ 4 ʯ. 

 

2.3.13 ɺʠʙʨʘʮʠʦʥʥʘʷ ʤʘʛʥʠʪʦʤʝʪʨʠʷ 

 

ʄʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʦʨʦʰʢʦʚ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ - ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ 

(Ms), ʦʩʪʘʪʦʯʥʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ (Mr), ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ (Hc) ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ (Tʢ) ʙʳʣʠ 

ʦʧʨʝʜʝʣʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʘʛʥʠʪʦʤʝʪʨʘ Lake Shore 7410 ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʠʥʪʝʨʚʘʣʝ ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʦʪ 0 ʜʦ 5000 ʕ. ʆʙʨʘʙʦʪʢʘ ʧʦʣʫʯʝʥʥʳʭ 

ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʧʨʦʛʨʘʤʤʥʳʭ ʢʦʤʧʣʝʢʩʘʭ çMeasureLINK-MCSè ʠ çCurve 

Handlerè.   

 

2.3.14 ʀʥʜʫʢʮʠʦʥʥʘʷ ʤʘʛʥʠʪʦʤʝʪʨʠʷ 

ʄʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪ-

ʰʧʠʥʝʣʝʡ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʤʝʪʦʜʦʤ ʠʥʜʫʢʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʙʦʨʘ 

çʕʄ2-19è ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʘʩʧʦʨʪʦʤ ʧʨʠʙʦʨʘ çʇʗʄ 677 029 ʕɼè. ʀʟʤʝʨʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ 
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(12) 

(13) 

(14) 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʚ ʬʦʨʤʝ ʘʪʪʝʩʪʘʮʠʦʥʥʳʭ ʢʦʣʝʮ ʧʫʪʝʤ ʥʘʤʦʪʢʠ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʠ ʥʘʤʘʛʥʠʯʠʚʘʶʱʝʡ ʦʙʤʦʪʢʠ, ʩʦʩʪʦʷʱʝʡ ʥʝ ʤʝʥʝʝ ʯʝʤ ʠʟ 30 ʚʠʪʢʦʚ, ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʧʦ ʧʝʨʠʤʝʪʨʫ ʦʙʨʘʟʮʘ. ɿʥʘʯʝʥʠʷ ʠʥʜʫʢʮʠʠ ʥʘʩʳʱʝʥʠʷ, ʦʩʪʘʪʦʯʥʦʡ ʠʥʜʫʢʮʠʠ ʠ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʦ ʩʣʝʜʫʶʱʠʤ ʬʦʨʤʫʣʘʤ: 

ὄ  
υππὟ

ὲὛ
 

ʛʜʝ Ὗ - ʧʦʢʘʟʘʥʠʷ ʧʨʠʙʦʨʘ, n ï ʯʠʩʣʦ ʚʠʪʢʦʚ ʦʙʤʦʪʢʠ ʠ S ï ʧʣʦʱʘʜʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ 

ʬʝʨʨʠʪʦʚʦʛʦ ʢʦʣʴʮʘ. 

Ὄ  
ς“ὲὟ

Ὓσ
 

 

2.3.15 ʈʝʟʦʥʘʪʦʨʥʳʡ ʤʝʪʦʜ 

 

ʀʟʤʝʨʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ (‐ᴂ), 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ (‐ᴂᴂ) ʠ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ (ὸὥὲ ‏) ʧʨʦʚʦʜʠʣʦʩʴ 

ʨʝʟʦʥʘʪʦʨʥʳʤ ʤʝʪʦʜʦʤ ʥʘ ʫʩʪʘʥʦʚʢʝ ʠʟʤʝʨʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʉɺʏ ʬʝʨʨʠʪʦʚ çʕʄ6-17ʄè ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʘʩʧʦʨʪʦʤ ʧʨʠʙʦʨʘ çʇʗʄ 1.450.545 ʇʉè. ʀʟʤʝʨʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʚ ʬʦʨʤʝ ʩʪʝʨʞʥʝʡ. ʇʦ ʨʘʟʥʦʩʪʠ ʨʝʟʦʥʘʥʩʥʳʭ ʯʘʩʪʦʪ 

ʧʦʣʥʦʛʦ ʨʝʟʦʥʘʪʦʨʘ ʠ ʨʝʟʦʥʘʪʦʨʘ ʩ ʬʝʨʨʠʪʦʚʳʤ ʦʙʨʘʟʮʦʚ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʘ ʧʦ ʨʘʟʥʦʩʪʠ ʟʘʪʫʭʘʥʠʷ ʨʝʟʦʥʘʪʦʨʘ ï ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ. ʊʘʥʛʝʥʩ ʫʛʣʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʪʝʨʴ ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʤʝʨʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʧʦ ʬʦʨʤʫʣʝ: 

ὸὥὲ ‏  
‐ᴂᴂ

‐ᴂ
 

ʛʜʝ ‐ᴂᴂ - ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʪʝʨʠ, ʘ ‐ᴂ - ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ. 

 

2.3.16 ʆʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ʧʣʘʤʝʥʠ 

 

ʀʟʤʝʨʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʤʝʥʠ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʠʟʤʝʨʷʣʦʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʪʠʥʘ-ʧʣʘʪʠʥʦʨʦʜʠʝʚʦʡ ʪʝʨʤʦʧʘʨʳ ʩʦʚʤʝʩʪʥʦ ʩ ʜʘʪʯʠʢʦʤ çTEMPer1K4è ʩ 

ʰʘʛʦʤ 0.25 ʩʝʢ ʥʘ ʧʨʠʤʝʨʝ ʨʝʘʢʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʬʝʨʨʠʪʘ ʣʠʪʠʷ (ʨʠʩʫʥʦʢ 22ʘ). ʈʝʛʠʩʪʨʘʮʠʷ ʠ 

ʦʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʡ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ çTEMPer1K4è. 

 

2.3.17 ʆʧʨʝʜʝʣʝʥʠʝ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʚ ʨʝʘʢʮʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

 

ʉʦʩʪʘʚ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʚ ʨʝʘʢʮʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʙʳʣ ʚʳʧʦʣʥʝʥ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ çʉʂɸʊè ʚ ʩʦʩʪʘʚʝ ʛʘʟʦʘʥʘʣʠʟʘʪʦʨʦʚ çʅ-320ɸè, çʂ-

100è ʠ çʆʧʪʦʛʘʟ-500.4ʉè ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʫʢʦʚʦʜʩʪʚʦʤ ʧʦ ʵʢʩʧʣʫʘʪʘʮʠʠ ʧʨʠʙʦʨʦʚ, ʊʋ 4215-
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013-23136558-2002 çɻʘʟʦʘʥʘʣʠʟʘʪʦʨ ʅ-320è ʠ ʊʋ 4215-009-23136558-200 çɻʘʟʦʘʥʘʣʠʟʘʪʦʨ ʂ-

100è (ʨʠʩʫʥʦʢ 22ʙ). ʀʩʭʦʜʥʳʝ ʨʝʘʢʮʠʦʥʥʳʝ ʨʘʩʪʚʦʨʳ ʛʦʪʦʚʠʣʠʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ 

ʢʦʣʠʯʝʩʪʚʦ ʤʦʣʝʡ ʚʳʜʝʣʷʝʤʳʭ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʩʦʛʣʘʩʥʦ ʨʝʘʢʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʥʝ 

ʧʨʝʚʳʰʘʣʦ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʳʝ ʜʠʘʧʘʟʦʥʳ ʠʟʤʝʨʷʝʤʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ. ʅʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʧʨʦʮʝʩʩ ʛʦʨʝʥʠʷ ʧʨʦʭʦʜʠʣ ʚ ʩʧʝʮʠʘʣʴʥʦʤ ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʪʝʨʤʦʩʪʦʡʢʦʤ ʩʪʘʢʘʥʝ ʩ ʟʘʫʞʝʥʥʳʤ 

ʛʦʨʣʳʰʢʦʤ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʦʧʘʜʘʥʠʷ ʚ ʥʝʛʦ ʚʦʟʜʫʭʘ ʠʟ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ.  

 

 

ʈʠʩʫʥʦʢ 22 ï ʇʣʘʪʠʥʘ-ʧʣʘʪʠʥʦʨʦʜʠʝʚʘʷ ʪʝʨʤʦʧʘʨʘ ʠ ʜʘʪʯʠʢ çTEMPer1K4è ʜʣʷ ʠʟʤʝʨʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ʧʣʘʤʝʥʠ (ʘ) ʠ ʠʟʤʝʨʠʪʝʣʴʥʳʡ ʢʦʤʧʣʝʢʩ çʉʂɸʊè ʜʣʷ ʘʥʘʣʠʟʘ 

ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ (ʙ) 

 

2.3.18 ʆʧʨʝʜʝʣʝʥʠʝ ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ 

 

ʂʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ HoFeO3 ʘʥʘʣʠʟʠʨʦʚʘʣʘʩʴ ʚ ʤʦʜʝʣʴʥʦʡ 

ʨʝʘʢʮʠʠ ʧʨʝʚʨʘʱʝʥʠʷ ʥ-ʛʝʢʩʘʥʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500 ÁC ʠ ʜʘʚʣʝʥʠʠ 1 ʘʪʤʦʩʬʝʨʘ (ʨʠʩʫʥʦʢ 23). 

ʆʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʵʢʩʧʝʨʠʤʝʥʪʘ: ʨʘʟʤʝʨ ʟʝʨʥʘ ʢʘʪʘʣʠʟʘʪʦʨʘ 140 ï 500 ʤʢʤ; ʟʘʛʨʫʟʢʘ ʨʝʘʢʪʦʨʘ 

1 ʛ; ʤʘʩʩʦʚʘʷ ʩʢʦʨʦʩʪʴ ʧʦʜʘʯʠ 0.5 ʛ(ʥ-ʛʝʢʩʘʥ)/ʛ(ʢʘʪʘʣʠʟʘʪʦʨ)Ŀʯ; ʘʪʤʦʩʬʝʨʥʦʝ ʜʘʚʣʝʥʠʝ; ʧʦʜʘʯʘ ʥ-

ʛʝʢʩʘʥʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʪʦʢʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʩʫʰʝʥʥʦʛʦ ʛʝʣʠʷ (He). ʂʘʯʝʩʪʚʝʥʥʳʡ ʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʩʦʩʪʘʚ ʧʨʦʜʫʢʪʦʚ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʥ-ʛʝʢʩʘʥʘ ʘʥʘʣʠʟʠʨʦʚʘʣʩʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʘʟʦʚʦʛʦ ʭʨʦʤʘʪʦʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ GCMS-QP2010 Ultra. ʆʩʥʦʚʥʳʝ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʨʘʚʥʠʚʘʣʠʩʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʢʦʤʤʝʨʯʝʩʢʠʤ ʢʘʪʘʣʠʟʘʪʦʨʘʤ 

ʜʝʛʠʜʨʠʨʦʚʘʥʠʷ CD-1 (ɔ-Al 2O3/Pt) ʠ ʢʨʝʢʠʥʛʘ ZSM-5 (ʘʣʶʤʦʩʠʣʠʢʘʪ, SiO2/Al2O3=50). 

ʉʧʦʩʦʙʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʢ ʚʦʩʩʪʘʥʦʚʣʝʥʠʶ ʘʥʘʣʠʟʠʨʦʚʘʣʘʩʴ ʧʦʩʣʝ 

ʦʪʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʦʩʪʦʷʥʥʦʛʦ NdFeB 

ʤʘʛʥʠʪʘ N52 ʩ (BH)max = 52 MGOe. ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʦʡ 
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ʦʪʨʘʙʦʪʘʚʰʝʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 400, 500 ʠ 600Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ; 

ʩʪʝʧʝʥʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʘʪʘʣʠʟʘʪʦʨʘ ʦʧʨʝʜʝʣʷʣʘʩʴ ʥʘ ʦʩʥʦʚʘʥʠʠ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʘʢʪʠʚʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʜʦ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ (ʠʩʭʦʜʥʳʝ), ʧʦʩʣʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ 

ʠʩʧʳʪʘʥʠʡ (ʦʪʨʘʙʦʪʘʥʥʳʝ) ʠ ʧʦʩʣʝ ʧʨʦʮʝʜʫʨʳ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʜʣʷ ʢʘʞʜʦʡ ʠʟ ʪʝʤʧʝʨʘʪʫʨ (400, 

500 ʠ 600Áʉ). 

 

 

ʈʠʩʫʥʦʢ 23 ï ɸʧʧʘʨʘʪ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʤʦʜʝʣʴʥʦʡ ʨʝʘʢʮʠʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʥ-ʛʝʢʩʘʥʘ 

 

2.3.19 ʆʧʨʝʜʝʣʝʥʠʝ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ 

 

ʆʧʨʝʜʝʣʝʥʠʝ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʧʦʨʦʰʢʦʚ ʬʝʨʨʠʪʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʚ 

ʦʪʥʦʰʝʥʠʠ ʪʨʝʭ ʪʝʩʪ-ʢʫʣʴʪʫʨ: Escherichia coli (ʛʨʘʤʦʪʨʠʮʘʪʝʣʴʥʳʝ ʧʘʣʦʯʢʠ, 

ʥʝʩʧʦʨʦʦʙʨʘʟʫʶʱʠʝ), Bacillus cereus (ʛʨʘʤʧʦʣʦʞʠʪʝʣʴʥʳʝ ʧʘʣʦʯʢʠ, ʩʧʦʨʦʦʙʨʘʟʫʶʱʠʝ) ʠ 

Staphylococcus citreus (ʛʨʘʤʧʦʣʦʞʠʪʝʣʴʥʳʝ ʢʦʢʢʠ, ʥʝʩʧʦʨʦʦʙʨʘʟʫʶʱʠʝ).  

ɺ ʯʘʰʢʠ ʇʝʪʨʠ ʟʘʣʠʚʘʣʠ ʘʛʘʨʠʟʦʚʘʥʥʫʶ ʧʠʪʘʪʝʣʴʥʫʶ ʩʨʝʜʫ ɻʄʌ (ʛʠʜʨʦʣʠʟʘʪ ʤʷʩʥʦʡ 

ʬʝʨʤʝʥʪʘʪʠʚʥʳʡ). ʇʦʩʝʚʥʦʡ ʤʘʪʝʨʠʘʣ ʛʦʪʦʚʠʣʠ ʠʟ ʩʫʪʦʯʥʦʡ ʙʘʢʪʝʨʠʘʣʴʥʦʡ ʢʫʣʴʪʫʨʳ ʚ 

ʠʟʦʪʦʥʠʯʝʩʢʦʤ ʨʘʩʪʚʦʨʝ (0,85%-ʥʦʤ NaCl) ʧʦ ʩʪʘʥʜʘʨʪʫ ʤʫʪʥʦʩʪʠ 0,5 MʩFarland, ʚʥʦʩʠʣʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʧʠʪʘʪʝʣʴʥʦʡ ʩʨʝʜʳ ʚ ʢʦʣʠʯʝʩʪʚʝ 100 ʤʢʣ ʥʘ ʯʘʰʢʫ ʠ ʨʘʩʧʨʝʜʝʣʷʣʠ ʩ ʧʦʤʦʱʴʶ 

ʰʧʘʪʝʣʷ.  ɿʘʪʝʤ ʩ ʧʦʤʦʱʴʶ ʩʪʝʨʠʣʴʥʦʛʦ ʧʨʦʙʦʯʥʦʛʦ ʩʚʝʨʣʘ ʚ ʪʦʣʱʝ ʘʛʘʨʠʟʦʚʘʥʥʦʡ ʩʨʝʜʳ ʜʝʣʘʣʠ 

ʣʫʥʢʠ. ɺ ʣʫʥʢʠ ʚʥʦʩʠʣʠ ʥʘʥʦʯʘʩʪʠʮʳ ʬʝʨʨʠʪʦʚ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʩʫʩʧʝʥʜʠʨʦʚʘʥʥʳʭ ʚ 

ʜʠʤʝʪʠʣʩʫʣʴʬʦʢʩʠʜʝ (ɼʄʉʆ) ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 20 ʤʛ/ʤʣ, ʧʦ 50 ʤʢʣ ʥʘ ʣʫʥʢʫ. ɺ ʢʘʯʝʩʪʚʝ ʢʦʥʪʨʦʣʷ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ɼʄʉʆ. ʂʫʣʴʪʫʨʳ ʠʥʢʫʙʠʨʦʚʘʣʠ ʚ ʪʝʨʤʦʩʪʘʪʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 28 ʦʉ ʚ ʪʝʯʝʥʠʝ 24 

ʯ. ʈʝʟʫʣʴʪʘʪʳ ʦʮʝʥʠʚʘʣʠ ʧʦ ʜʠʘʤʝʪʨʫ ʟʦʥʳ ʠʥʛʠʙʠʨʦʚʘʥʠʷ ʨʦʩʪʘ ʢʫʣʴʪʫʨ. 
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3 ʀʩʩʣʝʜʦʚʘʥʠʝ ʥʘʥʦʧʦʨʦʰʢʦʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ, ʧʦʣʫʯʝʥʥʳʭ ʚ 

ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

3.1 ʌʝʨʨʠʪ ʣʠʪʠʷ 

3.1.1 ʀʟʫʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ʧʣʘʤʝʥʠ 

 

ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʬʝʨʨʠʪʘ ʣʠʪʠʷ (Li 0.5Fe2.5O4) ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ 

ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ (ű 

= 0.4 ï 1.0). ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʪʦʧʣʠʚʘ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ 

ʨʘʟʣʠʯʘʶʪ ʥʝʩʢʦʣʴʢʦ ʨʝʞʠʤʦʚ ʛʦʨʝʥʠʷ (ʧʦʚʝʨʭʥʦʩʪʥʦʝ, ʦʙʲʝʤʥʦʝ, ʪʣʝʶʱʠʝ), ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ 

ʦʪʣʠʯʘʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʤʝʭʘʥʠʟʤʦʤ ʛʦʨʝʥʠʷ ʨʘʩʪʚʦʨʘ, ʥʦ ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʤʝʥʠ, ʢʦʪʦʨʘʷ 

ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ 

ʧʨʦʜʫʢʪʦʚ. ʅʘ ʨʠʩʫʥʢʝ 24 ʧʨʝʜʩʪʘʚʣʝʥ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʛʦʨʝʥʠʷ ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ ʬʝʨʨʠʪʘ 

ʣʠʪʠʷ ʧʨʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ. 

 

 

ʈʠʩʫʥʦʢ 24 ï ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʛʦʨʝʥʠʷ ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ Li 0.5Fe2.5O4 ʧʨʠ ű = 0.6 

 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʤʦʜʝʣʴʶ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʚ ʨʘʙʦʪʝ [328], ʛʜʝ 

ʥʘ ʧʨʠʤʝʨʝ ʧʨʦʩʪʳʭ ʦʢʩʠʜʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, ʙʳʣʦ ʜʘʥʦ ʦʧʠʩʘʥʠʝ 

ʢʘʞʜʦʡ ʩʪʘʜʠʠ ʩʠʥʪʝʟʘ. ʊʘʢ, ʧʨʦʮʝʩʩʳ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʠʩʭʦʜʥʦʤ ʨʝʘʢʮʠʦʥʥʦʤ ʨʘʩʪʚʦʨʝ ʚ ʭʦʜʝ 

ʧʦʣʫʯʝʥʠʷ ʬʝʨʨʠʪʘ ʣʠʪʠʷ, ʤʦʞʥʦ ʨʘʟʙʠʪʴ ʥʘ ʧʷʪʴ ʦʩʥʦʚʥʳʭ ʩʪʘʜʠʡ. ɺ ʭʦʜʝ ʧʝʨʚʦʡ ʩʪʘʜʠʠ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʝʧʝʥʥʳʡ ʥʘʛʨʝʚ ʨʘʩʪʚʦʨʘ ʜʦ 100 , ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʤʧʝʨʘʪʫʨʝ ʢʠʧʝʥʠʷ 

ʨʘʩʪʚʦʨʠʪʝʣʷ (ʚʦʜʳ). ʇʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʧʨʝʜʝʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʥʘʯʘʣʘ ʧʨʦʮʝʩʩʘ ʢʠʧʝʥʠʷ 

ʥʘʩʪʫʧʘʝʪ ʚʪʦʨʘʷ ʩʪʘʜʠʷ, ʚ ʭʦʜʝ ʢʦʪʦʨʦʡ ʪʝʤʧʝʨʘʪʫʨʘ ʜʝʨʞʠʪʩʷ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʚ ʦʜʥʦʤ ʠ ʪʦʤ 
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(15) 

ʞʝ ʠʥʪʝʨʚʘʣʝ ʠ ʧʘʨʘʣʣʝʣʴʥʦ ʩ ʵʪʠʤ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʨʘʩʪʚʦʨʠʪʝʣʷ ʚʳʢʠʧʘʝʪ. ɺ ʤʦʤʝʥʪ, ʢʦʛʜʘ 

ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʚʦʜʳ ʧʦʢʠʥʫʣʘ ʨʘʩʪʚʦʨ, ʧʨʦʠʩʭʦʜʠʪ ʫʜʘʣʝʥʠʝ ʦʩʪʘʪʢʦʚ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʯʪʦ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʢʨʘʪʢʦʩʨʦʯʥʳʤ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ (ʪʨʝʪʠʡ ʵʪʘʧ) ʠ ʥʘʯʠʥʘʝʪʩʷ ʧʨʦʮʝʩʩ 

ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ (ʯʝʪʚʝʨʪʳʡ ʵʪʘʧ), ʢʦʪʦʨʳʡ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʝʟʢʠʤ ʧʦʜʲʝʤʦʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʠ ʥʘʯʘʣʦʤ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ. ɿʘʢʣʶʯʠʪʝʣʴʥʘʷ ʧʷʪʘʷ ʩʪʘʜʠʷ ʩʚʷʟʘʥʘ ʩ ʦʢʦʥʯʘʥʠʝʤ 

ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ ʠ ʩʦ ʩʪʘʙʠʣʠʟʘʮʠʝʡ ʩʠʩʪʝʤʳ ʠ ʝʸ ʦʭʣʘʞʜʝʥʠʝʤ. ʆʙʱʘʷ ʨʝʘʢʮʠʷ ʦʙʨʘʟʦʚʘʥʠʷ 

ʣʠʪʠʝʚʦʛʦ ʬʝʨʨʠʪʘ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʟʘʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

πȢυὒὭὔὕσὌὕ ςȢυὊὩὔὕ ωὌὕ
τπ•

ω
ὅὌὔὕ ρπ• ρὕ

 ὒὭȢὊὩȢὕ
ψπ•

ω
ὅὕ

τυ

ς

ρππ•

ω
Ὄὕ τ

ςπ•

ω
ὔ  

 ʀʟʤʝʨʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʦʬʠʣʝʡ ʛʦʨʝʥʠʷ ʦʙʨʘʟʮʦʚ ʬʝʨʨʠʪʘ ʣʠʪʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ, ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʱʠʭʩʷ ʦʪ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ (• = 0.4 ʠ 0.8), ʧʦʢʘʟʘʣʦ ʠʟʤʝʥʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ 

ʧʣʘʤʝʥʠ ʚ ʩʪʦʨʦʥʫ ʫʤʝʥʴʰʝʥʠʷ (ʨʠʩʫʥʦʢ 25ʘ-ʙ).  

 

 

ʈʠʩʫʥʦʢ 25 ï ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʧʨʦʬʠʣʠ ʛʦʨʝʥʠʷ ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ Li 0.5Fe2.5O4 ʧʨʠ ű = 0.4 (ʘ), 0.8 (ʙ) 

ʠ 1.0 (ʚ) 
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ʂʨʦʤʝ ʪʦʛʦ, ʦʙʨʘʱʘʝʪ ʥʘ ʩʝʙʷ ʚʥʠʤʘʥʠʝ ʠʟʤʝʥʝʥʠʝ ʚʥʝʰʥʝʛʦ ʚʠʜʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʠ ʬʘʢʪʠʯʝʩʢʦʝ ʠʩʯʝʟʥʦʚʝʥʠʝ ʪʨʝʪʴʝʛʦ ʵʪʘʧʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʫʜʘʣʝʥʠʶ ʦʩʪʘʪʢʦʚ 

ʨʘʩʪʚʦʨʠʪʝʣʷ. ʕʪʦ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʩʚʷʟʘʥʦ ʩ ʧʝʨʝʭʦʜʦʤ ʦʪ ʨʝʞʠʤʘ ʪʣʝʶʱʝʛʦ ʛʦʨʝʥʠʷ (ʫ 

ʦʙʨʘʟʮʘ • = 0.6) ʢ ʦʙʲʸʤʥʦʤʫ ʛʦʨʝʥʠʶ, ʚ ʭʦʜʝ ʢʦʪʦʨʦʛʦ ʚʦʜʘ ʠʩʧʘʨʷʝʪʩʷ ʠʟ ʨʘʩʪʚʦʨʘ ʙʦʣʝʝ 

ʨʘʚʥʦʤʝʨʥʦ.  ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʛʦʨʝʥʠʷ ʦʙʨʘʟʮʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ 

ʠʟʙʳʪʢʝ ʛʣʠʮʠʥʘ (• = 0.8), ʬʘʢʪʠʯʝʩʢʠ ʧʦʚʪʦʨʷʝʪ ʪʘʢʦʚʦʡ ʫ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ • = 1.0 

(ʨʠʩʫʥʦʢ 25ʚ). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ ʦʪ ʬʝʨʨʠʪʘ ʣʠʪʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ, ʫ ʦʙʨʘʟʮʘ ʩ ʥʝʙʦʣʴʰʠʤ ʠʟʙʳʪʢʦʤ, ʥʘʙʣʶʜʘʝʪʩʷ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ʧʣʘʤʝʥʠ (ʩ 457 ʜʦ 469 ) ʠ 

ʙʦʣʝʝ ʨʝʟʢʠʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʝʨʝʧʘʜ ʚ ʭʦʜʝ ʪʨʝʪʠʡ ʩʪʘʜʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩʢʦʨʦʩʪʴ 

ʛʦʨʝʥʠʷ (ʩ 15 ʜʦ 10 ʩ.).  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʨʝʞʠʤʘʭ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʛʦʨʝʥʠʷ (ʢʦʪʦʨʦʝ ʠʥʦʛʜʘ ʥʘʟʳʚʘʶʪ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʤʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʛʦʨʝʥʠʝʤ) 

ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ ʜʦʣʞʥʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʤʫ 

ʩʦʦʪʥʦʰʝʥʠʶ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʨʘʤʢʘʭ ʩʠʥʪʝʟʘ ʣʠʪʠʝʚʦʛʦ ʬʝʨʨʠʪʘ ʵʪʦʛʦ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʠ 

ʚʥʝʰʥʠʡ ʚʠʜ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʨʦʬʠʣʷ ʛʦʨʝʥʠʷ ʜʣʷ ʦʙʨʘʟʮʘ • = 0.6 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʢʦʨʝʝ 

ʪʣʝʶʱʝʤʫ ʨʝʞʠʤʫ ʛʦʨʝʥʠʷ, ʪʦʛʜʘ ʢʘʢ ʦʙʨʘʟʮʫ • = 0.8 ʦʪʚʝʯʘʝʪ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʨʝʞʠʤ ʛʦʨʝʥʠʷ. 

ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʢʘʢ ʚʠʟʫʘʣʴʥʳʤ ʥʘʙʣʶʜʝʥʠʝʤ ʟʘ ʧʨʦʮʝʩʩʦʤ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ (ʨʠʩʫʥʦʢ 

26), ʪʘʢ ʠ ʧʦʣʫʯʝʥʥʳʤʠ ʜʘʥʥʳʤʠ (ʤʝʥʴʰʝʡ ʩʢʦʨʦʩʪʴʶ ʩʠʥʪʝʟʘ ʠ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʫ 

ʦʙʨʘʟʮʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ ʠʟʙʳʪʢʝ ʪʦʧʣʠʚʘ). 

 

 

ʈʠʩʫʥʦʢ 26 ï ʊʣʝʶʱʠʡ ʨʝʞʠʤ ʛʦʨʝʥʠʷ ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ ʦʙʨʘʟʮʘ • = 0.6 (ʘ) ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʡ 

ʨʝʞʠʤ ʛʦʨʝʥʠʷ ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ ʦʙʨʘʟʮʘ • = 0.8 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʢʘʟʘʥʦ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʠʤʝʶʱʠʝʩʷ ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ [32, 328], 

ʨʝʞʠʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʛʦʨʝʥʠʷ ʚ ʩʣʫʯʘʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʚ ʫʩʣʦʚʠʷʭ ʛʣʠʮʠʥ-

ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʫ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ ʠʟʙʳʪʢʝ ʛʣʠʮʠʥʘ. 

ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʢʘʢ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʩʘʤʦʡ ʩʠʩʪʝʤʝ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʢʘʪʠʦʥʦʚ 

ʤʝʪʘʣʣʦʚ, ʚ ʢʦʪʦʨʦʡ ʪʨʝʙʫʝʪʩʷ ʠʟʙʳʪʦʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʘ, ʪʘʢ ʠ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʢʠʥʝʪʠʢʠ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ, ʯʪʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ 

[32]. 

 

3.1.2 ʆʧʨʝʜʝʣʝʥʠʝ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ 

 

 ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚ ʢʣʘʩʩʠʯʝʩʢʦʤ ʚʠʜʝ ʫʨʘʚʥʝʥʠʝ ʨʝʘʢʮʠʠ ʦʙʨʘʟʦʚʘʥʠʷ ʬʝʨʨʠʪʘ ʣʠʪʠʷ 

ʚ ʫʩʣʦʚʠʷʭ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ (15) ʟʘʧʠʩʳʚʘʝʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʜʠʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ, 

ʧʘʨʦʚ ʚʦʜʳ ʠ ʘʟʦʪʘ (ὔ), ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ • ʩʦʩʪʘʚ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ 

ʨʝʘʢʮʠʠ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʪʴʩʷ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʩʫʱʝʩʪʚʝʥʥʦʤ ʥʝʜʦʩʪʘʪʢʝ ʪʦʧʣʠʚʘ ʠ 

ʚ ʨʝʞʠʤʝ ʪʣʝʶʱʝʛʦ ʛʦʨʝʥʠʷ ʚʠʟʫʘʣʴʥʦ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʙʫʨʳʡ ʛʘʟ, ʢʦʪʦʨʳʡ ʯʘʱʝ ʚʩʝʛʦ ʦʪʥʦʩʷʪ 

ʢ ʚʳʜʝʣʝʥʠʶ ʦʢʩʠʜʘ ʘʟʦʪʘ (ὔὕ. ʂʨʦʤʝ ʪʦʛʦ, ʢʦʩʚʝʥʥʫʶ ʠʥʬʦʨʤʘʮʠʶ ʦ ʛʘʟʦʦʙʨʘʟʥʳʭ 

ʚʝʱʝʩʪʚʘʭ, ʚʳʜʝʣʠʚʰʠʭʩʷ ʚ ʭʦʜʝ ʨʝʘʢʮʠʠ, ʤʦʞʝʪ ʜʘʪʴ ʮʚʝʪ ʪʚʝʨʜʦʛʦ ʧʨʦʜʫʢʪʘ ʛʦʨʝʥʠʷ. ʊʘʢ, 

ʥʘʧʨʠʤʝʨ, ʪʝʤʥʳʡ ʦʪʪʝʥʦʢ ʧʦʨʦʰʢʦʚ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʝʧʦʣʥʦʤ ʦʢʠʩʣʝʥʠʠ ʫʛʣʝʨʦʜʘ 

ʚʳʜʝʣʠʚʰʠʤʩʷ ʚ ʭʦʜʝ ʨʘʟʣʦʞʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʘ ʠ ʧʦʷʚʣʷʝʪʩʷ ʫ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ 

ʧʨʠ ʠʟʙʳʪʢʝ ʛʣʠʮʠʥʘ (ʨʠʩʫʥʦʢ 21). ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦ ʪʝʤʧʝʨʘʪʫʨʥʳʤ 

ʧʨʦʬʠʣʷʤ ʛʦʨʝʥʠʷ ʙʳʣ ʚʳʧʦʣʥʝʥ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ 

(ʨʠʩʫʥʦʢ 27ʘ). 

 

 
ʈʠʩʫʥʦʢ 27 ï ʂʦʥʮʝʥʪʨʘʮʠʷ ʦʢʩʠʜʦʚ ʘʟʦʪʘ ʠ ʫʛʣʝʨʦʜʘ ʚ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʘʭ ʛʦʨʝʥʠʷ (ʘ) ʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ (ʙ) ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ  

 

ʆʙʨʘʱʘʝʪ ʥʘ ʩʝʙʷ ʚʥʠʤʘʥʠʝ ʦʙʨʘʟʝʮ, ʧʦʣʫʯʝʥʥʳʡ ʧʨʠ • = 0.4, ʚ ʩʦʩʪʘʚʝ ʛʘʟʦʦʙʨʘʟʥʳʭ 

ʧʨʦʜʫʢʪʦʚ ʢʦʪʦʨʦʛʦ ʩʦʜʝʨʞʠʪʩʷ ʥʘʠʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʦʢʩʠʜʦʚ ʘʟʦʪʘ (ὔὕ ʠ ὔὕ), ʯʪʦ ʩʚʷʟʘʥʦ 
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ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʨʦʪʝʢʘʶʱʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʨʝʘʢʮʠʦʥʥʦʤ ʨʘʩʪʚʦʨʝ ʧʨʠ ʩʫʱʝʩʪʚʝʥʥʦʤ ʥʝʜʦʩʪʘʪʢʝ 

ʪʦʧʣʠʚʘ. ʀʟ-ʟʘ ʥʘʨʫʰʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ ʦʢʠʩʣʠʪʝʣʴ/ʚʦʩʩʪʘʥʦʚʠʪʝʣʴ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʠʭ ʥʠʪʨʘʪʦʚ ʨʘʟʣʘʛʘʶʪʩʷ ʩ ʚʳʜʝʣʝʥʠʝʤ ʦʢʩʠʜʦʚ ʘʟʦʪʘ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ 

ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʩʪʝʭʠʦʤʝʪʨʠʠ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʦʪ ὔὕ ʠ ὔὕ ʢ ὔ. ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʠʭ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʫ ʦʙʨʘʟʮʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ • = 0.4, 0.8 ʠ 1.0. ʇʦʚʳʰʝʥʠʝ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ὅὕ ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʛʣʠʮʠʥʘ, ʢʦʪʦʨʳʡ ʨʘʟʣʘʛʘʝʪʩʷ ʧʦ 

ʩʣʝʜʫʶʱʝʡ ʨʝʘʢʮʠʠ: 

ὅὌὔὕ ωὕ ψὅὕ ςὔ ρπὌὕ                                           (16) 

ʂʨʦʤʝ ʪʦʛʦ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʘ ʥʘʯʠʥʘʝʪ ʧʦʷʚʣʷʪʴʩʷ 

ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ (ὅὕ), ʥʘʣʠʯʠʝ ʢʦʪʦʨʦʛʦ ʦʙʲʷʩʥʷʝʪʩʷ ʥʝʜʦʩʪʘʪʢʦʤ 

ʘʪʤʦʩʬʝʨʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʜʣʷ ʧʦʣʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʫʛʣʝʨʦʜʘ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʘʚʪʦʨʘʤʠ ʜʨʫʛʠʭ 

ʨʘʙʦʪ, ʚ ʢʦʪʦʨʳʭ ʠʟʫʯʘʣʠʩʴ ʛʘʟʦʦʙʨʘʟʥʳʝ ʧʨʦʜʫʢʪʳ ʛʦʨʝʥʠʷ [335].  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʘ ʩʯʝʪ ʩʣʦʞʥʦʩʪʠ ʤʝʭʘʥʠʟʤʘ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ 

ʨʝʘʢʮʠʝʡ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʚʦʟʤʦʞʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʢʘʢ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ, ʪʘʢ 

ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʦʣʫʯʘʝʤʳʭ ʪʚʝʨʜʳʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ. ɺʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ [328, 

335, 336] ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʚ ʩʣʫʯʘʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʜʠʥʘʢʦʚʳʭ ʪʠʧʦʚ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ʠ ʦʢʠʩʣʠʪʝʣʷ (ʥʘʧʨʠʤʝʨ, ʥʠʪʨʘʪʦʚ ʤʝʪʘʣʣʦʚ ʠ 

ʛʣʠʮʠʥʘ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʥʠʤʘʥʠʝ ʦʙʱʠʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʨʦʪʝʢʘʥʠʷ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʨʝʘʢʮʠʡ ʥʘ ʧʨʠʤʝʨʝ ʤʦʜʝʣʴʥʦʡ ʩʠʩʪʝʤʳ ʦʙʨʘʟʦʚʘʥʠʷ ʬʝʨʨʠʪʘ ʣʠʪʠʷ 

ʧʦʟʚʦʣʠʪ ʩʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ ʚ ʜʨʫʛʠʭ ʩʠʩʪʝʤʘʭ ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʠʜʝʥʪʠʯʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʪʦʣʴʢʦ ʢʘʪʠʦʥʘʤʠ ʤʝʪʘʣʣʦʚ. ɼʣʷ ʵʪʦʛʦ 

ʧʦʤʠʤʦ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʩʦʩʪʘʚʘ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʩʣʝʜʫʝʪ ʨʘʩʩʤʦʪʨʝʪʴ ʦʙʱʝʝ 

ʢʦʣʠʯʝʩʪʚʦ ʤʦʣʝʡ ʛʘʟʘ, ʚʳʜʝʣʷʝʤʳʭ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ, ʨʘʩʩʯʠʪʘʥʥʦʛʦ ʧʦ ʫʨʘʚʥʝʥʠʶ (17), ʢʦʪʦʨʦʝ ʣʦʛʠʯʝʩʢʠ 

ʚʳʪʝʢʘʝʪ ʠʟ ʫʨʘʚʥʝʥʠʷ (15): 

ὔ̄ ́Ȣ̈  τ                                             (17) 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʘʥʥʳʡ ʨʘʩʯʝʪ ʷʚʣʷʝʪʩʷ ʫʩʣʦʚʥʳʤ, ʪʘʢ ʢʘʢ ʧʨʝʜʧʦʣʘʛʘʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ὅὕ, Ὄὕ ʠ ὔ, ʪʦʛʜʘ ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ 

ʩʣʫʯʘʝ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʠʭ ʩʦʩʪʘʚ ʠʟʤʝʥʷʝʪʩʷ. ʇʦʣʫʯʝʥʥʳʝ 

ʜʘʥʥʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ʩ ʧʦʚʳʰʝʥʠʝʤ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ 

ʢʦʣʠʯʝʩʪʚʦ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʬʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ (ʨʠʩʫʥʦʢ 27ʙ). 

ʂʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʘ ʧʨʠʤʝʨʝ ʣʠʪʠʝʚʳʭ ʠ ʥʠʢʝʣʝʚʳʭ ʬʝʨʨʠʪʦʚ ʠ 

ʦʨʪʦʬʝʨʨʠʪʦʚ ʝʚʨʦʧʠʷ, ʪʝʨʙʠʷ ʠ ʛʦʣʴʤʠʷ, ʠʤʝʥʥʦ ʵʪʠʤ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ 

ʤʦʨʬʦʣʦʛʠʠ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʳʭ 

ʩʦʦʪʥʦʰʝʥʠʷʭ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʚʳʜʝʣʷʝʤʦʛʦ ʛʘʟʘ ʧʦʷʚʣʷʶʪʩʷ ʙʦʣʝʝ ʧʦʨʠʩʪʳʝ 

ʩʪʨʫʢʪʫʨʳ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʫʩʪʦʪ, ʯʪʦ ʪʘʢ ʞʝ ʥʘʙʣʶʜʘʣʘʩʴ ʤʥʦʛʠʤʠ ʘʚʪʦʨʘʤʠ ʚ 

ʧʨʝʜʳʜʫʱʠʭ ʨʘʙʦʪʘʭ [242, 309. 310, 331]. 
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3.1.3 ʌʦʨʤʠʨʦʚʘʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʭʦʜʝ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʛʦ ʦʪʞʠʛʘ 

ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʧʨʦʜʫʢʪʦʚ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʤʝʪʦʜʘʤʠ 

ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-ʩʢʘʥʠʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪʨʠʠ, ʨʝʟʫʣʴʪʘʪʳ 

ʢʦʪʦʨʳʭ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 28. 

 

 
ʈʠʩʫʥʦʢ 28 ï ɼʊɸ ʠ ʊɻɸ ʢʨʠʚʳʝ ʚ ʭʦʜʝ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʛʦ ʦʪʞʠʛʘ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʦʛʦ ʬʝʨʨʠʪʘ 

ʣʠʪʠʷ  

 

ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ, ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʘ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 176 ʠ 278  ʠ ʯʝʪʳʨʝ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 110, 244, 430 ʠ 

745 . ʆʩʥʦʚʥʘʷ ʧʦʪʝʨʷ ʤʘʩʩʳ ʧʨʦʠʩʭʦʜʠʪ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 100 ʜʦ 540 , ʘ ʧʦʣʥʘʷ 

ʧʦʪʝʨʷ ʤʘʩʩʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʩʦʩʪʘʚʠʣʘ 18.7 %. ʇʝʨʚʳʡ ʠʥʪʝʨʚʘʣ ʧʦʪʝʨʠ ʤʘʩʩʳ ʚ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 100 ï 300  ʩʚʷʟʘʥ ʩ ʫʜʘʣʝʥʠʝʤ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʠʟ ʩʦʩʪʘʚʘ 

ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʠʭ ʥʠʪʨʘʪʦʚ, ʪʦʛʜʘ ʢʘʢ ʚʦ ʚʪʦʨʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ (300 ï 540 ) 

ʥʘʯʠʥʘʝʪʩʷ ʵʢʟʦʪʝʨʤʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ ʦʢʠʩʣʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʘ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʚ 

ʪʦʤ ʯʠʩʣʝ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ [32, 337], ʢʦʪʦʨʘʷ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʚʳʜʝʣʝʥʠʝʤ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʦʢʠʩʣʝʥʠʷ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʦʪʝʨʝʡ ʤʘʩʩʳ ʜʦ  15 %. 

ʕʥʜʦʪʝʨʤʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 101 ʠ 244  ʦʪʥʦʩʷʪʩʷ ʢ ʧʨʦʮʝʩʩʘʤ ʫʜʘʣʝʥʠʷ 

ʦʩʪʘʪʦʯʥʦʡ ʩʦʨʙʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʠ ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʝʛʦ ʠ ʯʘʩʪʠʯʥʦ ʦʢʠʩʣʝʥʥʦʛʦ ʛʣʠʮʠʥʘ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 430  ʧʨʦʠʟʭʦʜʠʪ ʨʝʟʢʠʡ ʧʝʨʝʭʦʜ ʘʤʦʨʬʥʦʡ ʬʘʟʳ 

ʧʨʝʢʫʨʩʦʨʘ ʚ ʢʦʥʝʯʥʳʡ ʧʨʦʜʫʢʪ ʩʛʦʨʘʥʠʷ, ʯʪʦ ʪʘʢʞʝ ʥʝʦʜʥʦʢʨʘʪʥʦ ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʠ ʘʥʘʣʠʟʝ 

ʩʠʩʪʝʤ ʬʝʨʨʠʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ [338]. ʆʪʜʝʣʴʥʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʡ ʵʬʬʝʢʪ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 745 , ʢʦʪʦʨʳʡ ʚ ʢʘʢʦʡ-ʪʦ ʩʪʝʧʝʥʠ ʷʚʣʷʝʪʩʷ ʫʥʠʢʘʣʴʥʳʤ ʜʣʷ ʬʝʨʨʠʪʘ ʣʠʪʠʷ, 
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ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʦʪ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʬʘʟʳ ɓ-Li0.5Fe2.5O4 

ʢ ʫʧʦʨʷʜʦʯʝʥʥʦʡ Ŭ-Li0.5Fe2.5O4 [22, 26, 31]. ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʦʙ ʵʪʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʙʫʜʝʪ ʠʟʣʦʞʝʥʦ 

ʚ ʩʣʝʜʫʶʱʝʤ ʨʘʟʜʝʣʝ 3.1.4. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʦʧʪʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʪʞʠʛʘ (600 ) ʧʨʦʜʫʢʪʦʚ 

ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʧʦʣʥʦʝ ʫʜʘʣʝʥʠʝ ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʠʭ ʚʝʱʝʩʪʚ ʠ 

ʧʨʠʤʝʩʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʕʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʧʨʦʮʝʩʩʘ ʩʧʝʢʘʥʠʷ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʚ ʢʝʨʘʤʠʯʝʩʢʠʝ ʠʟʜʝʣʠʷ ʠʟ-ʟʘ ʥʝʛʘʪʠʚʥʦʛʦ ʚʣʠʷʥʠʷ ʧʦʜʦʙʥʳʭ 

ʧʨʠʤʝʩʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʠʭ ʧʦʨʠʩʪʦʩʪʴ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

 

3.1.4 ɺʣʠʷʥʠʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ (ű) ʥʘ ʩʦʩʪʘʚ, ʩʪʨʫʢʪʫʨʫ ʠ 

ʤʦʨʬʦʣʦʛʠʶ ʥʘʥʦʧʦʨʦʰʢʦʚ ʬʝʨʨʠʪʘ ʣʠʪʠʷ 

 

 

ʄʦʨʬʦʣʦʛʠʷ ʠ ʩʦʩʪʘʚ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʬʝʨʨʠʪʘ ʣʠʪʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʚ 

ʫʩʣʦʚʠʷʭ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ, ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʘʤʠ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ, ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ ʠ ʘʪʦʤʥʦ-ʘʙʩʦʨʙʮʠʦʥʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ. ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʚʩʝʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʦʪʚʝʯʘʝʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ ʬʝʨʨʠʪʫ ʣʠʪʠʷ (Li ï 25 ʘʪ. %, Fe ï 75 ʘʪ. %) ʚ ʧʨʝʜʝʣʘʭ 

ʧʦʛʨʝʰʥʦʩʪʠ ʤʝʪʦʜʘ ʦʧʨʝʜʝʣʝʥʠʷ. ʉʘʤʦʝ ʙʦʣʴʰʦʝ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʨʘʩʯʝʪʥʦʛʦ ʩʦʩʪʘʚʘ (ʚ ʧʨʝʜʝʣʘʭ 

1.5 ʘʪ. %) ʥʘʙʣʶʜʘʣʦʩʴ ʫ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ • = 0.4, ʯʪʦ ʩʚʷʟʘʥʥʦ ʩʦ 

ʟʥʘʯʠʪʝʣʴʥʳʤ ʦʪʢʣʦʥʝʥʠʝʤ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ ʠ ʪʣʝʶʱʝʤʫ ʨʝʞʠʤʫ ʛʦʨʝʥʠʷ ʚ ʭʦʜʝ ʩʠʥʪʝʟʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʉʕʄ (ʨʠʩʫʥʦʢ 29) ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʣʠʷʥʠʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʥʘ ʤʦʨʬʦʣʦʛʠʶ ʧʦʨʦʰʢʦʚ ʣʠʪʠʝʚʳʭ ʬʝʨʨʠʪʦʚ. 

 

 

ʈʠʩʫʥʦʢ 29 ï ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʉʕʄ ʦʙʨʘʟʮʦʚ ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ  

 

ɿʘʤʝʪʥʦ, ʯʪʦ ʦʙʨʘʟʮʳ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ • = 0.6 ʠ 0.8, ʠʤʝʶʪ ʨʘʟʚʠʪʫʶ 

ʧʦʨʠʩʪʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ, ʪʠʧʠʯʥʫʶ ʜʣʷ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ 

ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ. ʂʘʢ ʫʞʝ ʙʳʣʦ ʩʢʘʟʘʥʦ ʚ ʨʘʟʜʝʣʝ 3.1.2, ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ ʧʨʦʜʫʢʪʦʚ 

ʛʦʨʝʥʠʷ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʚʳʟʚʘʥʳ ʨʝʞʠʤʦʤ ʛʦʨʝʥʠʷ, ʢʦʣʠʯʝʩʪʚʦʤ ʠ ʩʦʩʪʘʚʦʤ ʠʭ ʛʘʟʦʦʙʨʘʟʥʳʭ 

ʧʨʦʜʫʢʪʦʚ. ʊʘʢ, ʙʦʣʝʝ ʧʦʨʠʩʪʳʝ ʩʪʨʫʢʪʫʨʳ ʠ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʧʫʩʪʦʪ ʧʨʠʩʫʪʩʪʚʫʶʪ ʠʤʝʥʥʦ 
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ʚ ʦʙʨʘʟʮʘʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ • = 0.4, 0.6 ʠ 0.8.  

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ, ʚʩʝ ʧʦʣʫʯʝʥʥʳʝ ʧʦʨʦʰʢʠ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʜʥʦʬʘʟʥʳʡ ʬʝʨʨʠʪ ʣʠʪʠʷ (JCPDS # 38-0259) ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ ʚ ʜʚʫʭ 

ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʷʭ - Ŭ-Li 0.5Fe2.5O4 (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P4332) ʠ ɓ-Li 0.5Fe2.5O4 

(ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ Fd3m) (ʨʠʩʫʥʦʢ 30). ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ ʧʨʠ 

ʥʝʙʦʣʴʰʦʤ ʠʟʙʳʪʢʝ ʪʦʧʣʠʚʘ • = 0.8 ʦʙʨʘʟʫʝʪʩʷ ʫʧʦʨʷʜʦʯʝʥʥʘʷ ʘʣʴʬʘ ʤʦʜʠʬʠʢʘʮʠʷ ʬʝʨʨʠʪʘ 

ʣʠʪʠʷ (  93 %) ʩ ʥʝʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʙʝʪʘ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ. ʇʨʠ 

ʩʫʱʝʩʪʚʝʥʥʦʤ ʥʝʜʦʩʪʘʪʢʝ (• = 0.4) ʠ ʠʟʙʳʪʢʝ (• = 1.0) ʛʣʠʮʠʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʫʚʝʣʠʯʝʥʠʝ 

ɓ-Li 0.5Fe2.5O4 ʜʦ  30 ï 40 %, ʯʪʦ ʩʚʷʟʘʥʥʦ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʝʞʠʤʦʚ ʛʦʨʝʥʠʷ. 

 

 

ʈʠʩʫʥʦʢ 30 ï ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʦʙʨʘʟʮʦʚ Li 0.5Fe2.5O4, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʛʣʠʮʠʥ-

ʥʠʪʨʘʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ  

 

ɺ ʨʘʟʜʝʣʝ 3.1.2 ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝʤ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ 

ʩʦʦʪʥʦʰʝʥʠʡ ʚʦʟʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʨʝʞʠʤ ʛʦʨʝʥʠʷ ʠ ʤʘʢʩʠʤʘʣʴʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʝʥʠʷ 

ʧʣʘʤʝʥʠ. ʇʨʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʦʢʠʩʣʠʪʝʣʷ ʢ ʚʦʩʩʪʘʥʦʚʠʪʝʣʶ (• = 0.6) 

ʦʢʠʩʣʝʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʜʦʣʞʥʦ ʧʨʦʭʦʜʠʪʴ ʧʦʣʥʦʩʪʴʶ ʙʝʟ ʫʯʘʩʪʠʷ ʘʪʤʦʩʬʝʨʥʦʛʦ ʢʠʩʣʦʨʦʜʘ, 

ʪʦʛʜʘ ʢʘʢ ʚ ʩʣʫʯʘʝ ʠʟʙʳʪʢʘ (• > 0.6) ʠ ʥʝʜʦʩʪʘʪʢʘ (• < 0.6) ʪʦʧʣʠʚʘ ʢʠʩʣʦʨʦʜ ʧʨʠʥʠʤʘʝʪ ʘʢʪʠʚʥʦʝ 

ʫʯʘʩʪʠʝ ʚ ʵʪʦʤ ʧʨʦʮʝʩʩʝ. ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʶʪ ʜʘʥʥʳʝ ʘʥʘʣʠʟʘ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʝ ʠ 

ʠʟʤʝʥʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʚʳʜʝʣʷʝʤʳʭ ʦʢʩʠʜʦʚ ʫʛʣʝʨʦʜʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʩʣʫʯʘʝ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʤʝʱʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ 
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ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʠʟʙʳʪʢʘ ʛʣʠʮʠʥʘ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠ ʢʦʣʠʯʝʩʪʚʦʤ ʧʦʣʫʯʘʝʤʦʡ ʫʧʦʨʷʜʦʯʝʥʥʦʡ 

Ŭ-ʤʦʜʠʬʠʢʘʮʠʠ, ʢʦʣʠʯʝʩʪʚʦ ʢʦʪʦʨʦʡ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʫʤʘ ʠʤʝʥʥʦ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ • < 0.8. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʜʦʙʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʥʝʦʜʥʦʢʨʘʪʥʦ ʦʪʤʝʯʘʣʘʩʴ ʠ ʚ ʩʣʫʯʘʝ ʜʨʫʛʠʭ 

ʬʝʨʨʠʪʦʚ ʠ ʦʨʪʦʬʝʨʨʠʪʦʚ ʈɿʕ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʉɺʉ [339, 340]. ʇʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʵʪʦ 

ʩʚʷʟʘʥʥʦ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʨʝʘʢʮʠʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʛʣʠʮʠʥʘ ʩ ʢʘʪʠʦʥʘʤʠ ʤʝʪʘʣʣʦʚ 

ʚ ʠʩʭʦʜʥʦʤ ʨʝʘʢʮʠʦʥʥʦʤ ʨʘʩʪʚʦʨʝ, ʜʣʷ ʧʦʣʥʦʛʦ ʟʘʚʝʨʰʝʥʠʷ ʢʦʪʦʨʳʭ ʥʝʦʙʭʦʜʠʤ ʥʝʢʦʪʦʨʳʡ 

ʠʟʙʳʪʦʢ ʭʝʣʘʪʥʦʛʦ ʘʛʝʥʪʘ. 

ɺ ʨʘʙʦʪʝ [32] ʙʳʣʦ ʨʘʩʩʯʠʪʘʥʦ, ʯʪʦ ʘʜʠʘʙʘʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʧʣʘʤʝʥʠ ʚ 

ʧʨʦʮʝʩʩʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʣʠʮʠʥʘ ʚ ʢʘʯʝʩʪʚʝ ʪʦʧʣʠʚʘ ʧʨʠ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʨʘʚʥʘ 2332  ʠ ʚ ʩʣʫʯʘʝ ʠʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ ʤʦʞʝʪ 

ʫʤʝʥʴʰʘʪʴʩʷ ʜʦ 500 . ʈʘʟʫʤʝʝʪʩʷ, ʬʘʢʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʧʣʘʤʝʥʠ ʟʥʘʯʠʪʝʣʴʥʦ 

ʥʠʞʝ, ʯʪʦ ʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ. ʕʪʦ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʬʘʟʦʚʫʶ ʵʚʦʣʶʮʠʶ ʧʦʣʫʯʘʝʤʳʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʠ ʦʙʲʷʩʥʷʝʪ 

ʥʘʣʠʯʠʝ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ɓ-ʤʦʜʠʬʠʢʘʮʠʠ ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʚ ʦʙʨʘʟʮʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 

ʩʫʱʝʩʪʚʝʥʥʦʤ ʠʟʙʳʪʢʝ ʠ ʥʝʜʦʩʪʘʪʢʝ ʛʣʠʮʠʥʘ. ʂʘʢ ʫʞʝ ʙʳʣʦ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʦ ʚ ʘʥʘʣʠʪʠʯʝʩʢʦʤ 

ʦʙʟʦʨʝ, ʥʝʫʧʦʨʷʜʦʯʝʥʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʠʤʝʝʪ ʢʫʙʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, ʚ ʢʦʪʦʨʦʡ ʢʘʪʠʦʥʳ Li+ ʠ 

Fe3+ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʦʢʪʘʵʜʨʠʯʝʩʢʠʤ ʧʦʟʠʮʠʷʤ. ɺ ʩʣʫʯʘʝ ʢʣʘʩʩʠʯʝʩʢʠʭ 

ʪʚʝʨʜʦʬʘʟʥʳʭ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʧʝʨʝʭʦʜ ʦʪ Ŭ ʢ ɓ ʤʦʜʠʬʠʢʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 730-760 , ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʨʠ ʤʝʜʣʝʥʥʦʤ ʦʩʪʳʚʘʥʠʠ ʦʙʨʘʪʥʦ ʠʟ ɓ ʚ Ŭ [22, 

26, 31]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʩʣʫʯʘʝ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ • = 0.8 

ʥʠʞʝ ʵʪʦʛʦ ʜʠʘʧʘʟʦʥʘ, ʥʦ ʧʦʷʚʣʝʥʠʷ ɓ-ʤʦʜʠʬʠʢʘʮʠʠ ʬʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʯʪʦ ʩʚʷʟʘʥʦ ʩʦ 

ʩʢʦʨʦʩʪʴʶ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ. 

ʀʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʦʙʨʘʟʮʦʚ ʬʝʨʨʠʪʘ ʣʠʪʠʷ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ •, ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʈʠʪʚʝʣʴʜʘ ʠ ʧʦʜʪʚʝʨʜʠʣʦ ʥʘʣʠʯʠʝ 

ʚ ʠʭ ʩʦʩʪʘʚʝ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ. ʇʦʣʫʯʝʥʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦʙ ʫʪʦʯʥʝʥʥʳʭ 

ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʧʨʠʚʝʜʝʥʘ ʚ ʪʘʙʣʠʮʝ 2. 

 

ʊʘʙʣʠʮʘ 2 ï ʋʪʦʯʥʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʬʝʨʨʠʪʘ ʣʠʪʠʷ 

ʍʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ Ŭ-Li 0.5Fe2.5O4 ɓ-Li 0.5Fe2.5O4 

ʊʝʤʧʝʨʘʪʫʨʘ (K) 298K 298K 

ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P4332 Fd3m 

a (¡) 8.324(4) 8.290(2) 

V (¡3) 576.761 569.722 

ɟ, ʧʣʦʪʥʦʩʪʴ (ʛ/ʩʤ3) 4.591 4.421 

Rp, % 2.65 2.78 

Rwp, % 3.14 3.04 

ɢ2 2.47 2.41 
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ʇʘʨʘʤʝʪʨʳ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ Li 0.5Fe2.5O4, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ (a = 8.324(4) ¡) ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʜʘʥʥʳʤʠ 

ʜʣʷ Ŭ-Li 0.5Fe2.5O4, ʦʧʫʙʣʠʢʦʚʘʥʥʳʤʠ ʚ ʨʘʙʦʪʝ [341]. ɺ ʦʙʨʘʟʮʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ • = 0.4 ʠ 1.0, 

ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʠʟʤʝʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (a = 8.290(2) ¡) ʠ ʠʭ ʩʦʦʪʚʝʪʩʪʚʠʝ 

ʩ ʪʘʢʦʚʳʤʠ ʫ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʬʘʟʳ ɓ-Li 0.5Fe2.5O4, ʯʪʦ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʣʠʪʝʨʘʪʫʨʥʳʤʠ 

ʜʘʥʥʳʤʠ [341, 342]. ʂʨʦʤʝ ʪʦʛʦ, ʜʘʥʥʳʝ ʧʠʢʥʦʤʝʪʨʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʧʨʠ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ʢʦʩʚʝʥʥʦ ʧʦʜʪʚʝʨʞʜʘʶʪ 

ʥʘʣʠʯʠʝ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ, ʟʥʘʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʢʦʪʦʨʦʡ ʥʝʩʢʦʣʴʢʦ ʥʠʞʝ (4.421 

ʛ/ʩʤ3), ʯʝʤ ʫ Ŭ-Li 0.5Fe2.5O4 (4.591 ʛ/ʩʤ
3). 

 ʅʘ ʦʩʥʦʚʘʥʠʠ ʫʰʠʨʝʥʠʷ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ 

ʐʝʨʨʝʨʘ (10) ʙʳʣ ʨʘʩʩʯʠʪʘʥ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʢʦʪʦʨʳʡ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 22Ñ2 

ʜʦ 35Ñ4 ʥʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ. ʅʘʠʙʦʣʴʰʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʥʘʙʣʶʜʘʝʪʩʷ ʫ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ • = 0.6 ʠ 0.8 ʠ ʨʘʚʝʥ 31Ñ3 ʠ 35Ñ4 ʥʤ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʩʤʝʱʝʥʠʠ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʚ ʩʪʦʨʦʥʫ 

ʠʟʙʳʪʢʘ ʠ ʥʝʜʦʩʪʘʪʢʘ ʪʦʧʣʠʚʘ ʥʘʙʣʶʜʘʝʪʩʷ ʩʥʠʞʝʥʠʷ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʜʦ 22 ʥʤ ʚ ʩʣʫʯʘʝ 

ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ • = 0.4 ʠ ʜʦ 24 ʥʤ ʚ ʩʣʫʯʘʝ ʠʟʙʳʪʢʘ ʛʣʠʮʠʥʘ (• = 1.0). ʀʟʤʝʥʝʥʠʝ 

ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʪʘʢʞʝ ʩʚʷʟʘʥʦ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʩʢʦʨʦʩʪʴʶ 

ʧʨʦʪʝʢʘʥʠʷ ʧʨʦʮʝʩʩʘ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ, ʯʪʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʦʣʫʯʝʥʥʳʤʠ 

ʪʝʤʧʝʨʘʪʫʨʥʳʤʠ ʧʨʦʬʠʣʷʤʠ. 

 

3.1.5 ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʥʘʥʦʯʘʩʪʠʮ ʬʝʨʨʠʪʘ ʣʠʪʠʷ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ 

 

 ɼʣʷ ʚʩʝʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ Li 0.5Fe2.5O4 ʙʳʣʠ ʧʦʣʫʯʝʥʳ M-H ʤʘʛʥʠʪʥʳʝ ʧʝʪʣʠ 

ʛʠʩʪʝʨʝʟʠʩʘ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 31. ɺʩʝ ʧʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʬʝʨʨʠʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʩ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ (Ms) ʠ ʥʝʙʦʣʴʰʦʡ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ (Hc). ʅʘʠʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ (Ms = 61.0 ʵʤʝ/ʛ), 

ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (Mr = 17.8 ʵʤʝ/ʛ) ʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ (Hc = 135 ʕ) ʥʘʙʣʶʜʘʶʪʩʷ ʫ 

ʦʙʨʘʟʮʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ • = 0.8, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʥʘʠʙʦʣʴʰʠʤ ʧʨʦʮʝʥʪʦʤ 

ʩʦʜʝʨʞʘʥʠʷ ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʬʘʟʳ ʚ ʝʛʦ ʩʦʩʪʘʚʝ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ɓ-Li 0.5Fe2.5O4 

ʠʤʝʝʪ ʩʭʦʞʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʚʝʜʝʥʠʝ ʩ Ŭ-Li 0.5Fe2.5O4, ʯʪʦ ʦʙʲʷʩʥʷʝʪ ʩʭʦʞʝʩʪʴ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ 

ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʬʘʟʳ ʬʝʨʨʠʪʘ ʣʠʪʠʷ [343]. 

ʆʜʥʘʢʦ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʟʘʚʠʩʷʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʥʦ ʠ ʦʪ 

ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʤʦʨʬʦʣʦʛʠʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʘʪʠʦʥʦʚ ʧʦ ʧʦʜʨʝʰʝʪʢʘʤ. ɺʩʝ ʵʪʠ ʬʘʢʪʦʨʳ 

ʦʙʲʷʩʥʷʶʪ ʨʘʟʣʠʯʠʝ ʚ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʦʙʨʘʟʮʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʬʘʟʦʚʦʛʦ 

ʩʦʩʪʘʚʘ, ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʤʦʨʬʦʣʦʛʠʠ ʬʝʨʨʠʪʘ ʣʠʪʠʷ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʚ ʫʩʣʦʚʠʷʭ 
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ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʤʝʥʷʶʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 61.9 ʜʦ 51.6 ʵʤʝ/ʛ ʚ 

ʩʣʫʯʘʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ, ʦʪ 14.3 ʜʦ 17.8 ʵʤʝ/ʛ ʜʣʷ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʦʪ 

109 ʜʦ 135 ʕ ʜʣʷ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ. ʅʘʠʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʥʘʙʣʶʜʘʶʪʩʷ ʫ ʦʙʨʘʟʮʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʛʣʠʮʠʥʘ ʠ ʩ 

ʤʘʢʩʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ɓ-ʤʦʜʠʬʠʢʘʮʠʠ. 

 

 

ʈʠʩʫʥʦʢ 31 ï ʄʘʛʥʠʪʥʳʝ M-H ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʬʝʨʨʠʪʘ ʣʠʪʠʷ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʚ ʫʩʣʦʚʠʷʭ 

ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ  • 

 

ɸʥʪʠʙʘʢʪʝʨʠʘʣʴʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʚ 

ʦʪʥʦʰʝʥʠʠ ʪʨʝʭ ʪʝʩʪ-ʢʫʣʴʪʫʨ: Escherichia coli (ʛʨʘʤʦʪʨʠʮʘʪʝʣʴʥʳʝ ʧʘʣʦʯʢʠ, 

ʥʝʩʧʦʨʦʦʙʨʘʟʫʶʱʠʝ), Bacillus cereus (ʛʨʘʤʧʦʣʦʞʠʪʝʣʴʥʳʝ ʧʘʣʦʯʢʠ, ʩʧʦʨʦʦʙʨʘʟʫʶʱʠʝ) ʠ 

Staphylococcus citreus (ʛʨʘʤʧʦʣʦʞʠʪʝʣʴʥʳʝ ʢʦʢʢʠ, ʥʝʩʧʦʨʦʦʙʨʘʟʫʶʱʠʝ). ʅʘ ʨʠʩʫʥʢʝ 32 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʘʤʝʪʨʘ ʟʦʥʳ ʠʥʛʠʙʠʨʦʚʘʥʠʷ ʚʩʝʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʦʡ 

ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʧʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʬʝʨʨʠʪʘ ʣʠʪʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ ʧʦ ʩʚʦʝʡ 

ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʨʘʟʣʠʯʥʳʤ ʪʝʩʪ-ʢʫʣʴʪʫʨʘʤ. ʅʘʠʙʦʣʝʝ ʚʳʩʦʢʠʝ 

ʟʥʘʯʝʥʠʷ Dʠʥ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʫ ʦʙʨʘʟʮʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ • = 0.4, ʢʦʪʦʨʳʝ ʨʘʚʥʷʶʪʩʷ 20 

ʤʤ ʜʣʷ E. coli, 17 ʤʤ ʜʣʷ B. cereus ʠ 15 ʤʤ ʜʣʷ S. citreus. ʆʙʨʘʱʘʝʪ ʥʘ ʩʝʙʷ ʚʥʠʤʘʥʠʷ ʪʦʪ ʬʘʢʪ, 

ʯʪʦ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʬʝʨʨʠʪʦʚ. ʂʘʢ ʫʞʝ ʙʳʣʦ ʩʢʘʟʘʥʦ ʚʳʰʝ, ʥʘʠʙʦʣʴʰʠʝ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʫ ʦʙʨʘʟʮʦʚ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʦʤ ʥʝʜʦʩʪʘʪʢʝ ʠ ʠʟʙʳʪʢʝ ʪʦʧʣʠʚʘ ʨʘʟʤʝʨ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʭ ʙʳʣ 

ʨʘʚʝʥ 22 ʠ 24 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʤʫ 

ʩʦʦʪʥʦʰʝʥʠʶ (• = 0.6 ʠ 0.8) ʠ ʨʦʩʪʫ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ (31 ʠ 35 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) 



70 

 

ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢʦ ʚʩʝʤ 

ʪʝʩʪ-ʢʫʣʴʪʫʨʘʤ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʥʘ 15-20 %. ʇʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʵʪʦ ʩʚʷʟʘʥʥʦ ʩ ʤʝʭʘʥʠʟʤʦʤ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʚ ʢʣʝʪʢʫ [202]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʤʝʥʴʰʝʤ ʨʘʟʤʝʨʝ ʯʘʩʪʠʮ 

ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʦʤʫ ʤʘʪʝʨʠʘʣʫ ʧʨʦʱʝ ʧʦʜʘʚʣʷʪʴ ʨʦʩʪ ʢʫʣʴʪʫʨ, ʠ ʠʤʝʥʥʦ ʩ ʵʪʠʤ ʩʚʷʟʘʥʘ 

ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʭ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʤ ʚʠʜʝ. 

 

 

ʈʠʩʫʥʦʢ 32 ï ɼʠʘʤʝʪʨ ʟʦʥʳ ʠʥʛʠʙʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ ʬʝʨʨʠʪʘ ʣʠʪʠʷ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ 

 

 ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣ ʧʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʦʡ ʘʢʪʠʚʥʦʩʪʠ 

ʘʥʘʣʦʛʠʯʥʳʭ ʩʠʩʪʝʤ, ʧʦʣʫʯʝʥʥʳʭ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʝʢʦʪʦʨʳʭ ʪʝʩʪ-ʢʫʣʴʪʫʨʘʤ 

(ʪʘʙʣʠʮʘ 3). ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʢʦʤʧʦʟʠʮʠʠ 

ʧʨʦʷʚʣʷʶʪʩʷ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʥʘ ʫʨʦʚʥʝ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʭ ʬʝʨʨʠʪʦʚ, ʘ ʚ ʥʝʢʦʪʦʨʳʭ 

ʩʣʫʯʘʷʭ ʜʘʞʝ ʧʨʝʚʦʩʭʦʜʷʪ ʠʭ ʯʪʦ ʜʝʣʘʝʪ ʣʠʪʠʝʚʳʡ ʬʝʨʨʠʪ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ.  ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚ ʢʘʯʝʩʪʚʝ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʯʘʱʝ ʚʩʝʛʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʮʠʥʢʦʚʳʝ, ʥʠʢʝʣʝʚʳʝ, ʢʦʙʘʣʴʪʦʚʳʝ, ʤʘʨʛʘʥʮʝʚʳʝ ʠ ʤʝʜʥʳʝ ʬʝʨʨʠʪʳ-ʰʧʠʥʝʣʠ 

ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ, ʧʨʠʚʝʜʝʥʥʘʷ ʪʘʙʣʠʮʘ 3 ʜʝʤʦʥʩʪʨʠʨʫʝʪ, ʯʪʦ ʣʠʪʠʝʚʳʝ ʬʝʨʨʠʪʳ ʤʦʛʫʪ 

ʫʩʧʝʰʥʦ ʧʦʜʘʚʣʷʪʴ ʨʦʩʪ ʨʘʟʣʠʯʥʳʭ ʪʝʩʪ ʢʫʣʴʪʫʨ. ʂʦʙʘʣʴʪʦʚʳʝ ʠ ʥʠʢʝʣʝʚʳʝ ʬʝʨʨʠʪʳ [111, 112] 

ʧʦʢʘʟʘʣʠ ʩʚʦʶ ʥʠʟʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ E. coli, ʪʦʛʜʘ ʢʘʢ ʚʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ 

ʦʙʨʘʟʮʳ ʣʠʪʠʝʚʦʛʦ ʬʝʨʨʠʪʘ ʫʩʧʝʰʥʦ ʧʦʜʘʚʣʷʣʠ ʨʦʩʪ ʵʪʦʡ ʢʫʣʴʪʫʨʳ. ɽʜʠʥʩʪʚʝʥʥʳʡ ʦʙʨʘʟʝʮ, 

ʧʦʢʘʟʘʚʰʠʡ ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʨʝʟʫʣʴʪʘʪ, ʯʝʤ ʦʙʨʘʟʮʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ, ʙʳʣ 

ʢʦʙʘʣʴʪʦʚʳʡ ʬʝʨʨʠʪ, ʜʦʧʠʨʦʚʘʥʥʳʡ ʢʘʪʠʦʥʘʤʠ ʤʝʜʠ [344]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʪʦʜ ʨʘʩʪʚʦʨʥʦʛʦ 

ʛʦʨʝʥʠʷ ʦʢʘʟʘʣʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʣʠʪʠʝʚʳʭ ʬʝʨʨʠʪʦʚ ʩ 

ʚʳʩʦʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʥʠʟʢʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ, ʠ ʢʦʪʦʨʳʝ ʚ 

ʜʘʣʴʥʝʡʰʝʤ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʘʥʪʠʙʘʢʪʝʨʠʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 
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ʊʘʙʣʠʮʘ 3 ï ʉʨʘʚʥʝʥʠʝ ʟʥʘʯʝʥʠʡ ʟʦʥʳ ʠʥʛʠʙʠʨʦʚʘʥʠʷ ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʨʘʟʣʠʯʥʳʤ ʪʝʩʪ-ʢʫʣʴʪʫʨʘʤ 

ʊʝʩʪ-ʢʫʣʴʪʫʨʘ 
ʂʦʥʮʝʥʪʨʘʮʠʷ 

ʬʝʨʨʠʪʘ, ʤʛ/ʤʣ 

ʂʦʣʠʯʝʩʪʚʝʥʥʦ 

ʚʥʝʩʝʥʥʦʛʦ 

ʨʘʩʪʚʦʨʘ, ʤʢʣ 

ɼʠʘʤʝʪʨ ʟʦʥʳ 

ʠʥʛʠʙʠʨʦʚʘʥʠʷ, 

ʤʤ 

ʉʩʳʣʢʘ 

Escherichia coli 

5 100 

34ï22 

[344] Staphylococcus 

aureus 
29ï16 

Escherichia coli 

20 50 

ʅ/ɼ 

[112] 

Pseudomonas 

aeruginosa 
12 

Klebsiella 

pneumoniae 
15 

Escherichia coli 

60 50 

ʅ/ɼ 

[111] 

Pseudomonas 

aeruginosa 
17 

Staphylococcus 

aureus 
1.2 

Escherichia coli 
10ï160 50 

31ï14 
[345] 

Bacillus subtilis 28ï11 

Escherichia coli 

20 50 

20ï15 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ 
Bacillus cereus 18ï13 

Staphylococcus 

citreus 
15ï12 

 

3.2 ʃʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʡ ʬʝʨʨʠʪ 

3.2.1 ʉʦʩʪʘʚ, ʩʪʨʫʢʪʫʨʘ ʠ ʤʦʨʬʦʣʦʛʠʷ ʥʘʥʦʧʦʨʦʰʢʦʚ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ 

 

ʉʠʥʪʝʟ ʦʙʨʘʟʮʦʚ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʭ ʧʨʦʚʦʜʠʣʩʷ ʤʝʪʦʜʦʤ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ 

ʛʦʨʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ • = 0.2 ï 1.4 ʠ ʧʦʜʨʦʙʥʦ 

ʦʧʠʩʘʥ ʚ ʨʘʟʜʝʣʝ 2.2.1.  

 ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʠ ʤʦʨʬʦʣʦʛʠʷ ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ 

LiZnMn-ʬʝʨʨʠʪʘ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʘʤʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ ʠ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʝʡ. ʉʦʜʝʨʞʘʥʠʷ ʣʠʪʠʷ ʦʧʨʝʜʝʣʷʣʦʩʴ 

ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʘʙʩʦʨʙʮʠʦʥʥʦʡ ʩʧʝʢʪʨʦʤʝʪʨʠʝʡ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʟʚʦʣʷʶʪ ʫʪʚʝʨʞʜʘʪʴ, 

ʯʪʦ ʚʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʢʦʤʧʦʟʠʮʠʠ ʷʚʣʷʶʪʩʷ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʤʠ ʬʝʨʨʠʪʘʤʠ, 
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ʦʪʚʝʯʘʶʱʠʝ ʩʦʩʪʘʚʫ Li 0.45Zn0.05Mn0.06Fe2.43O4 ʚ ʧʨʝʜʝʣʘʭ ʧʦʛʨʝʰʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʤʝʪʦʜʦʚ 

ʦʧʨʝʜʝʣʝʥʠʷ (ʨʠʩʫʥʦʢ 33ʘ). ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʉʕʄ (ʨʠʩʫʥʢʠ 33ʙ-ʟ) ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʪʠʧʠʯʥʫʶ ʤʦʨʬʦʣʦʛʠʶ ʜʣʷ ʬʝʨʨʠʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ ʛʣʠʮʠʥ-

ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʨʘʙʦʪ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ [32, 310, 

331]. ʇʨʠ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ, ʙʣʠʟʢʠʭ ʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ (• = 

0.4 ï 0.8), ʫ ʦʙʨʘʟʮʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʟʚʠʪʘʷ ʧʦʚʝʨʭʥʦʩʪʥʦʩʪʴ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʦʨ, 

ʦʙʨʘʟʦʚʘʥʠʝ ʢʦʪʦʨʳʭ ʩʚʷʟʘʥʦ ʩ ʦʙʠʣʴʥʳʤ ʛʘʟʦʚʳʜʝʣʝʥʠʝʤ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ. ʇʨʠ 

ʩʫʱʝʩʪʚʝʥʥʦʤ ʦʪʢʣʦʥʝʥʠʠ ʩʦʦʪʥʦʰʝʥʠʷ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ (• = 0.2 ʠ 1.4), ʧʦʣʫʯʝʥʥʳʝ 

ʦʙʨʘʟʮʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʪʝʥʜʝʥʮʠʶ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʤʠʢʨʦʥʥʳʭ ʘʛʣʦʤʝʨʘʪʦʚ ʙʝʟ ʷʨʢʦ 

ʚʳʨʘʞʝʥʥʦʡ ʤʦʨʬʦʣʦʛʠʠ. 

 

 

ʈʠʩʫʥʦʢ 33 ï ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ (ʘ) ʠ ʤʦʨʬʦʣʦʛʠʷ (ʙ-ʟ) ʥʘʥʦʧʦʨʦʰʢʦʚ ʣʠʪʠʡ-ʮʠʥʢ-

ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ • 

 

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʚʩʝʭ ʢʦʤʧʦʟʠʮʠʡ LiZnMn ʬʝʨʨʠʪʦʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ʙʳʣ ʠʩʩʣʝʜʦʚʘʥ ʤʝʪʦʜʦʤ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʪʦʤʝʪʨʠʝʡ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 34ʘ. 

ʉʦʛʣʘʩʥʦ ʚʳʧʦʣʥʝʥʥʦʤʫ ʘʥʘʣʠʟʫ ʚ ʜʠʘʧʘʟʦʥʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ • 

= 0.4 ʠ 1.4 ʦʙʨʘʟʫʝʪʩʷ ʦʜʥʘ ʬʘʟʘ, ʦʪʚʝʯʘʶʱʘʷ ʧʦ ʩʚʦʠʤ ʦʩʥʦʚʥʳʤ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ 

ʥʘʧʨʘʚʣʝʥʠʷʤ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʦʤʫ ʬʝʨʨʠʪʫ ʩʦʩʪʘʚʘ Li 0,5(1-x+y)ZnxMnyFe2,5-0,5(x+3y)O4 (JCPDS 

# 52-0278). ʆʙʨʘʟʝʮ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʧʨʠ ʩʫʱʝʩʪʚʝʥʥʦʤ ʥʝʜʦʩʪʘʪʢʝ ʛʣʠʮʠʥʘ (• = 0.2), ʷʚʣʷʝʪʩʷ 

ʬʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʤ ʠ ʠʤʝʝʪ ʦʜʠʥ ʰʠʨʦʢʠʡ ʧʠʢ ʚ ʦʙʣʘʩʪʠ 36Á. ʉ 

ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʪʦʧʣʠʚʘ, ʧʨʠʥʠʤʘʶʱʝʛʦ ʫʯʘʩʪʠʝ ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʟʦʚʘʥʠʷ ʣʠʪʠʡ-ʮʠʥʢ-

ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ, ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʦʚ, ʜʦʩʪʠʛʘʶʱʠʭ ʩʚʦʝʛʦ ʤʘʢʩʠʤʫʤʘ 

ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ 0.6, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ ʢʦʣʠʯʝʩʪʚʫ ʛʣʠʮʠʥʘ ʠ ʥʠʪʨʘʪʦʚ ʚ 
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ʠʩʭʦʜʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ. 

 

ʈʠʩʫʥʦʢ 34 ï ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ (ʘ) ʠ ʩʪʝʧʝʥʴ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ (Ŭ) ʠ ʩʨʝʜʥʠʡ 

ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ (D) (ʙ) LiZnMn ʬʝʨʨʠʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ (•) 

 

ʉ ʧʦʚʳʰʝʥʠʝʤ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʫ ʦʙʨʘʟʮʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ 

ʠʟʙʳʪʢʝ ʪʦʧʣʠʚʘ, ʥʘʙʣʶʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ, ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚ ʦʙʨʘʟʮʘʭ. ʉʪʝʧʝʥʴ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʙʳʣʘ 

ʠʟʤʝʨʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʥʫʪʨʝʥʥʝʛʦ ʩʪʘʥʜʘʨʪʘ (Ŭ-Si) ʜʣʷ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʦʟʠʮʠʡ, ʟʘ 

ʠʩʢʣʶʯʝʥʠʝʤ ʧʦʣʥʦʩʪʴʶ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʦʛʦ. ʅʘʠʙʦʣʴʰʠʡ ʧʨʦʮʝʥʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ 

ʦʙʥʘʨʫʞʝʥ ʚ ʦʙʨʘʟʮʝ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʤ ʧʨʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʛʣʠʮʠʥʘ ʢ ʘʟʦʪʫ ʚ 

ʥʠʪʨʘʪʘʭ, ʠ ʩʦʩʪʘʚʠʣ 99 %. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʦʪʢʣʦʥʝʥʠʷ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʦʪ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʜʦʣʠ ʘʤʦʨʬʥʦʡ ʬʘʟʳ, ʢʦʪʦʨʘʷ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʫʤʘ ʫ 

ʦʙʨʘʟʮʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ʩʫʱʝʩʪʚʝʥʥʦʤ ʠʟʙʳʪʢʝ (• = 1.4) ʠ ʥʝʜʦʩʪʘʪʢʝ (• = 0.4) ʪʦʧʣʠʚʘ 

ʠ ʨʘʚʥʷʝʪʩʷ 27 ʠ 23 % ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʨʠʩʫʥʦʢ 34ʙ).  

 ʂʨʦʤʝ ʪʦʛʦ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʫʣʘ ʐʝʨʨʝʨʘ (15) ʙʳʣ ʨʘʩʩʯʠʪʘʥ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ 

ʢʨʠʩʪʘʣʣʠʪʦʚ (<D>), ʢʦʪʦʨʳʡ ʠʟʤʝʥʷʝʪʩʷ ʦʪ 21Ñ2 ʜʦ 44Ñ4 ʥʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ 

ʛʣʠʮʠʥʘ ʚ ʠʩʭʦʜʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʝ. ʅʘʠʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ (21Ñ2 ʥʤ) ʥʘʙʣʶʜʘʶʪʩʷ ʫ ʦʙʨʘʟʮʘ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ • = 0.4, ʪʦʛʜʘ ʢʘʢ ʥʘʠʙʦʣʴʰʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ (44Ñ4 ʥʤ) ʙʳʣ 

ʦʙʥʘʨʫʞʝʥ ʫ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʤ ʧʨʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʪʦʧʣʠʚʘ (• = 0.6). ʉ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʈʠʪʚʝʣʴʜʘ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʫʪʦʯʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʘ = b = c, ʨʘʩʩʯʠʪʘʥ ʝʸ ʦʙʲʝʤ ʠ ʦʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʜʠʘʧʘʟʦʥʝ ʩʦʦʪʥʦʰʝʥʠʡ •  ʦʪ 0.4 ʜʦ 1.4 (ʪʘʙʣʠʮʘ 4).  

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʦʙʨʘʟʮʦʤ ʜʣʷ 

ʜʘʣʴʥʝʡʰʝʛʦ ʩʧʝʢʘʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʢʝʨʘʤʠʢʠ ʷʚʣʷʝʪʩʷ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʡ ʬʝʨʨʠʪ, 
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ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʧʨʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ •. ʅʝʩʤʦʪʨʷ ʥʘ ʩʘʤʳʡ ʙʦʣʴʰʦʡ ʨʘʟʤʝʨ 

ʢʨʠʩʪʘʣʣʠʪʦʚ, ʟʘ ʩʯʝʪ ʚʳʩʦʢʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʧʦʜʭʦʜʷʱʝʡ ʧʦʨʠʩʪʦʡ 

ʤʦʨʬʦʣʦʛʠʝʡ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʦʙʦʩʥʦʚʘʥʥʳʤ ʯʝʤ, ʥʘʧʨʠʤʝʨ, ʩʧʝʢʘʥʠʝ 

ʧʦʨʦʰʢʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʤʝʥʴʰʠʤ ʨʘʟʤʝʨʦʤ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʥʦ ʧʨʠ ʵʪʦʤ ʙʦʣʴʰʠʤ ʧʨʦʮʝʥʪʦʤ 

ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʠ ʢʨʫʧʥʳʤʠ ʘʛʣʦʤʝʨʘʪʘʤʠ ʨʘʟʤʝʨʦʤ ʦʪ 5 ʜʦ 10 ʤʢʤ, ʢʦʪʦʨʳʝ ʛʦʨʘʟʜʦ ʩʣʦʞʥʝʝ 

ʨʘʟʨʫʰʠʪʴ ʚ ʭʦʜʝ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. 

 

ʊʘʙʣʠʮʘ 4 ï ʉʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʭ ʬʝʨʨʠʪʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ 

• a=b=c, ¡ V, ¡3 <D>, ʥʤ ɟXRD, ʛ/ʩʤ
3 ɟPYC, ʛ/ʩʤ

3 

0,4 8,351(1) 582,412(9) 21 Ñ 2 4,623(1) 4,65 

0,6 8,357(9) 583,836(8) 44 Ñ 4 4,832(4) 4,91 

0,8 8,356(6) 583,564(4) 35 Ñ 4 4,764(2) 4,84 

1,0 8,354(1) 583,040(8) 31 Ñ 3 4,695(3) 4,79 

1,2 8,351(7) 582,538(5) 25 Ñ 3 4,657(8) 4,78 

1,4 8,343(5) 580,824(3) 22 Ñ 2 4,649(7) 4,75 

 

3.2.2 ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʧʦʨʦʰʢʦʚ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ 

 

ʄʘʛʥʠʪʥʳʝ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʦʙʨʘʟʮʦʚ LiZnMn ʬʝʨʨʠʪʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ ʛʣʠʮʠʥʘ ʢ ʘʟʦʪʫ ʚ ʥʠʪʨʘʪʘʭ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʚʠʙʨʘʮʠʦʥʥʦʡ 

ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 35. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ 

ʚʩʝ ʦʙʨʘʟʮʳ ʦʙʣʘʜʘʶʪ ʬʝʨʨʠʤʘʛʥʠʪʥʳʤ ʧʦʚʝʜʝʥʠʝʤ ʩ ʥʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ 

ʠ ʷʚʣʷʶʪʩʷ ʪʠʧʠʯʥʳʤʠ ʤʘʛʥʠʪʦʤʷʛʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʘʷ ʩʨʝʜʘ ʚʣʠʷʝʪ ʥʘ ʬʦʨʤʫ ʧʝʪʝʣʴ ʠ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʣʠʪʠʡ-ʮʠʥʢ-

ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ ʚʩʣʝʜʩʪʚʠʝ ʠʟʤʝʥʝʥʠʷ ʨʘʟʤʝʨʦʚ ʝʛʦ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʜʦʣʠ ʘʤʦʨʬʥʦʡ ʬʘʟʳ 

ʚ ʢʘʞʜʦʤ ʠʟ ʦʙʨʘʟʮʦʚ. ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ 123,1 ʵʤʝ/ʛ ʠ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ 54,3 ʕ ʠʣʠ 4321 ɸ/ʤ, ʥʘʙʣʶʜʘʶʪʩʷ ʫ ʦʙʨʘʟʮʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ 

ʩʦʦʪʥʦʰʝʥʠʠ • = 0.6. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʜʦʣʠ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚ ʦʙʨʘʟʮʘʭ ʠ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʘ 

ʢʨʠʩʪʘʣʣʠʪʦʚ, ʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ Ms ʠ Hc ʩʥʠʞʘʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʚ 2.5 ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ 

ʩʚʦʠʤʠ ʤʘʢʩʠʤʘʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʜʣʷ ʧʦʣʫʯʝʥʥʦʡ ʩʝʨʠʠ ʦʙʨʘʟʮʦʚ. ʆʩʪʘʪʦʯʥʘʷ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ʛʣʠʮʠʥʘ ʢ ʥʠʪʨʘʪʘʤ ʠ ʤʝʥʷʝʪʩʷ ʦʪ 4.5 ʵʤʝ/ʛ ʫ 

ʦʙʨʘʟʮʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ • = 1.4, ʜʦ 9.7 ʵʤʝ/ʛ ʫ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ • = 0.4. ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʷʭ • = 0.8, 1.0 ʠ 

1.2, ʥʝ ʪʘʢ ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʯʪʦ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʩʚʷʟʘʥʦ ʩ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤʠ 

ʦʪʣʠʯʠʷʤʠ ʚ ʩʪʝʧʝʥʠ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʠ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘʭ ʢʨʠʩʪʘʣʣʠʪʦʚ. 
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ʈʠʩʫʥʦʢ 35 ï ʄʘʛʥʠʪʥʳʝ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ LiZnMn-

ʬʝʨʨʠʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʨʘʟʣʠʯʥʳʭ • 

 

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʬʘʟʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

LiZnMn-ʬʝʨʨʠʪʦʚ ʩʦʩʪʘʚʘ Li 0,45Zn0,05Mn0,06Fe2,43O4 ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʣʠʮʠʥʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ. ɺʩʝ ʧʦʣʫʯʝʥʥʳʝ 

ʦʙʨʘʟʮʳ ʷʚʣʷʶʪʩʷ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ (Ms = 54.9 ï 123.1 ʵʤʝ/ʛ) ʠ ʥʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʦʩʪʘʪʦʯʥʦʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (Mr = 4,5 ï 9,7 ʵʤʝ/ʛ) ʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ (Hc = 21.5 ï 54.3 ʕ). ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ 

ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʧʦʢʘʟʘʥʥʦʡ ʚʦʟʤʦʞʥʦʩʪʴʶ ʠʟʤʝʥʷʪʴ ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʤʦʨʬʦʣʦʛʠʶ ʠ 

ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʰʠʨʦʢʠʭ ʜʠʘʧʘʟʦʥʘʭ ʟʥʘʯʝʥʠʡ ʧʦʟʚʦʣʷʶʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʥʘ 

ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʝʜʢʝʨʘʤʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ LiZnMn-ʬʝʨʨʠʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ 

ʤʝʪʦʜʦʤ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ, ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʉɺʏ-ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʋʩʪʘʥʦʚʣʝʥʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʩʪʝʧʝʥʠ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʠ ʧʦʨʠʩʪʦʩʪʠ 

ʧʨʝʜʢʝʨʘʤʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ ʚʘʨʴʠʨʦʚʘʥʠʝʤ ʩʦʦʪʥʦʰʝʥʠʷ • ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʣʷ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʭ 

ʬʝʨʨʠʪʦʚ. 

 

3.3 ʃʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʳʡ ʬʝʨʨʠʪ 

3.3.1 ʉʦʩʪʘʚ, ʩʪʨʫʢʪʫʨʘ ʠ ʤʦʨʬʦʣʦʛʠʷ ʥʘʥʦʧʦʨʦʰʢʦʚ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʦʛʦ 

ʬʝʨʨʠʪʘ 

 

ʂʣʶʯʝʚʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʩʠʥʪʝʟʘ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-
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ʤʘʨʛʘʥʮʝʚʦʛʦ ʧʦʨʦʰʢʘ ʤʝʪʦʜʦʤ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʛʦʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʙʳʩʪʨʦʝ ʜʦʚʝʜʝʥʠʝ 

ʨʘʩʪʚʦʨʘ ʜʦ ʪʦʯʢʠ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʜʦ ʚʳʧʘʜʝʥʠʷ ʚ ʥʝʤ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ʦʢʩʠʜʘ ʪʠʪʘʥʘ, 

ʢʦʪʦʨʫʶ ʚ ʜʘʣʴʥʝʡʰʝʤ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʦʪʜʝʣʠʪʴ ʦʪ ʦʩʥʦʚʥʦʛʦ ʧʨʦʜʫʢʪʘ. 

ʅʘ ʨʠʩʫʥʢʝ 36 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦʨʦʰʢʦʚʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ 

ʠʩʭʦʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʣʠʮʠʥʘ ʚ ʢʘʯʝʩʪʚʝ ʪʦʧʣʠʚʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ ʚʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʠʤʝʶʪ 

ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʝ ʨʝʬʣʝʢʩʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʬʘʟʝ LiZnTiMn ʬʝʨʨʠʪʘ (JCPDS # 37-1471). 

ʀʟʤʝʥʝʥʠʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʠʩʭʦʜʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ 

ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʦʚ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ 

ʢʨʠʩʪʘʣʣʠʪʦʚ (D), ʟʥʘʯʝʥʠʷ ʢʦʪʦʨʦʛʦ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 22 ʜʦ 30 ʥʤ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʠʩʭʦʜʥʳʭ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʝʩʥʦʡ ʬʘʟʳ ɓ-

Li 0.5Fe2.5O4, ʢʦʪʦʨʘʷ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʩʧʝʢʘʥʠʠ ʧʦʨʦʰʢʦʚ ʧʝʨʝʭʦʜʠʪ ʚ ʬʘʟʫ LiZnTiMn ʬʝʨʨʠʪʘ ʠ 

ʧʦʷʚʣʝʥʠʝ, ʠ ʧʦʚʝʜʝʥʠʝ ʢʦʪʦʨʦʡ ʧʦʜʨʦʙʥʦ ʠʟʣʦʞʝʥʦ ʚ ʨʘʟʜʝʣʝ 3.1.4. ʅʝʟʥʘʯʠʪʝʣʴʥʦʝ ʦʪʣʠʯʠʝ 

ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʥʝ ʩʧʝʯʝʥʥʳʭ ʧʦʨʦʰʢʦʚ ʦʙʲʷʩʥʷʝʪʩʷ ʵʬʬʝʢʪʦʤ ʟʘʤʝʱʝʥʠʷ Ti, 

Zn ʠ Mn ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʝ ʣʠʪʠʝʚʳʭ ʬʝʨʨʠʪʦʚ. ʂʘʪʠʦʥʳ Zn2+ ʠ Mn2+ (0.82 ¡) 

ʟʘʤʝʱʘʶʪ ʘʪʦʤʳ Fe3+ (0.67 ¡) ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ, ʘ ʢʘʪʠʦʥʳ Ti4+ (0.60 ¡) ʟʘʤʝʱʘʶʪ Fe3+ 

ʚ ʦʢʪʘʵʜʨʠʯʝʩʢʠʭ (B) ʠ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ ʧʦʟʠʮʠʷʭ (A).  

 

 

ʈʠʩʫʥʦʢ 36 ï ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʦʨʦʰʢʦʚ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʦʛʦ 
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ʬʝʨʨʠʪʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʝʘʢʮʠʦʥʥʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʠʟʙʳʪʢʦʤ ʠʣʠ 

ʥʝʜʦʩʪʘʪʢʦʤ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʪʦʧʣʠʚʘ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʧʨʦʮʝʩʩ ʦʙʨʘʟʦʚʘʥʠʷ ʬʝʨʨʠʪʘ 

ʧʨʦʪʝʢʘʝʪ ʥʝ ʧʦʣʥʦʩʪʴʶ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʯʘʩʪʴ ʢʘʪʠʦʥʦʚ ʥʝ ʫʩʧʝʚʘʝʪ ʟʘʤʝʩʪʠʪʴ ʘʪʦʤʳ ʞʝʣʝʟʘ. 

ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʝʧʝʥʠ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ (Ŭ) ʩʦʞʞʸʥʥʳʭ 

ʧʦʨʦʰʢʦʚ, ʢʦʪʦʨʘʷ ʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʙʨʘʥʥʦʛʦ ʦʢʠʩʣʠʪʝʣʴʥʦ-

ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ. ʊʘʢ, ʚ ʩʣʫʯʘʝ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʠʟʙʳʪʢʦʤ (ű = 1.2) ʠ 

ʥʝʜʦʩʪʘʪʢʦʤ (ű = 0.4) ʛʣʠʮʠʥʘ ʩʪʝʧʝʥʴ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ʨʘʚʥʘ 85 ʠ 81 % ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʪʦʛʜʘ 

ʢʘʢ ʧʨʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ ʠʟʙʳʪʢʝ ʪʦʧʣʠʚʘ ʝʸ ʟʥʘʯʝʥʠʝ ʜʦʩʪʠʛʘʝʪ ʧʦʯʪʠ 97 %, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʟʘʚʝʨʰʝʥʥʳʡ ʧʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ ʩ ʧʦʣʥʦʩʪʴʶ 

ʟʘʤʝʱʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

ʇʦ ʜʘʥʥʳʤ ʘʥʘʣʠʟʘ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʦʟʠʮʠʡ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʜʦʣʷ ʢʣʶʯʝʚʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ï Li , Zn, Mn, Ti ʠ Fe ʨʘʚʥʘ 6Ñ0.2 %, 5.5Ñ0.15 %, 

3.2Ñ0.1 %, 23.5Ñ0.5 % ʠ 61.7Ñ0.8 %, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩʫʥʢʝ 37 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʵʥʝʨʛʦ-ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʩʧʝʢʪʨʳ ʠ ʨʝʟʫʣʴʪʘʪʳ ʢʘʨʪʠʨʦʚʘʥʠʷ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ 

LiZnTiMn ʬʝʨʨʠʪʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ 

(ű = 0.6). ʈʝʟʫʣʴʪʘʪʳ ʢʘʨʪʠʨʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʚʩʝ ʧʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʷʚʣʷʶʪʩʷ 

ʦʜʥʦʨʦʜʥʳʤʠ ʧʦ ʩʚʦʝʤʫ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʠ ʦʙʣʘʩʪʝʡ ʩ ʥʝʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʢʣʶʯʝʚʳʭ ʵʣʝʤʝʥʪʦʚ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ʅʝʙʦʣʴʰʦʝ ʦʪʣʠʯʠʝ ʧʦ ʩʦʩʪʘʚʫ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ 

ʦʙʲʷʩʥʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ, ʘ ʪʘʢʞʝ ʧʦʛʨʝʰʥʦʩʪʴʶ 

ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʘʚʘ. 

 

 

ʈʠʩʫʥʦʢ 37 ï ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʩʧʝʢʪʨ (ʘ) ʠ ʨʝʟʫʣʴʪʘʪʳ ʢʘʨʪʠʨʦʚʘʥʠʷ (ʚ) ʦʙʨʘʟʮʘ ʣʠʪʠʡ-
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ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ ű = 0.6 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʩʠʥʪʝʟʘ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʳʝ ʬʝʨʨʠʪʳ ʩ ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʦʩʥʦʚʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʧʦ ʦʙʨʘʟʮʘʤ ʠ ʦʪʚʝʯʘʶʱʠʝ ʩʦʩʪʘʚʫ Li 0.28Zn0.16Ti0.41Mn0.10Fe2.05O4.    

ʆʮʝʥʢʘ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙʲʸʤʘ ʠ ʨʘʟʤʝʨʘ ʧʦʨ ʧʨʝʜʢʝʨʘʤʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ 

ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ ʠʟʦʪʝʨʤʘʤ ʘʜʩʦʨʙʮʠʠ-ʜʝʩʦʨʙʮʠʠ ʞʠʜʢʦʛʦ ʘʟʦʪʘ (ʨʠʩʫʥʦʢ 38). ʉʦʛʣʘʩʥʦ 

ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ ʚʦ ʚʩʝʭ ʪʨʝʭ ʦʙʨʘʟʮʘʭ ʥʘʙʣʶʜʘʶʪʩʷ ʠʟʦʪʝʨʤʳ III  ʪʠʧʘ ʩ ʧʝʪʣʝʡ ʛʠʩʪʝʨʝʟʠʩʘ 

ʅ1. ɺʩʝ ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʧʦʨʦʰʢʠ ʤʦʞʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʢʘʢ ʤʝʟʦʧʦʨʠʩʪʳʝ ʤʘʪʝʨʠʘʣʳ ʩʦ 

ʩʨʝʜʥʠʤ ʜʠʘʤʝʪʨʦʤ ʧʦʨ ʦʪ 28 ʜʦ 32 ʥʤ, ʟʥʘʯʝʥʠʷ ʢʦʪʦʨʳʭ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʷʶʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ű.  

 

 

ʈʠʩʫʥʦʢ 38 ï ʀʟʦʪʝʨʤʳ ʘʜʩʦʨʙʮʠʠ-ʜʝʩʦʨʙʮʠʠ ʞʠʜʢʦʛʦ ʘʟʦʪʘ ʦʙʨʘʟʮʦʚ LiZnTiMn ʬʝʨʨʠʪʘ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ ű = 0.2, 0.6 ʠ 1.2 

 

ʅʘʠʙʦʣʴʰʠʝ ʨʘʟʣʠʯʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʟʥʘʯʝʥʠʷʭ ʦʙʲʝʤʘ ʧʦʨ ʦʙʨʘʟʮʦʚ, ʢʦʪʦʨʳʝ ʤʝʥʷʶʪʩʷ 

ʦʪ 0.0158 ʩʤ3/ʛ ʜʣʷ ʦʙʨʘʟʮʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ ű = 0.2 ʜʦ 0.0214 ʩʤ3/ʛ ʚ ʩʣʫʯʘʝ ʩ ű = 1.2, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʟʥʘʯʠʪʝʣʴʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʤʝʞʯʘʩʪʠʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ű. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʥʦʛʦʪʦʯʝʯʥʦʛʦ ʤʝʪʦʜʘ BET ʙʳʣʠ ʥʘʡʜʝʥʳ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʩʦʩʪʘʚʠʣʠ 

9.73, 10.84 ʠ 10.27 ʤ2/ʛ ʜʣʷ ʦʙʨʘʟʮʦʚ ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʳʭ ʩʦʦʪʥʦʰʝʥʠʷʭ, ʨʘʚʥʳʭ 

0.2, 0.6 ʠ 1.2, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʠʩʭʦʜʥʳʭ ʤʝʟʦʧʦʨʠʩʪʳʭ ʧʦʨʦʰʢʦʚ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʠʚʦʜʠʪ ʢ 

ʟʥʘʯʠʪʝʣʴʥʳʤ ʧʨʦʙʣʝʤʘʤ ʚ ʧʨʦʮʝʩʩʝ ʩʧʝʢʘʥʠʷ ʢʝʨʘʤʠʢʠ, ʚ ʩʚʷʟʠ ʩ ʥʝʨʘʚʥʦʤʝʨʥʳʤ ʨʦʩʪʦʤ 
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ʯʘʩʪʠʮ ʚ ʘʛʣʦʤʝʨʘʪʘʭ ʠ ʧʦʷʚʣʝʥʠʶ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʦʨ ʚ ʢʦʥʝʯʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʘʭ. ʕʪʘ ʪʝʦʨʠʷ ʙʳʣʘ ʧʦʜʪʚʝʨʞʜʝʥʘ ʘʚʪʦʨʘʤʠ ʚ ʠʭ ʧʨʝʜʳʜʫʱʠʡ ʨʘʙʦʪʝ, ʛʜʝ ʠʩʭʦʜʥʳʝ 

ʧʦʨʦʰʢʠ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ ʩʧʝʢʘʣʠʩʴ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ (ʧʦʤʦʣʘ), ʠ ʢʦʪʦʨʘʷ ʙʫʜʝʪ ʦʪʨʘʞʝʥʘ ʚ ʧʦʩʣʝʜʫʶʱʠʭ ʨʘʟʜʝʣʘʭ ʜʘʥʥʦʛʦ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ 

ʬʘʢʪʦʨʳ, ʥʘʣʠʯʠʝ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʘʛʣʦʤʝʨʘʪʦʚ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ, 

ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʚʦʣʥʦʦʙʨʘʟʥʦʛʦ ʨʦʩʪʘ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʚ ʧʨʦʮʝʩʩʝ ʩʧʝʢʘʥʠʷ ʢʝʨʘʤʠʢʠ ʠ ʪʝʤ 

ʩʘʤʳʤ ʧʦʣʫʯʘʪʴ ʟʝʨʥʘ ʚ ʜʠʘʧʘʟʦʥʝ ʩʫʙʤʠʢʨʦʥʥʳʭ ʟʥʘʯʝʥʠʡ. 

ɺʣʠʷʥʠʝ ʨʘʟʣʠʯʥʳʭ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʩʦʦʪʥʦʰʝʥʠʡ ʥʘ ʤʦʨʬʦʣʦʛʠʶ 

ʧʨʝʜʢʝʨʘʤʠʯʝʩʢʠʭ LiZnTiMn ʧʦʨʦʰʢʦʚ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 39. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʧʨʠʚʝʜʝʥʥʳʭ 

ʩʥʠʤʢʦʚ, ʚʩʝ ʦʙʨʘʟʮʳ ʠʤʝʶʪ ʨʘʟʚʠʪʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʧʦʨʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ 

ʧʨʦʜʫʢʪʦʚ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ. ʅʘʠʙʦʣʝʝ ʧʦʨʠʩʪʘʷ ʤʦʨʬʦʣʦʛʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʫ ʦʙʨʘʟʮʘ, ʢʦʪʦʨʳʡ 

ʙʳʣ ʧʦʣʫʯʝʥ ʧʨʠ ʩʫʱʝʩʪʚʝʥʥʦʤ ʥʝʜʦʩʪʘʪʢʝ ʛʣʠʮʠʥʘ (ű = 0.2) ʠ ʝʸ ʧʦʷʚʣʝʥʠʝ ʦʙʲʷʩʥʷʝʪʩʷ 

ʧʦʚʳʰʝʥʥʳʤ ʚʳʜʝʣʝʥʠʝʤ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʘʟʣʦʞʝʥʠʷ ʥʠʪʨʘʪʦʚ (NO, NO2 ʠ ʪ.ʜ.). ʂʨʦʤʝ 

ʪʦʛʦ, ʦʮʝʥʢʘ ʨʘʟʤʝʨʘ ʥʘʙʣʶʜʘʝʤʳʭ ʥʘ ʉʕʄ-ʩʥʠʤʢʘʭ ʯʘʩʪʠʮ ʧʦʢʘʟʘʣʘ ʠʭ ʭʦʨʦʰʝʝ ʩʦʚʧʘʜʝʥʠʝ ʩʦ 

ʟʥʘʯʝʥʠʷʤʠ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʭ ʧʦ ʬʦʨʤʫʣʝ ʐʝʨʨʝʨʘ. 

 

 

ʈʠʩʫʥʦʢ 39 ï ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʧʦʨʦʰʢʦʚ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʳʭ ʬʝʨʨʠʪʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ ʛʦʨʝʥʠʷ ʧʨʠ ű = 0.2 (ʘ), 0.4 (ʙ), 0.6 (ʚ), 0.8 (ʛ), 1.0 (ʝ) ʠ 1.2 (ʞ) 

 

3.3.2 ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʧʦʨʦʰʢʦʚ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ 

 

ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʧʨʦʩʪʳʤʠ ʣʠʪʠʝʚʳʤʠ ʬʝʨʨʠʪʘʤʠ ʠ ʣʠʪʠʡ-ʮʠʥʢ-ʤʘʨʛʘʥʮʝʚʳʤʠ 



80 

 

ʬʝʨʨʠʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʝ ʧʦʨʦʰʢʠ LiZnTiMn ʬʝʨʨʠʪʦʚ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʦʤ ʚʠʙʨʘʮʠʦʥʥʦʡ 

ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ, ʢʦʪʦʨʳʝ ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 40. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʬʝʨʨʠʤʘʛʥʠʪʥʦʤ ʭʘʨʘʢʪʝʨʝ ʧʦʣʫʯʝʥʥʳʭ 

ʦʙʨʘʟʮʦʚ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʦʪʣʠʯʠʝ ʦʪ LiZnMn ʬʝʨʨʠʪʦʚ, ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ 

ʧʘʨʘʤʝʪʨʦʚ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ ʫʚʝʣʠʯʝʥʠʝ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ, ʯʪʦ ʩʚʷʟʘʥʥʦ ʚʚʝʜʝʥʠʝʤ ʚ ʩʦʩʪʘʚ ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʢʘʪʠʦʥʦʚ Ti4+, ʢʦʪʦʨʳʝ 

ʫʭʫʜʰʘʶʪ ʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʶʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʯʪʦ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʥʘ ʧʨʠʤʝʨʝ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ. 

 

 

ʈʠʩʫʥʦʢ 40 ï ʄʘʛʥʠʪʥʳʝ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʧʨʝʜʢʝʨʘʤʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-

ʤʘʨʛʘʥʮʝʚʳʭ ʬʝʨʨʠʪʦʚ ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ű 

 

ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʧʨʝʜʳʜʫʱʠʤʠ ʠʩʩʣʝʜʦʚʘʥʥʳʤʠ ʩʠʩʪʝʤʘʤʠ, ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʤʘʛʥʠʪʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ. ɺ ʦʪʣʠʯʠʝ ʦʪ 

LiZnMn ʬʝʨʨʠʪ-ʰʧʠʥʝʣʝʡ ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ (Ms = 34.6 

ʵʤʝ/ʛ), ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (Mr = 1.83 ʵʤʝ/ʛ) ʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ (Hc = 82.5 ʵʤʝ/ʛ) 

ʥʘʙʣʶʜʘʶʪʩʷ ʫ ʦʙʨʘʟʮʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ ű = 0.8, ʯʪʦ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ 

ʧʨʝʜʳʜʫʱʝʤ ʨʘʟʜʝʣʝ, ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʢʩʠʤʘʣʴʥʦʤʫ ʩʦʜʝʨʞʘʥʠʶ ʫʧʦʨʷʜʦʯʝʥʥʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʣʠʪʠʡ-ʮʠʥʢ-ʪʠʪʘʥ-ʤʘʨʛʘʥʮʝʚʦʛʦ ʬʝʨʨʠʪʘ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʠ ʫʤʝʥʴʰʝʥʠʝʤ 

ʢʦʣʠʯʝʩʪʚʘ ʪʦʧʣʠʚʘ, ʫʯʘʩʪʚʫʶʱʝʛʦ ʚ ʧʨʦʮʝʩʩʝ ʛʦʨʝʥʠʷ, ʥʘʙʣʶʜʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ 

ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ 1.5 ï 2 ʨʘʟʘ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʘʤʦʨʬʥʦʡ ʬʘʟʳ LiZnTiMn ʬʝʨʨʠʪʘ. ʅʘʠʙʦʣʴʰʠʝ ʠʟʤʝʥʝʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʚ 

ʠʟʤʝʥʝʥʠʠ ʟʥʘʯʝʥʠʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʚʚʝʜʝʥʠʝʤ 
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ʚ ʩʠʩʪʝʤʫ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʪʠʪʘʥʘ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦ ʢʣʘʩʩʠʯʝʩʢʦʡ ʩʠʩʪʝʤʝ 

ʢʣʘʩʩʠʬʠʢʘʮʠʡ ʪʠʧʦʚ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʧʦʨʦʰʢʠ ʤʦʞʥʦ ʪʘʢʞʝ ʦʪʥʝʩʪʠ ʢ 

ʤʘʛʥʠʪʦʤʷʛʢʠʤ ʤʘʪʝʨʠʘʣʘʤ, ʪ. ʢ. ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʚʦ ʚʩʝʭ ʰʝʩʪʠ ʦʙʨʘʟʮʘʭ ʤʝʥʴʰʝ 100 ʕ. 

 

3.4 ʌʝʨʨʠʪ ʥʠʢʝʣʷ 

3.4.1 ɺʣʠʷʥʠʝ ʠʩʭʦʜʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʥʘ ʩʦʩʪʘʚ, ʤʦʨʬʦʣʦʛʠʶ ʠ ʩʪʨʫʢʪʫʨʫ ʬʝʨʨʠʪʘ 

ʥʠʢʝʣʷ 

 

ʉʠʥʪʝʟ ʥʘʥʦʯʘʩʪʠʮ ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ ʧʨʦʚʦʜʠʣʩʷ ʦʜʥʦʩʪʘʜʠʡʥʳʤ ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ 

ʛʦʨʝʥʠʷ. ɻʣʠʮʠʥ ʜʣʷ ʩʠʥʪʝʟʘ ʙʳʣ ʚʟʷʪ ʚ ʩʦʦʪʥʦʰʝʥʠʷʭ ű = 0.2 ï 1.2. ʇʦ ʜʘʥʥʳʤ ʧʦʨʦʰʢʦʚʦʡ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʩʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʦʙʨʘʟʮʳ ʦʜʥʦʬʘʟʥʳ 

ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʬʝʨʨʠʪʫ ʥʠʢʝʣʷ (JCPDS # 086-2267) ʩ ʰʧʠʥʝʣʴ ʧʦʜʦʙʥʦʡ ʩʪʨʫʢʪʫʨʦʡ (ʨʠʩʫʥʦʢ 

41ʘ).  

 

 

ʈʠʩʫʥʦʢ 41 ï ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ (ʘ) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦ ʨʘʟʤʝʨʘʤ ʠ 

ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʙ) ʧʦʨʦʰʢʦʚ ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʨʘʩʪʚʦʨʥʦʛʦ 

ʛʦʨʝʥʠʷ 

 

ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʧʠʢʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʚ 

ʦʙʨʘʟʮʝ ʩ ʥʝʙʦʣʴʰʠʤ ʠʟʙʳʪʢʦʤ ʦʢʠʩʣʠʪʝʣʷ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ (ű = 0.8). ʇʨʠ ʦʪʢʣʦʥʝʥʠʠ 

ʛʣʠʮʠʥ-ʥʠʪʨʘʪʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʚ ʩʪʦʨʦʥʫ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʠʟʙʳʪʢʘ ʠ ʥʝʜʦʩʪʘʪʢʘ ʪʦʧʣʠʚʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʧʠʢʦʚ ʫʤʝʥʴʰʘʝʪʩʷ, ʥʦ ʧʨʠ ʵʪʦʤ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠʭ ʩʨʝʜʥʷʷ 

ʰʠʨʠʥʘ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʦʟʥʘʯʘʝʪ ʫʤʝʥʴʰʝʥʠʝ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʅʘ ʦʩʥʦʚʘʥʠʠ 

ʫʰʠʨʝʥʠʷ ʣʠʥʠʡ ʜʠʬʨʘʢʮʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ ʐʝʨʨʝʨʘ (15) ʙʳʣ ʨʘʩʩʯʠʪʘʥ ʩʨʝʜʥʝʡ 

ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʬʝʨʨʠʪʘ ʥʠʢʝʣʷ, ʢʦʪʦʨʳʡ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 23Ñ2 ʜʦ 37Ñ4 ʥʤ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʦʪʥʦʰʝʥʠʷ ű. ʂʨʦʤʝ ʪʦʛʦ, ʤʝʪʦʜʦʤ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʙʳʣʠ 

ʧʦʩʪʨʦʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦ ʨʘʟʤʝʨʘʤ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 


































































































































































